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ABSTRACT 

Over 100 sealed AgO-Zn cells were subjected to prolonged periods of 
storage over a range of temperatures  and storage modes including open cir- 
cuit, trickle charge, and float charge. Impedances of these cells were moni-  
tored throughout  and to the  end of the storage period at which point  their  
t ransient  voltage characteristics were observed at the onset of discharge. 
Results revealed that the impedances of these cells tended to increase with 
t ime on stand and that  the magni tude  of the impedance rise was dependent  
pr imar i ly  on temperature  and to a lesser degree on storage mode. Typical 
values for 50 A-h r  cells were usual ly  less than 100 mohm at t ime zero ( immedi-  
ately after activation) and from 1 to 30 ohm after 6-10 months of storage. 
Transient  voltages of these cells were noted to drop sharply dur ing the first 
msec of discharge and then to rise and reach a stabilized value during the 
following few seconds. Magnitude of the init ial  drop as well as the stabilized 
voltage values were found to be related to impedance but  no~ in  a l inear  
manner .  Magnitude and durat ion of the low t ransient  voltages may be un -  
acceptable in  some applications of these cells. Cause for the impedance var i -  
ations is a t t r ibuted  to changes that  occur at the positive electrode. Results 
provide new and useful informat ion for designers and users of AgO-Zn-based 
power systems. 

Dur ing  the course of test and evaluat ion of AgO-Zn 
cells and batteries for Mariner  spacecraft (1), i t  was 
deemed advisable to measure, among other character-  
istics, in terna l  cell impedance in that these impedance 
measurements  were known to be nondestruct ive and 
to provide addit ional back-up data along with weight, 
voltage, capacity, etc., to insure uni formi ty  and 
funct ional i ty  of the flight cells. 

Periodic review of the tabulated data revealed 
what  was believed to be a t rend towards increased 
impedance with increased time on stand. This obser- 
vat ion was deemed significant for two reasons. First, 
the t rend had not heretofore been reported in  the 
l i terature.  There w a s  in fact found to be a relative 
scarcity of informat ion on impedances of AgO-Zn 
cells (2). Secondly, the t rend could conceivably cause 
voltage regulat ion problems on the Mariner  power 
system or any other AgO-Zn-based power system 
which was to be subjected to long periods of stand be- 
fore use. 

As a result  of these considerations, it was deemed 
advisable to init iate a separate and detailed study on 
the impedance characteristics of AgO-Zn cells. ~irst, 
it was desired to obtain data on the impedance 
variations of these cells dur ing the course of stand 
over a range of temperatures  and storage modes 
including open circuit, trickle charge, and float charge. 
Next, it was desired to examine the t ransient  voltage 
characteristics of these cells at the onset of discharge 
after the stand period. Finally,  as a supplemental  
objective, it was desired to examine any possible 
correlation between impedarme and state of charge of 
AgO-Zn cells. 
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s torage modes,  t rans ien t  d ischarge  voltages.  

Experimental 
The cells which were employed in this study were 

the sarfle as those which were flown on the Mariner  VI 
and VII spacecraft. These were manufactured  by the 
Electric Storage Battery Company and were designated 
as Model 257. The cells were packaged in plastic (ABS) 
cases as three-cel l  monoblocks as shown in Fig. 1. 
Rated capacity of each was 50 A-hr.  Each cell 
contained 12 positive and 13 negative plates and its 
electrolyte consisted of 153g of 45% KOH. Each of 
the 12 positive plates contained 13.8g of active mater ial  
with width, height, and thickness of 6.45 cm, 7.82 cm, 
and 0.65 cm, respectively. Eleven of the 13 negative 
plates were located in the center of the cell stack. 

Fig. 1. AgO-Zn monoblock (3 cells, 50 A-hr each) 
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These were identical and each contained 11.7g of active 
material,  had the same width and height as above, 
and thickness of 0.Ii  cm. The other two negative plates 
were the end plates in the stack. These contained 
5.7g of active material,  the same width and height 
as above, and thickness of 0.07 cm. Absorber mater ial  
on the positive plates consisted of one tu rn  of poly- 
propylene with thickness of 0.015 cm. Retainer material  
on the negative plates consisted of o n e  fold of a 
cellulose material  (Viscon Type RD.35) with thickness 
of 0.008-0:013 cm. Separation consisted of six turns  of 
0.025 cm cellophane on each positive plate. The 
positive plates were prepared by first mil l ing sheets of 
silver powder dispersed in a plastic pore former which 
was later burned off in a s intering process. Two sheets 
were then pressed on either side of a silver grid and 
the assembly was then sintered to form a plate. The 
negative plates were prepared by pressing a mixture  
of ZnO, HgO, and Teflon on both sides of a silver grid, 
The cell was assembled by instal l ing the unformed 
plates (Ag and ZnO), adding electrolyte, and then 
forming the plates by charging at 1.85A. Excess 
electrolyte was then drained from the cell and the 
cell was finally sealed and ready for use. Over-al l  cell 
weight was 660g. 

All impedance measurements  were made with a 
commercial mil l iohmeter  (Keithley Ins t ruments  Model 
503) modified by placing a 12,000 mF electrolytic 
capacitor in series with its constant current  leads and 
voltage sensing leads. The ins t rument  operated by 
delivering 40 Hz square wave current  (0.033-0.0001A 
rms) in the current  leads and measur ing voltage drop 
across the voltage sensing leads with a synchronous 
vacuum tube voltmeter.  The meter contained several 
ranges from 1 mohm to i00 ohm. Calibrat ion checks 
with precision shunts were performed periodically 
and accuracy of all ranges was always found to be 
within +--2% of full scale. 

Test procedures, unless otherwise noted, were the 
same for each cell and consisted of the following. 
First, the impedance and open circuit voltage of the 
cells were measured in the "as-received" condition 
from the manufacturer .  Next, the cells were given a 
"top-off" charge to insure that  they were fully charged 
at the beginning of the test period. This "top-off" 
charge was carried out at constant current  of 0.6A to a 
cutoff voltage of 1.97V. At this point, the cells were 
divided into several groups, each of which was placed 
on a different mode of stand. One group was left in the 
open circuit, ful ly charged condition and placed in an 
envi ronmenta l  chamber at 4~ Two other groups were 
similarly left in the open circuit, ful ly charged condi- 
tion and placed in other envi ronmenta l  chambers at 
temperatures  of 21 ~ and 38~ One group was discharged 
50% and then placed on open circuit s tand at room 
temperature,  21~ Another  group was discharged 
100% and then placed on open circuit stand again at 
room temperature.  Three other groups were placed on 
stand under  the condition of constant current  trickle 
charge at room tempera ture  and at currents  of 2, 5, 
and 10 mA. Finally,  one group was placed on stand 
under  the condition of constant potential  "float" charge 
at 1.87 V/cell  and at room temperature.  Voltages and 
impedances of all cells were measured periodically 
at intervals  of at least once per week. 

The t ransient  discharge voltage measurements  were 
carried out on three-cel l  monoblocks rather  than  on 
single cells. The monoblocks were wired with heavy 
duty cable across 4.5 ohm loads (to give a nominal  
current  of 10A) and discharge was triggered with a 
heavy duty mercury  switch. Monoblock voltages 
were measured with both an oscilloscope (Tektronix, 
Model 535 A, equipped with a Polaroid camera) and 
an oscillograph (Sanborn, Model 297). 

Results 
Impedance and voltage variations of the cells during 

the various modes of stand are given in Fig. 2 through 
10. In each of these figures the shaded areas cover the 
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range in values of impedance and voltage for the 
indicated number  of cells. Figures 2, 3, and 4 give the 
characteristics of cells on s tand in  the open circuit 
and fully charged condition at temperatures  of 4 ~ 
21~ and 38~ respectively. Figure 5 gives the 
characteristics of cells on stand in the open circuit 
and 50% discharged condition at 21~ Figure 6 gives 
the characteristics of cells on stand in the open circuit 
and 100% discharged condition at 21~ Figures 7, 
8, and 9 give the characteristics of cells on stand at 
21~ with application of constant current  trickle 
charge currents  of 2 mA, 5 mA, and 10 mA, respect- 
ively. Figure 10 gives the characteristics of cells on 
stand at 21~ with application of a constant potential  
"float" charge of 1.87 V/cell. 

Figures 11 and 12 give typical variations in imped-  
ance and voltage of these cells during the course of 
charge and discharge. 

Table I gives the impedance values of a cell before 
and 1.0 sec after a discharge period at 10A. 

Figures 13, 14, and I5 give the voltage characteristics 
of three typical monoblocks dur ing the onset of dis- 
charge. Table II summarizes the per t inent  data from 
these figures and also gives addit ional monoblocks 
and cell data. The first two columns in  Table II 
designate the monoblock numbers  and their  respective 
cell numbers.  The next  two columns give the indi-  
vidual cell and monoblock open circuit voltages, 
respectively, after they had equil ibrated at room 
temperature  and before discharge. The next  two 
columns give the individual  cell and monoblock im-  
t~edances before the discharge period. The next  column 
gives the min imum monoblock voltage during the 
first millisecond of discharge as per the oscilloscope 
trace. The last column gives the "stabilized" monob]ock 
voltage after the first few seconds of discharge as per 
the escillograph trace. 

Figures 16 and 17 give the relationship between a 
cell's impedance and its t ransient  voltages at the onset 
of discharge. These curves were obtained by nor -  
malizing the data in  Table II. 

Figures 18 through 21 give the impedance and 
voltage histories of cells which exhibited short circuit 
failure modes. Finally,  Fig. 21 gives the effect of 
ambient  temperature  on the impedance of three 
typical cells, and Table III gives the resistivity of 
silver and its oxides. 

Discussion 
Falk and Salkind state that the impedance of 

sealed silver batteries is usual ly quite low and that 
typical values for part ial ly discharged cells range from 
0.07/C to 0.40/C ohm, where C is the cell capacity in 
A-hr  (3). On this basis, the impedances of the 50 A - h r  
cells employed herein would be expected to range from 
1.4 to 8 mohm. Inspection of Fig. 5 and Table I reveals 
that the ini t ial  impedances of par t ia l ly  discharged 
50 A-hr  cells ranged from 5 to 11 mohm. Therefore, 
there appears to be good agreement  between the ob- 
served and l i terature values of Ag-Zn cell impedance. 

Examinat ion  of Fig. 2, 3, and 4 reveals a gradual  
increase in impedance with t ime for cells on open 
circuit s tand in  the ful ly charged condition. The 
change in impedance with t ime was noted to increase 
somewhat with ambient  temperature.  For  example, 
the impedances of cells stored for 8 months were 
noted to be in the range of 1.3 to 3.3 ohm at 4~ 
2.5 to 3.5 ohm at 21~ and 9.0 to 16.0 ohm at 38~ 
Open circuit voltages of the cells stored at 4 ~ and 
21~ were noted to remain  relat ively constant near  
1.86V throughout  the entire test period. Open circuit 
voltages of the cells stored at 38~ were however, 
noted to decline slightly during this period with a 

Table I. Impedance values of cell No. 766 before and 1.0 sec 
after discharge at 10A. Cell voltage was 1.845V before discharge 

and 1.390V near end of discharge period. 

IrnDedanee before discharge 3.400 ohm 
IrnDedance after 1.0 see 
discharge at 102k 0.015 ohm 
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Table II. Impedances and transient voltages of monoblocks at the onset of a 10A discharge 

Monobloek 
No. Cell No. 

Minimum 
Cell Monoblock transient 

Cell OCV Monoblock impedance impedance monoblock 
(V) OCV (V) (ohm) (ohm) voltage (V)* 

Stabilized 
monoblock 

voltage (V)** 

1639 
1 1640 

1641 
1642 

2 1643 
1644 
1726 

3 1727 
1728 
1741 

4 1742 
1743 
1645 

5 1646 
1647 
1648 

6 1649 
1650 
1729 

7 1730 
1731 
1744 

8 1745 
1746 
1651 

9 1652 
1653 
1654 

10 1655 
1656 
1732 

11 1733 
1734 
1747 

12 1748 
1749 

1.86 0.080 
1.86 5.58 0.075 0.24 4.73 4.80 
1.86 0.082 
1.86 0.085 
1.86 5.58 0.106 0.27 4.6 4.75 
1.86 0.082 
1.86 0.062 
1.86 5.58 0.074 0.21 4.83 4.85 
1.86 0,071 
1.86 0.071 
1.86 5.58 0.146 0.30 4.83 4.75 
1.88 0.080 
1.86 0.420 
1.86 5.58 0.440 1.31 3.63 4.40 
1.86 0.450 
1.86 0.360 
1.86 5.58 0.419 1.18 3.73 4.40 
1.86 0.410 
1.86 0.330 
1.86 5.58 0.400 1.19 3.78 4.50 
1.36 0.460 
1.86 0.290 
1.86 5.58 0.360 1.01 3.88 4.56 
1.86 0.360 
1.85 2.330 
1.85 5.55 5.200 11.73 3.00 4.36 
1.85 4.200 
1.85 5.700 
1.85 5.55 4.200 12.10 2.95 4.30 
1.85 2.200 
1.85 3.100 
1.85 5,55 4.000 10,80 3.00 4.38 
1.85 3.700 
1.85 3.600 
1.85 5.55 4.200 11.40 3.00 4.44 
1.85 3.600 

* From oscilloscope trace during first msec. 
** From oscillograph trace during first l0 see. 

m i n i m u m  va lue  of  1.847V for  one  cell.  E x a m i n a t i o n  
of  Fig.  5 r e v e a l s  a s o m e w h a t  l o w e r  r a t e  of i n c r e a s e  
in  i m p e d a n c e  w i t h  t i m e  for  cells  w h i c h  w e r e  s t o r e d  
in  t h e  50% d i s c h a r g e d  condi t ion .  I m p e d a n c e s  of a f e w  
such  cel ls  g i v e n  in  Fig.  5 w e r e  f o u n d  to r e m a i n  in  t he  
r a n g e  of  0 to 10 m o h m  t h r o u g h o u t  t he  en t i r e  t e s t  
pe r iod .  O p e n  c i rcu i t  vo l t ages  of t h e s e  cells  r e m a i n e d  
in the  r a n g e  of 1.59 to 1.62V t h r o u g h o u t  t h e  test .  
E x a m i n a t i o n  of Fig.  6 r e v e a l s  t h a t  cel ls  w h i c h  w e r e  
s t o r e d  in  t he  fu l ly  (100 %)  d i s c h a r g e d  cond i t i on  e x h i b i t  
a c o n s t a n t  a n d  low i m p e d a n c e  in  t h e  r a n g e  of 2 to 3 
m o h m  t h r o u g h o u t  t he  e n t i r e  tes t .  O p e n  c i rcu i t  vo l t ages  
of t h e s e  cel ls  r e m a i n e d  in  t he  r a n g e  of 1.58 to 1.60V 
d u r i n g  th is  t ime .  

E x a m i n a t i o n  of Fig.  7, 8, a n d  9 r evea l s  an  u n u s u a l  
b u t  y e t  cons i s t en t  s h a p e  of t he  i m p e d a n c e - t i m e  cu rv es  
fo r  cel ls  w h i c h  w e r e  s t o r e d  w i t h  a p p l i c a t i o n  of  a 
c o n s t a n t  c u r r e n t  t r i ck l e  cha rge .  I m p e d a n c e  is n o t e d  
to first  pass  t h r o u g h  a m a x i m u m ,  t h e n  a m i n i m u m ,  
and  f ina l ly  to c o n t i n u e  a g r a d u a l  i n c r e a s e  w i t h  
i n c r e a s e  in  s t a n d  t ime.  A r igo rous  e x p l a n a t i o n  of t h e  
s h a p e  of t h e s e  cu rves  is no t  ava i l ab l e  at  t h e  p r e s e n t  
t ime.  I t  is no ted ,  h o w e v e r ,  t h a t  t h e  t r a n s i t i o n  f r o m  
t h e  m a x i m u m  to t h e  m i n i m u m  in the  i m p e d a n c e  cu rves  
occurs  at  a po in t  i n  t i m e  w h e n  the  cel l  vo l t ages  r i se  
f r o m  t h e  1.9V l eve l  to t h e  2.0V level .  S ince  gas s ing  
(O2 evo lu t i on )  is k n o w n  to occur  at  t h e  h i g h e r  vol tages ,  
it  is qu i t e  l ike ly  t h e n  t h a t  t h e  u n i q u e  s h a p e  of t he  
i m p e d a n c e - t i m e  cu rves  is a s soc ia ted  w i t h  gas s ing  a n d  
p r e s s u r e  rise.  As ide  f r o m  th is  poin t ,  h o w e v e r ,  t h e r e  
is n o t e d  to be  good  c o r r e s p o n d e n c e ,  at l eas t  in  t h e  
e a r l y  s t ages  of s tand ,  b e t w e e n  t h e  s h a p e  and  s lope  of 
t h e  i m p e d a n c e  v s .  t i m e  cu rves  fo r  cel ls  s t o r e d  in  th i s  
m o d e  and  those  s t o r e d  on o p e n  circui t .  In  add i t ion ,  it  

Table III. Resistivity of silver and its oxides (10) 

Resistivity 
Component (ohm-cm) 

is n o t e d  t h a t  t hose  cel ls  w h i c h  w e r e  s t o r ed  at  t h e  
h i g h e r  c u r r e n t  l eve l s  of 5 and  10 m A  (no t  n e c e s s a r i l y  
r e c o m m e n d e d  by  the  m a n u f a c t u r e r )  d e v e l o p e d  l eaks  
a f t e r  pe r iods  of 6 to 2 mo n t h s ,  r e spec t ive ly .  These  
c u r r e n t  l eve l s  a re  t h e r e f o r e  exces s ive  fo r  l o n g - t e r m  
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Fig. 5. Voltage and impedance of cells on open circuit stand in 
the 50% discharged condition at 21~ 
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Fig. 4. Voltage and impedance of cells on open circuit stand in 
the fully charged condition at 38~ 

storage of this size cell and the ma x i mum leve l  for 
safe storage is estimated to be near 2 mA. 

The variation of cell impedance with t ime on stand 
is attributed to chemical  changes that occur within  the 
posit ive si lver electrodes. At any given t ime the species 
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Fig. 6. Voltage and impedance of cells on open circuit stand in 
the 100% discharged condition at 21~ 

which are present in this electrode are the higher 
oxide, AgO, the lower oxide, Ag20, and silver metal, 
Ag. In a freshly and fu l ly  charged cell, the predomi- 
nant species is the higher oxide AgO which, as indi-  
cated in Table III, has a relat ively low resistivity. 
Hence, the impedance of a freshly charged cell  should 
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Fig. 8. Voltage and impedance of cells on 5.0 mA constant cur- 
rent trickle charge at 21~ 

and has been found to exhibit  re lat ively  low im-  
pedance as evidenced by the above results. During the 
course of extended periods of stand, the higher oxide, 
AgO, is s lowly  converted to the lower oxide, Ag20, 
via two possible chemical  reactions. The first of these 

involves  decomposit ion of the  higher oxide to form the 
lower oxide and oxygen (2AGO ~ Ag20 + ~'2 O2) (4).  
The second involves  reaction of the higher oxide with 
metall ic  si lver particles and the si lver grid to form the 
lower oxide (Ag + AgO ~ Ag20)  (5). The net re-  
sult of these reactions is bel ieved to be the formation 
of a layer of Ag20 which completely  surrounds the 
electrode. As noted in Table III, the resist ivity of the 
Ag20 material is except ional ly  high so that the growth 
of the layer of this material is the most l ike ly  ex-  
planation of the observed trend towards increased im-  
pedance with  t ime on stand. Support for this explana-  
tion is g iven in a prior study of Ag electrodes by Cahan 
et al. (6). The observed trend toward increased rate of 
change of impedance at elevated temperatures is 
compatible with the above in that the above reactions 
proceed faster at the elevated temperatures and pro- 
ceed to form the layer at a faster rate. The fact that 
the partially and completely discharged cells did not 
exhibit  as large a rise in impedance as the fu l ly  charged 
cells is also compatible wi th  the above in that these 
cells contain appreciable amounts of h ighly  conductive 
si lver particles (see Table III) that provide low re- 
sistance electrical paths; The fact that the cells on both 
constant current and float charge (Fig. 7-10) also ex-  
hibited increased impedance with t ime on stand would 
at first glance appear to be contradictory to the above 
explanation regarding a buildup of a layer of Ag20. 
The basis for this contradiction would be that the ap- 
plication of a charge current would  tend to reconvert 
the high resistance layer of Ag20 back to the lower 
resistance AgO material. The only explanation for the 
observed results in these cases is, then, that the rate of 
formation of the Ag20 layer (by the above reactions) 
is greater than the rate of conversion of the Ag20 
layer to AgO material ( b y  electrochemical reaction).  
Some basis for this explanation can be established by 
comparing known rates of formation of Ag20 via de- 
composition of AgO with the rates at which Ag20 
would be electrochemical]y reconverted to AgO by the 
currents employed in these tests. Ruetschi, for example, 
shows that at 45~ the decomposit ion rate of AgO in 
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45% KOH is, in terms of the reaction product, equiva- 
lent to approximately 0.1 cruz OJhr-g  AgO (7). Since 
these cells contained 166g of active positive material, 
the maximum rate, assuming all the material is AgO, 
would be 16.6 cm~ O~ hr. Under these conditions, then, 
the cell would be forming AgeO at a current equiva- 
lent rate near 80 mA. The current equivalent rate at 
which Ag~O is simultaneously being reconverted to 
AgO is equal to the charge currents which varied from 
2 to 10 mA for the constant current tests and near 2 
mA for the constant potential tests. Comparison of 
these currents, therefore, reveals that the rates of for- 
mation of AgeO are, at least in these examples, ap- 
preciably greater than the rates at which this mate- 
rial is reconverted to AgO. Therefore, there is some 
basis to believe that high resistance layer of AgeO can 
be formed for the condition of stand with application 
of small currents by constant current or constant po- 
tential charge. 

Inspection of Fig. 11 reveals a sharp maximum or 
peak in voltage during the early portion of a constant 

2.0( 

Z.9~ 

LaB 

1.76 

Z.5~ 

0 

i 

o VOLTS 

HOURS 

Fig. 11. Voltage and impedance during charge 

current charge of this type cell. Cell impedance was 
also noted to exhibit a maximum or peak during this 
same time period. This phenomena has been previously 
reported in the literature (8, 9), and may again 
be associated with the formation of a high resistance 
layer of Ag~O which completely surrounds the 
electrode. The sharp rise would correspond to the 
time during charge when the layer of high resistance 
Ag20 is completely formed and decline would corre- 
spond to the onset of production of lower resistance 
AgO material. 

Inspection of Fig. 12 reveals that cell impedance is 
quite low and in the range of 0 to 10 mohm during 
discharge. The gradua ldec l ine  in impedance and 
slight rise in voltage during discharge is attributed to 
the formation of increasing amounts of highly con- 
ductive metallic silver particles. The frequency of 
performing measurements during this test was quite 
long (approximately once each 15 rain), so that it was 
not possible to examine the initial transient voltage 
and impedance characteristics during the early (0-10 
sec) portion of discharge. These characteristics were, 
however, observed in subsequent tests as described 
below. 

Typical voltage traces of three monoblocks during 
the onset of discharge at 10A are given in Fig. 13, 14, 
and 15. The upper curve in each case gives the high- 
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speed oscilloscope trace and the lower curve gives the 
somewhat  lower speed oscillograph trace. Table II 
summarizes  the pertinent data from the traces of 
these and nine other monoblocks and also gives 
additional monoblock and unit  cell data. Monoblocks 
1 through 4 may be classified as "low resistance" 
units in that their over-al l  impedances range from 0.21 
to 0.30 ohm (0.07-0.10 ohm/ce l l ) .  These exhibit  
min imum voltages of 4.60-4.83V (1.52-1.61 V/ce l l )  
during the first msec of discharge and stabilized 
voltages of 4.75-4.85V (1.57-1.61 V/ce l l )  almost immedi-  

ately thereafter. Monoblocks 5 through 8 may  be 
classified as medium resistance units in that their 
over-al l  impedances range from 1.01 to 1.31 ohm 
(0.34-0.44 ohm/ce l l ) .  These exhibit  m i n i m u m  voltages 
of 3.63-3.88V (1.21-1.29 V/ce l l )  during the first msec of 
discharge and stabilized voltages of 4.40-4.56V (1.47- 
1.52 V/ce l l )  wi th in  a few seconds thereafter. Mono- 
blocks 9 through 12 may  be classified as high resist- 
ance units in that their over-al l  impedances range 
from 10.80 to 12.10 ohm (3.60-4.03 ohm/ce l l ) .  These 
exhibit  m i n i m u m  voltages of 2.95 to 3.00V (0.98-1.00 V /  
cell)  during the first msec of discharge and stabilized 
voltages of 4.30-4.44V (1.43-1.48 V/ce l l )  within  several 
seconds thereafter. These results indicate a trend of 
increased t ime for cell  voltage to reach a stabil ized 
value at the beginning of discharge with increased 
cell impedance. The results also indicate a trend of 
lower cell  voltages wi th  increased cell  impedance as 
discussed in detail below. 

The above monoblock data were normalized on a 
unit cell  basis and are g iven in Fig. 16 and 17 in terms 
of unit  cell  voltage v s .  coresponding unit  cell  im- 
pedance. Figure 16 pertains to the m i n i m u m  voltages 
which were consistently attained during the first msec 
of discharge at 10A. Figure 17 pertains to the  
stabilized voltages which were consistently attained 
after several seconds of discharge at 10A. Also in-  
c luded in these figures, for design purposes, is the 
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min imum voltage specification l imit  for the Mariner  ~ - ~  
cells. From a simplified "Ohm's law" point  of view 
(where voltage is a l inear  funct ion of impedance at ~., 
constant  current ) ,  one might  at first predict that these 
curves should be approximately l inear  and have a 
slope of 10 V/ohm. This predict ion would at least be ~-~ 
thought to be applicable to the curve in  Fig. 16 
wherein the voltage measurements  should not be i ~' 
influenced to any large degree by polarization phenom-  
ena in that  the measurements  were taken  at very short i 
periods of t ime after the start of discharge. Detailed ~.~ 
examinat ion of Fig. 16 reveals that only a port ion of 
the curve is in accord with the above relation. This 
portion is for cells with impedances less than  about "~ 
0.3 ohm. The curve reveals appreciably higher voltages 
than would be predicted from the Ohm's law relat ion ~.' 
for cell with impedances in excess of 0.3 ohm. Detailed 
examinat ion of Fig. 17 reveals that essentially the 
whole curve is in disagreement with the above 
relation. In  this case the discrepancy is even larger 
than the above, i.e., voltages are even higher than  in 
Fig. 16 for corresponding impedance values. 

Explanat ion for the above phenomena is twofold 
in nature. First, it is quite l ikely that polarization 
effects are present  and that these effects account for 
a portion of the above-noted discrepancies. Secondly ~.0 
it is quite l ikely that  there is a decline in  cell 
impedance short ly after the start of discharge, i 
Evidence to this effect was obtained in a special test ~" 
wherein the impedance of one cell was measured 
before and 1.0 see after a discharge at 10.0A. Results ~.o 
given in  Table I revealed that  the impedance dropped 
sharply dur ing this period from 3.400 to 0.015 ohm. 
Based on results of the oscilloscope and oscillograph ~.' 
tracers, it appears that most of this decline in  im-  
pedance occurs wi thin  the first msec of discharge. 
Although a rigorous explanat ion for this phenomena 
cannot be offered at the present  time, it is quite l ikely 
that it is associated with the electrochemical reduction 
of the highly resistive layer of Ag20. Regardless of the 
explanation,  however, the result  establishes a very 
practical and significant point in that it suggests a 
method for avoiding the large t ransient  voltage drops 
of high impedance cells, ~.e., by merely  subject ing them ~-~ 
to a short "conditioning" discharge before employing 
them for their  p r imary  discharge application. The 
"conditioning" discharge may be carried out at the C/5 
rate for 1.0 sec. 

During the course of this investigation there were i ~~ 
noted to be several cells, especially those at elevated 
temperatures,  which exhibited sudden voltage declines 
and subsequent  failure. Since logs had been main ta ined  
on the voltages and impedances of these cells, it was 
decided to examine these data in detail in order to ~., 
establish if these cells exhibited any unusual  variat ions 
in impedance. In  this manner  it might be possible to 
employ the impedance measurement  as a means of 
ident ifying faulty or deteriorated cells. Figures 18 
through 21 give plots of the voltages and impedances 
of four such cells. Examinat ion of these plots reveals 
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no unusua l  variations in the impedances of these 
part icular  cells up to the point of failure. During this 
t ime these cells exhibi t  a gradual  rise in impedance in  
a similar manner  to other cells which did not exhibit  
failure. At the t ime of failure, however, these cells 
exhibit  a sharp decline in  impedance and also cell 
voltage. On this basis, then, there does not appear 
to be any convincing evidence that  these impedance 
measurements  may be used to predict the condition 
or state of charge of Ag-Zn cells in their early stages 
of life. The feasibility of employing impedance mea-  
surements for this purpose cannot, however, be ruled 
out altogether with the informat ion obtained to date. 

The effect of tempera ture  on impedance of these 
cells is given in Fig. 22. The upper curves give the 
variat ion for two typically high resistance cells which 
had been in storage for almost three years in the fully 
charged condition at 4~ The lower curve gives the 
variat ion for a typically low resistance ceil which had 
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been in s torage under  the same condit ions as above 
bu t  had  been pa r t i a l l y  (about  10%) discharged at  
room t empera tu r e  before  these impedance  measu re -  
ments. Results  indicate  that  the impedances  of all  of 
these cells decline wi th  t empera tu re  and in an essen- 
t i a l ly  l inear  manner  in the range of 4 ~ to 38~ 

Final ly ,  it is wel l  to ment ion  tha t  there  is some, 
but  not  conclusive, exper imen ta l  da ta  to confirm the 
bel ief  that  the posi t ive electrode, and in pa r t i cu la r  the  
Ag20 film, is responsible  for al l  the  above-observed  
var ia t ions  in impedance  and voltage. I t  is conceivable  
tha t  changes in the negat ive  electrode,  the  separator ,  
and e lec t ro ly te  may  also occur and may  account for 
some of the observed phenomena.  Addi t iona l  and 
more  fundamenta l  studies involving the use of 
reference electrodes and microscopic examinat ions  
would  be requi red  to resolve this issue. Such studies 
have been out l ined and wil l  be car r ied  out at a l a t e r  
date. Results  obta ined to da te  do, however ,  s tand by  
themselves  in that  they  provide  the designers  of 
AgO-Zn-based  power  systems wi th  a grea t  deal  of 
prac t ica l  and here tofore  unpubl ic ized da ta  on the 
impedance  character is t ics  of these cells. 

Conclusions 
Significant findings of this s tudy are summar ized  

below. 

1. Impedances  of AgZn cells have been found to 
increase dur ing  pro longed per iods  of storage. The ra te  
of change of impedance  wi th  t ime has been found to 
increase at e levated  t empera tu re s  and to be influenced 
to some degree by  the mode of storage. 

2. In  accordance wi th  pr io r  l i te ra ture ,  there  has been 
found to be a peak  in the vo l t age - t ime  curve of 
Ag-Zn  cells dur ing  the ea r ly  por t ion  of constant  
cur rent  charge 

3. Impedances  of A g - Z n  cells decrease  apprec iab ly  
and rap id ly  wi th in  the  first msec of discharge.  

4. The ins tantaneous vol tage drop dur ing  the first 
msec of discharge has been found to increase with 
ini t ia l  cell impedance,  but  not in a l inear  manner .  

5. Cell  vol tages exhibi t  a pa r t i a l  r ecovery  af te r  the  
ins tantaneous  vol tage  drop. The level  of recovery  and 
recovery  t imes va ry  wi th  in i t ia l  cell  impedance.  
Recovery t imes for the cells employed  here  were  in 
the range  of essent ia l ly  zero to severa l  seconds. 

6. In  order  to sat isfy  demand ing  vol tage regula t ion  
requirements ,  it  would  be wel l  to subject  aged cells 
to a shor t  p r e l imina ry  discharge pr io r  to subjec t ing  
them to the i r  p r i m a r y  discharge.  
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ABSTRACT 

Thin-f i lm solid-state galvanic cells were fabricated using Pb  metal  as 
anode, PbF2 as electrolyte, and CuFf as cathode. Because of the high resistivity 
of CuFf, it  was codeposited with PbF2 to form a more conductive mixed 
cathode layer. Such cells developed open-circui t  voltages from 0.61 to 0.70V, 
compared to 0.70V theoretical. Cells were discharged at room temperature  
with current  densities of >10 ~A/cm 2. At elevated temperatures  the current  
densities at tainable were considerably higher. Cells discharged under  con- 
s tant  load exhibited relat ively constant voltage during discharge and a sudden 
drop-off at the end of discharge. Cathode uti l ization for the cathode-l imited 
cells was typical ly 30-40%. Attempts  to recharge these cells were unsuccessful. 

Thin-f i lm solid-state galvanic cells have been a sub-  
ject of considerable recent interest. The combir~ation of 
solid electrolyte materials  with th in-f i lm techniques 
holds promise of yielding minia tur ized batteries with 
high energy density, wide operating tempera ture  
range, and long shelf life. Such batteries could com- 
plement  other miniatur ized electronic devices, such as 
integrated circuits, thin-f i lm resistors, and thin-f i lm 
capacitors. 

Masters, Vouros, and Clune (1,2) have developed 
vacuum-evapora ted  thin-f i lm galvanic cells using silver 
as anode; silver chloride, bromide, or iodide as elec- 
trolyte; and p la t inum as cathode. This was a concen- 
t ra t ion cell with rather  low power. Goldberg (3) 
patented improved methods of forming the electrolyte 
layer  in this cell. 

Ervin  (4) patented a sprayed- in-place  cell using 
a silver anode, si lver rubid ium iodide electrolyte, and 
te l lur ium tetraiodide cathode. 

Sator and Perrot  (5, 6) constructed thin-f i lm cells of 
the type Pb/PbC1JAgC1/Ag.  These were developed 
fur ther  by Moulton et al. (7), and by Swindells  and 
Lanier  (8). Swindells  and Lanier  also developed an 
improved cell of the type Mg/MgCIz, LiC1/AgC1/Ag. 
In  this cell the MgC12 electrolyte was doped with up to 
50% LiC1 by weight to increase iCs conductivity. 

Liang, Epstein, and Boyle (9) constructed thin-f i lm 
cells of the type Li/Li][/AgI/Ag. These cells developed 
over 2V, and could provide current  densities of over 
100 ~A/cm 2. 

In  a previous paper  we reported the solid electrolyte 
properties of PbF2 (10). For th in  films, ~ values of 
>1 • 10 .6 ( o h m - c m ) - 1  were obtained. This conduc- 
t ivi ty is sufficient that  PbF2 might  be of use as electro- 
lyte in thin-f i lm galvanic cells. 

CuF~ is a possible choice for a cathode material .  The 
following reaction 

anode: Pb + 2 F -  --> PbF2 -5 2e-  

cathode: CuFf + 2e-  --> Cu -}- 2 F -  

over-all :  Pb q- CuFf -> PbF,, -5 Cu 

hG = AGf(PbFf) - -  A G f ( C u F 2 )  • --32.1 kcal /mole 

leads to a cell voltage of 0.7V. In  fact, CuFe has already 
found use as a cathode mater ial  in  n o ,  aqueous liquid 
electrolyte batteries (11, 12). 

'Several problems had to be overcome in order to use 
CuF2 as a cathode material  in these l iquid electrolyte 
batteries. CuFf is a highly resistive material ;  p > 1010 
ohm-cm at 25~ (13). In  order to use it as a cathode 
mater ial  it was necessary to increase its conductivity. 
Mixing the  CuF2 with graphite has been tr ied with 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
K e y  w o r d s :  copper  f luor ide ,  g a l v a n i c  cell,  l ead  f luor ide ,  so l id  e lec -  

trolyte,  t h i n - f i l m  cell. 

some success (14). This only increases the electronic 
conductivi ty which may be sufficient with a Iiquid 
electrolyte. In  a solid-state system, however, it would 
also be helpful to increase the  ionic conductivi ty of 
the cathode. Recharging of l iquid electrolyte cells with 
CuFf cathodes has also proven difficult (15), and there 
is indication of large overvoltage effects in these cells. 
The high resistivity of CuF2 was expected to be a 
problem in  solid-state thin-f i lm cells, but  it was not 
clear whether  overvoltage effects would be comparable 
to those in the l iquid electrolyte cells. 

The presence of water can have large effects on the 
performance of CuF,, cathodes for the l iquid electrolyte 
systems. It  is desirable to have completely anhydrous 
CuFf, as even small amount's of water  react with the 
Li anodes used in  such cells. Water  in the cells also 
increases the solubil i ty of CuFf in the electrolyte, 
leading to dissolution of the cathode and discharge of 
the cell. Therefore, high pur i ty  anhydrous CuF2 has 
been used in these cells. Care must  also be taken to 
insure that  CuFf remains anhydrous, as it tends to 
absorb water  to form the dihydrate  

CuF~ + 2H20 --> CuFf �9 2H.20 aG ___-- --6 kc~I/mole 

The presence of water  would also be expected to 
cause problems in  the formation of thin-f i lm cells with 
CuFf cathodes. Heating CuF~ in the presence of water  
leads to decomposition, with the formation of CuO, HF, 
and HeO (16, 17). Even if only small  amounts  of water  
were present, the outgassing and resul tant  spattering 
could make deposition of good films impossible. In  
addition, films of CuFa may have to be coated to pro- 
tect them from being attacked by moisture in the air. 

Some other fluoride materials are even less stable 
than CuFf and would yield correspondingly higher 
voltages. Thus a cell with AgF cathode would have a 
theoretical OCV of 1.3V, while a PbF4 cathode would 
lead to an OCV of 2.56V. However, these lat ter  mate-  
rials are so unstable  that it is questionable whether  
such materials  could be vacuum evaporated. 

In  addition, electronic conductivi ty of PbF2 becomes 
appreciable above 1.3V (!0) and, thus, the use of high 
voltage cells could lead to self-discharge. 

Even CuFf would be expected to cause difficulties in 
conventional vacuum evaporation. Evaporat ion from the 
typical evaporation sources such as tungsten, molyb-  
denum, carbon, or a luminum oxide boats is thermody-  
namical ly unfavorable.  However, whether  or not suc- 
cessful evaporations can be carried out from any of 
these sources will depend on the ra tes -o f  reaction, 
and even on the degree of wett ing of the source by the 
CuF2. We report here the results of fabricating th in-  
film galvanic cells with PbF2 electrolyte and CuFf 
cathodes. 

Experimental 
Thin-film deposition.--Thin films were prepared by 

vacuum evaporation in a Fairchild custom evaporator 

10 
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using resistance sources. A Sloan Omni- I Ia  deposition 
control uni t  with quartz crystal oscillator sensor was 
used to monitor  deposition rate and film thickness. 

Cells were made with two different geometries. One 
type of cell (Fig. 1) had twelve small  0.1 cm 2 area cells, 
while the other type contained four larger 2 cm 2 cells 
per  slide (Fig. 2). Conductivi ty cells were made by 
depositing a bottom layer  of metal, followed by a layer  
of the mater ia l  being studied, and by an upper  metal  
electrode layer. Galvanic  cells were made by deposit- 
ing a bottom layer  of anode metal, a middle layer  of 
electrolyte, a~d two upper  layers containing cathode 
material  and cathode current  collector. In  some cells a 
layer  of Kodak Microneg Photoresist (an organic poly- 
mer  sensit ive to u.v. l ight) was applied to protect the 
under ly ing  films from moisture. 

X-ray diffraction analysis.--A Philips Electronics 
x - ray  diffraction uni t  with scinti l lation counter  was 
used with CuEs  x-rays.  Powder x - r ay  spectra were 
made using the conventional  holder. X- ray  studies 
could also be made on th in  films by  breaking the glass 
microscope slide substrate in half  and insert ing the 
half -substra te  in the sample holder. A Philips Elec- 
tronics x - r ay  fluorescence ins t rument  was also used, 
with Mo target  and LiF crystal, for e lemental  analysis. 

Electrical measurements.--OCV measurements  were 
made using a Kei thley Model 610c electrometer, with 
input  impedance greater than  1014 ohm. 

A Keithley Model 260 picoampere source was used 
for cons tan t -cur ren t  charge and discharge of cells. A 
Hewlet t -Packard  Mosely chart recorder Model 7100b 
was used to record cell voltages dur ing discharge. 

Resistivity measurements  (s tandard two-electrode 
technique) were made using a GRC 1650A bridge at 1 
kHz. 

Results and Discussion 
Selection of deposition source.--Attempts to deposit 

CuF2 were made from tungs ten  and molybdenum boats 
without  success. The resul t ing films were reddish in  
color and smooth initially, but  upon contact with air 
they rapidly crinkled and lost adhesion to the sub-  
strate. X- ray  studies showed only a few very t iny  
peaks, and these could not be assigrmd. The films prob-  
ably contained some hygroscopic tungsten  or molyb-  
denum fluorides caused by reactio,n of CuF2 with the 
boats. 

Deposits from a lumina- l ined  molybdenum boats 
were also unsuccessful. Result ing films were yellow 

electrolyte layer upper electrode 
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/ lower electrode 

Fig. I. TMn-film cell configuration of 0.1 cm 2 cells 

lower electrode layer 
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/ 
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Fig. 2. Thin-film cell configuration of 2 cm 2 cells 

in color and exhibited very poor adhesion. Decomposi- 
t ion again probably occurred. X- ray  studies, hampered 
by the poor adhesion, showed only some t iny  peaks 
which could not be assigned. 

Deposition from a carbon source gave films which 
were identified by x - r ay  diffraction as anhydrous CuF2. 
The adhesion of these films depended on the substrate 
temperature;  films deposited on unheated substrates 
had poor adhesion, while those deposited on substrates 
at 220~ adhered extremely well. It was also found that  
films deposited with considerable spattering had poor- 
adhesion, while films evaporated without  spattering ex- 
hibited good adhesion. In  all of these cases, even for 
films with poor adhesion, the CuF2 structure was seen 
in x - ray  studies. Fresh films showed no peaks for any 
of the hydrated  forms of CuF2 or for any other mate-  
rials. However, the films were ra ther  dark  in color, 
while pure CuF2 powder was white. This dark  color 
could be due to the presence of impurit ies in the film, 
possibly from part ial  decomposition to copper metal, or 
perhaps to the incorporation of some fluorinated car- 
bon compounds from reaction with the evaporat ion 
source. This could actually be beneficial for the cathode 
layer because it might  lead to higher electronic con- 
ductivity. 

Film sensitivity to moisture in air.--CuF2 films de- 
posited on glass substrates from carbon sources seemed 
orfiy moderately sensit ive to moisture in  air. The 
smoother the film the less sensit ive it appeared to be, 
probably because of the reduced t rue surface area. A 
study was made in  which both CuF2 powder and a 
CuF2 film were exposed to air, and studied at intervals  
by x-ray.  The fresh CuF2 powder showed only peaks 
due to CuF2, but  after exposure to air (~24 hr) a 
peak assigned to the dihydrate  was seen. Another  peak 
due to CuOHF also appeared after longer  exposure 
(~10 days). 

The f r e sh  CuF2 film showed a t iny  broad peak due 
to the dihydrate  and /or  the oxyfluoride. After  168 days 
of exposure to air the film's appearance had hardly  
changed, and a~ x - ray  s tudy at this t ime showed 
almost the same features: only a small  peak due to the 
dihydrate  and /or  the oxyfluoride of about the same 
height as for the fresh film. However, such a film would 
react with excess moisture rapidly;  for example, hold- 
ing the slide in  one's hand caused crazing and blister-  
ing of the film in seconds. Therefore it was concluded 
that films of anhydrous CuFz could be obtained, and 
with moderate  care they could be kept essentially an-  
hydrous. However, for extended use in  cells which 
might  be handled f requent ly  it would be necessary to 
cover the CuF2 with a protective coating. 

Conductivity o] CuF2 thin #/ms.- -Conduct iv i ty  mea-  
surements  were made on C u / C u F J C u  cells fabricated 
using the masking geometry described in a previous 
paper (10). A conductivity value of 1.6 • 10 -9 
( o h m - c m ) - '  was found at 25~ This is somewhat 
higher than the values of 10-1~ -11 ( o h m - c m ) - I  re-  
ported for pure chemically formed thin films (13). 
This diff.erence in conductivi ty could be due to the 
presence of impurit ies in  the film as proposed above, or 
to some grain  boundary  effects. It  should be noted that  
the increase in  conductivity was comparable to the 
increase in conductivi ty of PbF2 films compared to 
pressed pellet or single crystal PbF~ noted in our 
earlier paper. A temperature  study was performed, and 
an Arrhenius  plot resulted in  a value for AH of 0.345 
eV, somewhat below AH values for ionic conduction in  
fluorides. It was not determined whether  the observed 
conductivity was pr imar i ly  ionic or electronic, but, in 
any case, the film conductivi ty was quite low. It was 
clear that improved CuF2 cathode conductivity would 
be necessary for use in  th in-f i lm galvanic cells. 

Deposition of mixed PbFz-CuF2 films.--PbF2 a~d 
CuF~ wer.e codeposited from the same boat to achieve 
mixed films with improved ionic conductivity. This was 
similar  to the practice of mixing  cathode and elec- 
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trolyte as used in  pressed-pellet  cells. The PbF2 has a 
lower melt ing point than CuF2 (822~ vs. 950~ and 
was observed to evaporate at lower temperatures.  
However, it was found that a mixture  of the two could 
be codeposited. One would expect that the init ial  com- 
position of the evaporant  would be relat ively rich in 
PbF2 while later in  the deposit it would be relat ively 
rich in CuFe. If one deposits a cell in the sequence Pb 
layer, PbF2 layer, CuF2-PbFe mixture  layer, Cu layer, 
then o~e would have the favorable si tuat ion of a 
gradation from PbF2-rich to CuFf-r ich through the 
cathode film, with a very high effective contact area be- 
tween ,electrolyte and cathode. The actual composition 
of the cathode film would depend on the init ial  com- 
position of the mixture  in  the evaporation source and 
to what  extent  the evaporat ion proceeded. With init ial  
composition of approximately 70 mole per cent (m/o)  
CuF2, and evaporat ing a large part, but  not all, of the 
mixture,  one might estimate over-al l  composition of 
about 50 m/o  CuFf. 

X- ray  studies were made on the codeposited mixed 
films. Some structure was seen in early films (Fig. 3a), 
with peaks a t t r ibutable  to both PbF2 and CuF2. How- 
ever, as care was taken to avoid spattering of the mix-  
ture  in  the boat, and to avoid both the earliest and 
latest fractions of the deposit by using a shut ter  in 
front of the substrate, films were obtained which 
showed little or no s tructure under  x- ray  diffraction 
(Fig. 3b). Only one very broad peak around 27 ~ could 
be seen, possi[bly due to CuF2. Thus it appeared that 
the mixed films had a very f ine-grained or amorphous 
nature.  Studies of such films with scanning electron 
microscopy showed no visible grains. 

Conductivity oS mixed films.--Conductivity measure-  
ments  were made on mixed films with copper elec- 
trodes. Values for ~ were in the rar~ge 1 0 - 6 - 1 0  - 8  
(ohm-cm)-~ ,  depending on the extent  of the deposit. 
Longer deposit times with larger amounts  of CuF~ 
gave the lower conductivi ty values. Even so, a marked 
improvement  was achieved compared to the pure CuF2 
films. Another  benefit of the mixed films was the ease 
of deposition. The CuF2-PbF2 mixture  melted at a 
lower temperature  than the pure  CuF2, leading to im-  
proved outgassing characteristics and less spattering 
dur ing deposition. In  addition it was found that smooth 
adherent  films could be obtained without  substrate 
heating. 

Galvanic cells.~Cells of the type Pb/PbF2/PbF2,  
C u F J C u  were deposited using the 0.1 cm 2 area masks. 
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In  addition, some cells were made with 2 cm 2 area. The 
best cells were made without any substrate heating. 
Substrate heating for the cathode layer  led to bet ter  
adhesion of that layer, but  caused the l if t ing of the 
under ly ing  layers. Heating the substrate for all the 
layers led to increased numbers  of shorted cells, prob-  
ably due to increased Pb and PbF~ grain size and 
correspondingly increased numbers  of pinholes. The 
yields of nonshorted 2 cmU cells were smaller  than  
for the 0.1 cm 2 cells, but  with care to avoid spattering 
of deposits moderate yields of the larger cells could be 
obtained. Some cells that  were found to be ini t ia l ly 
shorted eventual ly  "healed," but  with lower than  nor-  
mal capacity. Finished cells were coated with Kodak 
Microneg photoresist to protect the CuF2 from mois- 
ture. Some cells were left uncoated for comparison, 
and within days these films crazed and blistered. The 
sealed cells did not show any deteri0vation after weeks 
of exposure to air. 

The OCV's of cells ranged from 0.56 to 0.70V. How- 
ever, the lower OCV's were obtained for cells deposited 
from early fractions of the deposition mixture,  and 
these cells had poor performance. Although no appre-  
ciable CuF2 �9 2H,_,O was detected by x-ray,  it is in ter -  
esting to note that  the following cell reaction 

Pb -F CuF2 �9 2H20 --> PbF2 -F Cu + 2H20 

has a theoretical OCV of 0.57V. This value agrees with 
the lowest cell values observed and may represent  cells 
which had inadver ten t ly  been exposed to water  vapor. 

The cells with good performance had OCV's of 0.61- 
0.70V. The occurrence of lower than theoretical OCV 
in some cells could also indicate the presence of elec- 
tronic leakage in the cells. However, the electronic con- 
ductivity of pure PbF2 has been found to be quite low 
(10), so this was probably not the reason for lower 
OCV's. F igure  4 shows the OCV of a cell as a funct ion 
of time. Ini t ial  voltage was 0.63V and subsequent ly  
rose to 0.66V. Even after several weeks the OCV was 
the same, and the cell was subsequent ly  discharged 
with no apparent  loss of capacity on storage. Therefore 
it appeared that  the lower OCV's were not due to elec- 
tronic leakage. 

Another  possible explanat ion of OCV lower than 
theoretical is that a solid solution of CuF2 and PbF2 
was present, and the OCV would then indicate the 
CuF2 activity at the active site. The x - ray  data indi-  
cated an amorphous phase (Fig. 3b) support ing this 
possibility. 

Cells were discharged under  various loads and at 
different temperatures,  and the cell voltages measured 
vs. time. Figure 5 shows a typical discharge curve for 
a small 0.1 cm 2 area cell at 25~ with a 3.3 megohm 
load. Upon first application of the load the cell voltage 
dropped to 0.22V, but  as the cell started to discharge, 
the cell voltage rose gradual ly  to 0.46V. This "activa- 
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Fig. 5. Discharge curve at 25~ through 3.3 megohm load 

t ion effect" has been present  for other solid-state bat -  
teries (18). The voltage then  remained near ly  con- 
stant  dur ing  the rest of the discharge. Finally,  the cell 
voltage dropped rapidly to 20-50 mV. The open-cir-  
cuit voltage of such cells measured with an electrom- 
eter was still over 0.5V, al though it was no longer 
possible to draw appreciable current  from them. This is 
unders tandable  if we consider the geometry of the cells. 
With the small  0.1 cm 2 cells, the cathode mixture  and 
the upper copper electrode were deposited in the form 
of a long strip common to all the cells. But only the 
CuF2 located directly above the smaller  Pb  electrodes 
could react easily. Once this CuF2 was consumed there 
was still sufficient CuF2 not directly above the Pb elec- 
trodes to establish the OCV, but  only very low cur-  
rents could be main ta ined  wi th  the ext remely  high 
resistance through the longer electrolyte path. 

Figure 6 shows discharge curves for 0.1 cm 2 cells 
under  various constant loads at 25~ and Fig. 7 shows 
discharge curves with 300,000 ohm loads at 25~ a~d at 
75~ From the m a x i m u m  current  densities observed in 
Fig. 7 and assuming an OCV of 0.7V, one can use an 
Arrhenius  relationship to obtain a AH value of 0.33 eV. 
This is quite close to the value obtained from a con- 
duct ivi ty cell of pure  CuF2 ment ioned earlier, and is 
smaller  than  the value of 0.54 eV found for conduc- 
t ivi ty cells of PbF2. This supports the contention that 
the ra te -de te rmin ing  step in  the cell reaction involves 
the CuF2 cathode material .  

Table I summarizes the data for discharge of several 
cells of both 0.1 and 2 cm 2 area. The actual capacity of 
the cells is listed, both in terms of coulombs of charge 
and in  terms of equivalents  of CuF2. These cells were 
all constructed with an excess of the anode material.  
Therefore, if the amount  of CuF2 present  in the cathode 
film were known, the actual per cent uti l ization of cath- 
ode mater ial  could be calculated. However, the fact 
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that a mixed film was used for the cathode, and that  
the x - r ay  diffraction studies gave no peaks prevented 
calculations based on these methods. The cells were 
estimated to be about 50 m/o  CuF2 from the evapora- 
tion conditions and a check on this assumption was 
made by s tudying some of the CuF2-PbF2 films using 
x - r ay  fluorescence analysis. Results showed 52-56 m/o  
CuF2 in the films. The percentage uti l ization for the 
cells listed in  Table I was calculated using this infor-  
mation. For the small  cells it can be seen that the 
max imum util ization was 40% with most of the dis- 
charges in the range of 30-40%. Therefore, it appears 
that  only a fraction of the available capacity of the 
cells could be used. A possible explanat ion is that  much 

Table I. Performance of Pb/PbF2/PbF2,CuF2/Cu thin-film galvanic cells 

Cel l  a r e a ,  T e m p e r -  C a p a c i t y ,  C a p a c i t y ,  
Ce l l  c m  ~ a t u r e ,  ~ L o a d ,  o h m  cou lombs*  e q u i v  of CuFf* % u t i l i z a t i on**  

A - ' / 8 - B 4  2.0 25 100,000 4.9 x 10 -2 5.1 • 10-7 6.7 
A - 7 8 - B 3  2.0 25 300,000 1.3 x 10-1 1,4 x 10 -6 17.9 
A - 7 8 - S 7  0 . I  25 300,000 1,1 X 10 -2 1.2 X 10 -7 30.8  
A - 7 8 - S 1 0  0,1 25 3.3 x 102 1.0 x 10-  ~ 1.1 • 10-  7 29.0  
A - 7 8 - $ 9  0.1 25 4 x I0  a 1.3 • 10-~ 1.4 x 10 -7 35.6 
A - 7 8 - S 1 2  0.1 50 300 ,000  0.6 • 10 -2 0.6 x 10- 7 16.3 
A - 7 8 - $ 6  0 . I  50 4 x 10 ~ 1.4 x 10-~ 1.4 x 19 -7 36.8 
A-78-$3 0.I 75 300.000 1.5 • 10 -2 1.5 x 10-7 40.0 
A-78-$8 0.I 75 4 X 106 0.3 x 10 -2 0.3 X 10 -7 8.7 

* M e a s u r e d  c a p a c i t y  f r o m  d i s c h a r g e  of cel ls .  
** C a l c u l a t e d  u t i l i z a t i o n  of c a t h o d e ,  a s s u m i n g  54 m / o  CuF2 in  10 ,000A t h i c k  c a t h o d e  f i lm ,  o r  3.8 • 10 -7 e q u i v a l e n t  of  CuF~ i n  e a c h  0.1 

cm-" cel l .  
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of the  CuF2 was isolated in the  PbF2-r ich  par t  of the  
cathode film, wi thout  electronic contact  to the Cu elec-  
trode, or became isolated dur ing  discharge. A lack of 
complete  ut i l izat ion of cell capaci ty  has also been re-  
por ted  by  Liang et al. (9) for  the  L i / L i I / A g I / A g  sys-  
tem. 

The Pb/CuF2 cells wi th  high OCV showed no evi-  
dence of se l f -d ischarge  wi th  storage. One pa r t i cu l a r  
cell was s tored for over  six weeks to measure  OCV. 
The  cell was subsequent ly  discharged wi th  no loss of 
capacity.  This is in contrast  to the th in-f i lm cells of 
Liang which  se l f -d ischarged  via migra t ion  of si lver 
ion in the cell (9). 

Recharging .of cells.mCell A-78-S1 was d ischarged 
for one hour  at  1 t~- cur ren t  at 75~ This was only a 
pa r t i a l  ( ~  33%) discharge.  F igure  8 shows tha t  the 
cell vol tage leve led  off at about  0.6V, 0.1V below the 
theoret ical  OCV. Then the cell was charged at 1 ~A. 
There  appeared  to be a s l ight  p la teau  a rea  around 
1.1-1.2V, but  the vol tage then  c l imbed more s teeply  
again. I t  is clear  from Fig. 8 tha t  the cell react ion was 
not reversible,  and tha t  charging this cell" was not 
feasible at  75~ 

Al l  a t tempts  to recharge  cells af ter  they  had  been 
comple te ly  discharged met  wi th  fai lure;  only ex t r eme ly  
low currents  would  flow th rough  the cells at reason-  
able  charging voltages. Al though  these  currents  led to 
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the proper QCV, the capacity of recharged cells was 
small. This discouraging result is consistent with the 
results of similar recharging attempts for CuF2 in non- 
aqueous liquid electrolyte batteries. 

Summary 
Thin-f i lm galvanic  cells using PbF2 electrolyte ,  an 

anion conductor,  have been successfully fabr ica ted  and 
discharged electrochemical ly .  I t  was necessary,  how-  
ever, to codeposit  PbF2 wi th  the CuF2 cathode mate r ia l  
to increase  its ionic conductivi ty.  The technique of co- 
deposi t ion is analogous to the  convent ional  technique 
of mixing  e lect rolyte  and e lect rode mate r i a l  in pressed-  
powder  cells. The Pb /PbF2/PbF2 ,CuF2/Cu cells ex-  
h ibi ted  discharge character is t ics  s imi lar  to o ther  th in-  
film cells r epor ted  in the l i tera ture ,  but  they  were  not 
rechargeable .  
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The Electrodeposition of Aluminum from Aromatic Hydrocarbon 
I. Composition of Baths and the Effect of Additives 
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ABSTRACT 

Electroplating of a lumin ium on copper and steel substrates was conducted 
at room temperature.  The bath consisted basically of A1Br~ and an alkali  
metal  bromide such as KBr dissolved in a suitable mixture  of aromatic hydro-  
carbons. The bath  was operated under  conditions resembling ir~dustrial opera- 
tion. Oxygen and humidi ty  were removed by bubbl ing  ni t rogen through the 
bath. The effect of bath composition on the qual i ty of the plated product is 
discussed in  detail. Transference numbers  were measured. The a lumin ium is 
shown to be present  in the form of a negative ion (A12BrT-), the transference 
n u m b e r  of which is larger than that of the solvated positive ion. The reactions 
taking place dur ing deposition and dissolution of a lumin ium in  this system 
are discussed in detail. 

A lumin ium cannot be e}ectrodeposited from aqueous 
or other protic solvents because decomposition of the 
solvent, accompanied by copious hydrogen evolution, 
occurs at the potential  required to deposit the metal, 
and the current  efficiency is essentially zero. Attempts 
to employ aprotic, polar solvents such as acetonitrile, 
DMF, pyridine, propylene carbonate, etc., failed, 1 prob-  
ably since the small, highly charged A1 +~ ion is very 
heavily solvated and decomposition of the solvent re-  
quires less energy than  desolvation of the ion and 
electrodeposition of the metal. This is par t icular ly  so 
for the solvent molecules in the inner  solvation shell 
which are highly polarized by the central  ion. 

A lumin ium was successfully electrodeposited by 
Brenner  et al. (1) from a bath consisting of A1C13 and 
LiA1H4 dissolved in  diethyl ether. This bath has not 
been adopted on a wide industr ia l  scale because of its 
hazardous na ture  and the high cost of the bath com- 
ponents. Two other baths, one based on LiA1H4 and 
A1C13 in te t rahydrofurane  (3, 4), the other on molten 
alkyl a lumin ium compounds (5), are present ly  under  
invest igat ion on pilot p lant  scale. 

Aromatic hydrocarbons represent  a unique class of 
solvents of great interest  for electrochemical research 
and technology. Simple ionic salts, e.g., alkali  halides, 
are insoluble in  them because of their  low dielectric 
constant, while covalent salts such as A1X3, where X 
is a halide ion other than  F - ,  are very soluble. Rigor- 
ously dried A1Br.~ dissolved in  an aromatic hydrocar-  
bon yields clear solutions having a pale yel low to 
orange tint, depending on the hydrocarbon employed. 
The electrical conductivity is very  low (ca. 10 -9 mho �9 
cm -1) (6). However, alkali  halides can be dissolved 
in these systems, yielding an electrolytic solution of 
medium conductivi ty (up to 6 mmho cm -~) (7-12), 
which is sufficient both for electrochemical measure-  
ments and for electroplat ing applications. A max imum 
in conductivi ty is reached when the molar  ratio of, 
say, A1Br3 to MBr (where M is an alkali metal  or the 
ammonium ion) is 2:1, indicating that A12BrT- and 
M + ions are probably  formed. There is evidence in the 
l i tera ture  showing that  the solvation number  of these 
ions (when M : H) is different in  different hydrocar-  
bons (13). The stabil i ty of the solvated A12BrT- ions 
(and possibly of some A1Br4- ions which may also be 
present  when the amount  of MBr added is increased) 
depends on the hydrocarbon used. In  the presence of 
HBr 2 it is found to increase in the order benzene < 
toluene < xylene < rnesitylene (14). Cryoscopic mea-  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  a l u m i n u m ,  e l ec t rodepos i t i on ,  n o n a q u e o u s  p l a t i n g  ba th ,  

a r o m a t i c  h y d r o c a r b o n s ,  a l u m i n u m  b r o m i d e .  
R e v i e w s  of  p r e v i o u s  w o r k  a r e  g i v e n  in Ref .  (1, 2) .  

2 A1Br3 is v e r y  h y g r o s c o p i c  a n d  a n y  m o i s t u r e  a b s o r b e d  i m m e d i -  
a t e l y  c a u s e s  t h e  f o r m a t i o n  of H B r  a n d  a l u m i n i u m  h y d r o x i d e  or  
h y d r o x y b r o m i d e .  

surements  indicated that  in the presence of alkali  
halides, larger aggregates having the general  formula 
(A12BrT-M+)n, where n may be as large as four, may 
also be formed (10, 12, 15). 

Plotnikov and co-workers studied these systems 
about forty years ago and showed that it was possible 
to electrodeposit a lumin ium on p la t inum or copper 
from solutions of A1BrJMBr in  benzene, toluene, and 
xylene (7, 16-20). However, the. deposits obtained were 
in most cases of poor quality, the cathodic current  
efficiencies were low, and the solvents were decom- 
posed in  the course of electrolysis (10). Pospekhov, 
who reviewed the field in  1937, concluded that  these 
systems were not suitable as plat ing baths for indus-  
trial  applications (19). Recently, the system of A1Brs 
dissolved in xylene with HBr added was investigated 
in detail (21, 22). A l u m i n i u m  was electrodeposited 
with high current  efficiencies of ca. 90%. Two side re.- 
actions were also observed, viz., reduct ion of the sol- 
vent  and hydrogen evolution. Capuano and Davenport  
published recently a patent  (23) and two papers (24, 
25) in which the electroplating of a lumin ium from 
solutions of AIBr3 in mixed aromatic hydrocarbons was 
reported. The qual i ty of plat ing was found by these 
authors to depend on the hydrocarbons used. Thus, for 
example, benzene mixed with durene gave very poor 
results, while toluene mixed with ethyl benzene yielded 
excellent deposits. A main  feature of the work of 
Capuano and Davenport  is that  all experiments  were 
performed in the presence of small  amounts  of water  
( introduced by part ial  saturat ion of the hydrocarbon 
used as solvent with water  before addit ion of A1Brz), 
or with HBr cont inuously added (23-25). Water  or 
HBr were considered by these authors to be indispens-  
able components of the plat ing bath, without  which 
a lum/nium could not be electrodeposited. 

In  the present  work a systematic s tudy of the effect 
of the composition of the baths on the qual i ty of a lu-  
min ium electrodeposited on copper or steel substrate, 
is presented. Special emphasis is placed on the effects 
of: (i) different aromatic hydrocarbons, (ii) organic 
and inorganic salts, and (iii) hydrobromic acid on the 
performance of the plat ing baths. 

Experimental 
Solutions were made up of AR-grade chemicals 

without fur ther  purification. All  experiments were per-  
formed in air t ight  cells under  an atmosphere of dry 
nitrogen. The inert  gas flow was mainta ined cont inu-  
ously from the t ime a solution was made up unt i l  it 
was finally discarded (in many  cases this lasted sev- 
eral months) .  The cell, electrodes, plat ing procedure, 
and preparat ion of metal:  surfaces were described in  
an earlier publicat ion (26). Most experiments  were 
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conducted at cathodic current  densities of 5-10 m A .  
cm -2, but  in  some cases a wider range of 0.5 to 40 
m A .  cm -2 was employed. Cathodic and anodic cur-  
rent  efficiencies were determined by weighing the sam- 
ples before and after electrolysis at a constant  current.  
Since the main  purpose of the present s tudy was to 
evaluate the influence of various bath components and 
additives on the qual i ty of electrodeposits and on the 
cathodic and anodic current  efficiency under  conditions 
resembling industr ia l  operation, the cells were opened 
for changing samples in  the regular  laboratory atmo- 
sphere and the highly hygroscopic A1Br8 was used as 
purchased without  fur ther  drying. 3 Thus, it may be 
assumed that  varying small  amounts  of humidi ty  en-  
tered the bath  and HBr was present  i n  small  quanti t ies 
in all experiments.  

The pur i ty  of electrodeposited a lumin ium was de- 
termined in the following manner :  The sample was 
rinsed in a warm (60~ 1M NaOH solution for a few 
seconds to remove the outermost oxide layer. It was 
subsequent ly  washed in water, dried in  acetone, and 
weighed. All the a lumin ium was then dissolved in 
warm 1M NaOH, the substrate  was dried and weighed 
again. The total amount  of a lumin ium in  solution was 
determined gravimetr ical ly with 8-hydroxy quinoline 
and this was compared to the weight-loss observed 
above. 

Transference numbers  were measured in a conven- 
tional Hittorf  cell. Copper wires (1 mm diam) were 
used in the form of a helix for both electrodes. Elec- 
trolysis was conducted for 1.5-2 hr  at a constant cur-  
ren t  of 20 mA. The volume of both anode and cathode 
compartments  was 5 cm 3. The solution, prepared under  
anhydrous conditions, consisted of 0.7M KBr and 2.0M 
AIBr~ in toluene. The concentrations of potassium and 
a luminium in  the anolyte were de termined by atomic 
absorption spectroscopy. Electrolysis t ime was cal- 
culated to give only a small concentrat ion change (ca. 
10%). In  this way errors due to dissolution of copper 
and conduction of current  by copper ions were min i -  
mized. The use of a copper anode insures that changes 
of concentrat ion of potassium and a lumin ium in  the 
anolyte are only caused by migration. Use of an alu-  
min ium anode would require a knowledge of the cur-  
rent  efficiency of anodic dis.solution, which has not 
been measured under  the exper imental  conditions pre-  
vail ing in this experiment.  

Results 
The basic system.--The basic system consists of a 

solution of A1Br3 in toluene (or benzene) in  roughly 
equal weights. If prepared under  r igorously dry condi- 
tions, this would have very low conductivity and elec- 
trodeposition would not be possible. However, under  
the conditions main ta ined  in  all experiments  reported 
here, some moisture, and hence some HBr, was always 
present, giving sufficient conductivity to allow electro- 
plating. The basic system and the same system with 
either an alkali bromide (or iodide) or a Lewis base 
added were tested. 

Aluminium bromide in toluene or benzene.--Alu- 
min ium bromide is very soluble in  aromatic hydrocar-  
bons. Two or three molar  solutions of A1Br3 in  benzene 
or toluene were prepared and tested. A tarl ike organic 
deposit containing li t t le or no a lumin ium was formed 
if benzene was the solvent. In  toluene a gray to black 
deposit was produced and the current  efficiency for 
a lumin ium deposition was less than 50%. Results were 
general ly i rreproducible and satisfactory electrode- 
posits could not be obtained in these systems. 

The e~]ect 05 addition 05 hydrocarbons and arnines.-- 
Aromatic hydrocarbons such as ethylbenzene, mesi ty-  
lene, and naphthalene were  added in quanti t ies rang-  
ing from 3 to 15 weight per cent (w/o)  to the basic 
system of AIBr3 in  toluene. White gray electrodeposits 

s S tud i e s  in  r i g o r o u s l y  d r i ed  sys t ems  are u n d e r  w a y  a nd  w i l l  be 
r e p o r t e d  e l s e w h e r e  (27, 28). 

having a metallic appearance were observed. A similar 
improvement  in  the qual i ty of the electrodeposits re.- 
sulted from the addition of d imethyl  anil ine or t r i -  
ethyl amine in comparable concentrations. The cath- 
odic current  efficiency was still highly irreproducible 
and ranged from 20% to near ly  100% in different ex- 
periments.  Heavy dendri te  format ion was observed. 
The conductivity of the solutions varied with t ime and 
typically decreased from an init ial  value of 1-2 mmho �9 
cm - I  to ca. 0.1 mmho �9 cm - I  wi thin  a few days. 4 
The e~ect o5 addition 05 alkali halides.--Alkali bro-  
mides or iodides were added to solutions of A1Bv3 in 
toluene. The concentrations were about 0.1-1.0M. The 
conductivity of the baths was increased and stabilized 
in  the range of 0.5-6 m m h o .  cm -1, depending on con- 
centration. Dendri te  formation was significantly re-  
duced and the cathodic current  efficiency was higher 
in most experiments.  Deposits obtained in  freshly pre-  
pared solutions were general ly poor, but  after a few 
days, and after several samples had been plated, the 
quali ty of electrodeposits was greatly improved and 
was comparable to those described above. Better re-  
sults were general ly observed in  the presence of 
iodides than  with bromides. 5 The baths tended to be 
unstable  and were found to deteriorate after a few 
weeks of operation. 

The complete plating bath.--The experiments  de- 
scribed above have shown that  the basic system of 
A1Br~ in benzene or toluene with either a Lewis base 
or an alkali bromide did not yield satisfactory results. 
A suitable bath should contain both an alkali bromide 
(or iodide) and a Lewis base such as a large aromatic 
hydrocarbon or an amine. The effect of the addit ion of 
different compounds from these classes is discussed 
below. 
The effect of alkali halides.~A solution of A1Bra (2- 
3M) in  toluene, with e thylbenzene or naphthalene in 
concentrations ranging from 3-30 w/o was employed 
in  these experiments.  Bromides or iodides of Li+, Na +, 
K +, and NH4 + were added in concentrations of 0.1- 
1.0M. Excellent electrodeposits were obtained. The cur- 
rent  efficiency increased with the concentrat ion of the 
salt, and the tendency to form dendrites decreased. 
The pur i ty  of the electrodeposited a lumin ium was 
99.5%, equal to the pur i ty  of the a lumin ium anodes 
used in  these experiments.  

When the concentrat ion of the alkali  salt was higher 
than  1M, codeposition of the salt and possibly of or-  
ganic mat ter  occurred. In  some cases, when only ca. 
70% of the electrodeposit consisted of a luminium, this 
was immediately apparent  upon inspection of the sam- 
ple. In  other cases, when the pur i ty  was as high as 
95%, apparent ly  smooth and uni form electrodeposits 
were obtained, but  these exhibited very poor corro- 
sion resistance. Codeposition of salt appeared to be 
more severe in the presence of iodides than with bro-  
mides at comparable concentration. 

Addit ion of alkali chlorides caused a decrease in  
current  efficiency and gave rise to electrodeposits of 
poor quality. In the presence of alkali fluorides a white 
powder was formed in the bath and the current  effi- 
ciency for a lumin ium deposition decreased. 
The efJect o5 cations on bath perJormance.--Addition 
of bromides of Li +, Na +, K +, and NH4 + gave indis-  
t inguishable results. A few attempts were made to 
electrodeposit a Mg/A1 alloy by adding MgBr2 in 0.1M 
concentration. (The solubil i ty of this salt is much 
lower than that  of alkali bromides or iodides.) In  these 
experiments only a lumin ium was electrodeposited. 

Several qua te rnary  ammonium bromides ( tetra-  
methyl  and tetraethyl  ammonium bromide, ethyl pyr i -  

4 The i n i t i a l  c o n d u c t i v i t y  depends  on the  a m o u n t  of m o i s t u r e  
p re sen t  in the  AlI3r3 used  or t h a t  e n t e r i n g  t he  cell  a c c i d e n t a l l y  d u r -  
i ng  p r e p a r a t i o n  of the  so lu t ion .  Th i s  m a y  d e p e n d  on a n u m b e r  of  
f ac to r s  such  as the  t e m p e r a t u r e  and  r e l a t i v e  h u m i d i t y ,  the  sk i l l  of 
the  e x p e r i m e n t e r ,  etc. 

5 I t  is v e r y  l i k e l y  t h a t  pa r t  of the  A1Brs could  be  r ep l aced  by  AII3 
in  al l  p l a t i n g  e x p e r i m e n t s ,  y i e l d i n g  s i m i l a r  or e v e n  b e t t e r  resul t s .  
In  v i e w  of the  h i g h e r  cost and  lower  s t a b i l i t y  of  2.113, th i s  w o u l d  
be of l i t t l e  i n d u s t r i a l  in te res t ,  h o w e v e r .  
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d in ium bromide, and pyr id in ium hydrobromide)  were 
tested in a bath containing A1Br3 in a mixture  of, say, 
toluene and ethylbenzene.  These cations caused an ap- 
parent  improvement  in the results. Very smooth de- 
posits were obtained and dendrite formation was co.m- 
pletely suppressed. The current  efficiency was close to 
100% (except in  the case of pyr id in ium hydrobromide 
where it was only 60-80%). However, the coatings of- 
fered poor corrosion protection. Chemical analysis 
showed that  the concentrat ion of a lumin ium in the 
electrodeposit was ca. 95% or less, and incorporat ion 
of salt took place. 

In  order to minimize  the incorporation of these salts 
in the electrodeposit and yet make use of their  bene-  
ficial effects, another  series of experiments  was con- 
ducted. In  these, the bath contained an alkali bromide 
in  the usual  concentrat ion range (ca. 0.SM) and a small  
amount  (0.01-0.1M) of quaternary  ammonium bromide. 
An improvement  in bath  performance was observed. 
Thick and smooth deposits could be formed with few 
or no dendrites. However, some salt was still incor- 
porated in  the electrodeposit; its pur i ty  was only 98% 
and its resistance to corrosion was poor. 

The organic cations had a distinct effect on plat ing 
from a solution containing only one hydrocarbon. It 
was already pointed out that  a solution of AlBr3 and 
MBr in benzene gave tarl ike deposits, while in toluene 
it gave grayish dark a lumin ium deposits with low 
cathodic current  efficiency. The addit ion of 0.01 w/o 
ethyl pyr id in ium bromide made it possible to electro- 
deposit a lumin ium from a solution of AlBr3 in  benzene 
at low current  efficiencies (although the qual i ty of the 
electrodeposit was poor). The addition of 0.02 w/o of 
the s.ame material  to the toluene based solution yielded 
smooth deposits at high current  efficiencies, although 
some salt was still incorporated in the deposited film. 

The effect of Lewis bases.---Two classes of compounds 
were tested in these experiments:  (i) derivatives of 
benzene having one or several side chains or naphtha-  
lene and its derivatives, and (it) aromatic and ali- 
phatic amines and some ethers. 

In  the first group the compounds tested were: ethyl 
benzene, diethyl benzene, e thy l -methyl  benzene, t r i -  
ethyl  benzene, me sitylene, durene, hexamethylbenzene,  
t e r -bu ty l  benzene, naphthalene and its ethyl and 
methyl  derivatives, and anthracene and its methyl  
derivatives. These compounds are known to be stronger 
Lewis bases than  toluene or benzene. They were added 
in  concentrations of 0.1M up to several molar to baths 
consisting of AlBr~ (2-3M) and MBr (0.1-1M) in 
toluene. Great ly improved results were observed upon 
the addition of derivatives of benzene and naphthalene 
(and of naphthalene itself). The cathodic current  
efficiency was close to 100% at current  densities of 5- 
10 m A - c m  -2, and high-quali ty,  pure electrodeposits 
were obtained. 6 At higher current  densities the cathodic 
current  efficiency was found to decrease significantly 
(at 30 mA"  cm -2 it was down to 40%). The anodic 
current  efficiency was close to 100% when current  
densities of 1-10 m A - c m  -2 were used for several 
hours. However, the decrease of weight of anodes after 
several weeks of operation was higher  than that cal- 
culated from the total charge passed. This is probably 
caused by mechanical  disintegration of the anodes and 
to a lesser degree by chemical dissolution which takes 
place in solutions which have not been rigorously pur i -  
fied and dried (27-29). Addit ion of anthracene and its 
derivatives also improved the performance of the baths, 
but to a lesser extent. These baths tended to deterio.rate 
rather  rapidly. In  certain baths containing a high con- 
centrat ion of naphthalene (ca. 2M and comparable to 
the concentrat ion of A1Brs), codeposition of salt was 
observed. No such effect was observed when the con- 
centrat ion of naphthalene was below 1M. 

In  the second group the compounds tested were: 
pyridine, t r i -e thyl -amine ,  and N,N dimethyl  aniline. 

6 F u r t h e r  de ta i l s  on tes t s  of the  q u a l i t y  of  e l ec t rodepos i t s  are  
g i v e n  e l s ewhe re  (26). 

These compounds are even stronger Lewis bases. Their  
presence in solution in concentrat ion of a few tenth  
rriolar improved the properties of the plat ing bath in 
a manne r  similar to the effect of the hydrocarbons in 
the first group above. Chemical dissolution of the cop- 
per cathodes was observed in freshly prepared solu- 
tions containing any one of the above-ment ioned 
amines. Electrolysis of such solutions yielded a highly 
decorative gold colored deposit of a copper /a lu-  
min ium alloy which, however, had very poor corrosion 
resistance. After aging the bath for a few days, chemi- 
cal dissolution stopped and pure a lumin ium electro- 
deposits were obtained. 

A higher concentrat ion of N,N d imethyl -an i l ine  of 
ca. 0.7M prevented electrodeposition of a luminium.  

In an additional series of experiments,  te t rahydro-  
furan  in molar concentrat ion equal' to that of A1Br8 was 
added instead of an amine. A tarl ike deposit containing 
some a lumin ium was formed. 

The efIect of HBr.--A solution of A1Br3 and naphtha-  
lene in toluene was saturated with I-l'Br. The conduc- 
t ivity of the resul t ing solution was 13 m m h o - c m  -1. 
The copper cathode (surface area 10 cm 2) dissolved 
rapidly in this solution (weight loss was 0.08 g /hr)  and 
a lumin ium could not be electrodeposited. Hydrobromic 
acid was removed from solution by bubbl ing  dry ni t ro-  
gen. The decrease in  concentrat ion can be followed in 
this system (where no alkali bromide was added) by 
the decrease in  conductivity. A lumin ium could ~be de- 
posited only when the conductivity was less ~han 8 
mmho �9 cm -1. At 5 mmho �9 cm -1 the current  efficiency 
was 35% and at 1 mmho �9 cm-~ or less it was close to 
100%. In  the last solution the rate of corrosion of the 
copper cathode on open circuit was only  5 mg in 24 hr, 
more than two orders of magni tude  s lower  than  in a 
solution saturated with HBr. 

The e~ect o] oxygen.--Oxygen does not react chemi- 
cally with the components of the bath at a significant 
rate. Thus, it may be allowed to saturate the bath and 
can subsequent ly  be removed by bubbl ing  an inert  gas 
without adversely affecting its performance. However, 
during electroplating oxygen must  be absent since its 
reaction at the electrodes prevents  deposition of a lu-  
min ium and causes rapid deterioration of the bath. In  
an exper iment  conducted in a solution saturated with 
oxygen, the voltage between a copper cathode and an 
a lumin ium reference electrode rose wi th in  minutes  
from a few millivolts to many  volts. At the er~d of 
electrolysis the copper cathode was coated with a black 
tar which did not contain a luminium.  

The e]]ect o] ions 05 heavy metals.~Ions of heavy 
metals, such as copper and iron, interfere with the 
electrodeposition of a luminium. Alloys of various com- 
position are electro deposited, the adhesion to the sub- 
strate metal is usual ly poor, and  the deposits are gray 
and have poor corrosion resistance. Heavy ions can be 
removed by preelectrolyzing on a dummy cathode. 

Translerence numbers.--Preliminary experiments  
were performed to determine approximately the t rans-  
ference numbers  of potassium and aluminium, by the 
Hittorf method. A solution of 0.7M KBr and 2M A/Br8 
in toluene was employed. Two copper electrodes were 
used in  the cell and chemical analysis of the solution 
in the anode compartment  was carried out. The con- 
centrat ion of potassium was found to decrease while 
that of a lumin ium was found to increase. The t rans-  
ference numbers  were: tK + ---- 0.3 -+- 0.1 and tA12Br7-- ~--- 

0.7 _+ 0.1. If one were to assume that a lumin ium was 
present main ly  in  the form of the smaller ion A1Br4-, 
its calculated transference number  would be tAIBr4- -~ 
1.4 _+ 0.2 which is clearly unacceptable.  

The solubility of A1Br3 and KBr in cyclohexane.-- 
Alumin ium bromide was dissolved in 70 cm~ cyclo- 
hexane in an atmosphere of dry nitrogen, giving a 
clear, colorless solution which was 0.7M in A/Br3. Dry 
KBr (2.1g) was added and the solution was stirred for 
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24 hr. Most of the KRr  did not dissolve and the concen- 
t rat ion of potassium in solution was 4 X 10-4M. The 
conductivi ty was below 10-z mho �9 cm -1. No at tempt 
was made to electrodeposit a lumin ium from this sys- 
tem. 

Discussion 
The structure of the e lectrolyte . - -Aluminium bro- 

mide, which has predominant ly  covalent bonds, is 
soluble in aromatic hydrocarbons and in cyclohexane. 
The result ing solution is nonconducting.  Simple ionic 
salts, such as KBr, are not soluble in  hydrocarbons, bu t  
are readily soluble in an aromatic hydrocarbon con- 
taining AIBr~. The solubility of KBr (and other alkali 
bromides or iodides) is dependent on the concentration 
of aluminium bromide. In solutions that have not been 
dried rigorously, it does not exceed the molar ratio of 
KBr:AIBr8 (1:2), corresponding to the formation of 
AI2BrT-K +. When a higher proportion of alkali bro- 
mide is dissolved, some AIBr4-K + is probably formed, 
but the-above ratio never exceeds I: I. 

The fact that KBr cannot be dissolved to any signifi- 
cant extent in a solution of AIBr8 in cyclohexane is 
rather interesting in view of the fact that the dielectric 
constants of cyclohexane and, say, toluene are nearly 
the same. It would appear that the difference is due 
to the great difference in polarizability of the two 
types of solvents, which allows stabilization of the ions 
in the aromatic but not in the alicyelic system. It is 
interesting to note in this context that the dielectric 
constan, of a solution of toluene containing 50 w/o 
AIBr3 was found to be 2.75 (30) while that of pure 
toluene is 2.28. 

The transference numbers reported here, which indi- 
cate that a lumin ium appears in  solution as negative 
ions, ar.e~ in  agreement  with the earlier in terpre ta t ion 
of Plotnikov et al. (7, 10, 11). The fact that t+ < t -  
indicates that  the potassium ion is more heavily sol- 
rated.  

The conductivi ty observed in these solutions is much 
lower than  for aqueous solutions of comparable con- 
centration. Thus, a solution of 1M A12Br7-K + in tolu- 
ene has a conductivi ty of ca. 5 m m h o .  cm -1, while 
the conductivity of an aqueous 1M KC1 solution is ca. 
100 m m h o .  c m - L  This difference can be ascribed to 
several factors: (i) the viscosity of the organic solu- 
t ion is about four t imes higher (31), (it) the radius of 
the solvated ions is larger, and (iii) part ial  association 
of the positive and negative ions may occur. 

Double layer capacity measurements,  to be reported 
elsewhere (29), as well as earlier work on solvation, 
indicate that  the solvated radius of ions in this system 
is larger than in water. This, together with the differ- 
ence in viscosity, could explain a major  part  of the 
difference in  conductivity, indicating that ion pair for- 
mation is not predominant  in this system. This would 
appear unusual ,  in view of the low dielectric constant, 
but  can be understood as result ing from the large 
solvated radii of the ions, which keeps them far apart 
and reduces the electrostatic at traction forces between 
them. 

Vapor pressure measurements  have shown that in 
toluene one molecule of the solvent is attached strongly 
to each AI-~Br6 molecule forming a = complex (32). 
When HBr was also present, complexes of the type 
ArH2+AI~Br7 - (14) or 3Ar �9 AI2Br6 �9 HBr were found 
(13). The solvation number  in  this case varies for 
different aromatic hydrocarbons. 

Reactions at the cathode and the anode.---The alkali  
ha]ides added to the solution of A1Br3 in a mixture  
of aromatic hydrocarbons serve two purposes: (i) to 
increase and stabilize the conductivity, and (it) to con- 
vert most of the a lumin ium present  in solution to the 
negative ion AI.~Br7- (or to A1Br4- in the presence of 
a high concentrat ion of MBr),  as indicated by t rans-  
ference number  measurements.  

The pr imary  cathode reaction could be either 

A12Br6 + 6eM "-~ 2A1 + 6Br -  [1] 

o r  

A12BrT- + 6eM--> 2A1 -t- 7Br -  [2] 

When the ratio of molar  concentrations of MBr: A1Br3 
is much lower than  0.5, both reactions may occur. As 
this ratio approaches 0.5, Eq. [2] probably becomes 
predominant .  Since the simple B r -  ion is apparent ly  
not stabilized in this system, 7 Eq. [1] must  be followed 
by a chemical reaction of the type 

6Br -  -5 6A12Br6--> 6A12BrT- [3,] 

giving the over-al l  reaction 

7A12Br6 + 6eM-* 2A1 + 6A12BrT- [4] 

Thus, less than one electron is passed 5n the over-al l  
reaction for each A12Br6 molecule reaching the surface, s 
This can be put differently by stating that for each 
molecule of A12Br6 discharged at the electrode, six 
molecules of A12Br6 are required to complex the free 
B r -  ions left behind. Thus, if the current  density is too 
high and/or  st irr ing insufficient, a deficiency of A12Br6 
molecules may develop in the diffusion layer causing 
codeposition of the alkali bromide. 

Equat ion [2] will be followed, for the same reasons, 
by the chemical step 

7Br-  + 7A12Br6 ~ 7A12Br7- [5] 

Combining Eq. [2] and [5] gives the same over-al l  
reaction, represented by Eq. [4]. 

As the ratio of MBr: A1Brs approaches or even ex- 
ceeds 0.5, the pr imary  electrode reaction becomes pre-  
dominant ly  that shown in  Eq. [2], bu t  this could now 
be followed by a reaction such as 

7Br -  -t- 7A12BrT- -> 14A1Br4- [6] 

which leads to the over-al l  reaction 

4A12Br7- + 3eM --> A1 -~ 7A1Br4- [7] 

Here again poor mixing or a high current  density could 
cause a deficiency of A12BrT- at the electrode and re-  
sult in codeposition of the salt. In  this si tuation the 
number  of electrons passed in the over-al l  reaction per 
molecule of A1Br3 (calculated) reaching the surface is 
Tt ~ 3/8. 

At the anode the situation is obviously reversed. The 
over-al l  reaction given in  Eq. [4] is l ikely to predomi- 
nate, since this requires only three ions of A]2Br7- 
for each atom of a luminium dissolved, while in Eq. [7] 
one would require seven ion,s of A1Br4-, the concen- 
t rat ion of which is very low in most situations. 

If the supply of A12BrT- ions to the anode is insuffi- 
cient due to their low concentrat ion in solution (when 
the ratio of MBr to A1Br8 is small compared to 0.5), 
insufficient stirring, too high current  density, or a com- 
binat ion of these factors, anodic dissolution cannot oc- 
cur at the desired rate, the potential  wilt rise, and side 
reactions (probably decomposition of the solvent or 
bromine evolution) will occur which shorten the life- 
time of the plating bath. 

From the above discussion it may be concluded that 
the concentration of MBr in so]ution should be chosen 
so that it is sufficiently high to provide good conduc- 
tivity, good throwing power, and efficient anodic dis- 
solution, yet sufficiently low to avoid codeposition of 
the salt. The importance of proper st irr ing and of 
l imit ing the current  density employed becomes evident  
for both cathodic and anodic reactions. 

If oxygen is present in the solution during electrol- 
ysis, the anode is covered with an oxide layer  and 
anodic dissolution is diminished. Bromine evolution 
occurs (10) and this reacts with the solvent to form a 

T h i s  m a y  be i n f e r r e d  f r o m  t h e  f a c t  t h a t  M B r  is so lub l e  in  an  
a r o m a t i c  h y d r o c a r b o n  on ly  in  p r e s e n c e  of A1Bra. 

s T h i s  is an  i n t e r e s t i n g  p o i n t  fo r  t h e  c a l c u l a t i o n  of  t h e  d i f fu s ion  
l i m i t e d  c u r r e n t  to be  e x p e c t e d  in ,  say,  a p o t e n t i o s t a t i c  t r a n s i e n t .  I f  
t h e  c o n c e n t r a t i o n  of a l u m i n i u m  is e x p r e s s e d  f o r m a l l y  as t h e  m o l a r  
c o n c e n t r a t i o n  of A]Br3,  t he  n u m b e r  of e l e c t r o n s  p a s s e d  in  t h e  o v e r -  
a l l  r e a c t i o n ,  a c c o r d i n g  to Eq. [4] w i l l  be  n = 3 / 7 ,  r a t h e r  t h a n  3, 
as one  m i g h t  be  led  to  a s sume .  



Vol. 123, No. 1 E L E C T R O D E P O S I T I O N  OF A L U M I N U M  lg 

variety of high molecular  weight compounds, causing 
rapid deterioration of the bath. At the cathode oxygen 
is apparent ly  reduced instead of a lumin ium and an  
oxide layer is also formed, as evidenced by the rapid 
increase in measured voltage drop between the cathode 
and an a lumin ium wire reference electrode. 

The effect of qua te rnary  ammonium salts in small 
concentrations is probably due to strong adsorption of 
the ion at the electrode surface. This also accounts for 
the tendency of incorporat ion of salts into the electro- 
deposits, causing poor corrosion resistance, as described 
above. 

The effect of HBr and oS Lewis base~.--All the ex- 
per iments  described in  this paper  were performed 
under  conditions which may resemble industr ia l  
operation. Thus, all solutions contained a small amount  
of HBr, formed as a result  of interact ion of A1Br8 with 
moisture enter ing the cell dur ing  changing of the sam- 
ples It is known (13, 14) that the reaction of HBr with 
A1Brs and the aromatic hydrocarbon ArH gives rise 
to a complex of the form ArH2+A12Brr - which can be 
reduced at the cathode. The stabil i ty of this complex 
increases in  the order benzene < toluene < m-xy lene  
< mesitylene. Reduction of the protonated hydrocarbon 
competes with electrodeposition of a luminium,  and 
hence the cathodic current  efficiency decreases with 
increasing concentrat ion of HBr unt i l  a point  is reached 
where it becomes negligible. This can account for the 
fact that  in the work of Capuano and Davenport  (23- 
25), where moisture or HBr were added on purpose, 
the cathodic current  efficiency was never  found to ex- 
ceed 85%. In  the present  work, where the level of HBr 
was kept low, current  efficiencies approaching 100% 
were observed in  solutions containing a mixture  of hy-  
drocarbons and an alkali halide. 

Benzene is a weak Lewis base and hence even a 
small amount  of HBr prevents  electrodeposition of alu-  
minium. Toluene is a s tronger base and electrodeposi- 
t ion does occur under  the same conditions, but  at low 
current  efficiencies. When mesitylene is used as the 
main  solvent, or when it is added to toluene in sub- 
stantial  quantities, a higher level of moisture can be 
tolerated in the system (up to a few tenths per cent 
H20), still yielding good electrodeposits at high cath- 
odic current  efficiencies. The same is t rue for naph-  
thalene and for derivatives of benzene with highly 
branched side chains. It  would appear that in all these 
cases the proton is stabilized by the aromatic hydro-  
carbon, which is a strong Lewis base compared to ben-  
zene or toluene, and reduction of the ArH2 + complex 
occurs at a much slower and often negligible rate. 
Aliphatic and aromatic amines, which are even stronger 
Lewis bases, can serve the same purpose. 
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Chromate (VI)-Lithium Chromate (V) System in 
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The  electrochemical reduct ion of chromate ion, 
CrO42-, in  l i th ium chloride-potassium chloride eu- 
tectic melt  (1), and the effect of various divalent  metal  
ions (2-5) and water  (6), have been studied exten-  
sively. Lai t inen and Bankert  (1) observed that the re- 
duction of chromate ion was a single, i rreversible and 
diffusion controlled three-electron process, yielding an 
unstable  init ial  product believed to be Li~CrO4. Re- 
cently Uchida and Lai t inen (6) isolated LiCrO2 as the  
reduction product from moist melts. On the other hand, 
Niki and Lai t inen (7) found that LisCrO4, which is 
assumed to be one of the intermediate  compounds in 
t h e  reduction of CrO42- in L}C1-KC1 melt, is relat ively 
stable in LiC1-KC1 melt. Because of the l imited solu- 
bili ty of LisCrO4 there is an equi l ibr ium in  the dis- 
proport ionat ion reaction: namely  

3Li~CrO4(solid) ~ 2CrO42- ~- 8Li + 

+ 2 0 2 -  + Cr02 -  [1] 
1'$ Li + 

LiCrO2 (solid) 

In  the present  work, the electrode potential  of 
CrO42-/LisCrO4 and the equi l ibr ium of the dispro- 
port ionation reaction of Li~CrO4 were investigated to 
correlate these values to the electrochemical behavior 
of chromate ion. 

Experimental 
Reagent.--Li2Cr04 was prepared by neutral iz ing 

CrO3 by Li2CO3, and then it was recrystallized and 
dried at 200~ under  vacuum for about 8 hr. All 
chemicals used in the present work were either the AR 
or the pr imary  standard grade. The LiC1-KC1 eutectic 
melt  was supplied by Anderson Physics Laboratories, 
Incorporated, Champaign, Illinois. 

LisCr04 electrode.--A mixture  of the stoichiometric 
amount  of Li2CrO4 and Li2COs was mainta ined at 
450~ in a p la t inum crucible for 5 hr  under  vacuum. 
Then the temperature  of the mixture  was increased 
gradually.  When a liquid phase formed at about 550~ 
a p la t inum flag 0.06 mm thick and 6.37 ram in diam- 
eter with 36 gauge p la t inum wire as an electrical lead, 
was immersed in the melt. After the p la t inum surface 
w a s  wetted by the viscous melt, it was pulled out from 
the  melt. Then the temperature  of a furnace was in-  
creased up to 750~ The viscous melt  solidified and 
black crystals covered the surface of the p la t inum 
flag. The p la t inum flags covered by Li~CrO4 were stored 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c h r o m i u m  (V),  l i t h i u m  c h r o m a t e  (V) ,  e l e c t r o d e  DO- 

t en t i a l ,  m o l t e n  salt ,  disproportionatiom 

in a vacuum desiccator and used as indicator electrodes. 
Fine Li3CrO4 crystals formed in the crucible were also  
stored in  a vacuum desiccator and used for the dispro- 
port ionation reaction measurement .  The pur i ty  of 
LisCrO4 was better  than 99% as determined from the 
close  agreement  between the observed ratio of Cr (VI):  
Cr(I I I )  in a 6N HC1 solution with the theoretical ratio 
of 2:1 and the agreement  between the weight of 
LisCrO4 taken and calculated from the total Cr re-  
covered. LisCrO4 was handled under  ni t rogen atmo- 
sphere. 

Electrochemical measurement--The electrochemical 
cell assembly has been described in detail (8). A 
known  amount  of Li2CrO4 was added to each compart-  
ment  containing 3 ml of the melt  in  the cell, and the  
exact concentrat ion of chromate ion in the melt  was 
determined by coulometric t i t rat ion after the potential  
measurement  (2). The electrode potentials of the  
Li3CrO4 electrode in the chromate solutions were mea-  
sured with a Leeds and Northrup Student  Type 8687 
volt potent iometer  against the Pt  ( I I ) / P t  electrode. The  
preparat ion and construction of P t ( I I ) / P t  electrode 
have been described (8-9). 

All potentials shown in  this work are given with re-  
spect to the 1M P t ( I I ) / P t  electrode, and all experi-  
ments were carried out at 450 ~ +_. I~ 

Dispropovtionation o~ Li3CrO4.--About 200 mg of 
LisCrO4 was added to each 3 ml compartment  in the  
cell. These compartments  were of Pyrex  glass with 
a frit ted glass bottom which acted as a salt bridge. 
The melt was stirred occasionally with a glass rod and 
mainta ined for about 30 rain. After equi l ibr ium has  
been attained, the electrode potential  of the LisCrO4 
electrode in these melts was measured and then a sam- 
ple of the melt  containing chromate ion was taken 
by the sampling tube for the determinat ion of chro- 
mium (7). 

Analysis of chromates.--Analytical procedures for 
the chromium compounds were the same as in the pre- 
vious work (7). 

Results and Discussion 
Equilibrium potential of CrO4Z-/LisCr04 system.- 

The electrochemical cell used for the equi l ibr ium po- 
tential  measurement  of the CrO42-/Li3CrO4 system 
was 

P t /L i3CrOJCr042-  (in Li, KCI)// 

Pt ( I I )  (1.0M inLi ,  KC1.)/Pt 

20 
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The half-cell  reaction on the l e f t -hand  side of the 
cell is given by 

CrO42- (soln) -t- 3Li + W e -  -- Li~CrO4(solid) [2] 

If the cell reaction is reversible, the equi l ibr ium po- 
tential  of the CrO42-/Li3CrO4 system is given by 

RT acro42- 
E = E ~ + ....... l n - -  [3] 

F aLi3CrO4 

Since Li3CrO4 is solid and the activity coefficient of 
CrO4 2- is assumed to be unity,  Eq. [3] leads to 

E : E ~ + 0.14351og Ccro4 2-  (at 450~ [4] 

The equi l ibr ium potential  of the Li3CrO4 electrode 
with various concentrations of chromate ion is shown 
in  Fig. 1. The electrode at tained an equi l ibr ium poten-  
tial wi thin  10 rain and gave a stable value for more 
than  1 hr  when the concentrat ion of CrO42~- was 
greater than 0.02M in the melt. At lower concentra-  
tions of CrO42- (<0.015M), LisCrO4 on the p la t inum 
electrode was probably  oxidized to CrO42- by PtO on 
the p la t inum surface and the concentrat ion of chromate 
ion became higher in  the vicinity of the electrode. Ac- 
cordingly, the electrode potential  of the Li~CrO4 elec- 
trode became more positive than  that expected from 
the Nernst  equat ion (4). 

The equi l ibr ium potential  (V vs. Pt ( I I ) ,  1M/Pt) of 
the CrO42-/Li~CrO4 system at 4500C is given em- 
pir ical ly by 

E : -- (0.761 _+ 0.004) + 0.141 log Ccr042- [5] 

The slope of the Nernst  equation agreed well  with a 
one-electron process corresponding to Eq. [2]. 

Disproportionation of Li~Cr04 in LiCI-KCI m e l t . -  
In  our previous work (7), it was shown that LisCrO4 
disproportionates to CrO42- and LiCrO2 in  the LiC1- 
KC1 melt. If the disproport ionation reaction of Li3CrO4 
takes place in the melt  according to Eq. [1], when  
the LiC1-KC1 melt  is saturated by both Li3CrO4 and 
LiCrO2, then the equi l ibr ium constant  for this dis- 
proport ionat ion reaction is given by 

K = [CrO42-] [02-  ] [6] 

The concentratiort of CrO4 ~- ion in the melt  in the 

t 
o 

13. 

I 

i \,,,,%0, 
acid ic 3.94 basic 

< pO 2- 

Fig. 2. Potential-pO 2 -  diagram of chromates in LiCI-KCI eutec- 
tic melt at 450~ 

presence of excess amounts  of Li3CrO4 was (0.0107 _ 
0.0002)M and the equi l ibr ium constant  for the reaction 
[ 1 ] is given by 

K - -  [(1.07_+ 0.002) • 10-2] 2 
---- (1.15 _+ 0.04) • 10 -4 real 2 1 -z  (at 450~ 

When the concentrat ion of CrO42- was 1.0M in the 
melt  in the presence of excess amounts  of Li~CrO4, the 
electrode potential  of the CrO42-/LisCrO4 is --0.761V 
(vs. 1.0M P t ( I I ) / P t )  and the concentrat ion of O 2- in 
the melt  can be calculated to be 1.145 X 10-4M. Figure 
2 shows the semiquant i ta t ive pO2--poten t ia l  diagram 
of chromium, which we have described qual i ta t ively in 
a previous paper (7). 
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Fig. 1. Equilibrium potential of CrO42-/Li3Cr04 system in LiCI- 

KCI eutectic melt at 450~ 
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The Rotating Cone Electrode 
E. Kirowa-Eisner and E. G i lead i *  

Institute o] Chemistry, Tel-Aviv University, Ramat-Aviv,  Israel 

The rotat ing disk electrode and rotating r ing-disk 
electrodes have long become standard tools in the study 
of electrode reactions. Other configurations such as the 
rotating hemisphere (1) and rotat ing ring (2) or r ing-  
r ing electrodes (3) have also been tested experi-  
menta l ly  and the relevant  equations derived. In  all 
these cases, the rate of mass transport,  and hence the 
l imit ing current  density, was always found to be pro- 
port ional  to the square root of the angular  velocity, ~, 
as derived by Levich for the rotat ing disk electrode 
(4). Recently it was shown (5) that a substant ial  de- 
gree of eccentricity of the rotat ing disk electrode could 
be allowed (up to ca. 64% of the radius of the d i sk )  
without affecting the l imit ing current  at all. 

One of the exper imental  problems often occurring 
when a rotat ing disk electrode is employed is a t en-  
dency for a gas bubble to be trapped at the center of 
the disk where the radial forces are balanced. This oc- 
curs par t icular ly  when  vigorous gas evolution takes 
place. 

Use of a rotat ing r ing instead of a disk has been sug- 
gested to overcome this difficulty (2, 3). This may 
solve the problem part ia l ly  since, if the bubble  t rapped 
at the center of rotat ion is not too large it will  leave 
the electrode itself unshielded. However, the existence 
of a bubble  at the center of the disk will  alter the con- 
ditions of flow and, hence, introduce an error in the 
measurement  of the, l imit ing current  density. 

Recently it has been suggested (6) that  a rotat ing 
cone electrode could be used instead of a rotat ing disk. 
In  this configuration, a bubble  at the tip of the cone 
would not be stable, and smooth flow past the elec- 
trode surface may be expected even in reactions in  
which vigorous gas evolution occurs. Pre l iminary  ex- 
periments  showed that  the l inear  relationship between 
iL and ~1/2 was main ta ined  ~or this configuration. 

Mass t ransport  to a conical electrode has been con- 
sidered by several authors (7-10). In  all these studies 
the electrode was stat ionary and the fluid was forced 
past it. The boundary  layer problem for a rotat ing cone 
has been treated by a n u m b e r  of authors (11-13) for 
heat and mass t ransport  situations not related to elec- 
trochemical systems. The equations for a rotat ing cone 
electrode have been derived recent ly by Newman and 
Mohr (14) in  a form commonly used by electrochem- 
ists. The result  for the local mass t ransfer  rate at the 
l imit ing current  is 

j = 0.62CDN/~ sin 8 Sc -2/s [1] 

The over-a l l  mass t ransfer  rate for a conical electrode 
of base radius r is 

Jtot -- 0.62~Cbr2"~/- v~ Sc -2/3 [2] 

$ 

y sin 0 

where the Schmidt number  Sc is a dimensionless quan-  
t i ty given by Sc = ~/D. 

These equations may be rewri t ten  in simple form 
to relate the l imit ing current  density ia and the l imi t -  
ing current  Ia Oil a rotat ing disk (4) and rotat ing cone 
having the same base radius. Thus 

iL(cone) = iT.(disk) sin~/2 8 [3] 

IL (cone) = IL (disk) sin -1/2 8 [4] 

Experimental  
The equations given above show that the rotat ing cone 

electrode can be a useful tool in  electrode kinetic 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  r o t a t i n g  e lect rodes ,  mass  t r anspo r t .  

studies just  as the rotat ing disk, and the  very same 
equations can be u s e d  to separate the act ivat ion-con- 
trolled current  from the total current  measured under  
conditions of mixed mass t ransport  and activation con- 
trol. In  this work the val idi ty  of the above equations 
was tested experimentally,  care being taken to achieve 
the highest possible exper imental  accuracy. Equations 
[3] and [4] were tested in  a solution of 4.00 mM hy-  
droquinone in 2.0M KC1. 

The electrodes, solution, and experimental setup.--As 
shown in Fig. 1, a p la t inum cylinder of 4.80 mm diam- 
eter and 11 mm length was press fitted into a Teflon 
holder (outer diameter  12 mm).  The same electrode 
was machined to different angles (e -- 60~ ~ on an 
accurate lathe. The electrode assembly was centered 
carefully to wi thin  0.02 m m  to minimize wobble. The 
accuracy of the angles machined was •165 ~ . 

A flat p la t inum electrode about 2 cm 2 area, si tuated 
at a distance of about 2 cm from the rotat ing electrode 
served as the counterelectrode. A commercial mer-  
cury/mercurous  sulfate electrode (Radiometer Type 
K601) served as the reference. 

All chemicals were analyt ical  grade and were used 
without fur ther  purification. Hydroquinone was dried 
at 80~ All solutions were prepared in  tr iple-dist i l led 
water. 

Fig. 1. Structure of cone electrode, defining the cone angle 0 
and radius r. Shaded area is Teflon holder. 

22 



Vo/. 123, No. I THE R O T A T I N G  CONE ELECTRODE ~8 

Measurements  were performed potentiostatically, 
with an Elron Model CHP-1 potentiostat. No IR cor- 
rection was necessary, since measurements  were taken 
in  the l imit ing current  region. A Pine Ins t rument  rotator 
and a Metrohm Type EA 870-20 thermostated cell 
were used. Currents  were recorded on a Yokogawa 
Type 3077 X-Y recorder. 

Procedure.--Each new electrode was degreased with 
acetone, cleaned in ni tr ic  acid (1: 1), and washed with 
tr iple-dist i l led water, all in an ultrasonic cleaner. Be- 
fore each run  the electrode was pretreated electro- 
chemically in  0.5M HeSO4 in a procedure similar  to that 
proposed by  Gi lman (15,16). This consisted of the 
following sequence of potential  (vs. NHE) and time: 
1.85V (10 sec); 1.20V (25 sec); 0.10V (25 sec). The se- 
quence was repeated several times, after which a 
cyclic vol tammogram was taken to verify the cleanli-  
ness of the surface. 

The pretreated electrode was washed with t r ip le-dis-  
tilled water  and t ransferred to the cell containing 
about 80 cm ~ of 4.00 mM hydroquinone  solution in 2M 
KC1, which had been deaerated with purified nitrogen. 
The conical electrode was immersed about 2 cm below 
solution level. No bubbles  were formed even at the 
highest rotat ion velocity of 104 rpm employed. 1 

The potential  was set to a value of 1.02V vs. NHE, in  
the region of l imit ing current, and the current  was 
measured. Each measurement  was restricted to 5 sec 
to minimize changes in  concentrat ion of hydroquinone 
during the whole run. At least five runs in freshly 
prepared solutions were made for each angle of the 
cone, and the l imit ing current  was measured at nine 
rotat ion velocities, between 4 X 102 and 1 X 104 rpm. 

Results 
The dependence of the l imit ing current  IL on the 

square root of the rotat ion velocity ~ is shown in  
Fig. 2 for different values of the angle 0. The correla- 
t ion factor for a single l ine was very high, in the 
range of 0.99995-0.99999. The standard deviation of 
the slope was 0.5% for the rotat ing cone (based on 
seven measurements)  and 0.2% for the rotat ing disk 
(based on six measurements) .  

In Table I the experimental  slopes of cgiL (cone)~c7~ 1/2 
are compared with the values calculated according to 

z I n  an  e a r l y  e x p e r i m e n t ,  w h e r e  a t h i c k e r  Te f lon  s l e eve  w a s  e m -  
p loyed ,  b u b b l e s  w e r e  f o r m e d  a t  i n t e r m e d i a t e  r o t a t i o n  ve loc i t i e s .  

.J 
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Fig. 2. Limiting current~angular velocity relationship at different 
cone angles, e. 4 mM hydroquinone, 2M KCI, 25~ Radius of cone 
base: 2.4 mm. 

Table 1. Comparison of experimental and ca{culated limiting 
current densities on rotating cone electrode for 4.00 mM 

hydroquinone in 2M KCI. 

D i f f e r e n c e  b e t w e e n  
e x p e r i m e n t a l  a n d  e a l c u -  

OiL ( c o n e ) / 0 ~ l / 2  l a t e d  v a l u e s ,  p e r  c e n t  
~A c m  -2 rpm-~/2 F o r  

Cone  E x p e r i m e n t a l  C a l c u l a t e d  F o r  400 ---~ ~ 
a n g l e  f o r  400 --~ ~ a f t e r  400  ---~ ~ 3.6 • 10 ~ 

(~ ---~ 104 r p m  Eq.  [3] ~-- 104 r p m  r p m  

25 93.0 91.4 + 1.8 + 1,3 
28.7 98.6 97.4  + 1.2 + 0.5 
40  111.2 112.7 -- 1.3 + 0.2 
45 118.3 118.2 + 0.1 + 0.1 
50 125.9 123.0 + 2.4 + 0.2 
60 131.4 130.8 + 0.5 + 0.5 

Eq. [3]. A slight positive deviation occurs, which is 
probably  due to imperfections of the surface of the 
cone electrode causing turbulence,  par t icular ly  at 
higher rotat ion velocities. If the above slopes are re-  
calculated on the basis of the same data but  restricted 
to the range of 4 • 102 ~ ~ ~ 3.6 • 103 rpm, agreement  
between theory and experiment  is improved as shown 
in the last co lumn of Table I. It  can be concluded 
that the current  at the rotat ing cone electrode behaves 
according to the theoretical equations given above. 
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LIST OF SYMBOLS 
Cb bulk  concentrat ion of active species (mole/cm z) 
D diffusion coefficients (cm2/sec) 
iL l imit ing current  density (A/cm 2) 
IL l imit ing current  (A) 
j local mass- t ransfer  rate (mole/cm 2 sec) 
Jtot total mass- t ransfer  rate (mole/sec) 
r radius of base of cone electrode* 
v kinematic viscosity (cm2/sec) 
e cone angle (half the opening angle of the cone) * 

angular  velocity (radian/sec)  
Sc Schmidt number  of solution (dimensionless) 

�9 See  F ig .  1 fo r  d e f i n i t i o n  of  r a n d  ft. 
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Brief Cornrnun ca$ on 

A Calculation of the Entropy Maximum for the 
Double Layer in Terms of the Water Molecule Structure 

J. O'M. Bockris* and M. A. Habib 
School of Physical  Sciences, The Flinders Univers i ty  of South Australia,  Bedford Park,  S. A., 5042, Australia 

Oriented dipoles of water  at interfaces were first 
introduced into electrochemical concepts by Lange and 
Mischenko (1). [See also Bockris and Potter 's  (2) in i -  
tial numerical  use of the concept.] Recognition of the 
e f f e c t s  of their  presence lacked wide acceptance. Watts-  
Tobin and Mott (3, 4) and others (5) a t t r ibuted  the 
anodic capacitance hump to water  or ientat ion as a 
funct ion of potential, thereby signifying that  the most 
random orientat ion of water  dipoles should be at a 
potential  positive to the pzc. This is not consistent with 
the exper imental  fact that  the dependence of the sur-  
face-excess entropy of the electrode-solution interface 
measured by Hills and Payne (6) and by Harrison et al. 
(7) on electrode charge is near  parabolic with a maxi-  
m u m  at q = --4 to --6 ~c cm -2. Reeves (8) separated 
out the contr ibut ion to surface-excess entropy by water  
dipoles. This solvent-excess entropy also shows a maxi-  
m u m  at q ~ --4 ~c cm -2. Levine, Bell, and Smith (9) 
considered the orientat ion of water  molecules in the 
double layer, but  did not calculate the corresponding 
entropy charge relation. Conway and Gordon (10) con- 
sidered the entropy change due to water  molecule dis- 
p lacement  dur ing  the adsorption of organic molecules 
in  terms of the original model of water  molecule in  
the double layer due to Bockris, Devanathan,  and 
Mfiller (11). The conclusion was that  the entropy as- 
sociated with the water  molecules would pass through 
a max imum at the pzc, and this is at variance with the 
new exper imental  data (8). Nevertheless, we have 
found the solvent entropy-electrode charge relat ion 
can indeed be quant i ta t ively  interpreted in  terms of an 
oriented water  layer  (3, 4, 11) at the interface. 

Let there be N unassociated solvent dipoles present 
on the metal  surface among which N are with their  

t 
oxygen end towards the surface (up dipoles) and N $ 
are in the reverse position (down dipoles) so that N : 
Nr + N $. The. orientat ional  ent ropy is then given by 

N! 
S = k I n ~  [I] 

NtN$! 
or 

1 
S -- --kN[21n2 -- {(i + R) In (I + R) 

2 
+ (1 -- R) in  (1 -- R)}] [2] 

where 
R =  (N --N ) / N  [3] 

* Electrochemical Society Active Member. 
Key  w o r d s :  doub le  layer ,  e n t r o p y  maximum, water o r i e n t a t i o n .  

Considering the interact ion of a dipole with the double-  
layer  field and the surrounding dipoles, N is given by r 
(22) 

N =N exp (--~G c +~X-- U~R) [4] 
[] kT  r 

where N = number  of vacant sites available to un -  

associated water molecules, ~ - :  the effective dipole 
moment  of the water  molecule adsorbed on the elec- 
trode, X ~_ the double- layer  field, c = number  of near-  
est neighbors which interact  with the central  water, 
U ---- interaction energy of a dipole with its nearest  
neighbor, and AG c : the nonelectrostatic part  of the r 
chemical term in the f ree-energy adsorption. Similar ly 

[1 ] 
N ,  = N  exp ( - -  ~G c ---~X + U6R) [5] 

[] t 

With X _: 4=q/~ and 

-- [(AG c - - ~ G  r ) / k T ]  ~ - - -  [hhGc/kT] = b [6] 
t 

exp [ 8~;q 2u~a ] 
ekT k T  + b -- 1 

o n e  gets 

R = [ 7 ]  
[ 8 ~ q  2U~R ] 

exp ekT kT  ~- b + 1 

The position of the max imum in orientat ional  entropy 
may be obtained by differentiating Eq. [2] with re-  
spect to q and equating dS/dq  -- O, i.e., at the maxi-  
mum 

- -  kN In . = 0 1 [8]  
2 I + R  dq 

Since 1/2 kN ~ O, either l n [ (1  -- R ) / ( 1  + R)]  _-- 0 or 
dR/dq  -~ O. From Eq. [7] 

dR 2Aer 
- -  = [ 9 ]  
dq (ey + 1)2 + 2BeY 

where 

8 ~  2Uc 
A ~- ; B : ...... ; and 

ekT k T  
y = Aq  -- BR + b [10] 

1 E q u a t i o n s  [2] and  [8] were  p u b l i s h e d  b y  Hi l l s  a n d  I-Isieh (21) 
a f te r  these  au tho r s  h a d  been g i v e n  an ea r ly  v e r s i o n  of the  present 
pape r  for  r e v i e w  by the  p r e s e n t  au thors .  The  o r i g i n  of the  e q u a t i o n s  
was  a c k n o w l e d g e d  in  t h e i r  paper .  
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From Eq. [9] and [10] it is evident  that dR/dq ~ O. 
Hence Eq. [8] is satisfied only when  ln [ (1  -- R ) / ( 1  + 
R) ] -- 0. Thus, the solution of Eq. [8] is R = 0. Hence 
from Eq. [7] 

b~kT 
(q) s=sm= = 8~; [111 

ENTROPY M A X I M U M  FOR THE DOUBLE LAYER 

10 

9 I .  N=0E, xl0'~/cm 2" / 
Tr. N=I xl0'~/cm ~ 

8 

The water  molecules are preferent ia l ly  adsorbed at 
the pzc (13-15) which means [AG c ] > ]hGcl [, i.e., b is 

! 

positive (Eq. [6]). According to Bockris, Devanathan  
and Mfiller (11), AAG c may  be due to a difference in  
the image interact ion in the two orientat ions favoring 
the case in  which the oxygen atom is towards the 
metal, since the dipole is then about 0.05 • 10 - s  cm 
closer to the metal  (11, 16). Then (11), AUimag  e = - -  3/2 
-~2d/rw 4, where d is the difference in  distances between 
the metal  surface and the centers of "up" and "down" 
dipoles. With # -- ~/'k/3 (3), d ---- 0.0hA, rw = 1.38A, 
and/~ -- 1.84D, we obtain hUlmage ---- --1.42 kj mole -1. 
Due to the difference in  positions of the  centers of 
"up" and "down" dipoles, there will be a difference in 
the dispersion interact ion energies of each of these two 
types of dipoles with the metal  surface. The difference 
from two orientations is then (16), hUdisp ---- C[{1/ 
(R -- d) 3} -- {1/(R + d)~}], where R is the distance 
between the centers of the adsorbent atom Hg and ad- 
sorbate water  dipole, and C is given by (16-18) 

~nmc2alce2 
C - -  

allxi. + a2/X2 
where m is the electronic mass; c the veloc i ty  of l ight ;  
~1, a2 are the polarizabilities; xl and x2 are diamagnetic 
susceptibilities of the metal  and adsorbate atom or 
molecule, respectively; and n is the number  of ad- 
sorbent atoms per cm ~. Now (16), awater : 1.44 • 10 -24 
c m  3, a H g  : 5 . 0 5  • 10 - 2 4  c m 3 ;  •  : --2.16 X 10 - 2 9  
cm3, x~g---- --5.61 • 10 - 2 9 c r a b ; a n d  n - -  4.26 • 10 ~e 
(19). With these values and taking d = 0.05 • 10 - s  
c m a n d R  ---- rw + rHg---- (1.5-]- 1.38) • 10 - s , o n e g e t s  
~Udisp ~ --1.3 kj mo le -L  The total e~ergy difference 
~AG c is then ~ G  c _= AUimage  ~- AUdisp ~ - - 1 . 4 2  -- 1.3 
-- --2.72 kj mole -1. Thus, b = --hhGc/kT ---- 1.1. With 
this value of b and e ---- 6 (20), the position of maxi-  
m u m  orientat ional  entropy is found from Eq. [11] to 
occur at q ---- --3.5 ~c cm -2 at 25~ [experiment, --4 
/~c cm-~ (8)].  The position of the entropy max imum is 
independent  of U, C and N (Eq. [11]). The orienta-  
t ional entropy as a funct ion of q as calculated from 
Eq. [2] is shown in Fig. 1. If, instead of 0.0hA, the 
electrical center of "up" dipole is taken as 0.1 • 10 - s  
cm closer to the metal  than  that of "down" dipole, then 
~Uim~ge -- --2.80 kj mole -I ,  and hUdi~p ---- --2.6 kj 
mole -L  With this value of A~G _-- --2.8 -- 2.6 ---- --5.4 
kj mole-1,  the orientat ional  entropy max imum is found 
to occur at q = --6.9 ~c cm -2 (experiment,  --4 ~c 
cm-2) .  It follows that the two-state ("up" and "down") 
water  dipole layer  is consistent with the experimental  
findings (6-8) that the position of the max imum of the 
water component of the entropy of the double layer 
occurs on the negative side of the pzc, and that the 
mean  of the range of the theoretical calculations of the 
qmax is about 1 #c cm -2 negative to that observed. 

On this basis, interfacial  water  molecules have zero 
or ientat ion (i.e., are most loosely bound)  at a potential 
cathodic to the pzc. This is inconsistent with the at-  
t r ibut ion of a capacitance hump to dielectric saturation, 
as has been the view of a number  of workers (3, 5, 9), 
because such a hump occurs only at charges positive to 
the pzc. The al ternat ive model of the anodic capacitance 
hump, i.e., the anion repulsion model (11, 12) is con- 
sistent with the entropy results. 

Manuscript  submit ted May 14, 1975; revised m a n u -  
script received Aug. 29, 1975. 
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Fig. 1. The orientational entropy of interfacial water as a func- 
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A ny  discussion of this paper  will appear in  a Dis- 
cussion Section to be published in the December 1976 
JO~mNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by the Flinders University of South Australia. 
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low Temperature Oxidation of Silicon Studied by 
Photosensitive ESR and Auger Electron Spectroscopy 

Jerzy Ruby#o, 1 Ikuo Shiota, Nobuo Miyamoto, and Jun-ichi Nishizawa* 
Tohoku University, Research Institute o~ Electrical Communication, Sendal, Japan 

ABSTRACT 

The effect of hydra t ion  of silicon oxide surfaces on  the thermal  oxidation 
process has been investigated, and the following three-step model for the 
thermal  oxidation of silicon has been proposed: (i) In  the temperature  range 
of oxidation up to 600~ the number  of St-OH groups on the surface in-  
creases very rapidly with increasing temperature  of oxidation, main ly  due 
to the oxidation of Si-H groups from the etched surface; (it) at 600~176 
there is a gradual  dehydrat ion of the oxide surface due to the t ransformat ion 
of St-OH into St-O; and (iii) above 800~ the oxidation process is l i t t le 
affected by surface hydrat ion but  there exists an anomaly in  hydra t ion  around 
800~ 

Electron spin resonance (ESR) absorption studies 
on the Si-SiO2 system are known (1, 2) to be very  
useful for obtaining valuable information on the elec- 
tronic properties of its interface defects. These in-  
vestigations have usual ly  been performed on samples 
with relat ively thick oxide layers grown at tempera-  
tures above 1000~ In this work, however, the surfaces 
of thin silicon oxide layers grown at the low tempera-  
ture (200~176 are investigated by means of a 
photosensitive ESR method which is based on a new 
detection mechanism. 

The na ture  of the ESR centers reported here is 
not essentially different from that reported previously 
(3, 4) for the etched silicon surface where the ESR 
centers were described to be related to adsorbed water 
on s t ructural  surface hydroxyl  groups. Nevertheless, 
the characteristic dependence of photoinduced ESR 
lines on the oxidation temperature,  as referred to 
in earlier work (3), has to be given a detailed ex- 
planat ion of the mechanism of oxidation of silicon at 
low temperature.  In addition, recent interest  in silicon 
MIOS memory devices and MOS tunnel  diodes with 
a s t ructural  feature of having a thin oxide layer 
grown at low tempera ture  has made this subject of 
research more important.  

The oxide layer  was also investigated by Auger 
electron spectroscopy in order to analyze the oxide 
composition. This procedure allowed us to establish 
the relat ion between the oxide hydrat ion and oxide 
layer  composition and consequently to propose a new 
model for the thermal  oxidation of silicon by taking 
into account the change of oxide hydration. The rate 
of this hydrat ion is a critical factor for the de termina-  
t ion of oxidation steps. 

Experimental 
N-type, (111) oriented, single crystal  silicon wafers 

with high resist ivity (250 and 500 ohm-cm) were 
* Electrochemical  Society Active Member .  
I On leave from Ins ty tu t  Technologii Elektronowej,  Poli technika 

Warszawska,  00-662 Warsaw, Poland, sponsored by  Ministry of Edu-  
cation of Japan.  

Key  words:  low tempera tu re  oxidation, surface hydration and de- 
hydration,  photoinduced ESR, Auger.  
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used, together with some of the high-resist ivi ty (100) 
oriented samples. Before oxidation, samples were 
etched in a 4HNO~: 2HF: 1CHsCOOH solution and then 
rinsed in  deionized water. Dimensions of the samples 
after etching were about 1 • 0.3 • 0.02 cm. 

The samples were oxidized in an atmosphere of 
either dry or wet O2 in the temperature  range 200 ~ 
900~ and then quenched in air to room temperature  
within a few minutes after oxidation. 

The light with a higher energy than the energy gap 
of Si was i l luminated at right angles to the sample 
surface which was dipped in l iquid ni trogen and lo- 
cated at the center of the TEl02 rectangular  resonant  
cavity. Photost imulated ESR measurements  have been 
made by a Varian Model 4502-15 X-band  spectrom- 
eter with a sensit ivity of 2 X 1011 spins/gauss. 

The appearance of photoinduced ESR lines is based 
on a mechanism different from the ordinary ESR 
absorption in which the paramagnet ic  absorption losses 
at the resonance are detected as the change in qual i ty 
factor Q of the resonant  cavity. In the present  case, 
however, the change in qual i ty factor Q is directly 
related to the phenomenon of spin dependent  photo- 
conductivity (5) where the photogenerated free car- 
riers in bulk  silicon undergo an enhanced surface 
recombination through the saturated paramagnetic  sur-  
face states. Therefore, the reduction of dielectric loss 
caused by the resonant  decrease of free carriers sub- 
stantial ly overcomes the ordinary paramagnet ic  ab-  
sorption loss. The result ing large photoinduced ESR 
lines always have an inversed phase of the ordinary  
ESR absorption lines. This mechanism will be dis- 
cussed in detail elsewhere (6), but  it should be noted 
that the tunnel ing  of the photogenerated carriers from 
silicon to paramagnet ic  surface states distr ibuted both 
on the oxide surface and inside its layer is essential 
for the present  detection method. 

In consequence, the application of this method is 
l imited to the systems where the ESR centers are 
located wi thin  the tunne l ing  distance of carriers photo- 
generated in silicon. The est imation of the g-value has 
been made by a comparison of obtained ESR lines 
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with those from the s tandard samples (Mn ~+ in  MgO) 
with known  parameters.  

Analysis  of the oxide composition and measurements  
of the oxide thickness have been performed by means 
of Auger electron spectroscopy combined with argon 
sputter  etching. Auger  spectra were taken i.n the vac- 
uum range of 10 -9 Torr immediate ly  after the pr i -  
mary  electron beam was collimated on the sample 
surface in  order to avoid the accumulat ion of the 
beam-induced effects. 

Results 
The detected ESR lines have been found to be the 

superposit ion of the two lines with g-values of 2.007 
and 2.004. The most characteristic feature of the ob- 
served over-al l  photoinduced ESR line was the strong 
dependence of its height on the oxidation tempera ture  
(the l ine height means a peak- to-peak  value of the 
first derivative curve of the absorption type).  This 
dependence is shown in Fig. 1 for both dry and wet 
oxidation. In Fig. 2 the change in the shape of the 
over-al l  ESR l ine  is shown. The results shown in Fig. 
1 and 2 reflect that the observed photoinduced ESR 
lines are sensitive to the content of water  in the 
oxidizing ambient.  On the other hand, no influence 
has been observed by changing the substrate orienta-  
tion from (111) to (100). 

The measurements  of Auger  electrons from the 
oxidized surfaces were performed in order to clarify 
the change in ESR l ine height with increasing tem-  
perature  of oxidation. The results revealed that the 
changes in the Auger peaks of silicon and oxygen 
are related to the observed behavior  of ESR lines. 
The 91 and 1618 eV Auger  peaks which correspond 
to the L.tsVV and the KLL Auger t ransi t ion for ele- 
menta l  silicon, respectively, decrease with increasing 
temperature  of oxidation, while the 1606 eV KLL 
transi t ion peak for silicon in silicon oxide and the 
512 eV oxygen KLL transi t ion peak increase with 
increasing tempera ture  of oxidation. This relat ionship 
is shown in Fig. 3. There is an abrupt  increase in the 
amount  of oxygen when the oxidation temperature  
exceeds 600~ This phenomenon is accompanied by 
the increased rate of oxide growth (Fig. 4). 
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The dependence of the ESR l ine height on the 
oxidation t ime at 600~ is presented in Fig. 5, and 
that at 800 ~ and 900~ in  dry O2 is given in Fig. 6. 
It  can be seen from Fig. 6 that dur ing the oxidation 
at 800~ the ESR line height remains  almost unchanged 
compared with the case of 600 ~ and 900~ oxidation, 
although the oxide layer  is increased in thickness with 
increasing oxidation t ime as shown in Fig. 7. Also, 
silicon 1606 eV and oxygen Auger peaks are charac- 
terized by a smooth and slight increase (10%) with 
oxidation t ime at 800~ (from 10 to 60 min) .  Fur ther  
information about the investigated centers was ob- 
tained by vacuum baking before and after oxidation. 
In  this case, oxidation was 1 hr at 600~ and vacuum 
baking 1 hr at 350~ in 10 -~ Torr. ESR measurements  
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were made after cooling to room temperature ,  while 
retaining the samples in vacuum, and no ESR lines 
were then detected. However ,  the ESR line appeared 
again after  introducing air into the vacuum system 
at room temperature ,  al though its intensi ty was con- 
s iderably weaker.  The effect of the p revacuum baking 
on the ESR lines is shown in Fig. 8. The gradual  de- 
crease of the ESR line height  in the oxidized samples 
after vacuum baking (curve 1) can be at t r ibuted to 
the same effect as in the case of the mere ly  vacuum-  
baked samples (curve 2) (S, 4). The difference in 
height  of ESR lines be tween  the two cases clearly 
shows an influence of the oxidation process. It  should 
be noted that  no ESR lines are observed from the 
samples p revaeuum baked above 900~ 

Discuss ion  
The over -a l l  photoinduced ESR line height may be 

an adequate  measure  for the surface hydration,  i.e., 
the number  of Si -OH groups on the oxide surface. 
The reason for the appearance of the two component  
ESR lines is difficult to clearly establish. In previous 
work  (4), a tenta t ive  model  was proposed in which 
the two ESR lines originate f rom two different s truc- 
tures resul t ing from the interact ion of S i -OH groups 
with  a water  molecule adsorbed on the surface. It is 
well  known that S i -OH groups on the surface take 
the form ei ther  isolated from each other or connected 
through hydrogen bonding (7). Correlat ing two types 
of Si -OH groups to the two-component  ESR lines 
may present  another  possible model. 
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It is obvious from Fig. 8 that the oxidation process 
produces an addit ional amount  of Si-OH groups to 
those originally exist ing on the etched surface. One 
of the mechanisms of Si-OH formation is considered 
to be related to the oxidation of Si-H groups on the 
etched silicon surface. This reaction does not depend 
on the water  content  in the oxidizing atmosphere and 
occurs at the same rate whether  the atmosphere is 
dry  or wet O2. In  addition, Si-OH groups can also 
be formed due to the reaction of water  with the 
weakly bonded Si-O-Si  which can exist on the etched 
silicon surface. This phenomenon occurs more pre-  
ferably in the wet oxidizing atmosphere, which is 
responsible for the higher ESR line intensi ty  in the 
samples oxidized in wet O2 (Fig. 1). 

Let us consider the behavior  of KLL Auger peaks 
for silicon and oxygen in the oxide layer  with regard 
to the change in ESR line height with oxidation tem- 
perature.  In  the tempera ture  range of oxidation f rom 
200 ~ to 600~ the amounts  of silicon (1606 eV) and 
oxygen increase with increasing temperature  (Fig. 3). 
This increase, however, is not accompanied by the 
rapid growth of the oxide layer  (Fig. 4). Therefore, 
the addit ional amount  of oxygen that appears in the 
oxide layer is used for both the oxidation of Si-H 
groups at the oxide surface and the oxidation of un -  
oxidized silicon within  the oxide layer. The former 
is reflected in the increase of ESR line height (Fig. 1), 
and the la t ter  in the decrease of s i l i con  shown by 
the 91 and 1618 eV Auger peaks in Fig. 3. 

From the above discussion the t ransformat ion of 
Si-H to Si-OH through oxidation appears to be the 
origin for the rapid increase of ESR line height in 
the tempera ture  range up to 6,00~C. 

It is known that Si-H bonds, with three oxygens 
bonded to one silicon, are stable up to about 600~ 
This effect might be one of the reasons why the in -  
crease of the ESR line height is v i r tua l ly  stopped 
when the oxidation tempera ture  reaches 600~ (Fig. 1) 
but  a prolonged oxidation at 600~ causes Si-OH bonds 
to reduce as seen from Fig. 5. The same effect was also 
observed in the case of the 900~ oxidation, but  in 
this case the destruction of Si-OH bonds proceeds 
very  rapidly and no ESR lines were detected after 
10 min oxidation (Fig. 6). At this oxidation tempera-  
ture an init ial  increase of the ESR line height (as 
is in the case of oxidation at 600~ was not observed, 
probably because of the immediate  destruction of Si-H 
bonds after oxidation. With regard to these results, an 
anomalous behavior  of the ESR line on isothermal 
oxidation at 800~ should be emphasized. As can be 
seen from Fig. 6, the ESR l ine height remains  u n -  
changed up to the 1 hr oxidation, although some scat- 
tering of the exper imenta l  data is observed. It should 
be noted that the oxide thickness was about the same 
in both the 800 ~ and 900~ oxidation (Fig. 7), so that 
such a different behavior  cannot be a t t r ibuted to the 
photosensit ive ESR method used in this work. There-  
fore, some peculiar  effects are expected to occur at 
the oxidation tempera ture  of 80,0~ in terms of sur-  
face hydration.  

The same approach in terms of surface hydrat ion 
should be fundamenta l ly  made to explain the change 
in ESR line height above 600~ as shown in Fig. 1, 
since the tendency of decreasing ESR line height was 
also recognized in the samples with the same oxide 
thickness formed at different temperatures  above 
600~ In the case of wet oxidation, however, SI-OH 
groups may exist up to a higher temperature.  This 
might  be a reason for the higher ESR l ine height of 
the wet oxidized samples. In  the case of oxidation for 

1 hr, the critical temperature  at which the ESR lines 
completely vanish, is probably close to 900~ (Fig. 
1), but  this tempera ture  cannot be directly considered 
as a tempera ture  of complete dehydrat ion of the 
oxide surface, because of the excessively thick oxide 
layers of these samples which are beyond the thick- 
ness l imit for the ESR detection method applied in 
the present  work (6). 

Conclusions 
The process of thermal  oxidation of silicon below 

800~ has been found to be affected by the hydrat ion 
of the oxide surface and it has been proposed to 
divide the process into three steps corresponding to 
each stage of surface hydration, i.e., the tempera ture  
ranges of oxidation, T ~ 600~ 600 ~ < T < 8O0~ and 
T --  800~ In the first tempera ture  range, the n u m -  
ber of Si-OH groups on the surface increases very 
rapidly main ly  due to the oxidation of Si-H groups, 
and reaches the highest value for samples oxidized 
at 60,0~ Simultaneously,  the oxidation of the un -  
oxidized silicon in oxide layers on etched surfaces 
occurs, but  very slow oxide growth is observed. The 
process of oxide surface dehydration, resul t ing from 
the destruction of Si-OH bonds, begins in the second 
range of oxidation, and proceeds through the change 
of Si-OH into Si-O. The rate of dehydrat ion is lower 
in the case of wet oxidation. For T ~ 800~ the effect 
of surface hydrat ion has li t t le influence on the oxida- 
tion process but there exists an anomaly around 800~ 
in terms of surface hydration.  

It is suggested that the results presented in this 
work can be of interest  in the fabrication of MNOS 
memory devices on silicon where the oxide layer  is 
usual ly formed under  conditions similar to those of 
these experiments.  Also the properties of oxide-ni t r ide 
interfaces are of great importance for the character-  
istics of the devices. In  addition, these results give 
valuable  informat ion on the mechanism of lo~v tem- 
pera ture  passivation (8) of silicon surfaces. 
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High Quality RF-Sputtered Silicon Dioxide Layers 
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ABSTRACT 

Very homogeneous SiO2 layers were prepared by rf sput ter ing of SiO2 in  
Ar or Si in  O2 with Ar on Si substrates which had been cleaned in situ by 
sputter etching. After a short anneal  in  N2 (20 min  at 1050~ and a 10 mi n  
postmetall ization anneal  at 5,00~ surface charge, surface-state density, and 
stabili ty were similar to those reported for good, thermal ly  grown oxides. Best 
results were obtained with reactively sputtered SiOs. 

Insulat ing layers of r f -sput tered silicon dioxide are 
often used in integrated circuit technology for mul t i -  
layer  wiring and passivation (1). However, their  
homogeneity, electrical breakdown strength, and in ter -  
face qual i ty were, up to the present time, inferior to 
those of thermal ly  grown oxide films. Some improve-  
men t  in breakdown strength could be made by bias 
sputtering, as proposed by Maissel et al. (2, 3). In  this 
method sputter  etching takes place during deposition. 
The purpose of the work described here was to in-  
vestigate whether  sputter  etching before depositing the 
SiO2 also gives improved breakdown characteristics, 
and to find methods for preparing sputtered oxide 
layers on Si substrates with an interface quali ty com- 
parable to that  for thermal ly  grown oxide. 

Sputter ing Apparatus  
For our r f -sput te r ing  experiments  we used a com- 

mercial MRC apparatus which was somewhat modified 
to suit our par t icular  requirements.  It has a shielded 
substrate carrier to which the rf power can be switched. 
This allows sputter  etching of the silicon substrate be-  
fore sput ter ing SiO2 onto it. The rf generator  with 
matching network had a max imum output of 1 kW at 
13.56 MHz. The diameter  of the targets and the sub- 
strafe electrode was 12.5 cm, their separation 5 cm. The 
most impor tant  differences from the s tandard design 
were the following: First, we used a turbomolecular  
h igh-vacuum pump instead of the usual  oil-diffusion 
pump. This gives a vacuum free of oil vapor. Next, we 
added an apparatus for loading and unloading under  
dust-free conditions. It  consisted of a blower with 0.3 
~m filter, a plastic hose, and a Plexiglas cylinder with 
air lock surrounding the sputter ing chamber. Third, we 
inserted a tunab le  L-C network between substrate and 
ground for bias sputter ing as was also done by Logan 
(4). The reason for this will  become clear from the 
schematic drawing of the sputter ing module and its 
equivalent  circuit shown in  Fig. 1. The dark space 
before the electrodes is represented by a capacitor 
shunted with a diode. 

If the substrate electrode is connected, as usual, 
directly to ground in the same way as all the metallic 
parts of the sputter ing module, the rf cur rent  is dis- 
t r ibuted through all these surfaces. The current  
through the substrate electrode is therefore so small 
that  not much bias appears there and sputter ing of 
this surface does not take place. By tuning  out the 
capacitive part  of the dark space impedance in front 
of the substrate electrode, most of the rf current  will  
flow this way, giving it near ly  the same bias as the 
target electrode. 

Exper imental  
Most of our experiments  were done with MOS ca- 

pacitors having evaporated A1 electrodes of 0.3-1.5 mm 
diameter  on SiO2 films of 0.16 ~m thickness which were 
sputtered onto { l l l} -o r ien ta ted  n - type  silicon wafers 

z Present  address;  IV. Ruhr-Universi t~it  Bochum,  Ins t i tu t  ffir  Elek-  
t ronische Bauelemente ,  D-4630 Boehum,  Ge rmany .  

K e y  words :  MOS diodes, b reakdown,  f latband voltage.  

with donor concentrations of 5.1015 cm -s. High qual i ty 
capacitors were mostly fabricated as follows: 

(i) Before sput ter ing the Si wafers were thoroughly 
cleaned with s tandard chemical methods. Rubbing with 
a cotton pad soaked with detergents before the chemi- 
cal cleaning and spinning off the quartz-dist i l led water  
after the last step reduced the pinhole density sig- 
nificantly. 

(i~) Best results were obtained if the wafers were 
laid onto a SiO2 disk of 3 mm thickness and 12.5 cm 
diameter, covering the substrate electrode totally, bu t  
lying on it loosely. 

(iii) For in situ cleaning, 1 #m of the Si wafer was 
sputter etched away in At. At 3 X 10 -3 m m  Hg the 
etch rate with 400W of rf  power was approximately 
5 X 10 -6 cm/min.  To minimize radiat ion damage the 
rf power was decreased toward the end in steps of 6 
rain at 50, 40, 15, and 10W. 

(iv) SiO2 was then sputtered either from a SiO2 tar -  
get ( impurit ies < <  0.3%, VP grade of MRC) in Ar of 
5 X 10 -8 mm Hg pressure or reactively from a Si t a r -  
get ( impurit ies < <  0.001%, VP grade of MRC) in a 
mixture  of O~ (1.5 X 10 -8 mm Hg) and Ar (0.8 X 10 -3 
mm Hg). With 300W of rf power the deposition rates 
were 1.8 X 10-6 and 5 X 10-v cm/min,  respectively. 

(v) To reduce the radiat ion damage further,  the 
wafers were annealed 20 min  at 1050~ in  N2. The 
outermost 0.015 ~m SiO2 was etched away afterwards 
in buffered HF giving better  electrical stability. 

(vi) The A1 contacts of the MOS diodes were fab-  
ricated by h igh-vacuum evalSoration of 0.3 #m A1 out 
of a Na-free tungs ten  coil using a metal  mask with 64 
holes. 

(vii) As often done with thermal ly  grown oxides, a 
post-A1 anneal ing o f  20 rain in  N2 at 500~ followed as 
the last step. 

Breakdown characteristics.--For measurement  of the 
current-vol tage characteristics we used MOS capacitors 
of the dimensions shown in Fig. 2. They were probed 
with whiskers, the A1 usual ly being positive. However, 
reversing the polari ty had little effect on the data. As 
shown in Fig. 2 the current-vol tage  characteristics of 

, ~ _ . ~  RF- generator 

matching network 
RF-generotor 13.56hlc]s I ~ RF-electrode 

T- btocking capac~ or - - r - - ~ t a r g e t  i~ ~- . . . . . .  ~ ptasma 

I ~  RF-e[ectrode I ~ 
"' ~ ~'g~ I U I,, 1 metat 

substrate holder ~ . . . . . . .  r . . . . . . .  

a b 

Fig. 1. Schematic (a) and equivalent circuit (b) of the rf sputter- 
ing system with L-C tuning network for bias sputtering. 
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Fig. 2. MOS diode and typical breakdown characteristics 

good MOS capacitors, measured by applying a ramp 
voltage with constant slope, are composed of constant 
charging currents at small  voltages and sharply rising 
currents at higher ones. The lat ter  are probably caused 
by the onset of Poole-Frenkel  conductance (5) and 
are reversible, if l imited by a high resistance. 

Large defects presumably  give pe rmanen t  break-  
downs; smal l  pinholes, however, only temporary shorts. 
Figure 3 shows a scanning electron micrograph of an 
area where self-healing breakdown has taken place. 
The breakdown occurred in the middle of the round 
crater where the Si and the SiO2 were melted. The 
heat arising from the breakdown also caused melt ing 
of the a luminum in  the neighborhood. The metal  re- 
ceded by surface tension, thereby  removing the short 
between Si and A1. The best results were achieved with 
silicon wafers, cleaned with the procedure described 
and sputter  etched 1 #m before the SiO~ deposition. 
The small spread in  the characteristics of the 64 MOS 
diodes on a wafer and their  high freedom from defects 
is apparent  from Fig. 4. Less than 3% of them broke 
down at electric field strengths below 6 MV/cm. 

For evaluat ing the influence of the different t reat-  
ments, the percentage of diodes showing their first 

breakdown in  a given field in terval  was plotted as a 
funct ion of the electric field at breakdown. "First  
breakdown" was taken to be the first self-healing event  
which was detected by a very  sensitive measuring cir-  
cuit or a rise of current  to more than 10-SA. With 
s tandard chemical cleaning near ly  all MOS diodes 
broke down at fields below 2 MV/cm, as was also 
found in  Ref. (3), without bias sputtering. By rubb ing  
off the wafers with a cotton pad soaked with detergent  
before the final chemical cleaning with boil ing HNO~ 
and by spinning off the quartz-dis t i l led rinsir~g water  
as a last step, the breakdown strength could be greatly 
improved (Fig. 5a). 

Very high homogeneity was achieved by removing 
through sputter etching at least 1 ~m of the Si wafer 
before depositing the SiO2 (see Fig. 5b, 5c, and 9a). 
Continued etching did not give fur ther  improvement,  
if the wafers had been cleaned as described before. 
With standard cleaning a sputter etch of 5 #m was re- 
quired to obtain the same result  (6, 7). The etching 
was done mostly in situ, but  no difference was found 
if the wafer were removed from the apparatus and 
stored in dust-free air for some minutes  before de- 
positing SiO2. 

I~ftuence o5 bias sputtering.--To test whether  these 
results may also be obtained by etching the substrate 
during and not before deposition, some experiments  
with bias sputtering were made. By tun ing  the induc-  
tance as described above, the substrate bias was varied 
giving a variat ion of the coefficient of re-emission, 
KR, from 0.3 to 0.9. •R was measured by a similar 
technique as used in Ref. (3). As done by Logan (4) 
and Maissel (3), we too measured the voltage, UB, be- 
tween the substrate holder and ground (see Fig. 1) 
and used it as an indicator of bias conditions. UB, how- 
ever, is not identical with the true bias between sub-  
strate surface and plasma. 

As shown in Fig. 6 the mean  field for first b reakdown 
decreased rapidly with increasing bias. Scanning elec- 
t ron micrographs of SiO2 layers sputtered onto Si with 
high bias showed part ia l ly  refilled scratches and 
craters (Fig. 7). They appear to be caused by break-  
down during sputter ing because no such structures 
were observed without bias. Similar  effects were found 
also by McCaughan (11). The difference between our 
measurements  and the results of Maissel et al. (3) who 
reported a distinct improvement  by bias sputter ing in 
the range of Ka ---- 0.3-0.6 could not be resolved. Per -  
haps it may be contr ibuted to by the absence of oil and 
grease vapors in our system which gives reasonably 
good breakdown characteristics even without  sputter  
etching. 

Interyace properties of At-sputtered SiOz on St.--In 
order to test the usefulness of sputtered SiO2 for MOS 
devices oxide charge, interface-state density and sta- 
bi l i ty were measured under  various sputter ing and 

Fig. 3. Scanning electron micrograph of area in an AI-SiO2-Si 
capacitor where self-healing breakdown took place. 
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Fig. 4. Measured characteristics of 64 MOS diodes (1.5 mm diam) 
on a typical wafer after 1 /Lm sputter etching. 
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Ar at a pressure of 3 X 10 -8 m m  Hg, giving an etch 
rate of 5 X 10-6 cm/min.  Using this process, flatband 
voltages of 8V corresponding to 1012 oxide charges/cm ~, 
a shift of 0.SV dur ing the stress test and surface-state 
densities less than  3 X 10 ~~ cm -2 eV -1 were achieved. 
For obtaining this stabili ty it was necessary to separate 
the Si wafer f rom the substrate holder by a SiO2 disk 
which allowed some heat ing up dur ing sputter ing and 
prevented contaminat ion of the wafer by material  
etched away from the substrate holder. If the disk was 
cemented with epoxy to the water-cooled substrate 
holder, relat ively large flatband shifts were observed, 
even after an anneal  at 1050~ 

The effect of the anneal ing temperature  on Nox and 
Nss is shown in Fig. 8. From it can be concluded that  
an anneal ing step at a temperature  of at least 1050~ is 
essential for obtaining usable films. The anneal ing and 
etching caused some deteriorat ion of the breakdown 
strength as may be seen from Fig. 9. This effect could 
possibly be reduced by using cleaner anneal ing condi- 
tions. 

Sputtering in 02-At mixtures.--The relat ively high 
flatband voltage could be reduced by adding a small  
amount  of 02 to the sput ter ing ambient  (see Fig. 10). 
For more than 3 volume per cent (v/o)  O2 the flatband 
voltage on {111} Si was less than  1V. The same effect 
could be achieved by bias sputter ing if the bias was 
higher than 50V (see Fig. 11), but  in this case the 
stabili ty was not as good as without  bias: 02 addition 
without bias did not cause the stabil i ty to deteriorate. 
However, the observed shift of 0.5V is too high for 
good MOS devices. It was probably caused by the Na 
content of the SiO2 target  which was only 99.7% pure. 

Because targets of very pure silicon are easily avail-  
able, reactively sput ter ing of Si in  an A_r-O2 mixture  

Fig. 7. Scanning electron micrograph of a SiO~ layer prepared 
by bias sputtering at UB "-- - -400V,  KR > 0.9. 

annealing conditions on IV[OS diodes with A1 electrodes 
of 0.3 mm diameter. These measurements were made 
using the conventional high-frequency (3 IV[Hz) ca- 
pacitance-voltage method. Flatband voltage, VFB, and 
oxide-charge density, Nox, were determined by com- 
parison of experimental with theoretical curves (8). 
The determination of VFB of sputtered SiO2 films is 
considerably more accurate than with thermally grown 
ones because much less impurity redistribution should 
take place. The in%erface-state density, Nss, near the 
conduction band was estimated after Ref. (9) from 
C-V measurements  at 300~ and 77~ Stabil i ty was 
measured by the s tandard tempera ture-b ias  test in  
which the MOS diodes were stressed for 20 min  at 
200~ with +30V (2 MV/cm) on the A1 electrode and 
subsequent ly  cooled down with the voltage on. The 
resul t ing shift of the flatband voltage should be less 
than  0.1V on good gate oxides for MOS devices. 

Without annealing,  the densities of surface charge 
and especially of surface states were very high for 
sputtered SiO2. Therefore, we used an anneal ing pro- 
cedure, which is also often used on thermal  oxides. 
First, we used a h igh- tempera ture  t rea tment  of 20 min  
at 1050~ in N2. This was followed by a short etch in 
buffered HF to remove the outermost 0.015 #m of the 
SiO2 before A1 deposition and a 10 rain anneal  at 500~ 
in  N2 after metallization. After this procedure, dry  
thermal  oxides on {111} Si give flatband voltages of 
1-2V, shifting less than  0.1V in the stress test if clean, 
Na-free tungsten filaments are used for evaporating the 
A1. Their  surface-state densities are negligible. 

For sputtered SiO2 on sputter-etched Si this anneal  
was not able to reduce the surface-state density below 10 n cm -2 eV -1 if the rf power was not decreased 
toward the end of the etching. We usual ly did this in 
steps of approximately 6 rain at 50, 40, 15, and 10W. 
The main  etching was done at 400W (3.2 W/cm 2) in  
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Fig. 8. Influence of annealing temperature on surface-charge 
density, Nox, and surface-state density, Nss, for At-sputtered SiO2 
films. 
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was also tr ied.  As m a y  be seen f rom Fig. 12, very  
s table  SiO2 layers  wi th  low f latband vol tage could be 
made  in a r ange  of 40-80% 02. The f ia tband vol tage 
shif ted less than  0.1V dur ing  the usual  200~ MV/cm 
t empera tu re -vo l t age  stress tests. Regarding  b reakdown 
s t rength  and sur face-s ta te  densi ty  Nss, we found no 
difference in layers  made  by  spu t te r ing  SiO2 in Ar.  

Conclusions 
The present  s tudy has shown tha t  it  is possible to 

deposit,  by  means  of sput ter ing,  SiO2 layers  on Si, 
which  af te r  sui table  anneal ing have  the same qual i ty  
as the  best  SiO2 layers  p repa red  b y  the rmal  oxidation.  
The high intr insic  p r eb reakdown  strength,  shown in 
Fig. 4 (7.5 MV/cm at 10 -6 A cm-2 ) ,  compared  wi th  
the  usual  sput te red  SiO2 layers  (1) m a y  p robab ly  be 
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Fig. 12. Flatband voltage of MOS diodes prepared by reactively 
sputtering Si in an O2-Ar mixture. 

a t t r i bu ted  to the f reedom f rom oil and grease vapors  
of the  sput te r ing  ambient .  Very  high homogenei ty  and 
low densit ies  of weak  spots could be achieved b y  
sput te r  e tching a pp rox ima te ly  1 ~m of Si before  the  
deposition, thus removing  al l  d i r t  and  foreign par t ic les  
f rom the wafer.  

Spu t te r  etching, however,  leaves a damaged  l aye r  
nea r  the surface of the  Si and, also, A r  ions a re  im-  
planted.  As shown by  Yamamoto  (10), wi th  back  
scat ter ing analysis  20 min  anneal ing  in N2 is sufficient 
to remove the A r  but  does not  heal  out  the damage of 
the Si completely.  This agrees wi th  our  results.  The 
rf  power  had to be reduced  t oward  the end of the  
etching to keep the damage of the  Si so low that  it  
could be removed  by  the same anneal ing  procedure  
which is also cus tomar i ly  used on the rmal  SiO2. It  is 
also sufficient to remove enclosed Ar  (12) and defects 
in the sput te red  SiO2 (13). Upon such anneal ing in N2 
at 1050~ before and at 500~ af te r  A1 deposition, MOS 
diodes of ve ry  good qual i ty  could be  made,  especia l ly  
by  reac t ive ly  sput te r ing  Si in an O2-Ar mixture .  Their  
f latband vol tage  was be low 1V and shif ted less than  
0.1V dur ing  a 20 min  t empe ra tu r e -vo l t age  stress test  
wi th  2 MV/cm at 200~ The in te r face-s ta te  dens i ty  
was be low 3 • 1010 cm -~ eV -1. 

Rf spu t te r ing  f rom a SiO2 ta rge t  in pu re  A r  resul ted  
in h igher  sur face-charge  densit ies than  wi th  reac t ive ly  
sput te red  SiOm probab ly  because of oxygen vacancies 
(14). They could be avoided by  adding  3% O2 to the  
Ar. S tab i l i ty  dur ing  the b i a s - t empe ra tu r e  stress test, 
however,  was not as good as wi th  reac t ive ly  spu t te red  
SiO2, p robab ly  because of lower  pu r i t y  of the  target .  
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ABSTRACT 

Anodic processing for multilevel LSI is attractive because planar structures 
can be made. For complete flexibility of design, it is advantageous that portions 
of the first level of intereonnection metallization be isolated initially from 
silicon, and that the required contact to silicon be made using overpasses on a 
subsequent level. Anodic processes previously described required that there 
be a direct contact to silicon for each land to be defined. This restrictior~ 
can be circumvented by depositing a thin conductive layer before deposition 
of the interconnection metallurgy and eventually converting it to an insulator 
The requirements for a suitable underlay are given, and the choice of hafnium 
for this purpose is explained. The details of the anodic processing are de- 
scribed and discussed. Conversion of the underlay to an insulator requires both 
anodization unt i l  barr ier  layer  growth ceases and oxidation at elevated tem- 
perature;  450~ in steam for 30 rain yields excellent results. The leakage 
current  between closely spaced conductors is decreased substant ial ly by the 
use of this under lay  process as compared to the previously descibed anodic 
processes. 

For mult i level  a l u m i n u m  or a luminum alloy land 
systems in  LSI, anodic processing has two main  ad- 
vantages over conventional  subtract ive etching. First, 
p lanar  structures can be fabricated. This eliminates the 
rel iabil i ty hazards associated with covering large and 
often steep metal  edges with an insulator. Also photo- 
l i thography difficulties are reduced. Second, there is 
substant ia l ly  less loss in  cross-sectional area. There-  
fore the cur ren t -car ry ing  capabil i ty of a conductor 
formed anodically is greater t h a n  that  formed conven- 
t ional ly using the same mask. 

Anodic processing substi tutes conversion of the un -  
wanted metal  to an insulat ing film for the removal of 
unwanted  metal. Because relat ively thick (10,000A) 
metal  films are required for the circuitry, the unwanted  
metal is converted to porous anodic oxide as barr ier  
layer  growth is limited. Oxalic acid is used as the 
electrolyte in the completely p lanar  process (1) since 
it is compatible with photoresist, it can be decomposed 
at the completion of anodic processing, and, at the ap- 
propriate current  densities, the voltages are suitable 
for semiconductor device fabrication. 

All previously described anodic processes (1, 2, 3) 
had required that  there be a direct contact to silicon 
for every land to be defined. This requirement  arises 
from the need to supply current  to the lands after 
the anodization is apparent ly  complete, so that the 
residual a luminum which clings to the edges of the 
lands forming bridges between closely spaced con- 
ductors can be converted to insulat ing anodic oxide. 
But for complete flexibility of design of integrated cir- 
cuits with mult i level  metallization, it is often desirable 
to isolate from silicon, initially, portions of the first- 
level metal l izat ion and use "overpasses" on a subse- 
quent  level. To be able to isolate, anodically, such 
electr ical ly "floating" conductors, we have adopted a 
scheme developed by Romankiw (4) for anodic 
processing, making the changes necessary to achieve 
the very low leakage levels required for integrated 
circuits, but  not for the applications for which Roman-  
kiw designed his procedure. 

Before deposition of the a luminum or a luminum al- 
loy film used for the interconnect ion pattern, Roman-  
kiw proposed that a thin metal  film be deposited to 
carry current  to the lands which are not connected to 
silicon. This film must  subsequent ly  be converted to an 
insulator. We have concluded that the metal  used as 
an under lay  must  meet certain requirements:  (i) it 

* Electrochemical Society Active Member. 
Key words: multilevel metallization, planar metallization, large- 

scale integrated circuits, anodic oxidation, aluminum alloy metal- 
lurgy. 

must  be able to be converted to an insulator  under  
conditions compatible with semiconductor device proc- 
essing and with the presence of the overlying anodic 
oxide; (ii) it must  not react chemically with the elec- 
trolyte used to form the porous anodic oxide; (iii) if it 
can be anodized, it must  anodize at or very close to 
100% efficiency to avoid oxygen evolution which may 
cause lift ing of the overlying anodic oxide; (iv) it must  
adhere well to the substrate and the overlying anodic 
oxide must  adhere well to it; and (v) it must  not de- 
grade device performance. 

The most suitable under lay  we have found is haf-  
nium. It forms a barr ier  layer  upon anodization in 
oxalic acid with no perceptible oxygen evolution. More- 
over, the anodization ratio of hafnium is high (11.6A 
Hf/V) which means that  the final voltage to which the 
formed structures will be subjected at the completion 
of anodic processing will be relat ively low since under -  
lay films 150-200A thick are suitable. Hafnium can be 
oxidized thermal ly  at low temperature.  A discrete 
hafnium layer is mainta ined when the metals hafn ium 
and a luminum (or a luminum alloy) are deposited se- 
quent ial ly  at elevated substrate temperature  to insure 
good adhesion, yet adequate interdiffusion occurs dur -  
ing the final anneal  at the completion of the anodic 
processing. The interdiffusion has been demonstrated 
by the use of hel ium ion backscattering. In  Fig. 1 is 
shown the backscattering spectrum for a luminum in a 
film consisting of 2~ of a luminum with a hafn ium layer  
1000A thick on its surface, both before and after heat-  
t reatment  in hel ium at 400~ for 1 hr. It  can be seen 
that after the anneal, a l uminum has reached the sur-  
face of the film. Adequate intevdiffusion occurs even 
when the hafnium is exposed to air before deposition 
of the interconnection metallurgy.  Individual  test t r an -  
sistors made with and without  a ha fn ium under lay  
have identical electrical characteristics. 

The resistivity changes in  an a luminum (17,000A)- 
hafnium (240A) film dur ing anneal  at 400~ in  an iner t  
atmosphere are shown in Fig. 2. When an evaporated 
a luminum film is annealed at a temperature  above its 
deposition temperature,  an initial  decrease in resistivity 
is always observed. This is probably due to a decrease 
in defects in the grain boundaries.  The subsequent  
small increase in resistivity can be at t r ibuted to dis- 
solution of the hafnium and to intermetal l ic  compound 
formation. However, this increase is very small  and 
would not affect the performance of the interconnect ion 
metallization. 

Anodic processing is performed as described in a pre-  
vious paper (1); this method uses a two-cur ren t  mode 
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Fig. I .  Energy spectrum obtained by means of helium ion back- 
scattering of aluminum in a film consisting of 2~ of aluminum 
with I000./~ of hafnium on its surface before and after anneal in 
helium at 400~ for 1 hr. 

18o 01 
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2 8 16 32 

HOURS AT 400~ 

Fig. 2. Resistivity changes in an aluminum-hafnium film during 
anneal at 40~)~ in an inert atmosphere. The film: 17,000.~ AI /  
240~. Hf-insulated substrate. 

reach point  C depends upon the thickness of the film 
and the copper concentrat ion in  the A1Cu film. At 3.5 
mA / c m 2 a luminum anodizes at about 750 A/rain;  an 
A1Cu (4%) film anodizes at about 450 A/ra in  at the 
same current  density. 

Point  C is also the beginning of the "decay period." 
In  Fig. 4, are shown scanning electron micrographs of 
three pairs of conductors, separated by 3, 6, and 15#, 1 
as they appear after a relat ively short "decay period." 
The anodic a luminum oxide has been removed in phos- 
phochromic acid to reveal any metal  particles. I t  can 
be seen that the isolated a luminum particles (the 
"cosmetic defects") are completely converted to anodic 
a luminum oxide, bu t  that closely spaced lines are 
bridged. In  Fig. 5 the final isolation after suitable 
"decay" is shown; this would correspond to point  I:) in 
Fig. 3. From Fig. 4 it is quite clear that the more widely 
spaced lines are isolated more rapidly, but  Fig. 5 shows 
that  the final l ine width  is independent  of the spacing. 
The "decay" t ime required in any given application 
will depend on the thickness of the interconnection 
metall ization and the smallest spacing in the pa t te rn  
being formed. For 1.5~ metal, 45 rain are required to 
isolate the 3# space. 

The time interval  C-D is preset and, when  point  D is 
reached, the voltage is allowed to rise automatical ly 

1 Fo r  the  15~ spacing ,  one of the  conduc to r s  is  no t  s h o w n  in the  
p h o t o g r a p h  because  the  spac ing  was  too  w i d e  for  t he  second of the 
pa i r  to be  i n c l u d e d  in  the  f ie ld  of v i e w  of  t he  S E M  a t  t h a t  magn i f i -  
cat ion.  

for the isolation anodization of the AI/AICu film since 
this had resulted in  the best line profile. A typical 
curve for the isolation anodization in  8% oxalic acid of 
the metal  film A1/AiCu/II f  is shown in  Fig. 3. 

A current  density of 3.5 m A / c m  2 is used at the start 
of the anodization. At point A in Fig. 3 the a luminum 
cap has been anodized completely and there is an up-  
ward inflection in  the voltage curve indicat ing the 
beginning of the AICu layer  (5). A control circuit auto- 
matical ly reduces the current  (to 1 mA/cm2) when  a 
time which corresponds to the anodization of about 
two-thirds  of the film is reached; i.e., at point  B. At 
point C the anodization is apparent ly  complete because 
the voltage starts to rise (to a preset l imit) ,  and the 
current  starts to decay. Thus, point  C Js also the be-  
ginning of the "decay period." The t ime it takes to 
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Fig. 3. Constant current anodization in 8% oxalic acid of the 
film: AI/AICu/Hf-insulated substrate. 

Fig. 4. Scanning electron mlcrographs showing the effect of a 
short current decay on the isolation of adjacent conductors. The 
anodic aluminum oxide has been removed in phosphochromic acid. 
Three pairs of lines are shown: (a) Space between conductors 

3~, (b) Space between conductors N 6,~, and (c) Space between 
conductors N 15~, (second conductor not shown). 
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than might  be predicted f rom the published data on the 
low tempera tu re  oxidation of such metals  (6). The 
presence of the overlying layer  of porous anodic oxide 
great ly  inhibits the oxidation, even  though the barr ier  
layer  at the base of the pores is quite  thin (the anodi- 
zation is finished at a low voltage) and probably  does 
not have the in tegr i ty  usually associated with  the bar -  
r ier  layer  formed on pure  a luminum because the cop- 
per dissolves in the electrolyte.  The residual layer  can 
be oxidized in dry oxygen at 450~ for 30 min, but 
using steam as the oxidation med ium causes a substan- 
tial reduction in leakage current  be tween adjacent con- 
ductors. Typical  leakage values for a var ie ty  of pro-  

Fig. 5. Scanning electron micrographs showing the effect of ade- 
quate current decay an the isolation of adjacent conductors. The 
anodic aluminum oxide has been removed in phosphochromic acid. 
Three pairs of lines are shown: (a) Space between conductors 
,'~ 3~, (b) Space between conductors ,~ 6~, and (c) Space between 
conductors ,~ 15~ (second conductor not shown). 

and the hafn ium is anodized to form a barr ier  layer  as 
shown by the l inear  increase in voltage at constant cur-  
rent  (I mA/cm2) .  At point E, the voltage rises 
abruptly;  when  it reaches a preset limit, F, the circuit 
is opened automatically.  Because barr ier  layer  growth 
ceases at vol tage E, it is said that  the hafnium is "com- 
plete ly"  anodized. The anodizing ratio, l l .6A H f / V  was 
determined by anodizing, at 1 m A / c m  2 in oxalic acid, 
a series of hafnium films of known thickness and de- 
termining the voltage at which the abrupt  rise occurred. 
The vol tage E is, wi thin  a few volts, the value expected 
from the known thickness of the hafnium underlay.  It 
should be emphasized that  during the "decay period" 
the voltage should be well  below E to insure current  
flow to the otherwise isolated residual metal.  

However,  even after the apparent  complete anodiza- 
t ion of the underlay,  adjacent  conductors are still 
electr ical ly shorted, no mat te r  how long the "decay 
period." Therefore  the residue of the under lay  metal  
must  be oxidized thermally.  The conditions for oxida-  
t ion of this residual thin layer  are much more severe 

Table I. Leakage current at IOV (after sufficient decay) 
3# space between conductors 9 X 10 - 2  cm long 

Sample  Leakage current 

Conductor connected to silicon during processing 
"Floating' lines, no underlay 
"Floating" lines, hafnium underlay 

H~ anodized to completion only 
Hf not anodized: 450~ in 03, 1 hr 
I-If anodized to completion: 450~ in O~. 30 

rain 
I-If anodized to completion: 400~ in steam, 

30 min 
I-If anodized to completion: 450~ in steam, 

30 rain 
Hf anodized to completion; 450~ in form- 

ing gas, 30 rain 

10-20 • 10-~A 
Short 

Short 
2-18A 

40 • 10-gA 

50 • 10-gA 

0.1 x 10-zeA 

Short 

Fig. 6. Scanning electron mlcrographs of a pattern formed by 
anodic processing. (a) Floating lines; (b) lines connected to silicon, 
after decay; and (c) floating lines, hafnium underlay process. 
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cessing condit ions are  given in Table  I. I t  can be seen 
tha t  using the unde r l ay  process wi th  s team oxidat ion  
resul ts  in leakage  current  about  100 t imes smal le r  than  
that  obta ined by  s tandard  processing, i.e., no under lay ,  
but  every  conductor  connected d i rec t ly  to silicon. Dur -  
ing the  s team oxidat ion  of the  res idual  under lay ,  the  
porous anodic oxide is sealed, making  i t  less vu lne r -  
able  to a t tack  by  the reagents  used to form the  in te r -  
level  via  holes. 

However ,  untess the  unde r l ay  is anodized unt i l  b a r -  
r ie r  l aye r  g rowth  ceases, it  is not  possible to oxidize it 
(to achieve sui table  leakage  values)  at a t empe ra tu r e  
and for  a t ime reasonable  for semiconductor  devices. 
We have also shown tha t  the  unde r l ay  does not react,  
to any  significant extent ,  wi th  e i ther  an SiO2 unde r l ay  
or a porous anodic a luminum oxide overlay,  since a 
450~ anneal  in a nonoxidizing a tmosphere  for the  
same length  of t ime does not  p roduce  any detec table  
reduct ion  in the  leakage  cur ren t  be tween  ad jacen t  con- 
ductors.  

In  Fig. 6 are  shown scanning e lect ron micrographs  of 
our  s tandard  test  s t ruc ture  in which the porous anodic 
oxide  has been removed in phosphochromic  acid to re -  
veal  the res idual  a luminum part icles .  In  (a) are anodi -  
ca l ly  processed "floating" lines; in (b) are lines anodi -  
cal ly  processed in the "s tandard"  way;  i.e. no under lay ,  
bu t  eve ry  l ine connected d i rec t ly  to silicon; and (c) are  
anodica l ly  processed "floating l ines" when  the hafn ium 
unde r l ay  process is used. 

Conclusions 
We have descr ibed a method of anodic p lanar iza t ion  

for  LSI  which e l iminates  the  necessi ty of direct  con- 
tact  to sil icon for  every  conductor  formed. The method 
consists of using a ha fn ium unde r l ay  beneath  the a lu-  
m i n u m  or a luminum al loy in terconnect ion meta l l i za -  
t ion and anodizing the ha fn ium unde r l ay  to "com- 
plet ion" af ter  isolat ion and decay, then  oxidizing the  

res idue of  the unde r l ay  in s team at 450~ for  30 min. 
Semiconductor devices with electrical characteristics 
identical to those made by conventional processing 
have been made using this technique. 
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Ion Backscattering Study of Cu2S Formation 
on Single Crystal CdS 

J. A. Borders* 
Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

Ion backsca t te r ing  has been  used to s tudy the format ion  of Cu~S layers  on 
s ingle  c rys ta l  C dS due to the chemical  ion exchange reac t ion  

2Cu + + CdS -~ Cu2S + Cd + + 

The reaction is found to proceed most rapidly on the A (Cd) face, slower on 
the B (S) face, with the reaction proceeding slowest on faces perpendicular 
to the <i120> axis. Reactions on the A and B faces are characterized by a 
very nonuniform Cu2S-CdS interface, whereas the interface for reactions 
along the <1130> is much more uniform. The reaction in the latter case may 
be controlled by surface nucleation, and layer formation subsequent to forma- 
tion of a 300-500A thick layer is much slower. The formation of Cu2S on the A 
and B faces has an activation energy of 0.9-1.5 eV. Preparation of the surface 
by polishing leads to a large,r rate of Cu2S formation and Cu2S-CdS inter- 
faces which are more uniform as a function of depth than those in etched 
samples. 

Energet ic  ion backsca t te r ing  is a r e l a t ive ly  recent  
tool for the s tudy  of the  nea r - su r face  layers  in solids. 
I t  is the only nondes t ruc t ive  technique for measur ing  
the dep th  d is t r ibu t ion  of atomic composit ion over  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c a d m i u m  sul f ide ,  c o p p e r  su l f ide ,  t h i n  f i lm  so l a r  cel ls ,  

ion  b a c k s c a t t e r i n g  analysis. 

micron- th ick  layers  wi th  significant depth  resolut ion  
(100-200A). So far, ion backsca t te r ing  has been appl ied  
main ly  to studies of th in-f i lm interdiffusion and in t e r -  
facial  reactions,  pa r t i cu la r ly  in the area  of semicon-  
ductor  device technology (1), but  there  have been 
few appl icat ions  to studies of surface chemical  reac-  
tions. 
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A technologically important  system where a surface 
chemical reaction plays an important  role is the CdS- 
Cues system. This system is one of the most f requent ly  
mentioned candidates for thin-f i lm solar cells and 
extensive phenomenological  information is available. 
In  this paper  we report the results of an investigation 
of the formation of Cues layers on the surfaces of 
single crystal CdS using 2.0 MeV He ion backscatter-  
ing. The ion backscattering provides a direct measure 
of the depth dis tr ibut ion of atomic composition in the 
first few thousand angstroms of the sample. Tempera-  
ture dependences of the depth distr ibutions enable 
the reaction energetics to be determined over a l imited 
temperature  region. The important  effects of crystal-  
lographic orientat ion of the CdS substrates have been 
measured and the effect of surface preparat ion of the 
CdS was briefly investigated.. 

Experimental 
Samples of single crystal CdS were obtained from 

Eagle-Pi tcher  and Clevite Corporation in the form 
of thin platelets of thickness ~0.5 mm. These speci- 
mens included both platelets with the C axis in the 
plane of the platelet and samples with the C axis 
perpendicular  to the platelet. The platelets were cut 
to the appropriate sample dimensions (6.5 X 6.5 mm) 
for the backscattering experiments.  The A (0001) 
and B (O0Ol) faces of the samples with the C axis 
perpendicular  to the plane of the sample were ident i -  
fied by a 1 rain etch in a 5,0% by volume mixture  of 
HC1 and I-I20. Optical microscope observations indicate 
that small hexagonal structures begin to form on one 
of the surfaces. By comparison with known prefer-  
ential  etching (2) behavior  in a solution of H N Q ,  
CH~COOH, and HeO in the volume ratios 6:6:1, the 
surface showing the hexagonal structures was identi-  
fied as the A (Cd) face. Samples with the C axis in 
the plane of the platelet  were etched for 30 sec in 30% 
by volume HC1 in H20. The crystallographic orienta-  
tion of these samples was determined by x - ray  dif- 
fraction to be <11-20>. 

Two samples, an A-face sample and a sample with 
the C axis in the plane of the surface, were polished 
to an optically clear finish on a polishing wheel using 
0.25 #m diamond paste as an abrasive. These samples 
were then gent ly  swabbed with 30% HC1 for 5 min 
to remove surface damage yet re tain the optically 
smooth surface finish. 

The Cu2S layers were formed by dipping in a copper 
chloride solution developed by Fahrenbruck  (3). This 
dipping t rea tment  forms Cues by the reaction 

2Cu + + CdS--> Cu2S + Cd ++ 

with the excess cadmium going into solution. Dis- 
tilled HeO was boiled in a flask while argon was 
bubbled through the H20. After 20 rain, 19.8 g/liter 
CuCl, 37.3 g/ l i ter  KC1, and 13.9 g/ l i ter  NH2OHHC1 
were added without  dis turbing the argon atmosphere 
in the flask. The solution temperature  was then sta- 
bilized at the desired dipping temperature  and the 
samples immersed for the desired time while attached 
to a stainless steel paddle. After dipping, the samples 
were immediate ly  rinsed with distilled HeO, dried, 
and inserted in the sample holder for the backscatter-  
ing analysis. 

In order to verify that samples reached thermal  
equi l ibr ium quickly at the shortest dipping times 
(15 sec), samples of all orientations which had been 
subjected to two successive 15 sec dips were compared 
to samples dipped once for 30 sec. For samples of 
the same orientat ion there was no difference in the 
amount  or depth distr ibution of Cues formed by the 
two procedures. 

All analyses were accomplished with 2.0 MeV He + 
ions at a nominal  beam current  of 3.0 nA and a beam 
spot size of 1.0 X 1.0 mm. Scattered ions were de- 

tected at a laboratory angle of 160 ~ in a silicon surface 
ba r r i e r  detector. Fur ther  amplification and analysis 
was done using standard nuclear spectroscopy elec- 
tronics, pulse pi le-up rejection circuitry, and a PDP-  
l l - b a s e d  pulse height analysis system (4). 

Data Analysis 
A typical ion backscattering spectrum from a CdS 

sample with a th in  layer  of Cu~S, where x _~ 2.0 as 
will be discussed, is shown in Fig. 1 (top). These 
data are for (0C01) CdS dipped for 2 min  at a solu- 
tion tempera ture  of 65~ In  Fig. 1 (bottom) is a 
spectrum taken of an untrea ted  sample of CdS. The 
formation of the Cu2S surface layer  is manifested in 
two ways: (i) the Cd edge is shifted to lower energies 
due to passage of the ions through and energy loss 
in the Cu2~S and (it) the appearance of scattering 
due to the Cu atoms themselves. Since the Cu scatter- 
ing at a given depth occurs at a lower energy than Cd 
scattering from the same depth, the analysis of the 
data is more complex than for a heavier atom layer  
on a l ighter atom substrate. It  is assumed that the 
reader is famil iar  with measurements  of the depth 
dependence of atomic composition by ion backscatter-  
ing. For a detailed discussion of the principle of the 
technique and how the information is obtained see 
Ref. (1). Brice has developed a technique for the 
extraction of the scattering yields of each component  
of a b inary  target (5) and has wri t ten  a computer  
code which performs this function. The code as wri t ten  
requires a ra ther  large computer, but  by making some 
restrictions in the capabilities and general i ty  of the 
code, we have been able to implement  this program 
in a PDP-11 with 28K core. The program is wr i t ten  
in an interpret ive language and thus requires about 
five hours to analyze 100 channels. 

2 MIN AT 65C 
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Fig. 1. Backscattering spectra from a sample of CdS (A face) 
dipped for 2 min at 65~ (top) and an untreated sample of CdS 
(bottom). The labeled arrows represent the channel where surface 
scattering from the three constituents will occur. 
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Several assumptions must  be made in order to in ter -  
pret  the data. Since the Brice program is only applic- 
able to b inary  targets, we have assumed that all the 
Cd is in  the form CdS and all the Cu in the form 
CuS0.~. CdS is the only known compound in the CdS 
binary  system and CdC12, which would be the reac- 
tion product in the dipping reaction, is water  soluble. 
The reasons for the assumption that all the Cu is in  
the form CuS0.5 or equivalent ly  Cu2S are not so ob- 
vious. The CuSo.5 form is used ra ther  than Cu2S to 
normalize both molecules to one metallic atom apiece, 
since we are measur ing the hel ium ion scattering from 
Cd and Cu and not from S. The solubil i ty of Cu in 
CdS has been measured by Sul l ivan (6) and can be 
expressed as 

[Cu] ---- 8.6 X 10 ~2 a tom/cm 3 X exp[--0.505 eV/kT] 
[1] 

At the temperatures  we are concerned with in this 
work, 65~176 the solubilities calculated from Eq. 
[1] vary  from 2-5 • 1015 a tom/cm 3. However, the 
scattering of Cu at the surface in general  is super im-  
posed on Cd scattering from deeper in the sample, 
and the scattering from one atom of Cd is greater  
than the scattering from one atom of Cu by a factor 
(Zcd/ZCu) 2 _-- (48/29) 2 = 2�9149 Because of these prob-  
lems, we are l imited to measur ing copper atomic con- 
centrations --~ 1/100 of the Cd atomic concentration. 
This works out to a practical l imit  of about 2 • 102o 
Cu a tom/cm 8. Thus any copper which we detect must  
be tied up in a compound, since the max imum solu- 
bil i ty of copper in CdS is below our practical detec- 
tion limits for this system by a factor of 105. 

It  is well documented that the Cu-S phase diagram 
is complicated (7). A large n u m b e r  of Cu~S com- 
pounds exist near  a value of x ---- 2.0. Ion backscatter-  
ing cannot measure microstructure.  At best it mea-  
sures atomic ratios averaged over the beam area ( typ-  
ically ~1  mm :2 as a function of depth�9 Other workers 
have shown by x - ray  diffraction techniques (7) that 
the Cu:S compound which forms on single crystal 
CdS dur ing  the dipping reactions is p redominant ly  
Cu2S. For our purpose, however, the exact stoichiom- 
etry of the Cu-S compound makes li t t le difference. 
Thus as we refer to CuzS, we have assumed x ---- 2.0 
for calculations. I t  is possible that t e rnary  Cd-Cu-S 
compounds are formed, which would change some of 
the conclusions presented here. However, x - ray  dif-  
fraction measurements  (7) by other workers did not 
show evidence for such compounds. 

Stopping power data for He ions in CdS are l imited 
(8) and none exist for He in Cu2S, so values for Cd, 
Cu, and S were used (9) to generate values of the 
stopping power of CdS and CuS0.5 for He ions as a 
funct ion of energy by assuming Bragg's Rule for 
addit ivi ty of atomic stopping powers applied to CdS 
and CuS0..~. These values were then fit to the Brice 
formula (10) to give an analytic expression for the 
electronic stopping power, ,. The values of , used, 
along with the resul tant  Brice parameters,  are listed 
in  Table I. 

Since the Brice techniques depend on comparing 
the scattering from the heaviest component of a two- 

Table I. e • 10 -15 eV cm2/atom 

E a e r g y  B r i c e  p a r a m e t e r s  
(keY) Cd Cu S CdS CuSo.~ 

400 96.33 62.41 62.12 
600 107.0 68.20 68.81 
800 112.0 V1.77 69.72 

1000 113.0 73.58 67.75 
1200 111.4 74.05 64.72 
1400 108.1 73.50 61.48 
1600 103.8 72.24 58.37 
2000 94.71 68.48 52.89 
2800 84.81 62.0 43.88 
4000 72.53 B4.72 35.83 

Z~ 64 37 
Z 2.077 2.029 
a 0.3504 0.3591 
n 3.249 3.021 

component sample to the scattering from a reference 
sample composed of the pure heaviest component,  the 
amount  of the l ighter component  required to produce 
the observed reduction in scattering from the heavier  
component is calculated and its scattering yield is 
subtracted from the total scattering spectrum at the 
appropriate energy. The exact choice of this energy 
is critical. If the energy is slightly too high or too low, 
a dip or bump will  be produced in the calculated 
scattering yield from the heavier  component  with a 
corresponding bump or dip in the calculated scatter- 
ing yield from this l ighter component at a greater 
depth. Fortunately,  if the chosen energy is close to 
the appropriate energy, these inaccuracies are l imited 
in magni tude  and depth and can easily be removed 
manually.  The contr ibut ion of the sulfur  to the scat- 
tering spectrum has been completely neglected in us- 
ing the Brice extraction technique�9 This is not a serious 
error as long as we confine ourselves to analyses of 
spectra at energies above that expected for scattering 
from sulfur atoms at the surface. 

Figure 2 shows the results of the extraction process 
for the data of Fig. 1. The upper  part  of the figure 
shows the CdS scattering after subtract ion of the 
CuS0..~ scattering which is shown in the middle sec- 
tion. The lower part  of the figure shows the depth 
dis tr ibut ion of CuSo.5. 

Results and Discussion 
The effect of crystallographic orientat ion of the CdS 

substrate on the rate and na ture  of Cu2S formation 
was rather  large�9 Figure 3 shows backscattering spectra 
for samples of the three orientations after dipping 
t rea tment  at 85~ for 45 sec. The A-face and B-face 
samples show similar behavior  with more Cu2S be-  
ing formed on the A face than on the B face. Both 
of these samples have a well-defined surface layer 
of pure Cu2S. Behind the surface layer the ratio of 
[Cu2S]/[CdS] as a function of depth decreases mono- 
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Fig. 2. The top of this figure shows the scattering from Cd (X) 
and Cu (I--1) assuming that they are always present in the forms CdS 
and CuS0.5, respectively. The original data is that from the top of 
Fig. 1. In the bottom of Fig. 2 the molecular concentration of 
CuSo.5 is calculated from the separated spectra shown above it. 
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Fig. 3. Backscattering spectra from samples of the three different 
orientations studied for a dipping treatment of 45 sec at 85~ The 
lines were drawn through the actual data points for clarity. 

tonical ly  wi th  increasing depth  as can be seen f rom 
the Cd scat ter ing yie ld  in the  energy region be tween 
channels 410 and 450. In  contrast ,  the < l l 2 0 ~  sample  
shows a surface layer  of Cu2S with  no significant Cu 
scat ter ing at depths  beyond the surface layer .  This 
can also be seen in the sharpness of the Cd scat ter ing 
edge for the < l l 2 , 0 ~  sample  indicat ing a Cu2S-CdS 
interface  at ve ry  wel l -def ined depth. 

The behavior  on the <112"0~ sample  can be analyzed 
without  recourse  to the Brice subt rac t ion  technique.  
By s imply  in tegra t ing  the counts under  the copper 
scat ter ing peak, a measure  of the  Cu2S format ion  is 
obtained.  Data  of the format ion  of Cu2S on the face 
pe rpend icu la r  to the ~ I 1 2 0 ~  axis are  shown in Fig. 4 
as a function of d ipping t ime at var ious  t empera tu res  
and for both polished and etched samples  d ipped at 
75~ The genera l  behavior  of the curves shows a 
rapid  format ion  of Cu2S fol lowed by  a per iod of s lower 
growth.  In all  cases invest igated,  the growth  slowed 
at thicknesses be tween  1.5 and 2 • I017 CuSo.5 mole-  
cules em -2. If we assume that  this l ayer  is Cu2S wi th  
a bu lk  dens i ty  of 5.6 g / cm 3 (11), the thickness range 
is 350-500A. The rap id  increase in the amount  of Cu2S 
observed,  fol lowed by a s lower  growth  is most p rob -  
ab ly  re la ted  to nucleat ion of the Cu2S layer  on the 
surface of the CdS. Such effects have prev ious ly  been 
suggested by  Fah renbuck  (3). In  the spect ra  which 
showed ve ry  small  amounts  of Cu2S, the Cu scat ter ing 
peak  is not energy- reso lu t ion  l imited,  but  is wide 
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~c ~E 
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! 
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Fig. 4. Total amount of ~uSo.5 formed on < 1 1 2 0 >  samples as a 
function of time at different dipping temperatures 65~ (B), 75~ 
(O) ,  85~ (A) .  Also shown are data for a polished sample treated 
at 75~ ( � 9  

enough to correspond to ~-300A of Cu2S. As the t r ea t -  
ment  t ime is lengthened,  the  peak  increases in height  
without  apprec iable  widening,  suggest ing that  Cu2S 
nucleates at  favorable  spots on the surface and the 
nuclei  are about  300A thick. Af te r  a l ayer  of Cu2S 
has been formed over  the ent i re  surface, the process 
is no longer  control led by  nucleation,  but  e i ther  by  
the react ion rate  for the conversion of CdS t o  Cu2S 
or by  diffusion of Cu through  the a l ready  formed l aye r  
of Cu2S. 

As discussed in the  previous  section, the Brice 
technique has been appl ied  to the  A- face  spect ra  to 
generate  da ta  on the depth  d is t r ibut ion  of Cu2S on 
samples  of that  orientat ion.  F igure  5 shows da ta  on 
the depth  d is t r ibut ion  of Cu2S subject  to the assump-  
tions expla ined  in the previous  section. The solid l ines 
are  d rawn through  the actual  da ta  points which re-  
semble  the da ta  points  shown in the  bot tom half  of 
Fig. 2. 

These depth  dis t r ibut ions  resemble  diffusion pro-  
files, but  it  is impor tan t  to real ize that  they  cannot 
be diffusion profiles. The amounts  of Cu measured  
in these exper iments  are  many  orders  of magni tude  
above the amounts  which can be dissolved in CdS 
as expla ined  in the previous  section. This resul t  sug- 
gests that  there  is l a te ra l  var ia t ion  in Cu~S format ion  
across the area  of the analyzing beam. At  any given 
depth  there  are  regions of Cu2S and regions of CdS. 
Since the amount  of Cu2S decreases monotonica l ly  
with increasing depth  in the  CdS, a model  of cone- 
shaped regions of Cu2S growing into the CdS is sug- 
gested. Such behavior  could easi ly  arise if growth  
took place p re fe ren t i a l ly  at defects such as dis loca-  
tions. But wha tever  the course, Cu2S growth  para l le l  
to the C axis appears  to take place wi th  a very  non-  
uniform interface,  whereas  the interface is much 
more uni form for growth  perpendicu la r  to the C axis. 

If  the growth  of the  Cu2S is l imi ted  by the ion-  
exchange react ion rate,  the concentrat ion vs. depth  
should be l inear  beyond the ini t ia l  surface layer .  
If the l imi ta t ion  is diffusion of Cu through  the Cu2S 
layer  which has a l ready  formed, a plot  of the log- 
arithm of concentra t ion vs. depth squared should be 
a s t ra ight  line. Unfor tunate ly ,  our da ta  are  not suf-  
ficiently accurate  to d is t inguish these two forms of 
kinet ic  behavior .  This does not, however ,  p reven t  us 
from obtaining da ta  on the energet ics  of the reaction. 
As has been previous ly  observed (12), by  plot t ing 
the t ime- to -equ iva len t  backsca t te r ing  spectra  on an 
Ar rhen ius - t ype  diagram,  the slope of  the line con- 
necting equivalent  spectra  gives the act ivat ion energy  

DEPTH (1018 molecules/cm 2) 
1 2 

i i i i 

PA 3 
A-FACE 

100 65C 

80 ~ ,::J 
22 min 

0 20 40 60 80 100 

CHANNELS BELOW SURFACE 

Fig. 5. Depth distributions of CuSo.5 as a function of energy 
(lower horizontal axis) and equivalently depth (upper horizontal 
axis). These concentrations are the average over a 1 mm beam- 
spot area. 
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Fig. 6. Arrhenius plot of time to equivalent spectra for A-face 
( A )  and B-face (I-l) samples. The heavy lines connect the equiva- 
lent points. The two points at 65~ connected by a vertical line 
indicate that the equivalent spectrum fell somewhere between the 
two points. 

of the  process. Data  for the  A and B faces are  shown 
in Fig. 6. There  is some scat ter ing in the slope, most 
p robab ly  due to difficulties in p icking exac t ly  equiva-  
lent  spectra,  but  the da ta  are  fa i r ly  consistent  wi th  
an act ivat ion energy  of 0.9-1.5 eV. I t  must  be cautioned 
that  if more  than  one process is active dur ing  the 
t ime taken  to produce  the spectra,  the act ivat ion 
energy der ived  from Fig. 6 wi l l  not  be s imply  re la ted  
to e i ther  ind iv idua l  process, but  this is the case in 
other  methods  of de te rmin ing  act ivat ion energies  as 
well.  

Some p r e l i m i n a r y  resul ts  on the  effect o[ surface 
p repa ra t ion  were  obtained on samples  which had been 
pol ished to an optical  finish using 0.2.5 ;~m diamond 
paste. F igure  4 shows the growth  of Cu2S vs. dipping 
t ime for a pol ished and a no rma l -e t ched  <1120> 
sample  d ipped in a 75~ solution. The short  t ime be -  
havior  of the pol ished sample  shows much faster  
growth than the etched sample,  but  the curves then 
cross at high values  of Cu2S l aye r  thickness.  

For  A-face  samples which had been polished, the 
difference be tween  pol ished and etched samples is 
the most apparent .  As can be seen in the  spect ra  
shown in Fig. 7, the  Cu scat ter ing for pol ished samples 
shows a less rap id  change in Cues concentra t ion vs. 
depth than for the  etched sample.  Indeed,  the pol ished 
sample  almost  has a uni form laye r  of Cu2S which 
grows l inea r ly  in time, but  as can be noticed f rom 
the Cd scat ter ing r ema in ing  in the region be tween  
channels  410-450, the  l aye r  is not  uniform. 

We suggest  that  these resul ts  indicate  the Cu2S 
format ion  on CdS is ve ry  dependent  on surface dam-  
age and on the crys ta l l ine  perfect ion of the nea r -  
surface layers  of the host  CdS crystal .  

Conclus ions 
The resul ts  contained in this paper  represen t  the  

first appl icat ion of energet ic  ion backsca t te r ing  to the  
s tudy of an aqueous chemical  reaction. While  mostl~ 
phenomenological ,  informat ion  has been obtained on 
Cu2S format ion  on single crys ta l  CdS in a thickness 
region of technological  impor tance  (0-5000A). There  
exist  no other  data  in this  region of interest .  We 
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Fig. 7. Backscattering spectro from a polished and an unpolished 
A-face sample. Both samples were dipped for 30 sec at 75~ The 
lines were drawn throug,h the individual data points. 

h a v e  demons t ra ted  tha t  the  react ion is fas ter  on the  
A face than  the B face, and fas ter  along the C axis 
than pe rpend icu la r  to it. Est imates  of the energet ics  
of the react ion along the C axis  have been obtained.  
We have shown that  the Cu2S l aye r  formed on single 
crysta l  CdS is not uni form in depth,  but  is p ropaga ted  
into the  crys ta l  wi th  grea t  l a te ra l  nonuniformity .  I t  
is suggested that  dislocations may  enhance Cu2S fo rma-  
t ion due to the local  la t t ice  strain.  Also, the  effects 
of surface p repa ra t ion  of Cu2S l aye r  fo rmat ion  have 
been shown to be qui te  large.  

CdS is a complicated mate r i a l  and samples  f rom 
different  suppl iers  or samples  f rom the same supplier ,  
but  cut f rom different  boules, behaved  ve ry  differently.  
However ,  if we are to ever  under s t and  the mecha-  
nisms of Cu2S format ion  on th in-f i lm CdS where  
the effects of po lyc rys ta l l in i ty  and grain  morphology  
may  ve ry  wel l  he large,  we must  first a t t empt  to un-  
ders tand what  happens  in the s impler  sys tem of Cu2S 
on single crys ta l  CdS. 
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The Effects of Processing on Hot Electron Trapping in Si02 

R. A. Gdula 
IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

Avalanche inject ion of hot electrons into the insulator  of an MOS capacitor 
has been used to study electron trapping in SiO2. Oxides formed by thermal  
oxidation in dry O~, 02 -5 HC1, 02 -5 I-I20, steam, and chemical vapor-deposited 
(CVD) SiO2 were subjected to avalanche charging. Pure, dry thermal  SiO2 
was found to trap up to 2.6 X 10 TM e/cm 2. The trapping efficiency of SiO~ 
varied by three orders of magnitude,  depending on forming and anneal ing 
conditions. 

Goetzberger and Nicollian (1) reported the occur- 
rence of avalanche-produced hot carriers as early as 
1966. Subsequently,  the conditions under  which hot 
carriers can be produced in  MOS structures were out- 
l ined (2), and hot carrier inject ion was used to study 
high current  densities and trapping in SiO~ (3, 4). At 
about the same time, it was discovered that hot carrier 
inject ion could degrade the performance of silicon 
p lanar  transistors (5, 6) and produce instabili t ies in 
MOSFET's (7). A practical use for the phenomenon 
was found with the introduct ion of the FAMOS 1 de- 
vice (8). These problems induced fur ther  studies (9- 
13). 

Avalanche inject ion of hot carriers into SiO2 can be 
convenient ly  produced using a simple MOS capacitor. 
A high frequency (>  1 kHz) a-c signal of sufficient 
ampli tude is impressed across the capacitor: Once each 
cycle the silicon beneath the field plate becomes de- 
pleted because the inversion layer  cannot form quickly 
enough. When the field in the silicon becomes strong, 
large quanti t ies of minor i ty  carriers are created by 
ionization multiplication, and the Si is said to ava- 
lanche. These minori ty  carriers are accelerated toward 
the Si-SiO2 interface by the field across the depletion 
region. Some achieve sufficient energy to overcome the 
potential  barr ier  (,-,3.25 eV) at the interface and enter 
the SiO2. Most drift  through the SiO2 and are collected 
on the metal  field plate, but  some become trapped in  
the SiO2. The details of this t rapping and how it is af- 
fected by processing are the subject of this paper. 

Experimental Procedures 
Sample preparation.--Silicon wafers (5.7 cm diam- 

eter, boron-doped, p-type, <100> orientat ion of var i -  
ous resistivities) were quartered, stripped in concen- 
trated HF, and given an inorganic cleaning in hot aque- 
ous solutions of Ntt4OH -5 tt202 and HC1 -5 H 2 0 2  fin- 
ished by copious r insing in deionized water. SiO2 films 
were formed by thermal  oxidation at 1000~ in various 
ambients, or provided by CVD. When required, an-  
nealing in N2 or Ar  was performed at 1050~ for var i -  
ous lengths of time. Pure  a luminum was evaporated 
from an e -gun  source through metal  masks to form 
5.32 X 10 -3 cm 2 capacitors. A l u m i n u m  was also de- 
posited on the wafer back sides and annealed in N2 at 
400~ for 20 min  to provide ohmic contacts to the sili- 
con. Mobile charge levels were checked by the I-V loop 
technique (14, 15) after biasing the capacitors at 
4-2 • 108 V/cm, 200~ for 10 rain. Mobile charge levels 
in all cases were found to be < 3 X 101~ charges/cm2. 
SiO2 film thickness was measured with an ellipsometer. 

Key  words:  avalanche injection, hot minor i ty  carriers, annealing.  
1 Floating gate avalanche  injection meta l  oxide semiconductor.  

Measurement techniques.--Starting with a virgin 
(unprobed)  capacitor, the high frequency (1 MHz) 
C-V characteristic was determined. Then  the capacitor 
was avalanched for specified t ime periods ranging from 
1 sec to several thousand seconds using the circuit of 
Ref. (4). The average d-c current  flowing through the 
sample was monitored by a Keithley Model 615 elec- 
t rometer  operating in the normal  mode. The sample 
was then reconnected to the C-V measur ing apparatus 
through a switch box and the C-V characteristic rede-  
termined. The number  of hot electrons injected into 
and passed through the SiO2 per uni t  area and collected 
on the A1 field plate (Ncollected) w a s  calculated from the 
area of the field plate and the integrated area under  
the I vs. time curve. A measure of the number  of elec- 
t ron charges trapped per uni t  area (A-N'eff) was cal- 
culated from the shift between the C-V traces using the 
equation 

AVFBeogsi02 
/ k N e f  f __ [1] 

qDsio2 

where ~VFB is the lateral  displacement of the C-V 
traces at the flatband condition in volts, ~o is the permi t -  
t ivity of free space ( farad/cm),  Ksio2 is the SiO2 
dielectric constant ( taken to be 4), q is the electronic 
charge in coulombs, and Dsio2 is the SiO2 thickness 
(cm). Although Eq. [1] assumes all the trapped charge 
is located in a uniform sheet at the Si-SiO2 interface 
which may not be strictly correct, ANeff is useful in  
predicting the behavior of actual MOSET devices. For 
most of the work it was found convenient  to keep the 
current  through the oxide constant by continuously 
adjust ing the applied voltage. All measurements  were 
made with the sample in  darkness. 

Results and Discussion 
Operating conditions.--It quickly became apparent  

that the silicon substrate doping level had a profound 
effect on sample behavior. The applied voltage neces- 
sary to sustain avalanche currents  (at Jdc ---- 2 X 10 -6 
A/cm 2) varied drastically as a funct ion of NA as seen 
in Fig. 1. (J represents the particle current  through 
the device.) This is in agreement with the work of 
Goetzberger and Nicollian (2) who considered the edge 
of the depletion region to be a step junction.  Accord- 
ing to their data, uniform avalanche behavior can be 
expected in the 101~-10 TM atom/cm 3 doping range. At 
l ighter doping levels edge breakdown dominates, and 
at higher doping levels direct tunne l ing  occurs. For 
the purposes of this investigation, it was found con- 
venient  to use the 7 • 101~ to about 1 X 1017 range; 
accordingly, most of the samples investigated were 
constructed on 0.4 or 2 ohm-cm material.  
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Fig. 1. Applied voltage necessary to sustain an avalanche current 
of 2 X 10 - 6  A/cm 2 as a function of Si doping level. 
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Fig. 2. Typical linear plot of MOS capacitor data 

1018 It was also quite apparent  that  the avalanching con- 
dit ions affected behavior. For  example,  Jdo < 10-7 A /  
cm 2 did not cause C-V shifts > 10 mV (the accuracy of 
the measurements)  in  reasonable exper imental  times 
(N 10O sec), while Jdc > 10 -3 A/cm~ caused insulator  
dielectric breakdown or a peculiar  damage change in  
the silicon that  shows up as an abnormal  C-V trace 
and gives zero C-V shifts even for passage of very large 
numbers  of electrons. Frequency,  duty  cycle, and pulse 
shape also affected Jdc. For the results described here, 
the apparatus was operated wi thin  the following con- 
ditions: Jdc = 2 X 10 -7 to 2 X 10 -5 A /cm 2, f = 100 
kHz, duty  cycle ---- 50%, pulse rise t ime = 0.8 #sec, and 
pulse fall  t ime -- 0.16/,sec. 

Typical data and conditions.--Typical data on a vir-  
gin MOS capacitor whose oxide was thermal ly  grown 
in  dry  02 at 1000~ and subsequent ly  N2 annealed is 
shown in Fig. 2. From such a plot the important  pa ram-  
eter, instantaneous effective t rapping efficiency TE, de- 
fined as 

dNeff 
TE -- [2] 

dNcollected 

may be calculated. It is instructive to note that initially 
TE is quite high, trapping 2 electrons for every 160 
electrons passing through the oxide, but TE gradually 
falls off to very low values. When very large numbers 
of electrons have passed through the structure, the 
trapping appears to saturate and then relax as shown 
in Fig. 3, which shows more extensive data from the 
identical sample discussed in Fig. 2. This maximum 
t rapping is another impor tant  parameter,  as it puts  an 
upper  bound on the threshold shifts of MOSFET de- 
vices and in  principle allows a calculation of t rapping 
density in  the dielectric film. However, assumptions as 
to the spatial dis t r ibut ion of the charges are required. 
Moreover, we expected a saturat ion of the C-V shift 
bu t  not a reversal  of it. Reversal implies a reduct ion 
in  the net  moment  of charge which could be caused 
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A simple expe r imen t  was pe r fo rmed  to de te rmine  
the s tab i l i ty  of these t r apped  hot  e lectrons in SIO2. A 
typical  sample  of N2 annealed,  d ry  t he rma l  oxide 

570A th ick  had an ini t ia l  Neff ---- 0.78 X 1O 11 posi t ive 
charge /cm 2. I t  was avalanche  charged  at Jde ---- 2 • 
10 - 5  A / c m  2 for 1000 sec. As quickly  as possible  (in about  
10 sec) the  C-V character is t ic  was re t raced  and Neff 
was found to be  11.24 • 1011 negat ive  charges /cm 2. 
Thereaf te r  the  C-V t race was r ede t e rmined  at specified 
intervals  wi th  the capaci tor  a l lowed to float in  between.  
The resul t s  are  given in Fig. 4. Less than  10% of the 
charge  was lost in 270,000 sec and 11 C-V t race  sweeps 
( - -5  to W5V) over  tha t  t ime. This sample  was also 
sub jec ted  to +_ 5 • 106 V /cm fields for 100 sec wi th  no 
significant det rapping.  This is in  agreement  wi th  
Nicol l ian et al. (9) who also found the i r  t r apped  elec-  
t rons to be qui te  stable.  

To assess the magni tude  of the  oxide field dur ing 
ava lanche  charging,  a series of samples  wi th  N2 an- 
nealed,  d r y  the rmal  oxide was made  wi th  Dsio2 v a r y -  
ing f rom 250 to 1200A. Under  s tandard  condit ions (f -- 
100 kHz, 50% du ty  cycle) the  appl ied  vol tage was de-  
t e rmined  to susta in  avalanche  in each sample  at Jde -- 
2 X 10 -6 A / c m  2. These are  shown in Fig. 5. By ex-  
t rapola t ing  the  l ine to zero oxide thickness,  the  silicon 
is found to avalanche at  25.7V. Since the  field in the 
sil icon cannot exceed the avalanche  field, any  vol tage 
a b o v e  Vavalanche  must  be d ropped  in the  oxide. The 
slope of the l ine yields  Eax : 1.7 • 106 V /cm at  the 
s ta r t  of  avalanche.  Dur ing l ong - t e rm  avalanching,  Eox 
would  increase to only about  3 • 10 B V/cm because 
Vappl ied  w a s  cont inuously  increased to keep Jdc constant.  
Therefore,  de t rapp ing  of electrons is unl ikely.  

For  some isolated samples  fast  sur face-s ta te  densi t ies  
were  measured  by  the quasistat ic  C-V technique (16). 
Fas t  s tate dens i ty  at  VFB was  found to change l i t t le,  
sometimes decreasing, sometimes increasing for 
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Ncollected < 1016 e / cm 2, but  increased d ramat i ca l ly  in 
the region where  the  C-V shifts s lowed down and r e -  
versed direction.  I t  is l ike ly  then  that  the reversa l  of 
Neff is due to fast sur face-s ta te  generat ion.  This se-  
ve re ly  complicates the  task  of de te rmin ing  the t rue  
number  of electrons t rapped,  and hence the  use of 
ANeff for compara t ive  purposes.  

E!~ects o] oxide processing.--To compare  t rapp ing  in 
SiO2 formed by  var ious  typ ica l  processes, a series of 
samples  was made  having  Dsio2 ~ 500A, wi th  no h igh-  
t empe ra tu r e  annealing.  Thermal  SiO2 films were  grown 
in d ry  02, d ry  O2 + 3% HC1, d ry  O3 + 3% H20, and 
steam. CVD oxide films were  deposi ted using the Sill4 
+ 02 react ion at 80O~ BSG films containing ~ 5  
weight  per  cent (w/o)  B208 were  deposi ted using the 
same reac t ion  wi th  d iborane  as the dopant  source, also 
at 800~ These samples  were  ava lanche-charged  at 
Jdc ---- 2 • 10-SA unt i l  the  t r app ing  saturated.  Their  
behavior  is compared  in both Fig. 6 and Table  I; the 
results  are  qui te  amazing. SiO2 was made  to accumulate  

5 • 10 TM negat ive  charges /cm 2. Also there  is a th ree  
order  of magni tude  difference in the ra te  of t r app ing  
be tween  d ry  the rma l  oxide and B-doped  CVD oxide. 
The da ta  suggest tha t  the  degree of t r app ing  depends  
somehow on the OH concentra t ion incorpora ted  in  the  
oxide dur ing  forming. The h y d r o x y l  content  of the  
samples  l is ted in Table I was de te rmined  f rom the 
2.73 ~ absorpt ion  peak  in  the i r  spec t rum fol lowing 

Table I. Trapping parameters of Si02 formed by different 
processes on 0.4 ohm-cm, B-doped, p < 1 0 0 >  Si 

Effec t ive  
s a t u r a t e d  Ef fec t ive  
t r a p p i n g  t r a p p i n g  H y d r o x y l  

Oxide  I n i t i a l  d e n s i t y  eff ic iency c o n e e n t r a -  
type  VFB (V) ( • 1 0 n / c m  ~) ( • 10-e) (a) t i on  (w/o)  

Dry  O5 -- 1.28 17 5.7 Not  de t ec t ed  
Dry  O~ + 

3% HCI -- 1.28 18 16 No t  de t ec t ed  
Dry 02 + 

3% H20 -- 1.24 23 58 
S t e a m  -- 1.51 39 180 0~-0 
CVD -- 1.20 56 520 0.44 
B - d o p e d  

CVD -- 0.80 57 5000 0.45 

(~) W h e n  1 X 10 TM e l e c t r o n s / e r a  ~ h a v e  b e e n  t r apped .  
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Fig. 6. Trapping behavior of Si02 formed by different processes; 
no high-temperature anneal. 

the method of Hether ington and Jack (17). The values 
for the CVD oxides are well  wi th in  the levels that  can 
be expected (18). The 0.1 w/o  OH measured for the 
steam oxide is slightly less than  that reported by Burk-  
hardt  using radio tracer techniques (19). The hydroxyl  
concentrat ion of the dry  02 + 3% H20 sample was not 
measured. No OH in the dry 02 + 3% HC1 sample could 
be detected by our measurements  although, by infer-  
ence, some should be present  in  the oxide due to the 
fact that about 15% of HC1 dissociates at 1000~ ac- 
cording to the equi l ibr ium reaction 

2HC1 -t- ~/2 02 ~ H20 + C12 [3] 

so the oxidizfng ambient  contained about 0.5% H20 by 
calculation. There should be no detectable OH concen- 
t ra t ion in  thermal  SiO2 grown in dry 02 (18). The OH 
group has been reported (3, 4, 9) to be associated with 
an e lect ron-captur ing center in  SlOe. It also appears 
from our current  data that boron incorporated in SiO2 
is associated with a strong t rapping center. This has 
been observed by Young for the case of B implanted in 
SiO2 (20). If B in SiO2 is associated with an. electron 
t rapping center, this may explain why dry thermal  
SiO2 grown on heavily B-doped silicon traps more than 
SiO2 grown on l ightly B-doped silicon. Figure 7 shows 
comparisons for two samples processed under  identical  
conditions (oxide grown in dry 02 at 1000~ an-  
nealed in dry N2 at 1050~ for 15 rain) .  Because of the 
favorable segregation coefficient, B is incorporated into 
the growing SiO2 film. It  is expected that  a greater 
boron concentrat ion in the oxide will result  from 
growth on a more heavily B-doped substrate. The data 
shows that  thermal  oxide on 0.4 ohm-cm B-doped 
silicon traps more efficiently than  thermal  oxide on 
2 ohra-cm, B-doped silicon. 

Since the OH group in SiO2 has been associated with 
an electron t rapping center, and since OH can be ex-  
punged from SiO2 by heating, it is instruct ive to de- 
termine the effects of h igh- tempera ture  annealing.  Ac- 
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Fig. 7. Trapping in dry, thermal Si02 grown on $i of different 
B-doping levels. 

cordingly, oxide samples from the same experiment  as 
those reported in  Fig. 6 and Table I were annealed in 
dry  N2 at 1050~ for 15 min.. The results are reported in 
Table II. As divergent  as the results were before an-  
nealing, after N2 anneal ing all the SiO2 films behaved 
quite similarly. The effect due to OH appears to have 
been leveled. Trapping decreased in  the most efficient 
films, bu t  increased in  the least efficient films. This ad- 
verse effect of anneal ing on the least efficient films may 
be due to additional boron incorporat ion into the oxide 
during annealing.  The BSG sample was not tested 

Table II. Trapping parameters of Si02 after high-temperature 
N2 annealing 

Effec t ive  sa tu -  Ef fec t ive  
r a t ed  t r a p p i n g  t r a p p i n g  

I n i t i a l  dens i t y  eff ic iency 
Oxide  t ype  Vr'B (V) ( X 10U/cm 2) ( • 10-6) (a) 

Dry  0-2 --0.91 25 59 
Dry  02 + 3% HC1 --0.85 22 24 
Dry  O~ + 3% H20 --0.86 22 29 
S t e a m  --0.77 28 66 

--0.65 24 29 

(~) W h e n  1 x 10 TM e l e c t r o n s / c m  ~ h a v e  been  t r apped .  
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because boron diffusion occurred dur ing  annealing,  and 
no C-V t race could be obtained.  

Addi t iona l  anneal ing exper iments  were  done wi th  
500A oxide films grown in d ry  O2 + 5% HC1. These 
samples were  annea led  for  up to 300 min  in N2 and 960 
min  in A r  at  1050~ These were  then  ava lanche-  
charged and the  resul ts  are  shown in Fig. 8 and 9. 
Clear ly  anneal ing  reduced  t rapping;  af ter  ve ry  long 
anneals  these HC1-SiO2 samples approached  the  be -  
havior  of d ry  02 SIO2. 

Conclusions 

1. Hot e lect ron avalanche inject ion is an effective 
method to s tudy how processing affects t r app ing  in 
SiO2 films on silicon. 

2. Pure,  dry, t he rmal  SiO2 was found to t rap  as 
many  as 2.6 X 10 TM e lec t rons /cm 2. 

3. The t rapping  efficiency of SiO~ films can va ry  by  
three  orders  of magni tude,  depending  on the format ion  
method.  

4. The t r app ing  ab i l i ty  of SiO2 var ies  wi th  its OH 
concentration,  which in tu rn  is affected by  the forming 
process. OH groups in SiO2 a re  associated wi th  electron 
t rapp ing  centers. 

5. Boron in SiO2 m a y  also be associated wi th  an elec-  
t ron  t rapp ing  center.  

6. H igh - t empera tu r e  anneal ing in a mois tu re - f ree  
ambient  can reduce t rapp ing  in SiO2 due to OH groups. 
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Ionic Conductivity of Doped Beta-Lead Fluoride 
John H. Kennedy* and Ronald C. Miles* 

University of California, Department of Chemistry, Santa Barbara, California 93106 

ABSTRACT 

The electrical conductivi ty of fl-PbF2 in  single crystal and pressed pellets 
was measured by a-c bridge techniques. Aliovalent  cation fluoride doping 
was used to elucidate the conductivity mechanism in the extrinsic region, 
25~176 Conduction was shown to be via fluoride ion vacancies. Potassium 
fluoride dopant increased the ionic conductivity of ~-PbFe from 5 • 10 -7 to 
1 • 10 -8 ohm-~-cm -J at room temperature.  However, galvanic cells uti l izing 
the higher conductivity of the doped mater ial  failed due to formation of a 
passivation layer  of pure ~-PbF2 at the anode/electrolyte interface. 

Some of the properties of lead fluoride have been 
known since Tubandt  studied the t ransport  number  
in 1921 (1). However, the solid-state ionic defect 
formation and conduction mechanisms have only been 
recently investigated. Lead fluoride occurs in two 
phases which exist at room temperature.  The ~-phase 
has an orthorhombic uni t  cell s t ructure  and is s imilar  
to the lead halides, PbC12 and PbBr2. Beta-lead fluoride 
is cubic like CdF2 and CaF2, as are all t ransi t ion 
metal  fluorides whose ca t ion- to-anion radius ratio is 
greater than or equal to 0.73. In a previously pub-  
lished part  of our study of polycrystal l ine material  
we verified Tubandt ' s  finding that at least the ~-PbF2 
fluorite s t ructure  conducted by anionic migration, and 
that the a-PbF2 structure probably exhibited a sim- 
ilar mechanism (2). We also confirmed Sauka's find- 
ings that the a-phase was metastable at room tempera-  
ture and atmospheric pressure, while the B-phase is 
apparent ly  stable up to the mel t ing point. The con- 
duct ivi ty of lead fluoride at high temperature  near  
the mel t ing point (822~ was investigated by Der-  
r ington and O'Keeffe (3). They found unusual ly  high 
values which they at t r ibuted to "dynamic ion disorder" 
of the fluoride sublattice. At lower temperatures,  
Schoonman et aI. found two Arrhenius  slopes and a 
knee where they met  at about 200~ in single crys- 
tals of ~-PbF2 (4). Both Derrington and O'Keeffe 
(3) and Schoonman et al. (4) ascribed the high tem- 
perature  conductivi ty of p-PbF2 to fluoride in ter-  
stitial ions which were formed by a Frenkel  mecha- 
nism. The other cubic fluorides are also known to 
form interst i t ial  defects in that manne r  (5-7). How- 
ever, Schoonman stated that the knee he observed 
at 200~ was most l ikely a shift from interst i t ial  
movement  to vacancy movement  at lower tempera-  
tures, ra ther  than being the usual t ransi t ion from an 
intrinsic to extrinsic region. This was based on the 
fact that the upper  slope was too low to be a heat 
of formation, and the trace impuri t ies  present  should 
have generated fluoride vacancies. 

In  order to unders tand the low temperature  con- 
duction mechanism o~ ~-PbF2, al iovalent  impuri t ies  
were doped into the ~-PbF~ lattice. The concentration 
of defects will change with doping in order to main- 
tain charge neutrality. As the following equations 
show, each KF introduced into ~-PbF2 may create a 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  a l i o v a l e n t  dop ing ,  f luor ide  ion  c o n d u c t i v i t y ,  g a l v a n i c  

cells,  l ead  f luor ide ,  sol id  e l ec t ro ly t e .  

fluoride ion vacancy or consume an existing in ter-  
stitial, while each t r ivalent  cation fluoride such as BiF8 
can consume an existing vacancy or create an in ter -  
stitial 

KF(PbF2)  ~ K'pb + FXF + V'F 

KF(PbF~)  + F'i--> K'pb 

BiFa (PbF2) + V'F "-> Bi'pb + 3FXF 

BiF8 (PbF2) "-> Bi'pb + 2FXF + F'i 

A change in the conductivi ty of ~-PbF2 upon doping 
with known impuri t ies  will determine whether  the 
material  is conducting via vacancies or interst i t ial  ions. 

Experimental 
Aliovalent doping.--Orthorhombic a-PbF2 (ROC/ 

RIC 99.999% pure)  was used without  fur ther  pur i -  
fication. Aliovalent  cation fluorides were doped 
into ~-PbF2 by diffusion and by making use of the 
~- to /3-phase transition. A melt  of the mixtures  was 
not used in this study since decomposition of lead 
fluoride was noted after melting. Also, mel t ing alone 
does not insure that the dopant  has moved into the 
lead fluoride lattice. Instead, mixtures  were heated 
beyond the phase transi t ion temperature  of about 
350~ It was anticipated that dur ing the phase t rans i -  
tion the impurit ies would be incorporated into the 
new crystal lattice. 

The mixtures  were made by successive di lut ion 
and mixed overnight on a ball  m i l l  They were then 
loaded into vials and sealed either under  ni t rogen 
or vacuum. Each vial was heated to about 500~ When 
x- ray  analysis showed that the lead fluoride had been 
converted to the cubic form, pellets were pressed at 
about 50,000 psi in a Pe rk in -E lmer  evacuable KBr 
die. This caused some reconversion to the ortho- 
rhombic form so that the pellets had to be reheated 
in sealed vials with PbF2 packing. No impur i ty  lines 
or movement  of peaks which would indicate a change 
in lattice spacing were observed in the x- ray  spectra. 

Conductivity measurements.--The exper imental  pro-  
cedures used have been reported previously (2). It 
has since been found that the electrodes which gave 
the least a-c frequency dependence were those ap- 
plied by vacuum deposition of lead metal  onto surfaces 
precleaned by glow-discharge followed by an ap- 
plication of graphite (Aquadag) to protect the thin 
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film of lead. Single crystals  were  measured  with the 
Aquadag  alone as the e lect rode mate r i a l  due to the i r  
sensi t ivi ty  to the rmal  shock. Also the GRC-1650A 
impedance  br idge  prev ious ly  used was modified by  
addi t ion of an external ,  pa ra l l e l  va r iab le  capaci tor  
which grea t ly  improved  the detector  nulls. The series 
equivalent  of the cell resis tance could be found by  
(8,9) 

Rs -- RB/[1 J- (~RBCB) 2] 

where  Rs : cell series resistance, RB : b r idge  res is t -  
ance, CB : b r idge  capacitance, and ~ : angu la r  ve-  
locity. 

Only in the  case of the single crystals  where  pa in ted  
graphi te  alone formed the electrodes was the ~RBCB 
t e rm significant. As prev ious ly  described,  the f re -  
quency-dependen t  terms were  separa ted  by  use of 
empir ica l  functions. 

Single crystals.--Single crysta ls  of pure  and doped 
#-PbF2 were  grown by S tockbarger ' s  technique of 
pul l ing  f rom the mel t  as descr ibed by  Jones (10). 
I t  was necessary to p remel t  the s tar t ing mate r i a l  
under  a flow of H F  to e l iminate  impur i t ies  which 
would have otherwise  caused decomposit ion.  Two 
single crysta ls  were  grown, one of undoped PbF2 
and the other  of 1 mole pe r  cent (m/o)  K F - d o p e d  
PbF2. Both crystals  were  ex t r eme ly  br i t t le  and for 
this reason t empe ra tu r e  studies were  somewhat  l imited.  

Results 
Total conductivity.--NaF, KF, and BiF3 were  used 

to dope impur i ty  cations into #-PbF2. The resul t ing 
changes in e lectr ical  conduct ivi ty  de te rmined  b y  the 
a-c  br idge  can be seen in Fig. 1. Both NaF  and K F  
increased the conduct iv i ty  whi le  BiF3 decreased the 
conduct ivi ty.  The slopes of the  Ar rhen ius  plots  are  
l is ted in Table I in terms of a hea t  of act ivat ion.  
The conduet ivi t ies  and Ar rhen ius  slopes of the  N a F -  

T (~ 
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2 1 I I I I I 
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Fig. 1. Ionic conductivity of doped and undoped fl-PbF2. KF dop- 
ing: (a) 2 m/o, (b) 1 m/o, (c) 0.5 m/o, (d) 0.1 m/o. NaF doping: 
(e) 1.5 m/o, (f) 0.5 m/o. Undoped ~-PbF2: (g) 99.999% #-PbF2, (i) 
results from Ref. (4). BiF3 doping: (h) 1 m/o. 

doped samples  were lower  and steeper,  respect ively ,  
than those of the K F - d o p e d  samples  of the same dop-  
ing concentration.  However  both appeared  to have 
act ivat ion energies  that  approached 0.21 eV as the 
doping was increased.  

Electronic conductivity.--Wagner polar izat ion cells 
were made f rom samples  of pure  as wel l  as N a F -  and 
BiF3-doped samples  of #-PbF~. The cells were  con- 
s t ructed by  vacuum deposi t ion of a th in  film of lead 
on one side of a pressed pe l le t  of #-PbF2 fol lowed 
by  pa in t ing  the other  side wi th  colloidal  graphi te  
(Aquadag) .  Polar iza t ion  curves were  t aken  at room 
tempera tu re  and under  vacuum. An equat ion re la t ing  
the observed cur ren t  to the electronic conduct ivi ty  
and some resul ts  for undoped lead  fluoride at 150~ 
were  given prev ious ly  (2). The N a F - d o p e d  samples 
gave currents  which were  below the detect ion l imi t  
of the appara tus  which was about  1 X 10 -1~ ohm -1-  
c m - t  New data  for undoped cubic lead fluoride at 
25~ are shown in Fig. 2 and were  ambiguous  as to 
whether  the cur ren t  was car r ied  by  electrons or holes. 
However  these new lower  conduction values for 
pure r  lead fluoride than used prev ious ly  are  in reason-  
able agreement  wi th  those observed by  Schoonman 
(11). The electronic conduct ivi ty  for BiFs-doped  /9- 
PbF2 is shown in Fig. 3 and indicates  electron carriers .  
Except  for the BiFs-doped  mater ia l ,  the electronic 
conduct ivi ty  measured  was far  below the total  e lec-  
t r ical  conduct iv i ty  observed.  At  room tempera ture ,  
the conduct ivi ty  of 1 m / o  BiF8 in #-PbF~ was 6.4 X 
10 - s  o h m - L c m  - I ,  whi le  the electronic conduct iv i ty  
was 4.0 • 10 - s  o h m - l - c m  -1. Since the electronic 
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Fig. 2. Electronic current of #-PbF2 pressed pellet cell vs. applied 
voltage at 25~ 
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Fig. 3. Electronic current of 1 m/o BiF3-doped #-PbF2 pressed 
pellet cell vs. applied voltage at 25~ 
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contr ibut ion  to the to ta l  conduct iv i ty  was so large,  
the Ar rhen ius  plot  for the  BiF3-doped ~-PbF~ was 
not considered in the  e lucidat ion of the  ionic conduc-  
tion mechanism. 

Discussion 
The increased conduct iv i ty  observed when /~-PbF,~ 

was doped wi th  monovalen t  cation fluorides was due 
to an increase in ionic conduct iv i ty  since the elec-  
tronic conduct iv i ty  was observed to decline. The ex-  
tr insic semiconductor  na ture  of /~-PbF~. which was 
apparen t  when BiF3 was doped into the la t t ice  has 
been observed before  by  Chan and Shields (12) and 
also by  A r k h a n g e l ' s k a y a  et al. (13). 

The fact  that  the ionic conduct iv i ty  of /~-PbF2 in-  
creased upon doping wi th  K F  and NaF, whi le  i t  de -  
creased when BiF8 was introduced,  indica ted  that  
the ionic cur ren t  was carr ied by  mobile,  fluoride ion 
vacanies  when the t empe ra tu r e  was be low about  180~ 
Above this t rans i t ion  point  the s teeper  slope may  rep -  
resent  an intr insic  region where  the conduct ing de-  
fects (V'F) are  being formed in significant number  
by  the rmal  generat ion,  or it  may  represent  a shift  
to a new conduct ion mechanism, i.e., fluoride i n t e r -  
s t i t ials  as suggested by  Schoonman et al. and Der r ing -  
ton and O'Keeffe. If both slopes are extrinsic,  how-  
ever, one must  assume nonequi l ib r ium between va-  
cancies and inters t i t ia ls .  

If  the  knee in the Ar rhen ius  slope represen ted  a 
t rans i t ion  from an extr ins ic  to an intr insic  region as 
the t empe ra tu r e  increased,  then the act ivat ion energy 
of the extr ins ic  lower  slope was AHm, the heat  of 
movement ,  while  the intr insic  upper  slope was ~H,,  + 
AHf/p ,  the sum of the heat  of movement  and of 
formation.  The constant,  p, represents  the number  of 
defects formed,  and would  be 2 for a F renke l  or 3 for 
a Schot tky  mechanism. The values  for these two 
slopes were  

lowest  slope : AHm = 0.21 eV 

highest  slope = ~Hm + ~Hf /p  = 0.66 eV 

The value  for  hHf would be 0.90 eV (Frenke l )  or 1.35 
eV (Schot tky) .  Both of these values  are  ra the r  low 
and cast doubt  on the ex t r ins ic - in t r ins ic  regions hy -  
pothesis. Based on the mel t ing  point  of PbF2 (822~ 
an es t imate  for  hHf (Frenke l )  is 2.72 eV (4). 

Our  doping studies show that  fluoride ion vacancies 
are  the conduct ive species, and vacancies can be 
formed by  e i ther  a Schot tky  or F renke l  mechanism. 
However ,  s tudies at  h igher  t empera tu re s  (3, 4) have 
indica ted  that  fluoride ion inters t i t ia ls  are the p re -  
dominant  conduct ive species. Since inters t i t ia ls  are 
formed by  a F renke l  mechanism and not the  normal  
Schot tky  mechanism (an t i -Scho t tky  defect  requires  
the format ion  of lead in ters t i t ia ls  in addi t ion) ,  it  is 
logical  to assume that  a F renke l  mechanism preva i l s  
at al l  t empera tu res  wi th  vacancies being the p redom-  
inan t  conduct ive species at low t empera tu re  (<200~C) 
and wi th  in ters t i t ia ls  becoming p redominan t  at high 
t empera tu res  because thei r  heat  of movement  is higher.  
However ,  the poss ib i l i ty  of both  Schot tky  and Frenke l  
mechanisms exis t ing in PbF2 cannot be ru led  out. 

I t  should be noted that  a t rans i t ion  from vacancy 
to in ters t i t ia l  conduction would a l low Ar rhen ius  plots 
of doped samples  to cross the undoped line. Potass ium 
fluoride doping would increase the concentrat ion of 
vacancies and enhance vacancy conduction at low 
t empera tu re  but  would decrease the concentrat ion 
of in ters t i t ia]s  and therefore  decrease conduct ivi ty  at 
high tempera ture .  A t rans i t ion  f rom extr ins ic  to in-  
t r insic would not predic t  such a crossing. F igure  1 
shows tha t  the doped lines m a y  cross the undoped 
lines in the 200~176 region. Fo r  more da ta  con- 
cerning crossing see Ref. (15). 

I t  is dangerous  to t ry  and fit resul ts  for po lyc rys ta l -  
l ine mater ia l s  into mathemat ica l  models  designed for 
pu re ly  bu lk  effects. Therefore,  the doping resul ts  were  

checked by  growing a single crys ta l  of 1 m / o  K F -  
doped /~-PbF2. I t  was possible that  there  might  be 
severa l  pa thways  by  which the conduct ing species, V'F 
and poss ibly  F'j ions, were  moving which would com- 
pl icate  the heats  of movement .  This effect had been 
descr ibed by  Mizuta and Yanagida  (14) in the case 
of CaF2, which also conducts by  fluoride ion vacancies. 
They found that  the Ar rhen ius  act ivat ion energy de-  
pended on the h is tory  or degree  of s in ter ing  of the  
po lycrys ta l l ine  mater ia l ,  and tha t  there  were  th ree  
extr insic  heats  of movement :  bulk,  gra in  boundary ,  
and gra in  surface. However ,  the single crys ta l  of 
doped PbF2 gave essent ia l ly  the  same values of con- 
duct iv i ty  and Ar rhen ius  slope as the po lycrys ta l l ine  
mate r ia l  (Table I ) .  Therefore,  in this case, the ionic 
t ranspor t  mechanism was not  dependent  on the po ly -  
crys ta l l ine  na ture  of the mater ia l .  

A method for calculat ing the  concentra t ion of de-  
fects in the undoped mate r ia l  assuming it  is extr ins ic  
in na ture  can be developed f rom doping studies using 
the convent ional  equation 

For  the undoped ma te r i a l  containing an extr ins ic  
concentrat ion of defects, no 

~'o = noe~ 

and for  the doped ma te r i a l  

--  (no ~ rid)e~ 

Since extr ins ic  conduct iv i ty  is assumed, the addi t ion 
of defects by  doping (rid) wi l l  not affect those presen t  
in the  undoped mate r i a l  (no). If  we assume for the 
moment  tha t  mobi l i ty  does not  change wi th  doping 
level  then 

nd 

~o no 

A plot  of ~/~o vs. nd should be a s t ra ight  l ine wi th  a 
slope of l /no. This plot  is shown in Fig. 4. S t ra ight  
lines were  not  obtained,  and the upward  curva ture  
indicated h igher  conduct ivi t ies  than  pred ic ted  at  h igh 
doping levels. If  one reviews the act ivat ion energies  
given in Table I i t  can be seen that  the act ivat ion 
energy decreased as a lkal i  meta l  concentra t ion in-  
creased. Thus, the basic assumption which is made  in 
most doping studies tha t  the mobi l i ty  does not  change 
with  doping level  was not t rue  in this case. If  we 
take a more  genera l  approach,  namely  

~T : ~o e--AHm/kT 

where  the p reexponent ia l  term, ~o, is d i rec t ly  p ro -  
por t ional  to the concentra t ion  of conduct ive species, 
then 

~~ o : kno 
and 

~o : k (no + rid) 

Again  a rat io  of conductivi t ies  can be used to give 

Table I. Experimental heats of activation 

M a t e r i a l  h H  (eV) 

fl-PbF2, u n d o p e d  0.39-0.50, 0.66 (a) 
~-PbF2,  u n d o p e d  s ing l e  c r y s t a l  0.60 (25~176 
1 m / o  BiFa  0.53 
0.5 m / o  N a F  0.39 
1.5 m / o  N a F  0.22 
0.1 m / o  K F  0.33, 0.51 (a~ 
0.5 m / o  K F  0,31 
1.0 m / o  K F  0.22 
1.0 m / o  K F ,  s ing l e  c r y s t a l  ~ 0 . 2  (b) (25~176 
2.0 m / o  K F  0.21 

(~) U p p e r  s lope  at h i g h  t e m p e r a t u r e  ( > 1 8 0 ~  
(b) S lope  w a s  f r e q u e n c y  d e p e n d e n t .  
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In  this case the extrapolated infinite tempera ture  values 
are used and a plot is shown in Fig. 5. A value of 
0.5 m/o  for the concentrat ion of extrinsic defects in 
undoped lead fluoride was obtained from the slope. 
However, the conductivi ty was considerably lower 
than with 0.5 m/o  KF doping because the heat of 
movement  was higher for undoped PbF2 than for 
KF-doped PbF2. 

A plot of AHm as a function of doping level is 
shown in Fig. 6. It appears that the heat of move- 
ment for vacancies can vary from above 0.5 eV in 
nominally pure PbF2 to 0.21 eV in highly doped PbF2. 
The sensitivity of the activation energy to impurity 
level explains why several different values have been 
observed by various investigators for nominally pure 
~-PbF2 from below 0.5 eV (2) to 0.7 eV (4). 

A change in the extrinsic heat of movement has 
not been previously reported for analogous solid 
electrolytes. This may be the result of the high doping 
levels used in this study or may be specific to PbF2. 
A concentration of i m/o KF is large enough to 
place a potassium ion within several cell lattice con- 
stants of any other ion in the lattice. The difference 
then between the KF and NaF doping experiments 
may be the result of different charge densities between 
sodium and potassium which would affect the energy 
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barriers the fluoride ion vacancy experiences at these 
high doping levels as it migrates. 

Recently a paper was published describing similar 
experiments  with lead fluoride (15). Most of the 
results are in general agreement  with those presented 
here, however some differences were observed. Doping 
with YF8 increased conductivi ty while our results 
with BiF~ showed a decrease in conductivity. This 
difference between the MF3 compounds should be 
studied in more detail. Liang and Joshi also described 
a l inear  increase in conductivity with doping up to 
1 m/o. We have observed more curvature  especially 
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at the  h igher  doping levels  (as high as 2 m / o ) .  Final ly ,  
we have observed a g radua l  decrease  in act ivat ion 
with increased doping level  while  Liang and Joshi  
observed only the high slope for undoped samples  
and the low slope for  doped samples.  We agree on 
both the high and low slope l imi t ing values,  but  
in te rpre ta t ion  depends  somewhat  on whe the r  or not 
in te rmedia te  values are  observed.  Addi t iona l  studies 
should be unde r t aken  to examine  these differences and 
to design exper iments  which wil l  d i scr imina te  be-  
tween var ious  conduct iv i ty  mechanisms which have 
been postulated.  

Galvanic cells.--Potassium f luor ide-doped ~-PbF.~ 
was used as an e lec t ro ly te  in galvanic  cells to test 
its high conduct ivi ty.  Sol id-s ta te  cells were constructed 
with CuF2 and A g F  as cathode mater ia ls .  The ant ic-  
ipa ted  open-c i rcu i t  voltages of 0.70 and 1.30V were  
achieved,  but  the cell  potent ia ls  feil  r ap id ly  when 
placed under  load and current  drawn.  

In o rder  to examine  the e lect rolyt ic  proper t ies  
exclusive of the  galvanic  cell configuration, a P b /  
PbF2 /Pb  cell was const ructed by app ly ing  a thin film 
of lead to serve  as a cathode on a pressed pe l le t  
(2 m/o  K F  doped-PbF2) ,  and press ing a p la te  of lead 
meta l  against  the opposite side of the pellet .  In this 
celt, lead meta l  would be deposi ted at the cathode 
and lead fluoride would be formed at the anode. How-  
ever,  the lead fluoride formed would be pure  and 
would not show the high conduct iv i ty  of the doped 
mate r i a l  unless K F  were  able to diffuse into the newly  
formed layer .  The format ion  of pure  PbF2 would be 
s imi lar  to the format ion  of a pass ivat ion layer  and 
expla in  the poor  per formance  of the galvanic  cells. 

Two P b / P b F 2 / P b  cells were  run,  one at 100~ and 
the other  at 250~ They y ie lded  currents  of severa l  
hundred  microamperes  and about  1 mA, respect ively,  
at an appl ied  vol tage of one volt.  Af te r  one day, the 
cur ren t  of the cell at 250~ was essent ia l ly  zero. The 
cell at 100~ took severa l  more days unti l  the cur ren t  
decayed to near  zero. About  9 coulombs of charge 
passed through the h igher  t empera tu re  cell while  
about 2 coulombs passed th rough  the lower  t e m p e r a -  
ture cell. 

Inspect ion of both lead pla te  anodes under  a micro-  
scope revea led  deposits,  roughly  c i rcular  in shape. In 
some places, the deposits  had coalesced, but  nowhere  
were  they  any higher  than 40~. There  were  no cor-  
responding pits in the adjacent  pel le t  surfaces. X - r a y  
analysis  of the deposi ts  showed the presence of ~-PbF.~ 
and Pb2OF2 but  no ~-PbF2 (Table I I ) .  A p p a r e n t l y  
deposi t ion occurred at a number  of p re fe r r ed  active 
sites and ceased when they  were  consumed. Poss ibly  
these sites were  mere ly  high pressure  contact  points 
between the lead pla te  and the pressed pel le t  of doped 
electrolyte .  ]t has been shown prev ious ly  that  fl-PbF2 
converts  to ~-PbF2 when under  pressure  (2). This 
could expla in  why  the lead fluoride was formed in 
the ~- r a the r  than E-form. Thus, even though doped 
~-PbF2 has quite high ionic conduct iv i ty  its use may  
not be possible in lead anode galvanic  cells because 
the anode product  wil l  be low conduct ivi ty  pure  
a-PbF2. 

Conclusion 
It  has been shown that  /3-PbF2 conducts by fluoride 

ion vacancy movement  when at t empera tu res  below 
180~ Fur thermore ,  the conduct ivi ty  can be consider-  
ab ly  enhanced by  doping with  monovalen t  cation 
fluorides. The presence of monovalen t  cations also 
appears  to decrease the heat  of movement  for the 

Table II. X-ray data of lead anode surface 

28, IlIo IlIo IlIo 
degrees  d, A I (Pb) (c~-PbF2) (Pb-2OF2) A s s i g n m e n t  

26.83 3.320 56 100 Pb2OFz (3.33) 
27.10 3.288 10 100 a - P b F 2  (3.290) 
27.'/0 3.218 3 30 a - P b F s  (3.222) 
29.12 3.064 7 13. Pb2OF2 (3.07) 
29.20 3.056 7 70 ~-PbF~ (3.058) 
31.00 2.882 4.3 78 Pb2OF2 (2.88) 
31.26 2.859 55 100 Pb (2.855) 
36.28 2.474 20 35 P b  (2.475} 
38.15 2.357 8 S0 a -PbF~  (2.364) 
42.31 2.134 6 60 aPbF~ (2.135) 
44.40 2.039 16 29 Pb~OF~ (2.03,2.04) 

C o m m e n t s :  Two  peaks  f r o m  Pb~OFe w e r e  mi s s ing ,  d = 2.86 (I/Io 
= 60) and  d = 2.70 (I/[o = 70). The  f i rs t  was  p r o b a b l y  m a s k e d  b y  
the  l ead  a t  d = 2.855. ce-PbF2 was  also m i s s i n g  one peak ,  d = 2.475 
(I/Io = 26). U n d o u b t e d l y  i t  was  m a s k e d  by  t he  l ead  peak  a t  d = 
2.475. On ly  one  x - r a y  ou t  of  t h r ee  t a k e n  s h o w e d  a v e r y  sma l l  p e a k  
at  d = 3.425 w h i c h  cou ld  be  a t t r i b u t e d  to ~-PbF2 at  d = 3.428. 
X - r a y  d i f f r ac t ion  of a l e ad  p la te  a f t e r  b e i n g  h e a t e d  a t  250~ fo r  
s eve ra l  days  s h o w e d  t h a t  none  of  the  l e ad  oxide peaks f r o m  th i s  
spec t r t tm co r r e sponded  to the  x - r a y  d i f f r ac t ion  p a t t e r n  s h o w n  above .  

vacancies. Its usefulness in a so l id-s ta te  cell, how-  
ever, is poss ibly  l imi ted  due to the format ion  of an 
anode passivat ion l aye r  consist ing of low conduct ivi ty  
pure ~-PbF2. 
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ABSTRACT 

An expe r imen ta l  s tudy of the  effects of var ious  pa rame te r s  on the  p rop -  
er t ies  of (111) and (10O)Si films grown on sapph i re  (~-A120~) by  the Sill4 
pyrolys is  CVD method has been carr ied  out. The fol lowing were  examined:  
autodoping,  g rowth  t empe ra tu r e  and g rowth  rate,  As -doped  n - type  films, 
p - t y p e  films doped wi th  B, proper t ies  as a function of film thickness,  and the 
effect of reactor  configuration. I t  was de te rmined  tha t  at g rowth  rates  of 
~2-6  ~m/min  in a ver t ica l  reactor  n - t ype  (111)Si films grown at  t empera tu re s  
of 1050~176 on A1208 subs t ra tes  or ien ted  near  t he  (1!20) p lane  are  elec-  
t r ica l ly  super ior  to those grown on (01~2)A12Os and (1014)A1203 over  the  
t empe ra tu r e  range 950~176 Fi lms  wi th  electron mobi l i t ies  as high as 
600-700 cm2/V-sec for car r ie r  concentrat ions of 1016-1017 cm -3 were  obtained.  
P - t y p e  Si films grown using B2H~ as the  dopant  source were  also e lec t r ica l ly  
be t te r  on ~(1120)A1203 [ ( l l l ) S i - g r o w t h ]  than  on (01i2)AI~O~ [(1O0)Si 
growth] ,  Hal l  mobil i t ies  being ,-,2-3 t imes l a rge r  for hole concentrat ions 10 ~6- 
10 ~7 cm -3. A comparison of film proper t ies  of n - t ype  films as a funct ion of 
thickness indicated both the (100) and ( l l l ) S i  films behave  essent ia l ly  the  
same way, i.e., the average  mobil i t ies  show a s teady decrease wi th  decreasing 
film thickness.  These studies revea led  the s t rong in ter re la t ionships  tha t  exis t  
among the var ious  pa rame te r s  involved  in opt imizing Si g rowth  on insula tors  
and indica ted  that  g rowth  conditions (i) must  be opt imized for the  pa r t i cu l a r  
subs t ra te  or ienta t ion  chosen; (ii) differ for those subs t ra te  or ientat ions which 
lead  to the same Si or ientat ion;  (iii) are  dependent  on reactor  geometry ;  and 
(iv) should be opt imized for the  pa r t i cu la r  film thickness desired.  

S i l i con-on-sapph i re  (SOS) is now over a decade old, 
having been first announced by  our l abo ra to ry  in 1963 
(1). However ,  only  in the  las t  few years  has a p ro -  
nounced in teres t  in SOS been demonst ra ted .  

A ma jo r  emphasis  has been p laced  on the use of 
(0112)A1203 as the subs t ra te  or ienta t ion since it con- 
trols  the growth  of (100)-or iented  Si, which is p re -  
fer red  for MOS s t ructures  in bu lk  Si because surface 
states are minimized;  however ,  be t te r  e lectr ical  p rop -  
ert ies have  been repor ted  for  (111)Si/(O001)A120~ 
films grown by chemical  vapor  deposi t ion (2). The best  
films were  grown at the  re la t ive ly  high t empera tu re  
of ,--1200~ (2). Two other  pr inc ipa l  or ientat ions  that  
were  identif ied dur ing our ea r ly  studies (3) as influ- 
encing the  growth  of ( l l l ) S i  are  (10~4)A1203 and 
,~ (1120)A12Os. This paper  reports  the resul ts  of a s tudy 
to compare the proper t ies  of ( l l l ) S i  films grown on 
these or ientat ions wi th  (100)Si films grown on 
(0112)A1208. Some studies were  also pe r fo rmed  on 
(1123)A1203, which induces Si g rowth  about  7.5 ~ off 
the ( l l l ) S i  plane.  Subs t ra tes  cut ~ 5  ~ off the (1120) 
plane of A120~ toward  the [10~0] direct ion were  used 
to ensure  tha t  the g rowth  was single crys ta l  wi th  the  
(111) p lane  of Si pa ra l l e l  to the  (1120) p lane  of A120~ 
(3). 

Experimental 
Except  as noted, the  Si g rowth  studies involved the 

format ion  of films by  the pyrolys is  of SiH4-H2 m i x -  
tures  in the  appara tus  depicted in Fig. 1. I t  consists of 
a ver t ical  60 m m  OD quar tz  tube 38 cm long, containing 
a S iC-covered  carbon pedes ta l  ("Ti-Kote ,"  Texas In -  
s t ruments)  which could be ro ta ted  and induct ive ly  
heated;  a mani fo ld  made  f rom 1/4 in. stainless steel 
(Type  316) tubing;  appropr ia t e  flow meters  (Brooks 
Ins t ruments )  for  moni tor ing  the gas flows; Teflon con- 

*Electrochemical S o c i e t y  A c t i v e  M e m b e r .  
Z P r e s e n t  a d d r e s s :  R o c k w e l l  I n t e r n a t i o n a l  S c i e n c e  C e n t e r ,  T h o u -  

s a n d  O a k s ,  C a l i f o r n i a  91360. 
K e y  w o r d s :  s i l i c o n - o n - s a p p h i r e ,  ( l l l ) S i  f i lms,  h e t e r o e p i t a x y ,  

c h e m i c a l  v a p o r  d e p o s i t i o n ,  a n i s o t r o p y .  

52 

nectors  (Beckman Ins t ruments )  to faci l i ta te  reac tor  
exchange;  and provis ion  for separa te  evacuat ion of the  
flow lines and the reactor.  Dur ing  the work ing  day,  a 
cont inual  flow was main ta ined  in the gas lines; only 
the  reac tor  por t ion  and connections were  evacuated  
be tween  exper iments .  

The H2 carr ier  gas was Pd-pur i f ied ,  and the He was 
grade 6 T M  f rom Airco. The dopant  sources used con- 
ta ined  200 ppm AsH~ in H2 (Airco) and 195 p p m  B2H6 
in H2 car r ie r  gas (Scientific Gas) .  Tempera tu re s  of the  
SiC-coated  carbon pedes ta l  were  measured  wi th  an 
optical  py rome te r  and were  not  correc ted  for any ap-  
pa ren t  emiss iv i ty  changes caused by  the in tervening  
quartz  chamber  wall.  Tota l  gas flows of 6 lpm were  
used in the  exper iments  descr ibed.  

The subs trates,  which in most cases possessed an oval  
shape, were  fabr ica ted  from 0.5 in. d iameter  Verneui l  
and Czochralski  rods obtained f rom Union Carbide  
(San Diego, Cal i fornia) ,  and Crys ta l  Optics (Ann A r -  
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Fig. 1. Schematic diagram of chemical vapor deposition apparatus 
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bor, Michigan).  They were oriented at Rockwell and 
cut and polished at Insaco (Quakertown, Pennsy l -  
vania) ,  and at Rockwell. Measurements  of film conduc- 
t ivi ty type, resistivity, carrier  concentration, and car- 
rier mobi l i ty  were made util izing ei ther  the van  der  
Pauw method (4) or the more accurate and conven-  
tional Hall-effect bridge method. The Hall-effect 
bridges etched in Si on a given substrate orientat ion 
for tunate ly  were, in  most cases, placed in  the same 
direction with respect to the crystallographic axes in  
the plane of the substrates. The importance of this 
point is discussed later. 

Resu l ts  a n d  D iscuss ion  

Study of autodoping in (100) and (111)SOS films.-- 
Autodoping from the A1208 substrates has been shown 
to cause appreciable doping of epitaxial  Si films grown 
in H2 (5, 6). In  order to determine more precisely the 
extent  of this doping in our reactor, a n u m b e r  of in ten-  
t ional ly undoped (100)- and ( l l l ) - o r i e n t e d ,  ~2  ~m 
thick films were grown in H2 as a funct ion Of tempera-  
ture from 1050 ~ to 1150~ at a growth rate of --.2 ;~m/ 
min. The carrier concentrat ion data are shown in Fig. 2 
for the unannea led  films. Each data point  represents an 
average value for data obtained from 1 to 3 samples. 
Slight changes in growth temperature  appreciably al- 
tered the extent  of autodoping, since the acceptor con- 
centrat ion varied by  over two orders of magni tude  for 
growth temperature  changes of just  100~ i.e., 2-3 • 
101~/cm ~ at 1050~ to ~3-5  X 1017/cm ~ at 1150~ Auto-  
doping appeared to be sl ightly less in ( l l l ) S i  on 
~(1120)A1~O~ than  for (100)Si on (01-12)AleO~ for a 
given growth temperature.  Fu r the r  studies on the ef- 
fect of A12Oa in a system containing Si are presented 
as an Appendix to this paper. 

Effect of growth temperature on film propert ies . -  
The electrical properties of As-doped films grown at a 
rate of .--2 ~m/min  in our reactor indicated equivalent  
qual i ty ( l l l ) S i  on (1014)A120~ and (100)Si on 
(0112)A120~ at growth temperatures  from 950~176 
for donor concentrat ion from 10 TM to 10 TM c m - L  When 
.-- ( 1 i20) AleO~ was examined  as a substrate for (111) Si 
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Fig. 2. Variation of net acceptor carrier concentration due to AI 
autodaplng as function of growth temperature for intentionally 
undoped and unannealed Si /AI20~ films. (Data points are averaged 
values.) 

growth, it was found necessary to use temperatures  in  
excess of 1050~ to obtain reflective n- type  films. De- 
terminat ion of the correct carrier concentrat ion for 
films grown at these temperatures  was of course com- 
plicated by an autodoping species from the A12Os sub-  
strate, which served to compensate the As added and 
had to be removed before the net donor concentrat ion 
could be established. For this reason, an I100~C annea l  
first in 02 and then in N2 was employed for all films 
grown at or above 1050~ before measurement  in order 
to render  the contaminant  electrically inactive. 

In  Fig. 3, the mobilit ies of films grown on (0112) and 
-~(1120)A1203 substrates are plotted as a funct ion of  
growth temperature.  At each tempera ture  data for a 
number  of films with net donor concentrations between 
1 and 5 X 1016 cm -3 are averaged; the bars indicate 
the range of mobilities over which the points are aver-  
aged, and the number  next  to the point  indicates how 
many  samples contr ibuted to the average value plotted. 
It was found that for a growth rate of .--2 ~m/min  the 
electron mobil i ty  in (100)Si (values of ~500-550 cm2/ 
V-sec) was near ly  independent  of growth temperature  
(Tg) for 1040~ --~ Tg --~ 1100~ For ( l l l ) S i  growth on 
the A12Os orientat ion near  the (1120) plane, film mo- 
bilities appeared to improve with increasing growth 
temlzerature and exceeded those obtained for (100)Si 
by about 25% (values of 650-700 cm~/V-sec) at the 
higher  growth temperatures.  

Growth of Si on various other AI~O~ orientations at 
high growth tempera ture  was also examined. The 
(1014) and (1123)A1203 orientations were used as sub-  
strates for Si growth at temperatures  from 1075" to 
1150~ For film thicknesses of 1.5-1.9 ~m and donor 
concentrations of 1-2 X 1016 cm 3, the (1014) and (1123) 
orientations yielded films with mobilit ies of 400-500 
cm2/V-sec over the whole temperature  range, values 
inferior to those measured in  the bet ter  ( l l l ) - o r i e n t e d  
films grown on --~ (1120) A1203. 

Effect of growth rate on film properties.--Growth 
ra te-mobi l i ty  data for 2 ~m-thick films grown at 1075~ 
on (0112)A1203 and also on ,-,(1120)A1~O~ are plotted 
in Fig. 4. The data suggest an improvement  in film 
properties at growth rates exceeding 1 ~m/min;  the 
mobil i ty  maxima occur in films grown at a rate of 
about 4 ~m/min  for (0112)A1203 and about  2 #m/ra in  
for films grown on substrates with an orientat ion near  
(l120)A1~Os. These films were grown under  conditions 
of constant dopant gas flow. However, as shown in Fig. 
5, an exponent ia l - re la t ionship exists between growth 
rate and carrier concentration. Such a relationship i s  
not expected since the growth rate is a l inear  funct ion 
of Sill4 flow rate. That  is, a simple di lut ion of  t h e  
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Fig. 3. Voriaffon of Hall mobility with growth temperature For 
Si /AI203 films having net donor carrier concentration of 1-5 X 10 TM 

cm -3 .  (Films were annealed before electrical measurement.) 
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Fig. 5. Variation of net donor carrier concentration with growth 
rate for Si/Al~O~ films grown at 1075~ with constant dopant-gas 
flow rate. (Annealed at 11000C in 02, and N2.) 

dopant  gas by the increasing silane flow rate would 
be expected to lead to a l inear  variat ion of carrier con- 
centrat ion with growth rate. In  any case, a substantial  
par t  of the mobil i ty  decrease at the low rate is a conse- 
quence of an increasing carr ier  concentration. Unfor tu-  
nately, studies relat ing growth rate to mobil i ty at con- 
stant donor concentrat ions and different temperatures  
were not made in  our reactor. The data, however, do 
indicate the importance of making gas-phase doping 
concentrations consistent with growth rate when o n e  
attempts to grow a homogeneously doped film by a 
dual - ra te  growth process (7). 

One can also note from Fig. 5 that the donor concen- 
t rat ion measured in  films on ,~(11"20)A120~ are con- 
sistently lower than those grown simultaneously on 

(0112)A1208. This is consistent with the results on 
autodoping shown in Fig. 2 and suggests that both 
d o n o r  and acceptor dopants are incorporated less easily 
into the ( l l l ) - o r i e n t e d  Si lattice. 

Properties of p-type, B-doped Si/Al20a ~Llms.--Dop- 
ing experiments  with Si films on A1208 for the purpose 
of achieving p- type  films were under taken  with di-  
borane (B2H6) as the source of B. Calibrat ion data for 
a range of carrier concentrat ions from ,~3 • 16 TM to 
~2  • 1020 cm -3 were established for ,~2 ~m thick, p -  
type Si films grown at ,~2 ~m/min  on (0112)A12Os at 
1025~ (unannealed)  and on (0112), ,~(1120), and 
(1014)AleO3 at 1075~ (annealed) ;  the data are shown 
in Fig. 6. 

Since the data points essentially define a single 
straight l ine for both the unannea led  and annealed 
films, the anneal ing was effective in  removing the p-  
type autodoping species without  d is turbing the B-spe-  
cies in  the film. Hall mobil i ty  as a funct ion of hole con- 
centrat ion for the films is shown graphically in Fig. 7. 
The electrical properties of the B-doped (100)Si are 
similar  to those previously reported in  the l i terature  
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Fig. 6. Calibration curve for growth of p-type Si/AI20a films us- 
ing B2H6 dopant source. The films were annealed at 1100~ in O2 
and N~. 
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(8) and are equivalent  for films of the same carr ier  
concentrat ion grown at 1025 ~ and 1075~ therefore, 
either growth tempera ture  appears to be adequate for 
p - type  (100)Si growth. 

The electrical data for the p- type  films grown on 
(1120) and (1014)A1208 were most encouraging, with 

mobilities exceeding those measured on (0112)A1203 
twofold or more for hole concentrations in  the 1016- 
1017 cm -3 range. The results are close to those values 
for bulk Si and  appear to be the largest yet  recorded 
for Si films only 2 ~m thick on A1203. Almost equiv-  
alent  properties were obtained for p- type  (111) films 
grown on (1014) and ,-~(1120)AI203. This was surpris-  
ing since, as previously noted, n - type  films grown in 
H2 on ~ (1120)A12Oa were superior to those grown on 
(1014) substrates. Very high mobilities have also been 
reported for ( l l l ) - o r i e n t e d  p- type  films grown on 
( i l l ) s p i n e l  (9). These have been explained by a piezo- 
resistance effect due to the compressive stress in  the 
films. 

Variations in Si film properties with thickness.--It 
has been reported on many  occasions that  the electrical 
properties of heteroepitaxial  semiconductor films tend 
to be inferior close to the substrate on which growth 
occurs (10, 11). A comparison was therefore made of 
the variat ion of electrical properties with film thickness 
for re la t ively thin, annealed, n - type  (100) and (111)Si 
films grown at ll00~ 

From Fig. 8, it can be observed that the carrier con- 
centrat ion remained relat ively constant, decreasing 
only slightly for th inner  films, but  the average mobil i -  
ties showed a more pronounced decrease with decreas- 
ing film thickness for both orientations. Films that were 
reduced stepwise in thickness by  polishing and then 
remeasured electrically also showed the same general  
thickness dependence on average mobil i ty  and carrier  
concentration. The average mobilities for (111) Si films 
~0.5-1.0 ~m thick grown on ,~(1120)A120~ also appear 
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Fig. 8. Variation of film properties with film thickness for thin 
n-type Si/AI203 films. (All films annealed after growth for 1 hr 
in 02 at 1100~ 

to be slightly superior to those found in  (100)Si films 
grown in our vertical apparatus. However, they are es- 
sential ly the same as those reported by Cullen and 
Corboy (12) for (100)St-on-sapphire grown in their 
reactor at 1000~ (See next  section.) 

Effects of reactor configuration on film propert ies . -  
Because of differences in growth reactors found in var i -  
ous laboratories, several experiments  were conducted 
to investigate the effects that different reactor geome- 
t ry may have on film properties. Exper iments  were 
performed on (0152) A12Os and N (11~20) A120~ in a hori-  
zontal reactor system which normal ly  would accommo- 
date up to four 2 in. diameter  wafers per  run. Even 
though the typical growth rate used in this reactor (,~1 
~m/min)  was not the same as that  used most often in 
the vertical reactor, and the H2 carrier-gas flows (,-,40 
lpm) were substant ia l ly  greater than those used in the 
vertical system (6 lpm),  the l imited data obtained are 
considered meaningful  because they supported the pur -  
pose for which the experiments  were performed. 

The growth tempera ture  was varied from 960 ~ to 
1100~ The visual appearance of those films grown at 
1075 ~ and l l00~ indicated a deteriorat ion of film qual-  
ity; therefore, only those films grown in the range 960 ~ 
1075~ were evaluated electrically. 

The electrical data shown in Fig. 9 indicate a uni form 
increase in electron mobi l i ty  with decreasing growth 
temperature  for 1.0-1.4 gm thick films grown on 
(0112)A1208, i.e., from a value of about 325 cm2/V-sec 
at 1075~ to approximately 600 cm2/V-sec at 960~ for 
carrier concentrations in the range ---2-6 X 10 TM cm -8. 

The inabilit ies of films grown simultaneously on 
(1120)A1203, on the other hand, showed a ma x imum 

of over 600 cm2/V-sec at ,~1050~ with only a slight 
decrease at 1030 ~ and 10750C. The results are different 
from the data obtained on films grown in the vert ical  
reactor system, for in this set of experiments,  (100)- 
oriented Si films were produced with properties essen- 
t ially as good as those measured in ( l l l ) - o r i e n t e d  St. 
It is apparent  that the determinat ion of opt imum film 
growth parameters relate to the growth apparatus be- 
ing employed, and a comparison of ~ results from differ- 
ent laboratories must  always be made with this fact in 
mind. 

Anisotropy considerations.--During the lat ter  part  of 
the studies just  described, it was established that  the 
electrical properties of SOS are not isotropic in the 
plane of the film (13, 14). Using a specifically designed 
double Hal l -br idge pa t te rn  etched in  the Si film so 
that independent  measurements  of Hall mobil i ty  were 
made every 18 ~ in  the plane of the films, Hughes and 
Thorsen determined the amount  of anisotropy as de-  
scribed by a parameter  A [A - (gmax - -  ~ m i n ) / ~ A ,  

where gA : (1/2)(;~max ----- mnin)] of 9% for (100)St/ 
(0~2)A1208 (13) and about 40% for (221)Si/  
(1122) A1208 (14). P re l iminary  data indicate anisotropy 
in mobil i ty for ( l l l ) S i  films also, averaging 16% for 
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Fig. 9. Variation of Hall mobility with growth temperature for 
n-type Si/AI203 films grown in a horizontal reactor. 
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(111)Si growth on ,~(1120)A1208 and 30% for (111)Si 
growth on (1014)A1203 (15). 

These variations in mobi l i ty  could have led to con- 
siderable scatter in the electrical data if circular sub-  
strate wafers had been used in these studies prior to 
the discovery of anisotropy in these films. But, because 
of the oval shape of the substrate and the operator's 
tendency to place a square-shaped Hall-effect bridge in  
approximately the same direction in the Si film relat ive 
to the sides of the substrate (and hence to the crystal-  
lographic axes of the substrate) ,  it  is believed that  
most of the data obtained can be correlated with the 
parameter  changes made. Since the average anisotropy 
in mobil i ty for ( l l l ) S i  on ~(lf20)A1203 is only slightly 
greater (7%) than that  found for (100)St on 
(0112)A120~, we feel that the higher mobilities mea-  
sured in 2 #m thick ( l l l ) S i  films on --(1120)A1208 
grown in the vertical reactor are in  fact real and con- 
sis,tent with an improved film quality. A correlation 
between electrical data and device data is now re-  
quired to determine if ~ ( l~0)A12Os is a superior Sub- 
strate orientat ion for devices made in  s i l icon-on-sap-  
phire. 

Summary and Conclusions 
An exper imental  s tudy of the effects of various pa-  

rameters  on the properties of (111) and (10O)Si films 
grown on A1203 by the SiH4-H2 pyrolysis CVD method 
was carried out in  a vertical growth system. It was 
established that significant autodoping occurs in Si on 
Al~O8 at temperatures  greater than  about 1050~ 

Essentially equivalent  (100) - and (111) -oriented, n -  
type Si films grew on (0112) and (10-f4)AI208 sub-  
strates at deposition temperatures  of 950~176 (be- 
low autodoping range) and at growth rates of ---2 ~m/  
min. 

A120~ substrates having orientations near  the (1120) 
plane, which were not previously used in  heteroepitaxy 
growth parameter  studies, were also utilized for 
( l l l ) S i  heteroepitaxy, but  required temperatures  > 
1050~ for the growth of films with good electrical 
properties. For growth rates of ,~2/~m/min, films were 
obtained with electron mobilities of 600-700 cm2/V-sec 
for net  carrier concentrations of 1018-1017 cm -z, which 
exceeded the mobilities we obtained on either 
(0fi2)A120~ or (1014)A1208. At higher Si growth rates 
(up to ~6  ~m/min)  and deposition temperatures  Tg, 
good qual i ty films (~,~500-600 cm2/V-sec) were also 
formed on (0112)A1208 (1040~ ~ Tg ~ l l00~ 

At the high growth temperatures  it was found neces- 
sary to "homogenize" the electrical properties of the 
films by an 02, N2 anneal  in order to deactivate the 
autodoping species. 

P- type  Si films were also gr.own using B2H6 as the 
dopant source. As in the case of the n - type  films, better  
films were obtained on ,~ (1120) A1208 [ (111) S,i growth] 
than on (01~2) A120~ [ (100) Si growth] ; Hall mobilit ies 
were ,--2-3 times larger for films with net  hole concen- 
trations 1016-1017 cm-~. 

A comparison of film properties of n - type  films as a 
funct ion of thickness indicated both the (100) and 
( l l l ) S i  films behave the same way, i.e., the average 
mobilit ies show a steady decrease with decreasing film 
thickness. The average mobilities were slightly su- 
perior for ,~0.5-1.0 ~m films grown ,~ (1120) A120~. 

These studies revealed the strong interrelat ionships 
that exist among the various parameters  involved in 
optimizing Si growth on insulators. Evaluat ion of the 
electrical properties of Si films on those orientations 
that produce the best Si overgrowths demonstrated 
that growth conditions (i) must  be optimized for the 
part icular  substrate orientat ion chosen; (if) differ for 
those substrate orientations which lead to the same Si 
orientation; (iii) are dependent  on reactor geometry; 
and (iv) probably should be optimized for the par t icu-  
lar film thickness desired. In  addition, care must  be 

exercised in measurement  techniques when  using mo-  
bil i ty as a figure of meri t  because of the differences 
caused by anisotropy considerations. 
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APPENDIX 

In order to examine fur ther  the effect of the presence 
of A12r in a system containing St, two experiments  
were periormea,  one in 1-12, the other in  lie. An  oval 
A12{33 wafer (13 • 16 mm) was placed on a ,~60 ohm- 
cm n- type  HF-dipped mechanical ly polished Czochral- 
sk i -grown Si waIer. The composite was heated in  the 
CYi) reactor at a pedestal temperature  of 1100~ for 1 
hr in  H2 or in He, with these carrier gases flowing at a 
rate of ~ lpm. For the H2 case, after the A1208 was re-  
moved, a mesa about 1 #m high which pro mea the oval 
wafer was in  evidence, and the Si which had been ex- 
posed to the H2 was eroded considerably. The Si mesa 
and surrounding area were p- type and etched. Angle-  
lapping and staining revealed a relat ively uniform p- 
type layer  N2.4 #m thick at the mesa and a somewhat  
i r regular ly  shaped layer N1.7 ~m thick in  the etched 
area where the wafer was positioned. A van  der Pauw 
measurement  of the mesa, which was cut from the rest 
of the wafer, gave the following properties: p _-- 3.5 
ohm-cm; p ~ 6.3 • 1015 cm-3; ~ : 284 cm2/V-sec. 

A subsequent  anneal  for 1/2 hr in 02 plus 2 hr in N2, 
a process which has usual ly  been found sufficient to de- 
activate the Al-conta in ing  impur i ty  species in  thin SOS 
films, diffused the p- type  impur i ty  fur ther  into the 
substrate and at the same time converted the top of the 
p- type layer to n-type.  A n  addit ional 18 hr of anneal  
(1/2 hr O2 ~ 171/2 hr N2) almost converted the whole 
layer  to n-type,  as evidenced by only a residual stain 
of the layer  at its deepest penetrat ion.  

Without A1203 present  in  the reactor, another unused 
piece of the same Si wafer used in  the above experi-  
ment  remained n - type  and relat ively high resist ivity 
after t rea tment  in  H2 for 1 hr at ll00~ 

Some attack of the Si by A1208 was also in evidence 
when He was used as the carrier gas, but  the etching 
was much less severe; essentially no mesa was formed. 
The Si surface just  below the A12Oa was converted to 
p-type, however, as in the H2 experiment.  

These results demonstrate  the need for minimizing 
the reactions between St, A120~, and H2. They also sug- 
gest that some reaction products may be generated 
dur ing the early stages of Si growth which could af- 
fect the mode of nuclei formation, be incorporated into 
the growing film, and affect the crystal l ini ty of the 
films at the Si-A1208 interface. Such impuri t ies  may 
constitute an addit ional factor in de termining the de-  
fect s t ructure in SOS films, in addition to that a t t r ib-  
uted to lattice mismatch and strains at the Si-A1203 
interface. Autodoping can presumably  be minimized by 
the use of an inert  atmosphere, lower growth tempera-  
tures, and high growth rates to seal the A1203 surface 
as fast as possible. 
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ABSTRACT 

Tan ta lum-doped  a lumina  films were  deposi ted by  the pyrolys is  of a vapor  
mix tu re  of TaC15 and A1C13 in the presence of hydrogen  and carbon dioxide in 
the t empera tu re  range of 800~176 The Ta content  seems l imi ted  to 5.5 mole  
pe r  cent of Ta205. The films, wi th  only a minute  amount  of Ta, are  crystal l ine,  
having the proper t ies  of pure  a lumina  films. When  the Ta content  exceeds a 
cer ta in  level,  the films become amorphous.  Amorphous  films have an  opt ical  
index of re f rac t ion  of 1.68 and a dielectr ic  constant  ranging f rom 9.5 to 12.0. 
Amorphous  films are  e tchable  in the diluted,  buffered HF solut ion and show a 
d-c  conduct ion governed  by  the  Poo le -F renke l  effect. 

Chemical  vapor  deposi ted (CVD) a lumina  (A120~) 
films, because of the i r  negat ive  dielectr ic  charges (1), 
have found appl icat ions  as gate insula tors  for  the  con- 
ventional ,  insula tor -gated ,  field-effect t ransis tors  
( IGFET)  (2-4) and as the  field insulators  for n -chan-  
nel  MOSFET IC's (5). In  addition, it  has been  shown 
tha t  e lec t r ica l ly  a l t e rab le  r ead -on ly  memory  FET's  
can be fabr ica ted  using l aye red  A1203-8iO2 gate in-  
sulators  (6). The capabi l i ty  of a lumina  to resis t  r ad ia -  
t ion damage  (7) also makes  it a t t r ac t ive  for devices 
used in space applicat ions.  

The chemical  vapor  deposi t ion of a lumina  films can 
be achieved by  e i ther  the rmal  decomposit ion of A1 
organometa l l ic  compounds (8) at t empera tu res  be low 
600~ or by  the pyrolys is  of a luminum hal ides  (9, 10) 
at t empera tu res  h igher  than  700~ The a lumina  films 
formed at lower  t empera tu res  are  most ly  amorphous,  
whereas  the  high t empera tu re  films formed by  the 
pyrolys is  of A1 hal ides  are  crystal l ine.  

General ly ,  films used for device fabr icat ion a re  de-  
posi ted above 800~ because they  are  r e l a t ive ly  s table  
dur ing  device processing and possess .good dielectr ic  
s trength.  Unfor tunate ly ,  the gra in  boundar ies  of the 
high t e m p e r a t u r e  crys ta l l ine  films are  potential ,  long-  
t e rm  fa i lure  sites. In  addition, the high t empera tu re  
crys ta l l ine  films are  not e tchable  by  the buffered HF 
solution, the photo l i thographic  e tchant  most commonly  
used in microelectronics  fabricat ion.  Ex t r a  processing 
steps are  requi red  if  these films are  used. To provide  
ease of device  fabr ica t ion  and film integri ty ,  amorphous 
A1203 films fo rmed  at high t empera tu res  are  therefore  
desired.  

Many  elements  present  as impur i t ies  a re  capable  of 
r e ta rd ing  the t ransformat ion  of the  metas tab le  7-A1208 
phase into the  s table  s -phase ,  due to the i r  preference  in 
occupying the te t rahedraI  sites in the oxygen  la t t ice  

* Electrochemical  Society Act ive  Member .  
K e y  words :  thin films, dielectr ic  amorphous  a lumina,  Ta-doping,  

Poo le -Freuke l  electrical  conduction, 

( i i ) .  In  addit ion,  the  in t roduct ion  of impur i t y  dur ing 
film fo rmat ion  may  also favor  the  g rowth  of amorphous  
films due to an increase in  configurat ional  en t ropy  (12), 
a n d / o r  due to the impur i t y - i nduced  change of film 
nucleat ion and growth  behavior  (13). I t  m a y  therefore  
be possible to form amorphous  CVD A1203 films at r e l a -  
t ive ly  high t empera tu res  by  impur i t y  doping. This 
paper  descr ibes  the  deposi t ion and physicochemical  
proper t ies  of amorphous  A1203 films doped wi th  Ta and 
formed in the  t empera tu re  range  that  is no rma l ly  used 
for forming crys ta l l ine  pure  a lumina  films. 

Experimental 
Film deposition.--It is wel l  known that  a t  t empera -  

tures above 700~ CVD A1208 films and Ta205 films can 
be formed by  the pyrolys is  of A1CI~ (9) and TaC15 
(14), respect ively,  in the  presence of H2 and CO2 
through the fol lowing probable  react ions 

2A1C13 -~- 3CO2 -~- 8H2-+ A1203 -I- 3CO -t- 6HC1 [1] 

2TaC15 + 5CO2 Jr 5H2--> Ta205 + 5CO + 10HC1 [2] 

In this work, the fo rmat ion  of Ta -doped  a lumina  was 
achieved by  the pyrolys is  of a vapor  mix tu re  of A1C18 
and TaC15. The A1CI~ and TaC15 vapors  were  genera ted  
by  heat ing A1C13 and TaCI~ powders .  1 

The  film deposi t ion sys tem is shown in Fig. 1. I t  con- 
sists of a react ion chamber,  a TaC15 vapor  saturator ,  
an A1C13 vapor  saturator ,  and feed l ines which  in ter -  
connect the ha l ide  vapor  sa tura tors  th rough  precision 
flow meters  and control  valves  to a l low close control 
of the A1C13 and TaC15 mix tu re  flow to the  react ion 
chamber  for film deposition. Al l  the  feed l ines and 
valves  that  connect the sa tura tors  to the react ion cham-  
ber  were  hea ted  to 145~176 to p reven t  any  ha l ide  
condensation. A r f  heated,  silicon carb ide-coa ted  

1A1Ch powder  of 99.999% pure  wa s  purchased ~'rom Apache 
Chemical  Company  and  the h igh  pur i ty  resub l imed  TaC15 powder  
was purchased  f r o m  Alpha Inorganics  (Ventron).  
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Fig. I. Film deposition system. A, reactor; B, substrate susceptor; 
C, rf heating coil; D and E, AICI3 and TaCI5 saturators; H1 to 
Hh, heaters; F1 to F4, flow meters. 

graphite susceptor was used as a film substrate holder 
and heater. The temperatures  of the substrates were 
measured by a Leeds and Northrup optical pyrometer  
and are reported in  this paper uncorrected. The "true" 
substrate temperatures  are, in  general, 15 ~ higher. 

The A1C13 and TaC15 powders in  their  vapor satura-  
tors were heated to 115 ~ and 130~ respectively. At 
these temperatures,  AlCls and TaC15 vapors of approxi- 
mately the same pressure of 4.3 m m  Hg were generated 
(15, 16), and the vapors were then carried out of the 
saturators by hydrogen gas, which itself was preheated 
to the saturator  temperatures  through separate l ines 
and heaters. The saturat ion levels of the halide vapors 
in  He carrier gas were not measured, but  the consist- 
encies of their saturat ion were checked before and 
after the Ta-doped a lumina  film deposition by measur-  
ing the growth rate of AleO3 and TaeO~ control films. 
Hydrogen was also used as a ma in  diluent. It  was first 
mixed with COs and was then  heated to about 400~ 
The preheated H2 and COs mixture,  after picking up 
the hal ide-carrying He flows that come out of the satu-  
rators, was fed into the reaction chamber for film depo- 
sition. 

By varying the flow ratio of A1C13 and TaC15 the 
present system can deposit either pure  A1203 or Ta20~ 
films or Ta-doped a lumina  films in  the temperature  
range of 800~176 The films were deposited on either 
bare or slightly oxidized Si substrates (usually p- type 

100>), In  the former case, the as-received substrates 
were chemically cleaned before film deposition, 
whereas in the lat ter  case, the substrates were chemi- 
cally cleaned and then oxidized to form 50-60A of SiO2 
before film deposition. The pure a lumina  films deposited 
in  this system are polycrystal l ine and have physico- 
chemical properties similar to those reported by Doo and 
Tsang (17) and others (18). The pure TaeO~ films de- 
posited in  this system at 900~ have an averaged, el l ip-  
sometrically measured, index of refraction of 2.30 
_ 0.10 and a dielectric constant  (measured at 1 MHz) 
larger than  43. These are in  good agreement  with the 
findings reported by Knausenberger  and Tauber  (14). 
Transmission electron microscope (TEM) examinations 
of these Ta205 films show that they are ~-Ta205 and 
have a microstructure similar to that observed by 
Spyridelis et al. (19). The Ta-doped a lumina  [hence- 
forth called (Ta)A120~] films are smooth and shiny in  
appearance but  show an orange-peel  surface texture 
when  examined by a high-power phase-contrast  micro- 
scope. 

The conditions for film deposition were studied. As in  
the case of pure a lumina films, the most important  
factor affecting film deposition and film quali ty was 
the mole (or volume) ratio of CO2 to the halides. It  
was observed that  a CO2 to total halide mole ratio of 
larger than 500 to 1 is required in order to deposit 

films with good insulat ing properties. All  the films 
studied in  this exper iment  were deposited with the 
CO2 to total halide mole ratio equal to or larger than  
800 to 1. In  order to obtain homogeneous, single modal 
films with uni form thickness, the total  halide content  
in  the feed gas was kept  to less than  0.1% by  properly 
adjust ing the flow ra te  ratio of the ma in  He di luent  and 
the ha l ide-carry ing H2 gas. With this halide concentra-  
t ion in the gas phase and with the TaC15 to A1Cls mole 
ratio being kept at less than  1.8 to 1, the (Ta)AleO8 
film deposition was s imilar  to that of pure  a lumina  
films, i.e., the film growth was predominated by the 
surface reactions. The growth rate of the films was 
pr imar i ly  determined by  and slightly varied by  the 
A1Cla concentrat ion in  the gas flow, and was increased 
exponent ia l ly  with the decreasing reciprocals of the 
deposition temperatures  in  the range of 800~176 
studied, with an  apparent  activation energy similar to 
that  of pure a lumina  films as shown in Fig. 2. The addi- 
t ion of TaCI.5 to the gas flow has an effect of reducing 
the over-al l  growth rate of the film. As can be seen 
in Fig. 3, the film growth rate was decreased mono-  
tonically with increasing TaC1JA1C18 mole ratio up to 
1.8 to 1. When this halide ratio was increased beyond 
1.8 to i, a drastic increase in film growth rate and a 
change of film morphology from single modal to bi-  
modal were observed. The study of the film deposition 
was not pursued beyond the halide ratio of 1.8. 

The Ta content of the films was determined by the 
electron microprobe method, using the pure CVD A120.~ 
and Ta205 films obtained in  the present  system as s tan-  
dards. The Ta content of the film increases with the 
increasing volume (or mole) ratio of TaC15 to A1C18 in  
the feed gas. By assuming full sa turat ion of the halides 
in  the He carrier gas (i.e., each cubic centimeter  of He 
passing through the saturator  carries out 4.3/760 cm ~ 
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Fig. 2. Arrhenius plot of the growth rate of the (To)AI20~ films 
in the temperature range of 800~176 (solid curve). The total 
halide concentration in the gas phase was 2.5 X 10 -4  and the 
TaCIJAICI3 ratio was kept at 1.3 to 1. The dotted curve in the 
figure shows the growth rate of pure alumina films in the same 
temperature range. 
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Fig. 3. The growth rate of the (Ta)Al~Oa film at 90Q~ as a 

function of the TaCIs/AICI3 mole ratio in the gas phase. The total 
halide concentration in the gas phase was varied from 1.8- 
3.0 X 10 -4 ,  with the AICI3 concentration in the gas phase kept 
constant at 1.8 X 10 -4 .  

halide vapor) ,  we were able to re la te  the Ta content of 
the film [in mole per cent (m/o)  of Ta205 in  the film] 
with the volume ratio of TaC15 to A1C13 in the feed gas, 
as shown in Fig. 4. e The Ta content of the film rises 
rather  rapidly with the TaCI~ to A1C13 ratio and levels 
off at about 5.5 m/o  of Ta2Os. The saturat ion of Ta in 
the film shown in  Fig. 4 may be at t r ibuted to system 
limitations. However, since a drastic increase in film 
growth rate and a change of film morphology from 
single modal to bimodal were observed as the TaC15/ 
A1C13 ratio was increased beyond 1.8 to ], the sa tura-  
t ion level in Fig. 4 may also suggest the l imita t ion 
of incorporat ing Ta205 into the CVD(Ta)A1203 films. 
A limited Ta solubil i ty in  the amorphous (Ta)A1203 
films formed by the pyrolysis of Ta-pentaethoxide 
[Ta (OC2H2)5] and A1Cts was also reported by Matsuo 
(2O). 

Measurements o:f film ~roperties. Crystal struc- 
t u r e . - - X - r a y  diffractometry and the t ransmission elec- 
t ron microscope (TEM) were used to s tudy the crystal-  
l in i ty  and s t ructure  of the films. For the x - r ay  diffrac- 
t ion study, the as-received films were used. The sam- 
ples for TEM studies were prepared by  back etching 
the silicon substrate with a mixture  of HF -5 2HNOs 
-5 3CHsCOOH through a wax mask. This leaves a 1 
m m  circle of unsuppor ted  film stretched over the 
etched hole in the silicon wafer which is suitable for 
TEM examination.  

Film properties.--The etchabil i ty  of the film in  various 
chemicals was measured at room temperature  by ob- 
serving thickness change with immersion time in the 
chemical. The film thickness, before and after etching, 
and the film optical index of refraction were measured 
by ellipsometry. 

2 S ince  good cons i s t ency  of t he  h a l i d e  s a t u r a t i o n  l e v e l s  i n  the I-~ 
car r i e r  gas was  seen, the  effect  of less  t h a n  f u l l  h a l i d e  s a t u r a t i o n  in  
Fig .  2 w o u l d  he the  m u l t i p l i c a t i o n  of a f ac to r  of less t h a n  u n i t y  to  
the  T a C h  to A1C13 ra t io .  H o w e v e r ,  t he  ge ne ra l  cha rac t e r i s t i c s  of t he  
Ta content vs. TaCh to AICI~ ratio would still prevail. 
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Fig. 4. Ta-content of the (Ta)AI203 film deposited at 90{)~ as 
a function of mole ratio of TaCIs/AICI3 in feed gas. 

Electrical characteristics.--The conventional  MIS 
(metal insulator  semiconductor) type samples were 
fabricated for electrical measurements.  In  general, 
pure a luminum was used as the top electrode; how- 
ever, in the case of d-c conduction measurements,  gold 
top electrodes were used i n  some samples to s tudy the 
effect of inject ing electrode mater ial  on the film's con- 
duction. To provide ohmic contact to the Si substrate, 
a layer of A1 was evaporated onto its back side and the 
sample was subsequent ly  annealed at 420~ for 20 min  
in  forming gas. This postmetal anneal  also served to 
reduce surface-state charge of the sample. The capaci- 
tance of the MIS samples was measured by a Boonton 
710A capacitance meter  at 1.0 MHz, while the break-  
down strength of the films was measured by  the l inear 
I-V ramping technique. 

In  the film d-c conduction measurements,  cur rent  
t ransients  were observed at lower appl ied-vol tages  
which decay to a quasi steady state in 3-4 rain. There-  
fore, in order to el iminate the t rans ient  currents, the 
I -V characteristics of the films were obtained by  apply-  
ing an incremental  stepwise voltage to the sample and 
measuring the film cur ren t  10 rain after the voltage 
application at each voltage step. 

Results and Discussion 
Structure and crystallinity of the ]~Ims.--Films de.~ 

posited at 900~ with only a minu te  quant i ty  of Ta 
doping (Ta20~ --~ 0.1 m/o)  are crystal l ine and have the 
same crystal s tructure as that  of the pure  A12Os films 
examined. X- ray  diffractometry performed on these 
low Ta content  films, and the pure  a lumina  films, pro-  
duced pat terns consisting of the few strongest lines of 
~:-A1203. However, the t ransmission electron diffraction 
(TED) pa t te rn  of the same films contained a very 
large number  of diffraction lines. The list of in ter -  
p lanar  spacings generated from the electron diffraction 
pat tern  does not completely match those of any of the 
a lumina  phases found in  the l i tera ture  although most 
of the ~-alumina reflections are accounted for. It  is 
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Fig. $. TEM microstructures of the (Ta)AI203 films deposited on bare silicon: (a) film deposited a,t 900~ containing ,-4.1 m/o 
Ta205 showing amorphous materials appeared at the film's grain boundaries; (b) film deposited at 900~ containing ,~5.5 m/a 
Ta2Os, showing amorphous matrix with ~'-erystallites; and (c) film deposited at 825~ containing ~.,4.8 m/o TasOs. No TED pat- 
tern was obtainable from this film; the dark dots in the photo, indicated by arrow, are believed to be ~'-embryos. 

possible that  the extra  diffraction lines seen in these 
CVD a lumina  films resulted from the occupation by A1 
atoms o~ the abnormal  octahedral sites of the distorted 
spinel lattice of the ~-alumina giving rise to ~-alumina 
structure factor forbidden reflections. Since a complete 
crystallographical de terminat ion  of the film is out of 
the scope of the present  experiment,  detailed s tructure 
analysis was not pursued. However, we were able to 
obtain the lattice parameters  of an orthorhombic un i t  
cell which accounts for the major i ty  of the observed 
reflections. Calculated in te rp lanar  spacings are com- 
pared with observed reflections in  Table I. We will  
designate the crystal s t ructure of the films as ~'-A1203, 
as a var iat ion of ~-A1203, for the convenience of later  
discussion. These l ight ly doped films had grain  size of 
the order of 100 nm. 

Table I. Crystallographic data 

TED m e a s u r e d  C a l c u l a t e d  <G) ~ - a l u m i n a  
i n t e r p l a n a r  i n t e r p l a n a r  i n t e r p l a n a r  

spac ings  spac ings  Ind ices  spac ings  

6.16 110 6.2 
4.72 4.75 101 

4,53 200 4.5 
4.20 4,20 020 4.2 
3.14 3,16 121 

3,02 300 3.04 
2.81 2.80 030 2,79 
2.76 2,79 O ~  

2,70' 221 2.70 
2.55 2.54 112 2.57 
2.42 2,41 131 2.41 
2.39 2.38 230 
2.33 2.33 022 2.32 
2.28 2.29 212. 2.26 

2.18 410 2.16 
2.11 2.10 040 
2.08 2.07 222 2,06 
2.05 2.05 330 
2,03 2.03 411 
1.99 1.99 420+  1.99 
1.97 1.97 041 + 1,95 
1.94 1.93 132 + 
1.87 1.86 003 + 1.87 

1.82 103 + 1.82 
1.75 402 + 1.74 

1.64 1.64 341 + 1.64 
1.67 1.54 440 + 1.54 
1.49 1.49 512 + 1.49 
1.45 1.44 0.62 + 1,44 

1.43 522 + 1.43 
1.40 1.40 060 + 
1.895 (100%) (b) 1.395 004 1.396 (100%) 

(a) I n t e r p l a n a r  spac ings  ca lcu la t ed  u s i n g  an o r t h o r h o m b i c  u n i t  cel l  
w i t h  l a t t i ce  cons tan t s  ao = 9.06, bo = 8.41, co = 5.58A. 

(b) The  1.395 l ine  is the  100% i n t e n s i t y  l ine  in  the  TED p a t t e r n  
and  for  K-alumina.  In  genera l ,  t h e  TED in t ens i t i e s  d i f fe red  f r o m  
the  K-alumina in t ens i t i e s .  Th i s  is  expec ted ,  as e l ec t ron  d i f f r ac t ion  
i n t e n s i t i e s  u s u a n y  do no t  t r ack  x - r a y  i n t e n s i t i e s  and the TED pa t -  
t e r n  shows  p r e f e r r e d  o r i e n t a t i o n  effect.  

A decrease in film crystal l ini ty with increasing Ta 
content was seen. TEM examinat ion of films deposited 
at 900~ showed that diffuse gra in  boundaries  were 
first formed in the film when a small  amount  of Ta 
was added. As the Ta content  of the films was in -  
creased, the diffuse grain boundaries  were replaced 
by amorphous material,  Fig. 5a. At about this point, the 
film ceased to produce coherent x - ray  diffraction pat-  
terns,  al though the K'-alumina pa t te rn  was still obtain-  
able via electron diffraction. The amorphous grain 
boundary  width expanded at the expense of the crys- 
tal l ine grains, as the Ta content  of the film was in-  
creased. The entire film became amorphous when  the 
Ta205 content  of the film reached about 5.5 m/o.  

The effects of Ta on the a lumina  film deposition are, 
apparently,  to inhibi t  crystal nucleat ion and to retard 
grain growth. The effect was more prominent  when  the 
films were deposited on oxidized, ra ther  than  bare, Si 
substrates. When the films were deposited directly on 
bare silicon substrates, there were always some dis- 
crete ~'-crystallites included in the film, as shown in 
Fig. 5b, which, from TEM examination,  were nucle-  
ated from sites on the silicon surface. The nucleat ion 
of the ~'-crystallites was greatly suppressed when the 
films were deposited on oxidized silicon wafers. 

The same crystal l ine to amorphous s tructural  t rans i -  
t ion was seen in  films deposited at lower temperatures.  
It was found that by lowering the film deposition tem- 
perature  the m i n i m u m  amount  of Ta required to pro-  
duce amorphous films was reduced. At 800~ complete 
amorphous films can be found with Ta205 content as 
low as 4.5 m/o. Figure 5c shows a near amorphous film 
deposited at 825~ with TarO5 of 4.8 m/o. The film did 
not show a TED pattern,  al though TEM revealed bi -  
modal morphology of the film. The dark dots in  Fig. 
5c are believed to be embryos of ~'-crystallites which 
were brought  out by the silicon etching dur ing  TEM 
sample preparation.  Films with the same Ta content  
would be par t ly  crystall ine if deposited at 900~ On 
the other hand, it would be completely amorphous if it 
were deposited at 800~ 

Throughout  the entire film structure studies, the 
~-Ta and/or  /~-Ta205 diffraction lines were never  ob- 
served. Table II  summarizes the s t ructural  change of 
the film with its Ta content  and the deposition tem- 
perature. 

Physicochemical properties of the films.--As in the 
case of the pure a lumina  films, the etchabili ty of the 
(Ta) A1203 films in concentrated HF and NHdF buffered 
HF (BHF) solutions depends on the crytal l ini ty  of the 
film. A highly crystallized film (film wi th  well-defined 
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Table Ih Variation of film crystallinity with Ta content 

Ta 
con t en t  Crystallinity of f i lm 

Tdep ( m / o  
Sample (~ Ta2Os) X - r a y  TED TEM 

1101 900 0.00 K' ~' C rys t a l l i ne  
1089 900 0,15 K' ~' C rys t a l l i ne  
1067 900 4.09 Amor. ~' Xtal. d. gb. (=) 
1134 900 4.62 A m o r .  K' Xta l .  + amor .  gb. (s) 
1176 900 4.88 A m o r .  ~' Xta l .  + amor .  gb. (b) 
1154 900 5.61 A m o r .  ,~' Amor .  + xtall.(c) 
1158 900 5.27 Amor. (g') Amor. (xtall.) (~) 
1198 825 4.80 A m o r .  A m o r .  (K') e m b r y o s  
1205 800 4.50 A m o r .  A m o r .  A m o r p h o u s  

(a) Crystalline with diffuse grain boundary. 
(b) Crystalline with amorphous grain boundary. 
(c) iVIixture of crystalline and amorphous phases. 
(d) Amorphous film matrix with a small number of K' crystallites. 

x - r a y  and TED pat terns)  will  not be etched by con- 
centrated HF. On the other hand, a completely amor-  
phous film (film structureless under  TED examinat ion)  
can be readi ly  etched by a diluted BHF solution. The 
etch rate of the amorphous film in  a 10:1 BHF solution 
is about 240 A / m i n  and seems to be independent  of Ta 
content. The par t ly  crystall ine films with a mix ture  of 
amorphous and E-A1203 phases can also be etched with 
diluted BHF but  the differences in etch rates of the two 
phases yields a rough surface. At room temperature,  
none of the common acids, such as HNO3, HC1, and  
HeSO4, were found to etch the (Ta)A1203 films, 
whether  crystal l ine or amorphous. In  hot (185~ 
H3PO4, uni form etchings of all the (Ta)A1208 films 
were observed. The par t ly  crystal l ine films had an etch 
rate of approximately 240 A / m i n  while the etch rate of 
the amorphous films exceeded 500 A/rain.  

The measured values of the index of refraction, n, of 
the crystal l ine and par t ly  crystal l ine films were scat- 
tered; they fell in  the range of 1.70-1.80. On the other 
hand, the index of refraction of the amorphous films 
remained a consistent value of between 1.66 to 1.68 
without  regard to the Ta content of the film. 

DieZectric characteristics o:f the films.--The dielec- 
tric constants of the films were calculated from the 
capacitance and the thickness of the films. The dielec- 
tric constant K of the crystal l ine and par t ly  crystal l ine 
films ranged from 8.0 to 10.0. No correlation between K 
and the Ta content  of the film could be found. The di- 
electric constants of the amorphous films were found 
to range from 9.5 to 12.0, and seemed to increase 
slightly with Ta content  of the film. 

The dielectric breakdown strength Eb of the films, 
measured from the AI-(Ta)A1203-Si  (MAS) struc-  
tures, was found to be 5-7 MV/cm. Eb'S measured on 
the Al-(Ta)A1203-SiO2-Si (MAOS) structures (with 
55A under ly ing  SIO2) were, in  general, larger than 7.0 
MV/cm. Table III summarizes the physicochemical 
properties of the film. 

The C-V characteristics of the Al-(Ta)A12Os-,Si 
(MAS) diodes are shown in  Fig. 6. Curve (a) shows a 
typical C-V plot of a MAS diode with a highly crystal-  
lized, low Ta content  (Ta)A1203 film. Except for the 
"sense" of the C-V hysteresis, it is very similar  to that  
of a MAS diode with a pure A120~ film. F rom the C-V 

Table Ill. Physicochemical properties of film 
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Fig. 6. C-V characteristics of MAS capacitors: (a) with crystalline 
film; (b) with partly crystalline film; and (c) with amorphous film. 
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Fig. 7. C-V characteristics of MAOS capacitors: (a) with partly 
crystalline film; (b) with amorphous film. 

hysteresis sense, it appears that acceptor-type, slow sur-  
face states exist at the Si-(Ta)A1208 interface. The 
density of these surface states appears to increase with 
the decreasing crystal l ini ty of the film. This is seen in  
the extremely large C-V hysteresis in  the MAS 
diodes with the par t ly  crystal l ine film [Fig. 6, curve 
(b)]  and with the amorphous film [Fig. 6, curve (c)].  
The assumption of the existence of surface states at the 
Si-(Ta)AI~O~ interface is fur ther  confirmed by the ab-  
sence of C-V hysteresis in the MAOS diodes (Fig. 7). 

From the positive flatband voltage of the MAS 
and MAOS diodes examined, it was found that  negative 
charges of the order of 1012 q /cm 2 exist in the 
(Ta)A12Q film and /or  at the SiO2-(Ta)A1203 in ter -  
face. In the MAS diodes, the dielecric charge seems to 
decrease with the crystal l ini ty of the films. In  the 
MAOS diodes, the crystal l ini ty of the film has little 
effect on the dielectric charge level, Table IV. 

D-C conduction of the fiIms.--Figure 8 shows the d-c 
conduction of an amorphous film deposited at 800~ 
The In (J /E) ' s ,  where J is the current  density and E 
is the applied field, were plotted against the square 

P a r t l y  c ry s t a l l i ne  Amorphous Table IV. Dielectric charge and crystallinity of films 

Vfb -- eros Qeff C r y s t a l l i n i t y  of 
S a m p l e  Diode  (V) ( q / c m  s) (Ta)AbO~ f i lm 

n(a) 1.70-1.80 1.68 --~ O.Ol 
K(b) 8.00-10.0 9.5-12.0 
BVD(r 60 m V / c m  5.0-7.0 m V / c m  
Etch ra te  B H F  S low a nd  u n e v e n  Fas t  and  e v e n  

( ~ 4  A/sec )  
H o t  I~P04 N o r m a l  to  fas t  Fas t  (N10 A/sec )  

(a) n = I n d e x  of  r e f rac t ion .  
(b) K = Die lec t r i c  c o n s t a n t  m e a s u r e d  a t  1 MHz. 
(o) BVD = Die lec t r i c  b r e a k d o w n  s t r eng th .  

1053-1 M A S  +2.90  1.4 • 10 ~ C r y s t a l l i n e  
1160-1 M A S  + 1.85 1.05 • 10 TM P a r t l y  c rys t a l l i ne  
1206-1 MAS +0.05 3.3 • I0 B Amorphous 
1077-2 M A O S  + 1.10 1.2 x l 0  ~ C r y s t a l l i n e  
1160-2 M A O S  +2.45  1.18 x 10 TM P a r t l y  c rys t a l l i ne  
1206-2 MAOS +2.70 1.1O • i0 TM Amorphous 
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Fig. 8. J-E characteristics of an amorphous film deposited at 
800~ 

root of the applied field. It can be seen that  (i) a 
l inear  relationship between in  ( J / E )  and E 1/2 exists 
at fields higher than  3.5 • 106 V/cm; and (it) J is 
independent  of the inject ing electrode material.  The 
exponential  dependency of film current  density on E 1/2 
and the insensi t ivi ty of J on the electrode mater ial  
indicate that  the conduction is controlled by the Poole- 
Frenkel  (PF) effect (21). The slope ~Pv of the In  ( J /E)  
vs. E ~/2 plots shown in  Fig. 6 y ie lds  a value of 1.6 • 
10-2. 

It is known that the PF  effect (21) arises from the 
field-assisted thermionic emission of electrons (or holes) 
from the coulombic traps in the films. The PF con- 
duction of a film that contains only coulombic traps 
takes the form of Eq. [3] (22), which has a slope ~PF 
of the in  ( J / E )  vs. E 1/~ plot equals to f lpF/2kT, where 
fiFE ~- (e3/~eoef)1/2 is the Poole-Frenkel  constant  

J -~ e~E (NcNd) 1/2 exp - -  ( ~ d  - -  flPF El/2)/2kT [3] 

where e ---- electric charge, ~ -- charge (electron) mo- 
bility, Nc ----- density of states of the film's conduction 
band, Nd ~--- density of the film's coulombic traps, f P f  

= Poole-Frenkel  constant, and ~a : energy of the 
film's coulombic trap. 

The PF constant and the slope of the In (J /E)  vs. E 1/2 
plot, can be calculated by knowing the dynamic di- 
electric constant ef of the film, or the films' optical in -  
dex of refraction, n, since to the first approximation, 
the dynamic dielectric constant  of the film equals the 
square of the film's optical index of refraction (23). 
Using the measured value n (=1 .68)  of the 800~ film, 
a theoretical ~PF of 0.785 • 10 -u is calculated, which 
is only half  of the exper imental  value. The large ex- 
per imenta l  ~pF seen in  the film can be explained if, be-  
sides the coulombic traps, the existence o~f neutra l  traps 
in the films is assumed (24). In  this case, the Poole- 
Frenkel  conduction of the film takes a different form 
due to the change of the Fermi energy caused by the 
presence of neutra l  traps. With the coulomb traps, of 
density Nd, and neut ra l  traps, of density Nt, coexisting 
in the film, the Poole-Frenkel  current  density J takes 
the form of Eq. [4] 

J = ep.Nc ( N d / N t )  1 / 2  exp - -  ( ~ d  - -  flPFE 1 /2 ) / kT  [4] 

where Nt is the density of film's neutra l  traps, which 
has a slope of the In ( J / E )  vs. E 1/2 plot equal  to 
f lpF/kT, and yields a value of 1.57 • 10 -2 if n -~ 1.68 
for the 800~ films is used for calculation. This is in 
very good agreement  with exper imental ly  obtained 
values. 

The cur ren t - tempera ture  measurement  of the films 
at constant fields shows an exponential  dependency of 
the conduction current  wi th  the reciprocal of the mea-  
suring temperature.  From the In ( J /E)  vs. 1 / T  plots, 
the apparent  activation energy of the film conduction, 
r was obtained. @ was found to vary  l inear ly  with E 1/2, 
as expected from Eq. [4]. Extrapolat ing the r vs. E 1/2 
curve to zero field yields the coulombic trap energy 
of 1.80 eV below the conduction band of the film. 

Similar  I-V characteristics were seen in the films 
deposited at higher temperatures.  However, the slope 
of their in  ( J / E )  vs. E 1/~ plots were smaller, ranging 
from 1.14 X 10 -2 to 1.3 X 10 -2. In  addition, a small 
dependency of J on the inject ing electrode mater ial  was 
also seen. In  the films deposited at higher temperatures,  
some E-(Ta)A1208 crystallites were always present  in 
the amorphous film matrix.  It  is possible then that  
these crystallites increase either the relative neutra l  
t rap density or the dynamic dielectric constant, or 
both. Both of these effects would result  in  a reduction 
of the slope of the Poole-Frenkel  plot of the film (24, 
25). 

Summary 
Present  work has shown that  Ta-doped A120~ films 

can be formed by the pyrolysis of a vapor mixture  of 
TaC15 and A1CI~ in  the presence of hydrogen and car- 
bon dioxide in the temperature  range of 800~176 
The max imum Ta doping level of the 900~ films ap- 
pears to be l imited to 5.5 m/o  of Ta20~. With only a 
minute  amount  of Ta, the films are crystalline, having 
the properties of pure a lumina  films. When the Ta 
content exceeds a certain level, the film becomes amor-  
phous. The amorphous films have a smaller optical in-  
dex of refraction and a slightly larger dielectric con- 
stant, as compared with pure  a lumina  films. Amorphous 
films are etchable in diluted, buffered HF solution at 
room temperature.  

Probably  due to the smaller  energy bandgap (20), 
the d-c conduction of the amorphous films was found 
to be governed by the Poole-Frenkel  effect. The energy 
level of the coulombic traps was found to be 1.80 eV 
from the conduction band of the film. 

The films have negative dielectric charge and good 
dielectric properties in  general. The amorphous film's 
etchabilty, in buffered HF solution, makes its use 
more attractive for microelectronic applications. 
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Flame Fusion Growth of Spinel and Sapphire Crystals for 
ESFI SOS Technology 

R. Falckenberg 
Siemens AG, Forschungslaboratorium, Mi~nchen, Germany 

ABSTRACT 

A modified flame fusion prc>cess has beew developed to grow crys ta ls  at  
low cost for  use as subs t ra te  for the ESFI |  SOS technology. Mg-A1 spinel  and 
sapphi re  single crystals  wi th  d iameters  up to 50 m m  have been grown. Differ- 
ences be tween  both kinds of crystals  are descr ibed concerning the behavior  du r -  
ing the widening  phase and the  cooling phase of the growth  process. Crys ta l l ine  
per fec t ion  was inves t iga ted  in both  crystals  by  the  x - r a y  topography.  

Mg-A1 spinel  as wel l  as sapphi re  crys ta ls  are used as 
an insula t ing  subs t ra te  ma te r i a l  for  the ESFI|  SOS 
technology (1). For  the  synthesis  of these crysta ls  we 
inves t iga ted  the  flame fusion process, because i t  is a 
technique requi r ing  no crucibles. Therefore  it offers 
a poss ib i l i ty  of lower  costs compared  to the Czochralski  
method,  especia l ly  if i r id ium crucibles  have to be used. 
As compared  wi th  c ruc ib le -g rown crystals ,  the per fec-  
t ion of Verneui l  crys ta ls  is worse; the  e lectr ical  p rop -  
erties,  however ,  of sil icon films deposi ted on both kinds 
of subs t ra tes  (2-4) do not show a significant difference. 
Verneui l  sapphi re  (5) and spinel  are  p roduced  on a 
la rge  scale for j ewels  and bearings;  severe l imitat ions,  
however,  exist  especia l ly  as far  as crystals  of large 
d iameter  and sui table  or ienta t ion are  concerned. The 
d iameter  requ i red  for  subs t ra te  wafers  is be tween  50 
and 75 ram; the  or ienta t ion  is ~ 1 0 0 ~  and ~1"012~ for 
Mg-A1 spinel  and sapphire,  respect ively.  

Two phenomena  can be observed,  if such crystals  
are  grown by the flame fusion process:  (i) c racking of 
the crysta ls  dur ing  the cooling down phase  and (ii) 
melt  runover  dur ing the widening  phase  of the growth  
process.  

Wi th  spinel  crystals ,  it  could be shown that  c r a c k i n g  
can be avoided by  modify ing  the technique (6). The 
idea  of the modification is to essent ia l ly  exclude the 
t e m p e r a t u r e  shock a crys ta l  suffers at the  end of the 
g rowth  process when the flame is quenched. This is 
done by  a ceramic furnace inser t  which deflects the  
flame gases immedia t e ly  be low the growth  front  of the 
growing crys ta l ;  f rom the beginning of the g rowth  
process, the  bu lk  of the crys ta l  is in the rmal  equi l ib -  

K e y  words; f lame fusion process,  spinel, sapphire, SOS, ESFL 

r ium with  this  insert.  Dur ing  the cooling down, the  
cooling ra te  is de te rmined  by  the heat  capaci ty  of the  
insert .  By this method,  even the s toichiometr ic  va r i a -  
t ion of Mg-A1 spinel  could be grown (Fig. 1). 

The phenomena  of mel t  runover  can be unders tood 
by  considering a model  which expla ins  the  mechanism 
of crys ta l  widening (9). According to this  model  an in-  
crease in flame power  leads to remel t ing  of a thin l ayer  
of a l ready  crys ta l l ized ma t t e r  immedia t e ly  be low the 
growth  front.  The excess mel t  runs down at the  crys ta l  
r im and forms a pro t rus ion  along the so l id- l iquid  
t rans i t ion  line. This l ine goes around the top of the 
crystal .  The lower  par t  of the pro t rus ion  solidifies. 
This model  conception requires  the rad ia l  t empera tu re  
grad ien t  at the so l id- l iquid  t rans i t ion  l ine to s tay be -  
low a cer ta in  cri t ical  magni tude,  if the format ion  of a 
pro t rus ion  that  is widening  of the crys ta l  is to occur. 

Now alone the fact that  a large crys ta l  d iamete r  re -  
quires  a large  growth  chamber  leads to low wal l  t em-  
pera tu res  inside the g rowth  chamber  and consequent ly  
to an increase of the t empera tu re  grad ien t  in question. 
Device pa rame te r s  affecting the gradient  are  furnace 
insulation,  mul t ip le  burners  (10-12), d isplaceable  heat  
shields and addi t ional  heat ing of the side wal ls  of the 
growth  chamber.  An example  of a d isplaceable  inser t  
device and addi t ional  heat ing for the modified flame 
fusion technique is shown schemat ica l ly  in Fig. 2. In  
contras t  to a f te rhea te rs  (13-16), which are thought  for 
an in situ anneal ing  of a crysta l  af ter  the g rowth  proc-  
ess, addi t ional  heat ing dur ing crys ta l  g rowth  has to be 
confined to side wal ls  of the growth  chamber  s i tuated 
at (and above) the level  of the so l id- l iquid  t rans i t ion  
line of the crystal .  Addi t iona l  hea t ing  be low this level  
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Table I, Influence of device parameters on the diameter of 
Mg-AI spinel and sapphire crystals 

Device p a r a m e t e r s  

poor furnace insulation, 2-tube burner 

furnace insutation reinforced, 2-tube burner 
furnace insulation reinforced, 3-tube burner 

furnace insutation reinforced, 3-tube burner, 
telescopic insert 

additional heating of side wails 

Maximum crystal 
diameter tram] 

spinel sapphire 

20 
35 
40 

50 38 

- -  53 

Fig. 1. Spinel substrate growth by flame fusion. The useful area 
is limited by too low mechanical strength (7) and by precipitations 
(8) arising during thermal treatment which disturb the epitaxial 
growth of silicon films. 

/ /  
/ / 
/ / /  

Fig. 2. Furnace with telescopic insert and additional heating a! 
the side walls of the growth chamber for the growth of large diam- 
eter crystals. 

would, at the high temperatures  required, lead to an 
unstable  growth si tuation due to the decrease of the 
axial tempera ture  gradient  along the crystal. 

In  Table I the results are shown which were ob- 
tained with spinel of a molar  composition MgO: 
AI~O~ ---- 1:2 and with sapphire. All the changes of the 
device parameters  shown are acting in a direction as 
to keep the radial  tempera ture  gradient  at the level of 
the solid-l iquid t ransi t ion l ine below a critical value. 
Above this value widening of the crystal would not 
be possible without  melt  runover.  In a displaceable heat 
shield device as depicted in  Fig. 2 but  without  addi-  
t ional heating, spinel crystals could be grown up to a 
diameter  of 50 mm (Fig. 3). In the identical device, 
sapphire crystals could be grown only up to a d iam-  
eter of 38 mm; t rying to enlarge the diameter fur ther  
led to melt  runover.  According to the model of crystal 
widening, the radial  temperature  gradient  had to be 
fur ther  decreased. With the device shown in Fig. 2 we 

used addit ional  oxyhydrogen burners  heating the side 
walls of the growth chamber. In  this way sapphire 
crystals with a diameter  up to about 50 mm could be 
grown (Fig. 3). A fur ther  enlargement  was not possible 
in this device because of the inner  diameter  of the 
growth chamber being only 60 ram. 

At  the end of the growth process the flame was 
quenched. The spinel crystals obtained were mechani-  
cally stable; anneal ing before machining was not neces- 
sary. Sapphire crystals of ~1"012> orientat ion cracked 
if the diameter  was larger than  ~45 ram; s t rength and 
diameter could be increased fur ther  by choosing a 
different orientation, e.g., <1010~. 

For x - r ay  topography spinel and sapphire crystals 
were cut into wafers perpendicular  to the growth axis. 
The spinel samples were lapped with SiC, polished 
with A1208, thoroughly cleaned with Ultrasonics, 
etched with hot phosphoric acid, t reated with sulfuric 
acid, and rinsed with distilled water. The final thick- 
ness of the samples was 300 ~m. With the sapphire 
slices, lapping as well as polishing was done wi th  dia-  
mond paste. Figure 4 shows the x - r ay  topographies 
demonstra t ing the crystal quality. The spinel crystal 
shows a number  of subgrains with deviations in orien- 
tat ion from the growth axis <100> of up to 2 ~ . The 
sapphire crystal essentially shows only tensions with a 
deviat ion from the growth axis not exceeding 1 ~ 

Fig. 3. Mg-AI spinel single crystal (molar composition MgO:AI~O8 
- -  1:2) and sapphire crystal, grown by the modified flame fusion 
process. Orientation <IOZ)> and <10~12>, respectively. 

Fig. 4. X-ray topographies (Lang mode) of Mg-AI spinel (a) and 
sapphire (b), the reflecting planes being {400} and {012} respec- 
tively. Radiation Mo K ~1. 
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Growing  spinel  and sapphi re  dis t inct  differences 
have been found in the way  the crys ta ls  behaved  du r -  
ing the widening  phase as wel l  as dur ing  the cooling 
down phase of the  growth  process. Different  behav ior  
in the  d iamete r  increas ing m a y  be due to differences in 
the  the rmal  conductivit ies,  emissivit ies,  and IR absorp-  
t ions; values  which app ly  at  high t empera tu re s  a re  
known  only for  the  IR absorpt ion  which indeed is 
lower  for sapphi re  than  for  spinel.  About  the sens i t iv-  
i ty  of cracking measurements  wi th  po lycrys ta l l ine  
A12Oa ma te r i a l  have been conducted by  Schwar tz  (17), 
there  are  however  no invest igat ions  of Mg-A1 spinel,  
which could be compared  wi th  these results .  
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MOS (Si-Gate) Compatibility of RF Diode 
and Triode Sputtering Processes 

A. K. Sinha 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Using a S i -ga te  CMOS tes ter  the MOS compat ib i l i ty  has been  demon-  
s t ra ted  of a meta l l iza t ion  process involving t r iode spu t te r  etch cleaning of 
Si p r io r  to P tSi  contact  formation,  t r iode sput te r  deposi t ion of T i / T i N / P t  l a y -  
ers, and  rf  diode spu t te r  etching of the Pt  using Ni as a sput te r  etch mask. The 
rad ia t ion  damage  induced in the gate regions of CMO'S capaci tors  by  each step 
of th i s  meta l l iza t ion  process has been evaluated,  and the surface states and 
oxide charge resul t ing f rom the damage have been shown to be comple te ly  
annea lab le  using hydrogen.  Triode sput te r  etch cleaning of the Si  pr ior  to 
P tS i  format ion  was found to in t roduce  considerable  radia t ion  damage.  Al l  of 
this damage could be removed af ter  s inter ing and s t r ipping the  unreac ted  
Pt  by  a hydrogen  anneal  at a t empera tu re  in the range  of 375~176 and for  
t imes in  the  range  of 1/z to 1 hr. Subsequent  t r iode  spu t te r  deposi t ion  of 
T i / T i N / P t  leads to the genera t ion  of only  a smal l  peak  (~1 -2  X 10 i~ cm -2 
eV -1) in the  Nss d is t r ibut ion  in the  lower  half  of the  bandgap.  Spu t te r  e tch-  
ing of  Au and P t  in an r f -d iode  system at rf  poweT levels of 2 W cm -a  (sput-  
ter  etch ra te  ~900 A / r a i n  for  Au)  also leads to considerable  radia t ion  damage.  
However,  for a lower  rf  power  of ~1.2 Wcm -2, which is prac t ica l  if P t  only  is 
spu t te r  etched, l i t t le  addi t ional  damage is observed over  and above that  in-  
duced dur ing t r iode  sput te r  deposi t ion of T i /T iN/P t .  Our resul ts  indicate  
that  if a hydrogen  anneal  is pe r formed  pr io r  to the final meta l  deposi t ion (i.e., 
pr ior  to the  s t ruc ture  being sealed if a Si3N4 layer  is used) ,  then excess hy -  
drogen can be  t r apped  in the SiO2 and po ly -S i  layers.  A low t empera tu re  
iner t  ambien t  anneal  (e.g., 325~ 1 hr, vacuum) can then  be used subsequent  
to final meta l  deposition, dur ing  which hydrogen  is redis t r ibuted ,  neut ra l iz ing  
any surface states at the  Si/SiO2 interface.  

A recent  technology for Si~N4-sealed MOS-LSI  de-  
vice~ uti l izes chemical  vapor  deposi ted (CVD) po ly -S i  
for the  first level  conductor  (gates) separa ted  f rom the 
second level  meta l l iza t ion  (contacts  and in terconnec-  
t ions) by  an in te rmedia te  dielectr ic  l aye r  consisting of 
CVD SiO2 fol lowed by  Si3N4 (1). The second level  
meta l l iza t ion  processing involves the  use of f i lament 
evapora t ion  to form Pd~Si /Ti /Pd .  Evapora t ion  was 

K ey  words:  hea t - t rea tment ,  LSI  processing, metall ization,  uni form 
gold p r o c e s s .  

chosen over  sput te r ing  because (i) sput te r ing  as op-  
posed to f i lament evapora t ion  can cause r ad ia t ion -  
induced damage (2), leading to unwanted  interface  
states and t rapped  charge in the  MOS structures,  and 
(ii) it  was considered ve ry  difficult to anneal  out any  
radia t ion  damage since the  combinat ion of meta l  con- 
tacts and SisN4 in the in te rmedia te  dielectr ic  l ayer  seals 
the device from the hydrogen  requ i red  for low t e m -  
pe ra tu re  ( ~  450~ anneal ing  of the in terface  states 
(3, 4). Sput te r  deposi t ion has cer ta in  obvious advan-  
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tages though, an important  one being that the step cov- 
erage is be t ter  than that  usually obtained by evapora-  
tion (5). Poor  step coverage by second level  meta l l i -  
zation is especially undesirable in the contact areas, 
since it can provide paths for migrat ion of impuri t ies  
such as Na and Au. 

The objective of the present  work  was (i) to charac-  
terize any radia t ion- induced damage in Si-gate  MOS 
structures due to triode sputter  deposition and etching, 
and rf  diode sputter  etching, and (ii) to devise an-  
nealing schemes that  would  el iminate such damage in 
Si-gate  devices sealed with  SisN4. For  this purpose, a 
realistic test vehicle was used in which most of the thin 
gate oxide areas are covered by layers of poly-Si  and 
in termediate  level  dielectrics. 1 The uniform gold proc- 
ess (7) was uti l ized for meta l  p a t t e r n g e n e r a t i o n  for 
second level  metall ization.  This process has been suc- 
cessfully used for meta l  gate MOS and bipolar devices. 
For bipolar devices, the metal l izat ion scheme consists 
of P t S i / T i / T i N / P t / A u  which  is meta l lurg ica l ly  more 
rel iable than the P d 2 S i / T i / P d / A u  system. The uni form 
gold process is LSI compatible, since only one critical 
photoresist  step is required as opposed to two for the 
standard Pd or Pt  etch processes. The process studied 
involves triode sputter  etch cleaning prior  to P tSi  con- 
tact formation, t r iode sputter  deposition of Pt  for PtSi,  
tr iode sputter  deposition of Ti, TiN, and Pt  layers, and 
electroplat ing of Au and Ni. The Au and Pt  layers are 
removed by sputter  etching in an rf  diode system using 
select ively plated Ni as the mask. Each of the steps 
and combinations, thereof, have been evaluated with  
regard to the radia t ion- induced damage they produce 
in the above-ment ioned  MOS structure.  An effective 
anneal ing scheme has been devised which utilizes in-  
tent ional ly  t rapped hydrogen to anneal out interface 
states in sealed MOS structures.  

MOS Test Structure and Processing 
Figure  1 (a) shows a photomicrograph of a completed 

chip of the CMOS tester;  the upper  lef t  corner shows 
the MOS capacitors on n-Si  substrates and on the 
p-tub.  Details of the MOS capacitors including meta l  
contacts ( rec tangular-shaped pads, 4 • 10 rail, over  
square window, 3 • 3 mil) to the poly-Si  electrodes 

Z Extensive studies were recently carried out by McCaughan 
et al. (2) on apparently "unannealable-degradation" of thin oxide 
films and interfaces due to various sputter deposition and back- 
sputtering processes; however, their test structures involved direct 
exposure of the gate oxide to various plasmas, following which the 
gate electrodes were evaporated. 

(area = 10 -S cm 2) and that  (square-shaped pad, 4 X 

4 mil  over  window, 3 X 3 mil)  to the p - tub  are shown 
in Fig. l ( b ) ,  whereas Fig. l ( c )  shows schematical ly  a 
cross section through the unmetal l ized port ion of the 
two capacitors, including the n + and p+ guard rings. 
The Si substrates consisted of <100> n- type  mater ia l  
doped with As to ND ~ 1.5 X 10 '15 cm -S whereas  the 
p-tubs were  doped with  B to NA ~ 1.5 • 1016 cm -8. 
The gate oxide (1000A thick) was grown on a freshly 
exposed Si surface prepared by str ipping 1~ thick 
s team-oxide off the gate areas. The oxidat ion was done 
in HCl-c leaned quartz tube furnaces in a dry  02 ambi-  
ent at l l00~ (40 min) fol lowing which the oxidized 
Si wafers  were  annealed in Ar, also at 1100~ (30 rain) 
using the same furnace. The first level  (gate) metal l iza-  
tion consisted of poly-Si  doped with  P to a sheet re-  
sistance of ,-~10 ohm/[~. The poly-Si  electrodes were  de- 
fined using s t eam-grown oxide (2500A) as a mask. The 
p+ areas (NA ,-~ 2 • 1019 cm -3) were  formed using 
1000A of B-doped "Si lox" oxide (followed by 2000A 
of undoped SIO2, both made by react ing Sill4 and 02 
at 480~ as a diffusion source, wi th  a dr ive- in  at 
l l00~ (2 hr, N2). Next, n + areas (ND ~ 1020 cm -S) 
were doped using PBr3 (1100~ 30 min) .  The in te rme-  
diate dielectric layer  separat ing the first level  poly-Si  
metal l izat ion f rom the second level  metal l izat ion nor-  
mal ly  consists of a composite layer  of 1~ SiO2 and 1- 
2000A SisN4 through which windows are opened down 
to the diffused Si areas as well  as to the poly-Si.  In the 
present experiments,  the Si3N4 layer  was omitted. 
However,  the anneal ing schemes were  devised keep-  
ing this Si3N4-sealing layer  in mind. 

The second level  (contact and interconnection) me t -  
allization consists of PtSi  ohmic contacts to n + and p+ 
Si areas and to poly-Si,  T i / T i N / P t / A u  interconnec-  
tions up to the terminat ion areas, where  a third level  
of metal l izat ion (beam leads) is buil t  up by select ively 
electroplat ing thick Au beams (~12~). The character-  
istics of the sputter ing stations (8) used in our exper i -  
ments are g iven in Table I. 

Finally, the back side of the Si wafers  was cleaned 
and metal l ized with evapora ted  A1 to form a large area 
ohmic contact to the n-Si  substrate. Contacts to the 
p- tub were  provided on front  side of the wafer,  aIong 
side each n-channel  capacitor as shown in Fig. l ( b ) .  

MOS Measurement Technique 
For MOS measurements ,  the test faci l i ty consisted of 

an Electroglas 910 prober  equipped with  a Temptronix  
TP35 thermochuck;  the whole apparatus was com- 
pletely enclosed in a dry N2 glove box containing air 
interlocks. High f requency (1 MHz) C-V measure-  
ments were  made at sweep rates of 100 mV/sec  and 
quasi-stat ic measurements  were  made at sweep rates 
of 20 mV/sec  using the s low-ramp technique described 
by Kuhn  (9). On a l imited number  of samples, mea-  

Table I. Characteristics of the triode and rf diode 
machines/processes used in the present work 

Fig. I. (a) Photomicrograph of the CMOS tester. (b) Details of 
the p- and n-channel MOS capacitors. (c) Schematic cross section 
through the unmetallized portion of (b). 

(A) Triode machine 
Plasma in the Ti confinement tube: 80V, d.c., 10A 
Ta filament (cathode of confinement tube): 54A, a.e. 
Ar pressure: 2~ 
(a) Sputter etch cleaning mode 

Substrate table (A1 coated with Pt): 500V peak-to-peak, 
rf (~250W rf power) 

Catch plate (stainless steel) grounded 
Si sputter etch rate --~400 A/rain 

(b) Sputter deposition mode 
Target (Ti or Pt, 12 in. diam): --500V, d.c. 
Substrate table: grounded through the rf power supply 
pN 2 for TiN: 7 X I0 -~ Torr 
Deposition times: 1 rain for 500A Pt 

SV2 rain for 1000A Ti 
2 rain for 100A TiN 
3 min for 1500A Pt 

(B) Rf diode sputter etching machine 
Rf power: 2 Wcm -a at 13.7 MHm (14 in. diam cathode) 
Cathode self-bias: i800V peak-to-peak, --900V, d.c. 
Pressure: 20/~ (80% A_r, 20% air) 
Cathode/anode spacing: 2 in. 
Au sputter etch rate: 900 A/min 
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surements  were also made of the minor i ty  carrier stor- 
age time, oxide breakdown voltage, and the mobile 
charge density. The storage times were de termined by 
puls ing the MOS capacitors into deep depletion and 
then plott ing the recovery of inversion capacitance as 
a funct ion of t i m e .  

The high frequency and quasi-static C-V data were 
analyzed in  the manne r  described, e.g., by Wagner  and 
Berglund (10). The Si-doping level ND.A was estimated 
from the measured inversion capacitance, Cinv (Fcm -2) 
and the flatband voltage, VFB, was estimated from the 
calculated flatband capacitance CFB. For nonideal  C-V 
curves, the net  oxide charge, Qt (cm -2) at flatband can 
b e  calculated using the relationship (11) 

Cox 
Qt  = (~bMs - -  VFB) " ~ [1 ]  

q 

where eMS is the work funct ion difference between the 
metal  gate and the Si-substrate  (for n + poly-Si, its 
Fermi  level was assumed to coincide with the Si-con- 
duction band edge), Cox is the oxide capacitance 
(Fcm-2) ,  and  q is the electronic charge. This simple 
equation does not allow one to separate the true fixed 
charge, Qss (always positive) from charges (Nst, posi- 
tive or negative) trapped in the surface states. The 
lat ter  are responsible for distortions in  the high fre- 
quency C-V curves. The interface states density, Nss 
(cm -~ eV -1) was calculated from the dispersion in  the 
quasi-static and  high frequency curves, in accordance 
with the relationship (12) 

Nss "--- �9 [2] 
q 1 / C q s -  1 1 / C h f -  1 

where Cqs and Chr are normalized values (on a scale 
of 1.0, which represents the accumulat ion capacitance) 
of the quasi-static and the high frequency capacitances, 
respectively, at a given gate bias. The Nss results from 
Eq. [2] are t ru ly  valid only in the potential  range ex-  
tending from about flatband point to the midgap. In  a 
number  of cases, the quasi-static C-V curves were ana-  
lyzed in detail to give Nss as a funct ion of the relat ive 
surface potential, es, which was calculated from the 
area under  the quasi-static curve (12) 

~s = [1 - -  Cqs] �9 dV [3] 
o 

The Nss vs. ~s results for p- and n -channe l  capacitors 
were plotted on the same graph label ing es = 0 at 
midgap, so that  ~s (FB) ~ -t- Iefl for the p-channel  and 
-- IeF] for the n -channe l  capacitor. Positive values of 
~s then signify the upper  half  of the bandgap and the 
negative values represent  the lower half  of the band-  
gap. 

T h e  O v e r - a l l  M e t a l l i z a t i o n  Process 

Figure 2 shows typical  high frequency C-V curves 
(solid lines) for p-  and n -channe l  capacitors subjected 
to the over-al l  metal l izat ion process outl ined in  Table 
I. Also shown for comparison are the dashed C-V 
curves (high frequency and quasi-stat ic) ,  which cor- 
respond to wel l -annea led  CMOS capacitors. The solid 
C-V curves reflect certain obvious effects of radiat ion 
damage; they are great ly distorted indicating a high 
densi ty of surface states, Nss. The negative shift of 
both C-V curves is taken as an  indication of a large 
positive charge Qss. One consequence of the large Qss 
and high Nss is to significantly decrease the apparent  
threshold voltage for the corresponding MOS transistor  
from the in tended values of approximately  -T-1.5V (for 
p- and n-channel ,  respectively) to about --5.0 and 
--1.0V, respectively, as indicated in Fig. 2. 

For  an unders tanding  of the MOS damage shown in 
Fig. 2, the effects were studied of each of the three 
radia t ion-damage inducing steps in the metall ization 
process, namely,  sputter etch cleaning of Si, sputter  
deposition, and sputter  etching of the deposited meta l -  
lization. These results are considered below. 
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Fig. 2. High frequency C-V curves for CMOS capacitors subjected 
to the standard metallization process (solid lines). The dashed lines 
show C-V curves (high frequency and quasi-static) for well-an- 
nealed capacitors, with no radiation damage. 

Sputter etch cleaning.--The preferred practice of 
forming PtSi ohmic contacts to Si (13) involves in situ 
i f - sput te r  etch cleaning of the exposed Si areas (e.g., 
source, drain, and guard rings in the Si substrate,  and 
contact areas of the n + poly-Si  gate);  this is followed 
by sputter deposition of Pt  and s inter ing of the Pt  
layer to form PtSi ohmic contacts. For sputter  etching, 
an rf potential  is applied to the substrates, and the 
substrates achieve a negative self-bias equal to ap- 
proximately one-half  the peak- to-peak rf potential. 
As a result  of this potential, the substrates are sub-  
jected to bombardment  by energetic Ar + ions ex-  
tracted from the plasma. With no metal  barr iers  
present yet, direct damage can occur, in the case of 
IGFET's ( insulated gate field effect transistors) ,  at the 
edge of the gate oxide/Si interface which gets exposed 
when windows are formed in the source and drain  
areas. In the case of test capacitors, a similar si tuation 
arises at  the p+ contacts to the p- tub.  Moreover, in-  
direct damage can result  from A r + - i on  bombardment  
of the poly-Si  layer over the Si/SiO2 interface. Al-  
though the exact mechanisms are not apparent,  sputter  
etch cleaning was found to be the most severe radia-  
t ion-damage inducing step of the metal l izat ion process. 

The radiat ion damage induced by sputter  etching is 
expected to be cumulative,  i.e., it will  depend upon 
the product of the in tensi ty  of radiat ion and t ime of 
exposure. The effect of the dura t ion of sputter etch 
cleaning is shown in Fig. 3 and 4 which show complete 
C-V curves (high frequency and quasi-static, p-  and 
n-channel )  for samples sputter etch cleaned for 3 min  
and 1 min, respectively. Subsequent  to sputter  etching 
but  prior to C-V measurements  both of these samples 
were coated with 500A of sputtered Pt, sintered at 
650~ (20 min)  in Ar/10% air ambient  and the unre -  
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Fig. 3. C-V curves for CMOS copocitors processed through 3 
rain of sputter etch cleaning and PtSi formation in the contoct 
windows. 
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Fig. 4. C-V curves for CMOS capacitors processed through 1 min 
of sputter etch cleaning and PtSi formation in the contact windows. 

acted P t  was etched away  using hot aqua regia. The 
high f requency  C-V curve for  the p -channe l  capaci tor  
of Fig. 3 is severe ly  d is tor ted  and shif ted in the posi-  
t ive direction.  The posi t ive shift  of the p -channe l  C-V 
curve is also seen for  the  sample  of Fig. 4 which was 
sput te r  c leaned for 1 min, but  i t  is cons iderably  less in 
extent.  These posi t ive shifts ( apparen t  negat ive  Qt) 
appear  to be the resul t  of a large  Nss effect. 

The da ta  in Fig. 3 and 4 were  analyzed to give a dis-  
t r ibut ion  of surface states densi ty  Nss wi th  the  re la t ive  
surface potent ia l  ~s (Fig. 5). In  both cases, i.e., for 3 
and 1 rain backspu t te r  cleaning, the Nss vs. ~s dis-  
t r ibut ions  are s imilar ;  they  show a shal low min imum 
near  the mid -gap  and a wel l -def ined peak  near  the  
p -channe l  f la tband point  in the upper  half  of the for-  
b idden band. The area  under  the peak  of Fig. 5(a)  
was used to es t imate  Nst, the (negat ive)  charge (--6.5 
• 1012 cm -2) associated wi th  the interface t raps  
which, in the  present  case, act as acceptor  states. More-  
over, the shif t  in high f requency C-V curves for  p -  
channel  capacitors  gives Qt ( ----- Qss -~- Nst) as --3.4 
• 1012 cm -2, so that  the r ad ia t ion - induced  Qss ap-  
pears  to be ~3  • 1021 cm-2.  A s imi lar  calculat ion for 
the  case of Fig. 5(b)  gives the t r apped  charge Nst as 
--1012 cm -2 and the r ad ia t ion- induced  Qss as ,-,2 • 
10 TM cm -2. In  both cases, negat ive  Nst dominates  Qss, 
but  only  for p -channe l  capaci tors  p r e sumab ly  because 
the por t ion of the forb idden gap avai lab le  for  occu- 

pancy  b y  negat ive  charges increases on going from 
midgap  to f la tband of p -channe l  capacitors;  a reverse  
s i tuat ion holds for n -channe l  capacitors.  

Near ly  ideal  MOS character is t ics  a re  restored,  i.e., 
the surface states are comple te ly  neut ra l ized  upon 
hydrogen  anneal ing  e i ther  of the above two samples  
at, e.g., 380~ for �89 hr. This is evident  from the da ta  
shown in Fig. 6 according to which both p -  and n -  
channel  capacitors  have  a Qss N O (i.e., <1010 cm -2) 
and midgap  Nss < 101o cm-2  eV-Z. In the  case where  
the in te rmedia te  oxide is covered wi th  Si3N4, the H2 
anneal ing would p r i m a r i l y  occur by  la te ra l  migra t ion  
of the H atoms across the  wal l  of the  contact  windows, 
i.e., in the  region be tween  the top Si3N4 l aye r  and the 
PtSi  l aye r  present  at  the bo t tom of the  contact  ape r -  
tures. The device is not fu l ly  sea led  (against  H2) unt i l  
the  contact  windows are covered wi th  T i / T i N / P t  
meta l l iza t ion  upon subsequent  spu t te r  deposition. 

T i / T i N / P t  triode sputter deposit ion.mTriode sput ter  
deposi t ion of T i / T i N / P t  was car r ied  out on wafers  
which contained s intered P tS i  ohmic contacts and were  
H2-annealed for t imes in excess of those requi red  to 
neutra l ize  the p rev ious ly  present  interface states. 
Metal  pads  were  then defined over  the contact  areas 
by chemical  etching in conjunct ion wi th  usual  photo-  
l i thographic  techniques. Dur ing the sput te r  deposi t ion 
step, most  of the par t ic le  b o m b a r d m e n t  is due to low 
energy  neutrals ,  however ,  dur ing  the ea r ly  stages of 
deposition, unt i l  a continuous layer  (1000-2000A) of 
meta l  film is formed, the S i -ga te  areas  (~--5000A thick)  
are exposed to the u.v. rad ia t ion  and voltages of the  
plasma, which can produce  rad ia t ion  damage  (14). 

The effect of t r iode sput ter  deposi t ion is shown in 
Fig. 7 in the form of high f requency  and quas i -s ta t ic  
C-V plots. I t  may  be seen tha t  sput te r  deposi t ion af ter  
P tSi  format ion  and H2 anneal  does not apprec iab ly  
dis tor t  the high f requency  C-V curves, but  the  quasi -  
static C-V curves show evidence of in terface  states, 
whose dis t r ibut ion is shown in Fig. 8. This Nss dis-  
t r ibut ion  has a peak  in the  lower  half  of the  bandgap;  
however,  the Nss values are  r e l a t ive ly  low (in the 
range of 1-7 • 101~ cm -2 eV -1) so that  the effects 
of any charge t rapp ing  are  not reflected by  apprec iab le  
dis tor t ion of the high f requency C-V curves. 

Sputter  etching ~or metal  pattern generation.--The 
radia t ion  damage induced in MOS Si -ga te  s t ructures  
by  rf  diode sput ter  etching for  meta l  pa t t e rn  genera -  
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I l I I I I } I I istic) genera ted  by  secondary  electrons accelera ted  
f rom the cathode which  s t r ike  the  anode. Since many  
types of MOS SIC's m a y  requi re  gold only  on the 
beam leads and not on the in t rachip  metal l izat ion,  
sput ter  etch processes for  me ta l  pa t t e rn ing  wi th  and 
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t ion (uni form gold process)  has been recen t ly  inves t i -  
gated (15). I t  was concluded tha t  the  damage  is p r i -  
ma r i l y  due to x - r a y s  (b r emms t r ah lung  and charac te r -  

wi thout  gold (i.e., those ut i l iz ing high and low rf  
power  levels, see below) on the in t rachip  meta l l iza t ion  
were  compared.  Two sets of condit ions were  evaluated.  
First ,  samples  containing P t S i / T i / T i N / P t  and H2-an-  
healed af ter  P tSi  format ion  were  un i fo rmly  p la ted  
wi th  gold (1~) and se lect ively  p l a t ed  wi th  a Ni mask.  
The Au and Pt  layers  were  removed  by  sput te r  etching 
for  30 rain at  an incident  r f  power  to the cathode of 2 
Wcm -2. This condit ion corresponds to a cathode d -c  
se l f -bias  of --900V, an rf  p e a k - t o - p e a k  vol tage of 
1800V, and a gold sput te r  etch ra te  of ,-,900 A/ra in .  
Second, samples, containing P t S i / T i / T i N / P t  were  se-  
lec t ive ly  p la ted  d i rec t ly  wi th  Ni and the Pt  r emoved  
by sput te r  e tching for 20 rain at an incident  r f  power  
to the cathode of 1.2 Wcm -2. This corresponds to a 
cathode se l f -b ias  of --500V, d.c., and an  rf  p e a k - t o -  
peak  vol tage of 1000V. El iminat ion  of Au  on the i n t r a -  
chip meta l l iza t ion  makes  it p rac t ica l  to consider  
spu t te r  etching at lower  power  levels which  should 
be mi lde r  condit ions as far  as NIOS damage  is con- 
cerned. 

The C-V data  for the  sample  sput te r  etched at  a 
power  of 2 W c m - ~  a re  shown in Fig. 9. Considerable  
damage  has occurred to the  CMOS capacitors  as re -  
flected in the la rge  posi t ive Qt (4-5 x 10 I1 cm -~ 
eV -1) and Nss values.  The d is t r ibu t ion  of Nss vs. r 
is shown in Fig. 10. The Nss shows a peak  in the upper  
half  of the bandgap  near  the  f la tband point  for  the  
p -channe l  capacitor.  F rom the area  under  this peak,  
the oharge Nst t r apped  in the  surface s tates  is es t i -  
mated  as ~1011 cm-~. This is r e l a t ive ly  smal l  com-  
pared  to Qt ( =  Qss -t- Nst) so that  i r respect ive  of the  
sign of Nst, Qss wil l  be a large  posi t ive number  (3- 
6 • 1011 cm-2) .  Thus, in contras t  wi th  the case of 
sput ter  etch cleaning, he re  the r ad ia t ion - induced  posi -  
t ive Qss dominates  Nst. A t  this  stage, i t  is not  possible 
to de te rmine  whe the r  the Nst is associated wi th  ac-  
ceptor  states (i.e., Nst ~-- --1011, Qss ,~ 5-6 • 1011 
cm-~)  or wi th  donor s tates  (i.e., Nst ~ 1011, Qss ~' 
3-4 • .1011 cm-~) .  

The effect of sput ter  e tching a t  the  lower  power  of 
1.2 Wcm -~ is shown in Fig. 11. Al though  this sample  
shows only a sl ight  increase in Qt, the MOS degrada-  
t ion is mani fes ted  by  an order  of magni tude  increase 
in Nss over  that  character is t ic  of we l l - annea l ed  sam-  
ples (see, e.g., resul ts  given be low) .  The resul t ing  d is -  
t r ibut ion  of Nss wi th  Cs is shown in Fig. 12. I t  is 
character ized by  a m in imum near  the midgap.  These 
Nss values  are  comparable  to those induced by  spu t te r  
deposi t ion of T i / T i N / P t  layers  (Fig. 8) so tha t  it  ap -  
pears that  the s imple expedien t  of reducing  the rf  
power  used for sput te r  e tching was effective in min i -  

1 , 0  

~oe  

~ O.G 

N 
3 0 . 4  

I I I [ I I I I 

f I I t I I I I 
- 8  - 6  - 4  - 2  

GATE  B IAS ,  V 

r 

n m C N A M N E L  
. - - . . _ .  

I I I I I I I I I 
2 4 6 S 

(VOLTS) 

Fig. 9. C-V curves for CMOS capacitors processed through PtSi 
contacts, H2 anneal, T i /T iN/Pt  sputtering, Au electroplating, and 
sputter etching at high powers (2 Wcm-2) .  
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mizing additional damage during the sputter  etch step. 
Furthermore,  a part ial  annea!ing 2 of the Nss due to 
trapped H2 (see below) might have also occurred dur -  

A l t h o u g h  t h e  S i  w a f e r s  a r e  c l a m p e d  t o  a water -coo led  cathode 
plate f o r  e f f i c i e n t  c o o l i n g  during  sputter  e tching ,  surface t e m p e r -  
a t u r e s  in the r a n g e  1 0 0 ~ 1 7 6  are attained. 

ing sputter  etching to give the appearance of only a 
small  net  increase in Nss. 

Use of Trapped Hydrogen for Annealing 
Interface States 

The combinat ion of a SisN4 seal and sputtered 
T i /T iN/P t  metal l izat ion in the contact windows would 
render  devices impervious (at practical postmetall iza- 
tion processing temperatures)  to hydrogen which is 
required to neutral ize the surface s~ates associated 
with dangling bands at the Si/SiO2 interface (16). 
Although the upper  l imit  of postmetall ization H2-an- 
nealing temperature  can be set by a variety of reasons, 
for systems containing Au, it will  definitely be below 
the Au-Si  eutectic point  (370~ and in the case of 
A1 thin films it will  be < 450~ because of excessive 
hillock formation and grain growth. Our results indi-  
cate that part  of the hydrogen previously introduced 
(during 380~ 1/2 hr H2 anneal)  in the devices after 
PtSi formation in the contacts gets t rapped into the 
SiO2 and poly-Si  layers of the device. A subsequent  an-  
neal in  an inert  ambient  such as vacuoZ causes this 
trapped hydrogen to redistr ibute and anneal  out the 
additional interface states produced by T i / T iN /P t  
sputter deposition and Pt sputter  e~ching steps. The re-  
sults of a vacuum anneal  at 325~ (1 hr) are shown in 
Fig. 13 for a sample that  received triode T i / T i N / P t  
sputter deposition and Pt removal by diode sputter  
etching. Nearly ideal MOS characteristics have been 
restored after the 325~ "redis tr ibut ion anneal." The 
midgap surface states density is reduced by about an 
order of magni tude ~4  • 109 cm-2  eV-1 for the p-  
channel  device and to ,~9 • 109 cm -2 eV-1 for the n -  
channel  device. The resul t ing Qss is near ly  zero (i.e., 
< 1010 cm-2) for both cases and the calculated thres-  
hold voltages are found to be approximately ~l .5V, 
respectively, for the p-  and n -channe l  devices, as ex- 
pected. 

Addit ional  measurements  of storage time, oxide 
breakdown voltage, and mobile charge were made on a 
l imited number  of MOS capacitors subjected to the 
hydrogen-redis t r ibut ion anneals. Figure 14 shows typi -  
cal plots of the normalized MOS capacitance as a func-  
tion of time after the capacitors were dr iven into deep 
depletion by a pulse voltage of --10V or -~ 10V for the 
p- and n -channe l  devices, respectively. The capacitors 
gradual ly  recovered to the equi l ibr ium state of inver-  
sion. The resul t ing transients  were analyzed by  the 
procedure suggested by Heiman (17). For the p -chan-  
nel capacitors, the �9 was estimated at midpoint  of the 
t ransient  as 0.1 and 0.23 msec whereas for the n -chan -  
nel capacitor on diffused p-tubs,  �9 was found to be 

s V a c u u m  a n n e a l i n g  w a s  i n i t i a l l y  t r i e d  to  e n s u r e  m o i s t u r e - f r e e  
s a m p l e s .  E q u a l l y  g o o d  r e s u l t s  h a v e  b e e n  o b t a i n e d  b y  a n n e a l i n g  i n  
N2 o r  f o r m i n g  g a s  b u t  o n l y  p r o v i d e d  t h e  s a m p l e s  h a d  e a r l i e r  r e -  
c e i v e d  a H 2 - a n n e a l i n g  t r e a t m e n t  p r i o r  t o  s p u t t e r  d e p o s i t i o n .  
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Fig. 13. Nearly ideal C-V curves of CMOS capacitors processed 
through PtSi contacts, H2 anneal, Ti /TiN/Pt  sputtering, Pt sputter 
etch, and a final vacuum anneal (324~ 1 hr) to redistribute the 
previously trapped H~. 
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Fig. 14. Normollzed MOS r vs. time for copocitors of 
Fig. 13 driven into deep depletion: (a) and (b) p-channel; (c) and 
(d) n-channel. 

much shor ter  at  9 and 5 ~sec. These values a re  gen-  
e ra l ly  represen ta t ive  of those expected for  w e l l - a n -  
nealed MOS samples.  

Ga te -ox ide  b r eakdown  voltages were  also measured  
for a l imi ted  number  of capaci tors  af ter  the H - r e d i s -  
t r ibu t ion  anneal.  These ranged  f rom 30 to 65V (for 
1O00A thick gate oxide)  wi th  a median  of about  50V. 

Bias-s t ress  aging exper iments  were  carr ied  out 
( •  on gate  oxide, 250~ 30 min)  on the  annealed  
samples  wi th  a view to de te rmine  any mobile  charge 
(Na +) in the  gate oxide. The to ta l  f iatband shifts  were  
a lways  less than  O.IV indica t ing  that  the  present  CMOS 
device processing (which included a 1000~ PBrz ge t te r  
step) was effective in keeping the mobile  charge den-  
s i ty  acceptab ly  be low 1O 10 a tom cm -'2, and that  mobile  
charges were  not ac t iva ted  in Che gate oxide as a resul t  
of the above processing steps. 

L o n g - t e r m  negat ive  b i a s - t empe ra tu r e  aging studies 
(4) were  not car r ied  out, but  they  would be requ i red  
to ver i fy  the pe rmanence  of the anneal.  In  view of the  
low values of Nss tha t  were  achieved, there  is reason 
to bel ieve  tha t  significant charge t r app ing  and conse- 
quent  shifts in threshold  vol tage should not occur. 

Conclusions 
Using a S i -ga te  CMOS structure,  the MOS compat i -  

b i l i ty  has been demons t ra t ed  of a process involving (i) 
t r iode  sput te r  etch cleaning of contact  areas,  t r iode 
sput te r  deposi t ion of P t  (for P tS i )  and Ti, TiN, P t  
layers,  and rf  diode sput te r  e tching of the Pt  l aye r  and 
(ii) use of t r apped  hydrogen  for anneal ing  interface  
s tates  in sealed MOS structures.  The conclusions 
reached should be of genera l  va l id i ty  to S i -ga te  MOS 
devices, even though detai ls  of the radia t ion  damage  
m a y  depend  cr i t ica l ly  on the specific s t ructure  em-  
ployed.  

1. The dominant  modes of damage were  found to 
be genera t ion  of surface states, r ad ia t ion- induced  Qss, 
and l i fe t ime degradat ion,  a l l  of which are annealable  
using hydrogen.  

2. The  t r iode spu t te r  etch cleaning step introduces 
surface states whose d is t r ibu t ion  shows a peak  in the 
upper  half  of the  bandgap.  A large  negat ive  charge in 
the surface t raps  appears  to domina te  the (posi t ive)  
r ad ia t ion- induced  Qss. 

3. The t r iode sput ter  deposi t ion process (following 
P tS i  contact  fo rmat ion  and H2 anneal ing)  of T i / T i N / P t  
layers  leads to a smal l  peak  in Nss in the  lower  half  of 
the  bandgap.  

4. Rf diode sput te r  etching (of Au  a n d / o r  P t )  at  
high powers  (2 Wcm -~) produced a peak  in Nss, also 
in the upper  half  of the  bandgap.  In  this case a la rge  
posi t ive r ad ia t ion- induced  Qss dominates  any charges 
associated wi th  surface traps.  For  low power  sput te r  
e tching (1.2 Wc m-~) ,  the  Nss d is t r ibu t ion  contains no 
peaks, only  a sha l low min imum is present  near  the 
midgap  and no charge t r app ing  is observed.  

5. In  sealed MOS structures  which are  impervious  
to hydrogen  dur ing  pos tdamage  annealing,  hydrogen  
can be in t roduced and t r apped  in the  oxide layer  p r io r  
to the  deposi t ion of the final meta l l ic  l aye r  seal. A low 
tempera ture ,  iner t  ambien t  anneal  (e.g., 325~ 1 h r  
vac) can then be employed,  subsequent  to spu t te r  
deposi t ion of the metal l ic  layer ,  w he re by  the hydrogen  
red is t r ibu tes  by  migra t ion  to the  Si/SiO2 interface and 
repai rs  the MOS damage.  

6. MOS s t ructures  subjec ted  to the above H - r e d i s -  
t r ibut ion  anneal  have midgap  Nss in the  109 cm -2 eV -1 
range, nea r ly  zero Qss (i.e., ~ 1010 cm-2) ,  and l i fe t ime 
of 10-1O0 ~sec. With  careful  processing, no mobile  
charges are  in t roduced or ac t iva ted  by  the above proc-  
esses. 
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Characterization of Thin Anodized Films on Aluminum 
with Soft X-ray Spectroscopy 
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ABSTRACT 

Two met'hods uti l izing x - r ay  spectra from the electron m.icrobeam probe 
for the determinat ion of a luminum oxide film thickness for a broad range of 
thicknesses are described. One method uses the direct measurement  of oxygen 
K emission while the other uses the changes in fine features of the x - ray  
spectra with changes in oxide film thickness. For oxides formed by barr ier  
anodization technique, films as thin as 20-30A and as thick as several thousand 
angstroms could be measured by  these methods. 

The thickness of thin films is usual ly determined 
by optical methods such as el l ipsometry or in ter -  
ferometry or by an indirect  method such as calcula- 
tion from the evaporat ion of a known weight of 
mater ial  in a vacuum evaporator. Depth profiling 
techniques i n  which an inert  gas ion beam sputters 
away surface layers while the surface is sampled 
are being used increasingly. Such depth profiling is 
done with ion scattering spectroscopy (ISS), secondary 
ion mass spectroscopy (SIMS), Auger electron spec- 
troscopy (A]~S), and electron spectroscopy for chemi- 
cal analysis (ESCA). Both the optical methods and 
techniques depending on sputter  etching give good 
results in selected cases. However, the optical methods 
suffer greatly when the film is not uniform and the 
substrate is not flat (macroscopic) and smooth (micro- 
scopic). Other factors such as the film being a color 
which absorbs the probing radiat ion also can interfere 
with optical measurements  such as ellipsometry. The 
accuracy of methods using sputter  etching depends 
on a knowledge of the film sputter ing rate, which 
even for pure materials varies greatly (depending 
on exper imental  conditions, especially ion beam volt-  
age). There are also problems due to ion beam crater 
shape (sampling from the sides as well as the bottom 
of the crater) ,  redeposition of sputtered material  
back into the crater, surface roughness ,  and other 
factors. 

Each of the aforementioned techniques gave good 
results on idealized a luminum oxide films on a luminum. 
Such samples were prepared by vacuum evaporat ing 
a luminum on glass microscope slides and anodizing 
under  barr ier  conditions at low voltages. When real 
samples which had been cut by shear techniques from 
bulk  sheet stock subjected to surface oxidizing etches 
or to s tandard surface preparat ion prior to anodiza- 
t ion were investigated, very poor results were often 
obtained probably due to surface roughness. X - r a y  
emission technique similar to that used by Sewell et al. 
(1, 2) for thin films of Ta205 on Ta by means of 
oxygen K measurement  looked attractive for deter-  
min ing  thickness of a luminum oxide on a luminum.  
In  addition, the s tr iking changes in the fine featurer 
of a luminum K spectra with changes in chemical com- 
binat ion (3, 4) showed promise for characterizing 
these films, both from the standpoints of thickness 
and structure. 

Experimental 
The Hitachi XMAS electron microbeam probe ana-  

lyzer equipped with a dispersing KAP crystal and an 

Key words:  films, x-ray,  AI~03, spectroscopy, ,anodization. 

ul t ra th in  polypropylene-windowed flow proport ional  
detector was used for results on oxygen K radiat ion 
shown here. For  a luminum K spectra high resolution 
was provided by use of an ADP dispersing crystal. 
The electron beam potential  was 10 kV with 1 • 10-6A 
electron beam current  using approximately 5 ~m 2 
beam. X- ray  data was collected by step-scan tech- 
niques on paper tape and input ted to a t ime-share  
computer, X and Y intercepts for each point  were 
calculated, and plots were prepared by a digital 
plotter. Samples were prepared in  a stirred bath of 1% 
ammonium borate in ethylene glycol. Except as dis- 
cussed later, anodizing voltages were main ta ined  (con- 
stant  voltage) in a range which gave a barr ier  ano- 
dized film. 

Background on X-ray Spectra 
The fine features of x - ray  emission spectra may be 

used to determine chemical bonding. By operation at 
low voltages and other techniques the method can 
provide near-surface characterization on areas as 
small  as 1 ~m 2. A luminum K spectra are especially 
sensitive to changes in chemical bonding. Figure 1 
shows the K band (K~) from a luminum metal  and 
an anodized film. The large shift in the band as well  
as the appearance of K#  in the oxide due to a molec- 
ular  orbital t ransi t ion forms the basis of using these 
fine features. Also shown in Fig. 1 is the K satellite 
group, the principa~l lines of which are stronger than 
K~ and are thus usual ly  easier to use. The use of 
these features assumes that  the oxide is on the surface 
and that a uniform change from "metal" to "oxide" 
spectra will take place when going from no film on 
the surface to a point where all x - ray  emission eman-  
ates from the oxide film. This upper l imit  was about 
4000A in this work where 10 keV electrons were used 
but  could be increased by an increase in operating 
voltage. 

Results 
The most obvious method of using x-rays  to deter-  

mine oxide thickness is that of direct measurement  
of oxygen K intensities similar to the method of 
Sewell et aL (1, 2, 5). Such results are shown in Fig. 
2 where the OK intensities obtained from anodized 
films on a luminum are plotted vs. the anodizing volt-  
age. The anodization constant was determined to be 
14 A/V using ellipsometric techniques on vacuum-  
evaporated A1 films anodized under  the same condi- 
tions as the samples described earlier. Note that the 
intercept is not at zero, probably due to oxygen in 
solution in the bulk and to the na tura l  oxide film which 
immediately covers an a luminum surface. The l inear  
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Fig. 2. Oxygen K x-ray intensities vs. anodizing voltage for alu- 
minum (1% ammonium borate in ethylene glycol). 

por t ion  of the curve m a y  be more  nea r ly  exponent ia l  
if more  points  were  added  and be t te r  precis ion were  
achieved.  Such a shape would  be in keeping with  e lec-  

t ron and x - r a y  a t tenua t ion  in the films, and would 
be in be t te r  agreement  wi th  the  da ta  of Mitchel l  and 
Sewel l  (5) on a luminum.  However ,  da ta  shown here, 
because of the  use of a h igher  take-off  angle  and 
higher  e lect ron energies,  would  be less suscept ible  to 
absorpt ion effects compared  wi th  the resul ts  of Mitchell  
and Sewell .  

The changes in A1 K x - r a y  spect ra  provide  another  
method of de te rmin ing  oxide film thickness.  F igure  3 
shows the o rde r ly  change in the  K band which in-  
volves valence electrons in going from A1 meta l  to a 
thick 400V film. Fo r  reference,  a spec t rum is also 
shown for sapphire .  Sapphire ,  the corundum structure.  
exhibi ts  two max ima  on the ma in  K band,  whi le  an-  
odized films show only one, indicat ing tha t  the  ano-  
dized film is not corundum s t ruc ture  and tha t  x - r a y  
fine features  are sensi t ive not only to neares t  neigh-  
bors, but  also to the way  in which they  are  a r ranged  
in the compound.  K~, or iginates  only f rom the oxide 
due to a molecular  orb i ta l  t ransi t ion,  and therefore  
becomes s t ronger  wi th  increasing oxide thickness in 
re la t ion  to the K band as seen in Fig. 4. Work  is 
cont inuing to de te rmine  if the  observed scat ter  is due 
to s ta t is t ical  measuremen t  problems  such as surface 
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Fig. 3. The AI K band for samples anodized at various voltages 

compared to Al~O~, sapphire. 
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charging or  whe ther  changes in anodizat ion condi-  
tions or inhomogenei t ies  in the film are  responsible.  

The s t rong satel l i tes  Kas and Ka4 which or iginate  
f rom mul t ip ly  ionized states, p rovide  another  method 
of measur ing  film thickness  as seen by  the continuous 
change in the spect ra  in going from pure  meta l  to a 
th ick 400V film as seen in Fig. 5. The spec t rum from 
sapphi re  in this case is v i r t ua l ly  ident ica l  to the  
spec t rum from the th ick anodized film indicat ing that  
the satel l i te  l ines are  not sensi t ive to s t ruc tura l  
changes. The rat io  Ka4/Kas is shown in Fig. 6. Notice 
in this plot  the curve comes to a m a x i m u m  and re-  
mains  constant  once the  ra t io  has a t ta ined  a value  
of app rox ima te ly  un i ty  represent ing  emission f rom 
only oxide. In  measurements  of OK intensi t ies  a s im- 
i la r  effect was seen except  that  a m a x i m u m  was 
reached fol lowed by  a decl ine giving the appearance  
that  the  film was becoming th inner  wi th  increas ing 
anodizing voltage. I t  was suspected that  a change in 
mechanism of anodizat ion was responsible  for the 
curve shape and cur ren t  vs. t ime recordings  were  
made at constant  vol tage for both high and low vol t -  
ages. I t  was found for  this e lec t ro ly te  concentrat ion 
that  ba r r i e r  oxide films are  formed up to 250V; above 
this vol tage a combinat ion of ba r r i e r  and porous film 
exists. Hoar  and Yahalom (6) have shown deta i led  
resul ts  of cur ren t  dens i ty  vs. t ime for a luminum ano- 
dizat ion in which the curves m a y  be analyzed  as 
having one component  which is due to ba r r i e r  film 
forming and a super imposed component  due to pore 
formation.  F igure  7 i l lus t ra tes  this  phenomenon for 
the e lec t ro ly te  used here  where  A is cu r ren t - t ime  
re la t ionship  for 5OV and shows a typical  curve for  a 
ba r r i e r  film whi le  B is obta ined at 300V and shows 
first ba r r i e r  format ion  dur ing the ea r ly  sharp surge 
fol lowed by  a b reak  in the curve indicat ing porous 
oxide formation.  Electron micrographs  of repl icas  at  
h igh magnificat ion show the increase of the  pore  
s t ructure  in the h igher  vol tage oxide. Therefore,  
apparen t ly  the  bend in the OK intensi t ies  represents  
a change in oxide bu lk  dens i ty  ra ther  than  the oxide 
becoming th inner  at h igher  voltages. That  is, because 
of the  pores, there  are  fewer  oxygen sites per  uni t  
area. In addi t ion it is possible that  in the porous 
oxide the s toichiometr ic  rat io  be tween  oxygen and 
a luminum is different  from the ba r r i e r  oxide. How-  
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Fig. 5. AI K satellites for samples anodized at various voltages 
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Fig. 7. Current vs. time curves and electron micrographs 
(35,000• for aluminum anodized at voltages of 50V (A) and 
300V (B) in 1% ammonium borate in ethylene glycol. 

ever, in a nonaqueous  sys tem such as used here, this 
is unl ikely .  

Conclusions 
The x - r a y  emission method,  e i ther  the  d i rec t  mea-  

surement  of oxygen K intensit ies,  or the  measure -  
ment  of changes in the  fine features  of x - r a y  spectra,  
gives thickness  in format ion  on a luminum oxide on 
a luminum over  a wide range  of thickness f rom about  
20A to severa l  thousand A. The technique lends i tself  
to prac t ica l  samples  which are not  amenable  to mea-  
surement  by  methods enumera ted  earl ier .  The range  
of thickness could be increased compared  to the re -  
sults shown here. That  is, much th icker  films could 
be measured  by  using h igher  e lec t ron beam voltage. 
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Synthesis and Luminescence Properties of Europium-Activated 

Yttrium Oxysulfide Phosphors 
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ABSTRACT 

A new method of preparing brightly emitting Eu: Y20~S phosphors is de- 
scribed. Yttrium sulflte doped with Eu is used as starting material and the 
Eu-activated oxysulfide is obtained from it either directly by reducing the 
sulfite with carbon monoxide, or by first oxidizing sulfite and then reducing the 
obtained oxysulfate. The properties of the phosphors and the effect of im- 
purities on their luminescence spectra are briefly discussed. 

Due to its b r igh t  luminescence under  cathode r ay  
excitat ion,  eu rop ium-ac t iva t ed  y t t r i u m  oxysulfide is 
a wide ly  used r ed -emi t t i ng  phosphor  in color te levis ion 
p ic ture  tubes (1). Severa l  methods have been repor ted  
for the synthesis  of ra re  ea r th  (RE) oxysulfides;  they  
include reac t ion  of RE oxides wi th  var ious  su l fur -  
containing reagents  (e.g., H2S, CS2, NH4SCN) (2-4),  
reduct ion  of RE sulfates by  hydrogen  (5, 6) and by  
carbon monoxide  (7), reac t ion  be tween  RE oxides and 
sulfides (8), and  methods  employing  sulfurizing fluxes 
(9, 10). 

K e y  words :  luminescence ,  phosphors ,  y t t r i u m  oxysulf ide,  euro-  
p i u m  oxysulf ide.  

In our previous s tudy concerning the t he rma l  de -  
composit ion of RE sulfites it  was found that  under  cer-  
ta in conditions they  fo rm oxysulfides in reducing a t -  
mospheres  (11). Based on that  reaction,  this  repor t  
describes a new method for the  p repa ra t ion  of b r igh t ly  
emi t t ing  eu rop ium-ac t iva t ed  y t t r i um oxysulfide phos-  
phors. Their  p roper t ies  are  also brief ly discussed, wi th  
special  emphasis  on the effect of impur i t ies  on the 
luminescence brightness.  

Experimental 
Materials and analytical methods.--Three different  

grades  of y t t r i um oxide (99.9, 99.99, and  99.9.99% with  
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respect to RE impurit ies)  were used in  the experi-  
ments. The pur i ty  of europium oxide was 99.9%. Both 
oxides were produced by Kemira  Oy, Oulu, Finland.  

The pur i ty  of the s tar t ing materials  as well as that  
of the phosphors was analyzed with an AEI MS702 
mass spectrometer, using spark-source excitat ion and 
electrical detection. The amount  of europium present  
in  the sulfites and phosphors was analyzed by atomic 
absorption spectrometry with a Pe r ldn -E lmer  303 in-  
s trument.  The purities of deionized water, ethanol, 
ether, and acetic acid used for washing the phosphors 
were also checked by AAS. 

X-ray dif]raction.--T, he homogeneity and crystal l in-  
i ty of the sulfites and oxysulfides were checked by 
x - ray  diffraction using a Philips powder diffractometer 
with Ni-filtered CuK~ radiation. The accurate un i t  cell 
parameters  of the synthesized oxysulfides were calcu- 
lated by  a least-squares procedure from x - r ay  diffrac- 
tion photographs taken with a Guinier  camera (Enraf-  
Nonius FR 552). Potassium chloride was used as in -  
ternal  standard, and the films were measured with a 
microdensitometer.  

Thermal analysis.--The formation of Eu: Y~O~S from 
the sulfite was investigated in  a Mettler Thermoana-  
lyzer by  s imultaneously recording the TG, DTG, and 
DTA curves. The flow rate of CO was 90 cm3/min. The 
sample holder was an a luminum oxide crucible (diam- 
8 ram, depth 20 mm) .  The stabil i ty of the activated 
phosphor in vacuum (4 �9 10-5 arm) was checked in  
another exper iment  where it was heated from 25 ~ to 
1000~ The heating rate in both experiments  was 6~ 
rain. 

Luminescence measurements.--Luminescence spectra 
of the phosphors were measured with a Hitachi Pe rk in -  
Elmer fluorescence spectrometer, Type NIPF-3A. In  rel-  
ative intensi ty measurements  the ins t rumenta l  pa ram-  
eters were as follows: sensitivity: 2; slit: 2 ~m; filter: 
UV-D25 (excitation),  UV-39 (emission);  wave length: 
324 nm (excitat ion),  500-700 nm (emission).  

Scanning electron microscopy.---SEM pictures were 
taken with a JEOL scanning electron microscope, Type 
JSM-U3. 

Synthesis o] the oxysulfide phosphors.--Y20~ con- 
ta ining the desired amount  of Eu203 was suspended in 
water. A slow stream of sulfur  dioxide was led into 
this suspension unt i l  the RE oxides dissolved. Complete 
precipitat ion of RE ions as sulfites was achieved by 
boiling the solution and s imultaneously leading ni t ro-  
gen gas through to remove excess sulfur  dioxide. Due 
to the small  difference in solubilities of y t t r ium and 
europium sulfites, the crystall ine precipitate contained 
europium sulfite homogeneously dispersed in  y t t r ium 
sulfite. It was washed with deionized water and dried 
with ethanol and ether. As an example of the amounts  
of reagents and the t ime required the following values 
can be given: Y203 1.5g, Eu203 0.149g [6 mole per-  
cent (m/o) ] ,  HeO 150 cm~, SO~ 100 cmS/min for 1.5 hr, 
and boiling t ime 1 hr. 

The sulfites obtained can be reduced to oxysulfides 
by the action of carbon monoxide at 600~176 In  a 
typical experiment,  0.5g of sulfite was reduced in a 
quartz reaction vessel (volume 80 cm 8) by leading in 
carbon monoxide (100 cm3/min) for 60 min  at 750~ 

An al ternat ive  route, requir ing slightly higher re- 
duction temperatures,  consists of the oxidation of sul-  
rites in air to oxysulfates and then their reduction by 
carbon monoxide to oxysulfides. For example, 0.5g of 
sulfite was fired in air at 950~ for 1 hr and the oxy- 
sulfate thus obtained was reduced by  CO (100 cm~/ 
min)  at 830~ dur ing 1 hr. 

Finally,  in order to improve the crystal l ini ty and 
luminescence properties of the oxysulfide, it was fired 
in ni t rogen for 1 hr at a temperature  50~176 higher 
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Fig. 1. Results of thermal analysis showing the formation of 
oxysulfide by carbon monoxide reduction of yttrium sulfite trihy. 
drate containing 6 m/o Eu. 

than the reduction temperature.  Cooling was also car-  
ried out under  ni t rogen in order to avoid the formation 
of oxysulfate by oxidation. 

Results and Discussion 
Preparation of phosphors.--Results of thermal  ana ly-  

sis indicated that first an endothermic dehydrat ion re-  
action takes place in  the tempera ture  range 150~176 
(Fig. 1). The observed weight loss corresponds to three 
molecules of water. The anhydrous  sulfite is then re-  
duced to oxysulfide in a two-stage exothermic process. 
The first step, at 330~176 clearly visible in both 
DTA and TG curves, is due to the reduct ion of euro-  
p ium sulfite; y t t r ium sulfite is reduced at the higher 
temperature  range of 360~176 The exothermic peak 
not involving a weight change at 640~ is probably 
due to recrystal l ization of the phosphor. 

The over-al l  weight loss (46.6.0%) calculated from 
the TG curve is smaller  than  the theoretical value 
(47.90%), indicating the formation of other sulfides 
besides the desired oxysulfide. The sulfides may be 
washed from the product by dilute acetic acid in which 
they are readi ly soluble (12). This lowers the yield, 
however, because oxysulfide is sl ightly soluble in acetic 
acid. 

In  this work the reaction temperature  was optimized 
with respect to luminescence in tens i ty  and yield. Fig-  
ure 2 shows the amount  of mater ial  soluble in  2.5M 
acetic acid (mainly  sulfides) and the luminescence i n -  
tensi ty of the remaining oxysulfide phosphor. Temper-  
atures around 700~ seem to be best for oxysulfide 
formation, but  the opt imum tempera ture  with respect 
to both yield and intensi ty  is somewhat higher, around 
750~ If an al ternat ive preparat ive route employing 
the reduction of oxysulfate is used, the amount  of ma-  
terial soluble in acetic acid remains  fair ly constant  
(approx. 5%), but  the opt imum intensi ty  is obtained 
with reaction temperatures  of 800~176 and a post- 
synthesis N~ anneal  at 900~176 There seem to be 
no significant differences in luminescence properties of 
phosphors prepared by the two al ternat ive  methods. 
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Fig. 2. The amount of material soluble in acetic acid (2.5M) in 
phosphors prepared by direct reduction of sulfites (open circles) 
and their relative brightnesses (filled circles) as functinns of the 
reducing temperature. 

Table II. Mass spectrometric analyses (in ppm) of three yttrium 
oxides and phosphors prepared therefrom 

S a m p l e *  
E le -  

m e n t  I I I  I I I  I / a  I I / a  I I I / a  I I I / b  I / b  I I I / e  I I / d  

Y b  5 10 10 
Ho 6 4 4 6 4 5 4 7 4 4 
D y  10 40 5 20 50, 20 20 15 20 30 
Tb 5 25 3 40 1 2 5 2 25 
G d  25 10 6 40 30 20 10 30 20 20 
S m  40 15 15 50 20 25 15 60 20 20 
N d  20 3 4 20 10 4 8 10 10 10 
P r  8 7 5 2 4 6 5 5 
Ce 25 1 4 25 15 6 10 20 10 15 
L a  20 8 5 35 20 10 35 30 20 15 
1VIo 600 200 200 
Z n  35 10 S 50 40 20 20 20 200 200 
Cu  20 10 10 100 50 50 50 100 200 200 
~ i  2 1 30 20 20 20 30 300 100 
F e  20 20 10 100 100 40 70 400 >1000  1000 
M n  i0  10 10 10 10 10 10 200 1000 > 5 0 0  
Cr 30 30 20 30 30 30 30 200 I00 I000 
Ca 15 15 15 40 40 30 3,0 40 300 >300 
K 15 15 lS  100 100 50 100 200 > 1 0 0 0  > 1 0 0 0  
Si i00 50 30 800 1000 200 600 600 >3000 I000 
A1 10 10 10 30 50 30 10 30 > 1 0 0  70 
Na I00 I0 i0 i00 200 50 i00 200 >2000 >4000 

Properties of the phosphors.--The phosphors pre-  
pared were pale brown. Their  thermal  stabil i ty in the 
absence of oxygen was good; heat ing in vacuum (4 �9 
10 -5 atm) up to 1000~ caused the weight to drop only 
0.8%. 

According to x - r ay  diffraction pat terns the phosphors 
were well crystallized. The uni t  cell parameters  for 
Eu: Y202S with different Eu contents are given in 
Table I; they show a slight increase with increasing 
europium concentration. 

Fi r ing in ni t rogen improves the luminescence prop-  
erties significantly by increasing the crystalli te size of 
the phosphor. This was visible in the line widths of 
the powder pat terns taken before and after firing in 
nitrogen. The increase of particle size was also ob- 
served in  SEM pictures. The in tensi ty  obtained after 
1 hr firing may be as high as 5-10 times the original. 

Ef]ect of impurities on the luminescence spectra.-- 
In the present  study y t t r ium oxides of three different 
purities, were employed in  order to s tudy the effect of 
impurit ies in the start ing materials  on the lumines-  
cence properties. Table II lists results of a mass spec- 
t rometric analysis of these s tar t ing materials,  n u m -  
bered I to III  in order of increasing purity.  Oxysul-  
fide phosphors prepared under  s imilar  conditions 
from these oxides showed a relat ive luminescence in -  
tensi ty  of 40, 50, and 100 for samples I/a, II/a,  and 
III/a,  respectively. 

Much higher impur i ty  levels, however, may  be in-  
troduced dur ing  the preparat ion and subsequent  han-  
dling. Table II also lists the results of mass spectro- 
metric analyses for Eu: Y20~S phosphors prepared 
from these start ing materials by (a) direct reduction 
of y t t r ium sulfite by carbon monoxide, (b) reduction 
after oxysulfate conversion and, for comparison, by  
(c) sulfurizat ion of Eu: Y20~ in a sul fur-sodium car- 
bonate-potass ium carbonate flux (10), or (d) by method 
same as (c) but  with mechanical  dispersion (13). 
When comparing the analyt ical  results for different 
phosphors it should be kept in mind that although 
spark source mass spectrometry is a very sensitive 
method of analysis, its precision with the logari thmic 

Table I. Unit cell parameters of europlum-activated yttrium 
oxysulfides~ Estimated standard deviations are given in 

parentheses. 

E u r o p i U m  
c o n t e n t  ( m / o )  a (A) c A) 

0 3.7910(7) 6.5959(19) 
3 3.7936(7) 6.5977(16) 
6 3.7947(7) 6.5995(1~) 
9 3.7967(7) 6.6029(22) 

* R o m a n  n u m b e r s  I,  I I ,  a n d  I I I  r e f e r  to Y203 of  99.9, 99.99, and 
99.999% p u r i t y ,  r e s p e c t i v e l y .  S m a l l  l e t t e r s  a f t e r  t h e  so l idus  indicate  
t h e  m e t h o d  of  p r e p a r a t i o n :  (a) r e d u c t i o n  of  sulf i te ,  (b) reduct ion  
a f t e r  c o n v e r s i o n  to o x y s u l f a t e ,  (c) u s e  of  s u l f u r i z i n g  f lux  w i t h  dis-  
persion of Eu  in  Y~O3 b y  o x a l a t e  p r e c i p i t a t i o n ,  a n d  (d) u se  of  su l -  
f u r i z i n g  f lux  w i t h  m e c h a n i c a l  d i s p e r s i o n  of  E u  in Y,O3. I n  the 
p r e p a r a t i o n  of  t he  t h r e e  l a s t  p h o s p h o r s ,  a q u a r t z  b o a t  i n s i d e  a 
s tee l  r e a c t o r  w a s  e m p l o y e d ;  in  o t h e r  p r e p a r a t i o n s  a p p a r a t u s e s  m a d e  
e n t i r e l y  of q u a r t z  w e r e  u sed .  T h e  i m p u r i t i e s  o r i g i n a t i n g  f r o m  the 
a c t i v a t o r  (6 m / o  E u  in  al l  p h o s p h o r s )  h a v e  b e e n  t a k e n  in to  account  
in  t h e  v a l u e s  f o r  t he  y t t r i u m  oxides .  

scanning method can be es.timated to be at best only 
• 

The results show clearly that the use of a quartz 
boat significantly increases the silicon content. Never- 
theless, the impurity levels for the present method are 
generally lower than those associated with the flux 
method, where in spite of careful washings, high con- 
tents of alkali and alkaline earth metals originating 
from the flux are introduced into the phosphor in ad- 
dition to the high content of silicon from the quartz 
vessel. The presence of steel, even though not in di- 
rect contact with the sample, causes the Fe and M_n 
contents to rise significantly, as can be seen in the 
values, for the last three phosphors prepared in the 
quartz vessel inside a steel reactor (Table II). 

It is well known that minute amounts of other rare 
earths influence the luminescence properties of Eu: 
YzO2S phosphors. Only Tb and Pr have been reported 
to increase the luminescence intensity (14), all other 
RE's reduce the brightness and/or lead to other unde- 
sired effects; e.g., dysprosium increases the decay time 
(15). 

Much less informat ion is available on the effect of 
ions other than RE's on the luminescence properties 
of europium-act ivated y t t r ium oxysulfide phosphors. 
M athers (15) reports that  alkali  metals are not usual ly  
considered detr imental  to the spectra in amounts  less 
than 100 ppm. At higher amounts  they have been 
found to increase the brightness somewhat; the upper  
l imit of alkali concentrat ion has been reported to be 
3000 ppm (16). Conversely, too high calcium and iron 
concentrations lower the brightness (15); no reports 
seem to be available on the effect of silicon on the 
spectra. 

Table III  lists the luminescence spectra with l ine 
identification of the same samples for which mass 
spectrometric analyses were performed (17). The ef- 
fect of other rare earths on the spectra of Eu: Y2OzS 
phosphors is noticeable in a few cases. For  instance, 
the 5D2 -> 7F4 transition, which is the strongest l ine 
due to te rb ium (18), is only present  in the spectra of 
phosphors prepared from the 99.99% y t t r ium oxide, 
which contained 25 ppm terb ium (Tables II and III) .  

The most str iking feature of the spectra is, however, 
the differences in the relat ive l ine intensities of the 
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Table III. Relative intensities for different emission fluorescent 
wavelengths in samples of Eu : Y202S. Excitation wavelength 

312,.0 nm. 

Corre-  
W a v e -  Sample*  s p o n d i n g  
l e n g t h  t r a n s i t i o n  
(rim) I / a  I I / a  I I I / a  I / b  I I I / b  I I I / c  I I / d  (7) 

626.9 100 100 100 100 100 100 74.5 5Do -~ rFe 
617.0 48.2 50.0 42.3 48.0 44.1 50.5 36.7 6D o -~ vF~ 
596.0 67.2 56.7 43.3 55.2 53.7 71.0 50.2 ~Do ~ VF~ 
587.8 14.8 12.6 12.4 13.7 12.1 14.4 42.7 ~Do -~ rle, 
583.7 24.6 27.5 22.5 23.7 24.3 26.5 21.0 ~I>1-~ TFo 
5"/1.0 0.5 0.2 0.1 0.2 0.1 0.4 1.6 ~D2 ---> ~Fs 
565.6 1.7 0.6 0.2 0.5 0.2 1.1 3.9 ~q~ --> ~F2 
556.3 10.6 5.3 5.5 6.9 3.4 6.9 26.0 ~Dt-* 7F2 
545.0 ~ 2.3 . . . .  15.6 ~D2 -> vF4 
540.0 39.1 23.2 22.8 29.1 14.5 26.9 100 5D1 ~ ~F1 
529.6 - -  0.5 0.3 0.6 0.3 0r 3.3 ~I~ -~ 7F8 
513.7 12.0 6.3 4.3 8.9 4.1 9.8 49.8 5D2 -* rF8 
497.0 9.1 5.5 5.2 8.5 4.3 7.5 39.4 6D~ -~ VF5 
491.0 4.7 4.1 5.5 7.2 3.9 4.2 20.5 SD2-~ rF2 
483.0 1.2 2.2 5.2 5.5 3.4 1.3 4.7 ** 
476.0 3.3 3.4 6.7 7.1 4.5 3.0 14.5 5D~ -~ 7FI 
470.0 10.1 9.2 16.0 19.7 11.4 8.9 ~ -~ rF4 

52.9*** 
465.0 2.3 4.6 10.8 12.1 7.2 2.5 5D2 -~ VFo 
452.0 1.2 2.6 6.7 6.7 4.3 1.5 4.9 ** 
446.5 1.1 2.1 5.6 5.1 3.9 1.4 4.1 ~D3 --> ~Fs 
440.0 . . . . .  -- 2.6 ** 
429.9 0.9 1.6 4.3 - -  2.7 1.2 3.2 ~Da -~ rF~ 
423.1 0.9 1.7 4.3 4.0 2.8 1.2 3.6 ** 
417.1 1.6 3.2 8.1 9.2 6.4 2.0 7.3 5D 8 --> rFI 
414.0 . . . .  -- 0.7 2.1 ** 
409.9 . . . .  1.6 ** 

* The  sample  n u m b e r i n g  is e x p l a i n e d  i n  Tab le  II. In  each  sam-  
ple the  s t ronges t  l i ne  has  been  g i v e n  the  v a l u e  of 100. The  r e l a t i v e  
i n t e n s i t y  v a l u e s  for  d i f f e ren t  s amp le s  d e t e r m i n e d  w i t h  i n s t r u m e n t a l  
p a r a m e t e r s  desc r ibed  in  the  tex t ,  w e r e  as fo l lows  ( sample  I I I / a  100) : 
I / a  40, I I / a  50, I I I / a  100, I / b  48, I I I / b  90, I I I / c  90, and  I I / d  2. 

** Unassigned. 
*** U n r e s o l v e d .  

sample  containing most impur i t ies  ( I I / d )  as compared  
wi th  the  other  spectra.  This sample  also had the low-  
est r e la t ive  brightness,  a value  of only  2, whereas  I I I / a  
had the highest  value  of 1,00, and I I I / c  had a value  of 
90. The difference be tween  the samples  I I I / c  and I I / d  
is ce r ta in ly  due not only  to impur i t ies  in the  s ta r t ing  
mater ia l s  but  also to different  dispers ion methods of 
the activator.  In  sample  I I / d  Eu203 was mechanica l ly  
d ispersed in Y203 (13); in the other  sample  ( I I I / c ) ,  
oxa la te  prec ip i ta t ion  and subsequent  firing were  em-  
p loyed in obtaining the oxide (10). 

The i ron concentrat ions in t roduced in the phosphors  
by  the steel  reactor  seem not to be so high as to have 
a dis t inct  effect on the over -a l l  brightness.  This can 
be seen by  comparing,  for instance, the  samples  I / a  
( re la t ive  br ightness  40) and I / b  ( re la t ive  br ightness  
48) p r epa red  in quar tz  and steel  reactors,  respect ive ly  
(Tables II  and I I I ) .  However ,  the effect of an indi-  
v idua l  e lement  o ther  than a RE on the spect ra  is diffi- 
cult  to eva lua te  on the basis of present  ma te r i a l  and 
it would requi re  a fur ther  study.  

Summary 
The reduct ion of Eu-doped  y t t r i um sulfite h yd ra t e  

by  carbon monoxide  offers a new poss ib i l i ty  for the  

p repara t ion  of Eu: Y20~S phosphors.  The react ion and 
anneal ing  t empera tu res  requi red  are  not  significantly 
lower  than  in the case of sulfate  redtiction. However ,  
an advan tage  of the presen t  method over  the  sulfa te  
route  lies in the ease and completeness of p rec ip i ta t ing  
homogenous s tar t ing mater ia l s  for the synthesis.  

The  ra re  ea r th  impur i t ies  in the s tar t ing mate r ia l s  
as well  as other  impur i t ies  ma in ly  in t roduced dur ing  
processing can ser iously degrade the  luminescent  p rop -  
ert ies of the  phosphors.  
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On the Kinetics of the X-Ray Irradiation-Caused 
Degradation of Photoluminescence of Some Phosphors 

George T. Bauer* 
Webster Research Center, Xerox Corporation, Rochester, New York 14644 

A~BSTRACT 

The growth of absorption and the degradation of photoluminescence of 
calcium tungstate and zinc silicate phosphors have been studied as functions 
of x-ray exposure. The characteristics of the growth curves are observed to be 
very similar to those reported for F centers in alkali halides. Based on the 
theoretical analysis of the kinetics, the fast initial growth of the absorption 
is interpreted as arising from the imperfections present in the phosphors prior 
to irradiation, while the following slow linear rise is attributed to the effect of 
new radiation-induced imperfections. From the two stages of growth curves, 
the two periods of degradation of photoluminescence observed could be quan- 
titatively explained. These results indicate that the u.v. and visible absorption 
of radiat ion-produced color centers is the major  cause of degradation of the 
phosphors studies. The observed dark recovery of absorption and of luminous 
efficiency after ceasing the i r radiat ion of the phosphors was also found to 
be a correlated effect. 

T h e  d e g r a d a t i o n  of phosphors as the  effect of ex-  
citing i r radiat ion is known to be a l imi t ing factor in  
m a n y  applications. The degradat ion of the lumines-  
cence of some x - r ay  or u.v.- irradiated single crystals 
and phosphors has been at t r ibuted to the absorption 
of the i r radiat ion-produced color centers (1, 2). In  a 
previous publication, we reported results on the ef- 
fects of x - r ay  and ul t raviolet  i r radiat ion on different 
types of phosphors (3). We found  that  a decrease of 
luminous  efficiency of the i rradiated phosphors was 
always accompanied by increased absorption. In  most 
cases, the absorption coefficient increased in  the ab-  
sorption band as well  as in  the emission band. The 
absorption bands could be par t ia l ly  or completely 
bleached out by a one-hour  hea t - t rea tment  at 400~ 
The reflectance data and glow curves of x - r ay - i r r ad i -  
ated phosphors were very similar  to the ones obtained 
after long- te rm u.v. irradiation. These results indicate 
that the formation of color Centers by i r radiat ion in  
phosphors is a quite common phenomenon  and is not 
restricted to those few basic types that had been 
studied in  this respect by  other authors (1, 2). 

Our work also resulted in some increased insight  
into the various processes which are going on in the 
phosphors when  irradiated. In  certain phosphors, such 
as calcium tungstate  and zinc silicate, the i r radia t ion-  
caused degradation could be completely interpreted in  
terms of the absorption of i r radia t ion-produced ab-  
sorbing centers. Some part  of the exciting energy in 
this phosphor is absorbed in radiat ion-produced color 
centers instead of being absorbed in the luminescent  
centers. A part  of the emitted luminescent  light is also 
absorbed by  color centers. According to the experi-  
ments, the l ight emitted by color centers- - i f  a n y - -  
did not  contr ibute  to the luminous  efficiency of these 
phosphors. In  some other materials  (for example, 
phosphate- type phosphors) glow curve measurements  
indicated an addi t ional  loss (3) which seemed to be 
connected with an energy t ransfer  process between 
activator and color centers. In  these cases, the induced 
traps should give rise to radiationless transit ions or to 
emission outside the visible range. 

In  our previous measurements  (3), the i r radiat ion 
times did not vary  over a wide range, and, conse- 
quently,  did not yield enough informat ion concerning 
the t ime dependence of the degradation of the phos- 
phors. It  appeared that  for those par t icular  phosphors 

* Electrochemical Society Active Member. 
Key words: luminescence, phosphor degradation kinetics, color 

centers. 

in which the absorption of radia t ion-produced color 
centers is the only  cause of degradation, the t ime de- 
pendence of this process should be described by the 
t ime-dependent  change of their  absorption coefficient. 
Thus, the problem can be reduced to in terpre t ing the 
growth of absorption of these phosphors. 

The growth of absorption Of x - ray- i r rad ia ted  alkali  
halides, a classical problem of color center research, 
has been studied by a number  of authors (4, 5). In  
general, the physical processes which result  in  the 
growth of absorption were found to be rather  compli- 
cated. However, in several cases, good agreement  be-  
tween theory and experiments  (6, 7) was reported. 
Such detailed studies, al though they might  provide a 
better  unders tanding  of the degradation process, were 
not conducted for i r radiated phosphors. The reason for 
the lack of such efforts should be a t t r ibuted  not only  
to the we l l -known complexity of the problem, but  
also to the difficulties encountered in measur ing the 
absorption coefficient of powder phosphors. However, 
the absorption coefficient can be determined accurately 
enough for such purposes from measurements  of dif-  
fuse optical properties of phosphor layers (8, 9). The 
problem can be simplified fur ther  because, as has been 
shown previously (3), only the relat ive values of the 
absorption coefficients of phosphors as a funct ion of 
exposure are needed to in terpre t  quant i ta t ively  the 
effect of color centers in the degradat ion process. 

In this work, we study the t ime-dependent  degra-  
dation of x - ray- i r rad ia ted  CaWO4:Pb and Zn2SiO4: 
Mn,Pb,As. The phosphors w e r e  made available to us 
by Westinghouse Corporation. The main  effect of i r -  
radiat ion in these phosphors seems to be that it 
changes the visible and ul traviolet  absorption of the 
phosphors. Long- te rm x - r a y  exposure induces only 
barely  detectable new glow peaks over room tempera-  
ture. Therefore, those other effects of x-rays  which are 
related to energy transfer processes are neglected. 

The choice of x-rays  for  i r radiat ion was based on 
practical considerations. The i r radiat ion t ime needed 
with x- rays  is relat ively short and the penetra t ion 
depth is large, making it possible to use known tech- 
niques for the measurement  of optical properties of 
powder phosphors. 

However, based on the s imilar i ty  of the effects of 
x-rays  and u.v. on optical characteristics of phosphors, 
we may expect the results obtained here to hold also 
for degradation produced by other forms of excitation. 

The theory and the exper imental  work can be di-  
vided into two major  parts: the first is concerned with 
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the growth  of absorpt ion;  the  second is the  basic p rob -  
lem, the t ime-dependen t  degradat ion  of the selected 
phosphors.  Some efforts have  also been concentra ted  
on the s tudy of da rk  recovery  of the absorpt ion  and 
luminescence.  

Theory 
Calculation of the growth  o~ the absorpt ion. - -We 

suppose that  the  growth  of absorp t ion  of the  i r r ad ia t ed  
phosphors  can be a t t r ibu ted  to the increase  in concen- 
t ra t ion  of the  i r r ad ia t ion -p roduced  color centers. As 
i t  is known f rom the extens ive  l i t e ra tu re  (4), the p res -  
ence of imperfect ions  in the  Crystal (e.g., vacancies, 
interst i t ials ,  impuri t ies)  gives rise to color center  
formation.  In  the two sample  phosphors,  the concen- 
t ra t ions  of the  ac t iva tor  and the color centers  before  
and af te r  the  i r rad ia t ion  are  small ;  that  is, the  absorp-  
t ion is in the "weak"  region. Also, as indicated by  re l a -  
t ive ly  high quan tum efficiency of the photo lumines-  
cence of the  phosphors  (10), absorpt ion  by  impur i t ies  
is negligible.  The phosphor  pr ior  to i r rad ia t ion  a l r eady  
contains e lect ron or ho l e - t ype  imperfect ions  of concen- 
t ra t ion  No, and the  i r rad ia t ion  produces  new imperfec-  
tions. The concentra t ion of the new imperfect ions  is 
p ropor t iona l  to Io, the  in tens i ty  of the x - rays ,  and  to 
the  e lapsed time, z, of i r radiat ion.  The total  imperfec-  
t ion concentrat ion,  N, can be expressed  b y  Eq [1] 

N -- No -}- a2Io~ [I] 

The growth of Ci(~), the color center concentration, 
can be described by Eq. [2] 

dCi ('0 
: axlo [No + a2Io~ -- Ci(z) ] 

dv 
- -  aaloCi(~) -- a4Ci(~) [2] 

According to the first t e rm  in Eq. [2], the  i r rad ia t ion  
produces  new color centers  and the ra te  of the con- 
cent ra t ion  growth  is p ropor t iona l  to the  in tens i ty  of 
i r radiat ion,  Io, and  to the concentra t ion of the  avai lable  
unfilled imperfect ions.  The second te rm indicates  tha t  
the rad ia t ion  dest roys  color centers  and tha t  the  ra te  
of des t ruct ion is p ropor t iona l  to thei r  ins tantaneous  
concentrat ion,  Ci(~), and to Io. The th i rd  t e rm on the 
r ight  of the equat ion expresses the  fact  that  sponta-  
neous recovery  which does not depend on the in tens i ty  
of the  rad ia t ion  m a y  also occur, a~, a2, a~, and a4 are  
ra te  constants in Eq. [1] and [2]. 

The  in tegra l  of Eq. [2], t ak ing  into account the  
bounda ry  condition, is 

Ci(z) : fo(l -- e-got) + ho~ [3] 
where 

Io ~ (a~SNo + a~a~No -- aza2) + a~a~IoNo 
]o --  [4] 

[Io (az + aD + a4] 2 

go = Io(al  + a3) + a4 [5] 

Io 2 ala~ 
ho : [6] 

Io(al + a~) + a4 

From the  Ci (T) concentra t ion and zi (~), the  capture  
cross section of the color centers  for absorption,  the 
induced absorpt ion coefficient can be expressed (3) as 
Ci (T) ai (z).  Adding  the induced absorpt ion to the value  
of the ini t ia l  absorpt ion  of the phosphor  pr ior  to the 
i r radiat ion,  aO., �9 : 0), the whole  absorpt ion is 

ai(~., ~) ~.~a(L,T : 0) -}- Ci(T)~i(~) 

a(k, T : 0) + loci(L) (1 --  e got) + ho~ri(~.)T [7] 

Based on the exper imenta l  fact tha t  no rec iproci ty  
fa i lure  was found Within the appl ied  exposure  range, 
we int roduce the exposure,  E : ix, ins tead of T, where  
i is the anode current  in the x - r a y  tube. The re la t ive  
absorpt ion coefficient [air(k, T)] expressed wi th  E f rom 
Eq. [7] is 

air(L, E) = ar(~, E -" 0) -}- ~(1 --  e-gE) --~ hE [8] 

The coefficients f, h, and g differ f rom fo~l, hoal, and 
go, respect ively,  only  by  numer ica l  factors. 

The decrease of the luminous ef f iciency.--As shown 
prev ious ly  (3), the  luminous efficiency, Li, of an x - r a y -  
i r r ad ia ted  phosphor  can be expressed in t e rms  of the  
un i r rad ia ted  one, L, by  the ini t ia l  absorpt ion coeffi- 
cient ar(~., E = 0) and by  the absorpt ion  coefficient of 
the i r r ad ia t ed  phosphor  air(L, E) both measured  at  the  
wavelength  of exci ta t ion 

Li at(L, E - -  0) 
- -  : royCE) [9] 
L air fL, E) 

where  my(E) is tha t  pa r t  of the loss which is caused 
by  se l f -absorpt ion  of the emi t ted  l ight  b y  the  i r r ad ia -  
t ion-produced  color centers. An  approx imate  expres -  
sion for my(E) is given in Ref. (3). The exposure -  
dependent  change of the  Li /L  re la t ive  efficiency wi th  
respect  to k wave leng th  exci ta t ion is f rom Eq. [8] 
and [9] 

Li at(L, E _-- 0) 
- -  ---- m v ( E )  [10] 
L ar(~., E = 0) ~ ] (1  --  e -gE) + hE 

Spontaneous recovery  of the absorption coefficient 
and of the luminous ef f iciency.--In Eq. [2], the  ra te  
constant, a4, is re la ted  to the spontaneous bleaching of 
the phosphor  at room tempera ture .  In  phosphors  in 
which such a phenomenon ac tua l ly  occurs, both  the 
absorpt ion and the luminous  efficiency might  recover  
pa r t i a l l y  or r e tu rn  to the i r  or iginal  values af ter  the  
i r rad ia t ion  has stopped. Based on Eq. [2], the  change 
in the  concentrat ion of the  color centers  at a t ime ~* 
elapsed af ter  ceasing the i r rad ia t ion  at t ime ~o is 

dCi(l:*) 
= --a4Ci(T*) [11] 

dT 

The in tegra l  of Eq. [11] is 

Ci(r) = Ci(T1)e -a~* [12] 

Let  air(~., T*) be the  re la t ive  absorpt ion  coefficient of 
the phosphor  af ter  T* elapsed t ime of da rk  recovery.  
Mul t ip ly ing  Eq. [12] by  the capture  cross section of 
the color center  re la ted  to k, the wave length  of exc i ta -  
tion, and adding the ini t ia l  absorpt ion  of the phosphor  
pr ior  to the i r r ad ia t ion  ar(k ,E  = 0) to the induced 
absorption,  we obtain for the t ime dependence  of the  
re la t ive  absorpt ion  coefficient 

air(~., T*) = ar(~., E = 0) ~- ~i(L)C(T1)e -a4v* 

= ar(L, E ----0) + air(L, E = i-~l)e -a~* [13] 

Let  us consider that  the  visible absorpt ion  does not  
change dur ing  the recovery.  That is 

mv(T1) = my(T1 -}- T*) [14] 

Then, based on Eq. [9] f rom Eq. [13] and [14], we ob-  
ta in  for the recovery  of the  luminous  efficiency 

Li arO., E = 0) 

L air(L, T*) 
ar(L, E : 0) 

= [15] 
ar(~, E : 0) -t- air(L, E : i~l)e -a,r* 

Experimental  
Irradiation and optical measuremen t s . - -The  phos-  

phors were  i r rad ia ted  by  50 kV unfi l tered tungsten 
x-rays .  The measurements  of the  re la t ive  absorpt ion 
coefficient and of the luminous  efficiency of the  phos-  
phors were  based on diffuse reflectance measurements  
made on 2 r am- th i ck  powder  layers .  The appa ra tus  
used for the i r radiat ion,  excitat ion,  and optical  mea -  
surements  of the  phosphors  was descr ibed prev ious ly  
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(3). An impor tant  aspect of the optical measurements  
is that they were carried out on two characteristic 
wavelengths:  one of these wavelengths is in  the tail  
of the absorption band  of the phosphors, the other is 
wi thin  the emission band. The absorption of the 
i r radia t ion- induced color centers in  a wavelength 
which corresponds to the tail  of the absorption band 
can be quite high compared to the absorption of the 
phosphor prior to irradiation. The decrease of luminous  
efficiency related to exci tat ion occurs in the peak of 
the absorption band, and it is easier to measure this 
change (3). Some measurements  have been also made 
near  the peak of the excitation band. 

The absorption coefficiehts of the i rradiated phos- 
phors used in this study, as measured by diffuse re-  
flectance, R (1), were small  enough to use the weak ab-  
sorption l imit  Of the expression (9) for the relat ive 
absorption coefficient 

(1  - -  R ( 1 ) )  2 
ar(~) : [16] 

R(~.) 

The relat ive luminous efficiency of the i rradiated phos- 
phor in terms of the unir radia ted one, Li/L, can be 
expressed using the relat ive brightness I and Ii, and 
reflectances, R ( t )  and Ri ( l ) ,  of the phosphor before 
and after irradiation,  respectively (10) 

Li Ii 1 -- RO.) 
-- [17] 

L I 1 - -  R i ( 1 )  

Resul ts  
The growth o:f absorption.--The change of the rela-  

tive absorption coefficient of calcium tungstate  was 
measured at three different wavelengths.  One of these 
wavelengths (2537A) is well  wi th in  the absorption 
band of the phosphor while another  one (3120A) falls 
in  the tail  of the absorption band. Measurements  were 
also carried out at 4358A, a wavelength inside the 
emission band. Two series of measurements  with dif- 
ferent i r radiat ion t imes were made; the first using 50 
kV, 40 mA, and the second using 50 kV, 4 mA tungsten  
x-rays.  Figures 1 through 4 show airO.,E), the mea-  
sured relative absorption vs. the relat ive exposure, E 
---- it, where i is the anode current  in m A  and �9 is the 
elapsed time of i r radiat ion in  minutes.  Figure 1 shows 
the growth of the relative absorption coefficient mea-  
sured at 3120A in the exposure range 0-40 mA.min .  
Some measurements  were made by i r radiat ion with 
50 kV, 40 mA tungs ten  x- rays  (solid points) while 
others were made with 50 kV, 4 mA tungsten  x- rays  
(open points).  The geometrical configurations of the 
samples were the same for both exposures. As this and 
following figures indicate, the relat ive absorptioD c o -  
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Fig. 1. X-ray-exposure dependence of the relative absorption co- 
efficient of calcium tungstate at 3120,~, (short-term exposures). 
Dots measured; line calculated. 

efficients can be considered as a funct ion of the prod- 
uct, it. That is, within the anode current  range applied 
in this work, the reciprocity fai lure is negligible. 
Therefore, in the following figures, the absorption as 
well as the luminous efficiency of the phosphors is 
plotted vs. the relat ive exposure, E. 

The absorption coefficient of calcium tungstate  mea-  
sured at this wavelength suddenly  increases r ight  after 
beginning the irradiation. Figure 2 shows that  this par t  
of the fast growth of absorption is followed by a very  
slow l inear  rise. This ini t ial  sudden rise of the growth 
curve is characteristic for both phosphors studied at 
every measured wavelength.  

Figures 3 and 4 show the exposure dependence of 
absorption of the calcium tungsta te  measured at 4358A. 
The curve has the same characteristic as the one mea-  
sured at 3120A. However, the absorption of the phos- 
phor prior to the irradiat ion is near  zero at this wave-  
length. The growth of absorption is also smaller  than  
on the curve measured at 3120.A. According to o u r  
model, this means that the capture cross section for 
absorption of the radia t ion- induced color centers is 
smaller in the visible than well inside the absorption 
band. Here, too, the sudden rise of the absorption at 
low exposures is followed by a slow l inear  rise (Fig. 
4). The value of reflectance of the calcium tungsta te  
was found to be very small  (R ~ 0.07) at 2537A and 
did not show any change wi th in  the applied range of 
exposure. Obviously, the capture cross section and  
concentrat ion of ttie activators are much higher than 
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Fig. 2. X-ray-exposure dependence of the relative absorption 
coefficient of calcuim tungstate at 3120,~ (long-term exposures). 
Dots measured; line calculated. 
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Fig. 3. X-ray-exposure dependence of the relative absorption 
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Fig. 4. X-ray-exposure dependence of the relative absorption 
coefficient of calcium tungstate at 4358.~ (long-term exposures). 
Dots measured; line calculated. 

those of the  induced color centers and the lat ter  can-  
not significantly contr ibute to the whole absorption. 

The exposure dependency of the change of the rela-  
t ive absorption coefficient of zinc silicate samples has 
been measured at 3650A (Fig. 5 ) a n d  4358A (Fig. 6). 
The growth of absorption of the zinc silicate is similar 
to that of the calcium tungstate.  Again, a sudden rise 
is followed by  a slower, more gradual  growth. If we 
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Fig. 5. X-ray-exposure dependence of the relative absorption 
coefficient of zinc silicate at 3650A. Dots measured; line calculated. 
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Fig. 6. X-ray-exposure dependence of the relative absorption 
coefficient of zinc silicate at 4358.~. Dots measured; llne calculated. 

compare Fig. 5 to Fig. 6, we can see that  if the same 
exposure is applied, the increase of the absorption co- 
efficient is smaller at 4358A than at  3650A. 40 mA for 
63 hr x - r ay  exposure causes only a very slight change 
(from R ~ 0.08 to R ~ 0:07) in the reflectance of zinc 
silicate measured at 2537A. 

The degradation of the luminous efficiency.--The 
brightness of the i rradiated samples was measured 
while exciting the phosphors at the same wavelength 
at which the reflectance measurements  were completed. 
The changes of the luminous efficiency of calcium 
tungstate related to excitation at 2537 and 3120~& are 
shown in Fig. 7 and 8. The luminous  efficiency is again 
a funct ion of the exposure only, that  is, the reciprocity 
fai lure is negligible, as was also found for the ab-  
sorption. 

Comparing the absorption and luminous  efficiency 
results, Fig. 1 and 7 and Fig. 2 and 8, respectively, it 
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Fig. 7. X-ray-exposure dependence of the relative luminous effi- 
ciency of calcium tungstate related to excitation at 2537 and 
3120~. (short-term exposures). Dots measured; continuous line 
calculated. 
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is noticeable that the sudden increase of the absorp- 
t ion measured at 3120A (within the exposure range 
0-10 mA-min)  coincides with a sudden decrease of the 
luminous  efficiency. After  10 m A - m i n  of exposure, the 
decrease of luminous deficiency slows down, which 
corresponds to the slower rise of absorption which 
also occurs at longer exposures. The decrease of the 
luminous  efficiency is significantly smaller  at 2537A 
than at 3120A. 

The degradat4on of zinc silicate is more extensive 
and the close correlation between the rad ia t ion- in-  
duced change of absorption and luminous efficiency 
can also be seen in this case. After  several minutes  of 
irradiation, the luminous  efficiency of zinc silicate re-  
lated to 3650A excitat ion drops below 10% of its in i -  
tial va lue  (Fig. 9). This is obviously connected with 
the change of the absorption which increases after 
the same exposure to about ten times its ini t ial  value 
(Fig. 5). 

Spontaneous bleaching.--The stabil i ty of color cen- 
ters is known to be dependent  on the tempera ture  of 
their environment .  The observed connection be tween 
degradation and color center formation of i rradiated 
phosphors suggested a s tudy of the dark recovery of 
i r radiated calcium tungsta te  at room temperature.  In  
order to avoid the possible bleaching effect of the 
sources used for excitation, each sample was used for 
only one measurement .  The samples studied were i r -  
radiated by 50 kV, 40 mA x-rays  for 10 min  and kept 
in  the dark unt i l  the t ime of measurement .  As Fig. 10 
shows, the absorption of the sample measured at 3120A 
suddenly decreases after the i r radiat ion ceases. Later, 
the change slows down. The same character of recov- 
ery was observed when the relat ive absorption of the 
samples was measured at 4358A (Fig. 11). The dark  
recoveries of the measured luminous  efficiencies re-  
lated to 2537 and 3120A excitation are shown in Fig. 
12. The decrease of the absorption after the in te r rup-  
t ion of i r radiat ion is accompanied by an increase of 
luminous efficiency of the phosphor. The extent  of the 
recovery related to 3120A excitat ion is greater than 
that related to excitation at 2537A. 

Comparison of the experiments with theory.--The 
exposure dependence of the relat ive absorption coeffi- 
cient, alr(~.,E) was calculated for the studied phos- 
phors at the wavelength of the measurements  from Eq. 
[8]. Applying the least squares method, the best fits 
for calcium tungstate  could be achieved with constants 
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shown in Table I. The calculated curves together with 
the measured points are shown in Fig. 1-4. The curves 
calculated for zinc silicate with the constants shown 
in Table II are plotted in Fig. 5 and 6. The calculation 
of the exposure-dependent  change of the luminous  effi- 
ciencies of calcium tungstate  (Fig. 7 and 8) and zinc sili- 
cate phosphors (Fig. 9) were based on Eq. [10]. The 
values of my(E) in Eq. [10] were calculated from the 
measurements  (3). Within  the range of exposures, the 
var iat ion of my(E) was found to be very  small  com- 
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Table I. Calcium tungstate 

X = 3120A X = 4358A 

f 5 . 1 8  �9 i O  --~ 1 . 6 9  �9 i O  --~ 
g ( i n  m A  �9 m i n )  2 . 3 3  �9 1 0  -1  8 . 0 3  �9 1 0  ~ 
h ( i n  m A  �9 r a i n )  7 . 6 8  �9 1 0  -~ 1 . 6 4  �9 1 0  -7 

Table II. Zinc silicate 

= 3650A X = 4358A 

f 1 . 1 4  �9 1 0  -1 5 . 7  �9 l 0  -2  

g ( i n  r n A  - r n ~ n )  1 �9 1 0  -~ 8 �9 1 0  -5 
h (in m A  - rain) 7.53 �9 10 -7 3.3 . 10 -7 

pared to the change of the relat ive absorption air (~., E). 
The other parameters  that  appear in Eq. [10] were 
taken from the absorption data shown on Table I or II. 

Except for the ini t ial  region, the recovery of the ab-  
sorption of calcium tungstate  after 10 min  of i r radia-  
tion by 50 kV, 40 mA x-rays  cannot be fitted by Eq. 
[13]. However, as Fig. 12 shows, the recovery of Li/L 
luminous efficiency can be fitted well applying Eq. [15], 
using the measured values of the relat ive absorption 
coefficients air(~., T*) and ar(~, E ~_ 0). 

Discussion 
Theoretical in terpre ta t ion of the exper imental  re-  

sults gives a more complete unders tanding  of the deg- 
radat ion kinetics of the model phosphors studied. Let 
us discuss first the growth of absorption. The ini t ial  
fast period and the slow l inear  rise of the growth 
curves which follows can be correlated with the im-  
perfections originally present  in the phosphors and 
the ones formed by the radiation, respectively. If a2 
in Eq. [2] is equal to 0, then, from Eq. [4], [5], [6], 
and [7], h in Eq. [8] is also equal to 0, but  f and g do 
not vanish. The second l inear section, hE, of the growth 
of absorption curves (Fig. 2, 4, 5, 6) is connected with 
the new imperfections because, in Eq. [1], a2 is the 
rate constant of the generat ion of new imperfections 
by the radiation. The first fast rise of the curves (Fig. 
1, 3, 5, 6) that corresponds to the second term, f(1 -- 
e--gE), in Eq. [8] is connected main ly  with the imper-  
fections already present  in the phosphors prior to the 
irradiation. This second term approaches the value of 
f to within 1% after an exposure of E > 60 m A . m i n  
for calcium tungstate and E > 4.6 �9 104 m A - m i n  for 
zinc silicate. 

These results are very  similar to those obtained for 
the growth of F centers in KC1 by other authors (5, 
6, 7). The accuracy of our measurements  was not 
enough for a definite identification of an inflection 
point on the growth curves (6) which would indicate 
that the ini t ial  and the radia t ion- induced vacancies 
behave differently (7). In  Ref. (5-7), the optical den- 
sity measurements  were made near  the peak of the 
characteristic band of the F centers in the alkali halide 
crystals studied. The concentrat ion of the F centers 
could be determined from absorption measurements  
(11). In  our case, the types of centers are not yet 
identified; the reflectance measurements  (3) indicate 
that several different types could have formed in the 
phosphors by irradiation, and their absorption bands 
might overlap. There is another indication from this 
work that in calcium tungstate at least two different 
color centers are produced by the irradiation. Com- 
paring Eq. [7] and [8] if only one type of color centers 
was formed, g in Eq. [8] would not be a function Of 
the wavelength-dependent ,  capture cross section of the 
color centers, but  would be related only to their con- 
centration. In calcium tungstate, g was found to be a 
function of the wavelength of measurement  (Table I) 
while in zinc silicate, wi thin  the error of measurement ,  
g had the same value at both measured wave]e,~qths. 

The calculated curves of degradation which are 
based on the calculated growth of absorption curves 

fit the measured values for zinc silicate reasonably 
well (Fig. 9), while there is some deviation from the 
measured values in  the case of calcium tungstate  (Fig. 
7 and 8). We at t r ibute these deviations to the error of 
the measurement  rather  than  to other u n k n o w n  effects. 
We can rather  safely say that the u.v. and visible ab-  
sorption of i r radiat ion-produced color centers is the 
major  cause of the degradation of the photolumines-  
cence of these phosphors. Other effects of the i r radia-  
tion, if any, are negligible in  this respecct. Comparing 
the results obtained for the degradation to the ana ly-  
sis (above) of the growth of absorption curves, it is 
quite obvious that according to our model the ini t ial  
fast degradation is connected with the imperfections 
prior to the i rradiat ion of the phosphors while the 
following slow change can be at t r ibuted to new im- 
perfections formed by the irradiation. A closer model 
of the absorption (12) and the energy levels involved 
could not be determined from our measurements  which 
are related to the t ime-dependent  change of the ab-  
sorption and of the luminescence only. 

We do not completely unders tand  why the recovery 
of absorption follows the calculated values, Eq. [13], 
only dur ing the init ial  period of recovery. In  order 
to explain the exper imental  findings that  the absorp- 
tion (Fig. 10 and 11) and luminous  efficiency (Fig. 12) 
do not completely regain the original value after ir-  
radiat ion stops, fur ther  study is needed. However, cal- 
culating the recovery of the luminescence from Eq. 
[15] with the exper imental ly  measured absorption 
values dur ing  the recovery, good agreement  with the 
experiments  could be obtained (Fig. 12). The recov- 
ery phenomenon in general  and this result  in par t icu-  
lar are addit ional proof that  degradation is strictly 
connected with the absorption of color centers pro-  
duced in the phosphors. 

A reasonable approach to slowing down the init ial  
fast degradation of phosphors should be the el iminat ion 
of the imperfections original ly present by annealing,  
by charge compensation, or by  other methods. The rate 
and extent  of the dark recovery should also be im-  
portant  in most applications, al though it is not yet 
known how it can be influenced. Enhancing the ab-  
sorption of the luminescent  centers by increasing the 
ac t iva tor  concentrat ion also seems feasible. However, 
it is restricted by  the phenomenon of concentrat ion 
quenching. 
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Low Energy Ion-Electron Luminescence: 
A New Technique for the Excitation of Inorganic Phosphors 

Jerry Kramer 
GTE Laboratories Incorporated, Waltham, Massachusetts 02154 

ABSTRACT 

A new technique for the excitation of inorganic phosphors b y  low kinetic 
energy ions (<40 eV) and low kinetic energy electrons (<20 eV) has been 
demonstrated and characterized. The characteristic light output  of the phos- 
phor has been used as a probe of the excitation mechanism. An empirical  rela-  
tionship between the light output  and the ion and electron currents  has been 
determined and used to ascertain the change in light output  as a funct ion of ion 
and electron kinetic energy and ionization potential. The excitation mecha- 
nism starts with the formation of holes by the ion beam. Although the holes 
are mobile in  the }attice, some of the holes get trapped. In  a second step elec- 
trons interact  with these trapped holes to create an excited state(s) of the 
phosphor. Energy is t ransferred to the luminescent  centers result ing in  the 
characteristic emission of the phosphor. The slow or ra te- l imi t ing step in the 
production of light by low energy ions and electrons is the emission of light. 
Of the ten phosphors examined for low energy ion-electron excitation, six 
showed detectable levels of light output  and, hence, we conclude that this ex- 
citation technique is quite general. The efficiency of light production observed 
for YsOs-Eu is ,-,1 photon per 40 N2 + ions and no effort has been made to 
increase this efficiency. We refer to the light produced by this excitation tech- 
nique as low energy ion-electron luminescence (LEIEL).  

This paper presents a new technique for the excita- 
t ion and subsequent  characteristic emission of an in-  
organic phosphor. This new technique is based upon 
the interact ion of low kinetic energy ions (<40 eV 
kinetic energy) and electrons (<  20 eV kinetic energy) 
with a phosphor. 

Two schemes which are widely employed today for 
phosphor excitation involve electromagnetic radiat ion 
or charged particles with high kinetic energy, usual ly 
in excess of 1 keV (1). In  the case of electromagnetic 
radiation, the exciting species are general ly  u.v. 
photons or higher energy x-rays.  For charged par -  
ticles, the exciting species are either negat ively charged 
electrons (cathodoluminescence) or positively charged 
ions ( ionoluminescence).  For both electrons and. ions 
the luminous  output  is kinetic energy dependent,  in -  
creasing with kinetic energy. 

A third excitation scheme is radical recombinat ion 
luminescence (RRL), a phenomenon often referred to 
in the early l i terature as candoluminescence (2). RRL 
was ini t ia l ly observed when flames, a rich source of 
radicals, were "played upon" phosphor surfaces. More 
recent work has utilized microwave discharges as radi-  
cal sources and confirmed the val idi ty of radical excita- 
tion. RRL involves the recombinat ion of two neutra l  
species (which may be the same) on a phosphor sur-  
face. The energy of excitation can be thought  of, 

K e y  words: luminescence ,  phosphors ,  ions. 

naively, as equal to the recombinat ion energy of the 
two radicals, or, equivalently,  to the bond energy of 
the molecular bond formed in the recombination. As an 
example, in the case of two hydrogen atoms, the excita- 
tion energy would be 4.5 eV. For the sake of compari-  
son, a 4.5 eV photon would have a wavelength of 
~2750A. The efficiency of RRL is quite low. Typical 
efficiencies for RRL of about 1 photon/105 radicals are 
found experimental ly.  These low efficiencies relate, in 
part, to an excitation mechanism involving many  steps, 
only one of which involves the formation of a bond 
between the two radicals. 

An interest ing extension of these ideas involves the 
use of oppositely charged species to excite luminescent  
materials. The available recombinat ion energy of low 
kinetic energy ions and electrons can be thought of as 
approximately equal to the ionization potential  of the 
neut ra l  atom or molecule formed in the recombination. 
The ionization potentials of most neutrals  range from 
about 10 to 25 eV. The corresponding wavelengths of 
photons of that energy span the range from about 1250 
to 500A. Conceptually, the excitation of phosphors by 
ions and electrons can be thought of as pr imar i ly  a 
potential  energy phenomenon,  ra ther  than  a kinetic 
energy process. 

The idea that  ions and electrons could excite a phos- 
phor has been speculated upon in  the l i terature of 
flame-excited luminescence (2). However, controlled 
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experiments  to test this hypothesis have not been re- 
ported to date. 

We present the first experiments  on the excitation of 
luminescence in inorganic phosphors by low kinetic 
energy ions and electrons. The phenomenon is found 
to be complex, being very much dependent  upon the 
interact ion of the ions and electrons with the phosphor. 
The phosphor does not act as a simple third body which 
accepts the recombinat ion energy of the ions and elec- 
trons. In  contrast to RRL, the efficiency of light pro- 
duction by low kinetic energy ions and electrons is 
quite high. 

Experimental  
The low energy ion-electron luminescence (LEIEL) 

apparatus is shown schematically in Fig. 1. The glass 
outer envelope of the system is connected to glass-to- 
metal seals and copper-gasketed stainless steel flanges 
which are used for supports and feedthroughs. The use 
of flanges permit ted independent  removal  of the fol- 
lowing four main  components: (i) the ion source, (ii) 
the electron source, (iii) the phosphor support, and 
(iv) the vacuum system. Positiwe ions, generated in the 
ion source, and electrons from the electron source in-  
teracted with a phosphor sample. The light produced 
was spectrally analyzed by  a monochromator  and de- 
tected by a photomultipl~er tube. Modulat ion of the 
cha~ged beam (s) discriminated against the background 
d-c l ight  signal as well  as metastables and allowed 
measurement  of the phase shift of the modulated light 
signal relative to the modulated charged beam. 

The ion source and ion optics are from a Process 
Analyzers,  Incorporated Quad 1200 RGA ionizer with 
electronic circuitry from a Quad 250B ionizer con- 
troller. The ion source potent ial  was positive with re- 
spect to ground and determined the ion kinetic energy 
(max imum 40 eV). The first and third grids of the 
Einzel lens were at ground potential  and the second 
grid at --90V to discriminate against electrons. The ion 
beam was modulated by applying a square wave po- 
tential  (positive with respect to the ion source) to the 
first grid of the Einzel lens. Ions left the third grid 
and drifted N5 cm to a phosphor plate oriented at a 
45 ~ angle to the axis of the ion beam. The only modi-  
fication of the ion source consisted of replacing the 
tungsten  filament with a directly heated oxide filament. 
This change significantly reduced background light. 
With an oxide filament emission current  of 150 uA. 50 
eV ionizing energy, and a source pressure of 6 X 10 -4 
Torr  of N2, an ion current  of ~6  X 10-SA was detected 
at the phosphor plate. The detected ion current  was 
not significantly altered when a phosphor was on the 
plate. A baffle, attached to the third grid, served to 
reduce the pressure in the phosphor region, relat ive to 
the source region, by a factor of N20. 

Since mass discr iminat ion has not been incorporated 
into the apparatus, ion beams derived from diatomic 
neutrals  will contain some monatomic ions. All experi-  
ments, however, were run  with an ion source ionizing 
energy of 50 eV and were reproducible.. For simplicity, 
we shall refer to an ion beam, derived from N2 neutrals, 
as N2 + ions with the unders tanding that N + ions are 
also present. 

TO IOniZAtION GAUG~ 

METAL~O~LA~  
SEAt.S TOVAmABL~ 

LEA~WLVE 

TO IOmZATIO~ GAU~E 

B A ~ L e  

COPPEa G ~ E ~ S  -- 

MON~HROM~TOR 

Fig. 1. Schematic diagram of the low energy ion-electron lumin- 
escence apparatus (viewed from above). 

The electron source consisted of the heater, Ba/SrO 
cathode, and the first two grids from a Sylvania 
ST 4716 A CRT electron gun. The indirect ly heated 
cathode was at a negative potential  with respect to 
ground (normal ly  --3V).  The first grid was negative 
with respect to the cathode and was used to control 
the electron current.  The second grid was positive with 
respect to the cathode and a square wave potential  on 
grid two produced a modulated eIectron beam. The 
electron beam, which is normal  to the phosphor plate 
and elevated 45 ~ originated ~3 cm from the phosphor 
plate. 

At the low electron source cathode to phosphor po- 
tentials used in  these experiments,  the electron kinetic 
energy is dependent  upon the contact potential  of the 
phosphor and the oxide cathode as well  as the cathode 
bias. These contact potentials are, in  general, not 
known and we report  the ca thode  bias w~ch ,  within 
an additive constant, equals the electron kinetic energy. 
Since our results are correlated with a change in elec- 
t ron kinetic energy, knowledge of the actual electron 
kinetic energy is not necessary. We also note that sur-  
face charging will change the electron kinetic energy 
at a given cathode bias. 

All phosphors, except one, have been obtained from 
GTE Sylvania. The exception, SrA1204-Eu, has been 
synthesized and characterized previously (3-5). Phos-  
phors are settled from acetone onto a stainless steel 
fiat and baked at ,--400~176 for 15 rain. Typical cal- 
culated phosphor thicknesses were about 10;~. The 
stainless steel flat was attached to an insulat ing ceramic 
block and a lead from the flat connected to an elec- 
t rometer  to ground. 

The apparatus was evacuated by a 4 in. oil diffusion 
pump filled with Convalex 10 pump oil. A Freon-cooled 
baffle above the pump reduced backstreaming and a 
gate valve isolated the system from the pump. Pres-  
sures below 1 X 10 -7 Torr, as measured by an ioniza- 
t ion gauge in the ion source region, were obtained 
rout inely  and provision existed for baking the appara-  
tus to 400~ 

The detection scheme is shown schematically in Fig. 
2. A modulated electron beam plus an unmodula ted  ion 
beam produced a modulated light signal from the phos- 
phor. The light was passed through a 1/4 meter  Ja r re l l -  
Ash monochromator  and detected by  a 1P28 PMT. The 
photomult ipl ier  tube  current  generated a voltage across 
a 104 ohm resistor to ground and the a-c voltage was 
detected by a PAR HR-8 lock-in amplifier. 

The phase of the modulated light was determined 
relative to an external  reference from the Tektronix  
161. The phase of the modulated current  signal was 
also determined relat ive to the same external  reference 
and the difference between these two phases was taken 
as the phase shift. 

Modulation techniques, in addition to providing 
phase shift data which can be correlated with radiative 
lifetimes for first order processes, discriminate against 
background d-c light from filaments and possible effects 
from metastables. Modulation of both beams with con- 
t inuously variable phase provides mechanistic informa-  
tion about the interact ion of the ions and electrons 
with the phosphor. 

In  general, the charging of phosphor surfaces by  low 
energy electrons necessitated the following exper imen-  
tal sequence. The ion source was turned on and an  ini-  
tial ion current  IT ~ was detected by the electrometer. 
(It is assumed that the ion current  detected at the 
electrometer is proportional to the ion current  which 
strikes the phosphor surface.) Electrons were then 
added in incremental  amounts  and the decrease in IT ~ 
was taken equal to the electron current, [e, an ind.i- 
rectly measured quanti ty.  At each new value of Ie, the 
l ight output  was measured and the phase shift could 
be determined. 

As arbi t rary  s tandard conditions, we have studied 
the interact ion of a beam of electrons modulated at 100 
Hz with the electron source cathode biased 3V nega-  
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Fig. 2. Schematic diagram of the detection schemes. Modulation 
of the ion beam instead of the electron beam requires that the 
square wave go to grid 1 of the ion source rather than grid 2 of 
the electron source. Incorporation of a second Tektronix 161, 
triggered by the same 162, generates a modulated ion beam as 
well, with continuously variable phase with respect to the modulated 
electron beam. 

t ive with respect to the phosphor plate, and an u n -  
modulated beam of 40 eV kinetic energy N2 + ions. 
Typical ion currents, IT ~ were in the range of 1-10 
X 10-SA and almost all data was determined for 
IZ~~ 

Results 
We find that the interact ion of a beam of low kinetic 

energy electrons and ions with a phosphor leads to the 
production of visible light characteristic of that phos- 
phor. This light output  has been  used as a probe of the 
excitation mechanism: to probe the mechanism we 
measured the change in  light output  as a function of 
the external  variables of the experiment.  Initially, the 
quant i ta t ive  relationship between l ight  output  and ion 
and electron currents  was determined." This relation- 
ship provided a basis of comparison for the effect of 
variables such as electron and ion kinetic energy and 
ionization potential  on the light ou tpu t .  Most of the 
exper iments  involved the interact ion of ions and elec- 
trons with a Zn2SiO4-Mn phosphor. However, n ine  
other phosphors were also studied in order to deter-  
mine:  (i) the general i ty of the phenomenon,  which we 
shall refer to as low energy ion-electron excitation 
(LEIEE), ( i i )  the relat ive efficiencies of the different 
phosphors, and ( i i i )  whether  the quant i ta t ive  relat ion-  
ships observed for Zn2SiO4-Mn held for the other phos- 
phors. 

The LEIEL spectrum of Zn2SiO4-Mn was the same as 
the emission spectrum observed by the more conven- 
t ional excitat ion schemes of photoexcitation or cath- 
ode-ray excitation of the same phosphor. In  the quant i -  
tative results which follow, the l ight output  for 
Zn2SiO4-Mn was measured without  slits on the mono-  
chromator (~300A bandpass) and centered at 5280A. 
Zn2SiO4-Mn has a broad emission, peaking at 5280A, 
and a bandwidth  at hal f -height  of 410A (6). 
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The light output  of Zn2SiO4-Mn vs .  (Ie)I/~ is shown 
in Fig. 3 for our arbi t rary  s tandard conditions. Quali ta-  
tively, the light output increased with increasing Ie and 
then started to fall off. This falloff was not associated 
with a change in  the emission spectrum. The electron 
current  at which faUoff began was arbi t rar i ly  called IB. 
The dependence of l ight  output  on IT ~ was determined 
by runn ing  experiments at different init ial  ion currents. 
The init ial  ion current  could be varied by changing the 
neutral  gas pressure or the emission current  of the 
filament in the ion source and equivalent  results were 
obtained with each method. 

The relationships observed for ions at 40 eV were 

S = light output  = K1 (IT ~ 1/2 (Ie)1/2 for (Ie < IB) [la] 

and 
K 1  ( I T  ~ ) 1/2 ( I e )  1/2 

S : for (Ie > IB) [ lb]  
(Ie - -  IB) 

1 + KS 
I T  ~ 

K1 is the scaling factor for output  at values of Ie < IB, 
the constant K2 determines the magni tude  of the fall-  
off, and I B / I T  ~ relates to when the falloff begins. 

In  Tabte I we tabulate  the constants Ks, K2, and I B /  
IT ~ (95% confidence levels) determined for our arbi-  
t rary  s tandard  conditions at a large number  of different 
init ial  ion currents  and also the constants determined 
at an ion kinetic energy of 20 eV. For our s tandard 
conditions we found that the falloff began when 55% 
of the initial  ion Current had been neutralized. Halving 
the ion kinetic energy to 20 eV resul ted in  a marked 

Table I. Light output equation constants 

S = l i gh t  ou tpu t  ----- KZ(IT~ f o r  (-Te < IB) 

K I  (IT~ 
S = fo r  (Ie > IB) 

( l e  - -  IB) 
1 + K 2 - -  

I~ �9 

Kza,b K2a,c IB / IT  ~ 

N_o+ (KE = 40 eV) 4.2 ----- 0.2 • 10 ~ 2.9 • 0.5 0.55 -4- 0.02 
Modu la t e  e l ec t rons - -100  Hz 

N_~+ (KE = 20 eV) 1.9----- 0.2 • 10 7 -- --~ 

Modula t e  e l ec t rons - -100  Hz  

a 95% confidence levels .  
b U n i t s  of  (A) -1. 
c D imens ion l e s s .  
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decrease ( ~  half) i n  the l ight output (K~) at Ie < IB 
and, in  addition, the falloff was not observed in  four 
out of five runs. Hence, at 20 eV ion kinetic energy, 
IB/IT ~ approaches unity.  

In  Fig. 4 we plot the light output  vs. (Ie)1/2 for ion 
kinetic energies of 20 eV, 30 eV, and 40 eV. We see 
that whereas no falloff is observed at 20 eV and the 
40 eV curve follows the relationships of Eq. [1], the 
results at 30 eV indicate that  the l ight output  has satu- 
rated. 

More negative values of electron source cathode bias 
led to increased electron kinetic energy and, as shown 
in Fig. 5, increasing electron kinetic energy led to a 
l inear  increase in the light output  (K1) at Ie < IB. Also, 
increasing electron kinetic energy resulted in larger 
values of !B/IT ~ In  comparing the effect of increasing 
electron and ion kinetic energy, we found that both led 
to an  increase in light output. However, the behavior  
observed for IB/IT ~ was opposite: increasing electron 
kinetic energy increased IB/IT ~ while increasing ion 
kinetic energy decreased IB/IT ~ 

Ions, derived from N~ neutrals,  were used in  most 
of our experiments.  In  order to explore the effect of 
ionization potential  on the l ight output  we examined 
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the light output  for all the inert  gas ions and CO +. Poly-  
atomic neut ra l  sources could not be used because mass 
separation was lacking and O~ was excluded because 
of potential  damage to the oxide filaments. The light 
output for the various ions used showed the same de- 
pendence on IT ~ and Ie ( including falloff) as observed 
with N2 +. In Fig. 6 the light output, K1, for Ie <~ IB is 
shown vs. the ionization potential  of the neutrals  (7). 
A gradual  increase in light output  ongoing from He + 
to Ne + to Ar + (decreasing IP) was observed and then 
the signal remained constant  through Xe +. The ions 
derived from diatomic neutrals,  Nz + and CO +, showed 
lower light outputs than the monatomic ions, Ar  + and 
Kr  +, respectively, with comparable ionization poten-  
tials. 

The interact ion of two charged beams with a phos- 
phor allowed each beam to be modulated separately or 
to modulate both beams w i t h  continuously variable 
phase between them. We have shown the results of 
four different modulat ion schemes in Table  H. As our 
basis of comparison, we considered the constants K1, 
K2, and IB/IT ~ for unmodula ted  40 eV Ne + ions and 
electrons modulated at 100 Hz. We observed that modu-  
lat ing both beams, in  phase and out of phase, did not 
have a large effect on the constants in  the l ight output 
equation. A small decrease in K1 for the case of both 
beams modulated out of phase was most apparent.  In  
addition, note that the falloff was observed for both of 
these modulat ion schemes. In  contrast, modulat ing the 
ion beam with an unmodula ted  electron beam resulted 
in very weak light output, too weak to be quant i ta-  
t ively measured. Finally,  it was noted that  modulat ing 
both beams out of phase at 20 Hz still produced a 
strong signal relative to both beams modulated in  phase 
at 20 Hz. 

Modulation of the electron beam plus an unmodu-  
lated ion beam produced a modulated light output. 
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Fig. 5. Light output vs. electron kinetic energy, Experimental 
conditions; Zn2,SiO4-Mn; 40 eV N2 + ions, unmoduloted; electrons 
modulated at 100 Hz. 

Table II. Light output equation constants for different modulation 
schemes 

S = light output = Kl(IT~ for  (Ie < IB) 

Kl (IT~ )~12CIe)11 s 
S = for ( Ie  > I n )  

( Ie  -- IB)  
1 + K ~ - -  

IT  ~ 

Kla,b ~ s n , e  I B / X T ' a  

N~+ ( K E  = 40  e V )  
M o d u l a t e  e l e c t r o n s - - 1 0 0  H z  

N~ § ( K E  = 40  e V )  
M o d u l a t e  e l e c t r o n s  a n d  N= + 
100  H z - - i n  p h a s e  

N2 + (KE = 40eV) 
Modulate electrons and Na + 
100 Hz---out of phase 

Ne* ( K E  = 40  e V )  
M o d u l a t e  i o n s - - 1 0 0  H z  

4 , 2 •  • 107 2.9-----0.5 0 . 5 5 ~ - 0 . 0 2  

4 .0  +--. 0 .6  • 107 2 .8  ----. 0 ,9  0 . 5 3  4-  0 . 0 5  

3 .7  ----- 0 .6  x l 0  T 2 .7  -4- 0 .9  0 . 5 0  ----. 0 . 0 6  

9 5 %  c o n f i d e n c e  l e v e l s .  
b U n i t s  o f  ( A ) - A  
r D i m e n s i o n l e s s .  
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This light output  was phase shifted with respect to the 
current  beams and the magni tude  of the phase shift 
was dependent  upon the modulat ion frequency. The 
phase shift could be determined for each incremental  
addition of electron current  to the init ial  ion current, 
I T  ~ The magni tude  of the phase shift was also depen- 
dent  upon whether  Ie was less than  IB or greater  than IB. 

Before the falloff, Ie < IB, the phase shift was ap- 
proximately  constant  for each incremental  addition of 
Ie. The quantRat ive relationship between phase shift, 
8, and the modula t ion  frequency, f = ~/2~, was 

1 1 
, = - -  = - -  + c~, [2 ]  

tan 8 z ~o 

where c is a constant and T is a first-order decay time. 
In  the l imit  of zero frequency, To equals 2.6 • 10 -8 
sec. Rearrangement  of Eq. [2] yields 

rata 
tan  0 : - -  [3] 

! + C~To 

These results are shown in Fig. 7. 
After the falloff, the phase shift gradual ly  decreased. 

Associated with this change was a change in the phase 
of the current  beam and the light as well as the differ- 
ence between them. Phase shifts determined near  
[Iw~ did not show the same dependence upon fre- 
quency as shown in Eq. [2]. Near IIW~ the phase 
shift data could be fit to the equat ion 

1 
- -  - -  [4] 

t an  e 

and T ~ 1.5 • 10 - s  sec. 
When both beams were modulated, the phase shift 

of the l ight correlated with the modulated electron 
beam, rather  than the modulated ion beam. The mag- 
ni tude of the phase shift was the same for modulat ion 
of both beams or the electron beam alone. 

Nine other phosphors were examined for their  LEIEL 
properties (8). A list of the phosphors studied and their  
relative efficiencies are shown in Table III. The lumi -  
nescence observed showed no deviat ion from the nor-  
mal emission spectrum. All phosphors, with sufficient 
emission to be quant i ta t ive ly  examined, showed the 
same dependence on IT ~ and Ie, including falloff, as 
Zn2SiO4-Mn. This relationship, (Eq. [ l a ] ) ,  with cor- 
rections for phosphor bandpass, PMT spectral response, 
and phosphor decay time, was used to determine the 
relat ive efficiencies. Selected checks of the effect of ion 
and electron kinetic energy and ionization potential  on 
the light output  revealed the same behavior  as ob- 
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Fig. 7. Relationship between phase shift and modulation frequency 
(le < IB)- Experimental conditions: Zn2SiO4-Mn, 40 eV N2 + ions, 
unmoduloterl; electrons moduloterl, cathode biased 3V negative. 

Table III. The relative LEIEL efficiency of different phosphors 

P h o s p h o r  Effic iency a,b 

YsOs-Eu 10 
YVO~-Eu 5 
Zn~SiO4-Mn 5 
Ba2P2Ov-Ti 3 
MgWO~ 2 
SrAleO~-Eu 1 
Z n C d S - C u  e Very  w e a k  (?) 
Ca ~.~F (POt) ~-Sb,Mn Very  w e a k  ( ? ) 
CaSiOs-Mn-Pb Not observed 
ZnS-Ag c Not observed 

a Light output corrected for emission bandpass, PMT spectral re- 
sponse, and lifetime. Experimental conditions: 40 eV N2 + ions, un- 
m o d u l a t e d ,  1T ~ = 8 X 10-sA; e l e c t r o n s  m o d u l a t e d ,  c a t h o d e  b i a s e d  
3V nega t ive .  

b Ar~)i t rary un i t s .  
c These  samples  we re  n o t  b a k e d  in  a i r  to  p r e v e n t  f o r m a t i o n  of  an 

oxide  coa t i ng  on t he  surface.  

served with Zn2SiO4-Mn. The only deviat ion from the 
results observed with Zn2SiO4-Mn related to phase 
shifts. Neither Y2Os-Eu nor YVO4-Eu showed the l inear  
frequency dependence on lifetime of Eq. [2] observed 
with Zn2SiO4-Mn at Ie <~ IB. 

When both beams were modulated at 20 Hz out of 
phase, the first six phosphors in  Table III showed sig- 
nificant light outputs relat ive to in-phase modulat ion 
at 20 Hz. This was true even for SrA1204-Eu with a 
decay time of ,~10 /~sec to 10% init ial  brightness (3). 
By way of comparison, LEIEL in SrA1204-Eu was also 
observed at an electron beam modulat ion frequency of 
10 kHz, the l imit  of the square wave generator. 

SrAlo~O4-Eu and Y203-Eu both had sufficient con- 
ductivity to conduct a modulated low kinetic energy 
electron beam (cathode = -- 15V) without  significantly 
charging the phosphor surface. In both cases, no evi- 
dence of light was observed at the normal  sensit ivi ty 
used for LEIEL, even though the electron current  was 
~5-10 times the ini t ial  ion current  normal ly  used in  an 
experiment.  

In order to obtain a rough measure of the absolute 
quan tum efficiency of the LEIEL process we have 
utilized ZnO. ZnO is excited by very low kinetic energy 
electrons and the quan tum efficiency for 10 eV elec- 
trons is about 1 photon per 200 electrons (9). The ZnO 
light output, which is proport ional  to Ie, was measured 
at a modulated current  of 8 • 10-SA and 10 eV kinetic 
energy (cathode-phosphor bias) and corrected for 
PMT response, bandpass, and phosphor decay time. w e  
have compared the l ight output  of ZnO with the l ight 
outputs of the various phosphors in Table II at the ex- 
perimental  conditions given. The light output of ZnO 
was approximately equal to the light output  for 
MgWO4. Hence, we conclude that at an init ial  ion cur- 
rent, IT ~ of 8 • 10-SA MgWO4 has a max imum light 
output upon the addition of electrons corresponding to 
about 1 photon per 200 N~ + ions. No effort has been 
made to increase the yields for any phosphor. 

Discuss ion  
We begin our discussion by considering the effect of 

electrons and ions alone on the phosphor, followed by 
the development of a model and subsequent  refine- 
ments  derived from quant i ta t ive data. 

Electron-phosphor interactions.--When electrons in-  
teract with a phosphor, secondary electrons are emitted 
from the phosphor (10). The secondary electron emis- 
sion coefficient, defined as the ratio of secondary elec- 
trons to p r imary  electrons, is dependent  upon the elec- 
t ron kinetic energy. At low kinetic energy the second- 
ary electron emission coefficient of the phosphor is less 
than  un i ty  and in time the phosphor charges to the 
negative bias of the electron source cathode. For many  
phosphors, at approximately 50-200 eV, the secondary 
emission coefficient rises above uni ty  and no negative 
charging is observed (11). Finally,  at still higher ki-  
netic energies (~1-60 keV) the secondary electron 



90 J. Electroehem. Sac.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY January 1976 

emission coefficient falls below uni ty  again (11). In  
addit ion to producing secondary electrons, pr imary 
electrons also interact  with a phosphor to produce 
visible light via cathode ray excitation (1). The kinetic 
energy threshold for the production of light is typically 
several hundred  electron volts, however, notable  ex- 
ceptions such as ZnO have thresholds below 3 eV (9). 
For the continuous production of light, the phosphor 
must  not charge negatively. In  two phosphors used for 
the LEIEL experiments,  charging did not occur at the 
typical electron kinetic energies of our experiments.  It 
is significant that  no light was detected in these two 
phosphors. 

Ion-phosphor interactions.--The in terpreta t ion of 
ion-phosphor interactions is more complicated than 
electron-phosphor interactions. The complications arise 
because an ion has potential  as well as kinetic energy 
by vir tue of its ~bility to recombine with an electron. 
At high- ion kinetic energies (for example >1000 eV), 
the ion bombards  the phosphor and the interact ion is 
dominated by the kinetic energy. As with the pr imary  
electrons, one observes secondary electron emission 
(12) and the production of l ight (ionoluminescence) 
(1). At low ion kinetic energies, the ion spends a much 
greater t ime near  t.he surface of the phosphor and, 
hence, the potential  energy of the ion can play a more 
dominant  rote. When low kinetic energy ions, with 
sufficient potential  energy, approach within  a few ang-  
stroms of a phosphor surface, neutral izat ion of the ion 
can occur before the ion strikes the phosphor surface 
in  a process involving the phosphor, the ion, and an 
electron from the valence band of the phosphor. Ion 
neutral izat ion and the subsequent  effect on the phos- 
phor are best considered by reviewing some of the 
e lementary theory of ion neutral izat ion spectroscopy 
(12-14). 

In  Fig. 8 we see a diagram of the interact ion of an 
ion with a phosphor surface (15). E = 0 represents the 
vacuum level of the phosphor as well as a free elec- 
t ron and ion separated to infinity. The incoming ion 
approaches the phosphor surface and at some critical 
distance, s, dependent  upon the ion kinetic energy, an 
electron from the valence band tunnels  through the 
potential  bar r ie r  to neutralize the incoming ion. The 
neutral ized ion retains much of its kinetic energy 
(velocity) and continues toward the phosphor, str iking 
the surface as a neutral .  For neutral izat ion to occur, 
the recombinat ion energy of the ion, which in  first 
order neglects the interact ion with the phosphor and 
can be taken as the ionization potential  (IP),  must  be 
greater than the energy from the top of the valence 
band to free space (r The valence electron, upon 
tunne l ing  from the valence band, creates a hole and 
general ly this hole is formed very close to the surface. 
If the IP > r excess energy must  be dissipated and 
if IP > r + AEg (the bandgap) ,  a second electron 
from the valence band can be excited into the conduc- 
tion band in an Auger- type  process creating an elec- 
t ron-hole  pair. Finally, if the IP > 2r secondary elec- 
trons can be emitted. 
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Fig. 8. Schematic energy diagram of low kinetic energy ion- 
phosphor interaction. 

In  semiconductors the secondary electron emission 
coefficient is only very weakly dependent  upon ion 
kinetic energy, but  the secondary electron yield in-  
creases dramatical ly for ions with increasing ioniza- 
tion potentials (16). Because of the high conductivity of 
the semiconductors, no surface charging was observed. 
For an insulator  such as amorphous selenium, surface 
charging is most apparent  (14). In  the case of SlOe 
films, ion neutral izat ion processes lead to degradation 
of the MOS quali ty S~O2 films (17) and impur i ty  mi-  
grat ion from the surface to the Si substrate (18). 

In  our experiments on phosphors, surface charging, if 
present, was not pronounced enough to repel the in-  
coming unmodula ted  ion beam. Compared to an un-  
modulated ion beam, square wave modulat ion halved 
the detected ion current  with the phosphor present. 
For identical settings of the ion source, near ly  the 
same ion current  was detected by the electrometer 
with and without a phosphor present. From these ob- 
servations we conclude that most of the holes formed 
upon neutral izat ion have sufficient mobil i ty  to reach 
the electrometer and prevent  charge buildup. 

Formation oy a trapped hole.--In the LEIEL experi-  
ments luminescence was only observed when ions as 
well as electrons interacted with the phosphor. By 
modulat ing both beams out of phase it was deter-  
mined  that the two charged species did not have to be 
coincident for l ight to be produced. This result  sug- 
gested two possible roles for the ions. The first was that 
the electrons excited the phosphor via a conventional  
cathodoluminescent type excitation and that ions pas- 
ively provided charge neutral i ty.  A second mechanism 
assumes a more active role for the ion in the excitation 
process. Our results suggest that  the active role for the 
ions is dominant.  

Low energy ions (>100 eV) interact ing with metal  
surfaces show almost a 100% neutral izat ion efficiency: 
~0.1% reflected ions and metastable atoms are ob- 
served (19). At the opposite end of the conductivity 
scale, the insulator, amorphous Se, shows a 100% 
charging efficiency in  the region of low surface charge, 
and no difference was observed in charging behavior 
among any of the ions at any energy (<200 eV) in 
the l imit  of zero surface charge (14). If we make the 
logical assumption that all the different ions are neu-  
tralized with 100% efficiency at the phosphor surface, 
then the observed differences in light output  as a func-  
tion of ionization potential  indicate an active role for 
the ions. The square root dependence on the ion current  
in the light output equat ion is also suggestive of an 
active ion role. For two phosphors, electron charging 
did not occur at low electron kinetic energy and no 
luminescence was observed when the positive ion cur-  
rent  was zero. Thus, for these two phosphors, the ions 
must  play an active role and this strongly suggests that 
the ions take an active role in all the other phosphors. 

One could argue that the decreased light output  ob- 
served when only the ions are modulated is indicative 
of a passive role for the ions. The ions could preserve 
charge neut ra l i ty  and the electrons produce a d-c light 
signal undetected by the lock-in  amplifier. A more 
l ikely explanation, which preserves the active role, 
involves the formation of a trapped hole by the ion. If 
the ion beam creates a trapped hole whose lifetime is 
long with respect to the modulation frequency, then 
modulation of the ion beam at that frequency will lead 
to a decreased a-c light signal (20). This explanation 
requires that the ion beam creates an intermediate 
excited state of the phosphor which cannot luminesce. 
When both beams are modulated out of phase, the phase 
of the light output correlates with the electron beam 
rather than with the ion beam. Hence, we conclude 
that the electron beam interacts with the trapped hole 
of the phosphor to create an excited state (s) that leads 
to luminescence. 

In  the case of phosphors, temporary t rapping of holes 
has been shown to lead to luminescence in SrA1204-Eu 
(5). Although the Eu +2 emission in SrA1204-Eu has a 
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fas~t (10 ~,sec) decay to 10% of ini t ial  brightness, a 
leng- las t ing persistence of many  seconds is observed 
(3). This luminescence has been shown to be associated 
with t rapped holes that  are thermal ly  deactivated. We 
note that  LEIEL was observed in SrA1204-Eu. In  
SrA1204-Eu the hole t rapping levels are associated with 
defects in the lattice. In  general, a second possibility 
for a hole trap is the  activator ion itself. For example, 
Mn +2 could act as a hole trap by forming Mn +3. Upon 
deactivation of the Mn +3 to Mn +2 with an electron, the 
Mn +2 could be left in  an excited state and hence, might 
1-uminesce. A third possibility is that  two mobile holes 
will  dimerize and be trapped. This concept has been 
postulated with regard to CaF2 and will  be amplified 
later  (21). 

All our  results point to the formation of a trapped 
hole by the ion beam. The correlation between the 
electron beam and  the l ight output, determined from 
the phase shift, and the abil i ty to produce l ight  wi th  
the beams out of phase supports the idea that: electrons 
interact  with the trapped holes in a second step to pro- 
duce an excited s.tate(s) of the phosphor. The light emis- 
sion from LEIEL agrees with the other conventional  
excitat ion schemes and, hence, the same emit t ing state 
is most probably  involved in  the different excitation 
schemes. This is ent i rely reasonable, in that most phos- 
phor excitation schemes with widely varying  energy 
inputs lead to the same emission spectrum of the phos- 
phor. Finally,  the phase shift in  Zn2SiO4-Mn extrapo-  
lated to zero modulat ion frequency yields a first order 
decay time of 2.6 • 10 -3 sec which is similar to the 
value of 2.5 • 10 -8 sec at 15~ determined by photo- 
excitat ion of the same sample (22). 

Possible m e c h a n i s m s  and k ine t ic  energy  depen-  
d e n c e . - - T h e  l ight output  equations for ions at 40 eV are 

S ---- light output  .= K l ( I w ~  1/2 for (Ie < IB) [la] 

and 
K1 (IT ~ ) I/2 (Ie) 1/2 

S -- for (Ie > IB) [lb] 
( ! e  - IB)  

1 + K 2  
IT ~ 

We note that the falloff does not begin when  electrons 
are first added to the phosphor, but  only after a sig- 
nificant fraction of the init ial  ion current  has been 
neutralized. As seen in  Fig. 4, the falloff at 30 eV is 
different, being better  represented by a term in  the 
denominator  of the light output equation which reflects 
saturation, and that  at 20 eV no falloff is observed. 
Common to the results at these three kinetic energies, 
however, is the l ight output  equation, K1 ( I T  ~ ) 1/2 (Ie) 1/2, 
:[or Ie ~ IB. Vv=e start by discussing a possible mecha- 
nism which might give rise to the square root behavior 
of the ion and electron currents.  

Ions interact  with the phosphor at low kinetic energy 
and are neutral ized when they approach within  a few 
angstroms of the phosphor surface. The neutral ized ion 
continues its path toward the phosphor and strikes the 
phosphor surface as a neut ra l  with some kinetic energy. 
Results on low energy ions (25-600 eV) interact ing 
with a tungsten  wire indicate that at the energies used 
in those experiments  approximately 50% of the kinetic 
energy of the ion is t ransferred to the tungsten lattice 
by the neutral ized ion (23). The incoming ion is neu-  
tralized when an electron from the valence band of the 
phosphor tunnels  to the approaching ion leaving a hole 
at the surface of the phosphor. In  the case of metals 
or semiconductors, the mobil i ty  of the holes formed 
(or electrons) is high enough to prevent  charge 
bui ldup at the surface, while in the case of insulators 
such as amorphous selenium, rapid charge bui ldup with 
an init ial  100% efficiency is observed at the surface. 
For phosphors with conductivities between insulators 
such as amorphous selenium and semiconductors, 
we postulate that  positive charge bui ldup at the sur-  
:[ace is kept down because the kinetic energy o:[ the 
neutral ized ion frees the hole from the surface of the 

phosphor and creates a mobile hole. Recent experi-  
ments  in low energy ion bombardment  effects in  SiO2 
have also postulated this "knock-on" effect with re-  
gard to impur i ty  migrat ion (17). The increasing abil i ty 
to free holes from the surface of the phosphor may ex-  
pla in  the increase in  light output  before falloff ob- 
served with increasing ion kinetic energy. 

Holes, once freed from the surface region, are mobile 
and can migrate to the phosphor substrate  and be col- 
lected by the electrometer or they may be t rapped 
along the way. The square root dependence on the ion 
current  in the light output equat ion mechanist ically 
suggests that two mobile holes combine to form a 
trapped hole. The rate of production of trapped holes, 
dpt /d t ,  is proportional to the rate of creation of holes, 
IT ~ minus the rate at which trapped holes are formed 
in a process dependent  upon the square of the hole 
concentration, p. Thus 

dPt 
--  fliT ~ -- kp 2 [5] 

dt 

and at steady state d p t / d t  ---- 0 and 

[p].~ (IT o) I n  [6] 

The dimerization of holes has been postulated pre-  
viously in work done on CaF2 (21). X- i r radia t ion  of 
CaF2 doped with Tm~3 produces self- t rapped (VK) 
centers at l iquid N2 temperatures.  T m  +~ ions enhance 
VK production by t rapping electrons and hence, are 
converted to Tm +~ ions. Upon warming the crystal to 
room temperatuze, about 90% of the VK centers are 
changed to laonparamagnetic hole centers (24). The 
nonparamagnet ic  na tu re  and complex decay kinetics of 
these room temperature  hole centers are compatible 
with the formation of hole pairs as the stable hole 
centers. 

In  analogous fashion, the dependence of the l ight 
output  on the square root of the electron current  sug- 
gests that  two electrons may be involved in  the pro- 
duction of light. The light output  would be expected 
to increase with increasing electron kinetic energy if 
the excitation of a valence electron were involved in 
ini t iat ing the luminescence. This may explain the re-  
sults of Fig. 5 which shows the light output  vs. electron 
kinetic energy. Two other factors which might  be rele-  
vant  are that increasing electron kinetic energy will 
lead to less negative surface charging of the phosphor 
because of the increasing secondary electron emission 
coefficient, and that different electron kinetic energies 
will lead to different penetra t ion depths of the electrons 
into the phosphor. Also at very low electron kinetic en-  
ergy, cathodoluminescent  processes show a "dead 
layer" effect which has been a t t r ibuted to surface re- 
combinat ion (25). Our unders tanding  of LEIEL, how- 
ever, is not sufficiently developed to examine these 
three effects in any detail. 

In  order that the light output  be proport ional  to the 
square roots of the two currents the l ight output  must  
also be proportional to the first power of the hole con- 
centrat ion and the first power of the electron concen- 
tration. From the analysis above, however, the light, 
output  should be proportional to the square of the hole 
and electron concentrations. At this t ime we cannot 
resolve this discrepancy, nor can we suggest an al ter-  
nat ive mechanism which might  fit the data better. We 
might also add that the influence of the hole concentra- 
tion gradient  from surface to substrate on the light 
output  is not known, nor  is the effect of the diffusion 
of the holes and electrons. 

Fal lo f f . - -The  falloff in l ight output  is shown in  Fig. 
4 for a number  of different ion kinetic energies. The 
falloff represents a competit ion between radiative and 
nonradiat ive processes. Interest ingly,  this competition 
does not begin at the start when electrons are added, 
but  only after a finite percentage of the ion current  has 
been neutralized. This suggests that the falloff in l ight 
output must  be triggered by some state of the system. 
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Secondly, the functional  form of the falloff changes 
dramatical ly with ion kinetic energy and does not even 
occur at an ion kinetic energy of 20 eV. 

The tr iggering of the falloff is kinetic energy de- 
pendent.  For electrons, increasing the kinetic energy 
increases the percentage of the ion current  which is 
neutral ized before falloff occurs. In  contrast, increas- 
ing the ion kinetic energy from 20 to 30 eV decreases 
the percentage of the ion current  which is neutral ized 
before falloff occurs. This opposite behavior for op- 
positely charged species suggests that  an electrostatic 
phenomenon may be responsible for the falloff. We also 
note that  when  the falloff occurs, the phase of the ion 
and electron beams change with respect to a refer-  
ence. Charging of the phosphor surface would lead to 
distortion of the square wave ion plus electron signal 
and, hence, produce a phase shift. 

Effect of ionization potential.--Our results show that 
the kinetic energy of the ion beam has a much greater 
effect on the light output than the chemical ident i ty  of 
the ion, i.e.~ the ionization potential. However, when  
the ionization potential  is less than r (Fig. 8), insuffi- 
cient energy is available for neutra l izat ion by  an elec- 
t ron tunne l ing  from the valence band, and, hence, the 
light should be very  low or nonexistent.  In  contrast 
to our results, the secondary electron emission observed 
in ion neutral izat ion spectroscopy is strongly dependent  
upon the ionization potential, increasing with increas- 
ing ionization potential, and very weakly dependent  
upon the ion kinetic energy (16). This suggests that 
for LEIEL the abil i ty of an ion with high ionization 
potential  to form an electron-hole pair  in a secondary 
Auger process either does not lead to luminescence, or 
that  any luminescence obtained from the Auger process 
is swamped by a different luminescent  process which 
has a weak inverse dependence on the ionization poten-  
tial. 

The hole produced by the incoming ion, once freed 
from the surface of the phosphor, can either migrate  
to the substrate and be neutral ized or be trapped in the 
bulk. A competition exists between these possibilities. 
One factor which may influence this competition is the 
energy of the hole ini t ia l ly formed, relative to the top 
of the valence band. Those holes formed closer to the 
top of the valence band may have a higher probabi l i ty  
of being trapped. For a given ion current~ ions with 
smaller  ionization potentials capable of being neu t ra -  
lized by valence electrons will produce a greater per-  
centage of holes closer to the top of the valence band, 
and hence more light will be produced per uni t  ion 
current. 

The decreased light output  of N2 + relat ive to Ar +, 
and CO + relative to Kr  +, may relate to the abil i ty 
of diatomic species to v ibra te  and rotate (26). Ex- 
citation of vibrat ional  and rotat ional  modes of N2 and 
CO at the t ime of neutral izat ion may decrease the per-  
centage of the ion kinetic energy which is t ransferred 
to the phosphor relat ive to monatomic species. In 
general, some of the effect of ionization potential  on 
light output  may also relate to the inherent  efficiency 
of kinetic energy transfer  by the neut ra l  to the lattice. 

Although holes may be trapped either at the surface 
or in the bulk, our results suggest that the trapped 
holes responsible for luminescence are in the bulk. If a 
surface phenomenon were involved, one would expect 
that vacuum conditions, sample preparation, and time 
would play a major  role in the light output obtained. 
Reproducible results were obtained, however, over peri-  
ods of months without changing samples or baking the 
apparatus. In  addition, fresh samples could be inserted 
into the system and, with no other preparat ion than 
evacuating the system, luminescence could be ob- 
served. Surely, by the modern  standards of surface 
science, our phosphor surfaces were not clean. 

Mass sputter ing by ion beams with kinetic energies 
in  excess of 500 eV is commonly used to clean sur-  
faces. Low energy ion-surface collisions have produced 
optical radiat ion which arises from sputtered mater ial  

(27). Some samples showed thresholds as low as ,,,50 
eV (27). Although sput ter ing could be occurring in 
our experiments  dur ing ion irradiation, the low ion 
currents and low kinetic energies argue against sig- 
nificant amounts  of sputtering. 

Phase shi#s.--The phase shift of the light output  in 
Zn~SiO4-Mn vs. ~ before the falloff is shown in Fig 7. 
We will only consider the region before falloff because 
of possible electrostatic complications that arise after 
f~loff. 

The relationship between the phase shift and ~ in 
Zn2SiO4-Mn before falloff (assuming that �9 is a constant 
independent  of ~) is 

o ---- t an -1  [7] 
1 -[- C~To 

where c is a constant. This differs from the normal  
equation for a first-order decay process by the 1 -t- 
c~zo term in the denominator.  Extrapolat ion of the 
phase shift to zero frequency to el iminate frequency 
dependent  effects yields a first-order decay time, to, of 
2.6 msec. ZnfSiO4-iVin shows a first-order decay to be- 
low 10% of init ial  brightness and photoluminescent  
decay data from this laboratory on the same sample 
yields a first-order decay time of 2.5 msec at 15~ (22). 
The excellent agreement  between these two values im-  
plies that the slow step in the production of l ight by 
LEIEL is the emission of light. In  support  of this con- 
clusion, the first-order decay times for YVO4-Eu and 
Y20~-Eu were in reasonable agreement  with the values 
obtained by other methods. Also the t ransi t  t ime of the 
ions to the phosphor is much faster than the lumines-  
cent decay times. 

The 1 Jr co~o term in the denominator  of the phase 
shift, although unusual ,  is reproducible. It may, how- 
ever, be unique for Zn2SiO4-Mn in that it was not ob- 
served with Y20.~-Eu or YVO4-Eu. The fact that the 
1 ~ c~o term was not observed with Y2Os-Eu or 
YVO4-Eu also tends to rule out exper imental  artifacts 
as the origin of the 1 ~- C~o term. A mechanism which 
might explain the physical origin of the 1 + C~To term 
is not apparent. 

An al ternat ive in terpre ta t ion of the experimental  
data is that the phase angle, e, is equal to tan -1 ( ~ )  
as expected for a first-order process, but  that -c changes 
with frequency. This interpretat ion,  however, requires 
that increasing frequency leads to apparent  radiative 
lifetimes which are increasingly shorter than the na t -  
ural  lifetime obtained by photoluminescence. It is un -  
reasonable that the lifetime could decrease by a factor 
of 5 ongoing from a modulat ion frequency of 20 to 
500 Hz, especially with no indication that the lifetime 
was reaching a steady value. 

Other phosphors.--Of the ten phosphors studied, six 
showed detectable levels of light by the LEIE excitation 
technique. From this result  we conclude that LEIEL is 
a reasonably general  phenomenon and that the tech- 
n ique  should be capable of exciting a large number  of 
phosphors. The fact that all six phosphors showed the 
same functional  dependence on  IT 0, Ie, and IB in the 
light output  equations as well as the same quali tat ive 
effect of electron and ion kinetic energies and ionization 
potential  on light output indicates that the same general  
excitation mechanism leading to l ight production is 
operative in all of these phosphors. The l inear frequency 
dependence of the emit t ing state l ifetime observed in 
Zn, SiO~-Mn may be peculiar to that  material.  

Calibration of the light output  with a ZnO standard 
shows that the LEIEL process is quite efficient. Y~O3- 
Eu has a max imum light output  (just  before falloff 
begins) with 40 eV N2 + ions and cathode bias of --3V 
which corresponds to about 1 photon per 40 N2 + ions. 
No effort was made to maximize the light output of 
these phosphors by al tering the phosphor itself. There 
seems no reason to believe that  a phosphor optimized 
for u.v. or electron excitat ion will be optimized for 
LEIE excitation. 
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LIST OF SYMBOLS 
low energy ion-e lec t ron  luminescence 
low energy ion-e lec t ron  exci ta t ion 
the ini t ia l  ion current  passing th rough  the 
phosphor  and detected by  an e lec t rometer  
the  electron cur ren t  de te rmined  from the de-  
crease in IT ~ upon the  addi t ion of electrons 
the  e lect ron cur ren t  at which the l ight  out-  
put  s tar ts  to devia te  f rom a K1 (/T ~ 1/2(Ie)1/2 
dependence  
the f requency  at which the ion or e lectron 
beams, or both, are  modula ted  
the modula t ion  frequency,  f, d ivided by 2~ 
the phase shift  of the l ight  output  signal r e l a -  
t ive to the  modula ted  cur ren t  signal  
the f i r s t -order  decay t ime to 1/e of ini t ia l  
value  
the energy  difference f rom the top of the 
valence band to free space 
the bandgap  
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ABSTRACT 

Thin films of Bil~GeO20 were prepared on glass and silicon substrates by 
r f -sput ter ing with the growth rate of 0.04-1.5 ~m/hr.  The crystall ine structure 
of the films varied mainly  with the substrate temperature:  the amorphous 
state was obtained below 150~ of the substrate temperature;  polycrystall ine 
with fcc form between 150 ~ and 350~ and polycrystal l ine with bcc form above 
4O0~ The ( l l l ) - o r i e n t e d  a luminum films deposited on glass substrates were 
found to enhance the preferred orientat ion of the bcc films in the <321> di- 
rection. These sputtered films exhibited the near ul traviolet  optical absorption 
edges at 460-620 m~, and a broad absorption at about 20 #m in the infrared 
region. 

Bi~2GeO2o (BGO) in the body-centered cubic (bcc) 
system is s trongly piezoelectric, optically active, photo- 
conductive, and exhibits an electro-optic effect. Large 
single crystals of BGO are made by the Czochralski 
method (1) and are studied for fabricating u l t ra -  
sonic devices (2). 

Thin  films of BGO are usable for the fabrication of 
thin-f i lm surface acoustic wave devices. The BGO 
films reduce the dimension of the acoustic devices 
owing to their low sound velocities (3) and also have 
a potential  in the fabrication of thin-f i lm optical de- 
vices such as l ight modulators, deflectors, and switches 
(4). Several processes are used to make the BGO 
film: chemical vapor deposition (CVD), l iquid phase 
epitaxial growth, and cathodic sputtering. The CVD 
method was examined to deposit the single crystal 
BGO films on a surface of monocrystal l ine substrates 
by Silvestri et al. (5). In  addition, several workers 
have succeeded in fabricating highly oriented or single 
crystall ine films of mul t icomponent  oxides such as 
ferroelectric Bi4TisO12 and LiNbO3 by cathodic sput-  
tering (6-8). The cathodic sputter ing process has the 
advantage that a wide variety of materials can be 
deposited on various substrates with li t t le cross con- 
tamination. 

Recently we have fabricated thin films of BGO on 
heterogeneous substrates by rf sputtering. This paper 
describes the structure and some optical properties 
of r f -sput tered BGO films. 

Experimental Procedures 
An rf diode sputtering apparatus of a hemispherical 

electrode system was used for depositing the BGO 
films. The electrode configuration of the sputter ing 
apparatus is schematically shown in Fig. 1. A poly- 
crystal l ine BGO hemispherical target 25 mm in 
diameter  was used as cathode. The target was pre-  
pared as follows: First, powder of Bi2Q (purity, 
99.8%) and GeO2 (purity, 99.99999%) mixed at the 
mole ratio of 6:1 was pressed into a column and the 
column was prebaked in air for about 4 hr at 800~ 
in order to synthesize BGO grains. Then, the grains 
were pressed into a column again and were sintered 
in air at the same firing condition to the prebaking 
process. Finally,  the sintered column was formed into 
a hemispherical shape. The x - ray  diffraction pat tern 
and the corresponding lattice constant of the target 
well agreed with the ASTM data (card No. 23-71) 
for the bcc phase of the BGO. Borosilicate glass and 
( l l l ) - o r i e n t e d  single crystal wafers of Si were used 
as substrates. These substrates were placed on a holder 

K e y  w o r d s :  b i s m u t h  g e r m a n i u m  ox ide ,  r f  s p u t t e r i n g ,  p i e z o e l e c t r i c  
f i lm, o p t i c a l  a b s o r p t i o n .  

Fig. 1. Electrode configuration of rf-sputtering system 

A 

located behind the anode. Table I shows typical sput-  
tering conditions for the film preparation.  Under  
these conditions the BGO films were prepared with 
a growth rate of 0.04-1.5 ~m/hr.  The sputtered films 
were 0.15-3.0 ~m thick. 

Crystall ine structures of the films sputtered on the 
glass and Si substrates were determined by x - ray  
diffraction and reflection electron diffraction (RED). 
Optical t ransmission spectra were examined at room 
temperature.  The glass substrates were used in the 
visible region and the Si substrates, in the infrared 
region. 

Results and Discussion 
It was observed that the crystall ine s tructure of the 

sputtered films scarcely depended on the substrate 
material  or the growth rate, but strongly depended 
on the substrate temperature  dur ing  the sput ter ing 
process. At the substrate temperature  below 150~ 

Table I. Sputtering conditions for the film preparation 

94 

T a r g e t  a r e a  9 cm -~ 
T a r g e t - s u b s t r a t e  s p a c i n g  2-3 cm 
S p u t t e r i n g  gas  A r ( 5 0 % )  + O._,(50%) 
G a s  p r e s s u r e  5 • 10 ~ T o r t  
B a c k g r o u n d  p r e s s u r e  2 • 10 -8 T o r r  
Rf  p o w e r  5 -20W 
M a g n e t i c  f ie ld  100G 
S u b s t r a t e  t e m p e r a t u r e  100~176  
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(not  de l ibe ra te ly  hea ted)  the sput te red  films were  
amorphous.  These films were  ye l low and t ransparent .  
At  the subs t ra te  t empera tu re  be tween  150 ~ and 350~ 
the spu t te red  films were  da rk  b rown and showed a 
different  x - r a y  diffract ion pa t t e rn  wi th  that  of the 
bcc phase. F rom the x - r a y  analyses,  this phase  is 
found to be the  impure  phase  of Bi203 wi th  a ~ face- 
centered cubic (fce) form which has been des ignated  
as 8*-Bi208 b y  Ga t tow and SchrSder  (9). A com- 
par ison of the x - r a y  diffract ion da ta  for  the film ob-  
ta ined in our expe r imen t  wi th  the  da ta  for ~*-Bi203 
p repa red  f rom a composi t ion 6Bi208 �9 GeO2 by Gat tow 
and Fr icke  (10) ( l is ted as Bi12GeO~0 in ASTM card 
No. 17-812) is g iven in Table  II. The la t t ice  constant  
a ---- 5.55A for the  former  is s l ight ly  smal le r  than  a 
= 5.57A for the  lat ter .  This fcc phase is considered 
to be a metas tab le  state since it has t r ans formed  easi ly  
into the bcc phase by  anneal ing  at  400~ for 1 hr. 
This  considerat ion is confirmed by  the fact that  the 
bcc phase  is found to be s table  at any t empera tu re  
be low the mel t ing  point  of 935~ (11). In the bu lk  
BGO, the fcc phase can be obta ined only by  quench-  
ing a mel t  (10). I t  is noted that  in the sput te r ing  film 
growth  process, the  metas tab le  fcc phase can be easi ly 
grown wi thout  any addi t ional  quenching process. 

F i lms  of the  bcc phase  were  obta ined at the sub-  
s t ra te  t empe ra tu r e  above 400~ The films of the 
bcc phase were  pa le  ye l low and semi t ransparent .  X - r a y  
da ta  for these films and the ASTM da ta  for the pul led  
single c rys ta l  BGO are  also given in Table  II. The 
la t t ice  constant  for the film is a m 10.16A which is 
s l ight ly  grea te r  than the ASTM data, a ---- 10.146A. At  
the subs t ra te  t empera tu re  of 350~176 sput te red  
films were  mix tu res  of the fcc and bcc phases. 

F igure  2 shows typica l  RED pa t t e rns  and e lect ron 
micrographs  for the  BGO films of the amorphous,  fcc, 
and bcc phases on the glass substrates .  I t  is observed 
that  the  crys ta l l i tes  of the  bcc phase are  much l a rge r  
than tha t  of the fcc phase. The RED pa t te rns  indicate  
that  all  these films are  po lycrys ta l l ine  and scarcely  
exhib i t  a p re fe r r ed  orientat ion.  S imi la r  resul ts  were  
obta ined for  the films on Si substrates .  But a sl ight  
t endency  of the (321) or ienta t ion  was observed for 
the bcc films as shown in Fig. 3 when the glass sub-  
s t ra te  was coated wi th  a thin ( l l l ) - o r i e n t e d  A1 layer  
(vacuum depos i ted) ,  the growth  ra te  was very  low 
(0.04 ~m/h r ) ,  and the spu t te red  film was ve ry  thin 
(0.15 #m).  

The crys ta l l ine  s t ructures  of the BGO films sput -  
te red  on glass or Si subs t ra tes  are summar ized  in 
Table  III. 

Fig. 2. Typical reflection electron diffraction patterns and elec- 
tron micrographs of Bi12GeO2o films sputtered onto glass substrates: 
(a) film sputtered at about 100~ with growth rate of 0.25/~m/hr, 
amorphous state; (b) film sputtered at 200~ 0.20 #m/hr, fcc form; 
(c) film sputtered at 400~ 0.15/~m/hr, bcc form. 

Table II. X-ray diffraction data for Bi12GeO2o 

fcc  Biz2GeO~o ( 6 "  - -  Bi~Oa) bcc  Biz2GeO~o 

F i l m s  A S T M 1 7 - 8 1 2  F i l m s  A S T M 2 3 - 7 1  

d ( A )  I d ( A )  I hk l  d ( A )  I d ( A )  I h k l  

3.204 100 3.21 100 111 
2.776 19 2.78 45 200 
1.960 31 1.965 65 220 
1.674 19 1.681 70 311 
1.600 8 1.605 18 222 
1.386 1 1.393 10 400 
1.272 7 1.278 25 331 
1.240 4 1.244 20 420 

3.591 19 3.57 30 220  
3.211 100 3.20 100 310 
2 . 9 3 0  26 2.922 40 222 
2.718 64 2.702 90 321 
2.540 3 2.569 5 400 
2.395 5 2.384 I0 330 + 
2.272 8 2.265 10 420 
2.1~7 13 2.158 20 332 
2 .074 8 2.066 20 422 
1.992 12 1.986 40 510 + 
1.855 5 1.852 30 521 
1.742 22 1.738 80 530 + 
1.693 13 1.690 50 600 + 
1.647 15 1.644 70 611 + 
-- -- 1.564 10 541 

1.531 3 1.529 1O 622 
1.498 12 1.495 70 631 
-- -- 1.464 l 0  444 

1.437 4 1.434 60 543  + 
-- -- 1.416 IO 640 

1.385 3 1.379 60 721 + 
-- -- 1.355 20 642 
- -  -- 1.332 5 0  730 

1.289 1 1.288 40 651 + 
- -  - -  1.267 5 800 
- -  - -  1.249 40 811 + 
- -  - -  1.231 30 820 + 

1.215 3 1.212 1O0 653 

Fig. 3. Reflection electron diffraction pattern of bcc Bil2GeO2o 
film about 0.15 #m thick sputtered onto thin (111)-oriented AI 
layer on glass substrate with growth rate of 0.04 #m/hr and sub- 
strate temperature of 400~ 

Optical  absorpt ion spectra  in the visible and inf rared  
region were  measured  for the three  types  of film. The 
resul ts  are shown in Fig. 4 and 5. In the vis ible  region, 
a l though absorpt ion edges of the films are  not sharp, 
the absorpt ion edges can be app rox ima te ly  es t imated 
at 510, 620, and 460 m~ for the amorphous,  fcc, and 
bcc phases, respect ively.  The absorpt ion edge at 450 
m~ was repor ted  for single crys ta l  BGO (bcc phase)  



9 6  

Table III. Crystalline structures of Bi12Ge02o films sputtered on 
glass or Si substrates under various conditions 
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Sub- 
Sub- strate Film 
s trafe  t emper -  Growth  thick-  

Sample ma te -  a ture  rate  h e s s  Crystalline 
No.  rial (~ (~m/hr)  (~m) s t ructure  

M.SG-M Glass 100 1.0 3.0 amorphous  
M7G-M Glass 100 0.25 1.8 amorphous  
M27S Si 100 0.64 2.1 a m o r p h o u s  
MVG Glass 200 0.20 1.5 f c c  
M5G Glass 275 0.60 1.8 f c c  
NI5S Si 300 0,60 1.8 fcc 
M25G-B Glass 350 1.2 1.2 f c c  
M26G-B Glass 350 0,17 0.6 f c c  
M23G-B Glass 375 1.2 1.2 fcc + b c c  
M 2 6 G - A  G l a s s  3 7 5  0 . 1 7  0 . 6  f c c  + b c c  

M24G-A Glass 400 0.44 1.2 bcc 
M14G Glass 400 0.15 0.6 b c c  
M15S Si 400 0,30 1,2 b c c  
M20A A1 = 400 0.04 0.15 bcc**  
M24S Si 500 0.44 1.2 b c c  

* Thin ( l l l ) - o r i e n t e d  A1 layer  v a c u u m  deposited on a glass sub- 
strafe. 

** A slight t e n d e n c y  of  the (321) orientat ion was observed.  

(1), which well  agreed wi th  our resul ts  for films 
of the  bcc phase. In  the in f ra red  region, a b read  ab-  
sorpt ion at  a wave leng th  of about  20 ~m was observed 
for al l  the three  types  of film. In the films of the bcc 
phase, severa l  r emarkab l e  peaks  were  superposed on 
the absorpt ion band. These peaks may  correspond to 
v ibra t ion  modes pecul iar  to the bcc s t ruc ture  of BGO. 

The ref rac t ive  index  n was de te rmined  from the 
number  of optical  in ter ference  fr inges in the visible 
t ransmission spec t rum by using the we l l - know n  re-  
la t ion n ---- m~ik2/2t(~l -- ~2), where  m denotes the 
number  of fr inges be tween  optical  wave length  Xl and 
~2, and t is the film thickness.  Taking m _-- 5 for 
~1 = 720 m~, ~2 = 583 n~,  and t ---- 3.0 ~m for the 
sput te red  amorphous  RGO films, we have n _-- 2.6, 
which is nea r ly  equal  to the single crys ta l  value  of 
2.55 (1). The values  for the  crys ta l l ine  BGO films, 
however,  cannot be de te rmined  due to thei r  high 
optical  absorpt ion in the visible region. 

Summary 
We a t t empted  to grow thin films of Bi12GeO20 on 

glass and silicon subst ra tes  by  rf  sput te r ing  with  the 
growth  rates  of 0.04-1.5 ~m/hr.  The s t ruc ture  of the 
sput te red  films var ied  main ly  wi th  the subs t ra te  t em-  
pe ra tu re  Ts as follows: for Ts < 150~ films were  
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Fig. 4. Optical absorption spectra in the visible region for three 

types of sputtered Bit2Ge02o films. 
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Fig. 5. Infrared transmission spectra for three types of sputtered 
Bi12Ge02o films. 

amorphous;  for 150~ < Ts < 350~ films were  po ly-  
crysta l l ine  wi th  the fcc s t ructure  which was the  me ta -  
s table impur i ty  form of Bi203 des ignated  as 8*-Bi203; 
for Ts ~> 400~ films were  po lycrys ta l l ine  wi th  the bcc 
s t ruc ture  which was the normal  phase  of BGO; for 
350~ < Ts <~ 400~ the films were  a mixed  phase of 
the fcc and bcc structures.  Optical  t ransmiss ion s tudy 
indicated that  the  u l t rav io le t  absorpt ion  edges were  
located at 510, 620, and 460 m# for the  amorphous,  
fcc, and bcc phases, respect ively,  and a broad  absorp-  
tion, at  about  20 ~m for all  films. Al though h ighly  
or iented BGO films of the bcc phase could not be 
obtained on glass or silicon substrates,  ( l l l ) - o r i e n t e d  
a luminum films deposi ted on the glass subst ra tes  were  
found to enhance the p re fe r r ed  or ienta t ion of the BGO 
films. 
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An Optically Effective Intermediate Layer Between 
Epitaxial Silicon and Spinel or Sapphire 
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ABSTRACT 

The existence of an, optically effective intermediate  layer  between epitaxial 
silicon and spinel or sapphire has been proved. By measuring the optical and 
geometric thickness of the films as a funct ion of film thickness a difference in  
t h e  thickness values was found which could be in terpre ted as the thickness of 
an intermediate  layer. This layer  was also measured directly with a stylus 
tracer yielding a thickness of about 40 nm. Reflection electron diffraction and 
secondary ion mass spectroscopy were performed. A growth model for the 
silicon films i~ proposed which assumes that  a luminum silicates will be formed 
due to reactions with the substrate as long as the substrate surface is un -  
covered. Despite or possibly because of this existing in termediate  layer good 
epitaxial  silicon films are obtained. 

The fact that strong orientat ion relationships can be 
found in the case of epitaxial  silicon films on insulat ing 
substrate crystals has already been discussed in nu- 
merous papers (1, 2). A one- to-one  coordination of the 
atoms of the two corresponding net planes of film and 
substrate, respectively, is in most cases given as an e x -  
p l a n a t i o n  (3, 4), and the subst i tut ion of atoms of the 
substrate surface by silicon atoms resul t ing in a Si-O 
bonding is discussed in l i terature.  To overcome the re-  
la t ively great mismatch or misfit of the lattice con- 
stants and distances which is f requent ly  encountered, 
mul t iple  fits had been used to match these differences 
(2, 4), a practice often adopted for epi taxy (5). Espec- 
ial ly in the case of si l icon-on-sapphire,  some disagree- 
ment  between different investigators was found (4) 
concerning the exact or ientat ion relationships. Con- 
sidering all these and similar aspects, one gains t h e  
impression that the existence of symmetry  elements, 
especially symmetry  axes like three-  or fourfold rota-  
t ion axes perpendicular  to the surface plane, is more 
re levant  to achieving good epitaxy than an exact a tom- 
to-a tom matching. This impression is confirmed by the 
fact that t ransi t ion or in termediate  layers are often 
discovered in connection with the epitaxy of vapor-  
deposited films (6). 

Mercier (7) has used infrared spectroscopy to con- 
firm the presence of Si-A1 and Si-O bonds in silicon, 
films, but  it was not possible to determine whether  
these were situated near  the interface or in the silicon 
film itself. In  the case of silicon on Mg-A1 spinel and 
sapphire, we had exper imental  findings that  suggest 
the existence of an in te rmedia te  layer which is in  any 
case optically effective. We therefore studied this sys- 
tem in more detail in order to prove this hypothesis. 

Experimental Methods and Results 
The epitaxial silicon films on spinel or sapphire stud- 

ied were produced by chemical vapor deposition in the 
SiH4/H2 system in a water-cooled horizontal reactor 
at substrate temperatures  of 1080 ~ and 1000~ and 
at growth rates of 1.5 and 2.5 ~m/min,  respectively. 
The substrates were single crystals of magnes ium-  
a luminum spinel (Verneuil)  with (100) surfaces and 
single crystals of sapphire (Czochralski) with (1-012) 
surfaces. 

Thickness measurements.--A simple exper imental  
procedure was adopted, which is shown schematically 
in  Fig. 1. After the epitaxial  deposition a mask is ap- 
plied and the unmasked part  of the silicon film has 
been etched away by an acid etch of 95 ml 65% HNOs, 
5 ml 40% HF, and lg NaNO2 (8) resul t ing in a step. 

* Electrochemical Society Active Member. 
Key words: optical interferences, thickness measurement, absorp- 

tion, electron diffraction, SIMS. 

The step height, i.e., the geometric film thickness dG, 
is measured with a Per then  stylus tracer, Model 
ECW-L. The measured value may be a little less than  
the real distance of the silicon surface from the sub-  
strate since the acid may not remove all of the film 
also at the unmasked parts. The optically determined 
average film thickness, do, is calculated by evaluat ing 
the extrema of the interference fringes caused by re-  
flection at the assumed optically effective interfaces 
air /f i lm and f i lm/substrate (9). The refractive index of 
the silicon films has been assumed to be that of bu lk  
silicon. This assumption is suggested by earlier results 
and will be justified by the results discussed later  on. 
The reflectance measurements  were carried out in the 
wavelength range 1-2.5 ~m with a Zeiss two-beam 
spectrophotometer, Model DMR 21, which was adapted 
by the construction of a reflection at tachment.  

Comparing the film thicknesses obtained with the 
different methods one observes that in all cases the op- 
tical thickness was less than the geometric thickness. 
We therefore assumed the existence of an in termediate  
layer giving rise to the difference in height be tween 
the substrate surface and the optically effective film 
boundary.  To prove this hypothesis, we th inned several 
films with an ini t ial  thickness of about 1-2 ~m in  steps 
of about 0.2 ~m by means of an alkaline etch of 30% 
KOH, 15 ml isopropanol at 84~ (8). After each step 
thickness measurements  were performed with both 
methods. 

In  order to avoid falsifications caused by surface 
roughness, the surface of the film was carefully pol- 
ished and cleaned after each th inn ing  step. 

Figure 2 shows the difference between both types of 
thickness values as a function of the optical thickness. 
Though there is a large spread of the values due to 
exper imental  error, a systematic positive difference is 
evident, which we interpret  as the thickness of an in -  
termediate layer between film and substrate;  the 
thickness of this layer varies between 40 and 70 n m  
for different s i l icon-on-spinel  samples. With silicon- 
on-sapphire,  values were found (20-40 rim), which 

Fig. 1. Optical and geometrical thickness of an epitaxial silicon 
film on spinel or sapphire (xxx intermediate layer). 
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Fig. 2. Thickness of the intermediate layer on spinel vs. optical 
silicon thickness ( +  sample 1, O sample 2, �9 mean value). 

were systematically lower than those of spinel but  
which also showed some scatter. 

Since the difference between geometric and optical 
thickness turns  out to be independent  of the film thick= 
ness, the refractive index of the film which had been 
assumed to be that  of bulk  silicon can be regarded as 
constant  in all parts of the film. In  principle, at a given 
film thickness, one could equalize the results of both 
measurements  by assuming a refractive index n '  
smaller  than that of bulk  silicon. But in an earlier pa-  
per (10) it had already been shown that this should 
only be possible if a relat ively high oxygen content is 
present, which is not the case with our films being pro- 
duced in a reducing hydrogen atmosphere. On the 
other hand, if the geometric thickness is used for eval-  
uation, n' should decrease strongly with decreasing 
thickness, but  no signs of such a decrease have been 
found. 

But the existence of the intermediate  layer  could also 
be proved directly: after the last etching step a 
scarcely visible layer remained showing a remarkab ly  
reduced etch rate compared to the silicon etch rate. In  
one case it was possible to measure this residual layer  
employing the step method, as described above. The 
result  was a geometric thickness of about 40 rim. The 
spectral reflectance of this layer  showed no difference 
compared to the substrate. Therefore, we assume that  
the optical constants of the in termediate  layer  scarcely 
differ from those of the substrate (sapphire: n = 1.76, 
k -- 0; spir~el: n = 1.71, k ---- 0 at )~ ---- 1 #m). 

Absorption measurements.--We also calculated the 
average absorption constant a at the different steps of  
film thickness according to a method described in  a 
previous paper (11). The results are shown in Fig. 3. 
We observed a distinct increase in the absorption con- 
s tant  as we approached the substrate/s i l icon interface 
(do : 0). Other measurements,  e.g., l ifetime and 
mobil i ty  measurements  in the silicon films, also indi-  
cate a poor crystal qual i ty near  the interface (12). 

6 = , 
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Fig. 3. Absorption constant  vs. optical film thickness for a suc- 
cessively thinned epltoxial silicon film on spinel. 

These results lead us to assume that a disordered re-  
gion exists near  the bottom of the silicon film, which 
can be correlated with the intermediate  layer. 

Analysis oS the intermediate ~ayer.mSecondary ion 
mass spectroscopy.--In order to analyze the com- 
position of the intermediate  layer, secondary ion 
mass spectroscopy (SIMS) was performed (13) us-  
ing Balzers equipment.  The pr imary  beam con- 
sisted of Ar + ions with an energy of 450 eV and 
a current  density of 10 - s  A cm -~. The target  area was 
0.1 cm 2. The surface of three samples was investigated, 
i.e., a th in  silicon film of about 100 nm, an in termediate  
layer  with a thickness of about 40 nm, and a spinel 
surface as it appears after the acid etch. The most im-  
portant  results are shown in Fig. 4. With decreasing 
film thickness the magnesium and a luminum signals 
increase, whereas those of silicon and silicon com- 
pounds decrease. It is also seen that the spinel surface 
is giving signals of silicon and silicon oxides after the 
removal of the silicon film by the acid etch. This shows 
that on top of the substrate a thin film has remained 
containing those materials besides the components 
of the substrate. So even dG does not correspond to the 
real distance between the silicon film surface and the 
true substrate crystal. That  can be understood by  the 

counts Imin 
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Fig. 4. SIMS analysis of the intermediate layer: intensity of 
characteristic signals vs. geometric thickness. Upper (lower) part: 
complex ions originating from the spinel substrate (silicon film). 
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experimental  fact that  highly doped silicon has a very 
small  etch rate, even wi th  the acid etch. 

At a first glance the SIMS result  obtained with the 
silicon compounds is not in agreement  with the de- 
crease of the oxygen content  expected with increasing 
distance from the oxide-substrate  interface. But here 
we have to remember  that  we do not have a true pro-  
file measurement ,  but  only the surface invest igat ion of 
three samples. We therefore assume that the oxygen 
has not been incorporated dur ing the epitaxial  growth, 
but  that  the silicon near  the surface has been oxidized 
during and after the etching process. Consequently 
the concentrat ion of the silicon oxides decreases in the 
same way as the concentrat ion of silicon itself. Similar  
results are obtained with silicon films on sapphire. 

Electron di~ract ion. - - In  order to see a possible 
s t ructural  difference between the substrate and the in -  
termediate  layer, reflection electron diffraction was 
performed with a Siemens Elmiskop (electron energy 
80 keV). Figure 5 (a) shows the diffraction pa t te rn  of 
the intermediate  layer, whereas for the purpose of 
comparison, Figure 5 (b) shows the pat tern  of a spinel 
substrate, and Figure 5 (c) t h e p a t t e r n  of an epitaxial  

Fig. 5. (a) Electron diffraction pattern of the intermediate layer, 
(b) electron diffraction pattern of the spinel substrate, (c) elec- 
tron diffraction pattern of the epitaxial silicon film on spinel. All 
obtained with (100) surfaces, the incident beam being parallel to 
[0U]. 

silicon film. In  the lat ter  case, besides the Bragg re-  
flection spots, we also see rather  distinct Kikuchi  lines, 
indicating the good quali ty of the film. 

Only part  of the reflection spots in Fig. 5 (a) can be 
identified either as spinel [Fig. 5 (b)]  or silicon [Fig. 
5 (c)],  whereas the other spots are probably  due to 
some crystall ine A1-Mg silicates. Unfor tunate ly  these 
spots could not easily be related to the general ly  
known silicates. Nevertheless, the electron diffraction 
results, together with the SIMS data, suggest that the 
in termediate  layer contains crystall ine compounds dif-  
fering both from the spinel substrate and the silicon 
film. More exhaustive experiments  will have to be 
conducted to investigate the properties of the in te r -  
mediate layer. 

Discussion 
The present  investigations have shown that  there is 

a gradual  t ransi t ion from the A120~ and MgO of the 
substrates to the pure silicon of the final film, the 
thickness of the t ransi t ion layer  in the case of sapphire 
being somewhat smaller  than with spinel. The forma-  
tion of the t ransi t ion layer obviously is in connection 
with the we l l -known chemical reactions dur ing the 
nucleat ion phase in the epitaxial  growth (14). 

For explanat ion we therefore make use of the fol- 
lowing growth model: dur ing the first phase of growth 
volatile reaction products like SiO and A120 are pro-  
duced and par t ly  included into the growing film (15). 
The amount  of these reaction products will be propor-  
t ional to the uncovered surface of the substrate since 
the reaction cannot take place below the silicon nuclei  
and islands. Therefore this amount  decreases with in -  
creasing silicon coverage of the surface and, conse- 
quently, the concentrat ion of the included compounds 
will  also decrease. At the moment  at which the surface 
is completely covered with silicon, the si tuation dras-  
tically changes as no more oxygen will  be included in  
the silicon film. The consequence is a change of the 
composition due to the lack of oxygen. As long as oxy- 
gen is present, we will have some kind of a luminum 
silicates, which all indeed have optical constants (16) 
similar to those of the substrates (A1203, MgO- 
A1203). Therefore the optically effective interface will 
be located at a thickness containing so much silicon 
and so little magnesium, a luminum,  and oxygen that  it 
is ra ther  the optical behavior of probably highly doped 
silicon than that of oxide compounds. 

The different etch behavior  of the alkal ine and acid 
etch is in agreement  with the differences in  the ratio 
of etch rates for silicon and silicon oxide films (8). 
The alkaline etch rate is much more reduced by oxy-  
gen than that of the acid etch. 

Using the expression " intermediate  layer" rather  
than "transi t ion layer" is, therefore, real ly  appropriate 
because from the optical point  of view it is a layer  of 
definite thickness between substrate and silicon film 
(15). The experimental  observation that this thickness 
is somewhat less with sapphire than with spinel can 
be explained by the different nucleat ion behavior  of 
the two materials. The average thickness which is nec-  
essary to cover the substrate completely is smaller  in  
the case of sapphire (15, 17), so that the thickness of the 
intermediate  layer  is also smaller. It  seems that  the 
intermediate  layer matches the differences between 
substrate and silicon lattice. On the other hand, Distler 
et al. (18) found that the orienting influence of a s ingle 
crystal substrate can be t ransmit ted even through an 
amorphous in termediate  layer. They studied, among 
other things, the oriented growth of PbS on top 
of amorphous carbon on NaC1. The authors give as an 
explanat ion of their  observation the existence of long-  
range active centers on the substrate surface which in-  
duce epitaxial  growth at a remarkable  distance. How- 
ever, Chopra (19) supports the hypothesis that epitax- 
ial growth is an interracial  phenomenon and that  the 
orienting influence of a substrate is confined to its sur-  
face plane only and the atoms located in it. Despite 
Chopra's argument  we get good epitaxial silicon films 
on spinel or sapphire, as can be seen in  Fig. 5 (c) 
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(Kikuchi  l ines) a l though an in te rmedia te  c rys ta l l ine  
l aye r  does exist.  We could even assume tha t  the  in t e r -  
media te  l aye r  is responsible  for the achieved good 
ep i tax ia l  re la t ion since the  ra the r  grea t  mismatch  be-  
tween the la t t ice  pa rame te r s  of film and subs t ra te  wi l l  
be reduced by  such a layer .  
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A New Fast Technique for Large-Scale Measurements 
of Generation Lifetime in Semiconductors 

Wolfgang R. Fahrner 1 and Christian P. Schneider 
IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York  12533 

ABSTRACT 

This paper describes a technique that permits measurements of generation 
l i fe t ime in the range  of ~ 1 msec to < <  0.1 nsec. For  the measurements ,  a meta l  
oxide semiconductor  (MOS) capaci tor  is b iased into s trong invers ion and sub-  
sequent ly  switched into deep depletion.  An appropr ia t e  exper imen ta l  setup 
pr in ts  out or d isplays  a typical  recovery  time, which is in t roduced into a com- 
pu te r  fed by  the theore t ica l  genera t ion  model  and the wafer  data. The tech-  
nique is sui table  for process character izat ion.  

The de te rmina t ion  of l i fe t ime in silicon (Si) is of 
grea t  technological  importance.  Since the basic paper  
by  Zerbs t  (1), impor tan t  contr ibut ions  to the l i t e ra -  
ture have been made  by  others  (2-4).  Large-sca le  
measurements  of minor i ty  car r ie r  l i fe t ime have be-  
come des i rable  for many  applications.  The usual  tech-  
nique, descr ibed by  Zerbst ,  is too cumbersome for 
la rge-sca le  measurements .  Fas te r  techniques (5) ve ry  
often do not g ive  the same resul ts  as a Zerbst  plot. 
This paper  describes a technique capable  of rap id  
measurements  of genera t ion  l i fe t ime with  good p re -  
cision. Three,  s l ight ly  modified, measuremen t  setups 
using this technique al low coverage in sil icon of the  
wide spec t rum of l i fet imes which are  of prac t ica l  
interest .  The measurements  a re  carr ied  out on meta l  

1 P r e s e n t  a d d r e s s :  I n s t i t u t e  f o r  A p p l i e d  S o l i d - S t a t e  P h y s i c s ,  D-78  
Freiburg i. Br. ,  E c k e r s t r a s s e  4, W e s t  G e r m a n y .  

K e y  w o r d s :  l i f e t i m e ,  M O S  p r o c e s s  cont ro l ,  silicon characterization. 

oxide semiconductor  (MOS) capacitors.  [We used 
the rmal ly  grown oxides 1000 to 5.000A thick. The 
<100> or iented  subst ra tes  (most ly  p - t y p e )  had  r e -  
sist ivit ies of 1-20 ohm-era.  The p - t y p e  samples  were  
selected so that  no la te ra l  cur rents  occurred due to 
channel  injection. A luminum dots were  evapora ted  
onto the oxide to form MOS capacitors.]  A voltage, Va, 
is appl ied  to a meta l  dot, and a s t eady-s ta te  invers ion 
regime is established.  Then a vol tage  step or pulse, 
~Va, is added. This creates a deple t ion  l aye r  under -  
neath  the dot, thus reducing the value  of the total  
measured  capaci tance and increasing the (absolute)  
value of the vol tage drop across the  interface.  The 
time difference, t, be tween  switching (t  = 0) and 
reaching a prese lec ted  percentage  of the equ i l ib r ium 
value is p r in ted  or d i sp layed  on a counter.  This value  
is fitted to the the rmal  genera t ion  model  by  computer .  
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Theoretical 
This technique is not  bound to a specific model  of 

re laxat ion .  Fo r  the sake of s implici ty,  we use the  
w e l l - k n o w n  equations given by  Zerbs t  (1) and re -  
wri te  them in a convenient  form. The appl ied  vol tage  
is the sum of the vol tage  drop,  Vox, across the oxide  
and the surface potent ia l ,  ~bs 

Va + hVa -- Vox + Cs [i] 

Differentiation with respect to time and the use of 
equat ions  

Cs -- q " NA " ,Si/(2CD s) [2] 

Vo~ = (QD + Qi)/Cox [3] 
a n d  

aQD/dt = CD "dr [4] 
y ie lds  

(q �9 ,sl �9 NA/2) a ( 1/CD 2 ) / a t  

+ (CD " q �9 NA,Si/2 " Cox) " a ( 1 / C D 2 ) / a t  

-{- (1/Cox)dQi/dt = 0 [5] 

The in tegra t ion  of Eq. [5] requi res  knowledge  of 
the genera t ion  current ,  IGen = dQi/dt. Most com- 
monly,  the  t he rma l  genera t ion  model  

dQi/at  -- qni(XD -- XDf)/2T --" Ith [6] 

is adopted.  This model  is not a lways  valid. Discrep-  
ancies are  found, especia l ly  for long- l i fe t ime  silicon 
at  the end of the  C- t  r e tu rn  curve,  where  a fas ter  
genera t ion  mechanism might  exceed the decreasing 
the rmal  generat ion.  The origins for  these devia t ions  
m a y  be channel  injection,  enhanced genera t ion  due 
to inhomogenei t ies ,  or defects  in both the oxide and 
the silicon. 

In  the  case of channel  in ject ion or inject ion due to 
inhomogenei t ies ,  a s imple model  for dQi/at  can be 
assumed, name ly  

aQi/dt  = IGen : -  Ith "l" all 
where  

J" Io = const for C < Cf 
Ii =~. 0 otherwise 

measures the contribution of the injection to the total 
current. 

Note that Eq. [6] does not contain any surface con- 
tribution Is = nl . q �9 So for the following reason: In 
a comparison of Is and Ith, So values in the order of 
10-700 cm/sec were reported (6). These data are 
obtained from techniques based on switching the MOS 
structure from accumulation to deep depletion. By 
switching from inversion to deep depletion, as done 
in this technique, one obtains So values in the order 
of 10-s cm/sec. The reason for the reduction is the 
screening of the surface by an inversion layer. The 
lifetimes are found to be in the range of I nsec-1 msec. 
The space-charge width, XD, depends on the doping 
concentration, NA, and the applied voltage. Assuming 
typical  values  XD = 10 -4  cm > >  XDf, So : 10 c m /  
sec, and T = 50 #sec, one obtains Is/Ith = 10, whereas,  
wi th  the  " inversion screened" So va lue  of 10-2 cm/  
sec, Is is smal l  compared  wi th  Ith, even for ve ry  long 
l i fet imes and smal l  space-charge  widths.  

In  this  paper ,  we adopt  the the rmal  genera t ion  
model.  The reason is shown below, where  Eq. [5] 
is solved for  different  models  for the  genera t ion  cur-  
ren t  aQi/at.  Combining Eq. [5] and [6], we obtain 

Cox + Cn 1 ni 1 
dCD - -  - -  -- at  [7] 

CDf -- CD CD 2 2zNA CDf 

This equation can easily be solved by normalization 
( replac ing  CD b y  CD/CDf = CDR,Cox by  Cox/CDf, and 
Cnf by  1) and by  changing twice the  var iab le  CDR = 
1/ZR "-- 1/~/@R, where  xa  : X D / X D f  and ~bR : ~bs/~bsf. 
The final resul t  is 

X/r + (CDr/Cox + 1) In (X/~R -- 1) = --  t'R [8] 

where  
ni CDf 

t ' a = ~  ~ ( t - - t o )  
2NA'C Cox 

This is the basic equation for the measurement of the 
short lifetimes (low- frequency measurement). 

When the MOS capacitance is measured with a high- 
frequency signal, the total capacitance is C = CoxCD/ 
(Cox + CD). In this case, Eq. [7] can be rewritten 

1 dOR Cf T$ i 
- -  - -  - -  [ 9 ]  

CRS(I -- CR) dt Cox 2~NA 

and its solution is 

[ CR ] 1 t"R - -  = [103 
In 1 --  CR CR 

where  CR is the  normal ized  capacitance, CR = C/Cf. 
Equat ion  [10] is essent ia l ly  the  same as Heiman 's  
resul t  (5). Heiman, however ,  d id  not  use this result ,  
but  its different ia l  form (Eq. [9]) .  Fur the rmore ,  he 
switched f rom accumulat ion to inversion.  For  silicon 
wi th  l i fe t imes �9 ~ 10 ~sec, a Heiman plot  gives sat is-  
fac tory  resul ts  only  dur ing a ve ry  short  range of the  
measur ing  time, as shown below. Equat ion [10] is 
used here  to measure  longer  l i fe t imes (h igh- f requency  
measurement ) .  Both Eq. [8] and [10] are p lot ted  in 
Fig. 1 and 2. In  Fig. 1, we reverse  the ~R axis be -  
cause we do the same in the  measurement  (cf. Eq. 
[12a], be low) .  Equat ion  [5] has been in t eg ra ted  for  

v - ~ o - - , .  

. . . .  ', -', -', - '  -'1 ' - -  O t R 

Fig. 1. Relaxation of the surface potential  r  for di f ferent  values 
of CDf/Cox. ~,, CDf/Cox = 0.1; 0 ,  CDf/Cox ~- 0.3; A ,  
CDf/Cox = 0.5; I-I, CDf/Cox = 0.7; O ,  CDf/Cox = 0.9. 

I C R 

1.0 

0.8 
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0.4 

0.2 

i i I I I I I I 
- 1 2  - 1 0  - 8  - 6  - 4  - 2  0 2 4 t R 

Fig. 2. Relaxation of an M O S  capacitance already in inversion to 
which a voltage step is applied. 
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Fig. 3. Relaxation of the capacitance for IGen ~ Ith -]- alo. 
Z ~ , a =  O; I I ,  a = 0.1; $ , a  = 1. 
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Fig. 4. Representative C-t plot. to = 0 ;  CR -----C/Of 

= t 

several o ther  modes of relaxation. Of  these, we pre-  
sent one example (Fig. 3), where we add a constant 
current  to the thermal  current .  The parameter,  a, 
is a measure for the contr ibut ion of these addit ional 
currents;  a ---- 0 means a pure thermal  generation. It  
can be seen that for CR --~ 0.9, if the tR axis is ex-  
panded or compressed, the curves will be similar. 
On the other hand, a var iat ion of T has the same effect. 
Thus, an addit ional generat ion current  is equivalent  
to a reduction of the lifetime in the thermal  genera-  
tion model. This observation is valid for any reason- 
able generation current  that decreases toward zero 
when the capacitance approaches Cf. 

We use Eq. [10] (high-frequency measurement)  to 
demonstrate this technique. When we measure two 
capacitance values CR(t) and CR(to) at the corres- 

~R 

~R (0) 

~ O  
. . . .  

p at ~R = 0"2x(~ R(0) - I )  

I 

Fig. 5. Representative r plot, to = 0 

ponding times t and to, we can calculate ~, because 
the other parameters  involved are easily available. 
Cox and Cf can be obtained by s tandard C-V  measure-  
ments. From these values, NA can be calculated. The 
room temperature  value of ni is 1.4 • 1010 cm -3. For to 
we choose the onset of the step or pulse (to ---- 0). 
Rather than  measure the capacitance after a fixed 
time t, we select a fixed capacitance value, e.g., CR -: 
0.8, and measure the time, t, be tween switching and 
reaching the selected capacitance level. Figure 4 shows 
a schematic C-t  plot and the measured time interval.  

An analog technique is used in the low-frequency 
case, Instead of Ca, a specific change of ~R (and its 
time durat ion)  is measured. Only the counting of 
the t ime is slightly different; for example, we count 
now between t = 0 and the t ime when CR ~-- 0.2 • 
(_Ca(0) -- 1) (Fig. 5). This al terat ion is caused by 
the experimental  conditions (see below).  

Experimental  and Results 
As shown in Fig. 6a and b, the first, high-frequency,  

measurement  setup essentially consists of a 1 MHz ca- 
pacitance meter, two power supplies, two memories, a 
voltage comparator, a plotter, and a printer.  Care 
must  be taken that one does not switch the voltage 
through zero, because the major i ty  carrier response 
is much faster than any switching time. This setup 
can be used for relaxat ion times T ----- 2TNA/ni ~-- 100 
msec. This lower l imit  is caused by the t ransient  time 
of the bridge. 

A similar setup is used for T values > 1 msec (Fig. 
7). The block diagram of this setup has been pub -  
lished by Princeton Applied Research, Princeton,  New 
Jersey (7). In  this case, the output  of a lock-in  is 
proportional to CR. For T < 1 sec, the plotter must  be 
replaced by an oscilloscope. We use a Tektronix  sam- 

Fig. 6a. Block diagram of the 
long-lifetime case. 
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Fig. 6b. Schematic of the 
long-lifetime case. 

pling oscilloscope, which can be connected to a digital 
counter. We count the t ime between t -- 0 and the 
instant  CR = 0.8 • (1 -- CR(0)) (as an example) .  

The third setup is used for the "short" l ifetime 
case T < 4 sec. As shown in  Fig. 8, it consists of a 
series combinat ion of the MOS capacitor, C, and a 
s tandard capacitor, Cst > >  C. The voltage drop, Vst, 
across Cst is measured with an operational amplifier. 
The large paral lel  resistor, R, defines the d-c potential  
for the amplifier. The condition R > >  1/~Cst yields 
the upper  l imit  for the measurable  T values: T < <  
R �9 Cst �9 2~. It is favorable to choose a large value of R 
rather  than of Cst, because an increase in Cst implies 
a loss in resolution. We can write 

]/st ---- Va(1/Cst)/(1/C + 1/Cst) 

Vst ~ Va " C/Cst [11] 

However, C is a mixture  of the high-  and low-fre-  

MOS Capacitor 
Lock - tn  Amphfier 

Fig. 7. Block diagram of the medium-lifetime case 

quency capacitance and relaxes finally to Cox. Though 
it might be possible to calculate C(t)  analytically,  
we prefer a different, more convenient  interpretat ion.  
We write the voltage drop, VMOS, across C as 

VMOS : Vox "~- ~bs 
Thus 

Va : Vst -t- Vox + ~s 

Because Cst and Cox are l inear  capacitors 

Vst " Cst = Vox �9 Cox 

Va : Vst(1 + Cst/Cox) • ~bs 
and, finally 

Vst -- (Va -- r  + Cst/Cox) [12a] 

Cs = Va - -  Vst(1 -~" Cst/Cox) [12b] 

By measur ing Vst, we know Cs and can use Eq. [8]. 
Note that, in  Eq. [11] and [12], Va assumes two 
different values. For this reason, we do not obtain 
the same final values before and dur ing the pulse 
as in  Fig. 4, but  two values as shown in Fig. 9. The 
time measurement  is again performed with a digital 
counter connected to a sampling scope. The advantage 

~ CMOS 

~ Cst 

~ Tektromx 
Type 568 

+ Oscdloscope 
Tektronix  123 
Type L Plug-In 

Tektronix  
Type 230 Digital Uni t  

Fig. 8. Block diagram of the short-lifetime case 

Fig. 9. Photograph of a C-t trace of a low-frequency measure- 
ment. Note that the scale factor Va changes when the pulse is 
switched on (50 msec/horizontal division). 
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in using the scope and counter  is the speed and ac- 
curacy of the reading. The e r ro r  in reading without  
the counter  can be larger  than 100%, especially for 
small hVa signals. F igure  10 shows how the t ime 
marks of the counter  are set. The left  t ime mark  is 
set at the onset of the pulse and indicates the start  
of the counting (left  a r row) .  The stop t ime mark  
can be seen at the end of the pulse (r ight  a r row) .  
The t ime of an 80% vert ical  t ransi t ion be tween the 
zones is measured as indicated by the heavy line. 
Note that we are wi thin  the upper  l imit  for the  RCst 
(10 T ohm X 10-~F) combination, as shown by the 
slight t i l t  of the last horizontal  line. 

In Fig. 11 and 12, the results of two measurements  
are fitted to the thermal  re laxat ion curve described 
by Eq. [1O]. Good agreement  is obtained in Fig. 11, 
whereas, for the long- l i fe t ime silicon in Fig. 12, the 
agreement  is mere ly  satisfactory. This is i n  accord 
with the general  observat ion that  in this range (~ 
1 msec) the er ror  becomes 100%. A Zerbst plot (Fig. 
13) taken from Fig. 11 gives ~ -- 2.5 X 10 -8 sec and 
so = 3.7 • 10 -2 cm/sec.  This technique yields �9 _-- 
1.3 �9 10 -8 sec wi th  Cox ---- 130 pf, Ct -- 75 pf, CR(0) ----- 
0.339, and t ---- 1060 sec for  a selected level  CR (t) = 0.8. 

These exper iments  were  repeated with different 
samples. Fol lowing are typical results  obtained 

(Zerbst) = 420 ~sec -- �9 (this technique)  ---- 252 #sec 
(Zerbst) -- 144 ~sec -- �9 (this technique)  - :  108 #sec 
(Zerbst) -- 5.6 ~ s e c -  T (this technique)  ---- 4.6 ~sec 
(Zerbst) = 1 msec -- �9 (this technique)  ---- 850 #sec 
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Fig. 10. Photograph of the same sample as in Fig. 9. The time 
marks and the portion of the curve during which the counter op- 
erates are intensified. The sequence of the pulse is reversed com- 
pared with Fig. 9. 
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Fig. 11. G-t plot of a sample fitted to the thermal relaxation 
carve. 

Fur thermore ,  we examine  how a nonthermal  gen-  
erat ion mechanism affects the rel iabi l i ty  of this tech-  
nique. This is done by shining controlled intensities 
of l ight on the sample or by using mechanical ly  or 
chemical ly stressed substrates for the MOS fabrica-  
tion. The general  result  is as follows: Whenever  a 
reasonable Zerbst plot is obtained, a l i fe t ime results 
which agrees wi th  the value  of our technique. How-  
ever, when the Zerbst plot fails, our technique still 
reports  at least an "effective" l ifet ime, which can be 
used for process monitoring. 

In Fig. 14, we show an example  of a Heiman plot. 
(We define a Heiman plot  as the T vs. t curve, where  T 
has been obtained f rom a C-t  plot  wi th  the pro-  
cedure proposed by Heiman (5); cf. Eq. [9].) The 
data are taken f rom the sample used in Fig. 12. It 
can be seen that the agreement  is poor. 

It  is possible to make the measurements  and the 
data evaluat ion even more expedient  by calculating, 
ra ther  than measuring, CR(0). For  this purpose, we 
use the fol lowing model:  A fast- increase dVa of the 
applied voltage displaces a charge dQ ----- C(Va)"dVa 
across the capacitor, C. Only the major i ty  carriers 
can follow, and a space charge q �9 NA �9 d X D t  matches 
dQ. Thus, C consists of the series combination Cox 
and eSi/XDZ with the init ial  condition xm = XDo or C 
= Cf for t = 0. (Because of this initial condition, we 
cannot assume ~sl/XD > >  Cox as done by others (8) 
in solving Eq. [7].) The solution of the differential  
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Fig. 14. Heiman plot for the sample of Fig. 12 

equat ion 

NA " q " dXDI - -  (1/Cox "I- XDI/eSi) --i . dVa  
is 

NA " qXD12/ (2 " eSi) ~- NAqXD1/Cox 

" -  AVa ~- NAqXDo2/(2esi) -]- NA " q " XDo/Cox 
or 

XDI - -  ( - - e s i / C o x )  

"~ ~ /2AVa " eSl/(/~A " q) JF ((esi/Cox) "~ XDo) 2 [13] 

We obta in  a deple t ion  capaci tance 

C o  (0)  --- eSi/XDI 
and 

CR(0) --  (Cox" CD(O)/(Cox~- C D ( 0 ) ) ) / C f  [14] 

We check this  model  by  switching an MOS capaci tance 
wi th  AVa values  ---- 1, 2, 3 . . . 1OV. The bias Va is 20 
and 40V. The  resul ts  and the comparison wi th  the  
theoret ica l  values  according to Eq. [14] can be seen 
in Fig. 15. As expected,  there  is no measurab le  d i f -  
ference be tween  the  20 and 40V measurements .  The 
sys temat ic  d iscrepancy b e t w e e n  the expe r imen ta l  and 
theore t ica l  values  can be expla ined  by  the er ror  in 
de te rmin ing  the doping concentrat ion.  Different  mea -  
surements  give  a value  be tween  8 �9 1014 and 1.3 �9 1015/ 
cm s. The same model  can be used to calculate  CR(0). 
I t  must  be emphasized that  this  model  ignores some 
effects that  might  reduce the  value  of CR(0). Among 
these, the  l a te ra l  cur ren t  pa ths  and the finite thickness 
of the invers ion layer ,  probably ,  are  most impor tant .  

Summary 
A new fast  technique for la rge-sca le  measurements  

of silicon l i fe t imes is descr ibed.  The e r ror  l imit ,  com- 
pa red  wi th  a Zerbs t  plot, is less than  20% for ~ --~ 1O 
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Fig. 15. CR(O) vs. AVa experiment. Theory: solid line. Cox ----- 
123 ~ ;  A = i .765 �9 10 - 2  cm2; NA = 9 X 10 z4 cm -3 .  
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~sec and increases to ~ I 0 0 %  for r ~ 1 msec. This 
e r ro r  l imi t  can be reduced by  choosing a smal le r  
s topping level  CR(t) .  Fo r  the long- l i fe t ime  case, the  
measurement  t ime is de te rmined  by  the set t ing of 
the selected level  and by  the r va lue  of the  silicon 
itself. Fo r  the  shor t - l i f e t ime  case, it  is de te rmined  
by  the  t ime requi red  to find the  op t imum pulse f re -  
quency. The computer  t ime  can be disregarded.  
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ABSTRACT 

Polycrystal l ine  silicon has been deposited on low-cost graphite substrates 
by the thermal  decomposition Of silane and thermal  reduction of tr ichloro- 
silane with hydrogen in a gas flow system. The microstructures and crystallo- 
graphic properties of deposited silicon were studied over a wide range of dep- 
osition conditions by metallographic and x - ray  techniques, respectively. The 
observed differences in the properties of silicon layers deposited by silane and 
trichlorosilane processes were a t t r ibuted to the difference in  the chemical re-  
versibil i ty of the reactions. The microstructure of silicon deposited by the 
tr ichlorosilane process was improved by the addit ion of hydrogen chloride to 
the reactant  mixture.  Solar cells were prepared from silicon layers deposited 
on graphite substrates by a one-step process using silane or tr ichlorosilane and 
appropriate dopants, and AMO efficiencies of up to 1.5% were obtained. 

The current  interest  in the terrestr ial  ut i l izat ion of  
solar energy by photovoltaic converters has s t imulated 
considerable research and development  efforts in low- 
cost solar cells. Silicon solar cells which have b e e n  
used rel iably in spacecrafts for many  years are m a n u -  
factured from semiconductor-grade silicon and are far 
too expensive for terrestr ial  applications. The use of  
polycrystal l ine silicon layers on suitable substrates is 
considered as a promising approach for the fabrication 
of low-cost solar cells (1). In  this approach, the selec- 
t ion of the substrate is an important  consideration. 
Steel is the most economical choice for a large area 
substrate;  however, polycrystal l ine silicon solar cel ls  
deposited on steel substrates were found to have low 
conversion efficiencies because of the incompatibi l i ty  of 
the properties of i ron and silicon (2). Graphite  is more 
compatible with silicon in  properties than steel. Sev- 
eral types of low-cost graphite have a thermal  expan-  
sion coefficient similar to that of silicon. Graphite  is 
relat ively inert  toward silicon at temperatures  used 
for the deposition of silicon. Also, graphite has high 
thermal  and electrical conductivities and may be used 
as an ohmic contact to the solar cell. Thus, graphi te  ap- 
pears to be the most promising substrate for low-cost 
silicon solar cells at present. 

In  this work, the thermal  decomposition of silane and  
the thermal  reduct ion of tr ichlorosilane with hydrogen 
have been used for the deposition of silicon on graphite 
substrates. The microstructure and crystallographic 
properties of silicon deposited under  a wide range of 
conditions were studied. Using appropriate dopants 
during the deposition process, p -n  junct ion solar cell 
structures were prepared and characterized. The ex-  
per imental  procedures used for the deposition process 
and the properties of deposited silicon and solar cells 
are discussed in  this paper. 

Deposition of Silicon on Graphite Substrates 
The thermal  decomposition of silane and the thermal  

reduct ion of tr ichlorosilane have been used extensively 
for the deposition of silicon. The relat ive merits of 
these two processes are fair ly well established (3). The 
decomposition of silane is thermochemical ly and ki-  
netically more favorable than  the reduction of trichlo- 
rosilane. Si lane is thermochemically unstable  at room 
tempera ture  and higher, and decomposes rapidly at 
temperatures  above 700~ thus enabl ing the deposi- 
t ion of silicon at lower temperatures  (4). However, the 
thermal  instabi l i ty  of silane tends to promote nuclea-  
t ion by pyrolysis in the gas phase, and the gas-phase 
nucleat ion must  be suppressed by optimizing the ex-  
per imental  conditions, such as the use of water-cooled 
reaction tube, low part ial  pressure of silane in the re-  
actant mixture,  etc (3). Furthermore,  the reduction of 

�9 Electrochemical Society A c t i v e  Member .  
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tr ichlorosilane with hydrogen is chemically reversible 
while the decomposition of silane is essentially i r rever-  
sible. Because of these differences, the properties of 
silicon are sometimes dependent  on the chemical reac -  
t ion used. The thermal  reduction of tr ichlorosilane was 
emphasized in  this work because of its economic ad-  
vantages. 

The deposition of silicon was carried out by using 
the apparatus shown schematically in Fig. 1. The flow 
of various gases was directed by appropriate valves 
and measured by flowmeters. Hydrogen purified by 
diffusion through a pa l ladium-s i lver  alloy was used as 
a carrier gas to introduce tr ichlorosilane into the r e a c -  
t ion tube and as a di luent  in all deposition reactions. 
Trichlorosilane was kept in  a double-wal l  stainless 
steel cyl inder with gas inlet  and outlet tubes, and a 
constant temperature  fluid was circulated through the 
jacket of the container  to main ta in  the temperature  of 
tr ichlorosilane at 15.5 ~ ___ 0.5~ The reactant  mix-  
ture of the desired composition was introduced into a 
fused silica reaction tube of 55 mm ID. In  the reaction 
tube, the graphite substrates (PLC graphite supplied 
by POCO Graphite, Incorporated and CMB graphite 
supplied by Union Carbide Corporation) were sup-  
ported on a susceptor, and the susceptor was heated 
external ly  by an rf generator. The chemical reaction 
takes place on the substrate surface, depositing silicon. 

The substrate temperature  was in the range of 950 ~ 
1250~ In  all experiments,  the flow rate of hydrogen 
was main ta ined  at 20 l i ter /rain,  and the concentrat ion 
of the silicon compound in  the reactant  mixture  was 
adjusted to yield deposition rates in the range of 0.2-3 
~m/min.  In  the silane process, for example, the average 
deposition rate of silicon at 1050~ was about 0.3 and 
1.3 ~m/min  when the reactant  mixture  contained 0.03 
and 0.13% silane respectively. At silane concentrations 
below about 0.2%, the deposition rate was essentially a 
l inear  function of the concentrat ion of silane in the re-  
actant mixture.  The average deposition rate of silicon 
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Fig. 1. Schematic diagram of the apparatus for the deposition of 
silicon. 
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was essent ia l ly  independent  of t empera tu re s  in  the  
range  of 1950~176 At  h igher  tempera tures ,  
1200~ for example ,  the  contr ibut ion  of gas-phase  nu -  
cleat ion becomes noticeable.  The deposi t ion of sil icon 
by  the  t r ichloros i lane  process  can be car r ied  out at 
higher  tempera tures ,  1250~ for example ,  and at  
h igher  rates,  3 ~m/min  for  example ,  wi th  negl ig ib le  
cont r ibut ion  of gas-phase  nucleat ion.  The average  dep-  
osition ra te  of s i l icon at  1250~ can be increased f rom 
about  0.25 to 2 /~m/min by  increas ing the concentra t ion 
of t r ich loros i lane  in the  reac tan t  m i x t u r e  f rom 0.1 
to 1%. 

M i c r o s t r u c t u r e  of Si l icon 
Sil icon deposi ted on graphi te  subs t ra tes  b y  si lane 

and t r ichloros i lane  processes was al l  polycrys ta l l ine ,  
and its micros t ruc ture  was found to depend s t rongly  
on the subs t ra te  t e m p e r a t u r e  and deposi t ion rate.  In  
general ,  silicon deposi ted at  low t empera tu res  and 
high ra tes  consisted of micrometer -s ize  crystal l i tes ,  and 
the  size of c rys ta l l i tes  increased wi th  increas ing 
deposi t ion t empe ra tu r e  or decreasing deposi t ion rate.  

Sil icon layers  deposi ted on graphi te  subs t ra tes  a t  
1000~ or  above by  the s i lane process usua l ly  con- 
sisted of crys ta l l i tes  wi th  we l l -deve loped  faces, pa r -  
t i cu la r ly  when  low deposi t ion ra tes  were  used. An  ex -  
ample  is shown in Fig. 2 where  the scanning e lect ron 
mic rograph  of the  as -depos i ted  surface of a silicon 
l aye r  deposi ted on a g raph i te  subs t ra te  at l l00~ at 
a ra te  of 1 /~m/min is reproduced.  The grown surface 
of most  crys ta l l i tes  is hexagonal  and has been shown 
to be of a {110) or ienta t ion by  x - r a y  diffraction. The 
six side faces of the  crys ta l l i tes  are  therefore  of (111), 
(1]-1), (111), (11-1), (111), and (111) orientat ions.  The 
edges of the  hexagons  are  along [110], [112], and [112] 
directions,  and the angle  be tween  [110] and [112] is 
54.74 ~ and tha t  be tween  [1"12] and [112] is 70.53 ~ 
These re la t ions  have also been verified. The ver t ica l  
cross section of s i l i con /g raph i t e  specimens was s tudied 
by  convent ional  meta l lograph ic  techniques. F igure  3 
shows the mechanica l ly  pol ished and chemical ly  
etched [Si r t l  e tch  (5), 30 sec] surface of the  ver t ica l  
cross section of a s i l i con /graphi te  specimen deposi ted 
at  l l00~ The etching process has revea led  the  gra in  
boundaries ,  and it is seen tha t  the  s t ruc tura l  pe r fec -  
t ion of the sil icon l aye r  improved  wi th  increas ing 
thickness.  

The micros t ruc ture  of silicon deposi ted b y  the 
t he rma l  reduct ion  of t r ichloros i lane  wi th  hydrogen  
was s tudied in more  detail .  A t  950~ and below, the  
sil icon deposi t  was found to consist of ve ry  smal l  
crystal l i tes ,  less than  1 ~m in diameter .  As the  
subs t ra te  t empe ra tu r e  was increased,  the  size of sil icon 

Fig. 2. Scanning electron micrograph of the as-grown surface of 
a silicon layer deposited on graphite substrates at 1100~ by the 
pyrolysis of silane at a rate of I #m/min. 

Fig. 3. Mechanically polished and chemically etched surface of 
the vertical cross section of a silicon/graphite specimen prepared 
by the pyrolysis of silane at 1100~ 

crysta l l i tes  increased,  and the deposi t ion ra te  was 
found to have a ve ry  pronounced effect on the  micro-  
s t ructure  of silicon, pa r t i cu l a r ly  at high subs t ra te  
tempera tures .  F igure  4 (A and B, respec t ive ly)  shows 
the scanning e lect ron micrograph  of the as -depos i ted  
surface and the mechanica l ly  pol ished and chemica l ly  
e tched surface of the ver t ica l  cross section of a sil icon 
sample  deposi ted on graphi te  at 1000~ at  about  
1 ~m/min.  The average  size of the  crys ta l l i tes  is 3-5 
~m, smal ler  than  those obtained by  the the rmal  de -  
composit ion of silane. Fur the rmore ,  the  crys ta l l i tes  in 
silicon layers  f rom the t r ichloros i lane  process were  
less uni form in size; cons iderably  l a rge r  crys ta l l i tes  
were  sometimes in te rmingled  wi th  the smal le r  ones. 
The presence of crysta l l i tes  of wide ly  differing sizes 
could be due to (i) the inhomogenei t ies  on the sub-  
s t ra te  surface affecting the nucleat ion and g rowth  of 
sil icon or (i{) the  chemical  t r anspor t  of silicon be tween  
neighbor ing crys ta l l i tes  due to the difference in sur -  
face energy or tempera ture .  The t ranspor t  of silicon 
does not occur in the si lane process since the  t he rma l  
decomposi t ion of si lane is essent ia l ly  i r revers ib le .  
When silicon was deposi ted at 1250~ at  about  1 
#m/rain,  the micros t ruc ture  of the silicon was ve ry  
s imi lar  to that  shown in Fig. 4B, except  that  the a v e r -  
age size of crys ta l l i tes  was increased to 8-10 ~m. By 
reducing the deposi t ion ra te  to 0.25-0.3 ~m/rnin, 
crys ta l l i tes  as l a rge  as 30 ~m were  f r equen t ly  obtained.  
Examples  of the  as-depos i ted  and cross-sect ioned sur -  
faces are shown in Fig. 4C and D, respect ively .  How-  
ever, the as -depos i ted  surface became ve ry  i r r egu la r  
due p re sumab ly  to the nucleat ion and t r anspor t  
processes discussed earl ier .  The t r anspor t  process 
becomes more  pronounced at low deposi t ion rates. In  
ex t reme  cases, the  silicon l aye r  was not  continuous 
with  gaps be tween  crys ta l l i tes  even when  the average  
thickness of the l aye r  was grea te r  than  50 ~m (Fig. 5). 

Since la rge  crysta l l i tes  in silicon layers  are p re fe r r ed  
for solar  cell  purposes,  high subs t ra te  t empera tu re s  
and low deposi t ion rates  must  be used. However ,  
s i l icon layers  deposi ted by  the t r ich loros i lane  process  
under  these condit ions exh ib i ted  such surface rough-  
ness that  the  format ion  of l a rge-a rea ,  uniform, shal low 
p - n  junct ions becomes ex t r eme ly  difficult. To modify  
the  nucleat ion and growth  of silicon on graphi te  sub-  
strates,  hydrogen  chloride was added to the  reac tan t  
mixture .  I t  has been shown that  at low Si/C1 rat ios in 
the  reac tan t  mixture ,  p re fe ren t ia l  deposi t ion into 
surface depressions can be achieved (6, 7). This is due 
p re sumab ly  to the  thermochemica l  na tu re  of the  
react ion that  at low Si/C1 ratios, the  t r anspor t  of sil icon 
takes  place from a low t empera tu r e  region to a h igher  
t empera tu re  zone, opposite to the direct ion of t r anspor t  
at  h igh Si/C1 rat ios (8). Since silicon at the  surface 
of ta l l  crys ta l l i tes  is at  a lower  t empe ra tu r e  than  tha t  
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Fig. 4. Scanning electron ml- 
crographs of the as-deposited 
surface (A and C) and optical 
micrographs of the polished and 
etched cross-sectioned surface 
(B and D) of silicon deposited on 
graphite by the trichlorosilane 
process under different condi- 
tions. 

of shor ter  ones, the  t r anspor t  process wil l  r e d u c e  th e  
surface i r r egu la r i t y  of the deposi ted sil icon layer .  

A number  of silicon l ayers  were  deposi ted o n  
graphi te  subst ra tes  by  the the rmal  reduct ion of 
t r ichloros i lane  containing various concentrat ions  of 
hydrogen  chloride.  High subs t ra te  t empera tu re s  and 
low deposi t ion ra tes  were  used in o rder  to obtain la rge  
crystal l i tes .  As expected,  the  addi t ion  of hydrogen  
chlor ide  to the reac tan t  mix ture  was found to decrease 
the  deposi t ion ra te  of silicon. For  example ,  the average  
deposi t ion ra te  of silicon at 1250~ using a r eac tan t  
mix tu re  containing 0.13% t r ichloros i lane  and 0.4% 
hydrogen  chlor ide  was about  0.2 ~m/min ,  as compared  
wi th  an average deposi t ion rate  of 0.3-0.35 ~m/min  
wi thout  using hydrogen  chloride. However ,  the add i -  
t ion of hydrogen  chloride to the reac tan t  mix tu re  has 
reduced considerably  the surface roughness  of the  
deposi ted silicon. F igure  6 shows the mechanica l ly  
pol ished and chemical ly  etched surface of the  ver t ica l  
cross section of such a specimen. A comparison of 
Fig. 6 and 4D or 5 indicates  c lear ly  the  advan tage  of 
using hydrogen  chloride in the deposi t ion process. 
Once a r easonab ly  uni form silicon l aye r  is fo rmed on 
the graphi te  substrate,  h igher  deposi t ion rates  may  be  
used wi thout  degrad ing  the micros t ruc ture  of the  
deposi ted silicon. 

Crys ta l lograph ic  Propert ies of  Si l icon 
The crys ta l lographic  proper t ies  of a number  of 

silicon layers  deposi ted on graphi te  subs t ra tes  by  the 
silane and t r ichloros i lane  processes under  a wide range  
of subs t ra te  tempera tures ,  deposi t ion rates, and dopant  
concentrat ions were  examined  by  the x - r a y  diffract ion 
technique using a Genera l  Electr ic  Model XRD-6 
dif f ractometer  wi th  CuK~ radiat ion.  Po lycrys ta l l ine  
silicon powder  of r andom orientat ions  is known to 
show three  s trong diffraction peaks  associated wi th  
{111}, {220}, and {311} reflections wi th  2~ values  of 
28.4 ~ 47.3 ~ and 56.1 ~ and re la t ive  intensi t ies  of 100, 
60, and 35, respect ive ly  (9). The diffraction spec t ra  of 
the silicon layers  were  obtained by  scanning 20 in the  
range of 20~ ~ . When the the rmal  decomposi t ion 
of si lane was used for the  deposi t ion of silicon, the  
{220}/{111} in tens i ty  rat io  was found to depend 
s t rongly  on the subs t ra te  tempera ture ,  deposi t ion rate,  
and the extent  of doping. In  general ,  un in ten t iona l ly  
doped silicon layers  deposi ted at low t empera tu re s  and 
high rates  exhib i ted  ve ry  large  {220}/(111} in tens i ty  
ratios, up to about  100,0 indicat ing tha t  the  sil icon 
crysta l l i tes  show a very  s t rong {110) p re fe r r ed  or ien ta -  
tion. This rat io  was found to decrease wi th  increas ing 
subs t ra te  t empera ture ,  decreasing deposi t ion rate,  or 
the in t roduct ion of a high concentra t ion of dopants.  
The crys ta l lographic  proper t ies  of silicon on graphi te  
subst ra tes  are  very  s imi lar  to those on boros i l ica te / s tee l  
subs t ra tes  (10). However ,  when the the rmal  reduct ion 
of t r ich loros i lane  was used for the  deposi t ion of 
sil icon of var ious  doping levels  on graph i te  at 1000 ~ 
1250~ and at 0.2-2 ~m/min,  the  {220}/{111} in tens i ty  
rat io was found to be in the  range  of 0.4-5, indica t ing  

Fig. 5. Mechanically polished and chemically etched surface of 
the vertical cross section of a silicon layer deposited on a graphite 
substrate 1250~ at a rate of 0.2 ~m/min. 

Fig. 6. Mechanically polished and chemically etched surface of 
the vertical cross section of a silicon/graphite specimen deposited 
at 1250~ by using a reactant mixture containing 0.13% trichloro- 
silane and 0.4% hydrogen chloride. 
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no significant p re fe r r ed  or ienta t ion in the crys ta l l i tes  
of the  silicon deposit .  In  some sil icon l a y e r s  depos i ted  
at  1250~ crys ta l l i tes  exhib i ted  a s l ight  p r e f e r r ed  
{ I l l}  orientat ion,  as indica ted  by  the {220}/{111} 
in tens i ty  ratios.  F igure  7 shows typ ica l  diffract ion 
spec t ra  of silicon layers  deposi ted by  the si lane and 
t r ichloros i lane  processes. F igure  7A shows the diffrac-  
t ion spec t rum of a bo ron-doped  silicon l aye r  deposi ted 
on a graphi te  subs t ra te  at 1100~ by  the the rmal  
decomposi t ion of silane, where  the  {220}/{111} in ten-  
s i ty rat io  is about  150 (the {111} reflection was mea -  
sured  at a considerably  magnified scale) .  F igure  7B 
shows the diffraction spec t rum of an un in ten t iona l ly  
doped sil icon l aye r  deposi ted on a g raph i te  subs t ra te  
at 1000~ and at 0.25 ~m/min  by  the the rmal  reduct ion 
of t r ichlorosi lane,  where  the  {220}/{111} intensi ty  
ra t io  is about  2.8. The  difference in the  c rys ta l lo-  
graphic  p roper t ies  of silicon deposi ted by  the s i lane 
and t r ich loros i lane  processes is p r e sumab ly  also re -  
la ted to the  difference in the  revers ib i l i ty  of the  
chemical  reactions.  

Prepara t ion  and C h a r a c t e r i z a t i o n  of Solar  Cel ls  
Silicon deposi ted on graphi te  subs t ra tes  at t e m p e r a -  

tures  of 1150~ or lower  by  the si lane and t r i ch lo ro-  
si lane processes wi thout  in tent ional  doping was a lways  
of high e lect r ica l  resis t ivi ty,  due at least  in pa r t  to the  
gra in  bounda ry  effects. When  the t r ich loros i lane  
procegs was used for the deposi t ion of sil icon at 
h igher  tempera tures ,  the  deposi t  was a lways  p - t y p e  
wi th  an e lect r ica l  res is t iv i ty  dependent  on subs t ra te  
t e m p e r a t u r e  and deposi t ion rates.  For  example ,  
sil icon deposi ted at 1250~ at a ra te  of 1 ~m/min  had 
a res is t iv i ty  of 5-10 ohm-cm, and the res is t iv i ty  was 
decreased to 1 ohm-cm or less when the deposi t ion 
ra te  was reduced to about  0.25 ~m/min.  These resul ts  
s t rong ly  suggest  the diffusion of impur i t i es  f rom the 
graphi te  subs t ra te  into the silicon deposi t  at high 
tempera tures .  

The e lect r ica l  res i s t iv i ty  of sil icon deposi ted on 
graph i te  subs t ra tes  by  both silane and t r ichloros i lane  

S I L I C O N  ON G R A P H I T E  109 

processes was control led  by  using phosphine  and 
d iborane  as dopants.  Po lycrys ta l l ine  sil icon p - n  j u n c -  
t ion solar  cell  s t ructures  were  p repa red  on graphi te  
substrates,  3 cm • 3 cm in area, by  deposi t ing succes- 
s ively 10-40 ~m of 0.002-0.003 ohm-cm p - t y p e  silicon, 
8-10 ~m of 0.2-2 ohm-cm p - t y p e  silicon, and 0.2-0.4 ~m 
of 0.001-0.002 ohm-cm n - t y p e  silicon. The use of a 
re la t ive ly  thick, bo ron-doped  l aye r  at the  initial  
s tage of silicon deposi t ion was to improve  the micro-  
s t ructure  of silicon in the junct ion region wi thout  
contr ibut ing  apprec ia t ive ly  to the series resis tance of 
the device. The thickness and res is t iv i ty  of the  p+ and 
p-s i l icon layers  were  obtained b y  measur ing  the 
res is t iv i ty  profile along the ang le - l apped  surface of 
the  specimen using a spreading resistance probe.  Dur -  
ing the ang le - l app ing  process,  however,  the  n+-s i l i con  
l aye r  was a lways  removed  due to i ts smal l  thickness  
and rough surface. The thickness of the n+-s i l i con  
layer  was deduced f rom the dura t ion  of deposi t ion 
under  condit ions es tabl ished for a low deposi t ion rate,  
and its res is t iv i ty  was de te rmined  by  the  four -po in t  
probe technique.  

The  electr ical  res is t iv i ty  of silicon layers  deposi ted 
by  the silane process was read i ly  control led  by  in t ro-  
ducing an appropr ia te  amount  of the des i red  dopant  
into the reac tant  mixture .  When the the rmal  reduct ion 
of t r ichloros i lane  was used for the deposi t ion of silicon, 
the  res is t iv i ty  of the p - l a y e r  was found to be less un i -  
form. Fur the rmore ,  the addi t ion of hydrogen  chlor ide  
to the reac tan t  mix ture  severe ly  in te r fe red  wi th  the  
control  of dopant  d i s t r ibu t ion  in the  p-s i l icon layer .  
This is again  due to the  chemical  t r anspor t  associated 
wi th  the  revers ib i l i ty  of the  t r ichloros i lane  process. 
Dur ing the deposi t ion of the p+-s i l i con  layer ,  low 
res is t iv i ty  boron-doped  silicon was also deposi ted on 
the susceptor.  Since the susceptor  was at  a h igher  
t empera tu re  than the substrates,  silicon and boron 
were  t ranspor ted  from the susceptor  onto the subs t ra te  
by  hydrogen  chloride dur ing the subsequent  deposition, 
and this t r anspor t  process resul ted  in the low and non-  
uni form res is t iv i ty  in the p-s i l icon layer .  Therefore,  
hydrogen  chlor ide  was added to the  reac tan t  mix tu re  
only dur ing the ini t ia l  deposi t ion of the  p+-s i l i con  
layer .  F igure  8 shows the mechanica l ly  pol ished and 
chemical ly  etched surface of the  ver t ica l  cross section 
of a solar  cell  s t ruc ture  on a graphi te  subs t ra te  de -  
posi ted by  using a hydrogen- t r i ch lo ros i l ane -hydrogen  
chloride mix ture  and appropr ia te  dopants.  The etching 
process has de l inea ted  the p -p+  junct ion due to thei r  
difference in chemical  potent ia ls  (11); however ,  the 
n+-s i l icon  layer ,  about  2000A in thickness,  was r e -  
moved by etching. 

Mesa diodes were  isolated f rom the above s t ructures  
by  evaPorat ing  t i t an ium-s i lve r  dots of 0.75 m m  dia-  
mete r  on the silicon surface fol lowed by  masking  and 
etching. Typical  cur ren t -vo l tage  character is t ics  of 
these diodes deposi ted by  the si lane process are  shown 
in Fig. 9. The "n" value  in the diode equation,  cal -  

Fig. 7. X-ray diffraction spectra of (A) a boron-doped silicon 
layer deposited on a graphite substrate at ll0(~~ by the thermal 
decomposition of silane, and (B) an undoped silicon layer deposited 
on a graphite substrate at 1000~ by the thermal reduction of 
trichlorasilane, 

Fig. 8. MechanlcaIly polished and chemically etched surface of 
the vertical cross section of a polycrystalline silicon solar cell de- 
posited on a graphite substrete by using a hydrogen-trichlorosilane- 
hydrogen chloride mixture (the n+-Iayer was removed by etching). 
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Fig. 9. Current-voltage characteristics of a polycrystalline silicon 
p-n junction of 0.75 mm diameter deposited on a graphite substrat'e 
by the silane process. 

cula ted  f rom the fo rward  characteris t ics ,  is 1.9, ve ry  
s imi lar  to that  for single c rys ta l l ine  silicon p - n  junc-  
tions, indicat ing that  the  gra in  boundar ies  in po ly-  
c rys ta l l ine  silicon on graph i te  subs t ra tes  do not p l ay  a 
significant role  in cur rent  conduction. The reverse  cur-  
ren t  density,  however,  is cons iderab ly  h igher  than  that  
in single crys ta l l ine  silicon p - n  junctions.  

A number  of solar  cells were  fabr ica ted  f rom n +-  
s i l i con /p - s i l i con /p+- s i l i con /g raph i t e  s t ructures  depos-  
i ted by  both si lane and t r ichloros i lane  processes. A 
grid contact of about  1500A t i t an ium and 5 ~m s i lver  
was evapora ted  onto the n+-s i l i con  surface, and the 
graphi te  subs t ra te  served  as the  other  ohmic contact 
to the  solar  cell. The four sides were  cut off to remove  
the silicon deposi t  on the  per iphery .  The cu r r en t -vo l t -  
age character is t ics  of resul t ing solar  cells, 2.5 cm X 2.5 
cm in area, were  measured  under  i l lumina t ion  with  
an AMO solar  s imula tor  at room tempera ture .  The 
conversion efficiencies of cells p repa red  by  the s i lane 
and t r ichloros i lane  processes were  s imi lar  and were  
in the range  of 1.0-1.5%. An  example  of the cu r ren t -  
vol tage character is t ics  of a po lycrys ta l l ine  silicon 
solar  cell on a g raph i te  subs t ra te  p repa red  by  the 
t r ichloros i lane  process is shown in Fig. 10. The  open-  
circuit  voltage, shor t -c i rcu i t  cur ren t  density,  and fill 
factor are  0.33V, 13 mA./cm 2, and 0.47, respect ively,  
corresponding to a conversion efficiency of 1.5%. 

S u m m a r y  and Conclusions 
Polycrys ta l l ine  silicon layers  have been deposi ted on 

graphi te  subst ra tes  by  the the rmal  decomposi t ion of 
s i lane and the the rmal  reduct ion  of t r ichloros i lane  
under  a wide range of conditions. Because of the 
difference in the chemical  revers ib i l i ty  of these two 
reactions,  si l icon layers  deposi ted by  si lane and 
t r ichloros i lane  processes had different micros t ruc tures  
and crys ta l lographic  propert ies .  The micros t ruc ture  of 
silicon deposi ted by  the t r ichlorosi lane process may  be 
improved  by  adding hydrogen  chlor ide  to the  reac tan t  
mixture .  Silicon layers  containing crys ta l l i tes  wi th  an 
average  size of 20-30 #m can thus be obta ined by  

14 
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Fig. 10. Current-voltage characteristics of a polycrystalline sili- 

con solar cell on a graphite substrate, deposited by the trichloro- 
silane process, under illumination with an AMO simulator. 

ei ther  process. Solar  cells wi th  AMO efficiencies of up 
to 1.5% were  obta ined by  control l ing the dopant  
d is t r ibut ion  in deposi ted silicon in a one-s tep  depos i -  
t ion process. No apprec iab le  differences in the  
character is t ics  of solar  cells p repa red  by  the two 
processes were  observed.  
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ABSTRACT 

This paper presents the results of chemical vapor deposited (CVD) silicon 
dioxide films on silicon from an Sill4 + CO2 + H2 system. The kinetics of this 
reaction have been studied with a barrel  reactor. The activation energy (hE) 
of the Sill4, CO2 reaction in  hydrogen is 106.7 J / g  mol (25.4 kcal /g  mol) in  the 
temperature  range 800~176 The Sill4 and CO2 reaction in hydrogen is 
shown to be a first-order reaction with respect to SiH4(CO2:SiH4 --~ 20). The 
deposition rates of SiO2 are dependent  only on deposition temperature  and on 
SiIq_~ mole fraction. They are independent  of the CO2:Sill4 ratio in the experi-  
menta l  range of 7: 1-120: 1. Electrical characterization was carried out on MOS 
capacitors of ~1300A dielectric thickness. The breakdown field was found to be 
(7.8 _+ 0.1 X 10 s V/cm) .  Measurements of oxide charges, of mobile charges, and 
of fast surface-state density show that these oxides are stable under  positive 
and negative bias, with max imum shifts of 250 mV after 50 hr stress at 200~ 
and --+2 X 106 V/cm electrical field. Postdeposition h igh- tempera ture  anneal  
deteriorates the VFB stabil i ty under  negat ive-bias  tempera ture  stress. The 
index of refraction depends on the CO2:Sill4 ratio, going above 1.46 at a ratio 
<10. Ratios of CO2:SiH4 --~ 50 give reproducible  results at an average index 
of 1.454 + '  0.001. Etch rates in "P-etch" for 1000~ deposited samples are 
,~50% faster than thermal  oxides grown at the same temperature.  

Chemical vapor deposited (CVD) SiO2 films have 
several advantages in p lanar  semiconductor device 
processing over the oxidation of silicon. Since no silicon 
of the substrate is consumed, the junct ion  movement,  
pileup, or depletion of dopants at SiO2-Si interfaces is 
minimized. Thick films of SiO2, which may be used in 
the.field region of integrated FET circuits, can be de- 
posited with greater ease than thermal  oxidation be-  
cause the deposition rates are not diffusion-limited in 
the solid. One application of CVD oxides where the 
thermal  oxide does not compete is the use of CVD ox- 
ides as photolithographic masks for films not etched in 
fluorides, such as silicon nitride. Finally,  CVD oxides 
lend themselves to in  situ processing where two or 
more films are required and one of these films is SiO2. 

Silica films have been deposited by a variety of 
chemical systems, at both high and low temperatures  
(1-10). It was desirable in  this case to select a process 
that would produce SiO2 films with etch rates close 
to those of thermal  SiO2, so as to avoid excessive u n -  
dercutt ing during etching. Since etch rate is inversely 
proport ional  to deposition temperature,  the process had 
to be carried out at a high temperature  (1000~ Sill4 
was preferred over other s i l icon-bearing compounds 
(e.g., SiCl4 or SiBr4) because of its gaseous na ture  and 
resul t ing ease of meter ing control. In  situ processing 
also favors Sill4 because one has only to replace the 
oxidant with NH3 to deposit silicon nitr ide or discon- 
t inue the oxidant  flow to deposit polysilicon. It was 
also desirable to use an oxidant  that  would have a 
min imal  gas-phase reaction with Sill4 so as to keep the 
reactor down time to a minimum.  This led to the in -  
vestigation of the Sill4 and CO2 reaction. Swarm and 
Payne (4) and Kroll  et al. (5) reported on the SiH4- 
CO2 system. Our purpose is to investigate fur ther  the 
deposition kinetics, to obtain an empirical rate expres- 
sion, and to examine the physical and electrical prop- 
erties of the result ing SiO2 films. 

Experimental 
Equipment.--The equipment  used for the entire ex- 

per imental  invest igat ion was a vertical, cold-wall,  bar -  
rel- type,  induct ion-heated reactor (11). The silicon 
"wafers" were placed on an SiC-coated graphite sus- 
ceptor. Figure 1 gives a schematic cross-sectional view 
of the reactor. The fused-quartz  chamber  is 18 in. 

* Electrochemical  Society Act ive  Member .  
1 Presen t  address :  IBM Deutschland Boebl ingen (Lab) 0711 Boe- 

blingen, Ge rmany .  
K e y  words :  silicon dioxide,  dielectr ic  films, MOS, CVD, th in  films. 

( ~  45 cm) long, with an  in te rna l  diameter  of 9 in. 
( ~  23 cm). The susceptor is placed in the chamber so 
that its leading edge is ~ 5 in. (12.7 cm) from the 
molybdenum distributor.  The susceptor is hexagonal  
and is divided into three tiers, or "rings." Each of the 
six faces of the susceptor makes an angle of ~3  ~ with 
the central vertical axis. The susceptor is placed on a 
fused-quartz  plate, which in  t u rn  is supported by a 
fused-quartz pedestal. The susceptor, approximately 
8.25 in. (21 cm) long, was rotated at about 8 rpm 
throughout  this exper imental  work. The volume of the 
annulus  between the susceptor and the chamber  (i.e., 
the volume of the deposition zone) is ,-,5 liters. 

The temperature  was measured with an optical py-  
rometer. 2 All temperatures  reported were corrected for 
system transmission losses and for emissivity (12). The 
reacting and the carrier gases were introduced from the 
top of the reactor after each had been metered through 
a separate rotometer. Each rotometer  was calibrated. 
The silane used was a 5% mixture  in  ni t rogen or hy-  
drogen. The Sill4, CO2, and the carrier gas (either If2 
or N2) were filtered (submicron filters) before they 
passed through their respective rotometers. 

Typical deposition conditions and measurement  tech- 
nique.--Three,  21/4 in. (5.7 cm) Si, 11-25 ohm-cm, p-  
type, <100> wafers were processed in each exper imen-  
tal run, unless otherwise indicated. One wafer each 

-~ The t e m p e r a t u r e  along the suseeptor  length  is -~-I0~ of a n y  re -  
ported value.  

Fig. 1. Schematic cross-sectional view of barrel reactor 
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was placed in rings 1, 2, and 3, at a predetermined 103 
fixed position. The remaining  positions on the suscep- 
tar were filled with dummy wafers. Before loading in  
the reactor, wafers were cleaned ul trasonical ly in hot 
(85~ deionized water  (for 5 min) ,  followed by 
H2SO4/HNO8 (3:1, at 120~ cleaning (for 10 min) ,  
followed by 10:1 dilute HF dip (10 sec). The wafers A 

were then rinsed in runn ing  deionized water (for 5 
min)  and subsequent ly  spin-dried.  The wafer surface 
was hydrophobic after this cleaning. 

During the exper imental  work, the carrier  gas flow z 
rate (H2 in  most cases) was varied between 60 and 
120 l i t e r s /min  and the Sill4 flow rate (5% in H2 or N~) ~1~ 
between 60 and 1000 cm3/min. The Sill4:CO2 ratio was 
changed between 7:1 and 120:1. The deposition tem-  
perature  range was 800~176 the deposition t ime 
was never  less than  5 rain or greater than  25 rain. 

The resul t ing SiO:2 film thicknesses were measured 
by CARIS z (>lS00A) and by ell ipsometry (~1500A). 
The index of refraction was always measured by el- 
lipsometry. Five thickness measurements  were taken 
per wafer; these five readings cover ,~80% of the total 
wafer area. Peripheral  readings were taken 0.125 in. 
(3.18 mm) away from the edge of the wafer. The 

typical w i t h i n - a - r u n  deposition un i formi ty  was --~ __.5% 
at 1000~ and at a total flow rate of ,-110 l i te rs /min;  
the worst case w i t h i n - a - r u n  uni formi ty  at any tem- 
pera ture  and flow (within the experimental  range) was 
,~ • The deposition rates used. in this report are 
therefore average deposition rates over three rings 
(i.e., 15 measurements ) ;  thus, as a first approximation, i03 
we neglected the silane concentrat ion variat ions along 
the susceptor length. 

Exper imenta l  Results 
Preliminary experiments.--Preliminary experiments 

were performed using an H2 and N2 mixture  as a carrier 
gas at a deposition temperature  of 1000~ The H2/N~ 
ratio was varied from 0.03:1 to 1.5: 1, with similar re- 
sults. The films deposited were dendrit ic in appearance. 
When these films were etched in 5:1 diluted HF, a 
brown film was left on the silicon surface. Swann  and 
Payne  (4) reported similar  observations when they 
used argon as a carrier gas. The brown film on the 
silicon surface was etchable only in I-etch, 4 suggesting 
that  the brown film is a si l icon-rich film (mostly poly- ~ lO 2 
silicon). 

The use of pure H2 as a carrier gas prevented the 
formation of either "dendritics" or the si l icon-rich 
brown film. The SiO2 films thus deposited were etch- 
able in diluted HF (5:1) and left the silicon surface 
clean (hydrophobic).  The remain ing  investigations 
used H2 as a carrier gas. 

Deposition rates (S.iH4-CO2-H~ system).~The pa- 
rameters whose effect on deposition rate of SiO2 has 
been investigated are Sill4 mole fraction, SiH4:CO2 
ratio, deposition temperature,  and He flow rate. 

Deposition rate vs. Sill4 mole ]raction.--Y~gure 2 shows 
the log of SiO2 deposition rate as a function of silane 
mole fraction (X0siH4), as determined by the enter ing 
gas composition. The slope of the graph is very near ly  
1, which shows that the SiH4-CO2 reaction in H2 is a 
first-order reaction with respect to Sill4. For Fig. 2, the 
deposition temperature  and the He and CO2 flow 
rates were kept constant. Note that the CO~: Sill4 ratio 
varied from ~20 to 200 dur ing this experiment;  how- 
ever, it is impor tant  to point out that only the Sill4 
concentrat ion is a variable for Fig. 2. Hence, Fig. 2 is 
the result  of a classical exper iment  to isolate the order 
of the reaction with respect to SiH~ (13). 

Deposition rate vs. SiH4:CO~ ratio.--Figure 3 graphs 
the deposition rate as a function of CO2/SiH4 ratio for 
the two Sill4 mole fractions. The deposition tempera-  

s C o n s t a n t  a n g l e  r e f l e c t i o n  i n t e r f e r e n c e  spec t ro scopy .  
4 I - e t c h  is a m i x t u r e  of  s t o c k  s o l u t i o n  a n d  HNO3 i n  t h e  r a t i o  of  

1:5.  T h e  s t o c k  s o l u t i o n  is a m i x t u r e  of CHsCOOH,  HF ,  HNO~ in  a 
1 :2 :5  r a t i o ,  s a t u r a t e d  w i t h  iodine and a l l o w e d  to  se t t l e  o v e r n i g h t  
(14 h r ) .  

o o 

oO~ ~ 

C02 Mole Fraction =7.5 x 10 -3 

H2 Flow Rate = 110 ~:/min 

i J r i i , , , , , ,  
1 0 - 5  ' ' ' ' ~ ' ' -4 
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Fig. 2. Deposition rate as a function of Sill4 mole fraction in the 
feed. Deposition temperature, H2 flow, and C02 flow kept constant. 
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Fig. 3. Deposition rate as a function of C02:SiH4 ratio at two 
silane mole fractions, at I000~ and at constant H2 flow rate. 

ture and the H2 flow rate were kept constant. The 
deposition rate is independent  of the CO2"SiH4 ratio in 
the experimental  range of 7: 1-120: 1. Note that, for a 
fixed Sill4 mole fraction (e.g., 1.9 • 10-4), the deposi- 
tion rate is independent  of the COe concentration. 

These results are consistent with the classical "meth-  
od of excesses" or "isolation technique" (14); i.e., when 
a large excess of one chemical is used as compared 
with another, the reaction rate is independent  of the 
concentration of the chemical being used in large ex- 
cess. The lack of dependence of deposition rate on CO2 
concentration, however, is in total disagreement  with 
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the resul ts  r epor ted  by  Swann  and Payne  (4) and b y  
Kro l l  et  al. (5). Both  papers  repor ted  an increase  in 
deposi t ion ra te  wi th  increas ing CO2:SiH4 ratio.  The 
l ike ly  reason for this  d i screpancy  is the difference in 
reac tor  design. In  both papers,  a pedes ta l  or pancake -  
type  reac tor  was used where  the  flow of gas is at r ight  
angles to the  wafe r  surface.  In  our reactor ,  the  flow of 
gases is nea r ly  pa ra l l e l  to the  wafe r  surface. These two 
ve ry  different  flow pa t te rns  wi l l  have a m a r k e d l y  di f -  
ferent  mass and energy t ransfe r  and, hence, possibly,  
different  results.  

Deposition rate vs. deposition temperature.--Figure 4 
s h o w s  the deposi t ion ra te  as a function of reciprocal  
t empera tu re  at  a constant  in jec ted  Sill4 mole  fract ion 
of 1 . 9  • 10 -4. Two COs:Sil l4 rat ios were  used, 12 and 
40, and the H2 flow ra te  was kept  constant  at 110 l i t e r s /  
min. The act ivat ion energy  obta ined f rom Fig. 4 is 25.4 
kca l /g  mol (106.7 J / g  mol) .  

Deposition rate vs. flow rate.--To de te rmine  whe ther  
the deposi t ion ra te  of SiO2 is l imi ted  by  the surface 
chemical  reac t ion  ra te  or control led  by  mass t ransfer ,  
an exper imen t  was pe r fo rmed  in which the Hs flow 
ra te  was va r ied  f rom 60 to 115 l i t e r s /min .  The deposi-  
t ion t empera tu re  was kep t  constant  at  10D0~ The Sill4 
and COe mole  fract ions were  also constant  at 1.9 • 
10 -4  and 1.14 • 10 -2, respect ively .  F igure  5 shows the 
results,  wi th  the  deposi t ion ra te  p lot ted  against  the 
square  root  of the  flow rate.  

Fo r  all prac t ica l  purposes,  the  deposi t ion ra te  is in-  
dependent  of the flow rate, and, hence, the SiH4-CO2 
react ion in H2 is l imi ted  by  the su r face -chemica l - r eac -  
t ion rate,  wi th  the  exper imen ta l  flow range  60-115 
l i t e r s /min .  

Rate expression (empirical) .--Following the s tan-  
da rd  p rocedure  for obta ining an empir ica l  ra te  expres -  
sion for any  heterogeneous  react ion (13), and know-  
ing that  the react ion is (i) independent  of COs concen- 
t ra t ion  (Fig. 3), (ii) first order  wi th  respect  to Sill4 

Activation Energy = 25. 4 kcal/g tool (106 Jig mol) 

E 

~ 10 2 
c~ 
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Q_ 

,o 3 1o?~176 9~~ 9,oo~ ~,~ 

10 0 8.'0 9.10 1010 
1/T k -1 x 10 -4 

Fig. 4. Deposition rate as a function of 1/T, at constant H2 flow 
rate and Sill4 mole fraction. Two CO2:SiH4 ratios, 12 and 40. 
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Fig. 5. Deposition rate as a function of square root of flow rate 
at 1 0 0 0 ~  Si l l4  m o l e  f rac t ion  constant a t  1.9 N 10 - 4 .  C o n s t a n t  
C02:SiH4 ratio of 60. 

(Fig. 2), and (~ii) su r face -chemica l - reac t ion- l imi ted  
(Fig. 5), we can ar r ive  at the  fol lowing ra te  express ion 

TSiO2 : K s  C ~  [1 - -  Y S i H 4 ]  [1] 

where  rsio2 ---- deposi t ion ra te  of SiO2 (moles /min ) ,  
C O s i H 4  : silane concentra t ion in the feed (moles / l i t e r ) ,  
Ks ---- the ra te  constant  for surface chemical  react ion 
( l i t e r s /min) ,  and YSIH4 : f ract ion of s i lane conver ted  
to deposit.  

The fract ion of Sill4 conver ted  to SiO2 can be caI-  
culated by  mass-balance ,  and its value  is small ,  i.e., 
0.02-0.15, depending on the deposi t ion tempera ture .  
Thus, neglect ing u and express ing  deposi t ion ra te  
in A / m i n  and concentra t ion as mole  fraction, we can 
rewr i t e  Eq. [1] as 

dsio2 : K's X0SiH4 [2] 

where  dsio2 is the deposi t ion ra te  in A/min ,  X0SiH~ is 
the mole  fract ion of si lane in the feed, and K's is the  
ra te  constant  in A/min .  The va lue  of K's has been cal-  
culated f rom the da ta  of Fig. 2, at 1000~ to be ap -  
p rox ima te ly  equal  to 106 A /min .  

Now 
K's -- K'o exp [ - -  AE/RT] [3] 

where  K'o is the  f requency factor  in A / r a i n  and AE the 
act ivat ion energy.  The act ivat ion energy is 25.4 kca l /g  
mole (Fig. 4), and the calculated value  of K'0 is 2 • 
1010 A/min .  

Thus, the empir ica l  ra te  express ion for SiO2 deposi-  
t ion is 

dsio2 ---~ 2 X 101~ [--25 400/RT] "XOsiH4 [4] 

where  R is the gas constant  (1.98 ca l /g  mole  ~ and T 
is t empera tu re  in ~ 

Physical properties.--Table I l ists the physical  p rop -  
ert ies of SiO2 grown f rom the SiH4-CO2-H2 system as 
a function of deposi t ion pa rame te r s  and anneal  condi-  
tions. 

Refractive index . - -The  re f rac t ive  index was measured  
by  e l l ipsomet ry  at 5460A (mercu ry - l igh t  wave leng th) .  
The refract ive  index of deposi ted SiO2 is ve ry  close 
to that  of the the rmal  SiO2 (1.462) (15). Owing to 
densification, the anneal ing t r ea tment  increases the 
ref rac t ive  index of as-deposi ted  samples. There  also 
appears  to be some effect due to the  COJSiH4 ratio. 
However,  a l though CO2:SiH4 ratios grea ter  than  20:1 
do not seem to affect the ref rac t ive  index wi th in  mea-  
surement  accuracy, for a deposi t ion t empe ra tu r e  of 
1050~ and a low COs/Sil l4 rat io  of 12, the ref rac t ive  
index goes up, indicat ing that  the  film may  be si l icon- 
rich. As Table I shows, only the  t h i rd -p l ace  decimal  in 
the ref rac t ive  index was affected by  the CO2:Sill4 ra t io  
from 20:!  to 120:1. Ratios of SiH4:CO2 --~ 50:1 are  
p re fe r red  because the r u n - t o - r u n  ref rac t ive  index re-  
p roduc ib i l i ty  is cons iderably  improved  (i.e., • 
r u n - t o - r u n ) .  
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Table I. Physical properties of Si02 grown from SiH4-CO2-H2 

Deposit ion 
t e m p e r a t u r e  

(~ 

Densif ica t ion in  N~ a m b i e n t  E tch  ra t e  in Etch  r a t e  in 
Refrac t ive  P - e t c h  a t  ~:1 H F  at  

CO~/SiI-I~ Temp  (~ Time (rain) i n d e x  (5460A) 25~ (A/sec)  25~ (A/sec) 

Sample  
Densl ty* th ickness  
( g / c m  8) (~m) 

950 12 - -  - -  1.460 3.21 9.S 2.19 0.36 
950 12 1100 30 1.462 2.1 7,2 2,28 0,38 

1009 12 - -  -- 1,458 2~97 7,9 2,25 0,33 
1060 12 1100 30  1.462 2 .07 7.2 2 .30 0.33 
10.~O 12 -- -- 1,469 -- 8.2 2,10 0,21 
1060 20 -- -- 1.458 2.92 8.5 2.20 0.40 

1050 20 ll0O 30 1.462 2.06 7.2 2.24 0.40 
lOOO 20 -- -- 1.458 -- 8.8 -- 0.I0 

I000 60 -- -- 1.455 -- 6.6 -- 0.12 

IOOO 60 -- -- 1.464 -- 9.1 -- 0.12 

I000 120 -- -- 1.453 -- 9.1 -- 0.I0 

* B y  w e i g h t  loss me tho& 

Infrared absorption spectra of a l imited number  of 
as-deposited samples were  taken. All  samples were  de- 
posited at 1000~ First  absorption max ima  lay at 
~1070 cm -1 for all samples. 

Etch rate . - -Etch rate  was determined by etching the 
samples in P-e tch  (15) [15 parts HF  (49%), 10 parts 
HNOs (70%), and 100 parts H20]. Typically, SiO2 de- 
posited at 1000~ etched ,~50% faster  than  thermal  
oxide. In P-etch,  the etch rate appears to be a function 
of deposition t empera tu re  (Table I).  Sample - to - sam-  
ple variations in etch ra te  decreased as the deposition 
tempera ture  was increased. All samples when annealed 
in N2 a'~ l l00~ for a ha l f -hour  had an etch rate of 
be tween  2.1 and 2.06 A/sec.  The etch rate in 5:1 diluted 
HF also showed a drop upon annealing; however,  this 
etchant  did not del ineate  the etch rate as a function of 
deposition temperature .  

De~si ty . - -Fi lm densi ty was measured by the weight -  
loss method;  i.e., deposited wafers  were  weighed and 
then stripped and reweighed.  The density of as-de-  
posited samples appears consistently lower  than that  of 
annealed samples. The density of all samples var ied  
be tween 2.1 and 2.3 g / c m  s. The density of the annealed 
sample approached that  of thermal  oxide (2.27 g / cm ~) 
within measurement  accuracy. 

Electrical propert ies.--Several  samples were  pre-  
pared f rom the SiH4-CO2-I-I2 system at 1000~ with  
the CO2:SiH~ ratio vary ing  f rom 40:1 to 60:1. All  
wafers were  n- type  St, <100>,  8.5-20 ohm-cm, 5.72 cm 
(21/4 in.) diameter.  The total  SiO2 thickness deposited 
was ,-~1350A. Most wafers  were  split in half  after the 
SiO2 deposition. One port ion of each wafer  was then 
annealed at 1050~ for 15 rain in N2 (standard anneal 
for thermal  SIO2). Then, clean 20-mil a luminum dots 
were  evaporated on both halves of the wafers. The 
metal l ized wafers were  annealed at 400~ for a hal f -  
hour  in 172. 

Fol lowing are the results of measurements  on MOS 
capacitors. 

Dielectric s t reng th . - -Twenty  MOS capacitor dots in 
each sample were  biased in accumulation, and the bias 
voltage was ramped at a rate of approximate ly  1 
VZsec. The capacitor leakage current  was monitored 
with a picoammeter.  The dielectric breakdown was 
considered to have  occurred when  the leakage was 
greater  than or equal to 2 hA. All  samples exhibited 
the same dielectric b reakdown field (EB). There was 
no dependence on CO2:Sill4 ratio or the postdeposition 
anneal. The EB value  obtained was 7.8 • 106 V/cm, 
and the breakdown distr ibution obtained was very 
t ight in every  case, with a standard deviat ion O'E B ~ 0.1 
• 106 V/Cm. 

Dielectric constant .--The thickness measured by ell ip- 
sometry and C-V measurements  agreed within  50A in 
all cases. This leads to the conclusion that  the dielectric 
constant lies be tween 3.8 and 4.0. Annealed halves of 
wafers were  th inner  by --30A than the nonannealed 
halves. This means that  there  is densification of the 
order  of 2-3 % upon annealing. 

Oxide fixed charges (Qox).--The fixed oxide charges 
were  measured by means of the C-V technique. There 
was no influence of CO2:Sill4 ratio on the fixed charges; 
however,  annealing showed the expected reduct ion in 
fixed charges. The Qox for nonannealed wafers  was 2.8 
(___0.2) • 1011 cm -2, and the Qox for annealed wafers 
was 1.3 (___0.5) • 1011 cm -2. 

Mobile charges (Qm).--Mobile charges were  measured 
by applying ___2 X 106 V / c m  for 10 rain at 200~ This 
technique is similar to the one used by Kriegler  et al. 
(16). The shift in flatband under  posit ive bias was con- 
ver ted  into mobile charge. In no case was the shift in 
the fiatband under  negative bias taken into account, for 
two reasons: 

1. In most cases, the shift in the flatband under  nega- 
t ive bias was negl igible  (i.e., ~25 mV).  This also 
means that  the mobile charges were  present at the 
metal /SiO2 interface. 

2. In some cases, the flatband shift was significant 
under  negat ive bias (i.e., ~50 mV),  but the direction of 
the shift was wrong, i.e., as if more positive charges 
were  being accumulated at the SiO2/Si interface. This 
effect (discussed in grea ter  detail  under  Stabi l i ty)  is 
due to fast surface-s ta te  generat ion at the SiO:2/Si in-  
terface (17). 

There was no measured effect of CO2:SiH4 ratio on 
mobile charge. The annealed wafers  had a mobile 
charge of <1 • 101~ whereas the nonannealed wafers 
showed a mobile charge of 2.7 (___0.5) X 101~ cm -2. The 
apparent  higher  mobile charges in nonannealed wafers 
are most l ikely due to r un - to - run  variat ions of the A1 
evaporator.  The nonannealed halves of wafers  were  
metal l ized first. Thermal  oxide monitor  wafers  in the 
above two metal l izat ion runs were  checked and showed 
the same general  t rend as the CVD oxide wafers. 

Fast surface states (NFs).--Fast surface states were  de- 
termined by the quasistatic technique of Kuhn (18). 
This technique was modified after Castange (19) and 
Ker r  (20). The modification involved the use of a high- 
f requency C-V trace in place of the ideal. The N~s was 
obtained from accumulation to onset of inversion by 
comparison of the high- and low-frequency C-V traces. 

CFS [ C L F [ C . o x  C H F "  C o x  ] 1 

N F s  - -  q - -  C o x  - -  C L F  C o x  - -  C H ~  q [ 5 ]  

where CFS = capacitance due to fast surface states, Cox 
= oxide capacitance, CLF = low-f requency  capacitance 
at a given voltage on the metal  electrode, CHF = high-  
f requency capacitance at a given voltage on the metal  
electrode, and q = electronic charge 1.6 • 1019. 

Equat ion [5], in which all capacitances are per unit 
area, determines NFS as a function of applied electrode 
voltage. This voltage can be readi ly  converted into 
surface potential  [e.g., Kuhn (18)], so NFS, as a func-  
tion of surface potential, is given in this investigation. 

The fast surface-s ta te  densities are general ly  small 
in aI1 samples. Annealed samples show somewhat  
higher NFS than nonannealed samples. The difference 
in the two cases, however, is not considered significant, 
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Fig. 6. Change of flatband voltage under the influence of tem- 
perature-bias stressing. 

and all samples measured can be adequately repre-  
sented by an N~s value of 1.5 (___0.5) • 101~ cm -2 �9 
eV -1 (at mid-bandgap) .  

Stabil i ty--As shown in Fig. 6, 50-hr stress data on 
some samples were accumulated at 200~ and 2 • 106 
V/cm with both polarities on the metal  of the MOS 
capacitor. The posit ive-bias data confirm the short- 
t e rm stress data. There is a shift in  the flatband volt-  
age wi thin  the first hour and then a fast leveling off. 
This can be explained by the movement  of mobile ions. 
Under  negative bias, there is again a negative shift, the 
final value of which is larger for the annealed wafers 
than  for the nonannea led  wafers. There was no dis- 
cernible dependency of VFB shift on the CO2:Sill4 ratio. 
Negative shifts under  negative bias are commonly at- 
t r ibuted to an increase of fast surface-state density 
(17). It was not expected that the nonannealed  wafers 
would display fewer fast surface states after tempera-  
ture  bias stressing. 

To check the above expectation, several MOS capaci- 
tors on both annealed and nonannea led  wafers were 
stressed for 20 hr at ___2 • 106 V/cm and 200~ Most 
of the observed shift in VFB occurs wi th in  this time 
span (Fig. 6). Table II presents the init ial  and final 
values of the NFS at mid-bandgap.  Note that there is a 
significant difference be tween annealed and nonan -  

Table II. Fast surface states as a function of temperature-bias 
stress and postdeposition high temperature (I050~ 15 min, N2) 

anneal 

NFS c m  -2 e V  -1 (a t  m i d - b a n d g a p )  • 10 lo 

A f t e r  20 h r  of A f t e r  20 h r  of  
+ 2  • l0  s V / c m  --2  • l0  s v / c m  

S a m p l e  I n i t i a l  a n d  200~ a n d  200~ 

As  d e p o s i t e d  1.1 (--~-0.3) 1.2 (-+-0.3) 2.5 ("~0.3) 
A n n e a l e d  1..8 (~0 .2 ) )  3.1 (~0 .5 )  6.6 (_0.7} 

* N o t e :  V a l u e s  in  p a r e n t h e s e s  a re  t w i c e  the  s t a n d a r d  d e v i a t i o n .  

nealed samples and, contrary to the above expectation, 
the annealed samples show higher, fast surface-state 
density after t empera ture-  and negat ive-bias  stressing. 
The behavior of the annealed samples is much like the 
dry, O2-grown thermal  oxides (17), whereas the nonan-  
nealed wafers appear to characterize the CVD oxides. 

The behavior of the CVD oxides investigated is not 
believed to be l imited to oxides deposited in  SiH4- 
CO2-H2. This effect is most l ikely due to the deposition 
tempera ture  used in this case (i.e., 1000~ Thus, the 
h igh- tempera ture  postdeposition anneal  deteriorates 
the stabili ty of the CVD oxides under  tempera ture-  and 
negat ive-bias  stressing. 

Discussion 
It has been shown that  the SiH4-CO2 reaction is first 

order with respect to Sill4. This was determined by 
using the "method of excesses," or "isolation," tech- 
nique (14); i.e., CO2 had considerably larger concen- 
t rat ion than Sill4. Therefore, as expected, the reaction 
rate was independent  of the CO2 concentration. The 
same technique (i.e., excess Sill4 compared with CO2) 
or the use of molar  ratios of Sill4 and COe cannot 
isolate the reaction order with respect to CO2, because, 
in  both cases, si l icon-rich films are deposited (i.e,, no 
longer SiO2). There is no other known technique that  
would isolate reaction order with respect to CO2. Thus, 
the experimental  data cannot firmly support  a reaction 
mechanism, and none will  be postulated here. However, 
we shall discuss our results in  the l ight  of the mecha- 
nism previously postulated. 

Tung and Caffrey (1), Steinmaier  and Bloem (21), 
and Rand and Ashworth (8) proposed a two-step ki-  
netic mechanism for SiO2 deposition from SiC14- 
CO2-H2 and SiBr4-CO2-H2. The first step involves so- 
called "water-gas" reaction 

H2 -i- CO~ ~ II20 + CO [6] 

The second step involves oxidation (hydrolysis) of 
silicon halides with H20. Similar  two-step kinetics may 
also be wr i t ten  for Sill4, the second step being 

Sill4 -t- 2H20-> SiO2 + 4H2 [7] 

These authors realized that in termediate-react ion steps 
must  exist, e.g., that reactions [6] and [7] may proceed 
via a free-radical  chain mechanism or any other 
equally probable path. It is also general ly  accepted that 
the water-gas reaction is the slower and, hence, the 
rate-control l ing step. 

Then, Tingey (22) exper imental ly  de termined the 
forward rate expression of reaction [6] in  the tem-  
perature  range of 800~176 The exper imenta l ly  de- 
termined activation energy for H20 formation from 
H2 and CO2 is 78 kcal /g  mole (22). Therefore, if the 
water-gas reaction is rate controll ing for SiO2 deposi- 
t ion from SiH4-CO2 reaction in H2, the observed acti- 
vation energy should be of the order of 78 kcal /g  mole. 
We have obtained an activation energy of 25.4 kcal/g 
mole for SiO2 deposition. These results are inconsistent 
with the water-gas mechanism. Only the Steinmaier  
and Bloem (21) results are consistent with water-gas 
reaction. These authors obtained an activation energy 
of 82 kcal/g mole for SIC14-CO2-H2. However, Tung 
and Caffrey (1), who also studied the SiC14-CO2-H2 sys- 
tem, reported an activation energy of 51.6 kcal/g mole. 
Similarly, Rand and Ashworth (8) reported an activa- 
tion energy of 30 kcal /g  mole for the SiBr4-CO2-H2 
system in the tempera ture  range of 800~176 Thus, 
hardly  any of the activation energy data involving CO2 
and H2 support the so-called water-gas mechanism. 

The inconsistency of the activation energy data led 
us to perform several experiments,  with hopes of an-  
swering a two-par t  question: (i) Does H20 form in  our 
reactor under  the exper imental  conditions of flow? (ii) 
What physical evidence would be produced if H20 were 
to form in the reactor? It was assumed that, if H20 
were formed, the thermal  oxidation of silicon would 
occur in the absence of Sill4. In  the presence of Sill4, 
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we expected some homogeneous reaction (manifested 
by react ion-chamber  clouding) besides the usual  het-  
erogeneous reaction. Several experiments,  with results, 
are presented below. 

Cleaned Si wafers were exposed to an H~ and CO2 
ambient  ( ~  1.2% CO2) at 1000~ for 1 hr. The wafers 
were hydrophobic before and after exposure to the H2 
and CO2 ambient.  Ellipsometric measurements  showed 
that  the wafers had --~ I5A of SiO~ before and after. 
Now the question arose whether  other oxidants pro- 
duced similar  results. This led us to repeat the above 
experiment  with NeO which resulted in the growth of 

600A SiO2 on the silicon wafers (23). To check 
whether  the formation of SiO2 from the N20 and H2 
reaction was due to the H20 formation or to the de- 
composition of NeO and subsequent  oxidation of silicon 
by oxygen, we repeated the exper iment  with N20 and 
N2. The result ing film was only N 150A thick (23). 
Clearly, H20 is formed when wafers are heated in NeO 
and He, whereas H20 is not l ikely to form from CO2 
and H2 under  the flow conditions of the reactor. This 
conclusion is consistent with, and supported by, two 
facts: (i) when the SiH4-N20-H2 system is used for 
SiO2 deposition (850~176 the reaction chamber 
clouds very  rapidly (23), whereas when the SiH4-COe- 
He system is used there is no evidence of reaction- 
chamber clouding; (it) the deposition rate of SiO2 from 
the SiH4-NeO-H2 system is ,~ 2-10 times higher than 
the SiH4-COe-He system, depending on deposition tem- 
perature  (850~176 for identical Sill4 and oxidant 
mole fraction (23). 

Experiments  with mixtures  of Ha and O2 and of Ne 
and O2 showed results similar to those of He and N20 
and of N2 and NeO; i.e., a higher thickness of thermal  
SiO was grown with the H2 and O2 mixture.  Clearly, 
HeO was being produced by  the reaction of hydrogen 
and oxygen. We then at tempted to study the rate of 
reaction of Sill4 with I-t20 using the SiH4-O2-H2 sys- 
tem. The task, however, was near ly  impossible because 
of the chamber clouding which necessitated reactor 
cleaning after every run. We were able to obtain depo- 
si t ion-rate data at 800~176 however, before aban-  
doning the effort. The deposition rate of SiO2 from the 
SiH~-O~-He system was near ly  an order of magni tude 
greater than that obtained from the SiH4-COe-H2 sys- 
tem for identical temperature,  Sill4, and oxidant mole 
fractions (24). The results of the experiments  with 
SiH~-Oe-H2 and SiH4-NeO-He are at var iance with the 
water-gas mechanism for the SiH4-COe-H2 system be- 
cause, if HeO is produced from COs ~- He, which sub- 
sequently reacts with Sill4 to produce SiO.2, then the 
deposition rate of SiO~ should not significantly change, 
irrespective of the source of H20. 

Finally,  Tingey (22) exper imental ly  showed that  the 
water-gas reaction is homogeneous, i.e., that HeO is 
produced in the gas phase. This should result  in the 
homogeneous reaction of Sill4 and H20; yet the SiH4- 
COe-He reaction is s ingular ly  characterized by the lack 
of homogeneous reaction, i.e., no clouding of the re- 
action chamber  by gas-phase reaction. The above ex- 
per imenta l  and activation energy data nei ther  support 
nor  are consistent with the water-gas reaction mecha- 
nism for SiH4-CO2-I-Ie. It is therefore pro~bable that the 
SiH4-CO2 reaction could proceed via direct oxidation 
of silane, as suggested by Swann and Payne (4), some 
complex free-radical  chain mechanism, as alluded to 
by Rand and Ashworth (8), or any other mechanism 
that does not include water-gas reaction as a step. 

Summary and Conclusion 
We have presented the results of SiH4-CO2 reaction 

in  He in the temperature  range 850~176 We have 
used a mul t ip le-wafer  reactor in sharp contrast to 
Swarm and Payne 's  s ingle-wafer  reactor. Our results 
should find more application in  CVD practice because 
the flow of gases is near ly parallel  to the wafer surface. 
Unlike Swann  and Payne, we have been able to isolate 
the order of the SiH4-CO2 reaction with respect to SiH~ 

and the activation energy and frequency factor of the 
reaction. However, care should be exercised in extrapo- 
lat ing and using these results to predict the SiO2 depo- 
sition rate for Sill4 concentrations larger  than 0.06- 
0.07% because, at higher concentrations than these, the 
SiO2 films become silicon-rich; i.e., codeposition of Si 
and SiO2 occurs. 

We have shown that the physical and electrical prop- 
erties of SiO2 deposited at 1000~ are comparable to 
those of s team-grown oxide. In  fact, the fast surface- 
state densities are considerably lower in these CVD ox- 
ides than in s team-grown oxides. The low level of fast 
surface-state density may be a t t r ibuted to the use of 
Ha dur ing deposition. The stabili ty of these oxides 
under  temperature  (200~ and bias • 2 • 106 V/cm 
has been demonstrated. The negative effects of post- 
deposition anneal  in N2 at a temperature  higher than  
the deposition tempera ture  have also been shown. 

The use of CO2 does not result  in a homogeneous re- 
action, especially at higher temperatures,  i.e., of the 
order of 1000~ This is a significant advantage, since 
it keeps the reactor down time to a minimum. However, 
the use of CO2 has often raised the possibility of car- 
bon inclusion. Though we do not have any direct evi- 
dence of the presence or absence of carbon in SiO2 films 
deposited from SiH4-CO2-He, trace quanti t ies of carbon 
may well be incorporated in these films. None of the 
measured physical and electrical properties, however, 
show any unusual  or det r imenta l  effects of these trace 
impurities,  if present. 

Finally, the CVD SiO2 film from SiH4-COe-H2 could 
be readily used as a photolithographic mask for films 
like Si.~N4 and in the field or the gate region of an 
integrated FET circuit. 
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Fabrication of P-Channel Silicon Gate LSI Devices 
with Si NJSi02 Gate Dielectric 

Alfred P. Turley,* R. M. McLouski,* P. R. Reid, and D. H. McCann 

Westinghouse Advanced Technology Laboratory, Baltimore, Maryland 21203 

ABSTRACT 

Processing of p-channel  silicon gate devices with a Si3N4/SiO2 gate di- 
electric is described in detail. Some attractive features of this par t icular  proc- 
ess include polysilicon to silicon contacts, improved metal  step coverage ob- 
tained with a glass flow anneal, low fast surface-state density for good 1/f 
noise performance, and high parasitic field threshold voltages obtained by ion 
implanta t ion  of arsenic. 

Because of the work function difference between 
p- type  polycrystal l ine silicon gate electrodes and 
l ight ly  doped n- type  silicon substrates, most p-channel  
silicon gate devices have been fabricated on <111> 
oriented silicon substrates. This avoids the possibility 
of very low threshold or depletion mode devices which 
can result  if <100> oriented substrates are used. This 
result  is a direct consequence of the lower fixed posi- 
tive charge density at the SiO2-Si interface of <100> 
oriented silicon substrates. However, for devices used 
in analog signal processing, the use of <111> mate-  
rial will  degrade the 1/f noise performance of such 
IGFET'S because of the high fast surface-state den-  
sity associated with this orientation. To take advantage 
of the better  1/f noise performance obtained on <100> 
mater ial  and still ma in ta in  a reasonable threshold 
voltage (--1.3V), silicon gate devices can be fabri-  
cated with a Si~N4/SiO2 gate dielectric. The desired 
threshold voltage can be obtained by controll ing the 
amount  of fixed positive charge at the ni t r ide-oxide 
interface formed dur ing the ni t r ide deposition. Other 
advantages of the dual  dielectric s t ructure are: (i) 
Si3N4 is superior to SiO2 as a boron diffusion barr ier  
(2), (ii) the composite s tructure has better  in tegr i ty  
than a SiO2 gate, and (iii) higher t ransconductance 
FET's  result  from the higher dielectric constant  of 
Si3N4. 

Other  at tractive features of this part icular  process 
are polysil icon-sil icon contacts which allow very high 
packing densities because they take up less area than 
metal-s i l icon contacts, improved metal  step coverage 
obtained with a glass flow anneal  (4), and high para-  
sitic field threshold voltages obtained by ion implan ta -  
tion of the surface (except active regions) with ar -  
senic. 

Process Sequence 
An outline of the process is given in the flow chart 

in Table I. The start ing wafer mater ial  is 4-8 ohm-cm, 
<100>,  n-type.  The first step is the formation o f  the 
gate oxide. This is thermal ly  grown in an atmosphere 
of 10% HC1 + 90% O2 for 13 rain at 1000~ The re-  
sult ing oxide thickness is about 300A. This is followed 
by the deposition of the gate nitride. About  800A of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  po lys i l i con ,  in su la to r ,  MOSFET,  noise .  

silicon ni t r ide  is deposited at  750~ with an ammonia  
to silane ratio of 250: 1. In  the next  step, the first photo- 
engraving operation is performed. A mask is applied 
to define islands of ni tr ide which will u l t imate ly  be-  
come the active devices. A photoresist mask is used 
and the silicon ni tr ide is plasma etched (5). The 300A 
of oxide under  the ni t r ide stops the plasma etching 
process. With the photoresist still on the wafer, an 
arsenic implant  is nex t  performed at an energy of 80 
keV and a dose of 5 X 1012 cm -2. The photoresist acts 
as a mask which prevents  penetra t ion of the arsenic 
into active device regions. After photoresist removal, a 
cross section of a transistor  s t ructure appears as in 
Fig. 1. The transistor gate, source, and drain  will be 
formed in the region defined by the is land of silicon 
nitride. The arsenic implant  in the sur rounding  re-  
gions will prevent  parasitic transistor  action by keep- 
ing the surface from inver t ing  at voltages less than 
--35V. The next  processing step forms the field oxide 
region by ste.~m oxidation at ll00~ 

About  10 kA of SiO2 is grown in 2.5 hr in the regions 
sur rounding  the ni t r ide islands. Only about 300A of the 
nitr ide is oxidized. This is removed by dip etching for 
30 sec in a 10:1 HF solution. At this point  in the proc- 
ess, the structure is annealed in dry O2 for 30 min  at 

Table I. Process flow chart 

1. S t a r t i n g  m a t e r i a l :  4-8 ohm-cm ,  < 1 0 0 > ,  n - t y p e  
2. Ga te  o x i d a t i o n :  30'0A (10% HC1 + 90% 02, 13 m i n  a t  1000~ 
3. Ga t e  n i t r i d e :  800A (NI~ /S iH4  = 250 a t  750~ 
4. Dev ice  w i n d o w  m a s k  (p lasma  e tch  Si3ND 
5. Ion  i m p l a n t  a rsen ic  (E = 80 keV, dose = 5 • 10 u cm -2) 
6. S t e a m  o x i d a t i o n :  10 k A  (H2 + 02, 150 ra in  a t  l l 0 0 ~  
7. E tch  ox id ized  n i t r i d e  (~300A)  
8. O_~ a n n e a l  (30 ra in  a t  1050~ 
9. Po ly s i l i con - s i l i con  contac t  w i n d o w  m a s k  

10. Po lys i I i eon  d e p o s i t i o n  (4 k A  a t  700~ 
11. Po ly s i l i con  ga te  and  i n t e r c o n n e c t  m a s k  (p l a sma  e tch  po ly  and 

n i t r ide ,  chem.  e tch  ga te  ox ide  to def ine s e l f - a l i gned  gate)  
12. Boron  d i f fus ion  (d iborane  source) 

a. Depos i t i on :  18 ra in  at  980~ 
b. D r i v e :  60 min ,  Oe at  1000~ 

13. P h o s p h o r u s - d o p e d  ox ide  d e p o s i t i o n  (~S% phospho rus ,  15 kA) 
14. Via and  con tac t  w i n d o w  m a s k  
15. Glass  flow a n n e a l  (Oe, 20 m i n  a t  1050~ 
16. H y d r o g e n  a n n e a l  (30 ra in  He at  800~ 
17. Dip  e tch  30 sec in  10:1 H F  ( r emoves  ox ide  f r o m  w i n d o w s  in 

doped  glass)  
18. Meta ] l i za t ion  (10 k A  of A1-Si) 
19. Me ta l  i n t e r c o n n e c t  m a s k  
20. S in t e r  m e t a l  (30 rain,  N.- a t  500~ 
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Ion Implanted 
Arsemc {n field regEon 

Fig. 1. Device cross section after ion implantation af arsenic 
in field regions. Step 5 in process flow chart. 

S~3N 4Island BURIEDPOLYSILICON PHOSDOPED OXIDE 
a a i l n l l n T a ~  n D I / " I D  ~ '~ ' - i  A I X I f X f C A  f 

u 

1050~ This anneal  converts  about  50A of the  n i t r ide  
surface to oxide and has the  effect of s tabi l iz ing the 
s t ruc ture  (6). F igure  2 shows the t rans is tor  s t ruc ture  
cross section at  this poin t  of the  process.  The device is 
now ready  for opening contact  windows for the po ly -  
si l icon-si l icon contacts. Again,  a photores is t  mask  is 
used and the sil icon ni t r ide  is p lasma etched fol lowed 
by  an oxide etch. F igure  3 shows hhe device cross sec- 
t ion at this point. Polys i l icon is now deposi ted to a 
thickness of 4000A wi th  a deposi t ion t empe ra tu r e  of 
700~ A mask  to define the  polysi l icon interconnect  
pa t t e rn  and the se l f -a l igned gate s t ructure  is next  ap-  
plied. A photores is t  mask  is used and the polysi t icon 
is p lasma etched. The p lasma etching continues through 
the polysi l icon and the silicon n i t r ide  around the gate  
electrode.  A short  oxide etch (,~300A) then completes  
the se l f -a l ign ing  gate definition. The t rans is tor  cross 
section at  this point  is shown in Fig. 4. A boron diffu- 
sion now forms the source and dra in  and also dopes the  
polysi l icon conductor  lines. Reoxidat ion  in d ry  O2 for 
60 min  at 1000~ dur ing  the boron dr ive  forms about  
700A of SiO2 over  the  polysi l icon and source -dra in  
regions. This oxide prevents  counterdoping of the  
p - type  regions by  the phosphorus -doped  oxide  de-  
posi ted in the next  step. 

This doped oxide is about  15 kA thick and contains 
about 5-6% phosphorus.  The s t ruc ture  at this point  is 
shown in Fig. 5. Contact  windows and vias are  opened 
in the doped oxide. A n  anneal  is pe r fo rmed  on the  
phosphorus-doped  oxide under  the fol lowing condi-  
tions: (i) 20 min, O~ at 1050~ (ii) 30 rain, He at 
800~ This high t empera tu re  anneal  causes the  vis-  
cosity of the doped oxide to decrease  to the  point  
where  i t  begins to flow, giving rise to smooth oxide 

THERMAL FIELD OXIDE S~3N 4ISLAND 

Fig. 2. Device cross section after formation of field oxide and 
anneal. Step 8 in process flow chart. 

Fig. 5. Device cross section after source-drain diffusion and 
deposition of phosphous-doped oxide insulator. Step 13 in process 
flow chart. 

EDGES SMOOTHED METAL CONTACI 
~ Y .  A N N E A L ~  ~ ~r-"-'"~'~\\\\\\\\~ 

. . . .  "S~"U-R"CE "---T~J G~ATE Ll~--  DRAIN . . . . .  _.I I 

Fig. 6. Device cross section at completion of process 

edges over polysi l icon steps and via  and contac~ w i n -  
dows. A smal l  amount  of oxide is formed in the open 
windows dur ing  the anneal.  This can be removed  by  
a short  d ip  etch before metal l izat ion.  The hydrogen  
par t  of the anneal  is the last  high t empera tu re  step 
before meta l l iza t ion  g rea t ly  reduces the number  of 
fast surface states at the Si-SiO2 interface in the gate 
regions, which in turn  produces  devices wi th  excel len t  
1/f noise characteris t ics .  The effects of the glass flow 
anneal  are shown in the  SEM photograph  of Fig. 7. 
Note the excel lent  meta l  coverage of oxide  steps. 

The processing is completed  with  a meta l  deposi t ion 
(10 k A  of A1-Si),  in terconnect  photoengraving,  and 
sintering.  The completed  cross-sect ion t rans is tor  s t ruc-  
ture  is shown in Fig. 6. A photograph  of a section of a 
completed device is shown in Fig. 8. 

Device Characteristics 
The threshold  vol tage of t ransis tors  f abr ica ted  by 

this process is g rea t ly  influenced by  fixed posi t ive 
charge formed at the  sil icon n i t r ide-s i l icon  dioxide  
interface in the  gate dielectric.  The magn i tude  of this 
charge is s t rongly  influenced by  the silicon n i t r ide  
deposi t ion parameters .  Our n i t r ide  is deposi ted at 
750~ wi th  an ammonia / s i l ane  rat io  of 250:1. The 
pa ramete r s  that  influence charge magni tude  are  deposi -  
t ion ra te  and deposi t ion tempera ture .  Tempera tu re  has 
by  far  the s t rongest  effect wi th  deposi t ion ra te  being 
a second-order  effect. F igure  9 shows the deposi t ion 
t empera tu re  effect by  compar ing the C-V charac te r -  
istics of MOS capaci tors  formed at deposi t ion t e m p e r a -  
tures of 750 ~ and 800~ The negat ive  shift  of the  
800~ curve indicates  a l a rger  fixed posi t ive in te r -  

J 

WINOOWFOR POLYSILICON-SILICON CONTACT 

Fig. 3. Device cross section after etching of contact windows for 
polysilicon-silican contacts. Step 9 in process flow chart. 

POLYSILICON GATE ELECTRODE 
. . . . . . . . . . . . . . .  C , , .  

PO LYSILICON-SI LICO N r ' ~  
CONTACT 

Fig. 4. Device cross section after definition of polysilicon con- Fig. 7. SEM photograph showing the effects of the glass flow 
ductor lines. Step 11 in process flow chart, anneal on smoothing oxide edges and sloping oxide steps. 
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--1.31 and 0.17V, respectively. The t ransconductance 
at VGS : --5V was also measured and normalized to 
un i ty  width to length ratio. The mean  and standard 
deviation were 32 and 3.84 #-mhos, respectively. 

The stabili ty of the threshold voltage was examined 
by making tempera ture-b ias  stressed C-V measure-  
ments. Figure 10 shows the flatband voltage shift vs. 
t ime for a 4-15V bias at 200~ The instabil i t ies noted 
are not caused by ionic contaminat ion but  by the dif-  
ference in the resist ivity of the ni t r ide and oxide (6). 
The resist ivity of the silicon ni tr ide is less than  the 
oxide resistivity; hence, when bias is applied, the 
nitr ide oxide layers form a resistive divider and charge 
slowly accumulates at the ni t r ide oxide interface. One 
can increase the ni t r ide resistivity by  oxidizing its sur-  
face. This small  amount  of oxide on the ni t r ide surface 
effectively increases the ni t r ide resist ivi ty and im-  
proves stability. This effect is shown in Fig. 10 where 

Fig. 8. Photograph of a portion of a completed LSI device. Shown 
are several stages of a dynamic shift register. 

0.9 
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Fig. 9. MOS C-V curves showing the effect of nitride deposition 
temperature on the magnitude of the fixed charge formed at the 
nitride-oxide interface. 
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Fig. 10. Flatband voltage shift under temperature-bias stress 

face charge. This data indicates a ni t r ide charge of ,ooc 
2 X 1012 charges/c m2 at the 800~ deposition tempera-  
ture and 7 • 1011 charges/cm 2 at the 750~ deposition 
temperature.  The charge at the ni t r ide-oxide interface 
is t ransformed to a charge at the silicon surface (Qe~f) 
by the following equation 

f 
cox 

Q. .  = Q. [1] ~ 
to ,+  '~ ~. 

> IOC en 

In  this equation, one can th ink of the te rm (eox/en) tn o 
as an effective oxide thickness of the ni t r ide as far as 
its dielectric properties are concerned. Since eox/en ~' g 
0.6, one sees that 500A of nitride is equivalent to 3OOA 
of oxide for capacitance calculations. 

The threshold voltage is given by the equation 

1 
Vt& -- ~GS -- ~ii (Qeff ~- Qss -}- k/2esq Nd(2r ) [2] 

Thus one concludes that increasing Qeff will  make the ,o 
threshold voltage more negative. The threshold voltage 
of 24 devices from different wafers in different runs  
was measured. The mean  and s tandard  deviat ion were 

VDS = - I0 V 

VGS = -4V 
om = 180~.mhos 

I I i i i i I I I I I i , , , , , 

IO IOO 

FREQUENCY ( KHz} 

Fig. 11. Noise spectra of typical transistor 
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oxidized and nonoxidized samples are compared. This 
is the reasoning behind the oxygen anneal  in step 8 
of the process as indicated in Table I. Under  a negative 
bias stress of --15V at 200~ the oxidized samples 
shifted only 20 MV and saturated to this value after 
5 min of stress. The nonoxidized sample shifted 40 MV 
under  the same conditions. 

The noise performance achieved with these devices 
is shown in  Fig. 11. Here is plotted the noise voltage 
referred to the gate vs. frequency. The 1/f port ion of 
the noise spectra shows about a 12% improvement  
over the performance at tained with an  equivalent  de- 
vice made with a metal  gate and an oxide insulator. 

Conclusion 
We have devised and demonstrated a process for 

fabrication of p -channel  silicon gate MOS devices with 
a silicon ni t r ide/s i l icon dioxide gate dielectric for both 
digital and analog LSI applications. The process fea- 
tures include small area polysil icon-sil icon contacts; 
smoothed, sloped oxide steps for excellent metal  cov- 
erage; low fast surface-state density with a It2 anneal;  
good threshold stabil i ty with an O2 anneal;  high para-  
sitic field threshold voltages from ion implanta t ion  of 
arsenic in the field oxide regions. 
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ABSTRACT 

MeV backscattering spectrometry and x-ray diffraction are used to investi- 
gate the behavior of sputter-deposited Ti-W mixed films on Si substrates. 
During vacuum anneals at temperatures of 790~ for several hours, the metal- 
lization layer reacts with the substrate. Backscattering analysis shows that the 
resulting compound layer is uniform in composition and contains Ti, W, and Si. 
The Ti:W ratio in the compound corresponds to that of the deposited metal 
film. X-ray analyses with Reed and Guinier cameras reveal the presence of 
the ternary TSzW<l-z)Si2 compound, Its composition is unaffected by oxygen 
contamination during anneal, but the reaction rate is affected. The rate mea- 
sured on samples with about 15% oxygen contamination is linear, of the order 
of 0.5 A/see at 725~ and depends on the crystallographic orientation of the 
substrate and the d-e bias during sputter deposition of the Ti-W film. 

Ti tan ium and tungsten have both been used for many  
years as materials for metall izing integrated circuits 
(1). Tungsten  is used because its coefficient of expan-  
sion closely matches that of silicon, and t i tan ium is 
used because of its strong adherence to oxides. A met-  
allization scheme has also been developed which uses 
a mixture  of t i t an ium and tungsten  (2). Like many  of 
the t ransi t ion materials, Ti and W both form silicides. 
The formation of WSi2 from thin tungsten  films on Si 
has been studied by several authors (3, 4). The forma- 
tion of TiSi2 by thin films on Si has also been studied 
(5), though not to as great an extent as WSi2. To our 
knowledge, the present  investigation is the first to con- 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  H e w l e t t - P a c k a r d  A d v a n c e d  P r o d u c t  D i v i s i o n ,  

C u b e r t i n o ,  C a l i f o r n i a  95014. 
K e y  w o r d s :  t h i n - f i l m  r e a c t i o n s ,  s i l ic ide  f o r m a t i o n ,  T i - W  m e t a l l i z a -  

t ion ,  4tie b a c k s c a t t e r i n g .  

sider the interaction of a mixed thin film with silicon. 
This study shows that, like Ti and W individually, a 
thin composite layer of Ti and W deposited on Si by 
sputtering and annealed in vacuum forms a disilicide. 
This ternary disilicide is studied using the techniques 
of x-ray diffraction, 41-1e backscattering spectrometry 
(BS), and Auger electron spectrometry (AES). 

Sample Preparation 
Films of 1000-1500A were deposited by RF sputtering 

from an arc-melted Ti0.sW0.7 target onto silicon and 
carbon substrates. The silicon substrates were n-  or 
p-type, 1-10 ohm-cm single crystal wafers of <111>, 
<110>, or <100> orientations which had been me-  
chanically polished and chemically etched. The poly-  
crystalline carbon substrates were 0.5 in. squares and 
were polished and cleaned prior to sputter  deposition. 
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Dur ing  deposition, the substrates rested on a water-  
cooled pallet and the deposition tempera ture  was moni-  
tored by a shielded i ron-cons tan tan  thermocouple 
placed on the substrate surface. Substrates were loaded 
through a side loader which was evacuated by a cryo- 
genic pumping  station so as to prevent  contaminat ion 
of the target  dur ing loading. 

Pr ior  to loading, the silicon substrates were dipped 
in  I-IF, r insed in  deionized water, and dried with high 
pur i ty  isopropanol. After  loading, the sputter ing cham- 
ber  was evacuated to a background pressure of-1 X 
10 -6 Torr. Argon of 5N pur i ty  which had passed 
through a t i t an ium purifier was used to backfill the 
chamber. The T i -W target  was given a short presput ter  
to insure  a clean surface, and the substrates were 
sputter  cleaned immediate ly  before deposition. During 
deposition the substrates were held at a negative bias 
ranging from 0 to 50V with respect to ground. The 
m a x i m u m  temperature  measured during deposition was 
about  300~ The T i -W films deposited on Si have a 
resist ivity of about 80 #ohm-cm, irrespective of the 
substrates or bias voltage. The films deposited on car- 
bon were analyzed by BS to check for pessible con= 
taminants .  Carbon substrates ra ther  than  Si were used 
for these measurements  so that the t~S signal from the 
substrate would not interfere with signals from pos= 
sible ni t rogen or oxygen impurities. No oxygen or 
ni t rogen could be detected. The samples deposited with 
--50V bias showed the largest amount  of contamina-  
tion, which consisted of Ar  and was less than 2 atomic 
per cent (a /o) .  Examinat ion  of the films on silicon 
substrates by SEM at 30K magnification revealed a 
featureless surface. 

Anneals  were performed in an evacuated quar tz- tube  
furnace. The furnace was pumped from one end by a 
LN2 trapped oil diffusion pump and from the other end 
by a water-cooled t i t an ium subl imat ion pump. The 
vacuum dur ing  anneals was typically 7 X 10 -7 Torr. 
The temperature  in  the center  of the furnace was mea-  
sured by a Chromel-Alumel  thermocouple which had 
been calibrated to an accuracy of __ I~ against a 
mercury  thermometer  to a tempera ture  of 350~ The 
thermometer  was calibrated against the freezing point  
and the boil ing point  (corrected for barometric  pres-  
sure) of H20. The tempera ture  stabil i ty of the furnace 
was measured to be _+ 2~ over a period of 20 hr. The 
furnace was constructed so that many  samples could 
be loaded and annealed sequent ia l ly  dur ing a single 
pump=down, and samples were always placed at the 
position wi th in  the furnace where it had been cali- 
brated. Samples could be grouped and annealed s imul-  
taneously in  the furnace. 

Analytical Techniques 
Backscattering spectrometry (BS).--The exper imen-  

tal setup and analyt ical  method for BS have been re-  
viewed elsewhere (6). In  brief, the technique consists 
of placing a sample in  a beam of monoenergetic 4Hie + 
ions and energy analyzing those He atoms which are 
scattered from the sample. BS with MeV 4He+ ions 
provides informat ion on concentrat ion profiles in depth 
with a resolution of about 200A. and to depths of about 
3000=5000A. In  thicker films, the depth resolution de- 
grades due to energy straggling wi th in  the target. The 
beam spot is typical ly 1-2 mm 2 and hence backscatter-  
ing analysis required samples whose lateral  composi- 
t ion is un i form over at least such a dimension. 

X-ray analysis.--Two types of x - r ay  diffraction 
analyses were performed. The first type uses the Reed 
Camera (7) geometry which is basically a glancing 
angle x - r ay  diffraction setup with a fixed angle of in -  
cidence. The structure of the th in-f i lm samples is 
identified in a manne r  similar to that  employed with 
the Debye-Scherrer  camera. Because of the glancing 
angle of incidence of the x- rays  (8-14 ~ with respect 
to the specimen surface),  a relat ively large volume is 
examined although the samples are thin. For example, 
at an incident angle of 10 ~ the x - r ay  path length is 6 

times the film thickness. The incident  x - ray  beam used 
for the exposure was CuK~ radiat ion collimated 
through two pinholes. The diffraction pa t te rn  is re= 
corded on film placed along a 5 cm radius from the 
sample center. 

The second type of x - ray  diffraction analysis per= 
formed used a Guinier  camera (8). This is a t ransmis-  
sion x - r ay  diffraction apparatus in which the sample 
rotates with respect to the beam dur ing exposure. CuK~ 
radiat ion was used in conjunct ion with x - r ay  film to 
record the diffraction patterns. The Guinier  camera 
requires thin samples so as to not substant ia l ly  a t tenu-  
ate the diffracted x-rays.  To this end, the rear  side of 
a reacted sample was lapped unt i l  the sample thickness 
was reduced to between 50-60/~. The sample was then 
ul trasonical ly cleaned and rinsed in diluted HF. A simi- 
lar  sample of the bare  silicon substrate  was also pre-  
pared in this way. By comparing the x=ray diffraction 
pat terns from both samples, the diffraction lines due to 
the silicide could be identified. 

Given the camera constant and an accurate mea-  
surement  of the silicide diffraction l ine spacing, deter-  
mina t ion  of the cell parameters  can be made. The 
camera constant was determined by measurement  of 
the camera radius and verified using the diffraction 
lines from a s t ra in-free  sample of polycrystal l ine sili- 
con powder. The silicide diffraction l ine spacing was 
measured with an optical comp,arator to __0.01 mm, 
which gave an uncer ta in ty  of ___0.01A in  the uni t  con- 
stants. The advantage of the Guinier  technique is to 
enable an accurate determinat ion of the cell constants, 
whereas the Reed camera can detect the presence of 
phases without special preparat ion of the specimens. 

Auger electron spectroscopy (AES).--AES has been 
reviewed recently in the l i terature (9). This technique 
uses the decay by electron emission of sample atoms 
which experience inner  shell ionization by an energetic 
electron beam. Energy analysis of these emitted Auger 
electrons allows one to perform an elemental  analysis 
of the sample surface. Typically, sensitivities of about 
1 a/o can be obtained. 

Auger electrons originate only from atoms excited 
in the outermost atomic layers. Hence, elemental  depth 
profiling requires a sequential  removal of thin layers 
between measurements.  This can be accomplished by 
sputtering. To obtain the depth profile of a sample re= 
quires knowledge of the sample's sput ter ing rate and 
the sputter ing time. BS can be used convenient ly  to 
determine the film thickness and thereby calibrate the 
sputter ing rate. 

AES and BS nicely complement each other. AE,S is 
more sensitive than BS for profiling light elements in 
heavy matrixes, and BS can be used to measure the 
thickness and composition of the film quant i ta t ively  in 
a relat ively short t ime (,~ 10-20 min) .  

Results 
Characterization of ternary siZicide.--Films of Ti-W 

having about 30 a/o Ti (10% by weight) prepared as 
described above were vacuum annealed at 800~ for 
20 min. The surface changed from the smooth metallic 
luster  of Ti=W to a deep silver-gray. Examinat ion  by 
SEM at 4500X magnification revealed a uniform and 
gently undula t ing  surface. The undula t ions  were typi-  
cally 2.5 ~m across and ~ 0.05 ~m in height (as deter- 
mined by measurement  with a Sloan Dektak).  

X- ray  diffraction analysis by Reed camera revealed 
the presence of only one compound (Fig. 1). The dif= 
fraction pa t te rn  corresponds to that described by the 
ASTM powder diffraction compilation No. 6-0599. This 
compound has a chemical formula of TixW~Si2, where 
x W Y =- 1, with a hexagonal CrSi~-type (C-40) struc- 
ture. X=ray analysis by the Guinier  camera supported 
the Reed camera results in that no crystal structures 
other than the C-40 type were detectable. The line 
spacings from the Guinier  photographs gave cell pa-  
rameters  of ao -~ 4.61 _+0.01A and Co -- 6.48 • 
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Fig. I. X-ray diffraction pattern taken with Reed camera (top) 
and Guinier camera (bottom) of reacted samples. 

2 1VIeV 4He+ BS analysis of films reacted at 725~ for 
40 rain revealed that the atomic concentrat ion ratio of 
the films is T i :W:S i  ---- 0.3:0.7:2.0 (Fig. 2). The com- 
pound mainta ins  this composition at temperatures  
ranging from 675 ~ to 900~ Addit ional  experiments  
established that the compound formed was independent  
of substrate orientation, doping type, substrate bias 
dur ing sputter  deposition, and the sample contamina-  
t ion by oxygen dur ing  annealing.  

Once formed, the compound adheres strongly to the 
silicon substrate. The compound seems unaffected by 
hot II202, HF, or CP-4, and dissolves only slowly in 
aqua regia. Ind ium solder would not adhere to the 
compound. 

Kinetics of s~licide formation.--The reaction rate of 
the compound formation was investigated by BS on 
samples annealed in  vacuum for increasing periods of 
time. To translate  the energy scale of a BS spectrum 
into a depth scale, we assumed a density of 7.54 • 102~ 
atom/cm~ for the compound, as calculated from the 
measured uni t  cell parameters.  Using this density, 10 
keV in a BS spectrum corresponds to about 106A of 
compound. 
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Fig. 2. Backscattering spectra showing a virgin (room tempera- 
ture) and a covered, annealed (725~ 40 rain, 7 X 10 -7  Tarr) 
sample of Ti-W on Si. The Si substrata is < 1 1 1 >  single crystal 
n-type with resistivity of 10 ohm-cm. The Ti-W film was deposited 
with - -50V bias. Arrows indicated the position of signals from 
Si, Ti, and W on the sample surface. 

Films deposited on <111> silicon at --50V bias and 
annealed at 5 X 10 -6 Torr  and 725~ were found to 
have reaction rates of about 9.7 A/rain. Improving the 
vacuum to 7 X 10 -7 Torr  and covering the metallized 
side of the sample with a clean Si wafer during anneal  
increased the reaction rate by approximately a factor 
of 2 (Fig. 5). Figure  3 shows a <111> silicon sample 
of which half of the metallized side was covered with 
a Si wafer during an anneal  at 7 X 10-7 Torr  and 
725~ for 45 rain. The uncovered side (top) shows little 
reaction whereas the covered side (bottom) is almost 
completely reacted. A subsequent  AES analysis of this 
sample (Fig. 4) reveals that the uncovered ~aalf of the 
sample has a larger concentrat ion of oxygen than does 
the covered half. 

In  Fig. 2 the ratio of the signal height of the re-  
maining unreacted tungsten  to that of the unreacted 
silicon substrate is smaller  than that  same ratio mea-  
sured on the virgin sample. This was true for part ial ly 
reacted samples which had been covered and annealed 
in the highest vacuum attainable.  If this difference is 
a t t r ibuted to oxygen contamination, then the samples 
annealed in  the cleanest vacuum still contained up to 
15 a/o oxygen. Since oxygen has been shown to influ- 
ence rates, the kinetics studies performed here are to 
be interpreted with caution and the results should be 
regarded as prel iminary.  

Reaction rate studies at 750% 725 ~ and 700~ were 
performed on covered samples annealed at 7 X 10 -~ 
Tort. Samples annealed at each tempera ture  were all 
cut from the same wafer and loaded simultaneously.  
The samples were then annealed sequentially.  When 
precautions to reproduce the vacuum were taken, the 
results were reproducible. The analysis of the back-  
scattering yields established that after anneal  all the 
samples were contaminated 15-20%, presumably  by 
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Fig. 3. Backscatterlng spectra of a partially covered sample 
annealed at 725~ for 45 min. Top shows portion of sample which 
was uncovered during anneal and bottom shows covered part. 
Arrows indicate the position of signals from Si, Ti, and W on the 
sample surface. 
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Fig. 4. AES depth profile of W, Ti, Si, and O in the uncovered 
(top) and covered (bottom) parts of the sample in Fig. 3. 
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Fig. 5. A plot of compound thickness (expressed in terms of 
backscattering energy loss) vs. anneal time. The warm-up time 
for a sample placed in the vacuum furnace is denoted by 'to'. 
Lines marked "No bias samples" and " - -50  V bias samples" 
were annealed covered at a vacuum of 7 • 10 - 7  Tort. Line 
marked " - -50V  bias samples with oxygen contamination" refers to 
samples annealed uncovered at a vacuum of 5 • 10 - 6  Torr. (10 
keV corresponds to about 106,& of compound). 

oxygen. The reaction has a linear time dependence at 
all temperatures and over the entire range of oxygen 
contamination. An apparent activation energy of 4.5 
eV is determined from the reaction rate vs. tempera- 
ture (Fig. 6). 

The rate of reaction is influenced by several param- 
eters. This fact was established by comparing two 
samples which differed only in  the parameter  of in -  
terest. These sample pairs were sandwiched together 
with the metallized sides face to face and annealed in 
a vacuum similar to that  used in the rate vs. tempera-  
ture  studies. This procedure also gave reproducible re-  
sults. From such comparison, it was established that  
the reaction rate is influenced by  the bias applied dur -  
ing sputter  deposition (Fig. 5). Samples deposited on 
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25~176 ~ I00 fr 
<~ 80 700~176 Z 

�9 ~ 50 ~~ 
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Fig. 6, (Left) plot of compound thickness (expressed in terms 
of backscattering energy loss for 2.0 MeV 4He+ ions, 10 keV 
corresponds to about 10&& of compound) vs. anneal time, t, minus 
warm-up time to. (Right) plot of log of reaction rate vs. reciprocal 
anneal temperature (yields activation energy of 4.5 eV). 

<111> silicon substrates react slower than those de- 
posited on <110>, and samples prepared on <100> 
react the fastest. On the other hand, the dopant type 
of the Si substrate had no measurable effect on the 
reaction rate, nor did changes of the doping level from 
2 to 10 ohrn-cm. 

Discussion and Conclusion 
Transi t ion metal  silicides typical ly form complete 

solid solutions when  the two consti tuting b inary  sili- 
cides are isomorphic. A part ial  solid solution or t e rnary  
compound forms when the two b inary  silieides are 
nonisomorphic (10). TiSi2 has an orthorhombie (C-54) 
s tructure with a packing sequence ABCD, but  WSi2 
has a tetragonal  (C-l lb)  s t ructure with a packing se- 
quence ABAB. Hence one expects that  a t e rnary  com- 
pound will form with Ti, W, and  Si. Format ion of 
t e rnary  compounds has also been reported in both the 
Ti-Mo-Si  system and the Ti-Re-Si  system (10). 

The Ti -W-Si  system has been studied by Nowotny 
(11). He reports a t e rnary  disilicide of composition 
Ti=WI-=Si2 for x > 0.6 bu t  a mixture  of T iS~ and 
V~Si2 for x < 0.6. In  the present  case, x ---- 0.3; com- 
pound formation is observed nevertheless. This dis- 
crepancy be tween Nowotny and the present  work 
could possibly be due to the fact that  Nowotny in-  
vestigated bu lk  samples prepared by high pressure 
sintering at 1300~ while we consider thin-film sam- 
ples prepared near 750~ 

We attribute the surface distortion after compound 
formation to the volume expansion the film experiences 
as a result of Si inclusion. This expansion is substantial 
since the film undergoes only a small atomic density 
change (approximately 6.14 • 1022 a tom/cm 2 for the 
init ial  T i -W layer, as calculated from the weighted sum 
of the elemental  densities; approximately 7.54 X 1022 
a tom/cm 3 for Ti0.3v~r0.7 Si2 calculated for the compound 
from the x - r ay  data).  

A reduction of reaction rates by oxygen contamina-  
t ion has been observed by Kr~utle  (12) in  the forma-  
t ion of VSi2 by thin films of V on Si. It is remarkable  
that the rate of reaction is closely l inear  in spite of 
considerable oxygen contaminat ion (Fig. 5). The ob- 
servations that  the rate remains  l inear  at reduced oxy- 
gen contaminat ion and that the substrate crystal orien- 
tat ion also influences the rate, is consistent with a re -  
act ion-l imited mechanism. This hypothesis is fur ther  
supported by the fact that  Borders (4) reports l inear  
rates for the WSi2 formation. No published data exist 
for reaction rates of Ti films on Si substrates.  

The observed activation energy of 4.5 eV is high. 
Sinha (13) also reported a high activation energy of 
4.4 eV for WSi2 growing at the expense of PtSi. On the 
other hand, the activation energies quoted for the for- 
mat ion  of WSi2 films on Si range from 2 to 3 eV (4). 
Our value of 4.5 eV may thus be the result  of 



124 J. Etectr.ochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  January I976 

Ti0.~W0.TSi2 growing at  the expense of an oxide of 
t i t anum and /o r  tungsten.  An  a rgument  against  this 
hypothesis  is the fact that  no oxides of Ti or W were 
detected in the  x - r a y  photographs.  The x - r a y  analysis,  
however,  is not ve ry  sensi t ive to small  oxide concen- 
t ra t ions over  na r row regions such as the react ion in-  
terface. As present,  the high value  of the act ivat ion 
energy is not understood.  

The influence of deposi t ion bias on the  react ion ra te  
may  also be a contaminat ion  effect. The samples  wi th  
--50V deposi t ion bias had both lower  react ion rates 
and higher  argon contaminat ion  levels than  the sample 
deposi ted at zero bias. However,  cer ta in  pa ramete r s  of 
the films such as stress or crysta l  gra in  size which 
could influence the  reac t ion  rate,  were  not wel l  charac-  
terized. Differences in these pa rame te r s  could also 
contr ibute  to var ia t ions  in reac t ion  rates  be tween sam-  
ples p repa red  at  different  biases. 

Since we were  unable  to pe r fo rm anneals  wi thout  
in t roducing de tec table  amounts  of contamination,  the 
kinetics da ta  presented  here  are  to be considered p re -  
l iminary.  I t  would  also be wor thwhi l e  to ex tend this 
s tudy to T i -W films wi th  var ious  ini t ia l  compositions, 
or to o ther  d is i l ic ide- forming b imeta l  combinations.  
The resul ts  would be of value  to the subject  of t e rna ry  
silicides in general ,  and to thei r  possible appl icat ion in 
si l icon device technology in par t icu la r .  
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Isochronal Annealing of Silicon-Phosphorus Solid Solutions 
P. Ostoja, D. Nobili, A. Armigliato, and R. Angelucci 

C.N.R. Laboratorio Lamel, 40126 Bologna, Italy 

ABSTRACT 

Isochronal  anneal ings of 500 hr  pe r  pulse, in steps of 25~ have been  per -  
formed in the range 400~176 on silicon single crystals  of w e l l - k n o w n  com- 
posi t ion bu lk -doped  with  phosphorus.  Dopant  concentrat ions were  1.7, 3.3, 3.7 
5, 5.8, and 7.5 X 1019 a t / cm 3. The anneal ing  curves, de te rmined  by  electr ical  
res is t iv i ty  measurements ,  are  repor ted  and discussed. A res is t iv i ty  increase, a t -  
t r ibu ted  to phosphide precipi tat ion,  takes  place above 400~ in the  dopant  
r ichest  alloy. I t  is noticed tha t  a high dens i ty  of dislocations (about  10 s cm -2) 
does not a l te r  the kinet ics  of this process. At  550~ coherent  prec ip i ta tes  of 
in ters t i t ia l  charac te r  have been observed by  TEM; thei r  densi ty  and mean  size 
are consistent with a SiP composition. The features of the defects associated with 
the dissolution process are also reported. Phosphorus diffusivity for precipita- 
tion, calculated at 550~ turns out to be about five orders of magnitude higher 
than expected from extrapolation of well-known high temperature values. The 
solubility of phosphorus in silicon, determined by the kinetics of recovery of 
resist ivi ty,  results  as about  7 X 1019 a t / cm 3 at 650~ 

Phase  equi l ibr ia  and the re la ted  kinetics in the  
b ina ry  systems of sil icon and its subs t i tu t ional  dopants  
are  impor tan t  for basic knowledge.  Fur the r ,  this  in-  
format ion  presents  a re levan t  in teres t  for the tech-  
nology and fai lure physics of silicon devices. Our labo-  
r a to ry  is involved in a research p rog ram concerning 

Key words: silicon, phosphorus-doped, annealing, precipitation, 
solubility. 

the  Si-B and the S i -P  systems (I, 2). The presen t  
s tudy  deals  wi th  the prec ip i ta t ion  of phosphorus  by  
isochronal annealing of bulk-doped silicon single crys- 
tals. The formation of phosphide precipitates in silicon 
has been observed by several authors, mainly by TEM 
examinations (3-10). This technique has also been 
used, together with x-ray topography, in our labora- 
tory (ii, 12). All the above studies were carried out 
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on specimens doped by  diffusion which, therefore,  
presented  concentra t ion gradients .  As a consequence, 
the kinet ics  of the process have never  been analyzed.  

Isochronal  kinet ics  const i tute  an obvious s tep in 
de te rmin ing  the t empera tu re  above  which prec ip i ta t ion  
takes  place  at a measurab le  rate.  They can give in-  
format ion  on the  diffusivity, as wel l  as on the influ- 
ence of la t t ice  defects  on the nuclea t ion  of the new 
phase. The purpose  of our work  was also the de te r -  
mina t ion  of re l iab le  values of phosphorus  so lubi l i ty  at  
low tempera tu re .  The status of knowledge  in  the whole  
range be low the eutect ic  t empe ra tu r e  is lacking:  values  
at  900~ and above are wide ly  sca t te red  (a single re -  
search has repor ted  da ta  be low this t empe ra tu r e )  and 
no da ta  a re  avai lab le  be low 700~ (13). 

The anneal ing  and quenching m e t h o d  is wide ly  
used in phase d iagram determinat ions ;  its precis ion 
can be improved  by  increasing the anneal ing  t ime 
and compar ing  prec ip i ta t ion  and dissolut ion results.  
The expe r imen ta l  procedures  of this method u n a m -  
biguously  sat isfy  the condi t ion tha t  both  the p r i m a r y  
solid solution and its conjugate  phase must  be  compet -  
ing for equi l ibr ium.  It  is open to quest ion if this  basic 
the rmodynamic  condit ion has been fulfil led in solubi l -  
i ty  de te rmina t ions  based on measurements  of surface 
concentra t ion of the  dopant  af ter  p redepos i t ion  in  an 
oxidizing a tmosphere  (14). 

In  the  s i l icon-phosphorus  system below the eutectic 
tempera ture ,  the  conjugate  phase  is Si-P,  base -cen-  
te red  or thorhombic  (14, 15). This s t ruc ture  has re -  
cent ly  been confirmed on small  phosphide  prec ip i ta tes  
by  electron diffraction studies carr ied  out in our l abo-  
r a to ry  (12). 

Experimental 
Our exper iments  were  carr ied  out  on (111)-or iented,  

bu lk -doped  silicon single crystals .  Six  composit ions 
were studied. The corresponding phosphorus  concen- 
t ra t ions are  r epor ted  in Table  I. Slices were  nomina l ly  
dislocation free, wi th  an actual  dens i ty  < l0 s cm -2. 
These al loys have  been the subject  of previous  inves t i -  
gat ions concerning the dependence  on phosphorus  con- 
cent ra t ion  of e lect r ica l  res i s t iv i ty  and mobi l i ty  (16, 
17), as well  as of la t t ice  p a r a m e t e r  (18). The concen-  
t ra t ion  of dopant  has been de te rmined  b y  neut ron  
act ivat ion analysis ;  by  this technique and g a m m a -  
scint i l la t ion spec t romet ry  we also pe r fo rmed  the ana l -  
ysis of about  fo r ty  meta l l ic  impuri t ies .  The resul ts  of 
these analyses  are  repor ted  in a previous  paper  (16). 
Oxygen,  as well  as carbon and ni t rogen content,  was 
de te rmined  by  ion act ivat ion analysis.  The content  of 
carbon was about  4 • 10 iv and tha t  of n i t rogen about  
1.5 • 101~ a t / c m  s. Oxygen  concentrat ion was found 
to range  be tween  6 • 10 TM and 3.7 • 101~ at/cm~; the  
figures for  each composit ion are  r epor ted  in Table I. 
Precise  la t t ice  p a r a m e t e r  de te rmina t ions  were  carr ied  
out  along the d iamete r  of some represen ta t ive  wafers.  
Lat t ice  p a r a m e t e r  oscillations, a l though increas ing 
wi th  dopant  concentrat ion,  tu rned  out to be small ,  and 
a homogene i ty  of 10-8% was ensured near  the  wafer  
center  f rom where  we obta ined our samples. The tech-  
niques of chemical  analysis  and of s t ruc tura l  e x a m i n a -  
tions have been descr ibed in deta i l  in the  a b o v e - m e n -  
t ioned papers  (16, 18). 

Isochronal  anneal ings were  pe r fo rmed  in the  t em-  
pe ra tu re  range  400~176 in steps of  25~ by  using a 
vacuum furnace  (10-8 Tor t )  for shor te r  t imes (21 h r  

Table I. 

R e s i s t i v i t y  P h o s p h o r u s  O x y g e n  c o n c  
S a m p l e s  ( o h m  . cm)  eonc  ( a t / e m  8) (a t /cm~)  

W / n a  3.5 x 10 -'~ 1.7 x 10 TM 6.1 • 101~ 
A/na 1.9 X 10 ~ 3.3 x 1019 7.9 X 10 TM 
M / n 4  1.7 X 10 "-8 3.7 x 1019 3.7 x 1017 
M / n 3  1.3 x 10 -~ 5.0 x 1019 3.7 • 10 x~ 
M / n 2  1.1 x 10 -$ .~.S X 101~ 3.7 X 1C ar 
M / n l  8,5 x 10-~ 6,5 x 10 xg 3,7 x 10 ~ 

per pu lse) ,  and  quar tz  tubes  sealed under  the  same 
vacuum for longer  t r ea tments  (500 hr  pe r  pulse) .  The 
t empera tu re  s tab i l i ty  was kep t  be t t e r  than  •176 
even for  the longer  t imes  by  using a CAT control  sys-  
tem. The. heat ing and cooling t imes of our  specimens 
were of the  order  of some minutes.  To fol low the an-  
neal ing behavior ,  we pe r fo rmed  room t empera tu r e  
e lectr ical  res is t iv i ty  measurements  af ter  each hea t ing  
pulse. Our  previous  work  (16) a l lowed us to obta in  a 
re l iable  re la t ionship  be tween  res i s t iv i ty  and the con- 
centra t ion of e lec t r ica l ly  ac t ive  phosphorus  in the  
heavy  doping range. Repea tab i l i ty  of our  res i s t iv i ty  
de te rmina t ions  tu rned  out to be  •  this was con- 
firmed by  measur ing  in each run  unannea led  reference  
d u m m y  samples  of composit ion s imi lar  to that  of the 
specimens. Moreover,  the exper iments  were  car r ied  
out on severa l  samples, at least  ten, of each composi-  
tion. Hal f  of the  most  heav i ly  doped specimens were  
deformed by a four -po in t  bending  technique (19) in 
order  to observe the influence of the high dens i ty  of 
dislocations in t roduced (about  10s cm-~) .  At  the end 
of selected anneal ing  steps, samples  were  th inned with  
the j e t - e t ch ing  technique and observed  b y  TEM in 
order  to follow the s t ruc tura l  modifications induced 
by the anneal ing  process. Our  ins t rument  was a 
Siemens Elmiskop 101 equipped wi th  a •  ~ doub]e 
t i l t ing cartr idge.  

Results 
Electrical measurements.--The res is t iv i ty  curves 

af ter  isochronal  anneal ing  of 500 h r  pe r  pulse  of the  
samples  wi th  phosphorus  concentrat ions 1.7, 3.3, 3.7, 5, 
and  5.8 • l0 ss a t / c m  s are  r epor ted  in Fig. 1. The 
res is t iv i ty  values  of  the  unannea led  reference  d u m m y  
sample, also repor ted  in this  plot, re fer  to e lectr ical  
measurements  pe r fo rmed  in the same run  as the cor-  
responding annealed  specimens. The most  d i lu ted  com- 
posi t ions c lear ly  exhibi t  a negat ive  res is t iv i ty  va r i a -  
t ion in the t empe ra tu r e  range  450~176 wi th  two 
min ima  centered at  500 ~ and 550~ respect ively.  The 
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Fig. I. Electrlcol resistivity vs. temperature for 500 hr 
per pulse annealing of Si samples bulk-doped with increasing P 
concentrations (solid lines). The behavior of the unonnealed 
reference dummy sample is also reported (broken line). 
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ampli tude of this effect decreases with increasing phos- 
phorus, and the m i n i m u m  at 500~ is not observed in 
the alloys with dopant  concentrat ion exceeding 5 X 
1019 a t /cm 3. A third  slight inflection, centered at about 
625~ is also noticed and is significant considering the 
reproducibil i ty that we observed between the speci- 
mens with the same composition as well  as the be-  
havior of the different alloys. 

The isochronal anneal ing  kinetics for the P-r ichest  
composition (7.5 • 1029 a t / cm 3) are reported in Fig. 2. 
A resistivity increase can be clearly seen above 400~ 
The ampli tude of this effect is higher as the anneal ing  
time is longer, and is of about 11% in curve (a), which 
corresponds to 500 hr of anneal ing  per pulse. Two 
small resistivity minima,  superimposed on the main  
peak, are in any  case noticed. In  curve (a) they are 
centered at 550 ~ and  625~ that  is, corresponding to 
the min ima  observed in Fig. 1. In curve (b),  which 
corresponds to 21 hr  anneal ing per pulse, they are 
shifted to about 575 ~ and 675~ respectively. After 
high tempera ture  anneal ing  the resistivity recovers ap- 
proximately  its original value. At the end of the heat-  
t rea tment  of 21 hr per pulse [curve (b)] ,  the samples 
were isochronally annealed for the same t ime per 
pulse, at decreasing temperatures.  A resistivity in-  
crease has been obtained also in  this case, thus indicat-  
ing that the phenomenon is reversible. As will be dis- 
cussed later, the resist ivity peak in Fig. 2 is a t t r ibuted 
to a decrease of the concentrat ion of the charge car- 
riers due to precipitat ion of phosphorus in a super-  
saturated solid solution. Finally,  it is worthwhile  to 
remark  that the behavior  of the deformed specimens, 
which contain a high density of dislocations, is indis-  
t inguishable from that  of the undeformed ones. 

TEM examinations.--Due to the destructive char- 
acter of electron microscopy, a l imited number  of 
situations have been studied by TEM in br ight  and 
dark field two-beam conditions, as well  as by using the 
weak beam dark field technique (20). Our observations 
on the most heavily doped specimens, isochronally 
heated 500 hr  per pulse, were carried out af ter  annea l -  
ing up to 500 ~ 550 ~ and 775~ respectively. Prior to 
anneal ing the specimens did not exhibit  the presence 
of any crystallographic defect. 

(i) Specimens annealed up to 500~ taken in 
different areas of these specimens did not reveal any  
defect, either in bright  or dark field two-beam condi- 
tions. Images taken with the weak beam dark field 
technique clearly displayed, as shown in Fig. 3. a large 
density of small  defects, typically about 50A in diam- 
eter. It was, in any  case, difficult to decide from con- 
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Fig. 2. Electrical resistivity vs. "tempe'rature for 500 hr 
per pulse, curve (a), and 21 hr per pulse, curve (b), annealing of 
Si samples bulk-doped with P (7.5 • 1029 at/craB). The same 
curves hold also for specimens containing a high density (~10  s 
cm -2)  of dislocations. The broken line refers to the unannealed 
reference dummy sample. 

Fig. 3. Small defects in one of the most heavily doped samples 
annealed up to 500~ Weak beam ( - -g,  g) image. 

trast experiments whether  such defects were precipi-  
tates or dislocation loops. 

(ii) Specimens annealed up to 550~ reported in  
previous papers (1, 2), the observations carried o u t  

on these samples revealed the presence of a high 
density (about 6 • 1018 cm -3) of coherent precipitates 
which, from dark field images, were found to be in ter -  
stitial in character, with s t ra in parameter  �9 ---- 2.5 • 
10 -2. A typical bright  field image of these particles is 
shown in Fig. 4. From the Ashby and Brown theory 
it was possible to compute their  average radius which 
came out at about 130A. These figures, compared with 
the amount  of electrically inactive phosphorus deduced 
from resistivity data, are consistent with the hypoth-  
esis that the particles are SiP precipitates. Weak beam 
images taken in the same areas revealed again, a s  

shown in  Fig. 5, the presence of the small defects al-  
ready observed in the samples annealed up to 500~ 

(iii) Specimens annealed up to 775~ taken 
both from deformed and undeformed specimens ex-  
hibited a large amount  of dislocation loops. A typical 
micrograph is reported in Fig. 6, which also evidences 
one of the dislocations introduced by bending the un-  
annealed specimen. The loops displayed in this picture 
are of interst i t ial  type, and the same holds for the 
loops in Fig. 7. Loops l ike the ones marked B and D 
in Fig. 6 and M in Fig. 7 are perfect loops with Burgers 
vectors of the type a/2 <110>. Those marked A and C 
in Fig. 6 and L in Fig. 7 are stacking fault  loops with 
Burgers vectors of the type a/3 <ITI>. This la t ter  
s tatement  becomes apparent  if one looks at the weak 
beam micrograph of Fig. 8, taken in the (--g,g) ori- 
entation. The fringes observed in  this figure are spaced 
by 36A, which is in very good agreement  with the 

Fig. 4. Coherent precipitates in one of the most heavily doped 
samples annealed up to 550~ Bright field image. 
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Fig. 5. Coherent precipitates and small defects in the same 
sample as Fig. 4. Weak beam (- -g,  g) image. 

Fig. 8. Weak beam (- -g,  g) image of the stacking fault loop (L) 
of Fig. 7, showing the 36.~ spaced fringes given by the 022 
reflection. 

Fig. 6. Perfect dislocation loops (B and D) and stacking fault 
loops (A and C) in one of the most heavily doped samples an- 
nealed up to 775~ One of the dislocations introduced by bend- 
ing is also visible. Bright field image. 

Fig. 9. Weak beam (- -g,  g) image of the stacking fault loop (L) 
showing the 144~, spaced fringes, given by the 111 reflection. 

11~, still in weak beam orientation. One gets d : 144A, 
in  good agreement  with the theoretical value of 142A. 
A certain number  of vacancy loops were also observed, 
like the ones labeled A and C in Fig. 10, found near  
the loop G which is of interst i t ial  type. Finally,  we 
notice that the small  defects like those shown in  Fig. 
3 are rare at this stage of anneal ing;  nevertheless they 
are actually present, al though with lower concentra-  
tion. 

Fig. 7. Perfect dislocation loop (M) and stacking fault loop (L) 
in the same sample as Fig. 6. Bright field image. 

theoretical fr inge spacing d obtained from the formula 
1 

d : - -  cot ~, where S' is the deviat ion of the 022 re-  
S' 

ciprocal lattice point  from the sphere of reflection, and 
is given by 1/S' ~ 1/~g 2. ~ is the electron wavelength  
that, in our case, corresponds to 369 • 10-4A, and 
is the angle between the surface of the specimen and 
the ( l l l ) - i n c l i n e d  plane of the fault  (~ ~ 70.5 ~ (21). 
A fur ther  check is given by the calculation of the spac- 
ing of the fringes observed in Fig. 9, taken with g ---- 

Fig. 10. Vacancy dislocation loops (A and C) together with an 
interstitial one (G) in the same sample as Fig. 6-9. Bright field 
image. 
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Discussion and Conclusion 
We consider,  first, the  res is t iv i ty  peaks  in Fig. 1. 

The influence of the concentra t ion of phosphorus  in 
the  range f rom 1.7 to 3.8 • 1019 a t / c m  3, as wel l  as tha t  
of the content  of carbon and oxygen,  has been s tudied 
in a previous  work  based on isochronal  anneal ing  of 
21 hr  per  pulse. I t  was observed that  the ampl i tude  of 
the  peaks  does not depend on the concentra t ion of 
carbon and oxygen (22). Fur ther ,  these previous  re -  
sults are in agreement  wi th  the observat ion  tha t  the 
ampl i tude  of the main  negat ive  peaks,  centered at 
500 ~ and 550~ respect ively,  in Fig. 1, decreases wi th  
the increas ing phosphorus  concentrat ion.  Moreover,  i t  
can be seen that  by  increasing the annea l ing  t ime per  
pulse the ampl i tude  of the  peaks  increases, and they  
resul t  in being more c lear ly  resolved and s l ight ly  
shif ted toward  lower  tempera tures .  

These observat ions  suggest  tha t  the  res is t iv i ty  peaks  
in Fig. 1 are p robab ly  due to r ea r rangemen t s  of point  
defects, giving r ise to complexes which are  dissolved 
again wi th  increasing tempera ture ,  as can be seen 
f rom the res is t iv i ty  recovery  at the  end of each peak. 
In  fact, if one computes  f rom our exper imenta l  da ta  
the  contr ibut ion  to the  conduct iv i ty  due to the  donors 
involved in such complexes,  one gets a va lue  which  
remains  nea r ly  constant,  at  least  wi th in  the  exper i -  
menta l  errors,  th roughout  the range  of concentrat ions 
of phosphorus.  This considerat ion al lows us to con- 
clude that  these donor complexes should not depend 
on the P content,  a l though the re la t ive  ampl i tude  of 
the dips in Fig. 1 is lower  as the  res is t iv i ty  decrement  
due to the increasing P concentra t ion is higher.  F u r -  
ther  in format ion  on the na tu re  of these phenomena  
should be obtained b y  compar ing  the anneal ing  be-  
hav ior  of n-  and p -doped  crystals.  We shal l  repor t  
in a fu r the r  work  the resul ts  of a research in progress  
on sil icon doped wi th  boron. 

The res is t iv i ty  peak  in Fig. 2 can be a t t r ibu ted  to 
phosphide  prec ip i ta t ion  fol lowed by  redissolut ion at  
high tempera ture .  In  fact  it is observed only in We 
most heav i ly  doped alloy;  the composit ions wi th  a 
comparable  amount  of impuri t ies ,  but  less r ich in phos-  
phorus,  do not show this phenomenon.  These conclu- 
sions are  in agreement  wi th  the format ion  of coherent  
precipi ta tes  of the type  shown in Fig. 4. The mean  
size and dens i ty  of these prec ip i ta tes  are  in keeping 
with  a SiP composition. In  addi t ion they  are  dissolved 
af ter  anneal ing up to 775~ when the res i s t iv i ty  has 
recovered its or iginal  value.  

I t  is un l ike ly  that  the  small  defects shown in Fig. 
3 are  phosphide precipi ta tes ;  if so, they  should be un-  
s table  wi th  respect  to the la rger  ones. On the contrary ,  
a considerable  fract ion of these defects is st i l l  p resen t  
af ter  anneal ing  up to 775~ The dislocation and s tack-  
ing faul t  loops prev ious ly  analyzed show the format ion  
of excess point  defects, ma in ly  interst i t ia ls .  They  a re  
associated wi th  the dissolution of phosphide prec ip i -  
tates;  in fact, these defects are absent  in less-doped al -  
loys annealed  in the same way. The format ion  of dis- 
locat ion loops takes place also in specimens undergoing 
i so thermal  prec ip i ta t ion  of phosphorus,  as evidenced 
by  TEM observat ions  which are  at present  in progress.  
The amount  of inact ive phosphorus  resul t ing  f rom the 
500 hr  per  pulse anneal ing  [Fig. 2, curve (a ) ]  and the  
onset  of the redisso]ut ion process at 650~ allows de-  
t e rmina t ion  of the solid solubi l i ty  of phosphorus in 
silicon at this tempera ture ,  which is about  7 • 1019 
a t / cm 3. This figure should be prac t ica l ly  unaffected by  
the in ter face  effects, which can g rea t ly  increase the  
solubi l i ty  of ve ry  fine part icles.  In fact, the 500 hr  pe r  
pulse anneal ing gives rise, as shown in Fig. 4, to a 
high dens i ty  of precipi ta tes  wi th  radius  la rger  than  
100A. The above solubi l i ty  is in good agreement  wi th  
the  value  of 7 • 1019 a t / cm 3 at  700~ repor ted  by  
Abr ikosov  et al. (23). 

Al l  exper iments  on the heav i ly  doped a l loy have 
shown that  the  kinet ics  of prec ip i ta t ion  and redissolu-  
t ion are unaffected by  the presence of dislocations.  
This resul t  is in teres t ing  also in the aging of electronic 
devices. A reasonable  hypothesis  is that  the avai lab le  
point  defects p rovide  more  sui table  centers compet ing 
for the  format ion  of cri t ical  nuclei.  

To account for these prec ip i ta t ion  phenomena,  the 
diffusivi ty  of phosphorus  has to be much higher  than  
that  expected.  In  fact, the  diffusion length  ~v/Dt cal -  
culated at 550~ using diffusivi ty values  de te rmined  
in our l abo ra to ry  (24) or w e l l - know n  da ta  found in 
l i t e ra tu re  (13, 25) and tak ing  t : 1000 h r  turns  out 
to be only a few angstroms.  A calculation,  a lbei t  crude, 
of the  diffusivi ty involved in our exper iments  can be 
pe r fo rmed  using the model  of Ham (2~), considering 
the spher ica l  s y m m e t r y  and the radius  (,~130A) of 
our coherent  precipi tates ,  admi t t ing  that  the  composi-  
t ion is SiP, and assuming, f rom ex t rapo la t ion  of our  
exper imen ta l  da ta  on the isochronal  curve (a) in Fig. 
2, a so lubi l i ty  of 6 • 1019 a t / c m  8 at  550~ This cal-  
culat ion gives D ~ 5 • 10 -17 cm2sec -1, that  is, five 
orders  of magni tude  h igher  than  the diffusivi ty va lue  
at 550~ calcula ted by  ex t rapo la t ion  of .our h igh  t em-  
pe ra tu re  data, as wel l  as of the above-c i ted  da ta  found 
in l i te ra ture .  

Actual ly ,  p r e l i m i n a r y  resul ts  of the  da ta  analysis  
on the isochronal  curve, combined wi th  those of iso- 
the rmal  anneal ing  in progress,  suggest tha t  the  act i -  
va t ion energy for diffusion is subs tan t ia l ly  reduced.  
The discrepancy could be expla ined  ei ther  by  a com- 
p le te ly  different  diffusion mechanism, ac t ive  at low 
tempera ture ,  or by  an excess of point  defects  associ-  
ated wi th  the  prec ip i ta t ion  process. Fu r the r  research is 
in progress  on i so thermal  anneal ing  fol lowed b y  TEM 
observat ions and la t t ice  p a r a m e t e r  de te rmina t ions  wi th  
the a im of contr ibut ing  to the clarification of the  p re -  
c ipi ta t ion process. 
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Solid-State Ionics High-Conductivity Solid Copper 
Ion Conductors 

Organic Ammonium Halide-Copper (I) Halide Double Salts 

Takehiko Takahashi,* Noboru Wakabayashi, and Osamu Yamamoto 
Department of Applied CheMistry, Faculty of Engineering, Nagoya University, Nagoya 464, Japan 

ABSTRACT 

The copper  ion conduct ivi t ies  of the sys tem organic subs t i tu ted  ammonium 
ha l ide-copper  (I)  ha l ide  have been measured  in the  solid state, and the re la t ion  
be tween the format ion  of high conduct ivi ty  compounds and the conformat ion 
of organic subst i tu ted ammonium hal/des was examined.  No high copper  
ion conduct iv i ty  was found in the sys tem unsa tu ra ted  azacyclic subs t i tu ted  
ammonium h a l i d e - c o p p e r ( I )  halide, whi le  high copper ion conduct ivi ty  was 
found in the  sa tu ra ted  azacyclic subst i tu ted ammonium ha l ide-copper  (I) ha l ide  
system. For  example ,  the  sys tem 1-methy lp ipe r id in ium b r o m i d e - c o p p e r ( I )  
b romide  at the composit ion of 84 mole pe r  cent CuBr gave the  conduct ivi ty  of 
8.2 X 10 -3 ( o h m - c m ) - 2  at room tempera ture .  

Ionic conduct ion in the  system subst i tu ted ammo-  
n ium iod ide-s i lver  iodide was s tudied ex tens ive ly  by  
Owens (1), Owens, Christie, and T~edeman (2), and 
Berade l l i  et al. (3), and  many  compounds were  re -  
por ted  to have the ionic conduct ivi t ies  in the range  of 
8 • 10 -4  to 6 • 10 -2  ( o h m - c m ) - I  at 25~ F rom the 
conduct iv i ty  measurements  of a large  number  of the  
systems,  Owens e~ al. (2) concluded that  the  format ion  
of ion conduct ive compounds  was re la ted  to the  size 
of organic ammonium ions. Recently,  double salts 
fo rmed by  the combinat ion  of copper ( I )  hal ide  wi th  
N - a l k y l - h e x a m e t h y l e n e t e t r a m i n e  ha l ide  (4), and N,N'-  
d i a lky l - t r i e thy l ened iamine  dihal ide  (5) have been 
found to exhibi t  h igh ionic conduct ivi ty  at  room tem-  
perature .  In  o rder  to ex tend the area  of h igh  copper 
ion conduct iv i ty  solid electrolytes,  the "electrical con- 
duct ivi t ies  of the  products  formed by  the  react ion be-  
tween  copper ( I )  hal ides and organic ammonium hal -  
ides have  been measured  (6, 7). The  re la t ions  be tween 
the format ion  of copper ion conduct ive compounds and 
the size and conformat ion of the  organic subs t i tu ted  
ammonium ion are  discussed. 

Experimental 
Materials.--Copper(I) hal ides  were  purif ied by r e -  

crys ta l l iz ing in the corresponding hydrohalogenic  acid. 
The subst i tu ted ammonium hal ide  salts were  p repa red  
b y  the method A used general ly ,  except  for e thane- l ,  
2 -b i s -p ipe r id in ium bromide,  and p e n t a n e - l , 5 - b i s - m o r -  
phol in ium bromide  which were  p repa red  by  the method 
B (8). The typical  examples  of synthesis  are as follows: 

* Electrochemical  Society Act ive  Member .  
K e y  words:  solid e lectrolyte ,  copper ion conductor,  copper(I)  

halide, organic  a m m o n i u m  halide. 

Method A: To a solut ion containing 10 mli ters  (0.10 
mole)  of p iper id ine  in 50 mli ters  of e thyl  alcohol were  
s lowly added  14g (0.098 mole)  of a me thy l  iodide solu-  
t ion in 10 mli ters  of e thyl  alcohol and the mix tu r e  was 
refluxed for 1 hr. Af te r  being filtered, the prec ip i ta te  
was dr ied  in vacuo on P20~. A yie ld  of 1.5g of product  
(about  10% yie ld)  was obtained.  

Method B: To 3.8g (0.44 mole)  of morphol ine  a solu-  
t ion containing 15g (0.065 mole)  of 1 ,5-dibromopentane 
in benzene were  added s lowly at  0~ and the mix tu re  
was a l lowed to stand at  room t empera tu re  for 2 days. 
Af te r  being filtered, the prec ip i ta te  was dr ied in vacuo 
on P205. A yield of 22g of product  (80% yie ld)  was 
obtained.  

The electrolytes  were  p repa red  by  combining cop- 
p e r ( I )  hal ides (CuX) wi th  subst i tu ted ammonium 
hal ides (QX).  The appropr ia te  quanti t ies  of CuX and 
QX were thoroughly  ground together  before being 
pressed to form a pe l le t  under  a p ressure  of 4000 k g /  
cm 2, and then heated in a sealed, evacuated  Py rex  
vessel. The react ions were  carr ied out be low the de -  
composit ion t empera tu res  of the s tar t ing materials ,  
which were  de te rmined  by  the rmograv imet r i c  ana l -  
ysis. 

ElectricaZ conductLvity.--The conduct iv i ty  was mea-  
sured with  a 1000 Hz conductance bridge.  The f requency 
dependence  of the resistance was not observed in the 
f requency range of 1000-10,000 Hz. The conduct ivi ty  
measurement  cell was as follows 

Cu, Sample  (2:1 weight  r a t i o ) / S a m p l e /  
Cu, Sample  (2: i weight  ra t io)  

The sample  of about 0.8g was s tacked be tween two 
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electrodes and pressed into a pel le t  of 13 m m  diameter  
under  a p ressure  of 4000 k g / c m  2. The conduct ivi ty  was 
measured  in n i t rogen  gas flow. 

Electronic conductivity.--The electronic conduct iv-  
ities of some of the samples  have been measured  by  
the Wagner  polar izat ion method (9). To cell  [I] wi th  a 
copper anode and a graphi te  cathode, d.c. was appl ied  
at  a vol tage less than  the decomposi t ion vol tage of the  
samples  

C u / S a m p l e / G r a p h i t e  [I] 

The sample  was pressed in the  shape of pellet ,  13 m m  
in d iamete r  and 3 m m  thick. A constant  cur rent  sup-  
p l ier  was used and the resul t ing  vol tage was measured  
with  a high impedance  digi ta l  vol tmeter .  

Thermogravimetrc analysis ( TGA ) . ~ T h e  decom- 
posi t ion t empera tu res  of the samples  were  de te rmined  
by  the rmograv imet r i c  analysis,  the  heat ing ra te  of 
which was 3.3~ 

Results and Discussion 
The electr ical  conductivi t ies  at room t empera tu re  for 

the organic ammonium iod ide -copper ( I )  iodide sys-  
tems, viz., t e t r ame thy l  ammonium iodide ( (CHs)  4NI), 
1-methyl  py r id in ium iodide (CsHsNCH~I), 1 -methyl  
py r ro l id in ium iodide (C4HgNCHsI), 1 -methyl  p ipe r i -  
d in ium iodide (CsHnNCH~I),  and 1-methyl  morpho-  
l in ium iodide (C4H9ONCHsI) -copper  (I)  iodide sys-  
tems, are shown in Table  I, where  (r~ and (ri are the  
electronic and ionic conductivi ty,  respect ively.  The 
ionic conductivi t ies  of the s i lver  iodide-organic  ammo-  
nium iodide systems shown in this tab le  were  measured  
by  Owens et al. (1, 2). In  the  s i lver  iodide-organic  am-  
monium iodide and copper ( I )  ha l ide-organ ic  ammo-  
n ium hal ide  systems as the  high si lver  and copper ion 
conductivi t ies  (1, 2, 4, 5) were  found at  the  composit ion 
between 80 and 90 mole per  cent (m/o)  s i lver  iodide and 
copper halide, it  may  be assumed in the present  in-  
vest igat ion tha t  if high conduct ivi ty  mater ia l s  could be 
formed, they  would  contain almost  the  same percen t -  
age Of copper ( I )  iodide. So the the rmal  react ion p rod -  
ucts containing about  84 m/o  copper iodide were  ex-  
amined.  Table  I shows tha t  the  CsHnNCH3I-CuI  and 
C4H9ONCH3I-CuI systems give re la t ive ly  high con- 
duct ivi t ies  of 8.6 X 10 -4  ( o h m - c m ) - I  and 5.8 X 10 -4  
(ohm-cm)  -1 at room tempera ture ,  respect ively.  Ac-  
cording to x - r a y  investigation,  these systems did not 
give the diffraction pa t te rns  of the  s tar t ing mater ia l s  
but  gave the new phase diffraction pat terns ,  which 
showed that  the  new conduct ive double  sal ts  were ob-  
ta ined  in these systems at the  composit ion of about  84 
m/o  CuI. In  the (CH3)4NI-CuI, CsH~NCH3I-CuI, and 
C4H9NCH3I-CuI systems, however,  no conduct ive 

Table I. Electrical conductivity of the copper(I) iodide-organic 
ammonium iodide systems and silver iodide-organic ammonium 

iodide systems at room temperature 

C u I  A g I  

T e t r a m e t h y l  a m m o n i u m  iod ide  ~e > >  ffi 
(CHs)4NI 

1 - M e t h y l  p y r i d i n i u m  iod ide  (re > >  ~f 

N - - C H s I  

1-Methyl p y r r o l i d i n i u m  iodide (re > >  (rl 

N - - C H a I  

l - M e t h y l  p i p e r i d i n i u m  iod ide  8.6 x i0-~ 

N--CH~I 

1 - M e t h y l  m o r p h o l i n i u m  iod ide  5.8 x 10-~ 

O N - - C H 3 I  
k__/  

4 • 10 -2 

I • 10-3 

8 X lO -a 

double salts were  formed, and the conduct ivi t ies  of 
these systems were  the  same order  of magni tude  as that  
of CuI and the conduction was main ly  due to electrons.  
The x - r a y  diffraction pa t te rns  of these systems were  
the same as those of the  s tar t ing materials .  In  other  un-  
sa tu ra ted  azacyclic subs t i tu ted  ammonium iodide (the 
der ivat ives  of the  1-methyl  py r id in ium iod ide ) - cop -  
pe r  (I) iodide systems, no high conductive mate r ia l  was 
found in all  the  systems invest igated:  1-hydro py r id i -  
n ium iodide, 1,4-dimethyl  py r id in ium iodide, 1,3-di- 
methyl  py r id in ium iodide, 1,2,6-tr imethyl py r id in ium 
iodide, 1 -hydro-3 ,5-d imethyl  py r id in ium iodide, 1,3,5- 
t r ime thy l  p y r i d i n i u m  iodide, 1-methyl  quinol in ium 
iodide, and 1-ethyl  quinol in ium iod ide -coppe r ( I )  io-  
dide systems, and 1 -hyd ro -2 -me thy l  quinol in ium b ro -  
m i d e - c o p p e r ( I )  b romide  system. 

I t  is of in teres t  to define by  what  pa ramete r s  the  
exis tence  of the  conduct ive compounds were  de te r -  
mined. I t  was suggested b y  Owens et al. (2) tha t  in the 
s i lver  iodide-organic  ammonium iodide systems, the  
format ion  of high ionic conduct ivi ty  compounds was 
re la ted  to the  size of the organic ammonium ions. Table  
I indicates that  in the coppe r ( l )  iodide-organic  am-  
monium iodide systems, though CsHsNCH3 + and 
CsHnNCH8 + have  almost  the  same size, only  the la t te r  
gave high conduct ive  mater ia ls .  Therefore,  the  p a r a m -  
eters  o ther  than  the size of organic ammonium ions 
m a y  be impor tan t  to obta in  high copper  ion conduc-  
t iv i ty  mater ials .  One of these pa rame te r s  m a y  be the 
f lexibi l i ty  of organic ammonium ions; 1 -methy l  py r i -  
d in ium ion has a p lane  s tructure,  whi le  1-methyl  p i -  
pe r id in ium ion and 1-methyl  morphol in ium ion have 
flexible structures.  Fur ther ,  1-methyl  py r ro l id in ium ion 
has a p lane  s t ructure  and t e t r ame thy l  ammonium ion 
has a r igid t e t r ahedra l  s tructure.  That  is, the flexible 
organic ammonium ions give a high ionic conduct ivi ty  
compound when they  combine with  copper ( I )  iodide. 
The other  a lkyl  p ipe r id in ium halide,  a lkyl  morpho-  
l in ium halide, and a lkyl  p ipe rad in ium ha l ide -cop-  
p e r ( I )  hal ide systems were  examined  also and the 
resul ts  of the  e lectr ical  conduct ivi ty  obta ined are  
shown in Table II. Of these systems, the highest  con- 
duct iv i ty  of 8.2 X 10-~ (ohm-cm)  -1 at  20~ is found in 
1-methyl  p ipe r id in ium b r o m i d e - c o p p e r ( I )  bromide,  
the conduct ivi ty  va lue  of which  is comparable  to tha t  
of N -a lky l  he xa me thy l e ne - t e t r a mine  ha l ide -copper  (I)  
ha l ide  double  salts repor ted  prev ious ly  (4) and one 
order  of magni tude  higher  than  that  of the  copper ( I )  
i o d i d e - l - m e t h y l  p ipe r id in ium iodide system. G a m m a -  
copper ( I )  iodide and 7 -coppe r ( I )  b romide  have zinc 
blende structures,  and the s t ruc ture  of copper ( I )  b ro-  
mide  is more  open than  that  of coppe r ( I )  iodide. 
These resul ts  suggest  tha t  in the high ionic conduct iv i ty  
compounds,  the s t ruc ture  of meta l  hal ide  may  p lay  an 
impor tan t  role. 

In  the 1,2- and 1,4-dimethyl p ipe r id in ium bromide-  
copper ( I )  b romide  systems, the reac t ion  products  
which gave the x - r a y  diffraction pa t te rns  of new com- 
pounds have lower  conductivi t ies  than  the compound 
in 1-methyl  p ipe r id in ium b r o m i d e - c o p p e r ( I )  b romide  
system at room tempera ture ,  which suggested that  the  
steric effect of subst i tu ted groups in the 1,2- and 1,4- 
d imethyl  p ipe r id in ium bromide -copper  (I)  b romide  
systems may  in t e r rup t  the  diffusion of coppe r ( I )  ions. 

Conductivity.--The composit ion dependence  of the  
e lectr ical  conduct ivi ty  was de te rmined  for three  sys-  
tems, viz., the 1-methyl  p ipe r id in ium b romide -cop-  
p e r ( I )  bromide,  1-methyl  p ipe r id in ium iod ide-cop-  
per  (I) iodide, and 1-methyl  morphol in ium iodide-cop-  
p e r ( I )  iodide systems. F igure  1 shows the conduct ivi ty  
as a funct ion of mole per  cent of coppe r ( I )  halide.  The 
highest  values  of conduct ivi ty  are 8.2 X 10 -2, 8.6 X 
10 -4, and 5.8 X 10 -4 ( o h m - c m ) - I  for the  CsHnNCHsBr-  
CuBr, CsHnNCH3I-CuI,  and C4H9ONCH~I-CuI sys-  
tems, respect ively,  at  the composit ion of about  84 m / o  
CuX. 

The conductivi t ies  of CsHnNCH~Br 16 m / o - C u B r  84 
m/o  and C~HnNCH~I 16 m / o - C u I  84 m / o  were  mea-  
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Table II. Electrical conductivity of the copper(I) halide-derivatives 
of i-methyl piperidinium iodide systems at room temperature 

(ohm-cm) -a 

/-'x 
1-Methyl piperidinium iodide ~jNx--CHs I 8.61 X 10 "4 

iodide ~-~/~-~-Et I 2.70 • 10-7 1-Ethyl piperidinium 

Piperidinium bromide CN~----H Br 2.18 • 10-T 

bromide ~/x~---CHs Br 8.24 • 10 "a 1-Methyl piperidinum 

bromide CN~---Et Br 4.24 x 10 "~ 1-Ethyl piperidinium 

H 
1,2-Dimethyl piperidinium CHs 9.25 • 10 -~ 

bromide / 
<--CHs Br 

H 
1,4-Dimethyl piperidinium H s C - - ~ N , - - C H s  Br 1.15 X 10 -~ 

bromide tI 
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sured at different temperatures. These samples were not 
decomposed up to 110~ in nitrogen atmosphere. The 
logarithmic conductivity vs. the reciprocal of the ab- 
solute temperature curves for these samples are shown 
in Fig. 2. These curves give straight l ines in the range 
of temperature studied. The activation energies for 
conduction calculated from these curves are 3.7 kca l /  
mole  for C~HnNCHsBr 16 m/o-CuBr  84 m/ o  and 5.1 
kca l /mole  for CsH11NCHsI 16 m/ o -CuI  84 m/o;  these 
values  are almost the same as those of previously  re- 
ported high copper ion conductivity solid electrolytes 
( 4 ) .  

Electronic conductivity.--Electronic conductivity for 
some systems has been measured by Wagner's po- 
larization method. According to Wagner's theoretical 
analysis  (9) the current density J in cell [I] is g iven 
by 

J : I/A : (RT/LF) [~e{l -- exp (--EF/RT)} 
+ r (EF/RT) -- I}] [i] 

where I is the current, A the cross-sectional area, L the 
thickness of the sample, E the applied voltage, and F 
the Faraday constant, and ~e and ch are the excess elec- 
tron and hole conductivities of the sample which is in 
equilibrium with metallic copper. The plots of log I vs. 
E give virtually straight lines whose slopes are close 
to the value of F/2.3ORT at each temperature. Since the 
excess electron conduction is negligible, Eq. [i] may be 
written as 

log I = log ah ART/LF + EF/2.3ORT [2] 

if EF/RT > >  1. The values of am were then calculated 

d 

I l 
90  80  

CuX mole % 

Fig. 1. Composition dependence of electrical conductivity of 
the binary solid electrolyte systems CsHnNCH3Br-CuBr (O) ,  
CsHlzNCHsI-Cul ((If), and CdH9ONCHsI-Cul (O) at 25~ 

? 

0 _  2 

u 

0 

t I 
.5 3.0 3.5 

1000/T (~ 

Fig. 2. Temperature dependence of the electrical conductivity of 
6CuBrCsHnNCH3Br (O) and 6CulCsHnNCHsI (�9 

from Eq. [2]. Figure 3 shows the values of r for 
the CsHnNCH3Br-CuBr, CsHnNCHaI-CuI, and 
C4H9ONCH31-CuI systems as a function of the composi-  
tion of CuX at 110~ The electronic conductivity for 
these systems decreases with decreasing copper(I)  
halide content. The conductivity of CsHllNCH3Br 16 
m/o -CuBr  84 m/o  is lower than 3.2 • 10 -12 (ohm- 
c m ) - I  at 110~ The temperature dependence of the 
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Fig. 3. Composition dependence of the electronic conductivity of 
the binary solid electrolyte systems CsHllNCH~Br-CuBr ( 0 ) ,  
CsHllNCHsI-Cul ((]}), and C4HoONCH:31-Cu[ (O). 

electronic conductivity of the C~HllNCH3Br-CuBr 
system is shown in Fig. 4. Thus, it is concluded that 
the conduction in the systems CsHnNCH3Br-CuBr, 
CsHnNCH~I-CuI, and C4H9ONCH3I-CuI is essentially 
ionic. 

Conclusion 
It is concluded from the experimental results that 

the formation of high copper ion conductivity solids 
in the organic ammonium halide-copper (I) halide sys- 
tem is related to not only the size of ammonium ion, 
but also to its flexibility. 

Manuscript submitted June 2, 1975; revised manu- 
script received Aug. 16, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submitted Aug. 1, 1976. 

PubLication costs of this articIe were  partially as- 
sisted by the authors. 
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Mass Spectrometric Investigation of the Reaction Velocities of 
BCI  and BBr3 with Oxygen and Water Vapor 

in a Diffusion Furnace 
V. Geiss z and E. Friischle 

Institut I~r Halbleitertechnik, RWTH Aachen, D-5I Aachen, Germany 

ABSTRACT 

The velocities of the reactions of BC13 and BBr~ with O2 and H20 were 
measured in  a diffusion tube. The conditions (gas composition, gas velocity, 
temperature)  were those commonly used in  the open tube diffusion process. 
For the analysis the gaseous reaction products were sampled with a quadrupole 
mass spectrometer at different locations in the tube. The measurements  indicate 
that  with H20 the reaction proceeds rapidly, but  with O2 very slowly. There-  
fore, with O2 present  in the gas mixture,  large variat ions of the gas composi- 
t ion occur along the length of the tube. The time behavior  of this reaction is 
described by its half- l i fe  and its dependence on tempera ture  and O~ part ial  
pressure. 

A commonly employed method for the diffusion of 
boron into silicon is the "open tube" technique, using 
ni t rogen with a small  percentage of oxygen as a car- 
rier gas and boron halides such as boron trichloride 
(BCI~) (2) or boron t r ibromide (BBr3) (3-6). If sur -  
face concentrations below saturat ion are desired, the 
diffusion process is performed in two steps, a boron 
deposition step at temperature  below 1000~ and a 
dr ive- in  step above 1000~ The reproducibil i ty of the 
results depends ma in ly  on the boron deposition step. 
The oxygen reacts with the boron halides and the sili- 
con to produce B203 and SiO2. B2Os and SiO2 form a 
borosilicate glass (BSG), which functions as a sec- 
ondary dopant  source dur ing deposition and drive-in.  

When using the process in the fabricat ion of semi- 
conductor devices, a relat ively long (typically 10 in.) 
zone of constant B~O3 supply is manda tory  in order 
to obtain un i fo rm deposition on the many  silicon sub- 
strates in the same run,  The qual i ty of BSG which is 
formed on the silicon wafers at each position in the 
diffusion tube is s t rongly dependent  on the tempera-  
ture, gas composition, and gas velocity. In  fact, for an 
arbi t rar i ly  chosen set of conditions, the zone where 
appreciable deposition occurs may even fall ent i re ly  
ups t ream or downstream of the position of the sample 
support. This suggests that the t ime necessary for 
carrying the B203 formation reaction to completion is 
comparable to that  required for the flow of the gas 
through the tube of the diffusion furnace (6). Thus it 
appears that the kinetics of B2Os formation play a 
decisive role in the boron diffusion process. There-  
fore, we have studied the kinetics by analyzing the gas 
composition in a diffusion tube using a mass spectrom- 
eter. It will  be shown that the data obtained lead to 
a clearer unders tanding  of the system and facilitate 
optimization of the diffusion process. 

Reactions and Equilibrium States 
The compositions of the gas phases in thermody-  

namic equi l ibr ium at 973 ~ and 1053~ were calculated 
for the diffusion systems BC13-O2 and BBr3-O2 using 
the JANAF Tables (1). The results of these calcula- 
tions are shown in Tables I and II. Here the part ial  
pressure of the main  reaction products which result  
from reactions of the doping gases with the oxygen 
are listed. The init ial  pressures of the doping gases 
and oxygen correspond to the values which were used 
in the gas analysis experiments.  

1 P r e s e n t  a d d r e s s :  I n s t i t u t  ff i r  W e r k s t o f f e  d e r  E l e k t r o t e c h n i k ,  
R u h r - U n i v e r s i t ~ t  B o c h u m ,  D-463  B o c h u m ,  G e r m a n y ,  

K e y  w o r d s :  gas  a n a l y s i s ,  d o p i n g  gases ,  bo ron ,  s i l i con .  

At the temperature  used, C12 is dissociated par t ia l ly  
and Br2 largely according to 

C12 ~ 2 C1 [ 1 ] 
and 

Br2 ~- 2 Br [2] 

At equi l ibr ium the gas phase consists ent i re ly  of 
the reaction products and residual oxygen. The part ial  
pressure of all boron containing gaseous species is 
small  compared to the boron content of the input  gas. 
From this one can conclude that  the ma in  par t  of the 

Table I. Initial and equilibrium partial pressures of the system 
BCI8-02 (1) 

I n i t i a l  p a r t i a l  p r e s s u r e s  

PBC 12(o)/atm P%(o~/atm 

T = 973~ 1.6 �9 10-4 1 �9 10 .3 
T = 1053~ 6.5 �9 l0 -5 1 �9 1O--" 

E q u i l i b r i u m  p a r t i a l  pressures 

Z B o r / %  
as B~03 

S u b s t a n c e  C1 C b  BO2 B~Os B C 1 0  BC18 l i q u i d  

P / a t m  a t  T 1 1.9 2.9 3.9 3.4 8.4 99.8 
= 973~ 10-4 10 -4 10 -T 10 -s 1O~ 10-~  

P / a t m  a t  T 1 4.6 1.6 3.8 8.6 3.1 96.4 
= 1053~ 10-4 I0 -5 I0 -o i0 -~ I0 -a 1O -n 

Table II. Initial and equilibrium partial pressures of the system 
BBrs-02 (1) 

I n i t i a l  p a r t i a l  pressures 

PBBr~(o)/atnl Po2(o) /a tm 

T = 973~ 3.5 �9 10 -5 1 �9 10 '-8 
T = 1053~ 3.4 �9 10 ~ 1 �9 10 ~ 

E q u i l i b r i u m  p a r t i a l  pressures 

B o r / %  
as B20a 

S u b s t a n c e  B r  Br2 BO2 B~Oa B B r O  BBr3  l i q u i d  

P / a t m  a t  T 1 2.@ 1.9 3.9 8.0 5.2 99.2 
= 973~ 10-4 10-o 10-7 1O -8 10 -zt  10-1o 

P / a r m  a t  T 1 9.5 1.1 3.8 3.2 7.7 94.6 
= 1 0 6 3 ~  10 ~ 10-~" 10 -o  , 10 -7  10-1o 10-19 

133 
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boron injected into the diffusion system is deposited 
as a condensed phase, probably  as l iquid B203. 

Therefore, good approximations of the over-al l  reac- 
tions are 

4 BCl3(g) -}- 3 O2(g) ~ 2B203(I) + 12 Clog) [3] 
and 

4 BBr~(g) + 30~(g> ~ 2B20~(t> + 12 Br(g) [4] 

Calculations of the equi l ibr ium pressures in the sys- 
tems BCl~-H20 and BBr~-H20 are given in  Tables III  
and IV. For a very  small  surplus of water  vapor (PH20 
< 10-6 a tm),  as a good approximation the following 
over-al l  reactions are valid 

2 B,Cl~(~) + 3 H20(g)~ B~Os(,) + 6 HCI (g) [5] 

2 BBr~(g) + 3 H20(g) ~ B2Os(n + 6 HBr (g) [ 6 ]  

A larger surplus of water  vapor would reduce the 
amount  of the B20~ in  favor of I-IBO2. 

Experimental 
For the experiments  a three-zone resis tance-heated 

diffusion furnace was used. The ni t rogen carrier gas 
passed through the full length of the tube and could 
be mixed with oxygen and water  vapor (Fig. 1). A 
smaller  part  of ni t rogen carried the doping gases BCI~ 
or BBr3 through an extra tube to the beginning of 
the constant tempera ture  zone, where the gases were 
mixed. Both gases were preheated while flowing 
through the heated front part  of the furnace. Thus 
the chemical reactions would start at a well-defined 
position. The temperature  was kept uniform, wi th in  
2~ over the range of 5 < L < 60 cm. The velocity of 
the N2 carrier gas was mostly v = 1 cm/sec. All gases 
except water  vapor were dried to the extent  that  the 
residual part ial  pressure of water vapor was less than  
10 - o a t m .  In  this way, unwanted  reactions of the dop- 
ing gases already in the supply tubes could be pre-  

Table III. Initial and equilibrium partial pressures of the system 
BCI3-H~O (1) 

I n i t i a l  p a r t i a l  p r e s s u r e s  

PBms(0)/arm PH20(o)/atm 

T = 973~  3.3 �9 10 "~ 5.1 �9 10 --~ 
T = 1053~  3.3 �9 10 -s 5.2 �9 10 ~ 

E q u i l i b r i u m  p a r t i a l  p r e s s u r e s  

Z B o r l %  
as B203 

S u b s t a n c e  HC1 H~O BHO~ B=Os BCI~ B(OH)8 l i q u i d  

P / a t m  at  T 1 1 2.9 3.9 2.6 1.2 93.3 
= 973~ 10-4 10-s 10-e l0  s 10--u 10-u 

P/atm at T 1 1 4.7 3.8 5.9 1.3 83.5 
= 1053~  10 -4 l 0  ~ 10-o 10-~ 1 0 - n  10--n 

Table IV. Initial and equilibrium partial pressures of the system 
BBr3-H20 (1) 

I n i t i a l  p a r t i a l  p r e s s u r e s  

PBBra(e)/atm PH20(O)/atm 

T = 973~ 3.3 �9 I0 -s 5.1 �9 10-s 
T = 1053~ 3.3 �9 10 -s 5.2 . 10 -~ 

E q u i l i b r i u m  p a r t i a l  p r e s s u r e s  

B o r / %  
as B20~ 

S u b s t a n c e  H B r  H~O BHO2 B20~ B (OH)s BBr8 l i q u i d  

P / a r m  at T 1 1 1.8 3.9 1.5 1.5 94.4 
= 973~ 10 -4 10 ~ 10-e 10 -s 10 -11 l0  -1~ 

P / a t r n  a t  T 1 1 4.7 3.8 1.4 3.7 83."/ 
= 1053~ 10-4 10-"  10 -~ 10 '-7 10 - n  10 -:m 

j T = cons t ,  j tO vent 

. . . .  ~ ""  " / / / " / ' / " / / Z ,  " '~  " /  N2 e %  .~"~'Z . . . . . .  - ,  " ' "  ": I BCI 3 
N 2 * 02 - -  ,~ ~ N2 

H20  k . . . .  ) ,  . 

0 \ P = 7 6 0  Torr 
mass-spectrometer 

p = 5 . 1 0 - 6  K2 

K 3 K~ } 
K 2 

HM-  a u x .  K3 
pump 

Fig. 1. Diffusion furnace and gas sampling system 

capitlary - tu bee 

vented. To avoid contaminat ion of the colder end zone 
of the quartz tube by condensation, the reaction prod- 
ucts were exhausted from the hot zone and dry ni t ro-  
gen was b lown in from the downstream side to provide 
a gas buffer. 

For the analysis of the gas composition in the tube, 
a small  part  of the gas was pumped through a quartz 
capillary tube into a quadrupole mass spectrometer. 
The gas t ransport  through the capillary tube to the 
spectrometer took about 0.2 sec. It cannot be excluded 
that dur ing this time the reaction could reverse itself 
due to cooling. In  fact although the stable form of 
bromine at the temperatures  and concentrations in 
the reaction tube is Br, it was always measured as Br2, 
the stable form at room temperature.  The calibration of 
the mass spectrometer was done by controlled di lut ion 
of C12, Br2, BC18, and BBr3 with an error  of less than 
__.10%. The reproducibil i ty of the concentrat ion mea-  
surements  in the 10 -4 atm range was about ___3%. The 
amount  of condensed mater ia l  could be determined 
from the differences between the part ial  pressures of 
the gaseous species at input  and their measured value 
after reaction. The vacuum system together with the 
capil lary tube could be moved in such a way that sam- 
piing of the gas was possible in the range --10 < 
L < 60 cm. Changes of the gas composition along the 
tube could thus be measured as a funct ion of the dis- 
tance from the doping gas inlet  or as a function of time, 
since the gas velocity was known. 

Results 
An example of such a mass spectrometric measure-  

ment  of the reaction of BC18 with 02 at 1057~ is 
shown in Fig. 2. The decrease of the BCls part ial  pres-  
sure and the increase of the C12 part ial  pressure are 

= ~ t  T : ~ ~ 1 7 6 1 7 6  t 

10 4, jt_.-------E 6.10 -2 ; . ;3.10 -2 

I ~ / o 0,75-10 -2 : : ~ Pal 

5.1o-S ,~. \ / .~1,5.1o_ 2 1,S.lO_ 2 . . . . . . .  Bc,3 

3.10-2 ~ o  PBC[3~O } = 5"10 5 atm 

0 , , �9 I 1 4  P L 
-10  10 20 30 40 50  60  - - -  

CM 

Fig. 2. Reaction of BCI3 with 02 as a function of the location 
in the tube at 1057~ for different 02 partial pressures. 
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represented as a funct ion of the distance L from the 
doping gas inlet  with the 02 pressure as a parameter .  
The input  pressures of BCI3 and the gas velocity were 
kept  constant  for these series of measurements .  I n -  
creasing the O2 part ial  pressure caused an increase of 
the reaction velocity. 

In  spite of a considerable surplus of oxygen and the 
fact that  at equi l ibr ium the gas phase contains only 
the oxidation products, the reaction velocity is r emark-  
ably low. The decrease in  the part ial  pressure of BCI~ 
is balanced by  the increase in  that of C12. Other chlo- 
r ine containing gaseous compounds could not be mea-  
sured. This appears to confirm Eq. [3] as the correct 
expression for the over-a l l  reaction. I t  must  be re-  
marked that  only the gaseous compounds BCIs, 02, and 
C12 can be analyzed with the mass spectrometer. C1 re-  
acts dur ing  sampling to C12. B203 could not be detected 
because at the temperatures  used it is a l iquid and con- 
densed at the tube walls. Figure 3 shows data for the 
reaction of BC13 with O2 at the lower temperature  of 
973~ As expected, lower temperatures  cause smaller  
reaction velocity. 

Similar  measurements  were done with BBr8 as a 
dopant (Fig. 4). They agree with the assumption that 
Eq. [4] represents the over-al l  reaction. Comparing 
the BBr~ and BCI~ data, it may be seen that  for the 
same O2 part ial  pressure and temperature  the reac- 
t ion velocity is very much higher with BBr3. 

In  order to characterize the reaction velocity we used 
the half- l i fe  ~h, i.e., the t ime in which the ini t ial  con- 
centrat ion of the doping gas has been reduced by 50%. 
The values of 1:5 were read or extrapolated from 
Fig. 2-4 and plotted as a function of the ini t ial  O2 
part ial  pressure (Fig. 5). Similar  experiments  were 
done for other ini t ial  part ial  pressures of the doping 
gases in the region 2 �9 10 -5 < P < 2 �9 10 -4 atm. They 
showed that in this region ~h is independent  of the 
ini t ial  doping gas pressure. This indicates that  the 
reaction is first order in the doping gas. Assuming the 

"f: 973~ ; 2~ ,,+I I 

~ 2 4 . 1 0  "z ~ 12.10 -2 

:o: I f-f 

?11 I " X  )~"-.o v :~,,,~, IL/ / PBCI3 <O'=6.S̀O-5atm 

-10 0 10 20 30 /,0 50 60 - - ~  C-M 

Fig. 3. Reaction of BCI3 with 02 as a function of the location in 
the tube at 973~ for different 02 partial pressures. 
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o t m  8 ~  +. 7.10 

~ - % Z ~ _  ~, v.,o "~ 
lO_z ~..~. o �9 �9 

V = I cm/s P 8Br3 

1~23"10-4 PeBr(O)= 1,5-10 -4 otto 5-10 -5 7,&.lO-S 

0 
-10 10 20 30 40 50 60 . ___L CM 

Fig. 4. Reaction of BBr,~ with 02 as o function of the location in 
the tube at 973~ for different 02 partial pressures. 

103 
Th PBCI a (0)= 5~0-5 

s Th~ p021,2 

973~ 
1057 ~ 

l i i i 

10 -~ 10 -3 10-2 - P02 lat in ~0 - I  

Fig. 5. Half-life Th of BBr3 and BCI3 as a function of the 02 
partial pressure; left-hand side: BBr3, right-hand side: BCI3; �9 
calculated from BCla, BBr3; X calculated from C{2, Br2 partial 
pressures. 

commonly observed exponential  tempera ture  depen-  
dence, the following expression can be obtained from 
Fig. 5 for the half- l i fe  of BCls reacting with O2 

T j s e c  -- 2.2 �9 10 -17 (P02/atm) -2 exp (3.9 eV/kT)  [7] 

The dependence of the t ime constant on the oxygen 
partial  pressure is that of a third order reaction in O2. 

The reaction rate of BBr~ with oxygen was deter-  
mined only at the lower temperature  of 973~ The 
dependence of the half-l ife of BBr8 on O2 part ial  pres- 
sure may be expressed as 

�9 h / S e C -  1.3 • (Po2/atm)-z/~ [8] 

It is somewhat  surpris ing that the pressure dependence 
of this reaction is very different from the BC18 reaction 
and corresponds to a reaction order between the first 
and second. At .higher temperatures  (T > 1000~ the 
reaction of BBr8 with n i t rogen starts, which makes the 
measurement  of the oxygen reaction rate impossible. 

In  order to determine if the walls of the tube  had 
any effect on the reaction rate, some measurements  
were made after the diffusion tube had been par t ia l ly  
filled (up to 20 cm) with quartz wool. No difference in  
the reaction profiles could be noticed, which proves 
that the reactions are volume processes. 

Using water vapor instead of oxygen, the reaction 
with both doping gases was found to go to completion 
near  L = 0 for all gas velocities investigated even at 
973~ The t ime constants ~h were too small  to be 
measured. 

Discussion 
The foregoing data show that under  the commonly 

used conditions for boron deposition the doping gases 
BCI~ and BBr~ react ra ther  slowly with oxygen, though 
at equi l ibr ium only the oxidation products are left in 
the system. Figure 5 shows that at 973~ and with an 
oxygen pressure of 5 �9 10 -2 atm the half- l i fe  ~h for the 
reaction of BClz with oxygen is about 100 sec. This 
means that for a gas velocity of 1 cm/sec the reaction 
cannot be completed wi th in  the length of a typical  
diffusion tube. With BBr8 more favorable results can 
be expected since for the above-ment ioned conditions 
the time ~h is about 6 sec. BBra does not  dissociate 
thermal ly  into boron and bromine at temperatures  as 
low as 200~ as was hypothesized in  Ref. (5). Such a 
dissociation could not even be noticed at 973~ 

A quant i ta t ive  comparison be tween the mass spec- 
trometric measurements  and published diffusion mea-  
surements  is not possible, since in the l i terature gen-  
eral ly no information is given concerning the distance 
between the doping gas inlet  and the first silicon 
wafer, the l inear  gas velocity and the tempera ture  pro- 
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file of the tube. Neverthe!ess a quali tat ive comparison 
can be made. 

Parekh and Goldstein (6) describe diffusion invest i -  
gations in an oxidizing atmosphere using BBr~ as 
dopant. In  the direction of flow of the gas, they first ob- 
served in the diffusion tube an area with decreasing 
sheet resistance, then one with constant  sheet resist-  
ance, and finally an area with rising sheet resistance. 
They showed that the interest ing area of constant sheet 
resistance moves toward the doping gas inlet  for rising 
temperatures and oxygen part ial  pressures and de- 
creasing gas velocities. 

The same behavior was observed in our mass spec- 
trometric investigations for the reaction zone with de- 
creasing dopant  pressures and increasing pressures of 
the reaction products (Fig. 3). Taking our results and 
those of Parekh  and Goldstein together, it follows 
that constant sheet resistances can be expected when a 
major  part  of the doping gas has reacted to form B20~. 
The B~O3 is carried by the gas stream and will  con- 
dense at the same time on the quartz walls and the 
silicon wafers. As long as the BSG layer  formed in this 
way has an adequate thickness, constant sheet resist- 
ances are obtained upon the drive-in.  Since the reac- 
tion proceeds very  slowly, the amount  of the B2Oa 
formed is insufficient in the part  of the tube near  the 
inlet. In  the third zone the supply of B203 is depleted 
because of the continuous condensation of this com- 
pound. 

Using water  vapor instead of oxygen, the doping 
gases react immediately.  When a small  surplus of water  
is used main ly  B~Oa will  be formed. This reaction pro- 
ceeds even in low temperatures.  Therefore all carrier 

gases must  be dried thoroughly to prevent  unwan ted  
reactions in the supply tubes. 
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Thermodynamic Domains of the Various Solid 
Deposits in the B-C-H-CI Vapor System 
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ABSTRACT 

Calculations have been made of the equilibrium conditions under which 
chemical deposition of B4C from B,Cls-CH~-H2 mixtures takes place. Pure  B4C 
is main ly  obtained for gas-phase mixtures  in  which BC1JCH4 > 1 and 
H2/BC18 > 1. The max imum yield is obtained in the range 1675~176 for 
the init ial  composition BC13 ---- 0.1, CH4 = 0.02, H2 : 0.88. The dependence of 
the hydrogen part ial  pressure on the equi l ibr ium composition is discussed. At 
high temperatures  with a large excess of hydrogen, the tendency is to form 
gaseous BH2 and BH8 instead of condensed species. With decreasing the 
amount  of hydrogen, graphite begins to deposit under  CH4/BC13 < <  1/4 
ratios. At lower temperatures  the equi l ibr ium content of BC12H increases as 
the H2/BC13 ratio falls. The results of the calculations are confirmed by ex- 
per imental  data. 

Chemical vapor deposition is a complex process in 
which many  factors affect the deposition, and thus the 
process is difficult to optimize. Nevertheless it can be 
analyzed in terms of thermodynamic,  transport,  and 
kinetic factors to find a set of deposition conditions 
which will produce the desired goal. 

The thermodynamic system evaluat ion is the first 
step of a complete analysis. The equi l ibr ium composi- 
t ion is obtained by such calculations and sometimes 

Key  words: boron carbide, vapor deposit ion,  efficiency, boron tr i-  
chloride, methane .  

unsuspected reactions may be deduced from atomic 
balances equations. The thermodynamic  analysis has 
been used by many  authors in order to predict the 
preparat ion conditions of doped layers, solid solutions, 
b inary  or t e rnary  compounds (1-9). 

The conclusions obtained from the thermodynamic 
evaluat ion may be useful to describe a reaction mecha-  
nism. Using a thermodynamic approach, the presence 
of BC12H in the B-C1-H system was demonstrated at 
equil ibrium, this fact has been used by Carl ton (10) 
to postulate a kinetic model taking into account this 
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species. The present  paper is concerned with a thermo-  
dynamic analysis of the B-C-H-C1 vapor system in 
order to define op t imum conditions for deposition of 
B4C from BCIs-CH4-H2 gas mixtures.  This compound 
has interest ing properties (light weight, extreme hard-  
ness, resistance to abrasion, resistance to chemical at-  
tack) and is employed in  the nuclear,  metallurgical,  
and watch industries.  ~61 

A number  of investigators have at tempted to prepare 
it as coatings, but  in  most cases the chemical vapor 
deposition of B4C seems to be difficult. According to 
different authors, deposits may be either boron rich or 162 
carbon rich depending on the composition of the ini-  
tial gas phase. Deposits of pyrolytic carbon -5 B4C or 
pyrolytic carbon only may be produced (11-16). Fu r -  
thermore, there exists no thermodynamic  study which 
gives the solid deposit domains in this system. 163 

P r o c e d u r e  
The computat ion procedure employed for the deter-  

mina t ion  of the equi l ibr ium in a system taking into 164 
account several condensed species is based on the 
minimizat ion of the free energy and is detailed in a 
previous paper (18). It is a t ime-shar ing  program. The 
necessary star t ing data are the f ree-energy funct ion 16 s 
and the s tandard heats of formation of the chemical 
species considered�9 In  calculations of the equi l ibr ium 
of the system B-.C-H-C1, the following species were 
chosen: BC18, CH4, H2, BC12H, BH, BH2, BH3, B2H6, 
BsHg, B2C14, C12, HC1, C2H2 in the gas phase, and B~C, 
C (graphite) ,  B (~) in the condensed phase. In  addition, 
we define the total pressure, the temperature,  and the 
init ial  gas-phase composition (number  of moles of spe- 
cies), that  is, in our case, for the total pressure P _-- 
1 a tm 

Po Bs 3 

,o~ if__ 

<B> 

<B,,c > @> 
\ 

I 
I 
I 
I 

/ I <B,o> <c> 

Iv] J <c> 
l ( f i  I 

10-5 10-4 1~-5 10 2 1~-I Po CH 4 

Fig. I .  Deposition domains of the solid species at T = 1400~ 
P = ! atm / / / = composition range of Fitzer and RGhm (16), 
- -  �9 - -  = composition range of Moore and Volk (15). 

P~ BCIs : a moles - PoBCIs '~ o ~_ . . . . . . . . . . . . . . . . .  ~ ~ - ~  . . . . . . .  

CI-I4 : b moles - PoCH4 I ' 

: 1-a-b moles -- Poll2 
,o-' ! - i  .oo,  ourreutre.reene, ne .  oe. 1 / 

ciency n. ~1 is defined with respect to the content  of , i 
BCI~ for all components of boron 

BxCyClzHw '~162 <e 4 <c> 

- - - ~  100 i 
BCI~ -- a L . . . . . . .  J 

For C, CH4, and C2H2 the coefficient of conversion is '0-3 
defined with respect to the init ial  methane  

Results and Discussion ,6 s I . . . .  [ . . . . .  i �9 PeCH4 
The general  behavior of the equi l ibr ium is shown in los 164 ,0-3 10 -2 ,0 -1 100 

Fig. 1-9�9 The variat ion of the boundaries  of the deposi- 
t ion ranges as a function of the ini t ial  part ial  pressures 
is shown in Fig. 1-3 for three temperatures  (1400 ~ 
1800 ~ 2200~ The calculation precision is of 10 - s  
molecule and in this case it follows a same order pre-  
cision for the individual  boundary  l ine evaluations�9 
The dotted line, for the case of B and C atomic bal-  
ances, represents the stoichiometry of the following 
reaction 

4[[BC13]] + [[CH4]] -5 4[[H2]] 

--> <B4C> -5 12 [ [HC1] ] 

So the diagram is divided in two regions: the upper  
part  which represents all the input  values of composi- 
t ion with an excess of boron (with respect to the 
above-ment ioned react ion);  the lower part  in which 
are the reactant  concentrations with an excess of car- 
bon. 

The B4C deposit domain is very nar row but  it ex- 
tends into a wide range of ini t ial  compositions: into 

Fig. 2�9 Deposition domains of the solid species at T = 1800~ 
P = 1 atm. / / / = composition range of Fitzer and RGhm (16), 
- - ' - -  = composition range of Moore and Volk. (15). 

the carbon-excess side for the low partial  pressures of 
BC18 and CH4, that is a large excess of hydrogen;  into 
the boron-excess side for init ial  mixtures  with a mod- 
erate di lut ion with H2. The domain of pure B4C is 
neighbored by the two-phase domains B4C-C and 
B4C-B, it is l imited at the lowest par t  by the gas phase 
and at its limits by the pure solid-phases B and C. 

An increase in the temperature  greatly favors the 
stabili ty of the gas phase and the pure  carbon domain. 
At 2200~ these two phases appear in the upper  par t  
of the diagram for high part ial  pressures of BC18 
(BC18 > 0.7). Figure 4 shows the details of this zone. 
At lower temperature  the results of the calculations 
indicate the same phenomenon�9 According to Table I 
we can see the phase boundaries  at 1400~176 for 
different ini t ial  concentrations of CH4. This table shows 
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Fig. 4. Details of the deposition domains at 2200~ [V]  = 
vapor phase. 

us the precision that  the method provides. As a result  
of the thermodynamic  calculation we obtained the gas- 
phase equi l ibr ium composition. The equi l ibr ium values 
depend markedly  both on the temperature  and the ex-  
cess of hydrogen (that  is the ratio H2/BCI3). 

In  the low temperatures  side, the predominant  
species in  the gas phase are H2, HC1, CH4, BC13, and 
BC12H. Dilut ion wi th  a large excess of H2 insures the 
complete reduction of BCls producing free boron; the 
decomposition of CH4 is inhibited. As HJBCls  de- 
creases, the formation of BCI~H increases. When the 
value of this ratio is unity,  BC13 is still present  but  CH4 
completely disappears to give free carbon and boron 
carbide. 

In  the high temperatures  side, H2, HC1, C2H2, CH4, 
BH2, BHs, BC1, BC12, and BC13 are the major  species 
with a t rend to the formation of molecules with B-H 
or C-H bonds as the excess of hydrogen increases. 
Then the condensed phases completely disappear. If 
there is no excess of hydrogen, the molecules with B-C1 
bonds are main ly  formed in  the vapor state and solid 

Table I. Examples of phase boundaries at T = 1400 ~ and 1800~ 
vs. initial concentrations* 

T = 14O0~ T = 1800~ 
CH4 ~ CH~ CH~ CI~ 

I" I0 -~ i" 10 -4 2"I0 -~ i.I0 -~ I.I0 -~ 
BCl~ Phases Phases 

0.6  X 
0 .65  �9 
0 .8  ' "  �9 
0 .95  " " �9 �9 �9 
0 . 9 6  . . . .  0 
0 . 9 7  . . . .  0 0 �9 
0.97,55 " " 0 
0.9757  " " �9 
0.976  . . . .  , ~  
0;99 �9 " �9 ,~, 
0.995 " �9 . . . .  
0.997 �9 0 . . . . . .  
0 , 9 9 7 7  0 0 ' . . . . .  
0.997999 �9 " 
0.998 �9 * " A 
0.9985 0 / I / 1 1  . . . .  
0.99885 i l  / / / / /  . . . .  
0.9989 A I I I / /  . . . .  
0.999 A A / / I / /  '" A 
0.9991 " / / / / /  "' / / / / /  
0.9999 " = / / / / /  "' / / / / /  
0.99999 A / / I / /  / / / I /  J /11 / /  

/ / / / /  / / / / /  / / / / /  / / / / /  / / / / /  

* X = <B>, �9 = <B4C><B>, 0 = <B4C>, �9 = <B4C><C>, 
A = <C>, * I V ]  I/III = end o f  c a l c u l a t i o n .  

B4C and C tend to deposit. Figure 5 details the phe-  
nomenon shown in Fig. 4. If the input  part ial  pressure 
of BC13 is 0.8 atm, deposition of pure B4C is impossible 
for a part ial  pressure of CH4 ranging from 1 • 10 -5 
to 7 X 10 -2. The homogeneous equi l ibr ium is due to 
the pressure of C2H2, BC12, BC1, and BC12H and to the 
high content  of BC13 in the equi l ib r ium vapor. The 
carbon is easily obtained as soon as the amount  of 
CH4 in the init ial  gas is very low (e.g., CH4/BCI~ = 
2.5.10-4). 

Consequently, it is in tended to optimize the input  
composition of the reactants for a given constant par-  
tial pressure of CH4 (PoCH4 = 2-10 -2) and a range 
of PoBC18 (0.1 < PoBC13 < 0.75), that  is, in the widest 
part  of the region in which the deposition of pure B4C 
occurs. Variat ion of the equi l ibr ium yield of each vapor 
species and condensed phases is shown in  Fig. 6-8 for 

100 
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25 
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10-4 10 .3 lO-a 

i •  <B4C> 
( I=r 

10 -1 10 o 

Po [CH43 

Fig. 5. Variation of the equilibrium yields with PoCH4; PoBCI3 = 
0.8 arm, T = 2200~ 
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1400 ~ 1800 ~ and 2200~ The plots  i l lus t ra te  the  evolu-  ,_100 
t ion of the gas phase react ions as a funct ion of tern-  T ~ %  
perature .  At  1400~ the pure  B4C is expected  to deposi t  / inside a wide concentra t ion range of boron t r ichlor ide  
( f rom 0.17 to 0.55). At  1800~176 this range  is be -  
coming na r rower  and is d iv ided  in two par ts  (0.08 < 

100 
F" 

-q~,o 

< C > "  

/ <,c?A ~ r c H 4 J  ///~ 
I , , , ,  
0 0,2 0,4 0,6 0,8 P.[BC132 

Fig. 6. Variation of the equilibrium yields with PoBCI3; PoCH4 
~- 0.02 arm, T = 1400~ 
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Fig. 7. Variation of the equilibrium yields with PoBCI3; PoCH4 
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Fig. 8. Variation of the equilibrium yields with PoBCI3; PoCH4 
= 0.02 arm, T = 2200~ 

PoBC13 < 0.12; 0.64 < PoBCl3 < 0.78) due to the  p res -  
ence of a boron deposit.  As shown in Fig. 6-8, the  
equi l ib r ium amount  of boron carbide  depends m a r k e d l y  
on the ini t ia l  BC18; there  is a significant t r end  toward  
increasing the solid yie ld  wi th  decreasing the inlet  
BCI~ par t i a l  pressure .  Therefore  we choose PoBC13 ---- 
0.1 a tm to s tudy  the  amount  of t he rmodynamica l ly  
avai lab le  B~C in re la t ion  to the  t empera tu re  of deposi-  
tion. The m a x i m u m  is found at  1900~ for the  input  
pa r t i a l  pressures,  PoBC19 ---- 0.1, PoCH4 ---- 0.02, Poll2 ---- 
0.88 (Fig. 9). In  the  t empe ra tu r e  range  1675~176 
the solid y ie ld  is a round  75-80%. One mus t  r e m e m b e r  
that  high efficiencies and qua l i ty  of the  deposi t  m a y  
not occur together.  Therefore,  if a continuous l aye r  is 
desired, it  would be necessary to lower  the  t empe ra tu r e  
under  1225~ to be out of a two solid deposit  domain.  

I t  is in teres t ing  to check the resul ts  of the  theoret ica l  
analysis  wi th  exper imenta l  data. The work  of Moore 
and Volk concerning the chemical  vapor  deposi t ion of 
B~C from BCI~, CI-I4, H2 wi th  various concentrat ions 
a, b, c --~ 0 has been employed  for comparison.  Three  
types of exper iments  were  pe r fo rmed  by  these authors.  
The deposi t ion wi thout  hydrogen  in the t empera tu re  
range  1823~176 at  low pressures  l ead  to B4C-C 
deposits. At  2473~ under  precise expe r imen ta l  con- 
ditions, C (graphi te)  is obtained.  Wi th  modera te  d i lu -  

TI'/. 

[BCI2H] 
[BCI~] 

[BH~] 

1000 1200 1400 1600 1800 2000 2200 T:K 

Fig. 9. Temperature dependence of the equilibrium yields; Po 
CH4 ~ 0.02 arm, PoBCI3 ~- 0.1 arm. 
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Table II. Comparison of some experimental results (15) and 
calculations 

Moore and  Yolk Calculations 
BCla CI-L H= TK PTorr Phases  TIc PTorr Phases  

0.604 0.396 0 18,23 1 B4C-C 1800 1 Br 
0.2 0.8 0 2473 S.6 C 2200 3.5 C 
0.,211 0.789 0 2223 4 B4C-C 2200 [ 15 B4C-C 

I0 C 
0.251 0.749 0 2223 4 Br 2200 15 B~C-C 

10 C 
0.604 0.396 0 2223 2.5 B4C-C 2200 ./ 65 B4C-C 

L 6O C 
0.246 0.152 0.6 2223 0.6 B4C-C 2200 [ 20 B4C-C 

L 15 C 
0.284 0.146 0.570 2223 0.83 B4C-C 2200 J" 25 B~C-C 

[ 20 c 

tion of reactants with H2, B4C-C deposits are formed. 
Deposition with a large excess of H2 above 1300~ at 
low pressures can produce massive B4C and boron-  or 
carbon-r ich structures depending on the value of CH4/ 
BC13. 

The comparison of some experimental  and calculated 
results for init ial  compositions without  H2 and with a 
moderate di lut ion is presented in  Table II. Agreement  
is good for the first two cases though the conditions of 
calculation are slightly different. In  Fig. 1-3 a tempera-  
ture  rise produces a wide enlargement  of the range of 
pure carbon, in  addit ion this boundary  shift is favored 
with a decrease in  pressure; subsequently,  a pure C 
deposit would be obtained for BC13 = 0.2, CI-I4 = 0.8, 
and T > 2200~ In the other cases the computer results 
are a bit different. The general t rend is to find B4C-C 
deposition for higher values of total pressure than  in 
the experiments of Moore and Volk, bu t  nevertheless of 
the same order of magnitude.  When large excesses of 
hydrogen are used, the na ture  of the deposit in relat ion 
to the experimental  conditions is not sufficiently spe- 
cified by these authors to allow a valid comparison 
with calculations. Nevertheless, the deposition of 
B4C-B, B4C, and B4C-C above 1300~ for 0.0098 < a < 
0.785, 0.0079 < b < 0.049, and 0.166 < c < 0.9823, as a 
function of the BC1JCH4 ratio must  be compared with 
Fig. 1-3. They show, in the zone defined by the previ-  
ous values a, b, and c, the possibility of depositing the 
different condensed phases. In  addition, in this zone, it 
has been checked that a large reduction of total pres-  
sure does not much affect the deposition range of B4C; 
that is, Fig. 1-3 can probably be used for lower pres-  
sures. 

Moreover, in a recent work, Fitzer and RJhm men-  
tion that deposit structures consisting al ternat ively of 
boron and boron carbide can be obtained due to an 
oscillating chemical reaction influenced by mass t rans-  
port phenomena. Though the deposition conditions are 
imprecisely defined (BC13 35%, BC1JCH4 ratios be-  
tween 10:1 and 1:2, H2, 1473 ~ < T < 1973~ P ~ 1 
arm) this experimental  observation can be compared 
with the fact that the range of input  compositions used 
by these authors extend from the B4C single-phase 
region to the B4C-C two-phase region (Fig. 2-3). Thus 
the different solid phases would be generated by small 
fluctuations in  the ini t ial  part ial  pressures. 

Conclusions 
This paper has shown the narrowness of the thermo-  

dynamic range of deposition of pure boron carbide and 
has defined the variat ion of that range with tempera-  
ture. The solid phases obtained from the system depend 
strongly on the init ial  concentration, in  contrast to the 
phenomenon shown in  the previous study of the Ti -C-  
H-C1 vapor system in  which the deposition range of 
TiC was very wide. The thermodynamic  approach is 
very useful for forecasting the best conditions for depo- 
sition, and for de termining the influence or different 
parameters  on the gas and solid phases. The ma x imum 
yield of B4C (75-80%) is obtained between 1675 ~ and 
2075~ for the following part ial  pressures: PoBC13 = 
0.1; PoCH4 --- 0.02; Poll2 = 0.88. In  addition, the ther -  
modynam/c results agree with some previous experi-  
ments. Thus, it seems that  a real deposition system 
would be near  an equi l ib r ium system. 

Manuscript  received May 20, 1975; revised m a n u -  
script submit ted Sept. 16, 1975. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 
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Techn ca]l Notes 

Flux Growth of the Gallium Analog of Beta-Al O  
L. M. Foster* and J. E. Scardefield 

IBM Thomas J. Watson Research Center, Y o r k t o w n  Heights, New York  10598 

The importance of the alkali aluminate,  fl-A12Os, as 
a solid electrolyte in secondary batteries and other 
electrochemical applications is well known (10). The 
gross features of the ~-A1203 structure that allow the 
high mobil i ty  of the alkali  ions are clearly recognized, 
and detailed mechanisms of the conduction process 
have been proposed (2-7). It is recognized that nei ther  
Na +, A1 + + +, nor  perhaps even oxygen itself is spe- 
cifically required for the high conduction in  this struc- 
ture, but  ra ther  an open, highly defective layer  in the  
lattice is necessary through which an ion species can 
move with a low activation energy via a vacancy mech- 
anism. In  be ta -a lumina  the requisite s t ructure must  
result  in  par t  from charge compensation by Na + and 
vacancies when  the Mg + + of spinel (MgAleO4) is re-  
placed by A1 + + +, but  the process is complex and not 
completely understood. 

There  is a very large number  of other crystals with 
the spinel structure, and the process of fast ion con- 
duction should be common to many  of them if the 
same charge compensating subst i tut ions can be made. 
In  1951, Foster and Stumpf  (8) described the extensive 
isomorphism between the a lumina  and gallia systems 
and, in particular,  prepared the gal l ium analogs of 
sodium and potassium beta-a lumina.  1 Fast ion conduc- 
t ion has recent ly been demonstrated in this mater ial  
(9-11), and it is apparent  that  it has the same highly 
defective s t ructure  as ~-A1208. 

In  spite of the similarities between ~-A12Q and its 
gal l ium analog, subtle differences are expected which 
can be exploited to increase our  unders tanding  of this 
interest ing class of materials.  For example, because 
Ga + + + is sl ightly larger  than A1 + + +, the slot w i d t h - -  
the distance across the conducting p lane- - i s  sl ightly 
greater in the gal l ium analog. This should result  in 
higher conductivi ty for the gal l ium compound, espe- 
cially for the larger alkali  ions. The uptake of water  
in the conduction plane, which has a profound effect on 
the stabil i ty and conductivi ty of the be ta-a luminas  
(12), is also l ikely to be quant i ta t ively  and perhaps 
qual i ta t ively different in the gall ium analogs. Finally,  
subtle differences between the A120~-Na20 and Ga203- 
Na20 systems should make it possible to elucidate fea- 
tures of these complex phase diagrams by providing an 
al ternat ive system to study. 

It  is desirable to employ high qual i ty monocrystals 
in  a s tudy of the properties of a new material.  The 
present  paper describes progress toward producing such 
crystals of the gal l ium analog of ~-A1208 by a flux 
growth method. With growth parameters  thus deter-  
mined, it should also be possible to prepare mono-  
crystall ine layers by a l iquid-phase epitaxial  technique 
if a suitable substrate can be found. 

* Electrochemical  Society Act ive  Member .  
K e y  words :  solid electrolytes,  crystal  growth,  f lux growth .  
1 The unfor tuna te  nomenc la tu re  e r ror  tha t  gave  r ise  to ~-A12Os is 

compounded  in the gallia system.  The  metas tab le  phase,  a lpha-gal -  
lia, was  n a m e d  to show the  i somorphism wi th  a-AleO3. If  this  pat -  
t e rn  were  continued,  the h igh - t empera tu re - s t ab le  phase of Ga~Oa 
would  have  been called theta  to show the analogy to 8-A1208. This  
was  not  done, however ,  and, instead,  stable Ga203 was  des ignated 
fl-Ga~O~ th roughout  the l i terature.  The gal l ium isomorphs  of ~-A1~O3 
thus  r e m a i n  nameless  and  will  be referred to here in  s i m p l y  as alkal i  
gallates.  

Experimental 
It is known that foreign ions subst i tute readily in 

the ~-A12Oa structure, both in the conduction plane and 
in the spinel body (13, 14). We wished to avoid that  
complication in the present  study and so were re- 
stricted to the use of a sodium salt for the flux. How- 
ever, the use of pure sodium carbonate was known to 
produce solids far to the Na20 side of Ga2Q-Na20 
phase diagram, and sodium borate produces a series of 
complex borates. NaC1 exhibits very low solubil i ty for 
oxides and is not suitable for that reason. NaF emerged, 
therefore, as the most logical choice 

Early experiments  had shown that  Na20"xGa203 
with the ~-A1203 structure was formed to varying de- 
grees depending on conditions from Ga2Os-NaF melts 
(8). Since some Na20 was required to produce the 
gallate, it obviously resulted from part ial  reaction of 
the Ga203 with the flux, thus 

NaF + Ga203 : -  Na20 + GaFa (or NaGaF4) [1] 

The details of the complex t e rnary  or qua te rnary  sys- 
tem that  results are not known. However, it was estab- 
lished empirically that 7.5 weight per cent (w/o)  of 
Ga203 will completely dissolve in  NaF at 1350~ and 
that the l iquidus at that  composition is about 13O0~ 
When the Ga208 content  was higher than about 8%, 
p r imary  bar-shaped crystals of ~-Ga208 were found 
admixed with the Na20.xGa203 product. When it was 
appreciably lower, small needlelike crystals appeared. 
Their corfiposition was approximately Na20-2.5Ga20~, 
and not the 3Na20.5Ga20~ phase reported by Boilot 
et al. (9). 

Contrary to most solvents that are employed for flux 
growth of oxides, the NaF in the present  case is not the 
most volatile species. Consequently, one of the preferred 
growth practices, isothermal vaporization of the flux, 
is not possible. The most volatile species is GaFs, or 
possibly NaGaF4, the gal l ium analog of a luminum 
atmolite, NaA1F4. Loss of this mater ial  by vaporization 
forces reaction [1] to the right with the formation of 
more Na20, and changes the composition of the Na20. 
xGa203 product to lower values of x. In  fact, control of 
the GaF3 activity was absolutely essential for repro- 
ducibil i ty in the present  experiments.  This could be 
accomplished by employing a controlled "leak," such as 
a hole of predetermined size in an otherwise sealed 
container. However, we found it more satisfactory to 
t ry  to assure zero leak rate by use of t ight ly pressed-in 
crucible covers or, in some cases, welded closures. 

Growth  procedure . - -A  suitable charge composition 
was 78.0 NaF, 6.3 Ga2Os, and 15.7 NaCt w/o. The NaC1 
was an inert  di luent  that  was added to facilitate the 
removal  of the flux from the product through forma- 
t ion of the NaF-NaC1 eutectic (rap 674~ and by in-  
creasing the solubil i ty of the flux in  water. 

The dried components were placed into a s tandard 
110 ml conical p la t inum crucible, and an inver ted lid 
pressed in. If a leak was suspected, the lid was auto- 
geneously welded in. Total charge weights of both 80 
and 160g were employed. The charge was held at 
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1350~ for about 2 hr, then the temperature  was 
lowered at approximately 4~ to 1200~ The cruci- 
ble was then  inver ted so that most of the flux drained 
away from the crystal product, which general ly ad- 
hered to the crucible bottom. 

When cold, the flux was broken out of the top and 
the crucible was filled with granular  NaC1 which was 
melted and held at approximately 9O0~ for an addi- 
t ional 2 hr. This fur ther  removed residual flux that ad- 
hered to the crystals. 

Some Na20 �9 xGa203 product could be removed at 
this stage, but  general ly the crystals adhered t ight ly to 
the p la t inum and, since they are very friable, it was 
difficult to remove them without damage. Genera l ly  it 
was necessary to boil water  in the crucible for an hour 
or two in order to free them. 

Description of product.mTypical f lux-grown crystals 
are shown in Fig. 1. The figure i l lustrates one of the 
remaining  problems with the method: recovery of the 
product without  damage. Although a profusion of small  
(1-5 mm),  free crystals could be recovered that  were 
excellent for x - ray  and optical studies, etc., larger  ones 
general ly cracked during cooldown because of dif-  
ferential  contraction between the p la t inum or adhering 
flux and the crystals. This is a common problem of 
flux growth of most materials  and presumably  can be 
alleviated by fur ther  manipula t ion  of the heat  flow pat-  
te rn  dur ing growth. 

The crystals had the 8-Al~O~ structure. A comparison 
of their properties wi th  those of a "standard" 8-A1~O3 
sample obtained from the Carborundum Company is 
given in Table I. No fluorine was detectable in  the 
crystals by electron microprobe analysis 

Discussion and Summary 
It has been demonstrated that the gal l ium analog of 

8-A120~ can be grown from a NaF flux. The problems 
common to most flux growth processes, uncontrol led 
nucleat ion and difficulty of recovery of the product, 
are thought to be solvable with design changes so that 
larger perfect crystals can be grown. The growth pa- 
rameters have been sufficiently well established for 
l iquid phase epitaxy to be under taken  as an a l terna-  
tive procedure if a suitable substrate can be found. 

The practice of boiling the crystals in water  to free 
them from the crucible, although undesirable,  appears 
not to alter them. An electron microprobe analysis of 

Fig. 1. Crystals of Na20 �9 7.43Ga20~ grown from a NaF flux 

Table I. 

Na.~O - xGa~O~ NaaO �9 8A]aO~ 

Compos i t i on*  x = 7.43 + 0.37 - -  
S p a c e  g r o u p  P 6 8 / m m c  P 6 s / m m c  
a 5 .81A 5 .61A 
c 23 .13A 22.41A 
Slo t  w i d t h  4.~7A 4 .76A 
I n d e x  of r e f r a c t i o n  0/o) 1.85 1.66 

* B y  e l e c t r o n  p r o b e  analysis. 

a water- t reated surface gave the same sodium content 
as an analysis of an in te rna l  surface exposed by cleav- 
ing. It is possible, of course, that  sodium might have 
been extracted from the very outer atomic layers of 
the crystal and not be detected by  this technique. 

The Ga analog of the three-block 8"-A12Oz structure 
was never  observed in our experiments,  even though 
the growth temperature  was below that where 8" t rans-  
forms irreversibly to 8 (approximately 1380~ The 
reason cannot be insufficient soda content, as is some- 
times stated with respect to the a lumina  system, since 
when large volatile losses were permitted, the soda- 
rich phase of composition approximately Na20 
2.5Ga~O3 appeared, still without  any evidence of a 8" 
phase. As in the a luminum system, the conditions for 
stabil i ty of the three-block phase are unclear, and this 
is fur ther  evidence that the 8" phase is metastable, al- 
though stabilization of the 8 phase by traces of fluoride 
cannot be excluded. 

Manuscript  submitted June  17, 1975; revised manu-  
script received Sept. 17, 1975. This was Paper  4 pre-  
sented at the Toronto, Canada, Meeting of the Society, 
May 11-16, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by IBM Corporation. 
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The Cathodic Corrosion of Aluminum 
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When hydrogen is cathodically evolved at a metal  in 
an electrolyte, an increase of the hydroxyl  ion concen- 
t ra t ion at the electrode surface results. This alcaliza- 
t ion effect (1) is responsible for the cathodic corrosion 
of an amphoteric metal  like A1 (2). Though this phe-  
nomenon has been known  for decades, detailed infor-  
mat ion about how the cathodic corrosion depends on 
current  density, ionic composition of the electrolyte, and 
especially on tempera ture  is still lacking. The present  
work, in  which we consider the influence of these 
parameters,  is part  of an effort aimed at a bet ter  unde r -  
s tanding of the electrolytic corrosion of the A1 metal-  
l ization tracks on integrated circuits dur ing t empera -  
tu re -humid i ty -b ias  tests. The corrosion observed after 
these tests is often main ly  cathodic (3, 4). 

Experimental 
The experiments  were done with th in  disks of 99.99% 

A1 which formed the end faces of a cylindrical  cell of 
polymethylmethacrylate .  The A1 disks had a diameter 
of 2 cm and a thickness of 100 /~m. The design of the 
cell is sketched in Fig 1. During the experiments  the 
current  was kept constant. The amount  of corrosion 
produced at both the cathode and the anode was de- 
termined from weight-loss measurements.  The corro- 
sion products were removed with an aqueous solution 
of H3PO4 and CrOs. 

Results and Discussion 
Figure 2 shows, in an Arrhenius  plot, how the rate 

of electrolytic corrosion at both the cathode and anode 
delcends on temperature.  The experiments  were done 
in 5 • 1O-4N NaC1 at a n u m b e r  of constant currents.  
The rate of corrosion at the anode is independent  of 
tempera ture  at all current  densities used. In  agreement  
with others (5) we found that  for every three electrons 
flowing in the external  circuit s l ightly more than one 
A1 atom is oxidized. In  our experiments  we found 3e 
equivalent  to 1.16 A1. 

Corrosion at the cathode is more complicated. In  the 
range of low temperatures  the lines for the cathodic 
attack run  parallel  to the l ine found for chemical dis- 

K e y  words :  i n t eg ra t ed  circui ts ,  a l u m i n u m  meta l l iza t ion ,  temper- 
ature-humidity-bias tests. 

solution of the same A1 disks in  NaOH (see Fig. 2), 
which suggests that in  this temperature  range cathodic 
corrosion is similar to dissolution in  an NaOH solution 
of constant concentration. At higher temperatures  the 
lines for the cathodic corrosion level off to a constant 
value corresponding to a s i tuat ion where for every 
three electrons flowing three atoms of A1 pass into 
solution. Our in terpre ta t ion  is that at higher tempera-  
tures all the hydroxyl  ions formed by the electrochem- 
ical reaction HzO + e ~ O H -  + 1/2H2 are used up in 
the ensuing chemical dissolution reaction O H -  -{- A1 
+ H20 --> / t lO2- -~ 3/2I-I2. In  the h igh- tempera ture  
range the rate of cathodic corrosion is l imited by the 
electrochemical production of OH- ,  i.e., by the current  
density, independent  of temperature.  At these high 
temperatures the over-al l  reaction is A1 -{- 2H20 Jr e -> 
A 1 Q -  + 2H2, hence, for every electron one A1 atom 
dissolves, as observed. At lower temperatures  the rate 
of corrosion is l imited by the chemical dissolution re- 
action, part  of the O H -  ions produced are carried away 
from the cathode into the bu lk  of the electrolyte by 
diffusion and electrical migration. The simple dissolu- 
tion of A1 in NaOH is also l imited by the chemical sur-  
face reaction O H -  + A1 + H20 --> A102- + 3/2H2. 
Therefore, in the low tempera ture  range, the tempera-  
ture  dependenc of cathodic corrosion is described by an 
activation energy (0.47 eV/at  = 10.8 kcal /mole)  equal 
to that  observed for the chemical dissolution of A1 in 
NaOtt. 

The results of Fig. 2 also show that  in  the lower 
temperature  range the influence of current  density is 
ra ther  weak, an increase in  current  density by a factor 
of ten ]produces an increase in the rate of cathodic cor- 
rosion b y  a factor of only about two. Apparent ly  in 
the range of the steady-state O H -  concentrations pro- 
duced at the current  densities used in  our experiments,  
the influence of O H -  concentrations on the chemical 
dissolution reaction is not  very  pronounced. The results 
of Caldwell and Albano (2) also indicate that  at low 
O H -  concentrat ion the influence of concentrat ion is 
ra ther  small. 

We next  investigated the influence of ionic composi- 
t ion of the electrolyte on cathodic corrosion. The re- 
sults for a number  Of electrolytes, all ~n a concentra-  

I 
I 

• ~--AI electrodes 

~ i a  m 3xl.5 lr////////~~/im.la3Xl.5L spring ~electrica I 

c o n t a c t  

I - -  AI e l e c t r o d e  

e f f e c t i v e  surface �9 rf C r3q2 

Fig. 1. Design of the cell used 
in the cathodic corrosion experi- 
ments. Cell volume ~ cm 3. 
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Fig. 2. Arrhenius plot of the 
rate of cathodic ( ) and 
anodic ( . . . . . .  ) corrosion of 
AI at various current densities in 
NaCI 5 • 10-4N. Also shown is 
the line far dissolution of AI in 
2.5 • 10-2N NaOH ( . . . . .  ). 
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tion of 5 • 10-4M are summarized in Table I. The 
results of Table I show that  the rate of cathodic A1 
corrosion does not depend on the na ture  of the anion 
used and remains unchanged in an  acid medium down 
to a pH of at least 3.3. In  both the neut ra l  and the 
acid solutions the addit ion of a drop of phenolphtale in  
gave a red color at the cathode when the current  was 
switched on. This means that for the current  density 
used (1.91 mA/cm2),  even in the acid solutions the pH 
at the surface of the cathode rises to at least 8.5. 

Conclusions 
In summary  we conclude: 
1. The influence of temperature,  current  density, and 

ionic composition of the electrolyte on the cathodic 
corrosion of A1 can be interpreted on the basis of the 
alcalization theory. 

2. With regard to the influence of temperature  two 
regions were found: (i) a low-tempera ture  region 
where the increase in  cathodic corrosion with rising 
temperature  is governed by an activation energy equal 

Table I. Cathodic corrosion of AI in various electrolytes, current 
density 1.91 mA/cm2; T ---- 25~ 

Cathodic Cathod ic  
Electro lyte  corrosion Elec t ro ly t e  cor ros ion  
5 x 1 0 4 M  ( m g / c m  -~ hr)  5 x 10-~M ( m g / c m  -~ hr)  

NaC1 0.19 -~- 0.015 HC1 0.19 
NaNO3 0.19 HNOs 0.19 
NaaPO~ 0.19 I-IaPO~ 0.18 

to that  observed for the chemical dissolution of A1 in 
NaOH, and (ii) a h igh- tempera ture  region where 
cathodic corrosion is independent  of temperature.  

3. In  the h igh- tempera ture  region the cathodic cor- 
rosion of A1 is proport ional  to the current  density, 
whereas in the low-tempera ture  region the influence 
of current  density is ra ther  weak. 

4. Our experiments  show that  the cathodic corrosion 
of A1 does not depend on the type of anion used and 
does not  require the presence of large amounts  of ca- 
tions capable of forming a strong base. 

Manuscript  submit ted April  24, 1975; revised m a n u -  
script received Aug. 17, 1975. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1976 
JOURNAL. All discussions for the December 19q6 Dis- 
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Impurity Striations during Faceted Crystal Growth 
W. Bardsley and D. T. J. Hurle 

Royal Radar Establishment, Great Malvern, Worcestershire, England 

The occurrence of impur i ty  striations in mel t -g rown 
crystals due to crystal rotation and /or  nonsteady con- 
vective motion in  the melt  is now well  established. 
[See, for example, reviews by Hurle  (1) and by Gatos 
and Witt  (2).] Recent elegant work by Witt  and co-  
w o r k e r s  (3,4) has shown that while striations occur on 
both faceted and nonfaceted portions of the growth 
surface, the operative mechanisms are different. Spe- 
cifically, in  nonfaceted regions striations resul t  from 
modulat ion of the microscopic growth rate (3) and are 
par t icular ly  pronounced if "melt-back" occurs dur ing 
part  of the periodic growth cycle. Clearly, the str ia-  
tions arise from modulat ion of the height of the im-  
pur i ty  boundary  layer  by the varying  growth rate. In  
contrast, on faceted growth surfaces the microscopic 
growth rate appears to be sensibly constant  (4) despite 
the presence of t empera ture  fluctuations or oscilla- 
tions in  the bu lk  of the melt  and the occurrence of str i-  
ations is ascribed to modulat ion of the thickness of the 
impur i ty  boundary  layer  by the nonsteady convective 
motion. 

In  recent experiments  under  conditions of near-zero 
gravi ty aboard Skylabs III  and IV where gravi ty-  
induced convection was suppressed, Witt  et al. (5) 
demonstrated that  striations were el iminated in mel t -  
grown Te-doped In'Sb except that they observed irreg- 
ular ly  spaced striations remaining  on peripheral  facets 
[Fig. 17 and 18 of Ref. (5) ]. The authors ascribed these 
anomalous striations to the occurrence of nucleat ion at 
the exterior edge of the facet where its rate would be 
sensitive to vibrat ion or to the arr ival  of a foreign 
particle. 

The purpose of this note is to report  the occurrence of 
similar striations on an ea r th -grown single crystal of 
Ga-doped Ge grown some years ago by the authors 
dur ing a study of the effects of const i tut ional  super-  
cooling (6-8). However, these striations occurred on 
microfaceted regions of the crystal growth surface well 
away from its free surface and had a relat ively regular  
periodicity (Fig. 1). The crystals were grown on a 
<110> axis by pul l ing from the melt  without  rotat ion  
of either the crystal or the crucible. The pul l  rate was 

Key words:  crys ta l  growth,  growth  striations, germanium, semi- 
conductor single crystal. 

9 cm/h r  and the concentrat ion of Ga was adjusted so as 
to produce a cellular  s tructure over the whole of the 
growth surface. This cellular s t ructure consisted of a 
corrugated array composed of (111) microfacets. The 
section shown in Fig. 1 contains the growth axis and is 
orthogonal to the axis of the corrugations. Some of the  
cells exhibit  bands of striations. The dis t r ibut ion of the 
bands and their  extent  are apparent ly  quite random. 
They start  and stop quite abruptly.  The etchant  used 
was 1.3 HF:HNO8 at 70~ it is of course possible that  
other etchants might have revealed addit ional striae, 
but  in any event it is clear that two different modes of 
growth can occur in  any given cell. The fact that  the 
striations start and stop at the same time on each of the 
pair  of facets which make up the cell suggests that  
nucleat ion of layer growth on both faces is occurring 
at the l ine of intersection, i.e. at the apex of the cell. 
These observations suggest that  the process is a funda-  
mental  one involving some form of oscillatory coupling 
between the nucleat ion event  and the solute and ther-  
mal  fields ra ther  than due simply to foreign particles. 
The temporal  spacing of the striae is of the order of 
1 sec. The fact that neighboring cells do not show the 
same effect at the same time implies that the process 
must  be very sensitive to the longer range solute field. 
It seems l ikely that the explanat ion must  involve a 
mechanism for the periodic growth of the cell apex 
which modulates the rate of supply of layer  sources; an 
explanat ion involving step bunching [see, for example, 
Parker ' s  review (9) on the kinematic  theory of l a y e r  
growth] seems less probable. 

Manuscript  submit ted Aug. 18, 19q5; revised m a n u -  
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Brief Comrnun ca, ons 

The Effect of a Prior Sirtl Etch on Subsequent Thermally 
Induced Processing Damage in Silicon Wafers 

W .  A.  Porter, D. I.. Parker, and L. G. Reed 

Institute for Solid State Electronics, Texas A & M  University,  College Station, Texas 

Sir t l  e tch (1) has t r ad i t iona l ly  been used to ident i fy  
the presence and dens i ty  of dislocations in silicon. The 
re la t ionship  be tween  the  levels of stress in silicon, and 
the format ion  of dislocations by  the rma l  cycling has 
previous ly  been es tabl ished (2). Fur the rmore ,  it  has 
been shown that  res idual  impur i t ies  such as chro-  
mium lef t  by  Sir t l  etching can be removed  (3), reduc-  
ing dangers  of contaminat ion.  This note reports  that  
pr ior  Sir t l  etching of sil icon wafers  resul ts  in reduced 
dislocation densit ies  af ter  subsequent  the rmal  cycling. 

Experimental 
The photographs  in Fig. 1, 2, and 3 are  x - r a y  topo-  

graphs  of the same 2 in. silicon wafer.  A modified 
Be rg -Bar r e t t  type  camera  was used wi th  copper r ad i -  
a t ion and the (440) reflection. The topograph  in Fig. 1 

Key words: defects, damage, processing, silicon. 

was made af ter  d iamond scr ibing a l ine across the front  
(pol ished)  side of the wafer,  two t r iangles  on the front  
side, two t r iangles  on the backside (unpol ished) ,  and 
the  S-3 nomencla ture  on the front  side. (The two 
fa in ter  t r iangles  in the topograph are on the back  side 
of the wafer . )  The topograph  in Fig. 2 was made  af ter  
the r ight  half  of the wafer  was given a 5 min  Sir t l  
etch. Note that  the scribe marks  in the  Sir t l  e tched half  
are now ba rmy  visible. This i l lus t ra tes  the we l l - known  
ab i l i ty  of the etch to re l ieve  stress due to la t t ice  
damage.  

The topograph  shown in Fig. 3 was made af ter  an 
8200A oxide was grown in s team at l l00~ The 
wafer  was processed hor izonta l ly  on a flat quar tz  boat  
wi th  the edges of the wafer  near  the  ends of the  
scr ibed l ine overhanging the edges of the car r ie r  about  
1,4 in. on each side. Of course, the m a x i m u m  the rma l  

Fig. 1. An x-ray topograph of the 2 in. silicon wafer after scrib- Fig. 2. An x-ray topograph of the same wafer after the right half 
ing. was given a 5 rain Sirtl etch. 



Volo 123, No. 1 E F F E C T  OF A PRIOR SIRTL ETCH 147 

of the meniscus produced in the etch solution. It is seen 
at the wafers edge between the S and the 3 and extends 
to the opposite edge of the wafer. 

Conclusion 
Visual demonstrat ion using x - r a y  topography has 

been given to demonstrate the reduct ion in  thermal ly  
generated defects in silicon when a stress relief Sirtl  
etch is used prior to thermal  processing. The potential  
influence and application of this technique to silicon 
devices is present ly  being studied and is the objective 
of a masters thesis, where p re l iminary  results indicate 
that a Sirtl  etch as short as 30 sec provides significant 
reduction in  subsequent  process-induced damage. 
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Fig. 3. An x-ray topograph of the wafer after a thermal oxida- 
tion step. Note the relative abundance of processing damage on 
the half of the wafer that was not stress relieved. 

stress dur ing  insert ion and wi thdrawal  from the fur -  
nace is produced in  the overhanging area of the wafer. 
Note that  there is considerably less process-induced 
slip damage in  the etched half of the wafer. Careful 
examinat ion  of this topograph will reveal the location 
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Vapor-Phase Growth of Thin GaAs Multilayer Structures 
K.-H. Bachem and M. Heyen 

Institute o~ Semiconductor Electronics/SonderJorschungsbereich 56, Technical University, Aachen, Germany 

The abil i ty to deposit mul t i layer  epitaxial  structures 
has become an essential requi rement  for the fabrication 
of properly funct ioning GaAs devices. As an example, 
convent ional ly  constructed MESFET's using a single 
epitaxial layer  grown directly on a semi- insula t ing sub- 
strate exhibi t  loops and poor saturat ion behavior in 
their I -V characteristics. It has been found recently, in 
this laboratory as well  as by other workers  (1-3), that  
these undes i rable  effects are greatty reduced by de- 
positing an undoped buffer layer  between substrate and 
active film. In  the present  report we will describe the 
special technique which we have successfully employed 
to obtain sequences of differently doped epitaxial  lay-  
ers in  one r u n  under  well-defined conditions. 

A schematic d iagram of the apparatus for deposition 
of epitaxial layers from the AsCI~-Hs-Ga system, as 
used in  this work, is shown in Fig. 1. The reactor is 
distinguished from conventional  systems by the de- 
sign of the substrate holder (4), as will  become clear 
in  th.e description of a typical loading and deposition 
sequence. After chemically etching in an aqueous 
HsSO4-HsO2 solution and cleaning in organic solvents, 
the GaAs substrate is subsequent ly  inserted into the 
depression of the base plate. It  is covered by the quartz 
plate and H2-flushed cap and introduced into the ap- 
paratus. The entire reactor is flushed with H2 and 
heated up. The Ga source is saturated with As at 880~ 
under  formation of a GaAs crust. As a next  step the 
source tempera ture  is slowly decreased during which 

" Electrochemical  Society Active Member .  
Key  words:  gall ium arsenide submicron mult i layer,  gall ium 

arsenide MESFET, gall ium arsenide steady-state  growth and doping. 

t ime the reactor is being etched using the upper  gas 
inlet. When the deposition conditions (substrate tem- 
perature 750~ source temperature  850~ have been 
reached, the etching is te rminated  and the deposition 
flow switched on. The gas phase is allowed to reach 
a stable composition. At this point, cap and plate are 
removed to the position shown by the dashed lines, 
thereby ini t iat ing the deposition process. After  the de- 
sired growth has been effected, the cover is put  back in 
place, thus terminat ing the deposition. New deposition 
conditions are now established in the system and the 

EPiTAXIAL REACTOR HANDLING SYSTEM 

LINER TUBE HEATER 

~_ ~ POSITION OF COVER . 
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Fig. 1. Schematic diagram of the epitaxial deposition system 
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A typical example of the structures prepared by this 
method is the following double layer  epitaxial film 
for MESFET application. At the before-ment ioned sys- 
tem temperatures,  an AsC13 mole fraction of 7.1"10 -3, 
and a flow rate of 950 m l / m i n  ( tube diameter:  60 mm) ,  
the film growth rate of 0.3 # mi n  -1 is obtained. Since 
the structure consists of a 1.5~ thick buffer layer  
(n : 4.1023 cm -~) and a 0.1# active layer  (n = 2.101T 
cm-3) ,  a deposition t ime of only 20 sec is required for 
the second film. The doping profile obtained from 
C-V measurements  shows a steep t ransi t ion between 
the layers; it drops from 1"102~ to 1.10 TM in  0.054~, 
which is very close to the value calculated by  Johnson 
and Panousis (5) for an idealized steplike doping pro- 
file. For the t ransi t ion between active layer  and sub-  
strate in  the conventional  structure, the considerably 
larger  distance of 0.12~ was found for the same drop. 
This observation is indicative of the boxlike impur i ty  
profile at ta inable with the present  apparatus in the case 
of the double layer  structure. 

Results on these and other device applications of the 
described deposition technique will be published else- 
where. 

ld ~ ' l O  13 
10 -3 2 5 10 -~ 

AsCl 3 MOLE FRACTION 

Fig. 2. Variation of the free carrier concentration n (cm -~') with 
AsCI3 mole fraction (background doping) and H2S mole fraction at 
AsCI8 mole fraction of 6.67 �9 10 -3  (S-doping). 

apparatus is ready for growth of a next  layer for a 
preset gas-phase composition. 

Because the growth rates in the AsC18-H2-Ga system 
are relat ively high, the growth of submicron layers 
requires the abil i ty to select well-defined, very short 
deposition times. The abil i ty to remove and close the 
cover in  approximately 2 sec means that this second 
condition is also fulfilled in our  apparatus. 

In  the apparatus, doping levels from the 1013 to the 
10 TM cm -3 range have been reproducibly obtained, and 
one can grow a low-doped layer immediately after a 
high-doped layer  without  contaminat ion of the former 
by the latter. The range below 1.1026 cm-3 is controlled 
by the we l l -known AsC13 mole fraction dependence of 
the background doping (2, 6, 7). The larger values are 
realized by inject ing a H2S-H2 mixture  into the gas 
stream (Fig. 2). For each run  the doping gas was pre-  
mixed in a stainless steel container  from H2 and a 1000 
ppm H2S-in-H2 source. It was injected into the reactor 
at a constant flow rate in all experiments.  The concen- 
trat ion in the container was determined photometrically 
using the methylene  blue method (8) after extracting 
the H2S from a predetermined volume of doping gas 
with an aqueous zinc acetate solution. 
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Ni-Cd Cell Simulation: A New Model 
for Satellite Power Systems Application 

A. R. Durando 
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and C. T. Leondes 
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ABSTRACT 

A new mathemat ica l  model has been developed for a n ickel -cadmium elec- 
trochemical cell for s imulat ion of a satellite solar a r ray-ba t te ry  power system. 
Since tempera ture  variations in the system are caused pr imar i ly  by the ther-  
modynamics of the charge-discharge process and by the coupling between 
the electrical and chemical phenomena,  the new model is inter~ded to stress 
these characteristics. A mixed theoretical and empirical approach is followed, 
using fundamenta l  relationships to describe the mechanisms under ly ing  the 
process and empirical equations to describe those phenomena which are not 
clearly understood theoretically but are well documented experimental ly.  The 
resul t ing model consists of three nonlinear,  t ime variant,  o r d i n a r y  differen- 
tial equations with five u n k n o w n  parameters  to be identified to match an ex- 
per imental  trajectory. The three states of the system are the cell reversible 
potential, temperature,  and concentration. The model is applicable to other 
types of cells with minor  modifications. 

Many bat tery  power system models in present  use 
rely on table- look-up techniques and describe static 
conditions, such as capacity and charge-discharge 
efficiency at s tandard constant  rates (1, 2). The be- 
havior of electrochemical cells is usual ly  represented 
by purely  electrical relationships, where all effects 
which are not electrical in na ture  are neglected. 
Graphic techniques based on bat tery  test data, formerly 
developed for use in hand calculations (3), have been 
extended through digital computer  applications to 
handle complete electrical power systems (1). The 
Power Subsystem Orbital  Performance Analysis Pro-  
gram (4) combines the electrical analysis with a 
t ransient  thermal  analysis of that port ion of the space- 
craft whose thermal  characteristics interact  with the 
electric power system. The t ransient  thermal  analysis is 
accomplished by performing successive electrical solu- 
tions at relative short t ime intervals,  calculating the 
heat dissipation and tempera ture  of each of the com- 
ponents of interest, and summing the temperature  in-  
crements algebraically over the total t ime period. While 
the tempera ture  variations are accounted for, they are 
not described by mathemat ical  relationships based on 
fundamenta l  mechanisms regulat ing the thermody-  
namic processes involved with the cell operation. Other 
investigators (2) have used a complete set of mathe-  
matical  relationships for each of the black boxes wi th in  
the power system. They consider all functional  rela-  
tionships concerning voltage, current,  and tempera ture  
from the point of view of an equivalent  electrical cir-  

K ey  words:  n icke l -cadmium batteries,  model ing studies, s p a c e  
p o w e r  s y s t e m s .  
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cult. No chemical and thermodynamical  phenomena  are 
described in the model. 

The present  model is an at tempt to describe the basic 
phenomena occurring during the charge-discharge 
operation of an electrochemical cell. All relationships 
are derived from fundamenta l  equations that  are well 
known in the respective disciplines from which they 
are taken and are combined to obtain differential equa-  
tions that represent  the t ransient  behavior  of the 
variables of interest. Some empirical  equations are 
used to describe processes for which no better  relat ion-  
ships are known, but  they do not enter  into the dy-  
namics of the system. 

The Nickel-Cadmium Cell 
The reactions of the n icke l -cadmium cell have been 

the subject of extensive investigation (5-8). A com- 
plete description of the chemical process must  account 
for various secondary reactions which may occur de- 
pending on the state of charge and the operating con- 
ditions. The basic charge-discharge reactions are 
usually recognized to occur as indicated below. At the 
negative electrode (anode dur ing discharge) the main  
reaction may be wr i t t en  

Cd + 2 O H -  ~ Cd(OH)2 + 2e-  [1] 

so that on discharge the cadmium metal  is emit t ing 
bivalent  ions, immediately reacting with the hydroxyl  
ions of the electrolyte (normal ly  KOH) to form cad- 
mium hydroxide (5). 

The reactions of the positive electrode are still in 
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some doubt,  bu t  the  one most  commonly  repor ted  is 
(1, 5) 

2NiOOH -b 2H~O -t- 2 e -  ~<-~-- 2Ni(OH)~ -b 2 O H -  [2] 

where  it can be assumed that  t r iva len t  nickel  ions are  
formed by  dissolut ion and dissociat ion of NiOOH. On 
discharge they  are t r ans formed  into b iva len t  nickel  
ions, which react  a lmost  ins tan taneous ly  wi th  the h y -  
d roxy l  ions of the  e lectrolyte ,  forming nickel  ( I I ) -  
hydroxide.  

Among the  most significant secondary  react ions are  
those that  involve evolut ion of gases f rom the elec-  
trodes. Of these, only  overcharge  is considered in this 
model.  

Electrical Model 
The f r amework  on which the model  is based lies in 

the electr ical  analog of the  e lectrochemical  cell. The 
electr ical  c ircui t  corresponding to the  charging phase 
of the cell opera t ion  is shown in Fig. 1. The charging 
control, U, a vol tage appl ied  at  the  cell  terminals ,  may  
be a constant, a step function, or a continuous funct ion 
of time, depending  on wha t  charge control  pol icy  has 
been adopted.  The countere lec t romot ive  force wi th in  the 
cell  is given by  the sum of the  cell 's revers ib le  potential ,  
Er, and the countere lec t romot ive  force of polarizat ion,  
Ea. These potent ia ls  are  descr ibed in detai l  in the 
sequel.  The various impedances  in the d i ag ram refer  to 
processes that  are wel l  s imula ted  by  resistors  because 
of the i r  physical  characterist ics.  Rt corresponds to the  
cell  t e rmina l  impedance,  assumed constant  wi th in  the 
range  of appl ica t ion  of the model.  Ri is the  in te rna l  
impedance,  a var iab le  funct ion of var ious  parameters .  
R1 is a constant  impedance  corresponding to the  cell 
leakage path.  Ro is an  impedance  corresponding to the 
overcharge  process. 

Network  analysis  of the  model  in Fig. 1 yields  a set 
of equat ions which consti tute the  electr ical  constraints  
on the system. Since the  circuit  as represen ted  con- 
tains no energy  s torage e lements  (capacitors,  induc-  
tors) ,  the  resul t ing equat ions do not  contain any d y -  
namic t e rm and correspond to s t eady-s t a t e  re la t ion-  
ships. 

Mesh equations can be es tabl ished and solved (9) for 
the  currents  th rough  each branch  of the  ne twork ,  as 
functions of the  state of the system. The  solut ion yields 
the  fol lowing equations 

U(RiR1 -]- RiRo Jr R1Ro) -- (RoR1)Ea -b Er) 
/tot ~--- [3] 

R o  
Ir = 

Ro -}- Ri 

Rt(RiR1 -~ RiRo -]- R1Ro) ~- RiR1Ro 

[ Itot(R1Ro~(R__~.Ro) ~--R--~o -]- RIRi) --  Ro(Er -t- Ea) ] 

~ i t o t  

R t 

+ E a + 
_ U  

/ 

'( + Er 1 / i ;  
< 4 ; R o I I R1 

Ri 11 
I r 

Fig. 1. Electrical model. U, applied voltage, control; Ea, polariza- 
tion potential; Er, cell reversible potential; Rt, cell terminals imped- 
ance; RI, leakage path impedance; Ro, overcharge path impedance; 
Ri, cell internal impedance; /tot, total current through cell; I1, 
leakage current; Io, overcharge current; Ir, reversible reaction 
current. 

I1 = / t o t [  

I O - -  

Ea ~- Er 
[4] 

Ro + Ri 
RIRo "b R1Ri -~ 

1 -- Ri(R1 + Ro) + RIRo J 
R1Ro -b R1Ri 

[5] 
Ri(R1 -b Ro) + R1Ro 

ItotRi(R1Ro + R1Ri) + (Er + Ea) (RiR1 -]- R1Ro) 

(Ro -b Ri) (R~RI § RiRo -b RIRo) 
[6] 

where Rt and RI are constants; Ro, Ri, Ea, Er, and U 
are  functions of time. These equations describe the  
electr ical  s ta te  of the cell and must  be satisfied at every  
ins tant  t ime dur ing the dynamic  evolut ion of the sys-  
tem. Thus, Eq. [3] th rough  [6] represent  a se t  of a lge-  
braic  constraints  on the dynamic  system whose differ-  
ent ial  equations are  de r ived  in the sequel. 

Various types  of overpoten t ia l  a re  exhib i ted  by  the 
n i cke l - cadmium cell  The ohmic overpotent ial ,  because 
of its nature ,  behaves  l ike  a resistance and i t  can be 
incorpora ted  with  the t e rmina l  impedance,  Rt, which 
affects the same current  path.  The concentra t ion over-  
potential ,  caused by  the concentrat ion grad ien t  of O H -  
ions in solution, is r e l a t ive ly  smal l  dur ing  normal  
operat ion and is neglected here. The act ivat ion over-  
potential ,  defined as the  sum of the discharge and re -  
action overpotent ia ls  (10) (p r inc ipa l ly  caused by  h y -  
drogen and oxygen evolut ion at  the  e lectrodes) ,  is ac-  
counted for  in the model  as a countere lec t romot ive  
force, Ea, which opposes the  flow of cur ren t  th rough  
the revers ib le  pa th  (see Fig. 1). The  act ivat ion over -  
potent ia l  is e lec t r ica l ly  in series wi th  the cell revers ib le  
potential ,  Er, and i t  changes po la r i ty  be tween  charge 
and discharge,  so tha t  i t  a lways  opposes the  direct ion 
of flow of the  current  th rough  the revers ib le  path.  

The act ivat ion overpotent ia l  of a cell depends  g rea t ly  
on its e lectr ical  character is t ics  and on the operat ing 
conditions. Most noticeably,  Ea depends on the system's  
state of charge, current ,  and tempera ture .  The depend-  
ence of overpotent ia l  upon current  dens i ty  is wel l  r ep -  
resented by  the Tafel  equations,  wr i t t en  as 

Ea = k i t  + k2TIog It, Ea > 0.05V [7] 

Ea ---- ksTIr, Ea ~-- 0.05V [8] 

where  kl, k2, and k8 a re  empir ica l  constants. Equat ions  
[7] and [8] can be fitted to any given galvanic  cell in 
terms of polar iza t ion  vs. current  data, w i th  t empera -  
ture  as a parameter .  

Because of the  mul t ip l ic i ty  of phenomena  affecting 
the overcharge  current ,  no s imple  theoret ica l  equat ion 
descr ibing the process is found in the l i te ra ture .  An 
empir ica l  descr ipt ion is adopted  here  which a t tempts  
to represen t  the  behav ior  of the  sys tem wi th  respect  
to the control l ing variables .  Exper imen ta l  tests show 
tha t  the overcharge  current  for the  n icke l -cadmium cell  
is l inear ly  p ropor t iona l  to the system's  t empera tu re  for 
a given appl ied  vol tage  (11). Fur the rmore ,  the  cell  po-  
tent ia l  increases very  r ap id ly  af ter  the  overcharge  cur -  
rent  sets in, so that  a fa i r  approx imat ion  is given by  
the re la t ion  

Io "- alTe a~(Er-Er'm'"') [9] 

where  al and a2 are  constant  parameters ,  and Er,min. is 
the min imum value of revers ib le  potent ia l  at  which  the  
overcharge  process becomes significant (usual ly  the  
value  corresponding to the  ful ly  charged s ta te) .  Model -  
ing the overcharge  pa th  as a var iab le  impedance,  i t  
follows that  such impedance  m a y  be represen ted  by  

k4e--ks(Er--Er,mia.) 
R o : , Er ~-- Er,min. [10] 

T 

where  k4, ks, and Er.mln. are  empir ica l  pa rame te r s  to be 
fitted f rom expe r imen ta l  da ta  for values  of the  re -  
vers ib le  potent ia l  g rea te r  t han  Er.mim. 
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Since the  overcharge  cur ren t  is p rac t ica l ly  negl igible  
for  lower  values  of the  cell revers ib le  potential ,  the  
corresponding model  impedance  m a y  be represen ted  by  
a ve ry  la rge  constant  value,  fr and the  model  equat ion 
then  becomes 

Ro : M, Er  < Er,min. [11] 

Thus, Eq. [10] and [11] are  used in the  model  and 
in the  solut ion of the circui t  descr ibed in Fig. 1. 

The  in terna l  resis tance of the  n i cke l - cadmium cell  is 
found to increase  wi th  the  revers ib le  potent ia l .  At  the  
same time, the  in terna l  resis tance is inverse ly  p ropor -  
t ional  to the  t empe ra tu r e  of the  system, as a h igher  
tempera{ure  increases the  mobi l i ty  of ions and the re -  
fore enhances  the  t r anspor t  of e lect r ic i ty  th rough  the 
electrolyte .  The fol lowing empir ica l  equat ion is used 
to represent  this behav ior  

/~i + / ~ r  h 
Ri = [12'] 

TJ 

where  B1 and B2 a re  constant  parameters ,  and h and j 
are  exponen t ia l  values to be found exper imenta l ly .  
Since the  resis tance dependence  on the revers ib le  po-  
tent ia l  is nea r ly  l inea r  for smal l  potent ia l  var iat ions,  
i ts  descr ip t ion  m a y  be simplif ied b y  using two s t ra ight  
l ines for  two ranges of opera t ion  (for a given value  of 
T).  Similar ly ,  since the  t empe ra tu r e  del~endence is only 
gross ly  de t e rminab le  exper imenta l ly ,  the  assumption of 
inverse  l inea r i ty  seems to be just if ied for the  sake of 
s implici ty.  Accordingly,  the  cell in terna l  impedance  is 
descr ibed  by  the fol lowing two equat ions 

k6 -{- kTEr 
Ri -" - , Er~--Er,min. [13] 

T 

ks 
Ri - -  - ~ - ,  Er < Er,rain. [14] 

where  k6, k s  and ks are  constant  pa rame te r s  to be 
fitted expe r imen ta l ly  by  s tandard  regress ion tech-  
niques. 

Dynamic Equation for Reversible Potential 
The dynamic  equat ion  for the  revers ib le  potent ia l  of 

the  n i cke l - cadmium cell is de r ived  f rom the Nernst  
equat ion  for the potent ia l  of a galvanic  cell. Expressed  
in terms of act ivi t ies  of the react ing species, the equa-  
t ion m a y  be simplified to 

RT 
Er =- Er ~ + -F- - ln  [an20] [15] 

whe re  E p  is the  s tandard  e lec t romot ive  force for  the 
cell, R is the universa l  gas constant,  F is Fa raday ' s  
constant,  and aH20 is the ac t iv i ty  of wa te r  in the  cell. 
Under  the  assumption of idea l i ty  the  ac t iv i ty  of a com- 
ponent  may  be subst i tu ted  wi th  its mole  fraction, which 
is easi ly observable  and measurab le  in practice.  Equa-  
t ion [15] then  becomes 

RT 
Er = Er ~ -5 --In XH2o [16] 

F 

Differentiating with respect to XH2O, expanding the 
total differential dXH2o, and substituting it into Eq. [16] 
yields 

dEr RT 
- -  [e (-F/RT)(Er-Er~ - -  I] [17] 

dnH20 FnH20 

This equat ion represen t s  the  funct ional  re la t ionship  be -  
tween Er and the chemical  composit ion of the solution 
in the  cell dur ing  charge or discharge.  Since these 
processes are accompanied b y  cur ren t  flow, F a r a d a y ' s  
l aw m a y  be used to express  Eq. [17] in te rms of the 
e lectr ical  charge flowing through the cell, dq. The 
t e rm dnHzo corresponds to the  number  of wate r  moles  
being formed or consumed dur ing the react ion (which 
corresponds, in turn,  to a change in potent ia l  tiEr). The 
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mole /equ iva len t  ra t io  for  this react ion is one to one, 
so that,  in apply ing  Fa raday ' s  law N --  d•tot - -  1, and 
the current  th rough  the sys tem is 

dq dnH~oF 
I r  = ..... = . [ 1 8 ]  

dt dt 

Notice tha t  the subscr ipt  r here  refers  to the  revers ib le  
pa th  of the model, that  is, Ir is the cur ren t  associated 
with  the  revers ib le  react ions in the cell only, and no 
other  phenomena.  Subs t i tu t ing  Eq. [18] into [17] yields  

dEr RTIr 
- -  -- - -  [e (-v/RT)(Er-E,~ -- i] [19] 
dt F2nH2o 

which is the  theoret ica l  dynamic  equat ion for  the  r e -  
versible  potential ,  Er. Subs t i tu t ing  the  groups R/F 2 and 
F/R with  Pl and Io2, respect ively,  yields  the  model  
equat ion 

dEr plTIr 
- -  [ e ( - ~ / r ~ , - ~ o ~  - 1 ]  [ 2 0 ]  

dt nH20 

where  Pl and P2 are  constant  pa ramete r s  to be iden t i -  
fied by da ta  matching,  Er ~ is the  s tandard  e lec t romot ive  
force for the cell, T and nH2O are  the  cell  t empe ra tu r e  
and wa te r  concentrat ion,  respect ively .  

Notice that, according to Eq. [20], a posi t ive Ir cor-  
responds to a posi t ive grad ien t  of Er, as expec ted  for  
the charging process indica ted  in the  model  of Fig. 1. 
Also, the  gradient  is d i rec t ly  propor t iona l  to the cur-  
rent, Ir, and the tempera ture ,  T, and inverse ly  p ropor -  
t ional  to the  wate r  concentrat ion,  nn20. 

Equat ion [20} contains four  var iables  tha t  are  func-  
tions of t ime: Er, T, nil20, and It. Of these, only the  
first th ree  can be expressed  by  independent  different ia l  
equat ions based on physical  p roper t ies  of the  system. 
The four th  variable,  It, is s imply  a var iab le  p a r a m e t e r  
of the  model, comple te ly  de te rmined  by  the other  va r i -  
ables. Since the equivalent  circuit  does not contain any 
capaci tors  or inductors,  the cur ren t  does not possess 
any t rans ient  character is t ics  of i ts own and its va lue  
depends only on the circuit  equations.  

Dynamic Equation for Cell Temperature 
In te rna l  hea t  genera t ion  occurs when  cur ren t  flows 

through the system and electr ical  work  is diss ipated by  
the resistances in the  circuit.  At  the  same time, the  
chemical  processes dur ing  the charge and discharge 
phases  d isplay ve ry  s trong exothermic  and endothermic  
characteris t ics  at different  s tages of the reactions. Tem-  
pe ra tu re  phenomena  can be accounted for by  using 
fundamenta l  re la t ionships  for the e lect r ica l  work  dis-  
s ipated and the heat  of react ion in a hea t  balance  
around the cell. Trea t ing  the cell in lumped  form, the  
heat  balance yields 

dT 
pCpV - ~  --  qgen -}- qin - -  qout [21] 

where  p, C m V, and T are  the  cell  equivalent  density,  
heat  capacity, volume, and t empera tu re ;  qgen is the 
ra te  of heat  genera ted  wi th in  the  cell, and qin and qout 
are rates  of heat  input  and output.  

The ra te  of heat  evolut ion in the n i cke l - cadmium cell 
is es t imated by  analyzing two separa te  sections of the 
circui t  independent ly .  The first section is the  so-cal led 
revers ib le  path,  according to Fig. 1; the second one 
corresponds to the  rest  of the circuit,  that  is, the  over -  
charge and the leakage  paths.  Revers ib le  here  refers  to 
the chemical  character is t ics  of the reactions,  not  to the  
conditions under  which they  take  place. In  fact, when-  
ever  U > Er, the process occurs under  condit ions tha t  
do not  involve m a x i m u m  elect r ica l  work  and that  are, 
therefore,  t he rmodynamica l ly  i r revers ible .  The current  
through the pa th  is Ir, tha t  is, that  f ract ion of Itot that  
contr ibutes  to the charging reactions.  The heat  gen- 
e ra ted  by  this process can be es t imated if the revers ib le  
potent ia l  of the cell and the en t ropy  of the react ion are  
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known. The enthalpy change result ing from the addi- 
t ion of heat and electrical work to the system, ~H, is 
given by the first law of thermodynamics  

AH "-" Qgen -]- W [22] 

Defining W in terms of electrical work, and adding and 
subtracting the reversible work expressed both in 
terms of electrical work and free energy, Eq. [2Z] be-  
comes 

Qgen -- AH - -  .[Ulrdt + Wrev -- Wrev 

-- AH - -  fUIrdt + fErIrdt - -  AG [23] 

But the system's free energy change may be expressed 
in terms of enthalpy at a given temperature,  AG ---- 
AH -- TAS, so that Eq. [23], after simplification, be-  
comes 

Qgen = f (Er - -  U) Irdt + TAS [24] 

Differentiating with respect to time, an equation is 
obtained for the heat rate of generat ion in  the reversi-  
ble path, qgen,l which can be fur ther  simplified if the 
temperature  of the system changes slowly, i.e., if dT/dt  
~- 0, to yield 

dS 
qgen,1 : (Er - -  U)Ir -~ T [25] 

dt 

Since the change in entropy is l inear ly  proportional 
to the quant i ty  of materials  reacted, (dS/dt)Ir  "- (AS/ 
At)It -~ KIr, where K is a proport ionali ty constant 
equal  to AS/F. The final equation then becomes 

qgenA : (Er - -  U)Ir -~- KIrT [26] 

Turn ing  to the heat generated in the other parts of 
the electrical model, it is apparent  that  it is well ap- 
proximated by that  fraction of the total power to the 
system that  was not utilized in the reversible path. 
Since the total power to the system is given by U/tot, 
defining the charging efficiency as the fraction of total 
current  that  contributes to the charging reaction, ~ ---- 
Ir/Itot, it follows that  

qgen,2 "- ( 1  - -  11)U/tot [27] 

where qgen.2 is the heat generated in the remainder  of 
the circuit. 

Combining Eq. [26] and [27], and expressing the re- 
versible current  in  terms of the charging efficiency, 
the final equat ion for the total heat rate of generat ion 
is obtained 

qgen : [ I t o t ( E r  - -  U )  ~- ItotTK]~l ~ I t o t U ( 1  - -  ~t) [28] 

where, according to the model in Fig. 1, Itot is the total 
current  through the cell for a given applied terminal  
potential, U; K is a constant for the process which ac- 
counts for the entropy change during the reaction. Sub-  
st i tut ing this e,quation into the heat balance, rear -  
ranging, and lett ing q = qin -- qout be the net heat 
t ransfer  through the boundary  of the system, gives 

dT 
p C p V - ~  = [Ir(Er -- 2U - I -  TK) + ItotU] -t- q [29] 

Solving for dT/dt  and subst i tut ing K and pCpV with 
the parameters pa and P4 to be fitted from real data, 
the dynamic equat ion for the tempera ture  of the cell 
is obtained 

dT Ir(Er -- 2U -I- Tps) -~ ItotU ~ q 
= [ 3 0 ]  

dt P4 

Equation [30] shows that the tempera ture  variations 
dur ing the charge phase are the net  result  of competing 
effects. A positive contr ibut ion to the temperature  slope 
derives from the total power supplied to the system, as 
indicated by the term I to tU.  The thermodynamic  effect, 
represented by IrTP3 varies according to the over-al l  
entropy change dur ing the reaction. During the charge 

process, for instance, the entropy change is negative 
so that the term IrTpa contributes negatively to the 
slope of the temperature  equation. Similarly, the net 
heat flow rate through the boundary,  q, is directly pro- 
portional to the tempera ture  derivative, so that  the 
temperature  of the cell increases when heat is ab- 
sorbed through the boundary  and decreases when heat 
is lost to the surroundings.  All  other terms in  Eq. [30] 
are the result  of the part icular  electrical configuration 
of the model and of the assumptions made in its deriva-  
tion. 

Dynamic Equation for Cell Concentration 
The composition of the electrolyte solution in the 

n ickel -cadmium cell varies only because of the water 
consumption or formation during the process. Thus, the 
variat ion of the number  of water  moles, nH2o, during 
the reaction is directly related to the charge flowing 
through the solution, dq 

dq 
dnH2o = - -  [31] 

F 

Since the current  contr ibut ing to the reaction is Ir ---~ 
dq/dt, convert ing F to an identifiable parameter,  P4, 
this equation becomes 

dnH2o Ir 
[32] 

d$ P4 

which represents the dynamic equation for the total 
number  of moles in the electrolyte solution. Since Ir 
is positive during charge and negative dur ing dis- 
charge, the number  of water  moles increases and de- 
creases dur ing the respective operations. This conforms 
with the expected result, as indicated by the reaction 
equation, where water  is formed during charge and 
consumed dur ing  discharge. 

Model Test 
For the purpose of testing the behavior of the model, 

the equations presented here were fitted to typical 
n ickel -cadmium cell data. Specifically, all data used 
refer to a Gulton 20A-h, sealed, sintered plate cell. 
The parameters  in  the dynamic equations were identi-  
fied according to a procedure based on sensit ivi ty func-  
tions (12) and a charge cycle was simulated and com- 
pared to exper imental  data. The results are reported in 
Fig. 2, 3, and 4. 

The model showed the abil i ty to fit the dynamic be- 
havior of a typical n icke l -cadmium cell and appears to 
be a viable tool for s tudying power systems. The pa-  
rameters can be identified to match a specific real sys- 
tem, and the result ing equations are manageable from 
the standpoint  of numerical  computation. The dynamic 
description of the temperature  in the system, the re- 
versible potential, and the water concentrat ion wi th in  
the galvanic cell, as well  as the electrical variables of 
interest, such as c u r r e n t  through the terminals,  over-  
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charge current ,  and charging efficiency, are  avai lable  
at  every  t ime as a resul t  of the t rans ient  computat ions.  

P r a c t i c a l  C o n s i d e r a t i o n s  
From the  foregoing, the present  model  consists of 

th ree  different ial  equat ions for the revers ib le  potential ,  
t empera ture ,  and concentrat ion,  wi th  five pa ramete r s  to 
be identif ied exper imenta l ly ,  and of a set of a lgebraic  
constraints  der ived  f rom the electr ical  character is t ics  
of the system. Not all  the significant phenomena  occur-  
r ing dur ing  the opera t ion  of the  n i cke l - cadmium cell 
are  purpor ted  to be represen ted  in the model. The pres -  
sure bui ldup wi th in  the  sealed cell, and its effect on 
the t empe ra tu r e  of the  system, for instance, are com- 
p le te ly  neglected. So a r e  the capaci ty  of the  cell, its 
s tate of charge, and any memory  effect which might  
affect the  pa ramete r s  of the equations. These simplif ica- 
tions are  to le ra ted  for the sake of s impl ic i ty  of the 
model, which would o therwise  become too complicated 
and poss ibly  in t rac tab le  for computat ion.  Fur thermore ,  
these processes are  not  wel l  unders tood and are  difficult 
to descr ibe quant i ta t ively ,  so tha t  the prac t ica l  useful-  
ness of a more  complicated model  is quest ionable.  

The equations der ived  here  correspond to the model  
shown in Fig. 1, which is a charge model.  But the re-  

suits obta ined dur ing  the der iva t ion  a re  val id  for the 
discharge phase as well,  wi th  the  appropr ia te  modifica- 
tions. Notably,  a load  must  be subs t i tu ted  for the 
charging potential ,  U, and the po la r i ty  of the act ivat ion 
overpotent ial ,  Ea, must  be reversed.  Fur the rmore ,  since 
the  opposite react ion would  be tak ing  place on dis-  
charge, the value  of K in Eq. [29] must  be reversed  in 
sign. 

The equations,  der ived  for  an e lectrochemical  cell, 
are  equal ly  appl icable  to a ba t t e ry  of cells, as long as 
no qual i ta t ive  difference be tween  the var ious  e lements  
is present.  Of course, different  da ta  would apply,  and 
the model  pa rame te r s  would  cor respondingly  have dif -  
ferent  values. 

Final ly ,  notice tha t  the equations der ived are  valid 
wi th  s l ight  modifications for any  electrochemical  cell. 
Once the chemical  react ion involved is established,  and 
the significant products  and reactants  a re  known, the 
dynamic  equat ion for the revers ib le  potent ia l  can be 
modified accordingly.  The different the rmodynamic  
proper t ies  of the new sys tem must  be t aken  into ac-  
count in the heat  and concentra t ion equations.  In  gen-  
eral,  then the same set of equations m a y  be fitted to 
the opera t ing  character is t ics  of a given cell or bat tery .  
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ABSTRACT 

The discharge behavior of thermogalvanic cells based on a dissolved redox 
couple, namely  ferro-ferricyanide,  was investigated as a function of redox 
couple concentration, tempera ture  difference, electrode placement  and con- 
figuration, and forced convection. The principal  source of cell polarization 
was found to be the rate of mass t ransfer  of electroactive species to the elec- 
trode surfaces. This concentrat ion poIarization is ins t rumenta l  in  l imit ing the 
power output of aqueous redox thermogalvanic  cells to values ~0.1 mW cm -2. 
A practical feature of such cells, however, is that  a continuous power  output  
can be main ta ined  indefinitely provided that  the half-cell  tempera ture  differ- 
ence remains  constant. 

Thermogalvanic  cells are the electrochemical equiv-  
alent of thermoelectric devices and can directly con- 
vert  thermal  to electrical energy (1). Conceptually and 
operationally, however, thermogalvanic cells are con- 
siderably more complex since ionic as well  as electronic 
conduction is involved. Thus under  discharge condi- 
tions the t ransport  and discharge of ions will cause, in 
general, pe rmanen t  changes to occur at the electrodes. 
This is a considerable inconvenience in a practical de- 
vice. 

Despite the inconvenience of mass transfer,  a certain 
amount  of interest  was shown in thermogalvanic cells 
for power generat ion dur ing the early 1960's. In  par-  
ticular, a t tent ion was directed to analyzing the proper-  
ties of cells having molten salt or solid-state electro- 
lytes to take advantage of the large temperature  dif- 
ferentials and hence relat ively large cell voltages ob- 
tainable (2-6). 

In  these studies it was shown that  the mater ial  prop- 
erties of thermogalvanic and thermoelectric cells, as 
measured by the figure of merit,  were comparable. The 
figure of merit,  Z, is defined a s  

82 
Z -- - -  K - I  [1] 

pk 

where s is the Seebeck coefficient in V K -1, p is the 
specific resist ivity in ohm-cm, and k is the specific ther-  
mal  conductivi ty in W cm -1 K -1. Ionic conductors 
were found to have figures of meri t  of ,~10 -~ K -1, i.e., 
similar to Z values of semiconducting materials  such 
as PbTe and BiTe used in  thermoelectric devices (7). 
Apart  from having similar Z values, both thermogal-  
vanic cells and thermoelectrics have conversion effi- 
ciencies which are Carnot l imited (7, 8). This was 
another reason why thermogalvanic  cells based on high 
temperature  electrolytes were ini t ia l ly of interest. In 
fact, though, only two exper imental  investigations of 
the power generat ing or discharge behavior of thermo-  
galvanic cells have been reported (9, 11). In both cases 
solid electrolytes were used. 

Weininger  (9) investigated the Ag /a -AgI /Ag  and the 
( P t ) I J ~ - A g I / I 2 ( P t )  cells at temperatures  of 150 ~ 
500~ The lat ter  was also the subject of a patent  (10). 
The polarization behavior  of the Na/~-A12OJNa ther-  
mocell was reported by Weber (11) over the tempera-  
ture range of 200~ at the cold electrode and up to 
800~ a t  the hot electrode. This cell has also been 
patented (12). 

In  both of the patented cells it should be noted that  
the problem of mass t ransport  under  cur ren t -d ra in  
conditions, which was alluded to earlier, was overcome 
by using a gaseous (I2) electrode in  one case and a 
l iquid (Na) electrode in the other. External  connec- 

* Elec t rochemica l  Socie ty  Act ive  ~r 
K e y  words :  d i rec t  ene rgy  convers ion,  device,  p o w e r  ou tpu t ,  con-  

cen t ra t ion  polar iza t ion ,  f e r ro - f e r r i cyan ide  couple.  

tions between the hot and cold electrode allowed m a s s  
t ransfer  while ionic t ransport  occurred through the 
composi t ion- invar iant  solid electrolyte. Two other 
versions of high tempera ture  thermogalvanic cells 
having gas electrodes have also been described in the 
patent  l i terature (13, 14). 

Although the use of gaseous or l iquid electrodes cir- 
cumvents  the mass transfer problem it is at the expense 
of extra complexity in the cell design. As the low d-c 
voltages obtainable  with direct energy conversion de-  
vices necessitate the use of large numbers  of cells to 
obtain practically useful voltages, it is imperat ive that  
cells be simple, durable,  and cheap. Therefore, it w a s  
thought that a simpler means of avoiding the mass 
t ransfer  problem in a thermogalvanic  cell would be to 
use cells based on dissolved redox couples with iner t  
solid electrodes. The l iquid electrolyte could be either 
aqueous or molten salt. 

The discharge behavior of redox thermogalvanic cells 
based on the Fe~+/Fe 8+ couple in aqueous electrolyte 
has been recently reported (15). It was shown that  
continuous power outputs could be obtained from such 
cells with no change in electrolyte composition or ac- 
t ivity of the electrodes. In  this paper the results of a 
more detailed investigation of the discharge behavior 
of a cell based on the Fe (CN)64- /Fe (CN)63-  couple 
in aqueous electrolyte is reported. An aqueous electro- 
lyte was chosen for simplicity since the aim of the 
study was to evaluate the factors which l imit  the power 
output. 

Experimental 
Most of the experiments  were carried out in  a U-  

shaped test cell. The arms of this cell were jacketed 
and the temperatures  in each half-cell  were controlled 
to •176 by a continuous flow of water  from two 
thermostated water  baths. A l inear  cell was also used 
for some experiments;  this was essentially a s traight-  
ened U-cell. The temperature  of the colder half-cell  
was always main ta ined  at 30~ while that of the hotter  
half-cell  was varied between 50 ~ and 80~ 

P la t inum electrodes were used as the working or 
cur ren t -car ry ing  electrodes. These were of the plat i -  
num inlay type (No. 39272) supplied by Beckman In -  
s truments  Incorporated. The p lanar  surface of these 
electrodes was 0.196 cm 2 and they were placed cen- 
t ra l ly  in each vertical arm of the U-cell  with a distance 
of about 25 cm separating the electrode surfaces. A 
length of Pt  wire was wrapped around each working 
electrode with one end of the wire te rminat ing  just  in 
front of the electrode face. The Pt  wires served as ref-  
erence electrodes and allowed the individual  measure-  
ment  of the working electrode polarization. 

A rotat ing electrode was fabricated from a P t - in l ay  
electrode and was used for invest igat ing the influence 
of forced convection on the polarization in each half-  
cell. A procedure similar to that described by Marcoux 

1 5 4  
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and Adams (16) was followed in making  the rotat ing 
electrode which was coupled to a d-c motor using a 
chuck constructed in  these laboratories. 

The influence of electrode area on cell polarization 
was investigated using platinized P t - i n l ay  electrodes. 
The plat inizat ion was carried out in the usual  way in 
a solution of chloroplatinic acid and lead acetate. P t -  
foil electrodes were also used in  some experiments.  
These had a total area of 4 cm ~ and were spot welded 
to th in  Pt  wires which acted as both support  and cur-  
rent  collector. 

Solutions of Fe (CN) 63- and Fe (CN) 64- ions in 0.5M 
K2SO4 were prepared from K3Fe(CN)5 and K~Fe(CN)6. 
3H20. These salts were supplied by F luka  AG and 
were > 99% pure. The K2SO4 used for making up the 
support ing electrolyte was > 99% pure. For each ex-  
per iment  a fresh solution of the dissolved redox couple 
was prepared and deoxygenated for i0 rain by  bubbl ing  
ni t rogen through the solution. 

The discharge behavior  of the redox thermogalvanic  
cells was investigated by applying constant current  
between the two working electrodes and recording the 
cell voltage when steady state had been attained. For 
each discharge current,  the polarization at each work-  
ing electrode with respect to the Pt  wire reference 
electrodes was also recorded. A digital vol tmeter  was 
used to moni tor  the potentials to • 0.1 mV. 

The resistance of the electrolyte between the two 
working electrodes was measured with a conductivi ty 
bridge (Philips Model PW 9501) at 20C0 Hz. For a given 
electrolyte concentrat ion and temperature  difference 
the same value was obtained using either smooth or 
platinized Pt  electrodes. As a check on the accuracy 
of the a-c resistance measurements,  a current  in ter-  
ruptor  technique was also used to measure the IR drop 
between the electrodes. Agreement  to wi thin  _ 5% 
was found using the two methods for measur ing elec- 
trolyte resistance. 

Results 
A typical set of exper imental  polarization measure-  

ments  obtained for the redox thermogalvanic  cell 

(30~ P t /Fe  (CN) 63- (MI), 

Fe(CN)64- (M1)/Pt (30~ -5 AT) [A] 

is presented in Table I where i is the discharge current 
density, Veell is the cell voltage as measured by the 
potential of the working electrode in the hot half-cell 
with respect to that of the working electrode in the 
30~ half-cell, ~]3o and ~]3o are electrode overpotentials 
measured with respect to a Pt-wire reference electrode, 
V i R . f r e e  is the cell voltage after correction for the ohmic 
voltage drop, 0IR4ree iS the cell overvoltage due to 
charge- t ransfer  and mass- t ransfer  polarization calcu- 
lated from the difference Vceu (at i ---- 0) - -  Y I R - f r e e  (at 
i -- i),  and P is the power densi ty  given by the product  
i ' V I R - f r e e .  

In  Table I the effect of temperature  on polarization 
of the individual  electrodes is evident  as ~36 is greater  

Table I. V-i characteristics of the redox thermogalvanic cell 
(30~ Pt/Fe(CN)63- (0.1M), Fe(CN)64- (0.1M)/Pt(30 -5 AT~ 

in 0.5M K2S04" 
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than  o80. It can also be seen that  the sum of the abso- 
lute electrode overpotentials (030 + ~30) at low current  
densities corresponds closely to the cell overvoltage 
( 0 I R - f r e e ) -  These overvoltages should, of course, corre- 
spond as the electrode overpotentials contain only a 
small ohmic component but  this component will be-  
come significant at high current  densities as was ob- 
served. 

When a constant current  was being drawn from a 
redox thermogalvanic cell [A] with AT = 5O~ a 
steady-state voltage was rapidly attained. This voltage 
was observed, however, to fluctuate in a more or less 
cyclic manner  with an ampli tude which increased with 
increase in discharge current  density. Exper iments  
showed that these fluctuations decreased to insignificant 
levels when the bu lky  Pt - in-glass  electrodes were re-  
placed by Pt-foi l  electrodes having a thin Pt  wire spot 
welded to the foil as current  collector. This suggests 
that the oscillations in cell voltage can be largely at-  
t r ibuted to convective effects caused by the P t - in l ay  
electrodes acting as heat sinks. 

Discussion 
Influence oi concdntration.--The cell overvoltage..cur- 

rent  characteristics for [Fe(CN)63-] = [Fe(CN)64-] _-- 
0.2, 0.1, 0.05, and 0.02 mole l i ter  -1 with a AT of 50~ 
in each case are plotted in  Fig. 1. It  should be noted 
that the cell overvoltage has been corrected for the 
ohmic drop between the two working electrodes and 
so only includes contr ibut ions from mass- t ransfer  and 
charge- t ransfer  polarization at the electrode/electro- 
lyte interfaces. 

The form of the 0-log i curves in  Fig. 1 is typical  of 
mass t ransfer-control led electrode processes. Thus, a 
l imit ing current  is evident  which is proport ional  to 
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Fig. 1. C e l l  o v e r v o l t a g e  (OImf ree)  VS. log i f o r  t h e r m o g a l v o n i c  
c e l l s  (_AT ~-- 50~  based on t h e  F e ( C N ) 6 3 - / F e ( C N ) 6 4 -  c o u p l e  

as  a f u n c t i o n  o f  c o n c e n t r a t i o n .  I n s e t :  L [ r n i t i n g  c u r r e n t  (i~) vs. c o n -  

c e n t r a t i o n ,  
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o h m .  A l l  v o l t a g e s  a n d  p o t e n t i a l s  a r e  i n  r n V .  
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concentrat ion (see inset to Fig. 1). This is in accord- 
ance with  the equation relat ing l imit ing current  (iL) 
to concent ra t ion  of electroact ive species for a mass ,20 
t ransfer - l imi ted  electrode process. This we l l -known 
equation (17) is 

nFDC . o 
i~ = 10 8 ~ [2]  

I00 

where  i~ is in mA cm-2;  n, F, and D have thei r  usual 
meanings;  C is the concentrat ion in mole cm-8;  and 8 
is the thickness of the Nernst  diffusion layer  in cm. 90 
As a quant i ta t ive  check on the numerical  va lues  ob- 
tained for the l imit ing current  we can calculate i: f rom 
Eq. [2]. so 

The diffusion coefficients for the Fe(CN)68-  and 
Fe (CN)s  4-  ions in 0.5M K~SO4 are 8.9 X 10 -6 and 8.0 ro 
X 10 -6 cm~ sec -1, respect ively (18). Taking a mean 
value for D of 8.5 X 10 - s  cm 2 sec -1 and 8 = 3 X 10 -~ 
(17), the calculated value  of i: for a 0.1M solution is eo 
2.7 mA cm -s. This value is in excel lent  agreement  wi th  
the extrapola ted value of i: for  the 0.1M solution in 
Fig. 1 of 4 mA cm -2. Similarly,  it can be shown that  5o 
the l imit ing currents  for the other  concentrations are 
also in good agreement.  

In general, it is the re la t ive  values of i, i~, and io 4o 
which determine  the degree of potential  loss at an elec-  
trode (19). In the cells under  invest igat ion it appears 3o 
that the polarizat ion losses arise f rom mass- t ranspor t  
l imitat ions which implies that  for a given concentra-  
t ion i~ < <  io. To check that, in fact, this is the situation, 2o 
we can est imate io for, say, a 0.1M solution of 
Fe (CN) s 8- and Fe (CN) 64- ions from the avai lable ki-  
netic data. ,o 

The equat ion relat ing io to concentrat ion and the 
standard ra te  constant (ks) is 

io - - - -  nF ks ao z-~ aR ~ [3] 

where  io is in A cm-~, ks is in cm sec-~; ao is the ac- 
t iv i ty  of oxidant  in mole cm -8, aR is the act ivi ty of 
reductant  in mole cm -3, a is the t ransfer  coefficient, 
and n and F have their  usual significance. 

For the redox reaction 

P (~JWcm -2 ) 

Prn~ ( "uWcrn'2} / 

80 
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4O 

20 

" 00 011 012 

Concentroflon (M) 
013 

Fe(CN)63-  + e ~ F e ( C N ) 6 4 -  [4] 

the standard rate constant has been measured as 2 X 
10 -2 cm sec -1 wi th  a t ransfer  coefficient of 0.5 (18). 
Using Eq. [3] it can then be calculated that  for a solu- 
tion 0.1M in both Fe(CN)68-  and Fe(CN)64-  ions the 
exchange current  density will  be 0.19 A cm -2. This 
value is an unrealist ic max imum since we have as- 
sumed that  the activities of Fe (CN) 63- and Fe (CN) s 4-  
ions are identical to their  concentrations. If, in the 
absence of act ivi ty  coefficient data, we assume that  the 
activities are only 10% of the concentrations, then io 
would be 19 mA cm -2. This value  of io is still an order 
of magni tude  greater  than the max imum current  drawn 
from the thermogalvanic  cells (see Fig. 1) which fur -  
ther  confirms that  mass- t ransfer  polarization is the 
p r imary  cause of the cell polarizat ion observed in Fig. 
1. 

The influence of concentrat ion on power  output  can 
be seen in Fig. 2 where  P is plot ted vs. discharge cur-  
rent  for [Fe(CN)68-]  ---- [Fe(CN)64-]  ---- 0.2, 0.1, and 
0.05M. The power  output  for each concentrat ion has a 
max imum value which increases wi th  both current  
density and concentration. The relat ionship be tween 
Pmax and concentrat ion is shown in the inset. Since the 
solubili ty l imit  of  the fe r ro- fer r icyanide  couple is 0.2M 
in 0.5M K2SO4, the max imum observed power  output  
was l imited to 93 ~W cm -2. The proport ional i ty  be-  
tween m a x i m u m  power  output  and concentrat ion of 
electroact ive species is not unexpected in v iew of the 
fact that  the /R- f ree  cell vol tage increases in propor-  
tion to the increase in concentrat ion for a given ap- 
plied current  density (see Fig. 1). 

Influence of temperature  di f Ierence.--The influence 
of aT on the V- i  characteristics of thermogalvanic  

F e b r u a r y  1976 

0.2M 

O.IM 

0.05 M 

o g  I I I 
0 I 2 3 

i (mAcro -2) 

Fig. 2. Power output vs. discharge current for thermogalvanic 
cells (-~T = 50~ based on the Fe(CN)63- /Fe(CN)64-  couple 
os a function of concentrgtion. Inset: Maximum power output vs. 
concentration. 

cells [A] wi th  [Fe(CN)64-]  = [Fe(CN)6 ~-]  ---- 0.1M 
was invest igated for AT of 50 ~ 40 ~ 30 ~ and 20~ The 
var ia t ion of initial cell vol tage (Vcell at i = 0) wi th  AT 
is l inear (see Fig. 3) and the slope of 1.4 mV ~ -1 is 
the average value of the Seebeck coefficient. 

The cell overvol tage (~]IR-free) VS.  log i curves were  
independent  of AT, i.e., decreasing AT from 50 ~ to 20~ 
did not alter the overvol tage  characteristics. This in-  
sensit ivity of ~] to AT is surprising in v iew of the ob-  
servat ion that  ~30 > ~80 -}- AT. One would have ex-  
pected, for a mass- t ransfer  controlled process, that  
with decrease in AT the cell overvol tage would have 
increased. Perhaps this effect is counteracted by an 
equivalent  decrease in n due to the decrease in thermal  
diffusion (Soret  effect) at lower  aT. The tempera ture  
differential did, however,  influence the power  output  
as shown in Fig. 4 where  P is plotted vs. i for AT of 
50 ~ 40~ 30 ~ and 20~ It is evident  that  P goes through 
a m ax im um  for each AT and in the inset to Fig. 4 the 
increase of Pmax with increase in AT is shown. 

Influence 05 electrode p lacement . - -The  V- i  charac-  
teristics of cell [A] were  also invest igated in a l inear 
cell in which the 80~ half-cel l  was ver t ica l ly  above 
the 30~ half-cell .  Comparison of the cell overvol tage  
with that  measured under  identical  conditions in a 
U-cel l  showed that  the polarization behavior  was the 
same. This indicates that  any convect ive effects are 
localized in the half-cel ls  and do not affect the cell as 
a whole. 

Direct measurements  of the tempera ture  gradient  at 
the bottom of the hot (80~ compar tment  showed that  
2 cm away from the bot tom of the compar tment  the 
tempera ture  was only 35~ and 3.5 cm into the con- 
necting arm of the U-cel l  the t empera tu re  was 30~ 
the same as that in the cold electrode compartment .  
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Fig.  4 .  P o w e r  o u t p u t  vs. d i s c h a r g e  c u r r e n t  for  t h e r m o g o l v o n i c  
cells besed on the F e ( C N ) 6 3 - / F e ( C N ) 6 4 -  couple (0. ]M) as e 
function of AT. Inset: Maximum power output vs. AT. 

The mi n i mum distance which could, therefore, be  
mainta ined between the two electrodes, while still pre-  
serving a AT of 50~ is 3.5 cm. Now the values of P 
used in Fig. 2 and 4 are calculated from /R-free cell 
voltages and so are ideal values. Correcting the maxi-  
mum measured power output  of 93 ~W cm-2  (see Fig. 
2) to take into account the in terna l  resistance of 6 ohm 
when the electrode separation is 3.5 cm results in  a 
reduction of Pmax by 5% to 88 ~W cm -2. Thus the in -  
fluence of electrolyte resistance oh .maximum power 
output is relat ively minor  primari ly,  of course, because 
the current  is small  being only 0.5 mA in the above 
case. 

A second modification of electrode placement  was in -  
vestigated in a U-cell  using Pt-foi l  ra ther  than  P t -  
inlay working electrodes. Again there was no signifi- 
cant difference be tween the results obtained with the 
two electrode configurations but  the degree of cycling 
of the cell voltage was much less in the case of the P t -  
foil electrodes indicating reduced convective effects 
(see Results).  

Influence of electrode roughness.--The roughness 
factor (ratio of real to geometric area) of a p la t inum 
electrode can be readily increased by platinizing. The 
m i n i m u m  increase which can be obtained is of the 
order of 100 (20). If, as the results indicate, the polar-  
ization in thermogalvanic cells based on the ferro- 
ferr icyanide couple is mass- t ransfer  controlled, then 
increasing the roughness factor should have no effect 
on the polarization behavior  of the cell (21). 

The polarization results obtained for cell [A] with 
an equimolar  0.1M Fe (CN) 68-/Fe (CN) 64- solution at 
AT ---- 50~ using pl,atinized P t - in lay  electrodes were, 
as expected, identical to the results obtained with 
smooth electrodes. 

Influence of ]orced convection.--Since the power out-  
put of redox thermogalvanic cells is constrained by the 
rate of mass t ransfer  of the electroactive species in  
solution, it was of interest  to determine to what  extent  
forced convection could improve the cell performance. 
Experiments  were again carried out in a cell [A] con- 
taining an equimolar  0.1M solution of fer r i - fer rocyan-  
ide. The results are summarized in Fig. 5. It should be 
noted that the distance of 25 cm between the two e]ec- 
trodes was such that electrode rotat ion did not influ- 
ence the thermal  gradient  between the two half-cells. 

It can be seen that forced convection in  either of the 
two compartments  leads to a considerable reduction in 
overvoltage. Adding together the effects of s t i rr ing in 
both compartments,  one can derive a curve for the cell 
overvoltage in which both electrodes are rotating. Thus, 
at a discharge current  density of 3.5 mA cm -2, forced 
convection leads to a substant ial  fourfold reduction in 
the cell overvoltage which produces in tu rn  a fourfold 
increase in the power output  over the max imum of 52 
/~W cm -2 obtained with stat ionary electrodes at a cur-  
rent  density of 1.3 mA cm -2. For a 0.2M (saturated) 
solution, which was found to give the ma x i mum power 
output  of almost 0.1 mW cm -2, we could therefore ex- 
pect an output  of about 0.4 mW cm -2 under  forced 
convection conditions. 

Unfor tunate ly  this fourfold increase in power output  
to a max imum of about 0.4 mW cm -2 is still an order 
of magnitude less than what  is obtained using solid- 
state photovoltaic or thermoelectric devices for direct 
energy conversion. 

In view of the fact that the rate of mass t ransfer  of 
the ions of the redox couple to the electrodes is the 
principal  cause of cell polarization (which in  t u rn  
limits the max imum power output) one could, in 
principle, obtain higher power outputs with redox cou- 
ples which are more soluble than the ferro-ferr icyanide 
system. Experiments  with a thermogalvanic cell based 
on the ferrous-ferric chloride (2 mole l i ter -z ) system 
gave, however, a max imum power output  of only 42 ~W 
cm -2 (15) which illustrates the l imitat ions of going in 
this direction. 



158 

"17 I-R _ free( m V ) 

IOO r-- 

90 

80 

70 

60  

50 

40  

50  

20 

10 

J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY February I976 

0 ~ 
0.I ID I0 

i (mAcm -a  ) 

Fig. 5. Cell oYervoltage (~lm-free) VS. log i for thermogalvanic 
cells based on the Fe(CN)63-/Fe(CN)64- couple (0.1M): Q both 
electrodes stationary; A rotating electrode in 80~ half-cell; X 
rotating electrode in 30~ half-cell; [ ]  rotating electrodes in 
both half-cells (derived curve). OCV: 73.8 inV. Rotation speed: 
880 rpm. 

This low power output  resul ted from the fact that 
the Fee+/Fe ~+ couple in HC1 had a Seebeck coefficient 
of only 0.6 mV ~ -1, which is only one- thi rd  as large 
as that  of the Fe (CN) 6~-/Fe(CN) 64- couple in  K2SO4. 
(The io values for the two values are of similar  magni -  
tude.) Hence, for two cells with the same AT, mass- 
t ransfer  polarization is a larger proport ion of the in i -  
tial cell voltage for the ferrous-ferric system than it 
is for the ferro-ferr icyanide system. 

Thus, in general,  it is more advantageous to have a 
redox couple with a higher Seebeck coefficient than 
with a higher solubility. Seebeck coefficients are, how- 
ever, l imited to values in  the region of 0.5-1.5 mV ~ -z  
(22) and solubilities are l imited to 1-2 mole l i te r -1  in 
aqueous solution so there would seem to be little pos- 
sibility of obtaining an order of magni tude  improve-  
ment  in the power outputs of aqueous redox cells. 

One could, of course, use mol ten salts as electrolyte 
media for dissolved redox couples to take advantage of 
the larger available AT and the higher solubilities, and 
it is conceivable that  one could obtain power outputs 
of up to 15 mW cm -2 (15) which would make redox 
thermogalvanic cells comparable in  power density to 
solid-state thermoelectric and photovoltaic cells (23). 
The problem with high temperature  systems, however, 
is that materials  problems are considerable and an eco- 
nomical ly viable device is unl ike ly  to be based on 
mol ten electrolytes. 

A means of augment ing  the power outputs of the 
otherwise at tract ive redox thermogalvanic  cells (con- 
t inuous steady-state  power outputs, invar ian t  elec- 
trodes and electrolytes) without recourse to high tem-  
perature  systems could be through a judicious com- 
binat ion of the photogalvanic effect (24) with the 
thermogalvanic effect in  the one cell. The photogal- 
vanic effect would be pr imar i ly  used to induce a sub-  
stantial  change in the potential  of one ( i l luminated)  
electrode with respect to the other (dark) electrode. 
That is, the high energy photons of the u.v. and visible 

regions of the solar spectrum would be used for acti- 
vating a suitable semiconductor or dye-sensit ized elec- 
trode, thereby changing its normal  (uni l luminated)  
rest potential.  At the same time, the thermal  energy 
in the IR region would be used to heat the electrolyte 
in the vicinity of the i l luminated electrode. 

A possible photo/ thermogalvanic  cell is the follow- 
ing 

(80~ n-TiO2/Fe (CN) 6 8 - ,  Fe (CN) ~4-/Pt  (30~ 
[B] 

i l luminated  dark 
(anode) (cathode) 

The operation of this cell is shown schematically in 
Fig. 6. The photogalvanic properties of semiconducting 
TiO~ have recently been reported (25, 26) and in cell 
[B] this electrode would function as an anode, viz. 

TiO2 + h v---> TiO2 + 2p + + 2e [5] 

complementing the anodic reaction of the redox couple 
in the thermogalvanic cell via the react ion 

p+ + Fe(CN)6 4- --> Fe(CN)s s- [6] 

The cell voltage in the absence of i l luminat ion would 
be some tens of millivolts (due to the thermogalvanic 
effect) but  with the TiO2 electrode i l luminated it  could 
be several hundreds  of millivolts (due to the photo- 
galvanic effect being superimposed on the thermogal-  
vanic effect). Such photo/ thermogalvanic  cells are cur-  
rent ly  under  investigation. 
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Electrophoretic Mobilities of Cadmium Hydroxide, 
Nickel Hydroxide, and Silver Oxide in Ni-Cd and Ag-Zn 

Battery Electrolytes 
S. W. Mayer 

Chemistry and Physics Laboratory, Laboratories Operations, 
The Aerospace Corporation, El Segundo, Cali$ornia 90245 

ABSTRACT 

Since cadmium migra t ion  damage of separa tors  is a ma jo r  cause of Ni -Cd 
ba t t e ry  fai lures  or  pe r fo rmance  degradat ion,  a series of e lec t rophoret ic  mo-  
b i l i ty  measurements  has been made  for  cadmium hydrox ide  suspensions in 
concent ra ted  KOH ba t t e ry  e lec t ro ly te  at  severa l  concentrat ions of K2CO~ to in-  
vest igate  whe the r  e lect rophores is  of cadmium hydrox ide  could be the  mecha-  
nism for migra t ion  to separators .  I t  was found tha t  the  mobi l i ty  of the cad-  
mium hydrox ide  suspension in an appl ied  electr ical  field is adequate  to ac-  
count for  the  observed migra t ion  of cadmium hydrox ide  to separators .  The 
v iew that  high carbonate  concentrat ions in Ni -Cd  ba t t e ry  ~lectrolyte  may  in-  
crease cadmium migra t ion  damage  of separa tors  is consistent wi th  these elec-  
t rophore t ic  measurements  since it was demons t ra ted  that  increasing K2CO~ con- 
cent ra t ion  f rom 0.8 to 6.2% increased cadmium hydrox ide  migra t ion  by  a factor 
of 3. Zeta potent ia ls  have been ca lcula ted  from the data. S imi l a r  measurements  
have been made  for nickel  hyd rox ide  suspensions in Ni-Cd ba t t e ry  e lect ro-  
ly te  at severa l  I~CO3 concentrat ions.  The resul ts  are  consistent  wi th  ion probe  
analyses  for  nickel  in nylon separa tors  exhib i t ing  considerable  cadmium mi -  
grat ion.  Si lver  oxide mobi l i ty  reached a m a x m u m  at 5.1% K2COa and de-  
cl ined at  15.8% K2CO~. 

A major  cause of p r e m a t u r e  fa i lure  in modern  Ni -Cd  
spacecraf t  ba t te r ies  (1, 2) is shor t -c i rcu i t ing  th rough  
separa tors  damaged  by  cadmium hydrox ide  or cad-  
mium tha t  has migra ted  into the  separa to r  (3). The 
migra t ing  mate r i a l  is apparen t  in the separa to r  as a 
b lack  o r  d a r k  gray,  nonuni form deposit .  When  the 
amount  of migra ted  mate r i a l  is so la rge  that  extens ive  
pene t ra t ion  into and th rough  the separa to r  occurs, the  
ba t t e ry  fails, or its per formance  degrades  ve ry  severe ly  
because of in terna l  short  circuits  th rough  the separa to r  
and consequent  r ap id  se l f -d ischarge  (2, 3). 

The cause of this  damaging  migrat ion,  however,  is 
not  wel l  understood.  There  is some bel ief  that  the  
source of the migra ted  mate r i a l  is cadmium dissolved 
in the KOH electrolyte ,  since the so lubi l i ty  of cadmium 
ions in this  e lec t ro ly te  is finite, a l though admi t t ed ly  
ve ry  smal l  (1). Tests of cat ion and anion exchange ca-  

Key words:  electrophoresis ,  cadmium migration, silver oxide 
mobility. 

paci ty  of the  nylon separators ,  however ,  show almost  
no ion exchange capacity,  both  for separa tors  exh ib i t -  
ing considerable  cadmium migra t ion  and for new sep-  
a ra tors  (3). Fur the rmore ,  the surfaces of the  separa tors  
nearest  the Cd-Cd(OH)2  elect rode are  a lways  much 
more contaminated  wi th  cadmium than  the surfaces 
fur thest  f rom the cadmium electrode.  This suggests  
that  the source of the cadmium deposi ted in the  sepa-  
ra to r  is not  cadmium ions dissolved in the  solut ion 
since the solut ion would pene t ra te  the  porous separa to r  
un i fo rmly  ra the r  than  favor ing the surface neares t  the  
Cd-Cd (OH)2 electrode.  I t  seemed possible  tha t  the de -  
posit  on the separa to r  could be par t ic les  of insoluble  
Cd (OH)~ from the negat ive  pla te  a l though this source 
has not prev ious ly  been ment ioned (1, 2). On the cad-  
mium plate,  par t i cu la te  Cd (OH)2 is formed dur ing  dis-  
charge 

Cd -}- 2 O H -  = Cd(OH)2  -}- 2e [1] 
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If the Cd(OH)2 particles have a net negative charge 
in the KOH electrolyte (possibly arising from prefer-  
ential absorption of O H -  ions as compared to absorp- 
tion of K + ions), they would tend to be repelled by the 
negative field when the cadmium electrode is being 
charged and migrate electrophoretically toward the 
positive field of the nickel hydroxide electrode (4). 
Migrating negative particles of Cd(OH)2 would first 
be stopped on the surface of the separator nearest  the 
cadmium electrode. The particles would tend, dur ing 
subsequent  charging, to migrate fur ther  towards the 
positive electrodes through those pores of the separator 
that are large enough to permit  their passage. This 
mechanism for migrat ion would be consistent with the 
observed preferential  deposition on the surface of the 
separator nearest  the cadmium electrode, followed by 
penetrat ion into the separator as the number  of cycles 
increases (2). 

In  order to determine whether  this part iculate e lec-  
trophoresis  explanat ion of migrat ion in Ni-Cd cells 
might be possible, the electroph0retic measurements  
for Cd(OH)2 described in this report  have been made 
in the 34% KOH electrolyte used in Ni-Cd cells. The 
electrophoretic mobil i ty and zeta potential  measure-  
ments for Cd(OH)2 were also conducted in the pres-  
ence of added K2CO3 since it is thought possible that 
the presence of K n C Q  in Ni-Cd batteries increases mi-  
grat ion damage (2, 5). After the electrophoresis mea-  
surements  showed that part iculate Cd (OH) n does mi-  
grate towards the positive electrode in KOH, similar 
sets of measurements  were made on nickel hydroxide 
and silver oxide because of their relevance to Ni-Cd 
and Ag-Zn spacecraft batteries. Reduction potential  
measurements  were also made to determine whether, 
dur ing charging of Ni-Cd batteries, potentials were 
reached near  the separators that were sufficient to con- 
ver t  migrated Cd (OH)2 to metallic cadmium particles. 

Experimental 
Electrophoretic mobil i ty and zeta potential  deter-  

minat ions for cadmium hydroxide, nickel hydroxide, 
and silver oxide were made by the method of Sennet t  
and Olivier (6) as modified by Long and Ross (7). 
Through the use of a cylindrical  sample chamber rotat-  
ing at 30 rpm, suspensions containing up to 40% of 
the hydroxide can be investigated. In this variat ion of 
the Hittorf  technique, a constant  potential  gradient  is 
applied by means of stainless steel electrodes to the 
rotat ing suspension of metal  hydroxide particles in 
KOH electrolyte, and the weight of metal  hydroxide 
migrat ing in 360 sec to the 2.0 cm diam electrode in a 
collection cell is determined. The electrophoretic mo- 
bil i ty and zeta potential  can then be calculated (6). 

The samples of metal hydroxide suspension were 
prepared by adding a solution of the reagent-grade 
ni t ra te  salt drop by drop, with stirring, to analyzed re-  
agent-grade KOH solutions that had, according to the 
analysis, only 0.01% CO2 contamination.  The cadmium 
hydroxide suspension contained 13.9 % Cd (OH)n in 34% 
KOH. The nickel hydroxide suspension consisted of 
5.2% Ni(OH)2 in 34% KOH. To prepare the silver ox- 
ide suspension, 70g of AgNO3 were dissolved in 35 ml 
of water. The solution was stirred drop by drop into 
800 ml of 45% KOH. 

In order to test the effect of K2CO~ on the electro- 
phoretic mobility, the desired weight of anhydrous re-  
agent-grade K2CO 3 was dissolved in the appropriate 
suspension. The temperature  of the samples was 21~ 
during the electrophoretic mobil i ty measurements.  

Results and Discussion 
The electrophoretic mobil i ty m of cadmium hydrox-  

ide and nickel hydroxide suspensions in 34% KOH was 
calculated (6) on the basis of Eq. [2] after the weight 
had been measured of each hydroxide (in separate ex-  
periments)  that collected at the positive electrode in 
360 sec 

WK 
m(cm/sec  per V/cm) _ - -  [2] 

tRifd 

where W denotes the grams of part iculate migrat ing to 
the electrode in t sec, K is the cell conductivi ty con- 
stant (0.8905), i is the current  (set at 5 mA),  f is the 
product of the volume fraction of the part iculate with 
the volume fraction of the electrolyte, d is the density 
difference between the particulate and the electrolyte, 
and R is the resistance of the electrolyte suspension of 
the particulate in the sample chamber as measured 
with a Wheatstone bridge. The density data used for 
Cd(OH)2, Ni(OH)2, and Ag20 were their handbook 
values of 6.4, 4.1, and 7.4 g/era 3, respectively. The 
density of KOH electrolyte has been reported (I). The 
particle sizes of the suspensions were large enough so 
that they settled out when allowed to stand 15 rain, 
leaving a clear supernatant electrolyte which showed 
almost no colloidal Tyndall effect in the beam of a 
helium-neon laser. Although cadmium is known (I, 5) 
to have a low solubility in concentrated KOH solutions 
as a negative ion, the rate of cadmium deposition on 
the positive electrode was considered to be too small 
to have a significant effect because the low concentra- 
tion of the cadmium ion would produce a correspond- 
ingly low rate of cadmium deposition. 

The zeta potential p (in volts) was calculated (6) by 

p ---- 1.3 • 106 ~lm/D [3.] 

where n is the electrolyte viscosity in poises, D is its 
dielectric constant, and m is the mobil i ty calculated 
from Eq. [2]. 

The cadmium and nickel hydroxides migrated to the 
positive electrode because the particulates in the sus- 
pension apparent ly  had acquired a negative charge by 
adsorbing hydroxyl  and carbonate anions preferen-  
t ially compared to their  adsorption of potassium ca- 
tions from ,the electrolyte. Table I presents the data 
for the weight of cadmium hydroxide part iculate col- 
lected in the positive electrode cell in 360 sec for the 
suspension originally containing 13.9% Cd(OH)n in 
34% KOH. Battery electrolyte general ly contains 
K~CO3 in addition to KOH as a result  of CO2 absorbed 
from the atmosphere or of COn produced by separator 
degradation (1, 2), and it is believed that cadmium 
migrat ion damage of separators may become more se- 
vere as the concentrat ion of carbonate in the electro- 
lyte increases (5, 8). The electrophoretic mobil i ty was 
consequently measured at three higher concentrat ions 
of K2CQ, using other portions of the stock suspension 
of 13.9% Cd(OH)2 in KOH electrolyte. The results, 
shown in Table I, are consistent with the view that 
higher levels of carbonate contaminat ion do tend to 
increase cadmium migration, since the quant i ty  of 
Cd (OH)~ collected at the electrode increased from 31.0 
mg with 0.8% KnCO3 present  to 181.4 mg at the 9.0% 
K~CO3 level. The 9.0'% K2CO3 concentrat ion is charac- 
teristic of high levels of carbonate contaminat ion oc- 
casionally observed (8), and the 0.8% K2CO3 concen- 
trat ion is wi thin  the normal  range for electrolyte in  
new Ni-Cd batteries (1). 

Table I also contains the calculated electrophoretic 
mobilities and zeta potentials corresponding to each 
concentrat ion of KnCO3. The mobilities do not increase 
with K2CO8 levels as rapidly as the weight of Cd (OH)2 
collected at the positive electrode, inasmuch as ,the re- 

Table I. Migration of cadmium hydroxide suspensions 
in Ni-Cd battery electrolyte 

KeCOs S u s p e n s i o n  Mobi l i ty ,  Ze t a  
concen t r a -  col lec ted  a t  10 -~ c m / s e c  po ten t i a l ,  
t ion,  w / o  anode,  m g  per  V / c m  rnV 

0.8 31.0 0.08 46 
3.1 60.9 0.11 63 
6,2 98.,8 0.14 81 
9.0 181.4 0.18 104 
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sistance of the suspension increases with added K2CO3. 
The lowest mobil i ty in Table I is, however, easily suffi- 
cient to allow particles of Cd(OH)2 to migrate  into 
the separator and toward the positive plate dur ing the 
Ni-Cd cell-charging process which would take 10 hr 
at the C/10 rate. An applied charging voltage of 1.5 
between plates separated by 2 m m  would provide a 
potential  gradient  of 7.5 V/cm. The lowest mobil i ty 
in Table I would then produce a Cd (OH)2 particle ve-  
locity of 20 mm/hr .  As the separator is closer to the 
Cd(OH)2 plate than 0.3 mm, it is evident  that even 
higher charging rates than C/10 provide ample t ime 
for Cd (OH)2 to migrate electrophoretically to the sep- 
arator. The increase in mobi l i ty  as the carbonate con- 
centrat ion is raised suggests that the Cd (OH)2 particles 
acquire a higher negative charge because of stronger 
preferent ial  adsorption for the doubly charged carbon- 
ate anion than for the singly charged hydroxyl  anion. 
The observed trend towards increased zeta potentials 
at higher carbonate concentrat ions is consistent with 
higher charge density, because of increased carbonate 
adsorption, on the cadmium hydroxide particles. 

As shown by the data in Table II, higher concentra-  
tions of K2CO3 did not increase the quant i ty  of 
Ni (OH)2 suspension that migrated towards the positive 
electrode. Nickel hydroxide, nevertheless, does have a 
relat ively strong tendency to migrate  towards the posi- 
tive electrode at lower K2CO8 levels. During 360 sec in 
2.7% K2CO8, 132 mg of Ni (OH)2 migrated to the anode, 
compared to 61 mg of Cd(OH)2 in 3.1% K2CQ. It 
should be noted, however, that  the direction of the 
electrophoretic mobil i ty of the Ni(OH)2 suspension in 
the Ni-Cd bat tery  would cause the suspension to move 
toward the Ni(OH)2 positive plate dur ing charging. 
Consequently, un l ike  cadmium hydroxide, it would not 
tend to migrate away from the plate where it should 
remain  for bet ter  ba t te ry  performance and lifetime. 
The electrophoretic mobil i ty measurements  are con- 
sistent with the results of separator chemical analyses 
by ion probe (3), which show that  v i r tua l ly  no migra-  
t ion of nickel to separators occurs even when the cad- 
mium migrat ion damage is severe. 

The electrophoretic measurements  for suspensions of 
silver oxide in 43% KOH electrolyte of Ag-Zn space- 
craft batteries demonstrate  that the sign of the charge 
on Ag20 suspensions is opposite to that on the cadmium 
hydroxide or nickel hydroxide suspensions. The quan-  
t i ty Of Ag20 migrat ing to the cathode in 360 sec in-  
creased sharply (Table III) when the K2CQ concen- 
t rat ion was raised to 5.1 from 2.0%, but  declined at 
higher concentrations of carbonate. The lowest rate of 
migrat ion was obtained ~t the lowest concentrat ion of 
carbonate. Accordingly, it is not recommended that 
carbonates should be added to Ag-Zn bat tery electro- 
lyte to suppress silver migration. Since zinc oxide is 
soluble in KOH electrolyte, no electrophoretic mea-  
surements were needed for zinc oxide in  this study. 

Table II. Electrophoretic mobility of nickel hydroxide 
suspensions in Ni-Cd battery electrolyte 

K2CO~ S u s p e n s i o n  Mob i l i t y ,  Z e t a  
c o n c e n t r a -  co l lec ted  a t  10 -3 c m / s e c  po ten t i a l ,  
t ion ,  w / o  a n o d e ,  m g  p e r  V / c m  m V  

1.6 143.3 0.74 430 
2.7 132.4 0.67 390 
3.6 126.6 0.64 370 
6.5 43.4 0.21 120 

Table Ill. Migration of silver oxide suspensions in Ag-Zn battery 
electrolyte 

KeCO3 S u s p e n s i o n  Mob i l i t y ,  Z e t a  
e o n c e n t r a -  co l lec ted  a t  10 -3 c m / s e c  po ten t i a l ,  
t ion ,  w / o  c a t h o d e , . m g  p e r  V / c m  m V  

2.0 51.5 0.29 300 
5.1 380.1 1.68 1700 
8.3 259.1 1.14 1200 
15.8 92.2 0.41 420 

The electrophoretic mobil i ty  data (Table I) for cad- 
mium hydroxide in Ni-Cd ba t te ry  electrolyte show that  
the mobil i ty of Cd(OH)2 is sufficient to allow it to 
reach and penetrate  the separator. Such deposits in the 
separator will be more damaging to bat tery  perform- 
ance by producing in terna l  shorting between the plates 
if they are converted from Cd (OH)2, which has a high 
resistance to electron flow, to cadmium metal  which 
has a low resistance. The mechanisms whereby 
Cd(OH)2 in the separator can be reduced to Cd metal  
dur ing bat tery charging will require extensive invest i -  
gation before their relative contr ibutions can be evalu-  
ated. One mechanism could consist of electron tunne l -  
ing (9) from the cadmium electrode to Cd(OH)2 de- 
posited on the surface of the separator. Tunnel ing  is 
very dependent  on the distance from the electrode 
source, and it is uncer ta in  that enough of the separator 
in a typical Ni-Cd cell is sufficiently close to the cad- 
mium electrode to permit  significant tunne l ing  of elec- 
trons to the separator. Other mechanisms could depend 
on the reduction of soluble impurit:es in the electrolyte 
at the cadmium electrode during bat tery  charging, 
followed by diffusion of these reduced impuri t ies  to 
the separator where they would reduce the migrated 
Cd (OH)2 to Cd metal  if their reduction potentials were 
adequate. These mechanisms are analogous to the ni -  
t ra te-n i t r i te  shuttle for producing Ni-Cd bat tery self- 
dis :harge (2, 5). 

Nitrite, however, is not a sufficiently strong reducing 
agent to be efficient for the reduct ion of Cd(OH)2 to 
Cd metal. The following exper imental  test was, there-  
fore, made with a 12 A-hr  Ni-Cd spacecraft cell to 
investigate whether  sufficiently strong reducing poten-  
tials occurred in  the electrolyte adjacent  to separator 
surfaces dur ing the cell-charging process. The Ni- 
Cd cell had been subjected to 100 charge-discharge cy- 
cles during preflight testing. Cell s tate-of-charge at the 
beginning of the test was 90%. The cell was cut open 
and the pack of plates was raised from the casing so 
that  about 75% of the plate height remained in the 
casing. The cell was then immersed in 34% KOH e lec -  
trolyte (at 25~ so that  electrolyte contact was estab- 
lished with the plates. An Hg-HgO reference electrode, 
with a bridge containing 31% KOH, was placed in the 
electrolyte. The 'reference electrode was connected with 
a 1.2-cm 2 p la t inum foil electrode, which was inserted 
diagonally into the immersed portion of the plate pack, 
between the sixth cadmium electrode and its adjacent 
nylon separator. The objective of the p la t inum foil was 
to act as a potent ia l - indicat ing electrode for the Ni-Cd 
cell electrolyte near  the surface of the separator, as 
the cell was being charged. The cell was charged at 
1.4V and 0.50A, and the emf of the p la t inum foil-HgO 
reference electrode pair was monitored with a high- 
impedance digital voltmeter. After  30 min, the ob- 
served emf of the electrode pair stabilized near  --0.93V 
and remained at --0.93 ~- 0.01V dur ing the 3 hr of cell 
charging. 

This potential  is sufficient to reduce much of the 
Cd (OH)2 in a separator to Cd metal, and indicates that 
the electrolyte near  the surface of the separator does 
contain reduced compounds or ions capable of convert-  
ing some of the migrated Cd(OH)2 to Cd in the sep- 
arator. The reduced compounds in the electrolyte could 
be impurities,  or hydrogen could be formed in solution 
at the observed voltage of the p la t inum-foi l  indicator 
electrode. One possible impur i ty  that would at tain 
suitable reducing potentials (10) in KOH electrolyte is 
the s tanni te  ion; another  possibility is sulfite ion. Alde- 
hydes formed at the cadmium electrode (during charg- 
ing) from carboxylic acid produced by degradation of 
the nylon separator could also act as a soluble reducing 
agent to convert Cd (OH)2 to Cd metal  in the separator. 
Another  possibility is that a combinat ion of several 
such soluble reducing agents could form the Cd metal  
that causes in ternal  shorting and consequent bat tery 
failure. 
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Anodic Dissolution of Titanium in Acidic Sulfate Solutions 
II. Effects of Ti(lll) and Ti(IV) Ions 

Eugene J. Kelly* 
Chemistry Division, Oak Ridge Nationa~ Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

At  an ac t ive-s ta te  t i tan ium electrode, T i ( IV)  ions are  r educed  to T i ( I H ) ,  
and the reduct ion react ion is first o rder  wi th  respect  to the concentra t ion of 
T i ( IV)  ions. The current  dens i ty  corresponding to the reduct ion  react ion adds 
a lgebra ica l ly  to the  cur ren t  densi t ies  corresponding to the ac t ive-s ta te  dissolu-  
t ion of the  me ta l  to form Ti ( I I I )  ions in solut ion and to the hydrogen  evolut ion 
reaction.  At  constant  potential ,  the  rates  of the l a t t e r  two react ions are  not 
affected by  T i ( I I I )  or T i ( IV)  ions. However ,  the reduct ion  of T i ( IV)  ions is 
accompanied by  a d isplacement  of the open-c i rcui t  (corrosion) potent ia l  in 
the  noble direct ion and, consequently,  by  an increase  in the open-c i rcui t  
corrosion rate.  When  the concentra t ion of T i ( IV)  exceeds a cer ta in  cri t ical  
value, the  ac t ive-s ta te  t i t an ium passivates.  At  a pass ive-s ta te  t i t an ium elec-  
trode, T i ( I I I )  ions are  oxidized to T i ( IV ) ,  and the oxidat ion react ion is first 
o rder  wi th  respect  to the concentra t ion of T i ( I I I ) .  The cur ren t  dens i ty  corre-  
sponding to the  oxidat ion  of T i ( I I I )  ions s imply  adds to the  cur ren t  dens i ty  
corresponding to the  dissolution of the passive metal .  The r a t e  of the  l a t t e r  
react ion is not affected by Ti ( III)  or T i ( IV)  ions. E lec t ro ly te -coupled  ac t ive-  
passive t i t an ium systems, i.e., sys tems in which ac t ive-s ta te  and pass ive-s ta te  
electrodes are  collocated in the  same body of electrolyte ,  are capable  of gen-  
era t ing the  cri t ical  concentrat ion of T i ( IV)  ions requ i red  to pass ivate  the  ac-  
t ive surface, a "se l f -heal ing"  phenomenon re levant  to local ized (pitt ing, 
crevice, etc.) corrosion. Also, under  appropr ia t e  conditions, dissolution rates  
of t i t an ium in t he  active s ta te  (open-c i rcui t  or polar ized)  may  be  accura te ly  
de te rmined  by  moni tor ing  the current  at the  pass ive  sensor e lect rode in an 
e lec t ro ly te -coupled  system. 

The first paper  in this  series (1) descr ibed the re -  
sults of a s tudy  of the  e lectrochemical  behavior  of 
zone-ref ined t i t an ium in hydrogen- sa tu ra t ed  acidic sul-  
fate  solutions (pH < ,-,2.5). Al though  the p r i m a r y  ob-  
jec t ive  of the  ear l ie r  inves t iga t ion  was the  de t e rmina -  
t ion of the mechanism of t i t an ium dissolution in the  
active state and in the ac t ive-pass ive  t ransi t ion (passi-  
r a t ion )  potent ia l  region, the  kinetics of oxidat ion of 
Ti ( l i d  ions in  solut ion to Ti (IV) at a passive t i t an ium 
surface, and the effect of this react ion on the cu r ren t -  
dens i ty /po ten t i a l  curve in the passive state were  also 
examined.  It was shown that,  at constant  potent ia l  and 
pH, the  oxida t ion  of Ti ( I I I )  ions to Ti (IV) is first order  
in the  T i ( I I I )  concentration,  and that  the  current  den-  
s i ty corresponding to this react ion s imply  adds to the 
current  dens i ty  corresponding to the pass ive-s ta te  dis-  
solut ion of the subs t ra te  metal .  The T i ( I I I )  ion had no 
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healing.  

discernible  effect on the dissolut ion ra te  of the  passive 
metal .  Many authors  have noted the increased cur ren t  
dens i ty  observed at a passive t i t an ium electrode in the 
presence of T i ( I I I )  ions, and have a t t r ibu ted  the effect 
to the  e lect rodeposi t ion of a th ick  oxide  film (2, 3), or 
to a pecul ia r  "depass ivat ing effect" in which the Ti ( III)  
ions br ing  about an increase in the dissolution ra te  of 
the passive meta l  (4, 5). On the other  hand, Kuzne t -  
sova e t a l .  (6) concluded that  the  dissolut ion ra te  of 
passive t i t an ium is reduced by  the presence of T i ( I I I )  
ions. Consequently,  depending upon the pa r t i cu la r  
author,  Ti ( I II)  ions increase, decrease, or have no sig- 
nificant effect upon  the dissolution r a t e  of pass ive  
t i tanium. 

Weiman (7), Andreeva  and Yakovleva  (8), and 
Sinigagl ia  eta l .  (9), among others, have all  observed 
that, above a cer ta in  cri t ical  concentrat ion,  Ti (IV) ions 
in solut ion pass ivate  an active t i t an ium surface. In  ad-  
di t ion to this observation,  Thomas and  Nobe (5) con- 



VoL 123, No. 2 ANODIC D I S S O L U T I O N  OF T I T A N I U M  1 6 3  

eluded that at concentrations below the critical con- 
centrat ion required for passivation, Ti (IV) ions inhibi t  
the anodic dissolution of t i t an ium in  the active state. 
All investigators agree that  T i ( IV)  ions are electro- 
chemically inert  at a passive t i t an ium surface and have 
no effect on the passive-state dissolution rate of the 
metal. 

In  the ini t ial  port ion of this paper, the kinetics of 
reduction of Ti ( IV)  ions to T i ( I I I )  at an active t i ta-  
n ium surface, and of oxidation of Ti (IIt)  ions to Ti(IV) 
at a passive t i t an ium surface are examined in  detail. 
An analysis of the effects of these reactions on the 
cur ren t /poten t ia l  behavior  of t i t an ium in  the active and 
passive states is presented, and the effects of T i ( IH)  
and Ti (IV) ions on the dissolution rate of t i t an ium in 
the active and passive states are determined.  The lat ter  
portion of the paper is devoted to a study of electrolyte- 
coupled active-passive t i t an ium systems, i.e., systems 
in  which active and passive electrodes are collocated 
in  the same body of electrolyte. The oxidation of Ti( I I I )  
ions at a passive t i t an ium sensor electrode serves as the 
basis for a very sensitive method for moni tor ing active- 
state dissolution rates. In  addition, electrolyte-coupled 
active and passive metal /e lectrolyte  reaction systems 
are encountered in localized attack of metals (pit t ing 
corrosion, crevice corrosion, etc.) (10), and the results 
of this study add to our unders tanding  of the mecha- 
nism involved in  localized corrosion. 

Experimental 
The exper imental  apparatus and techniques have 

been described elsewhere (11) and, therefore, only a 
brief  resume is given here. The three-compar tment  cell 
assembly (test, reference, and  counterelectrode com- 
par tments)  was made of Pyrex  glass and Teflon, and 
was so designed that solutions could be added to or re- 
moved from the cell wi thout  exposure to the a tmo- 
sphere. All  compartments  were jacketed and main-  
tained at a constant  tempera ture  (_0.02~ which, ex- 
cept where noted, was 30~ A stream of hydrogen was 
passed through all compartments  at all times. The hy-  
drogen source was a Matheson generator  which pro- 
duces u l t ra  pure gas via diffusion of electrolytically 
generated hydrogen through a pal ladium membrane  
Addit ional  st irr ing in  the test compartment  was 
achieved with a Teflon-coated magnet ic  stirrer.  

The t i t an ium electrodes employed in  this study were 
made from zone-refined, polycrystat l ine t i t an ium (Ma- 
terials Research Corporation):. The cylindrical  elec- 
trodes were mounted  on Teflon electrode holders which 
exposed either one p lanar  surface or the cylindrical  
surface or both. All solutions were prepared from re-  
agent grade materials  and t r ip ly  distilled water. Stock 
solutions of Ti (IV) in 1N H2SO4 were prepared by  dis- 
solving approximately 2g of zone-refined t i tan ium in a 
sulfuric acid solution (55.6 ml  cone H2SO4 + 200 ml 
H20) at ,~70~ under  a hel ium atmosphere.  The resul t-  
ing deep purple  solution was cooled to room tempera-  
ture, and filtered through a medium porosity glass filter 
directly into a two-l i ter  volumetric  flask. A small 
amount  of the solution was held back. Hydrogen per-  
oxide (30% solution) was added to the volumetric  flask 
unt i l  the purple  Ti (III) solution just  became colorless. 
The next  drop of H 2 0 2  produced an orange color which 
was el iminated by addit ion of some of the Ti (III) solu- 
t ion that  was held back. The addit ion of increasingly 
dilute H~O2 and Ti (III)  solutions was repeated several 
times, wi th  the final solution in the volumetric flask 
containing a negligible excess of Ti (III) .  The solution 
was then  diluted with H20 to the two-l i ter  mark. Ex- 
cept where noted otherwise, T i ( I I I )  solutions vcere 
prepared by anodic oxidation of t i tan ium at Em (see 
text) in  acidic sulfate solutions having the desired pH. 

In  those instances where test solutions were analyzed 
for T i ( I I I )  via permanganate  ti tration, the KMnO~ 
solutions were 0.5M in  H2SO4, and were presaturated 
with He. Solution t ransfer  and t i t rat ion were conducted 
under  a hydrogen atmosphere. A standard peroxide 

colorimetric method was employed in the de termina-  
tion of Ti ( IV)  in  test solutions (12). A 2 ml sample of 
test solution was t ransferred to a 10 ml  volumetric  
flask, 0.2 ml of I-I202 (30% solution) was added, and 
the solution was di luted to the 10 ml mark  with 0.5M 
H~SO4. The absorbence was measured at a wavelength 
of ,~10 m~, using a Beckman Model DU Quartz Spectre-  
photometer  with a H~ lamp and a 1 cm cell. 

In  experiments  involving only one test electrode, a 
Wenking potentiostat  (Model 61 RH) was used in con- 
junct ion  with a Wenking precision potent iometer  
(Model PPT-67),  and a Hewlet t -Packard/Moseley re- 
corder (Model 7100B, Model 17501A plug- ins) .  In  ex-  
periments  involving two test electrodes (electrolyte- 
coupled active and passive t i t an ium electrodes), an 
ORNL potentiostat  (Model Q-2003) was used wi th  a 
potentiostat  derived from a Phi lbr ick Model Q3-A2P 
differential amplifier to form a dual potentiostat. A 
common reference and counterelectrode completed the 
four-electrode systems. 

All electrode potentials (E) were measured against 
a saturated calomel electrode and, unless stated other- 
wise, all E values are given wi th  reference to SCE. 

Results and Discussion 
In  order to acquaint  the reader with various aspects 

of the t i t an ium system, typical s teady-state polarization 
curves are shown in  Fig. 1. In  1N H2SO4, t i t an ium 
undergoes spontaneous active-state dissolution accom- 
panied by the hydrogen-evolut ion  reaction. As the po- 
tential  of the t i t an ium is made increasingly positive 
(noble) relat ive to the corrosion potent ial  (Ec = --735 
_+ 5 mV vs. SCE), the anodic current  density increases 
to a max imum (ira) at the critical potential  (Era), and 
then decreases as the metal  is t ransformed from the 
active to the passive state. In  a previous s tudy (1), 
coulometric-weight  loss measurements  at Em and E= --F 
160 mV demonstrated that, in  the active and active- 
passive transi t ion potential  regions (i.e., in  the poten-  
tial regions where curves A and D coincide), t i tan ium 
is oxidized to form Ti (III) ions in solution. In  the pas- 
sive state, the metal  is oxidized to form the passive 
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Fig. 1. Effects of Ti(lll) concentration and pH on the steady- 
state anodic p o l a r i z a t i o n  o f  t i t a n i u m .  
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film (TiO2) and T i ( IV)  ions in solution. Curves A, B, 
and C i l lus t ra te  the effect of pH on the polar iza t ion  
behavior  of t i tanium. If  the effect of the hydrogen  evo- 
lut ion react ion is t aken  into account, it  m a y  be shown 
(1) that  d log im /dpH = --2/3,  d In im/dEm ~ F / 2 R T ,  

and dEm/dpH -~ -- (4/3) 2.303 R T / F .  These diagnostic 
c r i te r ia  are  satisfied by  the mechanism of t i t an ium dis -  
solut ion presented  ear l ie r  (1). Here, our in teres t  is 
focused on the difference be tween  curves A and D, a 
difference which resul ts  f rom the presence of T i ( I t I )  
ions in the e lect rolyte  phase.  

Oxidat ion  oS T i ( I I I )  ions in solut ion to T i ( I V )  at a 
~,assive t i t an ium sur face . - - In  order  to examine  the oxi-  
dat ion o~ T i ( I I I )  ions at  a passive t i t an ium surface, a 
t i t an ium electrode was ma in ta ined  in a s teady state at 
0 mV vs. SCE (curve A) ,  and a solut ion of known 
concentrat ion of Ti ( I II)  ions in H2-sa tura ted  1N H2SO4 
was added in measured  volume increments  to the test  
cell containing a known volume of 1N H2SO4. Af te r  
each addition, the cur ren t  densi ty  increased,  moving 
f rom its ini t ia l  value  on curve A toward  curve D. Let  
i~* represent  the current  densi ty  corresponding to the 
pass ive-s ta te  dissolution of t i t an ium in the absence of 
T i ( [ I I )  ions (curve A) ,  and  ip the current  densi ty  ob- 
served when the concentra t ion of T i ( I I I )  is C3. If  the 
oxidat ion of T i ( I I I )  ions at the  passive surface has an 
order  (n) wi th  respect  to the  T i ( I I I )  concentration,  
then 

~s = ksC~" [13 

where  i~ is the  cur ren t  dens i ty  corresponding to the  
T i ( I I I )  oxidat ion  reaction,  and k~ is a constant  (at 
constant  potent ia l  and pH) .  If  is s imply  adds to i ,*,  
and i~* is not affected by  the presence of T i (HI )  ions, 
then  

ip = / p *  + is [2] 

and, in view of Eq. [1] 

ip -- ip* 4- ksCa n [3] 

According to Eq. [3], a p lot  of log ( i ,  -- ip*) vs: log C~ 
should resul t  in a s t ra ight  l ine having a slope equal  to 
n. The exper imen ta l  da ta  shown in Fig. 2 are in com- 
plete  agreement  wi th  Eq. [3], and prove  tha t  n ---- 1 
i.e. 

ip ---- ip* 4- k~C.~ [4] 

The measurement  of i~ at constant  potent ia l  and pH 
provides  a method for de te rmin ing  the concentrat ion 
of T i ( I I I )  ions in a solut ion containing both  T i ( I I I )  
and Ti ( IV)  ions. 

The preceding analysis  requires  that ,  under  potent io-  
static condit ions 

aC~/~t = -- A p i J F v  [5] 

10-5 

E 

1o -c 
w 

i i i i lille i i i ~ 

/ / ' ~ - s , o P E  ~ o98 

pH VALUES 

o 0.52 

�9 1.49 

i I i i i i i i i  1 0  - 7  i i k , I l l l l  

10 -5 10 -4 10 -5 10 -2 

C 5 ( m o L e s / l i t e r )  

Fig. 2. Oxidation of Ti(ll l) to Ti(IV) at a passive-state titanium 
electrode (E ~ 0 mV vs. SCE). Determination of order (n) with 
respect to Ti(l l l)  concentration (Eq. [3]) .  Plot of Icg ( i p  - -  ip*) vs.  

log C3. Data for higher pH values normalized to curve for pH 
0.32 at 1 X 10-6A. 

and 
OC~/~t = ( A p i J F v )  4- (Apip*/4Fv)  [6] 

where  A~ is the  area  of the  passive electrode,  v is the  
volume of electrolyte,  and F is the F a r a d a y  constant.  
In the section of this paper  deal ing wi th  the behavior  
of e lec t ro ly te -coupled  active and passive electrodes, it  
wil l  be shown tha t  Eq. [5] and [6] are  obeyed, the reby  
proving the va l id i ty  of the  analysis  p resen ted  above in 
the der iva t ion  of Eq. [4]. If the increased current  den-  
s i ty  observed at  a passive t i t an ium elect rode in the 
presence of T i ( I I I )  ions resul ted  from a "depassivat ing" 
effect (4, 5), Eq. [4] would  require  the effect to be such 
that  the pass ive-s ta te  dissolut ion ra te  of the meta l  i t -  
self be a l inear  function of Ca. No evidence has been 
presented  to suppor t  such a hypothesis.  Moreover,  Eq. 
[5] and [6] would not be applicable.  The same con- 
s iderat ions also lead  to the  re jec t ion  of the  hypothesis  
tha t  Ti ( I II)  ions re ta rd  the pass ive-s ta te  dissolut ion of 
t i tanium. 

The potent ia l  independence of the T i ( I I I )  oxid,ation 
react ion at more posi t ive potent ia ls  (see curve D) can 
be a t t r ibu ted  to the  fact that  the react ion ra te  depends 
only on the oxide-solu t ion  in terracia l  potent ia l  differ-  
ence, a~Ps. If dar is v i r t ua l l y  equal  to unity,  where  
~ o x  is the  potent ia l  difference be tween  the  meta l  and 
the oxide-solu t ion  interface,  and E is the  e lectrode po-  
tent ia l  re la t ive  to the  reference  electrode, then, since 
d A c J d E  ---- 1 --  dA~ox/dE, ACs remains  essent ia l ly  in-  
dependent  of E. 

If at some point  along curve D (Fig. 1), the  pH is in-  
creased b y  the addi t ion of concentra ted NaOH, the ra te  
of oxidat ion of T i ( I I I )  ions in solut ion increases and 
becomes dependent  upon the s t i r r ing ra te  as the reac-  
t ion passes f rom act ivat ion to mass t r anspor t  control.  
A corresponding bui ldup in film thickness is evidenced 
by an in ter ference-color  sequence in which the in i t ia l ly  
metal l ic  g ray  e lect rode u l t ima te ly  becomes da rk  blue. 
Dur ing  this  process a whi te  prec ip i ta te  (TiOe) accumu-  
lates in the cell. As the T i ( I I I )  is depleted,  the color 
sequence reverses,  and eventual ly ,  the e lectrode re turns  
to its or iginal  g ray  color, and the cur ren t  densi ty  r e -  
turns to the value  given by  curve A (Fig. 1). These 
results  are consistent wi th  a pH dependent  hydrolys is  
of Ti ( I I I ) ,  wi th  the hydrolys is  product  being the elec-  
t rochemical ly  active species. According to Pescok and 
F le tcher  (13), T i ( I I I )  hydrolyzes  at low pH ( <  3) to 
form (TiOH) *2. If  the oxidat ion of (TiOH) +2 to Ti( IV)  
is the r a t e -de te rmin ing  step, the  corresponding cur ren t  
densi ty  may  be approx imated  by  i8 = F ( D / 5 ) k T C J  
[k7 4- (D/8)  (1 4- a(H+)/Kh)] ,  where  k is the ra te  
constant  for the  r a t e -de t e rmin ing  step, Kh is the hy -  
drolysis  constant, 7 and D are  the ac t iv i ty  and diffusion 
coefficients for T i ( I I I ) ,  and ~ is the  diffusion layer  
thickness.  Al though the hydrolys is  of T i ( I I I )  ions in 
sulfate  med ia  has not  been  examined,  t he  preceding 
expression is qua l i t a t ive ly  consistent  w i th  the  ob-  
served pH effects. 

Reduc t ion  o~ T i ( I V )  ions in solut ion to Ti ( I I I )  at an 
act ive t i t an ium sur]ace . - -The  upper  curve in F i g .  3 is 
a typica l  anodic polar iza t ion  curve for  t i t an ium in de -  
oxygena ted  1N H2SO4. At  any point  along this curve, 
the net  anodic cur ren t  densi ty  (in) is given by  the a lge-  
braic sum of the pa r t i a l  anodic cur ren t  dens i ty  corre-  
sponding to the  oxidat ion of t i t an ium to T i ( I I I )  ions in 
solut ion (id), and the pa r t i a l  cathodic cur ren t  densi ty  
corresponding to the hydrogen  evolut ion react ion (i l l) ,  
i.e., ia = id 4- ill. It  should be noted that,  by  convention, 
net and par t ia l  anodic (oxidat ion)  cur ren t  densit ies are  
positive, whi le  net  and pa r t i a l  ca thodic  ( reduct ion)  
cur rent  densit ies are negative.  At  the open-c i rcui t  cor- 
rosion potential ,  Ecorr, ia -- 0 and, consequently,  id = 
liHl. As the  potent ia l  become increas ingly  posi t ive r e l a -  
t ive to Eoorr, id increases and liHI decreases.  Coulo- 
me t r i c -we igh t  loss exper iments  have shown tha t  at po-  
tent ia ls  as negat ive  as E,n, liHl is negl igible  compared  
to ia (linl < 0.02 ia at  Era). The lower  curve in Fig. 3 
is the anodic polar izat ion curve in 1N I-I~SO4 containing 
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Ti(IV)  ions at a concentrat ion C4 = 3 raM. At first 
glance, it is easy to see how one might  erroneously 
conclude that  Ti( IV)  ions inhibi t  the dissolution oi 
t i tanium, since the ent i re  anodic polarization curve is 
lowered by Ti (IV) ions. For example, in a coulometric- 
weight loss exper iment  conducted at Em (--530 mV vs. 
SCE) one might  anticipate on the basis of Fig. 3 that, 
for C4 = 3 mM, the current  density calculated from the 
weight loss data would be 33.3 ~A/cm 2, just  as the cur-  
rent  density of 52.8 ~A/cm ~ (i=) was calculated from 
the weight loss data when  C4 = 0. Actually, in ei ther 
case, the exper imenta l ly  observed weight loss corre- 
sponds to 52.8 ~A/cm 2 (i.e., to ira). 

The effects of Ti( IV)  ions on the polarization, dis- 
solution, and open-circui t  corrosion behavior  of t i ta-  
n ium can be explained and completely quantified if 
one assumes the following: (i) Ti ( IV)  ions are r e -  
duced to Ti (III) in the potential  region under  consider- 
ation; (ii) Ti(IV)  ions have no effect other than  to 
contr ibute a cathodic current  density corresponding to 
their  reduct ion (i4), i.e., nei ther  id nor  iH are affected 
by the presence of T i ( IV)  ions; ( i l l ) i t  is assumed that  
Ti (III)  ions have no effect on the active-state system 
(in contrast to their reduction at a passive surface).  
Then, the net  anodic current  density is g iven by Eq. [7] 

{a "-  ( /d  + { H )  ~- i4 [ 7 ]  

which, in accordance with the second assumption above, 
becomes 

{a = {a* -F i4  [ 8 ]  

where ia* : (id -~- {H)C4=0 is given by the upper  curve 
in Fig. 3. The experiments  described below prove the 
val idi ty of the aforementioned assumptions. 

A t i t an ium electrode was main ta ined  at Em in  1N 
H2SO4. The steady-state value of ia was 54.2 #A/cm~. 
Then, known volumes of a s tandard solution of Ti (IV) 
in  1N H2SO4 were added to the cell solution and ia was 
measured  as a funct ion of C4. The results are shown in 
Fig. 4. According to Eq. [8], (Oia/(~C4)E -~ (8i4/~C4)E, 

and it therefore follows from the results shown in  Fig. 
4 that  

{4 = - k&4 [9] 

In  other words, the reduct ion of Ti( IV)  to Ti ( I I I )  is 
first order in C4. :It should be noted that, unl ike  the 
oxidation of Ti ( I I I )  in  1N H~SO4, the reduct ion of 
Ti( IV)  ions in 1N H2SO4 is, in the absence of stirring, 
under  partial  mass- t ranspor t  control. The part ial  t rans-  
port control was totally el iminated in these experi-  
ments  by use of the magnetic stirrer. Subst i tu t ing i4 
from Eq. [9] into Eq. [8], one obtains Eq. [10] 

{ a  = i a *  - -  k 4 C 4  [101 

The measurement  of ia at constant potential  and pH 
enables one to determine C4 in a mixture  of Ti ( I I I )  
and Ti(IV)  ions. The addition of Ti( IV)  required 2.73 
hr. Upon completion of the addition, the electrode was 
mainta ined at Em for another  218.47 hr, dur ing which 
time samples were periodically removed from the cell 
and analyzed for T i ( I I I )  via permanganate  t i t rat ion 
and for total T i ( I I I  + IV) via the hydrogen peroxide 
spectrophotometric method. The concentrat ion of 
Ti(IV) was calculated as the difference, C4 = Cwotal Ti 
-- C3. i n  Fig. 5, --i4 (calculated by use of Eq. [8]) is 
plotted against the concentrat ion of Ti ( IV)  determined 
by the chemical analyses. The value of k4 is identical 
to that determined by the addit ion exper iment  (cf. 
Fig. 4). During the 221.2 hr in  which Ti(IV)  was pres-  
ent, the t i tan ium electrode exhibited a weight loss of 
19.25 rag; this corresponds to a constant dissolution 
current  density (id) of 53.24 ~,A/cm 2. In  the absence of 
Ti( IV) ,  the dissolution current  density values were 
54.2 •A/cm e (cf. Fig. 4 ) ,  52.8 #A/cm 2 (cf. Fig. 3, ira), 
and 51.6 #A/cm 2 (used in  Fig. 5). 

As a consequence of the reduction of Ti ( IV)  ions to 
Ti ( I I I )  at an active surface, C4 decreases with time, 
and Ca increases. The increase in C8 is augmented by 
the dissolution of the metal. In  accordance with the 
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Fig. 4. Effect of Ti(IV) concentration on current density at an 
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H2$O4. Direct addition of Ti(IV) ions. 
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electrode (E - -  - - 5 3 0  mV vs. SCE) in 1N H2SO~,. Effect of T i ( IV )  
concentration an reduction current density (Eq. [9]) .  

assumptions made at the beginning of this section, one 
may wri te  

dC4 /  d t  - -  - -  AaI i4] /Fv [11] 

where Aa is the area of ~he active-state electrode. 
At constant potential, k4 is constant, and subst i tut ion of 
li41 from Eq. [9] into Eq~ [11], followed by integration, 
leads to Eq. [12] 

C 4  "-" C 4  0 exp ( - - A a k 4 t / F v )  [12] 

If C4 from Eq. [12] is subst i tuted into Eq. [10], one 
obtains the equat ion describing a potentiostatic cur- 
r en t / t ime  t ransient  at an active-state t i tan ium elec- 
trode in the presence of Ti ( IV)  

ia ~-- in* -- k4C40 exp ( - - A a k 4 t / F v )  [13] 

In  a typical test of Eq. [13], an electrode (A~ ---- 30 cm 2) 
was mainta ined at a constant potential  (Em) in 1N 
H2SO4 unt i l  a steady-state value of in* was well estab- 
lished. Then, at time zero, the solutio.n was replaced 
with 200 ml of 1N H2804 containing Ti(IV)  ions at a 
concentrat ion of 1.69 X 10 -2 moles/li ter.  The observed 
value of ia immediate ly  changed from the net anodic 
(in* ---- 57.8 #A/cm 2) to a net  cathodic value of 50.3 

~A/cm~. Subst i tut ing those values in Eq. [13], with 
t ---- 0, gives k4C4 o --_ 1i40] _-- 108.1 ~A/cm 2, and, there- 
fore, k4 ---- 6.40 X 10 -3 A c m  -2 liter mole -1. As Ti(IV)  
is consumed, the observed current  density re turns  to 
in*. The potentiostatic current  dens i ty / t ime transient  
is shown in Fig. 6. According to Eq. [13], a plot of log 
(in* -- ia) vs.  t should result  in a straight l ine having 
an intercept at t ---- 0 equal to log k~C4 ~ i.e., log !i40[, 
and a slope [0 log (~a* -- ia)/Ot]E ~- - -Aak~/2 .303 Fv .  
The results are shown in Fig. 7. The value of k4 calcu- 
lated from the slope is 6.41 • 10 -3 A cm-2 li ter mole -1, 
and, from the intercept  at t _-- 0, [i4~ = 108 ~A/cm ~. 
The concentration of Ti ( I I I )  during the t ransient  is 
given by Eq. [14] 

C~ -- (C4 ~ - -  C4) 4- i a * t / 3 F v  [14] 

where use has been made of the fact that, at E~(--530 
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mV vs. SCE), id ~ in*. Equations [12] and [14] were 
used to calculate C4 and C~, respectively, and the re-  
suits are shown i n  Eig. 6. The applicabil i ty of Eq. [13] 
over the Ti ( I I I )  and Ti ( IV)  concentrat ion ranges 
shown in Fig. 6, ranges.which embrace those for which 
id has been reported (5) to be a funct ion of both C~ and 
C4, together with the results presented in Fig. 4 and 5, 
clearly demonstrates that neither ion has any effect 
on  in, and confi rms the val idi ty of the assumptions 
listed at the beginning  of this section. 

It is important  to dist inguish between the dissolution 
rate of the metal  at a specified potential  and the open- 
circuit dissolution rate (corrosion rate) .  The former, 
as shown above, is independent  of C4, but  the la t ter  is 
not. According to Eq. [8], at a specified potential, the 
difference in the ia values shown by the upper  and 
lower curves in Fig. 3 is equal to li41 and, consequently, 
the corresponding value of k4 may be determined by 
insert ing i4 and the specified concentrat ion of Ti ( IV)  
into Eq. [9]. Then, having thus determined the po- 
tential  dependence of k4, Eq. [9] may be used to 
construct [i41/potential curves (for example, a-a '  and 
b -b '  in Fig. 3) for any value of C4. At the open-circui t  
corrosion potential, ia ----- 0 and, according to Eq. [8], 
]i41 ---- in*, i.e., the open-circuit  corrosion potential  in 
the presence of Ti( IV)  is given by the intersection of 
the corresponding li41/potential curve with the upper  
curve in Fig. 3. The corrosion potential/C4 curve calcu- 
lated in this manne r  is shown by the dashed curve 
in Fig. 8. The solid curve (open circles) in Fig. 8 shows 
the exper imental ly  observed corrosion potential  as a 
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funct ion of C4. The data for the solid curve were ob- 
tained by an  addition experiment  in  which known 
volumes of a s tandard Ti ( IV)  solution [Ti(IV) in 1N 
H2SO4] were added to the cell which ini t ia l ly  contained 
a known  volume of 1N H2SO4. It is impor tant  to note 
that when  C4 reaches the level at which the 1i4[/poten- 
tial curve is tangent  to the upper  curve in Fig. 3, the 
t i t an ium should passivate. This was observed to occur 
at C T i ( I V >  ~ 8.6 raM. If k4 were independent  of po- 
tential, passivation would have occurred at the concen- 
t rat ion for which li41 = ira, i.e., at approximately 8.0 
mM. 

The open-circui t  corrosion rate is given by the value 
of id existing at the intersection of the upper  curve 
in Fig. 3 and the ]ial/potential curve. With increasing 
C4, the corrosion potential  becomes increasingly posi- 
tive (cf. Fig. 8) and, consequently the corrosion rate 
increases. Thus, al though the dissolution rate of t i ta- 
n ium at a specified potential  is independent  of C4, the 
open-circuit  dissolution rate (corrosion rate) increases 
with increasing Ca to a max imum of ira, decreases 
slightly as C4 increases fur ther  to the critical concen- 
tration, and, finally, drops sharply as C4 exceeds the 
critical concentrat ion and ihe  metal  passivates. 

Electrolyte-coupled active and passive t i tanium sys- 
tems.- -The experiments  described above involved 
either an active or a passive t i t an ium electrode. At ten-  
t ion is now directed toward systems in  which active 
and passive electrodes exist s imul taneously  in  the same 
volume of electrolyte, i.e., toward electrolyte-coupled 
systems. At the active-state electrode, the metal  is oxi- 
dized to form Ti (III) ions in solution. At  the passive- 
state electrode, the metal  is oxidized to form Ti( IV)  
ions in  solution. In  the coupled system, coupling of the 
active and passive systems is a consequence of the 
oxidation of T i ( I I I )  ions to Ti( IV)  at the passive sur-  
face, and the reduct ion of Ti( IV)  ions to T i ( I I I )  at the 
active surface. 

It  has been shown (cf. Fig. 8) that  the direct addi-  
t ion of Ti ( IV)  ions can lead to the passivation of an 
active t i t an ium surface. If T i ( I I I )  ions are oxidized 
to Ti( IV)  at a passive t i t an ium surface (cf. Fig. 2), and 
if the product of the oxidation reaction is Ti ( IV)  in 
solution rather  than  an electrodeposited TiO2 oxide, 
then it should be possible to passivate an active elec- 
trode by oxidizing T i ( I I I )  ions to Ti ( IV)  at a passive 
electrode sharing the electrolyte with the active elec- 
trode. In  order to test this conclusion, one electrode 
(Ap ---- 30 cm ~) was mainta ined in the passive state 
(E ~ 0.0 mV vs. SCE) in  1N H2SO4, while a second 
electrode, the identical electrode employed in Fig. 3, 4, 
and 5 (A~ ---- 1.58 cm~), was ]eft in  the active state at 
open circuit in  the same solution. At t ---- 0, the solution 
was replaced by 200 ml of 1N H2SO4 containing Ti (III) 
ions at an ini t ial  concentrat ion of 34.9 raM. The solu- 
t ion was prepared by the method shown in  Fig. 6 and, 
consequently, also contained a small  amount  of Ti (IVy, 
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C4 o -- 0.55 mM. The open-circui t  potential  of the active 
electrode was recorded as a funct ion of time, and the 
result  is shown in  Fig. 9. The potent ial  of the active 
electrode became increasingly noble, demonstrat ing 
that the oxidation of Ti (III)  ions at the passive elec- 
trode results in  Ti (IV) ions in solution. At a potential  
slightly more noble t han  Em (for reasons explained in 
the preceding section), the active electrode suddenly 
passivated (t -- 4514 min) ,  i.e., the critical concentra-  
t ion of Ti (IV) ions was exceeded. The concentrat ion of 
Ti (IV) ions in  solut ion was calculated by means of Eq. 
[15~ 

S: S: C4 = C4 ~ + (A.p/4Fv) ip*dt + (Ap/Fv)  i~dt 

-- (Aa/Fv) L t l{4[dt [15] 

The cur ren t  at the passive electrode (rp) was moni -  
tored during the experiment,  and used to evaluate the 
first two integrals on the r ight  side of Eq. [15]. The 
last integral  in  Eq. [15] arises as a result  of the re-  
duction of Ti ( IV)  ions to Ti ( I I I )  at the small  active 
surface. Since Ip > >  1141, the contr ibut ion of the last 
integral  is small, i.e., the last te rm increases from 0 at 
t = 0 to only 0.833 • 10 -3 moles/ l i ter  at 4514 rain. The 
evaluat ion of this integral  was accomplished by deter-  
min ing  the area under  the [i4/t curve, the values of li4! 
being read from the upper  curve of Fig. 3 for the cor- 
responding potential  values shown in  Fig. 9. In  Fig. 8, 
the active electrode potentials shown in  Fig. 9 are 
plotted (solid circles) against the corresponding values 
of C4. The results obtained in this exper iment  are in 
excellent agreement with those obtained by the direct 
addition of Ti ( IV)  ions. The critical concentrat ion of 
Ti(IV) required to passivate the active electrode, 
C4 = 8.94 raM, compared to C4 ---- 8.6 mM via direct 
addition, confirms again the assumptions implicit  in Eq. 
[15]. In  particular,  the results demonstrate  that  the 
current  efficiency for the formation of an electrode- 
posited oxide (TiO2) via the oxidation of Ti ( I I I )  ions 
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at the passive surface is negligible compared to the cur-  
rent  efficiency for the formation of Ti (IV) ions in solu- 
tion. In  Fig. 9, the potential  of the electrode upon passi- 
vat ion (i.e., t > 4514) increases to approximately --275 
mV vs. SCE, and continues to increase slightly with 
time. According to Schmets et aL (14), the s tandard 
potential  for the Ti+3/TiO +2 couple is approximately 
0.10V vs. SHE. Using this value, together with the 
values of C3 and C4 existing at t = 4514 min, 26.35 and 
8.94 raM, respectively, one would conclude that  if the 
potential  of the t i t an ium electrode upon passivation 
were determined solely by this couple, the potential  
would be --208 mV vs. SCE. Since the current  due to 
the metal  dissolution react ion must  be added to that 
due to the T i ( I I I )  oxidation reaction, the Ti+3/TiO +'2 
couple is not solely responsible for the open-circuit  
potential, and as observed (--275 mV vs. SCE), one 
should expect a slightly more negative value than  --208 
mV vs. SCE. 

In  the exper iment  just  described, a potentiostat  was 
used to main ta in  the passive electrode at a constant 
potential  while the active electrode was left at open 
circuit. In  the experiments  which follow, a dual  po- 
tentiostat  was employed to main ta in  one electrode at a 
constant potential  ~in the active state and a second 
electrode at a constant potential  in the passive state. 
The time derivatives of the Ti (III) and Ti(IV)  concen- 
trations are given by Eq. [16] and [17] 

dCs/dt = (Aaid/3Fv) -- (Aai4/Fv) - -  (Ap iJFv)  [16] 

dC4/dt = (Aai4/Fv) + (Apia/Fv) + (Apip*/4Fv) [17] 

If is and i4 are expressed in terms of Cs and C4 via Eq. 
[1] and [9], respectively, Eq. [16] and [17] may be 
rewri t ten  as follows 

d C J d t  = (Aaid/3Fv) + (Aak4C4/Fv) -- (ApksCJFv)  
[18] 

dC4/dt = (Apip*/4Fv) -- (Aak4C4/Fv) ~- (ApksCJFv)  
[19] 

Letting CT = (C3 -b C4), and adding Eq. [18] and [19], 

one obtains Eq. [20] 

dCT/dt : (1/Fv) (Aaid/3 -F Apip*/4) [20] 

Under the prescribed potentiostatic conditions, id, ip*, 
ks, and k4 are all constant, and, consequently, Eq. [18]- 
[20] may be solved to obtain C8, C4, and CT as functions 
of t ime 

C~ -- Cs ~ -{- a[1 -- e x p ( - - K t / F v ) ]  + Aak4#t [21] 

C4 = C4 ~ -- =[1 -- e x p ( - - K t / F v ) ]  Jr Ap~c~t [22] 

CT = CT 0 + Ki l t  [23] 

where, in  order to simplify writing, a, #, and K repre-  
sent the following 

: ( l / K )  [ (ApksAaid/3K)-F (Aak4C4 ~ 

- -  (ApksCa ~ -- (Aak4Apip*/4K) ] [24] 

= (1/KFv)  [ (A~id/3) -F (Apip*/4) ] [25] 

K = (Apks + Aak4) [26] 

If Cs and C4 given by Eq. [21] and [22] are substi tuted 
into Eq. [4] and [10], respectively, one obtains equa- 
tions describing the current  densi ty- t ime transients at 
the passive and active electrodes 

ip = /p*  -t- k~C30 -~- k3a[1 -- exp ( - -Kt /Fv)]-{-  ksAak4#t 
[27] 

ia = id -- k4C40 -[- k4a[1 -- exp ( - - K t / F v ) ] -  Apk~k4~t 
[28] 

If 1 > >  Kt/Fv,  the exponential  te rm in Eq. [27] may 
be expanded to yield a l imit ing expression for ip 

(ip) t~o ~ i p ~  -F (kJ]Fv) [Aak4C4 ~ -- ApksC3 ~ 

-F (Aaid/3) ] t  [29] 

i.e., for small  values of t, ip is a l inear  funct ion of time. 
Moreover, if C4 ~ = Cs ~ = 0 or, more generally, if 
(Aaid/3) > >  (Aak4C4 ~ -- ApksC~~ the slope of the 
straight line obtained from a plot of ip vs. t is simply 
Aaksid/3Fv, i.e., from the measured value of the slope, 
one may calculate the dissolution rate of the active-state 
t i tanium electrode. Since the slope is proportional to ~d, 
a change in id produced by a change in  the potential  of 
the active-state electrode results in an immediate  
change in  the slope (OiJOt)E. Typical experimental  
results are shown in Fig. 10. The passive electrode was 
mainta ined at 0 mV vs. SCE in  250 ml of 1N H2SO4. 
From 0 to 1600 min, the active electrode was set at Er~ 
(--530 mV vs. SCE). Utilizing the fact that at Era, ia ~- 
5.38 • 10 -5 A/cm 2 ~ in, k3 may be calculated from the 
slope of the straight l ine and the measured value of 
ia, i.e., ks ~ 3Fv(Oip/at)/Aaia : 1.17 • 10 -3 A cm -2 
liter mole -1. At t = 1600 min, the potential  of the 
active-state electrode was changed from Em to --730 mV 
vs. SCE (approximately equal to the  open-circui t  cor- 
rosion potential) ,  and mainta ined constant f rom 1600 
to 3500 min. If $1 is the slope of the init ial  l inear  seg- 
ment  (t ~- 0 to t ----- 1600), and S2is  the slope of the 
second l inear  segment (t = 1600 to t : 3500), then 
(id)E=-73o : ( i d )  E =  -530 ( $ 2 / 3 1 )  ~- ( id )  E =  -580 /2 .53 ,  
i.e., id at E = --730 mV vs. SCE = 2.13 • 10-5 A/cm 2. 
In addition to confirming the validity of Eq. [29], the 
results shown in Fig. 10 demonstrate  a novel, and very  
sensitive method for measur ing or continuously moni-  
toring dissolution or corrosion rates. It  should be noted 
that in  this experiment,  the dissolution rate of the ac- 
tive specimen at --730 mV vs. SCE, for example, 
amounted to only 32.1 ~,g/hr, and only a few hours are 
needed to determine the slope with sufficient accuracy. 

A general  test of Eq. [27] and [28] is provided by the 
data shown in  Fig. 11. According to Eq. [27] and [28], 
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Fig. 10. Determination of dissolution rates of active-state tita- 
nium via monitoring the current density at a passive titanium elec- 
trode (E _-- 0 mV vs. SCE) collocated in 1N H2S04. C8 ~ ---- C4 ~ 
0. Aa ~ Ap ~ 2.53 cm 2. Application of Eq. [29]. 
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Fig. 11. Current/time transients at electrolyte (1N H2SO4)- 
coupled active (E =_ - -530 mV vs. SCE) and passive (E = 0 mV 
vs. SCE) titanium electrodes. C3 ~ = C4 ~ = 0. Ap = Aa : 15 
cm 2, v = 100 ml. Test of Eq. [27] and [28]. 

if currents  (ia : Aaia and Ip ---- Apip) ra ther  than  cur-  
rent  densities are plotted against time, the slopes, 

- -  (OIa/Ot) E= -53o and (OIp/Ot ) E=0, should approach the 
same value, Aak4Apks~, as t ~ co. This is confirmed by 
the results shown in Fig. 11. In this par t icular  experi-  
ment,  the measured values of Apip and Aaid (recalling 
that, at Em, ia ~ id) were 1.53 • 10 -6 A and 7.76 • 
10 -4 A, respectively. Also, C~ ~ ---- C4 ~ ---- 0, Ap ---- Aa : 
15 cm 2, and v : 100 ml. The preceding data permits  /~ 
to be evaluated via Eq. [25]. From (Oip/Ot)E=O as t --> 0, 
ks may be evaluated as discussed in connection with 
Fig. 10. Then, having evaluated /3 and k3, one may 
evaluate  k4 from the aforementioned slope, Aak4Apk3~. 
The values found for ks and k4 were 1.12 X 10 -3 and 
6.31 • 10 -3 A cm-~ l i ter  mole -1, respectively. 

The continuous decrease in ia shown in Fig. 11 is a 
consequence of the increase in  C4. Given sufficient time, 
the critical concentrat ion required to passivate an ac- 
t ive-state t i t an ium surface would be attained. In  other 
words, even with C~ 0 _-- C40 ---- 0, an electrolyte-coupled 
active and passive t i t an ium system can generate a con- 
centrat ion of Ti( IV)  ions in the electrolyte phase suf- 
ficient to br ing about the passivation of the active sur-  
face. Using reasonable values for the quanti t ies ap- 
pear ing in Eq. [22], [24], [25], and [26], one may 
easily show that, for very small  volumes of electrolytes 
the t ime required to passivate an active surface may be 
reduced to a few minutes.  With regard to localized 
corrosion (crevice, pitting, etc.), these observations 
suggest the following situation. As Ti ( I I I )  ions egress 
from the active-state base of a pit or crevice (10, 15-17), 
they encounter  condition under  which they are known 
to be oxidized to Ti ( IV)  ions in solution (i.e., a pas- 
sive surface).  The resul tant  Ti (IV) ions are t ransported 
back to the base of the pit  where  they encounter  con- 
ditions under  which they are known to be reduced to 
T i ( I I I )  ions (i.e., an active surface),  and to accelerate 
the open-circuit  dissolution rate of the active-state 

base. Thus, Ti (IV) ions would have a deleterious effect 
on pit t ing or crevice corrosion, but  only if the concen- 
t ra t ion of Ti (IV) remained below the critical concen- 
t ra ton required to passivate the active surface. If the 
critical concentrat ion is attained, the metal  passivates 
and pi t t ing ceases. This phenomenon  of spontaneous 
self-healing has long been recognized in  pi t t ing a n d  
crevice corrosion (10). Although one normal ly  associ- 
ates localized corrosion phenomena with solutions other 
than  the 1N H2SO4 (for example, with halide solu- 
tions), and such systems involve nonuni form concen- 
trations wi thin  the constrained geometry, the electro.- 
chemical factors described above remain  operative, and 
the basic rationale provided for the mechanism of self- 
healing should remain  applicable. 

Summary 
In  the active state, t i t an ium is oxidized to form 

Ti(III )  ions in  solution. At an active t i t an ium surface, 
Ti( IV)  ions are reduced to T i ( I I I ) ,  and the reduction 
reaction is first order with respect to the concentrat ion 
of Ti (IV) ions. At a constant potential, nei ther  the ac- 
t ive-state  dissolution rate of the metal  nor  the rate of 
the hydrogenevo lu t ion  reaction are affected by Ti (III) 
or Ti( IV)  ions. However, the current  density corre- 
sponding to the reduct ion of Ti(IV) ions adds alge- 
braical ly to the current  densities of the metal  dissolu- 
tion and hydrogen evolution reactions and, as a con- 
sequence, the open-circui t  (corrosion) potential  of the 
active-state t i t an ium becomes increasingly positive 
(noble) as the concentrat ion of Ti (IV) increases. When 
the concentrat ion of Ti( IV)  exceeds a certain critical 
value, the active-state metal  passivates. 

In  the passive state, t i t an ium is oxidized to form the 
passive film (TiO2) and Ti(IV)  ions in solution. At  a 
passive t i tan ium surface, T i ( I I I )  ions are oxidized to 
Ti ( IV) ,  and the oxidation reaction is first order with 
respect to the concentrat ion of Ti ( I I I )  ions. The cur-  
rent  density corresponding to the oxidation of Ti ( I I I )  
ions simply adds to the current  density corresponding 
to the dissolution of the passive metal. The lat ter  is 
not affected by the presence of T i ( I I I )  or Ti ( IV)  ions. 

When active and passive t i t an ium surfaces are col- 
located in the same body of electrolyte, coupling of the 
active and passive systems occurs as a result  of the 
oxidation of Ti ( I I I )  ions at the passive surface and the 
reduction of Ti(IV) ions at the active surface. Such 
electrolyte-coupled active-passive systems are capable 
of generat ing the critical concentrat ion of Ti ( IV)  ions 
required to passivate the active surface. This "self- 
healing" phenomenon is of interest  in relat ion to local- 
ized corrosion. In  addition, under  the appropriate con- 
ditions, dissolution rates of t i tan ium in the active-state 
(open-circuit  or polarized) may be determined by 
monitor ing the current  at the passive sensor electrode 
in an electrolyte-coupled active-passive system. 
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On the Initiation of Crevice Corrosion on Stainless Steel 

GSran S. Eklund* 
Swedish Institute ~or Metal Research, Stockholm, Sweden 

ABSTRACT 

The site of crevice corrosion ini t ia t ion on stainless steels has been in-  
vestigated. It has been found that  the ini t ia t ion takes place at sulfide inclusions 
situated at the junct ion  between a covering layer and the free metal  surface 
with a portion of the inclusion covered an,d the rest exposed to the solution. A 
mechanism is suggested based on electrochemical dissolution of the sulfide 
inclusions. 

Crevice corrosion is one of the most common, severe, 
and difficult to control forms of corrosion experienced 
with stainless steels. Numerous investigations have 
been carried out on the subject and a number  of crevice 
corrosion mechanisms have been proposed (1-4, 6). 
The theoretical in terpre ta t ion has usual ly  been based 
on some sort of concentrat ion cell and the explanat ion 
of the  ini t iat ion is in most cases deduced from results 
obtained on specimens where the attack is already es- 
tablished and in which a low pH, low oxygen concen- 
t rat ion in the crevice, etc. have been observed (1, 5, 6). 
Very few investigations deal with the ini t ia t ion process 
itself and the possible sites for initiation. 

Several  methods for testing crevice corrosion are de- 
scribed in  the l i terature (1, 7-10), but  t h e  major i ty  
of these can only provide quali tat ive data. Some 
workers have used special exper imental  ar rangements  
in order  to obtain more precise data on the ~corrosion 
rate and the electrochemical behavior (1, 11). Ap-  
parent ly  none of the methods described are suitable 
for detailed visual  studies of the ini t ia t ing sites at high 
magnifications. 

In  this work, crevice corrosion has been s~udied by 
in ter rupt ing  the process at an early stage of develop- 
ment  and the corroded areas have been observed by  
scanning electron microscope (SEM) and analyzed in 
situ. Based on these observations a crevice corrosion 
ini~tiation mechanism is suggested. 

Experimental 
The cell used for the experiments  was made of t rans-  

parent  perspex and is shown in  Fig. 1. The samples 
were 2 mm thick disks, 25 mm in diameter. After  
polishing to 1 ~m diamond, they were covered with 
edge protecting lacquer around the circumference. 
Special care was taken to avoid crevice development  
at the junct ion  between the lacquer and the free metal  
surface. A suitable seal around the lacquered edge 
was effected via an O-r ing and clamping arrangement ;  
around 2 cm 2 of free surface was exposed to the cor- 
rosion solution (Fig. 1). On the free metal  surface 
perpendicular  to the mil l ing direction, streaks of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  c rev ice  corrosion, stainless steelj sulfide inclusions.  

"Lacomit" were applied; ~his is known to have poor 
adherence and the aim was that crevice corrosion at-  
tack took place preferent ia l ly  under  this lacquer. The 
solution used in all experiments  was 0.1M NaC1. The 
init ial  attack was developed by a galvanostatic tech- 
nique using current  densities of 1, 0.1, and 0.01 mA/cm ~ 
giving charge densities of 10, ~0, and 40 mAs/cm 2 over 
the surface. 

After the test the samples were washed with water  
and alcohol, and then dried in a warm airstream. The 
washing was carried out carefully to avoid loss of cor- 
rQsion products. A th in  layer of gold was vaporized 

| 
---n 

Fig. 1. Corrosion cell of transparent perspex. The sample (a) is 
held tight against the cell wall with a brass screw (b) also serving 
as a lead. A seal is effected by the o-ring (c), (d) denotes the 
counterelectrode. 
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Table I. Alloy composition 

Alloy C Si Mn P S Cr Ni Mo N 
Nr  % % % % % % % % % 

1 0.048 0.53 1.26 0.009 0.003 18.1 9.3 0.01 0.052 
2 0.047 0.44 1.48 0.011 0.03 1~.5 9.3 0.01 0.057 
3 0.040 0.54 1.42 0.010 O.S 17.9 9.3 0.02 0.108 

on, to the surface before observations in the microscope. 
In  order to examine the attack under  the Lacomit more 
closely, the lacquer  was removed by acetone on some 
of the samples. 

The materials  used were hot-rol led and annealed 
18-8 steels with three different levels of sulfur. The 
three different alloys were made from the same melt  
via separate additions of sulfur. Disks were punched 
out  from the as-received strips, and the disks were 
annealed at 1000~ for 1 hr and quenched in water. 
The metal lurgical  s t ructure was ful ly austenitic after 
this heat - t rea tment .  

The compositions of the materials  are given in Table 
I. 

Results 
In  the optical micrography, Fig. 2, where the Lacomit 

is still covering the metal  surface, the crevice attack 
has started at a single point and then spread under  
the lacquer in a butterfly fashion. In the vicinity of the 
ini t ia t ion point  the lacquer has become detached from 
the metal  surface and bent  upward, thus widening the 
crevice and giving rise to bend contours. This behavior 
was typical for the crevice corrosion attack observed 
on all the materials  investigated irrespective of 
whether  the mouth  of the crevice was facing up or 
down. 

A closer examinat ion  of the mouth of a crevice, Fig. 
3, reveals that  products in the form of rods and spheres 
have been formed and these are probably inclusions 
or corrosion products t ransported to the mouth by a 
flow of l iquid from the interior. By careful removal  
of the lacquer with acetone, wiping the surface l ightly 
with cotton wool, and then examining the same area, 
it was possible to establish that the light rods and 
spheres were in  fact corrosion products covering in-  
clusions embedded in  the metal  matrix.  Compare Fig. 
3 and 4 showing the same area before and after the 
removal  of the lacquer. X- r ay  analysis (EDAX) of 
the inclusions showed that they were manganese sul-  
fides with iron and chromium in solid solution. 

In  all the alloys investigated, crevice corrosion seems 
to have started at sulfide inclusions at the junct ion be-  
tween the lacquer and the free metal  surface, with a 
port ion of each inclusion covered by the lacquer and 
the rest exposed to the solution. Figure 5 is an ex- 
ample of such an inclusion par t ly  covered with the 

Fig. 2. Crevice corrosion attack under the lacquer covering upper 
half of picture; lower, brighter part is exposed metal. Notice bend 
contours on the lacquer around the initiation point. 

Fig. 3. Corrosion products around the initiation point; the light 
rods and spheres are manganese sulfides covered with reaction 
products. 

lacquer. The inclusion has started to dissolve preferen-  
t ially along the sulfide-metal interface giving rise to 
a small groove. The dissolution and formation of cor- 
rosion products proceeds undernea th  the lacquer bend-  
ing it upward  as shown in Fig. 6 where the reaction 
products still remain  on the sulfide surface. The fre- 
quency of at tack increases with the current  density, 
but, on the other hand, the amount  of charge influences 
only the severity of the attacks and results in a lace- 
l ike pat tern  at the mouth of the crevices at the highest 
values, Fig. 7. 

Discussion 
As mentioned above, many  ini t iat ion mechanisms 

have been suggested but  most, however, are based on 
differences in metal  ion or oxygen concentrat ion be- 
tween the crevice and its surroundings.  Consequently 
the term concentrat ion cell corrosion has been used 
to describe this form of attack. 

Studies by Schafer et al. (3) have shown that  metal  
ion and oxygen concentrat ion differences do indeed 
exist in a crevice, bu t  according to Fon tana  and Greene 
(4) this is not the basic reason for the attack. They 
formulated a mechanism in  which metal  dissolution 
as well as oxygen reduction takes place all over the 
surface including the crevice. The solution in the 
crevice will soon become impoverished in oxygen and 
the potential  difference thus established between the 
crevice and the outer surface effects a migrat ion of the 
chloride ions into the former so as to conserve the 
charge balance. This explains the high chloride and 
metal  ion concentrat ion and the low oxygen concen- 
t rat ion observed in the crevice. The metal  chlorides 
formed in the crevice can now hydrolyze giving a low 
pH and making it possible for the reaction to proceed. 

The results of this investigation however suggest 
another  mechanism. It is shown that the crevice at- 
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Fig. 4. Same area as in Fig. 3 after removal of the lacquer and 
wiping the surface with cotton wool. The dark areas represent man- 
ganese sulfides free from reaction products. 

tacks have started at certain points on the boundary  
between the lacquer and the free metal  surface and 
then spread undernea th  the lacquer. Careful examina-  
t ion has proven that the starting points in all cases 
were sulfide inclusions. It can therefore be assumed 
that  the inclusions take an active part  in the ini t ial  
crevice corrosion reaction. 

I t  is known that sulfide inclusions are to a l imited 
extent  electronic conductors and can be polarized to 
the potential  of a passive steel surface (16). At this 
potential  the sulfides are not thermodynamical ly  stable 
and tend to dissolve. The comparat ively low electronic 
conductivity causing the dissolution to take place 
preferent ia l ly  along the metal-sulfide interface, hence 
resul t ing in small grooves, is shown in Fig. 5. 

Because the sulfides are formed in the melt  when 
the steel solidifies, no oxide layer will exist at the in-  
terface between sulfides and metal. Hence, when the 
sulfides dissolve, a fresh metal  surface is exposed to 
the environment .  The solution around this mieroarea 
so exposed will be different from that of the bulk  and 
contain hydrogen sulfide and its protolysed products 
as well as metal  ions emanat ing from the sulfide. 
Apart  from Mn, the metal  ions comprise iron and 
chromium which undergo both complex reactions 
and hydrolysis with residual oxygen, water, and mi-  
grat ing chloride ions thus creating a low pH locally 
(12). 

Eventually, the solution about the microarea will 
reach a composition such that a passivation of the 
continuously uncovered metal surface can no longer 
take place. Metal ions from the matrix enter the solu- 
tion and the potential drops drastically staying at this 
low level as long as the metal dissolves. 

Now, if the geometrical conditions around the micro- 
area make replenishment of the solution difficult, the 
hydrolysis of the metal ions from the matrix can 

Fig. 5. Inclusion situated at the junction between the lacquer and 
the free metal surface. Part of the inclusion faintly visible under 
the lacquer. The inclusion is preferentially dissolved along the 
sulfide-metal interface. 

mainta in  the attack. On the other hand, if the solution 
is diluted, the concentrat ion of hydrogen sulfide and 
hydrogen ions will decrease and the metal  passivates. 

The ini t iat ion and passivation take place quite a 
number  of times on the metal  surface. The sudden 
potential  drops observed dur ing galvanostatic tests at 
low current  densities (17) and the current  peaks ap- 
pearing in potentiostatic tests near  the pit t ing poten-  
tial (18) can be interpreted as attempts of pi t t ing or 
crevice corrosion at sulfide inclusions. 

An obvious question is why do all inclusions not 
behave in the above manner?  The answer lies in the 
local differences in sulfide composition resul t ing in 
different electronic conductivities which is t u rn  in -  
fluence the dissolution properties and the abil i ty to 
generate acid solutions. 

Since the composition of the inclusion determines 
the current  density or potential  at which its dissolution 
begins, it is obvious that the higher the applied poten-  
tial or current,  the greater the number  of inclusions 
that are activated and, consequently, the frequency of 
attack can be increased. 

Because di lut ion of the solution is difficult in narrow 
crevices, e.g., under  debris etc. it is clear that corro- 
sion takes place more easily at par t ly  covered in-  
clusions, than on the free metal  surface. 

It is well known that the pit t ing and crevice corro- 
sion potential  decreases with increasing sulfur content 
in the steel (19). There is, however, no re~son to be-  
lieve that the composition and the react ivi ty of the 
passive layer  should change as a result  of small  var ia-  
tions in the sulfur content. The mechanism proposed 
by Fontana  and Greene (4) whereby the passive layer 
dissolves and reduces oxygen in  the crevices, hence 
ini t iat ing crevice corrosion, thus seems unlikely.  

On the other hand, the composition of the sulfide 
inclusions should change with the sulfur content of the 
steel because they are formed from residual  l iquid in 
the ingot with different degrees of segregation. Now, 
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Fig. 6. Sulfide covered with reaction products. The reaction has 
proceeded under the lacquer causing detachment from the metal 
surface. 

the kinetics of sulfide dissolution depends on their 
composition and so, therefore, will  the t ime available 
for di lut ion of the solution by diffusion into the region 
immediate ly  sur rounding  the microarea; hence, as the 
rate of dissolution increases, the probabi l i ty  that the 
uncovered metal  surface will become passivated is re- 
duced. 

In  summary,  the above reasoning indicates that  the 
pr ime cause of crevice corrosion is an electrochemical 
dissolution of the sulfide inclusions with the forma-  
t ion of an acid solution and an uncovering of virgin 
metal  surface. Dilut ion of this acid solution is more 
difficult in  crevices and so the attack can propagate 
in these regions. It must, however, be borne in mind 
that  the proposed mechanism is not l imited to sulfides 
only but  can also be applied to other inclusions pro- 
vided they are capable of being polarized and releas- 
ing metal  ions which can hydrolyze. 
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A Study of the Anodic Oxide of Vanadium under 
Anodic and Cathodic Conditions 
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ABSTRACT 

The anodic oxide film formed on vanadium in  an electrolyte of acetic 
acid, sodium borate, and a small  quant i ty  of water  has been studied using 
ellipsometric and electrical measurements.  These studies indicate that  when 
a cathodic current  is applied to a vanad ium electrode upon which an anodic 
oxide film has been grown conversion of the anodic oxide occurs, and a new 
species or complex is formed on the electrode surface. Re-applicat ion of an 
anodic current  converts the film back to its original state. Both the refractive 
index and the solubili ty of the cathodically converted film differ from the 
anodic film. In  particular,  the cathodically converted film is much less soluble 
in water than  is the anodic film. Ellipsometric data are consistent with a 
model in  which the conversion of the film begins at the oxide/electrolyte 
interface and proceeds toward the metal. Other possible models are given for 
comparison purposes. 

Several studies of the anodic oxidation of vanadium 
have appeared in the l i terature  (1-4) subsequent  to 
the first work on this mater ia l  by Keil and Salomon 
(5). These authors were able to oxidize vanad ium 
anodically by employing an almost totally nonaqueous 
electrolyte consisting of acetic acid, sodium borate, and 
a small  amount  of water. This electrolyte makes man-  
ageable the problem of dissolution of the anodic oxide 
of vanad ium in water  and in electrolytes containing 
large quanti t ies of water. 

In  the course of our exper imental  work on the anodic 
oxidation of vanadium, for some reason that we can- 
not now recall, we applied a cathodic current  to a 
sample covered with an anodic film. When  this was 
done, we noticed that the film changed its interference 
color slightly and then gas evolution occurred. Upon 
removing the sample from the electrolyte and at-  
tempting to rinse the film off of the vanad ium sur-  
face with water, our s tandard operat ing procedure, we 
found this film to be insoluble. This led us to the hypo- 
thesis that a cathodic current  caused the film to con- 
vert  to a different form. The purpose of this paper is 
to examine this hypothesis in some detail and to 
present a model for the conversion process that  ac- 
counts for the exper imental  data. 

Ell ipsometry has become one of the s tandard tech- 
niques for the s tudy of thin films. This is due in part  
to the fact that, provided certain assumptions are met, 
el l ipsometry allows the determinat ion of both the 
thickness and index of refraction of a th in  film. Em-  
ploying an automatic hul l ing ell ipsometer also allows 
us to monitor, in situ, changes which are occurring on 
the electrode surface. Others have employed ellipsom- 
etry to monitor changes in the structure of thin films 
as these films convert  from one form to another; most 
notably  Hopper and Ord (6) concerning the con- 
version of nickel hydroxide films and Dell 'Oca (7) on 
the conversion of silicon nitr ide to silicon dioxide. 

Experimental 
The samples used in our experiments  were made 

from 99.98% pure vanad ium rods, 1/4 in. in diameter, 
obtained from Materials Research Corporation. The 
samples were cut to a length of 0.7 cm and drilled 
along the axis of the cylinder. A small flat area was 
ground on the side of the cylindrical  surface for ellipse- 
metric measurements .  The flat area was hand polished 
using a stainless steel block and various grades of 
lapping compound. The final mechanical  polish was 
done with jeweler 's  rouge. The sample was then 

* Electrochemical  Society Act ive  Member .  
I~ey words :  el l ipsometry,  conversion,  film, re f rac t ive  index.  

mounted between Teflon washers in  a sample holder 
similar to that described by Feller  and Osterwald (8) 
and electropolished for approximately 2 min  at a po- 
tent ial  of 16V in a mix ture  of 75% ethanol and 25% 
sulfuric acid at room temperature  (9). This electro- 
polish gave good specular reflection from the flat sur-  
face of the sample. 

Before each experiment  the sample was washed in 
distilled water, dried, anodically oxidized to a poten-  
tial of 50V, and rinsed again in water  to remove the 
oxide that was formed. This procedure was repeated 
several times to insure reproducibili ty.  The sample 
was then transferred to the ellipsometer cell, and an 
oxide was formed galvanostatically to a preset  poten-  
tial. The sample was held potentiostat ically at this po- 
tential  for some time to measure the combined leakage 
and dissolution current.  If after 30 min  this current  
was less than  120 ~ / c m  2, the oxide was dissolved in 
distilled water, the sample replaced in the ellipsometer 
cell, and an exper iment  was begun. 

The cell used was a hollow equilateral  t r iangular  
prism with windows mounted so that ell ipsometer 
measurements  could be taken at an angle of incidence 
of 60 ~ This cell was fitted with s tandard taper joints 
for the sample, a coiled p la t inum wire  cathode, a 
p la t inum wire reference electrode, and a gas disper-  
sion tube. All experiments  were done at room tempera-  
ture. 

The electrolyte used was similar to that first re-  
ported by Keil and Salomon (5) and appears to be the 
only electrolyte that will  sustain the formation of a 
vanad ium oxide film. Since the anodic oxide Of vana-  
d ium dissolves in  water  and also, more slowly, in  this 
electrolyte which contains a small  amount  of water, 
we chose to modify the recipe of Keil and Salomon 
by reducing the water content of the solution. The 
solution used contained 19g of Na2B4OT.10 H~O, 10.6 
ml of water, and enough acetic acid to make 1.0 l i ter 
of solution. This electrolyte has a higher resistivity 
than the usual  electrolyte used for the anodic oxida- 
t ion of vanadium, but  it reduces the effects of oxide 
dissolution. The resistivity of the solution was not 
high enough to influence the uni formi ty  of thickness 
of the oxide over the electrode surface for the current  
densities used here. The solution was bubbled  with 
argon both prior to and dur ing  the experiments.  The 
index of refraction of this solution is 1.3707 at a wave-  
length of 6328A. 

The electrical circuitry used is identical to that 
described by De Smet and Hopper (10). Voltage vs. 
t ime curves were recorded using a Hewle t t -Packard  
Model 7004 x - ray  recorder. All  potentials are mea-  
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sured relat ive to the p la t inum wire reference electrode 
and are uncorrected for factors such as IR drop across 
the electrolyte. Current  densities were calculated by 
dividing the applied current  by the macroscopic sur-  
face area of the sample. 

The automatic ell ipsometer used in these experiments  
was constructed in this laboratory based on a design 
described by  Ord (11-12). The ins t rument  operates 
by  a l ternate ly  locating the nu l l  settings of the polarizer 
and  analyzer  with typical nu l l ing  times of about 4 
sec for the experiments  presented here. The polarizer 
and analyzer  are Glan-Thompson prisms dr iven  in 
0.01 ~ steps by stepping motors. The compensator is a 
quar te r -wave  plate with its fast axis fixed at --45 ~ 
situated between the polarizer and the sample. The 
light source is a low-powered HeNe laser which oper-  
ates at a wavelength  of 6328A. A 1P21 photomult ipl ier  
tube is used as the detector. Polarizer and analyzer  
settings and the potential  of the electrode were re-  
corded on a digital  pr in ter  at the end of each hul l ing 
sequence. The ellipsometric data are reported in  this 
work directly as the polarizer and analyzer  settings at 
null.  

Results 
We begin by recall ing the behavior  of a vanad ium 

electrode under  cons tan t -cur ren t  conditions. Vanadium 
differs in some respects from most of the other valve 
metals in that there is a t ransi t ion region which oc- 
curs prior to the commencement  of oxide film growth, 
and in  this t ransi t ion region vanad ium ions go into 
solution (4). In  fact, growth of the anodic oxide could 
not be ini t iated using the current  densities we were 
interested in, consequently a current  densi ty of 1.5 
mA/cm2 was used to init iate growth. Upon at ta ining 
s teady-sta te  growth conditions, the current  densi ty was 
lowered to 275 #A/cm 2. 

Figure 1 shows the ellipsometric data for steady- 
state growth with an applied current  density of 275 
#A/cm 2. Before the current  was applied the ell ipsom- 
eter nu l l  settings give the star t ing point. As the film 
grew, the ellipsometric data traced out a curve in  a 
clockwise direction. The nul l  settings of the ell ipsom- 
eter for the first loop of data are shown in  this figure 
as open circles. Since dur ing the experiment  our 
ell ipsometer recorded more than  1200 data points for 
this loop, only representat ive data points are plotted. 
The gap between the clean surface point  and the next  
data point represents the t ransi t ion region where oxide 
growth was init iated; we did not at tempt to record 
data in this region. 

As growth proceeds, this first loop closes upon i t-  
self, approximately,  and a second loop, represented by 
a few squares, is traced out. The second loop does not 
exactly coincide wi th  the first loop because dur ing 
growth the vanad ium oxide film exhibits a small  
amount  of field-induced optical anisotropy similar  to 
that  reported for the anodic oxides of t an ta lum and 
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Fig. 1. Ellipsometer null settings for the growth of an anodic 
oxide film on vanadium at a current density of 275 #AJcm 2. Open 
circles, first loop; open squares, second loop. 

niobium (13-15). This effect will  be t reated in more 
detail in  another  study and is small  enough that  it can 
be ignored here. 

The data in Fig. 1 can be fitted by a curve repre-  
sent ing the growth of a uni form film of index 2.392 on 
a substrate  of index 4.346 -- 3.744i, and the film thick- 
ness at each point of the P-A curve can be calculated. 
Figure 2 shows a plot of the calculated film thickness 
vs. the electrode potential  dur ing film growth. The 
slope of this l ine gives a value for the electric field 
in  the film of 2.63 X l0 ~ V/cm for a current  density of 
275 ~A/cm 2. 

Let us now tu rn  our a t tent ion to what  occurs when  
an anodically grown film is subjected to an applied 
cathodic current.  Figure  3 shows a typical  potential  
vs. time curve for a port ion of the anodic growth, the 
cathodic conversion, and subsequent  anodic reconver-  
sion of a film formed on a vanad ium electrode. The 
portion of the curve labeled A-B represents anodic 
oxidation. At point  B the current  was reversed so that 
the current  density was --275 ~A/cm 2. For this applied 
cathodic current  the potent ia l - t ime curve traced out 
the section of the curve labeled C-D-E;  the length of 
t ime necessary to reach point  D depended on the thick- 
ness of the oxide at point B. At point  E the current  was 
switched back to the anodic direction. We have as- 
sumed that at point E the conversion was complete. 
With an anodic current  again flowing the potential  
traced out F-G-H,  with steady-state growth condi-  
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tions being reat ta ined at point G and anodic oxida-  
tion recommenclng along G-H. This process of con- 
version and reconvers ion can be repeated any number  
of t imes using different values of the start ing anodic 
potential  (point B in Fig. 3) and consequently different 
values of the thickness of the anodic oxide when the 
conversion process was initiated. 

The automatic el l ipsometer  was used to moni tor  
optical changes of the electrode which occurred dur-  
ing a conversion process. We first present  el l ipsometrie 
data for the points at which the conversion process 
was init iated and the points at which the conversion 
process was completed for conversions started at sev- 
eral different thicknesses. Note that  the point where  
the conversion was complete is not well  de te rmined  
by electrical data; we determined the point where  the 
conversion is complete in terms of the e!l ipsometer set- 
tings. When the changes in null  settings of the el l ip-  
someter  became small  (a few hundredths  of a degree 
per  nul l) ,  conversion was considered to be completed 
and the applied current  was switched back to the 
anodic direction. 

Figure  4 shows the P and A null settings for the 
anodically formed film and for the film after  cathodic 
conversion is completed. The open symbols are the 
data  points for the anodic film and are the P-A settings 
measured at points similar  to B in the vo l tage- t ime  
curve in Fig. 3. The closed symbols are the data 
points for the cathodically converted film; they are the 
P-A settings that  are obtained for the film at points 
s imilar  to E in Fig. 3. Open circles on the anodic P-A 
curve correspond to closed circles on the cathodic 
curve, etc. The points are numbered  in order of in-  
creasing film thickness; the conversion process begins 
on a par t icular  unpr imed numbered  point and ends at 
the point wi th  the same pr imed number.  The entire 
collection of P-A points represent  el l ipsometric data 
obtained for a sequence of successive vo l tage- t ime  
curves similar  to those shown in Fig. 3. These were  
acquired during a single exper iment  without  r emov-  
ing the sample from the cell. 

The solid line through the open symbols in Fig. 4 is 
a theoret ical  curve for the growth of a film with  re-  
fract ive index 2.392 on a substrate of refract ive  index 
4.346 -- 3.743i, and the solid line through the closed 
symbols is a curve represent ing a film with  a constant 
refract ive index 2.013 -- 0.046i and increasing thick-  
ness on the same substrate. The start ing point is also 
indicated. These  two lines fit the two sets of data points 
quite well. Thus we conclude that  the application of 
a cathodic current  to a vanadium electrode covered 
by an anodic oxide film converts this film in some 
manner  f rom a film of refract ive index 2.392 to a 
film of refract ive index 2.013 -- 0.046i. 

We can also determine  the thickness of the film for 
each of the data points in Fig. 3 using these ref rac t ive  
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Table I. Calculated thicknesses for the points where the 
conversion process was initiated, Da, and the points where the 
conversion process was complete, De. The conversion numbers 

correspond to the numbers in Fig. 4. 

A n o d i e  Cathodic  C o n v e r -  
C o n v e r s i o n  thickness, thickness, s ion  ratio,  

number Da (A) Dc (A) D e / D a  

1 303 295 0 .973 
2 498 483 0.970 
3 582 560 0.962 
4 646 622 0.963 
5 757 724 0 .956 
6 869 826 0.950 
7 957 900 0.940 
8 1040 973 0.936 
9 1138 1067 0.938 

10 1246 1175 0.943 
I I  1412 1358 0.962 
12 1684 1614 0.958 
13 1938 1866 0.963 
14 2068 1991 0 .963 

A v e r a g e  0.956 
S t a n d a r d  d e v i a t i o n  0.012 

indices. The thickness at each point was determined 
by finding the thickness for the point on the theore t i -  
cal P -A  curve that  was closest to the actual exper i -  
menta l  point. For  the anodic points the index of the 
film used was 2.392 and for the cathodic points the 
index of the film was 2.013 -- 0.046i. The values of the 
thicknesses obtained in this manner  are given in 
Table I. As can be seen f rom the numbers  in the table, 
the conversion ratio, defined as Dc/Da, is approxi -  
mate ly  constant and independent  of the thickness of 
the anodie oxide prior to conversion. The average value 
of Dc/Da is 0.95.6 with a s tandard deviat ion of 0.012. 

We have thus far de termined that  a conversion of 
the anodic film takes place, but  we have  not said 
anything about how it takes place. We mentioned 
ear l ier  that the ent ire  conversion process was moni-  
tored using the ell ipsometer.  In order to answer the 
question of how the conversion process occurs, we 
must  propose possible models for the process, examine  
the ell ipsometric curves predicted by these models, 
and compare these predicted curves wi th  the actual 
exper imenta l  data. 

Figure  5 shows, schematically, three  possible models 
for the conversion process. We have  selected these 
models because we bel ieve that they are the three 
simplest hypotheses that  might  describe the  manner  
in which the film changes. In each of the models an 
initial film of refract ive index n1 and thickness Di is 
replaced by a film of refract ive index nf and thickness 
Df. For the conversion process we use ni = 2.392, 
nf ---- 2.013 -- 0.046i, and the appropriate  thicknesses 
are listed in Table I. 

In the first model, labeled I in Fig. 5, we assume 
that the conversion process begins at the ox ide /e lec-  
t rolyte interface and proceeds inward toward the 
metal. At any in termedia te  point during the conver-  

n i, Di nf,Df 

Fig. 5. Schematic of three possible models that can describe the 
conversion of a film with an initial refractive index ni and initial 
thickness Di to a film with a final refractive index nf and final 
thickness Dr. 
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s ion process there  are two layers on the electrode, an 
inner  layer  of refract ive  index ni and an outer  layer  
of refract ive  index nf. The boundary  be tween  the two 
layers is assumed to be sharp. The second model, 
labeled II, is s imilar  to model  I except  that  here we 
assume that  the conversion process begins at the 
me ta l /ox ide  interface and proceeds outward. At an in- 
te rmedia te  point  dur ing conversion the film wil l  con- 
sist of two layers, an inner layer  of ref rac t ive  index 
nf and an outer  layer  of re f rac t ive  index hi. In model  
III  we assume that  the conversion occurs un i formly  
throughout  the film and that  the film remains homo-  
genous at any instant. In addition, we assume that  all 
changes in the film proceed in a l inear  manner ;  that  is, 
the fract ional  change in the real  and imaginary  parts 
of the ref rac t ive  index and the fract ional  change in 
the thickness at any instant  are the same. 

It should be emphasized that  the predicted el l ip-  
sometric curve for each model  depends only on the 
thickness and index of refract ion of the init ial  film 
and the thickness and refract ive  index of the con- 
ver ted  film. These values have already been determined 
using the data in Fig. 4. There are no additional ad- 
jus table  parameters  included in any of the models so 
we are not curve fitting here;  we only seek to deter -  
mine if any of the models predict  the exper imenta l  
data adequately.  

F igure  6 shows the exper imenta l  data, plotted as 
open circles for the conversion of an anodic oxide film 
with  an initial thickness of 757A. This par t icular  con- 
vers ion begins at point number  5 on the anodic curve 
and ends at point number  5' on the curve for the con- 
ver ted  film. The let ters  in Fig. 6 label  the P - A  data 
points that  correspond to s imilar ly le t tered points in 
the potent ia l  vs. t ime curve in Fig. 3. The conversion 
begins at point B and is complete  at point E. Not all 
data points obtained dur ing the conversion process 
are shown, in par t icular  the density of the exper imen-  
tal points near  the point E is much greater  than i l lus- 
trated. Also shown in the figure are the predicted 
curves for the three  proposed models; the number  
under  each curve corresponds to the number  of the 
model  shown in Fig. 5. 

It  is evident  f rom this figure that  model  I seems to 
describe the  exper imenta l  data best. There is some 
deviat ion of the data points f rom curve I in the upper  
r igh t -hand  corner of the figure, but  in this region the 
exper imenta l  null  settings were  changing rapidly and 
the amount  of t ime required to determine  a null  be-  
comes important.  If  we were  to correct for the nul l -  
ing t ime of our  ins t rument  these points would more 
closely approximate  curve I. 

In order to demonstra te  that  Fig. 6 does not rep-  
resent  an unusual  set of circumstances that  only acci- 
dental ly  show agreement  be tween the exper iment  and 

8 0  

A 

64  

deg 

56  

i i i 01 i i 
0 0 

I 7 / /  " \  

y / / -  "~,,.\~o 
,~ ,l i i ~'\ \ \o ~ 

E e~ 

4 8  i I I I I i 
I0 20 30 40 50 60 70 80 

P deg 

Fig. 6. Ellipsometer null settings, represented by open circles, re- 
corded for the conversion of an anedic film with an initial thickness 
of 757/~ to a cathodic film with a thickness of 724~.. Points B, C, D, 
and E correspond to similarly labeled points in Fig. 3. The lines 
represent calculated curves based on the three models presented 
in Fig. 5. 

model I, we present  two addit ional  conversion curves 
in Fig. 7 and 8. Again the exper imenta l  points are rep-  
resented by open circles and again the P - A  curves for 
the three models are shown for comparison. These are 
conversion numbers  12 and 13 of Fig. 4. We see that  in 
these cases model  I also best accounts for the exper i -  
menta l  data. The  agreement  is surpr is ingly good con- 
sidering that the curves for the model  are calculated 
using only the parameters  found for the start ing point 
and the end point for the conversion process. The 
agreement  of model  I wi th  the data over  a wide range 
of initial thicknesses indicates that  this is the correct  
model  to describe the process. 

Thus far  we have said l i t t le about the reconversion 
of the film in region F-G-I-I of Fig. 3. We have  men-  
t ioned that  in this region a reconversion of the cathodic 
back to the original  anodic film occurs, at least to the 
extent  that  in region G-I-I the film is indist inguish- 
able f rom an anodically formed oxide. The el l ip-  
sometric data for a typical reconversion are shown in 
Fig. 9, along with  calculated curves for the three 
models presented previously.  The solid line through 
the data points is not a calculated curve, but  has been 
added as an aid in fol lowing the sequence of data 
points. The curves based on the three models, rep-  
resented by dashed curves, are labeled with  the ap- 
propriate  model  numbers.  The models for reconver -  
sion differ f rom the conversion models in that  here we 
assume that  the init ial  fi]m has a refract ive  index of 
2.013 -- 0.046i and the final film has a refract ive  index 
of 2.392. The initial thickness for the  reconversion 
models was taken to be the thickness of the appropriate  
cathodic layer  in Table I. The final thickness for the 
reconver ted  layer  was computed using the P - A  point 
at which the reconversion curve re turned  to the curve 
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Fig. 8. Ellipsometrlc null settings for the conversion of an anodic 
film with an initial thickness of 1938/i to a cathodic film with a 
thickness of 1866/i. Other features are the same as in Fig. 6. 
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Fig. 9. Ellipsometrie null settings, represented by open circles, for 
the reconversion of a cathodic film with on initial thickness of 
1175~,. Points, E, F, G, and H correspond to similarly labeled points 
in Fig. 3. The dashed lines represent calculated curves based on 
the three models presented in Fig. 6. 

for anodic growth. This thickness was always found 
to be smaller  than  the thickness at which the process 
was init iated; i.e., in  Fig. 3 the thickness of the oxide 
at point  G is always less than  at point B. 

Figure 10 shows another reconversion beginning at 
a different init ial  thickness. As can be seen from Fig. 
9 and 10, none of the models fits the exper imental  
data par t icular ly  well. Therefore, the process of recon- 
version must  differ in some way from the processes 
assumed in the models. Nevertheless, if we must  select 
one of these models as a first approximation to the 
actual  process, we would choose model I. While model 
I does not always give the best fit to the exper imental  
data, it does always approximate the shape of the 
data. In  Fig. 10, it is the only model that gives the 
same direction of curvature  as the exper imental  
points. Choosing model I as a reasonable first approxi-  
mat ion to the actual process is not completely mean-  
ingless. As was stated above, the thickness of the 
anodic oxide after a complete conversion-reconver-  
sion cycle was less than at the beginning  of such a 
cycle. Using model I, we can account for this by pro-  
posing that as the anodic layer is reestablished at the 
fi lm/electrolyte interface it also slowly dissolves. 

Discussion 
By using an automatic el]ipsometer to follow the 

changes in optical properties of a vanadium electrode, 
we have found that an anodical]y formed film on the 
electrode undergoes a change in  refractive index and 
thickness when a cathodic current  is applied. The 
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/ / /  II ,' 

27 

(deg) 
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Fig. 10. Ellipsometric null settings for the reconversion of a 
cathodic film with on initial thickness of 1866,~,. Other features ore 
the same as in Fig. 9. 

anodic o~ide on vanad ium was found to have a 
refractive index of 2.392, whereas the cathodically con- 
verted film had a refractive index of 2.0.13 -- 0,046i. 
The ratio of the thickness of the anodic oxide to 
the thickness of the cathodic film was found to be al-  
most constant, independent  of the thickness of the 
anodic oxide when the conversion process was 
initiated. Further ,  the conversion can be accounted for 
by a model in which the conversion begins at the 
oxide/electrolyte interface and proceeds inward. 

We propose that the reconversion of the film can be 
approximated by a similar model. While the predicted 
ell ipsometer nul l  settings for such a model do not fit 
the exper imental  data par t icular ly  well, they at least 
show approximately the same shape as the exper imen-  
tal data. In  fact we are not ent i rely surprised at this 
lack of fit. The model assumes that  a sharp interface 
exists between the two films present  on the electrode 
dur ing reconversion, whereas there is no obvious physi-  
cal reason to make this happen. 

The fact that  the anodic film is much more soluble in 
water than the cathodically converted film provides 
another method of dist inguishing between the two 
types of film. We can examine the results of a few 
simple experiments  in which the solubil i ty is tested by 
noting how rapidly the interference color of the film 
changes, thus ir~dicating how quickly the film is being 
dissolved. 

Using Fig. 3 as a guide, if we open the circuit in the 
region A-B, remove the sample from the cell, and place 
it in water, the oxide is found to completely dissolve in 
a matter  of seconds. If, on the other hand, we form a 
cathodic film in  the region D-E, remove the sample 
from the cell, and place it in water, there is no ap- 
parent  color change in  the interference color of the 
film over a period of a few minutes.  This mere ly  
demonstrates the degree of difference in the solubilities 
of the two types of film. 

We can also perform slightly more complicated 
experiments.  For example, if an anodic film is formed 
a n d  then a cathodic current  is applied for only a short 
time, the film does not change its interference color 
when placed in  water. This is exactly what  we would 
expect using our proposed model for the conversion 
process. The cathodic current  has caused the outer 
port ion of the film to convert, and this outer film pre-  
vents the dissolution of the inner  anodic oxide that  
has yet been converted. 

Furthermore,  if a film which has been cathodically 
converted is subjected to an anodic current  for a short 
t ime and then placed in water, we find that  the in ter -  
ference color changes rapidly for a few seconds and 
then stops changing, leaving some film on the surface. 
This is consistent with a model in  which the reconverted 
anodic oxide is formed on the outside and the port ion 
which is formed is dissolved away, leaving only the 
cathodic film. In  fact, the film can be removed from the 
surface in a controlled m a n n e r  by carefully controll ing 
the amount  of t ime that  the anodic current  is applied 
to a cathodically converted film. 

Finally,  we believe that by applying a carefully 
controlled series of anodic and cathodic currents  to an 
anodically oxidized vanad ium electrode, a series of 
layers can be produced wi th in  the film. For example, if 
we part ial ly convert an anodic oxide by applying a 
cathodic current  for a short t ime and then reconvert  
part  of the converted layer, we would produce a film 
that consisted of three layers: an anodic oxide next  to 
the metal, a cathodically converted layer  on top of 
this, and another  anodic oxide layer on the outer 
surface of the film. 

We do not choose here to propose a detailed 
mechanism for the conversion process. We do not  
believe that we have sufficient informat ion  to present  
a meaningful  picture at the present time. In  particular,  
the chemical composition of the films was not measured 
in this work. This informat ion is probably  essential to 
a detailed description of this process. Even less can be 
said with cer ta inty concerning the reconversion of a 
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cathodically treated layer. The reconversion process 
cannot  be s imply the reverse of the conversion process; 
if it were it would have to proceed from the me ta l /  
film interface outward. Despite the lack of close agree- 
ment  between the data and the models for reconver-  
sion, w e  can  definitely tell from our data that the 
cathodically treated film is not s imply reconverted to 
an  anodic film beginning  at the metal / f i lm interface 
proceeding outward. Any  detailed explanat ion of the 
conversion and reconversion would have to account for 
this general  behavior. 
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Polarization Resistance Study of the Effect of 
Alpha-Amino Acids on Copper Corrosion Kinetics 
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ABSTRACT 

In  connection with studies of the greater corrosion rates o~ metals in  
na tu ra l  sea water  as compared to equivalent  saline solutions, a study of the 
influence of organic consti tuents has been initiated. This paper describes 
polarization resistance measurements,  at low overvoltages, of copper corrosion 
in aerated aqueous solutions containing a series of ten a-amino acids. The data 
were analyzed by a novel computer program called CORFIT. The solutions 
were brought  to a constant ionic strength of 0.7M with KNO3 and main ta ined  
at pH 7. The amino acids were all found to accelerate the corrosion by a 
mechanism in  which their  anionic forms adsorb on the surface and form 
complex ions of lower than normal  stoichiometry with Cu (II) .  The corrosion 
reactions were under  anionic control and involved oxidation of coplcer to Cu 2+. 
Use of constant ionic s trength el iminated changes in t ransfer  coefficient due 
to changing l igand concentrat ion and simplified the kinetic analysis of the 
corrosion data. The results open up a new procedure for s tudying the role 
of organic consti tuents of na tura l  water  systems in electrode adsorption and 
corrosion processes. A novel parameter  to characterize quant i ta t ive ly  corro- 
sion accelerators of this type is suggested. 

Numerous publications have appeared dealing with 
corrosion of copper under  a wide variety of conditions, 
mostly in acidic or basic solutions containing copper 
ion ini t ia l ly  and excluding dissolved oxygen (1). Few 
authors have carried out fundamenta l  electrochemical 
studies in solutions free of copper ini t ia l ly (2) or re-  
lated to na tu ra l  water  systems (3). It has been re-  
ported (4, 5) that  the corrosion of copper in na tura l  
sea water  is greater  than in synthetic  sea water or in 
sodium chloride solution. It  seems reasonable to at-  
t r ibute  this increase in corrosion to the organic consti t-  
uents which are known  to be present  in na tura l  sea 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
Key words: copper, corrosion, a m i n o  acids ,  polarization resistance, 

cupr i c  complexes.  

water. Results are reported herein  for a number  of 
a-amino acids which occur in na tura l  sea water  at 
concentrations of the order of 10-TM (6) and which 
form stable complexes with Cu(I I )  ion (7). 

A polarization resistance method (8) was used at 
low overvoltages and in solutions of pH 7-9 whose 
ionic s t rength was kept constant  at the sea-water  value 
of 0.7M by addition of the indifferent electrolyte 
KNO~. The data were analyzed by means of a novel 
computer  program called CORFIT; k indly  furnished 
to us prior  to its publicat ion by Mansfeld (9). 

The results were analyzed by  means of the wel l -  
known equation employing s tandard symbols (10) 

i = icorr[exp(2.3~l/ba) -- exp(--2.3~l/bc] [1] 
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where the anodic and cathodic Tafel slopes are de- 
fined a s  

ba -" 2.3RT/~nF and bc = 2.3RT/anF 

a n d  a, ~ are the anodic and cathodic t ransfer  co- 
efficients, respectively. 

The derivation of this equation requires the assump- 
t ion that the corrosion reactions are activation con- 
trolled. 

The present  research uses polarization resistance 
measurements  at low overvoltages and currents. This 
technique has been described by Wagner  and Traud 
(11) and by Stern et al. (12, 13). From Eq. [1] 

(di/dr : 2.3 icorr[ (ha -~- bc)/babc] [2] 
or 

~corr : (1/2.3 Rp) [babc/(ba + bc)] [3] 

where R~ = (dr  is the polarization resistance. 
The polarization resistance technique utilizes the i vs. 

n data which are taken at small  values of ~ where 
the net  measured current  is comprised of both the 
part ial  anodic and part ial  cathodic currents. This of- 
fers the advantage that  the observed currents  are so 
low that the surface of the corroding electrode has 
not been altered. In  the past the method has suffered 
from the fact that the measurements  have only given 
values for Rp at much greater current  densities. How- 
ever, an analysis using the CORFIT program (8, 9, 
14) allows values for Rp, ba, be, and icorr using Eq. [3], 
to be calculated from a single set of i vs. ~ data. The 
Tafel slopes are thus obtained from the mixed current  
region where ~ < R T / n F  and no Tafel lines are ob- 
served. 

Experimental 
A tubular  in te rna l  flow electrode was used (15). 

This was constructed from a 2.5 cm length of 0.635 
cm ID commercial copper tubing. Emission spectro- 
graphic analysis showed 99.95% copper with the ma-  
jor impuri t ies  silver, nickel, zinc, and iron each pres- 
ent at less than 0.01%. Various methods of electro- 
plat ing and electropolishing (16) the in terna l  surface 
of the copper tube were tried. Scanning electron mi-  
croscope study at 5000• showed that the following 
procedure gave the best surface, un i formly  smooth 
and relat ively free of pits and extrusion lines. The 
electrode was placed into a l ine of plastic tubing and 
85% HaPO4 pumped through it at 600 cm3/min. A con- 
stant  anodic current  of 45 m A / c m  2 was passed using 
an axial copper wire for the cathode. The polishing 
was continued for several minutes  after the potential  
had stabilized at 2.7 _ 0.2V. The electrode was then 
rinsed with water  and methanol  to remove the last 
traces of phosphate (17) and transferred immediately 
into the corrosion apparatus. 

This apparatus was based on the 1 l i ter Greene six- 
neck polarization cell (18). The working electrode 
was mounted  in a l ine of polyethylene tubing in such 
a manne r  that solution in the cell could be circulated 
through it with a noncontamina t ing  Varistaltic pump. 
Surge tanks made from polyethylene bottles smoothed 
out the flow whose rate was measured with a cali- 
brated rotameter.  The auxi l iary  electrode was a pla t -  
inum wire sealed through a T-shaped polyethylene 
tube and held axially in the working electrode by 
means of polyethylene spacers. The re[erence elec- 
trode was an Orion 90-02 double junct ion electrode 
which was calibrated before each run  with a Beck- 
man  SCE. The reference electrode and a Corning 
Model 500 pH electrode entered the polarization cell 
through side necks. The cell also contained a ther-  
mometer  and a sintered glass diffuser for purging with 
gas. The three-electrode system was connected to a 
Wenking 70-TS-1 potentiostat. 

All  runs were made with solutions which were 
brought to the sea water ionic strength of 0.7M by 
addit ion of KNO3. The pH was controlled to _O.1 

units  by addition of NaOH or HNOs. The solutions 
were saturated and cont inual ly  purged with a slow 
stream of air. No difference was observed between 
air from a cyl inder or from an aeration pump. Tem- 
perature was constant at the ambient  laboratory value 
of 24.5 ~ _ 0.5~ After  equi l ibrat ion for about I0 min  
(with the solution circulating) unt i l  a stable rest 
potential  was attained, the working electrode potential  
was incremented in steps of 4 mV and the current  
read after 30 sec. The potential  sweep was from a n  
init ial  cathodic overpotential  of --20 to +20 mV. The 
overvol tage-current  data were then read into the 
CORFIT computer program. 

All the polarization data were obtained at a flow 
rate which gave a l inear  velocity of 26 em/sec for 
solution passing the inner  surface of the TIFE. This 
velocity is well into the region of tu rbu len t  flow, the 
turbulence parameter  (I0) exceeding the critical value 
of 1 by a factor of 1830. Most data were collected with 
polarization current  densities not exceeding 10 /~A/ 
cm 2. In  a few cases, the ma x i mum was 20 #A/cm 2. 

About 10 independent  runs  were made at each con- 
centration. The Tafel slopes were found to be inde-  
pendent  of the concentration. The best values for icorr 
were obtained by using in Eq. [3] a value for each 
Tafel slope averaged over all of the runs with amino 
acids, irrespective of the concentration. ~bcorr was ob-  
t a ined  from the i vs. ~ data (9). 

Results and Discussion 
The values of icorr and of r determined in the 

low current  l inear  polarization region were found to 
be independent  of flow velocities ranging from 10 to 
50 cm/sec. Thus, the electrode processes in the range 
studied were under  act ivation control (19, 20). 

Glycine was used as a prototype for the s -amino  
acids and was studied in some detail. Table I presents 
the results obtained for the corrosion parameters  for 
glycine solutions. It is seen that with increasing amino 
acid concentrat ion at constant pH, the corrosion rate 
increases, while the corrosion potential  becomes more 
negative. Both ba and bc remain  constant at 50 and 
60 mV, respectively. Reference to a s tandard Evans 
diagram shows that the copper is corroding under  
anodic control (10), that is, the amino acid is influ- 
encing the rate of the anodic dissolution of the copper 
metal. 

Glycine exists predominant ly  in three forms in  
aqueous solution, the concentrations being determined 
by the pH. 

pK1 = 2.3 
+H3NCH2COOH --. " +H3NCH2COO- 

cation zwitterion 

PK2 : 9.8 
" H2NCH2COO- 

"" anion 

The relative concentrations of these ions are given 
by the relat ion 

PHsoln -- pK = log[ (basic fo rm) / (ac id ic  form)]  

The values for pK were taken from the l i terature for 
zero ionic s trength (20, 21). The values at 0.7M a r e  
not available, but for the amino acids where pK is re-  
ported as a function of ionic s t rength the differences 
are of the same order as variat ions between the dif-  
ferent authors. The concentrations of the forms can 
thus be calculated for various values of pH and total 
glycine concentration. 

A study of icorr values as a funct ion of glycine 
concentrat ion and pH makes it possible to determine 
that only the anion participates in the anodic dissolu- 
tion of copper. It is seen that for constant total gly-  
cine, the corrosion rate increases significantly with pH 
and so does the concentrat ion of the anion. Concen- 
tration of the cation decreases by orders of magni tude 
and of the zwitterion remains  essentially constant. 
For entries where the concentrat ion of the anion is 
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Table I. Effect of pH on corrosion rate with glycine 

Total 
glyc/ne r icorr C a t i o n  Z w i t t e r i o n  Anion 

(M) PH (mY v s .  SCE) ( i tA/cm $) (M) (M) (M) 

0.0010 7.0 - - 1 0 1 -  8 0.40 2.0 X 100 8 9.98 X I0-~ 1.6 X 10 -e 
0 . 0 1 0 0  7 .0  - -168___  7 1 .18  2 . 0  X 10-7  9 . 9 8  x 10  - s  1 .6  X 10  ~ 
0.I000 7.0 - - 2 1 8 -  I0 2.44 2.0 x i0 -e 9.98 x I0 ~ 1.6 x i 0  -~ 
0.0010 8.0 --102 -- 2 1.51 2.0 x i0 -~ 9.84 x i0 -~ 1.6 x I0 -~ 
0.0100 8.0 - - 1 8 7 + 3  2.64 2.0 x I0 -s 9.84 x i0  -~ 1.6 x 10 4 
0.0001 9.0 --151 "4-4 1.39 1.7 x i0 -~ 8.62 X i0  -~ 1.4 x 100~ 
0.0010 9.0 -- 161 "4" 1 2.57 1.7 x I0 -xo 8.62 X 100 ~ 1.4 x 100 4 

essential ly constant  at 1.4-1.6 • 10-~M, the corrosion 
current  is also con.stant wi thin  exper imental  error 
wi thin  the range 1.18-1.51 #A/cm 2. Similarly, when the 
anion concentrat ion is constant  in the range 1.4-1.6 
X 10-~M, the current  is constant  at 2.44-2.64 ~A/cm 2. 
For the two constant corrosion curren.t ranges just  
mentioned,  the concentrations of cation and zwitterion 
change by four and two orders of magnitude,  respec- 
tively. 

The corrosion parameters  for copper with a series 
of ~-amino acids in solt~tions whose ionic s t rength was 
brought  to 0.7M by adding KNO~ were next  measured 
at pH 7.0. The acids are listed in Table II with their  
structure, PK2 values, and Tafel constants which were 
independent  of concentration. By analogy with gly-  
cine it was assumed that  the anionic form was corro- 
sion active and the concentrations of this species were 
calculated as before. The corrosion currents  and po- 
tentials are given in  Table III. 

The amino acids all accelerate the corrosion of cop- 
per and it has been shown that  the reactions are all 
under  anodic control. Table II shows that  the anodic 
Tafel slopes lie in the range 35 --~ b~ --~ 61 inV. If the 
reasonable assumption is made that the anodic reac- 
tion mechanism involves the same number  of electrons 
for the oxidation of copper in the presence of each 
of the amino acids, then this value must  equal 2. This 

follows because ba = 2.3 RT/~nF = *" 59.2/an at 25 ~ and 

in principle ~ must  be bounded by 0 --~ ~ --~ 1. The 
range of observed ba values can therefore only be ac- 
commodated with a common integral  n by the values n 

---= 2 and 0.49 --~--~ 0.85. 
The conclusion that  n ---- 2 is of course reinforced 

by the known fact that  amino acids stabilize Cu 2+ ion 
in aqueous solution and form soluble complexes with 
it (7). The proposed anodic reaction for corrosion of 
copper in the presence of amino acids at pH 7 is there-  
fore 

Cu + p L -  ~ CuLp 2-p + 2e-  

where L -  is the amino acid anion and the copper in 
the complex ion product is Cu(I I ) .  Evaluat ion of the 
electrochemical reaction order p is discussed later. 

When the corrosion current  is plotted against the 
logari thm of the amino acid concentration, as in Fig. 
1, very  interest ing results are obtained. The amino 
acids fall on three dist inctly grouped lines. The groups 
correlate beaut i fu l ly  with the expected adsorption 
properties of the acids. Referring to the structures 
of the acids given in Table III, it is seen that in  Fig. 1 

R 
f 

Table II. ~-amino acids H2N-CH-CO0- 

A m i n o  a c i d  --R p I ~  b .  ( m Y )  bc  ( m Y )  

G l y c i n e  - - H  9 .8  5 0  ~--- 9 60  - -  8 
A l a n i n e  - - C I ~  9.,8 4 5  - -  7 59  - -  6 
P h e n y l a l a n i n e  --CH~ 9.2  35 • 3 56  • 7 
B u t y r i n e  - -CH~CI . - I s  9 . 7  4 2  • 8 56  ~-  9 
S e r i n e  - - C H . o . O H  9 .1  61  _ 9 68  - -  7 
H o m o s e r i n e  --CH_~CH~OH 9 .5  58 + 8 59  -4- 8 
T h r e o n i n e  - - C H ( O H )  CI-~ 9 .1  5 4  • 5 5 9  -~- 8 
M e t h i o n i n e  - - C H ~ S C H ~ C H ~  9 .3  5 0  • 2 5 9  • 4 
A s p a r t i c  a c i d  - - C H . ~ C O O -  9 .8  5 7  - -  7 61  + 7 
G l u m a t i c  a c i d  - - C I - I ~ C H 2 C O O -  9 . 6  5 0  - -  6 57  --+ 4 

Table Ill. Corrosion currents and potentials for ~-amino acid 
anions at pH 7.0 

T o t a l  c o n c  A n i o n  c o n e  ~corr (~corr ( m Y  
A m i n o  a c i d  ( M )  ( M )  ( g A / c m  ~) v s .  S C E )  

Glycine 0.0010 1.6 x i 0  -e 0.40 - - i01 --  8 
0.0100 1.6 x 100B 1.18 --168 -~ 7 
0.I000 1.6 x I0-~ 2.44 --218 • i 0  

Alanine 0.0010 1.6 x 10 -6 0.82 --68 -~ 5 
0.0050 8 .0  X I0 -e 2.45 -- 107 --  2 
0 . 0 1 0 0  1 .6  X 10 ' ~  3 . 1 0  --118----- 2 
0 . 0 5 0 0  8 .0  x 10  ~ 4 . 3 1  - - 1 4 2 - + ' 7  

P h e n y l a l a n i n e  0 . 0 0 0 1  6 .3  x 10-~ 0 . 1 2  - - 3 9  - -  2 
0.00'05 3.1 • 100 6 1.02 --74 --  2 
0.0010 6 .3  X 100 B 1 .45  --77 -4- 3 
0.0050 3.1 x i0 -5 3.04 --91 --+- 4 

B u t y r i n e  0 . 0 0 1 0  2 .0  • 100 e 0 . 7 0  - -  71  + 2 
0.0050 1.0  • 10 -5 2 . 7 6  - -  I00 • 2 

Serine 0.0005 4.0 x 10 .-6 3.09 --72 ~- 2 
0 . 0 0 1 0  7 .9  x 10  -~ 4 . 5 3  - - 9 2  "4-2 
0.0050 4.0 x 100 5 8.73 -- 131 --  3 
0.0100 7.9 • 10 -5 I0.60 --142"4-3 

Horaoserine 0.0005 1.6 x 10 -e 1.19 --88 --  4 
0.0010 3.2 x 100 ~ 3.04 --101 _ 2 

T h r e o n i n e  0 . 0 0 0 1  7 .9  x 10  -7 0 .41  - - 4 4  • 2 
0.0005 4.0 X 10 -8 2,37 --78__. 2 
0 . 0 0 1 0  7 .9  • 10 '-6 4 . 6 7  - - 8 6  - -  2 

M e t h i o n i n e  0 . 0 0 0 5  2 . 5  x 10  -6 1 .20  --79 ----- 2 
0 . 0 0 1 0  5.0 x 10 -s  3.38 - - 8 9 - -  2 
0.0030 1.5 X I0 -~ 7.20 --IIi ----- 2 
0 . 0 0 5 0  2 .5  x 10 -6 9 . 1 0  - -128- - - - -3  

Aspartic acid 0.0010 1.6 x 10 -6 1.22 --84 -4- 2 
0.0050 8.0 X 10 -6 4.38 --88-- 7 
0.0100 1.6 • 100 5 6.30 --90 --  2 

Glutamic acid 0.0005 1.2 x 10 -6 0.75 --70 4- 3 
0.0010 2.5 • I0 -e 1.80 --73 ~-2 
0 . 0 0 5 0  1 .2  • 10  -5 4 . 9 4  - -  78  - -  S 

glycine which has only a hydrogen atom as a sub-  
s t i tuent  on the basic ~-amino acid structure, is by 
itself on line 1. The corrosion current  shows the least 
concentrat ion dependence on this weakly adsorbed 
species. On line 2 in a second group are alanine, 
phenylalanine,  and butyr ine.  These three have aliphatic 
and aromatic substi tuents which can be expected to 
increase the van der Waals surface adsorption. Mem- 
bers of this group increase the c o r r o s i o n c u r r e n t  ap- 
preciably. The remaining  acids belong to a third 
group and increase the corrosion current  s t r ikingly 
as shown by line 3. The substi tuents on these acids 
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4o, 
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20. 

~176 ,o'x ~o0 ,L ,~0 ,~ ,o4 
~NIONJC r M ~LOG SCAL~ 

Fig. 1. Corrosion current density as a function of ~-amlno acid 
anion concentration. 
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c o n t a i n  the polar groups OH, CO0- ,  and SH which 
involve electronegative Group VI elements. These 
would be expected to enhance adsorption since the 
corroding electrode is positive to the point of zero 
charge (1O). 

Convenient corrosion acceleration parameters may 
be developed by fitting least square analytical ex- 
pressions of the form 

icorr-- a --}- blog (L-) 

to the lines in Fig. 1. Table IV gives the results. The 
intercept a may be termed the standard-state corrosion 
current density since it refers to the state where 
(L-) _ 1. It should serve as a useful quantitative 
parameter to characterize corrosion accelerators. 

The electrochemical kinetic order of this corrosion 
reaction (10) is defined as 

p -- (dlog~a/d log CAA)q~ [4] 

where CAA is the amino acid concentration. 
This quantity may be obtained from data of Table I 

at various arbitrarily chosen constant values of 

by graphing ia against r using the known Tafel slope 

ba and the fact that ~a = icorr at ~ -- ~bcorr. Alterna- 
tively, using Eq. [1] to [3], it can be shown that the 
reaction order is also equal to 

(d log icorr/d log CAA)7=0 -- (I/ba) (dC~corr/d Iog CAA) 
[5] 

The initial results indicated that all the bidentate 
ligands (the first 8 in Table II) gave an order of 1.5 
• 0.3 while the tridentate ligands (aspartic and glu- 
tamic acids) gave a value near 1.0. Since the data 
in the present paper indicate unequivocally that com- 
plex ion formation involving amino acid ligands plays 
a part in anodic copper corrosion in these systems, 
it is tempting to speculate that the above reaction 
orders give information about the composition of the 
transition state complexes involved in the rate-deter- 
mining anodic step. Thus the apparent order of 1.5 
for the bidentate ligands might be taken to indicate 
that a complex involving three ligands bound to every 
two copper atoms plays a role. One of the ligands 
might bridge the copper atoms in a bidentate manner 
while each of the other two was chelated entirely 
to one of these atoms. The apparent order of one for 
the tridentate ligands would indicate a completely 
chelated complex involving one ligand per copper 
atom. 

The above view is further enhanced by the observa- 
tion that the product of the apparent reaction order 
times the number of chelating groups on the ligand 
for both bidentate and tridentate species is equal to 
the  same value three. Thus the activated complex in 
both cases would have the same characteristic in the 
respect that three bonds between organic ]igand and 
each copper ion are required. The normal stoichiometry 
of Cu(II)-amino acid complexes in solution is CuL.o 
(7) involving four bonds per Cu. The distorted version 
is required by the steric hindrance of the surface and 

Table IV. Corrosion acceleration parameters 

Ami no  acid In t e r cep t  Slope S t a n d a r d  
group a (/~A) b (/~A/cm ~) deviation r 

][ 6.1 1.0 0.11 
II 12.7 2.0 0.30 

III  33.1 5.5 0.63 

by the surface adsorption forces which undoubtedly 
play a role in the process as shown by the correla- 
tions in Fig. 1 and the attendant discussion above. If 
the activated complex energy barrier lies close to the 
metal surface, as it would for  a charge-transfer reac- 
tion involving complexation, then the normal solution 
stoichiometry would not be expected due to the steric 
impossibility of formation os the square planar cupric- 
amino acid anion chelate where the octahedral cupric 
species has Jahn Teller stretched axial positions that 
are occupied by solvent molecules in the normal solu- 
tion configuration. After the activation barrier to the 
corrosion process has been surmounted, the complex 
would of course disproportionate to its normal stoichi- 
ometry on passage into solution. 
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ABSTRACT 

The influence o~ acry la te  and  me thac ry la t e  anions on the anodic behavior  
of zinc in concentra ted  sodium hydrox ide  solut ion at  ambien t  t empe ra tu r e  and 
un<ler quiescent  condit ions has been  s tudied using cyclic l inear  sweep vo l t -  
ammetry .  The effect tha t  these addi t ives  have on the corrosion ra te  of the zinc 
electrode,  and on hydrogen  evolut ion in par t icu lar ,  is examined.  Exper iments  
show tha t  a l though the organic species exhibi t  a m a r k e d  over -a l l  ca ta lyt ic  
effect on both zinc dissolut ion and hydrogen  evolution,  the corrosion ra te  is 
l i t t le  affected. Despite an apparen t  deleter ious effect on passivation,  resul ts  
suggest  that  the addi t ives  improve  the solubi l i ty  of the  anodic product  in the  
electrolyte .  A mechanism is t en ta t ive ly  suggested for the  ca ta ly t ic  evolut ion  of 
hydrogen.  

I t  has been shown (1) tha t  ac ry la te  and me thac ry la t e  
ions, p resen t  in solut ion to the extent  of 0.1% by 
weight ,  lower  the double  l aye r  capaci tance (Cdl)  of the 
Zn -KOH interphase.  This effect, seemingly  l imi ted  to 
high KOH concentrat ions (~30% by  weight ) ,  p robab ly  
reflects adsorpt ion of the  organic anions at  the elec-  
t rode  surface. 

In  view of the  possible use of such addi t ives  in 
z inc-a lka l i  cells it  was decided to examine  any influ- 
ence they  might  have on the pass iva t ion  and corrosion 
behavior  of the  zinc electrode.  Zinc deposi t ion was not 
considered since we were  p r i m a r i l y  in teres ted  in the 
appl ica t ion  of the  organic addi t ives  to p r i m a r y  cells, 
fol lowing informat ion  (2) of expe r imen ta l  evidence to 
suggest  tha t  such anions might  improve  the efficiency of 
the zinc anode on discharge.  

Experimental 
A d iagram of the  th ree  electrode P y r e x  cell is given 

in Fig. 1. Zinc foil, th ickness  0.15 mm, pur i ty  99.995~ %, 
Goodfel low Metals  Limited,  was b lanked  into 2.54 cm 
d iam disks which were  given a 1 sec dip in 3N ni t r ic  
acid, fol lowed by  thorough r insing in t r ip ly  dist i l led 
wa te r  p r io r  to incorpora t ion  into the  cell. The work ing  
e lect rode was posi t ioned hor izonta l ly  facing upwards  
so as to e l imina te  al l  but  local convection at  the zinc 
surface.  

Key  w o r d s :  zinc,  cor ros ion ,  pa s s iva t i on ,  ac ry l i c  an ions .  

- -Go ~Rs 

. . . . . .  ~ g  

t ~u~ ~rr 

WnE~IU& 

Fig. 1. Cell diagram 

Exper iments  were  pe r fo rmed  using e lec t ro ly te  de -  
oxygenated  by  passage of n i t rogen (BOC, whi te  spot 
grade)  for 1 hr, and the cell was assembled under  a 
n i t rogen a tmosphere  in a glove box. 10N solut ions were  
made up f rom BDH 'AnalaR '  sodium hydrox ide  pel le ts  
using t r ip ly  dist i l led water ,  and the  organic anions were  
8dded in the  form of the acids, viz. 

0.1 volume per  cent 
acryl ic  acid , ~ (v /o)  (0h,.015M) 

�9 Koch- l ight ,  puriss.  
methacryl ic  | 0 .1  v /o  (0.012M) 

acid L 
A cyclic l inear  potent ia l  sweep was appl ied  to the zinc 
e lect rode via a Chemical  Electronics TR40/3A poten t io-  
stat in conjunct ion wi th  a l inear  sweep unit;  cyclic 
vo l tammograms  were  recorded on a Bryans  X-Y p lo t te r  
Type  26000A4, and the potent ia l  of the  work ing  e lec ,  
trode, wi th  respect  to the Hg-HgO reference electrode,  
was also measured  on a So la r t ron  LM1620 D.V.M. The 
cathodic excurs ion a lways  preceded  the anodic excur -  
sion. 

The corrosion ra te  of the zinc was also de te rmined  
vo lumet r ica l ly  by  moni tor ing  the volume of hydrogen  
evolved when one gram of g ranu la r  zinc (par t ic le  size 
125-250 ~m, Berk  Limi ted)  was exposed to 20 ml of 
10N NaOH in the appara tus  shown in Fig. 2. The 100 ml  
volumetr ic  flask was immersed  in an oil ba th  ma in -  
t a ined  at 50~ Af te r  addi t ion  of the a lkal i  to the  zinc, 
the  mix tu re  in the flask was evacuated  in  a desiccator  

O J L ~  

CdL LEVEL \ 

J 

�9 PARAFFIN 
ME~ISC~ 

G ~P,/~UAT~D ~ 1 . ~  TUEE 

L I ~ T  PA~FF~ OiL 

_..--- 3UPFO~ 

Fig. 2. Gassing test apparatus. 
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Fig. 3. Cyclic vohammograms. - - -  - 10M NaOH, - -  I0M 
NaOH/0.1 v/o methacrylic acid, Y-axis: i/mA cm -~,  X-axis: upper 
~I/V, lower E/V vs. Hg-HgO. 

for 1 h r  to r emove  any en t r apped  air  p r io r  to com- 
mencement  of the exper iment .  

Results and Discussion 
The form of the  anodic por t ion  of the  vo l t ammogram 

obta ined under  quiescent  condit ions in the  absence of 
addi t ives  can be seen f rom Fig. 3. I t  seems fa i r ly  cer-  
ta in  (3-6) tha t  the  first peak  in the anodic sweep cor-  
responds to the fo rmat ion  of a porous film of ZnO by  a 
d i sso lu t ion-prec ip i ta t ion  mechanism and the  ac t ive-  
passive t rans i t ion  to a low poros i ty  film forming d i -  
rec t ly  on the meta l  surface, the  sharp peak  obta ined on 
the r e tu rn  sweep corresponding to reduct ion  of the  
l a t t e r  film. 

The influence of the  var ious  addit ives on the  cor-  
rosion pa rame te r s  and pass ivat ion behavior  of the zinc 
is summar ized  in Tables I and II, respect ively.  Their  
effect on the corrosion ra te  is only slight, as confirmed 
by  the  gassing test  resul ts  presented  in Fig. 4. Con-  
versely,  the anions appear  to have a m a r k e d  effect on 
anodic behavior ;  a typical  vo l t ammogram for me th -  
acry la te  is p resented  in  Fig. 3. S imi la r  resul ts  were  
obtained for acrylate .  

I t  can be seen tha t  adsorbed anions have a p ro -  
nounced over -a l l  kinetic  effect, both zinc dissolution, 
and hydrogen  evolut ion at overpotent ia ls  > --550 mV, 
occurr ing more readi ly ;  conversely,  inhibi t ion appears  
to occur in the case of I-I2 evolut ion for the  overpo-  
ten t ia l  range  --400 mV ~ ~l ~ --550 mV. 

Represen ta t ive  Tafel  plots  for zinc dissolution and 
hydrogen  evolut ion are  presented  in the form of an 
Evans  diagram, constructed f rom the exper imenta l ly  
obtained vol tammograms,  in Fig. 5. Al though hydrogen  
evolut ion is suppressed  in the vic ini ty  of the corrosion 

~S 

t 5  
m 

, 

5 

I i ! I 
o 40 .r,,~h~ ,ao J+o 

Fig. 4. Gassing test results. O : 1aM NaOH, �9 : 10M 
NoOH/0.1 v/o acrylic acid, A = 10M NaOH/0.1 v/o methac~lic 
acid, Y-axis: volume H~ evolved per gram zinc/ml, X-axis: time/hr. 

po te~ i a l ,  the increase in the  zinc dissoluton ra te  resul ts  
in a sl ight  increase in the corrosion cur ren t  wi th  a 
corresponding displacement  of the  corrosion potent ia l  
towards  the equi l ib r ium potent ia l  of Zn /Zn  II electrode.  

Since the H2-H/-  exchange reac t ion  involves the  ad-  
sorpt ion of react ive  species, anionic adsorpt ion  would  
be expected to have at leas t  t h r ee  kinet ic  effects: (i) 
var ia t ion  of be the potent ia l  at  the  outer  Helmhol tz  
p lane (OHP) ,  (ii) var ia t ion  of AG ~ for hydrogen  ad-  
sorption, and (iii) decrease of a rea  ava i lab le  for hy -  
drogen adsorption.  The influence of anionic adsorpt ion 
on the overvol tage  in the absence of adsorpt ion of 
reactants  and products  fol lows from the Bu t l e r -Vo lmer  
re la t ionship  which implies  that ,  at  constant  current ,  
the  change of overvol tage  ( ~ )  resul t ing  f rom a va r i -  

Table I* 

E l e c t r o l y t e  . T a f e l  s l o p e  ( H s )  
1 0 M  N a O H  + a n i o n  i e o r r / m A  c n l  - s  E e o r r / V  V~. I - I g - H g O  io ( H ~ ) / m A  c m  -~ m V  d e c a d e  -1 

0 .1  v / o  a c r y l a t e  2 . 0 3  "4- 0 . 2 5  - - 1 . 4 5 6  • 0 . 0 0 1  0 . 0 6 7  • 0 . 0 1 7  63  "4- 6 
0 .1  v / o  r n e t h a c r y l a t e  1 . 8 5  -4- 0 . 2 0  - - 1 . 4 5 9  ----- 0 . 0 0 2  0 . 0 6 4  5 6  • 7 
P u r e  1 0 M  N a O H  1 .6 9  ----- 0 . 1 4  - - 1 . 4 8 1  0 . 1 4  ----- 0 . 0 0 6  76  ~-  4 

* A l l  data  o b t a i n e d  f r o m  E v a n s  d i a g r a m s  such  as  tha t  d e p i c t e d  i n  F i g .  5. 

Table II. 

P e a k  I I  N I a x / m A  c m  -~ 
C o n d i t i o n s  P e a k  I ( a c t i v e - p a s s i v e )  p e a k  I S w e e p  ra te  

1 0 M  N a O H  3 8 0  ----- 13  5 0 0  -4- 2 4 6 . 4  -~- 1 .6  1 r n V  s e c  t 
1 0 M  N a O H  + O. l  v / o  a c r y l a t e  140  +--- 8 3 2 5  • 4 70 .8  -~- 1 .0  1 m V  s e c  - i  
1 0 M  N a O H  + 0 .1  v / o  m e t h a c r y l a t e  1 5 0  ~ 9 3 2 5  ~-  3 76  ~-  0 . 5  1 m V  sec  -t  

* A l l  p o t e n t i a l s  q u o t e d  i n  m V  w i t h  r e s p e c t  to  Z n - Z n  ~+. 
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ation h ~  is given by  

( =) An = 1 -- A~ [i] 

The quantities A~] and .A@s have the same sign for 
z/~n < I and opposite signs for z/.=n > I, and thus A~I 
has the same sign in the reduction of anions and the 
opposite sign to A@2 in the reduction of cations (z ~ n) 
and 0 < .~ < I). The specific adsorption of anions 
makes r more negative (7), and therefore A~] more 
positive for the reduct ion of H+; hence (i) would be 
expected to exert  a catalytic influence on the H~ evolu- 
t ion reaction. (ii) and (iii) would have the opposite 
effect, and it would therefore appear that (ii) and (iii) 
dominate at low overpotential;  this situation, however, 
would probably  per ta in  over the entire potential  range 
for which the organic adsorbed, and the very marked 
catalysis at overpotentials > - - 5 5 0  mV must  conse- 
quent ly  arise from factors not ment ioned in the fore- 
going discussion. The above equation and considera- 
tions apply str ict ly only to the case of mercury  and 
dilute amalgams and it is not suggested that  they afford 
a formal description of the si tuation at a solid elec- 
trode where the double layer  s t ructure  is less well 
known. However, it is suggested that the t rea tment  
will have some quali tat ive significance and give some 
insight into the si tuation prevai l ing at the electrode 
surface, par t icular ly  since it can be supposed that  the 
rate de termining step of the over-al l  process is still 
hydrogen ion disch,arge result ing in the formation of an 
adsorbed hydrogen atom [(cf. mercury  and di lute 
amalgams (8) ]. 

As the potential  of the zinc is made more negative 
dur ing the cathodic excursion the pH of the electrolyte 
in the vicini ty of the cathode decreases, in the follow- 
ing fashion: the variat ion of [H80 +] and [OH-]  close 
to the electrode surface obeys the Boltzmann dis t r ibu-  
t ion 

[ I~O+]s  = [I-~O+]bexp ( - - r  [2] 

[OH-] s  = [OH-]b  exp ( - -r  [3] 

where the indices s and b define concentrations close 
to the electrode surface (~nterphasial region up to 
and including the OHP) and in the bulk  of the solution, 
respectively. For an acid-base system 

H + + 0H-~ H20 or 
H20 -5 H + 

Thus 

( [H20] ) : (  [H20] ) b =  
[OH-] [OH-] 

H30 + 

( [H30+] )s:([HsO+] 
[H20] [H20] )b 

[H+]s 

[H+]b 

-- exp ( - - r  

where it has been assumed that  the surface and bulk  
concentrations of water  are equal; this will only be 
approximately true for the polar water  molecules but  
will suffice for the present  analysis. Thus as the elec- 
trode potential  becomes more negative, the pH will de- 
crease. The ratio [H+]s / [H+]b  can amount  to several 
orders of magni tude  (9). 

It is conceivable that  the following equi l ibr ium may 
be established between the specifically adsorbed organic 
anions (at the IHP) and the protonic species populat -  
ing the OHP 

rapid 
R -  -5 I"I30 + ~ RH -5 H20 

followed by electron t ransfer  thus 

RH -S e---> R -  -S H 

with subsequent  hydrogen evolution 

H + H-) H2 

mo 0 ~  

'~176 !i " 

I , " ~  I,/~ / 0 ~ ' ~ '  i 
0.1 1,0 l/n/,r,A cm "~ i0 il)9 

Fig. 5. Evans diagram. 0 ---- IOM NaOH, �9 = IOM NaOH/O.1 
~1o methacrylic acid, Y-axis: polential/mV, X-axis: I i lima cm-~. 

It follows from the above that  the equi l ibr ium between 
R -  and H30 + would be extremely potential  dependent;  
the over-al l  process would correspond to the catalytic 
action of certain organics on hydrogen evolution cited 
in the l i terature (9) and could be an explanat ion for 
the observed pronounced increase in the rate of hy-  
drogen evolution with increase in  potential. 

The anions appear also to catalyze the dissolution of 
zinc, a direct consequence of which is the earl ier  sa tu-  
rat ion of the diffusion layer in  the anodic potential  scan 
with the result ing marked cathodic displacement of 
peak I. The similar displacement in the active-passive 
t ransi t ion presumably  arises from a var iat ion in  the 
texture and composition of the film formed in  the pres-  
ence of the adsorbed species to that  formed in  pure 
electrolyte (4). It is possible that  the anions serve as 
impur i ty  centers for film nucleation. The mul t ip le-peak  
effect observed probably arises from the organic anions 
adsorbing onto certain preferred sites on the zinc sur-  
face, as a result  of which the film formed might be ex- 
pected to vary in composition and thickness over the 
surface area of the electrode. Similar  exper imental  
work on the influence of SiO~ = (4) where optical 
photomicroscopy was employed has shown that  the 
film formed in the presence of the anion does in fact 
reduce in stages, giving rise to several reduct ion peaks 
on the cathodic going sweep of the anodic excursion. 
It is suggested that a similar effect is being observed in  
the case of the organic species. In  contrast to SiOs =, 
the current  ma x i mum of peak I in the presence of the 
acrylic anions is much greater than in the pure elec- 
trolyte, suggesting that  in the lat ter  case the solubil i ty 
of the zinc oxide-zinc hydroxide is substant ia l ly  im-  
proved in  the presence of these additives. It  is possible 
that the anions stabilize micelles of ZnO-Zn(OI-I)2 by 
provision of a bet ter-developed hydrat ion sheath. Such 
a mechanism has been proposed (10-12) for the sta- 
bilization of electrolytically generated zincate solutions. 

Conclusions 
Although the acrylic type anions have been shown 

to have a detr imental  effect on the passivation of zinc 
in alkaline solution, results suggest that  they could act 
as extenders for the zinc electrode at very low cur-  
rent  drain. The influence of such additives on the cor- 
rosion rate of the zinc is only minimal.  

The addition of these organics to the electrolyte of 
secondary zinc-si lver oxide cells has been correlated (1) 
with an increase in  cycle life, a phenomenon possibly 
related to a change in morphology of the electrode- 
posited zinc resul t ing from adsorption of the anions at 
the zinc-alkali  interphase. In  respect of rechargeable 
systems, the apparent  catalytic influence which the ions 
have on hydrogen evolution is of interest, since such an 
effect could be a distinct disadvantage in  high rate 
secondary cell applications. 
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Analysis of the Air-Formed Oxide Film on a Series of 
Iron-Chromium Alloys by Ion-Scattering Spectrometry 

R. P. Frankenthal* and D. L. Maim 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Low energy  ion-sca t te r ing  spec t romet ry  has been used to obta in  the  com- 
pos i t ion-dep th  profiles of a i r - fo rmed  oxide films on a series of i ron -ch romium 
alloys. By using iron, chromium, Fe20~, Cr20~, and F el.sCr0.503 as s tandards,  
the  a tom composit ion rat ios C r / F e  and O/M (M ---- Fe  ~- Cr) have been  ob-  
ta ined  quan t i t a t ive ly  as a funct ion of sput te r ing  time. The a i r /ox ide  interface 
appears  to be oxygen- r i ch  or metal-def ic ient .  The C r / F e  rat io  is low at this  
interface but  increases and peaks  a few angstroms inside it. This ra t io  then 
diminishes cont inuously  to its value  in the al loy at the ox ide /me ta l  interface.  
The O/M rat io diminishes  cont inuously f rom the  a i r /ox ide  to the  ox ide /me ta l  
in terface  and appears  to be independent  of a l loy composition. There  is no 
region of constant  concentra t ion of any  of the components.  The average Cr 
content  of the oxide varies  l inea r ly  wi th .  a l loy composi t ion but  exceeds the 
Cr content  of the  alloy. This may  be associated with  the method of surface 
prepara t ion .  Based on differences in the  shape of the  composit ion profiles, 
it  is specula ted  that  the d is t r ibut ion  and bonding of cations in the oxide phase, 
not  the i r  concentrat ion,  different iate  the  stainless f rom the nonstainless alloys.  

There  have been  numerous  studies of the composi-  
t ion of oxide  films on austenit ic  stainless steels, e.g., 
Ref. (1-6).  There  have  been re la t ive ly  few studies on 
ferr i t ic  s tainless  steels or on the  F e - C r  b ina ry  system, 
and in pa r t i cu la r  of the effect of chromium content  of 
the  al loy on the composit ion of the oxide film. Year ian  
et al. (7) measured  the lat t ice pa rame te r s  of i ron-  
chromium spinels. McBee and K r u g e r  (8) measured  
the la t t ice  pa rame te r s  of the  anodica l ly  formed pass i -  
r a t i n g  film on a series of i ron -ch romium alloys by  
t ransmiss ion e lect ron diffraction. The oxides on the 
al loys wi th  r e l a t ive ly  low chromium content  a r e  spinel -  
like, whi le  the  oxide on an Fe24Cr [Fe-24 weight  pe r  
cent (w/o)  Cr] a l loy gave no diffraction pat tern .  They 
concluded tha t  the  films tend  to become amorphous  
as t h e  chromium content  of the  a l loy is increased.  
Hol! iday and  F r a n k e n t h a l  (9) character ized by  soft 
x - r a y  spec t rome t ry  the  anodical ly  formed pass ivat ing  
film on the same alloys examined  by  McBee and Kruge r  
(8) a n d  in t e rp re t ed  the i r  da ta  to indicate tha t  sub-  
s tant ia l  changes occurred in film thickness and com- 
posi t ion ( C r / F e  rat io)  at an al loy Cr content  of about  
12%, the composit ion that  separa tes  the  stainless f rom 
the nonstainless  steels; this technique averages  the 
composit ion across the  film. Nei ther  the  atomic com- 
posi t ion of the  oxide film nor its var ia t ion  wi th  posi t ion 
f rom the a i r / ox ide  to the ox ide /me ta l  in terface  has 
been established.  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: chromium, ion-scattering spectrometry, iron, oxide, 

passivity, stainless steel. 

Surface analysis  techniques, such as photoelectron,  
Auger-e lec t ron ,  ion-scat ter ing,  and secondary- ion  mass 
spectrometry,  when  combined wi th  iner t  gas ion spu t -  
tering, are  well  sui ted for depth  profi l ing thin  oxide 
films. To make  these techniques quant i ta t ive,  however ,  
it  is necesary  to have sui table  ca l ibra t ion  s tandards,  to 
establ ish the  var ia t ion  of the sensi t ivi t ies  of the  differ-  
ent  e lements  wi th  changes in the composi t ion of the 
matr ix ,  and to show tha t  p re fe ren t ia l  enr ichment  of 
an e lement  does not occur in any of the phases dur ing  
sputter ing.  

In  the present  study, low energy  ion-sca t te r ing  spec-  
t rome t ry  was used to obtain in a quant i ta t ive  manner  
the composit ion profiles as a funct ion of depth  of the 
oxide film formed in a i r  at  room t empera tu re  on the  
same series of i ron -ch romium alloys used prev ious ly  
(8, 9), as wel l  as on i ron and on chromium. Low en-  
e rgy  ion-scat ter ing  spec t romet ry  ( ISS) ,  in t roduced by  
Smith  (10, 11), has recen t ly  been rev iewed  by  Buck and 
Poate  (12). ISS is unique among the fami ly  of surface 
analysis  techniques that  have  been in t roduced in recent  
years  in that  it  examines  only the outermost  atomic 
layer  of the surface. For  surface analysis,  a low en-  
e rgy  (1-3 keV) monoenerget ic  beam of iner t  gas ions, 
e.g., He + or Ne +, of mass M1 and energy  E0 is d i rec ted  
at ~the surface atoms of mass M2. A fract ion of the  
incident  ions wil l  exper ience an elastic b ina ry  collision 
with  the surface atoms; of these, another  f ract ion wil l  
be reflected th rough  a l abo ra to ry  angle  of 90 ~ and have  
a reduced energy El. Provid ing  the mass of the  surface 
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Table ]. Composition of alloys (a/o) 

Nominal  FeSCr Fe l0Cr  Fe l2Cr  Fe l4Cr  Fe24Cr 
Cr content  5.1 10.2 12.7 15.1 25.0 

atom (M2) is g rea te r  than  that  of  the  incident  ion 
(MD, the fol lowing re la t ion is obeyed  for these ions 

El M2 -- Mi 
- -  [I] 

E0 M~ - p  M1 

Thus, for a wel l -col I imated ,  monoenerget ic ,  incident  
ion beam, the ion energy  d is t r ibut ion  of the  scat tered 
f rac t ion collected at  90 ~ wil l  consist of a peak  or  series 
of peaks  corresponding to each e lement  on the surface, 
the  he ight  of which is p ropor t iona l  to the  surface con-  
cent ra t ion  of the  element.  The incident  ion beam also 
sput te rs  the surface, so tha t  a series of spect ra  obtained 
as a funct ion of spu t te r ing  t ime give a dep th  profile 
th rough  the surface layer .  

In  addi t ion to de te rmin ing  the composit ion profiles 
of the  oxide films, the  mer i t s  and l imi ta t ions  of ISS and 
of the  spec t romete r  used in these  s tudies  a re  discussed 
in the context  of the  present  study.  

Experimental 
The mater ia l s  s tudied  were  iron, chromium, and a 

series of i ron -ch romium alloys, the  composi t ions [atom 
pe r  cent ( a / o ) ]  of which  are  given in Table I. The 
oxide films on most of these al loys have been  s tudied 
prev ious ly  (8, 9).1 

Each specimen was mechanica l ly  pol ished wi th  a sus-  
pension of 1 ~m a lumina  par t ic les  in water ,  r insed  in 
dis t i l led water ,  in  methanol ,  dr ied  in  a s t ream of n i t ro -  
gen, and s tored in a plast ic  box at  room tempera tu re  
and humid i ty  for at  least  24 h r  before  analysis.  

F i lms  of a-Fe~O~ and Cr203 severa l  hundred  ang-  
s t roms thick were  grown by  the oxida t ion  of i ron  and of 
chromium at 417~ (13) a n d  700 ~ C (14), respect ively.  
Thei r  iden t i ty  was confirmed by  low angle r e -  
flection e lect ron diffraction. The oxide Fel.sCr~.50~ 
was p repa red  by  heat ing measured  quant i t ies  �9 
Fe(NH4)2(SO4)2.6H20 and CrNH4(SO4)2-12H20 in a 
porce la in  crucible  wi th  a gas bu rne r  unt i l  the  H20 and 
NHs had  been expe l led  and then  firing the  res idue at  
1000 ~ for severa l  hours.  Chemical  analysis  ind i -  
cated Fe-53.1 w/o ,  and Cr-16.2 w/o,  giving an a tom 
ra t io  F e / C r  = 3.05. The balance,  3.07 w/o,  is close to 
the  desired O content  of 30.4 w/o.  

Al l  spect ra  were  obtained wi th  a 3M Company Model  
520 ion-sca t te r ing  spectrometer .  This ins t rument  mea-  
sures the  sca t tered  ion energy  d is t r ibut ion  only at 90 ~ 
to the incident  ion beam. Spect ra  were  obtained both 
wi th  20Ne and wi th  3He as incident  ions. In  the  20Ne 
spectra,  the peaks  for Fe  and Cr are  wel l  resolved;  
however ,  an  O peak  is not  measu red  since i t  is l ighter  
than  the incident  ion (Eq. [1]) .  When  SHe is used as 
the incident  ion, the O peak and the meta l  (M) peak  
are observed, bu t  the Fe  and Cr peaks  are not  resolved.  
Al l  spectra  were  obtained wi th  a noble ion gas pressure  
of 2 • 10 -5 Torr,  an incident  ion energy  of 2.5 keV, an 
ion beam cur ren t  densi ty  of 1 ~A/cm 2, and an ion beam 
d iamete r  of 0.32 cm at h a l f - m a x i m u m  intensi ty.  The 
best  vacuum obta ined wi th  this spec t rometer  before  
in t roduct ion  of the iner t  gas was in the low 10 -3 Tor t  
range,  even af ter  bake-out .  A ma jo r  f ract ion of the  
res idual  gas is H20, as de t e rmined  wi th  a quadrupo le  
mass spectrometer .  

Results and Discussion 
For  iron, chromium, and each a l loy a series of ~~ 

spect ra  and a series of 3He spect ra  were  recorded for  
different  sput te r ing  t imes (Fig. 1-3). In  the  ini t ia l  
spect ra  the des i red  peaks  were  genera l ly  masked  by  
adsorbed  surface impuri t ies ;  however ,  a f te r  sput te r  
e tching app rox ima te ly  a monolayer ,  wel l -def ined peaks  

i The analyses given for these alloys in Ref. (8) and (9) are  in 
weight  per cent.  

were  obtained.  Correct ions were  made  for the  over -  
lapping  of the  spect ra  (Fig. i )  by  calcula t ing the f rac-  
t ional  contr ibut ion of the  over lapping  spec t rum to the  
sum of the spect ra  at  the  energy  corresponding to the  
peak  and weight ing  this for the  re la t ive  concentra-  
tions of Fe  and Cr. Correct ion for  the  background  was 
made by  d rawing  base lines as shown (Fig. 2 and 3). 
Al l  resul ts  are  expressed  as peak  height  ratios, which  
are re la t ive ly  insensi t ive to the manne r  in which  the 
base lines a re  drawn.  

F rom each 2ONe spec t rum the C r / F e  peak  he ight  ra t io  
was ca lcula ted  and p lo t ted  as a funct ion of sput te r ing  
t ime (Fig. 4). The be l l - shaped  pa r t  of the  curve repre -  
sents the composit ion profile th rough  the  oxide f rom 
the a i r /ox ide  interface (t  = 0) to the  ox ide /a l loy  in te r -  
face. The hor izonta l  segment  represents  sput te r ing  
th rough  the alloy. F r o m  each SHe spec t rum the O/M 
(M _~ Fe + Cr) peak  height  rat io  was calcula ted and 
plot ted as a funct ion of sput te r ing  t ime (Fig. 5). The 
oxygen peak  does not  vanish, hence the O/M rat io  
never  approaches  zero even a f te r  hours  of sputter ing.  
This is due to the  continuous par t i a l  reoxida t ion  of the  
act ive meta l  surface b y  the  res idua l  wa te r  vapor  in 
the vacuum system when  sput te r ing  wi th  8He. 

To in te rpre t  the  da ta  quant i ta t ive ly ,  the  re la t ive  
sensi t ivi ty  of each atomic species and its var ia t ion  f rom 
meta l  to al loy to oxide mus t  be determined,  and the 
absence of p re fe ren t ia l  sput te r ing  of any  e lement  f rom 

Cr 

Fe 

Fig. 1.2~ spectra of iron and of chromium metal after sputter 
etching the oxide films. Spectrum of each metal recorded on same 
graph to shaw relative position and overlap. Chromium sensitivity is 
1.5 times that of iron. 
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Cr 

F e  

2rain. 7rain. 60min.  

Fig. 2. 2~ spectre of an Fe24Cr alloy at different sputtering 
times. Cr peak is at left and Fe peak is at right in each spectrum. 
Note change in relative peak heights of Fe and Cr with sput~ring 
time. First two spectra are within the oxide; last is from the alloy. 

I M 

Fig. 3. SHe spectrum of an Fe24Cr alloy after sputtering for 5 
min. Note low sensitivity of 0 peak (left) relative to M peak 
(right). Fe and Cr cannot be resolved with 8He. 

the alloy or f rom the oxide surface must  be estab- 
lished. From the 20Ne spectra of iron and of chromium 
(Fig. 1), obtained after the oxides had been sput ter  
etched, the re la t ive  sensit ivi ty of the two metals, i.e., 
the peak height  ratio Cr /Fe ,  was 1.5 • 0.1; the l imits 
represent  the ext remes  from many  measurements  taken 
after  various sputter ing t imes and on differen~t days. 
When the exper imenta l  C r /Fe  peak height  ratio for 
each alloy is corrected for the re la t ive  sensi t ivi ty of 
the two metals, good agreement  is observed between 
the corrected ratio and that  obtained f rom chemical 
analysis of the alloy (Fig. 6). In 20Ne spectra obtained 
f rom a pellet of the oxide Fel.5Cr.0.503, the average 
peak height  ratio Cr /Fe  was 0.52 in 15 measurements  
over  a sputter ing period of 180 rain; the average devia-  
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o 0 . 8  

I 
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0 20 40  60 
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Fig. 4. Experimentally measured Cr/Fe peak height ratio as 
function of sputtering time with 2ONe for four iron-chromium alloys. 
Cr content of alloy is shown on each curve. Bell-shaped part of 
curve is composition prafile through oxide, horizontal part is the 
bulk alloy. 
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Fig. 5. Experimentally measured O /M peak height ratio as func- 
tion of sputtering time with 3He for different alloys. Ratios for 
three oxide standards are also shown. 

t ion was 0.02 and the m a x i m u m  deviat ion was 0.03. 
Correcting this peak height  ratio for the re la t ive  con- 
centrat ion of Fe and Cr in the oxide gives a relat ive 
sensit ivi ty C r / F e  of 1.58, in agreement  with that  ob- 
tained f rom the metals. 

From the SHe spectra of the oxides Fe203 and Cr20~, 
the peak height  ratios O /Fe  = 0.17 and O/Cr  ---- 0.12 
were  obtained. Dividing the former  by the la t te r  gives 
a re la t ive  sensit ivi ty Cr /Fe  of 1.4, again in agreement  
with that  found for the metals  and the mixed  oxide. 
The low sensit ivity of oxygen, evidenced by the O/Fe  
and the O/Cr  ratios, clearly limits the accuracy and 
precision of this result, as well  as others calculated 
from O/M peak height ratios. The O/Fe  and O/Cr  sen-  
sitivities are obtained by dividing the above ratios by 
3/2 to correct for the atomic composit ion of the oxides; 
this gives re la t ive  sensitivities of O / F e  ~ 0.11 and 
Of  Cr --= 0.08. 

All the above results are explicable if (a) the re la-  
t ive sensit ivity C r / F e  _~ 1.5 • 0.1 is the same for the 
metals, the alloys, and the oxides, (b) the sensit ivi ty 
of O is independent  of the oxide composition, and (c) 
preferent ia l  sputter ing does not occur, wi thin  the de- 
tection limits of the spectrometer.  While other explana-  
tions of the results may be postulated, they require  
compensating effects that  appear to be unreasonable.  
For example, the agreement  be tween the ISS data and 
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Fig. 6. Cr/Fe atom composition ratio as function of sputtering 
time for four iron-chromium alloys. Curves obtained after correcting 
experimental data for relative sensitivities of Fe and Cr in the 
oxides and in the alloys. Ratio for each alloy determined by chem- 
ical analysis is shown to right of each curve. 

chemical analysis of the alloys (Fig. 6) could result  
from the preferent ial  sput ter ing of one component 
compensating for changes in the relat ive sensitivities of 
Cr and Fe with changes in  alloy composition; a l terna-  
tively, the O sensi t ivi ty could be dependent  on oxide 
composition but  changes in a manne r  that  is com- 
pensated for by changes in the sensit ivity of Cr or Fe 
and /o r  by preferent ial  sput ter ing of one of the ele- 
ments. Since there is n o  e v i d e n c e  for any of these ef- 
fects, the simpler explanat ion given above is preferred. 

Having established that the relative sensitivity Cr /Fe  
is independent  of phase, the data of Fig. 4 were cor- 
rected for the relat ive sensit ivity to give the atomic 
composition ratios through the oxides and into the al- 
loys (Fig. 6). The curve for the Fel2Cr  alloy (not 
shown) lies between those for the Fel0Cr  and Fel4Cr 
alloys. 

The atom composition ratio O/M is now calculated. 
The data of Wehner  and co-workers (15, I6) and of 
Oechsner (17) indicate that  the sputter ing rates for 
he l ium and neon are approximately  proport ional  to 
their  masses, a]l other conditions being the same. As- 
suming then that the sput ter ing rate for 20Ne is 20/3 
times that for SHe, the abscissas in  Fig. 5 and 6, i.e., the 
sput ter ing times, can be related. Thus one obtains from 
Fig. 6 the Cr /Fe  atom composition ratio corresponding 
to the O/M ratio at any given time in Fig. 5. From this 
and from the relat ive sensitivities of the elements, the 
atom composition ratio O/M was calculated as a func-  
t ion of sput ter ing t ime (Fig. 7). The data include all the 
alloys and iron. The error bars indicate extremes and 
are wi th in  exper imental  error, which is ___ 0.1. The data 
for chromium fall on the ini t ial  par t  of the curve, but  
at later  times the points lie sl ightly above those shown. 
This may be due to  t h e  greater affinity of chromium 
for oxygen, ~ which makes it a bet ter  getter for the 
residual water  vapor in the vacuum system. The lack 
of dependence of the O/M ratio on alloy composition, 
unless accidental, confirms the assumption that the 
sput ter ing rates are proport ional  to the masses of the 
sput ter ing ions. 

The sput ter ing rates were not measured. They may 
be estimated from (19) 

S = 0.2YVlp+d -2 (A/hr )  [2] 

'~ Standard free energies of formation for Cr20~, Fe_~Os, and Fe~O4 
are --167, --11.8, and --I21 kcal/mol O~. respectively (18). 
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Fig. 7. O / M  atom composition ratio as a function of sputtering 
time for five alloys and iron after correcting for relative sensitivities 
and relative sputtering rates with aHe and 2ONe. Ratio correspond- 
ing to M203 is also shown. 

in which S is the rate, Y is the sput ter ing yield, V is 
t h e  average atomic volume in  A ~, Ip § is the i o n  
beam current  in hA, and d is t h e  i o n  beam width at 
ha l f -max imum intensi ty  in  ram. The yield of i ron 
sputtered with 2.5 keV Ne ions is estimated to be 2 
a toms/ ion by extrapolat ing the data of Wehner  and 
co-workers (15, 16). The other factors in  t h e  a b o v e  
equation are known, so that a sput ter ing rate of ap- 
proximately 300-400 A/hr  is calculated for iron. The 
rate for chromium is similar. It has been estimated (20) 
that chromium is sputtered 5 to 10 times faster than 
Cr203. Assuming that iron and the alloys also sputter  
5 to 10 times faster than their  oxides, we estimate the 
sputter ing rate of the oxides to be 60 _ 20 A/hr  with 
20Ne. The sput ter ing rate of the oxides with 3He is of 
the order of 10 A/hr. From Fig. 6 and assuming a 
sput ter ing rate of 60 A / h r  with 20Ne, the oxide thick- 
nesses are estimated to be 20A for the high-Cr alloys 
(Cr > 12%) and 30-40A for the low-Cr ones (Cr < 
12%), in agreement  with previous results (9). These 
differences in thickness are masked dur ing  sput ter ing 
with SHe (Fig. 7) by the continuous reoxidation of the 
surface by the residual water  vapor. 

Each point on the composition profiles is an average 
over all crystallographic planes, grain boundaries,  and 
surface defects. Nonuniform sputter ing and mixing due 
to knock-on effects have n o t  b e e n  considered. These 
would smear out compositional variations. Thus sharp 
changes in composition over a distance of a few ang-  
stroms may be lost, and the t rue peak in the Cr /Fe  
composition ratio in the oxides may be somewhat 
greater. 

From the composition profiles (Fig. 6 and 7) it 
appears that  the composition of the oxide film changes 
continuously with depth. At the air /oxide interface the 
film appears to be an oxygen-r ich or metal-deficient  
M203 with a low Cr content  for all the alloys. Immedi -  
ately beneath  the surface layer the Cr content rises 
sharply, peaks, and then decays to its level in the bu lk  
alloy. At its max imum the Cr content is two to three 
times that  in the alloy. However, even for the Fe24Cr 
alloy the ma x i mum observed Cr /Fe  ratio is only about 
0.8. The interface between the oxide and the alloy ap- 
pears quite sharp, although less so for the low-Cr al-  
loys. This is evident in  Fig. 6 but  not in Fig. 7, prob-  
ably because of the inabi l i ty  to at tain an oxygen-free 
surface. There Js no region of constant  O/M composi- 
tion ratio, indicating that there is no layer of finite 
thickness in which an oxide of constant  composition 
exists. 

The average Cr /Fe  composition ratio in  the oxide 
film is given by 

( C r ~  _ 1 f o / a ( C r ~  
~ - e / a v ~  --  t--~ff~ ~ o  ~ - e /  dt [3] 

in  which t is the sput ter ing t ime and ta/a is the time 
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to sputter  to the oxide/al loy interface. (Cr/Fe)avg may 
be obtained by integrat ing the area under  each curve 
in Fig. 6. Then the average fraction of metal  or cations 
in the film that is Cr is given by 

( Cr ) ._ (Cr /Fe)  avs [4] 

Cr ~- Fe avg 1 ~- (Cr/Fe)avg 

This is plotted as a funct ion of alloy composition in 
Fig. 8. The dashed line in  this figure shows the result  
that would be obtained if these were equal. It is seen 
that there is an excess of Cr in  the oxide over that  in 
the alloy. The excess increases with increasing alloy 
Cr content. The slope of the plot is 1.35. No change in  
slope is observed around the  alloy composition of 
12Cr, as had previously been suggested (9). The reason 
for this difference between the two studies may be as- 
sociated with the different means of surface and oxide 
film preparat ion or with the different analytical  tech- 
niques. In  the earlier x - r ay  study, the films were pro- 
duced by anodic oxidation; also, this technique mea-  
sures a signal that  emanates from the bu lk  of the oxide, 
not only from the surface as with ISS. This lat ter  point 
will be fur ther  discussed below. 

The excess chromium in  the film indicates a loss of 
iron. Since the profiles do not show an excess of iron 
at the oxide/aHoy interface, it m u s t  have been lost 
during the mechanical  polishing operation. This may 
be due to one of the following: (i) The rate of chro- 
mium metal  dissolution under  the po]ishing conditions 
is slower than that  of iron, (ii) chromium passivates 
more readily than iron under  these conditions, or (iii) 
the iron oxides or hydroxides formed are more soluble 
than the chromium ones. Since this result  appears to 
have been affected by the technique of surface prepara-  
tion, it is not clear whether  the result  is re levant  to our 
unders tanding  of the mechanism of passivation. How- 
ever, it may be re levant  technologically since similar 
techniques are in common use. 

Despite these considerations, it is well known that 
the corrosion resistance of steels in most envi ronments  
is governed more by the Cr content of the steel than 
by the means of surface preparation.  The effect of al-  
loy Cr content  on the electrochemical and corrosion 
properties of steels is greatest a round 12% (21,22), 
leading to the hypothesis that  a major  change in  film 
composition may occur at this alloy composition. This 
is not evident  from Fig. 8 or from the var iat ion of the 
peak Cr /Fe  ratio in Fig. 6 as a function of alloy com- 
position. An examinat ion of the data in Fig. 6 does show 
some differences between the low-Cr and the h i g h - c r  
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Fig. 8. Average oxide film Cr content vs.  alloy Cr content, show- 
ing a linear relation from 0 to 25% Cr in the alloy. Dashed line 
represents equal concentrations in the oxide and alloy. 

steels. First, the h igh-Cr  alloys have a th inne r  oxide 
than the low-Cr  ones. Second, the dis tr ibut ion of Cr 
in the low-Cr alloys is more skewed than  in the high- 
Cr ones. Third, the max imum in the Cr /Fe  composition 
ratio appears at a sput ter ing t ime of 6 • 1 m i n  for the 
high-Cr alloys and at 10 • 1 min  for the low-Cr ones. 
The corresponding times on the curve of Fig. 7, i.e., the 
times to sputter  to the same depth with ZHe, are 40 and 
70 rain; the O/M atom composition ratios for these 
times are 1.3 and 0.8, respectively. 

From this we speculate that the "stainless" behavior 
may not be associated with the quant i ty  of chromium 
in the film but  with the distribution, the defect s truc-  
ture, and the bonding of the cations. For  the stainless 
alleys, the Cr content  of the oxide is greatest when 
the O/M atom composition ratio is in a range corre- 
sponding to M20~ or M304. But for the nonstainless 
alloys, the ma x i mum Cr content  of the oxide occurs in 
a region which is highly oxygen deficient, O/M < 1 or 
MOI-z. Thus the shift in the posit ion of the max imum 
in the Cr /Fe  composition ratio between the stainless 
and the nonstaintess alloys is accompanied by a change 
in the proportions in which the oxygen is bonded to 
Cr and Fe and hence in the valence states of the 
cations. Unfortunately,  ISS gives no information on the 
valence state. However, since the free energy of forma-  
tion of Cr208 is about 50 kcal /mol  more negative than 
that of Fe203 or Fe804 (18), it appears l ikely that  the 
average valence state of Fe decreases more rapid ly  
with distance into the oxide than  that  of Cr. 

Comparison of ISS and soft x-ray spectrometry data. 
- -Bo th  techniques have shown that  the oxide film on 
the low-Cr alloys is thicker than that on the high-Cr  
ones. However, the data from the soft x - r ay  s tudy (9) 
suggested that the Cr content  of the oxide increased 
more sharply  between the 10Cr and the l~Cr alloys 
than is expected on the basis of the change in alloy 
composition. This was not found in the I'SS study. This 
discrepancy probably results from the different re-  
solving powers of the two techniques. ISiS resolves each 
atomic layer, while soft x - r ay  spectrometry obtains its 
signal from throughout  the oxide. For the lat ter  tech- 
nique, the signaI from beneath the surface is a t tenuated 
exponent ial ly  with depth according to Beer's law. The 
max imum in the Cr /Fe  composition ratio occurs at 6 
rain for the high-Cr alloys and at 10 min  for the low-Cr 
ones (Fig. 6). Thus the Cr x - r ay  signal from the oxide 
on the low-Cr alloys is a t tenuated more than that  from 
the high-Cr ones, result ing in  a greater difference in  
the signal intensi~y than  dictated by the average Cr 
content of the oxide. 

Summary 
Composition-depth,  profiles have been obtained for 

the oxides on a series of i ron-chromium alloys ranging 
in composition from 0 to 25 a/o Cr. From the spectra 
of a series of standards, it was determined that  the 
relat ive sensitivities of the oxide components are in-  
dependent  of alloy or oxide composition and phase. No 
preferential  sput ter ing of any component is observed, 
within the resolution of the spectrometer. The profiles 
show there is no region of constant concentrat ion of 
any component wi th in  the oxide. The O content  d imin-  
ishes continuously from the air /oxide to the oxide/  
alloy interface. The Cr content  is low at the air /oxide 
interface bu t  then rises sharply and peaks a few ang-  
stroms inside that interface; it then decreases cont inu-  
ously to its value in the alloy at the oxide/al loy inter-  
face. The average Cr content  of the oxide varies l in-  
early with alloy composition and exceeds the Cr con- 
tent  of the alloy. This may be associated with the 
method of surface preparation.  It  is speculated that  dif= 
ferences in dis t r ibut ion and bonding of the cations 
wi thin  the oxide phase dist inguish the stainless from 
the nonstainless alloys. 
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Anodic Oxide Films on Nickel in Acid Solutions 

B. MacDougall* and M. Cohen* 
National Research Council of Canada, Division o~ Chemistry, Ottawa, Ontario, Canada K1A OR9 

ABSTRACT 

The format ion  and remova l  of s t eady-s ta te  oxide films on nickel  elec-  
rodes anodized in Na2SO4 solutions of pH 8.4-2.0 have been examined.  Surface 
ac t iv i ty  measurements  showed that  complete  removal  of all  of these oxide 
films was possible  in solut ions of pH --~ 2.8 wi th  modera te  cathodic t rea tments .  
Ins tab i l i ty  of the  pH in the vic ini ty  of the e lectrode was the  p robab le  cause 
of oxide nonreduc ib i l i ty  at  pH > 2.8. The oxide  was removed  cathodical ly  
by  a galvanosta t ic  charging  technique in pH 2.8 and a re la t ive  measure  of the  
amount  of oxide remain ing  at  any t ime dur ing  the cathodic pulse could be  
obta ined by  subsequent  appl ica t ion  of an anodic potent ia l  step. No significant 
chemical  dissolution of the oxide occurred dur ing cathodic charging, in con- 
t ras t  to the  s i tuat ion on open circuit.  However ,  the  quan t i ty  of oxide on 
anodized nickel  could not be de te rmined  f rom the total  cathodic charge r a s sed  
in its removal  because of s imul taneous  massive hydrogen  evolution.  This was 
not  the case wi th  the oxide on electropol ished nickel  where  galvanosta t ic  
charging techniques could be used to accura te ly  de te rmine  the oxide thickness.  

In  a p rev ious  paper  (1), e]ectropolished nickel  was 
s h o w n t o  have a th in  (6-8A) film of NiO of somewhat  
expanded  la t t ice  p a r a m e t e r  (by  ca. 2%) which could 
be re~duced wi th  sufficient cathodic polar iza t ion  in pH 
8.4 Na2SO4. In contrast,  the s t eady-s ta te  oxide on nickel  
e lectrodes anodized in pH 8.4 Na2SO4 was a 9-12A film 
of NiO, wi th  normal  la t t ice  parameter ,  which could not 
be ca thodical ly  reduced  in the  neu t ra l  solution. Con- 
sequently,  cathodic coulomet ry  in neu t ra l  solut ion could 
not be used to de te rmine  film thickness of the  anod-  
ica l ly  formed oxide. While  x - r a y  emission and anodic 
potent ia l  step techniques provided  a l te rna t ive  methods  
for  measur ing  s t eady-s t a t e  nickel  oxide coverages in 
neu t ra l  solution, they  could not be used for accurate  
de te rmina t ion  of ve ry  smal l  oxide coverages (e.g., less 
than  a mono laye r ) .  A sensi t ive in situ cathodic t r e a t -  
ment  in an e lec t ro ly te  where  oxide reduct ion is pos-  
sible, e.g., a more  acid solution, should p rov ide  a 
method for accura te ly  de te rmining  smal l  oxide cover-  
ages and also for character iz ing and compar ing  the 
s t eady-s ta te  oxides formed at different  potentials .  

* E l e c t r o c h e m i c a l  Society Act ive  Member.  
Key  w o r d s :  p a s s i v i t y ,  n i c k e l  oxide,  cathodic reduction,  chemical  

dissolution. 

There  have been suggestions in the l i t e ra tu re  (2-7) 
that  the oxide film formed on anodized nickel  in acid 
solutions is also suscept ible  to cathodic remova l  in 
these acid solutions. However ,  l i t t le  quant i ta t ive  work  
has been done in e i ther  de te rmin ing  the ex ten t  of oxide 
removal  at var ious  pH's  or in character iz ing the nickel  
oxides formed. The presen t  work  involves an inves t iga-  
t ion in the  pH range  8.4-2.0 of the  cathodic reduct ion 
behavior  of the  s t eady-s ta te  oxide film on anodized 
nickel  electrodes.  The oxides formed at  different  pH's  
a re  compared  wi th  regard  to both e lectrochemical  and 
e lec t ron-opt ica l  proper t ies .  At  the  lower  pH values 
invest igated,  the usefulness of the  cathodic ga lvano-  
static charging technique for de te rmin ing  oxide thick-  
nesses on both  anodized and e lect ropol ished nickel  is 
examined.  Whi le  main ly  s t eady-s ta te  films are  dis-  
cussed here, the  invest igat ion provides  a basis for fu r -  
ther  work  deal ing wi th  the  ea r ly  and in te rmedia te  
stages of nickel  oxidat ion  in solution. 

Experimental 
Specimen preparation.--Polycrystalline specimens, 

1 • 2.5 cm, were  p repa red  f rom zone-ref ined nickel  
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sheet of 99.996% pur i ty  as described elsewhere (1). 
They were degreased with benzene, chemically polished 
(1), electropolished for 2 min  at 23~ in a 57% sul- 
furic acid solution at ca. 0.5 A-cm-~  and then annealed 
at 800~ in a vacuum of 10 - s  Torr. The specimens were 
electropolished again immediate ly  before use in an 
experiment.  A (111) nickel single crystal was used to 
obtain information regarding the lattice parameters  of 
nickel oxides. 

Reference electrode.--Potentials quoted in this paper 
are referred to the Hg~SO4 electrode in  0.15N Na2SO4 
(+0.665V 1 with respect to the s tandard  reversible hy-  
drogen electrode). 

SoIution.--Deaerated solutions of 0.15N Na2SO4 had 
their pH's adjusted to various values in the range 8.4- 
2.0. Experiments  were conducted at 25~ 

Apparatus.--A Princeton Applied Research Model 175 
universal  programmer  was used in conjunct ion with a 
Wenking fast-rise potentiostat  to obtain the potentio- 
dynamic sweep profiles. These profiles and the galvano- 
static cathodie charging curves were recorded on a 
Hewlet t -Packard  Model 7004B X-Y recorder. A high- 
speed Brush recorder was used to follow the init ial  
rapid decrease of current  after an anodic potential  step 
treatment.  Two types of electrochemical cell were used, 
one having the counter  and recording electrodes in the 
same compartment  and the other having them in differ- 
ent compartments  separated by a glass frit and stop- 
cock. The former cell was used for potential  step ex- 
periments  since large, init ial  current  surges were in-  
volved. Both cells contained 50 ml  of electrolyte and 
gave similar potentiodynamic sweep and galvanostatic 
charging results. 

Electrochemical procedure.--After electropolishing, 
the electrodes were immersed in deaerated Na2SO4 
solutions of various pH's under  cathodic polarization 
sufficient to remove the prior 6-8A film of NiO. The 
oxide-free electrodes were then anodized using either 
the potentiodynamic sweep or potential  step methods, 
the lat ter  being most f requent ly  used. Unless specified 
otherwise, it is to be assumed that the potential  step 
method was employed. An anodization t ime of 1 hr  was 
used to establish the steady-state condition of oxide 
coverage (1). The effect of various cathodic t reatments  
on the anodized electrodes was analyzed in terms of the 
charge under  the anodic peak on a subsequent anodic 
sweep. Electrochemical t ransfer  experiments  were car- 
ried out by anodizing for 1 hr at one pH, then im-  
mediately t ransferr ing through the air to a fresh, de- 
aerated solution of another  pH where the anodized 
specimen was given a cathodic reduction. The effect of 
this air exposure on the steady-state oxide films was 
investigated by comparing, in pH 2.8 solutions, the 
open-circuit  potent ia l - t ime curves for anodized nickel 
with and without  the air exposure. The simiIari ty of 
results indicated that the brief  air exposure did not 
significantly alter the steady-state oxide on anodized 
nickel. 

Cathodic charging curves were obtained on both 
electropolished and anodized nickel electrodes in pH 
2.8 Na2SO4, the electropolished specimens being im- 
mersed in the solution under  cathodic polarization. At 
any  t ime during this reduction, the relative degree of 
activity of the electrode could be obtained by inter-  
rupt ing  the cathodic charging with an anodic potential  
step and measur ing the anodic charge passed. The 
anodic potential  step technique was also used to study 
chemical dissolution of the steady-state oxide in the 
more acid solutions. In  this case, the relative activity of 
anodized nickel electrodes was determined after var i -  
ous times on open circuit. If the solution was to be 
analyzed for nickel, after either the open-circuit  or 

1 This  p o t e n t i a l  was  m e a s u r e d  a ga in s t  bo th  a s a t u r a t e d  ca lome l  
e lec t rode  and  h y d r o g e n  re fe rence  e lec t rode .  The  h y d r o g e n  re fe rence  
was  used  w i t h  a 0.15N Na_~SO4 so lu t ion  ac id i f ied  to p H  2.8 w i t h  
H~SOt, and  t h e r e  w a s  t h u s  n o  l i q u i d  j u n c t i o n  p o t e n t i a l .  

cathodic charging experiments, the nickel electrodes 
were t ransferred to a fresh electrolyte after anodiza- 
tion. 

Results 
Reduction of nickel oxide in acid solutions.--Figure 1 

shows anodic potent iodynamic i-V profiles obtained on 
nickel electrodes at pH of 4.0 and 2.8 with a sweep rate 
of 10 m~=-sec -1. T h e  cathodic currents  have been 
omitted for simplicity and the sweep limits have been 
adjusted to take account of the 60 mV shift of the nickel 
oxide formation potentiaI wi th  un i t  pH change. Profiles 
1 and 3 were obtained on electropolished nickel elec- 
trodes, after a prior cathodic t rea tment  of 2 m in  at 
--1.2 and --1.27V at pH 2.8 and 4.0, respectively. At 
both pH values, cathodic t rea tment  of electropolis'hed 
nickel at more negative potentials and/or  for longer 
periods of t ime did not lead to any increase in  the 
charge under  the anodic peaks, i.e., the quant i ty  of 
nickel dissolved remained the same. ~ Profiles 2 and 4 
are the second anodic sweeps after anodic cycling to 
0 and --O.07V and cathodic cycling to --1.0 and --1.07V 
in  pH 2.8 and 4.0, respectively. The very  small  differ- 
ence in anodic peak charges at pH 2.8 (profiles 1 and 2) 
disappeared and the sweeps became identical with a 
slightly more vigorous cathodic t rea tment  of the anod- 
ized nickel. At pH 4.0 the difference between the first 
and successive sweeps remained large even after a 
vigorous cathodic t reatment  of the anodized nickel 
electrode. This is shown by profile 5 which is the anodic 
sweep on the anodized electrode after a prior cathodic 
t rea tment  of 10 rain at --1.37V. It should be noted that  
the anodic t reatments  specified in Fig. 1 probably did 

Cf. Ref.  (1, 8)  w h e r e  so lu t ion  ana lys i s  by  a t o m i c  a b s o r p t i o n  spec-  
t roscopy  s h e w e d  t h a t  a l m o s t  a l l  t h e  c h a r g e  u n d e r  the  a n o d i e . p e a k  i s  
accoun ted  for  by  Ni  2+ in  s o l u t i o n .  
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Fig. 1. Anodic potentiodynamic current-potential profiles for 
nickel electrodes at 10 mV-sec - 1  at pH 2.8 (prefiles 1 and 2) and 
pH 4.0' (profiles 3 to 5) under various electrode conditions: (profiles 
1 and 3) after a cathodic reduction of electropolished nickel suffi- 
cient for removal of the prior oxide (see text); (profiles 2 and 4) 
second anodic sweep after initially cycling to 0 and --0.07V at 
10 mV-sec -1  and then cathodic cycling --1.0 and --1.07V, re- 
spectively; profile 5 anodic sweep on anodized nickel in pH 4.0 
after cathodic reduction at - -1.37V for 10 min. 



Vol .  123, No.  2 

not give s teady-sta te  oxide films on nickel because of 
the t ransient  na ture  of the sweep technique. However,  
the same principles apply in the si tuation where  anodic 
holding is used to produce an equi l ibr ium oxide film. 

The surface act ivi ty  of a nickel electrode at any pH 
will  be defined here  as the ratio of the anodic peak 
charge dur ing a potent iodynamic sweep on that  elec- 
t rode to the charge obtained on an oxide-f ree  nickel 
surface with  a s imilar  sweep (e.g., curve  1, Fig. 1). 
Figure  2 shows the dependence of electrode surface 
act ivi ty  on solution pH af ter  a s tandard anodic and 
cathodic t reatment .  Since this work  was concerned 
with the s teady-sta te  oxide on anodized nickel, the  
anodic t rea tment  employed in Fig. 2 was 1 hr  at Va = 
{0.17V -- (0.06V)(pH)}, i.e., Va = 0V at pH ---- 2.8. 
This anodization potential  was well  wi th in  the passive 
region (Fig. 1) and the 1 hr  anodization t ime allowed 
t h e  current  to fall  to <2 X 10 -7 A - c m  -2 wi th  l i t t le 
fu r the r  decrease of current  wi th  time. A s tandard 
cathodic t rea tment  of 3 min at Vc = {--1.03V -- (0.06V) 
(pH)}, i.e., Vc = --1.2V at pH = 2.8, completely  re-  
moved the oxide on anodized nickel only in solution of 
pH ~ 2.8. At pH > 2.8, the amount  of surface act ivi ty 
which could be recovered was highly dependent  on 
solution st i rr ing by bubbling N2 through the cell during 
the cathodic t rea tment ;  this was not the case at pH ----- 
2.8. Also shown in Fig. 2 is the effect of a more severe 
cathodic t reatment ,  i.e., 10 rain at Vo ---- {--1.33V -- 
(0.06V) (pH)}, i.e., Vc ---- --1.5V at pH 2.8, on nickel 
surfaces given the same anodic t rea tment  as described 
above. Even with  this more intense cathodic polariza-  
tion, l i t t le surface react ivat ion was observed above a 
pH of ca. 4.0. Measurement  of the solution pH showed 
that  the var ia t ion during a run  was less than 0.1 pH 
unit  over  the range examined (2.0-5.0). 

F igure  3 shows the effect of cathodic reduct ion po-  
tential  at pH 2.8 on surface act ivi ty of a nickel elec-  
t rode previously anodized for 1 hr  at 0V in the same 
solution. Using a 3 rain polarizat ion time, the min imum 
cathodic potential  required for complete act ivation of 
the anodized nickel  electrode in pH 2.8 is seen to be 
close to --1.05V. 

Oxide  character izat ion  as a ]unct ion of pH. - -The  ox- 
ide thickness was de termined  by x - r ay  emission spec- 
troscopy at solution pH values of 8.4, 4.5, and 2.8. The 
anodic t rea tment  was that used in Fig. 2, i.e., 1 hr  for 
all pH's at an equivalent  NiO format ion potential.  The 
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oxide thickness was the same within  exper imental  
error, i.e., 9-12A, at each pH investigated. At  pH 2.8, 
this oxide thickness was independent  of anodization 
potential  over  the range --0.4 to +0.3V, similar  to re-  
sults in pH 8.4 (1). Reflection electron diffraction pat-  
terns were  taken of a (111) nickel c rys ta l su r face  given 
the above anodic t rea tment  at pH ---- 8.4, 4.5, and 2.8. 
All  pat terns  were  those of NiO and were  similar  wi th  
regard to (i) measured latt ice parameter  (which was 
closer to stoichiometric NiO than that  on electropol-  
ished nickel) ,  (it) oxide epitaxy, and (iii) grain size 
(I). 
To cheek on the electrochemical properties of oxides 

formed at different pH values, a nickel electrode was 
anodized at --0.34V for 1 hr  in pH 8.4 Na2SO4 and then 
t ransferred to a cell wi th  a pH 2.8 solution. The anod- 
ized electrode was given a cathodic t rea tment  in the 
pH 2.8 solution which is just  sufficient for removal  
of the oxide formed at 0V for 1 hr  in the same solution, 
i.e., 3 rain at --1.05V (see Fig. 3). This t rea tment  gave 
a total react ivat ion of the surface toward nickel dis- 
solution on a subsequent anodic sweep indicating com- 
plete removal  of the oxide formed in neutra l  solution. 
The same exper iment  was also per formed in the re-  
verse direction, i.e., the s teady-state  anodization was 
done in pH 2.8 at 0V for 1 hr  wi th  the cathodic reduc-  
tion in pH 8.4 (for 10 rain at --1.45V). The surface 
activity on the fol lowing anodic sweep in the same pH 
8.4 solution was very  low, the oxide formed in pH 2.8 
being as nonreducible in pH 8.4 as the oxide formed in 
pH 8.4 itself. 

Determina t ion  o~ oxide  coverage . - -F igure  4a shows 
the cathodic galvanostatic charging curves at 20 ~A- 
cm -2 in pH 2.8 for nickel electrodes which had been 
given a prior  anodization at 0V for 15 sec, 1 min, and 
1 hr  in the same solution. Also shown is the charging 
curve obtained upon immers ion of a f reshly electro-  
polished nickel electrode into a pH 2.8 Na2SO4 solution. 
Figure  4b shows the charging curves for electropolished 
and anodized nickel electrodes wi th  a more  sensit ive 
t ime base. The eventual,  steady cathodic potent ial  at 
20 ~A-cm -2 (Fig. 4a) was the same in all cases except  
for an anodization of 1 hr  at 0V. In this case, the po- 
tential  was still posit ive by 0.12V to that  expected for 
an oxide-f ree  surface af ter  1 hr  of cathodic polar iza-  
tion. This situation persisted even after an intervening 
potentiostatic cathodic reduct ion of 10 min  at --1.3V, a 
t rea tment  which should have removed any remaining 
oxide (Fig. 3). No detectable roughening of the sur-  
faces was observed by ei ther  e lectron diffraction or 
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repl ica e lectron microscopy after any of the electro-  
chemical  t rea tments  referred to in Fig. 4a, e l iminat ing 
this as a possible explanation.  

The surface act ivi ty of the electrode can be deter -  
mined at any t ime during the cathodic charging by 
stepping the potential  back to 0V and comparing the 
anodic charge passed with  that  obtained f rom a known 
oxide-f ree  surface (i.e., cathodically reduced electro-  
polished nickel) .  F igure  5 shows the results obtained 
when  this technique was applied to electrodes which 
had been anodized at 0V for e i ther  1 min or 1 hr and 
then cathodically charged at 20 #A-cm -2. As expected, 
the rate of surface react ivat ion was more rapid after 
the 1 min anodization than the 1 hr  anodization. It is 
also seen that  the steady potential  at a cathodic current  
of 20 ~A-cm -2 can vary  wi th  the prior  anodization 
t rea tment  of the electrode even if the surface becomes 
oxide free. 

To determine  whe ther  possible changes in the elec- 
t rolyte  composit ion are responsible for this potential  
shift, two exper iments  were  carr ied out. First, a freshly 
electropolished nickel electrode was immersed with 
cathodic polarizat ion into the "used" Na2SO4 solution 
which had given the charging curve in Fig. 4a after  1 
hr  at 0V. The potential  rapidly adjusted itself to the 
correct  value expected for an oxide-free  surface (i.e., 
ca. - -1 .0V) .  Second, an electrode which had been anod- 
ized for 1 hr  at 0V was t ransferred to a fresh pH 2.8 
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Fig. 5. Dependence of percentage of surface activity recovered 
on the charge passed during cathodic galvanostotic charging at 
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mC-cm - 2  corresponds to one oxygen atom per surface nickel; 
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solution and cathodically polarized at 20 ~A-cm -2. The 
result ing s teady potent ial  was still 0.12V posit ive to 
that  expected for the oxide- f ree  surface. These results 
indicate that  possible changes in the electrolyte  during 
the 1 hr  anodization at 0V were  not responsible for the 
0.12V anodic shift in the steady potent ial  for hydrogen 
evolut ion at 20 ~A-cm -2. 

The  anodic potential  step technique was thus used 
in conjunction with  cathodic charging curves to deter -  
mine the t ime (and charge) required for complete re-  
moval  of the oxide formed after ei ther 1 min  or 1 hr  
at 0V. From Fig. 4 and 5 the charges are seen to be 
ca. 15 mC-cm -2 for the 1 min  film and 65 mC-cm -2 for 
the 1 h r  film formed at 0V. These charges correspond 
to 85 and 370A of NiO. In comparison with  the x - r a y  
emission data which indicates a s teady-s ta te  film thick-  
ness os 9-12A, these values are much too high and in- 
dicate that  cathodic side reactions were  playing a major  
role dur ing oxide reduct ion of anodized nickel. 

To investigate the possibility of Ni 2+ reduction con- 
t r ibut ing to the cathodic charges given in Fig. 5, solu- 
tions were  analyzed for Ni 2 + at t imes of 1 rain and 1 hr  
after stepping the potential  of an ini t ial ly oxide-f ree  
electrode to 0V. The quantit ies of Ni 2+ removed from 
the electrode surface were  1.8 and 2.4 ~g-cm -2, re -  
spectively. Galvanostatic cathodic charging curves were  
obtained after pr ior  anodizations at 0V for 1 min and 
1 hr  in solutions containing 9 and 12 ~g-cm -a  of dis- 
solved Ni '2+, i.e., concentrations five times more than 
are found after  a single anodization. The results were  
not al tered by the increased concentrations of Ni 2+. 
Fur ther  exper iments  were  conducted to check the in- 
fluence of solution agitat ion during the anodization at 
0V on the cathodic charges consumed in the subsequent  
galvanostatic react ivat ion of the surface. No effect was 
observed with the anodization t imes employed, these 
being 1 sec, 1 min, and 1 hr  at 0V. 

The cathodic charging curve obtained after  i hr  ano- 
dization at 0V did not show the arrest  s t ructure ex-  
pected for oxide reduction. With a more sensitive po- 
tential  scale (not shown here) ,  a slight increase of 
voltage with t ime was observed during the first 50 rain 
of polarization. It was, however ,  insignificant when 
compared with the definite arrest  s t ructures evident  on 
electrodes given a short anodization at 0V (15 sec and 
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1 min)  and on electropolished nickel (Fig. 4a and b) .  
The s t ructure  wi thin  the charging curve of electro- 
polished nickel was only resolved when the sensit ivi ty 
of the t ime base was increased considerably (Fig. 4). 
The arrest charge indicates an NiO thickness of ca. 7A 
on electropolished nickel, in  excellent agreement  with 
the x- ray  emission results. 

Role  of  chemica l  dissolut ion in  oxide  r e m o v a l . - - I n  
order to determine the stabil i ty of the s teady-state  
oxide on anodized nickel toward chemical dissolution 
in the pH 2.8 solution, previously anodized electrodes 
were left in the solution on open circuit for various 
times. The effect of this t rea tment  on the  NiO coverage 
could be determined by subsequent  ini t iat ion of an 
anodic potential  step back to the anodization potential. 
Figure  6 shows the effect of t ime on open circuit on 
the potential  and surface activity of a nickel electrode 
which was previously anodized at 0V for 1 hr in the 
same solution. Identical  results were obtained with 
anodized nickel electrodes which were t ransferred to a 
fresh pH 2.8 solution with brief exposure to air dur ing 
the transfer. For t imes on open circuit of less than ca. 
50 rain, very  li t t le surface reactivation was observed. 
However, at longer times the activity increased very 
rapidly with complete surface reactivation occurring 
wi thin  110 min. The beginning of the significant in-  
crease in surface activity is seen to correspond with 
the abrupt  change in the open-circui t  potential  to ca. 
--0.75V. Table I gives the corresponding quanti t ies of 
nickel in solution for various times on open circuit Jn a 
fresh pH 2.8 solution. Also given is the amount  of 
nickel in solution after surface reactivation has been 
achieved by cathodic charging, i.e., after 50 min  at --20 
~A-cm-~ (see Fig. 5). 

Discussion 
In  a previous paper (1) it was shown that  the 

s teady-state  oxide on anodized nickel electrodes could 
not be cathodTcally reduced in the pH 8.4 Na2SO4 solu- 
tion. Cathodic characterization of the oxide was thus 
impossible and electropolishing in sulfuric acid before 
cathodic reduct ion was required for reactivation of the 
nickel surface after anodization. The present  investiga- 
t ion was under taken  to determine whether  the oxide 
film on anodized nickel electrodes is susceptible to 
complete cathodic removal at pH more acidic than 8.4. 
The results were positive and an "optimum" pH was 
established at which to investigate the anodization of 
nickel electrodes by cathodic reduct ion techniques. 
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Fig. 6. Dependence of percentage of surface activity recovered 
on the time at open circuit in pH 2.8 after a previous anoclization 
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Table I. Quantity of Ni s+ dissolved in pH 2.8 solutions after 
various treatments of nickel electrodes which have been previously 

anodized at 0V for I hr in a separate pH 2.8 solution 

T r e a t m e n t  of  a n o d i z e d  n i c k e l  
N i  -~+ d i s so lved*  

(/Lg-cm -s of  e lec trode)  

30 m i n  on o p e n  c ircuit  < 0 . 5  
60 r a i n  on  o p e n  circuit  1.3 
75 m i n  on o p e n  c ircuit  2.0 

110 m i n  on o p e n  c i r c u i t  3.5 
50 m i n  a t  - -20  ~ A - c m  --~ < 0 . 5  

* T h e  a m o u n t  of  N i  s+ in  12A of  N i O  is  0 .6  ~g-cm-% 

The first part  of the present  work consisted of produc- 
ing and characterizing an oxide-free surface as a ref-  
erence. From the work in  neut ra l  solution (1), it is 
known that  the oxide film on a freshly electropolished 
nickel electrode can be reduced with a moderate cath- 
odic t rea tment  and the same approach was adopted here 
(Fig. 1). When the charge under  the current  peak on a 
subsequent  anodic sweep is a maximum, i.e., not  in-  
creased by fur ther  cathodic t rea tment  of the electro- 
polished nickel, the surface is defined as being free of 
oxide and having a surface activity of 100%. Con- 
versely, any d iminut ion  of this m a x i m u m  charge is 
taken to indicate the presence of oxide on the surface. 
Development of detailed relationships between surface 
activity and oxide coverage will  be discussed in  a later 
paper. However, the present  results indicate that  the 
steady-state oxide formed on nickel electrodes anodized 
in the passive (potential)  region can be completely re- 
moved at pH --  2.8 with a moderate cathodic t reat -  
ment. At pH > 2.8, oxide removal became more diffi- 
cult with increasing pH and at pH 5.0 even vigorous 
cathodic t reatments  (Fig. 2) did not lead to any sub-  
stantial  surface reactivation. For fur ther  exper imental  
work, a pH Of 2.8 was chosen ra ther  than a lower pH 
because of the smaller amount  of anodic nickel dis- 
solution and correspondingly lower degree of surface 
roughening at the higher pH. 

The difference in cathodic reduction behavior of 
anodized nickel at different pH's may be due to a com- 
binat ion of two factors: (i) The oxide formed at lower 
pH (2.8) is different from that  formed at higher pH 
(4.5 or 8.4), i.e., the former is more easily reducible; 
and/or  (if) the cathodic reduction reaction is possible 
at lower pH but  not at higher pH. There were several 
important  results which indicate that  the oxide formed 
in the steady state at pH 2.8 was similar to that  formed 
under  the same conditions at pH 4.5 or 8.4. First, the 
oxide thickness as determined by x - ray  emission spec- 
troscopy (1) was the same at pH ---- 8.4, 4.5, and 2.8, i.e., 
9-12A, a thickness which has been shown to be inde-  
pendent  of anodization potential  wi thin  exper imental  
error at pH 2.8 and 8.4. Second, the electron diffraction 
pat terns of a (111) nickel crystal surface anodized at 
pH 8.4, 4.5, or 2.8 were similar with regard to measured 
lattice parameters,  epitxay, and grain size of the oxide. 
Third, the electrochemical t ransfer  experiments  indi-  
cated that  the oxide formed at pH 2.8 was nonreducible  
in pH 8.4 electrolyte, exactly like the oxide formed at 
pH 8.4; they also showed that in  the pH 2.8 solution, 
the oxide formed at pH 8.4 was as easily removed as 
that formed at pH 2.8. These various results indicate 
that in the pH range 8.4-2.8 the characteristics of the 
oxide formed on anodized nickel in the steady state 
are not a function of the pH of anodic formation. The 
variat ion of extent of oxide removal with pH must 
therefore be associated with the cathodic reduction re-  
action. The pH dependence of this reaction (NiO + 
2H + + 2e = Ni + H20) is the most probable cause 
of the present results even though the bulk  solution 
pH did not change significantly over the range ex- 
amined. The pH instabi l i ty  in the vicinity of the elec- 
trode dur ing the cathodic t rea tment  as a result  of 
accompanying molecular  hydrogen evolution is indi -  
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cated by the increased extent  of surface reactivation 
with N2 bubbl ing  at pH ~ 3.0 (Fig. 2). 

In  neut ra l  solution, cathodic coulometry could not 
be used to determine oxide thickness because of the 
stabili ty of the oxide in pH 8.4. Alternatively,  the 
anodic potential  step technique, with the total anodic 
charge corrected for that  port ion associated with Ni 2+ 
dissolution, provided an accurate method of evaluat ing 
the oxide thickness. In  the more acidic solutions (e.g., 
pH 2.8) the portion of the anodic charge associated 
with oxide formation was smaller  in  comparison with 
that due to nickel dissolution and accurate thickness 
determinat ions by the potential  step technique were 
not possible. Since cathodic reduct ion in the pH 2.8 
Na2SO4 solution resul ted in complete removal  of the 
steady-state oxide on anodized nickel, the possibility of 
making accurate in s i tu  oxide thickness measurements  
seemed to exist. There were, however, two potential  
sources of error associated with: (i) chemical dis- 
solution of the oxide in  the pH 2.8 solution, and (it) 
parallel  cathodic side reactions. Chemical dissolution of 
the oxide dur ing  its galvanostatic removal would, in 
the absence of cathodic side reactions, lead to the 
estimated oxide coverage being less than the true 
value. In  fact, the estimated coverage was much larger 
than the true oxide coverage, indicating that  (it) must  
play a major  role but  still saying nothing about (i). To 
obtain informat ion on the possible role of (i),  the 
open-circuit  experiments  must  be correlated with the 
cathodic charging result. 

The open-circui t  experiments  showed (Fig. 6) that  
the rate of recovery of surface activity was slow for 
times corresponding to those required for cathodic 
galvanostatic removal of the oxide at 20 ~A-cm -2 (i.e., 
50 rain).  After  the 50 min  induct ion period the rate of 
recovery of surface activity was very rapid. These 
resul ts  can b e  explained in terms of a nonuni form 
chemical attack of the oxide film [e.g., see Ref. (9-14) ] 
with subsequent  exposure of localized areas of the 
nickel surface. This could explain the abrupt  change in 
open-circuit  potential  after ca. 40 min  exposure (Fig. 
6). Nickel dissolution can occur by a corrosion mecha- 
nism from those oxide-free areas on open-circuit  and 
cause undermin ing  of the remaining oxide on the sur-  
face. The 40 min  induct ion period would thus be the 
time required for localized chemical at tack to bare 
enough nickel surface for oxide undermin ing  and sub-  
sequent rapid surface reactivation to occur. When the 
anodized nickel electrode is given a cathodic galvano- 
static polarization, the rate of surface reactivation does 
not change abrupt ly  after a certain percentage of ac- 
t ivi ty is recovered (Fig. 5). This is clue to the absence 
of oxide undermin ing  in this lat ter  si tuation since the 
electrode is being cathodically protected, with respect 
to nickel dissolution, by the applied cathodic current.  
These conclusions are supported by the observation that 
while consi&erable nickel is found in  solutions after 
surface reactivation has been achieved by open-circuit  
dissolution, very l i t t le dissolved nickel is found in 
solution after surface reactivation by cathodic charging 
(Table I).  The results thus indicate that chemical dis- 
solution of the oxide did not play a significant role 
during cathodic galvanostatic charging, e l iminat ing the 
first potential  source of error associated with oxide 
thickness measurements.  

From the number  of coulombs passed dur ing cathodic 
charging, the thickness of the steady-state oxide on 
anodized nickel was calculated to be ca. 45 times 
greater than that  determined by the x - ray  method. 
Hence, cathodic side reactions played a major  role 
dur ing  cathodic galvanostatic removal  of the oxide on 
anodized nickel. The most probable cathodic side re-  
actions are hydrogen evolution and Ni 2+ deposition 
from solution. Paral lel  Ni 2+ deposition did not appear 
to play a significant role since the galvanostatic 
cathodic charges, which were highly dependent  on the 
t ime of prior anodization at 0V, were independent  of 
[Ni 2 + ] in solution. The diffusion-limited current  can be 

calculated for Ni 2+ deposition from the solution con- 
taining 0.24 #g-ml - I  (i.e., 4 • 10-6~/I Ni 2+) dissolved 
dur ing 1 hr anodization at 0V with solution agitation to 
give a uniform concentration. The ccrresponding maxi -  
m u m  charge for Ni 2+ + 2e --> Ni during a 50 min  
cathodic reduct ion in  a static solution is 0.7 mC-cm -2. 
This charge is insignificant when compared with the 
65 mC-cm -2 actually passed (Fig. 5). Another  con- 
firmatory observation was that the cathodic charges 
passed in galvanostatic reactivation of the surface (Fig. 
4a and 5) were independent  of solution agitation during 
the 1 sec, 1 rain, and 1 hr anodizations at 0V. This last 
result  can be due to ei ther  of the following: (i) The 
Ni 2+ concentrat ion near  the electrode does not affect 
the measured cathodic charge, since it is probable that  
this concentrat ion will be lower with solution agita- 
tion (this should be especially t rue after only 1 sec at 
0V because of the short t ime available for diffusion of 
Ni 2+ to the bu lk  of the solution),  or (it) these times at 
0V were sufficient for es tabl ishment  of a more un i form 
concentrat ion distr ibution even in  the static solutions. 
This second possibility was the assumption made when 
calculating the diffusion-limited current ;  hence the same 
conclusions concerning the role of Ni 2+ apply. The 
above observations thus el iminate the possibility of 
both Ni 2+ near  the electrode and in the bulk  of the 
solution contr ibut ing to the measured cathodic charge. 
In  a paper to be published, it wil l  be shown that  the 
Ni 2+ deposition only plays a significant role at much 
more cathodic potentials (ca. --1.3V), giving rise to a 
diffusion-controlled current  peak on a cathodic poten-  
t iodynamic sweep. 

The above conclusions leave hydrogen evolution as 
the cathodic side reaction responsible for the low cur-  
rent  efficiency of NiO reduction. Indeed, it was shown 
earlier (1) that  the rate of hydrogen evolution is 
250% higher on anodized nickel than  oxide-free nickel 
in pH 8.4, i.e., the oxide on anodized nickel (almost 
stoichiometric NiO) is an excellent catalyst for hydro-  
gen evolution. With the exception of the 1 hr anodiza- 
tion at 0V, the results in Fig. 4a can be interpreted in  
relat ion to an  increase in the overpotential  for hydro-  
gen evolution as the oxide is slowly removed by  cath- 
odic reduction at 20 ~A-cm -~. The cathodic potential  
reaches a ma x i mum when the nickel surface becomes 
oxide free. After a 1 hr anodization at 0V, the si tuation 
is more complex with the cathodic potential  appearing 
to reach its steady value very rapidly after ini t ia t ion of 
the cathodic polarization (Fig. 4a and b).  With a more 
sensitive potential  axis, a very small  potential  arrest 
can be observed dur ing the 50 rain reactivation of the 
surface. However, the steady cathodic potential  on the 
oxide-free surface at 20 ~A-cm -2 is ca. 0.12V more 
anodic after the 1 hr at 0V than after either the shorter 
anodizations or the electropolishing. This anomalous 
result  was not due to changes in either composition of 
the electrolyte or roughness of the nickel surface du r -  
ing the 1 hr at 0V. The possible explanations remain-  
ing are: (i) Some other property of the nickel surface, 
e:g., distr ibution of active sites or hydride formation, 
is influenced by the 1 hr  at 0V and subsequent  cathodic 
reduction; (~i) the nickel surface was not completely 
free of oxide after the 50 rain of cathodic charging. 
With regard to (ii), the anodic potential  step, used to 
determine surface activity, may have: (a) been in-  
sensitive to the remaining oxide; or (b) helped to re-  
move it physically by undermining.  If remain ing  oxide 
on the surface is the explanation, then it is a very diffi- 
cult species to reduce since more severe cathodic po- 
larization at --1.3V after 1 hr  anodization at 0V did not 
lead to any change in  the 0.12V shift. Such an oxide 
species (or coverage) would be able to lower signifi- 
cantly the overpotential  for hydrogen evolution and 
also not have a detectable influence on the extent  of 
nickel dissolution with subsequent  anodization. The 
present investigation does not allow a resolution of 
these various possibilities. 
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As a consequence of the results presented in  this 
paper, it appears that  the x - r ay  emission technique 
must  be used to determine equi l ibr ium oxide thick- 
nesses (i.e., 9-12A) on anodized nickel in the pH 2.8 
solutions. On the other hand, the oxide on electro- 
polished nickel (of somewhat expanded NiO lattice) is 
removed readi ly with a high current  efficiency, the 
determined oxide coverage value being in agreement  
with that from x - ray  analysis. 

Summary 
1. The oxide formed by steady-state oxidation of 

nickel at pH 8.4 had the same electrochemical and 
electron-optical  characteristics as that formed under  
similar conditions at pH 4.5 or 2.8. 

2. While this oxide was not susceptible to cathodic 
reduct ion at pH 8.4, it could be removed at pH 2.8 
with the appropriate cathodic t reatment .  

3. The oxide films formed by the steady-state oxida- 
t ion at pH 2.8 were 9-12A in  thickness. In  this thickness 
range, in situ cathodic reduct ion could not b e u s e d  to 
measure the thickness due to the very large charge 
contr ibut ion from parallel  hydrogen evolution. 

4. The oxide films are removed only slowly on open 
circuit and dissolve by a combinat ion of local attack and 
undermining.  
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The Theory of Rate Limitation 
M .  A. Fullenwider* 

RKP Industr~ies, Incorporated, Allentown, Petfnsylvania 18103 

ABSTRACT 

The theory of rate l imitat ion is reviewed, and two possible cases are fur ther  
distinguished. Mathematical  expressions are developed for one case where 
gaussian behavior i s  simulated. Recent exper imental  results are taken to be 
evidence in favor of a strong in ters t i t ia l -phonon interact ion at the surface. 
Situations are discussed where rate l imitat ion may be misinterpreted as con- 
cent ra t ion-dependent  diffusion. 

The theory of rate l imitat ion in diffused systems was 
treated by Miller and Smits (1) in  the 1950's. Since 
then, exper imental  results with the hydrogen-pal la -  
dium system (2) have pointed to a type of rate l imi ta-  
t ion not treated by these authors. It  is the purpose of 
this paper: (i) to fur ther  dist inguish the two cases, 
(ii) to propose a mechanism for the second case, (iii) 
to develop mathematical  expressions for the second 
case that per ta in  to the si tuat ion where it simulates the 
gaussian profile, and (iv) to br ing  out some points con- 
cerning the implications of rate l imita t ion in  the phys-  
ical theory of diffused systems. 

Physical Rate Limitation 
As brought  out previously (3), in  the formation of 

semiconductor junct ions by solid-state diffusion there 
is the possibility of two types of rate l imitation. The 
type discussed by Miller and Smits (1) and correspond- 
ing to the radiat ion boundary  condit ion of Carslaw and 
Jaeger (4) we will call here "physical rate l imitation." 
The reason for this terminology is that the radiat ion 
boundary  condition in the theory of heat t ransfer  (in 
the absence of convection) corresponds to the passage 
of heat into a substrate covered with a th in  "skin" of 

* Electrochemical Society Active Member. 
Key words: semiconductor diffusion, rate limitation, concentra- 

tion-dependent diffusion, hydrogen in metals. 

a poorly conducting substance. In  the theory of diffu- 
sion the skin must  then be composed of a mater ial  with 
a smaller  diffusion coefficient than that of the substrate, 
e.g., an oxide coating of some sort. Figure 1 il lustrates 
the potential  energy profile for such a situation. In  Fig. 
1 the skin is between -- 8 and x = 0. Here the potential  

E 

%) 

> 

X = - ~  X=O X 

Fig. I. Potential energy profile corresponding to the radiation 
boundary condition. 
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hump at the surface has a square configuration because 
the skin must  be supposed to have some finite thick- 
ness larger than  the interatomic distance of the sub-  
strata. 

Physical rate l imi ta t ion derives from the boundary  
condition at the surface (x -- 0) 

[Co -- c(0, t ) ] K  = -- D[Oc(x, t) /Ox]x=o [1] 

where x is distance into the semi-infini te substrata, ce 
is the final equi l ibr ium concentrat ion at x ---- 0 as t ime 
becomes infinite, D is the diffusion coefficient, and K is 
a constant analogous to an electrical conductance in 
that  a region of small  size and small diffusivRy may be 
the  equal of a large region of larger diffusivity. If a 
more detailed knowledge for a par t icular  system, i.e., 
of the thickness and diffusivity of the skin, were avail-  
able, then, of course, it would be possible to construct 
a bet ter  model, but  this informat ion is not usual ly 
known. In  the mathematical  t rea tment  of the physical 
case the boundars, condition, Eq. [1], remains  the same 
for the two cases corresponding to (a) the error func-  
t ion complement profile and (b) the gaussian profile. 
In  case (b) the quant i ty  Ce is simply set equal to zero 
(5), since the final equi l ibr ium concentrat ion of a uni t  
instantaneous point source must  be zero at large times. 
The mathematical  expressions are, case (a) 

C(X, t )  = Ce { erfc [x /2 (Dt )  1/2] 

- -  exp [ ( K x  -- K2t ) /D]er fc  "2 (D-t-) 1/2 

and case (b) 

c(x,  t) = [a/(rcDt) i/2] ex~ (--  x2/4Dt) 

k K ( t / D ) l / 2 ] }  

[2] 

• 1 -- K ( n t / D ) l / 2 e x p  2(~-)1/2 -{- K ( t / D )  1/2 

X erfc 2(D~)~ /2  k K ( t / D )  I/2 [3] 

where a is the quant i ty  of substance at the surface in i -  
t ial ly in moles-cm-~.  

Chemical Rate Limitation 
An endothermic potential  energy profile representing 

the situation for what  we will  call here "chemical rate 
l imitat ion" is shown in  Fig. 2. Here the potential  step 
at the surface has the usual  chemical shape, and its 
thickness is roughly the same as the interst i t ial  spac- 
ings of the substrata. The expression corresponding to 
the error funct ion complement profile, represent ing a 
strong in ters t i t ia l -phenon interact ion at the surface (to 
be discussed), derives from the constant flux boundary  
condition 

j = -  D[Oc(x, t)/Ox]==o [4] 

E 
I / jVVV 

X = 0  X 

Fig. 2. Potential energy profile for chemical rate limitation 

where both sides of the equation are taken, i n  this pa r -  
t icular case, to be constant, since, in the absence of 
mechanical  deformation or tempera ture  change of the 
substrata, the phonon flux to and from the surface can 
be assumed to be constant  and the interact ion to pro- 
ceed by a process of apertures slightly larger than  
available otherwise being created in the surface struc- 
ture  adjacent to the adsorbed interstit ials as the 
phonons arrive at the surface and the interst i t ials  then 
"falling" into these openings. Once inside the substrata 
the intersti t ials may then be imagined to go on about 
the usual random diffusional process. 

The expression is (3) 

c ( x , t )  = 2 j ( t / D ) l / 2 i e r f c [ x / 2 ( D t )  1/2] [5] 
o r  

c (x, t)/Co = exp ( -- x2/4Dt) 

- -  x(~ /4Dt )  1/2 erfc[x/2 (Dt) 1/2] [6] 

where Co now varies as a funct ion of time. Equations 
[5] and [6] correspond to Eq. [2] in  that  they both 
have the possibility of applying in the infinite surface 
source situation, i.e., where  the error function comple- 
ment  profile might reasonably be expected to apply in 
the absence of rate limitation. 

Now moving on to the case corresponding to the 
gaussian profile we are led to consider the general  ex-  
pression for a chemical process 

n 

Rate - -  k ] ]  cn xa [7] 

where  k is a rate constant, the remainder  of the ex-  
pression is a product of powers and concentrations, and 
the sum of the Xn is the order of the reaction. Taking 
the in ters t i t ia l -phonon interact ion to be strong and as- 
suming: (a) the interact ion is nonspecific, i.e., that  a 
single, isolated, adsorbed solute atom has no more 
chance of interact ion than one closely oriented with re- 
spect to other adsorbed atoms, and (b) the interact ion 
is of first order in the concentrat ion of the adsorbed 
species at the surface, then we have for the rate 

dcT/dt = kl  (a -- CT) [8] 

where c~r is the total amount  of adsorbed species which 
has interacted at time t and crossed the surface poten- 
tial into the bu lk  substrate in moles-cm -2, kl is the 
first-order rate constant, and a has the same meaning 
as in Eq. [3]. Integrat ing Eq. [8], with the condition 
C T = 0 a t t = 0 ,  w e ge t  

CT ---- a l l  -- e x p ( - -  kl t )]  [9] 

and since CT is the total amount  of solute atoms present  
in the substrata at time t, we can write the following 
boundary  conditions to be solved in  conjunct ion with 
the diffusion equation 

c (x , t )  - -0 ,  x--> ~ [10] 

c ( x , t )  = 0 ,  t = 0  [11] 
and from Eq. [9] 

I" o c (x, t) dx = a[1 -- exp ( - -  kit)  ] [12] 

Using the Laplace t ransformat ion method, we have for 

c(x, t) 

c(x, t) = [a/(~Dt) 1/2] [ e x p ( - - x 2 / 4 D t )  + 4 ( D3tln ) 1/~ 

f o  ~ 4v2exp ( - -4Dv2 t )  cos ( 2 v x ) d v ]  [13] 
Z 7D-~ 

Equation [13] has the following limits 

l im c(x,  t) -= [a/(:~Dt)l/2]exp( - x~/4Dt) [14] 
kr-) r162 
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the regular  gaussian profile, and 

l im c (x , t )  = 0 [15] 
kr-)O 

Thus when ks is large, gaussian behavior  will result, 
and when small, there will be no diffusion. 

Also, just  inside the surface (neglecting a small term, 
higher by a degree in ks) 

c(O, t )  = Co = [a/ (~Dt) l /2]er f (k l t )  1/2 [16] 
and 

l im Co "-- 0 [17] 
t~0 

Equat ion [16] is plotted for various values of ks in Fig. 
3. It can be seen that in the l imit  as t becomes large, 
Co will always approach the gaussian values for even 
small  kl. However, the profile can be expected to de- 
viate more from the gaussian shape as kl becomes 
smaller, see the Discussion section. 

From Eq. [3] we get the following relat ion for Co to 
be compared with Eq. [16] 

Co = [a/ (~Dt ) 1/~] 

• [1 -- K(~ t / D)  2/2 exp (K2t/D) ] 

• erfc[K(t/D)~/2] [18] 

Discussion 
There has long been something lacking in  thoughts 

about diffused systems. The usual  boundary  condition, 
corresponding to an infinite surface source, par t ia l ly  
superseded by Miller and Smit 's Eq. [1], was the 
simple 

c(0, t) = C o = C o n s t ,  t > 0  [19] 

Now Eq. [19] implies a certain passivity to the nature  
of the effect of the surface on the diffusion process oc- 
curring. 

At the same t ime diffusion has been exper imental ly  
observed many  times in substrates that  are strongly 
endothermic absorbers of the diffusing species, e.g., hy- 
drogen in iron, nickel, and plat inum. In  fact enough 
hydrogen goes into the bu lk  of these metals that  it 
causes embri t t lement .  For these systems one might  well 
ask the question, "How does the hydrogen ever get in 
there at all, if it is so difficult energetically?" At one 
time it was thought that  hydrogen entered these metals 
only under  circumstances of high equivalent  pressure 
(6, 7). Recently, however, it was shown exper imental ly  

that  at atmospheric pressure enough hydrogen pene-  
trates, at least iron, to cause embr i t t l ement  (8). The 
exact mechanism of this process is still not clear (9, 
10). In  any case, the passive type of surface depicted 
by Eq. [19] would seem unlikely,  and it would appear 
that the strong in ters t i t ia l -phonon interact ion referred 
to earlier in the text and previously considered as a 
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Fig. 3. Co for various values of kl  as a function of time 

possibility (11) is more probable. In this context the 
surface can be thought  of as having the positive influ- 
ence of acting as an interst i t ial  "pump." 

Both types of rate l imita t ion have been observed ex- 
perimental ly.  Ghoshtagore (12) has reported the physi- 
cal case in the diffusion of boron and phosphorus into 
silicon. The previously referred to experiments  with 
the hydrogen-pa l lad ium system (2) exhibited rate 
l imitat ion of the chemical type. It might  be argued that  
since the hydrogen was introduced electrochemically in  
the experiments  the constant flux might  have been 
simulated by some chemical process outside the surface. 
However, in contrast to most other work done with the 
bi-electrode technique where hydrogen is generated at 
the input  side galvanostatically and in the overvoltage 
region, these experiments were performed in  the un-  
dervoltage region and utilized the potentiostatic tech- 
nique in introducing the hydrogen, and there is no 
doubt that the infinite surface source si tuation would 
obtain under  these circumstances. 

Possibly a more impor tant  topic involves the possi- 
bil i ty of rate l imitat ion being misinterpreted as con- 
cent ra t ion-dependent  diffusion. The physical case is 
ra ther  specialized, and here there seems to be no chance 
of error. In  the chemical case the whole mat ter  hinges 
upon the rate of a t ta inment  of the equi l ibr ium con- 
centrat ion just  beneath  the input  surface, and unfor-  
tunate ly  some of the solutions of the diffusion equation, 
involving the use of Eq. [6] and [13] as ini t ial  condi- 
tions, are not easily accessible analytically.  If equi l ib-  
r ium is at tained rapidly with respect to the total dif- 
fusion time, then the classical cases of gaussian and 
error function complement profiles will  result. How- 
ever, if this t ime is finite, then, in general, the diffusion 
coefficient will appear to increase with time after equi-  
l ib r ium is reached if one tries to fit data with the 
classical profiles. 

As ment ioned in a previous note (3) in  the case of 
slow equil ibrium, infinite surface source type situations 
can be approximated by an equation of the type 

c(x, t) = Co erfc {x /2 [D( t  + t l ) ]  1/2} [20] 

after equi l ibr ium has been established, where Co is now 
a constant, t is the t ime after equil ibrium, tl is a fitting 
parameter  such that Eq. [20] fits Eq. [5] at t = 0 [the 
shape of the curves are very similar (3)],  and Eq. [20], 
of course, is not a t rue solution to the diffusion equa- 
tion. 

In  the case of a finite surface source there two non-  
gaussian possibilities: (i) slow time to equi l ibr ium and 
saturat ion not being reached, and (ii) the same except 
that  sa turat ion is reached before the maxima in  Fig. 3, 
causing the curve to have a flat portion. In  the first 
case Eq. [13] gives an exact solution, and the second 
is more complicated. Both cases will exhibit  the same 
apparent  increase in  diffusion coefficient after equil ib-  
r ium (or saturat ion) if at tempts are made to fit them to 
the gaussian profile. 

In  summary,  it would appear reasonable that a strong 
in ters t i t ia l -phonon interact ion at least init iates most 
diffusion processes. The classical gaussian and error 
function complement profiles hold t rue only if the time 
to equi l ibr ium is short, and if this t ime is not short 
more complicated behavior will  result  which in many  
cases may be misinterpreted as concentrat ion-depend-  
ent diffusion. 

Manuscript  submit ted June  13, 1975; revised manu-  
script received ca. Oct. 13, 1975. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 
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Behavior of Pure and Platinum-Doped Sodium 
Tungsten Bronze Electrodes in Oxygen-Saturated 

Phosphoric Acid 
A. J. Appleby *'z and C. Van Drunen 

Institute of Gas Technology, Chicago, Illinois 60616 

ABSTRACT 

Pla t inum-doped  tungsten bronze electrodes of composition Na0.TWOs have 
been examined for the reduction of oxygen in  0.1N H2SO4 and HC104, together 
with orthophosphoric acid at various concentrations up to 14.5N (85 weight 
per  cent).  Whereas good activities of aged electrodes were shown in H2SO4 
and HC104, those in  H3PO4 were poor. This is a t t r ibuted to the formation of 
phosphotungstate.  It is concluded that such compounds are unsui table  for use 
as catalysts in phosphoric acid fuel cells. 

Tungsten  bronzes have been shown to possess cata- 
lytic activity for a n u m b e r  of reactions, in  part icular 
for certain organic processes (1, 2). Sodium bronzes 
were examined by Sepa et al. (3) for electrocatalytic 
oxygen reduction. They concluded that  these materials 
were about as active as p la t inum in  dilute sulfuric acid. 
As a result  of this work, the tungsten  bronzes were 
examined by a n u m b e r  of workers for electrocatalytic 
hydrogen and CO oxidation (4-6) and oxygen reduc- 
t ion (5-8). The oxygen-reduct ion activity was shown 
by F ishman et al. (7, 9) to be due to the presence of 
traces of noble metals, in par t icular  plat inum. This re-  
sult has been more recent ly confirmed by Bockris and 
McHardy (10), who have examined the synergistic 
effect of the bronze on p la t inum for oxygen reduction. 

More recent work has tended to examine more spe- 
cific aspects of the electrochemistry of tungsten 
bronzes. For example, the electrochemistry of bronze 
formation (11) has been studied, together with the ef- 
fects of bronze s tructure on hydrogen evolution (12, 
13). The effect of anodization bronzes in sulfuric acid 
solution has also been investigated (14). 

In  the present paper, work on oxygen electrode 
processes on undoped and p la t inum-doped sodium 
tungsten  bronzes is reported. 

Experimental 
Preparation of tungsten bronze single crystals.-- 

Large single crystals (about 1 cm cubes) of tungsten  
bronze of composition approximating to Na0.vWQ were 
prepared by the electrolytic technique from a fused 
2:1 Na2WO4:WO3 mixture  by  the method described by 
Lovrecek, McHardy, and Bockris (15). Specimens were 
grown around seed crystals tied by fine gold wires. A 
current  density of 20 mA/cm 2 was used. The undoped 
samples described in this work were prepared at the 
Inst i tute  of Gas Technology, whereas the doped crystals 
(0.0.5% Pt) were prepared at the Univers i ty  of P e nn -  
sylvania. The electrolytic cell in the lat ter  case used a 
two-electrode technique with a potential  divider and a 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
P r e s e n t  a d d r e s s :  L a b o r a t o r i e s  de  M a r c o u s s i s ,  91 -Marcouss i s ,  

F r a n c e .  
Key w o r d s :  o x y g e n  r e d u c t i o n ,  f u e l  cells,  electrocatalysis. 

subsidiary p la t inum anode (15). The total (apparent)  
geometrical area of the electrode was calculated from 
the crystal dimensions and was used for cur ren t -den-  
sity determinations.  

Results and Discussion 
Oxygen electrode reactions on Pt-doped tungsten 

bronze: dilute HzS04 and HClO4.--Initial experiments  
were conducted at room temperature  in  di lute (0.1N) 
sulfuric acid to check the reproducibil i ty of data with 
that reported by previous workers (10). A three-com- 
par tment  cell with hydrogen reference electrode was 
used for all experiments.  The sulfuric acid solutions 
(together with all the solutions reported below) were 

made up from tr iple-dist i l led water  (all-silica still) 
and analytical  reagent grade acid. They were preelec- 
trolyzed for at least 15 hr  at a total current  of 50 mA, 
using p la t inum black fuel-cell  electrodes (All is-Chal-  
mers) before experiments  were started. Electrodes 
were hung in the solutions on their gold suspension 
wires, and were previously placed above the solution 
dur ing preelectrolysis. Ini t ia l  open-circuit  potentials 
noted for the bronze crystals in oxygen-saturated elec- 
trolyte were high: about 850 mV/HRE. 

Galvanostatic plots for the anodic process under  
steady-state conditions were first obtained after a pre-  
l iminary  anodization of the bronze crystal. The object 
of this anodization was to produce a reproducible sur-  
face for oxygen evolution. Anodic plots from high to 
low current  densities were first carried out. At current  
densities above about 10 -6 A /cm 2 these init ial  plots 
were similar to those shown as plot 2 on Fig. 1. At 
lower current  densities, potential  values recorded were 
lower than those shown above, and in addition a time 
dependence of potential  was noted. For example, at a 
current  density of 2 • 10 - s  A/cm 2, the potential  fell 
from an init ial  value of 1340 mV to a value of 1200 mV 
vs. H2 after 1.5 hr, after which the series of plots given 
in Fig. 1 was obtained. 

At low current  densities, the potential  values re-  
corded were essentially t ime independent  (i.e., in  the 
potential  range up to 1500-1600 mV).  At higher poten-  
tials, results became time dependent:  Points shown on 
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Fig. I. V-Ioglo i plots on preanodlzed Pt-doped tungsten bronze: 
oxygen-saturated 0.1N H2SO4, 25~ Arrows show plotting direction. 

Fig. 1, curve 1 were taken after 2 min  polarization. The 
hysteresis effect even after pre l iminary  anodization is 
very marked: This implies a reanodization of the elec- 
trode surface after the decay of the original anodized 
state [cf. Ref. (14)]. 

After  such treatment ,  cathodic behavior  shown on 
plot 3, Fig. 1, was typically obtained. Most of the ca- 
thodic current  in such plots is evidently used in restor- 
ing the bronze surface to its original condition, rather 
than for oxygen reduction. A typical r e tu rn  plot after 
this t rea tment  is shown as plot 4, Fig. 1. If we conclude 
that  the electrode surface is in a stable state after this 
t rea tment  (as in  the anodic case), then the activity of 
the electrode for the only other possible cathodic proc- 
ess (reduction of oxygen) is on the same order as that 
for p la t inum under  these conditions, as observed by 
Bockris and McHardy (10) for "aged" electrodes (i.e., 
electrodes that  had either been anodized or exposed to 
lower positive potentials for long periods).  

A different series of experiments,  using the same 
steady-state  technique, was conducted on nonanodized 
electrodes (fresh electrodes, or those that had had 
previous cathodic pre t rea tment  of the types shown as 
curves 3 and 4 in  Fig. 1). Results obtained in  0.1N 
H2SO4 and 0.1N HC104 were essentially superposable, 
showing that  the anion had li t t le or no effect in these 
cases. Results obtained in the lat ter  solution are shown 
in  Fig. 2. Hysteresis is very  much less marked than in 
Fig. 1, and the anodic plots occur at much lower po- 
tentials than on preanodized electrodes. The cathodic 
plots are at lower potentials than the final plot on Fig. 
1 (plot 4) and probably  correspond to the plots ob- 
served by Bockris and McHardy (10) on fresh elec- 
trodes. In  all cases, the points observed were unstable, 
and the values shown on Fig. 2 correspond to a t ime 
interval  of 2 mJn between current  densities. 

Oxygen electrode reactions in 85% orthophosphoric 
acid (Pt-doped tungsten bronze).--Solution.--The acid 
was purified by hydrogen peroxide t reatment  as in pre-  
vious work (16). 

Table I. Extrapolated rates at the reversible oxygen potential, 
I / a  values, and Tafel slopes for anodic and cathodic processes as 

a function of temperature in oxygen-saturated 85% 
orthophosphoric acid; Pt-doped tungsten bronze crystals 

Extrapo- Tafel  slope 
T e m p e r -  l a t e d  r a t e  ( m Y /  
a t u r e ,  ~ ( A / c m  =) 1 / ~ x  decade) 

A n o d i e  p roce s s  61.0 9.0 • 10-~ 4.07 263 
68.0 2.3 x 10-s 3 .77 255 

100.0 2.4 • 10 -~ 3.58 265 
118.0 5.8 • lO -3 3.87 300 

Cathodic process  53.0 2.1 • 10 -~  1.66 107 
68,0  7.5 x 10 -13 1:82 123 
81.0 2.9 x I0 -12 1.78 125 

I00,0 9.5 • i0-12 1.72 127 
118.0 I0  - u  1,48 120 

Anodic processes.--Anodic Tafel plots on 0.05% Pt-  
doped Na0nWO3 single crystal electrodes were ob- 
tained, start ing at the rest potential  in oxygen-satu-  
rated solution. This was consistently about 100 mV 
lower than  in dilute sulfuric or perchloric acids for 
fresh electrodes. 

The points in  Fig. 3 were obtained on preanodized 
electrodes (cf. Fig. 1 for di lute sulfuric acid) and cor- 
respond to the s teady-state  condition for oxygen evolu- 
t ion (less than 1 mV change in 2 min) .  Tafel behavior  
was obtained at each temperature,  but  the slopes were 
extremely high (~4RT/F) ,  and the apparent  ~=values 
were temperature  dependent  (see Table I).  

Cycling data.--A plot of the same type as in  Fig. 2 (for 
fresh electrodes, 2 min between points) was obtained 
in oxygen=saturated orthophosphoric acid at 25~ (Fig. 
4). Hysteresis was much greater  than  in sulfuric or 
perchloric acid, and the level of activity indicated in 
the final plot (Fig. 1, plot 4) for oxygen reduction was 
very low. No Tafel slope as such was observed: The 
final cathodic plot (descending current  densities) was 
almost horizontal. Overpotentials increased slowly with 
time (see below). The electrode was extremely sluggish 
on changing the current  density compared with the cor= 
responding case in H2SO4. 
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Fig. 3. Anodic Tafel plots in oxygen-saturated 85% H3PO4 as a 
function of temperature, Pt-doped tungsten bronze (steady-state 
data). 
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Cathodic reduction of oxygen.--Descending gatvano- 
static plots, taken after the electrode had reached its 
rest potential  in oxygen-saturated solution, are shown 
in  Fig. 5 as a funct ion of temperature.  Again, great 
sluggishness was observed on changing current  density, 
and several hours were required between points at low 
current  densities. In  each case, a Tafel slope was ob- 
served. However, a was strongly temperature  depen- 
dent:  The observed Tafel slopes were almost indepen-  
dent  of temperature.  

Values of the Tafel slope and a-values are given 
as a funct ion of temperature  in Table I. The Tafel 
plots were extrapolated back to the theoretical re-  
versible oxygen potentials in each case. Values of the 
apparent  io value for oxygen reduction, assuming this 
to be the major  process 'involved, are also given in  
Table I. It is clear that the values obtained are several 
orders of magni tude less than the values for the initial  
anodic process extrapolated from the data given in  Fig. 
3 to the reversible oxygen potentials. This argues that  
the anodic process observed is a t t r ibutable  to anodi-  
zation of the surface rather  than to oxygen evolution. 

E3~ect of phosphoric acid concentration on cathodic 
plots.--Crystals were examined in  solutions of differ- 
ent H3PO4 concentrat ion in the range 0.1-5M at 25~ 
Solutions were in each case preelectrolyzed for 15 hr  
before testing was conducted, electrodes being hung 
above the solution dur ing preparat ion in  the manner  
described above. Open-circuit  potentials  were found 
not to depend significanUy on the acid concentration; 
they were far below (,.,200 mV) those registered in 
dilute sulfuric (or perchloric) acids for fresh elec- 
trodes. Descending galvanostatic Tafel plots were ob- 
tained at each acid concentration, allowing sufficient 
t ime to reach equi l ibr ium in each case. Results are 
shown in Fig. 6. In  every case the Tafel slope was close 
to 100 mV/decade, and the overpotential  was essen- 
t ially independent  of the acid concentration: A var ia-  
t ion in overpotential  of only about 15 mV was observed 
in the concentrat ion range studied. 

The results obtained suggest that the phosphate ion 
inhibits  the crystal surface for the oxygen-reduct ion 
reaction. 

Studies on Pt-doped tungsten bronzes previously 
aged in orthophosphoric acid.--In view of the reduced 
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Fig. 5. Cathodic Tafel plots in oxygen-saturated 85% H3PO4 as 
a function of temperature, Pt-doped tungsten bronze (steady-state 
data). 

activity of crystals in orthophosphoric acid (Fig. 4-6) 
for the cathodic process compared with that  in dilute 
sulfuric acid (aged electrodes, Fig. 1) a test was 
effected to determine the state of the surface after ex-  
posure to orthophosphoric acid. 

Figures 7 and 8 show the effect of anodic and cathodic 
polarization, respectively, in  0.1N sulfuric acid after 
crystals had been used to obtain cathodic data in 85% 
orthophosphoric acid (Fig. 5). After the tests in  ortho- 
phosphoric acid, the crystals were s imply r insed with 
distilled water  and placed iri oxygen-saturated pre-  
electrolyzed sulfuric acid solution. The anodic and 
cathodic galvanostatic plots were then conducted. 

Figure 7 (anodic data) shows that  the orthophos- 
phoric acid t rea tment  appears to be equivalent  to the 
anodizing t rea tment  i l lustrated in Fig. 1. The curve on 
Fig. 7 represents the descending current  density plot 
under  the same conditions as Fig. 2 (ascending and de- 
scending current  densities f rom the open-circui t  l=o- 
tential, 2 rain be tween points) .  No prolonged anodiza- 
t ion was conducted, yet results were very similar to 
those shown in Fig. 1. 

In  Fig. 8 cathodic data is shown, taken  at ascending 
current  densities from the open-circuit  potent ial  on a 
new crystal directly after phosphoric acid treatment.  
Data for aged electrodes in dilute sulfuric acid (curve 
4, Fig. 1) are also shown for comparison. A marked in-  
crease in activity after phosphoric acid t rea tment  
occurs. 

There is thus no evidence of permanent deactivation 
of the surface of the Pt-doped bronze crystal by ex- 
posure to 85% orthophosphoric acid: On the contrary, 
this material has appeared to have activated its surface. 
The t rea tment  perhaps corresponds t o  the marked ag- 
ing phenomenon described by Bockris and McHardy 
(10) after continued polarization. 

Oxygen electrode reactions on undoped tungsten 
bronzes in orthophosphoric acid solutions.--Data simi- 
lar  to those shown in  Fig. 2 and 4 were obtained in 85% 
orthophosphoric acid using undoped bronze crystals of 
composition Na0.TWO3. The exper imental  method was 
the same as previously described; the tem!cerature of 
the measurements  shown in Fig. 9 was 55~ but  results 
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Fig. 7. Anodic V-Ioglo i plots on Pt-deped tungsten bronze in 
oxygen-saturated 0.1N H2S04, 25~ after exposure to cathodic 
polarization in 85% HaPO4. 
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Fig. 9. V-Ioglo i plots as Fig. 4: 85% H3P04, 55~ undoped 
tungsten bronze crystals. 

were  s imi lar  at  lower  t empera tu res  (25~ The most 
no tewor thy  differences be tween  the resul ts  obta ined on 
undoped and doped crys ta ls  are  as follows: 

(a) Open-c i rcui t  potent ia ls  were  v e r y  much lower.  
A value  close to 340 mV was regis te red  at  55~ on un-  
doped crystals .  At  25~ the  values  were  ~150 mV 
lower.  

(b) On anodic polarizat ion,  potent ia l  remains  essen-  
t ia l ly  s teady  for cur rent  densit ies up to 5.10 .8  A / c m  -2, 
then  rises e x t r e m e l y  rapidly ,  to give va lues  tha t  are  
comparable  wi th  those regis te red  on P t -doped  crysta ls  
at  cur ren t  densi t ies  of about  8.10 -~ A / c m  -2  (Fig. 4). 
On revers ing  the anodic p lot t ing direction,  the  cur ren t  
densi ty  falls  rapidly ,  giving a final rest  potent ia l  of 
about  700 mV. This decays af ter  an in te rva l  of 2-3 hr  
by  about  190 mV. The final curve  of the cathodic cycle 
indicates much lower  ac t iv i ty  than that  in the  case of 
the  doped crystal .  This confirms that  the  first (ascend-  
ing current  densi ty)  anodic cycles in Fig. 1 and 2 are  
due to anodizat ion of the  surface  r a the r  than  to oxygen 
evolution.  

To invest igate  the effect of the concentra t ion of or -  
thophosphor ic  acid, a s imilar  p lot  was conducted in 2M 
H3PO4 at 25~ (Fig. 10). Under  these conditions, 
h igher  cu r ren t  densi t ies  a re  requi red  to anodize the  
bronze surface, and  much less hysteresis  is observed. 

Conclusions 
The presen t  resul ts  confirm those obtained by  Bockris 

and  McHardy  (10) on P t - d o p e d  tungs ten  bronzes for  
the oxygen electrode react ion in sulfuric  acid medium.  
In general ,  f resh crystals,  or those subjec ted  to cathode 
t r ea tmen t  a f te r  anodizing or aging, show poor ac t iv i ty  
for oxygen reduction.  In i t ia l  anodic t r ea tment  of fresh 
crys ta l  surfaces involves a change of the condit ion of 
the surface, p robab ly  due to sodium ion loss. Af t e r  this  
t r ea tment  (aged condit ion) the crysta ls  appear  to show 
ac t iv i ty  for oxygen  reduct ion comparable  to tha t  for 
p la t inum.  Behavior  is dominated  by  the state of the  
surface and the  h is tory  of p re t rea tment .  

In  phosphoric  acid these effects are  much more  ex-  
aggerated,  and cathodic ac t iv i ty  is ve ry  much less than  
in sulfur ic  or  perchlor ic  acid at  al l  phosphor ic  acid 
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Fig. 10. V-Inglo i plots as Fig. 9: 2M HsPO4, 25~ undoped 
tungsten bronze crystals. 

concentrat ions studied. This  deac t iva t ion  is not  pe r -  
manent :  Af t e r  washing,  crystals  show ac t iv i ty  in sul-  
furic acid s imi lar  to tha t  of aged crystals ,  and much 
less hysteresis .  We suggest  that  the deac t iva t ion  is due 
to the  fo rmat ion  of phosphotungsta tes  at  the  bronze 
surface. We conclude tha t  tungs ten  bronzes of the  com- 
posit ion used here, whe the r  undoped or  doped with  
pla t inum,  are  unusable  as oxygen-e lec t rode  catalysts  
in convent ional  phosphoric  acid fuel  cells. 
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ABSTRACT 

New evidence is put  forward wi thin  the f ramework  of a recent ly in t ro-  
duced model. The electrodes are viewed as measur ing the oxygen chemical 
potential  in a "microsystem" which exchanges oxygen at a finite: rate with the 
sur rounding  gas being analyzed. In  high tempera ture  oxygen gauges, the 
oxygen flux result ing from the electrochemical oxygen semipermeabil i ty  of 
the electrolyte can have two effects other than  reducing the theoretical emf 
by the factor (1 -- t'e) which appears to induce error of second order only. 
The oxygen semipermeabil i ty  can obviously modify the oxygen content of the 
gas analyzed and also can disturb the equi l ibr ium between the electrode 
microsystem and the analyzed gas. A special exper imental  setup was assembled 
to s tudy both phenomena.  The results showed that the second is general ly 
far from being negligible and may lead to noticeable measurement  error. 
A new ar rangement  with a zirconia point electrode is proposed to el iminate 
this source of error in  oxygen gauges working at very high temperatures.  
The new ar rangement  was utilized to measure accurately the oxygen semi- 
permeabi l i ty  of a ZrO2-Y20~ [9 mole per cent (m/o)  ] electrolyte at tempera-  
tures up to 1650~ The semipermeabil i ty  was found to be proportional to 
(P's 1/4 -- P'21/4), where P'3 and P'2 are the equivalent  oxygen pressures in the 
layers of oxygen adsorbed on both bases of the pellet. The activation energy 
of the electronic conductivi ty equaled 2.02 eV. 

In several papers dealing with different phenomena 
such as the oxygen electrode overpotential  (1), the 
t ime lag of the oxygen gauge electrode (2), and the 
kinetics of point-electrode oxidation (3), it was es- 
tablished that a solid electrode on stabilized zirconia 
does not directly measure the oxygen pressure in  the 
surrounding atmosphere. The proposed phenomeno-  
logical description of the over-al l  oxygen electrode 
process is sketched in Fig. 1. The electrode formed by 
the contact between the metal and the solid electrolyte 
is viewed as measur ing the oxygen activity in  a micro- 
system which more or less easily exchanges oxygen 
with the surrounding gas. It  was first suggested that  the 
microsystem was formed by a layer of adsorbed oxygen 
on zirconia (4). Mogab (5) also admitted the existence 
of an in termediary  step of oxygen adsorption on zir-  
conia in oxygen gauges. A recent systematic study (6) 
of the influence of the metal  and the electrolyte seemed 
to indicate that they both contr ibute to determining the 
oxygen capacity of the microsystem. 

In  an oxygen gauge, the oxygen pressure over the 
reference electrode is general ly different from that  of 
the measur ing electrode, resul t ing in an oxygen semi- 
permeabi l i ty  flow through the electrolyte. (The char- 
acteristics of this phenomenon are recalled later  on.) 
The re levant  local oxygen flux must  be taken into ac- 
count in the oxygen balance of the microsystem. If the 
oxygen exchange rate with the surrounding gas is slow, 
as is the case under  low oxygen pressure, this flux can 
make the microsystem deviate from its equi l ibr ium 
with the gas. The importance of the induced error was 
recently investigated with a special differential as- 
semblage of two gauges (7). The error can be signifi- 
cant even if the oxygen semipermeabil i ty flux is not 
high enough to alter the oxygen pressure in the gas 
being measured. Quanti tat ively,  with the commonly 
used Zirconia tubes and with air as a reference gas, the 
oxygen semipermeabil i ty  flux is high enough above 
l150~ to induce changes greater  than 1 ppm in the 
oxygen content of the analyzed gas. Between 900 ~ 
and 1050~ the tubes can be sufficiently impervious 
so that no change is noticed on a 0.1 ppm scale, but  the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r ,  
K e y  w o r d s :  o x y g e n  g a u g e ,  e l e c t r o d e  po ten t i a l ,  z l rconia ,  electronic  

c o n d u c t i v i t y ,  o x y g e n  p e r m e a t i o n .  

oxygen semipermeabil i ty  flux is still high enough to 
significantly disturb the equi l ibr ium between the mi-  
crosystem and the gas. We will  report  here on a more 
detailed investigation of these phenomena.  

Experimental Setup 
The measurements  were carried out with the cell and 

the gas circuit schematically depicted in Fig. 2 and 3. 
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Fig. 1. Oxygen electrode microsystem; Me: inert metal, J: loom 
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Fig. 3. Gas circuit; EP: electrochemical oxygen pump, OG: dif- 
ferential oxygen gauge, F: accurate displacement flowmeter. 

The essential par t  of the cell which has already been 
described in  other papers (3, 8) comprised a pellet 
of stabilized zirconia pressed between two a lumina  
tubes and two metall ic rings of gold or plat inum. Such 
metall ic seals were studied in detail by  de Bru in  et aL 
(9-11). They were also used by Takahashi et al. (12) 
and more recently by Zador et at. (13), Jakes (14), and  
Guil lot  et al. (15). The gas tightness thus ensured can 
be very good up to 1900~ A vacuum of about 10 -2 
Torr  is fur thermore  main ta ined  in the annu la r  guard 
space (Fig. 2). Among other advantages, this is the 
best way to minimize the effects of the local cell action 
by the local electrodes formed on both sides of the 
metallic ring. Under  such conditions, variat ions of the 
order of a tenth  of a ppm in the oxygen content  of the 
gas s t reaming in  the upper  part  of the cell could be 
measured as a funct ion of the oxygen content in the 
gas in the lower part. 

When the oxygen semipermeabi l i ty  of a solid electro- 
lyte is studied, such a cell has the great advantage of 
yielding data re levant  to an isothermal sample which 
is not the case with the more commonly used tubu la r  
cells. 

The reference electrode of the electrochemical cell 
was formed by a layer  of porous painted p la t inum 
(Degussa No. 308 A).  The measur ing electrode was a 
simple point  electrode. At least as far as potentiometric 
measurements  are concerned, such electrodes respond 
as large-surface porous electrodes (16). 

Two samples of ZrO2-Y2Os 9 m/o  electrolyte were 
studied. The s tar t ing materials were the pure oxides 
[ZrO= (Nobel Bozel, and Merck) and Y2Oz (Pechiney)]  
which were ground to diameters less than  40 #m in  a 
Linatex mil l  with zirconia balls. The samples were 
prepared by dry mixing the oxide powders, pressing 
under  1 tcm -2, and firing at 2300~ for 1 hr  [for more 
details see Ref. (17)]. Their  measured lattice pa ram-  
eters were 5.139 and 5.140A, respectively, and their  
densities equaled 91% of the theoretical value. Up to 
13000K, they appeared perfectly impervious in our ex- 
periments;  on varying the oxygen pressure in  the lower 
part  of the Cell, no change was detected wi th in  0.1 ppm 
in the oxygen content of the gas s t reaming on the other 
side of the pellet. Their  analyses and sizes are given in  
Table I. 

The metals used for prepar ing the point  electrodes 
were nomina l ly  p u r e  metals purchased from Caplain 
St. Andre.  

As first proposed by Moebius (18), the working gas 
circuit (Fig. 3) was based on the uti l ization of solid 
oxide electrolyte cells. It was formed of an argon cyl in-  
der (Argon U Air Liquide),  a pressure expansion valve 
and an accurate needle valve which main ta ined  the gas 
flux strictly constant, an electrochemical pump EP1, an 
oxygen gauge OG1, the cell proper, a second oxygen 
gauge OG2, and an accurate flowmeter. The apparatus 
was connected by stainless steel tubes and Viton O-r ing 
seals. The gauges were differential assemblages (7) 
working at about 900~ Such gauges can accurately 
measure oxygen content higher than  a few 10 -2 ppm. 
When no contaminat ion occurred in  the cell, the agree- 
ment  between the oxygen measurements  by the two 
gauges OG1 and OG2 was always better  than  10% of 
the measured values over the 1-106 ppm range. Fu r -  
thermore, the stabil i ty of the gauge voltages was such 
that for any given experiment,  variat ion of the order 
of 1% in oxygen content  could be measured for any 
oxygen content greater than a few ppm. 

The accurate displacement flowmeter connected at 
the end of the gas circuit allowed us to use the Faraday 
law test (7). The verification of this law with the help 
of an oxygen pump and an accurate flowmeter was 
shown to be the best test to verify the good perform- 
ances of an oxygen gauge. 

As shown in Fig. 3, the reference gas circuit was very 
similar. Sometimes air was also used as a reference gas. 
A typical gas flow rate in both circuits was 10 l i ter /hr .  

When working with oxygen contents of the order of 
a few ppm or less, about half  a day was required for 
the surfaces of the whole circuit to be in  equi l ibr ium 
with the gas. The measurements  were always per-  
formed when equi l ibr ium was reached. This point was 

Table I. Analysis and sizes of the two samples studied 

Main  impur i t i e s  which  
could influence t he  

electronic conduct iv i ty  

Main impur i t i e s  which  could 
fo rm segrega ted  phases  at 

the gra in  boundar ies  

Sample  Cu (ppm) Fe (ppm) Mn (ppm) Si (ppm) Mg (ppm) A1 (ppm) 

Size 

Effect ive 
pe rmea t ion  
area  (cm ~) l (mm) 

A 
ZrO2-Nobel Bozel 
Y203-Peehiney 

B 
ZrO~-Merck 
Y~O3-Peehiney 

3 270 ~10  100-500 50-100 200 2.27 3.3 

5 250 ~10  100-500 50-100 250 2.27 3.6 
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checked by verifying that the voltages were stable to 
1 mV over several hours. 

The oxygen pressures measured by the gauges OG1, 
OG2, and OG3 will be called P1, P~, and Ps, respec- 
tively. The pressure Ps was the reference oxygen pres-  
sure in the cell (cf. Fig. 2). The pressure P1 was the 
oxygen pressure in the working gas arr iving in the 
cell, and P2 after passing in the cell. The difference 

AP -- P2 -- P1 [1] 

resulted from the oxygen semipermeabi l i ty  flow 
through the sample and its measurement  was used to 
determine the corresponding flux. 

An Oxygen Gauge with a Zirconia Point Electrode 
The first set of measurements  was devoted to ver i fy-  

ing an assumption which derives from the model pro- 
posed in Fig. 1. With in  the f ramework of this model, 
the departure of an electrode from its equi l ibr ium po- 
tential  resuits from the oxygen semipermeabil i ty  flow 
arr iving at its triple contact. If the cell geometry is 
designed in such a way that  the oxygen flow does not 
reach the electrode, the measured potential  must  equal 
the theoretically expected value, which takes into ac- 
count the usual  (1 -- ~e) factor. 

The cell geometry which was investigated is sketched 
in Fig. 4. The electrochemical cell is formed by the 
reference electrode deposited on the pellet; the electro- 
lyte composed of the pellet and a small  point  "elec- 
trode" of the same composition as the pellet and simply 
put  in contact with it; and the measuring electrode 
coated on the top of the probe. 

In  another work (44) it has been shown that two 
blocks of stabilized zirconia simply put  in  contact, be- 
have as a massive sintered pellet as regards the ohmic 
resistance. 

The whole zirconia point  electrode, apart  from the 
small  contact area, is sur rounded by the same atmo- 
sphere. Thus, there is no oxygen activity gradient  
through the material.  Should the oxygen activity on 
the contact surface be very different, it would be rea-  
sonable ~o assume that  the resul t ing oxygen flow would 
be directed toward the closest free surface, as shown in 
the magnified par t  of Fig. 4. For these reasons, no oxy- 
gen flow emerges in the area of the measuring electrode 
which therefore must  remain  in equi l ibr ium with the 
surrounding gas. Under  these conditions t h e  oxygen 
gauge sketched in Fig. 4 must  correctly measure the 
oxygen pressure in the gas s treaming over the zirconia 
point electrode whatever  the oxygen semipermeabil i ty 
flow through the pellet. 

This point  was first verified by using the Faraday 
law test. This was done with air  as a reference gas. 

Pt lead 

porous P t  ~ ~ J ~  

zirconia point ~ __.7 ~j .  v 
electrode ( ~  

~ \ ~ ~ J - ~ " ~ ~ \  zirconia 
~ ~  pell at 

L 
porous ' Pt 

Pt lead 
Fig. 4. Oxygen gauge with a zirconia point electrode; J: oxygen 

semipermeability flux. 

Under these conditions, the reference electrode re-  
mained in equi l ibr ium with the gas (see Fig. 7-9). 
Figure 5 gives a typical result. The current  shown in 
abscissa is that which passed in the pump EP1, and the 
oxygen pressure is that deduced from ~ the voltage of 
the gauge with the zirconia point  electrode. The theo- 
retical slope indicated was calculated according to the 
Faraday law [c]. Ref. (7)] by using an accurate mea-  
surement  of the gas flow rate. 

This point  was again verified by comparing the zir- 
conia point  electrode gauge voltage to the theoretical 
value, Eth 

RT 1~ 
Eth ---- -- In-- [21 

4F P8 

This comparison was made several times at tempera-  
tures up to 1800~ Each t ime the oxygen pressure in 
the reference gas was sufficiently high so that  the ref- 
erence electrode was in equil ibrium, the agreement  was 
within the exper imental  scatter: the oxygen pressure 
deduced from the zirconia point electrode potential  was 
always equal to P2 (1-10 e ppm) to wi th in  10%. 

From a practical s tandpoint  the a r rangement  with a 
zirconia point  electrode is therefore an easy way to 
avoid the dis turbing effect of the oxygen semiperme-  
abil i ty on the measuring electrode. This could be par-  
t icular ly useful in gauges working at very high tem-  
peratures. A small difficulty in  using such an ar range-  
ment  has, however, been noted. It seems that sometimes 
a small spurious emf of a few millivolts is added to the 
gauge voltage. No obvious explanat ion was found for 
this phenomenon. This point  should be investigated. It  
appeared in contradiction with the paper by Yushina 
et al. (19) where it was reported that no voltage drop 
was observed at a contact between two zirconia-based 
electrolytes. 

Obviously such an ar rangement  can only el iminate 
the errors due to the dis turbing effect on the electrode 
equi l ibr ium but  not the bulk  effect which is usual ly  

I i I i | 

0 ;'.o9w3;:|: : 47. 5 c m3 / m n 

A 

1 0  

0 I I I I I 
0 0.1 0.2 I L mA] 

Fig. 5. Verification of the Faraday law with a zirconia point 
electrode; I:  current passing through the upstream oxygen pump. 
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expressed by the factor (1 -- 're) in the relat ion 

E ---- (1 -- t'e)Eth [3] 

Using an average value of the published data for the 
ionic conductivi ty of the ZrO2-Y203 9 m/o  electrolyte 
and the results presented later  on, the semipermeabi l i ty  
parameters  and the re levant  electronic conductivity, 
re, could be calculated and was found to be 6.10 -4 at 
1250~ and 2.10 -8 at 1725~ under  air. The error ex-  
pressed by the factor (1 --Te) is very  small  when  com- 
pared to the other effects and will be neglected here-  
after. 

Measu rements 
The zirconia point  electrode previously described was 

inc luded  in our cell. It provided a second "reference" 
electrode. Figure 6 is a sketch of the electrochemical 
cell which was investigated. We have represented ad- 
sorbed oxygen layers as definite phases. We fur ther -  
more formally characterize the oxygen activity in the 
adsorbed layers by their  equivalent  oxygen pressures 
P' which are equal to that in the gas which would be 
in equi l ibr ium with the considered adsorbed layer. The 
change in  the adsorbed oxygen level in the vicinity of 
the metals (Fig. 6) is a schematic way of represent ing 
the contr ibut ion of the metal  to the modification of the 
amount  of oxygen locally retained. This will represent  
the microsystem of the corresponding electrode. 

The potentials of the metal  and the zirconia probe as 
compared to the reference electrode will  be called EMe 
and Ez, respectively. We can write 

R r  In EMe ~- [4] 
4F P% 

RT P~ 
Ez ---- -- In -- [5] 

4F P'3 

According to our analysis, the error of measurement 
made with regular gauges working at high temperature 
results mostly from: 

(6) the alteration of the pressure PI in the gas being 
analyzed to a pressure P2. This alteration will be 
characterized by the parameter 

~P = P~ -- P, [6] 

(ii) the difference between the measured voltage 
EMe (Eq. [4]) and the theoretical value Eth (Eq. [2]). 
This difference may result from a disturbance of the 
equilibrium of the measuring and the reference elec- 

Pt 

capillary @ ~  

rous Pt 

M L ~  ~ z i r c o n i a  point 
~ electrode ~ adsorbed 

oxygen 
layers 

porous Pt T P t  
lead 

Fig. 6. Schematic representation of the investigated electro- 
chemical cell showing oxygen adsorbed layers on the zlrconia sur- 
faces of interest. 

trode, i.e, P'2 being different from P2, and P'~ from Ps. 
These two possible contributions can be characterized 
by the parameters  

RT P'~ 
~E -- -- in, ,, [7] 

417 P2 
RT P'a 

AERef -~ -- In  [8] 
4F Ps 

which can be simply measured or calculated according 
to the formulae 

AE -- EMe -- Ez [9] 

~ERef ----- Ez -- Em [I0] 

Figures 7-9 show typical measurements of the param- 
eters AP, AE, and AERef as functions of the oxygen ref- 
erence pressure P3. Before analyzing these results, 
several qualitative obervations must be mentioned: 

(i) At 1410~ the alteration AP of the oxygen con- 
tent was always smaller than I ppm. Below this tem- 
perature no alteration of the utilized gas was observed; 
in spite of this, a large departure from the theoretical 
voltage Eth was measured. This confirmed the results 
previously recalled: the error made with the gauges 
does not solely result from the alteration of the oxygen 
content in the analyzed gas. Further, the variation ~E 
does not arise merely from a diffusion profile in the gas 
phase. The effect of a gaseous diffusion was observed 
(16) to be noticeable only with high oxygen flux 
through the electrolyte. Such effects were also re- 
ported (25) in the case of gauges working at very high 
temperature where the electrochemical semipermeabil- 
ity was very large. 

In our experiments the deviations AE were smaller 
the higher the temperature. This does not mean that 
AE is inherently a decreasing function of the tempera- 
ture. It results mostly from an increase in P2 through 
AP due to an enhancement of the electrolyte semi- 
permeability, the error AE being a decreasing function 
of P2. 

(ii) The measurements  reported in  Fig. 10 were 
carried out with the electrolyte sample B and a zir- 
conia point  electrode from the same bath as sample A. 
As shown in Fig. 10, a spurious increment  of about 5 
mV is measured for the zirconia point  electrode (see 
above).  

(iii) The great difference between the results ob- 
tained with samples A and B with a p la t inum electgode 
(compare Fig. 10 and 11) indicates that the error made 
by a zirconia gauge may vary  greatly from one electro- 
lyte to the other. We were unable  to put  forward a 
de terminant  parameter.  The analysis showed no sig- 
nificant impur i ty -conten t  differences which could ac- 
count for the observed results. With regard to this 
point, with regular  commercial tubes the al terat ion of 
the oxygen pressure in the analyzed gas is usual ly  ob- 
served, on a 1 ppm scale, above l l00~ with our sam- 
ple this only occurs above 1400~ 

(iv) Figure 11 shows that  the error can be noticeable 
for oxygen content  much higher than  1 ppm. 

(v) The existence of a noticeable error  &ERef for the 
reference electrode confirms, at least qualitatively,  that  
the errors reported here are not a specific proper ty  of 
the metallic point electrode. 

(vi) The results reported in  Fig. 10 confirm that  the 
na ture  of the metal  contr ibutes to de termining the 
characteristics of the electrode microsystem. From a 
practical viewpoint, silver should be a bet ter  electrode 
in a gauge working at medium temperature.  Another  
work (2) has shown, furthermore,  that  the electrode 
t ime lag is much shorter with silver than wi th  plat i -  
num, especially at a tempera ture  around 900~ 

(vii) Silver and gold electrodes seem to behave quite 
s imilar ly in spite of the very different properties of the 
corresponding meta l -oxygen  systems. The large devia-  
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Fig. 7, 8, 9. Variations of the different types of error in an elec- 
trochemical oxygen gauge as a function of the reference oxygen 
pressure ,~ AP: error due to the oxygen contamination of the 
analyzed gas; AE: err.or due to the departure from the equilibrium 
of the measuring electrode with the gas analyzed; AERef: error due 
to the departure from the. equilibrium of the reference electrode 
with the reference gas. 

tion when rhodium is used as an electrode could indi- 
cate that the formation of surface oxides, which is well 
known for platinum and rhodium, might play a part 
in the errors we have measured. 

Oxygen Semipermeability 
The primary cause of all the observed deviations 

AP, AE, and AERef is the oxygen semipermeability Of the 
electrolyte which has been frequently observed and 
studied (5, 7, 18, 20-36). The papers dealing with this 
phenomenon agree on its interpretation: under high 
or medium oxygen pressure, it results from a diffusion 
of holes, h', electrically compensated by a diffusion of 
oxide ions O 2-. The flux of the former species is rate 
limiting. The hole concentration depends on the oxygen 
pressure in equilibrium with the material according to 
the reaction 

O~ + Vo'" ~ Oo* + 2h" [11] 

and the resulting relation 

a �9 [Vo"] 1/2 �9 Po~ TM 
[h'] -- [12] 

[Oo*]l/s 
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or more s imply 
[h'] : A �9 Po2 TM [13] 

the oxide-ion and oxide- ion-vacancy concentrations 
being essentially constant. 

Under  these conditions the hole flux through a square 
centimeter  of a zirconia pellet can be calculated wi th in  
the f ramework of the Wagner  theory (20, 22, 28, 38) 
or, more simply, as follows. Under  high or medium 
oxygen pressures the Vo" concentrat ion is essentially 
constant, there is no chemical potential  gradient  for 
this species and the current  density carried by the O 2- 
ions (or the corresponding vacancies) is simply given 
by the relat ion 

/ion - -  ~ AV [14] 
l 

where ~ion is the ionic conductivi ty of the material,  ~ the 
length of the conduction path, and /~V the variat ion in 
electrostatic potential. The current  carried by the holes 
can be expressed as 

Ih  "-- ~n �9 A~h [ 1 5 ]  
l . F  

where ~ is the average hole conductivi ty and A~h the 
var iat ion of the hole electrochemical potential.  

Under  s tat ionary conditions at open circuit there is 
no net current  passing through the electrolyte and /ion 
is equal to Ih. Then, combining Eq. [14] and [15] gives 

~h A~h 
AV _-- . - -  [16] 

r F 
The conductivi ty ratio is roughly of the order of 10 -2, 

and A~h �9 F -1 which is equal to the cell voltage is 
smaller  than 400 mV; therefore AV is smaller  than a 
few millivolts and can be considered in a first approxi-  
mat ion as zero. 

Under  these conditions, the hole flux J is due only to 
a chemical diffusion and can be expressed as 

J = - -Uh[h ' ]  grad P-h [17] 

where Uh is the mobi l i ty  of the holes, [h'] their  local 
concentration, and ~h their chemical potential.  If #h can 
be expressed as 

~h = RT In [h'] [18] 

the flux, in  a one-dimension  geometry, is s imply 

d[h'] 
J -- - - R T U h - -  [19] 

dx 

Under  steady-state conditions, there is no local ac- 
cumulat ion of holes (no change in  the stoichiometry) 
and J is a constant through the material .  Therefore the 
derivative of [h'] is a constant, [h'] is a l inear  function 
of x, and J is equal to 

J = R T U h {  [h ' ]3 - [h ' ]2  } [20] 

where [h']3 and [h']e are the local hole concentrat ions 
on the surfaces of the pellet. 

According to formula [13], J can be expressed as a 
function of the oxygen pressures surrounding these 
surfaces as 

A �9 RTUh 
j = (p~1/4 _ p~1/4) [21] 

t 

or more simply 

J = ---P. ( P s  1/4 - -  P21/a) [22] 
l 

In  the li terature, this flux is f requent ly  wr i t ten  as. 

J --  - -  [23] 
l 

The parameters  are related by the expression 

+'~* = p ( P 3 1 / 4  - -  P21/4) [24] 

If we take the model of Fig. 6 into account, the oxygen 
activity in the adsorbed phases, i.e., the equivalent  
pressures P'3 and P'2, must  be subst i tuted for the gas 
pressures P3 and P2 

P 
J = - -  (P '81/4 - -  P '21/4)  [25] 

l 

We will neglect here the local modifications of these 
equivalent  oxygen pressures due to the influence of the 
metal. Insofar as the semipermeabi l i ty  is concerned, 
they appeared as a second order cause of error. 

In Fig. 12 we have compared the measured values 
of J as functions of the measured pressures according 
to formulae [22] and [25]. The flux J was s imply de- 
duced from AP using the measured values of the work-  
ing gas flow rate and the sample surface. The compari-  
son seems to indicate that formula [25] better  fits the 
experimental  results. The exper imental  results obtained 
at the other working temperatures  yield similar plots. 

In  order to have a good determinat ion of the param-  
eter p for sample A, we carried out measurements  over 
a wide temperature  range, up to 1900~ This was done 
with air as a reference gas and a working gas contain-  
ing 0.5 ppm of oxygen initially. The pressure change 
AP, the voltages Ez, Ept, and the gauge voltages were 
measured at various temperatures.  The parameter  p was 
calculated according to formula [25]. 

The results are reported in  Fig. 13 together with the 
values representing the slope of the straight lines obey- 
ing relat ion [25] (cf. Fig. 12). The data fit well an Ar -  
rhenius law with an activation energy of 2.02 eV. This 
value is compared with the published data together 
with other parameters  in Table II. 

The scatter observed in t h e  low temperature  range 
results from the uncer ta in ty  of the measurements ;  in 
this range, the fluxes were determined by variations in 
oxygen content of the gas lower than 1 ppm. Taking 
into account the good fit in  the range where the mea-  
surements  were accurate enough, we have assumed that 
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Fig. 12. Oxygen electrochemical semipermeability flux expressed 
os a function of the oxygen pressures P2 and P3 in the gases or the 
equivalent oxygen pressures P'2 and P'3 in the adsorbed layers. 

the Arrhenius  law represented by the straight l ine in  
Fig. 13 and Eq. [25] accurately determines the param-  
eter p/l over the whole investigated range. In  what  fol- 
lows, we will  sometimes refer to these data and cal- 
culate the oxygen fluxes according to the relevant  
equations when  the measurements  were not accurate or 
sensitive enough. 

Departure from Equilibrium Between the Electrode 
and the Gas 

The oxygen semipermeabi l i ty  flux is determined by 
the electronic current  through the electrolyte. The 
oxide ion flux, which is the oxygen semipermeabil i ty  
flux, simply compensates this current  electrically. If the 
electronic current  should pass in an external  circuit, 
the oxide ion flux would be the same. This lat ter  s i tua-  
t ion corresponds to electrode overpotential  measure-  
ments. The "error" hE is then called the overpotential  
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Fig. 13. Variation of the electrochemical semipermeability coeffi- 
cient as n function of temperature. Stars: points representing the 
slope of the straight lines obeying relation [25]. 

and the oxide ion flux is simply the current  I. From 
the similari ty of these two situations it can be inferred 
that  the relat ion between the error ~E and the semi- 
permeabi l i ty  flux J must  be similar  to that between the 
overpotential  ~ and the current  I. The influence of the 
na ture  of the metal  is qual i ta t ively the same in both 
cases. It was shown (16) that the overpotential  of a 
p la t inum electrode is higher than that  of a silver elec- 
trode- and that rhodium enhances the overpotential  
even more. The results just  reported (c]. Fig. 10) are 
the same. 

The overpotential  ~ was found (4, 6, 16) to be re-  
lated to the current  I by  the equation 

Table H. Values of the oxygen semipermeability flux n* and the activation energy E of the 
electronic conductivity calculated from published data 

E l e c t r o l y t e  ZrO$ A u t h o r s  

O x y g e n  pressure 
~r* a t  12OO~ c o n d i t i o n s  Temp 
(mole  �9 c m  -1 �9 range 

sec -1) P1 P3 E (eV) (~ P r e s s u r e  l a w  

+ 11 m / o  M g O  H . H .  M o e b i u s  e t  al .  (18) 
+ 8  m / o  CaO A . W .  S m i t h  et  aL (27) 
+ 15 m / o  Y~O3 R. F a b r e  (28) 
+ 15 m / o  CaO R. F a b r e  (28) 
+ 9  m / o  Y20~ R. F a b r e  (287 
+ 5  w / o  (CaO + H. U l l m a n n  (297 

MgO)  
+ 11 m / o  CaO R. H a r t u n g  e t  al. (30) 
+ 14 m / o  M g O  R. HarturAg e t  at. (30) 
+ 4 . 7  w / o  C a O  + B. Korou~id  (31) 

1.45 w / o  M g O  
+ 7.5 w / o  CaO L. H e y n e  e t a l .  (327 
+ CaO W . A .  F i s c h e r  (26) 
+Y~O~ (z i rcoa)  C . B .  A l c o c k  e t  aL (33) 

+ 15 m / o  CaO V . V .  S a m o k h v a l  et  aL (34) 
+ 7.5 w / o  CaO K.  K i t a z a w a  e t  aL (35) 
+ 15 m / o  CaO R. ~ G i d d i n g s  et  aL (39) 
+ 9 m / o  Y20~ T h i s  s t u d y  
+ 15 m / o  CaO S . F .  P a l g u e v  e t  aL (45) 
+ 10 m / o  Y2Os S . F .  P a l g u e v  et  aL (45) 
+ 10 m / o  Sc~O8 S . F .  P a l g u e v  e t a l .  (45) 

+ 16 m/o CaO 

+ 15 m/o CaO 

J .  W. P a t t e r s o n  e t a l .  (407 

R. A.  G i d d i n g s  e t  ai ,  (39) 

O x y g e n  S e m i p e r m e a b i l i t y  F l u x  Measurements 
4 x 10 -7 N2 a i r  (T  > 1200~ 1.81 800~1600 - -  
1.4 • 10 - n  CO 25 T o r r  2.41 1100-2050 P31/~ 
6.9 X 10 -1~ N~ 1 .atm 0.39 1100-1300 - -  
2.1 x 10 -9 N2 1 a t m  0.53 1100-1300 
1.9 x i0 -~~ Ns 1 atm 2.3 1100-1300 
1.8 X i0 -~ N2 air (T > 1200~ 1.89 800-1400 -- 

(T < 1200~ 2.40 
2.5 • 10 -11 Ns a i r  2.25 800-1400 - -  
5.4 • 10 -11 N2 a i r  1.87 800-1400  
2.7 • 10 -~ A r  a i r  (T < 1500~ 1.,89 1100-1600 (Pc --  p~)i/~ 

(T  > 1000~ 2.17 
4 • 10 -12 v a c u u m  30 T o r r  1.9 600-1000  p~i/a 
3 • 10 -1~ 10 -~ a t m  1 a r m  2.4 1342-1627 1 -- p~i/ i  
3.3 • 10 -11 Ar ,  N_~-O~, 25 T o r r  2.48 1000-1600 p~l/2 

CO/COs 
1.1 • 10 -~0 2.1 x 10 -~ a t m  a i r  2.44 1000-1400 - -  
2.3 • i 0  - i~ i0-~.5-I0 -1.5 a t m  a i r  (T > 900~ 2.73 640'-1200 p~m, (V4 < m < Vz7 
1.8 • 10 -l~ F e / F e O  a i r  2 .18 960-1222  - -  
4.1 • I0 -~i 5 • i0 -7 atm air 2.02 950-1650 p,~i/~ _ p,~/~ 
4.3 • 10 -li 1.61 
3 • 10 -il 0.01-I atm 1 arm 1.87 900-1256 P8 I/i 
2 • 10 -~ 1.69 

E l e c t r o n i c  C o n d u c t i v i t y  Measurements 
6.5 • 10 -1~ B l o c k i n g  e l ec -  a i r  2.2 800-1000  pp/4  

t r o d e  
4 • 10 -1~ B l o c k i n g  e l e c -  a i r  2.27 932-1166  - -  

t r a d e  
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R T  I1 -- I 
1] = - -  i n  ~ [26] 

zF It 
With plat inum, z was found (4, 16) to equal 2, and Ii is 
a parameter  which appeared (6) to be proport ional  to 
the square root of the oxygen pressure Poe in the sur-  
rounding gas under  oxygen pressures higher than  
about 10 -4 arm and to Po22/3 unde r  lower pressures. 

According to the similari ty previously mentioned, the 
error  ~E should therefore be related to the oxygen 
semipermeabi l i ty  flux J by the equat ion 

R T  It -- J �9 F 
AE : In  [27] 

2F It 
or after t ransformat ion  

2FAE ) 
J �9 F = --I1 exp R T  1 [28] 

To check the val idi ty of this equat ion we plotted J as 
a funct ion of (exp 2 F a E / R T  - -  1) under  such condi- 
tions that I1 could be considered as constant, that  is to 
say, under  a constant oxygen pressure. Under  these 
conditions we could obviously not measure experi-  
menta l ly  the flux J which is determined by the var i -  
ations of the oxygen pressure. We used instead a cal- 
culat ion based on Eq. [25] and on the Arrhenius  law 
shown in Fig. 13. Figure 14 and 15 give two examples 
of such plots obtained wi th  the point  electrode. 

We also studied the variat ions of I1 �9 F -1 which is 
equal to J ( exp  2 F ~ E / R T  -- 1 ) - I  as a funct ion of the 
oxygen pressure in the surrounding gas. Figures 16 and 
17 show two plots of these variat ions which confirm 
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that the Po2 I/2 and Po22/8 laws are approximately 
obeyed in  the medium and low oxygen pressure ranges. 
In  fact, some of our exper imenta l  results do not fit 
these laws so well, the exponent  in the observed Po2 TM 

ranging from 0.5 to 0.75. 
It  was also shown (6) that  the proport ional i ty  co- 

efficients BI/2 and B2/8 between Iz and Po2 I/2 or Po22/3 

11 = B1/2Po21/~ [29] 

It  : B213Po2 ~/3 [30] 

are activated with activation energies of 1.15 eV for 
B1/2 and 1.10 for B2/8. The results obtained with the 
large surface electrode and under  medium oxygen 
pressures give an activation energy, of approximately 
1.0 eV which is in rather  good agreement  with that 
just  recalled. The results obtained with the point elec- 
trode and under  low oxygen pressure are unfor tuna te ly  
total ly different; the activation energy is equal to 1.9 
eV. No obvious explanat ion was found for this differ- 
ence. Several  suggestions could be made: (i) the in-  
vestigated tempera ture  ranges are different: 1050 ~ 
1480~ for the overpotential  measurements ,  1250 ~ 
1900~ for the measurements  reported here; (ii) the 
s imilari ty on which our derivat ion is based holds 
only for a macroscopic approach. On a microscopic 
scale the dominant  e lementary  step of the over-al l  
phenomenon would be different. In  the semiperme- 
abil i ty experiments  the gradients of chemical potential  
are regular ly  directed from one surface of the electro- 
lyte to the other. In  the overpotential  experiments,  in 
the close vicini ty of the electrode, the electrochemical 
potential  gradients  are certainly directed toward the 

"t C 

u, 
-6 

t) 

2 

- 2  

. /  
/ 

e 
/ 

o15 

e ~ _  �9 m. 
T = 1250K 

I i I 
- x -  2FaE .1 

1 [= P -RT'- - ' J 

Fig. 14 

f = = 

o ~E 

o 

1 
a t m .  

0.5 / T -- 1250K 

0 / 
0.5 J 

I t I 

,0 0.1 p ~ _  

Fig. 15 

u.*- Point electrode 
Reference electrode ~r 

T = f725K ~ = 1725 K ~ 

L J 

' I 3 .  4 5 --  1 0 9  P 2  a t m .  I 

1 2 -IogP 3 atm. Fig. 17 
Fig. 16 

Fig. 14, 15. Verification of Eq. 
[28] expressing the similarity 
between the error AE and a con- 
ventional overpotential. 

Fig. 16, 17. Variation of the 
parameter Ii as a function of the 
oxygen pressure. 
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tr iple contact of the electrode. This could cause diffu- 
sion on the surface of the sample, for example. 

Conclusions 
Whatever the physical description of the microsys- 

tem, it seems well established that it constitutes a 
necessary intermediate  stage between the electrode and 
the gas. Furthermore,  the oxygen exchange rate be- 
tween the microsystem and the gas has a finite value 
which is not always sufficient to ma in ta in  the equil ib-  
rium. From this simple s tatement  several practical con- 
clusions must  be drawn. When making a gauge, it is of 
interest  to select not only the electrolyte having the 
smallest semipermeabi l i ty  coefficient p, bu t  also the 
electrode materials leading to the smallest overpo- 
tential  of the electrode. 

A gauge voltage E can be wr i t ten  

RT RT 
E ---- In P -- - -  In PRef [31] 

4F 4F 

As previously shown, the error made in ascribing the 
first term to the oxygen pressure being measured can 
be decomposed into two components, hP and hE. Al-  
though not recognized so far, the error hE may have 
been very frequent.  For  instance, the exper imental  re-  
sults recently reported by Cherkasov et aL (25) and 
Alcock e ta I .  (33) where the departures from the 
theoretical emf were much larger than  that  predicted 
by the (1 -- T~) coefficient, were l ikely to result  from 
a noticeable value for the error hE. 

Increasing the gas flow rate, as it is f requent ly  sug- 
gested (37), unt i l  the gauge voltage no longer depends 
on it only reduces the error hP to a very negligible 
value but  not necessarily hE. (In fact, in such an ex- 
per iment  hE increases as hP decreases.) The results 
reported here have shown that hE can be very large 
even when  ~P is zero. In  fact, all  the exper iments  we 
have done so far indicate that, with oxygen contents 
smaller than roughly 50 ppm and air as a reference gas, 
it is necessary to operate the gauge at a tempera ture  at 
least 200 ~ lower than  that where the semipermeabi l i ty  
flux becomes noticeable on a 1 ppm scale to have any 
chance of observing a negligible hE value. 

The properties previously described are not specific 
to oxygen; they were also observed with CO-CO2 mix-  
tures and are l ikely to hold with the H2-H20 system. In  
any cell where the electrode potentials are fixed by 
gaseous systems, the errors previously described may 
be found. That  means, in particular,  that we may make 
errors in measur ing an electronic transport  number  by 
the emf method using gaseous systems. The errors are 
especially l ikely when the oxygen flux through the 
sample, that is to say its electronic conductivity, is large 
and also when the buffer effect of the gases is weak 
(argon with low oxygen content, CO-CO2 mixtures  
with small content of either CO or CO2, etc.). This 
point was verified exper imental ly  (3) by comparing 
the results obtained under  these conditions on a ZrO2- 
Y20~-CeO2 sample to those obtained with meta l -meta l  
oxide electrodes. They have shown that the error may 
be very large. 

In  t ransient  phenomena like those described by 
Heyne (32), for instance, the electrode microsystems 
are l ikely to play an important  part  in the measure-  
ment  of the t ime lag of the oxygen permeation. 

Referring to the results obtained with the zirconia 
point electrode, another remark  can be made regard-  
ing the solid bielectrolyte cells which were used for 
instance by Tretyakov et aS. (36), Fender  et aS. (41), 
and Salzano et aL (42), and which were criticized by 
Shores and Rapp (43). According to the arguments  
raised in the last paper and our results, the only posi- 
tive way of using such cells is to insure the contact 
between the two electrolytes by coarse grains of a con- 
venient ly  selected electrolyte surrounded by a gas 
having an oxygen activity close to that surrounding the 
less reversible electrode of the cell. This has the ad- 
vantage of stopping the semipermeabi l i ty  flux in the 

intermediate  space and then prevent ing  this flux from 
reaching the considered electrode and dis turbing its 
equil ibrium. This obviously does not in principle re- 
duce the errors w h i c h  are usual ly  described by the 
(1 -- ~e) factor. On the other hand, insur ing the con- 
tact between the two electrolytes by a metal  such as 
p la t inum doubles the sources of error by doubling the 
number  of electrode microsystems which can be dis- 
turbed. This point  is weli  substant ia ted by the results 
which were obtained with the differential gauges (7). 
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Energy Curves for the Hydrogen Evolution Reaction: 
Case of the Discharge Step 

C. M. Marschoff* and P. J. Arag6n *,1 

Departamento de Quimica, Universidad de los Andes, M~rida, Venezuela 

ABSTRACT 

Using the Gomer-Swanson  approximation and the results from Smith  et at. 
(46), the potential  energy curves for the discharge step of the hydrogen evo- 
lut ion reaction (HER) on several metals are obtained as a funct ion of 
bond order. Using a modified BEBO method the classical activation energy is 
calculated in each case considered. "True" activation energies and enthalpy 
changes are estimated. Previous work is reviewed. 

Al though  they are of undisputable  importance in  the 
study of rate processes, the calculation and experi-  
mental  determinat ion of activation energies have been 
only,seldomly performed in the case of electrode proc- 
esses. Even less have they been used in theoretical 
in terpre ta t ion or predict ion of reaction mechanisms. 
There are, indeed, powerful  reasons for this being so: 
(i) in the exper imental  de terminat ion of activation 
energies there exists a thermal  effect on the potential  
measurements  that cannot be avoided (1) and that is 
due to the arbi trariness of the zero definition in the 
potential  scale; (it) the theoretical calculations of po- 
tential  energy curves as a funct ion of distance to the 
electrode must  include image interactions, whose 
values are not well known for points located at very 
short distances from the metallic surface (2-4). 

Nevertheless, any  effort directed to the development  
of a theoretical approach to electrode processes must  
be recognized as worthwhile,  and this should include, 
in a na tura l  way, use and in terpre ta t ion  of activation 
energies. Up to now this has been approached by two 
main  routes, namely,  the so-called electrostatic theories 
and the model and methods based on the absolute rate 
theory. 

The electrostatic approach, developed chiefly by Mar- 
cus (5-10) and Levich, Dogonadze, and co-workers 
(11-16) has been recent ly reviewed by Lamy (17). 
However, application of these models to real cases is 
difficult, and accord with experiment  is far from good 
(18) due to oversimplifying assumptions of the theory; 
particularly,  the dielectric con t inuum hypothesis (19) 
and the lack of specific consideration of the metallic 
surface (20) must  be pointed out. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 P r e s e n t  add re s s :  COMINCO 19.esearch Cent re ,  S h e r i d a n  P a r k ,  On-  

t a r i o  L S K 1134, Canada .  
K e y  w o r d s :  p r o t o n  t r ans f e r ,  image forces, B E B O  me thod ,  " j e l -  

l i u m "  m o d e l  for surfaces, G o m e r - S w a n s o n  a p p r o x i m a t i o n .  

On the other hand, typical t ransi t ion state theories 
(21,22) are known to be unrel iable  (23), and the 
modifications proposed to account for electrode proc- 
esses (24-27) have shown inconsistencies, specially re- 
garding vibrat ional  characteristics and bond orders 
during the activation process (28). Besides, these 
models, as those based on the electrostatic approach, 
also dismiss the influence of the metallic surface 
through image effects. 

As the exact solution of the many-body  problem cor- 
responding to the si tuation at an electrode-solution 
interface is far beyond actual computer  facilities, it 
seems reasonable to look for empirical or semiempirical  
methods in order to attack some of the questions al-  
ready unsolved in electrode processes. Considering the 
simplest electrode process, i.e., the hydrogen evolution 
reaction when  discharge is rate determining,  Salomon, 
Enke, and Conway (3) have proposed that the bond 
energy-bond order (BEBO) method developed by 
Johnston and co-workers (29-31) for proton transfer 
might be used. Calculations based on the BEBO method 
have not been further pursued and even the attempt 
by Salomon et at. is only rarely mentioned in the lit- 
erature (18, 28). 

In  this paper, some considerations on the use of the 
BEBO method for electrode processes are given, and a 
new way of calculating activation energies for the dis- 
charge step in  HER is presented. 

The BEBO Method in Electrode Processes 
The BEBO method was developed as an empirical 

tool for calculating activation energies of proton t rans-  
fer reactions that proceed in the gas phase. The basic 
assumption of the method is that, since bonds involving 
a hydrogen atom have energies of about 100 kcal /mole  
or more, and activation energies for processes of the 
type 

R-H -~ X--> R ~ H-X [1] 
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are always below 20 kcal/mole, the activation step 
of such reactions should proceed through gradual  de- 
struction of the R-H bond and simultaneous gradual  
building up of the H-X bond. Considering bond order 
as a measure of bond existence the above a rgument  is 
resumed in  the postulate of total bond order conserva-  
tion (31) 

n +  ~ - -  1 [2] 

where, refering to reaction [1], n is the bond order 
for the R-H molecule and  m is the H-X  bond order. 
Bond order is defined as a funct ion of bond length 
through the following equation, due to Paul ing (32) 

R = Rs -- 0.26 i n n  [3] 

where R is the bond length at bond order n and R~ is 
the nonper turbed  bond length, i.e., bond length when  
n is 1. Besides, bond energy and bond order are l inked 
through the following equation (31) 

D = Dsnp [4] 

where D is the bond energy at bond order n, D~ is the 
bond energy for the nonper turbed  bond and p is a 
characteristic index that depends on the row of the 
Periodic Table in  which the atoms forming the bond 
are located. 

Considering the activated complex corresponding to 
reaction [1] as 

R1 R2 
R . . . . .  H . . . . .  X [ 5 ]  

Eq. [4], together with condition [2], permits  the cal- 
culation of D1 and D2, the bond energies for R-H and 
H-X bonds respectively, as a function of bond order. 
Nevertheless, in order to obtain the total energy for 
the whole system, the tr iplet  repulsion between R and 
X must  be taken into account. The expression proposed 
by Johnston and Par r  (31), based on an  anti-Morse 
function }s 

D3s exp (--ahRs) � 9  0.26a 
V :  

2 

1 + exp (--a5Rs) (n~n) ~ 
[6] 

2 

where V is the tr iplet  energy, Dss is the bond energy 
for the R-X molecule, a is the Morse constant for the 
same bond and ~Rs is 

ARs = Rls + R2s -- R~s [7] 

the R~ being the equi l ibr ium distances for the corre- 
sponding bonds. 

The total energy for the system is obtained, defining 
the energy zero for the configuration consisting of the 
R-H molecule at infinite distance from X, as 

E ---- Dis(1 -- n ' )  -- D2s(1 -- n)q + V [8] 

where q is the analog of p for the H-X bond. The 
max imum of this funct ion should give the classical 
activation energy; so, differentiating Eq. 8 with respect 
to n and equating to zero, the bond orders at the ac- 
t ivated complex configuration are obtained. Using these 
values in Eq. [8], one may calculate the activation 
energy. 

As it has been said, the value thus obtained corre- 
sponds to the classical activation energy, Ec. If the 
"true" activation energy, Eo is wanted, the vibrat ional  
frequencies of the activated state should be known. 
Johnston and Par r  suggest a way of calculating these 
frequencies through the determinat ion of the force 
constants along the reaction coordinate and along the 
direction perpendicular  to the reaction coordinate. 
The first of these force constants, Fp, is obtained by 
twice differentiating Eq. [8] with resl2ect to p, the reac- 
t ion coordinate. The second, F~, is calculated assuming 
that it follows a Badger- l ike rule (30, 33) 

Flsn 3 + F2sm 3 + F3s ( n m )  0,26a exp (--aARs) 
F~ = [9] 

~2 ..{_ ~ 2  

From the knowledge of Fp and F~ it is possible to ob- 
ta in  the force constants along the in ternal  coordinates 
Fll, F22, and F12. Then, using Wilson's method, the fre- 
quencies in the activated state are calculated. 

Considering that the HER on Hg has the discharge 
step as rate determining (34, 35) and accepting Conway 
and Salomon's suggestion that  the ra te -de te rmin ing  
event in this case is the adiabatic t ransfer  of a proton 
followed by nonadiabatic  electron neutral izat ion (36- 
38), Salomon et al. (3) used the BEBO method for the 
calculation of some fundamenta l  parameters  (activa- 
t ion energy, absolute electrode potential)  of this elec- 
trode reaction. It  will prove convenient  for this presen-  
tation to describe, at least roughly, this calculation. 
According to the absolute rate theory (39), the ex- 
change current  may be expressed as a funct ion of the 
classical activation energy, \ the  vibrat ional  frequencies 
of the activated complex, the absolute electrode poten- 
tial corresponding to the electron reaction under  study 
and a set of exper imenta l ly  available data such as the 
electrochemical t ransfer  coefficient for the part icular  
reaction, the potential  at the outer Helmholtz plane 
[obtainable for Hg from Grahame's  data (40, 41)], 
part i t ion functions for the hydroxonium ion, etc. Using 
these values and the exper imental ly  determined ex- 

"change current,  the following equations were obtained 
for a 0.1N HC1 solution (3) 

exp (~r 

3 
1.31 • 1022 ~ (2 sinh u#)  -1 exp ( - -Ec/RT)  [10] 

at 25~ and 

exp (~r  

3 
=- 4.45 • 1019~ ( 2 s i n h u # ) - l e x p ( - - E c / R T )  [11] 

for 85~ In these expressions ~ is the t ransfer  coeffi- 
cient, r is the absolute electrode potential, Ec is the 
classical activation energy, and u is defined as h c ~ / 2 k T  
being ~ the frequency in cm -1. The vibrat ional  fre- 
quencies at the activated state may be obtained through 
the BEBO method if the necessary data are known. 
However, D2s, the bond energy for the proton-meta l  
bond is not exper imental ly  aceessibIe; hence, in 
Salomon et aI.'s calculation this quant i ty  is taken as an 
adjustable parameter.  The corresponding absolute elec- 
trode potential  is obtained for each D2s value, both at 
25~ and at 85~ Then, using the Gibbs-Helmholtz  
equation, AS and hH are calculated for the electrode 
reaction. Once AH is known, the exper imental ly  ac- 
cessible activation energy may be calculated through 
the relat ion 

Eexp = Eo + R T  -- BAH [12] 

where Eo is obtained through the we l l -known equation 

Eo = Ec -- $/2 hc ~ (O~H+ -- ~#) [13] 

The value of D2s that  makes the calculated Eexp fit the 
observed value is considered to be the correct energy 
for the proton-metal  bond. 

Although the present  authors th ink that electrode 
processes involving proton transfer  may be reasonably 
considered wi thin  the basic ideas under ly ing  the BEBO 
method, there are several observations that must  be 
made on the calculation carried out by Salomon et al. 
In the first place, it must  be said that, although the 
electrostatic energy arising as a consequence of image 
effects is somehow considered when the energy of the 
meta l -proton bond is fitted to the observed value of the 
activation energy, image effects are absolutely dis- 
missed in the initial  state. In  this case, the total energy 
of the system is considered to be s imply that of the 
nonper turbed hydrogen oxygen bond, Dis. Now, the 
image interact ion will exist not only when the proton-  
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metal  bond is formed, but  also in  the init ial  state, since 
the hydroxonium ion carries an electric charge and is 
in close vicinity to the metallic surface. In  consequence, 
the bare use of Dis should not be acceptable. On the 
other hand, the way in  which image effects are taken 
into account when  the system is in  the final state is 
also not correct. This is so because being due to long 
range forces, image interactions will depend on the 
meta l -pro ton  distance in  a different way than  that  pro- 
posed by Johns ton  and Par r  for chemical bonds; hence, 
the energy contr ibut ion due to electrostatic image ef- 
fects should be included as a separate term in the ex- 
pression that  relates the total energy of the system with 
distances between atoms or, considering Paul ing 's  re- 
lation, with bond orders. 

,Second, a word must  be said wi th  respect to the use 
of the equat ion l inking bond length and bond oJ~der. 
Paul ing 's  original relation, Eq. [3], was obtained for 
simple bonds between atoms or groups in cases in  
which no external  fields were acting on the system. The 
si tuat ion when  a pro ton  approaches a metall ic surface 
is very  different: electric fields (due to image effects) 
appear, and the bond is not a bond between two free 
atoms or groups of atoms but  between a free ion (the 
p~'oton) and a metal  atom that, being par t  of a lattice, 
has lost its t ranslat ional  freedom degrees and is subject 
to strong interactions with its neighbors. In  conse- 
quence, it seems reasonable to assume that the original 
equat ion relat ing bond length and bond order should 
be modified to take into account the presence of the 
surface and the different na ture  of the bond established. 

Third, it should be pointed out that  t h e  expression 
used by Salomon et al. for the tr iplet  repulsion energy 
is not  correct. They consider 

V = D3s exp(--aARs)nm~ Jr nm~ [14] 

instead of the correct expression, Eq. [6]. The omission 
of the brackets in  the la t ter  equation is due to a mis-  
pr in t  in  the original paper by Johnston and Par r  [cf. 
Eq. (22) and (23) in  Ref. (31)]. This mistake has li t t le 
consequence on the absolute value of the total  energy 
of the system since tr iplet  terms are very small  (20); 
however, since bond orders at the activated state are 
obtained by  differentiation of the total energy with re- 
spect to n, the omission becomes significant, as is shown 
in Table I, where the bond order values that  maximize 
both the correct form of the total energy and that  used 
by Salomon et al. are listed, as well as the activation 
energies and absolute electrode potentials that  result  
in each case if the calculation proposed by these 
authors is carried out. 

Finally,  there remains the question of the accuracy 
of the method. In  reference to this, there are two facts 
that  should be considered: (i) Two differentiations 
must  be made on expressions that  are u l t imate ly  em- 
pirical or semiempirical.  The first one is l=erformed in 
order to obtain the bond orders at the activated com- 
plex; the second differentiation is made when the 
Gibbs-Helmholtz  equat ion is employed in order to de- 
termine the AH value for the electrode reaction. Dif- 
ferent iat ing an empirical expression will  introduce a 
larger  error than  that contained in the original equa-  
tion, and this will be par t icular ly  true in the case of 
the Gibbs-Helmholtz  equation since it is performed 
assuming l inear  behavior  between 25 ~ and 85~ (it) 
The vibrat ional  characteristics of the activated com- 
plex are not reliable, since the value of the force con- 
stant  on the direction perpendicular  to the reaction 
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Fig. 1. Model for the system at the initial state. The screening 

length is that of Hg. 

coordinate, F~, is of dubious val idi ty because this force 
constant is obtained through an expression proposed by 
similari ty with an empirical rule for diatomic mole- 
cules, due to Badger (30, 33). The use of this definition, 
as one of the present  authors has shown (20, 42) leads 
to some contradictions in  the bond order values at the 
activated complex. 

In  consequence, if the BEBO method or its basic 
ideas are to be applied to the HER, these points should 
be kept in mind. As we shall see, when  they are con- 
sidered it will  be necessary to restate some of John-  
ston's considerations in  order to deal with electrode 
processes. 

Model for the Activation Event 
In  view of Conway and Salomon's arguments  (36-38) 

and considering that the binding energy of a proton to 
a water  molecule is about 180 kcal /mole (43,44), 
compared to a total ionic hydrat ion energy of about 245 
kcal /mole (45), the hypothesis of an adiabatic proton 
transfer  as ra te -de termining  event  will be accepted. 
Also, the description given in Ref. (3) of the activated 
complex will be retained with a few extra considera- 
tions. The init ial  si tuation will  be depicted as a p lanar  
hydroxonium ion located at the inner  Helmholtz plane 
(accessible for instance by a Grotthuss mechanism) 
with its oxygen atom at about 2A from the metallic 
surface (considered as a plane) as shown in Fig..1. As 
in Ref. (3), the nonreact ing O-H bonds will be con- 
sidered to remain  unmodified dur ing  the activation 
process carrying the system from the ini t ia l  to the 

Table [ Obtained values for bond order of the O-H bond in the activated state (n#) and 
for energetic parameters using the method proposed by Salomon et aL (3) with Eq. 1-13] for the 

triplet repulsion (first row) and using the correct form, Eq. [6] (second row). 

D2s, n# Ec, Eo, AH, Eezp, 
kcal/mole kcal/mole kcal/mole eel. mV Cs~. mV kcal/mole kcal/mole 

155 0.20 29.1 25.5 --225 -- 185 10.9 20.1 
155 0.15 30.6 28,3 -- 386 -- 208 -- 11.4 34.6 
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activated state. The final state will be considered as a 
proton adsorbed onto the metallic surface. 

It is convenient  here to point  out that the configura- 
t ion assumed for  the final state does not consider the 
fact of electron transfer  from the metal  to the proton. 
In  consequence, this state need not have actual exist- 
ence and in the case of HER is, almost surely, hypo- 
thetical. This may be considered so, if the activation 
energy is going to be obtained through the drawing of 
potential  energy curves for the initial  and "final" states, 
because the ra te -de termining  event takes place before 
the electron is transferred.  

The adopted model for the activation process and 
the activation complex allows treat ing the problem as 
if it were a three "particle" system composed of the 
OH2 group (assumed to be invar ian t  during the acti- 
vat ion process), the proton, and the metall ic surface. 
The zero point energy will  be defined for the con- 
figuration in  which all the three entities lie infinitely 
apart  from each other. The bond length for the non-  
reacting O-H groups will be considered to be 1.05A 
(43) and the equi l ibr ium proton-meta l  distance will  be 
taken to be 0.6A according to calculations made by 
Smith, Ying, and Kohn  (46). 

Image Effects and Energy Calculations for Two Specific 
Configurations 

As pointed out previously electrostatic effects due 
to image interactions should be included at every stage 
of the process as a different term than those corre- 
sponding to bond energies. Of course, the electrostatic 
energy resul t ing from image interactions between 
atoms and the metal  should not be considered as a 
modification to the bond energy of a part icular  bond 
but, rather, as a contr ibut ion to the total energy of the 
system that may be written,  for any configuration, as 

E ~_- Uelect "3v Unonel [15] 

w h e r e  Uelect represents the contr ibut ion of the coulom- 
bic interactions and Unonet accounts for the energy of 
the system if image effects do not exist. In  our case, 
Unonel will be considered to correspond to the bond en-  
ergies between atoms and groups of atoms. 

Our problem, now, is to determine how these two 
terms are to be calculated for any value of the reaction 
coordinate. As a first step we will  make an estimate of 
the total energy for the system in the init ial  and the 
"final" states and afterwards, using these results, a 
method of bui lding uP the corresponding potential  en-  
ergy curves will  be presented. 

The energy of the initial state.--Classically,  a point 
charge q at a distance r from the surface of a perfect 
conductor produces an extra field equivalent,  in  vac- 
uum, to that of a charge - -q  at the image point with 
respect to the plane of the conductor. Hence, in the ab- 
sence of external  fields, the energy of such a charge 
would be 

U = --q2/4r [16] 

As is well known, the classical image potential  gives 
interact ion energies that are too high when the distance 
to the surface becomes small, being the deviation due 
to the screening effect of the metal. To account for this 
screening capabili ty the l inearized Thomas-Fermi  ap- 
proximation (TFA) may be used (47). 

The TFA is developedc for cases in which the 
screening length of the metal  (~-1) is much bigger 
than  the Fermi  wavelength (~f). Actually, most metals 
do not satisfy this ideality condition; nevertheless, cal- 
culations going beyond the TFA are cumbersome and 
there exist doubts whether  the boundary  conditions 
have been properly considered in these refined ap- 
proximations (48-50). For  this reason, and on account 
of its simplicity, the TFA will be maintained.  

The response of a metallic surface to an external  
point charge wi thin  the TFA has been derived by 
Newns (50) who obtained, for the electrostatic energy 
of a charge q~ a definite integral  that  depends on r and 

~-1. This integral  may be calculated by numerical  
methods and it is seen that when  r > ~-1 its value is 
well approximated by the Gomer-Swanson  equation 
that considers a classical energy but  with the surface 
recessed in X -1 (51) 

U ---- --q~/4 (r -b ~-1) [17] 

Considering the init ial  state, the distances between the 
metallic surface and the atoms in the hydroxonium ion 
are larger than the screening length;  therefore, the 
Gomer-Swanson approximation (GSA) may be used in 
calculating the coulombic energy of this state. To do 
this, each atom in  the hydroxonium ion will  be con- 
sidered to carry an electric charge. Contr ibut ion of 
terms depending on atomic polarizabilities may be dis- 
regarded wi th in  the distance range in which we are 
working, as is shown by the results of Antoniewicz 
(52). 

Using reported charge densities for the planar  con- 
figuration of the hydroxonium ion (43), the total en-  
ergy at the init ial  state was calculaCed for Hg, Cu, Ni, 
and Au. Charge densities are 0.359 eo for the oxygen 
atom and --0.453 e o for each hydrogen atom, where eo 
is the electronic charge. Screening lengths for the 
different metals were obtained through the equation 
(53) 

~- t  = (EF/6~noeof)l/2 [18] 

where EF is the Fermi energy and no is the electron 
density per cubic centimeter, calculated under  the con- 
sideration that the number  of fr.ee electrons per atom 
is given by the number  of the corresponding group in 
the Periodic Table. 

The chemical energy for the proton-oxygen bond at 
the ini t ial  state is considered to be 180 kcal /mole 
(3, 43, 44). The results obtained for the metals under  
consideration are shown in  Table II. 

The energy ]or the s y s t em  meta l -pro ton . - - I f  the total 
energy of the system formed by a proton adsorbed onto 
a metallic surface is to be calculated, one must  be 
aware that at distances near  the equi l ibr ium bond 
length of the meta l -pro ton  system the TFA will  not  be 
reliable and, of course, the GSA will not be valid (54). 
A possible breakthrough for this problem is the use of 
results obtained from the "jell ium" model (54, 55). This 
model considers a metal  as a lattice of point  positive 
charges immersed in an "electron gas," i.e., a negative 
charge continuum. When surface effects are to be con- 
sidered the inhomogenei ty  introduced by the presence 
of the surface is taken into account within the je l l ium 
model by assuming a negative charge distr ibution out-  
side the plane of the metal. After calculating the en-  
ergy of a free electron gas that  corresponds to this 
model (56, 57), the influence of the positive ion lattice 
is included by considering the addit ional constraint  
that Poisson's equation must  be satisfied point  by point  
(46, 57). The energy arising when a proton approaches 
a metallic surface may also be calculated with this 
additional condition using the je l l ium model, and nu -  
merical results have been obtained for the case of a 
tungsten surface (46). 

If the hypotheses of the 3ellium approach are con- 
sidered, it is clear that this model will account basically 
for electrostatic interactions, since je l l ium does not 
consider surface states, nor represents the localized 
electron densities arising when  chemical bonding exists. 

Table II. Energy values far the initial state obtained considering 
the electrostatic term by the Gomer-Swanson approximation. The 

chemical bond for O-H in hydroxonium was taken to be 180 
kcal/mole. Net charges on the ion atoms were taken from Ref. (43). 

~n=1, 
Metal X -I, A kcal/mole 

Hg 0,62 21'2 
Cu 0.55 213 
Iqi 0.77 210 
AU 0.59 212 



Vol. 123, No. 2 ENERGY CURVES FOR THE HER 217 

For the same reason, potential  energy curves for 
meta l -pro ton  systems obtained by the je l l ium model 
will only sl ightly vary in shape from metal  to metal  
and the equi l ibr ium energy will be basically modified 
according to work funct ion differences. In  consequence, 
the electrostatic energy arising when a proton inter-  
acts with a metall ic surface will be considered as given 
by a potential  energy curve of the same shape as that  
obtained for tungsten  (46) but  with its equi l ibr ium 
energy modified by the corresponding work funct ion 
difference 

The chemical interact ion that  arises when a proton 
approaches a metall ic surface is of a different kind and 
may be l inked to hydr ide  formation (58). Data for 
MH + hydrides should be preferred in this case to those 
corresponding to neut ra l  monohydrides. However, ex- 
cept for a few cases (Zn, Cd, Hg, A1, Mg), MH + bond 
energies have not been determined (59); so, neut ra l  
monohydrides  bond energies will be used as a first 
approximation, being aware that  the value used wil l  
be smaller, in modulus, than  that  corresponding to the 
charged hydride. Nevertheless, this difference will be 
much less in the cases of Cu, Ni, and Au than that  ob- 
served for Zn, Cd, and Hg for which values of the bond 
energy vary  by a factor of 10 from MH + to MH, be-  
cause in the la t ter  metals the s-orbi tal  and the d-or-  
bital  are filled. Energy values for monohydrides were 
taken from Herzberg's tables (60). Work functions from 
the critical recompilat ion made by Trasatt i  (61) were 
used. The obtained results for the four metals under  
s tudy are listed in Table III. 

The Classical Activation Energy for the Discharge Step 
Using Potential Energy Curves 

In  order to bui ld up potential  energy curves for the 
discharge step, it will  be necessary to obtain the rela-  
t ion between the total energy of the system and some 
reaction coordinate for both the ini t ial  and "final" 
states.  This reaction coordinate was implici t ly defined 
in the original BEBO method by the hypothesis that  
total bond order is conserved all along the activation 
process. The part icular  conditions prevail ing in an 
electrode reaction make necessary the revision of this 
fundamenta l  postulate of the method. 

Effectively, in  stating this basic assumption of the 
method, Johnston extended the intui t ive ~ idea that re-  
acting bonds should sum up a complete bond in the 
activated state. This extension was allowable on the 
basis that  activation energies for pro ton- t ransfer  re-  
actions are five or more times less than bond energies 
involved in the process. Now, the explicit inclusion of 
electrostatic effects through calculations ba~ed on 
the je l l ium model shows that the activation energy for 
the backward reaction (i.e., desorption of a proton 
bonded to the metallic surface and its combinat ion with 
an OH2 group near  the surface) is not as small  as it 
should be; hence, Johnston 's  consideration will  not  
apply in the case of the discharge step. 

The fact that the final state and, in consequence, the 
backward reaction are hypothetical  does not inval idate  
this argument .  This is so because, the ra te -de termining  
event being the adiabatic t ransfer  of the proton, what  
matters  in the determinat ion of the activation energy 
are the init ial  and final states of the adiabatic process, 
regardless of the fact that  a nonadiabatic  electron 

Table III. Energy values for metal-proton systems. Uelect iS 
determined by analogy with the tungsten-proton system for which 

the work function is 4.55 eV and Uelect is 205 kcal/mole. 

W o r k  Ue I e c t, Unone l, En=o, 
f u n c t i o n ,  k c a l /  k c a l /  k c a l /  

Me ta l  eV mo le  mo le  mo le  

H g  4.50 204 53 257 
Cu  4.70 209 67 276 
Ni  5.25 222 71 293 
A u  4.78 210 71 281 

t ransfer  takes place before the "final" state is effec- 
t ively attained. 

These considerations show that in the case of the 
HER the assumption of total bond order conservation 
dur ing the complete adiabatic t ransference of the pro- 
ton is not valid. Nevertheless, in the case of the for-  
ward reaction the activation energy is far  less than the 
total energy for the three "particle" system and, also, 
than the O-H bond energy. This fact suggests that  as 
long as the system is in a configuration be tween the 
init ial  state and the activated complex, total bond order 
may be considered to be constant. However, once the 
activated complex has been attained, the great energy 
difference from it to the final state will  not permit  the 
conservation of bond order. This amounts  to saying 
that, due to the energy difference between the init ial  
and final states of the adiabatic process, the breaking 
of the first bond should be accompanied by a corre- 
sponding gradual  bui ldup of the proton-meta l  bond, 
but  once the configuration of the activated complex is 
achieved the great increase in electrostatic energy de- 
termines that  the chemical l ink  between the proton and 
the oxygen atom is rapidly lost and the OH2 group may 
eventual ly  leave the meta l -proton system. 

With these considerations, the potential  energy curve 
describing the evolution of the system for the adiabatic 
process will be obtained by superimposing the curve 
corresponding to the gradual destruction of the proton-  
oxygen bond and simultaneous appearance of the pro- 
ton-meta l  bond with that  corresponding to the metal -  
proton system. Since it is considered that total bond 
order in the activated complex is one, it is convenient  
to draw these potential  energy curves as a function of 
bond order instead of bond length, thus defining a re-  
action coordinate. 

Energy curve 5or the initial s ta te . - -According to the 
BEBO method the nonelectrostatic part  of the total 
energy will  be given by 

Unonel ~- DHO• p -~- DHM (I -- n)q [19] 

where, as before, DHO ~- 180 kcal/mole and DHM is ob- 
tained from Herzberg's data for the neutral mono- 
hydrides of Cu, Ni, and Au, and the positive mono- 
hydride in the case of Hg. The electrostatic energy is 
calculated from the GSA according to the geometry 
of Fig. 1 and considering that the charge density on 
each atom varies linearly with bond order (20) 

~i = ~i f 2C ( 5 i  f - -  8to)  n [20] 

where 5i is the charge density of atom i, 5i o is the 
charge density of atom i when the system is in  the 
init ial  configuration, and 5i f is the same quant i ty  in the 
final state. Values for 5i ~ are those from Conway (43); 
5i s is considered to be --Co for the t ransferr ing proton 
and 0.53 eo for the oxygen atom. The final charge den-  
sity on the oxygen atom was obtained considering a 
polarized water  molecule at 2A from the surface. 

Since in the init ial  state the hydroxonium ion is not 
bonded to the metal, Paul ing 's  relat ion between bond 
length and bond order, Eq. [3], will be considered to 
be valid for the pro ton-oxygen bond. 

Potential energy curve for the final s ta te . - - In  this 
case, as was described before, the electrostatic energy 
is obtained using the potential  energy curve result ing 
for tungsten  through application of the je l l ium model 
(46), taking into account the work funct ion difference 
between tungsten  and the metal  in consideration. The 
nonelectrostatic interact ion is taken into account by 
building the corresponding Morse curve for the mono-  
hydride from the data tabulated by Herzberg (60). 

In  order to bui ld up the energy curve for the proton-  
metal  system as a funct ion of bond order, the objec- 
tions presented to the direct use of Paul ing 's  relat ion 
between bond length and bond order must  be recalled. 
According to them, the original relation, Eq. [3], should 
be modified in order to account for the presence of the 
metallic surface. In  doing so, it must  be remembered 
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that when the ion is relat ively far from the metallic 
surface the GSA will hold as a first order correction 
to the classical point  of view. This means that, in this 
case, the effective distance may be wr i t ten  as 

Reff  = Rgeom "~ ~ - 1  [21] 

where Refr is the effective distance and Rgeom the geo- 
metric or actual distance from the ion to the surface. 
Also, it must  be considered that  when bond order tends 
to zero, the effective distance will  tend to the GSA and 
the relat ion between bond length and bond order 
should tend to Paul ing 's  equation. With this basis, the 
following expression, valid at relat ively low values of 
m (bond order for the proton-meta l  bond) is proposed 
(62) 

R = R s +  k -1 ( l - - m )  -- 0 .261nm [22] 

In  Fig. 2, the curves obtained for Hg are shown. Similar  
curves are obtained for the other three metals and 
from them classical activation energies are determined. 
Numerical  results for the four metals under  considera- 
tion are presented in  Table IV. 

Conclusions 
If calculated E~ data are compared with exper imen-  

tal ly determined activation energies (Table IV), quali-  
tative agreement  is apparent  since both magnitudes 
follow the sequence 

Hg > Cu > Ni ~ Au 

If these two activation energies are to be compared 
quantitatively, it is necessary to estimate a value for 
the "true" activation energy, Eo, in order to apply 
Eq. [12]. 

As has been pointed out before, the estimation of the 
"true" activation energy requires the vibrational analy- 
sis of the activated complex. This analysis cannot be 
carried out within the limits of the method presented 
in this paper because there does not exist an analytical 
function representing the energy curve of the systems 
in terms of bond order. Use of the vibrational analysis 
described by Johnston and Parr (31) cannot be made 
because of the observations made on the applicability 
of the method to electrode processes and because of the 
inaccuracies existing in the F~ definition. We will, in 
consequence, limit ourselves to determining upper and 
lower limits for the "true" activation energies. 

In order to make this determination, the  fact that 
vibrational frequencies of reacting bonds are lower in 
the activated state than in the free molecules will be 
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Fig, 2. Potential energy curves for (H-OH2) + and for Hg--H + 
as a function of H-O bend order. 

Table IV. Obtained Ec values and estimated "true" activation 
energies and enthalpy changes. 

Metal 

Ec, Eo, Eexp, AH, 
kcal/  kcal /  kcal /  kcal /  
mole mole mole mole 

Hg 30 25-30 21 (63)* 8-18 
Cu 21 16-21 11 (32) 10-20 
Ni 18 13-18 9 (32) 8-18 
AU 18 13-~8 9 (64) 8-18 

* Numbers  in parentheses  indicate references. 

recalled. In  consequence, since the O-H bonds that  do 
not in tervene directly in the reaction are considered to 
remain  unmodified dur ing the process, the lower l imit  
for Eo will be given by 

Eo ---- Ee -- �89 h c ~  + 

where ~ +  refers to the ini t ia l  f requency of the re-  
acting bond and where it is considered, as a l imited 
case, that  the vibrat ional  frequencies in the activated 
state are zero. Taking for the stretching frequency of 
the proton-oxygen bond a value about 3500 cm-1 (63), 
the correction term would be about 5 kcal/mole.  The 
upper  l imit  will be considered that for which the vibra-  
t ional contr ibut ion in  the activated state equals that 
of the reagents, i.e., Eo = Ec. Possible ranges for Eo 
and ' for  ~H are shown in  Table IV. 

The obtained results may also be considered from a 
mechanistic point  of view. The energy values for HER 
on Hg suggest that, in this case, the discharge step is 
rate determining,  in good accordance with experiment.  
In  the cases of Cu, Ni, and Au the values calculated for 
activation energies do not permit  a definite s ta tement  
about the ra te -de te rmin ing  step on these metals. Never-  
theless, if it is recalled that  MH bond energies were 
used instead of data for NII-I + hydrides, it follows that  
calculated Ec and Eo values are higher than those that  
would result if the appropriate data were available. 
This would be in  accordance with most experimental  
data suggesting that the discharge step is not rate de- 
te rmining  in these metals (34, 64, 65). 

The method compares favorably with the presentat ion 
by Salomon et at. (3) regarding both its rel iabil i ty and 
capability of being improved. The first assertion arises 
from the fact that there is no need of explicit differen- 
t iat ion of empirical expressions. The improvement  
capabili ty of the method is a consequence of the more 
rigorous way of considering the problem through theo- 
retically defined models for the ,surface and the ex- 
plicit recognition of image effects, as well as from the 
fact that all the experimental  data that  are necessary 
for the calculations come from fields different from 
electrochemistry and, thus, calculated values and ex- 
per imental  results are not interdependent .  

Extension of the method to nonaqueous solvents ms 
well as the study of the vibrat ional  characteristics of 
the system as a funct ion of bond order are current ly  
being considered. 
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Cathodic Characteristics of a CuS Electrode in 
Liquid Ammonia 

Yoshiharu Matsuda,*  Hiroaki Ueyama, and Yoshio Takasu 

Department of Industrial Chemistry, Faculty of Engineering, 
Yamaguchi University, Tokiwadai, Ube 755, Yamaguchi, Japan 

In  the course of the investigation and the develop- 
ment  of batteries whose electrolytes are nonaqueous 
solvents, a few papers ( 1 - 4 ) h a v e  presented the possi- 
bil i ty of l iquid ammonia  as the electrolyte of high 
energy batteries. This solvent, l iquid ammonia, is pos- 
sible for use as the electrolyte at low temperatures  
and will contr ibute to the improvement  of new bat -  
teries. On the other hand, a CuS cathode has often been 
used in organic electrolytes (5-11), but  it has never  
been used in an electrolyte of l iquid ammonia. 

In  this study, we examined some properties of l iquid 
ammonia  as the electrolyte and the cathodic per-  
formance of cupric sulfide (CuS) electrode in this elec- 
trolyte. The results revealed that  this cathode showed 
excellent polarization characteristics and a possibility 
of stable discharge for a long time, and that  it was 
changed to Cu in  the discharge process. 

Experimental 
Figure 1 shows a schematic diagram of the equip-  

ment. This system consists of pressure bottles and a 
temperature-control led  electrolytic cell (500 ml) com- 
posed of special glass for use under  20 atmospheric 
pressure. After  the system was evacuated, ammonia  
was introduced into a pressure bottle of 300 ml  cooled 
with a mixture  of Dry Ice and organic solvent. Next, 
ammonia was distilled and t ransferred into another 
bottle containing solid sodium. Then it was t ransferred 
into the electrolytic cell containing thiocyanates and 
ammonium chloride. Conductivi ty measurements  were 
made with two p la t inum plate electrodes whose di-  
mensions were 1 X 1 cm 2. A test electrode was pre-  
pared by pressing the mixture  of pure commercial 
CuS, graphite, and polyethylene powders. This elec- 
trode, whose area was 1.33 cm 2, was mounted  at the 
bottom of a glass tube  with a glass diaphragm, and 
graphite powder and a carbon rod were used to make 
electrical contact. The counterelectrode was a p la t inum 
plate whose dimension was 2 X 3 cm 2. The reference 
electrode was a Ag/AgC1/C1-. 

Results and Discussion 
Relations between specific conductivity of l iquid am- 

monia with 4 mole/1 of thiocyanates and temperature  
are shown in  Fig. 2. Measurements  were made with an 
a-c bridge at a f requency of 1 kHz and the order of 
the conductivity was NH4SCN > KSCN > NaSCN. In  
Fig. 3, relations between equivalent  conductivities of 
l iquid ammonia  with NH4SCN and the square root of 
its concentrat ion are shown. This figure suggests that  
the solutions are strong electrolytes. 

Polarizat ion characteristics of a CuS cathode are 
shown in Fig. 4. The composition of the electrode was 
80 weight per cent (w/o)  CuS, 5 w/o  polyethylene, 

* Electrochemical  Society Act ive Member .  
K e y  words :  cupric sulfide cathode in ammonia ,  electrode for  
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and 15 w/o  graphite, and the electrolyte was l iquid 
ammonia  containing 4 mole/1 NH4SCN and 0.5 mole/1 
NI-t4C1. The current  density was 42.8 mA / c m 2 at the 
electrode potential  of --1.00V (vs. Ag/AgC1/C1-)  at 
25~ At --65~ the open-circuit  voltage was --0.20V 
and the current  density was 9.39 mA / c m 2 at the elec- 
trode potential  of --1.00V. The cathodic polarization 
characteristics of ' the CuS electrode were improved by 
elevating temperature.  As shown in Fig. 4, l inear  rela-  
tions between the current  densities and the electrode 
potentials were found on the low polarization ranges, 
and these results suggest that  the electrochemical 
process should be controlled by IR loss on these ranges. 

P! 

0 

B 

? 

G D E F  

Fig. 1. Systematic diagram of the equipment. A: electrolytic cell; 
B1, B2, B3: pressure bottle; C: liquid NH3 cylinder; D: test elec- 
trode; E: reference electrode; F: counterelectrode; G: electrolyte; 
P1, P2: pressure gauge; VAC: vacuum system;- l~ :~ :  stop cock. 
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Fig. 2. Relations between specific conductivity and temperature 
for liquid ammonia with thiocyanates. Solute: 0 ---- 4 mole/I 
NH4SCN, �9 ~- 4 mole/I KSCN, ~I : 4 mole/I NaSCN. 
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Fig. 3. Relation between A and ~/C for liquid ammonia with 
NH4SCN at several temperatures. Temperature: O : 30~ �9 
0~ Z~ ~ - -65~ (11 ~ --75~ Solute: NH4SCN. 
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Fig. 4. Cathodic polarization curves for a CuS electrode. Elec- 
trode composition: CuS 80%, polyethylene 5%, graphite 15%. 
Solute: 4 mole/I NH4SCN + 0.5 mole/I NH4CI. Temperature: 
0 "- 25 ~ �9 " -0~  A = . - - 6 5 ~  (If ----- --75~ 

Figure 5 shows the results of the continuous dis- 
charge of this electrode. The measurements  were made 
at 0~ and currents  applied were 5 and 10 mA. The 
efficiencies of the CuS electrode utilized were over 
65% on the basis of a mechanism of two electrons per 
mole. Similar  results were obtained in the measure-  
ments  using electrode composed of 65 w/o  CuS, 5 w/o 
polyethylene, and 30 w/o  graphite. X- ray  diffraction 
pat terns from the cathode mater ial  are shown in  Fig. 
6. Curve 1 is the pat tern  before discharge and curve 2 
is the pa t te rn  after discharge at 5 mA/1.33 cm 2 for 20 
hr. These pat terns suggested that CuS was reduced to 
Cu dur ing cathodic discharge. Since the polarization 
curves of the constant discharge gave plateaus and ne 
evidence of Cu2S was found in x - r ay  diffraction pat-  
terns, the discharge of the electrode involved two elec- 
t ron processes. 

Consequently, CuS was revealed to be a favorable 
mater ial  for a cathode in  l iquid ammonia.  On the cath- 

CuS ELECTRODE IN LIQUID NH~ 
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Fig. 5. Discharge curves at constant currents. Electrode compo- 
sition: CuS 80%, polyethylene 5%, graphite 15%. Current density: 
O ~ 5 mA/1.33 cm 2, �9 ~ 10 mA/1.33 cm 2. Temperature: 0~ 
Solute: 4 mole/I NH4SCN -Jr 0.5 mole/I NH4CI. 
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Fig. 6. X-ray diffraction patterns from cathodic material. Elec- 
trode composition: CuS 65%, polyethylene 5%, graphite 30%. 
Curve 1: before discharge, curve 2: after discharge at 5 mA/1.33 
cm ~ for 20 hr. X-ray: CuKa. Temperature (on discharge): 0~ 

odic discharge of CuS electrode, the performance was 
stable and the uti l ization of reactant  was over 65%. 
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Thin Film Deposition of Solid Electrolyte Agl, II P20, 
M. R. Arora* and J. Childs 

Unican Electrochemical Products Limited, Montreal, Quebec, Canada 

During the last few years, a considerable amount  of 
work has been carried out on silver iodide based solid 
electrolytes such as RbAg4Is, Ag~SI, Ag19II~P2OT, etc. 
All  these materials are known to exhibit  high ionic 
conductivity for silver at ambient  temperatures.  Pellets 
of these solid electrolytes, with suitable electrodes ap- 
plied to them, have already been used successfully in 
the fabrication of devices such as coulometers, timers, 
batteries, etc. However, such devices tend to have high 
in ternal  resistances and polarization losses due to poor 
solid-solid contacts. These problems can be overcome 
by the use of th in  films since very small film thick- 
nesses and excellent contacts between electrodes are 
possible. Recognizing this, Yamamoto and Takahashi  
(1), Vouros and Masters (2), Kennedy  et al. (3, 4), 

Bu the rus  and Broadhead (5), Takahashi et al. (6), and 
Fraser  and Krishna (7) have prepared th in  films of 
Ag3SI, AgBr, and RbAg4Is, bu t  no l i terature is yet  
available on the thin films of oxy-anion substi tuted 
silver iodide solid electrolytes. The purpose of this 
communicat ion is to describe our work on the th in  
films of AglgI15P20~. 

The solid electrolyte AglgI15P2OT was prepared in our 
laboratory by vacuum fusion by mixing the powders of 
AgI and Ag4P20~ in a molar  ratio of 15 to 1 with sub- 
sequent heating at 250~ for 20 hr under  a reduced 
pressure following the method of Takahashi  et al. (8). 
This product was then ground and sieved and only the 
particle sizes between mesh Tyler screens 40 and 70 
for flash evaporation, and finer than 200 for rf sput ter-  
ing, were used in  all the experiments.  

Our initial  experiments  using flash evaporation of 
AglgI15P207 resulted in films whose room temperature  
conductivity was rather  low, being about 10-5-10 -6 
(ohm-cm)-1 .  To unders tand  the problems involved in 
this process, use was made of a Micromass (Model QS) 
mass spectrometer dur ing the flash evaporat ion to 
monitor  the vapor species, and the films formed were 
subsequent ly  characterized using x - r ay  diffraction and 
scanning electron microscopy. It  was found that  the 
films which exhibited low conductivi ty were non-  
stoichiometric in nature,  general ly containing more io- 
dine than  required by stoichiometry. 

After  a large number  of experiments,  it was found 
that the film deposition parameters  have to be strictly 
controlled wi th in  ra ther  nar row limits in  order to ob- 
tain films of high conductivity at room temperature.  
The main  requi rement  is that the temperature  of the 
evaporat ion source be greater than about 1250~ But 
as the film deposition continues, the nozzle of the 
vibratory feeder steadily heats up due to its close 
proximity  to the hot source and tends to get clogged 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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up. Therefore, the nozzle must  be kept at a distance of 
at least about 4 cm from the hot source to reduce its 
heating. (.Greater distances result  in the particles 
spraying all over the vacuum chamber ra ther  than  go- 
ing into the source itself.) Therefore, the experimental  
conditions used for all subsequent  flash evaporat ion 
of AgI9115P207 were: an init ial  vacuum of about 10 -6 
Torr, source temperature  exceeding about 1250~ dis- 
tance between the feeder nozzle and the baffle-type 
evaporation source of about 4 cm, distance between the 
revolving substrate holder and the source of about 25 
cm, and a film formation rate of about 20-60 A/sec. 

Rf sputter ing of Ag19115P~O7 proved to be somewhat 
simpler than flash evaporation though the experimental  
parameters still had to be kept wi thin  nar row limits in 
order to consistently obtain films of high conductivity. 
The conditions used in this method were: argon gas 
pressure = 4 mTorr, spacing between target and the 
substrate = 4 cm, potential  across the electrodes = 
700-900V, and rate of film deposition = 15-60 A/sec. 

The conductivity of these films, measured using a 
Wayne Kerr  Universal  Bridge B221, was found to be 
quite satisfactory, being about 0.02-0.03 ( o h m - c m ) - i  
for flash evaporation and about 5 • 10 -~ ( o h m - c m ) - i  
for rf sputtering. These values of conductivity com- 
pare well with 0.09 ( o h m - c m ) - l ,  the conductivity of 
bulk AglgI15P2OT. On storage, the conductivity of these 
films decreased dur ing the first few hours but  then 
remained essentially constant at about half  of their 
initial  value over a period of more than  five weeks. 

Sandwich- type cells of the type Ag/Ag19115P207/Au 
were vacuum evaporated on glass slides to study their  
coulometric characteristics. The procedure employed in 
the fabrication of these cells has been described pre-  
viously (7) and is essentially similar  to that of Ken-  
nedy and Chen (3). Other crucial details of these cells 
are as follows: 

F i l m  t h i c k -  S u r f a c e  
M a t e r i a l  h e s s ,  A a r e a ,  c m  -~ 

Au 1,500 0.13 
AgleI15P~O~. 25,000-50,000 0.30 
Ag 3,000 0.16 

Currents  of 5 and 10 ~A (40-80 ~A/cm 2 at the gold 
electrode) were used and charges of up to 4000 ~cou- 
lombs were employed in testing a large number  of 
cells. Some of the results are summarized in Table I 
and a typical charging-discharging plot is given in 
Fig. 1. The charging and stripping of the cells were 
carried out using constant currents and the charges 
recovered were general ly  well  wi th in  2% when the 
stripping was carried out immediately after charging. 
However, when the charged cells were stored for var i -  
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Table I. Summary of charging-discharging measurements 

Cutoff  Time,  Time,  Coulon'tbie 
Cell* Cur ren t ,  potent ia l ,  s e c  s e c  d i s -  e f f i c i e n c y ,  

n u m b e r  #A m V  c h a r g i n g  c h a r g i n g  % 
400 > 

A-1 5 300 200 200 I00 E 
A-2 5 400 200 200 1O0 
A-3 l0 400 60 60 100 LLI 
A-4  1O 400 1OO 98.5 98.5 
A-5  1O 400 120 118.5 98.75 ~ 3oo 
A - 6  l 0  400 2 0 0  199 99.5 .<~" 
A-?  l 0  400 300  298.5 99.5 p-- 
A-8 I0 400 400 396.5 99.1 --J 
A-9 l0 500 100 1OO 1OO 0 200 
B-1 10 500 120 120 100 > 
B-2 10 500 150 150 1O0 
B-3 10 500 200 198.5 99.25 
B-4 l0 500 400 39?.5 99.4 

* A a n d  B represer~t  t w o  d i f f e r e n t  d e p o s i t i o n s  each  con ta in ing  
e l e v e n  cells. 

ous t ime intervals ,  the  loss of charge became somewhat  
greater ,  approaching  about  10% after  one day, though 
the ra te  of charge loss s lowed down considerably  af ter  
g rea te r  s torage t ime intervals ,  wi th  total  charge loss 
approaching  about  15-18% af ter  over  two weeks. These 
resul ts  are  s imi lar  in na ture  to those observed by  Ken-  
nedy  et al. for  AgBr  and RbAg415 (3, 4). 

Al l  these resul ts  are  only p r e l i m i n a r y  in na ture  and 
more  deta i led work  is now u n d e r w a y  where  a t tempts  
a re  being made  to improve  the character is t ics  of these 
films. S imi la r  work  is also being ex tended  to other  
solid e lect rolytes  such as AgTI4PO4, Ag~I4VO4, and 
Ag614WO4, etc. 
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Fig. 1. Charging-discharging characteristics of an Ag19115P207 

coulometer. Conditions used were current of 10 #A for 100 sec to a 
cutoff potential of 500 mV. 
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ABSTRACT 

Quant i ta t ive  microsegregat ion  analysis  was carr ied  out on Sb-doped  sil icon 
crysta l  pul led  f rom the melt.  In ter ference  by  the rmal  convection in the melt,  
i nva r i ab ly  present  in silicon growth at  commonly  used rates of pul l ing  and 
seed rotation, was e l iminated  by  in t roducing severe  the rmal  a symmet ry  in the 
growth  system. In ter face  demarca t ion  was employed  for the  de t e rmina t ion  of 
the  microscopic growth  rates and spreading  resistance measurements  for obta in-  
ing composit ion profiles. For  growth  under  forced convection condit ions it was 
shown that  the microsegregat ion behavior  is control led by  the microscopic 
growth  ra te  and is adequate ly  accounted for by  the Burton, Pr im,  and Sl ichter  
(BPS)  model  based on s teady-s ta te  segregation.  The small  deviat ions f rom 
s teady-s ta te  segregat ion were  manifes ted  as solute red is t r ibu t ion  t ransients  
associated wi th  the  periodic growth  ra te  var ia t ions (sl ight phase  shif t  be tween  
dopant  concentra t ion and microscopic g rowth  ra te ) .  Fo r  growth  under  the rmal  
convection conditions, the  microscopic growth  ra te  is modula ted  by  convective 
t empera tu re  fluctuations in the  melt,  bu t  it does not control  the microsegrega-  
t ion behavior  because under  these condit ions the diffusion bounda ry  l aye r  
thickness undergoes  significant fluctuations. Accordingly,  the BPS model, which 
assumes a constant  diffusion bounda ry  l aye r  thickness,  was found to be in-  
appl icable  to microsegregat ion  in silicon grown under  the rmal  convection. 

Quant i ta t ive  analysis  of microsegregat ion  associated 
wi th  silicon g rowth  by  the Czochralski  technique, a t  
the genera l ly  employed  rates  of seed rota t ion (1), p re -  
sents serious difficulties because of pronounced in te r -  
ference by the rmal  convection at  the growth  interface.  
Random composit ional  fluctuations invar iab ly  present  
in the  silicon crystals  (2) impa i r  the  systematic  s tudy 
of the  re la t ionship  be tween  the microscopic growth  
rate,  the character is t ics  of the diffusion bounda ry  layer ,  
and  the microsegregat ion  behavior .  I t  was repor ted  re-  
cent ly  (3), however,  tha t  dur ing  Czochralski  growth,  
random composi t ional  fluctuations in silicon, for aspect  
rat ios  (d iameter  over  height  of mel t )  greater  than  a 
cr i t ical  va lue  (i.e., 2,5), are  e l iminated  by  introducing 
pronounced the rmal  a symmet ry ;  unde r  this the rmal  
configuration the in ter ference  by  the rmal  convection 
was el iminated,  and forced convection conditions were  
achieved at  commonly  used rates  of seed rotat ion.  

In  this  communicat ion a quant i ta t ive  invest igat ion of 
microsegregat ion  in silicon is presented;  the above 
the rmal  configurat ion is ut i l ized and the interface de-  
marca t ion  technique is employed  (4); spreading re -  
sistance measurements  are used for dopant  concentra-  
t ion microprofi l ing (5). 

Experimental 
Apparatus.--A res i s tance-hea ted  Czochralski  pu l le r  

was employed in this study. The main  features  of the 
pu l l e r  and the modification which es tabl ished the t he r -  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key. words: silicon, segregation ana lys i s ,  Czochra l sk i  growth. 

real configuration making  possible sil icon growth  under  
forced convection condit ions have  been descr ibed else-  
where  (3). 

Electr ical  contact  wi th  the seed for t r ansmi t t ing  
current  pulses across the growth  interface ( interface de-  
marca t ion  technique)  was made  th rough  the pul l ing 
shaft  as in previous ly  repor ted  studies (4). Since the  
silicon mel t  is contained in an e lec t r ica l ly  insulat ing 
quartz  l inear  and reacts  wi th  all  avai lable  electr ical  
conductors, a special technique was developed for 
achieving contact wi th  the melt ;  mo lybdenum wire  
(0.5 m m  in d iameter )  was inser ted into a quar tz  capi l -  
lary,  one end of which  was then  sealed; one end of the 
wire  was posi t ioned a few mi l l imeters  inside the open 
end of the capi l la ry  and the other  end was brought  into 
contact wi th  the power  supply  via  the pedesta l  of the 
crucible;  the open end of the capi l la ry  was inser ted into 
the mel t  which rose into the tube and es tabl ished elec-  
t r ica l  contact  wi th  the  wire,  a smal l  por t ion  of which  it 
dissolved. 

Procedures.--The samples  employed  in this s tudy 
(about  20 X 20 X 2 ram) were  cut in longi tudina l  
segments along the ro ta t ional  axis of (111) single 
crysta ls  (about  2 cm in d iamete r  and 10 cm long) 
pu l led  f rom melts  doped with  an t imony (1.22 X 102~ 
atoms/cm3).  Dur ing  pulling,  cur rent  pulses (18A) of 
0.05 sec dura t ion  at in tervals  of 0.5 or I sec were  
t ransmi t ted  across the growth  interface.  Spreading  
resistance measurements  at 5 ,~m in tervals  were  used 
for  obtaining the microscopic dopant  concentra t ion 
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profiles, as descr ibed e l sewhere  (5);  the  spreading  re -  
sistance measurements  were  reduced to dopant  con- 
centra t ions  employing  si l icon s t andards  whose ca r r i e r  
concentra t ion was de te rmined  by  Hal l  effect measu re -  
ments;  the  dopant  concentra t ion was t aken  equal  to the  
car r ie r  concentrat ion.  

The fol lowing surface p repa ra t ion  p rocedure  was de-  
veloped and adopted  for  car ry ing  out spreading res is t -  
ance measurements  and microscopic ra te  de t e rmina -  
tions d i rec t ly  on the  same surface; the  samples  were  
cleaned in  CP4 (5 par ts  HNO3 -{- 3HF -t- 3CH3COOH) 
r insed  wi th  dis t i l led water ,  and dr ied  in a s t ream of 
ni t rogen;  they  were  then  u l t rasonica l ly  soldered onto 
brass  disks wi th  a 50 weight  pe r  cent  (w/o)  Pb:  50 w/o  
Sn al loy to obta in  la rge  ohmic contacts. Subsequent ly ,  
the  surface of each sample  was pol ished with  Sy ton -HT 
30 and etched wi th  Si r t l  e tchant  (6):  1 par t  H F  ~- 1 
pa r t  (50 w / o  aqueous solution) CrO~; op t imum defini- 
t ion of the in terface  demarca t ion  lines ( intercepts  of 
the  per iod ica l ly  de l inea ted  growth  interface wi th  the 
surface)  and of the  dopant  s t r ia t ions was obta ined by  
about  12 successive immers ions  in  the  etchant ;  each im-  
mers ion  was of about  5 sec durat ion.  Fo r  r ep ro -  
ducible  spreading  resistance measurements  it  was 
found necessary to swab-c lean  the etched surface suc- 
cessively wi th  HNO3, hot  water ,  and  1 par t  H202 q- 1 
pa r t  ( sa tu ra ted  aqueous solution) KOH; this cleaning 
sequence was repea ted  a few t imes (7). 

Employ ing  interface  demarcat ion,  the  microscopic 
growth  ra te  is obta ined f rom the known f requency of 
the  cur ren t  pulses and t h e  separa t ion  of the  resul t ing  
interface demarca t ion  lines ( ra te  s t r ia t ions)  (4). These 
values  are  the  average  g rowth  ra tes  for the regions 
be tween  successive striations.  In  o rder  to obta in  rate  
values  at any ins tant  in t ime, the  microscopic g rowth  
ra te  was t aken  as a Taylor  ( t ime)  expans ion  series 
about  a fixed origin in te rms of its h igher  order  der iva-  
tives. Thus, the  rates  were  de te rmined  for  the specific 
ins tants  in t ime corresponding to the  appl ica t ion  of the  
ind iv idua l  cur rent  pulses ( ra ther  than  for the t ime 
in te rva ls  be tween  cur ren t  pulses) .  Geowth ra te  values  
corresponding to the  concentrat ion measurements  at lo-  
cations be tween  successive ra te  s t r ia t ions were  de te r -  
mined b y  means  of parabol ic  t ime interpolat ion.  In  this 
in te rpola t ion  i t  is t aken  into considerat ion tha t  for a 
g iven t ime in te rva l  the  fract ion grown (distance) is 
p ropor t iona l  to the  g rowth  rate.  

Results and Discussion 
General remarks . - -A longi tudina l  cross section of a 

typical  silicon crys ta l  g rown under  severe t he rma l  
a s y m m e t r y  wi th  a pul l ing ra te  of 11 #m/sec  and a seed 
ro ta t ion  of 5 r p m  is shown in Fig. 1. I t  is seen tha t  the 
ini t ia l  segment  of the crys ta l  (upper  pa r t  of figure) 

exhibi ts  wel l -def ined periodic  dopant  s t r ia t ions wi th  a 
per iod ident ical  to tha t  of the  seed rota t ion ( ro ta t ional  
s t r ia t ion) ;  r andom dopant  inhomogenei t ies  are  not  
present  in this segment;  these segregat ion charac te r -  
istics indicate  tha t  forced convection conditions p re -  
vai l  dur ing  growth.  The t rans i t ion  f rom growth  under  
forced convection to g rowth  under  the rmal  convection 
(3) is ab rup t  and c lear ly  visible.  The dopant  inhomo-  
geneities in the  segment  grown under  t he rma l  con- 
vection exhibi t  no per iodic i ty  and are  r andomly  dis-  
t r ibuted;  such segregat ion behavior  is i nva r i ab ly  ob-  
served  in silicon crysta ls  pul led  at the  s tandard  rates  
of seed rotat ion.  

A deta i led analysis  of the  p reva i l ing  t he rmohydro -  
dynamics  of the silicon mel t  in the  present  case has 
not been pursued.  I t  appears,  however,  that  for a spe-  
cific range of mel t  aspect  ratios, severe the rmal  a sym-  
met ry  gives r ise  to a mode of convection lead ing  to 
l amina r  flow at the growth  interface,  for  seed rota t ion 
rates as low as 3 rpm. Without  seed rotat ion,  i t  was 
found that  the rmal  convection at  the g rowth  interface 
(giving rise to nonrota t ional  inhomogenei t ies)  prevai l s  
for al l  aspect rat ios of the  melt .  

Segregation under forced convection condit ions.-  
Since pronounced the rmal  a s y m m e t r y  was present  
dur ing growth,  backmel t ing  occurred at  the  pe r iphe ry  
of the  crysta l  dur ing  each ro ta t ional  cycle. Typica l  
off-core segments grown wi thout  backmel t ing  and wi th  
backmel t ing  wil l  be analyzed individual ly .  No analysis  
of the  on-core  region wil l  be presented.  

No backmelting.--The photomicrograph  in Fig. 2 shows 
a por t ion of the crys ta l  segment  g rown under  forced 
convection conditions at 9.5 /~m/sec and wi th  a seed 
rota t ion of 5 rpm. Rota t ional  s t r ia t ions  spaced approx i -  
ma te ly  120 ~m from each other, ra te  s t r ia t ions in t ro-  
duced by  the interface demarca t ion  technique at 1 sec 
intervals ,  and the impact  t races of the spreading  re-  
sistance probe  at a constant  spacing of 5 ~m can be 
identified. The microscopic growth  rates, and the cor-  
responding dopant  concentrations,  are  also shown in 
Fig. 2. I t  is seen that  the  growth  ra te  var ies  per iod i -  
cally. The rota t ional  s t r ia t ions coincide with  the dopant  
concentrat ion minima.  The microscopic growth  ra te  
min ima and max ima  occur s l ight ly  in advance of the 
corresponding concentrat ion min ima and maxima.  (This 
d isplacement  is more  pronounced in the backmel t ing  
case, see below.)  

A direct  analysis  of the  re la t ionship be tween  the 
dopant  concentrat ion in silicon pul led  f rom the mel t  
and the microscopic growth  rates  can now be pe r -  
formed. In  the  present  analysis  the  theoret ical  model  
of Burton, Prim, and Sl ichter  (8) (BPS)  is employed  
which relates  the dopant  concentrat ion in the  crystal ,  

Fig. 1. Longitudinal cross sec- 
tion of silicon crystal pulled at 
11 /~m/sec with a seed rotation 
of 5 rpm. In the upper portion of 
the crystal segment shown growth 
took place under forced convec- 
tion; periodic (rotational) stria- 
tions are clearly defined; their 
period is the same as the period 
of rotation; pronounced back- 
melting is associated with the 
rotational striations at the outer 
parts of the crystal, no random 
inhomogeneities are present. The 
abrupt transition to growth under 
interference by thermal convec- 
tion is visible near the middle of 
the figure; the lower portion 
grown under these conditions 
exhibits nonperiodic (random) in- 
homogeneities typical of silicon 
crystals pulled at commonly em- 
ployed rates of rotation. Magni- 
fication 12X. 
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Fig. 2. Microsegregation anal- 
ysis of a differentially etched 
portion of the crystal (see sketch 
at bottom of figure) pulled at 
9.5 ~m/sec and with a seed ro- 
tation rate of 5 rpm; no back- 
melting took place during its 
growth; rate striations and the 
impact traces of the spreading 
resistance probe are visible; the 
uppermost curve (black dots) is 
the microscopic growth rate plot 
as a function of distance grown; 
the second curve from the top is 
the corresponding dopant concen- 
tration plot. The theoretical 
dopant concentration computed 
on the basis of the BPS model 
(black dots) and the deviation 
between the experimental and 
the theoretical dopant concentra- 
tion, [(Cexp - -  Cmeor) lO0/ 
Cexp] are shown in the lower 
part of the figure (see text). The 
positions of all portions of the 
crystal analyzed in this paper 
are shown in the sketch; the 
segment on the left-hand side of 
the vertical dotted line in the 
sketch was grown at 9.5 ~m/sec 
and the segment on the right- 
hand side was grown at 11 #m/ 
sac. 

Cs, to the growth rate, assuming diffusion controlled 
steady-state segregation 

CLko 
Cs = [1] 

ko + (1 -- ko)exp(--VS/D) 

where CL is the dopant concentrat ion in the bulk  of the 
melt, ko is the equi l ibr ium distr ibut ion coefficient, V is 
the (microscopic) growth rate, 5 is the diffusion bound-  
ary layer thickness, and D is the diffusion coefficient of 
the dopant in the melt. 

From the above relationship the dopant concentra-  
tion in the crystal, Cs, was computed as follows: The 
exper imental  growth rate values were used; the value 
for CL was obtained from experimental  parameters us-  
ing the normal  freezing relationship 

eL = CL~ -- g)(ke~-l)  [2] 

where CL o is the original concentrat ion of the dopant 
in the melt  prior to solidification, g is the fraction 
solidified, and  keff is the effective dis tr ibut ion coeffi- 
cient; CL o was determined from the amount  of dopant 
(Sb) ini t ial ly added to a known weight of silicon melt. 
This value of 1.22 • 102~ 3 was found to be in good 
agreement  with the value determined from the con- 
centrat ion in  the silicon immediate ly  adjacent to the 
original growth interface (Cs o+ ~ 2.64 • 101S/cm 3) 
and the equi l ibr ium distr ibut ion coefficient (ko ---- 
0.023), i.e., CL ~ --~ Cs~ : 1.15 • 102~ 3. keff 
was obtained from the average dopant concentrat ion in 
the crystal segment first to solidify (Cs ~ 3.8 • 1018/ 
cm z) and the value of CL ~ For b/D, which is required 
to be constant in  the BPS model, a value of 133.3 

sec/cm was determined, by trial  and error, so that  both 
the ampli tude of the dopant variat ion and the mean  
dopant concentrat ion obtained from Eq. [1] are as 
close as possible to those determined by spreading re- 
sistance measurements.  

The dopant concentrat ion thus computed from Eq. 
[1] is shown in Fig. 2. Since the experimental  mea-  
surements  of the dopant  concentrat ion were carried 
out at 5 ~m intervals  the computat ion of the concen- 
t rat ion was also carried out for 5 ~m intervals;  the 
required growth rate values for points between suc- 
cessive rate striations were determined by parabolic 
interpolat ion as pointed out earlier. The deviation be-  
tween exper imental  and theoretical concentrations is 
also shown in Fig. 2; it is seen that most of the theo- 
retical values deviate by less than  10% from the ex- 
per imental  ones. 

From the value of ~/D _-- 133.3 cm/sec (found to 
give the best agreement  of the exper imental  results 
with the BPS model) a thickness for the diffusion 
boundary  layer 5 : 0.0266 cm is found, taking D 
2 • 10 -4 cm2/sec (9). Using Cochran's analysis (10) 
for the employed seed rotat ion (5 rpm) a value of 
5 ---- 0.044 cm is obtained. An assessment of the differ- 
ence between these two values will  not be at tempted at 
this time; it should be pointed out, however, that  there 
are uncertainties associated with the precision of the 
diffusion constant D and the kinematic  viscosity, ~,, in 
Cochran's relationship. 

An inspection of the two concentrat ion plots in Fig. 2 
shows that the positions of the maxima and min ima  
do not coincide and that the maxima and min ima  of 
the exper imental  plot are slightly lagging; i.e., the 
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microscopic rate maxima and min ima  occur somewhat 
in advance of the corresponding (exl~erimental) con- 
centrat ion maxima and minima. This phase shift is as- 
sociated with the slow (diffusion controlled) redis-  
t r ibut ion of the solute at the interface. Thus, wi th in  
each rotational cycle, and in the absence of fluctuations 
in diffusion boundary  layer  thickness, the dopant  con- 
centrat ion at the interface remains higher than required 
by steady-state segregation (11). Accordingly, the 
mean  concentrat ion in the solid must  be higher than  
that expected for steady-state concentration. Indeed, 
the mean  dopant concentrat ion determined from the 
measured values shown in  Fig. 2 is 3.81 • 101S/cm ~ as 
compared to 3.45 X 101S/cm ~ obtained from the com- 
puted values. 

The analysis of microsegregation in  silicon taking 
into consideration solute redis t r ibut ion kinetics, is be- 
ing quant i ta t ively  pursued and will be  presented in a 
future  communication. 

Periodic backmelting.--The photomicrograph in Fig. 3 
shows another  portion from the same crystal segment  
used for the above segregation analysis (see sketch in 
Fig. 2). This portion was grown at a pul l ing rate of 
11.0 #m/sec with a seed rotat ion of 5 rpm. Here also 
the period of the rotat ional  striations (broad lines) is 
the same as the period of seed rotation; the rate str ia-  
tions (narrow lines) were introduced at intervals of 0.5 
sec. In  this port ion (located closer to the per iphery of 
the crystal than  the port ion shown in Fig. 2) pro-  
nounced backmelt ing is associated with the rotat ional  
striations. Since the t ime interval  between successive 
rotational striations is 12 sec (period of rotation) and 
since only about 10 rate striations of a period of 0.5 sec 
are visible be tween rotat ional  striations, an apparent  
backmelting,  for at most 7 sec, is associated with each 
rotational striation. It is seen that  the rotational str ia-  
tions coincide with the concentrat ion minima. The 
t ransi t ion from the concentrat ion maxima to the con- 
centrat ion min ima is typica~ for rotat ional  backmelt  
striations. 

As in the case presented in Fig. 2, here also the theo- 
retical dopant concentrat ion was computed from the 
experimental  microscopic growth rates employing the 
BPS model by determining a value of 5/D so that  the 
theoretically computed mean  concentrat ion and the 
ampli tude of the concentrat ion fluctuations were as 
close to the exper imenta l ly  determined values as pos- 
sible; Eq. [2] was used for determining the value of 
CL, the fraction solidified being 0.15. As in Fig. 2, here 
also it can be seen that the dopant concentrat ion 
maxima are displaced with respect to the growth rate 
maxima. The deviat ion between the exper imenta l ly  
determined and theoretically computed dopant concen- 
trations is also shown in Fig. 3. It is, thus, seen that 
the dopant segregation is essentially controlled by the 
microscopic rate and that the BP'S model accounts 
quite satisfactorily for the prevail ing segregation con- 
ditions, although not as well  as in  the absence of back- 
melting. 

It  is of interest  to point out that the dopant concen- 
t rat ion in the segments first to solidify after backmel t -  
ing is about 22% higher than  if the concentration at 
the interface were CL. This behavior indicates that the 
dopant concentrat ion gradient  at the original interface 
position does not vanish during backmelting.  

The value of 5/D which gave the best agreement  be-  
tween the computed dopant concentrations and the ex- 
per imenta l ly  determined ones is 166.6 sec/cm as com- 
pared to 133.3 sec/cm found in the case of Fig. 2. The 
apparent  increase of 5/D in the present  case (although 
the rate of seed rotation was the same for both cases) 
reflects the fact that, following backmelting, the dop- 
ant concentrat ion at the growth interface at the onset 
of regrowth is higher than the value of CL used in the 
present analysis. 

Thermal convection conditions.--A crystal port ion 
grown after the t ransi t ion from forced convection to 
thermal  convection conditions (see sketch in Fig. 2) is 
shown in  the photomicrograph of Fig. 4. This portion 
was grown at a pul l ing rate of 11 ~m/sec with a seed 

Fig. 3. Microsegregation anal- 
ysis of a differentially etched 
portion of the crystal (see sketch 
in Fig. 2); backmelting is asso- 
ciated with the rotational stria- 
tions (broad lines); the rate 
striations (fine lines) and the 
impact traces of the spreading 
resistance microprobe are visible 
(the apparent overlapping of the 
impact traces resulted from re- 
etching the surface for photo- 
micrography after the spreading 
resistance measurements were 
made). The microscopic growth 
rates are shown on the top plot 
of the figure (dark dots); no 
measurements could be made in 
the regions of the broad stria- 
tions. The measured dopant con- 
centrations are shown on the 
second plot (from the top) in the 
figure. The theoretical dopant 
concentration (dark dots) and 
the deviation between experi- 
mental and theoretical values 
are shown in the lower part of 
the figure (see text). 
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Fig. 4. Microsegregation anal- 
ysis of a differentially etched 
portion of the crystal grown un- 
der thermal convection (see 
sketch in Fig. 2). A periodic pat- 
tern of dopant inhomogeneities 
is not apparent; rate striations 
can be identified in some parts 
of the portion shown. The micro- 
scopic growth rate, the measured 
dopant concentration, the theo- 
retical dopant concentration, and 
the deviation (between the the- 
oretical and experimental con- 
centration) plots are shown in 
that order from top to bottom 
(see text). 

rotat ion rate of 5 rpm. Current  pulses for interface 
demarcation were t ransmit ted at intervals  of 0.5 sec. 
Tt is seen that the dopant  ihhomogeneities do not ex- 
hibit a well-defined periodic pattern.  The rate str ia-  
tions (fine lines.) can be identified in some areas of the 
crystal portion shown, but  not throughout,  because of 
interference by random dopant inhomogeneities; a 
comprehensive microsegregation analysis is not pos- 
sible in this case. Nevertheless, from the dopant con- 
centrat ion profiles and from the best possible deter-  
minat ion  of the microscopic growth rates (using the 
identifiable rate striations),  a comparison can be made 
with the microsegregation under  forced convection 
conditions. 

As seen in  Fig. 4, there is no consistent correlation 
between the dopant  concentrat ion and the microscopic 
growth rate; nor  is there a constant  correspondence 
between dopant  striations and the growth rate maxima 
or minima. Thus, the variat ion of the dopant concen- 
t ra t ion is not controlled solely by the variations in the 
microscopic growth rate, but  also by variations in  the 
diffusion boundary  layer  characteristics (thickness ~nd 
compositional profile); the effects of these variations 
cannot be quant i ta t ive ly  isolated. Figures 3 and 4 show 
that fluctuations of the dopant concentrat ion are 
smaller  under  thermal  convection. 

For a comparison with the previous two cases the 
BPS model was employed; an effective value of 5/D = 
80 sec/cm was .determined (by tr ial  and error) so that  
the computed mean  dopant concentrat ion value best 
matches the exper imenta l ly  determined one. As seen 
in Fig. 4, the ampli tude of the dopant fluctuations in 
the computed plot is general ly smaller  (up to approxi-  
mately  a factor of two) than in the experimental  plot. 
Furthermore,  the details in the pat tern  of the dopant 
fluctuations differ in the computed and the exper imen-  
tal plots. It  is, thus, seen that on the basis of this 

analysis the diffusion boundary  layer  thickness is not 
constant and fluctuates toward smaller values than  that 
required for steady-state segregation. Consistent with 
this analysis the mean dopant concentrat ion decreased 
abruptly,  i.e., the mean keff decreased from 0.033 to 
0.026, in  going from forced convection to thermal  con- 
vection conditions. Furthermore,  due to the decrease 
in  the diffusion boundary  layer  thickness the ampli-  
tude of the dopant  fluctuation in this crystal port ion 
is smaller than in the crystal port ion grown at the same 
pull ing rate and at the same distance from the per iph-  
ery of the crystal but  under  forced convection (Fig. 3). 
It is thus clear that the BPS model is not applicable to 
segregation under  thermal  convection because in addi- 
t ion to the microscopic growth rate, the diffusion 
boundary  layer  thickness also undergoes significant 
fluctuations. 

It is of interest  to note that as in periodic backmel t -  
ing here also the dopant concentrat ion in  the parts of 
the segment first to solidify after backmelt ing is higher 
(by about 18%) than  koCL, but  less than  the corre- 
sponding value in the periodic backmelt ing case; this 
result  indicates again that  the mean  diffusion bound-  
ary layer  thickness is smaller  in the presence of ther-  
mal convection than  under  forced convection condi- 
tions. Under  thermal  convection, however, backmelt ing 
is on occasions sufficiently extensive so that  the init ial  
diffusion boundary  layer vanishes and the concentra-  
tion in the portion first to solidify is smaller than koeL, 
indicating that the concentrat ion at the interface be-  
comes less than CL due to backmelt ing of a relat ively 
large crystal portion with a dopant  concentrat ion 
(keffCL) appreciably less than CL. 

Summary  
Forced convection conditions ( laminar  flow at the 

growth interface) were at tained for silicon growth at 
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seed ro ta t ion ra tes  above 3 r p m  by in t roducing severe  
the rmal  a s y m m e t r y  into a s tandard  Czochra l sk i - type  
apparatus .  Crys ta l  segments  grown under  these condi-  
t ions exh ib i ted  only per iodic  ro ta t ional  s t r ia t ions ra the r  
than  random composi t ional  inhomogeneit ies,  which  are  
i nva r i ab ly  present  in silicon crystals  pul led  at  com- 
monly  employed ra tes  of seed rotat ion.  An  abrup t  
t rans i t ion  f rom growth  under  forced convect ion condi-  
tions to g rowth  under  convective in terference was 
found to occur at  a cri t ical  aspect ra t io  of the  melt .  

The e l iminat ion  of convective in ter ference  made  pos-  
sible the  quant i t a t ive  microsegregat ion  analysis  in si l i-  
con. Employ ing  the BPS model  it  was shown tha t  near  
s t eady-s ta te  microsegregat ion  takes place under  these 
condit ions (wi th  and wi thou t  per iodic  backmel t ing) .  
The observed devia t ion  be tween  the  exper imenta l  r e -  
sults and the BPS model  was mani fes ted  as solute re -  
d i s t r ibu t ion  t ransients  associated wi th  the  var ia t ions  in 
the  microscopic g rowth  ra te  (phase shift  be tween  dop-  
ant  concentrat ion and microscopic growth  ra tes) .  The 
agreement  of the  exper imen ta l  resul ts  wi th  the BPS 
model  was found to be be t t e r  in the  case of si l icon than  
in the  case of ge rman ium growth  repor ted  ea r l i e r  (5) ; 
this finding is not  surpr is ing  since s teady-s ta te  condi-  
tions should be more  r ead i ly  a t ta inable  for sil icon 
growth  (in the  absence of convective in ter ference)  be-  
cause of the  s ignif icant ly h igher  dopant  difficulties in 
sil icon melts.  

I t  was shown tha t  the rmal  convect ion ( invar iab ly  
present  under  the commonly  employed  conditions in 
sil icon crys ta l  pul l ing)  leads to random fluctuations, 
not only  of the  microscopic growth  ra te  bu t  also of the 
diffusion boundary  l aye r  thickness;  fur thermore ,  under  
these  condit ions the  mean  diffusion bounda ry  l aye r  
thickness decreases.  Consequently,  the effective d is t r i -  
but ion coefficient as wel l  as the  ampl i tude  of the dopant  
concentrat ion fluctuations are  smal le r  in sil icon growth  
under  t he rma l  convection than  in silicon grown under  
forced convection. Because of the  concurrent  f luctua- 
tions of the microscopic growth  ra te  and the diffusion 
bounda ry  l aye r  thickness, the BPS model  is not ap-  
pl icable  to the microsegregat ion in silicon pul led  under  
thermal  convective interference.  Deta i led  studies of 
var ious  aspects of microsegregat ion  ( including solute 
red i s t r ibu t ion  dur ing  g rowth  ra te  t ransients  and rad ia l  

concentrat ion gradients)  in sil icon crysta ls  pul led  f rom 
the mel t  are  being pursued  employing  the p resen t ly  re -  
por ted  exper imenta l  approach.  
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Sulfidation Kinetics of Iron and Ferritic Iron-Cobalt Alloys 
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ABSTRACT 

Pure  Fe  and ferr i t ic  Fe-Co alloys react  wi th  H2S/H2 atmospheres  in the  
range  8 X 10 - s  ~ ps2 ~ 6 X 10 -5 arm at t empera tu res  of 533~176 to form 
a solid s ingle-phase  scale of (FeCo) I -~S .  Parabol ic  scaling kinet ics  are  ob-  
served in all  cases, the  magni tude  of the ra te  constant,  its ac t ivat ion energy,  
and its Ps2 dependence being independent  of a l loy composition. The sulflda- 
t ion of i ron is shown to be control led by  la t t ice  diffusion of i ron th rough  
the  sulfide and the quant i ta t ive  appl icab i l i ty  of Wagner ' s  pa rabo l ic  scal ing 
theory  is verified. 

A p re l imina ry  invest igat ion (1) of the react ion be-  
tween Fe-Co alloys and H2S/H2 a tmospheres  at  7O0~ 
showed that  scales of a s i n g l e - p h a s e  sol id-solut ion 
monosulfide ( F e C o ) I - ~ S  g rew by parabol ic  kinetics 
on two ferr i t ic  alloys. I t  was argued then that  in view 
of the close s imilar i t ies  in the rmodynamics  and s t ruc-  
ture  of the b ina ry  sulfides F e l - ~ S  and Col-~S, both 
of which possess meta l  deficit NiAs structures,  that  

* Electrochemical  Society Act ive  M e m b e r .  
K ey  words:  diffusion, Fe-Co alloys, sulfidation kinetics, (FeCo)S 

scales .  

the scal ing kinet ics  observed for  the  al loys should be 
amenable  to analysis  f rom the s tandpoint  of t e rna ry  
diffusion theory.  

P r io r  to a t tempt ing  such an analysis  it is necessary 
to quant i fy  the react ion kinet ics  as a function of a l loy 
composition, ambien t  sulfur  pa r t i a l  pressure,  and tem-  
perature .  As the behavior  of the al loys is compared  
to that  of pure  Fe, it  is impor tan t  to establ ish the 
mechanism of the i ron-su l fu r  reaction. 

Considerable  evidence a l ready  exists (2-6) tha t  the 
sulfidation of i ron is contro l led  by  so l id-s ta te  diffu- 
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sion and accordingly that the reaction is described 
by Wagner 's  theory (7) for scaling of pure metals. 
The recent publicat ion (8) of accurate tracer diffu- 
sivity data for Fe l -~S  as a funct ion of (5, T) together 
with existing informat ion (9) on the var iat ion of 5 
with (Ps2, T) and the electrical properties of Fe l -~S  
(1O) makes possible the quant i ta t ive  verification of 
Wagner 's  treatment.  Such a test is of interest  as the 
degree of nonstoichiometry in Fe , -~S is large, rang-  
ing up to 8 ___ 0.25. 

No diffusivity data is available for Col-~S although 
quali tative evidence can be found from sulfidation 
studies. Marker experiments  (11, 2) show that in  both 
Coz-~S and Fel -~S the metal  is much more mobile 
than sulfur, and it may be assumed that this is the 
case also in the t e rnary  sulfide. The variat ion of 8 
in  Col-~S has been measured (12) as a function of 
(Ps2, T). Comparison of this data with analogous data 
for Fe l -~S shows that in a wide range of Ps2, T values, 
both CoI-~S and Fe~-~S are the stable b inary  sulfides. 
Exper imental  conditions employed in this work fall 
wi thin  this range. 

E x p e r i m e n t a l  
Single-phase ferritic alloys containing 0.00, 10.0, 19.9, 

30.7, 40.0, 50.1, and 61.4 weight per cent (w/o) Co 
were fabricated from iron (>99.975 w/o  pure) and co- 
balt (>99.997 w/o pure) .  They were sulfidized in 
H2S/H~ atmospheres corresponding to 8 X 10 - s  --~ 
Ps2 - -  6 X 10 -5 arm at temperatures  of 533% 600 ~ 657% 
and 700~ and the kinetics measured thermogravi-  
metrically. Exper imental  details have been previously 
described (1). 

Resul ts  
Reaction kinetics were parabolic and examples are 

shown in Fig. 1. The straight l ines in this figure repre-  
sent the result  of l inear  regression to the rate equation 

AW/A + W' ---- (kpt) 1/2 [1] 

where AW/A is the weight change per uni t  area mea-  
sured after time, t. This form of the parabolic rate 
equation was chosen to allow for the initial, unob-  
served period of reaction. 
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Fig. 1. Sulfidation kinetics'of Fe-40 w/o Co at 700~ and sev- 
eral sulfur partial pressures. Continuous lines are regression lines 
found from Eq. [1] .  

The sulfur  pressure dependence of the parabolic 
rate constant was determined for each of the alloys 
at 700~ and the results are displayed in Fig. 2. Linear  
regression of the data to the equation 

1 
log kp = - -  log Ps2 + constant [2] 

T~ 

yields a value for n of 5.6 • 0.5. Values of n for the 
various alloys do not differ at a 0.05 level of signifi-  
cance. The Ps2 dependence of kp was also determined 
at 600~ for Fe-40 Co and pure Fe. The results are 
shown in Fig. 3 and yield n _-- 5.5 ___ 0.3. The influence 
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Fig. 2. Dependence of the parabolic rate constant on Ps2 at 
700~ for each of the alloys. Straight lines found by regression on 
Eq. [2]. 
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Fig. 3. Dependence of the parabolic rate constant on Ps2 at 
600~ for Fe and Fe-40 w/o Co. Straight lines found by regression 
on Eq. [2 ] .  
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of tempera ture  on the sulfidation rate of each alloy 
at Ps2 = 2 X 10 -6 atm was determined. Arrhenius  
plots of the results are shown in Fig. 4 which also 
gives the deduced activation energies, EA. The rela-  
t ively large error in EA is a consequence of the small  
temperature  range employed. 

The effect of alloy composition on the parabolic 
rate constant was determined at Ps2 = 2 X 10 -6 atm 
and the results are shown in Fig. 5. Inspection of the 
error bars on this figure reveals that no s{atistically 
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A -  F e - 4 0  Co 15 7+2.2 
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O -  F e - 6 0  Co 17 5+0.5 

significant variat ion of reaction rate with alloy com- 
position is found at any of the temperatures  employed. 

The appearance of the sulfide scales formed is typi-  
fied by the micrographs in Fig. 6. The scales are seen 
to be compact, t ightly adherent  to the metal  surface, 
and of very large grain size. As was reported earlier 
(1) the sulfidation product was the monosulfide 
(FeCo)I-~S which, when sufficiently rich is Co, de- 
composed upon cooling via a eutectoid reaction (12) 
to yield (CoFe) 9Ss and (CoFe) aS4. 

In  order to investigate the applicabil i ty of Wagner 's  
theory (7) for growth of a reaction product layer, the 
composition of the scale formed on pure iron was 
determined by microprobe analysis as a funct ion of 
position within the scale. The results are shown in 
Fig. 7. 

Discussion 
Sulfidation of pure iron.--The formation of a com- 

pact sulfide scale in a reaction which follows parabolic 
kinetics suggests that the process is controlled by 
solid-state diffusion. Is this case, the theory of Wagner 
(7) should describe the reaction rate as a function of 
T and Ps2. On the assumptions that only metal  ca- 
tions and electronic species are mobile in Fel -~S and 
that local equi l ibr ium is attained, the theory predicts 
for the flux of metal  through the scale 

ZFe  d In 
JFe -- CFeDFe - -  - -  PS2 [3] 

2IZsl dx 

where J is the flux, C the concentration, D the self- 

�9  OCo J !  OCo 
0 20 Fe -30  Co~, x Fe- I 0 Co 

~oo J lo J.zo 1.3o 
103K/T 

Fig. 4. Temperature dependence of the parabolic rate constant 
at ps~ ~ 2 • 10 - 8  atm for each of the alloys. Straight lines 
found by regression on the Arrhenius equation. 
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Fig. 5. Variation of parabolic rate constant with alloy composi- 
tion at PS2 ~ 2 X 10 - 6  atm and various temperatures. 

Fig. 6. Cross sections of sulfidized samples. Upper micrograph: 
pure Fe reacted at 700~ with PS2 --~ 8 X 10 -s  atm for 22.5 min, 
magnification 380X. Lower micrograph Fe-40 w/o Co reacted at 
600~ with Ps2 ~ 2 X 10 - 6  arm for 39.3 min, magnification 
380X. 
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Fig. 7. Variation of stoichiometry with position in an Fe~-~S 
scale formed on Fe at 700~ and Ps2 = 8 • 10 - 8  atm. Continu- 
ous line calculated on the basis of divergence-free flux and local 
thermodynamic equilibrium; circles represent experimental mea- 
surements obtained on an electron microprobe. 

diffusion coefficient, Z the effective valence, and x 
the position coordinate wi thin  the growing scale. 
Use has been made of the fact (10) that the electronic 
t ransport  number  _~ 1. The value for IZsl is taken 
as 2 and, therefore, gEe : 2/(1 -- 5). If the flux is 
assumed position independent ,  Eq. [3] integrates to 
yield the parabolic rate law with the rat ional  rate 
constant expressed as 

_[~"s2 DFed In Ps2 [4] 
ZFe 

2 k r  " -  eeq  " P ' s 2  IZs----~ 

where Ceq is the average concentration, in equivalents, 
of sulfide in the scale; P's2, P"s2 are the sulfur part ial  
pressures at the metal-scale and scale-gas interfaces. 

The fundamenta l  assumptions of the theory .are: 
that local thermodynamic equi l ibr ium is obtained; 
that the mechanism of mass t ransport  is diffusion; and, 
finally, that the flux of matter  wi thin  the scale is 
position independent.  Both the flux equation [3] and 
the rate equation [4] are employed to investigate 
these assumptions. 

The self-diffusion of S is very much slower (8) 
than that  of Fe in Fe l -~S and may be neglected. It 
follows then that if the deviation from stoichiometry 
in Fe l -~S is small, the deviation from a constant  
value of JFe within  the scale is also small. If Eq. [3] 
applies, then the quant i ty  (DFed In psffdx) should also 
be near ly  independent  of position. The variat ion of 
tracer-diffusion coefficient, DTFe, with stoichiometry 
has been measured (8) in single crystal Fel_~S as 

DTFe ~ Do8 exp[ - -  (19.4 ~ 20.18)/RT] [5] 

and thus DTFe, and hence DFe, is dependent  upon com- 
position for 8 small  but  practically constant  for larger  
values. I t  follows therefore from [3] that the gradient  
d In Ps2/dx in the FeS scale also is approximately 
position independent  under  these conditions. If the 
fur ther  assumption of local equi l ibr ium is correct, 
it is possible from a knowledge of the composition of 
Fe l -~S  as a function of Ps2 to calculate the composi- 
t ional gradients in a scale which is growing by solid- 
state diffusion. Many authors have measured 8 as a 
function of T and Ps~ and the data of Toulmin  and 
Barton (9) has been employed in performing the pres-  
ent calculation. The results are compared with experi-  
menta l  measurements  on a scale grown at 700~ in 
Fig. 7. Agreement  is seen to be excellent except very  
near  the metal-sca~_e interface where 8 approaches 
zero and DFe is composition dependent.  

Narita and Nishida (6) measured the elemental  
distr ibutions wi thin  a Fet -~S scale grown at 700~ 
and found compositional gradients near  the scale in ter -  
faces bu t  an almost flat concentrat ion profile in  the 

Table I. Scaring constant for sulfidation of iron 

k r / e q u i v ,  em-l-sec -I 

T / K  ps  s / a t m  Measured  Predicted  

9"/3 8 • l0  s 2.0 • 10 -o 6.3 • 10 -e 
3 • 10 -~ 2.2 • 10 -9 1.0 • l o s  
2 • 10-s 3,2 • 10 -9 1.3 • 10 -e 
1 • IO -~ 3.9 • I0 -9 1.6 • los 
6 • l 0  s 6.5 • lO -o 2.0 • lO s 

973 2 x I 0  -e 3.2 x I0-"  1.3 X l o s  
930 3.8 x 10 -9 8.3 • I0 -9 
8V3 2.3 x 10 -9 4.? • 10 -~ 
806 6.9 x 10 - io 2,2 X 10 -9 

interior of the scale. This result  was taken  to imply 
a much higher value for DFe in the region of the very 
small  gradient. Metallographic examinat ion  revealed 
that this inter ior  region of the scale was cracked and 
porous, thereby providing an explanat ion for the en-  
hanced diffusion. In  the present  case, the scales are 
nonporous (Fig. 6) and Eq. [3] is directly applicable 
with values for Dfe characteristic of single crystal 
Fel-~S. 

As the assumption of a posi t ion- independent  flux, 
which is necessary for the integrat ion of Eq. [3], is 
apparent ly  a viable approximation, the ut i l i ty  of the 
integrated form [4] is now examined. The parabolic 
rate constant, as measured in g2-cm-4-sec-~, is re- 
lated to the rat ional  rate constant, expressed in equiv-  
alent c m - l - s e c  -1, by the expression 

1 
kr = "~ Veqkp/A 2 [6] 

where Veq is the equivalent  volume of F e l - s S  and A 
is the atomic weight of S. Equat ion [4] was integrated 
numerical ly  using the data of Toulmin  and Barton 
(9) for the variat ion of ZFe with Ps2 and Eq. [5] for 

the variat ion of DFe with ~ and hence with Ps2, on 
the assumption that DFe ---- DTFe. The diffusion of Fe 
in Fe l -~S is in fact anisotropic with Dc ~ 1.8Da (8), 
where a and c refer to the basal and prismatic direc- 
tions, respectively. An average value of Do ---- 2.35 
cm2-sec -1 in Eq. [5] was employed. Values of Veq 
taken from Meussner and BirchenalI (2) were em- 
ployed in Eq. [6] to compare the predicted and mea-  
sured rate constants. The results are summarized in 
Table I and shown as functions of Ps2 and T in  Fig. 8 
and 9. 

The predicted and measured rate constants recorded 
in Table I are wi thin  half  an order of magnitude,  
which is remarkab ly  good agreement  for the type of 
measurement  involved. However, the error is non ran -  
dom, the measured rates being consistently lower than 
those predicted. A possible reason for this discrepancy 
is that diffusion has been assumed uncorrelated in 
calculating DFe from the tracer diffusion coefficient, 
DTFe. In  fact DFe ----- ~DTFe where f, the correlation co- 

L f i 

-8( 

8 

T~e., 

ff 

--9,C 

Fig. 8. Measured temperature dependence of iron sulfidation 
rates at Ps2 = 2 X 10 - 6  atm compared with prediction of 
Wagner's theory (continuous line). 
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Fig. 9. Measured PSs dependence of iron sulfidation rates at 
700~ compared with predictions of Wagner's theory (continuous 
line). 

efficient, is unknown  for Fe l -~S but  is cer tainly less 
than one for noninters t i t ia l  diffusion. It  is emphasized 
that the errors in the original determinat ions of DTFe 
and of 8 -- ~(Ps2) are large enough to account for 
the discrepancy between the measured and calculated 
values. 

The predicted rate dependence on Ps2 and T are 
closely obeyed. The activation energy for reaction at 
Ps~ ---- 2 X 10 -6 arm is 15.1 kcal whereas the activa- 
t ion energy for the tracer diffusion (8) of Fe in 
Fe l -~S is (19.4 -5 20.18) kcal. The difference arises 
through the tempera ture  dependence of both P's2 and 
the funct ional  relationship between ZFe and Ps2. Since 
DFe ~'~ DFe -7 ~ f(Ps2), then from [4] 

--_fP"s2 ZFe d In Ps~ 
kr "~ CeqDFe "P'S2 [Zs'~- 

The tempera ture  coefficient of the above integral  
can be evaluated numerical ly  from the data of Toulmin 
and Barton (9) to yield, for P"ss -- 2 X 10 -6 atm 

d In ( Integral)  
---- -5 5.4 kcal 

d(1/T) 

Hence it can be deduced from the kinetic activation 
energy for i ron sulfidation that the activation energy 
of DFe is 20.5 kcal, in excellent agreement  with the 
tracer diffusion results which yield an average activa- 
tion energy of 20.2 kcal for Ps2 ---- 2 X 10 -6 atm. 

Self-diffusion activation energies have been esti- 
mated from the sulfidation reaction by other authors, 
by fur ther  approximating the integrated rate equa- 
tion as 

CeqDFe 
- -  In ~" kr -- [Z"Fe ~ S2 -- Z'Fe In P'S2] 

IZsl 

This procedure can lead to substantial error. Meuss- 
ner and Birchenall (2) deduced as average value of 
20.6 kcal for 0.12 < 6 < 0.25 whereas the actual self- 
diffusion activation energy, Q, is 22 < Q < 24.4 in 
this region of nonstoichiometry (8). Turkdogan (4) 
deduced a value of 26.4 kcal for 6 _~ 0.13 compared to 
Q -- 22.0 kcal, and a value of 20 kcal for 6 ---- 0.008 
which compares well with Q _- 19.6 kcal. Thus the 
above approximation of the integrated rate equation 
is viable only as ~ approaches zero. 

The pressure dependence of the parabolic rhte con- 
stant  may be described empirical ly by Eq. [2] with n 
-- 5.7 at 70O~ Previous studies, carried out at higher 
values of Psi, yielded n -- 5.7 (5), n ---- 6 (2, 4), and n 
---- 7 (3). At 500~ a value of 7.8 was found (13) for n. 
A value for n of 6 has in the past been ascribed to 

rate control by diffusion of doubly ionized vacancies. 
Such a model is based on the proposed gas solid 
equi l ibr ium 

1 
- -  S~(g) ~=~ SXs -5 V"Fe -5 2h" [7] 
2 

and the approximate formulat ion of charge balance 

2[V"] = [h'] [8] 

where the point defect notat ion of Kroger and Vink 
(14) has been employed. With the fur ther  assumption 

of ideal or Henr ian  solution behavior, Eq. [7] and [8] 
yield 

[V"] '---- (K/4)  1/3ps21/6 [9] 

where K is the equi l ibr ium constant for the process 
[7]. However it has been shown (9, 12) that the solu- 
t ion behavior of Fe l -~S is not ideal nor  Henrian,  and 
as a consequence (8) the Wagner  equation predicts 
a pressure dependence which is strong for small  5 
bu t  which decreases as 5 increases. The observation 
of a part icular  pressure dependence is therefore an 
insufficient basis for the deduction of a part icular  
point  defect mechanism. 

Independent  evidence exists (10) that the elec- 
tronic conductivity, r of Fe l -~S is metallic in  type, 
and obeys the relat ion 

~; - - -  c o n s t  P s 2 1 / 3 0  

Both observations appear to be inconsistent with the 
defect model posed above. The conductivi ty is how- 
ever related to both the concentrat ion and the mobil i ty 
of the free carriers. It is conceivable that the mobil i ty  
is dictated largely by the stoichiometry of the solid 
(e.g., through the existence of specific scattering cen- 
ters whose concentrat ion is stoichiometry depend- 
ent) and hence that the conductivi ty experiments  and 
the defect model are possibly reconcilable. Kinetic 
studies of the Fe-S reaction, accordingly, do not re-  
solve the question of the defect model for Fel-~S.  

It is concluded that, under  the present  exper imental  
conditions, the sulfidation of pure iron is controlled 
by lattice diffusion of Fe through the growing scale 
for the following reasons. The distr ibution of com- 
ponents within the sulfide scale is in  accord with the 
known thermodynamic  and diffusion properties of 
F e l - s S  and with the assumption of a posi t ion- inde-  
pendent  flux. The functional  form of the kinetics and 
the magni tude of the rate constants are as predicted by 
Wagner 's  theory of scale growth. The magni tude and 
temperature  dependence of the deduced value for DFe 
are in good agreement  with independent  measure-  
ments, in. single crystal Fe1-~S, of DTFe. Finally,  the 
pressure effect on the react ion rate constant is con- 
sistent with independent  measurements  of the thermo- 
dynamics of Fe~-~S. 

Sulfidation oJ the alIoys.--The sulfidation properties 
of the alloys are in  all respects closely similar to 
those of pure iron. -Again parabolic kinetics and com- 
pact, la rge-gra in  sulfide scales were observed. The 
parabolic rate constants of pure  Fe and the different 
alloys under  given exper imental  conditions were the 
same within  95% confidence limits (Fig. 5). Similarly,  
the Ps2 and T dependencies of the rate constant (Fig. 
1-4) were independent  of alloy cobalt content at a 
0.10 level of significance. These results imply  that sul-  
fidation of the alloys is also solid-state diffusion con- 
trolled and that the self-diffusion coefficients of Co 
and Fe are very similar  in magnitude,  in T depend-  
ence and in Ps2 dependence. 
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Boron- and Antimony-Doped Tin Oxide Films 
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ABSTRACT 

Freshly deposited films are found to exhibit  i rreversible changes in  re-  
sistivity when  cycled in the range of --60 ~ to +175~ but  the resistivity 
may be stabilized by hea t - t rea tment  for a few hours at 200~ Reversible 
changes in resistivity~ of stable films with temperature  are found to depend in 
a unique way on the concentrat ion of the dopants and the film thickness. An 
empirical relat ion has been developed to describe the res is t iv i ty- temperature  
relat ion of .films as a function of doping concentration. Practical applica- 
tions include the possibility of electrical resistors with controlled temperature  
coefficient of resistance in the range of near  zero to +500 ppm/~ at room 
temperature.  

SnO2 single crystals and films have been investigated 
extensively because of the unique combinat ion 2 of 
their  useful electrical and optical properties. The elec- 
trical properties of single crystals (1, 2) are understood 
reasonably well, but  the mechanism of conduction in 
films (3, 4) remains  obscure. The lat ter  depends 
strongly on the method of preparation, subsequent  
heat - t rea tments  in  various ambients, and the na ture  
and concentrat ion of dopants introduced. 

Tin  dioxide in  its pure form is an n- type  wide band-  
gap semiconductor with conduction electron concen- 
t ra t ion of about 1027 cm -3 at room temperature.  This 
may be increased near  metallic densities by doping 
with elements from Group V of the Periodic Table 
(e.g., Sb). Doping t in dioxide with Group III elements 
(e.g., In or B) also changes the carrier concentration 
and at high levels renders  the host p-type. 

The study of SnO2 films is complicated in a twofold 
manner.  First, the process of film deposition is such 
that it renders  the film oxygen deficient (5) and it 
introduces chlorine (4) into the film. Second, the films 
are polycrystal l ine with film thickness dependent  on 
degrees of disorder. The first set of defects acts as 
dopants and may or may not be thermal ly  stable, while 
the second class of disorders influences the electrical 

1 P r e s e n t  a d d r e s s :  C o m p u t i n g  D e v i c e s  L i m i t e d ,  O t t a w a ,  On ta r io ,  
C a n a d a .  

K e y  w o r d s :  d o p e d  t in o x i d e  f i lms,  e l ec t r i ca l  conduc t ion .  
T h e  r e s i s t i v i t y  of  SnO~ m a y  be  m a d e  to  a p p r o a c h  t h a t  of  a l loys  

(viz. ,  be  as  l o w  as  1000 ~ o h m - c m )  and,  in its  u n d o p e d  f o r m ,  i t  is  
opt ica l ly  t r a n s p a r e n t  in  t h e  v i s i b l e  r a n g e  of  w a v e l e n g t h s .  

conductivity through carrier scattering which may also 
be thermal ly  unstable.  However, if samples are pre-  
pared carefully and are thermal ly  stabilized after film 
deposition, the effects of donor and accepto.r doping and 
film thickness on the electrical resist ivity and its tem- 
perature dependence may be studied. The present  work 
is such a study aimed at characterizing thermal ly  
stable SnO2 films doped with an t imony and boron. 

Experimental 
Samples were prepared by high tempera ture  hy-  

drolysis of SnC14 in  a H20 and HC1 atmosphere using 
the reaction SnC14 + 2H20 ~ SnO2 + 4HC1 (endo- 
thermic).  High a lumina cylindrical  ceramic substrates, 
with a submicron surface roughness, 1/4 in. diameter by 
1 in. long were heated in a furnace to 800~ and were 
passed through the deposition zone. The lat ter  was a 
chamber through which a vaporized firing solution s 
was passed. The solution was vaporized by passing the 
liquid through a quartz capillary heated to 200~ 

Doping was done by mixing the chlorides of ant i-  
mony and boron in the SnC14 solution in various 
quantities. In  this work we refer to doping in terms of 
mole per cent of SnO2. A 4% B and 0.6% Sb doping 
means that the firing solution contained 0.04 moles of 
B and 0.006 moles of Sb for every mole of SnO2 as- 
sumed to be formed. As all consti tuents appeared in 
the vapor at the same proport ion as they had been 

a T h e  f i r i n g  so lu t ion  u s e d  in t h e  e x p e r i m e n t s  w a s  m a d e  u p  of  
SnCI4 (351 cm3),  I-I~O (108 cmS), HC1 (250 cmS), H~BO~ (va r i ab le} ,  
SbCl~ ( v a r i a b l e ) .  
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introduced into the firing solution, it was assumed 
that the concentration of B and Sb in the SnO2 films 
was proportional to their concentration in the firing 
solution. The doping of films was then varied by the 
amount of B and Sb in the firing solution. 

Fi lms were deposited with  a large number  of firing 
solutions containing different amounts of dopants, each 
group divided into four subgroups with room tem- 
perature resistances of 14, 20, 28, and 40 ohms. The 
resistance was controlled by the thickness of the films 
which in turn was adjusted by  the deposition time. 
The film thickness ranged from 1.5 to 3~ and the depo- 
sition t ime was adjusted between 5 and 10 sec. The 
rate of deposition was kept constant for all groups of 
samples at 3000JA/sec by a suitable adjustment of the 
firing so lut ion  vapor flow rate. For all samples, other 
deposition conditions, i .e. ,  temperature, pressure, sub- 
strate feed rate, etc., were  kept constant. 
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After deposition, the samples were al lowed to come 
to room temperature in the normal laboratory atmo- 
sphere without attempts to anneal them in any special 
way. The samples were then provided with  terminals 
and their resistance was measured between --60 ~ and 
+175~ Stabil ization fol lowed at 200~ for 5 hr and 
the resistance was measured again in the same range 
of temperatures. 

The resist ivity of film material was calculated from 
the resistance and film dimensions. Fi lm thickness was 
measured by weighing  the samples, removing the film 
by chemical means, and reweighing the bare substrates 
again. The differential weight  and bulk density of 
SnO2 was used to obtain the film thickness.  

In Table I, some typical groups used in the experi-  
ments are listed, along with their approximate vo lume 
resistivity and film thickness. 
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Fig. 1. Resistance vs.  temperature of samples having three dif- 
ferent doping levels (a, above left) 4.0% B, 0.27% Sb, (b, above 
right) 6.0% B, 0.4% Sb, and (c, left) 9.0% B, 0.9% Sb. Lower 
resistance films appear to behave similar to elemental semiconduc- 
tors. Higher resistance films show anomalous behavior above 50~ 
The anomaly extends to lower resistances for higher doping levels. 
The notes lx and 2x etc. mean resistance divisions to be read as 
0.1 and 0.2 ohm, respectively. 
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I I I I 
Table I. Some groups of samples used in the experiments along 

with their approximate volume resistivity and film thickness 

Res i s t iv i ty  ( m o h m - c m ) / f i l m  t h i c k n e s s  (Ft) 

D o p i n g  14 o h m s  20 o h m s  28 o h m s  40 o h m s  

4% B, 0.27% Sb 3.40/2.20 4.10/1.90 
4% B, 0.4% Sb 2 .10~ .0  2.40/1.70 
4% B, 0.6% Sb  2.27/2.1 2.66/I.~6 3.17-~.55 3.92/1.36 
6% B,  0.4% S b  2 .86 /2 .60  - -  4 .54 /2 .15  - -  
9% B, 0.9% S b  3.10/2~80 3.57/2.50 4.24/2.10 - -  

Table II. Activation energy measurements 

A c t i v a t i o n  
D o p i n g  e n e r g y ,  e V  

6.0% B, 0.60% S b - 4 0  o h m s  
6.0% B, 0.90% Sb-20 o h m s  
6.0% B, 0.90% Sb-40 o h m s  
9.0% B, 0.90% Sb-40 o h m s  
9.0% B, 1.35% Sb-40 o h m s  

0.0126 
0.0065 
0.0132 
0.0127 
0.0131 

Results and Discussions 
Irreversible ef]ects.--The characteristic temperature 

dependence of resistance of as-deposited films depends 
on the doping level  and on the film thickness. R(T) 
curves of l ight ly  doped thick films appear characteristic 
of e lemental  semiconductors, but at higher doping 
levels  and for thinner films there appears an anomalous 
decrease of resistance with increasing temperatures 
above 50~ 

Typical curves are shown in Fig. 1 where the doping 
concentrations for Fig. la, b, and c are, respectively,  
4.0% B, 0.27% Sb; 6.0% B, 0.4% Sb; and 9.0% B, 0.9% 
Sb. The anomalous decrease was measured for several 
samples, and activation energies for the decrease were 
calculated in the l inear region. The results are listed 
in Table II, and a typical log 1/R vs. 1/T plot is shown 
in Fig. 2. 

From the results, an average activation energy of 
0.013 eV could be assigned to the resistance decrease, 
which was assumed to be associated with annealing of 
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Fig. 2. Activation energy determination of the anomalous resist- 
ance decrease for films with 9.0% B, 0.9% Sh doping. 

defects (6) in the film. These defects may be grain 
boundaries, which are known to occur at high densities 
in deposited films having a film thickness dependence. 
When annealed, the number of grain boundaries would 
decrease which would manifest  itself in a decreasing 
resistance_ In order to test this assumption, samples 
were cycled between --60 ~ and +175~ and the re- 
sistance was monitored. Irreversible changes in re- 
sistance were indeed detected and their degree was  
found to depend on the doping concentration and film 
thickness. Typical results are shown for samples doped 
with 9% B, 1.35% Sb in Fig. 3 where the curves in 3a 
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Fig. 3. Hysteresis of resistance on thermal cycling of films doped 9.0% B, 1.35% Sb. (a, above left) 14 ohm group (b, above right) 
28 ohm group. 
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and b were measured on 14 and 28 ohm sample groups, 
respectively. For l ighter  doping levels and for lower 
resistances (thicker films) the i rreversible changes are 
less than those for higher doping levels and th inner  
films. 

In  Fig. 3b we may note that  the R(T)  curve after 
the third cycle is above that measured after the second 
cycle. This was due to a slow cooling in cycle two, 
which annealed defects, and a fast cooling in  cycle 
three, which reintroduced defects. The same behavior 
was observed for several other sample groups. 

Structural (thin film) ef]ects.--The volume resistivity 
pv of freshly deposited films was measured in an at-  
tempt to de termine  whether  any orderly film thickness 
dependence of resist ivity exists at the different doping 
concentrations used. The thickness of films and their  
resist ivity were obtained by differential weighing and 
by measur ing the width and length of films. It  was 
assumed that the density of SnO2 films was that  of the 
bu lk  crystal. 

Typical  results are shown in Fig. 4 where  the bulk  
resist ivity is plotted against the reciprocal film thick- 
ness for several different doping levels. Although the 
plots are linear, a numerical  comparison of the experi-  
menta l  values with the Fuchs theory (7) for thick films 

p v / p v o  - -  1 + (3l/8d) [1] 

yields unreasonable  values of several microns for the 
mean  free paths of carriers. In  the above expression, 
pro is the bu lk  resist ivity of the crystal, l is the carrier 
mean  free path, and d is the film thickness. 

From the results we may speculate that the film 
thickness dependence of resistivity does not come about 
by film boundary  scattering of carriers as predicted by 
the Fuchs theory, but  ra ther  by defect and grain 
boundary  scattering of carriers. The density of defects 
and grain  boundaries are known to depend on film 
thickness of films with a given concentrat ion of im- 
puri t ies and a given thermal  history; tl~us it may be 
the density of defects which causes the film thickness- 
dependent  resistivity. 

This idea conforms to the observed irreversible 
changes in  resistance of freshly deposited films dis- 
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Fig. 4. Volume resistivity pv plotted against inverse film thickness 

d for various doping levels to illustrate film thickness dependence 
of resistivity. 
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Fig. 5. Stable resistance vs. temperatu,re of 20 ohm films with 
different doping levels. The slope of the curves decreases with in- 
creasing doping level. 

cussed above as defects and grain  boundaries  may be 
decreased (or increased) by heat- t reatment .  

Ef]ect of doping.--The effect of doping on the resistiv- 
ity and its temperature  dependence was measured on 
films that were stabilized at 200~ for several hours. 
In  Fig. 5 log 1/R is plotted against log T for 20 ohm 
films in order to isolate a power law relation. In  the 
region of interest where solid lines are drawn through 
the data points, the R (T) relat ion may be wr i t ten  as 

R(T)  -- RoTX [2] 

where Ro is the resistance at the reference tempera ture  
and where x appears to be some funct ion of doping. 
T is the absolute temperature.  

Measurements on a large number  of 14 and 20 ohm 
samples yielded fairly reliable values for x at different 
doping concentrations. The results are listed in Table 
III and are plotted in Fig. 6. The plot is x vs. the re-  
ciprocal of the product  of B and Sb concentrat ion in  
mole per  cent. The film thickness dependence of x is 
also contained in the figure, with the 14 and 20 ohm 
groups representing thicker and th inner  films, re-  
spectively. 

It is apparent  from Fig. 6 that increasing doping 
levels decrease x and that this decrease saturates at 
some moderate doping concentration. It is also apparent  
that it is the product of B and Sb concentrations that 
controls x. In fact, we see from Table III that samples 
with 6% B, 0.4% Sb and 4% B, 0.6% Sb have the same 
x value. A lower l imit  for x appears to exist for both 

Table III.  Temperature exponent vs. doping level 

Temperature exponent x 
D o p i n g  14 ohms  20 o h m s  

2.7% B, 0.90% Sb  0 . i01  - -  
4.0% B, 0.27% Sb  0.163 0.118 
4.0'% B, 0.40% Sb - -  0.097 
4.0% B, 0.60% Sb  ~ 0.063 
6.0% B, 0.27% Sb - -  0.086 
6.0% B, 0.40% Sb  -- 0.063 
6.0% B, 0.60% Sb  0,069 0.035 
6.0% B, 0.90% Sb  0.073 -- 
9.0% B, 0.40% Sb - -  0.035 
9.0% B, 0 . 9 0 %  Sb 0.055 0.018 
9.9% B, 1.35% Sb  0.038 0.021 
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Fig. 6. Temperature exponent in Eq. [2] plotted against inverse 

doping concentration for 14 and 20 ohm groups of films. 

resistance groups measured. For the 14 and 20 ohm 
group they are, respectively, 0.038 and 0.015. 

Finally,  we note that  the slope of both curves in Fig. 
6 is the same; thus we may write a final expression for 
R(T)  in the temperature  range of 25~176 as 

R = RoTF(~)T G(B,sb) [3] 

where F and G are functions of film thickness and 
doping concentration, respectively. For our specific case 

F(d) -- 0.015 for the 20 ohm group 
-- 0.038 for the 14 ohm group 

G(B, Sb) ---- 0.118/([B] [Sb]) 

This expression provides a "recipe" to fabricate elec- 
trical resistors with a desired temperature  coefficient 
of resistance in the temperature  range 25~176 The 
TCR defined a s  

1 8R (T) 

Ro OT 

February 1976 

may be calculated from Eq. [3] to range from near  zero 
to 500 ppm/~ for typical samples used in  this work. 
The R(T)  relationship can not be predicted by Eq. [3] 
however, outside this tempera ture  range. 

Conclusions 
The thermal  instabi l i ty  of freshly deposited SnO2 

films doped with B and Sb was found to depend on 
film thickness and doping level. I rreversible changes 
in resistance were found to be greater for th inner  films 
and for those with a higher concentrat ion of dopants. 
These instabilities were suggested to be due to defect 
and grain boundary  annealing.  

It  has been found that freshly deposited films may be 
stabilized by heating them at 200~ for several hours 
and then cooling them slowly to room temperature.  
Reversible R(T)  characteristics of stabilized films 
showed a unique film thickness and doping concentra-  
tion dependence in the tempera ture  range 25~176 
and it was possible to wri te  an empirical expression de- 
scribing this relationship. 

It  was suggested that the results of this work may 
be used to design electrical resistors with a desired 
temperature  coefficient of resistance in the present 
temperature  range of interest. 
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Preparation and Properties of CVD Oxides 

Low Charge Levels from SiH,-CO -HCI-H  System 
A. K. Gaind,* G. K. Ackermann, 1 A. Nagarajan, and R. L. Bratter 

IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

When SiO2 is deposited from the SiH4-CO~-HC1-H2 system at ~1000~ the 
result ing films are equivalent  to or better  than dry O~ grown SiO2 in elec- 
trical properties. The addition of HC1 to the SiH4-CO2-H2 system reduces 
the Qox. This is believed to be due to the reaction of unbonded Si with HC1, 
which prevents  the incorporation of unbonded Si in the depositing SiO2 
matrix. The investigated properties, such as mobile charge density, index of 
refraction, etch rate, and density, were not affected by the presence of HC1. 
Postdeposition anneal  (1050~ for 15 rain in N2) deteriorates the films by caus- 
ing an increase in fixed oxide charge level and in fast surface-state density. 

Chemical vapor deposited (CVD) oxides find exten-  
sive applications in p lanar  semiconductor device proc- 

*Elec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  address :  IBM Boc b l i nge n ,  Wes t  G e r m a n y .  
Key  w o r d s :  d e p o s i t i o n  rates ,  f l a tband  charge ,  a n n e a l i n g ,  f as t  su r -  

f ace -s ta te  d e n s i t y .  

essing. These applications have been discussed else- 
where (1-7). The use of CVD oxides in  the gate region 
of a field effect t ransistor  (FET),  however, is almost 
unknown.  The high fixed-charge level (1-7) (Qox = 1 
- 20 • 1011) as determined at f iatband condition, by 
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the usual  C-V technique (8, 9), is one factor that has 
inhibi ted the use of CVD oxides for the above applica- 
tion. The mobile ions in these oxides are not a problem, 
since they can be reduced by  increasing the deposition 
tempera ture  (3, 7). In  fact, at a deposition temperature  
of 1000~ "as-deposited" oxide films from the Sill4 

CO.2 ~ H2 system (6) show a low mobile charge 
density of 2.7 (___0.5) • 1010 cm -2. Again it was shown 
(6) that the fast surface-state densi ty (NFs) is 
1.5 (___0.5) • 1010 cm -2 eV - t  for CVD oxides deposited 
at 1000~ The low mobile charge and the fast surface- 
state density, coupled wi th  other physical and elec- 
trical properties, show that it is, possible to deposit CVD 
oxides superior or equivalent  in all respects, except the 
fixed-charge level, to the thermal  oxides grown from 
dry oxygen. 

Deal et al. (9) have hypothesized that  the cause of 
fixed charges in  the thermal  oxides is excess ionic sili- 
con, present  at the Si-SiO2 interface dur ing  oxidation, 
wait ing to react with the oxidizing species that has to 
diffuse through the a l ready-grown oxide. This hy-  
pothesis does not explain either the source of ionic 
silicon or any  other cause of high charge levels in  CVD 
oxides. 

I t  is postulated here that  the ionic silicon comes from 
the pyrolysis or reduct ion of s i l icon-bearing compounds 
used for the CVD oxide deposition. For example, in the 
SiH4-CO2-H2 system, Sill4 oxidation react ion must  
proceed s imultaneously  and in paral lel  with the de- 
composition of Sill4. We feel that  the la t ter  reaction is 
responsible for free silicon in CVD oxides. 

If, by some means, the rate of decomposition of Sill4 
could be reduced or silicon formed by this means elimi- 
nated, then the fixed charge level in the CVD oxides 
would also be reduced. One way of reducing the free 
silicon is to add small amounts  of HC1 in the gas phase 
dur ing the CVD deposition (10) so that the following 
reaction Can occur 

Si % HC1 --> SiHxCly 1' [1] 

The result  may be a reduct ion of the fixed (i.e., flat- 
band)  charge level in CVD oxides. As will be seen 
later, the exper imental  results met  the above expecta- 
tion. 

This paper  deals with the deposition rate of SiO2 
from the Sill4 + CO2 + HC1 + H2 system and with the 
physical and electrical properties of the oxides so de- 
posited. 

Experimental 
Equipment.--The equipment  used for the entire ex- 

per imental  invest igat ion was a vertical, cold-wall,  bar-  
rel-type, induct ion-heated reactor (11). The silicon 
"wafers" were placed on an SiC-coated graphite sus- 
ceptor. Figure 1 gives a schematic cross-sectional view 
of the reactor. The fused-quartz  chamber  is 18 in. (~45 
cm) long, with an in terna l  diameter  of 9 in. (~23 cm). 
The susceptor is placed in  the chamber  so that  its 

leading edge is ~-,5 in. (12.7 cm) from the molybdenum 
distributor.  The susceptor is hexagonal and is divided 
into three tiers, or "rings." Each of the six faces of the 
susceptor makes an angle  of ,~3 degrees with the cen-  
tral  vertical axis. The susceptor is placed on a fused- 
quartz plate, which in t u r n  is supported by a fused- 
quartz pedestal. The susceptor, approximately  8.25 in. 
(21 cm) long, was rotated at about 8 rpm throughout  
this exper imental  work. The volume of the annu lus  be-  
tween the susceptor and the chamber  (i.e., the volume 
of the deposition zone) is ,~5 liters. The surface 
area of the susceptor is ~1.1 • 10 ~ cm 2. 

The temperature  was measured with an  optical 
pyrometer.  2 All  temperatures  reported were corrected 
for system transmission losses and for emissivity (12). 
The reacting and carrier gases were introduced from 
the top of the reactor after each had been separately 
metered. All gases, except Sill4, were metered through 
calibrated rotometers. The Sill4 (5% mixture  in  hy-  
drogen) was controlled by a mass-flow controller. 

Typical deposition conditions and measurement tech- 
nique.--Three 2 ~  in. (5.7-cm) Si, 1t-25 ohm-cm, 
p-type, <100> wafers were processed in  each experi-  
menta l  run, unless otherwise indicated. One wafer each 
was placed in rings 1, 2, and 3, at a predetermined fixed 
position. The remaining positions on the susceptor were 
filled with dummy wafers. Before loading in  the re- 
actor, wafers were cleaned ul trasonical ly in  hot (85~ 
deionized water  (for 5 min) ,  followed by H2SO4/HNO~ 
(3: 1, at 120~ cleaning (for 10 min) ,  followed by a 
10:1 dilute HF dip (for 10 sec). The wafers were then 
rinsed in r unn i ng  deionized water (for 5 min)  and  sub- 
sequently spin-dried.  The wafer surface was hydro-  
phobic after this cleaning. 

During the exper imental  work, the H2 flow rate, 
typically, was 110 l i t e r s /min ;  the Sill4 flow rate (5% in 
H2) was varied between 60 and 1000 cm~/min. The 
CO2:'SiH4 ratio was, changed between 15:1 and 250: 1. 
The deposition tempera ture  range was 850~176 
the deposition t ime was never  less than  5 or greater 
than 25 min. The HC1 volume percentage was varied 
between 0.1% and ,,-1%. Without exception, HC1 gas 
was introduced at the start  of deposition and its flow 
terminated wi thin  30 sec of the end of deposition. 

The resul t ing SiO2 film thicknesses were measured 
by CARIS ~ and by  ellipsome~ry. In  most cases, one 
thickness measurement  per wafer was taken because 
the typical wi th in -a -wafe r  thickness uni formi ty  was 
--~2%. The typical w i t h i n - a - r u n  deposition un i formi ty  
was --~ ___5% at 1000~ at a total flow rate of ,~110 
l i te rs /min;  the worst-cast  w i t h i n - a - r u n  uni formi ty  at 
any temperature  and flow (within the exper imental  
range) was ~ +__15%. The deposition rates used in  this 
report are therefore averaged deposition rates over 
three rings, and thus, as a first approximation, we ne -  
glected the Sill4 concentrat ion variations along the sus- 
ceptor length. 

The electrical properties of the resul t ing oxides were 
investigated by means of MOS capacitors. These ca- 
pacitors were formed by evaporat ing 20-rail (~0.05 
cm) Al dots from a resistance heat source. Blanket  A1 
was evaporated on the back side of these wafers to 
facilitate electrical contact. Following Al evaporation, 
all wafers were annealed for a ha l f -hour  in N2 at 400~ 

Fig. 1. Schematic cross-sectional view of reactor 

Results 
Deposition ra tes . - -The parameters  whose effect on 

the deposition rate of SiO2 was investigated are HC1 
mole fraction, Sill4 mole fraction, deposition tempera-  
ture, CO2:SiI-I4 ratio, and H2 flow rate. 

Deposition rate vs. HCI mole fraction.mFigure 2 shows 
the effect on the SiO2 deposition rate of increasing the 
HC1 mole fraction at a constant deposition tempera ture  
(i.e., 1000~ and at two Sill4 mole fractions, 3.8 • 

The temperature along the susceptor length is --~ 10~ os any re= 
ported value. 

8 Constant angle reflection interference spectroscopy. 



240 J. Elec trochem.  Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY February  1976 

103. 

Deposition Rate without HCI 

.E 

g 10 z- 

O 

N 

10 i 

10 -4 10 -3 10-2 
HCI MOLE FRACTION 

Fig. 2. Deposition rate of Si02 as a function of HCl mole frac- 
tion at two Sill4 mole fractions: Q ,  1.9 X 10-4; O ,  3.8 X 10 -4.  
Deposition temperature, H2 flow rate, and CO2 mole fraction are 
constant at 1000~ 110 liters/min, and 1.14 X 10 -2,  respectively. 

10 -4 and 1.9 • 10 -4. The deposition rate for SiO2 in 
the absence of HC1 is also given for both Sill4 mole 
fractions. Note that (i) at low HC1 mole fractions, 
i.e., ~9.55 • 10 -4, there is no measurable change in 
deposition rate of SiO2 when compared with the dep- 
osition rate of SiO2 in the absence of HC1, and (ii) the 
deposition rate begins to decrease with increasing HC1 
concentrat ion and continues even at an HCI: Sill4 ratio 
of 50: 1, though there is a slight evidence of leveling 
off. 

This slight indication of saturat ion can be best seen 
in Fig. 3, where Adsio2, the difference in SiO2 deposition 
rate with and without  HC1, is plotted against the HC1 
mole fraction' for two silane concentrations. Note that, 
as the HC1 mole fraction is increased beyond ,-,4 
• 10 -3, the slope of the curve is reduced from 0.85 to 
0.42. 

Deposition rate vs. Sill4 mole fraction.--Figure 4 shows 
the effect of SiI-I4 concentrat ion on SiO2 deposition rate 
at three HC1 mole fractions. Deposition rates without  
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Fig. 3. Change in deposition rate of SiO2 with and withaut HCI 
(i.e., ~ldsio2) as a function of HCI mole fraction; two Sill4 mole 
fractions: A ,  3.8 X 10-4; O ,  1.9 X 10 -4  . Other deposition 
conditions same as Fig. 2. 
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Fig. 4. Deposition rate of Si02 as a function of Sill4 mole frac- 

tion, with HCI mole fraction as parameter. HCI mole fraction: O ,  
zero (curve 1); A ,  9.55 X 10 -4  (curve 2); I I ,  1.91 X 10 -s  
(curve 3); e ,  3.82 X 10 -3  (curve 4). Other deposition conditions 
same as Fig. 2. 

HC1 are also given. Note that (i) at low HC1 mole 
fractions, i.e., 9.55 • 10 -4, there is no measurable dif- 
ference in deposition rate with and without HC1 for 
any silane concentrat ion within exper imental  range; 
(ii) alt curves in  Fig. 4 have been drawn with a slope 
of 1, the experimental  points closely approximating 
these slopes, indicating that the reaction responsible 
for SiO2 deposition is still a first-order reaction with 
respect to Sill4 (6); and (iii) the drop in deposition 
rate is a function of Sill4 concentration, i.e., when the 
drop in deposition rate does occur, -the higher the Sill4 
concentration, the larger the drop for a fixed HC1 con- 
centration. This is shown in Fig. 5, where Adsio2 is 
plotted for varying Sill4 concentration, with the HC1 
mole fraction as a parameter.  

Deposition rate vs. deposition temperature . - -The  reduc- 
t ion of SiO2 deposition rate in the presence of HC1 is a 
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Fig. 5. Adslo 2 as a function of Sill4 mole fraction at two HCI 
mole fractions: A ,  3.82 X 10-3; O ,  1.91 X 10 -8.  Other deposi- 
tion conditions same as Fig. 2. 
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v e r y  t empera tu re - sens i t ive  phenomenon.  This  can 
r ead i ly  be seen in  Fig. 6, where  the  log of deposi t ion 
ra te  is p lo t ted  as a funct ion of the  inverse  of absolute  
t empera ture .  The da ta  for  Fig. 6 were  genera ted  at a 
cons tant  H2 flow ra te  of 110 l i t e r s /m in  and wi th  con- 
s tan t  Sill4 and HC1 mole  fractions,  re . ,  1.9 X 10 -4  and 
1.91 X 10 -3, respect ively .  The CO2:SiH4 rat io  was kep t  
constant  a t  40: 1. The curve for  SiO2 deposi t ion ra te  
wi thout  HC1 is also p rov ided  for comparison.  Note that  
(i) at  ~925~ deposi t ion ra te  reduc t ion  ceases, and  
(i{) the  reduct ion  in deposi t ion r a t e  is a s trong func-  
t ion of t empera ture ,  as shown in Fig. 7, where  ~dsio2 is 
p lo t ted  against  1/T. The act ivat ion energy  value  for 
the  deposi t ion r a t e  reduct ion phenomenon  is ,-,65 
k c a l / g  mole  as ca lcu la ted  f rom Fig. 7. 

Deposition rate vs. COz:SiH4 ratio.~At a constant  H~ 
flow ra te  (110 l i t e r s / r a in ) ,  deposi t ion t e m p e r a t u r e  of 
1000~ Sill4 mole f ract ion of 1.9 • 10 -4, and  HC1 
mole  f rac t ion of 1.91 • 10 -3, the  CO2:SiI-I4 rat io  was 
var ied  f rom 15:1 to 250:1 by  va ry ing  the CO~ flow rate.  
The deposi t ion ra te  was a constant  wi th in  the  expe r i -  
men ta l  e r ror  and r u n - t o - r u n  reproduc ib i l i ty  ( ~  +__4%). 
S imi la r  observat ions  were  made  when  no HC1 was 
used (6).  

Deposition rate vs. H~ flow vate.--fn this  exper iment ,  
the  SiI-I4, HC1, and COs mole  fract ions were  kep t  con- 
stant.  The deposi t ion t empe ra tu r e  was also a constant  
at  1000~ The H2 flow ra te  was va r i ed  f rom 60 to 130 
l i t e rs / ra in .  The deposi t ion r a t e  was found to be  in-  
dependent  of H2 flow rate  var ia t ion  wi th in  this  exper i -  
men ta l  range.  S imi la r  resul ts  were  obtained wi thout  
HC1 (6). This expe r imen t  showed tha t  the  deposi t ion 
ra te  of  SiO2 is l imi ted  by  surface chemical  reaction,  
both  wi th  and wi thout  HC1. These resu]ts are  consistent  
wi th  the  fact that  the  ca lcula ted  mass t ransfer  co- 
efficient [es t imated using Pohlhausen ' s  approx imat ion  
for  i so thermal  flow (13)] for  both  Sill4 and HC1 are  
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four  orders  of magni tude  l a rge r  than  the surface 
chemical  ra te  constant  for S ios  deposi t ion wi th  and 
wi thout  HC1 at 1000~ and at  flows wi th in  the exper i -  
menta l  range.  

To summar ize  the  effect of  HC1 on the  deposi t ion r a t e  
of Sios:  (i) the  presence of HC1, in general ,  reduces  
the  deposi t ion ra te  of Sios ;  (ii) the  except ion  to this  
occurs when low mole  fract ions of HC1 and S i I ~  are  
used; (iii) the drop in deposi t ion ra te  due to the  add i -  
t ion of HC1 is h igh ly  t empera tu re - sens i t ive  (a t  ,-,925~ 
the drop in SiO~ deposi t ion ra te  is no longer  dis-  
cernible)  ; and (iv) the presence of HC1 does not a l te r  
the fundamenta l  na tu r e  of the reac t ion  which  resul ts  
in S ios  deposition, i.e., the  S ios  deposi t ion ra te  is s t i l l  
first o rder  wi th  respect  to Sill4, independent  of CO~: 
Sill4 rat io  and H2 flow rate.  

Physical properties.--No significant difference was 
found in ref rac t ive  index, etch rate,  density,  p in -ho le  
density, and in f ra red  absorpt ion  spect ra  be tween  
oxides deposi ted wi th  and oxides deposi ted wi thout  
HC1. As an example ,  Table  I presents  the index of re -  
f ract ion for  selected samples  deposi ted at  1000~ For  
all  the samples, the  re f rac t ive  index l ay  be tween 1.45 
and 1.46, i r respect ive  of var ious  levels  of processing 
var iables  considered in this paper .  The physical  p rop-  
ert ies wi thout  HC1 are  discussed in deta i l  in Ref. (6). 

Table |. Index of refraction as a function of HCI mole fraction 
CVD oxides deposited at 1000~ 

HC1 mole  I n d e x  of  S a m p l e  
CO~:SiI-I4 f r a c t i o n  r e f r a c t i o n  t h i c k n e s s  

r a t i o  • 10 ~ a t  5460A (A) 

20 0 1.458 1142 
20 0.955 1.454 1090 
50 1.91 1.456 988 

250 3.82 1.453 1080 
60 5,73 1.460 1361 
60 7.8 1.454 1200 
60 9.55 1.459 1048 
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Fig. 8. Flatband voltage as a function of HCI mole fraction for 
oxide thickness of ~ IO00A on p-type ~ 1 0 0 ~  Si. Doping level of 
silicon ~ 5 • 10 z5 atoms/cm 3. Flatband voltage without HCI, but 
for otherwise identical deposition conditions, also provided for 
comparison. 

Electrical Properties.--The electrical properties were 
studied using MOS capacitors formed by the pro- 
cedure outl ined in  the exper imental  section. It  should 
be noted that, in general, these oxides were not  exposed 
to any higher temperature  anneal  after deposition un -  
less stated otherwise. 

Changes in l~atband voItage as a function of HCI rno~e 
~raction (I000~ deposition).--The flatband voltage was 
measured by the usual  C-V technique (8,9).  The 
change in flatband voltage as a funct ion of increasing 
HC1 concentrat ion and at a constant  Sill4 concentrat ion 
(1.9 • 1O -4) is shown in Fig. 8. The oxide thickness 
was kept  constant at ~1000A. Though Fig. 8 shows 
data for p - type  ( 1 0 0 ~  Si substrates, similar results 
were obtained on n- type  ( 1 0 0 >  Si substrates. Note 
that the flatband voltage first reduces very rapidly and 
then saturates at a va lue  approximately equal to the 
~ value. These results are consistent with the hy-  
pothesis presented in the introduction. 

Flatband charge (Qo.~) as a function of HCI mole 5fac- 
tion (1000~ deposition).~Table II presents Qox as a 
funct ion of increasing HC1 mole fraction at a constant 
Sill4 concentration. The oxide thickness is a variable  
between ~600 and 2600A. Note once again that, as HC1 
concentrat ion increases for a fixed Sill4 mole fraction, 
the Qox decreases. In  fact, at high HC1 mole fractions, 
the Qox appears to be negative, i.e., the  f latband voltage 
is less negative than the r value. This is most l ikely 
due to the uncer ta in ty  of the ~ value. The Qox values 
in Table II are average values obtained from both p-  
and n - type  ( 1 0 0 ~  Si substrates. The last column of 

Table II. Effect of increasing HCI concentration on Qox and 
deposition rate 

HCI mole Drop in 
fraction Qo= (cm-~) deposition 
x I0 -a x i0 ;~ rate 

0 28 (+--2) 
0.955 "1 (+-2) N o  
1.91 1.3 {+-0.3) Yes 
3.82 1.2 (+0.3) Y e s  
5.73 --2.5 ("~'1) Yes 
7.64 -- 1.5 (+-0,5) Yes 

Table II shows whether  there is a drop in the SiO~ dep- 
osition rate at that  HC1 concentration, when  compared 
with the SiO2 deposition rate without  HC1. At HC1 
mole fraction of 9.55 • 10 -4, there is no drop in  dep- 
osition rate and yet there is a significant reduct ion 
(factor of 4) in  Qox. This is consistent with the hy-  
pothesis. 

Flatband charge Qo~ vs. Sill4 mole fraction (I000~ 
deposition).--From the hypothesis it was expected that  
for a constant  HC1 mole fraction, if the SiI-Ia concen- 
t ra t ion in  the gas phase were increased, the Qox would 
increase. Table III  presents the results of such an ex- 
periment,  where the HC1 mole fraction is kept  con- 
stant  at 0.955 • 10 -a and Sill4 is increased. The thick- 
hess is variable from ,~600 to 2300A. The results of 
Table III  are consistent with the hypothesis. 

Flatband charge (Qox) vs. HCI:SiH4 ratio (1000~ dep- 
osition).--It has been shown that  HC1 and Sill4 concen- 
trations, when  considered independent ly,  had a marked  
effect on Qox (Table II and I I I ) .  The question next  was 
whether  main ta in ing  a certain ratio of HCh Sill4 was a 
sufficient condition for obtaining reproducibly low Qox 
values. Table IV shows the results of such an experi-  
ment, with HCI: Sill4 kept  at approximately 10:1 but  at 
varying levels of Sill4 and HC1 concentrations. Even 
though the HCI: Sill4 ratio is near ly  constant, markedly  
different Qox values result. Thus, the HCI: Sill4 ratio is 
not an impor tant  parameter  to control Qex values. 

Mobile charge (Qm) (IO00~ deposition).--Mobile 
chrarges were measured by applying ___2 • 106 V/cm for 
10 mi n  at 200~ This technique is s imilar  to the one 
used by Kriegler  et al. (14). The shift in  flatband 
under  positive bias was converted into mobile charge. 
For 1000~ deposited samples, the shift in  the flatband 
under  negative bias was not t aken  into account, be- 
cause, in all cases, the flatband shift was negligible 
(i.e., ~10 mV).  This also means that  the mobile 
charges were present  at the metal/SiO~ interface. 

The mobile charges were investigated as a funct ion 
of Sill4 and HC1 concentrat ion variations. The Sill4 
mole fraction was varied from 0.28 to 3.8 • 10-4; the 
HC1 mole fraction, from O to 7.64 • 10 -3. No systematic 
variat ion of Qm was found as a funct ion of either Sill4 
or HC1 mole fraction. The mobile charge for all samples 
can be adequately represented as ,~2.5 • 101~ charges/  
cm 2. The sample- to-sample  variat ions were from ~ 1  

Table Ill. Effect of increasing Sill4 concentration on Qox at 
fixed HCI mole fraction 

Sil-14 mole f r a c t i o n  Qox (cm-~) 
x 10 -~ X 10 l~ 

0,475 ~ 1  
0.95 6.5 (+-1) 
1.91 7.0 (~2.0) 
3.82 5.5 (~-2) 

1. Resu l t s  a re  an  a v e r a g e  o f  n -  a n d  p - t y p e  < 1 0 0 >  s i l icon.  
2. HC1 mo le  f r ac t i on  is cons t an t  a t  0.955 x 10 -~. 
3. Ox ide  t h i c k n e s s  is  v a r i a b l e  585-2340A. 
4. D e p o s i t i o n  t e m p e r a t u r e  is  cons t an t  a t  1000~ 
a See foo tno te  a i n  Tab le  II.  
b See foo tno te  b i n  Tab le  II .  

Table IV. Effect of HCI:SiH4 ratio on Qox 

SiI-I4 mo le  HC1 mo le  H C I : S i H t  
f r a c t i o n  f r a c t i o n  Q oz (cm -2) 

• 10-~ • 10 ~ r a t i o  x 10 l~ 

0.95 0.955 10.05 6.5 (-4-1) 
1.91 1.91 10.05 1.3 (----.0.3) 
3.80 3..82 10.05 4.5 ( •  

I. Results are average of n- and D-type <i00> silicon. 
2. SiH~ mole fraction is constant at 1.9 x i0 "~. 
3. Oxide thickness is variable, 628-2580A. 
4. D e p o s i t i o n  t e m p e r a t u r e  is  c o n s t a n t  a t  1000*C. 
a The  r v a l u e  in  v o l t s  used  to  d e t e r m i n e  the  qox wa s  ca lcu la t ed  

f r o m  the  r e l a t i o n s h i p  --0.4 • Ca, w h e r e  --0.4V is the  A1 s i l i con  
w o r k  f u n c t i o n  fo r  i n t r i n s i c  s i l icon (16) a nd  Ca is the  p o t e n t i a l  d i f -  
fe rence  b e t w e e n  the  f e r m i  l e v e l  a n d  t he  m i d  b a n d g a p  f o r  d o p e d  
si l icon.  

b N u m b e r s  in  p a r e n t h e s e s  are  t w i c e  t h e  s t a n d a r d  d e v i a t i o n .  

1. Resu l t s  are a v e r a g e  of n -  and  p - t y p e  ~ 1 0 0 ~  si l icon.  
2. Oxide  t h i c k n e s s  is  v a r i a b l e ,  850-2580A. 
3. D e p o s i t i o n  t e m p e r a t u r e  is  cons t an t  a t  10O0~ 
a See foo tno te  a in  Tab le  II.  
b See foo tno te  b i n  Tab le  IL  



VoL 123, No. 2 CVD O X I D E S  243 

• 10 l~ to 4 • 101~ These variat ions were most l ikely 
due to r u n - t o - r u n  variat ions of A1 evaporation. 
Thermal-oxide  moni tor  wafers from each metall ization 
r u n  were also checked, and they showed a similar var i -  
ation in  mobile charge. 

The inabi l i ty  of HC1 to affect the mobile charge is 
in  total contradict ion to the observations reported with 
HCl-grown thermal  oxides (14). This contradiction is 
not surprising, however, for two reasons: (i) the CVD 
oxides deposited from SiI~-CC)~-H~ at 1000~ have 
very low mobile-charge levels, as reported earlier (6) 
and verified dur ing  these experiments,  and (ii) the HC1 
concentration, in  our case, is very  small, i.e., < < 1 % .  
Our experiments  with HC1 thermal  oxidation show that  
comparable low HC1 concentrat ion does not signifi- 
cantly improve mobile charges in  thermal  oxide, either, 
for 1000~ oxidation, especially when  the mobile-  
charge levels are low without  ItC1. 

Fast surface-state density (NFs) (IO00~ deposition).m 
Fast surface-state densi ty was measured by the quasi-  
static technique of K h u n  (15), modified after Castrange 
(16) and Kerr  (17). The modifications involve the use 
of h igh-f requency C-V trace as the ideal. 

~he  fast surface-state densities at mid  bandgap were 
measured on samples with oxide thickness between 800 
and 1200A. The value of the fast surface-state density 
at mid bandgap was unaffected by either Sill4 or HCI 
concentrat ion variat ions and can be adequately rep-  
resented by ~1.5 • 1010 charges cm -2 eV -1. The Sill4 
mole fraction was varie d from 0.28 to 3.8 • 10 -4, and 
the HC1 mole fraction from 0 to 7.64 • 10 -~. We at- 
t r ibute  these low NFS values to the use of H2 dur ing 
deposition. 

The lack of relationship between Qox and the fast 
surface-state density (NFs) is shown in  Fig. 9 for these 
CVD oxides. Note that  the Qox varies by larger  than 
one order of magni tude  and the NFS shows only sam'- 
p ie- to-sample  variations. It is important  here to r e -  
call that  these samples were not exposed to h igh- tem-  
perature  anneal  after deposition. This behavior  is in  
contradiction to that of thermal  oxides, where the NFS 
is usual ly  proport ional  to Qox (18). Figure 9 also shows 
that at least for these CVD oxides the causes for Qox 
and NFS may be unrelated.  

Effect of deposition temperature on Qoz, Qm, and Nrs.-- 
Table V presents an overview of the effect of deposition 
tempera ture  on various charges. These oxides were not 
exposed to h igh- tempera ture  postdeposition anneal,  
the SiI-I4 and HC1 mole fractions were kept  constant, 
and the deposition t ime was adjusted to obtain ~.,1000A 
of SIO2. Note that, as the deposition tempera ture  is 
dropped below 1000~ the Qox increases as a step 
function. This is consistent with the hypothesis. 

Dur ing  the measurement  of mobile charges, it be-  
came evident  that  the shift in  flatband was significant 
(i.e., 50-100 mV) at 200~ and --2 X 106 V/cm for 
oxides deposited below 1000~ This shift, which was 

x 

c,.l E 

i f  Oxide Thickness = I000-~ 200 4 n-Type <I00 > Si 
Doping Level ~ 5 x 1015 atomslcm 3 

0 
0 o.'z 0.'4 0.'6 0.'8 1.'0 i12 1.'4 1:6 1.'8 z. 

Qox CHARGES/cm2 x I0 l l  

Fig. 9. Lack of dependence of fast surface-state density at 
mid bandgap on Qox in as-deposited CVD oxides. Oxide thickness 
was 1000 • 200~. on n-type < 1 0 0 >  Si; doping level of silicon 
,~ 5 • 10 t5 atoms/cm s. 

Table V. Effect of deposition temperature on electrical properties 

D e p o s i t i o n  NFS 
t e m p e r a t u r e  Qox ( c m  -~) Qm ( c m  "~) ( c m ~  eV-1) 

(~ • 10 lOa,b X i0 ~-~ X I0  l~ 

1050 < 1  3.0 (--+'--0.5) 1.1 (-----0.5) 
1000 1.3 (-----0.3) 2.1 (----4-0.5) 1.0 (~--.0.5) 
950 7.0 (-+2) 4.0 (---~--0.2) 1.2 (-~-0.2) 
900 7.0 (-~3) 4.2 (~-0.5) 1.5 (-PO,5) 
850 4.5 (~-i) 2.8 (-~-0.2) 3.0 (~+-I) 

1. R e s u l t s  a r e  a v e r a g e  o f  n -  a n d  D - t y p e  < 1 0 0 >  s i l i con .  
2. Sill4 m o l e  f r a c t i o n  is  c o n s t a n t  a t  1.9 x 10-~. 
3. HC1 m o l e  f r a c t i o n  is c o n s t a n t  a t  1.91 x 10 -~. 
4. S a m p l e  t h i c k n e s s  is  ~ l O 0 0 A .  
a See  f o o t n o t e  a in  Tab l e  I I .  
b See  f o o t n o t e  b i n  T a b l e  I I .  

taken into account in the mobile-charge data presented 
in Table V, also implies that at least part  of the mobile 
charges (~33%) are distr ibuted in  the bulk  of the 
oxides when  the oxides are deposited below 1000~ 

The deposition tempera ture  also appears to affect the 
fast surface-state density at mid bandgap. For example, 
the 850~ deposited samples showed very near ly  the 
highest fast surface-state density measured dur ing this 
experimental  work. The value of NFS for 850~ samples 
is 2-3 times the value of NFS for 1000~ samples. 

Effect of annealing.--The effect of postdeposition b2gh- 
temperature  anneal  (1050~ for 15 min  in N2 is shown 
in Table VI. As-deposited wafers were divided into 
halves: one half was annealed at high tempera ture  
(1050~ in  N2' for 15 rain) ; subsequently,  both halves 
were metallized (A1) and annealed at 400~ for a half -  
hour in N2. Note that  the Qox and the fast surface-state 
density at mid bandgap are consistently higher in 
h igh- tempera ture  annealed samples. The det r imenta l  
effect of anneal ing on VFB stabil i ty when the MOS ca- 
pacitors are exposed to •  • 106 V/cm at 200~ for 50 
hr is discussed in the section about electrical stability. 
Mobile charges appear to be unaffected. There is also 
2-4% densification, as shown in the Tox (oxide thick- 
ness) column. The breakdown field (EB)4 does not 
appear to be a strong function of annealing.  The distri-  
but ion  of EB was extremely tight, wi thout  any ear ly  
failures (0 out of 400 capacitors tested).  A comparison 
between MOS capacitors made with CVD oxide and 
those made with dry  02 grown thermal  oxide showed 
that the s tandard deviation of EB in  the la t ter  case was 
larger (5-10 times),  and that  2-5% of capacitors, also 
in  the la t ter  case, showed early breakdown (as much 
as 50% below the mean  value) .  Osborne (19) re-  
ported similar wide dis tr ibut ion of EB for MOS ca- 
pacitors made wi th  dry  02 grown oxides. 

It  is per t inent  here to point  out that  HC1 does not 
affect the EB distr ibution for CVD oxides. Similar  t ight 
distr ibutions were observed when CVD oxides were 
deposited without HC1, under  otherwise identical con- 
ditions (6). 

Dielectric constant.--A comparison of the oxide thick- 
ness measurements  by ell ipsometry and capacitance 
measurements  agreed wi th in  •  in  almost all cases. 
Thus, the dielectric constant lies between 3.8 and 4.0, 
indicating that the presence of HC1 dur ing deposition 
did not affect the dielectric constant of CVD oxides. 

Electrical stability.--It was our aim to investigate the 
effect of three variables on electrical stabil i ty (i.e., flat- 
band voltage s tabi l i ty) :  (i) h igh- tempera ture  post- 
deposition anneal,  (~i) HC1 mole-fract ion variation, 
and (iii) Sill4 mole-fract ion variation. Selected sam- 
ples ~1000A thick were therefore stressed with •  • 
106 V/cm at 200~ for ,~50 hr. 

Figure  10 shows the results of a sample deposited 
with low Sill4 and HC1 mole fractions, 2.8 • 10 -5 and 
1.44 • 10 -3, respectively, and at a deposition tempera-  
ture of 1000~ After deposition, the wafer  was broken 

T h e  p r o c e d u r e  fo r  m e a s u r i n g  b r e a k d o w n  f ie ld  is d e s c r i b e d  in  
Ref .  (6). 
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Table VI. Effect of high-temperature (1050~ 15 min, N2) annealing on electrical properties 
CVD oxides deposited at 1000~ on n-type < 1 0 0 >  Si 

SIIL mole 
fraction 
xl0 ~ 

HCI mole NFS 
fraction Qox (cm-~) (cm-2, eV-Z) Toz Es 

X 10 -s X 10 l~ X 10 l~ (A)  106 V / c m b  

D r o p  in  
d e p o s i t i o n  

rate? 

:Postdep- 
osition 
a n n e a l ?  

2.8 1.44 < 1  1.5 ( •  850 8.4 ( •  No  No  
2.8 1.44 3,1 (----.0.4) 3.8 ('4-0.5) 826 7.8 (--+0.4) - -  Yes  
2.8 2.88 1.5 (-~0.4) 1,8 ( •  1130 8.3 ( •  No  No  
2.8 2.88 1.8 ( •  3.1 ( •  1090 8.4 (-----0.2) ~ Yes 
9.5 1.91 < 1  < 1  820 8.5 (~-0.4) Y e s  No  
9.5 1.91 3.0 (----+'0.4) 3.9 (-----I) 810 8.5 ( •  ~ Yes 
2.8 0.955 < 1  1.1 ( '~0.1) 440 9.1 ( •  No N o  
2.8 0.955 2.0 ('+-0.5) ~ 432 - -  ~ Y e s  

= See footnote �9 i n  T a b l e l I .  
b See footnote b i n  T a b l e  IX. 

Table VII. Fast surface states as a function of temperature bias stress and pastdeposition 
high-temperature anneal (1050~ 15 rain, N2) with and without HCI 

Deposition 
condition 

NFS em-= eV  -z (a t  m i d  b a n d g a p )  X 10 ~a 

After 20 h r  of  
S a m p l e  I n i t i a l  + 2 x 10 ~ V / c m  

A f t e r  20 hr of 
- -  2 x I 06  V / c m  

a n d  200~ 

Without HCI As-deposited 1.2 ('4-0.3) 1.3 ( •  2.5 ('+'0.3) 
A n n e a l e d  1=1 ('*-0.2) 3.2 (-----0.5) 6.6 ('4-0.7) 

W i t h  HC1 As-depos i ted  1.3 (~0.5)  1.3 (-----0.5) 2.1 ('4-0.5) 
A n n e a l e d  2.2 (~-0.5) 2.8 (----.0.8) 4.2 (~-1) 

i N u m b e r s  i n  parentheses are twice the standard d e v i a t i o n .  

in half, and one ha l f  was annea led  at  1050~ for 15 
min  in N2. Both halves  were  then  metal l ized.  As shown 
in Fig. 10, the behavior  of the  annealed  half  is m a r k -  
ed ly  different  f rom the unannea led  half  under  negat ive  
bias. The e lec t r ica l - s tab i l i ty  behavior  of CVD oxides 
deposi ted wi thout  HCI is ident ica l ly  affected by  h igh-  
t empera tu re  anneal  (6). Note that  under  posi t ive bias 
the  f latband shifts by  ,-.,75 mV wi th in  the first hour, 
w i th  subsequent  r ap id  level ing off. This shif t  is con- 
sistent  wi th  the  mobile  charge in the  sample.  

Negat ive  shift  of f la tband under  negat ive  bias in 
the rmal  oxide is a t t r ibu ted  to an increase  of Qox (18) 
a n d / o r  of NFS (18, 20). To see whe the r  the fast surface 
states, in fact, showed a la rger  increase in  the annealed  
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Fig. 10. Results of temperature (200~ bias _ 2 X 106 V/cm 
stress on flatband voltage stability. Shown is the effect of high- 
temperature (1050~ 15 rain, in N2) postdeposition anneal. 
Samples deposited at Sill4 and HCI mole fractions of 2.8 X 10 - 5  
and 1.44 X 10 -8,  respectively. Deposition temperature was 
1000~ sample thickness, 850,~ on n-type < 1 0 0 >  Si. 

half  of the sample  af te r  nega t ive-b ias  stress, severa l  
MO'S capaci tors  f rom both  halves  of the wafer  were  
s t ressed for 20 hr  at 200~ under  a bias of •  X 106 
V/cm. The fast  surface states were  measured  before  
and af ter  the stress. The resul ts  are  presented  in Table  
VII. The resul ts  of s imi lar  exper iments  on CVD oxides 
deposi ted wi thout  HC1, but  wi th  otherwise  ident ical  
conditions, are  also presented.  Note that  the annea led  
half  of the wafer,  when compared  with  the as-depos i ted  
half, i r respect ive  of whe the r  the  oxides are  deposi ted 
wi th  or wi thout  HC1, shows la rger  (,-~2 t imes)  NFs 
af ter  20 hr  of stress at --2 X 10 -6 V/cm.  Thus, nega t ive-  
bias ins tabi l i ty  is d i rec t ly  re la ted  to h i g h - t e m p e r a t u r e  
postdeposi t ion anneal.  

To ver i fy  the resul ts  of Fig. 10 and to invest igate  the  
impact  on s tab i l i ty  of doubl ing the HC1 mole  fraction, 
a sample  was p repared  at SiIQ and HC1 mole  fract ions 
of 2.8 X 10 -5 and 2.88 X 10 -8, respect ively,  at  a dep-  
osition t empera tu re  of 1000~ The res t  of the  sample  
p repara t ion  was ident ical  wi th  the  sample  of Fig. 10. 
The resul ts  of the  s tab i l i ty  test  are  presented  in Fig. 11. 
Once again, the annealed  half  of the  sample  behaves  
l ike the rmal  oxides, whereas  the  nonannealed  sample  
appears  to character ize  CVD oxides. Note also tha t  
changing the HC1 mole  f ract ion had  no significant 
effect. 

Severa l  addi t ional  samples  (al l  unannea led)  were  
subjec ted  to the  s tabi l i ty  test. In  these samples, the  
Sill4 mole  f ract ion was var ied  f rom 0.28 X 10 -4 to 3.8 
X 10 -4, and the HC1 mole  f rac t ion  was kep t  constant  
at 3.82 X 10 -8. Data  f rom two of these samples  (SiI-I4 
mole fract ions 1.9 and 3.82 X 10 -4, respect ive ly)  are  
presented  as an example  in Fig. 12. Note tha t  the 
change in Sill4 mole f ract ion does not  s ignif icantly 
affect the behavior  of these oxides; the  same is t rue  
for threefo ld  var ia t ions  in HC1 (compare  nonannealed  
da ta  f rom Fig. 10, 11, and 12). 

Discussion 
In the  in t roduc tory  section, two points  were  made  in 
the  hypothesis  outl ined:  (i) adding HC1 in the  gas 
phase dur ing the CVD deposi t ion of SiO2 reduces the 
fixed charges;  (ii) the fixed charges  are  reduced  be-  
cause HC1 reacts  wi th  unbonded  Si a toms and thus 
prevents  the i r  incorpora t ion  in the  deposi t ing layers  
of SiO2. Impl ic i t  in these two s ta tements  is the hy -  
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Fig. 12. Results of temperature (200~ bias • 2 X 106 V/cm 
stress on flatband voltage stability. Sample A was deposited at 
Sill4 and HCI mole fractions of 1.9 X 10 - 4  and 3.82 X 10 -3  
and deposition temperature of 1000~ Sample B preparation was 
identical with sample A except Sill4 mole fraction was 3.82. 
Sample A and B thicknesses were 950 and 1150./~ on n-type <100]> 
Si. 

pothesis, a f te r  Deal et  al. (9), that  free sil icon is the 
major cause of fixed charges in SiO2. Our exper imen ta l  
resul ts  prove  the first point  wi thout  doubt. I t  should 
also be obvious that  we cannot prove  point  (ii) of the  
hypothes is  by  the  present  exper imenta l  work;  we can 
mere ly  show consistency. 

The drop in the SiO2 deposi t ion ra te  in the presence 
of HC1 was unexpected.  We quest ioned whe the r  pe r -  
haps a drop in deposi t ion ra te  was necessary to reduce 
Qox, but  found many  combinat ions  of Sill4 and HC1 
concentrat ions where  there  was no measurab le  drop in 
deposi t ion ra te  and ye t  the Qox was ve ry  smal l  (for 
example ,  see Table  VI, l ines 1, 3, and 7). Low Sill4 
a n d / o r  low HC1 mole  fract ions genera l ly  produce the 
resul ts  descr ibed above. Thus, the  exper imen ta l  data, 
where  there  is no drop in deposi t ion ra te  of SiO2 be-  
cause of HC1 and low value  of Qox, a re  consistent  wi th  
point  2 of the hypothesis .  The consistency of the  ex -  

pe r imen ta l  resul ts  p resen ted  in Tables  I I - V  wi th  the  
hypothesis  has a l r eady  been shown. 

We are  uncer ta in  as to the precise  cause of the de-  
crease in the  SiO2 deposi t ion ra te  in the  presence of 
HC1. However ,  since Adsio2 is a quant i ta t ive  funct ion 
of Sill4 and HC1 concentra t ion  (Fig. 3 and 5) and is 
t e mpe ra tu r e -de pe nde n t  (Fig. 7), the  drop in deposi t ion 
ra te  is p robab ly  due to SiH4-HC1 reaction, resul t ing  
in a compound whose reac t ion  ra te  wi th  CO2 is small ,  
in  the  exper imen ta l  t empe ra tu r e  range,  to deposi t  SiO2. 
Other  equa l ly  p robab le  and complex  causes could also 
expla in  the  decrease in deposi t ion rate.  

Some of the  e lec t r ica l  properthes of CVD oxides  
deposi ted f rom SiH4-CO2-HC1-H2, though not unex-  
pected, a re  different  f rom the rmal  oxides. For  example ,  
i t  is accepted that  NFS is p ropor t iona l  to Qox (18) in 
the rmal  oxides. In  these CVD oxides, an o rder -o f -  
magni tude  var ia t ion  in Qox showed no significant va r i -  
a t ion in NFS (Fig. 9), i.e., for as -depos i ted  samples,  the  
Qox and NFS are  unre la ted .  These results,  we believe, 
are  due to the  high deposi t ion t e m p e r a t u r e  and He 
used dur ing  the deposi t ion of these oxides. The in-  
crease in Nms upon postdeposi t ion h i g h - t e m p e r a t u r e  
anneal ing (Table  VI) ,  however,  has been repor ted  for 
the rmal  oxides (18). The phenomenon of an increase  in 
Qox as a resul t  of h i g h - t e m p e r a t u r e  postdeposi t ion an-  
neal  is also known in the rmal  oxides (18), i.e., > 60 
m.in at 1200~ in an iner t  ambient .  I t  is impor tan t  to 
note here, however ,  tha t  we saw an increase in Qox 
af te r  only a 15 rain anneal  at 1050~ in N~ (Table  VI) .  
This high sensi t iv i ty  to anneal ing in an N~ ambien t  
could be due to the fact tha t  these oxides in a s - d e -  
posi ted condit ion had  a smal l  charge. Again,  f rom the 
da ta  of Fig. 10, 11, and 12, it  is clear  tha t  the  phenome-  
non of "drif t  v r '  (18) is a lmost  nonexis tent  in  as-  
deposi ted CVD oxides. However ,  upon anneal ing,  these 
CVD oxides  behave  much l ike the rmal  oxides as fa r  as 
dr i f t  VI phenomenon is concerned (Fig. 10 and 11). 
Thus, from the point  of v iew of CVD oxides, h igh-  
t empera tu re  postdeposi t ion anneal ing  causes dr i f t  VI. 

Final ly ,  we have  c lear ly  demons t ra ted  tha t  the effect 
of HCl in the case of CVD oxides is to reduce Q~x (Fig. 
8), unl ike  the rmal  oxides, where  the presence of HC1 
reduces mobile  charge. The lack of impact  by  HC1 on 
mobile  charge in these oxides was not unexpected,  
for two reasons:  (i) CVD oxides deposi ted ,~1000~ 
wi thout  HCI in our  reac tor  have  low mobi le  charges  
(~3  • 101~ and (ii) the  HC1 concentra t ion in  the  
gas phase  is smalI  (usual ty  < < 1 % ) .  I t  is therefore  
possible  tha t  a smal l  quan t i ty  of HC1 in the  gas phase  
m a y  not be sufficient to reduce the  a l r eady  low level  
of mobile  charges present  in these  CVD oxides. 

Conclusion 
We have demons t ra ted  the effect of HC1 on deposi-  

t ion rates (i.e., deposi t ion ra te  reduct ion)  and on the 
proper t ies  of CVD oxides deposi ted f rom SiHe-CO2-H2 
in the t empera tu re  range of 850~176 In marked  
contras t  to the rmal  oxides~ the presence of HC1 dur ing  
CVD oxide deposi t ion affects Qox. There  is no de tec tab le  
effect of HC1 on mobile  charges in these CVD oxides;  
however,  the  mobi le -charge  levels were  low without  
HC1 (~3  • 10 z0 cm-2 ) .  

We have repor ted  some significant differences in the 
electr ical  proper t ies  of CVD oxides and the rmal  oxides, 
such as a lack  of re la t ionship  of Qox and NFS (Fig. 9), 
the  effect of h igh - t empera tu r e  postdeposi t ion anneal  on 
Qox and NFs (Table VI) ,  and the lack  of dr i f t  VI (18) 
in as-deposi ted  CVD oxides (Fig. 10, 11, and 12). I t  is 
our hope that  these differences in the e lectr ical  p rop-  
ert ies of the rmal  and CVD oxides wi l l  enhance the 
unders tand ing  of Si/SiO~ interface  and associated 
charges. 

We have not shown the locat ion of Qox in these 
CVD oxides, that  not  being our purpose.  Our  in teres t  
was to produce  CVD oxides wi th  very  nea r ly  ideal  
f latband voltages, i r respect ive  of the locat ion of charge.  
We have done this, though with  a somewhat  l imi ted  
range of oxide thickness  (,~600-2600A). 
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We have also shown the consistency of our  exper i -  
menta l  resul ts  wi th  the hypothesis  tha t  the cause of 
Qox is unbonded  silicon in SiO2 matr ix .  

Final ly ,  the  CVD oxides deposi ted f rom SiH4-CO2- 
HC1-H2 at  ~1000~ are eminen t ly  sui table  for  appl i -  
cation in the gate region of FET's.  
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V V 0 4 ,  r ,  3 +  .cu + SiO , A Diluted Phosphor System 
A. Wachtel* 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Combinat ions of YVO4:Eu 3+ with  SiO2 can d i sp lay  fluorescence in tens i ty  
which is h igher  than pred ic ted  on the basis of phosphor  concentrat ion.  The 
effect is observed when the phosphor  par t ic les  are  encapsula ted  by  vi t reous  
SiO2 and is due  to increased optical  efficiency of excitat ion.  

A di lu ted  phosphor  system m a y  be defined as a com- 
binat ion be tween  a phosphor  and an opt ical ly  t r ans -  
pa ren t  d i luent  in which the absorpt ion  and emission of 
a given amount  of phosphor,  exci ted by  a given r ad ia -  
t ion densi ty  of diffuse u.v., can be higher  than  it would 
be in the  absence of the  diluent.  Rela t ive ly  few di lu ted  
phosphor  systems have been repor ted  in the  past;  one 
is the  Zn3(VO4)2-ZnO system descr ibed by  Bernikov 
and Zel ik in  (1) in which the authors  speak of a 
"microphase" of Zn~(VO4).2 dispersed in ZnO, and an-  
other  is the  heterogeneous hal ide-s i l ica  sys tem recent ly  
publ i shed  by  Lehmann  (2). The presen t  system is 
based on or iginal  observat ions  by  Corth (3). 

E x p e r i m e n t a l  

Samples  were  p repa red  by  coprecipi ta t ing Y0.9~Eu0.07- 
VO4 by known methods (4, 5) fol lowed by  fi l t rat ion 
and washing. Al iquots  of the moist  filter cake were  
then s lurr ied  wi th  the appropr ia te  amounts  of flux and 
silicic acid pr ior  to dry ing  and firing, usual ly  at 1150~ 
2 • 1 hr  in air. F i red  phosphors  were  ground and 
washed with  di lute  H c i  to remove  traces of unreac ted  
mat ter .  

FlUorescence Was measured  t~nder 254 nm excitat ion,  
using three  types  of targets :  (i) convent ional  powder  
plaques,  (ii) convent ional  l ehred  layers  p repa red  on 
1�89 in. X 90 o sections of T-12 fluorescent l amp tubing, 
and (iii) s ing le -par t ic le  layers  deposi ted on microscope 

* Electrochemic~Society Active Member. 
Key words: YVO~:EuS%exci~tion , powder optics. 

slides coated wi th  a pressure-sens i t ive  adhesive.  Mea-  
surements  of the l a t t e r  two were  taken  f rom the side 
opposite to that  of excitat ion.  Reflectance of 254 nm 
u.v. was measured  by  the method  of Thorn ton  (6). 

Results 
Pre l imina ry  observat ions showed tha t  the  p laque 

output  of silica containing composit ions is increased by  
the presence of a flux dur ing  firing. Sui table  fluxes are 
a lka l i  halides, borates,  or carbonates.  Most of the com- 
posit ions in this  s tudy  were  p repa red  wi th  10 mole  
si l ica/1 mole phosphor  and Fig. 1 shows the fluorescence 
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Fig. 1. Fluorescence intensity of YVO4:Eu -~ 10 Si02 as a func- 
tion of Na2COa flux. 
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obta ined  wi th  this  as a funct ion of NaaCO3 added, based 
on the fluorescence of und i lu ted  phosphor.  In  general ,  
op t imum flux amounted  to 0.1 a lkal i  meta l /1  
YVO4:Eu ~+ + 10 SIO2. 

F igure  2 shows the fluorescence in plaques  over  the 
range  of 0-100 SiO2/1 YV'O4: Eu 3+ where  the flux add i -  
t ion consisted of 0.03 Na2COJ1 SIO2. At  the 1 to 10 
mola r  ra t io  of phosphor  to silica, the concentra t ion of 
YVO4:Eu s+ is about  12% by  volume, ye t  the  fluores- 
cence is s t i l l  about  80% of that  of undi lu ted  phosphor  
and more  h igh ly  opt imized samples wi th  this SiO2 con- 
cent ra t ion  ranged as high as 96% (Table  I ) .  At  the 1 
to 100 molar  ratio, the  corresponding figures are  1.6% 
YVO4:Eu s+ and 48% fluorescence intensity.  Phosphate  
containing p repara t ions  behaved  s imi lar ly .  

F igure  3 shows the effect of  flux on the morphology  
of pure  phosphors  and al iquots of the  same precip i ta tes  
fired wi th  silica. Unfluxed YVO4:Eu a+ (a) obtains in 
par t ic les  which are  only 0.2-0.4~ in size. In  the  pres -  
ence of SiO2 (b) i t  can be seen tha t  the  phosphor  
par t ic les  form a dense l aye r  over  the SiO2. The mag-  
nification here  was reduced so as to show more  than  
one coated par t ic le  of silica. F luxed  YVO4:Eu 8+ (c) 
forms r a the r  we l l - face ted  crysta ls  which are typ ica l ly  
0.5-1.5~ in size, whi le  in the presence of si l ica and flux 
(d) these  are  no longer  ev ident  whi le  the silica shows 
signs of fusion which resul ted  in encapsula t ion  of the 
phosphor.  

Table I. Optical properties of Yo.93Euo.oTVO4 as 
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Table I summar izes  the  optical  p roper t ies  of these 
mater ia l s  which, for  convenience, are  also identif ied 
wi th  the  appropr ia t e  l e t t e r  of Fig. 3. In  o rder  to com- 
pa re  the  effect of the  physical  a r r angemen t  be tween  
phosphor  and sil ica wi th  tha t  of s imple  di lut ion,  add i -  
t ional  samples  were  p repa red  by  mechanica l ly  mixing  
port ions of the  pure  phosphors  (a, c) wi th  separa te ly  
fired si l ica in the same ratio.  These are  indica ted  under  
"mixed."  SEM of these were  considered imprac t ica l  
because of the  l ikel ihood of segregat ion  dur ing  set t l ing 
of the suspensions on the copper  blocks. We note, for  
instance, tha t  the u.v. absorpt ion (1 --  R254) of the  
mechanical  mix tures  is apprec iab ly  lower  than  tha t  of 
the und i lu ted  phosphors,  as is expected.  On the other  
hand, the  absorpt ion  of the  fired combinat ions is only 
s l ight ly  lower.  Considering the measured  fluorescence 
intensities,  we note tha t  the unfluxed phosphor  (a) 
per forms no rma l ly  in deep plaques  bu t  decreases in 
output  wi th  decreas ing layer  thickness.  In  combinat ion  
wi th  silica (b) fluorescence is d ras t i ca l ly  reduced in 
plaques, but  the  re la t ive  reduct ion decreases wi th  de-  
creasing l aye r  thickness. This is seen in the  ascending 
values  of the rat ios shown in the  r i gh t -hand  side of 
the table.  In  par t icular ,  we note that  the per formance  
of (b) equals that  of (a)  in s ing le -par t i c le  layers.  The 
mechanical  mix tu re  per forms  re la t ive ly  wel l  in p laques  
and lehred  layers1 in spite  of the lower  u.v. absorption.  

The fluxed phosphor  (c) is typical  of norrn al p ro-  
duction type  YVO4:Eu; hence, the  fluorescence is s imi-  
la r  to the s tandard  in al l  cases. In  combinat ion  with  
sil ica (d) ,  the p laque per formance  is ve ry  high but  
r ap id ly  decreases wi th  l aye r  thickness.  In  contras t  to 
the unfluxed p repa ra t ion  (b) ,  this  decrease is due to 
the  si l ica (di lut ion)  as seen by  the descending values  
of ra t io  shown in the  r i gh t -ha nd  side of the  table.  The 
mechanical  mix tu re  per forms much more  poor ly  and, 
again  in contrast  to the previous  case, drops to a ve ry  
low value  in single par t ic le  layers.  In  general ,  the  da ta  
show tha t  the effect of encapsula t ion as compared  to 
random dis t r ibut ion  of phosphor  and silica par t ic les  in-  
creases wi th  decreasing l aye r  thickness.  

Discussion 
The decreased fluorescence in tens i ty  of unfluxed 

YVO4:Eu s+ in the  s ingle-par t ic le  l aye r  is eas i ly  ex-  
p la ined  by  the small  par t ic le  size which l imits  the  
total  amount  of phosphor  on the target .  Since, however,  
the addi t ion of si l ica caused no fu r the r  reduct ion and 
resul ted in a fluorescence in tens i ty  of 53.0 (Table  I) 
which is ac tua l ly  h igher  than that  of the  fluxed system 
(49.5), i t  would  seem that  an enhancement  effect was 
obtained in both cases. Tha t  this is not  so is seen by 
reference to Fig. 3 which shows that  a single par t ic le  
l aye r  of (b) contains app rox ima te ly  twice as much 
phosphor  as a single par t ic le  l aye r  of (a) .  The  "d i lu -  
tion" of (b) ,  while  real  in bulk,  consists in this case 
mere ly  of the  separa t ion  of the  phosphor  layers  by  the 
silica par t ic les  and is opt ical ly  of no consequence. On 

1 Since  f luorescence  o u t p u t  t h r o u g h  l e h r e d  l ayers  is  a f u n c t i o n  of 
l ayer  th i ckness ,  and  o p t i m u m  t h i c k n e s s  d e p e n d s  on p h o s p h o r  pa r -  
t ic le  size and  shape  [phosphor  (a) is m u c h  s m a l l e r  t h a n  t he  SiO~], 
" c o m p a r a b l e "  l ayers  are  d i f f icul t  to prepare .  Thus ,  the  v a l u e  of  66.3 
for  (a) + Si02 c o m p a r e d  to  64.7 fo r  p u r e  (a) is  due  such  compl ica -  
t ions  and  a l l  da t a  for  l e h r e d  l ayers  s h o u l d  be  cons ide red  to  be  very  
a p p r o x i m a t e .  

a function of SiO~, flux, and layer thickness 

1-R~t 
FlUX SiOs F ig .  3 P l a q u e  P l a q u e  

F luorescence*  

t. Layer**  s,p. Layer**  P l a q u e  

+ S i 0 2 / - -  S i 0 2  r a t i o  

t, Layer**  s.p, Layer** 

-- -- a 0.98 103.4 64.7 53.0 
-- + h 0.94 75.0 58.5 53.0 0.77 0.905 1.00 
-- m i x e d *  * * - -  0.89 88.6 68.3 42.0 0.86 1.055 O. 785 
+ -- c 0.98 103.5 112.5 lOO.O 
+ + d 0.96 98,5 91.3 49.5 0.96 0.81 0.495 
+ m i x e d * * *  - -  0.66 63.0 62~4 8.9 0.615 0.555 0,089 

* I n  pe r  cen t  of  an arbitrary standard phosphor. 
**t = t h i c k  ( f rom pa in t ,  l e h r e d ) ,  s.p. = s ing le  particle. 

*** Mechanical mixtures of pure phosphors (a,c) with prefired SiO~. 
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Diffuse Source of Ultraviolet 

Er "~' 
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Fig. 3. Scanning electronphotomicrographs of compositions: a = 
YVO4:Eu, unfluxed; b = YVO4:Eu -I- 10 Si02, unfluxed; c = 
YVO4:Eu, fluxed; d = YVO4:Eu -]- 10 SiO~, fluxed. Magnification: 
a, c, d ~_ IO,O00X; b = 3000X. 

the o ther  hand, a single par t ic le  l aye r  of (d) st i l l  con- 
ta ins  only  the  propor t ion  of phosphor  which  is present  

Detector t 

Fig. 4. Schematic representation of some (~ptlcal paths in the 
excitation of fluxed YVO4:Eu -}- 10 SiO~. 

in bulk,  i.e., 0.12 by  volume. Since the phosphor  pa r -  
t icles a re  r andomly  oriented, the i r  surface exposed to 
the exci t ing source equals 0.12e/8 _-- 0.243 of the total  
surface. One would  therefore  expect  this  l ayer  to dis-  
p lay  0.243 of the fluorescence intensi ty  of the  l ayer  of 
undi lu ted  phosphor.  The measured  in tens i ty  ra t io  of 
0.495 shows that  there  exists enhancement  by  a factor  
of 0.495/0.243 ---- 2.04. Owing to the complexi ty  of the  
system ( i r r egu la r ly  shaped par t ic les  wi th  r andom in-  
clusions whose morpho logy  and dis t r ibut ion  depend  on 
numerous  exper imenta l  de ta i l s ) ,  this figure should 
serve only as an indicat ion tha t  the effect exists and, in 
the present  system, has about  this  order  of magni tude.  

The process which seems to be p r i m a r i l y  responsible  
for the observed effect is indica ted  in Fig. 4 which 
shows an a r r a y  of par t ic les  which are  idealized in the 
form of concentric spheres of phosphor  and silica. As 
shown, the  rat io  of d iameters  is 0.5 to 1 which rough ly  
corresponds to 12 volume per  cent (v /o)  phosphor  
(0.121/3 ---- 0.493). The l inear  magnificat ion of a con- 
centr ic  sphere  equals  the ref rac t ive  index of the  shell  
which  is 1.51 for v i t reous  sil ica at 254 nm. The to ta l  
area  of phosphor  seen by  the exci t ing source is the re -  
fore 1.512 ---- 2.28 t imes grea ter  for al l  angles of inci-  
dence except  grazing where  shadowing of par t ic les  by  
thei r  ne ighbors  occurs and the magnif icat ion decreases 
towards  the  l inear  value  of 1.51. The figure indicates  
the optical  pa th  of a number  of rays, several  of which  
contact  the  phosphor  cores only by  v i r tue  of re f rac t ion  
at the  si l ica surfaces. In  rea l  ( i r regu la r )  si l ica pa r -  
ticles each containing a number  of r andomly  dispersed 
phosphor  inclusions, the  process is l ike ly  to be less 
efficient but  fundamen ta l ly  no different  because al l  
angles of incidence are  equal ly  represented .  

I t  is poss ible  tha t  a smal l  addi t ional  cont r ibut ion  ob-  
tains f rom the effect of the  sil ica as a low ref rac t ive  
index  coating which  may  decrease reflection losses of 
the excit ing and emi t ted  radiat ions.  No efforts were  
made to eva lua te  it. 

In  layers  of prac t ica l  thickness,  there  is, of course, 
the  addi t ional  effect in which  the d i luent  serves to in-  
volve a grea ter  depth  of the  l aye r  in efficient absorpt ion 
and emission. Al though Table I shows tha t  h igh rat ios  
of fluorescence in tens i ty  of mechanical  mix tures  of fine 
par t ic le  size phosphor  and sil ica compared  to pure  
phosphor  (a) are obtainable,  the  ac tual  fluorescence 
intensi t ies  are  r e la t ive ly  low. In  the encapsula ted  sys-  
tem (d) ,  on the o ther  hand, the fluorescence can be-  
come qui te  high in l eh red  layers  and be almost  un -  
diminished in Plaques. 
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At~STRACT 

Zn diffusion at  different  t empera tu res  has been pe r fo rmed  in GaAs keep-  
ing the  arsenic pressure  at  the same va lue  for all  the  tempera tures .  The effec- 
t ive  diffusion coefficient and  the surface concentra t ion obta ined  under  those 
condit ions are  t empera tu re  dependent  and t empera tu re  independent ,  respec-  
t ively.  A genera l iza t ion  of the in te rs t i t i a l - subs t i tu t iona l  model  is presented  
to  account for these facts. 

I t  is a w e l l - k n o w n  fact  that  the  diffusion coefficient 
of Zn in GaAs increases wi th  the  zinc concentrat ion,  
which gives s teeper  diffusion profiles than  the erfc p ro-  
file appear ing  when  the diffusion coefficient is a con- 
s tant .  

A l l en  and Cunnel l  (1, 2) proposed a model  in which 
the zinc diffuses s imul taneous ly  in neu t ra l  and ionized 
forms. This model  leads to a sma l l e r  var ia t ion  of the  
diffusion coefficient, D, wi th  zinc concentra t ion than  
the observed one. Kenda l l  and Jones (3) sugges ted  that  
D is p ropor t iona l  to the  concentra t ion of pos i t ive ly  
ionized ga l l ium vacancies;  though this model  shows a 
concentra t ion dependence  of D near  that  observed, it  
predicts  the  increase  of D with  the vacancy concen- 
t ra t ion  and therefore  wi th  the  arsenic vapor  pressure,  
which is in d i sagreement  wi th  the  exper imenta l  resul ts  
of Rupprech t  and  Le May (4).  

To date, the  most wide ly  accepted model  is the  so- 
cal led in te r s t i t i a l - subs t i tu t iona l  model  proposed by  
Longini  (5) in 1962. This model  assumes tha t  the  in te r -  
s t i t ia l  zinc diffuses much faster  than  the  subs t i tu t ional  
zinc, which becomes in te rs t i t i a l  zinc on leaving a neu-  
t ra l  ga l l ium vacancy;  the  diffusion is therefore  main ly  
control led  by  the ra te  of product ion of in ters t i t ia l  zinc. 

In  the  following,  we  first consider  the  dependence  of 
the diffusion coefficient wi th  Zn concentrat ion and As 
pressure  es tabl ished by  the in te rs t i t i a l - subs t i tu t iona l  
model.  Then we s tudy  the  diffusion conditions which 
a l low As pressure  to be kep t  under  control  in order  
to pe r fo rm exper iments  of constant  As pressure.  Final ly ,  
the  exper imen ta l  resul ts  a re  in te rp re ted  on basis of a 
genera l iza t ion  of the  in te rs t i t i a l - subs t i tu t iona l  model. 

The Interstitial-Substitutional Model 
In this  model  two forms of zinc impur i t i es  are  as-  

sumed to be present ;  subst i tu t ional  zinc and in ters t i t ia l  
zinc. The two forms diffuse wi th  different  diffusion co- 
efficients Ds and Di, Di being much higher  than  Ds. 
However  the most  abundant  form is the subs t i tu t ional  
one. The diffusion process is therefore  l imi ted  by  the 
ra te  of product ion  of in ters t i t ia l  zinc, which diffuses 
ve ry  rapid ly .  

The in ters t i t ia l  zinc reacts  wi th  a neu t ra l  gal l ium 
vacancy  to produce  subst i tu t ional  zinc according to the  
equat ion 

Zns- @- h + ~=e YOGa ~- Zni r+ -}- re- [I] 

Key words: Zn diffusion, GaAs, compound semiconductors, seml- 
conduc to r  technology, interstitial-substitutional model .  

Well -es tab l i shed  evidence exists that  the  subs t i tu-  
t ional  zinc is a single acceptor.  However  it  is not c lear  
if the in ters t i t ia l  zinc has to be considered as a single 
donor (6) or  as a double donor  (7). 

Using ko as the  equ i l ib r ium constant  of Eq. [1] wi th  
the  re la t ionships  np ---- nt ~ and p ---- [Zns - ]  we m a y  
wr i te  

ko [Zns - ]  r+2 
[Zni r+] - - -  [2] 

ni2r [Y~ 

Fick 's  laws for this diffusion process es tabl ish  that  

0 / 0 [Z ns - ]  0[Znff + ] 
x , 0  - / D s  + D i  0x ) 

8 
= ([Zn,-] + [Znff+]) [3] 

at 

Considering [Zni r+] <<:  [Zns - ]  

[ (  Ds ~- Di 0[Znir+] ) o [ z n s - ]  ] _ O[Zns-]  [4] 
0x 0 [Zns-  ] ~?z 0t 

An  effective diffusion coefficient appears  as 

{9 [ Z n i  r + ] 
D = D, + Di [5] 

0 [Zns- ] 

and considering Eq. [2] we obtain 

ko [ Z n s -  ] r + 1 
D = Ds + Di ( r  + 2) [6] 

ni~r [V~ 

Unless the [Zns - ]  is ve ry  small ,  the dominan t  t e rm 
in Eq. [6] is the second one. So the process is l imi ted  
by  the diffusion ra te  of in ters t i t ia l  zinc that  decreases 
wi th  increasing neu t ra l  ga l l ium vacancy concentrat ion.  

The dependence of D on [V~ implies  its depend-  
ence on the pa r t i a l  arsenic pressure  PAs wi th in  the  di f -  
fusion ampul.  The genera t ion  of arsenic and ga l l ium 
vacancies are  regula ted  by  the fol lowing equations 

Ga(s) ~:~ V~ Ga(g) [7] 

1 
As(s )  ~=~ V~ + ~ A s d ( g )  [8] 

4 
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1 
GaAs ( s )  ~----~-As4(g) + G a ( g )  [93 

The mass-ac t ion  l aw re la t ionships  for  these  equa-  
tions are  

k l  = PGa [V~ [103 

k 2  : P A s 4  TM [ ' V ~  [113 

ks = PAs4 TM P~a [12] 

F rom [10] and [12] we obta in  

kl  
[V~ --  =-- PAs4 TM [13] 

E3 

Thus the resul t  is that  D decreases wi th  increasing 
arsenic pressure  for high zinc concentrat ions (~1019) 
in good agreement  wi th  the  exper imen ta l  evidence re -  
por ted  by  Rupprecht  and Le May (4). For  these con- 
centrat ions and tak ing  Eq. [13] into account, Eq. [6] 
can be wr i t t en  as 

koks r -t- 2 1 
D----Ds-l-Di------[Zns-] r+1 [14] 

kl  ni 2r PAs4 TM 

Diffusion Source 
ZnAs2 has been used as a zinc diffusion source to 

provide  a control led arsenic pressure  in addi t ion to the  
zinc pressure.  This arsenic pressure  must  be high 
enough to p reven t  As evapora t ion  f rom the GaAs wafer  
which  would  damage the surface and produce anoma-  
lous diffusion fronts for shal low diffusions. Since ZnAs2 
dissociates af ter  the  react ion 

1 1 
ZnAs2 z=~ y ZnzAs2 + y As4 [1,53 

for t empera tu res  be low 744~ ( the t e r n a r y  eutectic 
t empera tu re  of the sys tem ZnAsl -Zr~ASl -GaAs) ,  
ZnsAs2 and GaAs are  present  in equ i l ib r ium wi th  As4, 
Zn, and Ga vapors.  This equ i l ib r ium is p rovided  by  the 
react ions 

(s) ~ Zn(~)  -{- 2 As4(g) [16] ZnAs2 

1 
ZnsAsl (s )  ~<.~_ 3Zn(g)  - t - y A s 4 ( g )  [17] 

1 
GaAs ( s )  ~=~-~-As4(g) -{- G a ( g )  [9] 

The mass-ac t ion  l aw re la t ionships  for these equa-  
tions a re  

k6 "-- PZnPAs41/2 [18] 

7r = pZnSpAs41/~ [19] 

ks -- PAs41/4pGa [12] 

Equat ions [18] and [19] give the  As4 equi l ib r ium 
vapor  pressure;  this p ressure  is the same for the  t e rna ry  
sys tem and for the  b ina ry  sys tem ZnAsl-ZnsAsl ,  be -  
cause relat ions [18] and [19] hold for both systems. 
F igure  1 shows the As equi l ib r ium vapor  pressure  vs. 
1/T repor ted  by  Lyons (8) for the  b ina ry  system. 

Using Zn&s2 as a diffusion source a lmost  al l  the 
arsenic in  the  vapor  phase  is suppl ied  th rough  react ion 
[15] b y  this compound, which is much more volat i le  
than  the GaAs.  The amount  of ZnAs2 per  uni t  volume of 
the diffusion ampul  to obta in  a cer ta in  arsenic vapor  
pressure,  PAs4, is given by  

10.35 
mznAs2 - -  - -  PAs4 (Torr)  m g / c m  s [20] 

T (~  

tak ing  into account react ion [15] and assuming that  
As4 behaves  as a perfect  gas. The m a x i m u m  vapor  
pressure  that  can be obtained is the  t e rna ry  sys tem 
equi l ib r ium pressure  and fo rmula  [20] wil l  give the  

min imum amount  of ZnAs2 necessary  to  reach  this 
pressure.  The var ia t ion  wi th  t empera tu re  of the  equi -  
l ib r ium vapor  pressure  and the min imum amount  of 
ZnAs2 is shown in Fig. 2. 

For  t empera tu res  over  744~ and be low 1015~ 
(mel t ing point  of Zr~Asl)  an invar ian t  t e rna ry  l iquidus 
r icher  in zinc than  the  ZnAs2 is fo rmed  in equi l ibr ium 
wi th  the  .GaAs and the ZnsAsl. Again,  in this  case, if  
the  amount  of ZnAs2 is smal l  enough the t e r n a r y  equi -  
l ib r ium is not  reached and the arsenic vapor  pressure  
is given by  [20]. 

The min imum amount  of ZnAs2 to supp ly  the  arsenic 
vapor  pressure  tha t  avoids the  surface damage p ro -  
duced by  the arsenic evapora t ion  f rom the GaAs sur -  
face is much smal le r  and can be obtained also by  using 
[20] together  wi th  the equi l ib r ium PAs4 value  for  GaAs, 
given by  Fig. 2. 

Experimental 
To s tudy the zinc diffusion into GaAs, 30 diffusions 

were  pe r fo rmed  using the sealed ampul  technique.  The 

/r 
10 3 .L 

o~ 

U % 

0,96 0,97 1,10 1,13 
| I 

1,O 1,O5 
1OO0/T ~ 

Fig. 1. As equilibrium vapor pressure [after Lyons (8)] 
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Fig. 2. As pressure vs. temperature in equilibrturn with ZnAs2 
(plot 2) (8) and with GoAs (plot 4) (18) and minimum am,aunt of 
ZnAs2 vs. temperature to reach the As equilibrium vapor pressure 
with ZnAs2 (plot 1) and with GoAs (plot 3). 
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temperature  was varied between 700 ~ and 875~ and 
the diffusion t ime between % and 16 hr. 

Selenium-doped wafers from Wacker-Chemitronic,  
grown in  the (111) direction, were used. The resist ivity 
fo? these wafers ranged from 3.1 • 10-s to 1.6 • 10 -8 
ohm.cm and the mobil i ty  from 3320 to 2560 cmf/V-sec 
corresponding to a concentrat ion between 6 • 1017 and 
1.5 • 10 ~s cm-Z. In  each exper iment  a 6 X 10 mm 
specimen of wafer  was used. 

The amounts  of ZnAs2 put  as a dopant source in each 
ampul  were lower than  the m i n i m u m  necessary to 
reach the equi l ibr ium with a t e rnary  system. There-  
fore, the diffusions were performed only in  the pres-  
ence of ZnsAs2 and GaAs under  an arsenic vapor pres-  
sure given by  

T (~ (mg/cm 3) 
PAs4 (Torr)  -- [21] 

10.35 

The ampul  volume was about 2.5 cm 3 in each case, 
varying due to the handl ing of the glass dur ing the 
sealing process. For  this reason it was not important  
to use an exact amount  of ZnAsf. Table I shows the 
amount  used in each case. 

The value of PAs4 obtained from formula [21] is 610 
_ 10% m m  considering the spreading of mz,As2 and the 
var iat ion of T. Therefore the experiments  can be con- 
sidered as performed under  a constant  arsenic pressure. 

After  each diffusion process, xj and V/I were mea-  
sured and the results are presented in  Table L To mea-  
sure xj the grooving cylinder technique was used for 
the shallower diffusions and the beveling technique for 
the deeper ones. The staining solution (100g of CuSO4 
and 5 cm 3 of FH 49% in a l i ter  of water)  was used 
under  an intensive i l luminat ion.  

The V/I was measured by the four-point  technique. 
The average resistivity, ~, can be obtained from the 
V/I and xj data by using the formula 

~ -- K(V/I)xj  [22] 

where K depends on the size of the specimen. In  our 
case the value of K is 4.49 as obtained from the data re-  
ported by Logan (9). 

Results 
The part ial  differential equation of diffusion 

~ [  OC] aC [23] 

can be changed into an ordinary differential equation 
using the Bol tzmann t ransformat ion 

X 
y -- [23a] 

2~/Dsur~ t 

and a solution of C(y)  can be found provided D de- 
pends only on C and Csurr is t ime independent  dur ing 
the diffusion process. 

Therefore, if these conditions hold in  our case, a 
proport ional i ty  wil l  exist be tween xj and ~ t .  

In  Fig. 3 the exper imental  values of xj vs. ~//-{ for the 
different diffusion temperatures  are plotted. As can be 

7[ 

~C 

1 2 3 4 ,/}-( h ~z ) 

Fig. 3. Measured values of the junction depth as a function of 
the square root of the diffusion time. 

seen the l inear  relationship theoretically predicted is 
exper imenta l ly  found for each temperature.  We can 
conclude that  an equi l ibr ium of vacancies is reached 
during the diffusion process causing D and Csurf to be 
t ime independent.  

Recently irregulari t ies in  diffusion profiles have been 
interpreted (10) as coming from nonequi l ib r ium 
sources of gal l ium vacancies of the surface and inside 
the bulk. In our experiments these nonequi l ib r ium con- 
ditions were not observed perhaps because our diffu- 
sions were shallower. 

Weisberg and Blanc (6) solved the diffusion equa-  
tion for diffusion coefficients of the form 

D = Dsurf (C/Csurf) ~ [24] 

for m -- 1, 2, and 3, using the Bol tzmann variable  
t ransformat ion (11). Since the profiles are very steep 
and the bulk concentrat ion CB is much lower than  Csure, 
the function position is independent  of CB and corre- 
sponds to 

xj 
[25] 

Y~ = 2 ~ / ~  
where yj ---- 0.808 for m : 1, yj ---- 0.546 for m m 2, and 
yj ---- 0.436 for rn : 3 as obtained by  Weisberg and 
Blanc (6). 

Dsurr can be obtained from relationship [25] 

1 
Dsurf ---- -- ( x j  ~2 [26] 

4 y j  2 N / t  / 

xj/.v/~ being the slope of the l ines plotted in Fig. 3. 
The values of Dsurf calculated in this way for the differ- 
ent temperatures are presented in Table II for m : 2 
and 3. A new value for m ---- 2.5 is est imated by in ter -  
polation. 

Csurf can be obtained from the exper imental  values of 
V/I and xj, which allows ~ to be computed using Eq. 
[22] and considering that  

p Xj o p 

where the expression for p is that  reported by  Gardner  
(12). 

p(ohm-cm) ---- 9.85 • 1011 C -~ (cm -3) [28] 

Table I. Experimental results of diffusions 

H r  

7 0 0 ~  + 7 5 0 ~  + 8O0~  8 5 0 ~ C  + 8 7 5 ~  + 

a b c a b c a b c a b c a b c 

�89 
1 
2 
4 
8 

16 

17 1100 1.90" 12 550 3.S6" 12 340 5.60* 15 200 134 
12 640 3.6* 13 450 5.1" 13 230 114 16 130 204 
12 590 4.6* 15 320 8.7* 15 150 17 ~ 17 100 284 
12 410 6* 14 210 14 a 12 1O0 264 16 75 3~ 4 
12 270 9* 15 150 174 15 77 30 i 15 46 454 
11 190 IS* 12 100 264 12 50 40 ~ 14 32 694 

16 150 194 
22 115 234 
22 72 354 
12 50 474 
13 35 744 
14 25 109 �9 

§ a. ZnAss  we igh t ,  m i l l i g r a m ,  b.  V / I  m e a s u r e d  va lue ,  m i l l o h m ,  c. J u n c t i o n  dep th ,  micron.  
* G r o o v i n g  t e c h n i q u e  m e a s u r e m e n t .  
A B e v e l  t e c h n i q u e  m e a s u r e m e n t .  
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Table II. Dsurf (cm ~ �9 sac -z )  for different temperatures and 
different values of m 

Temp, ~ 'm, = 2 'm = 2.5 m = 3 

700 6,26 x 10-11 7.10 x 10 -~  8.25 X 10 -n  
750 9.,83 x 10 -:L'- 1,33 X I0 -m 1,54 x lO -:to 
800 2.82 X 10 -m 3.80 X 10 -zo 4.42 X lO -zo 
850 7.65 x 10-1o 1.03 x 10 ~ 1,20 X 10 -~ 
875 1.60 X 10~ 2.17 X 10 -9 2.52 X 10 -g 

Table III. yj, I = (1/yj) f ~ J  (CICsu~) ~ dy, and Csurt values 
o 

for different values of m 

m = 2  m = 2 . 5  m = 3  

Yj 0.546 0.470 0.436 
I 0,407 0.380 0.352 
C,urt 1.75 x 10 ~~ c m  ~ 1.57 X 10 ~~ crn -s 1.57 X 102~ cm -~ 

The expression for Csurt is thus 

I9.35xf!oll(uv)/xJ I 1/~ . . . .  [29 ]  
Csurf = ' (C/Csurf) o.~44 dy 

K (1/yj) 

Equat ion [29]  shows that  I /V must  be proport ional  
to xj for diffusion processes performed at the same 
temperature  and different diffusion times. 

Figure 4 shows I /V vs. xj. As can be observed all the 
exper imental  points can be joined by a single straight 
l ine implying that  not only the surface concentrat ion is 
t ime independent  but  is temperature  independent  too. 

To obtain the value of Csurf the integral  

- -  (C/Csurf) 0.744 dy 
YJ 

has been computed for m ---- 1, 2, and 3 from the data 
of Ref. [6]. A new value for m ---- 2.5 has been also 
estimated by interpolation. The value of ( I /V) /x j  is 
obtained from the slope of the straight l ine of Fig. 4. 
Data corresponding to m = 2, 2.5, and 3 is presented in 
Table III. 

The diffusion coefficients vs. concentration, as re- 
ported by several authors, are plotted in  Fig. 5. The 
values of the exponent  m, deduced from the slope of the 
straight lines, range from 2 to 3.3. The graphic repre-  
sentat ion of Eq. [24] has also been drawn in this figure 
for m ---- 2.5 and T -- 850~ using the values of Csurf 
and Dsurf obtained in the present  paper (Table IV). 
As can be seen curve 8 lies between the Rupprecht  and 
Kendal l  curves. Since Rupprecht  diffusion experiments  
were performed with a greater arsenic pressure than 
in ours and the Kendal  diffusion was carried out with 
a lower arsenic pressure, it can be concluded that  the 
diffusion coefficient is s trongly dependent  on the ar-  
senic vapor pressure and that this parameter  has to 

20 40 60 80 100 Xj(2 ) 
~- i i i i i 

�9 700~ 800 "C 1 
40 x 7 5 0 "  850"  } ~ ,, 

o800 " 875 " / 
0so :, ~ L 

30 �9 875 ~ ~ C  

20 ~' " " " 5 

7so ,, 

1o ~ 

,~.j..o" I I I I I 
5 10 15 20 25 Xj b') 

Fig. 4. Measured values of the sheet conductance as a function 
of the junction depth. 

I0 

101' 101 s 10 TM 1020 C {cn~'} 10 m 

Fig. 5. Effective diffusion coefficient of Zn in GaAs after differ- 
ent authors: plot 1, Tuck (15); plot 2, y; plot 3, Kadhin and Tuck 
(16); plot 4, Chang and Pearson (7); plot 5, Pearson (17) and 
Kendall (3); plot 6, Kendall (3); plot 7, Rupprecht (4); and plot 8, 
present article. The diffusion temperatures and logarithmic slopes 
appear in Table IV. 

be kept under  control in  order to obtain good repeat-  
ability. 

Since the surface concentrat ion is temperature  inde-  
pendent  the var iat ion of Dsurf (Csurr, T) can only be at-  
t r ibuted to the temperature  variation. This result  is not  
in agreement with other previously reported results 
[13], which may be at t r ibuted to the fact that  these 
other results were obtained under  a temperature  var i -  
able arsenic pressure. Dsurf vs. 1000/T is plotted in Fig. 6 
for three different values of m. 

Discussion 
The incorporation reaction of zinc atoms in  the vapor 

state to solid subst i tut ional  zinc is 

Zn(g) 4- VGa~=~ Zns- 4- h + [30] 

The action-mass law for this reaction is 

[Zns - ]p  
- -  k5  [ 3 1 ]  

Pzn[V~ 

with p -- [Zns-], we obtain from Eq. [13] and [31] 

[ Z n , - ] = (  k, k5 ~1/2 
k3 / pznl/2pAs41/8 [32] 

During the diffusion process an equi l ibr ium state 
exists between the zinc and arsenic vapors and the 
solid Zn3As2, so that, considering Eq. [19], Eq. [32] 
becomes 

( k,k5 [331 [Zn~-]  = \ - - - - ~ - -  / 

Table IV. Diffusion temperatures and logarithmic slopes in Fig. 5 

Plot  n u m b e r  1 2 3 4 5 S "/ 8 
Diffusion t e m p e r -  

a tu re ,  ~ 100O 1000 1000 900 900 750 850 850 
Slope 2.3 2,2 2.2 2.5 2.9 3,4 2.0 2.5 



Vol. 123, No. 2 Zn D I F F U S I O N  IN  GaAs 253 

\ 

~ \ \ \  ,~91 : m = 3  '~  = 2's 

O~JO O95 I"O0 100(3 
T('K) 

Fig. 6. Effective diffusion coefficients of Zn in GaAs vs. tempera- 
ture for different values of m. 

From this equation we observe that  [Zns-]  varies 
very slowly with PAs4. Therefore the lack of accuracy in 
the arsenic pressure referred to earlier, is not impor-  
tant  when considering Eq. [33] as the relative error is 
reduced by 1/24. 

Since a mass-action law constant k is of the form 
(14) 

k = e x p ( _  AG ( A H )  - ~ - ~ - - ) - - e x p ( - ~ - )  . e x p \ - - - ~ -  [34] 

The main  dependence of k on T is given by exp 
(--AH/kT). AG, aS, and AH are, respectively, the in- 
crements of free energy, entropy, and enthalpy during 
the reaction. 

Therefore the cor~stants of Eq. [33] are (see Eq. [7], 
[9], [80], and [17]) 

k , ~ e x p  [ -- HGa(g)+HvoGa] [35] 
kT 

where  HGa(g), is the enthalpy necessary to remove a 
Ga atom from the GaAs surface and HVGa is the en- 
thalpy necessary to generate a gallium vacancy, the 
value about half  the Ga-As bonding energy. 

k~ccexp [ H A s 4 ( g ) + H ~ a ( g )  ] 
kT [36] 

HAs4(g) is the enthalpy necessary to remove an As 
atom from the GaAs surface and form an As4 molecule. 

k sc c e xp  [ Hzns(g) .1 [37] 
kT 

where Hzn~(g) is the enthalpy necessary to remove a 
substitutional zinc atom from a gallium site. 

[ --HZnsAs2 l 
k7 o~ exp [38] 

kT 
Hzn3As2 iS the formation enthalpy of Zn~As2, 

Substituting [35], [36], [37], and [38] in Eq. [33] we 
may  write 

[Zn~-] oc PAs41/24 exp 

[ HAs4(g) "~-Hzns(g)--HVoGa--1/3Hzn3As2 ] [39] 
2kT 

Although the values of the enthalpies in expression 
[39] are not known, the fact that  two of them are posi- 
tive and the other two negative could give a very  small 
value of the exponent in [89]. This would explain the 
temperature independence of [Zns-]  experimental ly 
observed. 

As shown in Fig. 6 the diffusion coefficient increases 
with temperature.  Regardless of the value of m, the 
activation energy of  D increases with temperature be- 
tween 1.3 and 2.6 eV, approximately, for temperatures 
ranging from 700 ~ to 875~ This variation could be 
explained if we consider that  the interstitial zinc can 
simultaneously exist in s~ngle and double ionized forms. 
In this case the effective diffusion coefficient could be 
written, using a s t raightforward generalization of Eq. 
[6], as 

3ko+ [Zns-]s 4ko ++ [Zns-]8 
D = D s ~ - - - - - D I  +~- , - - D i  + + 

ni 2 [V%a] ni 4 [V%a] 
[40] 

where Dt + and Di ++ are, respectively, the diffusion 
coefficients of the single and double ionized forms and 
ko + and ko + + are action-mass law constants of reaction 
[1] for r = 1 and r = 2, respectively. The temperature  
dependence of these constants are 

and 

k o + ~ e x p [  Hzni+ ] [41] 
kT 

ko++ r  Hzni++ ] 
kT [42] 

Hzni + and Hzni + + being the increment of enthalpy in 
the corresponding reactions. 

The difference in activation energy of the second and 
third terms of Eq. [40] is 

-- A E a =  - - E g ~ -  (Hzni ++ --Hzni  +) 

2 C ( E i  § 4, _ Ei +) [43] 

where the temperature  independence of [Zns-]  has 
been considered and E~ + and Ei ++ are the activation 
energies of Di + and Di + +, respectively. 

Since the differences in parenthesis in Eq. [43] are 
probably  small, ~Ea must  differ very  little f rom Eg, 
which in GaAs at 700~ is 1.1 eV. This value is in rea-  
sonable agreement  with the experimentally found value 
of 1.3 eV. 

Conclusions 
A set of diffusions was performed at a constant 

arsenic vapor pressure. It was found that  the junction 
depth increased linearly with k/t- and that I/V in- 
creased linearly with xj for each temperature implying 
that  an equilibrium of vacancies exists in the diffusion 
process. 

Using for the diffusion coefficient a law of the form 
D = Dsurf(T) [C/Csurf(T)] ~n, Dsurf(T) and Csurf(T) 
were obtained from experimental data. Csurf(T) was 
found to be temperature independent and this fact is 
discussed in terms of the interstitial-substitutional 
model. On the other hand Dsurf(T) increases exponen- 
tially with 1/T through an activation energy which 
varies between 1.3 and 2.6 eV for temperatures rang-  
ing from 700 ~ to 875~ 

The behavior of Dsurf vs. T can be at tr ibuted to a 
diffusion of interstitial zinc mainly in its doubly ionized 
form for the lower temperatures and in its singly ion- 
ized form for the higher ones. Therefore the exponent 
m changes from 3 to 2 when the temperature increases. 
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Raman Scattering Spectroscopy Applied to the 
Study of Chemical Vapor Deposition Systems 

T. O. Sedgwick* and J. E. Smith, Jr. 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Gas phase Raman scattering spectroscopy is being used as a new tool to 
study chemical processes taking place at high temperatures  in chemical vapor 
deposition (CVD) systems. This technique allows measurement  of changes in 
species concentrat ion as well  as gas temperature  with spatial resolution of 
0.1-0.5 mm without  per turb ing  the CVD system. Studies of the decomposition 
of NH4 and Sill4 in a typical CVD system are presented as an example of the 
application of this technique. Measurements of NIl3 concentrat ion profiles, 
both normal  and parallel  to an rf-heated susceptor in H2-N2 gas mixtures, are 
presented. Attempts to measure SiI-14 concentrat ion profiles were thwar ted  by 
fluorescence from a trace impur i ty  in  the same spectral region. 

Detailed unders tanding  of gas phase chemical re-  
actions impor tant  in CVD systems has been severely 
hampered by the lack of a technique for the detection 
of molecular vapor species, and measurement  of their  
concentration and their  concentrat ion gradients in the 
heated zone of a CVD reactor. Similarly, unt i l  recently 
there has been no satisfactory technique for the mea-  
surement  of temperature  in a highly nonisothermal  
si tuation such as occurs in  an rf-heated CVD reactor. 
Deposition rate and mass balance measurements  com- 
bined with equi l ibr ium thermodynamic calculations can 
sometimes give enough information to allow charac- 
terization of an over-al l  reaction as input  mass t rans-  
port or kinetically limited. However, because of the 
lack of local concentrat ion and temperature  informa- 
tion, l i t t le is known about the details of the chemical 
reactions taking place. The existence of intermediate  

* Electrochemical Society Active Member, 
Key words: light scattering, Si deposition, NHa, SiCi~, gas phase 

chemical reaction. 

reaction products, the unders tanding  of the var ia t ion of 
deposition rate as a funct ion of position in the reactor, 
and the acquisition of quant i ta t ive kinetic and mass 
t ransport  data depend in par t  upon being able to mea-  
sure concentration and tempera ture  profiles wi th in  a 
reactor. 

The recent application of mass spectrometry to sam- 
ple gases at elevated temperatures  is beginning to yield 
important  informat ion about the species present  in 
open tube CVD systems operated at atmospheric pres-  
sure (1). However, the mass spectrometric technique 
requires the use of a capil lary-l ike sampling probe. The 
probe itself disturbs the flow of gases locally in a 
laminar  flow reactor and the necessary expansion of 
the gas wi thin  the probe gives rise to some uncer ta in ty  
as to whether  the molecules reaching the spectrometer 
are representat ive of the gas composition in the reac- 
tor. U.V. and infrared absorption spectroscopy have 
been used to measure chemical equil ibria at elevated 
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temperatures,  bu t  the inabi l i ty  to sample a small, well-  
defined sample volume as a funct ion of position in the 
reactor, which may have a very nonhomogeneous 
chemical composition, l imits the ut i l i ty  of these tech- 
niques. Possible excitat ion of the gas molecules in u.v. 
spectroscopy and the interference of the furnace infra-  
red radiat ion in  infrared spectroscopy are also prob-  
lems. Tempera ture  profiles in  a CVD reactor measured 
by thermocouples have not  been reported on in detail 
p resumably  because, once again, the probe ( thermo- 
couple) disturbs the local gas flow, and because radia-  
t ion and conduction effects may be large and are diffi- 
cult  to evaluate. 

Raman  scattering has unique advantages for the 
study of gases and has developed rapidly in the last 
few years with the advent  of the laser. It has been 
used pr imar i ly  for molecular  s t ructure  and bonding 
studies at room tempera ture  (2, 3). However, it has 
also been used for molecular  s t ructure  studies at high 
temperature,  and for quali tat ive studies of chemical 
equi l ibr ia  in  an isothermal cell up to 1000~ (4-7). The 
use of Raman scattering as an analytical  tool for species 
identification in gas mixtures  and concentrat ion mea-  
surements  for process control, pol lut ion monitoring,  or 
atmospheric composition has been proposed, and some 
pre l iminary  data is available (8-13). Similarly,  the use 
of Raman scattering to measure gas temperature  has 
been proposed, but  unt i l  recent ly (13-14) no subs tan-  
tial use of the technique has been reported. In  the 
present  study we have used Raman  scattering to de- 
termine species concentrat ion and temperature  as a 
funct ion of position in  a CVD reactor. In  order to 
achieve the sensit ivi ty and resolution needed it has 
been necessary to use more elaborate equipment  than 
has been used in the above-ci ted studies. We will de- 
scribe this apparatus below. 

The properties of Raman  scattering which may be 
used to advantage in the detection of molecules in the 
hot gas of a CVD reactor are: 

(i) The Raman  spectrum is un ique  for a molecular  
species and is usual ly  composed of several narrow 
( ~ <  50 cm -1 wide) peaks. 

(ii) A sample volume of gas is analyzed in si tu at 
operating temperature  and pressure. 

(iii) Posit ioning of the detector at r ight  angles to 
the laser beam allows the sampling of a small  volume 
(,~ 1 m m  3 is easily achieved) which can be moved 
throughout  the reactor volume. 

( iv)  Gas temperature  can be measured s imul tane-  
ously by a Raman  technique. 

(v) The Raman spectrum is detected in a spectral 
region away from the peak of the black-body radiat ion 
emitted by the reactor, reducing interference from this 
sour~:e. 

In  this paper, data will  be presented showing con- 
centrat ion profiles of NH3 in a H2-N2 carrier, and at-  
tempts to measure Sill4 concentrat ion profiles in  vari-  
ous reacting envi ronments  will be discussed. 

Raman Scattering 
The Raman effect (15) is the inelastic scattering of 

light. Photons are scattered with energy shifted from 
that of the incident  photons, and the energy difference 
is t aken  up by quan tum transi t ions of the scattering 
system. In  this paper, where the l ight is Raman scat- 
tered by a molecular  gas, the t ransi t ions measured are 
between quantized molecular  v ibra t ional  states. (The 
discussion could equal ly well  be applied to transi t ions 
between rotat ional  or mixed ro ta t ional -v ibra t ional  
states, but  the vibrat ional  transit ions have proved more 
useful in  the applications we have made of the tech- 
nique. ) 

The intensity, I, of Raman scattered light is given by 
the expression 

I : K (O:L _ o:v)4ILPWi(o:v)G+_ (ant, T) [1] 

where w L is the frequency of the incident  light, pl the 
number  density of the gas, ~i(~v) the Raman  cross 

section for the vibrat ional  t ransi t ion of energy ~v of 
molecules of type identified by the subscript i, IL is the 
incident light intensity,  K is a proport ional i ty constant 
dependent  upon measurement  system geometry and 
response, and G• (~v, T) is a statistical factor de-  
scribed below. Although the scattered light is shifted 
both down (Stokes scattering) and up (anti-Stokes 
scattering) in energy, we have used only Stokes scat- 
tering for concentrat ion measurements,  and anti-Stokes 
scattering will not be considered fur ther  here. For 
Stokes scattering, the minus sign is appropriate  in  the 
factor (~L ---- ~v) 4 and G -  is 

1 
G -  (~v, T) = 1 + [2] 

eg~V/kT -- 1 

where 'i~ is Planck 's  constant, k Boltzmann's  constant, 
and T is temperature.  

Several  quali tat ive s tatements  can be made about 
Raman  scattering based on these equations. Raman 
cross sections are very small, so in  order to produce 
an easily detectable signal intensity,  I, it is desirable 
to excite a Raman spectrum with the most intense l ight  
source possible, a laser. For  the same reason the factor 
(~L --+- ~v) 4 in Eq. [1] dictates the use of the highest 

frequency laser possible. ( In  general, O~L ~ ~V.) More 
precisely, the factor Is (~L -- ~V)4 should be maximized, 
since there is a trade-off between IL and ~L in the 
choice of a suitable laser. An  argon ion laser operating 
at wavelength of 4880A (a deep blue  light) seems to be 
the best available choice at this time. 

The Raman scattered light is scattered in  all direc- 
tions relative to the exciting laser beam, with only a 
slow, smooth dependence on relative direction. The 
optical detection system is located on a l ine normal  to 
the laser beam, so it is possible to define a small, easily 
located volume for measurement .  This feature makes it 
possible to make gradient  measurements  on a fine 
spatial scale. It also enables measurements  to be made 
in the hot par t  of a reactor, wi thout  being affected by  
temperatures or concentrations near  the walls. 

The Raman cross section is general ly independent  of 
exciting wavelength. The exception to this is when  
either the incident or scattered photons are in reso- 
nance with (equal in energy to) one of the allowed elec- 
tronic transit ions of the molecule under  study. This is 
called resonance Raman scattering or resonance fluores- 
cence scattering. In  this case the cross section can be 
enhanced by five or six orders of magni tude  with a 
result ing rise in sensitivity of the measurement .  Reso- 
nance light scattering is not important  for most gases of 
interest, since the allowed transit ions lie above the 
range of energies covered by useful ly powerful  lasers. 
However, resonance fluorescence has been observed in  
the St-C1 system (13) and is due to a high temperature  
Si-C1 compound, probably  SiCI2. In  the present  work 
we have observed a similar signal which is associated 
with the presence of a trace impur i ty  in the Sill4. This 
will be discussed below. 

The Raman cross section for most molecules is very  
small and does not vary  by more than  an order of mag-  
ni tude for most common gases. Table I shows the ab-  
solute cross section for N2 and the relative cross section 
and scattered energy shift for the most useful  vibra-  
t ional transit ions of some common gases. Raman scat- 
ter ing is roughly equal ly sensitive for most common 
gases. In  the present  system, described below, the de- 
tection sensi t ivi ty for gases at room temperature  at 
1 atm total pressure is about 10-100 ppm. Since spectral 
peaks are < 50 cm -1 wide, it is easy to see from Table 
I that  at least several species can be detected s imul-  
taneously. 

In  order to obtain chemical composition data in a 
reacting system with a tempera ture  gradient, we have 
reduced the raw data in  the following manner .  The 
number  density, p, of a molecular  reactant  or product 
species is obtained directly from the Raman  spectrum 
using Eq. [1]. In  a system with a tempera ture  gradient, 
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Table I. "l~he Raman scattering cross sections of various gases 
relative to that of N2. The incident light of 5145.~ was vertically 

polarized. The Roman scattered light was measured at 90 ~ in the 
horidontal plane, and was not analyzed for its polarization (15).* 

Gas /kp (cm-Z) <rwm.IFz($ 

Os 1103 4.0 
CI'I~ 2914 8.0 

3020 0.79 
867 2.4 

2890 6.8 
NO 1877 0 . 5 5  
N$O 1287 2.7 

2223 0.53 
H2 4160 2.2 
O~ 1556 1.2 
CO 2143 0.91 
CC~ 1388 1.5 
CO9 1286 l:O 
SO~ 1151 5.5 
H2S 2611 6.6 

* Differential Raman cross sect ion of N2 (d~/dfD = (4.4 "4- 1.7) x 
10-3~ cm~/sr (15). 

the density will change as a funct ion of temperature  
variat ion according to the ideal gas law even in  the 
absence of chemical reactions. Therefore, in a non-  
isothermal system it is useful to obtain a measure of 
gas composition or relat ive concentration, such as mole 
fraction or partial  pressure, which is independent  of 
temperature  or ideal gas law effects for use in  mass 
t ransport  or kinetic calculations. The composition of a 
gas mixture  is obtained by dividing the number  den-  
sities of its const i tuent  gases by the densi ty of a con- 
s t i tuent  whose relative concentrat ion in the mixture  
does not change, but  whose number  density is governed 
by the ideal gas law. 

The mole fraction, XA, of species A in a gas mix ture  
containing a component  B whose relative concentrat ion 
in the mixture  does not change can be approximated, in 
the l imit XA << Xs, by 

X A ( T )  : G' IA(T.____~) __IB(T~ X A ( T o )  , 

IB(T) IA (To) 

G -  (wVB, T )  G -  (a, VA , To )  
G' ---- [3] 

G -  (~VA, T) G -  (~VB, To) 

where IA and Is are the measured Raman scattering 
intensities of species A and B, and must  be measured at 
the desired point in  space both at temperature  T and 
at some convenient  reference temperature  To. To is 
usual ly room temperature,  but  may be any temperature  
below which the gases do not react and change com- 
position from the known input  value XA(To). The fac- 
tor G' is easily calculated knowing the measured WVA, 
~w, T, and To values. For  many  cases of relat ively low 
temperature  and large ~v, the term e ~ V / k T  >> 1, and 
the functions G -  and hence G' may be approximately 1. 
By using Eq. [3] to obtain the relative concentration, 
errors due to variations in window transmission are 
also eliminated. 

Exper imenta l  A p p a r a t u s  and Procedures 
Optica~ equipment and measuring technique.~A 

schematic diagram of our experimental  apparatus is 
shown in Fig. 1. The laser is a Spectra Physics Model 
170 argon ion laser operating at a peak intensity, feed- 
back stabilized, of 9W with photon energy of 20,492 
cm -1 (wavelength 4880A). This is chopped at a fre-  
quency of 108 Hz. The scattered light is collected with 
a f/1.5, 135 mm focal length Soligor lens located about 
20 cm from the beam with its axis normal  to the beam. 
The lens images a segment of the laser beam into the 
entrance slit of a Spex Model 1301 f/7 double mono-  
chromator with 1200 groove/mm gratings blazed at 
5000A. The monochromator  is operated with slits 300- 
500 ~m wide, corresponding to an ins t rumenta l  resolu- 
t ion of 11-21 cm -~. 

Jz 
DOUBLE ~ CHOPPER 
MONOCHROMATOR/~ E (X ~ EPl LASER 

CVD REACTOR 

Fig. I. Schematic of Raman scattering ane chemical vapor depo- 
sition apparatus, 

Light from the monochromator  is focused on the 
cathode of a RCA C31034 photomult ipl ier  tube (PMT) 
operated at --20~ The signal from the PMT is ana-  
lyzed by photon counting techniques with a SSR Model 
1110 digital synchronous computer. This ins t rument  
also functions as a digital lock-in amplifier operating 
synchronously with the laser chopper, accumulat ing 
signal plus noise dur ing the t ime the laser is on and 
noise (i.e., black-body radiation, PMT dark count, 
s t ray room light, etc.) dur ing  the "off" periods; the 
difference is computed by the ins t rument  and recorded 
on a strip chart recorder. 

To measure the concentrations of SiI-I~ and NI~,  the 
Raman intensity, I, was measured by scanning through 
the principal scattering peak and integrat ing the signal 
to get the peak area. From this area was subtracted a 
a background which was obtained from an identical 
scan, where the gas in question was not flowing in the 
reactor. Only at the lower concentrations was the back- 
ground a significant fraction of the total signal. Table 
II shows the principal  peak position, typical scan 
ranges, and counting times used for a slit width of 
500~. The reference gas used in the concentrat ion mea-  
surement  and designated as B in Eq. [3] was N2; the 
amount  of N2 produced by decomposition of NI-I~ was 
assumed negligible compared with the N2 in  the carrier 
gas. 

CVD reactor and gas #ow conditions.--The reactor, 
shown in  Fig. 2, is a horizontal open tube  of cross 
section 3.5 X 3.5 cm with a fiat, rf-heated, graphite 
susceptor 1.1 X 3.4 X 17.0 cm in the bottom of the 
tube serving as the heat source. The system is open in 
the sense that a dilute mixture  of Sill4 and/or  NH3 in  
a carrier gas of N2 or a H2-N2 mixture  is constantly 
flowing through the tube. The total flow of gas is 3.9 
l i t e r /min  through the tube which has 8.4 cm 2 of unob-  
structed cross section, result ing in a room temperature  
average gas velocity of 7.7 cm/sec. Flow visualization 
experiments using T~O2 "smoke" in the tube showed 
that H2 gives a very smooth laminar  flow, while N~ re-  
suits in a ra ther  unstable  flow due to thermal  convec- 
tion. Because we wanted a relat ively large concentra-  
tion of both H2 (to promote laminar  flow) and N2 (to 
use as reference gas) we chose a carrier  gas mixture  of 
50% H2-50% N2 in all but  one experiment.  This mix-  
ture gives a relat ively smooth laminar  flow with only 
a slight flutter in the stream lines appearing over the 
last half of the susceptor. 

The NI-~ and Sill4 were obtained from Matheson. The 
Sill4 was a 5% mixture  in N2 (Fig. 5, data only),  or 
a 10% mixture  in I-I2 with a trace impur i ty  of SIC14 as 

Table II. Experimental parameters for composition measurements 

Raman  shift Scan range Scan t ime 
Species (cm -1) (cm -1) (rain) 

N2 2327 40 6.67 
NI-Ia 3332 60 10 
SiH6 2187 60 10 
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de te rmined  by  both mass t r anspor t  and kinet ic  factors.  
Unl ike  the 750~ case, the  curve at 950~ does not ex -  
t rapo la te  to the  indica ted  input  concentra t ion of 8.2% 
mole f ract ion NHz. Al though  the  difference is wi th in  
the observed sca t te r  of the  data, it  is expected  that  

Fig. 2 .  Schematic of reactor. Data shown in Fig. 3-6 were taken 
at positions along dashed lines (a) 5.3 cm from front of sus- 
ceptor, and (b) 0.25 cm above susceptor. Ramps are located at 
the leading and trailing ends of the susceptor to encourage the 
smoothest possible flow. 

measured  by  Raman  scattering.  The N2 was boil-off  
f rom l iquid N2. 

The susceptor  was g raph i te  and became coated wi th  
po lycrys ta l l ine  Si or sil icon n i t r ide  dur ing  the  exper i -  
ments.  The walls  of the  reac tor  tended to become 
coated wi th  deposi t  a f te r  runn ing  severa l  hours, de-  
pending  on the input  concentra t ion  of Sill4, the  gas 
composition, and the flow rate.  Unde r  some exper i -  
menta l  condit ions where  Sill4 was present ,  it  was found 
that  the  laser  beam was made vis ible  in  a region over  
the  susceptor  by  h igh ly  scat ter ing part icles,  p r e sumab ly  
consist ing of po lycrys ta l l ine  Si or s i l icon-ni t rogen com-  
pounds.  

The concentra t ion gradients  in Fig. 3-6 were  mea -  
sured along the dashed l ines as indica ted  in Fig. 2. The 
t empera tu re s  re fe r red  to in the figures and in the text  
were  obta ined wi th  an optical  py rome te r  ca l ibra ted  
at the  mel t ing  poin t  of Ge and a lways  re fe r  to the  t em-  
pe ra tu re  of the  susceptor  surface at  the  posi t ion (a) ,  
(in Fig. 2, 5.3 cm from the front  of the susceptor) .  Gas 
t empera tu re  gradients  have been measured  by  the 
Raman technique for this same reactor  and have been 
publ i shed  e lsewhere  (14). 

Results and Discussion 
Ammonia decomposition.--Figure 3 s<hows the mea -  

sured  NI.I3 mole  f ract ion as a funct ion of ver t ica l  posi -  
t ion [dashed l ine (a) in Fig. 2] above the  susceptor.  
The  input  gas was 46% I.i~., 46% N2, and 8% NI-I~ at  
a susceptor  t empera tu re  of 750 ~ and 950~ The re la t ive  
concentra t ion of N2 was assumed constant  for  the  ca l -  
culat ions in Fig. 3. The decrease in NHs mole  fract ion 
as the susceptor  is approached  at both  t empera tu res  is 
p resumed due to the  decomposi t ion of NHs according to 

N I ~  ~ 3/2H2 + 1/2N9. [4] 

The logar i thms of the  equ i l ib r ium constants  for  Eq. [4] 
at 1200 ~ and 1000~ a re  3.233 and 3.716, respect ively,  
and so at  t he rmal  equi l ib r ium in the  t e m p e r a t u r e  range  
s tudied (17) essent ia l ly  complete  decomposi t ion of 
NH3 is expected.  In  fact, only sl ight  decomposi t ion of 
NH.~ at  750~ is observed,  indicat ing tha t  the  react ion 
is k ine t ica l ly  l imited.  The 950~ da ta  show, however ,  
complete  decomposi t ion at the susceptor  surface. Wi th -  
out more  informat ion  it cannot be de te rmined  whe the r  
the decomposi t ion takes  place in the gas phase  or  at  the  
surface or both. Thus, the shape of this curve could be 
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Fig. 3. NH3 concentration vs. distance above susceptor (Fig. 2, 
line a) at 750 ~ and 950~ 

there  wil l  be some deple t ion  of NH8 far  above the  
susceptor  along its length. 

F igure  4 shows the  concentra t ion of ammonia  as a 
funct ion of dis tance a long the susceptor  [dashed l ine 
(b) in Fig. 2]. The susceptor  surface was at  950~ in 
the center,  but  it  exhib i ted  a considerable  decrease in 
t empe ra tu r e  at each end, pa r t i cu l a r ly  the  f ront  or gas 
inlet  end. The decrease in concentra t ion of NHs as a 
function of  dis tance indicates a deple t ion  of reac tan t  
as would be expected f rom the comments  on Fig. 3 
above. I t  should be mentioned,  however ,  tha t  the Raman  
measurements  give some evidence, not shown here in 
detail ,  that  reac tan t  concentrat ions and t empera tu res  
are effected by  subt le  changes in reac tor  geometry ,  
wal l  cooling rates, or poss ibly  even changing ca ta-  
lyt ic  proper t ies  of the susceptor surface. Fo r  example ,  
the N ~  concentra t ion at the intersect ion point  (5.3 
cm along and 0.25 cm above the susceptor)  of the  two 
curves, Fig. 3 and Fig. 4, are  not the same. This m a y  
have been due to the fact that  different  reactors  and 
susceptors  were  used in these two exper iments .  

Silane decomposition.~Silane was observed to de-  
compose rap id ly  above 500~ in a car r ie r  gas of pure  N2 
as indica ted  by  po lycrys ta l l ine  deposi ts  of Si on the  
susceptor  and quar tz  tube walls.  F igure  5 shows the 
apparen t  mole  f ract ion SiI-I4, ca lcula ted  f rom Eq. [3], 
as a function of ver t ica l  posi t ion above the susceptor a t  
about  650~ However,  the  apparen t  increase in SiHH4 
mole fraction, as the susceptor  is approached,  occurred 
at the same t ime as a qual i ta t ive  change in the  spec-  
t rum indicat ing the presence of a new gas species. At  
first we thought  the  new species to be dis i lane because 
of the  s imi la r i ty  of the  new spec t rum wi th  tha t  of d i -  
si lane in the 2140-2220 cm -1 region. Subsequent  m e a -  
surements  on the St-C1 and S i -C l -H  systems, however ,  
revea led  a S i -Cl  compound (p robab ly  SIC12) which  has  
a spec t rum very  s imi lar  to the  p resen t ly  observed 
species th roughout  the  spectra l  range  s tudied (13). 
SiCI~ is observed to fluoresce r a the r  than  Raman  sca t -  
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ter, and therefore can be seen with at least a factor of 
10 ~ greater  sensit ivi ty than  a Raman  scattering mole- 
cule. Although there was no intent ional  introduct ion of 
C1 into the present system, there is an impur i ty  of SIC14 
as well as possibly other Si-C1-H compounds in com- 
mercial Sill4. Thus, SIC12 is apparent ly  produced from 
the SIC14 impur i ty  in the hot gas and, because it 
fluoresces, it dominates the spectrum and makes con- 
centrat ion measurements  of Sill4 impossible in  its 
presence. The apparent  increase in  signal as the sus- 
ceptor is approached occurs because of the strong fluo- 
rescence. 

Reaction of Sill4 + NH~ in H2-Nz.--Figure 6 shows 
the mole fraction of Sill4 in a 46% H2, 46% N2, 8% NH.~ 
mixture  as a funct ion of position above the susceptor 
for three different temperatures.  This is a gas mix ture  
which is commonly used to grow silicon ni tr ide films. 
At both 750 ~ and 850~ the observed mole fraction of 
Sill4 corresponds to the input  concentrat ion 0.065%, 
and does not change right up to the susceptor. Thus H2, 
and we suspect also NHs, suppresses formation of SIC12 
as well as the decomposition of SiI-T~ at least up to 
850~ 

At 950~ the "hump" in the mole fraction Sill4 curve 
from 0.1 to 0.6 cm again correlates with the appearance 
of the SIC12 fluorescence spectrum. The data curve de- 
creases to zero at the susceptor surface, indicating that 
the SIC12 is produced in the gas phase by a homogene- 
ous gas reaction. Apparent ly  both the SIC12 as well as 
the Sill4 concentrat ion is reduced to very  small  values 
as the susceptor is closely approached. The sl ightly 
h igher - than- inpu t  level of the signal above 0.6 cm is 
presumably  caused by the diffusion of SIC12 out into 
the bulk  gas. 

Conclusions 
For the first t ime data is presented on chemical con- 

centrat ion gradients in a CVD reactor. These results, 
along with previously reported Raman gas temperature  
measurements  (14), demonstrate the value of Raman 
spectroscopy for the detailed characterization of CVD 
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systems. The results on Sill4 and NI-I3 decomposition in  
various ambients  are pre!iminary,  bu t  they do s~ow 
that it is possible to observe a chemicaNkinetic l imited 
reaction (NH3 decomposition),  and detect a reaction 
intermediate  (a Si-C1 compound formed by the reduc- 
tion of the trace contaminant  SIC14). Clearly the possi- 
bil i ty of sensing a fluorescing molecule, in this case the 
Si-C1 compound which is probably SIC12, makes the 
detection of the other major  gas species more difficult. 
At the same time, the great sensit ivity for detecting a 
fluorescing species will make this technique potential ly 
very powerful for probing systems where the fluores- 
cing species is the ma in  species of interest. 

The technique is l imited whenever  reactions deposit 
opaque films on the viewing window. Data acquisition 
is relat ively slow, requir ing 5-20 rain per point, and 
measurements  above I000~176 will require ei ther 
longer counting times, changes in  reactor design, or 
improvement  in  the optical equipment.  Because the 
system must  be at steady state for data acquisition, a 
stable laminar  flow is necessary. 

In  conclusion it appears that Raman scattering offers 
considerable potential  for the s tudy of high tempera-  
ture CVD and other chemical reactions. 
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Electrolytic Etching of Boron Phosphide 
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ABSTRACT 

T h e  electrolytic etching of boron phosphide in various electrolytes w a s  
investigated. Conditions to polish p- type  boron phosphide were determined, 
but  an insoluble film tended to form on the surface of n - type  material:  For  
electrode potentials near  and above 1V, the removal  of p- type  mater ial  pro-  
ceeded at a rate more than 100 times faster than  the removal rate of n - type  
material.  This difference in the etch rates allows selective removal  of material,  
and mesa- type p - n  homojunct ion and boron phosphide-sil icon carbide hetero- 
junct ion  structures were fabricated. 

Etching and polishing techniques are impor tant  
processes for the s tudy of semiconductors and for 
semiconductor device fabrication. For elemental  semi- 
conductors and some of ~he compound semiconductors, 
convenient  chemical etchants are avai lable for surface 
preparat ion and for certain types of selective etching. 
However, there are materials  which are either iner t  to 
ordinary  chemical etchants or are attacked very irreg- 
ularly. In  the case of boron phosphide, the only known 
etchants are fused alkalis at 400~176 and hydro-  
gen chloride near  ll00~ The former etchant  attacks 
boron phosphide very nonuniformly,  and with the 
lat ter  etchant, the decomposition of mater ia l  at l l00~ 
is a problem. As a consequence, electrolytic etching 
may be the most useful etching technique for boron 
phosphide. 

The purpose of this paper is to describe the ex- 
per imenta l  results obtained from an invest igat ion of 
electrolytic etching of boron phosphide. Both p- type  
and n- type  materials were studied, although more ex- 
tensive data were obtained from p- type  boron phos- 
phide. The difference in the etching behavior of (111) 
and (111) faces was investigated. Also, electrolytic 
etching was used as a selective etching process in the 
fabrication of junc t ion  devices: 

Experimental 
Electrolytic etching studies were carried out with 

both n - type  and p- type  boron phosphide platelets, 
which were grown by  recrystal l ization from a nickel 
phosphide solution (1). Boron phosphide crystals up to 
7 • 4 X 3 m m  have been obtained recently (2) by the 
accelerated container rotat ion technique (3,4). The 
main  faces of the platelets have a (111) orientation; 
usual ly  one face is smooth and the other face is 
rough. The two faces could also be distinguished by 
chemical etching in a 3:1 mol ten mixture  of sodium 
hydroxide and sodium peroxide at 400~176 Dis- 
location etch pits were observed on the smooth face 
and not on the other. It  is well established that the 
chemical etching of other I I I -V compound semi- 
conductors produces etch pits on the Group III  face 
and not on the Group V face (5). If the etching be-  
havior of boron phosphide is similar to that of other 
I I I -V compound semiconductors, then the face which 
developed dislocation etch pits on the boron phosphide 
crystals is the boron, or the (111), face. The room 
tempera ture  carrier concentrat ion of the solut ion- 
grown boron phosphide crystals, determined by 
measurements  on Schottky barr ier  diodes, was on the 
order of 10 is cm -s  or above (6). 

Pr ior  to electrolytic etching, rough faces of the boron 
phosphide plateIets were polished with 0.3 ~m a lumina  
abrasive; the as-grown smooth faces were etched wi th-  
out mechanical  polishing. Because of the high carrier 
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concentrat ion in solut ion-grown crystals, ohmic contact 
to the back side of the boron phosphide crystals w a s  
readily made by electroless nickel plat ing followed 
by an anneal ing in hydrogen or argon at 800~176 
for 1 hr. For the etching process, Apiezon W wax was 
used as a mask so that only the desired region of the 
crystal surface was exposed to the electrolyte. Silicon 
monoxide and silicon dioxide were also used for mask-  
ing purposes and were found to be more rel iable than 
Apiezon W wax for controll ing small  area geometries 
in the fabrication of mesa structures. 

A schematic of the electrolytic cell used for the 
etching and polishing of boron phosphide is shown in 
Fig. 1. The current  densi ty-potent ia l  relationships were 
determined, and the crystal-electrolyte potential  dif-  
ference was measured relat ive to a calomel reference 
electrode. Measurements were made both in the dark 
and with i l luminat ion.  The solution was cont inuously 
agitated by ni t rogen bubbled  into the electrolyte near  
the anode. A uniform removal  of mater ial  wi thout  
undercut t ing  of etching masks was obtained with the 
boron phosphide platelets near  the axis of a cyl indri-  
cal molybdenum cathode, as shown in Fig. 1. A simple 
paral lel  plane electrode configuration was used for 
some of the basic measurements.  The electrolytes 
investigated were aqueous solutions of common alkalis 
and acids, and a few chemical etchants previously used 
for other I I I -V semiconductors. With these techniques, 
mesa- type  heteroepitaxial  boron phosphide-sil icon 
carbide junct ion  and boron phosphide p - n  junc t ion  
structures were isolated. 

Results 
Typical current  densi ty-potent ia l  relationships and 

rest potential  values for p- type  and n - type  boron 
phosphide crystals in a 10% sodium hydroxide solution 
at room tempera ture  in  the dark  are shown in  Fig. 2. 

~CALOMEL ELECTRODE 

~ ---WAX 

Fig. 1. Schematic of the electrolytic cell used for measurements 
and etching. 
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(111) faces of n-type and p-type boron phosphide in a 10% NaOH 
solution in the dark. 

As expected, current  saturat ion was observed in  all of 
the experiments  with n - type  boron phosphide crystals. 
The p- type  mater ia l  was readily dissolved, and it drew 
much larger currents  than  n - type  material.  At low 
anode potentials, the (111) face of both n - type  and p-  
type boron phosphide drew larger current  densities at 
a part icular  electrode potent ial  than did the (111) face. 
At anode potentials higher than  about 1V, the dif-  
ference be tween the currents  d rawn  by the (111) faces 
and the (111) faces is very  small. 

The rest potentials of n - type  and p- type boron 
phosphide were measured in a number  of electrolytes 
in addition to sodium hydroxide, and the rest potential 
for n-type crystals was always more negative than the 
rest potential for p-type crystals. A similar relationship 
was reported for gallium phosphide rest potentials (7). 
For both n-type and p-type boron phosphide, the rest 
potential was more positive for the (III) face. This 
polarity effect has also been observed for a number of 
other III-V compound semiconductors, and the Group 
III element face was reported to have a more positive 
rest potential (5, 7, 8). This observation agrees, there- 
fore, with the tentative assignment of the smooth (IIi) 
face of the crystals to the boron face. 

The following observations were made specifically 
from the etching of p- type boron phosphide. Twin  
lines and other gross crystallographic defects were 
revealed with current  densities of 0.01 A /cm 2 or lower. 
For current  densities between 0.01 and about 0.2 
A/cm 2, etch pits formed on the faces. At larger current  
densities, above about 0.5 A/cm 2, the (111) and ( l l f )  
faces had different etching characteristics. On the (111) 
face, a film tended to form; this film was, however, 
easily removed by r insing with water. The texture  of 
the etched (iii) face was rough as shown in Fig. 3a. 
On the (ill) face, however, there was no evidence of 
film formation, and a smooth, mirrorlike surface 
finish shown in Fig. 3b was produced. These observa- 
tions are very similar to the results reported for 
gallium phosphide (7); at high current densities, the 
gallium face developed a rough texture and the 
phosphorus face became smooth. A few experiments 
were carried out with other electrolytes, and the 
etching characteristics of p- type  boron phosphide in 
potassium hydroxide solutions and common acids were 

Fig. 3. Electrolytically etched surfaces of p-type boron phosphide 
with a current density of 0.5 A/cm2: (a, top), (111) face; (b, 

- - 4  

bottom), (111) face. 

found to be similar to the characteristics obtained with 
the use of sodium hydroxide solutions. 

In  contrast to the etching of p- type  boron 
phosphide, the etching of n - type  boron phosphide was 
complicated by the formation of surface films at cur-  
rent  densities higher than about 10 .-8 A /cm 2. At this 
current  density, a film was observed with a 15 rain 
etching period; with higher current  densities, the film 
grew faster. The film could not be completely removed 
from the surface of the crystal even with ultrasonic 
agitation dur ing etching, and the film was not soluble 
in  hot alkali mixtures.  X- ray  measurements  indicated 
that the films were p redominant ly  boron phosphate 
(BPO4). 

With current densities above I A/cm 2 through n- 
type boron phosphide, a porous, brittle, fiberlike film 
formed on the surface. Reflection electron diffraction 
examination showed that these films were mono- 
crystalline boron phosphide of (iii) orientation. It was 
concluded, therefore, that anodic disintegration of n- 
type boron phosphide at high current densities occurred 
preferentially in <iiI> directions, and a surface layer 
which is a skeleton of the original crystal remained. 
Similar results were obtained from an etching study 
of gallium arsenide (9). 

Various approaches were investigated to determine 
the conditions for the electrolytic polishing of n-type 
boron phosphide. A variety of electrolytes in addition 
to sodium hydroxide were used without success; an 
insoluble film formed in all cases. The effect of il- 
lumination on the etching of n-type boron phosphide 
was also investigated. A 650W incandescent lamp with 
a color temperature of 3400~ was used as the light 
source, so that a significant portion of the lamp output 
had an energy greater than the bandgap of boron 
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phosphide. A negat ive shift of about 0.2V or more of 
the rest potentials was observed with i l luminat ion,  
but  very little difference in  the cell currents  was 
found. Consequently,  the anodic dissolution behavior  
was not significantly affected by the i l luminat ion.  N- 
type boron phosphide was successfully etched without 
film formation only under  one condition: the n - type  
mater ial  exposed to the electrolyte was one side of a 
shallow, forward biased p - n  junction.  This observation 
supports the we l l -known fact that a supply of holes is 
required for electrolytic etching (10,11). 

Select ive Etch ing 
It can be seen from Fig. 2 that the current  density at, 

for example, 3V is about 300 times higher for p- type  
boron phosphide than  for n - type  material.  This current  
densi ty ratio corresponds approximately to the etch 
rate ratio between p- type  and n- type  boron phosphide, 
suggesting the possibility of selective removal  of p-  
type mater ial  from boron phosphide p -n  structures. 
The preferential  etching of p- type  mater ia l  was 
in i t ia l ly  investigated with a number  of solut ion-grown 
boron phosphide crystals with bu i l t - in  p - n  junct ions 
on a crystal face. Selective removal of p- type  boron 
phosphide was obtained with current  densities between 
0.1 and 10 A/cm 2. To prevent  the formation of a sur-  
face film on the n - type  regions, either very  low cur-  
rent  densities with a long etching t ime or very  high 
currents for a very short t ime were used. Figure 4 
shows one solut ion-grown crystal which was selec- 
t ively etched; the p- type  region developed a mir ror -  

like finish, and no removal  of n - type  mater ial  was 
observed. With low current  densities and short etching 
times, electrolytic etching was also used to delineate 
th in  epitaxial ly grown p - n  junct ions  in boron 
phosphide. 

Since electrolytic etching is selective, it can be used 
to produce mesa junct ion  structures in boron phos- 
phide. Mesa diodes were formed with both homo- 
epitaxially and heteroepitaxial ly grown junctions.  Both 
n - type  and p- type  layers of boron phosphide were 
deposited on solut ion-grown boron phosphide crystals 
and on hexagonal  silicon carbide platelets by the 
thermal  reduction of a boron t r ibromide-phosphorus 
trichloride mixture  (12). To isolate the mesas, either 
silicon dioxide or silicon monoxide was used to define 
the mesa pattern, and the exposed boron phosphide 
was electrolytically removed. In  the preparat ion of the 
boron phosphide-si l icon carbide heterojunctions,  a 
sharp decrease in the current  indicated the complete 
removal  of the boron phosphide layer exposed to the 
electrolyte. At that  stage, the electrolyte was replaced 
by a 1N solution of hydrofluoric acid, and a slight 
anodic etching of the silicon carbide was carried out. 
This lat ter  step improved the characteristics of the 
mesa junctions.  The removal  of n - type  boron phos- 
phide on silicon carbide occasionally required mechan-  
ical means to remove a surface film near  the edge of 
the mesa. Figure  5 shows photomicrographs of two 
mesa junct ions fabricated by anodic dissolution of 
boron phosphide. Figure 5a shows a homojunct ion  
made by selective removal  of a port ion of an n - type  

Fig. 4. Photomicrographs of an electrolytically etched boron 
phosphide crysta| which has both n-type and p-type regions. Etching 
was done at 10 A/cm 2 for 10 sec: (a, top), top view; (b, bottom), 
cross-sectional view. 

Fig. 5. Two mesa structures fabricated by electrolytic etching: 
(a, top) boron phosphide p-n homojunction; (b, bottom) boron 
phosphide-silicon carbide heterajunction. 
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epitaxial  layer on a p- type substrate, and Fig. 5b shows 
a p- type  boron phosphide mesa on n - type  silicon 
carbide. These devices have rectifying characteristics, 
and easily visible, red, p - n  junct ion  electrolumines-  
cence was observed in some of the homojunct ion and 
heteroj unct ion structures (13). 

Summary 
Electrolytic etching of boron phosphide was in-  

vestigated for device applications, since there is no 
suitable chemical etchant for this material .  A technique 
was developed to etch and polish p- type  boron phos- 
phide. In  contrast, an  insoluble film tended to form on 
n- type  boron phosphide, and mater ia l  removal  w a s  

very slow. Due to a large differential etch rate ratio 
between p- type  and n- type  material,  boron phosphide 
p - n  junct ion interfaces were del ineated by electrolytic 
etching. Electrolytic etching was also applied to the 
fabrication of mesa- type boron phosphide p - n  junc -  
tions and boron phosphide-sil icon carbide hetero-  
junct ion structures. Because of the iner t  na ture  of 
boron phosphide, electrolytic etching is the most suit-  
able means available to remove p- type  mater ia l  and 
to isolate mesa-type junctions.  
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Fabrication and Thermal Stability of W-Si Ohmic Contacts 
V, Kumar 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

W-:Si ohmic contacts have been fabricated using rf-sput tered W and bu lk -  
doped n-  and p- type St. The investigated doping range is ~5.5 X 10zs-,~l.2 
X 102~ ~ for B (p-type) and ~4.5 X 101s-~8 X 1019/cm 3 for As (n - type ) ;  
with corresponding contact resistance ranging as 1.5 X 10-4-5 X 10 -~ ohr~- 
cm 2 and 1.2 X 10-s-8 X 10 -3 oh m-cm2, respectively. ,Steam-grown and de-  
posited oxide (SiO~) were used as the mask to study the effect of impur i ty  
redis t r ibut ion during steam oxidation on contact resistance. Chemical (100:1 
buffered HF) and sputter  etch cleaning were used to remove the native oxide 
from contact windows before W deposition. Metallurgical and electrical sta- 
bili ty of these contacts was studied up to ~830~ The unannea led  contacts 
(using steam oxide mask) are ohmic if the Si has ~1019/cm ~ As but  the min i -  
m u m  B needed is ~102~ 3. This difference stems from two reasons: (i) B is 
lost from Si during steam oxidation whereas As concentrates in St; (it) the 
nat ive oxide growing on p-St  seems to be electrically quite different from that  
on n-St.  Contacts improve with aneal ing up to ~800~ (1 hr t rea tments) ,  
bu t  if higher temperatures  are used high resistance or "opens" may occur. 
Sput ter  etching is found to be more effective in cleaning the contact windows 
than the chemical cleaning. 

Tungsten  has been extensively studied for use as a 
refractory gate material  for a new MOS-LSI technol-  
ogy (1). Some of the important  reasons for selecting 
W as the first level metal l izat ion are (i) high mel t ing 
temperature  which is essential if the IC chip is to wi th-  
stand the high tempera ture  CVD (chemical vapor 
deposition) steps of intermediate  insulator  and/or  the 
Si3N4 encapsulation, (it) good adhesion to both SiO2 
and St, (iii) the best (of all metals) matching of ther-  
mal  expansion with St, (iv) no low tempera ture  mel t -  
ing eutectic with St, (v) low electrical resistivity 
(only about 2.5 times that of Au in bulk) ,  and (vi) its 
abil i ty to act as a good mask during ion implanta t ion 
for self-aligned structures. 

K e y  w o r d s :  o h m i c  contac ts ,  me ta l -S t  contacts ,  W meta l l iza t ion ,  
d o p a n t  red i s t r ibu t ion ,  WSi~ ( tungs ten  disil icide).  

It is therefore desirable to be able to form W-St 
ohmic contacts while keeping the number  of processing 
steps to a minimum. The beam lead technology utilizing 
a tri]ayer metallization, T i -P t  (or Pd) -Au ,  uses PtSi at 
the contact sites to obtain ohmic contacts to both p- 
and n- type  St. Quite a number  of workers (2-8) have 
exper imental ly  investigated the PtSi-Si  contacts and 
used the metal-semiconductor  barr ier  contact as the 
theoretical model. For low resistance ohmic contacts 
this model requires a low and /or  thin potential  bar-  
rier. Although the barr ier  height is fixed for a given 
metal-St  pair, the width of the barr ier  (the depletion 
layer) can be progressively decreased by increasing the 
doping level of St. W-St Schottky barr ier  diodes have 
been fabricated in the past (16, 18) and the reported 
barr ier  height for W - ( n ) S i  is intermediate  between 
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Table I. Schottky barrier heights to Si at 300~ 
(data from forward I-V characteristics) 

Silicon 
Material type ~ba (eV) Reference 

PtSi n 0,85 (2) 
PtSi p 0.25 (2) 
PtSi n 0.84 (19) 
Mo n 0.59 (18) 
Mo n 0.55 (19) 
W n 0.67 (18) 
WS~ n 0.86 (17) 
W n (0.59-0.68)* (16) 

* WSi~ formation at the interface  was  detected in samples  with 
CB greater than 0.65. 

that  for PtSi-  (n) Si and PtSi -  (p) Si as shown in Table 
I. Thus the extension of the barr ier  model suggests the 
feasibility of W-Si  ohmic contacts without  the use of 
an in termediate  contact mater ial  like PtSi. Fur the r -  
more, the W-PtS i -S i  system has been found to be not 
very  stable at high temperatures  (>750~ (9). 

This work was under taken  to evaluate the possibility 
of fabricating W-Si  ohmic contacts and their  metal -  
lurgical  and electrical stabil i ty under  various high tem- 
perature t reatments  including the encapsulat ion by 
CVD-Si~N4. 

Experimental 
Sample preparation.-- 

(i) Substrates.--Bulk-doped, (As, 4.5 • 10ZS-l.2 • 
1020/cm ~ and B, 5.5 • 101s-2 • 1020/cm~), (100) Si 
wafers were used for the invest igat ion in  order to en-  
sure a we l l -known surface dopant-concentra t ion for 
the W-Si  contact. 

(ii) Oxide masking.--It is known  that when  B-doped 
Si is the rmal ly  oxidized to cover the wafer  with a 
masking oxide, the B concentrat ion in  Si at the in ter -  
face is reduced considerably because of preferential  B 
accumulat ion in the growing oxide. On the other hand, 
there is an enr ichment  in  As which is preferent ia l ly  
retained in  the Si (21) dur ing  oxide growth. Thus if 
steam oxide is used as a mask, the contact resistance 
data obtained would not correspond to the respective 
bulk  dopant concentrations. However, an enhanced car- 
r ier  concentrat ion in Si at the interface is beneficial for 
making a contact ohmic and so As-doped (n- type)  Si 
does not pose a problem for contacts opened through a 
steam oxide mask. The redis t r ibut ion problem is ab-  
sent if windows are opened through a vapor-deposited 
oxide. In  view of the above, both a s team-grown and 
a deposited oxide were used as masks for opening con- 
tact windows. Contact windows were opened through 
the oxide mask using s tandard photolithography. 

(iii) Cleaning and W deposition.--A free Si surface 
exposed to air  (or any oxidizing ambient)  for any  
length of t ime becomes covered with nat ive oxide. 
Exper iments  have shown that  the na ture  (refrac- 
tive index, etc.) and growth rate of this oxide de- 
pend greatly on the Si surface (orientation, dopant type 
and concentration, and also the mode of doping).  In  
general, doped Si shows a greater growth rate than 
the undoped and the rate is greater  if the dopant  has 
been introduced by diffusion ra ther  than  by addition to 
the melt. This th in  nat ive  oxide has been observed to 
control the extent  of reaction between Si and W (I0).  
An  insula t ing in ter layer  of silicon oxide between W 
and Si is obviously undesirable for a good contact. It is 
thus essential that steps be taken to remove the nat ive 
oxide before W is deposited. Two schemes were used 
to remove this oxide before carrying out the next  step 
of rf sputter ing ~3000A W. 

In  the first scheme the samples were given a 100:1 
buffered HF clean for 2 min, spin dried, and loaded in  
the vacuum system for W deposition. Toward the end 
of the investigation, a water  spray test (11) which 
tests the cleanliness of Si through hydrophobici ty was 
used to monitor  the slices before W deposition. The 

test setup is shown in  Fig. 1 and the test results on Si 
and SiO2 surfaces in  Fig. 2. This test tu rned  out to be 
qui te  useful and some wafers were detected which had 
to be given extra  cleaning (more t ime in  100:1 HF) 
before they were loaded for W deposition~ 

In  the second scheme the oxide from the windows 
was sputter  etched following which ,--3000A W was 
sputter  deposited in  the same system. Only the samples 
with steam oxide mask were used in  this case. In situ 
sputter etching has the advantage of the Si surface not 
being exposed to an oxidizing ambient  before W deposi- 
t ion but  it can also cause damage to the exposed Si 
surface, the effects of which on a contact are not 
known. Wafers for the two cleaning methods were 
taken from the same crystal in  order to have identical 
bulk  doping. 

After  the W deposition, the test pa t te rn  shown in 
Fig. 3 was etched out using s tandard photolithography. 
Following a thorough clean, contact resistance mea-  
surements  were made as described below. The mea-  
surements were repeated after various heat- t reatments .  
The t reatments  consisted of 1 hr  anneals  in  dry  tt2 or 
in vacuum (~10 -7 Torr) between 600~176 Each 
t rea tment  was preceded by a thorough clean. Some 
samples were processed for a CVD Si-ni t r ide encap- 
sulat ion (680~ 30 rain) followed by removal  of the 
cap in phosphoric acid for measurements .  Metallurgical  
changes in the contact windows were followed with 
optical microscopy, SEM, and x - r ay  diffraction. The 

~80"C 

A T O M I Z E R ~  

l HEATER 

\ 

I 

CAMERA 

I 

I 
Fig. 1. Spray test setup 

Fig. 2. Photographs of condensed water vapor on Si and Si02 
before and after cleaning in 100:1 HF. 
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w/sioz __~ 

-_-:. !-_-_-_ :- W 

60 SETS OF 
CONTACTS 

(W/SiO z) PADS 
~lO0~z XlOO/z 

SMALL WINDOWS zo/~ x zo/z 
{w/si ) 

Fig. 3. Tested pattern 

large W/SiO~ area was used to moni tor  changes in the 
sheet resis t ivi ty of the W film as a resul t  of heat-  
t reatments.  

Measurement procedure.--Contact resisbtance was es- 
t imated by taking the difference be tween resistance 
values obtained in a two-probe  measurement  on two 
sizes of contact windows. Each sample has 60 sets of 
two small  (20 • 20 /~) and two large (10 • 80 /~2) 
contact windows, wi th  the connecting pads (,~100 • 
100 #2) in the pat tern  shown in Fig. 3. In a two-probe  
measurement,  the vol tage developed across the probes 
(in mV) when a current  of 1 mA is flowing in the 

circuit  will  be expressed by 

VL -- 2RcL -{- 2Rw 4- 2Rp + RSL 

for large area contacts and 

Vsm -- 2Rcsm q- 2Rw q- 2Rp q- Rssra 

for small contacts. Here Rc is the resistance of the con- 
tact, i.e., of the W-Si interface, Rw that of the W pad, 
Rp that of the probe, and Rs is the resistance of Si 
between the two contacts including the spreading term 
from each contact. 

Probe tips were placed near the edges of the contact 
windows to minimize the Rw term, and Rp for the two 
cases was adjusted (by the probe-pressure adjustment) 
to be nearly equal. Taking the difference of the two 
voltages we  get 

AV --~ 2 (Rcsm -- RCL) -~- ARs 

~Rs being close to the difference in the spreading re-  
sistance for the two cases. 

Spreading resistance at an isolated contact is ex-  
pressed as 

Rsp = K 
l 

where  p~ is the subs~rate resistivity, ~ is a l inear  di-  
mension of the contact, and K is a geometr ical  factor  
for the shape of the contact. For  a circular  contact of 
d iameter  D, Rsp ---- ps/2D. This is also roughly t rue  for 
a square contact (L 2) if we use D = L (4/~)1/2. For  
the rectangular  (10 • 80~) contact, the value of K 
turns out to be such that  (12) 

(Rsp) sm ~ 2 (Rsp) L 

where  the small contact is (20 X 20/~). The. contact re-  
sistance is expressed as 
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PG 
RC --  

Area  

where  pc is the specific contact resistance in ohm-cm~. 
Since the contact areas are 400~ ~ (small) and 800~ ~ 
(large) 

Rcsra --  2RCL 
and therefore  

2 (Rcsm -- RCL) -- Rcsm -- pr X 10 -6 ohm 

Keeping in mind the spreading contribution, we can 
wri te  that  as an upper  l imit  

pc ~ AV X 4 X 10 -6 o h m - c m  ~ 

All  reported values therefore  include a spreading con- 
tribution. 

The two-probe  method itself  places a lower  l imit  on 
the determined pc. Since a me ta l -S i  contact  is gen-  
era l ly  asymmetrical ,  the two-probe  method  measures  
the grea ter  of the two resistances, because one of the 
two contacts is in reverse  bias. However,  at the high 
dopant concentrations and low currents involved, there 
is no asymmet ry  in the forward  and reverse  charac-  
teristics. This was confirmed by measur ing forward  
and reverse characterist ics of a single contact by using 
a thin A1 film on the back of the slice (providing a 
large area back contact wi th  very  small ohmic re -  
sistance),  with currents  up to 10 mA. Contact  r e -  
sistance of a sample (3.5 • 1019/cm 3 B, Ng00A PtSi, 
metal l ized with W) when  measured wi th  this two-  
probe technique was calculated to be 3.4 X 10 -6 ohm- 
cm 2. The value obtained by using the "single front  
contact to large area back contact" method (13) on the 
same sample was 3.7 X 10 -6 ohm-cm 2. The results are 
essentially the same, considering the var ia t ion gen-  
eral ly observed in pc measured with  different tech- 
niques (14). Before doing the actual measurements ,  a 
scan of about 30 contact pairs was taken  in the form 
of a mult iple  exposure I -V trace to assess the  uni -  
formity  and ohmicity of the contacts. 

Results and Discussion 
Measured pc values are summarized in Tables II and 

III for chemically cleaned and sput ter  etch cleaned 
samples, respectively.  It  is noticed that  as-deposited 
contacts for n-  and p- type  silicon are quite  different. 
W - ( n ) S i  contacts are near ly  always ohmic, whereas  
W - ( p )  Si contacts are not and especially so when  the 
masking oxide is s team grown and the bulk B con- 
centrat ion less than 102~ 8. Also, for the p- type  sam- 
ples sput ter  e~ching leads to bet ter  contacts. In all 
cases the contacts improve  wi th  annealing. I -V traces 
of contacts f rom two samples wi th  substrates from the 
same crystal  (..-1019/cm 3 B) but  cleaned chemical ly 
(1BP; F-2) and by sputter  etching (1BP; J-2)  are 
shown in Fig. 4. The sput ter  cleaned sample shows 
bet ter  contacts ( lower resis tance and less spread) even 
though the annealing tempera ture  is 50 ~ lower  while  
the anneal t ime is the same (1 hr) .  One sample (chemi-  
cal window clean) showed nonohmic contacts up to a 
730~ anneal. Even after  the 780~ anneal  (Fig. 4), 
this sample showed a large number  of contacts which 
were  nonohmic and had high resistance (a set of I -V 
curves very  close to the V axis) .  

Chemical  cleaning is found to be ineffective in clean- 
ing the contact windows uniformly.  Ent i re  windows 
are lef t  covered wi th  the th in  na t ive  oxide in some 
wafers. 1BP; F-ser ies  (,.~1.5 • 1019/cm ~, B) of samples 
show this effect quite  well.  Al l  contacts on these sam- 
ples were nonohmic and had high resistance (5-10K 
ohm at 1 mA) as deposited. However,  af ter  a 730~ 
(1 hr, Hf) anneal, some contacts became ohmic (R ,., 
100 ohm) while the rest remained high and nonohmic. 
There was an indication (from optical microscopy at 
magnifications of 100• or less so that  depth of focus 
was appropriate)  of an incipient reaction in the win-  
dows where  the contacts had become ohmic, but  on 
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Table II. Measured pc (ohm-cm 2) for chemically cleaned samples 

~fter 60O~ After 70O'~ After 730~ 
Doping em -8 Oxide type As-deposited 1 hr anneal 1 hr anneal 1 hr anneal 

1.2 x I0 s~ B Steam (5-8) x 10- ~ {3-8) X 10 -6 
1.2 x I0 m, B CVD (2-4) x10 -6 7 x 10-7-10 -8 
1.2 X i0 m, B CVD N.O.* N.O. 

(No cleaning 
in 1% I-IF) 

~" X 1019, B Steam N.O. (4-8) X 10 -~ 
4 x 10 ~9, B CV'D (2-5) x 10- s (3-5) x I0 -6 
2 x 1~ -9, B Steam N.O. N.O. 
1.5 x 10 TM, B Steam N.O. N.O. 
1.5 X 10 ~9, B CVD (6-9) xl0-5 (4-6) x 10- 5 

1.2 x I019, B CVD N.O, (3-7) X 10-5 
1.2 x 1O TM, B Steam N.O. N.O. 

5.5 • 10 TM, B Steam N.O. N.O. 
5.5 x 18 TM, B CVD N.O. N.O. 
7.5 x 1019, As Steam (1-5) x18 -6 8 x 10-7-1.5 x 10 -6 
7.5 x I0 TM, As CVD (3-6) x 1O-e (1.6-2) X 10 -6 
4 x 1O TM, As Steam (5-8) • 10- 6 
2 x I0 I~, As Steam 8 x i0-6-I,5 x I0 -s 7 x 10-6-1.4 X 10 -5 
2 X 10 TM, As CVD N.O. Ne.O. 

(2.4-4.7) x 10 -4 
4 x 1O ~, As Steam (1-2) x l0-5 (I-2) x 10-5 

(No cleaning 
in 1% I-IF) 

7 x 10 TM, A s  S t e a m  ~ 6  x 10-5 ~6 • 10-5 
4.5 x 10 ~s, As Steam N.O. Ne.O. 

5 x I0-7-2 X 10- e 3 x 10 -6 
(5-6) X 10-~ 
N.O, N.O. 

7 X 10-6-2 X 10 -s 
(2.5-3.5) x 10 -6 

(2-3) x 10-5 

(2-3) x 10 -5 
Ohmic up to ~100 

gA, (1-2) • 
N.O. 
2 x 10- ~ (Ne.O.) 
8 X 10-~-1.5 X 10- 6 

(1.5-2)  x 10 -6 

(5-9) x 18 -6 
6 x 104-2 X 10-4 

(5-7) x 10 -6 

1.6 x 10-~-3 X 10 -4 
(1.5-2) X 10 -4 (if reacted) 
(4-5) x 10 -5 (if reacted 

after 780~ 

~I0  ~ 
~ 1 0  6 

(5-9.5) x 10 -6 

9 x 10-6-1.5 x 10-5 

~6 X 104 
~ 1 . 2  X 10-~ 

* N.O. = nonohmic, Ne.O. = nearly ohmic. 

Table III. Measured p c  (ohm-cm 2) for sputter-cleaned samples 

After 600~ After 700~ After 750~ 
Doping Oxide type As-deposited anneal (1 hr) anneal (1 hr) anneal (1 hr) 

1.2 X I0 ~~ B Steam (I-2) • 10 -5 (8-9) • 10- 6 (4-8) x 10- e (1.8-4) x 10- 6 
- ~ 3 . 2  X 10-6" 

4 X 1019, B Steam ~5 x 10-5 ~3 x 10-5 ~8 x 10-e ~8 x 10-6 
~1.5 X 10 TM, B Steam N.O. N.O. ? (4.5-6) x 10 -5 
~7.5 x 1019, As Steam (3.6-8) x 10 .6 (3.2-8) x 10 -6 ? (2.8-7) x 10- 6 
~7.5 x 10 TM, As Steam 3.6 x 10 -6 3.6 x 10 -6 4.5 x 10 -6* 
~7.5 x I0 TM, As Steam 4.5 X 10 -6 4.5 X 10- 6 6 X 10 -6 3 x 10 -6* 

* SigN4 (2000A, ~680,~ w a s  d e p o s i t e d  a n d  e t c h e d  o f f  for  testing. 

t h e  s u r f a c e  t h e s e  c o n t a c t s  w e r e  s t i l l  c o v e r e d  w i t h  W 
a n d  no  r e a c t i o n  p r o d u c t  a p p e a r e d  o v e r  t h e  W. E t c h i n g  
a w a y  t h e  W f r o m  t h e s e  c o n t a c t s  r e v e a l e d  t h a t  t h e r e  
w a s  f o r m a t i o n  of  g r a n u l a r  WSi2  ( s t r u c t u r e  c o n f i r m e d  
b y  x - r a y  d i f f r a c t i o n )  i n  t h e  c o n t a c t  a r ea .  A s  s h o w n  in  
Fig .  5, o n l y  p a r t s  o f  t h e  c o n t a c t  a r e a  h a v e  r e a c t e d .  T h i s  
c o n f i r m s  t h e  n o n u n i f o r m i t y  o f  c h e m i c a l  c l e a n i n g  ( n a -  
t i v e  o x i d e  r e m o v a l )  w i t h i n  a w i n d o w .  I n  c o n t r a s t ,  t h e  
r e a c t i o n  in  t h e  1BP s e r i e s  o f  s a m p l e s  c l e a n e d  b y  s p u t t e r  
e t c h i n g  w a s  u n i f o r m  o v e r  t h e  e n t i r e  s a m p l e  a n d  a l so  
w i t h i n  e a c h  c o n t a c t  w i n d o w .  F i g u r e  6 ( a )  s h o w s  o n e  
s u c h  w i n d o w  b e f o r e  t h e  W w a s  r e m o v e d  a n d  t h e  r e -  
a c t e d  a r e a  ( m a d e  u p  o f  W S i 2 / S i )  is  s h o w n  i n  F ig .  

6 ( b )  ; W a n d  t h e  s u r r o u n d i n g  SiO2 h a v i n g  b e e n  e t c h e d  
off. 

A f u r t h e r  a n n e a l  o f  1BP;  F - s a m p l e s  f o r  1 h r  a t  

780~ c a u s e d  m o r e  r e a c t i o n  a t  t h e  a l r e a d y  r e a c t e d  c o n -  
t a c t s  a n d  s t a r t e d  i t  a t  s o m e  p r e v i o u s l y  u n r e a c t e d .  E l e c -  
t r i ca l ly ,  t h e  f r e s h l y  r e a c t e d  a n d  t h e  p r e v i o u s l y  r e a c t e d  
c o n t a c t s  w e r e  i d e n t i c a l  ( R  N 7 o h m ) .  A t  t h i s  s t a g e  o n e  
of  t h e  s a m p l e s  ( o u t  o f  f o u r )  s h o w e d  r e a c t i o n  a t  al l  
c o n t a c t s  w h i l e  o n  a n o t h e r  s a m p l e  t h e r e  w e r e  m a n y  
c o n t a c t s  w i t h o u t  r e a c t i o n  w h i c h  w e r e  n o n o h m i c  a n d  
h a d  a h i g h  r e s i s t a n c e .  O n e  s u c h  p a i r  o f  n e i g h b o r i n g  
s e t s  o n  t h i s  s a m p l e  is  s h o w n  i n  F ig .  7. F i g u r e  8 s h o w s  
t h e s e  t w o  t y p e s  o f  c o n t a c t s  a s  s e e n  w i t h  a S E M .  A l a y e r  

Fig. 4. Multiple exposure I-V trace of small contacts on samples 1BP; F-2 after a 780~ 1 hr anneal and 1BP; J-2 after a 730~ 1 
hr anneal. 
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near ly  ohmic (Rc ,~ 10 ohm).  Anneal ing (1 hr, It2) at 
tempera tures  f rom 600~176 progressively reduces 
this value (down to ,~1 ohm).  The distr ibution of the 
measured contact resist ivi ty over  60 sets after each 
t rea tment  is shown in Fig. 11 for one of these samples. 

Fig. 6. WSi2 formation at W-Si interface in a small contact 
window on sample 1BP; J-2 after 730~ 1 hr anneal. 

Fig. 5. WSi2 formation at W-Si interface in a small contact 
window on sample 1BP; F-2 after 730~ 1 hr anneal. 

of interracial  oxide is ev ident ly  responsible for both 
the absence of react ion and a good electrical contact. 
An at tempt  to cause reaction at more contacts by fur-  
ther  annealing (one more hour) at 780~ resul ted in 
more  reaction (without  any resistance change) at the 
reacted contacts but none at all in the unreacted ones. 
A cleaved section through a reacted contact at this 
stage showed it to be continuous as shown in Fig. 9. 
Even an anneal  at 830~ (1 hr, H2) could not induce 
any react ion in the unreacted contacts. However ,  the 
reacted contacts experienced even more severe reac- 
tion and most of these actual ly "opened up" due to 
cracks as shown in Fig. 10. 

As can be seen f rom a comparison of Fig. 6 and 7, 
the nat ive oxide removal  (which is also necessary for 
W-Si  reaction) is more complete and uni form in back-  
sput ter -c leaned samples. As-deposi ted contacts in the 
sput ter -c leaned samples (~1.2 • 1020/cm ~ B) are 

Fig. 7. Two neighboring sets ( ~ 3  mm apart) of contact windows 
on sample 1BP; F-4 after 730,~ 1 hr anneal. 
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Fla. 8_ Maanified view of two types of contact windows shown in Fig. 7 

Fig. 9. Cleaved-through section of a completely reacted contact window on sample 1BP; F-4, after 730~ I hr anneal 

Fig. 10. An overreacted contact window after 830~ I hr anneal showing cracks 

Figure  11 includes the distr ibut ion obtained af ter  Si3N4 
encapsulat ion (CVD at 680~ 30 min, ~2000A thick 
film) and removal .  It  is clear that  no significant degra-  
dation of contacts occurs as a resul t  of this process. 

The effect of impur i ty  redis t r ibut ion during steam 
oxidation on contact resistance is clearly seen in Table 
II. Since the bar r i e r  width  is de termined by the dopant 
concentrat ion at (or near)  the Si surface, the deplet ion 
of B from the Si surface in p - type  samples leads to a 
th icker  bar r ie r  compared to that  expected for the bulk 
concentration. The reverse  happens for the As-doped 
samples. This effect is not present  when  the oxide is a 

deposited one. Thus as-deposited contacts to ,~4 X 1019 
B/cm~ Si are ohmic for CVD oxide mask and nonohmic 
for s team oxide whereas  for --2 X 1019 A s / c m  3 the 
situation is reversed. One of the reasons that  the so far  
discussed 1BP; F-samples  (~10 TM B / c m  3) show such 
an improvement  wi th  anneal ing and WSi2 format ion is 
probably the  fact that  dur ing the W-Si  react ion the Si 
layer  wi th  reduced (<10 TM) B concentrat ion is con- 
sumed and deeper Si wi th  higher  B level  (~1019) 
comes into contact wi th  the metal l ic  WSi2. Boron dif-  
fusion in Si is too small  (,~3 X 10 -17 cm2/sec) at these 
tempera tures  to lead to any appreciable flux f rom the 
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Fig. 11. Distribution of Pc over 60 contacts in 2BP; J-3 at various 
stages of heat-treatment. 

bulk  to the depleted surface. However, it can be seen 
from Table III  that  sput ter  etching of a 4 X 1019 B/cm s 
substrate leads to ohmic contacts (as deposited) even 
though the masking oxide is steam grown. It  was 
argued and confirmed that in addition to the native 
oxide, sputter  etching also removed some Si from the 
surface, thus exposing the Si with higher B concen- 
t rat ion and improving the as-deposited contacts. The 
amount  of Si removed by sputter  etching was found to 
depend on the doping type. p+-S i  sputtered at a faster 
rate (,-,1.2 times) compared to n+-Si .  Since both the 
boron concentrat ion profile in Si following the oxida- 
tion and the sputter  etch depth will  determine the con- 
centrat ion at the W-Si  interface, the sputter  etching 
does not always lead to a good contact. The lower the 
bulk  concentration, the greater  the etch depth required 
for a "good" contact provided the bulk  concentrat ion is 
high enough to yield an ohmic contact. Samples with 
~1.5 X 1019/cm 3 B formed good W-Si  contacts using 
chemical clean and CVD oxide mask but  failed to give 
good contacts with sputter  etch clean (steam oxide 
mask) unt i l  after anneal ing at 750~ (1 hr) .  

There seems to be no difficulty in making ohmic 
contacts to  n- type  Si by  either of the cleaning processes 
and the thermal  stabili ty is excellent for up to one 
hour exposures to He at 730~ The contacts are not 
too stable above 800~ when excessive WSi2 forma- 
tion can result  in cracking or l if t ing up of W in the 
contact windows leading to "opens" or very high re-  
sistance. In  contrast  with the p- type  samples which re-  
quired a 100:1 HF clean not more than ~5  min  before 
loading, an n - type  sample (8 • 1019/cm 3 As, steam 
oxide) when  loaded in the W-deposit ion system after 
being exposed to air for over a week after the 100:1 
HF clean (but kept in a plastic container for cleanliness) 
showed ohmic contacts in the "as-deposited" condition 
with a resistance value only slightly greater than  the 
corresponding value in Table III. This indicates that 
the effectiveness of the native oxide whose thickness 
was measured to be only ,~15_& for p- type  samples 5 
rain after clean and ,~22A for n-Si  after a week as a 
barr ier  to conduction is quite different for the two 
types of Si (B- or As-doped).  It  is possible that the 
redis tr ibut ion of impurit ies between Si and oxide at 
the interface is responsible for this effect. However, 
removal  of the nat ive oxide by one of the methods 
(just prior to W deposition) was found to be essential 

for making ohmic contacts to n-Si  with As less than 
~4  X 1019/cm s. 

Measured values from all samples are summarized in  
Fig. 12. Here pc, which includes the spreading contr i-  
bution, is plotted against  the dopant  concentration. 
Since the dominant  t ransport  mechanism at high dopant 
concentration is tunne l ing  (15), the calculated theo- 
retical curves for a tunne l ing  controlled contact are 
also shown. These curves have been obtained by using 
the expression (2) 

PC = go - 1  
where 

go = 1 0 - 4  e x p  

in which e is the electronic charge, m* is the carrier 
effective mass, ~ is the width of the bar r ie r  (depletion 
layer) ,  and r = 1/2 k/~B, where CB is the barr ier  
height. 

Due to absence of available data on the carrier 
effective masses in heavily doped (100) Si, values of 
(0.19) m for n-Si  and (0.1T)m for p-Si  have been used. 
Since effective mass increases with doping, the real 
curves for calculated pc lie lower than those shown in 
Fig. 12. In  any case, the agreement  with theoretical 
calculations based on tunne l ing  alone is poor, especially 
in terms of the slope of pc -- ND.A curve; theory pre- 
dicts a much steeper slope. Strictly speaking, the in -  
fluence of the th in  nat ive oxide barr ier  should also be 
included in the above expression. But as the experi-  
ments  show, the electrical properties of the oxide are 
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Fig. 12. Results of Pc variation with doping density. Two curves 
show the theoretical values expected for tunneling dominated 
contacts. 
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dependent  on the smbstrate and the quant i ta t ive  in t ro-  
duct ion of such an effect is impossible.  F igu re  12 also 
shows the approx ima te  (geometr ic  factor  K is un-  
known)  values of corresponding spread ing  resis tance 
for each sample.  

F igu re  13 shows s imi la r  exper imen ta l  data  and theo-  
re t ica l  curves for P tSi  contacts (13). W - S i  expe r imen-  
tal  da ta  points  a re  also shown in Fig. 13. In  v iew of the 
fact  tha t  W-S i  and P tS i -S i  contact  da ta  are  closer to 
one ano ther  and devia te  f rom theory  ve ry  sharply ,  i t  
is bel ieved that  the  measured  pc has a significant con- 
t r ibut ion  f rom the  spreading  resistance.  Spread ing  re -  
sistance depends  only on the contact  size (and shape)  
and subs t ra te  res is t iv i ty  and is independent  of the re -  
sistance of the  interface.  However ,  since the interface 
res is tance ( t rue  contact  resis tance)  and the spreading 
resis tance are  in series it  suggests  that  the  t rue  contact  
resis tance is p robab ly  sma l l e r  than  measured.  Exper i -  
ments  where  contact  windows were  opened using elec-  
t ron  beam l i thography  indicate  tha t  for  contacts l a rge r  
than  on the order  of a few square  microns, the spread-  
ing t e rm is indeed dominant  (20). An  addi t ional  a rgu -  
ment  for  the in ter face  not  control l ing the  total  r e -  
sistance is the  fact  that  on n - t y p e  Si, the resistance goes 
down even af te r  the format ion  of WSi2 which  has a 
h igher  ba r r i e r  height  to n -S i  than  W. 

C o n c l u s i o n s  
1. W - S i  ohmic contacts  can be  made  by  using r f -  

spu t te red  W on n - t y p e  as wel l  as p - t y p e  Si. 
2. The lowest  measured  contact  res is t iv i ty  to B-  

doped Si (5.5 • 1018-1.2 X 102~ ~) ranges from 
1.5 • 10 -4 to 5 X 1O-~ ohm-cm ~ and for As-doped  
Si (4.5 X 101s-8 X 1019/cm 3) f rom 1.2 X 10 -5 to 8 X 
10-~ ohm-cm 2. 

3. The measured  values  include a large  contr ibut ion 
f rom the spreading  resistance.  

4. Contact  res is tance decreases wi th  anneal ing  (1 hr, 
H2) f rom 600~ up to 800~ This h e a t - t r e a t m e n t  
causes W and Si to react  to form WSis. 

5. In  o rde r  to form a contact  the thin l ayer  of nat ive  
oxide on Si has to be removed  before  deposi t ing W. 
This can be accomplished by  a s imple  chemical  clean 
(100:1 HF for 1 min)  or by  spu t te r  e tching the oxide. 
The l a t t e r  is found to be more  effective. 

6. S t e a m  oxidat ion  for obta ining oxide mask  pr ior  to 
contact  fo rmat ion  has opposite effects for p - t y p e  (B) 

iO-S I I ~ I ~ I i I i I i 
~B = 0.85 eV 

[] ; ,  
o 0 PtSJ/n-Si I ~  ~ l ~  I 
c~ . A ~.~ ~IF~ �9 ~ t DATA POINTS 

[ ]  Pl"Si/p-si C3~ ~ w  I FROM 
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Fig. 13. Comparison of pc-ND,A variation for W-Si  and PtSi 
contacts. 

and n - type  (As) Si. Boron tends to concentrate  in the 
oxide thus reducing its concentra t ion in Si and leading 
to h igher  contact  resis tance as deposited.  The opposite 
happens  for As -doped  Si. This effect is confirmed by  
using deposi ted and s t eam-g rown  oxide on s imi lar  sub-  
strates.  

7. The nat ive  oxide growing  on n -S i  seems to be 
e lect r ica l ly  different  f rom tha t  on p-Si .  This difference 
may  also be a resul t  of the  red i s t r ibu t ion  at  S i -ox ide  
interface.  
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ABSTRACT 

A CVD process for  the p repara t ion  of t r ansparen t  conduct ing layers  of 
an t imony-doped  t in  oxide has been deve loped  ut i l iz ing d ibu ty l  t in  diacetate ,  
an t imony  pentachlor ide ,  O2, H20, and N~ as car r ie r  gas at  a subs t ra te  t e m p e r a -  
ture  of 400~176 It  was designed to fulfill a need for more  h igh ly  conduct-  
ing coatings than  those obta inable  wi thout  doping, in the  sheet  resistance 
range 50-100 ohm/square ,  but  s t i l l  possessing an optical  t ransmiss ion in excess 
of 80% throughout  the visible spectrum. Coatings to this  specification are  used 
ex tens ive ly  for  a va r ie ty  of e lect ro-opt ic  devices. A set of opt imized dep-  
osition conditions is presented  together  wi th  impor tan t  optical,  electrical,  s t ruc-  
tural ,  and chemical  proper t ies  of the  films. Typical  SnO2: Sb films have  film 
thicknesses ranging  f rom 1500-3600A with  a sheet resis tance of 50-150 ohm/  
square,  a specific res is t iv i ty  of 0.0015-0.0032 ohm-cm, an n - t y p e  car r ie r  con- 
cent ra t ion  of 1.2 • 1020 cm -3, and a Hal l  mobi l i ty  of 23 cm2/V-sec. They  ex-  
hibi t  a l ight  t ransmission of 85-91% net, and have an op t imum dopant  con- 
cent ra t ion  wi th in  the range of 0.6-2.7 atomic per  cent of ant imony.  The films 
are  f ree  of vola t i le  chlorine, are  chemical ly  inert,  and may  be heated in a i r  for  
pro longed periods wi thout  not iceable deter iorat ion.  Samples  on sapphi re  sub-  
s t ra tes  were  hea ted  in air  to 1000~ for severa l  hours  wi thout  change in  the  
sheet resistance.  

Transparent ,  e lec t r ica l ly  conduct ing th in  films are  
requi red  in m a n y  modern  opto-e lec t ronic  devices. Nu-  
merous  mater ials ,  p r epa red  by  a va r i e ty  of physical  
and chemical  techniques (1,2), have been repor ted  but  
in pract ice  only two mater ia ls ,  t in oxide doped with  
an t imony and  indium oxide doped wi th  tin, are  wide ly  
used. A n t i m o n y - d o p e d  t in  oxide  coatings are  con- 
ven t iona l ly  p repa red  by  sp ray  hydro lys i s  of t in t e t r a -  
ch lo r ide -an t imony  chlor ide  mix tures  (1-16), but  for 
the  high qua l i ty  coatings requi red  in electronic devices 
more sophis t icated deposi t ion techniques are  needed. 
Sput te r ing  techniques (1, 2, 17-20) have been used 
with  be t te r  success. Chemical  vapor  deposi t ion (21- 
22) could offer economic advantages  of lower  equip-  
ment  cost and s impler  processing. 

A chemical  vapor  deposi t ion process for  the  p rep -  
ara t ion of t r ansparen t  conduct ing coatings of non-  
s toichiometr ic  t in oxide has been descr ibed in a p re -  
vious pape r  (22). The subject  of the  presen t  inves t iga-  
t ion is an impor tan t  modification of this basic  process 
by  which a control led quan t i ty  of an an t imony  dopant,  
which grea t ly  increases the  conduct iv i ty  of the film, is 
in t roduced into the t in oxide. A full  descr ipt ion of the 
appara tus  and the proposed  advantages  of the  CVD 
technique over  spray  hydro lys i s  were  p resen ted  in the 
previous  pape r  (22). Also given were  extens ive  l i t e ra -  
ture references  on undoped t in oxide films; references  
in the  presen t  pape r  are  therefore  confined essent ia l ly  
to an t imony-doped  tin oxide films. 

In  addi t ion to lower  conduct ivi ty,  a second d isad-  
van tage  of the  undoped t in  oxide is that  it  is non-  
s toichiometr ic  and is therefore  only a metas tab le  phase.  
If  it  is subjected to any high t empe ra tu r e  processing 
af ter  deposi t ion the conduct iv i ty  is usua l ly  decreased. 
Pro longed  hea t - t r ea tmen t s  even tua l ly  produce a high 
res is t iv i ty  form of t in  oxide. In  contrast,  an t imony-  
doped t in oxide  remains  h ighly  conduct ing and, p ro-  
v ided  tha t  the  subs t ra te  mate r ia l  is inert ,  i t  does not  
de te r io ra te  even a l t e r  p ro longed  hea t ing  in nonreduc-  

" Electrochemical Society Act ive  Member .  
K e y  words: doped t in  oxide,  CVD, transparent conductors, th in  

films, semiconductors. 
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ing ambients.  Severa l  samples  deposi ted  on sapphi re  
were  hea ted  to 1000~ in a i r  for  severa l  hours and 
there  was no appa ren t  de te r io ra t ion  in e i ther  the  film 
qual i ty  or the  conduct ivi ty.  The mate r i a l  is more  the r -  
ma l ly  s table  in air  than  most  of the  subs t ra tes  wi th  
which i t  is no rma l ly  employed.  

On quartz  subs t ra tes  hea t - t r ea tmen t s  in excess of 
750~ produce a rap id  de te r iora t ion  in  the sheet  r e -  
sistance due to chemical  in terac t ion  of the  t in  oxide 
wi th  the silicon dioxide  substrate .  On a lka l i - con ta in -  
ing glass substrates  the  coatings de te r io ra te  r ap id ly  
when hea ted  above 500~ due to the  diffusion of a l -  
kal i  meta l  ions f rom the glass into the  t in oxide. 

Film Deposition 
Choice of dopant cornpound,--In p r e l i m i n a r y  expe r i -  

ments  a t tempts  were  made to use various ha l ide - f ree  
organometa l l ic  an t imony  compounds as dopant  sources. 
This approach is a t t rac t ive  since i t  e l imina tes  the  pos-  
s ibi l i ty  of ha l ide  contaminat ion  of the  t in  oxide;  how-  
ever, these doping exper iments  were  only pa r t i a l ly  
successful. The ma in  d i sadvantage  of an t imony organo-  
meta l l ic  compounds is that  they  are  too t he rma l ly  s ta -  
ble and therefore  are  not en t i re ly  decomposed wi thin  
the react ion chamber.  

An t imony  t r i ch lor ide  was examined  bu t  found to be 
t roublesome because this compound is a solid at  room 
tempera ture .  Difficulties arise due to the accumulat ion  
of nonvola t i le  impur i t ies  on the  surface of the  mel ted  
SbCI~, thus lower ing  its effective vapor  pressure.  In  
addition, due to poor the rmal  contact  be tween  the 
solid and the wal ls  of the  container,  the  effective vapor  
pressure  of the  solid is not constant .  

I t  was even tua l ly  decided to opt imize the  process 
using an t imony  pentachlor ide  (SbC15) as the  dopant  
source. This compound has a number  of advantages  
over  the other  mate r i a l s  tha t  were  considered.  Since i t  
is a vola t i le  l iquid i t  can be t r anspor t ed  at  room t em-  
pe ra tu re  in a s t ream of iner t  gas; this  t r anspor t  can be 
achieved convenient ly  and in a reproduc ib le  manner  
by  bubbl ing ni t rogen th rough  the liquid. A n t i m o n y  
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pentachloride is a corrosive and highly reactive ma-  
terial which is readi ly hydrolyzed by water. The ease 
of hydrolysis is, to a certain extent, an  advantage since 
it ensures that  the compound is ent i re ly  decomposed 
within  the reaction chamber. Water  vapor was in t ro-  
duced by passing ni t rogen through a water  bubbler ,  as 
indicated in  Table I. A certain amount  of water  vapor 
is present  dur ing the reaction even without  its ex-  
t raneous addit ion since considerable quanti t ies of wa-  
ter are generated in the vapor phase combustion of the 
organic consti tuents from the t in  compound; complete 
exclusion of water  is therefore not readi ly possible. 
The addition of water  vapor was merely  to ensure that  
excess was present  in the reaction chamber.  If proper 
handl ing  precautions are observed, such as min imal  
exposure to air, this compound has proved to be a very 
convenient  dopant  source. Its one disadvantage is that  
it introduces chloride contaminat ion  into the t in  oxide, 
but  this seems to have no derogatory effects. Fu r the r -  
more, we proved by  very careful measurements  that  
no chlorine or chlorides are given off from the films 
dur ing  heat ing in  reduced pressure. 

Study o~ deposition parameters.--The effects of the 
deposition variables were systematically explored to 
define the opt imum processing conditions for the prep-  
arat ion of an t imony-doped t in oxide coatings, with a 
sheet resistance of less than 200 ohm/square  and an 
optical t ransmission in  excess of 80% throughout  the 
visible spectrum. The deposition parameters  affecting 
the deposition rate and uni formi ty  had already been 
investigated at length  in previous work with the u n -  
doped t in oxide (22). The present  study was required 
pr imar i ly  to determine the opt imum an t imony  con- 
centrat ion in  the reactant  gas s t ream and the effect of 
other parameters,  such as substrate temperature,  on 
the incorporat ion of this dopant into the t in  oxide. The 
opt imum quant i ty  of an t imony dopant  was defined em- 
pirically as the m a x i m u m  quant i ty  which could be in-  
troduced into the chamber without  producing any dis- 
coloration of the films. If this opt imum concentrat ion 
was exceeded the films became l ight  b lue  in color and 
there was a consequent loss in optical transmission. Af- 
ter  these opt imum conditions for prepar ing doped 
coatings on an iner t  substra~e had been defined, addi-  
t ional experiments  were then under taken  to determine 
what  changes were necessary to process borosilicate- 
type glasses and whether  coating of soda l ime glass 
would be feasible. Due to the rapid thermal  diffusion 
of alkali ions at temperatures  approaching the deposi- 
tion temperature,  these substrate materials  are not 
chemically iner t  and this places addit ional  constraints 
on the deposition process. 

Table I. Materials and typical conditions for CVD of 
antimony-doped tin oxide films 

1. Substrate material 
2. Tin source material 
3. Tin source temperature 
4. Organotin carrier flow rate 
5. Antimony source material 
6. Antimony source t emperature  
7. Antimony carrier flow rate 
8. H20 source temperature 
9. H20 carrier flow rate 

10. Oxidant flow rate. 
11. Substrate temperature 
12. Thermal equilibration 

~13. DepoSition time 
14. Postdeposition purge  

G l a s s  p l a t e s  
D i b u t y l  t i n  d i a c e t a t e  
9S~ 
6750 cm 8 N ~ / m i n  
SbCh 
25~ 
420-850  c m  s N = / m i n  
2S~ 
2100 em ~ N2/rnin 
380 cm 30~(I-I20)/rain 
450~176 
5 r a i n  
15-20 m i n  
0.5 r a i n  N~ 

Deposition apparatus.--The deposition system used 
in the present  s tudy was basically the same as that  
described for the preparat ion of undoped t in oxide 
coatings (22). A number  of modifications in the con- 
struction of the apparatus were necessary to obtain 
satisfactory incorporation of the an t imony dopant. 
Specifically the points of en t ry  of the organometal l ic  
t in  compound and the oxygen were repositioned and 
separated in  order to avoid homogeneous gas phase 
nucleation with the consequent formation of hazed 
films containing part iculate defects. A schematic dia-  
gram of the modified deposition system is shown in  
Fig. 1 and typical deposition conditions are summarized 
in Table I. 

Substrates for film deposition.--Plates of polished 
vitreous (fused) quartz served as inert  s tandard sub-  
strates on which to optimize the deposition parameters.  
They were later  used as standards with which to com- 
pare other substrate materials.  To establish the opti-  
mum ant imony content and to determine which trace 
impurit ies are present  in the system, representat ive 
deposits were prepared on high resistivity, (100)- 
oriented, and polished silicon wafers. These samples 
were then analyzed by mass spectroscopy, infrared 
spectroscopy, and ellipsometric measurements.  

To demonstrate  the high tempera ture  stabil i ty of the 
an t imony-doped t in  oxide, coatings were prepared on 
several polished sapphire substrates of various crystal-  
lographic orientations. When annealed at 1000~ in 
air for several  hours the t in  oxide crystallized, bu t  
there was no apparent  deteriorat ion in either the opti-  
cal or electrical properties of the coatings. X - r ay  ex- 
aminat ion revealed a high degree of preferred orienta-  
t ion in the annealed samples. This phenomenon is con- 
sidered in more detail  later. 

In contrast  to these substrate  materials,  soda l ime 
glass substrates are not chemically inert  at the tern,  
peratures required for chemical vapor deposition. To 
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Fig. 1. Schematic representa- 
tion of the modified CVD system 
used for preparing antimony- 
doped tin oxide films. 
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process glass substrates the opt imum conditions must  
therefore be reestablished. The problem is caused by 
the diffusion of the highly mobile alkali  metal  ions out 
of the glass and into the growing t in oxide layer. The 
alkali  metals apparent ly  act as p- type doping agents in 
the n - type  t in  oxide, thus neutral iz ing some of the 
charge carriers. An even more unacceptable result  of 
alkali  impurit ies is hazing of the films, which makes 
them unsatisfactory for optical applications. Borosili- 
care glasses have usual ly  a sufficiently low alkali metal  
content  so that there is general ly  no difficulty in proc- 
essing this type of substrate. 

Soda lime glasses have a high alkali content and 
without  special prior surface t rea tment  it was not pos- 
sible to prepare satisfactory coatings on this material.  
Several approaches were examined, as discussed in the 
following section. 

Surface treatment of soda lime substrate glasses . -  
For commercial applications it is desirable to use soda 
l ime float glass as substrates since this mater ia l  is 
cheap and readily available.  Float glass is also flat as 
prepared, requir ing no surface polishing. This el imi- 
nates one of the major  cost factors in the preparat ion 
of Pyrex glass or vitreous quartz substrates. 

The rate of film deposition was found to be depend-  
ent  on the substrate material.  It is believed to be due 
to impairment  or differences in  init ial  film nucleat ion 
of the oxide layer ra ther  than in  a difference in the 
subsequent  growth rate once full coverage is attained. 
For some substrate  materials,  notably  unt rea ted  soda 
lime glass, the inabi l i ty  of the oxide to uni formly  nu-  
cleate sometimes results in patchy deposition with 
large areas of the substrate remaining  uncoated. If the 
soda lime glass is unt rea ted  prior to the t in  oxide dep- 
osition, a hazy, highly resistive t i n  oxide coating is also 
formed due to the out-diffusion of alkali metal  ions 
from the glass. Removal of the alkali  metal  ions from 
the surface of the glass is therefore necessary if high 
qual i ty t in  oxide coatings are to be prepared. This is 
especially true for high temperature  CVD processing 
as the rate of diffusion is temperature  dependent.  

Two different surface t reatments  of the glass were 
evaluated, viz., surface ion depletion (SID) and acid 
leaching. Of the two treatments,  surface ion depletion 
(23) was found to be the more effective. 

It was found that the SID treated glass behaved in 
a similar manner  to vitreous quartz with respect to 
the rate of t in  oxide deposition and the electrical and 
optical properties of the resul t ing coatings. The sheet 
resistances were up to 30% higher than comparable 
layers on fused quartz, but  were bet ter  (lower) than 
those achieved on polished borosilicate glasses with a 
low alkali metal  content. The layers were haze free 
and the optical t ransmission was identical to that on 
quartz. The substrates could be processed at tempera-  
tures approaching the softening point of the glass wi th-  
out hazing. 

Leaching of the alkal i  from the surface of the glass 
with a minera l  acid is also a useful t reatment.  For this 
to be effective the glass substrates required boiling in 

1:1 diluted hydrochloric or sulfuric acid for periods of 
at least 1 hr. The removal  of the surface ions is not 
permanent  or as deep as in the SID treatment,  so that  
the substrates require close control of the deposition 
process to obtain the best results. The substrate tem- 
perature  is especially critical, the opt imum processing 
tempera ture  being 475~ Above this temperature  the 
rate of alkali diffusion is increased and the electrical 
and optical properties of the coatings deteriorate. Be- 
low 475~ the sheet resistance gradual ly  increases due 
to incomplete incorporat ion of the an t imony dopant. 
Low sheet resistances can be obtained but  the control 
of the deposition parameters  becomes critical. For the 
preparat ion of SnO~: Sb films on soda l ime glass, hav-  
ing a sheet resistance of about 100 ohm/square,  the 
SID t rea tment  is recommended. The deposition param-  
eters are less critical in  this case since higher surface 
temperatures  do not result  in the diffusion of alkali  
ions to the surface. 

A comparison of film properties resul t ing from using 
fused quartz and variously acid-leached soda l ime 
glass substrates is presented in Table II. The data show 
that the sheet resistance of the quartz continued to 
decrease at temperatures  above 475~ while there is 
a drastic increase in the sheet resistance of the soda 
lime glass. This is accompanied by hazing and a conse- 
quent  decrease in optical transmission, result ing in 
films of unacceptable quality. Quartz is, therefore, a 
consistently bet ter  substrate mater ia l  than either acid- 
leached or SID soda l ime glass. 

Film Properties 
Electrical and compositional properties.~The elec- 

trical resistance of the films was measured with a con- 
ventional  four-point  probe. The point separation of the 
probe was 10 mil. In  order to calculate the specific re- 
sistivity, measurements  of film thickness were made 
using a Sloan "Dektak," equipped with a 25 ~m stylus. 
For this measurement  a step was etched in the layer  
with HCI/Zn powder slurry. 

The opt imum concentrat ion of the an t imony dopant  
was determined from resist ivity data recorded in  three 
series of experiments.  In  the first series the an t imony  
concentrat ion was increased from zero to a level at 
which the layers became blue in appearance. The sheet 
resistance decreased with increasing an t imony  content 
unt i l  a blue coloration appeared. At this point  a fur ther  
increase in the ant imony content produced a rapid 
deterioration in  the optical transmission, with no 
further  decrease in resistivity. The opt imum doping 
level of an t imony was taken to be the concentrat ion 
which yielded films of m i n i m u m  specific resistivity and 
max imum light transmission. 

The second series of experiments  was designed to 
determine the influence of substrate temperature  on 
the effective incorporat ion of the an t imony  dopant. In  
this series the ant imony dopant  concentrat ion was set 
within the previously determined range of values and 
the substrate tempera ture  was varied from 350 ~ to 
550~ 

Table II. Comparison of coated quartz and variously acid-leached 
soda llme glass substrates as a function of deposition temperature 

T r e a t e d  g lass  
D e p o s i t i o n  
t e m p ,  ~ A c i d  l e a c h i n g  t r e a t m e n t  of  g lass  Rs, o h m / s q .  A p p e a r a n c e  

U n t r e a t e d  q u a r t z  

Rs, o h m / s q .  A p p e a r a n c e  

420 R o o m  t e m p e r a t u r e ,  12M HC1, 1 h r  1500 Hazed  
475 630 H a z e d  
420 R o o m  t e m p e r a t u r e ,  18M H~SO4, 1 h r  1000 Hazed  
475 950 Hazed  
420 B o i l e d  in  6NI HC1, 1 h r  275 Clear  
400 Bo i l ed  in  50 v o l u m e  per  cent  I-I~SO~, 650 Clea r  
425 1 h r  290 Clear  
450 165 Clea r  
475 89 Clea r  
475 67 Clea r  
500 500 Hazed  

m 

m 

3OO 
210 
130 

70 
6O 
5O 

C l e a r  

C l e a r  

C l e a r  

Clear  
Clea r  
Clear  

CVD cond i t i ons :  as s t a t ed  i n  Tab le  I;  Sb-Ns  = 550 cm~/min ;  s a m p l e s  codepos i t ed  on bo th  subs t r a t e  ma te r i a l s .  
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Table Ill. Electrical resistivity and Sb/Sn ratio of films deposited at different temperatures and dopant concentrations 
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F u s e d  q u a r t z  s u b s t r a t e s  Su r f ace  t r e a t e d  soda l i m e  g l a s s  

S h e e t  Specif ic  A t o m  rat io,* S h e e t  Specif ic  
S u b s t r a t e  Sb-N8 f low F i l m  t h i c k -  res i s t ance ,  r e s i s t i v i t y ,  S b / S n  res i s t ance ,  r e s i s t i v i t y ,  
t e m p ,  ~ ra te ,  c m S / m i n  ness,  A o h m / s q ,  o h m - c m  o h m / s q ,  o h m - c m  

400 650 2450 300 7.1 x 10 -8 0.0026 650 1.7 x 10`4 
426 420  1600 390 6.2 x 10`4 0.0023 550 8.8 x 10 -~ 
425 550 1300 270 3.5 x 10- 8 0.0088  270 3.5 x 10 ,4 
425 '700 1500 185 2.8 x 10 .-8 0.022 150 2.3 X 10 -8 
425 850 1400"* 240 3.4 x 10`4 0.11 295 ~6 .2  x 10`4 
450 420 3100 160 5,0 x 10`4 0.0030 185 5.7 x 10 -8 
450 656 2250 100 2.3 • 10 -8 0,0075 116 2.5 • 10 -8 
460 '700 3000 IO0 3.0 x 10 ̀4 0.0063 105 3.2 x 10 -8 
450 850 3100"* 70 2.2 x 10 -4 0.025 77 2.2 x 10-4 
475 420 3400 145 4.9 x 10 -8 0.0029 160 5.1 x 10 -8 
476 550 3600 73 2.6 x 10- 8 O.OO90 86 3.1 x 10 -4 
475 700 3600 53 1.9 X 10 -8 0.015 60 2.2 X 10`4 
475 850 3150 '*  48 1.5 x 10 -8 0 .089  52 1.6 x 10-3 
500 650 ~ 8 0 0  50 ~ 4 . 0  x 10 -4 0.0075 550 ~4 .0  x 10-8 

(hazed) 

* Ne t  i n t e n s i t y  ra t io  SbL~x/SnLa  f r o m  x - r a y  f l u o r e s c e n c e  a n a l y s i s .  
** B l u e - g r a y i s h  co lo ra t i on  o f  h i g h  l i g h t  a b s o r b a n c e .  
CVD c o n d i t i o n s  a s  s t a t e d  in  Tab le  I e x c e p t  f o r  t e m p e r a t u r e ;  f i l m s  on qua r t z  and  glass  s u b s t r a t e s  we re  eodepos i ted .  

In  a third series of tests, fur ther  refinements in  the 
CVD conditions weres examined for different substrate 
materials.  

Representat ive data from the first two series of 
experiments  are recorded in Table III. Plates of 
vitreous fused quartz and surface-treated soda lime 
glass were used as substrate materials  in 15 min  dep- 
osition periods. The chemical composition of the 
SnO2:Sb films is expressed as atom ratio Sb / S n  and 
was determined by x - ray  fluorescence analysis de- 
scribed in a later  section. The measured sheet resist-  
ances of the films obtained at 425 ~ 450 ~ and 475~ 
are plotted as a funct ion of the an t imony dopant  
input  (gas flow rate Sb-N~ cm3/min) in  Fig. 2. The 
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Fig. 2. Sheet resistance of SnO2:Sb films on two substrate mate- 

rials as a function of antimony dopant input (Sb-N2 flow rate) 
for three different deposition temperatures. (Film thicknesses vary 
as shown in Table III.) 

sheet resistance is seen to decrease as the dopant  input  
increases, and also as the tempera ture  increases. This 
type of graph is useful  in practical applications where 
sheet resistance is specified regardless of film thidkness. 
However, part  of these resistance changes are caused 
by differences in the film thickness which varies for 
the various CVD conditions. The same data are there-  
fore plotted in  Fig. 3 in terms of specific resist ivity to 
el iminate effects of film thickness. 

The effect of the dopant  input  on the S b / S n  atom 
ratio of SnO2:Sb films on quartz for the 425 ~ 450 ~ 
and 475~ samples from Table III  is shown graph-  
ically in Fig. 4. It is seen that the S b / S n  ratio increases 
near ly  exponent ia l ly  with the dopant  carrier gas 
(Sb-N2) flow rate over the range studied. Apart  from 
the wide spread of two of the 450~ data, which we 
cannot explain, there is l i t t le difference in  the Sb /Sn  
ratios between the low and high temperature  films. 

The lowest resistivity (2-3 • 10 -3 ohm-cm) with 
highest light t ransmission (>85% net) was obtained 
with films deposited at 450~ with in termediate  
doping level. The best film had a S b / S n  ratio of 0.0075 
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Fig. 4. Atom ratio Sb/Sn of SnO2:Sb films on fused quartz 
plates as a function of Sb-N2 flow rate for low and high deposi- 
tion temperatures. (Data from x-ray fluorescence analysis.) 

which corresponds to about 0.6 atomic per cent (a/o) 
Sb in SnO2: Sb. 

In  Table IV several physical properties of coatings 
prepared under  opt imum conditions on a number  of 
different substrate materials  are recorded. The Sb /Sn  
atomic ratios, determined by x - r ay  fluoresence 
analysis, were in the range 0.@25-0.034 (2.0-2.7 a/o Sb 
in SnO2:Sb).  These values are considerably higher 
than was expected from the results listed in Table III, 
but  values in the same range were also obtained by 
electron probe microanalysis (Table V). The reason 
for the difference in dopant  concentrat ion is not , ,~der- 
stood, but it may have been due to minor  modifizations 
to the gas inlet  system. Although the results in Tables 
IV and V are mutua l ly  consistent they can therefore 
not be strictly compared with those in Table III. The 
values of specific resist ivity for this series ( in Table 
IV) are in the range 1.1 • 10 -z  to 1.8 • 10 -3 ohm-cm, 
the lowest being for a film on a sapphire substrate. For 
comparison, values cited in  the l i terature  for SnO2:Sb 
films prepared by various methods range typically 
from 7 X 10 -4 to 6 • 10 -3 ohm-cm (5, 13, 15, 19, 20, 
24, 25). 

Hall measurements  were performed at room temper-  
ature using the s tandard Van der Pauw technique. The 

magnetic field employed was 16 kG. The layers ex-  
amined were deposited under  opt imum conditions on 
quartz substrates and had a measured thickness of 
2800A. The layers were found to be n - type  with a 
carrier concentrat ion of 1.2 • 102o cm -3 and a mobi l i ty  
of 23 cm2/V-sec. For comparison, undoped layers were 
also n - type  but  had a carrier concentrat ion of 9.0 • 
l0  Is cm -3 and a Hall  mobi l i ty  of 10 cm2/V-sec. 

Optical properties.--The index of refraction and 
thickness of a single sample on silicon were determined 
by ellipsometry. The thickness of the sample was 
measured to be 2013A and the refractive index at a 
wavelength of 5461A was 1.8912, wi th in  the experi-  
menta l  limits 1.8855-1.8969. The refractive index of the 
t in  oxide is to a large extent  dependent  on the dep- 
osition conditions, especially the presence of water  
vapor in the reaction gas s t ream which produces films 
of lower index (22). 

In  thin layers the thickness and uni formi ty  of t in  
oxide coatings could be readily estimated simply by 
observing their color in reflection. This is a very 
sensitive technique for comparing r u n - t o - r u n  un i -  
formity or for de termining variations in the deposit 
thickness across the deposition zone. The reflection 
color which corresponds to a given thickness depends 
on the substrate mater ial  and the refractive index of 
the film. With experience and a set of calibrated 
samples one can determine the thickness quite ac- 
curately by observing the color in reflection, providing 
one knows or ascertains the order of interference. 
This technique is especially useful since the thickness 
range in which it is most sensitive corresponds to 
thicknesses of t in  oxide films used in  practical devices. 
For example, the films in the thickness range of 2200- 
2500A listed in Table IV exhibit  a blue-violet  in ter -  
ference color. 

The visible light t ransmission was measured 
throughout  the range of 4000-7200A. The transmission 
data is recorded in Table IV as per cent t ransmit tance  
measured with an uncoated substrate in the reference 
beam. Due to interference effects the light t ransmission 
can be peaked at any given wavelength in the visible 
by a correct choice of film thickness. In  Fig. 5 the 
t ransmission and reflectance spectra of a 2800A thick 
layer on quartz is shown. This figure i l lustrates the 
variat ions in  t ransmission produced by interference 
effects. 

The introduct ion of the ant imony dopant h a d n o  
measuraMe effect on the optical t ransmission [as 
compared to undoped t in oxide (22)] unt i l  a certain 
threshold concentrat ion was exceeded. At this value, 
which varies with CVD conditions employed (Table 
III) ,  the films became blue in appearance and there 
was a consequent decrease in  optical transmission. 
Fur ther  increases in the dopant concentrat ion produced 
a very rapid deteriorat ion in  the optical transmission. 

To record the infrared spectrum of the an t imony-  
doped t in oxide, a coating was prepared on an 
infrared t ransparent  silicon wafer. The observed Sn-O 
band structure was very weak in the lattice band 
region near  600 cm -1. The Sb-O band  structure which 

Table IV. Electrical and optical properties of antimony-doped CVD tin oxide films deposited under optimum conditions on various 
substrate materials 

F i l m  S h e e t  r e -  Spec i f i c  O p t i c a l  t r a n s m i s s i o n  i n  %, a t  w a v e l e n g t h  s t a t e d ,  (A) 
t h i c k -  s i s t a n c e ,  r e s i s t i v i t y ,  

S u b s t r a t e  m a t e r i a l  nesses ,  A o h m / s q ,  o h m - c m  4000 4400 4800 5200 6600 6000 6400 6800 7200 A v g  

F u s e d  q u a r t z  2200 72 1.6 • 10 -s 92.6 8~.6 81.8 82.8 86.0 82.2 91.0 93.3 94.4 88.3 
SID* soda  l i m e  g lass  2300 67 1.5 • 10 -s  87.0 86.7 81.6 78.1 79.9 83.0 87,1 90.1 90.8 84.9 
A.L.** soda  l i m e  g la s s  2000 76 1.5 • 10 -s 95.2 88,1 85.0 84.2 88.0 92.0 94.7 95.3 94.3 90.8 
A.L.** soda  l i m e  g la s s  2200 82 1.8 • 10 4 91.8 85.2 84.8 85.8 90.0 92.8 94.5 94.7 92.8 90.3 
B o r o s i l i c a t e  g lass  2350 72 1.7 • 10 - s  94.0 86.7  82.7 83.3 86.7 90.0 93.,3 94.5 94.4 89.S 

1120 S a p p h i r e  2500 40 1.1 x 1(~ -s . . . . . . . . . .  

= S I D  = s u r f a c e  ion  d e p l e t e d .  
** A.L.  = ac id  l e a c h e d  b y  boiling in 50 v o l u m e  p e r  c e n t  H2SO4 ~or 1 h r .  
CVD c o n d i t i o n s :  450~ 20 r a in ,  Sb-N2 650 c m a / m i n ;  o t h e r  c o n d i t i o n s  a s  s t a t e d  in  T a b l e  I, 
F i l m  c o m p o s i t i o n :  S b / S n  atom ratio = 0 .025-0 .034  (2.0-2.7 a / o  Sb  i n  SnO2:Sb) .  
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Sb-N~ Film Sheet re- Specific Atom 
Substrate flow rate, Deposition Deposition thick- sistance, resistivity, ratio,* 
material cm~/min temp, ~ time, min ness, A ohm/sq ,  ohm-cm Sb/Sn 

Fused quartz 420 425 20 1400 260 3.6 • 10 -3 0.012 
Fused quartz 420 450 20 1800 180 3.2 x 10 -3 0.0079 
Fused quartz 420 475 15 150'0 200 3.0 x 10 -3 0.0087 
Fused quartz 420 500 15 2250 150 3.4 X 10 -3 0.0080 
Fused quartz 420 525 I0 1500 140 2.1 x 10 -2 0.011 
Fused quartz 420 550 7.5 1200 220 2.6 • 10 -3 0.0078 
Borosilicate glass 420 500 2.5 ~600 11~0 ~7,1 x 10 -8 0.020 
Borosilicate glass 420 500 5.0 1900 500 9.5 x 10 -8 0.021 
Borosilicate glass 420 500 7.5 2720 354 9.6 x 10 -8 0.014 
Borosilicate glass 420 500 10 ~3500 200 ~7.0 • 10- 3 0.020 
Borosilicate glass 420 475 10 3100 295 9.2 x 1O -~ 0.013 
SID glass** 550 450 15 2250 115 2.6 X 1 0  -~ 0.0087 
SID glass** 650 450 20 2300 67 1.5 x 10- 3 0.029 
Fused quartz 650 450 20 2200 70 1.5 x 10 ~ 0.029 
A.L. glass*** 650 475 20 2200 80 1.S X 10 -3 0.018 
A.L. glass*** 6 5 0  ~ 7 5  20 2800 8 0  2.2 X 1 0 ~  0.0 .15 
SID glass** 700 450 15 3000 105 3.2 x 10 -3 0.0083 

* Net intensity ratio SbI~l /SnLal  from electron probe microanalysis. 
** SID = surface ion depleted, soda lime glass. 

*'"  A.L. = acid leached, microscope slide glass. 

o c c u r s  i n  t h e  s a m e  s p e c t r a l  r e g i o n  w a s  a l s o  w e a k .  S i n c e  
t h e  S n - O  b a n d g a p  t r a n s i t i o n  o c c u r s  i n  t h e  n e a r  u . v .  
( a p p r o x i m a t e l y  4 e V ) ,  t h e  a b s o r p t i o n  o c c u r r i n g  i n  t h e  

r e g i o n  4000-20'00 c m  -~  w a s  f r e e  c a r r i e r  a b s o r p t i o n  d u e  
to  d o p i n g  o f  t h e  S n O 2  f i lm.  A b s o r p t i o n  i n  t h e  4000 c m  - 1  
r e g i o n  a s  r e l a t e d  to  d o p i n g  h a s  b e e n  s t u d i e d  b y  
S u m m i t t  a n d  B o r r e l l i  ( 26 ) .  

Surface morphology.--The g e n e r a l  f e a t u r e s  o f  t h e  
t i n  o x i d e  s u r f a c e s  w e r e  e s t a b l i s h e d  b y  v i s u a l  e x a m i n a -  
t i o n  a n d  b y  l o w  p o w e r  o p t i c a l  m i c r o s c o p y ,  i n c l u d i n g  
N o m a r s k i  d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t .  S a m p l e s  
d e p o s i t e d  u n d e r  o p t i m u m  c o n d i t i o n s  e x h i b i t e d  v e r y  
s m o o t h ,  s t r u c t u r e l e s s  s u r f a c e s .  D e t a i l s  o f  t h e  s u r f a c e  
m o r p h o l o g y  w e r e  s t u d i e d  a t  m a g n i f i c a t i o n s  u p  to  
2 0 , 0 0 0 X  b y  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  i n  t h e  
s e c o n d a r y  e l e c t r o n  e m i s s i v e  m o d e  w i t h  a C a m b r i d g e  
S t e r e o s c a n .  T h e  p h o t o g r a p h s  i n  F i g .  6 f o r  f i l m s  d e -  
p o s i t e d  o n  S I D  g l a s s  a n d  a c i d  l e a c h e d  g l a s s  e x h i b i t  a 
f i n e - g r a i n e d  s u r f a c e  w i t h  f e w  d e f e c t s .  N o  p r e t r e a t m e n t  
o f  t h e  s p e c i m e n s  w a s  r e q u i r e d ,  s i n c e  t h e  S E M  i m a g e  is  
g e n e r a t e d  b y  s e c o n d a r y  e l e c t r o n s  e m i t t e d  f r o m  t h e  
s u r f a c e  b e i n g  s c a n n e d .  

U n d e r  c e r t a i n  g a s  f l o w  o r  d e p o s i t i o n  t e m p e r a t u r e  
c o n d i t i o n s  w h e r e  h o m o g e n e o u s  g a s  p h a s e  n u c l e a t i o n  
w a s  a p p r e c i a b l e ,  h a z y  t i n  o x i d e  f i l m s  w e r e  o b t a i n e d .  
T h e s e  c o a t i n g s  w e r e  s i m i l a r  i n  a p p e a r a n c e  to  t h o s e  
o b t a i n e d  o n  u n t r e a t e d  s o d a  l i m e  g l a s s  s u b s t r a t e s .  T h e  
f i l m s  a l s o  e x h i b i t e d  a n  e x c e s s i v e  n u m b e r  o f  p a r t i c u l a t e  
d e f e c t s .  H a z e d  t i n  o x i d e  c o a t i n g s  a r e  u n a c c e p t a b l e  f o r  
m o s t  a p p l i c a t i o n s ;  t h e r e f o r e ,  c o n s i d e r a b l e  e f f o r t  w a s  
d e v o t e d  to  a s c e r t a i n i n g  t h e  c a u s e  o f  t h e  h a z e  a n d  
d e f i n i n g  d e p o s i t i o n  c o n d i t i o n s  w h i c h  m i n i m i z e d  t h i s  
e f fec t .  

X-ray and electron dif]raction studies.--Samples 
f r o m  d o p e d  t i n  o x i d e  l a y e r s  d e p o s i t e d  o n  f u s e d  q u a r t z  
p l a t e s  a t  s u b s t r a t e  t e m p e r a t u r e s  i n  t h e  r a n g e  425 ~  
500~  w e r e  d e s t r u c t i v e l y  r e m o v e d  f r o m  t h e  s u b -  
s t r a t e  b y  s c r a p i n g  w i t h  a d i a m o n d  s t y l u s  a n d  w e r e  

I00  

80  

6 0  

I-- 
Z 
w 
c) 

~4o 
n 

I I I I I | I I I I | I I I I I 

TRANSMISSION 

SnO2:Sb 
2800,& ON 

QUARTZ 

REFLECTION 

0 I i i L i I I I I I I i I I I I 

4000 5000 6000 7000 

WAVELENGTH, [1] 
Fig. 5. Transmission and reflectance spectra of a 2800~, thick 

layer of SnO2:Sb deposited on fused quartz. 

Fig. 6. Scanning electron micrographs of antimony-doped tin 
oxide films deposited at 450~ on two different substrate materi- 
als: sample 1, StD glass and sample 2, acid-treated soda iime 
glass. (Samples from Table IV.) 
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examined by x - ray  diffraction. The x - ray  powder 
patterns obtained were essentially the same for all 
samples. They showed that the layers were crystall ine 
and composed almost ent i rely of tegragonaI t in  oxide 
(SnO~), similar to the results for undoped films re- 
ported by us (22) and also noted in the l i terature for 
undoped SnO2 films deposited from SnC14 (27). 

Surface examinat ion  of the same samples by electron 
diffraction confirmed this result  for the  films deposited 
at 500~ these were identified as polycrystal l ine t in  
oxide with azimuthal  ordering about the (200)-axis. 
All other samples showed complex pat terns which 
were most closely identifiable as polycrystal l ine 
ant imony oxide (Sb20~) with azimuthal  ordering about 
the (200)-axis. In  addition, some unidentified second 
phase appeared to be present. The electron diffraction 
studies revealed the t in  oxide to have a high degree 
of preferred orientation, 

A number  of at tempts were made to produce 
epitaxial t ransparent  conducting layers of t in  oxide on 
single crystal substrate materials.  Of all the materials  
examined sapphire appears to be the most promising. 
The t in oxide layers in  thicknesses up to 1 #m were 
deposited on sapphire under  the conditions described 
in  Table I. They were subsequent ly  annealed in air at 
1000~ for 1 hr. On the inert  sapphire substrates the 
optical and electrical properties of the t in  oxide are 
not significantly changed by this t reatment .  Two 
orientations of sapphire (0001 and 1102) were used in 
this investigation. Epitaxial  growth was not achieved 
on either orientat ion but  there were strong indications 
that given the correct choice of sapphire orientat ion 
epitaxial  growth should be possible. Two typical Laue 
photographs for these sapphire orientations are 
presented in Fig. 7 for i l lustration. 

On the 1102 orientat ion the t in  oxide was single- 
crystal- l ike in  a direction perpendicular  to the wafer 
face. The t in oxide <101> coincided with the per-  
pendicular  to the {1T02} of the sapphire. The t in 
oxide "a" axis was in the plane of the wafer and 
parallel  to the sapphire 1130 axis. This results in two 
different t in  oxide domains since the "a" axis of the 
t in oxide can align itself positive or negative with 
respect to the sapphire "a" axis. On the sample 
examined the two domains were not present  in equal 
numbers ;  they were in a ratio of approximately 6 : 1. 
This observation would lead one to believe that it 
might be possible to misorient  the substrate so as to 

bias the growth of a single domain and produce 
epitaxy. 

The t in oxide layer on the 0001 sapphire or ientat ion 
was also s ingle-crystal- l ike in  a direction per-  
pendicular  to the wafer face. In this case the t in  oxide 
"a" <100> axis was aligned in  the plane of the wafer 
with the sapphire "a" axis. Since there are three 
different sapphire "a" axes in the plane of the wafer 
this results in three different t in  oxide domains each 
having a <100.> axis perpendicular  to the wafer face. 
In this case misorientat ion of the wafer might also 
favor the growth of a single domain and produce 
epitaxy. 

X-ray ~uorescence ana~ysis.--The concentrat ion of 
the an t imony dopant  in  the t in  oxide was monitored 
by x - ray  fluorescence spectroscopy. Since the elements 
ant imony and t in are adjoining in  the Periodic Table 
and have no interfer ing absorption edges, the relat ive 
intensities of spectroscopic l ines should correspond 
closely to the relat ive concentrat ions of the elements.  
This was later  confirmed by  mass spectrographic 
analysis discussed in the section on trace impur i ty  
analysis. 

For x- ray  fluorescence spectroscopic analysis the 
type of substrate mater ia l  was found to be critical. 
Earl ier  attempts to analyze doped t in  oxide layers 
deposited on glass were unsuccessful due to the in ter -  
ference of strong x - r ay  fluorescence from calcium and 
potass:um present in the glass. These samples on glass 
substrates were subsequent ly  analyzed by  electron 
probe microanalysis (see next  section). Samples sui t-  
able for analysis by x - ray  fluorescence were obtained 
by depositing the t in oxide on quartz substrates. The 
analytical  results reported in  Table III for films co- 
deposited on quartz and surface-treated soda l ime 
glass were obtained by x - r a y  fluorescence analysis of 
the films on quartz. The film composition ranged from 
an atomic ratio Sb /Sn  of 0.002-0.11. 

Electron-probe microanalysis.--A number  of samples 
of variously ant imony-doped t in oxide coatings on 
glass and quartz deposited at various temperatures  to 
different thicknesses were examined by electron-probe 
microanalysis for the reasons pointed out above. The 
results obtained were consistent with those obtained 
by x - r ay  fluorescence. The results are summarized in 
Table V, together with deposition parameters  and 
other physical properties of the coatings. The an t imony 
dopant concentrat ion is expressed as the intensi ty  ratio 

Fig. 7. Laue photographs of 
SnO2:Sb coatings on single crys- 
tal sapphire substrates: sample 
1, 0001 orientation and sample 
2, 1102 orientation. 
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(SbLa l ) / (S r~La l ) ,  wh ich  was assumed to correspond 
closely to atomic ratio.  Fo r  Lal  l ines of e lements  of 
consecutive a tom number  in this  region of the  
Per iodic  Table, net  in tens i ty  ra t io  should be sub-  
s t an t i a l ly  equiva lent  to mass  concentra t ion rat io.  
Severa l  samples  on quartz  were  analyzed  b y  both 
x - r a y  fluorescence and e l ec t ron -p robe  microanalys is  
to ver i fy  this  assumption;  the  resul ts  obta ined  by  th@ 
two ana ly t ica l  methods  are  in good agreement .  

Trace impurity analysis.--One typ ica l  an t imony-  
doped t in oxide layer ,  deposi ted on a pol ished wafer  
of 100 ohm-cm high pu r i t y  sil icon at a subs t ra te  
t empe ra tu r e  of 475~ under  op t imum conditions, was 
examined  by  spa rk  source solids mass spectroscopy to 
iden t i fy  and qu.antitize any  chemical  impuri t ies .  Be-  
sides the high concentra t ion of an t imony  which was 
in ten t iona l ly  added to the t in oxide, the only o ther  
ma jo r  impur i t y  found was chlor ine at  a concentra t ion 
of 0.05 a/o. 

Other  impur i t ies  identif ied were  minor  concentra-  
tions of t rans i t ion  meta ls  (Zn 19, Fe 8.4, and Cu 1.3 
ppma) .  The origin of these impur i t i es  is not known, 
but  since only reagen t  qual i ty  chemicals  were  
employed  it was not  en t i re ly  unexpected.  

For  many  appl icat ions  the  presence of vola t i le  im-  
pur i t ies  in the  t in oxide is undesi rable .  To ascer ta in  
the na tu re  and quant i ty  of these impuri t ies ,  severa l  
t in oxide coatings on glass were  analyzed by  means  of 
an AEI  MS-10 gas mass spect rometer .  The samples  
were  hea ted  in an evacuated  stainless s teel  conta iner  
to t empera tu res  up to 140~ and the gases evolved 
examined  in the  mass spectrometer .  The exper imen ta l  
da ta  showed that  the  bu lk  of  the outgassing products  
was der ived  f rom the subs t ra te  ma te r i a l  and not f rom 
the tin oxide coating. The pr inc ipa l  gases evolved were  
carbon dioxide and water ,  but  in no case were  chlor ine  
or ch lor ine-conta in ing  species present .  

Conclusions 
I t  has been es tabl ished tha t  h ighly  conduct ing 

an t imony-doped  t in  oxide coatings can be p repa red  at 
deposi t ion t empera tu res  as low as 425~ by  modifying 
the  CVD process based on d ibu ty l  t in diacetate,  O2, 
H~O, and N2 as car r ie r  gas (22). This is accomplished 
b y  in t roduct ion  of an t imony  as dopant  in the  form of 
SbC15 vapor.  

The an t imony  concentrat ions  measured  in the  films 
that  were  deposi ted under  wide ly  vary ing  t empe ra tu r e  
and reac tan t  flow condit ions ranged  f rom 0.002 to 0.11 
atomic rat io  Sb/Sn .  The op t imum dopant  concentra-  
t ion was found to be wi th in  the  range of 0.6-2.7 a /o  
(or mol per  cent) Sb in SnO2: Sb. 

Typical  samples  are  1500-360'0A th ick  wi th  sheet 
resistance values  of 50-150 ohm/square ,  and have  a 
specific res i s t iv i ty  in the range  1.5 • 10-3 to 3.2 • 10-~ 
ohm-cm.  Ligh t  t ransmiss ion in the  vis ible  region of 
the  spec t rum ranges  f rom 85 to 91% net. The films are  
f ree  of vola t i le  chlor ine or chlorides.  Coatings are  
t h e r m a l l y  s table  in air  up to 10'00~ prov ided  that  
the  under ly ing  subs t ra te  ma te r i a l  is inert.  Coatings 
p repa red  on s ingle  crysta l  sapphi re  did not  de ter iora te  
when hea ted  to 1000~ in a i r  for severa l  hours. When  
hea ted  in hydrogen  the  coatings were  r ap id ly  de -  
s t royed due to reduct ion of the oxide, as expected.  

The films can be readi ly,  r ep roduc ib ly  and un i fo rmly  
deposi ted on different  types  of subs t ra te  mater ia l .  
Subs t ra te  plates  of fused quartz,  borosi l icate  glass, and 
t rea ted  soda l ime glass have been used successfully. 
Surface  ion deple t ion  of soda l ime glass by  appl ica t ion  
of an electr ic  field to the glass effected sufficient a lka l i  
ion deple t ion  to yie ld  film resis t ivi t ies  comparab le  to 
those of quartz.  P rov ided  tha t  the subs t ra tes  are 
t r ea ted  by  a less effective boi l ing acid leaching pr ior  
to the  t in  oxide  deposi t ion and the deposi t ion t e m p e r a -  
ture  does not  exceed 475~ the coatings can be ap-  

p l ied  even to glass subs t ra tes  wi th  a high a lkal i  
content.  

Acknowledgments 
The authors  would  l ike  to t hank  the fol lowing 

persons for thei r  contr ibut ions  in the  ins t rumenta l  
analysis  pa r t  of the project :  E. Meier  and H. Meier  
(Zur ich) ;  E. P. Bertin,  E. M. Botnick, D. C. McCarthy,  
J. J. McGinn, D. A. Kramer ,  C. W. Magee, R. J. Paff, 
B. J. Seabury,  J. M. Shaw, R. D. Vibronek,  and P. J .  
Zanzucchi (Pr inceton)  ; we are  indebted  also to H. Mc-  
Candless and L. A. Goodman (Pr ince ton)  for  m a n y  
f rui t fu l  discussions dur ing  the  course of this inves t iga-  
tion. 

Manuscr ip t  submi t t ed  March 12, 1975; revised m a n u -  
scr ipt  received Sept. 2, 1975. This was Paper  277RNP 
presented  at the New York, New York, Meet ing of the  
Society, Oct. 13-17, 1974. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1976 
JOURNAL. All  discussions for the December  1976 Dis- 
cussion Section should  be submi t ted  by  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by RCA Corporation. 

REFERENCES 
1. L. Holland, in "Vacuum Deposi t ion of Thin Films," 

chap. 16, p. 493, Chapman and Hal l  Ltd., London 
(1963). 

2. L. I. Maissel, in "Handbook of Thin F i lm Tech-  
nology," L. I. Maissel and R. Glang. Editors,  
chap. 18, McGraw-Hi l l  Book Co., New York  
(1970). 

3. J. M. Mochel, U.S. Pat.  2,564,707 (1951). 
4. R. E. Aitchison, Austral,tan J. Appl. Sci., 5, 10 

(1954). 
5. A. Fischer,  Z. Natur]orsch., 9a, 508 (1954). 
6. I. Imai,  J. Phys. Soc. Japan, 15, 937 (1960). 
7. J. A. Lely  and J. G. Bos, U. S. Pat.  3,014,815 (1961). 
8. Union des Verr ier ies  Mecaniques Belges, Brit .  Pat.  

892,708 (1962). 
9. R. Groth, E. Kauer,  and P.C.v.d. Linden,  Z. 

Naturforsch., 17a, 789 (1962). 
10. H. Sasaki,  Y. Nishimura,  and T. Yamamoto,  "Proc. 

Electronic Comp. Conf.," IEEE, p. 79 (1966). 
11. R. W. Gress, J. A. Murphy,  arid A. T. Ta lawalkar ,  

ibid., p. 164 (1968). 
12. T. Inagaki ,  J. Nakaj ima,  and Y. Nishimura,  

Fujitu Sci. Tech. J., 5, 235 (1969). 
13. D. Elliott ,  D. L. Zellmer,  and H. A. Lai t inen,  This 

Journal, 117, 1343 (1970). 
14. A. R. Peake r  and B. Horsley,  Rev. Sci. Instr., 42, 

1825 (1971). 
15. F. MJl lers  and R. Memming,  Ber. Bunsenges. Phys. 

Chem., 76, 469 (19'72). 
16. A. Rohatgi,  T. R. Viverito,  and L. H. Slack, J. Am. 

Ceram. Soc., 57, 278 (1974). 
17. W. R. Sinclair ,  F. G. Peters,  D. W. Sti l l inger,  and 

S. E. Koonce, This Journal, 112, 1096 (1965). 
18. V. M. Vaynshteyn,  Soviet J. Opt. Technot., 34, 45 

(1967). 
19. J. L. Vossen, "Proc. (3rd) Symp. on the  Dep. of 

Thin Fi lms by  Sput ter ing ,"  p. 80, Univers i ty  of 
Rochester  (1969). 

20. J. L. Vossen and E. S. Poliniak,  Thin Solid Films, 
13, 281 (1972). 

21. R. Muto and S. Furuuchi ,  Oyo Buturi, 41, 1 (1972). 
22. J. Kane, H. P. Schweizer,  and W. Kern,  This 

Journal, 122, 1144 (1975). 
23. D. E. Carlson, K. W. Hang, and G. F. Stockdale,  

J. Am. Ceram. Soc., 57, 295 (1974). 
24. S. P. Lyashenko  and V. K. Miloslavskii ,  Opt. 

Spectroscopy, 19, 55 (1965). 
25. W. M. Feist ,  S. R. Steele, and D. W. Ready, in 

"Physics of Thin Fi lms,"  G. Hass and R. E. Thun, 
Editors,  Vol. 5, p. 810, Academic  Press, New York  
(1969). 

26. R. Summi t  and N. F. Bore]li, J. Phys. Chem. 
Solids, 26, 921 (1965). 

27. J. A. Aboaf,  V. C. Marcotte,  and N. J. Chou, This 
Journal, 120, 701 (1973). 



Chemical Vapor Deposition 
of Amorphous Boron on Massive Substrates 
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C.~I.R.S., 45045 Orleans, Codex, France 

ABSTRACT 

Compact coatings Of amorphous boron were deposited on the smooth sur-  
face of substrates such as graphite, refractory metals, iron, and stainless steel 
using the reduction of boron trichloride by hydrogen. With a constant surface 
temperature  and a low deposition efficiency, a constant thickness is obtained 
if t ransport  l imitat ions are avoided at all points of the surface. Extension of 
the results is proposed for a deposition on larger surfaces and substrates of 
complex shape. The rate of deposition was studied at temperatures  ranging 
from 950 ~ to 1200~ The apparent  activation energy was found equal to 31.4 
kcal/mole.  Adherence and absence of cracks are a funct ion of the specific 
na ture  of the substrate. The most satisfactory coatings were obtained on 
graphite, refractory metals of Group Vb, iron, and stainless steel. On iron 
and stainless steel, a diffusion barr ier  was first deposited by pack cementation, 
which avoids the t ransport  of the metals and slows down the boron diffusion. 
Boron morphology regular i ty  is shown to be a funct ion of nucleation. 

The rate at which a substance is deposited from 
chemically reactive vapors can be governed by either 
chemical kinetics or mass t ransport  of reactants and 
products. The relative rate of t ransport  to and from the 
reaction surface and the rate of chemical conversion 
in t u rn  determine local concentrations and supersatu-  
rat ion which may influence deposit morphology. The 
relative importance of the diffusional and kinetic fac- 
tors dur ing  chemical vapor deposition of boron by 
hydrogen reduction of boron trichloride on a hot fila- 
ment  was studied in detail by P. E. Gruber  (1) and 
H. E. Carlton et al. (2). General ly  a horizontal resis~t - 
ance heated wire is used. In  this case, mass t ransport  in 
the vapor phase is impor tant  whatever  the geometry of 
the deposition cell. It is always eclual to or greater than 
the mass t ransport  by na tura l  convection, and up to 
1050~176 the deposition rate is governed by chemi- 
cal kinetics (1-3). 

On a massive substrate, the rate of deposition is gen-  
eral ly l imited by mass t ransport  at these temperatures  
and crystals of boron nucleate  very  rapidly (4). To 
avoid this crystallization, a deposition cell was bui l t  to 
produce a stream of reactants flowing at high velocity 
normal  to the center of the substrate, then flowing at 
high velocity in a parallel  direction. In  this case, it is 
very difficult to specify mass t ransport  properties, but  
it was possible to increase exper imental ly  the mass 
t ransfer  by increasing the mass flow rate. The rate of 
mass flow was determined by the rate of reactants 
metered with flowmeters and by the shape and size of 
the deposition cell. In  all cases where the deposition 
rate is governed by  chemical kinetics at all points of 
the substrate, un i form coatings of "amorphous" boron 
are produced. 

Experimental Techniques 
The experimental  set up is shown in Fig. 1. The de- 

tails of the deposition cell are shown in  Fig. 2. The 
apparatus is made of Pyrex glass except for the reactor 
which is made of silica. The desired flow rates of B C13 
and H2 are adjusted by meter ing valves, and metered 
by flowmeters. The mixing gas is introduced in  the 
reactor or bypassed outside through a valve. This valve 
provides for a flow of He introduced in the reactor and 
for a flow of the reactants bypassed outside, and vice 
versa. The stream of either He or the reactants is intro-  
duced at a high velocity normal  to the substrate in a 
0.8 cm diam cylindrical nozzle. The substrate is a disk 

Key w o r d s :  mass  t r anspor t ,  k ine t i c ,  r e f r a c t o r y  meta l s ,  s t e e ]  
morpho logy .  

of 2 to 3 cm diam, 0.5 to 1 cm thick. It  is heated by a 
high frequency generator  regulated by a thermocouple 
fitted at 0.05 cm under  the surface to be coated. The 
surface temperature  of the substrate  is measured by 
this thermocouple. The m a x i m u m  tempera ture  fluctua- 
tions are _ 2~ 

The exper imental  procedure is as follows: the desired 
flow rates of BCl~, H2, and He metered by rotameters 
are set and the power supply adjusted to a predeter-  
mined value for the desired temperature.  The substrate  

flowmeters 
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is heated to the desired tempera ture  in  helium. Tim- 
ing of the exper iment  is s tarted with the reactants flow 
in the reactor. The volume measured between the by-  
pass valve and the substrate is about 10 cm 3 and is 
flushed dur ing a very  small  time (<1 sec in  our ex- 
per imenta l  conditions).  Timing of the exper iment  is 
stopped when the hel ium flow is tu rned  into the reactor. 
The substrate and the boron deposited are cooled in 
helium. The hel ium flow rate is determined in  order to 
avoid tempera ture  fluctuations larger than dur ing  dep- 
osition at the start and the end of the experiment.  

In  all experiments,  the ratio of BC18:H2 is equal to 
2:3 without  any addit ion of iner t  gas and the pressure 
is 1 arm. Hydrogen used in  these experiments  is of 
99.995% by volume purity.  CP-grade boron trichloride; 
99.9% pure (manufacturer ' s  specification) was used. 
The exper imenta l  apparatus is flushed before and after 
each reaction with hel ium of 99.995% pure by volume. 
The substrates used are: f ine- texture prepolished 
graphite  of average density 1.75, cleaned in alcohol 
in an ultrasonic device and dried; the refractory metals 
t i tanium, zirconium, niobium, tantalum, molybdenum,  
and tungsten  of 99.9% pur i ty  (all surfaces are pre-  
polished, in  some cases optically polished and /or  an-  
nealed) ;  iron (99.95% pur i ty) ,  and stainless steel with 
average composition (C < 0.03, Cr ---- 18, Ni ---- 10%). 
In  the case of iron and stainless steel it was necessary 
to first deposit a film to act as a diffusion barr ier  for 
boron. This was obtained by diffusion of t an ta lum 
produced by  a pack-cementat ion process. 

I n f luence  of Mass  T r a n s p o r t  and  Chemica l~K ine t ics :  
Exper iment  and Discussion 

The effect of flow rate, position of the substrate, and 
temperature  on deposition rate were studied on a 
graphite  substrate.  Thickness of boron deposits was 
measured with an optical microscope on the pre-  
polished vertical plane of the disk. 

Figure 3 shows the thickness of boron deposits as a 
funct ion of the radial distance on the disk with varying 
flow rates of reactants (H2 + BCIs). Figure 2a shows 
the nozzle that  was employed and the distance d be-  
tween the nozzle and the deposition surface (d ----- 0.3 
cm). The reaction t ime was always 120 sec and the tem-  
pera ture  ll00~ Figure 3 shows that  the thickness is 
constant in the center of the substrate in  front of the 
nozzle. When the flow rate is equal to or greater than 
40 cm3/sec (0.14 g /cm 2 � 9  of BCI~), it does not 
influence the boron-deposited thickness in the center 
of the substrate.  At smaller  flow rates the thickness is a 
function of the flow rate. The deposition rate is l imited 
in one case by  chemical kinetics, and by  mass t ransfer  
in the vapor phase in the other. When the distance 
from the center of the substrate is greater than 0.4 cm, 
mass t ransfer  in  the vapor phase is small  and the 
thickness falls quickly. 

Figure 4 shows the thickness of boron deposits as a 
funct ion of the diametra l  distance on the dish with 

A M O R P H O U S  BORON 279 

40 E 

=~ 30 

~ 20 

10 

S tion duration = 120 

/ /  Temperature= 1100 ~  

Mass flow rate of 

BCI 3 - -O ,2g / cm 2 .  sec 

0.5 0 5 
diametral distance,cm 

Fig. 4. Effect of d on deposit thickness along the sample diam- 
eter: a ~ 0.3, b - -  1, c = 2, d ~ 3cm. 

varying distance d (Fig. 2a). The effect of d is very  
small over the range investigated, the flow of reactants 
remaining normal  to the deposition surface. In  the 
center of the substrate, the deposition rate  is only 
l imited by chemical kinetics. 

The above studies show that the deposition rate is 
only l imited by chemical kinetics when  the stream of 
reactants is flowing at a rate equal to or greater  than  
80 cm/sec normal  to the deposition surface at a t em-  
pera ture  of 1100~ However, the diameter  of the nozzle 
cannot be increased extensively since in that  case mass 
flow becomes considerable. I t  is possible to increase the 
rate of reactants flowing in  a parallel  direction to the 
substrate by reducing the distance d (d < 0.05 cm),  but  
the boron deposit is always scaled off at a distance of 
0.4 cm from the center of the deposition surface (cir- 
cumference of the nozzle). Another  nozzle type (Fig. 
2b) was constructed to avoid this scaling. Figure 5 
shows the boron-deposited thickness as a funct ion of 
the diametral  distance on two different substrates, 
graphite and molybdenum.  The distance d is smal ler  
than 0.5 mm, but  our apparatus was not accurate enough 
to adjust  d at a fixed value ___0.1 mm and to position the 
substrate in a horizontal plane. The reaction t ime was 
120 sec, the temperature  1100~ and the flow rate 100 
cm/sec. Line a in  Fig. 5 shows that  the deposit thick- 
ness is sl ightly smal ler  at the per iphery  of the deposi- 
tion surface; d was too large. Line b shows that  the 
substrate surface was slightly at an angle and the mass 
t ransfer  in the vapor phase was too small  on one side of 
the substrate. The higher circumference thickness was 
produced by the tempera ture  being higher at the 
per iphery than in the center of the substrate which 
was cooled by the stream flow of the reactants. The 
two effects, mass t ransfer  too low and temperature  too 
high, c~n be a way to obtain constant  thickness deposits. 
The deposition efficiency is very low (generally 0.2%) 
and it is not necessary to take the production of hy-  
drogen chloride into account. Then, it is easier to pre-  
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Fig. 3. Effect of flow rates of reactants on deposit thickness 
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heat the reactants and to deposit boron on a constant 
temperature  substrate  if the stream of reactants flows 
at a normal  rate, then  parallel  to the substrate as high 
to produce a chemical kinetics l imited deposition rate 
and without  any pressure increase. I t  becomes obvi-  
ous that amorphous boron could be deposited on a 
more complex shape if we adapt each deposition cell 
to each shape. 

The effect of temperature  on deposition rate is shown 
in Fig. 6, with a constant flow rate of 50 cm3/sec, 0.2 
g /cm 2 �9 sec of BC13. The final thickness of the boron 
deposit is observed to be directly proport ional  to the 
reaction time, except for 1200~ when the reaction 
t ime is greater than  180 sec. We can explain the shift- 
ing of the zero of the straight l ine by  the nucleation 
occurring at a rate which is a function of the tempera-  
ture. The apparent  activation energy determined from 
the slope of the l ine in  Fig. 7 is about 31.4 kcal /mole 
in  the range of 950~176 Above 1100~ the deposi- 
t ion rate is l imited by the mass t ransfer  in  the vapor 
phase. Up to 1150~ the boron deposit is amorphous 
during the first minutes  of reaction. At 1200~ boron 
crystallizes very  quickly (in the first minu te ) .  

Deposition on Metallic Substrates 
Boron was deposited on two types of metallic sub-  

strate: first, the refractory metals of the Groups IVb, 
Vb, and VIb where the interact ion of the deposition 
reaction with the substrate is only a diffusion of boron 
in the metal;  second, metals or alloys like iron and 
stainless steel where there is an interact ion of H2/BCI~ 
compositions with Cr and Fe which are t ransported as 
CrCI2 along with the deposition of boron. In  these 
cases, it was necessary to first deposit a barr ier  to avoid 
part ial ly or ent i re ly  the t ransport  of the metals and to 
reduce the diffusion rate of boron in the substrate. This 
barr ier  was of t an ta lum diffused into the substrate by 
a .pack-cementa t ion  process which will be explained 
in detail elsewhere (5). On iron, the diffused t an ta lum 
formed an intermediate phase Ta~Fe7 as determind by 
x - r ay  diffractometry and electron microprobe analysis. 
The thickness of this layer was 10-60~ and constituted 
a new substrate. On stainless steel the s t ructure  of the 
layer  is TaC(n)  type. It is a very th in  layer (0.4~) 
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which prevents the t ranspor t  of metals as chlorides and 
slows down the boron diffusion in  steel. 

Coatings were studied by x - ray  diffraction directly 
on the substrate coated with boron. The boron has a 
very small absorption coefficient and the different 
borides were identified as TiB2, ZrB2, NbB2, TAB2, 
Mo2Bs, and W2B~. We have never  obtained lines for 
other borides and pure metals. With molybdenum and 
tungsten as substrate, two layers of borides are ident i -  
fied by optical microscopy on a cross section. Studies 
of the inner  layers by electron microprobe analysis 
show that presumably  they are MoB and WB, the preci-  
sion of the analysis, however, is unsatisfactory (Fig. 
8). Optical studies did not reveal other borides of the 
other metals Ti, Zr, Ta, and Nb. The observed boride 
layers formed under  the same conditions of t ime and 

Mo MoB Mo2B 5 B 

d i s t a n c e  on c ross  s e c t i o n  

Fig. 8. Electron microprobe scan across a fi coating on Mo 
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tempera ture  show that  the rate of boriding increases 
when  going from the metals of Group IV to those of 
Group VI. These results are in agreement  with the re -  
sults of Epik (6). On tanta lumized iron, the diffu- 
sion of boron forms two mixed borides of t an ta lum and 
iron. The x - r ay  lines of the borides are very close to 
those of TaB and TaBs. This shows that  i ron is cer ta inly  
inserted in  the lattice. Figure 9 is a scanning of i ron on 
a cross section of boron deposited on tantalumized 
iron which successively shows the different layers: 
boron, the two borides, Ta3Fen and pure  iron. On 
stainless steel, there was boriding of the tanta lumized 
layer and of the inner  steel. The x - r ay  studies show a 
small displacement of the cementat ion layer  lines and 
the formation of a complex boride of iron, chromium, 
and nickel. The EMA studies confirmed the boriding of 
steel through the cementat ion layer. Figures 10 and 11 
show the diffusion being slowed down. All  these re-  
sults will be developed elsewhere (5). 

The precipitat ion of borides at the interface is an  
impor tant  fact which regulates the adherence of boron 
to the substrate. It is essentially a diffusion of the small  
atoms of boron with a very slow diffusion of the metal -  
lic atoms in the opposite direction. This rapid one-way 
diffusion of boron fair ly often produces an accumula-  
t ion of vacancies which creates porosities in the in ter -  
face proximity.  These porosities increase when going 
from the metals of Group IV to those of Group VI (Fig. 
12b-e). The deposits of boron on tanta lumized iron do 
not show porosities when  the deposition surface is 
strictly prepared. In  the case of iron, the opposite dif-  
fusion of i ron in boron is impor tant  as seen on i ron 

A M O R P H O U S  BORON 281 

Fig. 11. Backscatt~red image 

scanning of Fig. 9. The deposits on t an ta lum stainless 
steel never  show porosities (Fig. 12f and g). 

Another  impor tant  aspect of the defects lies in the 
cracks that are produced normal  to the deposit surface 
dur ing the cooling of the sample. These cracks were 
observed with t i t an ium or zirconium substrates which 
present  a martensi t ic  t ransformat ion which causes 
deep striation of the metal  by itself (Fig. 12b). When 
the substrate was n iob ium or t an ta lum no cracks were 

Fig. 9. Microprobe scan for Fe Fig. 12a. B coating on graphite 

Fig. 10. Absorbed electron image Fig. 12b. B coating on TJ 
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Fig. 12c. B coating on Ta Fig. 12f. B coating on Fe(Ta) 

Fig. 12d. B coating on Mo Fig. 12g. B coating on stainless steel 

and e). In  all cases, cracks cross over the boron cones 
(Fig. 13). 

Complete breakage of the boron deposit can arise 
dur ing cooling down of the sample when  the substrate-  
like carbides have a low ductility. So, boron deposited 
on steel coa~ed with layers of carbide (~5~) presented 
an explosive spl inter ing during cooling, although the 
thermal  expansion coefficient is of the same order. 

Fig. 12e. B coating on W 

observed, but  the metal  does not present  any t rans-  
formation and the diffusion of boron forms only one 
boride (NbB2 and TAB2), the thermal  expansion co- 
efficient of which is of the same order as those of the 
pure metal  and the amorphous boron (6.5-8.5 X 
10-8/~ (Fig. 12c).When boron is deposited on mo- 
lybdenum and tungsten, the diffusion of boron forms 
two borides, and the cracks could arise from the differ- 
ence between thermal  expansion coefficients (Fig. 12d Fig. T3. Morphology of B coating on Mo 
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Complete  scal ing arises when  crys ta l l ized  boron is 
deposi ted on iron and steel. 

The surface morpho logy  of the boron deposi ts  de -  
pends upon a number  of factors connected to the sub-  
s t ra te  character is t ics  and the  thickness of boron de-  
posited. F igure  14 shows the surface morpho logy  of 
amorphous  boron deposi ted on t an ta lumized  i ron as a 
funct ion of the  deposi t ion t ime. We shal l  show else-  
where  (7) tha t  amorphous  boron presents  a mononu-  
cleated morpho logy  wi th  growing cones. I t  is c lear  tha t  
the  deposi t  morpho logy  depends upon the phys ica l  
aspect  of the  surface and is more  r egu la r  on pol ished 
surfaces. F igure  15 shows the boron deposi ted on differ-  
ent  subs t ra tes  under  the  same conditions. Deposits  a re  
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Fig. 14. Morphology of B deposited on Fe (Ta): (a) during 60 
sec, (b) during 180 sec, (c) during 300 sec, (d) during 420 sec, (e) 
during 600 sec. 

more  regu la r  when nucleat ion occurs on nonpr iv i leged  
sites or  when these sites a re  d i s t r ibu ted  stat is t ical ly.  
Since the  nucleat ion occurs fas ter  on p r iv i l eged  sites 
another  impor tan t  factor  is the  recrys ta l l ized  state of 
the metals.  On an opt ica l ly  pol ished metal ,  these si tes 
are  essent ia l ly  the  gra in  boundaries .  When  the average  
gra in  size of the  meta l  is of the  same order  as the  size 
of the  boron nucleus, the  boron deposi t  is r egu la r  (Fig. 

Fig. 15a. Morphology of B deposited in 120 sec at 1000~ on 
graphite. 
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Fig. 15b. Morphology of B deposited in 120 sec at I000~ on 
prepolished Nb. 

Fig. 15c. Morphology of B deposited in 120 sec at IO00~ on 
optically polished To. 

16). When the average grain size is greater than the 
size of boron nucleus, the boron deposit is irregular.  
This effect occurred with annealed metals (Fig. 17). 
The nucleat ion occurs first on the grain boundary,  then 
on the grain surfaces as a function of the crystall ine 
orientat ion of the grains. The final boron thickness was 

Fig. 16. B coating on a prepolished Mo sarnpIe 

Fig. 17. B coating on a polished and annealed Mo sample 

accordingly greater on the boundary  layer  and on some 
grains. 

The microhardness of amorphous boron was mea-  
sured on the cross section of the layers deposited on 
various substrates with thickness greater  than 50~. The 
Knoop microhardness values found were 3350 _ ~50 
( k g .  mm 2) with a 100g load. 

Conclusion 
Mass transport  l imitat ions can be avoided in  the 

deposition of boron from boron trichloride reduction 
by hydrogen on a massive substrate when  the deposi- 
t ion cell provides for a stream of reactants flowing at 
high velocity normal  to the substrate, subsequent ly  
flowing at a higher velocity in a parallel  direction. 
Under  these conditions deposition of amorphous boron 
occurs dur ing a t ime that is a function of the tempera-  
ture, and constant  thickness of the deposit is achieved 
in all points of constant temperature  if deposition 
efficiency is low. Then amorphous boron could be de- 
posited on a complex-shaped substrate if one adapts 
each deposition cell to each shape. The deposition rate 
of boron increases sharply with the temperature.  The 
apparent  activation energy is about 31.4 kcal/mole. 

Good coatings are achieved on graphite. On refrac- 
tory metals, the best deposits, without  cracks, are ob- 
tained with the metals of Group Vb. On iron and 
stainless steel, it is necessary to first deposit a barr ier  
to avoid the t ranspor t  of the metals and to reduce the 
diffusion rate of boron. It is a diffusion of t an ta lum 
produced by a pack-cementat ion process. Good coatings 
without  any cracks and interfacial  porosities are 
achieved on iron and stainless steel under  strictly re-  
producible conditions for the preparat ion of the deposi- 
tion surface. Complete scaling of the deposits occurs on 
hard substrates or hard layers such as carbides except 
when the hard layer is very thin. 

The regular i ty  of the deposit morphology is a funct ion 
of the nucleation. Statistical nucleat ion arises when 
the surface does not present  physical or s t ructural  
privileged sites, or when these sites are statistically 
distr ibuted at small  distances, of the order of the size 
of one nucleus. 
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A n y  discussion of this pape r  wi l l  appear  in a Discus-  
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ABSTRACT 

Alpha-A1203 has been chosen as the coating ma te r i a l  for  cemented  car-  
bide cut t ing tool inserts.  The coatings have been p repa red  by  chemical  vapor  
deposi t ion via  hydro lys i s  of A1Cts. The hard,  dense and adheren t  a lumina  
layers  consisted of a-A1203 when deposi ted at  t empera tu re s  above 850~ De-  
pending  on the choice of the  deposi t ion parameters ,  the l aye r  g rowth  ra te  
var ied  be tween  a few tenths  to 20 ~m/hr.  Machining tests ca r r i ed  out wi th  
cast i ron and steel  have shown tha t  the presence of the  a lumina  coating con- 
s ide rab ly  increases the  l i fe t ime of the tool insert,  reduces the number  and the 
size of "cut t ing microholes"  on the work  piece, and decreases the amount  of 
hea t  generated.  

The qual i ty  of the cut t ing tool is of pa r t i cu l a r  im-  
por tance  for  the p roduc t iv i ty  of the  meta l  cutt ing 
operat ion.  Fa i lu re  of tools used for  cut t ing at  high 
speeds is due to wear,  p las t ic  deformation,  or rup tu re  
of the tool (1). 

Wear  of the surface of the  tool is r e la ted  to abras ion 
and adhesion processes tak ing  place at the  in ter face  
be tween  the  tool and the chip. In  the  case of cut t ing 
tools of coba l t -bonded  tungsten carb ide  which are  used 
for machining steel, diffusion of i ron f rom the chip into 
the  cobalt  b inder  and of cobal t  f rom the tool into the  
chip is pa r t i cu la r ly  impor tan t  in degrading  the tool r e -  
sistance (2). Fur the rmore ,  b r i t t l e  and low mel t ing  
carbides  of tungsten and i ron are  sometimes formed at  
the tool /chip  in terface  (3). 

Plas t ic  deformat ion  (cra ter ing)  of the tool as wel l  as 
the above-ment ioned  diffusion processes are  accelera ted 
by  an increased t empe ra tu r e  of the  tool. 

Rupture  of the  tool is ma in ly  caused by  mechanical  
shocks or vibrat ions.  

Taking  these factors into account, h igh  pe r fo rm-  
ance from a cut t ing tool can be expected if: (i) The 
bu lk  of the  tool has a high compressive strength,  a 
high Young's modulus,  a h igh creep resistance,  and a 
high toughness, and (ii) the  surface of the  tool has 
good chemical  resis tance against  the  ma te r i a l  to be 
machined,  has a high hardness,  and minimizes  the ab-  
sorpt ion of heat  by  the tool. 

A single ma te r i a l  cannot combine the op t imum 
values requ i red  for  both the surface and the bu lk  of 
the tool. Cemented carbides  sa t i s fy  the  condit ions re -  
qui red of the  bulk  but  not  those demanded  of the sur -  
face of the  tool. Therefore,  an increased per formance  
can be expected for tools made  of cemented carbide,  the  
surface of which is covered wi th  a sui table  coating. 
T i tan ium carbide  and t i t an ium n i t r ide  coatings p ro -  

�9 P r e s e n t  a d d r e s s :  St~ C u i v r e  e t  Zinc~ 10 B o u l e v a r d  F r o idmon t~  
B-4000 L i e g e ,  B e l g i u m .  

K e y  w o r d s :  c h e m i c a l  v a p o r  depos i t i on ,  a l u m i n a  coatings, cutting 
tools. 

duced by  CVD have a l r eady  found indus t r ia l  appl ica-  
tion. 

App ly ing  the above cr i ter ia  for the  choice of an effi- 
cient coating (see the comparisons given in Table  I)  
a-A1203 appears  as a ve ry  promis ing coating, especial ly  
for  the machining of steel at high tempera tures ,  i.e., at  
high cut t ing speed. This choice is suppor ted  by  the fact 
that  massive a lumina  tools are  a l r eady  used in indus t ry  
and that  the low wear  of tools when  machining steels 
that  have been  deoxidized wi th  a luminum seems to be 
re la ted  to a thin l aye r  of a lumina  formed at the  surface 
of the tool dur ing  the cut t ing opera t ion  (5). 

Experimental 
Deposition procedure.--Alumina l ayers  have been 

deposi ted on cemented carb ide  tools by  chemical  vapor  
deposi t ion in a f low-type  l abo ra to ry  reactor  which is 
shown schemat ica l ly  in Fig. 1, using one of the  fo l low-  
ing react ions 

2A1CI~ + 3H20 ---- A1203 + 6HC1 [1] 

2A1C13 + 3CO2 -5 3H2 ---- A1203 + 3CO + 6HC1 [2] 

The feed rates of the gases par t ic ipa t ing  in the  proc-  
ess (H2, CO2, CO, and HC1) were  me te red  at a tmo-  
spheric  pressure  and room tempera ture .  The AIC13 
vapor  was produced by  conversion of HC1 over  a lumi-  
num chips heated to about  250~ The wa te r  vapor  
requi red  for react ion [1] was in t roduced by  bubbl ing  
H2 as car r ie r  gas th rough  a sa tu ra to r  he ld  at a constant  
tempera ture .  Heat ing of the subs t ra te  was car r ied  out 
by  high f requency induction.  The t empera tu re  was 
measured  wi th  a thermocouple  and an optical  p y r o m -  
eter. 

The subst ra tes  were  commercia l  tool inserts  of grade  
ISO P30 ($4) produced by  SANDVIK AB (chip face 
1.61 cm 2, total  surface 4.5 cm2). Exper iments  were  also 
carr ied out wi th  inserts  precoated  wi th  layers  of TiC, 
TiN, and Cr. Before coating the tool  inserts  were  u l t r a -  
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Table I. Comparison of properties of cemented carbide and some possible coating materials 

Cemented carbide TiC TiB~ TiN Si3N4 AbOs ZrO2 

Reaction be tween  tool and Extensive (reaction Slight Moderate Moderate Slight No inter-  Moderate 
workpiece  mater ia ls  at  be tween  steel and action 
elevated t empera tu re  {4) cobalt binder) 

Oxidation resistance in air  Poor Fair  Fair  Fair  Fair  Good Good 
at e levated t empera tu re  

Vickers hardness  20~ 1400-1fl00 3200 3250 1950 3100 3000 1100 
( k g / m m  ~) l l00~ 200 600 300 400 

Thermal  conduc- 20~ 0.20-0.30 0.078 0.062 0.048 0.04 0.081 0.0045 
t ivi ty (cal /cm �9 110~~ 0.099 0.I1 0.063 0.013 0.014 0.0056 
set-~ 

sonical ly cleaned, fol lowed by  vapor  degreas ing wi th  
Freon TF solvent  or i sopropyl  alcohol. 

Heat ing up and cooling down in the  CVD reactor  was 
carr ied  out under  hydrogen.  

The values of the exper imen ta l  pa rame te r s  of the 
deposi t ion runs  are  given in the  figures and tables  
which summar ize  the  results.  

Examination of coated samples.--The difference in 
weight  of the inser t  before  and af te r  coating pe rmi t t ed  
an est imat ion of the average layer  thickness  (1 mg 

1 #m).  I t  corresponds reasonably  wel l  to the  values  
measured  d i rec t ly  on pol ished sections. The coating 
thickness is not comple te ly  un i form and increases 
toward  the  edge of the chip face (Fig. 2, 3). 

Compara t ive  wear  tests were  carr ied out  wi th  un -  
coated, TiC-coated,  and  A12Os-coated tool inserts.  

Influence of Deposition Parameters upon 
Layer Growth Rate and Structure 

Reaction 1 (HzO process).--Figure 4 shows the dep-  
osition rate,  expressed  as the weight  increase in nag �9 
hr  -z,  as a funct ion of the subs t ra te  t empera tu re  in 
the in te rva l  of 600~176 The decrease in the  dep-  
osition ra te  wi th  t empe ra tu r e  might  be re la ted  to a n  

venJ 

. . . . . . . . .  r . . . .  ! t 

~ CO 2 + H z + HCI 

or H20 4- H 2 

H~ § NCI 

L. 2.__5oo_c._. j 
P.T. F E valve 

pump 

increasing degree of format ion  of A1203 in the  vapor  
phase. At  h igher  total  pressures  (20 and 50 Torr)  the 
deposi t ion ra te  at  a subs t ra te  t empera tu re  of 1000~ 
was negligible.  These resul ts  are in agreement  wi th  
observat ions made  when  A120~ was deposi ted on a lu -  
minum at lower  t empera tu res  (400~176 by  the 
same process (6). 

Reaction 2 (HzO-COz process).--Substrate tempera- 
t u r e . - - F o r  the  CO2-H2 process the  deposi t ion ra te  in-  
creases r ap id ly  wi th  t empe ra tu r e  (Fig. 5) which  in-  
dicates tha t  i t  is control led ma in ly  by  a chemical  r e -  
action step. The "act ivat ion energy,"  ca lcula ted accord-  
ing to the  Arrhen ius  equat ion is about  40 kca l /mole .  

Total pTessure.--The deposi t ion ra te  as a function of 
to ta l  p ressure  in  the  deposi t ion chamber  presents  a 
m a x i m u m  be tween  50 and 100 Torr  (Fig. 6). The ex -  
per iments  were  car r ied  out at  constant  mass  flow rate.  

Fig. I. Apparatus for chemical vapor deposition of A]~O3 (sche- 
matic). 

Fig. 2. Photomicrograph of a polished section through a tool 
insert (ISO P30) coated with a-A|203, etched with hot phosphoric 
acid. 

Fig. 3. Photomicrograph of a polished section through a tool 
insert coated with TiC and ~-AI203, etched with NoOH and 
KMnO4. 

rag, h -~ 

I0 

5 

500 600 700 800 900 I000 IlO0~ 

Fig. 4. H20 process. Deposition rate as a function of substrate 
temperature. (Substrate, ISO P30. Total pressure, 5 Torr. Partial 
pressures: AICI3, 0.02; H~O, 0.06; and H~, 4.92 Tort. Linear gas 
velocity at 200~ 9.4 cm �9 sec-Z.) 
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Fig. 5. H~-CO2process. Deposition rate as a function of substrate 
temperature. (Substrate, ISO P30. Total pressure, 50 Torr. Partial 
pressures: AICI3, 0.2; CO~, 24.9; and H2, 24.9 Tort. Linear gas 
velocity at 200~ 9.4 cm �9 sec-1.) 
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Fig. 6. H2-602 process. Deposition rate as a function of total 
pressure at constant mass flow rote. (Substrate, ISO P30. Substrate 
temperature, 1050~ Gas composition: AICI3, 0.4%; CO2, 49.8%; 
and H2, 49.8%. Linear gas velocity at 50 Torr and 200~ 9.4 
cm �9 see-1.) 

The decreasing deposition rate at higher pressure might 
be due to undesirable  homogeneous reactions which 
lead to powder formation. These reactions are favored 
by the residence t ime of the reactants in  the hot zone 
and the occurrence of free convective currents,  the im-  
portance of which increases with pressure, i.e., with 
decreasing flow velocity. 

Sparrow et aL (7) derive the ratio Gr /Re  2, ratio of 
buoyancy forces to iner t ia l  forces, as the cri terion for 
judging the na ture  of gas flow over a hot surface 

gH (T1 - -  To) 
G r / R e  2 = 

4T0v ~ 

with Gr the Grashof number ;  Re the Reynolds number ;  
g the gravity; H the length dimension:  distance be- 
tween substrate and reactor wall, according to Curtis 
and Dismukes (8); T1 the substrate temperature;  To 
the wall  temperature;  and v the gas velocity. 

G r / R e  2 increases with pressure. For pure forced con- 
vection this value should be less than 0.3 or 0.06 ac- 
cording to the criteria which are chosen (7). Fu r the r -  
more, in  the present  experiments,  for which the buoy-  
ancy force has a component  opposite to the free stream 
velocity ("opposing flow"), a separation of flow occurs 
if Gr /Re  2 is >1;  near  the surface the gas flow is then 
upward  and no longer downward (7). Gr /Re 2 is cal- 
culated to be about 0.4 for a pressure o f  100 Torr and 
about 1.6 for 200 Torr. If the average gas flow is di-  
rected upward  there is no separat ion of flow due to 

Table II. Deposition of AI203 on cemented carbide cutting tools 
(ISO P30) : Deposition rate as a function of gas camposition 
(substrate temperature, 1000~ total pressure, 50 Torr; gas 
entrance temperature, 200~ linear gas velocity at 200~ 

9.4 cm �9 sec - 1  

No. 

Part ia l  p r e s s u r e s  ( T o r r )  D e p o s i -  
t i o n  r a t e  

pAICI 3 PH 2 10CO~ PAr Poe PHCI (rng.hr -1) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11  
1 2  
1 3  
1 4  

0.2 24.9 24.9 -- -- -- 10.4" 

0.5 24.8 24.8 -- -- -- 8.5 

0.8 24.6 24.6 -- -- -- 6.2 

1 . 5  2 4 . 3  2 4 . 3  - -  - -  - -  ~ . 2  
1.5 16.2 32.3 -- -- -- 4.4 
1.5 4.9 43.6 -- -- -- 6.8 

1.5 2.1 46.4 -- -- -- 8.7 

1.5 32.3 16.2 -- -- -- 5.8 

1.5 43.6 4.9 -- -- -- 2.3 

1.5 44.6 3.9 -- -- -- 1.5 

1 . 5  4 6 . 7  1 , 8  - -  - -  - -  1 . 3  
0 . 2  2 4 . 9  1 2 . 5  1 2 . 5  - -  - -  1 0 . 9  
0 . 2  2 4 . 9  1 2 . 5  - -  1 2 . 5  - -  3 . 9  
0 . 2  2 4 . 9  1 2 . 5  - -  - -  1 2 . 5  0 . 5  

* M e a n  v a l u e  o f  f o u r  e x p e r i m e n t s .  

buoyancy, and the decrease of the deposition rate with 
pressure is lower. An  experiment  at 300 Torr, with 
upward flow under  the conditions indicated in  Fig. 6, 
gave a deposition rate of 11.3 mg �9 hr -1. 

Gas composition.--Table II summarizes the deposition 
experiments  carried out with different part ial  pressures 
of the constituents of the vapor phase, but  with an 
almost constant  total pressure of 50 Torr  and a sub-  
strate temperature  of 1000~ The deposition rate de- 
creases slightly with PA1C13 (No. 1-4) and PH2 (No. 5-7). 
Within the limits of reproducibi l i ty  of the experiments,  
however, the measured values fall. The deposition rate 
increases approximately proport ional ly with Pco2 (No. 
8-11). Figure  7 shows deposition rates as functions of 
Pco2:P~2 and PH2:Pc02. Addit ion of CO or HC1 to the 
feed mixture  reduces the deposition rate as shown in 
three experiments  (No. 12-14) in which identical 
amounts of Ar, CO, and HC1 were added. 

Structure of the coatings.--The columnar  growth 
structure of the A12Q layers is shown in the metal lo-  
graphic Section of Fig. 2. The coatings contained 
~-A120~ over the range of substrate temperatures  from 
850 ~ to ll00~ In  most cases no noticeable change of 
the substrate occurred and only the init ial  phases of 
the cemented carbide (monocarbides and Co) have 
been detected by x - ray  diffraction in addition to the 
a-A120~ of the coating. In  a few cases only, the pres-  
ence of n-carbides has been determined. 

mg. h -~ 

I0 I 

5 ~176 
o 

0 I I I I 
20 I0 I0 20 

Pco z : PH2 PH 2 : PCO z 

Fig. 7. Deposition rate as a function of pco2:PH2 and PH2:pco 2. 
(Substrate, ISO P30. Substrate temperature, 1000~ Total pres- 
sure, 50 Torr. pAlC~, 1.5 ,rorr. Linear gas velocity at 200~ 9.4 
cm �9 ~ c - - 1 . )  
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Deposition of AI20~ on W C ,  Co, and Precoated Tool 
Inserts 

Deposition exper iments  have been carried out sepa- 
ra te ly  on the constituents of cemented carbides (WC 
and Co) as wel l  as on inserts precoated wi th  in ter -  
mediate  layers of TiC (Fig. 3), TiN, and Cr. 

Very adherent  layers of ~-A1208 have been obtained 
on WC whereas  on Co the format ion of loose deposits 
was observed. TiC and TiN as in termedia te  layers were  
found to favor  the adherence of the A120~ coating, 
while on Cr nonadherent  deposits were  formed. The 
nonadherence on Co and Cr could be explained by sub- 
strafe attack, possibly by HC1, and hence disturbance 
of the nucleat ion and layer  growth. This view would 
agree w i t h  observations made by Bryant  and Meier 
(9) in the case of other  CVD reactions involving 
chlorides. 

Observations concerning the nucleat ion of A1208 coat- 
ings on TiC-coated and uncoated cemented carbide 
substrates have been reported ear l ier  (10). 

Table III. Machining condition for cast iron and high carbon steel 

Materials machined Lamellar gray SANDVIK high carbon steel 
cast iron (C-0.96, Si-0.27, Mn-0.2S, 

P-0.019, S-0.015, Cr-0.15%) 
Dry cutting 

Advance 0.1 mra/rev 0.3-0.4 ram/rev 
Depth of cut 0.5 mra 2.0 ram 
Initial diameter of 40 mm 144 ram 

bars 
Speed of first pass 190 m/rain 140-2.00 ra/rnin 

Results of Machining Tests 
Comparat ive  cutting tests have been carried out wi th  

A120~-coated, TiC-coated and uncoated tools; cast iron 
and high carbon steel have been machined mainly  
under  the conditions g iven in Table III. 

The main results of machining tests are the fol low- 
ing: The wear  of uncoated or TiC-coated tools is 
greater  than that  of the A1203-coated tools tested under  
the same conditions. This result  is obtained both with  
high carbon steel and wi th  lamel lar  gray cast iron 
(Fig. 8 and 9). 

Fig. 8. Comparison of wear of AI203- and TiC-coated tools after 
cutting high carbon steel at 180 m/min for a duration of 10 min. 
(a, top) TiC-coated tool, (b, bottom) AI20~-coated tool. 

Fig. 9. Catting edges of (a, top) uncoated and (b, bottom) AI203- 
coated (1 ~m) carbide tool offer cutting cast iron for a duration of 
1 min. 
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Fig. 10. Surface of high carbon steel workpleces cut with (a, top) 
an uncoated carbide tool and (b, bottom) an AI203-coated carbide 
tool. 

For  example,  in machining tests  wi th  high carbon 
steel carr ied out  at a speed of 140 m / m i n  the l i fe t ime 
of the  A120~-coated tool inser t  was about  twice that  of 
a TiC-coated  one and more  than  10 t imes as long as 
that  of an uncoated tool insert .  

A1208 coatings wi th  a thickness as low as 1 /~m have 
been effective (Fig. 9). 

When  cut t ing s tee l , / the  a-Al2Os coating on the tool 
reduces the number  and the size of "cut t ing micro-  
holes" on the work-p ieces  (Fig. 10). This effect is more  
marked  at high cut t ing speeds (e.g., 180 m / m i n )  than  
at lower  speeds (e.g., 145 m / m i n ) .  
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ABSTRACT 

Wel l - fo rmed  hexagona l  whiskers  of TiP (5-10 m m  in length  and 0.5-25 ~m 
in d iameter )  were  obtained by  chemical  vapor  deposi t ion on a quar tz  subs t ra te  
at 850~176 using Au meta l  as an impur i t y  to promote  crys ta l  growth,  
whereas  p la te le t  crysta ls  were  obtained at 1250~ using Pd  or Pt. The effects 
of tempera ture ,  gas composition, and the kind of impur i t ies  on the g rowth  
rates  were  examined.  Electr ical  res is t iv i ty  and thermoelect r ic  power  of whisk-  
ers and p la te le t  crysta ls  indicated anisotropy.  The tensi le  s t rength  of whiskers  
was found to be  about  1000 kg /mme for 1 ~m samples.  The whiskers  showed 
a considerable  oxidat ion resistance in air  below 1000~ p robab ly  because of 
the  format ion  of TiP20~ and TiO2 layers.  

A number  of compounds of borides, carbides,  and  rd-  
t r ides  of t rans i t ion  metals  have been extens ive ly  in-  
ves t igated dur ing  the pas t  decades. However ,  only  a 
few studies on the phosphides  have been performed,  
a l though some of the phosphides  are of much in teres t  
in view of thei r  phys ica l  and chemical  propert ies .  

Prev ious ly  it was repor ted  that  the react ions of t i -  
t a n i u m  meta l  wi th  red phosphorus  (1-2),  phosphine  
(3-6), and calcium phosphide  (7), or of t i t an ium hy-  

dr ide  wi th  phosphine (2) at  e levated t empera tu res  
gave t i t an ium phosphides  wi th  var ious  composit ions 
depending on the reac t ion  conditions used: TIP2, TiP, 
Ti2P, TizP, Ti3P2, etc. 

T i tan ium monophosphide,  TiP, is ve ry  s table to heat  
wi thout  apprec iab le  vapor iza t ion  of phosphorus  even at  
l l00~ (1), is h ighly  res is tant  to oxidat ion  (3, 5), and 
is metal l ic  in conduction. Its space group (8) is P 6 J  
mmc and the uni t  cell dimensions are  a ---- 3.499A and 
c = ll .700A. 

However,  there  is no work  repor ted  in the l i t e ra tu re  
on single crys ta l  g rowth  of TiP, much less about the 
p repa ra t ion  of whiskers  f rom the vapor  phase. In this 
paper ,  wi th  the object ive  of obta ining the we l l - fo rmed  
and long whiskers  of TiP f rom a gas mix tu re  of TiCI4, 
PC13, and H~., the react ion conditions were  examined,  
and some physical  and chemical  proper t ies  of the crys-  
tals were  inves t iga ted  in some detai l .  

the  ambient  t empera tu re  inside the  react ion tube  was 
moni tored  by  a Chrome l -A lume l  thermocouple .  

Aqueous solutions of MnSO4.4H20 ,  Fe2(SO4)3- 
9H20, CoCI~, NiCI~, RhC1.3.4H20, PdC12, H~PtC16, 
HAuC14, etc. were  used as the source of var ious  im-  
pur i t ies  to promote  crys ta l  growth,  and these were  
pa in ted  on a subs t ra te  scra tched b y  abrasives,  fol lowed 
by  decomposi t ion or reduct ion into corresponding me t -  
als inside the reac tor  at a t empera tu re  be low tha t  
used for the TiP crys ta l  growth.  

The range  of the  wh i ske r  length  repor ted  in this  
paper  refers to tha t  measured  under  150• magnif ica-  
t ion of about  twen ty  of the  longest  samples  obta ined 
in any one growth  exper iment .  

Observation and analysis of deposits.--The deposits  
were  examined  by  x - r a y  diffraction, scanning e lec t ron 
microscopy, and x - r a y  microanalysis .  Quant i ta t ive  
analysis  of t i t an ium in the  deposi ts  was carr ied  out by  
back t i t ra t ion  of cupric ion wi th  EDTA using p y r i d y l -  
azo-naphtho l  as an indicator  (9). 

Electrical res~stivity.--The four -po in t  probe  method 
was appl ied  where  each probe was separa ted  by  0.5 m m  
from the other, and the crys ta l  was contacted wi th  
probes by  s i lver  paint.  Voltage of 10V from a d -c  
Wheats tone  br idge was appl ied  be tween  the outer  two 
probes and the vol tage drop be tween  inner  two probes  
was measured  by  a microvol tmeter .  

Experimental 
Ma~erials.--Commercial reagent  grade  t i t an ium te t -  

rachlor ide  and phosphorus  t r ich lor ide  were  used wi th -  
out fu r ther  purification. Argon  was purif ied by  passing 
over  t i t an ium sponge kep t  at 800~ and hydrogen  was 
refined by  passing th rough  concent ra ted  sulfuric  acid 
and phosphorus  pentoxide,  sequent ia l ly .  

Preparation of TiP . - -The  appara tus  is shown in Fig. 
1. A quar tz  tube 7, (8 m m  OD and 65 m m  in length) ,  
in which a SiC hea te r  was inserted,  was placed as a 
subs t ra te  in the center  of the react ion tube (quar tz  
of 19 m m  ID).  The subs t ra te  was heated at  900~176 
Hydrogen  was bubbled  into a t i t an ium te t rachlor ide  
evaporator ,  1, and was flowed th rough  a condenser,  2. 
The t empera tu re  of coolant  ~n the condenser  was r e -  
garded  as the  sa tura t ing  temperature~ Phosphorus  t r i -  
chlor ide  was also carr ied  into the react ion tube by  
passing hydrogen  th rough  a saturator ,  3. Argon  was 
used for cleaning the react ion sys tem before  each 
exper iment .  

The surface t empe ra tu r e  of the subs t ra te  was mea -  
sured by  an optical  py rome te r  th rough  a window and 

K e y  words:  CVD ( c h e m i c a l  v a p o r  d e p o s i t i o n ) ,  w h i s k e r ,  V L S  (va -  
p o r - l i q u i d - s o l i d )  growth .  

i . . . . . . . . . . .  i 

,iI  
- 1  

6 

Fig. 1. Experimental apparatus. 1, TiCI4 evaporator; 2, TiCI4 
condenser; 3, PCI3 saturator; 4, H2; 5, Ar; 6, H2; 7, quartz sub- 
strate; 8, SiC heater; 9, graphite powder; 10, graphite conductor; 
11, window; 12, thermocouple; 13, impurity painted zone. 

290 



Vol. 123, No. 2 CRYSTAL G R O W T H  OF TiP 291 

Thermoelectric power.--The crystal was bridged be-  
tween two copper plates (3 • 5 mm),  which were sepa- 
rated by 2 m m  from each other and one of which was 
heated by a Nichrome heater, and was contacted using 
silver conducting paint  on the plates. The temperature  
difference of the two sides of crystal was measured by 
a 100 ;~m diameter  i ron-Chromel  thermocouple. Ther -  
moelectric power was measured in  an argon atmo- 
sphere, and the temperature  difference across the speci- 
men  was held at 1~176 

Tensile strength.--Measurements of the tensile 
s trength of the whiskers were carried out by a spr ing-  
type apparatus at room temperature.  

Stability for oxidation.--A gravimetric  method was 
adopted to check the progress of the oxidation reaction. 
TiP whiskers of about  100 mg (w) were heated at a 
given temperature  in a flow of air (about 2 cmS/sec) 
dur ing which weight change (aw) was measured at 
every t ime interval .  The results were expressed in 
terms of ~w/w. 

Results and Discussion 
Identification oi products and impurity e/~ect.~In a 

p re l iminary  experiment,  polycrystals or whiskers were 
observed in the absence or presence of gold impuri ty,  
respectively, at 1050~ In  the presence of palladium, 
however, platelet  crystals were obta ined at 1250~ 
X- r ay  diffraction peaks of polycrystals or whiskers as 
grown, shown in  Fig. 2A, were consistent with those 
reported by SchSnberg (3) for pulverized TiP (Fig. 
2D), and no other peaks were observed. Chemical anal-  
ysis of t i tan ium in  the TiP crystals showed the atomic 
ratio of T i /P  to be 0.99. The whiskers were also iden-  
tified as TiP by x - r ay  diffraction (Fig. 2B) which was 
conducted by placing a collection of whiskers on a 
holder plate along the growth direction and perpen-  
dicular to the x - r ay  beam. The growth direction was 
found to be parallel  to the c-axis. A Laue photograph 
with the x - r ay  beam perpendicular  to a face of the 
platelet  crystal showed six-fold symmetry,  and the 
diffraction peaks Obtained from the platelet  crystal a t-  
tached on a holder plate keeping the face paral lel  to the 
plate face are shown in  Fig. 2C. F rom these results, 
the face of the platelet  crystal was  assigned as the 
(001) plane. 
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Fig. 2. X-ray diffraction profiles. A, As-grown whiskers; B, whisker 
aligned along the growth direction; C, platelet crystal keeping the 
face perpendicular to the x-ray beam; and D, TiP duta from 
Sch~nberg (3). 

Table I. Impurity effects. 

Eutec t i c  t e m p e r a t u r e  (~ 

P a i n t e d  I m p u r i t y  T i t a n i u m  P h o s p h o r u s  
Meta l s  , 'orms effects* i m p u r i t y  i m p u r i t y  

Cr CrC18 -- - -  1370 ~ C 
M n  MnSO~ + + 1175~ (60.S) 960~ (13.1) 
Fe FeCh -- 1085 (~71) 1050 (17.1) 
Co CoCI~ -- 1025 (~76) 1023 (19.9) 
Ni NiCI2 -- 955 (75.5) 880 (19) 
R h  RhCh + + -- ~1300 (~25) 
P d  PdCl~ + 1160 (60) 796 (32.7) 
Cu  CuCl~ - ca. 880 (34) 714 (15.7) 
Ag AgNO3 + -- 878 (~3.4) 
Au HAuCh + + I123% (11) -- 
Sb SbCls + + -- -- 
N d  Nd(NOs)8 -- -- 
Pt H2PtCI6 + 1310 (84.4) 588 (20) 

Reac t ion  cond i t i ons :  t e m p e r a t u r e  1040~ P C h / T i C h / H 2  = 0.013/ 
0.13/1.86 (cma/sec) ;  r eac t ion  t i m e  15 m i n .  

* ( - )  No effects.  ( + )  W e a k  p o s i t i v e  effects (up  to  3 m m  long) .  
( +  + )  S t r o n g  pos i t i ve  effects  ( longer  t h a n  3 ram) .  

** A t o m i c  pe r  cent  of t i t a n i u m  or p h o s p h o r u s  a t  each  eu tec t i e  
p o i n t  is s h o w n  in  pa ren thes i s .  

t Pe r i t ec t i c  t e m p e r a t u r e .  

The variations of reaction temperature  of 850 ~ 
1250~ and of the ratio PC1s/(PC13 W TIC14) of 0.1-0.9 
did not result  in  other products than  TiP. In  the ab-  
sence of an impuri ty,  no whiskers or platelet crystals 
were formed at any condition, indicating the essential 
role of the impur i ty  in crystal growth. 

In  Table I, the effect of various metal  impurit ies on 
whisker growth is shown together with the eutectic 
temperature  of the corresponding b inary  alloys (10- 
11). Chromium, iron, cobalt, nickel, copper, and neo- 
dymium resulted in no effect on whisker  growth, and 
deposition took place in a form of uni form coatings or 
polycrystals. On the other hand, manganese, rhodium, 
gold, and an t imony showed a s trongly positive effect, 
giving straight and thin whiskers (up to 3 m m  in 
length) ,  gold was par t icular ly  effective giving well-  
formed whiskers (above 5 m m  in length) .  

Pal ladium and p la t inum exhibited a weak effect on 
whisker growth at 1040~ but  a strong effect at 1150~ 
however, runs at 1250~ gave th in  platelet  crystals of 
longer than 3 mm in diagonal. The role of an impur i ty  
on the growth mechanism of crystals is discussed in a 
later section. 

Gold was used hereafter unless otherwise indicated 
because of the convenience in handling.  Although the 
concentrat ion of gold may play a role in whisker growth 
the surface concentrat ion of gold was fixed at about 50 
~g/cm 2 of substrate area in this experiment.  

Whiskers grown at 1040~ are shown in Fig. 3A and 
platelet crystals grown at 1250~ with the use of Pd 
impur i ty  are shown in Fig. 3B. It can be seen that  the 
whiskers and platelet crystals grow only on the im-  
pur i ty -pa in ted  zone and their  growth direction tends to 
be vertical to the substrate surface. In  Fig. 4, photo- 
micrographs of a typical whisker obtained at 1040~ 
and the cross section are shown. They have the ap- 
pearance of regular  hexagonal pillars with an average 
size of 5-10 mm in length and 0.5-20 ~m in diameter. 
Sometimes rectangular  pil lar  crystals were also ob- 
served, and the growth direction may be judged from 
their appearance to be vertical to the c-axis. 

The effect of substrate temperature.--Substrate tem-  
perature exhibited a strong effect on whisker growth. 
An average length of 5-6.5 mm was observed at 1020 ~ 
1050~ and at higher or lower temperatures  than  
1020~176 the length decreased abruptly.  Above the 
opt imum temperature,  crystals grew in radial direc- 
tions result ing in considerable branching.  Sometimes 
platelets crystals of 1 ,~ 3 X 0.5 ~ 2 mm, 0.5 --~ 5 ~m 
thick were grown mixed with whiskers above the op- 
t imum temperature.  At a temperature  higher than  
ll00~ they are apt to grow thick and have cont inu-  
ous growth steps (Fig. 5). Figure 5C shows a regular  
hexagonal pyramid frequent ly  formed on the platelet  
crystals, on the tip of which a deposit is observed. 
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Fig. 3. Appearance of whiskers and platelet crystals. A, Whiskers, 
reaction temperature 1040~ reaction time 15 min; PCIJTiCI4/H~ 

0.015/0.12/2.0 (cm3/sec), impurity Au. B, Platelet crystals, 
reaction temperature 1250~ reaction time 30 min; PCI3/TiCI4/H2 
- -  0.02/0.2/2.2 (cm3/sec), impurity Pal. 

Fig. 4. A whisker of hexagonal pillar and its cross section. Reac- 
tion temperature I050~ reaction time 20 min, PCIJTiCI4/H2 
0.03/0.2/2.0 (cm3/sec), impurity Au. A, Appearance of whisker; B, 
its cross section. 

The lowest t empera tu re  for the growth of TiP whisk-  
ers was approximate ly  850~ when  gold was used as 
an impuri ty.  In the case of pa l ladium and platinum, 

Fig. 5. Growth steps. A, Rectangular pillar, reaction tempera- 
ture 1130~ PCI3/TiCI4/H2 ~ 0.03/0.15/2.3 (cm3/sec). B, Hex- 
agonal pillar, reaction temperature 1130~ PCIJTiCI4/H2 
0.03/0.15/2.0 (cm3/sec). C, Hexagonal pyramid deposited on a 
platelet crystal, reaction temperature 1100~ PCIJTiCI4/H2 
0.03/0.13/2.2 (cm3/sec). 

the lowest  t empera ture  for the whisker  growth was 
found to be 1050~ and the opt imum tempera ture  was 
in the range of 1100~176 on the other  hand, p la te-  
let crystals were  mainly  obtained at a t empera ture  
higher  than 1200~ Al though the system Au-Ti -P ,  
Pd-Ti-P ,  or P t - T i - P  have not been reported, the differ- 
ence of the lowest  or opt imum tempera ture  for the 
whisker  growth  among the impuri t ies  may be a t t r ib-  
uted to the eutectic t empera ture  in the expected te r -  
nary system, impur i ty- t i tan ium-phosphorus .  

Ef]ects of gas composition and ]tow rate on whisker 
growth.--The effect of the concentrat ion of PCI~ and 
TIC14 on whisker  growth (solid line) and polycrysta l -  
l ine growth (broken line) are shown in Fig. 6, where  
the total chloride flow rate  was fixed at 0.25 cm3/sec. 
The longest whiskers were  not obtained at the ratio of 
PC1J(PC13 W TIC14) : 0.5, which corresponds to the 
stoichiometric ratio of the reactions, PC18 -~ TIC14 
7/2 H2 : TiP ~- 7HC1, but at PC1J(PC13 -t- TIC14) ~- 
0.08-0.11. 

Such a tendency for phosphide whiskers  to grow 
from a gas mix ture  havir~g a poorer  PC13 composition 
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Fig. 6. |nfluence of PCIs and TIC14 composition on whisker and 
polycrystalline growth. , Whisker (with Au), reaction tempera- 
ture 1050~ reaction time 15 rain, PCI3 + TiCI4 ~-- 0.25 cm3/sec, 
H2 ~ 2.25 cm3/sec . . . . .  , Polycrystalline (without Au), reaction 
temperature 1050~ reaction time 15 rain, PCI3 + TiCI4 ~-- 0.2 
cm3/sec, H2 = 2.2 cm3/sec. 

than expected from stoichiometry has been found i n  the 
cases of ZrP (12) and BP (13) in  the systems ZrCt4 + 
PCI~ + H2 and BC13 + PC13 + H2, respectively. When 
no impur i ty  was used, on the other hand, m a x i mum 
growth rate of polycrystal l ine films was observed at 
PC1J(PCI~ + TIC14) ---- 0.7-0.8, that  is, in  a PC13-rich 
region. The fast growth of polycrystal l ine films may 
require the ratio PC1J(PCIs  + TIC14) of 0.5 in gaseous 
layer over the growing surface. However, PCI~ is easily 
reduced to the element of phosphorus which deposits 
on the inner  wall  of the reaction tube. Therefore, a 
ratio of PCI~/(P'C13 -}- TIC14) of larger than  0.5 is rea-  
sonable in the flow system. On the contrary, the small  
value of the ratio for opt imum condition to whisker  
growth suggests the phosphorus t ransport  to be rate 
de termining  in  whisker growth at least in its early 
stage of growth. 
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The total chloride flow rate also exhibited a pro-  
nounced effect on whisker growth, where the ratio of 
PC13 and TIC14 was fixed at PC1JTiC14 = 0.1. An 
average length of 8-10 m m  was obtained at PCls + 
TIC14 ---- 0.12-0.15 cm3/sec ( l inear  velocity ___ 0.27 
cm/sec at 1040~ and at a ratio higher or lower than 
this the length decreased abrupt ly  below 2 mm and 
curled or woolly whiskers were obtained. 

Growth rates of woolly whiskers were determined 
at about 2-3 mm/min ,  which is a considerably larger 
value than that of the pi l lar  whisker  of 0.2-0.6 m m /  
min. 

The influence of total gas flow rate on whisker growth 
was also examined, where the flow ratio of the re levant  
gases was fixed at PC1JTiC14/H2 = 0.0065/0.065/1. 
Whiskers grew to an  average length of 6.5-7.5 mm at a 
flow rate of 1.8-2.2 cm3/sec (l inear velocity is roughly 
estimated as 3.7-4.5 cm/sec at 1040~ 

Mechanism of whisker growth.--~In order to clarify the 
role of the impurity,  its location on the growing crys- 
tals is very important,  since one of the indications for 
the tip vapor- l iquid-sol id  (VLS) mechanism (14) is 
the existence of drops of impur i ty  on their tips. 

The tip part  of most whiskers had a shape of a long 
hexagonal pyramid,  and a droplike solid was seldom 
found on the tip, suggesting that a tip VLS mechanism 
does not take part  in the growth, al though a rapid V I ~  
growth followed by  slow ~ S  growth in  a radial  direc- 
t ion cannot be ruled out at this time. 

Similar  appearances of the tip were also observed in 
the case of ZrP whisker  growth (12) in which the tip 
was a clear-cut  square or tetragonal  pyramid.  

Photomicrographs of the cross section of a base of a 
whisker display the presence of a thick and continuous 
layer, from which the whisker emerged. A result  of 
x - ray  microanalysis on this layer  is shown in  Fig. 7, 
indicating that the layer  consists of a uniform composi- 
tion of t i tanium-phosphorus-gold.  

This observation suggests a growth mechanism by a 
center axial screw dislocation proposed by F rank  et al. 
(15). However, as ment ioned above, the present  result  
can also be explained by the VLS mechanism (16), at 
least during the init ial  stage of growth. 

Fig. 7. Profiles of x~ray microanalysis. A: 
I, Quartz substrate; 2, TiP layer; 3, whisker 
part molded in resin. X-ray: B, PKa; C, 
TiK~; D, AuM~. 
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Properties o:f TiP crystals.--ElectricaI, resist ivi ty .-  
The resis t ivi t ies  of we l l - fo rmed  whiskers  of hexagonal  
p i l l a r  (5-10 m m  in length  and about  10 ~m in d iam-  
eter)  and p la te le t  crysta ls  (3 ~ 6 • 2 ~-- 5 mm, 2 ,~ 5 
~m thick) a re  shown in Fig. 8, where  the direct ion 
chosen for  measurements  of e lectr ical  res is t iv i ty  and 
thermoelect r ic  force (see next  section) of crys ta l  
plates  is in some direct ion wi th in  (001) p lane  of the  
plate.  Al though the measurements  were carr ied  out on 
three  crystals  of each type,  the resul ts  were  charac te r -  
istic of each type  wi th in  exper imenta l  error.  In  Fig. 8, 
the  res is t iv i ty  increases l inear ly  wi th  the tempera ture ,  
character is t ic  of metal l ic  conduction, and the whisker  
and the p la te le t  crystals  have resis t ivi t ies  of 2.5 X 10 -4 
and 3.5 • 10 -5 o h m - c m  at room tempera ture ,  r e -  
spectively.  The act ivat ion energies are also es t imated 
as 0.65 and 0.83 eV, respect ively.  

Thermoelectric power.--The thermoelec t r ic  power  of 
the crystals  are shown in Fig. 9. The thermoelect r ic  
power  of whiskers  re la t ive  to copper increased with  
t empera tu re  and showed 18 and 30 ~V/~ at 25 ~ and 
200~ respect ively.  These values  are  s imilar  to those 
of TiPs (17). On the other  hand, the thermoelec t r ic  
power  of p la te le t  crystals  was independent  o'f t empera -  
ture  and showed 8 ~V/~ 

Tensile strength.--The tensi le  s t rength  of hexagonal  
p i l la r  whiskers  was measured  at room t empera tu re  as 
shown in Fig. 10, which indicates tha t  the tensi le  
s t rength  increases wi th  decrease of d iameter  and has 
values of 100 and 1000 k g / m m  2 for whiskers  of 20 and 1 
~m in diameter ,  respect ively.  
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Fig. 9. Temperature dependence of thermoelectric power 

Stability for oxidation in air.--Figure 11 shows the 
change of weight  rat io wi th  t ime at  various t empera -  
tures be tween  400 ~ and 1000~ The weight  rat io in-  
creased with  increasing t empera tu re  above 400~ and 
at each t empera tu re  studied, the rat io  quickly  in-  
creased to a l imit ing value  and remained  constant  wi th  
time. Fo r  example,  at  1000~ the rat io  increased 
s teeply to 0.56 af ter  5 min, and remained  unchanged 
af ter  90 min. 

The rat io  of weight  increase expected  by the react ion 

4TiP + 9 02 = 4TIO2 + P4010 [1] 

is as small  as 1.0 weight  pe r  cent if phosphorus  pen t -  
oxide is lost into the gaseous phase. Therefore,  the  real  
weight  increase cannot be expla ined  by  the above 
reaction. 

X - r a y  diffraction profiles of the products  obta ined 
at 1000~ for  30 min are  assigned to both TiP20~ and 
TiOe, indicat ing that  the  products  consist ma in ly  of 
TiP2OT and TiO2 in separa te  phases. But the x - r a y  
pa t t e rn  indicates l i t t le  TiP remained  at this t empera -  
ture.  I t  is reasonable  to assume that  TiP is suscept ible  
to air  oxidat ion at  e levated  t empera tu res  according to 
the react ion 

2TiP + 9 / 2 0 ~  ---- TiP207 + TiO2 [2] 

but  a t ight  double l aye r  of TiP207 and TiO2 formed on 
the surface of crystals  protects  the bu lk  f rom fur ther  
oxidation.  

The oxidat ion product  of ZrP, an analogous phos-  
phide  of TiP, was solety ZrO2 (12), p robab ly  due to the  
difference in the  s tabi l i ty  of the respect ive  pyrophos-  
phates.  
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Conclusions 
1. T i tan ium monophosphide  single crystals  were  ob-  

ta ined  by  chemical  vapor  deposi t ion f rom a system, 
TIC14, PC13, and H2 on a quar tz  subs t ra te  at 850~176 

2. Manganese,  rhodium, gold, and an t imony  had a 
beneficial  effect on whisker  g rowth  at 1040~ In  the 
case of gold, whiskers  wi th  an average  length  of 5-10 
m m  and a d iamete r  of 0.5-25 ~m and wi th  we l l - fo rmed  
hexagonal  cross section were  obtained in the t empera -  
tu re  range  of 1020~176 in 15 min. Pa l l ad ium Ip ro -  
moted  p la te le t  crys ta l  g rowth  at 1250~ 

3. The  g rowth  d i rec t ion  of whisker  was t he  c-axis  
and the face of p la te le t  crysta ls  was assigned as the 
(001) plane. 

4. The longest  wh i ske r  was obtained at a subs t ra te  
t empera tu re  of 1020~176 PC1J(PC13 W TIC14) rat io  
of 0.08-0.11, total  flow ra te  of PC13 -t- TIC14 of 0.12- 
0.15 cmS/sec, and a total  gas flow ra te  (main ly  H2) 
of 1.8-2.2 cm3/sec. 

5. A drop! ike  solid was se ldom found on the t ip par t  
of most whiskers ,  and layers  wi th  un i form T i - P - A u  
composit ions were  observed in  the bo t tom par t  of 
whiskers .  I t  is p re sumed  that  a screw dislocation or a 
bot tom site VLS mechanism is responsible  for the 
growth  of TiP whiskers  r a the r  than  a t ip VLS mecha-  
nism. 

6. The whisker  and p la te le t  crys ta ls  had  2.5 • 10 -4 
and 3.5 • 10 -5 ohm �9 cm res is t iv i ty  at room t empera -  
ture  along the direct ion of the  growth  axis and  some 
direct ion in (001) plane, respect ively.  

7. The whi ske r  and p la te le t  crys ta l  had  18 and 8 
~V/~ thermoelect r ic  power  at  room t empera tu re  along 
the d i rec t ion  as above, respect ively.  

8. The whiskers  of 20 and 1 ~m in d iameter  had  ten-  
sile s t rengths  of 100 and 1000 kg/mm~, respect ively.  

9. TiP crys ta l  was iner t  in a i r  be low 400~ but  oxi-  
dized at h igher  tempera ture .  A l aye r  of t i t an ium p y r o -  
phosphate  and t i t an ium oxide formed in an ear ly  stage 
of oxidat ion  p reven ted  fu r the r  oxidat ion  and gave a 
high t empera tu re  s tab i l i ty  up to about  1000~ in air. 
But the  x - r a y  pa t t e rn  indicates  l i t t le  TiP remained  at 
this tempera ture .  

10. TiP whiskers  5-10 m m  long could be easi ly  ob-  
ta ined  by  the CV-D method using a gold impur i ty .  
Fur the rmore ,  they  have a high s tabi l i ty  to oxidat ion  at 
e levated  tempera tures .  Therefore,  TiP whiskers  are 
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expected to be one of the in teres t ing  mate r ia l s  for high 
t empe ra tu r e  composite. 

Manuscr ip t  submi t ted  Apr i l  14, 1975; revised m a n u -  
script  rece ived  Sept.  16, 1975. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1976 
JOURNAL. Al l  discussions for  the  December  1976 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by G i]u University. 
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Low Temperature Migration of Gold 
Through Thin Films of Silicon Monoxide 

D. V. Morgan, M. J. Howes, and C. J. Madams 
Department of Electrical and Electronic Engineering, The University of Leeds, Leeds LS2 9JT, England 

ABSTRACT 

A s tudy of gold migra t ion  in silicon monoxide  in the  t e m p e r a t u r e  range  
200~176 has been car r ied  out using the Ruther ford  sca t ter ing  technique.  I t  
has been found that  for p lane  sources, diffusion occurs which can be charac-  
ter ized by  the normal  Arrhen ius  form. For  th ick gold sources this  t empe ra tu r e  
re la t ion  is fol lowed unt i l  the s i l icon-gold eutectic t empe ra tu r e  is exceeded at  
which point  a r ap id  migra t ion  of the gold occurs and a high concentra t ion is 
es tabl ished in the film. 

This invest igat ion was in i t ia ted  wi th  a v iew to char -  
acter izing some of the less wel l  inves t iga ted  proper t ies  
of the  mate r ia l  commonly  re fe r red  to as "silicon mon-  
oxide," and which has been used ex tens ive ly  as the  
amorphous  mate r i a l  in the inves t igat ion of e lectr ical  
switching phenomena  in amorphous  oxide films (1).  

Key words: silicon monoxide,  thin films, gold migration. 

As the proper t ies  of silicon monoxide  depend m a r k e d l y  
on its method of p repara t ion  we have  res t r ic ted  our  
invest igat ion to the  s tudy of the mig ra to ry  behavior  of 
gold in films which have been vacuum deposi ted f rom 
an electr ical ly  heated boat  source. As silicon monoxide  
thus p repa red  is nonstoichiometric,  we wil l  refer  to it  
as SiO~, where  the  x refers  to the  ma te r i a l  s toichiom- 
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et ry  and which is given an expe r imen ta l ly  de termined 
value where  appropr ia te .  

Experimental Techniques 
Films of SiO=, of thickness ranging  f rom 200 to 500 

nm, were  p repared  by  the the rmal  deposi t ion (10 -6 
Torr,  1-2 nm/sec )  of solid sil icon monoxide  lumps  f rom 
a boat  source onto pol ished vi t reous  carbon substrates .  
I t  was found necessary to heat  the  subs t ra te  to 200~ 
to promote  adhesion and to e l iminate  the  s tress  c rack-  
ing which occurs when  deposi ted films cool to room 
tempera tu re  af ter  deposi t ion onto a cold substrate.  

'To faci l i ta te  depth  profil ing by  Ruther ford  scattering,  
measurements  of film densi ty  were  made by  including 
a clean microscope sl ide in  the  vacuum system and 
exposing this to the SiOx flux dur ing the evaporat ion.  
Microbalar~ce and Ta lysur f  thickness measurements  on 
the slide enabled the densi ty  of the  deposi ted oxide to 
be de te rmined  to an  accuracy of 4%. 

Af te r  the  subs t ra tes  had cooled to room t empera tu r e  
a gold evapora t ion  was carr ied  out th rough  a mask  
containing 5 m m  diameter  holes to produce  c i rcular  
areas  of gold on the surface of the  deposi ted SiO= layer .  
The resul t ing gold layers  were  of two thicknesses,  ,~3 
and 30 nm, as de te rmined  by  a crys ta l  film thickness 
monitor.  The specimens were  then  annealed  in  an 
open tube, n i t rogen gas ambient ,  furnace at t empera -  
tures  in the range 200~176 and for per iods  in the  
range  200-0.25 hr. 

Methods of Analysis 
Thin gold layer.--A th in  diffusion source approx i -  

mates  to a perfect  p lane source of zero thickness  p ro -  
viding cer ta in  condit ions are  fulfi l led (1). In  genera l  
these condit ions wi l l  be met  if the resul t ing diffusion 
depth  is large  compared  to the  or iginal  source th ick-  
ness. If  the  diffusion mechanism can be descr ibed by  
Fick 's  law then  the  resul t ing diffusion profile wil l  have 
a ha l f -Gauss ian  form. This pa r t i cu la r  case is ex t r eme ly  
s imple  to analyze using the Ruther ford  scat ter ing tech-  
nique as the concentra t ion of the  diffusing species does 
not cont r ibute  s ignif icant ly to the  ove r - a l l  s topping 
power  of the  subs t ra te  ma te r i a l  and the concentrat ion 
of subs t ra te  atoms can be assumed constant  wi th  depth.  
The over -a l l  s topping power  of the SiOx film can be 
de te rmined  by  Bragg's  ru le  (2) (3) f rom tabu la ted  
data, and  a check on the va l id i ty  of the rule made 
against  the known thickness of the  SiOx film. 

If  we consider  the  ini t ia l  high energy side of a di f -  
fusion profile in a Ruther ford  scat ter ing spec t rum and 
assumes d e p t h / e n e r g y  l inear i ty  then a s imple calcula-  

t ion enables  the contr ibut ion  of the  analyzing system 
to the  FWI-IM of the profile to be calculated.  Fo r  a 
diffusion profile FWHM grea ter  than  a factor of five 
t imes the detector  and system FWHIVI the contr ibut ion 
from the  measur ing  system is less than  2% of the  p ro -  
file FWHM. This is only  t rue  if  the surface broadening,  
which is due solely to the  sys tem resolution, is r e -  
moved. This may  be accomplished by  adding comple-  
me n t a ry  channels  about  the  surface half  m a x i m u m  
point  on the  profile. Fo r  our results,  our sys tem resolu-  
t ion of 14 keV contr ibutes  less than  0.28 keV to the 
FWHM's  of the profiles under  these conditions. Af te r  
this ini t ia l  correction, the  resul t ing da ta  points  were  
smoothed by  t runca t ing  the i r  Four ie r  t ransforms (4, 5) 
and the. smoothed diffusion profiles ex t rac ted  by  i t e ra -  
t ive ly  comput ing channel  depths  (Fig. 1). A plot  of log 
counts vs. channel  depth  squared,  resul ts  in a graph 
whose s lope yields the  va lue  of the diffusion coefficien.t. 
The values  thus obtained m a y  then be  p lo t ted  against  
reciprocal  t empe ra tu r e  to obtain the diffusion p a r a m -  
eter  Do cm2/sec (Fig. 2). This p rocedure  was checked 
by  compar ing the diffusion coefficients of gold in silicon 
as obta ined f rom Ruther ford  scattering,  wi th  those ob-  
ta ined  f rom the ex t rapola t ion  of known da ta  (6). We 
find that  there  is sa t isfactory agreement  be tween  the 
different  results  (see Table  I ) .  

Thick gold source.--For the  th ick  gold source case 
the  analysis  is not  as simple, and we have  been unable  
to make  quant i ta t ive  measurements  on the migra t ion  of 
the  gold into the SiOz layer .  Previous  authors  (7) have 
re l ied  on exist ing knowledge  of compound densit ies  in 
de te rmin ing  the  s topping power  of a l loy format ions  
at interfaces.  However  these genera l ly  imply  a semi-  
infinite subs t ra te  and the quest ion of the  g rowth  di-  
rect ion of the in terfacia l  l aye r  does not arise. When  
deal ing wi th  film thickness of only  500 nm it  becomes 
important ,  when analyzing the  data, to de te rmine  
whe the r  mate r ia l  is moving out f rom the film into the  
surface layers  or  vice versa  and whe ther  the  over -a l l  
specimen thickness remains  constant.  Unfor tuna te ly  it 
is r a r e ly  possible  to de te rmine  this f rom the Ru the r -  
ford scat ter ing spectrum. Never theless  it  is possible  to 
d raw some qual i ta t ive  conclusions f rom the Ruther ford  
scat ter ing results.  

The method of smoothing da ta  by  the t runca t ion  of 
its Four i e r  t ransform is only useful  when appl ied  to 
individual  peaks on a Ruther ford  scat ter ing spectrum. 
The spectra  obtained f rom the thick film specimens 
were  smoothed by  a least  squares,  ( four th  difference) 
curve fit appl ied  to the  ent i re  spectrum. 

500" 

400- 

Fig. 1. Depth profile of o thin ~ 300" 
film diffusion of gold in Si01.o~ c::: 
after computer analysis. The o (.3 solid line represents the theoreti- 
cal half-Gaussian shape that 200" 
ideal results should have. 
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Fig. 2. Low temperature plane source diffusion coefficients of 
9old in SiOx. The points ~ are from data obtained with a film of 
stoichiometric proportions of Si01.o96 and density 2.08 g/cm 3, those 
points -t" refer to films of stoichiometry Si0'z.192 and density 2.13 
g/cm ~. 

LOW T E M P E R A T U R E  M I G R A T I O N  OF GOLD 

Table I. Comparison of calculated gold in silicon 
diffusion parameters 

R e s u l t s  

Thin gold source.--We have obtained data from sev- 
eral sets of thin gold film specimens prepared at differ- 
ent times and which have different densities and stoi- 
chiometries. However, it is stressed that these results 
apply to films prepared by thermal  deposition and with 
stoichiometric proportions near  to SiO. These results 
should not  be extrapolated to all values of stoichiom- 
etry up to SiO~. [We have, however, observed signifi- 
cant gold diffusion in rf  sputtered silicon dioxide (stoi- 
chiometrically SiOl.s) at 390~ after 16 hr.] 

Our measured values of the diffusion parameters  for 
SiO~ 

297 

Do hE 
cm s sec -I eV 

Determined from plane source diffusions ana- 
lyzed b y  R u t h e r f o r d  s c a t t e r i n g  1 .4  10  -~ 1 .23  
( 2 0 0 ~ 1 7 6  

Radiotracer determination by sectioning (6) I.i I0 -s 1.12 
(800~176 

Do ---- 5 10 - l o  cm2/ sec ,  AE = 0.85 e V  [200~176  

differ markedly  from those obtained for SiO2 by Bada- 
lov and Shuman  (8) 

Do ---- 8.5 10 -5 cm2/sec, z~E _-- 3.7 eV [850~176 

albeit  over a different temperature  range�9 Optical and 
scanning electron microscopy examinat ions of the gold 
deposition areas after anneal ing  showed that  within 
ins t rumenta l  resolution, the gold penetra t ion occurred 
uniformly over the surface and no regions of i r regu-  
lar i ty  (pinholes, etc.) could be detected. 

All of the SiO~ films were deposited from either 
molybdenum boats covered with stainless steel mesh 
or from a t an ta lum boat which had a cover, also of 
tantalum, with a single 5 mm diameter  hole. The t an -  
ta lum boat was designed to minimize "spitting" of the 
silicon monoxide source mater ia l  due to uneven  heat-  
ing. In  general  good qual i ty films were produced by 
both types of boat. 

No significant differences in the results on the thin 
gold source specimens deposited under  the conditions 
described could be a t t r ibuted to the different types of 
boat used, but  there is some evidence that  this is not 
the case with some of the  thick gold film structures. 

Thick gold source.--Devi~es fabricated with thick 
gold sources (N30 nm)  exhibited a similar type of dif-  
fusion to that of the thin gold source devices up to 
temperatures  of about 370~ Above this tempera ture  a 
rapid migrat ion of the gold occurs with a near ly  rec- 
tangular  depth distribution. The leading edges of the 
silicon and oxygen peaks in the Rutherford scattering 
spectrum have moved to an energy corresponding to 
surface scattering (Fig. 3). As is i l lustrated in  Fig. 3, 
once this init ial  penetra t ion has occurred the "normal" 
mode diffusion process continues unt i l  eventual ly  total 
film penetra t ion results (Fig. 4) and a high gold con- 
centration, estimated at ~ipproximately 1022 atoms cm -3 
is established within  the film. 
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Total film penetration has oc- 
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The depth of this ini t ial  penetra t ion depends on the 
original source thickness, but  the rate at which the re-  
action occurs appears to vary with density and /or  stoi- 
chiometry. However we have been unable  to resolve 
whether  it is the density or the stoichiometry of the 
SiOx which plays the more significant role al though 
we suspect it may be the latter. 

As quali tat ive results are based largely on a visual 
in terpre ta t ion of Rutherford scattering spectra we 
should consider possible sources of error in  our in ter-  
pretations. 

It is known that surface irregulari t ies can occur 
when thin metal  films are annealed. The metal  can 
wi thdraw into globules under  the influence of surface 
tension result ing in a highly i r regular  surface. Al-  
though the absolute size of the surface i r regular i ty  may 
vary it is general ly  difficult to detect these by micros- 
copy. The Rutherford scattering spectrum from such a 
specimen is ambiguous since it may show an apparent  
"profile" which is identical to that obtained when 
strong in terpenetra t ion has occurred. 

Gold films 50 n m  thick which were deposited as 
stripes across both the SiOx layer  and the vitreous 
carbon surface showed "island" formation after 10 min  
anneals at 500 ~ and 600~ Optical examinat ion with 
an interferometer  clearly showed the "islands" to be 
thick (300 nm)  regions of gold and the Rutherford 
scattering spectra shows "profiles" which are almost 
twice as thick as the SiO~ film itself. Had a th inner  
gold film or a thicker SiOx layer  been used one might 
have erroneously assumed that significant penetrat ion 
had occurred. 

Anneal ing the thick gold source specimens below 
500~ produced no evidence of the surface agglomera- 
t ion as judged by optical microscopic examination.  

As a fur ther  check that  the Rutherford scattering 
data was correctly interpreted a theoretical spectrum 
to simulate surface agglomeration of the gold was com- 
puted for scattering from an SiOz film which had 50% 
of its surface covered with a 50 nm gold film. Ignoring 
straggling effect (which was assumed to be minimal)  
but  including the detector and system resolution (14 
keV) a comparison may be made between the shape of 
the silicon peak of Fig. 3 and the computed silicon 
peak of Fig. 5. As there are no points of similari ty be-  
tween the two figures it is concluded that the spectrum 
in Fig. 3 does not result  from surface accumulation. 

Silicon oxide (SiOx) films deposited in a similar man-  
ner  but  with a slow evaporation rate (0.2 nm/sec)  
and a higher background pressure (10 -5 Torr) show 

heavy contaminat ion from the boat source. The stoi- 
chiometry of these films is SiOl.l~MO0.02. Although the 
normal  diffusion process may be observed in these films 
the expected rapid gold migrat ion above 370~ did 
not occur. Above 500~ surface agglomeration of the 
gold was evident both over the SiO~ and carbon sub-  
strate and penetra t ion which occurred was masked in 
the Rutherford scattering spectrum by the pseudopro- 
file from the surface agglomeration. 

Electrical measurements.--Some simple electrical 
measurements  were performed on devices made by 
depositing 100 nm of gold onto 500 nm of SiOx on a 
carbon substrate. 

The electroforming (1), of such thick SiO~ films, 
was unsuccessful and resulted only in  dielectric break-  
down. After anneal ing for 2 hr  at 500~ devices were 
found to electroform and exhibited voltage controlled 
negative resistance and bistable switching. 

A few devices annealed for 8 hr at 390~ were found 
to be i r reversibly in a short-circuit  condition implying 
complete gold penetra t ion of the SiO= film. 

Conclusions 
We have shown that  for thermal ly  deposited SiO=, 

over a restricted range of stoichiometries, the plane 

2;.0 ~8o 2;.o 
Channel number 

i 

280 

(a) (b) 

Fig. 5. Calculated shape of the backscattered spectrum from 
silicon in 200 nm SIO1.14 film with 50% of the analyzed surface 
covered with a 50 nm gold film. 0 ---- 168 ~ , 2 MeV alphas. (a) 
Assuming perfect detection system and negligible straggling. (b) 
Incorporating a 14 keV FWHM detection resolution. 
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source diffusivi ty of gold m a y  be expressed as 

D = 5.10 -5 exp ( - -0 .85/KT)  cm2/sec (~00~176 

Increas ing the avai lab le  source concentrat ion,  by  in-  
creasing the gold layer  thickness,  has no effect on the 
diffusivity unt i l  the anneal  t empe ra tu r e  exceeds 370~ 
This is the gold-s i l icon eutectic point  (11), and the 
resu l tan t  r a p i d  migra t ion  of the gold into t he  SiOx 
may  be descr ibed as a form ol  a l loying of the  gold 
wi th  free silicon (12, 13) in the SiOx. This resul ts  in a 
more  r ap id  pene t ra t ion  of the  SiO~ than  would  be the  
case if the  gold migra t ion  was diffusion l imited.  

High concentrat ions of molybdenum,  f rom the mo-  
l y b d e n u m  boat  source, in the SiOx film appear  to in-  
hibi t  this a l loying behavior ,  poss ibly  by  modi fy ing  the 
s t ruc ture  of the SiOx (14). 

The high electr ical  conduct ivi ty  of the  SiO~ observed 
af ter  gold pene t ra t ion  has occurred is s imi lar  to tha t  
observed when  thin  film devices are  swi tched into the i r  
low resistance state. The Bis table  memory  switching 
of SiO~ films in a i r  has been repor ted  by  Manhar t .  
The high conduct iv i ty  state resul ts  from elect rode mi -  
gra t ion  along a high t e m p e r a t u r e  region which has 
been in i t ia ted  by  the rma l  runaway .  

It  has p rev ious ly  been considered that  in these a m o r -  
phous oxide devices a high t empera tu re  (1000~ (16) 
must  be established,  under  condit ions of the rmal  r u n -  
away  or ava lanche  ionization, for  s t ruc tura l  changes 
to occur in e i ther  the insulat ing film or the  electrodes.  
Our  results  have shown that,  for gold on SiOz, rap id  
migra t ion  can occur at a m a r k e d l y  lower  t empera tu re  
than  this and, considering tha t  the  meta l  countere lec-  
t rodes used in these devices are  biased posi t ively  (10, 
15) the migra t ion  m a y  also be enhanced by  the appl ied  
field if the meta l  ionizes under  ex t reme  condit ions such 
as avalanching.  
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Monolithic Studs as Interlevel Connectors 
in Planar Multilevel LSI 

G. C. Schwartz* and V. Platter 

IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York  12533 

Planar  a luminum and a luminum alloy in terconnec-  
t ion metall ization for mult i level  integrated circuits was 
first made possible by the subst i tut ion of anodic con- 
version for subtract ive etching (1-3). The anodic proc- 
ess results in a p lanar  s t ructure  of interconnection 
metall izat ion embedded in anodic oxide; there are no 
metal edges which subsequent ly  must  be covered by 
the inter level  insulator.  Therefore the inter level  in-  
sulat ion can be significantly th inner  than that  required 
when s tandard processing is used. Nevertheless, a step 
is formed when the via holes are etched, so that  the 
resul tant  s t ructure is no longer completely planar.  

A method for complete planar izat ion was proposed 
by Sato et al. (4). They described a scheme which uses 
"bumps" as inter level  connectors and polyimide as a 
planarizing insulator  to cover the convent ional ly  etched 
metal. However, this excellent idea requires three sep- 
arate metal  depositions to form a two-level  structure, 
five to form three levels, etc. This introduces addit ional  
vacuum steps, but  more important ,  it introduces addi-  
t ional interfaces. It is well known that  a luminum 
rapidly grows an oxide film as soon as it is exposed to 
air; this th in  insulat ing layer  adds to the inter level  
resistance. 

Anodic processing can be used to form the in tercon-  
nection metal l izat ion pat tern  and the interlevel  
"bumps" or "studs" from a single metal  film as de- 
scribed below. 

S t e p / . - - T h e  appropriate metal  film is deposited upon 
the semiconductor substrate. A hafn ium under lay  is 
used when the metal l izat ion pat tern  includes elec- 

* Electrochemical  Society Active Member .  
Key  words:  mult i level  metallization, p lanar  metallization, large- 

scale integrated circuits, anodic oxidation, aluminum alloy meta l -  
lurgy.  

t r ical ly "floating" conductors (5). When the metal  used 
for the interconnect ion pa t te rn  is not pure a luminum,  
an appropriate alloy is deposited between the under lay  
and the a luminum cap (3). The composite metal  film 
which is shown in Fig. l a  is deposited sequential ly  in  a 
single evaporat ion in a mult isource system. 

Step 2.--A th in  porous anodic oxide layer  is formed 
on the surface of the a luminum, in oxalic acid, to insure 
adhesion of the photoresist layer which is then applied. 
Using s tandard photolithography, openings are made 
in the photoresist  layer  at the location of the studs, as 
shown in  Fig. lb. 

Step 3.--A barr ier  layer  is formed to about 75V in  
ammonium borate in ethylene glycol; the photoresist 
layer  is removed by ashing; the s t ructure  in  Fig. lc 
results. 

Step 4.--The barr ier  layer  protects the area it covers 
from subsequent  anodization in  oxalic acid (1). The 
rest of the film is anodized in oxalic acid so that  a 
thickness of a luminum equal to the thickness of the 
required inter level  insulator  is anodized, producing the 
structure in Fig. ld. 

Step 5.--The anodic oxide is removed in an etch 
which dissolves the oxide without  at tacking the under -  
lying a luminum (3), leaving the stud as shown in Fig. 
le. 

Step 6.--A th in  porous anodic oxide is formed again 
for resist adhesion, and a photoresist mask which 
leaves the interconnect ion metal l izat ion pa t te rn  a reas  
uncovered (which include the previously formed studs 
is produced. A barr ier  layer  is formed to about 75V 
in the exposed regions; the stud is completely encap-  
sulated in barr ier  layer, as shown in Fig. lf. 

Step L- -The  resist is removed and the exposed 

Fig. 1. The process for forming monolithic 
studs shown schematically: (a) composite 
metal film, Step 1; (b) step 2; (c) step 3; 
(d) step 4; (e) step 5; (f) step 6; (g) 
monolithic stud structure; step 7. 
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a luminum and a luminum al loy are  comple te ly  anodized 
as descr ibed prev ious ly  (3) and the ha fn ium unde r l ay  
is conver ted  to an insula t ing  l aye r  by  anodizat ion 
fol lowed by  s team oxidat ions (5). A t  the  t empe ra tu r e  
of the  s team oxidation,  the  a luminum (a luminum 
al loy)  and hafn ium interdiffuse,  so that  there  is no 
longer  a discrete  l aye r  of ha fn ium at the  subs t ra te  
in ter face  (5.). Also i t  is un l ike ly  tha t  a sharp  bounda ry  
sti l l  exists  be tween  the a luminum cap and the  unde r -  
ly ing  alloy. If  the hafn ium unde r l ay  is requ i red  on 
upper  levels,  its oxidat ion  t empe ra tu r e  may  have  to be 
reduced (and the  t ime increased)  to be compat ib le  

wi th  the  under ly ing  polyimide.  The final s t ruc ture  is 
shown schemat ica l ly  in Fig. lg. 

The po ly imide  is appl ied  af ter  the  complet ion of the  
composite s t ructure.  I t  is then  etched un i fo rmly  using 
rf  react ive  ion etching at high pressure  (6) fol lowed b y  
a short  r f  sput te r  c lean at  the  appropr i a t e  argon 
pressure  to remove  the anodic oxide  which had  p ro -  
tected the top of the  s tud dur ing  the processing.  

The in terconnect ion meta l l iza t ion  is not  comple te ly  
p lanar  since the  ba r r i e r  l aye r  process of Tsunemitsu  
and Shiba (1) was used. However ,  this process was 
chosen because the  ba r r i e r  l aye r  provides  the  bes t  
protec t ion  for the  tall,  n a r row  stud. Moreover,  i t  is not  
the  p lanar iz ing  capabi l i ty  of the  anodic processing that  
is impor t an t  in this  appl icat ion;  i t  is the ab i l i ty  to fo rm 
the s t ruc ture  f rom a s ingle meta l  film. However,  an 
added d iv idend  of anodic processing is the increased 
cross-sect ional  a rea  of the conductors  thus formed 
(compared  to sub t rac t ive  etch) wi th  the  a t t endan t  in-  
crease in current  ca r ry ing  capabi l i ty  (3). 

A scanning electron mic rograph  of a s tud formed by  
this process is shown in Fig. 2. I t  can be seen that  some 
undercu t t ing  has occurred dur ing  the format ion  of the 
stud, but  i t  is subs tan t ia l ly  less than  tha t  which resul ts  
f rom subt rac t ive  etching. 

Fig. 2 (a) Scanning electron micrograph of a monolithic stud and 
interconnection metallization pattern formed by anodic processing. 
(b) Scanning electron micrograph of a stud only; higher magnifica- 
tion. 

Conclusion 

A descr ipt ion has been given of an anodic process by  
which i t  is possible to form both the  in terconnect ion 
meta l l iza t ion  pa t t e rn  and the in te r leve l  connectors 
("s tuds")  from a single (composite)  meta l  layer .  

Manuscr ip t  submi t ted  July  24, 1975; revised m a n u -  
script  received Sept.  25, 1975. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1976 
,~OURNAL. Al l  discussions for the December  1976 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1976. 
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Influence of Trichloroethylene on Room Temperature 
Flatband Voltages of MOS Capacitors 
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The ever increasing interest  in growing high qual i ty 
SiO2 is well documented by the large number  of re-  
cent papers in this area (1). Although the stabilization 
of the thermal ly  grown SiO2 can be achieved by a film 
of phosphosilicate glass (PSG),  the use of I-IC1 (2, 3) 
during the oxidation process has gained considerable 
attention. 

This process provides a reduction in the instabili t ies 
due to the presence of mobile ions in  the oxide. It  also 
improves the dielectric breakdown characteristics of 
the oxide, reduces the surface-state density at the Si- 
SiO~ interface, and increases the minor i ty  carrier life- 
time in the silicon surface. 

Most of these improvements  are a t t r ibuted to the 
presence of chlorine in HC1 and are well substant iated 
by recent work of Van der Meulen et al. (4). It  is be- 
lieved that some chlorine is always incorporated in the 
oxide near  the Si interface, which helps in neutral iz ing 
and immobil izing the sodium ions that  are drifted 
toward the interface under  an electric field at an 
elevated temperature.  Since HC1 is very corrosive and 
dangerous to handle, attempts have been made to use 
other compounds that contain chlorine and are easy to 
handle. 

Chen and Hile (5) and Declerck et al. (6) have in-  
vestigated the effects of tr ichloroethylene (TCE) on 
the characteristics of MOS devices subjected to bias- 
tempera ture  stress. Van der Meulen et aI. (4) noted 
that oxides grown in C12 were electrically unstable  at 
room te~rnperature and that oxides grown in HC1 ex- 
hibited flatband voltage shifts after room-tempera ture  
bias stress. It  is the purpose of this paper to report  on 
the room-tempera ture  stabili ty of oxides grown in TCE. 

MOS capacitors were fabricated on n - type  (100) Si 
substrates having 2-5 ohm-cm resistivity. The wafers 
were cleaned in a sulfuric acid-hydrogen peroxide 
solution, followed by an HF dip and DI H20 rinse. 
The furnace tube  was cleaned and acclimatized with 
TCE and O2 for a period of 10 hr. 2 All the wafers were 
oxidized a t  1060~ using the following sequence: (i) 
1000 cm3/min of dry 02 for 5 min;  (ii) TCE/He at 0-105 
cmS/min and dry O2 at 1000 cm3/min for 60 rain; (iii) 
1000 cmS/min dry O2 for 15 rain; ( iv)  N2 anneal  for 
15 min  prior to removal of wafers. Thus the total oxi- 
dation time for each wafer  was 80 min. The TCE bub-  
bler was kept at room temperature,  23~ [Declerck 
et al. (6) kept the TCE bubbler  at 34~ Immediate ly  
after removal, 30-rail a luminum dots for the metal  
gates were evaporated from tungsten filaments through 
a metal mask. Then oxide from part  of the wafers 
was carefully etched in  HF to allow contact to the sub-  
strate. Photoresist steps were completely avoided. The 
wafers were annealed for 15 min  at 525 ~ in Ni. Con- 
ventional  C-V measurements  were made with and 
without room-tempera ture  bias stress. 

Figure 1 shows a plot of oxide thickness vs. TCE/He 
flow. The increased rate of the growth of SiO2 is con- 
sistent with the observations reported both in the pres- 
ence of H'C1 (3) as well as TCE (6). The growth rate 
of SiOe increased as the flow rate increased but  satu- 

1 V i s i t i n g  S c h o l a r  f r o m  K o d a k  R e s e a r c h  Laborator i e s ,  E a s t m a n  
K o d a k  C o m p a n y ,  R o c h e s t e r ,  N e w  Y o r k  14650. 

-~ A t  the  e a r l y  s t ages  of  t h e  e x p e r i m e n t s  c a r b o n  d e p o s i t i o n  in the  
f u r n a c e  t u b e  w a s  f r e q u e n t l y  o b s e r v e d ,  e v e n  a t  l o w  c o n c e n t r a t i o n s  
of TCE.  B u t  a f t e r  s u b s t a n t i a l  use w e  w e r e  u n a b l e  to r e p r o d u c e  t h e  
c o n d i t i o n s  r e s u l t i n g  in  c a r b o n  d e p o s i t i o n .  

K e y  w o r d s :  h a l o g e n  o x i d a t i o n ,  c h l o r i n e  i n c o r p o r a t i o n ,  f l a t b a n d  
vo l tage  shifts .  
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rated beyond 70 cmS/min. The oxide thickness varied 
from 900 to 1650A. The ini t ial  values of the flatband 
voltage, VFB, VS. TCE/He flow prior to any bias stress 
is shown in Fig. 2 (solid l ine) .  It was found that  the 
opt imum region of this curve occurs between 37-42 
cmS/min of TCE/He, which is consistent with results 
of Van der Meulen et aL (4) and Declerck et al. (6) 
for high qual i ty halogen-grown oxides. The improve- 
ment  in  flatband voltage afforded by low TCE/He flow 
rates is most probably a result  of the compensation of 
positive oxide charge. 

At the highest flow rate, 105 craB/rain of TCE/He, 
the C-V plots- exhibit  a small degree of low frequency 
behavior, indicative of increased recombinat ion/gener-  
ation activity. This is in  general  agreement  with the 
reduced storage t ime for large percentages of TCE ob- 
served by Declerck et aI. (6). The increased magni tude  
of the flatband voltage at the higher TCE/He flow rates 
has not previously been reported and is probably 
caused by an increase in positive charge density or a 
decrease in negative charge density in the oxide. It  
should be noted that  for higher concentrations of TCE, 
Declerck et aL (6) did observe an increase in  surface- 
state density. 

The gates on the MOS capacitors were subjected to 
a negative bias at room temperature  for times up to 20 
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Fig. 1. Oxide thickness vs. TCE flow rate 
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flow rate, Bias of ~15V  was applied for S min at room tempera- 
ture, measurements were made as soon as possible. 
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hr  and fields up to 6 • 106 V/cm. For a 15 min  bias 
stress of 106 V/cm. no flatband voltage shifts could be 
detected except for the sample corresponding to 105 
cma/min of TCE/He, in which a positive shift of 0.55V 
was observed. It  would be consistent with the initial 
flatband measurements  if this shift were due  to the 
motion of mobile charge acquired in the sample oxi- 
dized with the high TCE/He flow rate. The ions H + or 
H30 + which are mobile at room tempera ture  (7) are 
possible candidates. The actual role and fate of the hY- 
drogen contained in  the TCE has not  been established. 
Van der Meulen et aI. (4) have indicated that  some so- 
dium may be mobile at room temperature.  

For extremely high fields (6 • 106 V/cm) and nega-  
tive gate bias, the samples oxidized with 105 craB/rain of 
TCE/He exhibited a t ransient  flatband ins tabi l i ty  simi- 
lar  to that  observed by Van der Meulen et al. (4) for 
C12-grown oxides, al though the instabi l i ty  was less 
pronounced. The flatband voltage first shifted in  the 
positive direction and then  for long times (on the order 
of 10 hr) shifted slightly in the negative direction, the 
flatband voltage never  changing sign, however. A posi- 
tive bias stress of 106 V/cm inhibi ted this negative 
bias ins tabi l i ty  completely. At field strengths normal ly  
encountered in  device operation, the oxides were more 
stable. 

Next the effects of positive bias stress were invest i-  
gated. The resul t ing shift in flatband voltage is shown 
in  Fig. 2 (dashed l ine) .  The m i n i m u m  shift in the fiat- 
band voltage AVFB is 0.0r62V for samples which were 
grown with flow rates of 40-50 cm~/min of TCE/He. At 
flow rates below this minimum,  both the reduction in  
flatband voltage and the reduction in flatband voltage 
shift can most easily be explained by the neutral izat ion 
and t rapping of mobile oxide charge. In t roducing trap 
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Fig. 3. Shift in flatband voltage and hysteresis vs. time elapsed 
after the bias of 15V was applied at room temperature for 5 min. 

sites for electrons in the oxide will  not account for this 
behavior. A flatband shift of 0.062V corresponds to a 
mobile charge density of about 5 • 109 charges/cm a. 

For  higher  flow rates of TCE/He the flatband shift 
increases. At  a concentrat ion of 105 cm~/min of TCE/  
He, not shown in Fig. 2, the shift was about 2.5V 
(corresponding to a mobile charge concentrat ion of 
2.85 • 10n/cm2), and substant ial  hysteresis appears 
in  the C-V characteristics. Figure 2 shows the recovery 
of this shift with t ime and the observed hysteresis. 
(No hysteresis was observed for samples oxidized with 
low concentrations of TCE.) The dramatic increase in  
VFB and AVFB implies high concentrat ions of mobile 
oxide charges or donor- l ike oxide traps, ei ther of 
which could also cause the observed hysteresis. 

In  summary  we have shown that  TCE can be effec- 
t ively used to lower oxide charge mobile at room tem-  
perature  (mostly H + or HsO + and perhaps some alkali 
ions) to values as small  as 5 • 109/cm ~. Because of ease 
of handling,  TCE may be a good subst i tute for HC1 
in growing high qual i ty oxides. For extremely high 
fields (larger than those normal ly  encountered in de- 
vice operation) the T C E - g r o w n  oxides exhibited a 
room-tempera ture  instabi l i ty  similar  to that observed 
in C12-grown oxides. For high qual i ty oxides there is 
an opt imum flow rate of TCE during oxidation of 
about 4-5%. Above this point, the in t roduct ion of addi-  
tional positive mobile charge or donor- l ike traps in the 
oxide degrade the C-V characteristics. The incidence 
of low frequency behavior  for large TCE flow rates 
indicates increased recombinat ion/genera t ion  activity 
at the interface or bu lk  silicon near  the surface. 

Manuscript  submit ted June  9, 1975; revised manu-  
script received Aug. 25, 1975. 
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The Effect of Substrate Bias on the Properties of 
Reactively Sputtered Silicon Nitride 
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There have been several reports (1-13) on the prop-  
erties of sputtered silicon ni t r ide films. In  most cases 
opt imum film properties have been achieved by re-  
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active sput ter ing using h igh-pur i ty  Si targets ra ther  
than direct sputter ing of hot-pressed SisN4. Most of the 
reported work has been done by rf sput ter ing wi thout  
direct control over the substrate bias. In  general, the 
results of others indicate that opt imum film properties 
(low etch rate, good barr ier  to alkali  ions, etc.) are 
achieved when the deposition rate is high and the 
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discharge gas pressure is low. These sput ter ing con- 
ditions are known to lead to relat ively high substrate 
bias voltages (14). With electrically floating substrates, 
it has been found (2, 6, 12) that  films of high qual i ty 
could not be produced at discharge pressures greater 
than about 15 reTort, and the suggestion has been made 
that a high, negative self-bias is responsible for the 
improved film properties because of an increase in  
film density. Such an increase in film density could 
arise from two mechanisms: (i) enhanced surface mo-  
bil i ty of depositing atoms and (ii) resput ter ing of 
weakly bound deposited species (12, 14). 

In  this note, we report  direct evidence for improve-  
men t  of the properties of rf reactively sputtered Si3N4 
using a sput ter ing system in which the substrate bias 
can be controlled, independent  of the other rf  glow 
di.scharge conditions. 

Experimenta! 
The system for rf  sput ter ing with controlled rf-  

induced substrate bias has been described in  detail 
elsewhere (15). Briefly, there are two identical rf 
sput ter ing targets (~20 cm diameter)  mounted  con- 
centrically in  the top and bottom of the vacuum cham- 
ber. The separation between the targets was 2.85 cm. 
The lower target  serves as a substrate  platform. Both 
targets were 99.999+% cast Si. The voltage on each 
target can be controlled independent ly  of the other, 
and of other discharge conditions (e.g., pressure).  The 
vacuum chamber  is cylindrical  (65 cm diameter  by 16.5 
cm high),  and is pumped with a l iqu id-n i t rogen-  
baffled oil diffusion pump/mechanica l  pump combina-  
t ion that  was ordinar i ly  pumped to 2 X 10-7 Torr 
prior to all deposition runs. The substrates (Si) were 
not thermal ly  attached to the lower target. Substrate 
tempera ture  was monitored with an infrared pyrometer  
calibrated for the emissivity of the Si3N4 surface and 
for losses from absorption and reflection in  the optical 
path. The substrate  tempera ture  did not vary much 
with differing deposition conditions and averaged 13,0 ~ 
• 30~ 

The upper  (deposition) target  voltage was held 
constant  at 15O0V (d-c sheath potential)  and the dis- 
charge parameters  that  were varied were substrate 
bias voltage, partial  pressure of I~2 in  Ar, and total gas 
pressure. The etch rate of the films in buffered HF was 
used as an indicator of the qual i ty of the films. 

Figure  1 i l lustrates the variat ion in etch rate with 
substrate bias. The etch rate decreases by about two 
orders of magni tude as the bias is increased from 0 to 
--50V, and then remains  near ly  constant for higher 
bias voltage. Under  the conditions shown in Fig. 1, the 
deposition rate varies from about 200 A / m i n  at OV to 
150 A / m i n  at --300V. The other varied parameters  
(partial  pressure of N2 in  Ar, Fig. 2; and total gas pres-  
sure, Fig. 3) had a very much smaller influence on the 
etch rate of the films. The over-al l  t rend was toward 
lower etch rates at higher deposition rates. The etch 
rate could be lowered by a factor of about 2-3 by heat-  
treating the films in  N2 at 10O0~ for 15-20 rain, indi-  
cating that  the films were not completely dense as 
deposited. 

Electron diffraction analyses indicated that the films 
were amorphous. Infrared analysis showed a typical 
Si3N4 spectrum with no evidence of oxygen. However, 
Auger electron spectroscopic analysis showed about 1% 
oxygen content. The only other film impurit ies ob- 
served were Ar and C. The carbon content  was about 
3.5 a/o. No Auger calibration for Ar was available, but  
the amount  incorporated was probably high. The infra-  
red absorption spectrum of the as-deposited films show, 
in addition to the typical SisN4 absorption bands, a 
very weak band near  2100 cm -1, suggesting the as- 
deposited films contain Si-H functional  groups. After  
hea t - t rea tment  in N2 at 1000~ there is a slight change 
in the refractive index and /or  the film thickness. The 
Si-N band at 850 cm - I  narrows slightly, but  the band 
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2 Composition of buffered HF: 1 part by w e i g h t  48-49% H F  p l u s  
5.75 parts by weight of 39-40% NH4F solution. 

center does not shift. Si-H absorption is not observed 
after the heat- t reatment .  

Ellipsometric measurements  of the refractive index 
of the films yielded values ranging from 1.55 to 2.18 
depending on the substrate bias and deposition rate. 
For bias voltages greater than 50V and deposition rates 
in excess of 200 A/rain,  the refractive index was 2.165 __ 
0.025, which is somewhat higher than the bu lk  va lue  of 
1.98. 

Stress was measured by beam bending (unclamped 
Si beam).  Films were deposited to a thickness of 2 
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under  condit ions that  y ie lded  mode ra t e ly  low etch 
rates. The to ta l  stress measured  was 3.4 X 109 d y n e /  
cm 2 (compress ive) .  

Discussion and Conclusions 
The da ta  presented  here  c lear ly  ind ica te  that  the 

ma jo r  de te rminan t  of r f  reac t ive ly  Sputtered Si3N4 film 
qual i ty  is the subs t ra te  bias, as was ea r l i e r  hypo the -  
sized. The use of cont ro l led  subs t ra te  bias a l lows good 
qua l i ty  films to be  deposi ted wi th  a wide range  of gas 
pressures,  whereas  se l f -b ias  of the  magn i tude  requ i red  
( >  --50V) can only be achieved at  low gas pressures.  
[It  should be  noted tha t  the  bias vol tages  quoted are  
measured  wi th  respect  to ground. As has been pointed 
out  (16, 17) the re  is a sys temat ic  e r ror  involved  in 
these measurements  because the p lasma  potent ia l  is 
somewhat  posi t ive wi th  respect  to ground.]  The da ta  
tend to indicate  that  increased film deposi t ion ra te  
improves  the  film proper t ies ,  but, by  compar ison to the  
subs t ra te  bias, it  is a second order  effect. 
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A Comparison of the Process-Induced 
Gettering of Atomic Platinum 

and Gold in Silicon 
K. P. Lisiak *'1 and A. G. Milnes** 

Department of Electrical Engineering, Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 

Pla t i num has recen t ly  been shown (1) to have two 
act ive sites in Si. One of these sites, the Pt i i  accepter,  
has been found (2) to be a good l i fe t ime controller .  
Based on energy  position, the  Pt  levels can be expected  
to have less genera t ion  leakage  for a given l i fe t ime 
reduct ion  than  gold (2, 3). Also, P t - d o p e d  diodes have 
lower  fo rward  volt  drop than  go ld -doped  diodes, at 
equal  l i fe t ime values  (3). Since Pt  is appa ren t ly  a 
more  promis ing  l i fe t ime control ler  than  gold, a sig- 
nificant quest ion is whe the r  P t  suffers unintent ional  
ge t te r ing  dur ing  processing cycles. 

I m p u r i t y  ge t te r ing  has been s tudied along two basic 
lines. One approach  a t tempts  to remove al l  deep im-  
pur i t ies  in t roduced into the si l icon crys ta l  in the  
g rowth  and diffusion process (4-8).  Techniques for this 
purpose  use e i ther  some form of avai lab le  chlor ine  in 
a gas flow dur ing  heat  soaking or a phosphorous  diffu- 
sion into the  back  surface. Studies  of gold doping in 
Si, for example,  have  shown atomic gold to pile up in 
n + regions (9, 10). A second approach (11, 12) has 
been to s tudy  the unin ten t iona l  loss of des i red  l i fe t ime-  
control l ing impur i t y  species dur ing  subsequent  device 
processing steps or by  aging processes at  opera t ing  
t empera tu res  or  h igher  (13, 14). 

* E l e c t r o c h e m i c a l  Society Student M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  t t e w l e t t - P a c k a r d  L a b o r a t o r i e s ,  P a l e  Al to ,  Ca l i -  

f o rn i a .  
K e y  w o r d s :  s i l icon,  g e t t e r i n g ,  p l a t i n u m ,  gold. 

Using neut ron  act ivat ion analysis,  p l a t inum has been 
s tudied here for its resis tance to unin tent ional  ge t t e r -  
ing by  processing cycles accompanying its in t roduct ion 
into the  silicon lattice. Dis t r ibut ion  of atomic P t  wi th in  
the var ious  layers  and loss of atomic Pt  f rom the bu lk  
are both moni tored  by  this technique.  

Adamic  and McNamara  ( l l )  and N a k a m u r a  et al. 
(12) have conducted neut ron  act ivat ion studies of gold 
loss by  phosphorous and boron glass getters.  They used 
the Au 19s radioac t ive  isotope as a t r ace r  by  i r rad ia t ing  
samples of pure  gold as the  source ma te r i a l  for Au 
deposi t ion and sa tura t ion  diffusions. For  our work  wi th  
Pt, the  use of p re i r r ad ia t ed  meta l  in diffusions was not 
convenient.  The most p reva len t  P t  isotopes, P t  197 and 
P t  199, have ha l f - l ives  of 18.5 hr  and 31 rain, respec-  
t ively.  These isotopes are  produced  in lower  concen- 
t ra t ions than  is Au 19s f rom Au 197. Also, the shor te r  
ha l f - l ives  of the Pt  isotopes make  e lapsed t ime more  
crit ical.  The Au 199 isotope which forms f rom the decay 
of P t  199 has a sufficiently long hal f - l i fe ;  however,  if 
used in diffusion it would  p re sumab ly  behave  as gold 
and not as plat inum. To use this longer  (3.15 day)  
hal f - l i fe  isotope in P t  work  it is thus necessary to i r -  
rad ia te  samples  at the  complet ion of all  high t em-  
pe ra tu re  processing steps. 

Processing was done in sealed Spectrosi l  ampuls.  
The ini t ial  expe r imen t  used P t -  and A u - s a t u r a t e d  si l i -  
con which is subjec ted  to diffusion using 3000-4000.~ of 
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the Emulsi tone products phosphorosilica film (P-SiO2), 
borosilica film I (B-SiO2), and silica film (E-SiO2). 
These films have been shown useful in Si device proc- 
essing (15) and allow the use of closed-tube processing. 
This experiment  models the si tuat ion where the Pt  
(or Au) must  be inserted prior  to the last high tem-  
perature  cycle. Subsequent  experiments compared the 
behavior  of Pt  and Au when diffused for a short time 
(15 min)  in  the presence of doped oxides and heavily 
doped diffused Si layers. This models the introduction 
of the deep impur i ty  into the p - n  junct ion  regions as 
the last diffusion step. 

Silica Film Get ter ing  
Samples of silicon saturated with p la t inum (48 hr, 

900~ diffusion and quench) were cleaned of all sur-  
face alloys by etching and lapping to remove 1-2 rail 
per side. One slice received a phosphorosilica film layer 
on each side, another  received borosilica film, and a 
third was coated with undoped silica film. The films 
were densified at 250~ and then each slice was sealed 
into a Spectrosil ampul. As a fur ther  control on the 
gettering process, a P t -sa tura ted  slice was sealed into 
an ampul  without any silica coating. The ampuls 
were then heat-soaked for 1 hr  at l l00~ and quenched 
in a water bath. A second group of silica slices, satu-  
rated with gold, were gettered in  a similar  fashion. 

The ampuls were then neu t ron  irradiated, along 
with standards containing known amounts  of Pt  and 
Au. Nonheat- t reated slices containing Pt  or Au were 
also included for comparison. Following irradiation, 
each slice was counted in  the Ge(Li)  detector and the 
weight and concentrat ion of Pt  or Au determined from 
counts of the s tandard ampuls. 

The doped silica films were then removed by etching 
in buffered HF. The Pt  or Au concentrat ion in the 
etched layer  was determined from the differences of the 
successive slice weighings and the gamma count of the 
etch bath. An aqua regia etching (20 min, hot, 3:1 oi 
HCh HNO~) and count step was used to determine the 
presence of interface metal  layers. Surface (p+ or n +) 
region concentrations were investigated by successive 
etching of the slice in freshly made CP4. 

Samples, diffused at 900~ to yield 1.5 X 10 ~ cm -3 
Pt and 1.2 X 10 ~5 cm-~ Au, were gettered at l l00~ 
for 1 hr  in sealed ampuls with P-SiO2, B-SiO2, or E- 
SiO2. For this exper iment  a low concentration of Pt  or 
Au was used so that surface (or bulk)  impur i ty  de- 
pletion might be noticeable if extreme gettering was 
encountered. 

The results show that  Pt  is not gettered by the spin-  
on oxide films. Figure  1 shows the concentrat ion of Pt  
in each slice (solid symbols) after surface etching to 
be comparable to the concentrat ion in the heat- t reated 
control. The concentrations of Pt  in the P-SiO2 and 
E-SiO2 oxide etches show no significant gettering by 
these oxides. Only the B-SiO2 gettered slice showed a 
significant amount  of Pt  concentrated near  the surface. 
However, as Fig. 1 shows, this slice had twice the 
initial  Pt  concentrat ion of the other Pt  samples in this 
run. Since all Pt  samples were ini t ia l ly diffused to- 
gether un t i l  saturated with Pt, this decrepancy indi-  
cates some undissolved Pt was present  on or in  the 
sample. This excess Pt  was then removed in subsequent 
etching of the gettered slice and was not gettered by 
the B-SiO2 film. 

All the Pt  samples which received the 1100~ get- 
tering cycle (P-SiO2, B-SiO2, E-SiO2, and heat-soaked 
control) showed some excess Pt  in  the first Si slice etch. 
This is apparent ly  due to a tendency to form a layer  
of heavily Pt-doped Si at a damaged surface. These 
samples were not mir ror -smooth  polished or etched to 
s t ra in relieve the surface. O'Shaughnessy et aL (9) 
showed that Au s imilar ly  accumulates at a lapped sur-  
face in their experiments.  The close agreement  of the 
Pt  concentrations in the etch bath of the control slices 
with the etch baths of the P-SiO2 or B-SiO2 slices 
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Fig. 1. Neutron activation results for gettering of Pt by Emulsi- 
tone film diffusions. Solid symbols are the average concentrations 
of platinum in each slice following a particular step in the etching 
sequence. The hollow symbols represent the concentration deter- 
mined for the layer removed by the etch. Key: [BI I  phosphoro- 
silica film I, A A  borosilica film, V V  silica film, O '  heat- 
treatment only, Q �9 untreated control, (I) as irradiated, (11) oxide 
removed by HF, (l id first Si etch (about 6 ~m pe~ face), (IV) 
second Si etch (about 8 ~.m per face). 

(shown by the hollow symbols in  Fig. 1 column III) 
suggests that no significant Pt  gettering is caused by 
the p+ or n + doping but  that  a damaged Si surface will 
getter Pt  to some extent. 

Au is gettered into P-SiO2 layers and tends to form 
an interface layer between the B-SiO= layer  and the 
silicon. While the oxides constituted less than 1% of 
sample weight, near ly  10% of Au in the P-SiO2 sample 
was found in  the oxide and 15% of Au in the B-SiO= 
sample was at the interface. These Au results agree 
qual i tat ively with the findings of Adamic and Nlc- 
Namara (11) and Nakamura  et al. (12). Backscattering 
studies (10) have failed to find Au gettering into diffu- 
sion source phosphor glasses. P resumably  this is be-  
cause the sensit ivi ty of backscattering techniques (101s 
cm -8) does not  match that of neu t ron  activation 
studies, which for Au is capable of reaching 10 ,12 cm -3 
and for Pt, 101~-10 j4 cm -~. 

Therma l  Oxide Get ter ing  
Another  experiment  was performed to observe the 

uni formi ty  of Pt diffusion in the presence of the ther-  
mal oxides P20~, B2Os, and SiO2. Similar  specimens 
were diffused with Au to provide a direct comparison. 
For this experiment,  chemically polished Si slices were 
cleaned by the H202 process (16) and one group was 
oxidized at 1150~ by wet O2 for 60 min  to grow 1 ~m 
of SiOe. A second group was placed in a furnace at 
1150~ in a flow of 02 over POC18 to grow P20~ unti l  
the h + layer  was 2-4 ~m deep. The third group was 
coated with B.203 at l l00~ from the decomposition of 
BBr8 to form 2-4 ~m of p+ St. 

Slices which were to he Pt  or Au diffused had the 
oxide and diffused layer  removed from the back by 
lapping. These slices were recleaned by the H202 
process and the backs were covered with Au or Pt  from 
spin-on solutions. Following bakeout of the films, the 
slices of each metal-oxide pair were sealed into sepa- 
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Table I. Gettering results of Pt and Au by thermal oxides during a 15 min 1100~ diffusion 

C o n c e n t r a t i o n  a f t e r  C o n c e n t r a t i o n  a f t e r  C o n c e n t r a t i o n  a f t e r  
C o n c e n t r a t i o n  a f t e r  ox ide  r e m o v e d  f r o m  f i rs t  e tch  of f r o n t  second e tch  of f r o n t  C o n c e n t r a t i o n  af te r  

T r e a t m e n t  a l loy  r e m o v a l  f r o n t  sur face  by  i n  CP4 (--4/~m) in  CP4 (--4/~m) t h i r d  e tch  in  CP4  
(15 rain l l 0 0 ~  (cm-3) HF* (cm-~) (era -~) (cm -8) ( - 8 ~ m )  (em -~) 

P t  + P~O~ 2.48 x l g  te 2.96 x 10 x8 2.79 x 10 TM 1.90 x l g  te 1.78 x I0  TM 

Pt + B~O8 2.50 • I016 8.02 X i0 i~ 2.79 • I0 TM 2.69 • 1O le 2.63 x I0 le 
P t  + SiOs 2.72 • 10 TM 2.72 • 10 TM 2.74 • l0  ~6 2.68 X 10 le 2.78 X 10 TM 

Au + P205 2.84 • 10 le 2.95 )< 1O TM 9.9 • 10 TM - -  -- 
A u  + B~Oa 2.05 x 10 ze 9.16 • 10 TM 9.22 • 10 ~ - -  - -  
Au + SiOz 1.61 • I0 I~ 1.65 • 1O i~ 1.60 • i0 z6 -- -- 

* The  B~O3 ox ide  w a s  r e m o v e d  by  hot  I-I2SO4HCI; HNO3:H~O of 1:2:4:20.  The  r e su l t s  s h o w n  are t he  s l ice concen t r a t ions ,  a f t e r  each  part ic-  
ular etch  step, as t h e  v o l u m e  a v e r a g e  of  t he  a~omic P t  de t ec t ed  i n  t he  slice. S teps  no t  s h o w n  were  no t  p e r f o r m e d .  V a r i a t i o n s  of 10% are not  
s t a t i s t i c a l l y  s igni f icant .  

rate Spectrosil ampuls. One oxidized slice from the 
same group was also included without a metal  film. 
These controls served to check contaminat ion and to 
indicate the amount  of metal  that could be vapor 
t ransported from the oxide surface. After  a 15 min  
diffusion at ll00~ the samples were removed to a 
water -ba th  quench. The ampuls  were then opened and 
the metal-diffused slices were lapped on their backs 
(reducing one thickness by 1-2 mil)  and t r immed 
along the edges to remove all alloyed Si. The results 
for the P t -  and Au-diffused experimental  specimens are 
listed in Table I. 

The Pt-diffused specimens all show an init ial  aver-  
age concentrat ion of Pt  that is in  good agreement  with 
the ll00"C solubil i ty of Pt  (1). The final average con- 
centrat ion of the Pt  -{- P205 sample does show that  
there has been some loss of Pt  to the n + surface layer. 
This is confirmed by the counts of the etch baths which 
show excess Pt  in the n + Si. The var iat ion in the Pt  
B20.3 concentrat ion appears to be a statistical fluctua- 
t ion since only slightly more Pt  is found in the oxide 
etch of this sample than  in that of the Pt  + SiO2 slice. 
This suggests that  Pt  diffusion produces a uniform Pt 
concentrat ion profile in  the presence of n +- or p+-  
doped mater ial  and that  P205 and B2Ou do not sig- 
nificantly getter Pt. 

The gold slices again show accumulat ion of gold into 
the front  surface regions. Since the gold (and plat i-  
num)  were diffused in  the presence of the oxides and 
p+ or n + regions, the ini t ial  concentrations are not 
fixed to the bulk  solubil i ty as in the previous run.  In i -  
tially, the Au ~- P205 and Au -t- B2Os slices show a 
higher average concentrat ion than  the Au § SiO2 
slice whose concentrat ion agrees with the 1100~ solu- 
bi l i ty of gold (17). Subsequent  etching showed the 
gold in  the bu lk  of the Au -~ P205 and Au + B209 
slices to be slightly lower than  in the Au -{- SiO2 
sample. The gamma counts of the respective etch baths 
confirm this gold was present  in  the oxide and surface 
layers. Thus, Au diffusion produces a markedly  non-  
uni form Au concentrat ion profile in the presence, of n + 
Si and is gettered by P205 and B203 glasses. 

Control slices showed the processing to be sufficiently 
clean. Au in the control samples included with Pt  
samples was about 1012 cm -8. Pt  in these control 
samples approached the detectibil i ty l imit  of Pt(1014 
cm-3) .  Some Au was found in  the Au control speci- 
mens, caused by the vapor t ransport  of gold. 

The possible solubil i ty enhancement  of Pt  in p+ or 
n + Si was more closely examined in a final experiment.  
Slices of very low resistivity n + and p+ Si were satu- 
rated with Pt at 1150 ~ for 24 hr  and irradiated. Follow- 
ing the removal  of surface alloys by tr imming,  lapping, 
and etching, both slices show a somewhat larger Pt  
concentrat ion than  previous 1150~ diffusions. An n + 
Si slice with 1019 cm -3 phosphorous showed 1.6 • 1017 
cm -9 Pt  and a p+ Si slice with 1019 cm -8 boron showed 
1.3 • 101~ cm-3  Pt. Although this is approximately 
twice the concentrat ion of Pt  found in diffusions into 
higher resist ivity Si, some slight solubil i ty enhance-  
ment  is expected since lattice strains in low resistivity 
mater ia l  and increased dislocations may cause pre-  

cipitates to form in  the Si material.  These Pt  results 
can be contrasted with the 102-10 s solubil i ty enhance-  
ment  reported for gold in  heavily doped n - type  Si 
(11, 12). 

Conclusions 
Pt was not gettered by phosphorosilica film or silica 

film layers on Pt -sa tura ted  Si dur ing a 1 hr soak. The 
result  for borosilica film was inconclusive because ex- 
cess Pt  was present on that sample. Gold was clearly 
gettered by the phosphorosilica film and formed an 
interface layer under  borosilica film. These gold re-  
sults agree qual i ta t ively with measurements  of gold 
gettered by thermal  oxides. The tendency of Pt  to self- 
getter at a lapped surface is noted; however, the effect 
on the bulk is not significant for N P t  ----- 3 X 1015 am -3. 

Pt  diffusion was not found to be affected by  the pres-  
ence of P20~, B203, or thermal  SiO~ in a 15 rain cycle. 
The measurements  show no significant oxide gettering 
and only a factor of two enhancement  of Npt for p+ or 
n + Si over p or n Si. A 15 min  diffusion cycle has also 
been shown to be as practical a means for insert ion 
of Pt at l l00~ as it is for Au. Au diffusion is affected 
by the presence of P205 or S20~ and the nonuni form 
profile confirms the gettering of Au noted in the l i tera-  
ture. Thus, evidence presented, which is l imited to ob- 
servation of atomic (total) concentrations, suggests 
that Pt can be inserted in Si more rel iably than  can 
Au. This, together with related work on the recombi-  
nat ion role of Pt  in Si (2), suggests that  P t  may be 
more effective than  Au as a l ifetime controller  in 
silicon. 
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Chemical Vapor Deposition of NbB  and TaB  
through Heating 

by Concentration of Solar Radiation 
B. Armas, C. Combescure, and F. Trombe 

Laboratoire de ~'Energie Solaire, C.N.R.S., Ode~lo, 66120 Font-Romeu, France 

According to some authors (1) molybdenum,  tung-  
sten, niobium, and t an ta lum borides cannot be produced 
in a suitable manner  if hydrogen is used to reduce a 
mixture  of a metal  halide and a boron halide. The 
metal  halide would be reduced first at ra ther  low tem- 
perature.  In  that case one observes no reaction or only 
an incomplete one between boron and the metal.  This 
procedure often leads to a mix ture  of boron and free 
metal  or to some powdery deposits. 

An  al ternat ive method is a direct thermal  decomposi- 
tion of mixtures  of appropriate  halides in the absence of 
hydrogen. Thermodynamic  considerations have led us 
to use those halides which have the same dissociation 
domain (2). Since the hexagonal  NbB2 and TaBs struc- 
tures have a domain of homogeneity, they are the 
easiest compounds to prepare. We at tempted to prepare 
n iobium and tan ta lum borides by the following reac- 
tions 

2BBr~ + NbBr5 ~ NbB2 + x (Br2 or Br) [1] 

2BBr~ + TaBr5-)  TaB2 + y (Br2 or Br) [2] 

Apparatus 
A solar furnace was used for heating. A flat mi r ror  

following the apparent  sun  motion receives the incident 
rays and reflects them paral lel  to the axis of a fixed 
parabolic mirror,  2m diameter  and 0.85m focal length, 
which concentrates the solar radiat ion in its focus. 
In practice the total energy (1600W) lies inside of a 
16 m m  diameter  circle. The representat ion of energy 
dis t r ibut ion in  the focal plane is given by a bel l -shaped 
curve which decreases rapidly and shows symmet ry  
relative to the optical axis. The vapor deposition ap- 
paratus is shown in Fig. 1. The samples used were 12 
mm diameter  cylinders, 1 mm thick, placed in  the focal 
plane. The temperature  is measured with a micro- 
optical pyrometer  "Pyro." The system can measure up 
to 300O~ but  lower temperatures  can be determined 
if desired by adjust ing the luminous  flux with two 
shutters. 

Experimental 
The gas phase e:ffeet.--Experimental conditions were: 

temperature  (T) = 1500~ pressure (P) = 2.10 -1 Torr, 
gas flow (D) = 400 cm ~.  h r  -1 �9 cm -2. The composi- 
t ion of the gas phase is given by the ratio p = boron 
halide weight to metal  halide weight. The theoretical 
ratios are pl = 1.015 for NbB2 and p2 = 0.86 for TAB2. 
An x - ray  diffraction analysis shows that a meta l -boron 
diagram can be derived by modifying the gas phase 
composition. 

Key words :  n iob ium,  t a n t a l u m ,  hal ides ,  borldes. 

Pressure and temperature efIeet.--The NbBz case.-- 
D = 400 cm 8 - h r  - 1 . c m  -9', p, = 1.015, T = variable 
temperature.  Curves plott ing efficiency vs. temperature  
are given in  Fig. 2. To determine the efficiency curves 
a slightly different but  more practical device for sys- 
tematic experiments was used. Heating was obtained 
through high frequency induct ion as was described in a 
previous paper  (3). Curve 1 (P = 2.10 -1) and curve 2 
(P = 2.5 �9 10 -~) show efficiency increasing wi th  tem-  
perature.  But, on both sides of T = 1040~ the var ia-  
t ion of" the efficiency with the pressure is inverted. 
Furthermore,  above 1300~ the efficiency does not de- 
pend on the temperature.  Moreover, the deposit com- 
position is a strong funct ion of the temperature:  three 
types of deposits are obtained. 

\ 

Fig. 1. Experimental apparatus used: (1) Pyrex cover, (2) reaction 
vessel, (3) solar radiation, (4) substrates, (5) water jacket, (6) 
prism, (7) observation window, (8) boron halide, (9) cooled con- 
denser, (10) metallic halide vaporizer, ( i l )  furnace, (12) cool trap 
for halides, (13) valves, (14) vacuum pumps, (15) diffusion vacuum 
pump. 
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Fig. 3. (a, top) NbB2 deposit on Ta, P = 1.5 �9 10 -1  Torr, T = 
1500~ D = 400 cm 3 �9 hr - 1  �9 cm-2 ,  pl = 1.015, Vickers micro- 
hardness 2200 kg/mm 2. (b, bottom) TaB2 deposit on Nb, P = 
!.5 �9 10 -1  Torr, T = 1500~ D = 400 cm 3 �9 hr - 1  �9 cm-2,  P2 = 
0.26, Vickers mlcrohardness 2600 kg/mm 2. 

In the high f requency heat ing method, the substrates 
we used presented a 50~ difference of t empera tu re  
be tween  the center  and the border  of the sample. An 
inference f rom curves 1 and 2 is that  we  should 
operate  be tween 1300 ~ and 1600~ in order  to obtain 
uni formity  in deposit thickness. In this t empera ture  

Fig. 4. Ca, top) TaB2 deposit on Nb, P = 2.5 �9 10 - 2  Torr, T = 
1400~ D = 150 cm 8 �9 hr - 1  �9 cm - 2 , p 2  = 0.86. (b, bottom) 
Same conditions of deposition as (a). 

range, one can mas te r  the deposit composit ion by 
br inging the gas phase composit ion under  absolute 
control. Stoichiometr ical  borides were  obtained under  
the various conditons of t empera tu re  and pressure that  
were  the best. 

The TaBz case. - -The corresponding curves presented 
the same form as the  NbB2 case, but  the dissociation 
tempera ture  was higher. This was consistent wi th  our 
thermodynamic  study. 

The halide flow efJect.--Efficiency remains constant if 
the flow is less than 400 cm s .  hr  - 1 -  cm -~ and de-  
creases regular ly  wi th  flow up to 700 cm 3 �9 hr  -1 �9 cm-% 
The decrease becomes faster wi th  h igher  flows. 

Depos i t  C h a r a c t e r i z a t i o n  
NbB2 deposition was per formed  on Ta substrates and, 

conversely, TaB2 was deposited upon Nb. 

Compact deposits.--Compact and adhesive deposits 
are shown on the micrographs Fig. 3. Deposit  compact-  
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ness is destroyed when conditions referred to in  the 
legend of Fig. 3 are not respected. As the flow in-  
creases, the deposit gets more porous. As the tempera-  
ture increases, very strong deposit-substrate interac-  
tions occur. At temperatures  higher than 1700 ~ and 
1860~ for NbB2 and TAB2, respectively, br i l l iant  par-  
ticles appeared in the gas jet denoting powder forma- 
tion. 

Oriented deposits.--Under the exper imental  condi- 
tions T ---- 1500~ D --  400 cm ~ �9 hr -1 �9 cm -2, pl --1.015 
and p2 ---- 0.86 but  with a lower pressure, porosities 
became visible on a l ine perpendicular  to ' the sub-  
strates. With P ---- 2 . 6 .10 -~  Tort, we got a basaltic 
deposit oriented in the C axis direction. These borides 
were not very adhesive and showed a cleavage plane 
parallel  to the deposition surface. With the same value 
of P but  with reduced gas flow we observed isolated 
nuclei shaped like small hexagonal-based pyramids. An 
attempt was under taken  to develop some of these nU- 
clei and to study their behavior  dur ing the init ial  phase 
of the deposition process. 

In  these experiments,  the halide flow was reduced to 
150 cm a- hr  - 1 .  cm -2. We found that  surface micro- 
crystals can be observed if first a polycrystal l ine de- 
posit is used which is oriented in no preferent ial  direc- 
tion and which is not amorphous. This part icular  fea- 
ture is contrary to Some cases of boride deposition (4). 
These small  surface crystals are shown in Fig. 4 (a ) ;  
they are sometimes very distorted by their  neighbors. 
Figure 4 (b) presents one of them much more enlarged. 
Hexagonal symmetry  can be clearly observed. 

Therefore, development  of well-defined microcrys-  
tals can be easily performed by  reducing the halide 
concentrat ion at the substrate level. However, their 
development  is l imited in the horizontal  plane due to 

the large number  of nuclei. The microcrystals rare ly  
measure more than  15 or 20~. The bigger ones come 
into contact with their neighbors and become distorted. 
Derivation of bigger monocrystals seems unl ike ly  
under  the indicated operating conditions. One would 
probably  need to use an amorphous substrate and de- 
crease the total concentrat ion of halides (5) to reduce 
the number  of nuclei. 

Under  the previous operating conditions, the dep- 
osition tempera ture  seems to have a slight effect on the 
crystals' characteristics. On the other hand, interactions 
with the substrates increase rapidly with the tempera-  
ture  of deposition. 
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ABSTRACT 

The effect of zinc oxide dissolution and pH rise on the crystallization be- 
havior of a series of Leclanch~ electrolytes has been determined with refer-  
ence to their  use in thin film batteries such as the ESB-P70. An electrolyte 
(2725) consisting of 27% ammonium chloride and 25% zinc chloride was iden-  
tified as exhibi t ing increased solubil i ty of zinc oxide, increased resistance to 
both pH rise and harmful  crystal formation when compared to the present ly 
employed 2210 composition. 

Within  the last five years, research and development 
of thin film batteries have accelerated in many  parts 
of the bat tery  industry.  ESB has developed a th in  film 
Leclanch~ bat tery  for use in the Polaroid SX-70 
cameras (1-5). In  this part icular  battery, a small vol- 
ume of 22:10 (22% NH~CI and 10% ZnC12) electrolyte 
is exposed to a large surface area of the active mate-  
rials. It  would be anticipated that under  these condi- 
tions, the electrolyte would be highly susceptible to 
changes in both composition and pH because of the 
chemical and electrochemical interact ion between the 
electrolyte and the electrodes under  open- or closed- 
circuit conditions. The question which arises is whether  
or not 22:10 is the most suitable electrolyte composition 
for use in a thin film format. 

In  the round cell configuration, experience has shown 
lhat  22:10 combines good conductivity with a tolerable 
corrosion rate of the anode and al though crystals of 
Zn (NH3)2C12 are known to form on stand, such crystals 
in this configuration are re la t ively harmless (6-9). In  
the thin film format, however, conductivity may not be 
of prime importance due to the close proximity  of the 
opposing electrodes while the formation of elongated 
crystals of Zn(NH3).~CI2 could damage the separator. 
Again, in the round cell design, the zinc oxide content 
of the zinc can constitute a very small  percentage of 
the total anode weight, while in the th in  film case, the 
zinc oxide content of the zinc powder can have a 
typical value of the order of 5%. Furthermore,  this zinc 
oxide is in int imate contact with the small volume of 
electrolyte and has a tendency to dissolve into it. 
Thus, in this lat ter  case, both the pH and zinc ion com- 
position of the electrolyte wil l  be altered and it is 
therefore necessary that an init ial  electrolyte composi- 
t ion be chosen which can dissolve a substant ial  pro- 
portion of the zinc oxide from the anode without  un -  
dergoing a large pH increase and without precipitat ing 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  L e c l a n c h ~  e l ec t ro ly t e s ,  thir~ f i lm  b a t t e r i e s ,  c r y s t a l  f o r -  

m a t i o n ,  z inc  o x i d e  so lub i l i ty .  

zinc d iammine  crystals throughout  the l imited volume 
of electrolyte. In addition, the electrolyte should have 
a conductivity equal to or greater  than the standard 
22:10 composition. 

It  was decided to investigate the effect of electrolyte 
composition on each of the following factors: (a) pH 
rise and buffering capacity on the addition of NH4Ott, 
(b) type of crystal formation, (c) pH rise and type of 
crystal formation on the addition of ZnO. On the re-  
sults of this information, one could then adjust  the 
Lectanch6 electrolyte composition to give the best dis- 
charge performance for the par t icular  configuration 
and cell materials employed. 

Experimental 
As a star t ing point, electrolyte compositions along 

the iso-pH curve of 4.7 shown in Fig. 1 were investi-  
gated (6). For several of these compositions, the rela-  
tive molar concentrat ions of each of the ions in solu- 
t ion is given in Table I and in particular,  a t tent ion 
should be drawn to the NH~+:Zn ++ ratio. This is an 
important  parameter,  since the solubil i ty of ZnO would 
be expected to increase with increase in the concen- 
t ra t ion of NH~ + species due to the formation of the 
soluble complex species Zn (NH3)4 + +. Again, the rela-  
tive tendency of Zn(NH3)2CI~ crystals to be formed 
in  preference to ZnCI2-4Zn(OH)2 should be more fav- 
ored in the compositions having the higher NH4 + : Zn + + 
ratio, all other conditions being equal. 

The t i t rat ion of 13:00, 22: 10, and 00:25 electrolytes 
with 29.4% NH~OH is shown in Fig. 2. As expected, 
the 13:00 electrolyte shows an immediate  rise into the 
alkaline region with the addition of NH~OH. No pre-  
cipitation products are produced and fur ther  additions 
of NH~OH result  only in a gradual  increase of the 
solution pH. On the other hand, electrolyte 00:25 forms 
an immediate dense, white precipitate at point D ire-  
ported to be ZnC12.4Zn (OH)2] (6) and by cont inuously 
precipitat ing with fur ther  additions of NH4OH, buffers 
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Fig. I. Phase diagram for the system ZnCI~-NHdCI-H20 showing 
iso-pH lines from pH 2 to pH 5.3 at 25~ 
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Fig. 2. pH variation of 20 ml amounts of 13% NHdCI, 22:10 
and 25% ZnCI2 on the addition of 0.05 ml drops of 29.4% 
NH4OH. pH measurements were recorded three days after the 
addition of hydroxide to allow time for equilibrium to be estab- 
lished. 

t h e  s o l u t i o n  a t  a p H  of a p p r o x i m a t e l y  5.0. A d d i t i o n  of 
NH4OI-I to 22:10 causes  t h e  p H  to r i se  s l o w l y  a n d  a t  
a p p r o x i m a t e l y  p H  5.9, ( p o i n t  A ) ,  t h e  s o l u t i o n  is b u f -  
f e r e d  b y  t h e  p r e c i p i t a t i o n  of Zn(NH3).~C12. A f t e r  t h e  
a d d i t i o n  of a p p r o x i m a t e l y  40 drops ,  p r e c i p i t a t i o n  is 
c o m p l e t e  a n d  t h e  p H  r i ses  to  a s e c o n d  b u f f e r e d  r e g i o n  
(a t  B)  w h e r e  r e d i s s o l u t i o n  of t h e  Zn(NHs)2C12  as 
Z n ( N H ~ ) 4  + + occurs .  C o m p l e t e  r e d i s s o l u t i o n  ha s  oc-  
c u r r e d  a t  p o i n t  C i n  t h e  f igure.  

W i t h  c h a n g e  of t he  e l e c t r o l y t e  c o m p o s i t i o n  f r o m  t h a t  
of 22: 10, h a v i n g  a n  N H ~ + : Z n  + + r a t i o  of 5:58, to  lowe~ 
v a l u e s  of t h i s  ra t io ,  one  f inds  t h a t  t h e r e  is a t r a n s i t i o n  
p o i n t  a t  a c o m p o s i t i o n  b e t w e e n  12:13 (2: 36) a n d  11:14 
(2 :01)  b e l o w  w h i c h  f o r m a t i o n  of  t h e  ZnC12-4Zn(OHH)2 

is f a v o r e d  o v e r  t h a t  of t he  Zn(NH3)2C12.  T h i s  is i l -  
l u s t r a t e d  in  Fig. 3 w h e r e  t w o  c o m p o s i t i o n s  on  e a c h  s ide  
of th i s  t r a n s i t i o n  p o i n t  a re  s h o w n .  I t  is s e e n  t h a t  w i t h  
15:10 (3 :82)  a n d  10:15 (1 :70) ,  b o t h  t h e  c r y s t a l l i n e  
( d i a m m i n e )  a n d  t h e  a m o r p h o u s  (z inc  h y d r o x y  ch lo -  

r i d e )  p r e c i p i t a t e s  c an  b e  d i s t i n g u i s h e d  b o t h  b y  t h e  
r eg ions  of in f l ec t ion  in  t h e  p H  c u r v e s  a n d  b y  v i sua l  
i n s p e c t i o n  of t h e  so lu t ions .  W i t h  15: 10, f o r m a t i o n  of 
t h e  c r y s t a l l i n e  p r e c i p i t a t e  p r e c e d e s  t h a t  of t h e  a m o r -  

Table I. Molar concentration of each of the ions and the 
NH4 + :Zn + + ratios for each of the electrolytes investigated along 

the 4.7 iso-pH curve 

Electro- 
lyte* [NH~§ 7 [Zn++]? [CI - ]?  [NI-L+]: [ Z n  ++ ] 

13:00 2.53 - -  2.53 
27:12 5.85 1.02 7.89 5.74 
2 2 : 1 0  4 . 6 9  0 . 8 4  6 . 3 7  5 . 5 8  
15:10 3.17 0.83 4.83 3,82 
131/2 : 11 2.84 0.91 4.65 3.12 
12:13 2.55 1.08 4.72 2.36 
11:14 2.37 1.18 4.73 2.01 
10:15 2.16 1.27 4.70 1.70 
091/2:16 2.04 1.35 4.73 1.51 
09:17 1.92 1.40 4.77 1.36 
08'/2:18 1.80 1,45 4.65 1.21 
08:19 1.77 1.65 5.07 1.07 
07:20 1.54 1.72 4,99 0.9 
00:25 -- 2.26 2.26 

* First 2 digits are concentrations of ammonium c h l o r i d e ,  las t  2 
digits are concen.trations of zinc chloride in per cent by w e i g h t .  

? Concentrations are given in moles/liter. 

p h o u s  w h i l e  t h e  r e v e r s e  is t r u e  w i t h  10: 15. F i g u r e  4 
s u m m a r i z e s  t h e  r e l a t i o n s h i p  b e t w e e n  t he  a m o u n t  of 
NH4OH r e q u i r e d  to f o r m  e a c h  t y p e  of p r e c i p i t a t e  a n d  
t h e  i n i t i a l  N H d + : Z n  + + r a t i o  fo r  e a c h  of  t h e  n i n e  e l ec -  
t r o l y t e  c o m p o s i t i o n s  e x a m i n e d .  T h e  N H d + : Z n  + + r a t i o  
is t h a t  of t he  s o l u t i o n  p r i o r  to t h e  NH4OH add i t ion .  I t  
is e v i d e n t  t h a t  t h e r e  is a n  e x t r e m e l y  r a p i d  r i se  in  t he  
a m o u n t  of NH4OH r e q u i r e d  fo r  p r e c i p i t a t i o n  of t h e  
d i a m m i n e  c r y s t a l s  fo r  e l e c t r o l y t e  c o m p o s i t i o n s  h a v i n g  
a n  i n i t i a l  r a t i o  < 2 : 5 .  H o w e v e r ,  a t  t h e s e  l ow  NHd+:  
Z n  ++ ra t ios ,  t h e  a m o r p h o u s  p r e c i p i t a t e  is r e a d i l y  
f o r m e d  a n d  b u f f e r i n g  of t h e  e l e c t r o l y t e  occurs  a t  p H  
v a l u e s  s o m e w h a t  b e l o w  t h a t  w h e n  t h e  d i a m m i n e  s a l t  
is t h e  f irst  p r e c i p i t a t e  f o r m e d  (as  in  22: 10). 

I t  w o u l d  appea r ,  t h e r e f o r e ,  f r o m  Fig. 4 t ha t ,  i f  i t  is 
d e s i r a b l e  to  h a v e  a L e c l a n c h ~  e l e c t r o l y t e  w i t h  a n  i n i -  
t i a l  p H  of 4.7 a n d  m a x i m u m  r e s i s t a n c e  to t h e  f o r m a -  
t i o n  of p r e c i p i t a t e d  sal ts ,  t h e  c o m p o s i t i o n  1t :  14 s h o u l d  
be  chosen .  H o w e v e r ,  one  m u s t  choose  t h e  e l e c t r o l y t e  
c o m p o s i t i o n  b y  c o n s i d e r i n g  w h a t  t h e  f inal  N H d + : Z n  + + 
r a t i o  wi l l  b e  a t  t h e  onse t  of p r e c i p i t a t i o n .  R e c o n s i d e r i n g  
t he  11:14 e l e c t r o l y t e  f r o m  Fig. 4, i t  is e v i d e n t  t h a t  21 
d r o p s  of 29.4% NH4OH w e r e  n e c e s s a r y  fo r  p r e c i p i t a -  
t ion.  

Now,  29.4% NH4OH c o n t a i n s  15.43 m o l e s / l i t e r .  
Hence ,  21 d r o p s  (of  0.05 m l  e a c h )  c o n t a i n  0.016 mole .  
T h i s  was  a d d e d  to 20 cm z of 11:14 e l ec t ro ly t e .  
T h u s  t h e  i n c r e a s e  in  t h e  NH4 + c o n c e n t r a t i o n  of 11:14 

w a s  0.8 mole .  

In  11:14 [Zn  + +] = 1.18 m o l e s / l i t e r  
[NH4 + ] _-- 2.37 m o l e s / l i t e r  

a n d  [NH~+] :  [Zn  + + ]  ---- 2.01. 

;%\ 
a~Nus ppt I d D crystalline -- 

f j1 p p t  d~ssolves 

crystallzte ppt 1 // ~/ 
1 /I 

I iJ / 

/ /  .............. 
a~rphou$ ppt 

I I I I I I I 

40 eo l~o 

D~ps xff4ox 

Fig. 3. Titration of 15:10 and 10:15 electrolytes under condi- 
tions identical to those of Fig. 2. 
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Fig. 4. Volume of NH40H as a function of the NH4+:Zn + +  
ratio required to precipitate Zn(NH3)CI2 and ZnCI2"4Zn(OH)~ 
from 20 cm :3 aliquots of Leelanch~ electrolytes along the iso-pH 
line 4.7. Each drop ~0.05  mL Figures beside points give electro- 
lyte composition while figures in brackets refer to solution pH 
at point of precipitation. 

A f t e r  a d d i t i o n  of 0.80 m o l e  NH4 +, t h e  r a t i o  n o w  be -  
comes  (2.37 + 0 .80) /1 .18 ---- 2.69. Th i s  m e a n s  t h a t  a n  
e l e c t r o l y t e  w i t h  a n  i n i t i a l  p H  of 4.7 a n d  h a v i n g  a n  
N H ~ + : Z n  ++ r a t i o  of a p p r o x i m a t e l y  th i s  f inal  va lue ,  
c a n  b e s t  r e s i s t  t h e  f o r m a t i o n  of p r ec ip i t a t e s .  

C o n s i d e r i n g ,  now,  t he  effect  on  t h e  s o l u t i o n  p H  of t he  
a d d i t i o n  of z inc ox ide  to L e c l a n c h ~  e l e c t r o l y t e s  a long  
t h e  4.7 i s o - p H  curve ,  one  f inds t h a t  t h e r e  is a g r a d u a l  
r i se  in  p H  of e a c h  e l e c t r o l y t e  as Z n O  is a d d e d  (Fig.  5 
s h o w s  t w o  e x a m p l e s )  u n t i l  a n  a m o r p h o u s  or  a c r y s t a l -  
l i n e  depos i t  is f o r m e d  b e y o n d  w h i c h  p o i n t  t h e  pH wi l l  
r e m a i n  c o n s t a n t .  F i g u r e  6 s h o w s  t h e  v a r i a t i o n  in  g r a m s  
of Z n O  as a f u n c t i o n  of  t h e  i n i t i a l  N H ~ + : Z n  ++ r a t i o  
r e q u i r e d  to j u s t  f o r m  a p r e c i p i t a t e  in  t h e  so lu t ion .  As  
t h e  i n i t i a l  N H ~ + : Z n  ++ r a t i o  r ises,  t h e  a m o u n t  of Z n O  

crystalline ppt 2; i0 
'oo. j 
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Fig. 5. Variation in the pH of 200 cm 3 amounts of 22:10 and 
10:15 electrolytes with the addition of zinc oxide. 
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Fig. 6. Minimum amount of zinc oxide, plotted as a function of 
the NH4 + :Zn + + ratio, which is required to cause permanent pre- 
cipitation in 200 cm ~ of various electrolytes along the 4.7 iso-pH 
curve. Letter gives type of precipitate: a ---- amorphous, c 
crystalline. Figures in brackets refers to solution pH at point of 
precipitation. 

w h i c h  c a n  b e  a c c e p t e d  b y  t h e  e l e c t r o l y t e  also r i ses  a n d  
passes  t h r o u g h  a m a x i m u m  of 13V2:11. Z n O  is k n o w n  
to i n c r e a s e  in  s o l u b i l i t y  as t h e  c o n c e n t r a t i o n  of NH4 + 
in  t h e  s o l u t i o n  is i nc rea sed ,  so a r i se  to 131/2:11 in  t h e  
apparent solubility of ZnO is not unexpected. Above an 
NH~ + :Zn + + initial ratio of ,~ 3, the solubility appears 
to decline. This is due to the fact that at these ratios 
sufficient ZnO is soluble to raise the pH to the value at 
which Zn(NH3)2CI2 is precipitated and further addi- 
tion of ZnO causes further precipitation of this diam- 
mine. 

Once again, if one calculates the final NH4+:Zn + + 
ratio after the addition of the required amount of ZnO 
to 131/2: ii for precipitation, one obtains the following: 

5g of ZnO in 200 cm 3 of 131/2: ii raise the electrolyte 
composition to approximately 13:13 

Specific gravity of 13:13 is 1.14 

In 1000g of 13: 13, there are 130g NH4'CI and 130g 
ZnCI2 

1000g of 13:13 have a volume of 877 em ~ 

therefore 

1000 cm 3 of 13:13 contains 148.2g NH4CI and 148.23g 
ZnC12 

T h u s  [NH4 + ] ---- 2.77M 
[Zn  + +] ---- 1.09M 

a n d  N H ~ + : Z n  + + = 2.54 

I t  is s e e n  t h a t  t h e  f ina l  N H ~ + : Z n  ++ r a t i o  is c lose  to 
t h a t  o b s e r v e d  fo r  m i n i m u m  c r y s t a l l i z a t i o n  t e n d e n c y  on  
t he  a d d i t i o n  of NH4OH. 

F o r  e l e c t r o l y t e s  w i t h  a n  i n i t i a l  p H  of 4.7, t h e  c o m p o -  
s i t i o n  131/~: 11 wi l l  s h o w  t h e  l eas t  sa l t  f o r m a t i o n  i f  a 
s u b s t a n t i a l  a m o u n t  of t h e  Z n O  p r e s e n t  in  a p o w d e r e d  
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Table II. Molar concentration of each of the ions and the 
NH4 + :Zn + + ratios for the electrolytes having a fixed 

NH4 + concentration of 27% 

E l e c t r o -  
l y t e  [ N H a  +] [Z n ++]  [ C 1 - ]  [ N H 4 + ] : [ Z n  ++] 

2 7 : 0 5  5 .61  0.41 6 . 4 3  1 3 . 6 8  
2 7 : 0 8  5 . 7 4  0 . 6 7  7 . 0 7  8 . 5 7  
27:12 5.85 1.02 7.89 5.74 

2 7 : 1 5  5 , 9 7  1 .3 0  8 . 5 7  4 . 5 9  
2 7 : 2 5  6 . 5 3  2 . 3 7  1 1 . 2 7  2.76 

zinc anode is dissolving in the electrolyte.  However ,  
the lower  conductivi ty of this electrolyte  compared to 
22:10 ( ~  30% less) outweighs its advantages over 
22:10 in respect to crystal formation and hence its 
ut i l i ty  as an al ternat ive thin film bat tery  electrolyte  
would appear to be l imited for those applications re-  
quir ing high drain rates. 

Since there is normal ly  an appreciable amount  of 
ZnO present in a powdered zinc anode which will  cause 
the electrolyte pH to rise rapidly after cells are con- 
structed, it was considered unnecessary to restr ict  the 
initial e lectrolyte  pH to that  of 22:10 since the im- 
portant  parameter  is the final e lectrolyte  pH after the 
bat tery  has had t ime to equilibrate.  Hence, a series of 
electrolyte  compositions were  invest igated keeping the 
NH4 + concentration fixed and as high as possible (27%) 
while varying the Zn + + concentrat ion and thus the 
NH~+:Zn + + ratio. In this case, the initial pH of the 
electrolyte  is lowered as the Zn + + concentrat ion is in-  
creased but the final e lectrolyte  pH is determined by 
the ZnO content of the final equi l ibrated electrolyte. 

The electrolyte  compositions invest igated are given 
in Table II with the corresponding NH4 + :Zn + + ratios. 
Figure  7 gives the pH t i t ra t ion curves of the three 
compositions 27: 05, 27: 10, and 27:25 with  the addition 
of 29.4% NH3. With 27:05 and 27: i0, two plateaus are 
observed in which the first reflects buffering of the 
electrolyte by formation of Zn (NHs)2CI2 and the second 
by dissolution of the Zn(NH3)2CI2 as Zn(NH3)4CI2. 
With 27: 25, the point of dissolution of the Zn (NH3)2Cl~ 
is not reached within the limits of the amount of am- 
monium hydroxide added in this experiment. Two main 
points should be noted from Fig. 7: (a) the buffering 
action begins at an increasingly higher pH as the 
NH4+:Zn ++ ratio goes up, and (b) the buffering ca- 
pacity due to formation of Zn(NH3)2CI2 decreases as 
the NH4+:Zn + + ratio goes up. Note also that a greater 
addition of alkali is required as the ratio goes down 
before diammine formation is observed. These observa- 
tions mean that fewer diammine crystals will be formed 
in a 27:05 electrolyte than in 27:25 before the electro- 
lyte pH will rise to the second plateau and dissolution 

7.o 
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Fig. 7. Titration of 27:05, 27:10, and 27:25 electrolytes under 
conditions identical to those of Fig. 2 and 3. 

of the crystals will begin. However, during the period 
when the buffering action is operative, the cathode dis- 
charge performance will be better with the 27:25 elec- 
trolyte in view of the lower pH value. 

Figure 8 shows the minimum amount of ZnO re- 
quired to form a precipitate of Zn(NH3)2Cl: for each 
of the five compositions and gives the pH of the solu- 
tion a~c the point of precipitation. A similar trend is seen 
for the iso-pH 4.7 electrolytes presented in Fig. 6, in 
that, as the NH4 + :Zn + + ratio goes down, the amount  
of zinc oxide which can be taken  up by the electrolyte  
before diammine format ion occurs, goes up. As fur ther  
points it may be noted that  the buffered electrolyte pH 
is lowest wi th  the lowest  NH4+:Zn + + ratio and that  
the average crystal  length of the precipi tat ing diam- 
mine increases by about one order of magni tude be- 
tween the electrolyte composition of 27:25 and that of 
27:05. The longest and hence potent ial ly more detr i -  
menta l  crystals are observed in the 27:05 electrolyte. 

With a 22:10 electrolyte, 4g of ZnO per  200 cm 3 of 
electrolyte  will  cause diammine formation. This ratio 
of ZnO weight  to electrolyte volume is approximate ly  
the same as that  in the ESB P-70 thin film cell assum- 
ing 5% ZnO in the anode. Hence such an anode with  
22:10 in the P-70 electrolyte  will  rapidly establish an 
electrolyte pH of approximate ly  5.9 and slow formation 
of diammine will  have commenced. With 27:25, how-  
ever, 4.0g of ZnO in 200 cmS electrolyte  is insufficient 
for d iammine format ion and even at a level  of 7.5g per 
200 cm 2, the pH cannot rise above ,-, 5.4. Hence it may 
be advantageous when using a 27:25 electrolyte to al- 
low the ZnO present  in the anode to remain  ra ther  
than at tempt  to remove it in order that  the init ial ly 
low pH value of 27:25 would be pul led up rapidly to 
5.4 and thus anode corrosion be kept  at a minimum. 
Compared to 22: 10, however,  the 27:25 electrolyte  will  
ahvays operate at least one-hal f  of a pH unit  lower 
than 22:10 and should thus give bet ter  discharge per-  
formance of the 1VfnO2. 

Conclusions 
The main conclusion to be drawn from this work  is 

that  when a specific composition of Leclanch6 electro-  
iyte  is used, it should be tai lored to fit the bat tery con- 
figuration, internal  chemistry, and drain rate of that  
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Fig. 8. Minimum amount of ZnO required for precipitation of 
the electrolytes having fixed NH4 + concentration of 27%. Con- 
ditions identical to those of Fig. 6. 
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part icular  system in  which it is employed. Clearly, an 
impor tant  considerat ion is not  the ini t ia l  composition 
of the electrolyte, bu t  ra ther  what  the composition wiI] 
be after equi l ibrat ion with the active cell materials.  
Further ,  this equil ibrated composition must  have the 
correct pH for good anode stabil i ty and MnO2 discharge 
performance. In  addition, one needs to consider how 
susceptible the electrolyte wil l  be toward diammine 
crystal format ion and if such crystals are formed, is 
the configuration such that rapid cell fai lure will  re-  
suit? 

In  the part icular  case of the ESB P-70 system in 
which d iammine  formation is undesirable  and in  which 
the zinc oxide content  of the anode is relat ively high, 
it appears that a composition of 27% NH4C1 and 25% 
ZnC12 constitutes the most suitable electrolyte. 

Manuscript  submit ted June  10, 1975; revised ma nu-  
script received Oct. 16, 1975. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1976 
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JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs o] this article were partially as- 
sisted by ESB Incorporated. 
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The Role of Ternary Phases in Cathode Reactions 
M. Stanley Whittingham* 

Exxon Research and Engineering Company, Corporate Research Laboratories, Linden, New Jersey 07036 

ABSTRACT 

The cell reactions between l i thium and several t ransi t ion metal  oxides and 
sulfides have been found to produce te rnary  phases and not the formation 
of l i th ium oxide or sulfide as previously proposed. These reactions, at 25~ 
take place wi th  essential re tent ion of the crystall ine lattice, thus facili tating 
secondary cathodic behavior. It  is found that cell reversibi l i ty is optimized 
when no chemical bonds are broken during discharge, that is, where te rnary  
phases are formed by an intercalat ion reaction and where a broad range of 
nonstoichiometry exists as in the system Li/TiS2. Where some chemical bonds 
are broken as for V205 and TiS3 partial  or difficult reversibil i ty is found, but  
when all the bonds are broken as for example in CuS, the cell only exhibits 
p r imary  characteristics. 

There has been much recent work in ambient  tem- 
perature  batteries using l i thium anodes and cathodes 
comprising metall ic compounds of the halides, oxides, 
and chalcogenides. Very li t t le is known concerning 
the mechanism of cathodic reduction of such materials 
or even of the products of reaction. Thus f requent ly  
the observed emf's bear little, if any, relat ion to those 
calculated for simple reduction reactions. For V205 
reduction to VO2, an emf of 2.4V is expected (1) but  
the observed cell emf is 3.5V (2, 3), for (CF) ,  going 
to graphite and LiF the free energy change corre- 
sponds to 4.6V and yet only 2.8V is observed experi-  
men ta l ly  (4, 5), and for MoO3 giving MoO2 and Li2S 
the values are 2.2 (1) and 2.8V (2, 6). In  the case of 
cupric sulfide the cell emf is that expected for the 
formation of Li2S and Cu, 2.3V (7), and in many  cases 
there is no discrepancy for the halides. 

At low temperatures  reactions in the solid state 
tend to go by  the easiest route, that  is, by the one 
involving min ima l  s t ructural  change. Thus in the 
reduction of tungs ten  trioxide by hydrogen at ambient  
temperatures  hydrogen is incorporated into the lattice 
without any significant s t ructural  changes giving a 
hydrogen tungsten  bronze, H~WO3 (8). At tempera-  
tures, ~350~ above the stabil i ty l imit  of the bronze, 
reduction occurs by abstraction of oxygen along dis- 
crete planes with the formation of shear planes at 
definite intervals  (9, 1O). The remainder  of the crystal-  

* Electrochemical  Society Active Member.  
Key  words: cathode, secondary bat tery,  sulfide, oxide, nonaqueous 

cell, l i thium, t e rna ry  phases, nonstoichiometrY. 

l ine structure remains unchanged dur ing this proc- 
ess, so here again there is no bu lk  rear rangement  of 
atoms. Fur ther  reduction occurs directly to tungsten 
metal  and no evidence is found for the presence of 
any  intermediate  oxides, which have very different 
crystall ine structures al though m a n y  are known. Thus 
where such simple s t ructural  changes cannot occur, 
the lattice will react by complete destruction to the 
metal. On the discharge of MnO2 (11) and V205 (12) 
cathodes in aqueous solution it has been proposed 
that hydrogen atoms are incorporated into the lattice 
forming nonstoichiometric compounds analogous to 
H~WO3. It is therefore proposed that  m a n y  of the 
cathode discharge reactions in l i th ium cells are gov- 
erned by the same structural  considerations. Such 
considerations are expected to dominate whenever  the 
cathode mater ia l  is insoluble in the electrolyte me- 
dium, that is, where liquid dissolution recrystall iza- 
tion processes cannot occur. 
This paper describes the evidence for the forma-  

tion of te rnary  phases dur ing  the reduct ion by liLhium 
of a number  of oxides and sulfides, and of their  for- 
mat ion by topochemical reactions. The impor tant  role 
of topology in solid-state reactions has recent ly been 
reviewed by Thomas (13) and its important  role in 
electrochemical reactions has also been suggested (2, 
14). 

Experimental 
The oxides and sulfides were obtained from Alfa 

Inorganics or were prepared by direct reaction of the 
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elements. They were then pressed into expanded metal  
screens using Teflon as a binder  and with the addi- 
tion of some graphite powder as conductor for those 
materials that are electronic insulators in the pure 
state. Li thium foil was used as the anode. The electro- 
chemical experiments were performed using a Pr ince-  
ton Applied Research potentiostat, coulometer, and 
programmer.  Open-circuit  potentials were recorded 
only after at least an overnight  stand under  zero cur- 
rent  flow. The l i th ium content of the cathode was 
changed by coulometric titration, and x - ray  analysis 
was made at periodic intervals. 

A major  part  of the s t ructural  analysis was per-  
formed on samples l i thiated chemically using n -bu ty l  
l i thium (15, 16). This technique has a number  of ad- 
vantages over the electrochemical method. It is much 
simpler and therefore quicker and there is no possibil- 
ity of any side reactions due to the presence of graph- 
ite or of a polar solvent. 

Samples were prepared for x - ray  analysis in a he- 
l ium glove box and were protected from reaction with 
air or moisture by a film of Mylar as described else- 
where (17). All the x- ray  pat terns were taken on a 
Philips diffractometer using CuK~ radiation, and the 
lattice parameters  were calculated with the aid of a 
PDP 8E computer. 

Results and Discussion 
The possible cathode reactions can be classified as 

follows: 
Cathode reactions 

Disproportionation Topochemical 

Abstract ion Insert ion 

I 
Intercalat ion 

A disproportionation reaction here is one such as is 
found with the copper halides 

CuF2 + 2Li --> 2LiF -t- Cu 

where the crystall ine structure of the cathode is com- 
pletely broken down. A topochemical reaction is one 
in which the structure of the product bears a close 
relationship to that of the reactant, and in which any 
atomic rearrangements  can be accomplished by simple 
transformations. The shear structures, described above, 
are an example of such a s t ructural  change as are 
also the dehydrat ion reactions of the molybdenum 
oxide hydrates which are shown schematically in 
Fig. 1. In the first step of this reaction water is simply 
lost from between the layers, which are bui l t  up by 
bonding between (MoO.~.OH2) octahedron; in the 
second step the water in the bonding octahedra them- 
selves is lost and a double layer of MoOt; octahedra 
are formed (18). A feature of these topochemica] 
reactions is the frequent  obtaining of good x - ray  
patterns, often closely related to that of the reactant:  
in contrast disproportionation reactions at ambient  
temperatures tend to give products amorphous to 
x-rays. In addition there is usually an increase in 

�9 " " " ~ / ~  ~ / ~ / ~ A  

MoO3"2H?_O ~ MoO3-H20 ~ MoO3 

Fig. 1. The topotactic dehydration of molybdenum trioxide di- 
hydrate, MoOa'2H20. [ ]  MoO6 or MoOt'OH2 octahedra; �9 H20. 

the BET surface area in the lat ter  case due to the 
breakdown of the crystal, whereas for topochemical 
reactions the crystallites main ta in  their integri ty  and 
hence the BET areas usual ly  remain  constant  (10). 
For l i th ium reactions, there may be two subsets, one 
in which anions are abstracted from the crystalline 
lattice and the other where l i th ium is inserted into 
the structure. In the former two b inary  phases are 
formed whereas in the lat ter  a te rnary  phase is found 

xLi ~ MOz ~ x/2 Li20 ~ MOz-~/2 
xLi -t- MOz-~ LixMO~ 

These reactions do not necessarily have to involve 
stoichiometric ratios of reactants, as the products can 
be nonstoichiometric phases such as the wel l -known 
sodium tungsten bronzes, NazWO3 where 0 L x ~ 1 
(19). 

Intercalat ion reactions are a special case of a te rnary  
insert ion process in which the reactant  has a layered 
structure and where latt ice expansion occurs perpen-  
dicular to the basal planes to allow the insert ion of the 
intercalate. In  a t rue intercalat ion compound, where 
the host s tructure remains unchanged dur ing forma- 
tion, the reaction should be reversible. Graphite is 
perhaps the best known example of a lamel lar  ma-  
terial that can form such intercalat ion complexes, it 
is amphoteric in nature, forming compounds with both 
electron donors, such as potassium, and electron ac- 
ceptors, such as bromine. Many of the dichalcogenides 
of the group IVB, VB, and VIB transi t ion metals also 
form layer  compounds in which anion layers are held 
together by weak Van der Waals forces and between 
which many  electron donors can be intercalated in -  
cluding metals such as l i th ium and many  organic n i -  
trogen compounds, e.g., pyridine (16, 17, 20, 21). 

As the intercalat ion reaction is the simplest to 
visualize, an example of it is described first. Although 
the layered disulfides were described as being electro- 
chemically inactive and were merely used as iner t  
substrates for electrochemically active materials such 
as iodine (22), t i tanium disulfide has recently been 
proposed as an active cathode material  in both l i th ium 
(23, 24) and sodium cells (25). This could react with 
l i th ium in the following ways 

Li ~ TiS2-~ b'z Ti2S3 -~ 1/2 Li2S [1] 

Li ~ 1/2 TiS2 ~ 1/2 TiS Jr 1/2 Li2S [2] 

Li ~ 1/4 TiS2 ~ 1/4 Ti -~ 1/z Li2S [3] 

Li ~ TiS2 ~ LiTiS2 [4] 

1 1 
Li ~ - -  TiS2 ~ - -  Li~TiS2 [5] 

X X 

The associated calculated cells emf's for reactions [1] 
through [3] are 2.24, 1.87, and 1.38V, respectively (1). 
The exper imenta l ly  determined values are given in Fig. 
2. These were determined using as electrolyte a solu- 
tion of l i th ium hexafluorophosphate in propylene car- 
bonate, but  were found to be independent  of both salt 
and solvent. Clearly these cell potentials do not fit 
the calculated values for reactions [1], [2], or [3]. 
They are higher in all cases as observed for the oxides 
of vanadium and molybdenum. The variat ion with 
l i th ium content  suggests the formation of a single 
compound with a continuously changing composition 
such as in LixTiS2 where 0 ~ x ~ 1, as proposed in 
reaction [5]; reaction [4] would give a cell potential  
independent  of state of reaction as TiS2 and LiTiF~, 
are in equi l ibr ium with one another unt i l  the reaction 
is completed. This thermodynamic data thus suggests 
the formation of a te rnary  nonstoichiometric phase 
analogous to the well known sodium tungsten bronzes, 
NaxWO3. 

An x- ray  s tudy of t i tan ium disulfide before and 
after reaction with l i th ium shows little change as is 
shown in Fig. 3. The diffraction lines for LiTiS2 have 
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Fig. 3. Schematic of x-ray diffractograms of TiS~ and LiTiS2 

shifted to sl ightly lower angles, 20 values, indicating 
a fract ional  increase in the hexagonal  lattice param-  
eters. Thus for TiS2 itself, ao z 3.~07A and Co ---- 5.697A, 
whereas for LiTiS~, ao --~ 3.455A and Co : 6.195A (17), 
an increase of about 10% in the c-direction. These 
x - r ay  results were found to be identical for TiS2 
reacted in an electrochemical cell and for the sulfide 
reacted with n -bu ty l  lithium. Care had however to 
be taken in both cases. In the former the solvent could 
also intercalate the s tructure along with the li thium, 
causing a substant ia l  lattice expansion, up to 18, 19, 
and 24A in  the case of propylene carbonate. In  the 
latter, because the n -bu ty l  l i th ium reaction is not re-  
versible, lengthy reaction times were necessary to en-  
sure equi l ibrat ion of the l i th ium throughout  the solid 
for x-values  less than unity.  Figure 4 shows the contin-  
uous variat ion of the c-lattice parameter  with l i th ium 
content. This is consistent with the cell emf data and 
again shows the formation of a single te rnary  phase 
of formula LixTiS2 for all x-values.  This variat ion 
in lattice parameters  is in agreement  with previous 
quali tat ive x - r ay  data (26). 

Inspection of the crystal s t ructure  (Fig. 5) shows 
how this reaction can take place. Between the sul fur-  
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Fig. 5. Comparison of the structures of TiSs and TiS2 looking 
clown the b-axis. O ,  Sulfur; O, titanium. The atoms are not all 
in the same plane. 

t i t an ium-sul fur  sandwiches there is no chemical bond- 
ing, just  weak Van der Waals bonding, so that the 
l i th ium ions can be ra ther  readi ly inserted between 
these layers without  radical ly al ter ing the over-alI  
structure. The l i th ium and  t i t an ium ions occupy oc- 
tahedral interstices (17) in the close-packed sulfur 
lattice. Although these holes are sufficiently large, 
~0.7A radius, to accommodate l i th ium ions, 0.7A radius, 
without any expansion of the lattice, an expansion is, 
nonetheless, observed. This is probably related to a 
fractionally decreasing ionicity of the l i th ium with 
increasing x; thus for x tending to zero the l i th ium is 
probably completely ionized whereas for x close to 
uni ty  the ionization drops about 10% (assuming a 
l inear  change in the l i th ium volume with change of 
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ionicity). Li 7 nuclear  magnetic resonance studies (27) 
of LixTiS., as a function of l i th ium content also in -  
dicate a decreasing ionicity of the l i th ium with in-  
creasing x. The Knight  shift and quadrupole coupling 
constant both increased almost l inear ly  with x. 

Clearly in the case of t i tanium disulfide, l i th ium 
reacts in an electrochemical cell by forming a te rnary  
phase which is nonstoichiometric. In  addit ion the 
crystall ine structure of the init ial  material  determines 
the final structure, that is, the material 's  topology is 
critical. This type of cell reaction is not restricted to 
l i th ium but  has been shown by the author (21) and 
others (28, 29) to be general. Thus organics, such as 
pyridine and t r imethylamine,  as well as metals such 
as copper and silver, can be readily electrointercalated 
into these layered dichalcogenides. However, the exist- 
ence of such a layered structure does not necessarily 
mean  that  the reaction will be thermodynamical ly  
allowed; thus, for example, tungsten disulfide is re- 
duced directly to metallic tungsten  (17) by li thium. 

Ti tan ium forms a trisulfide as well as the disulfide 
discussed previously. The trisulfide has the formula 
TiS(S-S) ,  ./.e., it contains one sulfide sulfur and one 
polysulfide group (30). Its structure, which super- 
ficially resembles the disulfide, is shown in Fig. 5. 
The Van der Waals layer is l ined with polysulfide 
groups rather  than the sulfide ions found in TiS2. In 
addition the t i tan ium atoms are in distorted trigonal 
prismatic sites as contrasted with octahedral sites of 
TiS2. The tr igonal prisms in the two rows between 
the Van der Waals gap are displaced perpendicular  
to the plane of the figure by half their height so that 
there is weak bonding between the sulfide, S =, ion in 
one prism with the t i tan ium in the adjacent prism. This 
weak bonding creates additional cleavage planes which 
cause the crystals to grow as fibers rather  than the 
platele~s of TiS2; thus the only strong bonding is along 
the axis of the trigonal prisms. This one-dimensional  
s tructure of TiS3 is compared with the two-dimensional  
s tructure of TiS:~_ in Fig. 5. 

The reaction of t i tan ium trisulfide and niobium tri-  
selenide with l i th ium has been proposed as the basis 
of a secondary l i th ium bat tery  (22, 31) and to be 

NbSe3 + 2(1 + x)Li--> NbSe2-.~ + (1 + x)Li2Se 

with x approaching 0.5. Such a disproport ionation re- 
action is unl ikely  to be reversible and moreover is 
unl ikely to occur at ambient  temperatures  for the 
reasons discussed at the beginning of this paper. An 
electrochemical discharge of TiS~ gave an open-circuit  
emf, of 2.17V. almost independent  of l i th ium content 
up to two l i th ium with a gradual  fall-off as a third 
was added. This is consistent with the two reactions 

TiS3 + 2Li--> Li2TiS~ 
Li2TiS3 + xLi --> Li2+xTiS3 for 0 < x --~ 1 

In  the first reaction the l i th ium reacts by insert ion 
into the structure forming a te rnary  compound and 
breaks the polysulfide bond. X- ray  analysis of TiSs 
cathodes after reaction showed an expansion of ~0.4A 
from 8.73A to 9.11A of the crystall ine lattice perpen-  
dicular to the Van der Waals layer. A complete study 
of the reaction of t i tan ium trisulfide with n -bu ty l  
l i th ium (32, 33) using x - r ay  and infrared techniques 
has clearly shown that ternary  phases are formed and 
that the polysulfide bond is broken on reaction. A 
continuing x - ray  analysis program (34) indicates that 
the chains of tr igonal prisms are probably distorting 
toward the more stable octahedral coordination of 
the sulfur  around the t i tanium. This formation of 
t e rnary  phases has been independent ly  ascertained 
(35). 

Contrary to the original reports (31), our studies 
on titanium trisu]fide indicate that it is only margin- 
ally rechargeab]e. At most one of the three lithium 
in Li:~TiS,~ can be recovered and then only at very 
low current densities, for example under trickle charge. 

Clearly the l i th ium that causes the breakage of the 
polysulfide bond cannot be reclaimed; this is prob- 
ably related to a conversion of the t i t an ium coordina- 
tion polyhedron from a tr igonal prism to the more 
stable octahedron. Thus in t i tan ium trisulfide where 
a te rnary  phase is formed by a topochemical reaction 
in which some chemical bonds are i r reversibly broken, 
secondary cathodic behavior is marginal .  In  contrast 
our electrochemical tests on niobium triselenide in-  
dicate that in this case complete reversibi l i ty for three 
l i thium is found in agreement  with prior work (31). 
The Se-Se bond in NbSes is variable in length and 
longer than that normal ly  associated with the poly- 
chalcogenide bond (36), so that little disruption prob- 
ably occurs on breakage. More important,  however, 
is that n iobium atoms do not have any preference 
for octahedral over tr igonal prismatic sites (37), so 
that the init ial  breaking of the Se-Se bond does not 
lead to subsequent  reorganization of the host s truc-  
ture as in TiS3. These results on the trichalcogenides 
indicate that  t e rnary  phase formation in itself is not 
a sufficient cri terion for reversibili ty.  

Like the sulfides discussed above, we have found that 
many  transi t ion metal  oxides also form te rnary  phases 
with l i th ium in electrochemical cells. Vanadium pent-  
oxide has been extensively studied as the cathode in 
p r imary  l i th ium cells (3) and recent ly has been shown 
to be rechargeable (38). The open-circui t  emf on the 
Li/V205 cell is almost constant for one l i thium at 
~3.4V (2) and then falls abrupt ly  to ~2.5V for a 
second lithium. The x - r ay  pa t te rn  of the reaction 
product of V205 and 1 mole of n - bu t y l  l i th ium is 
compared in Fig. 6 with the x - ray  pat terns of V20.~ and 
LiV205 formed at 600~ by a solid-state reaction. This 
pat tern  bears a close resemblance to both known com- 
pounds, and the strong 001 reflection decreasing and 
the weak 200 reflection increasing in 2~ on reaction, but  
not as far as at high temperatures.  

Figure 7 shows the s tructure of V._,O~. The vanadium 
resides in a highly distorted octahedron of oxygen 
and much closer to one of the oxygen so that the 
bond to this oxygen is essentially of the type V = O. 
This al]ows for ready cleavage of the structure in the 
plane of these bonds permit t ing the inclusion of alkali 
and other metals. Thus for small amounts  of l i thium, x 
< 0.13, and sodium, x < 0.02, this s tructure is ma in-  
tained as shown in Fig. 7b (39); these are the 
o-alkali  vanad ium bronze phases, MzV20~. In the case 
of sodium, the compound NaVoO.~ has the same struc- 
ture (Fig. 7c) but  for the high temperature  formed 
LiV20.5, the VO5 distorted square pyramids have a 
different orientat ion to that found in V205 itself. Thus 
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e) 

Fig. 7. Structures of vanadium pentoxides looking down the 
b-axis. (a) V205; (b) MzV.~05 for low x values; (c) NaV205 formed 
at high temperature; (d) LiV205 formed at high temperature; and 
(e) LiV205 formed at ambient temperature. 

in LiVfO~ the base of the pyramids al ternate up and 
down singly, whereas in  V205 itself they al ternate 
up and down in pairs. Although at high temperatures 
this change can readi ly  take place, it is unl ikely  that 
it can occur at ambient  temperatures.  Therefore, it 
is proposed that on discharge in a l i th ium cell, va-  
nad ium pentoxide tends toward this same structure but  
mainta ins  its pair  a l ternat ion giving the structure 
shown in Fig. 7e. This s tructure has a c-paramete," 
smaller  than that of LiV~O5 but larger than that of 
V2Os, and the converse for the a-cell  parameter  in 
agreement  with the x - r ay  data of Fig. 6. Heating of 
this phase at 600~ converts it  to the high tempera-  
ture form of LiV.2Os. 

In the reaction of the alkalis with vanadium pent-  
oxide the vanad ium is reduced from the +5  valent  
state to the + 4  state, with the electron localized on 
the vanadium (19) as the V ---- O bond is presumably  
broken. So here as for TiSa bond breaking occurs, 
followed by s t ructural  distortion, and recharging is 
difficult, though it has been accomplished recent ly at 
low discharge depths, ~0.25 L i  (38). An added com- 
plication in this case is the decomposition of the or- 
ganic electrolyte that occurs at the emf's, > 3.5V, 
necessary for recharge so that the degree of revers-  
ibili ty cannot be determined for certain. 

Molybdenum trioxide reacts readily with l i th ium 
forming te rnary  phases, as expected from its layered 
structure which is shown in Fig. 1. However, we 
have found at ]east two well-defined discharge prod- 
ucts from the x - r ay  data which are different, but 
similar, to the known high temperature  LifMoO3 (40) 
as found in the case of V20.~. Their structures are 
now being analyzed. The existence of two discharge 
plateaus, consistent with the above x - r ay  data, has 
been previously reported (41), but  the suggestion 
that a p r imary  reaction product reacts fur ther  with 
MoO3 to form polymolybdates,  as original ly proposed 
in a high temperature  mol ten  salt envi ronment  (42), 
is ext remely  unlikely.  As discussed earl ier  such reac- 
tions are not l ikely to occur at low temperatures  un -  
less the reactants are at least par t ia l ly  soluble in the 
electrolyte. We have found similar x - ray  evidence for 
t e rnary  phase formation for MnO., and TiOf. The high 
emf found for the so-called CrO.~ intercalate of graph- 
ite, 3.9V for sodium (15) and l i thium cells (measured 
by us on "Seloxcette" obtained from Alfa Chemicals) 
is probably  due to the formation of a t e rnary  com- 
plex. This might be LiCrsO8 as "Seloxcette" has been 
claimed to be mere ly  a mixture  of graphite and 
Cr30~ (43). To determine the exact reaction paths of 
these t e rnary  oxides will require x - r ay  analysis of 

single crystals because of the complexities of their  
structures. 

A number  of metal  compounds react with the for- 
mat ion of the metal  and the simple l i th ium salt. Cu- 
pric sulfide apparent ly  reacts with l i th ium in a one- 
step reduction step giving copper metal  and l i th ium 
sulfide (44), the calculated and observed cell emf's, 
2.3V, are in  good agreement. This class of reaction 
in  which all the chemical bonds are broken is not 
normal ly  reversible unless a part ial  solubil i ty of the 
reactants in the electrolyte occurs. Thus NiS and 
CuS cells have been found to be irreversible and this 
was associated with the insolubi l i ty  of LifS in  the 
electrolyte (45). 

Conclusions 
For some time now it has been postulated that the 

reversibi l i ty  of alkali  metal  based cells should be 
enhanced if the crystal l ine s tructure of the cathode 
mater ia l  is mainta ined dur ing discharge and the 
subsequent  charging (15, 46, 47). That the alkali 
metal  tungsten  and vanad ium oxides bronzes, MxWO~ 
and MxV20~ where x < 1, could be used as tonically 
reversible electrodes (48, 49) for the measurement  of 
the conductivity of the data a luminas  focused a t ten-  
tion on them for init ial  studies. However, although 
their thermodynamic properties and nonstoichiometry 
requirements  were ideal for cathodic use, the diffusion 
of the alkali ions was much too small  to main ta in  
any  significant current  density (2). Emphasis was 
then shifted away from these high temperature  phases 
to lower temperature  reactions. 

This study of the ambient  tempera ture  reaction be- 
tween l i th ium and transi t ion metal  oxides and sulfides 
indicates that in  m a n y  cases te rnary  phases are formed 
rather  than simpler lower oxides or sulfides and l i th ium 
oxide or sulfide as had been previously suggested. 
The structure of this t e rnary  product  is determined 
by the crystal lattice of the ini t ial  reactant  and min i -  
mum structural  change occurs for intercalat ion reac- 
tions. The reversibi l i ty of the discharge reaction is 
maximized when no chemical bonds are broken during 
discharge ( intercalat ion reaction) and m i n i m u m  when 
all the chemical bonds are broken, that is, where the 
structure is completely broken down as Ior example 
found in the case of CuS, CuF2, and AgC1. When some 
but  not all the chemical bonds are broken and the 
structure distorts as in TiS3 and V205 part ial  and /or  
difficult rechargeabil i ty is found. 

In  many  cases, such as for V205 and MoO~, the 
phases formed in these cells are different from the 
phases formed at elevated temperatures  and may be 
metastable. 

If nonstoichiometric phases are formed on discharge, 
then the rate of reaction and reversibi l i ty are likely 
to be enhanced as it is unnecessary to nucleate new 
phases. Reversibi l i ty is thus optimized when a single 
ternary  phase is formed which is nonstoichiometric 
and exists over the entire phase region from reactant  
to final product, as in Li~TiSf; the structure of this 
phase should remain essentially unchanged dur ing 
reaction and no chemical bonds should be broken. 
These criteria become less impor tant  at higher tem- 
peratures. As the group VIA anions form such com- 
pounds much more often than the halides it is amongst 
the former that reversible ambient  tempera ture  cath- 
odes are l ikely to be found. Natura l ly  the existence of 
high electrical conductivi ty in many  of these ternary 
phases is a strong asset from both discharge rate and 
reversibi l i ty  considerations. Here an iner t  conduc- 
tive matrix, such as carbon, which must  make good 
contact with the electrochemically active material.  
need not be added. 

Manuscript  submit ted Ju ly  7, 1975; revised manu-  
script received Oct. 10, 1975. This was Paper  40 pre-  
sented at the Toronto, Canada, Meeting of the Society, 
May 11-16, 1975. 
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A n y  discussion of this pape r  wi l l  appear  in  a Dis-  
cussion Section to be pub ished m the December  1976 
IOVRNAL. Al l  discussions for the  December  1976 Dis- 
:ussion Section should be submi t ted  by  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Exxon Research and Engineering Company. 
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Structure and Anodic Discharge Behavior of 
Lithium-Boron Alloys in the LiCI-KCI Eutectic Melt 
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ABSTRACT 

Anodic discharge curves in the LiC1-KC1 eutectic melt  have been ~btained 
for two l i th ium-boron  alloys (70 and 80 weight per cent Li) between 673 ~ and 
873~ (400 ~ and 600~ and from 2-8 A/cm 2. The behavior of Li contained in 
wicks of porous Ni was also studied for comparison. Calculated Li contents 
for Li-B alloy anodes, at the main  break in  curvature  of discharge curves, 
clustered closely arour~d 0.67 mole fraction Li. We consider this strong evi-  
dence for the existence of a compound Li2B in this alloy system. Between 748 ~ 
and 873~ (475 ~ and 600~ and up to at least 8 A/cm 2, there is no diffusional 
l imi ta t ion to the anodic extraction of Li from the Li-B alloys. The shape of 
discharge curves, the lack of anodic diffusional l imitation, and the longer 
low-V plateaus of the alloy richer in Li, are consistent with the following 
picture of the discharge process. The discharging mater ial  behaves like a 
sponge of solid Li2B compound containing a Li-rich, Li-B liquid alloy, prob-  
ably a conjugate phase to the Limb compound. Li th ium anodizes into the melt  
at constant  V out of this l iquid alloy unt i l  it is wholly t ransformed to solid 
Li2B. This process constitutes the main  plateau of alloy discharge curves. At 
this point (the main  break in discharge curves) voltage rises to values where 
t ighter -bound Li can be anodized out of the decomposing compound. The Li-B 
alloy electrodes are markedly  superior to the Li-Ni wicks both in gravimetric 
coulombic capacity and in the abil i ty to retain Li at high temperatures.  Useful 
coulombic capacities of the Li-B alloys ranged up to 7700 coulombs/g of 
(Li -t- B) at about 3V vs. a chlorine reference electrode. 

Present ly  used mol ten  salt batteries yield only a 
small proportion of their theoretical energy. This is 
often due to fai lure of their  Ca or Mg anodes. Calcium 
anodes react chemically with the electrolyte and both 
Ca and Mg anodes are passivated at high drains, be- 
coming coated with resistive films of solid salt (1). 
Lithium, the most electronegative and one of the l ight-  
est of the elements, is a prime anode material.  It does 
not react extensively with the LiC1-KC1 melt  and does 
not readily passivate in it. However, at the tempera-  
tures of these melts l i th ium is a highly corrosive l iq- 
uid. This presents severe materials problems which may 
be mitigated by using a l i th ium alloy with a high mel t -  
ing point, as for example the LiA1 compound (2). Of 
par t icular  interest  in  the present work is the behavior 
of some alloys of lithium and boron which remain solid 
at high temperatures yet can be easily shaped by ma- 
chining or pressing at room temperature. Their anodic 
behavior has been studied by obtaining discharge 
curves in the LiCI-KCI eutectic melt as a function of 
alloy composition, melt temperature, and discharge 
rate. Data were obtained between 673 ~ and 873~ (400 ~ 
and 600~ for two alloy compositions [70 and 80 
weight per cent (w/o)  Li corresponding to 78.4 and 
86.2 atomic per cent (a/o) Li] and three discharge cur- 
rent  densities (2, 4, and 8 A/cm2). The behavior of Li 
contained in  Ni Fel tmetal  wicks was also studied for 
comparison. 

Experimental 
Preparation of test electrodes.--Lithium-boron al- 

loys.--All the manipulat ions  described below relat ing 
to Li-containing materials were done in h igh-pur i ty  
He-atmosphere glove boxes. Alloy ingots were made 
using l i th ium of 99.9% pur i ty  from Foote Mineral  Com- 
pany, and boron, "Crystal l ine Lump, 99.9%, D1263" 
from Atomergics Chemetals Company. Alloy electrodes 
were prepared by pressing the alloy into the cylindrical  
hole of a steel cup (stainless steel Type 303) called 
the electrode holder. Alloy disks were pressed into the 
electrode holder as shown in Fig. la. During pressing, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  words :  anodes, electrodes, lithium, boron, molten salt b a t -  

ter ies .  

the alloy filled the 8 m m  diameter  by 6 mm deep hole 
in  the electrode holder and excess mater ial  extruded 
up through the 1 mm hole in  the form of 0.04-0.1g of 
"spaghetti," This spaghetti was retained, weighed, and 
chemically analyzed for its Li content. Thus we ar-  
rived at an Li content  of the alloy in  that  part  of the 
ingot immediately adjacent to each individual  sample 
to be discharged. Weighing the electrode holder before 
and after gave the mass of alloy in each test electrode. 
This averaged about 0.25g with the 70% alloy and 
0.21g with the 80% alloy. 

Li wick Mectrodes.--These were made as shown in 
Fig. lb. From a 1 in. thick sheet of Ni Fel tmetal  
(Brunswick Corporation, "Grade FM131, 18% dense" 
average pore size 50 ~,m) were machined cylindrical  
plugs slightly oversize (by 0.001-0.002 in.) in diameter  
but  within 0.001 in. of the correct length. These then 
were pressed into the same electrode holders used for 
displaying Li-B alloys and placed for 1 rain in molten 
Li at 1073~ (800~ as in the diagram. Weighing the 
electrode holder before and after gave the mass of Li 
taken up by the Ni wick. This general ly ranged from 
0.12-0.14g of Li. 

Discharge cell and procedure.---Figure 2 shows the 
experimental  setup for discharging test electrodes. This 
setup was contained in a Pyrex glass pot (not shown).  
An atmosphere of dry argon gas was main ta ined  inside 

ELECTRODE HOLDER 
(STEEL) ~ 800oC 25~ ~ 

~ EXTRUDED ALLOY 
~ ("SPAGHETTI") 

~ J ~ - ! i ; ~  Ci-B ALLOY 

PRESSURE Ni "FELTMETAL" 
82% POROSITY 

(a) Li ALLOY ELECTRODE (b) PURE Li ELECTRODE (WICK) 
Fig. 1. Preparation of test electrodes 
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the pot by flowing predried high pur i ty  (99.995%), 
water -pumped Ar through it. Before heating to the ex- 
per imental  temperature,  the cell, containing powdered 
salt and reference electrode, was evacuated overnight 
at 553~ (280~ to effect drying. A constant  current  
(--+0.1%) was dr iven between test and counterelec- 
trodes so as to anodically dissolve test electrode mate-  
rial while its voltage was measured with a h igh- im-  
pedance recorder and voltmeter.  The test electrode was 
contained in the electrode holder already described, 
held central ly in the cell by threaded steel connecting 
rods as shown. The melt  container was an A1 pot 
(Type 1100, 99+AI)  which also served as counter-  
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electrode, absorbing Li cathodically deposited on it 
during anodic discharge of the test electrode. The refer- 
ence electrode was the chlorine electrode---the carbon/  
chlorine system inside a 8 mm fri t ted Pyrex tube. The 
Pyrex sleeve snugly fitting into the A1 container served 
as an electrical insulator  to restrict current  to the bot- 
tom part  only of the A1, thus favoring a uni form cur- 
rent  density at the test electrode. After positioning the 
test electrodes in  the melt  it took from 20-40 min  be- 
fore steady tempera ture  was recovered and discharge 
was begun. At the end of discharge the discharged 
electrode was normal ly  wi thdrawn from the cell wi th in  
5 min  for subsequent  chemical analysis of its residual 
Li content. 

Li th ium contents were measured by extracting sam- 
ples in aqueous solution and t i t rat ing the equivalent  
O H -  produced. After the r un  in which the Li wicks 
were discharged, cell materials were analyzed for Li 
by atomic absorption and acidimetry. Of the 1.783g of 
Li introduced into the cell in this run~ 1.077g (60.4%) 
was found as l i th ium oxide or silicate in a black skin 
adhering to Pyrex glass surfaces. The A1 pot contained 
0.657g of Li (36.9%) and smaller  amounts  total ing 
0.015g (0.8%) were found in the solidified melt  and on 
cooler glass surfaces above the cell. Finally,  0.015g 
(0.8%) of residual Li was found in  the 15 discharged 
wick electrodes. This left 0.0185g, only 1.0% of the 
introduced Li, unaccounted for. 

The present  article is based on interpreta t ion of data 
from the discharge of 76 Li-B alloy electrodes and 16 
Li-wick electrodes. These data were obtained over the 
course of seven runs, each employing a fresh charge'of 
salt and a new A1 container.  

Results and Discussion 
When discharged Li-B alloy electrodes were with-  

d rawn from the experimental  cell, it was apparent  that 
a drastic shr inking of the sampIe had usual ly  occurred. 
In  extreme cases the shrinkage was from the init ial  
8 to 6.5 mm in  diameter and from the init ial  6 to 4 mm 
in length. 

Shape oS discharge curves.--Figure 3 shows discharge 
curves normalized by replott ing the X-axis  in terms of 
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per cent uti l ization of the Li in  each electrode. The 
alloy discharge curves al though referr ing main ly  to the 
70% alloy at 773~ (500~ are actually typical of 
both alloys in the tempera ture  range 723~176 (450 ~ 
600~ Also shown for comparison is a typical Li-wick 
discharge curve. Current  densities labeled on the curves 
are the ratio of current  to the cross-sectional area of 
the mouth  of the electrode holder (0.500 cm2). 

All of the Li-B alloy discharge curves have the same 
general  shape as follows: (i) a relat ively brief and 
rather  flat plateau close to the Li potential,  (it) a long 
gent ly  sloping plateau, (iii) an intermediate  region 
where voltage rises faster and is heavily inflected, and 
(iv) a long and quite flat final plateau. The first plateau 
was present  in only 62% of the samples discharged. 
There was no apparent  correlation between its ap- 
pearance and any pre t rea tment  or composition factor. 
Its dura t ion  was usual ly  quite brief as in Fig. 3 but  
on occasion it lengthened to be as long as the second 
region ( i t ) .  In  view of its closeness in potential  to pure 
Li, it is probably associated with the discharge of 
relat ively small  amounts  of free Li, unal loyed with 
boron. The Li balance (accountabil i ty)  data discussed 
below are consistent with the view that  regions (i), 
(it), and (iii) represent  the discharge of Li only; anodic 
oxidation of boron does not contr ibute  appreciably to 
the current  over this voltage range. The final plateau is 
controlled by anodic dissolution of stainless steel (Type 
303) of the electrode holder. This was shown by anodiz- 
ing a Type 3.03 steel rod in  the melt  and duplicating 
the voltage of this final plateau (about --1V vs. the 
chlorine electrode). As Fig. 3 shows, even on this final 
plateau the 70% alloys still retained one third of their 
original Li. So a minor  part  of the current  on this 
plateau could be due to the anod_~c dissolution of this 
residual Li. 

Considering the three 70% alloy curves, it is appar-  
ent  that  Li uti l ization at P1 and P2, the two main  
breaks in  curvature,  falls only slightly with increasing 
current  density with average values of about 45% for 
P1 and 65% for P2. With respect to the usefulness of 
these alloys as bat tery  anodes, the Li utilized at low 
voltages (i.e., prior to P1) is of part icular  interest. If 
the ma in  break at P1 was caused by concentrat ion 
polarization, then Li uti l ization at this point  would 
vary inversely with current  density. The minor  effect 
of current  density upon Li uti l ization at P1 shows 
therefore that, up to 8 A/cm 2 there is essentially no 
diffusional l imitat ion to the anodic extraction of this 
Li from the 70% alloy at 773~ (500~ Table III 
shows that  this s tatement  holds t rue for both 70 and 
80% alloys at 773 ~ and 873~ (500 ~ and 600~ For 
the 80% alloy the low-voltage plateau is significantly 
longer, i.e., a definitely larger proport ion of the richer 
alloy's Li is uti l izable at low voltage than is so for the 
70% alloy. Again, Table III  shows that this behavior is 
typical both at 773 ~ and 873~ Comparing the 8 A/cm 2 
curve of the 70 w/o alloy with that of the Li wick 
shows the wick to utilize its Li twice as efficiently as 
the alloy and at about 0.5V lower voltage. However, as 
discussed below, the alloys are markedly  superior to 

the wicks both in gravimetric coulombic capacity and 
in the abil i ty to retain Li at high temperatures.  

The Li-wick discharge curve presumably approxi-  
mates that  of free liquid Li. Thus the long low-voltage 
plateau in the alloy discharges correspon.ds closely 
with that  of free Li at 2 A/cm 2 and parallels it with 
increasing overvoltage at the higher current  densities. 
So this low-voltage part  of the alloy's Li content is 
relat ively loosely bound in the alloy. However, sub- 
sequent to PI, the alloy's Li is discharged at much 
higher overvoltages from states of steadily stronger 
binding. The two inflections between the  initial  and 
final plateaus show the discharge process is not simple. 

Escape of Li  f r o m  anode mater ia I s . - -Tab le  I shows 
the results of our at tempt to keep track of the Li con- 
tent  of our electrodes. This was done in terms of a 
"Li balance" defined in the table footnote. "Li residue" 
and "Li init ial" were calculated from weighings and 
chemical analysis for Li. "Li anodized" was calculated 
from the quant i ty  of electricity passed assuming it all 
involved merely Li --> Li + -1- e - .  If Li balance exceeds 
one then some other anodic process must  be occurring 
in addition to Li --> Li + -~ e - .  An Li balance less than 
one means that Li is escaping from the electrode by 
some means other than anodic dissolution, e.g., by dis- 
solution in the melt. The fact that  the data of Table I 
never  exceeded un i ty  for Li-B alloys supports our as- 
sumption that only Li (not B) is anodically dissolving 
in the voltage range of Fig. 3. However, some of the 
data were significantly less than one so anodic dis- 
solution was not the only way that the Li-B alloys 
were losing Li. We see from the table that  alloy com- 
position has li t t le or no effect on Li loss whereas there 
is a clear tendency for more Li to escape from alloys 
discharged in  the hotter melts. Below 773~ (500~ 
Li balances tend to unity. Data were obtained using 
two separate ingots of each alloy composition. These 
ingots behaved essentially the same with respect to Li 
loss. To aid wet t ing and thereby good electrical con- 
tact between alloy samples and the steel electrode 
holders, some electrodes were preheated in He for 2 min 
at 1023~ (750~ Two correlations in the table on 
preheating effect show a big loss of Li for preheated 
70% alloy but  l i t t le or no loss for the 80% alloy. On 
the whole it is clear that  significant amounts  of Li 
escape from these Li-B alloys at the higher tempera-  
tures of this study. 

The loss of Li from test electrodes, noted above for 
Li-B alloys, was even more noticeable in  the case of 
the Li-wick electrodes. Table I shows that  the wicks 
(like the alloys) suffered essentially no Li loss during 
the conditions of a 773~ discharge. However, at 873~ 
a very definite loss of Li occurred from the wicks. 
While there is no direct correlation in the table be-  
tween wicks and alloys it is clear that Li escaped faster 
from the wicks; at 873~ Li balance for the wicks was 
0.78 while it was 0.82 and 0.83 for the alloys even 
though the alloys were preheated while the wicks were 
not. Figure 4 shows the results of vary ing  the t ime for 
which wick electrodes were kept at open circuit in  the 
melt  at 873~ before discharging at 2 A/cm 2. For a 

Table I. Li balance a,b for Li-B allay and Li wick electrodes 

Discharge teml~eratUre 

673~ (400~176 773~ (500~ 873~ (600~ 

Anode m a t e r i a l  P r e h e a t  No p r e h e a t  P r e h e a t  No p r e h e a t  P r e h e a t  No p r e h e a t  

w / o  of  L i  70 I n g o t  i 1.01 0.84 0.98 
in  L i - B  I n g o t  2 0.89 0.r 

I n g o t  1 1.92 0.94 0.97 
a l loy  80 I n g o t  2 0.90 0.83 

L i - N i  F e l t m e t a l  w i c k s  1.04 0.78 

a L i  ba lance  = (Li  anod ized  + L i  r es idue)  § L i  in i t i a l .  
b Each  d a t u m  is the  a v e r a g e  of  r e s u l t s  of f r o m  2-8 s u n i l a r l y  t r e a t e d  e lec t rodes ;  m e a n  d e v i a t i o n s  ranged from "4-0.01 to  --+0.07. 
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Fig. 4. Loss of Li from Hi Felt- 
metal wicks vs. soaking period in 
melt of 873~ (600~ prior to 
discharge. Dischorgeable Li is 
that per cent anodicolly extract- 
ed up to point Pt of the 2 A/  
cm 2, 873~ discharge curves. 
Square data point: Li-B alloy 
electrode, 80 w/o Li (see text). 
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series of wicks, Li remaining in the electrodes (as cal- 
culated f rom the discharge curves) fel l  drast ically and 
l inearly wi th  soaking period. Extrapolat ion showed all 
Li would be lost af ter  about 130 rain; in fact, one 
electrode soaked for 193 rain had no dischargeable Li 
left. Chemical analysis of the Ni wicks of these dis- 
charged electrodes showed them to contain only 0.8% 
of their  initial Li content, i.e., no significant quant i ty  
of Li was being tied up in the form of an undischarge-  
able Li-Ni  alloy. The ra te  of Li loss f rom the wicks at 
873~ is equivalent  to a self-discharge current  of about 
400 m A / c m  2 of anode surface. We did not do a sys- 
tematic s tudy of Li escape f rom alloy electrodes com- 
parable  to that of Fig. 4, with the wicks. Alloys were 
rout inely  discharged about 30 min after  dipping them 
into the melt. However,  due to ins t rument-problems,  
one alloy electrode spent 105 rain in  a 873~ mel t  be- 
fore discharge at 4 A / c m  2 and 873~ (in addition it 
spent 20 hr  in the Ar  s t ream above the discharge-cell  
at 643 r _--*- 25~ Figure  4 shows that, in spite of this 
protracted preheating,  its dischargeable Li was 36% 
vs. an ext rapola ted  18% for the wicks. After  escaping 
from test electrodes, Li dissolved in the mel t  and then 
reacted wi th  the various Pyrex  glass surfaces contacted 
by melt. At the end of each run these surfaces were  
found to be coated with  an adherent  black layer  which 
was essential ly e lemental  Si plus l i th ium oxide or sili- 
cate. 

It  was suggested by one of the referees that  the low 
Li balances of Table I were  caused by  the reaction of 
Li in electrodes with K + in the melt  to produce meta l -  
lic K vaporizing out of the cell (3, 4). The equi l ibr ium 
constant for reaction [1] based on data at 800~ (5) is 
0.137 

KCI(1) + Li(1) ~ LiCI(1) + K(1) [1] 

Thus one might  expect  continuing reaction as K vapor  
is swept away from the mel t  by the s t ream of Ar  
cover gas. However  the fol lowing data showed this was 
not the case. Af te r  a series of Li wicks had been dis- 
charged at 773 ~ and 873~ a detailed analysis for Li 
was done on the cell materials.  Al though the over-a l l  
Li balance for these discharges was 0.90, i.e., 10% had 
escaped discharge, all but 1.0% was found in the cell. 
Fu r the rmore  we found no K (and very  lit t le Li) con- 
densed on the cooler glass surfaces above our mel t  or 
in room- tempera tu re  traps in the effluent Ar stream. 
The lack of K generat ion in our system must  be as- 
cribed to the extens ive  surface of Pyrex  glass that  con- 

tacted our melt. Silica reacts rapidly wi th  Li (6-11) 
according to react ion [2] 

4Li(1) -t- 3SiO2(c) -> 2Li2SiO3(c) + Si (c)  [2] 

Potassium however  forms a protect ive silicate film and 
reacts very  slowly (7, 9). Fur the rmore  in our tem-  
pera ture  range Li reduces potassium oxides (5) and 
metasi l icate (12). Thus it is reasonable to suppose that  
Pyrex  glass would remove  Li f rom the mel t  in prefer -  
ence to K and drive react ion [1] to the left. The melts  
of Ref. (4) and (5), where  K generat ion was observed, 
were  free from efficient getters of Li. 

To sum up, the data indicate that  under  our dis- 
charge conditions, both Li-B alloys and Li wicks lose 
a significant proport ion of their  Li, only above 773~ 
The results indicate that  at 873~ the wicks lose Li 
about two or three  t imes faster than the alloys. 

Composition of alloy electrodes at points PI and Pz 
o] d{scharge curves.--It is reasonable to expect that  
wel l-defined breaks in the discharge curves may, in 
some cases, coincide with  the arr ival  of the discharging 
alloy at a composition corresponding to some simple 
stoichiometric compound (since a compound has a 
well-defined free energy of decomposition, Li should 
discharge out of it at a characterist ic vol tage) .  This 
has been found to be true, e.g., in the case of charge-  
discharge curves in the Li-A1 system (2). Thus the 
analysis of discharge curves can give valuable  informa-  
tion concerning compound format ion in alloy systems. 
This assumes of course that  the discharging alloy is 
very close to states of equil ibrium. In this case, changes 
in alloy voltage correspond to changes in the equi l ib-  
r ium activity of the potential  determining species in 
the alloy sample (in our case, Li) .  Equi l ibr ium will  
s tr ict ly be fol lowed only in an infinitely slow dis- 
charge when composition is precisely uni form through-  
out the system. In a faster discharge, concentrat ion 
changes (of Li and Li + ) at the a l loy /mel t  interface 
may themselves cause sudden large voltage steps which 
could be mistaken for those due to compounds. A dis- 
t inction is possible however,  because concentrat ion 
polarization usual ly  disappears af ter  a few minutes at 
open circuit. 

Our discharge curves general ly  had two quite wel l -  
defined breaks indicated as P1 and po on Fig. 4. It  was 
invar iably t rue that, wi th in  2 min after opening the 
discharge circuit, the voltage had recovered and fal len 
betow the value of P2. Thus we must  be careful  of 
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Table II. Calculated Li atom-fraction a at points P1 and P2, the main breaks in curvature of alloy discharge curves. 

Initial 
eomposi- 

tion, w / o  Li  

Discharge  t e m p e r a t u r e  

773~ (500~ 873~ (600~ 

2 Alcm~ 4 A/cm 2 6 A/cmZ 2 A/cm~ 4 Alcm ~ 8 A/cm 2 

70 0.67 0.65 0.66 0.67 0.68 0.70 
P1 80 0.67 0.67 - -  0 .70 0.71 0.74 

70 0.54 0.50 0.50 0,65 0.55 0.56 
P~ 80 0.58 0.54 0.51 0.61 0.58 0,71 

a Each datum is  t h e  average  of results  of f r o m  2-5 s i m i l a r l y  discharged electrodes.  The  deviat ions  ranged  from *-0.01 to *-0.05 at P1 and 
"4-0.001 to  ___6.04 a t  P~. T h e  s ize  of these  m e a n  d e v i a t i o n s  is p a r a l l e l e d  by and probably arises f r o m  a h e t e r o g e n e i t y  in  Li content  of the L i - B  
i n g o t s  w h i c h  w a s  r e v e a l e d  b y  t h e  " s p a g h e t t V '  a n a l y s e s .  D u e  to t h i s  heterogene i ty ,  spaghet t i  c o m p o s i t i o n ,  i n  s p i t e  of  b e i n g  f r o m  m a t e r i a l  In -  
t e r r a c i a l  w i t h  t h e  discharged  sample ,  m a y  di f fe :  s l i g h t l y  f r o m  i t  in Li  content .  

in terpre t ing  Li content  at P2 in terms of compounds; 
concentrat ion polarization was cer ta inly  involved to 
some extent  in this voltage step. However ,  voltage re-  
covery subsequent  to recovery  of the P2 value  was 
much  slower. For  five samples, we followed the open-  
circuit  vol tage for an hour af ter  discharge. In only 
one case did it reach the P1 value, in the others it 
leveled out significantly above this value. Thus we are 
on much firmer ground in discussing Li content at P1 
than at P2 in terms of compound formation. 

For  the two main breaks, we calculated the atom 
fract ion of Li remaining in the sample by subtract ing 
f rom the initial Li content  the amount  of Li taken out 
anodically. The calculated values at P1 and P2 are col- 
lected in Table II. Here, Li fract ion at P1 shows a 
definite clustering around the figure 0.67. This strongly 
suggests that a compound Li2B is a r r ived  at at this 
point on the discharge curves. Proof  of such a com- 
pound's  existence must  of course await  more direct 
s t ructural  studies such as x - r a y  spectroscopy on the 
material .  There is no definite t rend in Li fract ion at 
P1 as a function of current  density or of composition 
of the start ing material .  There  is a possibly significant 
rise in tabulated Li fractions at 873~ vs. those at 
773~ This may be associated with  the tendency, al- 
ready discussed, for the alloy to lose Li more  readily 
in the hot ter  melt. Our calculations assumed the sam- 
ples were  losing Li only by anodic discharge so the 
real compositions would  be smal ler  than the tabulated 
values if addit ional Li were  escaping. At the second 
main  break in curvature,  P2, calculated values of Li 
fract ion show some tendency to group around 0.50 
especially for samples discharged at 773~ However ,  
the divergences are much greater  than those f rom the 
value 0.67 at P1. The most we can say about P2 is that, 
at this point in the discharge, there is the possibility of 
an LiB compound being arr ived at. As with the P1 
data, calculated Li contents are genera l ly  higher  for 
samples discharged at 873~ due probably to a greater  
loss of Li  f rom electrodes in the  hot ter  melt.  

Open-circui t  voltage (OCV) o;f various Li electrodes. 
- - F i g u r e  5 compares our data wi th  other  l i te ra ture  
values. Our data includes the OCV of 76 Li -B alloy 
samples (673~176 of 16 Li wick electrodes (773 ~ 
873~ and of one electrode at 873~ where  Li was 
cathodically deposited onto a steel rod dipped in the 
melt. Within -+- 5 mV all of our data falls on the in-  
dicated line. The broken line in Fig. 5 shows Li voltages 
calculated f rom standard free energies of formation of 
LiCI(1) found in the J A N A F  compilat ion (5). These 
voltages were  modified to the eutectic si tuation by 
equating salt act ivi ty  to cation fraction. Also shown are 
the data of Anthony et at. (13) and Parassakis and 
Treadwel l  (14). These la t ter  data seem definitely 
anomalous. This may  be due to the presence in their  
cell of a porcelain membrane  separat ing the electrodes. 
A bias potential  across this membrane  may  have con- 
t r ibuted to their  OCV's. 

It remains therefore  to discuss the re la t ive ly  small  
deviat ions among our data, Anthony's  data, a.nd the 
calculated ( JANAF)  Li OCV's. Our OCV's lie about 
30 mV negat ive of the J A N A F - d e r i v e d  Li line wi th  
Anthony 's  data in between. Differences of this order 

are not uncommon in measurements  on react ive mate-  
rials at high temperatures ;  they may arise through 
variat ion in exper imenta l  procedures and materials  
used by different groups of workers.  Fur thermore ,  the 
calculated values may be in error  due to the assump- 
t ion that  the LiC1 act ivi ty in the eutectic is equal  to 
the Li + cation fraction. 

Li th ium utilization and nature of discharge process.--  
Table III  collects together  Li uti l ization data for the 
alloy and wick anodes and includes the lower  tem- 
pera ture  discharges. It shows the per  cent Li uti l ization 
(coulombic discharge efficiency) for the anodes at two 
points on the discharge curves; firstly at Pa, the end 
of the main, low vol tage plateau and secondly, in 
parenthesis, at an arb i t ra ry  value of 2V ( /R-free)  vs. 
the chlorine reference electrode. 

Comparing Li uti l ization to PI for the two Li-B al- 
loys, it is clear (except at 723~ that  a higher  pro- 
port ion of the 80% alloy's Li is ut i l izable at low vol t -  
age. In other  words, as seen graphical ly  in Fig. 3, the 
80% alloy's ext ra  Li (vs. the 70% alloy) goes towards 
extending the low voltage plateau. Current  density has 
a re la t ive ly  small  effect on the uti l ization of Li in Li -B 
alloys. As noted before in discussing Fig. 3, there is a 
tendency for uti l ization to fal l  as cur ren t  density rises. 
This effect is especially marked  at the 2V point which 
usual ly occurs on the s teeply rising part  subsequent 
to P2. However,  even here the effect is much smaller  
than the inverse first power  dependence associated with 
pure  diffusion control. So above about 750~ there  is 
essentially no diffusional l imita t ion to the anodic ex-  
t ract ion of Li f rom these L i -B  alloys (below 8 A/cm2).  

Together  wi th  data discussed in the two previous 
sections this is consistent wi th  the following v iew of 
alloy discharge curves. The discharging mater ial  be- 
haves like a sponge of solid Li2B compound containing 
a Li-rich, Li -B l iquid alloy, probably a conjugate phase 
to the Li2B compound. Li th ium anodizes into the melt  
out of this l iquid alloy at constant voltage unti l  it is 
whol ly  t ransformed to solid Li2B. This process con- 

I i i i i 
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Fig. 5. Open-circuit voltage of various Li electrodes in LiCI-KCI 
eutectic melt. 
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Table III. Percentage lithium-utilization a during discharge of Li-B alloy anodes and Li/Ni-wick anodes. (a) to point P1, the first main 
break in curvature in discharge curves (b) in parenthesis, to a voltage of - -2V  (/R-free) vs.  a chlorine reference electrode. 

Discharge  t emperature  

673 ~ 723 ~ 748 ~ 773 ~ 873 ~ 
A n o d e  material  400~C 450~ 475~ 80O~ 600~ A / c m  ~ 

6 (6) 51 (67) 49 (63) 52 ('/0) 4.5 (69) 2 
70 6 (8) 35 (38) 43 (60) 52 (65) 48 (63) 4 

w / o  Li  i n  L i -B  6 (6) 50 (56) 46 (59) .8 
a l loy  44 (45) 69 (77) 66 (74) 2 

80 32 (32) 68 (79) 64 (73) 4 
(49) 55 (65) 8 

L i - N i  w icks  94 (98) 87 (90) 2 
97 (I00) 4 

102, (103) 87 (88) 8 

a C a l c u l a t e d  from the ra t io  of c o u l o m b s  o b t a i n e d  a t  the  a p p r o p r i a t e  p o i n t  to  the  t heo re t i c a l  c o u l o m b  e q u i v a l e n t  of the mass  of  L i  i n  each 
anode.  Each  d a t u m  is t he  a ve r age  of results  oi  f r o m  2-5 s i m i l a r l y  discharged  electrodes,  M e a n  d e v i a t i o n s  r a n g e d  u p  to -*0.06 a t  P1 and up 
to  •  a t  2V. 

stitutes the main  plateau of alloy discharge curves. At 
this point  (P~, the main  break in discharge curves) 
voltage rises to values where t ighter bound Li can be 
anodized out of the decomposing compound. This view 
(of a Li-r ich liquid alloy of constant composition 
wicking to the melt  interface) explains the flatness of 
the main  discharge plateau and the essential inde-  
pendence of Li uti l ization on discharge rate. It  is con- 
sistent also with the appearance of the discharged al-  
loy: a porous, hard, black and coke-like mass. We have 
recently obtained direct evidence for the essential 
plausibi l i ty of this picture. Alloy samples, 70 w/o in 
Li (78.4 a/o) ,  surrounded with close-fitting mantles  of 
Ni Fel tmetal  were heated to 973~ At this tempera-  
ture, substant ial  amounts  of Li-rich, Li-B liquid alloy 
wicked from the solid Li-B alloy into the porous Ni. 
Work is cont inuing to establish the composition of 
solid and liquid phases in this alloy system. The slightly 
lowered activity of Li in  the Li-B l iquid alloy would 
account for the observed slower escape of Li from 
alloys compared with that  from the Li-Ni wicks. At 
point P2 it  is possible tha t  a second compound, Li-B, is 
arr ived at. This over-al l  picture at present  is a tenta-  
tive one; it needs to be verified and supplemented by 
studies which probe structure more directly. 

Table III  shows that Li-B alloy anode performance 
falls off very sharply below about 723~ At 673~ the 
alloys never  gave more than about 10% of their ca- 
pacity before voltage rose sharply to the final plateau 
value. A possible cause of this low temperature  anode 
failure is a mass t ransport  l imi ta t ion either of Li + ions 
through melt  away from the interface or of Li atoms 
through alloy toward the interface. However, the total 
lack of any rate dependence of Li uti l ization at 673~ 
argues against this view. Perhaps the Li-B liquid al- 
loy, which was considered above to be the main  source 
of dischargeable Li, solidifies between 723 ~ and 673~ 
More work is needed to clarify this point. 

Li-B alloy anodes show great promise for use in high 
energy and power density, molten salt batteries. Table 
III shows that they consistently deliver between 50 and 
70% of their  theoretical coulombic capacity even up to 
8 A/cm 2. This is in str iking contrast to the present ly 
used Ca and Mg anodes which cannot be used above 
about 0.1 A/cm 2 due to solidification of resistive salt 
films on their surface. Providing melt  temperature  is 
above about 748~ the Li-B alloy anodes seem vir-  
tual ly  immune  to this problem. Table III  shows the 
80% ahoy to be clearly superior to the 70% alloy to 
point P1 of the discharge curves. However, to the 2V 
point, this superiori ty is much less marked;  it is in 
fact roughly halved. Table III  demonstrates that the 
LI wicks definitely outperform the Li-B alloys with 
respect to Li dischargeability. At 773~ the wicks 
utilize v i r tual ly  100% of their  Li. At 873~ though 
still outdoing the alloys, performance of the wicks has 
fallen somewhat due to the accelerated escape of Li 
from wick anodes in the hotter  melt. Nevertheless the 

Table IV. Useful coulambic capacities and plateau voltages of 
Li anodes 

L i t h i u m - b o r o n  a l loys  
w / o  of L i  

70 80 

L i t h i u m  wicks  
( in Ni -  

F e l t m e t a l  ) 

Cou lom bs / cm S  a 3900 5400 5500 
C o u l o m b s / g  a 4800 7700 2600 
P l a t e a u  2 A / e m  -~ 3.3 3.5 
v o l t a g e  b 8 A / c m  ~- 2.9 3.3 

a C o u l o m b i c  capac i ty  u p  to  p o i n t  P l  of d i s cha rge  cu rves  [i.e., end 
of l o w - v o l t a g e  p l a t eau  (see Fig .  3)] .  Cou lombs  per  cm ~ or g of 
(Li + B) for  a l loys  a n d  of (Li  § Ni) fo r  wicks .  Wick  capac i t i e s  a t  
600~ are a b o u t  10% sm a l l e r  t h a n  t a b u l a t e d  va lues .  

b A v e r a g e  vo l t age  ( iR-free)  u p  to p o i n t  P1 o f  d i s cha rge  c u r v e s  vs.  
ch lo r ine  re fe rence  e lect rode.  

wicks, although excellent at discharging their  Li, can- 
not contain as much, nor grip it as tenaciously as the 
boron alloys do. Both the 70 and 80 w/o Li-B alloys 
contain about 0.56g of Li per cubic centimeter  of alloy 
whereas only an average of 0.41g of Li was absorbed in 
1 cm 3 of our 82% porosity Ni Fel tmetal  wicks. On a 
weight basis a much bigger penal ty  is paid for using 
the wicks; they contain only about 0.19g of Li per gram 
of wick compared with 0.7 and 0.8g Li per gram of the 
two alloys. Furthermore,  as shown earlier, Li escape 
from electrodes into the melt  is about 2-3 times faster 
with wicks vs. alloys. Table IV compares briefly some 
of the bat tery aspects of alloy and wick performance. 
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The Kinetics of the Self-Discharge Reaction 
in a Sealed Lead-Acid Cell 
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The Gate8 Rubber Company, Denver, Colorado 80217 

ABSTRACT 

The kinetics and mechanism of the self-discharge reaction in  a sealed, 
lead-acid cell have been investigated. The unique  cell design and the pur i ty  
of the materials  used produce a slower rate of self-discharge and a different 
mechanism than the t radi t ional  lead-acid battery.  Par t icular  a t tent ion is g iven 
to the effects of expander  composition and phosphoric acid concentrat ion on the 
reaction. Rates of the reaction are determined for temperatures  in the range 
of 35~176 

A number  of studies have been reported on the 
kinetics and mechanism of the self-discharge reaction 
in a vented, lead-acid cell (1-4). Par t icular  emphasis 
has been placed on the effects of grid alloys (5-8), 
the electrolyte concentrat ion (9), the presence of im- 
purit ies (10), the formation temperature  (11), and 
the storage temperature  (12). 

Al though the self-discharge reaction in  the lead- 
acid bat tery  has been extensively studied, the unique  
construction of the Gates cell makes a reevaluat ion 
of this phenomenon necessary. There are three im- 
portant  differences between the Gates cell and the 
tradit ional  lead-acid bat tery  with respect to the self- 
discharge reaction. First, the grids in the Gates cell 
do not contain antimony.  Therefore, the self-discharge 
mechanism which has been well established in the 
l i terature (1-8), whereby an t imony is oxidized at 
the positive plate and reduced at the negative plate 
to form a local cell, cannot  occur in the Gates cell. 
Secondly, the Gates cell is "dry," since all the electro- 
lyte is absorbed either in the plates or in the porous 
glass separator. The capacity of the cell is thermody-  
namical ly  limited by the volume and concentrat ion 
of electrolyte in the cell. Thirdly, the Gates cell is 
sealed. Therefore, the possibility that gases given off 
dur ing self-discharge are recombined within the cell 
must  be considered. 

The purpose of this s tudy is twofold: (i) to examine 
the kinetics of the seif-discharge reaction in a sealed 
cell at various temperatures,  and (ii) to determine 
the effects of the expander  composition and phosphoric 
acid concentrat ion on the self-discharge reaction. 

Experimental 
A cross section of a s tandard Gates "X" cell is 

shown in Fig. 1. The wound plates and separator are 
sealed in a polypropylene l iner  which is encased in 
a metal  can crimped around the edge of the plastic 
top. The cell is filled with electrolyte through the 
tube in  the center, and this tube is then sealed with 

* E lec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  she l f - l i fe ,  Dhosphorie acid, expander,  first-order reac-  

tion, gr id  corros ion.  

a Bunsen valve which will vent  at approximately 
50 psi. 

The lead and lead oxides used in the grid, posts, 
and paste are at least 99.99% pure. The electrolyte 
is prepared from reagent  grade acid and deionized 
water. 

Voltage measurements  were made as a [unction of 
time on s tandard Gates "X" and "D" cel~s and on 
experimental  "D" cells at temperatures  up to 65~ 
using a high impedance digital voltmeter. The data 
were analyzed using BASIC programs wri t ten  for an 
IBM 370 computer. 

Three sets of experimental  "D" cells were con- 
structed. In the first set, the quanti t ies of phosphoric 
acid in the electrolyte and of l ignin  and bar ium sul- 
fate in the negative plate expander  were varied. These 
cells did not contain any carbon black in the ex- 
pander. In the second set of cells, the amounts of 
carbon black and bar ium sulfate in the expander  
were varied, while the amount  of l ignin remained 
constant. In the third set of cells, the amount  of phos- 
phoric acid in the electrolyte was varied. 

Measurements of the weights of the positive grid 
in the standard cells were made at several points in 
the self-discharge reaction. The positive active ma-  
terial was removed from the grids by slowly adding 
hydrazine to a hot solution of 5M ammonium acetate. 
After the positive ac t ive-mater ia l  was removed, the 
grids were washed in distilled water, blotted dry with 
a paper tissue, dried at 60~ for 15 rain, and weighed. 

Results and Discussion 
The open-circuit  voltage of a lead-acid cell is re- 

lated to the activity of the electrolyte by the Nernst  
equation for the cell reaction 

Pb 4- PbO.2 -}- 2H2SO4 ---- 2PbSO4 + 2I-I20 

RT aa 
E = Eo 4- in- 

F aw 

where a~ is the activity of the sulfuric acid and a~,. 
is the activity of the water. 
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Fig. 2. Ln activity of sulfuric acid as a function of time at 
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Fig. 3. /n activity of sulfuric acid as a function of time before 
and after recharge. 

Fig. 1. Cross section of Gates "X" cell 

If  complete  dissociation of the bisulfate ion is 
assumed, then aa = 4 7 2  3 m 3 where  7----- is the mean 
ionic activity coefficient of sulfuric acid and m is the 
molal i ty  of the electrolyte.  The values of aa and aw 
used in these calculations were  calculated f rom the 
data of Harned and Hamer  (13-15) at the tempera-  
tures specified. 

In most of the self-discharge reactions which have 
been proposed (4) for the lead-acid battery,  sul- 
furic acid reacts wi th  a solid mater ia l  such as lead or 
lead dioxide. Thus, it is reasonable to assume that  
the self-discharge react ion is pseudo-f i rs t -order  wi th  
respect to sulfuric acid. The kinetic equat ion for such 
a reaction may  be wr i t ten  as 

l naa  -- ln(aa)o = - -k t  

where  t is the time, k is the rate constant, aa is the 
acid act ivi ty  at t ime t, and (an)o is the initial acid ac- 
tivity. 

Activi t ies are  used in this calculation instead of 
concentrat ions because of the high init ial  acid con- 
centrat ion and the wide concentrat ion range covered 
during the shelf- l i fe  of the cell. 

According to this equation, a plot  of In aa vs. t ime 
should be l inear  wi th  a slope of --k. Some typical 
examples  of such plots are shown in Fig. 2 for Gates 
"X" cells stored at three different temperatures.  Be-  
low an In aa value of about --3, which corresponds to 
an open-circui t  vol tage of about 2, the plots are 
linear.  The self-discharge reaction, therefore,  is first- 

order  wi th  respect to sulfuric acid below about 2V. 
The mechanism remains the same throughout  the 
remaining shelf- l i fe  of the cell even though the con- 
centrat ion of the sulfuric acid changes by three  orders 
of magnitude.  

The slopes of the lines were  evaluated  by the method 
of least squares. Correlations were  excellent,  with 
beta coefficients varying between 0.996 and 0.999. The 
average rate constant and standard deviat ion for five 
cells at each tempera ture  are shown in Table I. 

In Fig. 3, the 65~ curve shown in Fig. 2 is 
plotted on an expanded scale so that  the change in 
slope at a In aa value  of about --3 is more  apparent.  
The last point on the curve corresponds to an elec- 
trolyte molal i ty  of 0.04. After  this deep self-discharge. 
the cell was recharged with  a constant current  of 
100 mA for one week at room tempera ture  and was 
again stored at 65~ The dashed curve in the figure 
shows the self-discharge of the ceil after this re-  
charge. The initial part  of the curve has now straight-  
ened out almost ent i rely and the slope of the line 
has decreased slightly. The rate constant is now 0.071 
days -I with a standard deviation of 0.001. A similar 
phenomenon was observed by Zachlin for cells with 
pure lead grids (7). 

The fact that the cell is rechargeable after such 
an extreme self-discharge is in itself surprising. Fig- 
ure 4 shows the capacity retention of a standard "X" 
cell which was allowed to self-discharge at 50~ 
to a voltage of 1.654 and was then recharged at 2.5V 
for 16 hr and cycled. A voltage of 1.654 at 50~ cor- 
responds to an electrolyte molality of 0.014 and an In 
aa value of --13.8. The cell recovered capacity rela- 

Table I. Self-discharge rate constants for standard "X" cells 

A v e r a g e  f o r  5 cells  

T e m p .  (~ k (days - l )  lcr 

35 0.020 0.002 
50 0 . 0 ~  0.001 
05 0.090 0.004 
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t ively quickly and eventual ly  delivered the full nom- 
inal  capacity at the C/5 rate. 

The results of the first set of tests on exper imental  
cells are summarized in Fig. 5. A series of 57 "D" 
cells was constructed with concentrat ions of BaSO4 
and l ignin  ranging from 0.2 to 0.4% and from 0.4 to 
0.8% of the dry, negative oxide weight, respectively, 
and with 0.1 or 0.8 weight per cent (w/o)  phosphoric 
acid in  the electrolyte. The cells were allowed to self- 
discharge at temperatures  of 25 ~ 45% 55% and 65~ 
Three s tandard  "D" cells were discharged s imul tane-  
ously at each of the four temperatures  as controls. 
None of the exper imental  cells had any carbon black 
in the expander. 

The upper  curve in Fig. 5 represents the results 
from two cells. Both contained 0.1% phosphoric acid 
and 0.3% BaSO4, but  one contained only 0.4% l ignin 
while the other contained 0.8% lignin. Since the self- 
discharge curves of the two cells are indistinguishable.  
doubling the amount  of l ignin in the expander  has 
no observable effect. The two lower curves represent  
the results from cells containing 0.8% phosphoric 
acid. One cell contains 0.2% BaSO4 and 0.4% lignin, 

Table II. Rate constants for production "D" cells 

k (days-Z) (1 ~) 

% ~T-~PO4 5 0 ~  5 5 ~  6 0 ~  6 5 ~  

0 0.049 (0.002) 0.10 (0.007) 0.16 (0.096) 
0.1 0.045 (0,00S) 0,049 (0,002) 0.089 (0.00S) 0,13 (0.004) 
0.8  0 . 0 3 6  ( 0 . 0 0 9 )  0 . 0 4 1  ( 0 . 0 0 2 )  0 . 0 6 3  ( 0 . 0 0 3 )  O.12 (0 .O10)  

while in the other cell these concentrat ions have been 
doubled. These self-discharge curves are also the 
same within exper imental  error. Thus, the concen- 
trations of BaSO4 and l ignin have no apparent  effect 
on the self-discharge reaction. 

The difference between the two sets of self-discharge 
curves comes from the change in phosphoric acid 
concentration from 0.1 to 0.8%. Of part icular  interest  
is the change in the l imit ing slope of the curves, in-  
dicating that the phosphoric acid inhibits  the self- 
discharge reaction. These trends were observed 
throughout the temperature  and concentrat ion ranges 
of the experiment.  

Since none of these cells contained any carbon black 
in the expander, a second set of "D" cells was con- 
structed which contained either 0 or 0.2% carbon 
black in the expander. One group of cells contained 
0.4% BaSO4 and 0.4% lignin, while the other group 
contained 0.2% BaSO~ and 0.4% lignin. Standard 
Gates "D" cells were again used as controls. The 
cells were stored at 65~ Varying the carbon black 
concentration in the expander  had no effect on the 
self-discharge reaction wi thin  the limits of experi-  
mental  error. 

Fur ther  experiments  were conducted at 50% 60 ~ 
and 65~ on s tandard "D" cells which were filled 
with electrolyte containing 0, 0.1, and 0.8% phosphoric 
acid. Some results at 65~ are shown in Fig. 6. It  is 
again apparent, from the l imit ing slopes of these 
curves, that the rate of the self-discharge reaction 
decreases as the phosphoric acid concentrat ion is in- 
creased. Thus, phosphoric acid apparent ly  inhibits  
the self-discharge reaction. The tests at the other 
two temperatures showed the same trend. 

Table II summarizes the effect of phosphoric acid 
concentrations on the rate of the self-discharge reac- 
tion. The rate constants given at 50 ~ 60 ~ , and 65~ 
are averages of the results from three "D" cells 
tested under  each set of conditions. The data at 55~ 
are taken from the first set of experiments.  The rate 
constants for cells containing 0.1 and 0.8% phosphoric 

I ~ I 14 

ss'c 

I 
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,P 

*6 

Fig. 5. Effect of expander com- 
position and phosphoric acid con- 
centration on self-discharge. 
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acid are averages for nine and six cells, respectively, 
with varying expander  compositions. 

The Arrhenius  equation may be applied to these 
results in  order to obtain the activation energy of 
the self-discharge reaction 

E a  
l n k = l n A - - - -  

RT 

where A is the Arrhenius  constant, Ea is the activa- 
tion energy, and T is the absolute temperature.  

An Arrhenius  plot for s tandard "X" cells is shown 
in Fig. 7. The points are taken from the data given 
in Table I. The range of values obtained for the five 
cells tested at each tempera ture  is also shown. The 
line shown was defined by the least-squares method. 
The data in Table II are plotted in the same manner  
in  Fig. 8. The activation energy did not change sig- 
nificantly with the concentrat ion of phosphoric acid 
in the electrolyte. Thus, it is apparent  that phosphoric 
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Fig. 8. Arrhenius plot for "D" cells with varying phosphoric 
acid concentrations. 

acid decreases the rate of the self-discharge reaction 
but does not affect the reaction mechanism. 

The activation energy obtained for all the cells 
tested is between 10 and 17 kcal/mole.  More experi-  
ments are being done at lower temperatures in order 
to obtain more points and define this value more pre- 
cisely. However, it will take a number  of years for 
the cells to fully self-discharge at the lower tempera-  
tures. 

There are three possible mechanisms for the self- 
discharge reaction in the Gates cell. These are: 

Positive grid corrosion 

Pb + PbO2 + 2H2SO4 ----- 2PbSO4 + 2H2SO4 []] 

The oxygen cycle 

P b O 2 + 2 H  + + S O 4 : P b S O 4 + H 2 0 +  1/2 02 [2a] 

Pb + 1/2 02 + H2SO4 : PbSO4 + H20 [2b] 

The hydrogen cycle 

Pb + H2SO4 ----- PbSO4 + H2 [3a] 

PbO2 + H2 + H2SO4 = PbSO4 + 2H20 [3b] 

The over-aLl reaction for each of these three mech- 
anisms is the double sulfate reaction. The oxidation of 
l ignin at the positive electrode does not appear to 
be a significant part  of the self-discharge reaction, 
since doubling the ]ignin concentrat ion does not 
change the rate of the reaction (see Fig. 5). 

Mahato, Weissman, and Laird (16) have recently 
shown that hydrogen and oxygen recombinat ion (re- 
actions [2b] and [3b]) proceed many  times faster than 
the self-discharge reaction in a sealed cel l  Therefore, 
the ra te- l imi t ing  step in either the oxygen cycle or 
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the hydrogen cycle should be the gas-generat ing re-  
action (reactions [2a] and [3a]). 

Values of activation energies which have been found 
in the l i terature  range from about 8 to 18 kcal /mole 
for reaction [2a] (17-19), and from about 2 to 10.2 
for reaction [3a] (17, 18, 20). Milner (18) has cal- 
culated an activation energy of 13.5 kcal /mole for 
reaction [1]. Thus, our value of 10-17 kcal /mole is 
in the right range for either reaction [1] or [2a]. 

In order to determine the influence of positive 
grid corrosion, positive grid weights were obtained 
on a series of 32 "D" cells from the same production 
lot. Twelve of these cells were stored at 65~ and 
allowed to self-discharge to an average voltage of 
1.700 (1~ --~ 0.088) at room temperature.  Eight of the 
cells were stored at 65~ to an average voltage of 
1.989 (I~ ---- 0.004) at room temperature.  The remain-  
ing 12 cells were stored at a cold temperature  to 
minimize their  self-disc_barge and had an average 
voltage of 2.144 (1~ = 0.003). The weights of the 
positive grids in the cells discharged to 1.989 and to 
1.700V were approximately the same and were about 
2.45g l ighter than.  the positive grids from the cells 
with high open-circuit  voltages. Similar  results were 
obtained on a set of s tandard Gates "X" cells. Ap-  
parently,  the grid corrosion that does take place occurs 
early in the shelf-life before the cell has discharged 
to about 2V. About 1/3 of the sulfuric acid which 
reacts before this voltage is reached would be re-  
quired to corrode 2.45g of grid. This can, at least in 
part, account for the init ial  high rate of self-discharge 
(see Fig. 1). However, the corrosion reaction does 
not occur to a significant extent below 2V and should 
no t  affect either the rates of the reactions shown in 
Tables I and II or the activation energy determined 
from the Arrhenius  equation. Therefore, oxygen evo- 
lut ion (reaction [2a]) seems to be the most likely 
choice for the ra te -de te rmin ing  step of the self-dis- 
charge reaction below 2V. 

It should also be noted that a newly formed cell 
may contain "apparent  PbO" and /or  ~-PbO,, in the 
positive plate (11, 21). These compounds are known 
to self-discharge at a higher rate than ~-PbO., (22) 
and may also be part  of the reason for the higher 
rate of self-discharge ini t ia l ly  (23). 

Summary 
The results of this study may be summarized as 

follows: 
1. The self-discharge reaction is first-order with re-  

spect to sulfuric acid in a sealed, lead-acid cell. 
2. The rate of the reaction increases with tempera-  

lure, as predicted by the Arrhenius  equation. The 
activation energy of the self-discharge reaction is 
between 10 and 17 kcal/mole. 

3. Positive grid corrosion is a significant part  of 
the self-discharge reaction early in the shelf-life of 

the cell. Below about 2V, grid corrosion is not sig- 
nificant. 

4. The cell can be recharged even after it has been 
completely self-discharged. 

5. The composition of the negative expander  does 
not affect the self-discharge reaction. 

6. Phosphoric acid is an inhibi tor  of the self-dis- 
charge reaction. 
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ABSTRACT 

The electrode kinetic parameters  for hydrogen and oxygen evolut ion were 
determined at temperatures of 80 ~ 150 ~ 208 ~ and 264~ on nickel electrodes 
in 50 weight per cent KOH solutions. Improvements  in the exchange current  
density with increasing temperature  were more significant for the oxygen 
evolution reaction than for the hydrogen evolution reaction. A favorable 
change in the Tafel slope for the oxygen evolution reaction occurs between 
150 ~ and 264~ which corresponds to an increase in  the t ransfer  coefficient 
from 0.67 to 3.3. This result  supports the concept that a change in the reaction 
mechanism occurs for the oxygen electrode reaction near the Neel temperature  
of nickel oxide. At the higher exper imental  temperatures,  the Tafel slope for 
the hydrogen evolution reaction changes from 2RT/3F at low overpotentials to 
about 2RT/F at high overpotentials suggesting a slow electrochemical desorp- 
t ion mechanism. The present  study indicates that  significant reductions in  
cell voltage for water  electrolysis can be obtained by higher operating tem- 
peratures. At temperatures  of about 150~ it should be possible to approach a 
100% energy efficiency (based on AH) at current  densities commonly used in 
commercial water electrolyzers. 

Hydrogen has attracted considerable at tent ion as 
a possible fuel for the future  (1-3). It is hoped that 
with abundan t  nuclear  power, water could be de- 
composed to provide hydrogen as a portable fuel 
(1, 4, 5). There is also interest  in  producing hydrogen 
by water  electrolysis, storing it as a metal hydride, 
and convert ing it to electricity in a fuel cell for load 
leveling and peak shaving operations in electric ut i l -  
ities (2, 6). Most commercial water electrolyzers use 
nickel electrodes and are operated at 70~176 in 
25-35 weight per cent (w/o) potassium hydroxide 
solutions (7, 8). Voltage efficiencies range from 65 
to 75% at current  densities of about 200 mA / c m 2. 
Increasing the operating temperature  would obviously 
increase the efficiency of water  electrolysis; however, 
quant i ta t ive informat ion is unavai lable  since electro- 
chemical studies of hydrogen and oxygen evolution 
reactions in alkali solutions at elevated temperatures  
are sparse (9). The objectives of the present study 
are to obtain fundamenta l  kinetic parameters  and to 
ascertain the efficiency gain at higher operating tem- 
peratures for water electrolysis. Tafel slopes, t ransfer  
coefficients, and exchange current  densities are de- 
termined for both the hydrogen and oxygen evolution 
reactions on nickel electrodes in 50 w/o potassium 
hydroxide solutions at temperatures  of 80 ~ 150 ~ 208% 
and 264~ 

Experimental 
Major problems in designing electrochemical cells 

for use with aqueous systems at high temperatures  
include provisions for insulated electrode assemblies 
which are pressure tight, minimizing corrosion of 
metal  parts, and finding a reference electrode which 
can operate at high temperatures.  The reference elec- 
trode selected for this study was the dynamic hydrogen 
electrode (DHE) a s  described by Giner  (10). 

The main  features of the stainless steel pressure 
vessel used for these studies is shown in Fig. 1. A 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
1 P r e s e n t  address :  D e p a r t m e n t  of C h e m i s t r y ,  M i d d l e  Tennessee  

Sta t e  U n i v e r s i t y ,  Murfreesboro, Tennessee  37132. 
e P r e s e n t  address :  D e p a r t m e n t  of  1Viaterials Science,  S t a t e  Univer -  

sity of New York  a t  S t o n y  Brook,  S t o n y  Brook ,  New York  11794. 
K e y  words :  cel l  vo l t age ,  exchange  current density,  Tafel  slope, 

t r ans f e r  coefficient,  water  electrolysis,  

segment of 4 in. (ID) pipe was welded to a bottom 
plate 9 in. in diameter  and 11/~ in. thick and to a top 
flange containing eight bolt holes. The cover was 
fabricated from lJ,{l in. stainless steel with eight match-  
ing bolt holes and five exper imental  ent ry  ports. Four  
entrance ports were tapped for 1/4 in. pipe thread fit- 
tings. Three insulated electrical feed-throughs were 
made from 1/s in. diameter  nickel rods threaded at 
each end and stainless steel Swagelock fittings with 
Teflon and plastic plug insulators. The voids were 
filled with RTV 630 silicone rubber  which was the 
actual pressure seal. The fourth entrance port was 
fitted with a stainless steel Swagelock tee so that purge 
gas (argon or hydrogen) could be admitted and re- 
moved, and with a pressure gauge to monitor  the vapor 
pressure of the solution as a function of tempera-  
ture. The fifth entrance port, tapped for % in. pipe 
thread fitting, was used for a 1/16 in. Chromel-Alumel  
thermocouple clad with stainless steel. This thermo- 

;OVEREO 

Fig. 1. Stainless steel pressure vessel and auxiliaries for high 
temperature studies of the hydrogen and oxygen evolution reactions 
on nickel electrodes in KOH solutions. 
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couple was fed through a Swagelock fitting and then 
clad also with shr ink Teflon and p la t inum so that it 
could serve a dual role as a counterelectrode for the 
dynamic hydrogen reference. The pressure gauge and 
thermocouple are not shown in Fig. 1. Prior cal ibra-  
tion of the thermocouple showed that the measured 
temperatures  were accurate to wi th in  2~ 

In  setting up a run, the three electrodes (anode, 
cathode, and reference) were connected to the three 
insulated electrical feed-throughs and positioned to 
fit into a Teflon cell which contained 300 ml  of 
electrolyte. The alkaline solution was prepared from 
Baker analyzed KOH, low in chloride, and doubly 
distilled water. The three-compar tment  Teflon cell is 
shown schematically in  Fig. 2. Each compartment  was 
provided with holes at the top for vent ing the evolved 
gases to the pressure vessel. The Teflon cell cover 
minimized contaminat ion problems due to any re-  
fluxing action wi thin  the pressure vessel. About 10 
ml of water were placed outside the cell to compen- 
sate for the loss of water to the vapor phase at high 
temperatures and to reduce changes in the activity 
of water  with increase of temperature.  When the three 
electrodes and thermocouple were properly positioned 
in the Teflon cell, the pressure vessel cover was 
fastened to the flange by % in. steel bolts fitted with 
two washers. The gas seal was made using a ]/4 in. 
thick "O" ring positioned into a groove on an alu-  
m inum back-up  plate. The walls oE the vessel were 
heated with stainless steel encased Nichrome wire 
covered with asbestos, which in  tu rn  was insulated 
with a b lanket  of quartz wool about 1 in. thick. Mag- 
netic s t i rr ing was used to agitate the KOH electrolyte 
dur ing a run  to reduce any temperature  gradients 
within the cell, and the insulated magnetic  s t i rr ing 
hot plate was used also to heat the bottom of the 
vessel. With 50 w/o KOH electrolyte, the pressure 
gauge reading increased from 0 psig at room tempera-  
ture to about 210 psig at 264~ Pre l iminary  experi-  
ments  using 30 w/o KOH were disbanded since vapor 

TEFLON CELL 

Fig. 2. Schematic diagram of the three compartment Teflon cell 
used in the pressure vessel. 
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pressure readings exceeded the safety limit of the 
vessel (about 300 psig). 

Simultaneous studies of the hydrogen and oxygen 
evolution reactions were made by separately recording 
the current -potent ia l  relationships at the nickel elec- 
trodes. Each nickel electrode was mechanical ly polished 
using a series of emery papers followed by wet alu-  
minum oxide powder polishing on a rotat ing felt 
wheel. The geometrical area of each electrode was 
0.2.0 cm 2. The electrochemical measurements  were 
made using a PAR Model 173 potentiostat  coupled 
with a PAR Model 175 programmer.  Current -potent ia l  
relationships were determined by steady-state, poten- 
tiostatic measurements  in the direction of high cur-  
rents to low currents. Before each experiment,  cur-  
rents of about 1 A /cm 2 were passed for at least sev- 
eral minutes  to form an oxide layer on the nickel 
anode. Slow potential  sweep rate (1 mV/sec) studies 
were used to check the results and usual ly  gave good 
agreement  with the potentiostatic measurements.  

The potential  of the DHE reference electrode vs. 
the reversible hydrogen electrode (RHE) was mea-  
sured directly in  the pressure vessel at the four 
experimental  temperatures.  After placing a second 
platinized p la t inum electrode about Y2 cm above the 
DHE reference and bubbl ing  pure hydrogen through 
the KOH solution overnight  at room temperature,  
the cell was brought  to the desired temperature.  The 
hydrogen generated by the DHE reference could then 
be used to establish the reversible hydrogen potential  
on the second electrode. 

The IR drop between the DHE reference electrode 
and the nickel electrode was determined by the in ter-  
rupter  technique (11). Due to the positioning of the 
Luggin capillary close to the oxygen electrode (Fig. 
2), the IR drop at this electrode was about a factor 
of three times smaller  than the IR drop measured at 
the hydrogen electrode. 

Results and Discussion 

Three separate studies of the hydrogen and oxygen 
evolution reactions were made on the nickel elec- 
trodes in 50 w/o KOH solutions in the Teflon cell 
and pressure vessel described above. These results 
were general ly in good agreement  with earlier pre-  
l iminary  measurements  using a Teflon beaker in 
place of the th ree-compar tment  cell. 

Figure 3 shows the averaged results for the three 
separate studies of the hydrogen and oxygen evolution 
reactions at temperatures  of 80 ~ 150 ~ 208 ~ and 264~ 
The experimental  potentials have been corrected for 
the IR drop. 

From Fig. 3 it is readily apparent  that the increase 
in temperature  has a more str iking effect on the 
oxygen evolution reaction than on the hydrogen evo- 
lut ion reaction. Each tempera ture  increase produces 
an obvious shift in the exper imental  lines to lower 
potentials for the oxygen evolution reaction. This is 
due to the slow kinetics of the oxygen electrode reac- 
tion (9, 12, 13). For the hydrogen evolution reaction, 
only small  shifts in potential  are observed at tem- 
peratures above 150~ Nevertheless, substant ial  over- 
potentials are found for the hydrogen evolution reac- 
tion on nickel electrodes in alkal ine solutions at lower 
temperatures (8). 

Distinct, l inear  Tafel regions were observed at each 
temperature  for both the hydrogen and oxygen evolu- 
tion reactions. Dual Tafel regions were found for the 
oxygen evolution reaction at 208~ and also for the 
hydrogen evolution reaction at each of the three 
higher temperatures.  

The exchange current  densities for the hydrogen 
and oxygen evolution reactions can be determined at 
each temperature  from Fig. 3 if the reversible elec- 
trode potentials vs. the DHE reference are known. 
For the hydrogen electrode reaction, the reversible 
potential, ERHE, is given by 
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ERHE = InDHEi [1] 

where ~]DHE represents the overpotential  of the DHE 
reference electrode at 1 mA/cm 2 as measured v s .  

the RHE electrode. Experimetal ly  determined ~]DHE 
values at the four temperatures  are given in Table I. 
Similar to the observations by Giner (10), the over- 
potential  for the DHE reference in KOH solutions 
decreases only slightly with increasing temperature.  

Considering the cell reaction 

H20(1) ~ H 2 ( g )  + 1/2 O2(g) [2] 

the reversible potential  for the oxygen evolution re- 
action, EROE, can be calculated from the expression 

2 . 3 0 3 R T  P H 2 "  ( P o 2 )  1/2 
E R O E  = ]IIDHE] § leo] §  

2F aHeo 
[3] 

where PH2 and Po2 represent  the part ial  pressures in 
atmospheres of the evolved gases at the electrode sur-  
faces, and aH2o represents the activity of water  in the 
KOH solution. Changes in the s tandard reversible 
cell potential, E o, with temperature  are given by 

OEo~ AS ~ 

/ p : 2F [ 4 ]  

The min imum applied voltage needed to decompose 
water at s tandard conditions, decreases from 1.229V 
at 25~ to 1.027V at 264~ Since hydrogen and oxygen 
will not be evolved unti l  the part ial  pressures at the 
electrode surfaces equal the pressure above the solu- 
tion, the exper imental  gauge pressure can be used to 
obtain the values for PITe and Po2 needed in Ect. [3]. 
The gauge pressure can also be used to calculate the 

activity of water at high temperatures in 50 w/o KOH 
using the relationship 

a H 2 0  = PH20/P~ [ 5 ]  

where PH2O is the exper imental  vapor pressure for 
the solution at a given temperature  and P~ iS the 
vapor pressure o~ pure water at that same tempera-  
ture. For the three higher temperatures  where PH2O 
was more accurately measurable,  the activity of water 
calculated using Eq. [5] was 0.3 _ 0.1. Results reported 
by Bro and Kang (14) indicate that the activity of 
water in 50 w/o KOH (13M) at 25~ is about 0.3 
and that this activity changes litf.e with temperature.  
Table I presents the calculated results for the various 
terms in Eq. [3] along with the end result  for EltoE VS.  

the DHE reference electrode. 
The Tafel slopes, t ransfer  coefficients, and exchange 

current  densities at the four exper imental  tempera-  
tures are presented in Table II for the hydrogen evo- 
lution reaction and in Table III for the oxygen evolu- 

Table II. Kinetic parameters for the hydrogen evolution reaction on 
polished nickel electrodes in 50 w/o KOH solutions 

T(~ 

T r a n s f e r  E x c h a n g e  c u r r e n t  
T a f e l  s lope  (V) coeff ic ient* d e n s i t y  ( A / c m  ~-) 

l o w  ~ h i g h  ~ l o w  ~ h i g h  ~/ l o w  ~ h i g h  ~/ 

80 - - 0 . 1 4  0 . 5 0 - -  1.1 • 10 -4 
lS0  0.054 0.28 1.6 0.30 1.8 • 9.5 • 

10-4 10-8 
208 0.070 0.32 1.4 0.30 8.0 • 3.0 • 

10-~  10 -a 
264 0.066 0 .20 1.6 0.53 9.3 • 2.0 • 

10-4 10-~  

* T r a n s f e r  coef f ic ien t  = 2.303 R T / b F  w h e r e  b is the  T a f e l  s lope.  

Table I. Experimental and calculated quantities used to determine 
reversible electrode potentials vs.  the DHE reference electrode 

Table Ill. Kinetic parameters for the oxygen evolution reaction on 
polished nickel electrodes in 50 w/o KOH solutions 

T (~ IWDHE] (V) a E ~ (V) log  t e r m  (V) b ERos (V) 

80 0.045 1.183 0.025 1.25 
150 9,043 1.123 0.041 1.21 
208 0,037 1.074 0.077 1.19 
264 0,035 1,027 0.123 1.19 

a E x p e r i m e n t a l l y  m e a s u r e d  in  t h e  p r e s s u r e  vesse l .  
b C a l c u l a t e d  a s s u m i n g  p a r t i a l  p r e s s u r e s  of h y d r o g e n  a n d  o x y g e n  

a t  t he  e l e c t r o d e  s u r f a c e s  a r e  e q u a l  to  t h e  t o t a l  p r e s s u r e  a b o v e  the  
so lu t ion ,  a n d  u s i n g  aH~o = 0.3 in  50 w / o  K O H  so lu t ions .  

T ( ~  

T r a n s f e r  E x c h a n g e  c u r r e n t  
T a f e l  s lope  (V) coeff ic ient* d e n s i t y  ( A / c m  e) 

l o w  ",7 h i g h  W l o w  */ h i g h  -~ l o w  V h i g h  

80 - - 0 , 0 9 5 - -  , 0 .74 - - 4 . 2  x 10 - c - - - - -  
150 - - 0 . 1 2 5 - -  - - 0 . 6 7  - - 1 . 8  x 10-~ 
208 0.085 0.135 1.1 0.71 6.0 • 3.5 • 

I0-4 lO-a 
264 - - 0 . 0 3 2 - -  - - 3 . 3  - -  - - 1 . 0  x 10 - 3 -  

* T r a n s f e r  coef f ic ien t  = 2.303RT/bF w h e r e  b is  t h e  T a f e l  s lope.  
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tion reaction. Where two Tafel regions exist, results 
for both the low overvoltage and high overvoltage 
regions are listed. 

For the hydrogen evolution reaction at 80~ the 
transfer coefficient of ~ ---- 0.5 indicates a ra te -de ter -  
mining  step involving an electron transfer  such as 
the discharge step 

H 2 0  -{- e -  ~ Hads -{- O H -  [6] 

or the electrochemical desorption step 

H20 -~ Hads -I- e -  ~ H2 + O H -  [7] 

Previous studies suggest a slow discharge-fast re- 
combinat ion mechanism on nickel in alkal ine solu- 
tions at room tempera ture  (15, 16). The unusual  Tafel 
slope of 2RT/3F, i.e., ~ _-- 1.5, observed at low over- 
potentials at the higher temperatures,  indicates either 
a fast discharge-slow electrochemical desorption mech- 
anism under  conditions of low hydrogen coverage 
(0 ~ 0) or a slow discharge-fast  electrochemical 
desorption mechanism under  conditions of high cover- 
age (e ~ 1) (17). E i the r  mechanism predicts that 
the Tafel slope will change from 2RT/3F to 2RT/F,  i.e., 

---- 0.5, at high overpotentials as observed experi-  
mentally.  The coverage of adsorbed hydrogen on 
nickel at low overpotentials in 2M NaOH is reported 
to be small at room temperature  (16). Since LeCha- 
telier's principle predicts a decreasing equi l ibr ium 
coverage of adsorbed hydrogen atoms with increasing 
temperature,  the condition of low coverage at low 
overpotentials seems even more probable at the higher  
temperatures;  hence a slow electrochemical desorp- 
tion step is suggested. 

For the oxygen evolution reaction, the anodic t rans-  
fer coefficient changes from 0.67 to 3.3 as the tempera-  
ture increases from 150 ~ to 264~ suggesting a change 
in the reaction mechanism. Dual  mechanisms which 
are influenced by the overpotential  seem to operate at 
the intermediate  temperature  of 208~ Although many  
mechanisms are possible for the oxygen evo]ution reac- 
tion (12, 13), the most general ly  accepted mechanisms 
on various electrodes involve steps such as 

O H - a d s  ~ O Hads 3c e -  [8] 

O H -  -~- OHads ~ Oads -~- H 2 0  ~- e -  [9] 

Oads + Oads ~ 02 [i0] 

where one of the electron-transfer steps is rate deter- 
mining (12, 13, 18-20). Possible stages in the reaction 
mechanism are illustrated in Fig. 4. The observed 
transfer coefficient of about 0.7 at 80 ~ and 150~ is 

~ . . " % 0 - - H  

. .e-.~-. O _ _  H 
0 Hod s ~ -~ 0 Hod s + e- 

/ ~'~O--H.--o 

\H 
OHod s + O H - -  �9 Ood s +  H20+ e- 

consistent with a slow electron- t ransfer  step. If the 
recombinat ion of adsorbed oxygen atoms becomes rate 
l imit ing at higher temperatures,  an increase in the 
transfer coefficient to about 4 would be expected under  
Langmui r ian  adsorption conditions at low overpoten- 
rials. Considering the l imitat ions of the theory and the 
exper imental  errors, the observed transfer  coefficient 
of 3.3 at 2.64~ seems to support  the slow recombina-  
tion step ra ther  than  a slow elect ron- t ransfer  step at 
high temperatures.  

The change in mechanism for the oxygen evolution 
reaction may be related to the Neel temperature  (TN) 
for nickel oxide. At 250~ nickel oxide undergoes a 
magnetic t ransi t ion from antiferromagnetic  to para-  
magnetic. A change in the mechanism of 02 chemisorp- 
tion occurs near  TN (21, 22), and Winter  (22) has sug- 
gested that oxygen is dissociatively chemisorbed above 
TN. 

Stronger bonding of OH- ,  OH, and O species with 
nickel oxide above TN would increase the rates of the 
electron-transfer  steps and decrease the rate of the 
recombinat ion step. Studies of the electrochemical re-  
duction of oxygen by Bevan and Tseung (23) suggest 
that above TN oxygen is dissociatively adsorbed on 
nickel oxide and then reduced directly to hydroxide 
ions without forming the peroxide intermediate.  Their  
proposed mechanism is similar to the one given above 
for the oxygen evolution reaction since the electron- 
transfer steps for both involve single oxygen atoms. 

Due to the changes in reaction mechanism producing 
large changes in the Tafel slopes, it  is difficult to com- 
pare the exchange current  densities, io. How&ver, the 
exchange current  density for the oxygen evolution re- 
action increased by more than three orders of magni-  
tude from 4.2 X 10 - 6 A / c m  2 at 80~ to 1.0 X 10 -z A /  
cm 2 at 264~ For the hydrogen evolution reaction, a 
smaller  increase is observed from 1.1 X 10 -4 A /cm 2 
at 80~ to 2.0 X 10 -2 A/cm 2 at 264~ Where there is 
no change in reaction mechanisms, a heat of activation, 
AH4=, can be calculated from 

AH+ ---- --2.303R 0 log io/a ( l / T )  [11] 

using the temperature  dependency observed for io. 
From io values for the oxygen evolution reaction be- 
low the Neel temperature,  AH+ is about 18 kcal/mole.  
From log i vs. reciprocal temperature  plots at constant 
overvoltages of about 100 mV, an Arrhenius  activation 
energy of approximately 15 kcal/mo]e is found. A 
break in the Arrhenius  lines is observed when the data 
at 264~ are included, which again indicates a change 
in the reaction mechanism near  this temperature.  The 
change in log io with 1/T is not as l inear  for the hy-  
drogen evolution reaction; however, AH+ can be esti- 
mated to be about 8 kcal /mole  from the io values de- 
termined at low overpotentials and about 14 kcal /mole 
from io values extrapolated from high overpotentials. 

The cell potentials for water  electrolysis at any de- 
sired current  density can be readily determined from 
Fig. 3. Table IV presents the exper imental  cell voltages 
at current  densities of 20 and 200 mA / c m ~ for the four 
temperatures.  Most commercial electrolyzers operate 
at current  densities in the range of about 200 mA/cm 2 
using electrodes with high surface roughness factors. 
As shown in  Table IV. operating cell potentials can be 
significantly reduced by increasing the temperature.  

Table IV. Experimental cell voltages and voltacle efficiencies for 
water electrolysis using nickel electrodes in 50 w/o KOH 

~ ' " 9  

.6  
Ood s + Ood s ~ 02 

Fig. 4. Possible stages in the oxygen evolution reaction, 4 O H -  
02 -I- 2H:~O -I- 4e - ,  in alkaline solutions. 

Eeell at Ece11 a% 
T (~ 20 mA/em-~(V) % Ei~leiency* 200 rnA/cm2(V) % Efficiency* 

80 1.88 79% 2.17 68% 
150 1.54 96% 1.92 77% 
208 1.38 107% 1.66 89% 
264 1.28 116% 1.43 1(}3% 

* The efficiency obtained on the basis of AH. 
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For water  electrolysis to be competitive with other 
methods for hydrogen production, it is necessary to 
operate the cells at high current  densities and at volt-  
ages close to the thermoneut ra l  potential  based on the 
enthalpy change for the cell reaction. This potential, 
EH, is defined by the equation 

EH = --.:IH/2F [12] 

where _~H is the entha lpy  change 2or reaction [2] and 
F is the Faraday. This thermoneut ra l  potential  repre-  
sents the operating voltage at which the electrical en-  
ergy supplied is equal to the thermochemical  energy 
required to decompose water;  hence the cell can oper- 
ate without  producing any extraneous heat ing or cool- 
ing effects. Variation of the thermoneutra l  potential  
with temperature  is very small, being --1.48V at 25~ 
at s tandard conditions and about --1.49V at 1000~ 
Commercial water  electrolyzers operate well above the 
thermoneutra l  potential;  therefore, the excess electri- 
cal energy supplied appears as waste heat. When oper- 
ating below EH, the electrolysis cell would act as a 
refrigerator (24). This would be advantageous only if 
heat, such as waste heat from a nuclear  reactor, is 
readily available to compensate for the cooling effect 
produced. 

Assuming surface roughness factors in the range 
of 10-20 for nickel electrodes used in water  electro- 
lyzers as compared with the mechanical ly polished 
electrodes used in this study, Table IV suggests that 
voltage efficiencies of 100% (based on • are pos- 
sible at current  densities of 200-400 mA/cm 2 at tem- 
peratures as low as 150~ 

Conclusions 
1. Effects of temperature  on electrode kinetic pa ram-  

eters are greatest for the oxygen evolution reaction. 
The exchange current  densi ty for this reaction in -  
creases more than three orders of magni tude  from 
4.2 X 10 -G A/cm 2 at 80~C to about 1.0 X 10 -8 A/cm 2 
at 264~ 

2. The transfer  coefficient for the oxygen evolution 
reaction changes from 0.7 at temperatures  of 80 ~ , 
150 ~ and 208~ to 3.3 at 264~ A change in reaction 
mechanism near the Neel temperature  (250~ for 
nickel oxide is suggested. Recombination of adsorbed 
oxygen atoms appears to be the ra te -de termining  step 
at 264~ while e lectron-t ransfer  steps are the l ikely 
slow steps at lower temperatures.  

3. The dual Tafel slopes observed for the hydrogen 
evolution reaction suggest a slow electrochemical de- 
sorption step. 

4. The efficiency of water  electrolysis as a method 
for producing hydrogen can be greatly improved by 
increasing the temperature.  At normal  operating cur- 
rent  densities, voltage efficiencies of about 100% based 
on -~H are possible at temperatures  as low as 150~ 
The extra energy input  for carrying out water elec- 
trolysis at this temperature  is negligible. The biggest 
problem in designing and developing a large scale 
water electrolysis plant  to operate at 150~ will be 
in finding a substitute for asbestos as the separator 
material  (25). 
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Unique Transparent Film Deposited on Glass 
at Room Temperature 

Charles B. Greenberg 
PPG Industries, Incorporated, Glass Research Center, Pittsburgh, Pennsylvania 15238 

ABSTRACT 

Thin, t ransparent ,  essentially metallic films may be deposited on glass at 
room temperature  by electroless reduction from solution. By partial  chemical 
replacement  of the electroless metal  by another more noble metal, a new film 
is formed. In  one very interest ing case, using 8 2 0 3  - 2  and NH~ in  solution, the 
film develops significant nonmetal l ic  character and an unusual ly  low re- 
flectance from the glass-air interface. In addition to silver metal  the film 
consists of Cu20 and a sul fur-conta in ing species, probably  Cu2S. The result ing 
film is atypical wi thin  the family of general ly metallic films deposited chemi- 
cally on glass for purposes of solar and thermal  insulat ion in architectural  
construction. In  the course of developing this film as a commercial product, 
exper imental  data have been g~nerated which suggest an interest ing oxidation 
reaction. 

Metals are, in  generA, excellent  reflectors of thermal  
radiat ion at room temperature.  For silver, gold, a lu-  
minum, and copper deposited to opacity in vacuum, 
spectral reflectar~ce values in  excess of 0.98 have been 
reported from 3 ~m to 20, 30, or 40 #m (1, 2). For a 
radiat ing source at 25~ 73% of the total emissive 
power lies between 3-20 ~m, 89% between 3-30 ~m, 
and 94% between 3-40 ~m (3). The bulk  metals are of 
course also highly reflective in  the spectral region of 
solar energy, about 99% of this energy being between 
0.3-2.2 ~m at sea level (4). When deposited in vacuum 
or by electroless deposition as thin, part ial ly t ransmi t -  
t ing films on glass, they still exhibit  high reflectance 
in  both the thermal  and solar regions of radiation. 
Properties such as these have contr ibuted to the con- 
siderable interest  in  coated windows for insulat ion in 
architectural  construction, where, in part  for reasons 
of chemical and mechanical  durabil i ty,  the uncoated 
glass surface usual ly  faces the sun, while the coating 
itself faces inward. A second sheet of glass encap- 
sulates it. 

An electrolessly deposited, t ransparen t  film contain-  
ing copper and silver, for example, in a weight ratio of 
about 6:1 has been characterized spectrally (5). Data 
are shown schematically in  Fig. 1. The reflectance of 
incident  solar spectral energy, as viewed in  Fig. 1 from 
the side of the glass substrate which does not become 
coated, is quite high relative to uncoated glass. The 
reflectance from the fi lm-air interface at 9.7 ~m, the 
peak of the spectral curve for thermal  radiation inci- 
dent  at 25~ is s imilarly high; the inf rared reflectance 
is very much the same wi th in  at least the measured 
range of 2-15 ~m. The reflectance for the uncoated glass 
surface is peaked at 9.7 ~m, this wavelength corre- 
sponding to the Si-O-Si  stretching band, but is else- 
where, wi th in  2-15 ~m, general ly lower. 

Essential ly metallic films are easily deposited chemi- 
cally at room tempera ture  from aqueous solution by 
established methods for electroless deposition. There 
are, of course, some chemical and mechanical  man ipu -  
lations to achieving uni formi ty  on a large area. Not 
heretofore reported, to this wri ter 's  knowledge, are 
thin, t ransparent  films on glass prepared by part ial  
chemical replacement  of one metal  already present  in 
the film by another from solution. Similar  galvanic 
reactions are known for replacement  in  bu lk  metals 
(6, 7). In  one part icular  instance on glass an unusua l ly  
rapid oxidation reaction occurs in air also, yielding a 
very interesting film. It is this oxidation which, al- 
though not fully understood, constitutes the thrust of 

Key words:  thin film, sulfur-containing,  rep lacement  deposit ion,  
oxidation of copper. 

the work to be described herein and the real novel ty  
of the film. 

Experimental Procedures 
Replacement film preparation.--The usual sequence 

for film formation at room temperature,  using aqueous 
solutions and in tervening rinses, all with demineral -  
ized water, is a~ follows. A thin, electroless silver layer 
is deposited, from an ammoniated solution of silver 
n i t ra te  and dextrose, on the glass surface after sensi- 
tizing in a dilute solution of stannous chloride. Only 
one surface about 25-60 cm 2 in area is coated while 
horizontal. This is done by applying each solution as 
a puddle on a leveled surface. The thickness of the 
silver layer has not been measured, but  for practical 
purposes is monitored by measur ing the luminous 
transmittance.  The target  value is 0.80. The layer  of 
silver acts as a catalyst for deposition of copper to a 
luminous t ransmit tance of about 0.24. Deposition is 
from a basic solution containing cupric sulfate, nickel 
sulfate, sodium potassium tartrate, and formaldehyde. 
Similar solutions are well known. The electroless film 
may or may not be dried with flowing air at this point. 
Thereafter,  still working in  the horizontal position, 
copper is par t ia l ly  replaced by silver in  50 sec, using a 
solution containing in one li ter 1.0g AgNQ,  1.0 cm~ 
NH4OH (28-30% NH.~), and 3.0g Na2S20~'5H20. Both 
NH3 and $203 -~- are complexers for Ag + and Cu + 
(8, 9). A more concentrated version of this formula is 
known for replacement  of copper from the bulk  (10). 
This part icular  diluted version has been used for sub- 
sequent data except where otherwise stated. In  one 
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SOLAR t I R9.7/~,=0.4 ~] RADIATION ENERGY I~ BODY 
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E E TROLESS,  
/ A,-Cu 
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TLUMINOU S = 0.24 

Fig. 1. Practical orientation of coated gloss for architectural use. 
Reflectance (R) and transmittance (T) relative to uncoated glass. 
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case the replacement  solution was fur ther  diluted 50% 
with demineralized water. The precursory electroless 
film was correspondingly thinner ;  luminous t ransmi t -  
tance before replacement  equal to 0.30 instead of 0.24. 
By dilution from the bulk  concentration, the rate of 
replacement  is more favorable for thin films. Replace- 
men t  is te rminated  by r insing followed by drying the 
film with pressurized air. Oxidation wi thin  the film 
occurs rapidly and spontaneously thereafter  in  the 
ambient  air. In  the broadest sense, it is continuing, 
having certainly begun in  aqueous solution and dur ing 
the brief  final drying period (11). 

In  one instance oxidation was inhibi ted by following 
the otherwise final rinse with a passivating step. The 
film was exposed to an aqueous solution containing 
0.13 g / l i te r  of 3 -amino- i l l - i , 2 ,4  triazole for 4 min 
at room temperature  (12). This was followed by an 
addit ional rinse. Then the film was dried. 

In  two instances the usual  procedure was altered by 
subst i tut ing for $20.~-" the disodium salt of C204 -2 or 
e thylenediamine tetraacetate. Replacement times were 
30 sec at room temperature  for data shown, but  15-60 
sec have been used wi th  similar results. 

Observing the oxidation reaction.--Immediately after 
sample preparation, the reflectance from the uncoated 
glass-air  interface was monitored while the opposite, 
coated surface was exposed to either the ambient  air 
or a selected environment .  In  all cases but  one, the 
Gardner  Precision Glossmeter Model GG-9100 (pre- 
cision ~- 0.002) was used. For the passivated sample the 
Gardner  Mul t i -Angle  Glossmeter Model GG-9095 (pre- 
cision • 0.01) was used. Not more than  about 15 
sec passed between the final step in preparat ion and 
the initial  data point at "zero" time. For the ambient  
environment ,  a typical condit ion was 30-60% relative 
humidi ty  at 24~ For the selected environments ,  a 
glass enclosure was used to contain the sample. This 
resulted in spurious reflections which had the net effect 
of decreasing all reflectance values by about 0.04. These 
data are therefore reported as relative reflectance val-  
ues. Selected envi ronments  included N2 and 02, moist- 
ened in some instances by flowing over water  at room 
temperature,  It was not necessary to remove dissolved 
02 from the water. 

ElectroIess copper samples.--In a few instances un re -  
placed electroless copper films were deposited on glass. 
Pal ladium activation was used. These were treated with 
S2Os -2 or NH3-$203 -2 solutions at room temperature  
prior to the final rinse and drying. Immediate ly  there-  
after the reflectance was monitored. 

Identification oI film constituents.--The usual re-  
placement  film and, for comparison, the precursory 
electroless film were analyzed quant i ta t ively  by atomic 
absorption spectroscopy to give the amounts  of silver 
and copper present. Also, the replacement  film was 
quali tat ively compared to uncoated glass using a No- 
relco PW1212 automatic x - ray  spectrometer to deter-  
mine  whether  sulfur  was present. As a second qual i -  
tative determinat ion for sulfur, analysis was made by 
energy dispersive x- rays  using a Pr ince ton  Gamma-  
Tech Model LS-30 at tachment  to a JSM-2 scanning 
electron microscope. Crystal phase analysis was by 
electron diffraction using a JEM-7 transmission electron 
microscope. For the lat ter  two analyses it was necessary 
to facilitate sample preparat ion by deviating somewhat, 
but  not importantly,  f rom the usual  procedure for 
sample preparation.  Instead of beginning with a pre-  
cursory, electroless copper film on glass, copper was 
deposited in  vacuum on either collodion or carbon, 
supported on a mica substrate. This permit ted the nec- 
essary easy release for collection on copper grids after 
treating in  a puddle of the normal  replacement  solu- 
tion. Samples were also exposed to aqueous solutions 
containing sodium thiosulfate alone. Rinsing in these 
instances was done essentially by diluting the puddle of 

Table I. Film analysis 

Cu A g  N i  
( U n i t s / c m e )  ( U n i t s / c m e )  ( ~ g / c m  -~ 

E lec t ro less  f i lm,  18.8 ~ g  1.9 ~ g  < 0 . 3  
p r io r  to r e p l a c e m e n t  

A f t e r  r e p l a c e m e n t ,  8.1 ~g  15,9 ~g  < 0 . 3  
50 sec  a t  r o o m  
t e m p e r a t u r e  

W e i g h t  g a i ~  --10.7 # g  + 14.0 ~g  - -  
M o l a r  g a i n  - 0 . 1 7  ~ + 0.13 ~ m  - -  

replacement solution or S203 -2 with demineralized 
water within a confining tray. 

Results and Discussion 
Experimental evidence for replacement and oxLda- 

tion in air.--For the usual  aqueous solution described, 
partial  replacement  is confirmed by the atomic ab-  
sorption data in Table I. Because nickel sulfate is 
present in the percursory electroless coppering solu- 
tion, its content  is also shown. In  some way nickel 
sulfate promotes adherence, but  it is not detectable 
wi thin  the film in measurable quantities. On a molar 
basis more copper has been removed from the film than 
silver deposited. That may be indicative of experi-  
menta l  error but  side reactions are also likely. For 
the replacement  film in Table I, the film thickness, by 
the method of Tolansky (13), is about 465A. Part ial  
oxidation wi thin  the film is implied by the curve with 
open data points in Fig. 2, although a less l ikely case 
for res t ructur ing could be made. The reflectance for 
this unpassivated film decreased rapidly within the first 
10 min and then decreased slowly. The film is rela-  
t ively stable thereafter.  Accompanying this change is 
a clear change in visual appearance by reflection, gen- 
erally occurring wi thin  the brownish gray colors (14) 
by irradiat ion with i l luminan t  C. A similar  change did 
not occur when  the film was chemically passivated with 
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Fig. 2. Reflectance from the glass-air interface immediately after 
film deposition on one surface by electroless and replacement re- 
actions: �9 film having partial replacement of electroless copper 
by silver from solution containing $203-2; �9 similar film passlvated 
prior to drying. 
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t h e  triazole solution, as indicated by the curve with 
solid data points in Fig. 2. 

A decrease in  reflectance is also inhibi ted generally 
at room tempera ture  by main ta in ing  the sample in  
either part ial  vacuum or nitrogen, dry or moist, while 
monitoring.  The curve in  Fig. 3 indicates film stabil i ty 
in part ial  vacuum and moist nitrogen. The ini t ial  de- 
crease in  reflectance in  part ial  vacuum is relat ively 
small  and can be accounted for by allowing for some 
t ime to reach 0.2 atmospheres. In  this instance the re-  
placement  solution was, by 50%, a diluted version of 
the usual. The reflectance decreased quickly once air 
w a s  admitted into the system. Moist oxygen caused a 
similar  sharp decrease when  introduced instead of N2; 
dry O., did not. 

The prior work of Germer  (15) and Campbell  and 
Thomas (16) suggests that residual copper in  the re-  
placement  film, were it purely  metallic, should oxidize 
to only about 10-20A wi th in  the first 30 min  of ex-  
posure to the ambient  environment .  The metallic silver 
component should not oxidize to any noticeable extent. 
Thereafter,  the replacement  film should be relat ively 
stable. An oxide film 10-20A thick should not be visible 
to the unaided eye. In  the unpassivated films of Fig. 2 
and 3, therefore, oxidation in  air beyond this min imal  
thickness has been presumed. 

Phase analyses.--There is evidence that  the $203 -2 
replacement  film contains Ag, Cu20, and probably 
Cu2S. Vacuum-deposi ted copper exposed to the usual  
replacement  solution for about 50 sec was shown 
qual i tat ively by electron diffraction to consist of at 
least crystal l ine silver and Cu20. There were no un -  
identified diffraction lines. By analysis with both en-  
ergy dispersive x-rays  and fluorescent x-rays, sulfur  
was detected quali tatively.  Sulfur  was only detected 
by electron diffraction after exposing another  port ion 
of the vacuum-deposi ted copper specimen to an aque- 
ous solution of 3.0 g / l i te r  Na2S203" 5H20 for about 
30 min. A faint  pa t te rn  for Cu2S was discerned in  some 
instances, suggesting this may also be the su l fur-con-  
taining species in the normal  replacement  film. The 
structure of Cu.~S is probably too poorly defined for 
easy identification by electron diffraction. 

Accelerated oxidation of Cu dependent on the pres- 
ence of S20;-z . - - In  Fig. 4 it is shown that an electro- 
less copper film once exposed to S203 -2  in  the absence 
of a replacement  reaction also suffers an exaggerated 
decrease in reflectance upon subsequent exposure to air. 
Its behavior  is compared to that of similar copper films 
which were, as references, not exposed to S203 -2. Both 
references are relat ively stable. In  this way it has been 
demonstrated that  supposedly enhanced oxidation 
wi th in  the replacement  film can be explained in terms 
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Fig. 3. Relative reflectance from the uncoated glass-air interface 
with an electroless-replacement film undergoing successive ex- 
posures to different environments. Electroless copper was partially 
replaced by silver from on aqueous solution containing $203 -2 .  
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Fig. 4. Reflectance from the uncoated glass surface after deposi- 
tion of electroless copper: �9 fresh film exposed to oxygenated 
water at room temperature; G fresh film exposed to the ambient 
air; �9 film exposed to ambient air immediately after treatment in 
an aqueous solution of 3.0 g/liter Na2S~20~ �9 5H20 for 50 sec at 
room temperature. 

of a reaction of copper or copper ions with S2Os -2. In  
the case of electroless silver films deposited to approxi-  
mately  150A, no change in reflectance has been ob- 
served in  air, with or without a pre t rea tment  in aque-  
ous solution containing $203 -2. 

That  the replacement reaction is favorable without  
the complexities of S203 -2  is suggested by the samples 
in  Fig. 5. Part ial  replacement,  in these typical instances, 
was facilitated in  the absence of $203 -2 by known 
complexers for Cu +2. There is no evidence for ac- 
celerated oxidation in air from the data in Fig. 5, fur -  
ther  support  for the special case with S203 -2. 

An interest ing parallel  to the observed stabil i ty of 
copper in  the replacement  solutions of Fig. 5 is that  
stabili ty can also be found with certain S203-2-N]-Is 
solutions. This is shown by the curves in Fig. 6 for 
copper films exposed to two different $203-2-NH3 solu- 
tions. When the NH~OH concentrat ion was 1.25 cm3/ 
liter, as compared to being 0.25 cm 3 (or absent) ,  there 
was no evidence of a sharp decrease in  reflectance. 

Possible reaction mechanism.--One explanat ion for 
the curves in Fig. 6 follows from assuming that  NH~ 
consumes copper ions as soluble complexes dur ing  the 
50 sec of exposure to the $203 -2 solution. This would 
work against precipitat ion involving dissolving copper 
ions and $203 -2 by buffering copper ions. It  would then 
be possible that with a low concentrat ion of NI-~OH 
and a locally high concentrat ion of dissolving Cu + 

2Cu + -t- S203 -2  "~ H20--> Cu2S + SO4 -2  "~- 2H + [1] 

The standard free energy of formation for Eq. [1] is 
--41 kcal (17). In  the usual  Ag+-NHa-S2Os -2 replace- 
ment  solution, about three-fourths  of the available NHs 
could be consumed as Ag(NH3)+5. Upon replacement  
Cu (NI-I3) +2 could form. Fur ther  oxidation to 
Cu(NH3)4 +2 would consume NH3. Notice that Eq. [1] 
does not appear to be in itself causing the sharp change 
in  reflectance based on the results ment ioned in con- 
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Fig. 5. Reflectance from the uncoated glass-air interface im- 
mediately after film deposition on one surface of glass by electro- 
less and replacement reactions: �9 0.16 g/liter Na~C204 instead of 
Na2S203" 5H20; O 0.30 g/liter Na2CloHI4OsN2" 2H20. The 
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Fig. 6. Reflectance from the uncoated glass side with a deposit 
of electroless copper on ane surface after the film was exposed at 
room temperature for 50 sec to an aqueous solution of 3.0 g/liter 
Na2S20~ �9 5H20 with 1.25 cm~/liter NH.~OH (O)  or 0.25 cm3/liter 
NH4OH ( O ) .  

nection with Fig. 3. Air or moist 02 is necessary. An-  
other thermodynamical ly  favorable reaction is 

2Cu ~ S~O~ -2--> Cu2S -~ SO3 -2 [2] 

but  it is not obvious how this would depend on the 
concentrat ion of NHs. 

With a precipitated sulfide present, accelerated oxi- 
dation in  air is suggested by invoking the argument  
of an easy access for oxidation. The theory originally 
proposed by Cabrera and Mott (18), subsequent ly  
elaborated by many  workers, characterizes slow log- 
arithmic oxidation of pure copper by 02 as taking place 
by migrat ion of cations dr iven in the field developed 
ini t ial ly by the fast place exchange of adsorbed oxy- 
gen. Cation migrat ion is facilitated in  a more loosely 
bound structure or in  grain boundaries (19, 20). The 
cuprous sulfide may, in  some way, provide easy access 
for oxidation of residual copper metal  in  the film. It 
would be prevent ing  the formation of a more pro- 
tective, continuous oxide film which would normal ly  
slow oxidation. 

Summary 
Using electroless copper films on glass as precursors, 

it has been possible to prepare new t ransparent  films 
by partial  chemical replacement  with silver from aque- 
ous solution at room temperature.  Replacement solu- 
tions which were used contained NH3 and $203 -2, 
C204 -2, or ethylenediamine tetraacetate, all complex- 
ing agents for silver and /or  copper ions. An interest-  
ing secondary reaction, namely  the apparent ly  rapid 
oxidation of residual copper in  air, occurred with some 
ammoniated $203 -2 solutions. The film consti tuents 
which have been identified in this case are Ag, Cu20, 
and a sul fur-conta in ing species which may be Cu2S. 
Consistent with the anticipated slow rate of oxidation 
of pure copper in oxygen and air at room tempera ture  
and with the data presented, a case can be made from 
prior l i terature  for an  easy access for oxidation by 02. 
It may be that favorable s t ructural  defects arid grain 
boundaries are formed by disruption of the growing 
Cu20 lattice by sulfide in  the presence of O2 and H20. 
The source of sulfur  is S2Q -2 contained in the replace- 
ment  solution. Among the various electroless and elec- 
t roless-replacement films which have been prepared on 
glass at room temperature,  the behavior  in  the pres-  
ence of ~20~- 2 seems to be unique. 
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Phase Structure and Composition of Fe-W Alloy Electrodeposits 
T. Omi, H. I.. Glass, 1 and H. Yamamoto* 

College of Engineering, University of Osaka Pre]ecture, Sakai, Japan 591 

ABSTRACT 

Paral lel  studies have been made of the phase structure, composition, and 
current -potent ia l  characteristics of i ron- tungs ten  alloy electrodeposition from 
alkal ine aqueous ammoniacal  tar t ra te  electrolytes. The presence of sodium, 
introduced with tungstate in the form of Na2WO4, was found to have pro- 
found effects on the deposition process. The deposits formed at low current  
densities consisted of a solid solution bcc phase cSntaining a max imum of 13 
atomic per cent (a/o) W. As the l imit ing current  density for i ron deposition 
was reached, an amorphous alloy phase, having a constant composition of 22.2 
a/o W, began to form. This amorphous phase was identified as Fe~W saturated 
with excess iron atoms and having a structure based on tetrahedral  units. The 
ini t iat ion of amorphous phase deposition was correlated with the occurrence 
of mul t ip le  nucleat ion associated with increasing accumulat ion of sodium 
atoms at the electrode. When the cathode potential  was made still more 
negative, fur ther  increase in sodium accumulat ion appeared to have been 
responsible for an observed decrease in  the rate of deposition of the amorphous 
Fe~W. However, an amorphous Fe2W phase may have formed at extreme 
values of cathode potential. Such a phase was prepared by elevation of the 
electrolyte pH. From analysis of these results, a prescription is developed 
to account for the formation of homogeneous stoichiometric electrodeposits. 
This prescription, which may be applicable to m a n y  amorphous and crystal-  
l ine alloy deposition systems, consists of three conditions which describe ma-  
terial balance and atomic interactions at the electrode surface. 

For at least fifty years (1) it has been known  that  
alloy electrodeposits may exhibit  nonequi l ib r ium struc- 
tures. Two common examples of deviations from equi-  
l ib r ium are the formation of supersaturated solid solu- 
tions and phases which normal ly  are produced only 
at elevated temperatures.  It is also possible for alloy 
electrodeposits to exist in  metastable phases which do 
not appear at all on the usual  equi l ibr ium phase dia- 
grams. Although formation of nonequi l ib r ium struc- 
tures must  be related to the kinetics of the electro- 
deposition process (2, 3), this relat ionship is not well  
understood. 

The work described in this article deals with the 
electrodeposition of i ron- tungs ten  alloys which can 
form a metastable amorphous phase having a fixed 
composition containing 22.2 a/o W. Paral lel  studies of 
structure, composition, and current -potent ia l  charac- 
teristics provide insight into certain electrodeposition 
mechanisms which appear to be responsible for in i t ia t -  
ing the amorphous phase. In  addition, an earlier anal-  
ysis of the origin of stoichiometry in amorphous Co-W 
electrodeposits (4) is generalized into a prescription 
which may be applicable to deposition in many  alloy 
systems, both amorphous and crystalline. 

�9 Electrochemical  Society Act ive  Member .  
I Visiting Researcher,  Supported by National  S c i e n c e  F o u n d a t i o n  

Visiting Scientist Grant ;  Present  address: Rockwell  Internat ional ,  
Electronics Research Division, Anaheim,  California 92803. 

K ey  words:  amorphous  alloy, stoichiometry,  l imit ing current ,  s o -  
d i u m ,  c a t h o d e  potential.  

Experimental Procedure 
Electrolytes were made up of special grade chemi- 

cals (Wako Pure  Chemicals Industries, Limited) and 
deionized water. They were prepared in a ni t rogen 
gas atmosphere in  order to prevent  oxidation of the 
ferrous complex (5). Unless otherwise stated, the pH 
of the electrolytes was kept  constant  at 8.50 by addi-  
t ion of ammonium hydroxide. Nitrogen was swept 
through the solution for at least 20 min  prior  to elec- 
trolysis. 

Electrolysis was carried out at 80 ~ ~- 0.2~ without 
agitation. A 400 cm 3 Pyrex glass cell was used. The 
p la t inum anodes were separated from the cathode by 
glass disks in  order to avoid Contamination by anode 
products. Vertically held rectangular  cold-rolled mild 
steel substrates with an area of 5.74 cm 2 were used as 
cathodes. These cathodes were prepared by mechanical  
polishing on 5/0 emery paper, electrolytic degreasing 
in warm aqueous alkaline solution, etching in  sul-  
furic acid (diluted 1:20) for 30 sec, and then r insing 
in flowing deionized water. A 0.3 mm (outside diam- 
eter) Luggin capil lary with a tip cut at an obtuse 
angle and in  light contact with the center of the cath- 
ode plane was used as the probe of the reference elec- 
trode, a saturated calomel electrode held at 25 ~ _+ 1~ 
The potential  drop due to the ohmic resistance between 
cathode and reference electrode was determined with 
the aid of a synchroscope by measur ing the decay of 
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the  electrode potential  after cutting off the current  
(6). 

Alloy deposition.--The solutions used for alloy dep- 
osition were  made f rom FeSO4, Na2WO4, and ammo-  
nium tartrate.  The total F e + W  concentrat ion was kept 
equal to the tar t ra te  concentrat ion at a constant value 
of 0.26 mole/ l i ter .  

Over  most of the range of altoy deposition, the cur-  
rent  density varies rapidly  wi th  cathode potential.  
Therefore,  measurements  were  made under  ga lvano-  
static conditions With the cathode potent ial  measured 
on a Shimazu 3,P potent iometer  af ter  a quasi-static 
state had been attained. The t ime requi red  to reach a 
quasi-stat ic state ranged f rom about 1 min  for high 
current  densities to several  minutes  for low current  
densities. Over a range of ve ry  low current  density, 
the potent ial  varies quite slowly. In this range, po- 
tentiostatic conditions were  employed with  the quasi-  
static current  measured on a Hokuto-Denko PS-590B 
potentiostat.  The t ime dependence of cathode poten-  
tials or of cathode currents  was recorded on a TOA 
Electronics s tr ipchart  recorder  EPR-22A. This re-  
corder has a high internal  resistance (2 megohm) 
and fast response (above 500 mm/sec ) .  

Wet gravimetr ic  chemical  analyses were  carried 
out to de termine  the compositions of the  deposits. Us- 
ing deposits prepared under  coulostatic and galvano-  
static conditions (0.0198 A - h r / c m  2 and taking ionic 
valences of 2 for iron and 6 for tungsten, the par t ia l  
currents due to deposition of metals and hydrogen 
were  calculated f rom the measured compositions. 

The structures of electrodeposits were  studied by 
x - r ay  diffraction or by electron microscopy. Coulo- 
statically (0.0198 A - h r / c m  2) formed alloys of about 
10 ~m thickness were  examined. A Shimazu VD-1A 
scinti l lation counter diffractometer  equipped with  a 
step scanning mechanism, 1.2 kW cobalt target, and 
i ron filter was used for x - r a y  diffraction. In order to 
i r radiate  the whole or a part  of alloy deposits, suit- 
able divergence slits were  used. A JEIVI-2O0 electron 
microscope equipped with a JEM-AD3 high resolu-  
tion electron diffraction at tachment  and operated at 
an accelerating vol tage  of 200 kV was used for elec- 
t ron microscopy. The electropolishing of alloy deposits 
for transmission electron microscopy was made after 
dissolving out the substrate in sulfuric acid (diluted 
1:1). The deposits were  then electropolished from 
both sides at a cell vol tage of 7-13V using a large 
stainless steel cathode and ice-cold electrolyte of the 
composition 840 cm 3 CH3OH, 150 cm 3 H2SO~, and 13 
cm 8 HF. 

Iron deposition.--Iron depositions were  made from 
two different electrolytes. Both electrolytes were  
s imilar  to those used for alloy deposition; however,  in 
one case both sodium and tungstate  were  omit ted and 
in the other  case tungstate  was omit ted but  sodium. 
in the form of sodium tartrate,  was retained. The 
same apparatus and reagents  of the same qual i ty  as 
employed for alloy deposition were  used. 

Deposition was carried out potentiostat ical ly while 
the current  was continuously recorded. The mean 
over -a l l  current  density as wel l  as the current  effi- 
ciency for deposition of iron was determined at each 
value of cathode potent ial  f rom the  recorded current  
and the weight  gain of the samples. In a few cases 
the current  exhibi ted a rapid increase wi th  time. In 
these cases deposition was carried out for 10 mira 
otherwise longer  deposition times were employed. 

The surfaces of the deposits were  analyzed by re-  
flection electron diffraction using an accelerating 
vol tage of 100 kV. 

Results 
Alloy deposition.--Figure 1 shows the cur ren t -po-  

tential  curves during alloy electrodeposition. For 
presentation, the  potential  axis is displaced for each 
solution. In the  determinat ion  of part ial  cur rent -  

potential  curves, at least two measurements  were  
made of alloy composition and cathode current  effi- 
ciency for each value of cathode current  density. 
These determinat ions resulted in smooth dependences 
of part ial  currents  on the over-a l l  current  density. 
These smooth dependences were  used to draw the 
part ial  currents  shown in Fig. 1. In this way  the 
m ax im um  for deposition of i ron in curve  6 (41 m A /  
cm 2) was found and verified. 

Under  the galvanostatic conditions employed for 
alloy deposition, certain regions of the polarization 
curves exhibi ted a kind of bistable behavior.  In these 
regions, shown by the horizontal  lines in Fig. 1, the 
cathode potential  spontaneously fluctuated between 
two values. Though irregular,  the fluctuations had 
periods of about 10 sec. In regions of these fluctuations 
the thick curves in Fig. 1 are the t ime averages of the 
fluctuations which are described by the enveloping 
thin curves. 

In general, the galvanostatic measurements  of al- 
loy deposition were  reproducible to •  inV. However ,  
for solutions 3 and 4, the reproducibi l i ty  at current  
densities above the bistable region was about _+10 
mV. This poorer reproducibi l i ty  may be due to un-  
resolved bistable behavior  at these higher  currents.  

The scale of Fig. ] has been chosen to display the 
general  forms of the current -potent ia l  curves. At this 
scale, however,  many detailed features of the original 
current -potent ia l  data are lost. In particular,  the 
original data exhibi ted numerous characterist ic 
breaks, defined as points where  there  is an abrupt  
change in slope. Only a few of these breaks are dis- 
cernible in Fig. 1; however,  the breaks are more ful ly 
described below and in Table  I. Examinat ion of the 
breaks leads to a division of the six sets of curves in 
Fig. 1 into two groups. The first group consists of 
curves 1 and 2, corresponding to tungsten mole frac-  
tions of 0.09 or less. The second group, consisting of 
the remaining curves 3-6, corresponds to tungsten 
mole fractions of 0.23 or greater.  

For  the first group, the values of cathode potential  
at which breaks occur appear to be independent  of 
e lectrolyte  composition. Thus, the breaks ~, ~, and 
which appear in curve set 1 at 930, 1010, and 1020 
mV are also found in curve  set 2 at the same values 
of cathode potential. 

For  the second group, the values of cathode poten-  
tial at which breaks occur vary  with electrolyte com- 
position; however,  the re la t ive  change in part ial  cur-  
rents are very  similar for all of these solutions. This 
s imilar i ty is brought  out in Fig. 2 and Table 5. Figure  
2 is a set of schematic cur rent -potent ia l  curves show- 
ing various breaks. Table I lists the values of cathode 
potential  at which the breaks occurred for solutions 
3-6. Also given in Table I are the re la t ive  changes in 
slope of the hydrogen, iron, and tungsten part ial  cur-  
rent  curves;  a § sign corresponding to an increase i,n 
slope and a -- sign to a decrease. In general,  the 

Table I. Cathode potentials of breaks in current-potential curves 
for different electrolytes and changes in partial currents Aij 

C* 

P * *  0 . 2 3  0 . 4 1  0 . 7 1  0 . 8 5  Aij 

A 920  9 2 0  9 2 0  
B 9 6 0  9 6 7  9 7 0  9 8 0  
N 9 8 0  9 9 6  1000  1007  
C 100C 1009  1 0 1 4  1 0 2 7  + H  + F e  + W  
D 1 0 0 7  1 0 1 3  1 0 1 8  1 0 2 7  --Fe 
E 1018 1013 1020 1022 --:H --W 
F 1023  1023  102~  1 0 3 5  + H  + F e  + W  
G 1035  1035  1039  1040  + H  + F e  - - W  
H 1039  1042  1 0 4 8  1042  + H  - - F e  - - W  
I ~ - -  - -  1 0 5 0  - - H  -- F e  + W  
J - -  - -  - -  1 0 5 9  + H  + F e  + W  
I< -- -- -- 1082 --H --Fe --W 

* C : E l e c t r o l y t e  m o I e  f r a c t i o n  o f  t u n g s t e D ,  cw/(Cw + CFe) .  
** P : C a t h o d e  p o t e n t i a l s ,  - - E s c B  ( m V ) ,  ~ i j ;  r i s e  ( + j ) ,  suppres- 

sion ( - - j ) .  
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relative changes in  slope are the same for hydrogen 
and iron; the break H being an exception. 

Alloy composition and structure.--The structures of 
the alloy deposits were studied in  detail for the solu- 
tions in which the tungs ten  mole fraction was 0.23 
or greater; curves 3-6 in  Fig. 1. For these solutions, 
alloy deposition init iated at a cathode potential  
slightly more negative than the break B in  Fig. 2 and 
in Table I. At potentials less negative than  this, no 
deposition of metal  or alloy was observed. This is in  
agreement with Kudo's work which involved radio- 
active tracer in a similar solution (7). 

At potentials more negative than B, two different 
structures were found. One s t ructure  was crystal l ine 
and may be described as a solid solution of tungsten  
in bcc iron. The second structure was an  amorphous 
W-Fe  alloy. As will  be explained in  the Discussion, 
this amorphous alloy appears to be isomorphous with 
amorphous Co~W (4) which possesses nei ther  crystal 
symmetry  nor  t ranslat ional  invariance.  The occur- 
rence of these two structures was found to be a func-  
tion of cathode potential.  This is indicated in  Fig. 2 
where the amorphous phase, denoted by Am, is shown 
to form when the cathode potential  is more negative 
than N while the crystall ine phase, denoted by bcc, 
is shown to form when the cathode potential  is more 
negative than B. There is a range of overlap where 
both phases can deposit. This range of overlap de- 
pends on the tungs ten  mole fraction of the electrolyte. 
For solutions 5 and 6, having tungs ten  mole fractions 
of 0.71 and 0.85, the range of overlap is small, with 
the bcc region extending only slightly beyond N. For 
solutions 3 and 4, having tungs ten  mole fractions of 
0.23 and 0.41, the range of overlap is quite large, 
extending all the way to the break H as indicated by 
the bcc in parentheses. 
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The extended range of overlap for solutions 3 and 4 
corresponds to the region in  which the cathode po- 
tential  was observed to fluctuate as was shown in  
Fig. 1. For  each value of current  density in  this 
region, the bistable fluctuations between two values 
of cathode potent ial  were found to correlate with 
the structure of the deposit which formed near the 
Luggin capillary. When deposition was terminated at 
the less negative value of cathode potential, the x- ray  
diffractogram showed this portion of the deposit to 
be crystalline. For te rminat ion  at the more negative 
value, this port ion was amorphous. The two phases 
could also be dist inguished by their visual appearance. 

In  those regions of Fig. 1 where the thick t ime- 
average curves for solutions 3 and 4 lie close to the 
more negative (right hand)  enveloping curves, the 
deposit consisted main ly  of amorphous phase. The 
crystall ine phase occurred as embedded thin platelets 
lying parallel  to the surface near  the center  of the 
sample where the Luggin capillary was located. These 
platelets were up to 8 mm in diameter  but  only about 
0.1 ~m in  thickness. The converse structure, with 
amorphous phase platelets embedded in  a crystall ine 
phase matrix, was observed where the t ime-average 
curve lies close to the less negative enveloping curve. 
Thus, Fig. 1 indicates that  wi th in  the extended range 
of overlap, N-H of Fig. 2, the formation of bcc phase 
occurs pr imar i ly  in the range from C to D or E. 

Since the platelets formed in  the two-phase region 
had relat ively large lateral  dimensions, it was pos- 
sible to use x - ray  diffraction to measure the spatial 
variat ion of lattice parameter  in  the crystal l ine re- 
gions. It  was found that  this lattice parameter  attains 
its max imum value, 2.940A, at the physical boundary  
where the crystal l ine and amorphous materials meet. 
This value of lattice parameter  is found to correspond 
to a composition of 13 a/o W in bcc i ron if one ex-  
trapolates the lattice parameter-composi t ion relat ion 
obtained from deposits prepared in  the single phase 
bcc region B-N of Fig. 2 where the tungs ten  content  
ranged from 3 to 9 a/o. 

It  is interest ing to note that the max imum tungsten  
content of the electrodeposited bcc phase is the same 
as the max imum solubil i ty of tungsten in  bcc iron 
which is shown in  the equi l ibr ium phase diagram (8) ; 
however, this level of tungsten  concentrat ion is in 
equi l ibr ium only at elevated temperatures.  A similar 
relat ion was found for the max imum tungsten content 
in  the crystal l ine phase of W-Co alloy electrodeposits 
( 9 ) .  

Selected area diffraction in  transmission electron 
microscopy yielded essentially identical pat terns for 
the amorphous regions of two-phase samples and for 
the single phase amorphous samples. In  the previously 
reported W-Co system (4, 9), the amorphous regions 
of two-phase deposits were found to contain small 
particles of the crystall ine phase. These particles de- 
creased in size and number  as the cathode potential  
became more negative and as the over-al l  tungsten 
content  of the deposits increased. In  contrast to this 
behavior, selected area diffraction did not show any 
evidence of bcc particles in  the amorphous regions of 
the two-phase W-Fe  deposits. 

Both the electron and x - r ay  diffraction pat terns 
obtained from the amorphous W-Fe  phase were 
near ly  the same as the pat terns from amorphous 
Co~W (4). Actually, the so-called amorphous CozW 
was found to contain 22.2 a/o W (4) and should prob- 
ably be viewed as a saturated solution of Co in  Co3W. 
Similarly, the chemical analyses of the single phase 
amorphous W-Fe  electrodeposits revealed a tungsten  
content  of 22.2 a/o. 

As depicted in Fig. 2, the part ial  currents for iron 
and tungsten deposition are roughly parallel  to each 
other in the ranges from N to C and from D or E to 
G; ranges where the deposits consisted mainly  of the 
22.2 a/o W amorphous phase. At G, however, the par-  

tial cur rent  curves begin to diverge, with the curve 
for tungsten dropping off. Beyond J, as seen for solu- 
tion 6 in Fig. 1, the tungs ten  partial  current  rebounds 
and the ratio of the increase of tungs ten  current  to 
that of i ron is about 1:5. This suggests that it may be 
possible to form an alloy of approximate composition 
Fe2W if the tungsten  mole fraction is sufficiently high 
and if the cathode potential  is sufficiently negative. 
To explore this possibility, electrolytes of higher pH 
were prepared, since the max imum tungsten  content  
found with the pH 8.50 solutions was 22.2 a/o. Figure 
3 presents the results of chemical analyses of samples 
deposited galvanostatically from solutions having pH 
9.00 and various tungs ten  mole fractions. Similar  re- 
sults were obtained for electrolytes of pH 9.40. Al-  
though these results are not sufficient to prove that 
an amorphous Fe2W phase can be deposited, they do 
give some support  to such an interpretat ion.  A crys- 
ta l l ine Fe2W phase is shown in  the equi l ibr ium phase 
diagram (8). 

Iron deposit.--Figures 4 and 5 present  the current -  
potential  curves for electrolytes analogous to solution 
5 of Fig. 1 which had a tungsten  mole fraction of 
0.71. For Fig. 4 the tungstate  was omitted but  sodium 
was retained. For Fig. 5 both sodium and tungstate  
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were omitted. The values of current  which were mea-  
sured for these potentiostatic depositions were re-  
producible to ~5% for solutions containing sodium 
and to •  for solutions without  sodium. 

Figure 4, for which sodium was present, exhibits a 
series of breaks similar to those of the analogous al-  
loy curve of Fig. i. The values of cathode potential  
at which the breaks occur are very near ly  the same 
for both the alloy and iron depositions. On the other 
hand, Fig. 5, for which sodium was absent, does not 
exhibit  breaks like those of the analogous alioy curve. 
Instead, Fig. 5 is s imilar  to curve 1 of Fig. 1 for which 
the tungsten  mole fraction and, therefore, the sodium 

deposition current  observed dur ing measurement  of 
Fig. 4. Curve c, for the range of cathode potential  
beyond N, exhibits the fairly rapid increase of current  
with t ime which was found to be characteristic of 
iron deposition in  this range of cathode potential. 
Because quasi-static conditions could not be attained, 
the current -potent ia l  curves for this range were ob- 
tained by keeping the deposition t ime constant at 10 
min  and using the t ime-averaged over-al l  current  
density. 

Although the deposition current increased with 
time in the range beyond N, the current efficiency for 
i ron decreased with time. This effect was especially 

concentrat ion were min imum.  
The current -potent ia l  curves in Fig. 6 correspond 

to an electrolyte analogous to solution 3 of Fig. 1, 
which had a tungsten  mole fraction of 0.23, but  with 
the tungstate omitted. Although less str iking than 
Fig. 4, there is again a series of breaks which occur at 
the same values of cathode potential  as those of the 
analogous alloy curve; a t  least up to the break N. 

Figure 7 shows examples, for three different ranges 
of cathode potential, of the t ime dependence of the 
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pronounced for cathode potentials beyond 1040 inV. 
Another effect which was observed for the range be-  
yond N was that the deposits were black in appear-  
ance rather  than metallic gray as was seen at less 
negative potentials. All  of these features, the increas- 
ing current, the decreasing current  efficiency, and the 
blackening of the deposits, were observed for the 
electrolyte of Fig. 6 as well as that of Fig. 4. However, 
these effects were not observed for the solution of 
Fig. 5, which did not contain sodium. 

The reflection electron diffraction pat terns of the 
iron deposits failed to show evidence of any sub- 
stances which could be responsible for the observed 
blackening. In  spite of the difference in  appearance, 
both the gray and black deposits gave diffraction pat-  
terns which were characteristic of bcc iron with a 
(321) preferred orientation. 

Discussion 
Since cobalt and iron have near ly  equal atomic 

scattering factors (for both x - r ay  and electron dif- 
fraction) and since the amorphous Fe-W alloys pre-  
pared in the range N-G in  Fig. 2 and the amorphous 
Co3W electrodeposits were both found to contain 
22.2 a/o W, the close s imilar i ty  of the diffraction pat-  
terns for the two amorphous alloy systems can be ac- 
counted for by  the same atomic configuration. There-  
fore, adapting the configuration derived for amor-  
phous CosW (4), the amorphous Fe-W electrodeposit 
may be described as a saturated solution of i ron atoms 
in amorphous Fe~W having as its basic s t ructural  uni t  
a te t rahedron consisting of three iron atoms and one 
tungsten  atom. 

In the case of Co3W, an equi l ibr ium phase having 
an ordered crystall ine s tructure is known. No corre- 
sponding Fe3W phase appears in the equi l ibr ium 
phase diagram for the Fe -W system (8). Nevertheless, 
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the general ly close chemical similari ty between co- 
balt  and iron and the fact that the amorphous Fe3W 
phase has a constant composition of 22.2 a/o W over 
a wide range of deposition conditions point  to the 
existence of such a phase. Moreover, there is experi-  
mental  evidence of a crystall ine FezW phase, iso- 
morphous with crystall ine Co3W, localized at the 
surface of Fe-22.2 a/o W electrodeposits (10). 

Because the amorphous deposits are nonequi l ib r ium 
phases, their  occurrence must  be determined by the 
electrodepbsition process. Several characteristics of 
this process are evident  in  the results of these ex- 
periments.  First  of all, it should be noted that  the 
i r regular  fluctuations of cathode potential  (Fig. 1) 
which were associated with transit ions between crys- 
tal l ine and amorphous depositions are indicative of a 
diffusion-limited current  density (6). From material  
balance considerations (11) and from the fact that the 
amorphous phase deposits at the negative end of the 
fluctuations, it follows that  amorphous Fe3W forms 
when the deposition of i ron is diffusion controlled. 

Additional information about the nature of the 
deposition process comes from a comparison of the 
iron deposition curves with the alloy curves. It is 
especially instructive to compare Fig. 4 for iron depo- 
sition in the presence of sodium and Fig. 5 for iron 
deposition in the absence of sodium with the results 
for the analogous alloy depositions from solution 5 in 
Fig. i. Obviously, the essential form of the current- 
potential curves and the occurrence of most breaks 
are associated with the presence of sodium in the 
electrolyte. Further, on comparing Fig. 6, also for 
iron deposition in the presence of sodium, with its 
analog, solution 3 in Fig. i, it is clearly seen that the 
values of cathode potential at which the breaks occur 
are controlled by the sodium and iron concentrations 
and are insensitive to the presence of tungstate. 

While the form of the current-potential curve and 
the occurrence of breaks are associated with the pres- 
ence of sodium, Fig. 2 and Table I show that there is 
a close correlation between the changes in hydrogen 
and iron partial currents at the breaks. The apparent 
connection between the presence of sodium and the 
deposition of hydrogen is expected to arise from the 
nature of the hydrogen electrode reaction which in- 
volves the deposition and accumulation of sodium 
atoms and their reaction with water molecules. The 
positive correlation between hydrogen and iron par- 
tial currents may be ascribed to convective effects 
associated with hydrogen evolution. 

Both the hydrogen electrode reaction and the effects 
of hydrogen on iron deposition require elaboration. In 
this connection, the work of Matsuda and Notoya (12) 
on aqueous sodium hydroxide appears to be relevant. 
Their Fig. 8 in which the rate of sodium accumulation 
at a platinum electrode is plotted as a function of 
electrode potential, exhibits some interesting effects 
which seem to correspond to certain features of the 
Fe-W alloy deposition. 

Matsuda and Notoya found that the accumulation of 
sodium atoms was initiated at a potential --EscE 
780 inV. Similarly, preferential adsorption of tungsten 
(in some oxidation state) is known to occur on non- 
polarized electrodes only for electrolytes for which 
the open-circuit potential is more negative than 
--EscE ~ 780 mV (i0). This apparent eonnection be- 
tween sodium accumulation and tungsten adsorption 
may be ascribed to the dissociation of the tungstate- 
tartrate complex brought about by the presence of 
sodium atoms at the electrode surface. The product 
tungstate then condenses. 

Another feature noted by Matsuda and Notoya was 
a sharp maximum in the rate of sodium accumulation 
which occurred at --Esc~: ~ 1040 mV irrespective of 
sodium concentration or electrolyte pH. In Fe-W al- 
loy deposition, the break H (Table I) oc.curred at a 
potential very near this value. At this break, the 

hydrogen partial  current  increased but  the i ron par-  
tial current  exhibited a decrease in slope. This was 
the major  exception to the observation that the rela-  
tive changes in  slope were the same for hydrogen and 
iron. The behavior  at break H may be attributed, 
therefore, to a rapid increase in  the number  of sodium 
atoms at the electrode which results in  an increase 
in hydrogen. The increased sodium at the electrode 
may obstruct iron deposition. The same mechanism 
would account for the pronounced decrease, with 
time, of the current  efficiency of iron deposition which 
was observed beyond 1040 mV for those electrolytes 
which contained sodium but  not tungstate. It should be 
remarked that  an exact comparison with Matsuda and 
Notoya's results is hindered by the effects of concen- 
trat ion polarization and shielding by the Luggin capil- 
lary. 

The effects of sodium appear to play a crucial role 
in establishing the amorphous alloy structure. Strong 
evidence for this was seen in  the deposition of iron 
from those electrolytes which contained sodium, Fig. 
4 and 6. In  the range of cathode potentials beyond N 
the deposition current  cont inual ly  increased (Fig. 7) 
and the deposits became black in color; yet reflection 
electron diffraction showed no significant differences to 
account for the color change. These observations are 
consistent with the development  of a more complex 
microprofile of the surface and an increase in defect 
density when  the cathode potential  exceeds N. These 
characteristics suggest the occurrence of mult iple  nu -  
cleation. However, the continued existence of crystal-  
linity, as evidenced by the bcc electron diffraction pat-  
terns, implies a reasonably large particle size, probably 
no less than a few hundred  atoms (13-15). It  is not 
possible to determine whether  this particle size arises 
directly through a nucleat ion and growth deposition 
process or by a rearangement  of atoms after deposition. 
In  any case, the blackening occurs in the presence of 
sodium when the cathode potential  exceeds N. These 
are the same conditions under  which the amorphous 
phase deposits. Moreover, a similar relat ion between 
ini t iat ion of amorphous alloy deposition and blackening 
of metal  deposits was found in the study of the Co-W 
system (9, 16). 

The amorphous alloy structure must  arise either be- 
cause the deposition process produces mutua l ly  inco- 
herent  particles which are too small  for the crystall ine 
configuration to be energetically favored (13-15) or be- 
cause the atoms do not bond together in the arrange-  
ment  required for crystall ine long-range order (4, 17). 
The occurrence of mult iple nucleat ion along with the 
obstructive effects of sodium atoms and hydrogen atoms 
appears to be responsible for the ini t iat ion of the amor-  
phous s tructure in  the electrodeposits. This s tructure 
will be retained in the deposits if the atoms are unable  
to rearrange themselves into crystall ine configurations. 
This will largely be determined by thermal  vibration. 
In  fact, amorphous alloys general ly consist of a metal  
and a metalloid for example Ni-P (18) or Fe -P-C  (19), 
so that strong bonding reduces thermal  vibrat ion;  or 
the alloys contain an element  having a high intrinsic 
Debye temperature,  as in the tungsten alloys described 
here. 

An important  feature of the amorphous alloys, both 
Co3W and Fe3W, is that the chemical composition is 
constant and essentially stoichiometric over a wide 
range of deposition conditions. While stoichiometry in 
an ordered crystal structure is not surprising, the origin 
of stoichiometry in an amorphous structure may re- 
quire elaboration. Certainly, the existence of an ordered 
crystal s tructure implies a preference for a local atomic 
configuration (short-range order) which can also exist 
in an amorphous s tructure of the same composition. 
However, by generalizing the criteria which were used 
to derive the s t ructural  model for amorphous 
Co3W (4), a prescription may be wr i t ten  by which the 
deposition process can lead to the format ion of a 
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stoichiometrie alloy whether  the s t ructure  is amor-  
phous or crystalline. 

An alloy of composition AnB will be deposited if the 
following three conditions are met: (i) an n -a tom 
cluster of A atoms forms a unique  site on which a B 
atom can deposit; ( i i )  m-atom clusters of A atoms 
(m ----- n) can form; (iii) the concentrat ion of B atoms 
at the surface is much greater  than the concentrat ion 
of A atoms. Conditions i and iii are equivalent  to state- 
ments  that the deposition of B is catalyzed by n-a tom 
clusters of A and that B atoms are available for depo- 
sition. Condition ii, which will be discussed in  detail 
below, essentially means that  the necessary n-a tom 
clusters of A actual ly are formed. At this point it is 
clear why the conditions are independent  of the degree 
of crystal l ini ty of the s tructure;  the stoichiometry in -  
volves interactions among only small  numbers  of atoms 
while crystal l ini ty  involves interactions among large 
numbers  of atoms extending over large distances. 

To discuss condition ii it is convenient  to review 
Walton's theory (20) for nucleat ion in monatomic 
vapor deposition. Walton derived the equi l ibr ium dis- 
t r ibut ion of cluster sizes. This dis t r ibut ion depends 
upon a complicated balance among several factors in-  
cluding rate of incidence, substrate temperature,  and 
the activation energy for surface diffusion. He found 
that under  given deposition conditions one size of 
cluster dominates. This is the size m in  condition ii. 
Walton also found that m is general ly small and that 
the predominance of a par t icular  value of m (at least 
when m is indeed small) extends over a substantial  
range of deposition conditions. The predominant  
cluster size will tend to shift to a smaller value if the 
rate of incidence increases, the temperature  decreases, 
or the activation energy for surface diffusion increases. 

If a Wal ton- type  theory describes the nucleat ion of 
A atoms in  alloy electrodeposition, there will be some 
equi l ibr ium number  density of n -a tom clusters of A. 
When conditions i and iii are satisfied, a B atom will 
deposit on each of these n -a tom clusters forming AnB 
structural  units. Furthermore,  the deposition of B atoms 
may stabilize these clusters, thus effectively removing 
them from the equi l ibr ium process of cluster formation 
and dissociation. If m = n, the n -a tom clusters of A 
wil l  predominate  and near ly  all of the deposited A 
atoms will be associated with B atoms in AnB units. It 
is unl ike ly  that there will  be any clusters of A atoms of 
a size larger  than n, for such clusters would form 
through a tom-by-a tom additions to n -a tom clusters; 
but  condition iii makes the formation of AnB more 
probable. This is the significance of the term m --~ n 
in  condition ii. 

When m < n, there are additional considerations. If 
the deposition is dominated by an ordinary nucleat ion-  
and-growth  process, the m-a tom clusters will either 
dissociate or grow through a tom-by-a tom addition. In  
the la t ter  case condition ii is superfluous, since the 
growing clusters will pass through the n -a tom stage 
and, by conditions i and iii, AaB structural  units  will 
be formed. This, of course, describes the formation of 
ordered crystal l ine alloy deposits. On the other hand, 
when mul t ip le  nucleat ion dominates the deposition 
process, as in the formation of amorphous alloy de- 
posits, some m-a tom clusters will at tain size n and 
form AnB units;  however, many  clusters smaller  than 
n would probably become entrapped. The resul t ing 
deposit would be nonstoichiometric because of the ex- 
cess A. The composition would vary with the degree 
of en t rapment  and, therefore, with the deposition con- 
ditions. Although the actual Fe~W and Co~W amor-  
phous deposits contain excess iron and cobalt atoms, 
the compositions are constant  at 22.2 a/o W for a wide 
range of deposition conditions. Thus, the departure 
from exact stoichiometry is not attributed to m < n 
effects; rather, the excess iron or cobalt is believed to 
be accommodated in sites which would otherwise be 
voids or clearances between the tetrahedral units (4). 

The ranges of cathode potent ial  in Fig. 2 can be de-  
scribed in terms of parameters  m and n. In  the range 
N-G, where amorphous Fe~W deposits, n ---- 3. Beyond 
J it appears that Fe2W is formed, so n ---- 2. To assign 
values of m to these ranges it is necessary to consider 
the part ial  currents. In  the range N-G, where n :-  3 
and the tungsten current  increases, m _-- 3 (or pos- 
sibly m > 3). In  the range G-J  the tungsten current  
drops off although the iron cur ren t  increases. This is 
also the range in which sodium and hydrogen deposi- 
tion increases. The obstructive effects of these elements 
may be equivalent  to an increase in the activation 
energy for surface diffusion which could lower the 
value of m. If m ---- 2, then tungsten  deposition would 
be retarded because m < n. The resumed increase in 
tungsten  partial  current  beyond J may now be ac- 
counted for by the deposition of Fe2W with n = 2 so 
that condition ii is again satisfied. The fact that  the 
Fe2W composition was not actually at tained in the 
pH 8.50 electrolytes may be ascribed to the violent 
agitation produced by hydrogen evolution at the high 
values of cathode potential  in this range beyond J. 
With the higher pH solutions, as in  Fig. 3, there was 
less agitation due to hydrogen and Fe2W was obtained. 

As described in  the preceding paragraph, the ad- 
sorption of foreign substances is expected to lead to a 
small  cluster size. Such effects would be common to 
many  cases of deposition from solutions. Furthermore,  
small  clusters are known to have catalytic effects (21, 
22). Thus, in  many  cases of ahoy deposition conditions 
i and ii will be satisfied and the occurrence of stoi- 
chiometry will be determined by condition iii. A factor 
which contributes to condition iii being satisfied for 
Fe3W and Co3W is that the stoichiometric alloy is de- 
posited at the l imit ing current  density for i ron or 
cobalt. Under  such circumstances the deposition of the 
A atoms (iron or cobalt) is diffusion l imited and their 
concentration at the surface will be near ly  zero; the 
concentrat ion of the B atoms ( tungsten) being finite 
at the surface leads to fulfi l lment of condition iii. An-  
other system in which the three conditions seem to be 
met is Ag-Sn (23) in which the stoichiometric alloy 
Ag.~Sn forms under  pulse electroplating at or near  the 
l imit ing current  densi ty for Ag. 
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Tin (IV) Chloride Solution as a Sensitizer in 
Photoselective Metal Deposition 

B. K. W. Baylis, A. Busuttil, N. E. Hedgecock, and M. Schlesinger* 
Department of Physics, University of Windsor, Windsor, Ontario N9B 3P4, Canada 

ABSTRACT 

Experiments  were conducted which show that Sn( IV)  bound to a sub- 
strate is capable, in conjunct ion with P d ( I I ) ,  of catalyzing Ni-P plat ing and 
that this effect can be inhibi ted by u.v. light. Some of the parameters  affecting 
the qual i ty of the plat ing and u.v. inhibi t ion were determined. It was also 
found that  in order for u.v. i r radiat ion to inhibi t  Ni -P  plating, the radiat ion 
must  be applied after the P d ( l I )  activation step. In  the case of copper, how- 
ever, plat ing occurs only on the irradiated area of the catalyst. A mixture  of 
Sn( IV)  and Pd( I I )  was also found to catalyze Ni-P plating. The behavior  
of the catalyst deposited by this mixture  was quite similar to that  of the 
catalyst present  after Pd( I I )  activation following Sn( IV)  sensitization in  the 
stepwise procedure. 

The use of u.v. light to generate pat terns in the 
catalytic surface of dielectric substrates has been 
well studied in recent years (1-4). The ini t ial  pro-  
cedure was to immerse the substrate in  a SnC12 solu- 
tion (the sensitizer),  to rinse, and then to irradiate 
with u.v. light through a quartz mask. After immer-  
sion in a PdC12 solution (the activator) and another 
rinse, the substrate was placed in a metall izing bath. 
Pla t ing occurred wherever  the u.v. l ight did not 
reach the catalyst. 

The mechanism that has been proposed for the 
preparat ion of a catalytic layer by the conventional  
process is 

substrate ~ Sn( I I )  --> subs t ra te .Sn( I I )  [1] 

subs t ra te .Sn  (II) -~- Pd (II) ~ substrate.  Sn (IV) .Pd (O) 
[2] 

The pal ladium metal  is then the catalyst for the meta]-  
lizing bath. U.V. light has been presumed to cause 
oxidation of the Sn (II) to Sn (IV), prevent ing  reaction 
[2] (formation of the Pd(O)  catalyst) and hence pre-  
venting metall ization (2, 4) 

~l.v. 
subst ra te-Sn (II) + 02 > substrate- Sn (IV) [3] 

substrate.  Sn (IV) ~ Pd (II) --> either 

(a) no reaction [4] 

or (b) s u b s t r a t e . S n ( I V ) . P d ( I I )  
(which is noncatalytic)  

That this mechanism does not give the complete 
explanat ion was shown [1] when it was discovered 
that u.v. l ight could cause inhibi t ion of the catalyst 
even when applied after the activation step. It was 
in order to fur ther  probe this mechanism that the 
following study was undertaken,  involving use of 
acidic Sn(IV) solution as a sensitizing bath. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  1VIember. 
K e y  w o r d s :  electroless, sensitizer, t in(IV), photo se lec t ive .  

Experimental 
All chemicals were supplied by Fisher or Canlab, 

A.C.S. reagent grade, and were used without further  
purification. 

Sensitizers.--The stock solution used in this work 
was made by dissolving 10g SnC14.5H.20 in 10 ml con- 
centrated HC1. To prepare a sensitizer bath, 2 ml of 
this stock solution were diIuted to 200 ml  using dis- 
tilled water. 

Substrate.--Glass slides were allowed to stand over- 
night in 10M NaOH, rinsed well with distilled water, 
dilute HC1, then distilled water  and dried. 

Activator.--lg PdC12 was dissolved in 1O ml con- 
centrated HC1 to make the stock solution. One ml of 
this was diluted to 200 ml for the activator bath. 

Mixed Sn(IV) .Pd(II )  bath.--One ml Sn(IV)  stock 
solution plus 0.5 ml Pd( I I )  stock solution was diluted 
to 100 ml with distilled water. 

Ni-P bath.--The nickel-pla t ing bath consisted of 
5.8g NiSO~.6H20, 3.5g NaHePO2.H20, 2.9g disodium 
succinate, and 0.2g succinic acid dissolved in distilled 
water to make a 200 ml  solution. 

Cu bath.--Solution A consisted of 8g CuSO4.5H20, 
20g Rochelle's salt, and 5.6g NaOH dissolved in enough 
distilled water to make a 200 ml solution. Solution B 
consisted of 13g paraforma]dehyde and 8.6g NaOH 
dissolved in enough distilled water  to make a 200 ml 
solution. Two to three parts A were added to one 
part  B to make the copper-plat ing bath. 

Test for Sn(I I ) . - -A molybdate solution was pre-  
pared by dissolving 15g (NH~)2MoO4 in 300 ml warm 
distilled water. The solution was cooled and 350 ml 
concentrated HC1 was added. The cooled solution was 
diluted to 1 l i ter and stored in the dark. 

A phosphate solution was prepared by dissolving 
0.426g (NH~)2HPO~ is distilled water and diluting to 
1 liter. 
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For each test, 1-5 ml of t i n ( I I )  solution (ranging 
in concentrat ion from 5 to 0.078 g/ l i ter)  was added 
to a freshly made mixture  of 10 ml molybdate  solu- 
tion, 10 ml phosphate solution, and 20 ml distilled 
water. This solution was diluted to 50 ml, and a visible 
spectrum was recorded with a Cary-14 spectrophotom- 
eter as soon as possible. We were able to detect 
concentrat ions of Sn( I I )  as low as 3 mg/l i ter .  This 
procedure is a slight modification of that described 
in Ref (5). 

Exposure system.--The samples were exposed typ-  
ically for 6 rain to u.v. radiat ion from an Oriel low 
pressure mercury  lamp Nr. C-13-61 at a distance of 
about  4 cm. Based on factory specifications, oui' lumi-  
nance was calculated to be 1.17 mW/cm 2 at the ~ _-- 
2537A spectral line. This,one is the dominant  spectral 
component  of the radiat ion from this part icular  light 
source. The masks used were Nichrome evaporated 
onto quartz, etched metal  sheet, or s imply opaque 
mater ial  supported over half the sample. 

Procedure.--All solutions were used at room tem- 
perature.  A slide was immersed in the sensitizer bath, 
the first distilled water  rinse, and the activator bath 
for 2 rain each. The slide was quickly dried in a hot 
airs tream and i rradiated with u.v. l ight for 6 min 
followed by a rinse in runn ing  distilled water. Times 
in the metal l izing bath varied. 

For some experiments,  the drying and irradiat ion 
steps were performed either after the sensitizer bath, 
after the first rinse, or after the second ( runn ing  
water)  rinse. 

Results 

Aging of Sn(II) sensitizer.--It has been observed 
that use of aged SnCl2 solution as the sensitizer re-  
sults in bet ter  plat ing (6). "Aging" involves oxida- 
tion of the Sn( I I )  to Sn( IV)  by atmospheric oxygen 
and subsequent  colloid formation (7, 8). Adding SnCI, 
to the sensitizer has also been tried (6, 9, 10) but  
no improvement  results unless the SnC14 is itself 
aged (11-13). 

It has been hypothesized that aged Sn(IV)  forms a 
colloidal dispersion which entraps Sn( I I )  ions. The 
lat ter  has been presumed to be the active agent in 
the sensitizing process. According to Feldstein (11- 
14), an aged Sn(IV)  component  is adsorbed onto the 
substrate, and the Sn( I I )  attaches to the Sn (IV). 

It  has been noted (4) that, at least in the case of 
copper plating, oxygen is a prerequisi te  for the de- 
activation of fresh sensitizer by u.v. light (see Eq. 
[3]) and that no plat ing is obtained with aged sensi- 
tizer unless there is still some Sn( I I )  present (8). 
However, we obtained good Ni-P plat ing using a 
Sn( I I )  solution which had been aged for three weeks 
and, therefore, presumably  contained almost exclu- 
sively Sn( IV) .  Further ,  using the same sensitizer 
we were able to get u.v. inhibi t ion of plating, resul t -  
ing in a "positive" image, i.e., a replica of the mask. 
In  addition, we observed that u.v. deactivation of 
the catalyst even occurred in a pure ni t rogen atmos- 
phere. This means that our aged Sn( I I )  solution, 
which contains predominant ly  Sn( IV) ,  was never the-  
less still capable of interact ing with Pd( I I )  to form 
a substance which catalyzes Ni-P plating. This sub- 
stance is affected by u.v. irradiation, even in the 
absence of oxygen, in a way which destroys its abi l i ty  
to catalyze Ni -P  plating. 

Nickel plating with Sn(IV) sensitizer.--In order to 
clarify the role of Sn (IV) in the sensitizing procedure, 
we carried out a series of experiments  using an acidic 
solution of SnCI4.5H.~O l as the sensitizer. From Table 
I it can be seen that a uniform deposit is obtained only 

�9 The tes t  for  Sn ( I I )  desc r ibed  in  the  e x p e r i m e n t a l  sec t ion  w a s  
e m p l o y e d  to d e t e r m i n e  i f  any  Sn( I I )  wa s  p r e s e n t  in  t he  Sn( IV)  so- 
l u t i o n  or in  our  t h r e e - w e e k - o l d  Sn( I I )  so lu t ion .  B o t h  tes ts  we re  
nega t i ve ,  i n d i c a t i n g  t h a t  t he re  was  less t h a n  3 r a g / l i t e r  Sn ( I I )  in  
bo th  solut ions .  

Table I. Effect of aging Sn(IV) sensitizer on nickel plating 

A p P e a r a n c e  Age  of sens. 
of sens i t i ze r  (T ~ 21~ Q u a l i t y  of  p l a t i n g  

Clear  0-11/2 h r  S o m e t i m e s  no  p l a t ing .  O t h e r w i s e  
n o n u n i f o r m  p l a t i n g  caused  by  u n -  
e v e n  d ry ing .  

N o n u n i f o r m  p l a t i n g  caused  b y  u n -  
e v e n  d r y i n g  

T r a n s i t i o n  to  u n i f o r m  
U n i f o r m  p l a t i n g  
U n i f o r m  p l a t i n g  
N o n u n i f o r m  p l a t i n g  c a u s e d  b y  ur~ 

e v e n  d r y i n g  

Clear  I ~ - 1 1  h r  

Faintly hazy 12-21 hr 
Opalescen t  22-38 h r  
C l o u d y  39-45 h r  
C l o u d y  to A f t e r  45 h r  

s e p a r a t i n g  

if the age of the sensitizer solution is between 20 
and 45 hr. This is evident ly  associated with better  
wetting of the substrate;  for sensitizer ages outside 
this range, nonuni form plat ing due to uneven drying 
is observed. This observation is in agreement  with 
that of Feldstein et al. (11) relat ing aging of Sn( IV)  
solution with better wetting. 

The range in ages of the sensitizer dur ing  which 
uniform plat ing is observed is strongly affected by 
temperature.  For example, if the room temperature  
is raised to 26~ uni formi ty  in plat ing is obtained 
for sensitizers 8-26 hr old. Lower temperatures  have 
been observed to result  in later times. Fortunately,  
higher temperatures  also increase the rate of colloid 
formation, thus making the temperature  effect quite 
visible. The appearance of the sensitizer bath is noted 
in Table I, because the correlation of the quali ty of 
plat ing with appearance of the sensitizer is better  
than that of the quali ty of plat ing with time, especially 
when fluctuations in room temperature  are a problem. 

When more stock solution was used in making the 
sensitizer bath, thus increasing not only the Sn(IV)  
but  also the hydrochloric acid concentration, the evo- 
lut ion process shown in Table I was slowed. For in -  
stance, when the quant i ty  of stock solution was ~n- 
creased by 30%, it required about 30% more t ime 
before smooth plat ing was observed. 

Both the uniform and nonuni form plat ing are quite 
adherent to glass substrate. Once the samples are 
thoroughly dry, they are unaffected even by scrubbing 
with a brush. 

U.V. inhibition o] nickel pIating.--If the substrate 
is dried and irradiated with u.v. light after the activa- 
tion step or after the subsequent  rinse, deposition of 
nickel is inhibi ted (see Table II) .  The effectiveness of 
the inhibi t ion shows the same dependence on sensi- 
tizer age that the uni formi ty  oE plat ing does; that is, 
the most effective inhibi t ion is obtained if the sensitizer 
is aged between 20 and 45 hr at an ambient  tempera-  
ture of 21~ The sensitizer solutions appears faint ly 
hazy to cloudy when it is capable of producing best 
"positive" images, i.e., replication of the photomask. 

If in preparing the sensitizer bath additional HC1 
is used, the period of opt imum photo- imaging is post- 
poned considerably. The colloid also takes longer to 

Table II. Results of drying and u.v. irradiation at different stages 
of the stepwise procedure for electroless deposition 

N i - P  Cu 

D r y i n g  and  irradiat ior~ a f t e r :  
Sens i t i ze r  

Sn( IV)  ~ 2 4  h r  o l d  

R i n s e  
H20 

A c t i v a t o r  
Pd ( I I )  

R inse  
H._,O 

u.v. P l a t i n g  No p l a t i n g  
No u.v.  P l a t i n g  No p l a t i n g  

u .v .  P l a t i n g  No p l a t i n g  
No  u .v .  P l a t i n g  No p l a t i n g  

u .v .  No p l a t i n g  P l a t i n g  
No u.v.  P l a t i n g  No p l a t i n g  

u .v .  No p l a t i n g  P a t i n g  
No u .v .  P l a t i n g  No p l a t i n g  
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appear. Hence, the correlation between appearance 
of the solution and its abil i ty to produce good posi- 
tive images still holds. However, it should be stressed 
that even dur ing  the period of opt imum performance 
of the sensitizer, no inhibi t ion is observed if drying 
and irradiat ion occur lollowing sensitization or fol- 
lowing the subsequent  rinse (see Table II) .  

Copper plating.--D'Amico and DeAngelo observed 
(8) in their work that appreciable amounts  of Sn(IV)  
were deposited on their substrate after immersion in 
a Sn(IV) sensitizer. Nonetheless, after activation and 
immersion in a Cu-pla t ing bath, they observed no 
metallization. We also observed that copper does not 
plate under  these conditions. However, when hot air 
drying and irradiat ion follow either the Pd( I I )  ac- 
t ivation step or the second rinse, we observed copper 
plat ing on the u.v. i rradiated areas. That  is, a perfect 
negative results (see Table II) .  These negatives are 
only observed when the sensitizer is of the right age 
to also give good Ni-P positive images. Again, under  
these circumstances, we find that  no plat ing at all 
is observed if i r radiat ion follows Sn( IV)  sensitiza- 
tion or the first rinse. 

Mixed sensitizer-activator.--An acidic solution con- 
taining the same amount  o[ Sn (IV) as in the sensitizer 
and the same amount  of Pd( I I )  as in the activator 
was prepared as described i n  the exper imental  sec- 
tion. The variat ion observed in quali ty of plat ing and 
in imaging as the sensit izer-activator solution aged 
was as would be expected for the Sn( IV)  sensitizer 
alone, especially if allowance is made for the delaying 
effect of slightly increased acidity. That  is, the pres-  
ence of the Pd( I I )  does not seem to alter the aging 
process of the Sn( IV) .  We find that good Ni-P posi- 
tive images and good Cu negative images are ob- 
tained when hot air drying and u.v. irradiation are 
applied following immersion in the sensit izer-activator 
solution which has been aged from 24 to 48 hr. 

Discussion 
Aging of Sn(IV) solutions.--SnCl~. 5H20 is a covalent 

compound and requires a period of time before most 
or all the chlorine is present as chloride ions free in 
solution. This period of time has been known for about 
70 years to be a funct ion of m a n y  parameters,  such 
as temperature,  concentration, and hydrochloric acid 
concentration. The rate of the reaction is increased 
by increasing temperature,  decreasing SnCl~.5H20 con- 
centration, and decreasing hydrochloric acid concen- 
tration. It has already been noted here and in Ref. 
(11) that these parameters  also affect the length of 
time required for onset of opt imum performance of the 
sensitizer, and in the same way. Thus the photosensi- 
tive species which may also be the one responsible 
for good wett ing (hence uniform plating) must  be 
one of the products of the reaction of water with 
SnC14.5H20. 

The mechanism assumed for the hydrolysis of 
SnCl~.5H20 can be represented as (15) 

- -H*  
SnC14.2H20 ~ --" SnC14(H20)OH- 

-- CI- + H20 
-. ~ SnCI~(H20)OH -< - SnCI:3(H.~O)2OH 

_H + 
~ SnCIs (H20) (OH) .~- SnCI (OH) 4 (H20) - 

-- C1- H.~O. 
Sn (OH) ~ (H.~O) ~.~" Sn (OH) ~ (H.,O)., 

4. ' 

[Sn (OH) a (H20) ].~ 

The species of interest  is one toward the end of the 
hydrolysis reaction, as indicated by the fact that  
some colloidal polymeric species is present  in the 
solution when good wet t ing is observed. The improved 

wetting observed by Feldstein e ta l .  (11) with aged 
SnC14 solution was at t r ibuted to "a ~-stannic acid," 
which would correspond to our [Sn(OH)~(H~O)]~. 
They picture this species as (HO)~Sn[OSn(OH)2]nOH, 
where n may be 1, 2, 3, etc. 

Some background plat ing in the irradiated sections 
( indicat ing incomplete inhibi t ion of Ni-P plating) 
and nonuni form plat ing both occur when the sensi- 
tizer solutions are very cloudy and beginning to 
separate. These facts suggest that the species that does 
not wet well and is not photosensitive is the polymeric 
[Sn(OH)~.H~O]x, where x is relat ively high. They 
also suggest that the species which does wet well and 
is perhaps also photosensitive could either be 
SnCI(O,H)4(H20)- ,  Sn(OH)4 . (1  or 2) H20, or 
[Sn(OH)4H20]x, where x is quite small. It is hoped 
that fur ther  study will clarify the nature  of this 
species. 

Activation chemistry.--As a result of the present  
work, we have been able to show that Sn(IV)  can 
serve as an effective sensitizer for electroless plating. 
This we feel shows conclusively, as pointed out by 
us previously (1), that the effect of u.v. light cannot 
simply be explained by the mechanism shown in Eq. 
[3] and [4]. This mechanism requires that Sn( IV)  
which results from photo-oxidat ion of Sn( I I )  be 
incapable of interact ing with Pd (II) to give a catalytic 
species. Our present  experimental  results indicate 
at the very least that the interact ion between Sn(IV)  
bound to the subs t ra te  and Pd (II) results in a species 
that is catalytic for Ni-P plating. 

Our present results also indicate that the activation 
stage cannot be accounted for simply in terms of the 
redox reaction between Sn( I I )  and Pd( I I )  (Eq. [2]). 
It is well known that some Sn(IV)  is present in Sn( I I )  
sensitizer solutions, and we have shown that this 
Sn(IV)  is also capable of reacting with Pd( I I )  to 
form a catalyst for Ni-P. Recently Kelly and Vondel-  
ing (16) reported that the Pd( I I )  present  on their 
TiO2 bound to quartz was also capable of giving rise 
to metal  plat ing "in certain cases." They suggest that 
the reducing agent in the metall izing bath reduces 
the Pd( I I )  to Pd(O) ,  thus creating nucleat ion centers 
for plating. If this explanat ion is applicable to our 
case, it would appear from our results that the re- 
ducing agent, H2PO2-, present in the Ni-P batik, is 
capable of reducing the bound Pd( I I )  to Pd(O) ,  
but  formaldehyde, the reducing agent present  in the 
copper bath, is not. It is also possible that there is 
a specific interact ion between Ni(I I )  and the species 
resul t ing from the interact ion between Sn(IV)  and 
Pd (II) ,  which might be designated subs t ra te .Sn (IV) - 
Pd( I I ) ,  that initiates the plating, and that Pd(O)  is 
not necessary for catalyzing Ni-P plating. 

Our work shows that the species subs t r a t e .Sn ( IV) .  
Pd( I I )  must  also be affected by u.v. light in such a 
way as to render  it noncatalyt ic  for Ni-P plat ing 
but still catalytic for Cu plating. Kelly and Vondeling 
further indicate that u.v. irradiation of TiOz renders 
it capable of reducing Pd(II) to Pd(O).. The mecha- 
nism for this has been discussed by Mollers e t a l .  
(17). Kelly and Vondeling also note that copper will 
plate on these Pd(O)  nuclei, but  that Ni-P will do 
so only under  very specific conditions, i.e., if a wett ing 
agent was present in the Pd( I I )  solution or if the 
irradiat ion time was "not too long." The similarities 
between our results and theirs suggest strongly that 
the role of SnO2 in s u b s t r a t e . S n ( I V ) . P d ( I I )  is very 
similar to that of TiO2 in the system TiO2.Pd (II) .  

The work on TiO2 suggests that the Pd(O)  mini -  
mum coverage must  be higher for Ni-P plat ing than 
for copper plating. Our previous work (1) on i rradia-  
tion of the catalytic species present  after the conven- 
tional activation step indicated that i rradiat ion results 
in increased degree of crystallinity. It  would appear 
from this and our present  work that the more crystal-  
line Pd-conta in ing  mater ial  is incapable of catalyzing 
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Ni -P  plat ing.  Thus i t  m a y  be possible that  the effect 
of u.v. rad ia t ion  on the ca ta lys t  m a y  be to reduce 
the P d ( I I )  to P d ( O )  

U . V .  

subs t ra te .  Sn ( IV) .  Pd ( I I )  ----> subs t r a t e -Sn  (IV) Pd  (O) 
[5] 

In  addit ion,  i t  m a y  decrease  the  dens i ty  of noncrys-  
ta l l ine  P d ( O )  sites below the  threshold  for  t~i-P but  
not  for Cu. I t  might  also be possible  tha t  P d ( O )  in 
this form is s imply  incapable  of in i t ia t ing  N i -P  plat ing.  

The above also suggests a reason that  good wet t ing  
of the subs t ra te  correlates  with photosensi t ivi ty .  Good 
wet t ing  means  a uni form dis t r ibut ion  of cata lys t  sites, 
mak ing  i t  possible for i r rad ia t ion  to decrease  the dens-  
i ty  of noncrys ta l l ine  P d ( O )  sites below the Ni -P  
threshold.  The Sn ( IV)  species giving good wet t ing 
could be, as discussed in the section on aging, e i ther  
S n C I ( O H ) ~ ( H 2 0 ) - ,  Sn(OH)4 .  (1 or 2)H20, or po ly -  
meric  [Sn (OH)4H20]z, where  x is quite small.  

Conclusion 
Sensi t izat ion with  acidic Sn ( IV)  solutions fol lowed 

by  act ivat ion wi th  a P d ( I I )  solut ion has been shown 
to catalyze Ni -P  p la t ing  but  not copper plat ing.  The 
redox  mechanism (Eq. [2]) that  has been proposed 
[see Ref. (18)] to describe the react ion be tween  Sn (II)  
and P d ( I I )  in the convent ional  act ivat ion step pre-  
sumably  has as its product  s u b s t r a t e . S n ( I V ) . P d ( O ) .  
Our  exper iments  show that  s u b s t r a t e - S n ( I V ) . P d ( I I )  
catalyzes  Ni -P  plat ing,  and i t  is wel l  known that  
Sn ( IV)  is present  in Sn ( I I )  sensit izer  baths. I t  is, 
therefore,  obvious tha t  Sn (IV) -conta in ing  species 
must  also be included as active components  in mech-  
anisms for sensi t izat ion and act ivat ion of Ni -P  plat ing.  
However ,  non i r rad ia ted  subs t ra te -Sn  (IV) .Pd (II)  does 
not  catalyze copper p la t ing  and, therefore,  can be 
left  out of mechanisms leading to copper plat ing.  

The mechanism (Eq. [3] and [4]) proposed (2, 4) 
to expla in  the inhibi t ing  effect oE u.v. l ight  when 
S n ( I I )  is the  sensi t izer  implies  that  subs t ra te .  
S n ( I V ) - P d ( I I )  must  be incapable  of ca ta lyzing metal  
plat ing.  Our observat ion  that  subs t ra te -Sn  (IV) .Pd (II)  
does catalyze Ni -P  p la t ing  seems to contradict  this 
mechanism, at least  in this simplified form. On the 
other  hand, our copper p la t ing resul ts  do not  seem 
to contradic t  the mechanism in Eq [3] and [4]. 

Using a mixed  Sn( IV)  sens i t i ze r -Pd ( I I )  act ivator  
ba th  gives the same resul ts  as when these baths  are 
separate.  Dry ing  and u.v. i r rad ia t ion  fol lowing im-  
mers ion  in this ba th  results  in posi t ive Ni -P  images 
and negat ive  Cu images. 

Our  exper iments  to date  indicate the fol lowing pro-  
cedure should be fol lowed in order  to obtain the best  
imaging with  Ni -P  p la t ing  using SnC14.5H20 in the 
sensi t izer  bath.  A clean, d r y  microscope slide is im-  

mersed first in an acidic (8.3 • 10-2M HC1) t in (IV) 
chloride (2 • 10-2M) solution that  is be tween  20 
and 45 hr  old (for room tempera tu re  about  21~ 
Af te r  the r inse and act ivat ion steps, the slide is dr ied  
in a hot a i r s t ream and i r rad ia ted  with  u.v. l ight  
th rough  an appropr ia t e  mask. Af te r  a runn ing  wate r  
r inse and p la t ing  in a N i -P  meta l l iz ing  bath, s t r ik ing  
posi t ives are  obtained.  
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A Thermodynamic Study of 
the PbO-Na,O-SiO. System 

A. E. Grau and S. N. Flengas* 
University o~ Toronto, Department of Metallurgy and Materials Science, Toronto, Ontario, Canada 

ABSTRACT 

The thermodynamic properties of PbO in the te rnary  melts PbO-Na20-SiO2 
have been investigated by using solid electrolyte galvanic cells of the type 

ZrO2 Pbd}, (PbO-Na20-SiO2) d} Ni, NiO CaO 

The results of this work, combined with those reported in  previous publ ica-  
tions from this laboratory (7, 23), cover the region of the t e rna ry  diagram 
lying between the PbO-SiO2 side and the l ine joining the PbO corner with the 
sodium metasilicate compound. The results indicate that the addit ion of Na20 
to the melt  produces a significant increase in  the activity of PbO. This type of 
behavior has also been observed in other te rnary  silicate systems. The part ial  
molar  enthalpies of mixing of PbO show a marked tendency toward positive 
values for increasing contents of Na.~O in the solutions. This is in terpreted as 
the presence of repulsive interactions between the PbO and Na20 components. 
A comparison of the avai lable  activity data for various metal  oxides dissolved 
in sodium disilicate is presented. 

The experimental  thermodynamic study of molten 
silicates is difficult. Because of the very  high tempera-  
tures involved, the choice of techniques is drastically 
reduced, and the problem of finding a container which 
will not contaminate the slag becomes critical. The 
only b inary  systems for which activity data have been 
directly determined are the FeO-SiO2 (1-3), PbO-SiO2 
(4-9), MnO-SiO2 (10), and CoO-SiO2 (11). In the last 
two cases, however, the activities of the metal  oxide 
component have been referred to the solid oxide as the 
s tandard state, and their  expressions with respect to 
the l iquid oxide cannot be accurately recalculated be-  
cause of the lack of data for both the enthalpies of 
fusion and the heat  capacities of the liquid metal  ox- 
ides. Activities of SnO in the SnO-SiO2 system have 
been reported in  three different publications (12-14), 
but  the results are in total disagreement.  Reliable data 
for the enthalpies and entropies of mixing in  b inary  
silicates are available for the PbO-SiO2 system only 
(7, 15).  

Regarding te rnary  silicate melts, activity data are 
available for the systems FeO-CaO-SiO2 (16, 17, 18), 
MnO-CaO-SiO2 (10), and PbO-CaO-SiO2 (19). Other 
systems such as NiO-Na20-SiO.~ (20), FeO-Na20-SiO., 
(21), and CoO-Na20-SiO2 (22) have been investigated 
only over very nar row composition ranges along the 
l ine joining the divalent  metal  oxide corner of the 
te rnary  diagram with the sodium disilicate compound. 
Systematic determinat ions of the enthalpies and en-  
tropies of mixing in  te rnary  systems are unavai lable  
in the li terature. 

In the present  study, the thermodynamic properties of 
the PbO-Na.~O-SiO2 system have been investigated by 
employing solid electrolyte galvanic celts of the type 

{--)  ZrO2 (+) 
Ni, NiO I Pb(D, CaO (PbO-Na20-SiO2) d) [I] 

The cells were operated over a sufficiently wide 
temperature range in order to allow the calculation of 
not only the activities of PbO but also the partial 
molar  enthalpies and entropies of solution of this com- 
ponent.  

Experimental 
The experimental  electrochemical cell used in this 

investigation is shown in Fig. 1, and its design was very 

* Electrochemical Society Active Member. 
Key words: PbO-Na~O-SiO~ system, emf silicate melts, s i l icate  

thermodynamic data. 

similar to that previously used in this laboratory for 
the investigation of the thermodynamic  properties of a 
number  of metal  oxides (23). 

The most important  par t  of the cell was a 24 in. long 
tube of ZrO2 stabilized with 5% CaO, commercially 
available from the Zirconium Corporation of America. 
The tube had one closed flat end, an inside diameter  of 
% in., and an outside diameter  of ~/2 in. Although the 
imperviousness of the tube is certified by the manufac-  
tur ing company, it was subjected to hel ium leak detec- 
t ion tests in this laboratory using a Veeco Mass Spec- 
t rometer  Leak Detector. 

The reference electrode consisted of a mixture  of Ni 
and NiO powders placed in a ceramic crucible at the 
bottom of the assembly. The electrical connection for 
this electrode consisted of several pieces of spectro- 
graphically pure nickel wire approximately 11/4 in. long. 
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Fig. 1. Schematic diagram of "closed" solid electrolyte cell 
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The nickel wire was welded to a p la t inum wire 0.020 
in. in diameter which was insulated by means of an 
a lumina  tube and served as a lead wire to the poten-  
tiometer. 

In  some pre l iminary  experiments,  a Pt,O2(i am~) elec- 
trode was used as the reference. However, the large 
oxygen chemical potential  difference created across the 
solid electrolyte appeared to cause the permeabi l i ty  of 
this membrane  to non- ionic  oxygen, especially at high 
temperatures.  This nonelectrochemical  t ransfer  of oxy- 
gen should explain the observed time dependence of the 
cell emf's when  such a reference electrode was used. 
This phenomenon  has also been reported in other pub-  
lications (24, 25). The effect of oxygen permeat ion was 
unnoticeable when the low oxygen part ial  pressure 
electrode Ni/NiO was introduced. 

Lead of 99.999% pur i ty  and the crushed te rnary  sili- 
cate were loaded inside the ZrO2-CaO tube. The elec- 
trical connection for this electrode was made by means 
of a 6 in. long iridium wire, 2 m m  in diameter, partially 
immersed in the metal phase. Other metals like plati- 
num or stainless steel were found to alloy with Pb. The 
iridium wire was welded to a platinum wire of 0.040 in. 
in diameter which was insulated with a fine alumina 
tube and brought to the upper part of the assembly to 
serve as the second lead wire to the potentiometer. The 
ZrO2-CaO tube was evacuated to 10 -5 atm and its open 
end closed under vacuum by means of a glass seal and 
"De Khotinsky" medium cement as indicated in Fig. I. 

Temperature measurements were made by means of 
a Pt/Pt-13% Rh thermocouple properly insulated and 
placed inside a 6 mm ID quartz tube closed at the lower 
end. 

The entire cell was contained in a quartz tube of 45 
mm ID with a closed fiat end. A 50/60 quartz ground 
joint allowed the coupling of the quartz tube to the 
air-cooled Pyrex cap. This coupling was vacuum- 
sealed with Apiezon cement. The complete assembly 
was evacuated to 10 -5 atm and sealed under vacuum. 

The alumina disk shown in Fig. 1 served both as a 
spacer and as a radiat ion baffle. 

The bottom of the cell was placed in  the 2 in. long 
constant  temperature  zone of a vertical  furnace. The 
temperature was controlled within ~I~ by means of 
a Brown Pyr-O-Vane controller from Honeywell In- 
struments. A grounded Inconel sheath was placed be- 
tween the cell wall and the furnace tube to eliminate 
induced currents from the a-e field of the furnace 
windings. 

The emf's originating from the Pt/Pt-13% Rh ther- 
moeouple were measured with a Leeds and Northrup 
K-3 potentiometer with the same furnace and over-all 
geometric arrangement. Corrections had to be applied 
for the use of cold junctions (44~ All thermocouples 
used were standardized with respect to a calibrated 
couple. 

Cell emf's were registered by means of a Keithley 
digital multimeter, Model 160, with an accuracy of 
___0.1% of recording. Polarization currents in such in- 
struments are negligible. All cell emf readings were 
corrected for thermal emf's measured separately. Such 
corrections were of the order of 3 inV. 

The main characteristic of the cell design described 
above is that the electrode compartments are com- 
pletely isolated from each other, so that the only mass 
transfer which can take place between the electrodes 
is the electrochemical transfer of oxygen ions across 
the solid electrolyte. Since there is no gas diffusion 
from one electrode to the other, the oxygen partial 
pressure in each compartment reaches the equilibrium 
value, and both electrodes behave as closed thermo- 
dynamic systems. This type of cell is known as a 
"closed cell" and has been shown (23) to be free of 
mixed potential effects which are inherent in "open" 
type cells. 

The system was systematically investigated along the 
three lines joining the PbO corner of the ternary dia- 

gram with the sodium metasilicate, sodium disilicate 
and sodium trisilicate compounds. The compositions 
investigated are shown in  Fig. 2. The shadowed area 
indicates the par t  of the phase diagram covered by 
this work combined with the work of Charette and 
Flengas (7) for the PbO-SiO2 binary  system. 

The method adopted for the preparat ion of the slag 
samples was to prepare first the pure sodium silicate 
and then melt  it with the amounts  of PbO correspond- 
ing to the desired te rnary  compositions. 

Na20 (in the form of Na2CO~ anhydrous)  and SiO2 
(obtained by dehydrat ing I~SiO4 at 1250~176 for 
18-24 hr) were mixed in the proportions correspond- 
ing to the recta-, di-, and trisilicate. Each mix ture  was 
loaded into a large p la t inum crucible  and heated slowly 
to about 1073~K in  order to allow the decomposition 
of the carbonate. After  a few hours, the temperature  
was raised to well above the mel t ing point of the sili- 
cate and the sample left for 18 hr or so in  order to as- 
sure its homogeneity. After this period of time, the 
crucible was removed from the furnace and cooled, 
with its contents, in a dessicator. When the presence of 
CO2 bubbles or undissolved material was considerable, 
the silicate was ground and remelted in the same 
platinum crucible. The preparations obtained were 
finely ground and stored in a dessicator. Usually, about 
50g of the sodium silicate was prepared at a time. 

Both the sodium disilicate and sodium trisilicate 
formed colorless glasses while the metasilicate was ob- 
tained as a white nonglassy material. 

For the preparation of the ternary slags, the sodium 
silicates were mixed with yellow PbO in the amounts 
corresponding to 10g samples. The mixtures were 
placed in small platinum crucibles provided with an 
alumina lid and introduced into a furnace preheated to 
about 1273~K where they were kept for 30 rain. 
After this time the slags were cooled, ground, arid 

stored in a dessicator. The slags were homogeneous and 
yellow in color, the intensity of the color varying ac- 
cording to the PbO content. Some PbO volatization was 
evidenced by a very light yellow deposit on the alu.- 
mina lid. most of which may have been produced be- 
fore the PbO dissolved in the slag. As indicated in Fig. 
2, most of the compositions formed clear glasses upon 
solidification. 

Five different samples were analyzed for PbO by dis- 
solving the silicates in concentrated I-I2SO4 and HF and 
evaporating to fumes to expel the silicon tetrafluoride. 
Pb was precipitated as PbSO4, which was filtered, 
washed, dried at 120~ and finally weighed. The re- 
sults agreed very well with the compositions calculated 
on weighing. 

The electrochemical cells were operated on tempera- 
ture cycles to a maximum of about 1273~ Cell emf's 
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were read every 30 ~ or 40~ and only w h e n  stable, 
so that the t ime between readings was usual ly  1-2 hr. 
The behavior of the cells may be described as follows: 

(a) Cells containing PbO dissolved in either the so- 
dium di- or trisilicate. They were run for period of at 
least 48 hr and in some cases up to 120 hr. The emf's 
were totally reproducible on repeated temperature 
cycl ing over an interval  of about 250~ After disas- 
sembling the cells, the fo l lowing observations were 
always made: (i) The Ni-NiO mixture that served as 
the reference electrode formed a compact mass around 
the electrolyte tube and provided a very steady elec- 
trical contact. (ii) The Ir rod immersed in the silicate 
melt  was unaffected by either Pb or the l iquid slag. 
(iii) The ZrO~-CaO solid electrolyte tube did not show 
any effect of a possible interaction wi th  the silicate 
melt. A barely vis ible ye l low deposit on the inner wal l  
at the bottom of the tube indicated some slight vo la-  
t i l ity of the PbO. 

(b) Cells containing PbO dissolved in sodium meta-  
silicate. These cells produced stable emf's during a 
period of 4-6 hr, after which time the emf fell  to very 
low and unstable values. When the cells were disas- 
sembled, the lower part of the ZrOe tube was totally 
cracked and the l iquid silicate had leaked to the outside 
of the tube. It was evident that the attack on the elec-  
trolyte was due to the higher concentration (and there- 
fore higher activity)  of the Na20 in the solution. Na~O 
shows a tendency to escape from the metasil icate in 
the form of a vapor which later decomposes in Na 
atoms and oxygen  molecules  (2r6). The small  atoms of 
Na may then diffuse into the solid electrolyte causing 
its weakness and the eventual  cracking. 

Results 
The temperature dependence of the cel l  emf for all 

the slags investigated is shown in Fig. 3, 4, and 5. Fig- 
ures 3 and 4 show the results obtained for composi- 
tions along the lines PbO-Na20"3SiO2 and PbO-Na20.  
2S iQ,  respectively,  whi le  Fig. 5 refers to compositions 
along the l ine PbO-Na20.SiO~. In the last case because 
of the problem discussed above, only two compositions 
could be investigated. Other runs failed before pro- 
ducing any acceptable results. 

According to the phase diagram for the PbO-Na~O- 
SiOz system due to Krakau and co-workers (27), re-  
produced in Fig. 6, the compositions XPbO ---- 0.70 and 
XpbO ---- 0.85 on the l ine PbO-Na-~O.3SiOo and also the 
compositions XpDO ---- 0 . 7 0  and Xpbo ---- 0 . 8 5  on the l ine 
PbO-Na20.2SiO2 lie in the stability field of PbO. This 
means that PbO is the first solid to appear during the 
cooling of the solutions and should be found in thermo- 
dynamic equil ibrium with the PbO remaining in solu-  
tion. These characteristics of this portion of the phase 
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diagram should be reflected in the emf data obtained 
for the above-mentioned compositions in the fol lowing 
way: (a) The emf vs. temperature lines should inter- 
sect the pure solid PbO line at the freezing point, and 
(b) all emf measurements  below the freezing point 
should be coincident wi th  the l ine corresponding to 
solid PbO. 

As may be seen in Fig. 7, this behavior was strictly 
fol lowed by the experiments.  The obtained freezing 
points are in good agreement wi th  those indicated in 
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Fig. 6, and the emf data for lower temperatures  coin- 
cide almost exactly with the l ine for solid PbO. These 
facts were taken as an excellent  test for the accuracy 
of the emf data. 

Each set of results represented in  Fig. 3, 4, and 5 was 
subjected to a least squares analysis using a s tandard 
computer program, and the resul t ing l inear  re lat ion-  
ships between cell emf and temperature  have been in-  
cluded in  Table I together with their  corresponding 
s tandard deviation�9 

Thermodynamic Calculations 
Considering the polari ty of  the cells indicated in  the 

schematical representat ion [1], the cell reaction may 
be wr i t ten  as 

Ni(~) + PbO(in s lag)  --> NiO(s~ + Pbd) [2] 

and the activities of the PbO in the te rnary  melts 
(apbo) at T~ may be calculated from the equation 

RT 
E : E ~ + �9 i n  apbo [3] 

2F 

where R is the gas constant, F the Faraday constant, 
and E the measured cell voltage. E ~ represents the emf 
of the cell in which the slag phase has been replaced 
by pure l iquid PbO. E ~ was calculated from the avail-  
able emf data (23) for the cell reactions as 

Ni(s) + 1/2 O2(1 atm) -> NiO(s) E ~  : 1210.8-0.4399T mV 
[4] 

Pb(1) + 1/2 O2(1 at, a) -~ PbO(1) E~ : 987.8-0.3894T mV 
[5] 

Ni(s) + PbO(1) -~ NiO(s) + Pb(D E ~ : 223.0-0.0505T mV 
[6] 

Plots of the activity of PbO at 1273~ vs. the mole 
fraction of this oxide for different XNa2o/Xsio2 ratios 
are shown in Fig. 8. It may be readily seen that, as 

X p b  O 

(7} 
(1) binary PbO-SiO 2 

(2) Na20 / SiO2 : 1 / 3 

(3) Na20/ S iO2 :1 /2  

(L) Na20/ S02.=1/1 

Fig. 8. Concentration dependence of the activities of PbO at 
1273~ for various values of the ratio XNa20/Xsi02. 

the XNa2o/Xsio2 ratio increases, the activity curves are 
consistently displaced toward more positive values. 
This observation follows the general  rule for t e rnary  
silicate systems in the sense that the addition of a 
more basic metal oxide raises the activity of the other 
oxide in  solution. The results plotted in  Fig. 8 have 
also been used to obtain the isoactivity contours rep-  
resented in Fig. 9 on an isothermal section of the 
te rnary  diagram at 1273~ 

From the analysis of the PbO activity data at differ- 
ent temperatures which are presented in  Table II, it is 
readily concluded that the thermodynamic  behavior  
of the solutions slowly approaches that  of the ideal 
molecular model as the temperature  increases. The 
knowledge of the temperature  dependence of the 
activities of PbO was also used to calculate the part ial  
molar  enthalpies of mixing of l iquid PbO, -%/tPbO, by 
means os the van ' t  Hoff equation 

d (In apbo) AHPbo 
- - -  [7] 

d (1/T) R 

Table I .  Summary of emf data for the PbO-Na20-Si02 system 

Xpho 

E = A -- BT, mV 

Xr~a2o:Xs|o 2 -~ i ; 3  

A B S t d  d e v ,  

X N a 2 0 : X s i o  z ~ 1 : ~  

A B S%d dev. 

XNa~o:Xsloo = I:I 

A B S t d  d e v .  

0,10 88.2 0.1183 -~1.1 m V  
0.20 154.0 0.1126 ----+1�9 
0.30 197.3 0,1097 + 1 . 3  
0.40 210.9 0.0915 -~---0,6 
0.55 233.1 0.0831 -----1.4 
0.70 232.7 0.0704 --4---0.4 
0.85 230,4 0.0623 ~-0,4 
1.00 223.0 0.0505 "4-I�9 

145,9 0.1255 "4-1.2 m V  
181.8 0.0972 --~_1.1 
187,3 0.0750 ___1.3 
213.3 0.0729 "+-0.9 
280,1 0,1130 ___1.1 
258,5 0.0887 +___0.3 
233.9 0.0647 ___0.7 
223,0 0,0505 _ I . 0  

429.7 0.2356 -----0.6 m V  
279.6 0.1051 + 0 . 3  

223.0 0,0505 --4---1.0 

X denotes  mole  fract ion.  
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The concentrat ion dependence of the part ial  molar  
enthalpies of mixing of l iquid PbO dissolved in  sodium 
silicates of different XNaeo/Xsio2 ratios is shown in  Fig. 
10. It may be seen that  the curves are of a ra ther  un -  
usual shape, going from negative to positive values and 
showing a m i n i m u m  in the PbO-r ich  side of the dia- 
gram. 

The part ial  molar  entropies of mixing  of l iquid PbO, 
A S P b o  , were calculated from the s tandard expression 

RT I n  a p b o  - -  AH---pbo -- T A S p b o  [ 8 ]  

and the corresponding results are shown in Fig. 11. It  
may be noted that  for the PbO-r ich  compositions, A S P b o  

increases as the silica content increases, and that this 
tendency is completely reversed as the PbO concen- 
t rat ion decreases. In  order to follow such a drastic 
change, the curve corresponding to the ratio X N a 2 0 /  

Xsio2 : 1/2, goes through a peak which is characteristic 
of the presence of important  configurational contr ibu-  
tions to the entropy of the system. 

The numerical  values for both the part ial  molar en-  
thalpies and the part ial  molar entropies of mixing of 
l iquid PbO have been included i n  Table III. Because 
of the experimental  difficulties experienced with slags 
having the ratio XN~2o/Xsio2 = 1, the results obtained 
in such cases should be taken only as a,pproximated 
values. These values have not been reported in the 
plots presented in  this paper. 

Discussion 
According to the general  experimental  evidence (10, 

16-19), the addit ion of a more basic metal  oxide MuO 
to a silicate solution containing a metal  oxide MIO, 
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Fig. 10. Concentration dependence of the partial molar entbalpies 

of mixing of PbO for various values of the ratio XNa20/Xsio2- 

produces a rise in the activity of the latter. The ex-  
planat ion for this observation is that  SiO2 reacts with 
MuO, so that the proport ion of MIO left "unreacted" 
is increased and its activity also increases. Accordingly, 
for a given temperature  and composition of the ter-  
nary  slag, the highest activity of MIO is reached when 
the nature  of the MnO component is such that it  re-  
acts completely with SiO2. The phenomenon may be 
represented by the simplified reaction 

Table II. PbO Activity data in the PbO-Na20-Si02 system 

A c t i v i t i e s  of  P b O  

XNa20:Xsio 2 ~ O* 
XpbO ( b i n a r y  PbO-SiO~)  XNa2O:XSiO s = 1:3 XNa20:XsIo ~ = 1:2 XNa2o:Xsio 2 ~ 1:1 

1123~ 1223~  1273~ 1123~  1173~  1223~ 1273~  1123~  1173~K 1223~  1273~  12230K 1273~  

0.0 0 0 0 
0.I0 -- -- -- 

0.20 -- -- -- 
0.30 -- -- 

0.40 0.068 0.076 0.081 
0.55 0.155 0.169 0.171 
0.70 0.410 0.424 0.440 
0.85 0.832 0.845 0.852 
1.0 1.00 1.00 l.OO 

0 0 0 0 
0.013 0.014 0.016 0.018 
0,057 0.060 0,064 0,067 
0 1 4 9  0.152 0.155 0.159 
0.301 0.304 0,307 0.310 
0.578 0.574 0.568 0.564 
0,771 0,764 0.758 0,753 
0.885 0.881 0.876 0.871 
1.00 1.00 1.00 1.00 

O 0 0 0 0 0 
0.086 0,088 0.041 0.042 - -  
0.145 0 .149 0.155 0.160 0.688 0.590 
0.271 0.280 0.288 0.295 0.824 0.790 
0.487 0.490 0.495 0.498 - -  - -  
0.763 0.725 0.693 0.664 - -  - -  
0,822 0,798 0.777 0.758 - -  - -  
0.902 0.892 0.864 0.877 - -  
1.00 1.00 1.00 1.00 1.00 1.00 

* D a t a  f r o m  C h a r e t t e  and Flengas (7[ .  
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In the case of the PbO-Na20-SiO2 system, it is seen 
in Fig. 8 that  the activities of PbO show a Significant in-  
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Fig. 12. Experimental concentration dependence of the activities 
of PbO dissolved in Na~.O �9 2Si02 and in CaO " 2Si02 at 1000~ 

crease with increasing concentrations of Na20. Accord- 
ingly, the latter should be expected to behave as a 
highly reactive metal  oxide with respect to silica. Since 
this characteristic is also a property of CaO, then the 
activities of PbO in the PbO-Na20-SiO2 melts should 
not be dramatical ly changed by replacing the Na20 
component by CaO. The effect of this replacement  is 
shown in  Fig. 12, and it is interest ing to note that  Na20 
appears to be more efficient than  CaO in raising the 
activity of PbO. This observation could be of some use 
in  metal lurgical  processes involving s lag-metal  reac- 
tions and where the recovery of a metal  from the slag 
is largely affected by the activity of the corresponding 
metal  oxide in  this phase. However, from the available 
experimental  data, it is not clear that  this observation 
can be extended to systems containing metal  oxides 
other than PbO. 

The high escaping tendency of PbO from the PbO-  
Na20-SiO2 solutions seems to be par t ia l ly  caused by 
the existence of repulsive interactions between the 
PbO and Na20 components. This in terpre ta t ion is sug- 
gested by the marked tendency toward positive heats 
of mixing evidenced in  Fig. 10 and is supported by the 
activity data for a number  of metal  oxides dissolved in  
sodium disilicate melts which have been summarized in  
Fig. 13. From the tendencies observed in  b inary  silicate 
melts, these activities are expected to decrease in the 
order NiO-CoO-FeO-PbO. This sequence is respected 
by the oxides of the t ransi t ion metals Ni, Co, and Fe. 
However, the activities of PbO are seen to be higher 
than those of CoO and FeO. It appears, therefore, that  
there exist strong interactions between PbO and Na20 
which are not comparable to s imilar  interactions that  
may exist between the other metal  oxides and Na20. 

Table IlL Partial molar enthalpies and entropies of mixing of PbO in the PbO-Na20-Si02 system 

~Na20:Xg]O 2 ~-~ 0* 
XPbO (binary PbO-SiOJ X~a~o:Xsio~ = 1:3 XNa~O:XSiO 2 = 1:2 /Na20:Xsio 2 = I : I  

A/'/~bot aS-ebo$ A~PboT ~Pbo* 

O. 10 -- 6220 3.14 -- 3580 3,46 
0.20 -- 3180 2.86 -- 1900 2.15 + 9530 8,54 
0 . 3 0  - -  1 1 90  2 . 7 3  - -  1 6 5 0  1 .13  + 2 6 1 0  2 . 5 2  
0.40 -- 3450 2.33 -- 560 1.89 -- 440 1.03 
0.55 --2150 1.78 + 470 1.50 + 2630 2.88 
0.70 -- 980 0.88 + 450 0.95 + 1540 1.76 
0.85 --300 0.09 + 340 0,54 + 500 0.65 
1.00 0 0 0 0 0 0 0 0 

* D a t a  f r o m  C h a r e t t e  a n d  F l eng a s ,  ( 7 ) .  

AHPbO i n  c a l / r n o l e .  

$ A-SPbo i n  c a l / m o l e - ~  
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The activi t ies of PbO in the PbO-Na20-SiO2 system 
have also been measured  by Esin and co-workers  (28) 
by  using an e lect rochemical  cell  of the type  

Pb, PbO IMgOI Pb, (PbO-Na20-SiO2)  [10] 

where  the electr ical  contact  for the  electrodes was p r o -  
v ided  by  means of graphi te  rods. Their  results,  how-  
ever, are  in total  d isagreement  wi th  those repor ted  in 
this paper .  These authors  found tha t  the  rep lacement  of 
SiO2 by  Na20 in the solutions (at  constant  mole f rac-  
t ion of PbO)  resul ts  in a decrease of the ac t iv i ty  of 
PbO. This is opposed to the behavior  observed in the 
present  work  and in other  the rmodynamic  inves t iga-  
tions on t e rna ry  si l icate melts  (10, 16-19). F u r t h e r -  
more, the activi t ies of PbO in the PbO-SiO2 b ina ry  
mel ts  repor ted  by  Esin and co-workers  (28) disagree 
comple te ly  wi th  the we l l -es tab l i shed  (4-9) concentra-  
t ion dependence  of that  p roper ty .  

The reasons for the  d isagreement  should be found in 
the  exper imen ta l  technique  used by  Esin. In  the  first 
place, it  is now recognized tha t  fused 1VIgO is not  a 
p u r e l y  oxygen- ion  conductor  as it  is in  the  case of the 
substitutional solid solutions ZrO2-CaO, ThO2-Y~_O3, 
etc. Thus, the use of the l%IgO membrane may have 
introduced an important error in the measured cell 
emf's. The second source of error should be found in 
the use of graphite as the electrical connection for the 
electrodes, since this will result in a value of the 
oxygen partial pressure different from the equilibrium 

pressure  that  would coexist  wi th  pure  l iquid Pb and 
PbO in solut ion according to the react ion 

Pb(l~ + 1/2 O2 ~-~-- (PbO)in slag [11] 
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ABSTRACT 

The apparatus and technique for making differential capacitance measure-  
ments  on a dropping mercury  electrode under  computer control are described. 
Sample results for electrolyte solutions and for aliphatic alcohol solutions are 
presented. A comparison of interracial  tension and differential capacitance 
measurements,  both under  computer control, reveals a source of systematic 
error in  differential capacitance measurements  which has general ly been ig- 
nored in the past. Theoretical and exper imental  results are used to argue that 
differential capacitance is not a suitable exper imental  route to electrosorption 
isotherms for organic compounds. 

For many  years it was general ly  believed that dif- 
ferent ial  capacitance measurements  at a dropping mer-  
cury electrode (DME) based on the a-c impedance 
bridge method originated in  1941 by Grahame (1) 
were inheren t ly  more accurate than electrocapillary 
measurements  and were therefore the best source of 
reliable informat ion  about  the s tructure of the elec- 
trical double layer. A few years ago, however, a com- 
puter-control led capillary electrometer was developed 
in this laboratory (2, 3) which is much faster and 
easier to use than the manua l  a-c bridge, and which 
was shown to yield data which are quite comparable 
to the best which can be obtained from a bridge for 
simple salt solutions. In  the case of organic com- 
pounds, this computer-control led capillary electrom- 
eter yields superior data, one reason for which is the 
difficulty of properIy correcting capacitance measure-  
ments for frequency dispersion (4-6). A careful recent 
study (7) has indeed shown that the 95% confidence 
limits of the interfacial tension measured by the 
computer-control led capil lary electrometer do not ex- 
ceed 0.1 dyne cm -z and are independent  of electrode 
potential,  which implies a relat ive precision of about 
1 part  in 4000. Nevertheless, it seemed to us that it 
was not real ly fair to compare capacitance measure-  
ments  obtained with a manua l  a-c bridge with com- 
puter-control led electrocapillary data. Therefore we 
have designed a computer-control led differential ca- 
pacitance measur ing ins t rument .  In this paper we 
report  on the design and operation of this instrument ,  
and we evaluate its performance by direct comparison 
of integrated differential capacitance curves with 
electrocapillary curves on the same solution obtained 
with the computer-control led capillary electrometer.  
One result  of this direct comparison is that  we have 
found a source of systematic error in differential 
capacitance measurements  which may be serious in 
certain cases and which has general ly been ignored 
in  the l i terature  (8). This part icular  source of system- 
atic error probably  could not have been detected from 
manua l  bridge measurements,  but  it is easily made 
manifest  when the measurements  are computer con- 
trolled. 

Experimental 
Apparatus.--The a-c bridge was replaced by an 

operational amplifier potentiostat  coupled with a phase 
sensitive current  detector. This circuit was interfaced 
to a Digital Equipment  Corporation (DEC) PDP-8 / I  
minicomputer  with 8K core and 32K fixed head disk. 

* Electrochemical  Society Active Member.  
Z P r e s e n t  addres s :  D e p a r t m e n t  o f  A p p l i e d  Science, Brookhaven  

National Laboratory ,  Upton,  New York 11973. 
Key  words:  electrosorption, s ur f ace  exces s ,  eleetrocapillarity,  

dropping m e r c u r y  e lec trode .  

The potentiostat  circuit was similar to that described 
by deLevie and Husovsky (9). The phase sensitive 
current  detector consists of an operational amplifier 
current- to-vol tage  converter coupled to a commer-  
cially available phase-lock amplifier (Ithaco Model 
353, with Type D1 display unit, Type C1 demodulator, 
Type B1 amplifier, and Type H1 oscillator). The 90 ~ 
phase angle switch on the front panel  of the Type C1 
demodulator was replaced by a mercury-wet ted  relay 
operating under  computer control. A block diagram 
of the complete apparatus is shown in Fig. 1. 

The d-c potential  signal is supplied to the potentio- 
stat by a 12-bit D/A converter on software command. 
The potentiostat  input  has a s tandard adder configura- 
tion. In addit ion to the d-c signal from the D/A con- 
verter, a d-c bias supply can be connected to the 
potentiostat  input  to permit  the d-c potent ial  of the 
electrode to be offset. The low frequency a-c signal 
for the capacitance measurements  is supplied from 
the Type H1 oscillator, and the input  resistance is 
normal ly  chosen so that  the controlled a-c potential  
of the electrode has an ampli tude of 5 mV peak- to-  
peak. This same a-c signal from the Type H1 oscillator 
is connected to the reference input  of the Type C1 
demodulator  to serve as the phase reference signal 
for the phase-lock amplifier. A second, high frequency 
(10 kHz), a-c oscillator can be connected to the po- 
tentiostat  input  via a computer-control led mercury-  
wetted relay. This 10 kHz signal is connected to the 
DME momentar i ly  before na tura l  drop fall. The re- 
sult ing 10 kHz a-c current  is input  to a bir th detector 
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REAL-TIME 
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Fig. I. Block diagram of apparatus for making computer-con- 
trolled differential capacitance measurements. 
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circuit similar to that described for the computer-  
controlled capil lary electrometer (2). The bir th de- 
tector circuit produces a sharp voltage pulse when the 
drop falls. This voltage pulse, signall ing the begin- 
ning of a new drop, is input  to the computer in ter -  
face to start  the programmable  real - t ime clock which 
is used for t iming the capacitance measurements .  Dur-  
ing capacitance measurement ,  the 10 kHz signal is 
disconnected from the potentiostat  input  by opening 
the relay contacts. The a-c current  result ing from the 
5 mV peak- to-peak controlled a-c potential  is detected 
by a current- to-vol tage  converter whose output  is 
input  to the Type B1 amplifier of the Model 353 phase- 
lock amplifier system. This lock-in amplifier can be 
set by software command to detect either the in-phase 
or the 90 ~ out-of-phase (quadrature)  component.  The 
output  of the phase-lock amplifier is passed through 
a 50 Hz th i rd-order  But terworth  low-pass filter (10) 
into a Phi lbr ick Model 1700 chopper stabilized opera- 
tional amplifier which scales the signal appropriately 
and passes it to the sample-and-hold  amplifier of the 
12-bit A/D converter of the computer interface. 

The three-electrode potentiostat  can be connected 
either to the electrochemical cell or to a dummy cell 
consisting of a s tandard resistor and standard capacitor 
in series. The dummy cell is used for init ial  phase 
adjustments  on the demodulator  to compensate for 
the na tura l  phase shifts of the potentiostat  and current  
amplifiers. It is also used to adjust  the phase angle 
switching circuitry so that on computer command the 
phase can be switched f rom exactly in-phase to ex- 
actly 90 ~ out-of-phase. Final ly  the dummy cell is 
used to determine the .calibration constant which is 
stored in the memory of the computer and is used to 
calculate the series capacitance and series resistance 
of the electrochemical cell from the measured in-phase 
and quadra ture  components of the a-c cell current. 

An x-y  plotter (Hewlett  Packard Model 7004A) is 
interfaced to the computer  so that a graphical display 
of the differential capacitance curve may be obtained 
dur ing measurements.  The digital data are typed on 
the teletype and are also punched on high speed paper 
tape for subsequent  data analysis. 

Measurement procedure.--Each t ime the a-c fre- 
quency is changed it is necessary to adjust  the phase 
compensation for the operational amplifiers and the 
90 ~ phase angle switching circuitry. In  order to make 
these adjus tments  more exact and more convenient,  
two modifications were introduced into the Type C1 
demodulator.  First, the s ingle- turn  phase angle ad- 
jus tment  potentiometer  on the front panel  (resistor 
R1) was replaced by a 10-turn Helipot with Duodial. 
Second, the s ing le - turn  variable resistor in the 90 ~ 
phase angle switching circuit (resistor R97) which 
was originally located on the printed circuit board of 
the C1 demodulator  was replaced by a 25-turn t r impot  
on the front panel. 

The demodulator  is first adjusted to compensate for 
the na tura l  phase shifts of the operational amplifier 
circuitry by using a purely resistive dummy cell. 
For this purpose the phase angle switch of the de- 
modulator  is set to detect the quadrature  component 
which should be exactly zero for a purely resistive 
d u m m y  cell, and the Helipot is adjusted unt i l  the 
A/D reading is exactly zero. Next a dummy cell is 
inserted with the series resistor and capacitor selected 
so that the phase angle for the chosen a-c frequency 
is exactly 45 ~ . The in-phase and quadrature  compo- 
nents for this cell should be equal. The computer 
switches the phase angle to read a l ternate ly  both of 
these components, and the A/D readings are typed 
out on the teletype. If the two A/D readings are not 
equal, the 25-turn tr impot is adjusted unt i l  they are 
equal. Since there is an interaction between this ad- 
jus tment  and the phase compensation adjustment,  the 
lat ter  is rechecked. Usually after two or three trials 
the two adjustments  can be set so that  a purely  re-  

sistive dummy cell gives a quadrature  component 
which is exactly zero, and the dummy cell with 45 ~ 
phase angle gives exactly equal in-phase and quadra-  
ture components. These two adjustments  of the phase- 
lock circuitry, are vital  for accurate differential ca- 
pacitance measurements.  They must  be made every 
time the a-c f requency is changed, and even when 
one is operating at a single frequency they should 
be checked periodically. 

The apparatus is calibrated using the same dummy 
cell with series s tandard resistance, RSTD, and stan-  
dard capacitance, CSTD, SO chosen that the phase angle 
is exactly 45 ~ For this purpose the computer f r s t  
sets the phase angle switch of the demodulator to 
detect the current  which is in-phase with the applied 
a-c potential  and the voltage, V'o, which corresponds 
to the in-phase dummy cell current  is measured by 
the A/D converter. Then the computer switches the 
detected phase angle to exactly 90 ~ out-of-phase and 
the corresponding voltage, V"D, is read by the A/D 
converter. The cal ibrat ion factor, K, for the measure-  
ments  is then calculated from the values of V'D and 
V"D using the following formula which can be easily 
derived by standard a-c circuit analysis (11) 

K --- CSTD/[V"  D -~ (~? 'D)2/V"D] 

-" 1/(wRsTD) [V'D Dff (V"D)2 /V 'D]  
[1] 

In  Eq. [1] ~ is the angular  frequency of the applied 
a-c potential  in radian sec -1. In  all experiments  de- 
scribed here the a-c f requency was measured with 
a Monsanto Model l l0B programmable  counter- t imer.  

The measured series resistance, Rs, and series ca- 
pacitance, Cs, of the electrochemical cell at any elec- 
trode potential  and at any instantaneous t ime in the 
drop life of the DME can then be determined by 
the following equations 

(1/Rs) = wK[V'm + (V"m)2/V'm] [2] 

Cs = K[V"m + (V'm)2/V"m] [3] 

In Eq. [2] and [3] V'm and V"m denote the ins tan ta-  
neous values of the voltages read by the A/D con- 
verter corresponding to the in-phase and quadra ture  
components of the cell current,  respectively. Cs in 
Eq. [3] is equal to the capacitance of the electrical 
double layer of the DME provided that the surface 
area of the DME is negligibly small in comparison with 
the area of the auxil iary electrode (1, 8). In  the 
measurements  reported here the DME was placed in 
the center of a platinized cylindrical  p la t inum gauze 
auxi l iary electrode whose surface area was much 
larger than that of the DME. The differential capac- 
itan.ce per uni t  area, C, of the double layer  is obtained 
by dividing Cs by the corresponding instantaneous 
area of the DME. 

The computer is programmed so that for each value 
of the d-c electrode potential  the in-phase voltage, 
V',n, and the 90 ~ out-of-phase voltage, V"m, are mea-  
sured at any desired times in the drop life on each 
of two successive drops. The t iming sequence of the 
measurements  is i l lustrated schematically in Fig. 2. 
Just  before na tura l  drop fall, the programmable  real-  
time clock is stopped and its counter is zeroed. The 
fall of the drop causes the bir th detector to issue a 
pulse which starts the clock recording the t ime in 
the life of the next  drop. The computer then discon- 
nects the 10 kHz input  to the potentiostat  and switches 
the phase angle switch on the demodulator  to read 
the quadrature  component. After wait ing a specified 
period of time (for example, 2 sec) which is controlled 
by software command, the value of V"m is read any 
desired number  of times determined by the program- 
mable clock and stored in memory. Then the 10 kHz 
signal is reconnected to the input  of the potentiostat, 
the clock is stopped, and its counter is zeroed. When 
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Fig. 2. Timing diagram for computer-controlled differential ca- 
pacitance measurements. 

the drop falls the clock is started again, the computer 
switches phase angle to in-phase, and after the same 
wait ing period the value of V'm is read at the same 
times in  drop life as the V"m readings, and the values 
are stored in memory. The d-c potential  is then 
changed to the next  value by the D/A converter, the 
10 kHz a-c signal is connected again, and the sequence 
is repeated at the new electrode potential. After every 
two drops at a fixed d-c potential,  the values of Rs 
and Cs are calculated for each of the times in drop 
life at which measurements  were made by application 
of Eq. [2] and [3], and the differential capacitance, C, 
per uni t  area is calculated and plotted. 

In the experiments  described below the electro- 
chemical cell and the calomel reference electrode ~e re  
jacketed, and their temperatures  were controlled at 
25~ by pumping  water from a thermostat  through 
the jackets. The DME capil lary was d rawn from boro- 
silicate glass to a fine tip, and the interior  of the 
capillary was dewetted with the vapor of dichloro- 
dimethvlsi lane by the method described previously (3). 
After dewetting, the capillary tip was recur so that 
the end of the capillary was wet by water. The sodium 
sulfate was reagent  grade and was used without fur-  
ther  purification. The mercury  was triple vacuum dis- 
tilled. The water  used to prepare solutions was dis- 
tilled from alkaline permanganate  and then redistil led 
to prevent  carry-over  of traces of permanganate.  The 
2-butanol  was distilled, and its pur i ty  was verified 
by  gas chromatography. 

Results and Discussion 
Electrolyte solutions.--It was decided that the best 

way to evaluate the performance of this ins t rument  
would be to compare directly the results of the ca- 
pacitance measurements  with electrocapillary mea-  
surements  performed with the computer-control led 
capil lary electrometer on the same solution. Therefore 
we measured the differential capacitance of the DME 
in a solution of 0.05M sodium sulfate at 25~ This 
solution is always used as the calibration solution for 
the capil lary electrometer because an accurate, inde-  
pendent  measurement  by the sessile drop method of 
the interfacial  tension of mercury  at the electrocap- 
i l lary max imum is available for it  (12). Electrocap- 
i l lary  measurements  were made on the same solu- 
tion using the same reference electrode (a 0.1M KC1 
calomel electrode) employed in  the capacitance mea-  
surements.  

In  the first experiments  the computer was pro- 
grammed to measure V'm and V"m at three different 
times 0.1 sec apart  in the life of a drop, namely, 4.8, 
4.9, and 5.0 sec. The area, ASPH, of the electrode at 
each of these times was calculated, as in most pub-  
lished differential capacitance studies, by the foEow- 
ing equation which assumes that  the drop is spherical 

ASPH : (6m~/~/d)2/3$ 2/3 [4] 

In  Eq. [4] m is the mass flow rate of the DME in g- 
sec -1, d is the density of mercury  at 25~ On g-cm-~, 
and t is the t ime in seconds in  the drop life of the 
measurement .  The series capacitance, Cs, of the elec- 
trochemical cell, which is the same as the differential 
capacitance of the DME, was calculated by means of 
Eq. [3] and the corresponding value of the differ- 
ential  capacitance per uni t  area, C, was calculated by 
dividing Cs by ASPH. The precision of the measure-  
ment  appeared to be very good. At all electrode po- 
tentials the relative s tandard deviation of C determined 
from the measurements  of Cs at the three different 
times was about 0.05%. The differential capacitance 
per un i t  area, C, was then doubly integrated as a 
function of electrode potential, E, to obtain the in ter -  
facial tension, ~, by application of the equation from 
the thermodynamic theory of electrocapillari ty (13) 

~---- -- C dE dE § ~max [5] 
YYII a x  Z 

where "~max is the value of the interracial  tension at 
the electrocapillary maximum, and Ez is the potential  
of the electrocapillary maximum.  The value of "/'max 
is 426.2 dyne cm -1 (12) at 25~ and the value of Ez 
was determined by digital computer fitting of the 
directly measured electrocapillary curve using the 
previously published digital computer techniques (14, 
t5). 

The results of this double integraUon, which are 
shown in Fig. 3, were disturbing. In this figure, "[he 
smooth curve is the double integral  of the differential 
capacitance, and the points are the interracial  ten-  
sions measured directly with the computer-control led 
capillary electrometer. Except for the electrocapJllary 
maximum, where there is a forced fit, the double 
integral  of the differential capacitance lies system- 
atically abo'~e the directly measured values of ~, and 
the magni tude  of this systematic error increases pro- 
gressively as the potential  differs more and more 
from E~. In fact, it can be seen from Fig. 3 that  on 
the far cathodic branch of the e]ectrocapillary curve 
the systematic error approaches 2 dyne cm -1, which 
is 20 times the 95% confidence limits of the direct 
measurements  of ~ with the computer-control led cap- 
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Fig. 3. Comparison of directly measured interfac~al tension 
(circles) and doubly integrated differential capacitance (smooth 
curve) for O.05M Na2S04 at 25~ before correction for excluded 
area due to capillary orifice. 
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i l lary electrometer. Such large systematic errors, 
clearly, could lead to serious errors in  determinat ion 
of relative surface excesses ~rom the slopes of plots 
of ~ at constant electrode potential  vs. chemical poten-  
tial of adsorbate (13). 

In  searching for a source of this systematic error, 
we decided to try measurements  of V'm and V"m a,t 
different times in the drop life. It  was observed that 
when the time in terval  between measurements  was 
increased the relat ive s tandard deviation of C, the 
differential capacitance per uni t  area, determined from 
three measurements  on one drop, also increased. For 
example, when the interval  was increased from 0.1 
to 2.0 sec the relat ive s tandard deviation increased 
from about 0.05 to 1.0%. This fact led us to record 
the value of the apparent  capacitance per uni t  area, C, 
separately for each time of measurement .  It was 
found that the apparent  value of C at any fixed elec- 
trode potential  increased as the time of measurement ,  t, 
increased. Typical results are i l lustrated in  FJg. 4. 
The top curve in this figure gives C for 7.0 sec, the 
middle curve is for 5.0 sec, and the lowest curve is 
for 3.0 sec in drop life. Since C must  be independent  
of the actual area of the electrode, this result  sug- 
gested that the difficulty might lie in our calculation 
of the area of the drop as a function of time. 

In  the l i terature (8), there are numerous  discussions 
of two possible sources of error in determining the 
correct area o.f a DME. The first source of error is 
the var ia t ion with time of the flow rate of mercury, ~n, 
due to the back pressure resul t ing from the interracial 
tension. The second source of error is nonspherical  
shape. According to Payne (Sa), "The absolute accu- 
racy of the capacity measurement  may be no better  
than 1% because of these factors." However, there 
is one even more obvious source of error in the 
calculation of the area of the drop which apparent ly  
has never  been seriously considered (Sb). This third 
source of error is simply the fact that even iE the 
drop is t ru ly  spherical in shape its t rue area cannot 
be the area of a sphere of the same radius, because 
at the place where the drop connects with the column 
of mercury, i.e., at the orifice of the capillary, there 
is an excluded area not in cat, tact with the solution. 
The true area, At, of the drop should therefore be 

given by the area of the sphere, ASPH, minus  the area 
of the orifice, Ao. Therefore, assuming that  the mass 
flow rate ol mercury  may be taken as a constant  

At : ASPH - -  Ao = (6m~-~/d)2/3t2/3 - -  Ao [6] 

The measured series capacitance, Cs, will then be 
given by 

Cs = C (6mk/~-/d) 2/~t'2/'~ -- CAo [7] 

where C is the true differential capacitance per uni t  
area. 

We therefore changed the computer program to take 
the data in a new way in conformity with Eq. [7]. 
On one drop the computer samples the value of V"m 
at 128 different times. On the next  drop it samples 
the value of V% at the same times. Then the series 
capacitance, Cs, for each of these 128 different times 
is calculated from Eq. [3], and Cs is fitted to a least 
squares straight line as a l inear  regression on t 2/3. 
Typical results are shown in Fig. 5. It was found that  
at all potentials such least squares fits were very 
good. The differential capacitance at each potential  
was then calculated according to Eq. [7] from the 
slope of the least squares straigh.t line. Figure 6 shows 
the differential capacitance curve for 0.05M Na.~SO4 
at 2'5~ obtained by this new method. The value of C 
at any potential  on this curve is higher than that 
calculated by the old method for any  time in drop 
life (cS. Fig. 4) as it should be if Eq. [7] is correct. 

The new differential capacitance curve w a% doubly 
integrated as a function of electrode potential  and 
compared to the electrocapillary curve for the same 
solution direct]y measured by the computer-control led 
capil lary electrometer. The results are shown in Fig. 
7. It can be seen from this figure that the agreement  
between the double integral  of the capacitance and 
the directly measured electrocapillary curve is essen- 
tially perfect. In fact, the over-al l  difference between 
the two electrocapillary curves is wi thin  the 95% 
confidence limits (• dyne cm -~) of the directly 
measured interracial tensions. Similar excellent agree- 
ment has been achieved with numerous  other electro- 
lyte solutions. We theref.ore believe that our new 
method of measur ing the differential capacitance, tak-  
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curve) for 0.5M Na2S04 at 2.~~ after correction for excluded area 
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ing account of the excluded area  due to the  cap i l l a ry  
orifice according to Eq. [7], is the  best  w a y  for  ob-  
ta ining t he rmodynamica l l y  meaningfu l  differential  
capaci tance curves. The excel lence .of the  agreement  
be tween  the doub ly  in t eg ra ted  capaci tance and the 
d i rec t ly  measured  e lec t rocapi l la ry  curves seems to 
imply  tha t  the  neglect  of the excluded area  of the 
orifice is the only serious e r ror  involved in obtaining 
the area  of the drop as a funct ion of t ime.  Undoub ted ly  
the back pressure  effect and the nonspher ic i ty  effect 
a re  st i l l  present ,  but  these mus t  be second-order  ef-  
fects be low the l imits  of e r ro r  of the method of mea -  
surement .  The fact  tha t  p rev ious ly  repor ted  capaci-  
tance measurements  using the manua l  a -c  br idge  have 

neglected this source of e r ror  now casts some doubt  
on the absolute  the rmodynamic  va l id i ty  of those m e a -  
surements .  I t  would obviously  be ve ry  difficult and 
tedious to de te rmine  the area  of the cap i l l a ry  orifice 
by  manua l  measurements  but  we would  s t rongly  urge 
that  an a t tempt  should be made  in fu ture  manua l  
capaci tance measurements .  Otherwise,  this sys temat ic  
e r ror  is bound to be present .  Since al l  t he rmodynamic  
methods for de te rmina t ion  of ionic surface excesses 
f rom different ial  capacitance, for example ,  the method 
of Grahame  and Soderberg  (16), necessar i ly  involve 
in tegra t ion  of the capacitance,  such sys temat ic  er rors  
will  be accentua ted  in the the rmodynamic  results.  
Because in tegrat ion accentuates  sys temat ic  e r ror  while  
smoothing out r andom error,  such a sys temat ic  e r ror  
can be especial ly  insidious. 

Organic sorbates.--It is also possible to measure  the 
differential  capaci tance of the DME in the  presence 
of organic sorbate~ using this compute r -con t ro l led  
apparatus .  A typical  example  is the  different ia l  ca-  
paci tance curve shown in Fig. 8 for a solution of 0.3M 
2-butanol  in a sodium sulfate  solut ion in which the 
mean ionic activity,  a_  _-- 0.07087, one of the solutions 
used in a recent  s tudy of the e lect rosorpt ion of 2- 
butanol  (7, 17). The a-c  f requency  for this capaci tance 
measurement  was 102.4 Hz. This curve exhibi ts  the 
typical  shape which is usua l ly  observed for a l iphat ic  
compounds, i.e., two adsorp t ion-desorp t ion  peaks  and 
a low capaci tance in the region of s t rong adsorpt ion 
be tween the peaks.  Such capaci tance curves can be 
very  useful  for qua l i ta t ive  s tudy  of organic e lec t ro-  
sorpt ion (18), and they  are very  quickly  and easi ly  
measured  with this compute r -con t ro l l ed  apparatus .  
However,  there  a re  two serious complicat ions involved 
in obta in ing thermodynamic  re la t ive  surface excesses 
of compounds from different ial  capaci tance curves. 

The first p roblem is that  the different ia l  capaci tance 
which is ac tual ly  measured  (especial ly  on the adsorp-  
t ion-desorpt ion peaks)  is f requency dependent ,  and 
the only capaci tance which has the rmodynamic  sig- 
nificance is the  l imit ing,  zero f requency  capacitance. 
Therefore,  it is necessary to measure  the  capaci tance 
at a series oE frequencies and to ex t rapo la te  to zero 
frequency. This is s imple enough if it  is just if iable 
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Fig. 8. Differential capacitance curve for 0.3M 2-butanol in 
Na2SO4 solution with mean ionic activity of 0.07087 at 25~ Fre- 
quency of measurement _-- 102.4 Hz. Electrode potential measured 
vs. 0.1M KCI calomel electrodes. 
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to plot the measured capacitance vs. wl/2 and take the 
intercept at ~ ---- 0 as the t rue zero frequency or ther-  
modynamic capacitance (5). Unfortunately,  such a 
procedure can be very dangerous because, as Doblhofer 
and Mohilner (4) showed, it is possible to obtain plots 
o f  C vs.  ~/ '~ which ,appear to be l inear  but  which 
nevertheless yield too low values for the zero fre- 
quency capacitance. Therefore the only real ly  safe 
method for extrapolat ing measured differential ca- 
pacitance is the method of the Cole-Cole (19) plot as 
recommended by Armstrong et  aL (6). This method 
requires that both the capacitance and the resistance 
d u e  to the dil~usion-controlled adsorption process be 
meas,ured as a function of frequency at a sufficient 
number  os frequencies to establish the Armstrong 
quarter-circle  (6). Unfortunately,  this requires a very 
accurate measurement  of the series resist.ance os the 
cell as a funct ion o]~ time because the resistance due 
to the adsorption process is, quite small  and in s e r i e s  
with the solution resistance. This means that in order 
to obtain the resistance d'ue to the diffusion-controlled 
adsorption one must  subtract  two large numbers  which 
are quite close to each other. We found that  it was 
not possible to obtain the total cell resistance and the 
solution resistance with enough significant figures to 
yield, after subtraction,  the resistance due to the 
diffusion-controlled adsorption with enough significant 
figures to permit  a Cole-Cole analysis. It is possible 
that this problem might be overcome by adding a 
computer-control led change in the amplification of 
the scaling amplifier which passes the output of the 
phase-lock amplifier to the A/D. However, we did not 
add this modification to the apparatus because it be- 
came clear that for any organic system the time re-  
quired to take the capacitance and resistance data 
at enough different frequencies would be practically 
prohibitive. That  is, the required electrosorption data 
for an organic system could certainly be obtained in 
so much less time with the computer-control led cap- 
i l lary electrometer (3) that it would be impractical 
to t ry  to obtain the same information from capacitance 
data. Moreover, there is a second complication in- 
volved in the study of organic electrosorption which 
has appeared as a result  of a recent study carried 
out in this laboratory (7, 17, 20). We believe, in fact, 
that this second complication completely vitiates the 
idea of obtaining thermodynamic relat ive surface 
excesses of organic sorbates from differential capaci- 
tance measurements  even if the frequency dispersion 
problem could be overcome. 

Assuming that the proper zero frequency capaci- 
tances can be obtained, the only route (13) to thermo- 
dynamic relat ive surface excesses for the organic 
compound from differential capacitance data is still 
via the interfacial  tension which can in tu rn  only be 
obtained by  double integrat ion of the capacitance wi~h 
respect to electrode potential. Such double integra-  
tion requires prior knowledge of two integrat ion con- 
stants, i.e., the charge density, r and the interfacial  
tension, % at some electrode potential. Because E~ 
and "~max change drastically with increase of concentra-  
tion of an organic sorbate (c~. Fig. 9) it is not  feasible 
to carry out this double integrat ion from the point 
of zero charge as in Eq. [5], for this would require 
prior measurement  of the electrocapillary curve for 
each solution in order to obtain the required integra-  
tion constants. It has been commonly believed that  at 
electrode potentials far from E~, where there is com- 
plete desorption of the organic compound, the elec- 
trocapil lary curves for all solutions containing the 
organic compound merge with the e]ectrocapillary 
curve for the base electrolyte solution. If this were 
true. then one could double integrate the differential 
capacitance from any potential  in the region of total 
desorption, and the only integrat ion constants re- 
quired could be obtained from the electrocapillary 
curve of the base electrolyte solution. However, this 

idea is actual ly incorrect both from a theoretical (13) 
and, as our recent study (7, 20) has shown, from a 
practical point  of view. 

According to the thermodynamic  theory of electro- 
capil lar i ty (13) the relat ive surface excess, raw, of 
t h e  organic compound, A, with w,ater, W, as the ref- 
erence component is given by 

raw :-  - -  ( 1 / R T )  (aT/0 In aA)T,p,E,ae [8] 

where R is the gas constant, T is the absolute tempera-  
ture, aA is the bulk activity of the organic compound 
(21), and the subscripts T, p, E, and ae indicate that 
the differentiation is carried out at constant  tempera-  
ture, pressure, electrode potential, and activity of 
the electrolyte (17) in the bu lk  ~olution. But raw is 
related to the true surface concentrat ion of the or- 
ganic compound, FA, and of the adsorbed water, rw, 
by the following equat ion (13) 

rAW = s -- (:CA/Xw)PW [9] 

where XA and ~Cw are the bu lk  mole fractions of the 
organic compound and of the water, respectively. 
l~ow, clearly, if at some extreme electrode potential  
t h e  organic compound is completely desorbed, i.e., ~.~ 
---- 0, it follows that raw < 0, since rw will be positive. 
This implies that the interracial  tension will increase 
with increasing bulk  activity of the organic com- 
pound. This means that  in the potential  region of 
total des orption of the organic compound the electro- 
capillary curve should rise progressively above the 
base electrolyte curve as the bu lk  activity of the 
organic compound is increased. This behavior  is i l lus- 
trated (7, 20) in Fig. 9 and 10 for the system 2-butanol  
in sodium sulfate soIution. Figure  9 is the set os 
electrocapillary curves for the base electrolyte (0.1M 
Na.~SO~) and for 25 solutions containing successively 
increasing activities (21) of 2-butanol  in solutions in 
which the mean ionic activity is the same (a• : 
0.0.7087) as for the 0.1M Na2SO~ in pure water  (17). 
Examinat ion of Fig. 9 shows that in the potential  re- 
gion in which adsorption of the organic compound 
occurs, the interfacial tension is progressively lowered 
and the potential  of the electrocapillary ma x i mum is 
progressively shifted in the anodic direction as the 
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Fig. 9. Electrocapillary curves for 0.1M Na2SO4 and 25 different 
activities of 2-butanol in solutions in which mean ionic activity is 
constant at 0.07087. Top curve in middle section is for base elec- 
trolyte. Other curves are for progressively increasing activities of 
2-butanol from top to bottom [for details see Ref. (7) and (20)]. 
Electrode potential is measured vs. a Corning NAS 11-18 sodium 
ion glass electrode in same solution. 
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bulk  activity of the 2-butanol  is increased. However, 
on the far anodic side (E > +0.1V) the 2-butanol  is 
completely desorbed from the electrode surface. Since 
FA -- 0, rAW < 0 and the interfacial  tension rises at 
constant  potential  as the bulk activity of 2-butanol  
is increased. Simultaneously,  the charge density at 
constant potential  becomes less positive since the 
charge density, ~, is g iven by  the L ippmann  equation 
(13) 

= - (O~/8E)r,p,~A,~ [10] 

This means that  there is no electrode potential  in the 
region of complete desorption of the organic compound 
in  which the two integrat ion constants required for 
in tegrat ion of the differential capacitance are the 
same as on the base electrolyte electrooapillary curve. 
This behavior can be seen more clearly in  Fig. 10 
which is an expanded view of the same set of 26 
electrocapil lary curves in the electrode potential  range 
W0.1 to +0.2V. This result  proves exper imental ly  
what  was deduced above theoretically, that  the old 
idea that the electrocapillary curves for the organic 
compound merge with the electrocapillary curve for 
the base electrolyte in  the region of desorption is 
incorrect. Therefore the only way that the differential 
capacitance curves for the organic system can be 
integrated is to have a separate pair  of integrat ion 
constants for each concentrat ion of the organic com- 
pound. This means tha~ it would be necessary to have 
already measured the electrocapillary curves for every 
single solution. 

The only other possible routes to organic electro- 
sorption isotherms from differential capacitance mea-  
surements  involve various nonthermodynamic  assump- 
tions including those of congruence of the isotherm 
wi.th respect to ei ther the electrode potential  (22) or 
the charge densi ty  (23, 24). Since our studies of 
organic electrosorption (4, 7, 20) have indicated that 
organic electrosorption isotherms are congruent  with 
respect to nei ther  of these electrical variables, we 
believe such approaches are unl ike ly  to lead to correct 
results. We therefore recommend that  the a t tempt  
to obtain electrosorption isotherms for organic com- 
pounds from differential capacitance should be aban-  
doned. The only valid route to such isotherms appears 
to be via interfacial  tension measurements  which can 
anyway  be do'no more easily and more accurately 
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Fig. 10. Expanded view of electrocapiIIory curves shown in FI~I 9 
for electrode potential region in which 2-butanol is desorbed. 
Lowest curve in this figure is far base electrolyte. Other curves are 
for progressively increasing activities of 2-butanol from bottom 
to top. 

using the computer-control led capil lary electrometer 
(3) than can zero frequency differential capacitance 
measurements .  

Conclusions 
A computer-control led apparatus for measur ing the 

differential capacitance of a dropping mercury  elec- 
trode has been designed and evaluated. It  was found 
that, provided account is taken of the excluded area 
due to the capil lary orifice, the differential capacitance 
obtained with this ins t rument  agrees with the electro- 
capillary curves obtained with a computer-control led 
capillary electrometer wi thin  the confidence limits 
of the lat ter  instrument .  If account is not taken of 
the excluded area, serious systematic errors will 
occur. Such systematic errors must  necessarily be 
present in most previously published differential ca- 
pacitance measurements.  This computer-control led ap- 
paratus probably provides the easiest and most accu- 
rate method of obtaining differential capacitance curves 
for electrolyte solutions. An analysis of the problem 
involved in obtaining electros.orption isotherms for 
organic sorbates from differential capacitance curves 
is given. It is concluded that except for quali tative 
purposes, differential capacitance should be aban-  
doned as a route to thermodynamic  electrosorption 
isotherms for organic compounds. The best route to 
such isotherms is electrocapillary data obtained with 
a computer-control led capillary electrometer. 
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Current Distribution on a Disk Electrode for 

Redox Reactions 
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University of California, Berkeley, California 94720 

ABSTRACT 

Current  and concentrat ion distr ibutions on a rotat ing disk electrode are 
computed for general  electrode reactions where the product concentrations 
must  be included. The effect of migrat ion on the surface concentrat ion of the 
support ing electrolyte is also demonstrated. 

Newman (1) introduced a method for the calculation 
of current  and concentrat ion profiles over the surface 
of a rotating disk electrode operated below the l imit ing 
current.  The problem is complex, since the concentra-  
t ion variations near  the electrode, the surface overpo- 
tent ial  associated with the electrode reaction, and the 
ohmic potential  drop in the bulk  of the solution must  
be included in the analysis. The diffusion layer  on a 
rotating disk electrode is thin compared with the char-  
acteristic dimensions of the electrochemical cells used 
in most exper imental  applications. This physical s i tua-  
tion, in which the concentration changes rapidly in a 
region much smaller  than the bulk  of the solution 
where the potential  continues to vary, was na tura l ly  
formulated as a s ingular  per turba t ion  (6). Thus the 
potential  in a large port ion can be considered to satisfy 
Laplace's equation with the current  densi ty dis tr ibu-  
tion on the boundaries matched to the mass flux enter-  
ing the diffusion boundary  layer. In  the diffusion layer, 
the concentrations are determined from the appropriate 
mass transport  equations with a mass flux at the elec- 
trode surface related by Faraday 's  law to the current  
density distr ibution on the electrodes, and with the 
concentrations approaching the bulk  concentrations far 
from the electrode. The current  distr ibution and con- 
centrations at the electrode surface are fur ther  specified 
by the overpotential  computed as the difference of the 
applied voltage, the equi l ibr ium potential, and the 
ohmic drop in the solution (2). Marathe and Newman 
(3) exper imental ly  proved the soundness of the theory 
by plating copper from a cupric sulfate-sulfuric acid 
solution and then measuring the thickness of the de- 
posit. The potential  mapping experiments  of Miller and 
Bellavance (4) also agree quant i ta t ively  with theo- 
retical predictions. Other verification exists in the work 
of Miller and Bruckenste in  (11), and Smyrl  and New- 
man  (9, 12). 

In  an at tempt to keep the t rea tment  of the problem 
from being a quagmire of computational  detail, corn- 

* E l e c t r o c h e m i c a l  Society Act ive  Member.  
1 P r e s e n t  address :  U n i l e v e r  Research ,  V l a a r d i n g e r ,  Ho l l and .  
Key  words :  current distribution, product dependent,  s u p p o r t i n g  

electrolyte  concentration. 

mon experimental  situations were evaluated, and as- 
sumptions were made that  would permit  the broadest 
application of the theory. The flow was considered fully 
developed and laminar.  The disk was designed to min i -  
mize edge effects. The mass t ransfer  boundary  layer 
must  lie well wi th in  the hydrodynamic boundary  layer;  
thus the Schmidt number  must  be large. Radial diffu- 
sion was neglected over the entire surface of the elec- 
trode, even at the outer edge. A mathematical ly  con- 
venient  cell utilized a centered disk, embedded in an in -  
finite insulat ing plane, and placed the counterelectrode 
at infinity. Actual  cells must  be carefully devised to 
approximate the condition of infinite dimension, or a 
correction to the potential  description is necessary. Any 
electrochemical reaction may be studied except those 
evolving gas, but  a t tent ion was restricted to metal  
deposition from a single salt solution and to an elec- 
trode reaction with an excess of support ing electrolyte, 
having a zero transference number  and no dependence 
upon the product concentration. 

Copper plat ing from a cupric sulfate solution is an 
example of the single salt reaction while the addit ion 
of enough sulfuric acid to suppress migrat ion effects on 
the reactants i l lustrates the second type. Since the 
product does not remain in solution, it may be validly 
ignored. Any electrode reaction that  involves only elec- 
t ron transfer  usual ly requires that  the effect of the 
product concentrat ion be included. Redox couples and 
organic syntheses are in this class of reactions. 

The al ternat ing current  response of a disk electrode 
has been investigated by Newman (13), but  the effect 
of concentrat ion variat ion was not included. Variations 
of double layer  effects can be computed only if the 
concentrations of all the ionic species are known at the 
electrode surface. The support ing electrolyte does not 
participate in the surface reaction, but  migrat ion causes 
the surface concentrat ion to deviate from the bulk 
solution. A future  objective to treat the al ternat ing 
current  response more completely requires the knowl-  
edge of the local value of each component in  solution. 

We shall extend here the original per turba t ion  
scheme to general  electrode reactions depending on 
both reactant  and product concentrations and will de- 
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velop a p rocedure  for de te rmin ing  the concentra t ion of 
the  suppor t ing  e lect rolyte .  [See also Ref. (14).] 

Overpotential 
The ma jo r  depa r tu re  f rom the formula t ion  tha t  omits 

the  produc t  dependence  (1) l ies in the t r ea tment  of 
the  overpoten t ia l  expressions and the  var ia t ion  of the  
exchange cu r ren t  dens i ty  io. The necessary react ion 
pa rame te r s  are  convenient ly  in t roduced by  the  genera l  
e lectrode reac t ion  

~ siMi z~ --> he- [1] 
i 

where  si is the  s toichiometr ic  coefficient, Mi is the  sym-  
bol  for  the  chemical  species, zi is the  species charge 
number ,  and  n is the  number  of e lectrons par t ic ipa t ing  
in the  reaction. The total  vol tage V appl ied  to the  cell  
is decomposed into the  equi l ib r ium potent ia l  U, ohmic 
drop r the concentra t ion overpoten t ia l  ~c, and the 
surface overpoten t ia l  ~s 

Y : u + '~o + ~ + ~ [2] 

The surface overpotential is defined by the Butler- 
Volmer expression 

i io [ exp ( aZF - ~ - ~ s )  - -  exp  ( ~ZF 

The local va lue  of the exchange cur ren t  densi ty  io can 
be re la ted  to the  concentrat ions  of the  reac tan ts  and 
products  at the  e lec t rode  surface by  

( ci~ ) "  
io = io,| -- [4] 

,ej.~m 

where  /o.~ is a constant  de te rmined  by  the  react ion 
proper t ies  and the const i tuents  of the  bu lk  solution, 
and Z is equal  to --n.  The kinet ics  pa rame te r s  a, fl, and 
"Yi are  associated wi th  the  type  of reac t ion  occurring. 
The pa rame te r s  of Eq. [3] and [4] may  be measured  
exper imenta l ly ;  N e w m a n  (5) suggests rules for the 
evalua t ion  of the  exponents  % 

The concentra t ion overpotent ia l  depends upon the 
var ia t ion  of concentra t ion th rough  the  diffusion l aye r  
in a complicated way. A re la t ive ly  high electr ic  con- 
duc t iv i ty  which can be considered constant  and enough 
suppor t ing  e lec t ro ly te  to suppress  the effect of migra -  
t ion on the reactants  and products  a l low concentrat ion 
dependent  potent ia l  effects to be  adequate ly  r ep re -  
sented by  (6) 

R T ~  (ci,| 
: �9 - c" ff- [s] 

Al though  no formal  a rguments  about  the order  of the 
pe r tu rba t ion  approach  have  been given, Eq. [5] may  
be considered a first approx imat ion  which  is jus t i -  
fied by  the small  var ia t ion  in e lectr ical  conduct iv i ty  
th rough  the diffusion layer .  

Potential Distribution in the Bulk of the 
Solution Outside the Diffusion Layer 

The potent ia l  d i s t r ibu t ion  in  the  bu lk  of the  solut ion 
outside the  diffusion layer ,  where  the concentrat ions 
are  uniform, satisfies Laplace ' s  equation. Rota t ional  e l -  
l iptic coordinates  have proven  both na tu ra l  and con- 
venient  for  the  represen ta t ion  of the ohmic effects of 
ro ta t ing  d i sk  electrodes (1, 7). The express ion for  the  
potent ia l  at  the  surface of the e lec t rode  is 

RT 
r  ~ BmP2m 01) [6] 

--raF m=0 

Pfm0]) is the Legendre  po lynomia l  of o rder  2m and 
~] = ~/1 --  (r /ro)~ at the surface. The constants  Bm are  
eva lua ted  by  tak ing  the  normal  der iva t ive  of the  po-  
tent ia l  dis tr ibut ion,  then  making  use of the  or thogonal  
p roper t ies  of Legendre  po lynomia ls  and  the cur ren t  

matching  condit ion be tween  the diffusion l aye r  and the 
bu lk  solution. 

The Diffusion Layer 
The mass balance is 

v-Vci  = DiV2ei -I- ziuiF~7 �9 (ci~7~) [7] 

Levich (8) advanced the idea of invest igat ing the con- 
centra t ion d is t r ibu t ion  of all  components  in  the  solu-  
t ion by  a pe r tu rba t ion  technique.  The method  has been 
successfully appl ied  to show the effect of ionic mig ra -  
t ion on the  suppor t ing  e lec t ro ly te  at  the  l imi t ing cur -  
ren t  (15). Fo r  a solut ion tha t  contains minor  species 
and a b ina ry  indifferent  e lectrolyte ,  the zero approx i -  
mat ion  omits the  minor  species. The potent ia l  and con- 
centra t ion profile associated wi th  the suppor t ing  ions 
are  then  found to be constants,  since the  ma jo r  species 
do not par t ic ipa te  in the  e lect rode reaction. Therefore,  
no current  is passed, and the  solut ion is the bu lk  con- 
cent ra t ion  of the suppor t ing  ions, ci (0) - -  c1.| and c2 (~ 
is specified by e lec t roneut ra l i ty .  The first o rder  ap-  
p rox imat ion  is 

C1 "-- el  (0) -'1" Cl (1) 

C2 -= C2 (~ -]- C2 (1) 

Cl = Ci ~) whe re  i > 2 [8] 

Equat ion [8] is subs t i tu ted  into Eq. [7], and second 
order  terms are dropped,  which  gives 

v.~7ci(I) : DiVfci (1) for i >  2 [9] 

V'VCI cl) .-- DeV2Cl (I) "~ ~r ZiUl(D2 --  Di) V2cir ) [i0] 
i=3 ZlUl --  Z2U2 

The physical parameter De is the diffusion coefficient 
of the binary electrolyte 

zlulD2 -- zfu2D1 
De --= [11] 

Zl~ l  - -  Z2%~2 

The potent ia l  is e l iminated  be tween  the two equations 
for the ions of the  suppor t ing  electrolyte ;  then  the 
e lec t roneu t ra l i ty  condit ion is used to e l iminate  cf(1L 

The minor  components  are  found by  solving Eq. [9], 
the  equat ion of convective diffusion that  appl ies  when  
the effect of migra t ion  can be ignored. Smyr l  and New-  
man  (9) have worked  out  a formal  solut ion to Eq. [9] 
that  can be appl ied  to diffusion layers  in l amina r  forced 
convection at  h igh Schmidt  numbers  on ax i symmet r i c  
bodies. The concentra t ion de r iva t ive  at the e lectrode 
surface, as a function of the  surface concentration,  is 

{~Ci .__ _ _ ~ r  L r dci,o [ 

O~ ~=0 r ( 4 / 3 )  

and Eq. [12] can be  inver ted  

- -  1 fr  OCi,o 
Ci.o --  Ci.~ : r (2/3------~- ,,0 

d~' 
[121 

. . . .  (r~ --  r,3)1/3 

r'dr' 
[13] 

~=o ( r  3 - -  r ,~)z /a 
r ~ F, 

where  the  dimensionless  dis tance f rom the surface is 

= y (a~/3Di) i/a (12/v) I/2 [14] 

All of the minor ionic species are either a reactant or 
a product in the general electrode reaction Eq. [1] 
which combined with Eq. [13] provides the relation- 
ship 

c , ,o - - c , . |  s~ (Dj ~/~ 
C j . o -  = s-; " W "  

A grea t  economy in computa t ion  can be achieved by  
using Eq. [15] to find the  concentrat ions of al l  react ion 
species except  for one, which must  be de te rmined  from 
Eq. [12]. The reference ion wil l  be t aken  to be the  th i rd  
species, and this can be convenient ly  r ega rded  as the  
l imi t ing reactant .  The quan t i ty  Di in Eq. [14] is now 
convenient ly  specified to be/:)3. 
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Eq. [10] is solved subjec t  to the boundary  condit ions 

c1(1)--> c1,| (1) as ~--> ~ [16] 

and zero flux of the suppor t ing  ions at the e lectrode 
surface. The Nerns t -Eins te in  equat ion can be used to 
e l imina te  the mobil i t ies  from Eq. [10], which in terms 
of the Lighthi l l  t r ans format ion  becomes 

d2Cl (1) D 3  d c l  (1) 

d~ 2 De d~ 

= - zi 1 -- [17] 
Z2 Zl i=3 d~ 2 

with the  bounda ry  condi t ion 

dc1(1) [ ~ zi dci 
: [18] 

~=o J=3 z2--zl d~ 

The solution to Eq. [17] is first sought for the case of 
a constant surface concentration, ci,0 (~). The concentra- 
tion derivatives of the minor species are expressed in 
terms 02 the reference ion concentration utilizing the 
solutions of Eq. [9] for a constant surface concentra- 
tion (15) and Eq. [I] 

d~cl (1~ D3 tic1 (1) --3~2(c3,~ (1~ --  c3,0 (1~) 
- -  + 3~ '~ _ _  _ 

d~ 2 De d~ F (4/3) (z2 -- zl)  

D3 

o, 
Zi ~ e [19] 

i=3 ~ Di D2 S3 

The solut ion to Eq. [19] is 

el  (1) -- C1.~ (1) 1 

c3,~ (I) -- ca,0 r r (4/3) 

D3 D a )  

De D2 

z~ 1 ~ :  e 

_ ,  ) 

zi $i D3 
+ 

i=3 z 2 - - z l  83 Di ( ,) s 
De 

which at ~ _-- 0 becomes 

C I , O  ( 1 )  -- CI.~ (1) ~ Zl 

C3,~ (1) -- C3,0 (1) i=3 Z2 -- Z1 

Di  

D2 ( 1  ( ~ . ~ )  I/3 )t/3 

o,  

De 

[20] 

Dz 

D e  

dx 

D8 
-- - -  X8 

D l  

e dx  

D3 ~2/3 

[21] 

Since the differential  equat ions are  l inear,  the  solu-  
tions for the constant  surface concentra t ion may  be 
ex tended  by  a superposi t ion in tegra l  (16) to the s i tua-  
t ion where  c3,o CI~ varies  a rb i t ra r i ly .  The superposi t ion 
in tegra l  reduces to Eq. [21], thus s imply  re la t ing  the  
two concentrations.  The remain ing  concentration,  c2 (1}, 
is ca lcula ted from the condit ion of e lec t roneut ra l i ty .  

Numerical Example 
For  a numer ica l  example,  a fast redox react ion equi-  

molar  in the bu lk  concentrat ions of minor  species, such 
as the f e r ro - fe r r i cyan ide  couple wi th  sodium fluoride 

as the  suppor t ing  electrolyte,  was chosen for  a system 
that  would exhibi t  significant differences be tween  a 
product  dependent  and  a produc t  independent  t r ea t -  
ment.  Many other  systems would  serve jus t  as w e l l  The 
dimensionless  groups that  character ize  the solutions are 
(1, 10) 

nFroil~n 
N ---- --  r (4/3) [22] 

RT~, 
and 

io,.ronF 
J -- [23] 

RTK~ 

The basic solution procedure  for the set of equations is 
s imi lar  to that  of Pa r r i sh  and New,man (10) wi th  the 
addi t ion of Eq. [5] for the concentra t ion of the product  
and Eq. [18] for the concentra t ion of the suppor t ing  
electrolyte .  

Concentrat ion and current  d is t r ibut ions  are  calcu-  
la ted wi th  a given average current  r a the r  than  a speci-  
fied fract ion of the l imit ing current  at  the center  of the 
disk, by  adding an ex t ra  loop (3) to the  basic i te ra t ion  
(1). The pa ramet r i c  dependence of the computat ions  on 
the dimensionless  s t i r r ing ra te  N is thus c lear ly  empha-  
sized in Fig. 1 and 2. Increas ing N produces  la rger  
differences be tween  the product  dependent  and inde-  
pendent  approaches.  The concentrat ion of the suppor t -  
ing e lec t ro ly te  cat ion differs f rom the bu lk  value  as 
shown in Fig. 3. The effect is small,  but  i t  must  be 
taken  into account for a l te rna t ing  current  impedance  
calculat ions or double  l ayer  investigations.  

F igure  2 for the reac tant  concentrat ion is re la ted  to 
Fig. 1 for the cur ren t  d is t r ibut ion  by  means of Eq. [12] 
or Eq. [13]. The product  concentrat ion c4,0 would be 
h igher  than  the bu lk  concentrat ion by  an amount  p ro -  
por t ional  to the deple t ion  of the reac tant  in Fig. 2, and 
could be computed th rough  Eq. [15]. The suppor t ing  
cation in Fig. 3 reflects the cur ren t  d is t r ibut ion  also, 
but  this is through the reac tant  and product  concen-  
t ra t ions according to Eq. [21]. 

1 6 1  i I ' I i I ' I ' [ 

14 

12 

1.0 

L 

ihm 

O 8  

0.6 

0 4  

o~:,/3 : 0 5 

d : O ~  

D4,/D 5 = 0 8 2 5  

0.2 

Lavg 
- -  =0.8 
I b m  J 

N:kO 0 5  

0 2  

IOO 

. . . .  2 (  . . . . .  i ~  

5O 

I0 

5O 
, I i I 

0 2  0 4  

Fig. I. Current distribution: dashed lines represent the product- 
independent reaction and solid lines are for the product-dependent 
reaction (reduction of ferricyaMde with equal bulk concentrations of 
ferricyanide and ferrocyanide). D4/D3 is the ratio at infinite 
dilution. 
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Fig. 3. Concentration distribution of the cation of the unl-uni- 
valent supporting electrolyte for the product- and reactant-depen- 
dent reaction. De~D8 is the ratio at infinite dilution. 
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LIST OF SYMBOLS 
English characters 
a 0.51023 
Bm coefficients in series for po ten t ia l  
ci concentra t ion of i th species, mo le / cm z 
Ci (j) concentrat ion of i th species in the j t h  p e r t u r b a -  

tion, mole/cm3 
ci,o concentrat ion of the i th species at the e lectrode 

surface, mole/cm3 
ci,~ concentra t ion of the i th species in the  bu lk  solu-  

tion, mole/cm~ 
De diffusion coefficient of the b ina ry  electrolyte,  cm'~/ 

sec 
Di diffusion coefficient of the  i th species, cm2/sec 
F Fa raday ' s  constant, cou lomb/equ iv  
i normal  cur ren t  densi ty  at  e lectrode surface, A /  

cm ~ 
io exchange cur ren t  density,  A / c m  2 
io.~ character is t ic  exchange cur ren t  density, A / c m  2 
ilim current  dens i ty  at  the  l imit ing current,  A / c m  2 
J dimensionless exchange cur ren t  densi ty  
Mi chemical  symbol  for i th species 
N dimensionless  s t i r r ing  ra te  
n number  of electrons produced  in the react ion 
P2m Legendre  po lynomia l  of o rder  2m 
R universa l  gas constant, j o u l e / m o l e - d e g  
r rad ia l  coordinate,  cm 
no radius  of disk electrode, cm 
si s toichiometr ic  coefficient of species i 
T absolute  tempera ture ,  ~ 
U open-c i rcui t  cell potential ,  vol t  
ui mobi l i ty  of species i, cm2-mole / joule-sec  
V appl ied  potential ,  vol t  
y normal  dis tance f rom disk, cm 
zi charge number  of species i 
Z negat ive  number  of electrons produced in the  re -  

act ion 

Greek Characters 
~, ~ pa rame te r  in Bu t l e r -Volmer  kinet ic  express ion 
"n pa rame te r  in exchange cur ren t  re la t ion (see Eq. 

[4] ) 
dimensionless  normal  distance (see Eq. [14]) 

~1 ell iptic coordinate  
0o concentrat ion overpotent ial ,  volt  
ms surface overpotent ial ,  volt  
~= electr ical  conduct ivi ty  of bulk  solution, ohm -1 

cm--1 
v k inemat ic  viscosity, cm2/sec 

electrostat ic  potential ,  vol t  
�9 o electrostat ic  potent ia l  ex t rapo la ted  to the elec- 

t rode surface, volt  
ro ta t ion speed, r ad ians / sec  
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ABSTRACT 

The fixed charge concentration of asymmetric cellulose acetate membranes 
caused by a small amount of carboxyl groups of the cellulose acetate was 
determined by titrating the corresponding H + ions using the method of Hey- 
mann and Rabinov. The fixed charge concentration, COx -, was thus estimated 
to be 3.4 �9 10 -3 mequiv/g wet membrane. This value is compared with the 
effective fixed charge concentration determined by means of streaming po- 
tential measurements using NaCI solutions and asymmetric cellulose acetate 
membranes annealed at 82.5~ Furthermore, the effect of the pH of the out- 
side solution on the effective fixed charge cormentration of the asymmetric 
cellulose acetate membrane is theoretically discussed assuming a dissoci- 
ation equilibrium for the carboxyl groups. Thus, it is shown that the effective 
fixed charge concentration, Cx-, of weak ion exchangers depends strongly on 
the p'I-I as well as on the electrolyte concentration of the.outside solution, and 
on the valency of the counterions. Since the theoretical treatment of the in- 
fluence of pH on the effective fixed charge concentration is based on approxi- 
mations, only a semiquantitative agreement between experimental findings and 
theoretical results is obtained. 

During the late fifties Reid and Breton (1) proved 
homogeneous cellulose acetate membranes  to be highly 
impermeable to salts but  quite permeable to water. 
Parallel  to these investigations with homogeneous 
cellulose acetate membranes,  Loeb and Sour i ra jan  (2) 
developed so-called modified or asymmetric cellulose 
acetate membranes  possessing the same high salt re- 
jection as the homogeneous ones but  a much larger 
water permeabi l i ty  at near ly  the same over-al l  thick- 
ness of the membranes.  This difference in  the water  
permeabi l i ty  was proved by 5herren et at. (3, 4) to be 
due to the asymmetric  s tructure of the modified mem-  
branes. Because of their essentially larger water  
permeability~ these asymmetric cellulose acetate mem-  
branes became very impor tant  in the field of brackish 
and sea water desalination. Since the t ransport  be-  
havior of these membranes  was investigated pr imar i ly  
with brine solutions of larger electrolyte concentra-  
tions, and the result ing salt reject ion explained by a 
solution-diffusion mechanism (5), these membranes  
were believed not to be permselective (6). Only re-  
cently, Spiegler and Minning (7) as well as Pusch (8) 
reported that asymmetric  cellulose acetate membranes  
possess a low fixed charge concentrat ion and behave, 
therefore, as cation exchange membranes  at very low 
electrolyte concentrations ( <  l0 -~ mol / l i te r ) .  These 
conclusions were drawn from streaming and membrane  
potential  measurements.  Because of these exper imental  
findings, it  was desirable to get fur ther  support  of the 
cation exchange properties of these membranes  as well 
as to get a more accurate value for the fixed charge 
concentrat ion in  l ieu of the approximation which is 
obtained pr imari ly  from membrane  potential  measure-  
ments. Thus, we determined the fixed charge concen- 
t rat ion by analyt ical  methods and by means of "stream- 
ing potential" measurements.  

Experimental 
The following experiments  were performed with 

asymmetric cellulose acetate membranes  annealed at 
82.5~ The membranes  were prepared from Cellit K 
700 cellulose acetate (39.1% acetyl) produced by  Bayer 
AG of Leverkusen, Germany, according to the proce- 
dure of Manjikian,  Loeb, and McCutchan (9). First, the 
fixed charge concentration, COx - ,  of these membranes  
was determined using the method of I-Ieymann and Rab- 
inov (10). For  this reason, a s~itable membrane  sample 

Key words: streaming ~otential, membrane resistance_, electro. 
osmotic coefficients, pH effecL a~ymmetric cellulose acetate mem- 
branes. 

was imbibed in  distilled water  for several days. There-  
after, the sample was treated with 0.1N HC1 to re -  
move any cation other than  H + ions from the mem-  
brane. Then, the membrane  sample was washed with 
distilled water  unt i l  the r inse water  was neut ra l  
(checked by methyl  orange) and free from any chlo- 
ride. The final rinse water  was stored in order to be 
used later  for the de terminat ion  of a b lank value of 
titration. This wet membrane  sample was put  in  a 
0.1M calcium acetate solution and kept  in  a closed 
Er lenmeyer  flask for about 2 hr. During this t ime the 
Er lenmeyer  flask, surrounded by an ice-water  bath, 
was stored in  a refrigerator. After  this t reatment ,  the 
membrane  sample was squeezed and repeatedly 
washed, collecting all wash water  in  a suitable con- 
tainer. The collected rinse water  was then t i t rated us-  
ing 0.01M Ba (OH)2 solution with an automatic burette,  
carefully excluding CO2. The last rinse water  was also 
t i trated in the same way. The difference in  the amounts  
of Ba (OH)2 solution consumed in  both cases results in  
the fixed charge concentrat ion of the membrane.  A 
series of determinat ions yielded the following mean 
value for the fixed charge concentrat ion of the mem-  
brane with an error of +10% 

COx - = 3.4-10-3 mequiv /g  wet membrane  
or 

Cox - = 5.0.10-3 equ iv / l i t e r  pore volume 

using a water  content of the ent i re  asymmetric mem-  
brane of 0.68 cm3/g wet membrane.  

It should be ment ioned that  one obtains a fixed 
charge concentrat ion which is only one-half  of the one 
obtained if the membrane  sample is not treated with 
0.1N HC1. 

In  addition, thr.ee t ransport  coefficients of the phe-  
nomenological relationships of thermodynamics of i r -  
reversible processes (11) were determined, which allow 
the est imation of the fixed charge concentrat ion by 
means of the Schmid relationship (12), relat ing the 
electro-osmotic coefficient, lep, to the effective fixed 
charge concentration, Cx- ,  the mechanical  permeabi l -  
ity, L~, and the electrical resistance, Re, of the mem-  
brane  by the following relationship 

lep ~ (LEp/LE) --~ -- F ' ~ ' C x - ' L p ' R e  [1] 

where le, -= - - ( A E / A P h = o  -- measured "streaming po- 
tent ia l  coefficient" under  the boundary  condit ion of 
zero electrical current  ( mV / a t m) ;  L~p = electro- 
osmotic coefficient which relates an electrical current  
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across the membrane  to a pressure difference ( m A /  
a tm) ;  LE ---- electrical  conduct ivi ty  of the membrane  
(ohm -1 c m - 2 ) ;  Re : 1/LE = (AE/i),~p=o ~-- electr ical  
membrane  resistance (ohm-cm2);  Lp = (q/,xP).~E=0 = 
mechanical  or hydrodynamical  permeabi l i ty  of the 
membrane  (cm/sec .a tm)  under  the boundary condition 
AE ---- 0; q ---- vo lume flux through the membrane  (g /  
cmLsec or cm/sec ) ;  i ---- electrical  current  density 
across membrane  ( m A / c m  2) ; hE --_- electrical  potential  
difference across membrane  measured  by revers ible  
electrodes such as Ag/AgC1 electrodes in the presence 
of chloride ions in the outside solutions (mV);  _~P = 
hydrostat ic pressure difference across membrane  (atm) ; 

= +1  or --1 for anion or cation exchange m e m -  
branes, respect ively;  C x -  ---- effective fixed charge con- 
centrat ion (mol / l i t e r  pore volume)  ; F __- Faraday num-  
ber (As /equ iv ) .  

Rearranging Eq. [1] and using the definition o f  ~ep 
and the approximat ion  q ~-~ LpAP (15), which was 
proved to be val id for asymmetr ic  cellulose acetate 
membranes,  the fol lowing relat ionship is obtained 

(AE) ~=0 ----- F 'o~ 'Cx- 'Re"  (q)i=0 [2] 

As can be seen f rom Eq. [2], the so-cal led "s t reaming 
potential ," hE, depends on the product  C x - ' R e ' q  and 
not only on the effective fixed charge concentration, 
Cx- .  Therefore,  the "s t reaming potential"  of high fixed 
charge ion exchange capacity membranes  is of the 
same order of magni tude as the "s treaming potential"  
of the asymmetr ic  oeUulose acetate membranes,  al-  
though the fixed charge concentrat ion of ion exchange 
membranes  wi th  high capacity is about 1000 times larger  
than the fixed charge concentrat ion of cellulose acetate 
membranes.  On the other  hand, the hydrodynamic 
permeabi l i ty  (volume flux) and the electrical  resist-  
ance of common ion exchange membranes  are much 
lower  than those for asymmetr ic  cellulose acetate 
membranes.  

Since the Schmid relat ionship is only val id at low 
electrolyte concentrations, a salt concentrat ion of 
O.02M NaC1 was chosen for measuring the electro-  
osmotic coefficient, lep, the mechanical  permeabil i ty,  
Lp, and the electrical  resistance, Re. This e lect rolyte  
concentrat ion is also very  convenient  for an accurate 
measurement  of the over -a l l  ohmic resistance of the 
membrane  assembly plus salt solution by means of 
conductivi ty bridges such as a Weyne -Ker r  bridge. In 
addition, it should be ment ioned that  the pH of the 
NaC] solutions was always 5.8 because of the presence 
of CO2. 

Using a dialysis cell described in detail  e lsewhere  
(13-15), wi th  salt solutions of equal concentrations on 
both sides of the membrane,  the mechanical  permeabi l -  
ity, Lp, was measured at 25~ by means of volume flow 
measurements  (16, 17). The following procedure was 
used to measure  the s t reaming potent ial  coefficient, lep, 
under  the boundary condition i = 0. A pressure dif-  
ference, ~P, was established across the membrane  and 
the result ing electrical  potential  difference, ,~E, was 
measured as a funct ion of time, t, wi th  Ag/AgC1 elec- 
trodes by means of a compensation recorder.  The de- 
sired electrical  potential  difference, AE, was then  ob- 
tained f rom the difference of the two measured steady- 
state values a E ( q )  -- ,AE(q _-- 0), where  q : 0 corre-  
sponds to AP ---- 0 thus, e l iminat ing asymmetry  poten-  
tials. Plot t ing this potential  difference as a function of 
~P, a s traight  line is obtained as is shown in Fig. 1. 
The slope of this straight line yields the s t reaming po- 
tential  coefficient, lep. 

In other  experiments,  the electrical  resistance, Re, of 
the asymmetr ic  cellulose acetate membrane  was de- 
termined by a difference method (18-20) using so- 
called Luggin capillaries (P t /Ag/AgC1 electrodes with 
a suitable salt br idge) .  On each side of the membrane  
a Luggin capi l lary was arranged at a distance, d, f rom 
the corresponding membrane  surface, and the capil lary 
endings were  adjusted in such a way that  they touched 

AE 
[mv] 

3- 

c; [moutl 

0.05 

i i i 

0./, 08 1.2 16 /~P [otm 

Fig. 1. "Streaming potential," AE, as a function of the hydrostatic 
pressure difference, ~P, with the boundary condition C's ---- C"s at 
25~ using an asymmetric cellulose acetate membrane annealed at 
82.5~ 

the corresponding membrane  surface at d ---- 0. Adjus t -  
ing a constant electrical  current  across the membrane  
by means of the Ag/AgC1 electrodes, the resistance be- 
tween the two capil lary endings was measured as a 
function of the distance, d. Now, the measured resist- 
ance is composed of the membrane  resistance, pmh, and 
the resistance of the solution be tween  the capil lary 
end and the corresponding membrane  surface, psd. Thus 
the measured over-a l l  resistance is re la ted to these 
resistance components as follows 

R : ( l / A )  (2psd + pmh) [3] 

where  R = measured over -a l l  resistance (ohm);  A = 
effective membrane  area (cm 2) ; ps = specific resistance 
of salt solution (ohm-cm) ;  p m =  specific resistance of 
the membrane  (ohm-cm) ; d = distance be tween capil- 
lary  ending and membrane  surface (cm);  5 = mem-  
brane thickness (cm).  

Plot t ing the measured resistance, R, as a function of 
d, a s traight  lin, e is obtained for distances, d, la rger  
than the diameter  of the capil lary end. At distances 
smaller  than the capi l lary diameter  deviations f rom 
the straight line are observed in agreement  wi th  simi- 
lar  exper imenta l  findings by Guillou et al. (21). Ex-  
trapolat ing the straight line obtained for larger  dis- 
tances to d ---- 0 yields the membrane  resistance, Re ~- 
pmh. With a 0.02M NaC1 solution the fol lowing exper i -  
menta l  results have been obtained 

Lp ---- 2.83.10-4 cm4/V As 2 -- 2.77.10-~ cm/sec . a tm 

/ep ---- 1.89"10 -~ cm~/As ---- 1.85 m V / a t m  

Re : 325 +_ 26 ohm-cm 2 

Substi tut ing these values into Eq. [1], the fol lowing 
effective fixed charge concentrat ion results 

C x -  =- 2.3.10-3 equ iv / l i t e r  pore volume 

Taking into account the different methods of de ter -  
minat ion of the fixed charge concentration, one can 
conclude that  there is reasonable agreement  be tween 
the two values obtained for the fixed charge concen- 
t rat ion of an asymmetr ic  cellulose acetate membrane.  
In this connection, one must  consider the influence of 
the electrolyte concentrat ion and the pH of the outside 
solution on the effective fixed charge concentration, 
Cx- ,  which is discussed la ter  in more detail. In addi-  
tion, it should also be pointed out that  wi th  the under -  
lying model, the counterions in the membrane  are as- 
sumed to move with  the same veloci ty as the water .  
But, as Spiegler (22) has reported, this assumption is 
not complete ly  val id because of the interact ion of the 
counterions and fixed charges. This interaction can be 
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taken into account by a so-called conductivity factor, 
Ix, in  Eq. [1] and [2]. This conductivity factor can be 
assumed to be about 0.5, implying that the fixed charge 
concentrat ion obtained from Eq. [1] has to be doubled 
in order to yield a more certain value. This correction 
results in a much better  agreement  between the two 
values obtained for the fixed charge concentrat ion o f  
the asymmetric cellulose acetate membrane.  

Effect ive  Fixed C h a r g e  C o n c e n t r a t i o n  of W e a k  Ion 
Exchangers  

As Rabek (23) reported and reviewed, poten..tiometric 
t i t rat ion curves of weak acidic or basic ion exchange 
materials are a good tool for the investigation of the 
reactive groups and a conformation analysis of an ion 
exchange material.  These t i t rat ion curves are often used 
in order to characterize the range of action of these 
ion exchange materials which is unders tandably  dif- 
ferent, depending on the activity of the ion exchange 
groups. It is well known  that  these t i t ra t ion curves are 
strongly affected by electrolytes which are present  
during t i t rat ion (24). Whereas many  theoretical in -  
vestigations on the uptake of ions by ion exchange 
materials, in the presence of complexing agents, have 
been performed (24), no theoretical analysis of the 
effect of pH and electrolyte concentrat ion on the ef-  
fective capacity of weak ion exchange materials has 
been reported, as far as the authors are aware. There-  
fore, such an analysis is given below. 

Assuming a dissociation equi l ibr ium for the acidic 
active groups, such as COO- groups of weak ion ex- 
change materials, with an acidity constant, Ka, the fol- 
lowing relationship be tween the effective fixed charge 
concentration, Cx- ,  and the fixed charge concentrat ion 
at complete dissociation, COx - ,  as well  as the pH or 
H + ion concentration, CH, of the surrounding solution 
in the ion exchange phase is obtained 

Cx-  -- ( K a C ~  Jr- OH) [4] 

Using the we l l -known Donnan  relationship (25) for the 
dis tr ibut ion of the ions between outside solution and 
membrane  phase without  taking into account individual  
dis t r ibut ion coefficients of the ions, the electroneutral i ty 
condition wi th in  the membrane  phase, and the ion 
product of water, the following four addit ional equa- 
tions are obtained if an un iva len t  acid, HA, and an 
x-valent  metal salt, MeAz, of this acid are considered 

On'CA = C~(Ca + ace) [5] 

C M e  = (Ce/eXH)"CXH [ ' 6 ]  

Coil = K w l C u  [7] 

xC:,~e + C ~  = Coil + CA + Cx-  [8] 

where c~ = concentration of acid, HA, in the outside 
solution (real/ l i ter)  ; cu = concentrat ion of H + ions in  
the outside solution (real / l i ter) .  Because of the electro- 
neutra l i ty  condition in the outside solution, cu and c~ 
are not independent  but  correlated to each other by 
the following relation: c~ = Ca + Kw/CH; Ce : .  con- 
centrat ion of metal  salt MeA= in  the outside solution 
(mol / l i t e r ) ;  x = valency of metal  ion; Ka = acidity 
constant of active groups of membrane  ( real / l i ter ) ;  
Kw = ion product of water (mot2/liter2); CH, Coil, 
CMe, Ca, and Cx-  are the H +, OH- ,  Me x*, A - ,  and 
fixed charge concentration, respectively, wi thin  the 
membrane  phase (real / l i ter  pore volume).  

Subst i tut ing Eq. [4], [5], [6], and [7] into the 
electroneutral i ty  condition [8] and rearranging,  the 
following polynomial  equation for CH is obtained 

{Ox+eH -k KaCZ+tH} " (XCe/CXl"I) + Call "4- KaC2H 
-- {KaC~ - + Kw + ell(Ca 4- XCe)}'CH 

- -  {Kv,, q- C~(Ca -}- XCe) } 'Ka = 0 [9] t 

: E q u a t i o n  [ 9 ]  i s  v a l i d  f o r  p H  ----- 7 .  A t  7 < ~ H  ~ :  1 4  o n e  h a s  ~o 
a d d  M e ~ O H ) z  i n s t e a d  o f  H A .  T h i s  l e a d s  t o  a s o m e w h a t  d i f f e r e n t  
e q u a t i o n  w h i c h  i s  n o t  c o n s i d e r e d  h e r e .  

This equation yields a cubic equation for x = 1, a 
fourth degree polynomial  equat ion for x = 2, and a 
fifth degree polynomial  equation for x -- 3, as well as 
the same cubic equat ion for every x in the case ce = 0. 
All these polynomial  equations can easily be solved by 
means of a calculator such as the HP 65, for instance, 
with the corresponding programs. Assuming a suitable 
value for K~ of 1.78"10-~ mol/ l i ter ,  the theoretical re-  
sults presented graphically in  Fig. 2a, b, and c were 
obtained. There, the ratio of the effective fixed charge 
concentrat ion over the fixed charge concentrat ion at 
complete dissociation, C x - / C o x  - ,  is plotted as a func-  
tion of the pH of the outside solution using different 
parameter  values of the metal  salt concentration, Ce. 

The following points should be noted. (i) Activity 
coefficients have been assumed to be un i ty  replacing 
thermodynamic  activities by concentrations. This as- 
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Fig. 2. Ratio of effective to total fixed charge concentration of 
n weak cation-exchange membrane as a function of pH in the 
presence of a monovalent acid and a monovalent (a), a divalent (b), 
and a trivalent (c) salt as calculated from Eq. I9 ]  using an acidity 
constant Ka ~ 1.78 �9 10 - ~  mol/liter. 
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sumpt ion will become increasingly inval id  at higher 
solute concentration. (it) No individual  distr ibution 
coefficients for the ions have been taken into account. 
But, this could easily be done fur ther  for the metal  
salt by using an effective metal  salt concentrat ion Ksce 
of the outside solution with the dis t r ibut ion coefficient, 
Ks, of the salt. 

As can be seen from Fig. 2a, b, and c, there exists a 
strong effect of the pH and the electrolyte concentra-  
tion of the outside solution on the effective fixed charge 
concentrat ion of the membrane.  On the other hand, if 
no electrolyte, other than the acid, is present in  the 
outside solution (Ce = 0), the effective fixed charge 
concentrat ion is strongly lowered ( C x - / C O x  - ~ 0.06), 
but  independent  of the pH up to a pH value which 
corresponds to about the pKa value of the active groups 
of the membrane.  This theoretical result  can easily 
be understood by a brief calculation. When no addi-  
t ional electrolyte is present  except the acid, the only 
counterion which can balance the fixed charges is the 
H* ion. Thus the concentration Cn wi th in  the mem-  
brane  has always to be equal to the effective fixed 
charge concentration, Cx- ,  if the small amount  of O H -  
ions is neglected. With this condition, Eq. [4] yields 
Cx-/COx - directly without  fur ther  calculations. The 
square root of the corresponding quadratic equation 
yields the effective fixed charge concentrat ion for the 
case Ce = 0 at pH < pKa. 

From Fig. 2a, b, and c it can also be seen that there 
exists only a small  effect of the pH on the effective 
fixed charge concentration, Cx- ,  at electrolyte concen- 
trations larger than 10 " tool/ l i ter  or even 10 -3 tool/  
liter, depending on the valency of the corresponding 
cation. Fur thermore,  the change of the effective fixed 
charge concentrat ion with increasing pH becomes more 
pronounced with increasing valency of the metal  ion. 
At the same outside electrolyte concentration, the effec- 
t ive fixed charge concentrat ion is lower at lower pH 
values in the presence of higher valency metal  ions, 
whereas the opposite is t rue at larger pH values. On the 
other hand, the effective salt concentration, which 
determines the effective fixed charge concentration, is 
always lower than the salt concentrat ion of the sur-  
rounding solution because of a dis t r ibut ion coefficient, 
Ks, for the salt, which is less than unity. Therefore, 
there will exist a strong dependence of the effective 
fixed charge concentrat ion on the pH of the outside 
solution even at salt concentrations exceeding 1O -3 
mol./liter. Thus, determining fixed charge concentra-  
tions of weak ion exchange membranes  by methods 
other than analytical, will  yield values for the effec- 
tive fixed charge concentrat ion which depend strongly 
on the composition of the outside solution. Also, every 
t ransport  property of a weak ion exchange membrane,  
which is influenced by the effective fixed charge con- 
centration, is affected by the pH of the outside solution. 
This was recently demonstrated by de KSrSsy (26) and 
Vacik et al. (28), for instance, by measuring electrical 
resistances of an amphoteric membrane  as a function of 
the pH of the outside solution and formerly by Ohki 
(29) measur ing the resistance of lipid bilayers which 
contained zwitterionic groups. 

Finally,  some remarks should be made on the use of 
the Schmid relationship for the determinat ion of the 
fixed charge concentrat ion of asymmetric cellulose 
acetate membranes.  With the exper imental  setup and 
the corresponding boundary  conditions used to mea-  
sure Cx-,  it is assumed that there exist no electrical 
potentials other than the streaming potential  in the 
membrane.  But this assumption is no longer  valid for 
asymmetric  membranes,  as was shown recently (8). 
Because of the concentrat ion gradient  wi th in  the porous 
sublayer  of an asymmetric cellulose acetate membrane  
(14), there exist two diffusion potentials and addi- 
tional Donnan  potentials wi thin  the membrane,  even 
when the electrolyte concentrations on both sides of the 
membrane  are equal (27). The two diffusion potentials 

may possess opposite signs, depending on the ratio 
D + / D -  in the active layer  and the porous sublayer  of 
the asymmetric  cellulose acetate membrane  (D +, D -  = 
diffusion coefficienr of the cation and anion, respec- 
tively, wi thin  the active layer or porous sublayer) .  A 
detailed analysis indicates (15) that  the two diffusion 
potentials of opposite sign and the resul t ing Donnan 
potentials near ly  cancel for an asymmetric  cellulose 
acetate membrane  annealed at 82.5~ using a salt 
concentrat ion of 0.O2M NaC1 on both sides of the 
membrane.  Thus, this detailed analysis of the elec- 
trical potential  s i tuat ion across an asymmetric cellu- 
lose acetate membrane  leads to the conclusion that 
the Schmid relationship may be used for the determi-  
nat ion of effective fixed charge concentrations of asym- 
metric membranes,  if special boundary  conditio.ns are 
chosen. Under  such special boundary  conditions, the 
over-al l  .membrane  potential  of an  asymmetric m e m -  
brane  corresponds near ly  to a pure s treaming potential  
within the error of measurement.  These assumptions 
are supported by fur ther  detailed analyses of the po- 
tential  si tuation in asymmetric  cellulose acetate mem-  
branes. 

Summarizing,  it should be stated that a comparison 
of fixed charge concentrations of weak ion exchange 
membranes,  determined on the one hand by analytical  
methods such as titration, and on the other hand by 
measuring t ransport  coefficients and /o r  s treaming po- 
tentials, may fail since the former analysis leads to the 
total amount  of fixed charges, whereas in  the lat ter  
case, only an effective fixed charge con, centrat ion is 
delineated. The effective fixed charge concentrat ion 
may differ strongly from the total fixed charge concen- 
t ra t ion due to the effect of pH and electrolyte concen- 
t ra t ion of the outside solutions on the amount  of dis- 
sociated active groups of the membrane  material.  The 
pH of the 0.02M NaC1 solutions used was always 
around 5.8. This means that  the effective fixed charge 
concentration, Cx- ,  must  be smaller  than  the fixed 
charge concentration, COx - , determined by titration. 
Our experimental  results are in  quali tat ive agreement  
with this requirement,  when all necessary semiquan-  
ti tative corrections have been made. 

Furthermore,  it is, in principle, impossible to measure 
pure s treaming potentials using asymmetric  membranes  
with the corresponding exper imental  setup because of 
the additional diffusion and Donnan  potentials which 
are present, even at equal electrolyte concentrations on 
both sides of the membrane.  Thus, the effective fixed 
charge concentration can only be compared to the 
total fixed charge concentrat ion if a detailed analysis 
of all addit ional electrical potential  effects is con- 
ducted. With regard to the exper imental  findings re-  
ported here, this detailed analysis was performed 
yielding reasonable agreement  between total and effec- 
tive fixed charge concentrat ion of an asymmetric cellu- 
lose acetate membrane.  
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ABSTRACT 

The kinet ics  of oxygen evolut ion react ion at p l a t i num anodes in acid solu-  
tions wi th  different  pH's  is examined,  and possible react ion mechanisms are 
discussed. The act iv i ty  of the  react ion at in i t ia l ly  p re reduced  electrodes brought  
to a constant  potential ,  or kept  at a constant  cur ren t  density, decreases wi th  
time. Only at the electrodes in i t ia l ly  subjec ted  for a given t ime ei ther  to a 
high potential ,  or to a high anodic current  density,  it  is possible to observe in 
"run down," or subsequent  " run  up" exper iments  a l inear  V-log i r e l a t ion-  
ship for over severa l  decades of cur rent  densi ty  wi th  a slope clow to 115 inV. 
The positions, but  not the slopes of Tafel  lines, are  affected by  t ime or condi-  
tions of p re t rea tments  of electrodes (var ious V or i ) .  The decrease in the 
ac t iv i ty  is a t t r ibu ted  to the increase  in average  thickness of anodical ly  formed 
surface oxide films. Only when it  is assured that  the film thickness remains  
prac t ica l ly  una l te red  dur ing the i -V measurements ,  meaningfu l  kinet ic  p a r a m -  
eters for the  oxygen evolut ion react ion are obtained.  The react ion o rde r -wi th  
respect  to H + is then  found to be negative, and f ract ional  according to the 
over -a l l  r a te  equat ion 

i = kc -1/2 exp \ 2---R--T-] 

A model  is suggested according to which a surface oxide  film forms a ba r r i e r  
to charge t ransfer  in series wi th  the doub le - l aye r  barr ier .  The fract ional  re -  
action order  is accounted for wi th  this model. A chemical  s tep tha t  follows 
a charge t ransfer  step is rate  determining.  I t  is suggested tha t  oxygen atoms 
in the  surface oxide films par t i c ipa te  in the oxygen evolut ion reaction. 

The ra te  of oxygen reduct ion at potent ia ls  below 
1.0V vs. hydrogen  electrode (HE) is significantly lower  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e sen t  address :  809 H a r b o r  Square ,  Roches te r ,  N e w  York  14617. 
K e y  w o r d s :  o x y g e n  evo lu t ion ,  dual  barrier, a n o d i c  fi lms, e lec t ro -  

cata lysis .  

at anodical ly  preoxid ized  than  at  p re reduced  noble 
metal  electrodes (1-3).  This decrease in catalyt ic  ac-  
t iv i ty  has been a t t r ibu ted  to the presence of a thin 
oxide film over the  surface of an anodical ly  oxidized 
meta l  (1-4).  Meyer  (5) has suggested tha t  the surface 
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oxide films at zirconium electrodes form a potential  
barr ier  for charge t ransfer  in  oxygen reduction. The 
barr ier  is in  series with the double layer barr ier  and 
with the la t ter  controls the over-al l  rate of oxygen 
reduction. The same concept has been used by Mac- 
Donald and Conway (6) to account for the  unusua l ly  
high Tafel slopes for oxygen evolut ion reaction at gold, 
palladium, and gold pal ladium alloy electrodes. In  most 
of the studies of the kinetics and mechanisms of oxy- 
gen evolution reaction at plat inum, li t t le at tent ion has 
been  paid to the presence of th in  surface oxide films 
that  form (7-13) anodically over the metal  surface. The 
presence of the films, and in par t icular  the film thick- 
ness, which varies with t ime and exper imental  con- 
ditions (9, 10, 13), is expected to affect kinetic param-  
eters (12, 14). Any analysis of the reaction mecha-  
nism may be inval id if the effect of film thickness on 
the kinetics is not taken into account. 

In  order to assess the importance of the surface oxide 
films at p la t inum electrodes, the kinetics of the oxygen 
evolut ion reaction in  sulfuric acid solutions of differ- 
e f t  pH's is reexamined at conditions of controlled elec- 
trode pretreatment .  A mechanism for the reaction is 
sought that would take into account the presence of 
oxide films at electrodes. 

Exper imenta l  
An all glass, three compartment  cell used for most of 

the present  experiments is s imilar  to those already de- 
scribed (2, 15). A large plat inized p la t inum gauze in a 
separate vessel attached to the cell was used to purify 
solutions (16). For additional pH measurements,  an-  
other two compar tment  cell was made. Both the test 
and reference compartments  of this cell are connected 
to two solution reservoirs each. Solutions in the first 
two reservoirs were saturated with O2 and in  the 
other two with oxygen. With this a r rangement  it has 
been possible to replace in a few seconds solutions in 
both compartments  with a solution of different pH. 

P la t inum (stated pur i ty  99.998%) wire (diam _-- 0.5 
mm)  electrodes with geometrical areas of 1 cm 2 were 
"sealed" into Pyrex tubes fitting the true bore inlets in 
the test compartment.  Electrodes were washed with 
sulfuric acid and quadruply  distilled water. The cell 
and electrodes were finally washed in situ with water  
redistil led directly into the cell. 

Solutions are prepared from quadruply  distilled 
water, including dist i l lat ion from permanganate  and 
bichromate solutions, and analyzed reagents H.~SO4. 
Water  is distilled directly into the cell. A required 
amount  of sulfuric acid is introduced into the cell from 
a buret te  attached to the counterelectrode compart-  
ment.  Solutions are finally purified by adsorption of 
residual impurit ies at a large platinized p la t inum gauze 
(16) kept at O.3V. Oxygen, ni t rogen (or argon),  and 
hydrogen are purified by passing through systems of 
columns each with specific purification funct ion (17). 

Prior to an experiment  the test electrode was anodi-  
cally polarized at 1.9V for 1 rain and then kept at 0.5V 
for 5 rain (prereduced electrodes). Roughness factor of 
such electrodes has previously been found (18, 19) to 
be about 1.7. Current  density data are scaled here with 
this roughness factor. Unless otherwise stated, all po- 
tentials refer to the reversible hydrogen electrode in 
the same solution (HE). 

Results 
Reproducibil i ty of V-i  relat ionships.--The potential  

cur ren t  density relationship at a prereduced electrode 
is shown in  Fig. 1. An anodic current  increases slowly 
with potential  up to about 1.4V after which potential  it 
increases more rapidly. However, points on the i-V 
curve from A to B do not represent  a "true" steady 
state: current  at any potential  decreases with time at 
first rapidly and then very slowly. No l inear  V-log i 
relat ionship can be obtained in this first " run  up" ex- 
periment.  Only after an electrode has been kept at a 

, = I = 3o MrN.,,.~l / 
, .9- ~ / . ~  ,o?e ~ 
1.8 -- FIRST"RUN DOWN" ~ - ' ~ "  ,2f rO J 

p.6- ~.~/7--~ :o/- - 
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o_ 

IA 
/ 

o 

1.3 - A /  
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- 7  -6  - 5  --,4 -3 
LOG i(i IN A/crn 2 ) 

Fig. 1. V-log i relationships at Pt in H2S04 solution with pH : 
0.3. ( 0 ) ,  First "run up" experiment; ( e ) ,  first "run down" ex- 
periment after tee electrode was kept for 30 min at 1.9V; and (I--i), 
subsequent "run up" measurement. 

high potential  (e.g., ~l .70V) ,  or has been polarized 
with a high constant anodic current  density (e.g., 
i ~ 10 -.4 A/cm 2) for some time (e.g., 5 min  or longer) ,  
is the current  potential  relationship in  the process of 
decreasing electrode potential, or decreasing current  
density, practically independent  of time. In  this " run 
down" measurement  a Tafel relationship is observed 
with a slope close to 2RT/F  over several decades of 
cu r r enU Basically the same V-log i relationship is re-  
traced when subsequent ly  the potential,  or current  
density, is increased in steps but  only up to the poten-  
tial, or current  density, of the init ial  polarization. If an 
electrode is brought in the first " run down" measure-  
ment  to a potential  below about 1.40V, and is kept 
there for some time (,,-30 min  or longer) ,  then the 
Tafel l ine in the subsequent  " run up" measurement  is 
slightly (~20%) shifted towards higher current  den-  
sities. 

The same V-log i relationships are obtained only 
when the electrodes are pretreated in the same way, 
e.g., only when  they are ini t ia l ly prereduced and then 
kept for the same time at a given potential  or current  
density. If either of these factors is changed, the V-log 
i lines are shifted parallel  with respect to each other. 
The aV/alog i slopes are, however, unaffected by the 
electrode pretreatment.  The examples are given in  Fig. 
2, 3, and 4. 

V-Log i retationships.--V-log i relationships for pre-  
reduced electrodes kept at 2.0V in 1N H2SO4 solution 
for 5, 10, or 40 rain are shown in Fig. 2. The longer 
the time of polarization, the lower is the activity of 
the electrode. The aV/8log i slopes are all close to 115 
inV. In  Fig. 3, data are given for the prereduced elec- 
trodes that  have been kept at different potentials for 
30 min  [except data marked by (~)] .  After  the lapse 
of this time, V-log i relationships are obtained by de- 
creasing either current  density or potential. It is evi- 
dent that the higher the potential  of ini t ial  polarization, 
the lower is the activity of the electrodes. 

In  Fig. 4, data are shown obtained in  O.IN H2804 
solution [except data marked (x)] .  The activity of 
an electrode kept for 30 rain at 2.0V is near ly  an order 
of magni tude less than  the activity of an electrode kept 
for the same time at 1.6V. The same trend holds for 
electrodes that  are ini t ial ly kept for 10 min  at 1.8 and 
1.5V. The OV/Olog i slopes are again close to 115 mV. In 
10-'~N H2SO4 solutions too, basically the same t rend 
for the dependence of activity on electrode pret reat -  
merit is observed [compare (.~) and (x) in  Fig. 3 
and 4]. 

pH dependence.- -From Fig. 3 and 4, it follows that  at 
the same current  density (e.g., 10 -4 A / c m  2) potential  

z Cf.,  Res (15),  (17),  (20), a n d  (21). 
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Fig 2 Tafel lines for prereduced electrodes kept at 20V for 
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Fig. 5. pH dependence at electrode initially kept at 2.0 or 1.9V 
(vs. HE) for 30 min (see text). The potentials, that now refer to 
the hydrogen electrode in pH 0.3 solution, are read off at 10 -4  
A/cm 2. 
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Fig. 3. V-log i relationships for prereduced electrode kept for 
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the electrode was kept for the same at 1.8V in 10-2N H2SO4. 
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Fig. 4. V-log i relationships. (O),  30 rain at 1.6V; ( O ) ,  30 min 
at 2.0V (part of the V-log i is shown only); (I-'1) and (A) ,  10 min 
at 1.5 and 1.8V, respectively. Solution 0.1N H.~SO4. Data ( X )  
obtained in 10-~N H2SO4 after 30 min at 1.9V. 

with respect to a pH independent  scale decreases wi th  
increasing pH. The OV/apH is close to --60 mV, as 
shown in Fig. 5 for electrodes ini t ial ly kept at 1.9 and 
2.0V ( t lE)  for the same time. 

To check whether  this pH dependence is a t rue char-  
acteristic of the react ion or it reflects a difference in 
electrode activities arising entirely (or partially) from 
different degrees of oxidation state of electrode sur- 
faces, e.g., from differences in thickness of surface oxide 
films that are anodically formed in solutio~qs of differ- 
ent pit, in a second series of experiments after an elec- 
trode has been subjected to a constant anodic current 
for a given time (i to 2 hr), solutions in both the test 
and reference electrode compartments were rapidly re- 
placed with solutions of a different pH. The electric 
circuit  during the replacement  of solutions was mort 
broken. The electrode potential  referred to HE re-  
mained essentially unchanged in these experiments .  If  
the oxidation state, e.g., thickness of the oxide films, 
does not change during the replacement  of solutions, 
as assumed here, then the observed p i t  dependence re-  
flects the t rue dependence of the oxygen evolut ion re -  
action on pH. Again, (OV/apH)i with  respect to a pH 
independent  scale is --60 mV. 2 

In a fe~v exper iments  K2SO4 has been added to H2SO4 
solutions to a constant ionic strength. No effect of ex-  
cess of salt on the kinetics has been detected in the 
solution exchange experiments.  As to the dependence 
on O2 part ial  pressure, the same V-log i relationships 
are obtained regardless whether  solution has been satu- 
rated with oxygen or argon, i.e., OV/~log P02 ~ O. 

For  convenience, data are summarized in Table I. In 
the same table, some l i terature  data are included for 
comparison and convenience. 

Discussion of the Results 
Comparison of the V-log i in the first "run-up"  and 

subsequent  "run-down"  measuremen t s . - -Above  1.0V an 
oxide phase forms (7-11, 15, 40-45) over  p la t inum sur- 
face. Oxygen evolut ion occurs therefore  only at oxide- 
covered p la t inum electrodes. Thickness of the oxide 
film at an electrode that  is inita]ly prereduced  in-  
creases with increasing electrode potent ia l  (7 8). As 
the thickness, d, increases, the act ivi ty  for oxygen  
evolut ion reaction, expressed as the exchange current  
density, io, decreases according to (12, 14) 

io = k exp 2 [1] 

where  k and 6 are constants. Consequently,  as the po- 
tential  in the first " run-up"  measurements  at a p rere-  
duced electrode is increased in a gradual  or stepwise 
manner  and the oxide film becomes progress ively  
thicker, the current  density decreases according to 
( 12, 14) 

P r e v i o u s l y  r e p o r t e d  pI-I  d e p e n d e n . c e  o f  - - 3 0  m V  ( s e e  T a b l e  I )  i s  
i n  e r r o r  p r o b a b l y  d u e  t o  i n s u f f i c i e n t  c a r e  of  e l e c t r o d e  p r e t r e a t m e n t .  
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Table I. Parameters for 0 2  evolution at Pt in acid solutions 

dV __dr" . dV ~ 

d l og  i d p H  d log  Po~ i = eons t  V = c o n s t  

P r e s e n t  d a t a  

L i t e r a t u r e  

110-120 m V  

2RTb 
2 . 3 ~  

F, 

2.17RTo 
2 . 3 ~  

F 

~ l O 0  m V  (37) 
~185 mV d 

--  60  m V  

--  30  m V  (15)  

- -  60  m V  .(28) 

> 0  ~ 0  

0 (39)e ~ 0~ 

a W i t h  respec t  to  NHE. 
b Refe rences :  (15, 17, 20-35). 
c A t  96~ Refe rence  (36). 
d A t  h i g h  c u r r e n t  dens i t i es .  Refe rences  (35, 36). 
e d V / d  log  t ~ 110 inV. Refe rence  (15). 

d log  i / d  lo t  t ~. - 0 . 5 .  Refe rence  (40). 

i=kexp (_  29~_d)exp / FV ) [2] 
2RT 

i.e., it changes less than expected for a constant value 
of the exchange current  density. In  other words, due 
to the progressive increase in  the oxide thickness, the 
OV/aln i slope in the first " run-up"  experiment  is 
higher than expected for an unchanged electrode (i.e., 
8V/~ln i > 2RT/F) .  As shown in  Fig. 1, the slope is 
not constant  but  changes with electrode potential.~ 

A different s i tuat ion exists in  the " run-down"  and 
subsequent  " run-up"  experiments  at potentials lower 
than that at which the electrode has been anodically 
pretreated. After  an electrode has been kept at a high 
potential  (e.g., 1.8-2.0V) for some time (e.g., 5-20 rain), 
and after an oxide film has grown to a near ly  con- 
stant  thickness, the V-log i relationship is observed 
with the constant value of 8V/~In i equal to 2RT/F. 
This is because once the potential  at an anodically pre-  
treated electrode is decreased, the oxide films vi r tual ly  
stop growing (12, 46), i.e., there is a hysteresis in the 
thickness, and V-log i relationship holds for a constant 
thickness of the oxide film. Since the OV/~log i slopes 
obtained at such electrodes are unaffected by the thick- 
ness itself (see below), it follows that the mechanism 
of reaction too is unaffected by the thickness of the 
oxide film. What changes in the first " run-up"  experi-  
ments is therefore only the catalytic activity, or the 
exchange current  density, as discussed above. 4 

Change o] the catalytic activity wi th t ime. - -The cata- 
lytic activity of a prereduced electrode decreases also 
with t ime of polarization at a given pote,ntial. For in-  
stance, at 2.0V current  densities after 5, 10, or 40 rain 
are close to 6, 4, or 2.5 • 10 -3 A /cm 2, respectively 
(cf., Fig. 2 and 6). The decrease can now be related to 
the reported slow (logarithmic) increase in the thick- 
ness of the oxide film: as the thickness increases with 
time, the catalytic activity at the same potential  de- 
creases. The same t rend is evident  in experiments  when 
an electrode is kept for the same time at different po- 
tentials. This is i l lustrated in Fig. 7 in  which the cur-  
rent  densities observed in  " run-down"  experiments at 
1.5V are plotted vs. the potential  at which a prere-  
duced electrode has been anodically polarized for 30 
rain pr ior  to making measurements.  Again, the change 
in the activity reflects the change in the thickness of 
oxide films. 

It follows from the above discussion that anodic 
oxide films at p la t inum form a barr ier  to electron 

3 If  an e lec t rode  is r e d u c e d  before  each  m e a s u r e m e n t  a t  a g i v e n  
p o t e n t i a l  then ,  fo r  a f ixed  t i m e  of po la r i za t ion ,  8 V / a l n i  b e c o m e s  
aga in  cons tant .  I t s  v a l u e  h o w e v e r ,  is n o w  close to 3 R T / F  i n s t e a d  
of  2 R T / F .  This  is because  of a p a r t i c u l a r  d e p e n d e n c e  of t h i c k n e s s  
on e lec t rode  p o t e n t i a l  (12}. 

A n o d i c  c u r r e n t  b e l o w  1.2V, i.e., be low the  r e v e r s i b l e  Oe/H~O po-  
t en t i a l ,  is a p p a r e n t l y  due  to s i m u l t a n e o u s  d i s s o lu t i on  of p l a t i n u m  
~47) a n d  f o r m a t i o n  of anod ic  ox ide  fi lm. As  the  p o t e n t i a l  increases  
and  as the  e lect rode,  due  to the  ox ide  f i lm f o r m a t i o n ,  " p a s s i v a t e s , "  
o x y g e n  e v o l u t i o n  becomes  t he  m a j o r  reac t ion .  O n l y  at  such pa s s ive  
e lec t rodes  w h e n  the  dissolut ion,  r a te  d rops  (47) b e l o w  10-9 A / c m  2, 
is i t  poss ib l e  to  f o l l o w  o x y g e n  e v o l u t i o n  d o w n  t o  10 -9 A/cm~% 

t ransfer  in oxygen evolution reaction. Resistance to the 
t ransfer  is not of the ohmic type since an extended, 
logarithmic dependence of potential  on current  density 
(for over six decades), that has f requent ly  been re-  
ported, ~ cannot be accounted for in terms of such re- 
sistance. A significant drop of potential  wi th in  the 
oxide phase is suggested in Fig. 1-4. For  the same cur- 
rent  density the potential  at a more strongly pre-  
oxidized electrode is easily higher by I00-150 mV than 
the potential  at a less strongly preoxidized electrode. 
This drop of potential  has to be taken into account in  
any analysis of the mechanism of the reaction. Fu r -  

See for  i n s t ance  Ref.  (4). 
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Fig. 6. Change with time of the catalytic activity expressed as 
current density at 2.0V. 1N H2S04. 
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ther, for the exper imenta l ly  obtained kinetic pa ram-  
eters, such as pH or oxygen part ial  pressure depend- 
ence, to be representa t ive  of the reaction mechanism, 
it is essential to ensure that  they are obtained for the 
same oxidation state of the electrode surface. This has 
been aimed for in the present  study. 

Mechanism of the Oxygen Evolution Reaction 
With the kinetic parameters  given in Table  I, the 

rate  equation for oxygen evolut ion at p la t inum in acid 
solutions can be wr i t ten  in the form 

i = /~[aH+]-t/2 exp 2- -~  [3] 

Here, k is a constant for a g iven thickness (and pos- 
sibly type) of the surface oxide film; it decreases as 
thickness increases. 

The fol]owing are the characterist ic features of the 
kinetics. First, the order of react ion with respect to 
aH+ is fract ional  and negative. Second, a simple l inear 
Tafel  relation, according to [3], extends for several  
decades (4). Such an extended relationship suggests 
that  the mechanism and ra te -de te rmin ing  step remain  
the same in the whole potential  region examined, and 
that  the reaction occurs in the absence of a diffusion 
control  process. 

Mechanism under Langmuir conditions of adsorp- 
t{on.--For the react ion 

2HuO--> O2 + 4H + + 4 e -  [4] 

under Langmui r  conditions of adsorption the negat ive 
reaction order  of the react ion products, H+, means that  
some hydrogen atoms in H20 have reached the final 
stage of oxidation, H +, wi thout  passing through the 
ra te -de te rmining  step. With water  molecules as reac-  
tants, the algebraic product  of this react ion order wi th  
stoichiometric number  (~ f rom 1 to 4), which gives 
the number  of hydrogen ions that  have bypassed the 
ra te -de termining  step for a single act of the over-a l l  
reaction,6 ;.s e i ther  -- 1/2, -- 1, --3/2, or --2. The values 
of - -1/2 and --3/2, and therefore  the stoichiometric 
numbers  1 and 3, can be discarded because the product 
has to be an integer.  The value  --1 corresponds to v -~ 
2. With v ---- 2 an even  number  of products can be  
formed ei ther in or after the ra te -de te rmining  step. 
However,  three  H + are required to complete the over -  
all process. Similarly,  for --2 (v = 4), ei ther none or 
4H + ions should be formed in or after the ra te -de te r -  
mining.step, but  only two are  required to complete the 
over-a l l  process. Hence, nei ther  v = 2 nor v ---- 4 can be 
ascribed to the ra te -de te rmin ing  step. With  this simple 
analysis, therefore,  it is not possible to account for the 
observed pH dependence of the reaction. In a previous 
study, it was suggested (15) that  OV/OpH =- 0 in 
spite of the observed dependence of --30 inV. This then 
led to the conclusion that  the first charge t ransfer  step 
under  Langmuir  conditions wi th  water  molecules as 
reactants was rate  determining.  In v iew of the pH de- 
pendence obtained in  the present work under  controlled 
conditions of electrode pre t reatment ,  this conclusion 
seems invalid. 

If, instead of [4], it is assumed that, a l though in acid 
solutio,n, the over-a l l  react ion is 

2 O H - - >  02 + 2H + + 4 e -  [5] 

then again the fractional reaction order cannot be ac- 
counted for by this simple analysis. The observed pH 
dependence precludes, therefore,  any simple analysis 
under  Langmuir  conditions of adsorption. 

Kinetics under Temkin  conditions of adsorpt ion . -  
With any reasonable value for the change of heat  of 
adsorption with  coverage, Temkin conditions can hold 
(17) only for a re la t ively  narrow region of potentials 

Cf., Ref. (48). 

(,xV ~ 200-300 mY).  This is because the coverage in 
the range, say, 0 ---- 0.1-0.9 changes rapidly wi th  elec- 
trode potential, as shown for oxygen adsorption at 
oxide-free  pla t inum (18). In the lat ter  case, Temkin  
conditions hold only for about 150 InV. In view of the 
extended Tafel  region for oxygen evolut ion reaction, 
Temkir~ conditions of adsorption apparent ly  do not 
hold for oxygen evolut ion at plat inum. 

Kinetic equations based on the dual barrier m o d e l . -  
Since the catalytic act ivi ty  for oxygen evolut ion de- 
creases as the thickness of the anodic oxide film in-  
creases, the film itself is a bar r ie r  to charge t ransfer  
and a potential  difference must exist across the film. 
The potential  difference across the meta l  solution in ter -  
face, ~V, is then a sum of the potential  difference 
across the oxide film, AVor, and double layer, AVdl 

'_XV : ~'Vof + ~Vd~ [6] 

In a steady state, when the current  for oxide growth is 
negligible, AVor and • for the same AV adjust  them-  
selves in such a way that  

idl -- iof [7] 

Here, idi and iof are current  densities across the double 
layer and oxide film, respectively. 

The concept of the dual barr ier  control in a series 
type of a r rangement  has been advanced by Meyer  (5) 
in an analysis of cathodic processes at passive Zr 
electrodes. MacDonald and Conway (6) have used this 
concept to explain some unusual  Tafel  slopes in oxy-  
gen evolut ion at Au and Pd electrodes. 7 Here, this 
concept is used to explain the unusual  pH dependence 
of the oxygen evolut ion reaction at p la t inum anodes. 

For  any constant thickness of the oxide film, combin-  
ing [3] arLd [7] one obtains 

iobserved = idl = iof ~-- kc - p  e x p  ~ d  [8] 

where  c is the act ivi ty of H + ions, a is the over -a l l  
t ransfer  coefficient ( =  1/2), and p(-~ 1/2) is the nega-  
t ive of the reaction order for H+. In a simple analysis 
used here, it is assumed that  idl for a g iven pH is a 
function of -XVdi only, and not of AVof. Then the cur-  
rent  across the double layer  is g iven  in the usual way 
by 

[ 'adlFAVdl 1 
idl --- B c n exp [9] 

RT 

It follows that  iof is also in the form 

[ aofFAVof ] 
/ o f - : A c  mexp . [10] 

ET  

Here, adl and aof are the t ransfer  coefficients, and m 
and n orders of the reactions with respect H +. A and B 
are constants. By combining [8] and [9], taking logar-  
i thm and with [6] after rearranging one obtains 

aofAV + (RT/F)  ln[  ( A / B )  e m-~] 
AVdl -- [11] 

c~of --]- ~Xdl 
and 

~dixV -- ( RT / F) l n [  ( A / B ) c  m-a] 
AVor ---- [12] 

aof "JI- adl 

These equations relate the potent ial  difference across 
the oxide film and double layer  to the potent ial  dif- 
ference across the whole interface. With e i ther  [11] 
into [9], or [12] into [10], and rearranging,  a kinetic 
equat ion based on the dual barr ier  model  is obtained 

1 
~dl ~- ~of 

i --_ [A~d,B~cr 
[ ~of~mFAV ] 

exp [13] 
(~of + ~d])RT 

v See also Ref. (49) and (59). 
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Table II. Permissible (aof, ~dl)  for various values of n and m 

m 0 --I --2 --3 --4 

n : 0 - -  (1, 1) (2, 2 /3 )  (3, 3 /5 )  (4, 4 /7 )  
- 1  (1, 1) . . . .  
--2 (2/3,  2) . . . .  
- - 3  ( 3 / 5 , 3 )  . . . .  
- -4  (4/7,  4) . . . .  

C o m p a r i s o n  of [13] and [8] y ie lds  
1 

(~dl Jr ~:~of 
k : [A~d,B ~o,] [14] 

a d l a o f  
_ [ - -  1 / 2 ]  [15 ]  

a d l  2 c a o f  

Yb~of -~- ?TbC~dl 
p : - [= 1/2] [16] 

~ o f  ~-  ~dl 

These  equa t ions  a r e  u s e d  in  the  analys is  of  t he  m e c h -  
an i sm of react ion .  

I t  can  be  shown,  us ing  s imi l a r  a r g u m e n t s  as in  the  
p r e c e d i n g  section,  tha t  m and n mus t  be e i the r  nega t i ve  
in t ege r s  or  zero. Also, n ~ m, for  i f  m : n then,  f r o m  
[16], n ----- - -1 /2 .  In  Tab l e  II, ca l cu la t ed  va lues  of aof 
and  -dl a re  g i v e n  for  va r ious  va lues  of m and n_ New,  
f r o m  [15], ne i t he r  ~dl nor  ~or can be zero. Also,  any  
pa i r  of (~of, ~dl) w i t h  at  leas t  one  n e g a t i v e  coefficient 
is not  a rea l  so lu t ion;  i t  w o u l d  m e a n  tha t  the  c u r r e n t  
decreases  as po t en t i a l  increases .  A n  inspec t ion  of 
Tab le  II  shows tha t  w i t h  t he se  res t r ic t ions  t he r e  a re  
e ight  solut ions.  F o r  two  solut ions  bo th  w i t h  O~dl : ~of ~-~ 
1, e i t h e r m  = 0 a n d n  = --1, or  m---- - -1  a n d n  -- 0. 
The  so lu t ion  w i t h  m ---- 0 is p r e f e r r e d  because  the  ra te  
of t he  r eac t ion  across the  o x i d e - s o l u t i o n  i n t e r f a c e  is 
m o r e  l i ke ly  to d e p e n d  on p H  than  the  r a t e  of the  r eac -  
t ion across the  ox ide  film. Fo r  the  s a m e  reason,  on ly  
so lu t ions  in the  first c o l u m n  (m  ---- 0) a re  acceptable .  
So lu t ions  w i t h  n _-- --3, o r  --4, i nvo lve  r a t h e r  c o m p l e x  
m e c h a n i s m s  bo th  for  the  r eac t ion  across t h e  double  
l a y e r  s and for  the  cha rge  t r a n s f e r  across the  ox ide  film. 
F u r t h e r m o r e ,  fo r  t he  so lu t ion  w i t h  n _-- --4, a chemica l  
s tep  tha t  fo l lows  f o u r  e l ec t ron  t r ans fe r s  is r a t e  d e t e r -  
min ing .  This, in  turn ,  r equ i r e s  ca thodic  Ta fe l  l ines  
w i t h  an  inf in i te  slope. 

A v a i l a b l e  da ta  for  the  o x y g e n  r e d u c t i o n  at ox ide -  
c o v e r e d  e lec t rodes ,  h o w e v e r  i naccu ra t e  due  to g r adua l  
d i sso lu t ion  of oxides  at po ten t ia l s  be low  about  1.0V, 
ind ica te  (1, 15, 17, 22) tha t  the  s lope is close to --100 
mV. As for  the  solu t ions  w i t h  n = --3, it r equ i r e s  m u c h  
h i g h e r  (~160  mV)  ca thodic  s lopes t h a n  observed .  Fo r  
these  reasons,  bo th  solu t ions  w i t h  n ---- - -3  and - -4  are  
not  cons ide red  fu r the r .  

The  ra te  equa t ions  for  t h e  two  accep tab le  pai rs  of 
so lu t ions  are  ob ta ined  f r o m  [9] and [10]. T h e y  a re  

[ FAVdl ] 
idi=Bc -lexp ~ [17] 

and 
FAVof ] 

/of : A exp  [ T [18] 

for  so lu t ion  w i t h  n ---- --  1, and  

2FAVdl ] 
idl : B e -2  exp  /~T ] [19] 

and  
[ 2FAVof ] 

iof ---- A exp  [20] 
3 R T  

for  so lu t ion  w i t h  n ---- --2. C u r r e n t  dens i t ies  idl for  
these  two  solut ions  are  ana lyzed  in turn .  

Mechan i sm  of the  react ion ]or the solut ion w i t h  n = 
- - 2 . - - F r o m  [19] 

a Cf.,  Ref .  (17). 

~AV~ RT 
- -  - -  [21 ]  
81n i 2F 

Now, fo r  L a n g m u i r  condit ions,  fo r  wh ich  [19] holds, 
this s lope is g i v e n  by  9 

OAVdl R T  i - i  
- - -  "--" /~kT~ ~- -- ( y j r j )  [22] 

Oln i F Vk j=1 

Here,  yj and yk are  s to ich iomet r i c  numbers ,  l0 and rj 
and  rk a re  the  n u m b e r s  of e lec t rons  t r a n s f e r r e d  in a 
s ingle  act of t he  step j and  the  r a t e - d e t e r m i n i n g  step 
k, r e spec t ive ly .  # is the  s y m m e t r y  f ac to r  u sua l l y  t aken  
as V2. Va lues  of r can  be e i the r  zero or  one. n Z (vjrj) is 
equa l  to n u m b e r  of e lec t rons  t r a n s f e r r e d  be fo re  the  
r a t e - d e t e r m i n i n g  step fo r  one act  of the  o v e r - a l l  r e ac -  
tion. Wi th  [22], i t  is possible  to fix t h e  pos i t ion  of t he  
r a t e - d e t e r m i n i n g  s tep w i t h  respec t  to the  n u m b e r  of 
e lec t rons  t r a n s f e r r e d  be fo re  or  in t he  r a t e - d e t e r m i n i n g  
step. F r o m  [21] and  [22] i t  fo l lows  t h a t  

k- -1  

~ ( v j r j )  = V k ( 2 - - f l k r k )  [ 2 3 ]  

j = l  

This  equa t i on  gives  two  solut ions,  bo th  for  rk = 0 and 
hence  for  a chemica l  s tep as ra te  de t e rmin ing .  In  t he  
first, v~ = 1 and :~(vjrj) = 2. This  is t he  case of  a 
chemica l  r e c o m b i n a t i o n  s tep as r a t e  de t e rmin ing ,  for  
ins tance  accord ing  to (17) 

H 2 0 ~  OH + H + + e -  [24] 

2 OH ~ [H202] [25] 

[H202 ,~ O2 -F 2H + + 2 e - ]  [26] 

In  t he  second solut ion,  ~k : 2 and ~(ujnj)  : 4. The  
fo l l owing  reac t ion  p a t h  is an  e x a m p l e  (which ,  h o w -  
ever,  wou ld  h a v e  an inf ini te  ca thodic  s lope)  

H 2 0 , ~  OH + H + + e -  [24] 

2 O H ~ [ H 2 0 + O ]  or  2 O H ~ [ H . ~ O 2 ]  [27] 

[O -]- O ~ 02] o r  [2H202 ~ H20  + 02] [28] 

F r o m  da ta  ob ta ined  on the  anodic  side only,  no con-  
c lus ion  can be  m a d e  about  the  p roduc t s  in the  r a t e - d e -  
t e r m i n i n g  step or  in the  steps tha t  fol low.  This  is i n -  
d ica ted  by  b racke t s  in [25], [26], [27], and  [28]. In  the  
second pa ths  too, a chemica l  r e c o m b i n a t i o n  step is r a te  
de t e rmin ing .  It  is ques t i onab le  w h e t h e r  r e l a t i v e l y  
h igh  cu r r en t  dens i t ies  (e.g., 10 -2  A / c m  2 at 2.0V) can  be  
m a i n t a i n e d  by a chemica l  r e c o m b i n a t i o n  step w h e n  
cove rage  w i t h  r eac t ion  in te rmed ia te s ,  e.g., OH, is low. 
W e r e  the  cove rage  high, a chemica l  r e c o m b i n a t i o n  s tep 
w o u l d  be i n d e p e n d e n t  of po ten t i a l  (51). 

F o r  solut ions  w i t h  n : 2, c u r r e n t  dens i ty  across t he  
ox ide  fi lm is g iven  by  [20.]. No account  fo r  this  ra te  
express ion  is apparen t .  F o r  this  reason,  and because  
h igh  cu r ren t s  cannot  be accoun ted  for  by  a r e c o m b i n a -  
t ion  step, so lu t ions  w i t h  n : 2 a re  no t  sugges ted .  

M e c h a n i s m  of the react ion for  the solut ion w i t h  n : 
- - / . - - F r o m  [17] 

~AVal R T  
~ -  : [29] 

O'ln i F 

and with [29] into [22] and with fl : i~, it follows 

k--I 

(vjrj) : vk 1 --  [30] 
j = l  T 

The only  s imple  so lu t ion  fo r  n : --  1 and fou r  e lec t rons  

9 Cf.,  Ref .  (17) a n d  (19). 
lo S t r i c t l y  s p e a k i n g  s t o i c h i o m e t r i c  n u m b e r  r e f e r s  to a r a t e - d e t e r -  

m i n i n g  s tep .  H e r e ,  ho '~ ' ever ,  i t  is a p p l i e d  to a n y  s t ep  j a n d  m e a n s  
the  n u m b e r  of  t i m e s  t h e  s t ep  j occu r s  fo r  a s ing l e  ac t  of  t h e  o v e r - a l l  
r e a c t i o n .  

S i m u l t a n e o u s  t w o  e l e c t r o n  t r a n s f e r s  are  c o n s i d e r e d  u n l i k e l y .  
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in the over-all  reaction is with rk = 0, vk = 2, and 
~'(~jrj) = 2. Again, a chemical step after a first charge 
transfer step is rate determining.  Two H + ions (--~kn 
: 2) are formed before and have, therefore, bypassed 
the ra te-de termining  step. A reaction path satisfying 
this condition would be 

H20 ~ H + -~ OH -~ e -  [24] 

O H + X - - >  [ X . . . O H ]  or [ X . . . O  ~ I - I  e l  [3i] 

where X stands for a site on the surface of the oxide 
film. The reaction proceeds according to 

[ 2 X . . . O H ~ 2 X  + O2 + 2H + ~- 2e- ]  [32] 

If X represents an oxygen atom in the oxide film after 
the completion of the over-al l  reaction the same. oxy- 
gen atom, according to this model, remains in its posi- 
tion. Again, however, there is a difficulty of high cur-  
rent  densities for a recombinat ion step that must  follow 
(cf., e.g., [32] ). 

Direct participation of oxygen atoms in oxide film in 
Oz evo lu t ion . - -An  attractive reaction path for the solu- 
tion with n = --1 is suggested here. According to this 
path, an oxygen atom in  the oxide film directly part ici-  
pates in  the oxygen evolut ion reaction. For instance, 
after step [24] the reaction proceeds according to 

- - O  -- Pt  O - - -Pt  
t I | : 

- - -P t  - O  + OH-->--15t~*.~O--OH 
l i 1 - 

- -  0 - - P t  - -  0 - -  P t  

~ - - P t . . .  0 - - 0 -  -t- H + ~ - - P t ~  -t- 0.~ -t- e -  + H + 

. . . .  O - - P t  
I , I 

with the second step as rate determining.  12 
It may be noted that for this model and sequence 

of steps, including the ra te -de termining  step, the 
stoichiometric n u m b e r  would be equal to 1 (instead of 
2). Also, z(~jrj) =1, and (--vkn) = 1. Oxygen vacancy 
in the surface of the oxide film is subsequent ly  re- 
plenished in  a paral lel  reaction with the sequence of 
steps such as [24] and [31] and oxidation 

~ O _ P t  _ _ 0  __Pt 
I . "  I I 

- - P t -  +H_~O~ - - P t - O  +2H+ ~-2e [34] 
I " t t 

- -  O -  l~t  - -  O ~ P t  

Since this oxygen atom is already in  the lattice of the 
oxide, it enters as a constant  te rm in  the over-al l  rate 
expression for the oxygen evolution reaction. For this 
reaction path there is no need for a high coverage with 
reaction intermediates.  

An evidence that  an oxygen atom in the surface 
oxide film participates directly in oxygen evolution re-  
action is provided by Rosenthal and Veselovski (52). 
These workers have found, using tracer technique with 
~sO, that if the p la t inum surface oxide film is ini t ial ly 
enriched with 1so (by anodic polarization in 1sO en- 
riched solutions), then the first gas anodically evolved 
at p la t inum (in 1sO unenr iched solutions) is enriched 
with lsO. At silver electrodes too, direct part icipation 
of oxygen in surface oxides in  oxygen evolution in 
alkal ine solution has been detected (53). 

The over-al l  rate equation.--According to the dual 
barr ier  model, the rate of oxygen evolution reaction 

" Bo n d s"  and "pos i t ions"  of a toms only i l l u s t r a t e  t h e  model.  

across the double layer is best described by [17]. In  
this rate expression, there is no fractional reaction 
order with respect to H +. The corresponding rate equa-  
tion across the oxide film is then given by [19], and 
the over-al l  observed rate, by [13]. The lat ter  rate can 
be wri t ten  as 

i = (AB)I/~c -1/~ exp L 2-2-~-.]  [35] 

and a fractional react ion order appears in  the over-al l  
rate expression. This order now becomes ful ly ac- 
counted for in terms of the dual bar r ie r  control of the 
reaction. The rate across the double layer is controlled 
by a chemical step that  follows a charge t ransfer  step 
such as in sequences [24] and [31] or [24] and [33]. 

Factor A in Eq. [18] depends exponent ial ly  on the 
tunnel ing  distance, that is on the average thickness of 
the surface oxide film (12). A is a constant for a given 
thickness of the film; it sharply decreases as the film 
thickness increases. This factor appears also in  the 
over-all  rate expression [35] and accounts for the 
change of the observed rate with time in terms of the 
change in the thickness of the oxide with time. 
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Technica  

Silicon Epitaxial Growth by Electrodeposition 
from Molten Fluorides 

Uri Cohen* and Robert A. Huggins** 
Center for Materials Research, Stanford University, Stanford, California 94305 

Molten fluoride baths based upon the alkali fluorides 
have been shown to yield excellent diffused silicide 
coatings (1), and superior coherent layers can be de- 
posited on many  refractory metals (2, 3). It  is believed 
that the fluorides act as fluxing agents for surface ox- 
ides, exposing clean metall ic surfaces to the solutions. 
This is essential for the deposition of high quali ty coat- 
ings with good adherency. It  is also believed that  the 
stable fluoride ion complexes help to decrease diffusion- 
control effects, which are responsible for increased in-  
terfacial roughness and eventual ly  result  in porous, 
dendritic, or powdery growth. Other attractive features 
of the alkali fluoride salts are their  low mel t ing eutec- 
ties, low vapor pressures, low viscosity, high ionic con- 
duct ivi ty  (and low electronic conductivi ty) ,  and large 
decomposition potential  range ( >  3V). All these fea- 
tures combine to make them ideal electrolytes for the 
deposition of many  elements and compounds. 

When applied to materials  such as silicon, the elec- 
trocrystal l ization epitaxy (ECE) technique has a n u m -  
ber of unique  and attractive features. The operating 
temperature,  e.g., 750~ is quite low compared with 
typical CVD techniques, whose operating temperatures  
are about 1200~ Thus ECE should yield sharper 
junctions,  without  the deleterious effects of interdiffu- 

* E l e c t r o c h e m i c a l  Society Student Member .  
** E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  s i l i con  ep i t axy ,  e l ec t rodepos i t i on ,  m o l t e n  fluorides, 

e lec t roc rys t a l l i za t ion ,  semicor~duct ing layers ,  t h i n - f i l m  deposition. 

sion and dopant redistribution, typical of high tem- 
perature processes. Lower operating temperatures  are 
also beneficial with regard to avoiding thermal  stresses, 
and for reasons related to materials  handling,  compati-  
bility, and energy conservation. 

ECE is also a much safer process in some ways, as it 
does not util ize hazardous gases such as H2 and SIC14 
or Sill4, which are extensively used in  the CVD tech- 
niques. 

Probably  of most importance, the ECE technique is 
isothermal and controlled by simple electrical pa ram-  
eters, such as current  magni tudes  and duration, which 
may easily be controlled by electronic ins t rumenta t ion  
to facilitate precision in the film thickness and mor-  
phology. In  principle, very th in  f lms,  well  below the 
micron range, which might find uses in very fast de- 
vices, should be easily prepared by this technique. 
Thicker layers, as well as quite complex substrate 
shapes may  be coated. These may find future  uses in 
the processing of crystals or devices of various shapes. 

Another  un ique  feature of the electrodeposition 
process is that growth' occurs on electrically conductive 
surfaces only. InsuIat ing masks, through which win-  
dows can be cut, might be used to confine the growth, 
thereby providing a method of device isolation. Insu-  
lat ing masks should, of course, be stable in fluoride 
melts. Thus, silicon oxide is an inappropriate  choice as 
it is quite soluble in fluorides. Silicon nitride, however, 
might be attractive for this purpose. 
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Fig. 1. Schematic drawing of the experimental apparatus 

This paper  reports exper iments  which show that  
such fluoride systems can be used to deposit high qual-  
i ty epitaxial  layers of silicon upon single crystal l ine 
silicon substrates. 

Exper imenta l  Procedures 
Electrodeposit ion was done f rom a fluoride bath 

held in a molybdenum crucible contained within  a 
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molybdenum-l ined  vacuum t igh t -chamber  filled with  
an a tmosphere  of purified helium. Special insulated 
and vacuum-sea led  chambers, equipped with hel ium 
and vacuum inlets, a l low lowering,  raising, and re-  
placement  of ~he various electrodes without  changing 
the bath temperature .  A viewing port  wi th  a sapphire 
window and an i l lumination bulb facilitate observat ion 
of the mel t  and electrodes. This apparatus is i l lustrated 
schematical ly in Fig. 1. 

K F - L i F  (1:1, mp = 492~ was used as the sol- 
vent, with 5 mole per cent (m/o)  K2SiF6 as a solute. 
The mixture  was first mel ted under vacuum with some 
of the KF replaced by KHF2. The lat ter  decomposed to 
KF and HF, which reacted wi th  any residual oxides 
according to the equi l ibr ium reaction 

2HF(sol'n) + O-2(sol'~) ---- 2F-(sol'n) + H20(vapor) 
This equi l ibr ium was shifted to the r ight  under  vac-  
uum, removing the water  vapor. This was followed by 
purging the mel t  with purified hel ium to expel  any dis- 
solved HF. The purification procedure  was completed 
by a pre-electrolysis  step, dur ing which any metal l ic  
ions more noble than silicon, as well  as some silicon, 
were  plated onto a sacrificial molybdenum strip cath- 
ode. The combinat ion of these two purification meth-  
ods, which remove different types of impurities,  was 
found to be necessary in this case. El iminat ion of the 
deoxidat ion procedure was investigated, but it was 
found to have especially deleterious effects upon the 
morphology of the silicon deposit. 

High pur i ty  silicon was used as a dissolving anode, 
and a constant current  of 2 m A / c m  2 was mainta ined 
for 12 hr. 

Fig. 2. SEM photographs of (111) Si epitaxial layers grown at (a) 1 mA/cm ~ (10# thick); (b) 2 mA/cm 2 (10# thick); (c) 4 mA/cm ~ (2~ 
thick); (d) 6 mA/cm 2 (10p. thick). 
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The coated molybdenum strip was then removed, 
and a silicon wafer with a (111) orientat ion and a mir -  
ror-polished face was introduced into the melt. An 
anodic current  pulse of 50 mA/cm 2 was then applied 
for 1 sec. This served to achieve an  in situ etching of 
the wafer (approximately  150A). The polar i ty  was 
then reversed, the Si wafer becoming the cathode, and 
constant  current  electrodeposition established for a 
predetermined period of time. The sample was then 
removed, cleaned, and examined. A potentiostat  (PAR 
173) was used for current  control. 

Results 
Epitaxial  deposition of silicon readily occurred upon 

the single crystal substrate. The current  density was 
found to have an important  influence upon the mor-  
phology of the deposit. Figure 2(a) shows a scanning 
electron micrograph of the epitaxial  growth obtained 
at 1 m A / c m  2. Poor coverage of the substrate surface, 
and a hillock and layer s tructure can be seen. Such a 
s t ructure  is believed to be due to the adsorption of for- 
eign species, probably  oxygen or oxides, which hinder  
the propagation of kinks and steps. 

If the adsorption rate is constant for a given impu-  
r i ty  concentrat ion and temperature,  increased current  
density (or rate of deposition) should favor step prop- 
agation and more uni form growth. This effect can eas- 
i ly be seen in Fig. 2 (b-d) ,  which show deposits ob- 
tained at 2, 4, and 6 mA/cm 2, respectively. It should be 
noted that the epitaxial layer  in Fig. 2(c) is only 2~ 
thick, whereas the others are 10'~ thick. 

Deposit un i formi ty  across the substrate surface was 
found to be greatly affected by the current  distribution. 
Since Si is a poor electronic conductor, the current  
density is greater in areas with a shorter current  path 
wi thin  the silicon wafer. This results in an enhanced 
and more uni form growth close to the melt  surface, 
with poorer growth in remote areas. 

To produce a more uni form current  distribution, a 
metallic layer with greater conductivity may be at- 
tached to the back side of the wafer, either by a me- 
chanical attachment,  or as a coating or film. The metal  
in contact with the back side of the wafer should be 
compatible with silicon. It must  not have a low melt ing 
point alloy or eutectic with silicon, and its solid solu- 
bi l i ty in Si at the operating temperature  must  be as 
small  as possible. It may  also be impor tant  that this 
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layer  can be easily removed without  damaging the 
wafer. 

It was found that a layer of Ag metal  0.5~ thick, ob- 
tained by sputtering, resulted in a substant ial  improve-  
ment  in the uni formi ty  of the expitaxial  layer. Thicker 
coatings should produce even more uniform layers. 
Silver may be removed by dipping in dilute HF, which 
wil l  not attack silicon. Its solid solubil i ty in silicon at 
750~ is extremely low, and the Si-Ag system has o n e  

eutectic at 840 ~ C. 
Back-reflection Laue x - ray  pat terns have demon-  

strated that these layers are epitaxial ly related to the 
(111) substrate, even when the growth morphology ap- 
pears ra ther  rough. Results obtained by Auger spec- 
troscopy and electron microprobe analysis have shown 
the deposit to be of high purity. Some carbon and oxy- 
gen were both found upon the surface after growth by 
Auger spectroscopy. They disappeared from the signal 
after a layer about 500A thick was removed by sput ter-  
ing. Electron microprobe analysis, with a sensit ivi ty 
of about 100, ppm, detected no impuri t ies  beneath the 
surface. 
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Brief Communication 

The Fluid Motion Due to a Rotating Disk 
Ralph White,* Charles M. Mohr, Jr., *'1 and John Newman** 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory, and Department of Chemical Engineering, 
University of California, Berkeley, California 94720 

The solution of the Navier-Stokes equation for fluid 
motion due to a rotat ing disk includes characteristic 
parameters  as presented below. We report  here the 
most accurate values available for three of these 
parameters  and compare to them values obtained 
by a numerical  integrat ion technique developed by 
Newman (3, 5). 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
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83401. 
K e y  words:  laminar flow. 

In 1921, von K~rm~n (2) presented a separation of 
variables solution technique for the motion of an in-  
compressible, Newtonian fluid which t ransformed the 
l~avier-Stokes equation into a set of coupled, nonlinear,  
ordinary differential equations. By defining the follow- 
ing dimensionless variables ~ ~ z \ / 'a / . ,  P = p/#a, 
G --: vo/rl2, F _~ vr/rl2, and H ~ Vz/~/vfl, the t rans-  
formed equations may be wr i t ten  as 

2F-~ H ' : 0  [1] 

F 2 -- G 2 -~- HF' = F" [2] 
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2FG + HG'  = G" [3] 

HH'  + P'  : H" [4] 

where  the pr ime designates differentiat ion wi th  re-  
spect to ~. The boundary conditions are 

H : F = 0 ,  G----1 at ~ = 0  [5] 
and 

F = G - - - - 0  at ~---- o~ [6] 

Cochran (1) solved Eq. [1-3] (subject to boundary 
conditions [5] and [6]) by expanding the components 
of the veloci ty field first in power  series in the dimen-  
sionless distance f rom the disk, which were  assumed 
to be valid near  the disk 

1 b 
F = ~- - - ~  - _ ~ 3  + . . . .  [7] 

1 
G = 1 -t- b~ -t- ~ a~  -}- . . . .  [8] 

1 b 
H = --a~ 2 -F -~" ~.3 _.}_ _~_ ~ "F . . . .  [9] 

and second in exponential  series which were  assumed 
to be val id  far  f rom the  disk 

(A 2 + B 2) e - 2 ~  
F -- Ae - ~  

2 ~  
A ( A  2 -'~ B 2) e -3a~ 

+ + . . . .  [10] 
4a4 

B ( A  2 + B 2) 
G --  Be  - ~  e - ~  -{- . . . .  [11] 

12a4 

2A (A 2 + B 2) 
H --= - - a  ~ e - a ~  - -  . e - 2 a ~  

a 2o~ 

A ( A  ~ -I- B 2) 
-{- e -aa~ -F . . . .  [12] 

6a 5 

We (5) followed Cochran's suggestion and requi red  
the two sets of expansions to yield, at ~ -- 1, the same 
values of the functions as wel l  as the der ivat ives  of F 
and G. In this manner  we obtained the fol lowing values 
for the characterist ic parameters  2 

a : 0.51023262, b : --0.61592201, ~ : 0.88447411, 

A ---- 0.92486353, B = 1.20221175 [13] 

Benton (7) solved this problem by utilizing a tech- 
nique suggested by Fettis (8) and has tabulated to 
four significant figures the velocity field, its derivatives, 
and the pressure field. 3 

To demonstrate the utility of Newman's (3-5) solu- 
tion technique, estimates of the parameters  a, b, ~, A, 
and B were obtained by solving this boundary value 
problem numerically.  The governing Eq. [1-3] were 
first l inearized (3-5) about t r ial  values and then cast 
in finite-difference form accurate to order h 2. The 
boundary conditions given by Eq. [5] were  applied 
directly, whereas it was necessary to approximate  those 
given by Eq. [6] at some finite value of ~Jmax. The fol- 
lowing expressions, derived from Eq. [10] and [11], 
were  used for that  purpose 

(F~ + G ~) 
F' : H| + . . . .  [14] 

2H~ 
and 

G' = H~G + .... [15] 

where H, was our estimate of --a according to 

-~ Values for a and b accurate to 12 significant figures are available 
in Ref. (6). 

3 Unfortunately. a minus sign for the pressure derivative in his 
equation (10) is missing; consequently, the sign of the entries in 
his Table 2 for P -- Pa should be changed. 

( 2F (F2 "-]- G'2) 1 + .--]- . . . .  [16]  
H o = H + ~ +  2Ho~ 

which was developed from Eq. [12]. Equations [14], 
[15], and [16] were also linearized about trial values 
and expressed in finite-difference form accurate to 
order h 2. The resulting system of equations was solved 
by technique developed (3, 4) and extended (5) by 
Newman. Estimates of the. five parameters obtained 
this way are 

a ---- 0.51023262, b = --0.61592201, a = 0.88447410, 

A = 0.92486322, B ----- 1.20221104 [17] 

Clearly, these are very accurate estimates of the 
parameters given by Eq. [13]. The poorest estimate is 
for B, which is in error by only seven digits in the 
eighth significant figure. 

The very  at t ract ive feature of Newman 's  solution 
technique, in addition to its accuracy, is its suitabil i ty 
for solving complicated boundary value  problems 
directly without  the development  of specialized tech- 
niques, such as Cochran's for the present problem. 
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LIST OF SYMBOLS 

English characters:  
a characterist ic parameter  equal  to F' (0) 
b characteristic parameter  equal to G'(O) 
A characterist ic parameter  
B characterist ic pa ramete r  
F dimensionless radial  veloci ty 
G dimensionless velocity component  in the tangen-  

tial direct ion 
H dimensionless velocity component  in the normal  

direction (from the disk) 
h dimensionless step size 
P dimensionless dynamic pressure 
p dynamic pressure, dyne /cm 2 
r radial distance f rom the axis of the disk, cm 
Vr velocity component  in the radial  direction, cm/  

sec 
vo velocity component  in the tangent ial  direction, 

cm/sec  
vz velocity component in the normal  direction, cm/  

sec 
z normal distance f rom the disk, cm 

Greek characters:  
characteristic parameter  equal to -- H ( ~ ) 
dimensionless normal  distance from the disk 
viscosity of fluid, g / cm-sec  

v kinematic viscosity of fluid, cm2/sec 
12 rotation speed of the disk, sec -1 
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Erratum 

In  the paper, "Lead-Acid Batteries: Use of Carbon 
Fiber-Lead Wire Grids at the Positive Electrode," by 
J. L. Weininger  and C. R. Morelock, which appeared 
on pp. 1161-1167 in the September 1975 JOURNAL, Vol. 
122, No. 9, the following resistivity for carbon fibers, 
lead, and lead dioxide should replace the incorrectly 
stated conductivities of the same materials in  column 
1, p. 1161: 

pyrolyzed polyacrylonitr i le  fibers 

pCflber = 0.86 X 10--3 to 2.5 X 10 -3 ohm-cm 

lead: PPb---- 2.1 X 10 - 5 o h m - c m  

lead dioxide: Pa-PbO2 ---- 1 X 10 -3 ohrn-cm 

P/3-PbO2 "- 4 X 10 -a ohm-em 
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Bulk and Surface Conduction in CVD 
SiO  and PSG Passivation Layers 

Robert B. Comizzoli* 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Measurements of electrical conduction in the bulk  of chemical vapor de- 
posited (CVD) SiO.2 and phosphosilicate glass (PSG) passivation layers typi-  
cally used for over-me~al IC protection are reported. Moisture uptake in-  
creases the bu lk  conductivity, and the moisture effects depend on phosphorus 
content. The bulk  current  thermal  activation energy of CVD SiO.~ (0.6 eV) is 
constant with varying moisture exposure. Before moisture exposure, phos- 
phorus-containing glass has an activation energy of 0.8 eV, and it decreases 
with moisture exposure. Surface conductivity is also reported as a funct ion of 
relative humidity.  Conductivi ty values are related to IC leakage currents,  and 
it is suggested that  bu lk  currents in PSG should not contr ibute to a luminum 
corrosion in the absence of defects, such as cracks or pinholes. 

SiO~ and phosphosilicate glass (PSG) are important  
materials in  silicon device passivation (1). Thin layers 
of PSG (hundreds of angstroms) have been described 
as useful for Na-get ter ing under  gate metal  of MOS 
devices (2-4). Thin  layers must  be used to avoid in-  
stabilities due to PSG polarization (3, 5-7). For over- 
metal  passivation of IC's, thicker layers (about 104fl,) 
can be used (since polarization of the PSG is un i m-  
portant  in this geometry).  Generally, over-metal  
layers are deposited by chemical vapor deposition 
(CVD) (8-11 ). The phosphorus addition lowers intrinsic 
stress over a luminum metal  and provides Na-get ter ing 
capabili ty (12), which is par t icular ly  useful in plastic 
packaged devices. In  addition, the passivating glass 
over metal provides important  scratch protection dur-  
ing the device production process (13), and serves as 
insulat ing protection against loose conducting particles 
in hermetic packages (14). 

The bulk  and surface electrical properties of CVD 
passivation over metal are important  in unders tanding 
Na-getter ing (4, 15) device leakage as affected by 
lateral  charge spreading (16-21), metal  corrosion (22- 
25), and moisture effects (24, 25). 

In  this report, measurements  of bu lk  electrical con- 
ductivi ty as a funct ion of water  uptake and tempera-  
ture, and surface conductivity as a function of relative 
humidi ty  (RH) are reported for CVD SiO2 and CVD 
PSG. The data are used in  est imating electrical and 
moisture effects typical for IC's. 

Sample Preparation 
The glass layers were deposited on degenerate n-  

type (0.01 ohm-cm) silicon wafers at 450~ at a growth 
rate of about 1000 A / m i n  to a total thickness of 1 ~m, 
using a reactor described by Kern  (11, 26). Phosphorus 
concentrations, determined by etch rate analysis, are 
0, 4.8, and 8.5 weight per cent (w/o)  P in the glass. 
No postdeposition hea t - t rea tments  were applied. 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  IC ' s ,  co r ros ion ,  p a s s i v a t i o n  g lass ,  r e l i ab i l i t y ,  m o i s t u r e  

effects .  

A l u m i n u m  was evaporated to a thickness of 8700A 
on the surface of the CVD layers and delineated by 
photoli thography into an interdigitated electrode pat-  
tern. By proper electrical connection, this pat tern al- 
lows measurement  of bulk  conductivity through the 
glass between one a luminum surface electrode and the 
silicon wafer, with the other surface electrode acting 
as a part ial  guard band, or it allows measurements  of 
surface conduction between the two surface electrodes. 
The interdigi tated pat tern  has an electrode spacing of 
1.3 )< 10 -3 cm, an effective electrode width of 0.23 cm, 
and an electrode area (used for bu lk  measurements)  of 
10-3 cm 2. 

The wafers were subdivided into chips containing 
four interdigitated pat terns each, and some chips were 
mounted on headers without hermetic cover for bulk  
measurements.  This provided convenient  handl ing and 
circuit connection, and allowed exposure to steam. On 
each header-mounted  chip, three surface electrode 
pairs were connected to leads by means of bonded wire 
and one connection was provided to the silicon sub- 
strate. Other chips were not mounted  on headers but  
were tested "as is" in a probe station for both bu lk  and 
surface measurements.  Conductive si lver-epoxy pastes 
were used as back electrodes in all cases. 

Measurement and Test Procedure 
B u ~  e~ectrica! conductivity.---In all electrical mea-  

surements a Keithley 602 or 610B electrometer was 
used, and a strip chart recorder cont inuously monitored 
the current.  

Pre l iminary  measurements  of bulk  and surface cur-  
rent  as a function of voltage, temperature,  ambient  (air 
or N2 with varying relative humidi ty) ,  and autoclave 
exposure time (in steam at 15 psig, 121~ established 
the following: 

1. In  dry N~ ambient, measurements  of current  
flow between one surface electrode and the silicon sub- 
strate could be made without surface current  contr ibu-  
tions, thus permit t ing measurement  of bulk  properties 
of the glass. The other surface electrode was used as 

386 
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a par t ia l  guard band to establish that  no surface cur-  
rent  was detected in dry  N2. Thus, a guard band was 
not needed. 

2. In most cases the t ime rate  of change of current  
decreased 10-100 times 1 rain after  vol tage application 
compared to init ial  values, and after  1 min, the current  
level  was approximate ly  l inear  wi th  voltage, in the 
voltage range f rom 50 to 200V. Li t t le  dependence on 
polar i ty  was observed. 

3. Leakage  cur ren t  of the TO-5 header  i tself  was 
negligible. It  was always less than 10% of the sample 
currents.  Based on these pre l iminary  results a test 
procedure was established and carried out as follows: 

(a) The  current  be tween  one surface contact and 
the substrate was measured in dry N2 flow at 100V. The 
current  level  1 min  af ter  vol tage application was se- 
lected for evaluation.  

(b) Measurements  were  done at three t empera -  
tures: 20% 60 ~ and 95~ Initially, all chips used were  
measured at the three  temperatures .  A l t e r  autoclave 
stress t reatment ,  each chip was measured at only one 
of the  three  t empera tures  for all succeeding measure-  
ments. In the data to be presented each data point at 
0 hr  autoclave t ime represents  an average of 24 mea-  
surements,  whi le  each data point af ter  autoclave ex-  
posure represents  an average of eight measurements .  

(c) The samples were  placed in the steam phase 
of the autoclave with  a cover a r rangement  to minimize 
condensate dripping. Exposure  was usual ly 5 hr  at a 
time, wi th  current  measurements  made at the end of 
each stress period. Af te r  removal  f rom the autoclave 
the samples were  dried for 5 rain in d ry  N2 flow at 
room tempera ture  to remove  surface water,  and the 
measurements  were  done immedia te ly  thereafter .  The 
current  was measured in a small  oven whose tempera-  
ture  was cont inuously monitored;  var ia t ion was less 
than • 2~ 

SurSace Mectricat conductivity.--For these measure -  
ments the chips were  placed in a probe station to 
which mixtures  of dry and wet  N2 were admit ted to 
achieve controlled, var iable  re la t ive  humidity.  All  these 
measurements  were  done at 23 ~ • 2~ and no auto-  
clave stress was used. Two probes were  used to con- 
tact the interdigi ta ted pat terns on the pellet, and the 
four pat terns on each pel let  were  measured at 100V in 
the dark. The substrate was grounded. Again, the 1 rain 

current  level  was chosen for analysis. For  RH > 60% 
current  reached steady state wi th in  1 min. For  lower  
re la t ive  humidi ty  the current  decayed very  slowly. 

E x p e r i m e n t a l  R e s u l t s  

Bulk conductivity.--The t ime dependence of the cur-  
rent  af ter  vol tage application depends on the presence 
of phosphorus. For SiO2 the current  increases slowly 
to a s teady-state  value, whi le  wi th  the 4.8 and 8.5 w / o  
P samples the current  decreases af ter  vol tage applica- 
tion. This behavior  is shown in Fig. 1. As ment ioned 
previously,  currents at 1 min are chosen for evaluat ion 
in all succeeding analyses. For all samples, evidence of 
a polarizat ion process exists. If the sample is sho,rted 
af ter  vol tage application, a reverse  current  is measured 
for several  minutes. 

At 95~ the current  in the SiO2 sample decays upon 
reaching a max imum value  after  the initial slow in-  
crease. The decay lasts more  than t hr, and at the end 
of 1 hr  it has decayed to 25% of its peak. For  the PSG 
at all t empera tures  the decay also continues for at 
least 1 hr, and the cur ren t  decreases about an order  of 
magni tude f rom the 1 min  level. Current  levels at 1 
min were  used for armlysis for convenience. 

As expected, the bulk current  increases wi th  cumula-  
t ive s team exposure. The 0 and 4.8% phosphorus sam- 
ples show an init ial  bulk  conduct ivi ty  increase which 
saturates at about 10 hr  moisture exposure. The 8.5% 
samples show a smal ler  initial conducr increase 
fol lowed by a second increase at about 20 hr. Af te r  
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Fig. 1, Bulk current vs. time after voltage applicat ion for Si02 
and PSG at 95~ after 17 hr autoclave stress. 

20 hr the conduct ivi ty  of the 8.5% samples is general ly  
higher than that of the 0 and 4.8% samples. This gen-  
eral dependence was found at all three measurement  
temperatures.  A typical case is shown in Fig. 2. 

The dependence of the current  level  on the phos- 
phorus concentrat ion varies with autoclave  time. Be-  
fore autoclave stress, the current  of the phosphorus-  
containing glass is lower  than that  of the phosphorus-  
free glass (SiO2). This is shown in Fig. 3 for three 
temperatures. At i0 hr steam exposure, the current is 
greatest for the 4.8% sample and lowest for the 8.5% 
sample, as shown in Fig. 4. At 25 hr, Fig. 5 shows that 
the current level increases with increasing phosphorus 
content. 

The temperature dependence of the current is differ- 
ent for the SiO2 as compared to the phosphorus-con- 
taining glass. As shown in Fig. 6-8, the current-tem- 
perature dependence of the SiO2 is well characterized 
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b y  a s ing le  a c t i v a t i o n  e n e r g y  of 0.6 eV, a n d  t h i s  e n e r g y  
is i n d e p e n d e n t  of a u t o c l a v e  e x p o s u r e .  T h e  c u r r e n t  
l e v e l  i n c r e a s e s  w i t h  a u t o c l a v e  e x p o s u r e ,  b u t  t he  a c t i v a -  
t i o n  e n e r g y  is u n c h a n g e d . T h e  p h o s p h o r u s - c o n t a i n i n g  
g lass  b e f o r e  a u t o c l a v e  s t r e s s  ha s  a n  a c t i v a t i o n  e n e r g y  of 
0.8 eV, i n d e p e n d e n t  of p h o s p h o r u s  c o n c e n t r a t i o n ,  as 
s h o w n  in  Fig. 6. A f t e r  s t e a m  e x p o s u r e ,  t h e  a c t i v a t i o n  
e n e r g y  t e n d s  to d e c r e a s e  for  t h e s e  samples ,  as s h o w n  
in  Fig. 7 a n d  8, a n d  i n  some  cases  a t h e r m a l l y  a c t i v a t e d  
p roces s  is no t  i nd i ca t ed .  

F o r  t he  8.5% P s a m p l e s  a f t e r  l o n g  a u t o c l a v e  e x -  
posure ,  i t  was  f o u n d  t h a t  a d e c r e a s e  in  m e a s u r e d  c o n -  
d u c t i v i t y  o c c u r r e d  for  t h e  e l e v a t e d  t e m p e r a t u r e  m e a -  
s u r e m e n t  d u e  to t h e  s e v e r a l  m i n u t e  d e l a y  b e t w e e n  

p l ac ing  t h e  s a m p l e  in  t h e  o v e n  a n d  p e r f o r m i n g  t h e  
c u r r e n t  m e a s u r e m e n t .  T h i s  was  a t  m o s t  a d e c r e a s e  of 
40% a n d  ha s  l i t t l e  effect  o n  t h e  a c t i v a t i o n  e n e r g y  d e t e r -  
m i n a t i o n s .  

Surface co~ductivity.--The c u r r e n t  a t  23~ is c o n -  
s t a n t  a n d  v e r y  low b e l o w  a b o u t  30% R H  a n d  b e g i n s  to  
i n c r e a s e  a b o v e  t h a t  va lue .  B e l o w  30% R H  the  c u r r e n t  
ref lects  b u l k  c o n t r i b u t i o n s .  T h e  SiO2 a b o v e  30% R H  
has  a g r e a t e r  s u r f a c e  c u r r e n t  t h a n  t h e  P S G  s a m p l e s  
as s h o w n  i n  Fig. 9, a t  l e a s t  up  to a b o u t  70% RH. 

E.~ect of cracks in PSG.--In a s e p a r a t e  e x p e r i m e n t  
t h e  effect  of c r acks  in  P S G  o v e r  m e t a l  was  d e t e r m i n e d .  
A n  A1 l i n e  p a i r  p a t t e r n  o n  t h e r m a l  SiOu w i t h  e l e c t r o d e  
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gap of 1.0 X 10 - a c m  and line length of 7.5 X 10 -2 em 
was overcoated with about 1.0 X 10 -4 cm of 5 w / o  
PSG. In humid N2 (RH 60%) the current  at 100V be- 
tween l ine pairs was determined to be about 5 X 
10-13A. Probes were  then used to crack the glass, over  
each of the meta l  l ine pairs, and the current  level  in- 
creased to about 5 X 10 - l~  Upon introducing a dry 
N, ambient,  the cur ren t  decreased to about 10-14A. 

D i s c u s s i o n  
Conductivity and activation energies.--The difference 

in t ime dependence of the bulk current  be tween the 
SiO2 and PSG samples and the fact that  before auto-  
clave stress the SiO2 conduct ivi ty  is higher  than that  
of the PSG suggests that  Na ion motion in the SiO2 ac- 

counts for all or a large part  of the observed current.  
CVD films f requent ly  have high Na content  (18). 
Sources of Na in the films discussed here are not 
known, but are probably numerous since Na-f ree  A1 
was not used and MOS fabricat ion procedures were  
not followed. Atomic absorption analysis indicated a 
Na content of about 1 • 1013/cm 2 in these films as 
deposited. 

The long- t e rm s teady-s ta te  va lue  of current  in the 
SiO2 samples (greater  than that  of the PSG) suggests 
a large reservoir  of Na at the a luminum contact in ter-  
face or at the Si interface. This large reservoir  con- 
tributes a constant release rate of charge which results 
in a constant current. At 95~ the release rate is high 
enough that  an effective decrease in the reservoir  is 
observed, leading to a gradual ly  decreasing current.  
For  the PSG samples, Na motion is inhibited so the 
currents, before autoclave moisture is introduced, are 
lower. 

The activation energy of the bulk conduct ivi ty  for 
the SiO2 layer  does not change wi th  moisture content. 
The value of 0.6 eV may be compared wi th  that  of 
0.5 eV for the rmal  SiO-_, contaminated with  1.0 • 10 lz 
Na / cm 2 (4), and with  0.6 eV ( thermal  oxide) p rev i -  
ously reported (27). It should be pointed out that  
activation energies of Na motion in SiO2 and PSG 
depend both on the Na and the P concentrat ion (4). 
The 0.8 eV activation energy for PSG before auto-  
clave exposure is also in the range reported previously 
for Na drift  in PSG (3, 4). 

For thermal  SiO2 at 200~ resist ivi ty values of 2 • 
101~ and 5 • 1016 ohm-cm have been reported for phos- 
phorus doped and undoped layers, respect ively (28). 
Extrapolat ion of data in Fig. 6 to 200~ yields about 
5 X 1011 ohm-cm for both phosphorus doped and un-  
doped CVD SiO~. CVD PSG films are less dense and 
have higher  etch rates than densified PSG films of 
similar  composition (10), and, thus, greater  conduc- 
tivities might  be expected in low tempera ture  CVD 
films. 

As pointed out previously, the SiO2 is more conduct-  
ing than the PSG before autoclave exposure. With 
sufficient autoclave exposure the PSG layers are more  
conducting than the SIO2. Note that  the SiO2 and 4.8% 
PSG currents increase to a saturat ion value in about 
10 hr  of steam exposure, while the 8.5% PSG layer  
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increases in two steps to a saturat ion value at about 
25 hr. These t imes are functions not only of the glass 
propert ies but  also of the sample and electrode geom- 
etry. In the test samples used in this study, water  must 
penet ra te  the glass surface and diffuse la teral ly  under  
the metal  to result  in current  increase. For  PSG used 
as over -meta l  passivation on an IC it is expected that 
mois ture  penetra t ion into the PSG would be faster 
under  the same conditions we describe. 

The much greater  increase of conductivi ty a'fter auto-  
clave exposure of the PSG as compared to the SiO2 is 
not unreasonable in v iew of possible phase segregation 
of the PSG into small  pockets of a phosphorus-r ich 
phase in a SiO2 mat r ix  (29). The presence of two 
phases furnishes interface paths for water  penetra t ion 
and enhanced electrical  conduction. At high autoclave 
steam temperatures  (200~ it has been reported (30) 
that  the P205 is actual ly leached out of the PSG, leav-  
ing behind a ne twork  s tructure (30). The authors sta~e 
that this does not occur at 120~ (30). Phosphorus 
leaching into saturated water  vapor  at 120~ has been 
reported (31) for PSG films of high phosphorus con- 
tent  (about 10 mol per  cent P205 for films deposited at 
450~ This leaching out is easily detected by micro-  
scopic examinatior/  (30). None of the samples con- 
sidered here  showed this effect. In addition, infrared 
absorption measurements  showed no decrease in P 
content af ter  cumulat ive  t rea tment  for 1 hr  each in 
water  at 25~ boiling water,  and autoclave steam at 
15 psig, 121~ (32). 

Surface current.--The behavior  of the surface cur-  
rent  in Fig. 9 is consistent with the presence of Na on 
the surface and with previous results (19). At  low RH 
(below about 70%) the phosphorus blocks Na ion 
motion compared to the SiO.~ samples. The large scatter 
f rom sample to sample above about 80% RH may re-  
flect the presence of more than a monolayer  of water  
and widely  varying Na contaminat ion of the surface 
f rom sample to sample. 

Leakage ef]ects in IC's.--In this section, a worst  case 
estimate of leakage current  for a typical IC in plastic is 
made, based on the highest bulk and surface conduc- 
tivities described previously. These values are those 
after 25 hr of autoclave t rea tment  wi th  current  mea-  
sured at 95~ For  the typical  IC we assume the fol low- 
ing geometry:  electrode gap of 2 • 10 -3 cm, length of 
0.1 cm, and meta l  line width  of 10 -8 cm. A metal l iza-  
tion overcoat  of 5 • 10 -5 cm of 8.5 w / o  PSG is also 
assumed. Figure  10 shows the possible current  paths 
in a schematic IC cross section. Path  c is an interface 
path  be tween  the the rmal  oxide and the PSG in ter -  
face. This current  contr ibut ion is neglected. Pa th  A 
represents the bulk conduction through the PSG be- 
tween buried metal  lines. Paths ]3 and b represent  the 
bulk and surface components of the surface path not 
involving openings in the PSG. Path  b alone represents 
current  flow be tween  conductors which have discon- 
tinuities in the PSG above them. Leakage current  flow- 
ing be tween open bond pad areas to other bond pads 
or to metal l izat ion lines is assumed small compared to 
that flowing between closely spaced metal  intercon-  
nects since la teral  bond pad spacing is usually large 
compared to interconnect  lateral  spacing. We ignore 
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Fig. 10. Schematic cross section of IC showing various current 
paths associated with PSG passivation layer. 

current  at the thermal  SiO2-PSG interface and in the 
SiO,_, and calculate the paral le l  contributions of the 
bulk flow component  through the PSG be tween  metal  
lines (path A) and of the surface component  (path 
B-b) ,  which has a series bulk term (path B) for cur-  
rent  flow from the line to the surface, and f rom the 
surface back through the PSG to the other  line. At 
95~ after 25 hr  autoclave exposure, the bulk resist ivity 
is about 5 • 1010 ohm-cm (Fig. 8). The surface resist- 
ance in humid ambient  is about 2 • 1012 ohm/square ,  
obtained by using the value measu~ed at room tem-  
pera ture  and extrapolat ing to 95~ using Koelmans '  
activation energy of 0.35 eV (24). (We assume that  the 
plastic, at least for a short  time, traps water  at the PSG 
surfaee and that  the chip is thus effectively in a humid 
environment ,  since we are interested in worst  case 
estimates.) Using these values, and the assumed geom- 
etry, we calculate a bulk resistance between lines of 
2 • 101'~ o,hm, and a surface path resistance of 9 • 
1010 ohm. This la t te r  term consists of the actual surface 
component of 4 • 10 l0 ohm and the two bulk compo- 
nents in series wi th  this of 2.5 • 1020 ohm each. Thus, 
in this worst  case, the surface path contributes essen- 
t ially all the current  and at 15V the contr ibuted leak-  
age current  is about 1.5 • 10-10A. This is negligible for 
almost all applications and is about four  or five orders 
of magni tude below specified leakage currents  for most 
IC applications. 

In a separate exper iment  (33), a typical IC meta l -  
l ization pat tern  over thermal  SiO2 (no contact to sili- 
con) overcoated with 5 • 10 -5 cm of 8.5 w / o  PSG and 
packaged in plastic showed a leakage current  of 3 • 
10-~1A at 95~ after 24 hr autoclave. The electrode 
length in this s t ructure was 0.06 cm; for comparison 
then, the current  should be approximate ly  doubled, 
yielding 6 • 10-nA,  in reasonable agreement  wi th  the 
previously calculated value of 1.5 • 10-10A. 

Even though bulk and surface leakage  currents  are 
negligibly small, they can have indirect  effects related 
to surface charge inversion (16-19, 21). Using a spe- 
cially fabricated MOS IC, an invers ion- induced leakage 
after  autoclave stress was observed (33). The increased 
leakage occurred be tween  the posit ively biased N- type  
regions of the IC and the negat ively  biased P regions. 
Upon voltage applications at 60~ the leakage was 
constant at 10-9A. After  about 30 sec the leakage in- 
creased with a t ime constant of several  minutes to 
5 • 10-~A. The increase was l imited to this easily 
tolerable level  by proper  channel  stoppering. In a 
poorly designed 1C (no channel  stoppers) the effect 
could be disastrous, however.  

Aluminum corrosion eJ~ects.--In this section esti-  
mates of the t ime for complete corrosion of an a lumi-  
num line are made. The possibility of cathodic a lumi-  
num corrosion in the presence of PSG of sufficiently 
high P content and water  has been reported (25). 
Several  hypothet ical  test situations are possible, and 
current  between A1 lines of the geometry described in 
the previous section are calculated. F rom the est imated 
currents, t imes for complete corrosion of the negat ive 
A1 line are determined,  assuming a Faraday efficiency 
of one and uni form current  distribution. 

The mass of A1 available for corrosion is 2.7 • 1O-Sg 
for the geometry  used for the previous leakage current  
calculation and for A1 thickness of 10 -4 cm and the 
charge needed for complete corrosion is 3 • 10 -4 
coulomb. This value is used to est imate corrosion time. 

Autoclave stress followed by voltage application in 
dry ambient  at e levated tempera ture  is not expected 
to result  in A1 corrosion. In  this si tuation the bulk 
resistance of 2 • 1013 ohm at 95~ for the typical 
electrode pat tern  limits the current  to 5 • 10-~3A at 
10V (path A). The surface conduction in dry ambient  
is negligible. In t ime the current  wil l  decay, and 5 • 
1O-I~A is a reasonable value for long- te rm estimates. 
This results in a corrosion t ime of 190 years. 
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Exposure of a device to humid ambient  at room tem- 
perature without previous autoclave exposure is also 
not expected to result  in  A1 corrosion, except at bond-  
ing pads, pinholes, or cracks as found previously 
(25, 32). Paulson and Kirk  found that corrosion oc- 
curred in areas where the PSG was not continuous 
over the A1, such as at a bonding pad (25). This 
indicates that  the bulk  path resistance (path B) 
through the PSG to the surface is not grossly affected 
by long- te rm high humidi ty  exposure. Thus, we ignore 
the bulk path resistance (path A) in  this case, and note 
that the surface path resistance is l imited by the metal -  
to-surface resistance through the PSG (path B). This 
is about 5 X 101:3 ohm in  this situation. The current  
is then 2 X 10-~SA, and the corrosion time is 45 years. 

The presence of discontinuit ies at bonding pads, pin-  
holes, or cracks in the PSG layer over the A1 acts to 
shunt  out the high bulk  resistance of the PSG in sur-  
face path conduction (path b).  For the conditions of the 
previous paragraph the surface path resistance is re-  
duced to 4 X 10 ~1 ohm for a surface current  of 2.5 X 
1 0 - h A  at room temperature.  The corrosion time is then 
115 days. At 95~ the corrosion time would be reduced 
to about 10 days using Koelmans '  (24) or Paulson and 
Kirk 's  (25) tempera ture  acceleration factors. With spe- 
cially prepared samples containing deliberate cracks 
and pinholes in the PSG, noticeable cathodic A1 cor- 
rosion after three days in humid  ambient  for PS,G 
with greater than  8 w/o P was found (32). The effects 
of current  concentrat ion would decrease fur ther  the 
corrosion times at cracks and pinholes compared to the 
estimate made here. Since cracks and pinholes can 
occur over closely spaced metal  lines it is expected that 
these open areas are much more serious corrosion sites 
than the open bond pad areas, which are much more 
widely spaced. Even if some corrosion of bond pad 
metal  occurs, it should not affect device performance 
since on three sides of the pad there is no connection to 
the circuit, and on the fourth side design consideration 
can minimize the effects of corrosion. 

The three order increase in  current  between line 
pairs under  PSG in humid ambient  result ing from 
cracking of the PSG establishes directly that surface 
path conduction is greatly enhanced when openings in 
the PSG over metal can act to short out the bulk  re-  
sistance of the surface path conduction (path B of Fig. 
10). The decrease in current  upon introducing dry N2 
ambient  confirms that the increased current  after 
cracking the PSG is actually a mois ture- induced sur-  
face current.  

The occurrence of corrosion at cracks and pinholes 
is consistent with the observation that cathodic cor- 
rosion is much more probable than anodic corrosion 
(25, 32). If anodic corrosion begins at a pinhole or 
crack over metal, then the anodizing process will re-  
sult in an electrically insulat ing product, which will 
cut off or decrease current  flow in the absence of chlo- 
ride (24). The anodic current  then is furnished at some 
other crack or pinhole or by a bonding pad area. No 
such self- l imit ing process occurs at the cathode. 

Summary 
The bulk  and surface conduction of CVD SiO2 and 

PSG have been measured as functions of P concentra-  
tion. The temperature  dependence of the bu lk  current  
was also investigated. Effects of autoclave stress were 
determined. The measured electrical properties of these 
typical passivation layers were related to IC leakage 
and were shown to have no direct contr ibut ion to leak- 
age currents, apart  from the possibility of surface in-  
version effects. Estimates of times for cathodic A1 cor- 
rosion were made, and, based on the results, it was 
shown that  the high bulk  resistivity of the PSG limits 
the current  sufficiently so that corrosion occurs only 
at discontinuities in  the PSG coverage of the a lumi-  
num. 
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Electrical and EPR Studies of 
Electrolytically Grown TiO  (Rutile) 

G. V. Chandrashekhar and R. S. Title 
IBM Thomas J. Watson Research Cen~er, Yorktown Heights, New York 10598 

ABSTRACT 

An electrolytic technique for growing rut i le  is described. The crystals ob- 
tained show n- type  electrical  conductivity.  The defect s t ructure  was studied 
by EPR. The behavior  of the conductivi ty and the changes in the defect s truc- 
ture as a result  of hea t - t r ea tment  in an oxidizing atmosphere shows the as- 
grown crystals to be oxygen deficient. An EPR spectrum of Pt  3+ in rut i le  is 
reported for the first t ime and a spectrum previously at t r ibuted to substi tu-  
t ional Ti ~+ is confirmed as such. 

The te tragonal  form of TiO2, futile, has been ex-  
tensively studied for many years (1-5). The electr ical  
conduct ivi ty  propert ies are especially interesting. The 
resist ivi ty ranges f rom l0 s ohm-cm in stoichiometric 
fut i le  down to 10 -2 ohm-cm in oxygen deficient ru-  
ti le (5). The conduct ivi ty  is n - type  and is via a polaron 
mechanism (2-3). Al though the defect s t r u c t u r e  in 
oxygen deficient rut i le  has been thoroughly invest i -  
gated by optical (6-9) and e lec t ron paramagnet ic  
resonance (EPR) techniques (10-13), there  is no gen-  
eral  agreement  as to whe ther  the defects are oxygen 
vacancies or Ti intersti t ials or some combinat ion of 
these and other impurit ies.  

Almost  all of the crystal  growth of rut i le  to date has 
been by the Verneui l  process, a flame fusion technique 
in an oxy-hydrogen  flame. In this paper  we describe an 
electrolytic technique that  yields oxygen-deficient  
rut i le  crystals. The electrical  propert ies  of these crys- 
tals are described. We also repor t  EPR studies on sev-  
eral  impurities.  An observation of Pt  3+ substi tutional 
on a Ti ~+ site is reported for the first t ime and evi-  
dence is given that  a previously reported resonance 
is indeed due to Ti 3 + substi tutional at Ti4+ sites. 

A comparison is made between the oxygen deficient 
crystals produced by the electrolytic and flame fusion 
techniques. 

Crystal Preparation 
As par t  of a program of synthesis and crystal  growth 

of inorganic t ransi t ion metal  compounds by the fused 
salt electrolysis technique, a mix ture  of TiO2 (United 
Mineral  and Chemical  Corporation, 0.9999 pure) and 
Na2Ti307 (prepared by heating Na2CO3 and TiO2 at 
1000~ was electrolyzed in a sodium borate-sodium 
fluoride bath (10% NaF) .  A pla t inum double cell 
s imilar  to the ceramic double cell of Kunnmann  and 
Ferret t i  (14) was employed. A p la t inum disk (,~1 cm 2) 
was used as the cathode and the electrolysis was car-  
ried .out at 850~ for up to 60 hr  wi th  a current  den-  
sity of about 25 m_A/cm% Dark green crystals that  
formed on the cathode were  extracted f rom the ad- 
hering mel t  wi th  dilute HC1. An x - r ay  powder  pa t te rn  
identified the crystals to be futile. Optical emission 
analysis showed the following impuri t ies  in ppm by 
weight:  B: 1000; Si:300; Co: 100; Pb: 100; Cr:30; Pt:50; 
Ga:50; Mg: 1. Other impuri t ies  were looked for, but 
all were  below the detection l imits for optical emission. 

Unlike the solid .crystals of ~'iO2 that one generally 
associates with flame fusion growth (i), the electro- 
lytically grown TiO2 crystals were generally hollow 
rods a few mm long and about 1 mm wide. The long 
axis of the rods was found to lie along the crystalline 
c-axis and several crystals had fiat (Ii0) faces on their 
sides. 

Key  words :  TiO2, rut i le ,  e lec t ro ly t ic  g rowth ,  e lect r ica l  conduc t iv -  
i ty,  e lec t ron  p a r a m a g u e t i c  r e s o n a n c e .  

Electrical Measurements 
Electrical  contacts to the crystals were  made by 

indium soldering. The crystals were  too small  to use 
ultrasonic soldering techniques (2). The surface was, 
instead, repeatedly punctured by a f ine-pointed solder-  
ing iron as the indium contacts were  applied. Ohmic 
contacts were  obtained. Four  contacts were  used, two 
for current  and two for the voltage. Because of the hol-  
1.ow nature  of the crystals care had to be taken in ob- 
taining resist ivi ty constants f rom the resistance mea-  
surements.  The contacts were  extended around as much 
of the diameter  of the hol low rods as possible. Even 
with this precaution, the var ia t ion of the cross-sectiorml 
area along the length of a crystal  does not  allow an ac- 
curate  determinat ion to be made of the area through 
which the current  flows. One can, however,  set an 
upper l imit  on the cross-sectional area (namely,  the 
ent i re  area of the rod) and, hence, an upper  l imit  on the 
resistivities de te rmined  f rom the resistance measure-  
ments. The upper  l imits to the resistivit ies of several  
as-grown samples were  thus determined and found to 
be in the range 10-40 ohm-cm. A hot probe was used 
to determine the conduct ivi ty  type which was found to 
be n-type.  Hea t - t r ea tment  of the as -grown samples at 
1000~ in an oxygen atmosphere for three days caused 
the resist ivi ty to increase to 105 ohm-cm. The re la t ive ly  
high n- type  conduct ivi ty  of the as -grown samples 
with a subsequent decrease in conductivi ty on heat-  
t rea tment  in an oxygen atmosphere may be due to two 
different causes. One possibility is that  it may be due 
to an oxygen deficiency in the as -grown samples. 
Ruti le  deficient in oxygen has been shown to be highly 
conducting n- type  wi th  a polaron conduction mecha-  
nism (3). Besides the presence of nat ive defects (oxy-  
gem vacancies or Ti interst i t ials)  that  could give rise 
to n- type  conductivity, there  is also the possibility of 
the presence of impur i ty  defects. These may  be either 
substi tutional (halogens on oxygen sites or Group 
V elements on Ti sites) or there may be interst i t ial  
cation impurities,  all of which could give n - type  con- 
ductivity. To help distinguish the defects responsible 
for the n- type  conductivity, EPR studies were  carried 
out. 

EPR Studies 
There  has been a ra ther  extensive number  of EPR 

studies on TiO2 (15) and a large number  of defects 
both substitutional and interstitial have been identi- 
fied. The crystal structure of TiO2 is especially well 
suited to distinguish substitutional sites from inter- 
stitial sites (15). The EPR studies were performed at 
9.16 GHz at temperatures between 1.8~ and room 
temperature. 

The as-grown crystals showed four defect resonances 
all due to trivalent impurities substitutional at Ti 4+ 
sites. Two of these Cr ~+ and Fe 3+ have previously been 
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observed in futile(16, 17). These two spectra could be 
observed at all temperatures .  Samples hea t - t rea ted  at 
1000~ for three  days in an oxygen atmosphere  still 
showed the Cr ~+ and Fe 3+ EPR spectra, but wi th  di- 
minished intensity. An EPR spectrum due to Pt  3+ 
substi tut ional  at a Ti 4+ site, p rev ious ly  unrepor ted  in 
TiO-~, was observed in the as -grown crystals. This EPR 
spect rum is shown in Fig. 1 for the  orientat ions of the 
magnet ic  field corresponding to the  principal  direc-  
tipns of the g tensor, namely  the [001] direction (c axis) 
and the [110] and [1]-0] directions. (The [1]-0] direction 
has a spectrum identical  to that  of the [110] direction.) 
The lines due to Pt  s+ are the groups of three lines, 
each consisting of a central  l ine bracketed by two lines 
approximate ly  one-four th  as intense. A l ine due to 
DPPH at g ---- 2.0036 (about 3250G at X-band)  is also 
shown in the figure. The Pt  is undoubtedly  incorporated 
from the Pt  cathode or from the walls of the Pt crucible 
in which the TiO2 crystals were  electrolyt ical ly grown. 
The spectrum was identified as due to substi tutional 
Pt  3+ from its g tensor (see Appendix)  and from the 
hyperfine interact ion with  the 33.7% abundant  isotope 
Pt  105 (nuclear  spin ~/~). It is this hyperfine interact ion 
that  leads to the two weaker  lines about each Pt  3+ 
central  line. A description and analysis of the Pt  s+ 
spectrum is given in the Appendix.  Hea t - t r ea tmen t  of 
the as-grown samples at 1000~ in O2 for 3 days caused 
the Pt  3 + spectrum to disappear. 

We also observed a fourth EPR spectrum which we 
at t r ibute  to Ti 3+ substi tut ional  at a Ti 4+ site. The 
parameters  are given in Table I. The spectrum was 
only observed at tempera tures  below 7V~ At about 
18~ the spectrum is axial. Below 18~ the spect rum 
has a g tensor that  indicates the or thorhombic sym-  
met ry  expected for a defect substi tut ional  at a Ti 4+ 
site. 

The spectra that  we observed at 8.5~ are shown in 
Fig. 2 for orientat ions of the magnet ic  field along the 
principal  directions of the g tensor ([001], [110], and 
[1]'0] directions).  The spectrum for the magnet ic  field 
paral lel  to the [100] or [010] directions is also shown. 
The fact that only a single line is observed in this 
direct ion is indicative of substi tut ional  Ti s+ and not 
interst i t ial  Ti 3 +. 

Gerr i tsen (15) at 4.2~ observed a spectrum wi th  g 
values s imilar  to those we observe at 8.5~ (Table I),  
which he also at t r ibuted to Ti 3+ substi tut ional  at a 
Ti ~+ site. He reports, but gives no details, of a com- 
plicated hyperfine structure.  The hyperfine s tructure 
is crucial in the identification of the center  since there 

Ti 02." Pt 5+ 

HGAUSS, I0011 [II0], 

Table I. EPR principal values for substitutional Ti 8§ 

T gc = g0o~ g~o gdo 

8.5~ 1.9436 1.9777 1.9743 
+0.0005 -'FO.0005 ---+0.0005 

T g t l  = ge = gc~l g 

30~ 1,9436 1.9762 
-~0.0005 "-~---0.0005 

are quite a number  of centers that  have been observed 
in rut i le  wi th  g tensors very  similar  to those of Table 
I (10-13). 

For  a general  or ientat ion of the magnet ic  field wi th  
respect to the crystal l ine axes, our hyperfine spectrum 
was difficult to resolve because of over lapping lines 
f rom the two equivalent  orientations of the defect and 
due to the low natural  abundances of Ti 47 and Ti 49. 
However ,  for the magnet ic  field or iented along the 
[100] or [010] directions (midway between the [110] 
and [110] axes) a single line is observed with a clearly 
resolved hyperfine structure.  The spectrum in this di- 
rection is shown with  increased gain in Fig. 3. The pat-  
tern observed is clearly consistent wi th  the natural  
abundances and nuclear  spins of Ti ~ (7.75% abundant  
I _-- 5/2) and Ti 49 (5.51% abundant  and I _-- 7/2).  The 
value of the hyperfine tensor, A100, in this direction was 
found to be the same for Ti '~7 and Ti 49 as expected (17) 
and equal  to 7.06 X 10 -~ cm -1. This value of the hyper -  
fine tensor is more consistent with the hyperfine tensor 
usually observed (18-21) for Ti 47,49 than wi th  the much 
smaller  superhyperfine tensor that  results f rom the 
superhyperfine interact ion of the other  defects with 
Ti47, 49 in TiO2 (22). A/so the g tensor of Table I is 
consistent with what  would be expected for a single 3d 
electron on a substi tutional TH + site and wi th  a 

a[x~ - -  y'~ > H-~/1 - -  a'~13z 2 - -  r 2 ~ ground state (28). 
We conclude that  the center  we are observing is a 
substi tut ional  Ti 3+ defect. 

DPPH t 3+ 

GAUS', 

Ti02: SUBSTITUTIONAL Ti 5+ 

H, D,O] 

10.5K 

H II [I00] 
OR [0'0] 

77K 

100 I GAUSS 3250 GAUSS 
(g:2) 

-H 
Fig. 1. EPR spectrum of substitutional PF j+ for the magnetic 

field parallel to the [110] asd [001] directions. The g ~ 2 ref- 
erence marker is lined up for the two directions. 

T "%~ 

DPPH 25 
GAUSS 

[oo,] 
(C-AXIS) 

H 

Fig. 2. EPR spectrum of TiS+ substitutional at a Ti 4+ site. The 
spectra o r e  for the magnetic field along the El10], [100], and 
[001] axes. The three spectra are aligned with respect to the 
DPPH reference. A signal due to P~+  is visible for the magnetic 
field in the [110] direction. 
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Fig. 3. The spectrum at increased gain for substitutional Ti a+ 
with the magnetic field along the [100] direction. 

On annealing the as -grown crystals at 1000~ for 3 
days in an TiO2 atmosphere  the Ti 3+ resonance disap- 
pears, as did the Pt ,~+ resonance. 

It is also wor thwhi le  report ing a negative result  in 
the EPR studies. There have previously been several 
reports (10-13) of EPR spectra in conducting ruffle 
which have been at t r ibuted to various forms of nat ive 
defects. The g values of the EPR spectra, but  not neces- 
sarily their  principal  axes, are ve ry  similar to those 
of Table I. There is no agreement  on the native defects 
responsible for these EPR spectra. Those that  have 
been suggested include various forms of polarons (10), 
an oxygen vacancy (11), and interst i t ial  T'i 3+ (15). 
More recently,  Shen et aL (3) f rom a study of the 
effects on conducting ruffle of t rea tment  in various 
atmospheres, have suggested that hydrogen must  be 
present in the crystal  for the reported spectra (10, 15) 
to be observed. 

Because the electrolytic technique for making con- 
ducting fut i le  differs f rom the flame fusion growth 
technique used by the previous workers  and because 
of the controversy as to whether  nat ive  defects are 
observable by EPR in conducting futile, we made a 
thorough search for the EPR spectra at t r ibuted to 
these nat ive defects (10-13) and found none. Our nega-  
t ive result  is in accord with the conclusion of Shen 
et at. (13) that  hydrogen is a necessary impuri ty  for the 
observat ion of the spectra a t t r ibuted to nat ive  defects. 
There is no reason for hydrogen to be present in the 
electrolyt ical ly grown conducting futile.  

Discussion 
There are a number  of conclusions that  can be made 

from the results of the measurements  on electrolyt i-  
cally grown ruffle. It is clear that in order  for rut i le  to 
plate out as crystals in an electrolytic process, the 
crystals must  be conducting. This is confirmed by the 
electrical measurements  which in addit ion show the 
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conductivi ty to be n-type.  The EPR studies, which 
were  under taken  to de te rmine  the defects or im-  
purit ies responsible for the n- type  conductivity, de- 
tected no defects which alone could give n - type  con- 
ductivity. Rather  a number  of t r iva lent  impurities, 
Cr a+, Fe a+, Pt  a+, and TiZ+ were  observed substi tu- 
t ional on Ti 4+ sites. These centers have given up one 
less electron than the host Ti 4+ they replace and hence 
the site containing such an impur i ty  is effectively 
singly negat ively  charged with respect  to the lattice. 
In order to preserve  charge neutral i ty,  centers of posi- 
t ive charge must exist in the lattice to compensate these 
r~egative charges. One possibility is the existence of 
holes, which  at low tempera tu re  would be localized at 
the t r iva lent  impuri t ies  but  at h igher  tempera tures  
would be free. P - type  conductivi ty should then be ob- 
served and not the n- type  that  is observed. The ob- 
servat ion of n- type  conduct ivi ty  is not consistent with 
compensation by holes and leads us to bel ieve that  the 
electrolyt ical ly  grown ruffle crystals contain native 
defects (unobserved by EPR) which provide the 
n- type  carriers and may also provide the charge com- 
pensation necessary to observe t r iva lent  impurit ies 
substi tutional on Ti 4+ sites. Since both the high n - type  
conductivi ty and the presence of substi tutional t r ivalent  
impurit ies is ei ther considerably diminished or el imi-  
nated on exposing the crystals to an oxidizing a tmo-  
sphere, it is concluded that  the  nat ive  defects resul t  
f rom an oxygen deficiency. I t  is known that  ruffle with 
oxygen as low as TiO1 992 does exist (24). Controversy 
exists as to whe ther  this results in the presence of 
oxygen vacancies or t i tanium intersti t ials (1, 6, 25-31). 
We did not observe the EPR signals that  others have 
at t r ibuted to these defects and conclude that  perhaps 
other  impurit ies in conjunction wi th  defects are re-  
quired to make these observable (13). 

In summary  a new technique or growing rut i le  crys- 
tals has been described. The electrical  and defect prop-  
erties of the crystals have Seen determined and com- 
pared with the more convent ional ly grown rut i le  crys- 
tals. 
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A P P E N D I X  

The Pt~ + EPR Spectrum 

The Hamil tonian for the Zeeman and h~-perfine in-  
teractions is given by 

= ~ S ' g ' H  + S ' A ' I  [1] 

where  ~ is the Bohr magneton, S the effective electron 

spin, H the magnetic field, I the nuclear  spin, and g 

and A the g and hyperfine tensors, respectively.  I t  was 
observed that the m a x i m u m  extension of the Pt  3+ 
spectrum occurs when the magnet ic  field is oriented 
along the [110] or [110] directions (see Fig. 1). This 
indicates that the principal  axes of the g tensor are 
along the [110], [110], and [001] (c axis) axes. The 
principal  axes of the A tensor were  also found to be 
along these axes. The fact that  the principal  values of 
the g and A tensors are along the observed axes ident i -  
fies the Pt a +- as substi tutional at a Ti 4~- site. Pt  3+ at 
an interst i t ial  site would have the axes of the g tensor 
deviate from the [110] and [i~0] axes. 
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Table tl. EPR principal values for Pt 3+ in Ti02 at 87~ 

g tensor I0 ~ cm -z 

gr = g~z g~ g~o Ae = A ~ I  Aue Ado 

2.1485 1.9137 2.3338 81.5 134.7 59.1 
+ 0.0005 --1.0 -~1.0 +1.0 

The parameters  for Pt  s + in  TiO2 are given in Table 
II. The values for the g and A tensors are wi th in  the 
ranges that  one usual ly observes (32) for Pt  8+ (5d7), 
though the value of g110 is somewhat smaller  than has 
been observed in  other crystals. The g tensor ( includ-  
ing the low gu0) may be understood if it is assumed 
that the spitt ing of the d orbitals by the orthorhombic 
crystall ine field at a Ti 4+ site is as shown in  Fig. 4 
(23, 33). Each d orbital  is doubly degenerate. Further,  
it is required that  six of the seven 5d electrons fill the 
lowest three orbitals and that there is one electron in 
the al3z a -- r 2 > -- ~/1 -- a'21r 2 -- yS> orbital, the so- 
called high field, low spin, filling scheme (34). Because 
of spin-orbi t  coupling there will  be an admixture  of 
the ]xy > level from above and the lYZ > and ]xz > 
levels from below into the al3z 2 -- r 2 > -- 
~/i -- aeLx 2 -- y2 > orbital  (level 4). It is the admix-  
ture of the Txy > orbital from above that causes the 
comparat ively large departure  of gn0 from the free spin 
value of 2. 

With the spin-orbi t  coupling taken into consideration 
and using formulae given in the l i terature  (23, 35), one 
can analyze the observed g tensor and account for it 
in terms of the spin-orbi t  spli t t ing parameter,  )., and 
the separations of level 4 from energy levels 2, 3, and 
5 (Fig. 4). Neglecting any covalent effects, bu t  taking 
second order correction terms (23, 35) into account, 
one obtains 

-- -- 0.1501 [2] 
E4 - -  E5 

- -  -- - -  = 0 . 0 4 4 8  
E4 -- E3 E4  -- E2 

a n d  a = 0 . 9 6 5  

where a is the coefficient in  the level 4 orbital, a!3z 2 -- 
r ~- > -- ~/1 -- a2Ix 2 -- y2 >.  The spin-orbi t  parameter,  
?~, is not known for P t  3+ in TiO2 (27). For  the free P t  
ion it is 3368 cm -1 (36). The parameters  show that 
IE4 -- E.~I is about 0.3 IE4 -- E3[, which is approximately 
the ratio observed for these 3d orbitals in TiO2 (28). 

With the parameters  of [2], one can an,alyze the A 
tensor by use of the formulae already given in the 
l i terature  (23, 35). The only unknowns  in these 
formulae are K, the sp in-dependent  exchange param-  
eter between the d electrons and the paired core elec- 
trons, and < r - 3 > ,  where r is the radius of the 5d 

ENERGY LEVELS d-ORBITALS 

5 Ixy> 

4 o 13z2-r2>-IjTL~-o2 Ix2-y2> 

3 Ixz> 

2 lyz> 

I (] lx2-y2>+~13z2-r 2> 
Fig. 4 .The splitting of the d orbitals in the orthorhnmbic point 

symmetry at a Ti ~+ site [after Ensign et al. (33)]. 

electron orbit. It  is found that  the observed A tensor 
can be fitted with the parameters  of [2] and with the 
values 

= - -  0 .02  [3 ]  

< r - S >  = 9.75 atomic uni ts  

The small negative value of ~ indicates a small  con- 
t r ibut ion of 6s electron character in the 5d orbital (37). 
No values of < r - ~ >  are general ly available for 5d 
orbitals (34), but  they are expected to be larger than  
< r - ~ >  for the isoelectronic 3d and 4d orbitals (34). For 
3d 7 of Ni 8+, < r - a >  = 7.790 a.u. and, for the 4d 7 of 
Pd a+, < r - ~ >  = 8.487 a.u. The value obtained for Pt  s + 
in Eq. [3] fits the expected order. 
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Quantum Efficiency Standard for Ultraviolet and 
Visible Excitation 
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ABSTRACT 

To determine quan tum efficiencies of powder phosphors as a funct ion of 
exciting wavelength, sodium salicylate is usable in  the ul traviolet  but  not in 
the visible region. As a powder s tandard in  the excitation region, 200-550 nm 
red luminescent  lumogen powder is proposed. The absolute quan tum effi- 
ciency has been measured. It varies between 40 and 60% in this region and it 
has a high absorption. 

To determine the efficiencies of powder phosphors it 
is very helpful to have s tandard phosphors with which 
efficiencies of other phosphors can be compared. In  this 
way absolute measurements,  which are general ly time 
consuming, can be avoided. Some of the conditions that 
s tandard phosphors are required to fulfill is that they 
should be readily available, stable, and show agreement  
on the value of the efficiency. However, even when  
there is some uncer ta in ty  about the accuracy it is im-  
por tant  to be able to make a comparison between a 
sample with unknown  efficiency and the standard. 

For excitation in the wavelength region near 250 
nm, the standards issued by the National  Bureau of 
Standards (NBS) in  Washington are very suitable. The 
efficiencies of these phosphors have been measured by 
us earlier (1), together with other properties like de- 
cay time and temperature  dependence. For many  ap- 
plications, however, it is often necessary to know the 
efficiency at other exciting wavelengths in  the u l t ra -  
violet and visible regions. 

For the ul t raviolet  exciting region up to a wave- 
length of about 350 nm sodium salicylate is often used, 
which has a constant efficiency as a funct ion of wave- 
length from the far ultraviolet  up to 350 run at the 
long wavelength side. The quan tum efficiency of so- 
dium s alicylate has been measured by several workers. 

Table I gives some data for 254 nm excitation taken 
from Samson's book on far ul t raviolet  (2) together 
with our vMues. 

Allison, Burns, and Tuzzolino (3) found for the 
quan tum efficiency of sodium salicylate a figure very 
near  unity. In  our opinion this cannot be right, as can 
be readily seen from the fact that at l iquid ni t rogen 
temperature  the efficiency increases by about 25%, as 
Krist ianpoller  and Knapp (4) showed. Nygaard (5) 
found originally 50% but  in a later  pal=er (6) he 
states the value of Ref. (3) to be right. The low value 
found by Inokuchi (7) is probably due to the use of 
very thin layers, so that the exciting radiat ion is not  
quite absorbed. The figures of Studer (8), Kris t ianpol-  
ler (9), Vasseur and Cant in (10), and Wrighton, Gin-  
ley, and Morse (11) are in  agreement  with our values. 
For the intr insic quan tum efficiency we found a value 
of 60%, i.e., a correction has been made for the ab-  
sorption of the emit ted luminescence in the layer  (12). 
Not corrected for this absorption, the quan tum effi- 
ciency is found to be 55%. 

A disadvantage of sodium salicylate is that its emis- 
sion is in the blue, so that constant  quan tum efficiency 
and high absorption are only found up to about 350 
rim. At ?-e• ~ 365 nm we found a lower quan tum ef- 
ficiency, in agreement  with measurements  reported by 
Hamman  (13). For longer wavelength excitation use 
can be made of very diluted solutions of, e.g., rho- 

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  quanttlnl efficiency, standard phosphors, l u m i n e s c e n c e ,  

fluorescence, l u m o g e n .  

Table I. Absolute quantum efficiency q of sodium salicylate t 
~.exc = 253.7 nm 

L a y e r  
Obse rve r  q (%) t h i c k n e s s  Reference  

Al l i son  et  al. 99 2-4 m g / c m  2 3 
Vasseur  and  C a n t i n  65 2 m g / c m  2 10 
N y g a a r d  50 1-2 r ag /e ra  2 5 
K r i s t i a n p o l l e r  64 6 m g / c m  ~ 9 
I n o k u c h i  et  aL 25 ? 7 
S t u d e r  60 2 mra  8 
W r i g h t o n  ct at. 53 ? 11 
M o r g e n s h t e r n  c t  al .  50 1.5 18 
P re sen t  w o r k  60 2 n u n  

See J. A. It. Samson ,  " T e c h n i q u e s  of V a c u u m  U l t r a v i o l e t  Spec-  
t ro scopy , "  J o h n  Wi ley  & Sons,  Inc. ,  N e w  York  (1967). 

damine B or 6G, fiuorescine, etc., which are known to 
show a nearly constant quan tum efficiency as a function 
of exciting wavelength up to their emission region [see 
the paper  by Velapoldi (14)]. Rhodamine B, for in-  
stance, emits in the red spectral region, so that it is 
suitable for excitation up to relat ively long wave- 
lengths. 

Liquid samples like the ones mentioned, however, are 
less suitable as standards for comparison with powder 
phosphors because of the different geometry of the 
setup needed for the measurement. Another drawback 
of these l iquid samples is that  the efficiency is about 
constant as a funct ion of the exciting wavelength, but  
the absorption and, as a consequence, the light output  
vary enormously through the spectrum. This is shown 
in Fig. 1, where the absorption is given for rhodamine 
B [see also Eastman (15)]. Low absorption and low 
light output  in the ul t raviolet  and blue are found with 
a large max imum near 540 nm and a smaller max imum 
near  360 nm. 

Kris t ianpol ler  and Dut ton (16), Vavilov (17), Mot-  

2.5 

2.0 

1.5 

~ 1.o 

0 
250 

Rhodamine B i~ 

300 400 500 
ACnm) 

Fig. 1. Spectra1 absorption of rhodamine B 

\ 1  
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396  



Vol. 123, No. 3 Q U A N T U M  E F F I C I E N C Y  S T A N D A R D  397 

genshtern, Neustruev,  and Epshtein (18), and Kfittner, 1oo 
Selzle, and Schlag (19) described luminescent  z 
" lumogens"  wi th  a ra ther  constant efficiency. 

For  the measurement  of efficiencies at still longer ! 

excit ing wavelengths  we chose a red luminescent  
" lumogen T red  GG" as a standard. It  is one of a series 50 
of " lumogen"  pigments  avai lable  f rom the B.A.S.F. 
Company in Ludwigshafen,  Germany  (20). The lumi-  
nescence propert ies  of this mater ia l  are described be- 
low. 

Exper imental  
The spectral  power  distr ibution was de termined  with 

a Spex 1700 II monochromator ,  which was automati-  
cally corrected for the wave leng th -dependen t  instru-  
mental  response as was described previously (21). The 
ins t rument  was equipped with  a thermoelect r ica l ly  
cooled EMI Type 9659 QA photomul t ip l ier  ($20 re-  
sponse) and a l iquid ni t rogen-cooled Philips 150 CVP 
photomul t ip l ie r  (S1 response).  The setup was cali-  
bra ted  with  the aid of a calibrated tungsten-halogen 
standard lamp of the NBS (Washington, D.C.). 

The exci tat ion spectra were  determined with  a Per -  
k in -E lmer -Hi t ach i  grat ing spectrofluorimeter  MPF2A 
equipped wi th  a red-sensi t ive  Hitachi R446F photo-  
mult ipl ier .  The sources used were  a deu te r ium lamp 
for the u l t raviole t  and a tungs ten-ha logen  lamp for 
the visible region. The re la t ive  quan tum output in the 
u.v. region was determined as a function of wave length  
with respect  to that of sodium salicylate, assuming a 
constant quan tum efficiency for the lat ter  (see above).  
F rom 160 to 260 nm the exci tat ion spectra were  deter -  
mined with  a McPherson Seya-Namioka  monochroma-  
tor Type 235 in combinat ion with  an argon-flushed 
deuter ium lamp and a thermoelect r ica l ly  cooled cali- 
brated EMI 9558 Q photomult ipl ier .  

For  the absolute measurements  of the efficiency at 
)~ ---- 365, 405, 436, and 546 rim, a Philips HPK 125W 
mercury  vapor  discharge source was used; the excit ing 
lines were  isolated with  filters. Measurements  were  
carr ied out with two detectors: (i) a the rmoelement  
(flat power  response) and ({i) a Philips 150 CVP 
ph0tomult ip l ier  ($1 photocathode) ,  specially selected 
in view of a near ly  flat response between 400 and 650 
nm (not used for ~exc ~--- 365 nm).  The excitat ion in- 10c 
tensi ty was determined with  the aid of diffuse reflec- 
tion against pure Eastman Kodak BaSO4 (22). I 

Two measurements  were  carried out on BaSO4 and ~i 
each phosphor [for details of the method used see Ref. ! 
(1)].  One measurement  was done without  a filter in 
f ront  of the photomul t ip l ier  and the other  measure-  
ment  with a filter that  passes only the luminescence ~0 
(for BaSO~ the output  is then evident ly  zero).  F rom 
the two measurements  the reflection and radiant  effi- 
ciency can be determined.  The value of the reflection 
thus calculated should be about the same as the one 
found in a direct way in a spectroreflectometer  (see be-  
low) .  

Actually,  the radiant  efficiencies w e r e  determined 
f rom which the quan tum efficiencies were  calculated. 
For measurements  at l iquid nit~'ogen ten~perature, a 
setup was used similar  to that  described in Ref. (1). 

Diffuse reflection measurements  were  carried out on 
a P e r k i n - E l m e r  Model 13 U spectrophotometer  (detec- 
tor EMI 9558 QA photomult ipl ier ,  source deu te r ium 
lamp) in the absorption region of the sample. The 
la t ter  was placed in a specially made Pe rk in -E lm er  
a t tachment  (sample be tween source and monochroma-  
tor) .  In the emission region a Beckman DK2 spectro- 
ref lectometer  wi th  Ulbricht  sphere was used (sample 
between monochromator  and detector) .  The absorp- 
tion of l iquids was measured on a Cary Model 17 
spectrophotometer .  

Results and Discussion 
The spectral  power  distr ibut ion of the lumogen T 

red GG at room tempera tu re  is g iven in Fig. 2. The 
max imum of the emission is found at a wave leng th  

0 
350 

I I I 

t?el. $pec~r. power dfstr. 
Lumoqen T Red GG 

Room t:emp. 

I I I b . /  I I I 
/-~00 hSO 500 550 600 550 700 

2 fnm) 

Fig. 2. Relative spectral power distribution of lumogen T red 
GG at room temperature. I denotes the spectral radiant power in 
arbitrary units. 

between  k ---- 610 and 615 nm. The spectral  power 
distr ibution at l iquid ni t rogen tempera ture  is given in 
Fig. 3, showing two peaks at k -- 600 a~d 640 rim, 
respectively. 

We measured the quan tum efficiency as a function of 
the excit ing wavelength  ( layer thickness about 2 mm) .  
It proved to be not quite constant, but  it varies only in 
a l imited range be tween 40 and 60% in the spectra/ 
region between 220 and 550 nm. This is shown in Fig. 4, 
where  the diffuse reflection curve is a/so given. An 
important  advantage is that  the absorption is high in 
the whole region; the lowest value  is 78% near  k ---- 
380 nm (diffuse reflection ---- 22%). 

The excitat ion spectrum was de te rmined  in the fol- 
lowing way: 

1. For  ~. = 254 nm the absolute value of the quan tum 
efficiencies was determined in a re la t ive  way  with  the 
aid of the NBS standard phosphors wi l lemi te  and Mg- 
arsenate act ivated with  Mn. The method used has been 
described in Ref. (1), where  the de te rmined  absolute 
values of the la t te r  phosphors are also given. 

2. Absolute efficiencies were  de termined  at the ex-  
citation wavelengths  of the mercury  discharge lines: 

I I I 

t?elo 5pectr. power dTs#r. 
Lumogen T Red GG 

Temp. 77 K 

r I i i . . "  
350 400 z~50 500 550 

I 

I I I 
600 65o 700 

Fig. 3. Retative spectral power d&tribution of lumogen T red GG 
at 77~ I denotes the spectral radiant power in arbitrary units. 
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Fig. 4. Quantum efficiency q, diffuse reflection R, and spectral 
power distribution E of lumogen T red GG as a function of wave- 
length. 
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Fig. 5. Temperature dependence curve of lumogen T red GG 

~_ 365, 405, 436, and 546 nm with a method similar to 
that described in  Ref. (1). 

3. In  the middle and near  u.v. the relative excita- 
t ion spectrum was determined with the aid of sodium 
salicylate as has been explained before, down to 160 
12121. 

4. To determine the quan tum efficiency between 500 
and 540 nm, use is made of rhedamine  B as a refer-  
ence. The ratio of the efficiencies of lumogen and rho- 
damine were determined at ~ = 540 and 365 n m  where 
rhodamine has maxima in light output. A constant 
quan tum efficiency is assumed for the rhodamine. Then 
the efficiency between 500 and 540 nm can be calcu- 
lated from that at 365 nm, which has been determined 
in  an absolute way as is mentioned above. 

The measurements  ment ioned under  2-4 lead to a 
fairly constant  quan tum efficiency in the u.v. and vis- 
ible region. 

Par t  of the var iat ion in  quan tum efficiency may be 
due to the influence of absorption in  the polyviny] 
chloride in which the luminescent  mater ial  is dissolved. 
This may also be the reason for differences in effi- 
ciency between various batches of lumogen. (We found 
a difference of about 10% for two batches.) It  is there-  
fore necessary to calibrate every batch. 

In  addition to the spectral power distr ibution at the 
tempera ture  of l iquid ni t rogen (see Fig. 4), we also 
determined the quan tum efficiency (ke~r = 365 nm) at 
that temperature  which proved to be about 40% higher 
than its value at room temperature.  In  Fig. 5 the tem- 
pera ture  dependence curve of the relat ive light output  
is given. 
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Factors Influencing the Photoluminescence Behavior of Thoria 
P. J. Harvey and J. B. Ha l le t t  

Atomic Energy of Canada Limited, Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada KOJ 1JO 

ABSTRACT 

The photoluminescence of single crystals of thoria excited with u.v. light 
consists of sharp l ine spectra, characteristic of accidentally incorporated ra re  
earth impurit ies and broad band spectra of the host lattice and other im- 
purities. The effects of (i) the anneal ing atmosphere, the durat ion of the an-  
neal, and the cooling rate, (ii) the deliberate addition of al iovalent Ca +2, 
Y+3, and Ta +5 impurities, and (iii) the t ime and temperature  of the u.v. ex- 
citation on the photoluminescence behavior are discussed. 

Ear ly  studies on the optical properties of ThO2 (1-3) 
indicated that vacuum or air anneal ing could change 
the optical absorbance spectra. Other work on ThO2 

Key words: thoria, photoluminescenee, impurities, temperature 
dependence, thermolumineseence. 

was carried out by Bates (4) and more recently by the 
present  authors (5). Some impur i ty  effects on the opti- 
cal properties of ThO2 have also been examined (6, 7). 
The results of these studies showed many  more basic 
differences than  could be accounted for by the varied 
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e x p e r i m e n t a l  t e c h n i q u e s  e m p l o y e d .  I t  w as  e v i d e n t  
t h a t  p r o g r e s s  i n  t h e  i d e n t i f i c a t i o n  of  de fec t  c e n t e r s  in  
ThO2 w a s  b e i n g  i m p e d e d  b e c a u s e  d i f f e r e n t  r e s e a r c h  
g r o u p s  w e r e  w o r k i n g  w i t h  c r y s t a l s  f r o m  a v a r i e t y  of 
sou rce s  a n d  p r e p a r e d  u n d e r  a v a r i e t y  of cond i t ions .  
T h e r e  was  insuff ic ient ,  w e l l - c h a r a c t e r i z e d  q u a n t i t a t i v e  
op t i ca l  da ta .  T h e  a i m s  of t h e  p r e s e n t  p a p e r  a r e  to 
d o c u m e n t  w e l l - c h a r a c t e r i z e d  d a t a  on  t h e  p h o t o l u m i n e s -  
cence  of t ho r i a ,  to p o i n t  ou t  t h a t  m a n y  f a c t o r s  c an  i n -  
f luence  t h e  p h o t o l u m i n e s c e n c e  b e h a v i o r ,  a n d  to i l luz-  
t r a t e  t h e s e  effects.  In  add i t ion ,  t h e  p r e s e n t  p a p e r  co r -  
r e l a t e s  t h e  t i m e  a n d  t e m p e r a t u r e  d e p e n d e n c e  of t he  
p h o t o l u m i n e s c e n c e  b e h a v i o r  w i t h  r e c e n t l y  o b t a i n e d  
t h e r m o l u m i n e s c e n c e  d a t a  (8) .  

Exper imenta l  
H i g h  p u r i t y  ThO2 p o w d e r  o b t a i n e d  f r o m  t he  A m e r i -  

c an  P o t a s h  C h e m i c a l  C o r p o r a t i o n ,  W e s t  Chicago,  I l l i -  
nois,  was  s u b j e c t e d  to a rc  f u s i o n  b y  t h e  N o r t o n  R e -  
s e a r c h  C o r p o r a t i o n  ( C a n a d a )  Ltd. ,  C h i p p a w a ,  On ta r io .  
S ing le  c r y s t a l s  of ThO2 w e r e  cu t  f r o m  t h e  a r c - f u s e d  
b o u l e  u s i n g  a d i a m o n d  w i r e  saw.  C r y s t a l s  w e r e  po l -  
i s h e d  to  op t i ca l  f l a tness  u s i n g  a se r i e s  of d i a m o n d  
pas tes .  T h e  c r y s t a l  d i m e n s i o n s  w e r e  0.25 m m  t h i c k  a n d  
a p p r o x i m a t e l y  80 m m  2 s u r f a c e  area .  T h e  m a i n  i m -  
pur i t i e s ,  d e t e r m i n e d  b y  s p a r k  s o u r c e  mass  s p e c t r o -  
scopy,  of  a n o m i n a l l y  p u r e  c r y s t a l  a r e  l i s t ed  i n  T a b l e  I. 
D o p e d  c r y s t a l s  w e r e  p r e p a r e d  b y  a d d i n g  0.14 mo le  
p e r  c e n t  ( m / o )  Y20.~, Ta20,~, or  0.28 m / o  CaO to 
t h e  ThO2 p o w d e r  b e f o r e  a rc  fus ion .  

T h e  c r y s t a l s  w e r e  a n n e a l e d  a t  1675~ in  one  of f o u r  
a t m o s p h e r e s  so t h a t  t he  effect  of  o x y g e n  p a r t i a l  p r e s -  
s u r e  on  t h e  p h o t o l u m i n e s c e n c e  cou ld  b e  s tud ied .  T h e s e  
a t m o s p h e r e s  w e r e :  ( i )  air ,  Po2 "~ 2.026 X 104 P a  (2 X 
10 -1 a t m ) ,  (ii) c a r b o n  d iox ide ,  Po2 ~ 1.013 • 10 z Pa,  
(iii) c a r b o n  m o n o x i d e ,  Po2 ~ 1.013 X 10 - s  Pa ,  a n d  ( iv)  
d r y  h y d r o g e n ,  Po~ ~ 1.013 X 10 -17 Pa.  C r y s t a l s  a n -  
n e a l e d  in  a i r  o r  c a r b o n  d i o x i d e  w i l l  b e  r e f e r r e d  to as 
ox id ized ;  w h e r e a s  c ry s t a l s  a n n e a l e d  in  c a r b o n  m o n o x -  
ide  or  d r y  h y d r o g e n  wi l l  b e  r e f e r r e d  to as r e d u c e d .  
A n n e a l i n g  t i m e s  of  3.60 X 102, 8.64 • 104, a n d  7.20 X 
105 sec w e r e  c h o s e n  a n d  t w o  cool ing  r a t e s  f r o m  t h e  
a n n e a l i n g  to a m b i e n t  t e m p e r a t u r e  e m p l o y e d .  T h e  first, 
k n o w n  as t h e  f a s t  cool, o c c u r r e d  w h e n  t h e  c r y s t a l  
h o l d e r  was  c o m p l e t e l y  r e m o v e d  f r o m  t h e  f u r n a c e  a n d  
coo led  w i t h  a j e t  of cold  air .  F r o m  1675 ~ to 1000~ t h e  
coo l ing  r a t e  was  ~ 3.5 ~ s e c - k  F u r n a c e  cool ing,  t h e  
s l ow  cool, g a v e  a r a t e  of 0.35 ~ sec -~ o v e r  t h e  s a m e  t e m -  
p e r a t u r e  r ange .  

A l l  t h e  p h o t o l u m i n e s c e n c e  m e a s u r e m e n t s  w e r e  m a d e  
o n  a P e r k i n - E l m e r  M P F - 3  s p e c t r o f l u o r i m e t e r  u s i n g  a 

Table I. Impurity analysis of pure Th02 

A t o m i c  cone  A t o m i c  eonr  
Element (ppm) �9 Element (ppm) * 

F 8 N b  0.6 
N a  1~ M o  0.3 
M g  25 R h  4 
A1 35 A g  0.8 
S i  35  B a  6 
P 1 L a  3 
S 25  Ce 6 
C lS  Pr 2 
Ar 3 Nd 4 
K 7 S m  1 
Ca 22  G d  10 
S c  2 T b  0.6  
Ti 12 D y  0.8 
V 0.5 H a  1 
Cr 6 Er  0.5 
M n  0.6 Tm 0.3 
F e  18 Y b  0.3  
N i  2 L u  0.3 
Cu 1 U 6 
Z n  1 
Ga  1 
G e  9 
R b  0.3  
S r  0.5 
Y 3 
z r  1.5 

* Limit of d e t e c t i o n  for  m o s t  e l e m e n t s  is 0.3 ppm. 

X e n o n  arc  l a m p  as t h e  e x c i t a t i o n  s o u r c e  a n d  a m u l t i -  
a l k a l i  u.v. g lass  R446 p h o t o m u l t i p l i e r  as t h e  d e t e c t o r .  
The  s p e c t r a l  r a n g e  e x a m i n e d  was  r e s t r i c t e d  to 400- 
800 n m  w i t h  a 10 n m  b a n d  pass.  Ref lec ted  l i g h t  m a d e  
i t  diff icult  to m a k e  m e a n i n g f u l  m e a s u r e m e n t s  b e l o w  
400 n m  a n d  no  a t t e m p t s  w e r e  m a d e  to i n v e s t i g a t e  
e m i s s i o n  in  t he  i n f r a r e d  r e g i o n  of t h e  s p e c t r u m .  T h e  
p h o t o l u m i n e s c e n c e  e m i s s i o n  s p e c t r a  w e r e  c o r r e c t e d  for  
v a r i a t i o n s  in  t h e  p h o t o m u l t i p l i e r  r e sponse .  T h e  c r y s t a l s  
w e r e  m o u n t e d  on  a spec i a l l y  d e s i g n e d  c o p p e r  f inge r  
enc lo sed  in  a n  e v a c u a t e d  w a t e r - c o o l e d  q u a r t z  j acke t .  
T h e  s p e c i m e n  t e m p e r a t u r e  was  m o n i t o r e d  u s i n g  a 
p r e c a l i b r a t e d  i r o n - c o n s t a n t a n  t h e r m o c o u p l e  e m b e d d e d  
in t h e  c o p p e r  d i r e c t l y  b e h i n d  t h e  s p e c i m e n .  T h e  t e m -  
p e r a t u r e  d e p e n d e n c e  of  t h e  p h o t o l u m i n e s c e n c e  effi- 
c i ency  was  m e a s u r e d  a t  a l i n e a r  h e a t i n g  r a t e  of 0.83~ 
sec -1. The  s a m e  h e a t i n g  r a t e  a n d  c r y s t a l  g e o m e t r y  
w e r e  u sed  w h e n  s t u d y i n g  t h e  t h e r m o l u m i n e s c e n c e .  

Results 
T h e  effects  of v a r y i n g  t h e  u.v. e x c i t a t i o n  w a v e l e n g t h  

on  t he  p h o t o l u m i n e s c e n c e  a r e  i l l u s t r a t e d  in  Fig.  1. F o r  
a p u r e  c r y s t a l  a n n e a l e d  in  a i r  a t  1675~ fas t  cooled,  
a n d  m e a s u r e d  a t  80~ a b r o a d  a s y m m e t r i c  b a n d  is 
o b s e r v e d  at  450 n m  w i t h  255 n m  o p t i m u m  exc i t a t i on .  
W i t h  280 n m  e x c i t a t i o n  a s h a r p  i i n e  d o u b l e t  is o b -  
s e r v e d  w i t h  p e a k s  a t  497 a n d  503 rim. A n  a d d i t i o n a l  
b r o a d  b a n d  occurs  a t  540 n m  r e s u l t i n g  f r o m  320 n m  
e x c i t a t i o n  a n d  345 n m  e x c i t a t i o n  p r o d u c e s  a p e a k  a t  
785 nm.  T h e  o n l y  pos i t i ve  i den t i f i c a t i on  is t h a t  of t he  
s h a r p  l ine  d o u b l e t  a t t r i b u t e d  to t r a n s i t i o n s  f r o m  t h e  
~P0 a n d  3P1 4f l eve l s  to t h e  ZH4 g r o u n d  s t a t e  fo r  t h e  
t r i v a l e n t  r a r e  e a r t h  P r  +3 (9) .  

T h e  effects  of t he  d i f f e r e n t  a n n e a l i n g  t r e a t m e n t s  
on  t h e  e m i s s i o n  i n t e n s i t i e s  fo r  t h e  d i f f e r e n t  t y p e s  of 
c ry s t a l s  a re  s h o w n  in  T a b l e  II. T h e  s ign i f i can t  r e s u l t s  
i n  th i s  t a b l e  m a y  b e  s u m m a r i z e d  as fo l lows:  

== 

m 

v 

z 

z 

. J  

60 

qO 

20 

60 

qO 

20 

60 

qo 

20 

300 

200 

IO0 

A 

q O 0  5 0 0  6 0 0  7 0 0  

EMISSION WAVELENGTH nm 

A 
800 

Fig. !. Luminescence of pure ThO2 at 80~ after an air anneal 
at 1675~ a, 255 nm excitation; b, 280 nm excitation; c, 320 nm 
excitation; d, 345 nm excitation. 
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Fig. 2. Thermoluminescence of 
pure ThO2 resulting from: curve 
a, 345 nm excitation at 80~ on 
oxidized ThO2; curve b, 255 nm 
excitation at 80~ on reduced 
ThO2. 
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1. Reducing anneals increase the 450 nm emission 
intensity. 

2. The intensi ty of the  450 nm emission is also 
increased for Ca +2- and Y+~-dop.ed crystals which 
have been subjected to the oxidizing anneals. 

3. Doping wi th  Ta +5 decreases the intensity of the 
450 nm emission in reduced crystals. 

4. Doping with Ca +2 directly increases the intensity 
of the 450 nm emission, whereas  doping with  y+z  in- 
troduces an additional band at ,--400 nm and doping 
with  Ta +5 introduces a long wavelength  shoulder at 
472 nm. 

5. The 500 nm emission (Pr  +3) is most severely  
decreased by doping with Ca +e and Y+~ in a i r -annealed  
crystals. The re la t ive  effectiveness for decreasing the 
500 nm emission is y+3 > Ca+2 > >  Ta+5. 

6. The intensi ty of the 540 nm emission is general ly  
decreased by doping. 

7. A new band appears a t  565 nm when  Ca +e- 
doped crystals are annealed in carbon monoxide. 

8. When pure crystals are annealed in dry H e a 
very  large and complex band structure develops wi th  
broad max ima  at 525 and 600 nm, and a sharp line 
shoulder at 655 nm. The complex new bands mask any 
540 nm emission. The complex band s t ructure  is e l im- 
inated by doping. 

9. The 785 nm emission is only observed in oxidized 
crystals and the intensi ty decreases on doping. 

In general, emission intensities were  decreased when 
the crystals were  subjected to the slower cooling rate. 
In particular,  the complex band structure in hydrogen-  
annealed crystals was almost completely e l iminated 
by slow cooling. The emission intensities did not 

Table II. Effects of impurities and annealing treatments on the 
intensity of the photoluminescence induced by u.v. excitation 

E m i s s i o n  i n t ens i t i e s  a t  A n n e a l i n g  
Crys t a l  type  450 n m  500 n m  540 n m  785 n m  a t m o s p h e r e  

change with  annealing t ime after  a min imum of ~7.2 
• 103 sec at 1675~ Shorter  anneals, however,  ap- 
peared to produce only par t ia l ly  oxidized and reduced 
crystals. 

The effect of the exci tat ion t ime on the photo lumi-  
nescence emission intensity was also studied. At 80~ 
excitat ion of oxidized pure crystals wi th  345 nm light 
caused the intensi ty of the 785 nm emission to decrease 
with time, whereas  exci tat ion with  255 nm l ight  on 
the reduced pure crystals did not cause the intensity 
of the 450 nm emission to change with  time. The con- 
sequences of this behavior  are i l lustrated by the ther-  
moluminescence (TL) glow curves for oxidized and 
reduced pure ThO2 in Fig. 2. When reduced ThO2 is 
excited with  255 nm l ight  at 300~ the intensi ty of 
the 450 nm emission increases wi th  t ime for both C,a +2- 
doped and pure crystals, is constant for Ta§ 
ThO2, and decreases wi th  t ime for Y+Z-doped crys- 
tals. This t ime-dependent  behavior  has long been as- 
sociated with charge trapping (10, 11). In the present 
study the increase wi th  t ime is greatest  for Ca+2-doped 
crystals and should be evident  in the TL glow curves. 
The TL data are presented in Fig. 3. A detai led study 
of the TL of pure ThO2 has been made by the authors 
(12). The present  study on doped ThOe indicates that, 
contrary to the results of the t ime-dependent  increases, 
the TL intensity for C a+2-doped ThO2 is much  lower 
than that for pure ThOe. 

Thermal  quenching of luminescence has also been 
known for many years (I0, 11). An impor tant  aspect 
of the present work  was to study the tempera ture  de- 
pendence of the luminescence intensi ty for Th02 crys- 
tab, both pure and doped, oxidized and reduced. Since 
it has previously been observed (this paper) that the 
luminescence intensity is time dependenL, the measure- 
ments of luminescence intensity as a function of in- 
creasing temperature were performed at discrete tem- 
perature intervals rather than by continuous monitor- 

P u r e  ThOe 30 40 40 200 A i r  
Ca*2-doped ThOa 500 5 15 150 A i r  
Y~-doped ThO~_ 300t 5 i0 150 Air 
Ta*S-doped ThOs 30" 40 5 50 Air 

Pure ThO~ 20 S5 SS 200 COs 
Ca+2-doped 650 35 30 150 COs 
Y+3-doped 400% 25 15 150 COs 
Ta+6-doped S0* 35 15 50 COs 

Pure ThOs 450 SO 50 <S CO 
Ca+2-doped 700 60 555 <5 CO 
Y+3-doped 400t 30 I0 30 CO 
Ta+a-doped 50* 50 I0  < 5  CO 

Pure ThO~ 500 60 (Complex) Dry Hs 
Ca+2-doped 500 40 <5 <5 Dry I-Is 
Y+a-doped 300$ i0 < 5  <5 Dry I-Is 
Ta+S-doped 30* 70 <5 <5 Dry  Hs 

t A d d i t i o n a l  l a rge  emi s s ion  b a n d  a t  400 n m  
* A d d i t i o n a l  emi s s ion  b a n d  at  472 nm.  

E m i s s i o n  sh i f t  to  565 n m  m a x i m u m .  

5O 
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3O 
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io 

900 500 600 70~ 
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Fig. 3. Thermoluminescence of reduced ThO2 after 255 nm 
excitation at 300~ Curve a, pure Th02; curve b, Ca+2-doped. 
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ing to minimize the t ime-dependen t  effects. The t em-  
pera ture  dependence of the intensities of the 450 and 
500 nm emissions are i l lustrated in Fig. 4 and 5, re -  
spectively. 

It can be seen f rom Fig. 4 that  net  only does doping 
with  Ca +2 and Y+~ enhance the intensi ty of the 450 
nm emission at 80~ but the t empera tu re  dependence 
of the emission differs in the pure and doped material .  
The tempera ture  dependence of the emission intensi ty 
also differs for the oxidized and reduced pure crystals. 
The anneal ing effects, however ,  in the doped crystals 
are much less impor tant  than the dopant. For  the 500 
nm emission the main points to note in Fig. 5 are: 

1. Only for reduced pure ThO,, is there significant 
500 nm emission above 400~ 

2. The quenching profiles for Ca +2-, y+s_, and 
Ta+~-doped ThO2 all differ; but are all self-consistent  
for different anneal ing atmospheres. 

3. In doped crystals, the annealing atmosphere 
affects the 500 nm emission more than the 450 nm 
emission. 

Discussion 
At least four emission bands are observed in ThO2 as 

a result  of u.v. excitation. One of these consists of a 
sharp line doublet and is a t t r ibuted to 4f transitions in 
the accidental ly incorporated t r iva lent  rare  ear th  
praseodymium, Pr  +s. Impur i ty  analysis indicates that  
Pr  is only present  to a concentrat ion of 2 ppm (Table 
I).  While it is well  known that ThO2 is an excel lent  
host for rare ear th  activators (13), the low Pr  concen- 
trat ion and the fact that  other rare earth impurities,  
e.g., Ce, Gd, and Nd, while  present  in higher  concen- 
trations (5-10 ppm) do not show detectable lumi-  

nescence suggest that  the emission f rom Pr  +~ is possi- 
bly being activated by a charge t ransfer  type of proc-  
ess with neighboring ions (14). 

Information regarding the nature  of the center or 
centers responsible for the broad asymmetr ic  450 nm 
emission band can be obtained f rom examinat ion of 
Table II. The intensi ty of the emission is enhanced by 
reduct ion which increases the oxygen vacancy concen- 
tration. The emission intensi ty is also enhanced by 
doping with  Ca +2 and Y+~. Charge neut ra l i ty  requires  
an increase in the oxygen vacancy concentrat ion when 
a Th +4 ion is subst i tut ional ly replaced by a Ca +9- or 
a Y+~ ion. Fur thermore ,  doping with  Ta +5 which de- 
creases the oxygen vacancy concentrat ion also de- 
creases the 450 nm emission. The evidence suggests that  
the 450 nm emission is direct ly  dependent  on the oxy-  
gen vacancy concentration. 
Arguments may be proposed that variable valence 

impurities, e.g., Fe +2, are solely responsible for the 450 
nm emission. It seems to the authors, however,  that  
total charge compensation by re la t ive ly  small  amounts 
of var iable  valence impuri t ies  is highly improbable.  
The precise role of the oxygen vacancies is not known. 
One may be observing the F center  in ThO2 (2 electrons 
t rapped at a single anion vacancy).  Absorpt ion of 255 
nm light may convert  some F centers to F + centers 
(15). For MgO the F and F ~- bands overlap and the 
presence of the F + center  can only be detected by EPR 
(16). Al though many  EPR studies have been made on 
single crystals of ThO2 (17-21) no undisputed evidence 
has yet been advanced for the F or F + center. Many of 
the previous EPR studies ei ther  concentrated on signals 
from del iberate ly  added rare ear th  impurities,  or the 
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Fig. 4. Effects of the annealing 
atmosphere on the temperature 
dependence of the 450 nm emis- 
sion resulting from 255 nm ex- 
citation in pure and doped ThOf. 

�9 Air annealed; . . . .  , 
CO2 annealed; . - . - . ,  CO an- 
nealed; . . . .  , H~ annealed. 

Fig. 5. Effects of the annealing 
atmosphere on the temperature 
dependence of the 500 nm emis- 
sion (Pr +3) resulting from 280 
nm excitation in pure and doped 
ThOf. , Air annealed; 
. . . .  , CO2 annealed; . - . - . ,  
CO annealed; . . . . .  H2 an- 
nealed. 
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crystals were  sufficiently impure that  signals f rom 
Gd +3 or Pb +~ ion impuri t ies  masked other effects. De- 
tailed E'PR studies on wel l -charac ter ized  ThO2 crystals 
of high purity,  both before and af ter  exposure to u.v. 
irradiation, are requi red  to resolve this problem, al- 
though lack of sufficient nuclei spin in ThO2 may make 
posit ive identification difficult (22). 

The identi ty of the center(s)  responsible for the 540 
nm emission is not known. TL data (12) indicate that  
Tb +8 and Er +~ also act as recombinat ion sites in ThO2. 
These rare earths luminesce around 540 nm in ThO2 
(9) but they should show sharp l ine ra ther  than broad 
band emission. 

The 785 nm emission is only present  for oxidized 
crystals and may  be associated with  variable  valence 
transi t ion metal  ion impurities.  V +3, Cr +3, and Mn +4 
luminesce near  this wave length  in other materials  (23- 
25). Cr +8 has been unambiguously  shown to luminesce 
above 700 nm in oxidized MgO crystals (26). Present  
impuri ty  analysis, however ,  would tend to favor  Ti or 
Fe and taken in conjunct ion with oxidat ion-reduct ion 
potentials suggest that  Fe  *z may  be the impur i ty  ion 
responsible for the 785 nm emission. Select ive ion im-  
plantat ion studies are a t tempt ing to resolve this uncer-  
tainty. 

The appearance of a band at 400 nm on d~ping with  
Y+~ suggests that  one or both the y+3 ions remain  in 
the v ic imty  of the oxygen vacancy they create to main-  
tain charge neutral i ty.  The emission characteristics of 
the center  would then be altered. It  appears that  dop- 
ing with  Ta +5 which produces the 472 nm shoulder is 
involved  in a similar process. While doping with  Ca +2 
directly enhances the intensi ty of the 450 nm emission, 
a new band at 565 nm is observed in crystals annealed 
in carbon monoxide. The Ca +2 ions may be complexing 
with the centers responsible for the 540 nm emission 
thereby producing a new center  which luminesces at 
565 nm. 

The higher luminescence with faster cooling is simply 
evidence of the nonequilibrium quenching of defects 
and impurities. While the attempts to correlate the 
emission centers with defects is of necessity highly 
speculative it is important to remember that the lumi- 
nescence behavior of ThOz is critically dependent on 
the purity and annealing treatment of the crystals used. 

The luminescence efficiency of rare earth ions in 
various host lattices has been widely studied during the 
last decade (27-29). The well-known configuration co- 
ordinate models (30,31) are always invoked to explain 
the presence or absence of luminescence and it has 
been established that the difference, -~r, between the 
equilibrium configuration of the excited state of a de- 
fect center and that of the ground state must be small 
if luminescence is to occur. B1asse and Bril (28) have 
shown that Ar depends on the size of the host lattice 
ion for which the rare earth has been substituted and 
on the magnitude of the charge and size of the lattice 
ions surrounding the rare earth. In the present investi- 
gation the rare earth Pr +~ is surrounded by highly 
charged Th +4 ions which in the pure crystal give the 
host lattice great bonding strength, which causes 2r to 
be relatively sma11. The introduction of lower charged 
Ca +2 and y.8 ions into the lattice weakens the lattice 
bonding and increases ,ar. The luminescence efficiency 
of the rare earth ion should, therefore, be lowered in 
ThO2 by doing with Ca .2 and y+3 This is in agreement 
with the results of Table IL The effect of Ta +5 doping, 
however, cannot be explained in this manner. Ta +5 
should increase the bonding strength and thereby de- 
crease -~r and increase the luminescence. This effect is 
not observed. Other factors which affect 3v are changes 
in ionic radius of surrounding ions and changes in the 
symmetry of the immediate lattice environment. Sym- 
metry effects are frequently very significant (32). 
Generally the higher the symmetry around a rare 
earth ion, the lower the intensity of the rare earth 
emission. Although the factors previously mentioned 

are undoubtedly important,  no completely  self-con-  
sistent explanat ion of the changes in luminescence 
intensi ty wi th  doping can be advanced at present. 

The configuration co-ordinate  models also schemati-  
cally explain the t empera tu re  dependence of the lu -  
minescence. Nonradiat ive re turn  f rom the excited state 
to the ground state of a defect center  is possible via 
the point of intersection of the two parabolas. The 
situation at the intersect ion point, however ,  is com- 
plicated by the intersection of the ground excited states 
at this point. Lit t le  quant i ta t ive  evidence is available on 
the effects of changing the ion size, charge, etc. on the 
tempera ture  dependence of the luminescence. Indeed it 
is only very  recent ly (33) that  the energy levels and 
wave  functions necessary to construct an accurate con- 
figuration co-ordinate diagram have been calculated 
for the F and F + in MgO and CaO, and even in these 
re la t ively  simple centers and simple oxides the t em-  
pera ture  dependence effects are still being evaluated 
(34). It is also only recent ly in other materials  that  
theoret ical  studies have been under taken  of the t em-  
pera ture  quenching of na r row line and broad band 
emissions using quantum mechanical  single configura- 
tion co-ordinate models (35). 

The fact remains, however,  that  .doping with  Ca +2 
and Y+~ produces dramatic  changes in the t empera -  
ture dependence of the 450 and 500 nm emissions in 
ThOz (Fig. 4 and 5). One of the implications of this 
is that  previously obtained TL data on doped ThO2 can 
now be explained. 

As was pointed out earl ier  in this paper  the in-  
crease of 450 nm luminescence with t ime of 255 nm ex-  
citation was greater  for Ca+2-doped ThO2 than for the 
pure  crystal. Effects of this increase, indicat ive of trap 
filling, were  not apparent  when the glow curves of the 
pure  and Ca+2-doped ThO2 were  measured. Figure  3 
shows that  the TL intensi ty is approximate ly  15 t imes 
greater  for pure  ThO2 than for Ca+~-dotced ThO2. Pre-  
vious studies (8, 12) have indicated that  in ThO2 the 
rare ear th  ions, in par t icular  Pr  +3 (500 nm emission),  
act as the e lect ron-hole  recombinat ion sites. The TL in-  
tensity, therefore,  must be proport ional  to the lumi-  
nescence efficiency of the rare earth ion (Pr +s) at 
the tempera ture  at which the e lect ron-hole  recom- 
bination takes place. Figure 5 indicates that  in the t em-  
pera ture  region 400~176 the luminescence efficiency 
of the Pr +8 is much less for Ca+2-doped ThO2 than for 
pure ThO2. Hence the observed TL intensi ty is also 
much less for Ca+2-doped crystals than for pure  ThO2. 

The presence of Ca +2 and y + s  ions also influences 
the tempera ture  dependence of the 450 nm emission 
intensi ty (Fig. 4). Both Ca +2 and y+3 grea t ly  enhance 
the 450 nm emission in the region 100~176 The 
centers giving rise to the 450 nm emission act as the 
main recombinat ion centers for e lect ron-hole  recom- 
bination at tempera tures  below 400~ (12). One would 
expect, therefore, that  the TL emission intensi ty in this 
t empera ture  range would  be greater  for Ca +2- and 
Y+Z-doped ThO2 than for pure  ThO2. Recent  results 
(36) indicate that  this is indeed the case. 

Conclusions 
Photoluminescence occurs in ThO2 as a result  of u.v. 

excitation. A broad asymmetr ic  emission band at 450 
nm may  be due to closely overlapping F and F § centers 
possibly associated wi th  the reduced state of var iable  
valence impurities. A doublet  at 497 and 503 nm re -  
sults f rom rare ear th  impur i ty  Pr  +8. A second broad 
band occurs at 540 nm whose origin is unknown.  Fi -  
nal ly an emission band at 785 nm which probably arises 
from the presence of transi t ion metal  impurit ies is 
present in oxidized crystals. Fe +~, Cr +8, or Ti +2 are 
possible sources. 

The photoluminescence can be al tered by varying the 
annealing atmosphere,  the durat ion of the anneal, the 
cooling rate, the time of u.v. excitation, and the tem- 
perature of excitation. The photoluminescence can also 
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be changed by  de l ibe ra te  doping wi th  Ca +2, Y+~, or 
Ta +5. Impur i t i e s  have a ve ry  m a r k e d  effect on the  t em-  
pe ra tu re  dependence  of the  luminescence efficiency of 
the  emission centers.  These effects can expla in  many  
of the  var ia t ions  observed  in the  thermoluminescence  
of pure  and doped  ThO2. 
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Growth and Structure of Polycrystalline 
Indium Phosphide Layers on Molybdenum Sheets 

Tadashi Saitoh, Sunao Matsubara, and Shigekazu Minagawa* 
Central Research Laboratory, Hitachi, Limited, Kokubunji, Tokyo, Japan 

ABSTRACT 

Pinholeless polycrystalline indium phosphide layers were grown on mo- 
lybdenum sheets at temperatures lower than 600~ using indium and phos- 
phorus trichloride as the source materials. The low activation energy of the 
deposition rates and weak dependence of the rates on the partial pressure of 
indium monochloride suggest that surface processes play an important role 
in the growth of polycrystalline films. It was ascertained by an x-ray diffrac- 
tion measurement that the {If0} and {331} orientations become noticeable 
with increasing thickness at higher temperatures, whereas the <iii> orien- 
tation is dominant at lower growth temperatures. The development of the 
<110> orientation produces films with a columnar structure, which could 
be explained by the dependence of the growth rate on the crystallographic 
orientation. 

Ind ium phosphide  is a promis ing  mate r i a l  for solar 
cells because the ind ium phosphide  cell has high theo-  
re t ica l  conversion efficiency (1). In  order  to obta in  
low-cost  solar  cells for t e r res t r i a l  use, i t  is necessary to 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  d e p o s i t i o n  rates, grain size~ orientation. 

fabr ica te  th in-f i lm solar  cells of po lycrys ta l l ine  ind ium 
phosphide on low-cost  subs t ra te  mater ia ls .  

To date, few papers  have been publ i shed  on the p r e p -  
arat ion of po lycrys ta l l ine  ind ium phosphide,  a l though 
research  on the  ep i t ax ia l  g rowth  had  been  car r ied  out  
(2-4).  In  this paper ,  po lycrys ta l l ine  layers  were  de -  
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posited on thin molybdenum sheets by the reaction of  
indium with phosphorus trichloride in a hydrogen at-  -: 2 
mosphere. The ind ium transport  reaction and the proc- 
ess for the deposition of pinhole-free indium phosphide v 
were examined. The ra te -de te rmin ing  step of the depo- x 
sition is discussed. The grain size of the deposited film, 
which is general ly required to be larger than the z 
minor i ty-car r ie r  diffusion length, was measured as a 
function of deposition conditions since highly oriented 
polycrystall ine films may be essential to realize effi- ~- 
cient solar cells (5, 6). The orientat ion of the poly- ~1 
crystall ine films was characterized by the x - r ay  method 
and reflection electron micrography. ~ o 

U3 
Z Experimental < r~ 

Film growth.--Polycrystalline i nd ium phosphide was *- 
deposited on 50 ~,m thick molybdenum sheets by  reac- 
tion of In  and PC13 in  hydrogen. The molybdenum 
sheets were selected because of the small  thermal  ex-  
pansion coefficient mismatch be tween molybdenum and o 
ind ium phosphide and because of its chemical s tabil i ty 
in a growth atmosphere. Prior to growth, the sheets 
were ul trasonical ly cleaned in tr ichloroethylene a n d  
subsequently in methanol, and chemically etched in a 
1 H2SO4-1 HNOs-3 H20 solution. 

The deposition was carried out in a horizontal reactor 
with a conventional  gas feed system (2, 3), typical for 
an epitaxiaI growth of I I I -V semiconducting materials.  
The temperature  of the indium source was held at 
750~ and the tempera ture  of the molybdenum sheets 
was in the range of 450~176 A typical flow rate of 
the hydrogen gas was 200 cm3/min (at room tempera-  
ture) .  The part ial  pressure of PC18 in the  feed gas was 
2-13 • 10 -3 atm. The thickness of the deposited layers 
was determined by measur ing the surface l ine profiles 
of step-etched samples. 

Structure.--Measured x- ray  intensities (CuK~ radia-  
tion) were normalized by the theoretical values calcu- 
lated by the following equation (7) 

I - - - - C . M . P - L . I F I  ' 2 . A . T  [1] 

where C is a constant, M the mult ipl ici ty of the planes, 
P the polarization factor, L the Lorentz factor, F the 
structure factor, A the absorption factor, and T the 
temperature  factor. For powder samples with a plate- 
like shape, the absorption factor is described as (7) 

A----Ao l - - e x p  --sin'---~ [2] 

where Ao is a constant, ~ the linear absorption coeffi- 
cient, t the thickness, and # the x-ray diffraction angle. 
A is almost equal to Ao if the thickness, t, of indium 
phosphide is more than 20 /~m. The equations used to 
calculate other factors are those found in Guinier 's  5o 
book (7). 

Results and Discussions 
Transport of indium.--A source temperature  of 750~ 

was adopted in this experiment  because a t ransport  
efficiency defined below was reported to saturate and 
approach an equi l ibr ium value at temperatures  higher 
than 700~ (8). First, the amount  of ind ium consumed 
during the reaction was measured as a funct ion of the 
reaction t ime at a l inear  flow rate of 0.75 cm/sec, cal- 
culated at 750~ The amount  was found to i.ncrease in 
proportion to the reaction time at PC13 part ial  pres-  
sures of 2.3 X 10-%1.2 X 10 -2 arm. As for the effect 
of the PC13 part ial  pressures in the feed gas, the t rans-  
port rate of ind ium increased in proport ion to the PC13 
partial  pressure as indicated in Fig. 1. 

The transport  efficiency, defined by the ratio of the 
number  of moles of ind ium transported to the number  
of moles of chlorine fed dur ing  the growth time, was 
95%. This is in good agreement  with the 99% obtained 
by thermodynamic  calculation and an observed value 
reported for the same reaction in a vertical reactor (4). 
The result  shows that the t ransport  reaction around the 
source occurs under  equi l ibr ium conditions. 

T = 750 ~ 

0 

0005 0.01 
PCL 3 PARTIAL PRESSURE (a tm)  

Fig. 1. Transport rate of indium as a function of PCI~ partial 
pressure. The temperature of the indium source is 750~ 

Deposition of indium phosphide.--The deposition o f  
polycrystal l ine indium phosphide was carried out at 
temperatures  lower than 650~ which had been used 
previously for epitaxial growth on single crystal sub- 
strates (2-4). In a film deposited at 650~ there existed 
small holes where molybdenum surfaces could be seen, 
al though the grain size was larger than that in a film 
prepared at lower temperatures.  Temperatures  lower 
than 600~ were found to be useful to obtain homoge- 
neous films without pinholes. This suggests that suffi- 
cient supersaturat ion is necessary for uniform poly- 
crystall ine growth. 

The thicknesses of the polycrystal l ine deposits were 
found to increase in proport ion to the deposition time 
except in the init ial  stage of the deposition. From an 
Arrhenius  plot of the deposition rates shown in Fig. 2, 
the activation energy was determined to be 15 kcal /  
mole. This agrees approximately with the activation 
energies of epltaxial growth on low-index planes (4). 

Mass spectroscopic analysis (8) of gases in the depo- 
sition zone has shown that ind ium monochloride reacts 
with phosphorus compounds according to the reaction 

1 
InCl(g)  + P*(g)  + -~-H2(g)  ----InP(s) + HCI(g) 

[3] 
where P* represents Pa and P4. Assuming that the 

/ 5O 
/ 

g 5  z 
~" 0 

a 

! 

,., ,12 ,13 ,.~ 
I O 0 0 / T  ( OK -I ) 

Fig. 2. Arrhenius plat of depasition rote for polycrystalline indium 
phosphide. The dashed line is calculated under thermodynamic 
equilibrium. The PCI3 partial pressure is 7.2 X 10 -3  otto. 
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phosphorus compound in the gas phase is the tetramer,  
deposition rates were calculated using the above equa-  
tion. As indicated by the dashed line in Fig. 2, dif- 
ferences were observed on the Arrherdus plots between 
calculated and observed values. This result  shows that  
the deposition reaction cannot be described as being 
carried out under  thermodynamic  equil ibrium. 

The deposition rate was examined as a funct ion of 
the PCI~ part ial  pressure which corresponds to one- 
third of the InC1 part ial  pressure appearing in Eq. [3]. 
The rate increases only slightly with increasing PC13 
part ial  pressure as shown in  Fig. 3. 

The weak dependence of the deposition rate on the 
partial  pressure suggests that the deposition process is 
not l imited by mass t ransfer  of reactants in a gas phase 
but  by surface processes such as surface reaction, sur-  
face diffusion, adsorption and desorption processes. 

Grain size.--The grain  size of the polycrystaLIine in -  
d ium phosphide layers tends to increase both with in -  
creasing deposition tempera ture  and thickness; more-  
over, the grain size is not always homogeneous. In the 
case of a layer  deposited at 600~ the mean value of 
the grain size measured by the Fu l lman  method (9) 
was about 7 ~m (about 1 nm in  a film deposited at 
500~ Roughness of the surface was about 2 #m for 
a 12 #m thick film deposited at 600~ 

The mean  grain size increased and saturated with in -  
creasing film thickness as shown in Fig. 4. This ten-  
dency is related to the observation that small nuclei 
on a molybdenum surface grow in size and finally co- 
alesce with each other. 

A. columnar  s tructure in a cross section of the film 
shown in Fig. 5 suggests the saturat ion of the grain 
size. The columnar  s tructure indicates that each grain 
grows mostly perpendicular  to the substrate. The col- 
umns were found to develop with increasing growth 
temperature  and thickness, which relates to the de- 
velopment  of preferred or ientat ion as ment ioned be-  
low. However, the columns were found not to grow im- 
mediately from the substrate and not to exist in layers 
deposited at temperatures  lower than about 500~ 

Preferred orientation.--X-ray diffraction spectra of 
InP  films consisted pr imar i ly  of diffraction peaks of 
low-index faces such as {iii}, {Ii0}, {311}, and 
{331}. Also, relative intensities of the diffracted peaks 
were found to vary with the growth temperature and 
the thickness of the film. For a film deposited at 600~ 
{ii0} and {331} faces developed, whereas {111} and 
{311} planes diminished with the thicknesses for films 
thicker than 5 #m as shown in Fig. 6. On the other 
hand, layers thinner than 5 ~m were random in orien- 
tation. As for a film deposited at 500~ the diffracted 
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Fig. 5. Scanning electron micrograph of InP polycrystalllne de- 
posit on molybdenum. 
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Fig. 3. The effect of PCl3 partial pressure in the feed gas on the 
deposition rate of polycrystalline layers. 

intensities decreased in the order of {111} > {220} > 
{311} > {331} --  {200} and the tendency held for films 
varying in thickness. However, the degree of preferred 
orientat ion was not found strong. 

4 T = 600 "C 

>- { 220}  

O '  ' ' " ' 2 ~  _ , - I 10 30 
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Fig. 6. The variation of relative intensity of x-ray diffraction with 
thickness for various crystal planes in the films deposited at 600~ 
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sition temperature for various crystal planes in the films with thick- 
ness of about 6 #m. 

Next, we examined the effect of growth tempera ture  
on the orientat ion of the films. In  the case of thin films 
(about 1 ~m), relat ively random orientat ion was ob- 
tained irrespective of various growth temperatures,  
al though {111} orientat ion developed to some extent. 
For the thicker film (6 ~m) shown in Fig. 7, {110} and 
{331} planes developed, {111} and {100} planes dim- 
inished, and the {311} plane did not change with in-  
creasing growth temperatures.  The inverse tendency 
between the {110} and {111} orientations for increasing 
temperature  is also similar  to the result  obtained for 
polycrystal l ine silicon films prepared by pyrolysis of 
silane on an oxidized silicon surface (10). 

In  order to examine the effect of the part ial  pressure 
of reactants on the orientation, the part ial  pressure of 
PCI~ was varied from 2 X 10 -3 to 1 X 10 -2 atm. How- 
ever, no effect in preferred orientat ion was observed. 

In  the x - ray  method, the informat ion is obtained 
over an x - ray  penetra t ion depth of tens of microns, 
while reflection electron microscopy provides informa-  
t ion on the degree of preferred orientat ion with less 
than a micron of the crystal surface. The reflection elec- 
t ron micrographs of the film deposited at 60O~ showed 
random spots. This indicates that  the surface consists 
of relat ively large grains with random orientation. As 
the {220} intensi ty  was dominant  in the x - ray  diffrac- 
tion, the crystallites are oriented in the < I 1 0 >  growth 
direction, but  have randomly  oriented surfaces. 

On the other hand, for films grown at temperatures  
less than 550~ the electron micrographs consisted of 
Debye rings. And the micrographs showed that among 
the various planes, the {111} plane was relat ively para l -  
lel to the substrate surface, but  the {llO} face was in-  
clined or random in the orientation. Especially, the 
orientat ion of the {111} face is consistent with that  ob- 
tained by x - r ay  diffraction. This indicates that  the ori- 
entat ion near  the surface is equal to that in the film. 

The <110> preferred orientat ion of InP films pre-  
pared at 600~ is in agreement  with that of polycrystal-  
l ine silicon films (10). The {110} face was reported to 
be the plane with the fastest growth rate among low 
index planes for InP  (4) and Si (11). In  addition, for 
an epitaxial growth of ind ium phosphide, the growth 
rate was in  the order of {110} > {111}B > {100} sur-  
faces (4), corresponding to the order of the orientation. 
Therefore, in the polycrystal l ine growth of ImP, the 
planes with higher growth rates grow preferent ial ly  
and, thus, other planes cannot grow in the direction 
parallel  to the substrate surface. As a result, the pre-  
ferred orientat ion is formed for the planes with higher 
growth rates. 

Conclusions 
Polycrystal l ine indium phosphide was deposited on 

molybdenum substrates by vapor-phase growth to in-  
vestigate the growth mechanism and the s tructure of 
the film. The conclusions obtained are as follows: 

1. The indium transport  reaction with phosphorus 
trichloride occurs under  thermodynamic  equil ibrium. 

2. Homogeneous polycrystal t ine films are obtained at 
temperatures  lower than 600~ The activation energy 
of 15 kcal /mole  and the dependence of the deposition 
rate on the part ial  pressure of the reactant  suggests 
that surface processes determine the deposition rate. 

3. The grain size depends on the deposition tempera-  
ture but  is independent  of the part ial  pressure of PC18 
in the feed gas. 

4. The crystal grains are oriented in the direction of 
{111} at low temperatures,  but  the (110} orientat ion and 
orientations near  the < l l O >  directions developed at 
higher temperatures  and with increasing the thickness. 
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A High Speed X-Ray Topographic Camera for 
Semiconductor Wafer Evaluation 

D. L. Parker and W.  A. Porter 

Institute ior Solid State Electronics, Department of Electrical Engineering, 
Texas A&M University, College Station, Texas 77843 

ABSTRACT 

A new x - ray  topographic camera is described which reduces the exposure 
t ime for the production of useful topographs of semiconductor wafers by  at 
least one order of magnitude.  The gain is achieved by holding the wafer with 
a curved vacuum chuck such that  rays from a distant  point  source strike every 
port ion of the wafer  at the Bragg angle. Thus 'the Rowland focusing feature 
which has previously been used in many  x - ray  ins t ruments  for spectroscopy 
and diffractometry has been incorporated in the new camera. Included is an 
x - r ay  topograph of an entire 2 in. silicon wafer made on dental  film dur ing 
a 30 sec exposure. 

For  the past several years x - r ay  topography has 
been recognized as the best nondestruct ive means for 
the assessment of crystal lattice damage created dur ing  
each processing step in the fabricat ion of semiconduc- 
tor devices (1). However, essentially all previous ap- 
plications have been in  the research groups of the 
larger semiconductor manufacturers ,  government  labs, 
and academic insti tutions.  The high cost per topograph 
has prevented any widespread application of the tech- 
nique in  production process control. The high cost is 
due to a combinat ion of the expensive equipment  re-  
quired, highly t ra ined personnel,  and long exposure 
times that  have been required using conventional  tech- 
niques. The new x - ray  camera described here can be 
expected to significantly reduce the cost per topograph 
through the reduced exposure t ime required. 

The Camera Design 
The new camera is of the Berg-Barre t t  type with the 

addit ional feature that  the specimen is elastically de- 
formed such that all rays from a dis tant  point source of 
x-rays  s imultaneously  satisfy the Bragg condition for 
a given set of latt ice planes. Thus, the fraction of the 
total  flux from the source that is actually used is in -  
creased with a corresponding reduct ion in exposure 
time. The exact shape into which the wafer must  be 
deformed can be understood from the diagram in Fig. 
1. The curved line represents the path whose tangent  
l ine at any point  makes a constant angle ~ with a ray 
from the origin to that point. E lementary  calculus may 
be used to show that  the locus is an exponential  spiral, 
i.e. 

p = d exp [ c / t an  ~] 

where p and r are the plane polar coordinates and d is 
a constant. The local radius of curva ture  is given by 

R : p/sin 

The wafer is, of course, a three-dimensional  object 
which requires compound bending in order to s imul-  
taneously satisfy the Bragg condition at all points on 
its surface for rays diverging from a dis tant  point  
source. Careful consideration will show that  the neces- 
sary wafer curvature  in planes perpendicular  to .the 
central  scattering plane is not unique. It is only neces- 
sary that the wafer surface take the curved shape 
shown in Fig. 1 in all planes which (i) contain the 
point source, and (~i) are perpendicular  to the diffract- 
ing planes. In  practice the wafer curva ture  (if any) in  
planes perpendicular  to the central  scattering plane is 
of minor  importance just  as is the case in  conventional  
topography. 

K e y  words :  dislocation, quality control, silicon, processing, dif-  
fraction.  

Several  wafer -bending  schemes were tr ied before a 
curved vacuum chuck was selected as the most rel iable 
and adaptable technique. A concave spherical shape is 
current ly  being used for the vacuum chuck instead of 
the exact spiral cross section discussed above. A spher-  
ical shape was chosen for the following practical con- 
siderations: 

1. No satisfactory means was found for accurately 
machining the exponential  spiral shape wi th in  the nec_- 
essary tolerances. 

2. Random variations in the crystallographic or ienta-  
t ion from wafer to wafer (small variations in .~) make 
the achievement of perfect bending of all wafers diffi- 
cult. 

3. The symmetry  of the spherical chuck allows two 
a l ignment  axes to be used without remount ing  the 
specimen after the ini t ial  a l ignment  prior to the expo- 
sure. 

In  order to predict the error introduced by using the 
spherical chuck the following calculation can be made. 
Let a circle of radius d / s ine  osculate the spiral at the 
point x = d  and y : 0 .  The slope of the circle at points 
intercepted by rays from the origin is given by 

dy j tan ( 7 ~ r  
d x  I circle 

where 
: cos -1 (cosr 

The slope of the spiral at points intercepted by the 
same rays is given by 

/ 

~ (x,yJ 

s o u r c e  P \ 

~ - " - -  "l x 

Fig. 1. The carved line is the exponential spiral p : d exp 
(r162 which is the locus that intersects all rays from the origin 
at the same angle ~. 
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�9 = tan (r -[- r 
d;ll spiral 

Thus, the angular  error, 5, is given by 

5 = ' y - - ~  

This theoret ical  angular  error  is considerably smaller  
than the exper imenta l  errors observed to date. Indeed, 
significant improvements  in the chuck design are still 
possible. The fai lure of the wafer  to conform exact ly to 
the chuck shape is re la ted to the part ial  vacuum pres- 
sure, the distr ibution and size of the vacuum feed 
points, as well  as the hardness of the chuck material .  
Work  continues on improving the chuck design to ap- 
proach the predicted perfect ion of the exponent ia l  
spiral. The problem that  no single setting of the de- 
formed wafer  will  s imultaneously diffract x - rays  
f rom all portions of its surface is overcome by a slight 
rotation of the crystal  (with film) during the exposure. 
This rotat ion is done about an axis through the center 
of the wafer  and perpendicular  to the central  scat ter-  
ing plane. Thus, all portions of the wafer  have equal 
opportuni ty  to part icipate in the formation of the im- 
age provided the rate of rotat ion is constant. 

E x p e r i m e n t a l  

Although the curved wafer  technique is applicable to 
a wide var ie ty  of materials  and radiations, work  to 
date  has only been done on (111) silicon using copper 
target  radiat ion and the (440) reflection. This choice 
makes the angle r about 18.1 ~ and the total scat ter-  
ing angle (2~) for CuK~I 106.71 ~ Thus, the diffracted 
rays leave the wafer  at about 88.6 ~ or almost normal  
to the slice. The distance f rom the x - r ay  source to the 
center  of the specimen was chosen to be 30 in. The vac- 
uum chuck is 3 in. in diameter,  made of glass, with a 
spherical depression whose lowest point is at the center  
of the chuck. The radius of the chuck curvature  was 
chosen as 96 in. which matches the exact  spiral shape 
at the center. With a single vacuum feed hole in the 
center, the chuck can receive any size slice up to 3 in. 
in diameter.  Of course, each combination of radiation, 
Bragg reflection, and crystal  or ientat ion in general, re -  
quires a separate vacuum chuck. A scatter tube is used 
along with various lead coll imators positioned in a slot 
on the end nearest  the specimen. Each lead col l imator  
has a different  size ell iptical  hole to allow total  i l lumi-  
nation of several  wafer  sizes and to minimize un-  
wanted scattering from the chuck itself. The film is 
placed paral lel  to and 1 in. f rom the specimen. This 
distance is op t imum to prevent  interference with  the 
incoming x- rays  from the source. 

The essential features of the camera are shown in 
Fig. 2. Provision is made to rotate the chuck about an 
axis through the center  of the wafer  and perpendicular  
to the  drawing in Fig. 2. This rotat ion is used both for 
the initial sett ing of the camera as well  as the short 
scan during the exposure. The film rotates wi th  the 

chuck about this axis. Provis ion is also made for rota-  
t ion of the chuck about an axis in the plane of the 
drawing, through the center  of the wafer, and perpen-  
dicular to the wafer.  This rotation is used in the initial 
setting of the camera. A flat edge attached to the face 
of the chuck to match the wafer  flat allows a sequence 
of wafers from the same batch to be photographed with  
a min imum of initial adjustments  f rom wafer  to wafer. 

The x - r ay  topograph shown in Fig. 3 is of a 2 in. sili- 
con wafer.  The wafer  had completed all the rmal  proc-  
essing steps including metal l izat ion and annealing. The 
devices visible in the topograph are various sized di- 
odes and capacitors. The s l ip-plane damage near the 
top and sides was del iberate ly  introduced after the dif-  
fusion step as part  of a defect -device  performance cor- 
relat ion experiment .  

The x - r ay  source was a Rigaku rotat ing anode gen-  
era tor  wi th  copper target  operat ing at 35 kV and 100 
mA. The target  focus was 0.5 • 5 m m  with a 6 ~ take-  
off angle using one of the point source windows. The 
film was Kodak Dental  Type DF46 (21,~ • 3 in.) with 
a 30 sec exposure. The scan during the exposure was 
0.25 ~ centered on the K~I diffraction peak. This effec- 
t ively excludes most of the K~2 image since the angu-  
lar  separat ion of the two peaks is about 0.2 ~ for this 
reflection. The rotat ion during exposure effectively 
fills in the otherwise washed-out  areas that  are due to 
improper  bending. However,  rotat ion does reduce the 
resolution somewhat.  If the wafer  were  perfect ly  
spherical ly bent no rotation would be required due to 
the finite angular  size of the focal spot. High resolution 
topographs can be made with the camera in the sta- 
t ionary mode with typical  washed-out  areas represent -  
ing 20-40% of the total  area of a 2 in. wafer. With the 
rotat ing anode generator  the op t imum exposure t ime 
for a 25 ~m emulsion nuclear  t racking plate is less 
than 2 rain and about 2 hr  for a high resolution plate. 

One subtle, al though significant, advantage of this 
new camera is its immuni ty  to the usual difficulties en-  
countered in a t tempting to make topographs of bowed 
wafers. Conventional  topographic cameras require  an 
oscillating or automatic Bragg angle control feature to 
produce adequate  topographs of processed wafers due 
to the inevi table  bowing. Further ,  this camera is re la-  
t ively immune to backside lapping damage. 

During the development  of this camera it was dis- 
covered that  too much part ial  vacuum on the chuck 
wil l  produce high stress points in the wafer.  These 

~ Polnt Source 

Spherically C u r v e d - -  
Vacuum Chuck 

Elliptical ~ Vacuum J ~, / \ 
Collimator Line / \\ 

Alignment Axis 

Scan and Alignment Axis 
IPeTpendicular to Drawlng~ 

Fig. 2. Schematic diagram of the x-ray camera 
Fig. 3. An x-ray topograph (positive) of a 2 in. silicon wafer made 

on dental film with a 30 sec exposure. 
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stress points appear in the topographs as "dimples" 
par t icular ly  at the vacuum feed points. This problem 
is controlled by the use of a part ial  vacuum regulator. 
Typically, 10-15 mil wafers require only about 30 
mm Hg differential pressure for bending.  The stress re- 
quired for bending the wafer is several orders of mag- 
ni tude less than the localized stress produced by im-  
pur i ty  atom mismatch and crystal  defects. Thus, there 
is no evidence of the bending in  the topograph and no 
evidence of residual  damage to the wafer after the 
slight bending required dur ing exposure. 

Conclusions 
In  the camera's present  configuration and with an 

automatic dental  film processor with a daylight  load- 
ing hood, one person can produce 20-30 x - ray  topo- 
graphs per hour. A commercial version of the camera 
designed for rapid wafer loading and a l ignment  could 
double this throughput.  Also, at least two cameras may 
be operated s imultaneously  with the same x- ray  tube. 
Further ,  rea l - t ime TV inspection is a possibility (2). 
These considerations make 100% evaluat ion of high re-  
l iabil i ty devices as well as rout ine quali ty control in-  

spection at every stage of wafer processing economi- 
cally feasible. 
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Boron Segregation at Si-SiO. Interface as a Function 
of Temperature and Orientation 

J. W. Colby and L. E. Katz* 
Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18103 

ABSTRACT 

The ion microprobe has been used to s tudy the effects of crystal orientat ion 
and oxidation tempera ture  on the segregation of boron at the silicon-silicon 
dioxide interface. The segregation coefficient was determined by measur-  
ing directly the total boron concentrat ion in the oxide and the  silicon at the 
interface, for (100) and (111) silicon, oxidized at 1000 ~ 1100 ~ and 1200~ in  
dry oxygen. It was found that boron segregation coefficients for (111) silicon 
are higher than those for (100) silicon for corresponding oxidation tempera-  
tures, and that  these segregation coefficients decrease with increasing tempera-  
ture. The exper imental  values of the boron segregation coefficient, m, may be 
described by 

mcl00~ ---- 0.03 exp (0.52/kT) 

mr ---- 0.05 exp (0.52/kT) 

Diffusion coefficients were extracted from the experimental  data using a model-  
ing technique and agree well with the general ly accepted values. The diffusion 
coefficients obtained for oxidizing ambient  are given by 

D(100) "- 0.19 exp (--3.22/kT) 

Dcm) ---- 2.04 exp (--3.57/kT) 

Upon thermal  oxidation of silicon, an interface is 
formed which separates the solid silicon from the solid 
SiO2 and which advances into the Si as oxidation pro- 
ceeds. Impuri t ies  will redistr ibute at the interface unt i l  
their chemical potentials on each side of the interface 
are equal. The ratio of the equi l ibr ium concentrat ion 
of boron in  silicon dioxide to the equi l ibr ium concen- 
t ra t ion of boron in silicon at the interface is called 
the equilibrium segregation coefficient. It is possible 
that the equilibrium segregation coefficient may not be 
identical to the experimental segregation coefficient. 
This will primarily be determined by the chemical po- 
tential differences and the kinetics of redistribution at 
the interface. The experimental segregation coefficient 
is called the effective or interface segregation coeffi- 
cient. 

Theoretical work has not determined the equi l ibr ium 
segregation coefficient but  mere ly  bracketed it within 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  d i f fu s ion ,  i on  m i c r o p r o b e ,  s e g r e g a t i o n  coeff icient .  

the range of 10-3-10 *z (1). Several studies (2-8) have 
been made in which a model for diffusion has been 
formulated, diffusion profiles exper imental ly  deter-  
mined in the silicon, and a value of the segregation 
coefficient chosen to force the data to fit the model. 
Values determined in  this way have general ly  been in 
the range of 1-10. 

Prince and Schwet tmann (9) have studied segrega- 
t ion of boron from an in'planted source, following 
steam oxidation. They used both step anodization and 
ion microprobe analysis to obtain profiles in the silicon 
and then used a modeling procedure to obtain the 
segregation coefficient. Their values of segregation co- 
efficient for (IIi) wafers ranged from NI.8 at 1200~ 
to N5 at 1050~ 

The ion microprobe has been used in this s tudy to 
determine the boron concentrat ion on both sides of the 
interface thus providing a direct measure of the 
segregation coefficient. This avoids dependence on a 
modeling procedure as required by the above studies 
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(2-8). Such a technique has been emplo~-ed (10, 11) 4x 
previously. In  one such study a value ~2  for the segre- 
gation coefficient of boron in silicon is quoted, however, 
such details as temperature  of diffusion are not pre-  
sented. We present here a study of the effect of orien- 
tation and temperature  on the segregation coefficient of 
boron in silicon. 

Experimental 
Wafers from Czochralski grown crystals, boron doped 

(~2  X 1019/cm3), with (100) and (111) orientations 
were used for these studies. Following appropriate 
cleaning, wafers of each orientat ion were oxidized 
(100% dry 0.9) at 1000 ~ 1100 ~ and 1200~ for 20, 8, 
and 5 hr, respectively. The times were chosen to keep 
the oxide thickness approximately in  the 4000-5000A 
range. 

Both t'he ion microprobe mass analyzer  (IMMA) 1 
and the direct imaging ion microscopea were utilized in 
the study. The bombarding or pr imary  ions were 1602+ 
at current  densities (in the static beam of ~3-5  mA /  
cm2). The beams were rastered in both machines and 
the secondary ions riB+, 30Si+, and ~sSi+ + were moni-  
tored and apertured to reduce crater sidewall effects. 
Values obtained from both machines agreed within  two J.OI 
sigma limits. 9 ' -  

The oxides were th inned to approximately 300A and 
the oxide on the back of the wafer was completely re-  8 - 
moved prior to profiling, to reduce the effects of charg- 
ing. As long as the oxide is sufficiently thin to allow 7' 
some leakage current  to flow, space charge does not 
become a problem, and stable profiles may be ob- 
tained even with a positive p r imary  beam. The profil- 6 
ing was init iated in the oxide and continued across the I -  Z 
interface into the silicon. The data were reduced to con- _uJ 5 
centrat ion by comparison with uni formly  doped s tan-  O 
dards (boron-doped silicon and silica) which had pre-  t,_ 
viously been analyzed by the electron microprobe. 
Analyses obtained in this way have been shown to be O 4 
accurate to wi th in  ___5% relative (12). Depth calibration 
is accurate to wi thin  •  (12). It should also be men-  Z 
tioned that  for equivalent  conditions of current  density 
and accelerating potential, SiO2 sputters approximately ~ 3 
8% faster than silicon. This difference in sputter ing 
rate must  be taken into account when convert ing ion n- 
probe data to depth profile. 

Results and Discussion co 
A typical ion probe profile, reduced to concentration, E 

is shown in  Fig. 1. The boron concentrat ion is shown 2 
in depth through the oxide, across the interface and 
into the silicon. The bulk  silicon value, Cs, was mea-  
sured at a depth >5 ~m and is also shown. 

Once the data has been appropriately reduced to con- 
centrat ion values as discussed above, the segregation 
coefficient of boron at the Si-SiO2 interface is di-  
rectly obtained by  dividing the m a x i m u m  value of 
boron concentrat ion in the SiO2 (Co) immediately ad- 
jacent  to the interface by the min imum boron concen- 
t rat ion in the silicon (Cs) immediate ly  adjacent  to the 
interface as shown by Fig. 1 This has been done for t'he 
three temperatures  and two orientations considered and 
the results are shown in Fig. 2. The results presented 
in Fig. 2 are an average of three or more determina-  
tions. The two sigma limits are also shown. It  is im-  
mediately obvious that the segregation coefficient for 
(111) orientat ion is higher than for (100) orientation 
over the 1000~176 temperature  range considered. 
From the data, one obtains the following equations 
describing the segregation coefficient as a function of 
temperature  

m : 0.03e ~ eV/kT (100) [1] 

m = 0.05e ~ ev/kT (111) [2] 

The average values and the two sigma limits for the 
segregation coefficient vary from 2.95 -4- 0.25 at 1200~ 

M a n u f a c t u r e d  by  A p p l i e d  R e s e a r c h  L a b o r a t o r i e s ,  I n c o r p o r a t e d .  
2 M a n u f a c t u r e d  by  C a m e c o  Ins t rumerLts .  
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Fig. 2. Segregation coefficient as a function of temperature and 
orientation. 

to 5.63 -4- 0.41 at 1000~ for (111) and from 1.96 +_ 0.61 
at 1200~ to 3.74 +_ 0.29 at 1000~ for (100). These 
values for bulk samples and dry oxidations are in 
reasonable agreement  with the values of Prince and 
Schwet tmann (9) obtained by modeling for implanted 
wafers and steam oxidations for (111) orientations; 
the only reported data on variat ion of segregation co- 
efficient with temperature.  Comparison of segregation 
coefficient values must  be made carefully since diffu- 
sion sources, wafer orientation, temperature  of diffu- 
sion, ambient,  and modeling techniques are different in 
many  cases. There are indications (7, 8) however, that 
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concentrat ion and oxidation rate  may  not affect segre-  
gation coefficient. The general  range of segregation 
coefficient measured in these exper iments  is in line 
wi th  various values repor ted  for model ing techniques 
wi th  varying exper imenta l  conditions. Refinement of 
model ing techniques (7) has suggested that  a value of 
~4  at 1100~ for (111) is more val id than higher  re-  
ported values (4, 5, 13) also based on model ing tech-  
niques. The value of 4 at l l00~ for (111) agrees ex-  
t r emely  well  wi th  our exper imenta l ly  determined 
value of 3.93 • 0.09. Comparison with  the only other 
exper imenta l ly  de termined  (10, 11) value (~2)  is diffi- 
cult since the diffusion tempera ture  was not published. 

The orientat ion dependence of the segregation coeffi- 
cient implies that  the measured values for at least one 
of the orientations is not an equi l ibr ium value and that  
the kinetic reaction rate  across the interface determines 
the measured value. On the basis of equi l ibr ium ther -  
modynamics,  one would not expect to observe an ori-  
entat ion dependence. 

Some fur ther  interest ing results may be obtained 
f rom the exper imenta l ly  determined concentrations, if 
we take the ion probe values for Cs/CB and m and con- 
sider the model  of Grove et al. (3) for redistr ibut ion 
of boron upon oxidation of bulk silicon wafers, a value 
for the diffusion coefficient of boron in silicon can be 
determined by fitting their  model  to our exper imenta l  
data. The model  (3) considers solution of the diffusion 
equat ion with  a moving boundary and the results de- 
scribe redis tr ibut ion f rom uni formly  doped silicon. The 
result ing points are shown in Fig. 3. Least square 
fitting of these points yields 

D(~oo) = 0.192e -&22/leT [3] 

D(111) = 2.04e -&5~/kT [4] 

These functions are plot ted as straight lines in Fig. 3. 
The orientat ion dependence of D is, of course, well  
known (14-24). The diffusivities converge at higher  
tempera ture  as expected (22). Kendal l  and De Vries 
(25) have  surveyed the l i tera ture  and present  various 
values of diffusion coefficients, as well  as their  estimates 
for the most val id values based on the exper imenta l  
conditions and analysis of data. For  boron in silicon, 
the values of Kurtz  and Yee (26) are chosen. These 
values were  obtained for surface concentrations gen-  
era l ly  in the mid 101S/cm3 range and apply for t em-  
pera ture  f rom 1050 ~ to 1350~ The equation is 

Dc111~ : 1.4e -a'51/kT [5] 

10-12 __--- 0 .192e  3"22/kT 
_ 

oe 
v 
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Fig. 3. Diffusion coefficient of boron in silicon-oxldizing ambient 

which compares very  favorably  with  the value obtained 
here (Eq. [4]) based on ion probe data and the model  
of Grove et al. (3). 

Using the model  of ,Grove et al. (3) for out-diffusion 
from a bulk wafer  during oxidation, CJCB can be cal-  
culated as a function of oxidat ion temperature ,  assum- 
ing m is independent  of temperature .  Ion probe data  
and necessary constants were  used for such a calcula- 
tion using the value of m at ll00~ for each orientation. 
The solid curves shown in Fig. 4 represent  this calcula- 
tion. Per forming an identical calculation, but  a l lowing 
m to vary  with t empera tu re  as exper imenta l ly  ob- 
served, generates the dotted curves shown in Fig. 4. In-  
clusion of the orientat ion and tempera ture  var ia t ion  of 
m in model ing calculations provides a more accurate 
description of the segregation at the oxidizir~g in ter -  
face. 

Conclusion 
The ion microprobe has been used to determine  both 

the tempera ture  and orientat ion dependence of the 
segregation coefficient of boron at the sil icon-silicon di- 
oxide interface. Observations show that  the boron 
segregation coefficient decreases wi th  increasing t em-  
pera ture  in the range investigated, 1000~176 and 
that  boron segregation coefficient values for (111) ori-  
ented silicon are greater  than (100) oriented silicon at 
corresponding temperatures  over  the same tempera ture  
range. Diffusion coefficients for boron in (100) and 
(111) silicon have been extracted f rom the exper i -  
mental  data using the model ing technique of Grove 
et al. (3). The values agree well  wi th  published data. 
The effect of the var ia t ion of the segregation coefficient 
with tempera ture  and orientat ion has been demon-  
strated model ing Cs/CB, the ratio of the boron surface 
concentrat ion to the bulk boron concentration, as a 
function of temperature .  

The orientat ion and tempera ture  var ia t ion of the seg- 
regat ion coefficient should be included in device de- 
sign and model ing techniques. 

Acknowledgment 
The authors wish to thank P. H. Langer  for use of 

his computer  program based on the equations of Grove 
et al., and for performing the various diffusion calcula- 
tions using that program. 

Manuscript  submit ted June  9, 1975; revised manu-  
script received Oct. 20, 1975. This was Paper  60 pre-  
sented at the San Francisco, California, Meeting of the 
Society, May 12-17, 1974. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December  1976 

1.O 

0.8 

0 . 6  

cs/% 

0.4 

0 . 2  

- - - - - -  m=f  (T) j 3  
rnr / / ~  .j'(lO0) 

/ /  

I I I I I 
1000 1100 1200 

OXIDATION TEMPERATURE (%) 

Fig. 4. Calculated CJCB vs.  oxidation temperature 



412 J. Electrochem. Sot.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY March 1976 

Jo~mNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs o] this article were partially as- 
sisted by Bell Laboratories. 

REFERENCES 
1. C. D. Thurmond,  "Properties of Elemental  and 

Compound Semiconductors," H. C. Gatos, Editor, 
Interscience Publishers,  New York (1982). 

2. A. S. Grove, O. Leistiko, Jr., and C. T. Sah, J. Phys. 
Chem. Solids, 25, 985 (1964). 

3. A. S. Grove, O. Leistiko, Jr., and C. T. Sah, J. Appl. 
Phys., 35, 2695 (1964). 

4. T. Kato and Y. Nishi, Japan. J. Appl. Phys., 3, 337 
(1964). 

5. J. S. T. Huang and L. C. Welliver, This Journal, 
117, 1577 (1970). 

6. W. H. Chen and W. S. Chen, ibid., 114, 1297 (1967). 
7. G. Masetfi, P. Negrini, S. Solmi, and G. Soncini, 

Acta Frequenza., XLll, 346 (1973). 
8. G. Masetti, S. Solmi, and G. Soncini, Electron. 

Letters, 9, 226 (1973). 
9. J. L. Prince and F. N. Schwettmann,  This Journal, 

121, 705 (1974). 
10. B. Blanchard, N. Hilleret, and J. Monnier, Mat. 

Res. Bull., 6, 1283 (1971). 
11. B. Blanchard, N. Hilleret, and J. B. Quoirin. 

J. Radio-analytical Chem., 12, 85 (1972). 
12. J. W. Colby, in "Scanning Electron Microscopy and 

Electron Probe Microanalysis," J, I. Goldstein, 
Editor, P l enum Press, New York (1975). 

13. K. J. S. Cave, Solid State Electron, 8, 991 (1965). 
14. J. F. Shepard, R. J. Dendall, and P. Balk, Abstract 

196, p. 87, The Electrochemical Society Extended 
Abstract, Fal l  Meeting, Philadelphia, Penn-  
sylvania, Oct. 9-14, 1966. 

15. G. N. Wills, Solid State Electron., 12, 133 (1969). 
16. R. A. Kovalev, V. B. Bernikov, Y. I. Pashintsev, and 

V. A. Marasanov, Soviet Phys. Solid State, 11, 
1571 (1970). 

17. L. E. Katz, Symposium on Silicon Device Process- 
ing, NBS Spec. PubI  337 (1970). 

18. W. G. Al len and K. V. Anand, Solid State Electron., 
14, 397 (1971). 

19. T. C. Chan and C. C. Mat, Proc. IEEE, 58, 588 
(1970). 

20. M. Okamura, Japan. J. Appl. Phys., 9, 848 (1970). 
21. H. Higuchi, M. Maki, and Y. Takano, Abstract 78, 

p. 190, The Electrochemical Society Extended 
Abstracts, Spring Meeting, Washington, D. C., 
May 9-13, 1971. 

22. W. G. Allen, Solid State Electron., 16, 709 (1973). 
23. R. B. Fair, RNP 269 presented at The Electro- 

chemical Society Meeting, New York, New York, 
Oct. 13-17, 1974. 

24. S. M. Hu, J. AppI. Phys., 45, 1567 (1974). 
25. D. L. Kendal l  and D. B. DeVries, in "Semiconductor 

Silicon," R. R. Haberecht and E. L. Kern, Editors, 
p. 358, The Electrochemical Society Softbound 
Symposium Series, New York (1969). 

26. A. D. Kurtz  and R. Yee, J. Appl. Phys., 31, 303 
(1960). 

H2-1nduced B Diffusion in MOS Devices 
Dale M. Brown* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

High temperature  H2-induced B diffusion through self-aligned thin film 
Mo-gate MOSFET's is described. Mo-gate MOSFET threshold voltage and C-V 
curve shifts are used to detect the increase in  B concentrat ion in the Si sub- 
strate beneath the Mo gate. This phenomenon is explained by the catalyzed H2 
reduction of B_~O3 at the Mo-borosi]icate glass interface. This occurs because 
the reaction rate at a given temperature  is increased through the change in the 
free energy due to the entropy increase arising from the interst i t ial  dissolu- 
t ion of the B in  the Mo crystal lattice. With this model, it can thus be ex- 
plained why oxides of elements from the lower rows of the periodic table 
(e.g., St, P, and As) are not s imilar ly reduced whenever  they are components 
of a doped glass diffusion source and why Mo films are absolute diffusion 
blocks for these elements when  they are present  as oxides at interfaces. The 
study may shed some detailed insight into the catalytic activity of Mo and Fe 
in the synthesis of NH3 from H2 and N2 and of other metallic hydrogenat ion 
catalysts. 

B diffusion through the Mo gate of MOS structures 
was described previously (1). However, this phenome-  
non was never  completely understood and fur ther  ex- 
per imentat ion showed that  very small  amounts  of H2 
in the diffusion ambient  drastically reduce the masking 
abil i ty of Mo films against its diffusion. The importance 
of the enhanced diffusion of B in  SiO2 when heated in 
H2 and H20 ambients  (2) has had impor tant  conse- 
quences for B-doped polysil icon-gate MOSFET's and 
has been described by  others (3-6). Hea t - t rea tment  
of St-gate MOSFET's in H2 and H20 ambients  has been 
observed to decrease the p-channel  enhancement  mode 
MOSFET threshold or produce p-channel  depletion 
mode devices instead of the desired enhancement  mode 
device. Similar  effects are observed for Mo-gate 
p-channel  devices when Hg. is introduced into the 
diffusion ambient.  

It is the purpose of this article to explain how and 
why this happens. The model also explains why Mo 

* Electrochemical  Society Ac t ive  Member .  
Key  words :  Mo catalysis,  B2Oa Ha reduct ion,  MOSFET's .  

films can be absolute diffusion barr iers  for other ele- 
ments in glass films (e.g., St, P, and As in  their  oxi- 
dized states) even when heated at high temperature  in 
H.,-containing ambients. The study also provides insight 
into a possible basic reason for catalytic activity not 
previously discussed in detail. 

Experiments, Methods, and Results 
Annula r  self-registered Mo-gate MOSFET's were 

made as described in Ref. (7), using a borosilicate glass 
diffusion source containing 28% B 2 0 3  a s  determined by 
the infrared absorption technique (8). Gate oxide 
thicknesses were approximately 1000A, Mo film thick- 
nesses were about 2000A. The self-al igning Mo-gate 
MOSFET source and drain  diffusions were carried out 
as a function of time in Ar, N2, and 10% H2 in  He at 
1100~ 

Two types of MOSFET measurements  were carried 
out: (i) gate threshold voltage measurements  and gate 
C-V curves with the source and drain  connected to the 
substrate give the characteristic low frequency C-V 
curve, (it) C-V curves with source and drain  float- 
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Fig. 1. Gate MOS C-V curves after diffusion with conditions as 
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Fig. 2. 10 #A gate threshold voltages vs. diffusion time in three 
different diffusion ambients, Ar, 10% 1"12 in N2, and 10% H2 in He. 
Silicon substrate crystal is n-type (111) phosphorous doped 3-5 
ohm-cm. 

As boron atoms penetrate  the gate structure, the re-  
sul tant  compensation decreases the ionized donor den-  
sities result ing in decreasing thresholds and depletion 
capacities as shown by the data in Fig. 1 and 2. Some 
of these results are summarized in Table I for the Ar, 
N.~, and H2 in  Ns diffusion ambients.  The net ionized 
donor densities in the next  to last column are esti- 
mated from standard threshold calculations for Mo- 
gate devices on (111) surfaces assuming a uniform 
doping profile and a fixed oxide charge of 2.1 X 10n/  
cm 2 (7). The last column is the net uncompensated 
donor density arr ived at using the gate MOS depletion 
capacitance which also assumes a uni form doping pro- 
file (9). This assumption is, of course, incorrect and 
probably accounts for the large differences in the esti- 
mated ionized donor densities arrived at using those 
two methods as the threshold approaches and passes 
through zero. Any detailed analysis of these threshold 
shifts would therefore have to take into account the 
nonuni formi ty  of the doping profile caused by the B 
penetrat ion and ensuing donor compensation. In  turn, 
experimental  samples would have to be subjected to 
detailed profile measurements  using the MOSFET deep 
depletion d ( 1/C 2)/dV methods recently described (10). 
Sample 5 is a p-channel  depletion mode device as in-  
dicated by the positive gate threshold and p- type MOS 
C-V curve. Threshold changes caused by changes in 
fixed oxide charge during B penetra t ion of the gate 
oxide should not be a factor as indicated by previous 
experiments  (1, 6). 

Enhancement  mode threshold data are shown in Fig. 
2. The data are quite reproducible. The spread in the 
data at each point represents the threshold variat ion 
observed in  scanning the wafer f rom left to right and 
top to bottom. Two sets of data are also shown using 
two different tanks of N2 § 10% Hf. Threshold data 
for He + 10% H2 are also included in Fig. 2 and in this 
instance the B penetra t ion occurs much more rapidly. 
It is obvious from the data that whereas total masking 
of B is possible for at least 1.5 hr in Ar or N2 ambients  
even when very thin Mo films and gate oxides are used 
(7), the introduct ion of H2 results in a drastic reduc- 
tion in  Mo-film diffusion masking. Furthermore,  none 
of these effects have ever been observed when phos- 
phorous-doped glass is used as a diffusion source (11). 
That is to say, no phosphorous penetra t ion through the 
gates of self-aligned n -channe l  Mo-gate MOSFET's has 
been detected even when the diffusions are carried out 
in 10% H2 --}- N2 at 1100~ for periods of time as long 
as 1.5 hr. These observations are very striking and their  
explanat ion has to be based on an analysis of the 
chemical and physical properties of the system. 

ing give the high frequency C-V curves wi th  a min i -  
mum inversion capacitance occurring at the max i mum 
semiconductor depletion capacitance. The results of 
these measurements  are given in Fig. 1 and 2 and sum- 
marized in Table I. 

The observed shifts in threshold and C-V curves 
are caused by the increases in surface resist ivity caused 
by B compensation of the phosphorus ionized donors. 

Table I 

T i m e  "VT ( N o  --  N A ) ? /  
No. Ambient (min) (1 #A)* ND**/cm 3 cmS 

1 A r ,  N~ 30 -80  - -1 .8  2 • I 0  TM 1.6 • 10 TM 
2 10% H.e/N~ 30 - -1 .5  8 • 1014 ~10as  
3 10.% H~/N2 50 --0.8 < I0  TM ~6 X i0 I~ 
4 10% H~/N_~ 60 --0.6 <1018 ~ 6  X 1014 
5 i0% I~L~/Nz 75 = ~ ' + 5  - -  --i .5 x 10~ 

* M e a s u r e d  threshold voltages are specified for a 1 pA channel  
c u r r e n t  u s i n g  an, a s p e c t  r a t i o ,  W / L  = 20, device  [Ref .  (7}].  S i l i c o n  
s u h s t r a t e  is  p h o s p h o r o u s  d o p e d  w i t h  (111) s u r f a c e  o r i e n t a t i o n .  

** ND f r o m  VT a s s u m i n g  u n i f o r m  d o p i n g  a n d  r  = 0.4 [Ref .  ( 7 ) ] .  
t N o  f r o m  C-V m i n i m u m  depletion capacitance [Ref .  (9) ] which  

also  a s s u m e s  a uniform doping density (see discussion in t e x t ) ,  

Discussion 
From a chemical point of view, the system is quite 

"clean," consisting of a l ightly doped Si substrate, a 
th in  (approximately 1000A) film of thermal ly  grown 
SiO2 and a thin (approximately 2000A) film of Mo 
covered with the B208-SIO2 diffusion source. This struc- 
ture is heated in gaseous ambients and, upon comple- 
tion of the MOSFET structure by providing appropri-  
ate contacts, the Si substrate can be used as a B de- 
tector by simple measurements  of MOSFET threshold. 

One would anticipate that the rate of production of 
atomic B at the Mo-BfO3 interface would be very 
small since the chemical reduction of B203 by Mo or H2 
is strongly endothermic. In  fact, P20~ should be much 
more easily reduced by H2 than B203. This is shown by 
the magnitudes of the free energies of formation cal- 
culated using the JANAF Thermochemical  Tables (12) 
for these reactions and summarized in Table II. P 
could, however, not go into interst i t ial  position and 
diffuse inters t i t ia l ly  through Mo whereas B is a small 
enough atom to do this. Elemental  B has a radius of 
0.88A compared to 1-1.2,a, for P or Si (13). The cubic 
body-cerrtered cell of Mo has a radius for the largest 
intersti t ial  space equal to 0.87A at 1100~ However, 
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Table II. Chemical reactions at 1100~ 

AG ( k c a l /  Ag ( e V /  
R e a c t i o n  m o l e )  a tom)  

2B203 + 3Mo---> 3MOO2 + 4B 
B2Os + M o ~  MoO~ + 213 
B.~Os + 3Hs---* 3 H 2 0  + 2B  
SiO2 + 2H.~ ~ 2H_~O + Si  
P~05 + 5H~--> 5H.20 + 2 P  

+ 198 2.15 
+ 126 2,75 

+ 99 2.15 
+ 77 3.3 

+ 6 0.13 

these considerations are not sufficient to explain the 
data in Fig. 2. Why, for instance, is the B diffusivity 
so much smaller  in the N2 -~- H2 ambient  than in He + 
H2? 

Catalytic Reduction of B203 
Heterogeneous catalytic reactions are normal ly  con- 

sidered to be determined by the adsorption and re -  
a r rangement  of the reactants  on the surface of the 
catalyst. Possible dissociation and a lower ing of the free 
energy barr ier  in the transi t ion state are assumed to 
accompany this surface adsorption and to account for 
low tempera ture  catalytic reactivity.  One of the 
most famous examples of this is the catalytic syn- 
thesis of ammonia  from H2 and N2. Al though the ab- 
sorption and catalytic act ivi ty of a surface is usually 
thought  to have something to do with "active centers" 
and "the specific steric a r rangement  of its atoms" (14) 
there has been no rigorous statistical thermodynamic  
analysis of any specific system in the l i te ra ture  of the 
subject. This is not surprising since the chemical sys- 
tems studied exper imenta l ly  have  been ill defined and 
complex. As described previously, the system being 
studied here is re la t ively  simple; and the presence of 
the semiconductor  substrate gives us a good method of 
monitor ing re la t ive  rates of reaction. 

Mo is an excel lent  catalyst for the synthesis of am- 
monia al though for economic reasons Fe is used. Both 
of these materials  have body-centered  cubic (bcc) 
crystal structures. The interst i t ial  space in the body-  
centered cell of Mo will  accommodate elements of the 
first row including N ( r  ---- 0.7A) but not, as pointed 
out previously, the large atoms of the second row. 

In the system under  discussion, it appears that  the 
fact that B can dissolve interst i t ia l ly  in Mo at the re-  
action tempera ture  whereas Si and P cannot plays an 
essential role in the reduction of the B203 glass com- 
ponent on the Mo substrate. The free energy change 
during the endothermic react ion is reduced by TAS 
where  AS arises from the entropy of dissolution of the 
B atoms in the Mo. At low B concentrations in Mo, ~S 
has a large incremental  value because of the form of 
the curve of _~S as a function of the mole fract ion of 
interst i t ial  B in Mo. A low concentrat ion of B can be 
produced by H2 reduct ion of B203 and can diffuse 
through the Mo and be detected. The mechanism which 
is proposed to account for the observed phenomena is 
analogous to the s t ructural  disordering of a solid with 
the introduction of point defects which occurs wi th  
increasing temperature.  The production of point defects 
is an endothermic process, but  their  distr ibution in the 
solid is accompanied by an increase in the entropy 
of the system. As a consequence, the free energy of 
the disordered system at a tempera ture  at which the 
diffusion of point defects is possible is lower  than that  
of the ordered system. The theory  of the s t ructural  
disordering of crystals which is discussed in many 
publications (15-17) can be adapted to the present 
problem. 

The changes in the Gibbs free energy, AG, in Table II 
are calculated from the change in the enthalpy, AH, and 
the change in the thermal entropy. Changes in entropy 
associated with the formation of two dimensional ad- 
sorbed layers on catalytic surfaces have been discussed 
(18). The concept that the free energy of a reaction 
can be lowered by the much larger entropy changes 
associated with the interst i t ia l  substrate dissolution of 

a product wi thin  the vo lume of the catalyst has not, so 
far  as is known, ever  been introduced. Yet this is 
clearly possible and could occur in the reduction of B 
by H2 on a Mo substrate and in the dissociation of H2 
and other molecules on metal l ic  substrates in cata- 
lytic hydrogenat ion reactions. 

The entropy of interst i t ial  dissolution of B in Mo can 
be calculated by the methods of statistical mechanics. 
The number  of the largest  interst i t ial  sites/cm~ in the 
Mo lattice is given by N ~ 3M/2, where  M is the total  
number  of Mo a toms/cm 3. The number  of ways of 
distr ibuting solute atoms over these interst i t ial  sites is 

N !  

n !  (N -- n )  ! 

where  n is the number  of solute a toms/era  a. The cor-  
responding ent ropy of dissolution is then  given by 

S ---- k[N1n (N) -- (N -- n) l_n (N -- n) -- nln (n)] 

making use of Stir]ing's theorem. 
The free energy change in the reaction AG*, when it 

occurs on the Mo substrate, is therefore reduced from 
AG by TAS giving 

AG* ~ AG -- TAS -~ nag -- kT[N l n N  

- -  ( N - - n )  l n  ( N  - -  n )  - -  n l n  n ]  

where  _~g is the free energy change associated with  the 
production of one B atom by the reduct ion of B203 by 
H2. In the equi l ibr ium state, OAG*/On : 0 which gives 

n / ( N  -- n) ~_ n / N  ---- e -Ag/kw 

The approximat ion is valid because of the low concen- 
trat ion of the B in Mo at the tempera ture  of reduction. 

The number  of interst i t ial  positions can be calcu- 
lated using the unit cell volume, atomic weight, and 
density of Mo and gives 

N ---- 9.6 • 1022/cm 8 

Using the Gibbs free energy data in Table II, the 
equi l ibr ium concentrat ion of interst i t ial  B produced by 
the H2 reduction of B203 at ll0O~ (with ,Ag ~- 2.15 eV) 
is 

n : .  1.2 X 1015/cm ~ 

The calculation thus demonstrates that  a react ion 
which could not occur in the absence of a catalyzing 
system can give rise to B atoms in the Mo substrate 
which can then diffuse inters t i t ia l ly  and be detected 
by their  influence on the propert ies  of the MOSFET. It 
is clear that  since nei ther  Si nor P wil l  dissolve and 
diffuse interst i t ial ly in Mo, SiO=, and P 2 Q  wil l  not 
be reduced by H2 in contact w~th Mo in agreement  
with the exper imenta l  observations. 

The reduction in the B diffusivity in the presence of 
N2 is probably accounted for by the catalyzed forma-  
tion at the surface of NH diatomic molecules by re-  
action between N2 molecules absorbed at the surface 
and H atoms reaching the surface from dissociated H2 
dissolved interst i t ial ly in the Mo substrate. The NH 
molecules can dissociate at the surface (,Ah : 3.2 eV) 
with interst i t ial  dissolution of both the N and the H. 
The presence of inters t i t ia l ly  dissolved ni t rogen would 
reduce the entropy of dissolution of the B by reducing 
the number  of available interst i t ial  sites. This would 
reduce the concentration of B dissolved in the Mo 
substrate. 

Summary 
The importance of the dissolution of B in the Mo 

substrate explaining the H2 reduction of B203 and sub- 
sequent  diffusion of B through thin Mo films has led 
to a catalytic model which explains the str iking dif- 
fusion phenomena associated with Mo-gate  MOSFET's.  
More specifically, it explains the high B diffusivity 
through the gate into the under ly ing Si whenever  H2 
is introduced into Ar , .He ,  or N2 diffusion ambients. 



VoI. 123, No. 3 H a - I N D U C E D  B D I F F U S I O N  IN M O S  D E V ICE S  415 

Fur the rmore ,  this model  expla ins  the iner tness  of Mo 
films with  other  glass components  l ike SiO2, P205, and 
As203 which expla ins  the  observed dif fus ion-masking 
ab i l i ty  of Mo films against  P. This s tudy points  out 
c lear ly  for  pe rhaps  the  first t ime the impor tance  of 
the bu lk  c rys ta l lographic  s t ruc ture  of a cata lyt ic  agent. 
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Mixed Electrical Conduction in 
the Fluorite-Type Cel_ Gd O. ,  

T. Kudo and H. Obayashi 
Central Research Laboratory, Hitachi, Limited, Higashi-koigakubo, Kokubunji, Tokyo, 185, Japan 

ABSTRACT 

The CeO2-Gd~O~ solid solutions exhibit high ionic conduction due to the 
migration of 0 2_ ions via oxygen ion vacancies. The emf of a galvanic cell, 
O2(PO2 ---- 1 atm),PtlCes-~GdzO2-x/21Pt,O2(po2), is measured within %he tem- 
perature range between 700 ~ and 800~C as a function of po2. At such high 
oxygen pressures as in air, the emf changes according to -- (RT/4F) In po2 in- 
dicating the ionic transference number in the solid solution is unity. With 
decreasing oxygen pressure, however, the observed emf becomes smaller than 
the theoretical value. This indicates the onset of electronic conduction gen- 
erated by the reduction of the solid solution. The dependence of the emf(E) 
on Po2 is described by 

RT 
E ---- In [(1 + p*o.,1/4)/(po~ 1/4 + P*ozl/4) ] 

F 

where  P*02 is a constant  corresponding to the oxygen par t i a l  pressure  at which 
the ionic t ransference  number  of the solid solut ion becomes 0.5. F rom the t em-  
pe ra tu re  dependence  of p*o.~, pa r t i a l  molar  en tha lpy  changes (.~H) for the 
reduct ion of Cel-zGd~O2-x/.~ are  calculated.  

Ionic conduction in doped CeO2 has been repor ted  
by  Kevane  (1), Blumentha l  (2), Takahashi  (3), and 
others. I t  is known that  ionic conduction resul ts  f rom 
the migra t ion  of O ~-  ions over  vacant  ion sites which  
are  produced by the par t ia l  rep lacement  of Ce 4+ by 
such dopant  ions as Ca ~+ or La 3+. The present  authors  
have also repor ted  the  oxygen ion conduct ion of the 
f luor i te - type  solid solut ion Cel-zLnxO2-x/2 (Ln =- 

Key words:  ionic conductor, solid electrolyte,  cer ium-gadol in ium 
oxide, m i xed  conductor.  

lan thanoid  e lements)  (4), reveal ing  that  the  CeO2- 
Gd203 system exhibi ts  excel lent  e lect rolyt ic  conduc-  
tion; the  specific conduct ivi ty  of Cel-xGdxO2-x/2 (x -= 
0.23) at 750r is 6.7 • 10 -2 ( o h m - c m ) - l ,  which r iva ls  
the  value  of ca lc ia-s tabi l ized zirconia at  1000~ 

The ionic t ransference  number  of Cel-zGdxO2-x/2 
has been proved  to be subs tan t ia l ly  un i ty  by  the en~ 
measurement  of the galvanic  cell, O2(po2 ~- 1 a tm) ,  
P t  I Cel-~,GdxO2-x/2 I Pt, O2(po~ ---- 0.21 arm) (4). A t  
lower  oxygen  pressures,  however ,  electronic conduction 
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seems to set in as repor ted  for the CeO2-La,_O3 system 
(5). The present  study investigates the mixed  con- 
duction of Cel-zGdzO2-x/2 in order, to provide the data 
needed for fuel  cells and other applications. In addi- 
tion, thermodynamic  data for the reduct ion of 
CeI-~GdxO2-~./2 in a reducing atmosphere are also de- 
r ived f rom analyses of emf  data  obtained by the pres-  
ent study. 

Mixed ionic-electronic conduction in solid electro- 
lytes has heen studied by Schmalzried and Tare (6, 7) 
on a theoretical basis. In the present work, this theory 
is applied to Cel-xGdzO2-x/.~. Electronic conduction 
under a reducing atmosphere results from excess elec- 
trons generated by the reaction 

Oo = 1/2 O2(g)  + Vo + 2e [1] 

where  Oo and Vo represent  oxygen ions at normal  la t-  
tice sites and doubly ionized oxygen ion vacancies. The 
equi l ibr ium constant K for the react ion [1] is 

K =- nvne2po~ I/~ [2] 

where  nv and ne are the concentrat ion of vacancies 
and electrons, respectively. Assuming the number  of 
oxygen ion vacancies generated by Eq. [1] to be neg-  
ligible compared with that  produced by replacement  of 
Ce ~+ by Gd a+ [Vo] 

ne = (K / [Vo] )  1/2.PO2--1/4 [3] 

Thus, the electronic conductivi ty is given by 

~e = (e~) ( K / [ V o ] )  1/2.po -1/~ [4] 

where  e is the charge of an electron and # is its mo- 
bility. By substi tut ing Eq. [4] into the equat ion defin- 
ing the ionic t ransference number  

we obtain 

where  

t~ - - -  [5] 

ti = [6] 
1 + (Po2/P*o.~)-l/4 

P02 : (#e/~i) 4 (K/ [Vo]  ) 2 [7] 

Here, ~i represents the ionic conductivity. Since r is 
considered to be independent  of P02, P*02 is a constant 
corresponding to an oxygen part ial  pressure at which 
the ionic t ransference number  becomes 0.5. On the 
other  hand, the emf (E) of the galvanic cell 

O.~ (P02 = 1 atm),  Pt  I Cet-xGdxO.~-x/.~ I Pt, O., (po.,) [I] 

is given by 
RT Iv'o~ 

E : t~d in Po2 [8] 
4 ~  PO~ 

By substi tuting t~ in Eq. [8] by Eq. [6], and in tegra t -  
ing, we obtain 

RT , ln ( I + p* o~.I/4 ) 
E = F Po'Y 4 + P*o2 TM [9] 

This provides the theoret ical  background for the fol- 
lowing discussion. 

Experimental 
SampZe preparation.--Ceria powder  (99.99% pure, 

Shin-e tsu  Chemical Company) and Gd20~ powder  
(99.9% pure, same supplier)  were  weighed, mixed in 
an agate mortar  for 30 rain, and heated in air at 1300~ 
for 8 hr. An x - r ay  analysis of the resul tant  specimen 
showed the diffraction pat tern  of the fluorite s t ructure 
only. This specimen was reground in an agate mortar  
to 325 mesh size. In order to obtain a dense specimen, 
3 mole per  cent (m/o)  of magnesium was added in 
the form of Mg (NO3)2. Methyl  cellulose was added to 
this as a binder and the t reated powder  was cold 
pressed into 20 mm diameter  pellets. The pellets were  

heated in air at 1800~ for 2~3 hr in a Pt-40% Rh 
basket. The pellets in their  final state were  ca. 1.5 mm 
thick and ca. 16 mm diameter.  Apparent  density of the 
pellets was more than 98% of the theoretical  value 
calculated from the latt ice constant. 

EMF measurements.--The test pel let  was provided 
with  p la t inum paste electrodes (5 mm diameter)  on 
both sides. The platinum paste (No. 8103, Tokuriki 
Chemical Company) was baked at I000~ for I hr. 
SEM observations showed the electrodes to be of a 
very porous structure, ensuring that equilibrium oxy- 
gen pressures would be attained quickly at the elec- 
trode/electrolyte interface. This test specimen was at- 
tached to an emf measurement apparatus, in which one 
side of the electrodes was exposed to pure oxygen and 
the other side to a gas mixture of O2/N2 or CO2/H2. 
The specifications of the apparatus have been given 
in a previous paper (4). 

High oxygen pressures (i ~ I0 -.5 atm) were achieved 
by using O2/N2 mixtures. Low oxygen pressures (I0-13 
,-~ 10 -20 arm at 850~ were obtained with CO.~/H.~ 
mixtures by using gas flow meters to control their flow 
ratio. The H.~ to CO2 mixing ratio ranged from 0.i to 
250 (or infinite). The gas mixture and oxygen were 
passed at a total pressure of i arm and linear speeds of 
about 0.5 cm/sec (at room temperature), assuring tha~ 
the gases were heated to the equilibrium furnace tem- 
peratures. 

The emf of the galvanic cells was measured by using 
a potentiometer (Yokogawa Electric, Type P-l). Con- 
ductivity measurements were carried out employing a 
d-c four-probe method. The details of the apparatus 
used in the conductivity measurements were given in 
a previous work (4). In all experiments, temperatures 
were controlled to within _+_I~ 

Results and Discussion 
The temperature dependence of the total conductiv- 

ity (zT) vs. I/T in air for Cel-zGdxO2-z/2 is presented 
in Fig. i. The temperature dependence observed for 
low dopant concentrations (x ~ 0.I ~ 0.3) may be 
described in the form 

= IT (A1 exp (E1/RT) + A2 exp ( E J R T ) ] - I  [10] 

as reported by Bauerle  and Hrizo (8) for a ZrO2-Y20~ 
electrolyte. 

The electrical conduction in air at tempera tures  be- 
tween 700 ~ and 850~ was proved to be ionic by using 
cell [I] in which Po2 ~- 0.21 atm. In  the same manner,  
it was found that  the ionic t ransference number  for 
Cel-vGd~O2-x/.~ (x : 0.1 ~ 0.5) is larger  than 0.98 for 
Po2 from 10 -1 to 10 -5 arm at tempera tures  between 
700 ~ and 850~ 

To i l lustrate the oxygen pressure dependence of the 
emf given by the galvanic cell [I] under  lower  oxygen 
pressures, two isotherms for the compositions 
Cel-xGdxO2-z/2 (x ~ 0.2 and 0.5) are plotted in Fig. 
2. For comparison, the observed emf's of the same type 
Zr1-xY.~O.~-z/2 (x ~ 0.i0) galvanic cell are also plot- 
ted. In the case of ZrO2-Y203, the Po2 dependence of 
the emf is described by 

RT 
E ---- In (P'o2/Po2) [ii] 4F" 

the relation obtained when ti ~ i, or P*o2 << Po~ in 
Eq. [9]. Although P*o2 for ZrI-xYzO2-~/2 (x ~ 0.I) 
has not yet been reported, it seems to be less than 
I0 -4~ atm at 750~ since Schmalzried (6) has reported 
that P*o2 for Zrl-xCaxO2-z (x ~ 0.15) is i0 -~ atm 
at 800~ Contrary to yttria-stabilized zirconia, the 
plotted emf's of Ce~-zGdzO2-x/2 cells show a deviation 
from the Po2 del~endence expressed by Eq. [ii]. This 
indicates that the electronic conduction in Cel-zGdz- 
O2-x/2 is not negligible as compared with the ionic 
conduction under the oxygen pressures employed in 
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Fig. 1. Conductivity-temperature behavior for Ce~-xGdxO2-x/2. 
For the sake of clarity only a few of the measured data points for 
x ----- 0.1 and 0.2 are shown. 

Table I. p*o2 (arm) values for Cez-~cGd~02-~/~ 
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x• (~ 
7oo 750 800 85o 

0 .1  1 . 3 0  • 10-1r  2 . 5 3  • 1 0  -~e 2 . 4 3  X I 0  -z~ 3 . 6 5  X 10  -z~ 
0 .2  1 .24  X 10  -l~ 3 . 9 2  • I 0  -~s 9 . 2  x 10  ~ 7  1 . 7 3  X 10  - ~  
0.3 3,16 x i0 -IB 5.6 x I0 -Is 8.5 X 10 -~7 9.0 x i0  -ze 
0.4 9.3 x 10 -19 8,8 • I0 -Is 6.3 x i0  -I~ 3.85 X I0 -ze 
0.5 1.46 • 10-~6 1.38 X 10 -is 1.1~- • 10 -z~ 6.5 X 10-~( 
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Fig. 2. EMF for galvanic cells, 02 (1 arm), Pt [ Cel-xGdxO2-x/2 
(x ~ 0.2 and 0.5) I Pt, 0.~ (Po2), as o funcHon P02 at 750~ For 
comparison, data for Zrz-xYz02-:c/2 (x __-- 0.1) ore shown. 

these experiments.  The dependence of the emf  on Po2 
is in good agreement  with Eq. [9] yielding values for 
P*o2 of 3.92 x 10 - i s  and 1.38 X 10 -15 a t m f o r  x_-- 0.2 
and 0.5, respectively.  According to Eq. [9], the emf  
saturates to a value  Es 

RT 1 -t- (P*o~.) 1/4 
E s  = - -  I n  [12] 

F (P*o2) 1/4 

The emf's observed when hydrogen wi th  a dew point 
of ca. --30~ was introduced into the cells corre-  
sponded to Es calculated f rom Eq. [12] using P'o2 de-  
r ived for Cel-xGd~O2-x/c (x ---- 0.1 ,-, 0.5). These are 
tabulated in Table I. The tempera ture  dependence of 

* O  P 2, which is to be discussed later, gives a s traight  
line in Arrhenius  plots. 

From the values for P*o2, the ionic t ransference 
number  t~ can be calculated as a function of Po2 em-  
ploying Eq. [5]. This is given in Fig. 3 for the com- 
position Cel-xGdxO2-x/2 (x -: 0.2). The calculated 
transference number  is ai/(r -t- ae). This should be dis- 
t inguished f rom the "mean"  t ransference number  tm 
given by 

t~ = E ~ l n  (P'oJPo~) [131 

where  Po9 and P'oe are oxygen pressures in the same 
asymmetr ical  cell as cell [I]. The value of tm defined 
by Eq. [13] is an impor tant  cri terion when applications 
of electrolytes to fuel cells are considered. It  is shown 
in Fig. 3 only for 700~ 

The tl isotherms at Po2 = 10 .2o atm and tm for P'o~ 
= l a t m a n d p o 2  ( i n E q .  [13]) = 10 - 2 0 a t m  are given 
in Fig. 4 as a function of dopant (Gd 3+) concentration, 
z. A m ax im um  in ti appears around x = 0.2 at 700~ 
but at higher  tempera tures  the m ax im um  point shifts 
to higher  Gd 3 + concentrations. A m a x i m u m  in tm ap- 
pears at the composition which gives the m ax imum 
in ti. 

Though ti does not exceed 0.37 for all compositions 
investigated, tm at 7O0~ is as large as 0.91 for x = 0.2. 
This suggests that  the uti l ization of Cel-xGdx02-.~/2 
(x = 0.2) in fuel cells is l ikely to be successful, con- 
t ra ry  to Cel-xLa~O.).-~/2 solid electrolytes (9). In the 
ease of Cet-~LaxO.~-x/.~, the t ransference number  is 
improved by increasing x, while the conductivi ty is 

" l " O ~ r ~ ~  : 70  o 

 ool\ 

~ 0 . 2  

'- 0 ~ 
12 16 20  2 4  

--log Po2(atm ) 

Fig. 3. The ionic transference number, ti, for Ce l -xGdxO2-x  
(x z 0.2) as a function of po 2 as derived from p*o~ in Table I. 
The mean transference number, tm (see text), is also shown for 
700~ 
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Fig. 4. The ionic transference numbers (ti and tin) as a function 
of x in Cez -zGd=02-= /~ .  

sacrificed (10). However, Cel-~GdxO2-~/2 exhibits 
the highest t ransference number  at the composition 
(x = 0.2) where the conductivity is approximately 
maximized (cS. Fig. 1 and 4). Moreover, the conduc- 
t ivi ty of C e l - x G d z O 2 - x / 2  at 700~ almost equals the 
value of calcia-stabilized zirconia at 1000~ 

Let us consider how the composition (x) dependence 
of the transference number  (or P*o2) arises. As Eq. [5] 
indicates, the ionic t ransference number  becomes, in 
general, larger if ionic conductivity increases. At the 
same time, if the reduction of Ce 4+ to Ce 3+ is sup- 
pressed, the t ransference number  also increases be-  
cause the n u m b e r  of excess conduction electrons is de= 
creased. Higher vacancy concentration, i.e., higher x, 
will shift the reaction given by Eq. [1] to the lef t -hand 
side and the concentrat ion of Ce 3+ ions will  decrease. 
This results in an increase in the ionic transference 
number .  For the CeO2-La203 system, the relat ion be-  
tween the stabil i ty of Ce 4+ and the dopant La ~+ con- 
centrations has been studied (10, 11); however, the 
conclusions are not real ly clear. 

The stabili ty of Ce 4+ may be determined by  the 
equi l ibr ium constant K of the reaction given by Eq. 
[1], which has the form 

K = Ko exp ( - -~H/RT)  [14] 

where ~ is the enthalpy change of the reaction. ~ Thus, 
the tempera ture  dependent  variables in  Eq. [7] are 
K, ~i, and ~. The dependence of ~i on tempera ture  is 
expressed by Eq. [10]. However, this is well approxi-  
mated for all compositions in  the tempera ture  range 
between 700 ~ and 850~ by 

#to ai -- exp ( E i / R T )  [15.] 
T 

where El is the activation energy of oxygen ion conduc- 
tion. This value ranges from ca. 0.55 to 1.3 eV as cal- 
culated from Fig. 1. On the other hand, ~ may be given 
by  

b 
-- ~ - e x p  ( - - E e / R T )  [16] 

assuming electrons migrate by a hopping mechanism 
in  this case. Since Ee < <  Ei (El is equal to at least 0.5 
eV for Cel-=Gd=O2-=/2, x -- 0.1 ~,, 0.5), Eq. [7] can be 
rewr i t ten  as 

P*oe 

o r  

z A H  = partial molal quantity discussed later. 

(P*o2) i/4ai = be[Vo]  1/2 . K l /2  -_ ~ [18] 

Equat ion [17] requires that the tempera ture  depen- 
dence of P*o2 be exponential .  This requi rement  is met  
as mentioned before. Taking logarithms of Eq. [18] 
and differentiating with respect to ( l / T ) ,  one may 
derive 

,0 in  a 1 0 Z~H 
--------, INK-- ---- [19] 
O ( 1 / T )  2 O(1 /T )  2R 

Hence, aH can be calculated from the slope of each 
l ine given in Fig. 5, in  which a for Cel-xGdzO2-=/2 is 
plotted vs.  1 /T .  

The aH value obtained should be considered as the 
part ial  molal enthalpy change for the reduction of the 
solid electrolytes represented by Eq. [1] at the com- 
position Cel-=GdxO2-~/2-~ at which 5 ~ 0. These are 
plotted in Fig. 6 as a funct ion of x, wherh bars at each 
point indicate the possible errors estimated by a re-  
gression analysis of Fig. 5. ~H is a measure of the sta- 
bil i ty of Ce 4+ in  the crystal lattice, i.e., the sta- 
bil i ty increases with an increase of ,xH. Since the de- 
pendence of ~H on x is not simple (as seen in Fig. 6), 
one cannot conclude that dopant Gd ~+ ions enhance the 
stabili ty of Ce 4+. Moreover, it should be noted that  all 
• obtained for Cel-xGd~O2-x/2 are smaller than 
that for CeO2 (107 kcal/u mole O2) (12) at the stoi- 
chiometric composition. 

The complicated relat ion between ~H and x causes 
the somewhat queer shapes of ti shown in Fig. 4. The 
sharp increase in ti be tween x = 0.1 and 0.2 at 700~ 
corresponds to the ~ increase in the same composition 
region. At larger x, however, 5n -changes  marginal ly  
with the variat ion of x and, as a result, ~i is con- 
trolled main ly  by ~i instead of the stabili ty of Ce 4+. 
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Fig. 5. Variation of (~ri" P*O2 '/4) with reciprocal absolute tem- 
perature for C e z - ~ G d z 0 2 - ~ .  
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Fig. 6. The partial molal enthalpy change (-~H) for the reaction 
Oo ---- ).~ 02(g) + _Vo + 2s of the compositions Cel-zGd.~,O2-z/2 
as a function of x. 
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Fig. 7. Comparison of "~H for Cel-xGd:cO2-z/2 with those for 
CeOn reported by Bevan (12) ( . . . . .  ) and by Brouer (13) 
( . . . .  ) as a function of n. For Ce~-xGdxO2-,r/2, n is (2  - -  x/2). 

Nevertheless, at higher temperatures the effect of an 
increase in _XH, which offsets that  of r becomes appre-  
ciable. This effect shifts the max imum in the ti curve 
for 800~ to larger x. 

Finally,  some consideration of the shape of the plot 
in Fig. 6 is needed. This plot is again shown in Fig. 7 
with the partial  molal  enthalpy composition data for 
nondoped CeOn reported by Bevan et al. (12) and 
Brauer et al. (13). Here the abscissa represents n in 
CeO~ instead of x, where n is (2 -- x /2 )  for Cel-zGdx- 
02-x/2. This figure makes it clear that oxygen ion 
vacancies generated by the reduction of CeO2 and those 
produced by the dopant Gd 3+ have the same effects 
on ~H as long as n < 1.9. All  three curves in  Fig. 7 
show similar  profiles which have their  min ima  at 
the same composition (n ---- 1.85) in  the region where 
n < 1.9, indicating that oxygen vacancies produced by 
the two different mechanisms influence .,.XH in the same 
manner  when defects of the oxygen ion lattice domi- 
nate. 

In  the region where  n > 1.9, however, AH for 
Cel-xGdzO~-~/2 drastically decreases towards n -- 2.0 in 
contrast to the results for CeOn. In  the case of CeO,, 
the decrease in  -~H to a m i n i m u m  at the composition 
CeOl.s5 can be interpreted as an effect associated with 
the increase in oxygen ion vacancies, with the in-  
crease after the mi n i mum being an effect related to an 
ordering of lattice defects. 

A remarkable  decrease in AH seen in the small  x re-  
gion for 'Cel-xGdzO2-x/2 should not be a t t r ibuted to 
the effect of oxygen vacancies but  to the solution of 
Gd 3+ itself. Perhaps a complex state between Gd ~+ 
and 0 2 -  with smaller  b inding energy is formed in  a 
dilute solid solution, and the ma x i mum at x = 0.2 
could be interpreted as the result  of rapid disappear- 
ance of the complexes between the composition x = 0.1 
and 0.2. 
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ABSTRACT 

It is difficult to provide a fine pattern of metal electrode across a step in- 
cluded in the substrate. In order to overcome this difficulty, we have devel- 
oped a method in which a deposition mask is constructed photolithographically 
by using a composite with the multi]ayer structure of negative photoresist 
layer-metal layer-positive photoresist layer. The electrode metal is evaporated 
through the windows opened in the composite mask. The principle of the 
present method and detailed procedure are described. The effect of the geo- 
metrical configuration of the evaporation setup on the broadening of the de- 
fined metal edge is also discussed. This method is applied in order to fabri- 
cate a planar Gunn-effect device. A Schottky gate electrode with a width 
of 2 #m is delineated across a bevel with a height of 3.5 #m. 

Recently, many  workers have investigated the ap- 
plication of the Gunn-effect  device with planar  struc- 
ture for high speed logic circuits, using an n-GaAs 
layer epitaxially grown on a semi- insula t ing GaAs 
substrate (1-4). Fabricat ion of these devices is per- 
formed by etching the unwanted  area of the n-GaAs 
layer and preparing ohmic and Schottky contacts (2-4) 
on the active area which is protected dur ing the 
etching. In these processes, steps are formed at the 
peripheries of the active areas. Usually, the height 
of the step is a few microns or larger (5). From the 
viewpoint of photolithography, however, the exist- 
ence of the step is disadvantageous in del ineating fine 
pat terns of the electrodes, par t icular ly  in preparing 
the Schottky gate electrode across the step. Both the 
standard photolithographic method, in which etch- 
resistant  photoresist is used, and the so-called "lift- 
off method" (7, 8), in which the photoresist pat tern 
is formed prior to metal  deposition, are not used 
successfully (9). On the contrary, improvement  of 
the device characteristics, such as trigger sensit ivity 
(3, 6), is achieved by preparing fine electrodes and 
controll ing the separation between them. Bachem and 
co-workers avoided such a disadvantage with a com- 
pletely planar  s tructure (9) in which the n-GaAs 
layer  is protected under  the ohmic and Schottky 
contact pat terns including the electrode leads during 
the sputter etching. However, this structure could 
possibly degrade the electrical characteristics of the 
device, due to inhomogeneities of the electric field 
or the gate capacitance under  the electrode lead, 
especially for devices with minute  dimensions. 

In  this paper, we wish to describe an improved 
method of defining the electrode pat terns across the 
steps on the substrate. This method utilizes a com- 
posite of a photoresist layer, an overlying metal, and 
a photoresist layer as a deposition mask during the 
evaporation of the electrode metal. The use of this 
composite mask has been proposed by Grebe and 
co-workers (10) for the case where no step is in-  
volved. We have extended the method for use in 
the fabrication of planar  Gunn-effect  devices. The 
structure includes steps with 3.5 ~m height and line 
widths of 2 ~m. 

Method 
Figure 1 i l lustrates the sequence of the processes 

used to form a fine pat tern of electrode across a step 
on the substrate. Only the key part  of the device is 

K e y  words :  pa t t e rn  del ineat ion,  bevel,  deposi t ion mask ,  ohmic  
contacts ,  Seho t tky  ga te  e lec trodes .  

shown, and the Schottky gate formation is used as 
an example; essentially the same process is applied 

( i i ) ~  

,v, l J  

photoresist I - - I ~  metal  

Fig. 1. Schematic representation of the method used to delineate 
a fine pattern of the metal electrode (Schottky gate) across a bevel 
on the substrate: (i) etching of the substrate to form a bevel, (ii) 
coating of the substrate with a positive photoresist layer followed 
by prebaking, (iii) thinning and smoothing of the resist layer, (iv) 
evaporation of a metal on the whole surface of the resist layer, (v) 
pattern formation on the metal layer by chemical etching with a 
mask produced by a negative photoresist layer using usual photo- 
lithographic technique, (vi) overexposure of the positive resist layer 
followed by development, (vii) evaporation of a metal film through 
the window in the composite layers and subsequent removal of the 
layers by immersion in acetone, thus leaving the desired pattern 
of the metal electrode. 

420 
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to the ohmic contact formation. Here, we consider a 
GaAs layer with (100) surface. 

(i) First, removal  of the unwanted  area of GaAs 
layer  is performed by usual  photoresist protecting 
technique and chemical etching. In  this process, a 
bevel shape must  be formed for the benefit of elec- 
trode crossing. The direction of the step edge should 
be chosen parallel  to the <011> crystal axis (11, 12). 
An etchant, the rate of which is reaction l imited (12), 
is effectively used to obtain the bevel shape. 

(ii) Positive photoresist, e.g., AZ-1350J, ~ with a 
thickness large enough to cover the whole substrate 
surface including the bevel top is coated and baked 
well (a few hours at 70~176 for AZ-1350J). 

(iii) A f la tphotores is t  surface is needed to min i -  
mize the deleterious effect of optical diffraction in 
the subsequent  photoresist process. For this purpose, 
the resist surface is mechanically polished and 
smoothed to a thickness about 3-10 ~m larger than 
the bevel height. This process is performed in a way 
similar to the polishing of various semiconductor 
surfaces. The resist surface is smoothed by polishing 
with a lumina  powder (grain size of 3-0.3 nm) dis- 
solved in water  on a flat plate the surface of which 
is coated with a silk cloth, and is then finished by 
polishing in flowing water. Shallow scratches which 
are passively made in this process are not too ha rm-  
ful because the resist layer acts only as a spacer be- 
tween the substrate surface and the overlying metal 
layer; the lat ter  is prepared in the subsequent  proc- 
ess. Thus, a carefully performed process results in 
a good uni formi ty  of the residual resist thickness 
excluding the small area neighboring the wafer 
edge. 

( iv)  A metal  layer  is deposited on the whole sur-  
face of the resist layer. It is recommended that the 
procedure (ii) to ( iv)  be carried out under  dark-  
room conditions. 

(v) The electrode pat tern  is delineated by the usual 
protecting method and chemical etching. In this proc- 
ess, a positive photoresist layer is applicable as de- 
scribed by Grebe et al. (10). In that case, however, 
the resist is also removed in the next  procedure in 
which the exposure and development  of the lower 
resist layer are carried out. When a negative resist 
is used, it can still remain on the metal  surface dur-  
ing the subsequent  process. The use of a negative 
photoresist layer is advantageous in forming a good 
deposition mask even when the undercut  of the metal 
layer occurs dur ing etching procedure because the 
remain ing  negative photoresist edge works as the 
pat tern-def ining mask dur ing the following metal  
evaporation process. 

(vi)  By the exposure of the whole area followed 
by the development, the exposed portion o~ the posi- 
tive photoresist layer upon wh:eh no overlying metal 
exists is removed. The residual upper resist layer 
together with the metal layer can work as the deposi- 
tion mask in the next process. The exposure time 
should be long enough for the bottom width o[ the 
hole in the resist to exceed the width off the metal 
deposited in the subsequent process. Overexposure 
is needed to control the pattern definition property 
only by the deposition process, not by other condi- 
tions. This aspect is useful to exclude the critical 
nature of the exposure and development of a thick 
resist layer. 

(vi) Next, the electrode metal is evaporated at an 
angle normal to the surface, then the reMst layers 
and the upper metal layers are removed by immer- 
sion of the substrate in acetone. These processes re- 
sult in the desired structure. 

: Sh ip ley  C o m p a n y ,  Inco rpora t ed ,  Newton ,  IVIassachuse%ts. 

In the last step of these processes, the configura- 
tion of the evaporat ion setup influences the qual i ty 
of the deposited metal  edge. The schematic i l lustra-  
tion of the setup is shown in Fig. 2. As can be seen 
in Fig. 2, the broadening, b, and the t i l t ing distance, t, 
of the edge are expressed by s ( l  -- m ) / 2 ( h  -- s) and 
s l / ( h  -- s) ,  respectively. In order to reduce these 
values for a given pat tern width, m, it is impor tant  
to select a large source-substrate  separation, h, a small 
source dimension, l, and a small resist thickness, s. 
Although a greater  amount  of metal  is required as h 
increases, broadening and t i l t ing of the edge are 
greatly suppressed. 

Results and Discussion 
To demonstrate the performance of the present  

method, an experimental  result  is described. A GaAs 
crystal with (100) surface was etched into bevel 
shapes, the height of which were 5.8 nm, using the 
8H202-1H2SO4-1H~O system (12). Then the composite 
mask was constructed using AZ-1350J, an Au layer 
(~0.2 ~m), and spin-coated OMR-832 (~_1 ,m) .  The 
lower resist layer  was th inned to about 11 ~,m on the 
bevel bottom surface and to about 5 ~m on the bevel 
top surface. The uni formi ty  of the resist thickness 
was good in the whole wafer area, excluding the 
area within 150 ~m from the wafer edge. After the 
delineation of the pat terns on the Au layer, the posi- 
tive resist was exposed to ul t raviolet  light for 10 rain 
by means of a conventional  photoresist exposure 
apparatus. Then the Au layer  with 0.7 F,m thickness 
was deposited by using an evaporation source with 
effective surface dimensions o~ 1.3 cm X 0.7 cm (l 

1.3 cm). The substrate was set at a distance of 25 
cm from the source (h = 25 cm). Figure 3 presents 
scanning electron micrographs showing the cross sec- 

Tokyo Ohka  Kogyo  Company ,  Limited,  K a w a s a k i ,  J a p a n .  
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Fig. 2. Schematic drawing of the geometrical configuration of the 
evaporation source, the composite mask, and the substrate surface. 
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Fig. 4. Scanning electron micrograph of the bevel metallized by 
a thick metal layer showing the structure after removal of the 
composite mask. Note that the metal edges both on the top surface 
(left-hand side) and on the bottom surface (right-hand side) are 
appreciably well defined. 

Fig. 3. Scanning electron mierograph of the structure of the 
substrate which is cross sectioned just after the evaporation of the 
gold layer. The structure observed for the area near the bevel is 
shown. 

tion of the substrate after  metal  evaporation.  The fig- 
ure indicates that  the deposited metal  is delineated by 
the edge of the upper  deposition mask, and that the 
overexposed lower resist layer  works as a spacer. Tak- 
ing h ~ s and I ~ j  m into account, we can calculate 
the dimensions of the deposited metal  edge. In this case, 
the t i l t ing distance is calculated to be 0.6 ~m on the 
bevel  bot tom surface and 0.3 ~m on the bevel  top 
surface, and the corresponding broadening is one- 
half  of that  on each surface. F rom Fig. 3(b) ,  the 
t i l t ing distance is measured to be approximate ly  0.5 
um on the bevel  bot tom surface. As is expected, this 
value agrees wi th  the calculated one. Figure  4 shows 
the scanning electron micrograph of the Au pat tern  
which was revealed  after removal  of the composite 
mask. Both the le f t -hand  and the r igh t -hand  parts 
of the photograph show the top and the bot tom sur- 
faces of the bevel. A thick metal  layer  wi th  wel l -  
defined edges is formed on each surface. It is also 
worth  noticing that  some pi le-up of the deposited 
metal  on the edge of the composite deposition mask 
occurs, as shown in Fig. 3 (a). This may cause a nar-  
rowing of the window opened in the mask during the 
course of meta l  evaporation,  par t icular ly  in the case 
where  a ve ry  thick metal  layer  is delineated. The 
t i l t ing of the upper edge of the deposited metal  with 
an angle smaller  than the expected one (Fig. 4) may 
be at t r ibutable  to this window-nar rowing  effect. 

Planar  Gunn-effect  devices were  fabricated using 
the same method. An n-GaAs layer wi th  (100) sur-  
face grown on a Cr-doped GaAs substrate was etched 
into a bevel  with a heigbt  of 3.5 ~m. Then the com- 
posite mask was formed as described above. To form 
the ohmic contacts, an Au-Ge-Ni  mix ture  was e v a p o -  

rated to a thickness of about 3000A. Removal  of the 
composite mask and subsequent  alloying of the Au-  
Ge-iNi films at 430~ for 40 sec provided good ohmic 
contacts. The Schottky gate electrode was prepared 
by an a luminum layer  wi th  3000A_ thickness. In this 
fabrication, a smaller  source dimension (l _-- 0.7 cm) 
and a larger  source-substrate  separat ion (h ~ 30 cm) 
than those used in the previous exper iment  were  
selected. Figure  5 shows the whole s tructure of the 
resul tant  device. The separation between the gate 
and the cathode and the small width of the gate 
are both 2 ~m on the top of the bevel. It has been 
confirmed by large magnification measurement  that 
any additional broadening of the gate line width 
cannot be detected within the measurement  accuracy 
even on the bevel  bot tom surface. 

Figure  6 shows the wave  forms of the t r igger ing 
input and the current  output obtained on a device 
wi th  a gate-anode separat ion of 25 ~m. The device 

Fig. 5. Scanning electron micrograph of a planar Gunn-effect 
device with a Schottky gate prepared by using the metallization 
method described in the text. The distance between the gate and 
the anode, the width of the active layer, and the bevel height ore 
20 ~cm, 60 ~m, and 3.5 #m, respectively. The gate width is onty 
2 #m. 
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Fig. 6. Waveforms of the triggering signal fed into the gate 
(upper trace) and the current output detected by a 50 ohm load 
resistor (lower trace). The device is d-c biased at the subthreshold 
state. The vertical scale is 100 mV/div, and the horizontal scale is 
250 psec/div. The time scale for the upper trace advances that for 
the lower one by about 100 psec in this photograph. 

~m. A Schottky gate electrode with a width of 2 ~m 
has been delineated across the bevel. A rapid re- 
sponse characteristic has been achieved, largely due 
to the fine electrode patterns.  

Delineation of a fine pat tern  across bevels on the 
substrate is greatly improved by this method. Adding 
to this, a greater  thickness of the deposited metal  
does not impede the pa t te rn  formation. By this method, 
it is possible to make a narrow, thick metal  stripe 
across a bevel, which has a small  longi tudinal  resist- 
ance. Moreover, owing to these features, this method 
is considered to be of fur ther  usage in the micro- 
fabricat ion of GaAs. 
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was d-c biased and the output  was controlled by the 
tr iggering signal fed into the gate. A rapid response 
with 30.0 psec pulse width was obtained on the output  
by a gate input  as small as 80 inV. In  fabricat ing a 
device with such a large pulse repeti t ion rate, and 
therefore having such fine dimensions, the method 
described in this paper is useful. 

Conclusions 
An improved photolithographic method makes it 

possible to delineate a fine pat tern  of the electrode 
metal  across a bevel on the substrate. The method 
utilizes a deposition mask with a mul t i layer  s truc-  
ture composed of a negative photoresist layer, a metal  
layer, and a positive photoresist layer. In this method, 
the deleterious effect of optical diffraction is min i -  
mized by using an exposure mask in int imate  contact 
with the flat surface of the upper negative photoresist 
layer. To obtain the flat surface, the lower photoresist 
layer  surface is mechanical ly polished. Then windows 
are opened in  the lower photoresist layer  using the 
pat tern-defined upper metal layer as an exposure mask. 
Thus the pat tern-def ining deposition mask is formed 
by the upper photoresist layer  together with the 
metal  layer. The broadening and t i l t ing of the result-  
ing pat tern  edge are minimized in the subsequent 
metal  evaporat ion process by adopting an evapora-  
tion source with a small area and by setting the sub- 
strate far from the source. 

The method has been applied in the fabrication of 
p lanar  Gunn-effect  devices with bevel heights of 3.5 
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Vapor Pressure Dependence of the Relative Composition 
of IlI-V Mixed Crystals in Vapor Phase Epitaxy 

Kenji Kaiiyama 
Nippon Telegraph and Telephone Public Corporation, 

Electrical Communication Laboratories, Musashino, Tokyo 180, Japan 

ABSTRACT 

It is thermodynamical ly  deduced that the composition x of InzGa1-~As 
depends on the arsenic vapor pressure in a vapor phase epitaxy. Calculated 
results agree with the experiments.  A simplified formula of the equi l ibr ium 
relat ion is also deduced in  the conventional  reaction system without  excessive 
arsenic pressure. 

Mixed crystals of I I I -V compounds are promising ma-  
terials in various applications. Taking the In~d:~al-xAs 

Key  words :  I I I -V,  In~Gal-zAs, arsenic  vapor ,  vapor  phase epi taxy,  
distribution relat ion.  

system as an example, the dis t r ibut ion relat ion of 
In  vs. Ga between the source vapor phase and the 
crystal phase should depend on the As vapor pressure. 
A simple derivation of the dis tr ibut ion relat ion is pre-  
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sented here, along wi th  a comparison with  exper i -  
mental  results. Exper iments  have been carried out  
with an (In-Ga)-AsC13-As-H~_ system (1). As4 and 
HC1 are produced by the reaction of AsC13 wi th  He 
at 850~ Result ing HC1 reacts wi th  In-Ga metal  to 
form InC1 and GaC1 (870~ The most significant fea- 
ture  of this system is tha t  the main  As source is me-  
tallic As, which is evaporated by heating at a t em-  
pera ture  f rom 350 ~ to 460~ Evaporated As pressure 
is much larger  than the decomposited As pressure from 
AsC13. He is used as a carr ier  gas. 

Assuming equi l ibr ium 

InCl(g)  -6 ,~4As4(g) -6 YzH2(g) = InAs(s)  -6 HCl(g)  

[i] 

GaCl(g)  -6 u -6 l/zH2(g) = GaAs(s)  -6 HCI(g)  

[2] 
with the equi l ibr ium constant K 

KInAs = aInAsPHClPIncI-- lpAs4--1/4pH2 -1 /2  
and 

g G a A s  --" aGaAsPHClPGaCI-- lpAs4--1/4pH2 - 1 / 2  

where  a is the act ivi ty and p is the part ial  pressure 
(atm) in the crystal growth region. The above formulas 
are val id in any reaction system wi th  chlorides for the 
transport  of I I I -group components and He as the car-  
r ier  gas. Using the regular  solution model  (2), activities 
are given with  the interact ion parameter  

aznAs = X exp [~ (i -- x )  2 /RT] ,  

aG~As = (1 -- X) exp [~ �9 x2 /RT]  

In the usual exper imenta l  t empera ture  region, Pine12 
~ PInCl, PInC13 ~ PlnCl, PCaCl2 < ~  PGaCl, PGaCIa ~ 
PGaCl, and Pcl2 < <  PHCl, which have been confirmed by 
mass spectrometry (3) and the equi l ibr ium constants 
(4). The molar  ratio y = nIn/(nzn -6 riGa) of In to the 
total I I I -group  components in the source vapor  is ap- 
proximated  as 

y /  (1 -- y )  -~ P'InC1/P'GaCl 

: (PInCl  -6 XPHC1) /{PGaCl  -6 (1 - -  X ) p ~ C l }  [3]  

where  P'InC1 - -  PInC1 ~--- ~"~7~InAs ~ ~'X'~' f l -InxGal--xAs ~- 
:~'PHcI and P'caci - -  PGaCi = ^f'~'lT'GaAs ~ ' ) ' (1 - -  X) 
AnInzGal--zAs : (1  - -  X) PHCI ( P '  i s  t h e  start ing part ial  
pressure, 5n is the depositing rate of crystal, and "v is 
the exper imenta l  constant),  since, in the In-Ga source 
region, HCI is almost ful ly consumed by the In-Ga 
source to form InC1 and GaC1 (3) and, in the crystal 
growth region, HC1 is regenera ted  f rom InC1 and GaCI 
to deposit InAs and GaAs, respectively.  

The composition dependence on As pressure is then 
deduced, using PH~ = i -- PAs~. In the usual exper i -  
menta l  condition, PInCl < <  1, PCaCl < <  1, PHC1 < <  i ,  
and PAs~ < <  PAs4. The last inequal i ty  is approved by 
the equi l ibr ium constant K ~ PAs22/PAs4 ~ ]0 -3 ( T  
I100~ of the equi l ibr ium As4(g) = 2As2(g) (4) 

1 [ x ( 1  -- y )  a ( 1  -- x )  "~ 
PAs4 ~/4 (1 -- PAs4) 1/2 ~_ - x L ~ e x p - - ~ T  

(1 - -  x ) y  o x ~ "I  
exp }- [4] 

KCaAs ~-- J 
As the le f t -hand  side of Eq. [4] has a max im um  
~/4/27 at PAs4 ~--- 1/3 and a min imum 0 at P.<s4 = 0 or 1, 
the range of x is restr icted for a given y. If p~s~ < <  1, 
which corresponds to the min imum condition and is 
the conventional  case wi thout  metal l ic  As source, Eq. 
[4] becomes simpler. In this case, the consumption of 
the I I I -group components in the crystal  growth region 
is small (y / (1  -- y )  : P'~ncl/P'caci ~ P~nc]/P~acz) 

y~ (1 -- y)  -~ ( KG~As/K~nAs) {X/  (1 -- X) } 

exp{~(1 -- 2 x ) / R T }  [5] 
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G a A s  0.0 . . . . ,  ~ ,  , , , , , , 

I~' 16 3 1 d 2 10 ~ to 
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Fig. 1. Composition x of In.rGal-xAs crystal vs. arsenic vapor 
pressure PAs4 with the starting molar ratio y of In. : cal- 
culated result; point: experiment (1); Q :  z ~- 0.9 (y ~ 0.83); 
I-I: z ~ 0.7 (y ~_ 0.61). 
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Fig. 2. Distribution relation af the Ill-group component between 
y in the starting source vapor and x in the grown crystal. - - :  
calculated result for the minimum (the case in the conventional 
experiments); . . . . .  : calculated result for the maximum; Q :  
experiment (7); [~: experiment (8). 

The As pressure dependence of the distr ibution re la-  
t ion (Fig. 1) and the range of x (Fig. 2) have been 
calculated using the thermodynamic  coefficients: ~ 
3000 ca l /mole  (2), logl0KInAs : --7.68 -6 7595/T (5), 
Iogl0KGaAs ---- --8.04 -6 6990/T -6 0.35 • 10 -3 T -6 0.22 
In T (4). ]:'he calculated As pressure dependence agrees 
wi th  the exper imenta l  results (1). 1 The start ing As 
pressure in the source gas does not exact ly equal the 
equi l ibr ium As pressure in the crystal  growth region. 
But the difference be tween them, which results f rom 
crystal deposit, is small. (P'As4 is much larger  than p' 
of any other  component  gas in metal l ic  As source sys- 
tem. ) 

As the In -Ga  source has been used in the experiment,  
the distr ibution relat ion be tween  y and the molar  ratio 
z of In in the In-Ga source is needed. The y - z  relat ion 
is deduced in a similar  way to Eq. [5], assuming a 
thermoequi l ibr ium condition in the In -Ga  source re-  
gion 

y /  (1 -- y )  = (KGa/KIn) {Z/ (1 -- z)} 

exp{aIn-Ga(1 -- 2 z ) / R T }  [6] 
wi th  

K i n  ~ PInClPH21/'2aIn- lpHc l  - j 

g G a  ~- PGaClPH21/2aGa--lpHc1-1 

1 i f  a small  quant i ty  of the In-Ga source is used, x increases dur-  
ing the series of exneriments ,  because Ga is consumed faster  t han  
In, as shown by the fol lowing y-z  relat ion.  
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w h e r e  P'incl2 < <  P'InCl, P'InCl3 < <  P'InCl, P'GaC12 < : <  
P'CaCl, P'GaCl.~ < <  P'GaCl, and P'cI2 < <  P'I~Cl are as- 
sumed i n  the In -Ga  source region (3, 4). Calculated 
y values for the exper imental  z values are shown in 
the caption of Fig. 1. The following thermodynamic  co- 
efficients were used: ~In-ca ---- 1060 cal /mole (6), 
/ { In (900  ~  = 4.56 (3), K G a ( 9 0 0 ~  ~ 5.67 (3). 

The calculated x - y  relat ion for the m i n i m u m  condi- 
t ion agrees with the exper imental  results (7, 8), but  
differs somewhat from other detailed calculated re-  
sults (9). The reason is a difference in  the adopted 
thermodynamic coefficients but  not in the simplified 
theory. The dis tr ibut ion relat ion depends weakly on 
the tempera ture  because KGaAs/KInAs and exp {a(1 -- 
2x) /RT} vary  slowly with temperature.  

In  a conventional  reaction condition, where the par-  
tial pressure of the reactant  gas is low (<  10 -3 atm),  
the dis t r ibut ion relat ion of I I I -V mixed crystal is gen-  
eral ly  simplified 2 

y / ( 1  -- y )  : [ (K1/K2) {x/(1 -- x ) )  

exp{~(1 -- 2x) /RT}]  *~ [17] 

where m is the n u m b e r  of re levant  atoms in a molecule 
part icipat ing in the thermoequi l ibr ium. For example, 
m : 1 in the InxGa,-xAs system (In in  InC1 and Ga in 
GaC1) and m : 4 in  the InAsxPi -z  system (10) (As 
in As4 and P in P4). And the dis t r ibut ion relat ion de- 
pends on the part ial  pressure of the common atom, e.g., 
PAs4 in the InxGal-xAS system and PmCl in  the 
InAsxPl-x  system (10). 

_o A detaiIed discussion of the  d e d u c t i o n  w i l l  a p P e a r  later  w i t h  an -  
o ther  good example of InAs~Pi-.. 
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The Preparation of High To Nb3Ge Superconductors by 
Chemical Vapor Deposition 
L. R. Newkirk, F. A. Valencia, and T. C. Wallace 

Los Alamos Scientific Laboratory, Los Alamos, New  Mexico 87544 

ABSTRACT 

Bulk layers of Nb3Ge have been deposited on copper substrates at 900~ by 
the hydrogen reduction of the chlorides of n iobium and germanium with 
resistive Tc's as high as 22.5~ and current  densities up to 1.8 X 106 A-cm -2 
at 13.8~ This paper  provides a detailed description of the coating process 
as well as empirical correlations between deposition parameters  and Tc. Quan-  
t i tative chlorination of Nb was found to be possible at T ~ 250~ and for 
T > 900~ extending the range of delivery rates below those obtainable by  
powder feeding of NbC15. Coatings in  the range of 10-60 ~m thick have been 
produced with a typical deposition efficiency of 50-65% for mass flow rates of 
the order of lg of salt per minute.  The superconducting t ransi t ion tempera ture  
has been correlated with a parameter  of the form mole ratio • di lut ion • 
Reynolds number  0.22, where mole ratio is defined by moles Nb: moles (Ge + O) 
in the gas stream, and di lut ion by moles gas: moles salt. In addition, the rela-  
tionship between mole ratio and di lut ion which determines the phase pro- 
duced (Nb3Ge or Nb~Ge~) is defined over the region of major  interest. Lattice 
spacings are presented over a range of Tc's, and microstructure and substrate 
adherence are discussed, 

With the discovery that careful sput ter ing could pro- 
duce Nb3Ge with a t ransi t ion temperature  from 22 ~ to 
23~ (1, 2) this previously unexci t ing material  was 
thrust  to the forefront of h igh- tempera ture  supercon- 
ductors. In order to s tudy properties requir ing bulk  
quanti t ies of material  as well as to show potential  for 
commercial or industr ia l  development,  a technique was 
required which is capable of generat ing bulk quanti t ies 

Key words: superconductivity, niobium-germanide, b e t a - t u n g s t e n .  
v a p o r  depos i t ion .  

of this material.  The authors (3) and others (4-7) have 
demonstrated that the technique of chemical vapor 
deposition (CVD) is capable of producing Nb3Ge with 
superconducting onsets above 22~ in quanti t ies suffi- 
cient for a variety of measurements,  and in layers of 
sufficient thickness to be useful technologically. The 
superconducting properties of these deposits have been 
detailed in Ref. (3) and (4), and it is the in tent  of this 
paper to describe the deposition process itself and to 
examine the effects of the various coating parameters.  
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Coating Technique 
Basic apparatus.--The basic apparatus used in these 

exper iments  is depicted schematical ly in Fig. 1. Argon 
and hydrogen mixed in the desired proportions are pre-  
heated in a 2.5 • 30 cm cylindrical  nickel chamber  
maintained at 500~ and then mixed in a stainless steel 
tee at 350~ with  NbCI5 vapor  generated by one of the 
methods described later. GeCI~ vapor, produced by 
passing Ar  through l iquid GeC14 in the GeCI~ saturator,  
is introduced into the gas stream, and the resul t ing 
combination passed direct ly into the mixing chamber. 
This 5 • 30 cm stainless steel chamber  contains 10 
nickel baffles which prevent  any channeling of the gas 
through the chamber, and is maintained at 580~ The 
plumbing connecting these components is made of Ni 
tubing or pipe, except  where  couplings necessitate the 
use of stainless steel. 

Af te r  preheat ing and mixing, the gases and chlorides 
pass into the coating chamber  where  reduct ion takes 
place at 900~ according to the following reaction 

3NbCI4 -5 GeCI2 -5 7H2~ Nb3Ge -5 14HCI [i] 

The NbCI4 and GeCI2 which enter the reaction are gen- 
erated from the NbCI5 and GeCI4 by thermal decom- 
position as the salt temperatures are increased through 
the coating train, with the excess chlorine reacting to 
HCI. The deposition area itself consists of the inside 
surface of a cylindrical hard drawn Cu tube 2.2 X 60 
cm with a wall thickness of 1 ram, surrounded by a 1 
in. Ni pipe. The Ni pipe serves to protect the Cu tube 
from direct exposure to the atmosphere as well as to 
improve the uniformity of the substrate temperature. 
Temperature is measured by 4 Chromel-Alumel ther- 
mocouples placed in mechanical contact with the sub- 
strafe at ~ 8, 23, 38, and 53 cm from the inlet  end. Be-  
fore being exhausted, the unused gases leaving the 
coating chamber  are passed through an oil bubbler  to 
prevent  the back diffusion of air. 

Niobium delivery.--Both NbC15 powder  and Nb 
chlorination were  used successfully as sources of NbCI~ 
vapor. NbCI~ powder  of reactor  grade purity, but con- 
taining significant amounts of NbOC13, was screened to 
--100 mesh and entrained on an Ar  gas s tream by 
means of a commercial  powder  feeder  (Plasmatron by 
Plasmadyne Division of Geotel Incorporated) .  Feed 
rates varying from 0.8 to 2 g /min  were  employed with 
the lower  feed rate l imited by the equipment.  Rates 
were  measured by monitor ing an electronic load cell 
connected to the Plasmatron,  with an est imated accu- 
racy of •  The entrained powder  is then passed 
into a 20 l i ter  stainless steel chamber  maintained at 
400~ where  the NbC15 is vaporized. This large volume 
serves the additional function of smoothing fluctuations 
in the NbCt5 flow caused by i rregular i t ies  in the Plas-  
matron or packing of the chloride into small pellets. 
The argon-NbCl~ vapor  mix ture  is then ei ther passed 
into the coating train or exhausted through an oil bub-  
bler, depending on the positions of the valves shown 
in Fig. 1. 

The al ternate  technique of Nb chlorination is carried 
out in a 5 • 30 cm cylindrical  nickel chamber  main-  
tained at 250~176 containing reactor  grade niobium 

c,~-~ [LTZ"_'Z'Z'_U 

Ar > ( saturator ( 

volume ~ (eed lip ~Ar 
U .  . . . . . .  D__ - -L==  - -  . . . . .  

�9 Exhaust 

Fig. 1. Flow diagram for CVD apparatus 

tubing ei ther in the form of strips or cuttings. A chlo-  
r ine-argon mix ture  in the ratio of ~ 1 : 4  is introduced 
into the chamber, and chlorination to NbC[~ takes 
place. This process is sufficiently free of fluctuations 
that the NbC15 vapor can be introduced direct ly into 
the coating train following chlorination, without  the 
necessity of passing through a large buffering volume. 

Experimental Procedures 
Lattice spacLngs.--Crysta] structure and latt ice spac- 

ings are de termined  by means of both powder  pat terns 
and a diffractometer.  Powder  pat terns  are obtained 
using a 114.6 mm Debye-Scher re r  camera with  copper 
radiation, and diffractometer pat terns are produced 
with a Picker  Model 3488 K, also using copper radia-  
tion. In both cases lattice spacings are determined by 
a least squares (8) extrapolat ion against the Nelson- 
Riley function, and are est imated to be accurate to 
_0.002A. 

Superconducting transitions.--Superconducting t ran-  
sitions are measured Both induct ively  (f : 23 Hz) and 
resist ively (J  < 10 A-cm-:~). .4.  complete explanat ion 
of measurement  techniques and the rmometer  cal ibra-  
tion is found in Ref. (3). In general, tempera tures  are 
est imated to be +_0.2~ for both the induct ive and re-  
sistive measurements .  

Oxygen analysis.--The method employed in this 
study to determine oxygen content  depends on the use 
of a Pt  melt  to form stable platinides of Nb and Go, 
al lowing the l iberat ion of oxygen as carbon monoxide 
(9). A port ion of the sample to be analyzed (20-40 rag) 
is placed in a graphite crucible containing ~3g  of Pt. 
The crucible is placed in a vacuum system and evacu-  
ated to a pressure of ~2  • 10 - s  Torr, fol lowing which 
the system is sealed off and the crucible rapidly heated 
to 2000~ for 1 rain. The pressure rise in the system is 
measured using a thermocouple  gauge and the oxygen 
content calculated on the basis of the system volume. 
Any mater ia l  suspected of containing small  amounts of 
NbH is first dehydrided by heating to ~700~ in a vac-  
uum of 2 • 10 -6 Tor t  for 2 rain. Samples of the 
evolved gas for the first i5 specimens examined were  
analyzed on a gas chromatograph and found to consist 
ent i rely of carbon monoxide. Oxygen composition de- 
termined by this method is est imated to be accurate to 
+_ 10% of the measured value. 

MetaHography.--Samples examined meta l lographi -  
cally were subjected to standard grinding and polish- 
ing procedures through 0.05 ~m alumina. Etching was 
carried out for times ranging f rom 15-60 sec in a 
mix ture  of 90H2SO4 and 10HF by volume. Samples 
were  etched by immersion and pumped in a vacuum 
chamber  for 10-15 rain fol lowing washing to remove  
any trace of etchant. 

Experimentai Results 
Chlor~natio~ of Nb.- -The  feasibili ty of Nb chlorina-  

tion was studied over the full range of possible t em-  
peratures  (ambient  to 950~ with the intent  of de ter -  
mining if the quant i ta t ive  production of one of the 
chlorides was possible. The p r imary  hindrance to 
achieving this is the formation NbC18 by the react ion 
of NbC15 with the excess Nb according to Eq. [2] 

3NbCl5 + 2Nb--> 5NbCI~ [2] 

NbClm which has a range of homogenei ty  (10), does 
not vaporize, but ra ther  slowly decomposes as a func- 
tion of t empera ture  and NbC15 vapor pressure, to NbC15 
or possibly NbCI~ if the tempera ture  is sufficiently high. 
Since the chlorinator must  contain excess Nb to insure 
that  all the C12 is reacted, the format ion of NbC13 must 
be prevented by the choice of temperature. Two tem- 
perature ranges have been found where this is possible. 
Above 900~ NbCI3 does not form, and the Nb is re- 
acted directly to NbCI~, in substantial agreement with 
the chlorination technique used in Ref. t4). The dis- 
advantage of this technique seems to be in the necessity 
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Table I. Nb consumption 

Calculated N b  A c t u a l  Nb  
Series consumption consumption Error 

1 125.9g 120.4g 4.4% 
2 200.9g 190.1g 5.4% 

of keeping the chloride vapor at a re la t ively high t em-  
perature  from production to reaction. Fai lure  to do this 
can result  in decomposition to NbC13 destroying the 
quant i ta t ive  aspects of the process. 

The second tempera ture  where quant i ta t ive  chlorina-  
t ion is possible, and the one employed in  this study, is 
T = 260~ Although NbC13 is stable at this tempera-  
ture, the reaction of NbC15 with Nb does not proceed 
if the part ial  pressure of NbC15 is main ta ined  at or be-  
low 0.1 atm. Four  chlorinators were examined after 
producing 150-200g of NbC15 each and the remaining  
Nb removed. The Nb was quite clean, indicating the 
absence of any NbC13 (a b lue-black deposit).  The Nb 
strips were etched or attacked only at the inlet  end, 
indicating complete consumption of the C12. For two 
of the chlorinators records were mainta ined of the 
total chlorine flow over the life of the chlorinators, 
and the expected Nb consumption was calculated with 
the results shown in Table I. It is impor tan t  to note 
that this technique is quant i ta t ive  only if the part ial  
pressure of NbC15 is mainta ined at or below the value 
indicated, by di lut ion with Ar or another  inert  gas. If 
it is allowed to approach 1 arm, NbC13 formation occurs 
and quant i ta t ive t ransfer  of Nb is lost. 

Superconducting onset.--The variat ion of supercon- 
ducting onset with deposition parameters  is shown in 
Fig. 2. For  this figure data were used only for samples 
taken be tween 15 and 30 cm from the inlet  end since 
Tc has been found to vary  along the length of the 
coating chamber. For these correlations Tc is deter-  
mined induct ively  at 23 Hz and in  general  is 1-1.5~ 
lower than the resistively determined onset. The pa-  
rameter  mole ratio • di lut ion • Reynolds number  0.'z2 
was arrived at empirical ly and its possible significance 
will be discussed later. The mole ratio used in this 
figure is the mole ratio of NbC15 to GeC14 introduced 
into the apparatus, adjusted for the amount  of oxygen 
found in the deposit. This adjus tment  is made with the 
assumption that  the oxygen is in solid solution in the 
A-15 structure and is found on Ge lattice sites. Al-  
though no direct evidence exists that this is the case 
(i.e., neut ron  or x - ray  ordering studies), all attempts 
to correlate Tc with deposition parameters  failed with-  
out this assumption. Dilution is defined as the ratio of 
total moles of gas to total moles of chlorides passed 
through the system. 

Figure 3 shows deposition efficiency as a function of 
the same parameter.  Efficiency was defined as the 
weight of the deposit divided by the weight of Nb and 
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Fig. 3. Variat ion of efficiency with correlation parameter 

Ge delivered, and varies between 30 and 65%. The 
data from which Fig. 2 and 3 were derived is tabulated 
in Tables II and III. 

Phase relationships.--Figure 4 shows the relationship 
between deposition parameters  and the phase produced. 
The boundary between the Nb3Ge region and the 
Nb5Ge3 region does not seem to be sharp and indicates 
that tLe phases can coexist over a range of composi- 
tions. Whether this overlap is a property of the system 
or is the result of an inadequate choice of deposition. 
parameters is not clear with the data available. A 
somewhat better boundary is possible if the scaling 

Table II. Deposition efficiency as a function of the same parameter 
for NbCI~ powder feed 

N b C h  GeCI~ H~ Ar  Te 
(g /30  (g /30  ( l i t e r s /  ( l i t e r s /  O x y g e n  Yie ld  ( i n d u c t i v e  
rain) min)  rain)  minJ  (w/o)  (g) onset  K) 

25.5 6.60 5 7.8 0.73 4.9 19.3 
27.5 7,95 10 7.8 0.77 6.2 20.5 
31.5 8.38 10 7.8 0.82 6.4 20.6 
28 7.88 10 7.8 1.22 5.5 20.6 
27.3 7.90 10 7.,8 1.15 5.3 20.9 
25 8.03 10 7.8 0.63 7.3 20.2 
24.5 6.52 10 7.8 0.87 3.3 20.0 
23.3 6.39 10 7.8 1.44 5.6 19.7 
26.3 6.20 10 7.8 1.31 3.2 18.3 
27 5.89 10 7.8 1.28 5.5 18.5 
26.8 4.85 10 7.8 2.15 6.0 18.1 
25.3 5.60 10 7.8 1.92 4.1 19.2 
25.8 6.20 12.5 7.8 1.72 6.6 17.9 
33 6.84 12 7.8 0.75 4.6 (15 rain) 18.7 
31.8 7.20 12 7.8 0.71 4.0 (15 rain) 20.0 
31 7.64 15 7.8 1.82 4.1 (15 min )  20.5 
30 7.56 15 7.8 1.40 3.9 (15 rain)  20.0 
26.5 7.04 15 7.8 2.16 3.8 (15 min)  19.9 
29 6.70 15 7.8 2.07 3.5 (15 rain) 19.9 
25.8 6.74 15 7~8 1.95 3.6 (15 rain)  19.5 
25 6.90 12 7.8 1.38 3.5 (15 rain) 19.1 
28.5 7.10 20 7.8 1.68 3.6 (15 rain) 18.7 
27 7.90 12.5 7.8 0.97 7.4 20.5 
26.8 4.85 10 7,8 1.38 6.0 17.1 
27 5.80 I0 7.8 0.96 5.5 16.9 
26.8 4.85 10 7.8 2.84 6.0 17.9 
25.25 5.60 16 7.8 1.33 4.1 17.5 
29 8.00 15 7.8 1.18 4.1 17.6 
61.25 14.80 20 15.5 0.85 13.0 20.0 

Table Ill. Deposition efficiency as a function of the same parameter 
for Nb chlorination 

C12 GeC14 I ~  A r  Te 
(cmS/ r ( l i t e r s /  ( l i t e r s /  O x y g e n  Yie ld  ( i n d u c t i v e  
rain)  rain)  rain) rain)  (w/o} (g) onse t  K) 

_ 150 5.05 6.0 4.5 0.84 4.4 13.4 
123 4.95 0.0 4.5 0.92 4.22 19.3 
127 4.95 6.0 4.5 0.98 - -  19.7 
120 4.35 6.0 4.5 0.63 1.8 19.1 
120 5.10 8.0 4.5 0.88 2.5 18.2 
120 5.00 6.0 4.7 0,49 3.2 < 4  
120 5.30 6.0 4.7 0.30 3.3 19.1 
120 5.00 6.0 4.7 0.48 3.7 19.9 
120 4.75 6.0 4.7 0.46 4.0 20.4 
120 5.00 6.0 4.7 0.36 3.8 19.2 
120 4.90 6.0 4.7 0.21 3.6 20.1 
120 5.00 6.0 4.7 0.76 3.2 19.6 
123 4.95 6.0 4.5 1.48 2.5 19.B 
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parameter  on the x axis is chosen to be dilution only, 
but the product  of dilution • Reynolds number  0.22 was 
used to be consistent wi th  the parameters  used in Fig. 
2 and 3. 

Oxygen content.--The oxygen content  of ~45 sam- 
ples has been measured  and values ranging f rom 0.1 to 
2.1 weight  per cent (w/o)  were  found. The p r imary  
source of this oxygen is NbOC13 contained in the NbCI5 
powder. When chlorination of Nb is carried out care-  
ful ly instead of the use of NbCI~ powder, mater ia l  wi th  
an oxygen content of 0.1 w / o  can be consistently pro-  
duced. The presence of significant amounts of oxygen 
does not seem to be harmful  to the superconducting 
properties;  in fact, the very  best mater ia l  produced 
( inductive Tc's of 20.6-20.9~ and Jc's of 1.0-1.8 • 106 
A-cm -2 at 13.8~ contained from 1.0 to 1.2 w /o  oxy-  
gen. A similar  effect was also noticeable in the x - r a y  
powder  patterns,  wi th  deposits containing ~.1.0 w / o  
oxygen having the greatest  number  of lines resolved 
into ~z and ~2 doublets. 

As noted in the section on superconducting onset, the 
oxygen content must be taken into account in calculat-  
ing the A to B atom ratio in the A3B structure.  In addi- 
tion to the major  effect on Tc of al tering the A to B 
atom ratio, it is also important  to de termine  the effect 
of replacing Ge atoms by O atoms while maintaining 
the same A to B atom ratio. For the alloys studied, this 
effect, if it is present, seems to be smaller  than the 
scatter in the data for both Tc and lat t ice spacings. As 
a result, nei ther  T~ nor  ao provides direct  evidence that  
the oxygen is in solid solution in the A-15 structure. 
Due to the difficulty in obtaining completely single- 
phase mater ia l  (typical deposits are 80-90% A-15), 
ordering studies which may  provide direct evidence 
concerning the location of oxygen atoms have not been 
completed. 

Lattice spacings.--Figure 5 shows the induct ive t ran-  
sition tempera ture  as a function of latt ice spacing. 
Several  types of data are displayed in this figure in 
the fol lowing manner.  The points shown for NbC15 
powder  feed (with buffer),  and Nb chlorination are 
bel ieved to represent  re la t ive ly  homogeneous mater ia l  
for the reasons explained in the description of the coat- 
ing technique. Those points labeled NbC1.5 powder  feed 
(without  buffer) almost cer tainly contain significant 
compositional inhomogeneit ies  as evidenced by visible 
fluctuations in the flow of NbCI~ powder  and meta l -  
lographic evidence of a layered s tructure in the deposit. 
The first set of data represents the actual var ia t ion of 
lattice spacing with  Tc, and an extrapolat ion of this 
data is in good agreement  with a rc -mel ted  specimens. 
The second set of data is included to show the er ror  
inhomogeneit ies  can cause in determining a re la t ion-  
ship of this type. The measurement  of latt ice spacings 
f rom a powder pa t te rn  is a t rue  average over  the thick-  
ness of the material ,  while a measurement  of Tc, even 
at 23 Hz, tends to be somewhat  biased toward  the best 

mater ia l  present due to a shielding of the poorer mate-  
rial f rom the flux. For reasons such as this it is always 
necessary to be certain of the homogenei ty  of the mate -  
rial before t rying to correlate  any parameter  which is 
clearly a bulk average with  another  proper ty  which 
can be influenced by small  amounts  of material .  

Additional properties.--Figure 6 shows a photomicro-  
graph typical of the microst ructure  of a homogeneous 
Nb3Ge deposit. The grains are of the order  of a few 
micrometers  in size and seem to be elongated in the 
direction of growth. In addition, the interface be tween  
the Nb3Ge deposit and the Cu substrate seems to indi-  
cate ve ry  int imate  contact, probably  a diffusion bond 
considering the solubility of Ge in Cu and the reducing 
properties of H2 on Cu at 900~ The only evidence of 
vapor phase attack on the Cu substrate is the presence 
in the deposit of 10G0 ppm Cu when analyzed spectro- 
graphically. This copper is probably concentrated near 
the deposit substrate interface. 

The effects of lower deposition temperatures and sev- 
eral heat-treatments are discussed in Ref. (3). In addi- 
tion, heat capacity measurements are detailed in Re2. 
(I0), critical current measurements in Ref. (ii), and 
the effects of 1 MeV neutron irradiation in Ref. (12). 

Discussion 
Although the parameter  used to define Tc and effi- 

ciency in Fig. 2 and 3 was ar r ived  at empirically,  some 

Fig. 6. Photomicrograph of Nb3Ge deposit X545 
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insight is possible if the various processes involved in 
the deposition are considered. Any  at tempt to under -  
stand this dependence probably  must  begin with the 
assumption that  a relationship exists between Te and 
the composition of the deposit. If this is the case, the 
problem is reduced to finding the relationship between 
the stoichiometry of the deposit and the composition 
of the gas stream at the inlet. If one assumes that the 
composition of the deposit is determined by the relat ive 
concentrations of NbC14 and GeC12 at the deposition 
surface, and their respective reduction rates, then it is 
clear that the init ial  mole ratio of NbC15 to GeC14 and 
the relat ive diffusivities of NbC14 and GeC12 in  the 
vapor mixture  must  play a role. While the calculation 
of these diffusivities in the five component  system (Ar, 
H2, HC1, NbCI~, and GeCl2) is extremely complicated, 
it seems l ikely that both the dilution and viscosity (the 
latter being contained in the Reynolds number )  will 
be a factor. The other factor to be considered is the 
relative reduction rates, which depend in part  on the 
products of the reaction. If the reduction is examined 
as two separate reactions as in Eq. [3] 

NbC14 -5 2H2 ~ Nb d- 4HC1 
[3] 

GeC12 + He ~ Ge + 2HC1 

it is seen that the production of HC1 for the Nb reduc- 
t ion is considerably larger than  that for the Ge. As a 
consequence, a change in di lut ion should have different 
effects on the rates of the two reactions, result ing in a 
change in the composition of the deposit. 

It is clear from an examinat ion of Fig. 2 that it is 
possible to produce high Tc mater ial  over a wide range 
of flow conditions and mole ratios. Since, however, this 
is ent i rely an empirical relationship and its physical 
basis is understood in only the most tenuous way, great 
caution must  be exercised in applying the relationship 
outside the exper imenta l ly  studied ranges of these pa- 
rameters.  These ranges cover Reynolds numbers  from 
60'0 to 200.0 ( including part ial  pressures of H2 from 0.35 
to 0.70 atm),  mole ratios from 2.0 to 3.0, and dilutions 
from 140 to 230. The large degree of data scatter in Fig. 
2 may be the result  of inaccuracies in measuring the 
various parameters  involved, or it may indicate that 
the correlation parameter  used does not have the cor- 
rect form. For this reason all the original data used to 
construct Fig. 2 and 3 is presented in Tables II and III 
in order that the reader is enabled to correlate Tr to 
parameters  which may be more meaningful .  

If the assumption is made that the best material  pro- 
duced contains ~25 a/o Ge then an interest ing exercise 
is possible. Based on arc melt  data of 5.166A at 18-19 
a/o Ge and CVD data of 5.142A at 25 a/o Ge, an ex- 
t rapolat ion to 0 a/o Ge shows that the lattice spacing 
of hypothetical A-15 NbsNb might be expected to be 

in the range of 5.23-5.24A, a value in close agreement  
with that obtained by Vieland et al. (7). A number  of 
deposits made early in the study showed lattice spac- 
ings as large as 5.21-5.22A, and were not superconduct-  
ing to 4~ If the above extrapolat ion is meaningful ,  
this suggests that  Nb~Ge containing as little as 5-6 a/o 
Ge can be prepared with the A-15 structure. Since the 
major  area of interest  is stoichiometric Nb.~Ge, suffi- 
cient data was never  acquired concerning the location 
of the Ge deficient phase boundary  to draw any firm 
conclusions. 
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ABSTRACT 

The electrical conductivity of high pur i ty  (99.8 pct) A1N has been deter-  
mined using both a-c and d-c techniques. Measurements were made at t em-  
peratures be tween 700 ~ and 1000~C and in  a ni trogen pressure range of 1-10 -5 
atm. The electrical conductivity is independent  of ni trogen pressure. Galvanic 
cell results indicate that ionic conduction is negligible. Over the experimental  
temperature  range, the electrical conductivity of A1N follows the equation 

,7 (ohm- l -cm -~) = 6.89 • 103 exp (--E/kT) 

where the activation energy (E) is 1.82 • 0.06 eV. It is concluded that the 
conduction process is extrinsic due to carbon impurit ies (,,,350 ppm) present  
in  the A1N. 

A l u m i n u m  nitr ide is a potent ial ly useful refractory 
material,  par t icular ly  at elevated temperatures.  Its 
oxidation in air at temperatures  up to 600~ is low 
(1, 2), and it is resistant to attack by acids, molten 
metals, and water vapor (1, 3). Recent studies indicate 
that A1N is very resistant to chemical attack by l i thium 
at 400~ (4); thus A1N may be a suitable electronic 
insulator  in alkali meta l -mol ten  salt batteries. Alu-  
minum nitr ide also has potential  applications in 
elevated temperature  semiconductor devices (5-7). 
Although these various applications require a detailed 
knowledge of its conductivity at elevated tempera-  
tures, there is considerable variat ion in the activation 
energy and magni tude  of the electrical conductivity 
of A1N measured by previous investigators (1, 3, 6, 
8-12). In  this study the electrical conductivity of 
high pur i ty  (>99%) A1N has been measured using 
a-c and d-c techniques at temperatures between 700 ~ 
and 1000~ and at ni t rogen pressures between 1 and 
10 -5 atm. 

Experimental 
Hot-pressed polycrystal l ine A1N samples were pre-  

pared by Cerac/Pure  Incorporated. A l u m i n u m  nitr ide 
powder was synthesized by  the electric discharge 
method (3) and hot-pressed without binder  in a 
graphite  die at ~1600~ under  a ni t rogen atmosphere. 
The 1 cm diameter  A1N rod was machined to remove 
surface- impregnated carbon and then cut into pellets 
of different thicknesses. Sample porosity did not ex- 
ceed 5%. The pellets were annealed in our laboratory 
at 1400~ for 76 hr in high pur i ty  nitrogen. Chemical 
analyses performed by the supplier  both before and 
after anneal ing are listed in Table I. It should be 
emphasized that the pur i ty  of the annealed samples 
(99.8%) is higher than A1N samples used in pre-  
vious studies. 

Gold electrical contacts, which were used in the 
a-c conductivity measurements,  were fabricated using 
the following procedure. The fiat surfaces of the AIN 
pellets were polished and then rinsed in acetone and 
petroleum ether. After  coating the fiat surfaces with 
du Pont  thermoset t ing gold paste (No. 5780), the 
pellets were heated slowly in air to 200~ held for 
10 hr, and then annealed for 2 hr at 400~ Coherent 
gold contacts with less than 0.1 ohm resistance across 

�9 Elec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  extr ins ic  c o n d u c t i o n  i n  A1N', effect of  ca rbon  i m -  

pur i t i e s ,  e lec tron ic  c o n d u c t i v i t y  in  A1N, c h r o m i u m  nitr ide  e lec-  
trodes .  

Table I. Chemical analysis (w/o) 
Hot -p r e s sed  A1N pel le t s  as  r e c e i v e d  f r o m  Cerac 

A1 66.10 B 0.001 
N 33.0 M n  0.001 
Si  0.03 Cr 0.001 
C 0.035 Cu  0,001 
N i  0.01 S n  0,001 
Fe  0.01 T i  0.001 
Mg 0.001 

Tota l  m e a s u r e d  con ten t  = 99.19 
R e m a i n d e r  i m p u r i t y  a s s u m e d  to be o x y g e n  = 0.81% 

Af te r  a n n e a l i n g  in  N~_ gas  a t  1400~ for  '/6 hr 

A1 65.31% ( theo re t i ca l ly  65.81%) 
N 34.45% ( theo re t i ca l ly  34.19%) 
/ k i n  = 99,8% 

each contact surface were obtained. For the d-c con- 
ductivity measurements,  a luminum powder was added 
to the gold paste to make gold-rich solid solutions 
(~0.5 atom per cent A1), which formed coherent 
electrodes after a similar anneal ing procedure. A 
two-phase presintered Cr,Cr2N mixture  was also used 
t o p r o v i d e  electrical contact in one d-c conductivity 
experiment.  

After preparing the electrical contacts, the A1N 
sample was sandwiched between two gold foils in 
an a lumina  reaction tube (Fig. 1). A spring-loaded 
ar rangement  was used to mainta in  good electrical 
contact between the sample and the gold foes. Pla t -  
inum wires, which were spot-welded to the gold foils, 
provided electrical contact to the external  equipment.  
A grounded p la t inum foil enclosed the a lumina  reac- 
t ion tube to minimize any electrical noise originating 
from the a-c resistance windings. 
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Fig. 1. Experimental arrangement 
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The A1N sample was equil ibrated with ni t rogen 
gas at 1 arm or with NffAr gas mixtures  to establish 
ni trogen pressures at 10 -2, 10 -~t, and 10 -5 atm. Be- 
fore being introduced into the apparatus, high pur i ty  
ni t rogen (no detectable impurit ies in parts per mi l -  
lion) was passed through anhydrous CaSO4 and 
through copper chips at 50.0~ to remove water vapor 
and oxygen. High pur i ty  argon was passed through 
CaSO~ and Zr-Ti  chips at 850~ An in ternal  copper 
foiI was placed inside the reaction tube near  the 
sample to fur ther  minimize any oxidation effects. 

Two-probe a-c conductivi ty measurements  were 
made using a Wayne -Ker r  B221 t ransformer  ra t io-arm 
bridge operating at 1592 Hz and a General  Radio 
1232-A tuned amplifier and nul l  detector. Voltage 
across the sample varied from 0.03 to 0.3V rms de- 
pending on the bridge range. With the bridge bal-  
anced, parallel  conductance and capacitance were 
measured. A Wayne -Ker r  $121 audio signal gener-  
ator was used to vary the frequency from 50 to 20 
kHz. For the d-c measurements,  a Keithley 630 poten- 
tiometric electrometer ( input  impedance of 1013 ohm) 
Was used to measure the potential  drop across the 
A1N sample and across a s tandard resistor. A variable 
12 megohm l imit ing resistor was used to mainta in  
constant currents  between 1 and 50 #A (___5 X 10 -3 
hA). All components and lead wires were electrically 
shielded. 

After posit ioning an AIN sample in the reaction 
tube, the tube was evacuated and checked for gas 
leaks. Gas flow was then introduced at 20 cmS/min, 
and the furnace temperature  was increased at 200~ 
hr to 800~ Readings were taken over a period of 
5-8 hr  before the temperature  was increased stepwise 
to 1000~ Deviations in  the measured values were 
less than 1 pct at each temperature.  Cycling the 
tempera ture  back to 700~ gave subsequent  measure-  
ments  wi th in  • of those originally observed. 
The ni t rogen pressure was then changed, and the 
same procedure was followed. Some samples were 
held at temperature  for 1-2 days with no variat ion 
in conductance greater than 3 %. 

Results 
A-C conductivity.--The a-c conductivi ty of each 

sample is equal to Gt/A,  where G is the measured 
parallel  conductance, t is sample thickness, and A is 
the cross-sectional area. Conductivi ty results for one 
sample under  1 arm nitrogen are shown in Fig. 2. 
Results below 650~ are clearly influenced by im-  
purit ies and /or  grain boundary  conduction. It may be 
significant that the observed activation energy of 
0.17 • 0.01 eV at temperatures  between 100 ~ and 
300~ is close to the activation energy (0.18 eV) 
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Fig. 2 Electrical conductivity over on extended temperature 
range. 

observed for i ron- impur i ty  conduction in GaAs (13). 
As shown in Table I, iron is present  (10.0 ppm) as 
an impur i ty  in our AIN samples. 

At temperatures  above 650~ results for the a-e 
conductivity are extremely reproducible. Data ob- 
tained at 1592 Hz and 1 atm ni t rogen pressure are 
shown in Fig. 3 for four samples, one of which is 
twice as thick as the other three. A frequency of 
159.2 Hz is selected for de termining the bulk  a-c 
conductivity, because the observed conductivi ty is 
constant above 1592 Hz within  the exper imental  un -  
certainty ( •  At frequencies below 1592 Hz, 
the conductivity decreases rapidly with decreasing 
frequency. A least squares t rea tment  of the data 
yields the following equation for the straight l ine 
shown in Fig. 3 

g ( o h m - l - c m  - I )  ---- 6.89(___0.04) 
• 103exp(--l.82(++_O.O,6)/kT) [l] 

where 1.82 eV is the  activation energy. The quoted 
experimental  uncer ta in ty  in Eq. [1] is two standard 
deviations, i.e., 95% of the data are within the speci- 
fied uncertainty.  This is equivalent  to a --+-_10% devia-  
tion in the conductivity. 

As shown in Fig. 4, the a-c conductivi ty is inde-  
pendent  of ni t rogen pressure at pressures between 
I and 10 -5 arm. The solid line in Fig. 4 is calculated 
from Eq. [I], and the uncer ta in ty  bars represent  
the experimental  scatter observed at 1 atm. All  con- 
duct ivi ty data obtained at lower ni t rogen pressures 
are within the uncer ta in ty  bars and are in excellent 
agreement  with those observed at 1 atm. 

The effect of carbon concentrat ion on the electrical 
conductivity is also i l lustrated in Fig. 4. "Low carbon" 
AIN samples (~350 ppm carbon) yield results rep-  
resented by the solid line. However, results obtained 
with samples having a tenfold increase in analyzed 
carbon content  (~3400 ppm) are a factor of five 
higher. As shown in Fig. 4, a dotted line, which is 
parallel  to the solid line, provides an excellent fit 
to the data obtained from the "high carbon" samples. 

D-C conductivity.--D-C conductivi ty data are shown 
in Fig. 5, in which the solid l ine is calculated from 
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Fig. 4. Effect of nitrogen pressure and carbon concentration on 

the electrical conductivity. 

Eq. [1]. Excellent agreement  is observed between 
the a-c and d-c results using a Cr, Cr.~N electrode. 
Although the data obtained using two gold alloy elec- 
trodes are about 80% higher than the a-c data, the 
activation energy is identical. The d-c conductivity 
data are independent  of voltage polarity. With reversal 
of the applied voltage, no current  t ransients  or decays 
have been observed, which indicates negligible in ter-  
facial polarization (14, 15). 

Galvanic cell measurements.--The observed inde-  
pendence of conductivity with ni t rogen pressure (Fig. 
4) indicates that A1N is either an ionic conductor or 
an electronic conductor having a large concentration 
of electronic defects. Thus, galvanic cell measurements  
have been carried out to determine if significant 
ionic conductivity occurs in AIN. Using Cr,Cr2N, and 
Cr2N,CrN mixtures  as two-phase electrodes, the emf 
established across an A1N electrolyte has been mea-  
sured. The percentage of ionic conductivity in  A1N 
is equal to the measured cell emf divided by the 
calculated emf. Cell emf's, which vary  between 107 
(700~ and 122 mV (9O0~ are calculated from 
available thermodynamic  data for the chromium ni-  
trides (16). Using three different A1N samples, cell 
emf's have been measured over a period of 2-20 hr 
with deviations less than 0.2 mV at temperatures  
between 700 ~ and 900~ EMF values between ~-1.0 
and --0.3 mV have been obtained, presumably  due 
to thermoelectric effects in AIN (11). A one degree 
temperature  gradient  across the cell would account 
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for the generation of such small  emf's. Thus ionic 
conduction in our A1N samples is negligible. 

Discuss ion  
Previous results.--Eight investigations of the elec- 

trical conductivity have been reported (1, 3, 6, 8-12). 
In  one study (9), results from different samples varied 
by three orders of magnitude,  and no precise data 
were obtained. In  three investigations (1,3, 10), re-  
sults are difficult to evaluate because of the high 
porosity and/or  low pur i ty  of the A1N samples. A 
measured activation energy of 2.8 eV was at tr ibuted 
to impur i ty  conduction associated with excess alu-  
m i num in two single crystal (~98% pure) studies 
(6, 8). Using two-probe a-c measurements  on hot- 
pressed samples, conductivity data have recently been 
obtained at temperatures  between 11.00 ~ and 170O~ 
(12). However, a resistivity decrease with increasing 
gas flow rate was observed, presumably  due to spu- 
rious electrical t ransport  in the ni t rogen gas. Similar  
phenomena have been observed in measurements  of 
the high temperature  resistivity of A].~O3 (17). Gor- 
batov and Kamyshov (11) have measured the a-c 
conductivity at temperatures  between 10.00 ~ and 130'0~ 
and under  ni t rogen pressures of 1 and 10 -4 atm. To 
obtain a sample density greater than 95%, they hot- 
pressed samples in graphite dies. As shown in Fig. 3, 
their results are lower than those obtained in this 
study. However, their measured activation energy 
of 1.9 eV is in good agreement with our value of 
1.82 eV. 

Conduction mechanism.--The independence of the 
conductivi ty on ni t rogen pressure (Fig. 4) and the 
galvanic cell results establish the predominance of 
electronic conduction in our A1N samples. Before 
forming conclusions about the conduction mechanism, 
it is essential to discuss the influence of interracial  
effects and gas conduction processes on our results. 
The independence of the conductivity with sample 
thickness (Fig. 3 and 4) is experimental  evidence 
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that  interfacial  resistances are negligible. A part icu-  
lar ly s t r iking example is that  of the high carbon sam- 
ples (Fig. 4), in which sample thicknesses vary from 
4.5 to 15 mm with no  observable effect. Fur thermore,  
all a-c data are obtained in a f requency- independent  
region, in which interracial, including grain boundary,  
effects are presumably  negligible. With regard to 
the possibility of gas conduction processes, it should 
be noted that the conductivity of air (which is a 
reasonable estimate for pure ni t rogen) is two to 
three orders of magni tude  less than that of A1N in 
our exper imental  temperature  range (18). 

Although the conductivi ty of the high carbon sam- 
ples is about a factor of five higher than the low 
carbon results, the observed activation energy is in 
excellent agreement,  as is i l lustrated by the parallel  
lines in Fig. 4. The agreement  in observed activation 
energy indicates a similar conduction process in both 
the low and high carbon samples, and we conclude 
that the conduction process in our A1N samples is 
extrinsic, due to carbon impurities. Because of the 
similarit ies in preparation,  the carbon concentrat ion 
in Gorbatov and Kamyshov's  samples should be com- 
parable  to those used in this study, and one would 
expect the close agreement  in activation energy which 
is observed (1.9 vs. 1.82 eV). 

An extrinsic conduction mechanism is consistent 
with a number  of other exper imental  observations. 
When one of our A1N samples is reused, the conduc- 
t ivi ty of the sample increases but  the activation energy 
remains  constant. For example, the data shown in 
Fig. 5 for the Au-A1 alloy electrodes are obtained 
with A1N samples which have been used twice pre-  
viously. Such conductivity increases can be at t r ibuted 
to an increase in carbon concentrat ion originating 
from the organic resin in the gold paste. After experi-  
menta l  runs, a small, thin, black residue, presumably  
carbon, has been observed in  isolated areas between 
the gold contacts and the AIN sample. Chemical anal-  
ysis of reused samples shows a quali tat ive increase 
in carbon concentrat ion with no detec.table changes 
in the concentrat ions of the other major  impurit ies 
listed in Table I. 

Although no measurements  of the oxygen content 
of A1N were made, Table I indicates that  annealed 
samples could contain a max imum of 0.2 weight per 
cent (w/o)  oxygen, which is almost as high as the 
concentrat ion of carbon in the high carbon samples. 
However, there are several reasons why the effect 
of oxygen has been ignored in the in terpre ta i ion of 
our conductivi ty results. Oxygen in AIN is mos~ l ikely 
an acceptor and would either compensaie a carbon 
donor or decrease the conductivi ty of n - type  AIN. 
Oxygen absorption bands in A1N are at 4.53 and 4.80 
eV (19), which are much higher than the impur i ty  
ionization energy of 3.64 eV calculated from our mea- 
sured activation energy (2 • 1.82). Optical absorp- 
tion measurements  on /k in  crystals prepared in graph- 
ite surroundings  show an increase in absorption co- 
efficient at ~3.5 eV (19, 20), which is consistent with 
our impur i ty  ionization energy. 

The bandgap for A1N is between 5.7 and 6.2 eV 
(19, 20). A carbon- impur i ty  ionization energy of 3.64 
eV requires that carbon occupies a deep-lying im- 
pur i ty  level. Theoretically, carbon in A1N could be 
either an electron donor or an acceptor. Using thermo- 
electric emf measurements,  Gorbatov and Kamyshov 
have observed n - type  electronic conductivi ty in car- 

bon-contamina ted  A1br (11). This observation to- 
gether with the observed increase in electrical con- 
ductivi ty with increasing carbon content (Fig. 4) 
indicates that  carbon acts as an electron donor in A1N. 
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Minimizing Process-Induced Slip in Silicon 
Wafers by Slow Heating and Cooling 

A. W a y n e  Fisher and G. L. Schnable*  

RCA Laboratories, Princeton, Ne w  Jersey 08540 

The formation of slip regions in single crystal  silicon 
wafers and its influence on device parameters  has been 
studied by numerous investigators.  The general  con- 
clusion is that  the slip and its associated edge disloca- 
tions can degrade electrical  parameters ,  esl=ecially if 
precipitat ion of metals  or dopant atoms occurs at their  
sites. 

A number  of authors have  discussed thermal ly  in- 
duced slip in silicon wafers, and the effects of radial 
thermal  gradients arising during high tempera ture  
processing sequences (1-9). Al though several  authors 
have mentioned that heat ing rates are a factor (1, 7, 9) 
in the formation of thermal ly  induced dislocations, the 
relat ive importance of heating rates vs. cooling rates 
has not been indicated. A number  of papers .deal only 
with  cooling rates, and thus imply that  cooling rates 
are the most important  factor in de termining the 
amount  of the rmal ly  induced slip (2, 3, 4, 6, 8). 

Several  techniques have been described for minimiz-  
ing slip by reducing the radial  thermal  gradients (4, 8). 
Mechanical  slow pullers have been used to insert  and 
retract  wafers f rom the furnace slowly, and thus reduce 
the thermal  gradients which cause warpage and slip. 

The purpose of this paper  is to indicate that  in fab- 
r icating silicon devices, slow heating of the silicon 
wafer  is as impor tant  as slow cooling of the wafer  in 
avoiding slip, and to show that  the use of p rogramma-  
ble mechanical  pullers is a technique for controll ing 
heat ing and cooling rates. 

To evaluate  the use of slow pullers as a method for 
reducing slip, a group of 80 5-cm diameter  silicon wa-  
fers (0.045 m m  thick, (100) orientation, polished on 
one side) was divided into four lots of 20 wafers each. 
The wafers were  furnaced at 1150~ in dry 02 by in- 
sert ing and retract ing them from the furnace at differ- 
ent rates. The wafers  were  held vertically,  perpendicu-  
lar  to the gas s t ream in a 25 cm long slotted quartz 
boat wi th  support ing slots spaced 2.5 mm center to cen- 
ter. The center  port ion of the boat was loaded to a 
length of about 5 cm. Each lot was cycled three times 
f rom room tempera ture  to 1150~ and each t ime al- 
lowed to stabilize at 1150~ for 10 min before being 
removed for cooling to room temperature .  

The work  described in this paper was performed in 
a Lindberg Heavy  Duty Furnace 1 with a uniform hori-  
zontal heat  zone of 60 cm at a tempera ture  of 1150~ 
The tempera ture  at the end of the flat heat  zone 
dropped from 1150 ~ to 8O0~ (800~ is below the 
t empera tu re  at which slip is bel ieved to occur) in a 
distance of approximate ly  28 cm. The four lots were  
t empera tu re  cycled in and out of the furnace by the 
fol lowing procedures. Lot No. 1 was inserted and re-  
moved rapidly from the furnace, i.e., from the end of 
the tube into the 1150~ zone in approximately  5 sec, 
stabilized for 10 rain, then retracted to the end of the 
tube in approximate ly  5 sec. Upon removal  it was 

* E lec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  c r y s t a l l o g r a p h i c  sl ip,  s low hea t ing ,  s low cooling,  me -  

chan ica l  pu l le rs .  
1 Lindberg Engineering Company ,  W a t e r t o w n ,  Wisconsin. 

observed that  the end wafers  had cooled uniformly.  
The wafers in the center region of the boat remained 
hot ter  for a longer period of t ime and their  per iphery 
cooled first. The wafers were  stripped of the oxide in 
aqueous HF and Dash etched (12 parts CH3COOH, 
3 parts 70% HNO3, 1 part  49% HF) (10) for 16 hr  to 
reveal  slip regions. The slip was progress ively  worse 
on wafers  located toward the center  of the boat, with 
the center  wafers being warped as well  as heavi ly  
slipped. Figure  la  shows two wafers taken f rom the 
center  of the boat after Dash etching for 16 hr. 

The second lot of wafers was inserted into the hot 
zone rapidly (5 sec) and cooled slowly at a rate  of 13 
cm/min.  All  wafers appeared to cool uni formly as they 
t raveled from the hot zone to the cold zone of the fur-  
nace. However,  af ter  oxide removal  and Dash etching, 
all wafers, including the two end ones, had developed 
slip. As before, the slip was more  severe  on the wafers  
in the center of the boat (Fig. lb).  However ,  the degree 
of slip was less than observed on the wafers that were  
inserted fast and retracted fast, and warpage  was not 
present. 

The third lot was inserted into the hot zone slowly 
and cooled slowly at a rate  of 13 c m / m i n  for each step. 
Oxide stripping and Dash etching revealed no appreci-  
able slip on any of these wafers (Fig. 2a). 

Fig. 1. Wafers token from center of boat and etched 16 hr in 
Dash etch: (a) wafers inserted fast and retracted fast, (b) wafers 
inserted fast and retracted at 13 cm/min. 

434 
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Fig. 2. Wafers taken from center of boat and etched 16 hr in 
Dash etch: (a) wafers inserted and retracted at 13 cm/min, (b) 
wafers inserted at 13 cm/min and retracted at 6.5 cm/min. 

The fourth lot was inserted into the hot zone at a 
rate of 13 c m / m i n  and removal  was conducted at a rate 
of 6.5 cm/min .  Oxide str ipping and Dash etching again 
revealed essentially no slip (Fig. 2b). 

Discussion and Conclusions 
Tests have shown that slow retract ion of wafers from 

high temperature  furnaces by itself does not el iminate 
the crystallographic slip. Radial tempera ture  gradients 
present  when  wafers are inserted into the furnace also 
generate crystallographic slip; thus it is necessary to 
insert  the wafers slowly as well as remove them 
slowly. Slow insert ion and slow retraction of silicon 
wafers into and out of high tempera ture  furnaces at a 
rate of 13 c m / m i n  using mechanical  pullers is a method 
of reducing the radial tempera ture  gradients to a level 
where crystallographic slip and associated edge dislo- 
cations are minimized. 

One disadvantage of this technique is that as the wa- 
fers pass into and out of the furnace, the wafers at one 
end of the boat are heated for a longer time. For some 
hea t - t rea tments  (such as thermal  oxidation, pocket 

diffusion, isolation diffusion, and p +  diffusions), where 
the total t ime of hea t - t rea tment  is long, this t ime dif-  
ference is negligible. For an insert ion and pull  rate of 
13 cm/min,  the t ime differential from one end of a 
25-cm boat to the other is about 4 min. For base 
and emit ter  diffusions, where control over junct ion 
depth is very critical and diffusion times are shorter, 
this technique will be limited. One possible means of 
overcoming the problem is to insert  wafers at one end 
of the furnace and remove them from the other, thus 
averaging out the t ime when tempera ture  gradient  
occurs along the length of the boat. 

The technique of using mechanical  pullers to achieve 
both slow heating and slow cooling is applicable to 
many  production lines, and is especially desirable to 
avoid process-induced slip in wafers containing na r -  
row-base bipolar transistors. Various types of equip- 
ment  are now avai lable for controlled mechanical  in -  
sert ion and removal  of boats from furnaces (11). Com- 
mercial ly available slow pullers  have independent  
speed controls for the insert ion and retraction portion 
of the cycle, and travel speeds are adjustable in the 
range of about 1.2-25 cm/min.  
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Latent Heat Measurement of Phase Transformations 
in Potassium Nitrate 

E. Y. Wang 

Department of Electrical Engineering, Wayne State U~dversity, Detroit, Michigan 48202 

Potassium ni t ra te  (KNO3) can exist in three pos- 
sible phases at normal  atmospheric pressure. At room 
temperature,  the s t ructure  is orthorhombic and arag-  
onite (phase II) (1). Upon heat ing to tempera ture  
401~ the s tructure transforms to rhombohedraI  
(phase I) and remains the same structure unt i l  mel t -  
ing. Upon cooling, the mater ia l  solidifies in the rhom- 
bohedral  form which is ferroelectric (phase III) .  Fur -  

K e y  words :  l a t en t  hea t ,  po t a s s ium n i t ra te ,  d i f ferent ia l  s c a n n i n g  
ca lo r imet ry .  

ther cooling generally returns the structure to the 
orthorhombic form (phase II). All phase transforma- 
tions are first order and involve la tent  heats. In  this 
note, we used differential scanning calorimetry (DSC) 
to obtain directly the latent  heats of phase t ransforma-  
tions in KNO3. Results obtained by DSC method for 
phase II-->I are compared with those by differential 
thermal  analysis (2) and other methods (3). Latent  
heat measurement  by a direct method from phase 
I I I ~ I I  is reported here for the first time. In  addition, 
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Table I. Latent heats in KNO~ by DCS method 

Heating and 
cooling cyc le  

run No. 

Phase II --> I transition 

Temperature 
in  ~  

Phase I -~ III trans i t ion  P h a s e  I I I  ~ I I  t r s n ~ i f t ~ n *  

Laten t  hea t  La ten t  hea t  La ten t  hea t  
in  cal /mole  Tempera tu re  in ca l /mole  Tempera tu re  in ca l /mole  

(QzD in ~ (Q~) in  ~ (Q~) 

1 401 1290 
401 1295 

3 401 1289 
4 401 1290 
5 401 1292 

389 ~20 369 575 
389 718 367 5~1 
380 ~21 346 569 
389 V19 338 573 

* Deduced by assuming that ~m = Q~ + ~$~. 

the effect of moisture content on the t ransformat ion 
tempera ture  f rom phase III->II has been studied. 

Exper imenta l  Results 
DSC measurements  were  made on KNO~ by using a 

P e r k i n - E l m e r  DSC-1B apparatus. Unl ike  previous 
methods (2, 3) DSC yields direct recording of heat  
quantit ies by using a close-loop, negat ive feedback 
control of the power  supplied to specimen and re fe r -  
ence systems. When the specimen absorbs or emits 
energy (heat) ,  more or less power  is required to 
mainta in  the specimen in equi l ibr ium with  the ref-  
erence system at the same temperature.  The differen- 
tial power  is then recorded continuously according 
to the energy (heat) requi rement  of the specimen. The 
specimen was ini t ial ly in powdered  form of 99.0% 
purity.  The powder  was placed in an a luminum sam- 
ple pan and was heated to the mel t ing temperature .  
The sample pan was mechanical ly  sealed during en-  
t i re  measurements .  Figures 1 and 2 show the thermal  
spectrum. In the heat ing cycle, the two endothermic 
peaks correspond to the phase II->I t ransformat ion 
and melting. In cooling cycles, the peaks correspond 
to crystal l ization and the phase I->III t ransformation.  
The heats of fusion in mel t ing and crystall ization are 
28.1 ca l /g  which agrees with previous values (4). 
The crystall ization occurs at a lower tempera ture  than 
the mel t ing  tempera ture  because of supercooling effect, 
and on subsequent cooling the specimen does not 
convert  f rom phase III to phase II until  exposed to 
moisture. Moisture was introduced by removing the 
cover of the sample pan and exposing the specimen 
to room atmosphere over  night. Figure  3 shows the 
results of cooling cycles for a "wet"  specimen and 
its subsequent  thermal  cooling cycling. The thermal  
spectra are "identical"  in heat ing cycles; however ,  
in cooling cycles the phase III-->II t ransformat ion de-  
pends on the amount  of moisture content in the KNO~. 
As the number  of thermal  cycles increases, the mois-  
ture content is decreased and the t ransformat ion tem-  
pera ture  f rom phase III->II is lowered;  eventual ly  
t h e  KNO~ remains in phase III "indefinitely." Re-  
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Table II. Comparisons of latent heats with previous works 

L a t e n t  h e a t s  

Authors and (cal/ (cal/ (eal/ 
reference Method mole) mole) mole) 

Kracek {2) Differential thermal 1060 558 502 
analysis measure- 
ment 

Miekkoja (3) Specific hea~ mea- 1295 - -  
surements 

Mustajoki (5) Differential calomet- 1195 720 860 
ric measurements 

Wang (present 
work) DSC measurements 1291 -~ 13 720 -- 7 571 "+" 6 

peated measurements  for different amounts of KNOB 
under  the same conditions yield essentially the same 
results. Latent  heats calculated f rom the thermal  spec- 
tra are summarized in Table I. A comparison of la tent  
heats with previous works is shown in Table II. It 

/ 
7^ 'C ,  

I 
/ I . . . . . . .  

"K 'K 

Fig. 2. Cooling cycle of a typical thermal spectrum 
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Fig. 1. Heating cycle of a typical thermal spectrum Fig. 3. Subsequent cooling cycles of a typical thermal spectrum 
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should be pointed out that in the DSC method t rans i -  
tion temperatures  depend on scan rate; however, the 
la tent  heat is independent  of scan rate. 

Conclusions 
In  conclusion, we have used the DSC method to ob- 

ta in  the la tent  heats for all of the phase t ransforma-  
tions in  KNOa. We believe the values obtained here are 
more accurate in view of the na ture  of the DSC 
method. The error in la tent  heat values is estimated to 
be wi thin  +_ 1%. Part icularly,  we believe that la tent  
heat measurement  from phase III->II is reported here 
for the first time by a direct method. By direct method 
we mean that latent  heat values were obtained directly 
from measurements  instead of other mater ia l  parame-  
ters such as t ransi t ion temperature,  specific heat, and 
others. The moisture effect on the t ransformat ion tem- 
perature of phase III-->II is also consistent with previ-  
ous observations (2-6). 

Manuscript  submit ted May 2, 1974; revised manu-  
script received Nov. 6, 1975. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1976 
JOY,NAn. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 
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Temperature Asymmetries and Fluctuations in 
a Barrel Reactor 

B. J. Curtis* 
Laboratories RCA Limited, Zurich, Switzerland 

The work reported in this paper is concerned with a 
s tudy of thermal  conditions in a barrel  reactor, similar 
to but  smaller  than those used in the production of 
homoepitaxial  silicon. This is a cont inuat ion of the in-  
vestigations reported in Ref. (1-3). 

As has been ment ioned previously (1, 2), the effects 
of certain process parameters  such as temperature  
gradients and hydrodynamic  effects on the homogene- 
ity and uni formi ty  of mel t -grown crystals is relat ively 
well understood. In the case of growth from the vapor 
phase however, this subject has received detailed at- 
tent ion only dur ing the past few years. In view of the 
importance of the epitaxial silicon process, any infor-  
mat ion that  can be gained about the prevai l ing condi- 
tions inside the reactor is of potential  use in improving 
the yield and quali ty of devices. Experience has shown 
that reactors buil t  nomina l ly  to identical specifications 
behave differently under  the same operating condi- 
tions. In addition, with the increasing application of 
large-scale integration, the demand for thin homo- 
epitaxial silicon layers may increase and it seems 
l ikely that the growth of such layers will require 
closer control than the thicker layers that are grown 
in production at present. 

Experimental 
A number  of factors influenced the design of the re- 

actor. The size was l imited by the available rf genera-  
tor which had a max imum output of 12.5 kW. In de- 
signing the reactor, an at tempt was made to incorpor-  
ate as much flexibility as possible so that the same 
chamber  could be operated with either a i r-or  water-  
cooled walls. Provision was also made for the addition 
of baffles near the gas inlet  should this have been 
necessary. In  addition, the thermocouple used for the 
temperature  measurements  was bui l t  into the rotatable 
susceptor since the effects of rotat ion had not been 
studied previously. This posed some problems since a 
gas-t ight rotary feed-through was required for the 
susceptor support ing shaft and thermocouple. 

The final design of the reactor is shown in Fig. 1 in 
which the left side of the drawing shows the reactor 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
K e y  words :  s i l icon,  r eac to r  t echno logy ,  t e m p e r a t u r e  s t ab i l i ty .  

with water-cooled walls and the right side with air-  
cooled walls. Two demountable  water-cooled stainless 
steel end plates sealed the vitreous silica reactor tube 
and, if required, the Pyrex glass cooling water  jacket 
by o-rings held in compression by four Teflon support 
rods. These support rods were surrounded by gold- 
coated glass tubes which shielded them from the radia-  
tion from the hot susceptor. The tapered, hexagonal  
carbon susceptor (for exact dimensions see Fig. 3) was 
supported by a carbon rod attached to a hollow, stain-  
less steel shaft, the rotary seal to the base plate being 
achieved by a water-cooled o-ring. The leads from the 
Chromel-Alumel  thermocouple passed through the hal-  

Fig. 1. Barrel reactor with air- or water-cooled walls 
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low shaft to a rotary  contact (see also Fig. 2). Some 
initial problems arose wi th  hydrogen leaking f rom a 

number  of points which was el iminated by additional 
o-rings. The Chromel -Alumel  thermocouple  itself was 
fabricated from 100# diameter  wire sheathed in stain- 
less steel wi th  powdered magnes ium oxide insulation 
(Omega Company Type 304-K-MO-020). The stainless 
steel sheath was found to react  with the carbon suscep- 
tor at 1200~ and so a piece of a lumina tubing was in- 
serted be tween  the thermocouple  and the susceptor. 
The tip of the thermocouple  projected 1 m m  from the 
susceptor surface at the midpoint  of one of its faces. 
Since the susceptor could be rotated, a rotary  contact 
was required for the thermocouple.  For  this purpose, 
a small co-axial  plug and socket was used which 
proved to be quite suitable at the low rotation speeds 
used (max imum 6 rpm) .  As ment ioned previously,  the 
reactor  could be ei ther  water -cooled  or air-cooled, the 
la t ter  being accomplished ei ther by contact with the 
ambient  air (natural  air cooling) or by four perforated 
tubes (Fig. 1 right side) disposed symmetr ica l ly  around 
and spaced 35 mm from the vi treous silica tube (forced 
air cooling). 

The output  from the thermocouple  was part ial ly 
compensated wi th  a stable mil l ivol t  source and dis- 
played on a chart recorder  so that t empera ture  changes 
of about 0.25~ could be detected. A power controller 
wi th  a feedback loop placed close to the rf coil was 
used to ensure that  the power  del ivered to the suscep- 
tor was held constant. Once the conditions had stabil-  
ized, the recorded tempera ture  remained constant to 
wi th in  _0.5~ over periods of a few minutes  wi th  
a drift  of a few degrees over  longer periods. 

Fig. 2. Rotary feed-through for susceptor support and therrnocouple 

75 mm 

CHROMEL-ALUMEL " - \  
THERMOCOUPLE ---- ~ ---"~'T i, 

. i " ~ ,5Omm ~ ~3 o 
\ \ 

35rnm \ \ \ - -  
\ \ \ 

CARBON \\ \ \ 
\ \ 

\\ \\ 

35mm -~ 

Fig. 3. Carbon susceptor 

Results and Discussion 
Invest igat ions in a smaller, water -cooled  barrel  re- 

actor (3) indicated that  under  certain conditions, t em-  
pera ture  instabilit ies appeared in the gas phase near 
the hot  susceptor which increased as the gas veloci ty 
was increased. This effect was large at a position 25 
mm downst ream on the susceptor surface; at a point 
50 mm downst ream the effects were  small  but  still de- 
tectable. 

The measurements  to be reported here were  made 
at one thermocouple  position as ment ioned above and 
as shown in Fig. 1. This position was 75 mm down-  
s t ream on the susceptor, thereby al lowing the gas a 
reasonable t ime to equil ibrate  and, f rom previous re-  
sults (3), re la t ively  stab!e thermal  conditions would be 
expected at that  point. Nevertheless,  t empera ture  fluc- 
tuations were  still detected which tended to increase 
in magni tude with  increasing gas velocity. The gas ve-  
locities quoted in this paper are the room tempera ture  
values. When corrected for the actual gas temperature,  
the real  gas veloci ty would be approximate ly  three"  
t imes the indicated values. 

In hydrogen, with the susceptor stationary, t empera-  
ture  fluctuations began at a gas veloci ty of about 18 
cm/sec  with  air-cooled walls and at 8 cm/sec  with 
water -cooled  walls. The m ax im um  ampli tude of the 
fluctuations was 0.5~ in the former  and 1.5~ in the 
la t ter  case. These results i l lustrate the sl ightly de- 
creased stabili ty of the water -cooled  reactor  as com- 
pared to the air-cooled reactor. These effects seen in 
hydrogen were  re la t ively  small  and are probably not 
of great  importance in practice. 

Tempera tu re  asymmetr ies  were  detected when the 
susceptor (and with  it, the thermocouple)  was rotated. 
With constant power input to the susceptor, the tem- 
perature registered by the thermocouple varies in a 
regular manner as shown in Fig. 4. The upper portion 
(a) shows the effect with hydrogen; the period of the 
fluctuations was one revolution and their amplitude in- 
creased with increasing gas velocity up to about 5~ 
at 34 cm/sec. Figure  4(b) shows the effect of turning on 
the forced-ai r  cooling. Superimposed on the general  
a symmet ry  seen in (a) were  four peaks, each one re-  
sulting f rom one of the air-cooling tubes. Again, their  
ampli tude increases wi th  increasing gas veloci ty up to 
about 8~ at 34 cm/sec.  
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ROTATION 
ON I r.p.m I MIN. 

I I 
I 
I t 

I I 
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H 2 I.//min H2 20 ~/min H2 40~'/min 

( 34 cm/sec ) 

NATURAL AIR COOLING 

( fsusceptor -~ I IO0~ 
(0) 

[ H~s 

FORCED AIR H2 20,~/min 
COOLING ON H 2 40f/min 

( 54 cm/sec) 

]~5~ 

~[3 ~ 

FORCED AIR COOLING 

( t susceptor ~ IIO0~ ) 

(b) 
Fig. 4. Rotational temperature asymmetries in hydrogen (1 rpm): 

(a) with natural air cooling, (b) forced air cooling. 

Since the susceptors in product ion reactors are ro- 
tated at 6 rpm, the dr ive was changed to give this in-  
creased speed since it was possible that the effects 
measured at 1 rpm would be smoothed out at this 
higher  speed. This was not the case, however;  the 
peaks were mere ly  moved closer together  but could 
still  be easily resolved. When ni t rogen is substi tuted 
for hydrogen, the ampli tude of the tempera ture  fluc- 
tuations increases to about 35~ as compared to about 
8~ for hydrogen. The differences between air and 
water  cooling were  not so great  but  since the susceptor 
t empera ture  was lower  in the la t ter  case, it seems quite 
l ikely that  the effect would  be greater  in that  instance 
for equivalent  susceptor temperatures.  

The type of fluctuations observed with the s tat ionary 
susceptor is superimposed on the rotat ional  fluctua- 
tions. This is shown in Fig. 5 for a water -cooled  reac-  
tor and a rotat ion rate of 6 rpm. Between  8.4 and 13.0 
cm/sec  the s ta t ionary fluctuations begin and can be 
seen in the trace taken at 13 cm/sec. The ampli tude of 
the rotat ional  and stat ionary fluctuations can be seen 
to increase wi th  increasing gas velocity. A similar ef-  
fect was seen with the air-cooled reactor. 

Conclusion 
Similar  effects were seen with the longer  susceptor 

as had been seen earl ier  (3) with a shorter  susceptor 
wi thout  rotation, but their  magni tude  was probably not 
sufficient to cause any great problems as regards uni-  
formity  or crystal perfection in a practical  growth sys- 
tem. In any case, the susceptor used in production re-  
actors has a min imum of 15 cm free surface before the 
reacting gases reach the substrates so that  the stat ion- 
ary fluctuations will  be of even smaller  amp~.itude. The 
presence of the rotat ional  fluctuations, however,  could 
be one factor which causes differences in behavior  in 
apparent ly  identical  reactors. It is unl ikely  that  tem-  
pera ture  fluctuations in the gas phase would affect the 

0.85 cm/sec 8.4 c m/sec 13.0 cm/sec 

.,t IOsec 

8~ 

54.0 cm/sec 52.0 cm/sec 

Fig. 5. Effect of gas velocity on rotational temperature fluctuations 
in hydrogen with a water-cooled reactor. 

substrate temperature since the thermal mass of the 
substrate and susceptor is large. But the possibility ex- 
ists that the diffusive flux of reactants and reaction 
products to and from the substrate would be affected 
since diffusion is a temperature-dependent process. 
This co.uld, then, lead to inhomogeneities and nonuni- 
fortuities in the grown layer. 

The origin of the rotational fluctuations is not en- 
tirely clear. The fact that their magnitude is larger 
with nitrogen than with hydrogen shows that the ef- 
fect is, to some extent, gas dependent. This, together 
with the velocity dependence of their amplitude, indi- 
cates that their origin is probably a combination of 
flow and geometrical factors. 
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The Dissociation Energy of BiS and the 
Vapor Composition over Bi-S Melts 

Daniel Cubicciotti* 

S tan ford  Research  Inst i tute ,  Menlo  Park ,  Cali fornia 94025 

Dissociation Energy 
The stabili ty of the BiS molecule re la t ive  to the ele-  

ments was determined in a t ranspirat ion exper iment  
(1) a few years ago and the molecule  identified in a 
mass spectrometer  s tudy (2). Since that t ime the mo-  
lecular  constants of the molecule  have been measured  
by Barrow et al. (3) so that its thermodynamic  func- 
tions can be calculated. That informat ion allows a care-  
ful in terpreta t ion of the t ranspirat ion data, as follows. 

The equi l ibr ium constants for the reaction 

Bi( l )  + 1/2S2(g) = BiS(g)  [1] 

were  taken from Ref. (1). The thermodynamic  func-  
tions for BiS calculated from molecular  constants are 
given in Table I, while those for Bi and $2 are f rom 
Hul tgren  (4) and the J A N A F  Tables (5), respectively.  
The calculations of the third law enthalpies of react ion 
(&H298 : - - R T  in K -- T~F)  are given in Table II and 
lead to an average value of 27.9 _ 1 kcal /mole.  The 
tempera ture  coefficient of the equi l ibr ium constant 
gave an enthalpy change of 25 _ 5 kca l /mole  at 1000~ 
which leads to a value of 29 -+- 5 at 298~ in good agree-  
ment  with the third law value. 

The dissociation energy of BiS is equal to the en-  
thalpy change at 0~ for the reaction 

BiS(g)  : Bi(g)  -~ S(g)  [2] 

The third law value above, when  combined with  the ap- 
propriate  enthalpies of atomization from Ref. (4) and 
(5), leads to a dissociation energy of 72.3 ~- 1 kca l /mole  
for BiS. 

Uy and Drowart (6) have measured the equilibrium 
constant for the reaction 

BiS(g) -~ Pb(g) ---- Bi(g) -F PbS(g) [3] 

by a mass spectrometer technique. The enthalpy change 
they measured for the reaction was --7.2 • 1 kcal/mole 
at 0~ (with corrected F values). The dissociation 
energy of PbS is not yet well established. Uy and 
Drowart gave a value of 80.4 m 1.5 kcal from mass 
spectrometer data and 81.8 _--+- 0.4 from spectroscopic 
data. The JANAF Tables reviewed the literature and 
gave 82.4 • 1.5 as a compromise. The dissociation en- 
ergy of BiS calculated from those values are 73.2 ~ 2.5, 
74.6 _ 1.5, and 75.2 ~ 2.5, respectively. 

Dissociation energies from spectroscopic data that are 
in good agreement with thermochemical values for a 
large number of molecules have been derived by a 
method due to Hildenbrand (8). In his method, the 
dissociation energy, Do, is re la ted to the value ca]cu- 
lated from a l inear  Bi rge-Sponer  extrapolation,  
D ( L B X ) ,  by the empirical  equat ion 

oo 
- -  0.448 + 0.365 [4] 

D ( L B X )  

in which r~ is the equi l ibr ium in ternuclear  distance 
and rx is an est imate of the distance at which the ionic 
and covalent potent ial  curves cross, given by 

Table I. Thermodynamic functions calculated for BiS 
(standard state, ideal gas) 

? ~  -- H ~ ! ) ,  A b s o l u t e  E n t h a l p y  Hea t  
T en t ropy ,  i n c r e m e n t  capaci ty ,  

T e m p e r -  c a l / m o l e  deg  S ~ ca l /  H'r -- H~s, c a l / m o l e  
a ture ,  ~ - -F  mo le  deg  k c a l / m o l e  deg  

298 61.57 61.57 O.O 8.406 
300 61.57 61.62 0.016 8.411 
400 61.90 64.07 0.868 8,620 
500 62.53 66.01 1.736 8~728 
600 63.25 67.60 2,612 8.790 
700 63.97 68.96 3.494 8.829 
800 64.67 70.14 4.378 8.855 
900 65.34 71.19 5.264 8.873 

1000 65.97 72.12 6=152 8.886 
1100 66.57 72.97 7.041 8.896 
1200 67.13 73.75 7.931 8.903 
1300 67.67 74.46 8.822 8.909 
1400 68.18 75.12 9.713. 6.913 
1500 66.66 75.74 10.604 8.917 

* H~gs -- Ho : 2.262 k c a l / m o l e .  M o l e c u l a r  c o n s t a n t  u s e d  [ f rom 
B a r r o w  (3)]. re = 2.3192,; ~e = 409 cm -1. G r o u n d  s ta te  m u l t i p l i c i t y  
tg) = 2 because  of l a m b d a  d o u b l i n g  [see l~ef. (7)]. The  s ta te  w i t h  
sp in  = 3/2 is expec t ed  to h a v e  an  e n e r g y  of the  o rde r  of 8000 cm -1 
~personal  c o m m u n i c a t i o n  f r o m  Pro fesso r  R. F.  Ba r row) .  

Table II. Third law evaluation of enthalpy change for reaction [1] 

E q u i l i b r i u m  con- 
s t an t s  m e a s u r e d  T e m p e r -  AF, caI /  ~H~es, 

in  Res (1), Tor r  ~/2 a tu re ,  ~ mole  deg  kcal  

0.1 706 -- 17.53 28J) 
0.15 740 --17.40 28.0 
0.31 800 -- 16.96 27.8 

A v e r a g e  27.9 

For  the BiS molecule we calculate rx : 2.76 so that  
rx/re = 1.19 and D o D ( L B X )  --_ 0.883. The value of 
D ( L B X )  f rom Barrow's  data is 81.1 kcal so that  Do 
calculated by Hi ldenbrand 's  method is 71.6 kca l /mole  
in good agreement  wi th  the thermochemical  value. 

Composition of Vapor over Bi-S Melts 
The vapor phase in equi l ibr ium with  the condensed 

phases in the Bi-S system will  consist p r imar i ly  of the 
species S~, BiS, Bi2, Bi in various re la t ive  amounts 
depending on mel t  composition. There will  also be 
smaller  amounts of secondary species such as S and 
the more complex species, Bi4, Bi2S2, Ss, etc. (9, 10). 
For the present discussion those secondary species are 
neglected. 

The amounts of the pr imary  species can be calculated 
f rom the avai lable thermochemical  data for the gases 
[sulfur species from Ref. (5), bismuth species from 
Ref. (4), BiS from this paper] and the thermodynamic  
activities of Bi and S in the mel t  given in Ref. (1). The 
results of such a calculat ion for 800~ (1073~ are 
given in Fig. 1. 

The predominant  vapor  species is $2 over almost the 
entire composition range. At sufficiently small  sulfur  
content in the melt  (atom fraction sulfur  <0.05), the 
species Bi2 is predominant.  The pressure of BiS is al- 

?'x ~-- 

14.40 (eV) 

(ionization potential  of meta l  atom, eV) - (electron affinity of nonmetal  atom, eV) 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  words :  b i s m u t h  sulf ide,  d i s soc ia t ion  energy ,  v a p o r  c o m p o -  

s i t ion.  ways in termediate  be tween those of $2 and Bi2. In fact, 
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Fig. 1. Partial pressures of species over Bi-S melts at 80O~ 

as noted in an earl ier  paper, the dissociation energy of 
BiS is approximate ly  the mean of those of Bi2 and $2 
and since there  are no large entropy effects the pres-  
sure of BiS is approximate ly  the geometr ical  mean o f  
those of $2 and Bi2. The lower  two curves in Fig. 2 
show the total amounts of S and Bi in the vapor, Le., 
the sums of pressures of all species containing S and 
Bi presented as pressures of monatomic S and Bi. 

The curves at tempera tures  other  than 800~ are 
qual i ta t ively  the same. The major  differences arise 
because at tempera tures  below 775~ solid Bi2Ss pre-  
cipitates, at the mel t  compositions reported in the phase 
d iagram (11). Above 775~ a second liquid phase 
separates. The activities of Bi and S are essentially the 
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Fig. 2. Composition of gas phase at 800~ Lower two curves: 
total amount of sulfur and bismuth in vapor; Total S ~ 2 P(S2) 
P(BiS); Total Bi --~ 2 P(Bi~_) 4- P(Bi) -~ P(BiS). Upper two curves: 
composition of gas relative to melt; full curve ~ ratio of gram 
atoms of sulfur to bismuth in equilibrium gas (calculated from pres- 
sures of species) relative to ratio in melt; dotted curve ~ ratio of 
gram atoms of sulfur to bismuth in effused vapor (calculated from 
effusion rates of species) relative to ratio in melt. 

same functions of composition over  a wide tempera-  
ture  range ( i ) .  

The pressure of BiS goes through a m a x i m u m  at 0.5 
atom fract ion of S in the melt. However  the m a x i m u m  
has no par t icular  significance. The m a x i m u m  is a nec- 
essary consequence of the relat ionship of the pressure 
of BiS between the product  of the activities of S and 
Bi in the system and the fact that  those activit ies a r e  
monotonic functions of the composition var iable  (atom 
fraction S). Thus, in general  (12), a vapor  species 
BixS~ will  show a m a x i m u m  in its pressure when the 
mel t  composition is given by Ns/Nm -~ y /x .  

The ratio of the re la t ive  amounts  of sulfur  and 
bismuth in the vapor  and in the mel t  are shown in Fig. 
2 as the full  curve. That  ratio always exceeds unity and 
therefore  there is no composition that  evaporates  con- 
gruently.  (Congruent  evaporat ion implies that  the 
vapor  composition calculated f rom the pressures is 
equal to the melt  composition.) The vapor  is always 
r icher in sulfur than the melt. As the concentrat ion of 
sulfur  in the  mel t  decreases that  ratio drops to a l imi t -  
ing value (6.7 at 800~ Therefore, in principle, equi-  
l ibr ium vaporizat ion of the melt  will  always cause it 
to become enriched in bismuth. 

It is interest ing to consider vaporizat ion of the mel t  
controlled by an effusion orifice. In that  case the ratio 
of species that evaporates is dependent  on their  molec-  
ular  weights as wel l  as their  part ial  pressures. The 
Knudsen equat ion (13) for the rate of evaporat ion is 

VaPN/MT" [5] 

in which V is the molecular  rate of vaporization, P 
the pressure, M the molecular  weight,  and T the t em-  
perature.  Because of the large differences in molecular  
weights of the species, there is a significant effect on 
the ratio of sulfur  to bismuth that  is vaporized. The 
ratios of amounts of sulfur to b ismuth evaporated 
through an effusion orifice are shown as the dotted 
curve in Fig. 2. Vapor effused f rom the system always 
shows a larger  sulfur to bismuth ratio than the equi-  
l ibr ium vapor  pressures. The factor is approximate ly  
two except for small atom fractions of sulfur  where  it 
decreases to about 1.5. 

That difference in the composition of the vapor  re-  
moved from a system by different "equi l ibr ium" proc-  
esses can be important  in an exper imenta l  test of the 
vapor  composition of a system. Exper imenta l ly  one 
often investigates the composition of the vapor  of a 
system by evaporat ing a substantial  fract ion of a 
sample and analyzing the residue. The above analysis 
shows that  the residue left  af ter  a Knudsen effusion 
evaporat ion would be poorer  in sulfur than a t rue  
equi l ibr ium vaporization. The effusion vaporizat ion re-  
sults could be corrected to the equi l ibr ium situation 
only wi th  a knowledge of the molecular  weights  of the 
vapor  species and then re la t ive  amounts. In a Lang-  
muir  (open surface) vaporizat ion the re la t ive  amounts 
of the components evaporated would be addit ional ly 
complicated by the possibility of unequal  vaporizat ion 
coefficients. Therefore, the experimental test of vapor 
composition by measurements of the relative amounts 
removed by evaporation can give results that are not 
relevant to equilibrium vapor compositions. 

Manuscript received May 9, 1975. 
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Anodic Passivation and Coating of 
AlAs in Aqueous Solutions 

W. D. Johnston, Jr. 
Bell Laboratories, HolmdeI, New Jersey 07733 

The close lattice match between AlAs and GaAs is 
well known and has made possible successful hetero- 
junct ion semiconductor devices of great potential  im- 
portance. The instabi l i ty  of pure AlAs in air due 
to water -vapor  attack has hitherto l imited in ter -  
est in A1As-GaAs systems to alloy compositions of 
AlxGal-xAs with x < 0.8. Recently, high performance 
n-A1As/p-GaAs large area solar cells prepared by 
vapor phase epitaxy (VPE) have been demonstrated 
(1). An essential element in  practical solar cell de- 
vices is a stable, and preferably antireflective, top sur-  
face. We describe here the technique of anodic growth 
of a stable oxide layer  on pure VPE AlAs. The anodic 
oxidation of GaAs, AlxGal-xAs,  and GaP is substan-  
t ial ly similar and has been described in  detail by 
Schwartz, Ermanis,  and Brastad (2). We will  em- 
phasize here only the significant differences for pure 
AlAs. As in the work of Ref. (2), we employed a Pt  
cathode and Ta anode contact. We investigated anodic 
growth on n-AlAs layers (n ,-, 10 ~s cm -3, p --~ 0.05 
ohm-cm, g .~ 120) grown by VPE on (100) GaAs sub-  
strates (3), in  pH-adjus ted H202 or H20 electrolytes. 

We found that uniform, controlled oxide growth on 
AlAs is even more critically dependent  upon pur i ty  of 
the electrolyte with respect to halide or NO~- ion con- 
centrat ion than was found for the Ga compounds (2). 
We were unable, in  fact, to obtain high quali ty large 
area anodic growth in 30% H202 electrolyte anywhere 
in  the pH 1.5-5.0 range, owing, we believe, to residual 

Key words: oxidation, compound semiconductors, device tech- 
nology. 

(1 ppm) C1- impuri ty,  al though acceptable growth on 
GaAs was attainable. Similar  difficulty was encountered 
with ordinary distilled H20. With mul t ip ly  filtered, de- 
ionized (4) H20 (18 megohm cm), to which H3PO4 had 
been added to pH 1.9-2.0, however, excellent growth 
could be at tained up to 2500A under  constant cur-  
rent  conditions. The final layer thickness was deter-  
mined to be l inearly dependent  (approximately 10 
A/V)  on supply compliance voltage setting. Current  
densities of ~2-8 mA/cm 2 were satisfactory for room 
temperature baths at pII 2.0. At higher current densities 
tapering of the oxide was observed, particularly for 
AIAs epilayers grown on high resistivity substrates. 
Nonuniformity and pinholing of the oxide occurs at 
lower current densities. At elevated temperatures a 
greater range of current densities is permitted, thicker 
films may be grown, but  the opt imum pH range of 1.9- 
2.0 remains unchanged. Our conclusion that C1- im-  
pur i ty  is responsible for the poor anodization with 
H20~ and ordinary distilled water is based on the ob- 
servation that addit ion of ~1 ppm of C1- (from suc- 
cessive di lut ion of reagent  HCI) to the highly pure 
water gave similar ly poor anodization behavior. 

Following anodization, the mater ial  was baked and 
annealed at 400~ for 1 hr in a dry Ne ambient.  This 
serves to drive off water of hydrat ion and improve 
the stabil i ty of the vitreous film. By analogy with Ref. 
(2), we believe the oxide film to be the form A12Os �9 
As203. At higher baking temperatures  ( > 550~ 20 
rain) devitrification and loss of arsenic oxides sets in. 
The layers then fracture and "flake off" on cooling. 
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The unbaked anodic oxide film is significantly more 
resistant  to at tack by concentrated or di lute HC1 
than is the equiva len t  anodic oxide grown on GaAs. 
Total  removal  of a 1000A film in 50% HC1 takes a few 
seconds for the film on GaAs, and tens of minutes for 
the film on AlAs. If pinholes, imperfections,  or edges 
are exposed, in fact, the film is detached by attack on 
the under lying AlAs which is at tacked much more 
rapidly  than the oxide. Unbaked films deter iorate  over 
several  weeks in room air. The proper ly  baked films 
are stable in room air and resist deter iorat ion in con- 
tact with the photoresists, waxes, glycol phthalate,  and 
shel lac-based cements used in device fabrication, all 
of which attack and deter iorate  unprotected AlAs in 
varying degrees. The baked film is rapidly removed in 
10% HF or H2SO4 solutions but  is not at tacked by 20% 
Br2:CH3OH. It may also be removed rapidly in 1M 
KOH, which has less tendency to attack the under lying 
AlAs. 

P re l imina ry  measurements  indicate a ref rac t ive  in-  
dex for the baked films of 1.7-1.8 at 600 nm. (The index 
does not vary  f rom film to film, ra ther  the uncer ta in ty  
lies in our imperfect  knowledge of the optical con- 
stants of AlAs, uncer ta in ty  in exact film thickness, 
residual surface roughness effects, etc.) The anodic 
oxide is thus eminent ly  suitable for an antireflective 
coating [nAlAs ~ 3.3 : (1.8) 2 ] and we have in fact 
obtained reflectivities below 2% across the 570-750 nm 
band on the solar cell devices described in Ref. (1). 

Recently, the anodization of GaAs in a solution of 
e thylene or propylene glycol, tar tar ic  acid, and wate r  
was described (5). We have found that  this electrolyte 
does not offer any advantage over pure  H20/I-I~PO~ for 
anodization of AlAs or GaAs, and we were  only able to 
obtain poor results, comparable  to those with  the H20~ 
bath. for AlAs. We have also tr ied other conductiv-  
i t y /pH modifiers--citr ic,  acetic and tartar ic  acids, 
NH4OH in the highly pure water. Results in these 
electrolytes were less satisfactory, and the anodic 
oxides formed were less stable in air, whether baked 
or not. 

In summary,  stable, uni form anodic oxide films may  
be grown to reproducible and controlled thicknesses on 
AIAs by similar  techniques as used (2) for GaAs, GaP, 

and Gal-~.AI~As alloy. The stabil i ty of the proper ly  
baked film is at least as good against  a t tack by water  
or mineral  acid solutions as the films on the Ga-con-  
taining compounds, and AlAs t reated in this fashion 
can be handled and processed wi thout  the random de- 
terioration, oxidation, and /or  hydra t ion  which has 
hi ther to precluded much interest  in use of this com- 
pound in practical  devices. 
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ABSTRACT 

A one-dimensional  (for diffusion) p la t inum electrode immersed  in ei ther 
di lute  potassium hydroxide  or sulfuric acid solutions was invest igated for s tar t -  
ups and restarts  af ter  par t ia l  rest  periods. The exper imenta l  results for both 
the cathode and anode of the hydrogen-oxygen  fuel  cell were  examined quan-  
t i ta t ively  to indicate the t ime periods for surface reaction control, diffusion 
control, and convection control. 

When a fuel  cell is s tar ted up, i.e., when the circuit  
of the cell is closed after the cell has been rested, the 
current  surges to a high value and then  decays toward 
a s teady-s ta te  value. As this occurs, the concentrat ion 
of oxygen at the surface of the cathode decreases, and 
a boundary  layer  of electrolyte  that  is re la t ive ly  de- 
pleted in absorbed oxygen forms next  to the cathode. 
Hydrogen  deplet ion also occurs at and near  the anodic 
surfaces. When a cell is rested after  it has been oper- 
ated for extended periods of time, oxygen and hydro-  
gen diffuse or t ransfer  back in the regions on or near  
the cathodic and anodic surfaces, respectively.  Rela-  
t ively  l i t t le quant i ta t ive  informat ion  is available, how-  
ever, on oxygen and hydrogen concentrat ions as a cell 
is ini t ia l ly  rested or dur ing the restarts  (after a cell has 
been par t ia l ly  rested).  Informat ion  On rest  periods and 
on restarts  would appear  to be useful  in clarifying 
phenomena that  occur during cell operation. 

The avai lable informat ion on s tar t -up of a fuel  cell 
indicates that  several  current -cont ro l l ing  steps may 
occur during s tar t -up depending on the t ime after the 
circuit is closed and on the type of cell (or electrode) 
used (2-4, 7-10). In the t ime period immedia te ly  af ter  
the circuit  is closed, the current  is high and is some- 
times re la t ive ly  constant. Kinet ic  control is of major  
importance during this init ial  t ime period. With in- 
creased t ime after  closing the circuit, the current  often 
becomes essentially directly proport ional  to 1 /~/ t ime ; 
the diffusion (or t ransfer)  step of hydrogen or oxygen 
through the e lect rolyte  to the anode or cathode, re-  
spectively, is then the controll ing step. A third con- 
trol l ing step, free or natural  convection, often becomes 
important  for ver t ical  electrodes several  minutes after 
the circuit  is closed (6). 

In the present  investigation, exper imenta l  evidence 
was obtained re la t ive  to the s tar t -ups  and restarts 
(after  par t ia l  rest periods) for one-dimensional  elec- 
trodes. This information plus mathemat ica l  analysis of 
the data has helped clar ify the phenomena occurring 
during start-up,  the rest period, and restarts.  

* P r e s e n t  a d d r e s s :  E. I .  d u  P o n t  de  Nemours and C o m p a n y ,  H o u s -  
ton,  TeKas  77001. 

K e y  w o r d s :  f u e l  cell,  e l ec t rode ,  electrolyte, cathode, anode, su l -  
f u r i c  ac id ,  p o t a s s i u m  hydroxide. 

Equipment and Operating Procedure 
The equipment  and operat ing procedures were  simi- 

lar to those used by earl ier  invest igators  (2, 3). The 
test electrode was a piece of p la t inum foil that  was 
8 cm high, 3 cm wide, and 0.0125 cm thick. It  was ei ther  
completely or par t ia l ly  immersed  in a ver t ical  position 
in an electrolyte  contained in a glass beaker. In some 
runs, the electrode was positioned in the middle  of a 
3 cm • 8 cm rectangular  passageway constructed with  
Plexiglas plastic pieces that  were  7 cm long. Since the 
passageway fitted closely around the edges of the elec-  
trode, diffusion of the absorbed gas in the electrolyte 
(oxygen or hydrogen depending on whe ther  the elec-  
trode was being used as a cathode or anode) could, 
wi th  this shielding, be only perpendicular  to the plane 
of the electrode. 

The surface roughness of the test electrode was in- 
creased by the electrodeposit ion of p la t inum from a 
10% solution of chtoroplatinic acid using a current  
density of 13 m A / c m  2 for 240 sec. DeVet (3) has earl ier  
shown that such an electrodeposit ion technique in-  
creases the surface area by a factor of about 150, p re -  
sumably indicating the presence of some pla t inum 
black on the surface. 

When the test electrode was the cathode, the elec- 
t rolyte  in the main beaker  was saturated with  oxygen. 
The electrolyte  around the counterelectrode was, how-  
ever, saturated with  hydrogen. For  most runs of this 
investigation, 1N KOH was used as the electrolyte.  

The differences in the potentials be tween  the test 
electrode and the reference electrode (a saturated 
calomel electrode) were  measured.  After  the open- 
circuit potential  was de termined  using a Honeywel l  
Model No. 2780 potentiometer ,  the desired potential  
difference was established and mainta ined to wi thin  
0.01V with a control system containing a potentiostat  
(Duffer's Model 600) and a dual power  supply (Duffer's 
Model 620). Continuous measurement  of the cell cur- 
rent  was recorded on a Sargent  SR recorder  with a 
range up to 125 mA. 

In some experiments,  the fuel  cell was modified so 
that  the test electrode was the anode. The flows of oxy-  
gen and hydrogen were  then reversed.  In  some cases, 
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dilute solutions of sulfuric acid were used as electro- 
lyre. 

The electrode to be tested was general ly  activated 
at the start of each day's operation; to do this it was 
immersed in 20% nitric acid mainta ined at a tempera-  
ture just  below its boiling point  for 2 hr. The electrode 
was then rinsed with distilled water  for 10 rain; and 
then assembled with the fuel cell, which was immersed 
in a water  bath. 

The fuel cell was normal ly  operated at room tem-  
perature, i.e., at 25~176 The electrolyte solutions for 
the cathode and anode were saturated with oxygen 
and hydrogen, respectively, by bubbl ing  these gases 
through the electrolyte for 1-2 hr. In order to allow for 
dissipation of the convection currents in the electro- 
lyte, the gas flows were stopped for at least 20 min  
before the circuits were closed. This technique of satu- 
rat ing the electrolyte with oxygen and hydrogen is 
defined here as the ini t ial  rest period. 

Resu l ts  

Several runs were made ini t ia l ly  to determine if the 
shielded electrodes provided one-dimensional  diffusion 
of the absorbed reactant  gas through the electrolyte. 
Comparative runs made with a cathode completely im- 
mersed in 1N KOH, an anode in 1N KOH, and an anode 
in 1N H_~SO~ indicated that the currents  generated by 
shielded electrodes were 5-10% less than currents  with 
unshielded electrodes. Figure 1 shows the currents 
generated as a funct ion of t ime after the circuit was 
closed for a shielded and freshly activated cathode im-  
mersed in 1N KOH at potentials of 0.2, 0.3, and 0.6V. 
In all s tar t -up runs, the currents were ini t ia l ly high 
and decayed to more or less steady-state values after 
several minutes.  

The results of these s tar t -up runs with shielded 
electrodes were next  compared with calculated values 
obtained using the we l l -known  equation for one-di-  
mensional  diffusion of the absorbed gas in the electro- 
lyte. In the case of the cathode, oxygen is the absorbed 
gas 

is -~ A n F C ( D / x t )  ~ [1] 

where is = s tar t -up current,  mA; A ~ submerged area 
of electrode, cm~; n ~ number  of electrons t ransferred 
per mole of reactant  gas; F ~ Faraday number ,  9.65 • 
107 mA-sec; C = concentrat ion of dissolved reactant  
in electrolyte, mole/cm3; D ---- diffusivity of dissolved 
reactant  in electrolyte, cm2/sec; ;~ : 3.1416; and t ----- 
time, see. 

A basic assumption of the above equation is that  the 
reactant  gas reacts immediately upon reaching the 
electrode and that the concentrat ion of the reactant  at 
the surface is zero. Values for diffusivity and for equi-  
l ibr ium solubilities of oxygen and hydrogen in  dilute 
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Fig. 1. Current as function of time after start-up of cathode com- 
pletely immersed in 1N KOH at polarizations of 0.2, 0.3, and 0.6V. 

electrolyte solutions, such as needed in Eq. [1], are 
reported in  the l i terature  (1, 5). Currents  calculated 
using Eq. [1] agreed in all cases wi th in  4% of the ex-  
per imental  currents for t ime periods from 15 to 200 sec 
after the circuit was closed. 

Plots of the current  vs. (1/t  ~ were most useful. 
The s t raight- l ine port ion of such graphs was in all 
cases well represented by Eq. [1]. Figure 2 is an ex-  
ample for (1/t  0.5) values from. about 0.07 to 0.25. 
Other time portions of these graphs will  be considered 
later. 

The currents  at s tar t -up of other one-dimensional  
electrodes in addit ion to those tested in this invest iga-  
tion can probably also be predicted by means of Eq. 
[1]. To support  this conclusion, Eq. [1] resulted in  a 
10-15% underpredic t ion of the s tar t -up currents ob- 
tained by DeVet (3) who used an unshielded cathode 
immersed in  1N sulfuric acid electrolyte. 

After  the shielded electrodes were found to result  
in one-dimensional  diffusion, a series of runs was made 
in which a cathode immersed in  1N KOH was first 
started up, then par t ia l ly  rested, and then restarted. 
When the circuit is first closed (result ing in the s tar t -  
up current) ,  an oxygen-deficient boundary  layer  is 
formed, and it grows in  thickness as the circuit re- 
mains closed, as confirmed with the appropriate one- 
dimensional  diffusion equations. The length of the 
s tar t -up period was controlled in a series of runs at 
either 1.0 or 2.5 min. Following the s tar t -up period, 
the circuit was opened in  order to rest the cell. Dur ing  
this period of time, oxygen diffused into the boundary  
layer. Longer rest periods replenished to a greater 
extent  the reactant  concentrations causing them to ap- 
proach the equi l ibr ium concentrations that resul ted 
after "complete" resting. Rest periods of 0.5, 1.0, 1.5, 
2, 2.5, 5, and 12.5 rain were tested. Finally,  the circuit 
was closed once more, and the resul t ing current  is de- 
fined as the restart  current,  irs. When molecular  diffu- 
sion is controlling, the magni tude  of irs can be related 
to is by the following equation derived by Rohrer (7) 

. s  4b-~r, 
Zrs=v2 i ( Y )  Y e dy + l [2] 
is Dtrs 

where 

f ( y )  _ - -  
1 ~o 't6 

(y + u)2 (y - u)= l 

J 4Dtr 4Dr= 
e + e du  [3] 
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Fig. 2. Plot showing time regions for various controlling steps of 
start-up of hydrogen-oxygen fuel cell with 1.0N KOH electrolyte. 
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and trs -- t ime elapsed after restart;  tr = total resting 
time; �9 -- the s ta r t -up  time. 

The exper imental  results of the restarts are reported 
here as the ratio of the restart  cur rent  to the s tar t -up 
current,  i.e., irs/is. In  all cases, predicted values of irs/is 
based on the derived mathemat ical  model (7) agreed 
well wi th  the exper imental  values in  the diffusion-law 
region (about  15-200 sec). F igure  3 shows the results 
for runs with the cathode completely immersed in 1N 
KOH and with a polarization of 0.2V. Both increased 
rest periods and decreased periods of t ime of closed 
circuit during s tar t -up resulted in  higher its/is. 

The ratio irs/is is a funct ion of only two dimension-  
less variables (7), v = trs/tr and g ---- ~/tr. In  fact, also 
using the subst i tut ions 

y u 
~ _ - -  and r n - - ~  

2 2VmT; .  

Eq. [2] and [3] become 
�9 
~rs 2 f(n,v,g)e-n~n dn + 1 [4] 
Ss 

and 

= ( ~  ~ ,(n,v,g) .-~. 50 [ er f (v l /~m ) 1 ]  \ gl/2 

[e-v(n+m)2 + e-v(n-m?]dm [5] 

Figure 4 indicates how/rs / is  varies for various values 
of v and g based on the mathematical  model. This 
graph indicated that a rest period as large as five times 
the s ta r t -up  period (g ---- 0�9 is insufficient to com- 
pletely replenish the boundary  layer  formed during 
start-up.  When the restart  period becomes large as 
compared to the rest period, i.e., v > >  1, then the 
effect of increased resting becomes less since i~s/i~ 

1.0. 

Results o] early time period o~ start-up.--The cur-  
rent  values calculated using Eq. [1] general ly do not 
agree with the exper imenta l  values during the first 20 
sec after s ta r t -up  of a wel l -rested electrode. Figure 1 
shows the results obtained with a cathode that had 
been freshly activated in nitr ic acid and was then im-  
mersed in  1N KOH. In  this case, the exper imental  cur-  
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Fig. ~l. Comparison of experimental and predicted ratio of re- 
start to start-up currents for cathode immersed in 1N KOH and 
with polarization of 0.2V�9 
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rents in the range of about 2-20 see after closing the 
circuit were higher than the calculated values. During 
this t ime period, the currents were also sensitive to the 
magni tude  of the imposed voltage�9 For activated anodes 
immersed in  either 1N KOH or 1N H2SO4, similar  find- 
ings were also noted. These results can be explained by 
two factors. Adsorption of hydrogen on the anode and 
of oxygen on the cathodes dur ing the rest period re-  
sults in  more reactants (and hence higher currents)  
than  are predicted based just  on diffusion transfer. At 
least part ial  kinetic control is occurring as indicated by 
increased currents  with higher imposed voltages. 

For restart  runs with a cathode immersed in  1N 
KOH, the poor agreement  as indicated by Fig. 3 be- 
tween the experimental  and calculated results in the 
t ime period of 2.-15 sec can also be explained by oxy- 
gen adsorbed on the cathodic surface. During the rest 
period, part  of the oxygen that  t ransfer  to the surface 
is adsorbed on the surface. This adsorbed oxygen is 
then responsible for currents higher than would be 
predicted assuming diffusion transfer was the only 
phenomenon that had to be considered. 

Immersion of the cathode in IN KOH slowly de- 
activated it and may have resulted in diminished ad- 
sorption of oxygen on the surface. This conclusion 
is based on comparative runs with a cathode immersed 
from 0 to 8 days in IN KOH. As noted in Fig. 5, de- 
creased currents were obtained in the 2-20 sec time 
period (i.e., I/t 0.5 from about 0.22 to 0.7) as the time of 
immersion increased. Extended immersions of an anode 
in IN I-I2SO4 also deactivated it. 

The cathode that was used immediately after being 
immersed (i.e., zero days immersion) was most active. 
For values of I/t o.5 from about 0.22 to 0.30, the slope 
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Fig. 5. Effect of aging of cathode in 1N KO,H solution as related 
to start-up currents with 1N KOH electrolyte and with polarization 
of 0.2V. 
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increased rapidly, but  at higher (1/t  ~ values, i.e., 
lower time values, the slope decreased and began to 
level out. For a constant current  value, the electrode 
would be completely activation or kinetic controlled. 

Results for long time periods after start-up.--For all 
electrodes tested, the cur ren t  always became essen- 
t ially constant several minutes  after s tart-up.  Equation 
[1], however, predicts that  the current  would continue 
to decrease with t ime unt i l  zero current  would be ob- 
tained at infinite time. Free or na tura l  convection most 
l ikely becomes of increased importance as a mean~ of 
t ransferr ing oxygen (or hydrogen)  to the electrode 
surface as the diffusional t ransfer  decreases in impor-  
tance (6). 

Convection currents  may also have increased some- 
what  as boundary  layers deficient in oxygen (or hy-  
drogen) were formed around the electrodes; in  this 
lat ter  case, some density gradients were most l ikely 
formed in the electrolyte solution near  the electrode. 
The concentrat ion of the electrolyte used sometimes 
has a significant effect on the current  obtained after 
several minutes  of operation. Currents  obtained after 
120 sec with a cathode immersed in  1N KOH were 
somewhat greater than currents  in experiments using 
1.5N KOH. More random convection currents probably 
occurred in  the more dilute KOH solution because its 
lower viscosity would result  in greater t ransfer  of oxy- 
gen to the cathode surface. In  addition, increased nor-  
mal i ty  results in  somewhat  decreased oxygen diffusiv- 
i ty and solubility. It  appears that for the electrodes 
used in  this investigation that convection and diffusion 
steps are both par t ia l ly  controll ing at the longer pe.. 
riods of t ime investigated. 

Discussion 
Kinetic control, diffusion control, convection control, 

and adsorption of oxygen on the cathode and of hydro-  
gen on the anode are impor tant  considerations needed 
to explain the results of s tar t -up and restart  experi-  
ments  of this investigation. The levels of current  (or 
current  fluxes) that  serve as t ransi t ion regions from 
one type of control to another  have been reported for 
the flat-plate vertical anode and cathode used in this 
investigation. Such transition regions will certainly 
vary with at least the following variables: surface ac- 
tivation and roughness of the electrode; type of elec- 
trode being investigated such as either anode or cath- 

ode; type and concentrat ion of electrolyte used; and 
the over-al l  geometry of the cell. Both roughness and 
the surface composition of the electrode should be 
further  investigated in  order to determine the levels 
of surface oxiaes, adsorbed species, etc. on the surface. 
Pre l iminary  investigations here have already indicated 
that differences in  surface compositions occur as a cath- 
ode is used in a fuel cell. 

Other important  areas that  require fur ther  investiga- 
tion are the mechanism of adsorption and the amount  
of oxygen (or hydrogen) that is adsorbed on the cath- 
ode (or anode) during the rest cycle and also the phe- 
nomena that occur during the ini t ial  stages of s tar t -up 
when activation control is important .  
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Equilibrium Phases Between Lithium Sulfide and Iron Sulfides 
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ABSTRACT 

The equi l ibr ium phases in the l i th ium sulfide-ferrous sulfide system were 
determined by differential thermal  analysis and x - ray  diffraction analysis. A 
compound Li2S-FeS, which melts incongruent ly  at 885 ~ _ 5~ to Li2S, and a 
liquid containing approximately 50.5 mole per cent (m/o)  FeS, and has a 
t ransi t ion at 840 ~ • 5~ was found. A eutectic between Li2S.FeS and FeS 
was observed at 63 m/o FeS and 858 ~ _ 3~ The terminal  l iquidus curves, 
computed by the application of Temkin 's  model, were found to be in  good 
agreement  with those exper imental ly  determined. X- ray  diffraction studies 
confirmed the transi t ion in the compound Li2S.FeS and also indicated com- 
pounds 2Li2S.Fe3S4 and Li2S'Fe2S3, between Li2S, FeS, and FeS2. 

The l i th ium-sul fur  system appears very promising 
for developing an electrochemical cell of a h igh- tem-  
pera ture  molten salt bat tery  for vehicular  propulsion 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words:  e q u i l i b r i u r ~  phases ,  l i t h i u m  sulf ide,  i r on  sulfides. 

(1). One of the major  problems which has been en-  
countered in developing this type of cell is the con- 
t a inment  of sulfur in  the positive electrode compart-  
ment. This problem arises because the cell operates at 
about 400~ at which temperature  sulfur vapor pres-  
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sure is very  appreciable (2), and~ therefore, sulfur  is 
lost by vaporization. 

It  has also been observed that  a l i th ium-su l fur  l iq- 
uid of about 65.5 mole per cent (m/o)  sulfur  (3) which 
forms dur ing the cell cycling, dissolves in  the typical 
LiC1-KC1 electrolyte to an appreciable extent. This 
dissolved l i th ium-su l fu r  l iquid reacts with the l i th ium 
in  the anode forming l i th ium sulfide. Li th ium sulfide 
is practically insoluble in the electrolyte at the cell 
operating temperature  (0.02 mole/ l i ter )  (4). The loss 
of sulfur-electrode capacity by this self-discharge 
mechanism is difficult to recover. 

The use of FeS2 in  place of sulfur  circumvents the 
problems of sulfur  loss by vaporization and the solu- 
t ion mechanism. Therefore, work is in  progress to 
develop Li-FeS2 cells. Microscopic examinat ion of sam- 
ples of the positive (FeS~) electrode (4, 5) have indi-  
cated the presence of in termediate  product phases dur -  
ing cycling. This invest igat ion was conducted to deter-  
mine  the equi l ibr ium phases in the Li2S-FeS system 
and other possible compounds between Li2S, FeS, and 
FeS2. This informat ion should be useful in  unders tand-  
ing the cell operation and in  the design of practical 
cells. 

Experimental 
Materials.--Lithium sulfide was white powder; its 

l i th ium content  determined by chemical analysis was 
29.8 weight per cent (w/o)  (30.26 w/o  theoretical) .  
Its x - r ay  powder diffraction pa t te rn  indicated only 
Li2S. Ferrous sulfide used was a black powder of 
99.999% purity,  as quoted by the supplier. Pyri te  
(FeS2) was technical grade. It was freed from silica or 
silicates by a "sink-float" technique using te t rabromo- 
methane  of specific gravi ty  2.96. Its chemical analysis 
gave ~ 97 w/o  FeS2. 

Apparatus and procedure ]or determining the equi- 
librium phases in the Li2S-FeS system.--The differen- 
tial thermal  analyzer used consisted of a small  resist- 
ance heating element  furnace suitable for use up to 
1600~ an a lumina  enclosure for the sample and refer-  
ence containers, allowing the maintenance  of iner t  
atmosphere (hel ium);  a temperature  programmer  with 
a digital indicator; and a mul t ipoint  recorder for mea-  
suring sample temperatures  and differential tempera-  
tures be tween the sample and a reference a lumina  
sample, and sample weight. P la t inum/p la t inum-10% 
rhodium thermocouples which were accurate wi th in  
3 ~ in the range of tempera ture  measured were used for 
temperature  determination.  Small, specially designed, 
dense graphite containers which could be closed near ly  
gastight with threaded caps were used for holding the 
samples. The graphite  containers were fitted on the 
tops of the a lumina  therrnocouple sheaths. Thin  plat i-  
n u m  foils were placed between the graphite containers 
and the thermocouple beads to avoid contaminat ion of 
the thermocouple beads and to provide good contact 
between them and the graphite containers. The layout 
of the sample and reference containers inside the fur-  
nace is shown in Fig. 1. 

Various salt compositions were prepared by taking 
weighed amounts  of the components and mixing them 
thoroughly in an agate mortar. The accuracy of the 
compositions so prepared was checked by chemical 
analysis which indicated the intended composition 
within •  About  0.Sg of the mix ture  was placed in  
the graphite container. The entire manipula t ion  was 
done in a he l ium-atmosphere  dry box. The graphite 
container with the sample was removed from the jar  
only to position it on the top of the a lumina  sheath of 
the thermocouple inside the enclosure. Helium was 
passed through the enclosure. Phase t ransi t ion tem- 
peratures were obtained with heating and cooling rates 
from 2 ~ to 10~ A typ ica l  representat ion of these 
curves for a melt  of composition of 60 m/o  FeS and 
40 m/o Li2S at a rate of 4~ is shown in Fig. 2. 

\ \ \ ~ -  Furnace \ \ \ 
\ \ \ 
\ \ \ -Alumina Enclosure 
\ \  \ 

' . , \ \ \ \  ",, i ]  II [ / / f / ~  Reference and __ . S a m p l e  Containers 

\ \ \ /hermocouple 

Fig. i. Layout of samples inside the furnace 
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Fig. 2. A typical representation of the DTA curves obtained for a 
melt of 60 m/o FeS and 40 m/o Li2S at 4~ 

By combining the measurements  f rom the heating and 
cooling curves, the l iquidus temperatures  and eutectic 
temperature  could be determined wi th  good accuracy. 
The uncer ta in ty  could be fur ther  removed by having 
the measurements  at different heating and cooling rates 
and, in  the case of the eutectic temperature,  at various 
compositions. 

Sample preparation and equipment for x-ray di~rac- 
tion analysis.--For x- ray  diffraction analysis, the cal- 
culated amounts  of Li2S, FeS, and FeS2 for the in -  
tended compound were mixed thoroughly in  an agate 
mortar  inside a hel ium-atmosphere  dry box. About 5g 
of this mixture  was taken into a dense-graphite  con- 
ta iner  (6 cm high and 1 cm ID) which was placed in- 
side a silica capsule. The silica capsule was sealed 
under vacuum and placed inside a tubular furnace at 
the desired temperature. After a certain period, the 
silica capsule was cooled, the sample was taken out of 
the graphite container and was crushed to a fine pow- 
der. The powder was reloaded into the graphite con- 
tainer, and proceeding as above, it was again placed 
at the desired temperature for another period. It was 
then taken out of the graphite container and crushed 
inside a helium atmosphere dry box. A small portion 
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of this powder was sealed in a fine silica capillary for 
x - r ay  diffraction analysis. 

The equipment  used for the x - r ay  diffraction ana ly-  
sis was a 143.2 m m  camera mounted in conjunct ion 
with a vertical  x - ray  tube on a diffractometer ins t ru-  
ment. A copper target tube could not be used because 
of the fluorescent effect of the copper radiat ion on the 
iron wi th in  the samples. A chromium target  could not 
be used because of the heavy absorption of the radia-  
t ion by the capillary (and the sample),  and the x - ray  
powder pa t te rn  obtained contained only two lines be-  
cause of the long wavelength radiation. So a molyb-  
denum target  tube CA-7 type wi th  0.002 in. reactor 
grade zirconium filter at the window to suppress Ks  
radiat ion was chosen. 

Molybdenum radiat ion is short in wavelength and 
as a result  the lines of the generated powder pat terns 
are quite close together. This concentrat ion of lines 
toward the front reflection region of the camera and 
the inaccuracies of the front  reflection region are un -  
desirab]e consequences of this radiat ion choice. How- 
ever, a check of the two available lines obtained from 
a sample (2Li2S-FesS4) showed identical readings us- 
ing either molybdenum or chromium radiation. 

The x - r ay  diffraction pat terns obtained for FeS and 
FeS2 (pyrite) were also in  complete agreement  with 
the data reported in ASTM cards 11-15.1 for FeS and 
6-0'710 for pyrite. 

Results and Discussion 
The differential thermal  analysis data for the Li2S- 

FeS system are given in  Table I. The equi l ibr ium phase 
diagram based on the data obtained from both heating 
and cooling curves is shown in Fig. 3. A compound, 
Li2S.FeS, occurs in  this system, melt ing incongruent ly  
at 885 ~ __ 5~ to Li2S and a l iquid containing approxi-  
mately  50.5 m/o  FeS. A eutectic between Li2S.FeS and 
FeS occurs at 858 ~ ~ 3~ and at the composition con- 
ta in ing 63 m/o  FeS. The compound Li2S.FeS also has a 
t ransi t ion temperature  at 840 ~ • 5~ as shown in  
Fig. 3. 

The scanning electron microscope (SEM) pictures of 
the solidified melts, obtained from the differential 
thermal  analysis runs, are shown in Fig. 4-7. These 
solidified samples were metall ic black and brittle. They 
were easily tapped out of the graphite containers in-  
dicating that they shrank more than the graphite. 

The SEM picture in Fig. 4 of the fractured surface 
of the solidified melt  of 34.3 m/o  FeS and  64.7 m/ o  
Li2S, consisting of 31.4 m/o Li2S and 68.6 m/o  Li2S.FeS, 
shows clearly two phases in  accordance with the phase 
diagram. The l i th ium sulfide phase is of granular  struc- 
ture  and the Li2S.FeS phase is of the fibrous (wood- 
like) structure.  The compound Li2S.FeS appears to 
have a hexagonal s tructure which may be inferred 
from the careful examinat ion of this p'hase in this pic- 
ture, i.e., from the obtuse angles of the grains. 
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Fig. 3. The Li2S-FeS system 

Fig. 4. Microstructure of the fractured surface of the solidified 
melt of 34.3 m/o FeS and 65.7 m/o Li2S consisting of 31.4 m/o 
Li2S and 68.6 m/o Li2S " FeS. 

The SEM picture in Fig, 5 of the solidified melt  of 
50 m/o  FeS and 50 m/o Li2S consisting of Li2S.Fe~S 
compound indicates a single phase and the flaky struc-  
ture of this compound. 

The SEM picture in Fig. 6 of the fractured surface'  
of the solidified melt  of 63 m/o  FeS and 37 m/o  Li2S 

Table I. Differential thermal analysis data for the Li2S-FeS system 

Compos i -  
t i o n  F e S  

(m/o )  

T r a n s i t i o n  t e m p e r a t u r e  (~ 

n e a t  Cool Mean  

Eu tec t i c  t e m p e r a t u r e  (~ 

n e a t  Cool  Mean  

L i q u i d u s  t e m p e r a t u r e  (~ 

Hea t  Cool Mean 

100 
90 
80 
7 0  
65 
63 
6 0  
57.5 
55  

50 
4 5  
40 
8 4 , 3  
2 5  
12 

8 5 0  - -  850  
837  - -  837  
838  - -  8 3 8  
835  8 3 5 4 - 5  
835  8 ~  8 4 0 4 - 5  
8 3 5  8 4 5  8 4 4 ] ' 4 - 5  
845 843 844---+1 
8 4 6  ,845 845 

840 - -  8404-5 
846 - -  8464-1 
848 - -  848 
858 8584-2 
855 8 ~  ,845• 

- -  '873 873+---3, 
- -  866 866 

868 868 
858 866 8 6 1 4 - 4  
860 858 8 5 8 4 - 2  
860 855 8 5 7 4 - 3  
861 855 858-----3 
857 857 857 
M e l t i n g  p o i n t  of Li2S �9 F e S  

(~ 

~ 8 0  878  8 7 9 4 - 1  
883  890  8 8 6 4 - 4  
8 8 5  8 9 5  8 9 0 + - - - 5  
893  883, 8 8 8 4 - 5  
,880 890 8 8 5 ~ ' 5  

11954-5 
1100 
1022 
928 
876 

873 
875 
885 

885 
953 

I008 
1090 
1175 
1282 

11954-5 
1093 
1020 
932 
876 

.857 
875  
878 

883, 
958 

1008 
1085 
1160 
1260 

1195 • 5 
1096 + 4 
1021 4- 1 

930 + 2 
876 -~ 1 

870 4 -  3 
875  
881 4- 4 

884 --  1 
955 • 3 

1008 
108,3 ~ 2 
1168 + 8 
1271 --+ 11 
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Fig. 5. Mierostructure of the solidified melt of 50 m/o FeS and 
50 m/o Li2S, i.e., of the compound Li2S" FeS. 

Fig. 6. Microstructure of the solidifed eutectic melt of 63 m/o 
FeS and 37 m/o Li2S consisting of 74 m/o Li2S �9 FeS and 24 m/o 
FeS. 

shows the s t ructure  of the eutectic between the com- 
pounds Li2S-FeS and FeS. It  is a typical pearli t ic 
structure, commonly observed as that  of a eutectic 
melt. 

The SEM pictu~ye in  Fig. 7 shows the s tructure of the 
solidified melt  of 70 m/o  FeS and 30 m/o  Li2S con- 
sisting of 60 m/o  Li2S.FeS and 40 m/o  FeS. Globular  
grains of FeS which might  have precipitated during 
cooling be tween  l iquidus temperature  and eutectic 
temperature,  may be observed embedded in the LizS. 
FeS matr ix  in  this picture. 

According to Temkin 'a  model (6), the activity, a, of 
a component  in  an ideal fused salt solution is equal to 
the product of its cationic and anionic fractions, e.g., 
the activity of Li2S, aLi2S, in fused Li2S-FeS melt  is 
given as 

aLi2S : (X'Li+) 2 (X's 2-)  [1] 

assuming that  the ionic species present  are only Li + 
Fe e+, and S 2-, where 

2XLi2S 2XLi2S 
X'u+  = -- [2] 

2XLi2S "-~ XFeS 1 2C XLi2S 

Fig. 7. Microstructure of the fractured surface of the solidified 
melt of 70 m/o FeS and 30 m/o Li2S consisting of 60 m/o 
Li2S" FeS and 40 m/o FeS. 

and X's2- is unity. X' and X are the mole fractions of 
the designated ions and components, respectively. 
Therefore 

and similar ly 

2XLi2S )'2, 
a,,i~s = [ 3 ]  

1 -~ XLi2S 

XFeS 
aFes - -  [4]  

2 -- XFeS 

The activity of Li2S with respect to pure supercooled 
l iquid Li2S as s tandard state at a given temperature  
may be calculated by the equat ion 

In aLi2S -- 
AHm ( Tm--T ) 

ACp 
[5]  

where pure solid Li2S is assumed to be in  equi l ibr ium 
with the melt, AHm is the heat of fusion of Li2S at Tin, 
the melt ing point  of Li2S in degrees Kelvin, T is the 
equi l ibr ium temperature,  and ACp is the difference be-  
tween the heat capacities of the liquid and the solid at 
temperature,  T. The activity of FeS can also be cal- 
culated by a similar equation. 

The numerical  value of AHm, 7 kcal /mole  of Li2S is 
calculated assuming that Temkin 's  model applies to 
the melts and using the experimental  l iquidus compo- 
sitions at low concentrations of FeS. The application 
of Temkin 's  model at the low concentrations of FeS 
appears not unreasonable  when it applies well  to the 
melts on the FeS l iquidus side of the phase diagram as 
will be seen later. The value of AHm, 7.73 kcal /mole for 
FeS is reported in the l i terature (7) ;Tm ~ 1638~ for 
Li2S (3) and 1468~ for FeS (7); and 5C, ---- 0 for 
Li2S is assumed and for FeS is calculated from the data 
in the l i terature  (7). 

Using the activities of Li2S and FeS calculated from 
Eq. [5] and assuming the Li2S-FeS melts obey Tem-  
kin 's  model, the mole fractions of Li2S and FeS were 
calculated by Eq. [3] and [4] at different temperatures,  
respectively. They are shown as solid circles in  Fig. 3. 
Agreement  between the measured and calculated val-  
ues of mole fractions for both Li2S and FeS appears to 
be good, even for this melt  of sulfides having cations 
of different valences. 

The x - ray  diffraction patterns of the other possible 
compounds between Li2S, FeS, and FeS2 are discussed 
below. 

LizS.FeS(c,).--The composition for this compound, 
made by mixing thoroughly the weighed amounts  of 
Li2S and FeS, was kept at 8700C for 35 days. The x - ray  
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powder diffraction data of a sample from this composi- 
tion are given in Table II. The pat tern  has about 13 
d-values different from that  of FeS and 17 d-values 
different from that of Li2S (3). About 25 d-values of 
FeS and 33 d-values of Li2S are not observed in this 
pattern. Therefore the x - ray  diffraction data confirm 
the compound Li2S'FeS(a)  as indicated by the Li2S- 
FeS phase diagram above 840 ~ ~- 5 ~ C. 

Li2S.FeS (~) .--The x - ray  diffraction data of the 
composition for this compound after keeping at 700~ 
for 20 days are also given in  Table II. As may be seen 
from the d-values reported in  this table, the x - ray  
diffraction pat tern  of this compound differs from those 

of FeS, Li2S, and Li2S-FeS(a).  This is again in con- 
firmation with the Li2S-FeS phase diagram, according 
to which this compound forms below 840 ~ -+ 5~ Com- 
pound Li2S-FeS has also been reported to be formed 
during cycling of Li-FeS2 cells at 400~ (5, 8). 

The respective compositions for the prospective com- 
pounds, Li2S-FesS4, 2Li2S-Fe~S4, Li2S-Fe2Ss, and 
2Li2S.Fe.~S3 were kept at about 670~ for 2 weeks, then 
were ground and kept for additional 6 weeks at this 
temperature.  The temperature,  670~ was dictated by 
the decomposition vapor pressure of sulfur  over pyrite, 
which increases sharply above this temperature  (9). 

Table II. X-ray diffraction data (d-values in .h.) of the compounds Li2S, FeS, FeS2 (pyrite), 
and the compositions corresponding to the other possible compounds 

Li~S �9 F eS  (fl) Li~S �9 Fe S  (cD Li~S �9 FeaS~ 2Li2S �9 FeaS~ L i ~  �9 Fe~Sa 2Li2S �9 Fe~Sa Li~S FeS  FeS2 

6.35 6,35 

7.01 

6.35 

5.81 

4.68 
4.52 4.42 4,52 

4,37 4.33 
3.84 3.80 

3.39 3.39 
3.13 

3.09 
3.04 3.04 

2.97 

2.32 

2.02 
1.965 

1.842 

1.671 
1.656 

1.476 
1.426 

1.311 

1.279 

1.178 

1.095 

2.66 2.68 2,68 
2.52 

2.31 2.292 2.31 

2.07 2.105 2.094 

1.946 1.974 
1.928 

1.893 

1.779 1.756 1.756 

1.652 1.678 
1.632 1.619 

1.559 

1.519 1.508 
1.466 

1.426 1.456 1.431 

1.396 
1.311 

1.298 

1.179 

1.084 
1.073 

1.003, 

0.889 

1.203 

1.124 

1.044 

1.017 

0.87~8 

0.8314 

0.7517 

1.003 

0.963 

0.898 

0.867 

1.283 

1.160 

1,121 

1,092 

1.057 

1.015 

0.9873 
0.9763 

0.8753 

0.8314 

0.7529 

6.89 

6.16 6.07 

5.57 
5.40 

5.28 
4.68 4.74 

4.47 
4.28 4.35 
3.77 3.82 

3.60 
3.39 3.26 
3.16 

3.09 
3,.06 

2.97 2.92 2.98 
2.83 
2.74 

2.72 2.72 

2.52 2.53 
2.41 2.413 2.47 

2.39 
2.31 2.305 2.32 
2.22 2.206 2.21 
2.14 2.14 

2.084 2.0,9 
1.99,9 

1.965 
1.919 1.910 1.923 

1.866 
1.805 

1.764 1.764 

1.708 

3.13 

~.71 
2.66 
2.52 
2.42 2.42 

2.21 

1.748 
1.719 

1.639 1.632 1.631 1.634 
1.583 1.596 

1.565 1.577 1.563 
1.532 

1.508 1.508 1.501 
1.461 1.469 

1.436 1.415 1.445 
1,422 
1.331 

1.315 1.3,19 1.319 
1.299 

1.2,84 
1.279 1.267 1.271 

1.241 1.249 
1.210 1.206 1.224 
1.183 1.188 

1.170 1.179 
1.156 

1.135 
1,118 1,119 

1.108 
1,098 1.091 1.091 

1.054 
1.042 

1.037 
1.024 

1.001 1.003 1.003 
0.994 

0.9896 0.9851 

0,960 
0.9527 0.9529 0.947 
0.9002 

0.8984 0.899 

0.872 
0,868 

0.B519 0.858 

0.819 

8.7019 

0.822 

1.916 

1.633 

1.564 

1.503 

1.448 

1.243 
1.211 
1.182 

1.155 

1.106 

1.043 

1.006 
0.989 

0.958 

0.903 

0.879 

0.887 

0.826 
0.817 
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The x - r a y  diffract ion da ta  of the  samples  f rom these 
composit ions are given in Table II. 

Li2S.Fe3Sd.--Almost all  the  d -va lues  of this  prospec-  
t ive compound were  observed to have the cor respond-  
ing values in the  pa t te rns  of Li2S, FeS, FeSe, and 2Li2S. 
Fe3Sd. The presen t  x - r a y  da ta  discount  the format ion  
of this  compound f rom Li2S, FeS, and FeS2. 

2Li2S.Fe3Sd.--About ten d -va lues  of this compound 
were  not observed in the  pa t t e rns  of Li2S, FeS, FeS2, 
and Li2S.FeS.  Most of the d -va lues  of the  compounds 
Li2S, FeS, and FeS2 were  not observed  in the pa t t e rn  
of this compound. Therefore,  the x - r a y  diffraction da ta  
indicate  the  poss ibi l i ty  of the compound 2Li2S-FesSd. 

Li2S.Fe2S~.--As may  be observed f rom the d-va lues  
in Table II, the  x - r a y  diffraction pa t t e rn  of the com- 
posi t ion for  this compound differs g rea t ly  f rom those 
of Li2S, FeS, FeS2, Li2S.FeS, and 2Li2S.Fe3S4. Such 
compounds wi th  sodium, potassium, rubidium,  and 
cesium, such as Na2S'Fe2S3, K~S.Fe~Ss, Rb2S-Fe2S3, 
and  Cs2S.Fe2S8 (10, 11), have  also been  repor ted  in 
the l i tera ture .  So the present  x - r a y  diffract ion da ta  in-  
dicate the  poss ibi l i ty  of a compound Li2S.Fe2S3. 

2Li2S.Fe2Ss.--Almost all  the  d -va lues  of the compo- 
si t ion for this  compound are  observed in  the pa t te rns  
of FeS2, FeS, Li2S, LieS.FeS,  and LieS.FeeSz. The x -  
r ay  diffract ion da ta  of the present  s tudy do not indicate  
a compound 2Li2S.Fe2S3, though the format ion  of this 
compound has been repor ted  dur ing  the cycling of 
Li-A1/FeS2 cells (8). 

Conclusions 
The equi l ib r ium phase d iagram of Li2S-FeS system 

was determined.  The impor tan t  character is t ics  of this  
system are: 

1. A compound, Li2S.FeS,  incongruent ly  mel t ing  at 
885 ~ • 5~ to Li2S and a 50.5 m/o  FeS melt,  and hav -  
ing a t rans i t ion  at 840 ~ • 5~ was found. 

2. A eutectic be tween  Li2S.FeS and FeS at  63 m/o  
FeS and 8580 +_ 3~ was observed.  

3. Temkin ' s  model  for  mol ten  salt  mel ts  fits the t e r -  
minal  l iquidus curves of the  exper imen ta l  da ta  well,  
wi th  a calcula ted value  of ~Hm, 7 kcal  for LiuS and 
the l i t e ra tu re  value,  7.73 kcal  for FeS (7). 

The x - r a y  diffraction studies confirmed the com- 
pound, Li2S.FeS and its t ransi t ion.  They also indica ted  

the compounds 2Li2S.Fe~S4 and Li2S-Fe2S3 be tween  
Li2S, FeS, and  FeS2. 
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A High Energy Density Solid-State Battery System 
C. C. Liang* and L. H. Barnette 

P. R. Mallory & Company Incorporated, Laboratory for Physical Science, 
Northwest Industrial Park, Burlington, Massachusetts 01803 

ABSTRACT 

The discharge and s torage character is t ics  of a new so l id-s ta te  ba t t e ry  
system, Li /LiI (A1203)/PbI2,  PbS, Pb  were  invest igated.  Results  of the dis-  
charge tests suggested that  both PbI2 and PbS are  cathode active and can be 
discharged efficiently. A discharge efficiency of 100% was real ized on test  cells 
wi th  a s toichiometr ic  capaci ty  of 18 m A - h r / c m  2 at a dra in  ra te  of 10 ~A/cm 2 
at room tempera ture .  Results  of the s torage tests showed tha t  the system 
is s table  on storage. Test cells exper ienced no capaci ty  loss af ter  a s torage 
per iod  of one yea r  at room tempera ture ,  45 ~ and 60~ Thee discharge and 
storage character is t ics  indicate  tha t  the  sys tem is a practical ,  low ra te  sol id-  
s tate ba t t e ry  system and the  prac t ica l  bat ter ies  have a volumetr ic  energy 
densi ty  of 8 W - h r / i n .  8 (0.49 W-hr /cm~)  at a power  level  of 150 #W/ in  3. 

I t  was repor ted  in a previous  ar t ic le  (1) that  the  
ionic conduct ivi ty  of po lycrys ta l l ine  LiI  can be in-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s o l i d - s t a t e  ba t t e r i e s ,  so l id  e l e c t r o l y t e  cells,  l i t h i u m ,  

l i t h i u m  iodide ,  l e a d  sulf ide ,  l e a d  iodide ,  

creased f rom 10 -7 ( o h m - c m ) - I  to 10-~ (ohm-cm)  -1 
at room t empera tu re  by  the incorpora t ion  of A1203. 
The sui tabi l i ty  of LiI(A12Os) as a solid e lec t ro ly te  
mate r ia l  was demons t ra ted  by  the discharge and s tor-  
age character is t ics  of the  L i / L i I  (A120~)/PbI2, Pb  solid 
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electrolyte  cells. The Li/LiI(A1203)/PbI2,  Pb system 
is a low rate solid-state bat tery  system which has an 
ex t remely  long storage life. Hermet ica l ly  sealed, prac-  
tical batteries of this system have a volumetr ic  energy 
density ranging between 3 and 3.5 W-hr / in .  8 (ca. 0.18 
and 0.21 W - h r / c m  3) at a power  density of about 100 
~W/in.~ at room temperature .  The re la t ive ly  low en- 
ergy density is due to the ra ther  high electrochemical  
equivalent  vo lume of the active cathode material ,  PbI2, 
and to the fact that  a considerable amount  of Pb and 
solid electrolyte  mater ia l  must  be used in the cathode 
to faci l i tate the electronic and ionic conduction during 
discharge. 

In our recent  studies of the sol id-s ta te  ba t te ry  sys- 
tems using the LiI(A1203) solid electrolyte  we found 
that the volumetr ic  energy density of the Li/LiI(A1203) 
system can be substantial ly increased by using a mix-  
ture of PbS and PbI2 as the active cathode material .  
The results of these studies are  repor ted  in this article. 

Exper imental  
Solid electrolyte preparation.--The LiI(A1203) solid 

electrolyte was prepared  according to the procedures 
described previously (1). A powder  mix ture  of anhy-  
drous LiI  and A1208 in a mole ratio of 2 to 1 was 
heated at 550~ for about 17 hr  in a hel imn-f i l led  dry 
box (Vacuum Atmospheres) .  The HeO and O2 content 
in the dry box was maintained at less than 15 ppm. 

Solid electrolyte cell fabrication.--Li/LiI (AI~O~) / 
PbI2, PbS, Pb solid electrolyte cells (Fig. 1) were  
fabricated in the dry box. The cathode powder  was a 
wel l -b lended mixture  of 40 weight  per cent (w/o)  
PbI2, 40 w / o  PbS, and 20 w / o  Pb and the anode was 
Li metal. The current  collectors were  Pb for the cath- 
ode and steel for the anode. The fabricat ion procedures 
were  reported previously (1, 2). The cathode, the elec- 
trolyte, and the anode with  a polypropylene retaining 
ring were  consolidated by pressing in a 1.52 cm (0.6 
in.) d iameter  steel die at 7030 k g / c m  ~ (100,000 psi). 
The geometr ic  area of the cathode was 1.81 cm 2 and 
that  of the anode was 1.48 cm~. The thickness of the 
electrolyte was 0.02 • 0.005 cm (0.008 • 0.002 in.) and 
the stoiehiometric capacity of the test cell was l imited 
by the amount  of cathode. Both single cell and mul t i -  
cell batteries were  constructed using the solid e lectro-  
lyte  cells for various discharge and storage tests. The 
batteries which were  discharged outside the dry box 
were  hermet ica l ly  packaged in steel bat tery  housings 
wi th  glass to metal  seals. 

Discharge tests.--The test batteries were  discharged 
at various tempera tures  under  ei ther constant current  
or constant load conditions. Kei th ley  Model 610B or 
Model 616 electrometers  were  used to measure  the 
voltages of the test batteries. For short te rm discharge 
tests the voltages were  recorded by strip chart  re -  
corders. For  long term discharge tests the voltages 
were  recorded manual ly  at intervals.  

Storage tests.--Solid electrolyte  cells having a stoi- 
chiometric capacity of 33 • 2 m A - h r  were  used for 

Fig. I. Sectioned view of the solid electrolyte cell. A, Anode 
current collector; B, anode; C, anode retaining ring; D, solid elec- 
trolyte; E, cathode; F, cathode current collector. 

storage tests. They were  stacked in glass vials wi th  
polyethylene covers and stored at ambient  t empera -  
ture, 45 ~ ~- 2~ 60 ~ _ 2~ and 100 ~ • 2~ Scientific 
Products tempera ture  block module heaters  were  used 
to mainta in  the t empera tu re  above ambient. Since the 
test cells were  not hermet ica l ly  sealed the storage tests 
were  conducted in the dry  box under  he l ium atmo- 
sphere. 

Inasmuch as the capacity re tent ion of the test cells 
upon storage was of principal  interest  for this study, 
accelerated discharge tests were  carried out at 125~ 
on most of the test cells before and after  storage to de- 
te rmine  the storability. 

Results and Discussion 
Approximate ly  2~50 solid electrolyte  cells were  made 

for various tests. The stoichiometric capacities of the 
test cells ranged between 14 and 136 mA-bx  assuming 
that  both Pbl2 and PbS are cathode active. Cells wi th  
stoichiometric capacities of 33 and 136 m A - h r  were  
studied extensively  and their  characteristics are re-  
ported in this article. 

It was assumed that  the cell reactions are 

2Li ~- PbI~ -> 2LiI -t- Pb [1] 

2Li -~ PbS -> Li2S ~ Pb [2] 

The open-circui t  vol tage based on cell reaction [1] is 
1.gv at 25~ (1, 3, 4). In order to calculate the open- 
circuit  vol tage based on react ion [2] the standard 
Gibbs free energy of format ion (AG~ for Li2S was 
determined from the open-circui t  voltages of L i / L i I /  
AgeS, Ag and L i /L i I /S ,  graphi te  solid electrolyte  cells. 
At 25 ~ ~- 2~ the open-circui t  voltages of the Li /AgeS 
and L i /S  ceils were  found to be 2.11 • 0.01V and 2.31 
-+- 0.05V, respectively. These results are consistent with 
the fact that  the AG~ for Ag2S is --9.72 kca l /mole  (3), 
therefore, the difference between the equi l ibr ium po- 
tential  of the L i /S  cell and that  of the Li/AguS cell 
should be 0.21V. Accordingly, we est imated the ~G~ 
for Li2S at --106 • 2 kca l /mole  and the open-circui t  
voltage according to cell reaction [2] at 1.80 + 0.05V 
at room tempera ture  (3, 4). The AG~ (Li2S) value ob- 
tained f rom the present  study agreed ra ther  well  wi th  
that  due to F reeman  (5). F reeman  calculated the 
standard heat  of formation (AH~ for LieS from the 
heat of solution data and obtained a value of --107 • 
2 kcal /mole.  Fur thermore ,  he est imated the standard 
entropy (S ~ for LieS at 14 cal /deg-mole .  Based on the 
fact that  the standard entropies of Li and S are 6.96 
ca l /deg-mole  (4) and 7.6 ca l /deg-mole ,  respectively,  
the standard entropy of formation (AS~ for LieS is 
calculated to be --7.52 ca l /deg-mole .  Accordingly, the 
aG~ (LieS) according to F reeman  is --104.8 • 2 kca l /  
mole. Nonetheless, since the AG~ (Li2S) value of the 
present study was obtained f rom direct measurements '  
of open-circuit  vol tage of voltaic cells and consistent 
results were  obtained f rom cells wi th  different cathodes 
(AgeS and S) we selected to use the value of --107 _+ 2 
kca l /mole  of this study for the calculation of the open- 
circuit  voltage based on reaction [2]. 

The Li /LiI(A1203)/PbIe,  PbS, Pb cell exhibi ted an 
initial open-circui t  voltage of 2.0.0 __ 0.05V. However,  
after a small capacity had been discharged f rom the 
cell, the voltage recovered to 1.9,1 ___ 0.01V upon open 
circuit  indicating that  the init ial  high open-circui t  
vol tage might  be due to impuri t ies  such as PbO and S 
in the cathode. 

The assumption that both PbI2 and PbS can be dis- 
charged was shown to be correct f rom the initial dis- 
charge tests. Test cells with cathodes weighing 0.23- 
0.26g were  discharged under  a 100 kohm load at room 
temperature.  As shown in Fig. 2 a capacity of about 33 
m A - h r  was realized from each of the 12 test cells 
under  these discharge conditions. The stoichiometric 
capacity of the test cells was 33 +_ 2 m A - h r  according 
to the cathode weight  assuming that  beth PbI2 and PbS 
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Fig. 2. Discharge curve of the 33 mA-hr cells under a 100 kohm 
load at room temperature. 

a r e  cathode active. The discharge curves of the 33 
m A - h r  cells at various constant currents  at room tem-  
pera ture  are shown in Fig. 3. The stoichiometric ca- 
pacity was not realized at a discharge current  of 36 
#A or higher.  

The discharge characterist ics of test cells having a 
stoichiometric capacity of 136 m A - h r  were  studied in 
detail  and the results are discussed below. 

Under  a constant load of 100 kohm at room tem-  
pera ture  a capacity of about 65 m A - h r  was realized to 
a cutoff vol tage of 1V as shown by the discharge curve 
in Fig. 4 which represents  an average  of six test cells. 
On the other  hand, Fig. 5 shows that  at h igher  drain 
rates (e.g., 36 ~A or higher)  the realized capacities 
were  about the same as those of the 33 m A - h r  capacity 
cells. The following is a possible explanat ion for such 
a behavior.  Since the electronical ly conductive Pb was 
evenly  dis tr ibuted in the cathode, and the electrolyte 
was a cationic conductor, the discharge react ion began 
at the e lec t ro lyte-cathode interface and extended to- 
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Fig. 3. Discharge curves of the 33 mA-hr cells under various 
constant currents at room temperature. Curve a, 18 #A; curve b, 
36 #A; curve c, 54 ~A; curve d, 72 #A; curve e, 90 ~A. 
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Fig. 5. Discharge curves of the 136 mA-hr cells under various 
constant currents at room temperature. Curve a, 18 ~A; curve b, 
36 #A; curve c, 54 ~A; curve d, 72 ~A; curve e, 90 #A. 

ward the cathode current  collector. The accumulat ion 
of the discharge products had a net  eEect of reducing 
the geometric area and increasing the length of the 
path wi th  respect to the l i thium ion t ransport  during 
discharge. Consequen~tly, s imilar  IR losses due to the 
cathode s t ructure  would be experienced by cells of the 
same diameter  which were  discharged under  s imilar  
drain rates at s imilar  discharged capacities. 

Discharge tests were  also conducted at 37~ for im-  
plantable  pacemaker  applications. As expected from 
the conduct ivi ty  considerations both the real ized ca- 
pacity and the load voltage of the cells were  higher  at 
37~ than at room tempera ture  under  otherwise simi- 
lar  discharge conditions as shown in Fig. 6 and 7. 

It is noted that  since the solid e lectrolyte  cells do 
not contain any solution electrolyte  and all the com- 
ponents are solid With ex t remely  low vapor  pressures, 
it is not necessary to contain the solid electrolyte cells 
in individual  containers for the construct ion of mul t i -  
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Fig. 6. Discharge curve of the 136 mA-hr cells under a 100 kohm 
load at 37 ~ • 2~ 
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Fig. 8. Long term discharge curve of the single stack (3 cells in 
series) 6V, 136 mA-hr batteries at 37 ~ • 2~ 

cell batteries. Any number  of the solid electrolyte cells 
may be connected in series and /o r  in paral le l  within 
a single bat tery  housing. In v iew of these character-  
istics, the discharge current  of practical  batteries for 
some applications may  be as low as 1-1.5 #A/cm 2 at 
37~ Accordingly,  low drain rate tests were  conducted 
on batteries containing three 136 m A - h r  cells in series. 
Six batteries were  used for this study. The bat tery  was 
discharged at 37~ under  a load of 476 kohm for 1700 
hr. At this point the load was changed to 2.7 megohm 
for long te rm low drain tests. Figure  8 shows that  after 
15,000 hr  the load voltage was still above 5V. It is 
est imated that  these tests wil l  be completed 5 years 
hence. 

Accelerated discharge tests were  conducted to de-  
te rmine  whether  or not the stoichiometric capacity of 
the 136 m A - h r  cells can be real ized and to determine 
load voltage at various depths of discharge at low 
drain rates. The first series of accelerated discharge 
tests was conducted on batteries containing ei ther  a 1 
or 2 cells connected in parallel .  The load voltage of the 
bat tery  under  a low drain rate  was measured at 37~ 
then the ba t te ry  was discharged at 100~ at a consider- 
ably higher  drain rate (a 10 kohm load for the single 
cell bat tery  and a 5 kohm load for the 2-cell  ba t tery) .  
Af ter  the depth of discharge had reached about 40% 
the load vol tage was again measured at 37~ under  the 
low drain rate. The cycle was repeated unti l  the dis- 
charged capacity reached 130 mA-hr / ce l l .  At this point 
the bat tery  was discharged to completion at 37~ under  
the low drain rate. The results of these tests are sum- 
marized in Table I. It is noted f rom Table I that  after 
a capacity of 130 m A - h r / c e l l  had been discharged the 
load voltage under  a drain rate  of 1.5 #A/cm 2 was still 
above 1.3V at 37~ 

Similar  tests were  conducted on a bat tery  containing 
4-paral le led stacks of 3 cells in series. The bat tery  had 
an open-circui t  vol tage of 6V and a stoichiometric ca- 
pacity of 544 ~ 8 mA-hr .  The dimensions of the pack-  
aged bat tery  were  0.67 in. OD • 1.1 in. long. After  a 
capacity of about 540 m A - h r  had been discharged un-  
der high drain rates and at higher temperatures,  it was 
found that  the load voltage of the bat tery  at 10 ~A at 
37~ remained above 4.3V for more than 200 hr. These 
results s trongly suggest that  under  a drain rate of 1-1.5 
~A/cm 2 at 37~ the stoichiometric capacity of 136 m A -  
hr /ce l l  (about 75 m A - h r / c m  2) can be realized. 

Test cells having a stoichiometric capacity of 33 • 2 
m A - h r  were  used for the storage tests. The results of 
these tests are summarized in Table II and discussed 
below. 

Table I. Accelerated discharge test results 

Discha rge  c o n d i t i o n s  

Load, kohm 

No. i-8 No. 7-11 Temp, ~ Time, hr 

B a t t e r y  vo l t age ,  V 

No. 1 No. 2 No. 3 No, 4 No. 5 No. 6 No, 7 1'/o. 8 No. 9 No. 10 No. 11 

180 360 

5 l O  

37 0 
38 3 
38 19 

105 0 
103 5 
110 70 
104 94 
104 118 
103 142 
104 166 
108 238 
100 264 

99 315 

1.93 1,93 1.94 1.94 1.90 1.92 1.94 1.90 1.91 1.90 1.90 
1.86 1,85 1.85 1.87 1.85 1.85 1.86 1.~85 1.85 1.85 1.85 
1.8,8 1.87 1.88 1.85 1.,88 1.87 1.88 1.87 1.87 1.87 1.87 

1.96 1.95 1.95 1.93 1.93 1,93 1.95 1,95 1.95 1.96 1.9~ 
1.86 1.86 1.86 1.88 1.86 1.86 1.86 1.86 1.86 1.86 1.86 
1.76 1.73 1.74 1,73 1.75 1.72 1.74 1.72 1.75 1.76 1.74 
1.74 1.73 1.73 1.78 1.72 1.71 1,71 1.74 1.72 1.72 1.74 
1.68 1.68 1.68 1.65 1.68 1.68 1.68 1.67 1.68 1.68 1.68 
1.63 1,62 1.63 1.65 1.63 1.62 1.62 1.66 1.63 1.63 1.62 
1.61 1.61 1.81 1.61 1.58 1.60 1.66 1.64 1.64 1.63 1.81 
1.57 1.56 1,57 1.57 1.57 1.57 1.55 1.57 1.57 1.54 1.56 
1.84 1.53 1.53 1.53 1.53 1,52 1.54 1.52 1.52 1.63 1,51 
1.51 1.50 1.50 1.47 1.50 1.48 1,48 1.47 1.51 1.50 L49 

Approx .  d i s c h a r g e d  capac i ty :  104 m A - h r  (ba t t e ry  No. 1-6);  

180 360 38 0 1.80 1.82 

5 1 0  

39 

1Ol 
99 

103 
101 
101 
104 
108 
108 
104 
101 
106 

Ap prox .  d i s c h a r g e d  capac i ty :  

240 480 37 
39 

5 lO l O O  
101 
101 
102 

6 9  1.56 1 . 5 6  

0 1.55 1.52 
24 1.39 1.37 
48 1.33 1.31 
72 1.31 1.29 

140 1.30 1.27 
235 1.20 1.20 
307 1.20 1.20 
380 1.19 1.17 
451 1.10 1.10 
500 1.06 1.0'6 
573 1.02 1.01 

242 m A - h r  (ba t t e ry  No. 1-6) ; 

0 1.59 1,57 
60 1.59 1,58 

0 1.31 1.30 
21 1.01 0,98 
45 0.98 0.97 

117 0.81 0.80 

52 m A - h r  (ba t t e ry  No, 7-11) 

1.83 1.81 1,84 1.81 1.84 1.,81 1.81 1.81 1,82 
1.51 1.56 1.50 1.54 1.54 1.53 1.52 1.51 1.53 

1.51 1.51 1.50 1.50 1.52 1.51 1.49 1.51 1,60 
1.37 1.33 1.37 1.34 1.34 1.29 1.37 1.36 1.34 
1.34 1.31 1.34 1.30 1.31 1.30 1.33 1.31 1.3,0 
1,30 1.27 1.30 1.30 1.27 1,27 1.30 1.29 1.27 
1.23 1.25 1.21 1.21 1.22 1.21 1.23 1.23 1.21 
1.19 1.20 1.18 1.17 1.17 1.16 1.19 1.19 1.19 
1.2,0 1.17 1.17 1.17 1.17 1.17 1.16 1.17 1.17 
1.14 1.14 1,14 1.17 1.14 1.14 1.14 1.14 1.14 
1.10 1.08 1.10 1.08 1.10 1,1O 1.08 1,1O 1.10 
1.05 1.04 1.07 1.05 1.07 1.06 1.05 1.97 1.07 
1.00 0,98 1,01 0.99 1,01 1.01 1.02 0.98 1.Ol 

121 m A - h r  (ba t t e ry  No. 7-11) 

1.59 1.57 1.57 1.58 1.59 1.58 1.58 1.58 1.58 
1.58 1.58 1.58 1.58 1.57 1.56 1.56 1.56 1.56 

1.30 1.30 1.30 1.30 1.31 1.30 1.30 1.30 1.31 
1.01 1.00 0.98 0.97 0.9,8 0.97 0.97 0.97 0.97 
0.96 0,96 0.96 0.40 0.96 0.96 0.97 0.96 0.96 
0,80 0.75 0.80 - -  0.80 0.72 0.80 0.71 0.72 

Approx .  d i s c h a r g e d  capac i ty :  260 m A - h r  (ba t t e ry  No. 1-6) ; 130 m A - h r  (ba t t e ry  No. 7-11) 

240 480 37 O 1.48 1.48 1,44 1.48 1.44 
39 268 1.31 1.34 1.34 1.32 1.35 

1.48 1.44 1.46 1.44 1.44 
1,31 1.28 1,35 1.24 1.31 
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Table I]. Results of the storage tests at various temperatures 

S t o r a g e  R e a l i z e d  
t e m p e r -  S t o r a g e  D i s c h a r g e  c a p a c i t y  

C e l l  N o .  a t u r e  p e r i o d s  c o n d i t i o n s  ( m A - h r )  

7 3 5 1 5 - 1 0  R o o m  2 w e e k s  1 0 0  k o h m ,  2 5  ~ ___ 2 ~  32  
7 3 5 1 5 - 1 1  R o o m  2 w e e k s  100  k o h m ,  2 5  ~ -+- 2 ~  3 3  
7 3 5 1 6 - 9  R o o m  2 w e e k s  100  k o h m ,  2 5  ~ ___ 2 ~  3 3  
7 3 5 3 0 - 4  R o o m  2 w e e k s  125  •A, 125  ~ ~ 2 ~  32  
73530.-5  R o o m  2 w e e k s  1 2 5 / ~ A ,  125  ~ -4- 2 ~  31  
7 3 5 1 5 - 1 2  R o o m  6 w e e k s  100  k o h m ,  25  ~ • 2 " C  3 3  
7 3 5 1 5 - 1 3  R o o m  6 w e e k s  lOO k o h m ,  25  .0 ~- 2 ~  34 
7 3 5 1 6 - 1 1  R o o m  6 w e e k s  100  k o h m ,  2 5  ~ "+- 2 ~  32  
7 3 5 1 7 - 1  R o o m  3 m o n t h s  125  ~ A , . 1 2 5  ~ ~__- 2 ~  32  
7 3 5 1 7 - 3  R o o m  3 m o n , t h s  125  ~ A ,  125  ~ ~- 2 ~  3 3  
7 3 5 1 7 - 9  R o o m  3 m o ~ t h s  125  ~ A ,  125  ~ -~ 2 ~  3 3  
7 3 5 3 0 - 6  R o o m  6 m o n t h s  125  ~ A ,  125  ~ --~ 2 ~  32  
7 3 5 3 0 - 1 0  R o o m  6 m o n t h s  125  ~ A ,  125  ~ • 2 ~  3 2  
7 3 5 3 0 - 1 1  R o o m  6 m o n t h s  1 2 5 / L A ,  125  ~ __- 2 ~  33  
73 ,515-12 R o o m  1 y e a r  125  ~ A ,  125  ~ __- 2 ~  3 4  
7 3 5 1 5 - 1 3  R o o m  1 y e a r  125  ~ A ,  125  ~ ~ 2 ~  32  
7 3 5 3 0 - 1 2  R o o m  1 y e a r  125  g A ,  125  ~ ~ 2 ~  32 
7 3 5 1 7 - 5  4 5 ~  3 m o n t h s  1 2 5 / ~ A ,  125  ~ ~ 2 ~  32 
7 3 5 1 7 - 8  4 5 ~  3 m o n t h s  125  ~ A ,  125  ~ ~ 2 ~  32  
73529-6 45~ 3 months 125 ~tA, 125 ~ • 2~ 32 
7 3 5 1 5 - 1  4 5 ~  6 m o n t h s  125  ~ A ,  125  ~ -~- 2 ~  31 
7 3 5 1 5 - 4  4 5 ~  6 m o n t h s  1 2 5 / ~ A ,  125  ~ ~ 2 ~  32  
7 3 5 2 3 - 1 4  4 5 ~  6 m o n t h s  125  # A ,  125 ~ ~ 2 ~  3 3  
7 3 5 2 9 - 3  4 5 ~  6 m o n t h s  125  ~ A ,  125  ~ ~ 2 ~  32 
73529-6 45~ 6 months 125 ~A, 125 ~ ~_- 2~ 33 
73513-4 45~ 1 year 125 ~A, 125 ~ ~ 2~ 32 
7 3 5 1 3 - 6  4 5 ~  1 y e a r  125  i rA,  125  ~ ~ 2 ~  3 2  
73516-3 ,  4 5 ~  1 y e a r  1 2 5 / ~ A ,  125  ~ ~ 2 ~  31  
73517-2 45~ 1 year 125 ~A, 125 ~ • 2~ 32 
7 3 5 2 2 - 9  4 5 ~  1 y e a r  125  ~.A, 125  ~ .~+ 2 ~  33, 
73522-12 45~ 1 year 125 ~A, 125 ~ ~-+ 2~ 33 
7 3 5 0 8 - 1  6 0 ~  6 w e e k s  10,0 k o h m ,  25  ~ -+- 2 ~  3 3  
7 3 5 0 8 - 2  6O~ 6 w e e k s  100  k o h m ,  2'5 ~ ----- 2 ~  31  
7 3 5 0 8 - 3  6O~ 6 w e e k s  100  k o h m ,  25  ~ • 2 ~  31  
7 3 5 1 5 - 8  6 0 ~  3 m o n t h s  L i t h i u m  n i t r i d e  f o r m e d  o n  t h e  

a n o d e  
7 3 5 2 9 - 2  6G~ 3 m o n t h s  L i t h i u m  n i t r i d e  f o r m e d  o n  t h e  

a n o d e  
7 3 5 2 2 - 1 4  6 0 ~  3 m o n t h s  125  ~ A ,  125  ~ ~-  2 ~  32  
7 3 5 2 3 - 2  6 0 ~  3 m o n t h s  125  ~ A ,  125  ~ ~-~ 2 ~  32 
7 3 5 2 3 - 9  60.~ 3 m o n t h s  125  # A ,  125  ~ -4- 2 ~  3 2  
73523-17 6O~ 3 months 125 ~A, 125 ~ ~ 2~ 31 
73530-2 60~ 3 months 125 /LA, 125 ~ ~- 2~ 31 
73523-13 60~ 6 months 125/~A, 125 ~ ~ 2~ 33 
7 3 5 1 7 - 1  6O~ 6 m o n t h s  125  ~ A ,  125 ~ ~ 2 ~  33 
7 3 5 1 7 - 4  6 0 ~  6 m o n t h s  125  ~ A ,  125  ~ ~ 2 ~  32  
73517-7 60~ 6 months 125 #A, 125 r __+ 2~ 33 
7,3515-3 6 0 ~  1 y e a r  125  ~ A ,  125  ~ ~ 2 ~  32  
7 3 5 1 5 - 5  6 0 ~  1 y e a r  125  ~ A ,  125  ~ ~.~ 2 ~  3 2  
7 3 5 1 6 - 2  6 0 ~  1 y e a r  125  # A ,  125 ~ ~ 2 ~  32  
7 3 5 2 2 - 5  6 0 ~  1 y e a r  125  # A ,  125  ~ __- 2 ~  33  
7 3 5 2 3 - 1 3  6 0 ~  1 y e a r  125  ~ A ,  125  ~ ~ 2 ~  33  
73523-14 60 ~ 1 year 125/~A, 125 ~ ~__ 2~ 32 

The test cells exper ienced no capacity loss after  a 
storage period of 6 weeks, 3 months, 6 months, or 1 
year  at room temperature .  F igure  9 shows the dis- 
charge curves of a 2 and a 6 week old cell under  a 100 
kohm load at room temperature.  No significant differ- 
ence in discharge characteristics was noted. Fu r the r -  
more, a discharge efficiency of 100% was realized in 
both cells. The realized capacities of all the test cells 
after storage at room tempera ture  are shown in Table 
II. The stoichiometric capacity of 33 _ 2 m A - h r  was 
realized in all the stored cells. It is noted that since the 
capacity re tent ion of the test cells was of principal  
interest,  accelerated discharge tests were  carr ied out 

on the 3 month, 6 month, and 1 year  stored cells. The 
test cells were  discharged at 125 ~A at 125~ The 
stoichiometric capacity was real ized in all the tests 
indicating that  no self-discharge process had taken 
place. 

The results of the 45~ storage tests were  similar  to 
those of the room tempera ture  storage tests. The test 
cells exper ienced no capacity loss af ter  storage as 
shown in Table II. 

F igure  10 shows the discharge curves of 2 test cells 
before and after  a storage period of 1000 hr  at 60~ 
It  is noted that  no capacity loss was experienced by the 
stored cell. However ,  af ter  a storage period of 3 months 
we noted that  2 of the 20 stored cells showed low 
open-circui t  voltage. The 2 cells were  positioned at the 
top of the stack in the glass vial. An examinat ion  of 
these 2 cells revea led  a dark b rown substance on the 
Li anode. Since an ammonia  odor was clearly noted 
when water  was dropped on the dark  brown compound 
we concluded that  it was l i th ium nitride. The ni tr ide 
formation was caused by the small  amount  of residual  
ni t rogen in the dry box. Evidently,  the rate  of nitr ide 
~ormation must  be significant at 60~ to cause problems 
for the unsealed test cells. Nonetheless, 5 cells were  
selected at random from the remaining cells and dis- 
charged at 125 ~A at 125~ The stoichiometric capacity 
was realized. Consequently,  we concluded that  the 
fai lure of the 2 cells was due to causes other  than the 
intrinsic propert ies  of the system. In order to al leviate 
the ni tr ide format ion problem, the glass vial  which 
contained the remaining test cells was heat  sealed in 
two overlapping ]0 mil  polyethylene bags and the 
cells were  re turned  to the 60~ storage. 

The 6 month  and 1 year  stored cells were  discharged 
at 125 #A at 125~ No capacity loss was experienced 
by these cells as shown in Table II. F igure  11 shows 
the typical discharge curves of the test cells before and 
after  a storage period of 1 year  at 60 ~ and 45~ 

All  the test cells stored at 100~ showed l i th ium 
nitr ide formation on the anode after  3 months. Indeed, 
the anode of most of the test cells was completely  
covered with  l i th ium ni t r ide and separated f rom the 
electrolyte. It  was concluded that  l i th ium ni t r ide 
formation at 100~ due to the residual n i t rogen in the 
dry  box had rendered the storage of the unsealed cells 
impractical.  No a t tempt  was made to discharge these 
cells. 

The fact that  the test cells exper ienced no capacity 
loss after  various storage periods up to 1 year  at room 
temperature,  450 , and 60~ showed that  the L i /  
LiI(Al~O3)/PbI2, PbS, Pb batteries are stable on stor-  
age and have a long shelf life. It  should be noted, how-  
ever, that  the laboratory cells were  not hermet ica l ly  
sealed, the anodes stored at 100~ reacted with  the 
residual ni trogen in the dry box and became defective. 
Consequently,  no conclusion can be made in  regard  to 
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Fig. 9. Discharge curves of the 33 mA-hr cells before and after 
room temperature storage. Discharge conditions: 100 kohm load at 
room temperature. Curve a, cell No. 73515-11 (fresh cell); curve b, 
cell No. 73515-12 (stared at room temperature for 6 weeks). 
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Fig. 10. Discharge curves of the 33 mA-hr cells before and after 
60~ storage. Discharge conditions: 100 kohm load at room tem- 
perature. Curve a, cell No. 73515-11 (fresh cell); curve b, cell No. 
73508-1 (stored at 60~ for 6 weeks). 
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Fig. 11. Discharge curve of the 33 mA-hr cells before and after 
long term storage. Discharge conditions: 125 #A at 125~ Curve 
a, cell No. 73530-4 (fresh cell); curve b, cell No. 73522-12 (stored 
at 45~ for I year); curve C, cell No. 73522-5 (stored at 60~ 
for 1 year). 

the storabil i ty of the laboratory type of Li /LiI  (A1203) / 
PbI2, PbS, Pb batteries at 100~ 

The results of the discharge and storage tests showed 
that  the Li /Li I  (A1203)/PbI2, PbS, Pb system is a prac-  
tical low rate, high energy densi ty system. Indeed, 

batteries containing parallel  and series stacks of cells 
have been made for low rate applications. It  is esti-  
mated based on the low rate and accelerated discharge 
test results that  an energy density of 0.49 W - h r / c m  3 
(8 W-hr / in .  8) can be realized from these batteries. 

Manuscript  submit ted Sept. 11, 1975; revised manu-  
script received ca. Nov. 15, 1975. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in  the December 1976 
JOt~RNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs o] this article were partially as- 
sisted by P. R. Mallory & Company Incorporated. 
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Pits 

ABSTRACT 

Owing to restricted mass transport,  the conductivi ty of electrolytic solu- 
tiorL within  occluded regions may be different from that of the bulk  electro- 
lyte outside the occluded regions. Exper imental  and theoretical investigations 
have been carried out on artificial copper pits ( length to diameter  ratio be-  
tween 0.93 and 10.3) dissolving in b inary  copper sulfate solutions (0.001-0.5M 
at 25~ in order to clarify conditions under  which conductivity effects are 
appreciable. Both potentiostatic (50-1500 mV) and galvanostatic (1.2-6.8 m A /  
cm u) data agree with a mathematical  model which includes charge transfer, 
ohmic, geometric, and unsteady-s.tate mass t ranspor t  processes. The model 
generates dimensionless criteria by which the importance of conductivi ty 
changes in  other chemical systems can be estimated. 

Because corrosion processes are complex, it is often 
difficult to design meaningful  accelerated tests and /or  
to scale up laboratory results to field applications. 
Therefore model studies on simple analogs of corrosion 
processes can be helpful even though they may not 
account for the entire range of possible complexities 
which actual corrosion systems possess. That  is, model 
studies on seemingly artificial systems can clarify the 
conceptual groundwork upon which is based intui t ive 
judgments  about real systems. 

Models of localized corrosion processes, especially 
pi t t ing and crevicing, have been proposed by several 
investigators in  order to clarify effects of diffusion- 
l imited behavior wi thin  the occluded region. Diffusion- 
l imited attack eventual ly  leads to the formation of con- 
centrat ion gradients wi th in  the occluded region. As a 
consequence, the kinetics of the corrosion reactions 
deep within  the occluded region may be very different 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
1 P r e s e n t  a d d r e s s :  B a b c o c k  a n d  W i l c o x  C o m p a n y ,  Al l i ance ,  O h i o  

44601. 
Key  words:  mathemat ica l  model ,  ar t i f i c ia l  p i t ,  corrosion. 

from those occurring under  bu lk  electrolyte con- 
ditions owing to the concentration dependence of the 
rate constants (1). Also, the increased concentration 
of species wi thin  the occluded region may increase the 
conductivity of the occluded solution, thereby reduc- 
ing the ohmic resistance of the corroding system (2). 
Upon extended dissolution, the precipitat ion of salt 
films within the occluded region can eventual ly  occur 
(3). These processes cause na tura l ly  corroding sys- 
tems to be rather  complicated owing to the many  pos- 
sible electrochemical reactions, the complex interracial  
phenomena and solution chemistry, and the uncer ta in  
geometry of localized corrosion cells. 

The purpose of the present s tudy was to employ 
experiments and mathematical  models to investigate 
the role of conductivity variations wi thin  artificial pits 
during the course of controlled metal  dissolution. The 
program was designed to develop a predictive basis 
for estimating conditions under  which auto-accelera- 
tion of dissolution rates in artificial pits can occur ow- 
ing to conductivity variations (4, 5). 
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b I 
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I 

Fig. 1. Electrolysis cell. a, cathode screen; b, electrolyte com- 
partment; c, rubber stopper; d, insulating side walls; e, wire anode; 
f, reference electrode compartment; g, artificial pit. 

Appara tus  
Cylindrical  artificial pits with inert  side walls were 

fabricated by embedding copper wire 2 in epoxy resin 
and cutt ing off one end. The exposed surface was me-  
chanically polished to 600 grade, and the copper was 
then dissolved to the desired depth by anodic dissolu- 
tion in flowing sulfuric acid. A flat-bottomed polished 
surface was subsequent ly  obtained by electropolishing 
in 50% phosphoric acid. Before and after pi t t ing ex- 
periments,  microscopic examinat ion of the circular 
surface was made with an objective having a depth of 
focus of 0.01 mm, and it was found that every port ion 
of the surface was in sharp focus. Artificial pits were 
placed facing upward  in the corrosion cell as depicted 
in Fig. 1. The cylindrical  cathode consisted of copper 
screen. A mercurous sulfate reference electrode was 
used in the side compartment.  It was found that the 
behavior  of the pit did not depend on cathode or 
reference electrode position provided that  they were 
placed more than  1.5 cm (or 10 pit diameters) from the 
pit entrance. Similarly,  it was found that pit behavior 
was independent  of the amount  of solution in the cell 
provided that the solution depth exceeded 1.5 cm. The 
solution in the cell was not agitated. 

The uni formi ty  of the cur ren t  dis t r ibut ion in the vi- 
cinity of the pit mouth was measured analogically by 
using conductive paper cut in the shape of a two-di-  
mensional  slot. A slot with a length to width ratio of 
un i ty  had a potential  distr ibution that  varied by 10% 
from the edge to the center of the slot mouth. The po- 
tential  dis t r ibut ion in a circular pit will  be less un i -  
form than the slot geometry. Therefore pits with aspect 
length to diameter  ratios appreciably less than  uni ty  
were not investigated. 

Experiments  were conducted under  both constant 
potential  control (Wenking No. 68TS3) and constant 
current  control (Electronic Measurements No. C633). 
During the course of some experiments,  the potential  

2 See  T a b l e  I for  diameters .  

dis t r ibut ion wi thin  the pit was measured directly by 
lowering a microcapil lary probe into the pit. The 
electrolysis cell was placed on a microscope stage and 
the probe was mounted  in  place of the objective lens. 
The focus knob was connected to the shaft of a pre-  
cision potent iometer  thereby obtaining a voltage signal 
proportional to probe displacement. An X-Y recorder 
(Hewlet t -Packard No. 7004B) displayed the measured 
potential  as a funct ion of position. The probe cross- 
sectional area was 8% of the pit  cross-sectional area. 

Procedure 
Four  concentrations of electrolytic solution (0.001, 

0.01, 0.1, and 0.5M) were .prepared from AR hydrated 
copper sulfate and deionized, distil led water  (conduc- 
t ivi ty 4 X 10 -6 mho/cm) .  

After electropolishing, pits were rinsed with about 
3500 pit volumes of distilled water  (a few mill i l i ters 
and dried. The pit depth was measured to wi th in  0.01 
mm by mount ing  the pit on a microscope stage 
(Bausch & Lomb UK 128) and focusing first on the 
metal  surface and then on the external  epoxy surface; 
the fine focus micrometer  provided a direct measure of 
pit depth.  The pit was then placed in the electrolysis 
cell, and solution was added with a syringe to assure 
that no bubbles were trapped within  the pit. The make-  
up solution was held at 25~ 

Constant potential  experiments were carried out with 
solutions of several concentrations, while constant 
current  experiments  were carried out with a single 
solution as indicated in Table I. For each solution, a 
freshly prepared pit was used for measurements  at 
four different conditions (either applied potential  or 
applied current) .  The durat ion of each unsteady-s ta te  
experiment  ranged between 70 and 400 sec. Between 
each measurement  the pit was rinsed with electrolyte 
of bulk  concentrat ion and temperature  25~ During 
some constant potential  experiments,  the potential  
distr ibution within the pit was measured by lowering 
the microcapillary reference electrode probe into the 
pit unt i l  the tip hit the base and flexed; the probe was 
then withdrawn.  Each traverse took about 5 sec. 

Upon completion of experiments for each solution, 
the conductivity of the bulk solution was measured 
with a resistance bridge (Leeds & Northrup Series 
4959). The diameter  of the pit was measured optically 
to wi thin  0.01 mm by placing the Fit on the stage of a 
microscope having a calibrated scale in the eyepiece. 

M a t h e m a t i c a l  Mode l  
The artificial pit geometry is described by a r ight  

circular cylinder of radius r and height h. The b inary  
solution of electrolyte in  the pit contains a soluble salt 
of the metal  which is undergoing dissolution, for 
example copper sulfate in the case of copper dissolu- 
tion. Only one electrochemical reaction oocurs, metal  
dissolution; the metal  does not corrode in the solution. 
During dissolution the metal  surface is assumed to 
remain  smooth and perpendicular  to the side walls. 

Table I. Experimental conditions 

Appl ied  Pi t  
F igure  potent ia l  (mY) Concentrat ion Conduct iv i ty  d iamete r  P i t  depth Aspect  

No. or cu r ren t  (~A) (mole/ l i ter)  (ohm-cm) - i  (mm) (mm) rat io  Durat ion  of e xpe r imen t  

2 200, 300,400, 500 0.01 
3 50, 100, 200 0.10 
4 50, 75, 100,200 0.10 

6 2, 5, 8.0, 10.0, 15.0 0.01 

100,300, 500,700 0.01 
500, 1000, 1500 0.001 
f0 ,  100, 150, 200 0.01 

1. Uns teady-s ta te  expe r imen t s  
(a) Constant  potential  electrolysis 

0.00144 0.53 1.29 2.26 400, 300, 250, 250 sec 
0.00867 0.56 1.20 2.15 400, 400, 400 sec  
0.00867 1.29 1.20 0.93 300, 250, 310, 200 sec  

(b) Constant  cur ren t  electrolysis 
0.00144 0.53 1.20 2.26 340, 300, 200, 400 sec  

2. S t e a dy - s t a r e ' e xpe r ime n t s  
Constant  potent ia l  electrolysis 

0.00144 0.251 1.13 4.80 95, 27, 18, 13 ra in  
0.00025 0.251 1.13 4.50 63, 30, 25 rain 
0.00144 0.812 8.40 I0.3~5 1290, 1350, 1280, 3080 m i n  
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During dissolution, the solubil i ty of the b inary  metal  
salt is not exceeded and therefore precipitat ion does 
n o t  occur.  

For  diffusion of a b inary  electrolyte under  s tagnant  
conditions, the one-dimensional  unsteady diffusion 
equation is 

~c(y,t) 02c(y,t) 
- D [1] at ~y2 

where it is assumed that the diffusion coefficient of 
the neut ra l  salt, D, is independent  of concentrat ion 
(6). Symbols used in  the equation are explained at the 
end of the text. A migrat ion term does not appear in 
Eq. [1] since the concentrat ion refers to the movement  
of the neut ra l  b inary  salt, not individual  ionic species. 
The init ial  condition which corresponds to the experi-  
mental  procedure is that  the concentrat ion wi thin  the 
pit  is uniform prior to application of power 

e(y,0) = Cb [2] 

The boundary  condition at the pit entrance (y = h) 
which conforms to the exper imental  procedure is 

c(h,t) = Cb [3] 

At the base of the pit (y _-- 0), the concentrat ion 
gradient  in  the metal  salt is proport ional  to the cur ren t  
flowing tkrough the pit 

Oc (0,t) (1 -- t+)i 
[4] 

~y nFD 

As the metal  dissolves, the pit  becomes longer. For the 
short dura t ion unsteady-s ta te  experiments reported in  
Table I, however, the elongation is less than  0.03% of 
the ini t ia l  length. For longer dura t ion steady-state 
experiments,  var ia t ion of pit length  dur ing  dissolu- 
t ion was accounted for with use of Faraday's  law. 

The potential  between the dissolving anode and the 
reference electrode can be resolved into four compo- 
nent  overpotentials which arise owing to charge t rans-  
fer, concentrat ion differences, resistance effects wi thin  
the pit, and resistance effects external  to the pit mouth  

= ~ls + ~lc + ~lr + ~lm [5] 

The component  overpotentials are related to the cur-  
rent  density and concentrat ion by 

i = i o [  c(0't)  ]0"42 (e(~aF/RT)n. __ e--(ar [6] 
Cb 

(1 + t+)RT 
~lc = in 

F 

c(y,t) ] [7] 
Cb 

[8] ih 

~]m - -  - -  [9] 
4~  

where K* is the average conductivi ty of electrolyte in 
the occluded region. Equat ion [6] characterizes the 
Cu/CuSO4 system (7) and Eq. [7] is the Nernst  equa-  
tion wr i t ten  for a b inary  salt (8). The conductivity of 
copper sulfate solutions varies with concentration 
(9-12); a parabolic least squares fit of the data was 
used (4) to give 

(5)" : gb for 10-slVi < c < 1.43M [10] 

7 = 0.706 -- 0.214 In Cb -- 0.0107 In  
C 

[11] 
Cb  

where 

The agreement between the conductivity data and Eq. 
[10] is everywhere within 8% of the exper imental ly  
measured conductivity. Equation [8] is Ohm's law 

where the average conductivi ty is employed. It is rec- 
ognized from transport  theory that Ohm's law is not 
valid in the presence of concentrat ion gradients owing 
to diffusion potentials;  the suitabil i ty of simplifying 
the analysis by ignoring these restrictions will be in 
part  justified by comparison of theoretical predictions 
with experimental  data in the following sections. 
Equation [9] is Ohm's law where the resistance is com- 
puted for a flat disk embedded in  an insula t ing plane 
with the counterelectrode at infinity (13). 

Method of Solution 
The details of the calculations are given in  Ref. (4) 

and are only summarized here. For constant  current  
calculations, an analytical  solution by separation of 
variables is available (4, 14) for the concentrat ion 
distr ibution as a funct ion of time. Equations [5]-[9] 
were then employed to calculate the total overpoten- 
tial. 

For  constant potential  calculations, an IBM-360 digi- 
tal computer was used in  conjunct ion with the Crank-  
Nicolson finite difference scheme to obtain the un-  
steady-state concentrat ion and potential  distr ibutions 
wi thin  the pit dur ing dissolution. At each time step, 
the current  density required by Eq. [4] was chosen by 
Newton-Raphson i terat ion such that Eq. [5]-[9] were 
satisfied under  the prevail ing concentrat ion distribu.- 
tion. Numerical  unsteady-s ta te  calculations were found 
to be insensit ive to mesh size between 20-.100 mesh 
points and to init ial  time increments  (Dt/h 2) less 
than 10-5. The size of the time step was increased by 
a factor of 1.1 with each successive step. 

Results and Discussio~ 
During preliminary experiments, it was found that 

extended periods of dissolution would often lead to 
precipitation of a salt film onto the electrode surface 
owing to supersaturation of solution. Under constant 
applied current conditions, for example, a sudden volt- 
age rise would occur some time after initiation of elec- 
trolysis, to be denoted the transition time. For semi- 
infinite diffusion, the transition time is related to the 
other parameters by (15) 

n F ~ D  
t i n  - - -  (%pin - Cb) 

2i 

Measurement of the transition time therefore provides 
a direct indication of the solute concentration at the 
electrode surface when precipitation occurs. Experi- 
ments performed in several solutions (0.01, 0.I, and 
0.5M CuSO4) at applied current  densities up to 250 
mA / c m 2 gave the consistent result  that  precipitat ion 
occurred when  the saturat ion concentrat ion was ex- 
ceeded by 2.2-fold. 

The shor t -dura t ion t ransient  experiments  reported 
below were conducted under  such conditions that pre-  
cipitation did not occur. Longer durat ion experiments 
were conducted unt i l  either a pseudo steady state was 
at tained or else salt precipitat ion occurred. The re- 
sults of both types of experiments are discussed 
separately. 

Short duration experiments.--Table I (Part  1) pro- 
vides conditions under  which short durat ion experi-  
ments  were performed; the parameters  of the b inary  
copper sulfate system for which data were obtained 
are provided in Table II. These values were used in  
making theoretical calculations with the above mathe-  
matical model. For 24 experiments of 26 performed, 
it was found that the predicted value of the ini t ial  
cur rent  (or potential)  averaged to wi thin  5.0% of the 
measured value. The range was between 0 and 19% 
error. 

Results of constant potential  experiments and cal- 
culations are given for two concentrations and two 
aspect ratios in  Fig. 2, 3, and 4. The solid lines corre- 
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Table II. System parameters 

D(O.001M) = 7.5 X 10 -e c m 2 / s e c  
D(O.OIM) = 6.79 X 10 -o cm 2/ s ec  
D(O.1M) = 5.63 x 10 -~ cm 2/ s ec  
Kb(O.OO1M) = 2.51 • 1O-4/ohm-cm 
~(O.OlM) = 1.44 x lO-S/ohrn-cm 
Kb(O.1M) = 8.67 X lO-S/ohm-em 

= 2 g-equiv./g-mole 
/o(O.O01M) = 0.144 mA/cm 2 
io(O.01M) = 0.380 r~A/cm~ 
io(O.iM) = 1.0 mA/cm ~ 
t+(O.O,OiM) = 0.40 
t+(O,O1M) = 0.40 
$+(O.1M) = 0.36 
aa  = 1.5 
ae  = 0.5 

s p o n d  to exper imenta l  measurements  while  the dashed 
lines correspond to theoret ical  calculations. In each fig- 
ure, results are given for several  different applied 
potentials.  It  is seen in every  case that  the current  
eventua l ly  increased above its init ial  value, sometimes 
passing through a m in imum which was more  or less 
shallow. In every  case, the agreement  be tween  exper i -  
ment  and theory is wi th in  10% of the measured value.  
The increase in current  dur ing constant potent ial  e l e c -  
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Fig. 4. Current response during constant potential electrolysis 

(cb = 0.1M, h/D ---- 0.93). 
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Fig. 2. Current response during constant potential electrolysis 
(Cb = O.01M, h/D = 2.26). 
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Fig. 3. Current response during censtanf potential electrolysis 

(Cb = 0.1M, h/D = 2.15). 

trolysis is due to increased conductivi ty of solution 
wi th in  the pore, not surface roughening. (If the solu- 
tion in the pit  is s t irred part  way through an exper i -  
ment,  the current  re turns  to its init ial  value.) The 
min imum in the current  occurs owing to the competing 
effects of concentrat ion overpotent ial  and conductivi ty 
variation. 

A. typical potent ial  distr ibution measured wi th in  the 
pit during dissolution is g iven by the solid line in Fig. 
5. The data show that  potent ial  variat ions external  to 
the pit are important.  The theoret ical  calculations in-  
dicated by the dashed l ine are in good agreement  wi th  
these data. The hysteresis in the potential  t raverse  is 
thought  to arise f rom free movement  in the microscope 
gears, not f rom disturbing the concentrat ion profile; 
par t ia l  t raverses showed that  even when the probe did 
not enter  the pit, a reversal  in t raverse  direction was 
accompanied by hysteresis. Insert ion of the measuring 
probe was found to disturb the current  by less than 2% 
of the measured value. 

F igure  6 shows results of four  exper iments  on a pit  
operated at different applied constant currents. In each, 
the potential  (measured be tween anode and reference 
electrode) eventua l ly  decreased during unsteady-s ta te  
dissolution. The theoret ical  model  predicted behavior,  
shown by the dashed lines, which is in accord wi th  the 
exper imenta l  data. 

Long-duration experiments.--Experimental condi- 
tions under  which long- t e rm dissolution exper iments  
were  conducted are given in Table I (Part  2). Theo-  
retical  calculations were  made for each exper iment  
performed. Results are given in Fig. 7 for one series of 
constant potential  exper iments  in a solution of 0.01M 

2 0 0  
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, i I i i , , " I i i i i I 
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I I ] I I I I t , I I I I I 

0 .2  0.1 0.0 

Distance along pit (cm) 
F|g. 5. Potential distribution in an artificial pit during electrolysis 

(Cb ---- 0.1M, h/D _-- 0.93, time = 28 sec after onset of electroly- 
sis). 
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CuSO4. At the higher applied potentials, t he  current  
increased by up to five times the init ial  current  and 
then fell suddenly owing to precipitat ion within the 
pit. At lower applied potentials, a steady-state current  
was obtained. The dotted line marked "e" in  Fig. 7 
shows experimental data for a highly polarized elec u 

Fig. 8. Overpotential partitioning at onset of electrolysis 

trode in  very di lute electrolyte. At the moment  of salt 
precipitation, the current  had increased by more than 
25-fold above the ini t ial  value at t = 0. 

The theoretical calculations, shown by the dashed 
lines, are in  good agreement  with experimental  trends. 
Table III summarizes the predicted and measured val-  
ues of current  at the end of the experiment  (either 
a t ta inment  of steady state or else salt precipitat ion).  
It is seen that  in every case investigated the theory 
provides a conservative estimate of the auto-accelera-  
t ion effect. 

Theoretical model.--The foregoing comparison of 
theory and experiment  has been carried out over a 
wide range of operating conditions including mode of 
power supply, aspect ratio, pit diameter, solute con- 
centration, rate of dissolution, and duration of experi- 
ment. Because the experiments were carefully designed 
in the sense that no adjustable or uncertain parameters 
were involved, the good agreement between theory 
and experiment indicates either that the assumptions 
were justified, or that any poor assumptions were in- 
consequential. 

By writing the mathematical equations in dimen- 
sionless form, it is possible to develop criteria for esti- 
mating those situations where the ohmic overpotential 
is greater than the charge-transfer or concentration 
overpotentials so that auto-acceleration is possible. A 
procedure, outlined below, has been developed for pre- 
dicting the maximum current which would be ex- 
perienced under given operating conditions. The prin- 
cipal purpose of presenting these results is to provide 
an example of how dimensionless parameters can be 
used to assist in determining which physical phe- 
nomena control corrosion behavior, in determining 
what scale-up ratios apply, and in locating the window 
in parameter space within which the auto-acceleration 
effect is likely to be most destructive. 

Under what conditions is acceleration likely to occur?-- 
Acceleration will occur only if a major  portion of the 
applied potential  is consumed by the ohmic resistance 
wi thin  the pit. At the init ial  moment  of switching on 
the circuit, Fig. 8 shows how overpotentials are dis- 
t r ibuted between ohmic and surface processes (con- 
centrat ion overpotential  being absent) .  The figure cor- 

Table III, Final currents, steady-state experiments 

F i n a l  c u r r e n t  F i n a l  c u r r e n t  
A p p l i e d  p o t e n t i a l  Con,centrat ion A s p e c t  o b s e r v e d  p r e d i c t e d  

( m V )  ( m o l e / l i t e r )  r a t i o  ( m A / c m  2) ( m A / c m  ~) 

100, 300, 500, 700 0.01 4.50 3.8, 28.6, 31.2, 44.3 1.7, 16.5, 31.2, 44.3 
54)0, 1000, ' IS00 0.001 4.50 29.5, 47.6, 67.8 7.4, 17.7, 29.5 
50,100, 150,200 0.01 10.35 0.091, 0,91, 0,98, 2.5 0.08i ,  0.56, 0.62, 1.8 
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responds to V = CAnF/RT -~ 10, or 12'5 mV for a two- 
electron reaction. Because ~s, ~lm, and ~]r sum to the 
applied potential, each point  wi thin  the tr iangle repre-  
sents a different par t i t ioning be tween the three over- 
potentials. The par t i t ioning depends on two d imen-  
sionless parameters  

~ r  
A - -  

4h 

ionFh 

R T ~  

The parameter  A is an aspect ratio, while /~o is the 
ratio of ohmic resistance to charge-transfer  resistance 
insofar as it contains the ratio of io to ~. Figure  8 i l-  
lustrates how the relat ive values of the three over- 
potentials depend on A and ;~o. On this basis, it is 
seen that the ohmic resistance in the pit consumes an 
appreciable fraction (over 50%) of the applied poten-  
tial under  the conditions 

A < I  

/~o > 1 [12] 

Under  the conditions given in Eq. [12], the auto-ac-  
celeration effect is l ikely to be observed. 

To wha t  ex t en t  wi l l  acceleration occur?--I t  is con- 
venient  to arrange the parameters  of the system into 
dimensionless group as follows 

~bRT(1 - -  t+ ) 

ebn2F2D 

The application of potential  V -~ r  will  cause 
flow of current  ( ini t ial ly equal to ~i -~ ilnFh/RTKb) 
which will  change to some final steady-state value, 
(~ss : issnFh/RTKb) provided that  precipitat ion of in-  
soluble salts does not occur. For a long narrow pit 
( r /h  : 0.0127), the ratio of flss/fli is given in Fig. 9 
for a wide variety of possible systems and operating 
conditions. It  is seen that a final s teady-state current  
of 50-fold greater than  the ini t ial  current  is possible 
for some systems. For shorter pits ( r /h  : 0.127) the 
ratio of ~ss/~i is also given in Fig. 9. It  is seen that  the 
auto-accelerat ion phenomenon is impor tant  under  con- 
ditions such that h/r,  V, Po, e, and 7 are large. 

C o n c l u s i o n s  

Dissolution of metal  within artificial pits can in-  
crease the conductivity of solution wi thin  the pit suf- 

4 0  , , , i , 

o .o.~, 

~ . . . . .  ~ . . . . . . . . . . . . . . . .  . * *  . . . . . .  

0 0 5'0 IO0 

V, Dimensionless 
Fig. 9. Extent of auto-acceleration. 

---- 0.0127; . . . . .  A ~ 0.1 or r /h ~ 0.127. 

Potential 
A ~- 0.01 or r/h 

ficiently to initiate auto-accelerat ion of the dissolution 
rate. Under  such conditions, the rate of dissolution can 
increase manyfold over the ini t ial  rate. A mathematical  
analysis of concentration and potential variations with- 
in artificial pits is in good agreement with data on 
artificial pits containing binary electrolyte. The theory 
permits estimation of what conditions are likely to 
exhibit auto-acceleration and to what .extent the dis- 
solution rate is likely to increase. Similar effects occur 
in multicomponent electrolyte systems, and the meth- 
ods used in this invest igat ion could be extended to 
these systems without  difficulty. 

Natural ly  corroding pits and crevices are more com- 
plex than the artificial pits studied here. Whereas it is 
often difficult to assign values to the parameters  of 
na tura l ly  corroding systems, modeling studies assist in 
clarifying the in terpre ta t ion  of complex data. 
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LIST OF SYMBOLS 
A ~r/4h, dimensionless aspect ratio 
c concentration, mole/cm 8 
Cb bulk  concentration, mole /cm 3 
D diffusivity of neut ra l  salt, cm2/sec 
F Faraday constant, coulomb/equivalent  
i current  density, A/cm 2 
it init ial  current  density, A/cm e 
io exchange current  density, A/cm 2 
iss steady-state current  density, A/cm 2 
h pit length, cm 
n number  of electrons in electrochemical reaction 
R gas constant, coulomb-V/g-mole  ~ 
r pit radius, cm 
t time, sec 
t+ cationic transference number  
T temperature,  ~ 
V r dimensionless applied potential  
y spatial variable 
a'a anodic t ransfer  coefficient 
~e cathodic t ransfer  coefficient 
#,~ i;nFh/RTKb, dimensionless init ial  current  density 
~.o ionFh/RT~b, dimensionless exchange current  den-  

s i t y  
~ss 4snFh/RTKD, dimensionless steady-state current  

density 
7 empirical parameter  defined by Eq. [11] 
~1c concentrat ion overpotential,  V 
~]m ohmic resistance overpotential  external  to the 

pit, V 
11r ohmic resistance overpotential  within the pit, V 
~ls surface overpotential, V 
0 --~bRT(1 -- t+)/cbn2F2D, dimensionless diffusion 

parameter  
electrolyte conductivity, (ohm-cm) -1 

Kb electrolyte conductivity of bu lk  solution, (ohm- 
el-n) - 1  

~* average conductivity of electrolyte in occluded 
region, ( o h m - c m ) - 1  

CA applied potential, V 
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Transport Processes and the Mechanism of 
Pitting of Metals 

Jose R. Galvele *,1 

The Ohio State University, Corrosion Center, Columbus, Ohio 43210 

ABSTRACT 

A pit model was developed on the assumption that the metal ions hydrolyze 
inside the pits and that the corrosion products are transported by diffusion. 
Concentrations of Me e+, Me(OH)+, and H + ions, as a function of pit depth 
and current density, for Zn, Fe, Ni, Co, AI, and Cr were calculated. The main 
reason for passivity breakdown at the initial stages of pit growth, was found 
to be the localized acidification due to metal ions hydrolysis. Assuming a criti- 
cal pH value for pit initiation, the following experimental facts could be ex- 
plained: (i) the effect of the external pH on the pitting potential of Fe and 
stainless steel; (it) the effect of sodium borate concentration on the pitting 
potential of Zn; (it{) the effect of weak acid salts on the pitting potential of 
AI; (iv) the oscillations of the electrode potential of stainless steel and nickel 
in solutions of Cl- + SO4 = ions; (v) the existence of a pitting inhibition po- 
tential; and (vi) the existence of a pitting protection potential. Through 
analysis of the transport processes inside a pit it was also concluded that the 
pitting potential of a metal should change with the CI- ion concentration ac- 
cording to the equation 

E~ = E/ -- B �9 log [CI-] 

B = 0.059V being the slope of the curve at room temperature. 

It  is a genera l ly  accepted fact that  p i t t ing  star ts  at a 
cer ta in  cri t ical  potential ,  known as p i t t ing  potent ia l  
(1). Y e t  t h e  nature  of such a potent ia l  st i l l  remains  
uncertain.  Severa l  explanat ions  have been given, such 
as zero charge potential ,  po ten t i a l - induced  ion mig ra -  
tion, e lect r ica l ly  produced  mechanical  breakdown,  
competitive adsorption, salt-formation equilibrium po- 
tential, etc. (I). Nevertheless, none of these mecha- 
nisms could account for the way in which variables 
such as pH, ionic concentration, and inhibitor concen- 
tration affect the pitting potential. In recent publica- 
tions, Wexler and Galvele (2) and Alvarez and GaIvele 
(3) reported that the pitting potential was the mini- 
mum potential at which localized acidity could be 
mainta ined  inside a pit. The present  paper ,  based on 
simple t ranspor t  equations shows tha t  such acidification 
c a n  be obta ined even at the very  ear ly  stages of p i t -  
ting, and that,  as was recent ly  repor ted  (4), t r anspor t  
calculat ions inside the pi t  exp la in  why  var iables  such 
as an aggressive anion concentration,  nonaggressive 
anion concentrat ion,  ex te rna l  pH, presence of weak  
acid salts, and alloying elements modify the pitting 
potent ia l  o'f a metal .  

I t  is concluded tha t  most of the observat ions made  
so far  on the p i t t ing  potent ia l  can be expla ined  s imply  
by t ranspor t  phenomena,  and tha t  processes l ike com- 
pet i t ive  adsorption,  sal t  formation,  film contaminat ion,  

* Electrochemical  Society Act ive  Member .  
1 On leave f r o m  the Comi~ion Nacional  de Energ ia  Atomica,  De-  

pa r t amento  de Metalurgia ,  Buenos Aires,  Argent ina .  
Key  words :  p i t t ing  of metals,  pitt ing potential,  transport proc- 

esses, pi t t ing  inhibitors.  

etc., even though present during the pitting process, 
do not play a major role in fixing the pitting potential. 

Several authors have shown that the solution inside 
a pit, as well as that inside a crack or crevice, has a 
comgosition quite different from that in the bulk solu- 
tion (5-i0). As early as 1937 Hoar (ii) proposed a 
mechanism of "autocatalytie" pit propagation, which 
considered that the main cause of pitting was the drop 
of pH inside the pit. Other authors (12, 13) postulated 
that the condition for pitting initiation was an increase 
of chloride ion concentration on the metal-solution 
interface. In a similar way Kaesche (14) considered 
the formation of saturated AICI3 inside a pit the neces- 
sary condition for the pitting of aluminum. 

After studying the pitting of iron in various en- 
vironments, Vetter and Strehblow (15, 16) questioned 
all mechanisms based on local composition changes. 
These authors assumed that the causes of pitting should 
be present in all the stages of pit growth, even in the 
smallest detectable pits. Pits as small as one micron in 
diameter, growing with current densities of the order 
of i-9 A/era 2 were detected in iron. According to their 
calculations, the origin of pitting could not be attrib- 
uted to changes in pH, in potential, or in ionic concen- 
tration, since such changes would be meaningless in 
the initial stages of pitting. However, the pitting model 
developed by Vetter and Strehblow cannot be taken 
as a realistic model; according to their model the pH 
inside the pit increases during pit growth, while in 
practice the pH was found to decrease (5-I0). 

Pickering and Frankenthal (17) developed a much 
simpler pit model, and they analyzed the changes in 
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composition to be expected in the pit. Nevertheless,  the 
model by Pickering and Frankentha l  could not be ap- 
plied in its original  form to all pi t t ing cases because, 
again, it would  lead to pH increases inside the pit as 
the pit grew. 

Pit Model  
In the present  paper  a pit  model  similar  to that  

developed by Picker ing and Franken tha l  is used (Fig. 
1). Their  model  was developed for a meta l  that  would 
dissolve in an acid solution and consequently always 
resul ted in a decrease in the  pH inside the pit. To over-  
come this difficulty, the model  used herein assumes 
that  the pH of the bulk solution can take any value  
f rom acid to alkal ine values. 

The model  by Picker ing and Frankentha l  takes into 
consideration the t ransport  of ions both by diffusion 
and by electrical  migration. In this way, complex 
formulae  are obtained when the study of the hydro ly-  
sis of the meta l  ions, or modifications of the external  
pH are at tempted.  Since, as shown by Vetter  and 
S t rehblow (16), pi t t ing init iat ion takes place with  
small  changes in the e lect rolyte  composition, it is rea-  
sonable to assume that  the bulk solution acts as a sup- 
port ing electrolyte  for the metal  ions and the hydroly-  
sis products produced during pit t ing initiation. In this 
way the t ransport  equations are considerably simpli-  
fied, since only t ransport  by diffusion remains impor-  
tant. The fol lowing are the main modifications in t ro-  
duced in the model  used in the present  paper: 

(i) Instead of a single charge transfer  reaction, a 
more general  expression is used for the anodic reaction 
taking place inside the pit 

Me = Me n+ + ne [1] 

The dissolution react ion is assumed to take place at 
the bottom of the pit, (Fig. 1) as in the model  by 
Picker ing and Frankenthal .  No reaction takes place at 
the walls of the pit. In this way a unidirectional  pit  
model  is obtained, with a considerable simplification 
in the mathemat ica l  t reatment .  

(if) Reaction [1] is assumed to occur in a sodium 
salt of an aggressive but noncomplexing anion. The 
pH of the bulk solution could have any value, and is 
given as a boundary  condition. 

- - -  Klec~olyte 

. M e  X - - -  

I Mo=Mon'+o  ] 
Fig. 1. Unidirectional pit model 

(iii) It is assumed that  react ion [1] is fol lowed by 
a hydrolysis equi l ibr ium of the type 

Me n+ -t- H 2 0 ~  Me(OH)  ('~-1)+ -t- H + [2] 

and that  this equi l ibr ium is very  quickly reached (18). 
Reaction [2] is a simplified description of the proc-  

esses taking place inside a pit. Polynuclear  complexes 
could be formed, or fur ther  degrees of hydrolysis could 
occur. Nevertheless,  react ion [2] will  give the mini-  
mum degree of acidification expected inside a pit. On 
the other  hand, ei ther  no polynuclear  complexes are 
reported for the metals used in the present  work, or 
their  formation rate  is ve ry  slow (18, 19). 

(iv) The last, and most important,  modification in- 
t roduced to the Pickering and Frankentha l  model  is 
the assumption that  the aggressive anion salt acts as 
a support ing electrolyte  for the ionic species formed 
in reactions [1] and [2]. 2 

Since it is assumed that  the bulk solution could have 
any pH value, react ion [2] has to be rewr i t t en  to ac- 
count for the contribution of the O H -  ions at pH 
values higher than 7 

2Me n+ -t- H20 -]- O H -  ~- 2Me(OH) (n-l)+ -]- H + 
[3] 

SI $2 $3 $4 $5 

From Eq. [3] we find that  inside the pit there are 
five species (S1-$5), the concentrations of which should 
be calculated. The detailed mathemat ica l  t rea tment  for 
a system like this can be found in Vetter 's  work  (20). 
The five unknown concentrations are calculated by 
resolution of the five following equations: the flow of 
the species containing Me atoms will  be given by 

dC1 dC4 i 
D1 ~ + D4 dx =-- n . F  [4] 

the flow of the species containing O atoms wil l  be 
given by 

dC2 dC3 + dC4 
-- 0 [5] D2 -~x -]- Da -~x D4 dx 

and the flow of the species containing H atoms will  be 
given by 

dC2 dC3 D4 dC4 dC5 _-- 0 [6] 
2D2 -~x -t- Da ~ -t- d-~- -Jc D5 dx 

Finally, the two following equi l ibr ium relations must 
be considered 

C4 �9 C5 
�9 K1 = [7] 

CI 

which is the law of mass action applied to reaction 
[2] and 

Kw = Ca �9 C5 [8] 

which is the ionic product  of water.  In the above 
equations, Dj is the diffusion coefficient in cm2/sec, 
Cj is the concentrat ion in mo le / cm 3 of the species j, n 
is the charge of the metal  ion as given in Eq. [1], F is 
the Faraday constant, *K1 is the equi l ibr ium constant 
of reaction [2], i in A / c m  e is the current  density of re-  
action [1], and x is the pit depth in cm where  x =- 0 
at the opening of the pit. 

The assumed boundary conditions for x = 0 are 
C1 : 0; C3 : Kw'10 -pH mole / l i t e r ;  C4 = 0; and C5 = 
10-~ ,H mole / l i te r .  As a first approximat ion all the dif-  
fusion coefficients, except those for H + and O H -  ions, 
are taken as equal to 10 .5 em2/sec; therefore  D1 = 
D2 = D4 = 10 .5 cm2/sec, D3 = 5.3 X 10 -5 cm2/sec, 
and D5 = 9,3 X 10 .5 cm2/sec. The equi l ibr ium con- 
stants used were  taken f rom the rev iew by Si l len and 

This  a s s u m p t i o n  is exac t  on ly  w h e n  the  s u p p o r t i n g  e l ec t ro ly te  is  
in  g rea t  excess  ove r  the  e l ec t roac t ive  species. Howeve r ,  i t  has  been  
s h o w n  [Ref. (20), p. 175] t ha t  e v e n  a m i n o r  a d d i t i o n  of s u p p o r t i n g  
e lec t ro ly te  of the  o rder  of m a g n i t u d e  of the  c o n c e n t r a t i o n  of t he  
e l ec t roac t ive  species r educes  to a l a rge  degree  the  in f luence  of th e  
elect r ic  field. 
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Table I. Hydrolysis constants and solubility constants (19) 

Hydrolysis S o l u b i l i t y  
M e t a l  c o n s t a n t  ( * K x )  c o n s t a n t  ( K ~ o )  

Cr$+ 1 0  -4 (IVI �9 l - a )  10 -3o (M~ �9 1 - Q  
Fe~+ 10  -7 ( M  . I -a) 10-~n.1 ( M  z �9 1 ~ )  
Co ~+ 1 0  -:to (M �9 1 -a) 10 -:t5 ( M  8 �9 1 ~ )  
Ni ~+ 11) -Io (M �9 I-I) i0 -~ (IW a �9 1 -z) 
Z n  ~- I 0  -~.'t~ (1Vs - 1 - i )  I0 , -~ .~  (IVs �9 l - a )  
A I  ~+ 1 0  -~.az ( M  �9 1 - I )  lO-aa (IVL4 �9 1-~) 

Martell  (19), and the values chosen for the calcula- 
tions are reported in  Table I. 

By mul t ip ly ing Eq. [5] by 2 and subtract ing from 
Eq. [6], the terms for S2 are el iminated 

dC3 tiC4 tiC5 .=  0 [9] 
--D3 dx --D4-~x + D5 dx 

Equation [8] is solved for Ca, and this expression is 
subst i tuted for C8 in  Eq. [9]. Equation [7] is solved 
for C1, and the resul tant  expression is subst i tuted for 
C1 in Eq. [4]. By integration, the following two equa-  
tions are obtained 

n . F . D 1  
C 4 " C s + n ' l e "  D 4 " C 4 = x . i + k  [10] 

*K1 

1 
D5 �9 C5 -- D3 "Kw-cT -- D4 �9 C4 = k' [II] 

Using the above-mentioned boundary conditions, con- 
stants k and k' are calculated. Equat ion [11] is solved 
for C4, and the result ing expression is subst i tuted for 
C4 in Eq. [10]. By giving values ~o C5, the values of the 
parameter  x �9 i are calculated. With the same values of 
C5, the values of C4 are calculated in  Eq. [11]. Then 
C1 is calculated in Eq. [7] and C8 in Eq. [8]. No cal- 
culations are made for C2. 

Ionic Concentration Diagrams 
The above-ment ioned calculations were made for the 

ionic concentration diagrams of the following systems: 
Zn /Zn  2+ (Fig. 2) ; Fe /Fe  2+ (Fig. 3) ; Ni/Ni 2+ (Fig. 4) ; 
A1/AI 3+ (Fig. 5); and Cr/Cr  ~+ (Fig. 6). The diagram 
in Fig. 4 applies also to Co/Co 2+, since the same *K1 
value was used for Ni and for Co (see Table I).  

The pH values for the bulk  solution were chosen so 
that the oxide film might  be under  thermodynamical ly  
stable conditions according to Pourbaix  diagrams (21). 
The pH values used were pH 7 for a luminum and 
chromium, pH 9 for zinc, and pH 10 for iron, nickel, 
and cobalt. 

The straight line C M e  in  the diagrams indicates the 
total of the concentrat ions of all the species containing 
Me atoms. The line is broken for a concentrat ion of 
10 mote/ l i ter  to indicate that saturat ion of the Me salt 
should be reached. Actually, the present t rea tment  is 
valid only for diluted solutions, and deviations from 
the calculated diagrams should be expected for such 
high concentrations. 

The ionic concentration diagrams give the concen- 
trations of Me ~+, Me(OH)(n-l)+, and H + ions as func- 
tions of x. i. If the current density inside the pit is 
known, the diagram wili show the ionic concentrations 
along the pit. On the other hand, at a certain given pit 
depth the diagram will show the current density re- 
quired to get a certain change in the ionic concentra- 
tion. For example, let us consider the case of iron in 
1.0M NaCl solution at pH 19 (Fig. 3). Let us assume 
that the iron sample has two pits different in size, one 
of them 10 -6 cm deep and the other 10-4 cm deep. If 
the current density inside the pits is 1 A/cm 2, the 
x - i values will be 10 -8 and 10-4 A/cm, respectively. 
From Fig. 3 it is concluded that the composition at the 
bottom of the shallower pit will be 10-51V[ Fe ~ 5.0 X 
10-4M Fe(OH)+, and pH 8.5. On the other hand, the 

2+. 2 ZN = ZN e 

10 0 Zr]2++ H20 ~ Zn(OH)+§ H § 

~K 1 = 10 -915 

10 -2 / 
cZn2+ . ~  

/ 

10 -~o 

l o  -~2 

lO- ~~ 10 -8 10 s l d  4 l d~  

X .i , ( A , c m  -~) 

Fig, 2. Concentrations of Zn 2+,  Zn(OH) +,  and H + as a function 
of the product of the depth x and the current density i is a uni- 
directional pit. 

'-- l d  6 
0 

E 

d 
10- s 

composition at the bottom of the deeper pit is going to 
be: 5.0 • 10-2M Fe 2+, 5.6 X 10-4M Fe(OH) +, and 
pH 5.1. The diagram predicts that the larger  changes 
in composition and in pH will be found at the bottom 
of the deeper pit. 

We can also compare two different specimens, with 
pits of equal size, but  with different current  densities 
inside the pits. For example, if the pits are 10 -2 cm 
deep in both specimens, but  the current  density in-  
side the pits is 10 -1 A/cm 2 in one of the samples and 
10-4 A/cniS in the other, the composition at the bottom 
of the pits is going to be 5.0 X 10-2M Fe 2+, 5.6 X 
10-SM Fe(Ot t )  +, and pH 5.1 in  the first specimen 
( x .  i z 10 -4 A/cm) ,  and 5.0 X 10-SM Fe 2+, 5.0 X 
10-5M Fe(O'H)+,  and pH 9.95 in the second (x" i ---- 
10-~ A/cm) .  While important  changes in  composition 
should occur with current  densities of 1 A/cm s, vir-  
tual ly  no changes should be expected for a current  
density of i0-4 A/cm 2. 

No assumptions are made as to the way in which 
the current density could be obtained. In practice, it 
will mean that the electrode potential is properly 
changed. In most cases of acid solutions, such as those 
inside a pit, a logarithmic relation between current 
density and electrode potential should be expected. 

Figures 2-6 show that, in spite of what Verier and 
Strehblow have indicated, the H + ion concentration 
inside the pit undergoes important changes when the 
pit size or the current density inside the pit is changed. 
It is also shown that, as found in practice, the pH in- 
side the pit is lower than that of the bulk solution. 
From the data in Fig. 3, the pI-I along a crevice or a 
crack in iron can be estimated. It was found (Fig. 7) 
that the pH predicted by the present model is some- 
where between 3 and 4, for an external pH of i0. This 
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10 2 

1 0  -4  

o 

"~'~ 10 6 

Fe = F 2+ + 2e 
100 Fe2*+H20 ~ Fe(OH)++ H + ~ /  

~K 1 s 10 .7 ~ / 

10 -2 

< ,,// 
10- s / iCm 

lO -~~ . . . .  o - ~ - -  

10 -12 

6 - , o  1 S 8  ' '  8_4 '  3_2 

X.J ,(A.cm 4) 

Fig. 3. Concentrations of Fe ~+, Fe(OH) +, and H + as a function 
of the product of the depth x and the current density i in a uni- 
directional pit. 

predict ion is in  good agreement  with the experimental  
observations reported by Smith, Peterson, and Brown 
( 6 ) .  

Cr i t i ca l  H + Ion C o n c e n t r a t i o n  
To be able to use the present  ionic concentration 

diagrams in  the s tudy of pi t t ing it is necessary to find 
the m i n i m u m  degree of acidification necessary for 
sustained pi t  activity. 

As a first approximation, the criterion used by Pour-  
baix for the potential  vs. pH diagrams (21) was ap- 
plied in  the present paper. Pourbaix  separates the 
passivity zones from the corrosion zones as follows. 
The solubil i ty product  of the passivating oxide film 
being known, the pH value at which such oxide film 
will  be in equi l ibr ium with  a solution containing traces 
of metal  ions is calculated. The concentration of the 
metal  ions is arbi t rar i ly  taken as equal to 10 -6 mole /  
liter. Such pH values are calculated herein by using 
the Kso values reported in  Table I. The calculated pH 
values are indicated in Fig. 2-6 by means of a cross 
( + )  on the H + ion concentrat ion line. The pH values 
calculated are pH 9.5 for iron, cobalt, and nickel; pH 
8.7 for zinc; pH 6.0 for chromium; and pH 5.0 for alu-  
minum. All these values are in reasonably good agree- 
ment  with those reported by Pourbaix  (21), with the 
exception of chromium which, according to Pourbaix,  
should be somewhere between 3.5 and 4.8. 

Due to the scattering of the Kso reported values 
(19), and to the arbi t rar i ly  choosing 10 -6 mo'le/liter 
as the metal  ion concentration, the calculated critioal 
pH values have an error  of at least plus or minus  one 
uni t  pH. This criterion of choosing the critical pH 
values is clearly a rough approximation and experi-  
menta l  informat ion is necessary. In  the case of zinc, 

10 2 

10 0 

10"2 

.Z.., 
O 

E 
v 

r,D 10-4 

t0-5 

10-6 

10 -10 

10-12 

Ni= Ni2++2e 

- a - -  ~ 

I I i I I I I b 

0-1 10-6 10-6 10-4 10-2 
X. i (Acm 4 ) 

Fig. 4. Concentrations of Ni ~+, Ni(OH) +, and H + as a function 
of the product of the depth x and the current density i in a uni- 
directional pit. 

the pH value calculated, 8.7, is in good correspondence 
with the experimental  results reported by Davies and 
Lotlikar (22). These authors found that zinc, in gal- 
vanostatic measurements,  was passivated in solutions 
of pH 9.2, 10.0, and 11.0, and did not get passive in 
solutions at pH 8.2. 

For iron the estimated pH value was 9.5. Wetter and 
Strehblow (23) reported passivity to pi t t ing t ransi-  
tions for iron at pH values as low as 8.0. On the other 
hand, Alvarez and G.alvele (24) found that the pitting 
potential of iron is pH independent for pH values 
lower than I0, and pH dependent at values higher than 
i0. It was then concluded that the critical pH for iron 
should be around I0. 

No experimental information is available for other 
metals or alloys. Nevertheless, the concept of a critical 
pH for depassivation was applied to stainless steels by 
Defranoux and Tricot (25). These authors found that 
the presence of chloride ions produced an increase in 
the critical pH for depassivation of stainless steels. 

C u r r e n t  Densi ty  inside the  Pits 
To be able to use the ionic concentrat ion diagrams 

it is also necessary to know the current  density in-  
side the pits. For a luminum in NaC1 solutions, Kaesche 
(14) reported that the m i n i m u m  current  density i n -  
side the pits was recorded at the pit t ing potential  and 
had a value of 0.3 A/cm 2. For a luminum in 4M NaC1 
solution, the current  density inside the pits increased 
with the electrode potential, following what  seemed 
to be a logarithmic law with a slope of b ---- 0.150V. At 
a potential  0.100V over the pit t ing potential  the current  
density inside the pits was close to 1.1 A/cm 2. 

Szklarska-Smialowska and Janik-Czachor  (26) 
measured the current  densities within pits for Fe-16Cr 
alloy in 0.7N NaC1 + 0.7N Na2SO4 solution. They 
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found that  the current  density inside the pits was a 
funct ion of potential, and according to the in terpre-  
tation made by Sato et ah (27) it would follow a 
logarithmic law with a slope of b : 0.220V. For the 
Fe-16Cr alloy Szklarska-Smialowska and Jan ik-  
Czachor reported a pit ini t iat ion potential  of about 
0.50V (SCE) and a pit passivation potential  of --0.05V 
(SCE). From Sato's paper it is inferred that the cur-  
rent  density at the pit ini t iat ion potential  was about 
8.0 A/cm ~, while at the pit passivation potential  it 
dropped to 0.1 A / c m  2. 

Sato et al. (27) reported that in  austenitic stainless 
steels, for potentials higher than 0.60V (SCE) the 
current  density inside the pits became potential  inde-  
pendent, reaching a value of 8 A/cm 2. 

Schwenk (28), working with 18/10 chromium- 
nickel austenitic stainless steels, reported a current  
density inside the pits, at the pit t ing potential,  of the 
order of 0.5 A /cm 2. He also found that  the reaction 
inside the pit followed a Tafel law, wi th  a slope o,f 
b = 0.087V. 

For pure iron, Vetter and Strehblow (15) reported 
pit init iat ion current  densities ranging from 0.9 uP to 
2.0 A/cm 2. For nickel pits of 1~ diameter, Vetter (29) 
reported current  densities as high as 50-70 A/cm u. 

From the above-ment ioned results, it can be safely 
assumed that the current  density inside a pit, at the 
ini t iat ion stage, is of the order of 1 A/cmk 

Pit In i t ia t ion Condit ions 
F i g u r e s  2-6 s h o w  t h a t  f o r  m o s t  o f  t h e  m e t a l s  s t u d i e d  

the critical pH is reached with x �9 i values lower than 
10 -8 A/cm. Since at pit ini t iat ion conditions the cur-  
rent  density inside the pit is at least 1 A /cm 2, it is con- 
cluded that the necessary acidification can be obtained 
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Fig. 6. Concentrations of Cr 8+, Cr(OH) 2+, and H + as a func- 
tion of the product of the depth x and the current density i in a 
unidirectional pit. 

in  pits as small as 10 .8  crn. 'This means that  a crack in  
the p,assivating oxide film would give a diffusion path 
long enough to reach the critical pH. If such cracks are 
present, it would only be necessary to apply a poten- 
tial high enough to reach the above-ment ioned cur-  
rent  density. 

As for the existence of such cracks in  the passive 
oxide film, there is abundan t  l i terature in  favor of it. 
Current  oscillations below the pit t ing potential  were 
reported for a luminum (30), for zinc (81), and for 
stainless steels (32) showing the presence of a film 
rupture- reformat ion  process. Vetter and Strehblow 
(16) reported that  a change in  the electrode potential, 
just  before the injection of chloride ions, produced a 
noticeable increase in the pit density in  iron. This was 
interpreted as a production of defects in the oxide film 
as a result  of the potential  shift. Sato (33) calculated 
the tensions induced in  the oxide film by electrostric- 
tion, and concluded that they were high enough to pro- 
duce mechanical  b reakdown of the oxide film. From-  
hold (34) also found that the t ransport  of ions through 
the passive film would produce stresses large enough 
to cause mechanical breakdown of the oxide film. 

It can be concluded that  film breakdown is constantly 
occurring on a passive metal. Nevertheless, the ex- 
posure of bare metal  does not necessarily lead to 
localized corrosion. Straining metal  experiments  (2, 
3, 30) have shown that the exposure to bare metal does 
not lead to pitting, unless the electrode potential  is 
equal to, or higher than, the pit t ing potential. 

Once the crack in the passive film is produced, if the 
electrode potential  is high enough, a net  anodic cur-  
rent  density will circulate through the fissure. From 
the diagrams in Fig. 2-6 it should be possible to pre-  
dict at which current  density the critical acidification 
can be reached, or if the metal will repassivate. 
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Figures 2-6  show that  the critical acidification varies 
from metal  to metal�9 For a luminum, for example, it is 
much higher than for i ron or nickel. Nevertheless, in 
all cases the critical acidification is reached for very 
low x �9 i values. 

So far it has been assumed that  the current  density 
inside the pit  is of the order of 1 A/cm ~. For some 
metals, as is probably the case with chromium, it might  
happen that such high current  densities could not be 
reached. Then the metal  would not be susceptible to 
pitting�9 Nevertheless, the critical x .  i value can be 
reached even with small  current  densities, provided 
that a sufficiently long diffusion path is present�9 That 
woutd be the case in  a crevice. I n  this way, a metal  
could be resistant  to pitting, but  susceptible to crevice 
corrosion. From the electrochemical point of view both 
processes would be equal, the only difference being the 
length of the diffusion path. 

Effect of the External pH on the Pitting Potential 
A large increase in the pH of the bu lk  solution in-  

hibits the pi t t ing process�9 Leckie and Uhlig (35) re-  
ported that the pit t ing potential  of stainless steel was 
independent  of the pH in  the range of 1-7, but  for pH 
values higher than  7 the O H -  ion acted as pit ir~- 
hibitor. In  the same way, Venu etal .  (36) and Rajago- 
pa lan  et M�9 (37) reported that  the presence of NaOH 
inhibi ted the passivity b reakdown of steels in  NaC1 
solutions. 

By appropriate modification of the boundary  condi- 
tions, it is possible to calculate the effect of the ex- 
ternal  pH on the concentrat ion profiles in the ionic 
concentrat ion diagrams. Calculations were l~erformed 
for iron, assuming external  pH values ranging from 
p i t  7 to 12 (Fig. 8). The external  pH was found to 
modify the shape of the H + ion concentrat ion curve 
inside the pit. The critical pH for iron is somewhere 
between 9 and 10. If the pH of the bu lk  solution is 10, 
the critical pH value would be reached with x �9 i values 
of about 10 -6 A/cm. By increasing the external  p.H to 
11, x - i  values of 10-~ A/cm are required. For pH 12 
the critical acidification is reached only with x �9 i values 
of 10 -4 A/cm. The exper imental  conditions being 
equal, this means that the current  density has to in -  
crease one order of magni tude whenever  the pH of the 
bulk  solution is increased one unit.  If the relat ion be-  
tween potential  and current  density inside the pit 
follows a logari thmic law, then  it should be expected 
that  the pi t t ing potential  will  follow a law of the type 

Ep = A + b �9 log COIl- [12] 
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Fig. 8. Effect of the external pH on the concentration of H + as 
a function of the product of the depth x and the current density i 
in a unidirectional iron pit. 

Through galvanostatic experiments  with high pur i ty  
iron in  NaC1 solutions, Alvarez and Galvele (24) 
found that the pit t ing potential  of i ron was indepen-  
dent  of the pH between pH 7 and 10, but  showed a 
logarithmic relation, as in  Eq. [12], from pH 10 to 
pH 12; the slope of the curve being b _-- 0.020V. 

Presence of Anions of W e a k  Acid Salts 
It is known that the presence of weak acid salts 

inhibits pit t ing by increasing the pit t ing potential.  The 
pit t ing potential of a luminum is increased by the pres-  
ence of soluble salts of acetate (38), benzoate (38), 
chromate (38, 39) or tar trate  (39). Pi t t ing of zinc is 
inhibi ted by a borate buffer (40), and the pit t ing po- 
tential  of iron in the presence of a borate buffer (23) 
is more than 100 mV higher than in  its absence (41). 

Anions of weak acids, because of their  buffer prop- 
erties, should modify the hydrogen ion concentrat ion 
profiles in  Fig. 2-6. Under  these circumstances, the fol- 
lowing equi l ibr ium will take place inside the pit 

LH ~,~ L -  H- H + [13] 

where LH is the weak acid, and L -  is the anion of the 
weak acid. The equi l ibr ium constant of the reaction 
will be Ka. The other equi l ibr ium reactions are 

Me "+ -F H20 ~- Me(OH) (n-~)+ -t- H + [14] 

with the equi l ibr ium constant  *Ks, and 

H20 ~ H + § O H -  [15] 

with the equi l ibr ium constant  Kw. 
The over-al l  reaction will be 
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2Me "+ -}- H20 + O,H- + L H ~  2Me(OH) r + 2H + -t- L -  

$1 $2 S~ $4 $5 $6 S~ 
[16] 

The boundary  conditions are chosen as above, mak-  
ing allowance for the fact that the concentrat ion of 
protons in the bulk  solution will be related to the con- 
centrat ion of the weak acid (LH) and that  of its anion 
( L - )  through Eq. [13]. 

Figure 9 shows the ionic concentrat ion diagram for 
zinc in  the presence of 10-2N[ borax plus 1.0M NaC1 
solution. By comparison with Fig. 2, the presence of 
the borate salt is found to shift the hydrogen ion con- 
centrat ion line to higher x �9 i values. This means that, 
under  otherwise equal conditions, in  the presence of 
borax higher current  densities are required to reach 
the critical acidification. Figure  10 shows the degree 
of shifting of the hydrogen ion concentrat ion l ine for 
various borax concentrations. For borax concentrations 
lower than  10 -4 , l i t tle effect should be expected from 
the weak acid salt. For  higher borax concentrations an 
increase of one order of magni tude  in the concentrat ion 
of borax results in an increase of about one order of 
magni tude in  the x �9 i values. If the relat ion between 
potential  and current  density inside the pit follows a 
logarithmic law, it follows that the pi t t ing potential  
of zinc should be related to the borax concentration 
by an equat ion of the type 

Ep -~ A'  -P b' �9 log Cb [17] 

Cb being the concentrat ion of the buffer salt. The value 
of b' should be equal to the Tafel slope of the metal  in  
a pitl ike solution. 

The results in  Fig. 9 are in  good agreement  wi th  the 
measurements  of pit t ing potentials for zinc reported 
by Augustynski  et al. (40). These authors found a 
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logarithmic relat ion be tween the pit t ing potential  and 
the buffer concentrat ion for zinc in  NaC1 and in 
NaC104 solutions. When the buffer concentrat ion is 
higher than that of the aggressive anion, the pit t ing 
potentials measured by Augustinski  et aL are higher 
than those predicted by Eq. [17]. The reason for this 
is that under  such circumstances the aggressive anion 
is not acting as a supporting electrolyte, and the con- 
centrat ion buildup of the buffer anion inside the pit 
must  be accounted for. 

Diagrams similar  to those in  Fig. 10 were found for 
iron in the presence of borax. Vetter  and Strehblow 
(23) reported a pit t ing potential  of --0.17V (NHE) for 
iron in  a 0.1M NaC1 solution containing 0.029M KH2BO3 
+ 0.021M H3BOs. In  the absence of buffers, Semino and 
Galvele (41) measured pitt ing potentials from --0.32 to 
--0.34V (NHE). A diagram calculated for the solu- 
tion used by Vetter and Strehblow shows that in their 
solution the x �9 i values were about two orders of mag- 
ni tude higher than in that used by Semino and Gal-  
vele. The Tafel slope for iron inside the pit should 
be somewhere between 0.080 and 0.114V (42). Equation 
[17] predicts a difference of 0.160-0.230V in  the pit t ing 
potential  values, which fits very well with the differ- 
ence of 0.150-0.170V found between the experimental  
results. 

From Eq. [13] one would expect that salts from acids 
of different s trength should have different effects on 
the ionic concentrat ion diagrams. Figure 11 shows the 
effect of 0.1M weak acid salt on the proton concentra-  
tion line inside the pit for a luminum.  The calculations 
were made for four different acid strengths, going from 
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Ka : 10 -6 up to Ka : 10 -~ mole/ l i ter .  The lower the 
va lue  of Ka, the higher  the x �9 i values. F rom Fig. 11 
it is concluded that the salt wi th  the lowest  Ka should 
be the most effective pit t ing inhibitor.  Table II shows 
Ka values for various weak acids. F rom Table H and 
f rom Fig. 11 it can be concluded that  f rom among 
chromate,  acetate, and benzoate, chromate  should be 
the most effective and benzoate the least, in corre-  
spondence wi th  the exper imenta l  results repor ted  by 
BShni and Uhlig (38). Tartrates  should be the least 
effective inhibitors, as reported by De Micheli and Gal-  
vele  (39). According to Table II silicates and borates 
should have good inhibitor  properties.  

The present  model  does not take into consideration 
the possibility of formation of insoluble compounds be-  
tween  the meta l  ions and the weak acid anions. Such 
precipitates would occlude the pits, thus enhancing 
the inhibit ion capacity of the weak acid salt. 

Aggressive Anion Concentra t ion  
If the concentrat ion of the aggressive anion salt is 

changed over  a wide range of values, the assumption 
that  such salt is acting as a support ing electrolyte is 
not valid. In this case the electric field inside the pit 
cannot be ignored, and Eq. [4-6] are not valid. The 
following equations should be used [Ref. (20), p. 171] 

Table II. Ionization constants of weak acids 

A q u e o u s  s o l u t i o n  p K a  a t  2 5 ~  R e f e r e n c e  

A c e t i c  a c i d  4 . 7 6  43  
B e n z o i c  a c i d  4 . 2 0  43  
B o r i c  a c i d  9.23. 4 3  
C h r o m i c  a c i d  6 . 5 0  19 
HCrO4-/CrO~: 

S i l i c a t e  K1  11 ,81  19 
T a r t a r i c  a c i d  K1 3 .03  43 

~.~j =Dj [ dCj F d~]  [18] 
n---':'--F L ~  + z~" Cj "'R---:f-T dx 

for the react ing species, whe re  vj is the stoichiometric 
factor of the species Sj, and dr is the electric field. 
For  the nonreact ing species the fol lowing equat ion is 
used 

Cj .-= Co " e -(zj 'F/RT)'r  [19] 

A fur ther  equat ion used is the condit ion of e lectro-  
neut ra l i ty  

~ zj �9 Cj = 0 [20] 

The resolution of the above equations for a system 
where  hydrolysis equi l ibr ium is included is quite com- 
plex. Nevertheless,  the resolution for a s impler  sys- 
tem gives very  useful information.  

Let  us assume that  the meta l  is dissolving according 
to reaction [1]. Neglecting for a while  the hy-  
drolysis react ion of the meta l  ions, we wil l  assume 
that  the only ionic species present  are: Men+; Na+;  
and C1-. Under  these conditions the fol lowing set of 
equations has to be solved 

[ dCMe F d~ ] 
i : D M e  ~- n " CMe " [21] 

n . F  ~ R .T  dx 

for Me n+ ions 
Cxa = Ca " e +* [22] 

for Na + ions, where  % ---- F �9 r �9 T 

Ccl -- Co �9 e - $  [23] 

for C1- ions, and the e lec t roneutra l i ty  condit ion 

7~ " C M e  2 c  C N a  - -  C c 1  : 0 [24] 

C•a and Cci in Eq. [24] are subst i tuted for  Eq. [22] 
and [23] 

n �9 C M e  ---- C o  " e + r  - -  C e  " e - @  [25] 

Equat ion [25] is substi tuted for n �9 C M e  in Eq. [21]. By 
differentiat ing Eq. [25], dCMe/dx is obtained, and it is 
substi tuted for in Eq. [21]. By integrat ion of Eq. [22], 
and taking into account the fol lowing boundary con- 
ditions for x ---- 0 ( C M e  ---- 0 ;  C N a  = C o ;  C c 1  = C o ;  and 

= 0), Eq. [26] is obtained 

i �9 X : C o  " D M e  " F �9 [ ( n +  1) �9 e +* 

+ ( n - -  1) . e  - $ - 2 - n ]  [26] 

For  n _-- 1 the equation developed by Picket ing and 
Frankenthal  is obtained (17). By solving Eq. [26] for 
7~ - =  3 ,  DMe = 10 -5 cm2/sec, and Co ---- 1.0M, the dia- 
gram in Fig. 12 is obtained. Up to x �9 i values of 10 -3 

A/cm,  the line for C M e  in Fig. 12 is the same as CA1 in 
Fig. 5. For x �9 i values higher  than 10 -z A / c m  a small 
deviat ion is found. This indicates that  the assumption 
of a suport ing electrolyte,  made  while drawing Fig. 5 
was valid, since the correction for r at low x �9 i values 
is negligible. 

According to Fig. 12, a measurable  electrical  poten-  
tial, r appears only for high x �9 i values. For 1.0M 
NaC1 solution at x �9 i ---- 10 -2 A/cm,  the electrical po- 
tential  could get up to some 0.035V. For lower  Co val-  
ues higher  electrical  potentials are found (Fig. 13). In 
a 10-~M NaC1 solution at x �9 i ---- 10 -2 A/cm,  the elec- 
trical potential  increases up to 0.200V. 

If the value of x �9 i is known, Fig. 13 can be used to 
evaluate  the electrical potential,  r under  the exper i -  
mental  conditions of pit t ing potential  measurement.  
There is not any precise informat ion available, and 
only a rough est imation can be made. From the infor-  
mat ion in the l i terature,  as ment ioned above, we can 
assume that  the current  density inside a pit is of the 
order of 1 A / c m  2. As for the size of the pits, when 
measuring the pit t ing potential  value they are usually 
visible under  the optical microscope, so they must be 
at least 10 -2 cm big. Then, an estimate for x �9 i value, 
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under  stable pi t t ing growth, would be x �9 i ~-- 10 -2 A/  
cm. For such x �9 i values Eq. [26] is reduced to 

x ' i ~  ( n +  1) "Co 'DMe" F,e +r [27] 
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If the pit t ing potentials are measured at approximately 
constant x �9 i values, then for two different NaC1 con- 
centrat ions we have 

Co I �9 e +$I ---- C o  II " e +$1I [28] 

Replacing for the value of 4, and taking logarithms 

F F 
In Co I + ~ ~bI ~-- lr~ Co II -~- ~ ~I I  [29] 

reordering and changing to decimal logarithms 

[ R ' T  ] 
r 1 6 2  i . I n l 0  - logCo [30] 

Equat ion [30] would give the change of electrical 
potential  inside the pit when the pi t t ing potential  is 
measured as a function of the NaC1 concentration. This 
electrical potent ial  should be subtracted from the 
measured pit t ing potential  value to get the real pit t ing 
potential. 

Equat ion [30] has a negative slope, wi th  a value 
b = 0.059V at 2,5~ Table III  shows exper imental ly  
measured slopes for pi t t ing potentials vs. aggressive 
anion concentration. If, as assumed above, the x .  i 
values are close to 10 -~ A/cm, then the electrical po- 
tential  inside the pits accounts for all the changes in 
the pit t ing potent ia l  found for i ron (24), a l uminum 
(44), a luminum-copper  alloys (44), nickel (45), nickel-  
copper alloys (45), and zirconium (46), and perhaps 
for stainless steel (47). It also accounts for half the 
slope found for t i tan ium (48). The agreement  between 
Eq. [30] and the exper imental  results in  Table III  is 
very good in view of the fact that Eq. [3.0.] is valid 
only for dilute solutions, and that  the results in Table 
III have not been corrected for ohmic drops outside the 
pits. 

Figure 12 also gives information about  pit ini t iat ion 
conditions. According to some authors (12, 13) chloride 
ion buildup on the metal-solut ion interface would be 
the key factor for pit initiation. Figure 5 shows that 
the critical change in  H + ion concentration is obtained 
with x .  i values of the order of 10 -6 A/cm. On the 
other hand, Fig. 12 shows that to get any significant 
change in  the chloride ion concentrat ion x �9 i values of 
the order of 10-4-10 -3 A/cm are required. This means 
that for pit in i t ia t ion,  where x values are of the order 
of 10-~ cm, the critical proton concentrat ion could be 
reached with current  densities of 1 A/cm 2, while any 
measurable change in the chloride concentrat ion would 
require current  densities as high as 100-1000 A/cm% 
This consideration seems to exclude chloride ion bui ld-  
up as a pr imary  condit ion for pit initiation. 

Mixed Electrolytes: NaCI -}- Na2SO4 Solutions 
Sulfate ions are known to inhibi t  pi t t ing of stainless 

steels in chloride solutions (35). Equations [18-20] 
can also be used to study a mixed electrolyte such as 
NaC1 + Na2SO4 solutions. Equations [18] and [19] 
show that for anions of different charge, those with 

Table 111. Effect of the aggressive anion concentration on the 
pitting potential, experimental values for the slope of the curve 

Ep = A - -  B I o g C x -  

M e t a l  o r  S l o p e  Refer-  
alloy B,  (V) h ~ e d i u m  ence  

A l u m i n u m  -- 0.073 NaC1 s o l u t i o n  44 
A1-4% C u  -- 0,046 NaC1 s o l u t i o n  44 
A h C u  - -0 ,055  NaC1 s o l u t i o n  44 
Cu-65.8Ni --0.074 NaCI solution 45 
Cu-82.6Ni -- 0.078 NaCI solution 45 
Iron -- 0.059 NaCI solution 24 
Fe-18Cr-8Ni -- 0.088 NaCI solution 35 
Fe-18Cr-SNi --0.044 Pitlike solution 47 
Nickel -- 0.071 NaCI solution 45 
T i t a n i u m  -- 0,110 K B r / H B r  s o l u t i o n  48 
Z i r c o n i u m  -- 0.0~8 N a C I  s o l u t i o n  46 
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the highest charge will  be preferent ia l ly  accumulated 
at the metal-solut ion interface. 

Calculations made for a 0.1M NaC1 -~ 1.0M Na2SO4 
solution show that the ma in  effect is a reduction o~ the 
electrical potential  inside the pit due to the presence 
of the divalent  SO4 = ion. In the absence of sulfate ions 
the electrical potential,  r for x �9 i equal to 10 -2 A/cm 
is 0.085V. The addit ion of 1.0M Na2SO4 to the solution 
reduces the electrical potential  ~ to 0.010V. 

More significant effects are found with lower ionic 
concentrations. For mixtures  of 0.1M NasSO4 ~- 0.01M 
NaC1 solution a remarkable  bui ldup in  sulfate ion con- 
centrat ion is found for x - i  values higher than  10 -4 
A /cm (Fig. 14). Beginning with a SO4 = : C1- concentra-  
tion ratio of 10: 1, ratios as high as 100:1 or higher are 
easily reached. As soon as a pit is nucleated, a sulfate 
ion concentrat ion builds up inside the pit, and even- 
tual ly  the pit is repassivated. The pits will  not be able 
to grow any fur ther  and sulfate anion would act as 
pi t t ing inhibi tor  in NaC1 solutions. Figure 14 also ex- 
plains the potential  oscillations, under  galvanostatic 
conditions, found by Szklarska-Smialowska and Jan ik-  
Czachor (26) for i ron-chromium alloys, and by 
Szklarska-Smialowska (49') for nickel in NaC1 + 
~l-a~SO4 solutions. As soon as the pits start  to grow a 
bui ldup in sulfate ions takes place inside the pits, thus 
deactivating them. Later  the diffusion of sulfate ions 
to the bulk  solution reduces the content of sulfate ions 
inside the pit, and a continuous process of activation 
and deactivation of the pits is established. 

Pi t t ing  Potent ia l  and Protect ion Potent ia l  
From potentiokinetic measurements,  Pourbaix  (50) 

reported two different potentials related to pitt ing: the 
pit t ing potential  or rup ture  potential  above which pi t-  
t ing starts, and the protection potential  or the poten.- 
ial below which active pits will  stop growing. Accord- 
ing to Szklarska-Smialowska and Janik-Czachor  (26) 
the real pi t t ing potential  is that which Pourbaix calls 
the protection potential. These authors found that this 
potential  is equal to the galvanostatically measured 
pi t t ing potential, and concluded that the higher pi t t ing 
potential  potentiokinet ical ly found is the result  of the 
measur ing technique. 

The present  pi t t ing model can be used to explain the 
existence of two potentials found in  the potentiokinetic 
measurements.  As mentioned above, the oxide film on 
the passive metal  wil l  suffer continuous breaks, thus 
exposing bare metal  to the solution. The current  den-  
sity circulating in those fissures will  be a function of 
the electrode potential.  At each potential  the cracks in  
the oxide will show a characteristic x .  i value given 
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Fig. 14. (~oncentrat~ons of S04 = and C}-  as a function of the 
product of the depth x and the current density i in a unidirectional 
pit. 

by the current  densi ty and by the length of the crack 
(Fig. 15a). As soon as the system reaches the m i n i m u m  
x �9 i value for pit growth, which is x �9 i : 1 in  Fig. 15, 
the pit will  start to grow. If the potential  remains  con- 
stant, the current  densi ty wil l  also be constant, but  x 
will increase with time, as will  x �9 i (x �9 i : 2 i n  Fig. 
15). If the potential  is then lowered, the current  den-  
sity will drop, but the pit will continue to grow while 
the x �9 i value is higher t h a n l .  This means that pi t t ing 
will grow at potentials lower than the ini t ia t ion po- 
tential. F inal ly  the pit will  stop either because the 
x �9 i value is lower than  the mi n i mum for pit growth, 
or ~because the electrode potential  is lower than  the 
corrosion potential  inside the pit, and the acidification 
disappears as a result  of hydrogen evolution. 

Szklarska-Smialowska and Janik-Czacho.r's results 
can be used to find out whether  the above-ment ioned 
changes could take place dur ing a potentiokinetic mea-  
surement.  During potentiostatic measurements  for 
Fe-16Cr in  0.TN Na2SO4 + 0.7N NaC1 solution, pi t t ing 
could start at potentials as high as +0.50V (SCE). The 
reported current  density inside the pits is about 8 A /  
cmR Once started, the same pits wil l  continue to grow 
at lower potentials, and they would stop at --0.05V 
(SCE). The current  densi ty inside the pits at this po- 
tential  is 0.1 A/cmR Assuming a value for m i n i m u m  
x �9 i of 10 -5 A/cm, the pits will  start to grow at 0.50V 
(SCE) in defects of about 1.3 X 10 -8 cm. When  reduc- 
ing the potential, the pits should have a m i n i m u m  size 
of 10 -4 cm to be able to grow at the current  density 
of 0.1 A/cmR With a current  density of 8 A /cm 2 a pit 
of 10 -4 cm takes less than 0.4 sec to grow. Since the 
critical x .  i values in  Fig. 2-6 are lower than 10 -5 
A/cm, a much shorter time will be  required to obtain 
the two potentials reported by Pourbaix.  

Conclusions 
As shown in previous publications (2, 3) there is a 

potential  below which no localized acidification can 
be mainta ined on the metal -solut ion interface. This 
potential  is given by the corrosion potential  of the 
metal  in the acidified solution, Ec*. The alloying ele- 
ments affect the pit t ing potential  main ly  by modifying 
the corrosion potential  inside the pit. When measuring 
the pi t t ing potential, a positive polarization, ~], is added 
to the corrosion potential, Ec*, to main ta in  a net anodic 
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F~g. 15. Events reading to the measurement of pitting protection 
potentials different from pitting potentials in potentiokinetic ex- 
periments. 
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current  dens i ty  inside the pit, and secure the min imum 
x �9 i value.  F r o m  the present  paper  it is concluded that  
a fu r the r  addi t ion should be made, Ei~h, when  inh ib i -  
tors l ike O H -  ions or  buffer salts are present .  

Since the  current  densi ty  inside the  pi t  is high, an-  
o ther  contr ibut ion due to the  electr ical  potential ,  r 
must  be  accounted for. In  this  way, the measured  p i t -  
t ing potent ia l  is the  total  of the  above mer~tioned fac-  
tors  

Al l  the observat ions r epor ted  so far  in  the  l i t e ra tu re  
on the p i t t ing  potent ia l  can be  expla ined  by  t ranspor t  
phenomena.  Processes l ike compet i t ive  adsorption,  sal t  
formation,  film contaminat ion,  etc., even though pres -  
ent  dur ing the pi t t ing process, do not p lay  a major  role  
in fixing the p i t t ing  potent ia l .  
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Hydrogen Embrittlement of Electroless 
Copper Deposits 

Y. Okinaka*  and S. Nakahara*  

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

'Transmission and scanning electron microscopes were used to invest igate 
the cause of brit t leness of electroless copper deposits. Numerous voids were 
found in  bri t t le  deposits, whereas ductile deposits contained significantly 
fewer voids. These voids were 20-300A in  diameter  and randomly distr ibuted 
wi thin  a grain. Low angle grain boundaries contained larger voids. The duc- 
t i l i ty was found to improve considerably on prolonged s tanding even at room 
temperature.  These results, in conjunct ion with chemical mechanistic consider- 
ations, have led to the conclusion that these voids contain hydrogen gas, and 
that the bri t t leness is due to the so-called "hydrogen embri t t lement"  phe-  
nomenon  ra ther  than the incorporat ion of Cu~O or morphological effects postu- 
lated by some investigators. 

Electroless copper deposits formed in the absence of 
a "ducti l i ty promoter" are known  to be brittle. This 
poor ducti l i ty is a t t r ibuted in the early l i terature to 
the incorporat ion of either hydrogen (1, 2) or CueO in  
the deposit (3). However, no direct experimental  evi- 
dence has yet  been reported to show the presence of 
these inclusions. More recently, an a t tempt  has been 
made to correlate physical properties with the deposit 
morphology (4), but  no clear-cut  relationship between 
ductil i ty and morphology has been found. We carried 
out a transmission electron microscopic (TEM) study 
in search for the evidence of inclusions. Except for the 
surface oxide, we failed to find any Cu20 wi th in  the 
deposit. On the other hand, it was discovered that a 
large number  of voids ranging in diameter  from 20 to 
300A are present  in the deposit. On the basis of chemi- 
cal mechanistic considerations, it is suggested that  the 
voids are filled with hydrogen gas and may be re- 
garded as gas bubbles, and that  the poor ductil i ty is 
due to the phenomenon known  as hydrogen embri t t le-  
ment.  

Experimental 
Two plat ing solutions were used. Bath A contained 

0.06M CuSO4, 0.15M EDTA, 0.049M formaldehyde, 
0.0017% phosphate ester wett ing agent  (5), and NaOH 
to make the pH equal to 11.85. This bath was operated 
at 60~ Bath B contained 2 • 10-~M NaCN in addition 
to the constituents of bath  A, and it  was operated at 
75~ The plat ing solutions were analyzed frequent ly  
using a polarographic method (6), and necessary re- 
plenishments  were made to main ta in  the original con- 
centrations. The plat ing rate was approximately the 
same for both baths: 2.8 ~m/hr  for bath A and 3.0 #m/  
hr for bath B. 

The substrates used for obtaining the transmission 
electron micrographs shown in Fig. 1 and 2 were tex- 
tured copper films prepared by cold-rol l ing and an-  
nealing a sheet of OFHC copper. The deposits used for 
all other observations and ducti l i ty measurements  were 
plated on l iquid-honed Plexiglas sheets sensitized and 
activated by the conventional  SnC12-PdC12 method. 
Foil specimens for TEM observations were prepared by 
electropolishing the deposits about 15 ~m thick using 
the conventional  window technique. 

The ductil i ty was measured with a portable ductili ty 
tester developed recently by the authors (7). In this 
technique the film is r igidly held in a fixture and 
pushed with a metal  sphere in  the direction of thick- 
ness unt i l  fracture. Scanning electron microscopy 
(SEM) was used to examine the fracture surface. 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  p l a t i ng ,  duc t i l i t y ,  e l ec t ron  microscopy, fractograph. 

Experimental Results 
TEM observations.--The t ransmission electron micro- 

graphs shown in Fig. 1 and 2 were obtained using the 
so-called through-focus imaging technique (8, 9), in 
which the image is obtained under  defocused condi- 
tions. The bright  spots of various sizes surrounded by 
dark rings are believed to be images of voids contain-  

Fig. 1. TEM micrographs of electroless copper deposits formed 
on textured copper substrate in (a) bath A (no cyanide, 69~ and 
(b) bath B (2 X 10-3M NaCN, 75~ (Defocusing distance Af ---- 
--3.9/~m). 
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Fig. 2. TEM mlcrograph of low angle grain boundary region of 
deposit formed in bath A (Af - -  - -3.9 /~m). 

ing hydrogen gas. Figure  la  was ebtained with a deposit 
formed in  bath /k (no cyanide, 60~ while bath B 
(with cyanide, 75~ yielded a deposi~ shown in Fig. 
lb. These two micrographs show images of a single 
grain. It  is seen that  the addit ion of cyanide and the 
higher plat ing temperature  markedly  decreased the 
void density. The void density calculated from Fig. la  
assuming a specimen thickness of 1200A is equal to 
9 • 1015/cm ~, while the corresponding density value 
for Fig. lb  is~ about one order of magni tude less, i.e., 
,,~9 • 1014/cm 8. Using stereomicroscopy, we confirmed 
that these voids are randomly distr ibuted wi th in  the 
grain (9). 

Very large, somewhat faceted voids (up to 500-750A) 
were f requent ly  found at low angle grain  boundaries 
of the deposit formed in  bath A as shown in Fig. 2. 
High angle grain boundaries did not contain such large 
voids. 

Deposits formed on Plexiglas substrates were also 
examined by TEM. These deposits were not suitable for 
the observation of voids because they consisted of 
numerous  small grains, and image features associated 
with many  grain boundaries,  growth twins, and dis- 
locations obscured the image of the voids. The grain 
size of the deposits formed in  baths A and B was ap- 
proximately the same (0.5-1 ~m). Twin  and disloca- 
t ion densities in the two deposits were also comparable. 

Ductility.--Cyanide is known as an effective ducti l i ty 
promoter for electroless copper (1-3). Plat ing at higher 
temperatures  is also known to yield deposits with 
higher ducti l i ty (3). The ducti l i ty values, expressed in  
terms of percentage elongation, of the 15 #m thick films 
deposited on Plexiglas in  baths A and B were 1.2 and 
3.6%, respectively. ~ 

It has been reported that the ductil i ty of electro- 
less copper deposits improves significantly upon an-  
nealing at relat ively low temperatures  (100~176 
(10, 11). We found that a dramatic improvement  of 
ducti l i ty occurs even at room temperature  if the films 
are left s tanding for an extended period of time. For 
example, the ducti l i ty of the two films ment ioned 
above increased to 4.6% (bath A) and 4.8% (bath B) 
after s tanding at room temperature  for about six 
months. It should be noted that the improvement  of 
ductil i ty was significant for both films, and that  the 
two final ducti l i ty values were practically the same. 

SEM observations.--The surface morphology of the 
films deposited on Plexiglas substrates in baths A and 
B is shown in Fig. 3. It is seen that bath A produced a 
coarser s t ructure than bath B did. Much more dramatic 
difference was found in the morphology of fracture 
surfaces of these two films. This is i l lustrated by the 

1 The p rec i s io~  of the  e l o n g a t i o n  m e a s u r e m e n t  was  a p p r o x i m a t e l y  
~-10% of the  m e a s u r e d  va lues .  

Fig. 3. SEM micrographs of the surface of electroless copper 
deposits formed on Plexiglas substrate in (a) bath A and (b) bath 
B. 

SE1V~ micrographs in Fig. 4, which were obtained with 
the as-deposited film specimens used for the ductil i ty 
measurement.  The fracture surface of the film plated 
in bath A was extremely rugged (Fig. 4a), whereas 
that of the film formed in bath B had a much smoother 
appearance with necking characteristics (Fig. 4b). The 
features seen in Fig. 4b were more or less comparable 
to those of ductile, annealed copper sheets. The speci- 
mens of the films tested for ductil i ty after the pro- 
longed standing at room temperature  were also ex- 
amined by SEM. It is significant to note that in spite 
of the considerable improvement  in ductility, the 
morphology of fracture surfaces of these specimens was 
similar to that of the fresh films shown in  Fig. 4. 
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Fig. 4. SEM micrographs of fracture surface of electroless copper 
deposits formed on Plexiglas substrate in (a) bath A and (b) bath 
B. 

Discussion 
It  is well established that  the electroless deposition 

of copper accompanies the evolution of hydrogen gas 
with the following over-al l  reaction (12, 13) 

Cu(I I )  ~ 2HCHO ~ 4 O H - ~  Cu 

-~  H 2  -iF 2HCOO- -~ 2 H 2 0  

The isotope exper iment  carried out previously (13) 
using deuterated formaldehyde with H20 and ordinary 
formaldehyde with D20 showed that both hydrogen 
atoms in H2 in the above reaction come from the split-  
ting of the C-H bond in  the formaldehyde molecule. 
On the basis of these facts, it is reasonable to assume 
that  if any hydrogen remains trapped wi th in  the de- 
posit, an equi l ibr ium exists between the hydrogen 
atoms in an adsorbed state and the hydrogen gas con- 
tained in the voids. 2 Such incorporated hydrogen is 
most l ikely to cause the phenomenon commonly known 
as "internal" hydrogen embr i t t l ement  (as opposed to 
"external" hydrogen-env i ronment  embr i t t lement  which 

L u k e s  (12) p r o p o s e d  a r e a c t i o n  m e c h a n i s m  i n v o l v i n g  t h e  f o r m a -  
t ion  of h y d r i d e  ion,  H- ,  on  the  d e p o s i t  s u r f a c e .  T h i s  m e c h a n i s m  w a s  
r e c e n t l y  s u p p o r t e d  b y  P e a r l s t e i n  (14). W e  t h o u g h t  t h a t  i f  th i s  m e c h -  
a n i s m  is i n d e e d  o p e r a t i v e ,  c o p p e r  h y d r i d e  (Cul l )  m i g h t  e x i s t  a n d  
be  d e t e c t a b l e  e s p e c i a l l y  in  b r i t t l e  depos i t s .  H o w e v e r ,  an  e l e c t r o n  
d i f f r a c t i o n  a n a l y s i s  f a i l e d  to  y i e ld  a n y  e v i d e n c e  f o r  t h i s  c o m p o u n d .  

occurs when metals are exposed to gaseous hydrogen 
atmospheres).  

The in ternal  hydrogen embr i t t lement  is general ly 
considered to result  from either or both of the follow- 
ing two effects: a lowering of the lattice cohesion 
(atomistic embr i t t lement ) ,  and a build up of high in-  
ternal  pressure in microcracks or voids (pressure ef- 
fect) (15). When the hydrogen concentrat ion is low as 
compared to the lattice solubility, the atomistic em- 
br i t t lement  prevails, whereas the pressure effect domi- 
nates when the excess hydrogen content  is sufficiently 
high. It is of interest  to consider which of the two 
in ternal  embr i t t lement  mechanisms is predominant  for 
electroless copper. The bri t t le  deposit formed on Plexi-  
glas in bath A was analyzed for total hydrogen using 
a vacuum fusion technique (Gollob Analyt ical  Service 
Corporation, Berkeley Heights, New Jersey) .  The 
hydrogen content was found to be of the order of 100- 
200 ppm. On the other hand, the equi l ibr ium solubil i ty 
of hydrogen in copper is known to be extremely small: 
0.055 ppm at 1 a tm at 500~ (16) and less at lower 
temperatures.  Thus, it can be concluded that  practically 
all hydrogen found by the chemical analysis is present  
in the gaseous form wi th in  the voids. The in terna l  
pressure in  the voids calculated using the above hydro-  
gen concentration, the void density (9 • 1015/cm3), 
and the average diameter  of voids (~50A) amounts  
to 2-4 • 104 atm. 3 An inevi table  conclusion is then 
that the brit t leness of electroless copper deposits is due 
to the pressure effect associated wi th  the in ternal  hy-  
drogen embri t t lement .  The improvement  of ductil i ty 
observed on heating at relat ively low temperatures  
(10, 11) or on prolonged s tanding at room temperature  
is consistent with this conclusion in  view of the known 
high mobil i ty of hydrogen in  metals (18). 

The effect of cyanide ions on ducti l i ty can be in ter -  
preted on the assumption that  they strongly adsorb on 
copper and facilitate the escape of hydrogen gas from 
the deposit surface. Apparent ly,  the higher plat ing 
temperature  also accelerates the desorption of hydro-  
gen gas. However, the hydrogen content  of the film 
plated even in  bath B with cyanide at a tempera ture  as 
high as 75~ apparent ly  was significant, as is evidenced 
by the fact that its ducti l i ty did improve considerably 
(from 3.6 to 4.8%) on standing at room temperature.  

The difference in  roughness between the two frac- 
ture surfaces (Fig. 4) may be related to the corre- 
sponding difference observed on the as-deposited sur-  
face shown in  Fig. 3. On the other hand, in  the 
presence of large voids at grain boundaries (Fig. 2), 
it is probable that cracks init iate at such voids. This 
also may produce rugged fracture surfaces. Whatever  
the cause of the morphological differences may be, it  is 
clear that the ductil i ty is not determined by the deposit 
morphology; as already mentioned, the fracture sur-  
face showed no morphological change after the im-  
provement  of ductil i ty on room temperature  stand. 

Summary and Conclusions 
1. Numerous voids ranging in  diameter  from 20 to 

300A are present wi th in  grains of bri t t le  electroless 
copper deposits. Low angle grain boundaries of such 
deposits contain voids as large as 500-750A in  diameter. 
These voids are believed to be filled with hydrogen gas. 

2. This study indicates that the brit t leness of electro- 
less copper deposits is due to the "hydrogen embri t t le -  
ment"  phenomenon rather  than the incorporat ion of 
Cu20 or deposit morphology. 

3. An improved ducti l i ty results when  the plat ing is 
performed under  the conditions which facilitate the 
escape of hydrogen gas. The addition of cyanide and 
plat ing at higher temperature  br ing about this effect, 
although these conditions did not completely el iminate 
the inclusion of hydrogen in the present  experiment.  

3 T h e s e  va lue s ,  w h i c h  m a y  s e e m  e x t r e m e l y  h i g h ,  a r e  a c t u a l l y  
l o w e r  t h a n  t h e  i n t e r n a l  p r e s s u r e  c a l c u l a t e d  f o r  t h e  h y d r o g e n  e m -  
b r i t t l e m e n t  of s tee l  (105-10 s a t ra)  (17). 
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4. Low tempera tu re  anneal ing or room tempera tu re  
s tanding for an ex tended  per iod of t ime appears  to 
al low hydrogen  to escape and hence fur ther  improve  
ducti l i ty.  

Manuscr ip t  submi t ted  Sept.  4, 1975; revised manu-  
script  received Dec. 5, 1975. 

Any  discussion of this paper  will  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1976 
JOURNAL. Al l  discussions for  the December  1976 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Bell Laboratories. 
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Design Considerations for Electrodeposition onto 
High Resistance Electroless Flash in a Continuous Plater 

J. F. D'Amico* and M. A. De Angelo 
Western Electric Company, Engineering Research Center, Princeton, New Jersey 08540 

and L.. D. Noble 
Western Electric Company, Columbus, Ohio 43200 

ABSTRACT 

The buildup of copper by electrodeposition onto a high resistance electro- 
less flash has been studied in a roll-to-roll continuous plater employing cop- 
per fluoborate at ambient temperature. Input to the plater was circuit-pat- 
terned polyimide tape having an initial deposit which ranged from 2.4 #in. 
electroless copper through 146 ~in. e~lectroless plus electroplated copper. 
Buildup of copper through one (or more) plating loops was traced by atomic 
absorption analysis of millimeter-sized pattern sections cut from the tape; 
this analysis followed an abrupt interruption in steady-state plating and a 
rapid ejection of the tape from the plater. By this technique, copper distribu- 
tions along and across the tape were! determined. Thickness buildups to 400 
]~in. at tape speeds of 2.3 and 3.1 ft/min are reported. The copper distribu- 
tions have been used to compute maximum and average cathodic current 
densities, Jmax and Jave, respectively, for selected plater configurations and 
input copper thicknesses. Significant asymmetries in local plating rate due to 
the high input tape resistance were observed and the ratio Jmax/Jave was as 
high as 12/1 in some eases. Since excessive cathodic current densities can de- 
grade performance of the plated product, the regulation of Jmax within deflr~- 
able limits is a critical aspect of plater design. A correlation of Jmax to input 
thickness of the electroless flash and to applied plating currents is presented 
and its implications with respect to plater design examined. 

The fabr icat ion of flexible p r in ted  circuits  by add i -  
t ive methods (1, 2) usual ly  employs a continuous elec-  
t ropla t ing  step to bui ld  up a thin, resis t ive electroless 
flash to the requi red  conductor  thickness.  In  this step 
the metal l ized flexible substrate,  connected cathodi-  

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r ,  
K e y  w o r d s :  c o p p e r  f l uobora t e  p l a t i ng ,  c a thode  c u r r e n t  d e n s i t y ,  

p l a t i n g  d i s t r i b u t i o n s ,  p a t t e r n  p l a t i ng ,  f u s i o n  c u r r e n t .  

cally in the p la t ing cell, may  receive unwanted  ex-  
t remes of cathodic cur ren t  density,  even though the 
appl ied  pla t ing currents  are  set quite modera te ly .  This 
occurs because the  re la t ive ly  high resistance of the 
electroless deposit  forces a h ighly  nonuni form deposi-  
t ion along the p la te r  axis, wi th  l i t t le  or no pla t ing at 
the high resistance ( input)  side, and wel l  above ave r -  
age pla t ing at  the  low resistance (exi t)  side of the 
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system. This effect must  be adequately considered in 
the design and operation of a continuous plater  to in -  
sure that  the qual i ty  of the plated deposit is not ad- 
versely affected. 

In  this paper we shall describe experiments  in which 
an electroless flash of 2.3 cAn. is bui l t  up in  stages to 
as much  as 400 CAn. by  continuous plat ing in copper 
fiuoborate. Measurements of the observed copper dis- 
t r ibut ions will be presented and from these the aver-  
age (Jave) and m a x i m u m  (Jma~) cathodic current  den-  
sities calculated for individual  plat ing loops under  
various conditions. The ratio Jmax/Jave will be used as 
an index of the plat ing rate asymmetry  in any loop. 

The plat ing configuration used in our experiments  
is more complex than the idealized parallel  plate con- 
figuration, the lat ter  case being more amenable  to 
computat ion and analysis. Nevertheless, we have at- 
tempted to look beyond the complexities introduced 
by our configuration to provide some unders tanding of 
the continuous plat ing problem. 

The star t ing mater ial  in  these experiments  was pat-  
terned electroless copper on polyimide tape. Plat ing 
experiments  under  various combinations of input  cop- 
per thickness, plating current,  plat ing loop depth, and 
tape speed, were performed and analyzed to provide 
a detailed description of the system performance. The 
bui ldup of copper through one (or more) plat ing loops 
was traced by atomic absorption analysis of mil l i -  
meter-sized pa t te rn  sections cut from the tape. This 
analysis followed an abrupt  in te r rup t ion  in  steady- 
state operations to provide a snapshot record of the 
plat ing dis tr ibut ion at all points. The copper dis t r ibu-  
tions were used to compute the cathodic current  den-  
sity at selected positions in the plater. 

Representat ive distr ibutions along the tape have 
been plotted for runs at 2.3 and 3.1 f t /min  tape speed. 
Results will  be given for runs with normal  i.e., stand-  
ard, plater configuration and for two nonstandard  
configurations which employ either field shields at the 
plat ing loop exit, or added cathode connections in 
solution. The nons tandard  configurations are attempts 
to reduce plat ing asymmetries and peak cathodic cur- 
rent  densities. 

The determinat ions of copper distr ibution for the 
normal  configuration runs have been used to formulate 
a plater  design based upon the l imit ing of cathodic 
current  density to a specified max imum in the plater. 
This is an impor tant  first step in the establ ishment  of 
a generalized design scheme for continuous plat ing 
onto high resistance electrodes. 

Background 
In  electroplating onto a high resistance cathode, the 

plat ing current  flow produces a significant IR drop 
along the cathode (specimen) surface which thus may 
deviate appreciably from an ideal equipotential.  The 
voltage gradients induced along the cathode act to 
vary the local surface overpotential  and thus the rate 
of metal  deposition. Such variations are in addition to 
any vChich occur due to mass or charge transfer  effects. 

The effects of ohmic electrode resistance on current  
and potential  distr ibutions in various plat ing cells 
have received considerable at tent ion in the l i terature.  
Weisselberg (3) has reported current  and potential  
distr ibutions for a resistive anode rod suspended along 
the axis of a nonresist ive cylindrical  cathode. Wojto- 
wicz et al. (4) have reported current  and potential  dis- 
t r ibutions for a thin wire resistive anode under  condi- 
tions of negligible longi tudinal  potential  drops in the 
electrolyte. Fomichev (5) has calculated current  dis- 
t r ibutions in  resistive parallel  strip electrodes. Tobias 
and Wijsman (6) have considered the case of plane 
parallel  electrodes of finite but  uni form resistance. 

The above papers describe steady-state systems and 
assume that resistive changes which result  from the 
electrodeposition process are negligible. This assump- 
t ion is not valid when the resistivity (thickness) varies 

substant ia l ly  along the substrate. The effects of spacial 
thickness variations have been analyzed by Alkire (7) 
for cathodic electrodeposition onto a thin s tat ionary 
metal  strip of high resistance. 

The problem to be discussed in this paper involves 
steady-state plat ing in a continuous system. In  this, as 
in all plat ing cells, the cathodic current  dis t r ibut ion 
(and thus the deposit distr ibution) is determined by 
the interact ion of several variables: cell geometry, 
electrolyte composition and temperature,  electrolyte 
agitation and flow pattern, electrode resistances, plus 
the level of the applied plat ing current.  Our experi-  
menta l  results show deposit distr ibutions which are 
highly asymmetric  along the plater axis when the in-  
put copper thickness is ul t rathin,  but  which become 
more uniform and eventual ly  l inear  as the input  thick- 
ness increases. From this result  we have surmised that  
the ohmic resistance of the deposit (cathode) is the 
main  variable determining the cathodic current  dis- 
tribution, with kinetic (charge transfer)  or concentra-  
t ion (mass transfer)  polarization effects of secondary 
importance. The properties of the copper fluoborate 
electrolyte, the configuration applying uni form agita- 
t ion to the electrolyte, and the relat ively low levels of 
applied current  are consistent with this conclusion. 

By way of quali tat ive description, we refer to Fig. 
1A which depicts an idealized single loop continuous 
plater  with commonly connected anodes/cathodes. The 
upper rollers, grounded conductors, provide cathodic 
connection to the underside of the tape; contact to the 
reverse side occurs via plated through-holes in  the 
tape. The through-holes are presumed sufficiently con- 
ductive to mainta in  a uni form potential  V (X) on either 
side of the tape at coordinate X measured along the 
tape axis. The corresponding potential  in the electro- 
lyte just  beyond the diffusion layer  is denoted as 
V~ (X), and Vo denotes the anode potential  relative to 
ground (cathode). The currents collected on each side 
of the loop are denoted i and I as indicated. The lower 
roller is a nonconductor  and blanks plat ing at the bot-  
tom of the loop on one side of the tape. The interelec- 
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Fig. 1. (A) Schematic d~agram of single loop, continuous plater 
with common anode (Vo) and common cathode (grounded) connec- 
tions. Coordinate X measures position along the tape while V(X) 
and Vs(X) are the respective potentials on the tape and in the 
electrolyte at X. (8) Schematic of potential distributions for the 
single loop plater. 
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trode spacing on either side or along the tape is un i -  
form, and the circulation of electrolyte is presumed 
equivalent  at all points. Edge effects near  the air-  
electrolyte interfaces or near  the bottom roller are 
neglected. 

In  Fig. 1B we sketch the tape and solution potential  
distr ibutions for a typical  plat ing loop. The difference 
Vs(X) -- V ( X )  represents the driving potential  for 
plat ing at X; thus the plat ing rate varies along the 
loop. The potential  difference Vs(X) -- V (X) : ~(X)  
+ r where ~ is the surface overpotential  and r the 
reversible cell potential  for the system. At any X the 
plat ing rate increases with Vs -- V. (The plat ing rate 
dependence upon potential  is usual ly  given (8) as an 
exponential  function of ~l.) 

Due to the current  flow in the resistive tape, a 
voltage rise must  occur as one passes downward along 
the loop. At a point before C this t rend is reversed and 
as we proceed toward the loop exit, the current  re-  
verses direction and flows toward the exit cathode 
roller. T'he magnitudes of i and I reflect the relative 
tape resistances in  each portion of the loop. Since 
thickness increases as the tape passes through the loop, 
I > i. The solution potential  Vs is presumed not to 
vary strongly with X, a reasonable assumption for 
electrolytes of high conductivity. We see in Fig. 1B 
that Vs -- V (and thus the local deposition rate) de- 
creases as we proceed away from the cathode rollers. 

E x p e r i m e n t a l  
Apparatus and plating conditions.--A schematic of 

the plat ing system used is presented in Fig. 2. The 
left-,hand sketch shows an unscaled elevation of the 
plater, the r ight -hand sketch a scaled plan view of a 
plater section. The tape orientat ion is vertical, the 
spacing between al ternate rollers exceeding the 4 in. 
roller diameter by only 5/16 in. on each side. For the 
single pass runs, the tape was rethreaded to bypass 
all but  one loop; pass 2 was used for plat ing at full  

depth, pass 1 for plat ing at reduced depth. Anodes were 
oval-shaped OFHC copper rod, 3 in. nominal  width, 
and centered on the tape in  the plater. 

For some of the single pass runs, the configuration 
was modified as shown in Fig. 3. These runs involved 
addition of shields at the loop exit (3.A) or added 
cathode connections in the electrolyte (3B). The 
cathode connections were made using 1/4 in. formed 
copper rods, insulated except at their ends to contact 
the metallized center strip on the key side of the pat-  
tern (see Fig. 4). 

The plat ing bath  was copper fluoborate operated at 
ambient  temperature.  This bath  was prepared by di- 
lut ing two parts of fluoborate concentrate (Allied 
Chemical Company) with one par t  deionized water 
to obtain an electrolyte of 462 g / l i te r  copper fluo- 
borate (124 g/ l i ter  as Cu), 7.2 g / l i ter  fluoboric acid, 
and 30.7 g/ l i ter  boric acid. During the runs, the plating 
solution was pumped and filtered continuously through 
carbon-charged polypropylene filters. 

The electrolyte tank capacity was 70 gal and the cir- 
culat ion rate 5-8 gal /min.  Circulation was from the 
exit side lower corner of the tank  (inlet) diagonally 
across to the entrance side upper  corner (exit) .  

Tape generation and tape removal from the plater.-- 
The tapes for analysis were 2 rail polyimide (du Pont  
KAPTON~,H Film) pat terned in electroless copper by 
the photoselective metal  deposition process (2). The 
pat terns on each side are shown in Fig. 4. During plat-  
ing, the bus side was in direct contact with the cathode 
rollers, the key side plat ing by contact via the through-  
holes. Exper iments  were performed by executing an 
abrupt  in te r rupt ion  in steady-state operations. For the 
single loop experiments,  the plater  power was turned 
off and the tape section removed after cutt ing at posi- 
tions marking the top of the input and output cathode 
rollers. The tape section was immediately rinsed in 
deionized water, then dried in air. 

Fig. 2. Schematic of continuous plater in multipass mode (left) and plan view of scaled plater section (right). For single loop runs the 
tape was rethreaded to bypas~ the loops not being used. Anodes in the bypassed loops remained in place. The vertical pitch of the tape 
was as follows: tape to anode at top, A ~ 1 in., A' ~ 1 5 /16 in., at bottom, B ~ 1 5/16 in., B' ~ 1 in. 
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Fig. 4. Description of patterned tape and specimen designation. 
Specimens for atomic absorption analysis were taken from the 
bus side of the tape, cut into 1.41 X 2.99 mm strips at each bus. 
The center sprocket holes were used to register and transport 
the tape through the plater. 

m 

Fig. 3. Schematic diagram of nonstandard plating configuration. 
(A) Experiment using exit field shield. (B) Experiment using added 
cathode connections in the electrolyte. The G's indicate connection 
to ground. 

For the mult i loop experiments,  the tape removal  
process took somewhat  longer  as it was necessary to 
raise the tape t ransport  mechanism out of solution to 
remove  the tape section. The lapsed t ime between 
power  shutoff and the water  r inse in this case was 
about 21/2 min. 

Tape indexing and specimen designation.--The cen- 
ter  sprocket holes used to t ransport  the tape in the 
pla ter  provided a convenient  coordinate along the tape 
axis. Thus all tapes were  indexed by number ing  the 
sprocket holes, wi th  the zero position at the top of the 
input  cathode roller. Conversion to distance in inches 
was made using the factor 0.627 in. per  sprocket num-  
ber. 

Tape position in the pla ter  at the t ime of its re -  
moval  was recorded by fiducial marks locating the tape 
position at the top of each cathode roller. The location 
of the air-solut ion interface  was made by ruler  mea-  
surements  on the machine at the t ime of each run. 

The specimen label ing scheme is i l lustrated in Fig. 
4. All  measurements  to be reported were  made on the 

bus side of the pattern, the individual  specimens care-  
ful ly  cut f rom the tape using a razor blade and a steel 
template.  

The  area of deposited copper on a specimen was 
computed from measured values of specimen length 
and pat tern  width. The measured dimensions averaged 
over  20 specimens were  

Width: 55.33 • 1.01 z rail ---- 0.141 • 0.0025 cm 
Length:  117.8 • 1.21 rail ----- 0 .299•  0.0029 cm 
Bus area: 0.0422 cm 2 • 2.8% 

Copper analysis by atomic absorption spectrome- 
try,--The specimens, cut to size, were  immersed in a 
measured volume of aqua regia to dissolve the copper. 
The aqua regia was diluted 2 to 1 with deionized water.  
The volume of solvent var ied from 2 to 400 ml de- 
pending upon the copper thickness. Dilution was made 
to maintain  the copper concentrat ion near  a value of 2 
ppm. 

Analyses were  carried out using a J a r r e l l -Ash  No. 82- 
536 Atomic Absorp t ion-Flame Emission Spectrometer,  
using an a i r -acetylene flame and the 3247.5 Cu line. 
Solut ion standards were  prepared by an aqua regia 
di lut ion of a Spex 1000 p p m / m l  spectroscopic standard 
solution. 

The AA data permit  determinat ion of the mass per 
unit area of the deposited copper. Thickness deter-  
minations were  made f rom these values using the bulk 
copper density, 8.93 g / c m  3. Exper imenta l  errors in the 
copper analysis have  been de termined  from the pre-  
cision and accuracy of the AA analysis and the area 
measurements  on each specimen. The AA analysis at 2 
ppm copper concentrat ion is est imated to have  a preci-  
sion of 3.5% and an absolute accuracy of 1%. The 

1 A l l  r e p o r t e d  e r r o r s  a r e  a v e r a g e  d e v i a t i o n s .  
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over-all  precision in the copper determinat ion is thus 
3.5% + 2.8% (error in  area) ---- 6.3%. An additional sys- 
tematic error in the copper thickness is introduced 
by the lateral  growth as the plat ing proceeds. This 
error is approximately l inear  in total thickness plated 
and is a max imum of 5% for the thickest specimens. 

Calculation of cathodic current density.--The cath- 
odic current  density at any position in  the plater may 
be determined from the measured copper thickness 
distr ibution on the tape if the tape speed is known. A 
diagram of an elemental  tape section proceeding ver-  
tically through the plating cell at speed v is shown in 
Fig. 5. The X coordinate, measured along the tape axis, 
locates position in  the plater  relative to fixed lab co- 
ordinates. Upon in ter rupt ion  of the steady state to ob- 
tain the plat ing loop the lab-fixed coordinates t ransfer  
to the tape in  a one to one correspondence which re- 
lates distance along the tape to coordinate location in 
the plater. 

In  Fig. 5 a tape section between X and X -t- AX, dis- 
charging ions across the element-electro,lyre interface 
of area ~ W AX receives a cathodic current  I c ( -J"  
WAX) and a deposit which increases the metal  thick- 
ness by AT. For steady state 

/d (X-~  AX) ~ . Id (X)  ~ J " W~X [1] 

where Id.(X) and Id(X ~- AX) are currents  flowing 
through the deposit through cross sections W" T(X) 
and W" (T(X) -b AT), respectively. The correspond- 
ing deposit current  densities are Jd(X) and Jg(X -~ ~X). 

At speed v the deposit thickness increases by AT 
in t ime interval  AX/v, thus the deposition rate is v 
~T/AX. Using Faraday's  law and the bulk  density, 
8.93 g/cm ~, the cathodic current  density J at any X' 
can be shown to be 

J(X') (asf) = 12.8v ( f t /min)  �9 (hT/AX)x, (~in./in.) [2] 

Resul ts  
The major  results to be reported will  relate to single 

loop experiments.  These were preferred over the 
multipass common electrode experiments  because they 
permit  the setting of total cur rent  and thus the thick- 
ness deposited for each pass. However, no distinction 
is to be made between the two cases. We have in-  
cluded some results from the multipass work to under -  
score how resistance affects the plat ing dis tr ibut ion 

I d (x+AX) = Jd(X+~X) * W(T(x) + L$T) 

x+~x ~ ~  
i 

l 
X l .. 

I 
. k  

I 
i 

I = d . W L ~ x  
C 

Id (X)  = Jd (x)*  W T(x) 

Fig. 5. Elemental tope section in the plater. The section, moving 
vertically at speed v, receives cathodic current Ic across interface 
W.Z~X. As a result, deposit thickness increases by AT across 
span AX. The deposit current In is also increased when this 
OCCURS. 

when the individual  passes have significantly different 
input  resistances. 

Multipass operation.---In Fig. 6 we present  t rans-  
verse copper distributions for a four-pass plating run  
at 2.3 f t /m in  and 75A. The copper thickness at each 
bus is plotted vs. distance from the center of the tape 
for segments cut at the end of each completed pass. 
Input  copper thickness (I) was 2.2 #in. The average 
thickness over all buses at the respective exits was 
found to be: pass 1 (II)-7.7 ~in.; pass 2 (III)-31.7 ~in.; 
pass 3 (IV)-104.8 ~in.; pass 4 (V)-208 ~in. The copper 
deposit across the tape is seen to be highly nonuni form 
though symmetric  about the tape axis, with an appre- 
ciably enhanced buildup at the edges. 

For the purposes of comparison, we have plotted dis- 
t r ibutions predicted from the p r imary  current  dis- 
t r ibut ion of plane parallel  electrodes (9) of the same 
width and spacing as our electrodes. The pr imary  dis- 
t r ibut ion is based upon cell geometry and is indepen- 
dent of mass and charge transfer  effects. (However, 
electrode kinetic and mass t ransfer  effects would pre-  
vent  the infinite current  densities predicted at the 
electrode edges.) The pr imary  current  distr ibution 
curves have been normalized by matching the pre-  
dicted average thickness with the measured average 
thickness of the buses. The observed thicknesses do not 
deviate appreciably from the theoretical curves, thus 
plater  geometry is held pr imar i ly  responsible for the 
nonuniformity of the transverse distributions. 

In Fig. 6 variations in plating along the tape axis are 
also observed as we note nonuniform deposit increases 
in successive passes. A breakdown in the fraction of 
the total deposit received in each of the four passes, 
respectively, is 0.011, 0.037, 0.154, and 0.509. The peak 
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Fig. 6. Transverse copper distributions for multipass run 5/21, 
2.3 ft /min at 75A. Measurements at each bus for: I. input electro- 
less deposit: II. exit of first pass: III. exit of second pass: IV. 
exit of third pass: and V. exit of final pass. The solid lines in- 
dicate results predicted from the primary current distributions of 
equivalent plane parallel electrodes (9). 
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cathodic current  density is seen to occur in  the final 
pass in  the plater. 

Single pass distributions.--The single pass results 
show transverse and axial distr ibutions s imilar  to 
those already discussed. The transverse distr ibutions 
for single pass runs will not be specified further.  

Before presentat ion of the axial results, it is useful  
to dis cuss~the relat ion between the axial and transverse 
distributions. If the la t ter  are determined by pr imary  
current  distributions, thus plater  geometry, then the 
axial and transverse depositions may be considered 
separately and independent  of each other. This separa- 
tion should be possible when  ohmic effects control the 
deposition in the system. On the other hand, if elec- 
trolyte polarization effects are appreciable, the plat ing 
distr ibutions wil l  be sensitive to the over-al l  level of 
cathodic current ,  and thus the axial and transverse 
depositions will be related. We shall make some 
fur ther  comments on this separation in the Discussion 
section after presentat ion of exper imental  results. 
Needless to say, the separation in distr ibutions permits  
a significant saving in effort since it forestalls the 
need for a separate axial deposition model at each 
lateral  position. 

The axial results presented refer exclusively to mea-  
surements  at outer bus A. To predict the axial distri-  
but ion at other positions, we presume that the bus A 
results could be mult ipl ied by an appropriate scale 
factor such as that  determined to predict the dis tr ibu-  
tions for the plane paral lel  electrodes in  Fig. 6. 

Four  sequences of single loop experiments  were 
performed as follows: I and II, normal  configuration at 
2.3 and 3.1 f t /min,  respectively; III and IV, speed 3.1 
f t /m in  with modified plater  configurations using a field 
shield or added cathodes in the electrolyte (note Fig. 
3). A tabulat ion of exper imental  conditions and the 
corresponding values of peak and average cathodic 
current  density for all runs is presented in Table I. The 
ratio Jmax/J~ve defining A, the plat ing asymmetry  fac- 
tor, is also presented for each loop. The asymmetry  is 
seen reduced as the input  copper thickness is increased. 
(However, the effects due only to thickness changes 
are somewhat masked by the changes in the applied 
current ) .  Values of Jmax in the table were calculated in 
Eq. [2] from values of max imum slope (AT/aX) 
determined from the respective copper distributions. 

Axial distr ibutions (measured at bus A in all cases) 
are presented in Fig. 7 and 8 for normal  configurations 
at 2.3 and 3.1 f t /min,  and in Fig. 9 and 10 for experi-  
ments at 3.1 f t /min  using field shields and added solu- 
tion cathodes, respectively. In  these figures the ver-  
tical dashed lines indicate the location of the entrance 
and exit air-electrolyte interfaces. The vertical ar-  
rows indicate the lowest position of the tape in the 

loop. The cathodic current  densities Jmax reported in 
the figures are higher than the average over the entire 
pa t te rn  since the plat ing rate at the outer bus is ap-  
preciably higher than  the average over the entire 
pattern. 

In  F i g  7 copper distr ibutions for A (15A), B (20A), 
and C (55A) at 2.3 f t /m in  are presented. The A and B 
runs are comparable except for the shorter loop length 
of A. The effective plat ing zone for these runs of high 
input  resistance is seen confined to a span of 8-10 in. 
near  the exit air-electrolyte interface. The shortened 
loop length in A has li t t le effect on the plat ing dis- 
t r ibut ion in the first half  of the loop. The situation 
is different in  C where a less asymmetric  plat ing 
occurs as a result  of increases in input  thickness and 
in the applied current.  '~ 

We note in  Fig. 7 and 8 that the copper deposition 
does not halt abrupt ly  at the exit interface but  con- 
tinues for 2-3 in. beyond. This effect occurs because an 
appreciable electrolyte meniscus is formed as the tape 
is pulled out of solution and is capable of pla t ing unt i l  
its copper ions are depleted. Current  passage in elec- 
trolyte menisci has been reported for par t ia l ly  im-  
mersed parallel  vertical electrodes by Will (10), Ben-  
nion and Tobias (11), and Burshtein et al. (12). In  
multipass runs we have also observed a delay in the 
resumption of plat ing upon ~eentry of the tape into the 
electrolyte. This phenomenon is presumably  the result  
of surface blocking by the ion-depleted layer unt i l  
mixing with the bulk  electrolyte restores the ion con- 
centrat ion at the interface. 

In  Fig. 8 we observe results for A (10A), B (20,A), 
and C (45A), with tape speed at 3.1 f t /min.  A decrease 
in asymmetry  is evident  as the input  copper thickness 
is increased. The effects on plat ing asymmetry  due to 
speed or current  variations are difficult to assess by 
superficial comparison of the two figures. 

In  Fig. 9 results for the exit field shield experi-  
ments  are presented. The role of the shield is to reduce 
the local electric field, thus enhancing the plat ing rate 
elsewhere in the loop. Results in Fig. 9 for A (10A), 
B (10A), C (20A), and D (35A) were obtained at tape 
speeds of 3.1 f t /min.  The region along the tape covered 
by the shield is indicated by the shading in the figure. 
In  Fig. 9A we have also plotted the copper distr ibution 
from run  1/29, a comparable experiment  without the 
shield. The presence of the shield is seen to expand the 
effective plat ing zone down into the electrolyte, thus 
reducing the value of Jmax. In  Fig. 9B and 9C we note 
that the shield flattens the slope at the exit interface, 
thus shifting the position of Jmsx to the inlet  side of the 
loop. In  Fig. 9D the shield completely blocks the plat-  

F u r t h e r  c o m m e n t s  on t h i s  sub j ec t  are m a d e  i n  the  Discuss ion .  

Table I. Tabulation of single loop runs* 

I n p u t  Cu P e a k  ca thod ic  A v g  ca thod ic  A s y m m e t r y  
Speed  C u r r e n t  t h i c k n e s s  c u r r e n t  dens i t y  c u r r e n t  dens i t y  f~ctor  

G r o u p  R u n  F i g u r e  ( f t / m i n )  (A) (~in.) Jmax (asf) Jave (asf) A =~ J m a x / J a v e  

I 12 /11 /73  7B 2.3 20 3.0 370 47.0 7.9 
n o r m a l  con- 1 /9 /74"*  7A 2.3 15 3.3 273 69.6 3.9 
f i gu ra t ion  12/14/73 7C 2.3 55 99.5 382 147.6 2.6 

1 /15/74  - -  2.3 32 146 80.0 79.9 1.0 

I I  1 /29 /74  - -  3.1 10 2.8 302 25.3 11.9 
n o r m a l  con- 1/2,8/74 8A 3.1 10 3.2 145 19.2 7.6 
f i gu ra t ion  1 / 2 9 / 7 4 - A  8B 3.1 20 39.6 386 -49.0 7.9 

1 /29 /74-B  8C 3.1 45 9,6.0 321 109.7 2.9 

III 3 / 5 / 7 4  9A 3.1 10 2.4 203 24.0 8.5 
w i t h  e x i t  3 / 6 / 7 4  9B 3.1 10 35.2 59.0 19.2 3.1 
sh i e ld  3 / 6 / 7 4 - A  9C 3.1 20 58,5 139 40.8 3.4 

3 / 6 / 7 4 - B  9D 3.1 35 121 801 76.3 3.9 

I V  3 /13 /74  1OA 3.1 14 3,1 24.0 8.7 2.8 
w i t h  added  3 /14 /74  10B 3.1 20 16,7 79.0 24.8 3.2 
ca thodes  in  3 /15 /74  - -  3.1 40 59.0 128 72.4 1.,8 
so lu t i on  

* A l l  m e a s u r e m e n t s  fo r  bus  A, 
** S h o r t  pass .  
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Fig. 7. Axial copper distributions, bus A, normal configuraHon, 

2.3 ft/min: (A) run 1/9, 15A, short pass; (B) run 12/11, 20A; (C) 
run 12/14, 55A. 

ing at the exit interface, again forcing the peak cath- 
odic current  to occur at the inlet  side of the loop. 

The experiments with added solution cathodes are 
presented in  Fig. 10 with tape speed at 3.1 f t /min,  A 
(14A) and B (20A). The locations of the solution con- 
nections are shown by the asterisks. The effect of 
these modifications is to enhance the deposition in the 
vicinity of the solution connections. (The connection 
near  position 58 in. appears slightly mislocated, as the 
plating enhancement  is found near  the 53 in. position.) 

Constraints on p~ater operation.--The axial plat ing 
~symmetries which have been noted suggest a need to 
l imit average current  densities, J (cathodic) or J~ (in 
the deposit), to values appreciably lower than those 
used in s tandard practice for the same electrolytes. 
This restriction anticipates that values of J o r  Jg may 
be excessive at some positions in the plating cell, 
leading to reduced quali ty of the plated product. The 
degradation may result  from extremes in  either or both 
variables. 

The anticipated product difficulties are (i) fusion of 
the plated deposit, (it) deposition of burned  or nodular  
deposits, and/or  (iii) damage to the substrate-deposit  
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Fig. 8. Axial copper distributions, bus A, normal configuration, 
3.1 ft/mln: (A) run 1/28, 10A; (B) run 1/29-A, 20A; (C) run 
1/29-B, 45A. Note improvement in deposit uniformity as the 
input thickness increases. 

interface. These three aspects wil l  be discussed sepa- 
rately in the sections which follow. 

(i) Deposit ~usion.--The occurrence of fusion requires 
the rate of ohmic heating produced by the deposit cur-  
rent  Id to appreciably exceed the rate of heat dissipa- 
tion from the tape. For continuous plat ing as described 
here, the point where fusion will  occur (if Ia is large 
enough) is at and beyond the exit air-electrolyte in-  
terface. 

Figure 11 provides correlations of fusion current  IF vs. 
thickness of deposit for copper-metall ized polyimide 
tapes, either b lanket  plated (13), or pa t te rn  plated 
(our results).  Also plotted for reference are handbook 
results (14) for copper wire of equivalent  rectangular  
cross section. Note that  the uni ts  of current  are nor-  
malized per uni t  conductor width. The tape results 
were obtained using 2 rail polyimide substrates metal-  
lized on both sides with electroless and electroplated 
copper and suspended vert ical ly in air dur ing the 
passage of current.  The pat tern  results were obtained 
by using the configuration in Fig. 4, with pat tern  width 
at the min imum cross section used to normalize the 
fusion current .  The fusion line shift downwards from 
pat tern  to b lanket  to wire reflects the decreasing ca- 
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pabil i ty  for heat dissipation of the respective con- 
figurations. 

Also pIotted in Fig. 11 is the correlation between 
applied plat ing current  I (A/ inch  of width, mean  cross 
section) and the resul t ing thickness of the pat terned 
tape at the exit of the plat ing loop (dashed curve).  
This curve is based upon the faradaic equivalence of 
current  and deposit and assumes an input  thickness of 
3 ~in. at a speed of 3.1 f t /min.  

The occurrence of fusion may be predicted from Fig. 
11 by comparing the current  in the deposit at the loop 
e x i t ,  I d ) e x J t  to current  I f  at which fusion occurs. To 
avoid fusion Ia)exiL must  be less than I F  at the exit de- 
posit thickness. As a mat ter  of convenience we can 
estimate ld)exit to be very near ly  equal to the total 
plat ing current  I, since very li t t le current  flows in the 
entrance side of the loop for input  deposit thicknesses 
less than  about 40 t~in. (see Fig. 7 and 8). The cri- 
ter ion for fusion avoidance thus becomes I < IF. 

TO evaluate a specific case using Fig. 11, consider a 
loop in which a total current  of 3 A/in. at 3.1 f t /m in  is 
applied to a 3 ~in. pat terned or b lanket -pla ted  tape, 
respectively. At this current,  fusion is predicted for 
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Fig. 10. Axiut copper distributions, bus A, with added cathodes 
in solution, 3.1 ft /min. Position of the solutlon contacts is 
indicated by *. (A) Run 3/13, 14A. (B) Run 3/14, 20A. 

thicknesses less than or equal to 4 nin. in  the pat terned 
tape. 5.8 ~in. in the blanket  tape. The plat ing l ine pre-  
dicts that  the exit thickness will be 9.5 ,~in., thus fusion 
is not possible in  this case. 

The fusion l imitat ions described do not impose severe 
restrictions on our abil i ty to plate at "useful" rates 
such as those employed in the work described. 
(if) Occurrence of burned or nodular deposits.-- 
Burned or nodular  deposits occur when the local cath- 
odic current  density J exceeds the limits of the elec- 
trolyte for the conditions of use. Avoidance of such 
deposits requires l imit ing the values of J a v e  s o  that the 
corresponding values of Jmax are not excessive. Al ter-  
natively,  changes could be made in bath, cell, or tape 
speed, to reduce the Jmax/Jave ratio and thus reduce 
gmax. 
(iii) Damage to substrate-deposit interface.--The final 
constraint  involves more subtle effects inasmuch as a 
damaging of the substrate-deposit  interface is not al- 
ways readily evident  without  addit ional evaluations. 
If J or J~ are sufficiently high, excessive heating of the 
interface or the generat ion of in te rna l  stresses in the 
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Fig. 11. Plating current I and fusion current IF vs. copper 
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loop, for an input thickness of 3 /~in. and a tape speed of 3.1 
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the improved beat dissipation of the respective geometries. 
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Fig. 12. Peak cathodic current density Jmax vs. Cu thickness 
(average over all buses) at the plating loop input; v ~ 2.3 ft/min, 
plating current I as a parameter. The curves are sketched using 
experimental results (open circles) plus the extrapolations: Jmax 
oo at zero thickness, Jmax ~ Jave at oo thickness. 

deposi t  m a y  lower  the substrate-deposi% adherence  or 
induce pre fe ren t ia l  corrosion of pa t t e rn  edges (under -  
cut t ing) dur ing  plat ing.  These aspects are s t rongly  
sensi t ive to the par t icu la rs  of the mate r ia l s  plated,  thus  
we  cannot a priori specify the  appropr i a t e  l imi t ing  
values.  Such l imits  mus t  be empi r ica l ly  fixed by  care -  
ful evaluat ions  of p roduc t  qual i ty  vs. the level  of cur -  
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', 
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I00 

' \  \ 
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: 2  : \ \ .  " ' " .  JAVE (ASF)  
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INPUT Cu THICKNESS ( m i c r o i n c h s s )  

Fig. 13. Peak cathodic current density Jmax vs. Cu thickness 
(average ever all buses) at the plating loop input; v = 3.1 
ft/min, plating current I as a parameter. 

rents  applied.  We do not assert  tha t  the cathodic or de-  
posit  cur rent  densi t ies  s tand alone as de te rminan ts  of 
p la t ing  quali ty,  but  must  cer ta in ly  be  included as 
ma jo r  factors. 

PLater design.--An empir ica l  scheme based upon  the 
set t ing of an upper  l imi t  for Jmax is sketched in Fig. 12 
and 13 for tape speeds of 2.3 and 3.1 f t /min ,  respec-  
t ively.  In  these figures exper imenta l  values  of Jmax 
(open circles)  have  been  p lo t t ed  vs. input  copper 
thickness for respect ive  single p la t ing loops, wi th  p la t -  
ing current  I as a parameter .  A fami ly  of curves has 
been sketched making  use of the exper imenta l  resul ts  
(open circles) and the  fol lowing cri ter ia:  approaching 
zero input  thickness,  the curves must  be asymptot ic  to 
the posi t ive Jmax axis; for ve ry  large  thicknesses,  Jmax 
must  approach Jave. (Note Jave is independent  of the 
p la t ing dis tr ibut ion.  F igure  12 and 13 give an indica-  
t ion of how Jmax, input  thickness,  and the ind iv idua l  
loop currents  I are  re la ted . )  

A design can be accomplished by  the  fol lowing i t e ra -  
tions: 

1. F o r  a specified Jmax read  or in terpola te  the a l -  
lowed loop cur ren t  I corresponding to the  input  Cu 
thickness.  

2. For  the  indicated /, compute  the thickness which 
wil l  be added by  pla t ing (via Fa raday ' s  l aw) .  

3. Repeat  for the next  loop, using the incremented  
Cu thickness. 

As an i l lustrat ion,  a p la te r  design using J m a x  = 200 
asf as an upper  l imi t  is presented  in Table  II  for speeds 
of 2.3 and 3.1 f t /min.  The implementa t ion  of this de-  
sign requires  tha t  each p la t e r  pass be e lec t r ica l ly  
isolated f rom all  others. The precision in Jmax vs. th ick-  

ness da ta  (open circles) is es t imated  as 10-15%. For  
regions where  no da ta  is ava i lab le  ( the dashed por t ions  
of the  curves) ,  the  es t imates  of Jmax should be ac-  
curate  to 20-40%, based upon the degree  of ex t r apo la -  
tion. 

Table II. Plater design for isolated plating loops. Upper limit of Jmax "-- 200 asf; tape speed 2.3 and 3.1 ft/mln.* 

V = 2.3 f t / m i n  V = 3.1 f t / m i n  

E q u i v a l e n t  E q u i v a l e n t  
Ir~put C u  A l l o w e d  c u r r e n t  CU t h i c k -  I n p u t  Cu  A l l o w e d  c u r r e n t  Cu  t h i c k -  

P a s s  t h i c k n e s s  Jmaz ~ 200 a s f  hess**  t h i c k n e s s  Jma~ - 200 a s f  hess***  

I 3/LLn. 13A 39 ]~in. 3/~in.  10A 22 g in .  
I I  42 ~in.  2 5 A  75 ]~in. 25 pJn. 17A 3 7 / d n .  
n I  117 ~in.  57A 171/~in. 69. ~in.  24A 53/~in. 
I V  115 g in .  35A 77 g in .  
Total 95A 2 8 8 / d n .  86A 192 /dn .  

* A s s u m p t i o n s :  i n p u t  e l ec t ro l e s s  Cu t h i c k n e s s  = 3 ]zin,; p a t t e r n  a r e a  = 0.196 s t a p e  l e n g t h  in  so lu t i on  = 4.75 f t .  
** C o n v e r s i o n  3.0 g i n . / A .  

*** C o n v e r s i o n  2.2 # i n . / A .  
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Discussion 
S e p a r a t i o n  o f  t r a n s v e r s e  and  ax ia l  d i s t r i b u t i o n s . - -  

The val idi ty of t reat ing the transverse and axial copper 
distr ibutions as separable is supported by (i) experi -  
mental  results relat ing Jmax and ]ave at different t rans-  
verse positions and (ii) calculations of cathodic cur-  
rent  distr ibutions using the Tobias-Wijsman parallel  
electrode model (6). Thus: 

(i) The ratio Jmax/Jave used as an index of axial 
pla t ing asymmetry  is reported in  Table I for mea-  
surements  on bus A. For  runs  12/11 and 12/14, the bus 
A results were 7.87 and 2.58, respectively. T~e corre- 
sponding ratios for center bus C were found to be 8.77 
and 1.84, respectively. Thus the plat ing asymmetries at 
different lateral  positions appear to be the same, even 
though the absolute plat ing rates differ by a t rans-  
verse position dependent  scale factor. 

(ii) The Tobias-Wijsman calculation (6) of the cur-  
rent  dis t r ibut ion in a pair  of closely spaced long planar  
electrodes can be used to evaluate the relative effects 
of electrode vs. electrolyte resistance when cathodic 
currents  are much less than  the l imit ing current  den-  
sity, i.e., negligible concentrat ion polarization. The 
very high value of l imit ing current  density 3 in  fluo- 
borate electrolytes (15) insures the val idi ty of neglect-  
ing concentrat ion polarization. 

The Tobias-Wijsman parameter  r expresses the de- 
gree of nonuni formi ty  of the cathodic current  density J 
along the resistive cathode 

f r 1 1 / 2  r : L [3] 
b ~- d / K  

where L ---- electrode length, r _-- cathode resistance 
per un i t  length of a 1 cm strip, b ---- l inear  polarization 
parameter  (model assumes b _-- d~]/dJ, where ~ is the 
surface overpotential) ,  d = the electrode spacing, and 
K _-- electrolyte conductivity. The expression in brack-  
ets denotes the ratio of electrode to electrolyte resist- 
ance. When this ratio is large, thus large r the current  
density dis t r ibut ion is highly nonuniform. 

Applying the above formulae to a typical half-pass 
in our plater  

b : 0.215 ohm-cm 2 [calculated from results in 
Ref. (16)] 

K : 0 . 1 5 o h m - l c m  -1 [ f r o m R e i  (15)] 
d = 2.94 cm 
L = 71.6 cm 
r = 0.709/t ohm where t = the average copper 

thickness in the half-pass of the plater  
Thus 

~, : 13.48 t -1/~ [4] 

Calculations of r and Jmax/ , ] 'ave VS.  average electrode 
thickness were made with Eq. [XXX] of Ref. (6) and 
are presented in Table III. Note that Jmax = J (X = O). 
The calculations indicate that  the electrode resistance 

8 The suppl ier ' s  technical  bulletin, reports  a l imi t ing  current  den-  
si ty of 300 asf at  80~ wi thou t  agitation,  for the electrolyte  used in  
our  experiments .  

Table III. Calculation of cathodic current distribution vs.  mean 
copper thickness* 

.Tmax 
Mean copper 

th ickness  (~in.) r Jaw 

0 oo 
5 6.03 6.03 

10 4.26 4.26 
20 3.01 3.02 
50 1.91 2.00 

100 1.35 1.54 
200 0.953 1.29 
oo 0.OO 1.00 

* M:odel of T o b i a s  and  Wijsman (6). 

is appreciably greater  than  the electrolyte resistance up 
to about 100 #in. deposit thickness. This supports the 
assumption that the observed distr ibutions in  the early 
stages of the copper bui ldup reflect main ly  the effects 
due to cathode resistance. 

Ef fec t  of  s p e e d  and  c u r r e n t  on  ax ia l  d i s t r i b u t i o n s . - -  
The experimental  results indicate that  the plat ing dis- 
t r ibutions are affected by changes in  tape speed or in 
applied current,  as evidenced by  variations in  asym- 
metry  factor A. To examine these variations more 
closely, it is useful to relate A to the measured var i -  
ables. By using Eq. [2] for Jave  and Jmax,  the factor A 
for a single loop of length L, speed v, and applied cur-  
rent  I becomes 

L 
A -- - -  (grad T)max --  L �9 v / I  (grad T)max [SJ 

TS -- To 

where (grad T)max denotes the max imum thickness 
gradient  d T / d X  for the loop and T I --  To the increment  
in  copper thickness. For two experiments  at different 
I and v but  constant  L 

A 1 / A 2  : ( v f f v 2 )  ( I2 / I i )  (grad T1)max/(grad T2)rnax [6] 

= (v 1/I1) (v2/I2)  - 1 (grad  T1 ) max/(grad T2 ) m ax 
[7] 

At constant speed, the A ratio is seen inversely pro- 
portional to the applied current  ratio and directly 
proportional to the ratio of ma x i mum thickness gradi-  
ents. At constant current  the A ratio is directly pro- 
portional to the speed ratio and to the ratio of maxi-  
m u m  thickness gradients. For ei ther speed or current  
variations, the plated copper increment  Tf -- To will 
vary and thus the copper dis t r ibut ion curves are dif- 
ficult to compare and interpret.  

An impor tant  case is that  in which both input  and 
exit copper thicknesses are identical though v and I are 
varied. This can occur if v l / I1  equals v2/I2, thus 

A 1 / A 2  : (grad T1) max/ (grad T2)m~x [8] 

In the plater described here we expect the kinetic and 
mass t ransfer  resistances to be unaffected by the mod- 
erate speed or current  level changes which have been 
made. For identical input  and output  thicknesses we 
expect identical T vs.  X curves, thus the right side of 
Eq. [8] should equal un i ty  and A1 --  A2. A test of this 
assumption can be made using the correlations in Fig. 
12 and 13. As an example, for speeds of 2.3 and 3.1 f t /  
rain and input  thicknesses of To = 10 ~in., we calculate 
A1 = 18.4, A2 ---- 12.2 for (v / I )1 .2  = 0.115; A1 = 15.8, 
A2 ---- 12.2 for ( v / I ) l . 2  ---- 0.153; A1 ---- 14.5; A2 = 14.2 
for (v / I )1 ,2  = 0.230. The agreement  above is only fair, 
reflecting the approximate na ture  of the Fig. 12 and 13 
correlations. 

S i n g l e  pass  runs ,  n o r m a l  c o n ~ g u r a t i o n . - - T h e  impor-  
tance of the cathode resistance in determining the 
axial plat ing dis tr ibut ion is readily observed in Fig. 7 
and 8. The deposit asymmetry  is greatest when plat ing 
the thin electroless coating but  is reduced as the input  
copper thickness is increased. In  Table I for groups I 
and II we observe a decrease in asymmetry  factor A 
with input  thickness. ( Jave  in  these cases is steady or 
increasing with thickness.) At the highest input  thick- 
ness, 146 tan. in run  1/15, A becomes as low as 1.0, in -  
dicating that a uniform (linear) plat ing rate has been 
attained. 

In  group II, runs 1/28 and 1/29 were identical except 
for the input  thicknesses, 3.2 vs. 2.8 ~in., respectively. 
The strong dependence of the axial dis t r ibut ion on in-  
put thickness is seen in the higher A value for run  1/29. 
(The lack of complete agreement  in values of Jave for 
these two runs at the same current  indicates that some 
r u n - t o - r u n  variat ion in  copper distr ibution over the 
pat tern  has occurred; this type of variat ion is also seen 
in comparing several other r u n s  of equal applied cur-  
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rents.) An addit ional factor which enhances the input  
fhickness dependence of the axial dis t r ibut ion is the 
observed variat ion in  electroless copper resistivity 4 
with thickness, the thinnest  deposits having the highest 
resistivity values. Thus the ohmic effects due to input  
thickness (resistance) will be larger than expected 
from the relat ive change in  deposit thickness. 

The preceding comments  have general ly  ignored the 
question of in terpre t ing the observed asymmetr ies  in 
the light of changes in  the applied current.  The separa- 
t ion of asymmetry  effects due to current  vs. thickness 
changes is not readily accomplished and very likely 
requires additional experiments  at constant current .  

In at tempting to interpret  the asymmetry / th ickness /  
current  interaction, we note that the factor A, though 
proport ional  to Jmax, does not take into account the dis- 
t r ibut ion of J values along the entire loop axis. Thus 
the integrated effects of the asymmetry  are not com- 
pletely taken into account. To examine this idea fur-  
ther, we have defined an additional index, F1/2, the 
fraction of the total plat ing which occurs in the input  
half  of the plat ing loop. 

In  Table IV, we have re tabulated the results from 
normal  configuration runs at full pass length, and have 
added computed values A .  I and FI/2. The product 
A .  I is a current  normalized asymmetry  factor (c5., 
Eq. [5]), while F1/2 integrates the asymmetry  over 
each half of the plat ing loop. For Jmax ~- Jave, A ---- 1.0 
and F1/2 approaches (but must  be less than)  0.5. In  
Table IV, A �9 I shows considerable scatter and does not 
indicate a strong correlation with input  thickness 
above the scatter. The Fv2, o n t h e  other hand, shows a 
clear correlation with input  thickness. We expect that 
F1/2 is relat ively insensi t ive to current  changes, pro- 
vided the corresponding values of Jmax are much less 
than l imit ing current  values. We have interpreted the 
F1/2 results in  Table IV as support ing our basic con- 
clusion that the plat ing asymmetry  along the loop axis 
decreases with input  thickness of deposit. 

Single pass runs with exit field shield.--The exit 
field shield experiments show that peak current  den- 
sity can indeed be reduced (note Fig. 9A). The mea-  
sured Jmax for the runs with the shield (3/5) and with-  
out the shield (1/29) were 203 asf and 302 asf, respec- 
tively. The input  tape thickness in run  3/5 was slightly 
less than that in run  1/29, thus the differences in maxi-  
mum current  density due to the presence of the shield 
should be even greater. 

Single pass runs with added cathodes in so lu t i on . -  
The runs made using added cathode contacts in solu- 
tion show noticeably enhanced plat ing rates in the 
vicinity of the cathode connections, note Fig. 10. They 
also show relativeIy low values of Jmax. These reduced 
values are largely the result  of extraneous plating, as 
an appreciable fraction of the applied current  is con- 
sumed by deposition onto the cathode connections. 
Thus Faraday's  law cannot be used to predict the de- 
posit thickness in this case. As an example, in  run  3/13 

J.  F. D'A.mico and  M. A. De Ange lo ,  u n p u b l i s h e d  resul t s .  F o u r -  
p o i n t  probe  m e a s u r e m e n t s  of s/, • 5 in. e lec t ro less  c o p p e r - p o l y i m i d e  
strips p r o d u c e d  w i t h  a s i m i l a r  b a t h  gave  r e s i s t i v i t y  v a l u e s  of 21 
~ o h m - c m  at 2.8 ;zin., 16 # o h m - c m  at 3.2 #in. ,  a n d  4.5 /zohm-cm at  10 
/zin. 

Table 1V. Computation of A �9 t and FI/2 for normal configuration 
runs at full pass length 

(Fig. 10A) with I ----- 14A at 3.1 f t /min,  an average of 
13 ~in. Cu was added to all buses while  the deposit 
predicted by Faraday 's  law is 26 ~in., a reduction of 
50%. Over thicker deposits, e.g., run  3/14 (Fig. 10B), 
the copper loss was only 14% of the Faraday value. 
The practical application of this method awaits a use- 
able cathode connection which can be continuously de- 
plated of the deposited copper. 

Plater design via limits on Jmax.--The plater  design 
scheme outl ined in  Fig. 12 and 13 is presented not as 
a final solution but  as a pre l iminary  exercise on how to 
attack the continuous plat ing problem. The curve 
family which has been drawn through the available 
but  l imited data could be improved by addition of more 
data. We would also point  out that the correlations 
presented are highly specific to our plater and electro- 
lyte and should be extrapolated with caution. The lack 
of applicabili ty of these results to other geometries and 
electrolytes restricts the usefulness of this approach 
and supports the formulat ion of a mathematical  model 
to provide the needed generalization. The results of 
this work could be used to verify the predictions of 
such a model. 

S u m m a r y  

The cathodic electrodeposition of copper onto high 
resistance platings has been studied in a continuous 
copper fluoborate electroplater. The effects of cathode 
resistance were found to dominate the plating distri-  
but ion for high input  resistances, producing highly 
asymmetric distr ibutions of deposits along the plater 
axis. These asymmetries reflect the highly nonuni form 
cathodic current  densities produced by the ohmic ef- 
fects, and are in  addition to thickness variations due to 
the pr imary  current  dis t r ibut ion or to electrolyte 
polarization effects. As thicker, less resistive electrodes 
are plated, the axial asymmetries were reduced, ap- 
proaching a state of uniform plating. 

In view of the observed asymmetries, the peak cath- 
odic current densities possible in the plater, even at 
moderate values of applied current, can be excessive 
and may produce degradation of the physical prop- 
erties of the plated deposits. Thus the effects of high 
input resistance must be carefully considered in the 
design and operation of this type of system. 

A plater design scheme for continuous plating in 
copper fluoborate has been presented. This scheme, 
based upon imposed limits in cathodic current density, 
should prove useful as a starting point for the analysis 
of other continuous plating systems, and should pro- 
vide a valuable input for the development of a theo- 
retical model. 

For any substrate-electrolyte combination, a defini- 
tive determination of cathodic current density vs. prod- 
uct quality must be developed as corollary information 
if a proper plating design is to be achieved. 

A c k n o w l e d g m e n t s  

The authors grateful ly acknowledge Mr.  F. McLar- 
non for his valuable critique, suggestions, and assist- 
ance, especially in the application of the Tobias-Wijs-  
man model to this problem. They also acknowledge Mr. 
L. R. Johnson for his technical assistance during plater  
operations and tape sampling. 

I n p u t  Cu Cur -  A s y m -  
t h i c k n e s s  rent  m e t r y  

R u n  (gin.) (A) fac tor  A A �9 I F1/2 

12/11, 2.3 f t / m i n  3.0 20 7.9 158 0 .Ol l  
12/14, 2.3 f t / m i n  99.5 55 2.6 143 0.27 

1/15, 2.3 f t / m i n  146 32 1.0 32 0.49 

1/29, 3.1 f t / m i n  2.8 10 11.9 119 0.050 
1/28, 3.1 f t / m i n  3.2 1O 7.6 76 0.063 
1/29-A,  3.1 f t /rnin 39.6 20 7.9 158 0.16 
1/29-B,  3.1 f t / m i n  96.0 45 2.9 131 0.19 
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script received Nov. 17, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 
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Mass Transfer on Horizontal Wires in the Presence of Free 
and Combined Forced and Free Convection 

Aladar Tvarusko* 
Laboratoire Suisse de Recherches Horlog~res, Neuch~tel, Switzerland 

ABSTRACT 

Mass transfer  was measured on horizontal copper and nickel wires (0.51 
and 0.25 mm diameter)  in acidified CuSO4 and alkal ine ferro-ferr icyanide 
solutions, respectively, in  the presence of forced and free convection. The mass 
t ransfer  measurements  were made in practical overflow cells of two sizes 
over a l imited range: 1422 < Sc < 3433, 0.112 < Re < 4.40, 0.023 < Gr < 16.6, 
37.9 < Ra < 5.7 • 104. The mass t ransfer  was proport ional  to Re ~ and its 
magni tude  was markedly  affected by the concentrat ion of the solution. Both 
forced and free~ convection are operative in  most of the present  forced- 
convection mass t ransfer  measurements  which correlate well if plotted as 
(Sh/Rel /2)(Re2/Gr)  ~/'2 against Gr/(Re2Scl/8).  It is to be noted that  the 
boundary  layer  thicknesses and the. wire diameters are of comparable mag-  
nitude.  

Heat and mass t ransfer  to circular cylinders (tubes, 
wires) are of great technological importance and have 
been studied in  various fluids under  various geometri-  
cal and hydrodynamic conditions (1-3). The applica- 
tions range from hot-wire  anemometers  (4) through 
heat-exchangers  to chemical vapor deposition (5) and 
electrodeposition (6). Vertical and horizontal circular 
cylinders have been mostly studied. 

Since heat and mass t ransfer  are analogous, the re-  
sults of ei ther are of considerable interest  to both. 
Most of the heat t ransfer  measurements  to horizontal 
cylinders, however, were done in air, i.e., at a low 
Prandt l  number  (Pr  ~ 0.7). The application of these 
heat t ransfer  data to mass t ransfer  in liquids of high 
Schmidt numbers  (Sc ~ 1000) is f requent ly  not suc- 
cessful because of the marked influence of Sc on the 
processes involved (1-3). 

The magni tude  of mass and heat t ransfer  is markedly  
affected by the fluid flow present. Heat and mass t rans-  
fer measurements  were made over a wide range of 
forced convection, 10 -5 < Re < 106 and na tura l  or free 
convection, 10 -9 < Gr ~ 109, 10 '-9 < Ra < 1011 (1-3, 7). 
The present  mass t ransfer  measurements  were made 
over a l imited range: 1422 ~ Sc ~ 3433, 0.112 ~ Re 
4.40, 0.023 ~ Gr ~ 16.6, 37.9 ~ Ra ~ 5.7 • 104 . The 
author  is unaware  of any mass t ransfer  measurements  
on horizontal cylinders under  the aforementioned na t -  
ural  convection conditions. The mass t ransfer  data of 
Dobry and F inn  (8) are the only ones which were 
measured under  forced convection conditions (Sc 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  mass  t r ans fe r ,  wi re ,  f ree  convec t ion ,  c o m b i n e d  forced 

and free convec t ion .  

1200, 0.023 ~ Re ~ 8.1) similar  to those used in the 
present  study. These data and other relevant  heat 
t ransfer  correlations are described in connection with 
the discussion of the present  data. 

In most heat and mass t ransfer  measurements  either 
the forced or free convection dominates and the other 
can be neglected. At certain combinations of Re, dr ,  
and Sc (Pr) numbers,  however, both forced and free 
convection must  be taken into consideration. Heat and 
mass t ransfer  to horizontal cylinders have been studied 
in the presence of the extremely complex mixed con- 
vection in air (2-4, 7, 9-13) and reacting gases [Pr ,-- 1, 
(5, 14, 15)], respectively. The mixed (combined) con- 
vection heat t ransfer  has been theoretically analyzed 
for various Prandt l  numbers  (7, 16-18). 

The subject of this paper is the mass transfer to 
horizontal copper and nickel wires in aqueous electro- 
lytes of two types in a simple, practical overflow cell 
of two sizes in the presence of free and combined 
forced and free convection. The mass t ransfer  is cor- 
related in terms of appropriate dimensionless numbers.  

Experimental 
A large portion of past heat and mass t ransfer  

studies on cylinders was made in carefully chosen 
geometries, such as a circular tube  of large diameter  
with a large hydrodynamic entrance region which usu-  
ally facilitated the correlation of the results. Cells or 
containers for these heat and mass t ransfer  measure-  
ments are usual ly designed to main ta in  the fluid flow 
constant and well defined at and near  the body being 
studied. This is not always the case in practical cells 
where other aspects must  also be taken into considera- 
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t ion (e.g., engineering, economics). This means that  the 
fluid flow in a cell is not necessarily well  defined in a 
hydrodynamic sense but  is characteristic for the cell 
in  question. 

The overflow cell, shown schematically in Fig. 1, is 
one of the simplest and most f requent ly  used electro- 
chemical cells. The solution enters near its bottom and 
flows through the cell and over some of its inner  walls. 
Overflow cells of two lengths, L, 8.2~ and 45.7 cm, and 
fluid flow cross-sectional areas, S, 38.7 and 667.7 cm 2, 
respectively, were used. The design of these cells has 
been described in detail earl ier  (6, 19). Since the equiv-  
alent  diameter of both overflow cells (using any defi- 
ni t ion) is greater than  the entrance region, i.e., the 
distance between the horizontal wire  and fluid en-  
trance, the fluid flow cannot be considered to be fully 
developed. However, in  view of the small  average 
fluid velocities, U, used in  these overflow cells (0.026- 
0.90 cm/sec) and the small  wire diameters in  a large 
volume of fluid in  the cell (large S), the fluid flow for 
all practical purposes is considered to be more or less 
uni form along the wire except at the highest U values 
in the long cell (0.036M CuSO4, 0.36M H~SO4 solution).  

The fluid after enter ing the cell suddenly expands, 
flows through it toward the overflow(s) at one or both 
end walls, and the angle of attack (the angle between 
stream direction and cylinder axis) at the wire may 
deviate from normal.  According to Kutateladze (20), 
the heat t ransfer  from a cyl inder remains practically 
constant in  the range of 90 ~ _ 20 + angle of attack out-  
side of which it decreases substantially.  I n  view of this 
and the small  U values, the relat ively large fluid vol- 
ume in  the cell, the small  wire diameters, and the ob- 
tained results, the flow can be considered to be prac-  
tically normal  to the wire. 

The mass t ransfer  rates on the horizontal wires were 
obtained electrochemically by  measuring potent iody- 
namical ly the cathodic l imit ing current  density, IL. The 
exper imental  details were described earlier (6, 21). 
Nickel and copper wires of 0.2.5 and 0.51 mm diameter, 
d, respectively, were used for the mass t ransfer  mea-  
surements.  

The IL values were obtained in two types of aqueous 
solution. One was a deaerated 0.005 equimolar  solution 
of the potassium ferro- and ferricyanide redox couple 
in  1M KOH and will  be designated as 0.005M. The 
ferr icyanide anion is reduced and only electron t rans-  
fer takes place at the cathode. In  the other solutions, 
the metal  ion is reduced on the cathode to metal  and 
removed from the solution. These solutions contained 
various amounts of CuSO4 and ten-fold H2SO4. In  both 
types of solution, the species to be reduced must  dif- 
fuse through the diffusion layer to the cathode whereas 
only the ferrocyanide has to diffuse toward the bu lk  
solution. Since the electroneutral i ty  condition must  be 
fulfilled, the concentrat ion of the other species will also 
change in  the diffusion layer(s)  and must  be esti- 
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Fig. ].  ~chematlc diagram of an overflow cell. The solid ond 
dashed lines indicate the most pertinent dimensions and fluid 
flow in the small and large overflow cell, respectively. 

mated, especially in the case of free convection (22- 
25). 

Free or na tura l  convection is caused by the difference 
in solution density at and near  the surface, hp. These 
values were calculated by the procedure of Selman 
and Newman (23, 24) who state that  the density dif- 
ference calculated by the t radi t ional ly  used method of 
Wilke, Eisenberg, and Tobias (25) can lead to ap- 
preciable errors. These two methods predict very dif-  
ferent  sulfuric acid concentrations at the cathode (23, 
24) and thus, different ~p and Gr values are obtained. 
A complete dissociation of bisulfate ions to sulfate and 
hydrogen ions was assumed in the present  calculations. 
The densities, viscosities, and diffusion coefficients of 
the solutions were calculated using the appropriate 
equations of Fenech and Tobias (26) and Gordon, 
Newman, and Tobias (27). 

The data of Se lman-Newman (23, 24) are strictly 
valid for the vertical electrode whereas the present 
mass t ransfer  measurements  relate to a horizontal elec- 
trode. Their est imation method for the interfacial  con- 
centrations is quite general  and can be applied to other 
than vertical configurations by changing the power 
according to which the mass transfer coefficient, k, de- 
pends on the respective diffusion constants (23). Ac- 
cording to Boeffard (28), the exponent  in  question is 
2/3 for free convection at horizontal electrodes whereas 
it is % for vertical electrodes (23). The effect of this 
power change was calculated using the traditional 
Wilke-Eisenberg-Tobias  procedure (25). The in ter -  
facial ferrocyanide concentrations were calculated 
(28) to be wi th in  2% of each other for these two 
powers. In  the case of the acidified CuSO4 solutions, the 
difference in the Grashof numbers  deviated by less 
than 2%; this was calculated with the densiflcation co- 
efficients, ,a, of Selman and Newman  (23, 24) using the 
formula of Fouad and Ibl  (29). In  view of these small 
errors in  the interracial  concentrat ion estimations, the 
data calculated by the Se lman-Newman procedure 
were used in this study without any correction. 

The dimensionless numbers  were calculated with 
mean fluid properties (p, ~, ~, D), averaged between the 
bu lk  solution and electrode surface. The normalized 
density difference for Gr was calculated with fluid 
properties as required. The wire diameter  was used 
for the characteristic length. 

Results and Discussion 
Forced convection.--The l imit ing current  densities 

were measured on two wires in two different solutions 
of various concentrations in  overflow cells of two 
lengths. F igure  2 shows IL to increase l inear ly  with the 
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Fig. 2. L~mifing current density as a function of volumetrlc 
flow rate in overflow cells of two sizes. 



Vol. 123, No. 4 MASS T R A N S F E R  

volumetric  flow rate, Q, in a logari thmic plot in all 
cases. The slope is 0.40 at low concentrations regardless 
of the na ture  of the electroactive species and solution, 
cell length, and wire characteristics, but  increases to 
0.43 for the concentrated solution. The magni tude  of 
IL is markedly  affected by the concentrat ion of the 
electroactive species as expected. 

The same Ia values are obtained under  most condi- 
tions by steady-state and potent iodynamic measure-  
ments  in  a large number  of simple redox and metal  
salt solutions (30). The steady-state IL values are ob- 
tained from potentiostatic pulses located along the IL 
plateau in  the I -V  curves. It  is more convenient  to 
o b t a i n  I L potentiodynamically.  The IL plateau is pres-  
ent only at low sweep rates of potential  whereas at 
greater sweep rates I goes through a m a x i m u m  and 
subsequent  m i n i m u m  (21, 31). It  was shown elsewhere 
(31) that the I max imum and min imum (IM) in the 
I - V  curve are absent in the presence of fluid flow at 
markedly  greater  sweep rates than usual ly  used. The 
permissible sweep rate increases with increasing fluid 
flow rate. The higher sweep rate  leads to the minimiza-  
t ion of the surface change along the IL plateau in the 
presence of electrodeposition and also to time saving. 
The I - V  curves for the 0.036M acidified CuSO4 con- 
ta ined a shallow, very small  current  dip (Ira) at the 
lowest flow rate at 1 V/sec sweep rate but  IM was 
absent at higher Q. The IL-Q correlation is not af- 
fected by taking these IM values of negligible differ- 
ence at the lowest flow rate used. 

Sh/Sc 0-3 is widely used for the correlation of heat 
transfer. Figure 3 shows the data of Fig. 2 replotted 
in terms Sh/Sc 0,~ and Re. It contains also the IL values 
obtained in  acidified CuSO~ solutions of various con- 
centrations flowing at 6 l i te r / ra in  which were described 
elsewhere (31). It  is obvious that correlation of the 
present data is not satisfactory; the pre-exponent ia l  
factors of the two extreme curves differ by a factor of 
two. 

Figure 3 also shows some of the relevant  heat and 
mass t ransfer  correlations. Dobry and F inn  (8) mea-  
sured the IL values in  approximately 0.002M equimolar  
ferro-ferr icyanide solutions with support ing electro- 
lytes on 0.13 mm diameter  Pt, Ni, and Cu wires and 
0.025 m m  diameter  Cu wire. The equat ion given in  
Fig. 3 was obtained by regression analysis of all their 
data [Table I (8), using their  solution properties].  The 
slope of this regression line is the same as those of the 
present data. The magni tude  of their  mass t ransfer  
however, is considerably smaller  than  that of the 
present  study. 

The broad-based heat t ransfer  equations of Ulsamer 
[(32), recalculated from Sh/Sc ~ to Sh/Sc ~ and 
McAdams (1) are shown in  Fig. 3 to be situated be-  
tween the mass t ransfer  data of Dobry and F i n n  (8) 
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Fig. 3. Mass and heat transfer on horizontal cylinders in forced 
convection. The experimental data and the relevant correlations 
are expressed as Sh/Sc ~ 
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and the present  ones. The  heat t ransfer  correlation for 
water  by Pire t  et al. (33) is also shown. It can be seen 
that the indicated correlations predict practically simi- 
lar  heat t ransfer  values at Re of interest  here even 
though their coefficients differ markedly;  this is pos- 
sible for these forms of equations (4). 

The discrepancy between these data and the present  
results is considerable. The greater mass t ransfer  val -  
ues could be due to the presence of upstream tu rbu-  
lence of the free stream and flow nonuniformity .  The 
effect of turbulence was calculated by the Gal loway- 
Sage equat ion modified by Brauer  (3) and the results 
are shown in  Fig. 4 in  terms of the f requent ly  used 
Sh/Sc 1/~ ratio. This equation is given in Fig. 4 and is 
valid in the range  of 10 -2 < R e  < 4 X 10~and0.73 < 
Pr  < 300. In view of the P r  l imitat ion and Sc values 
of the present  s tudy (up to an  order of magni tude  
greater),  the results plotted in  Fig. 4 can be considered 
only as approximative.  The influence of Sc is small and 
is i l lustrated by the two Tu = 0 curves where Tu, the 
in tensi ty  of turbulence,  is the ratio of the root mean  
square of the velocity fluctuation and t ime-mean  main-  
s tream velocity (34, 35). Therefore, the effect of tu r -  
bulence intensi ty  is shown only for Sc of the acidified 
0.25M CuSO4 solution. It  can be clearly seen in  Fig. 4 
that  the turbulence intensi ty  cannot account for the 
present greater  mass t ransfer  in  the Re region of in -  
terest, not even at the high Tu -- 0.2; Sh/Sc 1/3 in -  
creased only by an addit ional 15% when Tu was in -  
creased to uni ty  and is not shown. This is na tura l ly  
subject to the assumption that  the validity of the 
Gal loway-Sage/Brauer  equation can be extended to Sc 
of interest  here without  great error. It  is to be noted 
that the magni tude  of the error is l ikely to be smal ler  
for an extrapolat ion from t ' r  ~ 300 than only from 
Pr  ,~ 0.7. Furthermore,  the effect of turbulence  in ten-  
sity at small Sc becomes significant only at significantly 
higher Re (.~ 104). 

It was mentioned earlier that the fluid flow is l ikely 
nonuni form near  the horizontal cylinder (because of 
the short entrance region) especially in  the acidified 
0.036M CuSO4 solution. The mass t ransfer  measure-  
ments  clearly reveal (Fig. 3 and 4) that the data for 
the slower flowing acidified 0.25M CuSOa are greater 
than those for the aforementioned solution. In view of 
this and the same functional dependence of Sh on Be 
(power of 0.40-0.43) at low flow velocities, it can safely 

be assumed that the nonunformi ty  of fluid flow is not 
responsible for the deviation of the measured mass 
transfer. 

Wire vibrat ion could also be the cause of the greater 
mass transfer. However, no wire vibrat ion was ob- 
served by the naked eye and the data in  the acidified 
CuSO4 solutions in  the same cell would again be con- 
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Fig. 4. Mass and heat transfer on horizontal cylinders in forced 
convection are given as Sh/Sc 1/3. The effect of turbulence intensity 
is calculated by the Galloway-Sage equation modified by Brauer. 
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tradictory. Furthermore,  van  der Hegge Zi jnen (35) 
states that his data for tu rbu len t  air "show that the 
heat transfer from a wire vibrat ing in  the direction of 
a uniform flow is somewhat lower than  the heat t rans-  
fer of a stat ionary wire in the same flow." In  view of 
this, wire v ibra t ion is ruled out as being the cause for 
the deviation. 

Figure 4 also shows the correlating equation of 
Vogtl~inder and Bakker  (36) who measured the IL in 
alkaline fer ro/ ferr icyanide  solution on short wires 
(0.5 < d < 1 mm, L ,~ 20 ram) at higher Re (5 < Re 
< 100). The extrapolat ion of their  data to Re of in ter-  
est here would yield considerably lower mass transfer 
than measured here. On the other hand, the extrapo- 
lated data of Grassmann, Ibl, and Triib (37) for thin 
cylinders (d = 5 ran% L = 40 mm, 200 < Re < 6000) 
are closer to the present data even if the cyl inder 
blockage is considered in  the calculation of the fluid 
velocity (36). The data extrapolated from the correla- 
t ion (Sh/Sc l/3 -- 0.508 Re ~ of l%ao, Raju, and Rao 
(38) for horizontal  cylinders (2.6 < d < 7.6 mm, L ---- 
50 mm, 100 < Re < 4000, reduction of ferricyanide) 
fall just  below the Gal loway-Sage/Brauer  curve at 
T u  = 0 and run  paral lel  to it. They found that the 
mass t ransfer  rate increased with decreasing cylinder 
diameter. The extrapolat ion of the mass t ransfer  data 
to smaller  Re is questionable, especially in view of the 
reported change in  the form of the Nu-Re relationship 
taking place at Re -- 44 (4). 

The correlations up to now contained Sc to power 
0.3 or 1/3. Two correlations contain Sc to 0.4 power 
which are shown in  Fig. 5 together with the present 
data. Kutateladze's  equation is valid at 5 < Re < 80 
and Pr  ~ 0.72 (20) and Nu is proportional to Re 0.4 
just  as found in  the present  data. The pre-exponent ia l  
factor Ior the least concentrated solution (0.005M) is 
14% higher than  that of Kutateladze and considerably 
higher for the other two solutions. Kutateladze states 
that the validity of his equation is confirmed by ex- 
periments  of various authors. The correlation of Per-  
kins and Leppert (39) is valid at Re > 40, and 0.7 
Pr < 300, and is close to that of Kutateladze in the 
overlapping region. 

Hatton, James, and Swire (4) recently measured the 
heat transfer on horizontal cylinders (0.1 < d < 1.26 
mm, L ---- 121 ram) in forced air (10 -2 < Re < 45) 
the direction of which was parallel, counter, or nor- 
mal to the direction of gravity. Assuming a Sc ~ de- 
pendence for the heat  transfer,  the equation in Fig. 5 
was obtained for the present  case, i.e., the forced flow 
is parallel  with the direction of the free convection 
flow (counter to gravi ty) .  Their  original equation con- 
tains a temperature  loading factor the neglect of which 
(and its analogous ratio of kinematic  viscosities) re-  
sults in a max imum difference of -- 0.4% in the magni-  
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Flg. 5. Mass and heat transfer on horizontai cylinders in forced 
convection are shown as Sh/Sc ~ The correlations are given in 
their range of validity. 

tude of Nu. Their curve runs  close to the other two 
from l i terature (Fig. 5) and intersects the l ine for the 
least concentrated solution. They state that  their cor- 
relat ion predicts higher Nu at Re < 5. The assumption 
of the Sc 0.4 dependence of Sh is arbi t rary  since the 
heat t ransfer  was measured only in  air. 

The separation of the data is not e l iminated by in-  
creasing the power of Sc to 0.4 but  the agreement of 
the data for the least concentrated solution has  
markedly  improved. The deviation of the present  data 
increases with the increasing concentrat ion of the 
electroactive species. This clearly indicates the influ- 
ence of a concentra t ion-dependent  variable  which is 
the density difference. This determines the magni tude 
of the free convection the presence of which is clouded 
by the good correlatabil i ty of Sh with Re in  all three 
solutions. Before discussing the combined forced and 
free convection, the results of free convection are dis- 
cussed. 

Free  c o n v e c t i o n . - - T h e  local and over-al l  heat  and 
mass transfers on horizontal circular cylinders under  
free convection have been widely studied [ (1-3, 13, 40- 
42) and references therein].  The local heat and mass 
t ransfer  around the circumference of the cylinder is 
very complex because of the presence of hydrody-  
namical ly  stable and unstable  conditions at the two 
extreme vertical  positions and their combinations of 
various degrees around the circumference. The local 
heat and mass t ransfer  is considerably higher in  the 
hydrodynamical ly  unstable  region than in the stable 
region which in the present  case (cathodic reduction) 
roughly corresponds to the upper  and lower halves of 
the cylinder, respectively. This is well documented in 
the l i terature (3, 40, 41). 

The over-al l  Sh is usual ly  plotted as a funct ion of 
Ra. Figure 6 shows the various correlations of the 
l i terature [(1, 3, 9), Tsubouchi, Masuda through Ref. 
(4) ] which are different and their coefficients vary but  
the physical shape of the curves changes only little. 
The experimental  data, obtained in  acidified solutions 
of various CuSO4 concentrations (31), are more or 
less parallel  to the correlations (dashed line) at the 
upper  end of Ra studied whereas at the lower end of 
Ra the decrease of Sh with decreasing Ra is small  
(solid regression l ine).  It is to be noted that  Nagendra 
et al. (43) obtained a similar heat transfer behavior 
on vertical cylinders, i.e., the power of the Ra d/L 
group decreased from 0.25 (short cylinders) with de- 
creasing values of this group (Ra is diameter-based) .  
Nu was found to be proportional to (Ra d/L)  ~ for 
long cylinders and 0.05 was the power for wires. In 
view of the closeness of the correlations for vertical 
and horizontal cylinders (1, 2), such a behavior could 
be expected for both cyl inder orientations. 

The experimental  data are greater than  those pre-  
dicted by the heat transfer correlations (Fig. 6). Ac- 
cording to Gebhart  and Pera (13), the heat transfer 
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Fig. 6. Heat  and mass transfer on horizontal cylinders in the 
presence of free convection as a function of Rayleigh number. 
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data at various Pr  do not correlate well  in the presence 
of na tu ra l  convection and a systematic deviat ion of 
the data with P r  can be observed in  past correlations 
(the Ra < 10 -2 range isdiscussed) .  On the other hand, 
the mass t ransfer  data in  the range of Ra > 106 are 
also somewhat  above the corresponding heat t ransfer  
values [Fig. 7.13 in (3), (40, 42)]. 

I t  is to be noted that  the boundary  layer  thicknesses 
are comparable to the Wire diameter  magnitudes.  
Therefore, only quali tat ive similari ty can be expected 
with the results  where the boundary  layer  thicknesses 
are very  small  in  comparison to the cyl inder diameter. 

Combined forced and free convect ion. - - In  most heat 
and mass t ransfer  cases, ei ther the forced or free con- 
vection is dominat ing and the other can be neglected. 
Under  certain conditions, however, both convections 
must  be taken into consideration. It  was shown that 
the mass t ransfer  increases with increasing forced 
convection ( S h c c  Re0.4) and the magni tude  of mass 
t ransfer  (Sh/Sc% 0.3 ~ m ~ 0.4) increases with in -  
creasing concentrat ion of the electroactive species and 
the deviat ion is considerable. These aspects and the 
magni tude  of Sh in  the presence of free convection 
point  toward the influence of both convections. 

Heat t ransfer  in the presence of combined (mixed) 
convection was studied on horizontal  cylinders by 
several authors (2-4, 7, 9, 10-13) but  the mass t ransfer  
was investigated only in  the gas phase up to now (5, 14, 
15). The local and over-al l  heat  t ransfer  in the pres-  
ence of combined convection was also studied theo- 
ret ical ly (7, 16-18). The heat and mass t ransfer  is often 
correlated as a funct ion of the vectorial sum of forced 
and free convection parameters  (4, 5, 9, 14, 15). The 
vectorial  addit ion is re levant  only for the paral lel  
forced and free convection flow (7). According to 
Acrivos (16), the two t ransfer  mechanisms, however, 
are nonaddi t ive and the t ransi t ion be tween the two 
pure  convections is gradual, especially at high Pr. The 
present  mass t ransfer  data could not be correlated on 
the basis of vectorial addition of Gr  and Re. 

The heat  t ransfer  on horizontal cylinders in  the 
preser~ce of combined convection is usual ly  correlated 
as a funct ion of the parameters  Gr/Re2 (2, 3, 11, 12, 16, 
17), Gr /Re 2.5 (10, 18), or Pr  ReS/Nu Gr [to various 
powers at very small  values of Re and Gr (7)]. Free 
convection is negligible if Gr/Re2 -> 0 and the forced 
convection can be neglected if Gr /Re ~ ~ ~ .  The in-  
fluence of free convection is said to be negligible for 
a flat plate at Gr /Re  2 < 0.02 for all P r  (16) or when 
the measured Nu values on horizontal  cylinders are 
wi th in  5% of the calculated parallel  forced-flow values 
in air, i.e., Gr/Re  2 < 0.28 (11) or <O.10 (12). The 
range of present  mass t ransfer  data is 0.0042 < Gr/Re2 
< 500 which means that almost all dat.a are within 
the combined convection zone. The correlation of 
Gr /Re  2 vs. Sh normalized to a calculated pure forced- 
convective Sh (11, 12) or pure free-convective Sh shows 
a marked improvement  over the correlations with vec- 
torial addit ion of ~ r  and Re but  is still not completely 
acceptable; its success depends ent i re ly  on the use of 
proper convective correlations which represent  the 
data well. 

According to Acrivos (17), the combined convection 
problem at large Pr  values is characterized by the 
Gr / (Re2Pr  ~/3) group. The upper  curve in Fig. 7 shows 
the present  mass t ransfer  data plotted as (Sh/Re 1/2) 
(Re2/Gr) lz2 against Gr/ (Re2Sc 1/3) instead of the 
originally proposed Gr /Re  2 group (16). The data fall on 
a single curve the form of which is the same as the 
form of curves given by Acrivos for a vertical  flat plate 
in  an upward  forced flow of fluid with Pr  ~ 100 (16). 
According to a subsequent  analysis by Acrivos (17), 
the results given in his earl ier  paper (16) were "sub- 
s tant ia l ly  in  error" at high Pr  values where the pres- 
ence of two distinct boundary  layers (heat t ransfer  
and hydrodynamic)  was not accounted for. The mag-  

- - a  . . . . . .  I ~  �9 . R , , ,  s ( .~  

Gr 

Fig. 7. Correlation of the present mass transfer data in the 
presence of combined parallel forced and free convection. 

nitude of the error is unfor tuna te ly  not given and 
therefore, no comparison can be made. 

Acrivos (17) derived for general  surface geometries 
that NUl/(Rel/aPr l/z) is a funct ion of Gr / (Re2Sc lz3) 
where Nul is the local Nusselt number .  Since the local 
and over-al l  heat  and mass t ransfer  equations are of 
similar  forms, the over-al l  mass t ransfer  values of the 
present  study were also expressed as Sh/(Rel;~Sc lj3) 
and are plotted in  Fig. 7 as a funct ion of Gr/(Re2Scl/3).  
This curve is similar to the curve given by Acrivos for 
the local heat  t ransfer  in the s tagnat ion region of a 
constant temperature  heated horizontal  cyl inder with 
upward flow at Pr  ~ ~ .  The spread in  the t ransi t ion 
region between the pure  forced and free convection 
zones (Gr/(Re2Scl/3) ~ 1) is somewhat greater than 
in  the corresponding region of the upper  curve. Fu r -  
thermore, the data at  higher Gr/(Re2Scl/z) values do 
not fall close to the assumable pure free convection 
asymptote (17). In  view of the definite forced convec- 
t ion dependence of the mass t ransfer  even at the high- 
est C~ (0.25M solution),  this deviation is not  surpris-  
ing. The effect of the forced convection seems to be 
bet ter  accounted for by the (Sh/Re 1/2) (Re~/Gr) ~/2 
group than by the other group. It is unfor tunate  that 
these two curves (Fig. 7), which represent  the present  
data well, cannot be directly and quant i ta t ively  com- 
pared with those of Acrivos (16, 17). 

Conclus ions 
Mass transfer  in  aqueous solutions in  practical 

overflow cells increased with increasing forced con- 
vection and was proport ional  to the 0.40-0.43 power of 
the fluid flow; this is in  good agreement  with some of 
the previous correlations. The magni tude  of mass 
transfer, however, was markedly  higher in both forced 
and free convection than predicted by the various 
correlations given in the l i terature,  and the difference 
increased with increasing concentrat ion of the electro- 
active species. In most of the present  forced-convection 
mass t ransfer  measurements  both forced and free con- 
vection are operative. The effect of the combined con- 
vection on the present  mass t ransfer  data could not be 
correlated on the basis of vectorial addition of Gr and 
Re whereas the normalized Sh (to a pure forced-con- 
vective Sh) G r / R e  2 curves yielded improved but  still 
not completely acceptable correlations. The relations 
developed by Acrivos (16, 17) correlate the present  
mass t ransfer  data well especially if plotted as 
(Sh/Rel/2) (Re2/Gr) ~/2 against Gr/(Re~ScI/3) .  

It  is to be noted that the boundary  layer thicknesses 
are comparable to the wire diameters used, and 
therefore only quali tat ive agreement  can be expected 
with results for which the boundary  layer thicknesses 
are small in comparison to the cyl inder diameter. Fu r -  
thermore, the theoretical correlations assume that the 
fluid properties remain  constant  in the boundary  layers 
with the exception of fluid density. In  order to account 
for fluid proper ty  changes in  the boundary  layers, the 
various dimensionless numbers  were correlated with 
mean  fluid properties. 

It is shown t h a t  the data obtained in  practical over-  
flow cells can be correlated well by the relationship 
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developed,  th rough  and for careful ly  and purpose ly  
chosen exper imenta l  conditions and designs. 
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LIST OF SYMBOLS 
a the rmal  diffusivity, cm2/sec 
c concentration,  mo le / cm 8 
d wire  diameter ,  cm 
D diffusivity, cm2/sec 
F Fa raday ' s  constant, 96,487 coulomb/g-equiv .  
g accelerat ion of gravi ty,  cm/sec  2 
I cur rent  density, A / c m  2 
IL l imit ing current  density, A/cme 
IM cur ren t  densi ty  at the min imum of I-V curves, 

A / c m  ~ 
k mass t ransfer  coefficient, ---- IL/ZFCb, cm/sec  
L wire  length~ cm 
Q volumetr ic  flow rate, l i t e r / m i n  
Q* volumetr ic  flow rate, cm3/sec 
S cross-sect ional  a rea  of fluid flow, cm 2 
U average flow velocity, = Q*/S, cm/sec  
V elect rode potential ,  V 
z valence of ionic species, g -equ iv . /mole  

densification coefficient, = 1/p(dp/dc), cm3/mole 
difference be tween  value  in bu lk  and at  e lectrode 

;~ dynamic  viscosity, g / cm-sec  
v k inemat ic  viscosity, cn~2/sec 
p density,  g / c m  3 

Dimensionless numbers 
Gr Grashof  number ,  ---- gd3/p 2. ( p w -  pb)/Pb 
Nu Nusselt  number ,  = kd/D 
NUl local Nusselt  number  
P r  P rand t l  number,  = v/a 
Ra Rayle igh number ,  = Or  Pr, = Gr  Sc 
Re Reynolds number ,  = Ud/u 
Sc Schmidt  number ,  = u/D 
Sh Sherwood number ,  = kd/D 
Tu turbulence  intensi ty,  = rat io of the  root  mean  

square of the veloci ty  fuc tua t i on  and t ime -mean  
mains t ream veloci ty  

Subscripts 
b in the bu lk  
vr a t  the  e lect rode wal l  
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Discharge Mechanism of MnO  Electrodes as Influenced by 
the Solubility of the Reaction Products 

Paul Ruetschi* 

Leclanch~ S.A., 1400 Yverdon,  Switzerland 

ABSTRACT 
A n  u l t r a th in  e lectrolyt ic  cell  has been used to s tudy by  means  of micro-  

scopic observat ion  morphological  changes of MnO2 par t ic les  at  magnif icat ion 
o f  1500 • in situ dur ing  discharge in var ious  electrolytes .  I t  is shown tha t  the  
solubi l i ty  of t h r e e - v a l e n t  manganese  species p lays  an impor tan t  role  in cer ta in  
electrolytes ,  depending  on pH. The discharge mechanism is discussed in the 
l ight  of the observed dissolution and on the basis of x - r a y  da ta  of the  solid 
react ion products .  

Morphological  changes occurr ing dur ing  e lec t ro-  
chemical  reduc t ion  of MnO2 par t ic les  a re  difficult to 
observe b y  convent ional  microscopic means  since the  
ind iv idua l  par t ic les  a re  very  smal l  and since MnO.2. 
e lectrodes contain  no rma l ly  acety lene  b lack  or g raph-  
ite, which reduce optical  contras t  to unacceptable  
levels.  

Experimental 
Recently,  an u l t r a th in  e lect rochemical  cell was de -  

scr ibed  (1) which  a l lowed optical  observat ion of elec-  
t rode  react ions in situ at m a x i m u m  magnification. This 
technique was appl ied  in the presen t  s tudy  to MnO~ 
electrodes.  

The u l t r a th in  MnO2 electrodes were  p repa red  by  
suspending 100 mg of finely ground electrolyt ic  
~-MnO~ (Tekkosha  Type  HH, BET area  43.2 m2/g) in  
1 ml  of ch loroform and  dipping a 2 m m  wide  and 20 
m m  long s tr ip  of ve ry  fine Ni or P t  screen (wire  d iam-  
e ter  0.05 mm, 300 mesh)  into this  s lurry.  Af t e r  drying,  
there  r ema ined  0.2-0.6 mg of MnO2 on the  screen. 
The e lec t rode  was then  compressed at  5000 kg be tween 
pol ished s teel  dies and mounted  flat, b y  means  of epoxy  
resin, on a microscope slide, side by  side wi th  u l t r a th in  
counter -  and  reference  electrodes.  These l a t t e r  con- 
sisted of 2 m m  wide, 20 m m  long, and  0.05 m m  th ick  
foils (Goodfel low Metals  Ltd., Rux ley  Towers,  C lay-  
gate-Esher ,  Surrey,  England)  of ama lgamated  zinc 
(for KOH, NH4C1, and ZnC12 solutions) or  of e lec t ro-  

fo rmed  porous l ead  (for H2SO4 solut ions) .  A cover 
glass of 0.15 m m  thickness  was placed on top of the 
e lectrodes and  epoxy  res in  was appl ied  a round  its 
per iphery ,  effectively seal ing the cell. The cell was 
filled wi th  e lec t ro ly te  th rough  an in tent ional  opening 
in  the  epoxy  seal  by  apply ing  vacuum (Fig. 1). 

The electrodes were  d ischarged at  slow l inear  po-  
t en t iodynamic  sweep (3 m V / m i n )  using a Wenking  
potent ios ta t  68 TA 1 and scanning po ten t iometer  SMP 
69. Photographs  were  taken  at  1500X optical  magnif i -  
cation using oil immersion,  a 100X object ive  lense, 
ver t ica l  i l lumina t ion  th rough  the microscope tube  
(Meta l lurg ica l  Microscope Olympus,  Type  MF) ,  and  a 

Po la ro id  Type  107 film. 

Alkal ine Solutions (KOH I 0 . 2 M )  
Two peaks  (Fig. 2) were  observed in the  cu r ren t -  

vol tage d i ag ram (2), the  first at  1.3V vs. Zn/ZnO and 
the second at  0.9V vs. Zn/ZnO. During the first peak  
no change in  the  shape of the or iginal  MnO~ par t ic les  
was observed.  However ,  sudden dissolution of the 
grains  s ta r ted  dur ing the descending branch of the 
peak. Final ly ,  only  the  bare  subs t ra te  remained.  Dur -  
ing the  second peak  smal l  hexagona l  p la te le ts  of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member,  
Key w o r d s :  L e c l a n c h ~  cells,  d r y  'cells, m a n g a n e s e  dioxide e lec -  

trodes, s o l u b i l i t y  of  m a n g a n e s e  c o m p o u n d s ,  e lectrochemistry  of  
lV/~ O2. 

Mn (OH)2 began to crys ta l l ize  out  of solut ion onto the 
subs t ra te  (Fig. 3). 

Growth  of hexagonal  crystals  of Mn(OH).2 can be 
fol lowed even be t te r  in Fig. 4, obta ined under  s imi lar  
conditions, Pat ience  and luck combined de te rmined  if 
a good spot was chosen for  one p ic ture  series. 

The observat ion  tha t  pa r t i a l l y  reduced MnO2 be-  
comes qui te  soluble  in  KOH is of prac t ica l  impor tance  
wi th  respect  to the  se l f -d ischarge  behav ior  and vol t -  
age recovery  on open circuit  of commercia l  a lkal ine  
cells. 

The react ion mechanism in KOH can be represented  
as follows (3) 

MnO2 -~ H20 Jr e -  + > MnOOH 
Reduction 

+ O H -  (first peak)  

CO U NTER ~7 []~--REFERENCE 
ELECTRODE ~ U ~ ELECTRODE 

J. 
WORKING 

E LECTRODE 
Fig. 1. Ultrathin cell for optical observation of electrode proc- 

esses at 1500X magnification, viewed from the top. 
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w 

o 
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i i i i I I i I i i i I 
WORKING ELECTRODE : 

NICKEL SCREEN W I T H  ~ 0,2rag M n O  2 

CATHODIC SWEEP 3 m V / M I N U T E  

K O H - 1 0  M 

o J - - - 4 D  

\04 \o/ 
/ 

z 

1,1 1,0 0,9 0+6 0,7 0,6 0,5 0,4 0.3 
T E N S I O N  (Vvs .Zn  REFERENCE ELECTRODE ) 

I I 
1.3 1,2 0,2 

Fig. 2. Linear potentlodynamic cathodic sweep at 180 mV/hr 
in 10.2M KOH. Dotted line is run without MnO2. 
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Fig. 3. Dissolution of MnO2 upon reduction in 10.2M KOH. Optical magnification 1500X. Pictures refer to the indicated points in Fig. 2 

MnOOH + H20 + O H -  > Mn(O'H)4-  
Dissolution 

M n ( O H ) 4 -  -}- e -  > Mn(OH)4 -2 + (2nd peak) 
Reduct ion 

Mn(OH)4 -2 > Mn(OH)= + 2 OH-  
Crystal l izat ion 

The height of the first current  peak may vary from 
one run  to the next, depending on the extent  and 
strength of bonding achieved between substrate and 
MnO2 particles. No binders, and no carbon blacks or 
graphites, were used in these u l t ra th in  electrodes, in 
order to facilitate optical observation. 

In  some runs, the nickel screen substrate was re-  
placed by a thin pyrolytic graphite foil. Optical con- 
trast was very poor and the second peak was much 
reduced in height, or disappeared completely. This 
means that reduction of M n ( O H ) 4 -  requires a cata- 
lytically active, extended surface area. 

The current  decrease after the first peak is in  par t  
due to v-MnO~ depletion and in part  to the formation 
of resistive MnOOH layers between remain ing  MnO2 
grains and substrate. 

The reaction mechanism shown above is supported 
by x - ray  data, obtained with larger MnO~ samples 
(200 rag), pressed into a nickel screen electrode and 
reduced potentiostatically for 2 weeks at q-0.7V vs.  Zn 
in 10.2M KOH. Reflections due to v-MnOOH (manga-  
hire) were readily apparent.  Furthermore,  strong lines 
corresponding to a-MnO2 (eryptomelane) were visible. 
The a-MnO2 was apparent ly  formed by reoxidation of 
M n ( O H ) 4 -  and Mn(OH)4 -2 ions in the presence of 
K + ions, on MnO2 grains not in electrical contact with 
the substrate Ni screen. Such secondary processes, in-  
cluding also precipitat ion of MnaO4 (hausmanni te)  
from solutions containing both two- and three-va lent  

manganese species, are not considered here, although 
they might  be occurring in technical electrodes. 

In  order to detect and demonstrate  the presence of 
reducible, three-valent  manganese in  solution, some 
u l t ra th in  cells were mounted  with an additional sens- 
ing electrode near the working electrode. The sensing 
electrode consisted of a 0.05 m m  thick p la t inum foil, 
held potentiostatically at +0.TV vs. the Zn reference. 
The current  to the sensing electrode was monitored 
and was found to increase from near  0 to 40 nA as the 
current  to the working electrode decreased, following 
the first peak. 

Neutral  Solutions (SM NH4CI or 3 .5M ZnCI2)  
Only one single peak (at 1.35V vs. Zn/ZnC12) was dis- 

cernible dur ing the cathodic sweep (Fig. 5). Dissolu- 
tion of MnO~ particles became apparent  only after 
the peak, at 1.2V vs. Zn/ZnC12 (Fig. 6). No precipitat ion 
or recrystall ization was detectable under  the condi- 
tions prevai l ing in the u l t ra th in  cells, down to the po- 
tential  of Hu evolution. 

A very small  second hump in the current-vol tage  
curve, at about 0.75V vs.  Zn, was sometimes observed, 
probably due to some dissolved three-va lent  man-  
ganese. 

Since during reduction of MnO2, O H -  ions are gen-  
erated the pH may locally increase at the reaction site, 
such that some MnOOH might dissolve as Mn(OH)4-  or 
mixed hydroxide-chloride complexes. However, these 
species would undergo disproport ionation into MnO2 
and Mn +2 when meeting a solution zone of lower pH. 

Some v-MnOOH (mangani te)  was detected by x - ray  
analysis of larger MnO2 samples, pressed into Pt  
screens and reduced potentiostatically in 5M NH4C1 for 
2 weeks at -t-0.TV vs.  Zn. In accordance with the pH- 
potential  diagram, reduction in the pI-I range between 
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Fig. 4. Crystallization of Mn(OH)2  from solution 

3 0  i i i i i i ! I I I I 

WORKING ELECTRODE 

PLATINUM SCREEN WITH 0.2m 9 MnO 2 

CATHODIC SWEEP 3 mV/MINUTE 

NH 4 CI -- 5)4 / ~  

2C 

I i I I I I I I I 
1,7 1,5 1.0 0,5 

TENSION (V.vs, Zn REFERENCE ELECTRODE ] 

Fig. 5. Linear potentiodynamic cathodic sweep at 180 mV/hr  
in 5M NH4Cl. 
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0 and 7 can proceed d i rec t ly  to the  two-va l en t  s ta te  
(Fig. 7). In  other  words, the  reduct ion  of the  in te r -  
media te  MnOOH should theore t ica l ly  occur s imul tane-  
ously with,  and at  the  same potent ia l  of, tha t  of 
7-MNO2. The reduct ion  mechanism can thus be wr i t t en  
a s  

Mn02 + H~O + e -  > MnOOH + OH~ 
Reduct ion (one 

M n O O H + H 2 0 + e -  ~ M n + 2 + 3 O H -  ~ peak)  
Reduction 

The second reac t ion  indica ted  above might  be con- 
s iderab ly  suppressed,  or comple te ly  inhibi ted,  b y  re -  
s is t ive effects, due to the poor  conduct iv i ty  of MnOOH. 
As a l r eady  mentioned,  i t  m a y  involve  pa r t i a l  d is-  
solut ion of MnOOH and d ispropor t iona t ion  into MnO2 
and Mn +2, as exp la ined  be low in more  deta i l  for acid 
solutions. 

In  technical  electrodes,  the  soluble two-  and th ree -  
valent  manganese  species produced  on discharge may  
be reoxidized e lec t rochemical ly  by  unreac ted  7-MNO2 
to form lower  oxides, (MNO2)2,-3" (MnOOH)4-2 , "  
mH20, reducing,  in turn, MnO2 to a lower  oxidat ion 
s tate  e lectrochemical ly .  In  the s implest  form the sum 
of the  two ind iv idua l  processes then  resul ts  in  an 
over -a l l  process which might  be wr i t t en  schemat ica l ly  

Mn +~ + 2H20 + 7-MNO2 -~ 2MnOOH + 2H + 

which is fo rmal ly  equivalent  to "ion exchange" (Fig. 
8). 

In  solutions containing many  zinc ions, zinc h y -  
droxychlor ide  wi l l  precipi ta te ,  due to the  increasing 
pH in the  electrodes 

5Zn +2 + 2C1- + 9I-I20--> Zns(OH)sCI~ �9 t t20  + 8H + 

Also, Mn304 (hausmanni te )  might  prec ip i ta te  accord-  
ing to 

2Mn +3 + Mn +2 + 4HeO --> Mn304 + 8H + 

The s tabi l i ty  of t h r ee -va l en t  manganese  in solut ion 
wil l  depend on pH, CI - ,  and Mn +2 ion concentrat ion.  

Exper iments  wi th  u l t r a th in  cells having been 
equipped wi th  sensing electrodes,  consisting of 0.05 
m m  thick Pt  foil, he ld  at  -t-0.7V vs. Zn, d id  not  revea l  
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Fig. 6. Dissolution of MnO~ upon reduction in 5M NH4CI. Optical magnification 1500X. Pictures refer to the indicated points in Fig. 5 
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pH 

Fig. 7. pH-potential diagram of manganese dioxide in acid 
solution. 

the presence of measurable amounts  of Mn +3 in 5N 
NH4CI solution, as long as the Mn +~ ion concentrat ion 
remained small. 

It was also noted that dissolution of MnO~ grains 
in u l t ra th in  ceils stopped completely when  in te r rup t -  
ing discharge at various potentials, be tween 1.3 and 
0.7V vs. Zn. This indicates that dissolution of MnOOH 
in NH4C1 is very slow or very small. 

Acid Solutions (2M H2SO4) 
In order to carry out experiments  in 2M H2SO4 it 

was necessary to first equil ibrate and saturate the acid 
with 7-MnO~, otherwise spontaneous dissolution of 
MnO2 particles interfered with the observation of the 
discharge process. The spontaneous dissolution of "y- 

Fig. 8. Redox mechanism between dissolved Mn +~ and M nO~ 

MnO2 in  unt rea ted  2M H2SO4 was much larger than 
expected, result ing in complete disappearance of en-  
tire grains in less than 24 hr. Dissolution could theo- 
retically occur according to 

MnO~-F 2H~SO4-* Mn(SO4)2-{- 2H~O 

(little is known  about the stabili ty of dissolved NIn +4) 
but  could possibly be accompanied also by dispropor- 
t ionat ion 

47-MNO2 + 8H2SO4 -e Mn +~ -F 3Mn +3 

-F 8SO4 -'s + 8H~O 
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Three -va l en t  manganese  ions are  s tabi l ized at h igh 
acid concentration.  

Dur ing  discharge in MnO2-sa tura ted  H2SO4 wi th  
s low poten t iodynamic  cathodic sweep, two current  
peaks  were  observed, one at 1.5V vs. Pb/PbSO4 and 
the second at  0.8V vs. Pb/PbSO4 (Fig. 9). Dissolutions 
of the  grains  had a l r eady  s ta r ted  dur ing  the first peak  
(Fig. 10). I t  appeared  that  in i t ia l ly  7-MnO2 was re -  
duced to MnOOH and that  the  acid reac ted  r ap id ly  
wi th  the discharge product ,  resul t ing  in dissolut ion and 
loss of contact  wi th  the  substrate .  

30 I I I I I i I i I I I I | 
WORKING ELECTRODE: 

PLATINUM SCREEN WITH ~0,2 rng MnO 2 

CATHODIC SWEEP 3 mV/~/INtJTE .~ 

20 H2SO~ -2M ^ ~ / o o  1 

o,J o 
~ o  

I/ i t f I i I I I I I, I 
1,7 1,5 1.0 0,5 

TENSION (V.vs, Pb REFERENCE ELECTRODE ) 

Fig. 9. Linear potentiodynomlc cathodic sweep at 180 mV/hr in 
2M H~,SO4. 

The second peak  appea red  to be due to a dissolved, 
reducib le  manganese  species, p robab ly  a complexed  
Mn +8 ion. Reduct ion of this species must  be h igh ly  
irreversible, involving a large cathodic overvo!tage 
(see pH-potential diagram, Fig. 7). 
The second peak was also present when the platinum 

screen support was replaced by a thin graphite foil. 
Experiments with sensing electrodes of 0.05 mm 

platinum foil, held at -5 0.5V vs. Pb/PbSO4, proved 
that a reducible species was removed from solution on 
the working electrode during the second peak. The 
current of the sensing electrode, due to reduction of 
soluble Mn +3, dropped rapidiy as the working elec- 
trode went through the second peak. 
A poorly reducible MnO2 was possibly formed by 

disproportionation of Mn +s on top of remaining ~- 
MnO2 grains. Reduction of this secondary MnO2 might 
have been contributing to the background current in 
the current-voltage diagram. In thicker electrodes, 
Mn +3 ions might also be reoxidized on unreacted MnO2 
particles, not in electric contact, to form manganese 
dioxide with a lower degree of oxidation, as discussed 
for neutral solutions. The reduction potential and 
availability for reduction of precipitated MnO2 will 
depend on the extent and nature of substrate surface 
and binder material. These aspects are of practical im- 
portance for the manufacture of acidic MnO2 cells (4). 
The mechanism in acid can be summarized as follows 

MnO2 4- H + -5 e -  ~ MnOOH t 
Reduct ion 

MnOOH -5 3H + -6 e -  > Mn +2 -5 2H~O first 
Reduction 

peak  

MnOOH + 3H + > Mn +8 + 2H20 
Dissolution 

Fig. 10. Dissolution of MnO~ upon reduction in 2M H2SO4. Optical magnification ]500X. Pictures refer to the indicated points in Fig. 9 
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2Mn +3 + 2H~.O . . . .  > Mn +~z 
Disproportionation 

+ [MnO2]m,ct + 4H + 

M n  +s + e- ,., > M n  +~ "} 
Reduction second 

[MnO2] inac t  + H + + e -  > [ M n O O H ] i n a c t ~  peak 
Reduction J 

The results of this invest igat ion demonstrate the im-  
portance of dissolution-precipitat ion mechanisms in 
MnO2 electrodes (5). Dissolution processes may have 
c o n s i d e r a b l e  consequences in the performance of tech- 
nical electrodes and cells. 

Manuscript  received Sept. 26, 1975. This was Paper 4 
presented at the Dallas, Texas, Meeting of the Society, 
Oct. 5-9, 1975. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs of th/s article were partialZy as- 
sisted by Leclanch~ S. A. 
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Electrochemical Reduction of Beta-Ketoesters: 
The Tafei Rearrangement 

Stanley Wawzonek* and Judith E. Durham 
Departme~nt of Chemistry, The University o~ Iowa, Iowa City, Iowa 52242 

ABSTRACT 

The electroche,~nical reduction of ethyl ~-butylacetoacetate at a lead c a t h o d e  
in aqueous sulfuric acid formed n-octane, 2-heptanone, 2-octanol, 3-octanol, 
2-octanone, 3-octanone, 2,3-octanedione, ethyl caproate, and erythro- and 
threo-ethyl ~-n-buty l -~-hydroxybutyra te .  These products indicatel that the 
Tafel Rearrangement  proceeds through a cyclopropane intermediate.  Studies 
of the reduction of 2-methyl-2-carbethoxycyclohexanone,  2,5-dicarbethoxy- 
cyclohexane-l ,4-dione,  and 2,5-dibenzyl-2,5-dicarbethoxycyclohexane-l ,4-di-  
one found that this method was not suitable for the preparat ion of cyclo- 
heptane and cycIooctane derivatives. 

The electrochemical reduct ion of ~-alkylacetoacetic 
esters in a mixture  of ethanol, water, and sulfuric acid 
at a lead cathode forms a straight chain saturated hy-  
drocarbon by what  has become to be known  as the 
Tafel Rearrangement  

CI~COCHRCOOC2H5 + 6e + 10H + --* CH3(CH2)sR 
+ 2H20 
+ HOCzH5 

Although this rearrangement has been known for more 
than 60 years and there has been speculation about its 
mechanism (1-5) no concrete evidence has been pre- 
sented for the actual steps involved. 

The present work reports studies of the mechanism 
of the Tafel Rearrangement and the application of this 
reaction to ~-ketoesters in the cyclohexane series. 

Results and Discussion 
Studies of the mechanism of the Tale1 Rearrange-  

ment  were based on an investigation of the electro- 
chemical reduction of ethyl ~-n-butylacetoacetate  in  a 
mixture  of ethanol, water, and sulfuric acid at 60~ 
the result  was a complex mixture  of products. In 
agreement with Tafel (2), n-octane was obtained in 
good yields when  the electrolysis was allowed to pro- 
ceed for 6-8 hr. Other products obtained and isolated 
were 2-heptanone, 2-octanol, 3-octanol, 2-octanone, 3- 
octanone, ethyl  caproate, and erythro- and threo-ethyl 
~-n-buty l -~-hydroxybutyra te .  The yellow color and 
mass spectrum of one of the fractions indicated that 

* Electrochemical Society Active Member. 
Key words: lead cathode, cyclopropanone ir~termediate, ethyl 

a-n-butylacetoacetate. 

2,3-octanedione was also formed but  the amount  pres- 
ent was too small to isolate or characterize as a quin-  
oxaline. 

The electrochemical reduction of ethyl a - n - b u t y l -  
acetoacetate was also studied at a mercury  cathode in 
50% aqueous acetonitrile. The ester shows in  this me-  
dium a polarographic reduction wave at --2.14V (vs. 
mercury  pool) using 0.2N t e t r a - n - bu t y l a mmon ium 
bromide as a support ing electrolyte. The products ob- 
tained were 2-heptanone, 2-heptanol, and ethyl capro- 
ate. The ketone and ester result  from a basic cleavage 
of the starting material  and 2-heptanol is formed by 
the electrochemical reduct ion of 2-heptanone. 

Based on the products obtained the following steps 
are proposed for the Tafel Rear rangement  

2H + 
CHiC CHCOOC2H5 > CI-I3C 

I1 I II 
0 C4H9 OH + 

1 Z 

C4H9 
I O +H 
I # 
CHC--OC2Hs 

OH OH OH 
2e [ i i 

2 -----> CH3C--CH--COC~H5--* CH3C C--OC2H~ 

f \ / 
C4H9 C 

/ \ 
C4H9 H 

3 4 
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OH 

I 
4 ~ CH3C .... C----O -5 HOC2H5 

\ /  
CH 
i 

C4H9 

5 -+ CHsC--C--CH2C4H9 

It II 
O O 

6 

The absence of rearranged products from the reduc- 
tion of the ester 1 in nonacidic medium indicates that  
protonat ion of the ester is an impor tant  step in the re-  
arrangement .  Reduction of the protonated form 2 is 
considered to form a diradical 3 which cyclizes to a 
cyclopropane derivative 4. Intermediates  of this type 
have been proposed to explain the rearranged products 
obtained in  the Clemmensen reduction of p-diketones 
(6) and a,/~-unsaturated ketones (7). 

The possibility also exists for the addition of two 
electrons solely to the ketone carbonyl followed by an 
addit ion of the resul t ing carbanion to the ester group 
with the formation of 4. Such a carbanion is apparent ly  
formed but  is protonated rapidly and yields the ethyl 
~ -n-bu ty l -~-hydroxybutyra tes  which were isolated. 

In termediate  4 exists in equi l ibr ium with the hy-  
droxycyclopropane 5 which can undergo a retroaldol 
condensation and form 2,3-octanedione 6. This diketone 
upon fur ther  reduct ion would yield n-octane and the 
derivatives of n-oc tane  isolated. Such a behavior 
was confirmed by the electrochemical reduct ion 
of 2,3-octanedione 6 under  acid conditions; n-0ctane, 
2-octanol, 2-octanone, 3-octanone, 3-octanol, and ethyl 
caproate were isolated and identified. 

Ethyl caproate and  2-heptanone formed in the elec- 
trochemical reduct ion of ethyl a-n-butylacetoacetate  
are formed main ly  by chemical reactions of the lat ter  
with acid. 

Attempts to trap the hydroxycyclopropanone 5 by 
carrying out the electrochemical reduct ion of ethyl 
~-n-butylacetoacetate  in  the presence of anthracene 
and of 9,10-dimethylanthracene gave no Diels-Alder 
adduct. Cyclopropanones are known to react in such a 
manne r  with conjugated dienes at low temperatures  
(8). This result  suggests that the concentrat ion of the 
hydroxycyclopropanone 5 is low because of its rear-  
rangement  to 2,3-octanedione 6, 

The hemiacetal  4 cannot be ruled out as a precursor 
of 2,3-octanedione 6. Cleavage of this compound 4 in a 
s imilar  manne r  to that reported for the hemiacetal  of 
2,2,3~3-tetramethylcyclopropanone (9) would yield the 
diketone 6, ethyl ~-n-butyl- /~-hydroxybutyrate ,  ethyl 
a -methyl -~-hydroxyenantha te ,  and 2-hydroxy-4-e th-  
oxy-3-octanone, The last two compounds were not 
detected, however, among the products of the elec- 
trolysis. 

Studies of the applicabili ty of the Tafel Rearrange-  
ment  to 2-methyl-2-carbethoxycyclohexanone,  2.5-di- 
carbethoxycyclohexane-l ,4-dione,  and 2+5-dibenzyl-2,5- 
dicarbethoxycyclohexane-l ,4-dione found that this re-  
duction was not suitable for the preparat ion of syn-  
thetically useful cycloheptane and cyclooctane deriva- 
tives. The reduction of 2-methyl-2-carbethoxycyclo-  
hexanone gave a 56% yield of a l iquid which, when ex- 
amined by gas liquid chromatography was found to 
contain eleven compounds. The isomeric 2-carbethoxy- 
2-methylcyclohexanols were the main  products and ac- 
counted for approximately 41.5% of the mixture.  Other 
products isolated and identified were star t ing ester 
(13.4%), 3-methylcycloheptane (5%), and 2-methyl  or 
3-methylcycloheptanol  (5%). 

2,5-Dicarbethoxycyclohexane-l ,4-dione was not re-  
duced electrochemically at a lead cathode in  a mix-  

ture  of ethanol or dioxane, water, and sulfuric acid. 
The dibenzyl derivative on the other hand gave main ly  
cleavage products of the cyclohexane r ing from which 
only ethyl a -benzylbutyra te  was identified. The resist- 
ance of the first compound to electrochemical reduction 
can be ascribed to its dienolic structure. This behavior  
is different f rom that  observed polarographically in 
alcohol-water  solutions for 1,3-diketones; enolized 1,3- 
diketones were more easily reduced than nonenolized 
diketones (10). The results for the dibenzyl  derivative 
parallels the observations reported for the reduct ion of 
1,4-cyclohexanedione (11); 2,5-hexanedione was ob- 
tained with other products. 

Experimental 
Infrared data were recorded using a Pe rk in -E lmer  

infrared double beam recording spectrometer and 
NMR data were obtained using a Varian A-60 or HA- 
100 spectrometer. Mass spectral data were obtained 
with a Hitachi RMU6E spectrometer, 

Gas-l iquid chromatographic (GLC) analyses were 
carried out with a Hewlett  Packard Model 5750 B gas 
chromategraph and a F and M Model 5750 programmed 
temperature  gas chromatograph. All preparat ive GLC's 
were carried out with the F and M inst rument .  

The following columns were used in  the gas-l iquid 
chromatographic separations and analyses: 

Column A: 6 ft X 1/s in., 5% SE-30 on 100-120~ 
mesh Chromosorb P. 

Column B: 6 ft X 1/4 in.. 15% Carbowax 4000 on 
100-12.0 mesh Chromosorb P. 

Column C: 10 ft X 1/4 in., 15% SE-30 on 100-120 
mesh Chromosorb P. 

Column D: 10 ft X 2/4 in., 15% Carbowax 4000 on 
100-120 mesh Chromosorb P. 

Electrolytic cells.--Cell 1 consisted of a 800 ml 
beaker fitted with a porous unglazed porcelain cup 
(6 in. high • 2 in. in  diameter) .  The anode was a 
cyclindrical lead sheet (3 in, high X 3.25 in. in  diam- 
eter) and surrounded the cathode compartment  (cup).  
The cathode was a hollow lead pipe (2.5 in. X 0.75 in. 
in  diameter)  sealed at one end and cooled with water. 
The porous cup was sealed with a rubbe r  stopper 
which held the cathode, thermometer,  addition funnel,  
and a tube leading to a gas trap for collecting volatile 
compounds formed. 

Celi 2 was similar to ceil i and consisted of a 1 l i ter 
beaker fitted with a cylindrical  lead sheet anode (4.5 
in. high X 3.5 in. in  diameter) .  The cathode compart-  
ment  was a porous cup (5.125 in. high X 3 in. in diam- 
eter) and was sealed with a rubber  stopper which held 
the cathode, thermometer,  addition funnel,  and a fitting 
which could be attached to a gas trap or condenser. The 
cathode v<as a hollow lead pipe (5.5 in. long and 1 in. 
in diameter)  containing 12 holes (0.25 in. in  diameter)  
which allowed the hydrogen formed to escape into the 
cathode compartment.  The cathode was sealed with a 
rubber  stopper. 

Cell 3 consisted of an 800 ml beaker fitted with a por- 
ous cup (3.75 in. high X 2 in. in diameter) which 
served as the anode compartment.  The anode was a 
p la t inum foil cyl inder (1 in. high X 1 in. in diameter) 
and the cathode was a mercury  pool. 

Electrolytic reduction of ethyl ~-n-butylacetoacetate. 
--Isolation o] n-octane.--Using cell 1 ethyl a -n -bu ty l -  
acetoacetate (2) (10g) and 30% sulfuric acid (30g) 
were diluted to 100 ml with ethanol and placed in  the 
cathode compartment.  The anode compartment  was 
filled with 30% sulfuric acid. Electrolysis was carried 
out using a current  of 3.5A for 6.5 hr  at 60~ Sixty 
per cent sulfuric acid was added as necessary during 
the electrolysis. Gases formed were trapped using a 
salt-ice bath as a coolant. Upon completion of the elec- 
trolysis the material  in the trap was combined wi th  
the catholyte and the combined solutions extracted with 
ether. The ether extract was washed successively with 
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water, 10% sodium carbonate, and water unt i l  neutral .  
The ether layer  was dried and the ether was removed 
using a fract ionating column. The residue was distilled 
using a s~eam bath and gave a liquid (1.22g) which 
when analyzed by gas liquid chromatography con- 
tained diethyl ether and n-octane in a ratio of i: i.i. 
The retention times using column A (He flow 30 re_I/ 
min; injection port 240~ detector 270~ column 
79~ were 24 and 60 sec, respectively, and agreed 
with those of authentic samples. Preparative chroma- 
tography using column C (He flow 40 ml/min; injec- 
tion port 20'5~ detector 225~ column 125~ gave a 
pure sample of n-octane which showed a mass spec- 
trum identical to that of an authentic sample. 

Isolation of byproducts.--Using electrolysis cell 2 ethyl 
~-n-butylacetoacetate (25g) and 30% sulfuric acid 
(75g) were diluted to 250 ml  with ethanol and added 
to the cathode compartment.  The electrolysis was car- 
ried out at a current  of 3.5A for 3 hr at 60 ~ in  a similar 
fashion to that given above. The product (23g) was 
isolated by  the procedure given above and analyzed by 
gas l iquid chromatography using columns C and D. 
Preparat ive GLC using column D (He flow 35 ml / mi n ;  
inject ion port 208~ detector 235 ~ column 150 ~ gave 
the following compounds (the retent ion times and 
relative areas are given in parenthesis) :  n-octane (1.3 
min, 1.0), 2-heptanone (2.5 rain, 2.3), ethyl caproate 
(6.4 rain, 1.5), 2-octanone (8.1 rain, 3.5), 3-octanone 
(9.1 rain, 3.1), 2-octanol (13.0 rain, 2.9), 3-octanol (13.9 
rain, 3.6), ethyl ~-n-butylacetoacetate  (36.6 min, 11.6), 
and erythro- and threo-ethyl ~-n-bu ty l -~ -hydroxy-  
butyra te  (52.4 min. 6.9 and 61.8 min. 6.9). 

n-Octane  was identified by its mass spectrum. 2- 
Heptanone, ethyl eaproate, and 2-octanone were iden-  
tified by their infrared, INMR, and mass spectra. 

The 3-octanone fraction was yellow in color and gave 
only one peak by GLC analysis. The mass spectrum 
showed the following fragments:  m /e  144, 142, 129, 128, 
117, 115, 112, 101, 99', 88, 72, 71, 57, 43 (base), and 41. 
An  authentic sample of 2,3-octanedione showed the 
following mass spectrum: m/e  142, 99, 71, 57, and 43. An 
at tempt to isolate the diketone as a quinoxaline by 
treating the fraction with o-phenylenediamine  was not 
successful. This derivative was prepared from an 
authentic sample of the diketone and is a low melt ing 
solid. 

The peak at 144 in this fraction is caused by a trace 
of ethyl caproate. 

The 2-octanol and 3-oetanol were isolated in amounts 
sufficient only for mass spectral analysis. The Spectrum 
of the former was identical with that of an authentic 
sample. 3-Octanol gave an M-2 peak at m/e  of 128, a 
peak at 101 for the loss of an ethyl group, and a peak 
at 59 for the C3H70 + ion. 

Ethyl ~-n-butylacetoacetate  was identified by its re- 
tent ion t ime and infrared and mass spectra. 

Erythro- and threo-ethyl ~-n-bu ty t -~ -hydroxybu ty -  
rates were identified by a comparison of their re tent ion 
times and mass spectra with those of authentic samples 
(12). 

Electrochemical reduction of ethyl a-n-butylaceto- 
acetate at a mercury cathode in 50% aqueous aceto- 
nitrile.--The ester (10g) was reduced in cell 3 in a 1:1 
aqueous acetonitrile (400 ml) solution containing 0.2M 
te t rabu ty lammonium bromide using a current  of 0.4A 
for 8 hr. Extraction with ether gave 8.9g of a l iquid 
which by GLC analysis using column D (He flow 35 
ml /min ;  injection port 206~ detector 235~ column 
140 ~ consisted of 2-heptanone, ethyl caproate, 2- 
heptanol, and starting material.  Fract ionat ion at 72 ~ 
93~ (10 ram) gave 0.83g of a mixture  of the first 
three compounds in a ratio of 2.7: 1.1: 1.0. 

Electrochemical reduction of 2,3-octanedione.--Using 
cell 1 and a gas trap, a mixture  of 2,3-octanedione 
(5.0g) and 3'6% sulfuric acid was diluted to 100 ml with 

ethanol and electrolyzed with a current  of 2-4A at 
60~ for 10 hr. The cooling trap contained pure n -  
octane (1 ml) .  Ether extraction of the catholyte gave a 
liquid (2.1g) which by preparative GLC on column D 
yielded the following compounds (the relative amounts 
are given in parenthesis): ethyl caproate (7.3), 2- 
octanone (I.0), 3-octanone (1.5), 2,3-octanedione (3.7), 
2-octanol (1.2), and 3-octanol (1.5). 

Electrochemical reduction of 2-methyl-2-carbeth- 
oxycyclohexanone.--Using cell 2 fitted with a conden- 
ser the ester (9.24g) and 60% sulfuric acid (45g) were 
diluted to 250 ml with ethanol and electrolyzed for 4 
hr at 60 ~ with a current  of 3.5A. Extract ion with ether 
in the usual manner  gave 5.2g of a yellow liquid. Gas- 
l iquid chromatographic analysis using column D (He 
flow 35 ml / mi n ;  inject ion port 205~ detector 240~ 
column 140~ indicated the presence of about 11 com- 
pounds. By preparat ive GLC at 100 ~ and 125 ~ the fol- 
lowing compounds were isolated in  sufficient amounts 
for identification (the migrat ion times and relative 
amounts  are given in  parenthesis) :  3-methylcyclohep- 
tane (3 rain, 4.0), 2-methyl-2-carbethoxycyclohexan-  
one (19.0 rain, 11.0), 2-methyl  or 3-methyl-cyclohep-  
tanol (27.6 rain, 4.1), and erythro- and threo-2-car- 
bethoxy-2-methylcyclohexanols  (74.6 rain, 20.4 and 
131.2 rain, 13.6). Identification of all fractions except 
the starting material  was made using mass spectral 
data. The start ing ester was characterized by its migra-  
t ion time. 

Electrochemical reduction of 2 fi-dibenzyI-2,5-dicar- 
bethoxycycIohexane-l,4-dione (13).---A mixture  of cis 
and trans-2,5-dibenzyl-2,5-dicarbethoxycyclohexane- 
1,4-dione (6.5g), 30% sulfuric acid (75g), and ethanol 
(50 ml) was diluted to 350 ml with dioxane and elec- 
trolyzed in cell 2 at 70~ with a current  of 2.5A for 
23 hr. Extraction with methylene chloride gave 4.55g 
of a yellow oil. Thin layer chromatography on silica 
gel indicated the presence of numerous  compounds. 
Column chromatography on a 3 ft X 1 in. silica gel 
column using benzene and methylene chloride as elu- 
ants followed by preparative layer chromatography on 
silica gel using methylene chloride gave six apparently 
pure compounds. Mass spectral analysis of two of these 
gave molecular ion peaks at m/e 206 which corresponds 
to ethyl ~-benzylbutylrate. Three of the components 
gave no molecular ion peaks; the highest discernible 
peaks were at m/e 320, 321, and 171. The last compo- 
nent gave a molecular ion at m/e 202. 

2-Methyl-3-pentylquinoxaline.--A mixture  of 2,3- 
octanedione (14) (0.71g) and o-phenylenediamine  
(0.5g) was heated at 100 ~ for 1 hr. Upon cooling a solid 
(0.8g) was formed and recrystallized from a mixture  
of methanol and water; mp 45~176 

Anal.: Calcd. for C~4HIsN2: C, 78.50; H, 8.41; IN, 13.08. 
Found: C, 78.94; H, 8.29; N, 13.12. 
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Electrodissolution of Nickel in Molten LiCI-KCI 

D. L. Piron,* S. Asakura, and Ken Nobe* 

School of Engineering and Applied Science, University of California, Los Angeles, California 90024 

ABSTRACT 

The electrodissolution of nickel in molten eutectic LiCI-KCI has been in- 
vestigated by quasi-steady-state potentiostatic and transient polarization tech- 
niques. The results indicate that electrodissolution is diffusion controlled. In 
addition, anodic passivation behavior is observed. Passivation is surmised to 
be due to the deposition of a chloro-nickel complex. Diffusion coefficients of 
Ni(II) have been determined from the chronoamperometric and chronopo- 
tentiometric data and found in accord with values reported in the literature. 

Studies of the anodic behavior  of nickel and other 
t ransi t ion metals in  aqueous electrolytes have been 
quite extensive. On the other hand, there has been 
much less work reported on the anodic behavior of 
nickel and other common metals in  mol ten  salts. This 
paper  reports on the anodic dissolution studies of 
nickel in molten LiC1-KC1 eutectic mixture.  Since the 
rate of electrodissolution should be fast due to the high 
temperatures  and highly corrosive environment ,  t ran-  
sient polarization techniques have been utilized. 

Equations to describe diffusion-controlled metal  
electrodissolution during chronopotentiometric and 
chronoamperometr ic  experiments  can be obtained by 
solutions of Fick's second law of diffusion 

~C(x, t) 02C 
--~ D , [1] 

gt 02x 

with the following ini t ial  and boundary  conditions 
(i) chronopotent iometry 

C(x, 0) = C ~ [2] 

aC(0, t) -i 
[3] 

~x nFD 

C (oo, t) = C ~ [4] 

(it) chronoamperometry 

C(x, O) ..~ C O [2] 

C(o0, t) = C ~ [4] 

C(0, t) -- C ~ exp (nFE/RT) [5] 

Equation [2] is the ini t ial  condition for both cases 
where C ~ is the bulk  concentrat ion of the metal  cation. 
Equat ion [5] is the boundary  condition at the metal -  
electrolyte interface during a chronoamperometric ex- 
periment,  i.e., the electrode potential  follows the Nernst  
equation. 

For chronopotentiometry,  Eq. [1]-[4] lead to Eq. [6] 

nF - -  ( nFE~ 
i ~ / ; = ' - 2 - ~ / ~ D C ~  [ e x p , - - R - T - - ) - - 1  ! [6] 

* Electrochemical Society Active Member. 
Key words: corrosion, molten salts, anodic dissolution. 

where �9 is the t ransi t ion t ime and E~ is the electrode 
potential  at ~. 

Equations [1], [2], [4], and [5] lead :to Eq. [7] which 
describes the current  t ransient  for metal  electrodis- 
solution during a constant  potential  pulse 

nF~/D C~ A/A%_ [ e x p (  riFE 

Experimental 
Reagent grade LiC1 and KC1 were mixed in  the mole 

ratio of 59/41 to prepare the eutectic salt. NiCle (0.1 
mole/kg of eutectic salt) was added to the electrolyte. 
Purification of the eutectic salt was performed with 
an HC1 atmosphere to remove water, oxygen, and hy-  
droxides during mel t ing according to the method de- 
scribed by Lai t inen et aL (1). After the purification 
process, ni t rogen replaced the HC1 atmosphere. 

The test, auxiliary, and reference electrodes were 
prepared by sealing nickel 200 wire (0.4 mm diameter)  
in  Pyrex tubes with differing lengths of wire ex- 
posed; 1 ram, 2 cm, and 70 cm, respectively. The lat ter  
was coiled to provide a more compact volume. 

Appropriate funct ion generators with an Anotrol  
controller were utilized to provide constant potentials, 
constant currents, and l inear  potential  sweeps. Oscillo- 
graphs, oscilloscopes, and a dual -channel  recorder were 
used to measure current  transients, potential  t r an -  
sients, and potent ia l -current  behavior, respectively. 

Results 
Quasi-steady-state potentiostatic anodic polarization 

of nickel was performed by applying each potential  
value for 30 sec, measuring the current  ai the end of 
this time interval  and then increasing the potential  to 
the next  value. Figure 1 shows a typical anodic polariza- 
tion curve. All potential  values in  this paper are given 
relative to the nickel reference electrode. An active- 
passive t ransi t ion is observed at about 125 mV, and it 
is seen that the passivation current  is about two 
orders of magni tude  larger  than the passive current.  

Figure 2 (a) shows typical current  t ransient  behavior 
during an anodic potential  step. At low polarization 
values the current  is inversely proport ional  to the 
square root of the t ime as shown in Fig. 2 (b). Similar  
plots are obtained at higher temperatures  up to 565~ 
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and are given elsewhere (2). These l inear  i vs.  1 / ~ / t  
plots are obtained up to a polarization of 40 inV. 
Figure 3 shows plots of i ~ / t  vs. [exp (2 F E / R T )  --  1]. 
The slopes of these l inear  plots increased with increase 
in temperature.  The l inear  relationships shown in Fig. 
2(b) and 3 are in  accord with Eq. [7], and indicate 
that the electrodissolution of nickel  in the mol ten  
LiC1-KC1 eutectic mixture  is diffusion controlled. 

Figure 4(a) shows typical current  t ransient  behavior 
at higher polarization potentials (>150 mV).  A cur-  
rent  arrest (i'p) was observed during the decay. The 
current, i'p, and the corresponding potential, E ' p ,  a r e  
the passivation parameters.  A plot of i'p vs.  E'p, as 
shown in Fig. 4(b) ,  gives a l inear  relationship. By 
extrapolat ion of these plots to i'p -~ 0, the passivation 
potential  corrected for the ohmic potential  drop, Epx, 
is obtained. Figure 5 shows that the passivation poten-  



E L E C T R O D I S S O L U T I O N  O F  N I C K E L  505 

( M  

E u 

I -  
Z 
LU 
n 
o_. 
U- 
It .  

o o 
z 
(/3 

U. 

tial, Epx, varies  l inea r ly  wi th  the  tempera ture .  
A typica l  potent ia l  t rans ient  behavior  dur ing  an 

anodic cu r ren t  s tep is shown in Fig. 6 (a ) .  A log- log 
plot  of the  cur ren t  and the t rans i t ion  time, ~, gives a 
l inear  re la t ionship  wi th  a slope of --1/2 as shown in Fig. 
6 (b) .  These resul ts  a re  in accord wi th  Eq. [6] and  in-  
dicate, as the  chronoamperomet r ic  exper iments ,  that  
the  electrodissolut ion of nickel  is diffusion controlled.  

Ac t ive -pass ive  polar iza t ion  behav ior  s imi lar  to tha t  
obtrained dur ing  quas i - s t eady-s t a t e  potent ios ta t ic  
anodic polar iza t ion  was obta ined for the l inear  po ten-  
t ial  sweeps as shown in Fig. 7. I t  is seen that  the peak  
current ,  i~, and the  peak  potent ial ,  Ep, both  increase 
wi th  increase  in  the  sweep rate.  

Discussion 
The diffusion coefficient in N i ( I I )  in mol ten  LiC1- 

KC1 can be de te rmined  from Eq. [6] and [7] and the 
chronopotent iometr ic  and  chronoamperomet r ic  data, 
respect ively.  The calcula ted diffusion coefficients at  
var ious  t empera tu res  a re  given in the  Ar rhen ius  plots 
of Fig. 8. A compar ison  wi th  the  diffusion coefficients 
obta ined by  other  workers  is presented  in Table  I. I t  is 
seen tha t  the re  is good agreement  be tween  the values  
obta ined in this w o r k  and others. The act ivat ion en-  
ergies obta ined  f rom the slopes of the chronoampero-  
met r ic  and  chronopotent iometr ic  Ar rhen ius  plots are  
11.2 and 10.4 kca l / g  mole, respect ively.  The act ivat ion 
energy  repor ted  by  Poignet  and Barb ie r  (3) is 7.1 
kca l / g  mole, which  is subs tan t ia l ly  lower  than  the 
values  obta ined in the present  study.  

Trans ient  polar iza t ion  techniques as wel l  as the 
quas i - s t eady- s t a t e  potent iosta t ic  polar iza t ion  exper i -  
ments  show tha t  nickel  in mol ten  LiC1-KC1 exhib i ted  
pass ivat ion  behavior .  In  the  active region, e lec t rodis -  
solut ion of nickel  is shown to be diffusion controlled, 
and the concentra t ion of Ni ( I I )  at the me ta l - e l ec t ro -  
ly te  interface,  C (0,t), can be de te rmined  by  the Nernst  
re la t ion  (Eq. [5]) .  Since the  bu lk  concentra t ion of 
N i ( I I ) ,  C ~ is 0.1 g mole /kg ,  eutectic salt, C(O,t) at 
375~ and 100 mV (approx ima te ly  the passivat ion po-  
ten t ia l )  is 3.6 g m o l e / k g  eutectic melt.  The diffusion- 
control led  e lect rodissolut ion and the pass ivat ion be-  
hav ior  suggest  a d i sso lu t ion-prec ip i ta t ion  mechanism 
for passivation.  I t  is surmised tha t  prec ip i ta t ion  of a 
meta l  chloride salt, such as K2NiC14, occurs when the 
concentra t ion of N i ( I I )  reaches sa tura t ion  conditions, 
e.g., a t  100 mV and 375~ C s a t  : C(O,t) ~ 3.6 g 
m o l e / k g  eutectic mel t ) .  Pass iva t ion  is ascr ibed to 
the deposi t ion of this sal t  prec ip i ta te  on the nickel  
surface. As long as sa tura t ion  concentrat ions of N i ( I I )  
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Fig. 8. Arrhenlus plots for electrodissolution of nickel 

exist  at  the me ta l - e l ec t ro ly te  in ter face  pass ivat ion  is 
maintained.  

Piontel l i  et al. (6) had  prev ious ly  r epor ted  passi-  
vat ion of nickel  in NiC12-KC1 melts,  and they  have 
a t t r ibu ted  this behavior  to solid meta l  chlor ide de-  
posits. Pass ivat ion  of p l a t inum in mol ten  LiC1-KC1 eu-  
tectic mix tu re  at 450~ has been observed by  DeHaan  
and van der  Poor ten  (7) who ascr ibed this behavior  
to the format ion  of the ch lorop la t inum complex,  
K2PtC16. Since previous work  in this l abo ra to ry  (8) 
has shown that  chloride concentrat ions of 0.5 weight  
per  cent (w/o)  NaC1 and grea ter  precludes  pass iva-  
t ion of nickel  in aqueous solut ion (1N H2SO4), the  
chemical  charac ter  of the passive film formed on nickel  
in aqueous solutions at room t empera tu re  must  be sub-  
s tan t ia l ly  different than  tha t  formed on nickel  in 
chlor ide  mel ts  at e leva ted  temperatures .  
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Table I. Diffusion coefficients of Ni(ll) in molten KiCI-KCI 
eutectic mixture at 450~ 

D i f f u s i o n  coefficien,ts 
• 10 5 cm2/ see  R e f e r e n c e  

1.1 3 
1.3 4 
2.4 5 
1.0" ( c h r o n o p o t e n t i o m e t r y )  T h i s  w o r k  
1.1" ( c h r o n o a m p e r o m e t r y )  T h i s  w o r k  

* I n t e r p o l a t e d  v a l u e s .  
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The Transient Behavior of an Ideally Polarized 
Porous Carbon Electrode at Constant 

Charging Current 

M. Yaniv 1 and A. Softer 

Nuclear Research Centre, Negev, Department of Chemistry, Beer-Sheva, Israel 

ABSTRf~CT 

The porous, high surface carbon electrode obeys the simple model of dis- 
t r ibuted  resistivity and capacity, indicating that at least in  t ransient  behavior  
it approaches the ideally polarized electrode properties. Two potential  t ran-  
sients at constant charging currents  were s imultaneously recorded at the 
(front) side facing the counte~relectrode and at the opposite (rear) side, and 
compared with the theoretical curves. Some disagreement with theory was 
experienced at the front side, result ing in an apparent ly  higher solution re-  
sistivity. This was at t r ibuted to micropore ionic resistivity which slows down 
the rate of charging of the front side. It  is shown that direct and simple 
graphical means of calculating double layer  capacity and electronic and ionic 
conductivity of the porous electrode phases are possible by measur ing the 
rear side potential  transients.  At the front side, the solution resistivity of the 
porous electrode can only be obtained by curve fitting. Insert ing a reference 
electrode in an isolated solution at the rear  side of the porous electrode pro- 
vides a simple means of measur ing IR free electrode potential. 

One of the major  problems in  practical electro- 
chemistry is the slowness of the interracial electrode 
reaction as compared to the rate of t ransport  between 
the electrodes. In  order to increase the rate of elec- 
trode reaction per uni t  of geometric surface area of 
electrode, it is necessary to increase the ratio At/Aa 
of the true to apparent  surface areas. This f requent ly  
leads to a porous electrode structure. 

The porous electrode is essentially three dimensional,  
i.e., the electrode process takes place wi thin  a volume 
rather  than  on a plane. However, the electrode process 
does not proceed evenly throughout  the thickness of 
the electrode. It is faster on parts located closer to 
the counterelectrode. This is main ly  because of two 
reasons: (i) the IR drop in the solution wi thin  the 
pores of the electrode and (it) the screening by the 
electrode network, provided it is a bet ter  conductor 
than  the solution. The screening effect is represented 
by appropriate impedances across the interface dis- 
t r ibuted along the porous electrode, in  addit ion to the 
ohmic resistance of the solution. 

Transient  behavior  is exhibited in  cases where the 
above impedances are associated with local energy 
storage, i.e., concentrat ion gradients and double layer 
capacitances in its generalized sense (1). This essen- 
t ially includes all charge-consuming processes capable 
of changing the interfacial s t ructure of the electrode 
surface. 

The distr ibuted impedances can be divided into four 
types, namely,  ohmic, double layer capacitance, Fara-  
daic reaction, and diffusion polarization. If all four or 
even three types of impedances are accounted for, the 
result ing equations are quite complex and are very 
difficult to compare with experimental  results; this 

Present  address:  Depa r tmen t  of Chemis t ry ,  Te l -Aviv  Univers i ty ,  
Te l -Ar ty ,  Israel.  

K e y  words :  double layer,  porous electrode, t ransients .  

is especially so in  cases of t rans ient  behavior. In  fact 
such trials are scanty and have been examined only 
for the steady state (2-4). 

The combinat ion of ohmic, Faradaic, and diffusion 
polarizations were studied by Rangara jan  (5) and 
compared with calculated results of other authors. A 
most general case was also theoretically studied by 
De Levie (6) for the semi-infirdte porous electrode. 
This model included ohmic, Faradaic, capacitance, and 
diffusion polarizations. Newman  and Tobias (7) treated 
the steady-state behavior of a porous electrode where 
Faradaic and diffusion processes play a role. 

The approximation of the heterogeneous porous elec- 
trode to a continuous medium of evenly distr ibuted 
impedances was first introduced by Ksenzhek and 
Stender  (8) and was adopted by many  other authors. 
Later Ksenzhek and Stender treated galvanostatic 
t ransients  for the case of combined double layer and 
Faradaic impedances (9). 

The simplest case of dis tr ibuted interracial  capaci- 
lance and solution resistance, namely,  the case of the 
ideally polarized porous electrode, is of special in te r -  
est. This is because it is easily approached by experi-  
meat  (10-13) and the corresponding differential equa-  
tions can be solved explicitly. Therefore, theory can 
be thoroughly compared with experiment.  Moreover, 
once a satisfactory model is at hand, three important  
properties of the porous electrode can be exper imen-  
tally determined from the shape of the current  or volt-  
age transients, i.e., the double layer  capacity and the 
solution and electrode resistivities. The resistivities are 
of obvious importance for fuel cell technology, while 
the double layer capacity could play a role in  energy 
storage available for high instantaneous discharge rate 
from a fuel cell of a lower, steady-state power (14). 

This simple model had been treated by De Levie 
(15) for the case of a semi-infini te porous electrode. 
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The finite electrode case was considered by Bonemay 
et al. (16) for a fuel cell porous electrode terminat ing  
in  a resistance Rf equivalent  to the gas fuel cell reac- 
tion. The more general  form of a finite electrode where 
the above resistance is absent  is especially considered 
here. In  this respect, Posey and Morozumi (17) had 
solved the problem for galvanostatic, potentiostatic, 
and t r iangular  current  modes. It is worth noting 
however, that  the so-called cur ren t  density j (x , t )  
dis t r ibut ion given in Fig. 4 of Ref. (17) is ra ther  
the der ivat ive  of the current  i(x,t)  with respect 
to the location x, and not the current  itself pass- 
ing in  direction x wi th in  the electrode. The expression 
j (x,t) was obtained by  Posey and  Morozumi by differ- 
en~iating with respect to t ime the expression of the 
potential  ~](x,t) given in  Eq. [4] of their  paper. The 
t rue current  i (x, t)  within  the porous electrode had to 
be obtained by differentiating Eq. [4] with respect 
to x. 

In  this case, the steady-state distr ibution i(x,  oo) of 
the current  should be linear, reading zero at x = 0, 
in agreement  with the boundary  condition, but  the 
term j (x , t )  approaches constant  value at the steady 
state, as well  as the derivat ive ~i(x,t)/Ox. 

Recent publicat ions by Gagnon (10,11) together 
with a previous work (18) are perhaps the only ex-  
per imental  works on ideally polarized porous elec- 
trodes where the t rans ient  behavior  is compared with 
theory. In  the work by Gagnon the current  t ransient  
due to t r iangular  voltage sweep was followed. If any 
potential  function is used the (exper imental ly  non-  
avoidable) outer solution resistance between the refer-  
ence and the porous electrode Ro wilI inheren t ly  in-  
fluence the t rans ient  behavior of the system. The solu- 
tions obtained thence (16, 17,19) contain t ranscen-  
dental  expressions in R, the solution resistance of the 
porous electrode. This prevents  one from obtaining an 
explicit  expression of this impor tant  value, which can 
then be evaluated only by somewhat tedious curve 
fitting. 

By using a galvanostatic step, however, the potential  
equations of the porous electrode edges contain both C, 
the double layer capacitance, and R in explicit forms 
and can be directly evaluated from exper imental  re-  
sults as shown by Posey and Morozumi (17). 

It  will  be shown that computing R from the potential  
funct ion of the front edge (the side where the constant  
current  is applied) of the electrode also involves some 
experimental  difficulties. 

The location of a reference electrode at the rear side 
of the porous electrode (opposite the auxi l iary  elec- 
trode) will be shown to make it possible to use a very 
simple graphical PrOcedure of obtaining both C and 
R; such a reference electrode enables the measurement  
of an almost IR free potential  of the porous working 
electrode. 

m 

Exper imenta l  
The electrochemical cell and the electrical ins t ru-  

menta t ion are described elsewhere (20). A scheme of 
the electrochemical cell and the corresponding equiv-  
alent  circuit are given in Fig. 1. The rear  side solu- 
tion is electrically isolated from the entire cell solution 
at the front of the porous electrode. Obviously the two 
solutions are interconnected through the open pores 
of the electrode. The solution was aqueous NaC1, 0.10N. 
The experiments were performed at 25 ~ ___ 0.1~ The 
porous carbon electrode was a Pure  Carbon Product  
(St. Marys, Pennsy lvan ia ) ,  Type FC-13. It  has a BET 
surface area of 450 m2/g. The electrodes were disk 
shaped, 9 mm in diameter, 1 and 3 mm thick. Its 
macropore and micropore volumes, given by the ma nu -  
facturer, are respectively, 0.28 and 0.24 cm3/g. The 
macropores, which are responsible for fluid perme-  
ability, have pore diameters in the range 3.7-0.8~. The 
average micropore diameter  is about 21A. The micro- 

v. (t,4 

I ,  

I 
l l l l  

I -E 
. . . . .  ' k = L  

- -  - X : O  

G 

Fig. la. Schematic description of the system. A, Auxiliary elec- 
trode; C, porous carbon electrode; G, glass vessel; H, a special 
Teflon tube heat-contracted to fasten and seal porous electrode 
to glass tube, T; N2, nitrogen pressure-vacuum pulses to pump 
solution through electrode; L, U, lower and upper (variable) solu- 
tion levels. Vs(L,t), V(R), reference electrode connections measur- 
ing appropriate potentials; io, constant current supplied by gal- 
vanostat, GALV. 
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Fig. lb. The equivalent circuit of the porous electrode. R'm and 
R's, electronic and ionic resistivity permit length of the porous 
electrode, respectively; Vo(t) and Vs(L,t) are, respectively, front 
and rear side reference electrode potentials vs. porous electrode. 
(The potentials Vo(t), Vs(/-,t), and Vm(O,t) are easily measurable.) 

pores are responsible for the major  par t  of surface 
area, and hence of capacity. Due to the enormous 
double layer capacity of the high surface porous elec- 
trode (~45 farad/g) ,  concentrat ion changes could 
occur within the pores of the electrode because of ion 
adsorption or desorption (1). In  order to keep con- 
stant concentration, the solution was pumped back 
and forth through the electrode by means of pressure-  
vacuum steps of ni t rogen applied at the upper  solu- 
tion (Fig. 2). Constant concentrat ion is essential for 
the fundamenta l  assumption of the model presented, 
where the ionic conductivity wi thin  the pores is con- 
sidered constant. It can, however, be easily shown 
that at sufficiently low charging currents  and small 
charging periods, the diffusion flux is enough to pre-  
vent  any significant concentrat ion polarization in the 
pores. Pumping  was therefore stopped whenever  ac- 
curate voltage transients  were recorded. At such con- 
ditions, potential  jumps, probably s treaming poten- 
tials, were experienced on reversal of pumping direc- 
tion. 
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Fig. 2. Experimental voltage transients of the rear and front 
sides of the porous electrode. 

Results and Discussion 
Description of the m o d e k ~ T h e  solution resistance of 

the porous electrode exists wi thin  the bu lk  of the pores 
while  the double layer capacitance is associated with 
the interface, i.e., with the walls surrounding the pore. 
An ionic uni t  charge, moving within  the electrode 
pores, encounters ohmic and double layer  capacitance 
impedances at different positions wi thin  the pore. If, 
however, the dimensions of the largest pores are much 
smaller  as compared to the electrode dimension, the 
resistance and capacitance impedances of one pore 
uni t  become small compared to the corresponding 
over-al l  magnitudes.  Under  such conditions, the con- 
t inuous model of distr ibuted impedances is justified 
(8). It is t reated hereafter  for the unidimensional  case, 
and later  is discussed again. 

Consider a porous electrode enclosed in  an insulat ing 
tube of constant cross section and flooded by an elec- 
trolytic solution. The two ends of the tube are in  con- 
tact with separate solutions of the same composition 
as is described in  Fig. la. 

The cu r ren t  io is passed between the porous (work- 
ing) electrode through a contact at x -~ 0 and a coun- 
terelectrode si tuated at the side x : -  0 of the porous 
electrode. 

At any location x, Ohm's law is given for the solu- 
t ion phase by 

is (x,t) R's ~- --OVs ( x , t ) / ax  [1] 

and for the metallic phase by 

im (x,t) R'm = --OVm (x,t)/Ox [2] 

where, as shown in  Fig. 2b, i is the current  and R' the 
resistivity per uni t  length of the electrode, along the x 
axis. The subscripts s and m denote the solution and 
electrode phases, respectively. Vm(x,t) is the electrode 
potential  referred to the edge x ---- L (opposite the 
counterelectrode side) of the electrode phase, taken as 
Vm(L,t)  ---- O. Vs(x,t) is the solution potential  (as ob- 
tained by a hypothetical reference electrode located 
wi thin  the pores) referred to the same point  x ---- L 
at the electrode phase. The electroneutral i ty  condition 
requires that 

i----is = --im [3] 

By means of the last three equations and denoting 
V(x , t )  = Vs(x, t )  -- Vm(x , t ) ,  the expression 

OV (x,t) Zgx -~ -- i (R'm -F R's) [4] 
is obtained. 

The  current  is is in the direction x. The decrease of 
this current  is equal to the rate of the double layer 

charging associated with the increase OV/Ot in the po- 
tential  difference across the double layer, thus 

oT(Vs -- Vm)/(gt = {gV ( x , t ) / 0 t  : -- (1/C') (Oi (x,t)~or) 
[5] 

It is assumed in  this model that  R'm, R's, and C' are 
constants in  both t ime and location. Differentiating Eq. 
[4] with respect to x and subst i tut ing in Eq. [5] the 
expression 

,0~V ~V 
- -  = R'C' [6]  

Ox 2 Ot 
is obtained (10, 17), 2 where R' = R's + R'm. 

.Step function current mode . - -The  following bound-  
ary and init ial  conditions must  exist for a constant 
current  step beginning at t = 0 

i (L , t )  -- --OV (L,t) /~x  __m 0 [7a] 

i(O,t) = -- (1/R')  (OV(O,t)/ax) = io [Tb] 

i(x,0) -- (1/R')(OV(x,O)/Ox) - - 0  [8a] 

V(x,O) = Vo [8b] 

The last condition means that the porous electrode is 
at equi l ibr ium at t -~ 0. The solution of Eq. [6] ac- 
cording to conditions [7] and [8] is 

V i - -  V i o  : ioR'L - -  ~-~ n = l  ~ exp - - n 2 ~  2 c o s  L'- 

1 x - i -  + ~ "  + (21,17)8 [9] 
+Y 3- 

where T ---- L2R'C '. The superscript i is for the step 
function current  mode. The first term in  Eq. [9] is a 
t ransient  which decays with time. The second and third 
terms represent  parabolic distr ibution of potential  V -- 
Vo after the t ransient  decay. The fourth term shows a 
l inear  increase of V -- Vo at long times. 

The current  function is obtained by differentiating 
Eq. [9] with respect to x and using Eq. [1] 

i (x ,  t) -~ io [ ( i -- -- exp --n2~ 2 -- 
n~ T / 

n~r x ] 
sin L L J [103 

The current  has a l inear  distr ibution at long times 
and is always zero at x ---- L. 

Interruption of prolonge d step function current . - - In  
this case, the l inear current  dis t r ibut ion will serve as 
the initial  condition, namely  i(x,O) ---- i o ( 1 - - x / L )  
and substi tut ion of the last expression in Eq. [1] gives 

OV(x,O) _ i~( 1--x ) 
0x ~ [11] 

The solution of Eq. [6], subject  to condition [11] can 
be shown to be 

2ioR'L ~ 1 ( t I n~x 
V~ -- V~ -- ~ ~=i ~ exp -- n2n 2 --~ cos- L 

[12] 

The superscript o stands for the in ter rupted  current  
mode. 

-"In Ref. (i0) and (17), the resistivity of the electrode is ne- 
glected. This is a particular case where R' = R', and V = V,, 
which is also the case in the experimental system presented here. 

a The solution in lqef. (21) is-given for the coordinate L -- z. 11% 

1 ( c c  t~  x 
- - -  a r e  i n c l u d e d  w i t h i n  t h e  infinite Ref .  (17) t h e  t e r m s  2 - ~ .  2 

series as a Fourier expansion. 
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The potent ia l  Vo| is the  equ i l ib r ium value  ap-  
p roached  at  infinite time. The same t rans ien t  is ob-  
ta ined  as before  but  wi th  the  opposi te  sign. 

The cur ren t  funct ion is accordingly  

i . _  2io ~ 1 ( t )  n~x 
m - - e x p  - -  n2~ 2 -  sin [13] 

n - - I  n ~ L 

Particular cases.mIn an exper imen ta l  setup i t  is ve ry  
difficult to ins ta l l  potent ia l  measur ing  probes  wi th in  
the  porous e lect rode (at  0 > x > L)  wi thout  d i s tu rb -  
ing its macroscopic homogenei ty.  I t  is however  easy to 
inser t  reference  electrodes in t h e s o l u t i o n  at  the sides 
x = 0 and x ---- L, as wel l  as two electronic contacts 
wi th  the  porous e lect rode at x ---- 0 and x = L. The 
last  point  wil l  serve  as the  zero reference  potent ia l  as 
assumed above. The measurab le  potent ia ls  at the other  
three  points  a re  Vm(0, t ) ,  Vs(0, t ) ,  and Vs(L, t) (Fig. 
l b ) .  

The electronic potent ia l  Vm(0, t) resul ts  f rom the IR 
drop in the  e lect rode phase and is ob ta ined  by  in teg ra -  
t ion of Eq. [10] and  [13] and by  using Eq. [2] and [3] 

Vim(0,  t )  = - -  R'mioL -~- 

+ --=exp --  n2~ 2 -  [ ( - -  i )  ~ -  1] [14a] 
~=i T I 

V~ t )  = 2R'mioL 1 

( ' )  exp --  n ~ e - ~  [ ( - -  1 ) ~ - -  1] [14b] 

The ampl i tude  of the  t rans ient  in Eq. [14a, b] is 
g iven  by  

IVm(0, 0) - v~(0 ,  r = i R ' m i o L  [15] 

which  provides  a direct  experimer~tal evaluat ion  of 

In o rder  to have  an express ion for Vs(0, t ) ,  let  us 
s ta r t  f rom 

Vs(0 ,  t )  = [Vs(0 ,  t )  - -  Vm(0,  t ) ]  -~ Vrn(0, t )  

The first t e rm is obta ined by  subst i tu t ing x ---- 0 in  Eq. 
[9] or  [12], whi le  the second is given by  Eq. [14a, b]. 
Subs t i tu t ing  accordingly,  Vs(0, t) is g iven by  

f t 2R's --  R'm V~s(0, t) --  Vio = ioL (R's + R'm) ~ + - -  
6 

- - ~  ~--~exp --n2~2 V [ R ' s + R ' m ( - - 1 )  n] 

[16a] 

2ioL ~ 1 
V~ t) --  V% : ~2 n'~ 

( ') exp --  n ~  2 ~  [R's + R 'm(- -  1) n] [16b] 
T 

Equat ion  [16a] has a l inear  t e rm in t which remains  
af ter  the decay of the t ransient .  The slope of this  l inear  
pa r t  is 

dVi~(0, t--> ~ )  io 
--  t [17a] 

dt LC' 

Its intercepts  wi th  the t ime and potent ia l  axes are, 
respect ive ly  

2R's - -  R'm 
t= - -  C ' L 2  [18a] 

6 

which is a character is t ic  t ime of  the  t ransient  te rm in 
Eq. [16a, b] and 

2R's --  R'm 
V| --  ioL [18b] 

6 

The ampl i tude  of the  t rans ien t  Eq. [16b] is given by  

~j~ 
V%(0, ~ )  --  Vos(0, 0) - -  T (2R's - -  R'm) [18c] 

Thus by  measur ing  the ampl i tude  [15], the slope [17a], 
and one of the magni tudes  given on the l e f t -hand  side 
of Eq. [18a, b, c], i t  is possible  to calculate  the  p a r a m -  
eters R'm, C', and R's of the porous electrode.  However ,  
in pract ice  i t  is ve ry  difficult to measure  Vs(0, t) and 
the associated values given in Eq. [18a, b, c]. This is 
because the IR drop be tween  the e lec t rode  surface x ---- 
0 and the  reference electrode at the front  side x ---- 0 
is super imposed on the potent ia l  Vs(0, t ) .  Moreover,  
the  ini t ia l  slope of Eq. [16a, b] is infinite as wel l  as 
that  of the  IR drop vol tage step. This makes  i t  im-  
possible to subt rac t  the IR drop cont r ibut ion  f rom the 
exper imenta l  potent ia l  measured  by  the reference  elec- 
t rode in order  to ob ta in  Vs(O,t) .  Consequent ly  the 
intercepts  and the t rans ient  ampl i tude  given in Eq. 
[18a, b, c] cannot be determined.  

On the other  hand, the  po ten t i a l - t ime  curve recorded 
by  means of the rea r  side reference  electrode (x = L)  
is a lmost  comple te ly  free f rom IR drops, has finite 
ini t ia l  slopes, and can thus provide  much be t te r  means  
of calculat ing R's. The appropr ia t e  pract ical  equat ions 
for  this side are  

Vi(L, t) --  V!o = ioL(R's ~- R'm) [ 
2 

L ~2 

X-----y--. exp _ n~2 mzr _ ~ -  W--~- [19a] 
n=l  

2ioL 
V~ (L, t) -- V~ = ~ (R's -}- 2'm) 

n----y-- exp --  n2~2 T [19b] 
r~=l 

By analogy with  Eq. [17a] and  [18a, b, c] one obtains 
f rom Eq. [19a, b] 

dVi(L, t--> ~ )  iot 
dt ---- LC'  [17b] 

(R'm -Jr R's)C'L 2 
t L o  - =  ~ ---- [ 2 0 a ]  

6 6 

VLo -- Vio ---- --  ioL/6 (R's + R'm) [20b] 

V~ oo) --  V~ 0) -= ioL/6(R's -~ R'm) [20c] 

Equations [20a, b, c] can serve to calculate  R's f rom 
exper imenta l  results  as is shown for Eq. [18a, b, c]. 

Comparison of Experimental Results with Theory 
Considering the manufac tu re r ' s  specifications of the 

porous carbon electrodes used in this work, thei r  spe-  
cific resis t ivi t ies  a re  some orders  of magni tude  smal le r  
than  that  of the solut ion used. Therefore  R'm < <  R's 
and R'm can be dropped  f rom Eq. [16], [18], [19], and 
[20]. 

Typical  graphs of the potent ia ls  of the  r ea r  and 
front  sides of the  porous e lec t rode  vs. t ime are  
given in Fig. 2. The complete  separa t ion  of the  r ea r  
and f ront  side solutions in this sys tem gives negl igible  
IR drop; I .  R ( L )  for the rear  side e lec t rode  as com- 
pared  wi th  I �9 R (0) for  the  front  side. This emphasizes 
the advantages  of measur ing  the work ing  electrode 
potent ia l  by  means  of a rea r  reference electrode, which 
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Fig. 3. Comparison between experimental (points) and theoretiea[ 
(llne, a computer plot) voltage transients of a 3 mm thick porous 
electrode, at the current step functi.on mode. The curves Vi(O,t) 
and Vi(L,t) are, respectively, the front and rear side transients. 
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Fig. 4. The same as Fig. 3 but for the mode of interruption of 
prolonged current step function. 
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Fig. 5. The same as Fig. 4, but for 1 mm thick porous electrode 

is screened f rom the IR drop by  the porous working  
electrode. 

The comparison of the theoret ica l  and expe r imen ta l  
curves is given in Fig. 3-5. The pa rame te r s  C' and R's 
for the  rear  reference e l e c t r o d e  potent ia l  V i ( L , t )  
(Fig. 3) were  calculated b y  means  of Eq. [17b] and 
[20b]; for V ~ ( L , t )  (Fig. 4 and 5) by  Eq. [17b] and 
[2Oc]. The  specific capaci tance C' for the  front  side 
reference e lect rode potent ia ls  Vi(0, t) and V~ t) 
were  ca lcula ted  accordirLg to Eq. [17a], whereas  R's for 
these curves was obta ined  by  curve  fitting ra the r  than 
uti l izing Eq. [18a, b, c]. This was because of the  l imi ta -  
t ions discussed above. 

The pa ramete r s  C' and  R's character iz ing the idea l ly  
polar ized  porous electroc~e are  ca lcula ted  by  the va r i -  
ous exper imenta l  resul ts  and are given in Table I to-  
gether  wi th  the tor tuos i ty  factor.  

The tor tuos i ty  factor T is g iven by  the express ion  

pp : pBT �9 100/P [21] 

where  p~ is the  specific res is t iv i ty  of the bu lk  e lec t ro-  
ly te  solut ion and pp i s  the apparen t  specific res is t ivi ty  
of the solut ion wi th in  the  porous electrode assuming 
cell dimensions ident ical  wi th  that  of the whole elec-  
trode. 

The magni tude  pp is obta ined exper imen ta l ly  from 
the t rans ient  ampl i tude  Vi(L, t ) .  P is the poros i ty  in 
volume per  cent. I t  is given by  100 Vp/d,  where  Vp and 
d are, respect ively,  the  pore  void volume and the den-  
s i ty and are  given by  the  manufac turer .  The tor tuosi ty  
Tmac given in Table I is ca lcula ted by  the  macroporos-  
i ty volume per  cent, whi le  Tt is obta ined according to 
the total  (micro and macro)  porosi ty.  The tor tuos i ty  
expresses the elongat ion of the  conduct ion pa th  as com- 
pa red  to s t ra ight  tunnels  para l l e l  to the x axis. I t  must  
therefore  be cons iderably  grea ter  than  unity.  As seen 
in Table  I, this  r equ i remen t  is not  fulfil led if only 
macroporos i ty  is responsible  for the  ionic conductance 
of the pores.  

I t  appears,  therefore,  that  at least  pa r t  of the  micro-  
pores par t ic ipa te  in ionic conduction. 

I t  is seen f rom Fig. 3-5 that  the  coincidence of the 
exper imenta l  and theoret ica l  curves is quite sat isfac-  
to ry  for  the  rear  side reference e lect rode V ( L , t ) .  
Significant d iscrepancy is shown however  b y  the front  
side t rans ien t  V(0, t ) ,  especia l ly  in  the  case of the  

Tab~e I. Summary of properties of the 3 mm thick porous carbon 
electrode, calculated from various experimental voltage transients 

Type of transient 
P r o p e r t y  V i  (L,~)  V ~ ( L , t )  V L (O,t)  V ~ (0,~) 

pp  ( o h m - e r a >  366  3 6 6  4 4 2  4 4 2  
C ( # F / e m ~ )  9 .5  - -  9 . 5  - -  
"rmae 1.0 -- ~ -- Trot 1.8 -- ~ -- 
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Fig. 60. Schematic of the fine structure of the porous active 
carbon electrode. The micropores are shown in one granule only. 

macroporos 

Fig. 6b. A modified equivalent circuit where rnJcropore resistivity 
is token into consideration. 

th inner  1 m m  electrode (Fig. 5). Also the  value  of R's 
(Table  I) obta ined by  the front  side t rans ient  through 
curve fitting is cons iderab ly  h igher  than  tha t  obta ined 
by  the rea r  side t ransient .  These discrepancies  can be 
qua l i t a t ive ly  expla ined  by  some more  deta i led  descr ip-  
t ion of the porous s t ruc ture  of the carbon electrode. 
S imi la r  to many  other  types  of ac t iva ted  carbons, the 
pore  s t ruc ture  of the  carbon s tudied exhibi ts  two com- 
p le te ly  d is t inct  ranges  of pore  radii .  The micropores  
which prac t ica l ly  accommodate  all  the surface area  
and double  l aye r  capaci ty  a re  of an average  pore  
d iamete r  of 21A. 4 These may  be v iewed as long and 
na r row branched  tunnels  t e rmina t ing  at  the  macro-  

4 A v e r a g e  pore  d i a m e t e r s  are ca l cu la t ed  by  r = 2 V / s ,  w h e r e  V is  
the  pore  vo id  v o l u m e  a n d  s is the  specific su r face  a rea  Per  g r a m  
(22). The m a c r o p o r e  d i s t r i b u t i o n  f u n c t i o n  of t h i s  ca rboa ,  p r o v i d e d  
by  the  m a n u f a c t u r e r s ,  shows  p r a c t i c a l l y  no  c o n t r i b u t i o n  to  po ros i t y  
~t d i a m e t e r  r a n g e s  be low 8000A. 

pores which are  about  thousandfo ld  larger4 in d i am-  
eter. The corresponding equiva lent  circuit  of such a 
s t ruc ture  must  account for the  combir~ed res is t ive  and 
capaci ta t ive  impedances  of the  micropores  and for the  
mere ly  res is t ive  contr ibut ion  of the  macropores .  An  
appropr ia t e  c i rcui t  is g iven in Fig. 6 toge ther  wi th  a 
schematic  of the  po re  s t ruc ture  of the electrode.  This 
equiva lent  circuit  differs f rom the previous  one (Fig. 
2b) by  an ex t ra  (d i s t r ibu ted)  micropore  res is t iv i ty  
Rmic ex tend ing  along the macropores.  An  ionic cur ren t  
~i(x  = L) charging the double  l aye r  of the  r e a r  side 
x ---- L of the porous e lec t rode  faces main ly  the macro-  
pore  res is t iv i ty  R'sL due to the  long (1 or 3 ram) 
pa thw a y  L. The rea r  side t rans ien t  is the re fo re  insen-  
s i t ive to the  micropore  resist ivi ty,  tha t  is why  it is in 
good agreement  wi th  the s imple model  of Fig. 2. The 
front  side, on the  o ther  hand, is charged th rough  a 
ve ry  short  p a t h w a y  wi th  the specific l inea r  res i s t iv i ty  
R's; therefore,  the contr ibut ion  of Rmic is sensible. This 
resul ts  in a charging ra te  [slope of t ransients  V(0, 1)] 
which is s lower than that  p red ic ted  b y  the  s impler  
model, and in an appa ren t ly  h igher  R's (Table  I ) .  The 
re la t ive  cont r ibut ion  of Rmlc is obviously l a rge r  for the 
th inner  (1 mm) electrode, the re fo re  the  grea ter  va r i -  
ance of exper iment  f rom theory  for the  t rans ient  
V (0, t)  of that  electrode.  

The e lect rode model  descr ibed in Fig. 6 wi l l  mer i t  
fu r the r  s tudy once it is accompanied by  more  exper i -  
menta l  resul ts  to which theory  should be compared.  

Manuscr ip t  submi t ted  Jan. 6, 1975; revised manu-  
script  received Aug. 4, 1975. 

Any  discussion of this paper  will  appear  in a Discus-  
sion Section to be publ i shed  in the December  1976 
JOURNAL. Al l  discussions for the December  1976 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1976. 
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Mass Spectrometric Studies on High Temperature Reaction 
Between Hydrogen Chloride and Silica/Silicon 

Sin-Shong Lin 
Army Materials and Mechanics Research Center, Watertown, Massachusetts 02072 

The high tempera ture  chemical reaction between 
hydrogen chloride and silica is widely employed in  the 
fabrication of solid-state devices (1). This reaction is 
especially used to el iminate surface oxides of silicon 
substrates for epitaxial  growth of silicon wafers. The 
reaction is carried out at 1200~ under  1 a tm pressure 
of HC1 by assuming that  the interact ion takes place 
accordir~g to 

SiO2(s) + 4HCI(g) ---- SiCl4(g) ~- 2H20(g) [1] 

Thus the format ion of silicon tetrachloride and water  
vapors el iminates oxide surfaces and exposes growth 
sites in bulk  silicon substrates. 

Although the chemical reaction is thermodynami-  
cally feasible, the reaction may not be the only reac- 
t ion occurring at the surfaces of silicon substrates. 
Other interactions such as 

St(s)  + 4I~Cl(g) -- SiC14(g) + 2H2(g) [2] 

St(s) -t- SiO2(s) ---- 2SiO(g) [3] 

are  competitive and may occupy dominant  roles in the 
e l iminat ion mechanism of surface oxides. Also the 
formation of high temperature  silicon chloride vapor 
species is highly probable (2, 3), and these species may 
play more impor tant  roles in  the reaction mechanism. 

The work reported here is a par t  of research aimed 
to investigate the ni t r idat ion kinetics of silicon (4). 
Attempts have been made to modify and to accelerate 
the ni t r idat ion process by use of HCI to el iminate oxide 
layers of silicon. During the course of the present  
study, the interact ion of HC1 and SiO2 is found to 
deviate considerably from the assumed reaction [1]. 
Thus the elucidation of this reaction becomes essential 
for a bet ter  unders tanding  of the important  industr ia l  
process. 

The description of the  present  setup is detailed 
elsewhere (5, 6). The solid sample, 1 silica, silicon, or 
silicon monoxide (equimolar mix ture  of Si and SiO2), 
is loaded onto an a lumina  boat which is then placed 
near the tip of the closed end a lumina combustion tube 
of a specially designed minia ture  furnace. A 0.006 in. 
diam orifice is dri l led axial ly to the closed end so that  
al l  vapors in  the reaction chamber are directed into a 
vacuum for sampling. Hydrogen chloride or an 8.1% 
HC1 ni t rogen mixture  is introduced into the furnace at 
a flow rate of 10 cmS/min. The temperature  of the fur-  
nace is set and regulated by a Pt-10% Rh/P t  thermo- 
couple attached to a proport ional  temperature  con- 
trol ler  in a range 800~176 Under  the given flow 
rate, the pressure of the chamber varies from 100 to 
400 mm Hg depending on temperature,  orifice, and 

Key  words :  mass  spec t rometry ,  silicon chlorides, silicon, etching 
of silicon. 

1Sources  of mater ia ls :  St, 99.99% pure,  ~rom Electronic Space 
Products ,  Inc.; SiO, 99.7% pure,  f rom Al:fa Products ,  Ventron Com- 
pany;  SiO2, spectrographic  grade,  f rom Spex Industr ies ;  HC1 and 
I~IC1/N~, electror~ie grade,  f r o m  Matheson Gas Products. 

pumping speed. The effusates from the gas-solid in ter-  
action through the orifice are modulated and detected 
by a quadrupole mass spectrometer. The ident i ty  of an 
i on  is established from the mass number  and the iso- 
topic distribution. 

Some exper imental  results are tabula ted in Table I. 
The first group of the experiments  was performed be- 
tweer~ silica and HC1 or the HC1/N2 mixture.  At tem-  
peratures below 1200~ no react ion product  was ob- 
served. Mass spectra consist solely of reactant  ions. 
such as HC1 +, C1 +, and C1~ + (plus N2 + and N2 + + in 
the HC1/N2 run) .  Ion species resul t ing from the in ter -  
action begin to appear start ing from 1250~ and their 
relative abundances vary  with increasing temperature  
up to 1400~ Ions SiC1 +, SIC12 +, and SIC13 + are ob- 
served, but  SIC14 + is never  detected. A trace amount  
of 02 + and SiO + is detected only in the HC1 runs. 
The presence of H~O+ ion is hard to establish due to a 
high background peak at this mass. 

The second run  was made wi th  SiO and the HC1/N2 
mixture. The interact ion is so favorable that all ions 
containing Si and C1 atoms are observed such as SiC1 +, 
SIC12 +, SIC13 +, and SIC14 +. The relative abundances of 
these St-C1 ion species are comparable to that of the 
unreacted HC1 +. Moreover the first three St-C1 species 
become more abundan t  than SIC14 + as the temperature  
increases. The SiO + ion is clearly detected at 1400~ 
and the in tensi ty  is comparable to that  of SiC1 +. 
Neither O~ + nor H20 + is observed. 

The third run  was made with silicon and the HC1/N2 
mixture.  The interact ion between them is so strong 
that all ions species described previously are observed 
at all temperatures  of the experiments.  The ion in-  
tensity ratios of SiC1 +, SIC12 +, and SiCl~+ to SIC14 + 
are near ly  constant except at the highest temperature  
of 1400~ These ratios are found to increase signifi- 
cant ly  reflecting the contributions to these ions from 
other molecules. The H2 + ion is detected and separated 
from noisy background of low mass spectra. 

From relative abundances of observed Si-C1 species, 
it is evident  that the extent  of the HC1 ~- solid in ter -  
action decreases drastically from silicon to silicon 
monoxide, and to silica. At 120O~ large amounts  of 
St-C1 ion vapors are observed in the Si run, bu t  no 
reaction product is observed in  the S]O2 run. Conse- 
quent ly  little interact ion occurs be tween HC1 and SiO2 
at this temperature.  Although reaction [1] is thermo-  
dynamical ly  feasible, it is kinet ical ly unfavorable  and 
proceeds at a very. slow rate. One might  reason that 
the HC1 pressure in the present  experiments is not 
comparable to the 1 arm pressure commonly used. 
Since the pressures of these runs are about one-fourth  
of 1 arm. such deviation should not change the si tua- 
tion significantly. 

The interaction between HC1 and Si from 800 ~ to 
1200~ presumably  produces SIC14 as a major  gaseous 
species as shown in reaction [1]. Upon electron impact 
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Table I. Relative ion intensities of vapor species observed in interaction between hydrogen chloride and silica/silicon 
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Solid Gas Temper- Relative ion intensity (a) 
eompo- pressure, ature, 

Run No. sis mm Hg ~ N~+ HCI+ SiO+ SiCI+ SiCI~+ SiCla + SiCI~ + Remark(b) 

0 6 2 3 7 5  SiO= HC1/iN-=(a) 1 4 0 0  6 0 0 0  1 7 5 0  - -  4 2 4  4 - -  
1 2 0 - 1 6 0  1 3 5 0  1 1 5 0 0  1500  - -  3 10 1 - -  

1300 8000 1150 - -  1 3 0.5 - -  
1 2 5 0  7500 800 -- -- 2 -- -- 

1200 3500 350 . . . . .  
072475 SiO~ HC1 1400 - -  37500 (~) 20 325 130 - -  

20() 1400 -- 27500 (~) 15 190 45 -- 

072'575 SiO~ I-ICl 1300 - -  23500 4 4 8 4 
250 1200 - -  2 3 5 0 0  . . . . .  

063075 SiO IICI/N2 (a) 1400 5400 850 50 670 300 90 15 
150 1350 5400 1020 (~) 240 60 70 16 

1300 4800 1100 (~) 130 4 0  70 16 
072175 Si HCI/I~T~ (a) 800 19200 840 - -  1040 560 21850 600 

350-400 1 0 0 0  16800 840 -- 1040 460 2 2 0 0  460 
1200 16800 800 - -  1650 720 1260 140 
1400 8800 760 -- 840 610 290 15 

02 + present 

O~ + present 

No O=+ ion 

I-Ie+ present 

(~) The  m i x t u r e  con t a in s  8.1% HC1 b y  v o l u m e .  
(b) H20+ is  no t  de t ec t ed  due  to  h i g h  b a c k g r o u n d .  
(c) Not  r eco rded  b u t  o b s e r v e d  in  scan  spectra .  
(s) E l ec t ron  e n e r g y  = 40 eV. I on  i n t ens i t i e s  m a y  v a r y  f r o m  r u n  to  

run .  I n t e n s i t i e s  are  those  of m o s t  a b u n d a n t  peaks.  

ionization, SIC14 dissociates (7, 8) extensively into 
SiCIr SIC18+, SIC12 +, SiC1 +, and Si + (obscured by 
background N2+), so that mass spectra obtained con- 
sist mostly of these peaks and reactants. The formation 
of chlorosilane is believed to be minor  arid is dis- 
counted, because no hydrogen containing Si-C1 ion is 
observed. As the tempera ture  is increased to 1200~ 
or higher, the contr ibut ion to these f ragmented ions 
from high tempera ture  vapors SiCI~ and SiCI~ in-  
creases. Thus at the highest tempera ture  of the ex- 
periment,  the abundances of SIC12 + and SiCI~ + in-  
crease more than would be expected from the frag- 
menta t ion  of SIC14. This observat ion is consistent with 4 
available thermodynamic  data. In  Fig. 1, vapor pres-  
sures of Si-C1 neut ra l  species calculated from the HC1 
+ Si interact ion under  1 atm pressure of HC1 are +.E 
plotted vs. temperature.  At 1000~ SIC14 is the major o 2 
species from the interaction, but  above 1200~ the o=~ 
vapor consists of comparable magni tudes  'of SIC14, ,~ 
SIC13, arid SIC12. o 

The appearance potential  measurement  made during b~ 0 
the Si r un  also establishes that molecules SIC12 and c 
SIC18 in addit ion to SIC14 exist at high temperatures,  z ,z 
The appearance potentials of SiC1 +, SIC12 +, SiCl~ +, u~ 
and SiCl4 + ions are 16.0, 12.6, 12.5, and 11.5 _ 0.7 eV, '" 
respectively, at 800~ However at 1200~ the appear-  
ance potentials of SiC1 +, SiCI2 +, SiCla +, and SIC14 + o / 

become 12.0, 10.0, 12.2, and 12.0 ___ 0.7 eV, respectively, z 
The lower appearance potentials of SiCl~ + and SIC13 + r 
suggest that  at higher temperatures  these ions are de- oz -4 
rived from other molecules in  addition to SIC14. 

. .l Although the interact ion between HC1 and SiO2 does 
not occur to a measurable  extent  at 1200~ as de- I, 
scribed in the preceding paragraphs, tt  has taken place o -6 
above this temperature.  The ion species SiC1 +, SiCI2 +, 
and SiCI~ + are detected from 1250 ~ to 1400~ but  no oc 

SIC14 + is detected wi thin  the sensitivity of the ins t ru-  "~ ~o 
ment.  Since the largest Si-C1 ion observed in  the sys- uJ -8 
tern is SIC18 +, the ion is probably derived from the 
direct ionization of SIC18 vapor. Moreover relat ive a: 
abundances of SiC1 +, SIC12 +, and SIC13 + vary  wi th  in -  
creasing temperatures.  Especially at 1400~ the ion <~ > -10 intensi ty  of SiCI_~ + increases more rapidly than that  
of SIC13 +. This possibly indicates that SIC12 molecule 
exists and is a more dominant  species than  SiCI~. 
Therefore the reactions wr i t ten  in best agreement  with 
the experiments  are -120. 5 

SiO2(s) + 3HCI(g) = SiCls(g) 

+ 1/4 O2(g) + 3/2 H20(g)  [4] 

SiO2(s) + 2HCI(g) ---- SiC12(g) + z/2 O2(g) + t I20(g)  

[5] 

The presence of SiC1 in  the vapor phase is not con- 
firmed exper imental ly  due to the fact that large por- 
tions of SiC1 + are fragmented ions, but  from the 
thermodynamic calculation, SiC1 molecule is present  
in an insignificant amount.  The vapor pressure data 
shown in Fig. 1 disagree with the present  SiO2 results. 
The calculated data indicate that SIC14 should be a 
dominant  species at all temperatures  of the experi-  
ment. An  explanat ion of this discrepancy is that  the 
formation of Si-C1 species with a large number  of C1 

Si+ nHCI = SiCIn+n/2H2 
. . . . . .  Si O$+nHCI =SiCIn+ n/H20 +(i Jy4) 02 .~  

Si + Si02= 2SiO ~.,~-~ '~" | 

. . . I -  - - -  - - ~ T c T ~  - - "  

"~i~'~.. , " "~" ~..~..~ TM ,S>'x .\.. \ ~  ~- -.. 

\ 

\ ,  
\ .  

\ .  

I 
o 
o 
o 

0.7 
i t i 
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Fig. 1. Equilibrium vapor pressures of Si-CI and SiO. The pres- 
sures are calculated from the gas-solid reactions indicated on the 
graph under 1 otto pressure of HCI and unity activity of solid. All 
thermodynamic data are taken from the JANAF tables. 
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atoms is k ine t ica l ly  unfavorab le  f rom the  HC1 + SiO2 
interaction.  Consequent ly  SIC14 is not observed, and 
SiCI~ is detected in a lesser  amount.  

The SiO + is detected over  the  SiO sample  and in 
some of the  SiO2 runs. The vapor  pressure  of SiO over 
Si and SiO2 solids as indica ted  by  react ion [3] be -  
come significant at  t empera tu res  above i200~ As 
shown in Fig. 1 the  equ i l ib r ium vapor  p ressure  of SiO 
is found to be  grea te r  than  vapor  pressures  of SiCI2 
and SiCl~ f rom the HC1 ~ SiO2 reaction. Since SIC14 
is not  detected dur ing the  SiO2 runs, the  evapora t ion  
of SiO f rom the contamina ted  sil icon surfaces is be -  
l ieved to be more compet i t ive  than  any reactions be -  
tween  SiO2 and HC1. Moreover  this evapora t ion  is 
accelerated by  escape of sil icon chlor ide  vapors  re -  
sul t ing from the in terac t ion  be tween  silicon subst ra te  
and HC1. The vapor  p ressure  of SIC14 resul t ing f rom 
the la t te r  reac t ion  is found to be five orders  of magni -  
tude  l a rge r  t han  tha t  of SiO, which does p romote  the  
SiO evaporat ion.  The vapor  phase react ion be tween  
SiO and HC1 to form Si-C1 vapors  is also a h ighly  
p robab le  mechanism, however  the  present  da ta  cannot 
dis t inguish this a l t e rna t ive  process. 

In  summary,  the  in teract ion be tween  HCI and SiO2 
produces high t empe ra tu r e  vapors  SIC12 and SiClz bu t  
not  SIC14 above 1250~ and No in terac t ion  is observed 
below 1200~ SIC14 molecule  is found to be a ma jo r  
vapor  species formed by  the in terac t ion  be tween HC] 
and Si at low tempera tures ,  and other  species such as 
SIC12 and SIC18 may  become impor tan t  at h igher  t em-  
peratures .  The e l iminat ion  of cor~taminated silicon 

surface oxides by  HC1 gas is m a i n l y  due to s imple 
vapor iza t ion  of SiO from the sil icon substrates.  This 
vapor izat ion is fu r the r  p romoted  by  the format ion  of 
silicon chlor ide vapors  f rom the in teract ion be tween  
HC1 and Si. The direct  in terac t ion  be tween  SiO2 and 
HC1 to form silicon chlor ide  vapors  and wate r  p lays  a 
minor  role in the  etching process of the si l icon sub-  
strafes. 

Manuscr ip t  submi t ted  Sept. 8, 1975; revised manu-  
script  received Nov. 10, 1975. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1976 
JOURNAL. Al l  discussions for the December  1976 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1976. 

Publication costs ol this article were partialZy as- 
sisted by the Army  Materials and Mechanics Research 
Center. 
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Erratum 

In  the paper ,  "Elect rochemical  Studies  on Single  
Crys ta l l ine  CuC1 Solid Electrolyte,"  by  A. V. Joshi  and 
J. Bruce Wagner,  Jr.,  which appeared  on pp. 1071-1080 
in the  Augus t  1975 JOURNAL, VO1. 122, No. 8, Fig. 3 and 
13 were  inadver t en t ly  in te rchanged  in pr int ing.  The 
captions now read  er roneously  and must  also be in te r -  
changed. In  Fig. 4, the upper  curve denotes the total  

conduct ivi ty  measured  by  a-c  tec1~niques arid is essen- 
t ia l ly  the ionic conduct ivi ty  of CuC1 equi l ib ra ted  with  
copper  [~on~ The lower  curve denotes the  electronic 
conduct ivi ty  of CuC1 equi l ib ra ted  wi th  copper [~e~ 
In Ref. (13) the second author ' s  name should be 
spel led Baudouin.  
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ABSTRACT 

Experiments for the thermal oxidation of silicon power devices are carried 
out on symmetrical p-n-p junctions with breakdown voltages of 1.2 and 2.8 
kV, respectively. A new etching procedure is developed for the surface clean- 
ing. For the 1.2 kV samples, the oxidation procedure is optimized with respect 
to temperature, time, and cooling rate. The smallest leakage current is ob- 
tained when silicon boats are used during the thermal oxidation. No yield 
is found for a junction bevel angle larger than 7 ~ For the 2.8 kV diodes addi- 
tional precautions must be taken, most important of which is the use of 
silicon furnace tubes. To obtain thick (~1000A) oxide layers, a dry-wet-dry 
oxidation cycle is used. 

Long te rm stabil i ty of thyris tors  is improved by a 
passivat ion step which protects the critical p -n  junc-  
tions of the structure.  Very often passivation is carr ied 
o u t  by depositing silicone rubber  or glasses. These 
techniques are not always successful because they do 
n o t  prevent  ion migration.  A bet ter  way consists of 
introducing a thermal  oxidation step fol lowed by a 
silicon ni t r ide deposition. In this case, the main prob-  
lem is the oxidation, especially when  devices wi th  a 
high breakdown voltage UB (in our case approximate ly  
1.2 and 2.8 kV) are to be passivated. The high t empera -  
ture  process introduces impuri t ies  which soften the 
abrupt  I -V characterist ics of the diode. 

This paper  deals wi th  the technological  conditions 
for a reduct ion of impurities.  The investigations are 
carr ied out wi th  two symmetr ica l  p -n -p  structures 
which are the essential part  of the final thyristors.  In 
Fig. 1, a cross section of a 3 kV device is shown. The 
s tar t ing mater ia l  is nominal ly  110 ohm-cm n- type  
silicon. First  of all, the wafer  of 16 mm diameter  and 
700 ~xn thickness is diffused wi th  A1 to a junct ion depth 
of 95-100 ~m. A second diffusion step introduces Ga 
to a junct ion depth of 50 ~m. Then, boron silicate 
get ter ing (10 ~m, 1-2 �9 101Vcm 8) removes  the im-  
purit ies in the preceding steps. The wafers are beveled 
at the edge with an angle be tween  1.6 ~ and 1.8 ~ . F i -  
nally, they are etched with  Syton polish and CP 8 (1). 
The  1.2 kV wafers differ only sl ightly in doping level,  
in d iameter  (19 mm) ,  and in thickness (550 ~m). The 
a b o v e  process steps are carr ied out by the BBC lab-  
oratories in Lamper theim,  Germany,  and Baden, 
Switzerland,  respectively.  

Experiments and Results 
The exper iments  are subdivided into two groups. In 

the first one, 19 mm diameter  p - n - p  structures of 1.2 
kV breakdown vol tage and 3 ~ bevel  angle are invest i -  
gated. In the second one, p -n -p  structures of 2.8 kV 
breakdown vol tage and a bevel  angle of 1.6 ~ are ex-  
amined. To obtain re l iable  statistics, more  than 60 runs 

Key words: p-n;-p diode, junction Passivation, thermal oxidation 
of Si diodes. 

are carried out for e i ther  group. This means that  t h e  
effects of each parameter  quoted below are checked 
by the measurements  of five or more  runs. 

An important  condition for successful passivation is 
the cleaning of the surface of the device. The usual 
MOS cleaning is developed for polished surfaces and 
fails for our case of lapped surfaces. We find that  these 
need a removal  of more than 1000A of the surface. In 
addit ion the MOS cleaning of 2 h r / r u n  consumes t o o  
much time. Af ter  a tr ial  and error  procedure, we have 
obtained the best results by applying the fol lowing 
steps: (i) HF 40% (Merck suprapur) ,  30 sec; (ii) 
Millipore SQ-H20 rinse (18 M o h m - c m ) ;  (iii) per-  
chlorate etch (74.5% volume ttNO3 of 65%, 7.5 % vol -  
ume CH~COOH of 96%, 10.5% volume HF of 40%. 
7.5% volume HC104 of 70%, all Merck suprapur)  for 10 
sec, corresponding to a surface removal  of 1700A; (iv) 
H20 as in (i i) ;  and (v) drying with  a spinner, 60 sec. 

The sample is introduced into the furnace immedi -  
ately after  cleaning. The oxidation is carried out in a 
Heraeus-Hera lux |  quartz tube. For each sample, the 
I -V characteristics are measured first af ter  the etch 
cleaning and then after  oxidation and subsequent  an- 
nealing. As a cri terion for "acceptable characteristics," 
the manufacturers  of power  devices adopt a standard 
of 20 mA. In this investigation, we reduce this level  to 

~..~--'>~ Si 02 (600-1000 A). 
~ / / / / / / / P / / / / / / / / / / / / / / " ~ " ~ )  1,6 ~ 

C n - Si 110ohm -cm ~ '~  
~ _ . . /  i /  / i  / p / / / / / / / /  / / /  / /  / / j . r  

16mm 
Fig. 1. Cross section of a typical p-n-p device 
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Fig. 6. I-V characteristics after reducing the oxidation tempera- 
ture and varying the preparation of the tube and boat. 

100 ~A. Furthermore we  use the inverse radius of cur- 
vature at breakdown as a measure for "better" or 
"worse" characteristics. The breakdown point is given 
w h e n  the conductance increases to 100 ~A/10V. Since 
the characteristics are almost  identical in either volt-  
age direction, only  the first quadrant is shown. In Fig. 
2, I-V characteristics of 1.2 kV diodes wi th  different 
oxidation conditions are plotted. The results obtained 
from these and other curves for higher oxidation t em-  
perature are the fol lowing:  (i) Oxidation tempera-  
tures above 850~ do not give good I-V characteristics. 
(ii) The opt imum condition is an oxidation tempera-  
ture of 800~ and a constant cooling rate of 2~ 
from 800 ~ to 720~ (iii) A constant heating rate up to 
the oxidation temperature does not improve the diodes. 

Retaining the oxidation conditions (800~ 60 rain, 
wet  oxygen,  2~  cooling from 800 ~ to 720-C) w e  
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now investigate the effects of a var ia t ion of the bevel 
angles. In  Fig. 3, typical examples of diodes with 7 ~ 
11 ~ 30 ~ and 45 ~ are given. It turns  out that only bevel 
angles up to 7 ~ main ta in  abrupt  I -V characteristics 
whereas a high leakage current  and soft I -V character-  
istics are found for larger angles. 

A fur ther  improvement  is obtained by using silicon 
instead of quartz boats (Fig. 4). Two diodes otherwise 
identical ly processed show significantly different I -V 
characteristics. This is a t t r ibuted to the different im-  
pur i ty  concentgations in quartz and silicon (2). It is 
found, for instance, that the sodium content in Dow 
Coming and Siemens silicon used for the boats is negli-  
gible (0.0 to 0.6 ppba) whereas in quartz, high values 
(260 ppba) are measured. Note that the leakage cur-  
rent  is below 1 ~A. 

The know-how of the first exper imental  series mus t  
be extended when 2.8 kV diodes are to be oxidized 
as demonstrated in  Fig. 5. In  the upper  half  of the 
figure, the characteristics of a 2.5 kV diode and of a 
1.2 kV diode are presented for comparison. The same 
problem arises for a ni t r ide passivation, as shown in 
the lower half of the figure. After the etch cleaning, 
a Si3N4 layer is deposited on a 1.2 and a 2.2 kV diode 
by reactive sputtering. All  process parameters  are 
identical. Due to these results we have to find new 
ways for prepar ing good oxides. We have varied 
the following parameters : the  cleaning procedure, the 
tube and boat cleaning, the steam content, the oxide 
temperature,  the oxidation time, and the cooling rate 
after oxidation. As shown in Fig. 6, a diode oxidized 
in wet oxygen for 210 min  at 750~ and slowly cooled 
down to 700~ with 2~ exhibits soft character-  
istics and a high leakage current. The same result  
is obtained when  the sample is oxidized at 800~ for 
60 rain in wet  oxygen after the tube and the boat are 
precleaned with HC1 at 1100~ for 5 hr. 

In  Fig. 7, (top), a dry 800~ oxide of 60 min oxi- 
dat ion t ime and a cooling rate of 2~ is shown. 
Again the results are unsatisfactory. This is also t rue 
for the sample shown below where dry oxygen of 
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1200~ for 15 min  is applied. ~1~_e coeling rate is 60~ 
rain unt i l  room temperature  is reached. The blocking 
characteristics of the diode have completely disap- 
peared due to impuri t ies  (mostly metal  ions) induced 
by the high temperature.  

In order to test the effects of impurit ies introduced 
by oxygen and steam, we replace the oxidation by a 
hea t - t rea tment  in  ni t rogen ambient  of the same tem- 
perature as the oxidation. The results are given in Fig. 
8. The upper  curves correspond to a sample annealed 
for 5 rain, the lower for 30 rain. Two conclusions can 
be drawn from this figure: (i) the oxygen and steam 
are not responsible for the degradation of the diode, 
since the 30 rain sample fails, and (it) the degradation 
is proportional to a "contact t ime" with impuri t ies  in 
the furnace. 

F ina l ly  the quartz env i ronment  ( tube and boat) are 
identified as the essential source of contaminat ion dur -  
ing the process. This is proved in Fig. 9. Two diodes 
are processed with identical conditions. The first one 
is oxidized in a quartz tube (upper half of the figure) ; 
for the second one, we use a silicon tube. This result  
of hard I-V characteristic and a low leakage current  of 
less than 2 ~A is completely reproducible. In  order 
to increase the oxide thickness, we use wet oxygen. 
Unsatisfactory results are obtained. However, when  we 
switch over to a d ry -we t -d ry  or a d ry -we t  cycle, the 
characteristics are as good as for the solely dry  oxida- 
tion (Fig. 10). The d ry -we t -d ry  oxidation conditions 
are: 33 rain dry oxygen, 70 min  wet oxygen, and 15 
rain dry oxygen. The cooling rate from 8 0 0  ~ to 720~ is 
2~ For the dry-wet  oxidation, we use 10 min  
dry  oxygen, 8 rain wet oxygen, an,d a cooling rate of 
3.3~ By comparison we find that low leakage 
currents are main ta ined  by the ini t ial  dry oxidation. 

Conclusion 
The experiments  on the thermal  oxidation of power 

devices are carried out first with symmetr ical  diodes 
of a breakdown voltage of 1.2 kV. Bevel angles are 3 ~ 
6 ~ 7 ~ 11 ~ and 45 ~ The investigations are extended to 
diodes of a breakdown voltage between 2.2 and 3.1 kV 
and bevel angles of 1.6~ ~ 
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For the surface c leamng of the device, an etch clean- 
ing is developed. For the 1.2 kV diodes, the best oxi-  
dation temperature in a quartz tube is 800~ with a 
subsequent cooling of  2~ This procedure is suc- 
cessful for bevel  angles up to 7 ~ /k further improve-  
ment is obtained when  silicon boats are used for the 
oxidation. 

This technique fails in the case of the 2.8 kV diodes. 
It is found that the use of si l icon tubes saves the initial 
abrupt I-V characteristics. Again, we use a dry oxida- 
tion temperature of 800~ and a cooling rate of 2~ 
min. It turns out that temperatures up to 900~ and 
cooling rates up to 4~ can be successful ly applied 
with a si l icon tube. To obtain thicker layers, a dry- 
wet-dry or dry-wet  cycle is used. It can be concluded 
that for the first time, to our knowlec~ge, passivation 
by thermal oxidation of 2.8 kV diodes can be carried 
out. 
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Chemically Vapor Deposited Films 
Donald R. Mason* 

Harris Semiconductor, Melbourne, Florida 32901 

ABSTRACT 

The kinetics of the oxidation of i ron pentacarbonyl  by oxygen in  the pres- 
ence of water vapor have been investigated. Thin  films having a composition 
closely resembling Fe20~ are obtained. The reaction sequence comprises, first, 
homogeneous nucleat ion and heterogeneous growth of particles which appear as 
smoke. Terminat ion  occurs by pyrolysis and oxidation of the smoke particles 
on the hot deposition surface. The H20 acts as an inhibi tor  on the film dep- 
osition rate. This mechanism is different from that normal ly  proposed for 
homoepitaxy and from that proposed by Sladek for Si3N~ deposition. 

Metal oxide films for use as photolithographic masks 
have been prepared and evaluated by several invest i-  
gators. Metal oxide masks are potent ia l ly  superior to 
emulsion and some metal  masks because they are 
harder  (hence more scratch resistant) and part ial ly 
t ransparent  in  the visible spectrum. 

Sinclair, Sullivan, and Fastnacht  (1, 2) evaluated a 
wide range of compositions of oxide films made by d-c 
reactive sput ter ing at 60 Torr  and 10-100% O2. Re- 
quirements  for good films would be that they t ransmit  
less than 1% of the incident  energy below 4000A, more 
than 30% of the incident  energy above 5890A, are 
etchable in reagents compatible with photoresist proc- 
esses, and can resolve lines separated by 2 ~m or less. 
Fi lms of i ron -vanad ium oxide came closest to meeting 
the proposed properties desired for the masks. 

Meanwhile, MacChesney, O'Connor, and Sul l ivan  (3) 
prepared iron oxide films on soda l ime glass plates by 
chemical vapor deposition using i ron pentacarbonyl  
(Fe (CO)5) vapor in  an argon carrier gas and reacting 
it in  ambient  gas atmospheres of argon, carbon dioxide, 
oxygen, or oxygen-water  vapor. These films met  the 
proposed criteria if prepared properly. Upon oxidation, 
the over-al l  reaction which takes place is 

2Fe(CO)5 + m O 2 ~  Fe203 + pCO + qCO2 [1] 

The detailed mechanisms of these reactions are not yet 
known. In  oxygen without  water vapor, the rates were 
(3) " . . .  approximately proport ional  to carrier gas flow 
rate and were not believed to be temperature  depen-  
dent  above 140~ '' Water  vapor not only drastically 
reduced the deposition rate, bu t  the deposition rate 
vs. tempera ture  now showed an activation energy of 
12.7 kcal/mole.  They postulated without  discussion that 
the decomposition of i ron pentacarbonyl  to iron oxide 
proceeds by a surface catalyzed reaction ( inferent ia l ly  
as the ra te- l imi t ing  step.) 

Peters, Sinclair, and Sul l ivan (4) have prepared 
FeOx films by sput ter ing and indicate that, at ]east for 
them, sput ter ing is more convenient  than  chemical 
vapor deposition. More recently, Sul l ivan (5) has in -  
dicated that good qual i ty CVD films can b e  prepared 
at 100~ that meet  all requirements,  using CO2 as a 
carrier gas. 

Cotton, Fischer, and Wilkinson (6) investigated the 
s t ructure  and properties of i ron pentacarbonyl .  The 
la tent  heat  of vaporization is +8.9 kcal/mole.  The en-  
thalpy of combustion at 298~ according to the re- 
action 

13 
Fe(CO)5(1) ~ -~ -O2(g )  *--> 1/'2 FelOn(s) + 5CO2(g) [2] 

is --385.9 kcal/mole.  This represents an energy release 
of 16.8 eV per molecule of Fe(CO)5(1) oxidized, or 

* Electrochemical  Society Act ive  Member .  
K e y  words :  CVD mechan i sm,  i ron oxide film, i ron pen tacarbonyl  

oxidation,  photol i thographic  masks .  

17.2 eV per molecule of Fe(CO)5(g)  oxidized. I r radi-  
ation of Fe(CO)5 with near  u.v. light produces iron 
enneacarbonyl,  Fe2 (CO) 9, and carbon monoxide (7) 

2Fe(CO)5 + h~-~ Fe2(CO)9 + CO [3] 

When pure, it is unat tacked by air. It  is insoluble 
and nonvolatile,  and unique  among carbonyls. The 
compound decomposes at 100~ to give iron, CO, some 
Fe(CO)5, and some iron dodecacarbonyl, Fe3(CO)r~. 
I ron dodecacarbonyl exists as green monoclinic crys- 
tals. It is volatile in  steam without decomposition, but  
if heated alone above 100~ it breaks down into me-  
tallic i ron and carbon monoxide. 

Experimental 
Our pre l iminary  work was carried out using N2 as a 

carrier gas for the Fe(CO)5, which was introduced by 
a bubbler .  The remainder  of the gas was made up of 
02 and CO2. 

Following the over-all  reaction mechanism given by 
Eq. [1], wherein all of the l iberated CO is converted to 
CQ,  then a m a x i m u m  of 3.25 volumes of O2 are needed 
for each volume of Fe (CO)5. This restriction was met  
in all cases; usual ly  with more than  a 100% excess of 
oxygen. Tempera ture  ranges studied extended from 90 ~ 
to 160~ 

In order to obtain reaction t ime- tempera ture  rela-  
tionships, the process observations were made by not-  
ing film color changes with time. The reaction was 
terminated when the appropriate color fringe on the 
film was observed, and the times noted. This technique 
is dependent  on chamber-wal l  cleanliness and is also 
subjective, even with an experienced observer, with an 
error of typically •  sec. 

The times required to form the first purple  (950A) 
fringe and the first red (1700~) fringe were noted and 
the deposition rate over this thickness in terval  com- 
puted from the t ime in terval  difference. By using this 
"steady-state" deposition rate, the apparent  elapsed 
time to form the first 950A was calculated. By sub-  
stracting this time in terval  from the time noted to 
form the first purple fringe, an apparent  induct ion 
period for the reaction was calculated. Time measure-  
ments were to the nearest  5 sec. 

A gas control system was hard plumbed with copper 
tubing and equipped with thermoelectric coolers for 
temperature  control of the iron carbonyl and water  
bubblers.  The reaction chamber was an inver ted 8 
in. diameter funnel  whose lip had been ground to give 
a snug fit onto the hot plate surface. Its volume was 
]700 cm 8. Deposition s were made on 21/2 in. square soft 
glass plates, polished on one side, and cleaned thor-  
oughly just  prior to deposition. All  work was done in 
a l aminar  flow hood. Residual small  particles on the 
glass often caused large pinholes. Typically, the carrier 
gas was saturated with iron carbonyl  at room tem- 
perature and equil ibrated by going through a second 
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bubbler  maintained at 20~ Water  vapor  at 0 ~ 10 ~ 
and 20~ was introduced in the oxidizer stream. 

In order to assess the nonsteady-state  conditions 
existing during reaction, the chamber  was treated as a 
continuous s t i r red tank reactor system (8). In condi- 
tions of operation, a substrate plate was placed on the 
hot plate surface, and the reaction funnel  placed over 
it, defining t = 0. The apparent  start  of deposition, to, 
was determined as above. During purging of the re-  
actor, assuming this reaction to be first order with re-  
spect to iron carbonyl, the reactant  concentrat ion 
builds up in accordance with  the relat ionship (8) 

Ca = Ca,o 1 -- exp -- ~ [4] 
Q 0 

w h e r e Q  : (k* ~- F/V)~e -- (k*e -~ 1 ) ; e  = V / F ,  sec; 
k* ~ first order react ion velocity constant, sec-1; F --- 
total  volumetr ic  flow rate through the reactor, cm~/sec; 
V ---- volume of the reactor, cm3; Ca ---- Fe(CO)5  con- 
centrat ion in reactor  at t ime ---- t, mole fraction; and 
Ca.o -- Fe(CO)~ concentrat ion in the feed gas stream, 
mole fraction. Initially, it was assumed that  k* < <  
F / V .  For example,  at 115~ 22.8 cm 3 per minute  of 
Fe(CO)~ were  fed to the reactor  for 4.22 min to form 
a film 1700Jk thick. This corresponds to 223 mg Fe in 
the gas, f rom which only 19.5 mg Fe deposited on the 
hot plate areas. 

The concentrations of Fe(CO)5 were  calculated us- 
ing E q. [4] at t -- t0~0 and at t ---- tiT00, the times when  
the films were  "950A" (first purple)  and "1700A" (first 
red) thick. This corresponds to the t ime in terva l  over  
which the deposition rate  was measured. 

With the increase in Fe(CO)~ concentration, the 
HaO concentrat ion was also decreasing. Assuming a 
50% relat ive humidi ty  and nominal  room tempera ture  
of 24~ (PH2o : 22 mm Hg),  then the chamber  con- 
tained 14,500 ppm H20 at the ini t iat ion of the purge 
cycle. The decrease in wate r  vapor  content  with t ime 
is (9) 

CH2O -- CH2O,O -~- (AH20 -- CH2o,o) e x p - -  t/0 [5] 

where  C H 2 0  : actual water  vapor  concentrat ion in re-  
actor at t ime ---- t, ppm; CH20,O ~--- water  vapor  concen- 
t ra t ion in reactant  feed stream, ppm; and AH20 : ini- 
tial water  vapor  concentrat ion in reactor, assumed 
14,500 ppm, as described above. The carbonyl and 
water  concentrations were  calculated at t950 and t1700 
and a mean concentrat ion used. Errors  were  typically 
about 5-10%. 

A series of 39 additional sets of runs wi th  from three 
to nine observations at each set of conditions was 
made varying iron carbonyl concentrat ion (from 0.53 to 
1.5%), water  concentrat ion (from 0.063 to 0.24%), and 
tempera tu re  (13 runs at 104~ 13 runs as 115~ and 
13 runs at 1270C). Flow rate was typical ly 1350 cm3/ 
min. All data were  analyzed as outl ined above. Results 
plotted on Fig. 1 and 2 show deposition rates in A/ ra in  
at 104~ plotted vs. water  vapor  concentration and 
Fe(CO)5 concentrat ion in mole fraction, respectively.  
Similar  plots were  obtained at 115 ~ and 127~ Water  
vapor  concentrat ion was more difficult to contro! than 
carbonyl concentration. 

The plots in Fig. 1 and 2 indicate that the deposition 
rate  varies approximate ly  wi th  the iron carbonyl con- 
centrat ion to the 1.5 power, and with  the water  con- 
centrat ion to the --1 power. In order to evaluate  these 
exponents more careful ly as well  as the p re -exponen-  
tial coefficient, A, and the activation energy, ~E, the 
data were  subjected to a mult iple  regression analysis 
on a computer. The results were  

3.738 >< 10~ (C~) ~.~7~ --8124 
R* = exp A / m i n  [6] 

(C2) 0.9~ R T  

where  R* ---- deposition rate, A / m i n ;  C~ ---- iron car- 
bonyl concentration, mole fraction; C2 ---- water  con- 

w 

~, ~ ,  \1 I I I I I ]  

~ , L  ~ ~ 0.87% Fe (CO)5 
I \ L [ [ I I I 1 [  

�9 %. ~ 0 53% Fe (CO)5 �9 %. ~ 0,53% Fe (CO)5 

lO-~ 1o-2 
MOL FRACTION H=O 

Fig. 1. Film deposition rate, R*, in /~/min vs. water vapor con- 
centration in mole fraction as functions of iron pentacarbonyl con- 
centration at 104~ 

~04 

.06--.09% H20  

/ ~ ,125% H20  i 

$ 

lo 2 lo.1 
MOL FRACTION IRON PENTACARBONYL 

Fig. 2. Film deposition rate, R*, in .~./min vs. iron pentaearbonyl 
concentration in mole fraction as functions of water vapor concen- 
tration at 104~ 

centration, mole fraction; A ---- p re -exponent ia l  co- 
efficient ----- 3.738 X 107; AE z activation energy, --8124 
_+ 366 cal /g  mole;  m = concentrat ion dependence of 
C1, 1.575 __ 0.030; and n -~ concentrat ion dependence 
of C2, --0.930 __. 0.024, where  the ___ values indicate one 
sigma limits. 

At low water  concentrations, the deposition rate was 
very  rapid, and the chamber  became smoky and cloudy 
very  rapidly. Water  vapor suppressed smoke formation 
and reduced deposition rate. 

The sensit ivity of the deposition rate to various 
operating parameters  can be determined by differen- 
tiating the rate expression wi th  respect to the inde-  
pendent  variables. For  example, a var ia t ion  of +_ 2~ 
in deposition tempera ture  can cause a total  of 10% 
change be tween  min imum and m ax im um  film thick-  
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n e s s .  Good tempera tu re  control is necessary for good 
deposition ra te  reproducibi l i ty  and film uniformity.  

When compared to the act ivat ion energy found by 
MacChesney et el. of 12.7 kcal /mole ,  our  significantly 
lower  act ivat ion energy of 8.1 kca l /mole  indicates that  
the presence of large  amounts of  CO2 changes the re-  
action path. These act ivat ion energies were  both de- 
termined for the react ion system containing water  
vapor. 

Results 
When it was observed that  small  foreign particles 

on the substrate  surface seem to exer t  a re tarding in- 
fluence on oxide film deposition well  beyond the par-  
ticle dimensions, it appeared that  the system might  be 
sensit ive to electrostatic influences. To invest igate  this 
effect, two A1 foil electrodes 2.5 cm square were  placed 
in the react ion chamber  about 5 cm apart  and a po- 
tential  rangir~g f rom 6 to 15 kV applied, while the re-  
action was proceedir~g under  highly smoke-forming  
conditions. There was a large accumulat ion of nega-  
t ive ly  charged dark reddish b rown soot containing 
61.4 weight  per cent (w/o)  Fe around the posit ive 
electrode and a much smal ler  amount  of posi t ively 
charged blackish and gray-colored soot containing 
46.3% Fe around the negat ive electrode. Hence ions 
a r e  formed in the vapor  as par t  of the react ion mech-  
anism. This type of behavior  is unusual  for a vapor-  
phase reaction. At every  high (15 kV) potential,  the 
soot was cleared almost instantaneously f rom the vapor  
phase and deposition essentially ceased. When the po- 
tent ial  was lowered to 6 kV, it reappeared.  No detect-  
able cur ren t  was noted on a mi l l iammeter .  

To ascertain the degree of smoke part icle formation, 
a fract ional  port ion of the exhaust  s t ream f rom the 
reactor  was introduced into a part icle counter. Af ter  
4 min, the ra te  of generat ion of particles greater  than 
0.5# in d iameter  at tained a steady state of about 250,000 
particles/ft~ rain. 

To ascertain whe ther  or not  there  actual ly is an 
induct ion period for deposition, plates were  slid into 
and out of the funnel  reactor  while  it was operating 
under  s teady-sta te  conditions. Reproducible  results 
were  obtained but a negat ive induction period was in-  
dicated. This may possibly be a t t r ibuted to a condensa- 
t ion on the glass plate surface as it is warming  to re-  
action temperature ,  to an electrostatic effect which 
accelerates the init ial  deposition or retards la ter  depo- 
sitions, or to some other effect involving the init ial  
deposition on the surface. 

Film Characterization 
Dens i t y . - -The  density of a film was determined by 

measur ing  a 7.8 mg weight  increase af ter  deposition 
of a 4000A thick film. On a 21/2 in. • 21/2 in. • 0.060 in. 
glass substrate  

7.8 • I 0 - ~  
_ = 4.84 g / c m  3 [7] 

40.4 • 0.4 • 10 -4 

A 1400A film weighing 2900 ~g on one side of two 2 in. 
d iameter  silicon wafers gave a density calculation of 
5.07 g / cm ~. This is lower  than that  observed for any 
oxide of iron (Table I).  

Composi t ion. - -Fi lm compositions were  measured  us- 
ing atomic absorption spectra intensities and compar-  
ing against s tandard solutions. Precision is expected to 
be about • 0.5%. Results on films as-made as well  as 
powders at t racted to the posit ive electrode and nega-  
t ive electrode are listed in Table I along with proper-  
ties of some iron compounds. 

The film taken f rom the hot plate  (69.4% Fe) ap- 
parent ly  is Fe203 (69.8% Fe),  and was formed after  
prolonged exposure at the deposition tempera ture  of 
127~ The normal  film (68.6% Fe) has a h igher  iron 
composition than the negat ively  charged ions (61.4% 
Fe) or the posi t ively charged ions (47.3% Fe) that are 

Table I. Iron compositions of various samples and compositions, 
density and index of refraction of various iron compounds 

Index  of 
w / o  refractior~ 

Sample  Fe Dens i ty  (5896A) 

l~ormal fiIm 68.6 
Powder  at anode 61.4 
Powder  at cathode 47.3 
F i lm f r o m  hot plate 69.4 
Fe20~ 69.8 

FeaO~ 72.3 
FeO 77.6 
FeCO~ 47.6 
Fe(CO)5 28.0 
Fee(CO)9 30.6 
Fez,(CO) ~. 33.2 
Fe2(CO)4 49.9 
Fe~ (CO) 5 44.2 
Fe(CO) 66.5 
MacChesney 

155~ film 67.0 
MacChesney  

20'0~ C film 68.2 

4.84 (5.07) 3.0 • 0.2 
(nega t ive ly  charged  ions) 
(posit ively charged ions) 

5.24 3.01 (5896A) 
2.94 (6708A) 

5.1,8 2.42 
5.7 2.32 
3.8 1,663(?) 

2.08 

formed during the reaction. This indicates that  pyro ly-  
sis and oxidation does take place during the te rmina-  
tion phase of the reaction after  the smoke particles 
deposit on the hot glass surface. The posi t ively charged 
ions (47.3% Fe) have  an i ron composit ion similar  to 
FeCOs (47.6% Fe) .  

Transmission electron microscope p ic tures . - -Trans-  
mission electron microscope pictures using the replica 
technique, and Talyscan surface profiles were  made 
on some of the films. As the project  progressed, various 
data were  correlated to define an in terpre ta t ion of the 
react ion kinetics (see below).  As par t  of this study, 
two films at t : 10 sec and t ~ 15 sec showed charac-  
teristics different f rom each other  and f rom the com- 
pleted films. (Where t ---- 0 is t ime of introduction of 
plates into the reactor.) 

(i) t = 10 s e c .~ I t  appeared that  there  was a substan- 
tial amount  of ini t ial  deposition of reacted product  on 
the glass surface. This supports the "negat ive  induction 
period" observed wi th  the kinetic studies. The part icle 
size distr ibution was large with  2 par t ic les /~ 2 having 
0.2 ~m diameter  or greater.  

(if) t -~ 15 sec . - -The  particle size distr ibution became 
narrower,  wi th  fewer  particles (1 per  ~e) having 
diameters  greater  than 0.2 ~m. A transmission electron 
microscope photograph at 21,000X is shown in Fig. 3. 

(iii) Completed f i Ims. - -These  films (about 1700=s thick) 
showed even a nar rower  part icle size distribution (1 
per 20-25 ~2) and a much finer grained structure.  

Reaction Kinetics Interpretations 
Our observations lead us to speculate on the nature  

of the reaction mechanism in order to expla in  the 
kinetic behavior  of the system. 

The presence of H20 promotes the oxidat ion of CO to 
CO2 (3, 10) but  inhibits the growth of FeO~ films (3, 
this work) .  

The presence of smoke or fog in the react ing system 
indicates a homogeneous nucleation mechanism. By 
considering the l imit ing react ion step in the film 
growth rate  to occur on the surfaces of smoke particles 
via a heterogeneous react ion mechanism, a good ap- 
proximat ion can be made for the observed results. The 
iron content  of the smoke particles lower than that  of 
Fe203 indicates that  some CO is still held chemical ly 
to the iron at this stage. Hence, the final stage of film 
deposition is then assumed to occur by way of a com- 
bination of thermal  decomposition and oxidation re-  
action of the smoke particles on the surface of the 
glass plate. Analysis of the as-made films (68.4 w /o  
Fe) indicates the probable inclusion of somme CO. 

A complete set of reaction step equations would be 
impossible to construct, but some speculations can be 
made nevertheless.  It was desired to establish a model 
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Fig. 3. Transmission electron microscope photograph of iron oxide 
film after initial 15 sec of deposition. Spheroidal particles, some 
partially shattered, demonstrate vapor-phase nucleation and 
particle growth, followed by pyrolysis on the glass surface. Com- 
position change between particles and films indicates that oxi- 
dation accompanies pyrolysis (9000X after reduction). 

so that the somewhat unusua l  values of the concen- 
t rat ion exponents in Eq. [6] could be explained. It is 
assumed that the part ial ly oxidized FeOx particles 
have semiconductive properties, and the l imit ing step 
is the catalytic oxidation of adsorbed Fe(CO)5 by O -  
adsorbed on the smoke particles, leaving Fe (CO)4 to be 
fur ther  oxidized and incorporated into the smoke par-  
ticles as a semiconducting material.  

Lee and Mason (11) have analyzed the possible con- 
ditions which can exist to promote the catalytic oxi- 
dation of CO by 02 on a semiconductor catalyst. This 
category of reaction involves the simultaneous adsorp- 
tion of positive (CO +) and negative ( O - )  ions and 
oxygen atoms and CO molecules, with the most prob- 
able l imit ing step being the surface migrat ion of ad- 
sorbed ions, atoms and molecules, to combine to form 
CO2 as the reaction product. For the reaction 

CO(s) + O-(s) --> C02(s) + e--> C02(g) [8] 

Lee and Mason's theory can show that the rate equa- 
tion can have the fo110wing form, if the adsorbed ions 
have surface concentrations so as to generate a nega- 
tive space charge region beneath the semiconductor 
catalyst surface 

Kfp021/2pcO5/3 
R* = [9] 

(1 -t- K4Pco2) s/a 

Under  conditions re levant  to these experiments,  the 
positive adsorbed surface ion concentration (CO + ) 
would have to be in excess of the negative adsorbed 
surface ion concentrat ion ( O - )  in order to form the 
required negative space charge region beneath the sur-  
face of the smoke particles. 

In the experimental  section, it was found that the 
deposition rate varied as the 1.575 power of the iron 
carbonyl concentration, which is close to the predicted 
1.67 power of the CO in  this reaction mechanism. For 
the experimental  evidence to be consistent with Lee 
and Mason's theory, the pressure of i ron pentacarbonyl  
must be substi tuted for the pressure of carbon mon-  
oxide. 

By using the nar row concentrat ion ranges of O2 and 
CO2 which occurred more or less by accider~t in  our 

deposition system, the data were again subjected to a 
series of mul t iple  regression analyses on the computer. 
In  this situation, it was necessary to select values of 
K4 in order to generate the 8/3 exponent  for the CO2 
adsorption isotherm in  the denominator.  The results 
are 

R* 

--8093 
8.459 • 107 (PFe(CO)5) 1.34 (Po2) 0.26 exp 

R T  
= A / m i n  

(PH20) 0.924 (1 -~- 0.422 PCO2) 2.6S 
[10] 

However, s tandard errors and F- level  tests of statisti- 
cal significance (one sigma limits) indicate that there 
was not sufficient variat ion in these quanti t ies to verify 
their exponents quanti tat ively.  

The inhibi t ing influence of water  vapor may be ex- 
plained by the competitive adsorption of (H40 +) 
molecules on the surface in place of the (CO + ) or 
equivalent  molecules from the Fe (CO)5. This mechan-  
ism would decrease the adsorbed Fe(CO)5 concentra-  
t ion and decrease the rate of smoke part icle growth, 
without affecting the reaction order of the Fe(CO)5. 
The competitive adsorption of the nonreact ing H20 
would probably introduce a term of (1 + KpH2o)-2 
into the rate expression. 

The state of the theory is such that adsorption iso- 
therms are not available for three species of charged 
particles s imultaneously adsorbed on a semiconductor 
surface. 

Particle Growth Kinetics 
During normal  epitaxial deposition, it is general ly 

assumed that one or more molecular species containing 
components of the epitaxial  composition strikes the 
surface and becomes incorporated into the s tructure 
essentially as an atomic ent i ty  after reaction and de- 
sorption of carrier atoms. This assumption seems to be 
valid for silicon, germanium, III-V compounds per- 
haps, and many other systems. 

More recently, Sladek (12) has considered the case 
of competition between reactions on the surface and 
homogeneous reactions which produce a powder in the 
gas phase which is not incorporated into the film. He 
cites experimental evidence for the formation of silicon 
nitride films to support his theory. 

In the Fe203 deposition reaction considered here, we 
postulate still a third mechanism. The reaction pro- 
ceeds via homogeneous nucleation to form a smoke 
particle which grows via a heterogeneous mechanism. 
The smoke particles then form the epitaxial film 
through a termination reaction involving pyrolysis and 
oxidation. The film deposition rate may be controlled 
by the competition between adsorption of two similarly 
charged ions, only one of which contributes to the re- 
action mechanism. By occupying surface adsorption 
area, the second like-charged ion acts as a reaction 
inhibitor. 

The experimental evidence (smoke compositions, 
transmission electron microscope pictures) confirms 
the theory in the case of iron pentacarbonyl oxidation 
even though the quantitative kinetic evidence for the 
heterogeneous mechanism is far from conclusive. 

Summary 
High quality, defect-free films of iron oxide that are 

suitable for making semitransparent  photolithographic 
masks have been prepared on soft glass plates by oxi- 
dation of i ron pentacarbonyl.  These films correspond 
general ly to the composition Fe20~. The chemical 
vapor deposition kinetics have been analyzed and a 
film growth mechanism has been proposed. 
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The Anodic Oxidation of Vanadium:Transport Numbers of 
Metal and Oxygen and the Metal/Oxygen Ratio in 

the Oxide Films 
W. D. Mackintosh and H. H. Plattner 

Atomic Energy o~ Canada Limited, Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada 

ABSTRACT 

The techniques of ion implanta t ion and Rutherford backscattering analysis 
have been used to determine the t ransport  numbers  of metal  and oxygen dur-  
ing the anodic oxidation of vanadium. These were found to be 0.28 • 0.05 and 
0.72 ~ 0.05, respectively. The Rutherford backscattering analysis s imultane-  
ously gives the ratio of V/O in the film. This was found to be 0.4 • 0.02 thus 
indicat ing that the films are V205. The result  was confirmed by use of the 
nuclear  react ion 160 (d,p) 170. 

In  1965 Keil  and Salc~mon (1) demonstrated that  ad- 
herent  oxide films could be grown on vanad ium pro- 
vided that an electrolyte of borax in glacial acetic acid 
was used. They also studied the film composition using 
Faraday 's  law, a t tenuated total reflectance spectro- 
scopy, and electron paramagnefic  resonance spectro- 
scopy. In  a later  publication, Keil  and Ludwig (2) ex-  
plored the relationship between ion current  migrat ing 
through the oxide films and the electrostatic field 
across the dielectric over a potential  range of 100V 
util izing the open-circui t  t ransient  method. Ellis, 
Hopper, and De Smet (3) s imul taneously  published a 
similar  study. While investigating anodic oxidation 
and subsequent  film str ipping as a technique for sec- 
t ioning vanadium, Arora and Kel ly  (4) devised a 
method for stabilizing the films so that they were not 
subject  to reaction with the atmosphere which other-  
wise occurs wi th in  60 sec of removal  from the electro- 
lyte. They also measured the rate of dissolution of 
vanad ium in  the electrolyte during anodic oxidation. 

In  this present  work we have used ion implanta t ion  
and nuclear  analytical  techniques to determine the 
t ranspor t  numbers  of metal  and oxygen ions and to 
investigate the film composition. These objectives were 
achieved by a method similar  to that described in  a 

Key words: vanadium, anodie oxidation, transport numbers, Ruth- 
erford backscattering analysis,  oxide stoichiometry. 

previous publicat ion (5) where it was shown that the 
energy spectra of He ions backscattered from alumi-  
num, recorded before and after anodic oxidation, could 
be interpreted to give both the thickness of the oxide 
films and the final position of foreign atoms introduced 
into the surface layers of the metal  before oxidation. 
Implanted noble gas atoms were used to act as an im-  
mobile marker  and hence to deduce the t ransport  n u m -  
bers of metal  and oxygen. It  was also shown to be 
possible to establish whether  or not the films were 
stoichiometric A120~. In  this lat ter  application the 
Rutherford backscattering method, unl ike  x - r ay  analy-  
sis, can be used on amorphous films and, unl ike  elec- 
t ron paramagnet ic  resonance spectroscopy, does not 
require  that  the film be dissolved from the substrate 
before analysis. 

In  addition, we have used the 160(d, p)170 reaction 
(6) to determine the oxygen content of the films. These 
measurements  served to confirm the oxide thickness 
and the V/O ratio obtained by Rutherford backscat- 
tering. 

Experimental 
The vanadium specimens were cut from sheets, 0.5 

m m  thick, using a jig to ensure reproducibili ty.  The 
areas were 4 • i cm except that  a rectangular  section 
was removed from one corner to leave a lug 5 • 3 mm 
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to which the electrical connections were made. Sur-  
faces were prepared by abrading with fine meta l lurgi -  
cal paper followed by vibra tory  polishing with 0.3 
~m alumina. Residual a lumina  was removed by u l t ra -  
sonic cleaning in  distilled water. The specimens were 
then rinsed in  ethanol and dried in air. This was fol- 
lowed by three cycles in which the specimens were 
anodized then stripped of oxide in  a dilute ( ~  0.1%) 
solution of KOH (4). 

All anodizations were carried out in the electrolyte 
proposed in Ref. (1), namely  glacial acetic acid con- 
taining 0.02 mole/ l i ter  Na2B407 �9 10 H20 and 1.0 mole /  
l i ter additional H20. The temperature  was  23~ For 
the most part  the procedure followed that of Ref. (4), 
that is, the specimens were immersed in the electrolyte 
to a depth of 3.5 cm facing a larger p la t inum electrode 
at a distance of 1 cm. The vessel was open to the atmo- 
sphere and not stirred. The electrolyte was discarded 
after two hours'  use. A constant voltage power supply 
was used and an external  variable resistance was con- 
nected in the circuit so that l imits to both the current  
and voltage could be preset. In  anodizing in this man-  
ner, we standardized on a max imum current  of 3 m A /  
cm ~ and a t ime of 6 min  as this had been shown in 
Ref. (4) to be the opt imum condition for obtaining the 
min imum loss of vanadium to the electrolyte. Im-  
mediately following anodization each specimen was 
rinsed briefly in  glacial acetic acid to prevent  deposi- 
tion of the solid component of the electrolyte on the 
surface. The specimens were then rapidly dried in  a 
jet of dry air. 

Some specimens were anodized in a manne r  closer 
to that described in  Ref. (1) viz. the electrolyte was 
contained in  a closed vessel, and was purged with Ar 
to keep the solution stirred. In  these cases the current  
was kept constant at 1 mA/cm 2 and the voltage al- 
lowed to rise to the desired value with no l imitat ion on 
time. These too were washed in acetic acid and dried 
in a s tream of air. 

Noble gas ions accelerated to energies of 50 keV were 
implanted into specimens which were covered with an 
oxide film 25 sg/cm 2 thick. At this energy the im-  
planted atoms were located ent i rely within the pre-  
formed oxide and served to mark  this layer. The n u m -  
ber of ions implanted was commensurate  with the 
sensit ivity of the Rutherford scattering method for 
each species; 2 • 10 ~5 of Xe and 4 • 1015 atoms/cm~ 
of Kr. 

The exper imental  a r rangement  for obtaining the 
spectra of backscattered He ions was identical with 
that  described in  Ref. (5). Briefly, it consists of a 
Van de Graaff accelerator delivering a beam of 2 MeV 
He ions, a target chamber and a surface barr ier  de- 
tector (resolution 17 keV FWHM) placed to observe 
ions scattered through 150 ~ , together with the usual 
electronics and pulse height analyzer. For  oxygen 
analysis a beam of 900 keV deuterons was used and the 
detector was covered with Mylar  19 ~m thick (6); 
otherwise the arrangements  were identical to those for 
backscattering. 

The basis of the Rutherford scattering technique for 
surface analysis, for film thickness measurements,  and 
for locating the position of foreign atoms has been 
described [Ref. (7) and references therein].  The es- 
sence of the method is that, if a He ion of known 
energy (in this case 2 MeV) is scattered from a surface 
atom, the resul tant  energy loss can be calculated from 
the kinematics of the system. Any  addit ional energy 
loss observed is due to the fact that the struck atom 
is not on the surface and therefore the He ion suffers 
energy loss in both its ingoing and outgoing trajec-  
tories. This loss can be interpreted to give the depth 
of the atom. 

The area of the peak obtained by backscattering 
from implanted ions is dependent  on the n u m b e r  of 
implanted atoms present. It is possible to obtain the 

absolute amounts (7), but  for these experiments it was 
sufficient to compare areas after normalizat ion to the 
same integrated beam current  (i.e., same number  of 
incident particles) to observe any changes in the 
amount  of implant  occurring during anodization. 

The details Of how the spectra are interpreted are, 
again, given in  Ref. (5). We present  a very brief il- 
lus t ra t ion by means of Fig. 1. It  was obtained from a 
specimen of V after the oxide had been thickened to 
60 ~g/cm 2. In  the spectrum, the peak to the r ight  is 
derived from scatterirlg from the Xe. The cont inuum to 
the left containing a marked step is derived from 
scattering from the V atoms. The lower step is obtained 
from V atoms in the oxide, the higher from V atoms in 
the metal  substrate. The peak on the substrate con- 
t i nuum is derived from backscattering from O atoms 
in  the oxide layer. It has poor statistical significance 
and hence is unsatisfactory for determining the oxy- 
gen content. 

The width of the step in the continuum, indicated 
by the vertical dashed lines in  Fig. 1, is a measure of 
the oxide thickness and this can be calculated as de- 
scribed in Ref. (5). However, as noted in this refer-  
ence, it is necessary to know the ratio of metal  to O 
atoms in  the oxide to carry out the calculation ac- 
curately as the energy loss sustained by the He ions is 
dependent  upon the composition of the medium through 
which they are passing. We assumed that  this ratio 
was not known with certainty and calculated two pos- 
sible values for the rate of energy loss; one based on 
a composition of VO2 and one on V205. We then cal- 
culated for each of the two compositions what  the ratio 
of the step heights should be and compared this cal- 
culated ratio with the observed ratio. The composition 
leading to the best fit was considered the correct one. 
The choice and additional evidence for the correctness 
of the choice are giver~ below. 

The position of the dashed vertical l ine above the 
Xe peak on the energy scale of Fig. 1 corresponds to 
Xe atoms if they were on the surface. The actual Xe 
position indicates that the Xe atoms are buried. The 
depth of the Xe is calculated from this energy shift. 
The precision obtainable for this measurement  and for 
the thickness of the oxide film is 2 #g/cm ~. 
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The procedure for the nuclear  reactions ~60 (d/p)1~O 
was much as described in Ref. (6). The peak in  the 
spectrum derived from the proton product  of the re-  
action was identified from its energy. The area of the 
peak was compared to that  derived from a compara-  
tive s tandard exposed to the same integrated beam 
current.  The comparative s tandard was Ta covered by 
an oxide layer  known to be 2579A thick and to con- 
ta in  37 ~g/cm ~ of oxygen. 

Results 
Oxygen to vanadium ratio.--In Fig. 2 the count data 

in the region of the step in  the vanad ium cont inuum 
have been replotted as a funct ion of depth by in ter -  
polating in, to the data of Fig. 1. Figure  2A assumes the 
oxide is V~O~, Fig. 2B that it is VOw. These show a 
difference of only 3 ~g/cm e in the thickness as the 
energy to depth calculations are li t t le affected by 
moderate differences in the composition of the oxide. 
The dashed lines represent  the s tandard deviation of 
the least squares fit to the data points. The point  �9 is 
the fitted count in  the first channel  of data derived 
from the vanad ium substrate. Using this n u m b e r  and 
assuming a stoichiometry for the oxide it is a s traight-  
forward mat ter  to calculate the n u m b e r  of counts that 
should be obtained from the vanadium in the oxide 
film for the chosen stoichiometry. These calculated 
curves are shown as solid lines for V20~ and VO~ in 
Fig. 2A and 2B, respectively. (Curves for V2Os and VO 
diverge fur ther  from the data.) The relative s tandard 
deviat ion of the calculated curves was 2% (indicated 
by (~ in  the ~gures),  that of the observed data, 2.5% 
(indicated by the dashed lines in the figures). Of 30 
spectra we have examined, the calculated curves based 
on a V/O ratio of 0.4 (V20~) fitted the observed data 
wi thin  these limits so it  can be said that the V/O ratios 
were within 4.5% of stoichiometric V20~. 

Results obtained from another  experiment  confirm 
that the film is ir~deed V~O~. In  Fig. 3 we show the 
weight of oxide per cm -2 of surface for seven samples 
which were anodized at applied voltages of 40, 50, 60, 
70, 70, 80, and 90, respectively. In  all cases the initial 
current  was 3 m A / c m  ~ and the anodization t ime was 
6 min. Each of the samples was analyzed in three 
ways: by weighing, by the ~O(d,  p)~zO reaction, and 
by Rutherford backscattering. The values marked ~7 
were obtained by convert ing the oxygen results found 
by the ~O(d,p)~?O reaction to oxide assuming the 
oxide was V~O~ while those marked �9 assume the 
oxide was VOe. The precision of these results depends 
on two factors, counting statistics and the reproducibi l-  
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Fig. 3. The results of Rutherford backscattering analysis, nuclear 
reaction analysis, and conventional weighing. The assumption that 
the oxide is V20~ is compared with the results on the assumption 
the oxide is VOw. ~ ~60(d,p)lTO if V~O~; ~ Rutherford backscat- 
tering if V~O~; �9 Rutherford ba:kscattering if VO~; �9 
~60(d,p)Z?O if VOw; �9 conventional weighing. 

ity of the measurement  of incident  beam dose on sam- 
ple and comparative standard. The values plotted in 
the figure are the averages for triplicate analyses; the 
widest range observed was _ 2 ~g/cm2 for the thickest 
samples. The points C) are the Rutherford backscat- 
tering results asuming V205, A assuming VOf. In  this 
experiment  these diverge more than the results shown 
in  Fig. 2 because we t i l ted the specimens at an angle 
to the target beam to increase the total path length 
of the incident  and emergent  particles. Due to the in-  
creased path length the method is then more sensitive 
for dist inguishing between the two possible oxides. 
The points marked �9 are the values obtained from the 
difference in  weight between the anodized specimen 
before and after stripping. The s tandard deviation 
found dur ing  weighing in quintupl icate  was 2+5 ~g/ 
cm ~. It can be seen from this figure, bearing in mind  
the precision of each result, that the weight calculated 
from Rutherford backscattering and the 160(d, p)~zO 
reaction data on the assumption that the film is V20~ 
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agree quite closely. On the other hand, the points di- 
verge in opposite directions when  it is assumed the 
film is VO2. In  addition, weights determined by con- 
ventional  weighing agree more closely with those 
obtained by Rutherford backscattering and the 
160 (d, p)170 reaction assuming the film is V205 while 
converting the data to weight. It  is therfore concluded 
that the oxide film is V205. 

This conclusion is in contradiction to that of Keil  
and Salomon (1) who contended that  the oxide was 
VO2. Our normal  method of oxidation differed from 
theirs. However, we anodized 8 specimens in  their 
manner ,  i.e., in  a closed vessel with Ar purging, at a 
constant current  of 1 mA/cm ~, and an electrode spac- 
ing of 1 em. The oxide thicknesses produced ranged 
from 20 to 85 ~g/cm 2. In  every case, the Rutherford 
backscattering spectra showed that the heights of the 
steps derived from the vanad ium in  the oxide film 
corresponded to V20~. These differences in results are 
difficult to reconcile. The advantage of the Rutherford 
backscattering method is that  the film is examined 
in situ while the electron paramagnet ic  resonance 
method used involved determinat ion of the valence 
of V after dissolution. It  would take little S O 3 - -  in the 
sulfate-bisulfate solution used to dissolve the oxide, 
to reduce V205 to the vanadyl  ion. 

Transport number.--The metal  t ransport  n u m b e r  is 
given by the ratio D/T when D is the amount  of oxide 
grown above an immobile  marker  and T is the total 
thickness of oxide grown dur ing the anodization. The 
method by which this ratio is obtained from ion im- 
plantat ion and Rutherford backscattering experiments  
is i l lustrated in Fig. 4. The vertical lines denoted tl 
represent the preformed oxide layer while the points X 
mark  the position of the immobile marker  atoms im-  
planted wi thin  this film. The thickness of the film and 
the depth of the marker  dl are obtained from back- 
scattering spectra of specimens before anodization. The 
depth d2 of the implant  below the outer surface of 
the specimen and the thickness of the oxide t3 are 
likewise obtained from backscattering spectra after 
the specimen has been anodized. The thickness t2 
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Fig. 4. Illustration of the parameters used in calculating 
metal transport numbers, 

the 

represents the oxide equivalent  of the amount  of V t h a t  
has been dissolved in the electrolyte dur ing anodiza- 
tion. Expressing all depths in  ~g/cm 2, the required 
ratio D/T is therefore given by the f ollowir~g expres- 
sion 

d2 - -  dl -}- t2 

t 3 - - t l - ~ -  t2 

Arora and Kelly (4) found that on anodizing for 6 
rain at 50V with an ini t ial  cur rent  l imited to 2 m A .  
cm 2, the loss of vanadium to the electrolyte was 4.2 
gg/cm 2 which, as V20~, would give a value of 7 gg/cm2 
for t2. On the other hand, Keil  and Salomon (1) found 
no loss on reanodizing a specimen to 100V at a con- 
stant  current  of 0.555 mA/err~2 that had a preformed 
film formed at 20V. Since nei ther  condit ion corre- 
sponded exactly with ours, we determined the value 
under  our circumstances. Six weighed specimens were 
anodized to 40V with an upper  l imit  to the current  of 
3 mA/cm 2 and for a time of 6 rain. These were re-  
weighed. Half of them were then stripped of oxide and 
weighed again. The remainder  were reanodized to 80V 
again l imit ing the current  to 3 m A / c m  2 and the time to 
6 rain. These were weighed, stripped, and reweighed. 
From the first set we found the loss of vanad ium to 
average 7 #g/cm 2, the second set averaged 11 ~g/cm 2. 
We therefore concluded that  the vanad ium loss in our 
marker  experiments,  i.e., during anodization of a 
specimen covered with a preformed oxide film, was 
the difference between these values, that  is, 4 ~g/cm 2 
of V or 7 ~g/cm 2 as V205, essentially in agreement  
with Arora and Kelly despite the fact that  the oon- 
ditions differed. 

The metal t ransport  numbers  are given in Table I 
for a number  of oxide thicknesses. Two addit ional 
specimens were anodized in the manner  of Keil  and 
Salomon (1) to voltages of 60 and 85, respectively. We 
found, as did Arora and Kelly, that  specimens anodized 
in  this way did not have oxides of even thickness r ight  
out to the edges of the specimens. However, the mea-  
surements were made in  the region (75-85% of the 
total area) that was evenly colored. The transport  
numbers  agreed with those for our normal  method 
of anodizing, when the same allowance was made for 
vanadium loss to the electrolyte but  would be half this 
value were there no loss as claimed in  Ref. (1). 

The table notes that the s tandard deviation of these 
results is 0.02. However, the same correction factor 
for vanadium loss to the electrolyte was applied to 
each calculation. When we add in the probable error of 
this correction factor ( •  #g/cm2), the total error be-  
comes 0.05. 

The results could conceivably be in error if the pres- 
ence of the implanted mater ial  effects a change in the 
oxidation process. The max imum concentrat ion of 
noble gas atoms in the marked  volume is ,-,5 atom per 

Table I. Oxide thickness and metal transport numbers 

Oxide  T r a n s p o r t  
I m p l a n t  t h i ckness ,  n u m b e r  

No. species ~ g / c m  2 of m e t a l  

1 Xe 77 0.25 
2 Xe 88.5 0.24 
3 Xe 67 0.20 
4 Xe  71 0.23 
5 Xe 60 0.30 
6 Xe 49 0.26 
7 Xe 88 0.26 
8 Xe 66 0.35 
9 Xe 73 0.82 

10 K r  71.6 0.31 
11 K r  63.5 0.29 
1 2  X e  4 4  0 . 2 5  
13 Xe 47.5 0.26 
14 Xe 63 0.25 
15 Xe 76 0.32 
16 Xe 78.5 0.29 

A v e r a g e  0.28 

S t d .  Dee.  0.02 
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cent (a /o) .  However, in  the specimens used, the area 
of the implant  covered only one- th i rd  of the total area. 
We were able, therefore, to determine oxide thickness 
and the V/O ratio both in  the implanted and off-im- 
p lant  regions. With in  the precision of the measure-  
ments  no differences were ever detected although the 
implanted region was visual ly distinct, p resumably  due 
to the radiat ion ctamage producing a difference in re-  
flectivity. 

Conclusions 
In  these experiments,  V has been anodically oxidized 

in  glacial acetic acid containing 0.02 mole / l i te r  of 
Na2B4OT-10H20 and 1.0 mole of addit ional water. 
Some specimens were anodized in the manne r  of Keil  
and Salomon (1) and some in  the manne r  of Arora and 
Kelly (4). Irrespective of the method used and 
whether  or not the specimen is or is not covered by a 
preformed oxide layer, substant ial  loss of V to the 
electrolyte is obtained. Both methods yield films in  
which the V/O ratio is close to that of 7205 over the 
thickness range of 20 to 85 #g/cm 2. 

In  both methods the oxidation takes place by both 
inward  migrat ion of O and outward migrat ion of V. 
The metal  t ranspor t  n u m b e r  was found to be 0.28 
_+. 0.05 for films ranging from 20 to 85 ~g/cm 2 in thick- 
ness. This value is very similar to those for Ta, Nb, 
and W which have been reported to be in the ranges 
0.24-0.31, 0.22-0.33, and 0.30-0.37, respectively (8, 9). 

Manuscript  received Aug. 29, 1975; revised m a n u -  
script received Nov. 24. 1975; This was Paper  99 pre-  
sented at the Toronto, Canada, Meeting of the Society, 
May 11-16, 1975. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs o] this article were partially as- 
sisted by Atomic Energy o] Canada Limited. 
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Eiectrochromism and Photochromism in MoO  Films 

Thomas C. Arnoldussen 

General Motors Corporation, Research Laboratories, Warren, Michigan 48090 

A~BSTRACT 

Electrical properties of amorphous evaporated electrochromic MoO3 (mo- 
lybdenum trioxide) films were studied in various ambients. It is shown that 
at a given applied voltage there is a "humidity threshold" below which 
coloration does not occur. The transient behavior of the current and remnant 
voltage in low humidity (precoloration), high humidity (postcoloration), and 
in the transition stage is shown to be consistent with an electrochemical 
interpretation of the coloration process. Changes in solubility upon electrical 
coloration and u.v. photocoloration verify that a chemical change accompanies 
the color change. 

Electrochromic materials have been the subject of a 
number  of recent studies (1-10). They are of interest  
for passive a lphanumeric  displays, iVioO~ and WO~ 
have been most discussed, though other t ransi t ion 
metal  compounds and organics are possibilities. 

Electrochromic materials can, in  general, be colored 
by high energy irradiation (1-3) (u.v. light, ion bom- 
bardment, etc.) as well as by electrical means. Optical 
and electrically colored MoO3 and WO3 have been 
studied by Deb (I, 2) and Tu,bbs (3) and the ab- 
sorption spectra have been found to be similar for 
both coloration techniques. The absorption shows a 
broad peak centered in the red portion of the spectrum 
(8000-10,000A) with a minimum in the violet blue; 
her~ce the characteristic blue purple color. 

Optically induced coloration can be produced in air 
or in vacuum. Electrical coloration was reported by 
Deb (2) to occur in air but not in vacuum, suggesting 
that water vapor may facilitate electrical coloration. 
He also reported (2) that amorphous, oxygen-deficient 
films colored more readily. 

Deb (i, 2, 4) proposed that coloration is caused by 
electron injection and filling of color centers, e.g., 

Key words:  MoOs, photochromic,  electrochromic.  

oxygen vacancy electron traps present in the film as a 
result  of the deposition process, analogous to alkali 
halide color centers. In  recent work, others (5-9) 
have explored coloration of WO3 and other materials 
in electrochemical cells employing a l iquid or gelled 
electrolyte such as H2SO4. Chang and Howard (5) 
pointed out the electrochemical redox na ture  of colora- 
t ion in some such devices and showed the optical ab-  
sorption spectrum of electrochemically reduced WO~ 
to be qual i tat ively similar to WO3 colored in air using 
Au electrodes; though higher contrasts were achiev- 
able with the H~SO4 electrolyte. Hurdi tch (10) dem- 
onstrated the dependence of coloration t ime and volt-  
age on the water  content  of hydrated WO3 �9 H20 films 
postulating the dissociation of H20 and formation of 
blue hydrogen tungsten  bronze WOs-x(OH)x at the 
cathode. 

We show here that  for evaporated MoOa films there 
exists an ambient  humidi ty  threshold for coloration 
which, interpreted as an electrochemical reaction, is 
related to the voltage threshold for coloration in these 
materials. Moreover, the fact that  1VioO3 undergoes a 
drastic change of solubil i ty in  water  when chemically 
reduced allows us to demonstrate that  a chemical 
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change accompanies electrical coloration and u.v. op- 
tical coloration as well. 

MoO8 Sample Preparation 
MoO3 was e lec t ron-beam evaporated from a pressed 

and sintered pellet of 99.9% pure MoO3 powder. Para l -  
lel Au electrodes 1.88 nun  wide, spaced 117;~ apart  
were deposited on a glass slide. A 0.67 ;~m film of MoO8 
was then evaporated over the electrode gap with about  
0.5 mm overlap on each electrode. X- r ay  diffraction 
showed the evaporated MoO~ was amorphous. Elec- 
trical leads were attached to the Au pads wi th  Ag 
paste. 

MoO~ Electrical Characteristics in Vacuum and Air 
Current  vs. voltage characteristics were measured in  

a 10 -6 Torr vacuum. These results are shown in  Fig. 1. 
Since the device s tructure is basically symmetric, the 
designated voltage polar i ty  was arbi t rar i ly  chosen. I t  
can be seen that at low voltages the I -V curve is 
slightly asymmetric while this asymmetry  is not  ap- 
parent  in  the range from 100 to 100OV (,~104-105 
V/cm).  In  vacuum the response t ime for current  upon 
change of voltage was much less than a second, and no 
coloration resulted. 

With the sample chamber  open to air and --100V ap- 
plied, the current  decayed exponent ial ly  with a t ime 
constant  ~50 min. After  allowing the "charging cur-  
rent" to decay for lZ/2 hr, the voltage source was 
zeroed. The r emnan t  voltage, Vm on the sample was 
ini t ia l ly ~0.75V, with polari ty in  opposition to the 
original applied voltage, decaying to half  that  value in  
N5 min, followed by a slower decay. Time constants of 
this magni tude  could not be accounted for by any  
electronic capacitance associated wi th  the sample or 
measurement  circuit. They are more characteristic of 
slow ion motion or chemical reactions. 

The device was recharged in air and the r emnan t  
voltage monitored as the sample chamber  was se- 
quent ial ly  evacuated, reexposed to air, reevacuated, 
etc. Each evacuation caused VR to drop to near  
zero ( ~< 1 kT/e)  and each reexposure to air caused it 
to re tu rn  to the original decay curve as shown in  Fig. 
2. The charging process did not produce coloration and 
the r emnan t  voltage was typical of ionic polarization 
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uncolored MoO3 films. Colored films show a much slower VR decay 
which also disappears and reappears when water vapor is removed 
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ra ther  than an electrochemical potential, as indicated 
by the comparatively rapid ini t ia l  decay of VR. Ad- 
sorbed water  vapor was the suspected source o.f ions, 
giving rise to separated I-t+ and O H -  or MoO4 = ions. 
The drop in VR upon evacuation is believed due to de- 
sorption of water  from the surface with the result ing 
immobil izat ion of the polarized ions. Hurdi tch (10) 
showed the apparent  dependence of I-I + ion mobil i ty  
on the water content  of WO3. Because the MoO3 is not 
a perfect electronic insulator, charge on the electrom- 
eter capacitance leaks off without  replenishment  (the 
decreased ion mobil i ty freezes the relaxing ion po- 
larization in place) result ing in  a drop in  measured 
voltage. When air is reintroduced the ions resume 
diffusion and the measured voltage increases. The VR 
overshoot/undershoot  occurring when  air is re intro-  
duced is probably due to competing charging discharg- 
ing processes, the increased ion diffusion driving the 
electrometer voltage up and the electronic leakage 
resistance driving it down. The fact that  the form 
and magni tude  of this t ransient  is roughly independent  
of the air reent ry  rate suggests that it is related to the 
absolute water  vapor part ial  pressure. 

Electrical Characteristics in N2, 02, H2, and H20 Vapor 
To ascertain that  water vapor was responsible for 

the polarization behavior, the I -V and I - t ime charac- 
teristics of an identical device were observed in  vac- 
uum, in pure N2, pure 02, forming gas (96% N2, 4% 
H2), and forming gas plus 02. The electrical behavior 
was essentially the same as in  vacuum for all  of these 
ambients.  

When water  vapor was introduced by bubbl ing  N2 
through water  prior to leaking it into the sam- 
ple chamber, the behavior was drastically changed. 
With 200V applied, the current  (originally 3.7 • 
10-SA in vacuum) showed no change unt i l  the 
water  vapor partial  pressure reached ,~1 Torr, at 
which point the current  began decreasing. As the 
pressure continued rising the current  reached a min i -  
m u m  of 1.8 X 10-SA (water vapor pressure ~5  Torr) ,  
then sharply increased. As the total pressure reached 
,-,1 arm (water vapor part ial  pressure ,--20 Torr)  the 
current  reached a steady value of 7.5 X 10-6A (see Fig. 
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Fig. 3. Current vs. water vapor partial pressure and time far 
constant leak rate. Current is constant up to ,~I  Tort, decreases 
as ionic polarization proceeds, increases sharply above ~ 5  Torr as 
coloration occurs, then saturates at high pressures. 
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3). Dur ing  the t ime the cur ren t  and wa te r  vapor  were  
r is ing the device became colored da rk  purple.  Evacua-  
t ion caused the current  to drop to 5 X 10-SA as com- 
pa red  with  3.7 X 10-SA before  H20 vapor  in t roduct ion 
and coloration. 

Microscopic inspect ion of this device revea led  tha t  
da rk  purp le  colorat ion occurred in the MoO3 over lap-  
ping the Au cathode, whi le  l i t t le  color change was 
discerned in the gap region be tween  cathode and 
anode. This is shown in Fig. 4. The deepest  colorat ion 
occurred along the pe r iphe ry  of the  Au cathode over -  

laid by  MOO3, not  s imply  along the  cathode edge ad- 
jacent to the  gap. This form of the  colorat ion coupled 
wi th  the  r e tu rn  of the  cu r ren t  to nea r  the  precolora-  
t ion va lue  upon evacuat ion suggests  a high surface ion 
conductance in the presence of high humidi ty .  

We in te rpre t  the  var ious  stages of the  above colora-  
t ion process as follows: 

(i) For  wa te r  vapor  pre-~sures (PH20) ranging  f rom 
vacuum to ,-~1 Tort ,  the cur ren t  is p r edominan t ly  elec-  
tronic and carr ied  in the bu lk  of the  film. 

(ii) For  1 Torr  _< PH20_ < 5 Torr, the cur ren t  decays 
monotonica l ly  wi thout  coloration. Dur ing  this s tage 
adsorbed H20 is present  in sufficient quan t i ty  to pe rmi t  
H + migra t ion  and polar iza t ion  to occur, H + ions mov-  
ing to and accumulat ing  at  the  upper  surface of the  
MoO3 over  the cathode, forming an electrochemical  
double layer .  Dur ing this s tage the  vol tage  drop across 
this double l aye r  is insufficient to cause the  chemical  
reduct ion of MoO3 to proceed.  As PH20 increases the 
surface ion conductance increases, causing a la rger  
vol tage drop at  the double  layer .  

(iii) As the wate r  vapor  reaches a cr i t ical  pressure  
(~5  Torr ) ,  the double l aye r  vol tage  drop is sufficient 
to pe rmi t  e lectrochemical  reduct ion  of the  MoOs to 
occur. This is depic ted  in Fig. 5. The lower  oxides of 
Mo and W are  b lue  to b lack  and metall ic.  An  example  
of such a reduct ion  reac t ion  is 

MoO8 ~ XH + --I- X e -  ~ M o O s - x ( O H ) x  

forming a hydrogen  mo lybdenum bronze. One for -  
mula t ion  of the we l l - known  dye "moly  blue,"  
(MoO2)2(MoO~) �9 H 2 0 - - m o l y b d e n u m  motybdate ,  is 
also of this form. Mo + 5 is usua l ly  identif ied wi th  a blue  
color (11). MoO8 reduct ion  (colorat ion) proceeds f rom 
the upper  surface down to the  Au  cathode (e to f in 
Fig. 5). The effective cathode is moved to the top 

OH-OH- c d H + H + 

Anode Cathode 
(a) 

Fig. 4. MoO~ film colored to completion in high humidity. Colora- 
tion is principally along the cathode periphery (left). Striations 
between anode (right) and cathode suggest mass flow. Crystalliza- 
tion has occurred in the fringing field region (top). 

S,m 

c d e f 
(b) 

Fig. 5. (a) Cross section of MoO3 film with representative points 
a,b,c,d,e,f indicated ab ---- ef ~-- film thickness ---- 0.67 /~m. cd z 
electrode gap ~ 117/~m. (b) Potential profile using representative 
points from top figure for the case of (1) vacuum, (2) low water 
vapor, and (3) critical water vapor pressure. Potential drops 
through film and across double layers bc and de are exaggerated 
for clarity. When double layer potential drop becomes ~ Cr, the 
reaction potential, electrochemical redox reaction proceeds. 
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surface by vir tue of the metallic na ture  of the 
M o Q - x  (OH) x. 

(iv) At the high water  vapor pressures at tained 
here, the surface ion conductance dominates. Once 
the MoO3 over the cathode has been reduced, the domi- 
nant  current  path is from the Au cathode through the 
MoOa-x(OH)x above the cathode and across the H20 
adsor:bed surface. Fur ther  coloration of the M o Q  be-  
tween the electrodes is short circuited by  the surface 
where direct elec}rolysis of H20 is suggested by the 
large constant current  which disappears when the 
chamber is reevacuated. 

One can show that for a film of bu lk  resistivity 
pB(ohm-cm) and surface resistivity ps(ohm/square)  
the potential  at the top surface of the film overlapping 
the electrode falls off as 

V (~ )  --- Vedge exp [ - - l /~ / lps /ps j  

where Vedge is the potential  directly above the elec- 
trode edge (point d in Fig. 5), I is the film thickness, 
and k is the distance from this edge into the interior  
area defined by the electrode (Fig. 5). The potential  is 
relative to the electrode. Thus wi thin  several lengths 
+~/lpB/pS the potential  of the top surface of the film 
is at v i r tua l ly  the electrode potential. In  the sam- 
ple just  described, if we assume the current  measured 
in vacuum gives us pB, and the current  measured in  
high humidi ty  gives us ps then 

V(k) ~_ exp �9 g(?~)/Vedge ~- 10 -1 
Vedg e 9.5 ~,m 

for k -- 22 ~m~ 

Since the field through the film is appreciable only 
wi th in  a distance , ~  of the electrode edge, we expect 
coloration to occur pr imar i ly  in this region. Figures 
4 and 6 do show the peripheral  colored region to be 
~25-50 ~m wide, in  good agreement  for this idealized 
model. This is fur ther  evidence that, for this device 
geometry and high humidity,  the ionic conduction is 
pr incipal ly on the surface rather  than in the bulk. 

Prolonged coloration resulted in i r reversible  effects 
seen in Fig. 4. Not only has coloration formed over the 
cathode, but  crystall ization has occurred in the region 
of the electrode fr inging field. Notice also the striations 
in the electrode gap suggesting large scale mass flow. 

Discharge Current  
To observe whether the remnant  voltage on a col- 

ored sample is characteristic of an electrochemical emf 
rather  than a polarization voltage, another sample was 
placed in a water vapor-sa tura ted  N2 atmosphere with 
200V applied unt i l  just  the initial  stages of coloration 
were observed. The voltage source was zeroed and 
coloration halted before any gross irreversible effects 
occurred. The remnan t  voltage was 1.08V and decayed 
less than 5% in 5 rain; much slower than the remnant  
voltage decay observed in samples not brought  to 
coloration. This would be expected if the emf were 
electrochemical in origin and associated with the col- 
oration. The sample was removed for microscopic ob- 
servation which revealed coloration only along the 
cathode periphery as before, but much fainter  (Fig. 6). 

A half -hour  later, this sample was replaced in the 
measurement  chamber open to air and VR had decayed 
to only 0.5V. The current  delivered by this emf was 
recorded as a function of time (Fig. 7). After 131/2 hr, the 
current  had decayed to about 1% of the initial  value. 
The integrated current,  or total charge delivered by the 
cell during this time, was 2.4 X 10 -6 coulombs. This 
corresponds to ~10 TM e/cm~ based on the peripheral  
area colored. This charge stored in the electrical ca- 
pacitance between the top MoO3 surface and the Au 
electrode would require a dielectric constant in excess 
of 104 . If stored in an electrochemical double layer 
capacitance, assuming (12) a hydrated double layer 

Fig. 6. MoO8 film brought to partial coloration in high humidity. 
Coloration, along cathode (top) periphery, was halted before gross 
irreversible effects occurred. 

5 I I 

E 
a 4  

+_.3 

" 2  U 

g 
L,. 

10 100 1000 
Time, Minutes 

Fig. 7. Discharge current driven by V~ in air for partially colored 
device shown in Fig. 6. Total charge delivered in 13Yz hr was 2.4 
~C or ~ 2  mC/cm 2 based on the peripheral area colored. 

dielectric constant ,~30, the voltage drop per angstrom 
of double layer would be ,~5V, sufficient to cause al-  
most any electrochemical reaction to proceed. We can 
only conchde  that this charge is stored neut ra l ly  as a 
chemical potential  of a newly formed chemical specie. 

Solubi l i ty  Change  
Quanti tat ive chemical analysis of dehydrated colored 

and uncolored EC films might resolve the question of 
whether the film is chemically changed. However, 
s tandard analysis techniques are of questionable value. 
Auger spectroscopy and electron microprobe analysis 
tend to generate sufficient heat to alter the film dur ing 
measurement.  In addition the lat ter  is not par t icular ly  
sensitive to oxygen. ESR can detect a change in Mo +5 
concentration, but  cannot distinguish between filling of 
color center traps already present  in  the film and Mo +5 
formation by chemical reaction. 
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A wet chemical analysis technique does, however, 
provide quali tat ive evidence of a chemical change. 
MoOs is quite soluble in  water  while reduced oxides 
and hydroxides are relat ively insoluble, immers ing  
electrically colored samples in  water  caused the u n -  
colored regions to dissolve while the colored regions 
remained insoluble. Neither coloration nor  decreased 
solubil i ty were observed in  the crystallized region of 
the sample shown in  Fig. 4. Furthermore,  this same 
technique showed that  films colored by Ne + ion bom- 
bardment  and by u.v. light became insoluble. Such a 
change in  solubil i ty is a thermodynamic  characteristic 
of a phase change and in  this case a chemical change. 

Conclusion 
Based on electrical characteristics correlated with 

observed solubil i ty changes of MoOs electrochromic 
films, we conclude that  electrical coloration occurs by 
means of an electrochemical redox reaction with ad- 
sorbed water  vapor as the electrolyte. Fur thermore,  it 
seems that  optical coloration occurs by photochemical 
reduction. 

It  is believed that  water  vapor is adsorbed on the 
surface of the MoO3 film forming H2MoO4 on the sur-  
face. As suggested by Hurdi tch (10), the H+ ions be- 
come increasingly mobile as the water  content  in-  
creases. For low water  vapor pressures, ionic polariza- 
t ion occurs without  coloration of the M o Q  film since 
voltages less than the electrochemical reaction poten-  
tials are dropped across the double layers due to the 
high surface electrolyte impedance. As the water pres-  
sure is increased, the H + ion concentrat ion and mobil-  
i ty increase, causing more of the voltage to be dropped 
across the double layers. At a critical water  vapor 
pressure (for a given voltage),  the ion conductance is 
great enough to cause the voltage drop across the 
eJectrochemical double layer to equal the reaction 
potential.  

Beyond this point  the electrochemical reduct ion re-  
action proceeds, accompanied by coloration and in-  
creased current.  When the M o Q  over the cathode 
per iphery has colored to completion, the large, steady 
current  observed in high humidi ty  is a t t r ibuted to elec- 
trolysis of water  on the surface. The counterpart  of this 
"water  vapor threshold" at fixed voltage would be the 
voltage threshold at fixed atmosphere reported by 
Deb (4) and at fixed water  content  of in ten t ional ly  hy-  
drated WO, films reported by Hurdi tch (10). 

In  the case of optical (u.v.) coloration, it is believed 
that  the high energy radiat ion actually results in 
photodecomposition such as 

radiation X 

MoOs . ~ MoOs-x + ~ 02 
2 

Ambien t  water  vapor does not seem to be an essential 
factor since photochromism can occur even in vacuum 
though it is enhanced in  humid atmosphere (2). How- 
ever, water of hydrat ion is known to be incorporated 
in vacuum evaporated WO3 and MoO~ (10,13) in sig- 
nificant quanti t ies and may  facilitate photodecomposi- 
lion. 
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Automatic Chemical Processing 
for Silicon Wafers 

D. R. Oswald 
Bell Laboratories, A~lentown, Pennsylvania 18103 

ABSTRACT 

Apparatus has been designed to make the treatment of silicon wafers with 
wet chemicals an automatic, unattended operation. The wafers remain in a 
single process vessel while reagents enter and leave in a preprogrammed 
sequence to make up a given total treatment procedure. The approach avoids 
a number of deterrents to good process control inherent with the traditional 
method of transferring wafers from vessel to vessel. For example, there is 
no potential for debris floating on a liquid surface being deposited onto the 
wafers because there is no wi thdrawal  through a l iquid-a i r  interface. In  addi- 
tion, there is no chance of contaminants  enter ing a t rea tment  solution through 
the open-air  pouring of chemicals or through the use of utensils that  might  
be unclean. 

Description of the Apparatus vessel, and a chemical meter ing and dispensing sys- 
Figure  1 i l lustrates schematically how three corn- tern--combine  to make up the complete automated sys- 

ponent  pa r t s - -a  solenoid valve network, a process tern. A fourth component, not shown, is a sequence 
K e y  words :  chemical  processing,  w a f e r  cleaning,  silicon surfaces ,  programmer  to operate the various valves. 
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CHEMICAL 
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SOLENOID 
VALVE 

NETWORK 

Fig. 1. Automatic processor diagram 

Solenoid valve arrangement.--The valves designated 
A and B in  Fig. 1 can permit  either cold or hot water, 
respectively, to enter the process vessel from the bot-  
tom, through flow diffusers that  create a uniform up-  
ward flow of water  over essentially the whole hori-  
zontal area of the vessel. Through valve C, ni t rogen 
can be bubbled into the vessel for the purpose of solu- 
t ion agitation and mixing. 

Valve D can establish l iquid volume in  the vessel at 
two possible levels. When it is closed, the vessel can 
fill to an overflow level. In  the open position, it oper- 
ates in combinat ion with valve E to establish a l iquid 
level at the top of an adjustable-height  standpipe and 
to direct the out-going flow to either a drain  or a 
"holding tank." 

Process vesseL--This is a rectangular  tank of appro- 
priate size for the type of wafer holders to be used 
and the number  of them that are to be s imultaneously 
accommodated. Materials of construction that have 
been used are stainless steel, either by itself or coated 
in ternal ly  with "Kynar,  'u and fused quartz. 

Chemical metering and dispensing system.--Liquid 
chemicals are injected into the process vessel from 
above, directly from the container in  which they were 
shipped, with no in termediate  pouring, open-air  ex- 
posure, or handling. To accomplish this, the screw 
cap of the jug or bottle in which the cl~emical was 
shipped is removed and a specially designed check 
valve is screwed on in its place. The container is then 
inver ted and clamped into a measur ing-dispensing 
system that positions it at a slightly higher elevation 
than the process vessel. Figure 2 shows the process 
vessel area of a typical processor, with three 1 gal poly- 
ethylene bottles and one 8 lb glass bottle clamped in 
position above the vessel. The manne r  in which the 
chemicals are metered and dispensed is i l lustrated in 
Fig. 3. As the bottle is clamped into position, a p lunger  
opens the check valve that made possible its being in-  
verted without  spillage. Liquid can then flow from the 
bottle through a three-way Teflon solenoid valve into 
a measuring canister whose inside volume equals that 
to be dispensed (Fig. 3A). The l iquid will fill the 
canister and will flow up the inside of an a i r -vent ing  
tube attached to the canister unt i l  it reaches the same 
level as the l iquid in the bottle. A second venting tube, 
a permanent  part  of the screwed-on check valve as- 
sembly, admits air at the same time to the cavity 
above the liquid in the inver ted  container. When volt-  
age is applied to the solenoid valve it switches to the 
position of Fig. 3B and the liquid in the canister 
empties into the process vessel. Because the volume of 
l iquid that flows up the vent  tube dispenses along with 

1 K y n a r  is a p o l y v i n y l i d e n e  f luor ide ,  e q u a l  i n  i n e r t n e s s  to  p o l y -  
e t h y l e n e ,  t h a t  can  be  a p p l i e d  to a m e t a l l i c  b a s e  b y  s p r a y i n g  a n d  
b a k i n g .  

Fig. 2. Process vessel and chemical dispensers 

Fig. 3. Technique for metering chemicals 

the canister volume, a small  var ia t ion occurs from run  
to run  in  the total volume dispensed as the jug empties. 
A tube with an inside diameter  of only 0.090 in. is 
adequate, however, and results in only a 1 ml differ- 
ence from the ful l -bot t le  to empty-bot t le  conditions 
for a 1 gal container. For  most applications such an 
error is tolerable. 

V~lve programming system.--The fourth and final 
major  component of the automatic processor is an elec- 
trical control system for operating the solenoid valves 
to program the flow of chemicals and water  into and 
out of the process vessel. A rota t ing-cyl inder  type of 
sequence timer, where switch activating buttons are 
inserted into slots on the cylinder 's circumference, can 
provide suitable programmabi l i ty  and sequence flexi- 
bility. With this arrar~gement cylinders can be pre-  
programmed and stored so that  a change from one 
chemical procedure to another is a simple mat ter  of 
changing cylinders. 

Operation of the Automatic Processor 
A chemical t rea tment  for etching or cleaning silicon 

wafers typically requires the following procedure: (i) 
prepare a solution of one or more chemicals mixed 
with water;  (it) immerse rack-held  wafers in the solu- 
tion; (iii) heat the solution; (iv) mainta in  solution 
temperature  for the necessary reaction time; (v) stop 
the reaction by flushing away the solution with water;  
(vi) discard the spent solution into a drain  or, when  it 

is ecologically harmful,  into a collection vessel for 



Vol. I23, No. 4 A U T O M A T I C  CHEMICAL P R O C E S S I N G  533 

discarding by other means;  (vii) r inse the wafers with 
flowing, high pur i ty  water. 

The valve actions and l iquid flows to automatical ly 
perform this simple but  commonly used sequence pro- 
ceed as follows: 

Act ion/ . - - (Fig .  4a) The apparatus is in  its static, be-  
tween - run  condition here, with valve A open to admit  
cold, high pur i ty  water  while  all other valves are 
closed. This keeps water overflowing through the 
process vessel to avoid stagnation and the collection of 
envi ronmenta l  particulates. Rack-held wafers are in-  
serted into the vessel while it is in this condition and 
the t rea tment  sequence begins with valve A closing 
and valve B opening to replace the overflowing cold 
water  with hot water. 

Action 2.--(Fig.  4b) After  sufficient hot -water  over-  
flow for tempera ture  equi l ibr ium in the vessel, valve B 
closes. Valve D opens to lower the water  level in the 
vessel to the top of the open-ended standpipe, thereby 
establishing the volume of water  with which the 
chemicals to be added as the next  step will  be diluted. 
Dilution ratios and vessel size are chosen such that 
the wafers remain  ful ly  immersed at this lowered 
water  level. 

Action 3.-- (Fig .  4c) Valve D closes and valves G 
and H open to inject  a premeasured volume of each of 
the chemicals into the vessel, while a heating tape sur-  
rounding the vessel mainta ins  the desired bath tem- 
perature.  Valve C bubbles  ni t rogen through the solu- 
t ion to mix the reagents and water. 

Action 4.--(Fig.  4d) Valve A opens to introduce cold 
water and valve E opens to direct the resul tant  flow 
of rapidly diluting solution into a "holding tank." When 
the l iquid reaches a level sensor in this tank, valve E 
closes and D opens to switch the cont inuing flow to a 
drain. This a r rangement  provides the means for col- 
lecting ecologically harmful  chemicals that  cannot 
enter  a drain  except in  very  dilute form. The volume 
of spent chemical that is collected in the holding tank 
before diversion to a drain, and therefore the dilution 
achieved before the drain  is used, can be var ied by 
adjust ing the height of the level sensor in  the holding 
tank. By means of push-bu t ton  operated valve F, the 
holding tank  can be emptied between runs  into a 
larger collecting bottle. An essential safety feature 
is that sensors will  not allow the electrical circuitry 
to operate in the automatic mode if either the holding 
tank or collecting bottle is full. 

Fig. 4. A typical automatic sequence: (a) cold water overflow; (b) water volume adjustment; (c) dispensing chemicals; (d) collecting 
spent chemicals. 
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Act ion 5.--(Fig.  4a) As the final action, valve A 
opens to bring in cold water  and re tu rn  the apparatus 
to its original condition of overflow flushing. When the 
conductivity of the overflowing water  indicates that 
r insing has been adequate, the wafers are wi thdrawn 
and are dried by centrifugal spinning. 

Apparatus Performance as a W a f e r  Cleaner 
One wet-cherffistry procedure that  has been auto- 

mated with this apparatus, in which the sequence of 
valve actions and l iquid flows proceeds essentially as 
in the example illustrated, 2 is the cleaning of wafers 
with a solution of hydrogen peroxide, ammonium hy-  
droxide, and water  (1, 2) after they have been pol- 
ished. Cleaning after polishing is necessary because 
some surface-deposited residue, especially in the form 
of discrete and scattered particulates up to a few 
microns in size, is practically unavoidable  with the 
abrasive suspensions or slurries used for polishing. It 
is common practice after such postpolish cleaning to 
visually inspect the wafers to be sure the cleaning has 
been effective. 

An ins t rument  has been developed to perform such 
an inspection in  a mechanized nonsubject ive ~ashion 
by scanning a wafer surface with a laser beam to 
count the number  of discrete residual defects, down to 
one micron in size, t h a t a r e  present on a surface (3). 
The data of Fig. 5, collected on several thousand 2 in. 
diameter polished wafers, show an improvement  in the 
effectiveness of automatical ly performed NH4OH- 
H202-H20 cleaning over the manual,  ba th- to -ba th  
transfer  method for the same procedure. The median 
count of defects left after cleaning was reduced from 

The on ly  d e v i a t i o n  f r o m  the  d e s c r i b e d  s e q u e n c e  is t h a t  the  s p e n t  
so lu t ions  en te r  a d r a i n  d i r ec t ly  fo r  d i sposa l  and  are  no t  co l lec ted .  
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Fig. 5. Laser scan data to compare manual and automatic wafer 
cleaning. 

23 to 7 by the automation. To avoid a possible influence 
on the count by particles collected on the wafer sur-  
faces during the interval  be tween cleaning and in-  
specting, each wafer was scrubbed before enter ing the 
laser scanning ins t rument  in apparatus that  uses a 
brush and detergent  solution to dislodge and wash 
away loosely attached particles (4). 

Summary 
The automated concept for wet-chemist ry  as im- 

plemented by the apparatus described provides signifi- 
cant benefits over t radi t ional  ba th- to -ba th  transfer  
methods for sequential  chemical treatments.  They can 
be summarized as fallows: 

1. Opportunities for residue deposition often asso- 
ciated with the draining of l iquid across wafer surfaces 
or evaporation of l iquid films from the surfaces are 
el iminated because there is no wafer  wi thdrawal  from 
a liquid except at the end of a processing sequence, 
when  the l iquid is flowing, high pur i ty  water  with no 
static meniscus to hold floating debris. 

2. Solution composition is ~eproduced exactly from 
run  to run  because chemicals are measured by volume 
in a positive way. 

3. Process parameters  such as bath temperature  and 
reaction times require no operator judgment  or a t ten-  
t ion because they are under  the automatic and re- 
peatable control of a sequence programmer.  

4. St ructural  materials for components that contact 
the chemicals or reagents are l imited to inert  materials 
(Teflon, polyethylene, quartz) .  There is no metallic ex- 
posure and no ionic contaminat ion of solutions. Liquid 
movement  is by gravi ty flow to avoid a need for pumps 
or other corrosion-prone components. 

5. Performing a given chemical t rea tment  sequence 
in automated fashion is much more efficient than an 
equivalent  procedure performed manual ly .  For the 
wafer cleaning procedure and the part icular  apparatus 
described here, for instance, total process t ime is 15 
min  for 100 wafers. The only operator a t tent ion needed 
besides the loading-unloading funct ion is to occa- 
sionally replenish the chemical supply by clamping 
new bottles into position, which can be done while a 
cycle is in progress so no time is lost. One person can 
easily operate more than one apparatus or can per-  
form additional functions. 

6. In  procedures where the chemicals are normal ly  
discarded after one use, automation can result  in  more 
efficient use of chemicals. In  the i l lustrated cleaning 
process, for example, chemical consumption for a 
given number  of wafers has been halved over the 
manua l  process the automat ion has replaced. 
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cussion Section should be submit ted by Aug. 1, 1976. 
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The Effects of High Temperature Annealing 
on MNOS Devices 
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ABSTRACT 

The effects of high tempera ture  annealing on the conduction and memory  
propert ies  of MNOS memory  devices was studied. The results showed that  
the conductivi ty of the nitr ide increased with annealing t ime and tempera tu re  
and that  the memory  re tent ion qualities of the device were  degraded. These 
results can be explained by the hypothesis that  the hea t - t r ea tment  has in-  
creased the number  of traps in the silicon nitride. The correlat ion of the 
theoret ical  and exper imenta l  results indicates that  the traps are uni formly  
distr ibuted through the silicon ni tr ide layer  and are not localized at the oxide 
ni tr ide interface. 

Anneal ing  as one step in the fabricat ion process for 
producing MNOS memory  devices has been used by 
many  workers  in this field (1-4). However ,  no de- 
tailed invest igat ion into the effects of this step on 
the propert ies  of the devices was undertaken.  In this 
study, all samples used were  fabricated in an identical  
manner  and then subjected to annealing t reatments  for 
various times f rom 5 to 120 rain and at various t em-  
peratures  in the range 800~176 After  the devices 
were  completed, the conduction and memory  prop-  
erties were  analyzed in order to provide information 
about the effects of the annealing on certain pa ram-  
eters which character ize  the silicon nitr ide film. 

Fabrication Procedure 
All devices tested were  fabricated on phosphorous-  

doped (111) polished silicon wafers of 0.5-0.88 ohm- 
cm resistivity. The silicon wafers were  degreased using 
3 min  soaks in hot t r ichloroethelene,  acetone, and 
methanol ;  fol lowed by a rinse in deionized water  down 
to 10 megohm-cm;  a 1 min etch in buffered HF; and a 
second water  rinse. The silicon surfaces were  fur ther  
cleaned using a 5 rain soak in a hot solution of 5 parts 
deionized water,  1 part  ammonium hydroxide,  and 3 
parts of hydrogen peroxide;  a rinse in deionized water ;  
a 5 min  soak in a hot  solution of 5 parts deionized 
water, 1 par t  hydrochloric  acid, and 2 parts of hydro-  
gen peroxide;  and a final rinse in deionized water.  

Ell ipsometric measurements  showed tha t  af ter  the 
cleaning procedure  approximate ly  10A of silicon di- 
oxide was present  on the silicon surface, as has been 
reported by others (5, 6). Since the p r imary  purpose of 
this work  was to invest igate the silicon ni tr ide layer, 
no additional oxide was grown. 

Immedia te ly  after being cleaned, 750-1000A of silicon 
ni t r ide was pyrolyt ica l ly  deposited at 700~ on the 
wafers using silane and ammonia wi th  hydrogen as a 
carr ier  gas. The silane and ammonia  were  in the ratio 
of 1 to 100 and were  purchased from Matherson under  
the trade name N-gas. 

Fol lowing the silicon ni tr ide deposition, the samples 
were  annealed in dry  ni t rogen at ei ther 800 ~ , 900 ~ , 
950 ~ or 1000~ for various lengths of time. For each 
batch of samples fabricated, one wafer  was left  as 
a control to which the exper imenta l  data could be 
compared. Table I lists the various samples along with  
their  annealing tempera tures  and times. 

Next, a luminum was evaporated on top the Si3N4 
and photol i thography was used to outline circular 
electrodes 35 mils in diameter  giving an area of 6.23 
• 10-3 cm% To provide a good electrical  contact to 
the back side, it was cleaned and etched prior  to the 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Me mber .  
K e y  words :  charge  t r a p p i n g ,  s i l i con  n i t r i de ,  nonvo la t i l e  m e m o r y ,  

h e a t - t r e a t m e n t ,  t u n n e l i n g .  

evaporat ion of an a luminum layer. Af te r  metal l iza-  
tion, the wafers were  tested wi thout  being diced. 

Theory 
The theory and equations which are g iven below 

are presented so that  the exper imenta l  data could be 
used to extract  values for some of the parameters  
which characterize the silicon nitride. This mater ia l  
has been presented and expounded on by many  wi th-  
out complete agreement  by all of the authors. These 
differences will  be discussed in the text  as they come 
up. The main thrust  of this work was to determine  the 
effect of annealing on these parameters  and then to go 
back and t ry  to correlate the results with some of the 
variations in the theories. 

Conduction properties.--Because of the thin oxide 
employed in the devices which were  studied, the con- 
duction properties will  be dominated by the silicon 
nitride. It has been shown (7-10) that  at room tem-  
pera ture  and with electric fields in the range of 106- 
107 V/cm, the current  density in the silicon nitr ide is 
governed by the Poole -Frenke l  f ield-enhanced ther -  
mal excitat ion of t rapped carriers. The  equation de- 
scribing this mechanism is 

JN ~ CNE e x p  ({  (eSE/~sNeO)1/2 _ ec t } / rkT)  [ 1 ]  

where  JN is the current  density, E the electric field in 
the layer, e the electronic charge, Ct the trap depth, k 

Table I 

Annealing Annealing 
Sample ten%p, ~ time, rain 

T-C-I 
T-C-2 100O i0 
T-C-3 100,0 20 
T-C-4 100'0 30 
T-C-5 
T-C-6 1000 I0 
T-C-?  1000 20 
T-C-8 i000 30 
T-E-1 
T-E-2 1000 $ 
T-E-3 1000 10 
T-:E-4 1000 20 
T-F-1  
T-F-2  800 10 
T-F-3 800 20 
T-F-4 800 30 
T-F-5 800 60 
T-F-6  800 120 
T-G-1 
T-G-2 900 I0 
T-G-3 900 20 
T-G-4 900 30 
T-G-5  900 60 
T-H-1 
T-H-2 950 10 
T-H-3 950 15 
T-H-4  950 20 
T-H-5  950 25 

535 



536 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY A p r i l  1976 

Boltzmann's  constant, T the absolute temperature,  eo the 
permit t iv i ty  of free space, eN the high frequency di- 
electric constant of the silicon nitride, and CN and r are 
constants which will  be discussed later. 

The value for the high frequency dielectric con- 
stant  which has been used by most authors is given 
by eN : n 2 where n = 2 is the index of refraction in  
the visible range (10-12). Sze (9), however, points o u t  
that  the dielectric constant for visible wavelength is 
not  necessarily the correct value to use. His calcula- 
tions show that the dielectric constant in  the inf ra-  
red region might  be more appropriate for the Poole- 
Frenkel  effect in silicon nitride. In  this work, a value 
of 5.5, as taken from Sze (9), was used for the high 
frequency dielectric constant. As far as the results 
presented here are concerned, the uncer ta in ty  in the 
value which should be used for the dielectric constant 
is not  of major  importance for two reasons; first, it 
is the square root of the dielectric constant which is 
employed in  the calculations, so even large variations 
in the value of the dielectric constant would result  in  
much smaller  variat ions in other calculated values, 
and secondly, in  this work concern was for variations 
in parameters  caused by the anneal ing which would 
show up regardless of the value used for ~N. 

CN, the preexponential  factor in  Eq. [1], has the 
units  of conductivity. It is general ly  accepted that  CN 
is a function of the density of traps (7, 9-12), but  
there are differences in terminology which can cause 
confusion as to the correct functional  form. What 
Kendal l  (7), Sze (9), and Brown et al. (13) refer to as 
traps are called donor sites by Yeargan et al. (10) 
and Simmons (11). Simmons '  (11) neutra l  traps are 
the acceptor sites of Yeargan et al. (10). In  this work 
the term "trap" is used instead of donor site, and 
compensation takes place by means of the acceptor 
sites. Once the differences in terminology are taken 
into account, all of the above-ment ioned works show 
that an increase in the trap density, Nt, will result  in  
an increase in CN and that  CN is also a function of the 
acceptor site density Na. The exact functional  form 
varies as the relative densities vary, with CN propor-  
t ional to Nt 1/2 for traps only and proport ional  to 
(N, -- Na)/Na with compensation. 

The parameter  r is a unitless constant whose value 
can range from 1 to 2 depending on the relative posi- 
tion and density of traps and acceptor sites in the sili- 
con ni tr ide (7, 10, 12). As with the factor CN, some 
confusion can arise because of the differences in ter-  
minology used by various authors, but  if one uses 
the terminology employed in this work then r ap- 
proaches 1 as compensation of traps by acceptor sites 
takes place. 

When the conduction data is plotted as l n ( J / E )  vs. 
E 1/2, a straight l ine should result  if the conduction 
mechanism is due to the Poole-Frenkel  effect. From 
the slope of the plot, the value of r can be calculated 
using the equation 

r - "  (e3/~NeO) 1/2/SkT [2] 

where S is the slope of the plot. Once a value for r is 
determined, a value for CN can be calculated from the 
exper imental ly  measured currents and voltages. Any 
change of the trap density in  the silicon nitr ide should 
be reflected in  a change in CN. Even though it is 
possible to calculate a value for CN, it is not possible 
to extract an exact value for the trap density because 
(i) both traps and acceptor sites play a role in the con- 
duction mechanism and (it) one of the terms in CN is 
the mobil i ty for which published values vary  by at 
least two orders of magnitude (10). Nevertheless, 
changes in CN will indicate qual i tat ively what  changes 
may have occurred in the trap density. 

By measuring the current  through the devices at a 
constant  electric field but  at different temperatures,  a 
value for the trap depth, Ct, can be determined. The 
result ing data are plotted as In(IN) VS. T -1, and the 

slope, S, of the plot is then used in Eq. [3] below to  
calculate the value of Ct 

Ct = -- ( S k / e )  + (eE/~eNEO) 1/2 [3] 

Thus, by the proper manipula t ion  of the conduction 
data obtained from devices which have undergone 
varied anneal ing treatments,  an unders tanding of the 
effects of annea l ing  on the silicon ni tr ide layer can be 
deduced. 

M e m o r y  re t en t ion . - -S ince  the major  funct ional  u s e  

of thin oxide MNOS devices is for nonvolat i le  memory 
applications, the effects of anneal ing on the memory 
properties were also investigated. Earl ier  work on 
MNOS devices (13, 14) leads investigators to conclude 
that the charges were trapped at the oxide nitr ide in-  
terface. If this were the case, then the decay of the 
threshold voltage would be a simple exponential  char- 
acterized by a single t ime constant. However, it  has 
been reported by many  that  the decay is logarithmic 
(15, 16) and this can be explained theoretically with 
a spatial dis t r ibut ion of t rapped charges in  the silicon 
nitride. 

The theory which was used in this work to explain 
the flatband-voltage decay was first published by 
Lundkvist ,  Lundstrhm, and Svensson (6) and was 
based on a direct tunne l ing  theory using the WKB 
method. A similar result  was obtained by Ross and 
Wal lmark (17), but  for the charging of MNOS devices 
as a function of the applied voltage and time. Figure 1 
shows the band structure used in the theory (1, 2) and 
Fig. 2 shows the assumed trapped charge density in  a 
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spatial ly uni form distr ibution of traps. One should note 
that  the m a x i m u m  for the trapped charge density, No, 
which is a funct ion of the applied voltage, is less than 
the trap density Nt, and that  the total number  of 
t rapped charges is given by Nok, where  k is a mean  
t rapping distance which is inversely proport ional  to 
the density of traps. The resul t ing equation describing 
the quant i ty  of charge remaining  in  the silicon nitr ide 
at a t ime t is given by 

Qt : Qo{1 - (2.3BN/k) log (t/r1) } [4] 

where Qo is the ini t ial  charge stored in  the ni t r ide as 
given by eNoS., "cl is a characteristic t ime constant as- 
sociated with the start  of the discharge after the 
end of the switching pulse and is a funct ion of the 
oxide thickness, and BN is a constant  given by 
2 (2m* e/h  2) 1/2~btl/2. 

If the traps were to saturate because of a switching 
pulse, then the resul t ing t rapped charge density would 
have approximately a rectangular  shape with the total 
n u m b e r  of t rapped charges given by Ntd, where d is 
the max imum distance into the ni t r ide at which 
charges are trapped. If this were the trapped charge 
densi ty then Eq. [4] would be modified to 

Q(t) = eNtd {1 -- (2.3BN/d) log (t/T1)} [4a] 

From Eq. [4a] the decay rate would be given by 
e2.3BNNt which is independent  of the applied voltage. 
On the other hand, Eq. [4] gives a decay rate of 
eNo2.3BN which is a funct ion of the applied switching 
voltage because of the factor No. Results to be pre-  
sented below show that the decay rate is a function of 
applied voltage, which supports the assumed exponen-  
tial t rapped charge density. 

Since it is much easier to measure the f la tband-vol t -  
age rather  than  charge decay, Eq. [4] can be modi-  
fied from charge to f latband-voltage decay by divid-  
ing - Q ( t )  by Co, the capacitance of the device. In  
doing this the metal-s i l icon work funct ion difference is 
ignored since it is more than an order of magni tude 
smaller  than  the ini t ial  flatband voltages which are 
considered. The theoretical expression for the flatband- 
voltage decay rate, DN, of th in  oxide MNOS devices 
can be expressed as 

DN = --VFBO2.3BN/~. [5] 

with VFBO the ini t ia l  fiatband voltage immediate ly  
after pulsing. From Eq. [5], the observed decay rate 
should increase in magni tude  with a decreasing mean  
t rapping distance X. Since h is inversely proport ional  
to the trap density, as the n u m b e r  of' traps increase 
the decay rate should also increase. 

In  order to compare the various samples in the study 
it would be more appropriate to focus at tent ion on what  
will  be referred to as a normalized decay rate, DNo, 
which is obtained by dividing the observed decay rate 
by minus the ini t ia l  f latband-voltage after pulsing. 
The theoretical expression for the normalized decay 
rate is then given by 

DNO : DN/(--VFBO) : 2.3BN/k [6] 

where DNO is a funct ion of the trap depth and the 
mean  trapping distance which is inversely proport ional  
to the number  of traps. 

Experimental Procedures and Results 
Due to the various methods of silicon ni tr ide deposi- 

tion and the wide variations in deposition param-  
eters, there is no one published value for the dielectric 
constant which can be universa l ly  used. Because the 
electric field needs to be accurately known in  order to 
derive meaningful  numbers,  it was imperat ive that  an 
accurate value for the dielectric Constant be obtained 
for the devices under  test. Knowing the area of the 
capacitor and dielectric constant, the thickness of the 
nitr ide film can be calculated from a capacitance mea-  

surement  and the electric field determined from the 
applied voltage. 

The mult iple  beam interferometer  method of To- 
lansky (18) was used in  conjunct ion with capacitance 
measurements  to calculate the dielectric constant  for 
the silicon nitr ide at 1 MHz. Both annealed and un -  
annealed samples were tested and a value of 5.6 was 
calculated irrespective of the anneal ing treatment .  

For the conduction measurements  the samples were 
placed in a shielded box and held down by a small  
vacuum pump on a metal  plate which could be heated. 
The applied voltages were obtained from a 90V bat tery 
and a simple voltage divider. Before each device was 
tested, the capacitance was measured under  heavy ac- 
cumulat ion in  order that  the ni t r ide thickness could 
be calculated. This was done so that  all  measurements  
could be made at known electric fields, thus enabl ing 
different devices to be unambiguous ly  compared. 

Figure 3 shows the resul t ing data for three samples 
from the batch annealed at 950~ The paral lel  dis- 
placement  of the curves indicated that the preexpo- 
nent ia l  term, CN in the Poole-Frenkel  equat ion has 
increased in  value with the annealing.  F rom this in -  
crease it can be inferred that  the trap density has also 
increased with annealing.  Since the plotted lines are 
almost parallel, the values of r calculated from the 
slopes using Eq. [2] will be very near ly  the same. For 
all samples tested, r was calculated to be 1 • 0.08. This 
implies that  there are both traps and acceptor sites and 
that their relat ive ratio is not affected by the anneal -  
ing. Similar  changes in  the conduction properties were 
obtained for all anneal ing temperatures  except 800~ 
where there were no observed changes in  the cor~- 
duction properties. This is reasonable since all mea-  
sured quanti t ies varied the least for the 800~ anneal.  

A second set of conduction measurements  was made 
on the two batches of samples annealed at 1000~ In  
these tests the electric field in  the ni t r ide was held 
constant at 5.5 • 108 V/cm and the tempera ture  of the 
device was varied. Figure 4 shows the resul t ing data 
for a number  of devices. Using the slope, S, of these 
plots and Eq. [3], the value of the trap depth, ~t, was 
calculated. The values obtained from all of the plots 
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Fig. 3. Poole-Frenkel plot of the conduction data: (a) T-H-2,  
(b) T-H-3, and (c) T-H-5. 
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Fig. 4. Log of the current vs. T - ~  at a constant electric field: 
(a) T~C-8, (b) T-C-5, (c) T-E-2, and (d) T-E-4. 

varied be tween 0.9 and 0.996V with an average of 
0.946V, but  there was no t rend to the variations which 
could be correlated with the am~ealing treatment .  
Since the 1000~ anneal  was the most severe heat - t rea t -  
ment  any sample was to undergo and since there was no 
apparent  effect on the tr'ap depth due to the annealing,  
this type of measurement  was not made on the sam- 
ples annealed at other temperatures  and a value of 
0.95 was used for Ct in subsequent  calculations. 

The second a~ea of study was the effect of anneal ing 
on the memory  retent ion properties of the devices. For  
each device tested a high frequency C-V plot was made 
and by knowing the substrate resistivity the flatband 
capacitance was calculated (19). Knowing the fiatband 
capacitance, an automatic recording setup was adjusted 
so as to periodically record the flatband voltage of the 
device under  test. The durat ion of the recording 
process was only 1 sec, and the voltages applied to the 
device were less than that  needed to induce the switch- 
ing action, thus minimizing the possibility of enhancing 
the discharge process. Before being connected to the re- 
cording setup, each device was subjected to a +40V 
pulse of 5 sec dura t ion and then a --40V pulse of like 
duration. Immediate ly  following the end of the nega-  
tive pulse the device was connected to the automatic 
measurement  circuitry and the discharge recorded. 

The results for samples annealed at 950~ are shown 
in Fig. 5. As can be seen from the plots, there is no 
apparent  t rend in the observed decay rates which can 

be correlated with the anneal ing time. If one goes back 
to Eq. [5], it can be seen that the decay rates are in -  
fluenced not only by the physical properties of the sili- 
con nitride, but  also by the init ial  f latband-voltages 
to which the devices were shifted. Thus valid com- 
parisons can be made by looking at the normalized 
decay rate. D~o, given by Eq. [6]. 

Before doing this, it will  be shown that  the concept 
of a normalized decay rate being a property of the 
device is legitimate. Figure 6 is a plot of normalized 
decay rates vs. ini t ial  f latband-voltage for a sample in  
the T-H batch. As can be seen from the plot, the init ial  
flatband voltages varied by a factor of three  whereas 
the normalized decay rates were within 5% of each 
other. This constancy of the normalized decay rate 
justifies its use as a device property.  

Results of the comparisons of the normalized decay 
rates for all samples are shown in  Fig. 7. The l inear  
dependence of normalized decay on anneal ing t ime is 
evident along with the fact that at higher anneal ing 
temperatures  the rate of increase is larger. The var i -  
ations of the intercepts on the ordinate axis are most 
probably due to slight processing variances. 

In  order to unify  analysis of the data for different 
anneal ing temperatures,  the slopes of the four lines 
in  Fig. 7 were plotted vs. the reciprocal of the annea l -  
ing temperature  in degrees Kelvin. This plot is shown 
in Fig. 8 along with the activation energy of 1.59 eV 
which was calculated from the slope of the line. From 
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Fig. 6. Normalized decay rate vs. initial flatband voltage for a 
device on sample T-H-4. 
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Fig. 5. Change in the flatband voltage vs. time after switching: 
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Fig. 7. Normalized decay rotes vs. annealing: (a) IO00~ anneal, 
(b) 950~ anneal, (c) 900~ anneal, and (d) 800~ anneal. 
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Fig. 8. Slope of the plots in Fig. 7 v s .  the reciprocal of the an- 
nealing temperature. 

the informat ion contained in Fig. 7 and 8, an empir ical  
formula can be wr i t ten  for the normalized decay rate 
as a funct ion of both the anneal ing time, t, and the an-  
neal ing temperature,  T, as follows 

DNO = Do --~ Dlt exp (--EAcT/kT) [7] 

where Do and D1 are constants which will depend on 
the silicon ni t r ide deposition parameters  and EACT is 
the activation energy mentioned above. 

From the normalized decay rates, the value of k for 
each device can be calculated using Eq. [6] and a 
value of 10~~ -1 for BN. In this work, ~. varied from 
58A for the smallest decay rate to 12A for the largest. 
From the observed decrease in  k with increased an -  
neal ing t ime and temperature,  it can be inferred that 
the trap density in the silicon nitr ide has increased be-  
cause of the anneal ing step. 

Summary and Conclusion 
This study of the effects of high temperature  an-  

neal ing on MNOS devices has demonstrated the detri-  
mental  effects that  a high temperature  processing step 
can have on the memory performance of a device if it 
is clone after the ni t r ide deposition. 

Two independent  sets of data, conduction and decay, 
along with the theoretical works presented show that 
the observed changes are consistent wi th  an increase 
in  the trap density. This increase can be associated 
wi th  an increase in the number  and size of small  crys- 
tal l ine regions in the otherwise amorphous film. The 
presence of these traps would be caused by the in -  
complete bonding structure present  at the edges of the 
small  crystallites due to a deficiency of one of the 
atomic species (16, 20). The addit ional traps would be 
generated when  the thermal  energy of the anneal ing 

process initiates fur ther  growth of these small  crys- 
talli te regions. Electron diffraction pat terns showed 
that these crystallites are present  and that their size is 
on the order of 10A, but  no informat ion as to the n u m -  
ber of crystallites present  could be obtained from the 
pictures taken. 

The results of this work also provide fur ther  evi- 
dence for the theory that  the memory property of 
MNOS devices is not due to interface traps as was 
originally believed, bu t  ra ther  that  the trap sites are 
an inherent  property of the silicon ni tr ide and that  the 
t rapped charges are spatially distr ibuted in the nitride. 
The th in  oxide merely acts as a barr ier  which enhances 
the critical voltage needed to ini t iate  the switching 
action. 
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The Influence of Fixed Interface Charges on the 
Current-Gain Falloff of Planar n-p-n Transistors 

W o l f g a n g  M .  W e r n e r  
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ABSTRACT 

The influence of the fixed interface charge, Qsc, at the surface of the base 
region on the common emitter  current  gain of p lanar  n - p - n  transistors has 
been investigated. Various values of Qsc were realized by means of appropriate 
anneal ing processes and by using differently oriented substrates. The value 
of Qsc was measured by applying the MOS capacitance-voltage technique. It 
was shown that  the current  gain at low collector currents increases with de- 
creasing interface charge dens i ty  To obtain the lowest possible value of Qsc, 
diffusion and oxidation processes were carried out in an MOS furnace. The 
transistors produced in this way show a current  gain which is constant over 
six decades of collector current.  

It is well known  that  in  silicon planar  technology 
each p -n  junc t ion  is l imited by a Si-SiO~ interface. 
This fact results in  interface effects influencing the 
characteristics of a p - n  junction.  The Si-SiO2 interface 
itself is characterized ma in ly  by  the positive fixed 
interface charge, Qsc, and the interface states Nss (1-5), 
which are both located in  a 20A thick layer  at the 
Si-SiO2 interface (6). This sheet charge causes an 
accumulat ion of major i ty  charge carriers on the sur-  
face of n-doped silicon and a depletion of major i ty  
charge carriers on the surface of p-doped silicon. With 
a higher charge density, inversion can also occur on 
the surface of p-doped silicon. In  connection with ex- 
periments  carried out with gate-controlled p lanar  sili- 
con diodes, Grove et al. (7) show that  the recombina-  
t ion-generat ion current  is considerably dependent  on 
the gate voltage which simulates interface charges. 
Figure 1 shows the current  of a forward-biased diode 
as a function of the gate voltage (7). As can be seen, 
the current  increases considerably, especially at low 
forward voltages, if the surface under  the gate elec- 
trode becomes depleted. The current  max imum occurs 
if the surface is approximately intrinsic. This is the 
case for the t ransi t ion between depletion and weak in-  
version. Interface states, which act as recombinat ion 
centers, are responsible for this current  maximum, 
because only those centers whose energy levels are 
near the intr insic Fermi  level contr ibute significantly 
to the recombinat ion rate. The current  decreases again, 
al though not to its original value, when the surface be- 
comes strongly inverted. The lat ter  is easily explained 
by the actual enlargement  of the diode area. 

According to Grove et al. (7), an est imation of the 
recombinat ion current  of a forward-biased diode (see 
Fig. 1) is given by 

1 
�9 --WA.r -l- + So As exp Irec ~-~ "~ q ni - -  ~ ] 
Tj •s 

[1] 

where Aj is the area of the metal lurgical  p -n  junction, 
As is the area of the depleted surface, zj and Ts are the 
effective lifetimes in the corresponding regions, and W 
is the thickness of the space-charge region of the 
metallurgical  p -n  junction.  The width of the space- 
charge region at the surface d is proport ional  to the 
total interface charge density 

Qse 
d = C2] 

qNA 

Key words: inter~ace charges, recombination centers, l o w  po wer  
devices,  depletion region, MOS preparat ion technique. 

where NA is the impur i ty  concentrat ion of the p-doped 
region. This equation is valid for the cases of depletion 
and weak inversion. 

The surface recombinat ion velocity, So, is propor-  
t ional to the interface state densi ty 

So = ~ vth Nss [3] 

Here, ~ is the capture cross section of the generat ion-  
recombinat ion centers and Vth is the thermal  carrier 
velocity. 

In  the case of an NPN transistor, all of the recom- 
binat ion current  will appear as a base current.  Since 
the current  caused by recombinat ion in the space- 
charge regions decreases with the factor qlVFI/2kT, 
whereas the collector current  decreases with the factor 
qlVFI/kT, the current  gain hfe ~ IC/IB will decrease 
with decreasing collector current.  

Reddie (8) has shown by means of a gate-controlled 
n - p - n  transistor that  the cur ren t -ga in  falloff at low 
current  levels is strongly influenced by the gate volt-  
age. In  the work of Khajezadeh et al. (9), two differ- 
ent interface charge densities were realized employing 
<100> and <111> oriented material.  The transistors 
fabricated with <100> oriented silicon slices result  
in a considerably smaller  cur ren t -ga in  falloff, which is 
caused by the lower interface charge density, in  op- 
position to <111> material.  

In  this paper the influence of the fixed interface 
charge, Q~c, on the current  gain at low current  levels 
has been investigated. The transistors with the lowest 
value of Qsc show a current  gain which is constant  

I.-- 
Z 
LU == 
::3 
(9  

,7 

0.2 V V G .lOOV / ' ~  

- -  ~ DEPLETION-- -INVERSION INVERSION-- 

GATE VOLTAGE -V G 

Fig. 1. Forward current as a function of gate voltage for the 
gate-controlled diode shown in the insert. 
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over six decades of collector current.  The development 
of such devices is impor tant  for low power and low 
noise applications. 

Sample Preparation 
Various values of Q,c were realized by anneal ing the 

samples in ni t rogen or oxygen at the end of the emit ter  
diffusion process, and by using <111> and <100> 
oriented substrates. Moreover, two different diffusion 
and oxidation furnaces, a quar tz- tube furnace and a 
special IVIOS furnace with an SiC tube, were used. 
Figure  2 shows in principle the dependence of the fixed 
interface charge on the above-ment ioned parameters  
and on the temperature  of the final heat- t reatment .  
The highest value of Qsc was observed when <111> 
oriented silicon slices, a quar tz - tube  furnace, and an 
anneal ing process in  02 were employed. The lowest 
possible value of Q~c was obtained using <100~ 
oriented material ,  the MOS furnace, and an anneal ing 
process in  N2 (1). 

The star t ing mater ial  for the production of n - p - n  
transistors was phosphorus-doped silicon with an im-  
pur i ty  concentrat ion of 2.5.1015 cm -z. This has an 
etch-pit  density of 4000 cm -2. The base and emitter  
regions were formed using two different diffusion 
sources: doped oxides (10) and gaseous sources. When 
using doped oxides, the surface concentrations are 
about 1.5.10 TM cm -3 for the base region (see Table I) 

Table I: Dependence of the fixed charge Qsc, the impurity 
concentration at the surface of the base region, and the 
normalized current gain on the annealing ambient, the 

silicon orientation, and the diffusion furnace used 

Type of _ I Anneal ng Osc ~ ~  
diffusion I t'rysfal I ambient hfe'max 

onentatlon t 1 o furnace ' ' ] a  000 C Collector ! Base I Base ! at lpA 

1.111>[ o2 1,o 11o i 

tube I ~/10{3~ ~ 02 ~ _ _  1.9 11.0 I 1.60 J - -  I 
furnace ~100~ ~ - ~ - - - ~ - - - -  ~ ~ - 

--I--' I 
~ 1,4OS I O,~ 1.3 5 . 2 1  1.30 I 0.94 

I <'~176 t - . :  I 02 

and about 5.1019 cm -3 for the emit ter  region (LCE, 
low concentrat ion emit ter) .  Applying the gaseous 
sources, B2H~ for the base and POCls for the emitter,  
the surface concentrations are 1.10 TM cm-~ and 5.1020 
cm-~ for the base and emit ter  regions, respectively 
(I-ICE, high concentrat ion emit ter) .  The base surface 
concentrations were determined by MOS capacitance- 
voltage measurements  and the emit ter  surface concen- 
tratilons were calculated from the sheet resistance arid 
the junc t ion  depth applying I rv in  curves (11). The 
metall ization of the slices with a luminum was carried 
out by an electron gun. The substrate temperature  was 
kept at room temperature  dur ing the evaporat ion 
process. Before the last photoresist operation step, the 
samples were annealed at 500~ in  ni t rogen in  order 
to reduce fast surface states. The base area of the t r an-  
sistors was 50 • 40 ~m 2 and the emit ter  area was 
17.5 • 25 #m 2. The mater ial  used for the production of 
the MOS samples, which are required for the measure-  
ment  of Qsc, was boron-doped <100> and <111> 
oriented silicon slices with an impur i ty  concentrat ion 
of 6.10 ~ cm -3. These slices were treated exactly like 
the n - p - n  transistors with respect to the high tempera-  
ture and anneal ing processes. After  the first oxidation, 
which yields the masking oxide for the base, the oxide 
was ent i re ly  etched away before the base diffusion 
was carried out. After  the emitter  diffusion process the 
oxide was etched down to an oxide thickness of about 
1300A. Reduction of the oxide thickness is necessary 
to reach a sufficient sensit ivi ty for the measurement  
of Qsc. The field plates were prepared by evaporating 
a luminum through a metal  mask resul t ing in circular 
dots 500 ~m in diameter. A.fter this evaporat ion proc- 
ess, the samples were annealed in  the same way as 
the n - p - n  transistors. The value of Qsc was measured 
applying the MOS capacitance-voltage technique (12, 
13), using a work funct ion difference of CMS -- -- CF -- 
0.22V (14) where r : - -  (EF - -  E i ) / q .  

Results and Discussion 
The d-e common emit ter  current  gain hfe : IC/IB of 

the n - p - n  transistors was measured at  an applied 
voltage of USE ~ UCE, if not otherwise indicated. Table 
I shows the values oi Qs~ at the surface of the base 
region and the normalized current  gain at a collector 
current  of 1/~A as a function of the anneal ing ambient,  
crystal orientation, and type of diffusion furnace used. 
In  this case, base and emitter  regions were formed 
applying do~ed oxides. As can be seen, the normalized 
current  gain increases with decreasing interface charge. 
For the lowest value of Q~c, the cur ren t -ga in  falloff is 
zero. The calculations to determine Q~c also provide 
the surface concentrat ion of the base area. They are 
specified in the sixth column. As can be seen, the sur-  
iaoe concentrations of the samples annealed in N2 are 
about 30% higher than those annealed in 02. This can 
be explained by the segregation coefficient of boron at 
the Si-SiO2 il~terface which is in the range of 0.3 (15). 
For comparison, the values of Qsc at the surface of 
n-doped silicon with an impur i ty  concentrat ion of 
2.5-101~ cm -8, which is also the start ing mater ial  for 
the n - p - n  transistors, are specified in the fourth col- 
umn. These values are much lower than those at the 
surface of the base region. Thus it is evident that the 
base diffusion process generates fixed interface charges. 
The measured fixed interface charge density at the 
surface of the base region of the devices produced with 
gaseous sources is in  the same order of magni tude  as 
that of the devices fabricated with doped oxides. They 
are 8.7.1011 qcm -2 and 4.5.1011 qcm -2 for <111> and 
<100> oriented slices, respectively, both being an-  
nealed in nitrogen. 

As ment ioned above, interface states are also re-  
sponsible for cur ren t -ga in  falloff. Therefore it is of 
interest  to note that normal ly  there exists a strong 
correlation between interface states and interface 
charges (16). For  the anneal ing  parameters  used in  
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this work, this correlation is shown in Fig. 3, for n -  
doped ~100> and <111> oriented slices with impur i ty  
concentrations of 2.5.1015 and 1.1014 cm -~. The values 
of Nss represented in  Fig. 3 are located in the middle 
of the energy gap. Nss was measured by means of the 
quasi-static technique of K u h n  (7). 

Figure 4 shows the normalized current  gain as a 
function of the collector current.  Parameters  are the 
diffusion furnace used, the anneal ing ambient,  the 
crystal orientation, and the surface concentrat ion of 
the emitter  region. When comparing the curves marked 
qua r t z /Ne /<100>/LCE and quar tz /N2/<100>/HCE,  it  
becomes evident  that  the impur i ty  concentrat ion of the 
emitter  region also influences the cur ren t -ga in  falloff. 
The current  gain of the transistors characterized by 
the parameters  M O S / N J < 1 0 0 > / L C E  is constant over 
near ly  six decades of collector current, the parameters  
corresponding to the lowest value of Q~. In  this case 
the base current  is composed ent i rely of neut ra l - reg ion  
recombinat ion (diffusion) terms, which increase ex- 
ponent ial ly  with qVBE/kT. :From these results it can 
be concluded that the cur rent -ga in  falloff of the low 
concentrat ion emit ter  devices is caused by  the recom- 
binat ion centers at the surface of the base region. The 
cur rent -ga in  falloff of the high concentrat ion emit ter  
devices is main ly  caused by recombinat ion mecha-  
nisms in the emit ter-base space-charge region because 

the interface charge density at the surface of the base 
region of these devices is in the same order of mag-  
ni tude as that  of the devices fabricated with doped 
oxides. The variations of collector and base currents  as 
a funct ion of the base-emit ter  voltage are shown in 
Fig. 5. It is clearly seen that the slope of the base cur-  
rent  of the devices with the lowest interface charge 
density is the same as the slope of the collector cur-  
rent. Figure 6 shows typical curves of the current  gain 
vs. collector current  of these devices. Parameter  is the 
base width. It was 0.58 ~m for a current  gain of 500 
and 0.98 /~n for a current  gain of 35. The curve with 
the highest current  gain shows a slight deviation from 
ideal beta- l ineari ty.  The increase of current  gain at 
low current  levels is caused by the reverse current  of 
the collector-base junction.  This is demonstrated in  
Fig. 7, where the current  gain is shown as a funct ion 
of the collector current  with the collector-base voltage 
as parameter.  As can be seen, the current  gain in the 
l inear  region is also dependent  on the collector-base 
voltage. This is caused by the actual shortening of the 
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base wid th  as a resul t  of the expansion of the  base-  
collector space-charge  region. 

Conclusion 
The influence of the fixed in ter face  charge  at  the 

surface of the base region on the d -c  common emi t t e r  
cur ren t  gain of p l ana r  n - p - n  t ransis tors  has been in-  
vest igated.  The resul ts  obta ined indicate  tha t  the  cur-  
ren t  gain at low collector  cur rents  increases wi th  de-  
creasing in ter face  charge density.  I t  was shown tha t  i t  
is possible to produce n - p - n  t ransis tors  wi thout  cu r -  
r en t -ga in  falloff at low collector  currents .  This was 
obtained by  employing  MOS prepara t ion  techniques, 
which yield the lowest  possible  value  of Q~c. 
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Dependence of Recombination in p-Type GaP(Zn,O) on 
Dopant Concentrations 

J. A. W. van der Does de Bye 

Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

The luminescence of p- type GaP(Zn,O) ,  a semiconducting mater ial  for 
light emit t ing diodes, is controlled by the transit ions of the excited free elec- 
trons and by those of the electrons bound to the luminescent  neares t -neighbor  
(ZncaOp) complexes. The results of the determinat ion of the in terna l  quan tum 
efficiency (~l) on a large number  of samples, prepared by solution growth and 
by liquid phase epitaxy and covering a zinc concentrat ion range of 1027-5 �9 10 is 
cm -~, lead to the conclusion that an Auger effect acting on the bound elec- 
trons is the dominant  cause of the reduction of the in ternal  efficiency of the 
samples with a free hole concentrat ion (p) above 4 �9 1017 cm -~, where also 
the t rapping by "killers" becomes negligible. The Auger constant was derived, 
being ~ 3  �9 10 -11 cm 3 sec -1. Below this concentrat ion the thermalizat ion of the 
electrons bound to the complexes is the more impor tant  effect enhancing 
the otherwise relat ively small  action of the killers. The best value for ~ is 
~40% at p ~5  �9 1017 cm-~. Decay time (~) measurements,  using pulsed and 
s ine-wave modulated excitation, provide insight in  the effect of screening by 
free holes on the radiative and Auger transit ions by using in the interpretat ion 
of the data the quant i ty  (m/T) which is proportional to the effective radiat ive 
recombinat ion rate ( including the effect of screening ment ioned) .  Both radi-  
ative and Auger  t ransi t ion probabilit ies are reduced by a common screening 
factor as low as 0.2. Electron diffusion length measurements  on the epitaxial 
samples show a strong decrease of the minor i ty  carrier l ifetime with increas- 
ing zinc concentrat ion which is ascribed main ly  to the t rapping by the (ZnO) 
complexes whose concentrat ion increases with the zinc dolce. This study also 
provides information on the oxygen incorporation dur ing the crystal growth. 
This incorporation probably takes place at thermal  equi l ibr ium between the 
oxygen source and the solid GaP. [O] increases with [Zn] reaching ~10 is 
cm -3 at [Zn] ~ 5 .  10 is cm-~. 

Semiconductor diodes that  emit visible l ight are of 
increasing importance for certain applications, i.e., for 
indication and for display of symbols. The lumines-  
cence efficiency of such diodes is general ly  much below 
100%. Various causes exist for this circumstance part  of 
which are peculiar to the semiconductor material  used 
and to the devices made from them. These causes are 
still a mat ter  oi conjecture. In  this respect the subject 
of this paper, p- type gal l ium phosphide doped with 
zinc and oxygen, is no exception. Par t ly  these causes 
arise from the properties of the l ight emit t ing layer, 
i.e., p- type  GaP(Zn,  O). Another  cause, general ly of 
minor  importance for this type of material,  is the 
l imited efficiency of inject ion of electrons into this 
layer. 

A study of dopant-dependent  recombinat ion in p- 
type GaP(Zn,  O) is useful to elucidate the relevant  
properties of this layer with respect to both bulk  effi- 
ciency and inject ion efficiency. 

With regard to the bulk  efficiency results have been 
published by Dishman, DiDomenico, and Caruso (1) 
and Jayson, Bhargava, and Dixon (2). They used the 
dopant dependence of two observables, quan tum effi- 
ciency and decay time. In  Ref. (1) it was tr ied to de- 
termine the in terna l  quan tum efficiency, a difficult ex- 
per imental  problem, while Ref. (2) emphasized the 
decay measurements.  In  view of the large number  of 
model parameters  a priori statements on some of these 
parameters were used, par t ly  based on a theoretical 
s tudy by Sinha and DiDomenico (3). References (1) 
and (2) essentially used a recombinat ion model for 
which Fig. 1 shows a simplified level and t ransi t ion 
diagram. It is seen that the losses arise from two 
groups of nonradia t ive  transit ions labeled ?'nk and rn 
which act on the free and bound electrons, respec- 
tively, and which paral lel  the transit ions rnt and rr that  

Key words: light emitting diodes, quantum efficiency, oxygen in- 
corporation, free carrier screening. 

lead to the luminescence. The luminescent  centers Nt, 
to whose concentrat ion the rate of transit ions rnt is 
proportional, are neares t -neighbor  complexes of one 
zinc ion and one oxygen ion (4) (on the gall ium and 
PhOsphorus sites, respectively).  These complexes have 
an  electron binding energy Et ~ 0.3 eV. The thermal  
emission (rtn) in which E t is active has the effect of 
enhancing the electron losses through the path rnk. 
This effect (5), causing a t empera ture -dependent  re-  
duction of the efficiency, can be impor tant  at room 
temloerature for the p- type  GaP(Zn,  O) used in  light 
emit t ing diodes. The transit ions rnk , rn, and rr which 
are not specified in detail in Fig. 1 terminate  in hole 
levels. For rn and rr such levels are close to both val-  
ence band and equi l ibr ium Fermi  level, requir ing the 
knowledge of hole statistics in  the recombinat ion 
studies (5). rr was found to arise from two radiative 
mechanisms, i.e., exciton annihi la t ion and complex-to-  
zinc-acceptor transit ions both of which contribute to 
the red luminescence (4, 6). The former mechanism is 
general ly the stronger one. 

/ 

/ 

////// //////// 
i 

rnt / rtn rnk / i  Nt 
rn ~ rr 

I 

///////////////// 

Fig. 1. A simplified recombination model for p-GaP(Zn,O) 
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A different approach which involves few a priori 
statements was used by Henry, Bachrach, and Schu- 
maker  (7) who invoked the decay behavior of the free 
electrons, measured through the green exciton lumi-  
nescence, to obtain data on the competition between 
the transit ions rnt and rnk. Using these measurements  
in addition to in ternal  quan tum efficiency results and 
decays of the red emission, data were found on the 
competit ion between the transi t ions rr and rn. For the 
s tudy of the dopant dependence of the competit ion 
between rnk and rnt the method of using the green 
exciton decay is, however, not suitable owing to the 
immeasurab ly  short lifetimes of the free electrons in 
samples of high zinc concentration.  This is borne out 
by our findings on the diffusion length (also to be dis- 
cussed in the present  paper) .  For  the s tudy of the 
energy losses through the paths rnk and rn the present  
paper emphasizes the dopant dependence of the in ter -  
nal  quan tum efficiency of the red luminescence. As it 
will  be shown this approach involves only a few 
a priori assumptions. The efficiency (~) is convenient ly  
expressed by the quant i ty  (1 -- ~1)/~1 to show the effects 
of the two energy losses. The decay time (~) of the 
red luminescence plays a secondary role and serves to 
provide informat ion on the effects of screening and 
hole statistics on the bound excitons that yield most 
of the red luminescence. The study of these effects uses 
the quant i ty  ~/ r  that  is free from many  model param-  
eters that act on the separate quanti t ies ~] and T. 

Another  subject is discussed in the present  paper, 
namely, the rate of transit ions rnt which is connected 
with the diffusion length of the electrons in  p-  
GaP(Zn,  O) through the minor i ty  carrier  lifetime. 
Findings on this quant i ty  are helpful in unders tanding  
the inject ion efficiency of a light emit t ing diode con- 
taining the GaP(Zn,  O). The present  paper, however, 
deals with these findings in a different context, i.e., th.at 
of the rather  in tangible  problem of the oxygen incor- 
poration in GaP. The connecting l ink with ?'nt is the 
proport ional i ty of rnt with the concentrat ion of the 
(ZnO) complexes. 

The following section covers the preparat ional  and 
experimental  techniques. It contains a somewhat ex-  
tended discussion on the problem of determining the 
in ternal  quan tum efficiency. In  subsequent  sections are 
discussed the measurements ;  the results of decay and 
efficiency measurements  in  order to assess the im-  
portance of killers (rnk) and Auger transit ions ( r n ) ;  

and the diffusion length measurements  in  order to 
reach conclusions on the oxygen incorporation. 

Preparation of the Samples and Experimental 
Techniques 

Two techniques were used for the crystall ization of 
GaP from a saturated solution in  pure Ga (6N, 
Alusuisse).  Both use as the starting ma te r i a l  GaP 
which was synthesized from PH,~ and Ga yielding spec- 
trochemically pure crystals 1 which contain less than 
1 ppm of sulfur. One technique of sample preparat ion 
is by spontaneous growth in an evacuated and sealed 
quartz ampul ("solut ion-grown" or SG samples).  The 
other technique is by liquid phase eitaxy (LPE sam- 
ples) (9) using n- type  GaP substrates being them- 
selves LPE material  or GaP obtained by the l iquid 
encapsulat ion technique e (LEC crystals).  The LPE 
technique also provides the p -n  junct ions to enable the 
measurement  of diffusion lengths. 

The SG samples were grown by cooling the solution 
from 1130 ~ to 800~ with a rate of 5 ~ or 13~ while 
the data for the LPE samples are 1050 (10) 500~ fol- 
lowed by an anneal  at 500~ for 12-14 hr. This anneal -  
ing which also occurs dur ing a good part  of the t ime of 
growth promotes the formation of the luminescent  

i The c rys ta l s  were  p r e p a r e d  i n  a p r o d u c t i o n  f ac i l i t y  of  P h i l i p s  a t  
Maarheeze ,  The Ne the r l ands ,  a c c o r d i n g  to  a p r o c e d u r e  de sc r ibed  by  
G r i m m e i s s ,  Kisch io ,  and  Scholz  (S). 

L EC crys ta l s  were  g r o w n  by  Mr. I-I. J .  A. v a n  D i j k  a t  t h i s  l abo-  
ra tory .  

(ZnO) complexes. For the SG samples this anneal ing 
was carried out separately at 500~ in  air for 168 hr, 
with a preanneal  at 560~176 

Both techniques use zinc additions to the solution so 
as to cover a zinc acceptor concentrat ion range from 
1.1017 to 5.10 is cm -,s. Sufficient oxygen was added, as 
Ga208, to obtain amply saturated solutions in  G~a for 
the LPE technique whereas for the SG technique the 
amounts added vary, being 10 -1, 2-10 -~, and 4.10-~ 
mol per cent. It is convenient  to state in  this section 
that  in  a previous investigation of a large number  of 
SG samples no clear correlation was found between the 
Ga~O3 admixture  and the two physical quanti t ies mea-  
sured on the SG material,  i.e,, efficiency and decay 
time. Therefore no discussion is given on effects of 
variat ion of the Ga203 admixture  in the present  paper. 

In  addition to the in ternal  quan tum efficiency and 
the decay time constant  of the luminescence which 
were determined on all samples, the electron diffusion 
length and the free hole concentrat ion were measured 
on the LPE samples. For the la t ter  quant i ty  a conven-  
tional Hall measurement  technique was applied using 
the van tier Pauw method (10). Regarding the SG 
samples batch averages were determined for the zinc 
concentrat ion using an atomic absorption analysis 
preceded by the extraction of the zinc from GaP which 
w, as dissolved in aqua regia (11).3 With regard to the 
Hall .effect results a finding by Foster, Woods and 
Lewis (12)4 must  be mentioned, p as measured was 
found to be approximately equal to [Zn] and is there-  
fore larger than the true value of p. In  the discussion 
of the concent ra t ion-dependent  recombinat ion it is to 
be understood that p, acting as an independent  var i -  
able, is the measured quanti ty,  in  accordance with the 
practice in Ref. (1) and (2). The values of quanti t ies 
that mul t ip ly  p in equations are therefore different 
from the t rue values. Inasmuch as the measured value 
of p is approximately proportional to the true value 
no essential change is necessary in the interpreta t ion 
of the recombinat ion results. 

Using a scanning electron microscope electron dif- 
fusion lengths were determined by the evaluat ion of 
the electron beam induced currents  in  the p - n  junc-  
tions of the LPE samples (13). The technique and 
types of results are similar to those described by 
Hackett, Saul, Dixon, and Kammlot t  (14). 

Two methods were used to determine the decay t ime 
constants, i.e., s ine-wave modulated excitat ion and 
pulsed excitation. In  the former method a 514.5 nm 
laser beam from a Coherent Radiation argon ion laser, 
Model 52, was modulated by a Lasermetrics electro- 
optical modulator,  Model EOM 3064, up to 50 MI-Iz, 
using a bu i l t - in  electrical ne twork  to match the out-  
put circuit of a wideband amplifier, Model GA-15, from 
the same firm. Both laser beam and luminescence were 
perceived by photomultipliers with a t r ialkal i  cathode, 
Philips or Amperex Type 56TVP, which provided the 
luminescence and reference signals for a Hewlett  
Packard vector voltmeter, Model 8405 A. This ins t ru-  
ment  measured the phase difference (~) between the 
luminescence and the excitation as a funct ion of the 
frequency (F). The interpreta t ion uses the relat ion 
between r and the decay time T 

tan  r ---- 2~.F.~ [1] 

which is appropriate for systems having a single decay 
time. The results are general ly in  good agreement  
(within 10-20%) with those obtained by the other 
method which used 350 kV electron pulses of 2 nsec 
durat ion and 1 mA peak current.  In  the lat ter  method 
the decay was measured by photon counting using a 
"delayed coincidence" method (15) or storage in a 

The  [Zn~] d e t e r m i n a t i o n  was  ca r r i ed  ou t  b y  Mr. L. H. B a s t i n g s  
and  co -worke r s  of th i s  l a b o r a t o r y  u s i n g  a d i t h i z o n  e x t r a c t i o n  
m e t h o d  accord ing  to Ref.  (11). 

A c c o r d i n g  to our  ca l cu l a t i ons  on  t he  o x y g e n  ir~corporat ion t he  
c o n c e n t r a t i o n  of  t he  zinc i n c o r p o r a t e d  is h i g h e r  t h a n  t he  m e a s u r e d  
free hole  c o n c e n t r a t i o n  by  a f ac to r  of r o u g h l y  1.5. 
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fast mul t ichannel  buffer memory (16). General ly  the 
decays measured were exponential  over at least one 
decade of intensi ty  and f requent ly  over 11/2-2 decades. 

The in terna l  quan tum efficiency was determined 
from a set of values of the external  quan tum effi- 
ciency applying immersion of the sample in  liquids of 
different indices of refraction. Each l iquid was con- 
tained in a spherical glass vessel which was positioned 
in an integrat ing sphere which provided the required 
4~ geometry. The .excitation was by the same laser 
source ment ioned earlier. The detection of the excita- 
t ion and luminescence light employed a calibrated 
photomult ipl ier  in combination with suitable filters# 
The samples, i.e., p tanparal le l  epitaxial  samples and 
more i rregular  solut ion-grown samples, were reduced 
in  size to achieve a good transparency.  At sufficient 
size reduction the external  efficiency should approach 
the in terna l  efficiency. Nevertheless immersion in  l iq-  
uids of increasing optical density still leads to an in -  
creasing efficiency value. The immersion fluids used 
were air, ethanol, tr ichloroethylene, and in a few cases 
methylene  iodide having indices of refraction equal to 
1, 1.359, 1.4765, and 1.738, respectively. 

In  the in terpre ta t ion of the efficiency results a Stern 
plot (17) is used where it is assumed that the external  
and in terna l  efficiencies are related to an average 
t ransfer  funct ion Tavg by  

~int/~ext : 1 -{- S/Tavg [ 2 ]  

A plot of 1/11ext against 1/Tavg should then extrapolate 
to 1/~lint at 1/Tavg : O. Tavg is the probabi l i ty  for a 
photon to exit into the less dense outer medium when 
arr iving at the interface. The slope constant S in Eq. 
[2] varies considerably between samples. Obviously a 
small value of this constant is favorable. This is also 
true from a theoretical point  of view. In  deriving Eq. 
[2] it is supposed that  (i) a photon undergoes a large 
number  of reflections prior to exit into the outer me-  
dium, and (it) this large number  leads to randomiza-  
t ion of the propagation directions wi th in  the sample. 
These assumptions may not remain  true when the ratio 
of the indices of refraction approaches unity. A devia- 
tion from Eq. [2] might  therefore occur when  the ex- 
per iment  could be continued with outer media of  
higher optical density implying that the extrapolated 
value would differ from the t rue value of the internal  
efficiency. This difference is probably lessened by re-  
ducing the slope constant. 

Experimental Results 
The experiments  to be described were all carried 

out at room temperature.  

Bulk quantities.--Internal quan tum efficiency (0) 
and decay t ime constant  (~) were measured at 293~ 
Figure 2 shows ~1 against p. It is seen that ~1 decreases 
with increasing p from a max imum of about 40% at 
p ~ 5.1017 cm -.~. This decrease is discussed later. The 
symbol + refers to a measurement  of Ref. (7). Figure 
3 shows ~ against p and includes the measurement  of 
Ref. (7) and those of Ref. (2). The results on our SG 
samples were plotted by interpolat ion between those 
on our LPE samples for which p is known in order to 
assign p values to the SG samples. 6 This interpolat ion 
enabled the plots of other quanti t ies against p, includ-  
ing the plot in Fig. 2. Since Fig. 3 will  not be directly 
involved in the in terpre ta t ion of the measurements  
(nor will Fig. 2) in the section on efficiency and decay 
results, some discussion is given here. In contrast to ~, 
Fig. 2, the scatter in T is small. This is unders tandable  
as the sample dimensions that influence the efficiency 
determinat ion are not expected to have an influence 
on ~. Some of the scatter may arise as the value of p 
may change by the reduction in size of the samples 

s Care  was  t a k e n  to a v o i d  s a t u r a t i o n  of  t he  t~n'~ineseent c o m p l e x e s  
in  the  samples  for  b o t h  "~ a nd  ~ d e t e r m i n a t i o n s .  

s This  p r o c e d u r e  is s u p p o r t e d  by  the  b~tch  da ta  on  the  zinc incor -  
p o r a t ed  in  the  S G  samples  a s s u m i n g  p --~ [Zn]  (12). 
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Fig. 2. Internal quantum efficiency of the red luminescence 
against free hole concentration. The dots indicate solution-grown 
samples; the crosses, liquid phase epitaxial samples. Symbol + 
refers to a measurement" of Ref. (7). 
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Fig. 3. Decoy time of the red luminescence of the same samples 
as in Fig. 2 and in addition those of Ref. (2) (triangles). 

that was necessary for the ~1 measurements.  This 
change in p may arise from the separation of a small 
par t  from a somewhat inhomogeneous, large sample on 
which the Hall measurement  was carried out. The re- 
sults of Ref. (2) and of the present  paper are in fair 
agreement. 

The ~ and r results will be used to find information 
on the energy losses by killers and by an Auger effect 
and on screening, in a later section. 

Dif]usion length.--For the technique and in terpre ta-  
t ion reference can be made to Hackett  et al. (14). Short 
diffusion lengths, down to 0.16 nm, as occur in samples 
with a high [Zn] value, could be determined without  
much difficulty. This is shown in  Fig. 4a along with a 
case of a longer diffusion length of a sample with a 
low [Zn] value (Fig. 4b). The l inear  parts from which 
the diffusion length is determined general ly exceed 
one decade of the electron beam induced current .  F ig-  
ure 4a shows the effect of the finite excitation volume 
becoming comparable to the diffusion length, the slope 
from which this length  was determined being far from 
the p - n  junction. The electron beam current  was a few 
times 10-1aA at 10 kV. 

Results (on LPE samples only) are stated in terms 
of the minori ty  carrier lifetime (~MIN) which is related 
to the diffusion length by the known expression 

L~ep -~ D e p ' T M I N  [ 3 ]  
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Fig. 4. Typical plots for the electron-beam-induced current 
(EBIC) as functions of the position x in the p-n diode, measured 
with a scanning electron microscope on: (a, top) a sample having a 
high zinc concentration and a short diffusion length (Lep), and 
(b, bottom) a sample having a lower zinc concentration and a 
longer diffusion length. 

Dep t a k e n  to b e  2.5 c m % s e c - L  T h e  r e s u l t s  a r e  p l o t t e d  
in  Fig.  5 a n d  s h o w  a s t r o n g  d e c r e a s e  of 1;MIN w i t h  i n -  
c r e a s i n g  f r e e  ho le  c o n c e n t r a t i o n .  

A c o m p a r i s o n  is m a d e  in  Fig. 5 w i t h  r e s u l t s  (18) on  
G a P ( Z n ) ,  w i t h o u t  i n t e n t i o n a l l y  a d d e d  oxygen ,  f o r  
w h i c h  a r e p r e s e n t a t i v e  c u r v e  w as  d r a w n  ( c u r v e  3) .  I t  
is s e e n  f r o m  th i s  c o m p a r i s o n  t h a t  t h e r e  is a r e d u c t i o n  
of  t h e  m i n o r i t y  c a r r i e r  l i f e t i m e  w i t h  r e s p e c t  to  t h e  
o x y g e n l e s s  s amples ,  p o i n t i n g  to t h e  i n v o l v e m e n t  of 
o x y g e n  in  t h e  c r e a t i o n  of t h e  r e l e v a n t  c a p t u r i n g  c e n -  
ters .  I n  v i e w  of t h e  d o p a n t  d e p e n d e n c e  of ~M~N zinc  
m u s t  a lso b e  i n v o l v e d  i n  t h e  c r e a t i o n  of t h e s e  cen te r s .  
I t  is r e a s o n a b l e  to i d e n t i f y  t h e s e  c e n t e r s  w i t h  t he  
l u m i n e s c e n t  ( Z n O )  c o m p l e x e s .  A f e w  r e s u l t s  f r o m  
Ref.  (14) on  G a P ( Z n ,  O) a r e  a lso i n c l u d e d  in  Fig.  5, 
p a r t  of w h i c h  a g r e e s  w i t h  o u r  f indings .  O ne  po in t ,  
h o w e v e r ,  s h o w s  a r a t h e r  l a r g e  u p w a r d  d e v i a t i o n .  I n  
v i e w  of o u r  c o n c l u s i o n  o n  t h e  i n v o l v e m e n t  of O a n d  
Z n  w e  w o u l d  su s pec t  a ( r e l a t i v e )  o x y g e n  def ic iency  
for  t h e  s a m p l e  i n  ques t ion .  

Discussion of the Eff ic iency and Decay Results 
I n  t h e  d i s cus s ion  of Fig. 1 t w o  causes  fo r  t h e  r e d u c -  

t i o n  of  t h e  ef f ic iency w e r e  m e n t i o n e d ,  i.e., t h e  r e c o m -  
b i n a t i o n  t h r o u g h  k i l l e r s  a n d  t h e  A u g e r  effect, as w e l l  
a s  a n  a d d i t i o n a l  cause,  i.e., t h e  t h e r m a l  q u e n c h i n g  
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Fig. 5. The minority carrier lifetime (TMIN) as functions of the 
amount of zinc incorporated ( [Zn]) .  Curves 1 and 2 describe the 
cases of nonequilibrium and equilibrium incorporation of oxygen in 
GaP. Oxygen and zinc are involved in the formation of (ZnO) 
complexes which trap most of the minority carriers. Results ob- 
tained on our samples are indicated by crosses. Similar results of 
Ref. (14) are indicated by dots. Curve 3 represents the higher llfe- 
time values of Ref. (18) measured on p-GaP(Zn) not containing 
intentionally added oxygen. In the calculation of curves 1 and 2 
account was taken of the thermalization of the captured elec- 
trons which is important at low p. 

w h i c h  d e p e n d s  o n  t h e  p r e s e n c e  of k i l l e r s .  A n  e x t e n s i o n  
of t h i s  d i scuss ion  is n o w  n e c e s s a r y  to t a k e  a c c o u n t  of 
t he  e x i s t e n c e  of two  e x c i t e d  s t a t e s  of t h e  l u m i n e s c e n t  
c e n t e r  (4)  as w e l l  as of t h e  i n f l uence  of t h e  ho l e  s t a t i s -  
t ics  w h i c h  cause  t h e s e  s t a t e s  ( t h e  s ing le  e l e c t r o n  a n d  
e x c i t o n  s t a t e s )  to c h a n g e  in to  each  o t h e r  b y  t h e  t r a n s -  
f e r  of t h e  e x c i t o n  ho l e  f r o m  a n d  to t he  v a l e n c e  b a n d .  
F i g u r e  6 s h o w s  t h e  r e l e v a n t  l eve l  a n d  t r a n s i t i o n  
scheme .  (See  Lis t  of S y m b o l s . )  ~ L i n e a r i z e d  e x p r e s s i o n s  
fo r  ~ a n d  �9 w e r e  d e r i v e d  in  Ref.  (1 a n d  2) .  T h e  l i n e a r i -  
z a t i o n  is ju s t i f i ed  b y  t he  a p p l i c a t i o n  of l ow  e x c i t a t i o n  
d e n s i t i e s  to t h e  s a m p l e s  so as to avo id  s a t u r a t i o n  of 
t h e  l u m i n e s c e n t  cen te r s .  V a r i o u s  r a d i a t i v e  a n d  A u g e r  
t r a n s i t i o n s  i n v o l v i n g  t h e  l u m i n e s c e n t  c e n t e r s  h a v e  b e e n  
d i scussed  in  Ref.  (1 -3 ) .  W e  s h a l l  o n l y  i n v o k e  t h e  

7 These symbols are the same as in Ref. (1-3) except that time 
constant T is replaced by its reciprocal, rate r, for a more conven- 
ient statement of various equations. 

//~'////////////~'///////// //// /// 
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Fig. 6. Recombination model describing the three states of the 
(ZnO) complexes and various transitions in p-GaP(Zn, O). (See List 
of Symbols.) For the Auger effect (rxn) it is assumed that the 
exclton hole is the paTticie to carry off the transition energy (19). 
Two types of radiative transitions occur (rxr and rer). The single 
electron transitions (rer) are negligible. 
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s t ronger  ones, i.e., the annihi lat ion of the exciton states 
by radiat ion and by the Auger  effect (rates rxr and 
r ~ ) .  The result ing expression for 

1 -- ~] 1 -- s 1 - -  S Ph rtn 1 BoP ga 
- - = ~ +  . . . . .  + . . . .  

~] s s p rxr s rxro gr 
[4] 

is stated so as to expose the three causes of efficiency 
reduct ion mentioned above, each in terms of competi-  
t ion between two types of transition. The  first te rm on 
the r igh t -hand side is the ki l ler  te rm where  s ( =  rnt/ 
[rnt -~- rnk]) is the ratio of branching the excited free 
electrons to the luminescent  centers (Nt). The loss 
through killers is enhanced by the thermal  quenching. 
The second te rm is an extension of the first te rm by 
including the competi t ion between the thermal  emis-  
sion (rtn), affecting the single electron states ( N t - ) ,  
and the radiat ive transitions (r~r) of the exciton states 
(Nt*). This competi t ion invokes the re la t ive  probabi l i -  
ties of finding these exci ted states, i.e., respect ively 
(1 -- ~) and ]. Assuming thermal  equi l ibr ium between 
these states these probabili t ies are represented by the 
factor Ph/P, a Bol tzmann- type  expression which de- 
pends on the ionization energy Eh of the exciton hole, 
the density of states of the valence band, and a de- 
generacy factor. The Auger  effect (rxn) is expressed by 
the third te rm to be in competi t ion wi th  the radiation, 
rewri t ing  their  rates as Bo 'P 'ga  and rxro'gr to show 
the dependence on p and that  on screening. The screen- 
ing factors ga and gr, both being below unity, mul t ip ly  
the basic constants Bo and rxro. The second and third 
terms, depending on p, al low 45 ~ l ine approximations 
in a double log plot of (1 -- ~)/~] against p. 

F igure  7 shows the exper imenta l  ( 1 -  ~) /~  results 
for the more efficient samples selected from Fig. 2. It  
is seen that  for p above 4.10 i7 cm -~ the exper imenta l  
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Fig. 7. (1 - -  "q)/~ against p. The theory (Eq. [4] )  is approxi- 
mated here by sets of straight lines, having the free electron 
branching ratio s as the parameter. The fines with slope -I- 1 
indicate the Auger effect to be the dominant effect in reducing 
the efficiency. The s-values indicated were assigned to the sets of 
lines, taking s = ] for the lower one. The lines with slope --1 
describe the detrimental effect of the thermalization of the cap- 
tured electrons at low p. The horizontal lines describe the action 
of killers without assistance of this thermalization and are relatively 
unimportant. Most samples have high values of s, in most cases 
above �89 The symbols have the same meaning as in Fig. 2. It is 
seen from this presentation of our experimental efficiency values 
that the combined action of the Auger and thermalization effects 
suggests an optimum p-value around 4" 10 i7 cm -3.  Incidentally 
this is also close to practical values for light emitting diodes. 

points can be approximated  by a s t raight  line under  
45 ~ pointing to the dominance of the third te rm of 
Eq. [4]. This implies that  the mul t ip l ier  of p in this 
term is essentially constant. Excluding the possibility 
of covariance of s and ga/gr as functions of p it is fair  
to assume ga/gr ----- 1, as it was done in Ref. (1-2), a n d  

s ---- constant. Regarding s it is implausible to use a 
value much below unity. The reason for taking s ~ 1 
follows f rom the discussion of the minor i ty  carr ier  
l i fet imes in the next  section; the t rapping rate  rnt of 
the luminescent  complexes, being proport ional  to 
[ZnO] which increases wi th  p, would require  the ki l ler  
action to increase proport ional ly  to main ta in  a con- 
stant value of s being smaller  than unity. For  such 
proport ional i ty  no plausible model  is, however ,  known. 
Using then ga/gr ---- s = 1 as fair conclusions (20) f rom 
the application of Eq. [4] to experiment ,  Bo/rxl.o can 
be est imated at 2.5-3.8.10 - i s  cm ~. Assuming the low 
tempera ture  value of rxro, being 107 sec -1 (6), to be 
applicable to GaP (Zn, O) at room tempera tu re  we ob- 
tain Bo ---- 2.5-3.8.10 - i t  cm~-sec - i .  

F igure  7 contains various broken l ine approxima-  
tions of Eq. [4] using s as the parameter  and Bo ---- 
2.5"10 - l l  cm~-sec -1. It is seen thai  for the values of s 
used the first te rm of Eq. [4] is unimportant .  In con- 
trast to the third te rm no confirmation can be found 
for the dependence on p of the second term, which gives 
the other  (negative)  45 ~ approximation,  owing to the 
small number  of samples for which p is known [in- 
cluding one measurement  of Ref. (7)].  For  these sam- 
ples accidental kil lers may play a role giving rise to 
differences in s. Using values 4.5.106 s e c - i  for rtn (2) 
and 1.2.10 TM cm-~ for ph (to be discussed later)  a few 
low-p samples are still found to have s values in excess 
of 0.5. 

We emphasize the fol lowing findings f rom Fig. 7, 
using Eq [4]. The loss through killers is unimportant  
above p ---- 4.1017 cm -3, more so in comparison with  
the loss by the Auger  effect. The basic rate  constant of 
the Auger  effect, Bo, was found to be ~3.10 - i t  cmL 
sec -1, using these efficiency results only. The free 
electron branching ratio s is high, exceeding 0.5 for 
most samples and being probably equal  to uni ty  at 
high p. The screening by free holes affects the radi -  
ative and Auger  transitions in about the same way. At 
P < 4"101~ cm -3 the kil lers predominate  mainly  
through the thermal  quenching (at room tempera ture) .  

In discussing the effects of screening we shall use 
a single screening factor, g, and express ~ in a differ- 
ent way s 

= s. (rr '~) [5] 

where  n is seen to be reduced below uni ty  in two 
steps, i.e., branching of the f ree  electrons (s) and 
branching between the radia t ive  and all other t ransi-  
tions to which the electrons on the luminescent  cen- 
ters are subject. The former  transitions (rate rr) and 
la t ter  transitions consti tute the decay ra te  1/T. Put t ing 
the observable quantit ies ~] and �9 on one side and re-  
expressing rr by f 'g ' rxro we obtain 

~]/T : S ' f ' g ' r x r o  [ 6 ]  

f being, as stated earlier, the probabi l i ty  of finding the 
excited luminescent  center  in t h e  exciton state. 

When s is known, using the findings on ~ of Fig. 7, it 
is possible to use Eq. [6] to obtain informat ion on the 
screening. Figure  8 shows the exper imenta l  ~/z re -  
sults along with  a theoret ical  curve  to be discussed 
later  in this section. According to the findings on 0, s 
is .close to uni ty  for p > 4.1017 cm -3. Taking as before 
?'xro : 107 sec -1 it is then immedia te ly  concluded that  
the product  f.g is of the order  of 0.1-0.2 for most  
samples. In other words the radiat ive l i fet ime is then 
effectively 0.5-1 nsec. Since ] wil l  be close to uni ty  at 

SSee also Eq. [A5b]  o~ Ref.  (2); Ref.  (B) con ta ins  a s im i l a r  e q u a -  
t ion [81o]. 
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Fig. 8. Quantity ~I/T against p. This quantity is the free electron 
branching ratio, s, divided by the effective radiative lifetime, 
( f . g .  rxro) -1  (see Eq. [6]).  In view of the values rxro = 10 7 
sec -J- [Ref. (6)] and s ~ 1 this plot shows a strong action of the 
screening (g) and the occupancy (f) of the exciton hole level on 
the radiative transitions. The theoretical curve was calculated, 
using a mathematical approach for f and g and taking s = 1. 

high p (in view ,of S = P / (P  + Ph), g can therefore 
be estimated at, say, 0.2 implying a strong reduction oi 
the t ransi t ion probabi l i ty  by screening. 

No confirmation of some screening model was found 
possible using the ~]/~ findings. Known  theories (1-3) 
employ a few parameters  for which we could not ob- 
ta in  a un ique  set of values. Another  consequence is 
that we are not well  able to establish separate func-  
tions for f and g. The theoretical curve in  Fig. 8 is 
based on an arb i t ra ry  mathematical  approach of the 
screening effect. At the lower p values, however, where 
the screening should be weak (g ~ 1) )~ may be esti- 
mated leading to the value of Ph we have applied in 
the discussion of the ( 1 -  ~])/~l results, i.e., 1.2.1018 
c m  - 3 .  

The considerations in  this section depend critically 
on the assumption of a value for the basic quant i ty  rxro. 
In  view of Eq. [4] the basic Auger rate constant  Bo 
also depends on this assumption. It may be tried to re-  
duce both quanti t ies by a same factor in order to ob- 
ta in  an al ternat ive interpreta t ion for the findings of 
Fig. 7 and 8. The screening will then decrease and 
becomes absent when this factor is about 3. The fit 
of theory to Fig. 3 (~ against p) is, however, best using 
the accepted value for rxro. 

At this point it may be useful to comment on 
findings on Auger effect and screening by other work-  
ers. Assuming a priori certain-values of the screening 
parameters  Bo = 3"10 - n  cm~-sec -1 was arrived at in 
Ref. (2) while in Ref. (1 and 3) higher values were 
proposed, i.e., respectively 5-10 - n  and 10 -10 cm 3- 
sec-L The la t ter  values must  be considered too high, 
predicting a stronger decrease in efficiency with in-  
creasing p than  we have actually found. The same con- 
clusion applies to the value of 5.5"10 - n  cm3-sec -~ we 
have derived from findings in Ref. (7). The la t ter  
result  is ra ther  surpris ing since in this reference no 
modifiable assumption could be found. 

Various opinions on screening also exist differing 
mainly  in  the ad jus tment  of parameters  (1, 2). It  was 
objected by Dapkus, Hackett, Lorimor, and Bachrach 
(21) that the screening as described in Ref. (2) would 
be too strong for the existence of "green" excitons 
(bound to isoelectronic ni t rogen centers in  GaP) at 
values of p above a few times 1017 cm -3. The effect of 
screening was therefore deemed overestimated for both 
green and "red" excitons. Our results support ing 
those of Ref. (2), however, imply that the objection of 

Ref. (21) is not justified with regard to the red e x -  
c i tons.  

Concluding the discussion on screening it can be said 
that, using the (1 --~])/~] and the 1lIT results in  com- 
bination, plausible exper imental  evidence on the effect 
of screening on the red exciton annihi la t ion could be 
obtained. This evidence shows this effect to be quite 
appreciable. 

Minor i ty  Carr ier  L i fe t ime and Oxygen Incorporat ion 
In  this section we t ry  to deduce from the minor i ty  

carrier l ifetime results data on the oxygen incorpora-  
tion. The connecting l ink between lifetime (~M~N) and 
this incorporat ion is provided by  the (ZnO) complexes 
which act as capturing centers for the minor i ty  carriers 
(electrons).  

Such deduction is complicated by  the thermalizat ion 
of the electrons from the (ZnO) complexes. ~MI~ does 
therefore not  arise from a simple addition of the t rap-  
ping rates of the complexes and the killers (r~t and 
rnk of Fig. 1). Above a certain value of p the Auger 
effect will, however, dominate the thermalization, en-  
abling this simple addition. I t  was also found that the 
kil ler  action is probably  weak for most samples (see 
preceding section). For  large values of p, ZMIN can 
therefore be approximated by the expression 

TMIN - 1  ~--- Bnt "[ZnO] [7] 

where Bnt is the capture rate constant of the complexes. 
Assuming for Bnt a value of about 10 - s  cm3-sec -1 (22) 
it can be directly inferred from the experimental  data 
(see Fig. 5) that  [ZnO] can reach values up to l0 ss 
cm -3, a result  that has not been thought probable be- 
fore. 

The remaining part  of this section is concerned with 
the functional  behavior of [ZnO] in order to provide 
insight in the oxygen incorporation. This incorporation 
and the complex formation which occur at different 
temperatures,  i.e., ~ 1000~ and ~ 500~ are two 
problems of defect chemistry. At these temperatures  
zinc and oxygen, acting as acceptors and donors on the 
gal l ium and phosphorus sites, respectively, are com- 
pletely ionized. Assuming that  in their interact ion 
these ion species remain  on the sites mentioned and 
that no vacancies 9 are involved we shall apply for the 
complex formation a model by Wiley (23). This model 
uses the electrostatic b inding energy of the two ion 
species to calculate the reaction constant in  

[ Z n - ] .  [O + ] = Kc �9 [ZnO] [8] 

which is a first approximation. In  the calculations we 
have followed the refinements in Ref. (23) taking non-  
neares t -neighbor  complexes into account. Clearly data 
on [Zn] and [O] must  be provided. [Zn] was applied 
as a n  independent  variable. For [O] some theory is 
necessary. For such theory we tried ideas of Jordan, 
Trumbore,  Wolfstirn, Kowalchik, and Roccasecca (24) 
who suggested that oxygen might  be incorporated in an 
"equil ibrium" or a "nonequi l ibr ium" mode. This prob-  
lem was also studied by Peters and Vink (25). In  the 
nonequi l ibr ium case the oxygen incorporation is as- 
sumed to be surface controlled owing to a fixed Fermi 
level at the surface (26). This implies a constant  value 
of n in the reaction equation 

n �9 [ O  + ] = K i  �9 [ O  . . . . . .  ] [ 9 ]  

In the other case no such restriction on the incorpora- 
t ion occurs owing to, presumably,  inclusions of Ga208 
which are forced into the solid GaP by a supersatura-  
tion of the Ga l iquid with this oxide. 10 As it is proper 
for an equi l ibr ium case the following equations are in -  
Voked to control the value of n, i.e. 

n .p  = nz 2 [I0] 

9 L a c k i n g  da ta  on e n e r g y  a n d  charge  s t a te  we h a v e  n o t  t a k e n  t h e  
P- and  G a - v a c a n c i e s  in to  account .  

1o Th is  occur red  in  the  p r e p a r a t i o n  of ou r  L P E  samples .  
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and the neut ra l i ty  condition, neglecting other donors 
and acceptors 

P 9- [O+]:[Zn -] + n [ii] 

For the two cases of nonequilibrium and equilibrium 
incorporation theoretical curves were calculated for 
Fig. 5 using in both cases Eq. [8] and [9]. For the 
former case the quanti t ies n, Ki and [Osource] of Eq. [9] 
may be assumed to be constant for the LPE samples 
investigated. This implies a constant oxygen addition 
to the solid GaP; for curve 1 [O +] _-- 1017 cm-~ was 
taken. With regard to the equi l ibr ium case, curve 2, 
we have taken for the re levant  quanti t ies the following 
values: ni = 1.6.1017 cm-8;  K i ' [ O s o u r c e ] / n i  2 ~- 0.4; 
and Bnt -~ 10 -8 cm3-sec -1. Clearly the experimental  
data are best explained assuming the equi l ibr ium mode 
of incorporat ion to occur. The steps in the calculation 
for the equi l ibr ium case are i l lustrated in Fig. 9 which 
shows the dopant dependence of the various oxygen 
concentrations which are l inked by Wiley's theory. 

The above determinat ion of the oxygen incorporated 
depends on the value taken for the capture rate con- 
stant  Bnt. Other values are known, i.e., a value of 
4.10 - s  cm3-sec -1 that was derived from measurements  
of the decay time of the red luminescence by Jayson, 
Bachrach, Dapkus, and Schumaker  (27), and a value 
of ~ 2.10-s cmS-sec-t  inferred from a t ransient  ca- 
pacitance study on a p - n  junct ion by Lang (28), a 
more direct determination.  Application of the lat ter  
value would reduce the concentrat ion values of Fig. 9 
by a factor of two to a first approximation. Lang also 
determined the concentrat ion of the (ZnO) complexes 
and the O donors, i.e., 4.3-11.1015 cm-8 and 1.1-1.9-10 TM 
cm -J, respectively, the la t ter  value being supported by 
a photocapacitance study by Kukimoto, Henry, and 
Merri t t  (29) on the same sample. These concentrat ion 
values are lower than the values predicted by Fig. 9 
(for a zinc concentrat ion of ~ 4.10 ~7 cm-3) ,  being 

3"10 ~6 cm -3 and ~ 10~ cm-~, by a factor of five 
(or a factor of 2-3 using Lang's value for Bn0. The 
discrepancy found above may, as also indicated in  Ref. 
(25), be explained by differences in  sample prepara-  
tion. 

Conclusions 
Measurements of the internal  quan tum efficiency 

which were carried out on samples of small  size and 
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Fig. 9. Various concentrations of oxygen in GaP as function of 
[Zn] assuming the incorporation of O in GaP to take place in 
equilibrium. Curve 3 was used in Fig. 5 to describe "~MIN. 

good t ransparency show an Auger  effect to be the 
dominant  cause of losses by  nonradiat ive transit ions 
above p ~ 4.1017 cm -8. In  addition the other nonradia-  
tive transitions, i.e., t rapping by killers, become neg- 
ligible. Below this p value the effect of the killers is 
noticeable owing to the thermalizat ion of the minor i ty  
carriers from the luminescent  (ZnO) complexes. The 
better  efficiency values are found in  the lower p range 
with a max imum of ~ 40%. A fairly direct determina-  
t ion was found possible for the rate  constant of the 
Auger effect, i.e., ~ 3.10 -11 cma-sec -1. 

Using the decay time results in addition to the effi- 
ciency results screening by free holes was found to 
have an appreciable effect on both radiative and Auger 
t ransi t ion probabilit ies of the excitons bound to the 
(ZnO) complexes. The theoretical interpretat ion does 
not allow a confirmation of a screening theory, how- 
ever. 

The measurement  of the diffusion length against p 
provides an insight in  the problem of the oxygen in-  
corporation into GaP, the oxygen being connected with 
the main  electron t rapping centers, i.e., the (ZnO) 
complexes. The oxygen concentrat ion increases with 
p, becoming ~ 10 is cm -3 at p ~ 5.10 is cm -3. This in-  
crease points to an equi l ibr ium mode of oxygen in-  
corporation in our samples which is presumably  made 
possible by the presence of Ga2Q inclusions in  the 
solid GaP dur ing the crystal growth. 
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LIST OF SYMBOLS 
Nt concentrat ion of the (ZnO) complexes 
Nt~ x idem., applying to the ground state, the 

single electron state, and the exciton state, 
respectively 

rnt and rtn single-electron t rapping and thermaliza-  
tion rates (sec-1).  For rtn a value of 
4.5.108 sec -1 was taken (2) 

Et energy of b inding the single electron to a 
complex, being approximately 0.3 eV and 
a parameter  of rtn 

Bnt rate constant of rnt and rtn, approximately 
10-s cm3-sec-1 

rnk rate of the nonradia t ive  transit ions of the 
free electrons 

u generation rate (cm-3-sec -1) 
rxn exciton annihi la t ion rate by the Auger 

effect which is proport ional  to p 
B rate constant  (cm3-sec -1) in rxn : B 'p,  

which is reduced by free h01e screening, 
the basic rate constant being Bo 

rxr and rer radiat ive rates for the excitons and the 
complex-acceptor pairs, rxr is also reduced 
by the screening from a basic rate rxro, its 
value being 107 sec -1 [Ref. (6)] 

rpx and rxp rates of t rapping and thermalizat ion of the 
exciton hole, being proportional to p and 
Ph, respectively 

p and Ph free hole concentrat ion and effective val-  
ence band density of states, referred to 



Vol. 123, No. 4 R E C O M B I N A T I O N  IN p - T Y P E  G a P ( Z n O )  551 

E h  

f 
S 

ga and gr 

the exci ton hole  level.  Ph is subject  to the 
screening,  which modifies the  basic ra te  
Pho, for which the va lue  of 1.2.10 TM cm - s  
was taken.  At  low p, Ph ~ Pho 
exci ton b inding  energy,  being impl ic i t  in 
ph'Eh is reduced by  screening f rom a basic 
energy  Eho 
occupancy of the exci ton hole level  
f ract ion of the exci ted free electrons cap-  
tu red  by  the  (ZnO) complexes 
screening factors, modify ing  the Auger  
and rad ia t ive  t ransi t ion probabi l i t ies .  Usu-  
a l ly  replaced  by  single factor g 

REFERENCES 
1. J. M. Dishman,  M. DiDomenico, Jr., and R. Caruso, 

Phys. Rev., B2, 1988 (1970). 
2. J. S. Jayson,  R. N. Bhargava,  and R. W. Dixon, 

J. AppL Phys., 41, 4972 (1970). 
3. K. P. Sinha and M. DiDomenico, Jr., Phys. Rev., 

B1, 2623 (1970). 
4. T. N. Morgan, B. Welber,  and R. N. Bhargava,  ibid., 

166, 751 (1968); C. H. Henry,  P. J. Dean, and J. D. 
Cuthbert ,  ibid., 166, 754 (1968). 

5. J. A. W. van der Does de Bye, ibid., 147, 589 
(1966). 

6. J. D. Cuthbert ,  C. H. Henry,  and  P. J. Dean, ibid., 
176, 739 (1968). 

7. C. H. Henry,  R. Z. Bachrach,  and N. E. Schumaker ,  
ibid., B8, 4761 (1973). 

8. H. G. Grimmeiss ,  W. Kischio, and H. Scholz, 
Philips Tech. Rev., 26, 156 (1965). 

9. R. C. Peters,  "Proceedings of the  Four th  In t e rna -  
t ional  Sympos ium on GaAs and Related Com- 
pounds, Boulder,  1972," Ins t i tu te  of Physics,  Lon-  
don, Conference Series  No. 17, p. 55 (1973). 

10. L. J. van  der  Pauw, Philips Res. Rept., 13, 1 (1958). 
11. G. Iwantscheff,  Angew. Chem., 69, 472 (1957). 
12. L. M. Foster,  J. F. Woods, and J. E. Lewis, AppI. 

Phys. Letters, 14, 25 (1969). 

13. M. Klerk,  ( this l abo ra to ry ) ,  Unpubl i shed  results.  
14. W. H. Hackett ,  Jr., R. H. Saul,  R. W. Dixon, and 

G. W. Kammlot t ,  J. Appl. Phys., 43, 2857 (1972). 
15. L. M. Bol l inger  and G. E. Thomas, Rev. Sci. Instr., 

32, 1044 (1961). 
16. J. A. W. van  der  Does de Bye, A. C. P. van  den 

Bosch, C. M. Hart ,  M. Saitoh, A. S l o b ,  and 
P. Verhoog, ibid., 43, 1468 (1972). 

17. F. Stern,  Appl. Opt., 3, 111 (1964); M. R. Lorenz 
and G. D. Pett i t ,  J. Appl. Phys., 38, 3983 (1967); 
W. B. Joyce, R. Z. Bachrach,  R. W. Dixon, and 
D. A. Sealer,  J. Appl. Phys., 45, 2229 (1974). 

18. R. Z. Bachrach and O. G. Lorimor ,  J. Appl. Phys., 
43, 5.0'0 (1972); P. D. Dapkus,  W. H. Hackett ,  Jr., 
O. G. Lorimor,  G. W. Kammlot t ,  and S. E. 
Haszko, Appl. Phys. Letters, 22, 227 (1973). 

19. G. F. Neumark ,  Phys. Rev., 7, 3802 (1973). 
20. J. A. W. van der  Does de Bye and A. T. Vink, 

J. Luminescence, 5, 198 (1972), suppor t ing  the 
high s values.  

21. P. D. Dapkus,  W. H. Hackett ,  O. G. Lorimor ,  and 
R. Z. Bachrach, J. Appl. Phys., 45, 4920 (1974). 

22. J. A. W. van der  Does de Bye, Unpubl i shed  results.  
23. J. D. Wiley, J. Phys. Chem. Solids, 32, 2053 (1971). 
24. A. S. Jordan,  F. A. Trumbore ,  K. B. Wofstirn,  

M. Kowalchik,  and P. P. Roccasecca, This 
Journal, 120, 791 (1973). 

25. R. C. Pe ters  and A. T. Vink, Paper  presented  at the  
5th In te rna t iona l  Sympos ium on GaAs and Re-  
la ted Compounds,  Sep tember  1974, Deauvil le ,  
France.  

26. K. H. Zschauer  and A. Vogel, "Proceedings of the 
Third  In te rna t iona l  Sympos ium on GaAs and 
Rela ted  Compounds,  Aachen, Germany,  1970," 
Ins t i tu te  of Physics,  London, Conference Series  
No. 9, p. 1O0. 

27. J. S. Jayson, R. Z. Bachrach,  P. D. Dapkus,  and 
N. E. Schumaker ,  Phys. Rev., B6, 2357 (1972). 

28. D. V. Lang, J. Appl. Phys., 45, 3014, 3023 (1974). 
29. H. Kukimoto,  C. H. Henry,  and F. R. Merri t t ,  Phys. 

Rev., B7, 2486 (1973). 

Sulfur Hexafluoride Etching Effects 
in Silicon 

L. J. Stinson* 

Hewlett Packard Associates, Palo Alto, California 94304 

and J. A. Howard and R. C. Neville 

Department of Electrical Engineering and Computer Science, 
University of California, Santa Barbara, Cali]ornia 93106 

ABSTRACT 

The per formance  of sulfur  hexafluoride as an in situ etchant  for silicon 
dur ing  epi taxia l  g rowth  processes has been examined  as a function of t em-  
pe ra tu re  and par t i a l  pressure.  Below 1060~ etching was preferent ia l ,  p ro -  
ducing p i t ted  substrates,  whi le  above 1060~ etching was smooth. However ,  
above 1060~ both the  SiO~ masking  layers  on the subst ra tes  and the quartz  
reactor  wal ls  were  a t tacked  dur ing the etching of the silicon. This occurred 
in both he l ium and hydrogen  ambients.  High res is t iv i ty  sil icon subst ra tes  were  
etched in situ with  SF6. Sil icon ep i tax ia l  layers  were  deposi ted subsequent  
to in situ etching wi th  SF6. Both etched substrates  and etched subst ra tes  wi th  
epi tax ia l  layers  were  examined  opt ical ly  for the presence of active sul fur  
donor sites. The concentra t ion of active sulfur  donor sites resul t ing from 
etching wi th  SF6 was found to be less than 1 • 101~ cm-3  in both  the etched 
subst ra tes  and  the silicon layers  deposi ted subsequent  to SF6 etching. 

As modern  semiconductor  devices have grown in 
complex i ty  and performance,  i t  has become increas-  
ing ly  impor tan t  to reproduc ib ly  grow h igh-qua l i ty  

* Elect rochemical  Society Act ive M e m b e r  
K ey  words:  silicon etching,  ep i tax ia l  deposit ion, impur i t i es ,  silica 

etching,  sulfur hexafluoride.  

silicon epi tax ia l  layers  on sil icon or sapphire sub-  
strates.  Since semiconductor  devices are usua l ly  fabr i -  
cated in the epi tax ia l  layer,  the cri t ical  phys ica l  proc-  
esses which de te rmine  the electronic character is t ics  of 
these devices take  place in the ep i tax ia l  layer .  
This close re la t ionship  be tween  semiconductor  device 
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performance and the physical na ture  of the epitaxial  
layer makes work toward improving this incompletely 
understood process worthwhile. 

In  the ideal situation, the epitaxial  deposition process 
gives control over the dopant concentrat ion profile 
while main ta in ing  a high degree of perfection in the 
crystall ine structure of the deposited material.  In order 
to adequately accomplish this task it is necessary that  
the surface layers of the substrate be essentially ideal. 
The introduct ion of an etchant before silicon epitaxial 
deposition has been used to obta in  better  uni formi ty  
in the deposited layer  thickness (1). Surface oxides, 
films, and mechanical  damage on the substrates can 
introduce severe per turbat ion  into the crystal struc- 
ture if they are not removed prior to epitaxial growth. 
Because of this, substrates are etched in si tu by vapor 
etching prior to epitaxial deposition. The vapor etch- 
ants which have been reported to be suitable for this 
purpose are C12 (2), HI (3), HBr (4), HC1 (3, 5), H2S 
(6, 7), SF6 (8), and water vapor (9). 

Al though hydrogen chloride is the etchant most 
commonly used for this purpose, the high temperature  
required (1100~176 and the t ransport  of impur i -  
ties by HC1 cause severe impur i ty  redis t r ibut ion prob- 
lems (10-12). In addition, the highly corrosive na ture  
of HC1 causes expensive periodic replacement  of gas 
regulators, mass flow controllers, lines, etc. Gupta has 
found that even the introduct ion of very small  amounts 
of HC1 degrades both the surface of the deposited layer  
and the impur i ty  concentrat ion profile. The undesirable 
characteristics of HC1 has led to the invest igat ion of 
al ternate sources of a less corrosive etchant which 
will allow etching at a lower temperature.  Of the 
etchants which have been investigated SF6 seems to 
be most promising for this and many  other applica- 
tions in semiconductor processing. Many of these 
applications and the physical and thermodynamic prop- 
erties of sulfur hexafluoride have recent ly been re- 
viewed by Adler and Yaws (14). 

Rai-Choudhury (8) has investigated the feasibility 
of uti l izing SF6 as a low temperature  in situ etchant 
for the Si epitaxial deposition process. The reported 
results indicated that the etched surfaces were very 
smooth and the subsequent ly  deposited silicon layers 
were high quality. The entire etching and deposition 
process could be carried out at temperatures  less than 
1100~ 

Gupta (13) has suggested the use of sulfur hexa-  
fluoride during epitaxial growth at low concentrations 
to improve epitaxial deposition uniformities since sul- 
fur hexafluoride gives good surfaces at lower tem- 
peratures and does not degrade the impur i ty  concen- 
t rat ion profile as severely as HC1. Although SF8 ap- 
pears to be quite promising, little has been reported 
about the effects on the electrical and optical properties 
of sulfur  doping in the epitaxial  layer result ing from 
etching with SF6. The diffusion rate of sulfur in sili- 
con is quite rapid, 1 • I0 -s cm2/sec at II0.0~ and 2 N 
10 -9 cm2/sec at 1000~ (15). The maximum solubility 
of sulfur in silicon has been reported by Carlson et al. 
(15) to be 3 X 1015 atoms/cm 3, easily high enough to 
significantly affect the electrical behavior of the de- 
posited layers. Sulfur is a two level donor in silicon 
with energy levels at 0.18 and 0.37 eV below the con- 
duction band edge (16). The properties of these donor 
states have been studied both experimentally (16, 17) 
and theoretically (18, 19). The hole capture cross sec- 
tion is small, but electrons are easily captured. 

It  is the purpose of this study to investigate the per-  
formance of SFG as an in si tu etchant for the silicon 
epitaxial deposition process and to investigate the ef- 
fect of sulfur  doping on the characteristics of the de- 
posited material.  

Experimental Procedure 
Silicon wafers were etched with SF6 in situ in an 

epitaxial reactor over a wide range of temperatures  
and SF6 partial  pressures. The epitaxial reactor used 

for this w o r k  consisted of a 20 kW, computer-con-  
trolled RF (450 kHz) heated horizontal reactor with 
a 3 in. diam round tube configuration which was 
cooled by forced air. The silicon wafers were mounted 
on a silicon carbide coated graphite susceptor which 
was adjusted to provide opt imum flow characteristics 
for uniform layer etchant  or growth characteristics. 
The sulfur hexafluoride was injected into the main  gas 
stream of pal ladium purified hydrogen. The reactant  
flow rates were monitored and controlled with auto- 
matic mass flow controllers accurate to wi th in  2%. 
The substrafe surface temperatures  were directly moni-  
tored with an infrared radiometer  viewing normal  to 
the wafer surface. The temperature  readings were cor- 
rected for emissivity errors and absorption losses. The 
silicon wafers were (1, 1, 1) oriented, ~50 ohm-cm p-  
type with acceptor concentrat ion (boron) of 1.0-1.5 • 
1014 cm -~. The wafers were mechanical ly and chemi- 
cally polished. To minimize substrate surface con- 
tamination,  a thorough cleaning and degreasing pro- 
cedure was given the wafers prior to enter ing the re- 
actor. ~ The etch rates were measured by  weight loss 
techniques using an  analyt ical  balance accurate to 20 
~g. The etched surfaces were examined under  a scan- 
ning electron microscope for evidence of preferential  
etching or pitting. 

After a suitable range in  temperatures  and SF~ par-  
tial pressures was found, a series of silicon wafers, 
coated with thermal ly  grown oxide and strips of the 
oxide removed by s tandard photoresist and etch tech- 
niques, was etched in  SF6. These wafers were exam- 
ined under  a scanning electron microscope to make 
quali tat ive measurement  of the degree of attack and 
of undercut t ing of the oxide masks by the SF6. In  ad-  
dition, other wafers without  the oxide were etched 
and several microns of silicon deposited over the lay- 
ers using Sill4 as the silicon source. These were also 
examined under  the scanning electron microscope for 
the presence of crystal defects. Defects would indicate 
an inadequate removal  of surface impurit ies or of 
preferent ial  etching. 

The samples were optically studied for the evidence 
of sulfur doping using a MacPherson monochromator  
in the experimental  setup described in the Appendix. 
Samples were prepared by lapping the back (non-  
doped) side of each slice and then etching it down 
in silicon etch to a thickness of 3-8~. Transmission 
samples were placed with one flat side perpendicular  
to the beam between the output  slit and the photomul-  
tiplier tube. Measurements were taken for wavelengths 
from 12.0 to 1.0~ in search of evidence of active sulfur 
donor sites. 

Results 
Sulfur hexafluoride etches silicon according to the 

reaction 

4St(s) + 2SF6(g) ~ SiS2(s or 1) -~ 3SiF4(g) [1] 

The free energy of the reaction is --706.81 kcal /mole 
at 1400~ (11). Thus sulfur  hexafluoride etches silicon 
spontaneously and i rreversibly producing volatile sul-  
fides and fluorides of silicon. 

The silicon etch rate dependence on temperature  
found is shown in Fig. 1 for a SF6 concentrat ion of 
0.1%. As indicated in Fig. 1, the etch rate tends to 
level off at a value determined by either the mass 
transfer of the reactants to the substrate surface or 
by the mass transfer of the reaction byproducts away 
from the surface. For temperatures  less than  1100~ 
and a fixed par t ia l  pressure of SF6 the etch rate (R') 
dependence on temperature  is as given in Eq. [2] 

- -Ea 

In the foregoing expression, Ea is the activation en-  
ergy, determined to be ~17 kcal/mole,  R is the gas 
constant, and T is the absolute substrate temperature.  

1 T h e  c l e a n i n g  p r o c e s s  i n v o l v e d  i m m e r s i o n  in  t r a n s i s t o r  g r a d e  
TCE,  ace tone ,  a n d  m e t h y l  a lcohol  w i t h  a 15 m i n  boi l  in, n i t r i c  ac id .  
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Fig. 1. Silicon etch rate vs. substrate temperature for SF6 pres- 
sure of 10 -~  atm. 

Sulfur hexafluoride etching was found to be prefer-  
ential  for temperatures  of 1050~ and below over an 
SF6 concentrat ion range of 0.01-0.1% by volume. The 
preferential  etching produced cloudy surfaces, which, 
as revealed by scanning electron microscopy, were the 
result  of pitting. A typical substrate surface which was 
etched at a temperature  below 1050~ is shown in Fig. 
2. The etchant is judged unsui table  for use at tempera-  
tures below 1050~ due to the morphology problems 
which would result  from epitaxial deposition on such 
a pitted surface. 

The silicon etch rate dependence on SF6 part ial  pres-  
sure was characteristic of a first-order reaction with 
the etch rate being approximately directly proport ional  
t o  the SF6 part ial  pressure. The silicon etch rate de- 

pendence on SF6 part ial  pressure for a substrate t em-  
perature of 10.60~ is shown in Fig. 3. As indicated on 
Fig. 3, the SF6 part ial  pressure range invest igated was 
from 10-4 to 10-3 arm. SF6 part ial  pressures of less 
than 10 -4 atm were not used since the etch rate was 
t o o  low to be of economic interest.  Increasing the SF6 
concentrat ion above 10-s arm resulted in a white 
fibrous growth of mater ia l  along the gas exit end of 
the susceptor. The use of higher carrier gas velocities 
(--400 cm/sec) to sweep away the reaction byproducts 
was found to be effective for reducing the amounts  
of the deposits. Etching at SF~ par t ia l  pressures of 
10.-4-10 -8 arm resulted in no observable deposits on 
either the reactor chamber or the substrate. 

Etching at temperatures  above 1060~ produced 
smooth mirror l ike  surfaces. Epitaxial  layers subse- 
quent ly  deposited on the silicon surfaces which were 
etched at temperatures  greater than  1060~ were of 
high qual i ty  with-a  stacking fault  density of < 2/cm ~. 
Although etching produced smooth surfaces at the 
higher temperatures,  the oxide masks on each wafer 
and quartz reactor walls were attacked. Repeated etch- 
ing with SFG resulted in  frosting the quartz reactor 
tube in the warmest  areas surrounding the susceptor. 
This was, however, a slow process requir ing a period 
of several months (approximately 20-30 runs)  before 
any reactor tube had to be discarded. Tl~is may not  
present a problem in those cases where a water-cooled 
reactor tube is used. 

The SF6 attack of the oxide mask presents a more 
serious problem. At a substrate tempera ture  of 1275~ 
and SF6 concentrat ion of 0.06% the oxide attack was 
of such severity that a ha l f -micron oxide mask was 
entirely consumed in approximately 2.0 rain. Reduc- 
ing the SF6 concentrat ion to 0.01% resulted in a some- 
what  lower oxide etch rate. However, the ha l f -micron 
thick oxide layer was consumed in approximately 7 
rain. Reducing the substrate  temperature  to 1100~ 
approaching the m i n i m u m  temperature  of interest, re-  
sulted in a more preferent ial  etching of the oxide and 
again within about 15 min  the SF6 had penetrated the 
mask to the silicon underneath .  The oxide etch rate 
was found to be more sensitive to tempera ture  than 
to SF6 concentrations but  even at the lower tempera-  
tures was at least an order of magni tude  higher than 
the max imum allowable. Etching in a hel ium ambient  
to el iminate the possibility of HF formation and sub-  
sequent attack of the oxide yielded no apparent  change. 
Again the hal f -micron thick oxide was penetrated in 
less than 7 min. Etching in both ambients  is consistent 
with the model holding that the fluorine ion is respon- 
sible for the oxide attack. A typical oxide which had 
undergone SF6 attack in  a he l ium ambient  is shown 
in Fig. 4 at the point of ul t imate  failure of the oxide 
mask. 

Fig. 2. Pitted substrate surface from SFe etching at T < 1050~ 
Scanning electron microscope at a magnification of 8 0 •  
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Fig. 3. Silicon etch rate vs. SF6 partial pressure 
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strates etched with SF6 or in  silicon epitaxial  layers 
deposited subsequent  to ~n situ etching with SF6 indi -  
cated that  sulfur was not present  down to the detection 
limit of the measurement  technique (~101~/cm-~). 

Manuscript  submit ted Aug. 25, 1975; revised manu-  
script received Nov. 12, 1975. This was Paper 97 pre-  
sented at the Chicago, Illinois, Meeting of the Society, 
May 13-18, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Fig. 4. Silica mask attack by SF6 in He ambient. Scanning elec- 
tron microscope at a magnification of 120,• 

As a result  of the work, we judge that  most sulfur 
hexafluoride etching wil l  take place between 1050 ~ and 
1100~ in order to strike a balance between preferent ial  
etching and the effects such as outdiffusion, autodoping, 
etc. brought  on by high temperature  operations. At 
these temperatures  the diffusion constant, D, will  be 
in the 5-10 • 10 -9 cm2/sec range and the max imum 
sulfur concentrat ion in the silicon will lie close to 
1015/cma. 

High resist ivity p- type silicon wafers with acceptor 
(boron) concentrations .of 1-1.5 • 101a/cm 3 were 
etched in the temperature  range of 1050 ~ and ll00~ 
Testing for the presence of active sulfur donors was 
done optically using a MacPherson monochromator  in 
the procedure described in  the Appendix. Measure- 
ments were taken for wavelengths from 12.0 to 1.0~. 
No evidence of an active sulfur donor was found in  
either the etched substrates or in the deposited epi- 
taxial  layers. A slice of the original p- type mater ial  
was placed in a small  furnace and sulfur diffused at 
l l00~ for 16 hr. It  was prepared for transmission 
measurements  and the presence of sulfur at both 0.18 
and 0.37 eV was observed. A capacitance-voltage analy-  
sis of gold and a luminum Schottky barriers on epi- 
taxial  layers deposited on SF6 etched substrates gave 
no indication of the presence of sulfur. We conclude 
that after sulfur  hexafluoride etching sulfur is not 
present  in silicon in amounts  greater than  1 X 101a/cm 3. 

Summary 
In summary,  sulfur hexafluoride was found to be 

an effective etchant for in situ etching of silicon at 
substrate temperatures  above 1060~ The low etching 
temperatures  of this process, together with deposition 
from silane, allow the complete epitaxial  deposition 
operation to take place at temperatures  of less than 
1100~ The attack on the oxide masks by this etchant 
over the temperature  range required for nonpreferen-  
tial etching renders the etchant unusable  in  those in -  
stances where localized etching and deposition are de- 
sired. Measurement  of sulfur doping in either sub- 

APPENDIX 

Optical Transmission Measurements 
A schematic of the optical exper imental  apparatus 

is shown in Fig. 5. Input  power from a Jar re l l -Ash 
light source cooled by a small electric fan is modulated 
by a 20.0-Hz Bulova chopper. A s ingle-grat ing Mac- 
Pherson monochromator  selects the wavelength and 
the beam passes through the quartz beam-spl i t te r  at A. 
The reflected beam (about 2% of the input  power 
above 3000A) is measured wi th  a United Detector 
Technology u.v.-sensitive silicon photodetector (Model 
500-UV) B, and the t ransmit ted beam strikes the out-  
put  mirror  C, and is reflected through the output  slit 
D, and into the photomult ipl ier  tube E. The photomul-  
tiplier output is processed by a PAl& lock-in amplifier. 

Calibrat ion measurements  were made with no sam- 
ples in  the path of the beam. The beam-spl i t te r  at A 
introduces three possible sources of error in  the mea-  
surements.  The first of these is caused by the approxi-  
mate ly  40 ~ angle between the beam direction and the 
normal  to the quartz plate. This causes an effective 
shift in wavelength which is a funct ion of the angular  
dispersion A of the monochromator  grating, the angle 
of incidence on the beam-spli t ter ,  the beam-spl i t ter  
thickness t, and the index of refraction n of the quartz. 
The path difference A introduced by the beam-spl i t te r  
is shown in Fig. 5, and is given by Snell 's  law (assum- 
ing the index of refraction of air is un i ty)  as & ----. 
(t sin o)/n. For a 1/16 in. quartz slide this gives a A 
of 6.2 X 10-4m. (The index of refraction of quartz is 
approximately 1.55 throughout  the visible and near  in-  
frared regions.) The angular  dispersion of the grat ing 
is given by 

~ m d~r cos ~. 
; Ar [A-I] 

~k d cos # m 

Here d is the grating spacing and m is the order 
number  of the spectrum. The worst-case shift is in  the 
first-order spectrum. The path length, L from grating 
to beam-spl i t ter  is 1.58 met and hence 5r the angu-  
lar separation of the refected spectral lines, is t / L  = 
1.01 • 10 -a tad. The approximate angle of reflection 
from the grat ing is 15 ~ so a calculation yields At = 
16A. This is a function of wavelength and must  be 
applied to the lock-in  amplifier output spectrum. The 
corresponding energy error is 0.005 eV. 

MONOCHROMATOR 

F 
,RROR - - - - - -  - -  . . . . .  

........... LIGHT 
~ -- -- SOURCE 

~M ~R~-R'-- -- - _ _ __ ~GRATING 

- f - "~ ,  / -  MIRROR 

t , " . ~  " ~ DETECTOR 

Fig. 5. Optical measurement apparatus 
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The second error due to the beam-spl i t te r  is a result  
of the finite width of the photodetector. Fluctuat ions in 
ampli tude of the light source output  cause fluctuations 
in  detector output  over a bandwidth  of wavelengths 
given by Eq. [A-lJ .  The angular  separation Ar is 
calculated using L as before and W, the detector width, 
as 0.5 in. -- 1.3 • 10 -2. Calculating as before the value 
~ ----- 120A is obtained. Thus a var iat ion in  intensi ty  
of the l ight source over the range k -- ~ to ~, q- t,~ will  
be measured by the detector while the monochromator  
output  signal will  respond only to changes in the in-  
tensi ty  over the wavelength range covered by the slit. 
This will not cause significant error provided the per-  
centage change in in tens i ty  output  of the lamp is con- 
stant  with wavelength over the range ~ -- (A~/2) to 

-b (/,7~ Since the fluctuations in light source in -  
tensi ty were observed to be of a short- term, random 
nature  (by measur ing light source output  with the 
photomult ipl ier  tube at constant wavelength every 10 
see for 15 rain and every 15 rain thereafter for 2 hr) 
ra ther  than statistical fluctuations as in Johnson noise, 
then it is assumed that the variations in in tensi ty  result  
from power supply transients.  Thus it can reasonably 
be assumed that  the relat ive in tensi ty  dis t r ibut ion will  
not change over the range ;t -- (A~/2) to ~ -b (Ak/2), 
only the total intensi ty  will vary. 

The final possible error resul t ing from insert ion of 
the beam-spl i t ter  occurs in wavelength  regions where 
the rate of change of the quartz t ransmission coefficient 
with frequency is much greater than  the light source 
in tensi ty  variation. The transmission is constant  at 
wavelengths greater than 3300A, the region used. 

The m i n i m u m  amount  of sulfur  detectable by the 
system was determined as follows: Several samples 
of silicon were prepared by pul l ing (111) oriented 
ingots from melts containing a known amount  of sul-  
fur. The max imum solubil i ty of sulfur  in silicon is ap- 
proximately  4 • 1016 (20) and the calculated concen- 
trations of sulfur in the test ingots was kept well  be-  
low this (1014, 1013, 10 TM, and 1011/cm3). Samples from 
each of these ingots were placed in the beam of the 
monochromator  and a search made for the absorption 
peaks at 0.18 and 0.37 eV. Evidence was strong at the 
1014/cm 3 and slight at the 1018/cm 8 impur i ty  concen- 
trations. No evidence was seen at 1012 or 1011/cm3. A 
cross check was then made by using sample wafers into 
which sulfur  diffusions had been made. The diffusion 

profile was calculated for the sulfur  and the wafers 
polished down to the regions of desired ma x i mum sul-  
fur concentration. For samples with sulfur  concentra-  
tion ranging from 1014 to 1013/cm~ we could observe 
absorption with the monochromator.  With samples with 
sulfur  concentrations between 1018 and 10r~/cm 3 we 
could observe some slight absorption and none at all 
was observable for any samp.e with ma x i mum concen- 
trat ion below 8 • 1012/cm3. (For the UCSB mono-  
chromator system and using 3-8 m m  thick samples we 
find the mi n i mum detectable sulfur  concentrat ion to 
be 1013/cm3.) 
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Nucleation of AI20  Layers on Cemented Carbide Tools 
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ABSTRACT 

A l u m i n u m  oxide was deposited with a CVD technique onto polished TiC- 
coated and uncoated cemented carbide substrates. Experiments  of short dura-  
tion were performed with varying process parameters.  The density of A12Os 
nuclei on the (Ti, W)C phase in cemented carbide and on the TiC coating was 
measured for each experiment.  The corresponding chemical equil ibria  of the 
gas phase were calculated. The supersaturat ions of reactants (Pi.in/Pi.eq) were 
compared with the nuclei densities. It was found that the densities of nuclei 
vary with the supersaturat ion of the oxygen donors (CO2 and HeO). In  these 
experiments  there was a relative shortage of oxygen donors. The early stage 
of the A12Q deposition is supposed to influence the adhesion of the coating in 
two ways. First, voids that  form in the cemented carbide substrate surface 
dur ing heat ing up may cause pores, which decrease the strength of the in ter -  
face. Second, too sparse a nucleat ion weakens the bond between the coating 
and the substrate. By using TiC-coated cemented carbide as the substrate 
it is possible to avoid the void formation and to obtain an evenly distributed 
nucleation. 

For half  a decade 5/~m CVD t i tan ium carbide layers 
deposited on cemented carbide cutt ing tools have 
proved their  efficiency in increasing the wear  resist-  

1 P r e s e n t  address :  Link/~ping Univers i ty ,  S-581 83 L ink~ping ,  
Sweden.  

K e y  words :  cheraieal  v a p o r  deposi t ion,  t i t a n i u m  carb ide ,  supe r -  
sa tu ra t ion ,  density of nucle i ,  whiskers.  

ance, especially in tu rn ing  operations (1-3). T i tan ium 
nitride, carbonitride, and similar  compounds have also 
been used (4). 

The improvements  achieved by these th in  layers 
seem to be caused main ly  by the re tardat ion of chemi- 
cal processes contr ibut ing to the wear, especially dif-  
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fusion and oxidation. Thus in  the case of uncoated tool 
tips the workpiece tends to react with the cemented 
carbide binder  (cobalt alloy) at the high cutting tem- 
peratures of about 1000~ Therefore the chemically 
resistant oxide layers, e.g., a luminum oxide ought to 
be even more suitable for this application than  car-  
bides and nitrides. 

The impor tant  question in  the production of coatings 
is which of the parameters  are the critical ones in  the 
control of the nucleat ion process and of the growth 
process. The supersaturat ion is such an impor tant  fac- 
tor for the growth morphology of whiskers as shown 
by Campbell  (5). It  may be regarded as a measure of 
the driving force of the nucleat ion process (6-7). 

The nucleat ion in tu rn  is impor tant  and often critical 
in determining the adhesion and the kind of subse- 
quent  growth of a desired layer. Therefore the influ- 
ence of supersaturat ion on the nucleat ion process for 
a luminum oxide onto cemented carbide has been 
studied in  our laboratory (8) and elsewhere (9). The 
nucleat ion on the mult iphase cemented carbide sub-  
strate was found to be different on the different phases 
in the surface at given process conditions. 

A possibility for avoiding this difficulty is to deposit 
an AI203 layer using an intermediate  TiC coating. The 
purpose of the present work is to study empirically 
the interact ion between supersaturat ion (different 
process conditions) and nucleat ion on TiC-coated 
cemented carbides compared with uncoated cemented 
carbide in the pilot p lant  scale. 

Experimental 
Equilibrium calc~Iations.--Among the different con- 

ventional  systems possible to use for depositing A120~,. 
coatings, the H20/A1C13 system seems to be too reac- 
tive (9, 10), whereas the Of/A1C13 system is very slow 
(10). Therefore the experiments were done in  the 
system CO2/H2/A1C13. 

The components of the following reactions were con- 
sidered 

CO2 + Hz-* H2O -F CO [i] 

2AIC13 --> A12C10 [2] 

2A1C13 + 3H20--> A1203(s) + 6HC1 [3a] 

A12C16 + 3H20--> A120~ (s) + 6HC1 [3b] 

Due to the relat ively moderate deposition temperatures  
used (<1350~ some possible compounds might be 
regarded as present  only in  negligible amounts, e.g., 
the lower a luminum chlorides (10) and oxides (11-12). 
A luminum oxychlorides are formed only at relat ively 
low temperatures  (13). 

The thermodynamic data for the equi l ibr ium cal- 
culations were taken from Kubaschewski  (14). 

For the process conditions used the equi l ibr ium ac- 
cording to reactions [1]-[3] was found to be consider- 
ably shifted to the right. From the input  part ial  pres- 
sures Pi,ln, and the equi l ibr ium part ial  pressures Pi,eq 
of each component i, a supersaturat ion ]~i, was cal- 
culated according to equation 

~i = Pi,m/Pi,eq [4] 

~ 2 o  is defined Pcof.in/PH20,eq due to reaction [1], 
which is supposed to be completely converted. ZA12C16 
is defined analogously with regard to ~AlCl3 and reac- 
tion [2]. 

The supersaturat ions of the components are given in  
Table I. 

Experimental Procedure 
In comparison with previous investigations (8) extra 

precautions were taken in order to minimize the mois- 
ture remaining  in the apparatus. 

The remaining  exper imental  procedure was per-  
formed in  accordance with the previous investigations 
(8). 

The nucleat ion of A1203 on cemented carbide sub-  
strates and TiC-coated cemented carbide substrates 
was studied in a pilot p lant  CVD apparatus (Fig. 1-2). 
The volume of the reaction chamber  was 0.015m 3 and 
it was heated by a resistance furnace. The temperature  
was measured with thermocouples placed in a sealed 
tube inserted into the reactor from above. The ac- 
curacy of the temperature  measurements  was _+8~ 

Twenty-f ive per cent of the gas came from an A1C13 
generator. The A1C13 was formed by reacting HC1 with 
small  a luminum pieces (99.8% pure, ma in  impuri t ies  
Fe and Si). The A1C13 flow was analyzed before each 
experiment  to guarantee a complete conversion of HC1. 
The A1C13 part  of the flow was thoroughly mixed in  
extended pipes with the C Q - c on t a i n i ng  flow (75%) 
before enter ing the reactor. The hydrogen was purified 
in  a Pd -Ag  diffusion cell. The pur i ty  of HCI and CO2 
was ~9.98%. A Reynold's number  of about 50 implies a 
laminar  flow. 

The substrates were cemented carbide inserts, Type 
SPUN 120308, of a ISO P30 grade containing 86% WC, 
5.5% Co, and the balance cubic carbides TiC, TaC, and 
NbC (forming 7-phase).  Some inserts were TiC coated. 
In order to make the A12Q nuclei visible the samples 
were polished on one side. They were placed on alsint 
supports in a tube of alsint. 

A rather  extended heating up period was needed due 
to the relat ively large pilot p lant  deposition reactor. 

Table I. Process conditions, supersaturations, and nuclei densities 

E x p  
No. 

T e m p e r -  
a tu re ,  ~ 

P res su re  
( to ta l ) ,  

k P a  

Inlet  gas  
Supersaturat ions  

COs, A1CIs, Time,  
k P a  k P a  sec CO~ I-I~O A1CI8 AI~CIo 

N u c l e i  
dens i ty  (l~m) -~ 

on  (Ti, 
on T iC W ) C  

1 1150 8 
2 1200 8 
3 1250 8 
4 1300 8 
5 1350 8 
6 1250 8 
7 1250 8 
6 1250 8 
9 1250 8 

1O 1250 8 
11 1250 8 
12 1250 2 
13 1250 8 
14 1250 32 
15 1250 8 
16 1250 8 
17 1250 8 
18 1250 8 
19 1250 8 

0.24 0.16 60 4,500 46 700 
0.24 0.16 60 4,000 36 490 
0.24 0.16 60 3,600 29 350 
0.24 0.16 60 3,200 24 260 
0.24 0.16 60 2,900 20 190 
0.24 0.053 60 570 1.5 6,400 
0.24 0.16 60 3,600 29 350 
0.24 0.48 60 12,000 108 130 
0.08 0.16 60 85,000 220 80 
0.24 0.16 60 3,600 29 350 
0.72 0.16 60 56 1.6 13 ' 104 
0,06 0.04 60 6,700 55 260 
0.24 0.16 60 3,600 29 350 
0.96 0.64 60 1,900 10 490 
0.24 0.16 180 3,600 29 350 
0.24 0,16 540 3,600 29 350 
0 0.16 60 
0.24 0 60 
0 0 60 

48 140 130 
39 d.* o.g.** 
32 80 50 
27 70 100 
23 50 d.* 
10 ~ 50 o.g. * i  
32 80 50 

1.5 70 90 
1.5 10O 80 

32 80 50 
5 �9 106 70 o.g.** 
70 80 110 
32 80 50 
16 50 50 
32 
32 

Exper iments  7, 10, and 
* d. = dense  (>120) .  

** o.g. = overgrowIL 

13 are pure  repetit ions.  
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Fig. 1. Deposition chamber 

During this heating the A1C13 generator  was started by  
feeding HC1 + H2 through it. This flow bypassed the 
deposition reactor. During the last minute  before the 
deposition the desired flow rates of the gases were ad- 
justed while being bypassed and the two gas flows 
were then s imultaneously  shunted over to the reaction 
chamber. The process was continued for 60 sec in most 
of the experiments  and was then terminated  by passing 
the remaining flow directly to the exhaust, followed 
by an evacuation of the reactor to about 0.05 kPa. 
After refilling the reactor with hydrogen the furnace 
was removed. The mi n i mum t ime of deposition for 
consistency of the process conditions was about 20 sec. 
The process conditions are shown in Table I. 

Blank runs (experiments  17-19) were carried out in  
, order to make the distinction be tween A1203 and 
t i tan ium oxide nuclei  possible (Fig. 3 and 4). 

In the central  var iant  of each chain of process con- 
ditions (A1C13 and CO2 part ial  pressures, temperature,  
and pressure) the ratio PA1cl3.in/PCo2.in is stoichiometric. 

The substrates were studied in the scanning electron 
microscope (SEM), where the densi ty  of nuclei  on 
TiC and on the ,y-phase (cubic carbides) of the 
cemented carbide surface was counted. The same tech- 
niques were used as in  the previous invest igat ion (8). 

Results and Discussion 
The t ransformat ion of the surface to be coated starts 

dur ing heating up in H2. On uncoated cemented carbide 
the binder  (Co alloy) diffuses away leaving voids be-  
hind (Fig. 3). Probably  the binder  covers the carbide 
surface with a th in  layer. The moisture that  inevi tably  
is present in the gas slightly attacks the cemented 
carbide surface and the TiC-coated surface, respec- 
tively, by oxidation. The WC phase is at least par t ia l ly  

~f I Mixing pipe 

! _ ~ L, J I Vacuum 
~.ff~ ~_~Beated pipes meter 

~1(r Heated ~ "~ ' II r ' -  

~ reactor J4-1 / /  I Resis- 

t .  Lk , , / ,  . ~Pressu ~ ~ \ I I,", ~,q  depos,- 
( ; meters / \ I tion 

~- \ I I,,~!,~,i;I reactor 

,i meters mixing = ~  
r J ,t('ap , cool 

CO 2 HC1 I Cool ;ater 
tube tube 

Filter ---J HCl analyses equipment 
H 2 supply ~hausl 

XShut off valve ~ r ~  i ;  | Adjusting valve Temp~ Wa~er for 
eThree way valve control ~ conducti- 

vi Iv 
mea~uremen~ 

Fig. 2. Gas supply and exhaust system 

Fig. 3. Cemented carbide surface of run No. 18 in Table I 
(blank run, no AI203 nuclei). SEM image. 

Fig. 4. Cemented carbide surface run No. 12 in Table I with 
AI203 nuclei. 
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converted to carbide of ~-phase type (e.g. Co6W6C). 
However, in all experiments,  where the gas contained 
A1CI~, the attack was so mild that it was possible to 
count the AltOs nuclei both on the (Ti, W)C grains 
of the uncoated surfaces of the cemented carbide (Fig. 
4) and on the polished surfaces of the TiC-coated in-  
serts (Fig. 5). The densities of nuclei  in  the different 
experiments  are given in  Table L We note that  the 
nuclei  densi ty varies with temperature,  A1CI~ content, 
CO2 content, and total pressure in  a significant way. 
Of course the uncer ta in ty  in  the measurement  of nuclei  
density is too large to put  significance to every single 
figure. However, the trends are quite clear for nuclea-  
t ion on TiC-coated substrates but  less clear for the 
nucleat ion on uncoated cemented carbide substrates. 

Let us dist inguish between the supersaturat ion of 
(a) a luminum donors (the chlorides) and (b) oxygen 
donors (CO2 and H20).  If we let only the temperature  
vary, experiments 1-5, we note that all supersatura-  
tions increase, which is also t rue for the density of 
nuclei  (Table I).  If we let the input  pressure of CO~ 
decrease by al tering the content of CO2, experiment  
9-11, we obtain an increase in the supersaturat ion of 
oxygen donors, while the supersaturat ion of the a lumi-  
n u m  donors decreases. The density of nuclei  follows the 
supersaturat ion of oxygen donors under  these condi- 
tions. If we increase the content  of A1CI~, experiments  
6-8, the conditions are somewhat more complicated. 
The supersaturat ions of the oxygen donors decrease 
while those of the a luminum donors increase. Possibly 
there is a certain decrease in  the density of nuclei 
showing a weak relationship wi th  the supersaturat ion 
of the oxygen donors. If we increase the total pressure 
keeping the percentage of reactants constant, experi-  
ments  12-14, the supersaturat ions of the a luminum 
donors remain  relat ively constant (A1CI~ decreases and 
AI~C16 increases) while the supersaturat ion of the oxy- 
gen donors increases. The densi ty of nuclei  increases 
with the supersaturat ion of the oxygen donors. 

In  conclusion the density of nuclei  on TiC-coated 
substrates seems to agree with the supersaturat ion of 
the oxygen donors Also the nucleat ion on cemented 
carbide, on the (Ti, W)C phase, shows the same t rend 
(Table I) al though as ment ioned previously with less 
significance. 

When concluding the comparison we should bear in 
mind, that the differences between the calculated 
supersaturat ions of the different gas compositions (ex- 
periments  6-11) are exaggerated compared to the ones 
encountered by the samples. The gas is par t ly  con- 
verted before reaching the substrate surface. 

These results seem to be in disagreement with those 
reported previously for nucleat ion on uncoated ce- 
mented carbide substrates (8). We discuss this below. 

When comparing CVD experiments  in the same 
chemical system, it is obvious that we must  consider 
experiments  with similar values of the process param-  
eters. In  our previous study of the nucleat ion of alu-  
mina  on the (Ti, W)C phase in cemented carbide we 
used A1C1JCO2 ratios around 0.33 and in the present  
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study ratios around 0.67. Thus in  the previous series 
of experiments  the a luminum donors were in  relat ive 
shortage and the density of nuclei was governed by the 
supersaturat ion of the a luminum chlorides while in 
this series of experiments  the oxygen donors were in 
relative shortage. Fur thermore  the current  experi-  
menta l  series was carried out under  as moisture-free 
conditions as possible. 

Hence, it seems natural to assume that the critical 
event in the nucleat ion of a CVD coating is the forma-  
t ion of stable "clusters" of some intermediate  products 
of that reactant  which is in  shortage. 

The two series of experiments  agree in that the same 
tempera ture-nucle i  density relationship was estab- 
lished. 

From a production point of view TiC coating of the 
substrates prior to a lumina  coating has two aspects. 
First, the adhesion of the coating seems to be bad if the 
init ial  density of nuclei  is too low due to incorrect 
supersaturation.  Bad adhesion can also result  from the 
deteriorat ion of the substrate surface dur ing heating 
up in hydrogen. Using TiC-coated substrates will im-  
prove adhesion by giving an even density of nuclei 
and by prevent ing substrate deterioration. Second, dif-  
ficulties will arise in large production charges due to 
small  amounts  of cobalt being dissolved probably as 
chlorides from uncoated cemented carbide substrates. 
This will cause the coating to grow by a whiskerl ike 
structure. Compare the s tructure of a coating obtained 
in a small  charge (Fig. 6) to that  obtained in a large 
charge (Fig. 7). In  the la t ter  case the reactant  gas 

Fig. 6. Cemented carbide with a 4 ;~m AI203 layer produced in 
laboratory scale. Fracture section in scanning electron microscope 
(SEM). 

Fig. 5. TiC-coated cemented carbide surface of run No. 9 in Fig. 7. Cemented carbide with a 6 ~m AI203 layer produced in 
Table I. Sparsely nucleated with AI203. pilot plant scale. Fracture section in SEM. 
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Fig. 8. Cemented carbide with a 1 /~m AI203 layer (on top) and 
a 5 ~m TiC layer (below) from production. Fracture surface in SEM. 

Fig. 9. Surface appearance of a 1 /~m AI203 layer on top of a 
5 #m TiC layer on cemented carbide. Production coated. A SEM 
image. 

contained dissolved cobal t  chlorides. Again  using TiC- 
coated subst ra tes  wil l  reduce the  tendency  to whisker  
fo rmat ion  by  pro tec t ing  the cobal t  f rom being a t tacked  
by  the reactants .  

Conclusions 
The supersa tu ra t ion  of react ion components  for  

A1203 l aye r  fo rmat ion  is shown to have a per t inen t  in-  
fluence on the nuclei  densi ty  and thus subsequent ly  on 
the adhesion of the  layer .  
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The deposi t ion of A1203 on TiC-coa ted  cemented car-  
bide is found to be advantageous.  First ,  i t  isolates the  
cobal t  and stops i t  f rom in te r fe r ing  wi th  the a lumina  
nucleat ion and growth  and, second, it  secures an even 
dens i ty  of a lumina  nuclei.  

Manuscr ip t  submi t ted  May  20, 1975; revised manu-  
script  received ca Nov. 12, 1975. This paper  was p re -  
sented at  the Fi f th  In te rna t iona l  Conference on Chem- 
ical Vapor  Deposition, Stoke Poges, Buckinghamshire ,  
England,  Sept.  21-25, 1975. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1976 
JOURNAL. Al l  discussions for the  December  1976 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Sandvik AB. 

SYMBOLS 
Pi.in inpu t  par t ia l  pressure  of i th component,  a tm 
Pi,eq equi l ib r ium pa r t i a l  pressure  of i th  component,  

a tm 
zi  supersa tura t ion  of i th  component  
Kp equi l ib r ium constant  for the  to ta l  reaction, a tm 
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ABSTRACT 

ESCA is used to characterize silicon nitr ide surface oxidation. Si 2p, N ls, 
and O ls binding energies and photoelectron line intensities of oxidized ni-  
t r ide films are compared with the corresponding lines f rom thick reference 
films of silicon, silicon nitride, silcon dioxide, and a series of oxynitrides.  
Rapid init ial  oxidation of silicon ni tr ide surfaces occurs at room tempera ture  
on exposure of nitride films to air. A graded oxidized ni tr ide film forms be- 
tween the film surface and the nitride. Similarly,  oxyni t r ide  films with 
gradations in composition are obtained upon oxidation of ni tr ide films at 
high temperatures.  

Silicon nitr ide thin films deposited on silicon or on 
silicon dioxide have  received considerable at tent ion for 
applications in semiconductor  device s tructures because 
of their  cited chemical stabili ty and resistance to dif- 
fusion of impurities.  However ,  an Si-N bond is chemi-  
cally react ive and should oxidize when  exposed to air. 
The f r ee -ene rgy  changes ( i )  for silicon nitride oxida-  
tion in oxygen or water  vapor, i.e. 

SisN4(S) -~- 3 O2(g) ~ 3SiO2(s) + 2N2(g) [1] 

and 
AF298OK : --304 kca l /mole  

SisN4(s) + 6H20(g)  ~ 3SiO2(s) --F 4NH~(g) [2] 

AF298OK : --147 kca l /mole  

indicate that  ni t r ide surface oxidation at room tem-  
pera ture  is thermodynamica l ly  feasible. Silicon ni t r ide 
films have been intent ional ly  oxidized in oxygen or 
wa te r  at tempera tures  ~ 900~ (2). The kinetics of 
ni t r ide surface oxidation indicate that  the conversion 
process at these tempera tures  is slow. Lit t le  is known 
of ni tr ide react ivi ty  at lower  temperatures.  Sato et al. 
(3) have reported on chemical instabilit ies at a silicon 
ni tr ide surface when films were  exposed to h igh-pres -  
sure water  or to water  vapor  in an autoclave at tem-  
peratures  up to 300~ From Auger  spectra, Maguire 
and Augustus (4) have recent ly  identified oxygen at a 
ni t r ide surface, but have suggested that  a h igh- tem-  
perature  react ion with  ei ther  oxygen or water  vapor 
impuri t ies  in the carr ier  gas s t ream led to surface oxi-  
dation. 

The presence of an oxidant impur i ty  in a reactant  
gas s tream during ni tr ide-f i lm deposition at elevated 
tempera tures  results in the formation of homogeneous 
oxyni t r ide  films. These films form a continuous series 
of compounds with changing oxygen and ni t rogen con- 
tent  ra ther  than a mix ture  of silicon dioxide and sili- 
con nitride (5, 6). The oxygen content  of oxynitr ides 
can be related to the film index of refract ion (n) (7), 
which ranges from about 2.0 for silicon nitr ide to 1.46 
for silicon d ioxide . .The  indices of refract ion of oxy-  
nitr ide films, obtained f rom measurements  of reflective 
in terference minima at two angles of incidence at an 
energy of about 2 eV, have been found to vary  l inear ly  
with the oxygen content of the film (7). 

In this investigation, products of surface oxidation 
of nitr ide films formed at room tempera tu re  and at 
1070~ are characterized using x - ray  photoelectron 
spectroscopy (ESCA) (8). ESCA spectra of oxidized 
reaction products at ni tr ide surfaces are compared with  
spectra of silicon dioxide, of silicon nitride, and of 
homogeneous oxynitr ide reference films. 

�9 Eleetrochemical Society Active Member. 
Presen.t address: IBM Thomas J-. Watson Research Center. York- 

town Heights, New York 10598. 
Key words: x-ray photoelectron spectroscopy (ESCA), dielectric, 

thin film. silicon oxynitride. 

Experimental 
Film preparation.--Silicon nitr ide samples were  pre-  

pared by chemical vapor  deposition on cleaned silicon 
substrates at 800 ~ The silicon wafers were  induct ion-  
heated on a carbon susceptor coated with  silicon car-  
bide. A reaction mix ture  of silane (semiconductor 
grade) and ammonia  (99.99% pure)  in a ratio of 1:100 
was carried by ni t rogen gas into a quartz  reaction 
chamber.  Some silicon nitr ide films were  prepared 
from silicon te t rabromide  (9) ; some were  prepared by 
react ively sputter ing silicon with ni t rogen gas (10). 
Oxyni t r ide  films were  deposited at 1000~ by adding 
oxygen to the silicon ni tr ide react ion mixture.  Silicon 
dioxide films were  prepared by oxidation of silicon in 
dry oxygen at 1000~ The thickness and refract ive  
index of each film on silicon substrates were  measured 
with a Rudolph ell ipsometer.  F i lm thicknesses ranged 
from 400 to 2000A. 

The react iv i ty  of silicon ni tr ide films in air at t em-  
peratures  of 25 ~ _ 2~ and 30-50% rela t ive  humidi ty  
was examined by exposure to air in a clean hood for 
times up to one month. Nitr ide films were  also oxidized 
in dry oxygen at 1070~ for times up to 7 hr. The oxide 
films which formed after oxidation at 1070~ were  
etched at 25~ with buffered HF  (7 parts 40% NH4F: 1 
part  49% HF) diluted with 10 parts water.  The etch rates 
for silicon dioxide and silicon nitr ide films are 2.2 and 
0.075 A/sec,  respectively.  Silicon oxyni t r ide  films etch 
at in termediate  rates depending on the oxygen content  
of the film. In some cases, silicon ni tr ide films were  
etched in a 10:1 diluted HF solution to remove  surface 
oxide which might  have formed in air. 

ESCA.--Data were  obtained with  an AEI  ES 100 
electron spectrometer.  Samples were  mounted  on a 
copper block fixed to the end of a rotatable probe and 
inserted into the spectrometer.  A magnes ium- ta rge ted  
x - r ay  source (Mg K~12 radiat ion = 1253.6 eV) was 
used to analyze most of the samples, but an a luminum 
source (A1 K~I~. radiation : 1486.6 eV) was also used. 
The spectrometer  was examined for l inear i ty  by mea-  
suring the photoelectron lines corresponding to the 
Cu 2p 3/2 (932.8 eV) and the Au 4fv/2 (83.8 eV) levels  
(11) with Mg Kal2 and A1 K~12 x - r ay  radiation. Photo-  
electron lines obtained using these two x - r ay  sources 
should differ in energy by 233.0 eV. Appropr ia te  ad- 
justments  were  made to the spectrometer  h igh-vol tage  
supply to obtain this difference be tween the atomic 
levels for both Cu 2p 3/2 and Au 4f7/2. Af te r  these ad-  
justments  had been made, the correction factor for 
the spectrometer  was evaluated using the Au 4f 7/2 line. 

A broad energy scan of all samples was first obtained 
at 2 eV/sec. The strong photoelectron lines were  then 
scanned over a 15V range at a rate  of 0.02 eV/sec. All  
data were  referenced to the Au 4f v/2 line to correct for 
surface charging effects. The O ls, N ls, C ls, and Si 2p 
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lines were examined from each sample. The C ls l ine is 
due to carbon contaminat ion found on all samples. 

In tens i ty  data were obtained by integrat ion of the 
photoelectron l ine areas. In tensi ty  ratios of ESCA data 
are compared so as to el iminate errors resul t ing from 
surface contamination.  The sample plane was gen-  
eral ly tilted 10 ~ from the normal  to the electrostatic 
analyzer entrance slit to obtain max imum line in ten-  
sities. Some intensi ty  data were obtained as a funct ion 
of sample incl inat ion to the analyzer  entrance slit to 
vary the emit ted-electron sampling depth. A decrease 
in angle between a sample surface and the detector 
slit results in  a decrease in  sampling depth from which 
photoemitted electrons are collected (12). 

Results 
ESCA spectra of Si3N4.--A typical ESCA broad-  

energy scan of a 0.1 ,~m thick unetched silicon ni t r ide 
film with a refractive index of 2.00 is shown in Fig. 1. 
In addition to nitrogen, silicon, and carbon phor 
t ron lines, an oxygen line is also observed. This sam- 
ple was subsequent ly  heated to 350~ in the spectrom- 
eter vacuum chamber. The C ls l ine intensi ty  was 
somewhat decreased by this heat - t rea tment ,  whereas 
the O ls l ine in tensi ty  was not decreased. An  oxygen 
line was also present  on ESCA spectra of reactively 
sputtered silicon ni t r ide films and on deposited films, 
independent  of whether  the reactant  used to form sili- 
con nit'ride was silicon te t rabromide or silane. The 
surfaces of all silicon ni tr ide films examined appeared 
to be rich in  oxygen. 

Chemically etching the silicon ni tr ide surface with 
diluted HF (1: 10) reduces the O ls photoelectron l ine 
in tensi ty  (Fig. 2a) when  compared with the nonetched 
surface (Fig. 1). However, the O ls l ine of an etched 
sample increases in in tensi ty  on exposure to air at 
room temperature.  The increase in  O ls  l ine  in tensi ty  
after 3 days and after 30 days is shown in  Fig. 2b and c, 
respectively. The thickness of the surface film formed 
in air at room temperature,  Jn terms of silicon dioxide 
film thickness, is estimated from ESCA line intensit ies 
(13) to be 2-3A for a freshly etched film, 3-5A after 
3 days, and from 6 to 9A after one month 's  exposure. 

Comparison of Si 2p, N ls, and 0 ls binding energies, 
half-widths, and intensities.--ESCA spectra of silicon, 
of silicon dioxide, and of a series of oxynitr ide films 
were compared with data from etched and nonetched 
silicon ni tr ide spectra. Shifts in  Si 2p, N ls, and O ls 
b inding  energies for the various samples are i l lustrated 
in Fig. 3. As the oxygen content of the films increases, 
the binding energies increase. For example, the b inding  
energies of the oxynitr ide films increase as their re- 
fractive indices approach the value of 1.46 for silicon 

dioxide. The magni tude  of the b inding  energy changes 
for the photoelectron lines examined and decreases in 
the order Si 2p (4.4 eV) > N ls (0.9 eV) > O ls  (0.4 
eV). Compositional differences in the surface regions 
of these films are most readily identified from the Si 2p 
photoelectron spectra for which the largest changes in  
binding energies are observed. 

The Si 2p binding energy for nonetched silicon n i -  
tride (n = 2.00) is less than that of etched silicon ni-  
tride (n -- 1.99), but  coincides with the Si 2p l ine for 
silicon oxynitr ide with a refractive index of 1.90. The 
Si 2p binding energy data clearly indicate that  the 
oxygen that is present  on nonetched ni tr ide or that  
appears on etched nitr ide films (Fig. 1 and 2) is chemi- 
cally bound to the silicon at the film surface. Changes 
in refractive indices obtained from ell ipsometry are 
indicative of the composition of an entire film rather  
than only of a film surface. 

Ols 

l s  

Si 2p 

Exposure o 
Time to Air dlSiO 2) (A) 

10 min 2-3 

3 days 3-5 

1 month 6-9 

Fig. 2. Changes in O ls photoelectron line intensity as a function 
of exposure time to air at room temperature after etching a sili- 
con nitride surface with dilute (1:10) HF. Film thickness, d(SiO~)~ 
estimated from O ls/Si 2p intensity ratio, 
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Differences are  observed in the  ha l f -wid ths  of  the  
photoelect ron lines. The largest  var ia t ion  in ha l f -  
widths  is observed for  Si 2p l ines 

H W ( S i  2p) : Si  subs t ra te  (1.4 eV) < SiO2 

= etched SigN4 (1.8 eV) ~ Si3N4 (1.9 eV) 

< SiOxNy (2.1 eV) 

An increase  in ha l f -w id th  can indicate  tha t  a grea ter  
d is t r ibut ion  of species wi th  different  b inding energies 
is contr ibut ing  to an observed photoe lec t ron  line. A 
b roader  range of silicon compounds cont r ibutes  to the  
oxyn i t r ide  films than  to the  ni tr ide,  etched ni tr ide,  or 
dioxide, whi le  the na r rowes t  range  of energies con- 
t r ibutes  to the silicon single crys ta l  line. 

The re la t ive  photoelect ron l ine intensi t ies  are  p lo t ted  
in Fig. 4 for those compounds whose binding energies 
a re  shown in Fig. 3. On the basis of s imi lar  correlat ions 
(7), the film index of re f rac t ion  is p lo t ted  as a l inear  
funct ion of photoelec t ron l ine in tens i ty  rat ios over  the 
continuous range  of homogeneous compounds ex tend-  
ing f rom silicon dioxide  to sil icon ni t r ide.  Refract ive  
indices and re la t ive  photoelec t ron l ine intensi t ies  of 
silicon dioxide and of etched sil icon n i t r ide  films are  
used as reference points  for the  l ines d r a w n  in Fig. 4. 
A comparison of etched and nonetched silicon ni t r ide  
indicates that  the oxygen  l ine in tens i ty  is r e l a t ive ly  
high and the n i t rogen l ine in tens i ty  low in the  non-  
etched sample. The O l s / S i  2p in tens i ty  da ta  for oxy-  
n i t r ide  films are high wi th  respect  to the reference  line, 
whereas  the  n i t rogen in tens i ty  da ta  fit the  n i t rogen 
reference line. 

Variation in sampling depth 5or emitted photoe~ec- 
trons.~Photoelectron l ine in tens i ty  rat ios are  p lo t ted  
in Fig. 5 as a function of angle, ~, of sample  incl inat ion 
f rom perpend icu la r i ty  to the detector  sli t  (12). As the  
sample  angle, 0, decreases wi th  respect  to the detector  
slit, the photoelec t ron l ine in tens i ty  f rom a carbon 
contaminat ion surface film is increased whi le  l ine in-  
tensit ies f rom the bu lk  film are  decreased.  

The O l s / N  ls  and O l s / S i  2p in tens i ty  rat ios for a 
nonetched silicon n i t r ide  film increase as the angle  of 
incl inat ion decreases. A grea te r  increase  in in tensi ty  
rat io  is observed for  the O l s / N  ls  ratio.  The N l s / S i  2p 
in tens i ty  rat io decreases wi th  decrease in angle 0. No 
change is observed in the b inding energies of the 
photoelect ron l ines wi th  var ia t ion  in sample  angle. 
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Fig. 4. 0 ls/Si 2p ( � 9  and N ls/Si 2p (A )  photoelectron line 
intensity ratios as a function of sample refractive index. 
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Fig. 5. Photoelectron line intensity ratios for a nonetched sili- 
con nitride film as a function of variation of sample angle, 0, of 
inclination from perpendicularity to the detector slit. 

However,  the Si 2p l ine ha l f -w id th  increases about  
20% wi th  a 60 ~ decrease in sample angle of inclination,  
whereas  the O ls  l ine increases about  10%; no change 
in ha l f -w id th  is observed for  the N ls  line. 

Oxidation oy silicon nitride at an elevated tempera- 
ture.--Nitride films were  oxidized in d ry  oxygen at 
1070~ for t imes f rom % to 7 hr, and the films formed 
were  character ized using ESCA. Bind ing-energy  and 
line ha l f -wid th  da ta  are  given in Table I, and in tens i ty  
rat ios of observed photoe lec t ron  l ines are  p lo t ted  in 
Fig. 6. Single  Si 2p l ines are  observed for each sample, 
a l though the l ine ha l f -wid ths  increase and pass 
through a m a x i m u m  af ter  1 hr  of oxidat ion.  As the 
oxidat ion t ime is increased, the  Si 2p binding energies 
of the oxidized samples  approach the Si 2p binding 
energy of silicon dioxide.  Af te r  oxidat ion  for 7 hr, the  
b inding energy and the l ine ha l f -wid th  are close to 
those of sil icon dioxide. F rom e tch-back  data, the 
oxidized film is es t imated to be 188A th ick  af te r  4 h r  
of oxidat ion and 292A thick af ter  7 hr. The la rge  ha l f -  

Table I. Silicon nitrlde surface film composition after oxidation at 
1070~ in dry oxygen as a function of oxidation time in terms 

of (a) Si 2p binding energies and half-widths and (b) 
thickness of oxide film formed, estimated from 

etching data and from I(N ]s)/l(Si 2p) 
intensity ratios (a) 

S a m p l e  

E S C A  
E t c h i n g  Est .  

O x i -  Si  2p Si  2p d(SiO2) 
d a t i o n  b i n d i n g  h a l f -  d (S izND Est .  f r o m  

t i m e  e n e r g y  w i d t h  o x i d i z e d  d(SiO~) F i g .  7 
(hr)  (eV) (cV) (A) (A) (A) 

E t c h e d  
Si~N~ 0 101.4 1.9 3 6 

SieNa(b) - -  101.9 2.2 15 30 1 
Si3N~ 0.5 102.6 2.5 24 48 11 
SiaN4 1 102.7 2.4 47 94 22 
ShN~ 4 103.7 2.2 94 188 34 
SisN4 V 103.7 1.9 146 292 49 
SiO2 - -  103.7 1.8 

Ca) A1 K a ~  r a d i a t i o n ,  A u  r e f e r e n c e .  
<b) Oxidat ior~ r e s u l t i n g  f r o m  e x p o s u r e  to  air at 25~ 
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Fig. 6. 0 ls/Si 2p and N ls/Si 2p photoelectron line intensity 
ratios as a function of oxidation time of silicon nitride in dry 
oxygen at 1070~ 

widths of the Si 2p lines for samples oxidized for a 
ha l f -hour  and for 1 hr indicate that  a d is t r ibut ion of 
components contributes to these lines. The oxygen- to-  
silicon intensi ty  ratio is not equal to that of silicon 
dioxide unt i l  the nitr ide has been oxidized for ~ 4 hr. 
A trace of n i t rogen is still detected in  the sample oxi- 
dized for 7 hr. More ni t rogen and  less oxygen are pres-  
ent in the samples oxidized for shorter times. 

Discussion 
ESCA.--ESCA binding energies of an element  are re-  

lated to the fractional atomic charge about an element  
and, therefore, to the electronegativities of neighboring 
atoms. Paul ing  electronegativities of the elements of 
interest  increase in  the order Si(1.8) < N(3.0) < 
0(3.5) .  The binding energy of a photoelectron line 
increases as the electronegativity of a neighboring 
atom increases. 

The magni tude  of the binding energy is a funct ion of 
core electron promotion from a part icular  atom in a 
solid to the reference Fermi  level of that solid. Any 
change in reference level in going from one material  
to another  is assun~ed to modify the magni tudes  of the 
respective Si 2p, N ls, and O ls  binding energies 
equally. 

The in tensi ty  of photoelectrons of a given energy from 
a homogeneous material  is proport ional  to the density 
of the film at tenuated by a factor e -x/A, where x is the 
distance through the material" that the photoelectron 
must  travel and h is the mean  escape depth of an elec- 
t ron and depends on the energy of the photoelectron and 
on the na ture  of the material.  Photoelectron lines with 
kinetic energies of about 1 keV have mean escape 
depths of <30A. Contributions to the intensi ty of a 
photoelectron line are therefore significantly affected 
by the composition of the film surface. Surface con- 
tamination,  film inhomogeneities, or mul t i layer  s truc-  
tures will alter the in tens i ty  of a single line. A de- 
crease in the sample angle of incl inat ion with respect 
to the electron detector slit effectively decreases the 
sampling depth from which electrons are collected. 
The signal from the film surface is therefore maximized 
relative to the bulk  and spectral contr ibutions from 
the surface, and the under ly ing  substrate may be 
differentiated. 

ESCA of reference films.--Silicon, silicon dioxide, 
etched silicon nitride, and oxynitr ide films were chosen 
as homogeneous reference materials  to be charac- 

terized by ESCA from which the silicon nitr ide surface 
oxidation products could be identified. The Si 2p b ind-  
ing energies increase with increasing electronegativity 
of the neighboring atoms in changing from silicon 
(99.3 eV) to etched silicon ni tr ide (101.4 eV) to sili- 
con dioxide (103.7 eV). The increases in b inding en-  
ergy of silicon ni tr ide and silicon dioxide with respect 
to silicon are about one-half  the bandgaps of these 
dielectric films. Intermediate  Si 2p binding energies 
located between those of etched silicon ni t r ide and 
those of silicon dioxide are observed in  each of the 
spectra of the oxynitr ide films. 

The absence of distinct Si 2p lines at 99.3 and 103.7 
eV indicates that Si-(O)4 and Si - (Si )4  tetrahedral  
groups, found in silicon dioxide and silicon, respec- 
tively, do not make a significant contr ibut ion to the 
ni t r ide or oxynitr ide structures. From the Si 2p data, 
silazane (Si-N-Si)  bridge structures found in silicon 
nitr ide are apparent ly  changed by oxidation to siloxane 
(Si-O-Si)  bridge structures and these structures are 
the predominant  ones present  in the oxynitr ide films. 
The ESCA Si 2p data indicate that SiOxN u is not a 
mixture  of silicon dioxide and silicon nitride, but  
ra ther  that siloxane and silazane groups are 
blended on a molecular  scale. Chemical bonding near  
the surfaces of SiOxNy films, as determined from ESCA 
spectral data, is consistent with models of chemical 
bonding in bu lk  SiOxNy films deduced from optical 
properties of the films (14). 

Smaller  increases in N ls and O ls b inding energies 
are observed as the oxygen content  of the films is in-  
creased. These data are insufficient to un ique ly  identify 
corresponding changes in  the films. It is l ikely that 
changes in composition from N3Si-N-SiN3 to Q S i - N -  
SiOz and from N~Si-O-SiN3 to O3Si-O-SiOs are the 
causes of a significant port ion of the observed b inding-  
energy shifts. Modifications of surface charging (15) 
result ing from the higher oxygen content  of the films, 
or the formation of species such as Si -O-N-Si  and 
Si-O-O-Si,  may also contr ibute to the observed b ind-  
ing-energy  changes. 

A l inear  relationship was established between oxy- 
gen content and refractive indices of homogeneous 
oxynitr ide reference films (7). A similar l inear  re-  
lationship between photoelectron l ine in tensi ty  ratios 
of N ls and O ls relat ive to Si 2p and change in  re-  
fractive index of homogeneous reference films is to be 
expected and is observed in Fig. 4. The O 1s/Si 2p 
ratios for the oxynitr ide films are somewhat high when 
compared with the O l s /S i  2p reference and indicate 
that the films may be oxygen rich near the film sur-  
faces. The N l s /S i  2p data do not indicate that these 
films are ni t rogen deficient. However, the N l s /S i  2p 
reference l ine is determined from the in tensi ty  ratio 
for etched silicon nitride, which is already ni t rogen 
deficient at the film surface because it is part ial ly oxi- 
dize& 

Silicon nitride surface oxidation.--Oxygen detected 
in the ESCA spectrum of unetched silicon ni tr ide 
shown in Fig. 1 is a component of an oxidized surface 
film. Evidence that ni tr ide surfaces are oxidized is 
provided by ESCA binding energy and intensi ty  data. 
Silicon atoms at the unetched film surface are bound to 
oxygen atoms, which are more electronegative than 
ni trogen atoms and cause the Si 2p line max imum to 
be shifted to a higher binding energy. The surface 
oxide layer  significantly shifts the binding energy of 
the Si 2p line, since the contr ibutions to the line in-  
tensi ty are exponential ly dependent  on the depth from 
which the electrons are emitted. As a result, the silicon 
nitr ide film with an oxidized surface layer  (n = 1.99) 
has a b inding  energy similar  to that  of an oxynitr ide 
film, with a refractive index of 1.90. Refractive indices 
are characteristic of bulk, rather  than surface, prop- 
erties. If the oxidized surface layer on the ni t r ide sur-  
face were silicon dioxide, separate Si 2p lines at 101.4 
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and 103.7 eV would have been observed. The oxidized 
surface is l ikely to be a graded oxynitr ide layer, which 
is oxygen rich at the surface. 

The O ls and N ls intensities, relative to the Si 2p 
intensity, also indicate that an unetched ni tr ide film is 
oxygen rich and ni t rogen deficient when  compared 
with these components in an etched silicon nitr ide film. 
Nitride surface oxidation par t ia l ly  results in  a replace- 
ment  of ni t rogen bound to silicon with oxygen bound 
to silicon. The intensi ty  ratios for unetched silicon 
ni tr ide are similar  to the intensi ty  ratios for an oxy- 
ni t r ide film, with a refractive index of about 1.91 in-  
dicating good agreement  between b inding energy and 
intensi ty  data. 

The angular  dependence of the in tensi ty  offers a 
means of differentiating surface and bu lk  species. A 
comparison of l ine in tensi ty  from the surface to the 
bulk  film is significantly enhanced at small  angles 0 of 
emission (12). Variations in  relative photoelectron 
in tensi ty  with sampling depth (Fig. 5) from spectra 
of nonetched silicon ni t r ide give fur ther  indications of 
nonuni form ni t r ide-f ihn composition. An increase in 
O l s /N  ls  and O l s /S i  2p intensi ty  ratios with a de- 
crease in angle is consistent with the formation of an 
oxidized surface film on silicon nitride. The larger in-  
crease in O l s /N  ls intensi ty  ratio with a decrease in 
angle is related to the increase in oxygen content and 
to the decrease in ni t rogen content near  the film sur-  
face. An oxidized silicon nitr ide surface deficient in 
ni t rogen near  the film surface also causes the N l s /S i  
2p intensi ty  ratio to decrease with a decrease in sample 
angle. 

Changes in the O ls line in tensi ty  in  spectra of 
etched silicon ni tr ide upon exposure to air as a func-  
t ion of t ime (Fig. 2) indicate that  the ni t r ide surface, 
initially, is rapidly oxidized in  air at room tempera-  
ture. The oxidant  at room temperature  may be either 
oxygen or water vapor in the air. The oxidation rate 
is greater  for water vapor than for oxygen at ele- 
vated temperatures,  but  little is known of their relative 
reactivity at room temperature.  

The reactivity of nitride films with oxidants at room 
temperature has not been previously recognized al- 
though oxygen has been identified as an impurity in 
silicon nitride films. Bound oxygen, if present, is gen- 
erally believed to be located at the nitride-silicon 
interface because of rapid surface oxidation of silicon. 
Nuclear microanalysis data obtained by Croset et aL 
(16), indicating the presence of oxygen in a nitride 
film on silicon, were interpreted in terms of oxide 
at the interface, but might also have been partly ex- 
plained as due to rapid oxynitride formation at the 
nitride surface. Rapid surface oxidation of a nitride 
film is also consistent with the result of Maguire and 
Augustus (4), in which oxygen was identified at a sili- 
con nitride surface by Auger spectroscopy. 

High-temperature oxidation of silicon nitride.~An 
oxidized film is present  at a silicon ni tr ide surface 
after oxidation at 1070~ in dry oxygen. Bind ing-en-  
ergy data indicate that silicon dioxide is not a major  
component of the oxidized film unless the nitrides are 
oxidized for more than 1 hr. The film formed after 
oxidation for one-half  hour  is mainly  oxynitr ide on 
silicon nitride, with no evidence of the presence of 
significant silicon dioxide. N Is photoelectrons are de- 
tected even in  the film oxidized for 7 hr. The oxidized 
film surfaces are oxygen rich and resist etching in a 
nitr ide etchant (boiling phosphoric acid). 

The thickness of an oxide film formed at elevated 
temperatures can be estimated in terms of silicon di-  
oxide from etching and ESCA intensi ty  data. A de- 
crease in nitr ide film thickness after etching the oxi- 
dized film in buffered I-IF provides one basis for esti- 
mat ing oxide film thickness (Table I).  The thickness 
of the oxidized film is also estimated from the N ls /Si  
2p in tensi ty  ratio of the oxidized surface layer. The 

in tensi ty  of N ls photoelectron lines from an under -  
lying layer is calculated by assuming that the oxidized 
film, i.e., the oxide equivalent  of the silicon nitr ide film 
removed by etching, is silicon dioxide ~Table I). in  Fig. 
7, a normalized N l s /S i  2p in tens i ty  ratio, R, is de- 
termined as a funct ion of the silicon dioxide film thick- 
ness, d(SiOf),  and of the mean  escape depth, A(N ls) ,  
for ni t rogen photoelectrons a t tenuated by a silicon 
dioxide film, f rom the equation 

I ( N  ls) / I ( N  ls) sisN4 

R -  I ( S i 2 p )  / I(Si2p)sia~4 

DNsi3N4e --d(SiO~) IA~N is) SiO2 

DSisi02 -~ (DSisi3N 4 - -  ~)Sisio2 ) e--d(SiO~)/ACSi~P)sio2 

where I = photoelectron intensity, A(Si2p)sio2 --- 
mean  escape depth of Si 2p photoelectrons in silicon 
dioxide ---- 25A, D N s i a N 4  : concentrat ion of ni t rogen 
atoms per uni t  volume of silicon ni tr ide = [(4 X 
atomic weight of n i t r ogen ) /  (molecular weight of 
Si3N4) ] X pSiaN4, pSiO2 ~- silicon dioxide density = 2.3 
g/cm~, and pSi3N4 ~-  silicon nitr ide densi ty = 3.4 g/cm a. 
The exper imental ly  observed intensi ty  ratio is nor-  
malized with respect to etched silicon nitride. Though 
A(N ls) i s n o t  known, it is assumed to be between 
A(O ls) and a ( S i  2p) in silicon dioxide (20A) (13, 17). 

The exper imental ly  obtained N l s /S i  2p intensi ty  
ratios are not in agreement  with calculated density 
ratios obtained by extrapolat ion of the exper imental  
data to the A(N ls) curve equal to 20A (Fig. 7). The 
oxide-film thickness estimated from etching data is 
greater than  the oxide film thickness estimated from 
ESCA data. This is to be expected for a graded oxy- 
ni t r ide film. Etching in  buffered HF removes silicon 
dioxide and oxynitr ide and overestimates the silicon 
dioxide film thickness. ESCA underest imates the 
oxide-film thickness by assuming that the oxidized 
film is silicon dioxide and that IX/ ls photoelectrons are 
emitted from an under ly ing  silicon ni tr ide layer. The 
intensi ty  data are consistent with b ind ing-energy  data 
and indicate that  the oxidized films are general ly in -  
completely oxidized and contain nitrogen. 

The N ls /Si  2p and O l s /S i  2p intensi ty  ratio data 
for a ni tr ide film oxidized at 1070~ do not correspond 
to a single homogeneous oxynitr ide film with a spe- 
cific refractive index value (Table II) .  Refractive in -  
dices of oxynitr ide films formed at 1070~ were deter-  
mined from Fig. 4 with intensi ty  ratio data obtained 
for the oxidized films. The O l s /S i  2p intensi ty  ratios 
yield lower estimates of refractive indices than  the 
N l s /S i  2p intensi ty  ratios. The oxidized films are 
apparent ly  not homogeneous, but  are graded, being 
oxygen rich near  the surface and ni t rogen rich as the 
oxygen-free nitr ide film is approached. In  such a case, 
the refractive index determined from O l s /S i  2p in-  

1.0 

0.: 

0 .  

0.4 

0.: 

I (N Is) / I {N is) etched Si}N 4 

" -  ~ A(N is~ : ISX R : ~ / I  iSi ?P} etched Si3N4 

_ o,atio, to^~ 2o E 

| ~ i20 ~ ' 2~ ' 2~ ' 2~0 ' ~ 
d(SiO 2) (,~) 

Fig. 7. Comparison between a calculated and an observed 
(normalized) N Is/Si 2p photoelectron line intensity ratio for an 
oxide film of variable thickness on a thick silicon nitride film. It 
is assumed in calculating the intensity ratio that the oxide film, 
whose thickness is determined by etching and ellipsometry, is pure 
silicon dioxide. Silicon dioxide film thickness, d(SiO~), is estimated 
by extrapolation of the experimental N ls/Si 2p intensity data 
( O )  to the A (N  ls) curve ~ 20.&. 
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Table II. Comparison of I(N ls)/l(Si 2p) and I(O ls)/l(Si 2p) 
intensity ratios between silicon nitride films oxidized at 1070~ 

in dry oxygen and homogeneous exynitride films 

Homo-  Homo- 
geneous geneous 

Oxl- oxyni t r ide  oxyni t r ide  
dation I (N Is) ref ract ive  I(O ls) ref ract ive  
t ime index (n) index (n) 
(hr) I (Si  2P) (from Fig. 4) I(Si 2p) (from Fig. 4) 

0.5 0.85 1.70 2.62 1.59-1.62 
1 0.58 1.62 2.92 1.55-1.57 
4 0.34 1.56 3.5 1.46 
7 0.19 1.51 3.5 1.46 

tens i ty  rat io da ta  overes t imates  the  amount  of oxygen 
present ,  whereas  N l s / S i  2p in tens i ty  ra t io  da ta  unde r -  
es t imate  the  amount  of n i t rogen present .  

Conclusions 
An ESCA s tudy  of reac t ion  products  of si l icon ni-  

t r ide  oxidat ion  and of homogeneous oxyni t r ide  films 
indicates tha t  oxidat ion  of a silicon n i t r ide  surface 
occurs r ap id ly  at  room t empera tu re  in air. The oxi-  
da t ion  product  of r o o m - t e m p e r a t u r e  oxidat ion is an 
oxyn i t r ide  film. A graded  oxyn i t r ide  film, which is 
oxygen r ich at  the  surface, is fo rmed af ter  oxidat ion 
of sil icon n i t r ide  at 1070~ in oxygen. The ESCA da ta  
also indicate  that  the homogeneous oxyni t r ide  re fe r -  
ence films are  composed of a range of species b lended 
on a molecu la r  scale and a re  not  mix tu res  of silicon 
dioxide and sil icon ni tr ide.  
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Elimination of Process-Induced Stacking Faults 
by Preoxidation Gettering of Si Wafers 

II. Si~N~ Process 

P. M. Petroff,* G. A. Rozgonyi,* and T. T. Sheng 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A simple and novel  process which prevents  the  format ion  of ox ida t ion- in -  
duced s tacking faults  (SF)  during the fabr ica t ion  of Si devices is described.  
The process involves the  deposi t ion of a Si~N~ film on the back of the  wafer  
fol lowed by  a p reoxida t ion  annealing.  This procedure  e l iminates  the nuclea-  
t ion centers  and impuri t ies ,  which occur dur ing the oxide growth,  involved  in 
the format ion  of SF. The Si3N4 process has also been found to effectively re-  
duce the wafer  contaminat ion  by  impur i t ies  such as Cu and Au. Appl ica t ion  
of this p reox ida t ion  get ter ing process to device processing is shown to be 
effective in dras t ica l ly  reducing leakages  in p - n  junct ions and in e l iminat ing  
the nucleat ion centers  associated with  the SF t e t r ahedron  often found in the 
fabr ica t ion  of Si b ipolar  devices. 

There  is now a large  body of l i t e ra tu re  (1-5) deal ing 
wi th  c rys ta l lographic  defects in sil icon and thei r  role  
on device performance.  One type  of e lect r ica l ly  active 
s t ruc tura l  defect  which is often found in Si device 

* Electrochemical  Society Active Member .  
Key words;  si l icon defects, t ransmission electron microscopy,  ge t -  

tering, silicon device processing. 

s t ructures  is the ox ida t ion- induced  s tacking faul t  
(hereaf te r  designated as SF) .  Studies  on these defects, 

which form dur ing  a high t empera tu re  oxidat ion  t r ea t -  
ment  of the Si wafer,  have produced the fol lowing 
results :  

(a) Oxida t ion- induced  SF produce  leakages  in p - n  
junct ion devices (2-6).  
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(b) Oxidat ion-induced SF may  be nucleated at cen- 
ters which are introduced dur ing the crystal growth 
(4, 5, 9) or at centers introduced by  the processing 
operations preceding or concurrent  to the oxide growth 
(7, 11, 13). In  the case of process-induced SF nuclea-  
tion centers, small  precipitates which form at or near  
the SiO2-Si interface have been identified (7, 8, 10). 
In  the case of SF nucleat ion centers introduced dur ing 
the crystal growth, the oxidat ion-induced SF distri-  
but ion usual ly  follows a swirl  dis tr ibution for float- 
zone silicon (5, 11) or a coring dis tr ibut ion (11) for 
Czochralski silicon. The swirl  dis t r ibut ion of stacking 
faults suggests that the precipitates and dislocation 
loops observed (14) in the swirl pa t te rn  of dislocation- 
free float-zone silicon act as nucleat ion centers to the 
SF introduced dur ing oxidation. 

(c) The oxidat ion-induced SF have an extrinsic na-  
ture and grow by a climb mechanism from an interfa-  
cial F rank  dislocation presumably  emitted by precipi-  
tates (7, 8). 

(d) In  some instances impurit ies have been found to 
play an impor tant  role in promoting the formation of 
SF (7, 11). A wafer surface orientat ion dependence on 
the appearance of SF has also been reported (12, 13). 
In  the case of HF-treated,  wet oxidized Si wafer, it 
has been found that {111} surfaces (13) or surfaces 
with orientat ion 3 ~ to 10 ~ "off" {100} (11) do not show 
stacking faults after oxidation. 

This apparent  weal th  of exper imental  results has not 
yet produced an oxide formation process which could 
prevent  the SF formation dur ing the fabrication of Si 
devices and it would appear that a number  of im-  
portant  questions still need to be answered before their 
formation mechanism is understood and  a solution for 
their e l iminat ion could be proposed. Among these un-  
answered questions are: (a) the nature  of the precipi- 
tates which act as nuclei to the SF formation, (b) the 
na ture  of the impurit ies and point defects involved in 
the precipitate formation and the growth of SF, and 
(c) the na ture  of the extrinsic fault. The SF could be 
composed of an oxygen-r ich plane (15), as some recent 
data seem to indicate, or of an extra plane of Si atoms. 

Since the answers to these questions require complex 
analytical  techniques in many  cases not yet available, 
an empirical solution to the SF problem has been 
sought after by using gettering methods. The leading 
idea behind these gettering experiments was that  such 
methods could el iminate the impur i ty  nucleat ion cen- 
ters and affect the growth mechanism of the SF. These 
gettering methods which are applied to the Si wafer 
prior (16,17) to or during the oxidation treat- 
ment have proven effective in eliminating oxidation- 
induced SF. The present work describes in detail a 
simple and novel processing scheme which relies on 
the gettering action of a Si3N4 film deposited on one 
side of the Si wafer to suppress the formation of SF 
on the device side of the wafer. The possible mecha- 
nisms for the SF suppression are discussed. Examples 
of the effectiveness of this technique which is compati-  
ble with most device processing operations are given 
for the case of p -n  junctions and for the case of Si 
epitaxial films on {111} Si substrates. 

Experimental 
Si3N~ films have been deposited by low temperature  

(300~ rf sputter ing or by chemical vapor deposi- 
tion (at 800~ on the back side of Si wafers; the front 
side of the wafers were Syton polished and were used 
to study the SF. The wafer orientation was {I00} or 
{Iii} and both Czochralski and float-zone, dislocation- 
free, n-type silicon were used in these experiments. 
The wafer thicknesses ranged from 275 to 425 ~m and 
the Si3N4 film thicknesses deposited were typically 
4000A for the sputtered and the CVD Si3N4 films. 

The defect distribution in the wafers after these 
processing treatments was revealed by etching in a 
Seeco etch solution (18) for i0 rain. Examination of 
the etch features was carried out by optical microscopy 

with a Zeiss ul traphot  microscope using Nomarski in -  
terference contrast optics. In  some instances the defect 
nature  and distr ibution were obtained by transmission 
electron microscopy (TEM) and x - r ay  topography 
(XRT). 

Preoxidation gettering of deSects.--To evaluate the 
gettering process on the same wafer only one-half  of 
each wafer was covered with the SigN4 film. A half-  
silicon wafer was used as a mask to l imit  the SigN4 
coverage to one-half  of the back of the wafer. After 
Si3N4 deposition and s tandard cleaning the wafers were 
annealed in N2 + 1% 02 or in  Ar atmosphere;  the 
anneal ing temperatures  were varied from 1000 ~ to 
1200~ and anneal ing times ranged from 1 to 4 hr. 

Gettering o] oxidation-induced deSects.--Some of the 
wafers which were preannealed as described above 
were cleaned and steam oxidized to grow 4000A of SiO2 
at 1050~ for 35 min. The SisN4 layer was left on the 
back of the wafers dur ing  the oxide deposition; for 
some pregettered wafers the Si3N4 layer  was removed 
prior to the oxide growth. After  a Secco etching treat-  
ment  of 10 rain the defect na ture  and distr ibution in 
these wafers were then inspected by optical micros- 
copy, XRT, and TEM. 

Chemical impurity analysis.--The chemical impur i -  
ties in the start ing material  and in the wafers subse- 
quent  to the Si3N4 deposition, anneal ing and oxidation 
steps were measured by neu t ron  activation analysis. 
In addition, several impur i ty  profile distr ibutions 
through the wafer thickness were obtained after re- 
peated th inning  of the gettered wafers. The wafers 
were th inned by mechanical  lapping; a careful rinse 
in a jet of nonpreferent ia l  Si etch solution followed 
the lapping operation to completely remove small par -  
ticulates left on the sample by the lapping operation. 
A final rinse in DI water  preceded the neut ron  activa- 
tion analysis. The relative amount  of material  removed 
dur ing the th inn ing  operation was obtained from 
weight measurements  of the samples with a microbal-  
ance. 

Device applications of the pregettering SizN4 proc- 
ess.--The effectiveness of the pregetter ing method in 
producing lower p - n  junct ion leakage and higher de- 
vice yields was tested on two types of structures. First, 
leakage currents in p - n  junct ion  devices which were 
part  of a typical integrated circuit test pat tern  were 
measured on wafers which had been pregettered with 
the SisN4 process prior to the first oxidation. These 
leakage measurements  were compared to the leakages 
of the same devices in monitor  wafers which were not 
pregettered. Both pregettered and unget tered wafers 
were processed simultaneously.  Twelve wafers, each 
containing 100 devices, were measured for leakage at 
28V on devices with a 35V breakdown voltage with 
an automatic prober. A more detailed description on 
the application of the Si3N4 gettering process to device 
processing is given in Ref. (20). 

Results 
In the remainder of this paper, the elimination of 

defects is referred to as "gettering" of defects by 
analogy to the well-known gettering of impurities. 

Preoxidation gettering o~ defects.--The difference in 
the defect structures between the gettered and unget -  
tered parts of an unoxidized Si wafer are shown in 
the photomacrograph in Fig. IA and in the optical mi- 
crograph in Fig. IB. These micrographs show the front 
side of a wafer which was gettered on only one-half 
of the wafer back side. The etch features associated 
with defects in the silicon are clearly visible only on 
the ungettered part of the wafer in Fig. IB. In the 
higher magnification micrographs in Fig. 2B-D these 
etch features appear as saucer pits with a density be- 
tween I-4 • 106/cm 2 in the ungettered part of the 
wafer while the front surface of the gettered half of 
the wafer the pit density is from zero to 10 cm z. The 
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Fig. 1. A, Photomacrograph of the front side of a half Si wafer 
which was annealed in N2 + 1% O2 for I hr at I(D~)~ Prior to 
the annealing half of the wafer back surface was coated with 
4000~. of sputtered SigN4. The differences between the gettered 
and ungettered part of the wafer have been revealed by an 8 min 
Seceo etching treatment. B, Optical micrograph of the front side of 
a gettered wafer showing the boundary between the gettered and 
ungettered parts of the wafer. The etch features in the ungettered 
part have been revealed by 8 min etching in Secco etch. 
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CVD SigN4 and the sputtered Si3N4 gave identical re-  
sults for a 1 hr anneal  at 1050~ 

Elimination o] oxidation-induced stacking ]aults.-- 
The wafers, which were subjected to a preoxidation 
gettering as c~escribed above, exhibited, after a steam 
oxidation (_~3000A of SiOf) process, a distinctly lower 
defect concentrat ion from that  in ungetteI~ed wafers. 
Figure 3A and B i l lustrate for a pregettered and steam- 
oxidized wafer the absence of etch features charac- 
teristic of stacking faults on the side of the wafer op- 
posite to the SigN4 film. Higher magnification micro- 
graphs of the front side of an oxidized wafer which 
was pregettered are seen in Fig. 4A and B. The etch 
features seen in the ungettered part  of this wafer  (Fig. 
4B) have indeed been correlated with the different 
etching stages of SF as shown in the transmission elec- 
t ron micrographs in Fig. 5. The x - ray  topograph shown 
in Fig. 6 i l lustrates the effectiveness of the preget ter-  
ing process in prevent ing  the SF formation. If a wafer 

Fig. 3. A, Photomacrograph of the front side of a half Si wafer 
after preoxidation gettering (in N2 -I- 1% O~ for 1 hr at 1050~ 
and oxidation (wet oxide at 1050~ 2 hr). Prior to the annealing 
half of the wafer back surface was coated with 4000,~ of sputtered 
Si3N4. The difference between the gettered and ungettered part 
of the wafer have been revealed by an 8 min Secco etching treat- 
ment. B, Optical mlcrograph of the front side of the same wafer 
showing the boundary between the gettered and ungettered parts 
of the wafer. 

Fig. 2. Etch features of a Si wafer after annealing at 1000~ 
in N2 + 1% 02 for 1 hr. Prior to annealing half of the wafer 
back surface was coated with 400,0,~ of Si3N4. Magnification, 
600X. A, Si surface after removal of the SigN4 film. B, Surface of 
the ungettered half of the wafer back side. C, Surface of the 
gettered half of the wafer front side. D, Surface of the ungettered 
half of the wafer front side. 

Fig. 4. Etch features of a Si wafer after preoxidation getterlng 
and oxidation (annealing at 1050~ in N2 + 1% O2 for 1 hr, 
oxidation at 1050~ for 35 rain wet oxide). Half of the wafer back 
surface was coated with 4000.~ of sputtered SI3N4 prier to the an- 
nealing and oxide deposition. Prior to etching the oxide was re- 
moved. A, Surface of the gettered half of the wafer front side, 
B, Surface of the ungettered half of the wafer front side. Etch fea- 
tures are characteristic of stacking faults (see Fig. 4). Magnifica- 
tion, 800X. 



568 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY April  1976 

Table |. Neutron activation analysis 

Sam- Au Cu 
ple concentration concentration 
No. ( a t oms  x c m  -~) ( a t oms  x cm "~) Wafer treatment  

1 1.4 • I0  n 3.9 x 10 TM Cleaned 
2 1 • 1011 1.3 x 10 la 

3 1,3 • 10 ~8 1.3. x 1{)~ SiaN~ sputter deposited 
4 5.2 x 10 ~ 1.6 • 10 ~ 

5 2.2 • 10 ~ 1 • 1018 Si~IW~ s p u t t e r  depos i t ed .  R e -  
m o v e d  

6 3.8 x i 0  ~ 2.2 x 10~ S a m e  t r e a t m e n t  as  No.  5 
then sample annealed 2 
hr, 1000~ i n  N2 + 1% O~ 

7 5 • 10 n 9.8 • 10 TM C l e a n e d .  A n n e a l e d  2 hr, 
l l 0 0 ~  i n  N2 + 1% ON 

8 4 • 10 ~ 2 x 10 ~4 SisN~ sputter deposited; re-  
moved.  S a m p l e  annealed 
2 h r ,  l l 0 0 ~  in  N2 + 1% 
O2 

9 5 • 10 ~ 2.2 • 10~4 SigN4 sputter deposited.  
S a m p l e  a n n e a l e d  2 h r ,  

l l 0 0 ~  in  N2 + 1% O~ 

I0  4 x I012 1.7 • I0  I~ S a m e  s a m p l e  as No .  g; 
SigN4 removed  

11 2.3 x 10 ~a 3.4 • 1014 Si3N4 sputter deposited; an- 
12 i x i0 ~a 2.7 • i0 ~4 healed 1000~ 1 hr in N~ 

+ I% ON 
13 8.5 x i0 TM 4.2 x I0 a8 Same sample as No. ii and 
14 6.3 x 10 as 3 X 10 ~s 12, respect ively ,  but Si,sN6 

was  removed.  

Fig. 5. Transmission electron micrographs of different etching 
stages of oxidation-induced stacking faults, A to D. Magnification, 
10,000X. E, Optical micrograph of etch features due to oxidation- 
induced stacking faults. Etch pit 1 corresponds to a stacking fault 
below the Si surface. Etch pits 2 to 5, respectively, correspond to 
the various etching stages of the stacking faults shown in the 
micrographs A to D. 

Fig. 6. Transmission x-ray topograph of a wafer after preoxida- 
tion gettering and oxidation (wet oxide deposited at 1050~ for 
2 hr). The right part of the micrograph which corresponds to the 
half of the wafer coated with Si3N4 on the back is essentially free 
of defects. The left part of the micrograph corresponds to that 
half of the wafer not coated with the Si3N4; a high density of SF 
associated with black-white spots is observed in this half of the 
wafer. 

was pregettered as indicated above the suppression of 
the SF was equally effective when the Si3N4 layer was 
removed prior to the oxide growth. 

Metallic impurity getteringt--A number  of authors 
have reported (]0, 11, 13) on the importance of meta l -  
lic impurit ies in promoting the SF formation dur ing 
steam oxidation. Since the Si3N4 preoxidation getter-  
ing process was proved to be effective in suppressing 
the SF formation, its possible role as a metallic im- 
pur i ty  gettering process was also checked by neut ron  
activation analysis. The results of neut ron  activation 
analysis on 14 wafers taken at various stages of the 
processing are summarized in Table I along with the 
chemical analysis of control wafers. These analyses 

indicated that two sources of metallic impurities,  
namely, Cu and Au, were introduced dur ing the wafer 
processing. A comparison of the Au and Cu concen- 
trations in samples 1,2 and 3,4 indicated that the Si3N4 
deposited by rf sput ter ing was contaminated with Au 
and Cu. The origin of these metallic elements was 
traced to the l ining of the anode in the sputter ing 
system used for the Si3N4 deposition. Both Au and 
Cu are very fast diffusing elements (19) in Si at tem-  
peratures higher than 1000~ and the sputtered Si3N4 
is then expected to behave as a Cu and Au source dur -  
ing the preoxidation gettering. The second source of 
contaminat ion is introduced by anneal ing in the ovens 
as shown by comparing the Au and Cu concentrations 
in samples 1,2,5 and 6,7 and 8. Both these contaminat ion 
sources increase the Cu and Au content in the wafers 
by roughly an order of magnitude.  After the preoxida-  
tion gettering, the measurements  on samples 9,11,12 
and 10,13,14 indicated that  the Si3N4 retained and t rap-  
ped the Cu and Au atoms and in effect acted as a 
gettering medium for both these elements. The con- 
centrat ion of Cu in the preoxidation gettered wafers 
was essentially that found in clean uncontaminated  
wafers (compare the measurements  on samples 1,2 and 
9,13 and 14). The gettering action of the Si3N4 layer 
was also evident in the Cu and Au concentrat ion pro- 
files shown in Fig. 7 and 8. The precision in the Cu 
concentration measurements  was not as good as for 
Au as indicated by the error bars and was essentially 
limited by the short lifetime of the Cu radioisotope. 
These figures also showed that the trapping action 
of the Si3N4 film was less pronounced for Au than for 
Cu. 

Applications of the SisN4 preoxidation gettering 
process to device processing.--Application of the SigN4 
gettering process to the fabricat ion of devices revealed 
that the effectiveness of this process on (100) wafers 
depends, in part, on the origin of the stacking faults. 
Recent work by Rozgonyi and Kushner  (20) de- 
scribes two classes of oxidat ion-induced SF: surface- 
or contaminat ion- induced SF, and bulk  or nat ive de-  
fect nucleated SF. The e],ectrical properties and de- 
vice yields have been studied in detail for both pre-  
oxidation gettered and unget tered wafers (20). The 
results reported by Rozgonyi and Kushner  (20) indi-  
cate that for (100) or (111) wafers which would 
normal ly  form surface SF, the Si3N4 gettering will 
produce p -n  junct ions completely free of SF with 
correspondingly lower leakage currents  and increased 
device yields. However, the Si3N4 preoxidation get- 
tering procedure is not as effective for el iminat ing 
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the formation of bulk  SF as opposed to the surface 
SF. In  this case a more severe preoxidation getter-  
ing, e.g., in t roduct ion of misfit dislocations (16, 20) 
on the back of the wafers must  be used to improve 
the device yields. 

Discussion 
As pointed out at the beginning  of this paper, the 

unders tanding of the SF formation process dur ing  
steam oxidation is still very poor. However, the pre-  

vious studies (11, 16, 17) on this problem have shown 
that both the crystal growth and the wafer proc- 
essing introduce the nucleat ion centers (C), the point  
defects (N), and impuri t ies  (I) needed to the SF for- 
mation. The experiments  described in this paper con- 
firmed that  the successful suppression of the SF for- 
mat ion may be achieved by t rapping or e l iminat ion of 
either C, N, or I. Indeed, the chemical impuri t ies  
analysis of gettered wafers indicated that the StaNd 
film was actively t rapping metallic impurit ies such 
as Au and Cu. In  addit ion the results on preoxidation 
gettered wafers from which the Si3N4 layer  was 
removed prior to the oxide deposition, suggest that  
the el iminat ion of nucleat ion centers is also a major  
mechanism in the e l iminat ion of SF. 

The gettering mechanism which effectively e l im-  
inates the nucleat ion centers or the impurit ies or the 
point defects is now discussed. First, the effects of 
the in terna l  stresses of the SigN4 film should be con- 
sidered as a possible source of dr iving forces in the 
gettering mechanism. The stress measurements  in CVD 
SigN4 (21) indicate that  in the tempera ture  range 25~ 

T --~ 1000~ the stresses are tensile and range be- 
tween 1 and 3 • 1010 dynes /cm 2. No stress mea-  
surements  in the sputtered SiaN4 films are available 
at high temperature;  however, room tempera ture  stress 
measurements  (22) in these films showed compressive 
stresses in the range 5 • 109 to 1 X 10 l~ dynes /cm 2. 
It  is surprising that  the gettering is equal ly effective 
in wafers strained in tension or compression at room 
temperature  since the s t ra in gradient  Oe/az through 
the wafer thickness is expected to control the get- 
tering kinetics. If we assume that a point  defect con- 
centrat ion gradient Oc/az, is rapidly established (i.e., 
nonequi l ib r ium condition),  the total flux of defects 
leaving the sample is given by 

0G D O, 0c 
J = c - -  D [1] 

Oe kT OZ OZ 

where D and c are respectively the defect diffusion 
coefficient and concentration; ~G/Oe is the change in 
the defect-free energy along the z direction orthogonal 
to the wafer surfaces. When the stress is changed from 
tensile to compressive, the sign of Oe/Oz is reversed 
and different solutions are expected for Eq. [1]. The 
influence of the strain gradient  sign on OG/Oe is negli-  
gible with the result  that  impuri t ies  or point defects 
should be gettered on opposite sides of the wafers 
when the strain gradient  is reversed. To account for 
the effectiveness of the gettering for both the tensile 
and compressive SisN4 films, one is led to the con- 
clusion that the stress in the compressive films becomes 
tensile at high temperatures  (T > 1000~ Recent 
stress measuremefits at high temperatures  (24) in -  
deed suggest that this is the case for plasma-deposited 
Si3N4 films which are compressively strained at room 
temperature.  

Simultaneously to the strain enhanced el iminat ion 
of point defects and nucleat ion centers, a gettering 
due to the nonstoichiometry of the Si3N4 may also 
occur. Recent density and composition measurements  
(23) of sputtered SisN4 indicate that the deposited 
films are not stoichiometric and that  in general  they 
are deficient in St. At high temperatures  the diffusion 
of Si atoms across the Si-SisN4 interface could take 
place to form one or several layers of the stoichiome- 
tric Si3N4 films at the interface. The resul t ing gradi- 
ent in the point defect concentrat ion in the Si wafers 
may then provide the addit ional driving force for the 
point  defect elimination. 

Conclusions 
We have shown that a novel process which involves 

the deposition of a Si3N4 film on the back of Si wafers 
followed by a preoxidation anneal ing effectively el im- 
inates the formation of contaminat ion- induced stack- 
ing faults on the device side of the wafers. The get- 
tering of the Si3N4 layer has been found to effectively 
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reduce the contaminat ion of the wafers by impurit ies 
such as Cu and Au. The defect gettering action of the 
SisN4 film is probably  related to the stress induced 
in the Si wafers by the Si3N4 film. Application of 
this preoxidation gettering process to actual device 
processing was proved to be effective in drastically 
reducing leakages in p -n  junct ions and in  e l iminat ing 
the nucleat ion centers which are associated with the 
formation of contaminat ion- induced stacking faults. 
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The Elimination of Stacking Faults by Preoxidation Gettering 
of Silicon Wafers 

III. Defect Etch Pit Correlation with p-n Junction Leakage 
G. A. Rozgonyi* and R. A. Kushner 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Recently described procedures for the el iminat ion of oxidat ion-induced 
stacking faults have been incorporated into a device processing line to yield 
data on the leakage in p -n  junct ion tester diodes. The gettering processes, 
which take place on the back side of a wafer before the first oxidation, include 
the deliberate introduction of misfit dislocations and/or  the deposition of a 
highly strained layer of Si3N4. The results show that leakage currents can be 
reduced by several orders of magnitude and diode yields I increased from about 
10% to greater than 90%. By doing "post mortem" chemical etch pit studies 
on previously electrically mapped 10 • 10 arrays of diodes the relative effec- 
tiveness of the two gettering schemes are compared. Factors such as the type 
of stacking fault, whether  it be related to a nat ive or process-induced source, 
or whether  it is clean or decorated are discussed as well  as the influence of 
s l ip- type dislocations. 

It has recently been shown (1, 2) that a preoxidation 
gettering of the other side, i.e., the back of silicon 
wafers (hereafter called the POGO approach) will re-  
sult in  a front side that is free of stacking faults. The 
basic idea is that removal or isolation of stacking fault  
nuclei before the initial  oxidation will  prevent  stack- 

* Elec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 Per  cent  of d iodes  w i t h  j u n c t i o n  l eakage  less t h a n  100 n A  cm-~ 

at 28V. 
Key  words :  s i l icon defects ,  defect  ge t t e r ing ,  device leakage. 

ing faults from forming during the actual oxidation 
step itself. The POGO approach is to be distinguished 
from those gettering treatments (3, 4) which effect a 
deactivation or annihilation of previously formed 
stacking faults. T'hat is, the gettering process is aimed 
at removing stacking fault nucleation sites and not 
stacking faults. In addition, by maintaining the get- 
tering source on the back side, it is possible to protect 
the wafer from process-induced nuclei which may be 
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Fig. 1. Schematic of preoxidntion getter[ng sequence for POG0 I 
process. (a) Misfit dislocations on half of back side of wafer masked 
with a low temperature oxide. (b) Stacking faults nu:leated after 
steam oxidation are confined to nongettered half of wafer. 

introduced, not only dur ing the ini t ial  oxidation, but  
also at later  stages of device fabrication. In  this regard 
the process differs from preoxidat ion gettering by high 
tempera ture  anneal ing (5), which only operates on 
native defects. 

Two gettering schemes have been successfully used 
on as-received, Syton polished, silicon wafers. One 
depends on the gettering action of misfit dislocations 
(1) which are del iberately introduced by diffusion of 
phosphorus into the back side of a wafer. The second 
procedure is to deposit a layer  of Si3N4, also on the 
back surface, where it is believed that the s t ra in  gradi-  
ents (2) introduced in the substrate by the highly 
stressed ni t r ide layer  will getter stacking fault  nuclei. 
Although the precise na ture  of the defect interactions, 
gettered species, stacking fault  nuclei, etc., are not 
ful ly understood, the two procedures themselves were 
found effective enough to warran t  l imited introduction 
into a device processing line. 

The initial  defect studies indicated that misfit dis- 
locations (1) were effective in gettering stacking fault  
nuclei  whose origins were either process-induced (con- 
taminat ion)  or growth- induced (native defects). The 
SisN4 process (2), which is basically an elastic effect 
and introduces much less lattice distortion than misfit 
dislocations, was found to be main ly  effective in sup- 
pressing process-induced nuclei. However, nat ive de- 
fects such as the so-called "swirl" of A and B com- 
plexes (6, 7) were not e l iminated or deactivated by a 
SisN4 POGO treatment.  The differences between stack- 
ing faults that  result  pr imar i ly  from processing and 
those related to a bulk  source are discussed in  this 
report. However, the main  objective of the present  
paper is to correlate the presence or absence of stack- 
ing faults with the leakage in individual  p -n  junct ion  
diodes and thereby evaluate the effectiveness of these 

POGO processes in  an actual device. In  addition to the 
oxidat ion-induced stacking faults, the electrical effects 
of process-induced dislocations were also studied. 

Experimental Procedures 
The wafers used in  this s tudy were grown by the 

Czochralski technique and supplied by Western Elec- 
tric. The wafers were (1O0) oriented wi th  the back 
side chemically etched and the front side Syton pol- 
ished. They were 2 in. diameter, 400 #m thick, p-type, 
with a nominal  resistivity of 6-12 ohm-cm. 

The as-received wafers were divided into groups, 
depending on the init ial  t rea tment  they were to re-  
ceive. One group received no preoxidation gettering 
t reatment  and served as a control. Pr ior  to any POGO 
t rea tment  the remaining wafers all had 1 #m of chemi- 
cal vapor deposited (CVD) silicon dioxide deposited 
on the front side at 480~ in a Silox reactor. This was 
done in order to confine diffusion-induced dislocations 
to the back side of the wafers. Some wafers, for which 
gettering of only half  the wafer was desired, also re-  
ceived a deposited oxide on the back side. Standard  
photolithographic procedures were used on these wafers 
to str ip the oxide from half the back. At this point  the 
wafers were fur ther  divided into two groups. One 
POGO group had 2000A of CVD silicon nitr ide de- 
posited on the back side in  a Nitrox reactor at 800~ 
to generate a s train gradient. This was followed by 
4000A of CVD silicon dioxide. The silicon dioxide was 
deposited to protect the ni t r ide from reaction during 
subsequent  device processing and was retained at each 
photolithographic step. The second POGO group re- 
ceived a phosphorus diffusion from a POCI~ source for 
60 rain at l l00~ which served to generate misfit dis- 
locations as shown schematically in Fig. la. This group 
also received back side layers of CVD silicon ni tr ide 
and silicon dioxide which provided a cap over the 
heavy phosphorus layer and prevented transfer of this 
dopant to the front sides of other wafers during sub-  
sequent processing. The deposited masking oxide was 
then removed from the front side of all the wafers and 
the control group was added. Table I summarizes the 
two gettered structures which will be referred to as the 
POGO I and POGO II processes, while the etch pit 
and leakage results on various wafers are listed in 
Table II. 

In  order to monitor  the effectiveness of the POGO 
t rea tment  some wafers from the POGO I group were 
removed prior to the CVD Si3N4 cap and given an oxi- 
dation in steam at 1050~ to grow 4000A of oxide. 
Examinat ion usual ly revealed stacking faults on the 
unget tered halves of the wafers, as shown schemati-  
cally in Fig. lb. A denuded region, N, was observed 
at the boundary  of the gettered and unget tered portions 
of the wafer back side which was at least as wide as 
the wafer thickness, as described previously (1). 

The device fabrication sequence followed was the 
same as that used to fabricate memory devices in the 
Murray  Hill MOS laboratory. The order of operations 
was retained and all thermal  cycles were included. A 
mask set was utilized which generated a 10 • 10 array 
of test chips, each of which had, among other features, 
a large area diode (4.8 • 10 -4 cm 2) and a substrate 
contact. The diode was formed by PBr3 predeposition 
at 1000~ and subsequent  diffusion during steam re- 
oxidation to give a diode with a resistance of 15 ohm/[~ 

Table I. PreoxldaHon gettering summary 

P r i m a r y  g e t t e r i n g  S t a c k i n g  f a u l t s  
L a b e l  c o m p o n e n t  G e t t e r i n g  p r o c e d u r e  A d d i t i o n a l  s teps*  G e t t e r e d  

P O G O  I Misf i t  d i s loca t ions  P h o s p h o r u s  diffusion,  a t  E n c a p s u l a t e  n - s k i n  w i t h  Si~N'~ B u l k  a n d  s u r f a c e  
T ~ IIO0~ 

P O G O  I I  S t r a i n  g r a d i e n t  SIGN4 l a y e r  w i t h  o- > 1 A n n e a l  Si~N~ l a y e r  a t  1000~ S u r f a c e  
x 10 l~ d -cm-2  for  60 r a i n  

* The gettering medium is  r e t a i n e d  t h r o u g h o u t  al l  subsequent de vice processing. 
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Table II. Summary data on samples in Fig. 4-8 

Sam- Fig- Yield,* Leakage 
ple Treatment  Etch pits ure % map 

G30 Monitor Slip + SFs 4a 13 - -  
G25 POGO I Slip only 4b 72 Fig. S 
G22 POGO II Siip + SFB 4c 36 Fig. 6 
D-1 POGO I plus s low Low SFB 8a 87 - -  

cooling clean 
D-2 PO'GO I plus slow No SF• 7b 98 - -  

cooling 
E-5 POGO II slow cool- SFB -- 3,8 

ing 
F-8 Monitor s low cooling SFB, deco-  8b S 

rated 

r i d i n g  d e f e c t  c o m m o n  to  al l  w a f e r s  is  t h e  h i g h  d i s -  
l o c a t i o n  d e n s i t y  in  t h e  f o u r  c o r n e r s  of  e a c h  w a f e r .  
D i o d e  j u n c t i o n  l e a k a g e  is a l w a y s  h i g h  a n d  dev i ce  y i e ld  
l o w  i n  t h e s e  c o r n e r s  w h e r e  t h e  d i s l o c a t i o n  d e n s i t y  is 
g r e a t e r  t h a n  106 c m  -~. T h e  r e s t  of  t h e  w a f e r  w i l l  g e n -  

* Per  cent of devices w i th  a leakage  less than 100 n A - c m  -~. 

a n d  a j u n c t i o n  d e p t h  of  2.5 #m.  T h e  s u b s t r a t e  c o n t a c t  
step followed the junction formation step and was gen- 
erated by a I050~ BN predeposition (sheet resistance 
_-: 20 ohm/D) and a steam reoxidation. The processing 
included a boron chanstop implant to raise the surface 
acceptor concentration in order to pin the breakdown 
voltage of the n+-p junctions at about 35V. The chan- 
stop implant was done early in the processing and any 
implant damage was annealed during the subsequent 
1200~ drive-in. The particular device whose junction 
leakage required improvement has the specification 
that the leakage current be less than i00 nA-cm 2 at 
28V reverse bias. This is a rather severe restriction in 
light of the 35V breakdown voltage. The i0 • I0 array 
was mapped for junction leakage using an automatic 
prober. The metal and underlying oxides were then 
removed prior to the preferential etch pit procedure. 
In this way it was possible to correlate the measured 
electrical characteristics of the p-n junctions with the 
observed defect characteristics. 

Defects were delineated using the Seceo etch (8) and 
studied using Nomarski interference contrast micro- 
scopy. Two kinds of structural defects are discussed in 
this report, stacking faults and dislocations. The oxida- 
tion-induced stacking faults have been further divided 
into two groups which are designated as bulk or sur- 
face. The bulk stacking faults are most easily 
identified by their occurrence in a striated or "swirled" 
pattern, as shown in Fig. 2a, which can readily be 
traced to the nonuniform distribution of native defects, 
i.e., stacking fault nuclei, incorporated in certain ma- 
terial during crystal growth (6, 9). Surface stacking 
faults, on the other hand, will often have a spotty and 
essentially random distribution, see Fig. 2b. These 
defects are generally related to contamination of the 
wafer or of the oxidation furnace, or to process-in- 
duced surface damage, and can be distinguished from 
the bulk stacking faults by the nature of the etch pits, 
as shown in Fig. 3. Note that a wafer with bulk stack- 
ing faults will have pits of varying size, as shown by 
arrows SFB in Fig. 3a. Also, new pits will appear as the 
sample is step-etched. However, surface stacking faults 
are all the same size, see arrows SFs in Fig. 3b, and do 
not change their density if the sample is step-etched 
to obtain a depth profile. 

A dislocation-free wafer which undergoes slip due 
to thermal asymmetries produced during high temper- 
ature processing will typically have a defect distribu- 
tion as shown in Fig. 2c where the dislocation density 
is highest in the four corners, near the fiat, and in the 
central core region. Etch pits of slip dislocations are 
shown in Fig. 3 by the arrows D. 

Exper imenta l  Results 
Macrophotographs of three device wafers which have 

been given a "post-mortem" preferential etch after 
electrical mapping and stripping down to the substrate 
are shown in Fig. 4. The wafer in Fig. 4a was not get- 
tered prior to oxidation, while those in Fig. 4b and c 
were respectively gettered according to the POGO I 
and POGO II schedules outlined in Table I. The over- 

Fig. 2. Macrophotographs of Secco etched 2 in. diameter wafers 
illustrating: (a) swirl distribution of bulk stacking faults; (b) spotty 
distribution of surface stacking faults; and (c) typical d~stribution 
of "slip" type dislocations in (10'0') wafer. 
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pattern typical of bulk stacking faults (recall Fig. 2a). 
No stacking faults at all are present in wafer G25 
(see Fig. 4b) which had the POGO I treatment. The 
diode leakage map for this stacking fault free sample 
(see Fig. 5) gave an average leakage of about 60 X 
10-1~A, for the 50 diodes which were not in the heavily 

Fig. 3. Comparison of etch pits of dislocations, arrows D; stack- 
ing faults with a bulk origin, arrows SFB in (a); and stacking faults 
with a surface origin, arrows SFs in (b). 

era]ly have from 104 to 105 dislocations/era 2 except for 
the central core region where the dislocation density 
may be 106 cm -2 locally, compare Fig. 4b and 2c. A 
diode leakage map of sample G25 (Fig. 4b) is shown in 
Fig. 5 with an outline of the wafer superimposed. The 
map scale is such that one unit equals i0 X I0-12A, 
which can be converted to a leakage density of 22 X 
10 -9 A-cm -2. The double asterisk corresponds to num- 
bers greater than 999. If those diodes with leakages 
greater than I00 picoA are isolated from the rest of 
the i0 X I0 array the resulting profile of the map in 
Fig. 5 matches the wafer slip pattern, see Fig. 4b. 
Therefore, any attempts at correlating gettering of 
stacking faults with device properties must be done on 
wafers with a process-induced dislocation density less 
than 105 cm -2. The fact that most of the wafer, with 
a dislocation density from 104 to 105 cm -2, has ex- 
tremely low diode leakage is consistent with a com- 
panion study on diode leakage in p-tub CMOS de- 
vices where it was shown that a dislocation density of 
less than 5 X 104 cm -2 will not influence the diode 
leakage (10). Because this report is primarily devoted 
to the effects of stacking faults, and since slip disloca- 
tions can be suppressed by proper control of the wafer 
heating and cooling cycles (II), to be discussed below, 
the differences in leakage for the 3 wafers shown in 
Fig. 4 will only be compared where the dislocation 
density is low. 

If the slip dislocations are neglected, the 3 wafers 
shown in Fig. 4 represent three different stacking 
fault situations. The first, monitor wafer G30, is domi- 
nated by surface stacking faults, compare the hazy 
regions of Fig. 4a with Fig. 2b; while the third sample, 
POGO II wafer G22 (see Fig. 4c), illustrates a swirl 

Fig. 4. Secco etched wafers with 10 X 10 array of tester diodes 
processed (a) without preoxidation gettering, sample G30, (b) with 
misfit dislocation POGO I process, sample G25, and (c) with SI~N~ 
POGO II process, sample G22. 
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Fig. 5. Diode leakage map of sample G25 whose Secc%etch photo 
is shown in Fig. 4b. A one corresponds to 10 X 10-12A and **  
indicates a leakage at least 1000 times greater. 

free of stacking faults. Adjacent  diodes with asterisks. 
which were often located along a swirl band, would 
have bulk  stacking faults wi th in  the diode area, similar 
to those shown in  Fig. 3a. 

We can, therefore, conclude from these data that  
both bu lk  and surface stacking faults will increase the 
leakage in p - n  junc t ion  diodes. Also, it appears that 
the SigN4 POGO II process is only effective in sup- 
pressing the formation of surface stacking faults, 
whereas the POGO I t rea tment  is required to produce 
diodes free of stacking faults. 

By combining the POGO approach with suitable 
modifications (11) of the wafer cooling rates following 
all high temperature  t reatments  it is possible to re- 
duce the density of slip dislocations as well  as the 
stacking faults. This reduct ion in slip is i l lustrated in 
Fig. 7 which shows samples F-8 and D-2 which are 
monitor  and POGO I wafers from the same device 
processing lot. Dislocations did not play a role in  the 
evaluat ion of the diode leakage maps for these wafers. 
Although the reduct ion in slip is not complete it is 
significantly reduced over the wafers in Fig. 4. Also, 
once the dislocations are suppressed the swirl  pat tern 
of bu lk  stacking faults becomes more prominent  in the 
nongettered monitor  wafer F-8, see Fig. 7a. The leak-  
age map of this device showed a yield of only 5%, i.e., 

29 59 1 1 1 28 1 4 6 15 

94 720 1 1 871 17 2 180 1 246 

52 1 1 1 1 234 1 1 1 91 

1 1 ** 1 1 .... 1 775 ** 

2 1 i 1 1 1 ** ** 1 1 

21 146 1 1 1 66 1 227 1 59 

1 1 1 1 1 ** ** 63 1 1 

36 36 1 1 ** 387 1 1 14 1 

** 72 11 1 607 990 ** 46 1 17 

81 11 14 13 ** ** ** 4 2 31 

MAP SCALE 1:1 NANOAMP 

SAMPLE G22 

Fig. 6. Diode leakage map of sample G22 whose Secco etch 
photo is shown in Fig. 4c. A one corresponds to 1 X 10-9A and 
* *  indicates a leakage at least 1000 times greater. 

slipped regions. This should be compared to an average 
of 30 X 10-gA for similar regions of the non-POGO 
treated wafer, G30. Sample G22 was processed using 
the Si3N4 PO,GO II sequence, which did not appear to 
suppress bulk stacking faults, as shown in Fig. 4c, and 
yielded the leakage map presented in  Fig. 6. These 
data vary  quite errat ically with asterisks found next  
to ones in many  cases. Note that the map scale in Fig. 
6 has been increased by a factor of 100 over that in 
Fig. 5 in order to i l lustrate this apparent ly  erratic dis- 
tribution. At this point it was necessary to micro- 
scopically examine each individual  diode to determine 
the local dislocation and stacking fault  density. When 
this was done it was found that all of the diodes with 
leakages of 1 X 10-gA or less (a 1 on the map).  were 

Fig. 7. Secco etched wafers with 10 X 10 array of tester diodes 
which were slow cooled daring all high temperature processes 
illustrating reduced density of "slip" type dislocations in addition 
to (a) heavy swirl of bulk stacking faults in wafer F-8 which did 
not receive a POGO treatment. (b) POGO I treated wafer. 
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diodes with junc t ion  leakage less than  1O0 n A - c m  -2. 
It  should be noted that  the monitor  wafer with a high 
densi ty  of slip dislocations, see Fig. 4a, actually had a 
15% yield. It is possible that wafers with process- 
induced dislocations may provide a beneficial "self- 
gettering" for a small  number  of devices in regions 
where the dislocation density is low enough not to 
produce high leakage paths on its own. 

This reduct ion in  yield has also been observed (12) 
when  comparing the storage times of arrays of MOS 
tester devices which were gradual ly  or rapidly with-  
d rawn from the oxidation furnace. The slow cooling 
el iminated the slip but  gave rise to a high density of 
stacking faults which essentially wiped out the whole 
wafer. However, the fast cooling with slip produced a 
lower stacking fault  density and a reasonable yield 
away from the slipped corners. This potential  in ter -  
action between different kinds of defects which de- 
pends, in  part, on the na ture  of the start ing material,  
makes it ext remely  difficult to empirically optimize 
furnace operations and wafer cooling cycles. It is es- 
sential, therefore, that the microstructure of the de- 
fects be examined before and after any per turbat ion 
of the high tempera ture  process. 

Re turn ing  to the slow cooled wafer which also had 
a POGO I t rea tment  (D-2, Fig. 7b) we note a combined 
reduct ion in  slip and absence of the heavy swirl ob- 
served in Fig. 7a. The diode leakage map of sample 
D-2 showed a yield of 98%, which should be compared 
to the 5% yield of the non-POGO monitor  wafer F-8, 
and the 72% yield of the fast cooled, POGO I wafer  
G25, previously discussed in  Fig. 5 and 4b. A third 
slow cooled wafer  which had the POGO II process 
had a yield of 36%. This wafer did have bulk  stacking 
faults and a prominent  swirl  pattern,  similar to Fig. 7a. 
However, the 36% yield indicated that  the stacking 
faults of the POGO II wafer did not appear to be as 
electronically active as those in the monitor  wafer. 
This can be explained as follows. Although the POGO 
II process is not as effective as POGO I in suppressing 
stacking fault  formation, it will  reduce the amount  of 
contaminat ion in  the bu lk  of the wafer which will  then 
lead to a cleaner, less decorated stacking faul t  with 
reduced electrical activity. 

Support  for the idea of stacking faults with varying 
amounts  of decoration and electrical activity was ob- 
tained by microstructure  examinat ion of pits in  sample 
D- l ,  a POGO I wafer which did have a low density of 
bu lk  stacking faults, al though none were evident  in  
the macrophoto. Figure 8 gives a comparison of clean 
stacking fault  etch pits from wafer D-1 with decorated 
pits from a monitor  wafer, F-8, which was processed 
with D-1. Note that the black pits in Fig. 8a are sym- 
metric with relat ively smooth side walls. Also, the 
small  background "saucer" pits are isolated entities. 
However, in  the non-POGO treated, heavily swirled 
wafer (see Fig. 8b) the black pits are i r regular ly  shaped 
with a knobby structure, while the background saucer 
pits tend to aggregate into clusters (see arrows A in 
Fig. 8b). This distinction between clean and decorated 
defects has been observed previously (13) when com- 
paring dislocation etch pits in saucer-pit  free GaP 
LPE layers with GaP substrates containing l0 T saucer 
p i ts /cm 2. 

'The reason for the occurrence of stacking faults, i.e., 
the incomplete na ture  of the POGO I t rea tment  for 
sample D-l ,  is believed to be related to the qual i ty 
of the start ing material,  other samples of which had an 
unusua l ly  high density of nat ive  microdefects. Work is 
in progress both on evaluat ing defects in the as-re-  
ceived wafers and in using the SEiV[ in the EBIC mode 
to examine the differences between clean and deco- 
rated stacking faults. For  example, leakage currents  at 
28V of samples D-1 and F-8, Fig. 8a and b, were typi-  
cally 22 nA-cm -2 or 1 ~A-cm -2, respectively. I~owever, 
the 87% yield of wafer D-1 was noticeably lower than 

Fig. 8. Comparison of etch pits of bulk stacking faults which are 
(a) clean (wafer D-l), and those which are (b) decorated (wafer 
F-8). Note aggregates of saucer pits, arrows A in (b). 

the 96-98% yield of other POGO I wafers from this 
group. Since most of the 13 bad devices were in the 
higher stacking fault  density regions it is l ikely that, 
l ike slip dislocations, a high enough density of clean 
stacking faults will increase the diode leakage. 

Summary and Conclusions 
The results of this study can be briefly summarized 

in the following statements:  
1. Both dislocations and stacking faults can cause 

increased diode leakage and ]/educed yield for devices 
with leakage requirements  less than 1 ~A-cm-~-at  28V, 
especially if the defects are decorated and their density 
is greater than 104 cm -2. 

2. The suppression of stacking faults by preoxida- 
tion gettering with misfit dislocations will  reduce 
leakage currents  by two to three orders of magni tude 
and increase yields of tester diodes from 10% to 
greater  than 90%, provided the slip dislocation density 
is below 5 • 104 cm -2. 

3. Preoxidat ion gettering with the Si3N4 process is 
not effective in e l iminat ing bulk  stacking faults which 
have native defect origins, al though surface stacking 
faults related to processing are gettered. However, the 
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level of decoration of the bu lk  stacking faults is re-  
duced compared to nongettered wafers, with a result-  
ing improvement  in  device yields from about 10 to 30 
or 40%. 

4. The occurrence of bulk  stacking faults and the 
completeness of the misfit dislocation gettering process 
appears to be related to the density of nat ive defects 
in  the s tar t ing material .  
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The Effect of Structural Change on Electrical 
Conductivity in InSe 

Kazuaki Imai and Yutaka Abe 1 

Department o~ Nuclear Engineering, Hokkaido University, Sapporo 060, Japan 

Ind ium selenide, a layered semiconductor, has been 
investigated by several authors with respect to the 
optical (1-3) and electrical (4-6) properties. However, 
these experimental  results seem to depend on the proc- 
ess by which the crystal was grown and the perfec- 
t ion of the crystals. 

In this note, we report  the several characteristic 
changes in activation energies of the electrical con- 
ductivity in InSe and the relat ion between a s t ructural  
change and the conductivi ty in  the high temperature  
range. 

Experimental 
For the measurements  of electrical conductivity, 

single crystals of InSe which had been grown by the 
Bridgman method were cut from the ingot and cleaved 
perpendicular  to the C axis. The typical dimensions of 
the specimens were 3 • 7 • 0.5 mm ~. In  order to 
measure the tempera ture  dependence of electrical con- 
ductivity, the samples were cooled in a vacuum cryo- 
star and heated in a vacuum furnace. 

Te-Au contacts were attached to the specimens. 
These contacts had good ohmic characteristics at room 
temperature  and below. Below 190~ there was a 
slight deviat ion from the ohmic behavior but the de- 

'Present address :  Divis ion of Engineer ing ,  B r o w n  Univers i ty ,  
Provider~ce, Rhode Is land 02912. 

Key  words :  electrical  conduct ivi ty ,  s t ruc tura l  c h a n g e ,  p h a s e  
c h a n g e .  

viation was less than 15% and could be neglected. 
Above room temperature,  Cu pressure contacts were 
used. These contacts also showed good ohmic behavior. 

The electrical conductivity was measured along the 
cleaved surface, i.e., parallel  to the C plane, of the 
specimens. The dark conductivity of our specimens at 
room temperature  was 2.2 • 10 -5 ( o h m - c m ) - l ,  with 
a variat ion of this value for different specimens of 
about 10%. 

The typical temperature  dependence of electrical 
conductivity from 80" to 950~ is shown in Fig. 1. 
These curves are quali tat ively similar  to those in  
Ref. (4). The characteristics can be divided into five 
distinct temperature  regions, namely,  (I) below 190~ 
(II) 190~176 (lII)  429~176 (IV) 600~176 
and (V) above 827~ In region I, the conductivity 
seems to be l imited by crystal purity. In regions II, 
III, and 600~176 in IV, there is a l inear  relat ion 
log r -- l /T,  and in these regions the activation en-  
ergies are calculated as II ---- 0.42 eV, III --~ 0.34 eV, 
and IV ---- 1.05 eV, respectively. In  region V, the con- 
ductivi ty has a metall ic temperature  dependence. 

In  order to find the relat ion between the variat ion 
of activation energies and the crystallographic change 
in our specimens, we have investigated the change of 
x - ray  diffraction pat terns using a high temperature  
Debye-Scherrer  camera. 



VoL 123, No. 4 ELECTRICAL CONDUCTIVITY IN InSe  577 

800 
TEMR (~ 

500 400 300 
? 

I-I 

-T... I 

.. I 
>- 

I 

2 io3~ T ('K T3) s 1o 

Fig, 1. The temperature dependence of electrical conductivity. 
The experimental results in the lowest temperature region are 
plotted on a different scale. 

The specimens for this exper iment  were prepared 
as follows: stoichiometric . amounts  of ind ium 
(99.999%) and selenium (99.999%) were enclosed in 
a quartz holder in a vacuum of 10-~ Tort. After fu-  
sion, cooling of the melt  led to formation of a poly-  
crystal of InSe. This crystal was cut in pieces of 0.4 
X 0.4 X 7 mm 3. 

CuKa l ine was used as an x - ray  beam. A typical 
result  is shown in Fig. 2. The calculated lattice pa-  
rameters of InSe in  a hexagonal  s tructure at room 
temperature  are a ~ 4.001 • 0.003A and c = 16.639 
• 0.005A. No appreciable change in the pat terns is 
observed at 429 ~ and 827~ whereas a drastic change 
is found around 600~ as easily seen in Fig. 2. This 
s t ructural  change is irreversible:  when the specimen 
is  cooled slowly to room temperature,  no change 
around 600~ is observed. 

Discussion 
In this note, we deal main ly  with regions II, III, 

and IV. As indicated by optical absorption, the in-  
direct energy gap of InSe is 1.t87 eV (3). On the 
other hand, the two activation energies in regions II 
and III  in our experiments  are 0.42 eV (190~176 
and 0.34 eV (429~176 respectively. This fact 
indicates that the electrical conductivity of our speci- 
mens is trap controlled even in the higher tempera-  
ture ranges. 

We could not find a definite s tructural  change 
around 429~ by x - ray  analysis but  we have observed 
a distinct peak in the specific heat measurement  (7) 
in our specimens, which indicates that a slight phase 
change might  occur at this temperature.  We conjecture 
that the step in the activation energy at 429~ is 
correlated with this slight phase change. 

As described above, we found a drastic change of 
x - r ay  pat terns around 600~ Above 600~ InSe 
cannot be considered to have structures such as D6h, 

Fig. 2. The temperature dependence of x-ray Debye-Scherrer 
patterns. Strong lines taken from the photographs are shown in the 
lower figure. 

D3h, or Csv; there is a complex change in  crystal 
structure. This t ransi t ion occurs at the point  where 
there is a k ink  in  the electrical conductivity. If we 
al ternat ively assume the onset of intr insic conduc- 
t ion in this temperature  range, our exper imental  re-  
sults would yield an energy gap width of 2.1 eV 
which was almost twice as large as the energy gap 
obta ined  by optical experiments.  Therefore it must  
be concluded that electric conduction of InSe above 
600~ is ent i rely controlled by the s t ructural  change 
rather  than by intrinsic Conduction. 

Also, we would like to point out that  the s t ructural  
change o f I n S e  may be very sensitive to the exter-  
nal  pressure of Se vapor. We have observed that a 
slight amount  of excess Se added in the process of 
hea t - t rea tment  of InSe effectiVely quenched the phase 
change. We conjecture that  vapor pressure of Se in  
our specific heat  measurement  on InSe, where we 
used quartz capillary packed entirely by InSe, was high 
enough for the quenching and therefore we could 
not observe the large phase change around 600~ 

More detailed experiments  on the phase diagram 
with the tempera ture  and external  pressure, in par-  
t icular with respect to the part ial  pressure of Se, are 
now in progress and will be reported elsewhere. 
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Effects of Oxide Thickness and Substrate Dopants on 
Irradiated MOS Capacitors 

W. R. Hailer, 1 S. Share, and A. S. Epstein 

Harry Diamond Laboratories, AdMphi, Maryland 20783 

and V. Kumar and W.  E. Dahlke 

Lehigh University, Bethlehe,m, Pennsylvania 18015 

In  our previous publications dealing with the effect 
of oxide thickness on oxide charge bui ldup in MOS 
(metal-oxide-si l icon) structures (1, 2), there were 
indications that  the density of radia t ion- induced fast 
interface states was dependent  on the oxide thickness. 
In the following note, we have explored this depen- 
dence more fully. In  addition, the effect of various 
p- type substrate dopants on the interface-state den- 
sity is discussed. 

The dopants, their concentrations, and oxide thick- 
nesses (to• are listed in Table I. The oxides were 
grown on <111> oriented silicon substrates by a wet 
oxide technique, described elsewhere, at a tempera-  
ture of 925~ (1). The thermal  oxidation of silicon 
can permit  the incorporation of the substrate dopants 
(in our study, Ga, In, A1, or B) at the interface and 
into the oxide (3-6). A l u m i n u m  contacts were used 
on the oxide, and either gold or a luminum served as 
the back contact to the silicon substrates. The areas 
of the MOS capacitors ranged from 5 X 10 -4 to 2 X 
10 -3 cm 2. An effective thickness of the oxide was cal- 
culated from the oxide capacitance in  accumulation, 
the metal electrode area, and by assuming a dielectric 
constant for the oxide of 3.8. 

The capacitors were irradiated at 6~ gamma source 
(dose rate 2 X 106 r a d s ( S i ) / h r )  to a dose of 106 
rads(Si) .  Measurements were ini t iated wi thin  1 hr 
after the irradiation. The samples were unbiased 
(floating) during the i r radiat ion (7). 
Changes in oxide charge density and fast interface- 

state density resulting from irradiation of the MOS 
capacitors were obtained from capacitance-voltage 
(C-V) measurements at frequencies of 1 MHz and I00 
Hz. Additional confirmation of the interface-state 

W o r k  p e r f o r m e d  w h i l e  s u m m e r  s t u d e n t  at  H a r r y  D i a m o n d  Labo-  
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Key  w o r d s :  r a d i a t i o n ,  dopan,ts, o x i d e  th ickness ,  interface states, 
charge  buildup. 

density was provided by conductance-voltage (G-V) 
measurements  (8). Ionizing i r radiat ion normal ly  
causes a parallel  shift, ~V, of the C-V characteristics 
toward the negative voltage direction (Fig. 1). This 
shift is general ly interpreted as a bui ldup of positive 
charge in the oxide. Calculation of the oxide-charge 
density from C-V data requires a knowledge of the 
dis tr ibut ion of oxide charge over the oxide layer. 
Since this is difficult to attain, an effective value 
(image) of the oxide charge densi ty can be calcu- 
lated from ~Qox ~ q~Nox ~ ~ox~V/tox where ~ox is the 
SiO2 dielectric constant, q is the charge of an electron, 
to• is the oxide thickness, and ANox is an effective 
density of the radia t ion- induced oxide states. The 
shift of the flatband voltage in high frequency (1 MHz) 
C-V curves (Fig. 1) was used to obtain values of aV, 
since the high frequency curves minimize the contri-  
but ion of fast interface states. Ionizing radiat ion also 
causes large changes in the low frequency C-V charac- 
teristic (i.e., increased dispersion) as shown in Fig. 1. 
This is usual ly at t r ibuted to an increase in  the fast 
interface-state density. Using high (1 MHz) and low 
(100 Hz) frequency C-V characteristics, the interface- 
state density .distribution can be obtained by  a pro- 
cedure outl ined by Castagne and Vapaille (9) both be- 
fore and after 106 rads(Si)  irradiation. The in ter -  
face-state distr ibution of some of the samples was 
also obtained from the G-V data by a procedure out- 
l ined by Nicollian and Goetzberger (8), using a single 
t ime-constant  surface-state circuit model. The effects 
of inhomogeneities and lateral  nonuniformit ies  are 
not considered in our discussion. 

The effect of i r radiat ion on MOS capacitors with 
various oxide thicknesses and dopants is found in Table 
I. The data are arranged in the order of decreasing 
oxide thickness. Listed in Table I along with the oxide 
thicknesses, to• are the effective density of radiat ion-  
induced oxide states, ~Nox, after 108 rads(Si)  i r -  

Table I. Sample fabrication data, interface-state densities, and oxide charge buildup 
for irradiated samples with various oxide thicknesses and substrate dopants 

D o p a n t  
coneen t ra -  to~ ANox N u  (X 1011 ANg 

S a m p l e  No. D o p a n t  t ion  (em -a) (A) ( X 10 n cm. -s) cm-S V-X) ( • 10~1 cm-a) ANox/AN.  

Ga-2  G a l l i u m  1 • 101~ 1336 40 g3 8.2 4.9 
A1-4 A l u m i n u m  1 • 1016 968 45 70 14 3.2 
In -5  I n d i u m  1 • 1017 968 44 63 15 2.9 
B-3 Boron  2 • 1010 750 35 47 12 2.9 
In-3  I n d i u m  1 • 1016 347 24 27 8.4 2.9 
B-1 Boron  2 x 10 ~ 303 17 29 6.2 2.8 
B-16 B o r o n  2 • l 0  TM 160 20 12.5 6.0 3.3 
D-9 Boron 2 • I0 ~e 90 5 6.B 1,5 3.3 
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Fig. 1. C-V data For gallium-doped substrate sample Go-2 
showing 1 MHz end 100 Hz data for pre- end post-irradiated 
[106 rads (Si)] condition. Note shift of C-V curve to more nega- 
tive voltage following the 6~ irradiation. 

radiat ion,  the peak  values of the  fast  in te r face-s ta te  
densi ty  d is t r ibut ion  af te r  10~ r ads (S i )  i r radiat ion,  
Ns~, and the change of the total  densi ty  of f a s t - in t e r -  
face states (cm -2) induced by  i r radiat ion,  ~Ns. The 
l a t t e r  is obta ined by  tak ing  the difference be tween  the 
total  dens i ty  of interface s ta tes  a f te r  and before  10 ~ 
r ads (S i )  i r radiat ion.  F o r  all  except  the Ga-doped  
sample, the values  of Nss and ~Ns increase wi th  in-  
creasing oxide thickness. The peak energy of the state 
d is t r ibut ion  lies at about  0.30-0.35 eV above valence 
band edge. The value  of the  total  densi ty  of interface 
states pr ior  to i r rad ia t ion  is on the order  of 1011 cm -2 
for all  oxide thicknesses.  The var ia t ion  of ~Ns wi th  
oxide thickness as noted in Table I has, to our knowl -  
edge, not  been repor ted  so d i rec t ly  before. A resul t  
s imilar  to this has recen t ly  been infer red  f rom rad ia -  
t ion exper iments  pe r fo rmed  on CMOS in tegra ted  c i r -  
cuits (10). On the o ther  hand, the  increase  of ~Nox 
with  oxide thickness has been noted in our  previous  
work  (1). This l a t te r  t rend  was found to be indica-  
t ive of a bu i ldup  of posit ive charge in the oxide located 
wi th in  160A of the Si-SiO2 interface.  Reference to the  
last  column in Table I reveals  tha t  the rat ios of ANox 
to ~Ns for al l  the thicknesses of the B-doped  sam-  
ples as well  as the In-  and Al -doped  samples  are ap -  
p rox ima te ly  equal  (,~3). This suggests that  ~Ns is 
d i rec t ly  propor t iona l  to ~Nox and that  there  is a direct  
re la t ion  be tween  the effect of oxide charge bui ldup 
and rad ia t ion - induced  fast interface states;  namely,  
the  thickness dependence  of both processes are s imi lar  
for the  wet oxides s tudied here. 

The  total  r ad ia t ion- induced  in te r face-s ta te  density,  
~Ns, shows a difference for the Ga-doped  subst ra te  
dopant  as seen by  the la rger  rat io of ~Nox to ~Ns in 
Table I. I t  is not immed ia t e ly  obvious why  the Ga-  
doped sample should have a reduced dens i ty  of r ad ia -  
t ion- induced fast interface states. I t  may  be re la ted  
to the higher diffusion coefficient of Ga in SiO2 (4). 
If the density of fast-interface states is related to an 
impurity, then the deeper the dopant diffuses into 

the oxide, the less l i ke ly  the  communicat ion  of the 
in terface  s tate  wi th  the silicon. 

These resul ts  have been deduced f rom a s t ra igh t for -  
ward  analysis  of C-V data. Castagne and Vapai l le  
have shown in the i r  analysis  of C-V data  tha t  the  
effects of oxide charge inhomogenei t ies  can produce  
apparen t  changes in the  fast  in te r face -s ta te  densi ty  
( l l ) .  The p robab i l i t y  that  the r ad ia t ion- induced  in-  
terface s tate  densi t ies  in our exper imen t  a re  due to 
inhomogenei t ies  is considered un l ike ly  since analyses  
of both  C-V and G-V data  provide  s imi lar  s tate dis-  
t r ibut ions  ( l l ) .  

Conclusion 
A var ia t ion  of the r ad ia t ion- induced  fast  interface- 

state dens i ty  (ANs) wi th  oxide thickness has been ob-  
served in MOS capaci tors  fabr ica ted  by  the wet  ox-  
ide technique. Compar ing  the effect of oxide charge  
bui ldup ~Nox with  ~Ns for each thickness  yields  a con- 
s tant  va lue  of ANox/aNs ( ~ 3 )  for  alt  devices f ab r i -  
cated on B-doped  substrates.  This resul t  can also be 
ex tended  to include other  p - t y p e  subs t ra te  dopants,  
including AI and In. A l a rge r  value  of ANox/aNs (,~5), 
however,  has been found for the  Ga-doped  sample  
because of the  smal ler  value  of hNs. 

Acknowledgments 
We thank  R. Cohen of the Massachuset ts  Ins t i tu te  

of Technology, Lincoln Laborator ies ,  for supply ing  the 
silicon substrates.  

Manuscr ip t  submi t ted  Oct. 2I, 1975; revised m a n u -  
script  received Dec. 16, 1975. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1976 
JOURNAL. All  discussions for the  December  1976 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Harry Diamond Laboratories. 

REFERENCES 
1. S. Share,  A. S. Epstein,  V. Kumar ,  W. E. Dahlke,  

and W. Hailer ,  J. Appl. Phys., 45, 4894 (1974). 
2. S. Share  and R. A. Martin,  IEEE Trans. Electron. 

Devices, ED-22, 619 (1975). 
3. A. S. Grove, "Physics and Technology of Semi-  

conductor  Devices," pp. 69-77, John Wiley  & 
Sons, New York  (1967). 

4. H. Wolf, "Semiconductors ,"  pp. 342-370, John Wiley  
& Sons, New York (1971). 

5. A. S. Grove, O. Leisteko,  Jr., and C. T. Sah, J. Appl. 
Phys., 35, 2695 (1964). 

6. B. E. Deal, A. S. Grove, E. H. Snow, and C. T. Sah, 
This Journal, 112, 3'08 (1965). 

7. Sel f -b ias ing effects m a y  arise due to m e t a l - s e m i -  
conductor  work  function difference, oxide charge 
buildup,  and photocur ren t  product ion in the SiO2 
dur ing i r radiat ion.  

8. E. H. Nicoll ian and A. Goetzberger ,  Bell System 
Tech. J., 46, 1055 (1967). 

9. R. Castagne and A. Vapail le,  Surface Sci., 28, 157 
(1971). 

10. J. G. Fossum, G. F. Derbenwick,  and B. L. Gregory,  
Paper  A-12 presented  at IEEE Conference on Nu-  
clear and Space Radia t ion  Effects, J u l y  1975, 
Arcata,  California.  

11. R. Castagne and A. Vapail le ,  Electron. Letters, 6, 
691 (1970). 



Selective Etching of GaP Crystals with 
Hot Phosphoric Acid 

T. Uragaki, H. Yamanaka, and M. Inoue 
Matsushita Electronics Corporation, Research Laboratory, Takatsuki, Osaka, Japan 

The chemical etching of GaP is one of the important  
processes in  the fabrication of the l ight emit t ing de- 
vices (1, 2). Aqua regia (3) has been conventionally 
used for groove formation on a (111) wafer, along 
which the individual  chips are mechanically separated. 
However, i r regular ly  grooved pat terns are often ob- 
served in prolonged etching as a result  of lateral  etch- 
ing at the mask edges. In  addition, the mechanical  
cutt ing of the shallow grooves for chip separation, by 
a diamond saw or a laser beam, gives rise to profound 
surface damages to the crystal which may degrade the 
device performance. 

This report describes a new technique for pat tern  
etching of GaP crystals with phosphoric acid. Well-  
defined grooves, uniform in width and depth, are 
formed on the (111) surface regardless of the pat tern 
orientation. The cross-sectional view of the grooves 
obtained is so sharply V shaped that no mechanical  
cutt ing process should follow for chip separation. The 
pat tern  etching technique can Use a vacuum-deposi ted 
film of gold or gold alloy as the mask, which will be 
contact electrodes. 

Experimental Procedure 
The GaP wafers used for the etching experiments 

are (111), (111), or (100) oriented and doped with 
sulfur to a carrier concentrat ion of 4-~8 X 1017 cm -3. 
The etch pit density was 3,~5 • 105 cm -2. The me-  
chanically polished wafers were fur ther  etched chemi- 
cally with a solution of 2 vol HC1 -p 1 vol HNO~ ~- 2 
vol H20 (4) at 60~ for 1--2 min. 

For the mask etching, a gold film of 3000A thickness 
was deposited in vacuum onto the wafer surface at 
300~ being followed by pat tern  formation with a 
mixed solution of 25g I2 -5 50g KI + 500 ml  H2,O. 

The etching was carried out with reagent-grade 
HsPO4 (85%) at a temperature  of 150~176 Gas 
evolution during etching provides vigorous st irr ing of 
the etching solution. Measurements of the etch depth 
and width were made with a microscope. For detailed 
geometrical observation of the revealed surfaces, the 
scanning electron microscope was used. 

Results and Discussion 
Etching rate.~The etching rate was determined for 

the (111), (111), and (100) surfaces. Figure 1 shows 
the change in wafer thickness with increasing etching 
time. The decrease in wafer thickness is seen to be a 
l inear  funct ion of time up to 10 rain and the etching 
rate, which is defined as the thickness removed per 
uni t  time, is therefore constant. The etching rate at 
180~ for the (111) wafer was found to be about 20 
times higher than  that  for the (111) or (100) wafer, 
probably due to the crystallographic anisotropy in 
chemical reactivity of the zinc blende structure. 

The temperature  dependence of the etching rate for 
the (111) surface is shown in Fig. 2. The etching rate 
is practically controllable between 5 and 25 ~m/min  
by varying the temperature  from 150 ~ to 200~ 

Pattern etching.--Using a vacuum-deposi ted gold 
film on the (111) surface of .GaP as an etch mask, the 
exposed circular region of 60 ~,m diameter was etched 

Key  words :  mesa  format ion,  GaP  LED, chemical  etch, I I I -V  corn- 
pounds,  I-IaP O~. 

with HaPO4 at 180~ Figures 3(a) and 3(b)  are the 
~ 1 1 ] ~  top view and the ~110> cross-sectional view 
of a hollow formed by 6 min  etching, respectively, in 
which the hollow is found to be of threefold symmetry  
surrounded by the (221) and (117) facets. 

A selective etching was also carried out for stripes of 
60 /~m width oriented in the [110] direction. Figure 4 
[(a)  to (e)] shows the change in  shape and size of the 
cross section of the grooves during the successive etch- 
ing for 1,~8 min. At the first stage of etching the 
grooves were flat bottomed [Fig. 4(a) and (b)]  and 
then grew to be asymmetrical  V shaped [Fig. 4(e) ] .  
It was observed that  the angles between the revealed 
facets and the (111) surfaces were unchanged through- 
out the etching period These  angles were measured to 
be 45 ~ and 55 ~ and are in good agreement  with the 
calculated angles of 44.5 ~ and 54.7 ~ assuming the (117) 
and (221) planes for the revealed surfaces. 

For the practical application of stripe etching, there 
is a need to know the dependence of the result ing 
groove profile on the crystallographic direction of the 
mask pattern. Grooves parallel  to three typical direc- 
tions, [1-10], [112], and 45 ~ off [110], were formed on a 
(111) wafer, of which cross sections are compared in 
Fig. 5. As is seen in Fig. 5, the V shapes formed are 
not so much different from one another, where the 
bottom angles between the revealed surfaces are in 
the range of 70~ ~ The strictly symmletrical cross 
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temperature is 180~ 

580 



Vol. 123, No. 4 ETCHING OF GaP CRYSTALS 581 

300 

E " 

LU 

I 
(D 
Z 
"I- 
(_) 
~I00 
IJ.l 

I ! I 

(gT)SURFACE 

1SOOC 

0 2 4 6 8 10 12 
ETCHING TIME (mirl) 

Fig. 2. Temperature dependence of etching rate for the (111) 
surface. 

Fig. 3. The <1-1T> top view (a) and the <110>  cross-sectlonal 
view (b) of a hollow engraved on a (//I) surface. 
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Fig. 5. Cross sections of the 
grooves parallel to three typical 
directions, (a) [110], (b) [112], 
and (c) 45 ~ off [110]. 

Fig. 6. Scanning electron micrographs of a mesa-etched wafer 
(a) and an LED chip mounted on a TO-18 stem (b). 

section is obtained only when  the stripe is paral lel  to 
the [112] direction. 

Appl icat ion to Device Fabricat ion 

The etching technique with I~PO4 was applied to the 
mesa-format ion process of GaP LED's. A (111) LPE 
wafer of p / n / n  + s t ructure  was pat tern  etched using 
an Au-Zn  or Au-Be alloy film as the mask. The stripe 
lines were directed paral lel  to the [110] and [112] di- 
rections in  400 ~m intervals,  as shown in Fig. 6(a) .  
The width and depth of the V-shaped grooves obtained 
vcere 60 ~m and 40 ~m, respectively. After the mesa 
etching, the Au-al loy film was again photoetched in 
order to leave the electrode pat terns for ohmic contact 
to the p-layer.  The separation of individual  chips was 
easily accomplished by bending the wafer with a roller  
after reduction of the wafer thickness to about 200 ~m. 
Figure 6(b) shows an LED chip mounted  p-side up on 
a TO-18 stem. When the diode is mounted  p-side down, 
the incl ined facets formed by the mesa etching act as 
efficient in ternal  reflectors giving rise to an increase 
of l ight  output. 
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Profile Parameters of Implanted-Diffused Arsenic 
Layers in Silicon 

Richard B. Fair* and Joseph C. C. Tsai 
Bell Laboratories, Reading, Pennsylvania 19604 

In  a previous paper, the diffusion of ion- implanted  
As in <100> Si was discussed as well as the electri-  
cal qual i ty  of implanted-diffused layers. It is the pur -  
pose of this paper  to derive equations that describe 
the impor tant  characteristic profile parameters,  and 
to support  these equations with exper imental  data. A 
discussion of total As surface concentration, junct ion 
depth, and profile gradient  will  be presented, which 
will be followed by an analysis of the sheet resistance 
of implanted-diffused As layers and the surface con- 
centrat ion of the electrically active As. 

Analysis 
Total As surface concentration, CTO, and junction 

depth, x j . - - I t  was shown previously (1) that  the im-  
planted-diffused total As profile shape is approxi-  
mately  described by the equation 

C = CT0 (1 -- 0.87Y -- 0.45Y 2) [1] 
where 

Y -- x(SCToDit/ni)-1/2 [2] 

t is the diffusion time (sec), Di is the intr insic As 
diffusivity (cm2/sec), n1 is the intr insic electron con- 
centration, and CTO is the As surface concentrat ion 
(a tom/cm 8) assumed to be greater  than ,~1 X 1019 
c m - ~  

Equat ion [1] is a Chebyshev polynomial  approxi-  
mat ion  to the solution of the diffusion equation with a 
l inear  concentra t ion-dependent  diffusion coefficient and 
constant surface concentration, CT0. It is probable that  
the polynomial  coefficients are t ime-dependent  for the 
case of nonconstant  CTO, such as the case of a redis-  
t r ibut ing impur i ty  distribution. For the case of im-  
planted As in St, CT0 decreases as t -~/~, and the con- 
s tant  Cw0 approximation is not an unreasonable  as- 
sumption. In  any case, the funct ional  form of Y 
would not be different (Eq. [2]). 

In order to solve for the junct ion depth as a func-  
tion of time, temperature,  and implant  dose, Eq. [1] 
can be solved for Y at C(xj) and the result  substi-  
tuted into Eq. [2]. Thus, at the junc t ion  

( 0.64_ 0.45 C(xj)~/2 0.435) 
CTO 

Xj ---~ (SCT0 Dit/ni)2/2 ~ , 
0.45 

[3] 

When 0.45 C(x~)/Cwo < <  0.64, then Eq. [3] becomes 

xz ---- 2.3 (CT0 Dit/ni)~/2 [4] 

and Yj ---- 0.81. 
When diffusion occurs from a predeposited As layer 

in St, the total concentration, QT (atom/cme),  remains 
constant. Thus, in tegrat ing Eq. [1] over x gives the 
result  that  

QT = K CT 0 XJ [ 5 ]  

with K = 0.45 (valid for CTo ~> 1 X 1029 cm-3) .  For 
the case of a redis t r ibut ing implanted layer, K would 
be slightly time dependent  to balance the nonconstant  
Cw0. QT VS. CTO'XJ data from the measured As pro- 
files described in Ref. (1) are plotted in Fig. 1, and 
it is found that  K averages out to be (1.9)-1 ~.~ 0.53 

* Electrochemical Society Active Member. 
Key words: ion implantation, arsenic diffusion, s h e e t  r e s i s t a n c e ,  

~unction depth. 

(50 k e y  implanta t ions) .  Thus the t ime dependence 
of the polynomial  coefficients and, thus, K, is not sig- 
nificant. 

Subst i tut ion of Eq. [5] into Eq. [4] yields 

( Q ' r D i t )  1/3 
x~ = K1 [6] 

ni 

with K~ = 2.16. Data are shown in Fig. 2 where xz 
values at C = 0.01 Cw0 as determined by direct pro- 
file measurement  by secondary ion mass spectrometry 
are plotted as a function of implant  dose and diffusion 
t ime and temperature.  The data represent  diffusions in 
the temperature  range of 1000~176 For diffusions 
performed in neut ra l  ambients  or in  oxygen, Eq. [6] 
can be used to fit these data slightly better  with Kt 
= 2. Thus 

( QT Dit ) 1`3 
=5 = - [7]  

f o r  CT0 g 1 X 1019 cm -3. 
Diffusions performed in steam ambients  represent  a 

special case, and are discussed in Ref. (1). It  can be 
seen, however, in Fig. 2 that  the discrepancy in xj  
between diffusions performed in steam ambients  and 
N2 or O2 ambients  decreases as xj  increases. This 
result  indicates that the As diffusion in steam is being 
controlled by a surface effect associated with the oxi- 
dation process. 

The time and temperature  dependence of the surface 
concentration, Cw0, can now easily be obtained by com- 
bining Eq. [5] and [7]. Thus 

QT ni )1/3 
CT0 = 0.94 \ ~  [8] 
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Fig. 1. Total As surface concentration vs. the average doping 
for implanted-diffused layers in Si. 
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Fig. 2. Time, temperature, and dose dependence of the junction 
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ambients. 

Equat ion [8] predic ts  tha t  for a given t empe ra tu r e  
and dose, the surface concentra t ion wil l  decrease as 
t -1/3. The da ta  p lot ted  in Fig. 3 (from measured  p ro -  
files) agree quite wel l  wi th  Eq. [8]. 

Profile gradient calculat ion.--The grad ien t  of the AS 
profile at the junct ion can be calcula ted by  differen-  
t ia t ing Eq. [1] and subst i tu t ing  Eq. [2]. Thus, for 
C(xj )  < <  Cw0 

dO 
dm = - -  0.565 (CTo ni/Dit)  1/~ [9] 

o r  

dC 
- ~ x  = - -  1.24 CTO/Xa 

5r = 5Cj 

[lO] 
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Fig. 3. Time, temperature, and dose dependence of implanted- 
diffused As surface concentration. 

Gradien t  da ta  f rom measured  implan ted-d i f fused  As 
profiles, p lo t ted  in Fig. 4, show that  Eq. [10] is ap -  
pl icable  at  C(xj )  = 0.1 Cwo. Data  f rom chemical  source 
As diffusions (A - -  da ta)  are  also shown. However ,  
the gradient  is not constant  wi th  decreasing concentra-  
t ion for a given va lue  of C T 0 / X J .  A t  C ( x j )  = 0.01 CT0 
the gradient  has decreased  by  a factor of 4 below the 
va lue  at C --  0.1 CT0. The significance of this resul t  is 
unclear  in view of the  uncer ta in  accuracy  of the m e a -  
surements .  

Sheet  resistance and electrically active As  surface 
concentrat ion.--The express ion for the  sheet res is tance 
of a diffused layer  is 

where  CA is the e lec t r ica l ly  act ive As concentrat ion 
and u is the effective bu lk  ca r r i e r  mobi l i ty  (cm~/V - 
sec) given by  

#:~ u CAC~ 
u _  [12] 

#:~ CAdX 

When the implanted-diffused As is 10'0% electri- 
cally active, i.e., C T  0 ~- CA0 (act ive As surface con- 
cent ra t ion) ,  then using Eq. [5] and [11], CA0 can be 
expressed in terms of the  measurab le  quant i t ies  Rs 
and xj. Thus 

1.9 
CA0 = [13] 

q ~  Rs x j  

In order  to de te rmine  the concentrat ion dependence  
of u, use wi l l  be made of the mobi l i ty  da ta  in Ref. 
(4, 5) which can be descr ibed app rox ima te ly  by  the 
expression 

28.2 X l0 T 
u --  cm2/V-sec [14] 

CA1/3 

for the As concentrat ion range of 1019 cm-S  < CA < 
6 • 10:2~ cm -s.  Subs t i tu t ing  Eq. [1], [2], and [14] 
into Eq. [12], the  effective mobi l i ty  can be de te rmined  
from numer ica l  integrat ion.  However ,  using the fact 
that  the As profile is almost  a step funct ion and the 
average doping is app rox ima te ly  Qw/xj  --~ 0.53 CA0, a 
s imple express ion for u has been found which is 

I 0 2 6 -  o -  IO00oc -1 
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Fig. 4. Arsenic layer junction profile gradient vs. surface con- 
centration/junction depth at two concentrations. 
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- 28.2 X I07 
u = [15] 

(0.53 CAD 1/3 

The 0.53 CA0 te rm represents an equivalent  un i form 
As dis t r ibut ion over the diffused layer. Subst i tu t ing 
Eq. [15] in  Eq. [13], the following expression for CA0 
is obtained 

CAo - -  
6.26 X I015 

(Rs z j )  a/2 
[16] 

This equation for CA0 differs from the result  ob- 
tained for diffusion from a chemical source (2) where 
a constant mobil i ty  was assumed 

1.56 X 10 z7 
CAO - -  [1" / ]  

Rs xj  

Exper imental  data of CA0 VS. (Rs xj)  are shown 
plotted in Fig. 5 along with Eq. [16] and [17]. The 
exper imental  values of CA0 were determined from dif-  
ferent ial  conductivi ty measurements  on implan ted-d i f -  
fused As layers and the revised resistivity vs. elec- 
t ron concentrat ion curve for As in Si [Fig. 1 of Ref. 
(1)]. The effect of using the revised # vs. n curve for 
As is to increase the magni tude  of the slope of the 
CA0 Vs. Rs x j  curve (on log-log scales), as compared 
to using I rvin ' s  ~ vs. n curve (6). I rvin 's  curve un -  
derestimates electron concentration, n, when  p > 8 X 
10 -3 ohm-cm. Most of the data displayed in  Fig. 5 
showed 100% electrical activity. However, a t  high 
doses and short diffusion times, Cw0 may be greater 
than  the solid solubil i ty of active As, CA.SOL (1). Data 
for which Cw0 > CA, soL are indicated in Fig. 5 by 
an (*). 

Sheet resistance can be determined as a function of 
implant  dose and diffusion time and temperature  by 
combining Eq. [11] with the expression for u of E q. 
[15] to yield 

R 1.7 I0 zo 
QTT/9 ( ni ~ l / 9 x  Dit s -  / / [18] 

i 

Equat ion [18] predicts that for a fixed temperature  
and dose, Rs cc t-1/9. This expression is shown plotted 
in Fig. 6 along with sheet resistance data obtained 
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Fig. 5. Electrically active As surface concentration vs. the 
implanted-diffused layer resistivity. The dashed line was obtained 
from data on chemical-source As diffusions in Si. 
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Fig. 6. Time, temperature, and dose dependence of the im- 
planted-diffused As layer sheet resistance. 

over the range 1000 ,~ < T < 1250~ For diffusions 
performed in neutra l  ambients  or in oxygen, the agree- 
ment  with theory is good. However, diffusions in steam 
consistently yield Rs values that are 10-20% higher 
than predicted. This result  is consistent with the fact 
that As diffusion in steam yields shallower junct ions 
and higher (lower u )  average concentrations than 
diffusions in 02 or N2. 

Discussion 
It should be pointed out that the curves in  this 

paper are derived for 50 keV As predepositions. The 
energy of the predeposition implanta t ion  is impor tant  
for shallow junct ion diffusions. The projected range 
and standard deviation (7) for 50 keV As in Si are 
Rp -.= 324A and ARp --: 120A, respectively. For 100 keV 
As in Si, Rp --: 584A and ARp ~ 211A. Thus, a junc-  
tion depth difference of ,~500A should be expected 
for shallow junct ion dr ive- ins  from 100 keV implants.  
However, for buried layer- type  diffusions (>1 #m), 
little difference, if any, should be expected between 50 
and 100 keV predepositions. It is also expected that 
the results in the present  s tudy are applicable for an 
implant  energy of 30 keV. 

Summary and Conclusions 
Equations have been derived that describe the im-  

portant  profile variables that are required to charac- 
terize the diffusion of As implanted layers for which 
the surface concentrat ion is greater than ~1 • 1019 
cm -3. In  addition, data obtained from differential 
conductivity profile measurements  and SIMS profile 
measurements  (1) have been used to obtain experi-  
menta l  parameters for these equations. 
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In Situ Thickness Monitoring of 
Thick Polycrystalline Silicon Film and 

Its Application to Silicon Epitaxial Growth 
Katsuro Sugawara,*  Yukiyoshi Nakazawa,  and Takeo Yoshimi 

Hitachi, Limited, Semiconductor and Integrated Circuits Division, Kodaira, Tokyo, Japan 

The deve lopment  of h igh  per formance  sil icon semi-  
conductor  b ipolar  devices has increased the requi re -  
ment  for  precise  control  of s i l icon ep i tax ia l  layers.  
One of the  p~ecise control  methods is an "in process" 
moni tor ing system. Dumin first devised a moni tor ing  
method  using optical  in ter ference  to control  the th ick-  
ness of the SOS (s i l i con-on-sapphi re )  ep i tax ia l  l ayer  
(1), and this method  was ex tended  to moni tor  th ick-  
ness in AI2Oa (2), sput te red  SiO2 (3), CVD SiO2 (4), 
and po lycrys ta l l ine  sil icon (5, 6) film formation.  In  
this  note, the  moni tor ing  of po lycrys ta l l ine  silicon film 
thickness was inves t iga ted  to evalua te  the  moni tor ing 
capabi l i ty  of sil icon epi tax ia l  l aye r  thickness which 
was infer red  by  measur ing  the thickness of s imul tane-  
ously deposi ted po lycrys ta l l ine  sil icon films on insula-  
to r -covered  substrates.  

The fol lowing problems  were  ant ic ipated in the case 
of moni tor ing sil icon epi tax ia l  g rowth  which  took 
place  in a hot te r  a tmosphere  than  amorphous  or po ly -  
crys ta l l ine  CVD film formation:  

(i) In tens i ty  of background  in the in f ra red  radia t ion  
emit ted f rom the  subs t ra te  was stronger.  

(ii) The subs t ra te  covered wi th  insula t ing  film de-  
graded in severe  ambien t  condit ions such as hot  h y d r o -  
gen and hydrogen  chloride.  

(iii) Corre la t ion  be tween  the deposi t ion ra te  of the 
po lycrys ta l l ine  sil icon film and tha t  of the single c rys -  
ta l  silicon l aye r  when the thickness of the  silicon epi -  
tax ia l  l ayer  was ind i rec t ly  moni tored  as the po ly -  
crys ta l l ine  silicon film thickness.  

Both methods  of in f ra red  rad ia t ion  (1, 5) and inf ra-  
red  laser  (6) were  t r i ed  for  this purpose  and the im-  
proved former  method was selected due to the la rger  
moni tor ing  capabi l i ty  for  h igher  t e m p e r a t u r e  deposi-  
tion. 

The exper imen t  was carr ied  out in a hor izonta l  epi-  
tax ia l  reac tor  of r f - h e a t e d  type  wi th  a SiC-coated  
graphi te  susceptor.  The cross section of the reactor  
tube  was 120 X 65 mm. In  this reactor,  po lycrys ta l l ine  
sil icon films produced by  SiC14-H2 or  SiH2CI~-H2 (7, 
8) sys tem were  deposi ted  on two kinds  of substrates;  
t he rma l ly  g rown SiO2 films of 1.2 ~m in thickness and 
CVD Si3N4 films of 3000A formed on si l icon substrates .  
The silicon deposi t ion was pe r fo rmed  at a SiC14/H~ 
rat io  of 0.005 in the t empera tu re  range  f rom 1060 ~ to 
1330~ for the  SiC14-H2 system and SiH2C12/H2 ra t io  
of 0.005 f rom 950 ~ to 1280~ for the SiH2C12-H2 system 
at H2 flow ra te  of 60 l i te r / ra in .  The react ion t empera -  
ture  was corrected for  emiss iv i ty  according to Allen 's  
da ta  (9). 

Dur ing the deposition, the inf rared  radia t ion  emi t ted  
f rom the subs t ra te  was received by  a PbS  photocel l  
wi th  a filter (10) which  al lowed only 2.0 ~m wave -  

* Electrochemical  Society Active Member.  
Key  words: polycrystall ine silicon deposition, infrared radiation, 

SiCh-H2 reaction, SiHsC1.2-H~ reaction, precise control of film th ick-  
hess .  

length  to pass through.  The signal  f rom the photocel l  
was then amplif ied and recorded as an in teference 
wave  pat tern .  Since the p e a k - t o - p e a k  of waves  cor-  
responded to the  deposi t ion film thickness,  the  th ick-  
ness of the ep i tax ia l  l aye r  could be es t imated  from the 
corre la t ion  curve be tween  the po lycrys ta l l ine  silicon 
thickness and the silicon epi tax ia l  l ayer  growth.  Af te r  
the  deposition, the  thickness of the  sil icon ep i tax ia l  
l ayer  and that  of the  po lyerys ta l l ine  silicon film were  
de te rmined  by  means of an  angle  lapping and s taining 
technique in addi t ion to Talys tep  measurements .  

F igu re  I shows a typical  pa t t e rn  obta ined  in the  case 
of a polycrys ta l l ine  sil icon film deposi t ion at  I120~ 
on SisN4 film using the SiH2C12-H2 reaction. One cycle 
of the in ter ference  wave  was app rox ima te ly  0.28 #m 
in film thickness when  glancing angle  of the photocel l  
was 40~ Under  these condit ions the m a x i m u m  moni to r -  
ing thickness, dmax, which  was the  thickness at the  
point  where  the ampl i tude  of the  observed signal 
could not be recognized, reached nea r ly  3.9 #m for the 
po lycrys ta l l ine  sil icon film. Wi th  increase of film th ick-  
ness the  in ter ference  wave  d rawn  in the  po lyc rys ta l -  
l ine sil icon deposi t ion was observed to decay rapidly .  
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Fig. 1. Observed pattern of interference wave when the poly- 
crystalline silicon film was formed by the SiH2CI2-H2 reaction on 
the Si3N4 substrate. 
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The tempera ture  dependence of dmax was plotted for 
the thermal ly  grown SiO2 substrate in Fig. 2 and for 
the CVD SisN4 substrate  in  Fig. 3 as a funct ion of 
deposition temperature.  In  both reactions d ~  showed 
a tendency of increasing to a maximum, then decreas- 
ing. From these figures, the following features could 
be discerned: (i) dmax deposited at 1120~ by the 
SiH2CI2-H2 reaction was a l i t t le larger than that  at 
1220~ by  the SiCI~-H2 reaction; (ii) thickness moni -  
toring of the SiH~C12-H2 reaction was applicable in  a 
wider tempera ture  range  than  that  of the SiC14-H~ 
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Fig. 2. Dependence of the maximum monitoring thickness, dmax, 
on the deposition temperature when the polycrystalline film was 
deposited on the thermally grown Si02 substrate. 

reaction; and (iii) SigN4 film was less l iable to de- 
generate than SiO2 film (11) in such a hot hydrogen 
atmosphere. However, the difference of the optical re-  
fractive index between Si and SigN4 was a l i t t le 
smaller than between Si and SiO2 and hence this dif-  
ference brought  about a smaller  interference intensity.  

Accuracy control of the film thickness could be ob- 
tained by selecting the wavelength of the filter used 
independent  of the film thickness. A filter of 2.0 _ 0.05 
~m was selected in  this exper iment  because it  was at 
this wavelength that one received the max imum radia-  
t ion energy emitted from a black body heated at 
1600~ (12) which corresponded to the deposition t em-  
perature  in  this experiment.  

Figure 4 shows the correlation between the thickness 
of the polycrystal l ine silicon film on the thermal ly  
grown SiO~ of 1.2 ~m in thickness and that  of the epi- 
taxial layer  on a boron-doped <111> oriented silicon 
substrate with a resistivity of 10 ohm-cm. Both wafers 
were adjacent  to each other on the susceptor and the 
deposition was done at 1120~ by the SiHzCI~-H~ re-  
action. The relat ion of the single crystal thickness, y 
#m, to the polycrystal l ine silicon thickness, x #m, was 
given by the following exper imental  formula  shown 
by a dashed l ine (Fig. 4) 

y = 0.95z [1] 

The solid l ine indicates the relat ion of y = x. Single 
crystal film grew 5% th inner  than  the polycrystal l ine 
one. 

For the purpose of precise control of the silicon 
epitaxial layer thickness, the thickness monitoring of 
the CVD films was further developed for thick poly- 
crystalline silicon film. An improved thickness moni- 
toring method using infrared radiation through a filter 
with a definite wavelength was adapted for this aim. 
Values of maximum monitoring thickness were: (i) 
3.9 ~m in the polycrystalline silicon film, correspond- 
ing to 3.7 ~m in the single crystal layer, deposited at 
I120~ by the SiH2CI.2-H2 reaction, and (ii) 2.8 #m in 
the p01ycrystalline film, grown at 1220~ by the 
SiCI4-H2 reaction on the SisN4 substrate, correspond- 
ing to 2.7 ~m in the epitaxial layer. 

The observed rapid decay of refractive intensities 
in the interference wave with increasing film thick-  
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Fig. 3. Dependence of the maximum monitoring thickness, dmax, 
on the deposition temperature when the polycrystalline silicon film 
was deposited on the CVD Si3N4 substrate. 
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ness  may be caused by scattering by the grains or the 
surface roughness of the polycrystal l ine silicon film or 
an increased absorption coefficient in the silicon sub-  
strafe at high temperature.  The interpreta t ion of this 
decay will be pursued in  the next  paper  (13). 
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Raman Line Broadening in the Superionic Conductors, 
Ag [Hgl ], and Cu [Hgl] 

2 4 2 4 

D. F. Shriver, G. Joy III, and D. Greig 
Department of Chemistry and Materials Research Center, Northwestern University, Evanston, Illinois 60201 

In  this communicat ion we report observations on the 
Raman l inewidths of some solid-state ionic conductors 
and suggest that  measurements  of this type may ~be 
useful in  screening potential  ionic conductors. Silver 
mercuric ,iodide and copper mercuric iodide, which 
have been well characterized by conductivity and 
x - ray  s tructural  studies (1-6) are known  to undergo 
a t ransi t ion somewhat above room temperature  into a 
disordered phase which exhibits high Ag + or Cu + 
mobility. We investigated the variat ion of the Raman 
bandwidths  as these two materials are taken through 
the order-disorder phase transition, and these results 
are compared with a related tha l l ium compound, 
T12[HgI4], which does not exhibit  high ionic mobility. 

The salts were prepared by l i terature methods (7, 8) 
and  characterized by x - ray  powder pat terns and ele- 
mental  analysis for Ag, Hg, T1, and Cu. The samples 
were contained in  12 m m  outside diameter Pyrex  tubes 
which were rotated in a variable temperature  spinning 
sample holder (9), and spectra were recorded with a 
Spex 0.85m double monochromator using backscatter-  
ing sample i l luminat ion and digital data acquisition. 
Owing to instabi l i ty  of the samples under  blue or 
g r e e n  laser irradiation, the laser excitation wave- 
lengths 632.8, 676.4, or 799.3 nm were employed. To 
minimize ins t rumenta l  l ine broadening, the mono- 

K e y  words :  R a m a n  spectra, solid electrolytes, phase cha~ge.  

chromator bandpass was mainta ined at one-half  wave- 
number  or less. The laser power was typically be- 
tween 5-15 mW, which in conjunct ion with the use 
of a l ine focus and sample spinning insures that local 
heating was negligible. Temperatures  were measured 
by means of an i ron-cons tantan  thermocouple placed 
in close proximity to the sample. 

The dominant  feature in the spectra of all samples 
is a band at ca. 123 cm -1 (Fig. 1) which is assigned as 
the symmetric HgI42- stretching mode by analogy with 
data on this species both in solution and in the solid 
state (10, 11). The A symmetry  designation applies to 
this mode for the two HgI42- ions in the $42 uni t  cell 
characteristic of the Z-phase. The corresponding formal 
designation is A1 for the disordered (high tempera-  
ture) a-phase which belongs to the TZd space group. 
Other features in this general  region of the spectrum 
include two peaks at 80 and 105 cm -1 in the ~-phase, 
which t ransform to a very broad feature centered 
around 84 cm -1 in the a-phase. From data on AgI (12) 
and a variety of AgI complexes (13), these bands are 
assigned as si lver-iodine stretching modes. It is signifi- 
cant that these bands are broad at room temperature  
even though there is no evidence for disorder. 

As shown in Fig. i, the phase transition at 323~ for 
the silver salt brings about two very noticeable 
changes in the 123 cm -I region: the 123 cm -I feature 
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Fig. 1. Raman spectrum for 
the low and high temperature 
phases of Ag2[Hgl4] in the 
vicinity of 120 cm -1.  Far the (~- 
phase, resolved components of 
the spectrum are shown as 
dashed lines, and the difference 
between the observed and calcu- 
lated spectra is displayed at the 
bottom. 

is broadened considerably, and a distinct shoulder 
appears a round 141 cm -1. A similar  broadening is 
observed for the corresponding band in  Cu2[HgI4] 
when the sample undergoes the order-disorder  t rans i -  
tion at 343~ but  it is not observed for T12[HgI4], 
which does not appear to have a solid phase transition, 
and which is not a good ionic conductor (Table I).  

Since disorder is a common feature in superionic 
conductors, the detection of disorder via Raman spec- 
troscopy should be useful for identification of potential  
new conductors (14, 15). The ut i l i ty  of various screen- 
ing techniques for ionic conductors has been discussed 
by Whit t ingham, who lists direct measurement  of ionic 
conductivity, ion exchange, dielectric loss, and nuclear  
magnetic  resonance as useful methods (16). As with 
NMR, the Raman measurement  is a spectroscopic tool 
which can be applied very readily to polycrystal l ine 
samples if the basic Raman ins t rumenta t ion  is avail-  
able. For example, we rout inely employ Raman spec- 
troscopy to characterize new heavy metal  halide 
phases. The measurement  may be carried out directly 
on the Pyrex or fused silica tube in which the sample 
was prepared, and as the Raman scattering cross sec- 
tions for heavy metal  halides are quite large, high 
sensit ivity is obtainable. It  also is a s t raightforward 

Table I. Linewidths at half-helght vs. temperature* 

A g 2 [ H g h ]  (122 em -1 b a n d )  

T e m p e r a t u r e ,  ~  173 319 332 391 
L i n e w i d t h ,  e m  -1 2.0 4.7 19.9 24.5 

Cu~[HgI~] (127 em-1 b a n d )  

T e m p e r a t u r e ,  ~  153 342 355 
L i n e w i d t h ,  c m  -z 1.4 4.1 ca .  18 

Tle[HgI~]  (129 cm -~ b a n d )  

T e m p e r a t u r e ,  ~ 153 295 405  
Linewidth, c m  -1 2.5 2 .9  6.5 

* T r a n s i t i o n  t e m p e r a t u r e s :  Ag~[HgI4] ,  323~  Cu=[I-IgI~], 343~ 

matter  to perform the Raman measurements  at a 
series of temperatures  to detect the onset of disorder. 

The scope of the Raman method is different from that 
of NMR line narrowing because Raman spectroscopy is 
not l imited by the existence of suitable nuclear  prop- 
erties for the mobile ion. On the other hand, Raman  
spectroscopy is not highly sensitive to light metal 
oxides, and therefore is not an attractive tool for 
~-alurmna type systems where fluorescence from im-  
purit ies tends to obscure the Raman  spectrum unless 
careful sample preparat ion is employed. As with NMR, 
a positive Raman  test will not  ensure that the sample 
will be a good ionic conductor, but  will indicate that  
the more complex conductivity measurements  are war-  
ranted. High ionic conductivity wil l  not  accompany 
Raman line broadening if the c~isorder is localized be- 
tween sites which do not communicate  with the re-  
mainder  of the crystal, or if the disorder is static, with 
little ion motion between sites. In  principle, infrared 
l ine broadening could be used analogously to the 
Raman technique; however, the lat ter  will  general ly 
be the most convenient,  par t icular ly  with heavy metal  
halides. 

There are several possible origins for the broadening 
of certain infrared and Raman modes in disordered 
phases. In  the disordered phase, the wave vector, k, 
no longer retains its meaning so the k ~ 0 selection 
rule is relaxed with the resul t ing observation of 
transit ions over a range of the phonon dispersion. Dis- 
order also introduces new decay channels for the life- 
time broadening of optical t ransi t ions (17). Addit ional  
broadening will occur if the correlation time for ion 
motion occurs on an appropriate t ime scale (18). F i -  
nally, it is possible that a variety of discrete new 
structures in  the disordered phase will produce a series 
of overlapping bands which give the appearance of 
simple l ine broadening. Clearly, the l ine broadening 
experiments contain potent ial ly useful informat ion be-  
yond their application in screening; however, the un -  
ravel ing of individual  contributions to the broadening 
may be difficult. 
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The origin of the  141 cm -1 shoulder  in the  Raman  
spec t rum of a-Ag2[HgI4] is not obvious, but  two a l -  
t e rna te  explana t ions  appear  l ikely.  I t  may  correspond 
to a m a x i m u m  in the phonon densi ty  of states which is 
observed owing to a b reakdown  of the periodici ty,  or 
it  may  correspond to a discrete  s t ruc tura l  fea ture  
which is unique to the d isordered  phase. A l ike ly  new 
s t ruc ture  is the  Hg217 moiety,  which  would  arise in 
the crys ta l  by  the occupat ion of two adjacent  t e t r a -  
hedra l  sites by  Hg 2+ ions. Normal  coordinate  analyses  
on isolated HgI4 ~-  and Hg2IT 3-  indicate  that  a high 
f requency mode should appear  in the spec t rum of the  
lat ter .  Since the  detai ls  a re  not  essent ia l  to the  pu r -  
pose of the present  note, fu r ther  discussion of the 141 
cm -1 fea ture  wi l l  be deferred.  
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Energy--The Short and Long of It 1 

John S. Foster, Jr. 
TRW Incorporated, Redondo Beach, California 90278 

Thank  you very  much, President  Beck, for that very 
generous and flattering introduction. At the outset I 
wan t  to express my appreciation for the honor and 
privilege of being invited to present  the semiannual  
Electrochemical Society Lecture. 

I should begin with a few words about the title 
chosen for this lecture. Each of you has been called 
upon to make presentat ions and speeches from time to 
time. In  addition you are asked to supply a subject and 
title. In  my case the subject came easi ly--ENERGY. 
The rest of the title, however, was born out of a sense 
of f rus t ra t ion- - f rus t ra t ion  being experienced by almost 
everyone involved in energy; those who search for 
new sources and development  and production, proc- 
esses, distribution, and final use. And also those who 
are frustrated by the difficult and tedious social, po- 
litical, economic, environmental ,  legislative, and legal 
aspects. This frustrat ion has been growing for the last 
twenty  years. 

Perhaps it started with the debates in the early 
1950's culminat ing in  the 1954 congressional decision 
to regulate the price of gas at the wellhead. The sub- 
sequent controls to keep the price of gas low held down 
prices for oil and reduced our use of coal. We went  to 

1 This  is  The  E l e c t r o c h e m i c a l  Soc ie ty  L e c t u r e  d e l i v e r e d  a t  the  
Dallas ,  Texas,  M e e t i n g  os the  Socie ty ,  Oc tober  6, 1975. 

the Middle East for cheaper oil and became dependent  
on that  source to fuel the future  growth of America. 
And all the while we have been debating the pros and 
cons of our actions. We chose the course of enforcing 
cheaper fuel prices for energy at the risk of not facing 
up to the costs of energy for the long haul. In  1973 
OPEC pulled the str ing on our shor t - te rm strategy 
realizing that by then we were ill prepared to do with-  
out them. So in spite of two decades of debate, the 
short and the long of it is that we are drif t ing deeper 
and deeper into trouble. It was the sense of f rustrat ion 
that despite endless debates we have stuck to the wrong 
course that  prompted me to assume it might  be pos- 
sible to say something succinct, hence the title, "En-  
e r g y - T h e  Short and Long of It." 

America and the rest of the world may have finally 
awakened to the fact that  we have an energy crisis 
on our hands, and  that  it 's going to get worse before it 
gets better. 

Our energy needs are increasing while our supplies 
of oil and gas are dwindling.  We're at the mercy of 
the petroleum export ing countries, more so today than 
we were at the t ime of the embargo back in  1973. We 
may have to deal wi th  a shortage of na tura l  gas this 
winter.  And both oil and gas supplies are limited. One 
day they're going to be gone. 

It 's everyone's  problem---government,  industry,  un i -  
versities, the man  on the street. The solution is going 
to be devil ishly difficult, and everyone is going to have 
to get involved. 

We need a p lan  of action, for both the short t e rm  and 
long term, if we're  going tO solve the dilemma. And 
that 's  a par t  of what  I want  to talk about today, at the 
risk perhaps of belaboring the obvious. Some things do 
bear repeating, lest we get so busy fighting alligators 
that  we forget that  our  original  objective was to dra in  
the swamp. 

It seems to me that  the energy crisis and the  way 
out of it can best be understood if we look at three 
fairly well-defined aspects of the problem. First  off, 
there is the people problem, which has to do with the 
general  public and its relationship to the energy crisis. 
Make no mistake about  it, if we can' t  solve this one, 
if we can't  get the public behind us, then  "Project In~ 
dependence" isn' t  l ikely to be any  more successful than  
"Project Prohibit ion" was half a century  ago. 

Second, we have the problem of method and ap- 
proach; how we're going to attack the energy crisis, 
arr ive at decisions about what  to do, the associated 
risks, and how best to use the nat ion 's  capabilities. 

Third, there are the specific programs, schedules, and 
approvals for achieving our objectives. If the schedule 
slips too much, if we make too m a n y  wrong guesses 
about what we ought to be doing, the crisis is going to 
tu rn  into a ful l-scale disaster. 

Now let 's look at the short and long of it for each of 
these categories. 

The people problem.MSome of the shorts and longs 
of the "people problem" are: we're short on energy 

5C 
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resources, long on waste. Short  on action and decisions, 
long on proposals, ideas, and schemes. Short  on trust, 
long on suspicion. Short  on personal concern and com- 
mitment,  long on fingerpointing and accusations. Short  
on enabling legislation, long on restr ict ive legislation. 
Long on political profit, short on economic profit. 

It 's ve ry  difficult to get people, except  those already 
deeply and professionally involved with  energy, to 
realize that  we do have a crisis. To most people, the 
energy crisis has come and gone. They want  to keep 
their  heavy and low-mi leage  cars. They want  the ther-  
mostat  up to 75 ~ or 80 ~ in the winter  and down to 70 ~ 
or 75 ~ in the  summer.  We' re  short on the long view, 
long on the short view. 

What  we ' r e  going through right now is kind of like a 
remission in cancer: some of the symptoms have dis- 
appeared, b u t  the disease is still there. We'd bet ter  
do something to t reat  it, because it can be terminal.  

The people are recovering, or t rying to recover,  f rom 
a series of painful  blows. In the past few years, we 've  
seen America  all but  torn  apart  by the controversy 
over  Vietnam. We 've  l ived through the shame and 
shambles of Watergate.  We've  held our brea th  and 
tried to resolve the Middle East crisis before it blows 
up in our faces. We 've  tr ied and are still t ry ing to cope 
with  runaway  inflation in the midst  of a recession. 
(Perhaps recession is not the r ight  word. If your neigh-  
bor is out of  work, that 's  an "economic readjus tment ."  
If you ' re  out of work, that 's a "recession." And if your  
wife is out of work, that 's  a "depression.") 

Now, after all these overlapping t raumas and crises, 
we ' re  told that  we have to learn to l ive wi th  less oil for  
our  furnaces and cars and electric power  plants. Is it 
any wonder  that  people are ei ther apathetic about  the 
energy problem, or simply refuse to bel ieve that  it is 
a problem? Or that  some are convinced that  it's an-  
other  h igh- leve l  conspiracy designed to l ine the pockets 
of the "haves" at the expense of the "have-nots"?  

Of course, it's actually a cop-out  to even ta lk  about 
the problem in the context  of our own country ex-  
clusively. Tl~e fact is, and we all know this even though 
we may not like to admit  it, the energy  problem is a 
global one. Anything we  do to cope with  it on a na-  
tional basis is only going to be a stopgap measure at 
best. We already consume 35% of the world 's  energy 
with only 6% of its population. How much longer  can 
we get away wi th  that? 

There are some very  tough choices that  have to be 
made. President  Ford realized this when  he began to 
rev iew the Project  Independence Blueprint  during his 
Christmas vacation last year. Every  a l ternat ive  seemed 
to have two or three unacceptable  aspects to it. Some 
al ternat ives would play hell  with the economy, others 
would fur ther  degrade the environment ,  almost all of 
them present  severe economic problems. Every th ing  
interacts wi th  everything else. We don't  just  have an 
energy problem, we have the Four  Big E's: Energy, 
Environment ,  Economics, and Education. 

Everyone  who tries to cope with  these problems 
suffers f rom some kind of bui l t - in  bias. Any program 
the President  proposes has, of necessity, a political 
aspect and requires negotiat ion and compromise with  
the Congress. Each member  of Congress has a constitu- 
ency back home to answer to, with their  own sets of 
bui l t - in  biases and regional interests. The same applies 
to industry;  any changes they propose have to be 
evaluated in terms of profi t-and-loss and accountabil i ty 
to the stockholders. Who among us is going to volunteer  
to become a nonprofit corporation in order to save a 
few barrels  of oil? But the fact is we can save energy 
and make more profit. 

It comes down to this: we ' re  short  on self-sacrifice, 
long on self-interest .  That 's  what  created t h e  energy 
problem in the first place, and that 's  what 's  delaying 
the solution. It 's going to take nothing less than a re-  
s t ructuring of all the old thought patterns, f rom the 
top down and from the bot tom up. We've  got to start  
l iving by the Golden Rule instead of just  giving it lip 

service. And since America  has been the biggest con- 
sumer of energy, I think it 's pre t ty  much up to us to 
take the lead in al leviat ing the crisis. 

The method and approach.--How should we  ap-  
proach this amorphous mass known as the energy 
crisis? Some of the shorts and longs that  apply here 
are: we ' re  short on incentives, long on requests. Short  
on trained people, long on unemployed people. We' re  
short on coordinated, in tegrated programs, long on in- 
dividual  pet projects. Worst  of all, we ' re  short on time, 
long on problems to be solved in time. 

Dr. Edward  Teller, in his repor t  to the Energy  Panel  
of the Commission on Critical Choices for Americans, 
said that  we should not t ry  to solve the energy prob-  
lem forever.  We can't  expect  to provide answers to all 
the new problems and possibilities that  may show up 
in the 21st century. I think that 's  an impor tant  point to 
remember .  It provides a sharper  focus and makes the 
over-a l l  p roblem a lit t le more manageable.  

We need to look at the whole picture, the four Big 
E's that  I mentioned. In one sense, there 's  no such thing 
as solving the energy problem, the envi romenta l  prob-  
lem, the economic problem, the education problem any 
more than we can expect  to solve the old age problem 
or the health care problem. We can only improve  the 
situation in each case by solving hundreds and thou-  
sands of individual  problems, one at a time. 

It 's different than going to the moon or fighting a 
war  and it 's even more complex. But some of the same 
tools and skills can be used and are being used. The 
systems approach, computer  modeling and synthesis, 
these techniques help identify key elements of the prob-  
lem, analyze various functions and how they interact,. 
but the name of the game is to spot the leverage points 
that  can increase the energy supply, reduce the  cost, 
improve the environment ,  and motivate  people to do 
their  part. 

There are a lot of dedicated people in industry, gov-  
ernment,  and education working on these problems. 
Of these the most immedia te  and pressing burden falls 
on those in government ,  for without  question it is 
their  judgments  and actions which will  chart  our course 
toward energy independence. Unfortunately,  almost 
all of these civil servants a~e te r r ib ly  overloaded. Those 
at the top are ve ry  able people who must  be involved 
in an enormously complicated and demanding range of 
activities. The coordination of government  agencies, 
preparat ion and presentat ion of testimony, speaking 
engagements,  program development  and rev iew are 
just  part  of the burden. To the  levels below them falls 
the responsibil i ty for creating analyses of impor tant  
questions, p rogram detail, endless meetings wi th  sup- 
port contractors, etc. With such heavy loads the re  is a 
tendency to handle each problem as it comes up and 
not be able to devote the t ime necessary to address and 
resolve the major  problems. 

It seems to me that  the effectiveness of various 
agencies could be significantly improved,  par t icular ly  
in the energy areas, if the largest  or more important  
efforts could be identified, and governmen t / indus t ry  
teams selected to give them the attention they  deserve. 
While this may seem to be quite a depar ture  from 
present practice, it is just  the method we have used in 
the pas t - - in  World War II to produce synthetic rubber,  
in the late  fifties to overcome the missile gap, and in 
the sixties to go to the moon and re turn  successfully. 
In the same way, it seems to me we can forge govern-  
men t / indus t ry  teams to accelerate the development  of 
in situ coal and shale, l iquefact ion and gasification of 
coal, and other areas where  the name of the game is to 
reduce technical and economic uncertainties.  In this 
regard one of the things our government  does best is to 
take those actions necessary to improve  the marke t  en-  
v i ronment  by the removal  of technical  risk, provision 
of front  end capital, etc. One of the things that  gov- 
ernment  f requent ly  does not do well  is the implementa-  
tion of programs;  hence, the reason for suggesting a 
government / indus t ry  team. 
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It  will take years to perform a complete analysis of 
the over-al l  energy problem and all the al ternat ive 
solutions. But in the meantime, we can and must  begin 
working on some of the major  requirements  that  have 
already been identified, l ike expanding our coal pro- 
duction and usage, bui lding more nuclear  power plants, 
in tensifying the search for new oil and gas deposits, 
and doing extensive research and development  on new 
energy sources such as oil from shale, gas from coal, 
and solar energy conversion. 

Of course the energy problem is nothing new to 
electrochemists. You've been working on more efficient 
ways to convert  and store energy ever since the dis- 
covery of electricity back in the 18th century, and the 
contr ibutions of electrochemists include batteries, fuel 
cells, and solar cells. Your work has made possible self- 
s tar t ing cars, portable radios, flashlights, calculators, 
manned  flight, and long- te rm planetary  probes. And 
today, electrochemistry still faces a host of challenges. 
The world needs low-cost, efficient ways of reducing 
our dependence on fossil fuels. Fuel  cells, for example, 
can near ly  double the efficiency of convert ing fossil 
fuels to electricity, provided low-cost, long-l ife  cata- 
lysts can be found. Inexpensive photogalvanic or 
photovoltaic devices can provide us with an almost 
inexhaust ible  supply of energy. And economical, long- 
life, efficient secondary batteries can provide the load 
leveling needed to operate large coal and nuclear  
power plants  at max imum efficiency. There's no doubt 
about  it, you 've  got your  work cut out for you. We all 
have. 

Programs and schedules.--The things we have to do 
to deal with the energy crisis are related to our two 
major  objectives: reduce energy demands and find new 
energy resources. It sounds a lot simpler than it 
really is. 

For the short term, I see at least six steps that need 
to be taken, all of which will  help for the long term, 
too. They are: conservation, bui lding a reserve supply, 
finding new gas and oil deposits, switching from petro- 
leum to coal wherever  possible, stepping up construc- 
t ion of nuclear  power plants, and, last but  by no means 
least, t ra in ing the necessary talent.  For  the long term, 
we have only one step to take, bu t  it 's a giant one: we 
have to find new substitutes, in  addition to nuclear  
power and coal, to replace the oil and gas which will all 
be gone wi th in  the next  generat ion or two unless of 
course we can gain a l i t t le t ime through the unl ikely  
discovery of major  new deposits that  we don' t  yet 
know about. 

El iminat ing waste through conservation can relieve 
the energy crunch faster than  any other single step. 
This will  also alleviate the economic crunch to some 
extent  and, in many  cases, ease the envi ronmenta l  
pollut ion problem. It 's amazing but  t rue  that even a 
one per cent saving or improvement  in  efficiency would 
reduce our oil consumption by I00 mil ion barrels each 
year. At today's prices, that 's  more than  a bil l ion 
dollars saved. There are other fr inge benefits, too. For 
instance, the 55 mi le -per -hour  nat ional  speed limit, 
even though it's pre t ty  loosely enforced, not only saved 
a lot of gas but  reduced highway fatalities by 20% in 
1974. (Apparent ly  this idea of taking things slower 
is catching on with the younger  generation. My secre- 
tary tells me that the kids are not only driving slower, 
they ' re  even dancing slower, and closer, too.) 

The automotive indust ry  has finally embarked on a 
program of conversion to energy-saving cars. It 's been 
a slow and painful  process, but  it 's working. To the 
rest of industry,  conservation means p lanning  for the 
future  in  new ways like more efficient heating and 
cooling systems~ more efficient machines and equipment  
and use of materials.  To labor, conservation may mean  
the loss of some jobs for the short term, but  it will  
mean  more jobs in the long run  as more energy be-  
comes available for critical industr ia l  needs, and as 
new sources of energy are developed. 

But  what  about the man  on the street again? What  
can be done on an individual  basis to make people stop 
wasting energy? The. whole thrust  of the American way 
of life has been the idea of upward mobility, increasing 
our s tandard of living, and that means burn ing  up 
more energy. But we must  have the cooperation of the 
general  public or we're not going to solve the energy 
problem. Government  and indus t ry  need the public 's 
support and confidence. We've got to work like the 
devil to restore the people's faith in  their leaders and 
in science and technology. Beyond that, we've got to 
somehow get people to do what 's  best for the greater 
nurr~ber, even if it means giving up some of their per-  
sonal conveniences. This may require rat ioning and 
enforced scarcity, unless we can find the kinds of in-  
centives that  will  make it happen voluntar i ly .  

Close on the heels of this conservation program, we 
need to begin building a reserve stockpile of gas and 
petroleum. We should start  small, say, a s ix-month  
supply, while cont inuing to study the si tuation to figure 
out whether  we really need a six-month,  two-year,  
four-year  supply or whatever.  This will help take us 
out of the panic mode and also put  us in a little bet ter  
negotiating position. Naturally,  this p lan  is not  going to 
work unless we can make the first step, conservation, 
work. 

We've got to keep looking for more oil and gas, that  
goes without  saying. We need to explore the outer con- 
t inenta l  shelf, in  spite of the risk of pollution. The 
techniques to avoid blowouts and spills or to minimize 
their consequences are improving every day. The risk is 
small, but in my view it is one that we have to take. 
It is, after all, a much smaller risk than the one we're 
already taking--the risk 'of running out of oil alto- 
gether before we have a viable substitute. 

Further, we need to switch from oil and gas to coal 
wherever possible and to step up production of coal, 
for which the supply is numbered in hundreds rather 
than tens of years. To make the switch, we have to 
solve some economic problems and environmental 
problems, but they are within the reach of today's 
technology. We can't just sit back and say that we 
mustn't burn coal because it pollutes, or because it's 
too expensive to convert the power plants. We can raise 
the money and we can control the pollution. 

Nuclear power offers one of the most promising ways 
to get out from under our petroleum dependency, in 
spite of the economic problem and public controversy 
associated with it. There is concern about reactor 
safety, radiation exposure, waste management, and 
terrorism. Some of these fears are valid, but so is the 
need to build reactors. We should get to work in both 
areas, but with a new partnership between government 
and industry. 

Finally, we need to increase the supply of trained 
professionals in the energy fields. We look to the uni- 
versities and colleges for the solution to this problem 
but government and industry can help by publicizing 
their needs. We need specialists in fossil energy, solar 
energy, geothermal energy, and nuclear energy re- 
actors. And we need people whose interests and edu- 
cation span more than one discipline. We've got to 
avoid the kind of polarization we've seen in recent 
years that pits the environmentalists and the energists 
against one another, and the economists against both. 

For the long term, we must start now to look for the 
substitutes that will keep us going after the gas and 
oil run out. There are enormous uncertainties, and it's 
going to take continuing study and experimentation to 
remove these uncertainties so we can decide where to 
spend our time and money. 

For example, we need to work the oil shale, particu- 
larly in situ approaches to find out whether the oil can 
be extracted economically and what the environmental 
considerations are. We need to drill more geothermal 
wells to find out whether in fact we have enough re- 
sources to provide the estimated 20,000 megawatts of 
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electric power we need by 1985. There's little point  in 
solving the technological problems if the resources 
aren ' t  there. We need to put  a lot of effort into experi-  
ment ing  and evaluat ing the opportunities from solar 
energy. But here again, there are a host of social, and 
financial as well as technical problems to be identified 
and solved. 

The short and the long of it is that  we have perhaps 
two to three years to adjust  the in terna t ional  political 
and economic si tuation to avoid the s t rangula t ion of 
several of our allies. We have from five to ten years to 
find several major  new sources of oil and gas, and 
fifteen to twenty-f ive years to develop al ternat ive en-  
ergy sources before the oil and gas are gone. These are 
the milestones we must  pass, and on schedule. 

It isn ' t  going to happen by accident, or by executive 
fiat, or by legislation. It will  happen only if everyone 
works together instead of at cross-purposes; scientists, 
energists, environmentalists ,  politicians, economists, 
businessmen, and educators being concerned and work-  
ing together for the common good. 

During the next  four days of sessions and discussions 
many  of you will have your  minds on the general  
subject of energy, and wi th in  the discipline of electro- 
chemistry which permits  us to solve many  of the prob-  
lems that l imit not only the avai labi l i ty  of energy, but  
also the flexibility and efficiencies in its use. I hope 
these remarks will t u rn  out to be of some value in your  
deliberations. My time is up as of this minute,  I thank  
you for yours. 
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Marcel J. N. Pourbaix--Palladium Award Medalist 

R. W. Staehle 1 

R. W. Staehle delivers introductory rema'rks about the Palladium 
Award Medalist. 

It  is a great honor for me to introduce Marcel Pour-  
baix on the occasion of his receiving the 1975 Pal la-  
d ium Medal from The Electrochemical Society. Pour -  
baix represents not only a specific set of contr ibutions 
but  signifies an important  era in  the development  of 
corrosion science and engineering. It  is certainly ap- 
propriate that The Electrochemical Society bestow its 
highest honor on a person who has contr ibuted so ex- 
tensively and so-generously. 

I should l ike first to review briefly important  aspects 
of his early history. Secondly, I should like to comment 
on Pourbaix  the man  since the products of a man  are 
so closely related to his personal inclinations. 

The task of prepar ing this presentat ion was facili- 
tated by a recent ly published biography of Pourba ix  
prepared by  B. F. Brown describing Pourbaix 's  back- 
ground (1) on the occasion of his seventieth birthday. 

Pourbaix  was born  in  1904 in Myshega, Russia, of 
Belgian parents. He was graduated from high school in 
1922 and received, for his scholarship, the Pr ix  d 'Ex- 
cellence from the Belgian government.  In  the same 
year he was admit ted to the Facul ty  of Applied Science 
of the Universit6 Libre de Bruxelles. 

In  1927 Pourbaix  graduated "with great distinction" 
from the Universi t6 Libre de Bruxelles and served as 

z I n t r o d u c t o r y  r e m a r k s  by  R. W. S taeh le ,  D e p a r t m e n t  of Me ta l -  
l u r g i c a l  E n g i n e e r i n g ,  The  Ohio  S ta te  U n i v e r s i t y ,  on the  occas ion  of 
the  p r e s e n t a t i o n  of  t he  P a l l a d i u m  M e d a l  A w a r d  to  Marce l  J. N. 
P o u r b a i x  on October  7, 1975, a t  the  Da l las  M e e t i n g  of t he  Socie ty .  

an assistant from 1927-1928. He received his first ex-  
posure to engineer ing dur ing the period of 1928-1934 
while he was an engineer  in the Belgian Chemical 
Union. Thereafter,  he re turned to U.L.B. where he h a s  
been ever since. Here, he worked on problems of gen-  
eral chemistry, electrochemistry, applied physical 
chemistry, catalysis, and metal lurgy.  

By 1938 he had devised a potent ia l -pH diagram and 
first published it in the bu l le t in  of the Belgian Chemical 
Society (2). 

In  1940 Pourbaix  delivered to the Facul ty  of Sciences 
an extensive dissertation entit led: "Experimental  Con- 
t r ibut ions to the Study of Corrosion on Ferrous Met-  
als." This large thesis was accompanied by three ancil-  
lary ones; the title of one was "Thermodynamics  of 
Dilute Aqueous Solutions" which was submit ted to the 
Technical Univers i ty  of Delft with F. E. C. Scheffer and 
W. G. Burgers as sponsors. He finally received two doc- 
toral degrees, one from the Technical Univers i ty  of 
Delft and one from the Univers i ty  of Brussels. 

Even before World War  II U. R. Evans had been im-  
pressed by the elegance of Pourbaix 's  presentat ion and 
had encouraged him. Following the War, Evans ar-  
ranged for John Agar to t ranslate  "The Thermody-  
namics of Dilute Aqueous Solutions;" this was pub -  
lished in  1949 by Arnold publishers (3) with an ex- 
tensive foreword by U. R. Evans. 

In  Evans'  foreword to Pourbaix 's  first book he noted: 
"It is l ikely that the research group at the Universit6 
Libre de Bruxelles, which Dr Pourbaix  is now organiz- 
ing, will come to be one of the world's centers for the 
experimental  and theoretical development of the nu -  
merous subjects on which he is now working." 

We have seen Evans'  predict ion realized. Most of the 
details since that t ime are chronicled in the article by 
Brown (1). 

Turn ing  now to Pourbaix,  the man, and his effect on 
his science, I wish to enumera te  three themes which 
seem to characterize him. First, he has a highly de- 
veloped intui t ive concern for the structure of things. 
This applies not only to his technical views but  also to 
the structure of insti tutions in which the technical 
processes must  be encouraged and develol3ed. The po- 
tent ia l -pH diagram, i.e., the Pourbaix  diagram, pro- 
vides such a s tructure for ar ranging important  infor-  
mation with respect to key thermodynamic variables. 
His selection of potential  and pH was a master stroke 
in organizing informat ion relative to corrosion. The 
potential  controls the solubili ty of metals relative to 
their ions; and the pH controls the stabili ty of the 
protective films. Pourbaix  was always careful to point 
out that the diagrams furnished a f ramework within  
which kinetic process might be interpreted, but  that  
the thermodynamic predictions were never  a substi tute 
for kinetic information.  The potent ia l -pH diagram fur-  
nishes a f ramework within which the kinetic informa- 
tion can be organized, much the same as the b inary  
equi l ibr ium diagram of metallurgy,  with its coordinates 
of temperature  and composition, furnishes a similar 

23C 
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Fig. 1. Upper two diagrams show schematic relationship between 
binary equilibrium diagram~ and TTT curve. Lower two diagrams 
show relationship between Pourbaix diagrams and polarization 
curve. Diagrams at left are thermodynamic and at right are kinetic. 

framework for the TTT curves. This correspondence is 
shown in Fig. 1. 

On this occasion, it would be somehow inappropriate  
not to show a sample of his diagrams and the appro- 
priate one is for pal ladium shown in Fig. 2. The regions 
per t inent  to corrosion are shown as based upon the 
solubil i ty or boundary  lines. Here pal ladium is in its 
immune  state below l ine 2 where the metallic pal ladium 
is stable. Above line 2 a succession of hydroxides and 
oxides are stable and provide the circumstance of pas- 
sivity. To the left, Pd ++ is stable and suggests the 
possibility of corrosion. 

An important  aspect of his concern for s t ructure  
is his early observation that  the diagrams applied not 
only to corrosion but  also to a broad range of chemical 
phenomena.  In  part icular  they supply a f ramework 
within  which to consider geochemistry, electroplating, 
batteries, water  t reatment ,  and both homogeneous and 
heterogeneous chemical processes. 

Pourbaix 's  concern for the structure of things has 
also produced impor tant  ins t i tut ional  pillars within 
which corrosion science and technology operate. This 
includes significant publications as well  as organiza- 
tions devoted to corrosion and electrochemistry. The 
encyclopedic "Atlas of Electrochemical Equil ibr ia  in 
Aqueous Solutions" (4) provides immediate access to 
these important  diagrams. These diagrams have served 
as models for the development  of other equi l ibr ium 

diagrams which describe chemical stability. A rela-  
t ively recent noteworthy development  applies the con- 
cept of these diagrams to hot salt corrosion in  gas tu r -  
bines where the s tabi l i ty  diagram for a luminum in sul-  
fur-conta ining envi ronments  has been developed, by 
Goebel et al. (5). The correspondence of the hot salt 
and aqueous diagram is shown in Fig. 3. Finally,  his 
recent publication, "Lectures on Electrochemical Cor- 
rosion," embraces both the thermodynamic and kinetic 
bases which underl ie  corrosion. 

Pourbaix  founded CITCE in 1949. CITCE is an acro- 
nym for the In terna t ional  Committee for Electro- 
chemical Thermodynamics and Kinetics where both 
the kinetic and thermodynamic  aspects for corrosion 
and electrochemistry are subjects of jo int  considera- 
tion. He founded CEBELCOR in 1951 which serves as 
the inst i tut ional  basis for combining science and en-  
gineering in the service of corrosion. CEBELCOR is 
again an  acronym, for the Belgium Corrosion Center. 

In  1952 Pourbaix  founded the Electrochemistry Com- 
mission of the In terna t ional  Union of Pure  and Ap- 
plied Chemistry; he was the founder of working 
group six (test and control methods) for the European 
Federat ion of Corrosion. In  1970 he formed the corro- 
sion depar tment  of the Univers i ty  of Brussels and in 
1972 developed a collaboration with the Universi ty  of 
Florida. 

The second thematic s t ream in Pourbaix 's  back- 
ground seems to be based upon a strong incentive to 
relate fundamenta l  unders tandings  to the needs of the 
world at large. In the present  vernacular  this is called 
"technology transfer." However, Pourbaix 's  personal 
efforts have epitomized the concepts in technology 
transfer  throughout  his career. He is the first of the 
corrosion missionaries. He has established short 
courses, which he terms "corrosion weeks," in Brussels, 
Pittsburgh, Gainesville, Lisbon, Rio de Janeiro, Du- 
brovnic, and Clermont. He has been unceasing in his 
enthusiasm for spreading the gospel of corrosion. To 
use the words energetic and peripatetic in this enter-  
prise seem most appropriate. The zeal and selflessness 
which he has exhibited in this enterprise deserve, by 
themselves, the Pal ladium Medal. 

Finally, and perhaps most characteristic of Pourbaix 
is his personal generosity, He encourages young work- 
ers to dedicate their enthusiasm and confidence to un-  
ravell ing the complications of corrosion problems. He 
never  recoils from start ing yet again with still another 
young mind. He has especially encouraged the develop- 
ment  of new groups in developing countries. 

Another  side of this generous spirit  is epitomized in 
his charming tradi t ion of sending postcards to corro- 
sionists throughout  the world. He always arranges for 
a card to be sent to U. R. Evans from significant meet-  
ings and often arranges to have those present  add their  

Fig. 2. Potential-pH diagram 
for Pd showing the calculated 
equilibrium lines at left in (a). o 
Same diagram in (b) but with 
regions of corrosion, immunity, 
and passivity shown. 
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signatures. He is unfa i l ing  in  this acknowledgment  
of those who have gone before him and who have con- 
t r ibuted  to the foundations upon  which his work has 
spread still further.  

It is especially appropriate to conclude this in t roduc-  
t ion by acknowledging his wife, Marcelle. He gives her 
loyal and unfa i l ing  support  which she re turns  to him. 
They have three children. One is an architect, one a 
doctor, and one his successor. They have a charming 
country  home outside Brussels where Mme. Pourbaix  
raises flowers from seeds obtained dur ing their  corro- 
sion travels. In  addit ion to being a charming com- 
panion, Mme. Pourbaix  is a significant artist  in  her 
own r ight  and specializes par t icular ly  in sculpture. 

I omit an enumera t ion  of the honors which have 
been accorded to Pourbaix.  These may be found readily 
in the article by Brown. Further ,  l isting the honors 
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which he has received would be redundant .  For  Pour-  
baix the honor has always been in the giving. 
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Some Applications of Potential-pH Diagrams to the Study of 
Localized Corrosion 

Marcel Pourbaix s 

Marcel J. N. Pourbaix presents the Palladium Medal Address 

Dear Roger, you are really, as everybody knows, a 
fine, fair, and fai thful  friend. Thanks a lot for your  
very  k ind words. 

Dear Ted and Mr. President,  first of all I wish to 
express to The Electrochemical Society and to you my 
feelings of deep grat i tude for having extended to me 
such a high distinction, which enables me, as Pal la -  
dium Medallist, to join eleven outstanding friends of 
the United States and of other countries, among whom 
two are present today: Herb IYhlig and Norman Hack- 
erman. Referring to the six non-Amer ican  medallists 
(Carl Wagner, Ulick Evans, the late Kar l  Bonhoeffer, 
Aleksandr  Frumkin ,  Thomas Hoar, and Veniamin Le- 
vich),  as well as to Paul  Delahay who is also from 
Belgium, I may tell you how much the Pa l lad ium 
Medal since the day it was created, has been appre-  
ciated throughout  the whole world, a n d  how much it 
has contr ibuted to promoting in terna t ional  fr iendship 
and collaboration, which is a duty  for all of us. In  
the kind presentat ion which was published in the Sep- 
tember  issue of the Journa l  of your  Society, the crea- 
t ion of CITCE in  1949 was mentioned. I wish to re-  
mind  you that one of those who has actively contr ib-  
uted to the creation of CITCE is Pierre Van Ryssel- 
berghe, who, for reasons of health, is unable  to at-  
tend the present meeting, who also comes from Bel- 
gium, who is present ly  ret i red from Stanford Uni -  

e P a l l a d i u m  Meda l  Addre s s  d e l i v e r e d  October  7, 1975 a t  the  Da l l a s  
Texas,  M e e t i n g  of  The E l e c t r o c h e m i c a l  Socie ty .  The  m e d a l  w a s  
s t r u c k  f rom p a l l a d i u m  s u p p l i e d  by  the  I n t e r n a t i o n a l  N i c k e l  Com-  
pany,  67 Wal l  S t ree t ,  New York ,  New Y o r k  10005. 
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versify, and who was the first president of CITCE. I 
also wish to pay t r ibute  to my many  friends, and es- 
pecially to the members  of the team of CEBELCOR, 
who have collaborated on the work which is crowned 
today by the Pa l lad ium Medal. 

Passivation by Palladium 
Mr. President, ladies and gentlemen, as you all know, 

pal ladium is real ly a fine metal, which altogether is 
corrosion-resistant in  most environments  and has prac-  
tically no overpotential  for the hydrogen evolution. 
This means that, if pal ladium is in contact with another 
metal  under  conditions where hydrogen may be 
evolved under  atmospheric pressure, its electrode po- 
tential  is along the "hydrogen line" ~ of the potential-  
pI-t diagrams (Fig. 1). If this Iine is in  the corrosion 
area of another metal, as is general ly  the case for iron 
(Fig. 2), it will  promote corrosion of this metal  be-  
cause it will  increase its corrosion affinity, which is 
measured by the vertical distance between the elec- 
trode potential  of the metal  and its immuni ty  potential.  
But if the hydrogen line a is in the passivity area of a 
metal  or alloy, and above its corrosion area, pal ladium 
may promote passivity, and thus reduce or even stop 
corrosion. ' This is in  agreement  with the work which 

was begun in 1953 by N. D. Tomashov and co-workers 
concerning the influence of "cathodic additions" (Cu, 
Ag, Pt, Pd, Re) on the passivating abil i ty and the cor- 
rosion resistance of some high-al loy steels (1) [see 
details in Ref. (2)],  it's being understood that such an 
effect may be beneficial only if the corrosion area of 
the alloy steel (Fig. 3 and 4), which depends notably 
upon the na ture  of the steel, is not  too close to the hy-  
drogen line; if too close, or if the passivity is not per-  
fect due for instance to a too high chloride content  of 
the solution, pal ladium may be harmful  instead of 
being beneficial. Pa l lad ium should thus be used only 
with precautions for improving the corrosion resistance 
of ahoy steels. A similar, and more spectacular and 
safe effect of palladium, exists on t i tanium which, as 
shown in Fig. 5, has a corrosion area far below the hy-  
drogen l ine and may be perfectly passive even in  the 
presence of chloride. And this is why, as shown by the 
fine work begun in 1958 by M. Stern (3) and begun in 
1961 by N. D. Tomashov (2, 4), the addition of pal la-  
dium to t i tan ium may be very  beneficial�9 As said in 
1970 by M. G. Fontana  (5), "one of the great t r iumphs 
of corrosion science is the development of t i t an ium 
alloys containing noble metal  additions." However, it 
should be borne in mind that these noble metal  addi-  
tions may be effective only when  the dangerous "cor- 
rosion tr iangle shown in  Fig. 3, 4, and 5, is ent i rely 
below the hydrogen l ine ~, and preferably far below, 
so that any danger of localized corrosion (crevice cor- 
rosion, and eventual ly  stress corrosion cracking) be 
avoided. In  the cases of both alloy steels and t i tanium, 
pal ladium may be used either as a l loy-element  or as a 
deposit on the metal  (2). 

But, Ted, I th ink  that  you know more than I about 
t i tanium. As far as pal ladium is concerned, I hope that  
I shall resist the temptat ion to use the beaut i ful  speci- 
men which In terna t ional  Nickel and you just  gave to 
me for making corrosion and protection experiments�9 

I shall now present  two examples of the application 
of potent ia l -pH diagrams to the study of localized 
corrosion phenomena and to the setting up of remedies 
to such corrosion relat ing respectively to copper, to 
iron, and to their alloys. 
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Localized Corrosion of Copper and of Copper Alloys 
In  1961, the In terna t ional  Copper Research Organiza- 

tion, INCRA, asked CEBELCOR to t ry  to elucidate 
some fundamenta l  electrochemical aspects of the pi t-  
t ing corrosion of copper tubes in cold water, which was 
at that  t ime a severe problem in  several countries 
such as Belgium, Germany,  The Netherlands, the 
Uni ted Kingdom, and the U.S.A., but  not in  France. 

Thanks to pioneer work performed in the U.K. in the 
early fifties by H. S. Campbell  (6) and R. May (7), it 
was already known that  most copper pits contained 
white cuprous chloride, CuC1 (7); and that the exist- 
ence of pits was often associated with the presence on 
the surface of the metal  of a carbonaceous film formed 
dur ing manufac ture  of the tubes (6a) a t t r ibuted to 
breakdown of drawing lubr icant  residues dur ing br ight  
anneal ing of the ha l f -hard  tubes. However, copper 
tubes covered with such a "deleterious film" did not pit 
in  all waters: no t rouble occurred in some surface 
waters, such as the water  of the r iver  Thames, con- 
ta in ing an unidentif ied organic fluorescent inhibi tor  
(6b). The circulation of electric currents  between ex- 
ternal  cathodic areas and in terna l  anodic cavities had 
already been observed, but  it was also observed by 
R. May that, for some u n k n o w n  reason, the currents  
sometimes flowed "in the wrong direction": the pit 
sometimes became "cathodic" instead of "anodic." 

In  the research which we undertook in this field (8), 
we first tr ied to form artificially a pit  similar to the 
na tura l  ones by simply immersing in  r unn ing  Brussels 
water  a copper plate on which was sealed a thin plastic 
tube  containing some CuC1 (Fig. 6); but, after about a 
month  of immersion, we observed with surprise just  
the contrary of what  we expected: instead of a pit 
there was a deposit of metallic copper under  the CuC1- 
containing tube. We then used another  experimental  
device (Fig. 7) consisting of a series of glass tubes 
containing open sections of copper tubes cut at 120 ~ . 
Water was passed cont inuously through the glass tubes 
at a velocity of 20 mm/sec,  and, as a funct ion of time, 
we measured the values of the electrode potentials of 
the copper specimens and we observed visual ly their  
surface conditions. Tests were also made on thin copper 
wires, where the development  of a pit was detected by 
a rup ture  of the wire. 

Figure 8 shows a typical electrode potent ia l - t ime 
curve for 10% PO4H3-pickled electrolytic copper 
in flowing Brussels water. During a first period of 
about ten days, the electrode potential  remains  at rela-  
t ively low values (about --50 to --10 mVsce) and the 
surface becomes covered with a reddish deposit o f  
cuprous oxide Cu20; during a second period of about 
ten days, the potential  increases steadily to about 
4-40 mVsce, and some greenish flakes of basic carbonate 
malachite CuCO3.Cu(OH)2 are progressively formed 
on the surface; during a third period, periodic drops 
and rises of electrode potential  occur. 

We observed that i l luminat ion  of the copper with a 
200W tungsten  flash lamp (which we used occasionally 
for observing the surface condition of the metal)  does 
not affect its electrode potential  during the first period 
shown in Fig. 8 (after 1 hr  at --38 mVsce) (Fig. 9), but  
during the third period (after 145 days at 4-77 mVsc,) 
it promotes very quickly, dur ing  a fraction of a second, 
a considerable potential  drop of a b o u t  320 mV (unti l  
--250 mV~e~), which is only temporary.  We also ob- 
served that a s tagnation of the water  (Fig. 10) leads, 
dur ing the first period, to a slight increase (of about 
20 mV) of the electrode potential,  but  that, during the 

V wire for measuring the electrode potential 

S plastic tube 

/ / /  

Fig. 6. Copper specimen used in experiments for attempting to 
produce artificial pits (first attempt). 
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electrolytic copper vertically immersed in continuously flowing 
Brussels water. 

third period, it promotes a slow and impor tant  de- 
crease of the potential  to the same value as does il- 
lumina t ion  (--250 mVsce), and this also temporary.  I 
have to confess that these funny  results were at that 
t ime quite incomprehensible to us, and that  they even 
led some members  of the team working with us to 
question the interest  and the validity of electrode po- 
tent ial  measurements.  Besides this, we had performed 
numerous potentiokinetic and potentiostatic experi-  
ments, most of which were helpless and hopeless, unt i l  
finally, after having tested for about 155-367 days 207 
specimens of different composition (electrolytic copper, 
deoxidized phosphorous, arsenic, etc.), of different ini-  
tial surface conditions (pickled, as coming from the 
factory, with or without  "aquablasting," etc.), isolated 
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Fig. 9. Influence of temporary illumination of electrolytic copper 
on its electrode potential after 1 hr and 145 days immersion in 
circulating Brussels water. 
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Fig. 10. Influence of water stagnation on the electrode potential 
of electrolytic copper immersed vertically. 

or coupled with graphite or with different metals (gold, 
plat inum, rhodium, silver, t in) ,  with or without  some 
additions (Fe + +, MnOe, NaC10) to the Brussels water  
we were using for the tests, we made an unexpected ob- 
servation which brought  hope and confidence back to 
us (Fig. 11 and 12). 

Among these 207 specimens, 51 did show pit t ing and 
the 156 others did not. And, all the 51 pitted specimens 
had reached, dur ing the th i rd  period of the experiments 
conducted with the device shown in Fig. 7, an electrode 
potential  higher (i.e., more positive) than a critical 
value, which was about -t-100 mVsce for wires and 
~,170 mVsce for tubes; these specimens were the only 
ones which reached such high values: all the 156 other 
specimens, which did not show pitting, had lower po- 
tentials. In  t rying to unders tand  our experimental  ob- 
servations, we looked to cross sections through copper 
pits and we used potent ia l -pH equi l ibr ium diagrams. 

Figure 13 shows a" cross section through a copper pit 
in Brussels water. At the bottom of the pit there is 
some white cuprous chloride, CuC1, and a large amount  
of reddish cuprous oxide, Cu20; the top of the pit is 
covered with green malachite CuCOs-Cu(OI-1)2 (with 
some white calcium carbonate, CaCO3). Needless to 
say, the solution in  the presence of which the copper 
pit develops is not the bulk  of the water, but  a solution 
saturated in both CuC1 and CueO. Figure 14 shows a 
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Fig, 11. Corrosimetric test on pickled copper tubes in the pres- 
ence of circulating Brussels water. Relationship between the maxi- 
mum electrode potential and the time when corrosion pits appear. 
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Fig. 12. Corrosimetric tests on electrolytic copper wires in the 
presence of Brussels water flowing continuously (11.5 cm" sec-1). 
Relation between the maximum electrode potential and the time 
when rupture occurs. (Results after 250 days). 

CuCO3"Cu(OH) 2 (green) 

" " loose Cu20 (red) 

CuCI (white) 
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Fig. 13. Copper pit. Cross section showing the presence of red 
Cu~O and white CuCI beneath a mushroom of green malachite. 
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Fig. 14. Copper pit. Cross section of the pit shown in Fig. 13 
after removal of the loose deposit of Cu20. 

fur ther  cross section through a copper pit, similar to 
the one shown in Fig. 13, which clearly shows that 

most of the Cu~O has disappeared from the cavity and 
is thus a loose secondary corrosion product. 

Figure 15 shows a potent ia l -pH equi l ibr ium diagram 
for the b inary  system Cu-H~O, at 25~ where, notably,  
the equi l ibr ium conditions of Cu, Cu20, and CuO, may 
be seen; in  the presence of pure water  of pH 7, the 
s table  oxidation product of copper is Cu20 if no oxygen 
is present;  it is CuO if oxygen is present. Figure 16 
shows a potent ia l -pH equi l ibr ium diagram for the 
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Fig. 15. Potential-pH equilibrium diagram for the copper-water 
system at 25~ 
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Fig. 16. Potential-pH equil!brium diagram for the three-compon- 
ent system, Cu-CI-H20, for solutions containing 355 ppm CI -  
(10 -2  g �9 ion/liter). 
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t e r n a r y  sys tem Cu-CI-K20 va l id  for  solutions conta in-  
ing  10 -~ g . ion  C1- / I i te r ,  which  is about  the  amount  of 
C1- in a solut ion sa tu ra ted  in CuC1. This figure shows 
that  CuC1 is not  s table  in a neu t ra l  solut ion of pH 7, 
where  the s table  form of un iva len t  copper is Cu20; 
CuC1 should thus, in such a solution, hydro lyze  ac-  
cording to the  reac t ion  2CuC1 + H20 -> Cu20 + 2H + 
+2C1- .  The only point  of the  d iagram where  Cu, Cu20, 
and CuC1, which are  coexist ing at  the  bot tom of a pit, 
are s imul taneous ly  stable,  is the  point  of intersect ion 
of the  three  l ines 12, 51, and 55. This point,  whose co- 
ordinates  are  E : +270 mVehs and pH : 3.5, thus 
represents  the  equ i l ib r ium condit ions at the  bot tom of 
the  pit.  For  this point, the  equi l ib r ium concentrat ions 
in dissolved copper are, assuming that  the solut ion is 
'"perfect": 10 -2.44 as Cu ++, 10 -3-~ as CuCI~-,  and  
10 -4-sl as Cu +, i.e., a to ta l  of 10 -2-~ (or 234 ppm)  
dissolved copper;  the  equi l ib r ium concentrat ions in 
dissolved C1 a re  10 -~'.17 as C1- and 10 -8.~ as CuC12-, 
i.e., a total  of 10 -2.12 a t . g / l i t e r  or 270 ppm dissolved 
CI. Under  these condit ions of e lectrode potent ia l  and 
pH, the corrosion reac t ion  of copper is revers ible ;  it  is 
thus easy to unders tand  that  any  such pit  wil l  grow if 
the  e lectrode potent ia l  inside the pi t  is h igher  (more 
posi t ive)  than  +270 mVshe (~.e., +20  mVsce); on the 
contrary,  such a pi t  wi l l  be stifled, wi th  redeposi t ion of 
metal l ic  copper, if this e lect rode potent ia l  is lower  
(more  negat ive)  than  +270 mVshe. And  this is the  ve ry  

s imple  cr i ter ion which governs the p rob lem of copper 
p i t t ing  in waters  containing some chloride:  for avoiding 
the deve lopment  of copper  pi ts  in such waters ,  it  is 
necessary and sufficient to p reven t  any increase of the  
e lect rode potent ia l  inside the  cavit ies above +270 mVshe 
(or +20 mVsce). As e lect rode potent ia ls  inside cavit ies 
are  usua l ly  not  easi ly  measurable ,  it  is convenient  to 
cor re la te  them wi th  the  e lec t rode  potent ia ls  outside 
the cavities (Fig. 17) which, due to the  exis tence of a 
diffusion potential ,  are genera l ly  about  80-150 mV 
higher  (about  +350 to +420 mVshe or +100 to +170 
mVsce). A n d  we thus have the exp lana t ion  of the  cr i t i -  
cal protect ion potent ia l  against  copper  p i t t ing  (about  
+100 to +170 mVsce) which was observed exper i -  
mental ly .  

F igure  18 shows, together  wi th  the  theoret ica l  cor-  
ro s ion - immuni ty  and pass ivat ion  condit ions of copper  
in wa te r  at  25~ the equ i l ib r ium condit ions inside a 
copper pi t  (E = +270 mVshe and pH = 3.5) and the 
possible ex t reme  elect rode potent ia l  values  of copper 
in the  presence of wa te r  of pH 8 ( f rom 0 to about  +600 
mVshe according to the  oxygen content  of the  w a t e r  and 
to the surface condit ion of the meta l ) .  One sees tha t  
the  protec t ion  potent ia l  against  copper  p i t t ing  (about  
+350 to +420 mVshe) lies be tween  these two possible 
ex t reme  values, and  tha t  copper  pits  may  thus, in fact, 
g row or  be stifled. 

This cr i ter ion was in ha rmony  with  all  p rev ious ly  
known facts and has opened the w a y  to new methods 
of protec t ion  and control.  The presence of carbon on 
the surface of copper,  which, thanks  to H. S. Campbel l  
(6a),  has been k n o w n  since 1950 to p romote  pi t t ing,  
increases the e lect rode potent ia l  of more  or less p e r -  

r - 

Fig. 17. The electrode potential of pitted copper (a) as measured 
within the pit; (b) as measured outside the pit, giving the "mixed 
potential." 
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pH PH 

Fig. 18. (left) Copper in Brussels water, pH and electrode poten- 
tial conditions inside pits in equilibrium: pH = 3.5, E =  +270  
mVshe. Possible electrode potentials outside pits at pH = 8: E = 
0 to +600  mVshe. Protection potential against localized corrosion: 
about +350  to +420  mVshe. 

Fig. 19. (right) Armco iron in solutions containing chloride (10 -2  
and 10 -1  g �9 ion/liter)..oH and electrode potential conditions in- 
side oxygen-free living pits: pH = 3.8, E = - -325 mVshe. Possible 
electrode potentials outside pits at pH = 8: E = --0.5-0 mVshe 
for 10 - 2  g �9 ion CI- / l i ter .  Protection potential against localized 
corrosion: about - -300 mVshe. 

fect ly passive copper  up to about  +300 mVsce, i.e., 
much above the cri t ical  va lue  (8b). The addi t ion of 
fer rous  sulfate to seawater ,  which was shown in 1961 
by  T. W. Bostwick to p reven t  the  p i t t ing  corrosion of 
brass exchanger  tubes (9), depresses the  electrode po-  
tent ia l  below this cri t ical  value.  Extens ive  exposure  
t r ials  of different  kinds of copper tubes in different  
wa te r  supplies  wi t~ measurements  of the  e lect rode 
potent ia ls  have  been recen t ly  pe r fo rmed  by  F. J. Corn-  
well, E. Wildsmith,  and P. T. Gi lber t  (10). As shown 
by Fig. 20 and 21, al l  the  resul ts  of these tests are  in 
full  agreement  wi th  the  above-ment ioned  cri ter ion:  
wha tever  the  meta l  and  wha teve r  the  water ,  p i t t ing  
only occurs (and a lways  occurs) if the  e lect rode po-  
ten t ia l  is h igher  than  about  + 100 to + 170 mVsce (i.e., 
+350 to +420 mVshe). 

40O 

35O 

300 

250 

170 
150 

5O 

0 

-50  

/ 
. . . . . . . . . .  ~ _ p . t , _ , y _  _ 

// some p~tt~ng 
..J/_ possible 

~ncubatcn / ~ nop,tt,ng 

aet ~~ ~..exp~ 'n Iwa~ej~ tOry 

l I i I t I I ~ i J i I i t 

2 3 4 56 810 30406O 100 
Exposure (weeks) 50 80 

Fig. 20. Effect of transferring uncleaned copper tubes undergoing 
pitting at Bramham to the laboratory (Leeds water), after Cornwell 
et al. 
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Fig. 21. Effect of transferring uncleaned copper tubes from the 
laboratory (Leeds water) to Bramham, after Cornwell et al. 

Since 1962, new precautions and new remedies have 
been suggested as a result  of this criterion, being un -  
derstood that, if not only pi t t ing corrosion but  also any 
general  corrosion should be avoided, the protection 
potential  should be dropped from -t-270 to -t-100 mVshe 
(or from -t-20 to --150 mVsoe). When in  the presence 
of a corrosive water  or of a corrosive atmosphere, 
copper should not be in contact with any substance 
whose zero-current  electrode potential  in the con- 
sidered env i ronment  is higher than  the critical one, 
such as carbon and gold, for example; and this explains 
the recent ly observed deterioration of so m a n y  bronze 
sculptures which were covered with a porous gold 
deposit (the doors of the Baptistery in  Firenze, the 
horses of Praxiteles in Venice, etc.). Silver and t in 
have lower electrode potentials and are thus not ha rm-  
ful to copper, and this is why silvered and t inned 
copper utensils may be used for cooking. Since about 
1966, the copper hot -water  tanks placed on the roofs 
of many  houses in London, whose corrosion has been 
for many  years the source of great concern, have been 
protected cathodically after a recommendat ion of 
B.N.F.M.R.A., using temporary so-called "protector 
rods" of a luminum alloys which depress the electrode 
potential  below -t-100 mVs~e (11). A general  method 
has been proposed for checking the pit t ing susceptibil- 
i ty of different sorts of copper and of copper alloys in  
different waters (Fig. 25) (8d, f, g), as well as for 
clarifying the mechanism of dealloying copper alloys, 
such as the removal of nickel from copper nickels and 
the removal of zinc from brasses (12, 13). However, 
much work remains  to be done before these problems 
might be considered as real ly mastered. 

Now, coming back to the experiments  which were 
ment ioned a t  the beginning  of this talk, what  is the 
mechanism of copper pit t ing? What is the explanat ion 
of the " funny results" which were obtained concerning 
the influence of light and stagnation on the electrode 
potential? 

During the first stage of the experiment,  whose re-  
sults are shown in Fig. 8, copper undergoes general  
corrosion in  the bulk  of the water  (Fig. 22) with for- 
mat ion  of Cu + and Cu + + ions and, eventually,  solid 
CuC1 which hydrolyzes, for instance according to the 
reaction 2CuC1 -t- H20 ~ Cuba -t- 2H + + 2C1-, with 
formation of solid Cu20 which deposits on the metal  
and of hydrochloric acid HC1 which is washed away by 
the water. According to Fig. 23, which is the equi l ib-  

CI  ~ c r  C ~ c o  3 G~(o~)r C(~CO z C~(o~)~ 

l~t  period , Fo~atlon oF Cu20 2nd perlod coverlng of CuTO wTth 3rd p*riod ' formation of stable CuCl 
and HCI by hy~Tvsis of Cu + a layer of malacblte, and acidlf ie- inslde t ~  acid cawty. 
,:U § and CuC~ _ arian of the $0 closed cavlty. (solutlon about O.OOT~ molar in copper 
2 ~ "  r H~O ~ ~ O * ~ H  + and 0.0078 molar }n chlorlne (470 ppm 

Cu and 277 ppm Cl)) 

OH= 3 5 

Fig." 22. Initiation and evolution of a copper corrosion pit in the 
presence of water containing chloride. 
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Fig. 23. Potential-pH equilibrium diagram for the five compon- 
ent system Cu-CI-CO2-SO3-H20 at 25~ for solutions containing 
229 ppm C02 (10 -2.28 g �9 ion~liter), '46 ppm S08 (10 .-3.24 g �9 ion/ 
liter), and 22 ppm CI (10 -3.21 g �9 ion/liter). 

r ium potent ia l -pH diagram of the qu inary  system 
Cu-C1-CO2-SO3-H20 for the contents of C1, CO2, and 
SO3 existing in Brussels water, malachite CuO3- 
Cu(OH)2 is the stable form of copper in the presence 
of aerated Brussels water  of pH 8 (e .g . ,  at point 3) and 
this is why, during the second stage of the experiment,  
Cu20 becomes progressively covered with malachite 
which, being relat ively protective (8e), forms a screen 
which progressively prevents  the hydrochloric acid 
from being washed away by the bu lk  of the water. The 
pH inside the cavity thus decreases until ,  when the 
third stage is reached, the solution inside the cavity 
becomes saturated in CuC1 which is being deposited on 
the metal;  the solution inside the cavity then has a pH 
of about 3.5 and is then about 0.01M in CuC1; as pre-  
viously stated, the cavity increases in  depth with dis- 
solution of copper if the electrode potential  is higher 
(more positive) than +270 mV~he; on the contrary, the 
pit heals with redeposition of metall ic copper if the 
electrode potential  is lower (less positive) than -t-270 
mYshe. 

As we have seen, both an i l luminat ion  of the metal  
and a s tagnation of the water  lead, dur ing the third 
stage of the exFeriment,  to a temporary potential  drop 
(which is sudden in the case of i l luminat ion  and slow 
in the case of stagnation),  and this to the same value: 
--250 mVsce (i.e., 0 mVshe). As may be seen in Fig. 23 
(point 1), this value 0 mVshe is, for the pH 8 of Brus-  
sels water, the equi l ibr ium electrode potential  of the 
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sys tem Cu-Cu~O. I t  is thus  l i ke ly  that,  dur ing  the  third 
stage of the experiment, both an illumination of the 
copper and a stagnation of the water lead to a tempor- 
ary contact  of t ru ly  metal l ic  copper wi th  the bu lk  of 
the  water .  We think,  wi thout  having had  so far  the  
oppor tun i ty  to check this extensively,  that :  

({) This sudden act ion of i l luminat ion  of copper du r -  
ing the  th i rd  s tage of the exper imen t  is due to an im-  
media te  photochemical  action of l ight  on CuCI wi th  
format ion  of metal l ic  Cu (as the  action of l ight  on 
A~C1 wi th  format ion  of Ag in pho tography) .  Such an 
effect of l ight  should thus indicate the presence of CuC1 
on the  surface of the  copper,  and might  thus  detect  an 
ear ly  stage of pi t  formation.  

(~)  This slow act ion of s tagnat ion  of the  wa te r  is 
due to a progress ive  opening of some ac t ive  cavities 
(Fig. 24), p robab ly  as a resul t  of a chemical  a t tack  of 

the ex te rna l  malachi te  l aye r  by  the in te rna l  chlorhydr ie  
acid, wi th  format ion  of "chimneys" th rough  which 
gaseous CO2 escapes f rom the cavi ty  and the bu lk  of 
the  wa te r  p e n e t r a t e s t o  the  bo t tom of the  cavity,  whe re  
copper  is r ea l ly  in  a p ickled  meta l l ic  state. Such an 
effect of s tagnat ion should  thus detect  an advanced 
stage of pi t  formation.  

( ~ )  Both these actions are  t empora ry  because, due 
to the presence of oxygen  in the bu lk  of the water ,  
metal l ic  copper  becomes quickly  oxidized. 

As a resul t  of al l  this, the  test ing device shown in 
Fig. 25 has been established.  W a t e r  is passed th rough  a 
series of four  corrosimeters  containing copper speci-  
mens, recording  the electrode potent ia ls  of these speci- 
mens as a funct ion of time. In  the  corrosimeters  No. 1, 
2, and 3, which are  in tended  for checking the behavior  
of different  samples  of copper a n d / o r  copper  al loys in 
a given water ,  wa te r  is cont inuously passed in d a r k -  
ness (No. 2), in darkness  wi th  periods of s tagnat ion 
(No. 3), and cont inuously  wi th  per iods  of i l lumination_ 
(No. 1). In  corros imeter  No. 4, which is in tended for 
apprecia t ing  the danger  of pi t t ing in a given water ,  the 
wa te r  to be tes ted is cont inuously  passed in the  d a r k -  
ness on p ickled  copper  pa r t i a l l y  covered wi th  gold, 
supposed to represent  a "deleter ious surface condition." 

Solution of HCI and qr~en protective malachite green malachite 
copper chlorides red loose Cu2O red loose Cu20 

pH = g.5 ~ \  / / ~white CuC~ / / 
~ w a t e r /  / / p r i m a r y  p r o t e c t i v e  w a t e ~  ~ ~ i 

~ c ~ o  ~ ~  

(m) (~: 

Fig. 24. Copper pit. (a) closed pit (in running water) E = + 2 0  to 
+ 7 7  mVsee; (b) open pit (in stagnant water) E ---- - -250 mVsoe. 
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Device for testing the pitting behavior of copper in water 

Now, w h y  is the  p i t t ing  corrosion of copper  tubes  for  
co ld -wa te r  de l ive ry  not a p rob lem in France,  as i t  is 
in many  other  countries? P r o b a b l y  because France  
most ly  uses ha rd  tubes which, cont ra ry  to the soft ones, 
a re  not annealed  in a reducing a tmosphere  and are  
free of the  deleter ious  carbon film l ike ly  to be formed 
by the  cracking of some oils. 

Before closing this s ta tement  on copper,  I wish to 
remind  that,  as has been emphasized by  R. M. Gar re l s  
(14), po ten t i a l -pH equi l ib r ium diagrams may  be useful  
in geology. F igure  26 indicates some s tab i l i ty  condit ions 
of the chlorides nantoki te  and "r pa ra tacami te  (which 
is the  chilese copper  mine ra l ) .  F igu re  27 m a y  be useful  
for checking the condit ions of s tab i l i ty  of the  basic 
copper  carbonates  malachi te  and azurite.  F igure  28 m a y  
be useful  for checking the conditions of s tabi l i ty  of the 
basic copper  sulfates brochant i te  and  antl.erite, as wel l  
as the  conditions where  pa t inas  formed on copper  roof-  
ing may  be the  b lack  tenor i te  or the  green brochant i te .  

L o c a l i z e d  Corros ion  of  I ron  a n d  Steels  
Figure  29 shows a theore t ica l  po ten t ia l -p}I  d iagram 

for the  Fe-H20  system at 25~ F igure  S0a shows ex-  
pe r imenta l  potent iokinet ic  polar iza t ion  curves for i ron 
in the  presence of ch lor ide- f ree  aqueous solutions of 
different  pH's  and Fig. 30b shows the corresponding ex -  
per imenta l  po ten t i a l -pH conditions for immuni ty ,  gen-  
eral  corrosion, and pass iv i ty  of i ron (15). F igure  S la  
shows exper imen ta l  potent iokinet ie  polar izat ion curves 
for  i ron in the  presence of solut ions s imilar  to those of 
Fig. 30a, but  containing chloride;  these curves show, 
besides pass ivat ion potent ia ls  which are  the same as 
in Fig. 30a, pitting potentials and protection potentials 
against localized corrosion, and make it possible to 
represent at Fig. 31b experimental potential-pH condi- 
tions for immunity, general corrosion, pitting corrosion. 
imperfect passivity where no new pits are formed but 
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where previously formed pits may grow, aud perfect 
pass iv i ty  where  these pits do not grow. 
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Figure 19 shows, together with the experimental  po- 
tent ia l -pH conditions of immuni ty ,  general  corrosion, 
pit t ing corrosion, and perfect and imperfect passivity 
shown in  Fig. 31b, the potential  and pH conditions in-  
side an active oxygen-free corrosion pit or crevice, or 
other "occluded corrosion cell" or OCC as it has been 
called by B. F. Brown (E ---- --325 mVshe and pH --- 
3.8), and the possible extreme electrode potential  values 
of i ron in the presence of water  of pH 8 (from about 
~550 to +100 mV,h~ according to the oxygen content  
of the water) .  One sees in  this figure that  the protection 
potential  against localized corrosion of i ron is, as it is 
for copper (Fig. 18), very close to the electrode poten-  
tial inside an active OCC. 

Figure 32 shows a device which permits, by passing 
oxygen and ni t rogen on, respectively, the external  and 
the in te rna l  par t  of a duplex iron specimen, the pro- 
duction on the in ternal  part, as a result  of differential 
aeration, of a crevice under  conditions which notably 
permit  the measurement  of the pH and the electrode 
potential  on both the cathodic and the anodic areas 
(which is an "occluded corrosion cell"). Figure 33 
shows, as a result  of experiments  performed with such 
a device by J. Van Muylder  et al. (16), the influence 
of a slow external  cathodic polarization on the poten-  
tial and pH conditions inside an iron crevice. It  is seen 
that this polarization progressively increases the pH 
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inside the cavity and that, when the external  potential  
reaches the "protection potential  against localized cor- 
rosion," this solution is not acid anymore  and the iron 
has become immune;  however, there is still inside the 
cavity a hydrogen evolution whose affinity, which is 
measured by the vertical  distance between the l ine 
relat ing to the crevice and the hydrogen equi l ibr ium 
line ~ (about 100 mV),  remains about the same unt i l  
the solution becomes neut ra l  and increases very much 
when the solution has become definitely alkaline. When 
measuring,  during a rapid external  cathodic polariza- 
tion, the current  flow between a large external  area 
and a small in ternal  cavity of pH 5.5, Antoine Pourbaix  
has observed the two polarization curves shown in 
Fig. 84 (17). It  may be seen that, when  the external  
cathodic polarization is increased, the cavity progres- 
sively ceases to act as an anode, reaches at --0.43 
mVshe the state of zero current,  and afterwards acts as 
a cathode. When the protection potential  --0.38 mVshe 
is reached on the external  area, the potential  inside the 
cavity has become --0.44 mVshe; the cavity has then 
become immune and the cathodic current  density, 
which is about 2 ~&-cm -2, total ly corresponds to a 
hydrogen evolution. Figure 35 shows the results ob- 
tained by B. F. Brown in his famous work on the 
cathodic polarization of steel Cracks when using his 
freezing method (18). One sees that Brown's curve on 
cracks is very similar to Van Muylder 's  curve on 
crevices, and this confirms the assumption that  the 
chemistry and the electrochemistry of crevices and 
cracks, as well  as of any other form of OCC (pits, cor- 
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rosion in recesses, in t e rg ranu la r  corrosion, etc.), is the 
same. 

As the representat ive point  of the OCC in both Fig. 
33 and 35 is below the "hydrogen line" a, hydrogen is 
being evolved inside both crevices and cracks, even if 
the bu lk  of the solution is alkaline. This means that  
cathodic protection below the "protection potential  
against localized corrosion" (usual ly about  --200- 
--400 mVshe), which may often prevent  any localized 
corrosion of i ron and steels, may be ful ly effective 
against deteriorat ion of the mater ia l  only if this mate-  
rial  is not susceptible to hydrogen embri t t lement .  
Needless to say, this is of part icular  importance for 
stress corrosion cracking. 

Conclusions 
Coming to the end of this rapid survey, I wish to 

raise a t tent ion to the fact that, in the cases of both 
copper and iron in  the presence of solutions containing 
chloride which we have been considering in the pres-  
ent  lecture, the solution existing inside the OCC is, 
in fact, a solution of a chloride of the considered metal  
(CuC1 or FeC12.4H20) which is thermodynamical ly  
uns table  in the bu lk  of the water  and thus hydrolyzes, 
with formation of a stable oxide (Cu20 or Fe~O4), with 
decrease of the pH and increase of the chloride concen- 
t rat ion unt i l  the solution becomes saturated in  this 
chloride (about 0.01M and pH 3.5 for CuC1, and about 
4.6M and pH 3.8 for FeC12.4H20). The system then 
ceases to be un iva r i an t  and becomes invar iant .  

Such solutions may be prepared synthetical ly by 
s imply sa turat ing oxygen-free water  with this chloride 
in  the presence of the metal  in powder form. This 
makes it possible to prepare very easily a solution 
similar  to the solution real ly  existing inside a crevice 
or a crack, or along a corroding gra in-boundary ,  or in  
any  other OCC, and this in any desirable quant i ty  (100 
cm 3 or 1000 cm 3, or more) which might  be suitable for 
any  analysis and electrochemical experiment.  This was 
done for copper in 1962 by Jean  Van Muylder  (8), and 
for i ron in  1973 by  C. T. Fuj i i  (19) and in 1974 by 
Lucio Sathler  (20). Both C. T. Fuj i i  and L. Sathler have 
obtained for the OCC of iron in  chloride solutions at 
25~ a very concentrated solution, respectively 4.2 and 
4.6M in FeC1 and  pH 3.8. According to L. Sathter, iso- 
lated iron corrodes in  this solution wi th  a velocity of 
1.2 ~ . c m  -2 (13 ~m.year -1 ) ,  and passivates at --185 
mV~he with a passivation current  of 2.5 mA.cm  -~ (27 
m m . y e a r - 1 ) .  If oxygen penetrates into this solution, 
the pH decreases from 3.8 to about 0.6, and the zero- 
current  electrode potential  of i ron increases from 
--325 mVshe to --125 mVshe (Fig. 33), where it corrodes 
with a velocity of about 0.7 mA-cm -2 (8 m m ' y e a r  -1) 
and may not become passive. 

Finally,  I th ink  that it is impor tant  to realize ful ly 
that, in  any case where localized corrosion is to be con- 
sidered, such corrosion does not develop in  the bulk of 
the solution and at the electrode potentials existing on 
the external  surfaces, bu t  inside an OCC where the 
composition of the solut ion and the electrode potent ial  
of the metal  may be very different from what it is out- 
side these cavities. For  instance, m a n y  problems re- 
lated to in te rgranular  corrosion might  be better  under -  
stood by systematic research related to the electro- 
chemical behavior  of substances existing along these 
grain boundaries  in these solutions. 

Besides this, as stated recently (21), it is l ikely that  
by adding to copper, to iron or to other metals alloying 
elements which when dissolving in  the solutions exist- 
ing inside the OCC of these metals would render  these 
solutions less aggressive and /or  lead to the deposition 
of a less soluble salt or element  under  the existing 
conditions of pH and electrode potential, etc., it would 
be possible to bet ter  explain than  present ly  the bene-  
ficial influence of some alloying elements to nonferrous 
metals (As and Fe in copper alloys? Sb and Bi in 
a lumin ium alloys?) and to some steels (Mo?), and to 

set up new and better  alloys as far as their  resistance 
to localized corrosion is concerned. 

This last phrase was wr i t t en  several  months ago, at 
a moment  when no proof of the exactitude of this 
s tatement  was available, as far as I know. Today, three 
hours ago, at 2.30 p.m., T. Kodama and J. R. Ambrose, 
co-workers of Je r ry  Kruger  at the National Bureau of 
Standards, presented at the present  meeting of The 
Electrochemical Society an outs tanding paper (Ab- 
stract 75) ent i t led "Effect of Molybdate Ion on the 
Repassivation Kinetics of I ron in Sodium Chloride So- 
lutions." According to this paper, and in ful l  agreement  
with the present  theory, molybdenum would dissolve 
in an iron OCC as molybdate ions and would form with 
the dissolved ions insoluble ferrous molybdate  FeMoO4. 
It  is most l ikely that this is the fundamenta l  reason of 
the beneficial effect of molybdenum on the pi t t ing and 
crevice behavior of alloy steels (such as the AISI 316) ; 
the jus t -ment ioned  concept for setting new and bet ter  
alloys might  thus perhaps be correct. 

As a conclusion, I wish to emphasize that any time 
one has to s tudy localized corrosion, and notably 
crevice corrosion, in te rgranula r  corrosion, and stress 
corrosion cracking which have a so-great  practical im-  
portance, there is a great interest  in  the measurement  
of electrode potential  and pH values outside and inside 
the cavities, and to in terpret  the so-obtained values on 
the basis of both electrochemical thermodynamics  and 
electrochemical kinetics. Such researches would prefer-  
ably include a thorough study of the chemistry and of 
the electrochemistry of the solutions existing inside the 
occluded corrosion cells and of the anodic and cathodic 
behavior of the consti tuents of the considered metal  or 
alloy in these solutions (23). 
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English as the World Language of Science 
G. Wrangl~n* 

Royal Institute of Technology, Stockholm, Sweden 

Throughout  the Middle Ages and well into modern  
times, Lat in was used by scholars of all kinds as the 
in ternat ional  language of learning. At the universities, 
Lat in  was general ly  used in lectures unt i l  about 1750 
and in dissertations unt i l  about 1850. With the rise of 
nat ional ism and the development  of the nat ional  l an-  
guages, the role of Lat in as a common language of 
scholars gradual ly  disappeared. An at tempt to revive 
Lat in  in  simplified form for use within the sciences has 
been made in our time. The result, Inter l ingua,  as ro- 
mant ic  as Romanic, was published in  1951 and has met 
with some favorable response in medical circles. How- 
ever, the chances for a more general  acceptance of this 
artificial language would seem very small  indeed. 
On the other hand, English is rapidly developing into 
an in ternat ional  language of science wi th  a s tanding 
s imi lar  to that once held by L~tin. That  rational, prac-  
t ica l  and economic factors contr ibute  toward this for- 
tunate  development  is apparent  in many  different 
ways. 

Unt i l  ten to fifteen years ago, it was still usual  to 
provide simultaneous translat ions at in ternat ional  sci- 
entific conferences. Apart  from the fact that such 
translat ions were usual ly unsatisfactory, this practice 
has now had to be abandoned for economic reasons. 
Instead, contr ibutors  to such conferences are required 
or at least encouraged to speak in English. A natura l  
consequence is that the corresponding paper is also 
published in  that language. 

At nat ional  or regional  conferences or symposia, e.g., 
in the Scandinavian countries, it is now common prac- 
tice that al though the papers are presented in the au-  
thor's own nat ive tongue or in  some regional  language 
unders tandable  to all participants, the papers are s i -  
m u l t a n e o u s l y  or later  published in a common volume 
in  English and hence made available to a worldwide 
audience of readers. 

The si tuation is similar with nat ional  scientific jour-  
nals, with the unfor tuna te  result  that valuable mater ial  
has been buried and forgotten in publications in un -  
common languages and with small  circulations. While 
it  is s t i l l  impor tant  and necessary to publish technical, 
commercial, and educational articles in  Journals  using 
the language of the country  concerned, it  is becoming 
more and more usual, par t icular ly  in  small  countries, 
to use English as the preferred or exclusive language 
for material  of a purely  scientific nature.  This usual ly 

" President, International Society of Electrochemistry. 

means a highly increased circulation of and effi.- 
ciency in the journa l  concerned. 

A number  of mul t i l ingual  in ternat ional  journals,  
published in Western Europe, present a s p e c i a l p r o b -  
lem. These journals  publ ish articles in either English, 
German, or French and abstracts of each individual  
article in all of these three languages and occasionally 
in Russian. These journals  are often official organs of 
in ternat ional  scientific societies with the major i ty  of 
their members  in West European countries and with 
English, German,  and French as official languages, al-  
though English is by far most general ly used by the 
mer~bers. Publishers  are finding it increasingly difficult 
and costly to publish these mul t i l ingual  journals  due to 
the lack of t ra ined personnel  in  the pr in t ing works ca- 
pable of handl ing articles in several languages and the 
excess t ime taken and cost involved in  setting such ma-  
terial. Abstracts in  several languages are likewise 
t ime consuming and costly to translate and set. Be- 
cause of lack of expertise by the translators,  they are 
often inaccurate. For these reasons, some publishers 
have concluded that  they can no longer publish mul -  
t i l ingual  journals  and have consequently decided to ac- 
cept papers and publish abstracts in English only. This 
is a for tunate  development  which should be greeted 
with satisfaction. In order to assure a scientific con- 
t r ibut ion as large a circle of readers as possible, there 
is no question but  that it should be published in En-  
glish. It should therefore be in the interest  of both the 
author  himself  and the journa l  concerned that  a con- 
t r ibut ion be published in that  language. Par t icular ly  
among young authors of various nationalities, it is be-  
coming common practice to publish their papers in 
English. It is natural ,  therefore, that the proportion of 
non-Engl ish  papers has been continuously decreasing 
in mtl l t i l ingual  journals  in recent years, even before 
the decisive impact of economic considerations. 

The only opposition to this na tura l  and inevitable 
development  seems to come from French-speaking 
scientists. Other nationali t ies seem to welcome or at 
least accept the use of English as the sole means of 
communicat ion both at in ternat ional  meetings and in 
in terna t ional  journals.  This is par t icular ly true of non-  
European scientists, such as Japanese and Indians who 
usual ly cannot unders tand or read any European lan-  
guage other than English. Indeed, the same seems to be 
true of many  Americans. 

In  this context, some statistics may be of interest. 
According to a study carried out a few years ago and 
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presented in "An Overview of Worldwide Chemical 
Informat ion Facilities and Resources, 'u the languages 
used in articles dealing with the chemical sciences and 
reported in  "Chemical Abstracts" in the period 1962- 
1966 had a percentage dis t r ibut ion as follows 

English 55 % 
Russian 21% 
German  7 % 
French 5 % 
Japanese 3 % 
I ta l ian  2% 
Polish 2 % 
Other languages 5% 

100% 

In addition, about three-fourths  of the articles in 
Russian were t ranslated into English, which means 
that  about 70% of the contents of chemical journals  
was available in the English language. If a similar 
s tudy were made today, the dominance of English 
would probably be found to be still greater. 

These figures reflect the very desirable development  
toward the use of English as the world language of 
science. In view of these figures, it seems hard to find 
rational, not only historical, reasons for mainta in ing 
German  and French  as official languages of journals  
which pretend to be t ruly  in ternat ional  and not only 
West European. If abstracts should be published in, say, 
two languages in such journals,  these languages should 
obviously be English and Russian, not English and 

Published by the National Science Foundation,  Washington,  D.C. 
(1967). 

French. However, Eastern Europe has ~pparently 
adapted itself to a si tuation with Russian as a common 
regional language of science and English as a common 
world language of science. It  might  be argued that this 
gives West an unfair  advantage over East. Actually, 
this is not so. Since most Russian and other East Euro-  
pean scientists today can read and unders tand English 
while only a very few in  the West have a command of 
Russian, we are the handicapped ones. 

It is sometimes argued, furthermore,  that the use of 
only English in a journa l  instead of, say, Engl ish-Ger-  
man-F rench  would make the journal  less in ternat ional  
in character. Indeed, just  the opposite is true. Whereas 
practically all prospective readers, and even those pre-  
ferr ing German  or French, can immediate ly  unde r -  
stand an article published in ' English, a great many, 
and perhaps a major i ty  of those outside Western Eu-  
rope, would have to resort to a t ransla t ion or at least 
a dictionary in order to comprehend the content  of an 
article published in German or French. Hence, much is 
gained and little is lost by using English as the sole 
language of publication. 

In conclusion, it would seem, therefore, that the de- 
velopment  of English toward the world language of 
science and hence as the sole means of communication 
in internatiGnal journals  and at in ternat ional  scientific 
meetings is not only a practical and economic necessity 
but  also a great service to the scientific communi ty  of 
the world. A common world language of science facil- 
itates communicat ion and personal contacts and favors 
fr iendship among scientists of different nationalities.  
It is also to be hoped that  it may therefore contr ibute 
to in ternat ional  unders tanding  and i r iendship on a 
larger scale and in a broader sense. 
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Molten Salt Metalliding of Nickel Alloys 1 

Ned Godshall *'~ 

Imperial College of Science and Technology, University of London, London SWT, EngZand 

The elect rodeposi t ion and meta l l id ing  of n icke l -base  
al loys to improve  high t empe ra tu r e  s t rength  and 
s t ress-corros ion proper t ies  in  connection with  gas tu r -  
bine appl icat ions  has long been v iewed as a desi rable  
goal. Specifically, the  aqueous p la t ing  and subsequent  
surface diffusion of a luminum, cobalt,  chromium, p l a t i -  
num, and y t t r i um into n icke l -base  al loys has been ob-  
se rved  to impa r t  these enhanced proper t ies .  However ,  
es tabl ished e lec t ro ly t ic  techniques are  (i) unable  to 
de l iver  these meta l l id ing  e lements  to the  surfaces of 
res t r ic ted  areas, such as tu rb ine  b lade  cooling holes 
( approx ima te ly  0.030 in. d iameter )  or (ii) may  del iver  
them u~evenly,  e.g., to y ie ld  unfavorab le  accumula t ion  
at  sharp curva tures  of tu rb ine  blades.  

F o r  these reasons, a mol ten  salt  e lectrochemical  tech-  
nique was sought to establ ish a means by  which a lu-  
minum could be coated onto the  surface of n icke l -base  
al loys and concurrent ly  diffused into the  in te r io r  ap -  
p r o x i m a t e l y  2-6#. The high t empera tu re  aspect  of the 
mol ten  salt  technique would  have the added advantage  
of p rov id ing  essent ia l ly  a one-s tep technique;  not  r e -  
qui r ing the addi t ional  hea t - t r ea t ing  step necessary 
wi th  s tandard  e lect rolyt ic  p la t ing processes for the d i f -  
fusion of the meta l l id ing  e lement  beyond the surface. 

The  genera l  e lect rochemical  and diffusional equa-  
tions may  be  i l lus t ra ted  by  

anodic reaction Ale1) --> AI+3(molten salt) "~- 3e [ I ]  

cathodic reaction 
emf 

A ] + 3 ( m o l t e n  sal t )  ~-  3 e ( N i )  - '  ' > h i ( p l a t e d )  [2] 

diffusional reac t ion  Al(plated) + Ni ~ NiA1 [3] 

where  NiA1 represents  the var ious  d i spe r s ion -ha rden-  
ing compounds.  

Experimental Procedure 
Cell design.--All exper iments  were  conducted  in a 

mol ten  sal t  ba th  under  an iner t  argon a tmosphere  at  a 
t empe ra tu r e  of 800~ (1472~ Equimolar  sod ium-po-  
tass ium chlor ide  (NaC1-KC1) was selected as the 
~used-sal t  med ium because of its r e l a t ive ly  high the r -  
mal  s tab i l i ty  and the  p rox imi ty  of its mel t ing  point  
(660~ 1220~ to that  of a luminum (657~ 1215~ 
the meta l t id ing  e lement  under  s tudy.  In  addit ion,  equ i -  
molar  NaC1-KC1 reta ins  i ts favorable  electr ical  t rans-  
por t  proper t ies  at  e levated  tempera tures ;  specifically, 
high ionic conduct ion and low electronic conduction. 

300g NaC1-KC1 were  contained in a 70 m m  diamete r  
a lumina  crucible,  which was enclosed wi th in  a 20.32 cm 
(8 in.) Inconel  cy l inder  (Fig. 1). The cyl inder  was 
capped wi th  a spec ia l ly  designed brass  head which  

1 1975 F. M. B e c k e t  M e m o r i a l  A w a r d  R e p o r t .  
* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
a P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  M a t e r i a l s  Sc i ence ,  S t a n f o r d  U n i -  

v e r s i t y ,  Stanford ,  Cal i forn ia  94305. 

included movable  vacuum- t igh t  por ts  for the e lectrode 
assemblies, argon circulation, and specimen ingress /  
egress. 

The electrode assemblies were  composed of (i) a 
Nimonic cathode (work ing  e lect rode) ,  (ii) a l iquid 
a luminum anode (countere lec t rode) ,  (iii) a reference 
bulb electrode (0.1M si lver  chloride,  AgC1; balance:  
equimolar  NaC1-KC1), and (iv) a p l a t inum foil  aux i l i -  
a ry  electrode (4.50 cm2). A schemat ic  d iag ram of the  
e lectrode a r r angemen t  is given in Fig. 2. 

High temperature aspects.--Standard fused-sa l t  p ro -  
cedures were ut i l ized as much  as possible dur ing  ex -  
per imenta t ion;  however,  opera t ion  at the e levated ex -  
pe r imen ta l  tempera ture ,  800 ~ (1472~ necessi ta ted 
several  significant changes. 

(i) A l iquid a luminum anode was required.  This was 
p rov ided  by  containing 14.0g of high pur i ty  a luminum 
in an a lumina  crucible  suspended above the mol ten  
salt  surface. The crucible  was lowered  into the mel t  
when both the NaCI-KCI  and a luminum reached the 
l iquid state. 
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Fig. 1. Cell design: |. liquid aluminum anode; 2. Nimonic 
specimen cathode; 3. AgCI reference bulb electrode; 4. platinum 
reference electrode. 
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~= ~3ce Plat~num Ref~ AgCiReference Bulb 

(4 50 em ) (0 i m o l a l )  

Fig. 2. Electrode assemblies 

(it) All electrodes were necessarily constructed of 
either high qual i ty quartz or alumina, rather  than 
of the lower melt ing point Pyrex glasses commonly 
used in  mol ten salt experiments.  

(iii) An extensive fused-salt  drying process was 
required to minimize attack of the quartz electrodes 
by residual water and to prevent  the fused-salt  from 
"bumping" due to gas evolution during the init ial  test-  
ing. This was accomplished by predrying the fused-salt  
mixture,  followed by 72 hr of concurrent  vacuum treat-  
ment  and slow incremental  heating, unt i l  the mel t ing 
point of the salt was reached (660~ 1220~ 

(iv) Drying and purification of the inert  argon at-  
mosphere used during exper imentat ion was likewise 
found necessary in order to el iminate water and oxygen 
from the cell environment .  

Test materiaL--The nickel-base alloy selected as the 
substrate for exper imentat ion was Nimonic 80A (car- 
bon: 0.10%, Cr: 20.5%, Mn: 0.80%, Fe: 3.0%, S: 
0.010%, Cu: 0.2%, Ah 1.4%, Ni: balance; manufac-  
tured by Henry  H. V~iggins, Limited, England) .  
Nimonic 80A was chosen as the test mater ial  because 
of its age-hardenable,  creep-resist ing properties, and 
service temperature  of 815~ (1499~ In addition, 
its major  applications current ly  lie wi th in  the gas tu r -  
bine industry.  

Electrical circuitry.--A 50V d-c power supply pro-  
vided the emf for the electrodeposition reaction. The 
electrical parameters  of the a luminum deposition re- 
action were monitored using the electrical circuit i l lus- 
trated in Fig. 3. The Hermes coulombic integrator  was 
ini t ial ly calibrated by shorting the cell from the cir- 
cuit, which allowed a direct coulombic measurement  
of a luminum ion t ransport  wi thin  the cell. 

A bismuth "starter" electrode was originally used as 
the cathode, in place of the Nimonic test specimens, to 
establish an ini t ial  concentration (10-2M) of a lumi-  
num ions (A1 +3) in the NaC1-KC1 melt. Steady-state 
a luminum ion concentrat ion was mainta ined there-  
after, since an equal number  of A1 +3 ions were released 
from the liquid a luminum anode as were deposited 
onto the cathodic test specimens. 

Discussion of Results 
Aluminum ion instability in NaCl-KCl.--Nimonic 

test specimens were immersed in the NaC1-KC1 melt  

EXTERNAL CIRCUI3 

Hermes l Coulombic 33 .Ca 
intergat ion 
Counter 

50 volt D.C. supply 

~ A~ 

/ 

DVX~Ivolt 
| 

Fig. 3. External circuit 

and subjected to a l luminiding conditions and potentio- 
static measurements.  The length of immersion time and 
the current  density were independent ly  varied. The 
effects of t ime and current  density var ia t ion were de- 
te rmined by visual inspection, x - r ay  fluorescence, and 
microhardness measurements  (Table I).  

It was concluded that  little or no elemental  a lu-  
m i n u m  adhered to, or diffused into, the Nimonic 80A 
test specimens despite the fact that coulombic mea-  
surements  indicated high levels of A1 +3 ion transport  
to the specimen surface. 

Fluoride additions.--Aluminum fluoride (A1F~) and 
sodium fluoride (NaF) were added to the equimolar  
NaC1-KC1 melt  at concentrations of 2 • 10 -2 and 
1.5 X 10-~M, respectively, in order to reduce the vola- 
t i l i ty and vapor pressure of the melt  and to provide 
for greater stabili ty of the a luminum ions. Significant 
changes in the surface properties and weight of the 
test samples were detected (Table II) .  

Experimentation time and current density ef]ects.-- 
The effect of reaction t ime on the weight change for 
specimens immersed in both fluoride-doped and fluo- 
r ide-free melts is i l lustrated in Fig. 4. The weight gain 
of a sample was found to increase exponent ial ly  with 
t ime rather  than l inear ly  as was expected from con- 

Table I. Surface property results without fluoride additions to the 
melt 

Time of Curren t  Weigh t  Surface 
e xpe r ime n t  densi ty  change microhardness  

(min) (mA/cm~) AW (mg) (GKN scale) 

45 1.378 0.0 158 
45 2.756 0.1 160 
45 5.511 0.1 158 
20 2.756 0.0 165 
80 2.756 0.I 172 

Table II. Surface property results with fluoride additions to the 
melt 

Time  of Curt  en.t Weigh t  Surface  
e x p e r i m e n t  densi ty  change mic rohardness  

(rain) (m/k/ern ~) AW (rag) (GKN scale) 

45 0.323 0.6 168 
45 1.378 1.6 182 
45 2.756 1.6 191 
45 5.511 0.9 186 
20 5.511 0.3 172 
20 5.511 0.4 168 
80 5.511 4.7 205 
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Fig. 4. Weight change vs. time, 
- -  with fluorides. 

without fluorides, 

stant  current,  constant A1 +a ion t ransport  reasoning. 
This exponent ia l  character has been at t r ibuted to a 
diffusion-l imit ing step whereby much of the a l u m i n u m  
reaching the specimen surface in the early minutes  of 
testing is unable  to diffuse beyond the surface before 
dripping off the specimen, back into the melt. 

The effect of current  density on weight change 
seemed somewhat  more l imited than  the effect of 
t ime (Fig. 5). The weight gain of specimens reached 
a plateau at a current  density of approximately 2 mA 
cm -2, above which an increase~yielded no increase in 
coated or diffused a luminum on the samples. 

Microhardness measurements.--The effects of t ime 
and current  densi ty on the mechanical  properties of the 
specimens were determined by means of GKN micro- 
hardness tests. Surface hardness increased sharply 
with reaction time, when  fluorides were present  in the 
melt, due to the development  of NiA1 dispersion- 
hardening compounds (Fig. 6). The less-pronounced 
increase in  hardness during fluoride-free tests was 
a t t r ibuted to secondary thermal  t rea tment  of the sub- 
strate nickel alloy and not to any NiA1 development,  
since x - ray  fluorescence measurements  detected little 
a luminum on or near  these surfaces. 

Surface hardness increased with increasing current  
density (Fig. 7). Once again, however, an increase in 
current  density beyond approximately 2 mA cm-~ 
yielded no increase in physical properties, indicating 
the point  at which interface t ransport  and subsurface 
diffusion reach a steady state. 
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Shape el~ects.--The effect of complicated shape 
changes was evaluated by bending and dri l l ing 0.030 in. 
(0.76 mm) diameter  holes in several specimens prior 
to testing. Samples were sectioned and examined 
metallographically and were qual i ta t ively found to 
exhibit  no unusual  amounts  of a luminum at points of 
stress concentration, such as at acute or obtuse bends 
or at small  diameter  openings. 

Self-driven process.--The over-al l  metal l iding re-  
action, shown in Eq. [1]-[3] was found to be self-sus- 
taining and not dependent  on an external  power 
source. The 50V d-c source was removed from the cir- 
cuit and the anode "shorted" to the cathode (Table II, 
first exper iment) .  The resul tant  current  flow and alu-  
m i n u m  deposit indicated a free energy decrease 
(--AG) and the self-sustaining na tu re  of the reactions 

anodie AI(D -~ A1 +a + 3e 

cathodic A1 +a -t- 3e --~ AI(Ni) 

The electrode potentials were calculated using the 
Nernst  equat ion 

RT 
E -- Eo -- ~ In aAI+S 

3F 

and were found to correspond adequately with ob- 
served results. The potentials of the Nimonic speci- 
mens (cathode) usually approximated --1.65V with 
respect to the 0.1M AgCl reference, while the potential 
of the liquid aluminum (anode) averaged --0.95V with 
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respect to the reference.  Variance, in both cases, was 
_0.15V. 

Process efficiency.--The weight  of a luminum which 
was available for adherence to the Nimonic specimens 
(A1Th) was calculated through the use of the coulom- 
bic in tegrator  shown in the external  electric circuitry 
(Fig. 3). The calculated (A1wh) (see Appendix)  
varied widely  f rom that  observed exper imenta l ly  
(AlEx), leading to react ion efficiencies (A1Ex)/(A1Th) 
of 45-60% for the melts wi th  fluoride additions. 

Conclusions 
The stability of the a luminum ion (A1 +~) in equi-  

molar  NaC1-KC1 is much too low for it, alone, to be a 
realistic molten salt a luminum transport  medium. 
However,  the addition of small amounts of fluorides 
great ly  enhances the stabil i ty of a luminum ions and, 
therefore,  great ly  improves the prospects of mol ten  
salt metall iding. However ,  increased chemical attack of 
quartz  by fluorides has been observed, so that  cell de- 
sign should be modified in future  work. 

Current  mol ten  salt metal l id ing processes are, un-  
fortunately,  very  t ime and tempera ture  dependent  be-  
cause of the diffusion_-limiting steps involved.  High 
current  densities are unable to shorten the t ime re-  
quirement.  The rate of diffusion of a luminum into the 
Nimonic is slow compared with  the rate  of deposition 
of a luminum onto the Nimonic surface. 

Smooth, uni form deposition of a luminum over large 
areas has been attained. This uniform coating is, how-  
ever, possible only when  fluorides are present  in the 
melt. In addition, the electrodeposit ion and diffusion of 
a luminum into small  d iameter  openings seems feasible, 
al though more in-depth  study is required to define the 
limitations. 

The deposition react ion can be carried out on a self- 
sustaining basis on a laboratory  scale. However ,  longer  
deposition t imes are required because of the low cur- 
rents generated when no external  source is utilized. 

The current  efficiency of the exper iments  carried out 
to date has been low. Fur ther  elucidation of the causes 
of this poor current  efficiency is necessary before de-  
ve lopment  of higher  electrodeposit ion and diffusion 
rates is possible. 

Recommendations 
The sodium chloride-potassium chloride mol ten salt 

system is unsuitable for a luminum electrodeposition 
work at high temperatures .  Therefore,  in the future, all 
work  should be carr ied out in melts where  fluorides 
are at least present, preferably  in fluoride-based sys- 
tems. 

The effect of t empera ture  should be studied because 
diffusion has been found to be the ra te- l imi t ing  step. 

In addition, the concentrat ion of a luminum ions in 
the melt  could be t reated as a var iable  in fu ture  work  
to ascertain the causes for the low current  efficiencies 
observed to date. Likewise, st irr ing or bubbling gas 
through the melt  could be introduced to determine the 
effects of mixing. 

The electrodeposit ion of metals  other  than a luminum 
should be explored. Elementa l  y t t r ium and /o r  pla t i -  
num are promising substitutes. 

Cont inued work  could also easily incorporate  corro- 
sion studies of prepared specimens, and would be 
highly informat ive  since corrosion resistance is an im-  
portant  cri terion in the use of the diffused substrate. 

APPENDIX 

Calculation of Theoretical Aluminum Deposit (AITh) 
Example  

Current  = 12.4 m A  
Area of specimen ---- (1.5 cm ~) • 2 _-: 4.50 cm 2 
Current  density = I / A  = 2.755 m A / c m  2 
Number  of in tegrator  units (empirical)  : 1217 units 
1 coulomb = 36.07 units at 0.410V across the integra-  

tor  
1217 units • 1 coulomb/36.07 units : 33.74 coulombs 
Number  of moles = C/nF 
Number  of moles - :  33.74 coulombs/ (3)  (96,500) = 

1.166 • 10 -4 moles 
27g A1 

1.166 • 10 -4 moles • . : 3.15 • 10-Zg 
1 mole A1 

A1 ---- 3.15 mg A1 
(AlTo,) -~ 3.15 mg A1 

Efficiency Calculation 
The actual weight  of a luminum deposited onto the 

above sample (AlEx) was 1.6 mg. Therefore  

1.60 mg 
Efficiency = (A1Ex)/(AITh) ---- - -  --  51% 

3.15 mg 
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Interfacial Na § Transport in the 

Alumina/Propylene Carbonate System 
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ABSTRACT 

I~a + t ransport  across a polycrystal l ine p -a lumina /p ropy lene  carbonate 
interface has been studied at 23~C as a function of current  densi ty from 1.0 
to 6600 #A/cm 2 under  dry and hydrated conditions. Constant current  t ransient  
analysis f rom 10 -7 to 102 sea was used to distinguish interracial  and bulk 
resist ivi ty components during ion entry into and exit  f rom S-alumina. The 
resistance associated with  Na + exit  increases significantly after  exposure of 
the ~-alumina to water  vapor. Interracial  cur ren t /vo l tage  relationships for 
dry and hydrated samples are nonlinear  but  qual i ta t ively  similar. Na + ent ry  
phenomena are obscured by a steaai ly increasing interracial  resistance which 
accompanies ion t ransport  into the ~-alumina, a process reversed by extended 
electrolysis out of the interface. The results suggest that interfacial  t ransport  
involves an adsorbed in termediate  state and is influenced by an equi l ibr ium 
between adsorbed Nae/H.~O and Na* /HaO + substi tuted into the ~-alumina. 

Ion t ransport  across a solid e lec t ro ly te / l iqu id  elec- 
t rolyte interface involves a fundamenta l  change in 
ionic environment .  Restr icted motion within  the solid 
e lectrolyte  contrasts wi th  ionic association, solva- 
tion, and random diffusion in the liquid. Clearly, this 
step is influenced by the molecular  s t ructure  and di- 
electric constant of the l iquid electrolyte  and by the 
s tructure of the solid electrolyte.  

Beta a lumina (ca. 1.2 Na20-9AleQ)  is a solid elec- 
t ro lyte  of interest  in a var ie ty  of novel  e lec t rochem- 
ical energy storage systems. It is stable in a range of 
chemical  envi ronments  and has high conductivi ty for 
several  monovalent  cations, especially Na +. It is 
also ideally suited for the study of ionic t ransport  
be tween dissimilar phases; 

Ion t ransport  across solid e lec t ro ly te / l iquid  elec- 
t rolyte  interfaces has been previously examined in 
ion exchange membrane /aqueous  electrolyte  systems. 
Kressmen and Tye (1) and Peers (2) discussed the 
effects of ionic deplet ion at specific ion selective 
membrane  interfaces. Sandblom, Eisenman, and Walker  
(3, 4) presented a theoret ical  examinat ion of ideally 
permselect ive,  l iquid ion exchange membranes,  specif-  
ically addressing ion transport  effects within the m e m -  
branes. Results of a p re l iminary  examinat ion (5) of 
~ -a lumina /p ropy lene  carbonate interracial  t ransport  
at 25~ per formed in this laboratory  revealed that  a 
large increase in interracial  impedance for Na + ent ry  
and exit  ensues from exposure of the 5-alumina to 
water  vapor. Simflar effects were  noted by Voinov 
and Tannenberger  (6) who speculated that  protons 
may  be i r revers ib ly  dr iven into the E-alumina uede r  
the influence of an electric field, increasing its re -  
sistivity. 

The present  work  was undertal~en to examine  Na + 
transport  across a propvlene  ca rbona te /5-a lumina  in- 
terface under  nominal ly  anhydrous conditions and 

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
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in the presence of adsorbed water.  To separate ly  dis- 
t inguish inter[acial  and bulk resist ivi ty effects and 
differentiate Na § entry into the solid e lectrolyte  f rom 
Na + exit, a fast risetime, constant current  technique 
was used. 

Experimental 
Beta alumina ceramic rods were  prepared from 

Alcoa XB-2 S-alumina powder.  The powder  was 
ground with ZrO2 grinding media, dried under  vacuum, 
screened, and hydrostat ical ly  pressed into rods ap- 
proximate ly  1.6 cm in d iameter  and 15 cm long. The 
rods were cut into 1.6 cm segments and fired at 1700~ 
The result ing ceramic was single phase, polycrysta l -  
l ine ~-alumina of 98% theoret ical  density, containing 
approximate ly  1% MgO and 1% ZrO2. 

Rods were  sliced with  a diamond saw into disks 
1.3 cm in d iameter  and 4 mm thick. A 0.6 mm hole 
was dri l led 3 mm into each disk f rom its c i rcumfer-  
ence hal fway between each face. Sample  faces were  
polished through 600A grit SiC paper, washed in 
methanol,  and fired for 24 hr at 700~ Between in- 
dividual  experiments,  samples were  wet polished with  
methanol  through 600A grit  SiC paper, r insed with  
m e t h a n o l  and baked at 403~ in vacuo. They were  
t ransferred in vacuo to a Vacuum Atmospheres  Ar  dry 
box and polished briefly on dry 600A grit SiC paper  
immedia te ly  before use. 

In the fol lowing exper iments  "dry" E-alumina is 
that which has been t reated as above. "Hydra ted"  
E-alumina was prepared identically except  for expo-  
sure to 100% rela t ive  humidi ty  at 23~ for 20 rain 
or 28 hr  before analysis. 

Samples were  mounted in the Teflon exper imenta l  
cell shown in Fig. 1 and held in place with silicone 
rubber  gaskets. Burdick and Jackson "Spectroscopic" 
prop.vlene carbonate was dried by mult iple  percola-  
tion through a 16 • 2 cm column of a lumina which 
had been activated at 500~ in vacuo for 24 hr. 
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Fig. 1. Experimental cell constructed of Teflon; gaskets of 
silicone rubber; drawn to scale. 

Baker  anhydrous reagent  NaI and Southwestern  Ana-  
lyt ical  anhyarous t e t rabu ty lammonium tetrafiuoborate 
(TBABF4) were  baked 48 hr at 110~ in vacuo, 
weighed into appropriate  volumetr ic  glassware, and 
baked a second t ime under  identical  conditions before 
dilution. Two electrolyte  solutions were  prepared:  
solution 1, 0.010M NaI + 0.100M TBABF4; and solution 
2, saturated NaI and TBABF4. Solution 1 was the test 
solution and is referred to in this paper by its Na + 
concentration. The second was used in the unmoni tored  
compar tment  of the exper imenta l  cell. 

The assembled cell incorporated four electrodes, an 
outer current  carrying pair  of Pt foil (electrodes 1 

4) and an inner reference pair  (electrodes 2 + 3). 
Each reference electrode was an Au wire into which 
ei ther T1 or Na amalgam was dissolved. No difference 
in results was observed between T1 or Na electrodes. 
A small amount  of electrolyte  was injected into the 
disk reference electrode hole to improve contact. Ob- 
served with a Kei th ley  Model 616 digital e lec t rom- 
eter, these electrodes established a potential  difference 
satisfactorily stable for the exper iments  described here. 

Galvanostat ic  data (10-7-10 -3 sec) were  obtained 
by applying single, fast r iset ime (<5 • 10 -8 sec) 
constant current  square waves to electrodes 1 + 4 
while monitor ing the differential  vol tage response 
across electrodes 2 + 3. A broad range of elapsed 
t ime was covered by applying pulses of differing 
widths. The result  is a plot of voltage drop associated 
with ion t ransport  be tween electrodes 2 and 3 at con- 
stant current  from 10 -7 to 10 sec from current  ini t ia-  
tion. Voltage vs. t ime was converted to resist ivi ty vs. 
t ime by dividing by current  and mul t ip lying by the 
geometr ical  ~-alumina surface area exposed to pro-  
pylene carbonate. All the transient data re~orted were 
obtained at a current density of 138 ~A/cm 2. The 
pulse generator used has been previously described (7). 

Potential transients were captured with a Tektronix 
7633 storage oscilloscope using a 6B53A time base and 
6All vertical amplifier. The probe-oscilloscope com- 
bination has a 60 MHz bandwidth, 5.9 • 10 -9 sec 
risetime, and vertical deflection accuracy of 3%. Stored 
traces were photographed for subsequent manual re- 
trieval of potential-time data. The apparatus was 
operated in a single pu]se mode by triggering the os- 
cilloscope and pulser with a Tektronix Model I15 
pulse generator. 

Exper imenta t ion  in the 10-1-100 sec t ime range was 
performed with a PAR Model 173 pofe~t iosta t /~al-  
vanostat. PAR Model 175 programmer.  Kei th ley  Model 
616 digital electrometer ,  and Hewle t t -Packard  7004 
x - y  recorder. 

Results and Discussion 
Dry [~-alumina-Na+ ex i t . - -Typica l  data from gal-  

vanostatic analysis of Na + exit  f rom ~-a]umina into 
propylene carbonate across a dry interface are plotted 
in Fig. 2. Three major  resist ivi ty components com- 
prise the response shown: (a) propylene carbonate 

i 0 3  . . . . . . . . . .  

e ~  I �9 ~  a 

IOZL . . . .  ,_ , , ,  . . . . . .  �9 , . . . . . .  , . . . .  I 
I0 -7 ~0 6 10-5 10-4 10-5 10-2 i0-1 i0 0 [0 I 

ELAPSED TtME (sec) 

Fig. 2. Na + exit from E-alumina through dry interface; 0.010M 
Na + at 23~ 

electrolyte  resistance; (b) interfacial  polarization; and 
(c) bulk resist ivi ty of polycrystal l ine ;S-alumina. 

These components occur electr ical ly in series; each can 
be approximated by a simple paral le l  RC circuit. The 
circuit  shown in Fig. 3, then, approximates  the resis- 
t iv i ty - t ime  behavior  in this system. 

The res is tance- t ime response of each individual  RC 
pair in Fig. 3 upon per turbat ion  by a constant current  
square wave has been previously der ived (7) and is 
shown in Eq. [1]. F igure  4 is a plot of Rt as a func-  
tion of t as predicted by Eq. [1] 

Rt : R(1 -- e - t /Rc)  [1] 

F rom Fig. 4, it is clear that  if the t ime constant 
of the RC components shown in Fig. 3 are sufficiently 
different and each falls within the range of analysis, 
a staircase res is t iv i ty- t ime behavior  will  be observed 
for the model  circuit  f rom which all values of R and C 
can be calculated. Moreover,  so long as (RC)int is 102- 
103 times larger  than (RC) Pc and (RC) beta, interracial  
polarization can be separated from solution and fl- 
a lumina resistance. 

The anticipated t ime constant for propylene car-  
bonate relaxat ion shown in Fig. 3 was confirmed ex-  
perimental ly.  Time constants for the E-alumina were  

< 10 -8 <lO -5 <10 -9 >10 -4 

c C c b Cp C CINT 

re r b rpc rlNT 

INTRAGRAIN INTERGRAIN PROPYLENE INTERFACIAL 
CARBONATE TRANSPORT 

Fig. 3. Model circuit approximating ion transport across a poly- 
crystalline /~-alumina/propylene carbonate interface; figures above 
each RC pair are anticipated time constants in seconds. 
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0.01R , ,,I 
0.01 RC 0.1 RC I RC I0 RC 
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Fig. 4. Resistivity vs. elapsed time response of an ideal RC 
parallel circuit upon appffcation of a constant current square 
wave o f  i n f i n i t e l y  s h o r t  r i s e t i m e .  
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determined by a four-probe galvanostatic technique 
previously described (7). Interracial  response was 
estimated by considering double layer capacitance 
to be 10 -5 F / cm 2 and interracial  resistivity to be 
102-103 ohm-cm 2. At t > 10 -5 sec, therefore, the re-  
sistivity associated with ionic t ransport  wi thin  ~- 
a lumina  and propylene carbonate is constant. Any 
fur ther  resistance increase results from interracial  
polarization. 

No interracial  resistivity component  can be clearly 
dist inguished in Fig. 2. However, a detailed examina-  
tion of the relationship between total voltage drop 
across the interface, including bulk  IR drop in each 
electrolyte, and constant current  magnitude,  shown 
in Fig. 5, reveals a significant nonohmic component 
that  cannot  be associated with bulk  effects. 

Four  different curves are displayed in  Fig. 5: I, 
taken immediate ly  after cell assembly; II, after the 
first, and III, after 2 X 10 -~ coulombs of Na + had 
been electrolyzed out of the ~-a lumina sample at 
1640 ~A/cm 2. The decreased polarization observed in 
curves II and III at low current  densities is temporary;  
both gradual ly  rise to meet I as more relaxat ion t ime 
is introduced between one electrolysis and the next. 

Background voltage drop arising from bulk  resis- 
tance of the propylene carbonate and E-alumina, which 
is expected to be ohmic, is the fourth plot in Fig. 5. 
It was derived ~by considering the resist ivi ty o.bserved 
at 1,0 - s  sec in Fig. 2 to be bu lk  resist ivity exclusive of 
interfacial  polarization. The val idi ty of this assump- 
tion is discussed in a following section. 

The divergence of curves I - I I I  at low currents  and 
their sensit ivi ty to prior electrolysis suggest that sus- 
tained Na + electrolysis out of the interface temporar i ly  
removes a species inhibi t ing transport.  Trace water, 
present  in the propylene carbonate electrolyte des- 
pite scrupulous precautions, can easily be suspected 
of involvement  with these effects. 

In  gather ing data for Fig. 5, total voltage was con- 
stant  from 0 to 20 sec after constant  current  ini t ia-  
t ion for currents  less than 1090 ~A/cm2; points were 
taken at 3 sec. At higher current  densities, the voltage 
wave had a positive slope. This imparts an increasing 
slope to data in Fig. 5 at higher current  densities. 
A hypothesis explaining this is presented in a later  
section. 

Dry ~-alumina-Na + entry . - -Exper imental  examina-  
tion of Na + ent ry  into E-alumina is complicated by 
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I010 ' ' I00 I000 
CURRENT DENSITY  ( /~A/cm 2) 

Fig. 5. ]nterfaeial transport through dry interface; No + exit 
into O.O|OM Na + ,  total voltage vs. current density. Straight line 
is background voltage due to bulk fl-alurnina and propylene ear- 
bonate resistance. 23~ � 9  curve I; 0 ,  curve II; I-], curve III. 

interfacial  Na + deplet ion and accumulat ion of im-  
purit ies t ransported into the solid electrolyte as the 
result  of current  passage. Interracial  iNa + depletion 
produces a gradual  increase in interracial  resistivity 
with time. Impur i ty  accumulat ion results in spurious 
and nonreproducible  resistivity behavior. 

Na + interracial  depletion was observed by electro- 
lyzing Na ~ into p-a lumina  from a quiescent solution 
of 0.OlOM Na + with a l inear ly  increasing controlled 
current.  Theory (8) predicts that the total voltage 
will increase slowly unt i l  the interracial  Na + concen- 
t rat ion is zero. At this critical "transit ion" time, the 
rate of Na + transport  into the electrolyte exceeds its 
rate of diffusion to the interface. The voltage should 
increase sharply unt i l  it is artificially l imited or a 
second cation capable of inject ion into the solid elec- 
trolyte is produced. 

Figure 6 shows the exper imental  results. Curve I 
was recorded immediate ly  after cell assembly and 
has a t ransi t ion t ime of 4.5 sec as measured at the 
intersection of tangents drawn on each of the curve 
legs. 

Murray and Reilley (8) have derived a theoretical 
relationship (Eq. [2]) between mobile ion concentra-  
tion (C), diffusion coefficient (D), cur rent  sweep rate 
(B), and the critical t ime (t), at which the in ter -  
facial mobile ion concentrat ion becomes zero. Assum- 
ing C ---: 0.010M, B ---- 164 /~A/cm2/sec, n ---: i, and D 

10 -6 cm2/sec, Eq. [2] predicts a critical t ime of 
3.9 sec. Both D and B were estimated in this calcula- 
tion, the first in the absence of an exact value and 
the second because a precise measure of the actual 
conducting surface area of the E-alumina is not known. 
Since the sample is polycrystalline, interracial  t rans-  
port across some portions of the surface is blocked by 
improper grain orientation, making the actual current  
density greater than that estimated from the apparent  
geometric surface area. Considering these uncer ta in-  
ties, the agreement  between observed and calculated 
t ransi t ion times is surpris ingly good. 

3nFDll2nl/2C 
t 3/2 = [2] 

4B 

More interest ing in Fig. 6 are curves II and III. 
The former was recorded under  identical conditions 
to I but  after 1.2 X 10 -2 coulombs of Na + was elec- 
trolyzed into the solid electrolyte. This extended elec- 
trolysis of Na + into the interface clearly resulted in 
adsorption or injection of species which drastically 
increase interfacial  polarization. Ini t ia l  response is 
restored after extended Na + electrolysis out of the 
interface. 

This electrolysis-dependent  polarization is similar 
to that shown in Fig. 5 in which Na + exit interfacial 
polarization was found to decrease temporar i ly  after 
extended Na + electrolysis out of E-alumina. It pre-  
cludes fur ther  examinat ion of Na + interracial  entry. 
The suspicion that trace water  may be involved in 
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Fig. 6. Interfacial transport through dry interface; Na § entry 
from 0.010M N a + ;  linear current sweep at 59 ~.A/sec; exposed 
E-alumina area = 0.304 cm 2, (curve I) initial, (curve II) after 
1.2 X 10 - 2  coulombs Na + entry at 329 #A/cm 2, (curve II I)  
following curve II but after 1.7 X 10 - 2  coulombs Na + exit at 
329 #A/cm2; 23~ 
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these effects prompted more detailed examinat ion  of 
its effects on interracial  transport.  

Hydrated #-Alumina-Na + exLt.--Galvanostatic data 
in Fig. 7 contrast Na + exit into 0.010M Na + from dry 
#-a lumina  and from ~-a lumina  after 20 min  hydration.  
Both curves are essentially identical at short times, 
corroborating the assertion that this region (10-7-10 -4 
sec) represents bulk IR effects in  the two electrolytes. 
Both diverge at longer times, the hydrated response 
to a value constant  at t > 10 -2 sec. There is c l e a r  
evidence of an interracial  resist ivi ty component  at 
10-3 sec.  

Voltage as a funct ion of constant  current  for N a  + 
exit into 0.010M Na + from #-a lumina  hydrated 20 rain 
and 28 hr  is plotted in Fig. 8. Litt le difference is 
apparent.  

Figure 8 also contrasts Na + exit from dry and 
hydrated #-alumina.  Voltage drop for the hydrated 
sample is greater than that observed with the dry 
sample, especially at low current  densities. However, 
all three curves are qual i ta t ively similar. In  both 
hydrated and dry experiments,  constant current  dens- 
ities greater than 1000 ~A/cm 2 produce steadily rising 
vol tage/ t ime relationships. This rise is resolved for 
the hydrated case in the curious behavior  seen in 
Fig. 9, in which at 3290 ~A/cm 2 a large interracial  
voltage transi t ion occurs after several seconds. 

InterSacia! transport mechan~sm.~Interfacial polari-  
zation is a significant nonohmic component of the 
total voltage arising from Na + t ransport  through a 
# -a lumina /propylene  carbonate interface. The cu r r en t /  
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voltage relationships for Na + exit from #-a lumina  into 
propylene carbonate under  dry and hydrated condi- 
tions (Fig. 8) are similar in general  structure. Both 
deviate from bulk  IR resistivity at low current  dens- 
ities, approach bulk  IR resistivity at higher currents,  
and again diverge at highest current  densities. Ex- 
tended Na + entry  into both dry and hydrated in te r -  
faces results in resist ivity increases which are re-  
versed only upon sustained Na + exit (Fig. 0). These 
observations suggest that adsorbed water  significantly 
affects # -a lumina /propylene  carbonate interfacial  
transport.  

Various a luminas  are adsorbents for a number  of 
species including H20 and Na +. Raman analysis of 
water adsorbed on a -a lumina  concludes that Na + ions 
and water molecules compete for Lewis acid sites 
(9). Na + adsorption is thought to cause a -a lumina  
catalyst "poisoning" in Na+-conta in ing  environments .  
Infrared spectroscopic analysis of pyr idine adsorption 
on a -a lumina  concludes that pyr idine adsorbs at non-  
protonic Lewis acid sites in the absence of water. 
Proton activity is observed in the presence of water. 

A variety of data also implies that  water  is ab-  
sorbed directly into the conducting planes of #-alumina.  
Kline et aL. (10), in broadband NMR measurements ,  
found that the 23Na spectrum in #-alumina,  which is 
sharply narrowed by rapid localized ion motion at 
room temperature,  broadens in the presence of water  
vapor. One inference from this is that diffusion of 
water into the conduction plane significantly de- 
creases local Na + motion, and, as a consequence, Na + 
conductivity. Heat ing restores a normal  spectrum. 
Weight change measurements  corroborate the revers-  
ibili ty of the exchange (11). 

Thus, water adsorbed at a #-alumina,  interface may 
diffuse into the #-alumina,  lowering bulk  conductivi ty 
in  the interracial  region, and is also a source of ionic 
hydrogen species such as H~O + and H +. Both these 
ions can replace Na + in #-alumina.  

H30 + #-a lumina has been prepared by exchanging 
Na + #-alumin,a in concentrated H2SO4 (12). H + #- 
a lumina is synthesized by exposing An+ #-a lumina  to 
a reducing atmosphere of H2 (13). Both H + and H30 + 
ions, therefore, are capab"e of diffusing spontaneously 
or under  the influence of a field into #-alumina.  

The preceding information suggests that  water ad- 
sorbs on the #-,alumina surface and ionic hydrogen 
species, such as H30 +, diffuse into the solid electro- 
lyte, par t ia l ly  exchanging with surface Na + ions. 
The result  is a mixture  of Na +, OH- ,  and HeO ad- 
sorbed on the electrolyte surface and a mixed H~O+/ 
Na + eompo~itlon wi thin  the conducting planes adja-  
cent to the surface. 

Under  the influence of an approDriate field, both 
Na + and H,O + move out of the interface, both ini-  
t ial ly to adsorption sites on the surface. Subsequent  
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solvation and desorption steps ma in ta in  Na+/H20  
equi l ibr ium at the interface. The locally elevated Na + 
concentrat ion alters the adsorption equi l ibr ium at the 
interface as long as current  flows, and increases the 
Na+/H2,O and Na+/H30 + ratios on the surface and in  
adjacent conducting planes. 

Sustained Na + exit temporar i ly  decreases the con- 
centrations of adsorbed H20 and exchanged H30 + 
and results in the temporary  decrease in interracial 
polarization observed at low current  densities in Fig. 
5. Similarly, ion en t ry  increases the proport ion of 
H30 + in the conduction planes, decreasing conduc- 
tivity. This is reversed by extended ion transport  out 
of the interface, as seen in Fig. 6. 

Na + exit, thus, is hypothesized to involve an in ter-  
mediate adsorbed state at low current  densities. If 
the current  is increased to the point at which surface 
adsorption sites become saturated, ion t ransi t ion must  
take place through a secondary mechanism requir ing 
greater energy. This results in the upwardly  sloping 
vol tage/ t ime curves observed at higher currents  dur-  
ing ion exit and culminates in the voltage t ransi t ion 
shown in Fig. 9. 

Conclusions 
Interfacial  polarization associated with Na + t rans-  

port across a polycrystal l ine p -a lumina /p ropy lene  car- 
bonate interface is nonohmic and can be separately 
dist inguished from bulk  resistivity. It is increased by 
water  adsorbed on the interface. Interfaces which 
have been dried exhibit  significantly lower polariza- 
tion than those purposely hydrated by exposure to 
water vapor. 

The results presented are consistent with the hy-  
pothesis that  interracial  Na + ion t ransport  occurs 
through an in termediate  state in which Na + is ad- 
sorbed on the ~-a lumina  surface, t ransport  between 
the conducting planes and surface being more rapid 
than t ransport  directly to the solvated state. Water  
competes with Na + for surface adsorption sites and 
provides a source of ionic hydrogen species, such as 
H~O +, which can diffuse into ~-alumina.  A dynamic 
equi l ibr ium between adsorbed Na+/H20 and N a + /  
H30 + subst i tuted into the adjacent conducting planes 
is established and results in increased interfacial 

resist ivity in the presence of water. Extended Na + 
electrolysis into p-a lumina  gradual ly  enlarges the re- 
gion of decreased conductivi ty by t ranspor t ing ionic 
hydrogen species more deeply into the electrolyte. 
Extended electrolysis out reverses the effect, essen- 
t ially "cleaning" the interface. 
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Oxidation and Corrosion of Tin-Coated Zircaloy-4 
K. Hauffe* and V. Martinez* 

Institute of Physical Chemistry, University of GSttinge~, 34 GSttingen, West Germany 

ABSTRACT 

Because of the lack of the adhesion of the growing oxide layer on zirconium 
alloys, t in-coated Zircaloy-4 has been oxidized in 250 Torr oxygen at 500~ 
and corroded in high pressure water at 349~ and 176 atm. The rate of both 
reactions was decreased with increasing thickness of the t in layer (up to 0.1 
~m). Simultaneously,  the t ransi t ion point was shifted to longer periods. Pre-  
sumably  this enhancement  was caused by the t in  layer which exists between 
the alloy and the oxide operating as l iquid agent. 

A great number  of atomic reactors, such as stat ion- 
ary units  for electrical power supply or for ship re-  
actors, operate as high pressure water  reactor type, 
where Zircaloy-2 and -4 are used as construction mate-  
rial. The use of these alloys continues to be attractive 
for fuel cladding and pressure tubing applications. 
Besides the creep strength, the corrosion behavior  of 
these alloys is very  impor tant  for the durabi l i ty  and 

* Electrochemical Society A c t i v e  Member .  
K e y  w o r d s :  p las t i c i ty ,  layer, interface, crevices, stresses. 

security of these reactors. Besides Zircaloy-2 and -4, 
zirconium-niobium alloys with 2.5-3.5 weight per cent 
(w/o) Nb, either without or with about 1 w/o Sn, 
have become of importance because of their higher 
creep strength with similarly good corrosion resistance 
under reactor conditions (i). All these alloys form, 
at high temperatures under high pressure water, zir- 
conium oxide containing more or less amounts of 
foreign ions caused by immigration of alloying ele- 
ments. However, the oxide layers exhibit only a limited 
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adherence which is responsible for the premature  de- 
struction of this material .  

As today it is well  known on the basis of an ex ten-  
sive study and of experience,  the ducti l i ty of ZrO2 is 
ra ther  small. Therefore,  when the oxide layer  has at-  
tained a critical thickness, the shearing stresses be- 
tween the alloy and the growing oxide become so large 
that  crevices and pores are formed in the oxide scale. 
Associated with this is t ransi t ion to prevai l ing t rans-  
port of O., molecules in these crevices and pores, caus- 
ing a faster oxidation or corrosion characterized by a 
transi t ion f rom a parabolic rate law to an approxi-  
mately  l inear rate  law of oxidation. Simultaneously,  a 
color change of this oxide layer  occurs f rom dark gray, 
in consequence of an oxygen deficiency, to white, due to 
its at taining a stoichiometric composition. Initially, near  
the transi t ion icoint whi te  spots appear in the gray 
oxide layer  which become larger  during the oxidation. 
As known, this color is connected with a postoxidation 
of the init ial  nonstoichiometr ical ly composed oxide 
layer  oxygen vacancies and free electrons in conse- 
quence of an oxygen deficit. 

As long as the contact of the oxide layer  wi th  the 
alloy is  not in ter rupted and the number  of pores and 
crevices per unit  area of the oxide layer  is not too 
large, sufficient oxygen ion vacancies and free elec- 
trons are available in the oxide layer  for the t rans-  
port  of oxygen ions to the a l loy-oxide interface. In the 
later  period of oxidation, however ,  the density of 
crevices and pores has become so large that t ransport  
of oxygen as O2 molecules in crevices and pores pre-  
vails. In consequence of this fact the oxide layer  is 
oxidized to a stoichiometric composition in which the 
concentrat ion of oxygen ion vacancies and of free elec- 
trons has been strongly reduced. The oxide layer  be- 
comes white. This transition, which is correlated with 
the appearance of a porous oxide layer  and with an 
increase in the rate of oxidation, can be easily recog- 
nized by a break in the oxidat ion- t ime curve (Fig. 1). 

While, in the pretransi t ion oxidation period, the rate 
of oxidation is determined mainly  by a t ransport  of 
electrons and /or  holes and of oxygen ions via vacancies 
and /or  via interst i t ial  positions, characterized by a 
parabolic rate law, the subsequent  oxidation period fits 
a l inear  rate  law of oxidation ra ther  well, because 
transport  processes through the porous oxide layer  no 
longer determine the oxidation rate. However ,  other 
rate  laws, for instance a cubic and a logari thmic rate 
law in the pretransi t ion period, have been found (2). 
The problem which had to be solved was by what  
means the rate of oxidation could be decreased, a ques- 
tion which is correlated with  the shift of the transit ion 
point to longer oxidation time. This problem is inti-  
mate ly  connected with the aim of prevent ing the ap- 
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pearance of pores and crevices in the oxide layer. 
Ignoring the various possible ways of solving this 
problem discussed elsewhere (3), only one possibility 
was tenta t ively  employed which seemed to offer some 
success. This was the introduct ion of a plastic or a 
l iquid layer  be tween  the alloy and the growing oxide 
layer. 

The introduction of a plastic oxide layer is a ra ther  
complicated problem because the oxide must have not 
only a predominant ly  defect structure, but  must also 
exhibit  a high mobil i ty  of the lattice defects at tem- 
peratures  between 280 ~ and 350~ the tempera ture  
range of an operat ing high pressure water  atomic re-  
actor. These requi rements  are necessary in order to 
decrease the shearing stresses at the ox ide /a l loy  inter-  
face due to diffusion of oxygen ion vacancies into the 
interface, and to prevent  the formation of crevices and 
pores. At tempts  to solve this problem which have met  
wi th  success are not known. 

The second way, in which a plastic or l iquid meta l  
layer  is deposited be tween the alloy and the growing 
oxide layer, and which remains unoxidized during the 
corrosion, seems to be more successful. The application 
of this method was s t imulated by exper iments  on the 
high tempera ture  oxidation of Fe-Cu and Fe -Sn  alloys, 
where  the noble metals  Cu and Sn are precipi tated at 
the interface steel /oxide.  These metals, because of the 
high oxidat ion tempera ture  of > 1000~ are in a l iquid 
state and act s imultaneously as a l iquid interface and 
as a blocking layer  to prevent  a porous s tructure in 
the oxide layer  and decrease the rate of oxidation (4). 

On account of the favorable  influence of tin on the 
oxidation behavior  of Zircaloys and its low mel t ing 
point, which promises to prevent  shearing stresses due 
to its l iquid state at the tempera ture  of an operat ing 
reactor, t in was selected as l iquid meta l  layer. It  was 
deposited in various thicknesses on Zircaloy-4 sheets 
and tubes before oxidation. To what  extent  other 
metals would operate in this manner  be tween  280 ~ 
and 400~ is unknown. However,  only metals  wi th  a 
low melt ing point ( <  280~ the lowest operat ing 
tempera ture  of a reactor)  can be employed. Fur the r -  
more it must be taken into account that  a quick dif-  
fusion of zirconium atoms must occur through the 
metal  interlayer,  so that  the fol lowing a r rangement  is 
present 

zirconium al loy/ l iquid  tin l ayer /z i rconium oxide [I] 

and a SnO and /or  SnO2 growth must  not occur. In the 
first stage of oxidation, however,  involving a layer  of 
"dark ZrO.~" before the transi t ion point, the act ivi ty 
of SnO in ZrO2, asno(in zro2), next  to the interface l iquid 
S n / Z r Q  is ex t remely  low so that  t in is pract ical ly not  
converted to SnO as can be est imated f rom thermo-  
dynamic data. ~ Unfor tuna te ly  in the later  period of 
oxidation after  the t ransi t ion point tin is not suffi- 
ciently inert  (3) and a mixed-ox ide  can be formed. 

In spite of this complex mechanism, described by 
Douglass and Wagner (6) in more detail, we want  to 
show here that  indeed a l iquid tin layer  is acting 
favorably be tween the alloy and zirconium oxide in 
the manner  ment ioned above. 

x A c c o r d i n g  to W a g n e r  (private communicat ion)  after the e q u i l i b -  
r i u m  a t  500~ 

Sn(1) + I/2 ZrO2(s) = SnO(in ZrO2) + '/2 Zr(in Sn(1)) 

practically no formation of SnO can be expected because one ob- 
tains 

asno(la ZrO 2) ~ lO-XS/azr(ln Sn) 

a n d  i f  t h e  v a l u e  fo r  az r ( ln  sn) ~ 10 -~ is introduced employ ing  the 
e q u i l i b r i u m  

Sn(1) + Zr(in Sn) = SnZr(s) 
w i t h  

ash X azr(in Sn) = exp(AG~ 

with AG=snzr = --14,000 cal/rnole [see Wagner (5)] then we 
obtain 

a h , O ( l n  Z r O  2) -~- 1 0  -1& 

as an  u p p e r  l i m i t  if s a t u r a t i o n  of l i q u i d  t i n  w i t h  t h e  i n t e r m e t a l l i c  
S n Z r  gove rns .  On t h e  bas i s  of t h i s  c a l c u l a t i o n  w e  m a y  a s s u m e  t h a t  
as~o( i ,  z~o~ m a y  be  e v e n  l o w e r  t h a n  10 -1~ i f  t h e  l i q u i d  a l loy  is not 
in e q u i l i b r i u m  w i t h  t h e  i n t e r m e t a l l i c  S n Z r .  
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First  of all, corrosion exper iments  wi th  flowing 
water  were  carr ied out in a high pressure autoclave in 
the Research Centre of the Atomic Reactor  Stat ion at 
Tesperhude (7). This autoclave was constructed with  
four  mount ing frames and a lock chamber  in order to 
take out samples under  high pressure during the ex-  
per iments  wi thout  any in ter rupt ion  of the corrosion 
of the remaining samples. This exper imenta l  a r range-  
ment  is necessary in order to prevent  a cooling of the 
remaining samples which causes thermal  stresses in 
the oxide layer.  

Experimental 
Apparatus.--The specimens were  oxidized in oxygen 

at normal  pressure in an oxidation apparatus well  
known in the l i terature.  The oxidation in high pressure 
water  vapor  and the corrosion in high pressure water  
were  measured is an autoclave. 

The oxidat ion apparatus (Fig. 2) consisted of a ve r -  
tical quartz  tube connected with a Sartorius electronic 
microbalance capable of weighing to --+1 #g, this being 
complete ly  enclosed in the vacuum system. The fur-  
nace t empera tu re  was controlled to • 1 7 6  with  a t em-  
pera ture  controller.  Oxygen of a pur i ty  99.995 volume 
per  cent (v /o)  supplied by Messer-Griesheim was used 
in the tests requir ing an oxygen atmosphere.  As carr ier  
gas pure argon was employed. 

For  the corrosion of Zircaloy-4 samples in high pres-  
sure wate r  an autoclave with  lock chamber  was con- 
structed (Fig. 3). At the bot tom of this autoclave are 
four drawing junct ion pieces which are correspond- 
ingly connected wi th  four ball  valves by means of 
in termedia te  water -cooled  connections. On the lower  
junct ion of these ball  valves the lock chamber  is 
placed, connected wi th  these ball  valves  through a 
flareless tube fitting. This lock chamber  consists of lock 
tube, packroom, drain valve, and axial ly movable  
drawing rod. This a r rangement  makes possible the in- 
t roduct ion or taking out of samples during the exper i -  
ments. The autoclave can operate at a m a x i m u m  tem-  
pera ture  of 500~ and a max imum pressure of 250 arm. 
We feel that  our exper imenta l  a r rangement  has several  
advantages over  that  of the other authors par t icular ly  
for long t ime experiments .  While taking out several  
samples it is not necessary to cool the reacting system 
and therefore  probable crevice format ion in the oxide 
layer  of the remaining samples in consequence of ther -  
mal  stresses is suppressed. In spite of its steel con- 
struction, the the rmal  isolation was so designed that  
in the middle of the autoclave ~he t empera tu re  ac- 
curacy in a width of 15 cm was _+0.5~ at 349~ and 
176 atm wa te r  pressure. Deionized water  used as a 
corroding envi ronment  had 0.04-0.026 m g / l i t e r  O-~, a 
specific conduct ivi ty  of 0.5-1.7 #mho-cm -1 and a pH 

OXIDATION APPARATUS 

GAS VESSEL I 

TO GAS SOURCE 

Hg-MANOMETER 

.,CROiLA  
SPECIMEN ~ 

Fig. 2. Oxidation apparatus 

Fig. 3. Autoclave for high-pressure water oxidation experiments 

value of 7.5-6.4. The applied flow rate of water  was 
measured continuously during the experiments.  

Sample preparation.--Zircaloy-4 samples 2 measuring 
15 • 10 • 0.8 mm were cut from strips, polished on 
800 grid silicon carbide paper, degreased, and then 
pickled in the fol lowing pickling solution: 45 v /o  
HNO3, 5 v /o  HF diluted with  deionized water  at about 
20~ Fol lowing this, we tried to deposit t in layers on 
Zircaloy-4 samples. First of all the samples were  im-  
mersed, under  vacuum and at 700~ in a tin bath. 
At this t empera ture  and greater,  unfortunately,  the 
undesirable and bri t t le  SnoZr principal ly was formed. 
The  presence of this compound on the samples by no 
means reduces the oxidation rate (Fig. 4). Zirconium 
diffuses quickly through this alloy and reacts at the 
outer  interface with  the oxygen. At lower  tempera tures  
( <  600~C) longer t ime is necessary in order to get a 
thin compact layer  wi th  a tin content of larger  than 
95 w/o.  Unfor tunate ly  this layer  was not uniform and 
had a poor adherence. 

No suitable tin layers were  obtained by means of 
electrochemical  methods, wi th  and without  adding 
organic compounds as inhibitors, at tempera tures  be-  
tween 200 and 90~ Thin and uniform tin layers were  
deposited therefore  by evaporat ion under  vacuum 
(10 -5 Torr)  wi th  a Balzers microevapora tor  MIKRO- 
BA-3. The thickness of  these evaporated tin layers was 
est imated through optical comparison of the samples 
with other Zircaloy-4 samples previously weighed and 
calibrated by l ight absorption of evaporated tin onto 
glass. 

Zi rca loy-4  is a z i r c o n i u m  a l loy  "r m a i n l y  con ta ins  1.2-1.7 
w / o  Sn;  0.07-0.13 w / o  Cr;  0.18-0.24 w / o  Fe, and  0.10-0.15 w / o  O8 
(8). 
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Fig. 4. Cross-sectlon photograph of an oxidized tin coated 
Zircaloy-4 sample (T ~_ 500~ po 2 ~ 300 Torr; t ~ 4 days) 
(X63). 

Exper imenta l  Results 
Oxidation w i th  oxygen. - -Firs t ,  samples wi th  tin 

coatings of different thickness were  oxidized in 250 
Torr  oxygen at 500~ Figure  5 shows that  the oxida- 
tion rate decreases with the thickness of the tin layer. 
In spite of the scatter in results, we found a shift of 
the transi t ion point to longer oxidation times. In the 
pretransi t ion period the initial oxidation rate of the 
samples wi th  thick tin coatings (between 0.1 and 0.3 
~m) is h igher  than the oxidation of the samples with 
th inner  tin coatings ( <  0.1 ~m). This unexpected ini- 
tial weight  increase probably is caused by the s imul-  
taneous oxidation of tin. 

On the other hand, Fig. 5 shows that  t ransi t ion t ime 
increases up to 800/k tin and this dependence is ap- 
proximate ly  l inear  as shown by Fig. 6. The dependence 
of the parabolic rate constant on the thickness of the 
tin layers in the first period of oxidation is shown in 
Fig. 7. F igure  5 represents also the kinetics of the post- 
t ransi t ion oxidation, the t ime dependence now being 
linear. Pract ical ly  no change of the oxidation rate in 
this post- t ransi t ion period by means of these coatings 
was observed. On account of their  lack of effectiveness 
for oxidation resistance, thick tin layers ( ~  0.1 sm) 
were  not employed in subsequent experiments.  

Figure  8 shows the increasing dependence of the oxi-  
dation rate on the oxygen pressure of a Zircaloy-4 
sample with a 400A thick tin coating at 500~ Fur the r -  
more in Fig. 9 there  is plotted the parabolic rate con- 
stant kp vs. the oxygen pressure in a logari thmic scale 
yielding kp ~ po21is. Meanwhile,  in the post- t ransi t ion 
stage the l inear rate  constant kn increases wi th  a 
four th  root of the oxygen pressure as can be seen from 
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Fig. 5. (a, top) Oxidation of tin-coated Zircaloy-4 specimens at 
500~ and 250 Torr oxygen: curve 1, no tin; curve 2, 200~; 
curve 3, 300A; curve 4, 500.~ tin; curve 5, 800,~ tin coating thick- 
ness. (b, bottom) Oxidation of tin-coated Zircaloy-4 samples at 
500~ and 250 Torr oxygen: curve I,  no tin; curve 6, 0.1 ~m; 
curve 7, 0.18 #m; curve 8, 0.23 ~m tin coating thickness. 

Fig. 9. This dependence of the parabolic rate constant 
on the oxygen pressure forced us to assume that the 
ra te -de te rmin ing  diffusion must occur in the p- type  
region of the oxide layer  near  the outer surface ac- 
cording to 

Zr-a l loy [ n - type  ZrO2-P/n 

t rans i t ion-p- typeZrO21 oxygen [II] 

while  the diffusion in the n - type  region must be fast 
enough. A remarkable  observation is also the decrease 
of the transi t ion t ime with  increasing oxygen pressure 
(Fig. 10) which seems to be correla ted with  a faster 
growing p- type  oxide region. 

The dependence of the oxidat ion rate of a Zircaloy-4 
sample on the tempera ture  wi th  a 800A thick tin coat- 
ing in 250 Torr  oxygen is shown in Fig. 11. The values 
of the oxidation constants were  found to be increased 
with increasing temperature.  F rom these results an 
act ivation energy of 27.7 kca l /mole  was calculated. 
Since this value agrees with that  for the oxidation of 
pure Zircaloy, the mechanism of both may be assumed 
to be identical. 

By means of microprobe measurements  wi th  a micro-  
probe analyzer (Geoscan), an enriched tin zone could 
be identified at the a l loy/oxide  interface. Figure  12 
shows the distr ibution of both metals, tin and zirco- 
nium, in the oxide layer. 

High pressure water  corrosion.--In addition to the 
oxidation experiments,  Zircaloy-4 samples wi th  tin 
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Fig. 7. Dependence of the parabolic oxidation rate constant on 
the tin coating thickness at 500~ and 250 Torr oxygen. 

coatings were  corroded in high pressure water  in the 
autoclave at 349~ and 176 arm. Both the t ime de- 
pendence and the tin thickness dependence of the cor-  
rosion rate  was measured.  The samples were  taken out 
wi thout  in te r rupt ing  the corrosion of the remaining 
samples, as described in the exper imenta l  section. A 
small  decrease of the oxidation rate  wi th  increase of 
the thickness of tin coatings was observed (Fig. 13). 

Water vapor o:c~dation.--Zircaloy-4 samples with t in 
deposited were  oxidized at 403~ and 48 arm water  
vapor  pressure. In spite of the scatter  in the results  a 

b ~'o ~'o ' ' ~o ' ; o  'o ' ' ' 1 40 50 70 g 100 110 120 130 
TIME r HOURS]  

Fig. 8. Dependence of the oxidation rate on the oxygen pressure 
at 500~ and tin coating thickness of about 400~,: curve 1, 
8 X 10 - 4  arm; curve 2, 8.7 X 10 - 3  atm; curve 3, 3.3 X 
10 -1  atm; curve 4, 6.3 X 10 -1  atm. 
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rate constant on the oxygen pressure at 500~ and tin coating 
thickness of about 400~. 

small decrease of the oxidation rate wi th  increasing 
thickness of the tin layer  was detected as shown in 
Fig. 14. 

Electron microscope photographs.--On comparing an 
oxidized Zircaloy-4 sample without  a tin coating (Fig. 
15a) with an oxidized t in-coated Zircaloy-4 sample 
(Fig. 15b) it can be recognized that  the oxide layer of 

the t in- f ree  specimen exhibits  a greater  number  o2 
pores and crevices. 

Photographs of these pore- f ree  zones allow the con- 
clusion that this tin t rea tment  causes the growth of a 
more coherent oxide layer at 500~ and 250 Torr  oxy-  
gen. The thicknesses of all these oxide layers have 
been obtained close by the transit ion point or in the 
l inear  oxidation region, i.e., beyond the transit ion 
point. This transi t ion occurs at about 40-55 rag-din -2. 

Discussion 
Since zirconium oxide exhibits  an intrinsic latt ice 

defect behavior  according to 
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Fig. 11. Dependence of the oxidation rate of tin-coated Zir- 
caloy-4 samples on the temperature at 250 Torr oxygen and tin 
coating thickness of about 800A. 

Z e r o =  1 O l " + 2 e ' +  %OB (gas) n- typeZrO2 [1] 

with the tempera ture-dependent  equi l ibr ium 

IO1 + e '~  IOl- [2] 
and 

% O2(gas) = O" + 2 leE' p-typeZrO2 [3] 

with the tempera ture-dependent  equi l ibr ium 

O " +  ]el' .~- O' [4]  

we may tentat ively assume that the oxidation of zir- 
conium and its alloys occurs by diffusion of oxygen 
ions through the oxide layer via oxygen ion vacancies 
IO[" and IO1' and via interst i t ial  positions O" and O' 
with the equivalent  number  of free electrons e' and 
holes [e I" for electroneutral i ty.  

Taking into account the _~G ~ values for the formation 
of ZrO2, SnO2, and SnO at 500~ (--  57, -- 28, and 
-- 24 kcal/equiv.)  and the exper imental  results of the 
oxidation of zirconium alloys with Cu, Cr, Fe, and Mo 
additions (9), it is concluded that t in remains ini t ial ly 
precipitated at the al loy/oxide interface. This metal  
separating the growing oxide from the alloy should de- 
crease the shearing stresses between the alloy and the 
oxide. Because of the relat ive small  quant i ty  of t in in 
the alloy it is questionable whether a homogeneous 
precipitation of this metal  at the interface is possible. 

At the beginning of oxidation and corrosion of the 
Zircaloy-4 samples with th in  t in  coatings, at tempera-  
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Fig. 12. Distribution of zirconium and tin in the oxide layer of 
an oxidized Zircaloy-4 sample (tin coating thickness 4005,; T 
= 500~ Po2 = 477 Torr). 
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Fig. 13. Corrosion of Zircaloy-4 samples at 349~ and 176 atm 
water pressure (tl = 32 days; t2 z 63 days). 

tures between 350 ~ and 500~ a liquid t in layer should 
be expected at the alloy/oxide interface. During cor- 
rosion zirconium dissolves in l iquid tin and migrates 
through this t in  layer  toward the interface t in /oxide  
where the following reaction occurs 

Zr (in Sn(1))  ---- ZrO2 + 21oi" + 2e' [5] 

independent  of the oxidizing ambient.  During the o x i -  
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Fig. 14. Oxidation of Zircaloy-4 samples at 403~ and 48 atm 
water vapor pressure (tl ~ 20 days; t2 - -  40 days; t3 ~ 60 days; 
t4 = 80 days). 

where oxygen ions in interst i t ial  positions and holes 
are the migrat ing species [3]. 

During the corrosion in  high-pressure  water, the 
growing oxide layer  is homogeneously n- type  due to 
the low oxygen pressure. Therefore, only free elec- 
trons are available besides oxygen ion vacancies pro-  
duced by reaction step [5]. We can consider that the 
first reaction step is adsorption of H + and O H -  onto 
the ZrO2 surface 

H~O ~ H + (ads) + O H -  (ads) [6a] 

followed by enter ing of hydrogen into the oxide lat-  
tice 

H + (ads) ~ H'  (in ZrO2) [6b] 

Simultaneously,  the O H -  ions enter  the oxide lattice 
occupying oxygen ion vacancies 

O H -  (ads) + IO1' ---- OH[OIx [7a] 

producing electrically neut ra l  species which can react 
with protons at the surface 

2 O H i O ! x + H + ( a d s )  ----H2(aq) + H '  (ZrO2) [Tb] 

under  formation of hydrogen dissolved in water  and 
protons in the oxide lattice. 

Assuming a fast migrat ion of protons into the oxide 
lattice and a slow one for the electrons, mainly pro- 
tons are discharged at the Sn/ZrO2 interface, accord- 
ing to 

H" (ZrO2) + e' ~ H ( i n S n )  [7c] 

Since, however, the solubili ty of hydrogen in t in is 
very small, the reaction step [7c] is precluded. There-  
fore, in  the presence of a t in  layer one is forced to as- 
sume the following reaction sequence with hydrogen 
formation at the ZrO2/H20 interface, according to the 
following steps 

O H -  (ads) + lOI'-> Hx(ads) [8] 
and 

H~(ads) + H + (ads) + e'-.-> Ha(aq) [9] 

Fig. 15. Electron microscope photographs of oxidized Zircaloy-4 
samples (T ~ 500~ PO:z ~ 2.50 Torr; ~ z 85 hr). (a, top) 
Weight gain: 110 mg-dm -2  (X300).  No tin. (b, bottom) Weight 
gain: 95 mg-dm -2  (X360).  Tin-coated sample. 

clarion in  oxygen, these oxygen ion vacancies IO l' mi -  
grate with free electrons in an ambipolar  diffusion 
through the oxide layer  only toward the p- type  region, 

Due to the t in  coating we need free electrons and, 
therefore, a migrat ion of electrons through the oxide 
layer is necessary in order to make possible the reac- 
t ion steps [8] and [9]. 

As soon as the t in  layer has disappeared during a 
longer oxidation period due to its inclusion in the 
oxide layer experimentally detected by our microprobe 
measurements, then the oxidation continues in the same 
way as an untreated Zircaloy-4 producing pores and 
crevices in the oxide layer which are responsible for 
the appearance of the transition to a faster rate of 
oxidation and a quasi-linear rate law. In this case we 
might suppose that the appearance of transition is 
closely connected with the disappearance of the liquid 
tin layer. At present, however, the available experi- 
mental results cannot be tendered in evidence. 
In conclusion, the presence of a liquid tin layer at 

the alloy/oxide interface promotes the formation of a 
coherent and pore-free zirconium oxide layer which 
temporarily prevents a faster oxidation which occurs 
after the transition point is attained. Unfortunately, 
the initially precipitated tin disappears soon due to its 
dissolution in Zircaloy-4 and/or due to its inclusion in 
the oxide layer. 
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Corrosion of Lead Alloys at High Anodic Potentials 
J. L. Weininger* and E. G. Siwek 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

The corrosion of expanded grids of lead-ant imony,  lead-calcium, and lead- 
calc ium-t in  alloys mainta ined at constant high float charge was measured 
metallographically.  Linear growth rates were determined for oxide growth 
on all three alloys. X- ray  scans and maps served to locate the presence of 
PbSO4 at the interfaces and in the bulk of the PbO2 corrosion product. The 
results are consonant with corresponding high temperature  corrosion work. 

Different alloys of lead are used in a variety of lead- 
acid bat tery designs and applications. This makes it 
necessary to examine the behavior of a given alloy 
under  the conditions of its prospective use, for ex- 
ample, float charge. 

The anodic corrosion of pure lead was first studied 
in detail by Lander  (1). Combining a thermodynamic 
and a kinetic approach, he related the mechanism of 
the positive plate reactions to the actual conditions of 
bat tery service. Lander 's  work showed that the grid of 
the Pb/PbO2 electrode is passivated at a potential  cor- 
responding to mild overcharge, which is encountered 
in  battery-"float" service. It had already been shown 
by Haring and Thomas (2), in their introduct ion of 
Pb /Ca  alloys to the bat tery industry,  that the Pb /Ca  
alloy corroded much slower than Pb /Sb  and at a rate 
comparable to that of pure Pb. The Pb /Ca  alloy was at 
first used in emergency s tandby batteries (3); it is 
now gaining acceptance in maintenance-f ree  batteries 
and other applications (4). 

The present work involves the corrosion of Pb/Sb,  
Pb/Ca, and P b / C a / S n  alloys at a constant high anodic 
potential  (overvoltage vs. PbOJPbSO4 ---- 0.25V) at 
room temperature.  The per t inent  electrochemistry has 
been discussed by Milner (5). A similar approach at 
elevated temperature  is described by Cannone, Feder, 
and Biagetti (6) for accelerated corrosion and life tests 
of the Bell System's lead-acid battery. Very recently, 
another such accelerated life test of Pb /Sb  grids for 
heavy duty cycling has been described by Maskalick 
(7). 

Experimental 
Different methods of observing the course of corro- 

sion may be used. Wil l ihnganz (3) and others (6) de- 
termined the percentage growth of the corroding grid 
over the original Pb grid thickness. Maskalick (7) 
measured the actual thickness loss of lead after re- 
moval of the corrosion product. In the present case, the 
depth of corrosion of the alloys was determined di- 
rectly by metallographic observation. References (3) 
and (6) describe the axial extension of the grid where-  

* Electrochemical  Society Act ive  Member .  
Key  words :  lead-acid bat tery ,  corrosion, passivat ion,  lead-calc ium 

alloys, oxide growth,  cell fa i lure  mechan ism.  

as the lateral  dimensional  changes (7), result ing di- 
rectly from the conversion of lead to lead dioxide is 
used in the present  work. The axial extension is caused 
by the lateral  expansion; both are measures of grid 
corrosion to the extent  that the grid growth is propor-  
t ional to the depth of corrosion (8). The microscopic 
method was chosen in  this work because the condition 
of room temperature  corrosion, combined with a poten- 
tial close to that  of max imum anodic protection (9), 
resulted in very small  rates of corrosion. Furthermore,  
small  samples could be selected from relat ively small 
test electrodes. 

Expanded grids, prepared from the following three 
alloy compositions, were tested: (i) Pb-5% Sb (stand- 
ard ant imonial  grid alloy),  (ii) Pb-0.07 _+ 0.01% Ca, 
and (iii) Pb-0.06 _+ 0.01% Ca-0.84 _+ 0.05% Sn. 

The following variables of electrode preparat ion or 
operation were used to observe their effect on grid 
corrosion. 

(a) Grid preparat ion before pasting: (i) a phos- 
phoric acid etch, which involved successive washings 
in acetone, ethanol, water, and a 10 min  etch in 10% 
H3PO4; and (i~) ultrasonic cleaning in a commercial 
cleaning solution containing tetrachloroethylene. 

(b) Pasted vs. unpasted grids: One-half  of each ex- 
panded grid was left unpasted in order to study the 
effect of the presence of the paste on the grid. 

(c) Flooded vs. "starved" condition of electrodes: 
(i) The electrode was immersed in an ample supply of 
1.28 sp gr acid, and (if) the electrodes were wrapped 
with several layers of separator which extended into 
a pool of 1.28 sp gr acid and kept the electrode in  a 
wet, but  electrolyte-"starved" condition. 

Fif teen electrodes with a surface area of 2.5 X 3.1 
cm (each side) were assembled in three test cells for 
the flooded and starved electrolyte conditions. (The 
Pb /Sb  grids were tested only in the electrolyte-starved 
cell in order to avoid an t imony poisoning of the nega- 
tive electrodes which would occur in  the flooded case). 
The positive test electrodes were inter leaved with 
negative counterelectrodes. They were connected in  
parallel  to a potentiostat  for a constant overcharge at 
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1.34V vs. a Hg/Hg2SO4 reference electrode at room 
temperature .  This corresponds to an overvol tage  of 
0.25V with  respect  to the theoret ical  PbSO4/PbO2 po- 
tential, and also to a high float-charge according to 
Wil l ihnganz (3), but  in terms of the anodic passivation 
established by Lander  (9), this potent ial  is near  the 
min imum of oxide growth and lower  than the poten-  
tial at which appreciable oxygen evolut ion occurs. Our 
own exper iments  wi th  posit ive plates having Pb /Ca  
grids (10) showed that  gas evolut ion jus t  begins at 
this potential  in a cell af ter  substantial  cycle life with 
a total cell charging voltage of about 2.45V. At  the 
posit ive potential  of 1.34V vs. Hg/Hg2SO4, the corrosion 
cur ren t  densities for the flooded and s tarved cells were  
50 and 43 ~A/cm 2, respectively.  

Smal l  samples were  taken f rom the grids at periodic 
intervals  over  a total test t ime of 5000 hr. The samples 
were  washed with disti l led water,  dried, and mounted 
for microscopic observat ion of the corrosion layer. 
Since in tergranular  corrosion was involved, the actual 
depth of corrosion was defined as the fraction of a line 
normal  to the Pb/PbO2 electrode-H2SO4 electrolyte  
interface, which covered the oxide. An average of 20 
readings per sample gave a measure  of the corrosion 
depth within  • 20%. 

In addition, at 2300 hr  and at the end of the tests at 
5000 hr, representa t ive  samples of the three alloys 
were  mounted  for an electron microprobe analysis, 
f rom which scanning electron micrographs, x - r ay  
scans, and x - r a y  maps were  obtained. 

Results 
The graphs in Fig. 1-3 show the corrosion of the 

three  alloys as a function of time. The data were  fitted 
by the least squares method by a l inear  equat ion (solid 
lines in Fig. 1-3) 

Ay = k + m �9 t [1] 
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Fig. 1. Oxide growth on Pb-Sb alloy, starved electrolyte; O and 
[ ]  bare grids; �9 grids of pasted electrodes. 
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Fig. 2. Oxide growth on Pb-Ca alloy; top, flooded; bottom, elec- 
trolyte-starved cells; �9 bare grid; �9 pasted grid. 
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Fig. 3. Oxide growth of Pb-Ca-Sn alloy; top, flooded; bottom, 
electrolyte-starved cells; G bore grids; �9 posted grids. 

and by an exponent ia l  equat ion (dashed lines in Fig. 
1-3) 

by ~- k' �9 t ~ [2] 

where  • is the thickness of the oxide layer, grown at 
t ime t, and m is the l inear  growth rate. k, k', and x are 
constants. 

Table I gives the numerical  values of the constants 
in the rate expression. With these constants, the 
growth of the oxide was extrapolated from the seven-  
months exper imenta l  data, to periods of one, two, and 
five years (Table II) .  

Al though the scatter  in the exper imenta l  data  is 
large, the data were  also expressed in exponent ia l  
equations because this type of relat ion has been en- 
countered before (7) and, indeed, it is expected for a 
diffusion-controlled mechanism of corrosion. All  fitted 
curves should pass through the origin. The extent  to 
which this does not occur in the l inear least square 
fits reflects the exper imenta l  error.  

The error  l imit  in individual  determinat ions  was 
about _ 20%. It was large because the exper imenta l  
conditions combined to make  the corrosion effect small. 
However,  as seen in Fig. 1-3, for the first 5000 hr of 
corrosion at room temperature,  the l inear  relat ion gives 
a larger  corrosion rate than the exponent ia l  one. 

As shown in Table II, under  the given exper imenta l  
conditions, the ant imonial  grid corroded two to three 
times as fast as the calcium alloys in the e lect rolyte-  

Table 1. Constants in Eq. [ i ]  and [2] 

E x p o n e n t i a l  form 
L i n e a r  f o r m  (Eq. [1]) (Eq. [2]) 

k, ~ m, # / h r  k ' , / t / ( h r )  �9 X 

P b / S b  s* 7.9 0.00662 0.282 0.580 
P b / C a  f* 11.0 0.00468 0.517 0.487 
P b / C a  s 13.0 0.00230 2.87 0.245 
P b / C a / S n  f --2.6 0.00631 0.0039 1.03 
P b / C a / S n  s 2.2 0.00303 0.0102 0.868 

* s and  f: e l e c t r o l y t e - s t a r v e d  and  f looded cells. 

Table I]. Growth of lead alloys in microns at 1.34V. Anodic 
potential vs. Hg/Hg2SO4 

Rates  

One year  Two years  F i v e  years  

Expo-  E x p o -  E x p o -  
Linear n e n t i ~  L i n e a r  n e n t i a l  L i n e a r  n e n t i a l  

P b / S b  s* 66 54 124 81 298 139 
P b / C a  f* 52 43 93 60 216 94 
P b / C a  s 33 27 53 31 114 39 
P b / C a / S n  f 52 44 108 91 273 233 
P b / C a / S n  s 29 27 55 49 134 110 

* s and  f :  e l e c t r o l y t e - s t a r v e d  and  f looded cells, 
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starved cell. The Ca-alloys had a comparable corrosion 
rate, at least for the extrapola ted first year  value. 
They corroded twice as fast in the electrolyte-f looded 
as in the e lec t ro ly te-s ta rved  environment .  Other  var ia-  
tions in the preparat ion of the PbO2 electrodes, i.e., 
the method of cleaning the grid before pasting, or the 
presence or absence of the paste on the grid, did not 
have any influence on the corrosion rates wi thin  the 
exper imenta l  error. Data for unpasted and pasted grids 
were  combined in Fig. 1-3, and in the evaluat ion of the 
corrosion rates. 

Opt ica l  and Electron Microscopy 
For microscopic examination,  it was found that  a 

coarse and fine mechanical  polish was satisfactory for 
observing the oxide layer, but for x - r a y  scanning an 
ul t ra  microtome cut gave an oxide surface with  the 
least distortion. Figure  4 is a micrograph of such a cut. 
It represents the P b / C a / S n  alloy and its corrosion 
layer after 4800 hr  on test. The grid had been originally 
cleaned with the solvent; it was pasted and tested in 
the flooded condition. Some fragments  of the active 
mater ia l  are still near the oxide-elect rolyte  interface. 

Figures 5 through 7 are pairs of backscat tered elec-  
trons (BSE) micrographs and sulfur x - r a y  maps of 
the same location for the three grid alloys. The BSE 
micrographs give a bet ter  indication of the topography 
of the sample than optical micrographs and they also 
serve to locate x - r ay  scans, as in Fig. 6. The sulfur 
x - r ay  maps were  obtained by tuning the crystal spec- 
t rometer  to the Ka line of sulfur. 

F igure  4 shows clearly the in tergranular  nature of 
the oxide growth on the P b - C a - S n  alloy. Mater ial  in 
islands close to the oxide /e lec t ro ly te  interface, s tem- 
ming from the bat tery  paste, contains a considerable 
amount  of PbSO4 (Fig. 5a). This is noted in the sulfur 
x - r ay  map of the area (Fig. 5b). It was also observed 
in several  sulfur  x - r ay  scans (not shown) which indi-  
cated a surface concentrat ion of PbSO4 at the oxide- 
electrolyte interface. The sulfur x - rays  may have 
originated not only in the above-ment ioned  remnants  
of the active material ,  but also in a thin surface skin 

May 1976 

Fig. 4. Pb-CahSn grid after 4800 hr of corrosion, 500X 

Fig. 5. (a, top) BSE micrograph of Pb-Ca-Sn; (b, bottom) sulfur 
x-ray map of same location as Fig. 4 and 5a. 500X. 

of PbSO~ which could have  formed dur ing sampling 
of the electrode. 

In the Pb-Sb  sample, the sulfur content  of the oxide 
layer, even at the electrolyte  interface, was very  low 
as shown by the scan in Fig. 6a and the uni form and 
scarce sulfur x - r ay  map in Fig. 6b. 

However,  PbSO4 accumulates at the gr id-oxide  in-  
terface in the case of the Pb-Ca  alloys. Figure  7a 
shows the sulfur scan which corresponds to the in ter -  
faces and location of the x - r ay  map (Fig. 7b) as drawn 
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Fig. 6. (a, left) BSE micrograph 
of Pb-Sb with sulfur x-ray scan; 
(b, right) sulfur x-ray map of 
same location. 600X. 

on the per iphery  of the micrographs.  This location of 
PbSO4 at the gr id-oxide  interface was found consist- 
ent ly in different samples as well  as in different loca- 
tions on the same sample. 

Discussion 
The corrosion data of the lead alloys can be repre-  

sented ei ther by a l inear or by an exponent ia l  growth 
rate. In the early stages of corrosion, these descriptions 
of the oxide growth are quite similar (Fig. 1-3). The 
last column of Table I gives a slope for the curve log 
• = log k '  • x �9 log t. With one minor  exception, this 
slope x has a value of one (l inear rate) or smaller. 

Extrapola t ion  of high tempera ture  results by others 
(3, 6, 7) to room tempera ture  wi th  an Arrhen ius - type  
funct ion would  lead to the same conclusions for the 
beginning of corrosion. The mechanism of the corro-  
sion process cannot be described precisely .(1) without  
knowing the details of the film structure;  for example,  
the extent  of porosity. However,  a l inear rate implies 
that  the reaction at one of the interfaces, ra ther  than 
ionic migra t ion  through the film, is rate determining.  
While the film is still thin, this seems plausible. Fur -  
thermore,  if it is assumed that for all  cases a l inear  
rate  represented the max imum corrosion rate, it is 

Fig. 7. (a, top) Sulfur x-ray scan on Pb-Ca alloy; (b, bottom) 
sulfur x-ray map of same location. IO00X. 

possible to make estimates of the min imum lifet ime of 
a bat tery  in which fai lure  is due to grid corrosion. 

It is possible to compare the results of this work  
with that  of others, al though each invest igator  chooses 
different exper imenta l  conditions and reports  corrosion 
data differently. As pointed out above, lead alloy cor- 
rosion data have been given as percentage grid growth 
(5, 6) or in terms of the amount  of lead removed dur-  
ing corrosion (4, 7). In this study, a direct meta l lo-  
graphic procedure was chosen, which had been suc- 
cessful for the determinat ion of si lver tarnishing in 
halogen vapors (12). Assuming that  the PbO2 film has 
a porosity of 20%, then 1~ of lead lost per square 
cent imeter  (1.135 rag) corresponds to a buildup of 
1.51n of oxide layer. If the original grid thickness is 
given, these re la t ive  measures can also be related to 
the percentage increases of the grid thickness. 

In the Bell Laboratories work  (6), pure Pb and the 
Pb-Ca  alloys were  described by a corrosion rate law 
with an exponential  t ime dependence larger  than 
linear. This is the one example  in which the corrosion 
rate increased with time. The high tempera ture  corro-  
sion, extrapolated to room tempera ture  and to shorter  
periods of time, gave 0.90 and 18 n /y r  for Pb-Ca  and 
Pb-Sb  alloys as compared with  the values of 52 n /y r  
(electrolyte-flooded) and 66 , / y r  (e lec t ro ly te-s tarved)  
in the present work. The difference may be t raced to 
and may be consistent wi th  the use of different acid 
concentrat ion (1.21 vs.  1.28 sp gr HfSO~), different 
anodic potentials (1.17 vs.  1.34V), different grid de- 
sign and prepara t ion (cast vs .  wrought ) ,  and also dif- 
ferent  surface area/cross-sect ional  area ratios. Finally, 
the Pb-Ca  data were  extrapola ted in Ref. (6) by a 
quadratic equation which would  give lower values for 
the initial stages of corrosion than a l inear one. 

In other reports on Pb-Ca  grid corrosion, Wil l ihnganz 
(3) measured over-a l l  dimensional  changes of the grid 
so that  the observed percentage growth cannot be re-  
lated to actual scale growth. However,  Feliu e t  al. 
(13) determined weight  losses corresponding to a 
growth of 4.4-16~ for oxide layers on Pb-Ca  alloy in a 
100-day period. The values depended on grain struc- 
ture and current  density and correspond to the present 
100-day result  of 14~ for the binary electrolyte-flooded 
Pb-Ca  alloy. 

A fur ther  interest ing comparison exists in the case 
of Pb-Sb grids, which Maskalick (7) tested under  the 
more rigorous condition of bat tery  cycling, when the 
grid is in a lower, more active potential  region for at 
least part  of the test time. The corrosion rate ext rapo-  
lated to 25~ was 230 ~/yr  as compared with 66 # /y r  
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for Pb-Sb  in the electrolyte-starved condition of the 
present  experiments.  

The optical and electron microscopy showed the ex- 
pected in te rgranula r  progress of the Pb /Ca  alloy cor- 
rosion. It has been pointed out that  the effect of grain 
structure on corrosion will be different for wrought  and 
cast grids (4). In  the present  study, wrought  grids 
were used; the b inary  Pb /Ca  and te rnary  P b - C a - S n  
showed about the same extent  of corrosion. This was 
to be expected on the basis of the relat ion between 
corrosion rate and grain size (4). The lat ter  were de- 
terra, ned for the two alloys to have ASTM grain size 
numbers  11.5 and 11.1 (14). This corresponds to aver-  
age grain sizes of 7.5 and 6.8~, respectively. 

Another  possibly important  observation was that of 
a PbSO4 layer between the metal  and oxide. This was 
observed only in the case of the Pb-Ca  alloy. The x - ray  
map and scan of Fig. 7 clearly show the presence of 
PbSO4 at the location for the Pb-Ca  alloy. They do not, 
however, indicate a continuous barr ier  layer  which 
had been observed by others (11) during cycling tests. 
That  work at t r ibuted poor cycle life of cells with Pb-  
Ca grids to the presence of the PbSO4 interface layer, 
which was said to enhance shedding of active material .  
In  our test, the site of PbSO4 concentrat ion may ex- 
tend over a distance of about 1~. Only the presence of 
PbSO~ is indicated, not the inhibi t ion of an electrode 
reaction. At least for the overcharge condition, corro- 
sion was nei ther  accelerated nor inhibited by the pres-  
ence of PbSO4. 
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Effect of Heat-Treatments on Magnetic Properties 
of Electroless Nickel Alloys 

Morton Schwartz *,1 and Glenn O. Mallory* 
The Richardson Company, Allied-Kelite Products Division, Los Angeles, California 90012 

ABSTRACT 

Electroless deposits from various ammoniacal  and acid formulations were 
evaluated for their ferromagnetic properties and the effects of artificial aging 
on these properties. Deposits from ammoniacal  solutions were ferromagnetic 
as deposited. Deposits from acid solutions were nonferromagnetic.  After heat-  
treatment,  all deposits exhibited ferromagnet ism through a maximum, the 
tempera ture- t ime relationship being different for each deposit. This phenom- 
enon appeared to be related to the type of l igand in  the solution and to the 
substrate ra ther  than the phosphorus content of the deposit. Ammoniacal  de- 
posits retained magnet ism at higher levels after heating for 96 hr at 400~ 
than any of the acid systems with the pyrophosphate deposit values being 
higher than citrate deposits. Deposits on a luminum substrates exhibited 
higher magnetizat ion than on brass substrates or foils separated from sub-  
strates. 

Electroless nickel deposits exhibit  inferior magnetic  
properties when compared to electrodeposited nickel 
(1), in fact, deposits with high phosphorus content 
are nonferromagnet ic  (2). Such deposits are used as 
undercoats for subsequent  hard magnetic cobalt alloys 
(containing phosphorus and other elements) in mem-  
ory systems. The very fine polycrystaUine solid solu- 
tion, bordering on amorphous or l iquid (glass)- l ike 
metastable structure (3-5) of electroless Ni -P  deposits 
provides the structure required for nonferromagnet ic  
behavior. Such structure also minimizes epitaxial 
growth of subsequent  deposits. 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e sen t  address :  3017 O a k h u r s t  A v e n u e ,  Los  Ange les ,  California 

90034. 
K e y  words :  e lec t ro less  n i cke l ,  magnet ics ,  heat- treatment ,  com-  

puter. 

For computer applications, it would be desirable to 
increase the hardness of the electroless nickel under -  
coats by suitable hea t - t rea tments  which have been 
studied extensively (6-8). Unfortunately,  after ar t i -  
ficial aging the electroless Ni-P deposits develop ferro- 
magnetic properties which may  affect the over-al l  
magnetics of the memory disk or drum. This change 
in  ferromagnetic behavior is a result  of the develop- 
ing equi l ibr ium between the newly  formed Ni3P in ter -  
metallic phase and the Ni phase, with increasing grain 
size and heterogeneity of the deposit. 

It would also be desirable in some applications to 
el iminate the use of a thin deposit of rhodium or 
chromium as a final wear resistant surface (with its 
adverse effect on magnetics) .  In such cases, disks and 
drums are heated in  air to produce the desirable th in  



Vol.  123, No. 5 ELE CTRO LES S  N I C K E L  ALLOYS 607 

Table I. Electroless solution compositions and conditions for binary Ni-P alloys 

Acid*  A l k a l i n e *  

4 6 
1 2 3 L a c t a t e +  5 Pyro-  

Constituents,  g / l i t e r  Acetate  a Hydrac Citratea propionate Citrate phosphate 

NiSO~ - 6 H 2 0  35 35 30 b 24  30 b 25  
NaH2PO2 - H 2 0  10 10 10 24 10 25 
H~C-COONa �9 3 H 2 0  10 . . . . .  

I-hC-Cl-[ (OH) C O O N a  -- 10 e . . . .  

Na3CeH~O~ �9 2H~O -- -- 10 -- 100 -- 

I~C-CII (OH) C O O H  d -- -- -- 30.7 -- -- 

I~C-CH2-COOH -- -- -- 2.3 -- -- 

N H 4 C I  . . . .  50 
Na4P207 . . . .  -- 50 

pH 5-5.5 5-5.5 5.2-5.8 4.5-5.0 9-9.5 10-10.5 

T~ 90-95 90-95 90-95 90-95 90-95 70-75 

R a t e  of  deposition 
# m / r a i n  on  b ras s  0 .43 0 .24 0 .13 0.21 0.13 0.25 

on A1 0.53 0.29 -- 0,21 -- 0.32 
T h i c k n e s s  of d e p o s i t  

~ m  on b r a s s  2.58 3.2 2 .54 2 .54  3.81 2 .54 
on A1 3.2 3.85 -- 2.54 -- 3.81 

F o i l  5.1 5.1 7.87 10.16 10.16 
(6..~3a) 

w / o  P i n  d e p o s i t  7 -9  7 -9  7 -9  9-10  5 - 7  4-6 
Reference  1 1 1 13 1 14 

* N a O H  u s e d  f o r  n e u t r a l i z a t i o n  in  acid baths, NH.,OH in  a l k a l i n e  baths. 
+ A l t h o u g h  p r o p r i e t a r y  ( G e n e r a l  Amer ican  Transportation Company) ,  composit ion made  u p  as p u b l i s h e d  ( w i t h  0.002 p p m  P b  ++ as stabil- 

izer).  
a D e p o s i t s  f r o m  l o w  pI-I (3 .8-4.0)  b a t h s  of s a m e  c o m p o s i t i o n  w e r e  also studied. The rate of  d e p o s i t i o n  d e c r e a s e d  to a b o u t  0.08 /Lm/min  and 

t h e  p h o s p h o r u s  c o n t e n t  of  t h e  d e p o s i t  i n c r e a s e d  to a b o u t  12-16 w / o  P i n  a l l  cases. 
b NICi2 - 6H20.  
c A 50 g / l i t e r  H y d r a e  b a t h  ( H y d r a e  I I )  w a s  a l so  used .  Deposits  w e r e  d u l l  a n d  rough and d id  n o t  e x h i b i t  a n y  s i g n i f i c a n t l y  d i f f e r e n t  m a g -  

n e t i c  properties.  
a L a c t i c  ac id ,  88%.  

oxide coating on the magnetic cobalt alloy surface 
which improves its wear characteristics and the "rid- 
abili ty" of the heads. When such thermal  t reatments  
are used, the .electroless Ni-P undercoat  may develop 
ferromagnetism. 

This phenomenon of increasing ferromagnetic be- 
havior has been reported by several investigators. 
Gorbunova and Nikiforova (9) reported quant i ta t ive  
data indicat ing that deposits from acid solutions are 
nonferromagnet ic  while deposits from alkal ine (cit- 
rate) solutions are magnetic (Hc ---- 4.1 oe, Br ---- 45G, 
Bs ---- 140G). After hea t - t rea tment  at 400~ 1 hr, both 
types of deposits showed increased magnetics with the 
coercive force (Hc) reaching 140 oe, the alkaline so- 
lu t ion deposits achieving Br 3000-3300G/Bs 3400-3700G, 
and the acid deposits less than one-half  of these val-  
ues. Gorbunova et al. (9a) extended their studies on 
the ferromagnetic behavior  of deposits (on copper sub- 
strates) from the ammoniacal  citrate solutions and 
concluded that the as-plated magnetic  properties de- 
pended on the phosphorus content of the deposit 
which, in  turn,  was determined by the composition of 
the solution. Further ,  the variations of magnetic prop- 
erties of the deposits due to anneal ing temperatures 
were also considered as related to the phosphorus con- 
tent  and changes in phase and s t ructural  transitions.  
Bondar  (10) reviewed results obtained mostly by 
Russian investigators relat ing the magnetic changes 
to P content  and being due to s t ructural  t ransforma-  
tions and formation of the Ni-Ni3P system; nei ther  
methods of measurement  nor substrates used were in-  
dicated. Data (11) on the coercivity of deposits from 
various alkal ine citrate formulat ions indicate that  all 
these deposits exhibit  low coercivities in the as-plated 
condition with increased values after hea t - t rea tment  
at 350~ Alberts  et al. (12) observed that citrate 
formulations produced deposits with coercive forces 
(Hc -- 10-80 oe) when  ammonia  was used to main-  
tain the pH of the solutions and that zero coercivity 
was obtained when sodium hydroxide was used; these 
results were reflected in  the considerable differences 
in the phosphorus content  of the deposits (3-6 w/o P 
in NH3 controlled solutions and 10-17 w/o P in NaOH 
controlled solutions, devoid of ammonium ions). 

The purpose of this invest igat ion was to evaluate 
the magnetic characteristics of electroless nickel-al loy 
deposits from various electrolytes and to s tudy the e l -  

fects of brass and a luminum (6061) alloy substrates 
and thermal  exposure on these properties. The selec- 
t ion of these substrates was determined by the prac- 
tice of utilizing brass Hull  cell panels as a convenient  
substrate  to check out the solutions and then actually 
producing deposits on a luminum alloy disks or drums. 

Exper imental  
The electroless plat ing solutions were prepared from 

individual ly  purified (carbon-t reated)  stock solution 
concentrates of the constituents. Deionized water  was 
used exclusively. Tables I and II give the use composi- 
tions and conditions. (Bath 8 was made up with pro- 
prietary concentrates and used according to supplier 
directions.) The deposits produced from each bath are 
henceforth identified by the designated bath number. 

A 100-125 cm'~/liter area to volume relationship was 
employed, the total volume of each solution being 1.8 
liter. Solutions were st irred by occasional manua l  agi- 
tat ion of the panel. Each panel  was plated in a freshly 
prepared solution and was then sliced into test speci- 
mens for hea t - t rea tment  and testing, thus ensur ing 
uni formi ty  of deposit for each test. 

The brass Hull  cell panels (8.5 X 12.5 X 0.33 cm) 
were cleaned with solvent, followed by  an alkaline 
cleaner and acid dip (10% v / v  HNO3). Electroless 

Table II. Proprietary electroless systems 

C o n d i t i o n s  

Q u a t e r -  
B i n a r y  T e r n a r y  n a r y  

7 a S b 9 10 11 a 

pI-I 9-9.5 4.5-5 4.5-5 10.5 4 .5-5  
T ~  90-95 90-95 90-95 70-75 90-95 
R a t e  of d e p o s i t i o n ,  

]~m/min  B r a s s  0.12 0.09 0.29 0.17 0.29 
AI - -  0.11 0.33 0 .20 - -  

T h i c k n e s s  of depos -  
i ts ,  ;~m B r a s s  2.54 2.54 2.54 2.54 2.54 

on AI  2.6 3.18 2.92 2,92 - -  
F o i l  - -  12.7 10.16 22.86 - -  

D e p o s i t  c o m p o s i t i o n ,  17 Mo t C~  2 Cu 4 C u  2 Cu  
w / o  - N i  15 P 16 P 5 P 8 SN 

-Ni -Ni -Ni 16 P 

-Ni 

a P a t e n t s  a p p l i e d  for ,  A l l i e d - K e l i t e  D i v i s i o n ,  T h e  R i c h a r d s o n  C o m -  
p a n y .  

b M. G u l l a ,  S h i p l e y  C o m p a n y ,  I n c o r p o r a t e d ,  U.  S.  P a t .  3 ,764,352 
(1973) .  
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plating was init iated by contact wi th  an a luminum 
wire. 

The a luminum (60.61) alloy panels (7.5 • 15 X 0.078 
cm) were prepared  by cleaning in a suitable inhibited 
alkaline cleaner, fol lowed by an acid cleaner  and a 
15-20 sec dip in a zincate solution. All  electroless plat-  
ing solutions were  made up with nickel sulfate to 
minimize corrosive effects of the anion. The rate of 
deposition on the a luminum substrates was 10-25% 
higher than on brass substrates. 

The electroless nickel foils were  produced by plat ing 
on a luminum substrates which were  masked on one 
side. The mask was removed with solvent and the 
a luminum dissolved in 1M NaOH containing sodium 
gluconate. The foils were  cut into 0.64 cm (0.25 in.) 
wide strips and aged. Most of the (as-plated) electro-  
less nickel foils were quite free of stress and easily 
handled; a notable exception being the deposit f rom 
the pyrophosphate solution which was under  consider-  
able tensile stress and could not be used. After  heat-  
t rea tment  (especially at 400cC), many of the foils 
became bri t t le  and some were  destroyed in handling. 

The sulfamate nickel deposits were  all plated from 
the same solution (3.5 l i ter)  using the above prepara-  
tion cycles and the technique of immersion into the 
plat ing solution with a " l ive" lead. Eleetrodeposited 
foils were produced by plat ing on a par t ia l ly  passivated 
stainless steel panel and removed by peeling off the 
deposit af ter  gr inding the edges. The foils were  re-  
duced 0.64 cm (0.25 in.) on each edge to minimize  
current  density effects. The sulfamate solution com- 
position and plat ing conditions were  

nickel sulfamate (anhy.) 325 g a i t e r  
(nickel meta l  75 g / l i te r )  

boric acid 40 g / l i t e r  
chloride 2 g a i t e r  
anti-pi t  0.35 g / l i t e r  

pH 4.0 
tempera ture  55 ~ ~ C 
current  density 2.7 A / d m  2 
deposition rate  0.5-0.55 ~m/min  

All  the deposit thicknesses were  determined by 
supermicrometer  measurements  using 1 oz pressure on 
the anvil. 

Hea t - t r ea tmen t  of test strips (0.635 cm wide) was 
done in Hodgkins ovens, controlled with  Weather -  
Measure TPC-N Type K controllers and powerstats  
to prevent  overshooting. Chromel -Alumel  thermo-  
couples were  attached to the specimen containers and 
checked with reference thermocouples and a Leeds & 
Northrup potentiometer.  Tempera ture  variat ions were  
determined to be within • 5 ~ 

The hea t - t r ea tmen t  was carried out in air. This was 
considered justified since it is "normal"  practice in 
the magnetic plat ing of disks and drums. Further ,  it 
appeared that the superficial oxides formed did not 
seem to influence the magnet ic  measurements  signifi- 
cantly. It should be noted that the interference oxide 
colors formed varied as a result  of the type of solu- 
tion used. 

The magnetic characteristics were  measured with a 
calibrated low f requency (60 Hz) hysteresis loop 
tester. This ins t rument  consists of a large coil con- 
ducting sufficient current  to provide a coercive field 
of 1000 oe. A smaller  coil (wrapped around a Teflon 
tube) is adjusted (zeroed) to be at rest, e l iminat ing 
any distortion. An 0.635 cm wide test strip (min imum 
length 3.2 em),  '2 at tached to a micarta  holder, is in- 
serted into the Teflon tube. The test specimen, if mag-  
netic, becomes saturated, distort ing the field. This dis- 
tortion is picked up and displayed on an oscilloscope 

-" U n f o r t u n a t e l y ,  some  of  t he  a g e d  e l e c t r o l e s s  n i c k e l  fo i l s  w e r e  
b r o k e n  r e m n a n t s  and  sho r t e r .  T h i s  c o u l d  r e d u c e  t h e  m a g n e t i z a t i o n  
v a l u e s  (B~ and  B~) bu t  w o u l d  n o t  a f fec t  He s ign i f i can t ly .  No d is -  
t i n c t i o n  of  t h e  s h o r t e r - l e n g t h  fo i l s  w e r e  n o t e d  a t  t h e  t i m e  of  m e a -  
s u r e m e n t .  

as the material 's  characterist ic magnet ic  hysteresis 
loop. 

The field intensity or field (H) is measured on the 
x axis of the oscilloscope grid. The coercive force, Hc 
(oe), is the force required to demagnet ize  the mate -  
r ial  being tested and is measured at the loop intercept  
of the x axis. 

The y axis of the grid measures the total flux (max-  
wells, cgs units) permeat ing the material .  Since the 
field intensi ty (H) is at least 4-5 times stronger than 
the coercive force, He, of the materials  tested, it is 
assumed that  the es measurements  represent  mag-  
netic saturation, er or remanence  is the magnet ism re-  
tained when  H = 0 and is measured at the y intercept.  
These values are converted to flux density, B (G), by 
dividing the total flux (maxwells)  by the total cross- 
sectional area (cm'-') of the magnet ic  coating on the 
test specimen. 

The values of Bs, Br, and He are requi red  to char-  
acterize magnetic propert ies of the material .  Hard  
magnet ic  materials  are characterized by large B r and 
large Hc values; soft magnet ic  mater ia ls  have small 
He values. The ratio Br/Bs can be used to indicate the 
squareness of the hysteresis loop. The ratio Bs/Hs is 
the permeabil i ty,  ~, of the material .  

Bs is a physical proper ty  of the composit ion of the 
magnetic alloy. Br and He are s tructure sensitive 
which depend on strains, crystal  s t ructure  and orien- 
tation, and anisotropy of the ferromagnet ic  phase (15). 
In prec ip i ta t ion-hardened alloys, such as these e lectro-  
less nickel deposits, the ferromagnet ic  phase (Ni) re-  
sults f rom the precipi tat ion of the nonferromagnet ic  
phase, NiaP, f rom the supersaturated Ni -P  alloys. 

An increase in coercivity may involve the precipi ta-  
tion of individual ly  high coercive particles which are 
small enough to exhibi t  single domain behavior.  It 
may also be a result  of an order-disorder  t ransforma-  
tion induced by hea t - t rea tment .  

Two dissimilarities with the hard magnetics of com- 
puters should be noted: (i) computers utilize f r equen-  
cies in the megacycle range whereas  the ins t rument  
required only 60 Hz, as stated, and (it) bulk magnetics 
are measured, whereas a computer  head measures 
some indefinite surface magnetism, the depth of which 
depends on the frequency, magnetic permeabil i ty,  sig- 
nal strength, gap, and (possibly) other  parameters.  
Thus, the data obtained are valid for the magnet ic  
propert ies of the coating per se, but  require  in terpre-  
tation for application to computer  memory  systems or 
may be used as controls once correlat ion is established. 

Results and Discussion 
The nickel electrodeposits exhibi ted similar  satura-  

tion induction with some variat ion in remanent  induc-  
tion on both substrates and foil; the coercivities being 
the same. Table III shows the large changes and di-  
vergence in the induction which occurred as a result  
of the various heat- t reatments .  For  example,  the in-  
duction in foils increased 2.5-3X after aging 1 hr at 
275~ these increases being reduced by one-hal f  when 
aged at 300~ for the same time. On a luminum sub- 
strates, induction increased 2-3X at 3O0~ 48 hr  t rea t -  
ment, while the smallest  increase developed on brass 
substrates at 300~ 1 hr. The effect on coercivi ty was 
reversed, i.e., Hc reduced immedia te ly  for all deposits 
and then remained fair ly constant with anneal ing times 
up to 72-96 hr. Thus there  appears to be a t empera tu re -  
t ime optimum, providing m ax im um  fer romagnet ism 
for each deposit, depending on the kind of substrate or 
lack of substrate. 

Ni-P deposits from ammoniacal solutions.--The Ni-P  
alloys produced from ammoniacal  solutions (baths 5 
and 6) contained approximate ly  the same phosphorus 
content yet exhibi ted different magnetic behavior  as 
shown in Table IV. On substrates, the initial Hc of 
deposit 6 was higher than 5. The la t ter  remained low 
(20-40 oe) unti l  aged 72 hr  at 300~ or at h igher  tern- 
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Table III. Effect of beat-treatments on magnetic properties of suffamate nickel electrodeposits 

609 

H e a t - t r e a t m e n t  Hc (oe) Br (Gauss) B, (Gauss) 
Temp,  T ime ,  

~ h r  f* a #  b§ f a b f a 

Br/B. 

b f a b 

0 
275 
300 

400 

0 85 80 90 2725 2480 3285 3965 4335 4340 0.69 0.58 0.76 
96** 45 35 45 9360 4335 4025 9910 5110 4645 0,84 0.85 0.87 

1 30 40 40 4335 3250 4335 6810 4180 5775 0.64 0.78 0.78 
24 30 35 40 3715 5030 2355 5265 6035 2725 0.71 0.83 0.86 
48 X 30 40 X 6190 2480 X 8670 2785 X 0.71 0.89 
72 20 28 40 3095 6190 2785 4025 7275 3095 0.77 0.85 0.90 
96 - -  28 40 - -  2100 1115 -- 3470 1395 - -  0.54 0.80 

1 20 40 40 4335 3960 3050 6810 5260 4100 0,64 0.75 0.74 
24 16 38 35 1080 2970 990 2660 4260 1395 0.74 0.70 0.71 
48 X 38 30 X 2600 865 X 3960 1360 X 0.66 0.64 
72 14 38 -- 620 1980 S/I 1050 3400 S/I 0.59 0.58 -- 
96 -- 38 -- -- 680 S/I -- 1175 SII -- 0.58 -- 

* Foi ls ,  d epos i t  t h i c k n e s s  = 5.1 #m.  
# A l u m i n u m  (6061) subs t r a t e ,  depos i t  t h i c k n e s s  = 2.54 /~rn. 
* Brass  subs t ra te ,  depos i t  t h i c k n e s s  = 2.54 /~n. 
"* 275~C, 1 h r  agia,g for  foi ls  on ly .  
X = los t  (des t royed};  S / I  = s l i g h t  i n d i c a t i o n  o f  m a g n e t i s m .  

Table IV. Effect of heat-treatments on magnetic properties of deposits from ammoniacal solutions 

B a t h  

H e a t - t r e a t m e n t  
Temp,  Time,  

~ hr 

Hc B, B, BrlB, 

f* a** b*** f a b f a b f a b 

5 0 0 
275 96 
300 1 

24 
48 
72, 
96 

875 2 
400 1 

2 
24 
48 
72 
96 

6 0 O 
300 1 

24 
48 
72 

400 1 
24 
48 
72 

10 20 400 580 490 825 
20 1155 1490 
20 4~ 1155 Jo 14~0 

12 40 735 1240 855 1570 
12 40 610 1244) 920 1570 
14 140 535 1985 765 2315 
-- 140 -- 1570 -- 1985 

120 2810 2895 
5"0 120 7% 2230 ~ ' 5  2560 

120 2480 X 2810 
~ ,  12o ~ 14~o x 1985 
X 120 X 1410 X 1,820 
X 120 X 1490 ~ 1655 

150 1075 1320 
90 40 600 125 1200 370 
95 55 1410 1550 2050 2170 

100 70 1775 1860 2060 2540 
115 65 2375 2010 2875 2630 
110 60 1750 2710 2125 3250 
120 75 1875 3100 2500 3410 
I I 0  80 1750 2710 2209 3020 
100 100 550 2475 650 2790 
- -  105 S/I 2245 S/I 2555 

0.82 

0.77 
0.86 
0,66 
0.7 

0.86 
X 
X 
X 

0.5 
0.69 
0.86 
0.83 
0.82 
0.75 
0,8 
0.85 

0.7 
0.78 
0.78 
0.79 
0.79 
0.86 
0.79 
0.97 
0.87 
0.88 
0.75 
0.77 
0.9 
0.81 
0.34 
0.71 
0.73 
0.76 
0.83 
0.91 
0.9 
0.89 
0.88 

* Foil, 
** On aluminum. 

*** On brass. 
% Deposits too brittle to handle and oxidized. 

peratures  at which point Hc increased to 120-150 oe. 
Hc of deposit 6 increased gradual ly  from 40 to 
105 oe over  the ent ire  hea t - t r ea tment  series. On alumi-  
num substrates, the init ial  Hc was 90 oe, reaching a 
m ax imum of 120 oe at 400~ 1 hr  and decreasing as 
t ime was extended to 48 hr. A similar but  reverse  
t rend is shown for the magnet ic  induction, i.e., the de-  
posit 5 init ial ly was larger  but  was exceeded by 700- 
1000G by deposit 6 as a result  of the heat - t rea tments ,  
both deposits being on brass substrates. 

Heat ing deposit 5 for 96 hr  at 275~ produced the 
same magnet izat ion as the 30O~ 1 hr  t reatment .  Of 
the hea t - t r ea tmen t  conditions tested, the max im um  in- 
duction was obtained after aging at 375~ 2 hr; this 
also gave the squarest  hysteresis  loop (Br/Bs : 0.97). 

Number  5 foil gave much lower  magnetics. The 
m a x i m u m  Bs was obtained after aging 48 hr at 300~ 
while Br reached a m a x i m u m  after 24 hr  at 300~ and 
1 hr  at 400~ Hea t - t r ea tmen t  at 400~ beyond 1 hr  
resulted in difficult to handle, br i t t le  deposits which 
were quite oxidized. The  Ha on the foils ranged be- 
tween 8-14 oe. 

Comparison of No. 6 deposits shows the magnet ism 
induced was larger  on a luminum substrates initially, 
reaching a m a x i m u m  after  48 hr  at 300~ and decreas-  
ing with  fur ther  aging at 400~ While the deposit on 
the brass substrate exhibi ted a flat "loop" with small 
induction, it responded immedia te ly  to hea t - t r ea tmen t  
exhibi t ing la rger  induction after  I hr  at 300~ and 

reached a m ax im um  (B~ ---- 3100G, Bs ---- 3400G) af ter  
aging 1 hr at 400~ with a squareness of 0.91. 

Figures 1 and 2a show the progressively increasing 
hysteresis loops and s imilar i ty  of these ammoniacal  

Fig. 1. Hysteresis loops; ommoniacal citrate deposits on brass. 
Left to right heat-treatment times: 1, 24, 48, 72, 96 hr. Lower 
series aged 300~C; upper, 400~ ~p ~ 1 maxwell/cm, Hc ~ 200 
oe/cm. 
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3 o o ~  ~ - 

= 1 0 0 0  

150 

, I// 

I 24  48 72 96  24  4S "/'2 96 
HOURS AT HEAT 

Fig. ]. Ferromagnetic properties of binary Ni-P allays from acid 
solutions on brass. Acetate: 0 300~ �9 400~ Citrate: [ ]  ]O0~ 
�9 400~ Hydrac: A 300~ �9 400~ Lactate: V 300~ 
V 400~ 

Fig. 2. (a) Hysteresis loops, ammoniacal pyrophosphate deposits 
on brass. Left to right heat-treatment times: 1, 24, 48, 72 hr. Lower 
series aged 300~ upper, 400~ r ~ 1 maxwell/cm, Hc ~ 200 
oe/cm. (b) Hysteresis loops, ammoniacal pyraphosphate deposits 
on aluminum. Heat-treatment as (a), ~ ~ I maxwell/em, Hc 
200 ee/cm. 

solution deposits on brass when aged at 300~ and the 
decreasing magnetic induction and sl ightly increasing 
coercivity for the 400~ series. The effect of substrate  
on magnet ic  changes due to aging is seen w h e n  Fig. 
2a and 2b are  compared. 

Along with bath 10 (see Table V) which was also an 
ammoniacal  solution, the deposits f rom these solutions 
retained magnet ism at considerably higher  levels  after 
heat ing at 400~ for 96 hr  than any deposits f rom the 
acid baths. 

Ni-P deposits ]rom acid solutions.--Figures 3-6 show 
that  the influences of the substrate and the solution's 
complexing l igand on the deposit 's magnet ic  charac-  
teristics af ter  various hea t - t rea tments  were  also evi -  
dent for acid solutions used at the usual pH ranges 
of 4.5-5.5. 

With regard to brass substrates (Fig. 3), deposit  4 
exhibi ted sl ightly larger  magnet ic  induction than de-  
posit 1, and continued to be magnet ic  af ter  96 hr  at 
both 300 ~ and 400~ whereas deposit 1 became non- 
magnetic after 72 hr. Figures 4a and 5a show the ac- 
tual hysteresis loops for these two deposits on brass. 
At 400~ the citrate deposit (No. 3) was nonmagnetic  
after  only 1 hr and the Hydrac deposit (No. 2) after 
48 hr. The acetate deposit (No. 1) developed the same 
coercive and induction values for both temperatures,  
but showed a lower Hc (140 oe) and only sl ightly 

Fig. 4. (a) Hysteresis loops, acetate bath (pH 5.5) deposits on 
brass. Lower sequence, as plated; 2-6 aged 300~ 1-96 hr, 7-10 
aged 400~ 1-72 hr, r ~ 1 maxwell/cm, Hc ~ 200 oe/cm. (b) 
Hysteresis loop, acetate bath (pH 5.5) deposits on aluminum. Lower 
series, left, as-plated, remainder aged 300~ 1-96 hr. Upper series, 
aged 400~ r ~ 1 maxwell/cm, Hc ~ 200 oe/cm. 

smal ler  magnet ic  induction (Br ~ 740G, Bs ---- 870G) 
when heated at 275~ for 96 hr. The Hc of deposits 
f rom all the baths varied through a range of 60-240 
oe after 1 hr at heat, but  converged to the nar rower  
range of 190-200 oe after  72 hr. Saturat ion induction 
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Table Y. Effect of heat-treatments on magnetic properties of ternary (Ni-Cu-P) deposits 

H e a t - t r e a t m e n t  
B a t h  T e m p ,  T ime ,  

(deposi t )  ~ h r  

Hc (oe) (Br {G) B~ (G) 

f a b f a b f a b 

8 0 0 0 
(I Cu 306 1 S/I  
15 P 24 80 
--Ni) 48 105 

72 120 
96 

400 1 12-0 
24 200 
48 210 
72 2,30 
96 

9 0 0 0 
(2 Cu 300 I S/I 
16 P 24 S/I 
--Ni) 48 80 

72 60 
400 1 80 

24 100 
48 100 
72 80 

I0 0 0 48 
[4 Cu  300 1 24 
5 P  24 (75) 

--Ni) 48 16 
72 16 
96 

400 1 
24 32 
48 23 
72 32 
96 

0 0 0 0 0 0 0 0 
S / l  S / I  S / I  S / I  S / I  S / I  S / I  S / l  

60 30 12 150 125 20 300 370 
40 30 50 200 250 55 500 620 
80 30 87 300 250 50 700 500 

120 30 - -  500 125 ~ 750 250 
190 120 25 300 370 35 450 620 
220 200 50 350 370 65 500 620 
S / I  200 60 S / I  250 80 S / I  f l lO 
S/I 220 35 S/I 250 45 S/I 310 

0 240 0 125 ~ 0 165 
0 0 --0 0 0 0 0 0 

SII S/I S/I S/I S/I S/I S/I S/I 
40 S/I S/I 110 S/I S/I 270 S/I 
6.0 S / I  60" 215 S / I  * 325 S / r  

120 S I I  60" 215 S I I  : 270 S / I  
S / I  35 60* S / I  150 S / I  340 
S / I  75 75* S / I  125 * S / I  259 
S / I  S / I  60* S / I  S / I  * S / I  S / I  
S / I  S / I  45* S l I  S / I  * S / I  S / I  
I0 I0 140 540 2250 360 1620 2600 
15 12 220 3340 2230 330 3560 2480 
20 24 220 3020 1000 240 3180 2230 
14 22 5100 3235 750 660 3500 2000 
16 24 500 3570 1100 660 3775 1550 
15 -- -- 2965 - -  - -  3235 
85 50 600 4580 3470 830 5400 3530 

100 70 520 3910 2470 760 4450 3220 
110 75 480 2965 2480 760 3500 2785 
110 80 600 1890 2170 825 2150 2480 
i00 90 - -  1620 2000 - -  1750 2230 

* Poor  loops,  dd 'f icul t  to  m e a s u r e ;  a p p r o x i m a t i o n s  only ,  
S/I = slight indication of magnetism, f = foil, a = on aluminum, b = 

general ly  followed the same trends as r emanen t  in-  
duction. 

Deposits from these solutions (citrate not run)  on 
a luminum substrates (Fig. 6) developed a somewhat 
different pattern.  All deposits were still magnetic  after 
96 hr  at 300~ At 400~ deposit 4 was magnet ic  after 
48 hr while the others became nonmagnet ic  after 24 
hr. The coercivities remained spread over a wide 
range. Deposit 1 aged at 30@C behaved differently 
from the other deposits with a rising curve for both 
its lower coercivity and larger induction. 

The changing hysteresis loops for deposits from 
baths 1 and 4 are shown in Fig. 4 and 5. White the 
changes in magnetics for deDosit No. 4 are quite s imi-  
lar  for both substratcs, the differences due to sub-  
strates are quite evident  with regard to acetate de- 
posits. 

The data obtained with foils produced from these 
acid solutions are shown in Fig. 7. The Hc of deposit 
2 ranged from 140 to 200 oe, followed by deposit 4 
and deposit 1. Deposit 3 showed large variat ions in  Hc 
due to aging temperatures  with aging at 400 ~C produc- 
ing the highest Hc. At 300~ only  deposit 1 was mag-  
netic after 1 hr aging, the other deposits required 
longer times to develop magnetic properties. 

Deposits from acid baths operated at pH's below 4 
contain at least 13-16% phosphorus. As-plated de- 
posits from the citrate and acetate baths showed no 
ferromagnetism. Figure 8 shows the effect of aging 
these deposits. At 300~ both deposits were ferromag- 
netic with the flux density and coercivity of the ace- 
tate deposit increasing steadily from 1 hr aging (•r ~-~ 
310G, Bs---- 620G, Hc = 60 oe) to 96 hr at heat (Br = 
930G, Bs -- 1240G, Hc ---- 160 oe). The citrate deposit 
exhibited max imum induction (Br ---- 250G, Bs = 
500G) after 24 hr at heat and became nonmagnet ic  
after 72 hr with Hc increasing very closely to that of 
the acetate bath. 

Aging at 400~ resulted in higher Hc (180-200 oe) 
but  the magnet ism was lost after 24 hr for the acetate 
deposit and after only 1 hr for the citrate deposit. 

ElectroIess ternary (I~{-Cu-P) alloys.--The te rnary  
deposits produced from proprie tary acid formulat ions 
(baths 8 and 9, Table II) general ly  exhibited some- 
what  lower fer romagnet ism (after hea t - t rea tment )  

on brass .  

than binary deposits from acid solutions. However, the 
amount  of copper in the deposit influenced the mag-  
netic properties as shown in Table V. 

Neither deposit exhibited magnet ism after aging at 
300cC for 1 hr. Deposit 8 developed magnet ism on both 
substrates and foil wi thin  24 hr whereas deposit 9 
gave only slight indications of magnet ism (not mea-  
surable) on brass and considerably lower values on 
a luminum substrates. 

Aging at 400~ ini t ia l ly resulted in increased mag- 
net ism for deposit 8 on both brass and a luminum sub-  
strates with the deposit on brass retaining some mag- 
net ism after 96 hr while only slight indications of 
magnet ism were obtained after 24 hr on a l u m i n u m  
substrate. 

Deposit 9 on brass substrates showed only slight 
indication of magnet ism at 300~ with magnet ism de- 
veloping at 400r wi thin  1 hr but lost after 24 hr. The 
results obtained with a luminum substrates were re-  
versed. These deposits developed less magnet ism at 
either hea t - t rea tment  temperature,  the difference be- 
ing twice the copper content. 

Table V also shows large increases in the coercivity 
of these deposits as a result  of the higher aging tem- 
perature, especially for deposit 8 on brass. 

The lower magnetic properties developed by de- 
posits from these baths was also evidenced in foils. 
The Hc of foils produced in hath 9 was lower and de-  
creased with t ime while the Hc of foil 8 increased with 
t ime at both temperatures.  

The te rnary  deposit (Ni-4Cu-hP) from the am- 
moniacal bath 10 developed considerable magnet ism 
while aging, being higher for deposits on a luminum 
substrates than on brass substrates. There was a grad- 
ual decrease in magnetic induction with time at both 
temperatures.  This followed the same trend as the 
ammoniacal  b inary  deposits with the hysteresis loops 
being very similar. The principal  difference was the 
continued low coercivity at 300~ and the larger in-  
duction values. These deposits exhibited and retained 
the highest magnehc  induction of all alloys tested. 

Electroless quaternary (NL-2Cu-8Sn-16P) alloys.-- 
This alloy was interest ing since it had the same com- 
position as that from bath 9 with the added 8 w/o tin. 
However, this alloy also developed ferromagnetic prop- 
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Table VI. Effect of beat-treatments on magnetic properties of 
quaternary (Ni-Cu-Sn-P) deposits 

Heat-treatme~n% 
T e m p ,  Time, 

~ h r  Ho Br B, BrlB, 

0 0 - -  0 0 
250  1 - -  S / I  S / I  - -  

48 - -  S / I  S / I  
260 6 10  155 310  0,5 
275 24 40 185 245 0.76 
300 2 20  215 430 0.5 

24 50 435 745 0.58 
48 80 370 680 0.54 
72 120 620 805 0 ,77  

325 2 100 1550 2165  0,72 
350 2 120 1800 3100 0.6 
375 2 140 310 370 0.84 
400 2 140 310 370  0 .84 

24 140 495 680 0.73 
48 135 435 620 0.7 
72 - -  S / I  S / I  
96 - -  0 0 

S / I  = s l i g h t  i n d i c a t i o n  of m a g n e t i s m ,  

400 

3oo = - ~ ~  

# 20C 

IOC 

24 48 72 96 
HOURS AT H :AT 

Fig. 6. Ferromagnetic properties of binary Ni-P alloys on alumi- 
num from acid solutions. Acetate: G 300~ �9 400~ Hydrac: 
A 300~ �9 400~ Lactate: ~' 300~ �9 400~ 

erties on aging, as shown in Table VI. Deposit 11 de- 
veloped magnet ism on brass substrates.at  275~ reach- 2or 
ing a max imum at 350~ (Br : 1850G, Bs = 3100G, 
Ha = 120 oe) which reduced sharply at 375~ Refer- 
r ing to deposit 9, Table VI, it is seen that the t e rnary  ~ 16c 
deposit exhibited only slight unmeasurable  indications o~ 
of magnet ism at 400~ which was lost after 24 hr~ I 

IO0 

5C 

~------X -------~-----_.~ 

f X  I 

J 
24 48 72 

HOURS 

T 

., X 

I 2 4  48 72 
AT HEAT 

Fig. 7. Ferromagnetic properties of binary Ni-P alloy foils from 
acid solutions. Acetate, �9 300~ �9 400~ Citrate: [ ]  300~ 
�9 400~ Hydrac: A 300~ �9 400~ Lactate: ~ 300~ 
�9 400~ 

Fig. 5. Hysteresis loops, lactate-propionate deposit on brass. Left 
column, aged 300~ 1-96 hr. Right column, aged 400.~ 1-96 hr, 

---- 1 maxwell/cm, He ---- 200 oe/cm. (b) Hysteresis loops, lactate- 
propionate deposit on aluminum. Same order as (a), q~ ---- 1 max- 
well/cm, Hc ---- 200 oe/cm. 

whereas the qua te rnary  alloy retained a larger mag- 
net ism unti l  after 48 hr at heat. Thus it appeared that 
the t in increased the magnet izat ion of the alloy due 
to artificial aging, probably by competing for the phos- 
phorus with t in-phosphorus compounds forming at 
lower temperatures.  It is suspected that  the qua te rnary  
alloy is also deposited as a supersaturated solution. 

Electroless nickel-molybdenum alloy.--Emission 
spectrographic analysis of deposit 7 (Table II) indi-  
cated that it was a nickel alloy containing 17 w/o 
Mo (a slight trace of phosphorus reported, 0.2%). This 
alloy did not show any evidence of ferromagnet ism 
as deposited or after aging at 300 ~ and 400~ for 96 
hr. These negative results were obtained wi th  2.54 #m 
deposits on both a luminum and brass substrates and 
5 ~m thick foil (which did not appear stressed). 

X- ray  diffraction studies of this deposit on a steel 
substrate and as foil revealed a poorly ordered struc-  
ture with crystall i te size approximately  60 • 10A. The 
foil sample showed a higher degree of orientat ion in 
the (111) direction than in the (200) direction. A 
discrepancy between the broadening measurements  
for the (200) direction on the foil vs. the deposit on 
the substrate was at t r ibuted as most l ikely due to 
stress factors. 

Heat - t rea tment  of the plated substrate at 400~ 1 
hr in air showed only minor  changes which could be 
at t r ibuted to stress relief. Hea t - t rea tment  at 500~ 
1 hr  showed some s t ructural  changes and crystal 
growth with the (200) reflection indicating a grain 
size of approximately 150A. However no evidence of 
new phase t ransformat ion was found. At 680~ 1 hr 
( in ni t rogen) considerable change was noted with the 
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Fig. 8; Ferromagnetic properties of binary Ni-P alloys for low 
pH (<4) solutions. Acetate: Q 300~ �9 400~ Citrate: [] 
300~ �9 400~ ~, 375~ Citrate foil: V 300~ �9 400~ 

crystalli te size growing to about 800A as determined 
from the (200) peaks. 

When foils were heated at 600~ for 1 hr in air, a 
s t ructural  change occurred and a strong NiO phase 
was found along with a trace of MoO~. 

These results help explain the absence of ferromag- 
netic properties after aging at 400~ A further  ob- 
servation with regard to this alloy was that very little 
visible oxidation developed during aging at 400~ 
even after 96 hr. 

Deposit 4 on the a luminum substrate was selected 
for x - r ay  diffraction studies since it exhibited a grad- 
ual increase in magnetic induct ion at 300~ and a 
gradual  decrease at 400~ aging cycles; these were ac- 
companied by continued increasing coercivities (Fig. 
5a and 5b). The as-deposited specimen indicated an 
amorphous appearing deposit, with an approximate 
crystalli te size of 10-50A. An a luminum substrate sig- 
nal  strongly showed through the deposit. The 400~ 
1 hr hea t - t rea tment  produced a marked change in 
crystal s tructure;  the nickel showed a crystal size in 
excess of 1000A and the new NisP phase with a minor  
amount  of surface oxide (NiO) appeared. Aging for 
48 hr produced a somewhat stronger Ni3P phase with 
some evidence of diffusion with the substrate produc- 
ing a NiA13 phase. Deposits aged at 72 and 96 hr ap- 
peared to be similar  with NiaP and NiA13 peaks be- 
coming stronger; e lemental  Ni showed up only as a 
minor  const i tuent  or phase. 

These observations agree quite well with the se- 
quence of hysteresis loops in Fig. 5b. The development  
of crystal order is one of the t ransformations induced 
by heat - t rea tment ;  this alters the magnetic properties 
significantly. The high coercivities exhibited by most 
of these electroless alloys appears to be the result  of 

an order-disorder  t ransformat ion with the ordered 
phase precipitat ing in a matr ix  of the disordered solid 
solution (15). The amount  of phosphorus in  the de- 
posit determines the relationship of the phases devel-  
oping (3, 6) and influences the magnetic properties. 
The influence of substrate being plated and the type of 
l[gand in the plat ing solution on the magnetic  proper-  
ties of as-deposited film may be explained by com- 
position of deposit and stresses produced. However, 
their continued effects after artificial aging remain  un -  
clear. 

Summary and Conclusions 
Deposits from all ammoniacal  solutions studied 

were ferromagnetic directly as plated. Of the acid so- 
lutions studied, only the acetate deposit on a l u m i n u m  
substrates showed some evidence of magnet ism (Br 
= 75G, Bs ---- 175G, He ---- 7.5 oe) (Fig. 4b). The sul- 
famate nickel electrodeposits were considerably more 
magnetic. 

Artificial aging increased magnet ic  induct ion of all 
deposits through some maximum, the tempera ture-  
time relationship being different for each deposit. The 
coercive force was also usual ly  increased; however, 
Hc was lowered by one-half  or more for the nickel 
electrodeposits. 

The ferromagnetic properties of the deposits and 
their changes due to hea t - t rea tment  varied signifi- 
cantly on the two substrates as well as free foils. 
These variations were also related to the different 
l igands in the electroless solutions. Mallory (16) drew 
similar conclusions with regard to the corrosion char-  
acteristics of electroless deposits. 

The ferromagnet ism induced in foils deposited from 
acid solutions increased with aging at 300~ and de- 
creased with aging at 400~ This effect appeared to 
be related to the solution's complexing ligands in the 
following order: acetate > lactate-propionate > hy-  
droxy-acetate  > citrate. The order was reversed for 
increasing coercivities. 

The same relationships might be considered for the 
deposits on substrates (from the same acid solutions).  
In  the case of deposits on brass substrates heat- t reated 
at 300~ however, the order was slightly changed 
with lactate-propionate > acetate > citrate > hy-  
droxy-acetate.  

The low pH (high P) deposits also exhibited mag- 
net ism after aging at 300~ within 1 hr, with acetate 
deposits cont inuing to increase with time and the cit- 
rate deposit remaining fairly constant. At 400~ the 
citrate deposit became nonmagnet ic  after 1 hr, the ace- 
tate deposit after 24 hr. It is suggested that whatever  
free nickel exists is dispersed in the developing pre-  
dominant  Ni3P matrix. 

Ternary  deposits from acid solutions developed only 
slightly lower induct ion than the b inary  alloys, the 2 
w/o copper alloys being less magnetic than the 1 w/o 
copper alloy. The te rnary  (Ni-4Cu-5P) alloy from the 
ammoniacal  solution, however, exhibited the largest 
magnetic induction with the lowest coercive force of 
all the alloys studied, suggesting a more complete 
t ransformat ion of a Cu3P phase with a larger amount  
of a nickel phase remaining.  

Additions of 8 w/o t in  to the Ni-2Cu-16P alloy re-  
sulted in increased magnetizat ion of the alloy after 
artificial aging, reaching a max imum at 350~ and re- 
ducing sharply at 375~ This also suggests a compet- 
ing t ransformat ion with the presence of a nickel phase. 

A Ni-17Mo electroless alloy did not develop any 
ferromagnet ism with aging up to 400~ This result 
was in agreement  with the fact that no phase t rans-  
formation occurred below approximately 600~ as de- 
termined by x - ray  diffraction studies. 
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New Solid Conductors of Na and K § Ions 
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ABSTRACT 

A search through 40 structure types for solid conductors of Na + and  K + 
ions has produced three types capable of ion t ransport  with conductivities in  
the vicini ty of 10 -5 ( o h m - c m ) - i  at 25~ (i) the pyrochlores NaTaWOe and 
NaTa2OsF; (ii) the bcc-Im3 phase of NaSbO3; and (iii) the Na and K nio-  
bates near  the composition 2M20"3Nb205. Of these five compounds, only the 
K niobate (whose s tructure has not been elucidated) can be ful ly sintered 
without  transformation.  A number  of phase diagrams have been developed 
dur ing the course of the work. 

A search for new solid conductors of alkali metal  
ions was init iated after the publicat ion of the work on 
beta a lumina (1, 2) for the purpose of finding addi- 
tional types of electrolytes for high energy-high power 
density secondary batteries. The approach was to select 
a variety of "open" structures, to prepare alkali metal  
representatives of these structures, and to screen them 
in the form of pre l iminary  preparations by a suitable 
fast method. Direct measurement  of ionic t ransport  
upon improved specimens was reserved for compounds 
showing promise in the screening. This report con- 
siders principal ly the five best conductors found in the 
search through about 40 structure types. Addit ional  
information related to this report may be found in  the 
separate publications from the three laboratories in-  
volved, as referred to below. 

Background and Structural Aspects of Materials with 
o ' i o N  ----  lO-5(ohm-cm)-1 

NaSbO3 bcc, Im3.--This phase was first reported by 
Kafalas (10) as the K analogue result ing from the high 
pressure t ransformation of the i lmenite  form of KSbO3. 
On the basis of their  s t ructure analysis, Hong et al. 
(11) predicted and confirmed that the new phase would 
readily undergo ion exchange with salts of monovalent  

* Electrochemical  Society Act ive  Member.  
Key  words :  sodium pyrochlores,  sod ium ant imonate ,  alkal i  nio- 

bates, solLd electrolyte.  

ions and that, among the MBO3 analogues, the Na ex- 
change product would exhibit  the highest ion mobility. 
They fur ther  report  that (i) NaSbO3 (Im3 phase) in -  
dicated in pre l iminary  a-c measurements  on ionic con- 
duct ivi ty like that of ~-alumina;  (ii) its metastabi l i ty  
prevents sintering to dense specimens; and (iii) in 
ceramic form, it is slowly attacked by mol ten Na. 

The structure of the Im3 phase may be briefly de- 
scribed as follows (11): M + ions in  disordered part ial  
occupancy of sites in  tunnels  which consist of face- 
shared octahedra r unn i ng  parallel  to the [111] direc- 
tions. The mobil i ty  of a given M + ion depends on its 
size relative to the openings of the oxygen octahedra, 
Na + appearing to be at an optimum. 

During the course of this work, it was first sug- 
gested that the F -1 ion could stabilize the Im3 phase 
to permit  1 atm direct synthesis (12) and then demon- 
strated that this was feasible (5, 6, 12, 13). Also, it 
was found (5) that the Na compound produced by ion 
exchange from T1SbO3 or KSbO3 may incorporate up 
to 25% more Na than the ion displaced. 

Pyrochlores.--The general  formula of the fully oc- 
cupied pyrochlore s tructure of the cubic space group 
Fd3m may be wr i t ten  as A2B2X6X' or A2B'B"XeX" (14). 
Structural  features of this s t ructure type are: (i) the 
B2X~ or B'B"X6 groups represent  a subarray  of octa- 
hedra with the B atoms, like Ta, Nb, Sb, and others, 
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in the centers of the octahedra of the X6 ions (which 
are  usually O =, O H - ,  CI - ,  or F - ) ;  (it) the A cations 
(of mono-,  di-, or t r iva len t  atoms) may  be in any of 
several  crysta l lographic  sets, depending on the ions' 
size, charge, and number,  thus offering ways to control 
A- ion  mobil i ty;  (iii) the "seventh" anion (14, 15), X', 
which is similar  to but  not necessarily the same as X, 
is not bound to the octahedra;  its site occupancy deter -  
mines whether  A ions have a clear  path  through the 
structure.  

The abil i ty of the pyrochlore s tructure to accommo- 
date a wide range of atom species and to permit  some 
degree of control over  site occupancies is what  made 
it a promising candidate. The defect pyrochlores mea-  
sured in this p rogram are NaTaWO6 and NaTa.~OsF. 
The fo rmer  was suggested by Raveau  (16-18) who also 
suppIied a powder  sample for the first specimens. The 
oxyfluoride was decided upon as possibly more resist-  
ant to reaction with  a Na electrode than the W-con-  
taining pyrochlore  might  be. Both these pyrochlores 
are of the AB'B"X6 type (19); the absence of the X'  
anion promised the m a x i m u m  openness of the s t ructure  
for the A cation. The size of the Na + ion is dist inctly 
optimal for passage, with the handicaps that  Na pyro-  
chlores have to be made by ion exchange f rom the 
other  alkali  meta l  analogues and, concomitantly,  are 
unstable at the tempera tures  requi red  for sintering to 
ful ly dense bodies. 

Niobates 21Va~.O.3Nbz05, 2KzO.3Nb2Os.--A number  
of compounds found in the six binary systems (6) 

Li20 Nb205 
N a 2 0  v s .  

K 2 0  T a 2 0 5  

were  tested for ionic conductivi ty by the methods de- 
scribed e lsewhere  (4). Among these, the only s truc-  
ture  type found capable of appreciable alkali  ion 
t ransport  was the niobate close to, but not exact ly  at, 
the 2.3 composition, most probably at 41 K20'59 NbeQ.  
This compound has an orthorhombic unit  cell wi th  
a ---- 7.822A, b ---- 33.019A, c ---- 6.481A, and crystal  
growth of this phase was first repor ted  by Nassau (21). 
Geometr ical  considerations have led to postulat ing that 
the K + ions are in layers  be tween  the Nb-O octahedra 
and that  they should be mobile (6) as was demon-  
strated subsequent ly (see below).  The crystal  s truc- 
ture analysis has yet  to be done. 

Most of the other alkali  niobates and tantalates, 
found to be tunnel  structures more or less re la ted to 
the bronzes, were  screened out as being poor conduc- 
tors. 

Exper imenta l  
Specimen preparation.--NaSb03, Ira3 phase.--A spe- 

cial high pressure apparatus was employed to t rans-  
form K S b Q  from the i lmenite  form to the Im3 poly-  
morph at about 20 k bar and 700~ (11). The pure 
t ransformat ion product, as verified by x - r a y  diffraction, 
was powdered and mixed  with  10 t imes its molar  
quant i ty  of mol ten NaNO3. The exchanged compound 
was water  leached to remove  excess nitrates and finally 
checked by x - r ay  diffraction for single phase. Disks of 
the NaSbO3 were  then made by pressing finely pow- 
dered mater ia l  ( ~  1~) in a tungsten carbide die in a 
part ial  vacuum at 30,000 psi and held at pressure 
(,~ 1~) at 600~ for ~ i hr;  2 weight  per cent (w/o)  
NaNH2 was mixed with the start ing powder  to help 
achieve the high densities of the disks, ~ 95% of theo- 
retical. 

NaSb03.i /6 NaF, Im3.--The K analogue was made by 
react ing a 2:1 weight  ratio of K2H.~Sb2OT.4H_~O and 
KF  at 900~ for 2 hr. Excess KF and KSbO3 i lmeni te  
was then  leached wi th  water  and the pure  fluorided 
antimonate,  probably  Pn3, ion exchanged three t imes 
in mol ten NaNO3 at 325~ The product, Im3 with  a 
nominal  composition at about NaSbO3.1/6 NaF, was 

analyzed chemical ly and by x - r a y  s t ructure  analysis 
(13). The F -  stabilization of the phase unfor tuna te ly  
did not extend to permi t  s intering the Na compound 
without  a protect ive a tmosphere ,  and disks of NaSbO3. 
1/6 NaF had to be made the same way as the NaSbO.~ 
without  F - ;  s imilar  densities were  obtained. 

NaTaW06, pyrochlore.--The first measurements  were  
made on disks pressed from powder  (supplied by Pro-  
fessor B. Raveau of Caen).  The highest densities wi th-  
out t ransformat ion were obtained at 40,000 psi at 500~ 
with 2% by weight  NaNH2 added. Other preparat ions 
behaved similarly;  they were  made by ion exchanging 
the K analogue which had been synthesized f rom 
K2CQ, W Q ,  and Ta20~ by conventional  techniques. 

NaTazOsF, pyrochlore.--This type of pyrochlore  of- 
fered the possibility of greater  chemical  inertness than 
the W compound (5). The Rb analogue, but  not the K, 
could be made direct ly f rom the components. RbF 
and Ta205 were  fired at 750~ in argon for two days; 
gr inding and retiring had to be repeated for a total of 
three times to produce single phase. Single crystals 
were  also prepared using excess RbF as a flux. A 
single 1150~ firing of a 4:1 molar  ratio of RbF and 
Ta205 yielded small crystals suitable for s t ructure 
analysis. The Na exchange in this pyrochlore required 
two stages, first Rb ~ K, fol lowed by K --> Na. 

Ceramic disks of NaTa2OsF were  pressed under  con- 
ditions similar to those for N a S b Q ;  however,  lower  
densities were  obtained. As with  NaTaWO6, the oxy-  
fluoride probably had some H20 in the lattice. 

2MeO:3NbzOs.--As ful ly  described elsewhere (7), an- 
hydrous disks of the K and Na compounds were  diffi- 
cult to prepare. The synthesis of single phase powder  of 
the K compound by conventional  sol id-state react ion 
procedures required the exact ratio of K2CO3:Nb205 
for the composition 41K20:59Nb2Os. The product, as 
well  as the Na analogue made by ion exchange in mol-  
ten N a N Q ,  was ex t remely  moisture sensitive, and the 
following schedule was required to fabricate a sound, 
dense disk: single phase powder  ~ prepress, 700 psi --> 
isostatically press, 20,000 psi ~ dry at 220~ 0.5 hr --* 
sinter, 1050~ 2 hr --> seal into evacuated capsule; 
operations were  conducted in a dry box or, where  that  
was not possible, above 220~ where  I-I20 is not ab- 
sorbed, all with minimal  exposure to air. 

Electrical measurements.--The five materials  de- 
scribed in the foregoing were  invest igated by two-  and 
four-probe a-c and d-c conductivi ty methods; e l imina-  
tion of the major i ty  of candidate materials  was based 
on special a-c methods, such as dielectric loss, which 
were  less dependent  on specimen perfect ion (3, 4) 
than conventional  a-c methods. Blocking electrodes 
(sputtered Pt or C paint) were  used for a-c conductiv-  
ity measurements  over a range of frequencies. Rever -  
sible electrodes were  ei ther (i) Na~WO3 made direct ly 
on the sample (for Na compounds only) (20), (it) 
propylene carbonate solutions (PC) of Na- or K-PF6, 
as appropriate,  (iii) mol ten  alkali  metal, or (iv) fused 
NaNO:3. The d-c current  usually employed was 14 #A. 

Results 
The data obtained are summarized in Table I and 

Fig. 1-4. Figure 3 includes conductivi ty data for beta 
a lumina (curves 1 and 2) which are presented as val i -  
dation of the simpler two-probe  PC electrode proce- 
dure  general ly  employed to evaluate  ionic transport.  

Table I. Ionic conductivity at 25~ for new ionic conductors 

AE, ~ 25~ 
S u b s t a n c e  k j / m  (ohm-crn} -1 

NaSbO3,  bcc  ( w i t h  or  w i t h o u t  1/6 
iNaF) 42 10 -5 

iNaTaWO~ a n d  NaTa~O~F; p y r o c h l o r e s  21 10-5 
2 N a O  �9 3NbzO~ a n d  2 K 2 0  �9 3Nb20~ 17 10 -5 
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Fig. 2. Conductivity of cubic materials with temperature; com- 
parison with "production" beta alumina ceramic. 
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The val idat ion consists of the observation of but l i t t le 
more polarization occurring in the first 10 -2 sec after 
application of field in the two-probe  exper iment  
(curve 2) compared with the absence of polarization 
over  the entire t ime of measurement  where  more com- 
pletely revers ible  electrodes were  used (curve 1). A 
similar comparison is presented in Fig. 1 for NaSbOa- 
Ira3, where  curve  1, taken with the more revers ible  
electrodes (due to solid Na avai labi l i ty) ,  coincides for 
10 -1 sec with the two-probe  PC data (curve 2). Re-  
jected candidates showed early onset of polarization, 
f rom 10 -6 sec after application of field, and much more 
rapid polarizat ion continuing l inearly with t ime (9). 

The conductivi ty values used in constructing Fig. 2 
and 4 were  the values given by extrapolat ion to the 
zero t ime axis of the two-probe  PC data plus other 
types of data as indicated. Act ivat ion energies calcu- 
lated from Fig. 2 and 4 are included in Table I. 

I I I I I 
EO0 308 488 358 300 

TEMP, oK 

Fig. 4. Conductivity of planar materials with temperature; com- 
parison with beta alumina. 

Discussion 
About  40 s t ructure  types were  surveyed in the total 

study (9). The five compounds of Table I, represent ing 
al together  three s tructure types, were  the ones whose 
propert ies came closest to the goals of the survey. 
Among those el iminated were  a number  of " tunnel"  
types, i.e., with cations in unidirect ional  l inear chan-  
nels. Some of those screened out which have appeared 
elsewhere as being of some interest  are hollandite (3, 
22) and #-eucrypt i te  (23). 

Fur ther  development  might  increase the conductivi-  
ties given in Table I. Ceramic qual i ty  could be im-  
proved for each of the compounds. For the pyrochlores, 
compositions other than those given here  could well  
be explored, par t icular ly  for the purpose of t rying 
more and less than eight alkali  ions per  unit  cell. In the 
present work, further,  the specimens of the pyrochlores 
at the t ime and conditions of measurement  were  prob-  
ably not t ru ly  anhydrous, and water  molecules in the 
lattice would be in sites to inhibit  cation motion. 

Of part icular  interest  among the findings are: (i) the 
ant imonate has about the same Na + ion conduct ivi ty  
as beta a lumina at about 280~ and (ii) the  K niobate 
has about the same K + ion conductivi ty as K - b e t a  
ceramic may be presumed to have. 

Summary 
Five compounds in three s t ructure  types have been 

discovered to be good solid conductors of alkali  metal  
ions. A unique bcc form of NaSbOs, a unique ortho-  
rhombic layer  s t ructure  of the composition 2M20. 
3Nb20~ (M ---- Na or K),  and the Na pyrochlores 
NaTa2OsF, NaTaWOB, each show alkali ion t ransport  
with conductivities of ,-~ 10 -5 ( o h m - c m ) - 1  at 25~ Ion 
exchange is required to make each of these Na com- 
pounds; only the 2K20-3Nb205 can, so far, be synthe-  
sized directly from the oxides, and so is the only one 
which can be sintered readily. The niobate is about as 
good a conductor of K + ion as is K-be ta  alumina; the 
NaSbO3 compares well  wi th  Na beta at 280~ 
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The Standard Free Energy of Formation of 
Liquid NaCrO, 1100~176 

Winston W. Liang* and John F. Elliott** 
Department of Materials Science and Engineering, 

Massachusetts Institute o~ Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The s tandard  free energy of sodium chromate  has been de te rmined  employ-  
ing the revers ib le  cell 

W, WS2(s)  Na+ 1 Na_~CrO~ (1), Po2, P t  
Na2S (s) (~-a lumina)  f Cr203 (s) 

The resul ts  of the  measurements  give 

2Na(1)-5 5/4 O2(g) -5 1/2 C r 2 Q ( s )  = Na~CrO4(1) 

and 

2Na(1) -5 2 O2(g) -5 Cr (s )  ~- Na2CrO4(1) 

These resul ts  are  val id  in the v ic in i ty  of 

~G ~ ---- --648,900 -5 106.94T ( J /mo le )  

hG ~ = --1,209,900 + 233.1T ( J /mole )  

900~ 

Chromium is the vi ta l  a l loying e lement  for corrosion 
resis tance of s tainless steels and  iron- ,  n ickel- ,  and 
coba l t -based  superal loys.  Deposits of l iquid  sodium 
sulfa te  have been associated with  accelera ted corrosion 
of these meta ls  (1), and dur ing  s imula ted  sodium 
su l fa te - induced  hot corrosion of n icke l -based  alloys, 
sodium chromate  has been found as a corrosion p rod-  
uct  (2-6).  The format ion  of sodium chromate  was sug-  
gested to resul t  f rom the react ion of sodium sulfate  
wi th  the pro tec t ive  oxide, Cr203 

1 
2Na2SO4(1) + Cr~O3(s) -5-~- O2(g) 

---- 2Na2CrO4(1) -5 2SO2(g) [1] 

However ,  lack  of accurate  in format ion  on the s t andard  

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  t h e r m o d y n a m i c s ,  s o d i u m  c h r o m a t e ,  c m f  m e a s u r e -  

men t s .  

free energy of formation of fused sodium chromate 
did not allow an adequate thermodynamic description 
of the reaction. The only available thermochemical 
data on sodium chromate was its standard heat of 
s at 298~ which was determined calorimetri- 
cally (7). This information and recently determined 
data on the low and high temperature heat capacities 
and enthalpy increments of the compound have per- 
mitted calculation of •176 for Na2CrO4 at elevated 
temperatures (8). 

The recent development of a sodium reference elec- 
trode using S-alumina as the solid electrolyte (9, I0) 
makes it possible to investigate the thermodynamic 
properties of fused sodium chromate by the cell 

W(s), WS2(s) Na + Na2CrOi(1) (Na20) 
Na2S (s) (Na20"llA120~) I Cr203(s),  Po2, P t  

[A] 

The over -a l l  cell react ion may  be wr i t t en  
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1 5 1 
- - W ( s )  -{- Na2S(s) zr -~-O2(g) + ~- Cr20~(s) 
2 

1 
= Na2CrO4(1) + ~ -WS2(s )  [2] 

For  which 
AG~ = -- 2Fe + 5/4 RT In Po2 

F is Faraday's constant and e is the reversible potential 
of the cell. The liquid chromate is saturated with 
Cr2Os(s). Alternatively, the over-all cell reaction may 
be wr i t ten  

1 1 
- ~ W ( s )  + Na2S(s) + "~-O'2(g) 

1 
= - - W S 2 ( s )  + (Na20) [3] 

2 

where  the sodium oxide is in solution in l iquid sodium 
chromate at the cathode. By reaction [3], the act ivi ty 
of sodium oxide relat ive to pure sodium oxide can be 
determined f rom the revers ible  potential  of the cell 
when the oxygen pressure in the cathode chamber  is 
fixed 

1 
- -  2Fe ~- - -  dG~ --}- AG~ -- AG~ 

2 
1 

+ RTlnasa2o - - - - R T l n P o 2  [4] 
2 

Similarly,  the standard free energy of format ion of 
l iquid sodium chromate can be obtained from e and 
P o 2  

1 
-- 2F�9 ---- - -  AG~ + •176 -- AG~ 

2 
1 5 

- - - -AG~ - - - - R T l n P o 2  [5] 
2 4 

It is to be noted that  the exper imenta l  cell potential  
must  be corrected for the thermoelectr ic  effect of the 
W - P t  junct ion (20-30 mV) to obtain the values of �9 
used in Eq. [4] and [5]. 

The standard free energy of format ion of sodium 
chromate by the reactions 

5 1 
2Na(1) + "~'-O2(g) + ~--Cr.~O~(s) ----- Na.~CrO4(1) [6] 

can be obtained f rom Eq. [5] utilizing the data in 
Table I 

5 
A G ~  ---- -- 2F�9 -k - -  RT In Po2 -- 267,350 + 46.06T [6a] 

4 

and for the formation f rom the elements  

2Na(1) -k Cr(s)  + 2 O2(g) ~-Na2CrO4(1) [7] 

AG~ _-- -- 2F~ + 2 RT In Po2 
-- 828,370 -}- 172.2T [7a] 

Thus the informat ion obtained f rom the cell can be 
used to de termine  the standard free energy of l iquid 
sodium chromate.  

Experiments 
The anode materials  consisted of 99.9% pure tung-  

sten powder  and reagent  grade WS2 and Na2S. These 

Table I. Thermodynamic data 

Corn- AG~ = AH~ -- T AS~ 
pound* J/mole Reference 

CrfO3(s) --1,122,040 + 2S2.3T ( I I )  
Na_~S(s) --435,650 4, 124.3T (12) 
l,~ WS_.(s) --168,200 4- 78.24T (13) 
NaeO(1) --353,550 + 88.91T (12) 

* Reference states: Na(1), Cr(s),  W(s) ,  O~(g), and Sf(g);  all at 
1 arm pres sure .  

materials  were  mixed  in the mola r  ratio of 1:1:4 and 
were  dried overnight  at 80~ before use. The cathode 
materials  consisted of reagent  grade Na2CrO4 and 
Cr20~. The chromium oxide was ei ther in the form of 
a powder or small pieces that  were  obtained by sin- 
tering the powder  at 1600~ in argon having an oxy-  
gen pressure of approximate ly  10 -12 atm. The density 
of the pellets was 3.87 g / c m  3. In the case that the 
chromium oxide powder  was used, 2g of it and 20g of 
powdered sodium chromate were  dr ied at 220~ under 
vacuum for 1 week prior to use (14). If the chromium 
oxide pel let  was used, the sodium chromate  powder  
was dried as described and the pellet  was added to the 
cell along with the powder.  

The crucibles of ~-alumina used for the electrolyte  
were processed f rom Monofrax H bricks (Carborundum 
Company) .  The bricks were  crushed to + 8  mesh par -  
ticles. The crushed mater ia l  was ground in an alumina 
ball mill for 30-40 hr. Then 2 weight per cent (w/o) 
Na2CO3, 1 w/o MgO, and i/~ w/o Y203 in powder form 
were added and mixed in a tumble mixer for i0 hr. 
The resulting mixture was calcined in a platinum cru- 
cible for 1 hr in air (15). This calcined material 
was reground in an a lumina ball  mil l  for 10-15 hr  to 
obtain a final part icle size of 0.5-1 ~m. Cylindrical  rods 
12.5 m m  X 6-8 cm long of this mater ia l  were  obtained 
by first pressing them in a die at 2000 psi fol lowed by 
isostatically pressing at 32,000 psi. The rods were  pre-  
fired at l l00~ for 1 hr while packed in coarse p-alu-  
mina powder. They were  then dri l led with a 6 mm 
drill, packed in coarse s -a lumina  powder, and fired in 
air at 1750~ (16). The max imum tempera ture  was 
held for a period of 20-30 rain. These sintered crucibles 
were  93% dense and crack free, and had no open 
porosity. The electrochemical  characteristics of ~-alu- 
mina which makes it suitable as the electrolyte  in the 
cell are well  described (17, 18). 

The a r rangement  of the cell is shown in Fig. 1. When 
used, the ;~-alumina electrolyte  was a s t ra ight -wal led  
crucible 11 mm OD X 6 mm ID X 60 mm high. The 
anode chamber  containing W, WSf, and NafS powders 
and the W lead was sealed with  soft glass as the cell 
was brought  to temperature .  

The cathode consisted of a p la t inum wire  wi thin  an 
alumina tube. The tip of the tube was positioned ap- 
proximate ly  5 mm below the surface of the l iquid 
sodium chromate. A gas of known composition, Ar  + 
Oe or air, was bubbled through the melt  at a rate of a 
few centimeters  (STP) per minute. The gases were 
careful ly dried before they entered the cell and the 
Vycor furnace tube was mainta ined at a pressure 

Argon and oxygen mixture 

~vJ Platinum wire 

nlll Alumina tube 

IIIIII Tungsten wire 
IHH [  ,omino,u e 
IIIIII ! A,u  no o ur 
II1[11 glass sea, 

"' ' Beta-alumina powder 
ILIIII II t l l   eto-o,~176 

_JIILII--I t~ ~ - -Alumina tube 
I ~JI~ ]~ ~--Soft glass seal 
\ C )  I I~ ~ I /I Fused sodium chromate 
\ I1~ ~II / I Platinum crucible 
\ I ~  II~ ~ i  i i l w, ws 2 and NazS mixture 

:- ~ . : _ - ~  Cr,: O~n aPe::~ d 

Fig. 1. Cell arrangement 
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slightly in excess of atmospheric by throt t l ing the 
outflow of the gas. 

T h e  tempera ture  of the cell was measured wi th  a 
P t /P t -10% Rh thermocouple and it was known  with 
an uncer ta in ty  of not more than • 1.0~ The cell po- 
tential  was measured with a Beckman pH meter  (1014 
ohms impedence) .  

After  being brought  to temperature,  the cell re-  
quired 8 hr for its potential  to stabilize. Subsequent ly  
the potential  was very steady and reproducible. When 
the tempera ture  was changed, the potential  reached a 
new steady state wi th in  1-2 hr  which was approxi-  
mately  the t ime required by the system to reach ther-  
mal  equil ibrium. If the temperature  was altered and 
then re turned  to the original value, the cell potential  
was reproducible wi thin  1 or 2 mV. The potential  also 
varied less than  I mV when  the gas flow was changed 
in the range of 0-5 cm3/min (STP).  All measurements  
were made at a rate of 2 cm3/min. With a change in 
oxygen pressure in the cathode gas. the cell reached a 
new steady value in  7-9 hr. Polarization of the cell 
with a current  of 50 mA for 10 sec in ei ther  direction 
caused a displacement of the cell potential  by 350 mV 
above or below the previous steady-state reading. The 
potential  re turned to the previous value wi thin  30 sec 
after the polarizing current  was tu rned  off. 

E x p e r i m e n t a l  R e s u l t s  a n d  D i s c u s s i o n  
The exper imental  measurements  are shown in Table 

II and the results in terms of '~G~ are shown in  Fig. 2. 
The l ine is the least squares l ine  for all points; its 
equation is 

hG~ = --381,500 -F 60.88T [3a] 

with uncertaint ies  of approximately • J /mole  in 
free energy, • J /mole  in enthalpy, and •  J /  
mole .~  in entropy. Insert ing these results into Eq. 
[6a] gives 

AG~ = --648,900 + 106.94T [6b] 

and into Eq. [7a] gives for the l iquid 

AG~ = --1,209,900 -F 233.1T [7b] 

with uncertaint ies  of approximately _+12,000 J /mole .  
~ in  free energy, _+14,000 J /mole  in enthalpy,  and 
9 J /mo le -~  in  entropy. 

There are no direct measurements  at elevated tem- 
peratures of the s tandard free energy of Na2CrO4 

Table II. Experimental measurements 

C e U  Po 2, Temp,  Cel l  emf,* 
No. a i m  ~ V -- log  aNa2o 

24 0,05 1141 1.435 11.680 
1161 1,429 11.424 
1102 1.421 11.291 
1141 1.436 11.639 
1175 1.422 11.260 
1196 1,411 11.01~ 
1221 1.398 10.740 
1149 1,431 11.533 
1109 1.454 12.060 

24 1.0 1155 1.604 12.346 
1201 1.589 11.826 
1222 1.584 11.617 
1109 1.024 12.955 
1114 1.623 12.897 
1205 1.593 11.827 
1212 1.589 11.738 

25 1.0 1144 1.613 12.525 
1104 1.629 13.050 
1149 1.621 12.549 
1203 1.603 11.927 
1219 1.592 11.707 
1149 1.609 12.444 
1110 1.622 12.927 

25 0.21 1149 1.514 11.949 
1106 1.535 12.512 
1131 1.526 12.208 
1209 1,500 11.359 

* C o r r e c t e d  f o r  W - P t  t h e r m o e l e c t r i c  effect. 

-320 

. - 310  
Ore) 
(.9 

-300 

I I I I 

B 

Cell No Po2, ~m. u"  � 9  

�9 24 0.05 
�9 24 1.00 

25 0.21 
[] 25 1.00 

I , I , ] , I 
I100 1150 1200 1250 

Temperature,  ~  

Fig. 2. Experimental results in terms of Eq. [2] 

which can be used for comparison with the present 
results. There are, however, data on the specific heat 
and the enthalpy increment  by Ferrante,  Stuve, and 
Krug  (8) and the s tandard enthalpy of formation of 
the compound at 298~ by Nelson, Moss, and Hepler 
(7). These data permit  calculation of the thermody-  
namic properties of Na2CrO~ in the temperature  range 
of this study (8). The result ing equation for the l iquid 
is 

~G~ ---- --1,278,600 + 301.25T [7c] 

Subtract ing from this one-half  the s tandard free en-  
ergy of formation of Cr2Q(c)  gives 

•176 : --717,600 + 175.10T [6c] 

It is to be seen that at l l00~ the results obtained 
from the experiments reported are lower than those 
obtained from the thermochemical  data (7, 8, 11) by 
approximately 6200 joules (1500 cal). At 1200~ the 
differences are approximately 13,000 joules (3000 cal). 
The agreement  in the values of the s tandard free en-  
ergies is felt to be reasonably good considering the 
diverse data that have been used in obtaining the two 
sets of equations. 

The set of equations [6b] and [7b] differ from the 
set [6c] and [7c] pr incipal ly  in the entropy terms. If 
one back calculates from reaction [6] and Eq. [6b] 
using the appropriate data from Table I to get an 
equation for =~G~ one obtains a line in Fig. 2 based 
on the thermal  data that crosses the experimental  line 
but  which has a much greater (negative) slope. The 
disagreement appears to be much greater than that 
which results from the uncertaint ies in the various 
data used in de termining these two lines. It may be 
due to either, or both, of the following reasons: 

(a) Uncertaint ies in the thermochemical data for 
Na2S and WS2 which may be large because of the ex- 
per imental  dffficulties when  working with these com- 
pounds. 

(b) The entropy term in Eq [Tb], which is derived 
from the cell measurement, may include a term that 
is related to a change in composition with temperature 
of Na2CrO4 when saturated with Cr203 (s). 

The possible change in composition of Na2CrO4 with 
temperature mentioned above probably would be small 
in view of the very low activity of Na20 in the salt 
and also the fact that it does not change appreciably 
either with a change in oxygen pressure or tempera- 
ture. It is to be noted that there was no evidence dur- 
ing the experimental work that the composition of the 
liquid chromate deviated appreciably from Na2CrO~. 

For conditions in which liquid sodium chromate and 
Cr203 coexist, it is concluded that the free energy of 
formation of Na2CrO4 according to Eq. [?b] should be 
used. 

Using the data of Ferrante and co-workers (8) on 
the melting of Na2CrO4 (• ---- 24,300 J/mole, Tm ---- 
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1065~ one obtains for the reaction to form the solid 

2Na(t)  -}- Cr(s)  + 2Oa(g)  -= Na2CrO4(s) [8] 

~G~ ---- --1,234,200 + 255.92T [8a] 

This equation applies to the superheated solid phase 
in the temperature  range of 900~176 

Summary and Conclusions 
The standard free energy of format ion of sodium 

chromate has been measured by a high temperature  
emf cell. The results apply to the reaction 

5 1 
Na(1) + ~-  O2(g) -}--~-Cr203(s) ----Na2CrO4(1) 

,aG~ = --648,900 -}- 106.94T 

and to 
Na(1) + Cr(s)  + 202(g )  = Na2CrO4(1) 

~G~ _-- --1,209,900 + 233.1T 

The equations are based on measurements  obtained in 
the temperature  range of 1100~176 
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Electrochemical Oxidation of N-Substituted 
Iminodimethylenediphosphonic Acids 

John H. Wagenknecht* 
Monsanto Company, Corporate Research Department, St. Louis, Missouri 63166 

ABSTRACT 

The electrochemical oxidation of substi tuted iminodimethylenediphos-  
phonic acids [RN(CH2PO3H2)2] in  strong aqueous acid leads cleanly to the 
secondary amine (RNHCH~PO3H2) in most cases. Voltammetric data, NMR 
data, and the products of the oxidations suggest that unprotonated amine is 
available for oxidation even in strongly acidic aqueous solution. 

The only reported electrochemical oxidation of a 
simple phosphonic acid was that of methylphosphonic 
acid which led to cleavage of the carbon-phosphorus 
bond "(1). Oxidation of N-phosphonomethyl iminodi-  
acetic acid, however, did not lead to cleavage of the 
phosphonate portion of the molecule (2). It has pre-  
viously been reported that n i t r i lo t r imethylenetr iphos-  
phonic acid may be electrochemically oxidized, result-  
ing in cleavage of the methylenephosphonic acid group 
(3). The present study was made to determine if that 
was a general  reaction, useful for the preparat ion of a 

* Electrochemical Society Active Member. 
Key words: N-substitu~eu aminomethylenephosphonie acids, vol- 

tammetry, preparative electrolysis. 

wide variety of secondary aminomethylenephosphonic 
acids. 

Tertiary iminodimethylenediphosphonic acids are 
conveniently made by the reaction of an amine with 
formaldehyde and phosphorous acid (4) 

RNH~ + 2'H2CO -}- 2HPO3H2~ RN(CH2PO~H2)2 [1] 

Stoichiometric quanti t ies of reagents, however, pro- 
duce a mixture  which is very difficult to separate (5), 
so that a simple, clean synthesis 

3RNH2 -]- 3H2CO + 3HPO3H2 --> RNH2 

+ RNHCHePO3H2 + RN (CH2PO3H2) 2 [2] 
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Fig. I. Recirculating electrolysis system with a porous graphite 
anode. 

of secondary  aminomethylenephosphonic  acids was un-  
known. 

Exper imental  
Cyclic v o l t a m m e t r y  was carr ied  out in a t h r ee -com-  

pa r tmen t  cell wi th  a glassy carbon anode (5 mm 
d iamete r  but ton  in glass tubing) ,  P t  wire  cathode, and 
a sa tu ra ted  ca lomel  re ference  electrode.  A Wenking  
Model  66TA1 potentiostat ,  Exact  Electronics, Inc., 
Model  505 funct ion generator ,  and Moseley 7035 AM 
X-Y recorder  were  used for obta ining vol tammograms.  
A scan ra te  of 6.8 mV/sec  was used, and the depolar izer  
concentra t ion was 5 mM in 0.2M H~PO4, except  for 
compounds X - X I I I  which were  run  in 50% HsPO4 be-  
cause they  are  insoluble  in d i lu te  acid. 

NMR spect ra  were  obta ined  with  a Var ian  T-60 
NMR spec t rometer  wi th  20% HC1 or concentra ted HC1 
as the  solvent  and 3 ( t r ime thy l s i ly l )p ropanesu l fon ic  
acid as the in te rna l  reference.  

Al l  of the  s ta r t ing  t e r t i a ry  amines were  p repared  by  
the procedure  of Moedr i tzer  and  I rani  (4) involving 
react ion of the p r i m a r y  amine  with  fo rmaldehyde  and 
phosphorus  acid. 

Most of the  e lectrolyses  were  convenient ly  car r ied  
out in the  appara tus  shown in Fig. 1. However,  equal ly  
good resul ts  m a y  be obtained by  electrolysis  at a 
g raphi te  p la te  anode in a beaker .  

Typical electrolysis procedure.--A 40g sample  of 
n i t r i lo t r imethy lene t r iphosphonic  acid was dissolved in 
20 ml of 20% HC1 by  warming  on a steam bath.  The 
solut ion was added to the reservoir  (Fig. 1) which was 
heated to mainta in  the solut ion at  70~ The solution 
was circulated th rough  the cell (8.5 cm 2 X 1 in. thick, 
Union Carbide  PG45 porous graphi te  anode and g raph-  
ite rod  cathode) by  a Gorman-Rupp  MI-2095 mete r ing  
pump at 10O ml /min .  Curren t  was suppl ied  to the  cell 
by  a Harr i son  Model 865B cons tan t -cur ren t  power  
supply.  Af t e r  e lectrolysis  at  1A for 4 hr  (NMR indi-  
cated 57% convers ion) ,  the current  was lowered  to 
0.6A and electrolysis  was cont inued for an addi t ional  
5 hr. The NMR spect rum of the solution then indica ted  
the  absence of s ta r t ing  mater ia l .  The solution was 
concentra ted to an oil on a ro ta ry  evaporator .  The oil 
was boiled with  isopropanol,  cooled in a re f r ige ra to r  
overnight ,  and fi l tered to give 25g (91%) of dr ied 
iminodimetbylenediphosphonic  acid, ident ical  to an 
authent ic  sample  (5). 

Using the above procedure,  the fol lowing oxidat ions 
were  carr ied out as indica ted  in Table I. Order  of 
presenta t ion  is s tar t ing mater ia l ,  product ,  product  
mel t ing point, and product  e lementa l  analyses.  

III, CH3(CH2) nNHCH2PO3H2-1/2H20, 230 ~176 
calc for C13H31NO3.~P: C, 54.21; H, 10.85; N, 4.86; P, 
10.75. Found:  C, 54.40, 54.15; H, 10.84, 11.23; N, 4.74, 
4.65; P, 10.99, 11.03. 

IV, C6HsCH2NHCH2PO~H2"H20, 2770-279 ~ calc for 
CsH14NO~P: C, 43.83; H, 6.43; N, 6.39. Found:  C, 43.36, 
43.62; H, 6.42, 6.45; N, 6.33, 6.32 [in addition, 
HN(CH2PO3H2)., was formed in this react ion] .  

V, C6HsCH2CH2NHCH2PO3H2"2H20, 2650-270 ~ calc 
for C9HlsNO~P: C, 43.02; H, 7.72; N, 5.58; P, 12.33. 
Found:  C, 43.99, 44.0; H, 6.09, 5.95; N, 5.46, 5.56; P, 
12.60. 

VII, HO2C(CH2)3NHCH~PO3H2, 177 ~ calc for 
CsH~eNO~P: C, 30.46; H, 6.14; N, 7.11; P, 15.71. Found:  
C, 29.64. 29.66; H, 6.39, 6.61; N, 7.11, 7.18; P, 15.74. 

VIII, HO2C (CH2) ~NHCH.~PO~H2. ~H~O, 207 ~ ~ 
calc for C6HtsNOs.sP C, 32.74; H~ 6.87; N, 6.37; P, 14.07. 

Table I. Voltammetry data and oxidation products of substituted iminodimethylenediphosphonlc acids 

Structure  Ep ip Product  (s) 
Compound (Y = CH.2POsHs) (V vs. SeE) (/~A) (Y = CH2PO2I-I2) 

I NYs 0.92 108 HNY2 
Nitr i lot r imethylenetr iphosphonic  acid Iminodimethylenediphosphonic  acid 

I I  CI-I~NY2 1.05 80 CH~NHY 
N-methyl iminodimethylenediphosphonic  acid N-methylaminomethylenephosphonic  acid 

Ill CI-~ (CH2) nNY2 CHs (CHs) nNI-IY 
N-dodecyliminodimethylenediphosphonic acid N-dodecylaminomethylenephosphonic acid 

IV C61-IsCH2NY2 0.9S 179 C6H~NHY t60) 
N-benzyliminodimethylenediphosphonie acid N-phenylaminomethylenephosphonie acid 

HNY2 (40) 
V C~I4~CH2CH~NYs 0.95 141 C6H~CH2CI-I2NHY 

N-phenethyl iminodimethylenediphosphonic  acid N-phene thylaminomethylenephosphonic  acid 
VI CH~ = CHCH2NY_~ 1.02 8g Complex mix ture  

N-al lyl imine dimethylenediphosphonic  acid 
VII  HO~2C (CH2) sNY2 1.02 112 HO2C (CH2) sNHY 

4- ( Iminodimethylenediphosphonic  acid) 4- (Aminomethylenephosphonic  acid) 
Butyric  acid Butyric  acid 

VIII  HO2C(CH2) 4NY2 1.00 96 HO~C (CH2) 4NHY 
5- ( Iminodimethylenediphosphonic  acid) 5- (Aminomethylenephosphonic  acid) 
Valeric acid Valeric acid 

IX HO~C (CH2) ~NY2 1.00 93 HO2C (CH_o) 5NHY 
6- ( Iminodimethylenediphosphonie  acid) 6- (Aminomethylenephosphonie  acid) 
Caproic acid Caproic acid 

X Y .-N CI-I~CH2NY2 0.95 43 YHNCH2CH2NHY 
Ethylened iamine-N,N,N ' ,N ' - t e t ramethy lene te t ra -  Ethylenediamine-N,N' -  dimethylenediphosphonic  acid 

phosphonic acid I-L-N Y 2 
XI Y.,_N ( CH_~'p r, NY~ 1.05 40 YHN (CHs) cNHY 

Hexamethy lened iamine-N,N,N ' ,N ' - t e t r amethy l -  Hexamethylenediarn ine-N,N' -d imethylenediphos-  
enetetraphosphonic acid phonic acid 

XI I  Y.~_N ( CHc I <NY.~ 1.05 52 YHN (CH2) sNHY 
Octamethy lened iamine-N,N,N ' ,N ' - t e t ramethy lene-  Octamethylenediamine-N,N' -d imethylenedlphos-  

tetraphosphonic acid phonic acid 

XII I  YeN--CH_~-- G --CH~NY2 1.00 93 Y H N C H ~ -  ~ >  --CH2NHY 

1,4-Bisaminomet hylcyclohexane-N,N,N' ,N ' - te t r  a- 1 ,4-Bisaminomethylcyclohexane-N,N'-d imethylene-  
methylenete t raphosphonic  acid diphosphc>nic acid 

XIV f Y2NCH2CH2) 20 1.04 149 (YHNCH2CH2) 20 
2 ,2 ' -Diaminodie thyle ther-N,N,N' ,N ' - te t ramethyl -  2,2 '-Diaminodiet  hyle ther  -N,N' -d imethylenediphos-  

enetet raphosphonic  acid phonic acid 
XV (Y~NCI-~CHe) eS 1.0S 160 (YHNCH~CH.~) 2S 

2,2 '-Diarn inodie t hylt hioether-N,N,N',N'-tetr a- 2,2' - Diarninodie th ylt hioe ther - N,N'- dialer hylenedi- 
mcthylenetetraphosphonic acid phosphonic acid 
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Found:  C, 32.70, 32.57; H, 6.76, 6.66; N, 6.52, 6.37; P, 
14.68, 14.65. 

IX, HO2C(CH2)5NHCH.2POaH2, 210~ ~ calc for 
CTH16NO~P: C, 37.33; H, 7.16; N, 6.22; P, 13.75. Found: 
C, 36.27, 35.99; H, 6.74, 6.78; N, 6.00, 5.98; P, 13.39, 
13.59. 

X, H20~PCH2NHCH.2CH2NHCH._-PO~H2'2H20, 295 ~ 
300 ~ calc for C4HlsN.~OsP.~: C, 16.90; H, 6.38; N, 9.86; 
P, 21.80. Found: C, 17.24. 17.57; H, 6.28, 6.21; N. 9.97, 
9.92; P, 20.97. 

XI, H2OsPCH2NH (CH2) 6NHCH2PO3H2"2H20, 300~ 
302 ~ calc for CsH26N2OsP2: C, 28.23; H, 7.70; N, 8.23; 
P, 18.21. Found:  C, 27.69, 27.67; H, 7.41, 7.31; N, 8.12, 
8.18; P, 18.19. 

XII, H2OsPCH2NH(CH2)sNHCH2POaH2-4H20, 190 ~ 
calc for Ct0Hs4N2010P2: C, 29.70; H, 8.48; N, 6.93. 
Found: C, 29.13, 29.19; H, 6,50, 6.80; N, 6.67, 6.60. 

XIII, H203PCH2NHICH2 (1,4-C6H10) CH2NHCH~rPO.~H2" 
H20, 305~ ~ calc for C10H26N2OTP2: C, 34.47; H, 7.53; 
N, 8.04. Found:  C, 34.21, 34.14; H, 7.49, 7.42; N, 7.25, 
7.22. 

XlV, (H~OsPCH2NHCH_gCH2)20, 289~ ~ calc for 
C6HlsN2OvP~: C, 24.66; H, 6.21; N, 9.59. Found: C, 23.98, 
23.86; H, 5.96, 6.14; N, 8.80, 8.86. 

Electrolysis in a beaker.--In a 100-ml beaker with 
graphite plate anode (35 cm 2) and Pt wire cathode was 
placed 80 ml of 20% HC1 and 8g of CH3N(CH2POsH.~)2 
(II) .  This was electrolyzed at 250 mA for 26 hr at room 
temperature  using a Harrison Model 865B power sup- 
ply. The NMR spectra for the start ing solution, par-  
t ially oxidized solution, and completely oxidized solu- 
t ion are shown in Fig. 2. The solution was concentrated 
on a rotary evaporator and the residue crystal-  
lized from e thanol -water  giving 3.7g (80%) of 
C H3NHCH2PO3H2, mp 274~ ~ 

Analysis. calc for C2HsNOsP: C, 19.21; H, 6.45; N, 
11.20; P, 24.76. Found:  C, 18.76, 18.85; H, 6.40, 6.35; N, 
11.21, 11.43; P, 24.29. 

Isolation of Sormylphosphonic acid.--The electrolysis 
was r u n  in the ceil shown in Fig. 1. Twenty  grams of 
ni t r i lotr imethylenetr iphosphonic acid in 100 ml of 0.1M 
HC1 was electrolyzed at room temperature  for 5.75 hr 
at 0.5A. The solvent was removed on a rotary evapo- 
rator and 100 ml CHsCN was added to the residue to 
precipitate HN(CH.~POsH2)o. The filtrate was concen- 
trated on a rotary evaporator and the residue extracted 
with acetone. The acetone extract was concentrated to 
a glass at reduced pressure. NMR analysis indicated 

O 
[I 

pure HCPQH2. Elemental  analysis: calc for CH304P" 
H.~O: C, 9.38; H, 3.93; N, 0.00. Found:  C, 9.15, 9.31; H, 
3.97, 3.74; N, 0.78, 0.70. 

The material  did not form an  insoluble semicar- 
bazone (6) and would not form a precipitate with a 
saturated sodium bisulfite solution. A portion of the 
mater ial  was made basic with aqueous NaOH, heated, 
cooled, and reacidified with concentrated HC1. The 
acidification was accompanied by gas evolution (pre- 
sumably CO2). Proton NMR indicated the presence of 
HPOsH2 (upfield peak at 8 = 1.05) and HOCH2PO3H2 
(5 ---- 3.98, JHP ~-. 7 Hz) in  the acidified solution. 

Results 
Cyclic vol tammetry  was carried out in  0.2M HsPO4 

at a glassy carbon anode. None of the compounds 
showed reversible oxidation. The peak potentials (Ep) 
for the oxidations of the substi tuted iminodimethylene-  
diphosphonic acids are shown in Table I. 

The products of the macroelectrolyses are also 
shown in the table along with the melt ing point and 
elemental  analysis. Many of the secondary amine prod- 
ucts are shown as hydrates based on elemental  anal-  
ysis. 

In  each case another major  product, formylphos- 
phonic acid, was formed (as evidenced by its 1H NMR 
doublet at 5 ---- 5.38) but  was general ly not isolated. A 
crude form of that compound was isolated, as is shown 
in the experimental  section. 

Except for r CH2----CHCH2N(CH2- 
PO3H~).~, and (H203PCH2)2NCH2CHH2N(CH~PO.~H2)2 
the oxidations proceeded cleanly to the secondary 
amine as indicated by proton NMR. The reactions were 
easily followed by 1H NMR because the ter t iary  amines 
exhibit  a sharp doublet at around 8 z 3.8 with a sepa- 
rat ion of about 14 Hz. That signal which is due to the 
methylene between phosphorus and ni t rogen shifts 
upfield and becomes a mult iplet  because of quadrupole  
coupling to ni trogen for the secondary amine products 
(see Fig. 2). In  most cases it was difficult to ini t iate 
crystallization of the product so that  product isolation 
was not optimized for each product. 

Discussion 
The cyclic vol tammetry  data shown in Table I in -  

dicates that the site of the oxidation is the same in 
each case since the range of oxidation potentials is so 
narrow. Note that this is the same potential  region in 
which ter t iary amines are known to oxidize (7). 

There seem to be several groupings of compounds 
based on peak current. First, compounds I, II, and 
VI-IX (i,  ranging from 80 to 112) might  be considered 
to be the normal  monoamine oxidation. Compounds 
XIV and XV have higher values o2 ip, presumably  be- 
cause two amines are available on each molecule. Com- 
pounds X-XI I I  would be expected to have lower 
values of ip because they were r un  in the more viscous 

Fig. 2. Proton NMR spectra of 
N-methyliminodimethylenediphos- 
phonic acid in 20% HCI, a parti- 
ally electrolyzed solution and the 
final product. 

CH3N(CH z PO 3 H 2 )z 
ersion 

4.0 3.0 5,0 4.0 .0 

§ 

CH3NH2CH2PO3H2 

4.0 . 2 I) 
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m e d i u m  of 50% H3PO4. I t  is not  c lear  w h y  compounds 
IV, V, and XI I I  have  abno rma l ly  high values of ip. 
Dodecyl iminodimethylenediphosphonic  acid ( I I I )  was 
not  sufficiently soluble  in 50% IQPO4 to obta in  a vo l t -  
ammogram.  

The genera l  react ion pa th  sugges ted  by  the product  
is 

- - l e  + �9 

RN (CH2POsH2) 2 ) RN (CH2POsH2)_9 

H~O + 

RNH -50----CHPOsH2 < R--N----CHPO3H2 
I T 
CH.~POsH2 CH2PO3H2 

This is s imi lar  to the ox ida t ion  pa thway  suggested 
for s imple t e r t i a ry  a l iphat ic  amines (8). However ,  the  
re la ted  ~-aminophosphinic  acids were  shown to cleave 
both the ca rbon-n i t rogen  and carbon-phosphorus  bond 
on e lect rochemical  oxida t ion  (9). The evidence for the 
s t ruc ture  of the c leaved por t ion of the molecule  

O 

(HCPOsH2) includes the da ta  in the exper imenta l  sec- 
tion. Fur ther ,  the ~H NMR spec t rum in 20% HC1 con- 
sists of a double t  (JHP = 9 Hz) at 5 ---- 5.38 for  the 
hydrogen  a t tached  to the carbonyl .  The s imi lar  hy -  

O 
11 

drogen on g lyoxyl ic  acid (HCCO._,H) has a s imi lar  
chemical  shift. The d ispropor t ionat ion  in basic solution 
para l l e l s  the  react ion of g lyoxyl ic  acid in basic media  
(10) 0 

II oH- 
2HCPO3H2 ) HOCH2PO3 = -5 -O2CPO3 = [4] 

H+ 

-O2CPO.~ = > CO21" -5 HPO~H2 [5] 

As is indica ted  in Table  I, some of the compounds 
gave more  than  one secondary  amine  product .  For  
compound IV both methy lenephosphonic  acid and 
benzyl  were  cleaved in a near ly  s ta t is t ical  amount.  
P resumably ,  the benzyl  is c leaved according to the 
fo l lowing pa thway  

- - l e  + �9 
C6H~CH2N (CH2PO3H2) 2 ) C6H5CH2N (CH2POaH2) 2 

+ - - l e  

C6HsCH=N(CH.~POsH2)2 < ' CsHsCHN(CH'2PO3H2)2 < 

I > C6HsCHO -}- HN(CH2PO3H2)-. 
H2o 

Benzaldehyde  was detected in the  NMR spect rum of 
the products.  

Compound V was included because it was thought  
that  benzyl  cat ion might  be cleaved f rom the in te r -  
media te  cat ion radical ;  however,  only me thy lenephos -  
phonic acid c leavage occurred.  

Compound VI p robab ly  underwent  cleavage of both  
the  a l ly l  and the methylenephosphonic  acid groups. 
Unfor tunate ly ,  no single product  could be isolated f rom 
the react ion mixture .  

Compound X appa ren t ly  has two cleavage pa thways ,  
the normal  methylenephosphonic  acid cleavage and 
cleavage of the  ca rbon-ca rbon  bond. The second pa th -  
w a y  is v isual ized as fol lows 

The  p r epa ra t i ve  electrolyses  were  car r ied  out in 20% 
or  concentra ted  HCI for severa l  reasons. First ,  g raphi te  
anodes are  uns table  in phosphor ic  or sulfuric acids. 
HC1 may  be removed  from the product  by  dist i l lat ion.  
At  the current  densit ies used there  is no p rob lem of 
overoxida t ion  of the  product  when  HC1 is used as the  

- -H+  

) R,--N--CHPOaH2 
I 

CH2POaHg. 

( I - - l e  

[3] 

solvent  because the 02 evolut ion potent ia l  is ve ry  near  
that  of the t e r t i a ry  amine  oxidation.  Therefore,  when 
the s tar t ing mate r ia l  is comple te ly  consumed, only O2 
evolut ion occurs, so that  a constant  cur rent  power  
supply  ra ther  than a potent ios ta t  m a y  be employed.  
Aqueous HC1 was not the solvent  for vo l t ammet ry  be-  
cause the peaks were  too close to the background.  

Both the vo l tammet r ic  da ta  and reac t ion  pa thway  
suggest  tha t  these compounds behave  as free amines 
even in concentra ted aqueous acid. That  is fu r the r  sup-  
por ted  by  the ~H NMR spect ra  of these compounds in 
20% HC1. Al l  of the t e r t i a ry  amines show a doublet  in 
the NMR spectrum, due to the hydrogens  on the carbon 
a t tached to phosphorus.  These appear  as a double t  be-  
cause of coupling to phosphorus.  They  are  not  fu r the r  
spl i t  by  quadrupole  coupling to n i t rogen which gen- 
e ra l ly  occurs wi th  pro tona ted  or qua t e rna ry  ni trogen.  
However,  secondary  amines containing only one meth -  
y lenephosphonic  acid group do show quadrupole  coup-  
l ing to nitrogen,  so tha t  the methy lene  be tween n i t ro-  
gen and phosphorus appears  as a mult iplet .  [This was 
incorrec t ly  a t t r ibu ted  to coupling wi th  hydrogen  a t -  
tached to n i t rogen in the previous communicat ion (3).] 
The NMR spect ra  shown in Fig. 2 i l lus t ra te  this phe-  
nomenon. Note that  the methyl  group is a singlet  for 
N-methy l iminod imethy lened iphosphonic  acid, whereas  
the me thy l  on N-methy laminomethy lenephosphon ic  
acid is a t r ip le t  due to quad rupo la r  coupling to p ro -  

~--H§ [6] 

tonated nitrogen.  Simi lar ly ,  the methy lene  appears  as 
a double t  (spli t  by  phosphorus)  in the t e r t i a ry  amine 
and as a mul t ip le t  in the secondary  amine due to 
coupling to phosphorus and nitrogen.  
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--le +. 
(H203PCH2) 2NCH2CH2N (CH2POaH2)+ 2 --le> ( H203PCH2 ) 2NCH2CH2N (CH2PO3H2) 2 - ~  

(H2OsPCH2) 2 N : C H 2 1  > (H203PCH2) 21NH ~ (H203PCH2) 2 N C H 2 " - 5  H2CO -5 CH2=N (~H2PO3H2) 2e - I <  

H.~O H~O 

Forma ldehyde  was detected in the  NMR spect rum of 
the  products.  A s imi lar  c leavage has been repor ted  for 
the  anodic oxidat ion  of an azi r id ine  r ing (11). 

[7] 
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Voltammetric and Related Studies of NbCI5 in 
Molten Chloroaluminates 

G. Ting, 1 K. W. Fung, 2 and G. Mamantov* 

Department o~ Chemistry, University of Tennessee, Knoxville, Tennessee 37916 

ABSTRACT 

The electrochemical reduction of NbC15 in A1C13-NaC1 melts of composi- 
tions varying from a NaC1 saturated melt  [~50-50 mole per cent (m/o) ]  to 
a 63 m/o  A1CI~ melt  was investigated by chronoamperometry,  l inear  sweep 
voltammetry,  chronopotentiometry,  and differential pulse polarography. The 
reduct ion mechanism is de termined to a large extent  by the melt  composi- 
tion and temperature  which, in turn,  determine the Lewis acidity of the 
melt. The formation of lower oxidation states results in  dimerization and 
cluster formation. The standard electrode potential  of the N b ( V ) / N b ( I V )  
couple and the diffusion coefficient of Nb(V)  in the NaC1 saturated melt  are 
reported. 

Molten chloroaluminates (A1CI~-MC1 mixtures where 
M + is an alkali cation) (1) are interest ing solvents 
for electrochemical and spectral studies. The Lewis 
acidity (2-6) of these low-mel t ing  ionic liquids can 
be readily changed by varying the A1CI~-MC1 ratio. 
The acidic compositions are part icular ly good media 
for stabilization of lower oxidation states, such as 
Cd22+ (7), Bi +, Bi5 ~+ (8, 9), Hg82+ (10), and Te22+ 
andTe4 ~e (11). 

Recently we have become involved in electrochem- 
ical studies of selected metal  ions of Groups IVB-VIB 
(refractory metals) in chloroaluminate melts. We are 
part icular ly interested in the effect of melt  acidity, 
as determined by melt  composition and temperature,  
on the redox chemistry and the mechanisms of elec- 
trode processes involving refractory metal  ions. Pos- 
sible formation of metal clusters (12) is also of in ter-  
est. In a previous paper (13) we have reported on 
the electrochemistry of zirconium (IV) in  these 
media. In this paper we report on the reduction of 
NbC15 in  AICI~-NaC1 melts of different compositions 
by electrochemical techniques, such as chronoam- 
perometry, chronopotentiometry,  pulse polarography, 
and l inear  sweep voltammetry.  

The electrochemistry of n iobium in molten halides 
has been studied previously (14-27), mostly in the 
LiC1-KC1 eutectic and the equimolar  NaC1-KC1 melt. 
In these studies n iobium solute species were usual ly  

* Electrochemical  Society Act ive  Member .  
1 Presen t  address:  Ins t i tu te  of Nuclear  Energy,  Ta iwan,  Republic  

o f  China. 
~Presen t  address :  Depa r tmen t  of Chemis t ry ,  Un ive r s i ty  of t-Iong 

Kong, Hong Kong. 
Key  words :  n iobium,  chloroalumtnates ,  NbCls, AICh-NaC1 melts.  

produced by anodic dissolution of n iobium metal;  
there is disagreement in the l i terature as to the nature  
of the niobium species produced. Gut (14) has studied 
the reduction of NbCI~ in AiClz-containing melts. He 
reported that Nb(V) is reduced to Nb(I I I )  in two 
steps at a p la t inum electrode in the A1C13-NaC1-KC1 
[50-25-25 mole per cent (m/o ) ]  melt  .at 200~ in the 
more acidic melt, A1CI~-NaC1-KC1 (60-26-14 m/o) ,  
at 120~ the two steps almost overlap. Gut interpreted 
the process as being due to a one step two-electron 
reduction; however, E vs. log (id -- i ) / i  plot was not 
linear. 

Experimental 
Melt preparation, electrochemical cell, ins t rumenta -  

tion, and procedures have been described previously 
(10, 28). Differential pulse polarograms were obtained 
with the Princeton Applied Research Model 174 polaro- 
graphic analyzer. Both p la t inum and tungs ten  wires 
(electrode areas 0.10 cm 2) were used as working elec- 
trodes. The reference electrode was an a luminum wire 
immersed in A1CI~-NaC1 (63-37 m/o)  and separated 
from the main  compartment  by a thin Pyrex mem-  
brane. 

NbC15 (from Alfa Inorganics) was purified twice 
by sublimation through a Pyrex frit  at 220~ The 
yellow granular  crystals were identified by Raman 
spectra (29). 

Results and Discussion 
AlC13-NaCl~at melt.3--Mechanism of the reduction 

of Nb(V).--Polarograms constructed from current -  
time curves (10) for the reduction of Nb(V)  at both 

s The l iquidus composit ion at 17S~ is ~49.8 m / o  in AlVh (3). 



Vol .  123,  No .  5 VOLTAMMETRIC STUDIES OF NbCl~ 625 

0.7 0.6 0.5 0.~ 0.~ 0.2 0.i 0.0 -0.• -0.2 -0.3 

Potential vs At(ICi)/AI Reference Electrode (v% 

. . . .  I / 
+ 0 . 2  / 
0.0 / 
-O.2 

-0. ~ 

-1.0 
I I l [ ~ l  . 

0.~4 0.~s 0.52 0.5~ 0.~0 

Fig. 1. Polarogram constructed from current-time curves for the 
reduction of Nb(V) at platinum electrode at 180~ plot of E vs. 
log (id - -  i ) / i  for the first wave. Melt composition, AICl3-NaCIsat; 
electrode area, 0.10 cm2; Nb(V) concentration, 2.68 X 10-2M; 
current measured at 5 sec. 

pla t inum and tungsten working electrodes exhibit  
four reduction steps at longer current  measur ing times 
(5 sec) in  the temperature  range 160~176 (Fig. 1) 
(.at > 180~ the over-al l  polarograms were i l l-defined).  
The dependence of the diffusion currents  on the con- 
centrat ion of Nb(V)  is shown in Table I. Diffusion 
current  ratios with respect to the first reduction step 
were approximately 1:0.5:0.5: (0.2-0.3). The first re-  
duction step is well-defined; the slope 2.3 R T / n F  of 
the log (i~ --  i ) / i  vs .  E plot for the first reduction 
step (Fig. 1) corresponds to a one-electron reversible 
process. At lower concentrations (6.8 X 10-~M) and 
short current  measur ing times (0.1 and 0.02 sec) only 
two reduction steps were observed; the corresponding 
log plots (Fig. 2) result  in n~ ---- 0.97 and ne = 0.92. 
Differential pulse polarographic, chronopotentiometric 
(at low current  densities),  and l inear  sweep vol tam-  
metric (at low scan rates, --~ 0.1 V/sec) studies also 
resulted in four reduction steps. Typical chronopoten- 
tiograms and cyclic vol tammograms are shown in 
Fig. 3 and 4, respectively. Chronopotentiograms taken 
at high current  densities and l inear sweep vol tam- 
mograms taken at fast scan rates exhibit  three re- 
duction steps (the third reduction step was observed 
at higher concentrations than those corresponding to 
polarographic conditions of Fig. 2). 

- I -  
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0.73 0.53 0.33 0.13 -0.07 -0.27 
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Fig. 2. Polarogram constructed from current-time curves at tung- 
sten electrode at 180~ Plot of E vs. log (id - -  i ) / i  for the two 
waves shown. Melt composition, AICI3-NaCIsat; electrode area, 
0.10 cm2; Nb(V) concentration, 6.8 X 10-3M; current measured 
at 0.1 sec. 

The cyclic vol tammogram for the first step is shown 
in Fig. 5; the summary  of the vol tammetr ic  data for 
the first step at a p l a t inum electrode is shown in  
Table II (similar results were obtained at a tungsten 
electrode). The peak current,  ip(1) c, for the first re- 
duction step was directly proportional to Nb(V)  con- 

Table I. Concentration dependence of the diffusion currents a 

N b  ( V )  id(~) / C ~d(2) / C id(S~ / C id (4) / C 
c o n c e n t r a -  id(~  ( ~ A  �9 l i t e r  �9 /d(2) ( # A  �9 l i t e r  �9 id(3) ( # A  - l i t e r  �9 ia(4) ( ~ A  . l i t e r  �9 
tion (M) (/cA) mole-~) (/~A) mole -I) (/LA) mole -~) (/LA) mole-D 

6.8 x I0 ~ 37 5.45 x I0 ~ 21 3.00 x I0 ~ 20 2.94 • 10 ~ 7 
2.68 x 10 -~ 150 5.59 • 1O a 8{) 2.98 • 103 84 3.13 • 103 30 
5.19 • 1O-~ 288 5,54 x I0 ~ 144 2.77 • i03 168 3,23 x i08 64 

1.02 x 10 a 
1.11 • 103 
1.15 x i03 

a M e l t  c o m p o s i t i o n ,  A 1 C l ~ - N a C l a a t ;  P t  e l e c t r o J e  a r e a ,  0 . 1 0  c m ~ ;  t e m p e r a t u r e ,  1 8 0 9 ;  c u r r e n t  m e a s u r e d  a t  5 s e c .  

Table II. Voltammetric results for the reduction of Nb(V) to Nb(IY) at the platinum electrode, a 
Melt composition, AlCI3-NaCIsat 

NbCI~ Temper- ipa 
concentra- ature (Epc -- Epa)calc. (Epc -- Epa)exp" (Ep -- Ep/Dcalc. (Ep -- Ep/2) exp. -- •pa EI/2 D 
tion (M) (~ (mV) (mV) (mV) (mV) ipC (V) (V) (cm2/sec) 

6,8 • 10 ",s 180 --89.7 --90 ~ 5 --86.1 --90 • 5 1.O0 0.440 0.496 7~0 • lO -B 
1.34 x i0  -~ 160 --85.7 --89 -~ 5 --82.3 --90 ~- 5 1.00 0.480 0.525 6.6 • 10 -6 

1,80 --89.7 --90 -4- 5 --86.1 --100 -4- 1O 0.99 0.460 0.516 7.1 • I0 -~ 
220 -- 97.6 -- 100 -4- 6 -- 93.7 -- II0 "+- 1O l.OO 0.438 0.498 11.2 • 10 -6 
260 -- 105.5 -- 110 ~ 5 -- 101.3 -- 120 -- I0 0.98 0.416 0.476 19.3 • I0 -e 
300 -- 114.0 -- 130 "+" 1O -- 109.4 -- 140 • I0 1.03 0.413 0.458 24.5 x 10 -e 

2.88 X i 0  -~ 16{) --85.7 --90-~-5 --82.3 --90-4-5 1.01 O.5O 0.540 4,9 • 10 -~ 
180 -- 89.7 -- 95 -~ 5 --86.1 -- 100 --~- 10 1.02 0,474 0.524 5.8 • 10 -e 
300 --113.4 --130 -4- i0  --108.9 --120 -- I0 1.01 0.406 0,466 20.3 • 10 -8 

5.19 X 10 -2 160 --85.7 --100-d- 10 --82.3 --95 -4- I0 0.97 0.504 0.548 4.8 • 10 4 
160 --89.7 --100 ~- I0 --86.1 -- 1O0 ~- I0 0.98 0.490 0.538 6,6 • 10 -6 

a E l e c t r o d e  a r e a ,  0 . 1 0  c m 2 ;  s c a n  r a t e ,  0 .1  V / s e c ;  A I ( I I I )  ( A 1 C L s - N a C 1 ,  6 3 - 3 7  m / o ) / A l  r e f e r e n c e  e l e c t r o d e .  
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Fig. 3. Chronopotentiogram for the reduction of Nb(V) at tung- 
sten electrode at 160~ Melt composition, AICIs-NaCIsat; elec- 
trode area, 0.10 cm2; Nb(V) concentration, 5.19 • 10-2M;  cur- 
rent density, 10 mA/cm% 
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Fig. 4. Cyclic voltammogram (first scan) for the reduction of 
Nb(V) at platinum electrode at 160~ Melt composition; AICI3- 
NaCIsat; electrode area, 0.10 cm2; Nb(V) concentration, 5.19 • 
10-2M; scan rate, 0.1 V/sec. 

centrat ion in the range studied; the parameter  ip /v  1/~ 
is almost independent  of the scan rate (v was varied 
from 0.02 to 10 V/sec) at temperatures  180~176 
Comparison of exper imental  and theoretical (30) 
peak potential  separations (Ep c -- Ep~), peak widths 
(Ep -- Ep/2), and anodic and cathodic peak current  
ratios [ip~/ip c, calculated using Nicholson's semi-em- 
pirical formula (31)] leads to the conclusion that  the 
first reduction step is essential ly a one-electron re-  
versible diffusion-controlled process. This conclusion 
was verified by: (i) peak width measurements  of the 
first peak in the differential pulse po~_arogram (32); 
(ii) chronopotentiometric E vs. log (T 1/2 -- t l /2) / t  1/2 
plot for the first reduction step; (iii) values of nl  
of 1.01 and 1.05 determined from the ratio of vol tam- 
metric ip /v  1/2 to chronoamperometric i t  1/2 and chrono- 
potentiometric iT 1/2. For these determinat ions of n, 
concentration, diffusion coefficient, and electrode area 
do not need to be known. These ratios are given as 
(33) 

i , / v l /2  
- -  -- 86.31 (n/T) I/2 [I] 

itl/2 

ip/Vl/2 
- -  -- 54.86 ( n / T )  1/2 [2] 

iT1/2 

T 
0.2mA 

I I t 
0.8 0.6 0.4 

Potential vs AI(III)/AI Reference Electrode [V) 

Fig. 5. Cyclic voltammogram for the reduction of Nb(V) at tung- 
sten electrode at 180~ Melt composition, AICI3-NaCIsat; elec- 
trode area, 0.10 cm2; Nb(V) concentration, 2.68 • 10-2M;  scan 
rate, 0.2 V/sec. 

However, it should be noted (Table II and Fig. 6) 
that  the vol tammetr ic  peak potential, Ep(1) c, shifts 
anodically with increasing Nb(V) concentration. An 
anodic shift of Ep c with increasing solute concentra-  
t ion for the case of the soluble product may be caused 
either by a mechanism involving reversib!e charge 
transfer followed by reversible or irreversible dimer-  
ization (34-38) or by a disproportionation reaction 
following a reversible charge transfer  (39). The 
la t ter  mechanism may be el iminated by the observed 
l inear dependence of the peak current  on concentra-  
tion. According to Saveant and Vianello (36) for 
the case of reversible charge transfer  followed by  a 
reversible dimerization, when the extent  of dimeriza-  
t ion is small, the peak potential  is given by 

Ep -~ Ell2 -- 0.70 R T / n F  -- R T / 4 n F  in  Do/Dz 

-- R T / 2 n F  In K + R T / 2 n F  In C [3] 

0.49 i'-- / 
0.48 -- / 

0.47 -- 

r 
o.44] ~ I I I I 

-2.2 -2.0 -1.8 -1.6 -1.4 -1.2 

Log C 
Fig. 6. Plot of Ep(1) c vs. Iog C for the reduction of Nb(V) to 

Nb(IY) at platinum electrode at 180~ Melt composition, AlCl3- 
NaCIsat; electrode area, 0.10 cm 2. 
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where Do and Dz are diffusion coefficients of the oxi- 
dized and the dimer  forms and K is the equi l ibr ium 
constant  for the dimerizat ion process. Thus, Ep vs. log 
C plot should be l inear  with a slope 2.3 RT/2nF.  The 
observed slope (Fig. 6) results in nl  -- 0.92, thus, 
providing strong evidence for the presence of some 
dimerization following the first reduct ion step. 

The presence of a preceding chemical reaction be-  
fore the second reduction step is also supported by a 
,~ 20% decrease in the chronopotentiometric ioT21/2 
when the current  density is increased from 6 to 25 
m A / c m  2 (33). 

The results obtained by several methods point  to 
the reduct ion mechanism of the ECEEE type, at least 
at longer times (slower scan rates in l inear  sweep 
vol tammetry  and lower current  densities in chrono- 
potent iometry) .  The mechanism believed to be present  
is 

Nb 5+ 4- e -  ~ Nb 4+ E1 (nl ---- 1) [4] 

2Nb4+ ~Nb2S+ C K = [5] 
kb kf 

Nb2 s+ + e -  ~ Nb27+ E2 (he = 0.5) [6] 

Nb27+ + e -  ~ Nb26+ E3 (n3 = 0.5) [7] 

3Nb26+ + 2e -  ~- 2Nb~ s+ E4 (n4 ---- 0.33) [8] 

Decreasing K (see Eq. [5]) values for dimerization 
of Nb(IV)  in more acidic melts are expected by con- 
sidering a reaction, such as 

kf 
2'NbC162- ~ Nb2C19- + 3C1- [9] 

kb 

This reaction will be dr iven to the right by  the reac- 
t ion of A12C17- ions with C1- ions to form A1C14- 
ions. It would, therefore, be expected from equil ib-  
r ium considerations that  in the melt  saturated with 
NaC1, complications due to dimerization in this basic 
melt  composition should be only minor;  this expecta- 
tion is borne out by the exper imental  results. Saveant  
et al. (40) reported that a pure diffusion-controlled 
process should be seen for an ECE mechanism with 
a large K for the following chemical reaction. The 
n u m b e r  of electrons in the reduction steps occurring 
after the dimerization process is based pr imar i ly  on 
the observed polarographic diffusion current  ratios. 
The existence of Nb27+ (no conclusions may be drawn 
from the existing data regarding the number  of C1- 
ions associated with this or other entities) has not 
been reported as yet; however, Caton and Freund  
(15) have reported that n iobium ions with an average n 
value of 3.64 were generated by controlled potential  
electrolysis in LiCI-KC1 eutectic. Also Yang et al. 
(24) have found that mixed valence states between 
Nb 3+ and Nb ~+ prevai!ed in concentrated LiC1-KC1 
eutectic. Format ion of Nb3 s+ in LiC1-KC1 eutectic 
has been reported by Saeki and Suzuki (17, 25). 

The results obtained at shorter times (or faster 
scan rates) indicate that the first two reduction steps 
involve simple reversible electrode reactions 

Nb 5+ + e -  ~ Nb 4+ i4] 

Nb 4+ + e -  ~___Nb 8+ [10] 

The chemical reaction following the first reduct ion 
step does not have enough time to occur. The third 
reduction step observed in the chronopotentiograms 
and vol tammograms is possibly due to a higher order 
electrode reduction of Nb3+; the observed flatness of 
the third wave is in agreement  with the theoretical 
prediction (41) that the vol tammograms for higher 
order processes are smaller and broader than the 
corresponding first order voltammograms. 

Standard electrode potential o~ the N b ( V ) / N b ( I V )  
couple . - -The half-wave potential  El/2 for a revers-  
ible process O + h e -  = R may be taken as the vol tam- 
metric equivalent  of the s tandard electrode potential  
E ~ assuming that  the diffusion coefficients and activity 
coefficients are equal (33). The Ew,_ values for the 
process Nb(V)  + e -  ~ Nb(IV)  are listed in Table 
II wi th  respect to AI( I I I ) /A1 (in A1CI~-NaC1, 63-37 
m/o)  reference electrode. Assuming that the compli- 
cations due to dimerization of Nb(IV) are small at 
low solute concentrations and that  the hal f -wave po- 
tential  is a good estimate of the s tandard electrode 
potential, useful thermodynamic  information may be 
obtained. At Nb(V) concentrat ion of 1.34 X 10-2M, 
E vs. T plot is l inear  in the temperature  range 160 ~ 
300~ resul t ing in 

E = 0.732 -- 4.79 >< 10-4T(V) [11] 

The entropy change for the cell reaction is 

aS = r ~  - - ~ / p  --11.05 (eu) [12] 

After  correcting for the potential  difference due to 
melt  composition difference between bulk  and ref- 
erence electrode compartments  [~E between A1C13- 
NaClsat and the 63-37 m/o  is 0.60V at 175~ (3, 5)],  
the cell voltage in the range 160~176 becomes 

E = 1.33 -- 4.79 • 10-4T [13] 

(in the above equat ion it is assumed that  the tempera-  
ture coefficient is independent  of the melt  composition). 

The equi l ibr ium quotient for the reaction 

NbC15cd) + 1/3 NaCl(d) -5 1/3 A1 

NbC14r + 1/3 NaA1C14(d~ [14] 

Q : XNbC14/XNDcI5, is, therefore, given by 

log Q --- -2 .41 + 6.70 x IO~/T [15] 

This equation shows that the lower the temperature  
the higher is the stabil i ty of Nb(IV)  in  the A1CI~- 
NaClsat melt. This result  is in agreement  with the 
previous observations (3, 42) that the Lewis acidity 
of chloroaluminates increases with decreasing tem- 
perature  and that an increase in acidity favors the 
lower oxidation state. 

Diffusion coel~icient o] N b ( V ) . - - A s s u m i n g  that the 
effect of dimerization is small, the diffusion coefficient 
of Nb(V) in molten A1C13-NaClsat may be calculated 
from the Randles-Sevcik equation (see Table II).  A 
l inear  log D vs. 1/T plot in the temperature  range 
160~176 was obtained for the Nb(V)  concentrat ion 
of 1.34 X 10-2M. The result ing equation is 

log D = --2.70 -- l l 00 /T  [16] 

From this equation the activation energy for the diffu- 
sion of Nb(V)  in this melt  has been calculated as 
5.0 kcal/mole.  

The diffusion coefficient for Nb(V)  at 180~ was 
also calculated from the chronopotentiometric data us- 
ing the Sand equation; the values of 4.9 X 10 -6 and 
4.5 X 10 -6 cm2/sec at Nb(V)  concentrat ion of 2.68 
• 10 -.2 and 5.19 • 10-2M, respectively, were obtained. 
Chronoamperometric results at short times (0.02 and 
0.1 sec) resulted in the D value of ,-~ 4.8 X 10 -6 cm2/ 
sec for the Nb(V)  concentrat ion of 2.68 X 10-'~M. 
Thus, the agreement  between D values obtained by 
three different methods is at best reasonable; similar 
deviations were observed in studies of Ti (II) in mol ten 
chloroaluminates (42). 

Adsorption efJects . --At  pla t inum (but not tungsten)  
electrode, sharp characteristic (43) adsorption-desorp- 
tion peaks were observed in l inear  sweep vol tammo- 
grams before the third reduction step after --1 day at 
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exper imental  temperature  (220~ at the Nb(V)  con- 
centrat ion of 2.68 X 10-~M. At lower scan rates (--~ 
2 V/sec) the adsorption and desorption peak currents  
are symmetric;  at faster scan rates the adsorption peak 
shifts cathodically and the desorption peak anodically; 
the amount  of this shift increases with increasing 
scan rate. The adsorption-desorption peaks become 
broad and skewed. The parameter  ip/v 1/2 increased with 
scan rate as expected (43). These observations are 
consistent with the theory of l inear  sweep vol tam- 
metry of systems involving kinetic adsorption of the 
products (44). 

AlCls-NaCl (55-45 re~o) mel t . - -The  melt  composi- 
tion has a pronounced effect on the reduction charac- 
teristics of Nb(V) .  The polarogram constructed from 
current - t ime curves using a p la t inum electrode at 
180~ is shown in Fig. 7; two reduction steps are 
observed. Similar results were obtained at 260~ and 
with a tungsten  electrode. A value of n =- 1.9 was 
obtained from the E vs. log (id ~ i ) / i  plot for the 
first reduction step. Upon lowering the temperature  
to 140~176 the first step is split into two steps 
(Fig. 8) for which nonl inear  log plots were obtained. 
Similar results were obtained by chronopotent iometry 
and l inear  sweep voltammetry.  The exper imental  ob- 
servations (n ---- 2 for the first reduction step at 180~ 
the spli t t ing of this step into two steps of approxi-  
mately  equal height at 140~176 and the nonl inear i ty  
of log plots) point  to the formation of Nb 4+ followed 
by dimerization and fur ther  reduction to Nb26+ in the 
first reduction step at 180~ or the first two steps at 
140~176 The reduction step at 0.26V (Fig. 7) occurs 
at approximately the same potential  [after correcting 
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Fig. 7. Polarograms constructed from current-time curves for the 
reduction of Nb(V) at platinum electrode at 180~ Melt compos}- 
tion, AICI~-NaCI (55-45 m/o); electrode area, 0.10 cm2; Nb(V) 
concentration, 1.42 X 10-2M; current measured at 5 sec. 
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Fig. 8. Palarogram constructed from current-time curves for the 
reduction of Nb(V) at platinum electrode at 140~ Melt composi- 
tion, AICI3-NaCI (55-45 m/o); electrode area, 0.10 cm2; Nb(V) 
concentration, 1.42 X I0-2M; current measured at $ sec. 

for melt  composition difference (3, 5)] as the last 
step in the NaCl-saturated melt. This evidence as well  
as the observed diffusion current  ratio and the broad 
na ture  of the peak at this potential  in the cyclic 
vol tammogram point ing to higher reaction order (41) 
lead us to conclude that the formation of Nb3 s+ is 
probably involved at this potential. The split t ing of 
the first reduction step at 180~ into two steps at 
140~176 is probably caused by the increase in  kf 
value (or decreasing K, K = kb/kf,  see Eq. [5]) at 
lower temperatures  due to the increasing acidity of 
the melt  at lower temperatures.  Saveant  et al. (39) 
have reported that  the peak potential  should shift 
anodically with increasing kf value (decreasing K 
value) for an ECE mechanism involving a reversible 
chemical reaction. According to Nicholson and Shain 
(45) anodic shift of the first wave and the appearance 
of a second wave should be observed at large values 
of kf for an ECE mechanism with an irreversible 
chemical reaction. The observed results are in agree- 
ment  with the theoretical predictions as stated above. 

AlCl3-NaCl (63-37 m /o )  me l t . - -The  electrochemical 
behavior of Nb(V) in  this very acidic melt  at 180 ~ 
260~ is very similar to that in  the 55/45 melt  at 180~ 
Two reduction steps were observed. For the first well-  
defined step E1/2 ----- 1.04V at 180~ the voltammetric  
peak current  is proportional to Nb(V) concentration. 
The second poorly defined step occurs at the same 
potential  (after correcting for the composition dif-  
ference) as the last step in the NaCI-saturated melt. 
The presence of kinetic complications in the first re-  
duction step may be deduced from several experi-  
menta l  results, such as a very small reoxidation peak 
current  at a potential  0.3-0.5V more anodic (depending 
on the scan rate) than the cathodic peak potential;  
a decrease in the ip/v 1/2 parameter  with increasing 
scan rate, the anodic shift of the cathodic peak po- 
tential  with increasing concentration, and nonl inear  
log plots using polarograms constructed from current -  
t ime curves. It  is concluded that the reduction scheme 
of Nb(V) in this melt  is the same as in the 55/45 melt. 

Conclusions 
The results presented in this paper for the reduc-  

tion of Nb(V)  and in previous papers for the reduc-  
t ion of Zr(IV)  and the oxidation of Ti ( I I )  (13, 42) 
in mol ten chloroaluminates demonstrate that the elec- 
trochemical reduction pathway is, to a large extent, 
determined by the melt  composition and temperature.  
Since both of these parameters  determine the Lewis 
acidity of the chloroaluminate melts (2-6), a direct 
relationship to that parameter  is apparent. 

This work, as well as related studies on the electro- 
reduction of Ta(V) and W(VI)  (46), also i l lustrates 
that the formation of lower oxidation, states of the 
refractory metal  in these melts results in dimerization 
and cluster formation. This result  is in agreement  with 
those of McCarley and co-workers (47, 48). No evi-  
dence for the deposition of n iobium metal  in these 
melts has been obtained. 
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LIST OF SYMBOLS 
(Others  a re  defined in the  tex t )  

i~i po la rographic  diffusion cur ren t  
iD c cathodic peak  cur ren t  in l inear  sweep vo l t am-  

m e t r y  
i~ a anodic peak  current  in l inear  sweep v o l t a m m e t r y  
v scan ra te  in l inear  sweep v o l t a m m e t r y  
Ep c cathodic peak  poten t ia l  in l inear  sweep vo l t am-  

m e r r y  
E p  a anodic peak  potent ia l  in l inear  swep vo l t ammet ry  
Ep/2 ha l f -peak  potent ia l  in l inear  sweep vo l t ammet ry  
T chronopotent iometr ic  t rans i t ion  t ime 
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Studies in Derivative Chronopotentiometry 
III. Application to Submillisecond Transition Times 

P. E. Sturrock* 
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and R. H. Gibson* 

Department of Chemistry, University of North Carolina at Charlotte, Charlotte, North Carolina 28223 

ABSTRACT 

The der iva t ive  technique for the measurement  of chronopotent iometr ic  
t rans i t ion  t imes  is appl ied  to mi l l imola r  solutions of cadmium and lead at the  
d ropping  mercu ry  electrode.  L inear  Bard  plots are obta ined down to t rans i -  
t ion t imes of 15 #sec wi th  ca lcula ted  chronopotent iometr ic  constants having a 
re la t ive  accuracy of be t te r  than  3%. The present  l imi ta t ions  to the measure -  
ment  of short  t rans i t ion  times, for revers ib le  e lect rode reactions, appear  to be 
due to ins t rumenta t ion.  

The chief  d i sadvantage  in chronopoten t iomet ry  is the 
s t rong influence that  the doub le - l aye r  charging has 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r ,  
K e y  w o r d s :  D M E ,  c u r r e n t  c o r r e c t i o n ,  r e v e r s i b l e  react ions .  

over the output  waveform and the concomitant  d i f -  
ficulty in measur ing  the p a r a m e t e r  of interest ,  the 
t rans i t ion  time. With  the advent  of der iva t ive  chrono-  
potent iometry ,  the d isadvantages  of the convent ional  
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technique are lessened or removed.  In previous papers 
(1-2) we have  discussed instrumentat ion,  diNusion- 
controlled systems, and applicat ion to analysis. We 
present here  some measurements  of short t ransi t ion 
times (<1 msec).  Since the measuring technique and 
double- layer  influences were  discussed in the previous 
two papers (1-2), that  mater ia l  and per t inent  re fe r -  
ences wid  not be repeated here. 

In order to make rapid repet i t ive  chronopotent io-  
metric measurements  on a reproducible  electrode, we 
decided to utilize the classical dropping mercury  
electrode, DME. Some results obtained on this electrode 
were  presented previously (1-2). However ,  unless 
short t ransi t ion times can be measured accurately, the 
use of the DME results in a ra ther  nar row range of us- 
able transi t ion times. Thus, successful measurements  of 
short  transit ion times great ly  enhance the practical  
applications of chronopotent iometry  wi th  the DME and 
also serve as a fur ther  check on the spl i t -current  
model  and correction techniques. 

Experimental 
Derivat ive  and conventional  (200 mV) chrono- 

potent iograms were  obtained with  two solutions: 1 mM 
Pb(NO3)2 in 1M KNO3 and 1 mM Cd(NO3)-~ in 1M 
KNOB. [['he chronopotent iograms were obtained with an 
inst rument  described previously (1) and recorded on a 
Tektronix  564A storage oscilloscope equipped with  a 
10 MHz dual - t race  vert ical  amplifier. The chrono- 
potent iograms were  then photographed with a 
Tekt ronix  C-12A camera and the data read from the 
photographs. At  each current  setting several  r e ,  eats 
were  made, each one on a fresh drop. In most cases 
the repeated traces superimposed so well  that  they 
appeared to be only one trace. 

The exper iments  were  first performed using a Beck-  
man hanging mercury  drop assembly to produce a 
1 ~,liter HMDE. The area of this electrode is calculated 
to be 0.0484 cm 2. Due to the current  l imitations of the 
instrument,  the fastest transit ion t ime measured with 
this electrode was 261 #sec. The exper iments  were  then 
repeated on a DME. By varying the t ime between drop 
detachment  and switching from prebias potential  to 
constant current,  different electrode areas could be 
utilized; therefore,  higher  current  densities, leading to 
shorter  t ransi t ion t imes could be obtained within the 
current  l imitations of the instrumentat ion.  While es- 
t imates of the DME area could be made by measuring 
the mercury  flow rate  and delay times, the areas re-  
ported were  obtained by comparison with the t ransi-  
tion times obtained with the HMDE. 

The ins t rument  can use ei ther a diode gate (Phil-  
brick SPG-1) or a mercu ry -we t t ed  relay for switching 
f rom the prebias to current  mode. The switching t ime 
for the diode gate is much faster than that of the relay, 
but the diode gate can pass a max imum of only 2.5 mA 
current  and has the adaed disadvantage of having a 
small current  offset, the magni tude of which is depend-  
ent upon duty cycle. The relay used was of the bridg-  
ing type so that  the current  pulse was applied before 
the prebias was released. However ,  the prebias circuit  
has sufficient current  capacity that the application of 

the current  pulse resulted in only a slight drift  in the 
effective prebias while the relay was bridged. The 
small t ime delay for the relay switching adds to that of 
the t iming circuit and results in increased t ime delays 
and consequently larger  DME areas than when the 
diode gate was used. All  of the exper iments  with the 
cadmium solution were  performed using the relay 
switching while those with the lead solutions were per-  
formed wi th  the diode gate. The difference in switch-  
ing devices explains the larger  DME area reported for 
the cadmium experiments.  The use of the diode gate 
and its l imited current  capabili ty required a second, 
smaller  DME area for the lead exper iments  at the 
shortest t ransi t ion times. 

Posi t ive feedback was not used to compensate for 
the double-layer charging in these experiments since 
the rise time of the compensator circuit limits its use 
to transition times of greater than I00 ~sec. 

Results 
The exper imenta l  results are summarized in Table I. 

All exper imenta l  points are retained since, in no case, 
is the deviat ion of a single point more than 4 standard 
deviations from the average of the other points of that  
series. The large standard deviat ion of the cadmium 
results with the DME originates from the transit ion 
t imes below 12 ~sec where  the current  was > 5 mA. 
If these 8 points are deleted, the chronopotent iometr ic  
constant for this series becomes 435 _ 7. However ,  the 
worst  point ( t ransi t ion t ime = 3.25 #see) is only high 
by 3.2 s tandard deviat ions f rom the series or a re la t ive  
deviat ion of 10.1%. 

The Bard-plot  intercepts for the der ivat ive  data cor- 
respond to an average of 21.3 and 24.7 ~f /cm 2, respec-  
tively, for the cadmium and lead series. 

Figure  1 shows the short t ransi t ion time end of the 
DME series for both metals. The dotted lines are the 
best fit lines for the complete series of 45 and 50 points. 
Figure  2 shows the der ivat ive  HMDE series for both 
metals. The dotted lines are the best fit lines f rom the 
fast DME data, identical  with the lines of Fig. 1. 

The 200 mV technique results in higher  values for 
the chronopotent iometr ic  constant lor  both metals than 
does the der ivat ive  technique. This same t rend can 
also be seen by comparing the results in Tables Is and 
IIf of Ref. (i) and is probably due to the 200 mV in- 
terval extending past the point at which the surface 
concentration of the depolarizer reaches zero. Thus, 
the last portion of the curve included in the 200 mV 
region contains faradaic current in excess of the 
amount that should be contained in the transition time. 
The 200 mV technique also results in an intercept in 
the Bard plot that corresFonds to a double-layer ca- 
pacitance that is too large. The values for the cadmium 
and lead series in Table I are 36 and 41 #f/era 2, respec- 
tively, iNr (3) suggested using the slope of the 
initial potential change in the E-t curve to evaluate 
the double-layer capacitance and hence the correction 
factor for the 2'00 mV technique. However, the results 
of this study indicate that even if the correct double- 
layer capacitance is obtained, the correction factor is 

Table I* 

r mea- Number Bard-plot Chronopotentio- 
Solution surement Electrode and area of points ~ range intercept metric constant 

a**  200  m V  I-nVIDE, 0 . 0 4 8 4  35  1 - 9 8  m s e c  7 .2  4 4 8  +--- 6 
a D e r i v a t i v e  I - I M D E ,  0 . 0 4 8 4  35  0 . 5 3 - 8 2  m s e c  1.0 4 2 9  "+" 5 
a D e r i v a t i v e  D M E ,  0 . 0 2 9 2 6  50  3 • s e c - l l  m s e c  0 .8  430  - -  13  
b * * *  200  m V  H M D E ,  0 . 0 4 8 4  2 5  0 . 5 9 - 8 5  m s e c  8 .1  4 9 1  + 7 
b D e r i v a t i v e  I - I M D E ,  0 . 0 4 8 4  25  0 . 2 6 - 7 2  m s e c  1 .2  4 6 7  - -  6 
b D e r i v a t i v e  D M E ,  0 . 0 2 9 1 2  8 8  54  /Lsec-74  m s e e  I.i 467  ----- 5 
b D e r i v a t i v e  D M E ,  0 . 0 1 1 2 5  4 5  1 1 - 4 3 9  ~ s e c  0 .9  4 6 7  "+" 6 

/hf x AE 
�9 Electrode areas are em=; intercepts are - -  

em ~ 
�9 * a = l.O0 • 10~NI Cd(NO3)2 in IM KNOm 

�9 * *  b = 1,00 X I0~1%1 Pb[NO2)= in lIE[If.NO=. 

; chronolootentiometric constants are 
A-secl/2-rnl 

mole 
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inadequate  and the technique results in too large a 
value  for the chronopotent iometr ic  constant. 

Conclusions 
Using our present  equipment,  it appears that  transi-  

t ion t imes for revers ib le  processes can be measured 
wi th  a re la t ive  precision of 2-3% down to about  15 
#sec. Below that  point the precision deteriorates.  The 
present  l imitat ions on the measurement  of fast t ransi-  
t ion t imes appear to be due to the instrumentat ion.  The 
problems of current  capacity and switching have been 
discussed above. The other  ins t rumenta t ion  problem is 
the speed and accuracy of the differentiator.  The am-  
plifier used for this purpose is a Phi lbr ick P-45AU with  
a nominal  un i ty -ga in  bandwidth  of 200 MHz and a cur-  
rent  output  of 20 mA. Even with this amplifier, it is 
difficult to design a stable differentiator  circuit  with a 
rise t ime significantly less than 1 ~sec. In addition, 
slight errors in the cal ibrat ion of the differentiator  lead 
to large errors in the corrected short t ransi t ion t imes 
where  the Bard-p lo t  intercept  is more  than 50 % of the 
total exper imenta l  io, values. 

As was pointed out in Ref. (1), the charging current  
is a problem at short  t imes and low concentrations. In 
Fig. 1 it can be seen that  the charging current  is about 
50% of the total  current  for the fastest transitions mea-  
sured in this study. If lower  concentrat ions had been 
employed, the charging current  would be a larger  f rac-  
t ion of the total current  at these transi t ion times and 

cr" . .+  

.o :~'* 
. o , "  

. .-~. . ,  

I I I 1 
0.004 Q01 

Fig. 2. Bard plot of transition time data at HMDE, symbols and 
units as in Fig. 1. 

the scatter of calculated chronopotent iometr ic  con- 
stants should be greater.  Conversely,  at higher  concen- 
trations the results should be improved or even faster 
transitions should be measurable�9 

With the extension of the measurement  of transit ion 
t imes to < 10 ~sec by the der iva t ive  technique, the use 
of the DME for chronopotent iometry  now becomes 
much more  feasible. Previously,  a planar  electrode was 
needed in order to obtain data over  so many orders of 
magnitude.  Thus, the application to analysis and ki-  
netic studies appears more viable. Future  papers in this 
series will  deal with applications to chemical  kinetics 
coupled to revers ible  charge- t ransfer  reactions. 

Manuscript  submit ted Oct. 28, 1975; revised manu-  
script received Jan. 14, 1976. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December  1976 
JOURNAL. All discussions for the December  1976 Dis- 
cussion Section should be submitted by Aug. 1, 1976. 

Publication costs of this article were  partially as- 
sisted by the  Georgia I~st~tute o] Technology. 
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ABSTRACT 

A nonuniform concentrat ion model for the sulfur electrode of the Na /S  
bat tery  is presented. Numerica l  results obtained using a hypothet ical  con- 
centrat ion distr ibution demonstrate  that  a concentrat ion gradient  in the poly-  
sulfide phase region of the phase diagram will  cause a significant shift in 
t h e  react ion distribution from that  predicted by a uniform concentrat ion 
model. The effect of concentrat ion on the local double layer  potential  differ- 
ence significantly enhances the operation of the sulfur electrode. 

The use of the sodium sulfur fused salt systems as a 
secondary ba t te ry  is desirable because of its high theo- 
retical  energy density, high open-circui t  cell voltage, 
and the intrinsic low cost of the reactants. Current  re-  
search on this bat tery  concerns a device that  consists 
of reservoirs  of sodium and of sulfur which are sepa- 
ra ted by a solid ceramic electrolyte, ~-alumina, which 
is a conductor of only the sodium ions. This system was 
first described by K u m m e r  and Weber  (1). Since that  
t ime considerable research has been done on this sys- 
tem (e.g., 2-5). The ful ly  charged cathode usually 
consists of a conductive graphite felt  mat r ix  imbedded 
in a pool of the nonconductive l iquid sulfur. During 
discharge, the sodium ions, having given up an electron 
to the external  circuit, migrate  through the solid 
e lectrolyte  to form various polysulfides (Na2Sz) at the 
surface of the porous graphi te  cathode. The operat ing 
range of the cell is l imi ted and complicated by the 
format ion of various phases as described by its phase 
diagram (6). Upon discharge insoluble Na2S2 precipi-  
tates out when the over-a l l  composition reaches a 
critical value. When the amount  of sulfur present  in 
the cell is greater  than that  equivalent  to an over-a l l  
composition of about Na2Ss, two immiscible l iquid 
phases (S, Na2S.~) coexist. Previous work  (7) on the 
kinetics of the electrode reaction of carbon or graphite 
in Na2S3, Na2S4, Na2S5 melts at 300~176 has re-  
vealed that the exchange current  density is ex t remely  
high. The porous electrode operation is bel ieved to be 
t ransport  l imited as a result  of the high exchange cur-  
rent  density, complicated phase relationship, and the 
nonconductivi ty of sulfur phase. 

Using a uniform concentrat ion model, Gibson (8), 
demonstrated that  gross heterogenei ty  in the reaction 
distr ibution can severely  l imit  the operation of the cell. 
However,  a uniform concentrat ion model cannot evalu-  
ate the more important  effect on cell operation resul t-  
ing from the high dependency of open-circui t  voltage 
on composition. Herein, a model of the polysulfide/  
sulfur electrode which includes the effect of composi- 
tion on cell operat ion is developed. The predominant  
effect of composition on cell operation is numerical ly  
demonstrated for various hypothet ical  composition dis- 
tributions. This effect significantly enhances the opera-  
tion of the sulfur electrode. 

Physical Parameters 
The selection of a theoret ical  approach was influ- 

enced by a thorough search of the available data on the 
Na /S  system. Fortunately,  sufficient data was available 
so that  the effect of concentrat ion gradients could be 

Key words: bat tery ,  porous sulfur electrode, sodium-suLfur cell. 

included. Data on the t ransference number  and activity 
of sulfur have been obtained by Cleaver and Davis (9). 
They report  the Washburn number  for sulfur which is 
defined as the number  of moles of atomic sulfur which 
pass through a plane which is s tat ionary with respect 
to the sodium ions per  Faraday of charge. The open- 
circuit vol tage data are avai lable in Ref. (6, 9), and 
the conduct ivi ty  data are presented in Ref. (9, 10). The 
conductivi ty of a representat ive  graphite felt is also 
avai lable along wi th  some informat ion on the l imiting 
current  at the polysulf ide/graphi te  electrode (11). 

The following interpolat ion equations for a tempera-  
ture of 350~ is obtained from Cleaver 's  exper imenta l  
data for use in the computations described below. 

1. The conductivi ty of the melt  can be approximated 
by 

kl ---- 1.5376 -- 1.9264Ws (in o h m - l - c m  -1) [1] 

in which w~ is the weight  fract ion of atomic sulfur. 
2. The density data are best fitted by 

v ---- 37.1683 -- 18.6457ms (in cm3/mole) [2] 

in which v, 1/(cl q- c8), is defined as the vo lume oc- 
cupied by one mole of Na2S and S, and ms is defined 
a s  ci/  (Cl -~ c 3 ) .  

3. The chemical potential  of atomie sulfur can be 
approximated by (in mV) 

RT 
- -  In a (s) = --690.9970 -k 384.9642x 
2F 

--74.8151x 2 -b 5.0553x 3 [3] 

where  a(s)  is the act ivi ty of atomic sulfur in Na2Sx 
and x is the x in Na2Sx. 

Sulfur Electrode Model 
The sulfur  electrode is composed of a graphite felt  

mat r ix  immersed in a pool of molten sulfur and /or  
polysulfide. A cross-sectional diagram of the cyl indr i -  
cal electrode is shown in Fig. 1. It is bounded on the 
inner side by the ceramic tube, wi th  outer radius Ro, 
which serves as sodium container. On the other  side, it 
is bounded by a conductive tube which also serves as 
a container for the cathodic material .  The space is filled 
with porous graphi te  felt  which serves as an electronic 
path since sulfur is a nonconductive material .  

The analysis herein  follows the cont inuum model  
approach of Newman  and Tobias (12) which assumes 
that the system is adequately  described as the super-  
position of two continua: the electrolyte and the graph-  
ite matrix.  The current -potent ia l  relationship for the 
graphi te  phase is described by Ohm's law 
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Fig. | .  Cross-sectional drawing of the cyl iadr ir  electrode 

/V t = 

dr 1 
- -  - -  ~ i 2  [ 4 ]  

dr  --  k~ 

The current -potent ia l  relationship for the melt  phase 
with concentrat ion gradient  has to be developed, fol- 
lowing the approach proposed by Newman, Bennion, 
and Tobias (13), from the mul t icomponent  diffusion 
equat ion 

eiV/x i = Z Kij ( v j  - -  v i )  [5]  
J 

Equations [6]-[8] are then obtained by assuming the 
melt  is composed of the following species: (i) free 
sulfur  atom, S, denoted by subscript 1; (it) sodium ion, 
Na +, denoted by subscript  2; and (i i i)  sulfide ion, S 2-,  
denoted by subscript 3. 

clVt*l : Kt2(v2 --  v i )  + Kla(Va --  v l )  [6] 

c2V~2 = K21(vi  -- v2) + K23 (v3 -- v.2) [7] 

C8~7#3 = Kal(VI -- v3) q- K32(v2 -- v~) [8] 

In these equations gi, Kij, and vl are the electrochemical 
potential, the drag coefficient, and the velocity. After  
choosing v2 as the reference velocity and introducing 
the current  equat ion 

ii = zac~F (va -- v2) [9] 

where z3 and ca are the charge n u m b e r  and the con- 
centrat ion of species 3 and F is the Faraday constant, 
and using the chemical potential  of the electrolyte 
which is defined as 

c~/i = C2~#2 -4- c a ~ a  = (K21 -~- Kal) (Vl -- v2) 
- -  K3t  (V3 - -  V2) [10] 

and after e l iminat ing the vi's of Eq. [6]-[8] by [9] and 
[10] we arrive at the following expressions of the 
molar fluxes 

KalCl ii ci 
1- - -  c V g  + civ2 [11] 

(K21 -~- Kat)CaZ3 F K12 -}- KI3 

N2 : c2v2 [12] 

i1 
Na : 4- cav2 [13] 

zaF 

El iminat ing vt, v2, and v3 in  Eq. [11]-[13], the fol- 
lowing equation is obtained 

il { (KuiK2t-I-  K21Ka2-k KaiKa2) } 

caE7~z -- - -  K2t 4- K3i zac~F 

K81 c 
4- V ~  [14] 

K2i + Kai ca 

Assuming the reference electrode has the reaction 

S = ~ S  q- 2e - 

one can define the potential  gradient  in  the melt  as 
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V#3 -- V#I = --2F~7r [15] 

AppIying Eq. [14] and the Gibbs-Duhem equation: 
c~7~ + c i v i l  = 0 one obtains the following 

V~a -- ~7~i = V#8 

Kal c c 

K2~ + Kaz ca cl 

Then  define 
il : - -k~7r  when  V# : 0 

--2F2c32za (Kat + K2t) 
kl = 

(KalK21 4- Ka2K~I 4- K~iK32) 

Hence, the current  equat ion for the melt  phase is 

k 1 1 1  1 Kai ] 
- -  - -  4 -  cXT# 

i l  : - -  k1~7r " ~  Cl c3 K21 -~ K31 

c iz [ K a i K 2 i - k K 3 2 K 2 t - k K 3 1 K a 2 ]  
- - - -  ET# : 

c8 zacaF K2i 4- Ks l  

[16] 

[17] 

[18] 

According to Cleaver's result:  Kai > >  K21, K32, there-  
fore 

kl 
ii = -- klETr 4- ~ -  [1 -- 2:Ws] ~7/*1 

where Ws is called the Washburn  number  and is de- 
fined (9) to be -- ct/2ca. 

The above equat ion then becomes 

dr k l  dt~l 
it = -- K1 -~r -p - ~ -  X dr [19] 

The conservation of charge in  each phase leads to 
the following equations 

dit 1 
- -  iz -- ais [20] 

dr r 

di2 1 
- -  - -  i2 -I- ais [21] 
dr r 

The conservation of charge, assuming there is no ca- 
pacitance in the electrode, is given by one equation 

(il -t- i2)r  : I~oRo [22] 

Past research on electrokinetics (14, 15) indicated 
that the process was diffusion controlled. This result  is 
substantiated, at least for part  of the discharging cose 
near the reversible potential, in the recent comprehen- 
sive discussion of the electrokinetics of the sodium 
polysulfide electrodes (16). For the redox reaction S 4- 
2 e -  ~ S =, the diffusional overpotential  ~1 can be ex- 
pressed in terms of the l imit ing current  densities of 
sulfide ion, ids=, and sulfur, ids, by the following 
equat ion (17) 

ids 
n = - -  In  [23a] 

~ ( ~ _ ~ )  

ids = 

where ids is negative and ids = is positive. Taking lids] 
= lids =] = ii in Eq. [23a] and assuming that  the total 
overpotential  is due to concentrat ion polarization gives 

is ---- --il  tanh (~fl) ; ~1 ---- r - -  r  - -  ACe, 
F 

R T  
[23b] 

where ii is the l imit ing current  density and ACe is the 
value of r -- r at is = 0. 
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The boundary  conditions are  

i l ( r  - -  R o )  = I ~ o  

i 2 ( r - - R o )  = 0  

r (r  --  Ro) = 0 

i2(r = R1) = IRoRo/R1 

where  R1 denotes the posi t ion where  the  polysulf ide/  
sulfur  interface,  or the posi t ion of the backing plate.  
The active e lect rode lies be tween  r = Ro anct r -= R,. 

El iminat ing  ~1, r and i.~ be tween  Eq. [4] and [19]- 
[2a] the  fol lowing single equat ion for i ,  is obta ined 

d2il 1 dil 1 
dr ----7 -- r dr -k 7~ il 

( d i i  1 )  2 
+ a i l a [ 1 - - ( - ~ l  ) 2 \ ~ r - b r  il 1 

�9 + il k~r F (1 --  2Ws) 

[24] 

Using, ~1 = #1" q- RT In a ( s )  and in t roducing the 
dimensionless  var iable  j -= il/IRo and y = (r -- Ro)/ 
(R1 --  Ro), the  fol lowing equat ion is obta ined 

[ ( )'1 d2j --Ct Ct2j + 1 -- f12 dj + C~j = + 

)( ) 
-- 5 • (b' + 2c'x + 3d 'x 2) -~y [25] 

where 
Z~R 

Ct-- 
y.~R + Ro 

IRo 
ail,~R 

ail~R aRT 

IRo 2F 

For  this study,  a = F/RT, then 

ailiR 1 

Iao P 

Equat ion [25] now becomes 

d2Jdy 2 --Ct ~ ~- Ct2j -~ 1 --  f12 ~ y  + Ctj 

[ 
�9 7 J k l + k 2  R o + y ~ R  

_ x x ( b , + 2 c , x + 3 d , x  2 ) - d x  1 
dy .l 

where 
bnF 

b' -~ 
RT 

cnF 

RT 

dnF 
d t - -  _ _  

with  bounda ry  conditions 
RT 

[261 

j (0 )  = 1 ,  j ( 1 )  = 0  

Numerical Results 
Equation [26] was solved using the orthogonal collo- 

cation method (18) with I0 interior collocation points. 
The limiting current density was assumed to be 50 
mA/cm 2 and the surface area per unit volume, a, 
was assumed to be I00 cm -I, which was based on ex- 
perimental results (ii) and previous numerical ex- 
perience. This value showed good agreement between 
the model predicted internal resistance and experi- 
mental results for cells operating in the two-phase 
region (3). 

In Fig. 2 and 3, the reaction rate distributions and 
the corresponding reaction overpotentials for warious 
values of fi (o=Iao/AR) at constant 7 (co [5R]2) are pre- 
sented. In Fig. 4, the reaction overpotential distribution 
for various values of y at constant fi are presented. The 
broken curves denote the results for a uniform concen- 
tration whereas the solid curves represent the results 
for the following hypothetical concentration distribu- 
tion: the concentration of Na2S in Na2S~ varies linearly 
froma value of x---- 5.0 aty ---- 0to x = 5.25 aty = i. 
The broken curves in Fig. 2 show the effect of current 
load on the reaction rate distribution for an electrode 
of fixed thickness. The results are similar at low cur- 
rent loads, i.e., IRo = 0.12345, 0.24690 A/cm'h However, 
at higher current densities, Iao = 0.49380, the shape of 
the curve changes in the high rate region which is 
characteristic of this type of kinetics. At a reaction 
rate near its limiting value, the rate becomes much less 
sensitive to a change in the reaction overpotential. The 
corresponding curves of overpotential presented in 
Fig. 3 are all similar in shape. In addition, if linear po- 
larization kinetics were used, Eq. [26] would be in- 
variant to the current load, Ia o. Then the broken curves 
in Fig. 2 and 3 would be exactly proportional to their 
current load. The broken curves presented in Fig. 4 

5 0  I I I I " 

40 

\ { J ' ,  

,o 

0 I I I I 
0 . 0  0 .2  0 .4  0 .8  0 .8  1.0 

y 

Fig. 2. Reaction rate distribution for: curve 1, IRo = 0.12345 
A/cm2; curve 2, IRo = 0.24690 A/cm2; curve 3, IRo = 0.49380 
A/cm 2. (Ro = 0.3 cm, AR = 0.1 cm, k2 = 3 o h m - l - c m  -1 ,  a = 
100 cm - 1 ,  ii = 0.05 A/crn2.) Solid curves represent nonuniform 
concentration and broken curves represent uniform concentration. 
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Fig. 3. Reaction overpotential distribution for conditions listed in 

caption far Fig. 2. 

demonstra te  that  the react ion distr ibution becomes 
more heterogeneous as the thickness of the electrode 
increases. 

The concentrat ion term of Eq. [26] is inversely  pro-  
port ional  to the paramete r  ~. As IRo becomes smaller,  
corresponding to smaller  p, the concentrat ion t e rm be-  
comes more  dominant.  As i l lustrated by the solid 
curves in Fig. 2 and 3 at lower  current  loads, the hypo-  
thetical  concentrat ion distr ibution shifts the high re-  
action zone located near  y ---- 0 in the uni form concen- 
t rat ion case to y ---- 1. Therefore,  the tendency for  
Na2S2 to precipitate at the ceramic interface is reduced 
and the operat ion of the cell is improved.  At a higher  
load, the concentrat ion effect becomes less dominant.  
When ~(oCIao/~R) is kept  constant whi le  vary ing  
~(cc[~R]'~), the concentrat ion effect becomes less 
dominant  as the thickness of the electrode increases, 
which is i l lustrated by the solid curves in Fig. 4. 
Therefore,  an increase in electrode thickness par t ia l ly  
offsets the enhancement  of cell operat ion resul t ing 
f rom the concentrat ion effect. 

In Fig. 5, the react ion overpotent ia l  distr ibution is 
presented for the case of k2 = 0.3 o h m - l - c m  -1. (In the 
previously described results kl ~ 3.0 o h m - l - c m - 1 . )  
For  the uniform concentrat ion cases, the reaction dis- 
t r ibut ion is more symmetrical .  For  the same hypo-  
thetical  concentrat ion var ia t ion used previously,  the 
reaction shifts toward the su l fur - r ich  region of the 
electrode. As the magni tude  of the concentrat ion var i -  
ation increases, part  of the electrode can operate in the 
charging mode while the average operat ion is one of 
discharge. This is shown in Fig. 6 for the case: 5R = 
0.025 cm, IRo ~ 0.1234 A / c m  2, and a concentrat ion 
var ia t ion of x ---- 3.0 at y ---- 0 to x ---- 5.25 at y ~- 1. 

In Fig. 7, the var ia t ion of cell vol tage wi th  discharge 
is presented for different load conditions for the uni-  
form concentrat ion case. The slight density change i s  
accomplished in this model  by (i) changing the posi-  
t ion of the polysulf ide/sulfur  interface in the two-  
phase region, and (it) vary ing  the position of the back- 
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Fig. 4. Reaction overpotential distribution for: curve 1, IRa 
0.12345 A/cm 2, ~R ~ 0.05 cm; curve 2, IRa ~ 0.24690 A/era 2, 
~R z 0.1 cm; curve 3, IRa ~ 0.49380 A/cm 2, ~R ~ 0.2 cm. 
(Ro ~ 0.3 cm, k2 ~ 3 o h m - l - c m  - 1 ,  a ~ 100 cm -1 ,  il ~- 50 
mA/cm2.) 
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Fig. 5. Reaction overpotential distribut}on for melt and felt  con~ 
ductivities of the same order of magnitude. Curve 1, IR o ~ 0.24690 
A/cm2; curve 2, I~  o = 0.12345 A /cm 2. (k2 ~ 0.3 o h m - l - c m  - 1 ,  
Ro ~ 0.3 cm, AR ~ 0.1 cm, a = 100 cm - 1 ,  il = 50 mA/cm~.) 
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Fig. 6a. Reaction overpotential distribution for maximum concen- 

tration variation. (IR o ~ 0.12345 A/cm 2, AR ~ 0.05 cm, k2 ~ 3 
ohm-l-cm -1 ,  a = 100 cm -1,  il ---- 50 mA/cm2.) 
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Fig. 6b. Current distribution for same conditions as listed in 
caption for Fig. 6a. 

ing plate in the one-phase region. The equations that  
describe this effect are  

dR1 IRoRo 
R1 -- - -  (2VNa -]- Vs = -Jr l/s) [27] 

dt 2F 

for single phase region, and 

dR1 IaoRo 
R 1 - - - -  - -  

dt 2Fc3 

for two-phase region. 
The total potential  loss is computed as the sum of the 

following four terms: (i) the total potent ial  drop in the 
melt ;  (ii) the  reaction overpotent ia l  loss at y ~ 1; (iii) 
the ohmic potent ial  toss in the ceramic electrolyte  wi th  
ID ---- 0.4 cm, OD =- 0.6 cm, and a resist ivity of 5 ohm- 
cm; and (iv) the  contact potential  loss be tween the 
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Fig. 7. Computed cell voltage of Na/S cell vs. depth of discharge 
for the uniform concentration model. Cell dimensions for fully 
charged state are Ro : :  0.3 cm and ~R ---- 0.225 cm. Curve 1, 
lao ~ 0.1235 A/cm2; curve 2, IRo -~ 0.37035 A/cm2; curve 3, 
IRo .~  0.823 A/cm 2. 

graphite felt  and the backing plate wi th  a resistance of 
0.1 ohm-cm '~. There is an increase in the cell vol t -  
age at the ear l ier  stage of discharge due to the re-  
duction in the react ion overpotent ia l  loss as the th ick-  
ness of the active electrode increases. Beyond this point 
the OCV decreases because the dominant  effect now is 
the ohmic loss which increases as the electrode be- 
comes thicker.  

Discussion 
The numerical  results for the uni form concentrat ion 

case agree with the results of Newman and Tobias (12) 
and Gibson (8). Briefly, the region of most react ion is 
de termined by the relat ive values of the melt  and felt  
conductivities. Based on the results repor ted  in an 
ear l ier  model ing study of the N a / S  bat tery  by Gibson 
(8), the N a / S  bat tery  should not operate as wel l  as it  
does (3). The ve ry  fact that  the cell operates as wel l  as 
it does when  the fe]t conduct ivi ty  is much greater  than 
the mel t  conductivi ty can be explained by the inclu- 
sion of a concentrat ion effect as developed herein. 
Simply stated, the dominant  effect of concentration 
shifts the react ion to the region where  the reactant  is 
more abundant.  This can be easily seen by comparing 
the following two cells 

Nal~-aluminalNa2S3[C 

which has an OCV of 1.8V at 350~ and 

Na]p-aluminalNa~Ss.25.: S]C 

which has an OCV of 2.078V. The sum of the overpo-  
tential  losses in the melt,  felt, and due to react ion is 
less than this 280 mV difference. Therefore,  the par t icu-  
lar  heterogeneous react ion distr ibution predicted by 
the uniform concentrat ion model  cannot continue 
throughout  the operating life of the cell. 

The following is a more detailed account of the effect 
of concentrat ion on the various overpotent ials  in the 
sulfur electrode (same conditions as Fig. 2). First, the 
computed cell voltages at the same depths of discharge 
are higher for the previously described concentrat ion 
profi]e (Fig. 2) than for the uniform concentrat ion 
profile. 

In Table I the results in terms of potential  losses of 
the highest  OCV value of 2.078 excluding those ohmic 
losses in the solid electrolyte and due to the contact 
resistance between the graphite and the backing plate 
are summarized, 
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Table I. Potential losses (mV) in the sulfur electrode 

AR (cm) 

IB ~ (A/cm2) 0.025 0.05 0.1 0.2 

0 .12345 U 111.67 43 .94  34.24 34.05 
N 103.19 34.77 26.71 31.11 

0.24690 u * 107.34 59.92 59 .09  
N 97.23 61.15 54.84 

0 .49380 u * * 134.19 116.18 
N 119.85 107.66 

u = uniform, N = nonumiform.  
* Not available, becaUSe of the volume of  t h e  e l ec t rode  i s  insuff i-  

c i en t  to  sus ta in  the  current  loads .  

T h e  c o n c e n t r a t i o n  prof i le  h a s  f o u r  effects:  ( i )  A cel l  
o p e r a t i n g  a t  t h e  a s s u m e d  c o n c e n t r a t i o n  prof i le  ha s  a 
h i g h e r  O C V  at  y ---- 1 t h a n  a cel l  o p e r a t i n g  a t  u n i f o r m  
c o n c e n t r a t i o n ;  (ii) t h e  a s s u m e d  c o n c e n t r a t i o n  prof i le  
r e d u c e s  t h e  p o t e n t i a l  loss  ac ross  t h e  m e l t  b e c a u s e  of 
t h e  m i g r a t i n g  c u r r e n t  c o n t r i b u t i o n ;  (iii) t h e  a s s u m e d  
c o n c e n t r a t i o n  prof i le  sh i f t s  t h e  r e a c t i o n  d i s t r i b u t i o n  
a w a y  f r o m  the  c e r a m i c  r e s u l t i n g  in  a n  i n c r e a s e  of  r e -  
a c t i o n  o v e r p o t e n t i a l  a t  y ---- 1; a n d  (iv) as a c o n s e q u e n c e  
of (iii),  t h e  o h m i c  p o t e n t i a l  d r o p  in  t h e  m e l t  i n c r e a s e s  
b e c a u s e  m o r e  c u r r e n t  ha s  to f low t h r o u g h  a l a r g e r  sec-  
t i o n  of t h e  me l t .  T h e  f i rs t  t w o  effects  d e p e n d  o n  t h e  
c o n c e n t r a t i o n  profi le .  T h e  s e c o n d  effect  h a s  a s l i g h t  
v a r i a t i o n  d u e  to t h e  e l e c t r o d e  d i m e n s i o n  o n l y  b e -  
cause  of t h e  c y l i n d r i c a l  g e o m e t r y .  T h e s e  effects  r e -  
su l t  i n  a g a i n  in  t h e  cel l  v o l t a g e  r e l a t i v e  to t h e  u n i -  
f o r m  c o n c e n t r a t i o n  case  of  a b o u t  11 m V  d u e  to effect  
( i )  a n d  a b o u t  21 m V  due  to ef fec t  (ii) .  Effect  (iii) ,  
t h e  i n c r e a s e  in  r e a c t i o n  o v e r p o t e n t i a l  a t  y ~ 1, d e p e n d s  
on  t h e  e l e c t r o d e  t h i c k n e s s  a n d  v a r i e s  s l i g h t l y  w i t h  t h e  
c u r r e n t  l oad  b e c a u s e  of t h e  n o n l i n e a r  k ine t ics .  T h e s e  
r e s u l t s  a re  s u m m a r i z e d  i n  T a b l e  II. T h e  f o u r t h  effect  
is s u m m a r i z e d  in  T a b l e  III .  Super f i c ia l ly ,  t h e  r e s u l t s  
s h o w n  in  T a b l e  I i n d i c a t e  t h a t  t h e  effect  of t h e  c o n -  
c e n t r a t i o n  prof i le  d i m i n i s h e s  as t h e  t h i c k n e s s  inc reases .  
H o w e v e r ,  a l a r g e r  v a r i a t i o n  in  c o n c e n t r a t i o n  is n e e d e d  
to o b t a i n  t h e  s a m e  r e s u l t  w i t h  t h i c k e r  e l ec t rodes .  

A l t h o u g h  t he  e n t i r e  d e s c r i p t i o n  of t h e  p o r o u s  e l ec -  
t r o d e  c a n n o t  b e  p r e s e n t e d  u n t i l  t h e  t r a n s p o r t  effects  
a r e  i n c l u d e d  in  a c o m p l e t e  t r a n s i e n t  mode l ,  t h e  r e s u l t s  
of t h e  n o n u n i f o r m  c o n c e n t r a t i o n  m o d e l  p r e s e n t e d  
h e r e i n  a r e  a b e t t e r  d e s c r i p t i o n  of ce l l  o p e r a t i o n  t h a n  
t h o s e  o b t a i n e d  u s i n g  a u n i f o r m  c o n c e n t r a t i o n  mode l .  

Table II. Increase in reaction overpotential at y ~ 1. 
Comparison of varying concentration case to the 

uniform concentration case (mV) 

AR (cm) 

IR o (A/cm2) 0.025 0.05 0.1 0.2 

0.12345 23.51 21.03 17.19 11.24 
0.24690 * 21.74 17.34 11.29 
0.49380 * * 16.76 11.27 

�9 Not available, because of the volume of the electrode is insuffl- 
cient to sustain the current loads. 

Table III. Increase in ohmic losses in the melt due to 
the varying concentration profile 

AR (cm) 

I~ o (A/cm e) 0.025 0.05 O.1 0.2 

0.12345 0 1.68 6.95 17.04 
0.24699 * 0.12 1.12 15.90 
0.49389 * * 0.97 11.75 

�9 Not available, because of the volume of the electrode is insuffi- 
cient to sustain the current  loads .  
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L I S T  O F  S Y M B O L S  
a ac t i v i t y ;  s u r f a c e  a r e a  p e r  u n i t  v o l u m e  
b' bnF/RT,  b ~ 384.9642 m V  
c m o l a r  c o n c e n t r a t i o n  
c' cnF/RT,  c = 74.8151 m V  
Ct ,AR/ (yAR + Ro) 
d' dnF/RT,  d = 5.0553 m V  
F F a r a d a y  
i c u r r e n t  d e n s i t y  
IRo c u r r e n t  d e n s i t y  a t  r ----- Ro 
j il/IRo 
k c o n d u c t i v i t y  
K d r a g  coeff ic ient  
N m o l a r  f lux 
r r a d i a l  p o s i t i o n  
R gas  c o n s t a n t  
Ro r a d i u s  of c e r a m i c  o u t e r  s u r f a c e  
R1 r a d i u s  of o u t e r  s u r f a c e  of ac t ive  e l e c t r o d e  
T t e m p e r a t u r e  
v m o l a r  v o l u m e ,  v e l o c i t y  
Ws W a s h b u r n  n u m b e r  
Ws w e i g h t  f r a c t i o n  of s u l f u r  
x x in  Na~Sz 
z v a l e n c e  n u m b e r  

F / R T  
IRn/ail~R 

7 ail(AR) 2 ~ (1 / k l  -5 l / k 2 )  
1/~ 

AR a c t i v e  e l e c t r o d e  thickness 
~1 r e a c t i o n  o v e r p o t e n t i a l  
;~ e l e c t r o c h e m i c a l  p o t e n t i a l  
r p o t e n t i a l  

Subscripts 
1 mel t ,  s u l f u r  
2 felt ,  s o d i u m  ion  
3 su l f ide  i on  
1 l i m i t i n g  c u r r e n t  
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Interfacial Phenomena at Solid Aluminum Electrodes 
in Solutions of AIBr3/KBr in Aromatic Hydrocarbons 

A. Reger, E. Peled,* and E. Gileadi* 
Institute of Chemistry, Tel-Aviv University, Ramat-Aviv,  Israel 

A B S T R A C T  

S o l u t i o n s  of A1Br3 a n d  K B r  i n  t o luene ,  m e s i t y l e n e ,  o r  t h e i r  m i x t u r e  h a v e  
b e e n  p r e p a r e d  u n d e r  h i g h  p u r i t y  c o n d i t i o n s  on  a v a c u u m  l ine.  A n o d i c  d i s s o l u -  
t i on  a n d  ca thod i c  d e p o s i t i o n  a t  a p u r e  a l u m i n u m  e l e c t r o d e  w e r e  s tud ied .  
Spec i a l  a t t e n t i o n  was  f o c u s e d  on  t h e  m e c h a n i s m  of r u p t u r e  of t h e  ox ide  f i lm 
i n i t i a l l y  p r e s e n t  on  t h e  s u r f a c e  a n d  t h e  f o r m a t i o n  of p i t s  u n d e r  t h e  sur face .  
T h e  a p p a r e n t  e x c h a n g e  c u r r e n t  d e n s i t y  was  f o u n d  to d e p e n d  o n  t h e  anod ic  
c u r r e n t  d e n s i t y  e m p l o y e d  to a c t i v a t e  t h e  sur face .  T h e  c u r r e n t  d e n s i t y  was  
f o u n d  to be  a l i n e a r  f u n c t i o n  of p o t e n t i a l  o v e r  ca. 0.2V on  b o t h  s ides  of t h e  
r e v e r s i b l e  p o t e n t i a l .  Th i s  w as  i n t e r p r e t e d  as  b e i n g  due  to t h e  s o l u t i o n  r e s i s t -  
a n c e  in s ide  s m a l l  f laws  ( p i n h o l e s )  i n  t h e  o x i d e  l a y e r  o n  t h e  sur face .  

R e c e n t  s t ud i e s  of t h e  e l e c t r o d e p o s i t i o n  of a l u m i n u m  
f r o m  a r o m a t i c  h y d r o c a r b o n s  c o n t a i n i n g  A1Br3 w i t h  
s m a l l  a m o u n t s  of H B r  or  w a t e r  (1) or  w i t h  a n  a lka l i  
b r o m i d e  (2) h a v e  i n d i c a t e d  t h a t  th i s  s y s t e m  m a y  be  
u s e f u l  as a p l a t i n g  b a t h  for  a v a r i e t y  of i n d u s t r i a l  a p -  
p l i ca t ions .  W h i l e  th i s  s y s t e m  has  b e e n  k n o w n  s ince  t h e  
e a r l y  t h i r t i e s  (3, 4) ,  a n  u n d e r s t a n d i n g  of t h e  f u n d a -  
m e n t a l  e l e c t r o d e  p rocesses  t a k i n g  p l ace  d u r i n g  a n o d i c  
d i s s o l u t i o n  a n d  ca thod i c  d e p o s i t i o n  is s t i l l  l a ck ing .  

A l u m i n u m  b r o m i d e  is q u i t e  s o l u b l e  in  t o l u e n e  (5) 
a n d  in  o t h e r  a r o m a t i c  h y d r o c a r b o n s  (6) .  A t  l ow  c o n -  
c e n t r a t i o n s  ( i n  t h e  m i l l i m o l a r  r a n g e )  t h e  s o l u t i o n s  a r e  
co lor less  b u t  a t  h i g h  c o n c e n t r a t i o n s  ( 1 - 3 M )  a pa l e  ye l -  
l ow  color  is o b s e r v e d ,  d e p e n d i n g  on  t h e  h y d r o c a r b o n  
e m p l o y e d  as t he  s o l v e n t  (5).1 T h e  c o n d u c t i v i t y  of t h e s e  
s o l u t i o n s  is v e r y  low,  b u t  i t  h a s  b e e n  o b s e r v e d  in  t h e  
ea r l i e s t  s t ud ie s  of th i s  s y s t e m  (4) t h a t  a d d i t i o n  of K B r  
or  a n y  o t h e r  a l k a l i  b r o m i d e  i n c r e a s e s  t he  c o n d u c t i v i t y  
s ign i f i can t ly ,  to t h e  p o i n t  t h a t  e l e c t r o c h e m i c a l  m e a -  
s u r e m e n t s  can  r e a d i l y  be  made .  T h e  c o n d u c t i v i t y  in -  
c r eases  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of KBr ,  r e a c h i n g  
a m a x i m u m  in  t he  r a n g e  of 1-6 m M h o - c m  -1 ( d e p e n d -  
ing  on  t he  t o t a l  c o n c e n t r a t i o n  of A1Br3 a n d  on  t h e  h y -  
d r o c a r b o n  e m p l o y e d )  w h e n  t h e  m o l a r  r a t i o  A I B r 3 / K B r  
is 2:1 (3, 4, 7, 8).  Th i s  o b s e r v a t i o n ,  c o m b i n e d  w i t h  t he  
fac t  t h a t  K B r  i t se l f  is no t  so lub le  i n  a r o m a t i c  h y d r o -  
c a r b o n s ,  i m p l i e s  t h a t  a c o m p l e x  of t h e  t y p e  A12BrT- 
p r o b a b l y  ex i s t s  in  so lu t ion .  T h i s  w as  ve r i f i ed  r e c e n t l y  
b y  p r e l i m i n a r y  t r a n s f e r e n c e  n u m b e r  m e a s u r e m e n t s  
(2b ) .  Cryoscop ic  s t ud i e s  of t h e s e  s y s t e m s  i n d i c a t e d  t h a t  

p o l y i o n s  of t h e  t y p e  ( K + A 1 2 B r T - ) n  w h e r e  n --~ 4 m a y  
also ex i s t  (9) .  

T h e  first  k i n e t i c  s tud ie s  in  th i s  t y p e  of s y s t e m  w e r e  
p e r f o r m e d  b y  P l o t n i k o v  a n d  Y a k u b s o n  in  1928 (8) .  A n  
a l u m i n u m  a n o d e  a n d  a p l a t i n u m  c a t h o d e  w e r e  used.  
L a r g e  c u r r e n t  dens i t i e s ,  in  t h e  r a n g e  of 60-100 m A /  
cm 2 w e r e  e m p l o y e d .  T h e  f a r a d a i c  eff ic iency was  low 
b o t h  a t  t he  a n o d e  a n d  a t  t h e  ca thode ,  some  f ree  b r o -  
m i n e  was  f o r m e d ,  a n d  t he  s o l u t i o n  t u r n e d  d a r k  a n d  
viscous.  

* Electrochemical Society Active Member. 
Key words: aluminum electrodes, interracial phenomena, aromatic 

hydrocarbons, aluminum bromide, aluminum oxide. 
i Recent experiments in our laboratory, to be reported elsewhere, 

indicated that persistent purification with an aluminum amalgam in 
c o n t a c t  with the solution results in a colorless solution even at high 
concentrations of A1Brs. 

T h e  k ine t i c s  of e l e c t r o d e p o s i t i o n  a n d  d i s s o l u t i o n  of 
a l u m i n u m  h a s  b e e n  s t u d i e d  in  m o l t e n  sa l t s  (10, 11). 
V a l u e s  of t h e  e x c h a n g e  c u r r e n t  dens i t i e s  o b s e r v e d  b y  
d i f f e r e n t  a u t h o r s  u n d e r  s i m i l a r  c o n d i t i o n s  d i f fe r  m a r k -  
edly,  p r o b a b l y  b e c a u s e  no t  e n o u g h  c a r e  ha s  b e e n  t a k e n  
to r e m o v e  t h e  s u r f a c e  ox ide  f o r m e d  s p o n t a n e o u s l y  on  
a l u m i n u m .  I n  a n o t h e r  s t u d y  e m p l o y i n g  a n  A 1 C 1 J  
MC1 m e l t  (12) ,  w e l l - d e f i n e d  t r a n s i t i o n  t i m e s  w e r e  ob -  
s e r v e d  d u r i n g  a n o d i c  p o l a r i z a t i o n .  T h e s e  w e r e  a s c r i b e d  
to t h e  f o r m a t i o n  of a l a y e r  of  p o o r l y  c o n d u c t i n g  
A12C16 on  t h e  s u r f a c e  of t h e  e l ec t rode .  

I n  t h e  p r e s e n t  p a p e r  t h e  r e s u l t s  of s t u d i e s  of e l ec -  
t r o d e p o s i t i o n  a n d  d i s s o l u t i o n  of a l u m i n u m  a r e  r e -  
po r t ed .  To luene ,  m e s i t y l e n e ,  or  a m i x t u r e  of b o t h  w e r e  
u s e d  as t h e  so lven t .  A l u m i n u m  b r o m i d e  a n d  p o t a s s i u m  
b r o m i d e  in  m o l a r  r a t i o s  of a b o u t  3 :1  s e r v e d  as t h e  e l ec -  
t ro ly te .  M e a s u r e m e n t s  w e r e  t a k e n  on  h i g h  p u r i t y  
a l u m i n u m  wires .  G r e a t  c a r e  was  t a k e n  to p r e p a r e  
h i g h l y  pu r i f i ed  a n d  r i g o r o u s l y  d r i e d  s o l u t i o n s  a n d  to 
p r e p a r e  r e F r o d u c i b l e  c l ean  a l u m i n u m  s u r f a c e s  for  
e v a l u a t i o n  of k i n e t i c  da ta .  

Experimental 
The cell and electrodes--The cell  a n d  e l e c t r o d e s  a r e  

s h o w n  in  Fig. 1, t o g e t h e r  w i t h  t h e  s e p a r a t e  c o m p a r t -  
m e n t  u sed  fo r  p r e p a r a t i o n  of so lu t ions .  A c y l i n d r i c a l  
g e o m e t r y  w a s  e m p i o y e d  to a c h i e v e  a u n i f o r m  c u r r e n t  
d i s t r i b u t i o n  on  t h e  w o r k i n g  e l e c t r o d e  a n d  to m i n i m i z e  
IR d r o p  d u r i n g  m e a s u r e m e n t s .  A n  a l u m i n u m  w i r e  
( H o p k i n  a n d  W i l l i a m s  99.99% p u r i t y )  s e r v e d  as t h e  
w o r k i n g  e l ec t rode .  A n o t h e r  A1 w i r e  of t h e  s a m e  p u r i t y ,  
s i t u a t e d  p a r a l l e l  to t h e  w o r k i n g  e l e c t r o d e  a t  a d i s t a n c e  
of a b o u t  2 mm,  s e r v e d  as t h e  r e f e r e n c e  a n d  a t h i r d  
s u c h  w i r e  f o r m e d  as a h e l i x  s e r v e d  as t h e  c o u n t e r e l e c -  
t rode .  E l ec t r i c  c o n t a c t  was  m a d e  to t u n g s t e n  w i r e s  
s ea l ed  t h r o u g h  t he  cel l  cover .  T h e  cel l  was  s e a l e d  w i t h  
g lass  f langes  e m p l o y i n g  n e o p r e n e  O - r i n g s  w h i c h  w e r e  
no t  i n  d i r e c t  c o n t a c t  w i t h  t h e  s o l v e n t  in  t h e  cell. C o n -  
n e c t i o n  to t h e  v a c u u m  l i n e  was  m a d e  t h r o u g h  Rotaf lo  
v a l v e s  w i t h  Tef lon  heads .  T h e  cel l  cou ld  b e  e v a c u a t e d  
to a p r e s s u r e  of less  t h a n  10 4 m m  Hg. 

T h e  A1 e l e c t r o d e s  w e r e  c l e a n e d  b y  d e g r e a s i n g  in  ace -  
tone,  d i p p i n g  in  1M N a O H  at  60~ for  a b o u t  30 sec, 
r i n s i n g  in  t r i p l e  d i s t i l l ed  w a t e r ,  w a s h i n g  w i t h  A R  
g r a d e  a c e t o n e  to r e m o v e  t h e  w a t e r ,  a n d  p u m p i n g  off 
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Fig. 1. The cell: a, solution preparation compartment; b, the 
electrochemical cell; c, connection to high vacuum line; d, con- 
nect~on to AIBr3 sublimation container; e,f, Rotaflo valves; g, 
tungsten wires; h, cell cover; i, O-rings, neoprene; J, stainless steel 
connectors; k, working electrode; I, reference electrode; m, counter- 
electrode. 

the remaining acetone on the vacuum line to a pressure 
of about 10 -4 m m  Hg. In some exper iments  a luminum-  
plated COploer wire  was used as the re~erence electrode, 
the copper wire  was cleaned in an acid mix ture  con- 
sisting of equal  volumes of HNO3, CH3COOH, and 
H3PO4 instead of dipping in alkali, all other steps be- 
ing the same. Before measurements  the working elec- 
trode was pre t rea ted  by pulsing it anodically at differ- 
ent current  densities in the range of 0.2-70 m A / c m  2 
with  solution stirring. The reference electrode was pre-  
t reated in a s imilar  manner.  The copper reference 
electrode was plated in a s t i rred solution with  a layer  
of ca. 1~ aluminum, at a current  density of 2-10 m A /  
cm 2. In a f reshly prepared solution the thin layer  of 
a luminum tended to dissolve after  a few hours, prob-  
ably due to small traces of impuri t ies  (Oe or HBr)  in 
the solution. Af te r  preelectrolysis  the system was sta- 
bilized and the a luminum coating on copper dissolved 
only after  several  days. As a rule  addit ion of mesi ty-  
lene to toluene tended to stabilize the solution and de- 
crease the rate  of chemical  dissolution of freshly de- 
posited a luminum in it. 

Al l  measurements  were  taken at 20 ~ • 2~ 

Preparation of so lu t ions . - -A weighed amount  of 
KBr  (Baker  Analyzed)  was placed in the solution- 
prepara t ion  compar tment  (compar tment  a in Fig. 1) 
and held at 150~ for ca. 15 hr wi th  continuous pump-  
ing to remove  traces of water.  AIBr3 (97% purity, 
obtained f rom Merck) was purified by subliming twice 
under  vacuum at 80~176 In the second step the 
mater ia l  was t ransferred through tube d into compar t -  
ment  a and the tube was sealed off while the cell was 
still  under  vacuum. White  t ranslucent  crystals of 
A1Br8 were  obtained in this manner.  Toluene or mesi t -  
ylene (Frutarom, analytical  grade) was refluxed for 
several  hours over  sodium, then t ransferred for several  
hours to an evacuated flask containing P205 or molec-  
ular  sieve. Finally,  the solvent  was t ransferred under  
vacuum to compar tment  a through joint  c and va lve  e. 
As soon as the solution was prepared  the celt was 
wrapped  with  a black cloth to avoid photodecomposi-  
t ion which has been observed to occur in certain cases. 
The solution was t ransferred to the electrochemical  
cell b by opening valve  f and t i l t ing the whole assembly. 
This was usually done just  before the experiments.  
The exact composition of the solution was de termined  
at the end of a series of exper iments  by measuring the 
concentration of K and A1 with an atomic absorption 
spectrophotometer (Perkin Elmer, Model 403). The 
concentrations of AIBr3 and KBr were around 2.5 and 
0.8M, respectively, in all experiments. 

Solutions prepared in the manner described above 
were colorless or pale yellow and were found to be 
stable in the dark for periods of several months. 

IR correct ion.--The combination of a re la t ive ly  low 
specific conduct ivi ty  and high exchange current  density 
(see below) makes it ra ther  difficult to per form ac- 
curate measurements .  In a typical case, the equivalent  
react ion resistance may be as low as 10-20% of the so- 
lut ion resistance in series wi th  it, and accurate mea-  
surement  of the la t ter  hence becomes of major  impor-  
tance. All measurements  were  per formed galvanostat -  
ically employing an Elron CHG-1 galvanostat  wi th  a 
r iset ime of 2 #sec. The galvanostat  was combined with 
a homemade pulse genera tor  to provide square current  
pulses of any desired length from a few microseconds 
up to a few seconds. The solution resistance was de te r -  
mined from the fast initial jump in potential upon ap- 
plication of the pulse, as seen in Fig. 2. The overpoten- 
tial was determined by measurement on a much slower 
time scale, as shown in Fig. 3. To check the values of 
IR obtained in this way another method was employed 
to measure the same quantity: A small a-c voltage 
V~vc was applied be tween the working and the counter-  
electrode and the resul t ing vol tage V,,-r developed be-  
tween the working and the reference electrodes was 
measured. The effective resistance Rwr to be used in 
computing the IR correction was then calculated from 
the simple equation. 

Rwr : Rwc (Vwr/Vwc) [1] 

The resistance Rwc between the working and the 
counterelectrodes was measured with a conductometer.  
All  above measurements  were  per formed at a constant 
f requency of 3 • 10 "3 Hz. Occasional comparison a t  
higher  frequencies gave identical  results. 

The values of IR obtained by the above a-c method 
agreed, within exper imenta l  error, wi th  those calcu- 
lated from the fast galvanostat ic  transients and the 
la t te r  were  used in all subsequent  experiments.  

Results 

Reference e lec trodes . - -An a luminum wire or an 
a luminum-pla ted  copper wire  dipped in the solution 
was employed as the reference electrode. Thus all po- 
tentials measured (after IR correction) represent  over-  
potential  measurements  for electrodeposit ion or disso- 
lution of AI. To ensure that the reference electrodes 
operated properly,  several  such electrodes were  intro-  
duced into the solution and the potential  difference be- 
tween them was measured for periods of several  
weeks. This was always found to be 0 • 1 mV, after 
an initial t ime for stabilization, which could be as long 
as several hours. The potential remained constant after 
activation by anodic pulses. A freshly formed A1 sur- 
face on a copper wire exhibited the same potential. 
When the cell was opened in a glove box under an in- 
ert atmosphere and a new clean A1 wire was put in the 
cell its potential also agreed with that of another refer- 

J 
f 

t 
Fig. 2. Fast galvanostatic transient on AI wire. Scale: 1 mV/div; 

20 ~sec/div; electrode area, 0.55 cm 2. Current: 0.05 mA. Solvent: 
toluene 85%, mesitylene 15%. 
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ence electrode, which had been in the same solution for 
a long time, to within 1 mV. 

Effect o~ anodic pulses on the apparent exchange 
current density.--Several anodic current  pulses of a 
few seconds durat ion each were  applied to the working 
electrode to t ry  to remove  the oxide layer  which was 
formed be tween  the t ime the wire  had been taken out 
of the NaOH cleaning solution and the t ime it  was 
placed in the cell solution. Figure  3 shows typical short 
anodic galvanostatic transients in the range of 0.11- 
0.44 m A / c m  2 following init ial  activation by anodic 
puIses (5-10 sec) of 4.4 m A / c m  ~. Transients  in the 
cathodic direction were  identical. The relationships 
be tween current  density i and overpotent ia l  n (cor- 
rected for IR) are shown in Fig. 4 for electrodes pre-  
t reated with  anodic pulses at different current  densities. 
The apparent  exchange current  densities were  calcu- 
lated from these lines employing the equation 

nFn 
i = i o -  [2] 

vRT 

in which n = 3 2 and the stoichiometric number  v is 
arbi t rar i ly  assumed to have a value of unity. These are 
shown in Table I together  wi th  the corresponding re-  

2 This  r e p r e s e n t s  t he  n u m b e r  of  e l e c t r o n s  n e e d e d  to  d e p o s i t  o n e  
a tom of A1. Recen t ly  i t  was  s h o w n  (2b) t h a t  the  o v e r - a l l  r e ac t i on  
m a y  b e  ra ther  m o r e  c o m p l i c a t e d  and o n l y  3 / 7  of  an e lec tron  is re-  
q u i r e d  per  m o l e c u l e  of  A1Br3 t a k i n g  par t  in  the  over -a l l  e l e c t r o d e  
reaction. 

Fig. 3. Galvanostatic transient on AI wire electrode following 
anodic pretreatment at 4.4 mA/cm 2. Scale: 2 mV/div; 0.1 msec/ 
div; electrode area, 0.45 cm 2. Polarization currents: 0.05, 0.I0, 0.15, 
and 0.20 mA. Solvent: toluene 85%, mesitylene 15%. 

Table I. Reaction resistance and apparent exchange current density 
as a function of current density during anodic activation 

CD for  ac t i va t ion ,  m A / c m  ~ 1.0 2.2 4.4 30 70 
A p p a r e n t  io, m A / c m ~  0.06 0.75 1.0 3.2 > 3 2  
Reac t ion  res i s tance ,  o h m  �9 

em'-' 145 11.5 8.6 2.7 <0 .27  

action resistances. The values of io are referred to as 
"apparent"  exchange current  densities since, as is dis- 
cussed below, the surface oxide film has not been en-  
t i re ly  removed and the cur ren t /po ten t ia l  relationship 
observed cannot be related direct ly  to the rate  of ex-  
change of electrons at a clean A1 surface. When the 
electrode was act ivated with anodic pulses of 70 m A /  
cm 2, the apparent  exchange current  density was too 
high to be measured proper ly  and the result  given in 
Table I above should only be considered as an estimate 
of the lower l imit  for this quantity.  

Di]]erential capacitance of the interface.--The ca- 
pacitance C of the interface was est imated f rom the 
rising part  of the galvanostat ic  transient  just af ter  the 
jump in potential  due to IR drop, as can be seen in 
Fig. 2. F rom the equat ion 

i =_ C(dV/dt) t~ ~ [3] 

the capacitance is obtained by measuring the initial 
value of dV/dt. In most measurements  the value of C 
was obtained f rom the first 10-50 ~sec in the durat ion 
of the transient.  Values ranged f rom 1 to 3 ~F /cm 2 
a n d  did not seem to be affected significantly by anodic 
p re t rea tment  of the electrode up to ca. 3,0 m A / c m  2. 
Act ivat ion of the electrode at higher  anodic current  
densities increased the measured capacitance by more 
than an order of magnitude.  

Buildup o] potential durb~g high anodic polariza- 
tion.--In Fig. 5 a typical behavior  of an A1 wire  f reshly 
placed in solution during an anodic pulse can be seen. 
A few seconds after  the current  has been applied the 
potent ia l  jumps suddenly by 2-3V and reaches a new, 
near ly  constant value. If the exper iment  is repeated, a 
higher  anodic current  density has to be used to obtain 
the same transient. The transi t ion t ime and the height 
of the potential  jump are not reproducible,  but the 
general  shape of the curve is the same in all exper i -  
ments. This phenomenon is only observed during an-  
odic polarization. In the cathodic branch the potential  
remains in the low region indefinitely. 

Polarization at high overpotential (short pulses).--In 
Fig. 6 the ~l/i relat ionship is plotted over  a wide range 
of overpotential ,  on both the anodic and the cathodic 
side of the revers ible  potential.  A l inear relat ionship is 

4 �9 

3 
Z 
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n 2 nr" 
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o> �9 

0 I I ] I I 
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current ~A  

F~g. 4. M~cropolarizatlon measurements on A[ wire electrodes 
(short pulses). Solvent: toluene 85%, mesitylene 15%. Anodic pre- 
treatment of electrodes at (a) A 2.2 mA/cm2; (b) [] 4.4 mA/cm2; 
(c) �9 30 mA/cm 2. 

Fig. 5. Variation of potential during anodic dissolution. Scale: 
0.5 V/div; 1 sec/div; electrode area, 0.60 cm 2. Current: 1.0 mA. 
Solvent: toluene. 
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Fig. 6. Current/potential relationship (short pulses) after mild 
anodic pretreatment (1 mA/cm~). Solvent: mesitylene. Electrode 
area: 0.44 cm 2. 
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Fig. 8. Micropolarization measurements on AI wire electrodes 
from steady-state transients. Solvent: toluene 85%, mesi~lene 
15%. 

observed throughout  this range, contrary to expecta-  
tion. In the exper iment  shown in Fig. 6 anodic pre-  
t rea tment  was ra ther  mild, at 1 m A / c m  2 only, and as 
a result  the apparent  exchange current  densi ty was 
low. However ,  the l inear i ty  in the ~/i relat ionship was 
extended to 0.1-0.2V in all cases, independent  of the 
current  density applied during pre t rea tment  by anodic 
pulsing. If an electrode is not pre t rea ted  at all, the 
resistance due to the surface oxide film is in the range 
of 10-50 kohm-cm 2 in most experiments .  

Steady-state polarization measurements . - -When  the 
var ia t ion of potent ial  with t ime is v iewed on a ra ther  
fast scale, as in Fig. 3, steady state is reached within 
less than 0.1 msec, and the potential  does not seem to 
change at all during the next  few milliseconds. If, how-  
ever, the t ime scale is extended by about four orders 
of magnitude,  the behavior  shown in Fig. 7 is observed. 
The overpotent ia l  rises s lowly and a new steady state 
is reached after  10-15 see. The resul t ing ~1/i plot is 
shown in Fig. 8. The value  of io calculated f rom these 
data is 0.12 m A / c m  2, compared to 0.75 m A / c m  2 calcu- 
lated above from short t ransients  following anodic ac- 
t ivat ion at the same current  density. The s teady-state  
overpotent ia l  af ter  longer times depends on the current  
density during anodic pre t rea tment  in much the same 

Fig. 7. Steady-state galvanostatic transients on AI wire electrode 
following anodic pretreatment at 2.2 mA/cm 2. Solvent: toluene 
85%, mesitylene 15%. Scale: 1 mV/div; 1 sec/div; electrode area, 
0.45 cm 2. Polarization currents: 10, 20, and 30 #A. Duration of 
each pulse: 15 sec. 

way as shown in Fig. 4 for shor t - t ime measurements .  
Identical  transients were  obtained for anodic and 
cathodic polarizations. 

Discussion 
While the chemistry and electrochemistry  of the 

A1Br3/WIBr/aromatic hydrocarbon solvent system has 
been studied by a number  of authors, l i t t le is known 
of the interracial  phenomena occurring when a solid 
electrode is dipped in this solution. This system is 
unique in that it possesses a fair ly high conductivi ty 
combined with  a low dielectric constant. The mechan-  
ism of charge t ransfer  and the s tructure of the double 
layer  at such a system is therefcre  of great  interest. 
Apar t  f rom the fundamenta l  aspects, this solvent sys- 
tem can be used as a plat ing bath for A1, and it is im-  
por tant  therefore  to unders tand the phenomena taking 
place both at the anode and at the cathode so that  con- 
ditions can be chosen to obtain high quali ty electro-  
plated products and long l ifet imes of the baths. Of par-  
t icular  interest  in this respect is the anodic behavior  of 
A1 electrodes, which are always covered with an oxide 
film (air formed after the anode has been cleaned in 
acid or alkali) since efficient anodic dissolution during 
plat ing operat ion is essential f0r the stabil i ty of the 
bath. 

The reaction resistance of electrodes which have not 
been activated by anodic pulses is ca. 10-50 kohm-cm ~ 
and the capacitance of the interface is in the range of 
1-3 ~F/cm 2. Act ivat ion of the electrode by anodic 
pulses of up to 30 m A / c m  2 caused a decrease of the re-  
action resistance to a few o h m ' c m  2 (cf. Table I),  but 
the capacitance remained  essential ly unal tered.  Ac-  
t ivat ion of the electrode at even higher  anodic current  
densities caused a fur ther  decrease in the react ion re-  
sistance by an order of magni tude or more, while the 
capacitance tended to increase by about the same fac- 
tor. 

The thickness of the oxide layer  on a fresh surface 
(which has not been activated) can be est imated from 
the capacitance of the interface. Assuming a dielectric 
constant of e = 5 for the oxide this turns out to be ca. 
15-50A, in agreement  wi th  values reported in the l i t -  
era ture  for a i r - formed oxide layers (13). In view of 
the fact that  the capacitance of the interface is not sig- 
nificantly affected by anodic pulsing (up to 30 m A /  
cm 2) it must  be concluded that  most of this layer  is not 
removed by the .activation process. The lowering of the 
react ion resistance, however,  implies that  the layer  
must be ruptured and a bare a luminum surface must  
be exposed to the solution as a result  of act ivation by 
anodic pulses. 
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SURFACE FILM : ~  :~:z~] ~ o ~ / ~  OXIDE LAYER 
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Fig. 9. Schematic representation of a flaw and pit model of an 
oxide-covered aluminum surface. 

/ / / /  
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l -  s ( f ) 

I R s SOLUTION 

Fig. 10. EquiYalent circuit for the model shown in Fig. 9. Rox, 
Cox: resistance and capitonce of oxide film. Rp, Cp: resistance 
and capitance of interface inside pit. Rs(f): resistance of solution 
inside flaw. Rs: solution resistance. 

A model has been proposed by Richardson and 
Wood (13) to account for observations during the 
chemical corrosion and anodic dissolution of a luminum 
in aqueous solutions. It seems that  a similar  model  
may apply to our system as well. A modification of the 
model of Richardson and Wood is shown schematical ly 
in Fig. 9. The corresponding equivalent  circuit  is shown 
in Fig. 10. According to this model  a fresh a luminum 
electrode (which has not been activated) is covered 
with an oxide film having a few flaws or pinholes. The 
total area of these holes is toe small to affect the re-  
sistance of the interface, and the measured reaction 
resistance is that  due to the oxide film (Rox). During 
anodic activation, pits are developed under the flaws. 
The area of the pits can be very  much larger  than the 
area of the flaws and as a result  a certain degree of 
collapse of the film can occur causing an increase in 
the d iameter  of the flaw. 3 The resistance of the solution 
in the flaws and inside the pits (Rs(f)) becomes smaller  
than the resistance of the oxide layer  in paral lel  with 
it and this is probably the quant i ty  given in Table I. 
As long as the resistance R~(f) is large compared to 
the impedance assoziated with the capacitance of the 
interface inside the pit C,,, the la t ter  will  not affect the 
total capacitance measured,  as found exper imental ly .  
If anodic act ivation is carried out at i > 30 m A / c m  2 
the radii of the flaws increases so that Rs(:f) becomes 
negligible and one measures the capacitance (Cp) and 
reaction resistance (Rp) of the oxide-f ree  surface in-  
side the pits. It should not be concluded from the above 
reasoning that  inside a pit the interface consists of a 
pure  a luminum surface in contact with the solution. 
There is clear evidence (14) that  corrosion of aIumi- 
num and at tendant  reduction of the solvent occur 
(even in ultrapure,  colorless solutions) at such a rate 

3 I t  s h o u l d  be  n o t e d  t h a t  d u r i n g  m o s t  o f  t h e  p o l a r i z a t i o n  m e a s u r e -  
m e n t s  t h e  c u r r e n t  is  a p p l i e d  f o r  o n l y  s h o r t  p e r i o d s  of  t i m e ,  m o s t l y  
l ess  t h a n  I m s e c ,  w h i l e  a n o d i c  a c t i v a t i o n  i s  a f f ec t ed  b y  s e v e r a l  
p u l s e s  of  a f e w  s e c o n d s  d u r a t i o n  e a c h .  I t  is  t h u s  u n l i k e l y  t h a t  t h e  
a r e a  of t h e  f l a w s  w o u l d  be  s i g n i f i c a n t l y  c h a n g e d  d u r i n g  p o l a r i z a t i o n  
m e a s u r e m e n t s .  

that  a film of reaction products a few monolayers  thick 
could form on the surface within seconds. Pre l iminary  
exper iments  employing copper electrodes plated with 
a luminum in situ have indicated that  such a film is in-  
deed formed in the present  system. 

The model  proposed above can also account for the 
l inear  ~/i relationship found in a wide range of over -  
potent ial  (cf. Fig. 6). It would seem that  the apparent  
exchange current  density and the corresponding reac-  
tion resistance measured on electrodes act ivated by 
anodic pulses are in fact a measure  of the solution re-  
sistance Rs(f) in the flaws. Thus the l inedri ty of the 
n/i plot is maintained over  a wide range. 

The slow approach to steady state shown in Fig. 7 is 
probably due to mass- t ranspor t  l imitat ion through the 
flaws, causing changes of concentrat ion of reactants or 
products in the pits. As would be expected, the reaction 
resistance measured on this t ime scale also decreases 
with increasing current  density during anodic act iva-  
tion, due to an increase in the d iameter  of the flaws. 

The sudden change in potential  shown in Fig. 5 for 
anodic polarizat ion of an electrode which has not been 
activated by anodic pulses can be associated with  
blocking of the flaws in the oxide surface by react ion 
products (e.g., A12Br6), a phenomenon which has also 
been observed during anodic dissolution of a luminum 
in an A1C13 mel t  (12). A similar  behavior  is not ob-  
served when  the electrode is polarized cathodically, 
since dendri te  growth  does not allow blocking of the 
surface. 
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Influence of lnhibitors on the Structure of Silver 
Deposits Obtained by Electrolysis of 

Aqueous Nitrate Solutions 
J. Vereecken* and R. Winand*  
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The aim of this s tudy is to de termine  the exper imen-  
tal conditions for the electrolysis of aqueous solutions 
of si lver nitrates to obtain a smooth and coherent  de- 
posit of pure si lver at a s i lver  cathode. Indeed the ac- 
tual conditions of the industr ial  si lver electrorefining 
f rom golden si lver in si lver ni t ra te  solutions lead to 
dendri t ic  deposits. This involves several  disadvantages 
such as scrapers, great  volume of the cells, difficult re-  
covery  of the pure metal,  loss of electrolyte,  and so on. 

In order to find out whether  it is possible to improve 
the s t ructure  of those deposits we studied systemat i -  
cally the influence of several  parameters  of the elec- 
trolysis: composit ion of the electrolyte  (concentration 
in AgNO3, NaNO3, and HNO.~ and concentrat ion in ad- 
dition agent) cathodic current  density, temperature ,  
t ime of the electrolysis, and stirring. 

We can find in the l i tera ture  (1. 2) very  impor tant  
reviews concerning electrocrystal l izat ion in relat ion 
to inhibitors. For  the purpose of this study, it is only 
necessary to summarize  the different studies concern- 
ing the influence of inhibitors on electrocrystal l ization 
of si lver from nitrate  solutions. Studies on this subject 
are not numerous;  one of the reasons being the very  
rapid change of the surface of the deposit during the 
electrolysis. 

Glazunof, Teindl, and Halik (3) observed an increase 
in the smoothness of si lver deposits with an addition 
of 0.03-0.15% agar -agar  to the solution. Vagramyan 
(4) studied the influence of dextr ine  and benzoic acid 
and concluded that  the nucleation rate is a function of 
the active surface area. Fischer (2, 5) found that  nitric 
acid can have an inhibitor effect on the si lver deposit. 
Taft  and Hieber t  (6) carr ied on investigations with 
169 addition agents in an at tempt  to determine  a re la-  
t ionship be tween the nature  of the addition agent and 
the nature  of the si lver deposit: They found that  cer-  
tain products such as diglycol stearate, ammonium 
laurate,  and par t icular ly  amino methane  are good in- 
hibitors. Taft  and Horse!ey (7) and Hodge and Lutness 
(8) found that  sodium acetate and ferrous sulfate im-  
prove the s t ructure  of the deposit. But they found no 
obvious relat ionship be tween the molecular  s t ructure  
of the wet t ing agent and the form of the deposit. 

Experimental Conditions 
A par t icular ly  important  problem in electrocrystal-  

l ization is to avoid edge effects; this is why we used a 
paral le lepipedic  cell which was held at constant tem-  
perature.  The useful area of the cathode was 10 cm 2. 
These electrodes were  degassed, polished, and de- 
greased prior  to electrolysis. High puri ty reagents were  
used. During the electrolysis we recorded the cell vol t -  
age and the cathodic galvanic potential  (the reference 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s i l v e r ,  e l e c t r o c r y s t a l l i z a t i o n ,  s i l v e r  n i t r a t e ,  o r g a n i c  

i n h i b i t o r .  

Fig. I. Principle of the measurement of the quality of the de- 
posit by means of metallographic cross sections: tcd, thickness of 
coherent deposit; ttd, thickness of total deposit. 

electrode was a mercurous sulfate electrode) .  The cur- 
rent  efficiency was measured in a classical way. The 
quali ty of the deposit was evaluated as follows: We 
measured (Fig. 1) the thickness of coherent  deposit 
tcd and the thickness of total deposit ttd and we cal- 
culated the ratio tcd/ttd. During the electrolysis we 
also observed the deposit wi th  an optical microscope 
by means of a special electrolysis cell. Af te r  the elec- 
trolysis the s tructure of the deposit was observed with 
metal lographic cross sections. Several  different elec- 
trolytes were  studied. They are ment ioned in Table I. 

Results and Discussion 
Microscopic observations made during galvanostatic 

pulse exper iments  enabled us to confirm the first part  
of the theory of Ibl (9): Dendrites appear at the t ransi-  
ent time. Figure  2 represents  the var ia t ion of the cath-  
odic galvanic potential  as a function of t ime during an 
electrolysis at constant current  density. The cathodic 
galvanic potential  increases with t ime but after the 
formation of the dendri tes the potential  begins to de- 
crease. This is probably due to an increase of the sur-  
face. 

We also found a good agreement  with Sand's re la-  
tionship: The product of the cathodic current  density 
wi th  the square root of the transient  t ime is propor-  
tional to the concentrat ion in silver ions (Fig. 3). This 
shows clearly that  diffusion laws are obeyed, even for 
our re la t ively  large electrodes. We are thus enti t led to 
calculate the diffusion l imit ing current  density on the 
basis of the theory summarized by Vet ter  (11) in the 
case of natural  convection. Details about this calcula- 
tion may be found in Ref. (12). 

Table I. Characteristics of the different electrolytes used in 
this work 

E l e c -  CAg + CNaNO 3 C[[NO 3 Jc  1 ira 
t r o l y t e s  ( g / l i t e r )  ( g / l i t e r )  ( g / l i t e r )  ( A / d i n  -~ 

E1 15 100 2.26 1.24 
E~ 45 100 3.46 3.73 
E~ 135 100 2.7 11.2 
E~ 405 100 2.7 33.6 
El*  170 - -  2.7 14.1 
E~* 320 - -  2.7 26.5 
Ee** 135 10O - -  11.2 
E3** 264 10O - -  21.9 
E7 300 50 2.7 24.8 

643 
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Fig. 3. Logarithmic plot of the transient time T as a function of 
the cathodic current density. 

Our other  exper imenta l  results, i.e., long lasting 
electrolysis below the l imit ing current  density, show 
that  the deposits obtained wi thout  inhibitors and with 
current  density lower  than the diffusion l imit ing cur-  
rent  density are smooth only at the beginning of the 
electrolysis, the smoothness of the deposits decreasing 
when t ime increases. Thus deposits containing pro-  
truding single crystals can be obtained without  reach-  
ing the diffusion l imit ing current  density. This is in op- 
position with the second part  of Ibl's theory (9). 

Another  conclusion of this study is that  an increase 
in the durat ion of the electrolysis increases the thick-  
ness of coherent  deposit only if the cathodic current  
density is low enough; a max imum t ime of electrolysis 
exists for each value of the current  density above 
which the deposit becomes very  rough. 

The effect of other  electrolysis parameters  can be 
summarized as follows: 

1. The qual i ty  of the deposit i nc r ea se swi th  the Ag + 
ion concentration. 

2. The presence of NaNO3 can lead to different re-  
sults: With a constant concentration in AgNO~ the con- 
duct ivi ty of the electrolyte  increases. This improves 
the throwing power. On the other hand, according to 
Fischer (2) NaNO3 is an inhibitor  for si lver electro-  
deposition. But the presence of NaNO3 can increase the 
diffusion overpotent ial ;  that is why we worked with  
electrolytes with different concentrations in NaNO3 
but constant conductivity. The final conclusion is t h a t  
a decrease in the concentration in silver nitrate favors 
the formation of a good deposit. 

3. The pI-I of the industrial electrolytes must be be- 
tween 1 and 5 to avoid the precipitation of Cu(OH)2 
or Ag20. We studied the influence of nitric acid with 

the same restr ict ion as for NaNO3 and we concluded 
that  the lcresence of nitric acid has a good influence on 
the formation of a coherent  deposit (Fig. 4). 

4. An increase in the t empera tu re  (in the range of 
25~176 and a st irr ing of the solution have no 
considerable influence on the s t ructure  of the deposit. 

We conclude that  i t  is impossible to find conditions to 
produce a smooth and coherent  si lver deposit without  
addition of inhibitor. We investigated different organic 
molecules and we found that  thiourea improves the 
qual i ty  of the deposit (Fig. 5). It is unfor tunate ly  im- 
possible to exceed a concentrat ion of 100 rag / l i t e r  be- 
cause of the small solubil i ty of thiourea in the elec- 
trolyte. We also found that  the presence of thiourea 
does not change the cathodic current  efficiency and 
that  the amount  of thiourea occluded in the deposit is 
low. For  example,  at 1 A / d m  2 the concentrat ion in sul- 
fur  in the deposit is 0.55 ppm after spectrophotometr ic  
absorption determinat ion.  

A par t icular ly  interest ing way to summarize  the in-  
fluence of some of the most impor tant  parameters  of 
the electrolysis is to use the classification of Fischer 
(2) in the way proposed by Winand (13-15) in a graph 
with the ratio Jc/CMe z+ in abscissa and the concentra-  
tion of inhibitor  in ordinate. In the present  case, we 
found four different types of s t ructure (Fig. 6): BR, 
basis-oriented reproduct ion type; BR*, BR with  part ial  
coverage of the initial surface; FI, f ie ld-oriented isola- 
t ion type; and UD, unor iented dispersion type. 

tcd, 

150' 

t 0 0  

SO- 

L 

E3 

ttn 

0 JC/cAg* 

0 11b-2 2,~0-2 31~)-2 (. A 1.1 
d m 2 gr" 

Fig. 4. Influence of the HN03 concentration on the quality of the 
deposit. Comparison of tcd us a function of the ratio Jc/CAg+ for 
three electrolytes described in Table I. 
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�9 100 mg/I 
10 mg/t 
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Fig. 5. Influence of the concentration of thiourea on the quality 
of the deposit. 
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Fig. 6. Nature of the deposit in function of the ratio Je/CAg+ 
and the concentration of thiourea: BR, basis-oriented reproduction 
type; FI, field-oriented isolation type; and UD, unoriented disper- 
sion type. 

We established also in a recent s tudy (10) that  po- 
tassium and sodium tar t ra te  can very markedly  im-  
prove the qual i ty  of the deposit (Fig. 7). 

With a scanning microscope it is very easy to s e e  

the very different nucleat ion types of silver obtained 
from a silver ni t ra te  electrolyte. Without  inhibi tor  
(Fig. 8) we observe a very  i r regular  nucleat ion;  the 
cathode is not completely covered and big crystals are 
growing besides very li t t le ones. 

In  the presence of thiourea (Fig. 9), the electrode is 
completely covered with big uniform well-faced crys- 
tals. An addit ion of tar t ra te  changes completely the 
shape of the crystals (Fig. 10) which are in this case 
very fine and badly formed. 

We have thus found exper imental  conditions allow- 
ing us to produce a smooth and coherent deposit. These 
conditions are summarized in Table II. We intend to 
elucidate the way the inhibi tor  acts in future studies. 

S u m m a r y  
The aim of this s tudy was to determine the best ex- 

per imenta l  conditions to obtain a smooth and coherent 
si lver deposit from a ni t ra te  solution. tcd, t:,il 

0 

§ + 
. 4 " . _ _  

J 
4 6 8 1'0 A/din ~" 

Fig. 8. Observation of the upper surface of a silver deposit ob- 
tained from a silver nitrate solution without inhibitor (scanning 
microscope IOOX). 
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Fig. 7. Influence of the concentration of sodium potassium tar- 
trate on the quality of the deposit. (a, top) 3 mmole/liter, (b, 
center) 1 mmol/liter, and (c, bottom) 0.5 mmol/liter. 

Fig. 9. Observation of the upper surface of a silver deposit ob- 
tained from a silver nitrate solution with thiourea (scanning micro- 
scope IOOX). 

We investigated first the classical electrolysis pa-  
rameters:  cathodic current  density, durat ion of the 
electrolysis, composition of the electrolyte, tempera-  

Table II. Summary of the best conditions to obtain coherent 
deposits of silver from silver nitrate solutions 

CA~+ > 200 g / l i t e r *  
CNa~o a 50 g / l i t e r*  
'Credo a 2.7 g / l i t e r*  
Cthlourea 100 r a g / l i t e r  
C t a r  trate  0.8 g / l i t e r  
Jc < 5 A / d m  ~- 

(1.31 m m o l / l i t e r )  
(2.8 m m o l / l i t e r )  

* These  v a l u e s  are i n f luenced  b y  t he  i n d u s t r i a l  condit ions.  
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Fig. 10. Observation of the upper surface of a silver deposit 
obtained from a silver nitrate solution with sodium potassium tar- 
trate (scanning microscope IOOX). 

lure, and stirring. It was impossible to obtain and keep 
a good cathodic deposit s t ructure under  any of the in-  
vestigated conditions. Observing the deposit with a 
microscope while it was growing, we noticed that the 
dendrit ic growth took place even at a current  density 
lower than the l imit ing current  density. We thus added 
several inhibitors to the bath, and we observed that the 

presence of thiourea and sodium and potassium tar -  
trate diminished the roughness of the deposit. 

The observed types of structures were interpreted 
in terms of Fischer's theory and were plotted as a 
function of the ratio Jc/CAg+ and the concentrat ion of 
thiourea. 

Manuscript  submit ted Oct. 23, 1975; revised manu-  
script received Dec. 19, 1975. This was Paper 135 pre-  
sented at the Cleveland, Ohio, Meeting of the Society, 
Oct. 3-7, 1971. 

Any  discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by the Free University of Brussels. 
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Heterogeneous Charge Transfer 
Rates of the Ferrocene Oxidation in Sulfolane 

N. R. Armstrong I and Rod K. Quinn* 

Sandia LaboratorLes, Albuquerque, New Mexico 87115 

and N. E. Vanderborgh 

The University of New Mexico, Albuquerque, New Mexico 87131 

During investigations of the electrochemistry of 
several organic compounds in the aprotic solvent sul-  
folane, we have observed unusua l ly  low charge t rans-  
fer rates for both heterogeneous and homogeneous 
reactions (1, 2, 3). The charge transfer  involving the 
bimolecular  reproport ionat ion of the p-n i t robenza lde-  
hyde dianion with the parent  species (kf z 5 X 102 
l i ter /mole ' sec)  and the heterogeneous charge transfer  
rates of both ni t robenzene and benzaldehyde reduc-  

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  address :  D e p a r t m e n t  of C h e m i s t r y ,  M i c h i g a n  S ta te  U n i -  

ve r s i ty ,  Eas t  Lans ing ,  M i c h i g a n  48823. 
Key  words :  v a p o r - d e p o s i t e d  electrodes, heterogeneous charge 

t r ans fe r ,  M a r c u s  ra te  t heo ry ,  su l fo lane .  

tion reactions (ks near 10 -3 cm/sec) appear anoma-  
lously slow. We discuss here cyclic vol tammetr ic  in-  
vestigations for other charge t ransfer  steps in  sul-  
folane, especially the heterogeneous oxidation rates 
of ferrocene and heterogeneous reduction of n i t ro-  
benzene. 

The deviation of these rates of charge t ransfer  from 
predicted values is explored as well as the possible 
effect on charge transfer  rate of varying electrode 
material  (metal type and surface topography).  

Predictions of charge transfer  rates can be made by 
Marcus theory calculations provided estimates of sol- 
vent  and in t ramolecular  rea r rangement  energies can 
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be accurately  made. Several  examples  of agreement  
of the predicted and observed rates of charge t ransfer  
for inorganic and organic redox couples are avai lable 
in the l i tera ture  (4). We made similar  calculations 
for the ferrocene oxidation in sulfolane to test for 
this type of agreement  in the ra ther  unusual  solvent  
sulfolane and found large  deviations be tween pre-  
dicted and observed rates of charge transfer.  The re-  
duction rates of ni t robenzene in sulfolane, being of 
the same order of magnitude,  are also reported here. 
These results should s t imulate  fur ther  studies in sim- 
i lar  solvent systems. 

Previous studies have explored possible differences 
in charge t ransfer  rates that  might  result  when elec- 
t rode mater ia ls  were  var ied (5-8). In general, these 
investigations have demonstrated only small effects 
of electrode type, e.g., Au, Pt, Pd, on charge t ransfer  
rate, for nonadsorbed reactant  systems. Results pre-  
sented here general ly  concur wi th  these findings. The 
effect of varying electrode surface s tructure on reac-  
tion kinetics was tested using this ferrocene system. 
The investigations reported here use a number  of 
different electrode materials  to explore the effects 
of meta l  type and surface topography upon the charge 
t ransfer  process. Unique vapor-deposi t ion facilities 
permi t ted  the fabricat ion of high pur i ty  meta l  elec- 
trodes as thin films on optically flat, iner t  substrates 
(9). Both the ferrocene oxidation and ni t robenzene 
reduct ion in sulfo]ane on Pt, Pd, and Au vapor -de -  
posited electrodes are described. 

Exper imenta l  
Methods for purification of the chemicals used in 

this s tudy have been previously  described (1) except  
for ferrocene (Eastman Chemical  Grade) which was 
purified by sublimation. 

Electrochemical  measurements  were  made in a cell 
s imilar  to that used for spectroelectrochemist ry  (2, 3). 
This was fabricated of Teflon and had a solution 
volume of 2 ml. The reference electrode was made f rom 
a silver wire, 1.5 mm in diameter,  positioned within  
0.5 mm of the working electrode surface. This elec- 
trode was anodized in a perchlorate  solution prior  
to use. The potential  mainta ined by this electrode 
(AgRE) remained constant to ~ 2 mV over  the t ime 
period of an experiment .  A difference of --740 mV 
exists be tween  the oxidation potent ial  of ferrocene 
found with this reference electrode f rom that  found 
with  an isolated Ag/AgC10~ reference described pre-  
viously (1). The counterelectrode used here was a 
large pla t inum foil positioned along the cell wall. 
Working electrodes were  mounted against one of the 
outer cell walls. Solution contacted the working elec- 
trode surface through a channel dril led into the cell 
mainta ining a geometr ic  area of 0.106 cm 2. The work-  
ing electrode was positioned by another  Teflon cover 
bolted to the cell body. An O ring, positioned be- 
tween the working electrode and the cell body, pre-  
cisely defined the active electrode area. Electr ical  
contact to the film electrodes was made through a 
p la t inum foil; contact resistance was less than 5 ohm. 
Thermosta ted oil, circulated through hollow bolts in 
the cell body, was used to mainta in  constant solu- 
tion temperature .  This t empera tu re  was moni tored by 
a thermis tor  positioned in the solution. 

Two different types of working electrodes were  
used. Highly polished bulk meta l  electrodes were  
positioned direct ly on the cell. Vapor-deposi ted thin 
films were  prepared on flat quartz substrates (2, 9). 
These films, between 20 and 1000 nm thickness, were  
fabricated of platinum, gold, and palladium. Under  
conditions of high target  bias and low background ar-  
gon pressure in the sputter ing step, re la t ive ly  high 
density films were produced. Revers ing these condi- 
tions, i.e., low target  bias and high argon pressure, 
produced more porous films. The porous films showed 
surface defects as large as 3000 nm. 

Electrochemical  measurements  were  made using 
ei ther of two different potentJostats. One, previous ly  
described (1), was modified by including a posit ive 
feedback circuit  to compensate for electrode and 
solution resistances. The other, a PAR 173 potent io-  
stat equipped with  a 179 digital  coulometer  and a 
175 universal  wavefo rm source, also was equipped 
with this compensation circuitry. The rate coefficients 
for charge t ransfer  were  in the range where  the 
cyclic vol tammetr ic  technique described by Nichol-  
son (10) is valid. 

Techniques used with  r ing-disk electrodes have 
been previously described (11). All  electrodes were  
precondit ioned prior  to a measurement  by scannirLg 
several  times betweer~ --1 to 1V vs. AgRE in a solu- 
tion not containing electroact ive components.  

Results and Discussion 
The oxidation of ferrocene is a one-e lec t ron process 

leading to a chemical ly  stable cation, the fe r r icenium 
ion. This process is shown in the cyclic vo l t ammogram 
in Fig. 1. Superimposed on this figure is a residual 
current  trace taken with  a p la t inum electrode in a 
0.10M TBAP sulfolane solution. A wide potent ial  win-  
dow, be tween the cathodic and anodic limits, of 3.5V 
is available using this system. The chemical revers i -  
bil i ty of the ferrocene oxidation was tested. 

Cyclic vol tammetr ic  exper iments  showed the peak 
current  ratio, /p,c/ip,a, is unity at vol tage sweep rates 
as low as 10 mV/sec.  This value suggests that  the 
product catiorL has high stability. The chemical stabil-  
i ty of the ferr icenium cation was also explored using 
r ink-disk  vol tammetry .  The collection efficiency was 
measured as a function of angular  velocity. During 
this exper iment  the potential  of the disk was poised 
at the convect ion- l imi ted current  region of the fe r -  
rocene oxidation while the r ing electrode was posi- 
t ioned at the convect ion- l imited plateau of the oppo- 
site process, the reduction of the cation. Measured 
collection efficiencies were  independent  of the angular  
veloci ty (30-300 rad/sec)  and, within limits of error, 
equal to the theoret ical  efficiency, No, of 0.308. All  of 
these data emphasize the high stabil i ty of this cation 
in this solvent system. Similar  chemical  s tabil i ty 
has not been observed in several  other  solvents (12- 
14). For example,  Diggle and Parker  (12) have dem-  
onstrated that  the fer r icenium cation reacts in aqueous 
and nonaqueous media through a slow chemical step 
thought  to be a solvolysis reaction. The data do not 
suggest a similar  process in sulfolane. 

Data also indicate that  the oxidation step is diffu- 
sion controlled. In Fig. 2, a l inear relat ionship be tween  
peak current  and the square root of scan rate is 
shown. The zero intercept  suggests that  no adsorption 
is involved. Under  conditions of constant depolar izer  
concentration, the slope of this curve is proport ional  
to the square root of the diffusion coefficient and to 
the electroactive area. The slope remained at a con- 
stant value as the support ing electrolyte  was changed 

i I 
. ~  +0.5 

- -  [ l,uA 

0 -0.5 

volts 

+2.5 

Fig. I. Cyclic voltammetry of ferrocene in sulfolane. (A) Residual 
voltammogram taken at a Pt electrode in 0.1N TBAP/sulfolane. (B) 
Cyclic voltammogram of ferrocene oxidation in sulfolane. The 
potential axis is defined with respect to the AgRE pseudo-reference 
electrode. The applied scan rate was 16.7 mV/sec. The electrode 
area was 0.1064 cm "~. The bulk concentration of ferrocene in (B) 
was 2.0 X 10 - 4  M. 



648 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  May 1976 

5.0 i i i i 

5.0 

~ 4.0 

== 

= 3.o 

2.0 

1.0 

0.0 
0.000 0. i00 0.200 0.300 0. 400 

(scan fate) 1/2 (Vlsec) 1/2 

Fig. 2. Cyclic voltammetric peak current (ip,a) (#A) vs. (scan 
rate)V2 (V/sec)V2 for the ferrocene oxidation in sulfolone; C) - -  
0.1N TBAP solutions, A 0.1N KCI04 solutions. 

from 0.1M TBAP to 0.1M KC104. This suggests that 
the diffusing species is unaffected by this change in 
the cation of the support ing electrolyte. Moreover,  the 
slope remained constant when various electrode types, 
different metal l ic  surfaces of various porosities, were  
used. 

The diffusion constant for ferrocene has been pre -  
viously measured using a RDE method (1). The deter -  
mined value, calculated from the Levich equation, 
was 1.03 X 10 -6 cm2/sec. This compared favorably  
with  a de terminat ion  made using Stokes'  law (1.06 
X 10 -6 cm2/sec) and suggests that  the diffusing species 
is neutral  and unsolvated. Diffusion coefficients for 
ferrocene measured in other nonaqueous media are 
typical ly one order of magni tude larger  (15). This 
lower value in sulfolane may be explained, in part, 
by the higher  viscosity of this soIvent. Su]folane ex-  
hibits a l iquid crystal phase near  room tempera ture  
with extensive ordering in two dimensions (16). To 
some degree this ordered solvent structure might  per -  
sist at the tempera tures  of these studies, 323~ This 
possibility is explored later  in this paper. 

Separat ion of the cyclic vol tammetr ic  peak poten-  
tials was between 65-150 mV at sweep rates be tween 
10-200 mV/sec.  Measurements  of the heterogeneous 
rate coefficients, ks, of the ferrocene oxidation indi-  
cated a slow kinetic process which varied l i t t le in 
veloci ty as the electrode type was changed. These 
data are shown in Table I. Tripl icate results were  ob- 
tained for at ]east five scan rates between 10 and 
200 mV/sec.  The data in Table I are average values; 
the precision of these ks measurements  was •  
The apparent  act ivation energy was est imated by ob- 
serving the var ia t ion in these rates between 303 ~ and 
353~ Results showed that the act ivation energy is 
low, less than 3 kcal /mole,  and v i r tua l ly  the same for 
each substrate. The rate coefficients were  measured 

Table I. Kinetic parameter for the oxidation of ferrocene and 
reduction of nitrobenzene in sulfolane 

k ,  (50"C},* 
S u b s t r a t e  c m / s e e  

Ferrocene : 
P t  b u l k  (po l i shed)  1.9 • 10 -s 
P t  f i lm (200A) ( annea l ed}  1.S x 10 -3 
P t  f i lm (200Al dense  5.0 • 10 "-s 
P t  f i lm (200Ai p o r o u s  3.5 x 10 -3 
A u  f i lm (300A) d e n s e  3.9 x 10 ~ 
P d  f i :m (200A) dense  3.2 X 10 ~ 

N i t r o b e n z e n e :  
P t  b u l k  (po l i shed)  2.0 x 10 -s 

* T a k e n  a t  5 or  m o r e  s w e e p  r a t e s  b e t w e e n  10 a n d  200 m V  �9 see-1 
a n d  a v e r a g e d .  A v e r a g e  d e v i a t i o n  of r a t e  coef f ic ien ts  a t  e~ch e l e c -  
t r o d e  is less  t h a n  •  A l l  r a t e s  d e t e r m i n e d  i n  0 .1N T B A P  so lu -  
t i ons  a t  5 0 ~  R e a c t a n t  c o n c e r ~ t r a t i o n s  w e r e  1.0 X 10"~M, 

Table 11. Standard rate coefficients of the oxidation of ferrocene 
as a function of supporting electrolyte 

k~ (S0~ 
S u b s t r a t e  cmlsec 

P t  b u l k  (0.1M T B A P )  1.9 x 10 ~ 
P t  b u l k  (0.1M KC1OD 0.9 x 10 4 
P t  f i lm (200A) a n n e a l e d  

(0 .1M T B A P }  1.8 • I 0  ~ 
Pt f i lm (200A) annealed 

(0.1M KC1OD 0.9 X 10 -s  

in both TBAP and KCIO4 solutions; this data is shown 
in Table If. All data show slow charge transfer rates 
although those in KCIO4 are consistently slower than 
those found in TBAP solutions. This lack of var ia t ion 
of the charge t ransfer  rate  with electrode material ,  
combined with informat ion proving diffusion control 
of the oxidat ive process, indicates an electron t ransfer  
process not involving direct electrode interaction. This 
is an expected consequence for charge t ransfer  reac-  
tions involving nonadsorbed or deposited species (4, 
7). The p r imary  effect observed is electrostatic in 
nature. This effect was found to be small  for the noble 
metal  films reported even though the roughness fac- 
tors varied considerably (17). Investigations of metal  
deposition reactions will  be reported where  the elec- 
trode interact ion is more pronounced and obvious 
differences be tween  the behavior  of the thin film elec- 
trodes is observed (17). There are no data to suggest 
that  other  electrode processes, such as oxide forma-  
tion, proceed concurrent ly  wi th  the charge transfer  
step. The reduction of p-benzoquinone in DMF on 
several  bulk electrodes (Pt, Pd, Au, Ir, and Rh) has 
been recent ly  reported (4). Rates of charge transfer  
for that process are similar  to those reported here  for 
the ferrocene oxidation and, like those, are invar iant  
with electrode type. 

The charge transfer  rates in sulfolane will  be in- 
fluenced by the fact that  the oxidation occurs at po- 
tentials removed from the zero charge potent ial  for 
platinum. Differential  capacitance exper iments  showed 
that the charge t ransfer  step occurs at potentials 
sl ightly posit ive of the est imated zero charge poten-  
tial in TBAP solutions (17). This leads to a calculated 
inner Helmholtz  potential  of 35 mV and would result  
in a re la t ive ly  small (less than 50%) negat ive adjust-  
ment  in the rate coefficients. 

These exper imenta l  values for charge transfer  were  
compared to those predicted theoret ical ly (4, 18, 19). 
Assuming that work terms can be neglected, a value 
for the act ivation free energy  (AG~162 was est imated 
f rom a combination of the solvent and internal  re-  
a r rangement  energies 

AG~ = (ki + ?,0)/4 [1] 

The solvent reorganizat ion energy (to) can be evalu-  
ated as 0.119 eV using optical and bulk dielectric con- 
stants. We est imated an internal  r ea r rangement  energy, 
),i, using data from the act ivation energy of self- 
exchange of the ferrocen.e-ferricenium couple mea-  
sured in methanol  (20). An upper  l imit  of 0.10 eV 
for ),i was determined from this data. A worst-case 
assumption is suggested by the internal  rear rangement  
measured for the fe r r i - fe r rocyanide  couple of 0.379 
eV (4). For these estimates of Xt + ),o, the calculated 
value of AG~ is consequently less than 0.12 eV. 

Using this value and assuming a collision f requency 
of 104 cm/sec, the heterogeneous rate coefficient is 
est imated to be at least 10 '~ cm/sec.  Similar  values 
can be predicted from the relationship between hetero-  
geneous and homogeneous charge t ransfer  (18, 19) 

(kex /Zhomo)  ',~ = ( k s / Z h e t )  [ 2 ]  

A value of the homogeneous exchange coefficient of 
10 s l i te r /mole-sec  and values of 104 cm/sec  and 
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1012 sec -1 for the heterogeneous and homogeneous 
collision frequencies (4), respectively, suggest a value 
of k~ of 10 '~.s cm/sec: 

Charge transfer  steps for other redox couples in 
sulfolane appear s imilar ly  slow. An average value 
of the heterogeneous rate coefficient for the one- 
electron reduct ion of nitrobenzene,  determined using 
the cyclic vol tammetr ic  technique, is included in 
Table I. The stabil i ty of the anion produced in this 
process has been previously demonstrated (1-3). The 
value of this rate coefficient, ks = 2.0 X 10 -3 cm/sec, 
is s imilar  to that found for the ferrocene oxidation, 
and appears slow for a ni t robenzene reduction. Studies 
in other nonaqueous media show a ks for this process 
in excess of 0.1-1.0 cm/sec (21-23). Double- layer  cor- 
rections for the reduction rate coefficient were esti- 
mated to be less than one order of magnitude.  Such 
slow electron t ransfer  rates as found for the ferrocene 
oxidation have been explained by assuming localiza- 
tion of the uni t  charge. For instance, such slow rates 
for n i t ro-subst i tu ted  hydrocarbons have been at t r ib-  
uted to large differences in charge dis tr ibut ion be-  
tween the paren t  and anion resul t ing in an unusua l ly  
large rea r rangement  energy (21). 

The charge transfer  parameters  for several inor-  
ganic and organic redox couples have been success- 
ful ly predicted using the Marcus theory in both 
aqueous and nonaqueous solutions (9). The rates for 
these processes are typically large (k~ > 10 -2 cm/sec) 
with corresponding small rear rangement  energies. Oxi- 
dation of ferrocene should not involve large energies 
for rear rangement  since both the neut ra l  and charged 
species are essentially spherical (15). However, the 
solvent may contribute la rger - than-predic ted  rear-  
rangement  energies. Evidence suggests that solvents 
such as DMSO and sulfolane exhibit  long-range,  
second-order s t ructur ing (16, 24, 25). This type of 
order will not be reflected in either the optical or 
bulk  dielectric constants (9). 

This solvent s t ructure may also be the cause of slow 
rates for homogeneous charge t ransfer  and chemical 
reactions previously observed in sulfo]ane (1-3). The 
solven.t effect may reflect itself in both the rear range-  
ment  energies which make up the activation free 
energy and in the preexponent ial  term of the absolute 
rate equation. We have assumed for purposes of the 
above calculations that the collision frequency, Z, is 
only slightly affected by solvent viscosity. At most, 
such an effect would lead to less than an order of 
magni tude  correction in the rate coefficient. Assess- 
ment  of a possibly larger, more specific effect of sol- 
vent  s tructure on the preexponent ial  factor awaits a 
s tudy of temperature  dependence on rate coefficients 
in a variety of solvent media. Although our under -  
standin.g of this phenomenon is only qua]itative and 
considerable additional work is necessary to explore 
the reasons for these s~ow chemical and electron t rans-  
fer steps, we suggest that similar retardation m ~ h t  
be found in other s t ructured solvents such as DMSO 
and hexamethylphosphoamide.  
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A Zinc Chlorine Molten Salt Cell 
Samuel vonWinbush z and Anthony F. Sammells* 
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There are several  high energy batteries current ly  
being invest igated that  use mol ten salt electrolytes. 
These bat tery  systems operate at tempera tures  sig- 
nificantly above ambient.  For  example,  the proposed 
normal  t empera tu re  of operation for the l i t h ium/  
chlorine (1), l i th ium/ i ron  sulfide (2), and a l u m i n u m /  
chlorine (3) cells are 650 ~ 425 ~ and 150~ respec- 
tively. For these systems it is, of course, mandatory  
that  the electrolyte  used be a molten salt if the bat tery  
is to be rechargeable.  Considerable work  has been re-  
ported on the deposition of a luminum from organic 
nonaqueous electrolytes at ambient  tempera tures  (4) 
which may at some t ime make an ambient  t empera ture  
a luminum chlorine bat tery  worth  consideration. 

The zinc chlorine aqueous bat tery  system has been 
invest igated over  the last several  years (5). This sys- 
tem operates at ambient  tempera tures  and uses a flow- 
ing electrolyte of aqueous zinc chloride in which a 
gradual  stoichiometric change takes place (6) during 
charge and discharge. 

Until this time, little work has been done to deter- 
mine the feasibility of a zinc chlorine molten salt cell. 
Pure molten zinc chloride is impractical for such a sys- 
tem because it is a highly viscous liquid consisting 
mainly of complex species such as (ZnCl2)n, ZnCI42-, 
ZnCl3-, and ZnCl2 (7) with very little Zn 2+ existing in 
the vicinity of the melting point. Molten zinc chloride 
has a relatively low conductivity, varying from 1.31 X 
10 -3 ohm -1 cm -1 at its melting point to 8.4 • 10 -2 
ohm -I cm -I at 501~ (8). Several investigators have 
shown that the addition of small amounts of alkali 
halides to molten zinc chloride greatly decreases its 
viscosity with a corresponding increase in the conduc- 
tivity (8, 13). For example, the conductivity of zinc 
chloride at 475~ can be increaased from about 3.1 
• 10 -2 to 4 X 10 -I ohm-' cm -I by the addition of 
30 mole per cent (m/o) KC1. Upon discharge of a mol- 
ten salt zinc chlorine cell, some increase in IR polariza- 
tion will therefore be expected as a result of the stoi- 
chiometric change taking place in the melt. 

Molten zinc chloride dissolves zinc metal to a small 
extent (0.61 m/o at 600~ with the formation of a 
subhalide (9). This solubility, however, decreases with 
the addition of alkali chlorides which destabilize the 
apparent Zn22§ species in the melt (I0). 

Zinc chloride forms many eutectics with sodium 
chloride and potassium chloride and mixtures thereof. 
These euteetics enable one to work at temperatures 
below 300~ with liquidus lines sufficiently shallow 
to allow moderate concentration changes to occur 
without precipitation of salts on the electrodes of a 
zinc chlorine cell. Preliminary work is reported here 
to determine the feasibility of such a system. 

Experimental 
Electrolyte preparat~on.--Electrolyte melts were  

made f rom high pur i ty  NaC1, KC1, and" ZnC12 obtained 
f rom the Fisher Chemical Company. Mixtures init ial ly 
prepared in the dry box were  heated to 110~ under  
vacuum overnight  and then at 190~ for two days to 
assure complete removal  of moisture. Melts were  then 
t ransferred under  vacuum to the dry box. All  melts 
used were  clear and showed no discoloration. 

Dry box.--All cell assembly and coulometric studies 
were  performed in a Vacuum Atmospheres dry box 
with an HE-193-2 Vacuum Atmospheres  dry train. 

* Electrochemical Society A c t i v e  M e m b e r .  
1 P r e s e n t  a d o r e s s :  S t a t e  U n i v e r s i t y  o1 N e w  Y o r k ,  O l d  Westbury, 

N e w  Y o r k  11568. 
K e y  w o r ~ s :  m o l t e n  sa l t  e l e c t r o l y t e s ,  c o u l o m b i o  e f f ic iency ,  g a l v a n i c  

cell, zinc-chlorine couple. 
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Cell voltages were  recorded on an HP3430A digital  
vol tmeter .  

Constant current  source used in the coulometric 
study and in cell discharge was a J. Fluke Model 3'51A. 

Cell assembly.--The eutectic mixtures  used were  
first mel ted in the electrolyte  holder of the cell in the 
dry box. The cell cap containing the electrode compo- 
nents was then inserted. A seal was achieved between 
the two halves by a suitable clamping device around 
the ground-glass lip. Cell tempera tures  were  recorded 
via a Chromel -Alumel  thermocoupIe.  The porous 
chlorine electrode was fabricated from POCO AX 
grade graphite.  UCAR C-34 graphite cement  was used 
to seal the chlorine electrode to the tungsten feed- 
through. 

Scanning electron microscope photographs were  
taken with  a Cambridge Model $4-104 SEM. 

Results and Discussion 
In order to de termine  coulombic efficiencies for zinc 

deposition and dissolution that might  be expected in 
the molten salts studied, use was made of the coulom- 
bic efficiency cell shown schematical ly in Fig. 1. From 
the weight  changes for the cathodic and anodic proc- 
esses shown in Table  I, it can be seen that  coulombic 
efficiencies close to 100% were  observed with  all the 
melts investigated, the results shown represent ing 
typical values of repeated runs. Discrepancies from 
100% coulombic efficiency can be explained by oxida- 
tion of the zinc after  removal  f rom the mol ten  salt and 
prior  to weighing. The interelectrode separat ion in this 
exper iment  was typically 0.5 cm. 

The zinc deposited f rom the mol ten salts was typi-  
cally crystal l ine as shown in the 20X SEM photograph 
(Fig. 2), the hexagonal  appearance of the individual  
zinc crystals being shown in the 200X SEM photograph 
(Fig. 3). Al ter ing the current  density produced li t t le 
change in the zinc morphology, except  the occurrence 
of dendritic growths increased with current  density. 

The utility of these molten salts as an electrolyte in 
a zinc chlorine galvanic cell was then investigated. The 
experimental setup for the galvanic cell is shown in 
Fig. 4. The cell container was made from Pyrex glass 
and contained tungsten feedthroughs for electrode 

/ Zinc Electrodes 

Thermocouple Wire 
+ 

' I Molten 
Nichrome Heating Coil 

Fig. ]. Cou[ometrlc efficiency cell for z}nc deposition from 
ZnCI~ containing molten salts. 
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Table I. Coulombic efficiencies for ZnCI2 containing molten salts 

ZnCI2-NaC1-KCl eu t  a Z n C h - N a C l  eu t  b ZnCl~-KCl  e u t  e 

r a A / c m  -~ 0.68 2.05 6.83 0.68 2.05 6.63 0.66 2.05 6.63 
Z n  loss a t  anode  fg) 0.129 0.122 0.122 0.133 0.125 0.133 0.123 0.129 0.116 
Z n  ga in  a t  ca thode  (g) 0.122 0.127 0.157 0.121 0.136 0.132 0.121 0.128 0.109 
T h e o r e t i c a l  (g) 0.122 0.122 0.122 

m / o  ZnCls  m / o  KC1 m / o  NaC1 m.p. ,  ~ 

�9 60.0 20 20.0 203 
b 59,5 40.5 262 
�9 49.0 51 230 

contacts. The cell was ini t ial ly run  as a primary,  at 
which t ime the graphite negative electrode was sub-  
sti tuted for a high pur i ty  zinc strip of approximately 
the  same dimensions. For this cell configuration, a load 
curve is shown in Fig. 5, where current  densities at 
the chlorine electrode (the l imit ing electrode) of 
7 m A / c m  2 could be achieved at 1.0V indicat ing con- 
siderable polarization at this electrode. The open-cir-  
cuit potential  for this system was found to be around 
1.73V at temperatures  of 288~ which compares with 
a zinc chloride breakdown potential  of 1.71V at 3'00~ 
(11). This significant polarization indicated in Fig. 5 

was part ial ly due to IR losses caused by the fair ly 
large interelectrode spacing of 0.7 cm, which was dic- 
tated by convenient  exper imental  design. 

The electrode reactions in this system dur ing dis- 
charge can be predicted as 

anode: 

cathode: 

over-al l  reaction: 

Zn--> Zn2+(melt) -{- 2e 

C12r + 2e--> 2Cl-(melt) 

Zn + Cl2cg) --> ZnCl2 

A discharge curve for this cell configuration is shown 
in Fig. 6, using the te rnary  eutectic shown in Table 1, 
over a 30 hr period using a current  density of 1.19 
mA / c m 2. The break in the discharge curve at around 
24 hr was caused by deteriorat ion of the graphite ce- 
ment  which was used to make contact to the positive 
lead. Erosion of the graphite cement in the mol ten 
salts used proved a serious exper imental  problem. 

Argon Purge 

I Chlorine Line 

Fig. 2. 20X SEM photograph of zinc deposited from ZnCI2-NaCI- 
KCI eutectic. 

I / L PorousGraphteeeotrode �9 
/ / 1_ Graphite Cylinder (-) 

~" Molten Salt 
L Nichrome Heating Coil 

Fig. 4. Experimental arrangement of galvanic cell 

Fig. 3. 300X SEM photograph of zinc deposited from ZnCI2- 
NaCI-KCI eutectic. 

2s 

1.5 

1.0 

> 0.5 

D""O ~ O~ O ~  0....... 

~ 0 . . . . .  

~ o ~  

1 2 3 4 5 6 7 8 

mA/cm 2 

Fig. 5. Load curve for Zn/CI2 molten salt cell 
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Fig. 6. Discharge curve for Zn/CI2 molten salt cell at 1.19 mA/ 
cm 2. 

When using a graphite negative electrode, the cell 
was run  in the secondary mode. The apparent  coulom- 
bic efficiencies of cycled cells varied between 10 and 
100%. A charge-discharge curve is shown in Fig. 7 
for the cell ini t ia l ly  charged at 7 mA/cm 2 (at the zinc 
electrode) and discharged at 0.7 mA/cm 2 giving ap- 
parent ly  high coulombic efficiency. It should, however, 
be pointed out that  this cell had cycled several times 
and this high efficiency may reflect the presence of ex- 
cess zinc not removed dur ing earlier cycles. Figure 7 
does, however, give an idea of the electrochemical per-  
formance with the cell configuration used. The reduc- 
tion in charging voltage during charge probably re- 
flects a gradual  reduct ion in polarization at the chlo- 
r ine electrode. 

Some difficulty was encountered in de termining  the 
couIombic efficiency that would be expected from this 
system, since the discharge performance was very sen- 
sitive to chlorine pressure at the porous graphite used 
as the chlorine electrode and required f requent  adjust-  
ment. Presumably,  maintenance  of the optimized 
three-phase interface between the graphite, molten 
salt, and gaseous chlorine was greatly influenced by 
the chlorine gas pressure. Two other factors could also 
explain variations from 100% coulombic efficiency. The 
first of these was the general ly poor adhesion of the 
electrodeposited zinc on the graphite cylinder upon 
charge. Such deposits could be expected to premature ly  
fall off the electrode upon discharge, giving a low 
round- t r ip  coulombic efficiency in some runs. Secondly, 
it has been shown (9) that zinc has a finite solubili ty 
in molten ZnC12 caused by the reaction 

Zn + Z n  2+ -* Zn2  2+ 

giving the zinc subhalide species. It has been calculated 

that  the solubil i ty of zinc in  mol ten  ZnCl2 at 288~ i s  
around 79 ppm. In the presence of alkali halides the 
Zn22+ species is destabilized. It has been directly 
shown (12) that  the addition of alkali halides to melts 
of CdC12 saturated with the species Cd~ 2+ is greatly 
decreased. For example in CdC12 melts containing KC1 
at concentrations comparable to the melt  compositions 
used in this study, the dissolved Cd was reduced from 
14 m/o  to less than 0.02 m/o  by the addit ion of the 
alkali halide. It would not be unreasonable  to expect 
a similar reduction in  dissolved zinc in the systems in-  
vestigated in this study. We would expect the concen- 
t rat ion of dissolved zinc to be less than 10 ppm. How- 
ever, in the small  cells used in this study, this repre-  
sents around 0.019 m A - h r  of zinc in  the form of the 
subspecies Zn22+ available for the direct reaction 

Zn2 ~+ + C12(g) --> ZnCI2 + Zn ~+ 

Any  coulombic losses by this path will therefore be 
dictated by the rate of the above reaction. 

By reference to Fig. 8, the composition change that 
might  be realized in the KC1-ZnC12 melt  (66.7 m/o  
ZnC12, 33.3 m/o  KC1) upon cycling is shown. Start ing 
with a galvanic cell that contains 10 ml of this elec- 
trolyte at a temperature  of 288~ it can be seen that 
the ZnCl2 concentrat ion can vary between 47 m/o  upon 
complete cell charge to 77 m/o  upon discharge as in-  
dicated by the arrow in Fig. 8. This represents a poten-  
tial charge capacity of 8.7 A-hr.  However, no cells are 
reported here that  were cycled between these concen- 
trat ion limits. 

Conclusion 
It therefore remains to be seen whether  molten salt 

electrolytes can be of ut i l i ty  in the zinc chlorine sys- 
tem. It is clear from this study that  considerable work 
will have to be performed on optimization of the zinc 
deposition in molten salts so as to ensure good adhesion 
to the substrate, together with a greater unders tanding 
of Fossible self-discharge mechanisms. It  would seem 
unl ike ly  that very high current  densities are practical 
with the molten salts reported here. Greater  discharge 
rates may result  from increased electrolyte conductivi-  
ties and optimization of the chlorine electrode per- 
formance. However, this pre l iminary  work does show 
the couple feasible under  these conditions even though 
not practical at this time. 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submitted by Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Gould Incorporated. 

REFERENCES 
1. D. A. J. Swinkels, This Journal, 112, 62 (1966). 
2. P. A. Nelson, E. C. Gay, and W. J. Walsh, Proc. 

26th Power Sources Symposium, Atlantic City 
(1974). 

3. J. Giner and G. L. Holleck, NASA Report No. CR- 
1541 (1973). 

4. A. G. A. Capuano and W. G. Davenport, This 
Journal, 118, 1658 (1971); A. Brenner, in "Ad- 
vances in E1ecfrochemistry and Electrochemical 
Engineering," Vol. 5, C. W. Tobias, Editor, John 
Wiley & Sons, New York (1967). 

5. P. C. Symons, International Coni  on Electrolytes 
for Power Sources, Brighton, England, Decem- 
ber 1973. 

6. A. F. SammeUs, Abstract 236, p. 600, The Electro- 
chemical Society Extended Abstracts, Fall  Meet- 
ing, Dallas, Texas, October 5-10, 1975. 

7. R. B. Ellis, This Journal, 113, 485 (1966). 
8. H. Bloom and I. A. Weeks, Trans. Faraday Soc., 

67, 1416 (1971). 
9. S. vonWinbush, J. D. Corbett, and F, C. Albers, 

J. Am. Chem. Soc., 79, 3020 (1957). 
10. J. D. Corbett and  R. K. McMullen, ibid., 77, 4217 

(1955). 
11. Iu. K. Delimarskii and B. F. Markov, in"Electro- 

chemistry of Fused Salts," R. E. Wood, Editor, 
p. 127, Sigma Press, },~ew York (1961). 

12. A. Cubicciotti and D. Cubicciotti, J. Am. Chem. 
Soc., 74, 1198 (1952)o 

13. F. R. Duke and R. A. Fleming, This Journal, 104, 
251 (1957). 



J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

S O L I D - S T A T E  S C I E N C E  

- - - - A N D  T E C H N O L O G Y  
MAY 

I 

1976 

Predeposition in Silicon as Affected by the Formation 
of Orthorhombic SiP and Cubic SiO 'P Oo 

at the PSG-Si Interface 
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ABSTRACT 

The phenomena l imit ing heavy phosphorus predeposition in  silicon have 
been studied in the temperature  range 850~176 by using electrical mea-  
surements  and x - ray  diffraction, together with optical and electron micros- 
copy and Rutherford backscattering of He ions. It is reported that increasing 
the flux of dopant across the oxide layer, either by reducing oxygen pressure 
or by increasing that  of POCI~, leads u l t imate ly  to anomalous doping kinetics 
associated to segregation of orthorhombic SiP and cubic SIO2" P2Os at the 
PSG-Si  interface, and to damage and loss of adhesion of the surface oxide. 
Increasing tempera ture  acts in opposition to the onset of this phenomenon 
due to the increased competit ivity of bulk  silicon diffusivity. Segregation is 
sensitive to the orientat ion of the slice: the (111) being the most favorable, 
followed by the (110) and (100), respectively. The parameters  leading to 
interface segregation are analyzed and discussed. 

An extensive investigation on the predeposition and 
solubili ty of phosphorus in silicon is underway  in our 
laboratory, with the aim of contr ibut ing to clarification 
of the basic physicochemical aspects of the doping 
technology. 

Previous research~ carried out in  the tempera ture  
range 850 ~ --'. 1200~C using POCI3 and oxidizing con- 
ditions (i), has shown that the total content, Q. of 
predeposited phosphorus increases with time following 

a parabolic law Q ~ \.,Kt. A similar kinetic, Xo ---- 

v'Bt, is observed for the thickness Xo of the surface 
oxide. The rate-determining step for both processes is 
the diffusion of the reacting species across the oxide 
layer. 

With increasing POCI3 concentration in the gas, the 
chemical potential of phosphorus at the oxide-silicon 
interface and in the adjacent silicon matrix can over- 
come the value corresponding to the solubility limit. 
and silicon phosphide precipitates of orthorhombic 
structure  (2) can nucleate and grow, in the course of 
the process, wi th in  the diffused region of the crystal. 

Diffusion of the dopant in the bulk competes with 
the precipitat ion process, and the amount,  Qel, of phos- 
phorus electrically active after predeposition is l imited 
by the solubil i ty and diffusivity of this element  in sili- 
con. These conditions are satisfied in a wide range of 
temperature,  time, and flux composition typical of de- 
vice technology. The fraction of electrically inactive 
dopant increases with the concentration of POC13 and 
decreasing predeposition temperature.  

The present  research concerns the phenomena oc- 
curr ing with increasing dopant flux and concentration. 
The formation of phosphorus-r ich compounds at the 

Key words: Dhosphorus predeposi~ioa, phosphosilicate compounds, 
silicon monophosphide, interface segregation, anomalous doping. 

interface of silicon and heavily doped PSG has been 
reported by several authors (3-6). 

Kooi (3), after s tandard predeposition using a P~O~ 
solid source, observed the presence at the PSG-Si  in-  
terface of crystall ine phosphorus-r ich compounds. The 
structure of these phases was not analyzed. 

Schmidt et aZ. (4) reported the presence of ortho- 
rhombic SiP in the surface layers of Si diffused from 
doped anodic oxide and observed that segregation de- 
pends on the orientat ion of the slice (5). 

Segregation phenomena and the s tructure of the 
precipitates have not yet been systematically studied 
in function of the main  parameters  of the predeposition 
process. The present research aims at contr ibut ing to 
clarification of these problems which are of practical 
importance for device technology. 

Experimental 
We used dislocation-free silicon slices about 300 ~m 

thick and mir ror  finished on one side as produced by  
Wacker. The (111) orientat ion has been studied more 
extensively; and a l imited n u m b e r  of experiments  was 
also performed on (100) and (110) oriented specimens. 
Our slices were of Czochralski type, boron doped, of 
nominal ly  1 ohm.cm. 

Predeposition has been carried out mainly  at 920 ~ 
and 1000~ Some t reatments  have also been performed 
at 850~ We used oxidizing conditions, together with 
the apparatus and procedures described in our previous 
paper (1). 

A set of predepositions has been carried out changing 
only the part ial  pressure of oxygen, and another  set 
changing only that of the phosphorus oxychloride. In  
all cases the total gas flow was kept constant  (1580 m l /  
rain) by adjust ing the ma in  ni t rogen flow. To remove 
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the doped oxide layer, a s tandard 3 rain etching in  5% 
HF solution was performed before the d r ive - in  t reat-  
ments. 

We have accurately measured the total and the elec- 
tr ically active phosphorus content, Q and Qe], in  the 
predeposited silicon slices. These quanti t ies have been 
determined by using the techniques already reported in 
detail; that is, neu t ron  activation analysis and electrical 
resist ivity measurements .  The lat ter  were performed 
after predeposition as well as after suitable dr ive- in  
(1). 

The features of the oxide films have been observed 
by using a Leitz M M 5 optical microscope, and their 
thickness and surface roughness accurately measured 
by a Talystep. The roughness has been analyzed by us- 
ing a special sharp stylus of t runcated pyramidal  form 
(nominal  tip dimensions ~ 0.1 • 2.5 ~m) and apply- 
ing a stylus force of about 10 ~ newton. 

The composition of the oxide film has been checked 
by Rutherford backscattering of He ions with energy 
1.8 MeV, obtained from the 2 MeV Van der Graaf of 
the Laboratorio Nazionale of Legnaro (Italy). The over- 
all resolution was estimated ,-, 18 keV and the beam 
divergence was kept lower than 10 -4 rad. The data 
analysis has been performed as described in Ref. (7). 

In  a range of exper imental  conditions, the oxide films 
turned out to be loose; therefore it was possible to col- 
lect powder specimens suitable for x - ray  examinations.  
We verified the absence of contaminat ion by comparing 
the spectra of powders obtained by using tools of dif- 
ferent  materials  (glass, Plexiglas, and stainless steel). 

The powders were observed by the Debye-Scherrer  
technique employing a Philips 114.6 m m  r camera, and 
Cu K~ radiation. To detect the presence of small  quan-  
tities of crystal l ine phases embedded in the amorphous 
oxide matrix, we performed rather  long exposures on 
Kodak Kodirex film. 

Paral lel  examinat ions have been performed directly 
on the oxide films lying on their silicon substrates, 
by using a Rigaku-Denki  SG-7 powder diffractometer 
equipped with scinti l lat ion counter and potentiometric 
recording, Cu K~ radiation, and the usual  Bragg sym- 
metric reflection geometry. Photographic methods have 
been discarded because they were unsuccessful for both 
the t ransmission and reflection geometry, even with 
very long exposures. 

The two techniques turned out to be complementary  
because the undesired scattering (amorphous SiO2 
from matr ix  in Debye-Scherrer ,  and Si (111) from 
substrate with the diffractometer) masked different 
angular  regions. 

Results 

Anomalous doping and oxide damage.---We report 
first the values of total and electrically active phos- 
phorus, Q and Qet, for 27 rain predepositions at 920~ 

In  Fig. 1 these quanti t ies are plotted vs. the concen- 
t ra t ion of POC13 at a constant oxygen concentrat ion 
of 5.7%. In  Fig. 2 Q and Qel are reported vs. the con- 
centrat ion of 0.2 at a constant phosphorus oxychloride 
concentrat ion of 0.27%. 

In  Fig. 3 and 4, respectively, we report the results 
of the corresponding predeposition experiments carried 
out at 1000~ The concentrat ion ranges explored in 
these lat ter  experiments  are about three times larger 
than in those performed at 920~ 

We notice that in a wide range of gas compositions 
the content  of phosphorus, Q, increases with phos- 
phorus oxychloride concentration. A sudden deviation 
from this t rend takes place at about 0.5% POCI.~ in the 
920~ experiments.  This phenomenon is observed at 
1000~ only for the highest POC13 concentrations. 

As is shown in Fig. 2 and 4, in a wide range of flux 
compositions the content  of phosphorus increases with 
decreasing oxygen concentration. A sudden deviation 
from this t rend is observed at about 3% oxygen in the 
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Fig. I. Total, Q, and electrically active phosphorus, Qel, vs. 

POCI3 concentration in constant time (27 rnln) predeposltions at 
920cC. Oxygen concentration is constant (5.7%). 
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920~ predepositions. This phenomenon is absent at 
1000~ 
To analyze the phenomena observed at 920~ we 

have studied the time dependence of the values of Q 
and Qe~ for two distinct phosphorus oxyehloride con- 
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centrations. Figures 5 and 6 show the results obtained 
with  0.27 and 0.53% POC13, respectively.  Oxygen per 
cent is kept constant (5.7%). It is observed that a 
deviation from the parabolic law of phosphorus doping, 
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Fig. 5. Time square root dependence of the total, Q, and elec- 
trically active phosphorus, Qel, in predepositions carried out at 
920~ Doping gas composition is 0.27% POCI3 and 5.7% 0.~. The 
arrows indicate the samples analyzed by x-ray. 
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trically active phosphorus, Qei, in predepositions carried out at 
920~ Do#ng gas composition is 0.53% POCI3 and 5.7% 02. 
The arrows indicate the samples analyzed by x-ray. 

Q = ~/Kt,  takes place at a t ime which  decreases as 
the POCI3 concentration increases. Above these l imits  
(--60 and I0 rain, respect ively)  the dopant content in 
the sil icon matrix  turns out to be markedly  lower  than 
expected. 

The electrical ly active dopant, Qel, is a property less 
sensit ive to the above phenomenon;  this is probably the 
reason its occurrence remained unobserved. In Fig. 7 
w e  report the values of the oxide thickness  in the same 
predeposition experiments  of Fig. 5 and 6. Also, these 
plots show a deviation, taking place at the above -men-  
tioned times, from the w e l l - k n o w n  t ime dependence of 
the oxide growth Xo = ~/Bt. 

In fact, both effects correspond to modifications in 
the doped oxide films which no longer appear uniform 
and smooth, but present a damage whose  density and 
features depend on t ime and flux composition.  An op- 
tical micrograph representative of the initial stage of 
damage at 9200C is reported in Fig. 8, associated with  
the corresponding roughness profile determined by the 
Talystep. In this stage the oxide presents circular de- 
fects of two distinct types: bubbles and small  craters. 
These are also evidenced by the roughness profile. At 
longer predeposit ion t imes the whole  surface of the 
slice is damaged and the defects overlap. 

These modifications are associated with  loss of ad- 
hesion and consistency of the oxide. The phenomenon 
invo lves  the whole  surface film including the region 
ly ing between  isolated defects. The oxide becomes 
loose  and can be easily scraped off, leaving the under- 
lying silicon surface clean. Actually,  Talystep measure-  
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Fig. 7. Oxide thickness, Xo, vs. square root predeposltlon time. 
The experimental conditions are the same as in Fig. 5 and 6. 
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Fig. 8. Optical micrograph (top) of the damaged oxide grown 
during a predeposition of 17 min at 920~ The doping gas com- 
position is the same as in Fig. 6. Corresponding roughness profi[e 
(bottom) determined by the Talystep. The horizontal magnification 
is the same as the optical micrograph while the vertical magnifica- 
tion is 40A per division. 

ments  have shown that  the silicon surface is also made 
slightly rough and the amount  of this effect increases 
with predeposition time. 

The features and consistency of the oxide layers for 
specimens predeposited at 850~ under  conditions giv- 
ing rise to anomalous doping, are similar  to those de- 
scribed above. At 1000~ the onset of damage was pres- 
ent  only at the highest phosphorus oxychloride concen- 
trations which could be realized, still main ta in ing  a 
good reproducibil i ty,  in  our predeposition apparatus. 
The oxide turned out to be simply softer than the nor-  
mal  one. As is shown in Fig. 9, the damage result ing 
at this tempera ture  is associated with the formation of 
clusters of i r regular  shape which look like those ob- 
served by Ghezzo in arsenic glass at high temperature  
(8). 

_Analysis of the surface film.--In order to obtain in-  
formation on the chemical composition of the oxide 
layers, we have performed some backscattering analy-  
sis of our specimens. Our spectra allow the exclusion 
of chlorine and ni t rogen which, although in remarkable  
concentrations in the gas phase, are absent  in the solid 
wi thin  the limits of sensitivity of this technique (about 
0.1% for chlorine and 1% for ni t rogen) .  As an example, 
we report in Fig. 10 the spectrum concerning a sample 
predeposited 11 min  under  the same conditions of Fig. 
6. The peaks account for the presence of oxygen, sili- 
con, and phosphorus, which are the only observed 
components. The energy corresponding to chlorine 
(1160 keV) is not reported in  Fig. 10 due to the ab- 
sence of any  measurable  effect. 

Fig. 9. Optical micrograph of the oxide grown during a predep- 
osition of 27 min at 1000~C. Doping gas composition is 2.2% 
POCI3 and 5.7% 02. Damage appears in the form of clusters of 
irregular shape. 
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Fig. 10. Backscattering energy spectrum of 1.8 MeV-He ions 
incident on a silicon sample predeposited 11 mln at 920~ as in 
Fig. 6. The resulting oxygen peak is reported on the bottom. For 
better clarity we reported only half of the experimental points. 

Considering the composition of a typical phosphorus 
glass, our surface layers show a defectiveness of oxy- 
gen; for example, the atomic percentages in  Fig. 10 
are approximately:  65% oxygen, 27% silicon, and 8% 
phosphorus. These results are in agreement  with the 
presence, reported below, of remarkable  concentrations 
of SiP in the defective oxide films. 

In order to reveal the presence of crystall ine phases 
in the surface layer, we performed a systematic x - ray  
analysis of the specimens shown by arrows in Fig. 3, 5, 
and 6. Loose oxide films were studied both by the dif- 
fractometer and the Debye-Scherrer  technique. 

Two crystal l ine phases have been found in the speci- 
mens predeposited under  conditions giving rise to 
anomalous doping. Their  reflections are reported in 
Tables I and II, respectively. The former shows those 
a t t r ibuted to orthorhombic SiP, and, for comparison, 
the major  powder reflections given by Wadsten (9, 10). 
The lat ter  shows the in terp lanar  distances that we at-  
t r ibute to cubic SIO2'P205 in comparison with the 
powder data of this phase, which Tien and Hummel  
call high temperature  form (11) and Liebau et aI. AI 
form (12). The data of these authors are complemen- 
tary. We notice first that, accounting also for the 
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Table I. SiP (orthorhombic farm) 

Wadsten (9, 10) This work* 
( G u i n i e r )  (Debye) (Diffractometer)  

dobs dobs dobs 
(~-) lobs h k l  (A) lobs (A) lobs 

6.,81 m 002 6.89 mw 6.81 s 

3.123 m 130 3.13 w 

3.045 s 131 3.03* * ~ - ' ~ ~  
2.839 m 132 2.82 m -- 
2.560 m 080 - -  -- 2.52 w 
1.909 s 190 1.92 m s  - -  
1.755 v s  200 1.76 v s  -- -- 

* The e m p t y  region of the D e b y e  column, is due  to diffuse scat-  
ter ing  f rom amorphous  SiO2, that  of  the dif fraetameter to (111) 
s ing le  c rys ta l  re f lec t ion  f rom Si  suhstrate.  

** S u p e r i m p o s e d  to  a s t r o n g  l ine  of cubic SiO~ �9 P20~. 

Table II. Si02 �9 P205 (cubic form) 

T i e n  e t  al. (11) 
( d i f f r a c t o m e t e r )  

Liebau et aL (12) 
( G u i n i e r )  

This  work* 
I Diff rac-  

(Debye) tome te r )  

dobs dobs dobs 
(A) lobs h k l  (A) lobs (A) Iob~ 

7.5 vv~v 
4.32 m 
3.74 v v s  
3.351 v v s  
3.053 v v s  
2 . 6 4 4  m 
2 . 3 8 0  m 
2 . 2 5 4  m 
2 . 0 7 3  s 
1 . 8 1 4  s 
1 .811  m 
1 . 6 3 4  m 
1 . 6 2 9  m 
1 . 4 4 1  s 
1 . 4 1 7  m 

12 - 6  "3  

999 
ii �9 ii �9 3 

300 -- --  7.44 mw 
333 / 4.35 vw 
600 / _ 3 . 7 4  vs 
630 3.36 s ~ . : ~  s 
633 3.03** vs 
660 2 . 6 7  m 2 . 6 6  v w  
9 2 2  - -  - -  2 . 4 0  v w  
9 3 3  2 . 2 5  m s  2 . 2 5  v w  
960 2.04 s 2.08 mw 
966 - -  - -  1.80 w 

1 . 6 4  m 1 . 6 4  v w  

- -  - -  1 . 4 4  w 
1 . 3 9  w - -  - -  

* T h e  e m p t y  r e g i o n s  o f  t h e  c o l u m n s  t u r n  o u t  a s  s p e c i f i e d  
Table I. 

** Superimposed to a strong line o f  o r t h o r h o m b i e  SiP. 

i n  

angular regions masked by undesired scattering, the 
agreement of the results of our two techniques is satis- 
factory. 

The identification of the phases has also taken into 
account the in tensi ty  of the reflections, and is fair ly 
sure. The l ine with d = 3.03A, visible in Debye- 
Scherrer photographs, is the only superposition of 
strong reflections belonging to both crystal l ine com- 
pounds. In  some cases, x - ray  examinat ions have also 
shown clear evidence of the presence of ~-quartz. 1 

The diffractometric reflection spectra show the pres- 
ence for both the SiP and the SIO2-P205 of orientat ion 
effects; in  fact, to account for the observations of only 
two lines, which moreover are r~ot the strongest ones, 
per ta ining to the orthorhombic SiP, these crystallites 
have to present  their (001) or (010) planes, parallel  to 
the (111) surface of the silicon slice. As for the SIO2. 
P205, the enhanced relat ive intensi ty  of the (300) re-  
flection in  Table II suggests that this phase is part ial ly 
oriented with its (100) faces parallel  to the (111) 
planes of silicon. 

Finally,  we notice that the intensi ty of the lines as- 
sociated with the SiP and the SiO.2"P205 general ly in-  
creases with predeposition time. Further,  the intensi ty 
of the reflections of both compounds was slightly lower 
in the specimens predeposited at 1000~ although, as 
shown in Fig. 3, the lat ter  correspond to a flux much 
richer, by more than a factor 3, of POC13. 

The diffractometric analysis of the specimens pre-  
deposited under  conditions which did not result  in 
anomalous doping, did not show any reflection. This 
result  is not in  contradiction with the presence, dis- 
cussed in our previous work, of SiP precipitates in the 

t F o r m a t i o n  of c rys t a l l i ne  phosphosi l icates  and t~-quartz w a s  ob-  
s e r v e d  also in  SiO2 h e a v i l y  predepos i ted  w i t h  phosphorus  (13-15), 

Si matrix. In fact, their  prevalent  orientations, deter-  
mined by electron diffraction (2), are such that  the ob- 
servation is inhibi ted with our diffractometric method; 
only a small fraction, far below the sensitivity of our 
x - r ay  technique, is oriented with their  (010) planes 
parallel  to the (111) surface of the silicon slice (16). 

Local izat ion of the  crys tal l ine  phases . - -To  define the 
position of the observed compounds wi th in  the oxide 
layer, we performed chemical etching of the surface 
films by HF solutions of different concentrations, fol- 
lowed by Talystep measurements  of the thickness of 
the dissolved oxide and diffractometric examinations.  

These observations have shown that  in all cases the 
SiO2"P205 and the SiP were essentially localized at the 
oxide-silicon interface. These conclusions have also 
been confirmed by observations after mechanical  abra-  
sion of the oxide film performed in order to avoid 
effects due to selective etching. 

A typical example of our results is shown in  Fig. 11 
which reports, in dependence of the degree of chemical 
etching, the in tensi ty  of characteristic x - r ay  diffrac- 
tometer reflections in a specimen predeposited 150 min  
at 920~ with a flux composition of 0.27% POC13 and 
5.7% 02. It can be noticed that a fraction of the crys- 
tal l ine compounds is still present  after the last strong 
etching. 

The above results have been fur ther  quant i ta t ively  
confirmed by electrical resistivity measurements.  These 
were performed on identical specimens, etched or me-  
chanically abraded in  order to obtain increasing sur-  
face removal (the most aggressive process was anodic 
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Fig. 11. Intensity of characteristic x-ray reflections of a speci- 
men predeposited 150 min at 920~ with the same flux composi- 
tion as in Fig. 5 (diffractometer, CuKc~ radiation): (a) refers to the 
initial state, (b) after 5 min etching in 0 .5% HF, and (c) after 5 
min etching in 49% HF. 
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oxidation and dissolution),  followed by surface re- 
sistivity measurements  both before and after suitable 
dr ive- in  treatments.  These determinat ions give the 
electrically active, Qel, and the total phosphorus, Q, 
respectively (1) : the values of Qel moni tor  the etching 
of the silicon matrix,  while the differences of Q mea-  
sure the phosphorus content  of the etched material .  An 
example of our results is reported in  Table III. 

In  addition, these measurements  confirm, with a sen- 
si t ivi ty greater  than that a t t r ibuted to our x - ray  tech- 
nique, that the phosphorus-rich layer  is absent  in  the 
specimens which present  a normal  doping behavior. 

Finally,  we noticed that the phosphorus content in  
the matr ix  of silicon in the anomalously doped speci- 
mens cannot be exactly defined any more; a remarkable  
fraction, about 50% in the above example, is in  fact 
localized in an  interfacial  region, a few hundred  ang-  
stroms thick. 

E~ect of the crystallographic orientation of the 
slices.--In order to verify whether  the oxide-silicon 
interface plays a role in  the nucleat ion and growth of 
the crystals of SiP and of SIO2"P205, we have per-  
formed experiments  at 920~ processing together sili- 
con slices of different orientations. A 30 min  predepo- 
sit ion has been carried out in a flux with 0.53% POC13 
and 50, 80, and 150 min  predepositions in a flux with 
0.27% POC13. Oxygen per cent was kept constant  
(5.7%). These experiments  have evidenced a remark-  
able effect of the crystallographic orientation of the 
surface of the slices: the (111) is the most favorable 
for the onset of the phenomenon of anomalous doping, 
followed in  order by  the (110) and by the (100) orien- 
tation. 

TEM examinat ions suggest that surface diffusivity 
plays a role in the rapid growth of precipitates; as an 
example we report in Fig. 12 large SiP crystals grown 
at the oxide-sil icon interface of a (111) oriented speci- 
men  processed as in Fig. 11. The size of these precipi-  
tates which lie along the ~110> directions of silicon is 
about 10 times that of those found inside the silicon 
matrix. 

Correlation between segregation at the interlace and 
in the bulk silicon.--The present results and those re- 
ported in Ref. (1) indicate that interface segregation is 
enhanced by the same parameters  which increase the 
amount  of electrically inactive phosphorus (SiP pre-  
cipitates in the silicon matr ix)  formed in the stage 
preceding the onset of the phenomenon.  This connec- 
t ion is fur ther  evidenced by predeposition experiments 
on slices previously oxidized in  order to form thin 
oxide layers. These reduce the flux of phosphorus, thus 
decreasing the amount  of SiP in the bulk  silicon (1). 
All  other conditions, except the concentrat ion gradi-  
ents, remain  unaltered,  after an init ial  transient,  as 
long as SiP precipitates are present. 

Oxide films of thickness 120, 200, and 380A have 
been obtained by thermal  oxidation at 920~ in a dry 
oxygen atmosphere. These specimens have been pro-  
cessed 80 min  at 920~ together with unoxidized slices 

Fig. 12. Electron micrograph showing large SiP precipitates lying 
along ~110~> directions. Specimen has been processed as those in 
Fig. 11. 

of the same (111) orientation, in  a flux with 0.27% 
POC13 and 5.7% oxygen. 

Oxide damage was observed only in  the unoxidized 
slices and, in a very l imited amount,  in those slices 
with the thinnest  preformed film ( ~  120A). The for- 
mat ion of SiP and of SIO2.P205 was revealed, by x - ray  
examinations, only in the unoxidized slices. 

More detailed informat ion results from the study of 
the effect of temperature.  We show, as an example, in  
Fig. 13 the chemical and electrical concentrat ion pro- 
files of phosphorus in slices processed for the same time 
(27 min) ,  in fluxes of the same composition (0.27% 
POC13 and 5.7% O2), at 920 ~ and 1000~ respectively. 
These profiles have been obtained using the technique 
of neut ron  activation and that of electrical measure-  
ments already reported in  detail (17, 18). The concen- 
trat ion dependence of mobil i ty  has been taken into 
account (19). 

It is seen that, while the amount  of electrically in -  
active dopant is comparable, the surface concentrat ion 
at tained in  the process at 920~ is more than two times 
higher. This effect results from competit ion between 
the diffusivity across the oxide and that in the bulk  
silicon; the lat ter  being characterized by a higher 
absolute value of the exponent ial  term (1). 

These experiments  show that interface segregation 
is connected to the concentrat ion of SiP in the region 
near  the interface. 

Discussion and Conclusions 
Our observations show that the kinetics of phos- 

phorus predeposition can be al tered by a phenomenon 

Table Ill. Comparative effects of surface removal on regularly and anomalously doped slices 

P r e d e p o s i t i o n  
T = 920~ 
t = 27 m i n  
02 = 5.7% T e c h n i q u e  os s u r f a c e  r e m o v a l  

o 
0o~ 0 - -  

( a t / c m  e) ( a t / c m  .2) Qel 

H F  0.5% 3 r a i n  
H F  40% 5 rain. 

POCI~ = 0.53% M e c h a n i c a l  a b r a s i o n  
A n o m a l o u s l y  d o p e d  + H F  0.5% 3 r a i n  
Isee Fig .  6) A n o d i c  o x i d a t i o n  

(Si  l a y e r  r e m o v e d  < 2 0 0 A )  
+ H F  0.5% 3 m i n  

H F  0.5% 3 r a i n  
POCla  = 0 .27% H F  49% 5 r a i n  
R e g u l a r l y  d o p e d  A n o d i c  o x i d a t i o ~  
(see F ig .  5) r l a y e r  r e m o v e d  < 2 0 0 A )  

+ I-IF 0 .5% 3 rain 

4.40 x 10 ~ 1.41 x 10 TM 3.20 
4.23 x 10 TM 9.65 • 10 ~s 2 .28 

4.32 x I0  ~ 1.04 x 10 TM 2.41 

4.08 x 10 TM 7.46 x 10 ~ 1.83 

4.73 x 10 TM 1.48 x 10 ~6 3.13 
4.60 • 10 TM 1.44 • 10 TM 3.13 

4 .44 x 101G 1.35 x 10 TM 3.04 
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predepositions at 920~ and 1000~ respectively. Gas composition 
is the same as in Fig. 5. 

which reduces the amount  of dopant  in the silicon 
ma t r i x  and is associated wi th  damage and loss of co- 
herency  of the doped oxide. The hypothesis  of a chemi-  
cal react ion be tween  the furnace gas and the surface 
being responsible  for this  effect has been discarded on 
the basis of the  composi t ion resul ts  obta ined by  back-  
scat ter ing analysis.  I t  is shown that  the phenomenon 
resul ts  f rom segregat ion of or thorhombic  SiP and cubic 
SiO2"P20~ tak ing  place at the P S G - S i  interface.  

As is evidenced by  Fig. 5 and 6, the onset of in te r -  
face segregat ion  does not  depend p r imar i ly  on the 
amount,  Q, of phosphorus  predepos i ted  in silicon, but  
on the flux of dopant  across the surface oxide. These 
conclusions are confirmed by  the observat ion  that  p r e -  
vious s l ight  oxidat ion  of the slices inhibi ts  the segre-  
gat ion process. The flux can be increased e i ther  by in-  
creasing POC13 concentra t ion or  by  decreasing that  of 
oxygen.  This gives rise to the m a x i m u m  in Fig. 1 as 
well  as to the change of slope in Fig. 3; in fact, the 
specimens processed in a r icher  flux of POCI~ undergo 
interface segregat ion in shor ter  times. The m a x i m u m  
corresponds to the  concentra t ion of POCl3 jus t  giving 
rise to the  onset of segregat ion in the chosen predepo-  
sit ion t ime (27 rain) .  The same reasoning accounts for 
the m a x i m u m  observed in Fig. 2 wi th  decreasing the 
concentrat ion of oxygen. 

The segregat ion phenomena  depend on the crys ta l lo-  
graphic  or ienta t ion of the surface of the slice; the (111) 
being the most favorable ,  fol lowed in order  by  the 
(110) and the  (100). These results  and the observed 
pre fe ren t ia l  or ienta t ion of the precipi ta tes  indicate that  
the surface plays, a role in the  nucleat ion and growth  
pDocesses. 

As for the  SiP, we observe that,  con t ra ry  to wha t  
might  be expected by  considering only the supersa tu -  
ra t ion gradient ,  prec ip i ta t ion  takes  place first wi th in  
the silicon matr ix .  This phenomenon,  s tudied in our 

previous work  (1), is also evidenced by  the chemical  
profiles in Fig. 13, r epresen ta t ive  of s i tuat ions which  
precede interface segregation.  Its occurrence shows 
that  a h igher  supersa tu ra t ion  of dopant  is needed for 
nucleat ion at the  interface.  

S teeper  supersa tu ra t ion  gradients  in the silicon 
matr ix ,  as can be obta ined e i ther  by  increasing the 
flux across the  surface oxide or by  decreasing the t em-  
perature ,  resul t  in local accumulat ion  of the  SiP and 
enhance the nucleat ion at  the in ter face  of sui tably  
or iented crystals .  

The nucleat ion of the  SiO2.P20~, which  is a lways  
found associated wi th  the SiP, should be enhanced by  
the lat ter .  In  fact, phosphorus  oxide concent ra t ion  is 
m a x i m u m  at the surface;  never theless  SIO2.P205 segre-  
gat ion takes  place  at  the  PSG-s i l i con  interface.  

We observe, finally, tha t  t he  condit ions for  in terface  
segregat ion are  not unusual  in predeposi t ions  at 920~ 
using POCI3. They are  satisfied also wi th  other  sources 
as is shown by the  resul ts  repor ted  by  Schmidt  et al. 
(4, 5) and sugges ted  by  those of Kooi (3). I t  is l ike ly  
that  interface segregat ion occurred also in the exper i -  
ments  using heavi ly  doped oxide sources repor ted  by 
Ghezzo (20); in fact, the  surface damage that  he ob-  
served looks l ike tha t  shown in Fig. 8. 
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Diffusional Growth of Cobaltous-Ferrous Oxide Scales 

on Cobalt-Iron Alloys 
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ABSTRACT 

Co-Fe alloys containing up to 10 weight per cent (w/o)  Fe oxidize para-  
bolically by formation of a cobaltous-ferrous oxide [(CoFe)O] scale when  
exposed at 1200~ to oxygen at 10 -2 , 10 - I  , and 1 atm. The values of the 
parabolic oxidation constants were directly dependent  on the iron contents of 
the alloys. The iron profiles wi th in  the scales exhibited maxima which sh~fted 
toward the center of a scale away from its outer surface with increasing 
oxygen pressure. It is demonstrated on the basis of a t e rnary  diffusional 
analysis that these findings are consistent with independent  measurements  on 
the ratio of metal  self-diffusion coefficients in this oxide and with the postu-  
late that  the relat ive migrat ion rate of cobalt and i ron at positions in  a scale 
is dependent  upon the magni tude  of the oxygen activity. 

Cobalt and i ron form a homogeneous solid solution 
at high temperatures.  The oxygen potential  Co-Fe-O 
phase diagram (1, 2) i l lustrates that (CoFe)O exists as 
the stable phase on alloys containing up to ~30% Fe 
in  oxygen ranging to 1 arm pressure at 1200~ We 
previously found, as anticipated, that  cobalt alloys with 12 
i ron ranging up to 10% oxidized parabolical ly by for- 
mat ion of a (CoFe)O scale when exposed at this tem- 
pera ture  to oxygen at 10 -4 and 10 -8 atm (3). The iron 
gradients  wi th in  the scales increased with increasing 
outward distance due to iron migrat ing more rapidly 
than  cobalt. A diffusion model based upon equations 
derived by Wagner  (4) for metal  t ransport  through a 
scale under  chemical activity gradients led to a cor- 
relat ion between the parabolic oxidation constants and 
the i ron gradients. 

The metal  self-diffusion parameters  in  (CoFe)O are E 
unusual .  Crow (5) has determined the tracer diffusion 
coefficients of cobalt and iron in this oxide. At 1200~ r  
the ratio DFe/DCo equals 1.6 at oxygen pressures of v 
10 -4 and 10 -8 atm and it equals 0.7 at pressures greater ~O 
than 10 -1 arm. One would, therefore, predict from the - j  
above diffusion model that an iron concentrat ion pro-  

o file exhibit ing a m a x i m u m  could develop in the 
(CoFe)O scale when an alloy containing up to 10% Fe o 
is oxidized at oxygen pressures greater than 10 -8 atm. .---_ 
The present  communicat ion demonstrates, that these c 
predictions are actual ly valid. ~, 

Experimental 
Disk-shaped Co-Fe alloy specimens (10 X 2 mm) ._= 

were metal lographical ly polished to 1# diamond abra-  
sive and oxidized at 1200~ for periods up to 30 min  
in flowing ul t rahigh pur i ty  oxygen at pressures 10 -2, ~c, 
10 -1, and 1 arm using a continuously weighing semi- "~ 
microbalance. Measurements of the metal  concentra-  
t ion profiles in  cross-sectioned specimens were mea-  ~6 

"sured by an electron-microprobe analyzer. The prepa-  
ra t ion of the alloys, exper imental  assemblies, and 
methods have been described (3). The actual i ron con- 
tents of the nominal  1, 2, 4, 6, 8, and 10 w/o Fe alloys r 
are 0.93, 2.1, 4.1, 5.5, 7.7, and 9.6 w/o  Fe, respectively. 

Results 
It was found that the oxidation rate at each pressure 

followed a parabolic t ime dependence. Figures 1-3 
show the oxidation curves plotted in  parabolic form 
for cobalt and the six alloys at the three test pressures. 
The values of the parabolic oxidation constants, which 

* Electrochemical  Society Act ive  Member .  
Present  address:  Ontario Research  Foundat ion,  Sher idan  Pa rk ,  

1Vs Ontario,  Canada.  
Key  words :  Co-Fe alloy oxidation,  eobal tous-ferrous  oxide,  diffu-  

sional scale growth.  

were accurate to wi th in  ___10% based on the deviations 
from the average value of four runs  completed on each 
alloy, are shown in  Fig. 4. These constants show a 
direct dependence on the iron contents of the alloys. 

Fe=lO% / 
I0 

/ 
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I 
0 15 

1200~ 
10-2otto 

Co-Fe 
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I 2 / 

0 

30 45 

Oxidation time (min.) 

60 

Fig. 1. Oxidation kinetics of the Co-Fe alloys exposed at 1200~ 
in oxygen at 10 -2  atm plotted in parabolic form. 
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X - r a y  diffraction lattice paramete r  measurements  on 
the powdered scales confirmed that  they were  com- 
posed of (CoFe)O. Figures 5 and 6 show typical  scale 
cross sections. The al loy-oxide interfaces were  planar  
and the alloys did not exhibi t  internal  oxidation. Ex-  
aminat ion of several  cross sections revealed that  the 
scales were  composed of large columnar grains and 
regions in the vicini ty of the scale-gas interface of 
small discontinuous precipitates of submicron size 
( typically ,~0.5~) ; the density of these precipitates de- 
creased with  increasing iron content  and decreasing 
oxygen pressure. These precipitates are bel ieved to be 
(CoFe)304 resul t ing f rom the quench of the specimens 
f rom the react ion temperature .  

Iron compositions wi thin  the scales formed on each 
alloy expressed as the atom fraction of iron or mole 
fraction wusti te in (CoFe)O at the three invest igated 
pressures are shown in Fig. 7-9. These determinat ions 
are based on analysis taken f rom scales on each par -  
t icular  alloy at different times of exposure using the 
electron microprobe point count method at normalized 
distances y ~ x /xs  from the alloy surface where  xs is 
a total scale thickness. These normalized distances 
could be reproduced within ___10%. Significant var ia-  
tions of iron concentrat ion within the scales were  not 
observed when measured paral le l  to an alloy surface. 
It was possible to conclude f rom these determinat ions 
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Fig. 5. Cress sections of oxide scales formed at 1200~ in oxygen 
at 1 atm pressure (200X): (a) Co-1 w/o Fe alloy oxidized for 60 
min; (b) Co-10 w/a Fe alloy oxidized for 15 min. 

that  the iron content of a scale corresponded to that  
of the alloy and that  the i ron profiles exhibi ted 
maxima,  the positions of these max ima  shift ing toward 
the center  of a scale away f rom the outer  interface 
wi th  increasing oxygen  pressure. 

Discussion 
In an ear l ier  publicat ion an excel lent  correlat ion was 

obtained between the parabolic react ion kinetics and 
the normalized metal  profiles in the scales formed on 
the alloys of this invest igat ion at oxygen pressures of 
10 -~ and 10 -3 atm (3). This in terpre ta t ion involving 
te rnary  diffusion in conjunct ion with  compositional, 
diffusional, and thermodynamic  data accounted for the 
uphil l  diffusion of iron against  its concentrat ion gradi-  

Fig. 6. Cross sections of oxide scales formed at 1200~ in oxy- 
gen at 10 -2  atm pressure (200X): (a) Co-1 w/o Fe alloy oxidized 
for 60 min; (b) Co-I0 w/o Fe alloy oxidized for 15 min. 

ent  in the (CoFe)O scale by its more rapid diffusion 
( larger  self-diffusion coefficient) under  the influence 
of the oxygen act ivi ty  gradient. We now demonstra te  
that the observed i ron profiles exhibi t ing max ima  in 
the scales can be calculated f rom the same basic di f -  
fusion model  assuming a var ia t ion  in the re la ted rates 
of metal  diffusion with  oxygen activity. This te rnary  
diffusion model  was original ly advanced by Wagner  
(4) and the reader  is re fer red  to his paper and to our 
previous paper  for its application to the Co-Fe-O sys- 
tem (3), mathemat ica l  derivations,  and applications of 
the diffusion flux and mass balance equations. 

The (CoFe)O scale growth is de termined by the out-  
ward diffusion of cobalt and iron via vacancies, and 
Eq. [11] f rom Ref. (4) for the parabolic oxidat ion con- 
stant becomes 
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Zco dlnao ) --dlnacoo d~ + 
Dco (1 -- ~) d~ dy Zo dy 

+ DFe~ d~ dy }- Z~- dy 

In this expression, D is a metal  self-diffusion coeffi- 
cient, a is a local activity, Z is a valency, ~ is the atom 
fraction of iron or mole fraction of wustite in (CoFe)O, 
and y = X/Xs is the normalized scale thickness. 

For Henrian solution behavior of wustite in cobalt 
oxide, p = DFe/Dco = DFe~ ~ Zco = ZYe = IZol ----- 
2, k' = k/Dco% and Nv = 7aon}, Eq. [1] becomes Eq. 
[8] of Ref. (3) 

dlnao [ k' d~ ]/ 
~yy -- ao'~ + ( p -  1) ~ [1 + ( p - -  1)4] [2] 

In the above expressions, Dco ~ and DFe ~ are the cobalt 
and iron vacancy diffusivities, Nv is the atom fraction 
of vacancies in (CoFe)O, ~ and n are empirical con- 
stants. 

Equation [19] f rom Ref. (4), which describes the 
metal gradient in a scale using the divergence equa- 
tion for the metal flux, becomes Eq. [9] and [10] of 
Ref. (3) 

d, - -d  I ( d lnaFeo d~ d l n a o  )] 
yk  ~ = DFe~  - -  [ 3 ]  

dy dy d~ dy dy 

and after  substitution 

d~ d [ 
yk  -- p �9 Dco ~ �9 -y �9 aon �9 

dy dy 
. (  1 d~ d l n a o ) ]  [4] 

dy dy 

The intended differentiation of Eq. [4] after  rear-  
rangement  leads to 

d2~ { yk'  d~ [ l dp 2 d, 

-dy2 = -- pao---- 2 -~y P "~--{ -t- ~ -~y 

d l n a o  ( 1 d~ d l n a o ) ]  1 ( d i  ~ 2 

d---7 " T "  dy dy 
k' . ( 1  dlnao)____ + _ _  

i 

[1 + (p -- 1)~] �9 ao~ ~ d y  dy 

{ d l n a ~  / [1+ (p 1 )4 ]}  
dy 

�9 - ~ y ( p - - l ) - l - - ~ y  A + [1.]. ( p - - l ) ~ ]  " d--y--'-~y 

1 
[5] 

( f  ( p - - l ) )  

[1  G--- 
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Equations [2] and [5] describe the var iat ion of the 
mole fraction of FeO, & and the oxygen activity, no, as 
a funct ion of y. Unfortunately,  the dependent  var i -  
ables ~ and ao are inseparable and an analyt ical  solu- 
tion does not exist. Therefore, these differential equa-  
tions must  be solved s imultaneously using a numerica l  
method with appropriate conditions to obtain ~ and ao 
as a funct ion of y. The equation describing the mater ia l  
balance at the al loy-oxide interface can be employed 
as an auxi l iary  equat ion in  this numer ica l  analysis. 
Since an insignificant degree of in ternal  oxidation oc- 
curred, the ratio for the flux of cobalt to i ron in the 
scale at its inner  interface is equivalent  to the meta l  
ratio in  the bulk alloy. Equat ion [35] in Ref. (4) gives 

(d._y~)~=0 -- ao '~  ' - k '  { p '~ ' - -  [ l +  (p ' - - l )~ ' ]&l loy)p ,  

[6] 

where the prime refers to the inner  scale surface and 
&noy is the atom fraction of iron in the alloy. 

A stable four th-order  integrat ion procedure (6) 
(modified Haming's  predictor-corrector)  was used to 
generate the i ron concentrat ion and oxygen activity 
profiles over the scale normalized thickness, y = 0 to 
y : 1. We have shown in  our previous paper  that the 
empirical constants relat ing the cation vacancy con- 
centrat ion to the composition and the oxygen activity 
of (CoFe)O at 1200~C are 7 ---- 0.60 _+ 0.11 and n = 
0.15 __+ 0.03. The vacancy diffusivity of cobalt was also 
shown to be Dr ~ = 1.46 +_ 0.04 X 10 -6 cm2/s ec. The 

ratio, p, of cobalt and iron vacancy diffusivities in  
(CoFe) O is estimated from the Co 60 and Fe 55 diffusion 
measurements  on single crystals of pure  and i ron-  
doped CoO reported by Crow (5). The interpolated 
relat ion of P vs. oxygen pressure from these measure-  
ments is shown in Fig. 10. A value of k' was obtained 
from the parabolic oxidation constant, kp, given in 

kp 
Fig. 4 from the relat ionship k ' - -  (V/16) 2 

2Dco~ 
where V is the molar  volume of the oxide. The iron 
profiles were calculated from Eq. [2] and [5] as an 
init ial  value problem using the auxi l iary Eq. [6] to 
relate (d~/dy)y=o to ~', ao', k', and p. These calculated 
profiles are compared to those exper imental ly  obtained 
in Fig. 7-9. 

The good agreement  of the calculated to the mea- 
sured iron profiles substantiates the basic tenets of the 
te rnary  diffusion model. An analysis based on these 
concepts, moreover, leads to an explanat ion of the 
hitherto unobserved observations on the growth of a 
solid solution oxide scale on a b inary  alloy in  which a 
metal  gradient  exhibits maxima dependent  on the 
growth rate of the scale governed by the magni tude  of 
the atmospheric oxygen activity. From the diffusional 
analysis, we conclude that the observed metal  profiles 
exhibit ing maxima can be calculated based upon the 
var iat ion of a kinetic parameter  which in this case is 
the ratio of the metal  self-diffusion coefficients, 
Dee/Dco. Figure 11 depicts the oxygen activity profile 
in the scale which monotonical ly increases with in-  
creasing scale thickness. One can conclude by compar-  
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ing the graphs of Fig. 9, 1O, and 11 that  iron diffused 
more rapidly against its own gradient than cobalt 
down its own concentration gradient  in the inner  re-  
gion of a scale at low oxygen activity less than 10 -3 
arm because DFe/Dco ---- 1.6. This tendency was re-  
versed at higher oxygen act ivi ty since the above ratio 
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pressure range 10-3-10 -1 aim. Accordingly, more 
rapid cobalt diffusion and the subsequent  decrease in 
iron concentrat ion caused a max imum in the i ron pro- 
file wi thin  a scale. The height and position of this 
max imum is interrelated to the kinetic diffusion co- 
efficients and the oxygen activity gradient  dr iving 
force. It is also interest ing to note that the develop- 
ment  of this max imum in the iron profile near  the mid-  
point  of a scale when the atmospheric pressure is 1 
atm corresponds to a bel l-shape profile. 

We emphasize finally that the analysis based on 
te rnary  diffusion is to be regarded as a simplified 
empirical  description of the oxidation properties of 
Co-Fe alloys under  conditions for growth of a (CoFe) O 
scale. As i l lustrated in our earlier paper on this sub- 
ject, a more fundamenta l  analysis cannot be at tempted 
unt i l  additional definitive knowledge becomes avai l -  
able on the structural ,  thermodynamic,  and metal  
t ransport  properties of (CoFe)O. The analysis, none-  
theless, does lead to an explanat ion of metal  profiles 
exhibit ing maxima in an oxide scale formed on a bi-  
nary  alloy. 
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D-C Field Dependence of Tantalum Film Capacitors 
Peter W. Wyatt 

Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

The capacitance of t an ta lum film capacitors changes on the order of 1% 
when a field of a few MV/cm is applied. It is shown in  this paper that the 
C(E) dependence of anodic Ta205 is produced by at least three separate 
physical processes. An equation for C(E) is given in which each process is 
represented by one term. The effects on each process of oxide thickness, 
anodization soak time, counterelectrode material,  ni t rogen doping, heat-  
t reatment,  measurement  frequency and temperature,  and the rate of rise of 
bias voltage during measurement  are discussed. It is shown that one of the 
processes affects the capacitance through a f ield-dependent bu lk  polarizability. 
The other two processes may also involve field-dependent polarizability, but  
there is evidence thai  one or perhaps both of them are produced by a change 
in  the oxide thickness with field. A physical model for the asymmetry  in 
C(E) is proposed. 

It  is well known that the smal l -s ignal  capacitance 
of Ta film capacitors depends on the d-c bias volt-  
age (1, 2). In a previous paper  (2) is was shown 
that the voltage, or more accurately the field, de- 
pendence at l iquid ni t rogen tempera ture  is produced 
entirely by bulk  oxide effects and not by interface 
effects. That is, the physical processes which cause 
the field dependence are distr ibuted uniformly through 
the oxide thickness rather  than being localized at the 
metal-oxide interfaces. This observation is par t icular ly  
interest ing in view of the asymmetry  of the capaci- 
tance-field [C(E)]  curve, since it indicates that the 
amorphous Ta205 dielectric must  have a bu i l t - in  
anisotropy. In the present paper the na ture  of the 
processes which produce the field dependence is con- 
sidered. 

Capacitors have been made and measured with 
variat ions in several experimental  parameters,  de- 
scribed in the next  two sections. The C(E) curve is 
complicated in shape, so to characterize the depen-  
dence on these parameters  the curve must  be separated 
into components which behave in a simple fashion. 

K e y  words :  an i so t ropy ,  anodiza t ion ,  amorphous. 

An empirical equation is presented which a c c o m -  
p l i sh e s  this separation, and it is shown that each of 
the three major  terms of the equation represents a 
different physical process. The experimental  results 
show how each process depends on the parameters  
which were varied. In the last section the nature  of 
each process is discussed and a simple physical model 
for the anisotropy is presented. 

Samples 
All samples were made using standard processing 

(2), with modifications described below. Two sample 
geometries were used. The one i l lustrated in Ref. 
(2) is a p lanar  a r rangement  in which none of the 
films is etched and no photoresist is used. In the 
other, which is more conventional,  pat terns are de- 
fined in both the Ta and counterelectrode using photo- 
resist and the metals are chemically etched. These 
samples are not planar, since the edge of the Ta film 
is part  of the capacitor area. Despite this substant ial  
dissimilarity, no difference has been observed be- 
tween the C(E) curves of the two patterns. 

The capacitor consists of a layer of d.c.-sputtered 
Ta about 3000A thick, an anodic Ta.~O~ dielectric 
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layer,  and an evapora ted  meta l  counterelectrode.  The 
substrate is glass or glazed ceramic protected by a 
thermal  Ta205 underlay.  No effect of substrate ma-  
terial  on the capacitance-field characterist ics has been 
observed. 

The Ta film serves as one electrode and is anodically 
oxidized to form the dielectric. In most of these ex-  
per iments  it contains up to a few atomic per cent 
(a /o)  nitrogen, added as a dopant in the sput ter ing 
gas, and has the ~ ( te tragonal)  crystal s t ructure (3). 
Nitrogen is commonly added to /~-Ta because it im-  
proves capacitor qual i ty  (4). In one exper iment  ca- 
pacitors were  made with ni t rogen doping ranging f rom 
zero to a level  sufficient to produce bcc Ta crystal  
s t ructure  (5). 

The Ta205 was produced in all cases by anodization 
in 0.01 weight  per cent (w/o)  citric acid in water  
at room tempera ture  using a Ta sheet cathode. Sam-  
ples were  anodized at a current  density of 0.16 m A /  
cm 2 unti l  a final voltage, V i, was reached. 9" f was 
then held for a soak period, ts. Standard values are 
230V and 1 hr, which produce an oxide 4100A thick, 
but each of these parameters  was varied in some 
experiments.  For  the standard values the average 
electric field at the end of the soak period, E s, is 5.5 
MV/cm. 

The s tandard counterelectrode is a thin film of 
NiCr (500A) backed by a thicker film of Au (500@- 
15,000A), sequent ia l ly  evaporated by e lec t ron-beam 
heating. Evaporat ion from resis tance-heated filaments 
was used in one experiment ,  and several  other metals 
were used. 

In standard processing the samples are not inten-  
t ionally heated except  during several  cleaning steps, 
where  the max imum tempera tu re  is 120~ for drying 
in air. They are also heated by radiat ion from the 
evaporant  source during counterelectrode evapora-  
tion; the tempera ture  reached is not known. One 
annealing exper iment  was done in which the finished 
capacitors were  heated at 200~ for times from 15 
min to 4 hr. 

Measurements 
Capaci tance-vol tage data were  recorded using the 

system described in Ref. (2). A slow l inear ramp bias 
voltage is applied to the capacitor while the change of 
capacitance and phase angle is monitored with  a Gen-  
eral Radio 1654 impedance comparator.  For  the small 
values of interest  the phase angle is essentially equal 
to the dissipation factor. The comparator  uses a small 
a-c voltage added to the d-c bias to measure the 
capacitance, so that  one actual ly measures a differ- 
ential capacitance. The change in capacitance, AC, 
normalized by the zero-vol tage  capacitance, Co, is 
recorded vs. voltage both on an X-Y recorder  and a 
digital printer.  The change in phase angle is s imul-  
taneously recorded on the X-Y recorder.  The voltage 
scale is converted to average electric field, defined 
as E = V/d, using the oxide thickness, d, determined 
by ell ipsometry.  

Both the bias rise rate and the magni tude  of the 
a-c voltage have lit t le effect on the measurement ,  so 
precise control is not required.  For 230V capacitors, 
1V/sec and 1 Vrms were  used. For other oxide thick-  
nesses the bias rise rate was varied roughly in pro-  
port ion to the thickness. The a-c voltage was reduced 
to 0.3 Vrms for the thinnest  oxides. The most commonly 
used f requency was 1 kHz, but many samples were  
also measured at 0.1, 10, and 100 kHz. 

The accuracy of the AC measurement  is est imated 
to be about 0.01% of Co. Random errors, such as 
noise, are clearly less than 0.01%. There are several  
known sources of systematic error, but none of them 
is l ikely to cause more than 0.01% of Co distortion 
of the curve under  the conditions of these measure-  
ments. An NPO ceramic capacitor measured under  

similar  condition, s exhibi ted essential ly zero C(V)  
dependence. 

For  a typical measurement  the comparator  is ba l -  
anced at 0V d.c., the voltage ramp is started, and the 
change in capacitance is recorded. After  a high vol t -  
age has been applied and removed,  the sample re-  
mains par t ia l ly  pol,arized for a period of hours or 
even days. It is therefore  not practical  to measure 
a given sample more than once or, in particular,  to 
use the same sample for both neg,ative and positive 
bias voltages. Therefore,  for most measurements  two 
adjacent capacitors on the same substrate are used, 
one for posit ive and the other for negat ive bias. 

~Most samples were measured at room or liquid 
ni t rogen temperature .  Most of the analysis repor ted  
here is for measurements  at 77~ for which the 
capacitor was simply immersed in l iquid nitrogen. A 
few measurements  were  also made of samples im-  
mersed in l iquid hel ium at 4.2~ A series of measure-  
ments between l iquid ni t rogen and room tempera -  
ture were made using a Delta Design t empera tu re  
chamber  with l iquid N2 coolant. Tempera tu re  mea-  
surements  in that  case were  made with an i ron-con-  
stantan thermocouple,  taped to the substrate, and a 
Leeds and Northrup potent iometer .  

Empirical Model 
Typical data for l iquid N2 tempera ture  are shown 

in Fig. 1 (solid l ine) .  The electric field is defined as 
posit ive when the T~a electrode is posit ive re la t ive  to 
the counterelectrode.  The two capacitors used for 
this curve (one for + ,  the other for - - )  were standard 
units, i.e., they were made using a 230V anodization 
with 1 hr  soak and NiCr -Au  counterelectrode.  The 
a-c signal was 1 Vrms at 1 kHz, and the bias rise rate 
was 1 V/sec. 

It is evident  that the change in capacitance pro-  
duced by a d-c  field is on the order of 1% or less, 
and that it is asymmetric.  This a symmet ry  is appar-  
ent even at very low field and, as we shall see, at 
all temperatures  and frequencies investigated. 

When exper imenta l  parameters  such as measure-  
ment  tempera ture  or anodization soak t ime are varied, 
this curve changes in a complex way. In order  to 
describe these changes the field dependence must  be 
separated into components which behave simply with 
the varied parameter .  The means for such a separa-  
tion can be developed by considering two experiments .  

In the first, two groups of capacitors were  made in 
which every th ing  was the same except  the anodization 
~soak time. C(E) curves were  recorded for a pair  of 
units from each group ( remember ing  that  the oxide 
thickness depends on soak t ime) ,  and the difference 
between the two curves was calculated. This differ- 
ence, for samples with 2 min and 300 min soak time, 
is plotted in Fig. 2. It is obviously very close to l inear  
in the field. 

Now let  us consider one of the C(E) curves, the 
300 min one to be specific. By subtract ing a s traight  
line of the appropriate  slope, corresponding to the 
line in Fig. 2, one finds the curve plot ted in Fig. 3. 
The significance of this curve is that it is almost 
exact ly  symmetr ic  in the electric field. Thus essen- 
tially all of the asymmetry  of the C(E) curve can be 
expressed by a simple l inear dependence. Moreover,  
the physical process which produces the asymmet ry  
is affected by the anodization soak time, while those 
which produce symmetr ic  changes in C are not. There -  
fore they must  be different processes. 

The curve in Fig. 3 can be fur ther  separated by 
considering the f requency  dependence. Nominal ly  
identical pairs of samples were  measured at 100 Hz 
and at 100 kHz, and the difference between the two 
curves was calculated. This difference is shown in 
Fig. 4, together with its symmetr ic  and ant isymmetr ic  
parts. (The symmetr ic  part  of a capacitance curve 
is [~C(E) + AC(--E)]/2Co and the ant isymmetr ic  
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in AC at  h igh  field. By p lo t t ing  the  symmet r i c  part of 
the difference on log- log  scales in Fig. 5 one finds tha t  
i t  varies  essent ia l ly  as E 3/2. Thus there  are  two sym-  
metr ic  contr ibut ions to C ( E ) .  One is an increase  in 
capaci tance as E 8n which is f requency  dependent .  
The other  is a decrease  in capaci tance which is in-  
dependent  of frequency,  and which one finds by  ad -  
jus t ing coefficients va r i ed  as E 5/2. By arguments  d i -  
rec t ly  analogous to those used in the soak t ime dis-  
cussion, these two contr ibut ions  must  be produced 
by  two different  phys ica l  processes. 

The above discussion can be nea t ly  summar ized  in 
an equat ion for the normal ized change in capaci tance  

~C 
= Al~,l~/s -- BIEIs/2 - DE + H [I] 

Co 

This equation can be fi~ to any given experimental 
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curve by adjust ing the four coefficients, A, B, D, and H, 
using a computer l ibrary  rout ine which weights all 
points equivalently.  The result  for one curve is shown 
by the dots in Fig. 1. The three field dependent  terms 
are plotted separately as dashed lines. The constant, H, 
allows the E =- 0 point to be treated equivalent ly  
with all the others and improves the fit somewhat. 
It is always very small  and has no apparent  physical 
significance. 

It is obvious in Fig. 1 that Eq. [1] fits the data very 
well except at high negative field, where evidently 
an addit ional mechanism becomes important .  Because 
of this deviation the coefficients which one finds de- 
pend somewhat on the field range used for fitting. 
In Fig. 1 the range used was --0.6 to +0.9 Ei, where EI 
is the field at the end of anodization, 5.5 MV/cm. 
This dependence causes some confusion in data anal -  
ysis, but  if the same field range is used for fitting all 
curves in an experiment,  meaningful  results can be 
obtained. The dependence on field range is not large 
provided that (i) the negative l imit is not much 
beyond --0.6 El, and (if) the absolute value of the 
negative l imit  is less than the positive limit. 

The importance of Eq. [1] lies in the fact that each 
of the field dependent  terms represents a different 

physical process, or perhaps more than one process. 
The exact form of each term is less important,  since 
one or even all of them may not be precisely correct. 
The three terms are very different in form: the first 
is positive and symmetric, the second is negative and 
symmetric, and the third is antisymmetric.  As a re-  
sult the equation allows one to separate the data 
unambiguous ly  and study the contr ibut ion from each 
physical process independent ly  of the others. Thus, 
by doing experiments in which exper imental  pa ram-  
eters are varied one can learn how each process de- 
pends on those parameters.  

The dissipation factor also depends on electric field, 
and a similar analysis can be done. The dependence 
at low temperature  has the form 

~DF(E) = LIELS/~ -- ME [2] 

the same as Eq. [1] except that the negative symmetric  
term is missing. There is also an  additive contr ibut ion 
due to electronic leakage current.  The magni tude of 
the first term can be large; larger than the zero field 
value of the DF. The second term is much smaller. 
No at tempt has been made to determine the effect 
on Eq. [2] of the various exper imental  parameters.  
Its significance in this paper lies in its resemblance 
to Eq. [1], discussed in a later  section. 

Experimental  Results 
A considerable number  of parameters  have been 

varied in these experiments.  The effects of each one 
are summarized in Table I. The oxide thickness was 
considered in Ref. (2). It  was shown there that  when  
the anodization for different thicknesses is done con- 
sistently the AC/Co vs. E curve, and hence all three 
coefficients of Eq. [1], are independent  of oxide thick- 
ness over the range 2700-5400A, and only very weakly 
dependent  on thickness down to 9,00A. From this re- 
sult it was argued that ~C(E) must  be produced by 
bulk oxide effects. The soak time and frequency ex- 
periments  descri,bed in the last section and in more de- 
tail below tell us that at least three such effects must  
be involved. 

Soak t ime.--In the soak time exper iment  six Ta 
films from the same sput ter ing batch were anodized 
together at constant current  unt i l  230V was reached. 
The voltage was then held constant and samples were 
removed at six different times, from 0 to 24 hr. During 
the 24 hr soak the oxide thickness increased from 
3620 to 4460A, determined by ellipsometry. Counter-  
electrodes were deposited s imultaneously on all six 
samples, and measurements  were taken as usual. 
Equation [1] was fit to the data at 77~ 1 kHz over 
the range --2.8 to +4.2 MV/cm. The results are shown 
in Fig. 6. It is evident  that within the expected 
sample- to-sample scatter of several per cent, the co- 
efficients A and B of the two symmetric  terms are 
independent  of soak time, ts, as expected from the 
previous discussion, while the coefficient D of the 
ant isymmetr ic  term increases approximately as log ts, 
at least for times larger than a few minutes.  The 
sample with zero soak time, plotted to the left of the 
log scale, is consistent with the others. A somewhat 
better  fit, including the ts ---- 0 point, is obtained by 
setting D = Do log (ts + to) / t l ) ,  where tl is a 

Table I. Dependence of the coefficients of Eq. [1] on the varied parameters 

P a r a m e t e r  A B D 

Oxide  t h i c k n e s s  
I n c r e a s i n g  anod i za t i on  soak t i m e  
I n c r e a s i n g  f r e q u e n c y  
I n c r e a s i n g  t e m p e r a t u r e  
I n c r e a s i n g  b ias  r ise  ra te  
C o u n t e r e l e c t r o d e  m a t e r i a l  
N i t r o g e n  d o p i n g  of  the  Ta  fi lm 
H e a t - t r e a t m e n t  a t  200~C 

Al l  t h r ee  coefficients  n e a r l y  i n d e p e n d e n t  
I n d e p e n d e n t  I n d e p e n d e n t  Inc reases  
Decreases  N e a r l y  i n d e p e n d e n t  Decreases  s lowly  
Increases ,  ~ 0 as T ~ 0 I n d e p e n d e n t  Inc reases  s lowly ,  > 0 as T -~ 0 
Inc reases  v e r y  s l i g h t l y  I n d e p e n d e n t  Inc reases  v e r y  s l i g h t l y  
L a r g e  v a r i a t i o n  is p r o b a b l y  due  to  d i f f e ren t  h e a t i n g  d u r i n g  eo tmte re l ec t rode  e v a p o r a t i o n  
No effect for  c o n c e n t r a t i o n s  f r o m  < < 1  to  5 a / o  N i n  the  T a  
D e c r e a s e s  I n d e p e n d e n t  Decreases  
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constant and to is about 5 rain. Physically,  this sug- 
gests that  the effect of the soak period is also pro-  
duced, to a small  extent,  by the constant -current  par t  
of the anodization. 

Frequency.--Capacitanee-field curves were  measured 
at four different frequencies, 0.1-100 kHz. Data for 
a set of s tandard samples, recorded at 77~ and fit 
over  the range --0.5 to +0.75 E h are shown in Fig. 7. 
Similar  data have been recorded for many sets of 
samples. In all cases A varies approximate ly  as log 
( l / f ) ,  ext rapola t ing to zero be tween a few MHz and 
a few tens of MHz. B, in contrast, varies only s lowly 
if at all wi th  frequency, usual ly  decreasing sl ightly 
with increasing f. In some sets of capacitors it has 
appeared independent  of ] for the four frequencies  
measured, while in a few a slight increase occurred 
wi th  increasing frequency. The difference in slope 
among different sets is probably  due to var ia t ion 
among the capacitors of each set. These calculations 
confirm that  the posit ive symmetr ic  t e rm in ,~C(E) 
is s t rongly f requency dependent,  while  the negat ive 
symmetr ic  term is near ly  independent  of f. The co- 
efficient, D, of the ant isymmetr ic  term always de-  
creases with increasing frequency,  but  much more 
slowly than A. 

Temperature.--The t empera tu re  dependence of the 
three coefficients and the rms error  for measurements  
at 1 kHz are shown ]n Fig. 8. The points from 77 ~ to 
182~ are from capacitors all on the same substrate. 
They were  fit over  the range --0.5 to +0.7 El. The 
points at 4.2~ are from a single capacitor on a dif-  
ferent  substrate from the same processing group, fit 
over a different range, --0.17 to +0.7 E~. Smooth 
curves are drawn through the points above 100~ and 
extrapola ted somewhat  arbi t rar i ly  to absolute zero. 
The remarkab ly  close agreement  of these ext rapola-  
tions with the 4.2~ data can only be considered for-  
tuitous ~n view of the difference in field range. 

The 77~ points do not lie on the same curves as 
the h igher  t empera tu re  ones. Also, the fit to Eq. [1] 
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is not near ly  as good at higher tempera tures  or at 
4.2~ as it is at 77~ The fixturing used at t empera -  
tures other than 77~K was not careful ly designed and 
used substantial  lengths of unshielded hookup wire. 
It is l ikely that this f ixturing contributes to the in-  
consistency and possibly to the poor fit. It is also 
l ikely that  tempera ture  measurement  inaccuracy and 
variat ion of t empera ture  during the time required 
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to record a curve contr ibute  additional errors at the 
higher  temperatures.  

The inconsistency of the data and the poor fit make  
it impossible to precisely determine the tempera ture  
dependence of the three coefficients. However ,  sev-  
eral  points are nevertheless  apparent  in Fig. 8. (i) 
The coefficient, A, of the positive symmetr ic  t e rm 
decreases approximately  l inear ly  as the tempera ture  
is lowered, becoming very  small  as T --> 0. It  is very  
unl ikely that  A actual ly becomes negative, as appears 
true in the ra ther  poor fit at 4.2~ (it) The coefficient, 
B, of the negat ive symmetr ic  te rm depends much less 
on tempera ture  and does not become small  as T -> 0. 
The apparent  magni tude of B at the higher  t empera -  
tures depends strongly on the field range used for 
fitting, but  all reasonable ranges give approximate ly  
the same low tempera ture  extrapolation.  (iii) The 
coefficient, D, of the ant isymmetr ic  term decreases 
as T is lowered, but much more slowly than A does. 
The asymmetry  clearly does not disappear at low 
temperature .  

Equat ion [1] does not fit the C(E) curve at room 
temperature,  so evident ly  additional physical proc-  
esses contr ibute at such higher  temperatures.  These 
probably include some interface effects as well  as 
the bulk processes which dominate at 77~ Unfor -  
tunately,  the data for 103~176 are not accurate 
enough for precise extrapolat ion to room temperature .  

Bias rise rate.--The rate of rise of the bias vol tage 
during measurement  has been varied from 0.{]05 to 
0.24 (MV/cm) / sec .  The usual rate is 0.024 ( M V / c m ) /  
sec. No major  difference is apparent  between different 
rise rates. The coefficients A and D tend to increase 
slightly with increasing rate, but the difference is 
not much larger  than typical capaci tor- to-capaci tor  
variation. 

One sample was measured using a bias voltage 
which increased in steps of 10-30V instead of linearly. 
Each voltage was held constant for 1 hr and then a 
data point was recorded. One finds that  the curve for 
stepped voltage differs f rom the others only by an 
amount  comparable  to typical capaci tor- to-capaci tor  
variation. 

Counterelectrode mater~al.--The effect of counter-  
electrode mater ia l  is very  complicated. The mater ia ls  
which have been used are: NiCr backed by Au (the 
s tandard) ,  NiCr without  Au, Ti backed by Pd and 
Au, Au alone, Cr, and Cu. The low tempera ture  C(E) 
curves for all of these are qual i ta t ively  similar, and 
all fit Eq. [1] reasonably well. There are, however,  
quant i ta t ive  differences as large as a factor of 1.5 
between otherwise similar  capacitors wi th  different 
counterelectrode types. One is tempted to conclude 
that the counterelectrode mater ia l  is responsible for 
these differences, but  heat ing during deposition is a 
more l ikely cause. 

Large differences in the coefficients are also found 
for nominal ly  identical  capacitors whose counter-  
electrodes were  deposited in different evaporators,  
or to a lesser degree in the same evaporator  at dif- 
ferent  times. It is l ikely that this var ia t ion results 
f rom different degrees of heating of the sample sur-  
face by radiation from the evaporant  source, with a 
possible contribution by electron or ion bombard-  
ment  from the source. One expects the degree of 
heat ing to be even more different for nonstandard 
counterelectrode mater ia ls  or thicknesses, so this 
heating effect is probably the reason for the appar-  
ent dependence on counterelectrode material .  

Nitrogen doping.--The size of the coefficients a~so 
depends somewhat  on the nature  of the Ta film, 
which may vary  slightly for different sput ter ing runs. 
It is well  known that  other  characteristics of Ta film 
capacitors are affected by details of the Ta film. A 
par t icular ly  str iking example  is the effect of ni t rogen 

incorporated into the Ta. Huttemann,  Morabito, and 
Gerstenberg (4) have shown that  1 a /o  ni t rogen in 
the Ta reduces the leakage current  at 50V by several  
orders of magnitude.  This effect has not been ex-  
plained, but to take advantage of it N2 is added to 
the sputter ing gas for capacitor film. Even if it is 
not added intentionally,  a small amount  of ni t rogen 
is l ikely to be present due to residual or leaking air 
in the vacuum system. When the Ta is anodically 
oxidized, the ni t rogen is incorporated into the oxide 
with  a nonuniform distr ibution (6), almost all the N 
atoms being in the 3/4 of the oxide nearer  the Ta 
electrode. 

Capacitors were made on Ta containing N concen- 
trations f rom near  zero to 4 a/o. Each group was 
anodized separately and had counterelectrodes de- 
posited at different times, so that  substantial  differ- 
ences in the coefficients, ,--50%, were  found even 
between groups made from the same lot of Ta. The 
dependence of the coefficients on N concentrat ion was 
small  compared with  this large variation. 

In another  experiment ,  reported in Ref. (2), the 
oxide was chemical ly thinned after  anodization. The 
Ta for those units contained about 1 a /o  N, which as 
usual was incorporated nonuniformly into the oxide 
(7). Before thinning, the N was located only in the 
60-7.0% of the oxide closest to the Ta. Thinning re-  
moved the N-deple ted  layer, so for the thinnest  sample 
all the oxide contained some ni t rogen (7). Despite 
this gross difference in N distribution, the C(E) curves 
for different degrees of thinning were  essentially the 
same as for a sample which was not thinned (2). 

Thus, it is quite clear that  a high concentrat ion 
of ni trogen impur i ty  centers, typically present in Ta 
film capacitors, is not responsible for any of the three 
terms in the low tempera ture  C(E) dependence. Note, 
however,  that  probably  none of the samples in this 
exper iment  contained t ru ly  zero nitrogen. The pos- 
sibility remains that low levels of N impur i ty  might  
contribute to C(E) in an effect which saturates at 
much less than 1 a/o. 

Heat-treatment.--The last parameter  invest igated 
was the effect of hea t - t r ea tment  at 200~ after com- 
plete fabrication of the capacitor. Two substrates were  
investigated, each containing 24 capacitors. The sam- 
ples were heat - t rea ted  by placing them in an oven 
at 200~ for periods of 15 min-4.3 hr. The coefficients 
of Eq. [1] for one substrate fit over  the range --0.43 
to +0.65 Ef are plotted vs. hea t - t r ea tment  t ime in Fig. 
9. (Time = 0 is plotted at the left of the logari thmic 
scale.) 

Before any hea t - t r ea tment  the C(E) curves for 
capacitors of the two substrates were  very  different 
from each other, and on the one shown there were 
substantial  differences from capacitor to capacitor. The 
two sets of points plotted at t ime = 0 indicate the 
difference for two pairs of capacitors. Af ter  hea t -  
t rea tment  for as short a t ime as 15 min, the samples 
became essentially identical and there  was no longer  
any variat ion among capacitors on ei ther sample. It  
is evident  from Fig. 9 that hea t - t r ea tmen t  at 200~ 
causes a decrease in magni tude  of the posit ive sym- 
metric term, A, and the ant isymmetr ic  term, D, of 
C(E). The negat ive symmetr ic  term, B, in contrast, is 
unaffected. 

Discussion 
The exper imenta l  results summarized in the last 

section and in Ref. (2) constitute a sizable body of 
information about the behavior  of Ta film capacitors. 
They demonstrate  that  at least three bulk processes 
contribute to the C(E) dependence at low tempera ture  
and that interface processes do not contribute signifi- 
cantly. They tell  us much about the nature of the 
three processes, al though it is still not possible to 
specifically identify the physical mechanisms involved. 
In this section, the behavior  of the three processes, 
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each represented by a term in  Eq. [1], is summarized 
and possible physical mechanisms are discussed. 

Positive symmetric term.--The first te rm has the 
form AIEI ~/2, represent ing an increase in capacitance 
with increasing field. Its magni tude  is frequency de- 
pendent,  so the change in  capacitance must  be due 
to a change in polarizabil i ty rather  than changes in 
thickness or area. The magni tude increases as the 
tempera ture  is raised or the frequency is lowered. 
This change is in the same direction as for a Debye- 
type polarization. However, the form of the depen- 
dence is A cc l og ( l / f )  and (approximately)  A c c  T, 
which is ent i rely different than the form for a single 
re laxat ion time. Hence, one must  assume that the 
modes which are responsible for this part  of the 
polarizabil i ty are distr ibuted over a wide range of 
relaxat ion times. Each mode contributes to the polar-  
izability for frequencies much lower than the inverse 
of its relaxat ion time and not for frequencies much 
higher. For frequencies near  the inverse of its re laxa-  
tion time, the mode contributes to the field depen- 
dence of the dissipation factor, producing the dominant  
IEI 8/'2 term in DF(E) .  The fact that the dis tr ibut ion 
of inverse relaxat ion times extends to rather  low 
frequencies, 100 Hz or less, indicates that ionic mo- 
tion is involved. 

The magni tude  of this term is reduced by heat-  
t rea tment  at 200~ This suggests that the polariza- 
tion in question is associated with defects, that  is, 
local instabili t ies which are annealed out at high 
temperature.  One might expect that purely  structural  
defects, involving unstable  a r rangement  of Ta and O 
ions, would be reduced by a long anodization soak 
time, since the ionic current  drops by a large factor 
dur ing the soak period. However, we have seen that  
the positive symmetric  term is not affected by the 
durat ion of the soak period. Hence it is plausible, 
though by no means proven, that impuri t ies  may be 
responsible for this polarization. Nitrogen. which is 
present  in the films, is not a candidate unless the 
effect saturates at low concentrations. 

Negative symmetric term.--The second term in Eq. 
[1], --BIEI 5/2, represents a decrease in capacitance 
with increasing field. Reference to Table I yields the 

surpris ing result  that this term is independent  of 
every parameter  which we have investigated wi th in  
the accuracy of the determination.  This independence 
suggests that the process involved is a fundamenta l  
property of anodic Ta2Os, not affected by impuri t ies  
or other defects. There is no corresponding term in 
the field dependence of the dissipation factor. 

Cornish and Young (8) have reported a similar  
phenomenon at visible light f requency and room 
temperature.  They used an ell ipsometer to study the 
index of refraction and thickness of an anodic Ta205 
film on single crystal bulk Ta with a sulfuric acid 
counterelectrode. They found that under  an applied 
d-c electric field the oxide becomes uniaxia l ly  aniso- 
tropic, that both indices of refraction decrease, and 
that the oxide thickness increases. (The lat ter  is in 
addition to any growth due to further  anodization.) 
Both of these changes are proportional to the square 
of the electric field. The index of refraction is, of 
course, just  the square root of the high frequency 
dielectric constant, so both of these changes with field 
would result  in a high frequency capacitance de-  
creasing as g2. 

The changes reported by Cornish and Young are in 
the same direction and of similar magni tude  to the 
negative symmetric  term observed in the present  
work. The form is not quite the same, but  Young 
has indicated (9) that a 5/2 dependence might  fit 
the optical data adequately. In similar ellipsometric 
work with a liquid counterelectrode, discussed fur ther  
in the next  subsection, Wang and Ord (10) have found 
that the index of refraction and oxide thickness do 
not vary simply as E 2. So it is quite possible that the 
negative symmetric term is the same effect as that 
which Cornish and Young observed at a frequency 
1012 times higher. Repeating the ellipsometric mea-  
surements  at seve,'al other temperatures  would prob- 
ably show whether the two effects are the same. If 
so, the changes in thickness and index of refraction 
should be independent  of temperature.  

If the two observations are in fact the same, then 
clearly the nonl inear i ty  in the dielectric response 
must  be produced by electronic polarizability. Cornish 
and Young (8) have suggested five general  mecha-  
nisms which might produce the optical effect. The 
first two, a direct modification of the electronic polar-  
izability by the d-c field and an indirect modification 
of it due to small ionic displacements, are consistent 
with the present experiments. The last three, how- 
ever, involve redistribution of ions or electrons or cre- 
ation of defects, all of which would be very much 
slower at 77~ than at room temperature. Thus, while 
these mechanisms may explain the slow part of the 
ellipsometric results, they cannot explain the present 
results. 

Antisymmetr~c term.--The third term in Eq. [1], 
--DE, expresses the asymmetry  of C(E). The fact 
that it is l inear  means that _~C(E) approaches zero 
at E ---- 0 with a finite slope. Thus the physical mecha- 
nism responsible for the asymmetry  is active even at 
low fields. This rules out any mechanism involving 
emission of carriers either from the electrodes or 
from bulk  traps, since such processes involve an 
exponential  field dependence and are neg]igible at 
low field. The l inear dependence also indicates that 
the asymmetry does not result  from anisotropy in-  
duced by the field, such as the uniaxial  anisotropy 
reported by Cornish and Young. (8). Rather. the 
anisotropy is already present, frozen into the oxide. 

The ant isymmetr ic  term varies with frequency and 
temperature  in the same direction as the first term of 
Eq. [1], but  more s!owly. Unlike the first term, it does 
not become small as the temperature  approaches zero. 
Its magni tude  is reduced by heat- t reatment ,  but  in-  
creased by increasing anodization soak time. 
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Cornish and Young (8), as discussed above, found 
that the oxide thickness and index of refract ion vary  
as E~ for posit ive fields, a form which is not l ikely 
to be asymmetric.  Wang and Ord (10), however,  
found that a l inear  term had to be added in order to 
fit their  data. The thickness increase and index de- 
crease could be fit equal ly  well  by A E  Jr BE e or 
A'E  ~- B'E 3. Obviously, one would expect  A " E  
B"E 51"z, which matches the second and third terms of 
Eq. [1], to fit just as well. A crude comparison with 
some of Wang's data indicates that both terms are of 
the same order of magni tude in the two experiments .  
So there is a strong possibility that  Wang and Ord 
are seeing with visible l ight the effects which pro-  
duce both the negat ive symmetr ic  and ant isymmetr ic  
terms at audio frequencies. There is still, however,  
considerable doubt that  the two observations are the 
same due to the apparent  conflict between the two 
ell ipsometric exper iments  (8, 10). The question of 
whether  there is asymmetry  in those measurements  
needs to be resolved. Ideal ly one would like to do 
the el l ipsometric exper iment  using a t ransparent  solid 
film counterelectrode so that reverse  fields could be 
applied. In such an exper iment  any asymmetry  would 
be immedia te ly  appa ren t ( even  at low fields. 

If the thickness does in fact change l inear ly  with 
field, it means that  the amorphous oxide is piezoelec- 
tric, a remarkable  result. If, in contrast, fur ther  
el l ipsometric work shows that there is no such de- 
pendence, then the asymmetry  in C ( E )  at audio f re-  
quencies indicates an asymmetr ic  polarizability, a 
result  which is also ra ther  surprising. A simple phys-  
ical model for such a polar izabi l i ty  is discussed in 
the remainder  of this section. 

Anodic Ta205 grows by transit  of Ta and O ions 
through the exist ing oxide. F rom the point of v iew 
of an individual  ion the amorphous oxide appears 
as an i r regular  set of possible occupation sites sep- 
arated by potential  barriers. These sites and barriers  
are formed by other ions, which are themselves cap- 
able of moving, so one must think of this as an in- 
stantaneous picture of a dynamic situation. 

Because the oxide is amorphous, the barriers  and 
occupation sites are not all the same. Some will have 
a much higher  potential  barr ier  on one side than on 
the opposite side. An ion which lands in such a site 
will  tend to remain there much longer if the higher  
barr ier  is on the downfleld side, i.e., in the direct ion 
of current  flow for the ion in question, than if the 
lower barr ier  is on the downfield side. Pr ingle  (11) 
has suggested as a result  of work  with  radioact ive 
tracers that the charge transfer  event  does not con- 
sist simply of one ion jumping between adjacen~ 
sites, but ra ther  involves simultaneous motion of a 
group of both Ta and O ions. If this picture is correct, 
then when an ion leaves its site the surrounding ions 
are rearranged and the symmet ry  of the site is l ikely 
to be changed. A site with a low barr ier  downfield 
is more l ikely to lose its occupying ion than other 
sites, and therefore is more l ikely to be rearranged.  
Thus its l i fet ime is shorter, and in equi l ibr ium the 
density of such sites is expected to be less than that 
of sites with a high barr ier  downfield. In this way a 
preferred orientat ion of asymmetr ic  sites might  be 
formed. 

This picture can be made more explicit  for a highly 
simplified case. We consider asymmetr ic  sites only, 
and assume that there are only two types, those with 
the high barr ier  downfield (h) and those with the 
low barr ier  downfield (1). We fur ther  assume that 
when an ion leaves its site the disturbance is sufi%ient 
to completely  rear range  the site so that the two 
orientations are equal ly  likely. 

In equil ibrium, at a fixed ionic current  density, 
the number  of sites of each orientat ion being created 
must equal the number  being destroyed. We have 

assumed above that the two types of sites are created 
at the same rate, so in equi l ibr ium they must be de- 
stroyed at the same rate. The rate of destruction of 
each type, R, is equal  to the emission probabi l i ty  for 
that  type, Ph or PI, t imes the density, Nh or N1 

R ---- Ph X Nh : P1 • NI [3] 

The density of each type of site must  adjust  itself in 
consideration of the difference in emission probabi l -  
ities to produce this equality. 

The emission probabilities, according to the usual 
simple model  of hopping from site to adjacent  site, are 

Ph(o : Po exp -- (aWh(1) -- bE) 

where  W~(o is the height  of the high (low) barr ier  
and Po, a, and b are constants. Combining these equa-  
tions shows that in equ ihbr ium ,the difference in dens-  
ity of high and low sites is 

R 
AN : Nh -- I71 : ~ (e aWh -- eaWl)e -bE [4] 

So, indeed, a prefer red  orientat ion of asymmetr ic  sites 
is formed, with the degree of orientat ion dependent  
on the degree of asymmetry.  In the real  oxide, of 
course, sites will  have some distr ibution of degrees 
of asymmetry.  

The response to an elec,tric field of an ion in an 
asymmetr ic  site is asymmetric.  As a simple, one di-  
mensional, classical example,  consider a potential  of 
the form V ---- ax 2 ~- bx  3, where  a and b are both posi-  
t ive and we are interested only in small displace- 
ments. This potential  has a min imum at x ---- 0, rises 
rapidly for x > 0, and rises more slowly for x < 0. 
Thus the preferred orientat ion of the preceding dis- 
cussion is with + x  in the downfield direction. 

Applying a d-c electric field, E, adds a te rm - - E x  
to the potential, where  E > 0 is ,parallel to the anodi-  
zation field and E < 0 is ant iparal le l  to it. The ion 
occupying this potential well  is centered at the poten-  
tial minimum, which is 

Xo : [ - -2a -~ (4a 2 -~ 12bE)l /2] /6b 

The small signal polarizability, which is essential ly 
what is measured in these experiments,  is proport ional  
to the rate  of change of Xo with respect to E. That  is 

polarizabil i ty cc dxo/dE ---- (4a 2 ~ 12bE) -1/3 

For small displacements all but  the first order t e rm 
can be neglected, and we have 

polar izabi l i ty  cc (1 -- 3bE/2a  2) /2a 

This polarizabil i ty is obviously asymmetric,  and 
for a potential  with the prefer red  orientat ion it is 
smaller  for positive field than for negative. One ex-  
pects to find in the amorphous oxide a wide range of 
degrees of asymmetry  and sites with all orientations. 
But if there is a preference for one orientat ion due to 
the mechanism described above, then polarizat ion of 
these sites will  produce a C ( E )  curve with  the ob- 
served asymmetry.  

Now let us compare this model  with the exper i -  
mental  results. The proposed polarization involves 
ionic motion so its speed is l imited to about phonon 
frequencies, which are slower than visible l ight f re-  
quency. Therefore  its absence in the Cornish and 
Young (8) exper iment  is expec.ted. (Of course this 
conflicts with the Wang and Ord (10) result.) It is 
not t empera ture  activated, so it should remain  observ-  
able at very  low temperature ,  in agreement  wi th  
experiment.  The polarization discussed above, how-  
ever, would be independent  of tempera ture  and f re-  
quency, which does not agree with experiment ,  since 
the ant isymmetr ic  term does have a small  depend-  
ence on those parameters.  It is possible that  quan tum 
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effects could provide the required dependence, since 
an ion in a fixed potential  well does not simply sit 
at the point of m i n i m u m  potential.  It is distr ibuted 
over a small  volume, and its average position in  an 
asymmetric  potential  depends on its energy level 
which in tu rn  depends on the temperature.  Al te rna-  
t ively there could be more complex occupation sites, 
involving mult iple  min ima separated by very low bar-  
riers, as discussed by Argall  and Jonscher (12) for 
silicon oxide. So while the tempera ture  and fre- 
quency dependence do not agree with this model in 
its simplest form, that does not necessarily inval idate  
the idea. 

One would expect that exposure to a high tempera-  
ture would, through diffusion, reduce the degree of 
preferred orientat ion of asymmetric  sites and the 
asymmetry  of the sites themselves. Thus hea t - t rea t -  
ment  should reduce the asymmetry  of C(E) ,  in  agree- 
ment  with experiment.  

The effect of anodization soak time is not so obvious. 
During the soak period the oxide continues to grow, 
so the electric field and hence the ionic currents  de- 
crease. One might  expect the density of asymmetric  
sites to change due to that  decrease. Unfor tuna te ly  
one cannot predic~ with any certainty the form or 
even the direction of such a change. This prediction 
would be a key test of the physical ideas of this 
model, but  it would require a much more sophisticated 
treatmen,t of the anodization process. 

To summarize, a highly simplified, quali tat ive model 
for the asymmetry  of C(E)  has been discussed, based 
on the dynamics of the anodization process. It assumes 
that the asymmetry  is not present  at optical frequency, 
which agrees with the work of Cornish and Young (8) 
but  conflicts with that  of Wang and Ord (10). The 
model is not sufficiently detailed to allow precise de- 
r ivat ion of the dependence on various experimental  
parameters.  It agrees with the presence of asymmetry  
in C(E)  at very low temperature  and with the reduc-  
tion in asymmetry  due to heat - t rea tment .  It does 
not  explain in its simplest form the small  f requency 
and temperature  dependence of the asymmetry,  but  
it is quite possiMe that this disagreement is due to 
oversimplification in the model, so it does not in-  
dicate that the physical idea is wrong. The model is 
not sufficiently sophisticated to predict a soak time 
dependence. 

Summary 
The dependence of smal l -s ignal  capacitance on d-c 

electric field at low temperature  has been shown to 
be produced by at least three separate physical proc- 
esses, all of which are bulk oxide effects (2). The 
first one causes the capacitance to increase as IEI 3/2 
when a field is applied. The data are consistent with 
a set of polarizations which require thermal  act iva- 
t ion and which have relaxat ion times corresponding 
to frequencies broadly distr ibuted throughout  and be- 
yond the range 100 Hz to 1O0 kHz. It is l ikely that 
these polarizations are associated with defects in 
the oxide. 

The second process causes the capacitance to de- 
crease approximately as IE] 5/2. This process appears 
to be an inherent  property of anodic Ta20.5, since its 
magni tude  is not affected by any of the varied param-  
eters. It is likely, though not certain, that  this is the 

same effect observed in ellipsometric measurements  
(8-10). If it is the same, then it is produced by an 
increase in oxide thickness with increasing field and 
an associated decrease in dielectric constant. 

The third process produces the asymmetry  in C(E)  
and is approximately l inear  in the field. It  indicates 
that the amorphous oxide has a bu i l t - in  anisotropy. 
It may be the same effect observed in one ellipso- 
metric exper iment  (10), in which case the oxide is 
apparent ly  piezoelectric. But if another  ellipsometric 
experiment  (8) is correct, then the asymmetry  must  
be a measure of a nonl inear  polarizabil i ty produced 
by ionic motion. Such a polarizabil i ty would result  
if ions are located in asymmetric  sites which a r e  

preferent ial ly  oriented. A crude model was in t ro-  
duced to show how the dynamics of anodization might  
produce such a preferred orientation. This model 
agrees qual i tat ively with some of the exper imental  
results, but  a much more sophisticated version of it 
would be required to show whether  the physical 
picture involved is consistent with other results. 
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ABSTRACT 

The citric acid-hydrogen peroxide-water  system has been developed for 
preferent ial  etching of GaAs through photoresist masks. Etching rates depend 
strongly on the composition of the solution and on the crystal orientat ion of 
GaAs, with the rates in the order (111)B > (100) > ( l l l ) A .  Fla t -bot tomed 
holes were obtained for all compositions of the solutions. The solution does not 
erode photoresist masks, thereby providing preferential  etching of GaAs 
through such masks. 

Significant progress in  GaAs materials  and device 
technology has been made such that it is now possible 
to produce reliable n - type  GaAs Schot tky-barr ier  
field-effect transistors (MESFET's) with gate length of 
1 #m (1-3). 

The active layer thickness of n-type GaAs MESFET's 
should be controlled with an accuracy of several hun- 
dred angstroms in order to adjust the pinch-off volt- 
age. GaAs MESFET's are usually fabricated by a lift- 
off technique (4) in which the GaAs surfaces are 
chemically etched slightly through photoresist masks 
in order to clean the surfaces before evaporation of the 
metals. For this purpose, the etching solution should 
satisfy the following conditions: (i) It should have a 
slow etching rate; (ii) it  should not erode the photo- 
resist masks; and (iii) it should provide flat etching 
profiles when the crystals are etched through windows 
in photoresist masks. 

Many etching solutions have been developed during 
the years. Most commonly used of these are the H 2 S O 4 -  

H20.~-H20 solution (5-6), the Br.~-CH3OH solution 
(7-8), the NaOH-H202-H.~O solution (9), and the 
NH~OH-H202-H20 solution (10-11). Since these all 
tend to erode photoresist masks, however, they cannot 
be used for preferential  etching of GaAs crystals 
through photoresist masks. 

In  the present experiments,  a new etching solution 
composed of citric acid [C3H~(OH)(COOH)3"H20], 
hydrogen peroxide (H2Oe), and water  has been de- 
veloped for preferential  etching of GaAs crystals 
through windows in photoresist masks. In this paper, 
the etching characteristics of GaAs crystals in this 
newly developed solution are described. 

Experimental 
Etching solution.--The CzH~ (OH) (COOH)3 �9 H20- 

H202-H20 solutions were prepared by mixing  50 weight 
per cent (w/o) C3H4(OH) (COOH)3.H.~O aqueous 
solution and 30 w/o  H202 prior to each etching ex- 
periment.  The composition of the etching solution was 
varied by changing the proportions of 30 w/o H20.~ and 
50 w/o citric acid; the ratio (by volume measure) of 
citric acid to H202 is defined by the parameter  k, which 
was varied between 0.1 and 100 over the course of our  
experiments.  The chemicals used were all of reagent 
grade. The temperature  of the solution was varied be-  
tween 5 ~ and 55 ~ _ 0.5~ 

Sample.--The physical and electrical properties of 
GaAs crystals used in the etching experiments  are 
summarized in Table I. These wafers were sliced 
wi thin  1 ~ of the low-index planes and then lapped 
with 4000 mesh a lumina  abrasive. After being de- 
greased and rinsed they were chemically etched in a 

K e y  w o r d s :  f i e l d  e f f e c t  t r a n s i s t o r s ,  c o m p o u n d  semiconductors, 
citric acid, etching r a t e .  

Table I. Physlcal and electrical properties of the samples used in 
these experiments 

Carrier 
Sam- Crys- Growth Dopant Orien- conc~ntra- 
ple tal method and type tation tion (era -~) 

A G a A s  L E C  S n  n 1 0 0  1,0 • 10  i s  
B G a A s  t t . B  S i  n 100  7 .0  X 10 iv 
C G a A s  H . B  N o n e  n 100  2 . 0  • 10 a~ 
D GaAs H.B None n i i i  A 2.0 • I016 
E G a A s  H . B  N o n e  n 111  B 2 .0  x I 0  I~ 
F G a A s  t t . B  C r  S . I  100  p > 10 ~ 

ohm - cm 
G G a A s  H . B  C d  p 100  2 .0  • 10  ~6 
H G a A ~  H . B  Z n  p 100  2 .0  • 10 ~7 
I I n S b  H . B  T e  n I 0 0  2 .0  x 10  zv 
J G a S b  H . B  N o n e  p 100  2 ,0  x 101~ 

10% Br2-CH~OH solution for 30 sec at room tempera-  
ture and finally etched in a 3H2SO4-1H202-1H20 solu- 
tion for 60 sec at 60~ prior to the etching experiments.  

Photoresist masks.---A photoresist (AZ-1350 and /or  
OMR) was coated on the crystal surface, and rectangu-  
lar  windows, set parallel  to the [110] directions, were 
cut into the masks by using standard photoresist tech- 
niques. The [011] and [01"1] directions in the (100) 
plane were distinguished with aid of Sirtl 's etch figures 
as demonstrated in GaAs crystals (8, 12). 

Etchi~g rate.--Etched depth was measured from a 
step height between an etched and unetched surface 
by using Dektak (manufactured by S]oan Corpora- 
t ion).  Average etching rate was calculated by dividing 
the measured depth by the elapsed etching time. The 
accuracy of the measurement  was about 100A. 

Results and Discussion 
Composition dependence 05 the etching rate.--Figure 

1 shows the dependence of the average etching rate on 
solution composition, k, for (100) planes of GaAs 
(sample A) etched for 10 min. The solution was kept 
at 24~ during etching experiments.  In  Fig. 1, the 
volume ratio of 50 w/o C3H~ (OH) (COOH) 3" H20 aque- 
ous solution to 30 w/o H202, k, was chosen as a var i -  
able. Open and closed circles denote the etching rates 
as the etching was carried out with and without stir- 
ring, respectively. For low values of k~ the etching 
rates increased with increasing k in both cases and 
reached a maximum value of I00 A/sec at k z 2. The 
average etching rate then decreased with k increasing 
still further. No stirring effects were observed for solu- 
tions with k > 2. On the other hand, the etching rates 
considerably increased by st i rr ing the solutions with 
composition k < 2. These curves show that the factors 
controll ing the etching are different in the two com- 
positional regions. It is desirable to use the solutions 
with composition k > 2 in order to control the etched 
depth precisely and to el iminate st irr ing as a vari-  
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Fig. 1. Composition dependence of the etching rates for a 
sample A. @, Stirring; O ,  no stirring. 

able in  the etching process. For the fabricat ion of 
GaAs MESFET's, the slow etching rates demonstrated 
in  Fig. 1 are highly desirable. 

Etching rates of 1 ,~ 4 A/sec were obtained in  the 
solution with k < 1 and k > 30, such slow rates are 
also desirable for profiling the characteristics of thin 
films such as epitaxial  layers for GaAs MESFET's, ion- 
implanted layers, and diffused layers. To date, anodic 
oxidation techniques have often been used for such 
evaluat ion (13-14). 

Temperature dependence oS the etching rate.--Figure 
2 shows the temperature  dependence of the etching 
rates in  the solution with k :-  10 on three kinds of 
I I I -V compound semiconductors. In  this experiment,  
InSb and GaSb were also etched in order to decide 
whether  the etching process is reaction l imited or dif- 
fusion limited. The etching rates increased exponen- 
t ial ly with increasing etching temperature  in all cases. 
The activation energies were obtained to be 11.2 kcal /  
mole for GaAs (sample A),  11.1 kcal /mole for InSb 
(sample I),  and 12.7 kcal /mole  for GaSb (sample J) .  
The etching shows markedly  different etching rates 
on these crystals. No st i rr ing effects were observed on 
the GaAs crystals (sample A) in  the solution, and the 
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Fig. 2. Temperature dependence of the etching rates for GaAs 
(sample A), InSb (sample I), and a GaSb (sample J) in the solution 
with k ~ 10. 

etched depth increased l inear ly  with etching time as 
shown in  Fig. 3. From the different etching rates, we 
conclude that  the etching process in the solution with 
k > 2 is chemical reaction rate limited. 

Figure 4 shows the tempera ture  dependence of the 
etching rates for the GaAs sample A in the solution 
with k ---- 1. Considerable s t i rr ing effects were observed. 
That  is to say, the etching rates and the activation 
energy were increased when the solution was violent ly 
stirred. The act ivat ion energies obtained were 15.3 
kcal /mole in the stirred solution and 8.4 kcal /mole in  
the unst i r red solution. This suggests that  a diffusion- 
controlled ra te- l imi ted process participates in the etch- 
ing process for the solution with k ---- 1. Relation be-  
tween etched depth and etching time in the solution 
with k = 1 for sample A is shown in Fig. 5. The etched 
depth did not increase l inear ly  with etching time, in 
contrast to that  for the solution with k ---- 10. If the 
etching process in  the solution with k = 1 is con- 
trolled by a diffusion ra te- l imi ted process, the etched 
depth should increase in proport ion to the square root 
of the etching time. Since this was not observed (as 
shown in  Fig. 5), the etching process in the solution 
with k ---- 1 is probably controlled by both a reaction 
ra te- l imi ted process and a diffusion ra te- l imi ted proc- 
ess. 

10 

E j SAMPLE- A (GaAs) 
=L 8 SOLUTION: k=lO 

o 
F-- 
O_ 
LU 
o 6 
a 
uJ -i- 
cJ 4 I-- 
UJ 

2 

0 I I I I I I 
0 5 10 15 20 25 30 

ETCHING TIME (min) 

Fig. 3. Relation between etched depth and etching time in the 
solution with k = 10 for sample A. 
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Fig. 5. Relation between etched depth and etching time in the 
solution with k ~ 1 for sample A. 

Orientation dependence of the etching ra te . - -F igure  
6 shows the temperature  dependence of the etching 
rates for the solution with k ---- 10 for three different 
GaAs crystallographic planes. The order of magni tude  
of the etching rates was ( l l l ) B  > (100) > (111)A. 
The etching rates on the ( l l l ) A  surface were about 
60% of that  on the (100) surface and were the smallest 
of all surfaces investigated. The activation energies ob- 
tained for each of these planes were about the same 
(11.2 kcal /mole) .  This also indicates that the solution 
with k = 10 is controlled by a reaction ra te- l imi ted 
process. 

GaAs crystals with different doping concentrat ion 
and with different dopants (as shown in Table I) were 
etched in the solution with k = 10 at 29~ for 10 rain. 
No doping concentrat ion dependence was observed 
within our experimental conditions. 

Etching profile.--The exposed GaAs surfaces defined 
by a photoresist mask (AZ-1350), whose geometry was 
shown in Fig. 7(a),  were etched in the solution with 
k ---- 10 at room temperature.  The etching profiles 
were examined by cleaving the wafer along [011] and 
[011] directions. The etching profiles are demonstrated 
in Fig. 7 ( b ) - ( d ) .  Figure 7(b) ,  (c), and (d) show the 
cross section cleaved along [011] and [0]1] directions, 
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Fig. 6. Orientation dependence of the etching rates in the solu- 
tion with k ~ 10. 

Fig. 7. Typical etching profiles on the cross section cleaved along 
[011] and [0/1]  directions for sample A (GaAs). The sample 
surfaces defined by a photoresist mask (AZ-13.~) were etched in 
the solution with k = 10. 

respectively. Fla t -bot tomed holes were obtained for 
all compositions of the solutions, as shown in Fig. 7 (b). 

A trapezoidal s tructure was formed on the cross sec- 
t ion cleaved along [011] direction. These etching pro- 
files were thought to occur due to the difference in  the 
etching rates between ( l l l ) A  planes and the other 
planes, as demonstrated in GaAs crystals etched with 
Br2-CH3OH solution (8), H2SO4-H202-H20 solution 
(6), and NH4OH-H902 solution (11). 

On the other hand, the etching profiles for the cross 
section cleaved along the [011] direction were a hand-  
d rum shaped structure, resembling a Japanese "tsu- 
zumi," which was asymmetrical  to that  for cross sec- 
tions cleaved along the [011] direction. The etching 
profiles also were different from that obtained by etch- 
ing the (100) GaAs crystals in Br2-CH~OH (8), H2SO4- 
H202-H20 (6), and NH4OH-H202 solutions (11), 
where reverse mesa-shaped structures were obtained. 
The observed angles and the most probable planes de- 
duced from these angles are shown in Fig. 7(e) and 
(f). These planes are ( l l l ) A  and ( l l l ) A  on [011] 
cross section and (1]I)A,  (122)A, ( i l l ) A ,  and (122)A 
on [0 i l l  cross section. 

Although the differences in our etching profiles and 
those observed for a Br2-CH3OH solution (5) are not 
clear, it is possible that these differences are due to the 
differences in the planes and the etching rat io (100)/ 
( l l l ) A  for both solutions. 

Erosion o] photoresist.--The erosion of the photo- 
resist used as a mask in  the preferent ia l  etching of 
GaAs crystals with the C3I-t4 (OH) (COOH) 3"H20- 
H202-H20 solution was investigated to compare it with 
that used for etching with the H2SO4-H202-H20 sys- 
tem. GaAs MESFET patterns were defined by a s tan-  
dard photoresist technique with AZ-1350, which is a 
posit ive-type photoresist, and with OMR, which is a 
negative one. The exposed GaAs surfaces were etched 
5000A. The times to etch 5000A are 2.5 min  for the 
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Fig. 8. Comparison of erosion of photoreslst masks [(a)-(c) for AZ-1350, (d)-(f) for OMR] due to etching with the C3H4(OH)(COOH)3 �9 
H20-H202-H20 system and the 3H2SO4-1H202-1H20. (a), (d) patterns before etching; (b), (e) etched in the solution with k _-- 10 for 2.5 
min (0.5 ~m); (c), if) etched with 3H2SO4-1H202-1H20 at 60~ for 3 sec (0.5#m). 

hydrogen peroxide-ci t r ic  acid solution with  k = l0 at 
23~ and 3 sec for a 3H2SO4-1H202-1H20 solution at 
60~ The results are shown in Fig. 8. F igure  8(a) and 
(d) are the original pat terns used in the experiment .  

The erosion of the photoresist  masks by 3H2SO4-1H202- 
1H20 is apparent ly  seen in Fig. 8(c) and (f). In this 
case, part  of the photoresist  masks have been dissolved 
into solution and the pa t te rn  size has changed. The 
Br2-CH3OH, NaOH-I-I202, and NH4OH-H202 solutions 
also erode the photoresist  masks as in the case of the 
H2SO4-H202-H20 system. 

On the other hand, no erosion of the photoresist  
masks by the solution wi th  k ---- 10 is observed, as 
shown in Fig. 8(b) and (e), and pat te rn  size is the 
same as those in the original one. No erosion was ob- 
served for all compositions of the solution examined  m 

these experiments.  The photoresists used in this ex-  
per iment  did not dissolve percept ibly in solution even 
when the etching was carried out for 60 min at room 
temperature .  

From the above-descr ibed results, it is bel ieved that  
the solution developed here should be of general  use 
to GaAs device technology. 

Summary  
An etching solution for the preferent ia l  etching of 

GaAs through photoresist  masks has been developed. 
The solution consists of citric acid, hydrogen peroxide, 
and water.  Etching rates va ry  f rom 1 to 100 A/sec,  
depending on the composition of the solution. The 
etching process for solutions containing a higher  com- 
position of citric acid ( k > 2) is chemical reaction 
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rate l imited, for solutions containing a lower concen- 
t rat ion of citric acid (k < 2), it is chemical reaction 
rate l imited and diffusion rate limited. The etching 
rates depend on crystal orientation, with the rates for 
the solution with k ---- 10 decreasing in the order 
( l l l ) B  > (100) > ( l l l ) A .  

Fla t -bot tomed holes are obtained for all composi- 
tions of the solution. However, the hole structures in 
preferential  etching on the crystals display asym- 
metrical  patterns. 

This etching solution does not erode the photoresist 
masks, thereby providing improved resolutions and 
definition for fine photoresist pat terns such as n- type  
GaAs MESFET's. 
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Ionic ConductMty in Solid Electrolytes Based on Lithium 
Aluminosilicate Glass and Glass-Ceramic 

Ralph T. Johnson, Jr., R. M. Biefeld, M. L. Knotek, and B. Morosin 
Sandia Laboratories, Albuquerque,  New Mexico 87115 

ABSTRACT 

Ionic conductivity measurements  on Li20" A120~. 2SIO2, i.e., LiA1SiO4, 
glass and glass-ceramic have shown these materials to be good l i th ium ion 
conducting solid electrolytes at high temperatures.  This composition crystal-  
lizes in the /~-eucryptite s t ructure which is attractive for solid electrolyte 
applications because of its low thermal  expansion. The glasses were pre-  
pared by quenching from the melt  and were annealed to remove strain. The 
glass-ceramic (/~-eucryptite) samples were crystallized (aided by TiO2 and 
ZrO2 nucleat ing agents) by using a hea t - t rea tment  determined through differ- 
ential  thermal  analysis. The conductivi ty (~) was measured (to 650~ with 
a variety of techniques, including 2- terminal  a.c., 3- terminal  guarded a.c., 
4- terminal  a.c., 2- terminal  d.c., and a pulsed method. Vapor-deposited Cr 
contacts were used. Different sample geometries, contact geometries, and 
measurement  circuitries were employed. The results from the various mea-  
surements  are in excellent agreement.  The a-c techniques appear to be the 
most versatile and accurate of the methods examined. In  these materials the 
conductivi ty is thermal ly  activated (~ ---- ~oe -E/kT) with typical values of ~o --~ 
1.9 • 102 ( o h m - c m ) - I  and E ~ 0.68 eV for the glasses, and ~o = 2.1 • 104 
(ohm-cm) - I  and E ~ 1.05 eV for the glass-ceramics. The TiO2 and ZrO2 
nucleat ing agents [concentrations up to 2.8 mole per cent (m/o ) ]  did not ap-  
pear to influence the ionic conductivity. Data were also taken on a (~-eucryp-  
rite) glass-ceramic with a composition near  the /3-eucryptite//~-spodumene 
phase boundary.  The ionic conductivi ty of this mater ia l  is lower than that of 
the LiA1SiO4 materials.  Data are also provided on fl-spodumene material.  

This paper reports on the ionic conductivity in 
l i th ium aluminosil icate glasses and glass-ceramics. The 
materials examined have compositions near  that of 
stoichiometric Li20"A1203"2SiO2, i.e., LiA1SiO~. Ma- 
terials of this stoichiometry form the basis of the class 
of materials which, when in crystall ine form, exhibit  
the /3-eucryptite s t ructure (1-11). These materials are 
of interest  for high temperature  solid electrolyte ap- 
plications (12), e.g., thermal  batteries (13), because of 
the combined characteristics of low thermal  expan-  

Key  words :  sol id  e lec t ro ly tes ,  l i t h i u m  ion  conductors ,  ion ic  c o n -  
duct iv i ty ,  l i t h i u m  a l u m i n o s i l i c a t e  g lass  a nd  g lass -ceramic ,  f l - eueryp-  
t i te  s t ruc tu re .  

sion (6-11) and high l i th ium ionic conductivi ty at 
elevated temperatures (14). In  these studies, ionic 
conductivi ty measurements  were made over the tem- 
perature  range from room tempera ture  to --650~ 
with a 3- terminal  guarded a-c technique and a 4- ter-  
minal  a-c technique. These exper imental  techniques 
are shown to give accurate values and are in excellent 
agreement  with other experimental  techniques ex- 
amined. The data obtained on the stoichiometric 
LiA1SiO4 materials are compared with similar  data 
taken on a glass-ceramic obtained from Corning Glass 
Works which also exhibits the /~-eucryptite structure, 
but  which has a composition near  the /3-eucryptite/ 
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~-spodumene phase boundary.  Data are also provided 
on material  with the ~-spodumene phase (4-8, 15-17). 

The l i th ium aluminosil icate materials  examined in  
this study are of the general  class Li20-A1203.nSiO-~. 
Compositions with n ~ 2 crystallize in the ~-eucrypti te  
s t ructure  whereas for n ~ 4-11 the ~-spodumene phase 
is formed (4-8, 16, 17). These materials  have low 
thermal  expansion characteristics which are composi- 
t ion dependent  (6-8, 17-19) and structure dependent  
(7, 20). A var ie ty  of commercial applications have 
utilized the low thermal  expansion characteristics 
(18, 19,21), but  have not utilized the Li + ionic con- 
duction characteristics. The more notable  applications 
to date include cookware, cooking surfaces, and heat  
exchangers which are based on ~-spodumene materials  
(18, 19, 21). These materials  have a lower Li content 
than the ~-eucrypti te  materials.  The commercial de- 
velopments to date appear to have been directed 
toward reducing the Li20 content  in order to lower the 
conductivi ty of the mater ia l  to avoid electrical short-  
ing at high temperatures  (19). However, for solid 
electrolyte applications it is obviously important  to 
enhance the ionic conductivity, and for this reason we 
have examined the ~-eucrypti te  materials.  

Some informat ion  on ionic conductivi ty is available 
on l i th ium aluminosilicates in  the ~-spodumene phase 
(19, 22-24); however, there is very l i t t le informat ion 
published on the ~-eucrypti te materials (24), and none 
on the glass or glass-ceramic. Recent nuclear  magnetic 
resonance (NMR) experiments  (25) in conjunct ion 
with Raman  scattering experiments  (26) have shown 
that Li + motion does occur in  LiA1SiO4 glass and glass- 
ceramic (~-eucrypti te)  materials.  The results reported 
here on our ionic conductivity measurements  on 
LiAISiO4 show that  at high temperatures  (~60O~ the 
Li + ionic conductivi ty of these materials  compares 
favorably with that of other l i th ium ion conductors of 
interest  for solid electrolyte applications (22, 27). 

In  this paper, we first describe the method of prepa-  
ra t ion of the LiA1SiO~ glasses and glass-ceramics and 
the characteristics of the Corning glass-ceramic. The 
method of electrically contacting the samples is then 
discussed. This is followed by a section which outlines 
the methods used for measur ing the ionic conductivity 
(which include 2- terminal  a.c., 3- terminal  guarded 
a.c., 4- terminal  a.c., 2 te rminal  d.c., and a pulsed 
method).  Another  section then describes exl~eriments 
designed to compare the measurement  techniques and 
to establish the rel iabil i ty oi the measurements.  The 
final section gives the results obtained from the ionic 
conductivity studies on the glass and glass-ceramic 
materials,  and also mentions possible solid electrolyte 
applications. 

M a t e r i a l  Propert ies 
The glass-ceramic obtained from Corning Glass 

V~orks (Corning designation code 99QHA) was in  the 
form of large slabs (15 • 12 • 0.3-0.6 cm),  and was 
a "good quali ty" glass-ceramic. This mater ial  had un i -  
form compositional, structural,  and electrical prop- 
erties as determined from chemical analyses, x - r ay  
diffraction, and ionic conductivity measurements.  The 
exact composition and method of preparat ion (e.g., 
heat- t rea tment ,  etc.) are not completely known. 

Table I gives the composition of the s tar t ing mate-  
rials used by Corning ( information provided by Corn- 

Table I. Composition derived from starting materials 

Composition (m/o) 
M a t e r i a l  L i 2 0  A1~O3 SiO~ TiO2 Z r O a  P2Os 

L i AIS iO4-A  25 25 50 
L iAIS iO4-B  24.3 24.3 48.6 2.8 
L iA]SiO~-C 24.3 24.3 48.7 1.6 1.0 
C o r n i n g a  10.6 21.6 62.8 2.8 1.8 0.4 

F r o m  i n f o r m a t i o n  provided by Coming Glass W o r k s .  

ing),  and the composition of the start ing materials  used 
in  our laboratories for the preparat ion of the LiA1SiO~ 
glass and glass-ceramic materials.  From this informa-  
tion, it is seen that the Corning glass-ceramic has a 
much lower Li20 content, and that TiO2, ZrO2, and P205 
were used as nucleat ing agents (28). Results from 
chemical analysis performed in  our laboratories were 
consistent with the informat ion provided by Corning 
on the star t ing materials. This mater ia l  has a com- 
position near  the ~-eucrypt i te /~-spodumene phase 
boundary  and it can be considered as a /~-eucryptite/ 
~-quartz solid solution (6, 7). 

In  preparat ion of the LiA1SiO4 materials  in  our lab-  
oratories, reagent grade chemicals (99% pur i ty  or 
better)  were used. The glasses were prepared by 
mixing about 250g of Li2CO3 and the required oxides 
in a twin-cone blender  for 1-2 hr and then melt ing in 
Pt  crucibles at 160O~ The melts were stirred with 
p la t inum stirrers for 17 hr  and allowed to stand for 
2 hr after s t i rr ing at 1600~ The glass was then cast 
onto a water-chi l led copper plate, cooled for 20 sec, 
and placed into an anneal ing furnace at 370~ The 
temperature  of the anneal ing furnace was then raised 
at a rate of 20~ to 650~ held there for 5 rain, 
and then cooled to room temperature  at the na tura l  
cooling rate of the furnace. X- ray  powder diffraction 
photographs of the glasses revealed no crystal l ine 
structure. The hea t - t rea tment  schedules used for pro- 
ducing the glass-ceramic materials varied and de- 
pended upon the nucleat ing agents (5, 28). The 
LiA1SiO4-B mater ial  with the TiO2 nucleat ing agent 
(see Table I) was crystallized by heating the glass to 
925~ at a rate of 5~ The glass was held at that  
temperature  for 5 hr and then  the temperature  was in-  
creased to 960~C and held there for 5 hr. The glass 
was then cooled to room tempera ture  in  8 hr. The 
glass-ceramic with the TiO2 and ZrO~ nucleat ing 
agents (LiA1SiO~-C) was produced by heat- t reat ing 
the glass through a schedule which involved raising 
the temperature  to 560~ at a rate of 5~ holding 
at that tempera ture  for 4 hr, and then increasing the 
tempera ture  (over 1.5 hr) to 930~ and holding at that  
temperature  for 4 hr. The mater ial  was then cooled to 
room temperature  in 8 hr. 

The above heat - t rea tments  were determined from 
differential thermal  analysis (DTA) performed on 
rapidly cooled and unannea led  glass samples and from 
x - ray  powder diffraction photographs taken of samples 
heated to different temperatures  and then rapidly 
cooled. The DTA data were taken with a du Pont  990 
thermal  analyzer. The results are shown in  Fig. 1. The 
DTA on LiA1SiO4-B was carried out at a rate of 10~ 
min  with A1203 as the reference. A glass t ransi t ion 
tempera ture  (Tg) of 6500C was found. The phase 

LiAISiO 4 GLASS 

T g 
~TiO 2 + ZrO 2) 

T q 
(TiO 2) 

i I I , I I 

200 40b 500 8% I(;E)O 
TEMPERATURE (~ 

Fig. 1. Differential thermal analysis data on /iAISiO4 glasses 
with nucleating agents of TiO2 and TiO2 ~- ZrO~. Composition 
information is given in Table I. Tg is the glass transition tempera- 
ture. The exotherms result from crystallization as discussed in the 
text. 
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changes responsible for the observed heat  effects be-  
tween  770 ~ and 950~ are due to the crystall ization 
of r and an unidentified phase. These results 
are similar  to those reported by Barry  et al. (5) on 
similar  mater ia ls  except  that  they observed different 
(hexagonal  and tetragonal)  phases. In our studies, the 
intensities of the reflections due to the unidentified 
phase are s t ronger  than the intensities of the/~-eucryp-  
tire reflections following hea t - t r ea tment  at low t em-  
peratures  (770~176 however,  these unidentified 
reflections become weaker  at higher  hea t - t r ea tment  
tempera tures  (800~176 and disappear above 950~ 
Above this hea t - t r ea tment  t empera ture  only the ~-eu- 
crypt i te  phase is detected. Thus, in the DTA of the 
TiO2-nucleated LiA1SiO4, the exotherm from 770 ~ to 
800~ can be associated pr imar i ly  wi th  the format ion 
of the unidentified crystal l ine phase. The complex be-  
havior  observed from 800 ~ to 950~ is probably caused 
by the conversion of this unidentified phase to the 
/s-eucryptite phase. 

The DTA results for the LiA1SiO4-C glass (TiO2 
and ZrO2 nucleating agents) reveal  a Tg of 650~ and 
the existence of only one crystal l ine phase, ~-eucryp-  
tite. The formation of this phase is responsible for the 
exotherm from 805 ~ to 830~ 

X- ray  analysis of the as-obtained Corning mater ia l  
revealed the presence of the ~-eucrypti te  structure.  
However,  hea t - t r ea tmen t  of this glass-ceramic to 
1120~ resulted in conversion to the r 
phase (6). Similar  hea t - t rea tment  of the LiA1SiO4 ma-  
terials resul ted in no new phases. 

The density of these materials  was determined by 
displacement wi th  toluene. The densities of the 
LiA1SiO4-B and -C glasses were  found to be 2.45 and 
2.49 g/cm~, respectively.  Af te r  hea t - t r ea tment  the 
densities of the corresponding glass-ceramics were  
slightly lower (2.38 and 2.41 g / cm 3, respect ively) .  The 
density of the "as-obtained" Cornlng glass-ceramic 
(~-eucrypti te  phase) was found to be 2.57 g / c m  3. Scan- 

ning electron micrograph studies suggested that  the 
as-obtained Corning mater ia l  also contained more 
glassy phase (or smaller  crystall i tes) than the 
LiA1SiO4 glass-ceramics. The density of this mater ia l  
increased to 2.62 g / cm 3 after convers ion to the r  
umene phase. These bulk densities may be compared 
with  the theoret ical  crystal  densities of 2.351, 2.391, and 
2.399 g / c m  '~ for n = 2 (~-eucrypti te)  and n = 3 and 
4 [~-spodumene (16)], respectively.  

Electrodes 
The samples used for the ionic conductivi ty measure-  

ments were  cut with a diamond saw and were  polished 
(first with dry emery  paper then with  an oil-based 
diamond polish) on the surfaces to be contacted. They 
then were cleaned with acetone and ethyl alcohol. 
Vacuum evaporated (~10 -6 Torr)  thin-f i lm electrodes 
of Cr, A1, or Li were  applied. Results obtained with 
these electrodes were  evaluated. For general  discus- 
sions of important  electrode and measurement  cri teria 
see Ref. (29) and (30). 

For studies of thin-f i lm Li electrodes, the Li was 
evaporated at ~ 150~ utilizing the reaction: 2LiC1 § 
Ca ~ CaC12 + 2Li. Only marginal  results were  ob- 
tained from these experiments.  The contacts f requent ly  
appeared to be "ineffective" (possibly evaporated off 
the samples) as the sample tempera ture  was increased. 
Generally,  sample tempera tures  > 100~ were needed 
in order for the sample conductance values to be in a 
range which could be measured with  the ins t rumenta-  
tion. The results which were  obtained with Li elec- 
trodes were in agreement  with those obtained with Cr 
and A1. 

Good results were  obtained with both Cr and A1 
electrodes. These contacts were  evaporated onto the 
samples with the samples at 300~C. Contacts evapo- 
rated at this t empera tu re  were found to be more me-  

chanically (and electr ical ly)  stable than those evapo- 
rated at room temperature .  Electr ical  leads were  then 
contacted by ei ther  spring loading or using silver paint. 
Some of the studies showed that  contact effects can 
significantly influence the results. In several  exper i -  
ments where  contacts were  applied to the samples with 
various surface treatments,  the conductivi ty was found 
to vary  by an order of magnitude.  For  this reason, 
much care was exercised in sample surface preparat ion 
and in applying the electrodes. With proper ly  applied 
contacts, our results indicated that  while  Cr and A1 
are not reference electrodes, there was no great  effect 
due to their  inactivity.  Genera l ly  the results obtained 
with  Cr and A1 contacts were  very  similar, except that  
there was an indication of more polar izat ion-re la ted 
effects for the A1 contacts at the h igher  conductivities. 
For  this reason, most work  was done with Cr elec- 
trodes, and only results obtained by using Cr electrodes 
are reported here. 

Electrical Measurement Techniques 
Electr ical  measurements  were  made by using a var i -  

ety of techniques which included 2- terminal  a.c., 3- 
terminal  guarded a.c., 4- terminal  a.c., 2- terminal  d.c., 
and a pulsed method. These methods were  complemen-  
tary in that the measurement  circuitries and the sample 
and contact geometries were  considerably different, 
e.g., area- to - leng th  ratios differed by factors of up to 

103. By comparison and cross-correlat ion of results 
f rom the various techniques, a high rel iabi l i ty  could be 
assigned to the conduct ivi ty  data. 

2-Terminal  d-c me thod . - -The  2-terminal  d-c tech- 
nique was used pr imar i ly  as a check of the a-c and 
the pulsed method results. It also gave an indica- 
tion of the extent  of electronic conduction wi th in  the 
samples (31, 32). The measurements  were  made on 
samples wi th  dimensions of approximate ly  2 • 2 • 
0.1 cm. The contacts were  evaporated onto the 2 • 2 
cm sample faces. The electrical  measurements  were  
made with  a Kei thley digital electrometer,  Model 615 
(fast current  mode) ,  in series wi th  a constant voltage 
source (0.5V). When the circuit  was closed, the instan-  
taneous current  was used to measure the total (ionic 
and electronic) current.  The t ime var ia t ion in current  
through the sample gave an indication of the polariza-  
tion which occurred at the electrodes. The final stabil-  
ized current  is related to the electronic contr ibution to 
the conductivi ty (31, 32). 

For  measurements  as a function of temperature,  
thermocouples were  bonded to the sides of the sample 
with porcelainl ike cement  (Omega CC high tempera-  
ture cement) .  The sample was encased in a thin 
ceramic holder which supported the electrical  leads. 
This assembly was placed between two Ta strips which 
formed the heater  arrangement .  This entire assembly 
was mounted in a vacuum system, and measurements  
were  made at ~ 10-8 Torr. The tempera ture  gradient  
across the sample was 1~176 at ~ 400~ 

Pulsed method.---A pulsed method (2- terminal  mea-  
surement)  was examined since it is one of the tech-  
niques which can be used to measure  ionic conductivi ty 
in the presence of polarization effects. The sample con- 
figuration is similar  to that  for the 2- terminal  d-c 
method. As with  the d-c technique, the pulsed method 
measures the "instantaneous" current.  In this case the 
current  is in response to a smal l -ampl i tude  square-  
wave voltage pulse. The exper imenta l  a r rangement  is 
i l lustrated in Fig. 2, and is a modification of a method 
developed by Nissen and Carlsten (33). The basic cir- 
cuit includes a pulse generator  (Tektronix Type 114 
with a Tektronix  X10 at tenuator) ,  a current-sensing 
(standard) resistor in series with the sample (resist- 
ante  a factor of ~ 10 lower than that  of the sample) ,  
and fast-r ise oscilloscopes (Hewle t t -Packard  Models 
180 and 183) for determining the sample voltage and 
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Fig. 2. Schematic diagram of the pulsed conductivity measure- 
ment circuit. 

current.  The operat ional  amplifier (Bur r -Brown  Model 
3503T) was used to increase the effective input  im-  
pedance of the scope measuring the sample voltage. 
The scopes were  t r iggered several  microseconds before 
the pulse generator  was t r iggered in order to record 
complete traces of the voltage and current  pulses. 
Voltage pulses of ,~ 100 mV magni tude  and ~ 200 ~sec 
durat ion were  used. This method was l imited to mea-  
suring conductances >~ 10 -6 ohm -1. 

2- a~d 3 - T e r m i n M  a-c m e t h o d s . - - B o t h  2- terminal  
a-c and 3- te rminal  guarded a-c measurements  were  
made on samples prepared in the same manner  as for 
the d-c and pulsed experiments.  The exper imenta l  ar-  
rangement  is shown in Fig. 3. The measurements  were  
made using a l -Iewlet t-Packard 4800A vector imped-  
ance meter  with a 4810A direct measurement  plug-in.  
This ins t rument  covers the f requency range from 5 to 
5 • 10~ Hz. The impedance range is f rom 1 ohm to 10 
megohm. The sample is connected to the ins t rument  
through two shielded coaxial  cables. The shields are 
grounded at the ins t rument  to minimize cable capaci- 
tance effects. The 2- terminal  and 3- terminal  measure-  
ments were  the same except that the 3- terminal  mea-  
surements  were  on samples which had a grounded 
(guard)  electrode around the sample edge. This helped 
minimize problems due to leakage currents across the 
surface of the samples as well  as to minimize field 
fr inging effects. In prepar ing samples for the guarded 
measurements ,  a circular groove was cut through the 
Cr contacts with sand-blast ing techniques (a l ignment  
of the grooves on opposite surfaces was within  ~ 2%).  
This defined a center  electrode area (--  0.35 cm 2) and 
an outer electrode area on each surface. The center  
circular electrodes were  used for the conductance 
measurements  (the l eng th - to -a rea  ratio, l /A ,  used for 
conductivi ty determinat ions  was ~ 0.35 cm-~) .  The 
leads to the outer electrodes were  connected to the 
grounded shields on the coaxial cables which were  also 
t ied to a common system ground. For  measurements  of 
low conductances, a resistor (10 ~ ohm) was used in 

VECTOR 
IMPEDANCE 
METER 

_L 

_L 

Fig. 3. Experimental arrangement for 2-termlnal a-c and 3- 
terminal guarded a-c mca-:urements. These measurements differ 
only in that for the 2-terminal measurements the outer guarded 
electrodes are either not used or ore not grounded, i.e. no leads 
attached. 

paral le l  wi th  the sample to extend the lower  limit of 
t h e  effective sample conductance measurement  range 
f rom ~ 10 .7 to --~ 10 - s  ohm -1 (wi th  some loss in a c -  
curacy).  The rms voltage across the samples wi th  this 
ins t rumenta t ion  varies f rom about 2.7 mV to 2.7 V (de- 
pendent  upon the impedance) ,  and has values < 270 
mV for conductances > 10 -6 ohm. Conductance vs. 
f requency measurements  were  made over  the f re-  
quency range f rom 50 to 5 X 105 Hz. 

4 -Termina l  a-c  m e t h o d . - - T h e  4- te rminal  a-c mea-  
surements  were  made  with  the circuit  and sample 
geometry  shown in Fig. 4. Bar -shaped  samples wi th  
dimensions of about 1 • 1 X 15 mm were  used. Two 
electrodes were  evaporated onto the ends of the sample 
and served as current  lead contacts. The  vol tage con- 
tacts consisted of two strips 1 mm wide which encom- 
passed three sides of the sample. These electrodes were  

7 mm apart  and were  centered on the sample. With 
this a r rangement  l / A  ~ 70 cm -1. 

The sample was coupled to the internal  oscillator 
output  f rom a Pr inceton Applied Research Model 124A 
lock- in  amplifier through a vo l t age - to -cur ren t  t rans-  
ducer, i.e., the sample was inserted in the feedback 
loop of an operational  amplifier. The current  through 
the feedback loop of the operat ional  amplifier was de- 
termined by the output  voltage of the oscillator, V ( t ) ,  
and the input  resistor, R, wi th  i ( t )  = V ( t ) / R .  Thus 
the sample was dr iven with a sinusoidal current  whose 
phase was fixed re la t ive  to the input  voltage V( t ) .  
This al leviates the problems associated wi th  polar iza-  
tion at the current  contacts to the sample, since this 
configuration will  always drive i ( t )  through the sample 
i r respect ive of any polarization that  is occurring. Thus 
the only problem with polarization in this method is 
the polarization at the voltage contacts. This polariza- 
tion, however, can be accurately monitored because any 
polarization will result in a phase shift between r 
and i(t). We need merely adjust the frequency of the 
measurement until the phase shift is negligible to get 
accurate values for the bulk conductance. Phase shifts 
of less than 1 ~ could easily be measured. With this cir- 
cuit, any impedance from i0 to l0 s ohm could be ac- 
curately measured in the frequency range from 2 Hz 
to ~ i0 kHz. The ability to-use very low frequencies 
while alleviating polarization problems is imFortant 
when inferring d-c conductivity from such measure- 
ments due to the intrinsic dispersion which is likely to 
be present in systems such as these. In the case of 

PA R 124A 
LOCK-IN 
AMPLIFIER 

PAR 119 ] 
DIFF. 
PREAMP. 

PAR 12ZlA [ V(t) R A ~  
VCO ~ ~ " 

i(t) 

i(t) = V(t____)) ~ ( t )  = i ( t ) . R  
R x 

Fig. 4. Schematic diagram of the 4-terminal a-c measurement 
technique. The operational amplifier is an analog device Model 
41L uhralow input offset bias current FET amplifier. 
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these materials,  however,  there  appears to be no dis- 
persion. 

All measurements  were  taken wi th  the peak- to -peak  
value of i( t)  < 10-9A. This resulted in a-c voltages 
r (t), applied across the sample, of --~ 10 mV. The mea-  
surement  apparatus also contained a cal ibrat ion re-  
sistor which could be inserted in place of the sample. 
Between data points the apparatus was switched to the 
cal ibrat ion resistance and all leads to the sample were  
shorted to ground. This al lowed any polarization which 
had buil t  up to drain off. There was finite input  offset 
bias current  ( ~  10-12A) present  in the  ol~erational 
amplifier and the d-c polarizat ion of the current  con- 
tacts due to this current  was monitored. This polar iza-  
tion was kept below 0.05V to avoid contact injection. 

For  measurements  as a function of temperature ,  the 
sample was bonded to a lumina plates wi th  the Omega 
porcelain cement. One or more Chromel -Alumel  ther-  
mocouples were  affixed to the sample at various points 
by using the same cement. Nichrome wires were at- 
tached to the electrodes wi th  Ag paint. This assembly 
was placed in a tube furnace and the data were  taken 
with  the sample in air. The data were  taken at 7 Hz 
and the phase angle be tween the input current  and the 
sample voltage was always < 5% 

Comparison of M e a s u r e m e n t  Techniques 
In order to compare these conductivi ty measurement  

techniques and to invest igate effects due to sample and 
contact geometry,  two different sets of exper iments  
were  performed.  The same mater ia l  (the Corning #- 
eucrypt i te  glass-ceramic and in some cases sister sam- 
ples) was used in all the experiments.  The first set 
of exper iments  was designed to compare the 2- terminal  
techniques (a.c., d.c., and pulsed),  whereas  the other 
exper iments  compared the 3- and 4- terminal  a-c tech- 
niques. 

2-Terminal (a-c, d-c, and pulsed) experi~nents.~ 
These exper iments  were  performed on the same sample, 
with the same contacts, and were  mounted in the same 
sample holder. The at tempt  here  was to vary only the 
measurement  circuitry. Ring-shaped Cr electrodes 
were  used. This contact configuration was chosen for 
evaluat ion as a possible base-electrode s tructure (elec- 
t r ical ly  conductive) over which other more active, but  
possibly less conductive, electrodes (e.g., Li) could be 
deposited (or at tached).  It also provided a completely  
different electrode geometry  than that  used for the 3- 
and 4- terminal  experiments .  Since the r ing-shaped 
electrode is not the normal  (more conventional)  elec- 
trode configuration and the effects of fr inging fields are 
not known, the data are presented as conductance 
ra ther  than conductivity,  i.e., no a t tempt  was made to 
determine the exact geometry  factors appropriate  for a 
conductivi ty determination.  

The results obtained from the 2- terminal  (a-c, d-c, 
and pulsed) measurements  are shown in Fig. 5 and 6. 
F igure  5 gives the conductance values determined from 
the d-c and pulsed measurements  as well  as the f re-  
quency-dependent  data obtained from the a-c mea-  
surements.  The data were obtained for temperatures 
ranging from i00 ~ to 450~C. The d-c results were ob- 
tained from the "instantaneous" (time _-- 0) current 
values obtained when the circuit was closed. The time- 
dependent results from the d-c measurements sug- 
gested that the current is carried by ions [presumably 
Li + ions (25, 26)], in good agreement with recent 
NMR and Raman scattering experiments (25, 26). 
Furthermore, the electronic contribution to the con- 
ductivity is many orders of magnitude less than the 
ionic contribution. For example, measurements made at 
400~ indicate that at this temperature the electronic 
conductivity is over three orders of magnitude less than 
the ionic conductivity. The ionic conductivity at this 
temperature is ~ 10 -4 (ohm-cm)-1 
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Fig. 5. Ionic conductance data obtained by using 2-terminal a-c, 
d-c, and pulsed measurement techniques on a glass-ceramic 
(#-eucryptlte) sample at the temperatures indicated. 
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Fig. 6. Temperature dependence of the ionic conductance deter- 
mined from the data in Fig. 5 for the fl-eucryptite sample. The 
data were obtained with a-c, d-c, and pulsed 2-terminal techniques. 
Results show (i) excellent correlation between the measurement 
techniques, and ( i i )  that the conductivity is thermally activated 
with an activation energy of ~0.78 eV for this sample. 

Results in Fig. 5 from the pulsed measurements  are, 
as they should be, in good agreement  with the d-c re-  
sults. The extrapola ted a-c data, or a-c data in the 
f requency independent  region, are also in good agree-  
ment  with the d-c and pulsed results. In the f requency-  
dependent  region, the a-c data indicate an increase in 
conductance with  increasing frequency. This is espe- 
cially pronounced for the low conductance (or low 
tempera ture)  data, and is due to the exper imenta l  ar-  
rangement  (cabling, etc.) and is not (necessarily) due 
to the sample. A similar  f requency dependence was 
observed when the sample was replaced by a resistor. 
Any dispersion due to the sample was masked, in our 
case, by circuit  effects. 
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These conductance results are compared further  in 
Fig. 6 where conductance is plotted as a function of 
reciprocal temperature.  The a-c conductance results are 
those obtained from the f requency- independent  region. 
This plot also shows the excellent agreement  obtained 
between the various techniques. Fur thermore,  the re-  
sults show that  the conductivi ty of this mater ial  
(Coming #-eucrypti te  glass-ceramic) is thermal ly  ac- 
t ivated with an activation energy of ,~ 0.78 eV. 

3- and 4-Terminal  a-c exper imen t s . - -Th i s  set of ex- 
per iments  was designed to accurately determine the 
conductivity of the material .  In  order to provide com- 
pletely independent  determinat ions of the conductivity 
with these two techniques, different measurement  cir- 
cuitries, different sample geometries (slab vs. bar-  
shaped samples),  different contact configurations (1/A 
ratios varied by ~ 200 • ), and different sample holder /  
heater a r rangements  were used. Even the ambient  en-  
v i ronment  was changed. 

The results from the 3- and 4- terminal  measure-  
ments  are shown in Fig. 7 (for the #-eucrypti te  phase).  
The agreement  between results is wi thin  10%. (Similar  
results were obtained on the LiA1SiO4 materials.)  This 
is remarkable  considering the factors that were differ- 
ent in the two measurements.  The results are also in  
good agreement  with the 2- terminal  data (Fig. 6) in  
that  the same activation energy is obtained. An esti- 
mate of the Z/A ratio for the 2- terminal  experiments  
gave conductivi ty values wi thin  less than a factor of 2 
of the values in Fig. 7. As noted before, there is con- 
siderable uncer ta in ty  and error in this estimate of I /A,  
so this agreement  appears to be reasonably good. All 
of these results give us confidence in  our abi l i ty  to 
measure the bu lk  ionic conductivi ty of these materials.  
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Fig. 7. Ionic conductivity of the Corning glass-ceramic in the 
as-obtained fi-eucryptite phase and in the fl-spodumene phase 
(induced by heat-treatment). Da.~a were obtained by using 3- and 
4-terminal a-c techniques and are in excellent agreement. Results 
are summarized in Table II. 

Conclusion.--The study in this section has provided 
a useful comparison of five different ionic conductivity 
measurement  techniques. The pulsed technique was the 
most difficult technique to use. This technique was also 
l imited to measur ing conductances > 10 -6 ohm -1. The 
2- terminal  d-c technique was the most inaccurate 
method to use because of polarization effects en-  
countered with inactive electrodes. For  ionic conduc- 
t ivity determinat ions the most meaningful  and useful 
techniques are the 4- terminal  a-c and 3- terminal  
guarded a-c techniques. These techniques are comple- 
men ta ry  in that different sample geometries, contact 
configurations, and measurement  circuitries are em- 
ployed. The 4- terminal  a-c measurement  has the ad- 
vantage (or at least has the potential)  of minimizing 
undesirable  contact effects. Where possible, both of 
these techniques should be used to measure the con- 
ductivity in  order to establish the rel iabi l i ty  of the 
data. Furthermore,  these experiments  have shown that  
the conductivi ty in  these materials  is not  significantly 
dependent  upon sample geometry, contact geometry, or 
the measurement  circuitry. Thus it is concluded that  
ionic conductivity values obtained are those of the bulk  
material.  

Materials Ionic Conductivity Studies 
Most of the studies of ionic conductivity in  the glass 

and glass-ceramic materials were made with the 3- 
terminal  guarded a-c and 4- terminal  a-c techniques. 
Data were taken over the temperature  range from 
room temperature  to ~ 650~ 

Resul t s . - -Resu l t s  on the Corning mater ial  in both 
the #-eucrypti te  and #-spodumene phases are shown in 
Fig. 7. These data were obtained on the same sample; 
that is, the conductivity data for the sample in the 
#-spodumene phase were obtained after the sample 
had been converted (via hea t - t rea tment )  to the #- 
spodumene phase. The results show that the ionic con- 
ductivity (r is thermal ly  activated 

~. ~ r  

with activation energies, E, of 0.78 and 0.87 eV for the 
#-eucrypti te  and #-spodumene materials,  respectively. 
Values for E and the preexponent ia l  factor, r for all 
of the materials examined in  this s tudy are summar -  
ized in Table II. 

The results in Fig. 7 show that the conductivity of 
the #-spodumene mater ial  is less than that  of the #- 
eucrypti te mater ial  in the temperature  range examined 
( ~  650~ In  the conversion of the #-eucrypti te  mate-  
rial to the #-spodumene material,  E increased from 

0.78 to ~ 0.87 eV and r increased from ,~ 50 to 
65 (ohm-cm)-1 .  The degree to which this change is 

associated with the conversion to the #-spodumene 
crystall ine s t ructure  as compared to changes in  other 
materials properties, e.g., glass phase and /or  relative 
amounts of glass and crystal l ine phases, is not known. 
For the #-spodumene phase, results published by 
Pizzini and co-workers (22, 23) on polycrystal l ine s in-  
tered pressed pellets show a larger activation energy 
(,~ 1.16 eV) than that reported here, but  a <To of about 
the same value. Thus the conductivi ty of the sintered 
polycrystal l ine #-spodumene samples they examined is 
even lower than that of our #-spodumene glass-ceramic 

Table II. Activation energy, E, and preexponentlal factor, ~o, 
determined from ionic conductivity measurements; using 

= ~o e - E / k T  

E ~'o 
M a t e r i a l  S t r u c t u r e  (eV) (ohm-era)  -1 

LiAISiO4 glass N o n c r y s t a l l i n e  0.68 1.9 X l 0  s 
LiA1SiO4 g l a s s - ce r amic  f l - euc ryp t i t e  1.05 2.1 x 10~ 
C o r n i n g  g l a s s - ce r amic  f i - euc ryp t i t e  0.78 5 X 101 
C o r n i n g  g l a s s -ce ramic  /~-spodumene 0.87 6,5 x 101 



686 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY May 1976 

samples. This would suggest that the crystall ine phase 
alone does not dominate the electrical properties of 
these materials. In  the polycrystal l ine sintere.d mate-  
rial the interface between the crystallites (grain 
boundaries, etc.) may significantly influence the elec- 
trical properties; whereas in the glass-ceramic, the 
glass phase as well as the interface between the glass 
and crystal l ine phases is probably important.  The im- 
portance of the glass phase in  glass-ceramics has re- 
cently been pointed out by McMillan (34). Fur the r -  
more, our experiments  on the LiA1SiO4 materials  (re- 
ported below) suggest that  the glass phase may play 
a very important  role in ionic t ransport  in these mate-  
rials. 

The ionic conductivity data on the LiA1SiO4 glasses 
and glass-ceramics (~-eucrypti te)  are shown in  Fig. 8, 
and are compared with the data (from Fig. 7) on the 
Corning ~-eucrypti te glass-ceramic. Results show that  
the conductivi ty of the LiA1SiO4 mater ial  is higher 
than that of the Coming  mater ial  (at high tempera-  
tures),  and is also higher than  that reported for other 
~-eucrypti te materials  (24). The lower conductivi ty of 
the Corning materials may be due, at least in part, to 
the lower l i th ium content of these materials (see Table 
I). Some data reported by Hammel  (19) suggest that 
the l i th ium content  does significantly influence the 
ionic conductivity, in a manne r  which is consistent with 
our results. 

The results in Fig. 8 also show that the conductivity 
of the LiA1SiO~ glass is greater than that of the glass- 
ceramic over the temperature  range examined. In  the 
conversion of this mater ial  from a glass to a glass- 
ceramic, both the activation energy increases (from 

0.68 to ~ 1.05 eV) and the ~o value increases [from 
,-, 1.9 • 102 to ~ 2.1 • 104 ( o h m - c m ) - l ] .  Similar  
changes in ionic conductivi ty have been observed in 
other glass and glass-ceramic systems (34, 35). 

It is also seen from the data in Fig. 8 that nucleat ing 
agents do not affect the ionic conductivi ty in  the glass 
phase (at least to the concentrations studied here).  The 
glass-ceramic data presented here are for the glass- 
ceramic prepared with the TiO2 nucleat ing agents. 
Slightly higher E and ~o values were observed for the 
glass-ceramic with the TiO2 -~- ZrO2 nucleat ing agents, 
but  whether  this is due to the nucleat ing agents or 

600oC 30D~ 150~ 50~ 
I I I I - -  

I0-2 - ~ ' ~  LiAISi 04 
\ \ \~%_,% 

10 -3 \ ~ ~.., o GLASS -- 
~ v~ 

k ~o ~'~,~ (>GLASS (TiO 2) 

"T' 10-4 k .  \ %  a GLASS (TiO 2+zrO 2) - 

" ~ . .  % �9 GLASS-CERAMIC 
10-5 , ~  ' ~  _ 

10 -6 o -- 

\ ,  SS n 68 eV 
GLASS-CERAMIC "~ \ \ 
1.05 eV "~ CORNING ~",~\ 

1 0 - 8  \ G L A S S - C E R A M I C  O~. -- 
k ,  o ~  

10 -9 ~ I I I I I I I ~ 1  A 
10 L5 20 25 30 

105fT iK) -1 

Fig. 8. Ionic conductivity of LiAISiO4 glass, glass with nucleating 
agents, and glass-ceramic (see Table I). The glass ceramic (lg- 
eucryptite material) was prepared by heat-treating the glass. The 
dashed line is the data from Fig. 7 on the Corning (/3-eucryptite) 
glass-ceramic. Conductivity resuffs are summarized in Table II. 

(more probably)  other materials properties is not  
known. 

Comparison.--In comparing the conductivity of 
LiA1SiO4 glass and glass-ceramic, and in in terpret ing 
the results, it is impor tant  to note that the composition 
of the glass and crystall ine phases in the glass-ceramic 
should be about the same, i.e., LiA1SiO4, since the ini-  
tial glass composition is near  that of stoichiometric ~- 
eucryptite. (This assumes, of course, only one glass 
phase and that this phase is the same as that for the 
LiA1SiO4 glass.) This feature plus the fact that  the 
conductivity of the glass-ceramic is less than that  of 
the glass suggests that, in the glass-ceramic, the con- 
t r ibut ion to the conductivity from the glass phase is 
greater than that from the crystal l ine phase. In  arr iving 
at this interpretat ion,  one cannot ignore the possible 
importance of other properties, such as more than  one 
phase (or a different phase) in  the glassy region, ef- 
fects associated with crystal anisotropies, and glass/ 
crystall ine interface effects. However, we want  ~o 
emphasize that our results do strongly suggest that in  
these materials  the glass phase is impor tant  in Li + 
ion transport.  Furthermore,  the results from these ex- 
periments  also suggest that  it may be possible to fur-  
ther enhance the conductivi ty of the ~-eucrypti te ma-  
terials by varying materials properties, such as compo- 
sition. 

Applications.--Since the LiA1SiO4 materials h a v e  
conductivity values of the order of 10 -2 ( o h m - c m ) - I  
at high temperatures  ( ~  600~ they are of interest  
for high temperature  solid electrolyte applications (12, 
]3). Other l i th ium silicates and l i th ium aluminosi l i -  
cares also have conductivi ty values in this range. West 
(27) has recently reviewed some of this l i terature and 
it is clear that other materials at high temperatures  
exhibit  l i th ium ionic conductivities with similar or in  
some cases even slightly higher conductivity values 
than those reported here. The advantage that the ~- 
eucrypti te materials  possess for solid electrolyte ap- 
plications is their low thermal  expansion characteris- 
tics (6-8, 17-19). The ~-spodumene materials also 
possess low thermal  expansion characteristics but  the 
conductivi ty is lower, possibly due to the lower l i th ium 
content. 

Some possible applications for these ~-eucryptite 
materials  include thermal  batteries (13) and special 
electrothermal devices, etc. (12), which would utilize 
Li + ion transport.  For many  of these applications one  
would like a mater ia l  with a higher ionic conductivi ty 
than that reported here. For example, for thermal  bat-  
tery applications one would like conductivi ty values 
about an order of magni tude  higher, while main ta in ing  
about the same activation energy (that is, about 1 eV). 
Fu ture  efforts will  be devoted to determining the ex- 
tent  to which the ionic conductivity of these materials 
can be increased and to defining potential  solid elec- 
trolyte applications. 
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Selective Etching of IiI-V Compounds 
Redox Systems 
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ABSTRACT 

Redox systems are particularly suitable for use as etching solutions for 
GaAs and GaI-zAIxAs. It is found that solutions with a certain composition and 
pH selectively etch GaAs with respect to Gal-xAlxAs and that other solu- 
tions containing the same chemicals but with a different composition and/or 
pH selectively etch Gal-xAlzAs with respect to GaAs. The same behavior is 
seen on GaP-InGaP and GaP-GaAIAs heterostructures. A survey of the redox 
systems studied and examples of the applications are given. 

In he te ro junc t ion  laser  technology or, more  gen-  
era], in mu l t i l aye r  device technology it may  be nec-  
essary  to etch fine pa t te rns  in s t ructures  consist ing 
of compounds like, e.g., GaAs and Ga l -zAlzAs .  Im-  
por tan t  factors de te rmin ing  the choice of a chemical  
etching agent  are  genera l ly  the etch ra te  for the 
mater ia l s  in question, the degree of undercut t ing,  the 
chemical  aggressiveness of the solut ion to other  ma-  
ter ia ls  present ,  and whe the r  or not the e tchant  etches 
one compound select ively wi th  respect  to the other. 
Logan and Reinhar t  (1) descr ibed a very  useful  ba th  
wi th  which GaAs can be etched se lect ively  wi th  r e -  
spect to GaI-xAlxAs.  I t  is an aqueous solut ion of 

Key words:  optical waveguides ,  GaAs laser, preferent ia l  etching 
of I I I -V compounds. 

hydrogen peroxide (superoxol 30%) in water to which 
ammonium hydroxide is added so as to make the pH 

7. Kobayashi and Sugiyama (2) have referred to 
the selective etching of GaAs with respect to 
Gal-xAlzAs in a solution of superoxol and sodium 
hydroxide as an undesired behavior of the etchant. 

In some of the etching solutions, in addition to the 
selective etching, one also observes preferential etch- 
ing of some crystal planes as well. This behavior has 
been described for GaAs by Marinace and Rutz (3), 
Gennon and Nuese (4), and Tarui, Komiya, and Har- 
ada (5). The present paper draws attention to a new 
class of etching solutions. Redox solutions are able, 
depending on their composition and/or pH, to etch 
GaAs se lec t ive ly  wi th  respect  to GaA1As and c o n -  
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versely to etch GaAIAs selectively with respect to 
GaAs. In  addit ion to this some etching solutions pref-  
erent ial ly  reveal A{ l l l }  planes because the etch rate 
of these planes is slower than that  of all other low 
index planes (5). Other redox solutions show clear 
differences in etch rate between p- and n- type  GaA1As 
or p- and n - type  GaAs. The selective etching of redox 
systems is not restricted to GaAs-GaA1As structures; 
GaP- InGaP  and GaP-GaA1As structures also display 
this behavior. Systems which are stable in both acidic 
and basic environment ,  such as potassium iodide- 
iodine, potassium, ferr icyanide-potassium ferrocyanide, 
and quinone-hydroquinone,  were studied. Two other 
etchants which are stable only in an acidic envi ron-  
ment,  namely,  ferr ichloride-ferrochloride and cerium 
( I V )  sulfate-cer ium (III)  n i t ra te  are described. 

M a t e r i a l s  and Sample  Preparat ion  
The GaAs-GaAIAs heterojunct ion layers used for 

etching experiments were laser structures grown onto 
(100) oriented GaAs substrates by liquid phase epi- 
taxy. While the layer thicknesses varied, typical 
values used were 0.3-0.7 #m for the GaAs active layer  
between two Gao.TAl0.sAs layers which were several 
microns thick. The carrier concentrat ion of the GaAs 
p- type top layer  was 2.10 TM cm-~, the p- type  GaA1As 
layer was 4-1017 cm -3, and the n- type  GaA1As layer 
was 2.10 t7 cm -3. The laser layer was p- type GaAs (p 
---- 5.1017 cm -3) while the substrate  was n - type  GaAs 
(n = 2.10 TM cm-3) .  A cross section of such a slice is 
given in Fig. 1. To study selective etching, freshly 
cleaved {110} surfaces were placed in 50 ml of etching 

- solution at room temperature  for a time varying be-  
tween 5 sec and 15 rain. The etchant was agitated by 
a magnetic stirrer.  After etching and rinsing, the 
{110} plane perpendicular  to the etched one was 
cleaved and the sample studied with the scanning 
electron microscope. The depth of etching was mea-  
sured with a calibrated microscope using an unetched 
part  of the surface as reference. 

Exper imenta l  Results 
Two steps that can be distinguished in the etching 

of semiconductor materials are the oxidation of the 
semiconductor and the subsequent  dissolution of the 
oxidation products. It is to be expected that the etch 
rate, i.e., the oxidation rate and/or  the dissolution 
rate, will depend on the composition of the semicon- 
ductor compounds. In a redox system the oxidation 
strength of a solution is influenced by the concentra-  
tion ratio of the oxidizing agent to the reducing agent. 
The dissolution of the oxidation produets can be in- 
fluenced by changing the pH of the solution. 

Figure 2 illustrates the selective etching behavior 
of the redox .system potassium ferricyanide-potassium 
ferrocyanide (K3Fe (CN) 6-K4Fe (CN) rD. The pH of the 
redox system is plotted on the ordinate and the molar 
ratio of the oxidizing and reducing agent along the 
abscissa. The molar ratio was varied by modifying 

~ p - G a A s  

~ p -  L~a[l_x } A I ( x  ) As 

~ r ) - G a A s  

:)AI(x)AS 

" ~ - - - - n - 6  a A s  

Fig. 1. Cross section of a double heterojunction GaAs-GaAIAs 
slice. An n-type Gat-xAIzAs layer, a p-type GaAs layer, a p-type 
Gm.-zAIxAs layer, and a p-type GaAs layer are successively grown 
with liquid phase epitaxy on an n-type GaAs substrate. 
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Fig. 2. Diagram of the etching properties of the potassium ferrl- 

cyanide-potassium ferrocyanide system. The pH of the etching solu- 
tion is entered on the ordinate and the molar ratio of the redox 
compounds on the abscissa. The potassium ferricyanide concentra- 
tion is kept constant at 0.3 mol/llter. G ,  Selective etching of 
GaAs; A ,  selective etching of Gao.TAI0.3As; e ,  no selective etch- 
ing. 

Fig. 3. A secondary emission image of a slice as shown in Fig. I, 
etched in a potassium ferricyanide-potassium ferrocyanide solution 
containing 0.1 tool/liter K:~Fe(CN)6 and 0.1 mol/llter IQFe(CN)6; 
pH is 9.7. The three GaAs layers are etched selectlvcly with re- 
spect to the GaAIAs layers. The etching time is 3 min. 

the concentrat ion of the reducing agent, while the 
concentrat ion of the oxidizing agent was kept con- 
stant at 0.3 moI/ l i ter  in all the experiments  covered 
by this graph. The pH was varied by dissolving the 
chemicals in buffer solutions 1 with the desired pH 
values or by adding NaOH or HCI to the etchants. 
Triangles indicate selective etching of Ga0.TAl0.3As, 
circles selective etching of GaAs, and dots low selec- 
t ivi ty and /or  etch rate. Selective etching of GaAs 
occurs main ly  at pH values greater than 9 over a large 
range of molar ratios, whereas Ga0.TAl03As selective 
etching was found for pH values between 5 and 9. 
At pH values lower than these the selectivity is not 
so clear and possibly depends on the impur i ty  con- 
centrat ion of the compounds. Figure 3 gives an ex- 
ample of selective GaAs etching. The etching solu- 
tion is given in TabIe I, No. 1. Figure 4 gives an 
example of Ga0.TA10.3As etching with solution 2 of 
Table I. 

1 T h e  bu f f e r  so lu t i ons  u s e d  a re  f r o m  Ref .  (6).  
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Fig. 5. Diagram of the etching properties of the quinone-hydro- 
quinone system. The pH of the etching solution is entered on the 
ordinate and the molar ratio of the redox compounds on the ab- 
scissa. The total amount of C6H402 and C~H602 is kept constant 
at 0.03 mol/liter. C), Selective etching of GaAs; A ,  selective 
etching of GaAIAs. @, no selective etching. 

Fig. 4. A secondary emission image of a slice as shown in Fig. 1. 
The etching solution consists of 0.225 mol/liter K.~Fe(CN)6 and 
0.225 mol/liter K4Fe(CN)6; the pH is 7. The two GaAIAs layers 
are etched selectively. The etching time is 10 min. 

The organic system quinone-hydroquinone  (C6~-~402-  

C4H602) forms another  redox couple which is stable 
over a large range of pH values and hence 
suitable for the selective etching of GaAs and 
Ga0.TA10.~As (Fig. 5). Merely by changing the pH 
from 1 to 10 a solution of quinone and hydroquinone 
successively becomes an etchant for GaA1As and an 
etchant for GaAs, separated by a region in which 
hardly  any etching occurs. The third redox system 
which is stabte over a large range of pH values is 
the iodine-potassium iodide (I2-KI) solution. This 
system shows the highest etch rates of all the investi- 
gated systems and yet the selectivity for GaAs or 
GaAIAs is extremely good. 

Figure 6 is an SEM photograph of a laser slice with 
a 0.1 ~m thick active GaAs layer. The etching solu- 
tion is given under  No. 3 in Table I. In cases where 
the active layer contains a few per cent of a luminum 
this solution does not etch at all. A luminum-c on t a i n -  
ing active layers can be etched with mixture  4 of 
Table I. With this etchant even a layer with an alu-  
m inum content of 15% sandwiched between two 
Gao.vA1o.,~As layers can be etched selectively. 

Redox systems such as ferr ichloride-ferrochloride 
(FeCIz-FeC12) and cerium IV sulfa te-cer ium III n i -  
trate [Ce(SO4).~-Ce(NO3)3] are stabIe only in acidic 
solutions and therefore the dissolution of the oxides 

Table I. Preferred etching solutions 

Solu- 
tion 
17o. P r o p e r t i e s  C o m p o s i t i o n  of the  e t chan t  F i g u r e  

1 S e l e c t i v e  G a A s  e t ch -  0.1 m o l / l i t e r  KcFe fCN)e 2 
i n g  0.1 m o I / l i t e r  K tFe  (CN) 6 

pH 9.7 
2 Se l ec t i ve  Gao.~AIo.sAs 0.225 m o l / l i t e r  I~-,Fe{CN)6 3 

e t c h i n g  0.225 m o I / l i t e r  K4Fe (CH)6 
p H  7 

3 S e l e c t i v e  e t c h i n g  o f  0,3 m o l / l i t e r  K I  6 
G a A s  w i t h o u t  a n y  0.04 t o o l / l i t e r  Is 
a l u m i n u m  pH 9.4 

4 S e l e c t i v e  e t c h i n g  of  0.3 m o l / l i t e r  K I  
Ga l -xAlxAs  ix  ~-~ 0.1 t o o l / l i t e r  I2 
0.15) p~I 9 

5 Se l ec t i ve  e t c h i n g  of  0.0025 t o o l / l i t e r  Ce(SOD,- �9 4I t20 7 
p - t y p e  Gal -~AlzAs  0.0025 t o o l / l i t e r  Ce(NO~)3 �9 6H20 

pH < 2  

Fig. 6. A secondary emission image of a slice as shown in Fig. 1, 
etched in an iodine-potassium iodide solution. The solution contains 
0.04 mol/liter 12 and 0.3 mol/liter KI; the pH is 9.4. The GaAs 
layers are etched selectively. The etching time is 30 sec. 

cannot be influenced. Both systems etch only GaA1As 
selectively. Apart  from the GaAs-Gal-~AlzAs selec- 
tivity, some of the etching solutions also show a selec- 
t ivity for a specific type of conductivity. Figure 7 
shows an example of selective etching of p- type  
Ga~-xAI~As. Start ing from a high mesa s tructure 
(8), p- type as well as n - type  Gal-xAlxAs is exposed 
to a selective etchant. The p- type  Gal-xAlxAs is 
par t ly  removed while the n- type  Gal-xAlxAs is hardly  
etched. This selective etching of p- type  Gal-xAlxAs 
occurs in the cerium ( IV)-cer ium (III) system as 
given under  ]:.20. 5 in Table I. 

Preferent ia l  etching occurs in many  I2-KI solutions. 
In  Fig. 8 the left and the right part  show both a 
cleavage perpendicular  to the two {110} planes of a 
double heterojunct ion GaAs laser slice. The figure 
demonstrates that  the etch rate of the A ( l l l }  planes 
is slower than those of other planes. The I2-KI solu- 
tions can also be used to etch GaP selectively with 
respect to InGaP or GaA1As. The composition of the 
etchant is the same as that used for etching A l - c o n -  
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Fig. 7. A secondary emission image ot an under-etched mesa 
structure. The high mesa structure (8) is obtained by etching the 
slice with a H.~SO4:H202:H20 (3:1:i) mixture. The p-type as well 
as the n-type Gal-xAIzAs are exposed to the etchant. Only the 
p-type Gal-zAIxAs is etched. The etchant contains 0.0025 mol/ 
liter Ce(SO4)-~ and 0.0025 mol/liter Ce(NO3)3; the pH ~ 2. 

Fig. 8. Cross sections of etched heterostructure slices. The etched 
surface shown in (a, left) is a (011) plane. The etched surface of 
(b, right) is the (011) plane, which is perpendicular to the (011) 
plane of (a). The preferential etching is obtained with an etchant 
consisting of 0.3 mol/liter KI and 0.2 mol/liter 12; the pH is 4. 
The etching time is 10 sec. 

ta ining GaAs layers (solution No. 4 Table I), the pH, 
however, must  be 11 (see Fig. 9). 

Appl icat ions  
Selective etching is of great assistance in the charac- 

terizing of heterostructures and can be of great im- 
portance for device technology. Examples of these 
two aspects are given here. A fast selective etchant 
as the iodine-potassium iodide system was used suc- 
cessfully for the del ineation of the active GaAs layer  
in GaAs-Gai-xAlxAs laser structures. A few per cent 
of a luminum in the GaAs layer is enough to stop 
the etching. The etch rate is about 1 ~ /min  which is 
faster than with the superoxol (30% H.~O2)-ammonia 
etch used hitherto (1). The I2-KI etchant (solution 3 
Table I) is also very useful for the complete removal  
of the GaAs substrate in order to study the a luminum 
content of the n- type  GaAIAs layer, while no special 
measures have to be taken to protect this layer a s  

was done by Brown et al. (7) removing the GaAs sub-  
strate with the superoxol-ammonia  etchant  (1). The 
selective Ga0.TA10..~As etching with the cerisu]fate- 
ceronitrate system is used to make an "under-etched" 
mesa structure. Start ing from a low mesa structure 
(8) the active region was narrowed by under-e tching  

Fig. 9. A secondary emission image of a GaP-InGaP heterostruc- 
ture. The GaP is selectively etched with a solution consisting of 
0.3 mol/liter KI and 0.2 mol/liter 12; the pH is 11. The etching 
time is 90 min. The temperature of the etching solution is 45~ 

the p- type Ga l -zAl :As  layer, which is sandwiched 
between the top GaAs layer and the active GaAs 
layer. This s tructure has the advantage of a larger 
contact area combined with a nar row active region. 
The contact resistance and the ~hermaI resistance are 
found to be superior to those of the classical mesa 
structure (8) (see Fig. 10). The etch rate of the p- type  
GaA1As closely depends on whether  the heterojunct ion 
between the p-GaAs active layer and the p- type 
Ga0.~Alo.~As layer on top of it is exposed to the etch- 
ing solution or not. An exposed heterojunct ion in-  
creases the etch rate of the GaA1As by a factor of 3 
to 5. 

Conclusions 
The etching expe,ziments described have shown con- 

clusively that selective etching in a redox system can 
be performed successfu]ly. This new approach to 
obtaining etching solutions gives technologists n u -  
merous alternatives. Acidic or basic environment ,  or 
even a neutra l  one, may be chosen if this is required 
to etch either GaAIAs or GaAs. Dissolving of the 
photoresist or of the metal  contacts, and many  other 
problems, can now be avoided by a suitable choice 
from numerous etching solutions available. 

Fig. 10. A secondary emission image of an under-etched mesa- 
stripe laser. The standard mesa structure is obtaEned by etching the 
slice with a H2SO~:H20~:H20 (3:1:1) mixture. The p-type GaAIAs 
layer is partly removed by the additional processing step of selec- 
tive etching. The sharp edges show the high degree of selectivity. 
The etchant contains 0.0025 mol/liter Ce(SO4)-~ and 0.0025 mol/ 
liter Ce(NO3)3; the pH ~ 2. 
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This paper  is concerned with pre l iminary  experi-  
menta l  results of etching GaAs and GaAIAs wi th  
redox systems. The study is being continued in order 
to achieve a bet ter  unders tand ing  of the mechanism 
under ly ing  this kind of etching behavior. 
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Eu Luminescence in Hexagonal Aluminates 
Containing Large Divalent or Trivalent Cations 

A. L. N. Stevels and A. D. M. Schrama-de Pauw 
Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

The Eu 2+ luminescence in hexagonal  aluminates  containing large divalent  
or t r ivalent  cations was studied in relation to the crystal s tructures of the 
host lattices. It was found that  these can be divided into three groups: com- 
pounds with the magnetoplumbi te  s tructure like MeAl~2019 (Me ~ Ca, Sr, 
Eu) ;  the La-conta in ing  aluminates  (Lal-xAll12z~+xO19 and LaMgAlllO19) 
which have a s tructure quite close to magnetoplumbite ;  and phases with the 
E-alumina structure like MeMgAlloO17 (Me ~ Sr, Eu, Ba) and Bal-xAll~Olv.5-x 
("BaAl,2019"). In  the first type of host lattice, the Eu 2+ luminescence is at a 
relat ively short wavelength,  in the last group at relat ively long wavelength.  
The La aluminates doped with Eu 2+ take an in termediary  position in this re- 
spect. The existence of various types of host lattices is also reflected in  the 
shape and the position of the excitation spectra of the Eu 2+ luminescence. 
Thei r  complicated shapes allow only a quali tat ive discussion of the position 
of the excited 5d levels of the Eu 2+ ion. The quan tum efficiency of the lumi -  
nescence was found in most cases to be high. The temperature  dependence 
curves of the in tensi ty  of the Eu 2+ luminescence can be divided into two 
groups: those of the magnetoplumbi te( l ike)  phosphors and those of the 
E-alumina type phosphors. The experimental  quenching temperatures  are 
discussed in  relat ion to a model proposed by Blasse and Bril. 

Hexagonal aluminates  of the general  formula 
MeA112Ol.~ (Me ~ Ca, Sr, Ba) have been known for a 
long time (1). The existence of a La a luminate  with a 
similar  composition was found in 1958 (2), while 
LaMgAll lO~ was reported only quite recently (3). 

The luminescence of Eu 2+ ions in  hexagonal  a lumi-  
nate  host lattices was reported by Blasse and BriI (4) 
who found differences in the optical properties of 
CaAl~2Ol~: Eu 2+, SrAll~O19: Eu 2+, and BaAl12019: Eu 2+. 
Quite recently many  aluminates  and gallates have been 
prepared in our laboratories as host lattices for lumi-  
nescence (5-9). As far as the hexagonal aluminates are 
concerned, an important  step was taken by Verstegen 
(9) who prepared Mg-containing a luminate  phosphors 
with compositions derived from MeA112019 by analogy 
with the we l l -known hexagonal ferrites (10). It was 
established (6, 9) that most of these Mg-containing 
a lumina te -Eu  2+ phosphors had luminescence proper-  
ties different from MeAl12019:Eu2+ (Me _-- Ca, Sr, Ba). 
Moreover, it was concluded (6) that these compounds 
also have crystal s tructures deviat ing from the mag-  
netoptumbite  type which was supposed to be common 
to the MeAI,eO19 compounds. In  the same paper (6), 

K e y  words :  luminescence ,  alumimates,  Eu~% ~ - a l u m i n a  s t ruc tu re ,  
m a g n e t o p l u m b i t e  s t ruc tu re ,  

the crystal s tructure of BaA1120~9 was also said to 
deviate from the magnetoplumbi te  type. 

The purpose of the present  paper is to report in more 
detail on the luminescence propert ies of Eu2 + -activated 
MeAl~2019 and related Mg-modified a luminate  phases. 
In  addition, La aluminate:  Eu 2+ and LaMgAlllO19:Eu 2+ 
have been included in our discussion of emission and 
excitation spectra, of quan tum efficiencies of the lumi -  
nescence, and of concentra t ion-quenching or tempera-  
ture-quenching  phenomena.  

Paral lel  to the luminescence investigations, an  x - ray  
diffraction study was carried out in our laboratories in 
order to establish the crystal structures of the host lat-  
tices involved. Not only have magnetoplumbi te - type  
structures been found, but  also lattices of a related 
(E-alumina) type. These differences in crystal s truc-  
ture  account for many  "anomalies" in the luminescence 
properties as reported earlier (4, 6, 11). 

Experimental 
The samples were prepared by  s tandard ceramic 

techniques (firing temperatures  be tween 1200 ~ and 
1600~ from highly reactive ('~,-) A12Os, MgO, and 
MeCO3 (Me ---- Ca, St, Ba) or La203. The Eu acti- 
vator is introduced in the form of EufO3; by heat ing 
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in Ne containing a few per cent H.2, it is reduced to its 
divalent  state. Introduct ion of minor  amounts of the 
cations in the form of fluorides (MeF2 or A1F~) proved 
to be essential to st imulate host lattice formation and 
grain growth. Single crystals were obtained from 
slowly cooled melts or by the Czochralski method. The 
luminescence measurements  were carried out as de- 
scribed in Ref. (12). 

Phase Analysis and Crystal Structures of the Host 
Lattices 

The MeAl~sOz9 series (Me = Ca, Sr, Ba ) . - -The  
hexagonal aluminates MeAI~eO~9 (Me --_ Ca, Sr, Ba) 
were studied by AdelskjSld in  1938 (1). The crystal 
s t ructure of these compounds was said to be of the 
magnetoplumbi te  (PbFe12019) type. A projection of 
the uni t  cell on the [110] plane is shown in Fig. 1 (a). 
It consists of two blocks with the spinel s t ructure 
separated by layers containing the large cation (Me), 
one small cation (A1), and three oxygen ions. 

Kato and Saalfeld (13) refined the crystal s tructure 
of CaAI~O19 and confirmed its isotypism with 
PbFe~2019. For SrAl~2019 and BaAlr20~9, no structure 
refinements have been published up to now, but  it has 
been general ly assumed (4, 14) that these compounds 
are of the magnetoplumbi te  type. 

However, recent analysis of luminescence and crys- 
tallographic data provided evidence that the structure 
of BaAl~20~9 might be of a deviating type. This 
prompted an extensive x - ray  diffraction study at our 
laboratories on single crystals of this material.  Since 
full details will  be published elsewhere (15), we 
briefly summarize here the results: 

(i) The uni t  cell actually found has a volume three- 
fold that of a magnetoplumbi te - type  uni t  cell. 

(ii) Two of the three subunits  of this large cell have 
the structure of the s - a lumina  type and have con- 
sequently the formula BaAlnO~.  

2. I 
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Fig. !. Projection on the [1TO] plane of unit cells of the (a, left) 
magnetoplumbite and (b, right) S-alumina crystal structures, Ref. 
(10). 

(iii) The third subuni t  has a more complicated 
structure. It is strongly defective in Ba, but  contains 
extra oxygen atoms. 

(iv) As a consequence of ii and iii the approximate 
composition of Ba a luminate  is ra ther  Ba,-zAlnOl~.~-x 
rather  than BaAl~2OIg. 

The S-alumina structure type is shown in Fig. 1 (b).  
As for magnetoplumbite,  the uni t  cell consists of two 
spinel blocks separated by in termediate  layers. In  the 
s - a lumina  type only two atoms are positioned in  these 
layers, viz., the large cation Me and one oxygen ion. 
Their configuration is such that a relat ively large 
space is available for the Me cations. It  has been con- 
cluded earlier (6) that in magnetoplumbites  this space 
is much less and that  cat ion-oxygen distances can be- 
come very small  with increasing radius of the cations. 
This possibly explains why Ba a luminate  (rBa2+ ---- 
1.33A) is of a (distorted) s - a lumina  type, whereas 
SrAl12Ol~j (rsr2+ = 1.12A), Pb (rpb2+ : 1.20A), and 
Eu (rEu2+ = 1.13A) and Ca (rca2§ = 0.99A) a lumi-  
hates have the magnetoplumbi te  structures. 

Mg-substi~uted a luminates . - - In  a recent publication, 
Verstegen (9) has drawn at tent ion to the fact that a 
s t ructural  relationship exists between ferrites like 
MgFe204 (or Fe304 = FeFe204) and BaFe12019, gM- 
lates like MgGaeO4 and MeGa12019 (Me = Sr, Ba), 
and aluminates  like MgAI20~ and MeA112019 (Me = 
Ca, Sr, Ba). On the basis of this analogy, Verstegen 
has studied a luminate  compositions which are counter-  
parts of more complex hexagonal ferrites like BaFe22+ 
Fe163+ O2r (the so-called W-type) ,  Ba2Fe22+ F e l 2  3+ 

02,, (Y-type),  Ba2Fe.~ 2+ Fe2s 3+ O46 (X-type) ,  and 
Ba3Fe22+ Fe2~ 3+ 042 (Z-type) .  These compounds have 
magnetoplumbi te  structures in which addit ional 
Fe2+Fe2 ~+ O4 spinel blocks are intercalated or from 
which Fe30~ has been subtracted. 

By subst i tut ing A13+ for Fe '~+ and Mg 2+ for Fe 2+, 
Verstegen (9) found a luminate  phases which showed 
very effective activation of luminescence with, e.g., 
T1 +, Eu 2+, or Ce 3+ ions. Although it was concluded 
that large quantit ies of MgA120~ can be taken up in 
the magnetoplumbi te  lattice, no indications were found 
for the existence of phase analogous to the correspond- 
ing hexagonal ferrites. 

A somewhat different approach (6) leading to sam- 
ples with similar compositions as discussed above is 
direct "substi tution" of Mg 2+ for A13+ in MeAlnO19 
(Me ---- Ca, Sr, Ba) compounds. It was reported in Ref. 
6 that for compositions like SrMgAlnOls.~ and 
BaMgAlnO~s.5 both the lattice parameters  and also 
the intensities of several diffraction lines deviate from 
the nonsubst i tuted aluminates with magnetoplumbi te  
structure. It was concluded that this type of phases had 
a close similari ty with Ba aluminate.  

The combinat ion of the results of the above-men-  
tioned investigations and the fact that Ba a luminate  
has a pronounced S-alumina character suggested that 
in MgAl.~O~-modified or Mg-subst i tuted aluminates,  
S-alumina type phases may in fact occur. By analogy 
with compounds having this s tructure and containing 
monovalent  metal  ions (like NaAl~lO1T and KAll,O17), 
the ideal composition of the s - a lumina  containing large 
divalent  cations and Mg ~+ was predicted as 
Me2+MgAl,oO~7. A single crystal study made by Braun 
et al. (15) on BaMgAl~oO~ indeed confirmed our con- 
jecture. 

By powder diffraction methods, a large number  of 
compounds has been identified as being isostructural 
to BaMgAl10017. Their  ideal compositions, lattice pa-  
rameters, and c/a ratio of the hexagonal axes are listed 
in  Table I. It can be concluded from this table that c/a 
increases with the ionic radius of the large divalent  
cation. A similar result has also been found for the 
~-a lumina containing monovalent  cations. 

On studying Eu 2+ --> Mn 2+ energy transfer in hex- 
agonal aluminates (16), it was found that, apart  from 
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Table I. Lattice parameters of Me 2 + MgAIloO~T and 
Me2+MnAlloO~7 phases 

R a d i u s  of 
Lattice a(A)  c(A) c /a  Me -~ (A) 

S r M g A h o O n  5.6255 4- O.0001 22.3902 4- 0.0006 3.9801 1.12 
SrMnA/~oO~r 5.6419 -~- 0.0002 22.4605 4- 0.014 3.9810 1.12 
EuMgAlzoOn 5.609 4- 0.005 22.42 _+ 0.01 3.997 1.13 
EuiY[nA~oOn 5.6448 ~ 0.00(}5 22.472 • 0.003 3.9809 1.13 
PbMgAl~oO~7 5.597 4- 0.003 22.52 4- 0.01 4.023 1.20 
Ba~-zAluO~v.~-~ 5.5910 _----~0.0003 22.720 4- 0.002 4.064 1.33 
BaMgAlmCh~ 5.6224 ___ 0.0001 22.6268 • 0.0006 4,024 1.33 
BalVlnAI10Oz~ 5.593 ---+ 0.005 22.42 • 0.03 4.009 1,33 

being a luminescence center, Mn z+ ions can act in a 
way similar  to Mg2+ ions as a "structure modifier" of 
magnetoplumbi te  types. A number  of lattice parame-  
ters of Mn-conta in ing  #-a lumina  is also listed in Table 
I. 

The homogeneity range of the phases of which the 
"ideal" composition is listed in  TabIe I could not be 
established very well. This seems to be due to the 
slow reaction kinetics in the a luminate  systems con- 
sidered. Even for the fastest reacting qualities of the 
A1203 star t ing material ,  only small  differences could 
be established between slowly cooled or rapidly 
quenched samples. 

As can be seen from Table I, no CaMg aluminate  
with #-a lumina  type s tructure could be prepared. In 
the A120~-rich part  of the CaO-MgO-ANO~ system 
only a highly defective magnetoplumbi te - type  phase 
with possible composition CaMgxAll2-2/~O~9 was 
found; the lattice parameters  suggest that Mg indeed 
enters the lattice. In  the same part  of the SrO (or EuO 
or PbO)-MgO-A12Oa systems, a phase separation be-  
tween #-a lumina  and magnetoplumbi te  phases was 
found. As far as could be established, the homogeneity 
range of the magnetoplumbi te  phases in these te rnary  
systems tends to nar row in the direction of increasing 
ionic radius of the large cation, that is, in the direction 
Sr 2 + .-> Eu2+ --> pb  2 +. 

With the preparat ion conditions used, there were 
no indications that in these systems a kind of ordered 
intermediate  phase, e.g., with a l ternat ing "#-alumina" 
and "magnetoplumbite"  layers between the spinel 
blocks of the crystal structure, occurs. 

In  the Al.~O3-rich part  of the BaO-MgO-A120~ sys- 
tem, a complete miscibil i ty was found between, e.g., 
BaMgAl~oO17 and Ba~-~AlllO~7.5-x. Apparen t ly  the 
distortion of the #-a lumina  lattice as found for the 
lat ter  composition can take place in a continuous way. 

In  Fig. 2 we have summarized the results presented 
above. This figure suggests that the "#-a lumina  ten-  
dency" increases with increasing ionic radius of the 
cation and with the addition of Mg, whereas the mag- 
netoplumbi te  character decreases in  the same order. 

ion& radius 
of large cation MA GNETOPLUMBITE 

C~ AIy~. 0~ ~Mg x Al~_e/~xO~9 

StAff2 0~ 

EuAIy~O~ / /~/  EuMg AZ~oO~7 

Pb A ~ _ ~  Pb Mg Allo Ofz 

e~_xAZ , O~.~_x ~ mg AZ m 0~ 

@-ALUMINA 

Fig. 2. Schematic drawing of magnetoplumhite-fl-alumina rela- 
tions. The double arrows represent phase separations. 

In  the systems described above, we have also looked 
for phases analogous to the complex W, Y, X, and Z 
ferrites which can be derived from the #-a lumina  type, 
similar to the way W, Y, X, and Z ferrites can be de- 
rived from magnetoplumbite .  Keeping in  mind  that 
g -a lumina  can be derived from magnetoplumbi te  by 
subtract ing one formula uni t  A1203 and adding one 
uni t  MgO for each large cation present in the formula, 
examples for the BaO-MgO-AlzO3 system are listed 
in Table II. 

With powder synthesis it was not possible to prepare 
samples containing phases with any of the crystal 
s tructures ment ioned in  Table II. From a melt  of MgO- 
rich Ba aluminates,  however, crystals of the #-W phase 
BaMg3A114025 were obtained [see also Ref. (15)]. 

Hexagonal aluminates containing large triva~ent cat- 
ions.---By replacing Me 2+ in  MeAl120~9 by a t r ivalent  
ion of similar ionic radius (e.g., La 3+ or Ce 3§ and 
s imultaneously subst i tut ing Mg 2 + for one of the A13+ 
ions, compounds of the composition LaMgAInO19 and 
CeMgAln010 can be derived. Such compounds were 
indeed reported by Verstegen et aL (3), who de- 
scribed these phases as being isomorphous to SrAl12019, 
that is, of magnetoplumbi te  type. 

In a similar way as Mg "~§ was substi tuted for A13+ 
in aluminates  containing divalent  large cations, we 
can in the trivalent,  case subst i tute A13+ for Mg 2+. 
In this way La aluminates  of approximate composition 
LaAlz2019.5 are derived. Such a La compound has been 
reported in the l i terature by Roth and Hasko (2); its 
crystal s t ructure  was said to be of the #-a lumina  type. 
In the patent  l i terature (17) the existence of a pos- 
sibly isomorphous Ce a luminate  is mentioned.  

In  Table III we have summarized the lattice pa ram-  
eter data of the phases discussed above. We see that  
the c/a ratios of Lal-~All12/s+xO19 (3.960) and 
Cel-xAlllf/a+xO19 (3.978) are slightly beyond the 
limits where the magnetoplumbi te  crystal s tructure 
was found [between 3.915 and 3.954, see Ref. (6)].  
P re l iminary  results of x - ray  diffraction work at our 
laboratories show, however, that the La and Ce a lumi-  
nates have crystal s tructures at least closely re-  
sembling magnetoplumbite.  A fur ther  indication for 
this strong similari ty may be our observation that 
a continuous series of solid solutions exists between 
LaMgAI~tO~9 and Lal-xAlnf/3+x019 and in  the cor- 
responding Ce system. 

Emission and Excitation Spectra 
Emission spectra.--In Fig. 3 and 4 we plot the emis- 

sion spectra at 300r of Eu2+-doped magnetoplumbi te  
and #-a lumina  phases. The wavelengths of the maxima 
of the bands are summarized in Table IV. In the 

Table II. Magnetoplumbite and fl-alumina type ana]ogs of 
ferrites in the BaO-MgO-AI203 systems 

lVSagneto- 
Fe r r i t e  F e r r i t e  p l u m b i t e  f l - a l u m i n a  

type  com pos i t i on  a n a l o g  a n a l o g  

IV[ BaFe1201~ BaAl~Om BaMgAhoO~.- 
W BaFe2Fe1602-. B a]%'Ig~AhoO2,- B al%{ g~All;O.,_s 
Y Ba~Fe~VezfO~ Ba~Mg~AhfOfs B a_-l%<g~AlsOzs 
X BacFe~_Fe~O~6 Bael%Ig~A .hs~ O~6 BasMg~Ah~O~ 
Z Ba~FefFe240~l B a31~Ig._,A12- ~ O ~ 1  Ba/VIgsAhsO~ 

Table Ill. Lattice parameters of hexagonal aluminates containing 
large trivalent cations 

Lat t i ce  a (A) c (A) c /a  Ref.  

L a M g A l u O m  5.5939 • 0.0004 21.987 ----- 0,002 3.931 6 
L a M n A l u O m  5.593 +-- 0.003 21.974 • 0.01 3.928 This  w o r k  
Laz-xAhl  ~r~=O~o 5.5633 "~ 0.001 22.031 • 0.001 3.960 This  w o r k  
CeMgAhzO19 5.610 • 0.004 21.99 --~ 0.01 3,920 6 
CeMnAluOm 5.621 • 0,005 21.96 "4- 0.01 3.907 This  w o r k  
Cez-xAhz 2/~,xOm 5.523 4- 0,005 21.96 + 0.01 3,978 Th i s  w o r k  
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Fig. 3. Spectral energy distribution at 300~ (under 250-270 nm 
excitation) of the magnetoplumbite SrAI~2019:Eu 2+ ( ), 
CaAI12Oi9:Eu 2+ ( . . . .  ), EuAI]2Oi9 ( . . . .  ), L a i - x A I n 2 / 3 + x O i 9 :  
Eu 2+ ( - - - - - - ) ,  and L a M g A I n O i 9 : E u  2+ ( - - - - - ) .  
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Fig. 4. Spectral energy distribution at 300~ (under 250-270 nm 
excitation) of the ~-alumina Ba~-~Al~lO~7.5-r:Eu 2+ ( ), 
BaMgAl~oO17:Eu 2+ ( - - - - - - ) ,  SrMgAl~oO~7:Eu 2+ ( - - - - - ) ,  and 
EuMgAl~oO~7 ( . . . .  ). 

magnetoplumbi te  group, SrAlr~O~9:Eu 2+ has a maxi-  
mum at the shortest wavelength (395 nm) ,  the 
CaAl~20~9:Eu 2+ band is peaking at 410 nm, and the 
EuAlnO~9 band at 420 nm. The luminescence of the 
La compounds is si tuated at longer wavelengths:  435 
nm for Lai-xAl~2/~+xO~9:Eu 2+ and 450 nm for 
LaMgAl~O~9: Eu ~+. 

Generally,  the ~-a lumina emits at longer wave-  
lengths, the shortest wavelength (of Ba~-zAlnO~7.~-z: 
Eu 2+) is found at 440 nm, which is only 10 nm below 
the longest wavelength  emission of the magneto-  
p lumbi te  (LaMgAlnO19:Eu 2+ at 450 rim). The 
BaMgAll00~7:Eu 2+ and SrMgAl~00~g:Eu 2+ bands peak 
at 450 and 465 nm, respectively; the EuMgAl~0On at 
475 nm. 

The above-ment ioned maxima of the luminescence 
band can be shifted to a small  extent  by changing the 
amount  of Eu 2+ and /or  the Mg 2+ present  in the 
samples. 

On increasing the Eu content in  the host lattices, 
the maxima of the luminescence bands of the phos- 
phors gradual ly  shift to 420 n m  (EuAlr~O~9) or to 475 

,ol- 

Jt 2oi- 
OI 
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�9 x. ",,.'- \ 

\ 

250 300 350 400 
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Fig. 5. Excitation spectrum at 300r of the magnetoplumbite 
SrAlI2019:Eu ( ), CaAInO19:Eu 2+ ( . . . .  ), EaAI12Ot9 
( . . . .  ), L a l - x A I n 2 / 3 + z O 1 9 : E u  2+ ( - - - - - - ) ,  and L a M g A I l l O I 9 :  
Eu2+ (--.--). 

nm (EuMgAll001T). The increase of the Mg content in  
MeMgAI~00~7:Eu leads to shifts to a longer wavelength 
of 10-15 nm. This tendency is parallel  to what  can be 
seen on comparing the emission maxima of Ca alu-  
minate  (410 rim) and Ba a luminate  (440 nm) ,  respec- 
tively, with Ca-Mg a luminate  (425 nm)  and Ba-Mg 
aluminate  (450 nm) .  

Par t  of the emission spectra shown has been pub-  
lished earlier (4, 6). There is good agreement  between 
the earlier data and those of the present  investigation. 

In  Eu 2+ ions the luminescence usual ly  takes place 
from excited 5.d levels to the 4f ground state. Two fac- 
tors determine the wavelength of the emission band:  
on the one hand, the spli t t ing of the 5d levels by the 
crystal field of the sur rounding  oxygen ions and, on 
the other hand, the energy gap between the 4f ground 
state and the "center of gravity" of 5d excited levels. 
The lat ter  energy is dependent  on the covalent charac- 
ter  of the central  ion- l igand bonds. More information 
about the energies involved can be obtained from 
diffuse reflection and excitation spectra. Due to strong 
absorption, the reflection spectra are less suitable for 
obtaining appropriate data. The excitation spectra and 
their  relat ion to the position of the luminescence 
bands will be discussed in  the next  section. 

Excitation spectra.--Excitation spectra at 300~ for 
the maxima of the luminescence bands are presented 
in Fig. 5 and 6. In the magnetoplumbite hosts (Fig. 5) 
broad, rather superimposed bands in the u.v. region are 
found. The 2(b) position of the Eu 2+ activator ions 
(Fig. I) has a D~h local symmetry, so that the excited 
5d levels of Eu2+ are expected to split into three 
levels (A', E', and E") in the crystal field. Although 
the form of the excitation curves differs from host to 
host, the three-band character of each of them can be 
easily recognized. The spectra suggest further that the 
center of gravity of the 5d levels remains at about the 
same wavelength (~ around 300 nm). In view of this, 
we conclude that the crystal field on the Eu 2+ ions is 
the strongest in LaMgAl~O~.% where the lowest excited 
level can be identified at about 375 nm. In a similar 

Table IV. Luminescence data of Eu2+-doped alumlnates 

M a g n e t o p l u m b i t e  type  kmax(nm)* Q.E. (%)** Tso(~ *** ~ - a l u m i n a  t ype  km.x(nm)* Q.E. (%)** T~(~  *** 

CaAlz~Om:Eu -~+ 410 SO 380 
C alVlg~Ah~ 2/~zO19 :Eu  =~ 425 40 380 
SrAh_oOm:Eu-% 395 55 385 
E u A l m O ~  420 20 370 

(Dis to r ted  types)  
Lal-=AII~ e/z§ ~"+ 435 50 400 
LalVIgAlnO19:Eu ~§ 450 60 410 

SrMgAiloOlT:Eu 2+ 465 65 575 
EuMgAhoO~,~ 475 45 565 
Ba l -zAhlOn.5-~ :Eu  2. 440 70 535 
B a M g A l l o O n : E u  ~+ 450 70 610 

* Xmax = P o s i t i o n  of t he  m a x i m u m  of  the  l umines c e nc e  b a n d  f250-270 n m  exc i t a t ion )  300 "K. 
** O.E. = Q u a n t u m  efflciencies of n o n - o p t i  n i z e d  samples  doped  w i t h  2% Eu  at  300~ (250 270 n m  exc i t a t i on ) .  

*** T~o = Quenchir~g t e m p e r a t u r e  ( =  t e m p e r a t u r e  a t  w h i c h  the  i n t e n s i t y  of t he  l u m i n e s c e n c e  is h a l f  of  t h a t  a t  77~ of  s a m p l e s  doped  
w i t h  2% Eu,  



Vol. 123, No. 5 Eu 2+ L U M I N E S C E N C E  

,}' / /  %,\'".., 

';it/'-, , , -"% 
200 250 300 350 400 

--~. 2 (rim) 

Fig. 6. Excitation spectrum at 300 ~K of the E-alumina 
Bal-xAIllOl~'.5-x:Eu 2+ ( ), BaMgAIloO17:Eu 2§ ( - - ~ - - ) ,  
SrMgAIloO17:Eu 2+ ( - - - - - )  and EuMgAIlo017 ( . . . .  ). 

way, this level  can be si tuated at about 360 nm for 
La a lumina te :Eu  2+, at ___355 nm for EuA112019, at 
• nm for CaAll2019:Eu 2+, and at about 340 nm for 
SrAl12019:Eu 2+. On confrontat ion with the results of 
emission measurements  we find that  a str iking paral -  
lel ism exists: the phosphor wi th  the lowest lying ex-  
citation level  has also the Eu 2 + emission at the longest 
wavelength,  the Stokes shift between exci tat ion and 
emission being about 4500 cm -1 in the whole  series. 

In the #-a lumina host lattices, where  the 5d levels are  
also expected to be split into three bands, the exci ta-  
tion spectra are somewhat  bet ter  resolved (Fig. 6). 
Again, the center  of gravi ty  of the 5d levels  is 
si tuated at about the same wavelength  for all phos- 
phors considered (300 nm) .  The lowest lying exci tat ion 
band is bet ter  separated f rom bands in the 300-350 rim 
region, but  espcially in the Mg-containing host lattices 
some addit ional  split t ing of this band seems to occur 
so that  it is difficult to define unequivocal ly  its posi- 
tion. If, however,  we extend the paral le l ism be tween  
the position of the lowest  lying excitat ion bands and 
the position of the emission bands as found for the 
magnetoplumbites ,  we conclude that  the ~-alumina 
phosphors will  emit  at longer wave length  than  the 
former  group. This is actual ly observed (see above),  
with the exception of Bal -xAl~lOlzs-x :  Eu 2 +. This may 
be a t t r ibuted to the fact that  the Stokes shift of 
the luminescence in Ba a luminate  is much smaller  
(--+2500 cm -~) than in magnetoplumbi tes  (• 
cm-1) .  The shape of the excitat ion spectra (but not 
the position of the excitat ion bands) was found to be 
dependent  on the preparat ion conditions of the samples 
( raw materials,  firing t empera tu re ) ,  It may be possible 
that the slight differences be tween  the excitat ion 
spectra of the present  investigation, those of Blasse 
and Bril  (4) for MeAl12019:Eu (Me ---- Ca, Sr, Ba), 
and those of Tamatani  (11) for Ba and La a luminate  
are due to such reasons. 

EuZ+-Eu z+ energy t rans fer . - - In  order to discuss con- 
centrat ion quenching phenomena (see below) and the 
energy t ransfer  from Eu 2+ to Mn 2+ ions (16) in more 
detail, we have also considered the Eu2+-Eu 2+ energy 
t ransfer  in hexagonal  aluminates. Since the 4f ~ 5d 
transi t ion in Eu 2 + is an al lowed one, the t ransfer  wil l  
mainly  occur by dipole-dipole interact ion (18). The 
probabili ty,  P, of energy t ransfer  be tween Eu '~+ ions 
by this interact ion has been given as (18, 19) 

PA 1 f 
PEu2+-Eu2+ = 3  "1012" R6~E u " E-" ~ fEu(E)FEu(E)dE 

[1] 

where  PA ---- the oscillator s t rength of the 4f ~ 5d 
transi t ion in Eu 2+ ; R ---- the distance be tween the Eu 2+ 
ions (in A) ; TEu = the decay t ime of the luminescence 
(in sec); E ---- the energy t ransferred (in eV);  and 

ffE~ (E) FE. (E) dE = the overlap between emission and 
exci tat ion bands, fEu(E) and FEu(E) represent  the 
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normalized shape of the emission and the lowest  en-  
ergy absorption (excitat ion) bands. 

For  the phosphors under  consideration, the problem 
of determining the over lap integral  is to separate a 
wel l-defined "lowest  exci tat ion level"  f rom the exci-  
tation spectra as shown in Fig. 5 and 6. For  the 
~-alhmina materials  a reasonable est imation can be 
made;  we find for this group an energy  overlap of 
about 0.1 eV -1. For  the magnetoplumbi tes  the energy  
overlap can be said to be in the same order of mag-  
nitude. Such a figure compares wel l  wi th  energy over-  
lap data of Blasse (19) for Eu 2+ ions in BaZrO~ (0.05 
eV -1) and BaBPO5 (0.3 eV-1) .  If we substi tute in 
formula  [1] PA • 0.01 (the usual figure for 4f ~ 5d 
transit ions),  R ---- 5.6A (the distance for nearest  Eu 2+ 
neighbors in the lat t ice),  1 #sec for TEu2+ (16), and 3 
eV for E, we find PEu-Eu ~-~ 109 sec -1. Since the 
probabi l i ty  of radiat ive decay (Prad) is about 106, we 
conclude that efficient energy t ransfer  is found be-  
tween nearest  neighbor Eu 2+ ions in a luminate  host 
lattices. 

With the help of Eq. [1], it can also be concluded 
that  the energy t ransfer  be tween Eu 2+ ions positioned 
in the same in termedia te  layer is much more effective 
than that  be tween Eu 2+ ions in different in termedia te  
layers across the spinel block (Fig. 1). Since, in the 
la t ter  case, the distance be tween  the ions is about 
l lA ,  we find for the ratio of the probabil i t ies of t rans-  
fer  between nearest  neighbors 

P (different layer)  ( 5.6 "~6 

P (same layers) ~ | \ -~ - - -  j / ~ 0.017 

Quantum Eff iciency of the Luminescence 
Quantum e~c i ency  data.---In Table IV we list typical 

quantum efficiencies at 300~ for aluminates doped 
with  2% Eu 2+ ions, using 250-270 nm excitation. In 
general, we can say that  the efficiency of the phosphors 
is high, especially if  we take into account that  the 
m ax im um  of the excitat ion spectrum is not always 
situated in the 250-270 nm range. Since the a luminate  
phosphors were  found to have almost flat reflection 
spectra in the 230-350 nm range, the exci tat ion spectra 
give direct ly the quan tum efficiency as a function of 
wavelength.  It should be noted that  the figures given 
in Table IV are typical  ones. By optimizing the prepa-  
rat ion conditions, still higher  values can be obtained 
(9). 

ConcentratLon quenching . - -The  usual explanat ion for 
the occurrence of concentrat ion quenching, that is, 
the decrease of the measured quantum efficiency if the 
act ivator  concentrat ion exceeds a certain level, is that  
efficient energy t ransfer  from the luminescent  centers 
to, for example,  defects in the lattice, which act as 
radiationless "sinks" takes place. A study by Blasse 
(19, 20) showed that, as can be expected, the effi- 
ciency of the energy t ransfer  be tween the luminescent  
centers is in many  cases the determining factor for 
concentrat ion quenching. 

As a yardst ick for the effectiveness of energy t ransfer  
by dipole-dipole interaction, Blasse (19) defined a 
critical distance, Re, be tween  two luminescent  centers, 
S and A, as the distance for which the probabi l i ty  of 
t ransfer  from S to A equals the probabil i ty  of radi-  
at ive emission of S. In terms of Eq. [1] this means 
t h a t  PEu-Eu"~Eu = 1. Therefore,  Rc can be found from 
the equation 

PA ffs(E)FA(E)dE [2] Rc 6 _~ 3.1012. E4 

By substi tuting for the parameters  the data given 
previously, we find for the critical distance of Eu 2+- 
Eu 2+ energy t ransfer  in the aluminates figures of 
about 185_. 

The distance Rc can also be est imated f rom geo- 
metr ical  considerations (19) wi th  help of the formula  
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3V '~I/S 
-ae ~-- 2 ,, ~--~-~N / [3] 

where  Rc ----- the critical distance (in A) ;  V ---- the 
volume of the unit  cell (in A'~); Xc ---- the act ivator  
atom fract ion ("the concentrat ion")  at which the 
quenching starts, the so-called critical concentration; 
and N _-- the number  of sites per  unit  at which the 
act ivator  atoms enter. 

The problem in Eu2+-doped aluminates is to estab- 
lish the critical concentration, Xc. We can, however,  
fol low the reverse  way  and est imate Xc from values of 
R~ calculated f rom Eq. [1]. Since in the aluminates  
the energy t ransfer  wi th in  each in termediate  layer  is 
much more efficient than that across the spinel blocks, 
the volume of the in termedia te  layers  is subst i tuted 
for V. We find in this way  Xc ~ 0.04 both for magneto-  
plumbites  and/~-alumina host lattices. 

In Fig. 7 we plot quan tum efficiency vs. Eu e+ con- 
centrat ion for the Sr~-xEuxAl~20~9 and Ba~-~Eux- 
MgAl~0Ozz systems. The solid line refers to the Sr sys- 
tem, the dashed line to the Ba-Mg system. At first 
sight, the observed Xc for Sr~-xEuxAl~20~9 agrees 
fair ly well  with the calculated figure of ~--0.04. How-  
ever, in Ba~_~Eu~.MgAI~00~, the measured curve  runs 
almost completely flat. In such a case, it is impossible 
to est imate a rel iable figure for x~. 

Since in both systems considered the energy t ransfer  
between Eu ~+ ions is about equal ly  efficient, this pa-  
ramete r  cannot account for the differences in concen- 
t ra t ion-quenching  behavior.  This implies, rather,  that  
the defect situation (the "sinks") may influence the 
form of the concentra t ion-quenching curves. Such a 
conclusion is supported by exper iments  in which we 
have substi tuted low concentrations of various types 
of "foreign" atoms (in low concentrations) in, e.g., 
Sr~-xEuzAI~O~.  The effect of this substi tution is 
shown in Fig. 7. The quantum efficiency vs. Eu content  
curve  of Sr a lumina te :Eu  can even take the form of 
that of BaMg a luminate :Eu.  The las t -named curve  is 
not changed by the substi tution of foreign atoms. 

This observation suggests that the agreement  be-  
tween observed and calculated x~ in Sr  aluminates:  
Eu 2+ is ra ther  accidental. In fact, we do find that, as 
long as the nature  of sinks and the kinetics of radia-  
tionless losses of exci tat ion energy are not known, it 
may be misleading to draw conclusions about energy 
t ransfer  in phosphors f rom concentra t ion-quenching 
data especially if  the energy t ransfer  seems to be 
efficient. 

J l  
t4 "'---.. 

2O 

I I I ] I I I I I 
0 .2  0 . ~  0 .6  0.8 1.0 

. - - ~ .  x 

Fig. 7. Concentration-quenching curves. The quantum efficiency 
(Q.E) is plotted vs. the Eu "~+ content x. The solid and the dotted 
lines represent Sr~-xEuxAIz2Oz9 samples prepared with and with- 
out addition of small amounts of foreign atoms, the dashed line 
represents the Baz-=Eu=MgAI~oOz7 system. 

Tempera ture  Quench ing  of the E'u 2+ Luminescence 
Temperature-quenching data.--In Fig. 8 and 9, we  

present  on a re la t ive  scale (I at 77~ ---- 100) t empera -  
ture-dependence  curves of the l ight output  of mag-  
netoplumbi te  and /~-alumina type aluminates  doped 
wi th  2% Eu 2+ (some data on the effect of the Eu 2+ 
concentrat ion on t empera tu re  quenching are given 
below) and for the Eu aluminates themselves.  On com- 
paring Fig. 8 and 9, a first conclusion is that  the 
quenching of the Eu 2+ luminescence in the ~-alumina 
occurs at much higher  tempera tures  than for the mag-  
netoplumbites.  If  we take T~0, the tempera ture  at 
which the intensi ty of the luminescence is half  of that  
at 77~ as an indicator, we find a difference of about 
150~176 (Table IV).  Tempera tu re -quench ing  data 
for several  a luminates  MeAl~2Ole: Eu '~ + (Me ~ Ca, Sr, 
Ba, La) have also been published by Blasse and Bri l  
(4, 20) and Tamatani  (11). The Th0 figures which can 
be der ived f rom the curves published by these authors 
agree fa i r ly  well  wi th  those of the present  invest iga-  
tion. 

On fur ther  considerat ion of Table  IV, it can be seen 
that within both s t ructural  groups the compounds with  
the largest  cations tend to have the highest quenching 
temperatures.  In MeAl12019:Eu 2+, Th0 for Me = Sr 
(385~ is la rger  than for Me ---- Ca (380~ in 
M eM gA l l00~ :E u  2+, T~0 for Me ----- Ba (610~ higher  
than for Me = Sr (575~ The Eu aluminates have  a 
more or less special position due to their  high ac- 
t ivator  content. For  that  reason we cannot compare 
direct ly the Th0 figures of these materials  wi th  the 
other  phosphors. 

In the Eu 2+ La aluminates, the divalent  Eu is in-  
t roduced an a La '~+ site without  charge compensation, 
so that these compounds will  have quenching propert ies  
different f rom the aluminates wi th  large divalent  cat-  
ions. We note, however,  that  as for Ba~-zAI~IO~7.~-=: 
Eu ~§ and B a M g A l l 0 0 ~ : E u  2+ (ATe0 : 75~ the Mg- 
containing La aluminates have slightly higher  quench-  
ing tempera tures  than the La aluminate  itself (-~T~0 = 
10~ 

Blasse and Bril  (20) and Blasse (21) have  discussed 
t empera tu re -quench ing  phenomena in te rms  of a con- 
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Fig. 8. Temperature dependence of the light output of magneto- 
plumbite phosphors ([Eu '~+] = 0.02). SrAll2019:Eu 2+ ( ), 
CaAl12019:Eu 2 + ( . . . .  ), EuAIl~019 ( . . . .  ), La~-=Alzl 2/3+=0~9; 
Eu2+ ( - - - - - - ) ,  LaMgAIzzOj.9:Eu ~+ ( - - - - - ) .  
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Fig. 9. Temperature dependence of the light output of ~-alumina 
phosphors ([Eu 2+]  ~ 0.02). Bal-xAlllOzT.5-~:Eu 2+ ( ~ ) ,  
BaMgAIloO17:Eu 2§ ( - - - - - - ) ,  SrMgAIloO~-t :Eu '~+ ( - - .  - - ) ,  
EuMgAIzoO17 ( . . . .  ). 
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figuration-coordinate model. For  Eu ~+ ions replacing 
divalent  cations, the quenching tempera ture  was said 
to be relat ively high in  rigid lattices (the so-called 
"lattice effect") and in  cases where Eu 2+ substi tutes 
for large cations ("size effect"). The data in  Table IV 
indeed confirm these predictions. As far as the lattice 
effect is concerned, we note that in  ~-a lumina  the 
bonds of the divalent  metal  ions are strong due to the 
presence of oxygen ions at a very small  distance (in 
the 2(c) position).  This lattice can therefore be con- 
sidereal to be "rigid." In  magnetoplumbites  the oxygen 
ions in  the intermediate  layer  are positioned at 6(h) 
which is much fur ther  away. The bond s t rength is 
much less so that  the lattice can be said to be "weaker." 
The predicted size effect is also apparent  from Table 
IV (see above),  al though not  so pronounced as for the 
lattice effect. The replacement  of A13 + by Mg2 + results 
in  an increase of the un i t  cell volume and is therefore 
equivalent  to the introduct ion of a cation in  the 2(c) 
position (see Fig. 1) of larger size. 

If divalent  Eu replaces a t r ivalent  cation like La, 
the luminescent  center has formal ly  an effective charge. 
On considering tempera ture  quenching, Blasse (21) 
explained that  two factors play an impor tant  role in  
such a situation. On the one hand, the lattice is rela-  
t ively more rigid due to strong La3+-O bonds than for 
the case where Eu 2+ replaces a divalent  ion. This wil l  
give a higher  Tj0. On the other hand, the Eu 2+ ground 
state is more "expanded" due to the presence of l an-  
t hanum ions. This results in a lower Ts0. The lat ter  
can be considered as a kind of a "size effect." Similar  
to what  we have found for the magnetoplumbites  with 

.divalent  large cations, the lattice effect is supposed to 
be more impor tant  than  the size effect so that a higher 
Tj0 is expected for the La phosphors. This is indeed the 
case (410 ~ and 400~ instead of about 380~ 

Influence of activator concentration on T.50.---Since 
concentrat ion quenching is not very effective (see 
above),  no drastic changes in Tj0 are to be expected if 
the activator content  increases. In Fig 10 we show this 
for the LaI-~All12/.~+zOl~:Eu (change in  T~0 ~ 10~ 
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Fig. 10. Concentration effect on the temperature-dependence 
curves of BaMgAIloOlT:Eu 2+ ( ) and L a l - x h l l l 2 / 3 + x O 1 9 :  
Eu2+ ( - - - -  - - ) .  

and BaMgAl1001T:Eu 2+ systems (maximum change in 
Tj0 ~ 60~ In  some of the other a luminate  host la t -  
tices, more impor tant  changes in  Tj0 were observed. 
X- ray  diffraction indicates that  a phase separation on 
introduct ion of large amounts  of Eu 2+ (e.g., in 
Bal-~A111017.5-=: Eu 2 +) is responsible for these 
changes in T~0. 
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ABSTRACT 

GaAs doping with Sn, S, Zn, and Cd dur ing growth in an open chloride 
vapor t ransport  system was studied. The dopant concentrat ion dependences 
on growth rate, growth temperature,  and vapor pressure were measured. 
Based on an analysis of the results, it follows that the doping depends on both 
the substrate orientat ion and on the electrical nature  of the impuri ty.  The ob- 
served dependence of impur i ty  concentrat ion on vapor pressure can be ob- 
tained, assuming that impur i ty  equi l ibr ium is established, but  the carrier 
concentrat ion in the GaAs at the growth temperature  is not determined by 
the impur i ty  concentration. The binding energies and entropies of various im-  
purit ies in  Ge, Si, and GaAs calculated from the solidus curves of the im-  
pur i ty-semiconductor  system are reported. 

A study of epitaxial layer doping mechanisms is 
necessary to grow the layers with preset properties 
and, in particular,  to clear up the na ture  and the 
sources of uncontrol led impurities.  It is necessary to 
know a number  of the kinetic coefficients related to 
the processes which govern the impur i ty  incorpora-  
tion in order to determine the absolute doping level. 

Impur i ty  incorporat ion in the growing crystal is 
a mult istage process, which consists of impur i ty  t rap-  
ping in an adsorption layer, t ransformation and mo-  
tion wi thin  the adsorption layer, and, finally, t rans-  
port from the adsorption layer into the crystal. The 
relationships describing the rates of the different 
stages are quite different. If the rate of the last 
process is determining,  the over-al l  incorporation of 
the electrically active impur i ty  would be sensitive 
to the electrical na ture  of the impur i ty  and to the 
carrier concentrat ion in the semiconductor surface 
layer. For the other cases the rate would be deter-  
mined only by the chemical nature  of the doping 
impurity.  

If the incorporation of the impur i ty  into the grow- 
ing layer is l imited by the kinetics of one of these 
stages, an increase in the growth temperature  must  
lead to an increase in impur i ty  concentration, be-  
cause kinetic rates normal ly  increase with tempera-  
ture. Furthermore,  the concentrations must approach 
their equi l ibr ium values as the rates increase. In  
this connection, it would be very useful to compare 
the experimental  concentrations with those calculated 
on the assumption of complete equil ibrium. Certain 
features of impur i ty  behavior during GaAs growth 
by  the halide chemical vapor transport  method used 
here have already been published (1-3). The present  
experiments extend these GaAs doping results, notably 
for doping with sulfur, tin, zinc, and cadmium. 

Experimental 
The growth of gall ium arsenide epitaxial  layers 

was carried out by an open-tube chloride vapor t rans-  
port process on semi- insula t ing GaAs substrates. High 
pur i ty  AsCI.~ was used as the chloride source. The 
gall ium source was either metallic Ga or GaAs. The 
growth parameters were: source temperature.  800 ~ - 
850~ substrate temperature,  700~176 AsC13 tem- 
perature, 0~ flow rate, 150-300 m l . m i n - 1 ;  sub- 

Key  words :  chemical  vapor  d e p o s i l i o n , G a A s - - g r o w t h ,  impur i t ies ,  
CVD, doping,  segregat ion ,  f ace t  effects, S, Sn, Zn,  Cd. 

strate temperature  gradient, 5~ -1. It  was possible 
to obtain undoped layers with carrier concentrations 
n ~  104 cm-S and electron mobilit ies up to 100,000 
cm2/V.sec at 77~ when grown on (100) s.ubstrates 
by a Ga/AsC1JH2 system (4). The carrier concentra-  
tion in undoped layers was 1015 cm -3 and the mobil i ty  
was reduced to 30,000 cm2/V.sec at 77~ when un -  
doped GaAs was used as the source. 

The doping sources for Zn and Cd were ZnsAs., 
and Cd3As2 loaded into quartz ampuls of known 
volume, which were sealed at one end. The AsC13 
and the products of its decomposition were allowed 
to diffuse into the hot ampul  and etched the Zn~As2 
or Cd3As2 forming gaseous chlorides which diffused 
out of the ampul. The ampul was placed in a sep- 
arately controlled temperature  zone set at 400~ ahead 
of the substrate zone. At this tempera ture  nei ther  
dissociation of Zn~As.~ or Cd3As2 nor condensation of 
arsenic and chlorides of zinc or cadmium occurs. 

The requirements  on the precision of main ta in ing  
the temperature  of the dopant zone are not severe 
because diffusivity in the gas phase depends only 
weakly on temperature.  Weighing of the ampul  before 
and after the experiment  allowed us to determine the 
total quant i ty  of dopant used. GaAs was used as the 
Ga source in these experiments because molten ele- 
mental  gall ium could dissolve some of the impur i ty  
and lead to errors in calculating the net quant i ty  of 
impur i ty  in the gas phase. 

Doping by tin was carried out either by the intro-  
duction of t in into elemental  gall ium used as the 
gall ium source or by the introduction oE tin chloride 
into the growth zone through a special channel. It  
was not possible to determine the t in  concentrat ion 
in the gas phase when the first method was used. 

Sulfur  doping was accomplished by adding hydrogen 
sulfide to the reactant  stream. The hydrogen sulfide, 
obtained by decomposition of sulfides, was introduced 
into the reactor through a special inlet. The hydrogen 
sulfide vapor pressure was controlled by  the sulfide 
temperature.  

The resul tant  carrier concentrations were measured 
by the Van der Pauw method (precision of deter-  
mining  carrier concentrat ion is --+15%). The electron 
and hole concentrations allowed us to estimate the 
electrically active impur i ty  concentrations. This is 
the core of our investigation. To do this, it was nec- 
essary to take into account the degree of compensa- 
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t ion by  (unwanted)  impurit ies of opposite electrical 
type. 

The concentrations of Sn and Zn in the grown layers 
was determined directly by mass spectrometric and 
emission spectral methods. For  these samples, the 
measured electron and hole concentrat ions corres- 
ponded closely to the Sn and Zn densities, respectively, 
determined directly. Hence, residual impur i ty  donors 
and acceptors must  be present  only at levels below 
our lowest in tent ional  doping levels. No such con- 
clusions can be drawn for electrically inactive impur -  
ities. 

The homogenei ty  of the layers in a direction per -  
pendic.ular to the face of the substrate was checked 
by l aye r -by- l aye r  etching and subsequent  measure-  
men t  of carr ier  concentrat ion and mobility, and 
sometimes by  mass spectrometry as well. A reduction 
of carrier concentrat ion near  the f i lm-substrate t rans i -  
t ion was sometimes observed when doping with tin. 

Resuffs and Discussion 
A strong variat ion of dopant  concentrat ion with 

crystallographic orientat ion has a l ready been estab- 
lished (1-3). However, it was noted that if the carrier  
concentrat ions in  films grown on substrates of different 
orientat ions were plotted against the growth rates 
on those orientat ions the results were simple. Al-  
though growth rates depend on or.ientation, dopant  
densities correlated only with the growth rates (5). 
Films on different orientations have the same im-  
pur i ty  concentrations when their  growth rates are 
equal. 

Figure 1 shows the results of films doped by two 
different Sn concentrat ions in the gas phase. When 
polycrystal l ine  GaAs was used as the source (upper  
curve) ,  the growth ~ate was changed by varying the 
amount  of gal l ium arsenide (not exposed surface 
area) in the source zone. The resul tant  change of 
gas phase saturat ion allowed us to vary  the growth 
r.ate by two orders of magnitude.  The gas phase com- 
position calculated from the net  change of source 
weight  during the growth exper iment  shows that  the 
par t ia l  pressures of the components change only a 
factor of two or three, while the growth rate changes 
two orders of magnitude.  Hence the effect must  be ki-  
netic in nature,  a depar ture  from equi l ibr ium in the 
growth zone. When liquid gall ium saturated with 
arsenic was used as the source (lower curve),  the 
growth rate was changed by vary ing  the substrate  

p. 
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Fig, I. Dependence of electron concentration on growth rate for 
Sn dopi.g. 

tempera ture  g~adient. The mean  substrate tempera-  
ture was held constant. The lower curve was d rawn 
by.us ing the results from Ref. (5). The points on this 
curve are the results of our present  exper iments  for 
characteristic growth rates on (100), ( l l l ) A ,  and 
( l t l ) B  planes. The present  results agree wi th  the 
data from Ref. (5). 

Note that the curve of carrier  concentrat ion vs. 
growth rate has a minimum.  This m i n i mum is shal-  
lower for the upper  curve obtained at higher Sn con- 
centrat ions in the gas phase (where the doping was 
carried out by introduct ion of Sn chlorides through 
the special channel ) .  This may imply that  the or ienta-  
t ion dependence reduces as the doping level increases. 
One can see that the free electron concentrations in  
f i lms-grown on planes (111)B and (100), and also 
on ( l l l ) A  and (100), are equal if their growth rates 
are equal (upper curve).  A similar effect was ob- 
served dur ing doping with Zn and S (to be published).  
The calculated equi l ibr ium Sn concentrat ions cor- 
responding to the upper curve are less than the mea-  
sured carrier concentrations. (The calculation of im- 
pur i ty  equi l ibr ium concentrations is discussed below.) 

The dependence of electron concentrat ion on growth 
rate has a m i n i m u m  for S doping also. This m i n i m u m  
also occurred for a growth rate 0.2 ~m/min  as with 
Sn doping (Fig. 2). 

The dependence of hole concentrations on growth 
rate for Zn and Cd doping had a ma x i mum at the 
same growth rates. This is in agreement  with the 
results of another  investigation (6). For Zn, the 
carrier concentrat ions in films grown on ( l l l ) A  and 
(100) planes were equal when their respective growth 
rates were equal as for the Sn results noted earlier. 
The growth rates of ( l l l ) A  and ( l l l ) B  planes dif- 
fered by more than one order of magnitude,  while 
the corresponding hole concentrations in films on 
( l l l ) B  (7.7.1017 cm-8)  were one-half  order of mag-  
ni tude less than on ( l l l ) A  (4.1.10 is cm-'~). This is 
also in agreement  with the previous investigations 
(6). The variat ions of the growth rates on substrates 
of different orientations became smaller  and, cor- 
respondingly, the orientat ion influence on Zn seg- 
regation was reduced at high doping levels (~10 TM 

cm -3) . 

Orientation dependence dur ing Te doping was ob- 
served by Williams (7). If we order his orientations 
in terms of increasing growth rate, then the associated 
Te concentrations exhibit  a m i n i mum vs. growth rate, 
s imilar  to our donor data. 

It  is not possible to expla in  such complicated de- 
pendences of doping levels on growth rate with a 
simple model of mater ial  crystall ization (1-3). Only 
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a monotonic dependence of doping level on growth 
rate can be predicted (1-3). 

However, it is clear that  it is pr imar i ly  the electrical 
nature  of the dopant (donor or acceptor) that deter-  
mines the observed orientat ion dependence of the 
solubili ty and not the lattice site nor  the chemical 
nature  of the dopant nor its molecular  form in the 
gas phase. The donors Sn, S, and Te exhibit  a min i -  
mum in concentrat ion vs. growth rate, whereas the 
acceptors Zn and Cd exhibit  a maximum. In  the re-  
action zone, Sn is present  as SnC]2 whereas the other 
dopants are in elemental  form. The donors S and Te 
occupy As sites, while the acceptors Zn and Cd lie 
on Ga sites. The donor Sn occupies a Ga site, but its 
concentra t ion-growth rate behavior is that of the 
other donors, not that of the other Ga site occupiers. 
Hence the incorporat ion of the impurit ies is sensitive 
to their electrical nature.  

The dependences of Zn and Cd concentrations on 
the growth temperature  for different vapor pressures 
of these impuri t ies  are given in Fig. 3 and 4, re- 
spectively. One can see that the Zn concentrat ion 
hardly  depends on the growth temperature.  The Cd 
concentrat ion decreases slowly with temperature  at 
low doping levels and does not depend on growth 
temperature  at high doping levels. The predicted 
equi l ibr ium Zn (curve 1' in Fig. 3) and Cd concen- 
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trations decrease very  slowly with temperature.  (The 
calculation technique is given below.) 

If there are some slowly proceeding kinetic stages 
during the doping, the concentrat ions of impur i ty  in  
the film must  be less than the corresponding equil ib-  
r ium concentrations because the impur i ty  equi l ibr ium 
has no time to be established. The rates of such ki-  
etic processes usual ly  increase with temperature,  and 
it is na tura l  to expect a decrease in the difference 
between the equi l ibr ium and the experimental  im-  
pur i ty  concentrations. However, the small  (or even 
slightly negative) differences observed in the experi-  
ments (the exper imental  concentration, curve 1, is 
greater than the equi l ibr ium one, curve 1', Fig. 3) 
and the independence of this difference upon tem- 
perature  means that  the mechanisms de termining  the 
impur i ty  segregation cannot be l imited by kinetics 
(in addition, the growth rates o'f the samples for 
curve 1 are only weakly dependent  on the growth 
temperature,  Fig. 5). Hence, the impur i ty  concentra-  
tion must  be in equil ibrium. The differences between 
the exper imental  and the theoretical equi l ibr ium 
impur i ty  concentrations in the films show that some 
of the assumptions made in the calculations of the 
equi l ibr ium concentrations are not valid. 

The dependence of the impur i ty  concentrat ion in 
the films on its content in the gas phase (Fig. 6) 
was studied for Zn and Cd for a growth rate of 
12-15 ~m/hr. The impur i ty  concentrations in  the films 
increased l inear ly  with the pressure of Zn and Cd. 
The same dependence was observed for Sn, if the Sn 
vapor pressure was assumed to be proport ional  to 
its content in the Ga source. The observed dependence 
of the impur i ty  concentrat ion in the film on its vapor 
pressure could occur only if the carrier concentrat ion 
in the surface layer of the growing film was not de- 
termined by  the impur i ty  concentrat ion at the source. 

The equi l ibr ium concentrat ion of segregated im- 
pur i ty  in the solid can be represented by 

Pi 
Ntot  : T I ' N o  : 1 1 " K "  - -  [ 1 ]  

P A ( B )  

when the degree of ionization ~ is significant. Here 
Ntot is the total impur i ty  concentrat ion in the crystal, 
No is the neutra l  impur i ty  concentration, K is the 
equEibr ium constant, which we shall determine fur-  
ther, and Pi, PA(B) are the pressures of monoatomic 
vapors of impur i ty  and of the component replaced by 
impurity,  either Ga or As, respectively. The pressures 
of the component vapors are calculated from their  
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gas phase content. The Fermi-Dirac  dis tr ibut ion can 
be approximated by that of Maxwel l -Bol tzmann in 
many  cases. Then one can obtain a very clear relation: 
~] ---- Nc(v) /2n(p)  where Nc(v) is the density of states 
in the conduction (valence) band  and n (p )  is the 
free electron (hole) concentration. Then we have 

Nc(v) Pt 
Ntot -- -- 'K  [2] 

2n(p)  PGa(As) 

The carrier concentrat ion is equal to the impur i ty  con- 
centrat ion if Ntot > >  ~li, where ni is the intr insic con- 
centration, i.e., n(p )  ---- Ntot. (Such a case is shown 
in Fig. 6 where ni - -  10 ze cm-3.)  Here 

l~tot = " ~ / N c ( v ) ' K '  Pi [8] 
PGa(As) 

and the equi l ibr ium impur i ty  concentrat ion in the 
film must  vary  proport ional ly to the square root of 
its monoatomic vapor pressure. For Cd it is the total 
pressure of its vapors. Sn is present  in the gas phase 
in molecular  form as SnC12 and the pressure of mono-  
atomic Sn vapor is proport ional  to the SnC12 vapor 
pressure. For Zn, the monoatomic vapor pressure 
differs slightly from the total vapor pressure of the 
Zn components. 

The exper imental  dependences of the impur i ty  con- 
centrations in the film vs. the pressures of their mono-  
atomic vapors are close to being linear. However, with 
our assumptions, the equi l ibr ium concentrat ion should 
be proport ional  to the square root of the mono-  
atomic vapor pressure. To obtain agreement  between 
the exper imental  and the theoretical equi l ibr ium con- 
centrations, it is necessary to suppose that the carrier 
concentrations at the growth temperature  (near  the 
surface of the growing crystal, at least) are not de- 
termined by the impur i ty  concentration. The actual 
bulk  properties of epitaxial  GaAs films at the growth 
temperatures  were determined separately by special 
measurements  (8). It turned out that, at 1000~ the 
free electron concentrat ion was equal to 101s-1019 cm - s  
in films doped with either donor impuri t ies  or with 
acceptors and did not depend on impur i ty  concentra-  

tion. In  the presence of such a constant  free electron 
concentration, the equi l ibr ium concentrat ion of im- 
pur i ty  in the film becomes simply proport ional  to t h e  
p r e s s u r e  of the monoatomic impur i ty  vapors. However, 
for the acceptor impuri t ies  the calculated values of 
the equi l ibr ium concentrat ions of impur i ty  were sig- 
nificantly higher than the exper imental  concentrations;  
for t in they were lower. 

A possible mechanism can explain the independence 
of carrier concentrat ion in the layer  of crystal near  
the growth surface (where the impur i ty  segregation 
is determined) .  It is a surface charge and the "surface 
quas i -neut ra l i ty"  connected with it. The influence of 
surface charge is considered in Ref. (9). To our regret, 
we cannot see any straightforward ways of de te rmin-  
ing the carrier concentrat ion in such a layer close 
to the growing film surface dur ing  the film growth. 
The exper imental  impur i ty  concentrat ion in the as- 
grown film is the only informat ion source we have 
relat ing to charge carrier concentration. Inser t ing it 
in Eq. [2], one can calculate backwards the carrier 
concentrations which existed dur ing growth. The only 
way to check the val idi ty of these results is by a 
comparison of the charge carrier concentrat ions ob- 
tained for different impurities.  These have to be 
connected .by the relat ion n .p  =_ n i l  The accuracy 
of the equi l ibr ium constant  used in Eq. [2] is im-  
portant  in such calculations. An assumption on t h e  
invar iabi l i ty  of the semiconductor vibrat ion spectrum 
independent  of impur i ty  concentrat ion was made in 
Ref. (10) when calculating K. This corresponds to 
assuming the equali ty of the doped crystal entropy 
with that of the pure semiconductor. A t rea tment  of 
solidi of Ge- impur i ty  and Si - impur i ty  systems has 
shown that in a general  case this assumption is not 
valid. The results of this calculation as a dependence 
of the excess entropy ASexc of an impur i ty  in a semi- 
conductor crystal (~Sexc -- Si, sol -- Ssemicond.) on EBind 
are shown in Fig. 7 (10). The excess entropy increases 
with decreasing Emnd. The calculated values for Ge 
and Si give the same dependence. For GaAs, the 
necessary data turned out to be accessi'ble only for 
the impurit ies Zn (11), Sn (11), P, In, A1, and Sb (13). 
The calculated values of Eslnd and ~Sexc for these 
impurit ies in GaAs do not fall on the curve for Ge 
and Si because, for all of them, the excess entropy 
is close to zero. It is obvious that under  sufficiently 
small  b inding energies the excess entropy has to in-  
crease. It is also possible that EBina and ASexc for im-  
purit ies in GaAs do not correlate with each other. 
In any case one can determine the equi l ibr ium con- 
stant  with satisfactory rel iabi l i ty  only for two ele- 
ments from those considered, and they are Sn and 
Zn. Similar  calculations give for Sn. ns ---- 4"10 t6 cm -8, 
and for Zn, Ps ----- 9"10 TM cm -8. Their product, ns'ps 
---- 3.6.1033 cm -6 is close to ni 2 for GaAs at 1000~ 
(3.1.10 ~3 cm -6) which says that the suggested model 
at least is not in contradiction with the exper imental  
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results.  One can obta in  values of Ps for Cd close to 
those obtained for Zn, if we assume that  .ASexc for Cd 
is s i tuated in a region be tween  zero and the curve 
for impur i t ies  in  Ge and Si. 

Thus, the  or ienta t ion  dependence  of i m p u r i t y  seg-  
regat ion  can be exp la ined  (wi thin  the f r amework  of 
these ideas)  by  the dependence  on g rowth  ra te  and 
car r ie r  concentrat ion in the crys ta l  l aye r  near  the 
growth  surface (and a surface charge of the  growing 
crys ta l ) .  

Using da ta  f rom the l i te ra ture ,  we can assess the  
app l icab i l i ty  of these ideas for  o ther  methods  of film 
growth  and for o ther  mater ia ls .  GaAs doped wi th  
Zn (14) and wi th  Cd (15-17) dur ing  growth  by  l iquid  
phase ep i t axy  also shows a l inear  dependence  be tween  
the impur i ty  concentrat ions  in the solid and in the 
l iquid phases. A calculat ion of the car r ie r  concent ra-  
tions near  the growing  surface gives ns ~ 10 l~ cm -8 
for  Sn and Ps N 101o cm-~  for  Zn. In  LPE layers ,  
the incorporat ion both of donor and acceptor  impur -  
it ies was less than  tha t  expected f rom equi l ib r ium 
considerations.  

The doping of Si ep i tax ia l  layers  grown by SIC14 
pyrolysis  by  B, As, and P was s tudied (18). The values  
EBind and '~Sexc calcula ted from the exper imenta l  da ta  
(15) give points  ly ing  h igher  than  the curve for  
impur i t ies  in Ge and Si (Fig. 7). This d ivergence  
means  that  dur ing  pyrolys is  impur i ty  incorpora t ion  
exceeds the equi l ib r ium dis t r ibut ion  and there  is no 
correla t ion with  the e lec t rophysical  na tu re  of the im-  
pu r i ty  in Si. 

Conclusions 
A s tudy of the or ienta t ion dependence  of doping 

densit ies of donor and acceptor  impur i t ies  in GaAs 
grown by chlor ide  vapor  t ranspor t  shows tha t  the 
impur i ty  segregat ion is sensi t ive to the e lect r ica l  
na ture  of the impur i t ies  in GaAs. The dependence  
of impur i ty  concentrat ion on the pressure  of its vapors  
and on t empera tu re  can be descr ibed in an equi l ib r ium 
approximat ion.  However,  the exper imen ta l  resul ts  
requi re  the assumpt ion that  the  charge car r ie r  con- 
centrat ion in the layer  of growing crys ta l  close to 
the growth surface is not de te rmined  by  the segregated  
impuri ty .  

The ideas developed here  should be useful  in ex -  
p la in ing  impur i t y  segregat ion for o ther  g rowth  me th -  
ods and for other  mater ia ls .  

Manuscr ip t  submi t ted  Aug. 30, 1975; revised m a n u -  
script  received Dec. 1, 1975. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be pub• in the  December  1976 
JOURNAL. Al l  discussions for the December  1976 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1976. 
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ABSTRACT 

A new electrochemical technique has been developed for etching p la t inum 
in the processing of silicon integrated circuits. A periodically varying potential  
is applied to a silicon wafer  in  a room temperature  hydrochloric acid solu- 
tion. The waveform has been designed to overcome problems associated with 
the passivation of the p la t inum surface and with the relat ively high re-  
sistance of the metallization. The process has the following properties: the 
resolution of electroetched test pat terns is good; the process is compatible with 
both positive and negative photoresists; the etch t ime is a few minutes  for 
the p la t inum thicknesses commonly used in  integrated circuits; the process 
lends itself to ins t rumenta t ion  for determinat ion of the completion of p la t inum 
removal;  the diss.olved p la t inum can be recovered. The electroetching process 
is also applicable to the etching of other noble metals and to the etching of 
metall izations on other substrates. 

One metal l izat ion used in the manufac ture  of silicon 
integrated circuits is t i t an ium-pla t inum-gold .  In  one 
method of del ineat ing pat terns using this metal l izat ion 
scheme, the t i t an ium and then the p la t inum are evap- 
orated or sputtered onto the substrate;  then the plat i-  
num pat te rn  is defined by photoresist and etched. Sub-  
sequently,  a new layer of photoresist is applied and 
gold is selectively electroplated. Finally,  the exposed 
t i t an ium is etched. The areas to be etched and the spac- 
ings between them may be as nar row as 5-10 #m, 
while the thicknesses of the p la t inum and t i t an ium 
layers are of the order of 2000 and 1000A, respectively. 
There are several chemical etches for t i tan ium that 
can be adequately controlled. The p la t inum is usual ly 
etched in hot aqua regia; however, controlling the etch 
rate, de termining the end point, and prevent ing under -  
cutt ing of the photoresist are serious problems. 

An  electrolytic process is desirable because it offers 
numerous  advantages in the areas of control, automa-  
tion, and ins t rumentat ion.  Raub and Buss (1) have 
etched the noble m'etals at significant rates using an al-  
t e rna t ing  current  in solutions that form complexes 
with these metals, for example, cyanides and chlorides. 
Black (2) adapted this technique to the e]ectroetching 
of p la t inum metall izations on semiconductor devices. 
Yahalom (3) used square potential  pulses of 1 msec 
dura t ion in a hydrochloric acid solution at room tem- 
pera ture  to etch p la t inum wires at rates as high as 
40(}0 A/min .  During the anodic pulse at + I .0V (SCE) 
the p la t inum dissolves but  concurrent ly  the surface is 
passivated, thereby reducing the rate of dissolution. 
During the cathodic pulse at --0.3V, the passivating 
film is reduced. Yahalom showed that p la t inum would 
also etch, but  at a slower rate, if a t r iangular  potent ial-  
controlled waveform between the potential  limits of 
--0.3 and -}-I.0V were used; the etch rate increased 
with the frequency of the waveform. 

In  this paper we report the development  of a rapid, 
reproducible electrolytic method for etching pat terns 
in  p la t inum on semiconductor slices and on other sub- 
strates. We describe the method, the theory behind it, 
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and present  some results on its application to inte-  
grated circuit test patterns. 

Experimental 
The surface of each silicon slice, 1.5 in. (3.8 cm) in 

diameter, was thermal ly  oxidized. Each slice was then 
coated with 2000A of chemical vapor deposited silicon 
nitride, 1000A of t i tanium, and 2000A of plat inum. 
The thicknesses of the p la t inum and t i t an ium were 
controlled no better  than ___10%. A metall ization test 
pa t te rn  was defined on the p la t inum with either a posi- 
tive (Shipley AZ135OH or AZ135OJ) or a negative 
(Eastman Kodak KMER or Hunt  Chemical WAYCOAT 
Type III) photoresist. The test pa t te rn  contains a con- 
t inuous metal  line meander ing from the top to the 
bottom of each chip. In  addition, there are 21 lines ad- 
jacent  to the meander.  The pa t te rn  can be tested for 
shorts between the lines and for opens in the meander.  

The etching cell was a 1500 cm z beaker in which was 
placed the slice to be etched (working electrode), a 
graphite auxil iary electrode, and a saturated calomel 
reference electrode. The slice was held in a t i tan ium 
ring by four ~ in. long t i tan ium knife edges spaced 
equally around the periphery of the slice. T i tan ium is 
inert  under  the conditions of the test. The electrolyte 
solution, 3M IIC1 made from reagent  grade acid and 
distilled water, was not deaerated and was stirred with 
a magnetic stirrer. All experiments  were conducted at 
room temperature.  Potentials are reported relative to 
the saturated calomel electrode (SCE). 

The potential  was controlled by a Princeton Applied 
Research Model 173 potentiostat  and the desired wave-  
forms were obtained from a Tektronix Model 114 pulse 
generator  and Tacussel Model GSTP-2 function gen- 
erator. The waveforms from the two signal generators 
were superimposed, as described later. The current  
was monitored on a Tektronix 5103N oscilloscope with 
a Model 5A13N preamplifier. 

At the conclusion of the etch, the sample was re-  
moved from the cell with the potential  still applied and 
was quickly rinsed in 3M HC1 solution to prevent  the 
redeposition of p la t inum from the residual solution 
layer. The sample was then rinsed in distilled water 
and dried in a s tream of nitrogen. 
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The quali ty of the etch was judged by (i) optical or 
scanning electron microscopy; (i~) electron microprobe 
analysis for residual  p la t inum; and (iii) etching the 
exposed t i tanium; the t i tanium will  etch only if the 
p la t inum has been completely removed.  

The resistance of the metal l izat ion on the s!ice was 
measured across a diameter  wi th  a vo l t -ohmmete r  by 
contacting the metal l izat ion at the ci rcumference of 
the slice. The resistance be tween  the t i tanium holder 
and a point in the center  of the slice was also mea-  
sured. These resistances are impor tant  because of the 
voltage drop they introduce during electrolytic etching. 

Resul ts  
Potent ia l -control led  square wave  pulses and a t r i -  

angular  wavefo rm with potential  limits of --0.3 and 
1.0V, both of which have been used successfully to 
etch bulk pla t inum (3), did not etch the p la t inum 
metal l izat ion on silicon slices. However,  a t r iangular  
wavefo rm with potent ial  l imits of --0.3 and 1.4V and a 
modified t r iangular  wave fo rm (described below) with  
the same potential  l imits were  found to etch the plat-  
inum metal l izat ion and to resolve the pat terns com- 
pletely and distinctly. No significant undercut t ing of 
the photoresist  occurred during the t ime required to 
etch the platinum. 

The following discussion is divided into two sections. 
In the first, we discuss the reasons why the techniques 
for etching bulk pla t inum must be modified when etch- 
ing thin films on semiconductors or on insulators. In 
the second, we discuss the results of this new method 
and its application to the processing of integrated cir- 
cuit slices. 

ModLficction of electrochemical etch for thi~ f i lms . -  
The difference in etching behavior  be tween the plat i -  
num metal l izat ion on silicon wafers and bulk p la t inum 
was traced to an ohmic potent ial  (IR) drop within the 
s i l icon-metal l izat ion specimen caused by the re la t ive ly  
high resistance of the metal l izat ion on the insulating 
substrate compared to the resistance of bulk platinum. 
The metal l izat ion has a significant resistance that  is a 
function of the film thickness and the resistivit ies of its 
components. Figure  1 shows the resistance across the 
diameter  of a T i ( lC00A)-P t  film on a 1.5 in. (3.8 cm) 
slice as a function of p la t inum thickness. The resistance 
varies l inear ly  wi th  reciprocal  thickness down to about 
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Fig. 1. The effect of platinum film thickness on the resistance 
of the metallizafion Ti(1000~)-Pt  acloss a 1.5 in. (3.8 cm) slice. At 
low thicknesses the resistance approaches that of the titanium film. 

200A. For th inner  films, the resistance approaches that  
of the under lying t i tan ium layer.  It is evident  that  dur -  
ing pla t inum etching the resistance, and hence the IR 
drop, will  increase. However ,  during pa t te rn  etching 
the resistance never  approaches the value corres-  
ponding to zero pla t inum thickness because a pat tern 
of p la t inum remains;  the final value depends on the 
fract ional  area etched and the pat tern geometry.  

When a square wave  potential  is used to etch a thin 
platinum film on a silicon slice, the potential for the 
anodic reaction may initially be great enough to dis- 
solve platinum. However, as the platinum is etched and 
the IR drop on the slice increases, the potential avail- 
able for etching will in time decrease to a value too low 
for platinum dissolution to occur. The same is true for 
a triangular waveform with a maximum anodic poten- 
tial of 1.0V. The lower limit of the anodic potential for 
etching platinum at an appreciable rate in this solution 
is approximately 0.7V (3). The upper potential limit 
appears to be between 1.0 and 1.2V. At higher poten- 
tials the rate of passivation becomes so great as to de- 
crease the effective rate of dissolution markedly (4). 

To compensate for the constantly increasing IR 
drop, a triangular waveform with an upper potential 
limit equal to or greater than 1.0V plus the maximum 
IR drop may be used (Fig. 2). With this waveform there 
will always be a window of approximately 0.3V on the 
ascending ramp in which etching will occur. Initially 
this window will be from 0.7 to 1.0V. When the IR drop 
is 0.1V, the window will be from 0.8 to 1.IV, etc. Such 
a waveform has been used to etch test patterns on 
meta]lized silicon slices, and good etching is obtained 
when the max imum anodic potential  is be tween  1.4 and 
1.6V. Thus, the m ax im um  IR drop appears to be ap- 
proximate ly  0.SV. 

Since most of the etching occurs over a nar row po- 
tential  band from 0.7 to 1.0V on the ascending ramp, -~ 
only 5-10% of a t r iangular  waveform is utilized for 
etching. To increase the efficiency, the waveform 
shown in Fig. 3 (a) was used. This waveform is con- 
structed by superimposing a ramp and a square wave, 
shown in Fig. 3(b) .  Thus the potential  jumps f rom 
--0.3 to 0.7V followed by a ramp from 0.7 to 1.4V; then 
the potential  drops instantaneously to that  for the 
cathodic reduction of the passivating film. The t ime for 
cathodic reduct ion in this case has been reduced to 
0.7 msec, whi le  the anodic ramp is 1.0 msec long. With 
this waveform, etching occurs over  approximate ly  25% 
of the cycle. The efficiency could probably be in- 
creased fur ther  by modifying this waveform. However ,  
this course was not pursued because the etch t ime of 
approximate ly  2 rain is sufficiently short for practical 
considerations. 

Application of the electroetching process.--The 
process has been applied pr imar i ly  to the etching of 
pla t inum on oxidized silicon wafers for integrated cir- 
cuits. It can also be used to etch other noble metal  

s On the descending branch the platinum is passivated and w~ll no~ 
dissolve at an appreciable rate. 

Fig. 2. Triangular waveform that corrects for the increasing IR 
drop during etching. 
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Fig. 3. The composite potential waveform for the electroetching 
process (a) is the sum of a square wave and a triangular wave (b). 

thin films and metal  films on high-resis tance substrates 
other  than silicon. 

For  a silicon slice having the metal l izat ion 
Ti(1000A.)-Pt(2000A), a micrograph of a typical  test 
pa t te rn  after  e lectroetching the p la t inum and chemi-  
cally etching the t i tan ium is shown in Fig. 4. The dark 
areas have been etched reveal ing  the silicon ni tr ide 
layer;  tests for the qual i ty  of the etch showed no resid-  
ual p la t inum on the slice. The l ight areas are platinum, 
pat terned in this case wi th  a posit ive photoresist. The 
results of etching many samples indicate that  the etch- 
ing process is compatible  wi th  both posit ive and nega-  
t ive photoresists. The photoresists are not degraded by 
the electrolyte  solution within  the t ime required for 
etching, which is nominal ly  2 rain for a 20,00A plat-  
inum film. Undercut t ing  is not severe, even for etch 
times up to 6 min. 

The electroetching process has a number  of advan-  
tages over  a hot aqua regia etch. (i) The electroetch is 
a room tempera tu re  process. (it) The electrolyte  solu- 
tion, 3M HC1, is easier and safer to use. (iii) The etch- 
ing is more controlled so that  a constant etch t ime can 
be used. Al ternat ively ,  the end point can be determined 
electrically,  as discussed below. (iv) It should be possi- 
ble to etch a batch of slices at a time. (v) The dissolved 
p la t inum can easily be recovered. 

The possibility of determining the end point elec- 
t r ical ly can be seen by comparing the cur ren t - t ime  
waveforms for the p la t inum-covered  surface (Fig. 5a) 
and the p la t inum-f ree  surface (Fig. 5b). The anedic 
( ~ )  and cathodic ( - - )  currents  decrease significantly 

Fig. 4. Micrograph of an electroetched test pattern showing that 
the process defines the pattern clearly and sharply. The dark areas 
have had the platinum and titanium etched revealing the silicon 
nitride layer; the light areas are platinum. 

Fig. 5. Current transients (a) on platinum covered surface and 
(b) on titanium surface from which platinum has been etched. Com- 
parison of transients shows the marked changes that can be used 
to determine the end point of the etching reaction. 

when the p la t inum has been removed.  The residual 
anodic current  is due to the oxidation of chloride ions 
and water, while the cathodic current  is caused by the 
reduct ion of hydrogen ions and oxygen. Since the over-  
potentials for these reactions are greater  on t i tanium 
than on platinum, the currents are lower on the former  
metal  for a given applied icotential. The end point of 
the etching reaction could therefore  be determined by 
monitor ing the anodic wavefo rm :3 and observing the 
t ime at which no fur ther  change occurs. A safety mar -  
gin of about 2 rain can be added without  adverse ef- 
fects. 

The dissolved pla t inum could easily be recovered. 
Since it is necessary to agitate the solution to p reven t  
redeposit ion of the dissolved platinum, the solution 
could be recirculated through a two-compar tment  cell, 
in which etching occurs in one and plat inum recovery  
takes place in the other. 

The electroetching process can be applied to the 
etching of any noble metal  provided the resistance of 
the under ly ing conductive layer, e.g., t i tanium, is not 
too great. We have successfully etched zhodium de- 
posited over 5COA Ti on silicon; line spacings of 1 ~m in 
the test pat tern  were  clearly resolved. P la t inum and 
rhodium over  t i tanium have been etched on ceramic 
substrates. 

One major  precaut ion must be observed when using 
the electroetching process on thin films: the resistance 
be tween the contact point (s) and any point on the sub- 
strate must be minimized. For example,  wi th  silicon 
integrated circuits of the type discussed here, contact 
must be made to the per iphery  of the slice at several  
points so that  the resistance between the slice holder 
and any point on the slice, as measured with a vol t -  
ohmmeter,  does not exceed one ohm. If the resistance is 
larger, the result ing IR drop may prevent  complete 
etching. 
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ABSTRACT 

Hot phosphoric acid is found to be useful for etching and characterizing 
epitaxial GaN crystals grown on (0001) sapphire substrates. The obtained 
etch rates are 0.2-1.0 ~m/min  and the activation energy is about 4.4 kcal /mole 
in the temperature  region of 50~176 Hydrat ion of Ga ion is considered 
the ra te -de termining  step of the etching action. The x - ray  diffraction and the 
infrared spectrometric studies indicate that  the ortho and meta phosphoric 
ions play an important  role as at tacking ions in etching. This phosphoric acid 
etching reveals crystal defects in undoped (n),  Zn-doped (i), and i -n  structure 
GaN epitaxial crystals. Conical hexagonal pyramid pits and t runcated hex- 
agonal pits develop in the undoped layers, and they tend to be arranged along 
the slip direction and are a t t r ibuted to certain dislocations. These hexag- 
onal pits are densely generated near  the interface of the epitaxial layer  and 
the substrate. The density of the pits decreases exponent ial ly  with crystal 
growth. The pits are apt to increase in density and size when the carrier con- 
centrat ion is high (1019-1020 cm3). The rounded etch figures develop in Zn-  
doped crystals and sometimes in the undoped crystals with a high carrier 
concentrat ion (1019 cm-3) .  Etching also indicates that there is a significant 
difference in growth pat terns between the Zn-doped and the undoped crystals 
even if the Zn-doped layer is cont inuously deposited on the undoped layer. 
This implies a difference in  the crystal growth mechanism between these 
crystals. 

Gal l ium nitr ide is a very promising compound semi- 
conductor for a blue and a violet light emit t ing diode 
due to the wide bandgap [3.5 eV (1)] of its direct 
t ransi t ion nature.  Since Maruska and Tiet jen grew 
epitaxial single crystals of GaN on sapphire substrates 
by a vapor deposition technique (2), many  investiga- 
tors have studied the preparat ion techniques and pro- 
perties of GaN epitaxial layers. However, the crystal 
characterization has not been as widely investigated as 
the optical properties, since no appropriate crystal 
characterization technique has been established for 
GaN. To date, epitaxial  GaN crystals have been 
characterized by measuring their carrier concentra-  
tions and mobilities. They have never  been evaluated 
crystallographically. 

Although chemical etching is a useful method for 
crystal characterization, no suitable etchant for GaN 
has been found because of its chemical stability against 
various mineral  acids and aqua regia. Heretofore, 
molten sodium hydroxide, potassium hydroxide, and 
potassium pyrosulfate at 800~ (3) and a 50% sodium 
hydroxide aqueous solution (4) were the only known 
etchants for GaN. The first three etchants are not very 
useful because they require such a high temperature  
that GaN decomposes (5). Chu reported that a 50% 
sodium hydroxide aqueous solution can etch epitaxial 
GaN grown by the decompoMtion of GaBra:NH3 and 
that the activation energy for etching is 18 kcal /mole 
in the temperature  range of 5~ (4). However, 
Pankove was not able to reproduce this technique for 
the epitaxial layers prepared by Maruska and Tietjen's  
technique (6). He at t r ibuted this difference to the fact 
that the epitaxial layers prepared by Chu were pos- 
sibly more porous than those prepared by himself. It is 
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also reported by Chu et al. that  a 40% sodium hy-  
droxide aqueous solution is still useful for etching 
GaN layers grown by ammonolysis of GaC1, and they 
showed a triangle etching pat tern  due to stacking 
faults which appeared on the (2110) plane (7). 
Pankove applied the jet electrolytic etching technique 
to his GaN layers using 0.1N sodium hydroxide aqueous 
solution as electrolyte, and he freed a Zn-doped i- 
layer from an i -n  s tructure grown on a sapphire sub-  
strate (6). Recently Morimoto reported the etch rate 
of GaN by phosphoric acid (8), but  the details of his 
experimental  lzrocedure and conditions were not clear. 

As is described, the previous reports did not make 
clear whether  the above etching technique and the 
exl=erimental conditions were useful for crystal 
characterization of GaN or not, nor did they explain 
the etching mechanism. In  this work, we investigated 
the etching mechanism by means of x - ray  diffraction 
and the infrared absorption of the products grown on 
GaN powder h~eated with phosphoric acid, and found 
the acid is useful for the characterization of crystal 
defects in GaN crystals. 

Experimental 
EpitaxLal Iayers.--The GaN epitaxial layers were 

grown on (0001) sapphires by a chemical vapor deposi- 
tion technique based on the Maruska and Tiet jen 
method (2). The technique has been described in detail 
(9). Most of the layers obtained were below 15 sm in 
thickness and their carrier concentrations were 10 ls- 
1020 c m  - 3  in n-type.  

As it is difficult to introduce impur i ty  atoms into 
GaN by thermal  diffusion, the Zn-doped growth was 
performed by admit t ing the Zn vapor to the reaction 
chamber. The inlet  nozzle for the dopant was placed 
parallel  to other nozzles for introducing reaction gases. 
The Zn vapor was t ransported by an Ar or H2 carrier 
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flowing over  a metal l ic  Zn source heated to 600~ 
Because the Zn vapor  was par t ly  absorbed into the Ga 
mel t  placed downst ream to the Zn boat, a higher  
t empera tu re  than that  in Pankove 's  exper iments  (10) 
was requi red  in order  to compensate for the nat ive 
donors. 

Etchant and etching method.--Commercial 85% 
phosphoric acid was heated to an etching t empera tu re  
in a 100 cm 3 p la t inum beaker. The etching t empera tu re  
was moni tored  with  a P t -P tRh  thermocouple.  The 
sample, held in a p la t inum basket, was immersed in 
this etchant  during which the etchant  was st irred by 
moving the sample holder. The t empera tu re  used for 
gaining clear etch figures was around 190~ 

Etch rate.--Thickness reduct ion by etching was mea-  
sured at more than three points on the cleaved edge of 
each specimen under  an optical microscope. The aver -  
age value  per unit  etching t ime was used as the etch 
rate. 

Qualitative analysis of etchants.--In order to know 
component  variat ions of the etchant due to heating, 
four kinds of etchants (phosphoric acid wi thout  heat -  
ing, one kept  at t empera tures  be tween  140 ~ and 
150~ for 3 hr, one kept at 200~ for 4-5 hr, and one 
kept  at 300~ for 5-7 hr) were  analyzed qual i ta t ively  
employing si lver nitrate,  zinc acetic acid, and bar ium 
chloride, respectively,  for ortho, pyro, and meta 
phosphoric ions. 

X-ray difIraction and infrared absorption spectra 
measurements.--In order to clarify the etching mech- 
anism, the reaction products of the phosphoric acid- 
t rea ted GaN powder  surface were  investigated. The 
GaN powder  gathered from the wall  of the reactor  
near  the substrates was immersed in phosphoric acids 
at room temperature ,  200 ~ and 300~ for 5-8 hr. 
These powders, after rinsing in water  (not warmed)  
and drying, were  subjected to x - ray  diffraction and 
inf rared  absorption (KBr disk) analyses. 

Results 
Etching.--Etchant.--It is well  known that heat ing 

causes compositional variat ions in phosphoric acid due 
to condensation and evaporat ion of water.  With a view 
to ascertaining the effective chemical  species for the 
etching, commercial  phosphoric acid was heated to 
15'0 ~ , 190 ~ , and 300~ for several  hours. Then, the 
composit ion of each heated acid was qual i ta t ively  
analyzed. The results of the analysis were  that  both 
the original phosphoric acid and the acid heated below 
150~ contained three kinds of phosphoric ions: ortho, 
pyro, and meta types. The phosphoric acid kept at 
boiling t empera tu re  (190~ for 4-5 hr  sometimes 
showed no evidence of the presence of ortho phos- 
phoric ion, and one kept at 300~ did not contain this 
ion at all but did contain the other two ions. 
Etch rate.--If phosphoric acid is heated under  different 
t empera ture  conditions, the above compositional var ia-  
t ion may produce a different influence on etching even 
at the same temperature .  In fact, the etch rate  of Si.~N4 
film decreases slowly with heat ing t ime at a constant 
tempera ture ,  whereas  that  of SiO2 film is contrary to 
this (11). In the case of GaN, however,  the etch rate at 
a constant t empera tu re  was almost independent  of the 
heat ing t ime (less than 100 rain), a l though the etch 
rate  at etchant boiling t empera tu re  was reduced 
steeply during the first 10 min. The etch rate of GaN 
was apparent ly  almost constant during heating up to 
100 min as long as the etchant does not go through the 
boiling l:rocess. This largely  decreases the water  con- 
centration. 

The t empera tu re  dependence of the etch rate  was 
invest igated using two kinds of etchants of which the 
compositions were  very  different. Etchant  "A" was 
the rmal ly  unt rea ted  85% phosphoric acid. While, "B" 
was made by heating this 85% acid to 320~ for 6 hr, 
and cooling it to near room temperature .  The results 
obtained are shown in Fig. 1 in the form of an 
Arrhenius  plot. Though the etch rates in etchant A 
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Fig. 1. Temperature dependence of the etch rate. The line (A) 

- - 0 - -  and the (B) ~ @ ~  represent etchant A and B, respectively. 

were  higher  than those in B through all temperatures ,  
the same activation energy, 4.4 kcal /mole ,  was found 
for both etchants. This indicates that  the ra t e -de te r -  
mining step of the etching process is the same or 
similar for both etchants. 

X-ray and in]rated measurements.--Although the 
same activation energies were  found for the above 
two etchants, the GaN powder  immersed in phosphoric 
acid at three  different tempera tures  (room tempera -  
ture, 200 ~ and 300~ for about 8 hr showed very  
different x - ray  diffraction pat terns and infrared ab- 
sorption spectra. The x - r ay  diffraction peaks of the 
powder  t reated at room tempera ture  were  equal to 
those of the original GaN powder. However ,  the pow- 
der t reated at 200cC showed some other medium 
intense peaks, e.g., at 2e ---- 26.49, 20.94, 38.89, etc. 
(Bragg angles),  besides the diffraction peaks of GaN. 
These different peaks could be assigned to F e ( P O D  by 
inspecting the ASTM cards, a l though the nature  of a 
few very  weak peaks remained unknown. As Fe ions 
were not detected in the powder  by means of spectro- 
chemical analysis and a sufficient amount  of Fe +3 ion 
to give the x - r ay  diffraction cannot be present  in this 
etching system, it is natural ly  thought  that  the ~eaks 
assigned to F e ( P O D  were diffracted from Ga(PO4).  
The diffraction patterns of the powder tl-eated at 
300~ became more complicated because of the addi- 
tion of the peaks due to Ga(PO3)3. The most intense 
peak belonged to Ga(PO3)3, whereas that of the pow- 
der treated at 200cC was assigned to GaN. These re- 
sults were supported by the infrared absorption mea- 
surements of GaN powders immersed in phosphoric 
acid at the above-mentioned temperatures. The ab- 
sorption peaks are summarized in Table I with those 
of some phosphates. 

Etch figures.--Etch figures developed on the surfaces 
of the undoped layers.--Many hillocks of various sizes 
were  observed on the as-grown surfaces of the 
epitaxial  layers grown at 980~ with  a carr ier  con- 
centrat ion of 7 X 10 TM cm -3 (Fig. 2A). A number  of 
spotlike or l inelike figures were  developed on these 
surfaces by etching (Fig. 2B). Observat ion of these 
etch figures under  a microscope proved that  they were  
pit structures. These etch pits revealed each hillock 
had a hexagonal  s t ructure (Fig. 2A), i.e., the grown 
surface was of (0C01) orientation. The more definite 
shapes of the etch pits were  on the surface of the 
crystal  grown at 1020~ with a carr ier  concentrat ion 
of 1 X 1020 cm -8 (Fig. 3). The basic shapes of the 
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Table I. The i.frared absorption peaks of the GaN powder immersed in phosphoric acid and of some 
phosphates. The powders A and B were obtained by immersing GaN powder with phosphoric acid 

at 200~ for 8 hr and at 300~C for 6 hr, respectively. 

Powder A Powder B PO~ a KH2PO~ b Na2HPO4 12H_~O c BaHPOa a Na~PsOo e 

492(vw) 480(sh) 

501(vw) 499(s) 
513(m) 
550(sh) 

585(s) 575(s) 
605(sh) 

670(w) 
707(sh) 
ql9(m) 
769(m) 

975(m.b.) 974(s) 

1023(w] 
10461m) 

1058(sh) 1055(m) 
1072(m) 

1090(m) 
lll0(sh) 

1125(s) 
llSO(s) I150(s) 

1165(sh) 
119O(wv) 

1215(s) 1233(s) 

1250(s) 
1264(s) 
1290(sh) 
1325(m) 

1400(vw) 
1425(m.b,) 

IS18(vw) 

515 (w) 

471(m) }E 

498(m) 
POs deg. def. 

591(m) A 
POs sym. def. 

983 E' us POP 
980(vz) 960 J_ (?) 946 PO sir. 977(m) A 

PO sir. 
1021 j_ (?) 1030 PO sir. 1015 E" ~'~s POP 
1030.// 106~ PO sir, 

} lo82(~) 10s3(W~lllO~W) ~E, } 109a E' ~ Po 
POs deg. def. 

1160_]_ (p3) 1156 PO str. 

1250L(vs) 

1263POstr. 1277A ~ pasPO 
1295 / /  
1305 (v2 + lat- 

ticeVi~.) 

1437 / /  

a G. ~4erzberg, "Molecular Spectra and Mo]eeul~r Structure," Cha p. II, p. 167, D, Van Nostrand Co. Inc.. London (1949). 
bj. j. Oberly and G. Wether, J. Chem. Phys. ,  20, 740 11952L 
c A. Mutchin and K. Maennchen, Z. Anal .  Chem.,  156, 241 (195"/}. 
,l RI. Tsuboi, J. Am.  Chem. Soc., ~9, 1351 (1957). 
e Von E. Steger, Z. Anorg.  Al lgem.  Chem. ,  1958, 305 {1958). 

e t ch  p i t s  w e r e  h e x a g o n a l  w h i c h  ref lec ts  t h e  c r y s t a l  
s y m m e t r y  of GaN.  U n c l e a r  e t ch  p i t  s h a p e s  cou ld  be  
m a d e  de f in i t e  b y  r e - e t c h i n g .  T h e s e  e t c h  p i t s  w e r e  
c lass i f ied  r o u g h l y  in to  two  t y p e s ;  t r u n c a t e d  p y r a m i d  
p i t s  i n d i c a t e d  b y  t h e  a r r o w s  (a)  in Fig. 3A a n d  con ica l  
p y r a m i d  p i t s  b y  (b ) ,  b o t h  of w h i c h  w e r e  s i m i l a r  to 
t h e  e t c h  p i t s  d e v e l o p e d  on  SiC (12-16) ,  CdS  (17, 18), 
a n d  B e O  ( t 9 ) .  S o m e  i r r e g u l a r l y  s h a p e d  p i t s  (Fig.  3B) 
w e r e  also d e v e l o p e d  in  r e g i o n s  o t h e r  t h a n  t h e  a r e a  
g i v i n g  t h e  a b o v e  c l ea r l y  s h a p e d  Fi ts  in  t h e  s a m e  s u r -  
face.  T h e s e  i r r e g u l a r  p i t s  p o s s i b l y  c o n s i s t e d  of s o m e  
c o n t i n u o u s  con ica l  p y r a m i d  pits ,  b e c a u s e  t h e i r  b o t t o m s  
w e r e  n o t  as fiat as t h o s e  of t r u n c a t e d  pit .  T h e  a b o v e  
e t ch  p i t s  w e r e  p a r t l y  a r r a n g e d  in  t he  d i r e c t i o n  t o w a r d  

c r o s s - p o i n t s  of c r y s t a l  g r o w t h  s t e p  l i nes  o r  p a r a l l e l  to 
t h e m .  

O t h e r - s h a p e d  e t c h  f i gu re s  w e r e  s o m e t i m e s  s p r e a d  al l  
o v e r  t he  s u r f a c e  of t he  e p i t a x i a l  l a y e r s  w i t h  a c a r r i e r  
c o n c e n t r a t i o n  r a n g i n g  f r o m  1019 to 1020 c m  -3  (Fig.  
3C) .  T h e s e  f igu res  s e e m e d  to be  p r o m i n e n t ,  t h a t  is, no t  
pits,  u n d e r  a m ic ro sc ope .  T h i s  s u r f a c e  s e e m e d  to be  a 
white muddy color due to light scattering on the rough 
surface caused by these figures. In the case of such 
crystal, the figures could be developed even with an 
etching time of less than 20 sec. 

The spiral growth hillocks were observed on the 
surface of the epitaxial layer with a carrier concentra- 
tion of I0 Is cm -s (Fig. 4A). In this case, the etch pits 

Fig. 2. As-grown surface of the 
undoped GaN and its etched sur- 
face. (A, left) As-grown surface 
(right top figure is its etched 
surface) and (B, right) the etch- 
ed surface. 
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Fig. 3. Two kinds of etch pits developed on the undoped GaN. (A, left) The truncated pit indicated by arrows (a) and the conical pits 
by (b) can be observed. (B, center) The etch pits are arranged toward the cross-point of the growth step lines. (C, right) The etch figures 
observed on the surface seemed to be a white muddy color. 

Fig. 4. (A, top) A spiral growth hillock of GaN (SEM image). 
(B, bottom) SEM image of the etch pits developed on the growth 
step of the spiral hillocks. 

were densely developed at the edges of growth steps of 
each spiral hillock (Fig. 4B) but  were not so well ar-  
ranged in a fixed direction as shown in Fig. 3B. The 
etch pits were in the shape of more defined regular  
hexagons in Fig. 4B than  in Fig. 3A, and their size 
was smaller. 

Etch pits developed on an angle-Zapped surface of an 
undoped epitax~al layer.--Observation of the etch pits 
on the angle- lapped surface is useful for gaining some 
informat ion on the variations of the crystal quali ty 
along the crystal growth direction. Figure 5A is an 
etched 3~ surface of an epitaxial  layer 
of 14 #m in thickness with a carrier concentration of 
3 X I0 :s cm -3. The etch pits appear as dark spots 
(Fig. 5A). They were most dense in the strip of 40 ~m 
in width (2 gm in epitaxial thickness) at the inter- 
face of the epitaxial layer and the substrate, and were 
reduced steeply along the growth direction. It was also 
observed that the etch pits were arranged along a 
direction making angles of 60 ~ or 120 ~ with each 
other (arrows designated a, b, and c in Fig. 5A). The 
etch pits were the same in structure as those in Fig. 3A, 
that is, truncated and conical hexagonal pyramids as 
seen in Fig. 5B and C. The truncated pits are shallow 
and fiat-bottomed and the conical pyramid pits are 
deep and circular-bottomed. 

In the case of the crystal with a carrier concentration 
higher than 1019 cm -3, the etch pit density on the 
angle-laplzed surface was too high for the pits to be 
clearly observed. 

Etch figures on a Zn-doped and an i-n structural layer. 
- - A  study of the differences in the morphology of the 
etch figures between the undoped and the Zn-doped or 
the i -n  layers offered some impor tant  information on 
their  crystal quali ty and crystal growth mechanism. 
The as-grown surfaces of the Zn-doped layers con- 
sisted of hexagonal  facets or pyramidal  hillocks (Fig. 
6). The etching made these surfaces a white muddy  
color due to light scattering on highly dense etch 
figures. The shape of the figures almost resembled the 
etch figures shown in Fig. 3C. These figures also were 
not possibly of pit structure. The morphology of the 
etch figures on the i -n  s t ructural  layer varied with 
etching t ime (Fig. 7). At the beginning of the etching 
the etch figures developed only around the bases of the 
hexagonal pyramidal  hillocks (Fig. 7A). The dis t r ibu-  
tion of these figures extended over the faces of the 
hillocks with increase of etching time (Fig. 7B), Then 
a larger etch figure was develcl~ed at the apex of the 
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Fig. 5. (A, top) The etched angle-lapped surface. The arrange- 
ments of the pits indicated by a and b are crossed with angle of 
60 ~ or 120 ~ with each other. (B, bottom left) SEM image of the 
conical pits. (C, bottom right) SEM image of the truncated pits. 

pyramid. Figure 7C shows the surface of the i -n  layer 
when the n - layer  came into sight by etching. The dark 
parts indicated by arrows (a) are the Zn-doped layer 
hillocks. The etch pits alcng the spiral growth step of 
the n-layer ,  as indicated by arrows (b), displayed some 
net  pattern.  

(1102) substrate.--Etching also made the G a P  crystal 
grown on (1102) sapphire substrates t u rn  a white 
muddy  color due to the rough surface. The developed 
etch figures were not clear in  s tructure or in  shape 
due to the many  growth ridges. 

Discussion 
Etching mechanism.--Figure 1 reveals that  the 

variat ion of the etchant composition remarkably  af- 
fects the etch rate. The constant etch rates, however, 
were obtained in the etchants heated for less than 100 
rain at a normal  tempera ture  (not boiling tempera-  
ture) .  The reason for this is that the evaporation of 
water at a normal  tempera ture  is not so violent as that 
at boiling temperature.  According to this the change in  
the etchant composition at  a normal  tempera ture  ap- 
parent l~ does not become effective for GaN etching. 
The etch rates in the etchant preheated for a long time, 
as seen in Fig. 1, are slower on the average than those 
in the original etchant. From these experimental  facts 
we can conclude that the etching of G a P  in phosphoric 
acid is inhibited by large condensation of the acid. This 
is similar to the case of SiaN4 described previously. 
However, there is a large difference in the etching 
activation energy between the two. Gelder and Hausen 
found an activation energy of 22.8 kcal/mole for 
SinN4, which has been attributed to the hydrolysis of 
Si3N~(II). This activation energy is close to that of 
UN hydrolysis, 21 kcal/mole (20). Compared with these 
energies, the activation energy of GaP etching is 
considerably smaller. This indicates that such a rate- 
determining step as hydrolysis in GaN etching does 
not exist. Enumerating the phenomena of Ga +3 ions in 
phosphoric acid of which the activation energy verges 
comparably upon 4.4 kcal/mole, there are: hydration of 
Ga ion [6.3 kcal/mole (21)] and the diffusion of a 
cation in strong phosphoric acid [i0 keal/mole (22)]. 
If this hydrat ion is the ra te -de termining  step in  GaP  
etching, the etch rate is controlled by the amount  of 
water in the etchant and this qual i tat ively agrees with 
the results explained previously. On the other hand, if 
the diffusion process is the ra te -de te rmin ing  step, the 
activation energy must depend on the chemical com- 
position of the etchant. This is because the diffusion 
coefficient is not the same for various phosphoric acid 
compositions. This is not in agreement with the ob- 
tained results. Here another process may be considered 
as the rate-determining step; surface diffusion of ions 
attacking an active site of the GaP crystal surface, the 
reaction between Ga ions on surface and attacking 
species, or desorption of its products from the surface. 

Fig. 6. Two kinds of as-grown 
surfaces of the Zn-doped GaN. 
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Fig. 7. Variation of the etch patterns developed on the i-n structural GaN with etching time. (A, left) The surface etched for 15 sec, 
(B, center) 45 sec, and (C, right) 3 min. 

The activation energies, however ,  of these phenomena 
are not clear. 

The above discussion does not give the detai led 
etching mechanism. The detection of GaPO4 in the 
powder  immersed  in phosphoric acid at 200~ sug- 
gests the fol lowing mechanism: PO4 -3 ions attack the 
active sites of the GaN crystal  surface to dissociate 
Ga-N bonds and Ga ions are hydrated,  then the hy-  
drated ions are removed from the surface. These 
hydra ted  Ga ions react  with PO4 -3 ions to form GaPO4 
molecules, which are not dissociated in water,  during 
the cooling process. Al though the concentrat ion of 
pyrophosphate  ions in this etchant or in the etchant 
t reated at h igher  t empera tu re  is h igher  than that  in 
the original phosphoric acid as confirmed by qual i ta-  
t ive analysis, no gal l ium pyrophosphate could be 
found in the powder  immersed  in phospholdc acid at 
200 ~ or 300~ This is plausible because Ga ion can- 
not have a +1  charge and then it can hard;y  form 
pyrophosphate.  When the t empera tu re  of the etchant 
goes up far ther  and the result ing concentrat ion of 
meta  phosphoric ion increases, the at tack on the GaN 
crystal  surface of this ion becomes remarkable  
s imilar ly  to that  of ortho phosphoric ions at lower 
temperatures ,  and Ga (PO3)~ molecules are formed. 

In the case of the Si3N4 etching, Gelder  and Hauser  
assumed that  N atoms could be removed from the 
crystal  surface in the form of an ammonium phosphate. 
No x - r a y  diffraction l=eaks a t t r ibuted to any am-  
monium phosphate could be found in the present  work. 
However,  it may also be supposed that  some am- 
monium phosphate is formed in one step of GaN 
etching. Since both powders, as explained already, 
were  sufficiently washed in flowing water  before 
diffraction and infrared measurement  in order to 
extract  the viscous phosphoric acid from them, some 
ammonium phosphate may have been washed away at 
that  time. 

Etch f igures .--Etch figure morphology on the n-  
layers.--Conical pyramidl ike  pits, one of the two 
kinds of etch pits developed on SiC and CdS, were  
associated with a dislocation (13, 16, 17). Renolds and 
Czyazk thought  that  the movement  of the dislocation 
due to stress in the crystal  results in the development  
of the t runcated pits (17). Dislocation t rapping im-  
purit ies can be another  plausible cause of these pits. 
In view of this and the re -e tch ing  that made the etch 
pits clear in shape, it can be said that  both the conical 
and t runcated etch pits on the GaN epitaxial  layer  are 
associated with dislocations. 

The rounded etch figures seen in Fig. 3C have also 
been reported for Cds (17), SiC (16), and BeO (19). 
The orientations of these crystal  surfaces were  all 
(0001) anion surfaces. One mechanism for the devel-  
opment  of these was proposed for BeO by Smith et al. 
(19) using Gatos and Warekois 's  surface bonding 

model. The (000i) surface has two electrons per  atom 
in the cut bonding orbital, and is more active toward 
an electropbilic reagent  than the (0001) surface having 
no electron which is avai lable for bonding. The shapes 
of the etch figures on the (0001) surface resul t ingly 
became dull. However ,  GaN etching was per formed by 
ortho and meta phosphoric ions. Since these ions are 
negat ively  charged in an aqueous solution, they can- 
not be electrophilic in character. Therefore,  in the case 
of GaN, the surface orientat ion developing the round 
etch pits was not confimed. We do not understand the 
generat ion of the rounded etch figures. 

Figure  8A is a photograph of the etch pit a r range-  
n-ients developed on the GaN taken only by the re-  
fleeted light from the etched surface. F igure  8B is a 
photograph of the same area taken with the addition 
of transmission l ight through the surface. In a detailed 
observation of these photographs, the lines along the 
etch ar rangements  can be seen (Fig. 8B) and they are 
composed of a ne twork  pattern. This pat tern  can be 
at t r ibuted to the crack lines. Clear crack lines in the 
crystal  run paral le l  to the growth steps of the 
hexagonal  spiral hillocks. Thus, crack lines are in 
the <1010> direction. These crack lines can be 
ascribed to a slip in the crystal  plane. A slip direction 

of <1010> is plausible because the cleaved surfaces 

in the wur tz i te - type  crystal are {0001}, {10Y0}, and 
{1120} (23). A simple edge dislocation line is per-  
pendicular  to the slip direction and is included in a 
slip plane. Since edge dislocations are distr ibuted easily 
along the slip direction, etch pits associated with the 
d i sbca t ion  can be set reasonably in an ar ray  of < 1 0 f 0 >  
direction. 

Variation of etch pit densi ty  w{th crystal g rowth . - -The  
relationship between the etch pit density and the 
distance from the interface between the GaN layer and 
the substrate was derived from the magnified photo-  
graph in Fig. 5A. The result  is shown in Fig. 9. The 
etch pits developed along the slip direction were  
omitted from the density calculation because the slip 
lines would be thermal ly  generated after  crystal  
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Fig. 8. The etch pit arrange- 
ments and crack lines generated 
in the undoped layer. (A, left) 
The photograph taken by the re- 
flected light and (B, right) taken 
by the reflected and transmission 
light, 

growth as described above. This means that they are 
not intrinsic characteristics of the GaN crystal growth. 
The fluctuation of each set of data increases with 
distance from the interface. This is due to the in -  
creasing lack of uni formi ty  of the etch pit dis t r ibut ion 
with distance. The exper imental  equation for the 
density of the etch pits at x ~m from the interface is 

N = No exp ( - -ax)  [1] 

where No is the etch pit density at the interface and 
is a parameter  indicat ing a reduction magni tude  of 
0.12 ~m -1. This exponent ial  reduction of the dislocation 
has been obtained for GaP grown on GaAs with = of 
4.1-5.3 mm -1 (24). No theoretical analysis of this rela-  
tion has been reported. The parameter  No, however, 
will depend both on the differences in lattice constant 
and crystal s t ructure between a substrate and an epi- 
taxial crystal, and on impur i ty  incorporat ion from the 
substrate. Another  parameter  will depend on the dif- 
ference in the lattice constant and Young's modulus 
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Fig. 9. The relation of the etch pit density to the distance from 
the interface between the GaN layer and the substrate. 

between the nucleus of crystal growth and a s t ra in-  
free crystal. It fur ther  depends on chemical bond 
strength factors. The number  of the dislocations wil l  
decrease to that of the bu lk  crystal with crystal  
growth. 

As the etch pits developed on an epitaxial surface 
having a spiral growth hillock become more dense at 
the periphery of the growth step as shown in Fig. 4B, 
it is difficult to determine the etch pit density. There-  
fore, from the extrapolat ion of the l ine in Fig. 9, an 
etch pit density is found to be 3 X 104 cm -2 for the 
surface of a crystal with a carrier concentrat ion of 10 is 
cm -3. The density of the etch pits was estimated at 
l0 T cm-~ at least for a crystal  with a 1019-1020 cm -3 
carrier concentration. These facts indicate that the etch 
pit density is closely related to carrier  concentration. 
Since the development  of the etch pits is correlated~to 
certain dislocations, it can be said that carrier  concen- 
t rat ion depends on crystal defects. Growth conditions 
have some influence on crystal defect formation and 
etch figure morphology varies with the conditions as 
described previously. 
Etching of the ~-layer and the i-n structure layer.--A 
number  of i r regular ly  formed etch figures are devel-  
oped on the i - layer  surface as shown previously. These 
indicate that doped crystals are poorer in crystal 
qual i ty than undoped crystals, and especially that the 
base planes and the faces of their pyramidal  hillocks 
are of very low qual i ty (Fig. 7). The etch figures de- 
veloped on these areas do not arrange themselves in 
array with a fixed direction. These results imply that  
the kind and the origin of lattice defects developing 
the etch figures on the Zn-doped layer  are different 
from those of the undoped ones. These i r regular  etch 
figures are at t r ibuted to the defects generated by 
doping a large amount  of Zn atoms. 

Figure 7C signifies that there exists a difference in 
the crystal growth mechanism between the undoped 
and Zn-doped crystals. Though the undoped crystal 
grows according to the spiral crystal growth mech-  
anism, a lot of doped Zn atoms decorated the spiral 
steps of the n - l aye r  and made them inactive as nuclei  
for the growth. Even if a Zn-doped crystal grows 
according to a spiral crystal growth mechanism, the 
origin of it is different from that  of the undoped 
crystal growth. When Zn +2 ions with larger ionic 
radii than  that of Ga + s (Zn/,Ga-----1.36) are incorporated 
in  the GaN lattice, the crystal deformation or s t ra in  in  
the doped crystal becomes large, generat ing a n u m -  
ber  of dislocations, impur i ty  clusters, and vacancies in  
the crystal. 
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Anodic Oxidation of GaAs in Mixed Solutions 
of Glycol and Water 

H. Hasegawa 1 and H. L. Hartnagel 
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The Merz Laboratories, Newcastle upon Tyne, NE1 7RU, United Kingdom 

ABSTRACT 

A native oxidation of GaAs by anodization in mixed solutions of glycol 
and water  (AGW) is described. A detailed comparison between the AGW 
process and anodization in  aqueous solutions (AAS) shows the basic impor-  
tance of (i) the s imultaneous oxide dissolution dur ing growth and (if) the 
init ial  electrochemical active-passive t ransi t ion of the GaAs anode. The re-  
sults demonstrate  the substant ial  superiori ty of the AGW process over various 
AAS processes. Factors re levant  for uniform, stable, and reproducible oxida- 
t ion are studied which include the effects of i l luminat ion,  sample edges, and 
stirring. The dependence of the thickness-voltage rate constant on the current  
density is established. The AGW process exhibits a high current  efficiency. 

The usefulness of a semiconductor mater ia l  depends 
very much on the avai labi l i ty  of a suitable process to 
form an insula t ing layer  of acceptable qualities on its 
surface, as has been fully_ demonstrated by the im-  
pressive success of the planar  technology of silicon 
integrated electronic devices. Although it possesses 
unique  features of light .emission, of the t ransferred 
electron effect, of high electron mobility, of high radia-  
t ion resistance, etc., which are not readi ly available 
in  silicon, the use of GaAs mater ial  has been l imited so 
far by several factors, par t icular ly  by the difficulty of 
its proper oxidation. However, with the successful 
demonstrat ion of advanced high-performance micro- 
wave and optoelectronic devices using GaAs in recent 
years, a need exists for a suitable technology to form 
an insulator  on GaAs with good dielectric and in te r -  

On leave f r o m  D e p a r t m e n t  of Electrical Engineer ing .  :I-Iokkaido 
Univers i ty ,  Sapporo. Japan.  

Key  words :  ga l l ium arsenide,  anodization, native oxide,  surface 
passivation.  

face properties, par t icular ly  in view of applications to 
surface passivation, MOS-type devices and processing 
steps for p lanar  integration,  and fabricat ion of various 
devices. 

The main  difficulty associated with thermal  oxida- 
tion of GaAs is related first to the volatile component, 
namely  As, which will  cause at high temperature,  de- 
composition of GaAs, and second to the even higher 
volati l i ty of As20~ which has about 1 arm vapor pres-  
sure at about 320~ so that the thermal  formation of 
a nat ive oxide with As properly incorporated would 
probably only be possible with great technological 
difficulties. In  fact, the thermal  oxides grown so far 
seem to contain only Ga208 (1), and little information 
is available so far on the electrical and chemical prop- 
erties (such as diffusion of impuri t ies)  of this oxide 
and the oxide-semiconductor interface. 

An al ternat ive way of uti l izing the deposition of 
various oxides or nitrides by pyrolysis or other suitable 
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chemical reactions (2-5), some of which can be car- 
r ied out at reasonably low temperatures ,  seems to be 
of a l imited value owing to the format ion of porous 
films, poor adhesion, poor interface properties, a large 
lateral  diffusion of impuri ty  atoms encountered in dif-  
fusion-mask applications, etc. 

The present  paper is concerned with a new and 
promising electrochemical  oxidat ion process of GaAs 
which is basically an anodization in a mixed solution 
of glycol and water  (AGW process).  It wil l  be shown 
that the new AGW process is an ex t remely  stable, 
reliable, and reproducible  process leading to the for-  
mation of uni form and glassy nat ive  oxide films. 
Thicknesses of up to 7200A can be grown at room tem- 
pera ture  wi thin  10 min of anodization, a l though the 
results presented in this paper are based on films of 
up to 3000-4000A thickness. A brief  first description of 
the process only was published in a le t te r  form else- 
where  (6). 

An anodic oxidation of GaAs was first reported by 
Revesz and Zaininger  (7) in 1963 but resulted in a 
severely pit ted surface. Dell 'Oca, Yan, and Young (8), 
and Harvey  and Kruger  (9) also reported anodization 
of GaAs in various aqueous electrolytes with l imited 
success. The anodic process on GaAs can also be car-  
ried out in a gaseous state by the so-called plasma 
oxidation process (10, 11). This seems to result  in 
uniform but fair ly highly conducting films. Growth of 
uniform films with low conductivi ty was first reported 
in 1973 by Logan, Schwartz, and Sundburg  (12) using 
a constant voltage anodization in an aqueous solution 
of H202. Various applications have also been suggested 
and experimentally verified, based on this encouraging 
success, which include masks for mesa etching (12) 
and selective Zn-diffusion (13). and controlled wafer 
thinning (14) for microwave MESFET's. 

However, the above H202 scheme has unfortunately 
the following problems (12) which would make its 
practical exploitation rather difficult: (i) the process 
is extremely unstable against impurities, (it) the 
grown oxide cannot stand the vacuum deFosition of 
Au, (iii) the grown oxide allows leakage currents of 
I0 -s ~ 10 -6 A/cm 2, which is still rather high, and 
(iv) the maximum film thickness available for room 
temperature electrolytes is limited to about 3000fi_ 
whereas the initiation of an anomalous growth by boil- 
ing the electrolyte seems to be associated with an elec- 
trical breakdown in the oxide (15). 

The present AGW process can completely solve the 
above problems, being extremely stable and producing 
impervious films with a l0 s ~ i06 times higher resistiv- 
ity and increased dielectric breakdown field-strength. 
A capacitance-voltage study on MOS devices using 
such native oxides revealed that interface properties 
can be dramatically improved by a suitable postgrowth 
annealing as reported elsewhere (16). 

The purpose of the present paper is to establish the 
optimum conditions for uniform, stable, and repro- 
ducible anodic oxidation of GaAs using the AGW 
process. Most experiments were undertaken with a 
particular type of AGW electrolyte, namely a mixture 
of a buffered aqueous solution of tartaric acid and 
propylene glycol. However, a limited study using either 
citric acid or phosphoric acid instead of tartaric acid, 
and ethylene glycol instead of propylene glycol has 
also shown that each of such combinations works 
equally well. The results in this paper also indicate 
that the essential components of the present electrolyte 
is water and glycol. Therefore, a more generalized 
formula of the AGW electrolyte will be (i) glycol 
(diol or more generally polyhydric alcohol), (it) 
water, and (i/i) a suitable acid, base, or salt. The role 
of the water is that of the anodic oxidant of GaAs, 
and the role of component  (i/i) is to establish a suit-  
able ionic conduction in the electrolyte.  A careful  
choice has to be made for (iii) so that  no disastrous 

effect on the oxide growth such as strong oxide dis- 
solution etc. is introduced by it. 

As for component  (i) ,  glycol was used in the past 
in the anodic oxidation of A1 (17), Ta (18), and Si 
(19). But, the exper imenta l  results appeared to in-  
dicate that  its effect is far more essential in the present 
case. Therefore,  a comparison is presented here of the 
AGW process wi th  the corresponding anodization 
process in the aqueous solution wi thout  glycol (the 
AAS process), where  the same aqueous solution as in 
the AGW process was used, but with the glycol 
omitted. 

On the basis of our exper imenta l  observations it is 
concluded that  s imultaneous dissolution o,f oxide oc- 
curs during the growth and that  the classical act ive-  
passive t ransi t ion of the anode (20) plays an important  
role. 

Recently, another  successful electrolyte for GaAs 
(21) has been reported which contains water  and N- 
methylacetamide.  This appears to have a similar  make-  
up as the present  AGW electrolyte.  However,  an 
anomalous growth seems to start  at a voltage as low 
as 45V so that  detailed electrical  and chemical mea-  
surements  have  to substantiate still the qual i ty  of this 
oxide. Also the bath conditions including the pH ad- 
jus tment  seem to be much more critical. 

Experimental 
Slices of p- type  bulk mater ia l  wi th  the carr ier  con- 

centrations of 2.2 X 1016 em -s  and 1.4 X 1017 cm -3 
(both Zn-doped) ,  of n - type  bulk  mater ia l  wi th  the 
carr ier  concentrat ion of 1.0 • 10 is cm - s  (St-doped),  of 
n - type  epitaxial  mater ia l  with the carr ier  concentra-  
tion 7.6 • 1014 cm -3 (undoped, mobil i ty  = 6600 cm2/ 
V.sec, supplied by Monsanto Ltd.) were  used in the 
experiments.  I n - G e - A g  or Ag-Sn  were  used for the 
ohmic back contacts to n- type  material ,  and In-Ag or 
i n -Zn-Ag  for those of p- type  material .  In all cases, 
contacts were  provided by the deposition of metals in 
vacuum, followed by a subsequent brief  annealing in a 
hydrogen flow at about 600~ 

The three important  low- index  planes (100), (111), 

and (111) orientations were  used. The surfaces to be 
anodized were  chemomechanical ly  polished in an aque-  
ous solution of NaOCI in the case of bulk materials.  
Wafers were  cut into pieces by the use of a wire  saw 
or by cleaving. Various sample surface areas from 
about 5 to 100 mm 2 were  used with typical standard 
size being 5 • 5 ram. Before the start  of anodization, 
each sample was subjected to a series of "pre -ep i taxy"  
cleaning procedures. 

The exper imenta l  setup employed for the anodiza- 
tion as reported here is on purpose kept simple by 
omitt ing more refined facilities such as a potential  
probe, because the aim is the development  of a rel iable 
product ion- type technique. It wil l  be shown, however,  
that  this does not p revent  the authors from obtaining 
a good unders tanding of the basic phenomena involved, 
and only now a more accurate quant i ta t ive  study 
would require  the use of a potential  probe. The setup is 
shown in Fig. 1. Pyrex  glassware and a cathode of a 
pla t inum plate (2 • 2 cm2) were  used. The samples 
were attached to a capil lary tube using a h igh-qual i ty  
wax, and an electrical contact was made to the back 
side by a spring through a capil lary tube. The gen-  
eral ly small sample (Fig. 1 is not to scale, the sample 
surface area being typically 25 mm 2) was placed suf- 
ficiently deeply into the electrolyte in order to prevent  
current  crowding on that part  of the anode surface 
which is closest to the cathode. In connection with the 
sample edges, two different cases were  studied, namely 
(i) the side areas and edges being carefully covered by 
the wax  and (it) the side areas and edges being ex-  
posed to the electrolyte. In each case, the values of 
current  density reported here  are averaged ones ob- 
tained by dividing the total current  by the total sample 
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Fig. 1. Experimental setup for anodic oxidation 

area exposed to the electrolyte,  ignoring the nonuni-  
form current  distr ibution near  edges and side areas. 
For  the i l luminat ion of the samples during anodization, 
a col l imated l ight source was used which was a typical 
microscope lamp with  a tungsten bulb. 

The circuit  for anodization is a simple one where  
the electrodes are connected to a var iable  d-c constant-  
vol tage source through a variable  resistor Rs. Externa l  
circuit  conditions are specified by the source voltage 
Va and the short-circui t  current  density Js ~ Va/rs, 
where  rs denotes the series resistance per unit area of 
the sample given by RsS, with S being the area to be 
anodized. As seen la ter  in Eq. [2], rs determines  the 
t ime constant of the oxide growth. In spite of its s im- 
plicity, the present  circuit  is very  flexible and suitable 
for the analysis of the kinetic behavior  of the process, 
permi t t ing  one to change the anodization conditions 
widely  f rom a near ly  constant -vol tage  condit ion to a 
near ly  constant -current  condition. 

For  the measurement  of thickness of the oxide and 
GaAs consumed, steps were  produced by covering 
some part  of the surface wi th  wax or Shipley photo-  
resist (AZ 1350). Dissolution of the grown oxide layers 
was under taken  in an HC1 solution, fol lowed by a 
quick but thorough rinse in distilled and deionized 
water.  The thickness was determined by a Zeiss in ter -  
ference microscope and a Dektak profile plot ter  wi th  
both instruments  exhibi t ing an accuracy of about 
• 50A in our cases. Agreemen t  be tween  these two 
methods was found to be reasonably good. 

As already mentioned, a par t icular  type of AGW 
electrolyte  was used throughout  the present  study. It  is 
produced by first prepar ing a 3% aqueous solution of 
tartaric acid if necessary buffered by NtI4OH to obtain 
a cer ta in  pH value (this solution is also referred to 
regarding our AAS here) ,  and second mixing this wi th  
propylene glycol# 

Therefore,  the pH value  of the AGW electrolyte  in 
the present  text  means the pH value of the buffered 
aqueous acid solution before mixing with  glycol. 

As a convenient  way to specify the makeup of the 
electrolyte,  the mixing ratio of the e lect rolyte  is de- 
fined hereaf te r  as the volume of the glycol divided by 

2 Such mixing t e n d s  to r e s u l t  in prec ip i ta t ion ,  o f  t a r t r a t e  a r o u n d  a 
PH = 3 ~ 4, but a complete dissolution can be  o b t a i n e d  b y  t r e a t i n g  
t h e  s y s t e m  u p  to around 50~ and c o o l i n g  d o w n ,  

that  of the acid solution (or wa te r ) .  Thus, an AAS 
electrolyte  has the ratio of null. 

Results and Discussion 
The e#ect  of p H . - - F i g u r e  2 shows the effect of the 

pH value on the anodic oxide g rowth  for AGW and 
for its corresponding AAS. Anodizat ion was per formed 
for a fixed t ime of 10 min and fixed circuit  conditions 
of Va = 150V and Js -- 1 m A / c m  2 on p - type  samples 
wi th  covered edges. The mixing  ratio of the AGW 
electrolyte  was 2. In both the AAS and the AGW proc- 
esses, the anodization current  drops wi th  t ime in a 
roughly  exponent ia l  way  if it does drop, result ing in 
the growth of an oxide whose thickness is compared 
in Fig. 2. Clearly, the AGW process is much more im-  
mune to pH variat ions and gives th icker  films than the 
AAS process. Oxidat ion by the AAS process is re -  
stricted to a re la t ive ly  nar row pH range. Outside this 
range, a nonuniform anodic dissolution (etching) takes 
over, and the current  stays constant (except  for the 
init ial  small  drop) .instead of showing an exponent ia l  
drop. The transi t ion f rom the oxide growth takes place 
in a ve ry  abrupt  manner  wi th  respect to pH. 

Another  characterist ic feature  observed in the AAS 
process is that it is ex t r eme ly  sensitive to contamina-  
tion and tends to be irreproducible.  The data shown 
in Fig. 2 were  taken by using utmost  care not to con- 
taminate  the bath. It  has been experienced very  often 
that  the oxidation suddenly turns into etching from 
one anodization to the next  having nominal ly  the same 
conditions. It is also noted that  anodization can be 
restar ted in such a case by increasing the current  den- 
sity Js sufficiently. In general, both the pH range for 
oxidation and the reproducibi l i ty  of the AAS process 
increased with  the current  density. 

Even  more difficult situations were  experienced when  
a l imited study was done at an ear ly  stage of the pres-  
ent study on the AAS process using a 30% aqueous 
solution of H202 of the Brit ish arr is tar  grade. With 
this H202, which contains more than 1 ppm of HC1, 
and HNO3 when supplied by the manufacturer ,  oxide 
growth was impossible in its pure  state under  all the 
conditions tried, and after  many trials, it was found 
that  the oxide starts to grow only when  sufficient 
H3PO4 or NH~OH is added to change the pH toward 
the acid or base direct ion (i.e., when the electrolyte  
conductivi ty is increased) and when the anodization is 
done with a small  series resistance (near ly  constant-  
vol tage condition).  Obviously this growth is only pos- 
sible for very  large current  densities. 

In contrast, the AGW process has been found always 
very  stable and reliable, and the result  is always re-  
producible even af ter  many times of anodization. 
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Figt 2. Effect of pH on anodic oxide growth (AAS: 3% aqueous 
solution of tartaric acid, buffered by NH~OH to a certain pH value; 
AGW: the same as for AAS plus glycol, of the volume ratio 1:2, 
respectively). 
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The ef]ect oy the mixing ratio.--Figure 3 shows the 
effect of the mixing ratio of glycol to water  of the 
AGW process on the anodic oxide growth. The GaAs 
samples and the circuit  conditions are the same as 
wi th  Fig. 2. Two different ways of mixing were  em-  
ployed here. In case A, an unbuffered aqueous solution 
consisting of 3g of tar tar ic  acid and 100 cm a of wa te r  
(resulting in a pH = 1.8) was prepared at first and 
glycol was added to the required volume ratio. In case 
B, the solution consisted of 3g of tar tar ic  acid and 
100 cm 3 of glycola at first and water  was subsequent ly 
added to the required volume ratio. For a given mix-  
ing ratio, the actual concentrat ion of the tar tar ic  acid 
in the mixed solution is therefore  quite  different for 
the two cases except  in the neighborhood of the volume 
ratio of unity. Nevertheless,  both cases behave in a 
similar  way showing an abrupt  transit ion f rom anodic 
dissolution to anodic film formation at about the mix-  
ing ratio of unity. In the range of the mixing ratio 
from 1 to 4, film growth is independent  of mixing ratio 
and concentrat ion of tar tar ic  acid. 

The above results concerning pH and mixing ratio 
indicate that  the present AGW bath has a broad em-  
pirical  opt imum at around pH _-- 6.2 and the mixing 
ratio of 2 to 4 for stable oxide growth using a moderate  
anodization current  density of the order of 1 m A / c m  2. 
Therefore,  all fur ther  exper imenta l  studies of the proc- 
ess have been carr ied out by standardizing the AGW 
bath conditions to pH ~ 6.2 (adjusted by NHtOH be- 
fore mixing)  and the mixing ratio of 2. Similarly,  for 
comparison, the AAS bath is s tandardized to pH = 6.2 
which is approximate ly  the center  of the pH range in 
Fig. 2. 

Ef]ect of dlumination.--Another factor which could 
have a large effect for a uniform and stable growth is 
the condition concerning il lumination. Therefore,  some 
pre l iminary  exper iments  were  carried out using the 
s tandard AGW bath and it was found that  i l lumina-  
tion of the semiconductor  surface by a uniform l ight  
source has indeed a very  large effect on anodic oxida-  
tion of n - type  samples, par t icular ly  when the carr ier  
concentrat ion is low. The difference in the anodization 
current  under  i l luminated and dark conditions is 
shown in Fig. 4 for two different carr ier  concentra-  
tions. In both cases the anodization current  at a given 
instant of t ime increases as the light intensi ty is in-  
creased, and becomes saturated under  sufficiently 
strong i l lumination.  The anodization current  behavior  
and oxide growth under  an i l luminat ion at saturat ion 
level  were  found to be independent  of the carr ier  con- 
centrat ion as seen in Fig. 4. This also results in a very  
uniform oxide layer. On the other hand, the anodiza- 
tion current  and oxide growth in the dark are strongly 

3 Complete dissolution was  a t ta ined by hea t ing  up to about 50~ 
and cooling d o w n .  
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Fig. 4. Effect of illumination on anodic oxide growth on n-type 
samples. 

dependent  on the carr ier  concentration. In the case of 
the epitaxial  sample with a low carr ier  concentrat ion 
(101~ cm-3) ,  an ex t remely  slow and nonuniform oxide 
growth resulted, where  as the sample with the higher  
carr ier  concentrat ion yielded a very  uniform layer. 
Nonuniform growth can be visibly seen as a nonuni-  
form pat tern  of oxide in terference colors. A repeated 
careful  s tudy of this nonuniform growth has shown 
that  the init ial  rapid current  drop corresponds to a 
rapid oxidation near  the fr inge of the sample, and after 
this slow oxide growth starts f rom the fr inge toward 
the inner  area. It was also noted that  anodization re-  
veals several  small spots on the surface around which 
the oxide growth takes place apparent ly  more rapidly. 
Under  a microscope, these spots were  identified as de- 
fects in the epitaxial  layer. The final thickness of the 
oxide on the sample wi th  the lower  concentrat ion after 
16 rain anodization was about 2600A in the case of the 
sufficiently i l luminated surface and about 600A on 
average in the case of the dark surface. 

On the other hand, no appreciable effect of light was 
observed with  the anodization of p - type  samples, and 
the anodization current  curve coincides wi th  the solid 
curve in Fig. 4. 

A similar  marked  difference in the behavior  between 
n- type  and p- type  samples was known for the anodic 
oxidation of Si (22). It was repor ted  recently that 
anodic dissolution of n - type  GaAs shows an effect of 
i l luminat ion s imilar  to the present  case (23). These 
results indicate that the carriers which are taking part  
in the anodic reaction at the GaAs anode are holes, 
i r respect ive of whether  this reaction leads to oxide 
growth or dissolution. Since the e lec t ro ly te-semicon-  
ductor interface is basically a Schottky junction, the 
rate of anodic reaction at the n - type  GaAs anode is 
l imited by the thermal  generat ion rate of holes in the 
reverse  biased depletion layer  in the semiconductor, 
unless holes are generated sufficiently by such proc- 
esses as i l lumination, thermal  generation, or impact  
ionization. 

It is well  known that  the thermal  generat ion rate of 
minori ty  carriers decreases as the doping is reduced 
so that  for the lower donor density ND of Fig. 4 insuf-  
ficient holes are provided as long as the applied voltage 
remains sufficiently small  to prevent  field or impact 
ionization. However,  it is l ikely that  our results for 
high ND values, when no reduct ion Jn the anodization 
process was found, have to be understood by thermal  
or impact generat ion of holes. The lat ter  mechanism is 
supported by avalanche breakdown results of reverse-  
biased Schottky junctions. 

Similarly,  minor i ty  carrier  generat ion is l ikely to be 
high near  the sample fringes and in the neighborhood 
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of various defects. The effects ment ioned here concern- 
ing illumination would have a series of interesting ap- 
plications such as selective anodization, a s tudy of de- 
fects on the surface, and del ineat ion of various junc -  
tions. However, since uni form and reproducible oxida- 
t ion is the main  purpose of the present  paper, fur ther  
studies on anodization of n - type  samples have been 
done under  sufficiently i l luminated  conditions. 

B e h a v i o r  of a n o d i z a t i o n  c u r r e n t  d e n s i t y . - - T h e  anodi-  
zation current  densi ty is plotted vs.  t ime in  Fig. 5 and 
6 for the AAS and AGW process, respectively. The 
current  density is normalized for convenience by the 
short-circuit  current  density is. By direct comparison, 
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Fig. 5. Normalized anodization current density vs. time far the 
AAS process. The parameter is Va (vol t ) / js (mA/cm2) .  Curve 7 is 
taken on a sample with exposed edges. 
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Fig. 6. Normalized anodization current density vs. time for the 
AGW process. The dashed lines demonstrate when after longer time 
the experimental curve deviates from an exponential law. The 
parameter is Va (volt)/js (mA/cm2). Curve 2 is taken on a sample 
with exposed edges. 

one can see that  the AGW process behaves in a much 
simpler  and reproducible way, and that  its deviat ion 
from an exponent ial  current  decrease is only notice- 
able much later  than for the AAS. 

The experimental  data of these two figures can be 
understood by an oxide growth rate which is pro- 
portional to the anodization current  minus  an approxi-  
mately constant dissolution rate. A simultaneous dis- 
solution of oxide into the electrolyte dur ing growth 
was pointed out by Harvey and Kruger  in their anal-  
ysis of oxide growth based on a potential-sweep 
method (19). Assuming (a) a constant quasi-steady 
state field Eox in the oxide whose dependency on the 
current  density can be ignored, (b) a constant cur-  
rent  efficiency, (c) a constant oxide dissolution rate 
fd, and (d) an ohmic bath resistance Rb leads to the 
following expression for the normalized anodization 
current  density 

= exp -- +-:-- [i] 
J~ J~ 3~ 

where 
r s +  rb 

T~ = - -  [2] 
EoxA 

is the t ime constant  of growth, which we call the for- 
mat ion time constant;  A is the formation rate (defined 
here as the increase in  film thickness per uni t  charge 
passed through uni t  area) ; rs = RsS  = V a / j s  is the ex- 
ternal  circuit  resistance related to anode area (see 
Fig. 1); and rb = RbS is the bath  resistance for un i t  
area of anode 

Va - -  Vr  1 --  ( V r / V a )  
Jo - -  -- js [3] 

rs + rb 1 -t- ( r j r s )  

is the ini t ial  current  density; Vr is the rest potential  
of the anodization cell; and 

1 
jd = ~-fd  [3a] 

is the equivalent  current  density, corresponding to 
film dissolution. 

The corresponding thickness x is given by 

[ ( ')] x - - x |  1 - - e x p  - - ~  [4] 

where x~ is the film thickness in the steady state and  
is given by 

x| = Eox (Va- -  Yr) 1 -- [5] 

As shown later, assumption (a) does not hold very 
accurately. However, the deviation is reasonably small 
and one is still justified to use these simple equations 
for small variations of current density or for a general 
description of the process. 

In order to exhibit dissolution more clearly also for 
the AGW process Fig. 7 shows a long-time growth. 
The value of the film dissolution rate estimated by 
comparing experimental  data with Eq. [1] gives ranges 
from 1-3 A/sec for the AAS process and from 4-6 X 
10 -2 A/sec for the AGW process, approximately two 
orders of magni tude  a smaller  value for the AGW 
process. For this est imation the exper imenta l ly  deter-  
mined values of Eox and EoxA were used which is dis- 
cussed later. 

In  order to confirm such values of fd, a separate etch- 
ing exper iment  was carried out where oxide films 
formed by the AGW process were kept in the AAS or 
AGW electrolyte without  passing a current,  and their  
thickness was measured after constant intervals  of 
time. The result  of the experiment  is shown in Fig. 8 
where thickness dissolved is plotted vs. time. The oxide 
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dissolution rate fd determined by this experiment  is 
1.9 A/sec for the AAS electrolyte and 4.2 X 10 -~ A/sec 
for the AGW electrolyte, and these are indeed in  
agreement  with the previous estimates. This also 
should be compared with the value of f d  = 1.37 A/sec 
reported by Harvey and Kruger  for a different AAS 
electrolyte (9). 

For  a given value of the external  circuit voltage 9"a, 
the large effect of oxide dissolution on the growth in 
the AAS process can be in principle counteracted by 
passing a larger current  through and speeding up the 
growth. Curves 5, 6, and 7 in Fig. 5, however, show 
what  actually happens in such a case. In  addition to the 
fact that growth proceeds more rapidly with a reduced 
deviation from the exponent ia l  line, as one would ex-  
pect, the current  drop suddenly stops at a certain point 
and the current  stays more or less constant after that 
with small spiky fluctuations ignored in the drawing. 
The oxide film grown in  such a way shows a whitish 
granular  appearance superimposed on the ordinary 
interference color, s imilar  to the anomalous growth 
reported by Logan, Schwartz, and Sundburg  (12). A 
more detailed s tudy showed that  the grown oxide is 
uniform and does not have the anomalous appearance 
if the growth is stopped before the singular  point of 
the current  density is reached, and as soon as this point  
is reached, the whitish pa t te rn  starts to spread from 
the fringe of the sample toward the inner  area and 
eventual ly  covers the whole surface. A scanning elec- 
t ron micrograph (X804) of the boundary  between the 
still uni form area and the area with whitish granular  

Fig. 9. SEM micrograph of boundary between normal area and 
anomalous area (804X). 

appearance is shown in Fig. 9. The formation of pits 
is seen in  the anomalous region suggesting that serious 
electrical b reakdown took place in the oxide, resul t-  
ing in  the damage of the semiconductor surface. A 
similar  in terpreta t ion was given by Spitzer, Schwartz, 
and Weigle (15). It was indeed found that the whitish 
granular  appearance stays on the surface after the 
oxide is dissolved away in an HC1 solution. In  curves 5 
and 6 of Fig. 6, both of which are for the samples 
with covered edges, this breakdown occurred at around 
130V, whereas in the curve 7 for the sample with the 
exposed edges, it took place around 100V. 

Curve 2 in Fig. 6 shows yet another  anomalous be- 
havior of the AAS process producing current  spikes. It  
has been found that such current  spikes correspond 
again to the formation of pits which are, however, of 
much larger sizes. 

The effect also seems purely local in this case and 
does not show the tendency of spreading over the 
entire surface. Except for the pits, the rest of the 
surface remains uniform. These spikes appear some- 
times at very early stages of anodization although 
they are more frequently observed at later stages, and 
it looks as if they are caused by a sudden local dis- 
solution of oxide, followed by a rapid regrowth at high 
current density rather than initiated by breakdown in 
the oxide. The fact that spikes are more frequently 
observed in those baths which have been used many 
times suggests that such a partial dissolution is most 
probably triggered and enhanced by certain impurities 
in the electrolyte. In general, the slower the process, 
or the longer the sample stays in the bath, the higher 
the probability of producing current spikes. Such an 
observation was also made by Dell'Oca, Yan. and 
Young on a different type of AAS electrolyte (8). 

Formation time constant.--The experimentally de- 
termined formation time constant Tf is plotted vs. series 
resistance per unit area rs in Fig. I0 for the various 
conditions of anodization as indicated in the insert. 
Most of the data was taken with Js = 1.0 mA/cm 2, 
although somewhat larger values were used for the 
AAS process for the accurate determination of Tf mak- 
ing the effect of oxide dissolution less serious. It is in- 
teresting to note that all the data taken on samples 
with carefully covered edges fall reasonably well on 
the common straight line with a slope of unity irre- 
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spective of whether  it is the AAS or the AGW process 
and also i r respect ive of the conduction type, carr ier  
concentration, and crystal orientation. Since all the 
anodization shown in Fig. 10 was carried out in the 
situation of rb < <  % the result  here basically confirms 
the val idi ty  of Eq. [2]. It also strongly suggests that  
the basic oxide formation process is the same for the 
AAS and the AGW processes having water  as the com- 
mon anodic oxidant. 

As no orientat ion dependence was observed, it is 
suggested with  reference to the work  by Dewald on 
InSb (24) that, at the field strengths corresponding to 
the current  densities of around 1 m A / c m  ~, the ra te-  
l imit ing factor of the total process is the ionic t rans-  
port  through the oxide ra ther  than the ionization 
process at the oxide-semiconductor  interface provided 
that  sufficient i l luminat ion is given in the case of 
n - type  samples. The straight line of Fig. 10 gives 
wi th  Eq. [2] and [5] a value for AEox of 3.2 X 102 cm 2 
farad -]  for a modera te  growth rate  start ing f rom 
around 1 m A / c m  2. This corresponds to a voltage for-  
mation rate of 0.32 V/sec for the constant current  
anodization at 1 mA/cm "~, which is in agreement with 
the value of 9.5 V/min reported for a constant-current 
anodization at 0.5 A/cm 2 in a different electrolyte (21). 
This agreement demonstrates the similarity of the oxi- 
dation processes with various electrolytes containing 
water, and it shows that our convenient circuit of Fig. 
1 also gives growth of a quasi-steady-state nature. 

For the anodization at moderate current densities 
in the standard AAS and AGW baths, the relation of 
h >> rb was almost always satisfied resulting in js "" 
Jo. However, when the mixing ratio in the AGW bath 
exceeded 5, the bath resistance was no longer small as 
compared with the series resistance which was clearly 
indicated by the decrease in the initial current density 
Jo. Reduction in the thickness of the grown oxides at 
high mixing ratios seen in Fig. 3 can therefore be ex- 
plained partly by the increase of bath resistance which 
leads to a s lower growth with  an increased t ime con- 
stant according to Eq. [2]. Thus, the reason why  case 
A starts to show slower growth at smaller  mixing 
ratios than case B can be simply understood by the 

difference in the amount  of tar tar ic  acid which is re -  
lated to the ionic conduction in the bath. 

However ,  it was found that  the actual amount  of in-  
crease in t ime constant was f o u n d  to be too large to be 
explained quant i ta t ive ly  by the exper imenta l ly  esti-  
mated value of rs through Eq. [2]. The anodization 
curves also showed great ly  increased values of fa at 
high values of mixing ratios, wi th  the result  that  films 
with reasonable thickness could not be obtained even 
if one waited for a long time. These two facts show 
that  the whole situation should be explained not only 
by the increase of bath resistance but also by a marked  
decrease of the formation rate A or current  efficiency 
as the mixing ratio becomes high. The lat ter  s trongly 
indicates again that  water  is the basic anodic oxidan~ 
of the process. 

Initis stage of growth.--The above exper imenta l  
observation that  the format ion rate takes more or less 
the same value for the standard AAS and AGW elec-  
trolytes with pH = 6.2 suggests that  this rate will  also 
remain  more or less constant when the pH is changed. 
A careful check has shown that  this is indeed the case 
and that the differences in the thickness of the grown 
oxides for the AAS and AGW processes in Fig. 2 should 
therefore  be explained pr imar i ly  by the difference in 
the oxide dissolution rate  fa. 

However,  when the question is considered what  the 
reasons are for the sharp transitions be tween anodic 
oxidation and anodic dissolution as observed in both 
Fig. 2 and 3, an explanat ion based only on a var ia t ion  
of oxide dissolution rate  wi th  bath paramete r  does not 
work  because one would have expected a more gradual  
change if such were  the case. In fact, an etching ex-  
per iment  of oxide in the unbuffered 3% aqueous solu- 
tion of tartaric acid has shown that f d  Of such an AAS 
bath is 5-6 A/sec  which corresponds to Jd = 0.7-0.8 
m A / c m  2. Thus, one should have been able to anodize 
the sample with the moderate  current  density of a few 
mil l iamperes  per square centimeter,  which was, how-  
ever, found always impossible. A fur ther  exper iment  
showed the importance of the init ial  process, in which 
a sample was anodized in an AGW bath to a few 
volts corresponding to oxide growth of several  ten 
angstroms, and, af ter  being taken out and subjected to 
a thorough cleaning and drying, it was immersed into 
a bath of an unbuffered tar tar ic  acid solution. The 
result  showed that oxide growth can be kept on going 
in such a case at a moderate  current  density where  
oxidation was previously  impossible. 

Because of this indication of the importance of the 
initial stage of growth, a more detailed measurement  
was under taken using an AGW bath for various cur-  
rent  densities. The result  is shown in Fig. 11 which 
clearly shows the presence of a t ime delay before the 
initiation of the exponent ia l  growth. The length of de- 
lay is dependent on the current  density ra ther  than the 
source voltage. The data in Fig. 11 were  taken without  
st irr ing of the electrolyte. When the electrolyte  was 
stim'ed, the transition from the fiat to the exponential 
region became more gradual and also the time delay 
was increased at the same current density. 

The observed relationship between time delay and 
current density is plotted in Fig. 12 for unstirred and 
moderately stirred conditions. A similar experiment 
with an AAS bath showed the presence of such a time 
delay, but no meaningful relationship has been estab- 
lished owing to a large scatter of data and lack of re- 
producibility which again suggests the extremely sen- 
sitive nature of the AAS bath. 

All these observations including the abrupt transi- 
tion from anodic dissolution to anodic oxidation (passi- 
ration of the anode), the presence of a mimimum 
threshold current density for oxidation, and the pres- 
ence of a time delay for oxidation provide strong evi- 
dence that the classical active-passive transition of the 
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anode takes place at the init ial  stage of growth. Such a 
t ransi t ion has been known to be very common among 
certain metals from old times (20), but  little practical 
importance has been at t r ibuted to the case of semi- 
conductor materials. Harvey (25) and more recently 
Harvey and Kruger  (9) studied the electron behavior 
of the GaAs anodes an d observed this t ransi t ion under  
certain conditions. But, these excellent studies did un-  
for tunately  not lead so far to any practical control of 
such a transition. 

The extreme sensit ivi ty of the AAS bath and the ob- 
served sharp transit ions in Fig. 2 and 3 can be best 
explained by the fact that the l imit ing current  density 
j~ for the active-passive transi t ion is high and it varies 
very much with the bath parameters  and by the in t ro-  
duction of contaminations in the AAS bath. A repeated 
measurement  has shown that  the value of j~ for the 
present  AAS bath  at the opt imum pH value of 6.2 lies 
typically in  the range of 0.8-5 mA/cm ~, and that of the 
AGW bath is about 1.0 • 10-~ mA/cm2 as seen in 
Fig. 12. 

The observed time delay is obviously the so-called 
passivation t ime tp of the active-passive transition. The 
data in Fig. 12 fit better  the relation, (j -- Jl) t~ ~/2 - -  

const, ra ther  than, (j -- Jl) tp ~ const, indicating the 
establishment of a supersaturated region against the 
diffusion convection transport  (20). A fur ther  detailed 
study seems to be necessary to fully clarify the si tua- 
tion. The reason for the reduction of the l imit ing cur-  
rent  density by the addition of glycol would be either 
a decrease in  the solubil i ty of the init ial  anodic prod- 
ucts, or a reduction in the t ransport  rate of such prod- 
ucts, or both, leading to an easier establishment of 
supersaturation.  

The fact that st irr ing increases the passivation time 
is obviously consistent with the present  picture, and 
alhough it thus makes the establ ishment  of the desired 
situation for growth more difficult, its effect on the 
AGW process at moderate  current  density is very 
small, and, moreover, a continuous st irr ing at a mod- 
erate speed has been found practically very important  
for uni form growth because, without  stirring, any bub-  
bles, accidently introduced by sample immersion or 
produced spontaneously, tend to stick on the surface 
and prevent  the ini t iat ion of uniform oxidation. St ir-  
r ing seems also to be impor tant  for successful growth 
of thick films. 

The usual  anodic film growth takes place thus in the 
passive region of the GaAs anode after the above 
transition. Electron diffraction studies confirmed the 
amorphous glassy na ture  of such "passive" films for 
both of AGW and AAS processes in agreement  with the 
previous results on similar films. An electron micro- 
probe analysis has shown the ratio of numbers  of Ga 
and As atoms in  the grown films to be un i ty  on aver-  
age. Other important  properties of the AGW oxide 
films have been described elsewhere (16). 

When the current  density is below the l imit ing cur- 
rent,  the GaAs anode remains in the active region and 
the anodic dissolution continues without showing the 
current  drop (or voltage bui ldup) .  This dissolution 
process is a nonuni form one, apparent ly  having higher 
dissolution rates at mechanical ly damaged parts and 
edges, producing sharp ditches at the waxed boundary  
and leaving characteristic pits and lines on the surfaces. 
When the anodization current  densi ty is just  below the 
l imit ing current  density, it was observed that the en-  
tire GaAs surface changes quickly into a brownish, 
whitish appearance with the current  showing no drop. 
This surface layer could not be removed by HC1, KOH, 
or NH~OH, each of which is an etchant of the amor-  
phous passive oxide. It was first thought that this film 
was similar  to the porous, polycrystal l ine "active" 
oxide formed in the active region under  certain condi- 
tions by Harvey and Kruger  (9). However, an electron 
diffraction study showed only the single crystal pat tern 
of GaAs, and a high magnification scanning electron 
microscope showed a pa t te rn  which looks like a 
roughened surface of GaAs. Thus, the presence of such 
an active oxide or hydroxide has not been confirmed 
yet in the present  case. 

Ef]ects of bath contami~mtion.--One of the most im- 
portant  features of the new AGW process is that it is 
much more immune  against contaminations than the 
AAS process. The present study confirmed that among 
various commonly used acids and bases, HC1 seems to 
have the strongest effect on the oxide growth. On the 
other hand the present AGW process exhibits an im- 
pressive stability, even up to the level of 10-3N of HCI, 
as already reported elsewhere (6). 

A result of a series of experiments which demon- 
strate the striking stabilizing effect of glycol is shown 
in Fig. 13. The final vertical portion of each curve 
shows the moment of stop of anodization. Curve i is 
the anodization curve for the uncontaminated AAS 
bath which was taken near the limiting current as in- 
dicated by a large passivation time (20 sec). After an 
artificial introduction of about 7 X 10-~N of HCI, 
anodic oxidation stops as shown by curves 2 and 3. At 
an increased current level by about 2.5 times, it starts 
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aga in  a f t e r  a l a r g e  pas s iva t ion  t i m e  of 30 sec as s h o w n  
b y  c u r v e  4, bu t  s o m e h o w  fails, p r o b a b l y  because  of a 
h igh  ox ide  d i sso lu t ion  ra te  ac t ing  in a n o n u n i f o r m  way.  
F u r t h e r  increases  in the  cu r r en t  do not  i m p r o v e  the  
s i tua t ion  v e r y  m u c h  as s h o w n  by  cu rve  5. A t  this  stage, 
g lycol  is added  w i t h  a m i x i n g  ra t io  of 0.5 w i t h  an  
a p p r e c i a b l e  i m p r o v e m e n t  as s h o w n  by  c u r v e  6. Wi th  a 
m i x i n g  ra t io  of u n i t y  ( cu rve  7), the  i m p r o v e m e n t  is 
r e m a r k a b l e  bu t  s t i l l  insufficient.  A t  t he  po in t  ind ica ted  
by  an  a r r o w  on c u r v e  7, g lycol  is f u r t h e r  added  to the  
ra t io  of 1.5 and  a c o m p l e t e l y  n o r m a l  anod iza t ion  is 
res tored ,  w h i c h  was  r e p e a t e d  f r o m  the  beg inn ing  as 
s h o w n  by  c u r v e  8. C u r v e  9 shows tha t  a l t e r  the  add i -  
t ion  of g lycol  the  anod iza t ion  b e c a m e  possible  e v e n  at 
a s m a l l e r  cu r r en t  dens i ty  w i t h  w h i c h  the  anodiza t ion  
was  o r i g ina l l y  imposs ib le .  

Thickness-voltage rate constant.--The th ickness  of 
the  g r o w n  ox ide  l aye r s  a re  p lo t t ed  vs. vo l t age  across 
t he  ox ide  for  va r ious  anod iza t ion  condi t ions  in Fig. 14. 
T h r e e  d i f fe ren t  w a y s  of g r o w t h  w e r e  employed ,  i.e., 
case A:  s t a r t ed  f r o m  Js ---- 1 m A / c m  2, and  s topped  as 
t he  p r e d e t e r m i n e d  vo l t age  across the  ox ide  is r eached  
w i t h  the  cu r r en t  dens i ty  of j ---- 0.1 ~ 0.3 m A / c m 2 ;  
case B: s t a r t ed  e i t he r  f r o m  Js ---- 1 m A / c m  2 and  le f t  
un t i l  t he  c u r r e n t  dens i ty  is r e d u c e d  to m o r e  or less the  
s t eady  s ta te  w i t h  j :~. 1 X 10 -2  m A / c m  2, o r  s t a r t ed  as 
above,  t h e n  changed  to cons tan t  vo l t age  anod iza t ion  
at the  p r e d e t e r m i n e d  vo l t age  w h e n  the  vo l t age  across 
the  ox ide  r eaches  tha t  value,  and le f t  un t i l  it r eaches  
the steady state with the current density j _~ 1 X 10 -2 
mA/cm2; case C: rapid growth, started from js ~ 5 ~ I0 
mA/cm2 and stopped at j ~_ 2 ~ 3 mA/cm 2. In each 
case, the voltage across the oxide was determined 
simply by V ~- Va (Jo -- J)/Jo where the effect of bath 
resistance is included, but any correction to obtain the 
exact oxide-producing overpotential is ignored. A 
separate experiment has shown that such a potential 
correction is less than IV, and for the large voltage 
values (> 50V) employed in the present study with 
the not so accurate means of thickness determination, 
such a detailed correction seemed rather insignificant. 
Figure 14 indicates clearly that the thickness-voltage 
relationship varies as a function of the current den- 
sities employed. This is consistent with the various 
theories of ionic transport which relate the current 
density j with the steady-state oxide field Eox, gen- 
erally in the form of j -~ Jo exp(--W(Eox)/kT) 
exp (qaEox/kT) (26). 

0 Ir I I 
�9 2oo 
voltage (volt) 

Fig. 14. Oxide thickness and amount of consumed GaAs vs. 
voltage. Symbols are the same as Fig. 10. 

The  a v e r a g e d  va lue  of the  t h i c k n e s s - v o l t a g e  cons tan t  
is 21 A / V  for  case A, 23 A / V  for  case B, and  19 A / V  
for  case C. This  resu l t  exp la ins  w h y  d i f fe ren t  va lues  
r ang ing  f r o m  18 to 22 A / V  w e r e  r e p o r t e d  in  the  pas t  
(8, 9, 12, 15, 21) and ind ica tes  tha t  t he  c u r r e n t  dens i ty  
mus t  be c a r e f u l l y  d e t e r m i n e d  fo r  the  accura te  con t ro l  
of the  process  wh ich  is, for  ins tance,  i m p o r t a n t  fo r  fine 
t h inn ing  of wa fe r s  for  t he  purpose  of prof i l ing  (21) 
and w a f e r  t a i lo r ing  for  F E T ' s  and o the r  dev ices  (14). 
W i t h i n  t he  e x p e r i m e n t a l  accu racy  no d e p e n d e n c e  of  
the  ra te  constants  on the  ca r r i e r  concen t r a t i on  or  
o r i en t a t i on  was  observed .  The  a m o u n t  of GaAs  con-  
sumed  is also shown  for  case A of g r o w t h  in Fig.  14 
and the  a v e r a g e  consumpt ion  ra te  is 14 A / V  for  the  
samples  w i t h  ca re fu l ly  c o v e r e d  edges.  

On  the  basis of a m o r e  ca r e fu l  s tudy  of t he  r a t e  
cons tan ts  as a func t ion  of t he  final  anod iza t ion  cu r r en t  
dens i ty  jr, a p lot  of this cu r r en t  dens i ty  vs. the  e lec t r ic  
field Eox Js ob ta ined  as shown  in  Fig. 15 w h i c h  shows 
a p p r o x i m a t e l y  a s imple  M o t t - C a b r e r a  t y p e  e x p o n e n t i a l  
d e p e n d e n c y  on the  field (23), g iven  by  

jf = 3.75 • 10 -15 exp  (6.58 X 10 6 Eox) [6] 
or  

1 19.8 
r a t e  cons tan t  -- - -  ---- A / V  [7] 

Eox 1 + 0.069 log10 Jr 

w h e r e  the  field and c u r r e n t  dens i t y  h a v e  to be  e x -  
p ressed  in the  uni ts  of V / c m  and mA/cm~,  r e spec t ive ly .  
This  aga in  confi rms the  q u a s i - s t e a d y - s t a t e  n a t u r e  of 
our  g rowth .  Our  resu l t s  a re  obv ious ly  cons is ten t  w i t h  
the  t h e o r y  of ionic t r anspo r t  (26). 

I t  is not  c lear  at the  m o m e n t  w h e t h e r  the  obse rved  
sma l l  dev ia t ions  f r o m  the  e x p o n e n t i a l  l ine  at h i g h  fields 
is due  to the  e x p e r i m e n t a l  error ,  the  t r ans i en t  n a t u r e  
of the  e x p e r i m e n t ,  or  a m o r e  c o m p l e x  d e p e n d e n c y  on 
field. 

The grown oxides show a regular occurrence of in- 
tense interference colors which corresponds to the re- 
fractive index of 1.8. Although no detailed ellipso- 
metric measurement has been done, the change of the 
refractive index with the change of growth conditions 
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Fig. 15. Current density j vs. oxide field Eox. Symbols are the 
same as Fig. 10. 

current  densities and high fields at the edges causing 
part ial  breakdown and part ial  dissolution of loose ox-  
ide. 

Current e~ciency.--Finally, a crude estimate of the 
current  efficiency of the AGW process wil l  be made. 
From Fig. 15, one obtains Eox ---- 5.0.5 • 108 V / c m  for 
Js : 1.0 m A / c m  2, which gives, combined with the 
value of EoxA previously given, A ---- 6.4 X 10 -5 cm~/ 
coulomb. Since no direct  density measurement  has been 
done so far, a crude est imate is made as follows. From 
the case B growth in Fig. 14, one obtains the oxide 
coating ratio (~- oxide thickness divided by GaAs 
consumed) of 1.5, assuming the loss of GaAs at the 
initial process is negligible for samples wi th  covered 
edges on the basis of observed good proportionali ty.  
Then, if one assumes that  the oxide is an amorphous 
mix ture  of Ga203 and As203 and ignores the possible 
effect of hydra t ion  on the basis of the detailed analy-  
sis of a similar oxide (27), the density of the oxide is 
est imated as 4.7. 

A simple Faradayic  analysis based on these data, as- 
suming that each of the Ga and As atoms are ionized 
to its tr iposit ive state as shown by Harvey  and Kruger  
(9) for a s imilar  oxide growth [Revesz and Zaininger  
(7) reported the oxide with  penta posit ive As, but it 
does not seem to be the present  case], gives a value of 
the current  efficiency of 90% which is of course due to 
the small amount  of dissolution. The reported anodiza- 
tion of Si has on the other  hand a surpris ingly low 
current  efficiency of only 1-8% (19, 26). 

seems to be very  small  as compared wi th  the above-  
ment ioned fair ly large change in growth rate. 

Ef]ects of exposed edges.--As already indicated in 
various figures of the present  paper, exposure of sam- 
ple edges, in particular,  mechanical ly  damaged area, 
has ex t remely  large effects which can become one of 
the important  causes for quant i ta t ive  i r reproducibi l i ty  
of the process. The main  effects observed exper imen-  
tal ly are as follows: (i) slow down of the process as 
seen clearly as an increase in formation t ime constant 
�9 i' in Fig. 10, (it) increase in the passivation t ime tp 
wi th  a very  gradual  change in current  as shown in 
Fig. 6 and 11, (iii) increase in the rate of GaAs con- 
sumption as shown in Fig. 14, (iv) generat ion of fluc- 
tuations in the anodization current, and (v) lowering 
of the breakdown voltage in the oxide as shown for 
the AAS process in Fig. 5. 

The effects (i) and (it) indicate that  the exposed 
mechanical ly  damaged parts (wire sawed for example)  
behave effectively as if they have a much larger  sur-  
face than their  actual geometrical  area. The graded 
act ive-passive transi t ion also suggests that  the transi-  
t ion does not take place at the same t ime all over  the 
surface but proceeds nonuniformly,  start ing perhaps 
from the edges. The effect (it) seemed to be par t icu-  

la r ly  large in the anodization of (111) faces, some- 
times resul t ing in the impossibil i ty to cause the t ransi-  
tion. The effect (iii) is related most probably to (ii) 
ra ther  than the oxide dissolution because the lat ter  is 
too small  in the AGW baths to account for it. Owing to 
the delayed and nonuniform proceeding of the t ransi-  
t ion f rom the edge, the anodic dissolution continues 
perhaps for a much longer  t ime on the front  surface, 
result ing in a loss of an appreciable amount  of GaAs. 
Some pre l iminary  results (6) taken on samples wi th  
exposed edges thus showed a higher  consumption rate 
of GaAs than for results reported previously.  This was 
original ly incorrect ly  in terpreted as a higher  density 
of the oxide. 

The data in Fig. 14 indicates that  such a loss of GaAs 
is 100~lSOA in case A of growth, and this result  shows 
the vital  importance of coverage of the edges in the 
application of controlled thinning of wafers. The ef- 
fects (iv) and (v) are  most probably related to high 

Conclusions 

By detailed comparisons, certain common features of 
various AAS processes have become clear, and the es- 
sential superiori ty of the AGW process is established 
on the basis of the detailed exper iments  and the theo- 
retical  understanding.  Factors which affect the uniform 
and reproducible oxidat ion have  been clarified and 
re levant  process equations and data are given. The 
AGW process characterized by its easy use, its stability, 
and reproducibil i ty,  seems to be one of the most 
promising ways of forming insulating layers with ac- 
ceptable qualities on GaAs. The main conclusions are 
as follows: 

I. Water is a good anodic oxidant of GaAs, and a 
variety of aqueous solutions can anodize GaAs (AAS 
process). Anodization in water undergoes the electro- 
chemical active-passive transition at the initial stage, 
which is characterized by the limiting current density 
and the passivation time. 

2. The limiting current density of the AAS process 
is high and sensitive to contaminations which make it 
extremely difficult to anodize at a moderate current 
density of a few milliamperes per square centimeter in 
a stable, reliable, and reproducible way. 

3. The AAS system is also characterized by a high 
rate of oxide dissolution which leads to the growth of 
loose and less impervious oxide films, enhanced partial 
dissolution of oxide during growth, and premature 
breakdown in the oxides at fairly low voltages. The 
oxide dissolution rate is also sensitive to contamina- 
tions which provide another cause for unstable and ir- 
reproducible results. 

4. By the introduction of a fairly large amount of 
glycol to the AAS system, the limiting current density 
and oxide dissolution rate is greatly reduced (AGW 
process), and the process becomes extremely stable, 
reliable, and reproducible. Optimum bath conditions 
using tartaric acid and propylene glycol are estab- 
lished. 

5. The main factors which affect a uniform and re- 
producible oxidation are illumination on n-type sam- 
ples, coverage of sample edges, and a moderate stir- 
ring of the electrolyte. 
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6. The rate thickness-voltage constant shows a 
fair ly large current  density dependence. 

7. The AGW process has a high cur ren t  efficiency. 
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Quantitative Detection of Oxygen in Silicon 
Nitride on Silicon 
P. H. Holloway and H. J. Stein 

Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

The carbon, oxygen, and ni t rogen levels in  500-2000A films of CVD silicon 
nitr ide (SijN4) films have been measured using Auger electron spectroscopy 
in conjunct ion with inert  gas ion sputtering. The quant i ta t ive depth dis t r ibu-  
t ion of oxygen throughout  the film was determined and interracial oxides 
10A thick were clearly resolved. Oxygen concentrations in various ni t r ide 
films were observed to range from 0.4 to 7% (atomic), whereas carbon was 
below the detection limits. Jt was shown that bulk  oxygen and carbon levels 
down to 0.05 and 0.2%, respectively, are detectable. The influence of oxygen 
on the s i l icon/ni t rogen Auger peak height ratio was demonstrated and the 
presence of oxygen was correlated with changes in  the optical index of 
refraction. 

The semiconductor indus t ry  has developed th in  film 
silicon nitr ide both as a barr ier  for sodium diffusion 
and as an active element  in electrically variable non-  
volatile MNOS memory  devices (1). The properties 
of silicon ni tr ide can be varied over a wide range de- 
pending on the deposition technique and conditions, 
and these conditions are adjusted to obtain desired 
characteristics (2). For  example, it is known from 
studies of electrical conductivi ty vs. deposition condi- 
tions that silicon ni tr ide grown by chemical vapor 
deposition (CVD) at temperatures  between 700 ~ and 
900~ with a high ammonia  to silane ratio yields low 

Key words:  silicon nitride, Auger  electron spectroscopY, m e m o r y  
devices, depth profiling, quant i ta t ive  analysis, detection limits. 

conductivity films suitable for MNOS memory devices 
(3, 4). However, the quant i ty  and dis tr ibut ion of im-  
purities which are included by a selected growth proc- 
ess have not been fully characterized. A brief study 
of surface impurit ies by Auger electron analysis has 
been reported (5). Variations of optical properties 
(e.g., refractive index, optical and infrared spectra, 
etc.) have been used to investigate impuri t ies  in silicon 
nitr ide (2, 6), but  the sensitivity and depth resolution 
are general ly not adequate for complete characteriza- 
tion of supported silicon ni tr ide films. 

We will demonstrate  that  Auger electron spectro- 
scopy (AES) in conjunct ion with inert  gas sputter ing 
is a powerful  tool for detecting very thin SiO2 layers 
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at the ni t r ide/s i l icon interface, for analyzing the quan-  
tity and depth dis t r ibut ion of impurit ies in  th in  silicon 
nitr ide (abbrevia ted Si3N4) films, and for obtaining a 
relative measure of the ni t rogen to silicon ratio wi thin  
the films. Oxygen concentrations in excess of 1 atomic 
per cent (a/o) were observed in  the present  memory-  
qual i ty silicon ni tr ide films. 

Experimental 
The Si3N4 films were supplied by Sperry Research 

Center and were chemically vapor deposited at 750~ 
with an ammonia- to-s i lane  ratio of 1O00: 1. The ratio 
of silane to total flow (argon carrier  gas) was 2 • 10 -4 
with the total flow rate being 15 liters/re.in. The am-  
monia w a s  supplied by Air  Products with a puri ty  of 
99.999+%. The ul t ra  high pur i ty  (UHP) argon was 
supplied by lVlatheson Gas Products  with a pur i ty  of 
99.999+%. The semiconductor grade silane was also 
supplied by Matheson Gas Products at 1% dilution in  
UHP argon. There was no deliberate contaminat ion of 
the g a s e s  a n d  the observed oxygen content is believed 
to have entered the process from an  improperly capped 
graphite susceptor, 

G a s  flow was regulated by flow meters and the nitr ide 
reactor was a cold-wall  quartz horizontal type with an 
RF induct ion-heated graphite susceptor (12.7 • 35.6 
cm). Prior  to insert ion into the reactor, silicon wafers 
were cleaned with NHs-HsO2, r insed in deionized (DI) 
water, exposed to HC1-H2Oe followed by a DI water  
rinse, etched with buffered HF followed again by a DI 
water rinse, the blown dry with nitrogen. The Si3N4 
films were approximately 500-2000A thick. 

Generally, a 10A thick native oxide film existed at 
the nitride/silicon wafer interface, but two silicon sub- 
strates had thicker SiO2 grown before SigN4 was de- 
posited. A 30A SiO2 film was formed by heating to 
81O~ in 99.999+% N20. A 420A SiO.~ film was grown 
in dry oxygen at 1000~ The 30A SiO2 film was used 
to check the resolving power of AES for interracial 
oxides, while the 420A SiO2 film was used to standard- 
ize AES for quantitative oxygen analysis. A silicon 
wafer upon which SiO2 was formed by heating in air 
to 100O~ was also used for AES standardization. 

AES (7) was performed with an ion pumped spec- 
trometer from Physical Electronics Industries, Inc., 
using a cylindrical mirror analyzer and primary elec- 
trons from a coaxial gun. The primary electrons had an 
energy of 5 keV and a beam current of I0 ~A. The ana- 
lyzer modulation was 4 eV peak-to-peak, unless other- 
wise noted, and the spectra were taken in the deriva- 
tive mode (7). For sputter profiling, i.e., measuring 
the Auger electron (AE) derivative peak height while 
sputter removing surface atoms, a beam of 1 keV argon 
ions was used. The system argon pressure was 5 X 
i0 -'5 Torr, and the sputter rate for SlaP4 was varied 
between 0 and i00 7~/min by varying the ion current 
striking the sample. 

Index of refraction data were taken on a Gaertner 
LII9 ellipsometer with a mercury-xenon light source. 
The light beam was incident  at 60 ~ and was mono-  
chromatized to the 5461A mercury line. A two-layer  
model was used to extract the index from the raw data 
by a digital computer for the 10 and 30A interfacial 
oxides, and simultaneous deposition on a bare substrate 
was used to verify the index for the nitr ide deposited 
on the 420~k oxide. 

Results and Discussion 
Auger electron analysis.--The silicon AE peaks (near 

80 and 1600 eV) and ni t rogen AE peak (379 eV) were 
relat ively weak while the carbon AE peak (270 eV) 
and oxygen AE peak (506 eV) were relat ively strong 
on the as-received SigN4 surface (shown in  Fig. l a ) .  
This strong oxygen signal probably results from room 
temperature  formation of oxide as shown by the shift 
of the silicon L2,sVV peak to 78 eV (8), and the strong 
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Fig. 1. Spectra from (a) as-received surface, (b) sputter cleaned 
silicon nitride surface, and (c) silicon surface with Si3N4 removed. 
Note the residual carbon and occluded argon in (b) and (c). 

carbon signal probably results from the adsorption of 
carbon-containing atmospheric gases. Sputter ing for 
short times (removing ~ 50A) was sufficient to remove 
the high surface concentrations of oxygen and carbon, 
so that AE signals from silicon and nitrogen are in- 
creased in intensity, while those from oxygen and car- 
bon are very weak (Fig. Ib). In addition, new peaks 
are evident with the strongest transitio.n at 216 eV; 
these result from argon atoms implanted during sput- 
tering for Auger electron analysis. After sputtering 
completely through the SisN~ film, AE peaks from 
silicon, argon, and carbon are detected as shown in 
Fig. ic. Chemical shifts of the Auger electron peaks 
from silicon in SisN~ make them distinct from Auger 
electron peaks from elemental silicon or SiO2, as dis- 
cussed elsewhere (8). 

Typical plots of the silicon KLL transition (~ 1615 
eV), oxygen 506 eV, nitrogen 379 eV, and carbon 270 
eV AE peak heights vs. depth of material removed by 
ion sputtering are shown in Fig. 2. In this instance, 
sputter time was converted to sputter depth by knowl- 
edge of the Si3N4 film thickness. It was assumed that 
the sputter rate was independent of the presence of 
surface and interracial oxides and that the sputter rate 
was the same in silicon as in Si3N4. While these as- 
sumptions are probably in error, this is not significant 
to the discussion below. The sputter profiles show an 
interracial oxygen concentration, a significant concen- 
tration of oxygen throughout the Si3N4 film with no 
detectable concentration in the silicon substrate, and a 
small concentration of carbon throughout the Si3N4 and 
into the Si substrate. The sample shown in Fig. 2a had 
no intentional oxide grown at the nitride/silicon inter- 
face while that in Fig. 2b had 30A of oxide grown as 
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described in the experimental  section. The silicon LVV 
Auger t ransi t ion peak shape changed consistent with 
SiO2 being present  at the ni t r ide/s i l icon interface. 
Based on the processing history of silicon substrates 
prior to Si3N4 deposition and based on l i terature data 
(9), a nat ive  oxide film 10A thick is expected at the 
ni t r ide/s i l icon interface. A relat ive est imate of in te r -  
facial oxide thickness can be made by integrat ing the 
area under  the oxygen AE peak height vs. t ime (10). 
(The thickness cannot be estimated from the abscissa 
because of nonplanar  removal  of the Si3N4, Si3N4 
thickness variation, knock-on effects, Auger  electron 
escape depths, etc.) In  a rb i t ra ry  units, the area under  
the oxygen peak at the interface in Fig. 2a is 54 while 
the area in  Fig. 2b is 144, i.e., a ratio of 54/144 = 0.37. 
This is quite consistent with the expected ratio of 10A/ 
30A : 0.33. It is obvious from data in Fig. 2 that  10A 
of oxide under  500A of Si~N~ is easily resolved, and it 
appears that  oxides significantly th inner  than 10A 
would be resolvable. 

Quantification of bulk impurity levels.--Turning our 
a t tent ion to the oxygen and carbon distr ibuted through 
the bulk  of the Si3N~ films (i.e., the steady-state AE 
signals observed after removal of the surface contami-  
nants) ,  it is desirable to quant i ta t ively  evaluate these 
impur i ty  concentrations. To accomplish this quantifi-  
cation for oxygen, the AE signal from SiO2 formed at 
1000cC on silicon and the silicon 1618 eV signal from 
elemental  silicon (after sputter removal  of the SiO2) 
were measured. In addition, the SiO2 oxygen signal 
and the elemental  1618 eV silicon signal from the sub-  
strate of the special ni t r ide sample (prepared with a 
750A Si3N~ film on top of a 420A SiO2 film on a silicon 
substrate)  were measured The oxygen AE peak height 
from the bu lk  of the SiaN4 film was measm'ed and the 
bulk  oxygen concentrat ion Co,sisN4 (a/o) calculated 
from the equation 

IOjSiaN4/Isi, N 
Co,si3N4 = 67 [1] 

Io,sio2/Isi,o 

where IO,SiaN4 is the oxygen AE signal from the ni t r ide 
film, Io,sio2 is the oxygen AE signal from SiO2, ISI,N 
and Isi,o are the silicon 1618 eV signals from the silicon 
substrate after the nitr ide or oxide films, respectively, 
have been completely sputter  removed. The factor 67 
represents the atomic per cent of oxygen in SiO2. This 
is essentially the calibration procedure discussed by 
Chang (7). Here we take oxygen in  SiO2 as our refer-  
ence mater ia l  and assume all other effects such as sur-  
face roughness, backscatter factor, escape depth, etc., 
are all the same for SiO2 and SiaN~. In addition, the 
intensi ty  of the elemental  silicon 1618 eV AE peak 
height is used as a s tandardizat ion to el iminate error 

Fig. 2. Auger electron peak 
heights of silicon, carbon, nitro- 
gen, and oxygen vs.  depth for 
SiaN4 films with bulk oxygen con- 
centrations of (a, left) 4.3%, and 
(b, right) 6.8%. The interfacial 
oxide in (b) is 30A thick, while 
the oxide in (a) is approximately 
10A thick. 

from day- to-day  variat ions in the system gain. The 
silicon peak from silicon ni tr ide was not used for s tan-  
dardization to avoid error caused by chemical shifts 
and composition variations. The ratio, Io.sio2/Isi,o, was 
measured over a period of t ime for both the oxidized 
silicon wafer and the special ni t r ide sample, and the 
ratio was found to be 4.3 • 0.3. The bulk  oxygen levels 
in the various ni t r ide films were calculated using Eq. 
[1] and are shown in  Table I. As shown, the oxygen 
concentrat ion was found to vary between 0.4 and 6.8%. 
However, because of variat ions in exper imental  condi- 
tions such as surface roughness, film density, electron 
backscattering, preferent ial  sputtering, matr ix  chemi- 
cal effects, etc. (7), the accuracy of the oxygen concen- 
t ra t ion is estimated to be only • 40%. 

It is important  to consider whether  the oxygen sig- 
nal  observed through the bulk  of the Si3N4 film is a 
"true" signal from oxygen impuri t ies  or an artifact of 
the analyzing technique. The possibility of artifact 
exists since oxygen-containing residual gases (e.g., 
CO:e) can readsorb from the vacuum onto the surface 
dur ing analysis or can be implanted by the ion gun 
during analysis. The possibility of these effects being 
large for oxygen is discounted by the facts that  (a) 
all oxygen measurements  were made while sputter  re-  
moving surface atoms, and (b) the oxygen level in the 
silicon substrate (onto which readsorption or implanta-  
tion would also occur) was very low. However, the 
probabil i ty  seems high that  the carbon signal is not a 
t rue signal since its intensi ty  is uniform in going from 
Si;~N4 to silicon and in going from one sample to another. 

A finite surface concentrat ion of carbon and oxygen 
will always exist because of the steady-state balance 
between adsorption or ion implanta t ion and sputter  
removal. These effects have been studied exper imen-  
tal ly and theoretically as discussed in  the Appendix. 
The conclusions from these considerations are that 
none of the oxygen levels reported in  Table I are in-  
fluenced by adsorption or implantat ion,  but  the re-  

Table I. Bulk oxygen concentration, N/Si Auger electron peak 
height ratio, and index of refraction for various silicon nitride 

films 

Oxygen concen- N/Si AE peak Index of 
tration (a/o) height ratio refraction 

0 .4*  2 . 6 8  1 . 9 6  
1 .2  2 . 0 5  1 . 9 3  
3 .6  1 .96  1 . 9 1  
4 . 3  1 . 9 7  1 . 8 8 5  
4.5 -- 1.88 
6.8  1 .85  1 .86  

* S p e c i a l  n i t r i d e  f i l m  g r o w n  o v e r  4 2 0 A  o f  S i O 2  o n  S i  s u b s t r a t e .  



726 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY May 1976 

sidual carbon levels shown in Fig. 2 are not t rue signals 
but  result  from adsorbed or implanted carbon which 
sputtering did not remove. From the Appendix discus- 
sion, it is clear that the balance between adsorption/  
implanta t ion and sputter  removal  controls the detec- 
t ion l imit  for oxygen and carbon. Data are presented 
showing that  in the present case, the detection l imit  
for oxygen is 0.05% and for carbon is 0.2% (atomic). 

Comparison of oxygen concentration, refractive i~t- 
de~e, and nitrogen-to-silicon Auger peak height ratio.~ 
Oxygen concentrat ion and the corresponding Auger 
peak height ratio of the ni t rogen to silicon 1613 eV 
peak (from Si.~N4) determined for each film is listed 
in  columns 1 and 2 of Table I and plotted in Fig. 3. The 
correlated decrease in ni t rogen with an increase in 
oxygen concentrat ion indicated in Table I and Fig. 3 is 
further  i l lustrated in Fig. 4 where a sputter  profile has 
been made through a film in which a peak in the oxygen 
concentration and a corresponding decrease in the ni -  
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Fig. 3. Correlation between the bulk oxygen concentration and 
the nitrogen to silicon (1613 eV) Auger electron peak height and 
tile refractive index at 5160/~ for Si.3N~. 
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Fig. 4. Auger electron peak heights of silicon, nitrogen, and 
oxygen vs. depth for a Si3N~ film showing an increased oxygen 
concentration in the middle of the film. Note the complementary 
decrease in nitrogen as oxygen increases. 

trogen concentrat ion is observed in  the middle of the 
film. The correlation between the oxygen and ni t rogen 
concentrat ion supports the bonding model of oxygen 
subst i tut ion for ni t rogen in the atomic structure (11). 
The profiling results in  Fig. 4, together with those in 
Fig. 2 demonstrate the detail which can be obtained 
about the nitr ide film and the interface region by 
using the sput te r -Auger  technique, and this technique 
is believed to be one of the best available at this time 
for depth profiling of the film composition. 

Refractive indices for the films are also listed in  
Table I, and the dependence of the index upon the 
oxygen concentrat ion is fur ther  i l lustrated in  Fig. 3. 
Reduction of the refractive index by the incorporation 
of oxygen in the film has been demonstrated previously 
(2, 6, 11), but deposition parameters  such as tempera-  
ture and ammonia- to-s i lane  ratio also affect the re-  
fractive index. Auger electron analysis provides a 
method for quant i fying the oxygen concentrat ion and 
calibrating the refractive index as a measure of the 
oxygen concentrat ion for a par t icular  growth situation. 

Summary 
It has been demonstrated that Auger electron spec- 

troscopy is a powerful  technique for measuring the 
quant i ty  and distr ibution of impurit ies in  thin Si3N4 
films. Interfaeial  oxide films th inner  than  10A can be 
detected. The detection limits in the present  system 
for bulk  oxygen and carbon are 0.05 and 0.2%, re-  
spectively. For the present  memory-qua l i ty  Si3N4 
films, the actual carbon contamination level was below 
0.2%, but oxygen concentrations between 0.4 and 6.8% 
were observed. Variations in oxygen content between 
samples were correlated with variations in the refrac- 
tive index and in the nitrogen-to-silicon ratio. 
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APPENDIX 

Steady-State Relationship between Adsorption, 
Sputter Remaval, and Detection Limits 

The surface of a solid in a vacuum wil l  always be 
bombarded with residual gas molecules, and a certain 
fraction of these molecules will stick (adsorb) onto 
the solid. If the sample is being sputtered, atoms will 
be removed from the surface, including adsorbed 
residual gas molecules, unt i l  a steady state is reached 
where the rate of adsorption equals the rate of sputter 
removal  of residual gas molecules. This can be modeled 
as follows. 

Assume that the adsorption rate of the j th  residual 
gases, ,4j, is independent  of the sputter  rate, then it 
may be wri t ten  as 6jIj where 6j is the sticking co- 
efficient and Ij is the ideal gas impingement  rate of the 
j th residual gas. Ij is given by 

Pj 
Ij : [A-1] 

( 2 ~ m j k T g )  1/2 

where Pj is the pressure of the j th gas. rn~ is the mo- 
lecular mass. k is Boltzmann's  constant, and T~ is the 
absolute gas temperature.  The sputter removal rate of 
the j th  adsorbed species, Sj, may be wr i t ten  
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Sj ---- yji + ,~J [A-2] 
croJ 

where yj is the sput ter  yield (i.e., the number  of the 
j th  atoms sputtered per incident  ion),  i + is the ion 
current,  ~j is the n u m b e r  of adsorbed j th  molecules 
per uni t  area, and ~oj is the number  of j th  adsorption 
sites per  uni t  area (i.e., ~j/r is the probabi l i ty  that an 
incident  ion will  collide with a j th  adsorbed molecule).  
At the steady state between adsorption and sputtering, 
,4 -- S, therefore 

al 8jPJ : yj~+, [A-3] 
( 2 ~ j k T g )  1/2 O'oJ 

or 
o'ojSjPj 

~j = [A-4] 
yji  + ( 2xmjkTg)  1/~ 

Thus, for a constant  adsorption rate (i.e., constant  Pj 
in Eq. [A-4]) ,  as the sputter  rate decreases (i.e., i + 
decreases in Eq. [A-4]) ,  the steady-state concentra-  
t ion of adsorbed molecules should increase. Data in 
Fig. 5 demonstrate  that  this effect was observed. Figure 
5 shows the AE peak heights of oxygen and carbon on 
either a Si3N4 or silicon surface as a funct ion of the 
ion current .  As the ion current  (and therefore the 
sput ter  rate) decreases to 5 ~A or less, the AE peak 
heights increase indicat ing a significant readsorption 
effect on oxygen or carbon concentrat ion measure-  
ments. Assuming that the sticking coefficient, Q, and 
sputter  yield, Y.i, is independent  of the adsorbed mole- 
cule concentrat ion (over the range of interest) ,  then 

K 
~j : [A-5] 

i+ 

where  K is a constant. Since the AE peak height is 
proport ional  to ~j, Eq. [A-5] has been tested by plot-  
t ing the AE peak height of oxygen on silicon or SQN4 
vs. 1/ i  + (see Fig. 6). The Si3N4 data are differences 
between the measured signal and the signal due to 
residual bulk  oxygen. The straight l ine indicates that 
this simple model is a reasonable first approximation, 
and order of magni tude  estimates for K in Eq. [A-5] 
supports this conclusion. 

2.~ 

?.4 

2.(] o O on Si3N4 

- -m --C on Si3N4 

-- -e- - O on Si 
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~1.2  u 

ION CURRENT (~A) 

Fig. 5. Auger electron peak heights of carbon and oxygen on 
silicon or Si3N4 vs. ion current striking the target. As the sputter 
rate decreases (i.e., the ion current decreases), adsorption of 
residual gases from the vacuum occurs, adding to the detected 
signals. The residual oxygen level shown for Si3N4 corresponds to a 
bulk oxygen concentration of 0.4%. 

z 

O I. 2. 3. 
(i+) -I (ifpA) 

Fig. 6. Oxygen Auger electron peak height on silicon or Si3N4 vs. 

the inverse of ion current striking the sample. The straight line 
agrees with the model discussed in the text. 

Obviously then, the detection limits for oxygen or 
carbon (i.e., the m i n i m u m  detectable "true" concen- 
trat ions) are dependent  on both the residual gas pres-  
sures and the rate of sputter  removal of adsorbed 
residual gases. Using our cal ibrat ion for oxygen con- 
centrations, at high sputter  rates the detection l imit  
for oxygen is approximately 0.05% (atomic).  To 
avoid readsorption artifacts in the oxygen content  of 
Si3N~, all measurements  were made with more than 
6 ~A of ion current  s tr iking the substrate. Thus it ap- 
pears that the detection l imit  for oxygen in silicon ni -  
tride is controlled by the balance between gas ad- 
sorption and sputter  removal.  

The  straight l ine fit in Fig. 6 is fortuitous in many  
respects. We have assumed a steady-state condit ion 
both for gas adsorption and for sput ter ing effects such 
as "knock-on," defect enhanced diffusion, and ion drift. 
But perhaps the most serious assumption is that no im-  
plantat ion occurs by ionization of gas phase impuri t ies  
in the argon. If implanta t ion occurs, it  may cause a 
surface concentrat ion independent  of the sputter ing 
rate, and may also cause the detection l imit  for an ele- 
ment  to be high. 

A case in  point may be carbon which was always 
detected both on the SQN4 films and on the silicon 
support  (see Fig. 1 and 2). The origin is believed to 
be either residual carbon which cannot be removed by 
ion sputtering, or a carbon implanted  by the ion gun. 
The residual carbon is not accompanied by an equiv-  
alent oxygen peak for the silicon substrate, which 
suggests that there is no significant oxygen associated 
with it on the SQN4 either. This peak does, however, 
cause the detection limit for carbon in  SQN4 to be 
higher than for oxygen. The carbon concentrat ion was 
estimated using sensit ivity factors reported by Pa lm-  
berg et al. (12), and the residual  carbon peak w a s  
calculated to be equivalent  to a bu lk  carbon concentra-  
tion of 0.2%. The actual carbon impur i ty  concentra-  
tions in the Si3N4 films were all less than this detection 
limit, i.e., all less than 0.2%. If this carbon signal 
originated from implantat ion,  it must  indicate that  hy-  
drocarbons (e.g., methane, etc.) were present in  the 
argon. This seems unl ikely  since a subl imat ion pump 
was used to clean the argon. Another  explanat ion for 
the carbon is that at small residual concentrations, 
the sputter  yield in  Eq. [A-2], approaches zero. Such 
a phenomena has been reported by Tarng and Wehner  
(13) for sputter  removal of molybdenum from a n u m -  
ber of different substrate materials. However, nei ther  
the implanta t ion nor the zero yield postulate can be 
substantiated by the present  data. 
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Oxygen Gettering in Green GaP:N LED's Grown by 
Overcompensated LPE 

P. C. MiJrau and R. N. Bhargava 
Philips Laboratories, BriarcIif] Manor, New York 10510 

ABSTRACT 

Improvement  in the minor i ty  carrier diffusion lengths has been obtained 
in GaP :N LED's by controll ing the oxygen contaminat ion during LPE with 
getter dopants such as Al, Mg, or Si. Exper imenta l  data are presented which 
show a l imited range in which one can achieve oxygen gettering in GaP 
without reducing the incorporation of nitrogen. Excess A1 produces free ex- 
citon emission with an external  quan tum efficiency of 0.02% at 4 A /cm 2. 

Luminescence from the isoelectronic ni trogen center 
in GaP has been the subject of considerable s tudy 
(1, 2). Over the years it has been demonstrated that 
high efficiency green electroluminescence (EL) in 
GaP: N can be achieved by double l iquid phase epitaxy 
(LPE) (3-8) and vapor phase epitaxy (VPE) (9). 
The commonly employed acceptor impur i ty  in the 
p- layer  has been Zn, whereas either Te or S has been 
used as the donor impur i ty  in the n-layer .  

At present, one of the problems in the LPE growth 
of the p -n  junc t ion  in GaP :N is e l iminat ion of the 
red emission from bound excitons at (Zn-O) complexes 
which accompanies the green emission. The combina-  
tion of red and green emission in an LED produces a 
distinctly yellow green color. Lorimor and Weiner  (10) 
have el iminated the (Zn-O) red component by replac- 
ing Zn with another acceptor such as C or Mg, but  
at the same time a reduction by approximately a factor 
of five in the EL efficiency was observed. 

It has been established (11, 12) that a deep oxygen 
donor by itself does not act as a nonradia t ive  center in 
GaP. However, associated complexes of oxygen such as 
Si-O (13), VG~-O (14), etc., may play a role in  the 
recombinat ion efficiency in both the n-  and p-layers  of 
an LED. Evidence to support this hypothesis has been 
reported by a number  of workers (15-18). It  is there-  
fore clear that in  order to improve the EL and generate 
purer  spectra in  green LED's all traces of oxygen 
must  be removed from both the n-  and p-layers.  

In  order to remove the background oxygen impuri ty,  
certain precautions can be taken in the LPE process 
itself. Fur ther  reduction in the oxygen level, however, 
may be achieved by gettering action through in ten-  
t ional codoping of the Ga melt  with elements such as 
AI, Mg, or Si, which are known to form stable oxides. 

In  this paper we discuss the reaction chemistry be-  
tween getter dopants with oxygen and ni t rogen dur ing 
LPE, and their effect on N incorporation. We present 
results which show that O gettering leads to longer 
minori ty  carrier diffusion lengths. In  the case of excess 

K e y  w o r d s :  G a P  l i g h t  e m i t t i n g  d iodes ,  O g e t t e r i n g  i n  l i q u i d  p h a s e  
e p i t a x y .  

A1 doping, an improvement  in  the efficiency of free 
exciton emission has been achieved. 

Chemical Interactions of Getters with Oxygen and 
Nitrogen 

Before considering the gettering action of oxygen by 
AI, Mg, or Si in a Ga melt, it is helpful to consider 
some fundamental chemical reactions that can occur 
during the LPE process. In Table I we list a number 
of reactions along with their calculated equilibrium 
constant and free energy of formation at 900~ (19). 

Let us first consider LPE performed in an inert at- 
mosphere, such as He ov Ar. If the Ga is contained in  a 

Table I 

9O0~ 900 ~ AF~ 
Keq. ( k c a l / m o l e )  

I. Ga(1) + I/4SiO~(s) 
= I/2Ga,_O(g) + i/4Si(s) 1.0 x i0-3 + 16.2 

2. Gad) + I/2SiO(s) 
= i/2Ga20(g) + I/2Si(s) 1.4 --0.8 

3. Ga(1) + 3/4 O2(g) = i/2Ga~Oa(s) 1.2 x 1015 --81.2 
4. G a d )  + 3 /2H~O(g)  

= 1/2Ga2Oa(s)  + 3/2I-la(g) 7.7 • 102 - -15 .5  
5. Ga(1) + 1 / 2 H 2 0 ( g )  

= 1 / 2 G a 2 0 ( g )  + 1 /2H2(g)  2.2 --1.9 
6, H_-(g) + 1 /2  O2(g) = HeO(g)  1.3 • 10 s - -43 .7  
7. SiOz(s)  + H2(g) 

= SiO(g) + H~O(g) I • I0 ,-I'~ +70.1 
8. SiO~(s) + H.~(g) = Si(s)  + 2I~O(g)  5.3 • 10 -6 +36.1 
9. Si(s) + 1/3GabOn(s) 

= SiO (g) + 2/3Ga (1) 1.4 • 10 a --16.9 
1O. Si(sJ + 2/3Ga2Oa(s) 

= SiO2(s) + 4/3Ga(1) 3.7 • 109 -51 .4  
i i .  Si(s) + 4/3NI-Ia(g) 

= 1/3SisN4(s) + 2H2(g) 7.1 • 109 --52.9 
12. G a ( i )  + NI~(g) 

= G a N ( s )  + 3 /2H~(g)  1.4 • l 0  ~ - -16 .9  
13. Mg(1) + 2 / 3 N H s ( g )  

= 1/31vIg3N.~(s) + H~(g) 4.8 • 10 t --30.5 
14. Mg(1) + I/3Ga2Os(s) 

= M g O ( s )  + 2 / 3 G a ( 1 )  6.8 • 101~ - -58 .5  
15. Mg(I)  + 1 /2  O~(g) = M g O ( s )  1.0 • 10 -~ - -112 .5  
16. Mg(1) + H~O(g) = M g O ( s )  + Ha(g} 6.5 x 10 ~2 - -68 .8  
17. AI(1) + NHa(g)  

= AIN(s) + 3/2H2(g) 1.7 x 1O m --65.7 
18. A i d )  + 1/2G2Oa(s)  

= 1/2AI~Oa(s)  + Ga(1)  7.1 • 1O TM - -74 .4  
19. Aid)  + 3/4 O2(g) = I//2AI~Os(s) 8.9 • 10 ~ --155.7 
20. Al(1) + 3/2H20(g) 

= I/2Al~Oa(s) + 3/2I~(E) 5,3 x 1O 17 --95.2 
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quartz  crucible, then we have to consider reactions be-  
tween the Ga and quartz  (reactions 1 and 2) and re-  
actions be tween  the Ga and traces of 02 and H20 in the 
gas s t ream (reactions 3-5). According to the values in 
Table I, react ion 3 is the most favorable,  making oxy-  
gen contaminat ion of the Ga mel t  under  an  iner t  at-  
mosphere  likely. 

If, instead of an inert  gas, we use H2 as the carr ier  
gas, we must  assume that  traces of O2 in the gas s tream 
react  wi th  H2 at 900~ to form H.~O (reaction 6), and 
reactions wi th  traces of H20 vapor  must  also be con- 
sidered. In addition, as Weiner  (20) has shown, Si con- 
taminat ion  of the Ga mel t  via H2 reduct ion of the 
quartz  (reactions 7 and 8), must  also be considered. 

In order  to reduce the O and Si contaminat ion level  
in the Ga mel t  due to quar tz  and control the reactions 
be tween quartz  and the getter  dopants, an iner t  cru-  
cible mater ia l  such as pyrolyt ic  BN or pyrolyt ic  graph-  
ite should be considered. Residual  traces of oxygen in 
the Ga mel t  or oxygen  present  in the gas s t ream could 
be fu r the r  reduced by using O getters such as Mg, A1, 
or St. Reactions be tween these ge t te r  elements and 
02, H20, and Ga203 are also l isted in Table  I (reac- 
tions 9, 10, 14-16, 18-20). 

However ,  LPE for green GaP LED's also requires  N 
doping by addit ion of ammonia  to the H2 gas stream. 
This complicates mat ters  since nitr ides of O getters are 
also quite stable. Therefore,  competing reactions be-  
tween  the get ter  dopants, t h e  oxygen bear ing species, 
and the ammonia  have to be considered. Lor imor  and 
Weiner  (10) have calculated the permissible doping 
levels  of A1, Mg, and Si in Ga at 900 r in the presence 
of NHa. Simi lar  calculations between the get ter  dopants 
and dissolved Ga.~Oa in the Ga melt, at 900~ show 
that  the oxides are more  stable. As wil l  be shown later, 
oxygen can be effectively removed from the Ga mel t  
before ni tr ide format ion l imits the incorporat ion of N 
into the GaP. 

According to the calculations (10), only very  small  
quanti t ies of AI can exist in the melt  at reasonable am-  
monia pressures. However ,  as we shall see later, in 
this nonequi l ibr ium LPE process, not all  of the un re -  
acted A1 precipitates out as the nitride; some unre-  
acted A1 gets segregated into the GaP layer  (21). 

Experimental  
LPE by overcompensation.--The LPE layers were  

g rown in an open-flow dipping system described ear l ier  
(22). The  system (Fig. 1) was sl ightly modified to ac- 
commodate  p -n  format ion by overcompensat ion (6). 
With the except ion of the crucible and substrate holder, 
the system is constructed ent i re ly  f rom quartz  (GE 
204). The crucible and substrate holder  are made f rom 
ei ther  pyrolyt ic  BN or pyrolyt ic  graphi te  (Union Car- 
bide) to avoid O contaminat ion and prevent  attack 
by the get ter  dopants (A1, St, Mg).  The substrate 
holder  is constructed to fit the quartz drop tube 
blowup in Fig. 1) in a lock-and-key  arrangement .  The 
whole assembly can be rotated, raised, and lowered 
wi th in  the reaction tube without  coming apart. Two 
substrates fitted back- to-back  to the holder rest in 
angled grooves to prevent  them from fall ing out while  
s imultaneously permi t t ing  good mel t  wipe-off  af ter  
"dipping." Therefore,  with this holder close control of 
substrate d iameter  or shape is not essential. 

For LPE by overcompensation,  the system was pre-  
pared as follows. The  quartz  system along with  cru-  
cible and holder  were  first acid cleaned, vacuum dried 
at 800~ (10 -3 mm Hg),  and purged and cooled under  
Hf. This step is requi red  to remove  adsorbed moisture  
and volati le contaminants.  The Ga mel t  was saturated 
wi th  GaP, (0.01 mole fract ion),  vacuum dried at 
200 ~ and purged with  Hf. Sufficient Te was added to 
the melt  to produce a doping density of 1-2 X 10 ~ 
cm -3 (Fig. 2). The hydrogen atmosphere  (UHP Mathe-  
son) was passed over  a Pd diffuser through stainless 
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Fig. 1. Vertical dipping system used in the /PE overcompensation 
technique, with a close-up of the substrate holder arrangement. 

steel piping at a flow rate  of 100 cm3/min. The  as- 
sembly was lowered into a resistance furnace fitted 
with a heat  pipe and heated to 945~ unti l  al l  GaP is 
dissolved. The heat  pipe provides for improved  the r -  
mal  stability. The tempera ture  was then lowered to 
920~ al lowing about 1/2 hr  for thermal  equi l ibr ium to 
be attained. The substrates were  then lowered into the 
melt. At this point the get ter  dopant, e i ther  A1 or St, 
was added to the mel t  via the drop tube. To avoid 
attack on the quartz  drop tube, the Mg get ter  dopant 
was added to the mel t  before heating. The substrates 
in this case were  mainta ined in the cool zone of the 
react ion tube to avoid thermal  etching of the substrate 
surface which results in poor surface wetting. 

After  al lowing for some reasonable t ime (1,2 hr)  for 
the get ter  dopants to react  with the O species and for 
the substrates to reach thermal  equi l ibr ium with  the 
melt, N doping is commenced. This is accomplished by 
the addition of sl ightly less than 0.3% by volume of 
NH3 from a 1% NH3/H2 mix ture  (UHP Matheson) to 
the H2 stream. This is the opt imum NH3 concentrat ion 
required before GaN precipitates out at 900~ (10). 

Before the Ga mel t  is sufficiently saturated wi th  N, 
we must  assume at this stage that  any unreacted  O 
getter  dopant left  in the mel t  e i ther  precipitates out as 
the nitr ide and /o r  segregates into the epi layer  during 
growth. This will  reduce the N incorporat ion into the 
epilayer. It is therefore  impor tant  to add only small  
quantit ies of O dopants sufficient to get ter  the oxygen 
but not the nitrogen. 

The n -LPE was ini t iated by cooling the melt  f rom 
920 ~ to 890~C at a rate of 0.44 ~ On conclusion 
of n -LPE and while the substrates remained immersed  
in the melt, the furnace was held at constant t empera-  
ture unti l  the necessary amount  of Zn was dropped into 
the mel t  through the drop tube to produce a doping 
density of 1-2 X 10 is cm -3 (Xzn 1 : 1.8 X 10 -3 
atomic fract ion).  After  al lowing about 15 min for the 
Zn to dissolve, which was enhanced by oscillatory, c ir-  
cular motion of the substrate holder, p -LPE was ini-  
t iated by cooling the mel t  f rom 890 ~ to 825~ at a 
rate of 0.44 ~ On completion of p -LPE  at 825~ 
the NH3 flow was stopped and the substrates pul led 
out of the melt. The holder  was rapidly removed from 
the furnace and the substrates al lowed to cool in hy-  
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IO is /0 Table II. Summary of growth schedule by overcompensation 

/ n-LPE p-LPE 

T e m D e r a t u r e  920 o_890 ~ C 890 ~ ~ 
C o o l i n g  r a t e  0.44 ~  0.44 ~  
L a y e r  t h i c k n e s s  10-20 t~m 10-20 /tin 
D o p a n t s  Te ,  N Te ,  N, Z n  

O O g e t t e r  d o p a n t s  AI,  St, or  M g  A1, St," or  M g  
N e t  d o n o r  o r  a c c e p t o r  

conc.  1-2 X 10 ~v cra  -4 1-2 x 10 TM cm -~ 
NI-I3 cone.  i n  gas ambi-  

ent  0.3% 0.3% 

resul ted in longer  diffusion lengths and higher green 
efficiencies. This technique in itself leads to a signifi- 
cant decrease in the number  of (Zn-O) centers or 
other  O-re la ted  complexes in GaP. Oxygen get ter ing 

~" serves as a fur ther  ref inement  of the technique. Oxy- 
I E �9 . gen reduction in ei ther  or both the epitaxial  n - layer  
o and the Ga charge was achieved in part  by mainta in-  

"-" ing the substrate wi th  the n-ep i layer  submerged within  
z ~ i0'7 the Ga mel t  pr ior  to p-LPE. This prevented  exposure 
, of the p -n  interface to an oxidizing or contaminating 
a ambient. This is normal ly  a problem encountered in a Z 

two-step LPE process. The technique has three addi- 
tional impor tant  advantages:  (i) mainta ining thermal  
stabili ty near  the p -n  interface which results  in im-  
proved junct ion uniformity,  (it) no mel tback and 
therefore  bet ter  control of compensation near the in- 
terface, and (iii) no surface damage due to thermal  
etching. 

In addition, the oxygen solubili ty of the mel t  is ob- 
viously reduced by two additional factors: (i) by per -  
forming LPE at a lower  tempera ture  (920~ as com- 
pared to the higher  t empera ture  (1100~ normal ly  
used, and (it) through the use of inert  crucible and 
substrate holder mater ia l  such as pyrolytic BN or pyro-  
lytic graphite. 

/ Zk WITH NH 5 890~ Material evaluation.--  
lO 16 / �9 LORIMOR 8 WEINER 1000% Doping as ses smen t - -The  net donor and acceptor con- 

z ~  j , , , I centrat ion at the epitaxial  surface was determined by io-S Xsti (ATOM FRACTION) I0-4 a standard Schottky barr ier  diode technique. The net 
donor carr ier  density of an unintent ional ly  doped layer  

Fig. 2. Net donor concentrations in epltaxially grown GaP in the g r o w n  i n  p y r o l y t i c  B N  f r o m  920 ~ to 890~ was less 
absence and presence of 0.3% NH3 as function of the Si concentra- than 10 TM cm -3. Epi taxy by overcompensat ion was 
tion in the Ga melt at 890~ performed at significantly lower temperatures  (920 ~ 

825~ as compared to the range (1050~176 nor-  
drogen. The wafers were  not intent ional ly annealed, mal ly  employed for double LPE (22). We may there-  
This growth  schedule produces a total n-  and p - l aye r  fore assume that  the var ia t ion  in NA -- ND between the 
thickness of 30-40 ~m. The low tempera ture  schedule p -n  junct ion and the surface is small  because of the 
summarized in Table II provides superior surface following reasons: (~) the loss of Zn due to volat i l iza-  
morphology and perfection, tion in our dipping system is negligibly small, (it) the 

For the n+np + s t ructure  employed here (iND -- !N'A distr ibution coefficient, Cs/CL, at these tempera tures  
= 1-2 X 1017 cm-'*, NA - -  I~D ~- 1-2 X 10 ls cm-3) ,  is low, and (iii) the grown p-ep i layer  is thin (6, 23). 
LPE by overcompensat ion provides certain inherent  The N concentrations in various LPE layers were 
advantages over the normal  two-step LPE process determined by measuring the absorption of the A line 
(6, 22). It has been our experience as that  of Lor imor  at 2.310 eV at 77~ (24, 25). The results are listed in 
et al. (6) that  epilayers grown by overcompensation Table III. 

Table III 

Dif fus ion  leng'th 
(~m) ~ g r e e n  e x t  

NA -- ND [N]  G r e e n / r e d  (%) 
Run No. • l X 1018 cm -3 • 1017 cm-8 Le Lh 300~ at 4 A/cm~ 

282 - -  15 22 1.4 1,5 10 0.I 
S20-1-Si 1.2 • 10-~ 13 17 2.3 2,0 25 0.I 
319-1-Si 2.5 • 10 -5 18 15 2.0 2,9 0.07 
323-2-Mg 3.8 • 10 -3 14 16 3.1 4.9 1-5 0,II 
314-2-Mg** 6 • 10-t - -  12 - -  - -  -- 
322-1-AI 1.3 • 10 -5 12 20 2.0 3.~ -- 0.05 
327-1-A1 3.4 • 10 -5 12 20 2.4 3.0 > 7 0 0  0.03 
302-1-AI 6.4 • 10 -5 5.0 15 2.0 2.8 -- 0.03 
299-1-A1 1.9 • 10-~ 20 1.7 2.5 3.2 > 7 0 0  0.02* 
295-2-A1 3.9 X 10-~ 11 0.8 2.0 1.4 - -  0 .015" 
307-1-A1"** 1.9 • 10-~ 8.0 0.6 1.5 1.7 - -  0.02" 

* F r e e  exci ton efficiency. 
, ,  n - l a y e r  on ly .  

�9 *" No NH~ w a s  a d d e d  in  t h e  ~ s t r e a m .  
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Diode efficiency.--The external  EL quan tum effi- 
ciency of various diodes was de termined  on fabricated 
structures which had an evapora ted  contact s imilar  to 
the  o n e  described by Schumaker  et al. (26) for red 
LED's. The 20 X 20 mil  die was shaped by Jaser 
scribing, mounted  on a TO-18 header, and encapsulated 
in a high refract ive  index epoxy. Measurements  were  
then per formed at 4 A/cm~ in an integrat ing sphere 
and cross-checked (27, 28). 
Photoluminescence and optical absorption measure- 
ments.---Electroluminescent and photoluminescent  
spectra were  taken using a Spex F/7.8, 0.85 mete r  
Czerny Turne r  double monochromator  in conjunct ion 
wi th  a grat ing blazed at 1 #m. A slit width  of 500 #m 
was used corresponding to a resolut ion of 3A. Signals 
were  detected by an extended S-20 photomul t ip l ie r  
(EMI9658 AR).  This combinat ion provided a spectral  
response with  sensi t ivi ty at 18,000 cm-% a factor of 
five higher  than at 14,000 cm -1. This correction factor 
was used when estimates of the ratio of the green and 
red components  in the LED's were  made. The intensi ty 
of the red emission due to Zn-O complexes was used 
to moni tor  the re la t ive  amount  of oxygen in p -LPE 
layers. Photoluminescence in the G a P : N  samples was 
genera ted  at 77 ~ and 300~ using the 4880 or 5145A 
line of an Ar  ion laser. 
Diffusion length measurements.--The minor i ty  carr ier  
l i fet imes in green LED's were  determined by the re-  
combination t ime through the shunt path (13, 18). A 
measure  of the minor i ty  carr ier  l i fe t ime or the diffu- 
sion length  thus reflects the concentrat ion of the non-  
radia t ive  centers. We measured the diffusion length of 
epi taxial  layers near  the p -n  junct ion using a scanning 
electron microscope (SEM) (30-32). A 20 kV electron 
beam was scanned across a freshly cleaved p-n  junc-  
tion and the beam-induced  current  was recorded on a 
logari thmic p icoammeter  (Kei thley Model 26000). The 
diffusion length  in  the n - l aye r  and p- layer  is deter-  
mined f rom the slope of the straight line port ion 
s e v e r a l  micrometers  from the junct ion (82). 

Results and  Discussion 
As discussed earlier, O getters should be able to con- 

trol  the oxygen  level  in the Ga mel t  by forming very  
stable oxides and thereby  reducing the number  of 
(Zn-O) centers present  in p - type  GaP. On the other 
hand, O getters can also form stable nitrides and, 
therefore,  an excess of them could also seriously l imit  
N incorporat ion in the GaP and affect the performance  
of a green LED. In this section we present  the results 
and examine  the influence of O getters on such im-  
por tant  parameters  as: (i) the carr ier  density in GaP 
LPE layers, (it) N incorporat ion into GaP, (iii) emis- 
sion spectra, (iv) minor i ty  carr ier  diffusion lengths, 
(v) e lectroluminescent  efficiency, and (vi) ratio of 
g reen- to - red  emission. 

An important  considerat ion is the influence of O 
getters on the carr ier  concentration. Silicon, for ex-  
ample, is an n-type dopant in GaP; its incorporation 
into GaP in the absence and presence of ammonia is 
illustrated in Fig. 2. The n-epilayers were grown from 
920 ~ to 890~ in a pyrolytic BN crucible. In the pres- 
ence of NH3, the Si incorporation in GaP is reduced by 
an order of magnitude. This implies that, although the 
NHs vapor above the melt provides for an infinite 
source of N, insufficient N gets dissolved in the Ga 
during LPE to consume the unreacted Si and prevent  
Si f rom segregat ing into the LPE layer  (16). In other 
words, LPE is far  f rom being an equi l ibr ium process. 

Magnesium on the other  hand is a p - type  dopant in 
GaP. However ,  the Mg concentrat ion range used in our 
exper iments  was so low ( X M g  I ---- 1-7 X 10 -5) that  no 
noticeable effect on the net donor carr ier  density 
(ND -- NA ---- 1-2 X 1017 cm -s )  was observed. Alumi -  
num is a neutra l  dopant in GaP and did not influence 
t he  carr ier  densi ty in our samples. 

Absorpt ion measurements  on the A line at 77~ were  
made to obtain the absolute N concentrat ions as wel l  
as re la t ive  variat ions of N incorporat ion in GaP. F igure  
3 i l lustrates the influence of the A1 concentrat ion in the 
melt  on the re la t ive  absorption intensi ty at the A line. 
The background absorption peak is a measure  of ni t ro-  
gen in the 200 ~m LEC substrate and a 30 ~m thick 
LPE layer  not doped intent ional ly  wi th  nitrogen. It 
should be noted here that  the data in Fig. 3 is the 
re la t ive  transmission intensity; the measured values of 
the epi layer  thicknesses were  used to calculate ab- 
solute [N]. We note that  the N incorporat ion decreases 
with increasing A1 concentrat ion in the melt. Similar  
results were  obtained with  Mg and Si dopants. The 
results on the incorporat ion of N, as calculated f rom 
the absorption data, are tabulated in Table  III. It  is 
clear f rom this table  that  even small  quanti t ies  of 
O getters inhibit  N incorporation into the epilayer.  
Based on the chemical  reactions and thermodynamic  
calculations presented previously, and since oxides of 
getter  dopants are general ly  more stable than the 
nitrides, the above results on the N incorporat ion indi-  
cate that  the initial oxygen contaminat ion of the LPE 
system is quite low and that  N is being consumed by 
the excess O getter  in the Ga melt.  Fur thermore ,  the 
reduction of N concentrat ion is consistent wi th  the 
formation of stable nitrides of these O getters. It re -  
emphasizes the fact that  for effective O get ter ing of 
the melt  and opt imum N incorporation in GaP, only 
very  small  quanti t ies of getters are required.  

Photoluminescence spectra of LPE Iayers grown 
from O-get tered melts were  taken at 77~ The spectra 
for the Al -ge t te red  case is reproduced in Fig. 4. The 
N doping level  can also be est imated from the re la t ive  
peak intensities of excitonic recombinat ion at isolated 
substi tutional N atoms (A-O line) and nearest  neigh-  
bor pairs of N atom (NN1 line) (9). The decrease in 
N incorporation with increasing get ter  dopants is con- 
sistent wi th  the data obtained f rom the absorption 

77~ 

BACKGROUND 

275-1 
X}~,~-3.9 X |O 14 

283-2 
X~.!.- 1.9 X 10-4 

276- I 
XA~l-6.4 X I0 -5 

280-1 

2 . 4 0  2.30 2.20 

PHOTON ENERGY (eV) 

Fig. 3. Transmission spectra of A line (2.31 eV) at 77~ 30-40 
~.~m p-n layers on 200 #m LEC substrates (No. 149-34) with AI con- 
centration in melt as indicated. NH3 concentration ~0.37; .  The 
background spectrum is of an undoped epitaxial layer on the LEC 
substrate. 
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Fig. 4. Photoluminescence spectra at 77~ of p-n layers with AI 
concentrations in melt as indicated. No. 282-1 was not gettered 
with AI. With the exception of No. 307-1, NH3 concentration 
~0.3%,  p-layer concentration 1-2 • 101Scm-8, n-layer concen- 
tration 1-2 X 10ITem -3.  

measurements .  A similar  t rend was observed for epi-  
layers which had been grown from Mg- and Si -ge t -  
tered melts. 

Associated with  an increase in A1 concentration, a 
general  increase is also observed in the free exciton 
emission around 2.2 eV. Ga melts doped in excess of 
1.9 • 10 -4 atomic fraction of A1 no longer exhibi t  the 
normal  spectral features of GaP:N.  A spectrum of an 
Al -ge t t e red  run (307-1) which was not intent ional ly 
doped with N is included for comparison. The emit ted 
radiat ion is pr imar i ly  due to free exciton recombina-  
tion with a peak emission at 2.24 eV (554 rim) (8, 33- 
35). Free  exciton emission is especially dominant  in 
run 299-1-A1 (Table III) in which the measured IN] 
is only 1.7 • 101T cm -3. This suggests that  in order to 
obtain efficient green LED's with free exciton emis- 
sion, the N concentrat ion should be mainta ined below 

2 • 1017 cm-3;  this seems consistent with some 
earl ier  data of Bachrach and Lorimor  (35). A broad 
band around 1.9-2.0 eV in Fig. 4 is normal ly  associated 
with  these high Al -ge t te red  runs. The source of this 
band is not known. The emission peak (Fig. 5) is 
shifted by 0.05 eV toward higher energies relat ive to 
the peak emission of a normal  GaP :N  diode when 
operated at room temperature .  

Minori ty carr ier  diffusion lengths in GaP epilayers 
are dependent  on a number  of fac tors ,  among which 
are carr ier  density, O content, and the LPE process. We 
observed that  the carr ier -dens i ty  del~endency is con- 
sistent with results reported by Dapkus et al. (18, 36). 
We therefore  mainta ined the fol lowing structure 
throughout  our exper iments :  n+np+,  where  ND -- NA 
---- 1-2 X 101~ cm -3 a n d N A - -  ND ----- 1-2 X 10 is cm -3. 

We observed, however,  a sharp decline in diffusion 
length values whenever  LPE was per formed either at 
a high tempera ture  (1050~ by a two-step LPE proc- 
ess, or in quartz crucibles. Typical  values for Le = 
0.5-0.6 ~m and Lh = 0.7-0.8 #m were  not uncommon. 
We associated these low values to high O contamina-  
tion near the p -n  junct ion since green GaP :N  diodes 
prepared from such mater ia l  near ly  always produced 
a strong red component  due to (Zn-O) centers. 

LPE by overcompensat ion performed at a lower  tem-  
pera ture  (920~ and in an inert  crucible produced 
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Fig. 5. Electroluminescence spectra at 300~ of two p-n GaP:N 
LED's with different AI concentrations. At low AI concentration, 
bound excitonlc emission due to N is observed while at the higher 
AI concentrations free exciton emission is observed. 

epilayers wi th  significantly higher  diffusion length 
values: Le = 1.4 #m and Lh = 1.5 ~m (see Table I I I ) .  
The refinement of our LPE technique wi th  O getters 
increased the diffusion lengths still further .  This is 
consistent wi th  the recent  results of Lor imor  et al. 
(15) who report  that  del iberate addit ion of small  
amounts of oxygen to the inlet  gas produced a pro-  
nounced reduction in the quan tum efficiency and 
minor i ty  carr ier  lifetimes. 

Recent  photocapacitance measurements  on red GaP 
diodes have shown that  increased oxygen concentrat ion 
near  the p -n  junct ion decreases the efficiency of red 
diodes (37). This is in terpre ted  to be due to the pres-  
ence of oxygen- induced ki l ler  centers, which  are pos- 
sibly also effecting the green LED efficiency. 

As has been discussed earlier,  an excess of O getters 
in the melt  leads to a reduct ion in the number  of N 
centers in the GaP and to a decrease in the EL effi- 
ciency of GaP :N  diodes (Table III) .  Control led 
amounts of getter  dopants in the mel t  can, however,  
lead to opt imum N incorporat ion and an improvement  
in the EL efficiency. This is evident  when we compare 
the EL efficiency of an unget tered run (282) wi th  
l ight ly get tered runs (320 and 323) in Table  III. Al l  
three maintain  the same efficiency value (0.05% at 
4 A/cm'2). However,  diodes which had been fabricated 
f rom mater ia l  grown from highly get tered melts (299) 
no longer  produce the normal  G a P : N  spectrum. The 
efficiency values marked  with an asterisk in Table III  
are for free exciton emission. The quan tum efficiency 
of these diodes is typically a factor of five lower  than 
those of opt imally N-doped G a P : N  LED's. However ,  
the slight downshift  in the emit ted peak wavelength  
from 565 to 554 nm in these LED's (Fig. 5) makes 
these greener  free exciton diodes quite attractive. This 
change in color qual i ty  provides a 40% improvement  
in chromatic discrimination threshold in a 104 f t -L  
i l luminated background (38), and which can be filtered 
to produce improved contrast (39). 

The objective of O get ter ing was to maintain a high 
N incorporat ion and a high green EL efficiency whi le  
reducing the O concentrat ion in GaP to a level  such 
that it wil l  lead to a decrease in the red emission f rom 
the p-epilayer.  Such results are reported in Table III  
as the g reen- to - red  emission ratio in G a P : N  LED's. A 
1.5-2.5 factor in improvement  in g reen- to - red  ratio has 
been achieved for the get tered runs (320 and 323) over  
the unget tered  run  (282), while  for Al -ge t te red  runs a 
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factor in  improvement  in  excess of 70 in  green- to- red  
ratio was realized. 

Conclusions 
LPE has been performed by the overcompensation 

technique at a lower tempera ture  and in inert  crucibles. 
This technique produced epilayers for GaP :N LED's 
with EL efficiency equal to the present  state of the art  
(0.1% at 4 A/cm2).  

A problem accompanying all green GaP :N LED's is 
the red emission associated with the (Zn-O) centers in 
the p-layer.  We have presented exper imental  data 
whereby traces of O in the Ga melt  can be effectively 
gettered with either AI, Mg, or St. We have shown that  
close control of the getter concentrat ion is required 
since the getters also form stable nitrides and prevent 
high N incorporation in GaP, a necessary requirement 
for high green EL efficiency. Aluminum has an espe- 
cially strong affinity for N in the melt. Even at very 
low Al concentrations, N incorporation into the GaP 
is hindered. As a consequence, diodes from such mate- 
rial produced primarily free exciton emission of super- 
ior color contrast, but, so far, of low EL efficiency 
(0.02% at 5 A/cm3). For the n+np + structure grown 
by LPE for this study, O gettering produced improved 
minority diffusion lengths in both n- and p-layers. 
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A Comparison of Chemical Etches for Revealing 
<100> Silicon Crystal Defects 

D. G. Schimmel 

Bell Laboratories, Reading, Pennsylvania 19604 

ABSTRACT 

The Sirtl  etch is commonly used for <111> and <100>Si  crystal defect 
evaluat ion although it is known that misleading results can occur for <100>Si  
due to lack of etch pit formation. A few of the known  factors governing Si 
etching are presented for a quali tat ive approach to the unders tanding of de- 
fect etch formulations. In  particular,  the etch pit  results from the Sirtl, Secco, 
Dash, and an experimental  etchant are compared for shallow diffused struc- 
tures as well as init ial  s tart ing Si wafers. The best etch pit results were 
obtained from the Secco etch. 

The development  of etch pits which denote the 
emergence of dislocations on Si surfaces by chemical 
etching is simple and of considerable value in deter-  
mining  the degree of Si crystal perfection (1-5). Vari-  
ous factors which can influence etch pit results are 
crystal orientation, impurit ies on the defects, conduc- 
t ivi ty type, and the various substrate-diffusion com- 
binations which may change the chemical activity of 
the Si surface with respect to the etching solution. 

Historically, the we l l -known  etch formulat ions of 
Sirtl  and Dash were developed and used principal ly for 
evaluat ing the effects of crystal growing conditions on 
the resul tant  crystal perfection. Today, however, chem- 
ical etching to produce etch pits at crystal defects has 
been extended to the evaluat ion of wafers at various 
stages of processing. The extended use of chemical 
etching to Si devices containing p -n  junct ions creates 
additional conditions for the etch reaction which, for 
the most part, enhances the defect etch rate. 

Factors Influencing Etching of Si Defects 
The basic reactions in the dissolution of a Si surface 

are an oxidation of the Si followed by removal  of the 
oxide with HF. In  order to delineate a crystal defect 
as an etch pit, the defect area must  be oxidized and 
removed at a faster rate than the surrounding area. 
If HF is in excess in  the etching solution, the oxide is 
removed as fast as it forms. Under  this condition then, 
the del ineat ion of the defect will be determined by the 
oxidation rate differential; i.e., etch rate differential, 
between the defect and surrounding areas. A logical 
approach to accentuate this etch rate differential be-  
tween the defect site and surrounding surface is to 
slow down the solution etch rate. This is par t icular ly  
per t inent  for (100)St surfaces which are known to 
etch at a faster rate than ( l l l ) S i  surfaces. Since many  
of the commonly used Si etches consist of various 
HNO3-HF combinations (6, 7), it is of interest  to briefly 

K e y  w o r d s :  d i s l oca t i ons ,  i on  i m p l a n t ,  s i l i con  i n t e g r a t e d  c i r cu i t s .  

review the oxidizing properties of HNOs. In  solution, 
HNO3 can act either as a reducing agent (acid) or an 
oxidizing agent (base), depending on the solvent sys- 
tem. For example, HNO~ in  water  as the solvent is an 
acid, but it is a strong oxidizing agent in HF as the 
solvent (8). Thus, even very small  quanti t ies of HNO3 
in HF would promote etching of St. By doing so, pref-  
erential  etching of the defect may result. 

In  addition, Brat ta in  and Garret t  determined the fol- 
lowing relationships between an electrolyte and a 
semiconductor surface (9): (L) Holes are required for 
an oxidation process. (it) Hole-electron pairs are gen- 
erated by surface i l lumination.  (iii) The effect of light 
on the major i ty  carrier density is not very great but  it 
is possible for a large relat ive change in the density of 
minor i ty  carriers to occur. Thus, the effect of light on 
the electrode potential  for a p- type anode (oxidation 
electrode) is small; but  for an n- type  anode, it is 
ra ther  large. 

The formulat ion of an experimental  preferential  de- 
fect etchant was predicated on the factors which influ- 
ence etching as presented in the preceding paragraphs. 
The in tent  was to keep the etch formulat ion simple, 
using only HF and HNO3, and thereby determine if 
the approach presented to defect etching was valid. A 
few survey experiments were performed to determine 
the HNO3 concentrat ion necessary to.produce etch pits 
at defects on (100) surfaces. The resul tant  exper imen-  
tal etch formulat ion is labeled the "Schimmel" etch 
and is included in  Table I. Because of the lower etch 
rate, the al ternate  Secco etch formulat ion was used for 
the present  comparison. For comparison, the etch for- 
mulat ions in Table I are presented as ratios with the 
last column listing the mequiv. (mil l i -equivalents)  of 
oxidizing agent for each etch formulation. This enables 
a direct comparison of oxidizing agent present in the 
various etch formulat ions and will be considered in 
more detail in the Discussion section. 

Table [. Comparison of Sirtl, Secco, Dash, and Schimmel etch 
formulations 

M o l e s / c m  3 M e q u i v .  
E t c h  F o r m u l a  o x i d i z i n g  a g e n t  o x i d i z i n g  a g e n t  E t c h  r a t e  

S i r t l  H F : C r O 3  (5M) 2.5 X 10 -a 7.5 X 10 -8 N o n l i n e a r  
I : I  ~ 3 . 5  # / m i n  

S e c c o  ttF:K2Cr_~O7 (0.15M) 5 • 10 ~s 3 • 10-~ 1.5 # / m i n  w i t h  u l t r a s o n i c  a g i t a t i o n  
2:1 

A l t e r n a t e  S e c c o  HF:CrO~  (0 .15M))  5 x 10 -5 1.5 x 10 -~ ~ 1  /~/min w i t h  u l t r a s o n i c  a g i t a t i o n  
2:1 

D a s h  H F : H N O 3 : H A c *  3.4 • 10 -a 3.4 x 10 -~ N o n l i n e a r  
1 :3 :10  ~ 0 . 1  # / m i n  w i t h  l i g h t  n - s u b s t r a t e  

S c h i m r n e l  H F : H N O 3  1 • 10 -~ 1 X 10-~ N o n l i n e a r  
155:1"* ~ 1 . 8  # / r a i n  w i t h  l i g h t  n - s u b s t r a t e  

* A b b r e v i a t i o n ,  u s e d  f o r  CH~COOH, a c e t i c  a c i d .  
"* Ra t io  is e q u i v a l e n t  to 0 .1N t tNO3 w i t h  H F  as  t h e  d i l u e n t  b a s e d  on conc HNO~ = 15.6N. H F  conc  = 28 .9N (49%) .  

734 
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Comparison of Etch Results 
ExperimentaI.--Whenever possible, test sample sub-  

strates were scribed and broken into four pieces (one 
f o r  each etch solution) to facilitate the comparison of 
the etch results. Regardless of any test sample proc- 
essing just  prior to etching all samples were im-  
mersed in conc HF followed by an overflow deionized 
water r inse.  The etching t ime for the Sirtl  etch was 
kept constant  at 11/4 min  while the etching times for 
the other etches varied from 1 to 10 min, depending on 
the sample being etched. The times for each etch are 
noted in  the figure captions. In  order to minimize sur-  
face roughness artifacts due to bubble  formation with 
the Secco etch, ul trasonic agitat ion was used and re-  
sul ted in shorter  etching times also. 

It  was found that sample surface i l lumination,  as in-  
dicated in  the preceding section, did enhance the etch- 
ing of defects in  some instances, but  only for the 
clear (not colored) etching solutions of Dash and 
Schimmel. However, the combinat ion of etch solu- 
t ion (Dash as well as Schimmel etches) and surface 
i l luminat ion  resulted in  s taining the Si surface. The 
stain was readi ly removed with a solution of 1 par t  
conc NH4OH and 4 parts water  in about  1 min  which 

did not  appear to change the Si surface topography. 
Ultrasonic agitat ion also aids in the s tain removal.  

Etch compar~son.--In general, it is possible to tell  
from the appearance of the various etch pits if they are 
shallow or deep defects. Usually by  re-etching for a 
longer time, the shallow defects will  slowly disappear. 
It should be noted that  the results shown in  the fol- 
lowing etch pit comparison photographs have been 
substant iated by numerous  subsequent  etching samples. 

n- and p-Type starting wafers.--For n-  and p- type  
wafers, both the Dash and Schimmel etches were un-  
satisfactory due to vi r tual ly  no etch pit formation for 
short etching times. The effect of extended etch t ime 
was not  pursued. As seen in  Fig. 1, dislocation etch pits 
denoting dislocations into the bu lk  were formed by 
both the Sirtl  and Secco etches on n -  and p-wafers.  
It is quite clear from the photographs that the Secco 
etch pits are larger and easier to distinguish. Also, 
saucer pits denoting possible nucleat ion sites for fu-  
ture oxidat ion-induced stacking faults are evident  in  
the Secco etched samples, both n -  and p-type,  but  
not in the Sirtl  etched samples. The line type etch 
results for the Sirtl  etched n - type  substrate could be 

Fig. 1. n- and p-starting wafers 
with Sirtl etch (1�88 rain) and 
Secco etch (5 min). 
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either  dislocations or etching artifacts while  those of 
the Secco etched sample are probably crystal defects 
because of the etched surfaces. In  actdition, the Sirtl  
etch pit formation on the p- type  wafer in par t icular  
is less dense than  that of the Secco etch. Consequently,  
the Sirtl  etch results imply a lower defect density 
than is shown to exist by the Secco etch. This is also 
substant iated by copper decoration and will  be de- 
scribed in a later  section. Thus for both n-  and p -wa-  
fers, the Secco etch appears best. 

Oxidized wa]ers.--The wafers used in  this series of 
experiments were steam oxidized at 1050~ for 2 hr. 
Just  prior to etching, the oxide was removed in conc 
HF. 

n-Type. The Dash and Schimmel etches again were 
unsatisfactory for the oxidized n- type  wafers due to 
vi r tual ly  no etch pit formation. The effect of extended 
etching time again was not pursued. The Sirtl  etch 
produced stacking fault  and dislocation etch pits and 
some mounds, which were well distr ibuted across the 
wafer. Wel l -dis t r ibuted and somewhat larger stacking 
fault  and dislocation etch pits were produced by the 
Secco etch. While there is little difference in etch pit 
dis tr ibution between the Sirt l  and Secco etches, the 

Secco is preferred because of the larger etch pit for-  
mat ion  and because the Sirtl  etch also produced 
mounds which may or may not be relevant  to crystal 
defects (1, 4). 

p-Type.--It was found that for an oxidized p-wafer, 
surface i l luminat ion  during the Dash etch apparent ly 
inhibited etch pit formation on the Syton-polished sur-  
face. The reason for this is not known. Thus, surface 
i l luminat ion  was only used for the Schimmel etch and 
not the Dash etch. 

The oxidat ion-induced stacking fault  and dislocation 
etch pits formed by the Sirtl, Secco, Dash, and Schim- 
reel etches are shown in  Fig. 2 for an oxidized p- type 
substrate. The most well-defined and crystallographic- 
oriented stacking fault  etch pits were produced by the 
Dash etch. However, these defects were found only in 
a few small isolated areas across the sample. While the 
stacking fault  and dislocation etch pits formed by the 
Sirtl  and Schimmel etches were easily seen, their  
density and dis tr ibut ion across the wafer were not 
equal to those from the Secco etch. Fewer dislocations 
and oxidat ion-induced stacking faults were revealed 
than actually exist as verified by the consistent results 
of other etch samples. The validity of the Secco etch 

Fig. 2. p-wafer with 2 hr, 
1050~ steam oxidation. Sirtl 
etch, 1 ~ min; Secco etch, 5 min; 
Dash etch, 5 mln with no added 
illumination; Schimmel etch, 1 ~  
min with surface illumination. 
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pit results was established by the Cu decoration 
method and  shown in  the next  section. 

Correlation be tween  Secco etch pits and d~sloca- 
t ions . - -A  simple method for observing defects wi th in  
the bu lk  of a Si substrate is by Cu decorating the dis- 
loc.ation and viewing it by  infrared transmission (3). 
Slip dislocations were created in an n - type  substrate 
by a 30 min, 1000~ Ar atmosphere furnace t rea tment  
with a moderate quench (1000 ~ to ~600:C in ~5 sec) 
withdrawal.  The wafer was then Secco-etched to re-  
veal the dislocations generated by the heat- t reatment .  
The front  of the wafer was protected and the back side 
chemically polished to facilitate viewing with the in-  
frared transmission microscope. Immediate ly  after the 
chemical polish, a th in  film of Cu was deposited from 
dilute HF onto the back side of the wafer. After  clean- 
ing the wafer  to remove the front  protection, the Cu 
was diffused in at 1000~ in Ar for 30 rain. 

']?he top left photograph of Fig. 3 i l lustrates the etch 
pits formed originally by the Secco etch after the above 
furnace quench t reatment .  The top r igh t -hand  side of 
Fig. 3 shows the picture of infrared transmission 
through the wafer after Cu diffusion. The Cu decorated 
dislocations trai l ing down from the etch pits can be 
readi ly seen. The higher magnification photograph at 

the bottom of Fig. 3 shows the Cu decorated dislocation 
in greater detail  as well as other near  surface l ine de-  
fects. The focus in  this picture is essentially at the sur-  
face of the wafer. It  should be noted that the somewhat 
mottled background of the lower magnification inf ra-  
red transmission photograph is due to back surface 
roughness remaining  after the chemical polish. 

From the photographs of Fig. 3, it can be seen that 
the Secco etch pits do form at dislocations, thus the 
validity of Secco etch pit results is confirmed. Since the 
Cu was deposited only onto the back side of the wafer, 
the Cu decorated "tail" was not generated from the 
etch pit by Cu diffusing from the front. 

Implanted B base and POCI3 d isused  emi t t e r . - -De-  
fects result  from the dr ive- in  step following a boron 
implant.  Base dopant introduced by implan t ing  boron 
which is subsequent ly  dr iven in  at 1150~ in 100% O~ 
and then oxidized in steam at 1050~ is an excellent 
test vehicle to demonstate the differences in etching re-  
sults of the various etch formulations. This damage es- 
sential ly remains unchanged after the emit ter  diffusion 
which consists of a POC13 deposition and drive-in.  Fig-  
ure 4 il lustrates these process-induced defects after 
both emit ter  and base operations. Referring to Fig. 4, all  
four etch formulations result  in  some degree of etching 

Fig. 3. Top left photograph is 
of slip dislocation etch pits after 
Secco etch (10 min). Top right is 
an infrared transmission photo- 
graph of Seeco etched sample 
after Cu decoration. Bottom 
photograph is a higher magnifi- 
cation infrared transmission 
photograph of Cu decorated dis- 
location. 
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Fig. 4. Etchant comparisons 
for n-epi with implanted B-base 
and P (POCI3 source) diffused 
emitter. Sirtl etch, 11A rnin; 
Secco etch, 2 min; Dash etch, 2 
min with surface illumination; 
Schimmel etch, 1 min with sur- 
face illumination. 

in both the base and emi t te r  areas. However,  the best 
detail  is found in both the Secco etch and Schimmel  
etch. Line defects (crystal lographical ly  oriented) are 
readi ly  seen on the sample wi th  the Schimmel  etch in 
the base area. Some of these line defects, p resumably  
misfit dislocations, can be seen to extend through the 
emi t te r -base  junct ion edges. Also quite visible are dis- 
location etch pits in the surrounding epi surface. Es- 
sent ial ly the same results are evident  f rom the Secco 
etch with  the exception that  circular or ell iptical etch 
pit  forms are in the B- implan ted  area ra ther  than the 
line type probably due to a faster etch rate than the 
Schimmel  etch. The p r imary  difficulty with the Secco 
etch in this instance is a tendency to overetch in the 
act ive areas. This can be compensated for by reducing 
the etch t ime f rom 2 to 1 min. The Dash etch and 
Sir t l  etch both indicate defects in the active regions, 
but not as dist inctly as wi th  the Secco and Schimmel  
etches. The biggest drawback to the use of the SJrtl 
etch, as seen in Fig, 4, is the lack of dislocation etch 
pit  format ion in the substrate (or epi) areas which 
leads to a wrong conclusion; i.e., that  no dislocations 
are present  in these areas. 

POCI.~ dif]used in n-substrates.--Figure 5 shows the 
etch pit  format ion on P diffused from POCI~ into an 

n-substrate.  Again, the absence of dislocation etch pits 
at the intercepts of the long line defects must  be noted 
for the Sirtl  etch. While the Dash etch denotes disloca- 
tions at the intercepts of the l ine defects by v i r tue  of 
rec tangular  etch pits, the Secco etch gives more in-  
format ion on the initial direction of the dislocations 
into the substrate f rom the etch pit shape and depth. 
The Secco etch is the first choice in this case wi th  the 
Dash etch a close second. 

Boron into p-substrate.--In this section, the sample 
used for the etching comparison was a p - type  substrate 
wi th  boron implanted-diffused areas. It should be noted 
that  the previous n-substra te  and n-epi  samples etched 
with  the Dash and Schimmel  etches for the etching 
times used, requi red  sample i l luminat ion for etch pits 
to develop. With p-substrates,  however,  the Schimmel  
etch with i l luminat ion created excessive etching of the 
boron implanted areas. Consequently,  the use of the 
Schimmel  etch on p-substrates  containing p-n  junc-  
tions is done with  room i l luminat ion only. Conversely, 
the Dash etch not only requires  sample i l luminat ion 
to promote  etch pit formation with p-substrates  con- 
taining junctions, but  an extended etch t ime as wel l  
(increased f rom 2 to 5 rain).  



Vol. 123, No. 5 C O M P A R I S O N  OF C H E M I C A L  E T C H E S  739 

Fig. 5. Etchant comparisons 
for n-substrate with diffused P 
(POCI3 source). Sirtl etch, 1~  
min; Secco etch, 10 min; Dash 
etch, 2 rain with surface illumin- 
ation; Schimmel etch, 1 rain with 
surface illumination. 

Three of the four  pictures in Fig. 6 are typical ex-  
amples of etch pit format ion of probable misfit dislo- 
cations for boron implants  f rom the Secco, Dash, and 
Schimmel  etches. The Sirt l  etch has the poorest  etch 
figure development .  When considering the implanted 
B, the Secco, Schimmel,  and Dash etches are all equi-  
valent  in etch results. 

An  i l lustrat ion of the large  effect that  sample i l -  
luminat ion can have on the format ion of etch pits at 
defect sites is shown in Fig. 7. The photo on the left  
shows the etch pit format ion with  a 5 rain Dash etch 
without  sample i l lumination. The photo on the right is 
a sample from the same substrate, etched for the same 
length of t ime except  with the sample i l luminated with  
a microscope l ight during etching. 

Discussion 
Referr ing  to Table I, it is shown that the Sir t l  etch 

(2) contains the greatest  amount  of oxidizing agent, 
7.5 X 10 -3 mequiv,  or equ iv . / cm 3. This etchant works 
best on (111) surfaces which, as noted earlier, have a 
lower  etch ra te  than (100) surfaces. Two distinct 
characteristics of this etch solution are: etch pit shapes 
are mostly determined by crystal lographic orientation, 
and re la t ively  short etching times in the order of 30 
sec to 5 min. The  Sir t l  etch is definitely a preferent ia l  

etch which is very  widely  used to de termine  disloca- 
tions in Si crystals. However ,  Hallas and Mendel (1) 
showed that mounds ra ther  than etch pits form at dis- 
locations on (100) surfaces, and difficulties in in ter -  
pret ing etch pit results may occur. These mounds are 
not necessarily re la ted to dislocations with respect to 
(100) surfaces. Thus, the Sirt l  etch specified as an 
ASTM test, F47-70, is applicable only to (111) surfaces. 
As was seen in the etch pit comparison figures, mis-  
leading informat ion can result  because of a lack of 
etch pit format ion on (100) surfaces. 

The Secco etch was formula ted  by F. Secco d 'Ara-  
gona and published in 1972 for grown crystal eva lua-  
tions. It is essentially a modification of the Sirt l  etch. 
The oxidizing agent, chromium (VI),  concentrat ion has 
been significantly reduced with  an accompanying in-  
crease in HF. The etch pit results differ from the Sir t l  
etch in two ways. First, it is an isotropic etch in that  
dislocation etch pits form on surfaces of any or ienta-  
tion; and second, the etch pit shape is not necessarily 
determined by crystal symmet ry  alone, but  also de te r -  
mined by the direct ion of the dislocation near  the 
surface. Thus, the pits are pr incipal ly  circular  or  e l -  
liptical. 

It is interest ing to note that the reduct ion in oxidiz-  
ing agent concentrat ion results in a significant decrease 
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Fig. 6. Etchant comparisons 
for p-substrate with a B implant- 
ed-diffused layer. Sirtl etch, 
1~ min; Secco etch, 2 min; 
Dash etch, $ min with surface il- 
lumination; Schimmel etch, 1V2 
rain without added surface illu- 
mination. 

in etch rate. In Table  I there are two Secco etch for-  
mulations listed. The first formulat ion is the original  
published Secco etch and has a 1.5 n /min  etch rate 
when used wi th  ultrasonic agitation. This formulat ion 
etches at a sl ightly higher rate than the al ternate  
formula t ion  using 0.15M CrO3. Here  the chromium 
(VI) containing ion concentrat ion is reduced to 1.5 • 
10 -4 mequiv,  with an accompanying reduct ion in etch 
rate. 

The Dash etch (3), at first glance, appears to con- 
tradict  the facts as developed thus far. Even though it 
has an oxidizing agent concentrat ion near ly  that  of the 
Sir t l  etch, 3.4 • 10 -~ mequiv,  vs. 7.5 • 10 -~ mequiv.  
for Sirtl, it is considered to be an isotropic etch. Even 
the etch rate is lower than would be expected f rom 
this concentrat ion of HNOs. Obviously, this anomalous 
behavior  is due to the use of acetic acid as the diluent, 
which reduces the oxidizing capabil i ty of the HNO~ to 
less than that  indicated. Because the HF is not in ex-  
cess, the react ion of HF on the oxide is also probably 
diffusion limited. While the Dash etch is isotropic, its 
widespread use has been deterred by reported long 
etch times (in the order of hours) requi red  for sub- 
s t rate  crystals (1, 3). Drum and Van Gelder, however,  
reported etch pit  results on wafers with a 5 min etch 

t ime (10). It was also shown earl ier  that  etch pit  de- 
ve lopment  is great ly  enhanced for the Dash etch in 
some instances by strong i l luminat ion (focused micro-  
scope light) and also by the presence of p -n  junctions. 

The Schimmel  etch formula t ion  was the result  of an 
empirical  approach to Si defect etching and it was de- 
veloped to test the proposed mechanism. It is interest-  
ing to note that  the HNO3 concentrat ion determined 
exper imenta l ly  is quite close to the oxidizing agent 
concentrat ion of the other etches. The etch pit shape 
appears to be influenced by crystal lographic or ienta-  
tion to a greater  degree than the Dash or Secco etches. 
The main drawback of this etch formula t ion  is the 
rough surface which results f rom gas bubble format ion 
during etching. The use of ultrasonic agitat ion to al- 
leviate  this condition was not completely  satisfactory. 
While the surface roughness diminishes the aesthetic 
qualities of appearance, the etch pit figures are readily 
discernible. It should be noted that the use of surface 
i l luminat ion and the presence of p -n  junctions also 
great ly  enhanced etch pit  format ion by the Schimmel  
etch. 

Conclusions 
Preferent ia l  chemical etching of Si surfaces is a fast 

and reliable method for determining the effects of 
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Fig, 7. Same sample as Fig. 6 
to demonstrate effect of surface 
illumination during etching. Left 
photograph is Dash etch, 5 rain 
without surface illumination. 
Right photograph is Dash etch, 
5 min with surface illumination. 

processing on Si crystal perfection. In  order to avoid 
misleading etch results for (100)Si surfaces in par-  
ticular, the proper choice of etch formulat ion is im-  
portant. It has been demonstrated that for the Si sam- 
ple conditions of interest  in SIC, the al ternate Secco 
etch formulat ion produces acceptable etch pit results 
for the widest range of <100>Si  substrate and shallow 
junc t ion  combinations. In  most instances for (100)St 
surfaces, the SirtI etch does not produce the best pos- 

Table II. Recommended etch formulations for <~100~ Si 
Code :  1, R e c o m m e n d e d ;  2, A c c e p t a b l e ;  3, M a r g i n a l ;  

N,  N o t  r e c o m m e n d e d ;  ~L), S u r f a c e  i l l u m i n a t i o n .  

E t c h  

T e s t  s a m p l e  S i r t l  Secco  D a s h  S c h i m m e l  

P l a i n  s u b s t r a t e s  (n  + p )  2-3 1 N N 
Oxidized n - s u b s t r a t e  2 1 N N 
O x i d i z e d  p - s u b s t r a t e  2 1 3 -N  2 (L)  
n-Substrate  or  n - e p i  w i t h  

irnpl,  d i f f u s e d  b o r o n  3 1 2 t L )  1-2(L)  
n - S u b s t r a t e  or  n - e p i  w i t h  

P d i f f u s e d  (POCI,~ sou rce )  3 1 2 t L )  31L) 
p-Substrate  w i t h  i m p L  d i f -  

fusect o~ron 2-3 1 I~L) 1 

E t c h  F o r m u l a  

Sirtl :HF:CrO~ (5M) 
1:1 

A l t e r n a t e  Secco H F : C r O ~  (0.15M) 
2:1 

D a s h  H F : H N O , ~ : H A e  (ace t ic  ac id)  
1 :3 :10  

S e h i m m e l  H F :  HNOa 
155:1 

sible results and may even result  in misleading con- 
clusions in specific instances where etch pits are not 
formed. The recommended etch formulat ions for var i -  
ous combinations of <100>Si  substrates and junct ions 
are presented in Table II. 

Manuscript  submit ted Aug. 29, 1975; revised manu-  
script received Dec. 29, 1975. This  was Paper  183 pre-  
sented at the Dallas, Texas, Meeting of the Society, 
Oct. 5-9, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be pub.ished in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs of this article were partially assist- 
ed by Bell Laboratories. 
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Emitter Dip Effect by Low Temperature Heat-Treatment 
of Arsenic-Diffused Layer 
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ABSTRACT 

When arsenic is used as the emitter  diffusant in a n - p - n  silicon transistor, 
it is well  known that the emitter dip effect is not observed. However, it was 
found that the diffusion of boron undernea th  the arsenic emitter  was ac- 
celerated dur ing hea t - t rea tment  at 500~176 This phenomenon is related 
to abnormal  behavior of arsenic in silicon. The diffusion of arsenic is en-  
hanced by such treatment.  The anomalous diffusion of arsenic depends on 
t rea tment  time, and is remarkable  in  the beginning of the treatment.  The dif- 
fusivity is extremely large in comparison with the normal  one extrapolated 
from high temperature  data. It is considered that this anomaly is caused by 
the generat ion of excess vacancies dur ing such treatment .  The emitter  dip 
effect is also caused by these excess vacancies during hea t - t rea tment  at rela-  
t ively low temperature.  

Arsenic is general ly  used as the emitter  diffusant for 
a microwave n - p - n  silicon transistor. The arsenic emi t -  
ter avoids the emit ter  dip effect, and the carrier profile 
is suitable in  comparison with phosphorus. The co- 
valent  radius of arsenic is near ly  equal to that of sili- 
con. Therefore, the lattice s t ra in  is considerably re-  
duced as compared to phosphorus. 

However, the authors (1) reported that the diffusion 
of arsenic was accelerated by low tempera ture  heat-  
t rea tment  and that this caused the emitter  dip effect. 
Such a phenomenon may be due to the excess vacancies 
formed dur ing  these treatments.  Large decreases in the 
conductivity of arsenic-doped silicon during 500~176 
heat - t rea tments  were reported by Schwenker et al. (2). 
They suggested that the effect was due to the forma- 
tion of As-As clusters. Miyamoto et al (3) also re-  
ported using the x - r ay  double crystal diffraction tech- 
nique that  the lattice constant of the arsenic-doped 
silicon was increased after hea t - t rea tment  at low tem- 
perature. They explained that this lattice expansion 
and the increase of resist ivity were due to arsenic atom 
precipitat ion and SiAs formation. Osvenskii et al. (4) 
made an electron microscopic invest igat ion of the 
s t ructure  of silicon single crystals doped with arsenic 
to a concentrat ion of 5 • 1020 cm-S and observed the 
formation of prismatic dislocation loops during an-  
neal ing at 800~ They concluded that the observed 
dislocation loops were formed by the decrease of a 
solid solution of arsenic in silicon. Furthermore,  Haskell 
et al. (5) investigated the channel ing measurements  in 
arsenic-doped silicon using a He + ion backscattering 
technique, and both silicon- and arsenic-al igned yields 
increased in  the arsenic-diffused samples during low 
temperature  annealing.  They suggested the model of 
the formation of the complex on subst i tut ional  lattice 
sites. 

Arsenic, which is a relat ively normal  diffusant in 
silicon at high temperature,  shows the complicated be- 
havior described above by low temperature  annealing.  

In  this paper, the emit ter  dip effect in a n - p - n  t r an-  
sistor using arsenic for the emi t te r  impur i ty  by low 
temperature  hea t - t rea tments  is reported. The previous 
paper (1) suggested that such emitter dip effect was 
due to the anomalous diffusion of arsenic. First, the 
anomalous diffusion of arsenic is investigated in detail 
and the relat ion be tween the anomalous diffusion of 
arsenic and the emit ter  dip effect is studied. Finally, 
the influence of such t reatments  on the electrical char- 
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Key words:  emitter  dip effect,  enhanced diffusion, arsenic diffu- 

sion. 

acteristic of the silicon devices is examined with the 
junct ion field effect transistor (JFET).  From these ex- 
per imental  results, the mechanism of this emitter  dip 
effect is discussed. 

Experimental 
In  the case of singly diffused structures, arsenic was 

diffused in  silicon from an arsenosilicate glass. The 
glasses were deposited onto p- type  1-2 ohm-cm (111) 
oriented epitaxial silicon wafers by the reaction of 
silane, arsine, and oxygen at 450~ The thickness of 
the glass was about 1000A. The diffusion was carried 
out at 1000~ in  an atmosphere of N2 and 02 mixture.  
The arsenic surface concentrat ion was varied by 
changing the arsenic content in the glasses. 

In  doubly diffused structures, boron was first diffused 
into n - type  0.4-0.6 ohm-cm (111) oriented epitaxial  
silicon wafers with a boron ni tr ide source at 900~ for 
30 min and oxidized in wet 02 at 950~ for 60 rain. The 
silicon dioxide grown during the oxidation was re- 
moved by hydrofluoric acid. Then, arsenic was diffused 
into the boron-diffused layer  by the same way de- 
scribed above. The glass was removed by hydrofluoric 
acid before low tempera ture  heat- t reatment .  The low 
temperature  hea t - t rea tments  were carried out at 500 ~ 
800~ in N2. 

The carrier concentrat ion profiles were determined 
using the anodic oxidation-resist ivi ty technique and 
Irvin 's  data (6). Junct ion  depths were confirmed by 
the thermal  probe method. 

The diffusion coefficient of the boron base under -  
neath the arsenic emitter during low temperature  heat-  
t rea tment  was calculated by the following procedure. 
It is assumed that the diffusivity of the boron-base im- 
pur i ty  is not affected by an in ternal  electric field (7, 8) 
or other interact ion between impur i ty  and carrier (9). 
The base impur i ty  profile is approximated by comple- 
menta ry  error funct ion during the heat- t reatment .  The 
base-collector junct ion  depth (xj) is given by 

xj 2 ---- 4 (Dlh  -~ Djt2 -~- D3~){er fc- l (Cb/Cs)}  2 [1] 

where D1, D2, and D3 are the diffusion coefficient of 
boron dur ing the base diffusion, the emitter  diffusion, 
and the subsequent  low temperature  heat- t reatment ,  
respectively; tl and t2 are the diffusion times of init ial  
base and emitter;  t is the hea t - t rea tment  time, and Cb 
and Cs are the bulk concentrat ion and the surface con- 
centration of the base. The velocity of increase in  the 
junct ion  depth is given by 

dx j /d t  .~ 2{erfc -1 (Cb/Cs) }Jxj-1D3 [2] 

742 
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When the increase in the junct ion  depth (Axj) dur ing  
the hea t - t r ea tment  for ,~T is sufficiently smaller  than 
the xj, Axj is given by 

~xj - -  2{erfc -1 (Cb/Cs) }2xj-1D3~T [3] 

The similar  assumption is used in  determining the dif-  
fusion coefficient of the amount  of dip in  the phos- 
phorus-boron system by Nakamura  et al. (10). The 
diffusion coefficient can be determined from Eq. [3]. 

In  order to examine the influence of arsenic during 
low tempera ture  hea t - t rea tment  on silicon devices, 
JFET's  were fabricated; gate length  and width were 
20 and 70 ~m, respectively. The current  between source 
and drain  in  a JFET is restricted to the region beneath 
the deplet ion layer  boundary�9 The saturat ion current  
at pinch-off on the dra in  side was measured before and 
af~.er hea t - t rea tment .  

Results 
The anomaly o~ arsenic during tow temperature heat- 

treatment.--The typical change in  carrier profiles in  
the arsenic-diffused layers by low temperature  heat-  
t rea tment  is shown in Fig. 1. The following phenomena 
have already been reported in  a previous paper  (1). 
The carrier  concentrat ion of arsenic decreased dur ing 
hea t - t rea tment  at 700~ and this decrease occurred at 
first from the surface. Fur thermore,  the junct ion  depth 
increased, and its increase was remarkable  in the be- 
g inning  of the treatment�9 

In  Fig. 1, ]unct ion depths are increased considerably 
even at 500~ The carrier  concentrat ion near  the sur-  
face decreases, and tails in  the low concentrat ion re-  
gion. The decrease in carrier concentrat ion is not due 
to the out-diffusion because the recovery of carrier 
concentrat ion was observed when the sample was 
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heated once more at the ini t ial  diffusion temperature  
after low tempera ture  hea t - t rea tment  as shown in 
Fig. 2. 

The change in  the sheet resist ivi ty is shown in  Fig. 
3(a) as a funct ion of hea t - t rea tment  time and tem- 
perature.  The sheet resist ivi ty increases rapidly  in the 
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beginning of the hea t - t rea tment  and approaches the 
equi l ibr ium value at long times. As the hea t - t rea tment  
temperature  increases, its equi l ibr ium value decreases. 
The increase in the sheet resistivity at 600~ is not 
rapid, and its equi l ibr ium value is not at tained in the 
range of the t rea tment  t ime in  this experiment.  This 
agrees with the result  of Schwenker  et al. (2). On the 
other hand, the junct ion  depths were increased greatly 
during such treatment.  The increase in the junct ion 
depth (hxj) is shown in  Fig. 3 (b).  In  the same figure, 
the calculated values of hxj, using the diffusion coeffi- 
cient of arsenic extrapolated from high temperature  
data (11) and considering the effect of in te rna l  electric 
field and variat ion of equi l ibr ium vacancy concentra-  
t ion (12, 13), are also shown. The exper imental  results 
are considerably larger than  the calculated values, hxj 
increases rapidly in  the beginning of the heat - t rea t -  
ment, and increases hardly at all over long times. These 
changes have the same tendency as that of the sheet 
resistivity. 

In  the above experiments,  the carrier concentrat ion 
in  the arsenic-diffused layer  before low temperature  
hea t - t rea tment  was 2.4 • 10 .20 cm -3. This anomalous 
diffusion depends on the arsenic concentration. Sam- 
ples with a varying surface concentrat ion with junct ion  
depths 1000-1500A were treated at 600~ for 45 hr. In  
Fig. 4, the increase in  the junc t ion  depth (• is shown 
as a funct ion of the arsenic surface concentration. The 
dependence on arsenic concentrat ion is remarkable,  and 
this enhanced diffusion could not be observed for the 
arsenic surface concentrat ion below 1 • 1020 cm -3. 

The emitter dip eFect during low temperature heat- 
treatment.--In the case of the n - p - n  transistor, a s tudy 
was made to determine whether  the abnormal  be-  
havior of arsenic ment ioned above affected the boron 
base layer undernea th  the arsenic emitter. The surface 
concentrat ion of boron for base impur i ty  before the 
arsenic diffusion is 8 • 10 TM cm -8. Typical carrier 
profiles before and after low temperature  hea t - t rea t -  
men t  are shown in Fig. 5. The emit ter-base and base- 
collector junc t ion  depths before hea t - t rea tment  were 
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1000 and 3000A, respectively. When the boron-diffused 
layer  without the arsenic emitter  was treated at such 
conditions, its carrier profile was not changed. On the 
other hand, the diffusion of boron undernea th  the 
arsenic emitter  is extremely enhanced at relat ively low 
temperature.  The base-collector junct ion  depth was 
increased from 3000 to 4900A by hea t - t rea tment  at 
500~ for 336 hr. The diffusion of arsenic is enhanced 
in the low concentrat ion region, as shown in Fig. 1. 
Therefore, in  this structure,  the increases in  the emit-  
ter-base junct ion depths could be hardly  observed be- 
cause of the compensation with the base impurity.  

When the heat - t rea tments  are carried out for 24 hr, 
the effective diffusion coefficient of boron undernea th  
the arsenic emitter  is plotted in Fig. 6 as a funct ion of 
temperature.  The diffusivity of boron dur ing  the heat-  
t rea tment  depends on the time, and therefore, the dif- 
fusion coefficient is a funct ion of time. However, Deft 
shown in  Fig. 6 was calculated on the assumption that 
the diffusion coefficient was constant during the heat-  
t rea tment  for 24 hr. This Deft, which is the "average" 
effective diffusion coefficient, is larger in the beginning 
of the heat- t reatment .  In  Fig. 6, these values are not 
changed much by temperature,  and are max imum at 
about 600~ They are much larger than  the normal  
value extrapolated from the high tempera ture  data 
(14). This emit ter  dip effect may be due to the ab- 
normal  behavior  of arsenic dur ing low tempera ture  
heat- t reatment .  In  Fig. 3, the increases in  the junct ion  
depths of arsenic during the hea t - t rea tment  are much 
larger than the values which are considered the effect 
of an  in te rna l  field and equi l ibr ium vacancy concen- 
t ra t ion (12, 13). Furthermore,  their  increases occur in 
the low concentrat ion region, as shown in  Fig. 1. As- 
suming that the arsenic profile is a complementary 
error function, the "average" effective diffusion coeffi- 
cients of arsenic in the singly diffused samples were 
determined from the same procedure as for boron. This 
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result  is also plotted in  Fig. 6. The value extrapolated 
from Ful ler ' s  data (15) which were determined by 
complementary  error funct ion is also shown in  Fig. 6. 
The diffusivity of boron undernea th  the arsenic emitter 
has the same tendency as that  of arsenic. 

The influence of low temperature heat-treatment on 
the JFET.--I t  was clear in  the above experiments  that  
the boron diffusion undernea th  the arsenic-diffused 
layer  was enhanced dur ing low tempera ture  heat-  
t reatment .  The influence of this abnormal  diffusion on 
silicon devices was investigated using the JFET shown 
in Fig. 7. In  this JFET, the arsenic- and boron-diffused 
layers act as the gate and the channel,  respectively. 
Arsenic was diffused into the boron-diffused layer, of 
which the surface concentrat ion and the junc t ion  depth 
are 7 X 10 is cm -8 and 1200A; the values of the arsenic- 
diffused layer  are 2.4 X 1020 cm -8 and 800A. The equa-  
t ion for current  between source and drain  in  the JFET 
which had a nonuni fo rm carrier  profile in  the channel  
was solved by Bockemuehl (16). The saturat ion cur-  
rent  is a funct ion of the carrier profile, channel  height, 
and device dimensions. In  this sample, the saturat ion 
current  before hea t - t r ea tment  is 140-170 /~A. 

Source 

=4 
Boron 

Gate Drain 

-,,,, 
n- type  Si Arsenic 

Fig. 7. Schematic cross section of JFET 

Heat- t rea tments  were carried out at 500~176 for 
24 hr. The results are shown in  Fig. 8. The changes in 
saturat ion current  are very  large, and remarkable  at 
600~ This result  agrees with the diffusion coefficient 
in Fig. 6. 

The hea t - t rea tment  over a long time was not carried 
out in  the ordinary  device processing. Therefore, the 
change in saturat ion current  by hea t - t rea tment  for 30 
min  was measured. The result  is shown in Fig. 9 as a 
funct ion of temperature.  The influence of low tempera-  
ture hea t - t rea tment  on saturat ion cur ren t  is consider- 
able, and the saturat ion cur ren t  is m i n i m u m  at 700~ 

The electrical characteristics of the device are con- 
siderably changed by hea t - t rea tment  even for a short 
time. As a mat ter  of course, the temperature  at which 
the saturat ion current  is m i n i m u m  depends on treat-  
ment  time. 

Discussion 
In  a n - p - n  transistor  using phosphorus for the emit-  

ter, the boron base layer  undernea th  the emitter  is 
pushed out during the emit ter  diffusion. In  the arsenic- 
boron system, a re tardat ion of the boron base layer is 
general ly observed. It is considered that this effect is 
caused by the in terna l  electric field (7, 8), vacancy 
clustering, or divacancy formation (17) and ion pair ing 
(18), for example. Recently, Fair  (19, 20) suggested 
that  the re tardat ion effect was due to the formation o2 
the vacancy-  arsenic complex, (VsiAS2), which acted as 
a vacancy "sink." In  the present  study, the emit ter  dip 
effect was observed in the arsenic-boron system by 
low temperature  heat - t rea tment .  This phenomenon 
may be due to the abnormal  behavior  of arsenic dur ing 
the heat- t reatment .  

l,-- 
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9 
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0 i 
500 600 700 800 

Temperature (~ 
Fig. 8. Changes in saturation current of the JFET by low tempera- 

ture heat-treatment. Initial saturation current is 140-150 #A. Low 
temperature heat-treatment is carried out at 500~176 for 24 hr 
in N2. 
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Fig. 9. Changes in saturation current during low temperature 

heat-treatment. Initial values are 150-170 ~A. Heat-treatment 
time is 30 min. 

Various phenomena were observed by low tempera-  
ture hea t - t rea tment  of heavi ly  doped silicon with 
arsenic. The decreases of conductivity by the heat-  
t rea tment  were observed, and were explained by a 
model of subst i tut ional  arsenic atoms becoming non-  
ionized upon clustering together, with one or more 
vacancies (2). An increase in both silicon- and arsenic- 
aligned yields during the hea t - t rea tment  was invest i-  
gated by the channel ing measurement  using He + ion, 
and this increase in  aligned yields was due to the 
formation of the complex involving subst i tut ional  
arsenic atoms, as predicted by Schwenker et al. (5). 
In  the study using the x - ray  double crystal diffraction 
technique, the lattice expansion due to the arsenic 
atom precipitation and SiAs formation was observed 
by the heat- t reatment ,  and could not be observed in 
the arsenic concentrat ion lower than 1 • 1020 cm -3 
(3). This result  agrees with our diffusion data in Fig. 
4. The transmission electron microscopic invest igat ion 
was made on arsenic-doped silicon crystal, and the 
formation of prismatic dislocation loops during an-  
neal ing at 800~ after quenching, which had an in ter -  
stitial character, was observed (4). Similarly, Dash and 
Joshi (21, 22) also observed the arsenic precipitat ion 
and the intersti t ial  dislocation loop in the arsenic-dif-  
fused silicon crystal. 

In  the present  study, the diffusivity of arsenic is en-  
hanced anomalously dur ing low temperature  heat-  
t reatment.  This effect depends on the t reatment  time 
and is extremely large in the beginning of the heat-  
t reatment.  This diffusivity is max imum at a part icular  
temperature.  As shown in  Fig. 8 and 9, this tempera-  
ture decreases as the hea t - t rea tment  time. Supposing 
the predominant  mode of the arsenic diffusion in silicon 
is via vacancies, it is necessary to generate a large 
amount  of excess vacancies in the beginning of the 
t rea tment  and to increase excess vacancies with de- 
creasing temperature.  

The arsenic concentrat ion in silicon probably  ex- 
ceeds the solid solubil i ty l imit during low temperature  
heat- t reatment .  The arsenic precipitat ion or the forma- 

l ion of the complex which involves arsenic is na tura l ly  
expected. In  this process, excess vacancies may be gen- 
erated. It  is also considered that  the excess vacancies 
are  generated when interst i t ial  dislocation loops ob- 
served by the transmission electron microscope climb. 
These excess vacancies enhance the diffusion of arsenic 
and of boron undernea th  the arsenic-diffused layer. 

The similar ly enhanced diffusion of phosphorus dur -  
ing low temperature  hea t - t rea tment  was observed (23, 
24). In  the case of phosphorus, the k ink  in the im-  
pur i ty  profile in silicon depends remarkab ly  on the 
temperature,  but  this k ink  is obscure in the case of 
arsenic. Compared with arsenic, the enhanced diffusion 
of phosphorus continues well after the decrease of the 
carrier concentrat ion in the high concentrat ion region 
stops. These phenomena are different from that  of 
arsenic. Therefore, the mechanism may be a l i t t le dif-  
ferent  from that  of arsenic. 

Conclusions 
In  this work, it was found that the diffusion of 

arsenic was extremely enhanced dur ing low tempera-  
ture heat- t reatment .  This anomalous diffusion is a 
function of the t reatment  temperature  and time. Under  
a certain condition, the diffusivity of arsenic increases 
with decreasing temperature.  Such anomaly depends 
on the arsenic concentration. The enhanced diffusion is 
hardly  observed below 1 • 1020 cm -3 in  the surface 
concentration. 

The abnormal  behavior  of arsenic by low tempera-  
ture hea t - t rea tment  affects the diffusion of boron u n -  
derneath the arsenic-diffused layer, and causes the 
emitter  dip effect. 

It is considered that this anomaly is caused by the 
generation of excess vacancies dur ing such treatment.  
However, this mechanism is difficult to ascertain at 
this time. and fur ther  work is needed. 

These phenomena have a bad influence on electrical 
characteristics such as the microwave transistor which 
are required to control the base width and concentra-  
tion precisely. 
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Burning and Extinction of a Laser-Ignited 
Carbon Particle in Quiescent Mixtures 

of Oxygen and Nitrogen 
Shivadev K. Ubhayakad and Forman A. Williams 
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University 05 CaLifornia, San Diego, La Jolla, California 92093 

ABSTRACT 

Exper imental  data on the burn ing  mode and lifetime, on the surface tem- 
perature,  and on the spontaneous ext inct ion of a laser- igni ted particle of 
electrode carbon (50-200~) in quiescent mixtures of oxygen and ni trogen at 
room temperature  are presented. The test variables were the oxygen mass 
fraction (0.5-1) and the pressure (0.5-3 atm) of the mixture.  High speed cine- 
micrography of the burn ing  particle showed that  the visible combustion zone 
was restricted to the surface. Two theoretical models, one neglecting the dis- 
sociation of oxygen and the other including it approximately, are developed 
in  order to explain the extinction phenomenon.  Comparison of the extinction 
results computed from these models with the data indicates that  the model 
neglecting dissociation is the preferred one. Based on this model it is shown 
that the kinetics of oxidation of electrode carbon in the temperature  range 
2000~ can be represented by an effective Arrhenius  surface oxidation 
reaction producing CO and having an activation energy of 18 kcal /mole and 
an order in  the range 0.5-1. 

The oxidation of carbon has been one of the most 
widely studied topics in the field of combustion, and 
yet there remains a paucity of data on the burn ing  of 
submil l imeter  particles in  quiescent oxidizing atmo- 
spheres. About  two decades ago Spalding (1, 2) pro- 
posed two models for the burn ing  of spherical carbon 
particles, one of which assumed a CO-O2 gas-phase 
reaction producing CO2 which in tu rn  oxidizes carbon 
heterogeneously at its surface, while the other assumed 
a heterogeneous surface reaction of 02 with carbon 
producing CO and /or  CO,,. To date, there exist no ex- 
per imenta l  data to confirm the validity of either of 
these two models for small carbon particles. Fur ther -  
more, there has been much discussion of the fact that 
large carbon spheres often bu rn  by a mechanism that 
involves diffusion and reaction wi th in  the pores (3, 4). 
Therefore, an init ial  objective of the present study was 
to ascertain whether  a gas phase burn ing  mechanism or 
a surface burn ing  mechanism, possibly accompanied 
by pore diffusion, occurs for submil l imeter  particles. 
An addit ional  objective was to obtain burn ing  durat ion 
data of improved accuracy. 

High speed cinemicrography soon demonstrated that  
the burn ing  zone is restricted to the surface and/or  
inter ior  of the particle. In  addition, disagreement of 
burn ing  dura t ion data with the theory of diffusion-con- 
trolled droplet bu rn ing  led eventual ly  to the discovery 
of an extinct ion phenomenon in which the combustion 
ceases abrupt ly  after the particle burns  to a critical 
size, which depends on the oxygen mass fraction and 
the total pressure of the ambient  mixture.  Since the 

1Presen t  address :  Avco Evere t t  Research  Laboratory,  Incorpo-  
rated, Everett ,  Massachusetts  02149. 

K e y  words :  carbon, he te rogeneous  oxidat ion,  ext inct ion,  act ivat ion 
energy ,  order of reaction.  

existence of extinction raised hope of extracting funda- 
mental kinetic data, extinction sizes and burning dura- 
tions were measured for different ambient conditions. 

Attempts to develop theoretical explanations for the 
extinction data presented here consistently led to pre- 
dictions of particle temperatures in excess of 2000~K, 
well above the temperature ranges in which volumin- 
ous data (4-11) on the oxidation of various forms of 
carbon exist. The previous data exhibited activation 
energies that for the most part tended to decrease with 
increasing temperature, becoming very near or even 
less than zero (7, 8, 12) at the highest temperatures. 
This shed doubt on the particle temperatures inferred 
theoretically, since the phenomenon of sudden extinc- 
tion disappears at zero or negative activation energies. 

In  order to check tempera ture  estimates it was 
deemed desirable to develop an independent  experi-  
mental  method for measur ing the surface temperature  
of the burning particle. A technique of two-color opti- 
cal pyrometry was devised and applied to establish that 
temperatures were in the range 2000~162 thereby 
supporting the theoretical estimates. These results 
along with the extinction data confirmed our original 
inference (13) of a nonzero positive activation energy 
of about 21.5 kcal/mole at temperatures exceeding 
2000~ In this respect, it is interesting that the activa- 
tion energy of soot oxidation recently measured by 
Park and Appleton (14) at oxygen partial pressures 
around 0.1-0.5 arm in the temperature range 2200 ~ 
4000~ appears to be about 16 kcal/mole, a value near 
our result on electrode carbon. 

The foregoing experimental techniques, data, and 
theoretical ideas are described in detail in the follow- 
ing sections. 
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Exper iment  
The carbon particles for the tests were obtained by 

grinding in a mor tar  a rod of electrode carbon ma nu-  
factured by National  Carbon Company and sieving 
the powder into different sizes in the range 50-200~. 
The density of the particles was measured as follows. 
A rod of electrode carbon was weighed, dunked in 
water  to obtain the displaced volume, immediate ly  re- 
moved from the water, wiped clean, and reweighed. 
The ini t ial  and final weights differed by less than 3%, 
the increment  result ing from the absorbed water. The 
weight to displaced volume ratio was 1.5 g/cm 3. It was 
assumed that  the ground particles have the same den-  
sity as the rod. This assumption was supported quali-  
tat ively by visual observation of the surface of the 
original carbon rod and one of the ground particles 
under  a microscope; there was no observable struc- 
tural  difference. Since the density of graphite is 2.25 
g/cm ~, the particles were about 33% porous. The 
composition of the particles was measured with an 
Ortec Delphi x - ray  energy spectrometer. The analysis 
yielded the following sulfur  0.5%, traces (ppm) of 
calcium and iron, the rest carbon. Figure la  shows 
scanning electron micrographs of a typical particle. 
Only those particles which were near ly  spherical in 
shape were selected from the size-graded powder. 
After  mount ing  a particle in the apparatus, its three 
major  dimensions were measured under  a stereomicro- 
scope. The cube root of their product was taken to be 
the diameter os an equivalent  sphere. 

The experimental  apparatus to study the combustion 
of submil l imeter  particles has been described by Wilson 
and Williams (15). Here we briefly point  out its essen- 
tial features. A carbon particle is mounted at the 
bottom tip of a vert ical ly hanging glass fiber, about 
25~ in diameter  with the aid of a speck of grease 

(less than 5% of the volume of the particle) as an 
adhesive. The particle and the fiber are enclosed in  a 
metal  bell  jar  about 18 cm in  diameter, 25 cm high, 
with 4 quartz windows on the circumference at right 
angles. The atmosphere wi th in  the jar  is at room 
temperature,  and its pressure and oxygen mass fraction 
are preset to desired values. For the tests reported 
here, industr ia l  grade mixtures  of oxygen and ni trogen 
having less than 30% relat ive humidi ty  were used. 
Light from a pulsed ruby  laser, with max imum rated 
energy output  of 35 joules, is focused onto the particle 
through one of the windows. A concave mirror  re- 
focuses the laser energy emerging from the opposite 
window such that the particle receives approximately 
equal radiant  flux on both sides. The laser pulse ignites 
the particle, and the particle detaches from the glass 
fiber and falls downwards, because of gravity, as it 
burns. It is reasonable to assume that the speck of 
grease used for mount ing  the particle ignites and is 
dispersed before the particle starts burning.  The igni-  
tion and the burn ing  sequences were observed visually 
through a green filter having a 0.01 ~m bandwidth  
which cut off all harmful  light of the laser frequency 
and were recorded by a high speed "Hycam" 16 mm 
movie camera. The burn ing  durat ion is measured with 
reference to t iming marks  recorded synchronously on 
the film edge. Laser-based techniques of this general  
type were developed independent ly  by  a n u m b e r  of 
investigators, notably  Marshall, Nelson, Prentice, and 
Wilson, all beginning at about the same t ime (1965); 
see, for example, Ref. (16-18). 

P re l iminary  tests in  air at atmospheric pressure 
showed that a particle with equivalent  sphere diam- 
eter in  the range 50-200~ could not sustain combustion 
and extinguished a few milliseconds after the igni t ion 
pulse. This was verified by collecting the extinguished 

Fig. 1. Scanning electron micrographs of (a) an unburnt particle o! electrode carbon and (b) a particle after it extinguished spontane- 
ously while burning in pure oxygen at 0.75 arm, 



VoI. 123, No. 5 L A S E R - I G N I T E D  CARBON P A R T I C L E  749 

particle on a large, clean, white sheet of cardboard 
placed a few inches under  the particle. The laser en-  
ergy could be set high enough to raise the particle 
tempera ture  to near ly  4500~ its vaporizing tempera-  
ture. Despite such high ignit ion pulses, the particle ex-  
t inguished without  any significant burning.  However, 
tests in  oxygen-enr iched atmospheres of oxygen mass 
fraction greater  t han  0.6 at a pressure of 1 arm dis- 
played sustained combustion as the particle fell down-  
wards. Visual observation of the burn ing  showed that 
the part icle burned  intensely, without  any noticeable 
change in  the in tensi ty  of light emission, un t i l  i t  
suddenly disappeared from view. Ini t ia l ly  it was 
thought that  the particle burned  completely, but  care- 
ful  examinat ion  of the cardboard placed under  the 
particle, far below its point  of disappearance, revealed 
a t iny  speck about 20# in diameter.  Evident ly  the dis- 
appearance of the particle signifies ext inct ion ra ther  
than  complete consumption. 

Fur ther  tests showed that the extinction diameter  d* 
increased with decreasing oxygen mass fraction Yo ~ 
a n d  decreasing pressure p; for any part icular  Yo ~ and 
p, d* was the same, wi thin  a certain scatter band, re-  
gardless of the init ial  size of the particle. Scanning 
electron micrographs of a typical extinguishd residue 
a r e  shown in  Fig. lb, where a highly porous, flakelike 
s tructure is evident. The circles in Fig. 2 show the mea-  
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Fig. 2. Extinction diameters shown by the circles. The lines repre- 
sent extinction diameters computed from Eq. [15] ,  model 1, assum- 
ing the activation energies and orders as shown. The values of the 
preexponentlol factors (with orders in parentheses) computed to 
give d* _ 65/~m at Yo = ~ O . 6 a n d p  ~ 1 otto are the following. 
Top: Eo2 = 18 keel/mole, ko2 (0.5) ~ 799 g~176 
ko2 (0.75) ---- 1.08 M ]04 (g-cm)~ ko2 (1) ~ 1.38 X 
105 cm/sec. Middle: Eo2 --~ 21 kcal/mele, ko2 (03) ~ 1551 gO.S/ 
cm~ ko.) (0.75) --~ 2.2 X 104 (g-cm)~ ko o (1) 
2.91 X 10 ~ cm/sec. Bottom: Eo2 = 15 kcal/mole, kn~. (0.5) 
400 g~176 ko2 (0.75) = 5.12 X 10 a (g-cm)~ ko2 
(1) = 6.18 • 104 cm/sec. 

sured extinct ion data; here the data are shown re-  
peatedly in three sets in order to avoid clutter of the 
comparat ive theoretical results which are derived later. 
In  this figure we note that at 1 a rm the extinction 
diameters increase rapidly with decreasing Yo" for Yo ~ 
less than 0.6. This indicates that air at a pressure of 1 
atm is beyond the ext inct ion limit for particles of this 
size. In  pure oxygen at p -~-- 1 atm, the extinguished 
particles could not be detected either because they 
were too small  to be caught or because they bu rn t  
completely. 

Motion pictures of the burn ing  sequences were taken 
for various values of Yo ~ and p. Figure 3 shows a n  
eight-f rame sequence of a typical film strip. The time 
in terval  between the bright  l ines on the left marg in  is 
1 msec. The intense flash in  the first frame is due to 
the laser; the top of the hot probe is visible in  the 
second frame. From such films the velocity of fall of 
each particle was measured to be in  the range 5-50 
cm/sec. While burning,  the particle appears as a bright  
spot on the film, re taining its original shape, and no 
gas-phase flame is seen on the film. Gas-phase flames 
were not registered on the film for any of the various 
values of Yo ~ and p. This suggests that  the burn ing  
zone is restricted to the surface and that a gas-phase 
reaction be tween CO and 02 does not occur outside the 
particle. 

The surface temperature  history of the burn ing  par-  
ticle was measured by two-color optical pyrometry.  
The technique is well known (19), including its ap- 
plication in situations requir ing short t ime resolution 
(20-22), the principal  potent ial  difficulty being in-  
fluences of band  radiat ion (19). Based on Wien's  ap- 
proximation for Planck's  radiat ion equation for a 
thermal ly  radiat ing surface, the temperature  of the 
surface is uniquely  determined by the ratio of in-  
tensities at any two wavelengths 

)] 
J2 e2 \ ~1 / )~2 ).t 

where )-~,2 are the two wavelengths, el,2 are the spec- 
tral  emissivities of the surface at ?.1,2, Ts is the surface 
temperature,  C is Planck's  second radiat ion constant  
equal to 14,388 (#re~ and Jim are the intensit ies at 
?~1,2. If the emit t ing surface is gray then e~/~e = 1; this 
is a good approximation when the two wavelengths 
~.~,_9 are chosen close to each other. With known  values 
of ~1,2 and the measured ratio J1/J2, the surface tem- 
perature Ts can be evaluated from Eq. [1]. This method 
is accurate if only the thermal  radiations from the par-  
ticle surface are metered. 

The experimental  a r rangement  using this technique 
to measure the tempera ture  history of a bu rn ing  car- 
bon particle is shown schematically in Fig. 4. The par-  
ticle is located at the center of the chamber. The light 
emanat ing from the burn ing  particle is par t ia l ly  fo- 
cused by a convex lens and split into two beams by a 
thin glass sheet. These two beams pass through narrow 
band filters of wavelengths },1 and ?.2 as shown. Each 
beam of filtered l ight  fails on the active surface of a 
phototube. By part ial ly focusing the beams, the effect 
of movement  of the burn ing  particle is el iminated since 
the surface area of the filter is uni formly  i l luminated 
irrespective of the position of the particle. One of the 
phototubes has a variable gain control for cal ibrat ion 
purposes. The outputs from the two phototubes are fed 
to a dua l -beam storage oscilloscope set for a single 
sweep. The laser console switch triggers the ignit ion 
pulse as well as the oscilIoscope simultaneously.  From 
the stored traces of intensities registered on the oscillo- 
scope the ratio J1/J2 is obtained as a funct ion of time. 
This ratio history is reevaluated in terms of the sur-  
face temperature  history by using Eq. [1]. 

The foregoing technique is prone to errors because 
the intensities measured by the phototubes may in-  
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Fig. 4. Schematic diagram for the test arrangement for surface 
temperature measurement. 

Fig. 3. Initial segment of a typical film strip of a carbon particle 
burning in pure oxygen at 1 atm pressure. Initial size of the particle 
was about 100 X 130 X 130 ~m. Magnification on the 1.6 cm 
wide film is 2.32. Time runs top to bottom. Initial bright region 
represents the la~er pulse. Timing marks on the left edge are 
spaced 1 msec apart. 

elude, in addition to the thermal  contribution, the 
band emissions from any of the gases in the com- 
bustion zone. Since the nature  of these gases at the sur-  
face of the burning carbon part icle is not known, an 
effective way of checking the val idi ty of this technique 
is to choose two or more pairs of wavelengths.  If the 

temperatures  measured for these pairs under  the same 
exper imenta l  conditions are the same within the 
exper imenta l  scatterband, then the results can be ac- 
cepted. Therefore,  all the tests were  conducted using 
two pairs of wave]engths:  ~1,2 ---- 0.4393, 0.5203 ~m and 
0.5203, 0.6000 nm, each centered wi th in  a bandwidth  of 
0.01 ~m. 

A General  Electric tungsten r ibbon lamp was used 
for calibration of the test setup. The  r ibbon was posi- 
t ioned at the same location as the particle, and its in-  
tensity was adjusted to any desired level  by an auto-  
t ransformer  input. The brightness t empera tu re  of the 
r ibbon was measured by a Leeds and Northrup dis- 
appearing filament optical pyrometer .  Using the con- 
version chart given in the repor t  by Rutgers  and DeVos 
(23), the true surface temFera ture  of the r ibbon was 
obtained, and the ratio J1/J2 was evaluated from Eq. 
[1]. Then the gain of the phototube 1 was adjusted 
such that  the ratio of the two intensities registered on 
the oscilloscope was equal to the evaluated ratio. With 
the same gain adjus tment  the tempera tures  at other  
ribbon intensities were  then checked f rom the mea-  
sured intensi ty ratios. The agreement  was within  6% 
of the tempera ture  measured by the optical py rom-  
eter. The tempera ture  range of cal ibrat ion was 1800 ~ 
2700~ 

The spectral  emissivi ty data on carbon given by 
Touloukian and DeWitt  (24) was used to calculate 
~1/~2. This ratio was about 1.04 for the two pairs of 
wavelengths  chosen, thereby just i fying the gray sur-  
face approximation.  

A typical oscilloscope trace is shown in Fig. 5. Here  
the oscillations in the intensities are caused by the 
oscillations in the projected area of the randomly  ro- 
tating nonspherical  part icle as "seen" by the focusing 
lens. Were the part icle perfect ly  spherical, there  would 
not have been oscillations. The ratio of the intensities 
at any instant  determines the surface tempera ture  Ts. 
It was observed that  the tempera tures  measured by 
the chosen two pairs of wavelengths  were  wi th in  the 
exper imenta l  scatterband. We therefore  infer  that  the 
errors in the tempera ture  measurements  caused by any 
band emissions f rom the gases at the surface of the 
burning part icle were  probably negligible. F igure  6 
shows the measured surface tempera ture  Ts as a func-  



VoL 123, No. 5 L A S E R - I G N I T E D  C A R B O N  P A R T I C L E  751 

Fig. 5. Oscilloscope traces of the outputs of the two photatubes. 
The two leftmost curves ending horizontally are the traces of the 
laser pulse; the horizontal regions serve as base lines for intensity 
measurements. Horizontal scale is 10 msec per division. Initial size 
of the particle was 100 • 120 X 120 ~m. Bottom trace is J1 and 
the top trace is J2. Actual J1/J.~ = 0.375 X (measured Jz /J2)  
where 0.375 is the calibration factor. %~,2 ---- 0.4393, 0.5203 ~m. 

t ion of t ime ~* prior  to extinction. Here  despite the 
scatter we  note that  in pure  oxygen, h igher  pressure 
corresponds to higher  tempera ture .  AIso, all measured  
tempera tures  are above 2000~ 

In Fig. 5 the average intensi ty is seen to decrease 
l inear ly  wi th  time. Since the intensi ty is proport ional  
to the projected area (cod "~) of the particle, we infer  
that  the square of the d iameter  decreases approxi-  
mate ly  l inear ly  wi th  t ime; this inference is accurate 
only if the surface t empera tu re  does not change with  
time. Indeed it is seen that  this is t rue wi thin  the scat- 
terband shown in Fig. 6 for each test condition. 

Figure  7 shows the burning durat ion T* as a function 
of the init ial  d iameter  d ~ of the particle. These data 
were  obtained f rom the movie film strips by measur ing 
the t ime in terva l  be tween the ignit ion pulse (which 
lasted about 0.5 reset)  and the last f rame in which the 
part ic le  is registered.  The oscilloscope traces also 
yielded the burning durations. In this figure the data 
points suggest again that  the square of the d iameter  
decreases approximate ly  l inear ly  with time. If we com- 
pare the data points for Yo ~ ---- 0.6 and p ---- 1 a tm with  
those for  Yo ~ ---- 1 and p = 1 atm, we observe that  the 
burning durat ion in pure  oxygen is longer than that  in 
lower  Yo, atmospheres for a fixed init ial  diameter.  This 
apparent  anomaly can be explained by the fact that  an 

4000 

o 
o 

. o .  

3000 

2000 

~ IOOO 

i i i i i i i 

�9 v 
k V  

o �9 �9 o 

# p [otm] Yo= DATA 
I 300 I0 �9 
2 2..00 1.0 v 
3 1.00 1.0 = 
4 0.75 I 0 o 
5 1.00 O.B �9 
6 LO0 0,6 �9 

io io ;o ;o 6'o 
TIME PRIOR TO EXTINCTION T*[msec] 

Fig. 6. Surface temperature histories. Full 
Eq. [13]- [15] ,  model 1, for no.~ ~ 0.5, Eo2 
----- 799 g~ using other data from 

{ . 2  

t.0 

~E 

-0.8 

o ~ 

0.6 
( / }  

04 

0.2 ~, 

o 
Tlo  80 

lines computed from 
---- 18 kcal/mole, ko2 
Table I. 

ear l ier  ext inct ion at a larger  d iameter  for a lower  Yo ~ 
atmosphere makes the burning durat ion for the same 
initial d iameter  shorter. 

The near ly  l inear  decrement  of the square of the 
d iameter  wi th  t ime prior  to ext inguishment  suggests a 
diffusion-controlled burning, whereas  the phenomenon 
of spontaneous ext inct ion must  be caused by a s lower 
react ion at the surface. Fur thermore ,  ext inct ion condi- 
tions are approached as the size of the part icle de- 
creases. Therefore,  during the l i fe t ime of a part icle the 
burning mechanism init ial ly is diffusion controlled, but 
as the size decreases the reaction rate  becomes smaller  
than the diffusion rate, thereby ul t imate ly  forcing an 
extinction. 

Theory 
In a recent  paper Ubhayakar  (25) has analyzed the 

burning and extinct ion characterist ics of a spherical 
part icle gasified at its surface by oxidant  diffusing 
from the surrounding quiescent gas mixture.  Assuming 
an Arrhenius  f irs t-order reaction a t  the surface wi th  
respect to oxygen, he der ived theoret ical ly  the burning 
and extinction characteristics. This theory is a segment 
of a more detailed analysis on carbon part icles by 
Ubhayakar  and Williams (13) which includes the dis- 
sociation of oxygen as its approaches the hot surface. 
We present here this analysis and point out the effects 
of dissociation of oxygen and of the order and act iva-  
tion energy of the surface reaction on the burning and 
ext inct ion characteristics. The symbols appearing in 
this section, their  definitions and dimensions, are  listed 
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at  t he  end  of t he  paper .  W h i l e  d e v e l o p i n g  the  resu l t s  a 
n u m b e r  of  s imp l i fy ing  assumpt ions  or  a p p r o x i m a t i o n s  
are  made.  These  a re  n u m b e r e d  in  o rde r  to h igh l igh t  
t he i r  s ignificance.  

(i) The  pa r t i c l e  is spher ica l  and  its ve loc i ty  of fa l l  
(5-50 cm/ sec )  has l i t t l e  inf luence  on the  diffusion flow 
fields; spher ica l  s y m m e t r y  is assumed.  ( i i )  F o r  any  
f ixed d i a m e t e r  al l  f low and r eac t ion  condi t ions  a r e  
s teady,  tha t  is, the  pa r t i c l e  is a s sumed  to b u r n  quas i -  
s teadi ly .  ( i iO The  pa r t i c l e  is i so the rma l  at  its su r face  
t e m p e r a t u r e  T~. ( i v )  The  a m b i e n t  m i x t u r e  of o x y g e n  
and  n i t r o g e n  is at cons tan t  t e m p e r a t u r e  T~, cons tan t  
o x y g e n  mass  f r ac t ion  Yo ~, and cons tan t  p re s su re  p. 
(v)  The  d issocia t ion  of n i t r o g e n  is neg l ig ib l e  s ince it 
is s ignif icant  on ly  at  t e m p e r a t u r e s  e x c e e d i n g  5000~ 
(26). ( v i )  P a r t  of the  o x y g e n  di f fus ing i n w a r d  m a y  
dissociate,  in w h i c h  case t he  m o l e c u l a r  and a tomic  
o x y g e n  e q u i l i b r a t e  i n s t a n t l y  at  any  t e m p e r a t u r e .  ( v i i )  
The  p rope r t i e s  ~D, ~,, and c for  each  species are  %he 
same and constant .  ( v i i i )  The  gas m i x t u r e  and  i ts  
componen t s  b e h a v e  as idea l  gases. ( i x )  The  to ta l  
emiss iv i ty  of the  pa r t i c l e  su r face  and of the  s u r r o u n d -  
ings  h a v e  an  equa l  and  cons tan t  v a l u e  of ~, and  the  
gases s u r r o u n d i n g  t h e  pa r t i c l e  a re  r a d i a t i v e l y  n o n -  
par t ic ipa t ing .  (x)  The  a tomic  and  m o l e c u l a r  o x y g e n  
a r r i v e  s to i ch iome t r i ca l ly  at  the  sur face  and  reac t  to 
f o r m  CO at  a ra te  p e r  un i t  a r ea  equa l  to 

ko (psYos) ,o exp  ( - - E o / R T s )  

-5 ko2 (psYo2s) no~ exp  ( - - E o f f R T s )  

( x i )  These  A r r h e n i u s  ra tes  a re  the  ef fec t ive  ra tes  in 
the  su r face  t e m p e r a t u r e  r ange  of the  b u r n i n g  pa r t i c l e  
and  inc lude  effects of the  su r face  a rea  p e r  un i t  p r o -  
j ec ted  a rea  of the  pa r t i c l e  (Fig.  l b )  as w e l l  as any  
inf luence of r eac t ion  d u r i n g  diffusion w i t h i n  the  porous  
subsur face ;  neve r the l e s s  the  ef fec t ive  k ine t i c  p a r a m -  
e te rs  ko, Eo, no, ko2, Eo2, and  noe a re  t a k e n  to be  con-  
stant .  (x/ i )  CO., p r o d u c t i o n  is neg l ec t ed  because  i t  is 
k n o w n  (4, 5) tha t  at the  m e a s u r e d  h igh  t e m p e r a t u r e s  
in  excess  of 2000~ the  p roduc t  of ca rbon  ox ida t ion  is 
p r i m a r i l y  CO; the  CO p roduced  is a s sumed  to diffuse 
o u t w a r d s  w i t h o u t  f u r t h e r  react ion.  

I n c l u d i n g  F i ck i an  dif fus ion and S t e f a n  f lux f r o m  the  
surface,  the  mass  flow ra te  for  each  species is 

mi  = m Y i  - -  4nr~pD ( d Y i / d r )  [2] 

w h e r e  i - O, 02, CO, or  N.~. The  conse rva t ion  equa t i on  
for  e n e r g y  is (13,25) 

~ m i  [c (T - -  Ts) -- qi] - -  4nr~.  ( d T / d r )  
i 

= --~dZ~ (Ts 4 -- T ~ )  [3] 

The  ra tes  o'f consumpt ion  of o x y g e n  a toms and m o l e -  
cules at the  su r face  are  equa l  to t he i r  r e spec t ive  ra tes  
of a r r i v a l  at  the  sur face  

-- ( too -5 too2) ---- ~d2[ko  (psYos) no exp  ( - - E o / R T s )  

-5 k02 (psYo2s)'~ exp ( - -Eo2 /RTs)  ] [4] 

It  is m o r e  c o n v e n i e n t  to wr i t e  the  p r e c e d i n g  e q u a -  

t ions in t e rms  of to ta l  o x y g e n  (O) .  We t h e r e f o r e  
define a d issocia t ion  f r ac t ion  Z ---- Y o / ( Y o  -5 Y02) = 
Y o / Y o .  T h e n Y o  = Z Y ~ ,  Y02 = (1 -- Z)Y$,  a n d Y ~ - 5  
Yco -5 YN2 = 1. Owing  to s t o i ch iome t ry  we  have  
m-6 = m o  :}- too.) = --(v -- l)m, mco ---- vm, and 
mN.~ ---- 0. Also, by definition heats of formation are 
qo~ ---- qN2 ---- 0. Using the preceding relations we write 
Eq. [2]-[4] in the following dimensionless forms 

vM = M Y c o  --  ,~ (dYco /d~] )  [5 ] 

- -  (v --  1 )M ---- MY-6-- -  ~ f2(dY~/d ,] )  [6] 

M(8  --  0s) - -  ~,M -5 Qo[ (v  - 1 )ZM -F ~leY~(dZ/d~])]  

(v - -  1)M = K o ( a Z Y ~ / 8 ) s n O  e x p ( - -  flo/0s) 

-5 Ko2(a(1  -- Z ) Y ~ / e ) s " O - ' e x p (  - ~o2/Os) [8] 

w h e r e  t h e  equa t i on  of s ta te  p = R p T ( Y o / W o  -5 Yo2/ 
~O2 -5 Y c o / W c o  -5 YN2/WN2)  : R p T /  (~Wo2)  has b e e n  
used in Eq.  [4], w i t h  a = [ ( W o 2 / W o  --  1)ZY~ -5 
( W o 2 / W c o  --  1)Yco -5 Wo2/ WN 2]  -1  and  (dZ /d~ l )  = 
(OZ/Oa)(dO/d~l)  Jr (OZ/OY'6) (dY-6 /d~I )  -5 ( O Z / O Y c o )  
( d Y c o / d ~ ] ) .  H e r e  Z, (OZ/Oo),  (0Z/OY~),  and ( O Z / O Y c o )  
a re  k n o w n  func t ions  of 0, Y~, and  Yco, and are  d e r i v e d  
in the  Append ix .  

The  k n o w n  b o u n d a r y  condi t ions  at  ~ --> oo a re  
Y c o ( ~ )  = 0, Y ~ ( ~ )  = Yo% and 0( :o )  ~ e,. Equa t ions  
[5] and [6] w i t h  the  first two  b o u n d a r y  condi t ions  are  
r e ad i l y  in tegrab le ,  w h e r e a s  Eq.  [7] is no t  because  of  
t he  n o n l i n e a r  te rms.  The  so lu t ions  Yb"(~]) and  Yco(~)  
m a y  be subs t i tu t ed  into Eq. [7] to ob ta in  a non l inea r  
f i r s t -o rde r  d i f fe ren t ia l  equa t i on  in 0 which,  in pr inciple ,  
can be solved.  H o w e v e r ,  s ince M and 0s are  the  u n -  
k n o w n  e igenva lues  of the  p rob lem,  and s ince they  have  
to be d e t e r m i n e d  f r o m  the  b o u n d a r y  condi t ions  at  in -  
f ini ty and at the  sur face  g i v e n  by  Eq. [8], the  p r o b l e m  
is too compl ica ted  to solve  exac t l y  ana ly t i ca l ly .  We  
shal l  t h e r e f o r e  cons ider  two  l im i t i ng  mode ls  to ex t r ac t  
use fu l  i n f o r m a t i o n  f r o m  these  equa t ions  by  i n t r o d u c -  
ing add i t iona l  s imp l i fy ing  a p p r o x i m a t i o n s  and a s sump-  
tions. A r ea sonab le  f u r t h e r  a p p r o x i m a t i o n  is ( x i i i )  
Wo2 ---- 2Wo N W c o  ---- WN2, wh ich  p roduces  a = ( Z Y K  
-5 1 ) - L  

Model 1 
In  this  m o d e l  the  effects of d issocia t ion  a re  neglec ted .  

This  m a y  be  r easonab le  if  the  sur face  t e m p e r a t u r e s  are  
less t h a n  about  4000~ (at  w h i c h  Z ~ 0.5, cf., A p p e n -  
dix)  and the  r eac t ion  of m o l e c u l a r  o x y g e n  w i t h  ca rbon  
is dominan t .  T h e n  Z and al l  its d e r i v a t i v e s  wi l l  be  zero,  
a ---- 1, and  consequen t ly  Eq. [7] becomes  in tegrab le .  
Equa t ions  [5] - [7]  a re  so lved  sub jec t  to the  b o u n d a r y  
c6ndi t ions  at inf in i ty  to p roduce  the  fo l lowing  re la t ions  
at su r face  condi t ions  

M = -- in (i -- Yceffv) [9] 

91 = -- in [(, -- 1 + Yg-s)l(v -- 1 + Yo~)] [10] 

M : Leln [i -5 {M(0s -- 8~)/(Ivl~, -- GLe (ss 4 -- e~4))}] 
[n] 

Equation [8] simplifies to 

M 11 [Ko2/(v -- I) ] [Y-~s/Ss] no-, exp ( -- flo2/#s) [ 12] 

The eigenvalues M, Ycos: Y'~s, and ~s may now be ob- 
tained from Eq. [9]-[12] since the following are pre- 
sumed to be known: Le (physical property of the 
gases) ,  O~, Yo ~ ( a m b i e n t ) ,  v, Ko2, flo'~, and no2 ( reac t ion)  
and G ( r ad i a t i on ) .  H e r e  the  reac t ion  n u m b e r  Ko2 cc 
p,o:d and the  r ad i a t i on  n u m b e r  G c c d .  The  solut ions  
t h e r e f o r e  d e p e n d  on the  pa r t i c l e  size w h i c h  decreases  
as the  par t i c le  burns.  The  p h e n o m e n o n  of spon taneous  
ex t i nc t i on  b r o u g h t  about  by  dec reas ing  d i a m e t e r  d for  
an  o r d e r  no2 = 1 has been  desc r ibed  by  U b h a y a k a r  
(25). We shal l  s tudy  he re  the  effect of the  o rder  ~o2 
on the ex t inc t ion  character is t ics .  First ,  Eq. [10] and 
[11] a re  w r i t t e n  in the  l i nea r i zed  fo rms  

M = C y ( Y o  ~ --  YKs) / (v  --  1) [13] 

M = Ce Le/~f (Os -- o ~ ) / [ M v  --  G L e  (~s 4 -- 0~4)] 

= (Le/v) [Co(~s -- ~) -5 G(es 4 -- e~4)] [14] 

where Cy and Ce are correction factors. Then M and 
YUs are eliminated between Eq. [12]-[14] to obtain the 
single equation 

f(0~) = g(0~) [15] 
w h e r e  

f(0~) - :  [Le (v -- 1) / v ] [Co(o~  --  o~) -5 G(o~ ~ --  0~) ]  

- -  ~l 2 Le(do /d~] )  = G Le (os 4 --  o| 4) [7] and 
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g (Ss) (,<+,-+ },,+]-, 
-- l.yYo 1 + CxOs Ko2 exp (--/~o2/Os) 

The characteristics of the solutions to this equation 
have been delineated by Ubhayakar and Williams (13, 
25). We summarize the results briefly: (a) ~(0s) repre- 
sents the heat loss rate while g(es) represents the re- 
action heat release rate; their relative values (which 
depend on d through the reaction number Ko2 and the 
radiation number G) determine whether or not there 
exists a solution 8s significantly greater than 8=. Ex- 
tinction occurs when f(es) becomes tangent to g(0s), 
as illustrated in Fig. 8. (b) Such a tangency is possible 
only if the activation energy Eo2 is greater than a cer- 
tain positive nonzero value. (c) For a zero-order re- 
actton the extinction diameters are independent of the 
pressure p. 

We adopt the fol lowing procedure  to compare the 
theoret ical  ext inct ion results wi th  the data in Fig. 2. 
Using the constants in Table  I and a chosen value of 
d* ---- 65 ~m (at Yo ~ ---- 0.6 and p ---- 1 a tm) ,  we compute 
G*. Then with  Cy ---- C0 ---- 1, Eq. [15] is solved nu-  
merical ly  for the tangency condition to get the value of 
Ko~* for certain prechosen values of Eo~ and no2. The 
numerica l  solution involved use of a computer  for 
calculat ing and plot t ing the functions f(es) and g(e~) 
for various values of Ko2. Next  Cy and Co are eva lu-  
ated from Eq. [13] and [14] by use of values of M and 
Y ~  obtained through Eq. [10] and [11], and Ko~* is 
recomputed with  these new correct ion factors. This 
i tera t ive  procedure is continued unti l  the value of Ko2* 
converges. Then the preexponent ia l  factor koe is evalu-  
ated f rom the definition of Ko+*. Using this value of 
ko2 and the chosen values of Eo2 and no2 along with  
the constants in Table I, the ext inct ion diameters  d* 
are computed in a s imilar  i te ra t ive  procedure for the 
tangency condition for other  values of Yo ~ and p. The 
results are shown in Fig. 2 for three asumed values of 
the act ivat ion energy Eo2 and three assumed values of 
the order no2. We notice here that  the best agreement  
of the theory with  the data is for Eo~ ---- 18 kca l /mole  
and no2 ---- 0.75, a l though the agreement  for no~ in the 
range 0.5-1 is favorable,  considering the scatter in the 
data. 

Model 2 
In this model  we assume that  because of the high 

react iv i ty  of oxygen atoms, the dissociation fract ion 
Z is negligible in Eq. [7] but nonnegligible  wi th  re-  
gard to the surface rate  in Eq. [8]. Then Eq. [5]-[7] 
yield Eq. [9]-[11], as before. Since Z is assumed small, 
we put ~ ---- 1 and Z~ ---- ( a 2 / p y ~ )  ~ e x p ( - -  r/~s), as 
derived in the Appendix.  For fur ther  simplification of 

Heat Loss / i /  ~Decreasing G 
Rate.~_ ~ /  / _. ;~ 
f(Os) - ' ' - ~ / / "  ~ 

Heat 
Production ,,/~, ~ /  
R a t e  . . . . . . .  /24  

z z b 
g(Ss) 7 / / b  ~ Decreasing Me2 

N ~ I  Small /3oz 

,. 8 s 
0 8,o 

Fig. 8. Schematic diagram of energy balance defined by I:q. [15], 
illustrating attainment of extinction condition. Solid lines are 
typical curves having nenburning N, unstable U, and stable burning 
S solutions. Dashed lines represent extinction conditions with S* 
the tangency point. Also shown are the linear dependence of f on 
8s when G = 0 and the absence of sufficient curvature in g(es) 
to produce multiple intersections when /~o2 is small. 

Eq. [8] we assume no2 ---- no, an approximat ion ex-  
pected to have a small  effect because of the re la t ive  
unimpor tance  of no~ in model  2. Then  Eq. [8] can be 
wr i t ten  as 

Ko 
M --  [ (a2Y~s /p)*o  12 exp{--  ( rno  + ~o)/os} 

(v -- l)Os n~ 
+ XY~s no exp (-- flo2/Ss) ] [16] 

where  x . :  K o 2 / K o  ---- ko2/ko .  

Exper imenta l  results of Rosner  and Al lendorf  (12) 
and St r ickland-Constable  and co-workers  (7, 8) have 
proven that at temperatures  grea ter  than 2000~ there  
exists a tempera ture  region in which the act ivation 
energy of the react ion be tween  pyrolyt ic  graphi te  and 
molecular  or atomic oxygen is zero or somewhat  nega- 
tive. To invest igate  whe ther  this can also be t rue  for 
our exper iments  with electrode carbon, we set flo2 = 
;3o = 0 in Eq. [16]. Since the react ion of carbon wi th  
molecular  oxygen is slow compared to that  with atomic 
oxygen (12), the value of x is small. If  x = 0, then 
comparison of Eq. [16] wi th  Eq. [12] reveals  that  by 
including the dissociation of oxygen  we have effec- 
t ively introduced a pseudo-act ivat ion energy (Trio) 
and a pseudo-order  (no/2) .  

The solutions to Eq. [13], [14], and [16] at the ex-  
t inction tangency condition were  computed in a man-  
ner  s imilar  to that  explained in model  1, and the com- 
puted ext inct ion diameters d* are shown in Fig. 9 for 
x ---- 0 and x ---- 0.01 for three  assumed values of no. 
The computations also indicated that  for higher  values 
of x the ext inct ion tangency condition could not be 
satisfied. The interest ing feature  of this model  is that  
it shows that  ext inct ion can occur even if the act ivation 
energies of the reactions be tween  carbon and molecu-  
lar and atomic oxygen are zero provided that  the 
pseudo-act ivat ion energy (Trio) arising f rom the dis- 
sociation heat of molecular  oxygen is included. How- 
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Ftq.~X. E x t ~ d i a m e t e r s  computed from Eq. [13],  [14], and 
[16], model 2, using other data from Table I. The circles are the 
same data shown in Fig. 2. The values of the preexponential factors 
(with orders in parentheses) computed to give d* ~ 65 #m at 
Yo ~ --~ 0.6 and p ---- i atm are the following. Top: X ---- 0, ko 
(0.35) ~- 16.69 g~176 ko (0.41) ~ 41.48 g~176 
sac, ko (0.5) z 167.4 g~176 Bottam: X ~ 0.01, ko (0.35) 

16.26 g~176 ko (0.41) ~ 39.89 g~176 ko 
(0.5) ---- 152.72 g~ 
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ever, the agreement  be tween  the theory and data is 
good only for no = 0.41 on the constant-p side and is 
not good on the constant-Yo ~ side in Fig. 9. A value of 
no as low as 0.41 is difficult to just i fy  theoretically.  
This model  therefore  does not appear  to be as favor -  
able as model  1. We therefore  conclude that  model  1 is 
the pre fe r red  model  be tween the two. 

Discussion 

The kinetics of oxidation of carbon are known (11) 
to be dist inctly non-Arrhen ius  in the t empera tu re  
range 300~ and to be dependent  on the type of 
carbon, its impurities, structure,  etc. For example,  the 
kinetics of oxidation of pyrolyt ic  graphi te  measured by 
Str ickland-Constable  and co-workers  (7, 8) are oiffer- 
ent f rom those of electrode carbon measured by Golo- 
vina and Khaustovich (9) and Okada and lkegawa 
(10). Above 2000~ these differences may arise be- 
cause of fundamenta l ly  different kinetics or because of 
diffusion-controlled ra te  limitation. St r i~kland-Con-  
stable and co-workers  (7, 8) devised their  tests spe- 
cifically to e l iminate  the diffusional effects and still 
found that the reaction rate  reaches a m a x i m u m  and 
then decreases as the tempera ture  increases. Ext rapola-  
tion of their  ra te  formula  to higher  tempera tures  pre-  
dicts a min imum rate  beyond which the rate  begins 
to rise again. Also, according to their  ra te  formula  the 
ra te  max imum and min imum disappear at high part ial  
pressures of oxygen. They have explained this be- 
havior  by assuming the surface to consist of two types 
of active sites which are thermal ly  interconvert ible .  In 
contrast, Ong (27) has deduced similar  results based 
on fundamental  statistical thermodynamics  and on only 
one type of active site. Both schemes appear plausible 
and yet  disagree with  each other (11). One of the rea-  
sons for this may be the different s tructures of the car- 
bon studied. According to our prefer red  model  1, the 
effective act ivation energy of the oxidation of electrode 
carbon in the t empera tu re  range 2000~-3500~K has a 
posit ive nonzero value of about 18 kca l /mole  which is 
(a) in disagreement  with the data of Rosner and A1- 
lendorf  (12) on pyrolyt ic  graphite at very  low po2, (b) 
in part ial  agreement  with the results of St r ickland-  
Constable and co-workers  (7, 8) on pyrolytic graphite 
at Po2 ~ 0.21 arm (part ial  because beyond the tempera-  
ture of m i n i m u m  rate, their  formula  predicts an acti-  
vat ion energy of 15.2 kca l /mole ) ,  and (c) in good 
agreement  wi th  the data of Pa rk  and Appleton (14) on 
soot at Po2 ~ 0.i-0.5 atm. The values of Po-~s at ext inc-  
tion, calculated f rom Eq. [12]-[14], are of the order 
of 0.2 arm, which is in the range of this data of Park  
and Appleton. 

The measured kinetics of oxidation are  also known 
(3, 4) to be affected by diffusion and reaction within  
the porous subsurface. Al though the present  data are 
insufficient to differentiate be tween these effects and 
the fundamenta l  kinetic details indicated in the last 
paragraph,  the highly porous s t ructure  in Fig. ib sug- 
gests that  as ext inct ion is approached, the diffusional 
resistance within  pores may become negligible. If this 
occurs, then the rate constants listed in the caption of 
Fig. 2 are related to absolute surface rate constants 
through a roughness 'factor f, defined as the ratio of 
the actual surface area at which reaction occurs to the 
surface area of the sphere of d iameter  d*. If the pre-  
viously mentioned surface reaction rates of Park  and 
Appleton (14) are assumed to be correct for the present 
experiments,  and if the aforement ioned value of Po2s 
is employed along wlth  our measured surface t empera -  
tures and rate constants, then values of f at ext inct ion 
ranging from 50 to 100 are calculated. Al though these 
values seem to be qual i ta t ively  consistent with Fig. ib, 
the result  cannot be termed definitive. Since the sizes 
of the soot particles were  on the order of 100A, less 
than I0 -:3 times the d iameter  of the present  ex t in-  

guished particles, the rough agreement  appears en-  
couraging. 

Owing to the scatter in the ext inct ion data shown in 
Fig. 2, it is not possible to ascertain the exact order of 
the reaction. The theoret ical  curves for no2 in the range 
0.5-1 fit the data favorably,  a l though no2 = 0.75 ap- 
pears to give the best fit. A convincing fundamenta l  
justification for the la t ter  value has not been obtained. 

Ong's (27) scheme for carbon oxidation predicts an 
order of 0.5 at tempera tures  grea ter  than 2000r We 
shall therefore  choose no2 = 0.5 and the corresponding 
ko2 from Fig. 2, and compute the burning durations 
and tempera ture  histories, the data for which are 
shown in Fig. 6 and 7. Once no2, Eo2, and ko2 are 
known, Eq. [13]-[15] are solvable for M, 0~, and YSs 
for any diameter  d. Since m = - - ( d / d t ) ( r c p c d 3 / 6 )  = 
(2xpDd)M,  the burning durat ion is 

�9 * = d t  = dd  
to 4pD 

which can be computed for any given init ial  d iameter  
do. Figures 6 and 7 show the computed  curves using 
the constants given in Table I. 

In Fig. 6 we note that the theory agrees wi th  the data 
favorably  for all conditions except  those in pure  oxy-  
gen at p > 1 arm. In the diffusion-controlled regime 
the theory gives the same surface tempera ture  for any 
fixed diameter  and Yo ~ for all pressures; this result  
depends on the fact that we have assumed the mass 
diffusivity pD to be independent  of pressure and tem-  
perature.  Since it is known (28) that  pD cc Tb -1  where  
1.5 ~ b ~ 2, the tests at higher  pressure, which are 
seen according to the theory to have h igher  tempera-  
tures as a consequence of the f ini te-rate  chemistry,  
also correspond to higher pD. This diffusivity effect 
tends to shift the theoret ical  h igh-pressure  curves to 
somewhat  higher temperatures .  However ,  the effect 
does not appear to be sufficiently large, and the greater  
scat ter  in the h igh-pressure  tests suggests the pos- 
sibility of nonnegligible exper imenta l  errors brought  
about by band emissions f rom the diatomic gases in the 
combustion zone. Therefore  it is unclear  whe ther  the 
discrepancies of tempera ture  at oxygen pressures 
above atmospheric are a t t r ibutable  p r imar i ly  to errors 
in theory or experiment .  

In Fig. 7 we observe that  the computed lines con- 
form to the "square law" or diffusion-controlled burn-  
ing for large diameters and that  as the d iameter  de- 
creases toward the extinction value f ini te-rate chem- 
istry influences the burning duration. Within the ac- 
curacy of the data, the agreement  be tween  theory and 
exper iment  is good in Fig. 7. 

Conclusions 
A comparison of the two theoret ical  models with the 

ext inct ion data has shown that  model  1 is preferred.  
Based on this model, the kinetics of oxidation of elec- 
trode carbon in the tempera ture  range 2000~176 
can be effectively represented by an Arrhenius  surface 
reaction having an act ivat ion energy of 18 kca l /mole  
and an order in the range 0.5-1. The burning durations 
and tempera tures  computed f rom this model  also agree 
with experiment ,  wi thin  the accuracy of the data. It 

Table I. Constants used in numerical computations 

T| ~ 295~ 

e = 0.3 • 10-a k c a l / g - ~  b a s e d  on 0.3 e a l / g - ~  fo r  CO 
a n d  0.283 c a l / g - ~  fo r  O3 a t  2 0 0 0 ~  (29) 

pD ~ 6.3 • 10-~ g / c m - s e c ,  chosen  to fit d a t a  in  Fig .  7 
Le -: 1 
Woo = Wx_o = 28 g / m o l e  
Wo2 = 2Wo = 32 g / m o l e  

= W c o / W c  = 2.3333,  s t o i e h i o m e t r y  
pc : 1.5 glcm~,  m e a s u r e d  
e ---- 0.83, i n  t h e  r a n g e  1800~176  (24) 
qco  1.013 k c a I / g  CO, a t  2 5 0 0 ~  (29) 
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therefore appears that the kinetic parameters  obtained 
here in  may be suitable for practical use at high tem- 
peratures.  
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APPENDIX 

Because of assumption (vi) we have Po = Kppo21/2, 
where KD ---- 2a e x p ( ~  7/RT) = 2a e x p ( - -  r /o)  is the 
equi l ib r ium constant for the dissociation reaction 
�89 02 ~ O at tempera ture  T. Here a ~ lt~09 atm ~.~ and 
7 = 60.5 kca l /mom O (26). Since all component  gases 
as well  as the mix ture  are assumed to behave ideally, 
we have Yo = ZY~ = (PoWo)/RpT), Yo~ ---- (1 -- Z) 
Y~ = (Po2Wo2)/(RpT). El immatmn  of Po2 and (RpT) 
be tween these equatmns produces 

Po = KD2(Wo/Wo2) [ (1 - Z ) / Z ]  [A-1] 

The ideal gas law for the mix ture  is 

RpT Z+ (I--Z) --~ Y5 
P =  w----j- ~ W02 

( ) Wo Wo Yco + [A-2] 
+ Wco WN.2 

since Yr~2 = 1 -- Yco -- Y~. El iminat ing (RpT) be- 
tween Eq. [A-2] and  the relat ion Yo =- (DoWo)/(R~T), 
we get an equation for Po which may be equated to Eq. 
[A-lJ  to obtain a quadratic in  Z 

AZ z + BZ + C ---- 0 [A-3] 
where 

A=pY~ ~ ~ -  1-~w0.~ Y~ 

( 2Wo___ 1 - - ~ W ~  )Y6" 
B = Wo2 WN~ 

( Wo Wo ) Y c o +  Wo.  
+ Wco Wm W~2 

and 

_C=_( Vr176 W~ ) y  6- 
Wo2 WN~- 

( ) Wo Wo Wo Yco + 
+ WCO WN2 WN2 

From this equat ion it is easy to obtain the following 

Z = [--B + (B 2 -- 4AC)lI~]/(2A3 [A-4] 

(2ZA W B) OZoe -- Z2PYS \--~-o / ~ 

[A-5] 

OZ Wo Wo Z2 f Wo2 p 
(2ZA + B) 8Y5 Wo2 W~2 [ Wo K ~  

+ 1 ~o2 -- Z ~0202 1 WN2-- [A-6] 

o z  = ( l _ z ) (  Wo Vr [A-7] 
(2ZA + B) OYco Wco -- WN"--~ 

From Eq. [A-4] we find that  Z -- 0.5 when  p -- 3 
aim, Yb-=  1 and T = 4140~ and when p = 0.5 atm, 
Y5 = 1 and T _-- 3660~ Therefore, in  the tempera-  
ture range of the tests Z is less than  0.5. It is a good 
approximation to consider Z small. 
Assumption (xiii) simplifies Eq. [A-4] to 

[1 - YS] 
Z =  

Kp 2 

Since Z is small when Kp is small, or when T < 4140~ 
the l's in the parentheses in Eq. [A-8] can be neglected 
in comparison with the other terms, giving for small Z 

Z ~_ [a/(pY'6) I/2] exp (--F/0) [A-9] 

LIST OF SYMBOLS 
a preexponent ia l  constant  in  Kp, a im ~ 
c specific heat, kcal /g-~ 
Cy,o correction factors, [ - - ]  
d diameter  of the particle, cm 
D binary diffusion coefficient, cm2/sec 
E activation energy, kcal /mole 
G dimensionless radiat ion number ,  (~qqco~d)/(2kc 3) 
k preexponent ial  factor gl-n-cm:~n-2/sec 
K dimensionless reaction number ,  

[ (kp'd) / (2pD) ] [ (cWo-,)/ (Rqco) ]" 
Kp equi l ibr ium constant for 02 dissociation, atm ~ 
Le Lewis number ,  }J (pDc) 
m total outward mass flow rate, g/sec 
M dimensionless mass flow rate, m/(2=pDd) 
n order of reaction, [ - - ]  
p pressure, a tm 
q heat of formation at tempera ture  Ts, kcaI/g 
Q dimensionless heat of formation, q/qco 
r radial  distance from the center of the particle, cm 
R universal  gas constant, 1.987 X 10 - s  kcal /mole ~ 

or 82.06 cm 3 a im/mole  ~ 
t time, sec 
T temperature,  ~ 
W molecular  weight, g/mole 
Y mass fraction, [ - - ]  
Z dissociation fraction, Yo/Yg 

dimensionless activation energy, (Ec) / (Rqco) 
, total emissivity, [--] 

heat of dissociation of 02, kcal /mole  O 
r dimensionless heat of dissociation of 02, (7c) /  

(Rqco) 
dimensionless distance from the center of the 
particle, 2r /d  

8 dimensionless temperature,  cT/qco 
~. thermal  conductivity, kcal /cm-sec ~ 
v CO produced/C consumed, Wco/Wc 
p density, g /cm s 
r S te fan-Bol tzmann constant, 1.3545 X 10 -12 kcal /  

cm 2 see ~ 4 
burn ing  duration, sec 

x the ratio, ko2/ko 

Subscripts 
c carbon 

O +  02 
s at the surface of the particle 
| at large distances from the particle 

Superscripts 
o initial  value 
* at ext inct ion 
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Flash Desorption as a Surface Ion Spectroscopy 
for Solid Electrolytes 

M. L. Knotek 
Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

An application of flash desorption techniques to solid electrolyte materials 
which yields a "surface ion spectroscopy" is described. The desorption spectra 
as a function of surface coverage for Na § and K + on Na-~-alumina are pre- 
sented as an illustration and show that there are marked differences in their 
behavior. The kinetics of the desorption process and its dependence on surface 
coverage are seen to yield abundant detail on the ion-surface interaction. 

There are present ly  available a number  of techniques 
for the study of such surface properties of solids as 
their  e lemental  makeup, electronic structure, and crys- 
tal structure. In addition, various desorption techniques 
have been used to study the energetics of the adsorp- 
tion of molecular species on surfaces. The main  use of 
these techniques has been the study of metals and to a 
lesser extent semiconductors and insulators. 

There has emerged in the past few years a part icu-  
lar ly in t r iguing group of materials, the so-called su- 
perionic conductors or solid electrolytes (1). These ma-  
terials are characterized by open cagelike or tunnel l ike  
structures with a number  of negat ively charged sites 
per uni t  cell on which cations sit ( typically more than 
one site per cation).  The cagelike structures are gen- 
erally covalent and quite stable and serve as a f rame- 
work through which the cations can move quite freely 
owing to the high site density and open structure. This 
feature gives rise to unique properties. These materials 
exhibit  high cationic conductivities ( ~  1 ohm-cm at 
300~ and show promise of being technologically im-  
portant  as solid ion transport  media for various elec- 
trochemical applications. At least two of these mate-  
rials, E-alumina and the zeolites, also have catalytic 
properties in which (for the case of zeolites) the ca- 
tions in the structure have recently been shown to play 
a major  role (2-5). In addition, these materials have 

Key words: fl-alu_mina, surfaces, interfaces, sodium, potassium. 

unique  physical properties which are fundamenta l ly  
important  from the solid-state physics standpoint.  A 
knowledge of the details of the cations interact ion with 
these structures and with each other is needed for a 
bet ter  unders tanding of their fundamenta l  properties. 
The surfaces of these materials  seem par t icular ly  in-  
teresting to study since the surface properties should 
be as complex as the bulk  properties, and surfaces can 
be technologically important .  One purpose of this work 
is to look at the surfaces of these materials  with such 
elemental,  electronic, and s t ructural  characterization 
tools as Auger spectroscopy, characteristic loss spec- 
troscopy, depth profiling using ion sputter  etching, 
LEED, and secondary ion mass spectroscopy. 

In addition it is important  to study the details of the 
energetics of the ion interact ion with the surface, the 
ionic properties of these materials being their unique 
feature. We present here the first use of the technique 
of flash desorption to study ion energetics on these sur-  
faces. The results shown here (which are a representa-  
tive sample) are interest ing from two standpoints.  
First  of all, they provide fundamenta l ly  new informa-  
t ion on these materials ( in essence a "surface ion spec- 
troscopy") which no other technique offers. The results 
enumerate  the spectrum of b inding energies of a par-  
t icular ion on the "surface," and provide data with 
which to correlate results using other surface charac- 
terization techniques. Second, the part icular  use of the 
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flash desorption technique reported here contains sev- 
eral  un ique  features, and the data show behavior  quite 
unl ike  that  seen in  the desorption of neut ra l  species 
from (say) metals. From both of these viewpoints it 
would appear that  this is an interest ing new area for 
study. 

Experimental Details 
The data shown here were taken in an a l l -meta l  

baked u l t ra  high vacuum system which had the capa- 
bilities for Auger  spectroscopy, characteristic loss spec- 
troscopy, and quadrupole mass analysis. An array of 
ion sources, based on the appropriately ion exchanged 
zeolite such as described by Weber and Cordes (6), and 
Cuderman  (7), was used to deposit ions of Li, Na, K, 
Cs, Ag, or Cu onto the surface being studied. The type 
of results reported here have been observed on both 
single crystal  Na-~-a lumina  (both the a-c and a -b  
planes) and on the Na-zeolite. We report here the r e -  
s u l t s  for Na + and K + on the a-c plane (nominal ly)  of 
single crystal tg-alumina which was the most ex ten-  
sively studied. The a-c plane is perpendicular  to the 
high conductivi ty plane. The sample surface was pre-  
pared by heat  cleaning in vacuum at ~ 1000~ 

The exper iment  consisted of depositing controlled 
amounts  of ions onto the surface being studied (inci- 
dent  energy of the ions was < 8 eV to avoid lattice 
damage) followed by positioning of the sample near  a 
negat ively biased collector probe where the sample 
was heated at a controlled rate. Monitoring of the ion 
current  emitted from the sample surface and collected 
by the biased probe as a funct ion of t ime or sample 
tempera ture  ( interrelated)  resul ted in  a spectrum of 
desorbing ions. Two points should be made about this 
par t icular  technique as opposed to the classical flash 
desorption. First, since ions are deposited and ions are 
desorbed there is no need for an ionizer in the collector 
assembly and since a biased probe is used, v i r tua l ly  
1.00% of the desorbed ions are collected. This results in 
enormously enhanced sensit ivi ty over the s tandard 
flash desorption technique (<  10 -~ monolayer  on an 
area ~ 0.03 cm 2 can easily be detected dur ing desorp- 
t ion as opposed to the l imit  of ~ 0.1 monolayer  for 
gases on metals) .  Second, since the ion collection is 
l ine o~ sight this corresponds to the ideal infinite pump-  
ing speed case of flash desorption yielding the highest 
possible resolution. 

ResuJts 
Shown in Fig. 1 and 2 are the results for Na + and K + 

on the a-c plane of Na-~-a lumina  as a funct ion of the 

a= .02,uC-x 3 
SODIUM ON . . . .  A D. . IU//L, 
BETA-ALUMINA c 1 00,uC / /  

,:3o,,c // 
/ \ e. 2.00 uC / I  
/ \ f. 4~ / / 
/~ \ r B.26.C / / 
] / \  / h, BULKEMISSION / } 

250 500 750 I000 250 500 750 1000 
TEM PE RATU RE (~ C ) TEM PE RATU RE (o C ) 

Fig. 1. Emitted sodium ion current vs. sample temperature for a 
heating rate of ~ lO0~ as a function of ion dose in micro- 
coulombs. Each peak corresponds to a well-defined surface desorp- 
tion energy. Peak temperatures ore not a function of coverage, but 
the population shifts to higher temperature at higher dose. Current 
due to bulk Ha + emission is also shown (curve h). 
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Fig. 2. Emitted potassium ion current vs. sample temperature for 
a heating rate of ~ IO0~ as a function of ion dose in micro- 
coulombs. Peak temperatures shift with ion dose. 

ion dose in microcoulombs (~C) to the surface. The 
data have a large amount  of detail both as a funct ion 
of tempera ture  and coverage indicating a complicated 
interaction. We briefly discuss the behavior  as a func-  
tion of coverage to point out the major  features and to 
contrast Na and K. 

The data are plotted as emitted current  vs. sample 
temperature  (~ For  the sample configuration used 
in  taking this data one monolayer  corresponds to ~20 
#C. The heating rate was approximately l inear  at 
~100~ Using the results of Redhead (8) for 
first-order processes with a l inear  heat ing curve we 
can approximately relate the tempera ture  of the peak 
maxima Tp(K) to the desorption energy E by E = 2.5 
• 10 -3 Tp(eV) assuming an at tempt frequency ~1 = 
1018 sec-1. 

At the lowest dose levels (--~0.16 ~C) Na has three 
peaks located at ~425 ~ 620 ~ and 760~ (E -- 1.74, 2.23, 
and 2.58 eV) while K has two peaks at 630 ~ and 750~ 
(E = 2.25 and 2.56 eV). In  this range both show 
roughly l inear  growth of all features with increasing 
dose. Mass balance, i.e., ions collected dur ing desorp- 
t ion/ ions  deposited, is close to un i ty  in  this range of 
dosage. We note that  this low dose region is the only 
range of dosages for which K desorbs by what  appears 
to be a first-order process. The assignment of energies 
using the above discussion is only good under  these 
circumstances. 

In  the next  range of dosage (0.2 ~C --~ d ~ 1.5 ~C) 
the Na spectra show a loss of the 425~ peak with ini-  
tial major  growth in the 620~ peak followed by 
growth of the 760~ peak as dose increases. There is 
no shift in  peak temperatures  with coverage, indicating 
a first-order process. K in this range shows a roughly 
equal growth of the major  features and a continuous 
shift of the peaks to higher temperatures  with increas- 
ing coverage, indicat ing a higher order process. Minor 
features at 275 ~ and 525~ also appear in  this range. 
A shifting of the K desorption peaks to higher tem- 
peratures with increased coverage is quite unl ike  the 
usual behavior  seen in (say) metals, as i l lustrated by 
hydrogen on tungsten  (9). Na shows no shifts, but  is 
also unusual  in that the least stable states fill first, 
which is the converse of metals. Thus, both ions tend to 
be more t ightly bound as coverage increases although 
the details are quite dissimilar. One conclusion is that  
the ions are immobile on the surface, which is sur-  
prising. Another  conclusion which seems more l ikely is 
that  ]ateral interactions account for the behavior as a 
function of coverage. 

In  the remaining range of dosages Na mainta ins  the 
same type of trend, with major  growth at 760~ and 
the appearance of another  peak at 950~ (3.06 eV) 
which eventual ly  becomes the major  feature. The 
620~ peak is seen to split into one at ~ 600 ~ and 
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700~ at the highest dose. K shows a continued 
growth  and shift to higher  Tp of the two major  fea-  
tures and gradual  growth of the shoulder  at 525~ 
Mass balance for both ions is drast ically reduced at the 
highest dose levels. 

In all  cases studied only the first flash heat ing of the 
surface after  a deposition was found to yield desorption 
peaks with subsequent scans (without  an in tervening 
deposition) showing no desorption peaks. From this 
behavior  we conclude that  the ions coming off are the 
ones that were  deposited and no ion exchange is occur-  
r ing at the surface. In the case of high dose runs with 
low mass balance, Auger  analysis oi the surface after  
the scan showed that  appreciable levels  of the species 
deposited remained on the surface. A more detailed 
Auger  study should de te rmine  whe ther  significant dif-  
fusion into the bulk is occurr ing or the deposited 
species are localized to the surface. It was also found 
that  atoms remaining on the surface significantly af-  
fected subsequent  runs by al ter ing their  spectral  shape. 
Removal  of the surface atoms by high tempera ture  an-  
neals re turned  the spectra to their  original shape. This 
may indicate that  some details in the spectra are due to 
ions interact ing with neutrals  or clusters of neutrals  of 
the deposited species on the surface ( lateral  in terac-  
tions). 

Finally, curve h in Fig. 1 is a current  due to a con- 
t inuous bulk emission of Na (no ions were  deposited 
before this scan). This current  can be var ied  over  
many decades and when plot ted on a log I vs. 1/T plot 
displays an act ivation energy of ~ 2.9 eV. 
One str iking point is the large amount of charge that 

we are able to deposit on these surfaces. An ideal in-  
sulating surface of this size (~  0.03 cm 2) with micro-  
coulombs of charge deposited on it would be charged 

to potentials _ > 1 kV, yet we see no large sur-  
face charging. This suggests an enormous surface ca- 
pacitance such as a Helmholtz  layer  which is a direct 
consequence of the high ionic conductivi ty of this ma-  
terial. The point is receiving fur ther  study. The possi- 
bil i ty of electrons tunnel ing through such a layer  to 
cause ion neutral izat ion on the surface, leading to the 
reduced mass balance seen at high dose, would be an- 
other consequence of such an interaction. 

Discussion and Conclusions 
The results show that  there  are major  differences 
be tween the interact ion of Na + and K + with  the 
E-alumina structure. In addition, the general  features 
of ion interactions wi th  these surfaces show major  and 
fundamental  differences wi th  that seen for (say) mo-  
lecules on metals. Both Na and K show a tendency for 
t ighter  binding with higher  coverage, wi th  the Na de- 
sorption appearing first order and that of K of more 
complex order in that there is a continual change in 
desorption peak temperatures  with coverage. It should 
be noted that Li + and Ag + tend to behave like Na +, 
whi le  Cs + behaves more  like K +. K spectra maintain  
two major  features throughout,  while those of Na have 
five features in total throughout  the range of coverage. 
The finding that  the ions are immobile  on the surface is 
puzzling, al though la teral  interactions seem a plausible 
explanat ion of the spectral dependence on coverage. 

More impor tant  than the specific results for Na and 
K on this par t icular  mater ia l  is the fact that  a method 
exists to study in detail  the energetics of ion interac-  
tions with the "surfaces" of this type of material.  When 
the te rm surface is used here it must be understood 
that  this must  include a considerable amount  of what  
could be referred to as " internal  surface." This is par-  
t icular ly true of the zeolite materials,  which are ex-  
t remely  open structures wi th  large channels. On the 
nominal  a-c plane of E-alumina we expect  a consider-  
able density of steps which expose the basal plane, due 
to the tendency of these materials  to cleave along the 

a-b plane. The relat ionship of the interactions wi th  the 
surface studied here to those in the bulk  is an impor -  
tant  question, since no method exists to der ive  the 
bulk energetics. Walstedt  and Remeika  (10) also noted 
distinct differences in the bulk propert ies  of Na + and 
K + in r as did Rees (11) in interdiffusion 
studies on N a / K  zeolite. The bulk as well  as the surface 
energetics are impor tant  when studying catalytic reac-  
tions involving the cations or the reactions that  occur 
on the surfaces of these materials  when they are part  
of an interface in an electrochemmal cell. 

While the pre l iminary  results are promising, we feel  
that due to the complexi ty  of the data the mat te r  of in-  
te rpre ta t ion  should be approached cautiously. In the 
regime of very  low dosages to the surface all features 
behave like classical f i rs t-order desorpt ion and thus the 
simple in terpre ta t ion  g iven  here would seem to suffice. 
In the region of h igher  dosages considerable com- 
plexi ty  is introduced and more data is needed before 
the nature  of the interact ion can be unambiguously  
determined.  The use of Auger  spectroscopy and char-  
acteristic loss spectroscopy for precise determinat ion  
of e lemental  as well  as electronic make up of the sur-  
face, LEED for determinat ion of surface s t ructure  and 
adsorbate registry, as well  as quadrupole  mass analysis 
of both ionic and neutra l  desorbed species are now 
being cair ied out to obtain a more  well-defined picture 
of this complicated process. 

In concmsion we have shown that  flash desorption 
provides a "surface ion spectroscopy" for solid elec-  
t rolyte materials.  We expect  that  the informat ion  
gained using this and other  surface techniques wil l  be 
of major  importance in unders tanaing the e lect rochem- 
ical and catalytic propert ies  of these materials.  
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In Situ Thickness Monitoring of 
Silicon Epitaxial Layer 
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Hitachi, Limited, Semiconductor and Integrated C~rcuits Division, Kodaira, Tokyo, Japan 

For silicon devices with high performance and large 
scale integration, precise control of silicon epitaxial 
layers has been required. One of the control methods 
is an in situ monitoring. The development  of in process 
film thickness monitor ing is reviewed in  Table I, to- 
gether with mutua l  interconneetions.  In  a previous 
paper  (7), the thickness monitor ing of thick poly- 
crystal l ine silicon film was reported where in  an im-  
proved infrared radiat ion method was employed. How- 
ever, uncertaint ies  remained regarding precise control 
of the thickness of silicon epitaxial layers. A lack of 
reproducibi l i ty  was observed in de termining the dif- 
ference between the deposition rate of polycrystal l ine 
films and epitaxial  single crystal layers. To solve this 
problem a novel technique was devised. A silicon sub-  
strate, in which a th in  "buried" insulat ing film was 
formed by ion implanta t ion  was used as a test sample 
and included in a deposition run  with other substrates 
which had not been ion implanted.  The thickness of 
the single crystal deposit on the ion implanted test 
sample was measured during growth using an optical 
interference method. Ion implanta t ion of the test sam- 
ple provides the difference in  refractive index between 
the substrate and the deposit which is required for 
moni tor ing the thickness by the optical method. In  this 
note, results using this technique are reported. 

The exper iment  was carried out in the same hori-  
zontal epitaxial  reactor that was used in a previous in-  
vestigation (7). The growth temperature was 1220~C 
[corrected for emissivity according to Allen's data (9) ]. 
The reactant gas ratio was SiCl~/I-12 --~ 0.005 for this 
SiCI4-H2 system. The substrate was Czochralski grown, 
(IIi) oriented, and phosphorus doped with a resistiv- 
ity of 5-10 ohm-cm. Nitrogen implantation of the sub- 
strafe was performed with fluences of i X 10 Is ion/ 
cm 2 and by 170 keV energy at room temperature. Cal- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  S i C h - H e  r e a c t i o n ,  i n f r a r e d  r a d i a t i o n ,  ni trogen- im-  

planted s i l i con  s u b s t r a t e ,  e p i t a x i a l  g r o w t h  on implanted substrate,  
p re c i s e  con t ro l  of f i lm t h i c k n e s s .  

Table I. Development of in process film thickness monitoring 
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culation of the ni t rogen profile based on LSS theory 
(10) predicts a Gaussian dis tr ibut ion with a projected 
range Rp ~ 0.46 #m, and a range spread • _ 0.1 #m. 
The peak of the ni t rogen concentrat ion was 4 X 10g/  
cm~. A Si3N4 film in  the silicon substrate was formed 
after anneal ing 30 rain at 1200~ in dry nitrogen. The 
epitaxial layer  was grown on the "buried" nitr ide 
layer in the substrate (11) by the SiC14-H2 reaction as 
shown in Fig. 1. During the epitaxial growth, infrared 
radiation emitted from the substrate was received by 
a PbS cell. All but  the 2.0 #m wavelength radiat ion 
was excluded with a filter (12). The signal was ampli-  
fied and recorded as interference waves on the re- 
corder. Since the period of radiat ion can be related to 
the thickness of the epitaxial  layer, the interference 
pat tern can be used to monitor  the thickness during 
the epitaxial growth. 

Figure 2 is the result  of monitor ing when  the epi- 
taxial layer  was deposited on the n i t rogen- implan ted  
silicon substrate. The abscissa reveals both reaction 
time and film thickness measured by the Talystep. One 
cycle of the interference wave was equivalent  to ap- 
proximately 0.28 #m in film thickness when  the glanc- 
ing angle of the photocell was 40 ~ . In  this figure, the 
solid l ine is an observed value and the broken line 
represents a calculated one using the following equa-  
t ion 

T~_l--p [I] 

where T is t ransmissivi ty and p is reflectivity. The re-  
flectivity equation for the reflection in unpolarized 
light is 

p = (1RpF + IRs]2)/2 [2] 

where Rp and R~ are reflective coefficients parallel  and 
perpendicular  to the plane of incidence in polarized 
light, respectively. The formula for three layers is (13) 

GROWN 

SINGLE Si 

Si SUBSTRATE 
IMPLANTED 2 ' ? ~ , / / ' / / / ~ "  / / / "  / / / 
3i,N4.SiOz ~ # ' 1 ' ~ / % i W " / / / " / / r / ~  

~ ~ l  / I l i // / 

/2 
" / / / 2 ~ "  //./x/ / ,.~2 z / 

Fig. 1. Schematic model for the occurrence of an interference 
pattern by a silicon epitaxial single crysta[ layer on nitrogen- 
implanted silicon substrate. 
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Fig. 2. Interference wave pattern when the silicon epitaxial layer 

was grown on the nitrogen-implanted silicon substrate. 
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where  rij is the Fresnel  reflection coefficient of the 
interface 

2~ 
8i ---- -- ni*di  cos Oi [4] 

2n 
5~ = ~ n2*d2 cos e2 [5] 

hi* = n i  - -  i k  [6] 

k = ~;t/4.~ [7] 

where  ~ ---- phase re tardat ion in wave leng th  ~ on cross- 
ing the layer,  n ---- ref rac t ive  index, d~ = film thickness, 
#i = refract ive  angle in each layer,  k ---- extinction co- 
efficient, and a ---- absorption coefficient at 2.0 pm wave-  
length. The refract ive  index of silicon and the ext inc-  
tion coefficient were  taken as 3.62 and 0.13, respectively.  
This refract ive  index of silicon was obtained f rom ex-  
t rapolat ion to the growth temperature,  1200~ using 
the value of n = 3.45 in 2.0 ~m wavelength  at room 
tempera ture  (14) and the tempera ture  dependence on 
the refract ive index be tween  80 ~ and 400~K (15). Im-  
provement  was observed in the max imum monitor ing 
thickness, dmax, compared with  the result  of the poly-  
crystal l ine silicon film (7). In the epi taxial  case, d~a~ 
increased to approximate ly  3.9 #m. However ,  the e l -  
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Fig. 3. Interference patterns when the silicon epitaxial layer and 
then HCI vapor etching were successively formed on the silicon-on- 
spinel substrate. 

fect ive dmax of the epi taxial  layer  was (3.9 -- 0.3) 
gm = 3.6 gm because of the thin layer  (0.3 gm thick-  
ness) of silicon on the SigN4 layer  implanted  into sili- 
con substrate. The calculated pa t te rn  approximate ly  
coincided with the exper imenta l  pattern.  The crystal-  
l ini ty of the epitaxial  layer  was not as good as that  of 
the layer  grown onto the usual silicon substrate; stack- 
ing fault  densities were  104 ~ 10S/cm 2 after  a Sir t l  
etch. However,  there  was no problem in thickness 
moni tor ing because the implanted substrate was used 
only for the test sample. 

The above result  was confirmed by the next  exper i -  
ment  as shown in Fig. 3. The  epi taxial  g rowth  and HC1 
vapor  etching process were  successively carr ied  out on 
a s i l icon-on-spinel  substrate;  the spinel was (111) 
oriented and the epitaxial  layer  on the spinel was 2.0 
~m in thickness. The m ax im um  monitor ing thickness, 
dmax, 3.9 ~m (total thickness of the spinel-epi taxia l  and 
this epitaxial  layers)  proved to be the same for the 
layer  grown on the spinel and the n i t rogen- implanted  
silicon substrate. In this case, the effective dmax was 
(3.9 -- 2.0) #m = 1.9 ~m. Autodoping f rom the spinel 
substrate caused contaminat ion of the silicon epitaxial  
layer  near the spinel test sample (16). Therefore,  the 
whol ly  or par t ia l ly  n i t rogen- implan ted  substrate  was 
bet ter  in realizing contaminat ion-f ree  epi taxial  layers 
of good quality.  

Results of the dma~ are tabula ted  in Table II. With 
increase of the growth temperature ,  the d m a x  showed 
a tendency of increasing to a m ax im um  and then de-  
creasing for the polycrystal l ine silicon film (7). The 
same tendency might  be expected for the epitaxial  
layer. Competi t ion be tween increasing radiat ion inten-  
sity and increasing absorption coefficient of silicon (the 
la t ter  becoming dominant  at h igher  tempera ture)  may  
bring about the tendency of i nc rease -max imum-de -  
crease with increase of the deposition temperature .  The 
absorption coefficient at 1200~ may be est imated as 
8 • 10~ cm -1 f rom the observed in terference pattern, 
while that  at room tempera ture  is 5 X 10 -2 c m-1  
(17). 

Table II. Maximum monitoring thickness, dmax, when the single or polycrystalline silicon film 
was grown on the various substrates 

G r o w n  f i lm S i l i con  s ing l e  c r y s t a l  P o l y c r y s t a l l i n e  s i l i con  

S u b a t r a t e  N i t r o g e n - i m p l a n ,  t ed  E p i t a x i a l  l a y e r  on Si3N4 fi lm on T h e r m a l l y  g r o w n  
Si s u b s t r a t e  sp ine l  Si  s u b s t r a t e  SlOe f i lm on  

Si s u b s t r a t e  

G r o w t h  con-  R e a c t a n t s  SiC14-H_o S iCh-H~ SiCII-H2 SiCh-H.~ 
d i t ion  G r o w t h  t e m p  1220~ 1220 ~ 1220~ 1220~ - 

M a x i m u m  m o n i t o r i n g  Sub .  Sub .  
t h i c k n e s s ,  dmax (3.6 + 0.33~ t tm (1.9 + 2.0 t~m 2.9 /~m* 3.1 g in*  

= 3.9 /era = 3.9 /~m (3.0 p.m)** (3.3 # m ) * *  _ _  
C o n t r o l  a c c u r a c y  ~0 .03  /tin -----0.03 # m  +0 .03  /zn~? •  ]~m? 
R e m a r k  C r y s t a l l i n i t y - - n o  p r o h -  A u t o d o p i n g  -~ con-  D i f f e r e n c e  f r o m  t h i c k n e s s  of s ing l e  

l e m  f o r  m o n i t o r t u g  t a m i n a t i o n  e r y s t a i  l a y e r  

* M a x i m u m  m o n i t o r i n g  t h i c k n e s s  for  t he  sb~g~e c r y s t a l  s i l i con  f i lm,  c a l i b r a t e d  b y  t h e  c o r r e l a t i o n  b e t w e e n  t h i c k n e s s  of  t h e  p o l y c r y s t a l l i n e  
s i l icon film and that  o f  the  si l icon ep i tax ia l  lay  

** M a x i m u m  m o n i t o r i n g  t h i c k n e s s  f o r  t h e  p o l y e r y s t a l l i n e  s i l i con  fi lm, 
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By fur ther  developing the moni tor ing of the CVD 
fihn thickness, in  process thickness moni tor ing of the 
silicon epitaxial  layer  was investigated in  order to 
control the thickness precisely. Using the n i t rogen-  
implanted silicon substrate  as the test sample, thick- 
ness monitor ing of the single crystal layer dur ing epi- 
taxial  growth was carried out by the improved method. 
The silicon epitaxial  layer, grown at 1220~ by the 
SiC14-H2 reaction, was controlled wi th in  • 0.03 ~m up 
to 3.9 /~m in thickness, when the filter of 2.0 ~m was 
adapted to detect the infrared radiat ion emitted from 
the substrate.  The m a x i m u m  monitor ing thickness may 
be l imited by the large absorption coefficient in  silicon 
material,  which has a large temperature  dependence. 
The competi t ion between the radiat ion intensi ty  and 
the absorption coefficient may br ing about the d~ •  
tendency of increase-maximum-decrease  with increase 
of the growth temperature.  The smaller  absorption co- 
efficient, approximately ~/2 in the single crystal layer  
compared with that in the polycrystal l ine silicon film, 
caused enhancement  of the max imum moni tor ing 
thickness for the single crystal layer, approximately 
30% larger than that for the polycrystal l ine silicon 
film. 

Acknowledgments 
The authors express their sincere grat i tude to Mr. 

S. Nishida, Mr. M. Ono, and Dr. Y. Sugita for their  
valuable  discussions and encouragement,  to Dr. T. 
Tsuchimoto for helpful discussion of the ion implanta-  
tion, and to Mr. Y. Sasaki for his help in  the calcula- 
tion. 

Manuscript  submit ted Sept. 24, 1975; revised manu-  
script received Dec. 29, 1975. This was Paper 254 RNP 
presented at the Dallas, Texas, Meeting of the Society, 
Oct. 5-9, 1975. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All  discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 

Publication costs of this article were partially as- 
si~ted by Hitachi, Limited. 

REFERENCES 

1. D. J. Dumin,  Rev. Sci. t~str., 38, 1107 (1967). 
2. J. F. Roberts, C. A. Clark, and A. C. Dumbi,  ibid., 

41, 247 (1970). 
3. R. Glang, in "Handbook of Thin Fi lm Technology," 

L. I. Maissel and R. Glang, Editors, pp. 1-114, 
McGraw-Hil l  Book Co., New York (1970). 

4. T. I. Kamins  and C. J. Dell'Oca, This Journal, 119, 
112 (1972). 

5. K. Sugawara, T. Yoshimi, H. Okuyama, and 
T. Shirasu, in "Chemical Vapor Deposition, 
Four th  In terna t ional  Conference," G. F. Wake-  
field and J. M. Blocher, Jr., Editors, p. 205, The 
Electrochemical Society Softbound Symposium 
Series, Princeton, N. J. (1973); K. Sugawara, T. 
Yoshimi, H. Okuyama, and T. Shirasu, This Jour- 
nal, 121, 1233 (1974). 

6. K. Sugawara, T. Yoshimi, H. Okuyama, and 
Y. Homma, ibid., 121, 1235 (1974). 

7. K. Sugawara, Y. Nakazawa, and T. Yoshimi, ibid., 
123, 586 (1976). 

8. K. Sugawara, T. Yoshimi, Y. Nakazawa, and K. Itoh, 
This work. 

9. F. G. Allen, J. Appl. Phys., 28, 1510 (1957). 
10. J. Lindhard, M. Scharff, H. E. Schiott, and K. Dan, 

Vidensk. Selsk. Mat.-Fys. Medd., 33, 1 (1963). 
11. R. J. Dexter. S. B. Watelski, and S. T. Picraux, 

Appl. Phys. Letters, 23, 455 (1973). 
12. I. Honda, N. Hashimoto, M. Ashikawa, and S. Muto, 

Abstract 23, 7th Symposium on Semiconductors 
and Integrated Circuits Technology of the Elec- 
trochemical Society of Japan, Nov. 21-22, 1974 
(in Japanese) .  

13. M. Born and E. Wolf, "Principles of Optics," p. 632, 
Pergamon Press, Oxford (1970). 

14. T. S. Moss, G. J. Burrel l  and B. Ellis, "Semicon- 
ductor Opto-E]ectronics, '  p. 301, Butterworths,  
London (1973). 

15. W. Paul  and H. Brooks, "Progress in  Semicon- 
ductors," Vol. 7, p. 135, John Wiley & Sons Inc., 
New York (1963). 

16. Y. S. Chiang and G. W. Looney, This Journal, 120, 
550 (1973). 

17. W. R. Runyan,  "Silicon Semiconductor Technol-  
ogy," p. 190, McGraw-Hil l  Book Co., New York 
(1965). 

Reaction of Anodized GaAs Surfaces in 
Hydrogen Atmospheres and Their Applications 

R. M. Malbon* 
Hughes Aircraft Company, Torrance Research Center, Torrance, California 90509 

and J. M. Whelan* 
MaterLals Science Department, University of Southern California, Los Angeles, California 90007 

The growth of anodic oxides with well-control led 
thicknesses from aqueous and nonaqueous solutions 
has been described (1-5). These oxides with thick- 
nesses between ~200 and ~2560A are soluble in di- 
lute solutions of nonoxidizing minera l  acids. Sequen-  
tial anodization and oxide dissolution have been used to 
thin GaAs epitaxial films in a controlled manner  (3). 
Composition of the anodic oxide has been reported to 
be an amorphous equimolar  mixture  of Ga~O3 and 
As~O3 with a variat ion in  the mole ratio near the out-  
side surface opposite to the GaAs-oxide interface (6). 
This paper is concerned with the consequences of heat- 
ing anodized GaAs in hydrogen under  various condi- 
tions and their application to ion implantation and epi- 
taxia] growth. 

* Electrochemical  Society Act ive  Member .  
K e y  words :  oxide reduct ion,  oxides of gal l ium, el~itaxial growth.  

Experimental 
The GaAs used in this study was either low resistiv- 

ity n + type Te-doped boat -grown substrate slices or 
epitaxial  films grown on those substrates. Etch pit 
densities varied from 1000 to 3000 cm -2. Orientat ion of 
the epitaxial film and substrate surfaces were 3 ~ off 
the <100> toward the <111>. The substrate slices 
were chemically polished to remove ~75 ~,m after 
mechanical  lapping so as to produce a mirror l ike  dam-  
age-free surface. As-grown surfaces were used for 
those samples with epitaxial films. The anodizing solu- 
tion consisted of deionized water  acidified to a pH of 
2.4 by adding a sufficient amount  of a H~AsO4 solution. 
The anodic oxides were grown at room "~emperature to 
various thicknesses by  adjust ing the final voltages us-  
ing a current - l imi ted  supply. P l a t inum foil served as 
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the cathode. The GaAs anodes were  supported by t i ta-  
n ium tweezers which had been previously anodized ex-  
cept for a small area about the tips. Care was taken to 
immerse the GaAs and its support ing tweezer  tips in 
the anodizing solution before applying a bias. Af te r  
immersion the bias was adjusted to give the desired 
anodic oxide film thickness as judged by color com- 
parison with  a previously  prepared group of oxidized 
GaAs samples. The oxide thickness of these samples 
had been verified by etching a section of the oxide in 
aqueous HC1 and measuring the oxide step height  wi th  
a commercial  stylus s tep-height  analyzer. It  is to be 
noted that  the anodization procedure  described above 
clearly delineated doping inhomogenit ies  and local sur-  
face damage if present. 

The anodized samples were  annealed under  a H2 
atmosphere using a quartz enve lope / fu rnace  assembly 
shown schematical ly in Fig. 1. The intended purpose 
was to provide  a simple gas-flow pat tern  with a mini-  
mum l inear  gas veloci ty of 1'0 cm sec-~ at the anneal ing 
temperatures .  

Inlet  H2 from a l iquid I-t2 source was preheated by 
passage through one leg of the horizontal  U tube and 
passed over  a small  quartz  boat containing solid GaAs 
and a l iquid Ga solution saturated with  As at the an- 
nealing temperature .  This source was intended to pro-  
vide a fract ion of the As4 pressure necessary for equi-  
l ibrium. Samples to be annealed were  mounted on a 
quartz  support  assembly attached to a fine quartz  rod 
for easy positioning. The over -a l l  assembly was in- 
tended to have a low heat capacity so that  it would 
warm and cool quickly as a resistance furnace on rol l -  
ers was positioned ei ther for anneal ing or cool ing/  
loading. Samples  cooled typical ly f rom the annealing 
temperatures  to 100~ in ~5  min. After  loading, the 
chamber  was flushed for a min imum of 1 hr  so that  the 
a i r + H 2 0  concentrations were  under  ~3  ppm. Based 
on prior  experience,  the H20 concentrat ion rises to 
~10 ppm at the anneal ing tempera tures  due to outgas- 
sing of the quartz  (7). Results of annealing are given 
below. For  a typical  sample, chemical ly polished and 
anodized to create 1400A of oxide, the result  of anneal-  
ing for 15 min at 740~ in H2 is the formation of a 
high density of small Ga droplets as indicated by Fig. 
2. The droplets dissolved preferent ia l ly  in aqueous 
HC1 or in hot  He gas which would be expected for Ga. 
The resul tant  GaAs surfaces exposed and under  the 
Ga droplets had height  i r regular i t ies  due to pit t ing of 
less than 1000A. Densities of the droplets var ied f rom 
a value of 3 • 10 s cm -2 in the central  7'0-80% of the 
wafer  area to near zero at the ex t reme somewhat  
rounded edges of the wafer.  A feature  to be noted is 
the re la t ive ly  small  spread in the droplet  sizes. As in- 
dicated in Fig. 2, the average diameter  at the interface 
is approximate ly  0.4 ~m. Based on the est imated vol-  
ume of an average droplet  and their  number  per  cm 2 
of substrate surface, the volume of Ga in the droplets 
agrees wi thin  20% of the volume expected if the only 
source of Ga were  that  result ing f rom the reduction of 
the oxide. This agreement  is coincidental  as is de- 
scribed below. 

The sequence of changes upon annealing anodized 
GaAs surfaces in the H~ atmospheres is as follows. 
Provided  the t empera tu re  is high enough for the re-  

3{ 

~mtET 

( ~ l  o m 

l 
Fig. 1. Quartz annealing assembly for anodized GaAs samples. 

A 50 em long resistance furnace on tracks may be centered an the 
sample or rafted to the left for rapid sample eooffng. 
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Fig. 2. SEM photographs of an anodized GaAs surface after a 
15 min anneal in H2 at 740~ The anodic oxide thickness was 
1400~. Top: original magnification 12,500X; bottom: original mag- 
nification 50,000X. 

duction of the oxide to yield Ga droplets, the droplets 
form quickly at densities possibly as high as 109-1010 
cm -2. The larger  droplets ini t ial ly grow at the ex-  
pense of the smaller  ones. With larger  anneal ing times, 
the droplet  density decreases eventua l ly  to zero. Rates 
for these changes increase with temperature .  F igure  3 
shows the results of anneal ing a GaAs surface with a 
1000A anodic oxide for 10 min in H2 at 800~ The 
droplet  density is smaller, ~7 • 107 cm -2, but the 
spread in size is somewhat  larger  than for that  shown 
in Fig. 2. Longer anneal ing causes the droplet  density 
to decrease, in part, because of droplet  migra t ion  and 
coalescence. Evidence for this is shown in Fig. 4. This 
sample is identical to that represented by Fig. 3 except  
that  the anneal ing t ime at 8O0~ was 20 min. The 
smoothed droplet  traces or r ivulets  have moved from 
left  to right. Fur ther  evidence for the r ivulets  was ap- 
parent  in optical photomicrographs at 700X. The tracks 
are roughly paral le l  but do not fol low s t ra ight- l ine  
courses. The consequence of anneal ing a ve ry  thin 
GaAs anodic film ~200A for 20 rain in H2 is shown in 
Fig. 5. The average interracial  droplet  d iameter  is 
~0.2 nm and the density is ~3  • l0 s cm -2. Gal l ium 
in the droplets is approximate ly  half  that  in the origi-  
nal oxide. Both the exposed and GaAs drople t -covered  
surfaces were  smoother than that shown in Fig. 4 
which was treated identical ly except  that the original 
oxide was five times thicker. 

Control samples of GaAs with  chemical ly polished 
surfaces did not show the characterist ic droplet  far ina-  
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Fig. 3. SEM photograph of an anodized GaAs surface after a 10 
min anneal in H2 at 800~ The anodic oxide thickness was 
I000~,. Original magnification 18,000X. 

Fig. 4. SEM photograph of an anodized GaAs surface after a 20 
min anneal in H2 at 800~ The anodic oxide thickness was 1000.~. 
Original magnification 18,000X. 

Fig. 5. SEM photograph of an anodized GaAs surface after a 20 
min anneal in H2 at 800~ The anodic oxide thickness was 200.~. 
Original magnification 18,000X~ 

t ion upon anneal ing  as did those with anodic oxides. 
The resul tant  surfaces were, by comparison, fea ture-  
less except in areas of s train at the edges or near  an 
incompletely removed scratch. As an example, large 
Ga droplets formed along the original sawed edges of 
the wafers. This also il lustrates the point that  arsenic is 
lost much more rapidly from a saturated Ga solution 
than from a s t rain-free GaAs surface. 

These results and support ing ones may be summa-  
rized as follows. The droplet size resul t ing from short 
anneals increases wi th  the thicknesses of the original 
anodic oxides. Surface textures of the GaAs surfaces 
indicate that the densities of droplets may reach values 
substant ia l ly  in excess of the highest noted, 5 • 108 
cm -2. The ini t ia l  source of these is the reduction of the 
Ga species in  the oxide which at the reduct ion tem-  
pera ture  must  have a gal l ium-to-arsenic  ratio sub-  
s tant ial ly greater than unity. Subsequent  to this, the 
GaAs contributes as an addit ional source of Ga. As the 
anneal ing period is increased, the droplets show signs 
of migrat ion and eventual ly  they disappear. The lat ter  
point requires an eventual  loss of Ga to the vapor phase 
at a greater rate than that for As. Times required for 
these characteristic changes decrease with increasing 
anneal ing temperatures.  These features are discussed 
in the following section in terms of the pre l iminary  
loss of As from the anodic oxide, the reduction of the 
residue to Ga, its dissolution of GaAs, and eventual  re-  
moval by reaction with HsO which is present  as an 
impur i ty  in the Hs. 

Discussion 
The observations described in the previous section 

are in accord with the conclusions of Fe ldman  et al. 
(6) regarding the basic composition of the anodic ox- 
ide, namely, equimolar  amounts  of AsuO3 and Ga203. 
Arsenic oxide is more volatile than Ga203 and is less 
stable with respect to reduct ion by a hydrogen atmos- 
phere buffered with a given amount  of water. It is 
reasonable to assume the selective loss of arsenic from 
the anodic oxide by these means upon heating in hy-  
drogen at 700~176 and as summarized by the 
following reactions 

As203 (anodic oxide) -> As20~ (g) [1] 

2As203 (anodic oxide) + 6H2(g) -> As4(g) + 6H20(g) 
[2] 

The involvement  of Eq. [1] has been previously postu- 
lated by Fe ldman et al. upon heat ing anodic films in 
oxidizing atmospheres up to 650~ Evidence has 
been summarized to the extensive but  incomplete loss 
of As203 from the anodic films upon heating in ox- 
idizing atmospheres to >700~ and for the formation 
of ~-Ga203(s) and GaAsO4(s) on the GaAs surface (6). 
This contrasts with heating in  a hydrogen atmosphere. 
Upon heating a GaAs anodic oxide film in a hydrogen 
stream, a temperature  is reached at which the hydro-  
gen is sufficiently reducing to reduce Ga203 in the 
residue of the original film. Possible reactions are rep- 
resented by Eq. [3] and [4] 

Ga203 (anodic film) + 3H2(g) --> 2Ga(1) + 3H.~O(g) 
[3] 

Ga20~ (anodic film) + 2H2(g) -~ Ga-~O(g) + 2H20(g) 
[4] 

From a thermodynamic  point of view one would ex- 
pect [3] to prevail  as the tempera ture  rises towards 
700~ (8-10). The existence of Ga droplets after short 
heat ing times indeed suggests that [3] dominates. This 
l iquid droplet formation triggers another  concurrent  
set of reactions. These are represented by Eq. [5], the 
dissolution of GaAs in  the Ga to form a saturated solu- 
tion and Eq. [6], the evaporat ion of arsenic from the 
saturated solution 

GaAs(s)  = Ga(1) + As( l )  [5] 

GaAs(s)  -- Ga(1) + 1,4 As4(g) [6] 
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The effect of Eq. [5] and [6] is to increase the amount  
of Ga in the saturated liquid phase as the arsenic evap- 
orates. The rate of As evaporation is much faster from 
the liquid solution than from a solid GaAs surface. 
Since the vapor pressure of arsenic over the saturated 
solution and thus the evaporation rate both decrease 
as the drop size increases, it is to be expected that the 
drop size dis tr ibut ion will tend to cluster about a given 
value depending on temperature,  flow rate, and the 
pur i ty  of the hydrogen. The mean  droplet diameter  
will also be influenced by the anodic oxide thickness 
since the drops are ini t ia l ly  formed by the reduction of 
the GaaO3. For short heating times in very high 
pur i ty  H2, the amount  of arsenic lost from the GaAs 
surface is relat ively small  via dissolution in an evap- 
oration from the liquid phase. Evidence that  this is 
significant for longer heating times is shown by the 
r ivulet  path of a migrat ing droplet as can be seen in 
Fig. 4. The track of the droplet should depend on rela-  
tive dissolution rates of GaAs along differing crystal-  
lographic directions and the gas-flow patterns. 

As indicated in Fig. 2 and 5, the relative drop densi-  
ties were near ly  the same, ~3 • 10 s cm -2, but  the 
mean drop size was somewhat  larger for the sample 
with the thicker oxide. Detailed conclusions regarding 
relative drop sizes must  be tempered by the disappear-  
ance of drops upon longer heating or at higher tem- 
peratures. Comparison of Fig. 2 with Fig. 3 i l lustrates 
this trend. 

As the time of anneal ing in H2 is increased, the 
droplet density decreases and the size ini t ia l ly grows 
and then decreases. In sufficient t ime the drops disap- 
pear. This behavior  is a t t r ibuted to the reaction of 
water  as an impur i ty  in the H2 with Ga in the satu- 
rated liquid phase with GaAs. Although the chemical 
potentials of Ga in the l iquid phase and in the solid 
GaAs are identical, the rate of reaction with water  is 
faster at the liquid phase interface. In summary,  reac- 
t ion ['7] proceeds faster than [8] unt i l  the l iquid solu- 
tion is exhausted. Reaction [8] then becomes the sig- 
nificant one for fur ther  surface errosion 

2Ga (saturated liquid solution) ~- H20 (g) 

--* Ha(g) --}- Ga2'O(g) [7] 

2,GaAs(s) ~- H20(g) --> H2(g) ~- Ga~O(g) + 1/2 As~(g) 
[8] 

It is implied that the consumption of Ga in [7] is ac- 
companied by the vaporization of As from the solution 
or its precipitat ion as GaAs so that the liquid solution 
is saturated unt i l  exhausted. 

Applications 
Epitaxial g r o w t h . - - W e  have noted a consistent pat-  

tern of smoother films grown on GaAs substrates 
which were first anodized after chemical polishing 
relative to ones without  chemical polishing. Fur ther -  
more, the anodized ones require a m in imum of pre-  
cleaning before insert ion in  the epitaxy reactor. These 
are stored in polyethylene bags and s imply blown off 
with N2 gas. Anodization was done immediately after 
chemical polishing and water rinsing. Opt imum oxide 
thicknesses are wi thin  the range, 400-600A. The CVD 
epitaxy system is based on a H2/AsC18 gaseous source 
which is first passed over a boat containing a Ga solu- 
t ion which has an encrusted surface of GaAs. The pre-  
growth t rea tment  of the substrates in this process is to 
flush them in a pure purging He gas stream while the 
necessary operating temperatures  are being established 
and the separate HJAsCI~ stream is adjusted for nor-  
mal  growth. During the warm-up  stage, the anodic 
oxide on substrates is reduced and leaves a Ga residue 
as droplets saturated with GaAs. These droplets serve 
several useful functions. First, etching of the sub- 
strates due to traces of H.90 in the backfiushing H2 is 
c ircumvented since the HaO reacts preferent ial ly  with 
the liquid droplets. Secondly, the high density (,-~5 • 
l0 s cm -2) of freshly etched regions on the substrate 

near  the Ga droplets is expected to be excellent nu -  
cleation sites. Finally,  the reaction of Ga droplets with 
HC1 favors the rapid equil ibrat ion of Ha, HC1, As~, and 
GaC1 in the gas phase with the substrate. The rate of 
equil ibrat ion is enhanced because of the faster gas- 
l iquid interface reaction than the corresponding gas- 
solid GaAs reaction. (Note that the chemical potential 
of Ga is the same in the substrate as it is in the satu- 
rated Ga solution.) 

High temperature  encapsulant . - -Schwartz  et al. 
have noted the satisfactory use of anodic oxides in 
weakly oxidizing atmospheres as diffusion masks (2). 
The oxides are current ly  under  evaluat ion as surface 
protecting films for post-ion implanta t ion anneal ing at 
temperatures between 700~176 under  slightly 
oxidizing atmospheres. After  heating, the oxides are 
f requent ly  difficult to dissolve in mineral  acids. 

They can be reduced and removed during the last 
few minutes  of the anneal ing period by replacing the 
slightly oxidizing atmosphere (N2) with a reducing 
one such as H2. The residual Ga droplets can be read- 
ily removed with aqueous HC1 or by dissolution in Hg. 
They can be also vapor etched by adjust ing the 
H20/H2 ratio in the inlet  H2 stream and thus be re-  
moved in si tu at the end of the anneal. 

Summary 
It has been shown that anodic and thermal ly  grown 

nat ive oxides on GaAs can be reduced by anneal ing in 
H2 atmospheres to yield GaAs surfaces with upwards 
of 10 s Ga droplets cm -2. These droplets tend to grow 
in size with decreased densities upon continued anneal-  
ing in high pur i ty  H2 and are preferent ia l ly  removed 
from the GaAs surface by reaction with traces of H20 
in the H2. 

Chemically polished GaAs substrates with anodic 
oxides 4•0-600A thick are superior to those without 
the oxide for the growth of thin epitaxial films from 
the vapor phase using a H2-AsC13-Ga system. Advan-  
tages are at t r ibuted to (i) easier cleaning of the anodic 
oxide surfaces, ( i0 the high density of nucleat ion sites 
generated by the pre l iminary  reduction of the oxide, 
and (iii) the enhanced rate of initial  equi l ibrat ion of 
the growth atmosphere with the substrate through the 
rapid reaction of the liquid droplets with the vapor. 

Ancdic and thermal ly  grown oxides on GaAs used as 
encapsulants during anneal ing in oxidizing atmosphere 
can be removed by anneal ing in H2 to form droplets 
or removed in si tu by anneal ing in H2 containing a 
controlled amount  of HaO. 
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Brief @ 
A Study of the Phosphorus Gettering of Gold 

in Silicon by Use of Neutron Activation Analysis 
S. P. Murarka* 

Bell Laboratories, Murray Hilt, New Jersey 07974 

Gold is probably  the most important  impur i ty  acting 
as  a very effective recombinat ion center in both n-  and 
p- type  silicon (1-3). Keeping the concentrat ion of gold 
(and that  of other similar  impuri t ies)  to a m i n i m u m  is 
a must  for those devices where high minori ty  c a r r i e r  
lifetime is desirable. The reduction in the concentrat ion 
of such impuri t ies  is rout inely  achieved by introducing 
a so-called gettering step (4-13) [phosphorus diffusion 
(1-3, 5, 10-13), mechanical  damage (4, 6, 7), or im-  
p lanta t ion  damage (8-10), all on the back surface of 
the wafers] in the processing sequence. As a result  of 
this t reatment ,  impurit ies like gold, which have fast 
diffusivities in silicon, diffuse toward and become 
trapped in the back surface of the wafer. This phe- 
nomenon  of t rapping impurit ies in the region away 
from the active regions of the devices has been called 
impur i ty  gettering. 

A var ie ty  of techniques (1-10) has been used to 
investigate the phenomenon of impur i ty  gettering in -  
duced by phosphorus diffusion or mechanical  or ion 
implanta t ion damage. In  these investigations the semi- 
conductor was first equil ibrated with an external  
source of impur i ty  (so as to increase the concentra-  
t ion).  Subsequently,  the gettering was carried out and 
the bu lk  and the surface of the semiconductor were 
analyzed for the impur i ty  content. To the best of the 
author 's  knowledge, no at tempt other than the diode 
studies of Meek and Gibbon (5) has been made to 
study the gettering in as-received silicon wafers where 
the concentrat ion of the impurit ies is relat ively low. 
We have used neut ron-ac t iva t ion  analysis to study the 
effectiveness of get tering in as-received silicon wafers. 
Neutron activation analysis provides a very sensitive 
and general]y specific method of analysis. Coupled with 
autoradiography, this technique offers a very powerful 
analytical means by which to learn the nature of im- 
purities, and their concentration and spatial distribu- 
tion in a given material. For the detection of impurities 
in silicon, this method (14-18) is ideal because of the 
very low thermal neutron capture cross section of 3~ 
and the short half-life of the radioactive product 3~Si. 
In the present work neutron activation analysis was 
used to determine the concentration of gold in silicon 
wafers before and after phosphorus gettering. It may 
be mentioned that Tasch et al. (19) did use neutron 
activation analysis to look for the gettering of impuri- 
ties on slip lines, but found that the impurity con- 
centrations were below detection limit. 

* Electrochemical Society Active Member. 
K e y  w o r d s :  g e t t e r i n g ,  a c t i v a t i o n  a n a l y s i s ,  gold, phosphorus  diffu-  

sion, 

For each exper iment  at least two wafers from each 
crystal were used. To avoid any significant d i f f e r e n c e s  
arising due to uneven  distr ibution of impuri t ies  along 
the length of the boule, wafers cut adjacent to each 
other were selected. The slices were degreased, 
cleaned, and weighed. The degreasing and cleaning 
were done in accordance with the s tandard cleaning 
process used in semiconductor device development. 
Immedia te ly  thereafter,  one of the slices was given 
the s tandard phosphorus gettering treatment,  i.e., 30 
rain in PBr3 at 1000~ with 1% 02-99% N2 as the 
c a r r i e r  gas. The slices were then individual ly  placed in 
specially made and cleaned high pur i ty  quartz petri  
dishes with covers. The covered dishes were then 
wrapped in a luminum foil and placed in an a luminum 
container. Irradiat ions were carried out with thermal  
neutrons  at fluxes ~1• cm -2 sec -1 for a time 
period of 5 hr. In  a few cases small  pieces cut off the 
silicon slices were used instead of the whole wafers. 
Such pieces received identical cleaning t rea tment  and 
w e r e  sealed in clean quartz tubes under  vacuum 
(~10 -3 Torr) .  Since the pr imary  interest  of this in-  
vestigation was to determine the concentrat ion of gold 
in  silicon slices, no chemical separation was done prior 
to counting of the ~-ray activity. The counting of the 
samples was purposely delayed to let the 81Si activity 
(half-l ife 2.6 hr) decay out so that it made a negligible 
contr ibut ion to the y-spectrum. The counting was thus 
done about 40 hr after the irradiation.  The samples 
were counted (in a fixed-reproducible geometry) with 
a Ge(Li)  detector attached to a 1024 mul t ichannel  
analyzer and data pr inted on a Teletype. The complete 
detection and counting assembly was calibrafed 1 by 
use of a National  Bureau of Standards source of 7-rays 
of energies varying from 0.0877 MeV of Cd 1~ to 1.836 
MeV of y88. Attempts were made to identify only the 
0.412 MeV peak of Au ~gs (half-l ife 64.7 hr) and in 
arsenic-doped crystals the 0.56, 0.66, and 1.22 MeV 
peaks of As 76. As TM energies served as the in terna l  
standards, since the doping levels of these wafers were 
known from the electrical measurements.  In  all cases, 
calculated concentrations of arsenic compared very 
well with those obtained by electrical measurements.  

The following routine was followed to demonstrate  
that due to phosphorus gettering of the silicon wafers 
gold atoms had diffused away from the bulk  and w e r e  
trapped in the phosphorus-r ich silicon near  the surface. 
(i) Each of the i r radiated samples was ul trasonical ly 

1 I n  a n o t h e r  s t a n d a r d i z a t i o n ,  a solut ion conta ined  a k n o w n  a m o u n t  
of A u  as a b l a n k  and act iv i ty  thus produced  was  u s e d  to calibrate 
t h e  counter.  
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Table I. Effect of phosphorus gettering on the gold concentration 
in silicon 

S a m p l e  
number 

Gold c o n c e n t r a t i o n ,  c m  -a 

G c t t e r e d  w a f e r  

A f t e r  A f t e r  s u r f a c e  
P - g l a s s  S i  l a y e r  

U n g e t t c r e d  e t c h e d  ( ~ 2 - 4  /~m) 
w a f e r  off e t c h e d  off  

1 2.9 X 10 is 2.0 X 1O TM 1.2 X 10 ~2 
2 0.9 X 10 z4 2.1 • l014 3.0 X l 0  TM 

3 1.2 X i014 2.2 x I0 ~ 6.1 X I0 ~ 
4 1.4 X 10 l~ 6.6  X 1014 10.7 x 10 ~ 
5 3.2 x 10 ~3 5.7 x 10 ~ 5.3 x 10 ~ 
6 2.5 x 10 TM 3 , 6  X 10 TM 1.0 X 10 TM 

7 0.9 x 10 ~4 2.6 x 10~ 4.2 x 10 ~-~ 
8 0.4-4  • I 0  T M  1.3 • i 0  ~ BDL* 
9 0.9 X I0 ~ 1.0 x i0  I"- BDL* 

10 0.6 • i0  TM 1.0 X 10:2 BDL* 

* B D L  = B e l o w  d e t e c t i o n  l i m i t  fo r  g i v e n  i r r a d i a t i o n  c o n d i t i o n s .  
** S a m p l e  b r o k e n .  

cleaned in water and in methanol,  dried, and counted. 
(if) After this first counting, each sample was placed in 
agitated buffered hydrofluoric acid solution for 2 rain 
to remove any oxide or glass layer on the surface, 
then washed, dried, and counted. (iii) The wafer was 
then etched to remove approximately 1 ~m of silicon 
from the surface. The etchant was diluted Sirtl  etch 
which consisted of a 1:1 mixture  of CrO3 [50 weight 
per cent (w/o)  in water] and HF (49%) diluted with 
equal volume of water. A third counting was carried 
out. (iv) The sequence of etching and counting was 
repeated unt i l  the count rate of the gold activity per 
uni t  mass of silicon did not show any appreciable 
change. It  was found that for the gettered wafers the 
count rate per uni t  mass did not show any appreciable 
change after about 2 ~m of silicon had been etched off 
the surfaces. For the nongettered wafers, the count 
rate per uni t  mass was constant. 

The amount  of gold in the phosphorus glass which 
was formed on the surface of silicon dur ing phosphorus 
diffusion and which was etched off in buffered hydro-  
fluoric acid after first counting was determined (i) by 
counting the etchant solution containing etched-off 
glass and (if) from the difference in the gold count 
rates between first and second countings. But for one 
exception where the sample was apparent ly  contami-  
nated dur ing the etching sequence, the amount  of gold 
in phosphorus glass was found to be negligible com- 
pared to the total in the silicon wafers. 

Table I lists the results of this investigation. All 
concentrations are estimated to be wi thin  a factor of 
two of the true values. Figure 1 shows a plot of the 
residual  gold concentrat ion in the gettered silicon 
wafers from the surface of which the phosphorus- 
diffused region of ~2  nm has been etched off vs. the 
gold concentrat ion in the ungettered ones. It is ap- 
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Fig. 1. Effect of phosphorus gettering on the gold concentration 
in silicon wafers. 

parent  that  the get ter ing has resulted in  an average 
reduction of the concentrat ion by a factor of 50. Most 
of the gold ini t ia l ly present was trapped in the ap- 
proximately 2 ~m thick phosphorus-rich region near  
the surface and was etched off when this layer was 
removed. It may be mentioned here that no significant 
amount  of gold was detected in the phosphorus glass 
which demonstrates that the phosphorus glass did not 
getter gold. Although Lambert  and Reese (3) did re- 
port the presence of Au in glass, results similar to those 
reported here were obtained by several workers (4, 
10, 20) who have investigated the phosphorus diffusion 
gettering in in tent ional ly  doped silicon wafers or in 
fabricated devices. 

A careful examinat ion  of the total gold concentra- 
t ion (Table I) in  both gettered, but  unetched, and 
unget tered samples shows that the gold concentrat ion 
was higher in almost ai1 gettered wafers, although 
after removal of 2 ~m of silicon by etching the con- 
centrat ion goes down considerably. It has been ob- 
served (3, 21-24) that dur ing high temperature  anneals 
the impurit ies from the surroundings diffuse into the 
semiconductor material.  The observed higher amounts  
of gold on gettered but  unetched samples may have 
thus resulted due to external  contaminat ion during 
the 10O0.~ treatment.  The possibility of any 
appreciable gold contaminat ion due to irradiation of 
samples in quartz containers (22) is ruled out since 
all samples, gettered or ungettered, were irradiated in 
identical quartz containers. It may be emphasized that 

this increase by a factor of 2--2 .6  in  the amount  

of gold due to external  contaminat ion during PBr3 
t reatment  is relat ively insignificant and of secondary 
importance since the phosphorus gettering has been 
very effective in leading to a reduct ion of gold con- 

+40 
centrat ion by a factor of 20 (Table I) .  

--6 
Recently, Seidel and Meek (10, 25, 26) have proposed 

that the gettering mechanism for phosphorus diffusion 
is solubili ty enhancement  and ion pair ing (26) of the 
subst i tut ional  metal  ion (acceptor). At lower gold con- 
centrations, such as those in our silicon wafers, es- 
sential ly all gold could be expected to be paired with 
phosphorus in the phosphorus-rich (~i02o-i021 cm -3) 
silicon surface, resulting in very effective gettering 
of gold. The good gettering observed in the present 
case (Fig. i) thus very well supports the enhanced 
solibility mechanism. 
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Effect of Heat-Treatment of GaAs Encapsulated by SiO  
B. Molnar* 

Naval Research Laboratory, Washington, D. C. 20375 

There is considerable interest  in the ion- implanta t ion  
doping of GaAs, especially in its application to device 
structures which require submicron- th ick  doped 
layers. For  most of the applications of ion implantat ion,  
it is necessary to heat - t rea t  GaAs at about 800~ in  
order to remove the i r radiat ion damage (1) and to in-  
crease the electrical activity of the implanted ions (2). 
However, GaAs begins to undergo significant dissocia- 
tion (3) at temperatures  ~ 600~ In  addition, there is 
evidence (4) that implanted GaAs begins to dissociate 
at an even lower temperature  <500~ In order to 
prevent  the dissociation, coating materials  such as 
SiO2, Si3N4, or A1N have been applied prior to high 
tempera ture  annealing.  However, Ga is relat ively fast 
diffusing in SiO2 (5), and it has been shown with 
backscattering measurements  (6) that Ga accumulates 
at the surface of SiO2 or Si3N4 layers on GaAs sub- 
strate following anneals  at 700~162 The loss of 
As or Ga from the surface of GaAs can give rise to 
large changes in the electrical properties. The affected 
surface layer may considerably influence the electrical 
properties of the implanted thin layers. 

The purpose of this communicat ion is to report  the 
results of the investigation on the protective qual i ty of 
i f - sput te red  SiO2 thin films. In order to avoid the 
complication of implanted layers, the protective quali ty 
of SiO2 on unimplanted  GaAs substrates was invest i-  
gated. The protective quali ty of the SiO2 was measured 
by its abil i ty to main ta in  the background doping con- 
centration. 

The GaAs substrates used were Te doped, n - type  
with an electron concentrat ion of 2 • 1017/cm 3. Prior  
to loading in the sputter ing system, the substrates were 
etched. An  oxide film of about 2000A thick was de-  
posited on room tempera ture  GaAs substrates by rf 
sput ter ing of a SiO2 target. Etching rates, which in-  
dicate the qual i ty  of the films, were about 15 A/sec in  
P etch. The encapsulated GaAs samples were sealed in 
a high pur i ty  ampul  in order to avoid Cu contamina-  
tion. Vacuum hea t - t rea tment  was performed between 
500 ~ and 900~ and after the anneal  the ampuls  
were quickly cooled to room temperature.  After  heat-  
t reatment ,  the back side of the samples was etched, 
and the oxide was removed by HF. For electrical 
evaluat ion the back side was provided with a S n - A u  

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words:  a n n e a l i n g ,  G a A s ,  sil icon dioxide,  e lectrical  activity,  

g a l l i u m  v a c a n c y .  

spot-welded ohmic contact. Schottky bar r ie r  metal  
contacts were sputtered Au delineated by the s tandard 
photolithographic technique. 

The carrier concentrat ion vs. depth data obtained by 
using the Schottky bar r ie r  technique while succes- 
sively etching away th in  layers are shown in Fig. 1. 
Before anneal ing the dis tr ibut ion of carriers was un i -  
form, at the 2 • 1017/cm ~ level. After  hea t - t rea t ing  the 
GaAs at 800~ for 1 hr, the electron concentrat ion 
decreased rapidly to around a few times 1015/cm3 
below the surface and then increased to the back- 
ground doping level at a depth of approximately  1#. 
After a 900~ anneal  t rea tment  the carrier concen- 
trat ion dis tr ibut ion moved deeper into the sample. The 
experimental  carrier concentrat ion could be regarded 
as the Te compensation by indiffusing acceptors. The 
indiffusing acceptors are represented by a complemen- 
tary error function distribution. The exper imental  data 
are, therefore, the superposit ion of the n - type  back- 
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Fig. 1. Change in carrier concentration as a function of depth. 
Before annealing the distribution is uniform at 2 X 1017/cm 3- The 
distribution of gallium vacancies (Voa) after 1 hr annealing at 
800~ is also indicated. 
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ground doping and a p- type complementary error 
function distribution. From the appropriate comple- 
mentary  error function, a diffusion coefficient of about 
3 • 10 -18 cm2/sec at 800~ was deduced. By considering 
the possible out-  and in-diffusing species, i.e., St, O, Te, 
Ga, and As, it has been found that only Ga vacancies 
(7) are p-type,  have diffusion coefficients in the 
neighborhood of the deduced one, and an adequate 
equi l ibr ium concentrat ion for the proposed in-diffusing 
species. A similar conclusion was reached by S. Y. 
Chiang and G. L. Person by examining heat- treated,  
but  unencapsulated GaAs (7). In conclusion, it has 
been found that  hea t - t rea tment  produces significant 
changes in the surface carrier  concentrat ion on the 
SiO2 encapsulated GaAs. Fur thermore,  the results of 
this experiment  present  strong evidence that the ac- 
ceptors formed by the hea t - t rea tment  of SiO2 en- 
capsulated GaAs are due to Ga vacancies. 

We are present ly carrying out similar  type in-  
vestigation of Si3N4 and A1N films deposited by dif- 
ferent  methods. 
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A New Aqueous Solution for the Anodic Oxidation of GaAs 
D. Law and C. A. Lee* 

Department of Electrical Engineering, CorneIl University, lthaca, New York 14850 

A number  of reports have recently appeared (1, 2) 
concerning the anodic oxidation of GaAs which utilize 
nonaqueous solvents. These solutions purport  to give 
higher quali ty oxide films, in  terms of density and 
resistivity, than previously proposed aqueous solu- 
tions (3, 4). The deficiencies of these aqueous solutions 
variously involved dissolution of the oxide dur ing 
growth, stabil i ty of the solution against impurities, and 
a tendency to produce a porous oxide of relat ively low 
resistivity and dielectric strength. 

In  this communicat ion we present  a new aqueous 
solution for the anodic oxidation of GaAs which 
produces films of equal quali ty compared to those 
produced by solutions containing nonaqueous solvents 
and which is advantageous in a number  of other 
respects (5). This new solution utilizes a common salt 
that is quite inexpensive compared to solutions con- 
taining ethylene glycol, or N-methylacetamide,  and is 
quite safe to handle as opposed to solutions of 30% 
hydrogen peroxide. Moreover, this new aqueous solu- 
t ion is more versati le in that it has been found to 
produce high quali ty anodic oxide films on silicon (6), 
indium antimonide, and ind ium phosphide (7). A 
part icular  advantage of this new solution applied to 
silicon is that the anodic oxide films can be made vir-  
tual ly  free of alkali ions by t reat ing the solution with 
ion exchange resins. An assessment of the inversion 
layers produced by such a treated solution was made 
by measur ing the photoresponse adjacent to a metal -  
lurgical junct ion with a fine light probe. No inversion 
layers were observed by this light probe technique 
even for resistivities of a couple of thousand ohm-cm. 
More conventional  s team-grown oxides were limited to 
resistivities of less than 100 ohm-cm in this context. 

The basic electrolyte is a 0.1M solution of dibasic 
ammonium phosphate in distilled water. Al though this 
solution may be used directly for silicon, InSb, or InP, 
the pH of the solution is adjusted to a value of 4 by the 
addition of phosphoric acid when used with GaAs to 
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prevent  dissolution of the oxide film. In a neut ra l  
solution, 3600A of oxide was observed to dissolve in 
approximately 25 min, whereas there was no detectable 
dissolution in a buffered solution ( p H i 4 )  for periods 
up to one day. 

The exper imental  a r rangement  for preparing the 
films described below was to immerse an appropriately 
masked sample into a beaker of the solution and 
record the breakdown voltage of the film as a function 
of the t ime for a specified current.  The masking 
technique employed was to anodize a polished sample 
of GaAs and mask it with Apiezon wax leaving a 
window of known area. The window and a contacting 
area were then cleared of oxide with hydrochloric acid 
prior to anodizing the area in the window. The GaAs 
wafers used in  these exper iments  were of heavily 
doped n- type  substrate material.  The anodization was 
carried out with the sample i l luminated  by a micro- 
scope lamp which served to reduce the contact 
potentials, but  was otherwise not deemed necessary to 
obtaining good anodic films. 

The first films were formed in an unbuffered solu- 
t ion ( p H i 7 )  and the cell voltage vs. time for several 
current  densities is shown in Fig. 1. Note that for the 
lowest current  density the cell voltage does not in-  
crease l inear ly  with time, indicat ing a slight dissolu- 
tion of the oxide. 

Buffering the solution to a pH of 4 with phosphoric 
acid reduces the solubili ty of the film to a completely 
negligible value. The cell voltage vs. t ime for this 
buffered solution, as shown in Fig. 1 for 0.3 mA / cm 2, is 
quite l inear  down to the lowest measured current  
densities (~20 ~A/cm2). Figure 2 shows that the rate 
at which the oxide film is formed is l inear ly  propor-  
t ional to the current  density and is, in addition, quite 
reproducible. 

Hydrochloric acid was in tent ional ly  added to the 
buffered solution without  readjus tment  of the pH and 
the stabil i ty of the oxide growth process was studied. 
Uniform oxide films could be grown in a solution with 
HC1 contaminat ion up to 1 X 10 -3 N. Fur ther  addition 
of HC1 will slowly change the process to etching. As 
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compared  wi th  the  aqueous }'I202 sotut ion (3), which  
was sensi t ive to a few ppm contaminat ion,  this solu-  
t ion is much more  stable.  

In te r fe rence  microscope measurements  of film th ick-  
nesses formed at  60 and 90V agreed  wi thin  exper i -  
menta l  e r ror  w i th  publ i shed  da ta  (1, 3, 8). The  b r e a k -  
down field in these oxide films was observed 
to be at least  5 • 106 V/cm, which is equal  in dielectr ic  
s t reng th  and compactness  to tha t  obta ined wi th  the  
best  of the other  anodizing solutions. Uniform films 
could be  g rown to a m a x i m u m  thickness  of 3600A 
(180V). Beyond 3600A, however ,  the  film became un-  
even in  color. Somewhat  th icker  films could be grown 
in a boi l ing solut ion (4), bu t  again  un i fo rmi ty  of the 
film was a problem.  A p re l im ina ry  es t imate  of the  
sur face-s ta te  densi ty  obta ined f rom MOS capaci tance 
indicates  a dens i ty  be tween  1011 and 1012/cm 2 for un -  
annea led  films. 

Manuscr ip t  submi t t ed  Sept.  19, 1975; revised m a n u -  
scr ip t  rece ived  Dec. 22, 1975. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1976 
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Fig. 2. Cell voltage vs. time showing the direct proportionality 
of film growth rate to current density for a buffered solution. 

JOURNAL. Al l  discussions for  the  December  1976 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1976. 
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ABSTRACT 

Li th ium manifests a t ransient  passivation when it is anodically polarized 
to ~ --2.66 NHE in LiOH electrolytes. The durat ion of the passivation ranges 
from seconds to hours. The occurrence of the passivation is independent  of 
electrolyte concentration, flow velocity, anode-cathode contact pressure, and 
of the polarization technique used. The durat ion of the t ransient  is proport ional  
to electrolyte concentration, the more dilute the solution the shorter the time. 
The passivation is believed due to the formation of an insulating,  but  unstable  
aggregate of LifO which nucleates at active Li sites at the base of the pores 
in  the protective LiOH film. The recovery of the surface to the active state is 
due to the conversion of the Li20 to LiOH in  the presence of water  at the 
Li surface. 

The recent discovery of ways to electrochemically 
harness the l i th ium-wate r  reaction (1) has prompted 
basic studies of the electrochemical reactions of l i th ium 
in  aqueous electrolytes. Attempts  to minimize polariza- 
t ion effects and to a t ta in  high current  efficiency have 
been the subject of an ongoing program. Electrochemi- 
cal characteristics of the l i th ium-wate r  cell have been 
treated in a recent  paper  (2). 

The chemistry of the l i th ium-wate r  reaction is re la-  
t ively simple, but  the electrochemistry of the system is 
complex because (i) the reaction rate be tween l i th ium 
and water  is very fast and the major  port ion of the 
l i th ium electrode is always covered with thick oxide 
films 

Li + H20 ~ LiOH + 1/2 tI2 [1] 

and (ii) the hydrogen evolution at the metal  surface 
always creates pores wi thin  the film and this in t u rn  
complicates the electrochemical reaction 

Li + X -  ~--- LiX + e -  [2] 

where  X -  = anions in  the aqueous electrolyte. These 
s imultaneous processes result  in a porous electrode 
comprising randomly  formed and moving pores with 
active reaction sites existing only at the  ext remity  of 
the pores at the metal-f i lm interface. 

The anodic oxide film is of such a form that it per-  
mits the iner t  cathode s t ructure  to be pressed against  
it without  shorting. The oxide film acts, in  principle, 
as a bat tery  separator and serves as a conducting 
medium for the mass t ranspor t  of ionic species to and  
from the anode surface. Through control of the anode-  
cathode applied pressure, exceptionally reproducible  
anodic polarization curves can be obtained. 

In  the l i th ium-wate r  system, the ra te- l imi t ing  proc- 
ess is the oxidation of l i th ium rather  than the reduc-  
t ion of water  at the cathode. It  has been found that  
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under  anodic polarization, wi th in  certain ranges of 
hydroxyl  ion concentrat ion and "electrolyte flow, two 
types o f  passivation are manifested. First, t rans ient  
passivation is observed at a specific electrode potential.  
As is described in  this paper, it  is apparent ly  related 
to the formation of an in termedia te  oxide. Second, 
actual mechanical  passivation occurs and is presented 
in  Par t  II of this subject  title. Par t  III  deals with the 
influence of electrolyte flow velocity on the surface 
coverage of the l i th ium anode. 

Experimental 
A general  setup of the electrochemical cell is shown 

in Fig, 1. It was designed with the following require-  
ments:  rapid assembly, m i n i m u m  electrical contact re- 
sistance between anode holder and the l i th ium anode, 
precise control of anode-cathode contact pressures, a 

Fig. 1. General setup of the electrochemical cell 
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Fig. 2. Exploded view of the 
11.4 cm ~ lithium test cell. 
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wide range of flow rates, and a sealed construction to 
prevent  electrolyte and hydrogen loss. 

Figure 2 gives an exploded view of this 11.4 cm e 
(projected electrode area) test cell constructed from 
Plexiglas and equipped with a fixed cathode and a 
movable anode. 

The anode holder comprised a 0.64 cm diam pushrod, 
for pressure transference, with an 11.4 cm 2 steel disk 
affixed. The disk was studded with a large number  of 
steel needles onto which the l i th ium anode was pres- 
sure-bonded. 

The l i th ium anode (99.9% puri ty)  elements were ob- 
tained from Foote Mineral  Company. Samples were 
precast into disks 39 m m  in diam and 12.7 mm thick. 
The disks were stored in  an argon atmosphere thus 
el iminat ing cleaning prior to being pressure-bonded 
onto the anode holder. The side and back of the as- 
sembled anode were insulated with Miccrofiex stop-off 
lacquer. The electrode was cleaned with methyl  ethyl 
ketone (MEK) and methanol  unt i l  a bright  shiny 
surface was obtained. 

The iner t  cathode matr ix  was composed of a wire 
screen spot-welded to a r ibbed iron back plate. This 
cathode matr ix  serves at least four functions: (i) it 
acts as the counterelectrode during the anodic dissolu- 
t ion of l i thium, (it) it provides the reaction path for 
the mass t ransport  of ionic species to and from the 
active anode surface, (iii) it serves as a means to con- 
trol the anodic film thickness because it is actually 
pressed against the anode, and (iv) it provides a flow 
path for electrolyte between the ribs in the interelec- 
trode cavity. A circular, ra ther  than a square or rec- 
tangular,  electrode was used throughout  the experi-  
ments  s imply because (i) it was easier to assemble and 
disassemble, and (it) it permit ted more uni form con- 
trol of anode-cathode contact pressure. The possible 
uneven  dis tr ibut ion of electrolyte with the flow chan- 
nels was compensated by positioning the inlet  electro- 
lyte nozzle right at the bottom of the middle port ion 
of the cathode matrix.  Due to high electrolyte flow 
rate coupled with short flow distance, the electrolyte 
concentration gradient  along the flow path was min i -  
mal. Based on the geometry of the cathode matrix,  the 
Reynolds n u m b e r  was calculated to be from 45 to 270 
for the flow velocities, i.e. 6-36 cm-sec -1, used in this 
study. It is expected that the hydrogen gas bubble  
evolution at the electrode surfaces will alter the values 
somewhat but  is believed that l aminar  flow mainta ined 
in all the experiments.  

Anode-cathode contact pressure was precisely con- 
trolled by an air pressure cylinder l inked to the anode 
pushrod by an insulator. El iminat ion  of the hydraul ic  

pressure component was accomplished by a thrust  
balance cyl inder  connected to the inlet  and outlet lines 
of the cell. This cyl inder  has a piston attached to the 
air piston, thus negating the hydraulic  piston effect on 
the anode. Electrolyte hydraul ic  pressure could be 
varied by a control valve on top of the test cell. 

Li thium hydroxide electrolytes were prepared using 
reagent grade chemicals and deionized water. The elec- 
trolyte was thoroughly mixed for several hours. A 
small port ion was introduced into the reservoir, 
thoroughly circulated throughout  the system, and then 
dumped. The remaining electrolyte was introduced into 
the reservoir and circulated to at tain thermal  equil ib-  
r ium within  the system while presaturat ing with hy-  
drogen gas. 

During runs, electrolyte was circulated from the 
reservoir, main ta ined  at a constant tempera ture  wi th in  
-+- 0.1~ through a constant tempera ture  heat ex- 
changer, through the cell and re turned to the reservoir  
by a voltage-controlled Micropump Model 10-41-316. 
The flow rate was measured with a Brooks Model 1110 
250-mm ful l -v iew rotameter  cal ibrated for flow rates 
up to 2.1 t i ters /min.  

Anode polarizations were mostly carried out by the 
constant load method using a carbon pile resistor. For 
certain experiments galvanostatic and potentiostatic 
control was needed and a special fast response high 
current  potent iostat /galvanostat  was assembled for this 
study. The uni t  had the following capabilities: current  
capacity, 0-10A; voltage range, 0-10V; response time, 
60 ~sec (from no load);  and input  impedance, 1.5 • 
10 TM ohm (potentiostatic mode).  Voltage stabili ty in 
the potentiostatic mode was 2.5% of the set value. Cur-  
rent  s tabil i ty in  the galvanostatic mode was 3.5%. 

The uni t  was bui l t  around an integrated circuit 
voltage regulator. Power  to load the cell was provided 
by a lead-acid battery.  T h e  magni tude  of the power 
was controlled by a power Darl ington transistor. A 
metal  oxide semiconductor field effect transistor opera- 
tional amplifier was used to achieve the high input  
impedance in  the potentiostatic mode. 

The cell voltage and current  were recorded on a 
Hewlet t -Packard Moseley Autograph Model 7001 AM 
X-Y recorder and also monitored through a pair  of 
Systron Donner  Model 7004A digital mult imeters .  A 
cadmium/cadmium hydroxide reference electrode (E ~ 
---- --0.809V vs. NHE) positioned wi th in  the interelec-  
trode cavity wi thin  2 mm of anode was used to record 
the electrode potentials. 

Results 
Figure 3 gives polarization curves of Li in 4M LiOI-I. 

In  the original studies of the system (2), cell perform- 



VoL 123, No.  6 ANODIC BEHAVIOR OF L I T H I U M  773 

-2.e 

-2.! 

> 
:E 

bJ 
- I . I  

I E N I  

B 

T = 298 ~ K 
P = 552 g cm -z 
z/= 24 cm sac "! 
o RESISTIVE POLARIZATION 
a POTENTIOSTATIC POLARIZATION 
o GALVANOSTATIC POLARIZATION 

I I I I 
0 20 40 60 80 !00 120' 140 

i (mAcm "2) 

Fig. 3. Transient passivation of lithium in 4M LiOH by various 
polarization techniques. 

ance data were obtained via constant  load or resistive 
polarization. This form of polarization is represented 
by curve ABCD with the t rans ient  passivation phe-  
nomenon  being shown as BM. The portion of the po- 
larizat ion curve shown as ABC is exclusively resistive 
and corresponds to t ransport  across the anodic film. 

In  the region CD the film formation rate exceeds the 
film dissolution rate and this leads to mechanical  pas- 
sivation. This type of passivation is manifested by 
m a n y  metals when made anodic in  aqueous electrolytes 
(3). It  is the resul t  of the formation of sparingly sol- 
uble coherent films at the metal  surface or the plugging 
by precipitat ion or electrocrystall ization of imperfec-  
tions and pores in nonhomogeneous anodic films. In  
ei ther  way, the metal  surface tends to become isolated 
from the electrolyte. Genera l ly  Li-H20 cells are oper- 
ated at or near  to point  C because it has been found 
in practice that  opt imum faradaic efficiency is thereby 
attained. As has been explained previously (op.cit.),  
the cell is adjusted for different operating current  den-  
sities at more or less constant potential  by adjust ing 
the hydroxyl  ion concentrat ion of the electrolyte. Thus, 
for high rate discharge, the electrolyte concentrat ion 
would be set at 3.5M LiOH and point  C would occur at 
ca. 300 m A / c m  2. To operate at low current  densities 
the polarization curve in, say, 4.8M LiOH would place 
point  C at ca. 45 mA/cm2. 

To characterize the t rans ient  passivation effect oc- 
curr ing at point  B, and to determine if it could be iso- 
lated as a kinetic or thermodynamic  phenomenon,  gal-  
vanostatic and potentiostatic polarization techniques 
were used. It  was postulated that, if the effect had ex- 
clusively a kinetic basis, its onset would occur at dif-  
ferent  potentials according to the exper imental  condi- 
tions. On the other hand, the electrochemical formation 
of a new phase would be revealed potentiostatically. 
ABCE in Fig. 3 represents the potentiostatic polariza- 
t ion curve with the t rans ient  passivation being shown 
as BL. Curve ABCF represents the galvanostatic po- 
larization, the t ransient  passivation is BN. 

It should be pointed out here that exceptional ex- 
per imenta l  reproducibi l i ty  was obtained with this sys- 
tem provided the anode was momentar i ly  placed at 
OCV prior to performing a polarization. It  was neces- 
sary to main ta in  exper imental  conditions constant, such 
as anode-cathode contact pressure, electrolyte composi- 
tion, temperature,  and flow rate. Reproducibil i ty from 
run  to r un  of wi th in  10 mV was easily attained, and 
general ly  a steady-state reading at any point  was 
achieved almost ins tantaneously  (<10 -1 sec). The ex- 
ception to this was the sequence of events representing 
the actual t rans ient  passivation. 

Under  constant load polarization, the carbon pile 
resistor was adjusted slowly but  continuously un t i l  
point  B was reached as indicated by a sudden decrease 
of current  and voltage. At this point, the load was not 

altered unt i l  the recorder  pen  re tu rned  to B. Polariza-  
t ion was then cont inued as before. The time for the 
sequence BMB was about 30 sec under  the specified 
exper imental  conditions. (At higher flow rates or at 
lower electrolyte concentration, the t ime would be less 
and  vice versa.) A similar  30 sec sequence BLB oc- 
curred under  potentiostatic polarization. Under  gal-  
vanostatic polarization, the t rans ient  passivation be-  
came permanent ,  shown by BN, bu t  on in ter rupt ion  of 
the current  the potent ial  re turned  to B, and on re im-  
posing current  the polarization curve followed BF. 

It  was observed that the process leading to t rans ient  
passivation is i r reversible  since upon reversing the 
polarization from D, E, or F, toward open circuit, no 
discont inui ty  appeared at B or elsewhere on the curve. 
It  should also be noted that for t rans ient  passivation 
to occur the anode did not have to be re turned to OCV 
(2.76 NHE). It  was only necessary that  it be re turned  
to a point slightly negative to B. 

Figure  4 shows the influence of electrolyte flow ve-  
locity on t rans ient  passivation at constant load. At the 
lowest flow rate tested, 6 cm-sec -1, the sequence took 
longer than  1 min. At the ma x i mum flow rate, 36 cm- 
sec -1, no passivation was manifested. It  was observed 
that the t ransient  passivation sequence t ime was more 
or less inversely proport ional  to the flow velocity. 
Exact quant i ta t ive data of this was not, however, ob- 
tained. The potential  for the onset of passivation was 
found to be v i r tual ly  independent  of flow velocity, i.e., 
--2.64 NHE at 6 cm-sec -1 and --2.67 NHE at 27 cm- 
sec -1. Exper iments  at very low flow rates, i.e., <3 cm- 
sec -1, were not carried out because i t  became difficult 
to main ta in  uni form flow and because at low flow rates, 
anodic corrosion will be s t imulated and concomitant  
heat ing occur. 

It will  also be noted from Fig. 4 that the onset of 
mechanical  passivation at high current  densities was 
significantly influenced by the electrolyte flow rate. 

The effect of electrolyte concentrat ion is shown in  
Fig. 5. It was found that  the lowest concentrat ion at 
which the phenomenon  could be observed was 3.8M 
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Fig. 4. Influence of electrolyte flow velocity on the transient 
passivation of lithium in 4M LiOH. 
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LiOH, and here it was necessary to reduce the flow 
rate  to 3 cm-sec -1 for the passivation to appear. 

It was also observed that the dura t ion of the pas- 
sivation sequence was proport ional  to electrolyte con- 
centration. In  fact, in  5M LiOH, the anode required 
more than 1 hr  to recover to the active state. On the 
other hand, if the anode was in  its passive state and 
the electrolyte was suddenly diluted from, say, 5 to 
4M, recovery occurred almost immediately.  Al te rna-  
t ively recovery could be accelerated by increasing the 
flow velocity or raising the electrolyte temperature.  
In  these experiments,  the potentials for the onset of 
t ransient  passivation were v i r tua l ly  independent  of 
electrolyte concentration. 

Discussion 
The anodic behavior  of Li in aqueous alkal ine elec- 

trolytes is unl ike  any other metal.  Provided the hy-  
droxyl ion concentrat ion is sufficient, a film forms on 
the anode which prevents  violent direct reaction of Li 
with H20. In  order to harness with good faradaic effi- 
ciency the very  high potent ial  energy possessed by Li, 
it is general ly necessary to utilize electrolytes in  the 
range 3.5-5M LiOH. In  electrolytes such as these, the 
anodic film tends to act as a barrier.  It isolates much 
of the l i th ium surface, and reaction of the metal  with 
the electrolyte occurs at the base of pores which per-  
meate the film. High flux rates are supported with little 
polarization. Because of the reactivity of Li with H20, 
no activation overvoltage is manifested. Thus the 
anodic polarization curve is characterized by a straight 
l ine which suggests that  the polarization is predomi-  
nan t ly  an IR drop across a constant ly forming and dis- 
solving porous film. However, a t ransient  passivation is 
superimposed upon it at low current  densities, and at 
fair ly high current  densities mechanical  passivation 
occurs when  the rate of film formation exceeds the 
rate of dissolution. Mechanical passivation similar to 
this is manifested by many  other metals when  made 
anodic in aqueous electrolytes (3). The properties of 
the mechanical ly passivating film are very impor tant  to 
the operation of the ba t te ry  and they .are described in  
Par t  II. Under  normal  conditions the t rans ient  passiva- 
t ion is not encountered, because the cell is operated 
wi thin  a region of the polarization curve well  removed 
from that where it occurs. It is examined in detail here 
because if such passivation can be reproducibly con- 
trolled, it offers a method to essentially terminate  re-  
action while electrolyte remains in  contact with the 
Li. This, then, could be an effective means to t u r n  off 
a Li-H~O bat tery  without  the need to drain  the elec- 
trolyte~ 

The t ransient  passivation which may have a dura t ion  
of many  seconds, minutes,  or hours depending on the 
experimental  conditions has been shown to occur at 
an essentially fixed potential.  Its durat ion and extent is 
influenced by electrolyte concentration, flow rate, and 
the polarization technique employed. 

I n  the absence of this passivation, the Li is covered 
with a porous film of LiOH. No doubt, at the base of 
the pores adjacent  to the Li, a complex si tuation exists 
because the activity of water  is very low. Thus a series 
of layers of Li compounds of different levels of de- 
hydrat ion would be expected to exist in  between the 
LiOH at the film solution interface and the metal  sur-  
face. (A t rea tment  of the composition of the anodic 
film on l i th ium and of the dominat ing mass t ransport  
processes across it is in  preparation.)  The fact remains, 
however, that in order for Li to exhibit  extremely low 
anodic polarization at high current  densities (the re- 
sistance of the film has been calculated to be 0.136 ohm 
at an electrolyte face velocity of 24 cm-sec-~ in  4M 
LiOH) it is necess.ary that mass t ransport  occur pre-  
dominant ly  through the pores. It  was noted above that  
once the t ransient  passivation sequence has r u n  its 
course, fur ther  polarization is a cont inuat ion of the 

Table I. Calculated pH values 

LiOH(M) a~ pH 

3.8 1.850 14.267 
4.0 1.924 14.~84 
4.5 2.122 14.327 
5.0 2.281 14.358 

curve which existed prior  to passivation. Also, on re-  
versing polarization, it does not reappear. It follows 
that the phenomenon is caused by the formation of a 
compound wi th in  the pores which can effectively in -  
sulate the active metal  from the electrolyte for periods 
ranging from seconds to hours. I t  has been shown con- 
clusively via three different electrochemical techniques 
that the onset of t ransient  passivation occurs at a spe- 
cific potential  ETp = --2.66 (NHE) and thus must  rep-  
resent the electrochemical oxidation of Li or a Li-con-  
raining species wi th in  the pores. This oxidation is 
presumably  independent  of the normal  formation and 
dissolution of LiOH for the reasons given above. To 
obtain an insight into the problem, a pH-potent ia l  dia- 
gram for the Li-H20 system was constructed using 
thermodynamic (4) and solubil i ty (5) data. The dia- 
gram comprises the following elements 

Li + + e ~ Li [3] 

E = E  ~ + 0.059log [Li+]; E ~ = --3.045V 

LiOH + e-  ~--- Li + OH- [4] 

E ~ E  ~ +0 .059(14- -pH) ;  E ~ =--2.95V 

1/2 Li20 + 1/2 H20 + e -  ~--- Li + OH- [5] 

E-----E ~ +0.059 (14--pH);  E ~ =--2.51V 

LiOH ~ Li + + OH- [6] 

Ksp = [Li +] [ O H - ] ;  Ksp = 0.25 

Li20 + H20~---- 2Li + + 2 O H -  [7] 

Ksp = [Li+] 2 [OH-]2;  Ksp = 625 

Mean activities are given in the l i terature  for LiOH 
at concentrations up to 4M (6). Extrapolat ion of the 
data to 5M permits calculation of the pH values, given 
in Table I, of all the electrolytes of interest  in this 
study. 

Inspection of Fig. 6 shows that at the average elec- 
trolyte pH, i.e., 14.3, the thermodynamical ly  stable 
phase is Li+. In  practice, the Li electrode does ini t ia l ly  
dissolve rapidly with formation of Li +. Then, to re-  
tain electrical neutral i ty,  hydroxyl  ions migrate to the 
surface at a rate equal to the rate of ionization of Li 

0.8 . . . . . . . . .  02 Evolution 

0.4 

0 

- 0 , 4  

~ H z Evolulion 
-0 .8  

- I . 2  (5} 

L i20 
~ -1.6 Li r * 

Li OH 

-2.C 

-2.4 r- 

-2 ,8  'A) 
(I) LiOH 

-3.2 Li " - ~  
12 15 14 15 'G 17 

pH 

Fig. 6. pH-potential diagram for the Li-H~O system ([Li + ] _--_ 1) 
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and, at the same time, water  is repelled from the sur-  
face. A si tuat ion then develops such that the solubil i ty 
of LiOH is exceeded and the salt precipitates. It  follows 
that directly adjacent  to the Li, the water  activity will  
be very low and it is believed that the film actually 
forms as a series of compounds. These compounds will 
be proport ionately rich in Li at the metal-f i lm in te r -  
face, and moving away from the metal  there will  be 
increasing hydrat ion unt i l  LiOH predominates.  The 
film, which is in  a state of quas i - equ i l i b r ium when the 
anode is in the active state, dissolves at the film solu- 
t ion interface at the same rate as it forms at the metal  
surface. The fact that  LiOH does form a stable product  
on Li indicates that the pH within  the film at the active 
surface must  exceed ca. 15.5. Of interest  to this s tudy 
is Eq. [3], namely  the electrochemical formation of 
Li20. It is apparent  that, as Li is polarized beyond 
line 3, LiOH and LifO are both thermodynamical ly  
stable phases. The observed potential  at the onset of 
p a s s i v a t i o n  Ewp : --2.66V which falls on l ine 3 at a 
pH of ca. 16. The chemical significance of such pH 
values is open to question, the data does however con- 
firm that  when dealing with a system as reactive as 
l i th ium-water ,  extreme compositional variat ions exist. 

As was shown in  Fig. 4, the extent  of passivation and 
the corresponding time to recovery is directly affected 
by the electrolyte flow velocity. Analogously, as shown 
in Fig. 5, electrolyte concentrat ion influences the ex-  
tent  of passivation and the recovery time. The explana-  
tion for these related observations is the fact that at 
higher  flow rates and lower hydroxyl  ion concentra-  
tion, the equi l ibr ium for LiON formation and dissolu- 
t ion is shifted such as to lead to a th inner  film. The 
converse will  of course also follow. If the anode sur-  
face coverage is assumed essentially constant, as may 
be inferred from the invar ian t  slope of the prepas-  
sivation polarization curves at varying flow rates in 
Fig. 4, then the mass t ransport  processes across the 
film wil l  be more rapid as the thickness is reduced. 

The var ia t ion of ETp as 'a funct ion of flow rate from 
6-36 cm-sec -1 was 30 inV. This is ascribed to the 
slightly lower IR drop across the LiOH films of re -  
duced thickness. Also the measured values of ETp as  a 
funct ion of M LiOH did not vary  significantly which is 
to be expected since the pH at the reactive metal  sur-  
face is essentially constant and extremely alkaline. 

In  the process of t rans ient  passivation, the active 
surface diminishes because of the LifO pore blockage. 
The active surface potential  dur ing  t rans ient  passiva- 
t ion is described by 

I I 
E ~- ETp - -  IR = ETp - -  - - ~  [8] 

k A  

where I is the thickness of the porous film, k the con- 
duct ivi ty  of electrolyte wi thin  the  pores, and A the 
active surface area. 

Under  the resistive polarization where  nei ther  sur-  
face current  nor potent ial  are controlled both E and 
current  density I /A  decrease at a constant  ra te  corre- 
sponding to the slope (--  l / k ) ,  shown by BM in Fig. 
3. During recovery from the t ransient  passive state, the 
active surface area increases as well as the total anodic 
current  and the surface potential  recovers at a constant  
rate (-t- l / k )  with respect to the actual current  density. 
This then serves to explain why the l ine describing 
t ransient  passivation and the l ine for recovery are 
identical  but  of opposite direction. 

Under  potentiostatic polarization E : ETp in  Eq. [8] 
and I -~ 0 which is depicted by BL in  Fig. 3. Under  
galvanostatic polarization the constant  current  at the 
surface when ET~ is reached is such as to force the 
metal  to become permanen t ly  passivated. The actual 
active surface area rapidly decreases and based on Eq. 
[8], E also decreases rapidly and leads to polar i ty  re-  
versal, BN in  Fig. 3. 

From the above, the conclusion is reached that  the 
occurrence of t rans ient  passivation is an essentially 
spontaneous, thermodynamical ly  controlled process. Its 
onset is solely a function of the potential  of the Li 
surface. However, recovery of the anode to an active 
state f rom the passivated state is a kinetic phenome-  
non. 

L i fo  has physical properties diss imilar  to LION. It 
is more dense (2.013 vs. 1.46 $-cm-~)  and it has a cubic 
s tructure vs. te tragonal  for LION. It is hypothesized 
that, whereas LiON forms as a porous loose film on the 
metal, Li20 may form as a compact insula t ing layer  
at active Li sites. If this is the case, the formation of 
Li20 would cause a sudden shift in  the equi l ibr ium 
for the anodic film formation and dissolution at ETp. 
This shift would s imultaneously  lead to an imbalance 
between the rates of film formation and film dissolu- 
tion, such that the former would exceed the la t ter  and 
lead to passivation. 

It is known that L i fo  is unstable  in contact with 
water  

1/2 Li20~c) ~ 1/2 H~O ~ LiOH(c) [9] 

K : 2.05 • 106 

but, as ment ioned above, at the location where it in i -  
t ially forms, i.e., at the active Li sites, the water  ac- 
t ivi ty is low. 

On the other hand, the LifO in  contact with alkal ine 
electrolyte at the pore solution interface will  be u n -  
stable according to reaction [9] and will  convert to the 
final stable reaction product LiOH. LiOH is readily 
soluble in  the electrolyte and this could account for 
the disappearance of the passivation as the equi l ibr ium 
between film formation and dissolution once again 
dominates. 

The fact that  the t ransient  passivation is observed 
only when  Li is polarized from a potential  slightly 
negative to EWp suggests that a subtle but  pe rmanen t  
change takes place on the anode's surface dur ing  the 
passivation sequence. The slope of the polarization 
curve is apparent ly  unal tered  after passivation which 
shows that  the predominant ly  changing polarization 
component is the IR across the film. Thus, any changes 
which occurred wi th in  the anodic layer  are obscured 
making it difficult to examine the phenomenon diag- 
nostically. It  may be that  once ,the potential  for forma- 
t ion of Li20 has been reached, even though this com- 
pound dissolves into the electrolyte as discussed above, 
a certain amount  is incorporated into the~anodic layers. 
This then could influence the subsequent  formation and 
dissolution kinetics of the anodic reaction products. On 
the other hand, at potentials  more negative than  ETp, 
LifO is thermodynamical ly  uns table  and the equi l ib-  
r ium which main ta ins  is solely that  for the formation 
and dissolution of LiOH. 

It is clear that  addit ional work is needed to ful ly  
explain the i r reversibi l i ty  of polarization leading to 
t ransient  passivation. The present  paper  has served to 
introduce the phenomenon,  to explain the mechanism 
of passivation, and to point  out the salient features of 
the Li-N~O system. 

Conclusions 
IAthium when anodically polarized in  aqueous elec- 

trolytes forms a protective film of LION. In  3.8-5M 
LiOH this film exists in  a state of quas i -equi l ibr ium 
over an appreciable range of current  densities. When 
the anode is polarized to a fixed potential,  ~ --2.66V 
vs. NHE, a t ransient  passivation phenomenon of from 
seconds to hours is manifested. The durat ion of the 
t ransient  is proport ional  to electrolyte concentration,  
the more dilute solution giving the shorter passivation 
times. The effect is believed to be associated with the 
formation of an  insulating, but  unstable  aggregate of 
LifO which nucleates at active Li sites at the base of 
the pores in  the protective film. Over a period of time, 
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de te rmined  by  the ra te  of t r anspor t  of wa te r  a n d / o r  
hydroxy l  ions th rough  the film, most  of the  Li20 rever t s  
to LiOH and a s ta te  of quas i -equ i l ib r ium at  the  anode 
surface is recovered.  However ,  as a resul t  of the pass i -  
r a t ion  process, the  surface state of the Li  is al tered.  

By unders tanding  the mechanism of the  pass iva t ion  
and by  defining the ranges of e lec t ro ly te  concentra-  
tions and flow rates  wi th in  which i t  occurs, a means  
may  be found to place  a l i t h i u m - w a t e r  ba t t e ry  in a 
s tandby  mode wi thout  the need  to d ra in  e lec t ro ly te  
f rom it. 
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Exhaust Gas Compositions and Fuel Efficiencies 
of Hydrazine-Air Fuel Cells 
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ABSTRACT 

High fuel  efficiency and clean exhaus t  gas a re  the  two most  impor t an t  
requi rements  in hyd raz ine - a i r  fuel  cells. Four  anodes of s in tered  n ickel  
p laque  were  s tudied for these purposes,  each one containing e i ther  cobalt,  
nickel,  pa l lad ium,  silver,  or p l a t inum as a catalyst .  Exhaus t  gases were  de te r -  
mined  wi th  a gas chromatograph,  the  consumpt ion of hydraz ine  in the  
anotyte  was analyzed  chemically,  and fuel  efficiencies and unreac ted  produc t  
gases were  eva lua ted  based on these data. Consequent ly  wi th  the  s i lver  ca ta -  
lyzed  electrode,  97% fuel  efficiency was a t ta ined  at 50 m A / c m  2 at  25~ 

Hydraz ine -a i r  t ype  fuel  cells a re  the  ones most 
promis ing  for special  uses such as unmanned  s ta t ionary  
electric sources, because they  possess advantages  over  
o ther  types, for  example ,  a h igh cur ren t  densi ty  is ob-  
ta inable  and a l iquid fuel  which is easier  to handle  
than  other  formal  fuels can be used. But  they  have 
disadvantages,  that  is, fuel is ve ry  expensive  and the i r  
exhaus t  gas contains nonna tura l  mater ia l s  such as hy -  
drogen and ammonia.  For  this  reason, prac t ica l  app l i -  
cat ions have been l imited.  

Thus, the  two most impor tan t  r equ i rements  for  the  
wide acceptance of these fuel  cells are  (i) cleanness of 
exhaus t  gas and (ii) h igh fuel  efficiency. 

Extens ive  research  and deve lopment  has been done 
in the  wor ld  on hyd raz ine - a i r  fuel cells, especial ly  
the i r  e lectrodes (1-4).  This paper  presents  the  resul ts  
which were  obta ined  in exper iments  using a comple te  
cell. The influences of the  kinds  and amounts  of elec- 
t rode  cata lys ts  and  the  opera t ing  conditions were  ex-  
amined  for  the  purpose  of a t ta in ing the two r equ i r e -  
ments  of c lean exhaus t  gas and high fuel  efficiency. 

Experimental 
Figure  1 shows detai ls  of exper imen ta l  cell  cons t ruc-  

tion. The cell  has one anode and one cathode, each 
50 X 50 ram. These two electrodes and three  Luci te  
f rames form an anolyte,  an electrolyte ,  and  an oxidant  
chamber .  Si l icon rubbe r  gaskets  are  p laced be tween  
frames.  Nar row holes for  exhaus t  gas are  opened at  
the  upper  wal ls  of the  anoly te  chamber  f rame and the 

Key words:  ~uel cell, hydraz ine-a i r  ~uel cell, hydrazine.  

elec t ro ly te  chamber  frame.  The  wid th  of each chamber  
is 10 mm. Four  anodes of s in tered nickel  ~ p laque  were  
constructed,  each one containing e i ther  cobalt,  pa l -  
ladium, silver,  or p l a t inum as a catalyst .  Cobal t  ( I I )  
chlor ide  was reduced  to cobal t  by  d ipping  in 1M so- 
d ium bicarbonate  and 2M sodium hydrox ide  solutions, 
and s i lver  n i t ra te  to s i lver  by  2M sodium formate.  
Pa l l ad ium was prec ip i ta ted  in porous plaque from 
pa l l ad ium ( l I )  chlor ide by  dipping in  a pa l l ad ium (II )  
chlor ide  solution, and  p l a t i num from chloroplat inic  
acid. 1-2.5 • 10 -5 m o l / c m  2 of ca ta lys t  was loaded 
onto each nickel  plaque.  The thickness of the anode is 
about  0.95 m m  and the poros i ty  is 67% before adding 
the catalyst .  The cathode is Tef lon-bonded ca ta lyzed  
carbon wi th  a n ickel  screen. 

Rubber gasket Gas out Gas out 

Cathode\ o i o i o 

Luggin ~ 
capillary ~ Anode 

Temp, J ~ "  -Anolyte serlsor 
Oxidant~ ~ ] ~  chamber 
chamber [ 

Electrolyte Anolyte in 
chamber 

Luggin capillary 

Anolyte out 

~Anode 

Temp. sensor 

Fig. 1. Experimental cell construction 
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Fig. 2. Layout of the apparatus 

A Luggin capillary was inserted in the electrolyte 
chamber  to measure the anode potential.  The capil- 
lary tip was in contact with the center of the anode 
surface. The potential  of the saturated calomel elec- 
trode was used as the s tandard  potential.  Temperature  
sensors were enclosed in  the anolyte and the electro- 
lyte chambers. 

Figure  2 shows the layout  of the apparatus. Anolyte  
dropped and flowed from the upper  tank  to the anolyte 
chamber  in  the cell, overflowed from the top of the 
chamber, and was stored in  the bottom tank. The flow 
rate of anolyte was 0.6-0.8 ml /min .  Hydrazine con- 
centrat ions in the anolyte were 0.5, 1, and 3%, and the 
electrolyte was 30% potassium hydroxide solution. A 
part  of the hydrazine in  the anolyte was spent in the 
anolyte chamber. Air was introduced by a small  
blower;  its flow rate was 1.7 l i ters /min.  About  150 rain 
were expended for each measur ing point, and the ano- 
lyte and the electrolyte were discharged whenever  the 
measurement  of one point  was finished. 

Hydrazine in  the anolyte and the electrolyte was 
analyzed by the iodine t i t rat ion method of Eq. [1] 

N2H4 -t- 212-' 4HI -~ N2 [1] 

or by the absorption photometric method using p- 
d imethylaminobenzaldehyde as the indicator. 

The flow rate of the exhaust gas was measured by a 
soap bubble  flow meter. The exhaust  gases were taken 
out of the exhaust  gas holes of the anolyte chamber  
and the electrolyte chamber separatelF and determined 
with a gas chromatograph. The concentrat ion of hy-  
drazine in  the anolyte was analyzed chemically. The 
coulombic fuel efficiency and the cleanness of the gases 
were evaluated using these data. 

Results and Discussion 
Effect of catalyst.--The distr ibut ion of the catalyst 

in  the anode was examined by surface analysis and 
l ine analysis, with an electron probe microanalyzer,  as 
a first step in the experiments.  

Figure 3 shows the results of analysis of the pal-  
lad ium catalyzed anode. The light areas in  Fig. 3 (a) 

a r e  the places where  the characteristic x - r ay  of pal -  
l ad ium is strong. The dark  areas  are  the places where 
it is weak or not radiated. But the dark areas do not  
mean  that  pa l lad ium is absent, because the sintered 
nickel plaque has an uneven  surface, and the c h a r a c -  
t er i s t i c  x - r a y  of pal ladium is not  radiated from con- 
cave areas or if it is, it cannot be observed because of 
its weakness. The peaks pointed toward the bottom of 
the photograph in  Fig. 3 (b) are considered to be the  
concave areas in  the plaque. The same results were 
obtained for the other catalyzed anodes. Therefore, it  
is concluded that  the catalyst distributes un i formly  on 
and in  the sintered nickel  plaque. 

Figure 4 shows potentials of c a t a l y z e d  a n o d e s  as a 
function of current  density. All  potentials are approxi-  
mately  the same except for the silver catalyzed e l e c -  
trode .  The difference be tween the potentials was slight. 
The potential  of the cobalt catalyzed anode was --1.2V 
(vs. SCE), pal ladium --1.18V, p la t inum --1.19V, and 
silver --1.12V, at a discharge current  density of 50 m A /  
cm 2. While it cannot be said that  these results will  
always be obtained, as the potentials vary with the 
amount  and state of the catalyst  or with the operating 
conditions, still it is considered that  they describe a 
relationship that  exists among these four catalysts. 

The gas evolution rate of each catalyzed electrode 
was measured as a funct ion of current  density;  gases 
from the anolyte  and electrolyte chambers were col- 
lected separately. 

Figure 5 shows the results of analysis of the plat i -  
n u m  catalyzed anode. The line of theoretical ni t rogen 
in  the figure corresponds to the coulombic amounts  
calculated by reaction [2] 

N2H4 + 4 O H -  ~ N2 -~- 4H20 + 4e-  [.2] 

The gas evolution rate obtained with p la t inum was 
higher than  that obtained wi th  cobalt, pal ladium, or 
silver. 

Figure  6 shows the results of analysis of the silver 
catalyzed anode. The evolut ion rate  of hydrogen and 
ni t rogen from wasted hydrazine is very  low, compared 
with the p la t inum catalyzed electrodes. The gas evolu-  
tion rate obtained with silver was lower than that  ob- 
tained with plat inum, cobalt, or pal ladium. 

So, it is clear that (i) the total n i t rogen evolut ion 
rate increases and the total hydrogen evolut ion rate 
decreases l inear ly  with increasing cur ren t  density, 
(ii) both ni t rogen and hydrogen occur in  the largest  
amounts  in the catalyzed plat inum, and in the smallest 
amounts  in the catalyzed silver, and (iii) a large 
amount  of gas evolution from the electrolyte chamber  
can be observed. 

The quanti t ies of hydrogen in  the exhaust gas were 
15.0% with the p la t inum catalyzed anode, 8.8% with 
cobalt, 1.8% with palladium, and only 0.2% wi th  silver 
at a current  density of 50 m A / c m  2. 

Attempts were made to detect ammonia  in  exhaust  
gases by Nessler's reagent, spectrophotometer, and gas 
chromatograph, but  none could be detected. 

Figure 7 shows the coulombic hydrazine  efficiency 
calculated from the results of analysis  of hydrazine 

Fig. 3. Analysls of the distribu- 
tion of palladium catalyst in 
anode by electron probe micro- 
analyzer: (a, left), surface analy- 
sis; (b, right), line analysis. 
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concentra t ion in the  anoly te  and e lec t ro ly te  chambers  
a f te r  a constant  cur ren t  d ischarge for  2.5 hr. This is in  
agreement  wi th  the  resul t  ca lcula ted f rom the ra t io  of 
theore t ica l  to ac tual  n i t rogen  evolution.  The efficiency 
of the  s i lver  ca ta lyzed  anode was highest.  I t  was more  
than  90% even in the  low cur ren t  dens i ty  a rea  and, 
for  example ,  was 96% at  a cu r ren t  dens i ty  of 30 m A /  
cm 2 wi th  a s i lver  ca ta lyzed  anode. On the other  hand,  
it  was 58% wi th  p la t inum.  The coulombic hydraz ine  
efficiency a lways  increases  wi th  increasing current  
density.  

Influences of anode ca ta lys t  concentrations,  1 X 10-4, 
1 • 10 -5 , and  1 X 10 -6 m o l / c m  ~, on polar iza t ion  
curves, gas evolut ion rate,  and efficiency were  ex-  
amined.  F o r  polar iza t ion  curves,  no difference exis ted  
be tween  anodes wi th  1 • 10-4 and 1 • 10 -5 m o l / c m  2, 
but  the polar iza t ion  curve  was uns table  wi th  1 • 10 -6 
m o l / c m  2. This might  be considered to be because of 
the  character is t ics  of the  s in tered  nickel  plaque.  Fo r  
such low cata lys t  loading,  the techniques used  in these 
exper iments  could not make  the  ca ta lys t  work  effec- 
t ively.  

The  effect of pa l l ad ium cata lys t  concentra t ion on gas 
evolut ion ra te  is i l lus t ra ted  in Fig. 8. Ni t rogen  and 
hydrogen  evolut ion rates  a re  high in high cata lys t  con- 
centrat ions.  This means  tha t  the  decomposi t ion of h y -  
draz ine  which is not  used effectively for e lec t rochemi-  
cal  react ion increases wi th  increasing anode ca ta lys t  
concentrat ion.  

When  the  pa l l ad ium ca ta lys t  concentra t ion was 1 • 
10 -5 m o l / c m  2, the  coulombic efficiency was  93% at  a 
cur rent  densi ty  of 50 m A / c m  2, but, when the concen-  
t ra t ion  was 1 • 10 -4  mo l / cm 2, i t  was 73%. Therefore,  
it  is known  that  excessive ca ta lys t  concentrat ions in-  
crease the  useless consumpt ion of hydrazine .  

Effect of hydrazine concentration.--Effects of a hy -  
drazine  concentra t ion of 0.5, 1, and 3 weight  pe r  cent 
(w/o)  on polar iza t ion  curves, gas evolut ion rate,  and 
coulombic hydraz ine  efficiency were  studied. Po la r i za -  
t ion curves of the  hydraz ine  anode were  independen t  
of hydraz ine  concentra t ion at  a cur ren t  densi ty  less 
than  30 mA/cm~, bu t  were  influenced at a h igher  cu r -  
rent  density,  and the potent ia l  of the  anode became 
more  noble wi th  decreas ing hydraz ine  concentrat ions  
because the  supply  of hydraz ine  decreased to the  point  
where  a reac t ion  could no longer  be mainta ined.  

F igu re  9 shows the effect of hydraz ine  concentra t ion  
on gas evolut ion ra te  at  a cur ren t  densi ty  of 50 m A /  
cm 2. The behav io r  of gas evolut ion was s imi lar  a t  o ther  
cur ren t  densities. F rom this figure i t  can be  seen tha t  
the total  n i t rogen evolut ion ra te  increases, bu t  tha t  
n i t rogen f rom the  anoly te  chamber  decreases and n i -  
t rogen  f rom the e lec t ro ly te  chamber  increases wi th  in-  
creasing hydraz ine  concentrat ions.  

F r o m  these results,  i t  is considered tha t  the  e lec t ro-  
chemical  react ion of hydraz ine  occurs at  the anolyte  
chamber  side of the  anode  in  the  case of d i lu te  h y d r a -  

8 Total N z 
'- Cat.: Pd Ix, 0"" tool 7c r n ~ / / / ~ ' .  - /  

, , . ,  ,w,o,. 

'~ 2 mot I c~ 

~D 0 " ' . ~ - , 
0 20 40 60 B0 

Current dens i ty  ( m t l m i n )  

Fig. 8. Effect of catalyst concentration on gas evolution rate 
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zine concentrat ions and that  the  react ion area  spreads 
to the  e lec t ro ly te  side of the  anode wi th  increasing 
hydraz ine  concentrat ions.  

The quant i t ies  of hydrogen  in the  exhaus t  gas were  
0.8% in 0.5 w /o  hydrazine,  3.9% in 1 w/o,  and 7.9% 
in 3 w/o,  at  a cur rent  dens i ty  of 50 m A / c m  2. I t  is obvi -  
ous that  hydrogen  in the exhaust  gas increases wi th  
increas ing hydraz ine  concentrat ion.  

Coulombic efficiency was about  100% in 0.5 w / o  
hydrazine,  and about  90 % in 1 and 3 w/o,  at  a cur ren t  
dens i ty  of 50 mA/cm% At  a low cur ren t  density,  for 
example ,  at 25 m A / c m  2, the  efficiency was 91% in 0.5 
w / o  hydrazine,  75% in 1 w/o,  and 70% in 3 w/o.  
Therefore,  i t  is obvious tha t  efficiency increases wi th  
di lut ion of the  hydraz ine  and wi th  increas ing cur ren t  
density.  

Effect of  t empera ture .~Ef f ec t s  of t empera tu res  of 
25 ~ 40 ~ 60~ in the  chamber  on polar izat ion curves, 
gas evolut ion rate,  and coulombic  hydraz ine  efficiency 
were  studied. 

The potent ia l  of the  hydraz ine  anode moved into less 
noble areas  wi th  increasing tempera ture .  For  example ,  
the  difference of potent ia l  was about  15 mV for each 
10~ at  a cur ren t  dens i ty  of 50 mA/cm% 

Figure  10 shows the  behav ior  of gas evolut ion  at  a 
cur rent  dens i ty  of 25 m A / c m  2. Tota l  n i t rogen and to ta l  
hydrogen  evolut ion ra tes  increased wi th  increas ing 
tempera ture .  Especially,  to ta l  hydrogen  increased ve ry  
r ap id ly  wi th  increas ing t empera tu re .  Ni t rogen  f rom 
the  anoly te  chamber  was more  than  tha t  f rom the 
e lec t ro ly te  chamber ,  bu t  the  hydrogen  evolut ion ra te  
was opposite tha t  of the  n i t rogen evolut ion rate.  Then, 
at a cur ren t  dens i ty  of 25 m A / c m  2, hydrogen  in the  
exhaus t  gas was 14% at 25~ 35% at 40~ and 49% 
at 60~ Only at  60~ d id  the  exhaus t  gas make  Nes-  
s ler 's  r eagen t  t u rn  s l ight ly  yel low.  
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Fig. 10. Effect of operating temperature on gas evolution rate 
at current density of 25 mA/cm 9. 

A smal l  amount  of ammonia  might  have  exis ted in 
the  exhaus t  gas. However ,  because  the  amount  was 
negligible,  quan t i t a t ive  analysis  of i t  was impossible.  

F igure  11 shows the effect of t empe ra tu r e  on the 
coulombic hydraz ine  efficiency. I t  is obvious tha t  the  
efficiency increases  wi th  decreas ing t e m p e r a t u r e  and 
wi th  increas ing cu r ren t  density.  

Anode reac t ion . - -When  reac t ion  [2] occurs, anode 
potent ia l  is about  --1.2V (vs. NILE) in 30% potass ium 
hydrox ide  solut ion electrolyte .  The  best  va lue  in this  
paper  is --1.03V, namely  about  0.2V more  noble  than 
the theore t ica l  value.  

Many react ions are  expected  regard ing  the h y d r a -  
zine anode: 

(i) Hydraz ine  decomposes to hydrogen  and n i t ro -  
gen, and this hydrogen  reacts  e lec t rochemical ly  

N~H4-~ N~ + 2H2 [3] 

2H2 + 4 OH- --> 4H20 + 4e- [4] 

(ii) Hydrogen  atoms in hydraz ine  are  absorbed  on 
the e lect rode surface and react  wi th  h y d r o x y l  ions in 
the  electrolyte,  or become hydrogen  molecules 

N2H4--> N2 + 4H(ads.) [5] 

4Heads.) + 4 O H -  "-> 4H20 + 4 e -  [6] 

4Heads.) --> 2I-I~ [7] 

(iii) Hydrogen  in hydraz ine  reacts g rada t iona l ly  
with hyd roxy l  ion in the  electrolyte ,  as reac t ion  [8] 

N2H4 + OH- -~ N2H3cads.) + H20 + e -  [8] 

(iv) Reversal reaction occurs and mixed potential 
is observed 

4H20 + 4 e -  --> 2H2 + 4 O H -  [9] 

In this paper ,  because al l  exhaus t  gases have h y d r o -  
gen gas in them e i ther  ( i ) ,  ( i i ) ,  or ( iv)  is presumed.  

The ca lcula ted  va lue  of e lect rochemical  potent ia ls  of 
hydrogen  react ion [4] is --0.925V in 30% potass ium 
hydrox ide  solution, but  the  anode poten t ia l  in this  
paper  is less noble  than  this value,  not  only  at  open 
circuit  but  in the low cur ren t  dens i ty  regions. I t  ap -  
pears  tha t  reac t ion  [2] wil l  occur to a m in imum extent ,  
s imul taneous ly  wi th  the  hydrogen  evolu t ion  react ions 
[3], [7], or [9] and the i r  accompanying reactions.  In  
the s i lver  cata lyzed electrode react ion the amount  of 
evolved ni t rogen is a lmost  the  same as the  theore t ica l  
amount,  wi th  ve ry  l i t t le  hydrogen.  The  reason is the 
low act iv i ty  of the  ca ta lys t  and the efficient use of the  
smal l  vo lume of  hydrogen.  

S u m m a r y  
1. The coulombic fuel efficiency is influenced by  the 

k ind  of  catalyst .  Tha t  of the  s i lver  ca ta lyzed  anode  
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Fig. 11. Effect of operating temperature on coulombir hydrazine 
efficiency. 
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cell  was the  best, and tha t  of the  p l a t i num was the  
worst.  

2. The ma in  components  of the exhaus t  gas were  
n i t rogen and hydrogen.  A l i t t le  ammonia  was detected 
when the opera t ing  t e m p e r a t u r e  was 60~ 

3. The hydrogen  content  of the exhaus t  gas decreases 
and fuel efficiency increases in accordance with  in-  
creases in  the cur ren t  density.  At  a high cur ren t  den-  
sity, i t  is p resumed that  hydrogen  which  is produced 
by  side reac t ion  is caught  by  the anode and is used 
for fu r the r  reaction.  

4. The hydrogen  content  of the  exhaus t  gas increases 
and fuel  efficiency decreases wi th  increasing h y d r a -  
zine concentrat ion.  I t  seems that  the  decomposi t ion of 
hydraz ine  which is not used effect ively for  e lec t ro-  
chemical  react ion increases wi th  increasing hydraz ine  
concentrations.  

5. The hydrogen  in exhaus t  gas increases and fuel  
efficiency decreases wi th  increas ing cell tempera tures .  

Manuscr ip t  submi t ted  Oct. 2, 1975; revised m a n u -  
scr ipt  received Jan.  27, 1976. This pape r  was p resen ted  
in par t  as Pape r  21 at the Boston, Massachusetts,  
Meeting of the  Society, Oct. 7-11, 1973. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1976 
JOURNAL. Al l  discussions for the  December  197.6 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Hitachi, Limited. 
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ABSTRACT 

Res in -bonded  p a p e r  separa tors  suffer some loss of crys ta l l ine  ma te r i a l  on 
ex tended  s torage in  ba t t e ry  grade  H2SO4. S imi l a r  separa tors  f rom cycled 
ba t te r ies  suffer order  of magni tude  losses of crysta l l in i ty .  Scanning e lec t ron 
microscopy has found Pb-sa l t s  of two kinds;  those grown in regions of high 
and low supersa tura t ion.  The la t te r  often obta in  crys ta l  dimensions l a rge r  
than  30~. Compar ison with  other  separa to r  mate r ia l s  used in P b / a c i d  ba t te r ies  
has led to a model  of separa to r  fa i lure  based on mechanical  abrasion,  fluid 
motion, and  crys ta l l iza t ion in  la rge  pores.  The separa to r  m a t r i x  is weakened  
by  b r i t t l e  f rac tu re  of the  fiber network,  accompanied b y  minor  hydro ly t i c  
loss of mater ia l .  These lead  in tu rn  to pore  en la rgement  that  can enhance the 
g rowth  of large,  we l l -o rde red  crystals .  A somewhat  specula t ive  mechanism 
for pe r fo ra t ion  fa i lure  of l a rge -po red  separa tors  is given. 

Paper  separa tors  for  use in au tomot ive  ba t te r ies  p e r -  
form beyond o rd ina ry  expecta t ion  in wel l -made ,  we l l -  
ma in ta ined  bat ter ies .  The i r  use y ie lds  dis t inct  cost 
savings when  compared  to microporous  rubbe r  or po ly -  
mer  separa tors  (1). Made by  typical  pape r - fo rming  
techniques and impregna ted  wi th  thermoset t ing  resins, 
they  exhibi t  except ional  res is tance to sulfuric  acid 
(1.25-1.32 sp g r ) .  When  subjec ted  to deep cycl ing at  
high, s t eady  currents ,  they  r egu la r ly  exhib i t  wha t  has 
come to be called '~perforation" fai lure.  F igure  1 shows 
represen ta t ive  per fora t ion  fa i lures  found in automot ive  
ba t te r ies  d ischarged at  high rates.  

Pe r fo ra t ion  spots are  genera l ly  ve ry  rich in  Pb-sal ts .  
Direct  chemical  analysis  b y  a rea  has shown these spots 
to have, f requent ly ,  more  than  twice the  to ta l  Pb  per  
uni t  weight  as the  res t  of the  matr ix .  On occasion, d i -  
rect  analysis  found 22-23% Pb at  a pe r fo ra t ion  spot, 
whi le  the res t  of the separa to r  had  accumulated  N 10% 
Pb (ana lyzed  as pe r  cent  P b - m e t a l / u n i t  a rea) .  The 
onset of this  pa r t i cu l a r  k ind  of fa i lure  is genera l ly  
s ignaled by  qui te  low end-o f -cha rge  vol tage (ECV) 
so tha t  per fora t ion  spots a re  r ega rded  as high res is t -  
ance shor t  circuits.  

* Electrochemical  Society A c t i v e  M e m b e r .  
K ey  words:  cellulose, crystallization, hydrolysis,  mechanism,  

rosity, supersaturation. 

I t  was na tu ra l  to eva lua te  p a p e r  separa tors  for  e lec-  
tr ic and aux i l i a ry  vehicle  (golf car t )  use. The dis-  
charge  rates  are  qui te  high compared  to automot ive  
practice,  and  discharges are  much deeper :  in  the  l a t t e r  
cases, ~ 100%. Regula r  discharge test ing of au tomo-  
t i ve - type  bat ter ies  using the accepted method  (SAE 
J240a) does l i t t le  to charac ter ize  separators ,  whi le  t he  
fo rmer ly  used SAE test  (Schedule  K)  qu ick ly  i l l umi -  
nates separa to r  weaknesses.  In J-240a testing, res in-  
bonded paper  separa tors  y ie ld  excel lent  results.  In  tes t -  
ing typ ica l ly  used for  golf car t  and  electr ic  vehicle  
bat ter ies ,  pape r  has p roved  much  less successful.  

P a p e r  separa tors  tend  to fai l  a f te r  a few hundred  
cycles if  discharged at  the  2-5 h r  rates.  The mechanism 
of fa i lure  has not  been defined, bu t  is cer ta in ly  re la ted  
to chemical  and phys ica l  s tabi l i ty .  The over -a l l  mode 
of fa i lure  is associated wi th  the  phys ica l  s t rength  of 
separa tors  and  the average  pore  size. The fa i lu re  d is -  
cussed most  in this pape r  is so-ca l led  per fo ra t ion  fa i l -  
ure, and  this k ind  of fa i lu re  is somet imes seen in sepa-  
ra tors  possessing g rea te r  chemical  and phys ica l  s ta -  
b i l i ty  than  r e s in -bonded  paper .  

Cellulose ma t r ixes  for  separa tors  a re  usua l ly  im-  
p regna ted  (phenol  fo rmaldehyde  resins a re  common) ,  
then d ie - s t amped  or ro l l -d i ed  to form a r ib  s t ructure .  
The p a p e r  is then  b a k e d  to comple te  the  po lymer i za -  
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Table I. Lead/acid separators, "average" pore diameter 

Separator Size (/D 

Port  O r f o r d  cedar  1 
P a p e r  25 
Sintered PVC 17 
Microporous PVC 5 
H a r d  r u b b e r  0.6 
Celgard <0 .05  
Microporous polyethylene 0.05 
Nonwoven  polypropylene i0 

Fig. 1. Perforation failure typically seen in failed cells having 
low end-of-charge voltage. 

tion. In  some separators, the ribs are reinforced with 
polymers such as polyvinyl  chloride (PVC). The pow- 
dered PVC fuses during the polymerizat ion step, form-  
ing a hard surface over the ribs. 

Finished separators made in  this way have good 
wicking action, can act as a useful electrolyte reser-  
voir, but  fail to provide good re tent ion of positive mate-  
rial;  they usual ly  are 60-70% porous. They possess ade- 
quate conductivity.  The pores in  such separators are 
large. Figure  2 shows scanning electron micrographs of 
a typical paper  separator  fiber matr ix.  The interfiber 
distances are of the order 20-30~. It is clear, therefore, 
the average pore size of the fiber matr ix  is large, com- 
pared with the average pore diameters found in  many  
other separators. A summary  of typical pore sizes is 
indicated in Table I. To approach an unders tanding  of 
the mode of fai lure we were led to measure  the sta- 
bi l i ty of the separator material,  per se, then to in-  
vestigate the nature  of the Pb-sal ts  present  in cycled 
and failed separators, using scanning electron micros- 
copy (SEM). The key to empirical  unders tanding  was 
cross-characterization of paper with respect to those 
separators that do not exhibit  this part icular  k ind  of 
fai lure (microporous rubber  and polymer) .  

X-ray  measurement of crystallinity.--Our investiga- 
t ion of s tabil i ty was based on x - r a y  diffraction mea-  
surements  of the crystal l ine cellulose present  in  the 
separator matrix, assuming that  long- l ived crystal l in-  
ity was to be equated with mat r ix  stability. Hermans 
and Weidinger  have explored the question of crystal-  
l ini ty  and recrystall ization in a series of papers (2-4). 
The question of order of crystal l ini ty of cellulose has 
been discussed at some length (5-8). For the purpose 
of this study, the term crystal l ini ty serves well. 

We did not use the Hermans and Weidinger  tech- 
nique which requires careful fabricat ion of a com- 
pressed plug of sample (2). Instead, fol lowing the prac- 
tice of Venkateswaran (9), we used sheet stocks and 
have concentrated on direct x - r ay  comparisons of the 
crystal l ine mater ial  in  un impregna ted  paper, finished 
and used separators. Using typical diffractometer tech- 
niques and postsample monochromated Cu-radia t ion 
()~ ---- 1.543A), we obtained pat terns similar  to those 
Hermans and Weidinger  (2) obtained with micro- 
camera, and a carefully compressed plug of sample. As 
in  the case of Hermans and Weidinger and others (2-4, 
6, 9), all samples tested gave diffuse peaks in  the  re-  
gion, 8~-15 ~ 2#, and a much taller, less diffuse peak in 
the neighborhood of 22 ~ 2e. All  samples tested were 
derived from the same source of s-cellulose. A repre-  
sentat ive spectrum can be seen in Fig. 3. 

A technique for indexing the amount  of crystal l ine 
cellulose present  in the fiber matr ix  was developed to 
serve as a measure of mat r ix  s t ab i l i t y  as it  compared, 
directly, to the start ing material .  The impor tant  quan-  
t i ty is the number  of diffractors present  in  the target  
zone. For papers made by the same controlled process, 
this should be, reasonably, the same. For a s tandard of 
comparison, a chip of raw mater ia l  s-cellulose (Cellu-  
lose-I) before pulping and formulating,  is used. A cor- 
rection is applied to normalize all the samples (papers 

Fig. 2. Scanning electron micrographs of phenol-formaldehyde- 
banded cellulose separator matrix. 
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Fig. 3. X-ray diffraction spectrum of Cellulese-I stock used in 
formulation of separators. The Istd value used in calculating Jx is 
calculated by triangulating the [002] diffraction maximum as 
shown. 
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and pulp)  to the same number  of diffractors per un i t  
area. The integrated intensity,  Ix, of the peak measured 
is given by 

Ix = Anx [i] 

where nx is the number of diffractors/unit area, and A 
is the beam target area. The value of nx is proportional 
to the density, px, of species and a constant, kx related 
to their  crystall ine nature.  Therefore, for the compari-  
son standard Istd ~- dkstdPstd. Setting target areas equal, 
and rearranging,  the crystal l ini ty index, Jx, is resolved 

Jx ~- (kx /ks td )  ~- (pstd/Px) (Ix/Istd) [ 2 ]  

Figure 3 indicates the way the ratio (fx/Istd) is mea-  
sured. An arbi t rary  base l ine is established from 10 ~ 
20 to 30 ~ 20. The pr imary  I106 peak (10) is then t r i -  
angulated to arrive at an "integrated" in tensi ty  value. 
This is used to calculate the index of crystal l ini ty of 
the material  after correcting for any differences in  
density between sample and standard. The density of 
raw mater ial  pulp was 1.352 and the densi ty of the 
separators was 1.505. Before beginning x - ray  proced- 
ures, tests to insure "saturation" of the refracted beam 
were done (9). Single thicknesses of ~- 25 mil  back 
web mater ial  yielded the same diffraction maxima as 
2-3 thicknesses. Because direct comparisons were made 
to the source material,  no corrections for absorption 
were used (2). 

The index of crystal l ini ty used here and as used in  
an earlier note (11) differs from the crystal l ini ty in -  
dex of Segal (6) and others (2-9). This value, the J -  
value, is an extensive measure of retained crystal l ini ty 
where in  Segal's case, the measurement  was a t rue  
degree of crystallinity,  that is an in tensive  measure-  
ment. A decrease in  J-value,  as used here, represents 
a measure of the relat ive degradation of the crystall ine 
cellulose mat r ix  and therefore is a measure of relative 
stability. 

Experimental Procedures 
A large number  of separator pieces were stored in  

H2SO4 of varying specific gravities. The acids used 
were 1.260, 1.280, 1.325, and 1.260 saturated with PbSO4. 

Forty to sixty 2 in. square chips were made up for 
each concentrat ion of acid and shuffled before distr ib-  
ut ing into the acid baths. The samples were put  into 
1 lb o in tment  jars of the solutions and these thermo-  
stated at 52~ (125~ in an .oil bath. At the end of 
specific storage times, 4-7 samples were taken from 
each jar  and rinsed in tap water  and then  distilled 
water  unt i l  free of sulfate. The chips were vacuum 
dried at 40~ examined by x - r ay  diffraction, and the 
crystal l ini ty index of each sample calculated. The 
storage t ime varied from 690 to 2400 hr. 

A set of Group 24 batteries was assembled with single 
cell covers to facilitate cell- to-cell  removal  o f  Sepa- 
rators and elements. The cells were tested as part  of a 
separator test program that  included removal  of sepa- 
rators at regular  intervals.  Our interest  was, pr inci-  
pally, in the condition of the separators after known 
periods of cycling. The discharge scheme, a 25% over- 
charge program, using the 2 hr rate (formerly SAE 
Schedule K) was: 20A discharge for 1 hr, 5A charge 
for 5 hr, and no rest at open circuit. 

For indexing the cellulose crystal l ini ty in cycled 
cells, separators were removed, in order, from cells 
and immediate ly  washed in  runn ing  water. After 
clearing excess acid, the separators were brushed free 
of loose, active mater ial  with a 2 in., soft paint  brush  
and washed 1 hr in cold, runn ing  tap water and then 
soaked repeatedly in distilled water  un t i l  free of sul-  
fate. After  removing excess water, the separators were 
dried, in vacuo, at ---40~ Representat ive pieces were 
taken for x - ray  analysis. Cells that refused to accept 
charge after a definite number  of cycles, characteris-  
tically, had "perforation" spots (cf. Fig. 1), and ex- 
hibited short-circui t - l ike behavior. 

Samples of cycled separators, prepared as for x - ray  
studies, were gold coated and examined, using SEM 
techniques, for types of Pb-sa l t  accumulation. 

Reagent grade chemicals were used throughout  this 
program, and acid concentrations were determined by 
control led- temperature  hydrometry.  Separator  mate-  
rials were standard phenol - formaldehyde- impregnated  
stocks from the Texon Corporation of South Hadley, 
Massachusetts. The a-cellulose stocks were also ob- 
tained from Texon. 

A Philips Electronics Mark II x - r ay  diffractometer 
was used to obta in  x - ray  in tensi ty  data. All  analyses 
were done at Cu-target  parameters  of 35-40 kVA and 
15-20 mA x- ray  current .  Each series of measurements  
was concluded by analysis of a chip of q-cellulose at 
the same current -vol tage  settings. Scanning electron 
microscopy was done on a JEOL microscope. Use-t ime 
on this ins t rument  was purchased from The F rank l in  
Insti tute Materials Research Department.  

Pore volume measurements  were made using an 
Aminco-Winslow, mercury  filled pore volume analyzer. 

Results and Discussion 
X-Ray digraction.---There is a decrease in crystal-  

l ini ty  upon storage in H2SO4. It is not large, in fact, 
smaller  than the difference between the raw mater ial  
Cellulose-I and the finished virgin separators. The 
process of pressing and baking of separators reduces 
the J -va lue  of separators to 59.6 _ 6.5%, while storage 
in 1.280 sp gr HfSO~ lowers the J -va lue  to 48% after 
2400 hr. The calculated indexes of crystal l ini ty 
(J-values)  are summarized in  Table II. 

Dried samples of separators from batteries cycled 
5 and 9 weeks were x- rayed  and their  crystal l ini ty 
indexes calculated. Some difficulty is experienced in 
measuring line widths because of interference by Pb -  
salts in  the separator matrix.  In  the brief summary  in  
Table III, we have indicated the crystal l ini ty indexes 
of separators analyzed after 5 and 9 weeks of cycling 
(28 cycles per week).  

The use of celluosic separators in batteries is accom- 
panied by a very large reduction in index of crystal-  
linity, as it is def ined in this study. Separators cycled 
5-9 weeks suffered a much greater loss of crystal l ini ty 
than separators stored in bat tery acid for much longer 
periods. This loss is not easily explained; however, 
the x - ray  pat terns of cycled cellulosic separators are 
not unl ike these found by Segal et al. when  they sub-  
jected Cellulose-I fibers to ball  mil l ing and found 
large losses of crystal l ini ty (6). This suggests that 
either strenuous physical processes such as stretching 
and abrading of the fiber matrix,  or strong chemical 
action causes the deep loss of crystal l ini ty  of cycled 
batteries. 

The larger losses of crystal l ini ty suffered dur ing  stor- 
age in acid saturated with PbSO4 suggest that  physical 
processes such as the abrading and  exercising of the 
matr ix  no doubt experienced by separators dur ing 

Table 11. Index of crystailinity: acid-treated separators 

H o u r s  of  i m m e r s i o n  (52~ 
H2SO4, sp gr 691 1360 2400 

1.260 0.49 0.52 0,49 
1.280 0.47 0.55 0,48 
1.260 s a t ' d  w i t h  0.39 0.39 0.29 

PbSO4 
1,325 0.48 0.48 0.43 

Table lit Crystallinity indexes 

Cycle life, J (index of 
w e e k s  c r y s t a l l i n i t y  ) 

5 0.063 
9 0.080 
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cycling lead to increases in  crystal l ini ty loss. Segal 
et al. (6) bal l  mil led highly crysta l l ine  Cellulose-I  
powder and found complete loss of crystal l ini ty after 1 
hr of milling. Kni fe -mi l l ing  has been shown by Segal 
(6) and others (9) to cause only a slight lowering of 
crystall inity.  Both processes, then  lead to a reduct ion 
of crystal l ini ty;  that caused by compressive (ductile) 
processes being far greater  than caused by tensile 
(bri t t le)  processes on the fibers. In  the envi ronment  of 
the cycling battery, we expect to see both ductile and 
br i t t le  fracture contr ibut ing to loss of crystall inity.  

The possible role of oxidative hydrolysis was briefly 
tested by 100~ extraction of separators with 10% 
HNO3. The index of crystal l ini ty was affected less than 
by' 3500 hr  in 1.325 H2SO4. An t -Wuor ine r n  and 
Leht inen  (12) hydrolyzed Cellulose-I in dilute H2SO4 
and found material  loss, but  l i t t le change in  degree of 
crystal l ini ty unless the acid was hot and the concen- 
t ra t ion above 2N (sp gr ,-~ 1.12). At 25~ Ant -Wuor i -  
nen  and Visapaa (13) found that  nei ther  index of 
crystal l ini ty  nor degree of polymerizat ion of cellulose 
was affected by hydrolysis with 0.1-2N H2SO4 or other 
minera l  acids. In  this laboratory, storage of separators 
in  1.325 H2SO4 did not result  in large loss of J-value,  
and the work of McKeown and  Lyness (14) and of 
Gjonnes et al.. (15) indicate hydrolysis, whether  het-  
erogeneous or homogeneous, is not  an unequivocal  tool 
for in terpre t ing the intensive degree of crystal l ini ty  of 
cellulose matrixes. In  this laboratory, hydrocelluloses 
were made by hydrolysis in 1.400 H2SO4 at 53~ that  
had intensive and extensive crystall init ies wi th in  10% 
of that displayed by raw mater ia l  a-cellulose. 

Other possible causes of the decrease in J -va lue  are: 
(i) thermal  effects due to local heating~ tempera ture  
cycling, and nonuni form spacing between separators 
and electrodes; and (it) physical effects due to growth 
and dissolution of lead salts, a kind of exercising, 
stretching, and abrading of the fiber matr ix  by the 
electrodeposited salts. 

Prevai l ing opinion in  this laboratory is that loss of 
J -va lue  is more l ikely due to thermal  effects (hot 
spots) and simple physical effects (abrading) ,  with 
hydrolytic losses much smaller  than the former. Rusz- 
nak  and Tanczos (16) found that  thermal  t rea tment  at 

190~ for up to 10 rain brought  about large increases 
in the rate constants for acid hydrolysis to occur, but  
as we have seen, long term storage of separators in  
quiet bat tery acid at 52~ led to very little relat ive 
loss of crystal l ini ty.  

Examinat ion  of separators that  had so-called per -  
forations, indicates they were all close to the cell tops, 
where the spacing is confined. Most of the dark spots 
are centered on ribs and a re  facing the positive elec- 
trode. The most intense darkening,  even in  the rare  
cases where the perforat ion is not centered on a rib, 
is always on the two raised faces that  adjoin the posi- 
t ive plate. The symmetry,  or match-up,  on the two 
separator pieces is always very marked. These dark  
spots are very rich in Pb-salts.  

SEM examinat ion . - -SEM examinat ion  found two 
kinds of salt accumulations:  large wel l - formed crys- 
tals and collections of much smaller  indist inct  growths, 
ra ther  like handfuls  of wet sand ~in appearance. The 
wel l - formed crystals, often, were as large as 30~, on 
their  long axis. This is quit  e large with respect to 
average pore size of cellulose separators, ~25#. Figure  
4 shows both kinds of growth. The poorly defined 
crystals are quite small  a~d even in SEM pictures, 
indistinct.  

The chemical na ture  of the crystals imbedded in  the 
paper  matr ix  is not known, since they had been modi:- 
fled by washing and drying procedures to prepare 
them for SEM analysis. If the mater ial  in perforat ion 
spots provided a high resistance short-circuit  path, 
then they contained Pb or a form of PbO2, both ex- 
cellent electronic conductors. Their  na ture  surely was 
changed by exper imental  t reatment .  The origin of the 
crystals, that  is, whether  seeded by positive mater ia l  
or spontaneously nucleated from supersaturated solu- 
t ion (see next  discussion) is not known, but  both 
origins would probably lead to the same species dur ing 
extended cycling. 

Spontaneous nucleat ion is clearly a possibility. SE1Vi 
examinat ion of separator chips stored for 2400 hr  in  
1.260 H2SO4 saturated with PbSO4, showed crystals im-  
bedded in the matrix. These solutions were, in all cases 
quiescent, so that st irr ing did not provide seeds .  

Fig. 4. Scanning electron micrographs of two kinds of crystal growth found in paper separator matrices 
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The SEM findings are very i l luminat ing.  Crystall iza- 
tion~and nucleat ion are very dependent  on the degree 
of supersaturation,  S. The finding of two distinct crys- 
tal populations shows the ongoing presence of regions 
in the separator matr ix  where the degree of super-  
saturat ion is different, despite regular  changes in  sol- 
vated species concentrat ion due to bat tery cycling. The 
presence of collections of small  "cauliflower-like" 
growths and faceted, well-defined crystals is dependent  
on (17-19) what  are essentially competing processes, 
nucleat ion and crystal growth. 

Both processes are dependent  on the same driving 
force, the supersaturation,  S where 

S - ( C J C ~ )  [3] 

with CB the solute concentrat ion in the bulk and Ca 
the equi l ibr ium saturat ion concentrat ion of solute. 

The growth rate R ,  and nucleat ion rate N, are of the 
form (see Appendix)  

R = A S  s [4] 

N = B S  m [5] 

with m > n. This means that as S increases in value, 
what  we may call the average crystal size decreases, 
and the finding of cauliflower clusters indicates we are 
examining a region of high supersaturat ion (cf. Fig. 
5). 

Regions of low supersaturat ion lead to crystal 
growth that is slow and orderly, perhaps extending 
over hundreds of bat tery cycles (cf. Fig. 6). 

Since there is a common electrolyte and soluble Pb-  
salt species are presumably  of the same concentration, 
the only agency that can create regions of different 
S-value  is the s tructure of the pore volume dis t r ibu-  
t ion of the separator. 

The large pores and pore volumes present  in paper 
separators make it possible for regions of low S-value  
to persist, since in large pores, convective mixing is 
less inhibi ted by viscosity and diffusivity effects. Con- 
vection can be thermal ly  generated whenever  the "cell': 
or pore under  consideration is large. For the case of a 
cell or pore heated from below, Rayleigh showed no 

convection could take place if the Rayleigh number  R, 
were less than  a critical value Rc, where 

R =-- g~GLL4/a~l  [6] 

with g, ~, GL, L, t~, and ~1 the gravi tat ional  constant, the 
volume expansivity, the thermal  gradient  at the in ter -  
face inside the cell, the cell dimension, the thermal  dif- 
fusivity, and the viscosity (20). This means that for 
values of R below a critical value (Re ~-, 1700), there 
is no convective mixing. 

For bat tery separators, this indicates that  the aver-  
age pore size plays the crucial role in the mechanism of 
short-circuit  development.  In  this study, cells which 
refused charge after some period of cycling invar iably  
had perforat ion spots and the spots were very rich in  
total  Pb. 

This is very suggestive. Hard rubber  separators and 
microporous polyethylene separators do not suffer this 
kind of failure. Large crystals of Pb-sa l t  were not 
found in  microporous polyethylene separators, while 
the pores were sometimes occluded with small  crystals 
as shown in Fig. 7. 

In  an effort to unders tand these differences, mercury  
porosimetry was done on separators according to type. 
The oversize summaries  are plotted in Fig. 8. Both 
paper separators and sintered PVC separators have 
quite large pores (~25~) and both have exhibited per-  
rotat ion failure while microporous rubber  and micro- 
porous polyethylene have not. A visual unders tanding  
of pore size differences may be gotten from Fig, 9, a 
300X scanning micrograph of four widely used sepa- 
rator matrixes. 

Sundberg  (21) has related the pore volume distri-  
but ion of separators to other properties such as re-  
sistivity, compressibili ty when  wetted arr.d wettabil i ty,  
and apparent  barr ier  properties for an t imony transfer.  
Since, howevel ~, an t imony transfer  is wholly a diffu- 
sion phenomenon (22), the pore size distr ibution of 
the separator cannot be a critical factor in prevent ing  
ant imony transfer, except to the extent  convection cur- 
rents can penetrate  the pores or interstices of the 
separator. 

Fig. 5. Scanning electron mlcrographs of nucleation-controlled growth forms of crystals in paper separator matrix 



Vol. 123, No. 6 S T U D Y  OF S E P A R A T O R  F A I L U R E  785 

Fig. 6. Scanning electron micrographs of large, faceted diffusion-controlled growth forms of crystals found in paper separator matrix 

Fig. 7. Scanning electron micrographs of microporous polyethylene separator matrix. Note smallness of pores compared to scattered crys- 
tals found in matrix. 

A mechanism lor perforation failure.--The phenome-  
non of ve ry  large crystal  growth in l a rge-pore  sepa- 
rators had led us to formula te  a speculat ive mechanism 
for buildup of Pb-sal ts  and subsequent  short-circui t  
failure. Basic to the mechanism is that  larger,  wel l -  
defined crystals have  higher  conductivit ies because 
there  are fewer  sa l t /solut ion interfaces in the short-  
circui t  path. Then, if a crystal  has grown in an order ly  
iashion inside a large  pore or  cell, it wil l  cer tainly 

provide sites for nucleat ion-control led growth when  the 
pore  in which it has grown is reduced in size, so that  
the calculated Rayleigh number  is less than the critical 
value. In Fig. 10 we indicate the basic character  of 
the mechanism: (i) A large, diffusion-controlled crys-  
tal forms in a large pore, where,  since Lpore is large, 
there  is convective mixing and the supersaturat ion is 
low. (ii) After  continued, slow growth, the pore di-  
mension is decreased unti l  Lpore is small  enough. The 
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Fig. 8. Pore size distribution curves for four commonly used 
separator matrices. A, microporous polyethylene; B, hard rnbber 
separator; C, sintered PVC powder separator; and D, resin-bonded 
paper separator. 

Rayleigh n u m b e r  drops below the critical value Rc 
and nucleat ion controlled growth ensues unt i l  the 
boundaries of this pore, or cell, are  bridged to a 
neighboring pore. In  this way, a bridge of in tercon-  
nection of low resistivity is formed through the body 
of the fiber matrix.  

Speculative as this mechanism is, there is evidence 
in  SEM studies for its correctness. Figure 11 shows 
scanning micrographs of nucleat ion-control led growth 
over large crystals. This means that  in these neighbor-  
hoods the degree of supersaturat ion went  from a period 
of low values to a period of high value, suggesting the 
part ial  correctness of the speculations above. 

SEM investigations also help confirm earlier specula- 
tions concerning the decrease in crysta l l in i ty  of the 
paper  matr ix  of cycled cells. Study of many  SEM 
photos revealed a large number  of bri t t le  fractures of 
separator fibers in regions where there was large crys- 
tal growth, confirming, in part, that  growth and dis- 
solution processes stretched, and exercised the matr ix  
to a considerable degree. 

Large scale bri t t le  fracture should result  in  broaden-  
ing of the most intense x - r ay  diffraction peak, the 

[002] diffraction maximum. The fiber direct ion of cel- 
lulose coincides with the long axis of the cellulose un i t  
cell (23-25). The main  s t ructural  element  of cellulose, 
the fibril, has its long axis paral le l  to the uni t  cell axis, 
an, d as fibers are s t ructured from very large collections 
of fibrils (8), bri t t le  fracture must  reduce crystalli te 
size on the b axis. Fiber  rupture,  whether  bri t t le  frac- 
ture across the fibrils or ductile fracture parallel  the 
fibrils, yields an increased accessibility to chemical at-  
tack. This is t rue whether  the cellulose model one uses 
is the crysta l l ine/amorphous model of Clark (23) and 
others (26, 27), the fr inged-micel le  model (8), or the 
protofibril model of St. John  Manley (28). As shown 
by An t -Wuor inen  and his co-workers (12, 13), hy-  
drolysis of knife-mil led  cellulose leads to l imited ma-  
terial loss and some decrease in crystal l ini ty index. 

What l ikely occurs during bri t t le  fracture and knife-  
mil l ing is creation of end groups with labile hydroxyl  
groups newly accessible to hydrolytic agents. Rowland, 
Roberts, and Bose (29) have shown the accessibilities 
of - -OH groups of cellulose structures are related to 
the state of order of these groups on the surfaces of 
crystalline regions, with highly crystalline regions 
possessing fewer accessible --OH groups. Microscopic 
evidence of brittle fracture, therefore, supports physi- 
cal and physical/chemical mechanisms leading to the 
large decreases in crystallinity found in cycled separa- 
tors. Scanning micrographs of brittle fracture are 
shown in Fig. 12 and 13. It is noteworthy that brittle 
fracture was found in the neighborhood of large, 
regular crystal growth. Such crystal growth will cause 
both brittle fracture, as seen, but will abrade and 
compress fiber matrixes due to growth and dissolution 
of crystal bodies. The br i t t le  fracture and ductile frac- 
ture  will, certainly, lead to depressed values for the 
crystallinity.  

Other failure mechanisms.--It was suggested that 
an t imony transfer  may contr ibute  to failures evidenced 
by low end of charge voltage. It is well known that 
an t imony diffusion to the negat ive grid will  lower the 
hydrogen overpotential  and lower end-of-charge volt-  
ages (21). It is also understood that in  a 25% over-  

Fig. 9. Scanning electron mi- 
crographs of four commonly used 
separator matrices. From upper 
left, clockwise; resin-bonded 
paper, sintered PVC powder; mi- 
croporous polyethylene, and hard 
rubber. 
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Fig. 10. Diagram of large pore in separator matrix. As the large 
crystal grows, the pore or cell dimension decreases until nucleation- 
controlled growth may ensue over the surface of the crystal. 

charge program,  much of the an t imony  corrosion capa-  
b i l i ty  is removed  th rough  s t ibine evolut ion  dur ing 
overcharge  (30). 

In  the  cycl ing p rog ram used here,  s ta r t ing  ECV's 
were  in the  neighborhood of 2.85V. Cells w i th  ECV's 
in the  ne ighborhood of 2.35V inva r i ab ly  had  one or 
more  per fo ra t ion  spots (cf. Fig. 1). 

In  Hol land 's  work  (30), o lder  ba t te r ies  of ex t r eme ly  
large  capacit ies (,~ 2000 A - h r )  were  discharged once 
a week  at  the  5 hr  rate.  They  were  given a quas i -con-  
s tant  po ten t ia l  charge af ter  overnight ,  open-c i rcui t  
stand. The degree  of overcharge  was 10%, and in this 
ve ry  bad  case for  an t imony  transfer ,  af ter  three  years  
or more  of cycling, the  ECV fell  0.130V; f rom 2.60- 
2.47V. Hol land ' s  cells, cycled about  180 times, at  h igh 
rates, wi th  extens ive  open-c i rcu i t  s tand had  no ECV- 
drops  of the o rder  of 0.5V as seen in our studies. There  
is, however ,  no c lea r -cu t  manner  of measur ing  the 

degree to which an t imony  t r ans fe r  did  cont r ibute  to 
fa i lure  in  this program.  We chose to d i s regard  the  
possible  contr ibut ion  of an t imony  t ransfe r  because of 
the  pro tec t ive  effect of the  25% overcharge  u.~ed, and 
because of the  I: 1 correspondence be tween  low ECV's 
and pe r fo ra ted  separators .  In  one case, a ba t t e ry  cycled 
(Schedule  K)  for 5 weeks  (140 cycles) had  end-of -  
charge  voltages of 2.42, 2.81, 2.82, 2.79, 2.78, and  2.46V. 
The two cells wi th  low vol tages had  pe r fo ra ted  sepa-  
rators,  whi le  none of the  o ther  four  cells had  such fa i l -  
ures. 

Conclusions 
The per fo ra t ion  fa i lures  of r e s in -bonded  pape r  sepa-  

ra tors  are  h igh-res i s tance  shor t  circuits, caused, 
mainly,  by  a complex  mechanism of c rys ta l  g rowth  in 
the  large  pores of such separators .  Res in -bonded  pape r  
separa tors  and o ther  separa tors  wi th  large  pores  
(,~ 30#) can provide  sites for the  growth  of large,  
faceted crystals,  and are  the  only separa tors  tha t  ex-  
h ibi t  this k ind  of fa i lu re  unde r  work ing  conditions.  
The g rowth  of we l l - fo rmed  crystals  in such matr ices  
is made  possible because the  pores  are  la rge  enough to 
permi t  convective mixing  which sustains the  low de-  
gree  of supersa tu ra t ion  necessary for  wel l -o rdered ,  
large  crysta l  growth.  
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Fig. 11. Examples of nucleatlon-controlled growth in regions where diffusion-controlled growth had previously occurred. Note that the 
clusters are all on the examination side of the larger crystals, denoting later deposition. 
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Fig. 12. Scanning electron micrograph ef a brittle fracture in a 
region near well-ordered, diffusion-grown crystals. 

APPENDIX 
If we plot the concent ra t ion/ tempera ture  relat ion-  

ship for a species crystallizing from solution, we ob- 
tain, in  general, a simple monotonic curve, with the 
plane divided into two regions: (i) unsa tura ted  ( in-  
active) region, and (ii) the supersaturated (active) 
region. What is impor tant  is: 

There can be no crystallization activity in the un -  
saturated region, 

Spontaneous nucleat ion can take place, without 
nuclei or seeds in the active or supersaturated region. 

In  the active region, in the neighborhood of the 
curve, nucleat ion without  nuclei is not possible (some- 
times called the metastable region).  

Growth is possible over the entire active region, and 
the relationships are summarized in Fig. 14. 

The si tuation is complex, of course, but  from a 
simplified point of view, crystall ization is seen as the 
result  of two, competing processes: nuclea t ion  and 

growth. Growth, in  turn, is controlled by the rates of 
integrat ion and diffusion of crystallizing species. 

What  follows is a simplified t rea tment  of the proc- 
esses impor tant  to crystallization. 

Nucleation.--Recalling Eq. [3], we define the degree 
of supersatura t ion S according to 

S = CB/C~ [A-1] 

where CB is the concentration of crystallizing species 
in solution far from the interface, and CE is the equi- 
librium saturation concentration. According to Kelvin 
(31) 

1Oge S = 2M~/RTpT [A-2] 

where M, ~, p, and r are the molecular  weight, surface 
energy, density, and crystal radius. R and T are the 
gas constant  and absolute temperature.  From simple 
principles, the Gibbs free energy change for homo- 
geneous nucleat ion (32) is given by 

AG ---- 4~r2~/3 [A-3] 

and if we el iminate the crystal radius r, between these 
two expressions we arr ive at 

AG ---- 16;~M2/3 (RT loge S) ~ [A-4] 

Clearly, the free energy change for nucleat ion is pro-  
foundly affected by S. To see the role of nucleation, 
competing for labile species in the solution phase, we 
can set up an Arrhenius  rate expression of the form 
N = B e x p ( - - ~ G / R T )  where N is the nucleat ion rate, 
and B, a constant. Subst i tu t ing from Eq. [A-4], we 
obtain 

N _-- B exp (--Z/log~2S) [A-5] 

with Z ---- 16~z3l~I2/sR3T3p2 and the rate of nucleat ion 
is seen a very strong function of S (17). 

Growth . - - I t  is general ly assumed growth depends on 
the difference in  concentrat ion at the crystal interface, 
CI. We have, then, a growth rate R, given by 

R ---- A(CI -- CE) [A-6] 

with A _-- A (T, r p). 
Recalling Fick's law, we can assume, ignoring, for 

now, the integrat ion process 

R -: VMD (dC/dx)  i [A-7] 

where VM, D, and (dC/dx) I  are the molar  volume, the 

Fig. 13. Electron micrographs of brittle fractures. Because of the nature of the growth, it is clear there are compressive stresses in a 
direction perpendicular to the plane of the paper. 
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solute crystallizing from solution. 

diffusion coefficient, and the concentrat ion grad ien t  for 
crysta l l iz ing species at the  interface.  We can approx i -  
mate  ( d C / d x ) i  by (CB -- CI)~, where  5 is a bounda ry  
l aye r  thickness at  interface.  By rea r rang ing  and e l imi-  
nat ing CI, we a r r ived  at  the  express ion 

RS/VMD Jr- ( R / A )  1In : CB --  CE : ( S  - -  1)  [ A - 8 ]  

The interes t ing cases of Eq. [A-8] a re  the we l l - s t i r r e d  
and the uns t i r r ed  case. In the  we l l - s t i r r ed  case, 5/D 
is quite small ,  and as (8/D)  --> 0 

R - - - -  A ( S  -- 1) n [A-9] 

and g rowth  is rapid,  compet ing wi th  the  nucleat ion 
process itself. This is the s i tua t ion  in indus t r ia l  c rys-  
tal l izers.  In  the  uns t i r r ed  case, the boundary  l aye r  is 
thick, and as (g/D) --> Do 

VMD 
R = (S - 1) [A-10] 

8 

and in the  static case, g rowth  is a slower,  diffusion- 
control led  process. A graphic  s u m m a r y  of these proc-  
esses is shown in Fig. 15. 

Integration.--The over -a l l  ra te  of growth  at the  
in ter face  depends  on two rates:  the  ra te  of in tegra t ion  

/ x-(G/N) / 
/ NUCLEATION . < : / . R A T E .  

X I.,I 1::21 _z 
LLI 
N GROWTH 
_J 
>- 
C~ 
(D 

DEGREE OF SUPERSATURATION, S 
Fig. 15. Crystalline size index as a function of the degree of 

supersaturation. As the degree of supersaturation increases, growth 
passes from diffusion control (G), to nucleation control (N). The 
curves N and G demonstrate the functional dependence of these 
growth modes on S. 

into the  crysta l  and the ra te  of movemen t  of species 
to the  interface.  We can wr i te  (17, 32) 

1/R = 1/ri  4- 1 (to + bu) [A-11] 

wi th  r1 the ra te  of integrat ion,  ro the  growth  ra te  if 
in tegra t ion  is inf ini tely rap id  and u = 0, and u is the 
r e l a t i v e  veloci ty  of crys ta l l iz ing species at  the  i n t e r -  
face. Fo r  this study,  the  uns t i r r ed  case (u ---- 0) is of 
interest .  As u ~ 0, we obta in  

R ---- kriro/(ri + to) [A-12] 

and this produces  two l imi t ing cases ( [A-13]  and 
[A-14] ) 

ri < <  to, R = klri [A-13] 

and the ra te  of  in tegra t ion  controls  the  net  g rowth  
process 

ri > >  to, R = ktlro [A-14] 

and diffusion controls  the process of growth.  

REFERENCES 

1. J. J. Lander ,  Proceedings  of Sympos ium on Ba t t e ry  
Separators ,  Columbus, Ohio, Feb. 18-19, 1970, 
p. 4 

2. P. H. Hermans  and A. Weidinger ,  J. AppL Phys., 
19, 491 (1948). 

3. P. H. Hermans  and A. Weidinger ,  J. Polymer Sci., 
4, 135 (1949). 

4. P. H. Hermans  and A. Weidinger ,  ibid., 4, 709 
(1949). 

5. J. B. Nichols, J. Appl. Phys., 25, 840 (1954). 
6. L. Sega], J. J. Creely,  A. E. Martin.  Jr.. and C. M. 

Conrad, Textile Research J., 29, 786 (1959). 
7. L. G. Ro:dan, F. Rah, and A. R. Peterson,  J. Polymer 

Sci., C8 145 (1965). 
8. W. O. Statton, ibid., C18, 33 (1967). 
9. A. Venka teswaran  and J. A. Van Den Akker ,  

J. App. Polymer Sci., 9, 1167 (1965). 
10. J. Commit tee  Pwd. Diff. Stds., 3-0289. 
11. B. A. Campbel l  and J. R. Dafter, This Journal, 122, 

1084 (1975). 
12. O. An t -Wuor inen  and E. Lehtinen,  Paperi Puu, 

39, 151 (1957). 
13. O. A n t -Wuor ine n  and A. Visapaa,  ibid., 39, 229 

(1957). 
14. J. J. McKeown and W. Z. Lyness, J. Polymer Soc., 

41, 9 (1960). 
15. J. Gjonnes,  N. Norman,  and H. Viervoll ,  Acta Chem. 

Scand., 12, 489, 2028 (1958). 
16. I. Rusznak and I. Tanczos, J. Polymer  Sci% C42, 

1475 (1973). 
17. I.i.M. Sch, oen, Ind. Eng. Chem., 53, 607 (1961). 
18. W. A. Til ler ,  J. Crystal Growth, 2, 69 (1968). 
19. P. Bennema, ibid., 1, 287 (1967). 
20. W. V. R. Malkus, Proc. Roy. Soc., A225, 185 (1954). 
21. E. Sundberg,  Proceedings  of Sympos ium on Ba t te ry  

Separators ,  Columbus, Ohio, Feb. 18-19, 1970, 
p. 32. 

22. E. Zehender,  W. Herrman,  and H. Leibssle, Electro- 
chim. Acta, 9, 55 (1964). 

23. G. Clark,  Ind. Eng. Chem., 22, 474 (1930). 
24. K. H. Meyer  and L. M~isch, Helv. Chim. Acta, 20, 

232 (1937). 
25. A. Viswana than  and S. G. S h e n o u d a ,  J. Appl. 

Polymer Sci., 15, 519 (1971). 
26. R. F. Nickerson and J. A. Harble,  Ind. Eng. Chem., 

37, 1115 (1945). 
27. A. Sharpies,  Trans. Faraday Soc., 53, 1003 (1957). 
28. R. St. J. Manley,  J. Polymer Sci., 9A2, 1025 (1971). 
29. S. P. Rowland,  E. J. Roberts,  and J. L. Bose, ibid., 

9A1, 1431 (1971). 
30. R. Holland,  In te rna t iona l  Sympos ium on Batter ies ,  

Oct. 21-23, 1958, Paper  (i) .  
31. R. C. Evans, "Chemical  Crys ta l lography,"  Cam- 

br idge  Univers i ty  Press,  London (1939). 
32. J. W. Mullen, "Crystal l izat ion,"  Bu t t e rwor th  and 

Co., Ltd., London (1961). 



Anodic Oxidation of Copper in Alkaline Solutions 
I. Nucleation and Growth of Cupric Hydroxide Films 
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ABSTRACT 

The anodic oxidation of copper in  LiOH solution has been investigated by 
galvanostatic, potentiostatic, and vol tammetr ic  sweep techniques. The structure 
and composition of the films were determined by x - r ay  and electron diffrac- 
tion, and by scanning electron microscopy. Cu(OH)2 forms in two layers: a 
base layer  grown by a solid-state mechanism and an upper  layer  of indiv idual  
crystals nucleated and grown from solution. The size and number  of upper  
layer crystals are dependent  on electrode potential. More anodic potentials 
produce a large number  of randomly  deposited crystals, whereas less anodic 
potentials result  in fewer, more highly developed crystals. Increased st i rr ing 
results in a greater loss of material  into solution, and in  the extreme, nu -  
cleation and growth are completely prevented. For sufficiently low crystall iza- 
t ion rates, produced galvanostatically, the thermodynamical ly  stable phase, 
CuO, is formed. At higher rates the formation of Cu(OH)2 dominates. A nu -  
cleation and growth mechanism is given and discussed with reference to other 
metal  systems. 

Although the electrochemical behavior of copper 
metal  in alkal ine solutions has been extensively 
studied (1-16), no general  agreement  has been reached 
per ta ining to the phases formed dur ing anodic polar i-  
zation in the Cu (II) region. Furthermore,  disagreement 
persists as to the mechanism of formation of the major  
Cu(I I )  passivating phases (12, 15, 16). 

Hall iday (5) has claimed, on the basis of electron 
diffraction studies, that galvanostatically formed films 
at room tempera ture  are on a mixture  of CuO and 
Cu(OH)2. This agrees with the results of x - r ay  dif- 
fraction studies of Bouillon et al. (6, 7) who also found 
CuO and Cu (OH).2 in  films formed galvanostatically at 
25~ At low anodic current  densities, < 0.5 m A / c m  2, 
only CuO was detected. Between 0.5 and 0.8 m A / c m 2, 
a mixture  of CuO and Cu(OH)2 was observed, while 
at greater  current  densities, only the hydroxide was 
detected. 

Macdonald (16) observed fine s t ructure  in  his cyclic 
vol tammograms in the Cu(I I )  oxidation region, and 
suggested, based on the work of Bouillon et al., that  
this is indicative of the formation of both CuO and 
Cu(OH)~. On the other hand, Ambrose et al. (14) con- 
cluded that  the first peak is due to Cu 2+ oxidation, 
whereas the second peak is due to nucleat ion and solid- 
state growth of a passivating layer, thought to be 
Cu (OH) 2. 

Two mechanisms have been postulated for the pas- 
sivation of copper in alkal ine solutions. Miller  (12), 
on the basis of rotat ing spl i t - r ing disk experiments,  
claimed passivation by a dissolution-precipitat ion 
mechanism. Ambrose et.al. (14) claimed passivation by 
a solid-state nucleat ion and growth mechanism. 

In  this work, the identi ty and mechanism of forma-  
tion of the passivating film has been extensively in-  
vestigated by a number  of electrochemical techniques, 
coupled with x - r ay  and electron diffraction and scan- 
ning electron microscopy. A detailed reaction scheme 
for copper passivation is presented and is discussed 
with respect to other metals exhibi t ing similar passiva- 
t ion behavior. 

Experimental 
Measurements were made on copper electrodes 

(99.99% puri ty)  of 5.0 cm 2 geometric surface area. 
Rotating disk experiments  were made on 2.5 cm 2 cop- 
per disks embedded in Teflon. Samples were polished 

Key words: corrosion, surface films, crystal growth,  dual  film 
formation.  

with a series of SiC papers and finally with 1 ~m dia- 
mond paste. Before immers ion in the cell, the elec- 
trodes were washed in  alcohol, acetone, and doubly 
distilled water. All experiments  were performed at 
21.0 ~ _ 0.2~ with one exception as noted below, and 
in  1 m ol/kg LiOH solution. Solutions were prepared 
from AR l i th ium hydroxide monohydrate  and doubly 
distilled water. 

The electrochemical cell was of the conventional,  
three electrode design with the working, counter, and 
reference electrodes separated into compartments  by 
porous glass frits. P l a t inum foil was used as a counter-  
electrode and all potentials were measured against a 
calomel reference electrode at 21.0 ~ _ 0.2~ The 
capacity of the cell was ~ 400 ml. This ensured that  
dur ing the course of an experiment,  the bui ldup of 
Cu 2 + in the bulk  of the solution was insignificant. 

Potentiostatic experiments  were performed with a 
Wenking Model 70HC3 potentiostat, programmed with 
a PAR Model 175 universal  programmer.  Galvanostatic 
experiments  utilized a Hewlett  Packard Model 6186B 
d-c current  source with a Dana Model 5330 digital 
voltmeter  coupled to an analog recorder. Electrodes 
were rotated with a Pine Ins t ruments  Model ASR ana-  
lytical rotator. 

Pr ior  to surface examination, electrodes were re- 
moved from the cell, washed with doubly distilled 
water  and acetone, and dried in a s tream of nitrogen. 
The changes which might occur after removal  of the 
electrodes from the cell are dehydrat ion of Cu(OH)2 
to CuO, and interconversion of CuO and Cu20. How- 
ever, since both Cu(OH)2 and Cu20 have been ident i -  
fied as single phases on different specimens, and since 
no oxidation or reduct ion of specimens has been de- 
tected after exposure to air for various lengths of time, 
it seems unl ike ly  that any significant phase changes 
occurred after removal  from the cell. 

X- ray  diffractograms were obtained with a Philips 
vertical goniometer diffractometer and graphite mono-  
chromator. Copper Ks radiat ion and a scan speed of 
]/s ~ 2e/rain were used throughout.  Grazing incidence 
electron diffraction was performed using a Hitachi 
H U - I I A  transmission electron microscope at 100 kV. 
A Cambridge Model 2A stereoscan was used for mor-  
phological examination.  

Results 
Potentiostatic oxidation.--Anodic films grown at po- 

tentials between --330 and --170 mV, [Fig. l ( a )  and  

790 
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Fig. l(a). Potentiostatie current-time transients recorded after 
application of a potential pulse from Ei ---- - -1200 mV to: curve 1, 
--295.0 mV; curve 2, - -282.0 mV, curve 3, --276.0 mV; curve 4, 
- -270.5 mV; and curve 5, --265.0 inV. 
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Fig. ](b). Potentiostotic current-time transients recorded after 
application of a potential pulse from Ei ---- - - ]200  mV to: curve 1, 
--260.2 mV; curve 2, --250.1 mV; curve 3, --239.7 mV; curve 4, 
--230.0 mV; curve .5, --220.0 mV; curve 6, --210.2 mV; curve 7, 
- -201.0 mV; and curve 8, --182.1 mY. 

(b) ] show the shape of the cur ren t - t ime  t rans ient  for 
a series of potentials between --295 and --182 inV. 
Films grown potentiostatically for up to 8 hr at poten-  
tials between --330 and --280 mV contain only Cu20; 
at --276 mV, the film is main ly  Cu20 with a small  
amount  of Cu(OH)2. For potentials more anodic than 
--265 mV (up to --170 mV),  only Cu(OH)2 could be 
detected. The appearance of Cu(OH)2 corresponds to 
the appearance of a peak in  the t ransient  curve after 
the ini t ial  sharp decrease. 

Scanning electron microscope (SEM) photomicro- 
graphs show that the final film grown at potentials 
> --276 mV comprises crystals having a morphology 
suggestive of nucleat ion and growth from solution 
(Fig. 2). 

The charge consumed during oxidation, QA, where 

t=tp 

QA : ,~ t=o iE � 9  [1] 

is independent  of potential  for E > --220 inV. In  this 
N 

potential  range, SEM results show that  the size and 
morphology of the surface crystals are independent  of 
potent ial  [Fig. 2(c) and (d)] .  For more cathodic po- 
tentials, a steep increase in QA was observed (Fig. 3). 
SEM results show an increase in size and a decrease in 
surface density, with the acicular morphology remain-  
ing essentially the same [Fig. 2(a) and (b)] .  

The change in surface coverage for various times at 
constant  potential  (--264.9 mV) is shown in the SEM 

photomicrographs in  Fig. 4 ( a ) - ( f ) .  The t ime in the 
t ransient  at which electrolysis was terminated,  and the 
sample removed for examination,  is shown in Fig. 5. 
Figures 4(a) and (b) show the development  of a con- 
tinuous, apparent ly  porous base film. The surface 
shown in  Fig. 4(a) was demonstrated by electron dif- 
fraction to be Cu (OH)2. 

The first appearance of individual  surface crystals 
was observed at the mi n i mum in the cur ren t - t ime  
t ransient  (point b, Fig. 5) as shown in  Fig. 4(b) .  As 
the current  increases toward the maximum, the popu- 
la t ion and  size of the surface crystals increase such 
that at the ma x i mum (point e, Fig. 5), the surface is 
approximately 50% covered [Fig. 4(e) ] .  Beyond the 
maximum,  crystal growth continues unt i l  surface 
coverage is complete [Fig. 4 (f) ]. Cont inued electrolysis 
for periods up to 2 hr  after passivation results in no 
change in  the crystal form, al though a small  constant  
residual current  persists. It should also be noted that  
an increased porosity in  the base layer  occurs around 
the mi n i mum in the cur ren t - t ime  curve [cf. Fig. 4(a) ,  
and (b) and (c)] .  

The effect of s t i r r ing on the cur ren t - t ime  t ransient  
is shown in Fig. 5, and the corresponding effect on the 
nucleat ion and growth of surface crystals is i l lustrated 
by comparison of Fig. 6 and Fig. 2(b) .  If s t i rr ing is 
vigorous enough, the solution at the electrode surface 
does not reach saturation, and nucleat ion and growth 
are prevented. This is demonstrated in  Fig. 7 for a 
t rans ient  recorded at a rotat ing disk electrode. For the 
first 30 rain of electrolysis, passivation is prevented by 
rotat ion at 41.7 Hz (Fig. 7). The absence of upper  layer 
crystal  growth on the rotated electrode is obvious even 
by visual  observation. This same effect holds for rota-  
t ion speeds as low as ~ 5 Hz. As seen in  Fig. 7, as soon 
as rotat ion is ceased, the cur ren t - t ime  t ransient  is of 
the same form as previously discussed. The greater 
breadth and smaller value of max imum current  shown 
in Fig. 7, as compared to Fig. 1, are due to residual  
convection in the solution after rotat ion is stopped. 

If the potentiostatically grown film is reduced at 
--1300 mV, the charge in the reduction transient,  Qc, 
is always less than  QA, indicating loss of mater ial  by 
dissolution during anodic oxidation. This loss is not too 
reproducible, being dependent  on the convective con- 
ditions at the electrode surface. Figure  8 shows the 
charge lost by dissolution, Qdiss = QA -- Qc. 

G a l v a n o s t a t i c  o x i d a t i o n . - - C u r r e n t  densities from 
0.10 to 0.50 mA / c m 2 were used. The major i ty  of ex- 
periments  were te rminated  only after the potent ial  
had switched to a value at which oxygen evolution 
occurred. In  order to determine the stages of oxidation, 
a number  of runs were terminated at times prior to 
the switch to oxygen evolution. Figure 9 shows the 
potent ia l - t ime transients  recorded. 

In  the current  densi ty range 0.12-0.50 m A / c m  2, a 
mixture  of Cu(OH)2, CuO, and Cu20 was observed 
when the potential  was allQwed to progress to the oxy- 
gen evolution range. Between 0.12 and 0.20 mA / c m ~, the 
predominant  phase is Cu20. Between 0.20 and 0.50 m A /  
cm 2, the proport ion of Cu(OH)2 and CuO increases. At 
0.50 mA/cm 2, Cu (OH)2 is the major  phase. These results 
can be correlated to the form of the potent ia l - t ime 
t rans ient  (Fig. 9), The transients  all show the same 
features. On application of the current,  the potent ial  
rises to the region --270 mV > E > --280 mV (region 
I) and stays in  this region for varying lengths of t ime 
depending on the current  density: the higher the cur-  
rent  density, the shorter the time. Subsequently,  the 
potential  rises to the region --260 mV > E > --270 
mV (region II) .  If oxidation is stopped at any point  
prior to the end of region II, only Cu20 is formed. The 
charge measured coulometrically up to the end of 
region II shows more extensive Cu20 growth at lower 
current  densities. This conclusion is borne out by 
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Fig. 2. Surface of copper electrodes potentiostatically oxidized to passivation at (a) --276.0 mV, (b) --265.0 mY, (c) --221.3 mV, and 
(d) --201.0 mY. 
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Fig. 3. Anodic charge obtained by integration of the transients in 
Fig. 1 as a function of applied potential. 

x- ray  diffraction in tensi ty  measurements.  The mor-  
phology of the Cu20 film is shown in  Fig. 10(a). 

Upon enter ing region III, the potential  ini t ia l ly  de- 
creases, goes through a minimum,  and then increases 
sharply. This final rise corresponds to passivation and 
occurs at shorter times for higher current  densities. In  
region III, a mix tu re  of Cu(OH)2 and CuO crystals 
form [Fig. 10(b)] .  

If the temperature  is increased from 21.0 ~ to 25.8~ 
for a current  density of 0.16 mA/cm 2, the t ime to pas- 
sivation increases (Fig. 9) and the potential  in region 
III  falls to --275 mV (compared to --263 mV for a 
similar current  density at 20~ In  this case, only 
CuO and Cu20 were detected. The morphology of the 
film formed at 25.8~ is shown in Fig. 10 (c). 

Voltammetric oxidation.--Electrodes were oxidized 
voltammetrical]y using sweep speeds between 1 and  
8.3 • 10-3 mV/sec. Figures l l ( a )  and (b) show the 
vol tammograms recorded at i mV/sec and 8.3 • 10 -3 
mV/sec, respectively. At slow scanning speeds [Fig. 
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Fig. 4. Surface of copper electrodes potentiostatically oxidized to passivation at --264.9 mV. Sampled at the times indicated in Fig. 5 
(solid curve, paints (a)-(f)). 
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Fig. 6. Surface of copper electrode potentiostaticaliy oxidized to 
passivation at --265.0 mV in stirred solution; corresponds to 
dashed curve in Fig. 5. 
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11 (b)] ,  two peaks were observed in the Cu (II) region. 
At higher scanning speed [Fig. 11 (a) ], only a shoulder 
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Fig. 9. Galvanostatic potential-time transients recorded for 
oxidatlon at constant applied current at: curve 1, 0.12 mA/cm 2, 
T ---- 21 ~ _+ 1~ curve 2, 0.16 mA/cm 2, T ~ 21 ~ +_ 1~ curve 
3, 0.20 mA/cm 2, T = 21 ~ • 1~ curve 4, 0.24 mA/cm 2, T - -  210 
_ 1~ curve 5, 0.28 mA/cm ~, T ---- 21 ~ _ 1~ curve 6, 0.50 
mA/cm 2, T = 21 ~ _ 1~ and curve 7, 0.16 mA/cm 2, T = 25.8 ~ 

0.1 ~ 

on the cathodic side of peak III  was detected. For 
sweeps which have progressed into the passive region 
beyond peak III, the amount  of Cu20 in  the film is 
greater for lower sweep rates and is the predominant  
phase at 8.3 • 10 - s  mV/sec. If the sweep is stopped 
just  beyond the ma x i mum of peak II  [Fig. l l ( b ) ] ,  at 
--265 mY, the major  phase is Cu20, with a minor  trace 
of Cu (OH)2. At slightly more anodic potentials, around 
the min imum between the two peaks, the major  phase 
is still Cu20, but  the proport ion of Cu(OH)~ has in -  
creased. In  nei ther  of these two cases are individual  
upper  layer  surface crystals observed. Once the sweep 
progresses into the region of peak II, a progressively 
increasing proportion of Cu(OH)2 surface crystals are 
observed. The passive range, i.e., E > --250 mV, corre- 
sponds to complete coverage of the surface with in-  
dividual Cu(OH)2 crystals. 
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Fig. 10. Surface of copper electrodes galvanostatically oxidized 
at 0.16 mA/cm 2 and at (a) 21 ~ • 1~ terminated before region 
III, curve 2, Fig. 9. (b) 21 ~ • 1~ terminated at completion of 
region Ill, curve 2, Fig. 9. (c) 25.8 ~ ~ 0.1~ terminated at comple- 
tion of region III, curve 7, Fig. 9. 
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Fig. 11 (a) potential scan at 1 mV/see, (b) potential scan at 
8.33 2 : 1 0  - a  mV/sec. 

Discussion 

Dissolution and passivation mechanisms.--The evi-  
dence, both electrochemical  and microscopic, shows the 
nucleation and growth  of two different layers of 
Cu(OH)2 in the potent ial  range --276 to --170 mV, as 
opposed to the simple dissolution and precipi tat ion 
model  proposed by Mil ler  (12). 

In region I, Fig. 5, meta l  dissolution and base layer  
growth of Cu(OH)2 occur. The morphology of this 
layer  indicates that  growth is via a sol id-state reac-  
tion [Fig. 4 (a ) ] .  No a t tempt  was made to obtain elec- 
t rochemical  data in region I which would al low an 
exact t ime dependence of the current  to be calculated. 
However,  the SEM results demonstra te  that  a film 
growth  mechanism is occurring. Also, since the current  
is ve ry  sensit ive to solution agitation, it must  contain 
a major  metal  dissolution component. 

Previous work  (14) with a rotat ing disk electrode 
showed that  dissolution occurs as Cu 2+ and is con- 
trolled by the diffusion of Cu 2+ species away from the 
electrode surface in the range --320 to --280 inV. For  
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potentials more anodic than --280 mV, dissolution is 
consistent with the behavior expected for a part ial ly 
blocked surface (14). This work has shown that  the 
surface blockage is due to the formation of a porous 
Cu (OH)2 base layer  [Fig. 4 (a) - (d) ]. 

In  region II, an upper  layer  is nucleated and grown 
[Fig. 4 ( b ) - ( e ) ] .  Dissolution in  region I eventual ly  
leads to local saturat ion close to the electrode surface. 
At some degree of supersaturation,  nucleat ion occurs. 
Depending on conditions close to the surface, nuclea-  
tion could be ini t iated on the surface, or at an impur i ty  
in the solution close to the surface. In  principle, homo- 
geneous nucleat ion in solution is possible but  is un -  
l ikely to occur without some degree of heterogeneous 
nucleation. Once nucleat ion has occurred, crystals 
grow from the saturated solution, thereby acting as a 
s ink for soluble Cu 2+. 

The current  increase which accompanies this crystal 
growth can be explained in terms of Eq. [A-7] of the 
Appendix, which can be wri t ten  1 

i 
n ( t )  d i s s - -  n ( t ) d e p o s  = ---- ( jb)  o,t ~- R ( t )  

nFA 

---- ( i a - -  ic) (1 -- o ( t ) ) / n F A  [A-7] 

As the crystal growtl~ process proceeds, R(t)  in -  
creases due to the expanding crystal surface area. This 
leads to a decrease in the cathodic deposition current, 
ic, and hence an increase in the over-al l  current,  i. For 
this to be the case, the electrochemical supply of Cu 2+ 
[R (t)diss] must  be much greater than the rate of in -  
corporation of mater ial  at the crystal growth site; i.e., 
the condition ia "~ ic > >  i must  apply, and crystal 
growth must  be the rate-control l ing step. 

The term R (t) diss is the max imum at tainable dissolu- 
tion rate from the base layer. It is the anodic com- 
ponent  of the current  (neglecting the contr ibut ion of 
the base layer  growth).  

The over-al l  dissolution necessary to ma in ta in  crys- 
tal growth results in  an increase of porosity of the base 
layer  (Fig. 4). Whether  these pores penetrate  to the 
metal  surface, thereby allowing fur ther  active metal  
dissolution, is not known. 

Eventually,  the crystals begin to impinge upon one 
another (Fig. 4), and the dissolution reaction is im-  
peded. This leads to a fall in the current  due to surface 
passivation by the upper  layer crystals (Fig. 5, region 
III) .  

The current  at long times (Fig. 5, region IV) can be 
at t r ibuted to residual dissolution, as demonstrated by 
comparison of chemical and coulometrical analyses in 
which it was shown that  ~90% of the charge in region 
IV has been used to produce soluble copper. The re-  
maining  10% must  have been used to produce fur ther  
base layer  growth. 

The above description of the behavior observed in 
the potential  range --265 to --182 mV can be sum- 
marized in the following equations in which the sub- 
script "Surf" designates a mobile surface species 

Cu ~ Cu2+surf + 2e [2] 

A 

CU2+surf  ~< ~- CUZ+Soln 

~2 O H -  A n O H -  [3] 

BI '  (n -- 2)OH-> 

CU (OH)'21attice < C u  ( O H ) n  (2 -n )  
C 

xCu(OH)n(2-n)-~ [Cu(OH)2]~ + x ( n - -  2 ) O H -  [4] 
D 

1 A list of symbols is given at the end of the article. 

E 
[Cu(OH)2]x + Cu(OH)n  (2-n) ~ [Cu(OH)~](x+l) 

F 

-5 ( n - -  2 ) O I t -  [5] 

where A represents active metal  dissolution; B, base 
layer  formation; C, base layer  dissolution; D, nuclea-  
tion; E, crystal growth; and F, crystal  dissolution. 

In  a previous paper (14), the growth of the electrode 
film was discussed in terms of a model due to Arm-  
strong (17). The process involves the solid-state nu-  
cleation, growth, and overlap of conical centers. No ac- 
count was taken of the dissolution process, and agree- 
ment  with the predicted cur ren t - t ime  form was ob- 
tained only around the current  max imum where the 
nucleat ion and growth processes dominate the current.  
In the Appendix, a simplified but  more realistic model 
of the present  si tuation is given. This model can be 
used to describe the observed behavior  qualitatively. 

Effect o] potential on the crystal growth process.-- 
The characteristic parameters  of the cur rent - t ime 
t ransient  (ira, tin, QA) change very little in  the potential  
range --180 to --230 mV [Fig. l ( a )  and Fig. 3]. The 
form of the crystals and the large number  produced 
[Fig. 2(c) and (d)]  indicate extensive nucleat ion (18). 
This would require a high degree of supersaturat ion 
close to the electrode surface. The major  l imitat ion 
on the crystal growth process is probably the passiva- 
t ion of the electrode, leading to a rapid decrease in the 
rate of supply of mater ial  by anodic dissolution. The 
random na ture  in which the crystals are deposited on 
the electrode would suggest that they were grown in 
solution and subsequent ly  deposited. 

For sufficiently anodic potentials, the m a x i m u m  dis- 
solution rate (i~/nFA) in Eq. [A-7] will be very large 
due to its exponential  dependence on potential. This 
max imum rate may be somewhat less than  expected 
due to the presence of the base layer, but  must  be suffi- 
cient to ensure that local supersaturat ion with soluble 
copper species is quickly attained, leading to rapid 
nucleat ion and growth. The nucleat ion rate is depen- 
dent  on the degree of supersaturat ion at tained if ini-  
tiated in  solution, or on the degree of supersaturat ion 
and the overpotential  if ini t iated heterogeneously on 
the electrode surface. 

For a rapid nucleat ion and growth process in quies- 
cent solution, Fig. 8 shows that very little mater ial  is 
lost to solution by diffusion (,--10-15%). This corre- 
sponds to the condition in Eq. [A-7] where 

( jb)o , t  < <  R( t )  < <  R (t) diss [6] 

Figure 1 (a) shows that the i-t  profile is becoming 
independent  of potential  at the most positive values. 
Since the growth rate R( t )  determines the current  
rise, this indicates that  a l imit ing rate of nucleat ion 
and growth is attained. This would be expected for 
both precipitat ion in solution from very supersaturated 
solutions and for heterogeneous surface nucleat ion if 
all the potential ly active sites on the electrode are used 
for nucleat ion above E ~ --230 inV. 

At less anodic potentials, nucleat ion and growth 
are much slower processes [Fig. l ( a )  and (b)] ,  im-  
plying that the degree of supersaturat ion at ta ined is 
much less at these potentials. For E < --230 mV, the 
t ransient  characteristic parameters  [Fig. l ( a ) ,  (b),  
and Fig. 3], show significant changes with potential  
as do the form and number  of crystals (Fig. 2). Figure 
4 shows that the rate of appearance of crystals on the 
electrode surface at --265 mV is relat ively low. The 
crystals at this potential  have the form expected from 
fast crystal growth (18). Their  opportuni ty  to grow 
before passivation is large compared to those grown at 
E ~ --230 mY. This leads to an increase in the total 
charge accumulated on the electrode surface (Fig. 3). 
The slower passivation of the electrode also allows 
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greater loss of mater ial  by diffusion into solution 
(Fig. 8); i.e., in  Eq. [A-7] 

(Jb)  o,t ' ~  n ( t )  < R ( t )  diss [7]  

Tapering of the crystals begins once the processes 
have passed the t ransient  peak and entered region III, 
Fig. 5 [cf. Fig. 4(e) and (f)] .  This is probably  due to 
a l imita t ion on the amount  of mater ial  reaching the 
growing crystal faces as the surface coverage increases, 
i.e., for 

E ----- --265 mV, and e(t)  > 0.5 

kaas (1 -- O(t) ) < R ( t )  [8] 

at the outer extremities of the crystals. 
At anodic potentials between --265 and --270 mV, 

the cur ren t - t ime  t ransient  becomes almost symmetrical  
about the peak. The analysis of Armst rong  (17) shows 
that  this corresponds to centers progressively nucleat-  
ing at a constant rate. A process of progressive nuclea-  
t ion is main ta ined  by a steady supply of mater ial  from 
the electrode as shown by the appearance of the sur-  
faces in Fig. 4. 

At E ~- --276 mV, the film is main ly  Cu20, and 
Cu(OH)2 no longer forms the passiva}ing layer  [Fig. 
2(a) ] .  Now only a relat ively small  number  of nuclei  
are formed and crystal growth leads to more tabular  
crystals, indicating a much slower growth process. Loss 
of mater ial  to solution is ~ 30 %, i.e. 

(Jb) o,t "" R (t) ,-- R (t) diss [9] 

The crystals tend to form in clumps, suggesting that 
the supply of cupric ions from the electrode surface 
is now uneven  and occurring main ly  from faults in  
the under ly ing  layer  of Cu20. The change in shape of 
the crystals in  going from condition [7] at --265 mV 
to condition [9] at --276 mV can be explained in terms 
of the relat ive growth rates of individual  crystal faces. 
When the metal  dissolution process is fast, growth of 
crystal faces is unimpeded by mater ial  l imitat ions and 
the crystals grow with an acicular geometry (E ---- 
--265 mV).  When the supply of mater ial  is l imited by 
slower metal  dissolution, the supersaturat ion is not 
main ta ined  at the surface of the fast growing faces and 
the growth rate is correspondingly limited. There may 
also be a change in the order p in  the growth equation 
(Eq. [A-3], Appendix) .  

For potentials less than --276 mV, the amount  of 
mater ial  lost by diffusion increases markedly,  up to 
70% at E ---- --29'8 mV (Fig. 8). The surface is now only 
composed of Cu20, local supersaturat ion at the elec- 
trode surface with Cu e+ never  being attained. 

Effect of Stirring on the Crystal Growth Process . -  
If artificial convection is introduced into the system, a 
s teady-state  diffusion layer will  be rapidly estab- 
lished. Figure 5 shows that the current  increase due to 
the crystal growth process is now. obscured by the 
current  contr ibut ion from material  flux away from the 
electrode surface. The crystal form is much more regu- 
lar (Fig. 6), indicat ing that  the rate of growth on 
different crystal faces is now approximately equal. 
The regular  form of the crystals indicates that growth 
is fair ly slow, and that the supersaturat ion at the in-  
dividual  faces is now low. 

For the thin diffusion layer obtained at the rotat ing 
disk electrode (w ---- 41.7 Hz, 5 = 4.9 X 10 -4 cm), the 
concentrat ion of Cu 2+ at the electrode surface is re-  
duced below the solubil i ty l imit:  i.e. 

(Jb) o,t '~ R (t) diss - -  R (t) depos [10] 

Therefore Co,t < (Co,t)sat, and R ( t )  --> O. Under  these 
conditions, no crystal growth is observed, and steady- 
state dissolution of the metal  occurs. For large enough 
rotat ion speeds, C'o.t-> 0 and, therefore, R(t)depos-'> 0, 
and the l imit ing rate of surface dissolution is attained. 

This condition was investigated previously (14) and 
dissolution was shown to occur from a blocked surface. 
This blockage has now been demonstrated to be caused 
by a base layer  of Cu(OH)2. The rise in  current  when  
the disk is rotated (Fig. 7) is probably  due to the re-  
s t ructur ing of the base layer  caused by its continuous 
dissolution and regrowth. 

Once the electrode is held s tat ionary again, the cur-  
rent  falls as Cu 2+ builds up at the electrode surface 
and the reverse rate of deposition (/c) begins to in -  
crease. Eventua l ly  supersaturat ion is a t ta ined and n u -  
cleation and growth are again observed. 

EfIect of crystallization rate.--Comparison of free 
energies of formation of CuO and Cu (OH)2 shows that  
CuO is more thermodynamical ly  stable than Cu (OH)2 
under  the conditions of our experiments  (19). Hence 
the formation of Cu(OH)2 in  these experiments  must  
have been kinetical ly controlled. If the current  is con- 
trolled by growing films at constant  currents  < 0.3 
mA / c m 2, CuO can be obtained in  addit ion to Cu(OH)2 
and a la rge  amount  of Cue0. These currents  correspond 
to low crystall ization rates as indicated by  the t ime 
required for the potential  to switch to the oxygen 
evolution region (Fig. 9, curves 1-4). This is in  agree- 
ment  with the galvanostatic work of other authors 
(4-7), although Bouillon et al. (6, 7) did not report the 
formation of Cu20. The size and morphology of the 
crystals grown galvanostatically at <0.3 m A / c m  2 are 
comparable to those of crystals grown under  poten-  
tiostatic conditions at --276 mV [cf. Fig. 10(b) and  
2 (a)]  where the ma x i mum cur ren t  density at tained in  
the growth region [Fig. l ( b ) ,  curve 3] was 0.29 m A /  
c m  2. 

At 21~ for low crystall ization rates, the rate of 
dehydrat ion to yield CuO is competitive with the rate  
of crystall ization of Cu(OH)2 and a mixture  is ob- 
tained. These processes can be represented by the 
following equations 

,G 
xCu(OH) n2-n'-> [CuO]x + x ( n  -- 2 ) O H -  + H20 [11] 

H 
[CuO] ~ + Cu (OH) '2-~ ~__ [CuO] ~ + i 

+ ( n - - 2 ) O H - + H ~ O  [12] 

where the nucleat ion and growth steps G and H, re-  
spectively, are comparable to the equivalent  steps D 
and E for hydroxide crystal l ization (Eq. [4] and [5]). 
At 25~ steps G and H predominate,  and only CuO, 
with a different morphology, is observed [Fig. 10(c)].  
The al ternat ive mechanism of CuO formation, by 
thermal  degradation of Cu (OH)2 crystals, is judged to 
be insignificant at this temperature.  Fur ther  work with 
respect to the formation of CuO as a funct ion of tem- 
perature is in progress. 

Identification of peak doublet in Cu(II) region.--The 
data of Fig. 11, in combination with the s t ructural  and 
microscopic observations given in  the Results section, 
show that the formation of two peaks in the vol tammo- 
grams is not due to the formation of a mixture  of CuO 
and Cu(OH)z. The observation of small  amounts  of 
Cu(OH)2 around peak II in Fig. l l ( b )  and the ab-  
sence of upper  layer crystals on the surface up to this 
point  can be a t t r ibuted to the formation of a base 
layer of Cu(OH)2. This leads to the inhibi t ion of the 
anodic dissolution and the generat ion of peak II. The 
presence of upper  layer  crystals on the surface as the 
current  begins to rise in to-peak  III  demonstrates that  
this peak is due to Cu(OH)~ nucleat ion and growth as 
previpusly claimed (14). 

Comparison to other metals . - -A number  of other 
metal  systems exhibit  potentiostatic cur ren t - t ime  t ran-  
sients similar to that observed here for copper, How- 
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ever, in some cases, the part icipat ion of soluble mate-  
rial is negligible. 

For cobalt (20), the cur ren t - t ime  t ransient  was in-  
terpreted in terms of a solid-state nucleat ion and 
growth. This conclusion was confirmed using a rotat ing 
r ing-disk electrode (25) which showed that  the par-  
ticipation of soluble material  is negligible in the pas- 
sivation step. 

A simple metal  dissolut ion-hydroxide precipitat ion 
process was claimed for ' cadmium (21) on the basis of 
rotat ing r ing-disk experiments,  even though a cur ren t -  
t ime t ransient  was observed. Armstrong (26) has 
pointed out that such evidence does not conclusively 
prove that a dissolution-precipitat ion mechanism is 
operative. Since the i - t  t ransients  were recorded at an 
electrode rotat ion speed of 35 Hz, it seems unl ike ly  
that the formation of the film involved part icipat ion 
of a soluble intermediate.  However, under  less vigorous 
st irr ing conditions, the surface concentrat ion of soluble 
Cd 2+ could bui ld  up sufficiently to produce precipi-  
tated material.  

The necessity of having accurately controlled con- 
vective conditions has been pointed out in the case of 
zinc in alkaline solution (27-29), and has also been 
demonstrated previously with copper (14). Potent ial  
sweep profiles with zinc under  quiescent conditions 
showed two peaks for very low sweep rates (29) [cf. 
Fig. l l ( b )  of this paper],  and it is possible that  a pre-  
cipitation and crystal growth process is also involved 
here. The cur ren t - t ime  t rans ient  did not show a peak 
however (28), probably due to the very high metal  
and hydroxide solubilities. 

With a luminum,  the rise in current  after the early 
falling t ransient  has been a t t r ibuted to the nucleat ion 
and propagation of pores in a base layer of A1203 (24). 
These pores gave increased, field-assisted, dissolution 
of the base layer as A18+, and on saturation, a pre-  
cipitate of AI(OH)3 was formed. This mechanism is 
based on the claim that the base layer  is free of pores 
dur ing the ini t ial  stages. Pore formation is thought to 
be due to the aggressive action of the proton and the 
electrolyte anion (22). There  is some doubt however, 
whether  such pores are nucleated or are present  fro/'n 
very short times in the base layer  (23). This behavior  
could be equally well  explained using the arguments  
presented here for copper. Hence, AI(OH)8 could be 
formed by precipitat ion from a locally supersaturated 
solution and the rise in current  due to the growth of 
precipitate. A similar explanat ion has been given by 
Vedder and Vermilyea (30) to describe the corrosion 
of a luminum. One would expect upper  layer formation 
to be more pronounced in electrolytes in which A1 ~+ 
is more soluble, such as oxalic and sulfuric acids, and 
this is borne out by the exper imental  evidence (22). 
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APPENDIX 

Mass Balance at the Electrode Surface in the Presence of 
Crystal Growth 

The over-al l  rate of production of. Cu 2+ species at 
the electrode surface is given by the current,  i, where 

i 
n F A  = (kaas -- kcco,t) (1 -- 0(t) ) [A-1] 

( i a  - -  i c )  
= [A-2] 

nFA 

ka, kc are exponentially dependent on potential. In 
this simplified model, the current due to base layer 
growth is neglected. 

The rate of crystal growth can be expressed, for one 
crystal face, by the equation 

Rn = khAn(t)  (Co,t - -  ( C o , t ) s a t )  p [A-3] 

where p varies between 1 and 2 depending on the de- 
gree of supersaturat ion (31). 

For n crystal faces and a nucleat ion rate dN/dt,  the 
over-al l  crystal growth rate will  be given by 

R ( t )  = . ~ R ( n )  du [A-4] 
"~-- / t--u i=1 

where u is the age of a nucleus. 
If material  used in crystal growth is considered to 

remain  in  the plane x ---- O, i.e., close to the electrode 
compared to the thickness of the t ime-dependent  diffu- 
sion layer, then the condition for the mater ial  balance 
at the electrode surface can be wr i t ten  as follows 

i =Dcu2+ ( ~ C o , t ~  
n F A  \ ~ / x = o  

A 
An 
as 
Co,r 

(CoD ~ t  

Dcu2 + 

E 
Ei 
F 
i 
im 

ia 
ic 
(Jb) o,t 

ka 

kc 

kn 

N 

n 

R ( ~ ) .  du [A-X] 
t - - u  i=I  

Combining [A-1] and [A-5] yields 

( 8Co,t ~ 
k a a s ( 1 - - 0 ( t ) )  = kcco, t ( 1 - -  O(t) ) + Dcu2+ X--~x /x=o 

n 

"F/:(dI~)~ t-Ui=lX n ( n )  , d ~  [ A . 6  ] 

In  abbreviated terms 

R (t) diss = R (t) de,os + (Jb) o,t + R (t) [A-7] 

where R(t)diss = kaas(1 -- 0 ( t ) ) ;  and R(t)depos = 
kcco.t(1 -- O(t)).  

The terms on the r igh t -hand  side of Eq. [A-7] a r e  
interrelated but  the relat ive rates of each process c a n  
be seen to be determined by the parameters  kc, Dcue+/ 
5, dN/dt,  An, and kn. 

This s tatement  represents only one condition in the 
complicated boundary  value problem for the system 
but  can be used to explain the effects of a variety of 
exper imental  conditions. A more detailed description 
of the system will  be presented in a later communica-  
tion. 

LIST OF SYMBOLS 
electrode surface area (cm 2) 
surface area of the n th  crystal face (cm 2) 
surface activity (mol /cm 2) 
surface concentrat ion of Cu ~2+ species at 
t ime t (mol /cm 3) 
equi l ibr ium saturat ion concentrat ion of 
Cu 2+ (mol /cm 3) 
diffusion coefficient of Cu(OH)4 '2- in solu- 
t ion (cmf/sec) 
electrode potential  (V) 
init ial  electrode potent ial  (V) 
Faraday (coulomb) 
current  (mA) 
current  max imum in the potentiostatic 
t ransient  (mA) 
anodic metal  dissolution current  (mA) 
cathodic metal  deposition current  (mA) 
flux of Cu e+ species out of the plane of the 
electrode surface (mol/cmf/sec)  
potential  dependent  rate constant  for active 
metal  dissolution (cmf/sec) 
potential  dependent  deposition rate con- 
stant  (cmf/sec) 
rate constant for the growth of the nth  
crystal face (cm2/sec) 
number  of n u c l e i  
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n 

QA 

Qc 

qdiss 
Rn 

R ( t )  diss 

R ( t )  depos 

R (t)  
t 
tm 

tp 

V 
X 

~(t) 
W 

number  of e lectrons t r ans fe r red  
charge consumed dur ing  oxidat ion  (cou- 
lomb)  
charge consumed dur ing  reduct ion  (cou- 
lomb)  
charge due to dissolved mate r i a l  (coulomb) 
growth  ra te  for  the  nth  crys ta l  face (mo l /  
cm2/sec) 
t ime dependent  meta l  dissolution ra te  
(mol /cm2/sec)  
t ime dependent  me ta l  deposi t ion ra te  
(mol /cm2/sec)  
over -a l l  crysta l  g rowth  ra te  (mol/cm2/sec)  
t ime (sec) 
t ime of the cur ren t  m a x i m u m  in the  po ten-  
t iostat ic t r ans ien t  (sec) 
pass ivat ion t ime (sec) 
age of a nucleus (sec) 
potent ia l  scan ra te  (mV/sec)  
d is tance  f rom elect rode (cm) 
diffusion l aye r  thickness  (cm) 
degree  of e lect rode coverage 
e lect rode angu la r  veloci ty  (Hz) 
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The Anodic Behavior of Gold in Sulfuric Acid Solutions 
Effect of Chloride and Electrode Potential 

R. P. Frankenthal* and D. E. Thompson 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The anodic behavior  of gold has been s tudied in 1M H2SO4 containing 0, 
1, and 10 mM HC1 at potent ia ls  in the  passive and in the  t ranspass ive  regions. 
The react ion products  are soluble A u ( I I I )  and an Au(OH)3  film. Thei r  ra tes  
of format ion  and the potent ia l  dependence of the  rates  are  functions of the 
chlor ide concentrat ion.  Chloride promotes  the  dissolut ion of gold and reduces  
the  ra te  of film formation.  The composit ion of the film and the mechanism of 
its format ion  are  not affected by  the presence of chlor ide  in solution. Two 
mechanisms of oxygen evolut ion exist. A t  low potentials ,  oxygen  is evolved 
on the meta l  surface;  at  high potentials ,  the  process occurs on the Au(OH)~  
film. At  high potentials ,  the  film format ion  and the oxygen evolut ion reac-  
tions have the same r a t e -de t e rmin ing  steps. The implicat ions  of this s tudy  to 
the  corrosion of gold conductors  on electronic circuits  are  discussed. 

The corrosion of gold is of concern to the  electronics 
i ndus t ry  in the  design and manufac tu re  of cer ta in  th in  
film and integrated circuits (I). Although the phe- 
nomenology of corrosion failures has been reported, 
little is known about the basic electrochemical proc- 
esses that occur. In electronic circuits, the applied 
voltages between adjacent conductor paths may be 
greater than IOV. Most of this voltage is dissipated as 
IR drop across the insulating substrate. The fractions 
of the applied voltage that appear across the anode/ 
substrate and across the cathode/substrate interfaces 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  anodic  dissolut ion,  chloride,  gold, oxide  film, o x y g e n  

evolut ion,  potent ia l .  

and tha t  a re  the re fore  ava i lab le  for  the  e lec t rochemi-  
cal react ions are  unknown.  Thus, i t  would  be he lpfu l  
to know the react ions  tha t  may  occur and the condi-  
t ions of environment ,  e.g., t e m p e r a t u r e  and re l a t ive  
humidi ty ,  and potent ia l  under  which  they  do occur. 

The e lec t rochemis t ry  of gold in aqueous solutions is 
a reasonable  s tar t ing point  for obta ining this in forma-  
tion. The subject  has been s tudied by  many  inves t iga-  
tors at potent ia ls  be low the oxygen  evolut ion  potential .  
The l i t e ra tu re  up to 1972 has been rev iewed  by  Schmid 
and Cur ley  (2);  more recent  publ icat ions  include 
Ref. (3-10). Studies  of the oxygen evolut ion react ion 
on gold have been rev iewed  by  Hoare  (11). 
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In sulfuric acid and in perchloric acid solutions, gold 
is anodically oxidized be tween 1.1 and 1.4V (SCE).  
The passivating film has been est imated to be one to 
two monolayers  in thickness at potentials below the 
oxygen evolut ion region (2). At higher  potentials, a 
thicker, poorly adherent  film of hydrated Au208 or 
Au(OH)3  grows (12). Barnar t t  (12) and Whit ton and 
Davies (13) observed a l inear ra te  law for growth of 
the film at constant current.  Whit ton and Davies also 
reported that  1.5% of the oxidized gold appears in the 
solution, with the remainder  appearing in the film. The 
rate of film growth and the rate of gold dissolution 
have not been studied as a function of potential.  

The addition of chloride ions to sulfuric acid or to 
perchloric acid solutions enhances the ra te  of gold 
dissolution but does not affect the potent ial  of passiva-  
tion (14, 15). There  appear to be no studies on the 
effects of chloride ions on the composition of the films 
formed or on the rate  of film formation and gold dis- 
solution at potentials in the passive and in the oxygen 
evolution regions. 

The mechanism of the oxygen evolut ion react ion on 
oxidized gold surfaces in sulfuric acid and in per -  
chloric acid solutions is not  ful ly  understood (11). It  
has not been studied in the presence of chloride ions. 

We repor t  here  a s tudy of the  composition of the 
anodic films formed on gold and of their  rate and 
mechanism of formation, as well  as the ra te  of gold 
dissolution, as a function of potential  in sulfuric acid 
solutions wi th  and without  added chloride ions. In 
addition, the results provide  fur ther  insight into the 
mechanism of the oxygen evolution reaction. 

Experimental 
The test specimens were  gold foils, 2.7 cm long and 

1.2 cm wide. To the top of each was spot welded a gold 
wire  lead. The specimen was immersed in the electro-  
lyre solution so that  the a i r /solut ion interface was on 
the  wire  just  above the foil. A two-compar tment ,  
th ree-e lec t rode  cell was used. The main compartment ,  
6.7 cm in diameter,  housed the test electrode and two 
gold-pla ted pla t inum foil counterelectrodes spaced 3.5 
cm apart  and paral le l  to the gold foil surfaces. A Lug-  
gin capil lary connected the main cell compar tment  to 
a saturated calomel reference electrode. The capil lary 
tip was just  below the center  of the lower edge of the 
foil. All potentials are reported re la t ive  to the satu-  
rated calomel electrode (SCE).  

Three  solutions were  used. The basic electrolyte  and 
one of the solutions was 1M H2SO4 (pH 0.0) made 
f rom electronic grade concentrated acid that  contains 
< 50 ppb C1-. To this was added sufficient HC1 to 
make solutions 1 and 10 mM in HC1. The solutions 
were  st irred with  a magnet ic  s t i r rer  at a reasonably 
constant rate. They were  not deaera ted  or  saturated 
with any gas, other  than those evolved at the elec- 
trodes. The solution volume was approximate ly  250 
cm a. All  exper iments  were  conducted at room tem- 
perature.  

A PAR Model 173 potentiostat  wi th  the PAR Model 
176 cu r ren t - to -vo l t age  conver ter  was used. The la t ter  
is equipped wi th  an /R-compensator ,  which was 
needed because of the high current  densities en-  
countered in the oxygen evolut ion region. The amount  
of compensation requi red  is a function of the precise 
positioning of the gold electrode re la t ive  to the tip 
of the Luggin capillary. In a typical experiment ,  the 
compensated resistance was 1 ohm. The resist ivi ty of 
all the solutions is 2.7 ohm-cm. 

A Mett ler  H54 semimicrobalance with a precision of 
___10 ~g was used for alI weighings. A Marshall  tube 
furnace with  a quar tz  furnace tube and an alumina 
boat to hold the specimen was used for thermal  reduc-  
t ion of the anodic films; ni t rogen was passed over  the 
specimen during the reduct ion process. 

The exper imenta l  procedure  was as follows: The 
specimen was etched for 15 sec in aqua regia, r insed 
with distil led wate r  and then wi th  methanol,  and dried 
in a s t ream of nitrogen, and its weight,  W1, was mea-  
sured. The specimen was inser ted into the cell and 
any adsorbed oxygen or th in  oxide film was reduced 
cathodically at --0.5V 1, af ter  which the potent ial  was 
switched to that  to be studied. The t ime for  which each 
specimen was held at potent ial  ranged f rom 10 ~ to 
2 • 104 sec. The times were  chosen to give reasonable 
weight  changes in the in termediate  potential  range, 
to avoid thick spalling films at high potentials in pure  
sulfuric acid solution, to avoid excessive dissolution of 
the gold at high potentials in the chloride-containing 
solutions, and to give sufficient t ime to estimate low 
corrosion rates at low potentials. It was shown that 
the corrosion rates were  independent  of t ime at poten-  
tial, as long as spalling was avoided. Af ter  anodic 
polarization, the specimen was rinsed and dried, and 
its weight, Vr was recorded. Al ternate  specimens were  
dipped into 5M HCl for 15 sec and weighed, W~, or 
baked at 570~ and weighed, W4. The HC1 dip dis- 
solves the anodic film quant i ta t ive ly  but does not at- 
tack the gold (12, 13); this was verified by observing 
no additional weight  loss during exposures to the 
HC1 for times up to 1 hr. At  tempera tures  above 523~ 
the anodic film decomposes to metal l ic  gold (16). 

Results 
The anodic polarizat ion curves of gold in the three  

electrolyte solutions are shown in Fig. 1 and 2. The 
addition of chloride ions increases the anodic dissolu- 
tion rate  up to the passivation potential,  1.35V, which 
is independent  of the chloride ion concentration. In 
the passive and ear ly  transpassive regions, the current  
is also marked ly  increased by chloride, but  the effect 
diminishes with increasing potent ia l  and above 1.9V 
the current  appears to be independent  of solution com- 
position. 

The data were  analyzed in the fol lowing manner :  
From the weights, W1, . . . ,  W4 

Wa = W2 -- W1 ---- weight  change during anodic 
polarizat ion 

Wf -~ W2 -- W3 ~- weight  of anodic film 
Wf ~ - :  W2 -- W4 ---- weight  of nongold port ion of 

anodic film 

1 Any weigh t  change due to cathodic r e d u c t i o n  w a s  less  t h a n  t h e  
precision of the balance. 

2.0 t I t 110 i I I t 

,~ 1.2 

~ 0.8 

~ 0.4 
o y V j  o 

0 ~ ~ , ' ~ J - / J /  I I 
0 .8  1.0 1.2 | .4 1.6 1.8 2 .0  

POTENTIAL,VOLT VS. SCE 

Fig. 1. Anodie polarization curves for Au in ] M  H2S04 with and 
without HCI additions. HCI concentrations (mM) shown on each 
curve,  
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Fig. 2. Anodic polarization curves of Au in 1M H2S04 with and 
without addition of HCI at potentials in the passive and transpassive 
regions. HCI concentrations (mM) shown on each curve. 

Wt -- Wr ~ ---- W4 -- W.~ ---- weight of gold in anodic film 
Wa -- Wf ~ -- W4 -- W1 ---- weight of anodically dis- 

solved gold. 

From Wf -- Wr ~ :- Wa -- Wf ~ the known polarization 
times, and assuming Au(III)  as the reaction product, 
the rates of film formation and anodic dissolution were 
calculated as current densities and plotted as a func- 
tion of potential (Fig. 3-5). The reproducibility of the 
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Fig. 3. Anodic oxidation rate of Au in 1M H2S04 as a function of 
potential. (3, Gold dissolution; e ,  film formation. 
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1.4 t.6 1.8 2.0 

POTENTIAL , VOLT VS. SCE 

Fig. 4. Anodic oxidation rate of Au in 1M H2S04 -t- 1 mM HCI 
as a function of potential. 0 ,  Gold dissolution; e ,  film formation. 
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Fig. 5. Anodic oxidation rate of Au in 1M H2S04 -~- 10 mM HCI 
as a function of potential. O, Gold dissolution; e ,  film formation. 
Arrow indicates value less than that shown, which was limit of 
detection. 

d a t a  was  ___5% fo r  c u r r e n t  d e n s i t i e s  g r e a t e r  t h a n  1 X 
10 -5  A / c m  2, d e c r e a s e d  to --+10-20% at  1 X 10 -6  A / c m  2, 
a n d  was  a p p r o x i m a t e l y  +--100% fo r  c u r r e n t  d e n s i t i e s  
less  t h a n  4 • 10 -7  A / c m  ~. 
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Anodic dissolution is observed in each solution. How- 
ever, chloride clearly increases the rate of dissolution, 
the Tafel lines shifting 60 mV with a tenfold change 
in concentration. The Tafel slopes are 147 mV/decade 
in the two solutions containing chloride and 245 mV/  
decade in the solution that  does not contain chloride. 

Anodic film growth is also observed in  each solution. 
The potential  at which it begins appears to increase 
with increasing chloride concentration. Since a current  
density of 10 -7 A/cm 2 flowing for 10 ksec corresponds 
to the oxidation of approximately one monolayer  of 
gold and since the passivating film on gold is one to 
t w o  monolayers in thickness, it is assumed that  a film 
thicker than  the passivating film grows only above a 
potential  Ef ~ at which the film growth rate is 1 X 10 -7 
A /cm 2. This potential  and the slope of the E -- log i 
plots for film growth are given in Table I. At 1.85V 
in the 10 mM chloride ion solution, film growth was 
not detected, indicating that the growth rate was less 
than 3 X 10 -7 A /cm 2. The line through the data (Fig. 
5) was drawn to intersect 1.85V at 1 X 10 -7 A /cm u. 

Some of the films formed in 0 and 1 mM chloride ion 
solutions at 1.90V were subjected to evolved gas analy-  
sis, in  which the specimen is slowly heated (ca. 2~ 
min)  and the evolved gases are analyzed in  a mass 
spectrometer. For films prepared in either solution, 
water vapor was evolved continuously, at all tempera-  
tures from room temperature  to about 520~ Oxygen 
evolution began at about 410~ the rate increased 
greatly above 470~ and peaked at about 530~ Only 
traces of SO4 = and CI- ,  measured as H2S +, IIC1 +, and 
C1 + in the mass spectrometer, were detected. The last 
two species were detected only on samples exposed to 
the solution containing chloride ions. From the weight 
change measurements,  the ratio (Wf -- W f o ) / w f  ~ 
which is the ratio A u / ( O  -~ H20), was calculated for 
each experimental  condition. The median and the aver-  
age were both 3.4. The ratios for Au2Os and Au(OH)~ 
are 8.21 and 3.86, respectively. 

By subtract ing the sum of the currents  for gold 
dissolution and film formation from the observed cur-  
rent  (Fig. 2), the anodic gas evolution current  is ob- 
tained (Fig. 6). The data are best fit by two lines, as 
shown previously by IIoare (17). In the low potential  
region, the rate is markedly  increased by chloride, but  
the slopes of the plots are the same, 163 mV/decade. 
Hoare (17) obtained a slope of 158 mV. The difference 
is a t t r ibutable  to the correction for gold oxidation ap- 
plied in the present  study. At high potentials, the cur-  
rent  is independent  of chloride ion concentrat ion and 
the slope is 52 mV/decade. Hoare obtained a slope of 
50 mV potentiostatically (17) and 47 mV galvanostat i-  
cally (18). Barnar t t  (12) and MacDonald and Conway 
(19) obtained slopes of 45 mV galvanostatically. These 
other investigations were performed in sulfuric acid 
without any chloride additions. The points of inter- 
section of the high and the low potential regions are 
given in Table II. Hoare's (17) data are given for 
comparison. 

Discussion 
Gold dissolution.--Gold dissolution is observed in 

every solution. However, the rate is a function of 
chloride ion concentration, as well as potential  (Fig. 
3-5). In the passive potential  region (E < 1.7V), dis- 
solution and passivation proceed in parallel, probably 
due to a competitive adsorption between chloride and 
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Table I. Characteristics of anodic film growth as a function of 
chloride ion concentration 
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Fig. 6. Anodic gas evolution rate as a function of potential in 
IM  H2S04 with and without addition of HCI. HCI concentrations 
(mM) shown on each curve. 

an oxygen species. The former leads to dissolution, the 
lat ter  produces passivation. In  the transpassive region, 
a pseudo-Tafel  behavior  is observed, that is, log i 
varies l inear ly  with potential. In  the two chloride-con- 
taining solutions, the slope is 147 mV/decade, while in 
the chloride-free solution the slope is 245 mV/decade. 
The significance of these slopes is not clear. They are 
probably  influenced by at least two factors. First, 
different reaction products form in the two types of 
solutions. A chlorogold complex, e.g., AuC14-, forms 
in the solutions containing chloride, while an aquogold 
complex is the principal  product in  the other solution. 
Second, the anodic film may influence the rate of dis- 
solution. The thickness and porosity of the film are, 
most likely, functions of potential  and of chloride ion 
concentration. 

Film formation.--The evolved-gas analysis decom- 
position spectra of films formed in both solutions are 
those of gold oxide or hydroxide (16). The measured 
ratio A u / ( O  + H20) indicates the film is Au(OH)s  
with some occluded water, in  agreement  with Barnar t t  
(12). From these analyses and from the lack of de- 
pendence of the Tafel slope on chloride-ion concentra- 
tion, it is concluded that the film composition and film 
growth mechanism are unaffected by chloride in solu- 
tion. However, E~ the potential at which film growth 
begins, is shifted in the anodic direction by chloride, 
thereby reducing the rate of film growth at constant 
potential. 

The effect of potential on the film growth rate is 
consistent with the "blister" mechanism of growth 
proposed by Barnartt (12). He, as well as Whitton 
and Davies (13), observed that the films grew linearly 
with time at constant current density and proposed 

Table II. Points of intersection of gas evolution plots 

dE/d log i, 
(CI-), rn~ E~ V mV 

0 1.75 50 
1 1.79 48 

10 1,85 50 

(CI-), rnM E(V) '~ (A/era2) 

O 1.73 8 • 10-6 
0 [I-Ioare (17)] 1.71 9 x 10- e 
1 1.82 4 x 10 -~ 

10 1.86 3 x 10 -a 
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that  separation of the film from the substrate occurs 
locally, permit t ing access of solution to the film-free 
surface for fur ther  oxidation. Since oxygen evolution 
should increase the rate of separation, increasing the 
current  densi ty or the potential  should increase the 
rate of film growth (12), as is observed. 

Gas evolution.--In each solution, the E-i relat ion for 
the gas evolution react ion(s)  exhibits two distinct 
Tafel regions (Fig. 6). In  the low potent ial  region, the 
Tafel slopes are independent  of chloride ion concen- 
tr'ation; in the high potential  region, the current  den- 
sities are independent  of chloride ion concentration. 
These data are consistent with the measurable  evolu- 
t ion (in these experiments)  of only one gas, namely  
oxygen. The s imultaneous evolution of chlorine from 
the 10 mM HC1 solution would most l ikely change the 
observed E-i pattern.  The absence of an observable 
chlorine evolution reaction is not surprising since the 
chloride ion concentrat ion in the 10 mM HC1 solution 
is only 2 • 10 -4 of the water  concentration. 

Hoare (17, 18) suggests that in  the low potential  
region oxygen evolut ion takes place on a gold surface 
par t ia l ly  covered with adsorbed oxygen, while in  the 
high potential  region it occurs on Au203. The present  
s tudy verified this suggestion because the potential  at 
which film growth begins, E~ (Table I),  and the po- 
tent ial  of intersection (Fig. 6 and Table II) are  ap- 
proximately  the same. However, as indicated above, 
the film is Au(OH)8.  

The high potential  region is characterized by (i) a 
polarization curve for oxygen evolution that is not 
affected by the addit ion of chloride ions to the solution, 
(ii) the presence of an Au(OH)3 film that  begins to 
form at the same potent ial  at which this region begins, 
and  (iii) the same Tafel slopes for film formation and 
oxygen evolution. From (i) it is concluded that  chlo- 
ride ions do not participate in the oxygen evolution re-  
action, just  as they do not participate in the film for- 
rnation reaction. Observations (ii) and (iii) are con- 
sistent with mechanisms for film growth and oxygen 
evolution that  have the same ra te -de te rmin ing  step. 
Further ,  this step must  take place on the film. If it oc- 
curred on the fi lm-free surface, the Tafel l ine should 
be an extension of the one observed at low potentials 
and exhibit  the same effects of chloride ions. 

The most l ikely ra te -de te rmin ing  step, common 
both to oxygen evolution and to film formation, is the 
oxidation of water  to an intermediate  O or OH radical 
adsorbed on the film. Such radical can react to produce 
02 or Au(OH)~. For the lat ter  to occur, the radical 
must  diffuse to the metal / f i lm interface or A u( I I I )  
must  diffuse to the f i lm/solution interface. The sug- 
gested ra te -de te rmin ing  step is s imilar  to the one pro- 
posed by MacDonald and. Conway (19) for the oxygen 
evolut ion reaction without  consideration for film for- 
mation. They explained the Tafel slope of 45 mV by 
postulat ing a dual potential  barr ier  consisting of a film, 
which was not identified, and the double layer  at the 
f i lm/solut ion interface. 

Corrosion of electronic circuits.--Sufficient relat ive 
humidi ty  and ionizable impuri t ies  on the insulat ing 
substrate surface will reduce the insulat ion resistance 
between conductors. This will  lead to an increase in 
the current  and in the potential  available for the 
anodic and the cathodic reactions. This study shows 
that  an increase in  the potential  (or current)  increases 
the oxidation rate of gold. Chloride ions increase the 
quant i ty  of dissolved gold that  may migrate to the 
cathode and be redeposited to form dendrites that can 
create short circuits (1). In  the absence of chloride, 
a hydroxide film is the main  corrosion product. This 
will not  lead to dendri te  formation. On the other hand, 
the film is not self-l imiting, and, given sufficient time, 
much gold could be consumed. Also in the absence $f 
chloride, some gold does dissolve at very high poten-  
tials. Given sufficient time, this could also lead to den-  

drite formation. Clearly, chloride must  be rigorously 
excluded from electronic circuits with gold metal]iza- 
tions and the insula t ion resistance must  be main ta ined  
at a level high enough to prevent  the various processes 
cited above from degrading the gold conductors. 

Conclusions 
1. In  sulfuric acid solutions, with and  without  added 

Cl - ,  gold is oxidized to a soluble A u ( I K )  species or 
to a film of Au(OI-I)3 at potentials in  the passive and 
transpassive regions. The rates of formation of these 
reaction products and their  potential  dependence are 
a funct ion of (C1-) in  the solution. 

2. Chloride promotes the dissolution of gold and re-  
duces the rate of film formation. However, both dis- 
solution and film formation occur at sufficiently high 
potentials in all solutions studied. 

3. The potential  dependence of the film growth rate 
is consistent with the "blister" growth mechanism of 
Barnar t t  (12). Neither the mechanism of growth nor 
the composition of the film are affected by the presence 
of chloride ions in  solution. 

4. Two potential  regions are defined for the oxygen 
evolution reaction. At low potentials, the reactions 
occur on a metal  surface that is film free or only par-  
t ial ly covered by an adsorbed layer. The rate in  this 
region is a strong funct ion of (C1-) .  At high potentials, 
the rate is independent  of (C1-) and the reaction oc- 
curs on the surface of the Au(OH)8 film. 

5. The formation of Au (OH)~ and the oxygen evolu- 
t ion reaction appear to have the same ra te -de te rmin ing  
step. This is postulated to be the oxidation of water  to 
an intermediate  O or OH radical. 

6. To prevent  corrosion of electronic circuits, chlo- 
rides must  be rigorously excluded and insula t ion re-  
sistance must  be main ta ined  at a high level. 
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Mechanism of Anodic Deposition and Cathodic 
Stripping of Pb02 on Conductive Tin Oxide 

H. A. Laitinen *~1 and Noel H. Watkins ~ 

Roger Adams Laboratory, School of Chemical Sciences, University o~ Illinois, Urbana, Illinois 61801 

ABSTRACT 

Deconvolution of potentiostatic cur rent - t ime curves during anodic dep- 
osition of PbO2 from nitric acid solutions onto ant im0ny-doped t in  oxide elec- 
trodes permit ted three processes to be delineated, viz., double layer charg- 
ing, formation of nuclei, and growth of nuclei. The formation and growth 
laws are similar to those previously observed on plat inum. Cathodic str ipping 
vol tammetry  revealed a sharp peak due to reversible reduction of crystall ine 
PbO2 followed by a rounded hump or irreversible secondary peak at t r ibuted 
to the first fractional monolayer  of PbO2. Electron microscopy revealed ran-  
domly sized hemispherical  deposits at constant and high overpotential,  and 
wel l-formed crystals upon prenucleat ion followed by slow growth. Electron 
spectroscopy (ESCA) revealed a characteristic sharp Pb 4f7/2 binding energy 
peak a t t r ibutable  to Pb (IV) attached to SnO2, and different f rom crystall ine 
PbC~. 

In  connection with the study of cathodic str ipping 
coulometry as an analytical  method for traces of lead 
(1), it became important  to unders tand  the mecha- 
nisms of nucleation, growth, and cathodic str ipping of 
PbO~ on a substrate of polycrystalline, an t imony-doped 
t in oxide. 

Fle ischmann and co-workers (2-6) have carried out 
extensive studies of the kinetics of deposition of a- 
and ~-PbO2 onto p la t inum surfaces from perchloric 
acid, nitr ic acid, and acetate solutions. By choosing 
conditions appropriately, they were able to focus upon 
the nucleat ion and growth steps separately. Thus, if 
random nucleat ion occurs at a l imited n u m b e r  of nu -  
cleation sites, No, at a rate proportional to the number  
of available sites at a given time, the first-order nucle-  
ation law is 

N ---- Na i l  -- exp ( - - A t ) ]  [1] 

where N is the n u m b e r  of nuctei  per  un i t  area at t ime 
t and A is the potent ia l -dependent  nucleat ion rate 
constant. For short t ime intervals  at constant  potential,  
this reduces to a l inear  nucleat ion law 

N = NeAt [2] 

The corresponding growth law for nuclei preformed 
at a high overpotential  and grown at a lower overpo- 
tential  is of the form 

i = at 2 [3] 

It is assumed that no new nuclei are formed and that 
the preformed nuclei  grow nonpreferential ly.  Such a 
cur ren t - t ime  relationship was verified for the growth 
of preformed ~-PbO2 from acetate solutions (2). 

If s imultaneous nucleat ion and growth occur at con- 
stant overpotential,  Eq. [2] and [3] lead to the expec- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  F lo r ida ,  

G a i n e s v i l l e ,  F l o r i d a  32611. 
2 Presen. t  a d d r e s s :  M o n s a n t o  C o m p a n y ,  P e n s a c o l a ,  F l o r i d a  32601. 
K e y  w o r d s :  l e a d  d iox ide ,  a n o d i e  depos i t i on ,  c a t h o d i c  s t r i p p i n g , .  

t in ox ide ,  E S C A .  

ration that the cur ren t  should be proportional to t 8. 
Experimental ly,  the ini t ial  current  increased wi th  a 
power of the t ime greater than 3, unless an induct ion 
period to was subtracted from the elapsed time, in 
which case the expected thi rd-order  dependence was 
observed for short t ime intervals.  Electron micrographs 
of the lead dioxide deposited at an overpotential  of 
300 mV showed the hemispherical  shapes expected for 
nonpreferred growth (5). The rate constants for nu -  
cleation and growth were evaluated as a funct ion of 
potential  and pH from the cur ren t - t ime  curves, and a 
stepwise mechanism involving the specific adsorption 
of hydroxyl  radicals and lead (IV) hydroxy species 
was proposed. 

Hampson, Jones, and Phillips (7) used a galvano-  
static technique to study the PbO2/Pb 2+ mechanism on 
p la t inum substrates in  perchloric acid and acetate 
media. They concluded that the charge t ransfer  
mechanism changes from a single two-electron step at 
low overpotentiai  (8, 9) to two successive single elec- 
t ron steps at higher overpotentials (7). They regarded 
the existence of free Pb 4 + ions in solution as unlikely,  
and postulated an adsorbed Pb(TV) species which 
accepts an electron to form an adsorbed Pb( I I I )  hy-  
droxy intermediate,  [HO-Pb-Ot t+] ,  which rapidly ac- 
cepts the second electron to form Pb (OH)~. 

In  the present  investigation, the use of a t in  oxide 
substrate, with its high oxygen overpotential  and low 
residual current,  permit ted the deconvolution of the 
potentiostatic cur ren t - t ime  curves into components due 
to nucleation, growth, and double layer  charging. The 
use of a r ing-d i sk  geometry permit ted a direct search 
for soluble intermediates dur ing the formation and 
stripping steps. 

Experimental 
Tin oxide electrodes were prepared by spraying a 

solution 3M in SnC14, 0.0675M in SbC18, and 1.5M in 
HC1 onto a Pyrex glass substrate heated to 550 ~ (10) 
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I0  m to form deposits 0.75-1.0 #m in  thickness. Care was 
taken to avoid excessive cooling of the surface dur ing 
bursts of spraying. Three different electrode geom- 
etries, namely  cylindrical,  rotat ing disk, and rotat ing 
ring-disk,  were used as previously described (1, 11). 

Linear  potential  sweep experiments  were performed 
with a conventional  three-electrode polarograph in con- 
junct ion  with a l inear  sweep generator  (12) and x - y  
recorder. Apparatus  for double pulse potentiostatic ex-  
periments,  potentiostatic electrodeposition followed by 
l inear vol tammetr ic  stripping, integrat ion of coulombic 
charge between two preselected potentials, and a four-  
electrode bipotentiostat  for use with the r ing-d isk  
electrode have been described (1, 11). Special pre-  
cautions were  taken to prevent  loss of potentiostatic 
control in  switching between potentiostatic electro- 
deposition and l inear  sweep voltammetry,  as well  as 
to minimize interact ion between r ing and disk cur-  
rents. 

Scanning electron microscopy, using Cambridge 
Stereoscan and JEOLCO instruments,  required min i -  
mal  sample preparat ion because both the t in  oxide 
substrate  and lead dioxide deposit were conductive 
enough to render  vapor deposition of a metal  film un -  
necessary. The samples were a i r -dr ied  and electrical 
contact was made to the t in  oxide film by means of 
conductive silver paint.  

Electron spectroscopy (ESCA) experiments  were 
carried out by Dr. Nicholas Winograd, of Purdue  Uni -  
versity, using a Hewlet t -Packard  5950 ESCA spectrom- 
eter with monochromatic A1 Ka x-rays  from a quartz 
crystal disperser. The spectra were deconvoluted using 
a du Pont  310 curve recorder. 

Results and Discussion 
Soluble in termediates . - -Using the riNg-disk elec- 

trode, Pb ( I I )  was oxidized to PbO2 at the disk while 
s imultaneously holding the r ing at ~0.2V vs. saturated 
calomel electrode (SCE) to observe any current  due to 
the reduction of soluble Pb ( I I I )  or Pb( IV)  species. 
With 0.25M Pb (NO3)2 in 0.01-1M nitr ic acid, no soluble 
intermediates  could be detected. If it is assumed that 
a soluble in termediate  hydrolyzes or oxidizes to form 
the lead dioxide deposit, a lower l imit  can be esti- 
mated for the homogeneous reaction rate (13, 14). For 
a soluble in termediate  to escape detection at the maxi-  
mum rotat ional  speed used (211 radians sec -1) we 
estimate that the first-order reaction rate constant 
must  be greater  than 3 • 102 sec -1. 

In  sufficiently acid solution, in the presence of ortho- 
phosphate, a soluble in termediate  could be detected. 
With 0.25M Pb (NQ)2  in  0.08M HsPO4, a soluble in ter -  
mediate  was detected using 1M HNOs but  not 0.01iV/ 
HNOs. 

These observations are consistent with the findings 
of Fle ischmann and co-workers (2-6) and Hampson~ 
Jones, and Phillips (7), who postulated adsorbed, but  
not soluble, intermediates of Pb ( I I I )  and Pb( IV) .  
They are also consistent with reports of soluble and 
relat ively stable lead ( IV)-phosphate  species prepared 
electrochemically in phosphoric acid and sulfuric acid- 
phosphoric acid mixtures  (15-17). 

Kinetics  o5 nucTeation and growth . - -To  compare t in  
oxide with p la t inum as a substrate, pre l iminary  ex- 
periments  were carried out under  conditions compara-  
ble to those used by Fle ischmann and co-workers 
(2, 3). Similar  results were found: the current  is ini-  
t ially l imited by an induct ion period, followed by nu-  
cleation and growth, and finally a steady state due to 
growth alone. For example, using 1M lead acetate in  
1M acetic ac id- lM sodium acetate, at an overpotential  
of 302 mV, an induct ion period of 12 sec was found to 
give a best fit for a cubic growth law valid from 15 
to 50 sec (Fig. 1). When the surface was prenucleated at 
high overpotential,  the current  increased with the 
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Fig. 1. Variation of log i with log (t - -  to) for potentiostatic depo- 
sition at constant overpotential. 1M Pb (C2H302)2 in 1M 
NaC2H302-1M C2H302H. ~1 ~ -I-0.302V vs. PbO~/pb+2; A 
0.2 cm2; to ~ 12 sec. 

square of time. The quant i ty  ANo (Eq. [2]) was in  
reasonable agreement  with that  reported by Fleisch- 
m a n n  and Liler  (3). While this does not necessarily 
prove that  the number  of nucleat ion sites No and nu -  
cleation rate constant A are both identical on t in  oxide 
and plat inum, the exper imental ly  measured nucleat ion 
rates are comparable. 

At an overpotential  of 600 mV it proved possible to 
resolve the potentiostatic current-time curve into four 
distinct regions, corresponding, respectively, to double 
layer charging, nucleation, crystal growth, and mass 
transport limited currents. For short time intervals, the 
mass transport limited current is negligible, as illus- 
trated by the current-time curve for the first 30 msec 
in Fig. 2. 

Neglecting the mass transport limited current, the 
current-time curve can be represented as the sum of 
currents due to double layer charging, nucleation, and 
crystal growth, or  

i ---- k: exp ( - - t / R C )  + k~No (1 - - e x p  ( - - A t ) )  

§ k3BNo ( t - -  tnucD 2 [4] 

where kl, k2, and k.~ are proport ional i ty constants  and 
t~,ud is the time required for nucleation. It  is assumed 
that double layer charging occurs quickly compared 
to nucleat ion and that nucleat ion is complete before 
significant crystal growth has occurred. 

Deconvolution of the charging and nucleat ion cur-  
rents was facilitated by the plot of log i vs. t shown in 
Fig. 3. The growth current  was deconvoluted from the 
nucleat ion current  by plott ing i 1/2 vs. (t -- to) and 
selecting to for the best fit. The result ing component 
currents, when summed, are in reasonably good agree- 
ment  with the observed current  (Fig. 2) except in 
the region of 11-15 msec probably because nucleat ion 
is not complete before growth begins, contrary to the 
assumption made in  curve fitting. 

Vol tammetr ic  s tr ipping.- -According to Fig. 2, lead di-  
oxide deposited dur ing the first 10 msec should pre-  
dominant ly  exist as crystal nuclei, whereas lead di-  
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Fig. 2. Current-time curves for potentiostatic deposition of lead 
dioxide on tin oxide at high overpotential. 0.25M Pb(NO3)2 in 1M 
HNO3. ~l ~ -I-0.60V; A = I cm 2. Curve A, experimental current; 
B, sum of deeonvoluted currents; C, double layer charging current; 
D, nucleation current; and E, crystal growth current. 
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Fig. 3. V a r i a t i o n  of  log i w i t h  t i m e  for  p o t e n t i o s t a t i c  d e p o s i t i o n  
of lead dioxide on tin oxide at high overpotential. 0.2SM Pb(NOs)~ 
in 1M HNO~. ~1 = ~0.60V;  A = 1 cm 2. Curve A, experimental; 
B, double layer charging; and C, nucleation. 
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Fig. 4. Voltammetric stripping of lead dioxide deposited at high 
overpotential. 0.25M Pb(NO3)2 in 1M HNO3. v~ = ~0.60V;  Y = 
50 mV/sec. Curve A, 10 msec; and B, 30 msec. 

oxides dur ing the  cathodic sweep exper iments  would  
comple te ly  obscure any observat ion  of secondary  r e -  
duct ion peaks such as those observed on t in  oxide. 

Anodic  and cathodic charges are  compared  in Table  
I. The anodic charge, obta ined by  in tegra t ing  the re -  
solved curves of Fig. 2, was consis tent ly  h igher  than  
the exper imenta l  cathodic s t r ipping  charge. This was 
expected, because the  nuclea t ion  process is de layed  
dur ing the double  l aye r  charging time, which is not  
negligible.  

To test  the  nuclea t ion  l aw expressed in  Eq. [1], we  
rewr i t e  i t  as 

2 . 3 0 3 1 o g [ 1 - -  Q l - - A t  [5] 
Qo 

where  the  ra t io  N/No has been rep laced  b y  Q/Qo, 
where  Q and Qo are  the coulombic charges r ep resen ted  
by the secondary  s t r ipping  peak  areas  observed at  t ime  
t and long t ime intervals .  The subst i tu t ion  applies  to 
the condit ion tha t  all  nuclei  a re  of the  same age and 
therefore  that  the crys ta l l i tes  are  of un i form size. 

A re la t ive ly  high overpoten t ia l  (902 mV) was chosen 
to faci l i ta te  the format ion  of the  m a x i m u m  number  of 
nuclei, and a high lead  concentra t ion  (0.25M) was used 
to minimize  the  anodic cur ren t  due to oxidat ion  of 
wa te r  and to p reven t  l imi t ing  the  deposi t ion by  mass 
t ransport .  A high ni t r ic  acid concentra t ion (1M) was 
chosen to achieve a good separa t ion  be tween  revers ib le  
and secondary  peaks.  F igure  5 shows a series of l inear  
sweep s t r ipping curves  for deposi t ion t imes f rom 0.5 to 
10 msec. Each deposi t ion exper imen t  was repea ted  
three  t imes to check reproducibi l i ty .  At  the  longer  
deposi t ion times, the crys ta l  g rowth  had  become so 
pronounced tha t  the  secondary  peak  area  had  to be 

oxide  deposi ted for  30 msec should include both the  
crys ta l  nuclei  and the developed crystals .  This ex -  
pecta t ion  is fu l ly  rea l ized in the  s t r ipping  peaks  ob-  
served in l inear  scan v o l t a m m e t r y  (Fig. 4). A p r i m a r y  
peak  occurr ing near  the  revers ib le  potent ia l  can be 
ascr ibed to the developed crystals ,  whereas  the crys ta l  
nuclei  appear  as a broad  secondary  peak.  Ev iden t ly  a 
smal l  amount  of nucleat ion has occurred, in addi t ion 
to crys ta l  growth,  in the t ime in te rva l  of 10-30 msec. 
On a p l a t i num substrate,  the reduct ion of surface 

Table I. Summary of charge involved in anodic deposition and 
cathodic stripping 

Q (/~coulorab) 

10 msec 30 mscc 

Anodic 2.5 9.0 
Cathodic 

Reversible 5.9 
Secondary ~ 2.7 
Total  1.9 8.6 
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Fig..5. Voltammetric stripping of lead dioxide deposited at con- 
stant overpotential. 0.25M Pb(NO3)2 in IM HNO3. ~l ---- +0.902V; 
V = 50 mV/sec. Time (msec): curve A, 0.5; B, 1; C, 2.5; D, 5; 
E, 7.5; and F, 10. 

estimated by extrapolation, assuming the secondary 
peak to be symmetrical .  

To determine Qo, a plot of secondary peak charge 
density vs. deposition t ime (Fig. 6) was extrapolated 
to long time intervals.  The max imum charge density 
Qo -- 8.3 ~coulomb/cm 2. This corresponds to approxi-  
mately  3% of monolayer  coverage, which is estimated 
from the uni t  cell dimensions of PbO2 to be 261-315 
~coulomb/cm 2, depending upon the crystal orientation, 
if the roughness factor is taken to be unity.  Even a 
smaller  fractional coverage would be estimated if a 
larger roughness factor were used. 

A plot of log (1 -- Q/Qo) vs. t is shown in  Fig. 7. The 
plot is l inear  with zero intercept, indicating that  at 
this high overpotential  the induct ion period, if it exists, 
is less than 50 ~sec. The nucleat ion rate constant  A, as 
determined from the slope, is 208 sec -1. This is to be 
compared with an extrapolated value of approximately 
100 sec -1 from a graph of Fle ischmann and Thirsk (3) 
of log A vs. 1 /n  2 for 0.25M Pb(C104)2 in  0.1M HC104, 
in  which the highest overpotential  used is about 250 
mV. 

Bra in ina  (19), in  a review of film stripping vol tam- 
merry, considered the str ipping of both thick and th in  
films at s tat ionary and rotat ing electrodes. For frac- 
t ional monolayers,  the activity was expressed by an 
empirical  equation 
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Fig. 6. Variation of secondary peak charge density with deposi- 
tion time at constant overpotentiol. 0.25M Pb(NO3)2 in 1M HNO3. 
~1 = -}-0.902V. 
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Fig. 7. Variation of log (1 -- O/Oo) with deposition time for 
the secondary peak deposited at constant overpotenfiat 0.25M 
Pb(NO~)2 in IM HNO3. ~1 = -50.902Y. 

= ~ [i - -  exp ( - T Q ) ]  

where = is the activity of the pure phase, Q is the 
amount of substance deposited, and 7 is an empirically 
determined constant. For the thin film case (TQ << i), 
a convenient diagnostic test for reversibility is a com- 
parison of stripping peaks obtained under stationary 
and rotating conditions. 

For a reversible cathodic film stripping process, rota- 
tion of the electrode should shift the stripping peak 
potential in an anodic direction by an amount 

RT 1 DRT 
~Em = In~---~ [6] 

2F 6 2 n F V  

where 81 ---- diffusion layer  thickness, cm, and V --- 
rate of potential  change, V-sec -1, while  the peak cur-  
rent  is increased by a factor of about 1.23 for convec- 
t ive mass t ransport  at the rotat ing electrode as com- 
pared with diffusional mass t ransport  at the s tat ionary 
electrode. For an irreversible process, the back reac- 
t ion would be negligible and no effect of rotat ion 
should be observed. 

Experimental ly,  for the sharp pr imary  reduction 
peak, the peak current  increased by a factor of 1.2 as 
compared with the theoretical 1.23 and the peak poten-  
tial shifted anodic by 25 mV as compared with the 
calculated value of 26.8 mV for the conditions used 
(8 ---- 1.14 X 10 -3 cm, V ---- 50 mV/sec) .  In  contrast, 
the rounded secondary peak showed no shift in peak 
potential  or peak current  upon rotation, even under  
more extreme conditions (8 ---- 1.14 • 10 -3 cm, V ---- 1 
mV/sec) when  a peak voltage shift of 82.2 mV would 
have been expected for reversible stripping. 

Other tests of reversibi l i ty for the secondary peak 
(variat ion of peak current  with Q, peak potential  wi th  
Q, peak potent ial  with V, and peak current  with V) 
likewise indicated qual i ta t ively that  the reduct ion proc- 
cess is i r reversible  (11). 

Scann ing  e lec tron m i c r o s c o p y . - - A  deposit of PbO2 on 
t in  oxide formed at a relat ively high overpo.tential 
(240 mV) without  prenucleat ion consisted of randomly 
placed hemispheres of a wide variety of sizes, indi -  
cating that nucleat ion is occurring concurrent ly  with 
growth, and that growth is nonpreferent ia l  (Fig. 8). 
Preformat ion of nuclei  by a pulse at 900 mV followed 
by growth at 240 mV gave rise to hemispherical  crys- 
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Table II. Pb 4fr/2 spectral assignments 

PbO~ type Pb 4f~/~ B.E. 
(eV) Ass ignment  

Reversible 137,5 PbO~, PbaO~ 
138.7 Pb~O~ 

Secondary 138.1" PbO~-SnO~ 

* Width at  half  height  is 1.2 eV. 

Fig. 8. Scanning electron micrograph of lead dioxide deposited 
on tin oxide without preformation of nuclei, high magnification. 
0.25M Pb(NO3)2 in 1M HNOs. ~1 ~ +0.24V;  Q = 3 X 104 
~coulomb/cm 2. 

tallites of uniform size. These observations are similar 
to those of Fle ischmann and Thirsk (5) on plat inum. 

At low overpotential  there was evidence for pre-  
ferred growth orientat ion of crystallites. As shown in  
Fig. 9, a deposit grown at a constant current  density of 
1 ~ / c m  2 upon nuclei  preformed at 600 mV overpoten-  
tial for 50 msec is characterized by clearly discernible 
crystal faces. This observation is at variance from the 
s tatement  of Fle ischmann and Thirsk (5) that lead 
dioxide is formed without  preferred orientat ion at high 
overpotential  and also from ni t ra te  solution. 

ESCA studies of lead d iox ide . - -The  technique of x-  
ray  photoelectron spectroscopy (ESCA) was applied to 
monolayer  deposits of lead dioxide on t in oxide to 
gain s t ructural  informat ion about the SnOf-PbO2 in-  
teraction. 

Monolayer deposits were made from two solutions, 
0.25M Pb(NO~)2 in  1M HNO3 and in 0.08M H3PO4-1M 
HNO~, prepared from reagent  grade acids and 
Pb(NOs)2. Orthophosphate was added to inhibi t  the 
formation of reversibly reduced PbOz (1). To minimize 
the reduction of monolayer  deposits, the solutions were 
pretreated by dispersing PbO2 in them, boiling for 
several minutes,  f i l t e r ing  through a fine porosity glass 
crucible, and storing the solutions in the dark to pre-  

Fig. 9. Scanning electron micrograph of lead dioxide deposit 
formed at low current density on tin oxide. 0.2SM Pb(NO3)2 in 
1M HNO3. Nuclei preformed at rl = +0 .6V  for 50 msec. Grown 
with constant current density of 1 #A/cm 2. 

vent  photochemical decomposition. The amount  of de- 
posit was monitored several  times by tr ial  deposition 
and stripping before the actual sample was prepared. 
After  the deposit was formed and the potentiostat  was 
disconnected, the electrode was rinsed with iM HNOa 
and distilled water  and demounted. With in  30 sec from 
the t ime of disconnecting the potentiostat  the electrode 
was placed in a vacuum to dry. After  drying 20 min 
the sample was sealed under  vacuum in a Pyrex vial. 
In  this manner ,  samples of one monolayer  equivalent  
could be t ransferred to vacuum vials with only ap- 
proximately 20% loss of the original reducible lead. 
Spectral assignments for Pb 4f7/2 binding energies are 
listed in Table II. 

The spectrum of "reversible" lead dioxide was com- 
plicated by the fact that it was especially susceptible 
to reduction during preparat ion and may have been 
present  part ial ly as PbO or Pb304. Winograd (18) has 
pointed out that Pb304 gives two Pb 4f7/2 lines at-  
t r ibutable  to a s t ructure  such as PbOf-2PbO. The ratio 
of the spectral t ime intensit ies in  the present  work 
varied from one sample to another, due to var iat ion in  
the amount  of PbO2 reduced. 

The spectrum of "secondary" lead dioxide, i.e., that 
reduced in the broad secondary cathodic peak, had a 
single sharp 4f7/2 l ine which was definitely not a t t r ib-  
utable to bulk  phase PbOf. We conclude that the ini t ial  
monolayer  of PbO2 bonded directly to SnO2 has a per-  
turbed Pb-O bonding insensit ive to the crystal face of 
cassiterite to which it is bonded, inasmuch as the t in 
oxide layer is known to have a randomly oriented 
polycrystal l ine structure. It  should be noted that a- 
and ~-PbO2 do not have significantly different Pb 4f7/2 
electron binding energies, so that the possibility that  
the init ial  layer is a-PbO2 and the bu lk  is ~-PbO2 is 
excluded on the basis of the ESCA observations. 

An incidental  observation was that no phosphorus 
ESCA spectrum was detected in the samples prepared 
in the presence  of phosphate. Thus the init ial  "second- 
ary" PbO~ layer is not a Pb ( IV)-phosphate  compound, 
even though subsequent  layers formed under  these 
conditions can be described as a basic phosphate of 
lead (IV) (1). Another  observation was that  the tin 
ESCA spectrum was almost completely obscured by 
the "secondary" monolayer,  whereas the "reversible" 
lead oxide, present as isolated crystallites showed a 
t in  peak as intense as that exhibited by the original 
t in oxide surface. This is because ESCA has a sampling 
depth of only 10-20A and the "secondary" monolayer  
is a continuous one. 
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Paired Electro-Organic Syntheses 
I. Cathodic Adipate with Anodic Bimalonate 

Manuel M. Baizer* and R. C. Hallcher 
Corporate Research Department, Monsanto Company, St. Louis, Missouri 63166 

ABSTRACT 

A procedure  is repor ted  for the co-e lec t rolys is  of e thyl  acry la te  and di-  
e thyl  malona te  using CH~CN/Bu4NI as so lven t /e lec t ro ly te  sys tem to y ie ld  
d ie thyl  ad ipa te  and t e t r ae thy l  e thane- l , l ,2 ,2 - te~racarboxyla te  in high (95%) 
y ie ld  and good (60%) cur ren t  efficiency. A convenien.r cell  which al lows ex-  
pe r imenta t ion  in the 2-5g range was fabr ica ted  from a ho l lowed-ou t  g raphi te  
cy l inder  (opt ional ly  l ined wi th  lead)  which served as one electrode and a 
graphi te  rod machined and held so as to be countere lect rode and mechanical  
s t i r rer .  Genera l  aspects of pa i red  organic syntheses are  discussed as wel l  as 
the specific p roblems  tha t  are  involved when  the pa i red  react ions are  hydro -  
d imer iza t ion-dehydrod imer iza t ion .  

I t  is a t ruism, of  course, tha t  al l  e lectrolyses  requ i re  
the  s imul taneous  occurrence of cathodic and anodic re-  
actions. Almost  always,  however,  a synthesis  of in teres t  
is carr ied out at  only one e lect rode ( the "working"  
e lect rode)  and  a "sacrificial" reaction, wi thout  re -  
covery  of products,  is a l lowed to proceed at the second 
( the "secondary,"  "auxi l iary ,"  or  "counter")  electrode. 
Ordinar i ly ,  in aqueous media,  hydrogen  or oxygen  
evolut ion is used as the  respect ive  cathodic or anodic 
sacrificial reaction. In  e lec t ro-organic  syntheses  much 
ingenui ty  has been  appl ied  in o rder  to assure  tha t  the 
sacrificial react ion produces  innocuous products  when 
undiv ided  and even when divided cells a re  used. 

The economic (now including envi ronmenta l )  ad-  
van tage  of devis ing e lect rochemical  synthet ic  schemes 
which employ  both electrodes ga infu l ly  has often been 
poin ted  out (1, 2) along wi th  the difficulties associated 
with  this concept (2). The success of the ch lo r -a lka l i  
i ndus t ry  presents  an unending  chal lenge  (and f requent  
taunt )  to the organic electrochemist .  

Both electrodes are  ga infu l ly  employed  if  (i) the  
sacrificial p roduc t  m a y  be recovered  for sale (1) or 
p r e f e r ab ly  for  synthesis  of the  s ta r t ing  ma te r i a l  of 
interest ,  as, e.g., in  the  reduct ive  coupling of cer ta in  
organic hal ides (3);  (if) react ions  at  both  electrodes 1 
are  necessary to produce one given product ,  e.g., pro-  
p y l e n e - ~  p ropy lene  ha lohydr in  (anode)  -~ p ropy lene  
oxide (cathode)  (4);  (iii) at least  one useful  product  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  p a i r e d  syn theses ,  h y d r o d i m e r i z a t i o n ,  o x i d a t i v e  cou-  

p l ing ,  i n d i r e c t  e lec t ro lys is .  
Th i s  i n c l u d e s  b o t h  faces  of a b i p o l a r  electrode.  

is p roduced  at  each electrode.  We suggest  tha t  the  
l a t t e r  ca tegory be denoted "pa i red  syntheses.  ' 'a 

As has a l ready  been poin ted  out (2) the re  is, in 
addi t ion to the horrendous  technical  difficulties in-  
volved  in devis ing pa i red  e lec t ro-organic  syntheses,  the  
quest ion of providing outlets for two products  formed 
in equivalent  amounts.  Even the ch lo r -a lka l i  and the 
cumene --> phenol  -t- acetone industr ies  face this p rob-  
lem. However,  if one of the products  of a pa i red  or-  
ganic synthesis  is sold in huge quanti t ies ,  e.g., aniline, 
adipic acid derivat ives,  te rephtha l ic  acid, and can be 
made  advantageous ly  e lectrochemical ly ,  i t  can be used 
as a "sink" which allows ad l ib ad jus tment  of the scale 
of product ion of the  coproduct.  

We repor t  here  a deta i led  l abo ra to ry  invest igat ion of 
a pa i red  synthesis  (acry la te  -) ad ipa te  ~ malona te  -~ 
b imalonate)  which was recent ly  descr ibed briefly in 
the l i t e r a tu re  (6). In  the repor ted  p rocedure  s graphi te  
e lectrodes were  used in an undiv ided  cell. The so lvent /  
e lectrolyte  system was ace ton i t r i l e /po tass ium iodide. 
Methyl  acry la te  and d ie thyl  malona te  were  presen t  in 
10% concentrat ion.  The apparen t  cur ren t  densi ty  was 
0.004 A / c m  ~ wi th  an appl ied  vol tage of 5-7. The yie lds  
of d ime thy l  ad ipa te  and t e t r ae thy l  e thane - l , l , 2 ,2 - t e t r a -  
carboxyl~te  4 were  "high." 

There  has  a l r e ady  been  occas iona l  r e fe rence  to  this  category  as 
" c o u p l e d "  reac t ioas .  S ince  t he  l a t t e r  t e r m  has a lready r e c e i v e d  
w i d e s p r e a d  use  in  connec t ion  w i t h  r eac t i ons  i m m e d i a t e l y  conse-  
quent  upon  an electro~v-transfer  s tep  (5), we  s h o u l d  l i ke  to see this  
prac t i ce  s topped  before  i t  gene ra t e s  confus ion .  

3 S u p p l e m e n t e d  b y  a pe r sona l  c o m m u n i c a t i o n  f r o m  Pro fesso r  I t .  G. 
Thomas .  

The o x i d a t i a n  of m a l o n a t e  to  b i m a l o n a t e  b y  anodical ly  genera ted  
i o d i n e  bu t  w i t h o u t  p r o v i d i n g  a cathodic organic  coproduet  had 
been  p r e v i o u s l y  r e p o r t e d  (7). 
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Experimental 
Two similar cells constructed of graphite were em- 

ployed in most of the work reported here. A cylinder 
12 cm high X 6 cm in diameter was hollowed out to 
provide a cylindrical  cell 10 cm high • 3 cm diameter. 
A small copper screw was machined into the top sur-  
face of the wall  to permi t  connection to one of the 
leads from the power source; a threaded opening in  
the cell wall  9 cm from the bottom allowed attachmer~t 
of a threaded polypropylene elbow which held a 
water-cooled condenser. A threaded Teflon par t  
into the top end of the cell served as a bear ing for the 
counterelectrode; a small copper shim screwed into the 
Teflon provided for electrical contact with the counter-  
electrode. The counterelectrode, which also served as 
a mechanical ly dr iven stirrer, was constructed from a 
graphite rod which was machined down to provide 
two sets of four vanes 15 mm high, one set at the bot- 
tom and the second beginning 3.5 cm from the bottom. 
The max imum diameter of the rod (at the vanes) was 
1.7 cm, the min imum (above the vanes) 1.0 cm. One of 
the cells was l ined with lead, leaving an electrolyte 
chamber  2.2 cm in diameter. The pores of the al l-  
graphite cell were filled with polyethylene by re-  
peatedly soaking the cell in a hot xylene solution of 
the polymer and then applying light vacuum to pull  
the solution through the cell wall. The inside was then 
carefully reamed out to remove surface polymer. The 
components of the cell are shown in  Fig. 1. Direct cur-  
rent  was supplied by Sorensen's Nobatron Model RC 
150-7.5. For  runs  in which current  efficiencies were 
determined a calibrated Lectrocount (Royson Engi-  
neer ing Company, Hatboro, Pennsylvania)  was used. 
Electrode potentials were not controlled. 

Analyt ical  glc determinat ions were made using a 
Hewlet t -Packard  5750 ins t rument .  Two different col- 
umns  and conditions were employed in the analyses: 
(i) 6 ft X 1/s in., 3% OV-17 on Chromosorb W (80-100 
mesh),  50 ~ ~ 290 ~ at 20~ (it) 6 ft X ~/s in., 1% 

l ~,]~i~...----- Co n t o c t Strip 

~ ..--Shoft 8eorin 9 
(Teflon) 

i j  Stirrer Shaft 
Co(uCntrebr c E[)e c t r o d e 

,, 

F 

Fig. 1. Cell components 

AgNO3 ~- 18% Carbowax 20M on Chromosorb W (80- 
100 mesh),  50 ~ isothermal. Ethyl acrylate and ethyl  
propionate were de termined by method (it) ,  while 
method (i) was used for the remainder  of the products. 

Identification of the products was made by compari-  
son of the glc retent ion times under  identical condi- 
tions and always included the peak enhancement  
method. Diethyl malonate  was used as s tandard in  the 
quant i ta t ive analyses. Structures were confirmed by 
glc-mass spectra analyses. 

The exper imental  data are assembled in  abbreviated 
form in  Table I. A typical procedure (runs 29-34) fol- 
lows. The cell was charged with 1.0g Bu4NI and 12 ml 
of MeCN. The bure t  for addit ion of the reagents 
through the top of the condenser contained diethyl 
acrylate and diethyl malonate in the quanti t ies indi-  
cated together with 5.5 ml  of MeCN as solvent. The 
addition took about 30 rain; the electrolysis was con- 
t inued for 5 min  longer. The cell contents were rinsed 
out quant i ta t ively  with MeCN and the solution stored 
over a trace of hydroquinone.  5 The weighed solution 
was analyzed by vpc. 

Results 
This study of the co-electrolysis in an  undivided cell 

of ethyl acrylate and diethyl malonate  in acetonltri le 
has resul ted in a laboratory procedure for obtaining 
diethyl adipate and tetraethyl  e thane- l , l ,2 ,2- te t racar-  
boxylate in ca. 95% yield at 87-88% conversion and at 
ca. 60% current  efficiency. The only  significant by-  
products were ethyl propionate (3% yield requir ing 
ca. 3% of the current  input)  and the Michael adduct 6 
(1% yield) ; the lat ter  could be degraded by base catal-  
ysis to its components (Eq. [7] below).  It was con- 
cluded that 40% of the current  input  was consumed in 
the wasteful iodine-iodide cycle (Eq. [5]). 

The quant i ta t ive  data obtained by analysis of the 
product solutions of experiments  33 and 347 are given 
in Table II; the chemical yields and current  efficiencies 
based on  these same experiments  are given in  Table 
IIL 

Discussion 
Co-electrolysis in  an undivided cell of acrylate and 

malonate esters in an iner t  solvent with an iodide sup- 
porting electrolyte involves the following major  re-  
actions. 

At the anode 
2 I -  -- 2e -  ~ I2 [1] 

At the cathode s 

2CH2:CHCOOR -t- 2e-  

--> [ROCOCH(CH2)2CHCOOR] = [2] 
In  solution 

[ROCOCH (CH2).2CHCOOR] = -~ 2CH.2 (COOR)~ 

--> ROCO(CH2)4COOR/-  2 [CH(COOR)~] -  [3] 

~ [CH(COOR)2] -  -? I2--> 2[.CH(COOR)~] + 2 I -  [4] 
$ 

[-- CH (COOR) ~] 

In  addition, the following principal  side reactions oc- 
curring at or near  the electrode or in the bulk of solu- 
tion can lead to by-products  or decrease of current  
efficiency 

+2e--  
I2 ~ 2 I -  [5] 

6 I n  m a n y  " s c r e e n i n g "  e x p e r i m e n t s  o n l y  r a t io s  of  p r o d u c t s  
b y - p r o d u c t s  we re  d e t e r m i n e d .  

e Table  I, foo tno tes  P and  q. 
v S i m i l a r  r e su l t s  of lesser  precisior~ were  o b t a i n e d  i n  e x p e r i m e n t s  

29-32. 
s We are o m i t t i n g  f r o m  th i s  d i scuss ion ,  s ince i t  is  i r re levar~t  to  

the  resul t s ,  the  s t i l l  m o o t  q u e s t i o n  of w h e t h e r  t he  ad ipa te  es te r  
d i a n i o n  ar ises  by an  ec (i .e. ,  d i m e r i z a t i o n  of two  ac ry la te  anion 
radica ls )  or ece m e c h a n i s m  (i .e. ,  a t t a c k  of ac ry la te  es te r  an ion  
r ad ica l  u p o n  ac ry la t e  es te r  f o l l o w e d  b y  r e d u c t i o n  of  the  d i m e r  ester 
a n i o n  r ad ica l ) .  
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Table II. Analyses of products from experiments 33-34 

E x p e r i m e n t  33 Experiment 34 

E q u i v .  E q u i v .  
C o m p o u n d  G m M  m F  b G m M  rnFb 

Et  acry la tea  0.320 3.20 - -  0.341e 3.41 
Et~ malona te~  0.448 2.80 ~ 0.469 2.93 
Et~ ad ipa t e  2.11 10.4 20.8 2.08 10.3 20.0 
Et4 b i m a l o n a t e  3.50 l l .O 22.0 3.25 10.2 20.6 
Et  p r o p i o n a t e  0.0609 0.0597 1.19 0.562 0.546 1.09 
Michae l  a d d u c t  0.0621 0.239 ~ 0.594 0.228 

a C h a r g e d  25.2 mM. 
b Ir~put 35.6 inF.  
e C h a r g e d  25.0 raM. 

C h a r g e d  25,0 raM. 

Table Ill. Summary of results for experiments 33-34 a 

C h e m i c a l  y i e l d  (%) 

Based  on B a s e d  on Currezl~ 
C o n v e r -  ac ry la te  m a l o n a t e  eff iciency 
s ion  (%) c o n s u m e d  c o n s u m e d  (%) 

E t h y l  ac ry la te  86.6-87.5 - -  - -  
D i e t h y l  m a l o n a t e  88.5 - -  - -  
A d i p a t e  ~ 94.5-95.5 ~ 57.8-58.5 
B i m a l o n a t e  ~ - -  92-99 57.3-61.7 
P r o p i o n a t e  ~ 2.5-3.0 ~ 3.06-3.32 
Michae l  a d d u c t  -- 1.0 1.0 -- 

a I t  w i l l  be n o t e d  t h a t  99% of  the  acry la te ,  94-100% of  t h e  d i -  
e t h y l  m a l o n a t e  a n d  ca. 60% of the  c u r r e n t  u s e d  are  a c c o u n t e d  f o r .  

CH2----CHCOOR + 2CH2(COOR)2 + 2 e -  

--> CH~CH2COOR + 2 [ C H ( C O O R ) ~ ] -  [6] 

CH2=CHCOOR + [ C H ( C O O R ) ~ ] -  

[ (ROCO) ~CHCH2CHCOOR] - 

[ (ROCO) 2CHCH2CHCOOR] - + CH~ (COOR) s 

(ROCO)zCHCH2CH2COOR + [ C H ( C O O R ) 2 ] -  [7] 

(ROCO)zCHCH2CH2COOR + [ C H ( C O O R ) s ] -  

[ (ROCO)2CCH2CH2COOR]- + CH2(COOR)2 [8] 

[ (ROCO) 2CCH2CH2COOR] - + CH~----- CHCOOR 

~ [ (ROCO) 2C--CH2CH2COOR ] - CH2CI-ICOOR J [9] 

(ROCO)2C--CH2CI-12COOR ] - 
1 + CH2 (COOR)2 
CHzCHCOOR 

~- (ROCO)2C(CH~CHzCOOR)= + [CH(COOR)2]- 
[10] 

�9 CH(COOR)2 + CH2----CHCOOR 

--> (ROCO)2CHCH2CHCOOR [11] 

(ROCO) ~CHCH2CHCOOR 

@-- 

--> [ (ROCO) 2CHCH2CHCOOR] - 

[ (ROCO) 2CHCH2CHCOOR] - + CI-I2 (COOR) 2 

~-- (ROCO) 2CHCH2CH2COOR + [CH (COOR) 2] - 
(cf. [7] ) 

2 (R OCO) 2CHCH2CHCOOR 

I 
[ (ROCO)2CHCHzCHCOOR]2 [12] 

(ROCO) 2C--CH2CH2COOR ] - 

CH~CHCOOR J 
-~ (RO,CO) 2C--CH2CH2 

CH2CH--COOR 
@- 

�9 CH (COOR) 2 -> [CH (COOR) =] - [ 14] 

The chal lenge of maximiz ing  the yie ld  of and  the 
cur ren t  efficiency for  only two products ,  adipate,  the 
hydrodimer ,  and bimalonate ,  the dehydrodimer ,  in the 
mids t  of a we l t e r  of co-exis t ing  obnoxious react ion 
courses requires  confrontat ion by  weapons  assembled 
f rom s e v e r a l  fields of cur ren t  in teres t  to organic elec- 
t roehemists :  reduct ive  coupl ing (8), ox ida t ive  coupling 
(9), indi rec t  organic e lectrochemical  reac t ions  (10), 
pKa's of e lec t rogenera ted  anion radicals  and dianions 
( i i )  and of carbon acids (12), ra tes  of p ro ton  t ransfer  
by  carbon acids (13), catalysis  of the Michael  reaction 
by  e lec t rogenera ted  bases (14), addi t ion  of e lec t ro-  
genera ted  radicals  to vinyl ic  compounds (15), arid 
others. In  all  cases (Eq. [1] - [14])  ra te  da t a  a re  of the  
essence; in most  cases these da ta  a re  lacking, pa r t i cu-  
l a r ly  for compet i t ive  react ions and in an envi ronment  
in which in te rmedia te  e lectrophoric  molecules can 
undergo not only  chemical  react ions but  e lec t ron  t rans-  
fers wi th  the  appropr ia t e  e lect rode or wi th  other  in te r -  
media te  species. These considerat ions m a y  prev ious ly  
have  served  as a de te r r en t  to vigorous ac t iv i ty  in  the  
area  of pa i r ed  organic e lectrochemical  syntheses.  

The fol lowing sal ient  points  emerge  f rom an ex-  
amina t ion  of the resul ts  summar ized  in Table  I:  

1. In  our  hands the procedure  of Thomas and Lux  
y ie lded  about  equimolar  amounts  o f  ad ipa te  and b i -  
malona te  but  the  Michael  adduct  was a ve ry  impor t an t  
by -p roduc t  (Expt.  1). The s i tuat ion was improved  
(Expt.  3) if the  react ion was conducted at  reflux. 

2. S low addi t ion of the  acry la te  to the  e lectrolysis  
mix tu re  (Expt.  5) reduced the re la t ive  y ie ld  o.f Michael  
adduct  considerably,  even though K I  was st i l l  used as 
e lectrolyte .  

3. Changing the e lec t ro ly te  to Bu4NI dras t ica l ly  im-  
proved the y ie ld  of desi red products  (Expts.  7-9) p ro -  
v ided the rota t ing rod r a the r  than  the cy l inder  was 
used as anode. This may  be due to less t ight  ion pa i r -  
ing of R4N + wi th  the anions or to the g rea te r  separa -  
t ion of  Bu4N + discharge (compared  to K + ~ s c h a r g e )  
f rom the ac ry la te  reduct ion potent ial .  

4. There  is an op t imum cur ren t  dens i ty  (Expt.  8 vs. 
7 and 9). 

5. There  is no advantage  here  in  using Pb as cathode 
instead of graphi te  (Expt.  12). 

6. Other  und iv ided  l abora to ry  cells, which  do not  
a l low as rap id  mix ing  as Cell  B, gave  poorer  resul ts  
(Expt.  14-19). 

7. A divided cell  gave the poorest  resul ts  of all. 
8. E thy l  acry la te  gave be t t e r  resul ts  than  methy l  

acry la te  (Expt.  8 vs. Expt.  10). 
9. Expt.  22-27: None of these gave as good resul t s  

as were  prev ious ly  obtained (Expt.  8) using the same 
a l l -g raph i t e  cell. The cathode surface, pa r t i cu l a r ly  the 
porosity,  had appa ren t ly  changed due  to g radua l  r e -  
moval  of the  po lye thy lene  filler which had  been ap-  
plied. 

10. Expt.  28: App ly ing  a new filler t rea tment ,  this  
t ime wi th  polyte t raf luoroethylene ,  improved  mat te r s  
somewhat  but  did not res tore  the good per formance  
that  had been  found in Expt.  8. I t  was concluded that,  
since the cathode surface (Pb)  was less l ike ly  to have  
changed in Cell C than  the graphi te  surface had  
changed in Cell B, i t  was des i rable  to proceed using 
only Cell  C. 
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11. Expt.  29-32: Ve ry  favorab le  reproducib le  resul t s  
were  obtained.  The < 100% cur ren t  efficiency is, un-  

- e -  
doubtedly,  due to the  unproduc t ive  react ion I ~ ~ I ~ 

In an undiv ided  cell this can be minimized  by  control  
of tempera ture ,  ra te  of st irr ing,  dis tance be tween  the 
electrodes,  etc., i.e., mass t ransfe r  of I ~ f rom anode to 
cathode, cha rge - t r ans fe r  f rom cathode to I ~ and ra te  
of reac t ion  of I ~ wi th  malona te  anion mus t  be de te r -  
mined  and optimized.  

12. Expt.  33-34: These were  done under  app rox i -  
ma te ly  the same conditions as Expt.  29-32, but  g rea te r  
care was taken  in measur ing  the inputs,  mak ing  quan-  
t i ta t ive  transfers ,  ca l ibra t ing  the  ammeter ,  etc. The 
mate r i a l  balances and current  efficiencies are shown in 
Tables  II  and III.  

13. Expt.  35: Reconfirmed that  charging all  acry la te  
and malona te  before  electrolysis  gave unfavorab le  re -  
sults. 

14. Expt.  36: Reconfirmed tha t  direct  anodic ox ida-  
t ion of malona te  anion (using a BF4-  e lect rolyte)  gave 
much poorer  resul ts  than  indirect  oxida t ion  via  anodi-  
ca l ly  genera ted  I2. 

Exper iments ,  not de ta i led  here, on the co-e lec t rolys is  
of acry loni t r i le  and d ie thy l  malona te  showed that  the  
expected products  (ad iponi t r i le  and b imalona te  t e t ra -  
ester)  were,  indeed, obta ined but  tha t  control  of b y -  
product  format ion  (propioni t r i le  and Michael  adduct)  
was more  difficult. The use of proton donors (e.g., 
acetylacetone)  as precursors  of dehydrod imers  would  
also be ant ic ipated to presen t  p roblems  (9). 

The extension of hyd rod imer i za t i on -dehydrod imer i -  
za'~ion as a class of pa i r ed  syntheses s imi lar  in scope 
to reduct ive  and oxida t ive  couplings alone would  be 
g rea t ly  accelera ted when  the ra te  da ta  re fe r red  to 
above become avai lable .  
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XXVI. Systems Involving Tetraarylpyrroles, Tetraphenylfuran, and Tetraphenylthiophene 
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ABSTRACT 

The product ion  of l ight  upon the e lect ron t ransfer  reac t ion  of e lec t ro-  
genera ted  radica l  ions of t e t r aa ry lpy r ro l e s  [aryl  = anisyl  (TAP) ,  phenyl  
(TPP) ,  to lyl  (TTP) ,  p - ch lo ro -phe ny l  (TCPP) ] ,  t e t r apheny l fu ran  (TPF) ,  and 
t e t r apheny l th iophene  (TPT) in systems containing these compounds alone in 
acetoni t r i le  solutions or in mixed  systems containing naphthalene ,  2,5-di- 
phenyl- l ,3 ,4-oxadiazole ,  benzophenone,  and t r i - p - t o l y l a m i n e  is repor ted .  Emis-  
sion which corresponds to the fluorescence of the  TAP, TPP, TTP, TPF,  and 
TPT, as well  as longer  wave length  emission a t t r ibu ted  to excip lex  emission 
for  some mixed  systems, is observed.  The singlet  and t r ip le t  level  energies of 
the  compounds of in teres t  are  es t imated  and thei r  cyclic vo l t ammet r i c  be-  
hav ior  descr ibed briefly. 

The usual  basic requ i rements  for  a system which 
produces l ight  upon the e lec t ron t ransfe r  reac t ion  of 

+ 
e lec t rogenera ted  species, e.g., A -  and D" (e lec t rogen-  
e ra ted  chemiluminescence or ECL),  include the fo rma-  
t ion of s table  radica l  ions, the  fluorescence of at  least  
one of the  pa ren t  species (A and D),  and sufficient 

free energy  re lease  in the A- /D*"  react ion to form an 
M 

exci ted state. Moreover,  efficient ECL systems, such as 
those involving 9 ,10-diphenylanthracene and rubrene,  
involve  b u l k y  molecules in which ster ic  effects appea r  
to h inder  format ion  of complexes be tween  the reac-  
tant  species. Previous  studies (1-6) have  shown tha t  
t e t r a - a r y l  subs t i tu ted  f ive -member  r ing compounds 
(pyrroles ,  furans,  and th iophenes)  

X = NH 

A r ~ A r  

Ar"~ X//~'~Ar 
X=O 
X=S 

Ar  --  p-CsH5 
A r  : p-C6H4OCI-I3 
A r  : P-C6H4CI-I3 
A r  --  p-C6H4CI 

A r  ---- C6H4 
A r  ----- C6H4 

form stable radical  cations upon electrochemical  oxi-  
dation. Al though the i r  luminescent  proper t ies  and thei r  
behavior  upon reduct ion  have not  been prev ious ly  in-  
vestigated,  they  appeared  to be in teres t ing compounds 
for  ECL studies e i ther  as the source of both radical  
ions or  as the radica l  cat ion source in mixed  systems. 

Experimental 
The p repara t ion  and purif icat ion of  the  pyrrole ,  

furan,  and th iophene  compounds has been descr ibed 
(1-6). T r i - p - t o l y l a m i n e  (TPTA) ,  naph tha lene  (NAP) ,  
benzophenone (BP),  2 ,5-diphenyl-  1,3,4-oxadiazole 
(PPD) ,  acetoni t r i le  (ACN),  and t e t r a - n - b u t y l a m m o -  
n ium perch lora te  (TPAP)  were  obtained and t rea ted  
as prev ious ly  repor ted  (7, 8). The benzene was t rea ted  
wi th  sodium for 48 h r  and then  dist i l led and degassed 
by  four  f r e e z e - p u m p - t h a w  cycles. Al l  solutions were  
p repa red  in an iner t  a tmosphere  glove box. Solut ion 
prepara t ion ,  exper imen ta l  procedures,  apparatus ,  and 
ins t rumenta t ion  were  as prev ious ly  descr ibed (7, 8). 

Results and Discussion 
Fluorescence spect ra  of these compounds have  not 

been prev ious ly  described.  These were  obtained for 
mi l l imolar  solutions in acetoni t r i le  and the posi t ion of 
the emission max ima  are  l is ted in Table  I along wi th  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  e l e c t roche mi lumines c e nc e ,  r ad i ca l  ions ,  f luorescence,  

a o n a q u e o u s  so lven ts ,  cyclic v o l t a m m e t r y .  

the  u.v. absorbance  m a x i m a  obta ined in previous  s tud-  
ies (1-6).  The observed emission spect ra  were  not  as 
well  defined as those repor ted  for similar ,  less s te r i -  
cal ly  h indered  compounds, such as 4 ,5-d iphenyl imid-  
azole (14) so tha t  locat ion of the  0--0  band was not  
possible. The repor ted  s inglet  energies  (Es) in Table  
I were  obta ined by  averaging the energies of the  emis-  
sion spec t ra  and absorbance  maxima.  This method  gives 
Es = 3.45 eV for TPF  as compared  to a value of 3.5.5 
eV for 2 ,5-diphenylfuran  as obta ined f rom the wel l -  
resolved 0--0  band  in the  spec t rum given by  Ber l -  
man  (14). Cyclic vo l t ammet ry  (CV) and ECL exper i -  
ments  were  genera l ly  per formed  in 2-3 mM solutions 
of the compound of in teres t  in 0.1M TBAP-ACN.  For  

t e t r a phe ny lpy r ro l e  (TPP)  
t e t r aan i sy lpyr ro le  (TAP)  
t e t r a to ly lpy r ro l e  (TTP)  
t e t r a - p - c h l o r o p h e n y l -  (TCPP)  

py r ro l e  
t e t r apheny l fu r an  (TPF)  
t e t r apheny l th iophene  (TPT) 

TTP and TCPP, which were not soluble in ACN, a 1:1 
mixture of ACN-benzene was employed as solvent. 
A typical cyclic voltammogram, that for TPP, is shown 
in Fig. I. The CV results, given in Table I, show that 
the radical cations of the pyrroles are very stable while 
those of the furan and thiophene are moderately stable 

Table I. Electrochemical and spectroscopic data a 

Cycl ic  v o l t a m m e t r y b  

O x i d a t i o n  Reduction 
Spectroscopy 

u.v .  F l u o r e s -  
+ Eva e -- Epe rnaxm,  cence  
V vs. ipc/ V vs.  ipal a b s o r p t  (nm) E, 
SCE ipa SCE /pc (rim) maxm. eV 

T A P  0.66 1.0 <2 .9  0 307 403 3.49 
T P P  0.90 1.O 2.78 0 313 397 3.49 
T T P  0.81 1.0 -----2.85 0 311 403 3.47 
T C P P  1.06 1.0 2.52 0 317 414 3.38 
T P F  1.19 0.8 2.47 -~1 324 394 3.45 
T P T  1.38 0.9 2.30 ---~1 308 407 3.46 

a For  o the r  c o m p o u n d s  i n  t h i s  study: Naphthalene:  Epe = --2.66 
V / S C E  (7), Es = 3.99 eV, ET = 2.63 eV (1O). P P D :  Epc = --2.1T 
V / S C E  (S), Es = 3.58 eV (8). B P :  Epc = --1.91 V / S C E  (7), Es = 
3.22 eV, ET = 2.97 eV (11)). TPTA: Epc = 0.84 V / S C E  (7), E .  = 
3.51 eV, ET ~ 2.96 eV (12). 

b Fo r  0.1M T B A P / A C N  so lu t ions  (except  ~or TTP and T C P P  
which  used  1:1 A C N : b e n z e n e ) ;  scar~ ra te ,  200 m V / s e c .  Epa and Epe 
are anod ic  and  ca thod ic  p e a k  po ten t i a l s ,  ipl and ipe anodic and 
ca thod ic  peak  cur ren ts .  

cEpa w .  (SCE) = E1/2 (vs. Ag-AgC1) --0.28 (9). 

814 
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Fig. 1. TPP( - - ) /TPP(+ )  system. (a) Cyclic voltammogram of 3.4 
mM TPP in 0.1M TBAP-ACH at Pt electrode; scan rate, 200 mV/ 
sec. (b) ECL of the above solution at 500 Hz. (c) Fluorescence spec- 
trum of 3.4 • 10-5M TPP in ACN; ~,exe ---- 323 nm. 

during the t ime scale of the experiment.  For  the pyr -  
roles the reductions occur close to the background re-  
duction process wi th  no anodic current  observed on 
scan reversal.  For  TPF  and TPT a clear anodic peak is 
observed in CV, with ipa ~- /pc (where ipa and /pc are 
the anodic and cathodic peak currents) .  

One series of ECL experiments  consisted of electro- 
generat ion of the radical cations of the compounds of 

+ 
interest  ( R ' )  and observing the emission dur ing gen-  

erat ion of the radical anion of the same molecule (R V) 

or of NAP, PPD, or BP ( A - )  (all of which form 
relat ively stable anion radicals).  In  another  series of 
experiments,  the emission from the reaction of the 

compound radical anion (R -y) with the stable electro- 
+ 

generated radical cation of TPTA (7, 12) ( D ' )  was 
studied. The ECL results for typical systems are shown 
in Fig. 1-3, and the results are summarized in  Table II. 
Except for TCPP, the systems involving the pyrrole, 

TPF, or TPT alone, i.e., as the source of both R -  and 

+ 
R �9 showed emission similar  to that of the fluorescence 
of the parent  compound. The reaction entha lpy  (13), 
~H ~ in these cases was about  the same as Es so that  
direct populat ion of the excited singlet state upon 
electron t ransfer  is possible. In  reactions with NAP, 
PPD, or BP as acceptors or with TPTA as a donor, as 
well  as for TTP, TPF, and TPT alone, emissions at 
longer wavelengths were also observed. These wil l  be 
discussed in  more detail for a few of the cases invest i -  
gated. 

T P P ( - - ) / T P P ( + ) . - - T h e  cyclic vol tammogram of 
TP P  in  0.1M TBAP/ACN (Fig. 1) i l lustrates the sta-  

+ 
bil i ty of TPP �9 and the instabi l i ty  of the radical anion. 
After  a cathodic scan in  which the radical anion is 
produced, a reverse scan shows the appearance of a 
reversible system of --0.23V vs. SCE. The na tu re  of 
this system, probably  originating from a reaction of 
the radical anion, was not investigated further,  bu t  
was observed with all of the pyrroles investigated in  
this study, The ECL emission observed in this case was 
quite br ight  and stable with t ime for a frequency of 
pulsing of 500 Hz (Fig. 1). 

N A P ( - - ) / T P P ( + ) . - - T h e  reaction enthalpy for the 
reaction of the ra ther  stable NAP radical anion with 

+ 
TPP �9 is somewhat less than  Es of T I P  and much less 
than Es of NAP. The observed emission consists of a 
band at 400 nm, where TPP fluoresces, and a longer 
wavelength band at 445 nm. The former could originate 
via t r ip le t - t r ip le t  annihi la t ion of 8TPP while the lat ter  
band can be ascribed to a T P P - N A P  exciplex. NAP 
has been shown to form exciplexes with various donors 
in  ECL in ACN solutions with the energy of the exci- 
plex emission, Eex correlat ing with the Epa of the donor 
according to Eq. [1] [note that  the same spectrophoto- 
fluorometer and photomult ipl ier  tube were employed 
in  this study and the prevfous one (7)] 

Eex -~ 1.27Epa + 1.60 [1] 

The Epa of TPP of 0.90V vs. SCE yields an  Eex of 2.73 
eV (.equivalent to emission at 450 nm)  with this 
equation, which is very close to the exper imenta l ly  ob- 
served value. The longer wavelength emission ob- 
served for the PPD ( -- ) / T P P  ( + )  can probably also be 
ascribed to an  exciplex. To examine if T P P - N A P  
exciplexes could be observed in  photoexcitation ex- 
periments,  the quenching of NAP fluorescence by TPP 
was investigated. Al though TPP was an effective 
quencher of NAP fluorescence in both ACN and CH2C12 
solutions, no longer wavelength  emission was observed. 
Thus, as has been observed previously (7), formation 
of the exciplex on direct reaction of the radical ions is 

Table II. Summary of ECL results a 

S y s t e m s  w i t h  c o m p o u n d  as  d o n o r  a n d  fo l lowing acceptors 
C o m p o u n d  as  a c c e p t o r  

S y s t e m  a lone  N a p h t h a l e n e  P P D  B e n z o p h e n o n e  a n d  T P T A  as d o n o r  
R(--)/It(+) NAP(--)/R(+ ) PPD(--)/R(+ ) BP(--)/R(+ ) R(--)/TPTA(+) 

Com- 
pound -- AH ~ },max ECL -- AH ~ km~ ECL -- AH ~ },max ECL -- AH ~ km~= ECL -- AH ~ kr.az ECL 

(R) e V  n m  (eV) Irel e V  n m  (eV) I r e l  e V  n m  (eV) Irel e V  n m  (eV) Irel eV n m  (eV) Irel 

T A P  > 3 . 4  393 (3.15) 1 3.16 N o  2.67 395 (3.13) 0.1 2.41 N o  
525 (2.36) 0.5 

T P P  3.52 397 (3.12) 250 3.40 400 (3.09) 3 2.91 400 (3.09) 1 2.65 No  3.46 412 (3.00) 15 
445 (2.78) 515 (2.40) 0.5 520 (2.45) 

TTP --~3.5 410 (3.02) 15 3.31 565 (2.19) 2 2.82 407 (3.04) 0.4 2.56 No ~_--3.5 395 (3.13) 1 
505 (2.38) 46O (2.69) 0.4 

T C P P  3.43 No  3.56 No  3.07 NO 2.81 No  3.20 4.5 (3.0) V e r y  w e a k  

T P F  3.50 408 (3.03) 3 3.69 400-500 0.3 3.20 435 (2.84) 5 2.94 490 (2.53) 2 3.15 415 (2.98) 
480 (2.58) (3.09-2.47) 485 (2.55) 470 (2.63) 2 

520 (2.38) 
T P T  3.52 ~--412 (3,00) 300 3.,88 437 (2.83) 90 3.39 437 (2,83) 60 3.13 418 (2.96) 100, 2.98 418 (2.06) 5 

437 (2.83) 433 (2.86) 520 (2.45) 

a AH o is t h e  e n t h a l p y  o f  the  radical ion reaction,  c a l c u l a t e d  u s i n g  t h e  d a t a  in  T a b l e  I a n d  t h e  e q u a t i o n  [Ref .  13 ) ] :  - - A H  ~ = gpa  -- Eve 
-- 0.16 ( eV) ;  Irel is t h e  a p p r o x i m a t e  r e l a t i v e  i n t e n s i t y  of  t h e  E C L  ( d e p e n d e n t  a lso  on  f r e q u e n c y  a n d  so lu t i on  cond i t i ons )  w i t h  respect to 
the PPD(--) / thianthrene(+) s y s t e m ,  t a k e n  as  h a v i n g  / t e l  ~ 100; ~max E C L  iS p o s i t i o n  o f  ECL p e a k ( s ) ,  g e n e r a l l y  w i t h  u n c e r t a i n t y  o f  -----4 
iL*n. 
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Fig. 2. TTP(--)/TTP(+) system. (a) Cyclic voltommograrn of 2.6 
mM TTP in 0.1M TBAP in ACN-benzene at Pt electrode; scan rate, 
200 mV/sec. (b) ECL of the above solution at (1) 100 Hz and (2) I 
Hz (sensitivity x 8; envelope of individual pulses). (c) Fluorescence 
spectrum of the above solution; ~.exc ~ 367 nm. 

a more efficient route  than  product ion via photo- 
excitation. The low intensi ty  of the ECL in  this case 
probably results from dissociation of the exciplex to 
the ions or to ~TPP which undergoes quenching and 
t r ip le t - t r ip le t  annihi la t ion  reactions. 

T T P ( - - ) / T T P ( + ) . - - A  cyclic vol tammogram of TTP 
(Fig. 2) shows formation of a stable radical cation but  
the reduction of TTP can hardly be dist inguished from 
the background reduction at ca. --2.85V, and the TTP 
radical anion is quite unstable.  Just  as with TPP, a 
new reversible system appears dur ing  CV at --0.26V 
following a reduction scan. In  spite of the instabi l i ty  of 
the anion, the system shows quite stable ECL consist- 
ing of two peaks (Fig. 2). The more intense at 410 nm 
corresponds to 1TTP* formed directly upon  the energy 
sufficient radical ion reaction; this peak consists of 
emission during the cathodic pulses and shows maxi-  
mum intensi ty  at higher frequencies (ca. 500 Hz). The 
second peak consists of emission only on anodic pulses 
and appears only at low frequencies, showing a maxi-  
mum intensi ty at 1 Hz. After about 1 hr  of ECL ex- 
periments,  the CV and the fluorescence spectrum are 
essentially the same as the start ing solution. While the 
longer wavelength peak could be a t t r ibuted to an ex- 
cimer, this doesn't  appear to be reasonab le  since it is 
only found on anodic pulses, it disappears at higher 
frequencies, and it is not observed for the s t ructural ly  
similar  TPP. A better  explanat ion for this emission in-  
vokes the production of a reactant  dur ing the cathodic 
pulse which reacts with radical cation to produce 

light. At high frequencies the extent  of the T T P -  de- 
composition reaction would be small, but  at lower 
frequencies appreciable side-product  would be pro- 
duced. Evidence of this side-product  is not obtained 
by fluorescence measurements  after extended ECL, as 
is usual ly found for cases in which emission is observed 
from radical ion decomposition products (15, 16), so 
that the side-product, if formed, decomposes during 
or after the electron transfer  reaction. 

T P T ( - - ) / T P T ( + ) . - - B o t h  radical cation and anion of 
TPT are stable on the CV t ime scale (Fig. 3) and the 
ECL emission which results from the radical ion elec- 
t ron transfer  reaction is ra ther  intense with an emis- 
sion m a x i m u m  located between 412 and 438 nm, va ry-  

X 

350 400 450 500 ~m 

350 

i c_ 

400 450 S00 550 

k 

n m  

Fig. 3. TPT(--)/TPT(+) system (a) Cyclic voltammogram of 3.4 
mM TPT in 0.1M TBAP-ACN at Pt electrode; scan rate, 200 mV/ 
sec. (b) Fluorescence spectrum of 1.8 mM TPT in ACN. (c) ECL of 
3 mM TPT in 0.1M TBAP-ACN at 0.25 Hz. 

ing from experiment  to experiment.  Similar  results are 
obtained when NAP, PPD, or BP are the sources of the 
radical anions. For the BP ( - - ) / T P T  ( + )  system two 
separate peaks at 418 and 433 nm can be distinguished. 
In  all cases the electrodes are filmed after extended 
ECL experiments (ca. hal f -hour) ,  result ing in  changes 
in the CV. This filming might  account for the lack of 
reproducibil i ty of the observed emission peak location, 
if the ECL intensi ty  was changing with t ime while the 
spectrum was being recorded. The emission at 410-415 
nm is probably that of 1TPT* formed either directly, 
or for the case of NAP and BP, via t r ip le t - t r ip le t  an-  
nihilation. The emission at 437 n m  could be from a 
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+ 
decomposi t ion produc t  of T P T ' .  Previous  s tudies  (6) 
have  shown tha t  c /s -d ibenzoyls t i lbene  can fo rm from 
decomposi t ion of the  radica l  cation. A solut ion of this  
species, p repa red  b y  a p rev ious ly  publ i shed  p rocedure  
(17) did not  show fluorescence, however .  

T P T ( - - ) / T P T A ( + ) . - - T h e  ECL in this case shows 
two dis t inct  peaks:  one at  418 nm for anodic pulses 
and  one at  520 nm for cathodic ones. The  first peak  is 
again a t t r ibu tab le  to ZTPT* fo rmed  on t r i p l e t - t r i p l e t  
annih i la t ion  while  the  longer  wave leng th  emission 
can be a t t r i bu t ed  to an exciplex.  The emission max i -  
m u m  observed in this case agrees qui te  wel l  wi th  the  
re la t ion found for exciplexes  formed in ECL resul t ing  

+ 
f rom reac t ion  of TPTA"  wi th  var ious  acceptors (7) 

Eex = --0.65Epc + 0.86 [2] 

Triplet  IeveIs .--Although T P F  and TPT show ECL 
wi th  BP as the  source of radical  anion, none of the  
pyr ro les  do. One possible exp lana t ion  might  be that  
the  en tha lpy  of the  radica l  ion reac t ion  (2.4-2.6 eV) 
is insufficient to produce  the corresponding pyr ro le  
t r iplet .  To es t imate  the  t r ip le t  energies,  phosphores -  
cence measurements  of TPP and TTP contained in an 
e thanol  glass at 77~ were  per formed.  The t r ip le t  
energies  found for  TPP  and TTP, 2.48 and 2.46 eV, re -  
spec t ive ly  (wi th  corresponding l i fe t imes unde r  those 
conditions of 2.9 and 2.7 sec),  demons t ra te  that  the  
t r ip le ts  could be formed in the  BP ( - - ) / T P P  (-{-) and  
BP ( --  ) / T T P  ( -{- ) systems. 

A more  p robab le  exp lana t ion  is suggested by  the CV 
of the p y r r o l e / B P  systems. Upon addi t ion  of TPP or 
TTP to a system containing BP, the  reverse  cu r ren t  

fol lowing a reduct ive  sweep fo rming  BP ' -  is s t rongly  

decreased compared  to the  behavior  of B P -  in the 
absence of these species (Fig. 4). The revers ib le  sys-  
tem centered at  --0.23V appears  when BP is reduced  in 
the  presence of TPP ( jus t  as i t  does for the  TPP alone 
sys tem) even when the negat ive  l imi t  of the  cathodic 
sweep is not  sufficiently negat ive  to cause TPP re -  

duction. Thus BP V reacts  in some w a y  wi th  TPP de-  
creasing its l i fe t ime and prevent ing  ECL. Al though  
we did not  invest igate  the  na tu re  of this reaction,  a 
possible one involves abs t rac t ion  of a proton by  the 

B P -  

I b 
2OO~A 

~ -, " - .2  -" 

E:V. vs SCE 

~E 

Fig. 4. Cyclic voltammetry of 1.8 mM BP in 0.1M TBAP-ACN at 
PT electrode with scan rate of 100 mV/sec (a) in presence of 1.7 
mM TPP and (b) in absence of TPP. 

§ ~ BPH" 

N 
H 

with the revers ib le  system at --0.23V then being 

[3] 

-Fe 

N N 

[4] 

This sys tem could also be  formed by  reac t ion  of T P P  

wi th  TPP  , thus  expla in ing  the appearance  of the  re -  
vers ib le  systems upon  reduct ion of TPP  in the  ab -  
sence of BP. This pro ton  abs t rac t ion  react ion could 
not occur, however ,  w i th  T P F  or TPT. Moreover,  
this explana t ion  is consistent  wi th  a previous  s tudy 
(18) which showed that  in the  presence of a base, 
e.g., acetate, CV of a TPP  solut ion resul ts  in  the  
appearance  of a reduct ion peak  at --0.3V, a t t r i bu ted  to 
the reduct ion of the neu t ra l  radical .  

Conclusions 
A number  of systems involv ing  the  compounds of 

in teres t  are  capable  of producing  ECL. Whi le  severa l  
r a the r  intense systems were  found, the  l i fe t ime of the  
systems under  the condit ions used here  were  not  
pa r t i cu l a r ly  good and e lect rode fi lming f requent ly  oc- 
curred.  We might  note that  Zweig et al. (19) noticed 
tha t  the ECL from simple a ry l fu rans  was less sat isfac-  
to ry  than  that  obta ined f rom isobenzofuran der iva -  
tives. Exciplex fo rmat ion  has been demons t ra ted  on 
direct  radical  ion react ion in ACN solutions under  
condit ions where  photoexci ta t ion  does not  produce 
exciplexes,  i n  agreement  wi th  previous  resul ts  (7, 12). 
The resul ts  here  are  especia l ly  interest ing,  since the  
compounds where  excip lex  emission appears  es tab-  
lished, TTP and TPT, are r a the r  s ter ica l ly  hindered.  
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Anodic Oxidation of Anhydrous Methanol 
G. Bilanger* 

Hydro-Quebec Institute oS Research, Varennes, Quebec, Canada 

ABSTRACT 

The electrooxidation of anhydrous methanol  was studied wi th  several 
electrochemical techniques. The effect of controlled amounts  of water  in  the 
nonaqueous system was followed. The product  analysis confirmed the produc- 
tion of formaldehyde as the predominant  reaction product  in this nonaque-  
ous system. The addition of controlled quanti t ies of water  brings about changes 
in  the polarization curves presumably  owing to the formation of oxides on the 
p la t inum surface and to the product ion of formate  ions. Strongly adsorbed 
species are observed at low anodic polarizations in the completely anhydrous 
system as well as in  the presence of water. The exact na ture  of these species 
could not be identified but  the formation of a polymeric iner t  film is sus- 
pected. The effect of adsorbed sulfur  on the p la t inum working electrode was 
also examined;  the adsorbed sulfur  layer is unstable  at high anodic potentials 
and causes an inhibi t ion  of the anodic oxidation of methanol  or methoxide ion. 

Electrooxidation reactions in nonaqueous solvents 
have been widely studied, in par t icular  with respect to 
high energy density batteries and electroorganic 
synthesis. The electrooxidation of methanol  in aqueous 
solutions has been extensively investigated since this 
mater ial  can be a very attractive fuel in a methanol -  
air fuel cell (1-3). However, relat ively few studies 
have been carried out to elucidate the anodic reactions 
of pure anhydrous methanol.  Recently such work has 
been published by Sundholm (4) and Iwakura  et al. 
(5); the residual  water content  was ra ther  high (120 

ppm) in the work of Iwakura,  and also appreciable in  
the experiments  reported by Sundholm. No special 
procedures seem to have been under taken  to remove 
the last traces of water  and also to work under  condi-  
tions where the reacting solutions could be kept 
anhydrous (4,5). In  the present  work the residual  
water content was kept as low as possible (below 10 
ppm) and the experiments  were carried out in a 
controlled atmosphere enclosure where the anhydrous 
conditions remained unchanged. 

In  recent years, at tempts have been made to increase 
the electrochemical activity of electrodes for the 
electrooxidation by adsorbing sulfur, among other ma-  
terials, on the working electrode (6-9). Here, the effect 
of this additive on the electrooxidation of methanol  is 
explored further.  

Experimental 
The purification of methanol  and the electrochemical 

polarization experiments  were carried out in a con- 
trolled atmosphere chamber supplied by Vacuum/  
Atmospheres Corporation, Model HE454. Under  a 
dynamic flow of argon, the residual  water  and oxygen 
content could be main ta ined  in the few ppm range. The 
methanol  was dehydrated according to the following 
procedure (10) : commercial spectro-grade methanol  
was distilled once after the dissolution of metallic 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  words :  m e t h a n o l ,  n o n a q u e o u s ,  e l ec t roox ida t i on ,  f ue l  cells. 

sodium in it; this distilled methanol  was then refluxed 
for one day over magnes ium turnings  with traces of 
iodine; this solution was then distilled and the distil late 
kept in a glass bottle in  the controlled atmosphere 
chamber. All these procedures were carried out under  
controlled atmosphere. Determinat ion of the residual 
water  was performed with a modifed  automatic Kar l -  
Fischer t i t rat ion apparatus, the Aquatest  II; the result  
of this analysis indicated a residual water  content  
below 10 ppm. The desired concentrat ion of sodium 
methoxide (the electrolyte solute) was obtained by the 
dissolution of metallic sodium in the purified methanol.  

The steady-state automatic polarization curves were 
obtained for 20 mV potent ial  steps using electro- 
chemical apparatus and method described previously 
(11) ; the electronic apparatus were located outside the 
controlled atmosphere chamber  and the electrical con- 
tacts were made via appropriate feedthroughs. A 
separate electrochemical system was used outside the 
chamber  to carry out the electrode coverage experi-  
ments  in aqueous solutions. This second electro- 
chemical cell was equipped with a system allowing the 
electrode to be r insed thoroughly with deoxygenated 
1N Ultrex sulfuric acid. This second aqueous system is 
required to provide a source of oxygen in  the oxidation 
of the species adsorbed on the electrode in  the non-  
aqueous medium. The t ransfer  of the electrode from 
the dry box to the aqueous system was performed 
under  argon atmosphere, keeping the exposure of the 
electrode to the ambient  air to a strict min imum.  

The description of the ins t ruments  and the method 
used for the determinat ion of the electrode coverage 
are described elsewhere (12). The in tegrat ion of the 
current  for the determinat ion of the electrode coverage 
dur ing  anodic or cathodic potent ial  sweeps was per-  
formed either by a manua l  method or electronically as 
described previously (12). 

The analysis of formaldehyde in concentrated 
methanol  requires a method different from_ the one 
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used when the product  is analyzed in water  or air. Due 
to the presence of concentrated methanol  in  the solu- 
tion, gas chromatography proved to be inadequate  in 
the separation of these compounds in the concentrat ion 
range used (<100 ppm).  The only spectroptmtometric 
method that yielded adequate results was based on the 
use of the Hantzsch reaction with 2,4-pentanedione as 
the reagent  and the procedure described by Yablochkin 
(13). 

In  the experiments,  when  the electrodes were 
covered by sulfur, the procedures described by Loucka 
(8,9) for carrying out the adsorption of sulfur  on the 
electrode were used. 

All potentials in  anhydrous  methanol  are referred to 
a reference electrode of Ag/AgC1 in KCl-sa tura ted  
methanol  solution. The potent ial  value of this reference 
electrode vs. the RHE in the same solution was 
observed at +0.55V. This reference electrode proved to 
be stable as a funct ion of t ime and unaffected by the 
difference in water  content  of the methanol  solutions. 

A Beckman Model 188501 p la t inum disk rotat ing 
electrode was used in  experiments  requir ing controlled 
convection conditions. The disk electrode was polished 
on a felt  with methanol,  r insed in  methanol,  and dried 
under  vacuum. All  electrodes were polarized galvano-  
stat ical ly with a cathodic current  in  a separate cell to 
r educe  any adsorbed oxygen or oxides, prior to the 
actual polarization experiments  (steady-state,  poten-  
tiodynamic, or galvanostatic charging curves).  The 
experiments  were carried out at room tempera ture  
(24 ~ • 1~ 

Results 
Product anaIysis.--The constant  current  polariza-  

tions (5 mA-cm -2) in a small  volume cell (15 cm ~ for 
the working compar tment)  were carried out  in  an-  
hydrous methanol  and in solutions with controlled 
additions of water. The quant i ta t ive  product  analysis 
was performed only for formaldehyde. No other de- 
tectable products could be found by gas chroma- 
tography or by mass spectroscopy for the electrolysis 
t ime and current  densi ty  used, typical ly 300~ equiva-  
lents. No specific tests for formate were carried out. 

The results are presented in  Table I. It is observed 
that  for the solutions used, the water  content  as well as 
the concentrat ion of electrolyte played a very minor  
role in the over-al l  product formation. When the water  
content  becomes greater than 10%, the formaldehyde 
production decreases somewhat:  these results are in  
general  agreement  with the ones reported previously 
(4,5). In  the above experiments,  the solutions were not 
st irred in  any  manner .  

Electrode coverage in anhydrous methanoL--The 
electrode was polarized potentiostat ical ly at a given 
potential  or was brought  to a given potent ial  in  a quasi 
s teady-state  manner  by applying successive potent ial  
steps of 20 mV and main ta in ing  each potential  step 
value for 2 min. After  this polarizat ion procedure, the 
electrode was removed from the anhydrous  methanol  
solution and taken out of the controlled atmosphere 
chamber. It  was then t ransferred rapidly into another  
cell where the electrode was washed with water  and 
deoxygenated 1N Ult rex sulfuric acid. After  several  

Table I. Current efficiency for formaldehyde formation 

NaOCHa cone. and C u r r e n t  
w a t e r  (ppm) dens i ty  (mA-cm-~) 

Content  in me thano l  1 5 10 

C u r r e n t  
efficiency* (%) 

0.05M; anhydrous  73 74 
O.05M; 500 p p m  "/6 
0.051VI; 104 p p m  82 
O.05M; 10 ~ p p m  68 
0.1M; anhydrous  ?6 

'/7 

* Cur ren t  efficiency calculated f r o m  t h e  f o l l o w i n g  r e a c t i o n :  
2CI-I~O---> C'H~O + CH~OH + 2e. 

(five) washings the electrode was polarized potent io-  
statically at 0.4V (vs. RILE) and was then swept to 0.0V 
with a potent ial  r,amp. The cur rent -vol tage  curve was 
recorded and the in tegrat ion of the resul t ing curve 
gave us a measure of the electrode coverage 8 by the 
following relat ionship 

S@H - -  QH 
0 - -  

SQH 

where QH is the charge be tween 0.4 and 0.04 V (vs. 
RHE) in the presence of adsorbed species and SQH is 
the equivalent  hydrogen deposition charge in  the ab-  
sence of such species. 

A strongly adsorbed organic ent i ty  was observed 
that  could be completely oxidized following an anodic 
polarization of 1.8V (vs. RHE) for several  minutes.  

In  Fig. 1, we i l lustrate  the adsorption behavior  of 
this s trongly adsorbed methanol  species as a funct ion of 
the polarization potential,  both in anhydrous  methanol  
and in  presence of controlled amounts  of water. We 
note a part ial  desorption of the s t rongly adsorbed 
species as the potent ial  increases and this decrease is 
concomitant  with a change of electrode reaction as is 
discussed below when the polarization curves for these 
solutions are presented. We must  point  out, however,  
that  the absolute values of the coverage are not total ly 
representat ive of the complete adsorption reactions 
because it is impossible to perform the coverage ex- 
per iments  in situ in the nonaqueous medium since the 
hydrogen ion adsorption current  is not observed in  the 
nonaqueous medium. This hydrogen ion deposition cur-  
rent  is clearly resolved only in  acidic aqueous solution. 

The oxidation of this s t rongly adsorbed species was 
also studied. This was done by recording the current  
dur ing anodic sweeps from 0.4 to 1.6V (vs. RHE) in 
aqueous solutions. A typical current  potent ial  curve 
is i l lustrated in Fig. 2 as obtained from oscillographic 
traces. To oxidize completely the adsorbed species the 
anodic l imit  must  be raised to at least 1.8V (vs. RHE) 
and the sweep rate decreased to allow the slow reaction 
to take place. 

Steady-state polarization data.--Reaction order. 
- -S teady-s ta te  polarization studies were carried out on 
a rotat ing p la t inum disk electrode in anhydrous 
methanol  and in solutions containing controlled 
amounts  of water. An aim of these experiments  was to 
study the order of the reactions with respect to the 
methoxide concentrat ions at different potentials. At 
anodic polarizations of 0.4 and 1.0V (vs. Ag/AgC1), the 
order of the reaction, (0 log i/O log C)E, was found to 
be 0.90 and 0.82, respectively, as de termined by a least 
square t rea tment  of the data, for methoxide concentra-  
tions ranging from 0.05 to 0.5M (in anhydrous  meth-  
anol).  These reaction orders were obtained at an  
electrode rotat ion rate of 3000 rpm. 

Effect of rotation.--No definite relat ionship between 
the rate of rotat ion and the current  at different 

i I I I I I I 
t . 0 -  

o s - ~ . ~ /  
:E 

0.4 \ -" 

O.2 

0 I I I I I I I 
-0 .6 - 0 2  0.2 0,6 1.0 t.4 1.8 2.2 

EAg/AgCI (V) 

Fig. 1. Surface coverage of a platinum electrode polarized in 
methanol; electrolyte under mechanical agitation; curve 1, 0.05 
NaOCH3 in anhydrous methanol, and curve 2, 0.05 NaOCH3 + 
1000 ppm H.~O in methanol. 



820 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  June 1976 

8 

] I I 

-~Sma.cm -2 

I I I 

A 

A 

I I I I I I 
0.4 0.8 t.2 1.6 1.2 0.8 0.4 

FRHE 

Fig. 2. Potentiodynamic profile on a platinum electrode in I N  
H2SO4: ~ after standing at open circuit in 0.1M NaOCH3 
solution in methanol; - - - ,  after oxidation of adsorbed species 
from the nonaqueous solution at 1.8V in 1N H2SO4. Voltage sweep 
rate: 20 V-see-J;  voltage limits 0.4 ~ 1.6 ~ 0.4 VRHE; electrode, 
0.1 cm 2 smooth platinum wire. 

potent ia ls  could be es tabl ished for e lec t rode  rota t ion 
speeds ranging  from 600 to 60C0 rpm, for severa l  con- 
centra t ions  of methoxide  (0.5, 0.1, and 0.5M CH8ONa). 

This would establ ish the reac t ion  to be en t i re ly  ac t iva-  
t ion control led  as assumed in the cu r ren t -po ten t i a l  and 
the react ion order  plots. 

EfJect of water- -Anhydrous  methanol.~In the  
s t eady-s t a t e  polar iza t ion  curve in anhydrous  methanol  
(0.05M CH3ONa as e lec t ro ly te)  shown in Fig. 3, there  
a re  severa l  in teres t ing  features.  A t  --0.35V (vs. 
Ag/AgC1) an oxidat ion  cur ren t  commences and a we l l -  
defined peak  is observed at  --0.2V. This peak  fo rmat ion  
is ve ry  dependent  on the res idual  wa te r  content.  The 
m a x i m u m  cur ren t  or l imi t ing cur ren t  at  --0.2V is also 
very  much dependent  on the ro ta t ion  speed of the 
electrode;  the  cur ren t  va lue  decreases  d ras t ica l ly  as 
the ro ta t ion increases.  At  h igher  potent ia ls  (above 
0.1V) a r a the r  long Tafel  region is observed wi th  a 
slope ranging  f rom 110 to 130 mV/decade .  Final ly ,  a 
l imi t ing cur ren t  potent ia l  r ange  f rom app rox ima te ly  
0.6 to 2.0V is observed.  This l imi t ing  cur ren t  va lue  
decreases wi th  ro ta t ion  speed only b y  a negl ig ib ly  
smal l  extent.  

The iR drop be tween  the t ip of the Luggin  cap i l l a ry  
and the work ing  e lect rode cannot  account for  the  above 
l imi t ing cur ren t  or the  cu rva tu re  observed in the  
polar iza t ion  curves, the res is tance de te rmined  by  the 
in te r rup t ion  technique is of the o rder  of 20-30 ohm and 
the iR drop would account for  only  50 mV, even at the  
highest  potent ia ls  a t ta ined.  

Water addition.--In Fig. 4 we show the s t eady-  
s ta te  polar iza t ion  curves for 0.05M methox ide  solutions 
containing 100 and 1000 ppm (0.01 and 0.1%) water .  

1.O 

0.8 

Fig. 3. Steady-state polariza- 
tion curve for anhydrous meth- 0.6 
anol ( < 1 0  ppm) with 0.05M 
NaOCH3 as the electrolyte ~ O~ 
solute; rotating disk platinum ~ 0.2 
electrode of 0.28 cm 2 area at w 
3000 rpm. Experimental points O 
obtained for 20 mV intervals; 
each potential was held constant -O.2 
for 2 min before recording the 
data -0.4 
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Fig. 4. Steady-state polariza- 
tion curve for 0.05M NaOCH,~ 
solution in methanol with 100 
( - - - )  and 1000 ( ) ppm 
H20; rotating disk platinum 
electrode of 0.28 cm 2 area at 
3000 rpm. Same experimental 
procedure as in Fig. 3, 
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One can observe  at first glance very  profound dif-  
ferences be tween these polarizat ion curves and the 
ones observed for the anhydrous case (Fig. 3). The 
main  differences are the higher  Tafel  slopes (200-300 
mV/decade)  and the l imi ted range where  the Tafel  
re lat ion is obeyed. The qual i ta t ive  difference in the 
ascending and descending curves is a]so more  pro-  
nounced: ve ry  well-defined inhibi t ion peaks are ob- 
served and some modification in the current  l imit ing 
potent ia l  range ( > I V  vs. Ag/AgC1) behavior  is also 
apparent.  

]In these solutions the rotat ion speed of the working 
electrode had a minimal  effect; the effect was in the 
opposite direct ion to what  is genera l ly  observed, i.e., 
here, the current  decreases as the rotat ion speed in- 
creases, presumably  owing to the increased concentra-  
t ion of the traces of water  (and thence the inhibi t ing 
surface oxides) in the vicini ty  of the electrode at the 
h igher  rota t ion speeds. 

The current  behavior  at re la t ive ly  high anodic 
potentials (above 1.0V vs. Ag/AgC1) is quite  different 
in the presence and absence of residual water .  In 
complete ly  anhydrous methanol  a t rue l imit ing current  
behavior  is observed at or near  1.0V. In the presence of 
1000 ppm of water,  an inhibi t ion peak is observed at 
0.6V, fol lowed by an oxidation current  that  does not 
show any definite l imit ing current  up to the highest  
potentials reached (i.e., 2V vs. Ag/AgC1).  The react ion 
at these high anodic potentials  is probably  a mixed 
process involving the methoxide  ion and water  or the 
hydroxide  ion. 

Galvanostatic charging data. - - In  the presence of 
wa te r  some interest ing phenomena  occur in the 
cathodic charging curves t r iggered f rom anodic 
potentials.  In the complete ly  anhydrous methanol  no 
arrest  or s t ructure  is observed as a oathodic cur ren t  is 
applied to the electrode held at an anodic potential.  
For  a 1000 ppm wate r  content  such an arrest  appears 
and a complete  analysis of this arrest  for a 1% water  
content (1000 ppm) was carr ied  out because of the 
be*ter resolution in this solution. A l inear  relat ionship 
be tween  current  density and the reciprocal  of the ar-  
rest period ( l / r )  is observed for different rotat ion 
speeds and for current  densities ranging f rom --0.05 to 
4 m A - c m  -2. This arres,t is observed at  approximate ly  
--0.5V (vs. Ag/AgC1).  A typical  cathodic charging 
curve as well  as the derivat ive,  dE/dt ,  of this curve is 
shown in Fig. 5. A second arrest  is clearly observed as 
the charging current  density reaches values higher  than 
2 m A - c m  -2. The  high cathodic potential  value for this 
arrest  ( - -1V vs. Ag/AgC1) is re la ted to the hydrogen 
deposit ion pr ior  to the hydrogen gas evolut ion reaction. 

A similar  arrest  is also observed in the galvanostatic 
anodic charging curves. However ,  the arrest  is ob- 
served on a different t ime scale; i.e., this arrest  is a 
much slower phenomenon than the electrode process 
at --0.05V (vs. Ag/AgC1).  Here  again, a l inear  re la -  

I I I i I i I i I i 

2.0 O,tM NaOCH 3 + 1 % H 2 0  i 

> 1.0 ~ / \'~. 2 

~ 0.5 4 ' *  

w o o 
-0.5 

-l.O 

-.1.5 I i I i ] I i I I 
0 0.2 0.4 0.6 0.8 4.0 

t (s)  

Fig. 5. Cathodic galvanostatlc charging curve ( ) as well 
as the derivative of the potential time trace ( . . . .  ); platinum 
disk electrode at 3000 rpm in 1% water-methanol solution; 1 sec 
time constant for dE~dr;  "r, is the arrest period; charging current 
density is 4 mA-cm - 2  from a 2 min potentiostatic polarization at 
1.0V. 

t ionship be tween  the current  and the reciprocal of the 
arrest  period is obtained indicating an act ivat ion-con-  
t rol led process. The  arres t  occurs at 0.8-1.0V (vs. A g /  
AgC1) and involves  more  than  the surface oxidation; 
it lasts several  seconds compared to mill iseconds in 
the reduct ion case for the same current  density. For  the 
anodic arrest, the charges involved  are of the order  of 
940 mcoulomb-cm -2 for the 1% H20 solution (at 6000 
rpm) and only 0.8 mcoulomb-cm -2 for the galvano-  
static reduction charge in the same solution. 

Potent iodynamic polarizations in the  methanol  sys -  
t e m . - - S o m e  potent iodynamic profiles were  reported by 
Iwakura  et al. (5) for sodium methoxide  in anhydrous 
methanol.  In the present  study, we have extended the 
potential  sweep rates and examined the effect of Con- 
t rol led amounts of water  in the anhydrous system. 

For  anhydrous methanol  no s t ructure  (peaks) is ob- 
served, at all the sweep rates (10-500 mV-sec  -1) in-  
vestigated. A typical  potent iodynamic  profile is i l -  
lustrated in Fig. 6A. However ,  as water  is added to the 
system some structure  becomes apparent  par t icular ly  
at low (10 mV-sec -1) sweep rates, as shown in Fig. 6B 
for the 1009 p p m  H20 .solution. As the sweep ra te  in-  
creases to 100 mV-sec -1, the peaks are no longer  ob- 
served and a curve similar  to the one for the anhydrous 
case is obtained. 

Effect o] adsorbed suZ~ur on the anodic oxidation in 
anhydrous me thanoL- -Two  main series of exper iments  
were  carried out to study the effect of sulfur adsorption 
on the methanol  oxidation reaotion. In the first series, 
the electrode was ful ly  covered by sulfur in an aqueous 
sulfide solution :and the electrode was then taken in the 
controlled a tmosphere  chamber  where  a complete  
s teady-state  polarizat ion curve was recorded f rom the 
open-circui t  potential,  ca. --0.6-2.0V (vs. Ag/AgC1).  
The electrode coverage was measured before and after 
these curves. F rom the la t ter  exper iment  we noted that  
the sulfur underwer~ a desorpt ive react ion as the 
electroc~e was polarized to 2.0V. Also as shown by the 
s teady-sta te  polarization curves in Fig. 7. the descend- 
ing curve is identical  to the one obtained in the  absence 
of sulfur adsorption. Examinat ion  of electrode coverage 
at different points on the polarizat ion curves showed 
that  this desorption occurred above 0.8V (vs. A g /  
AgC1). 

The main effect brought  about by the adsorbed sulfur 
is the inhibit ion of the first reaction, i.e., the oxidation 
of methoxide  to formate  ions, f rom open circuit  to 
0.2-0.4V. This effect was observed more clear ly  in the 
next  series of exper iments  where  the polarizat ion was 
carr ied out f rom open-ci rcui t  potent ial  to only 0.6V 
(vs. Ag/AgC1).  For an electrode on which the coverage 
by sulfur was near 100%, the inhibit ion occurs quite 
clearly, as shown in Fig. 8. In the presence of water,  
the inhibit ion is also observed but only for the ascend- 
ing anodic potentials;  for the descending potential,  the 
oxidation react ion (formation of formate)  was ob- 
served. Coverage exper iments  have also shown that  
the sulfur is more  readi ly  desorbed in the presence Of 

~ .C  I I I i I i [ i [ I i 

AE 
4.C ~ : tOmVs-t , f 7  

o.OSM NoOCH3 B, , A , , ~ . . ; r ; . - - .  

/ m m m 

m "  i m 

4.0 �9 i v  m . 4 ,  

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 4.8 
EAg/AgCi (V) 

Fig. 6. Potentiodynamlc profile on a platinum rotating disk elec- 
trode (3000 rpm); 0.05M NaOCH3 in methanol, sweep rate 10 mV 
sec-1;  curve A, anhydrous methanol; curve B, 1000 ppm H20 
added; first sweep; electrode surface, 0.28 cm 2. 
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Fig. 7. Steady-state polariza- 
tion curve in 0.1M NaOCH~ on a 8 0.4 
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Fig. 8. Steady-state polarization curve in 0 . ]M NaOCH3 on a 
platinum wire, 0.1 cm 2, in anhydrous methanol; , without 
any adsorbate present; . . . .  , totally covered by a layer of sulfur 
atoms. 

water  than in the completely  anhydrous methanol  solu- 
tion. 

Discuss ion  
Reaction mechanism.--From the product  analysis 

data, the effect of water  in the methoxide  oxidation 
becomes significant on the current  efficiency only at 
water  concentrations higher  than 10%. As the wate r  or 
hydroxide  ion concentrat ion increases mixed reactions 
can proceed according to the fol lowing reactions 

Main react ion 

2CH80-  ~ CH20 -5 CH3OH -5 2e 

Side react ion 

4CH30-  -5 O H -  -> CI-IOO- -5 3CH3OH + 4e 
o r  

CH~O- -5 4 O H -  -+ C H O O -  -5 3H20 -5 4e 

However ,  the over -a l l  reaotion equations as well  as 
product  analysis bear  no direct  indication as to the ef-  
fects of water  on the actual kinetics of the reaction. 

The react ion order of nearly one with ~es~ect to the 
methoxide  concentrat ion as well  as the Tafel  slope of 
110-130 mV/decade  in the anhydrous methanol  tends to 
indicate a discharge react ion as the ra te -de te rmin ing  
step (rds),  namely  

C H 3 0 -  ---> CH3Oad or CH~O" + e 

where  CHsOad is an adsorbed in termedia te  and 
CH30' a radical near  the electrode. For a rds implying 
a discharge react ion from a reactant  in solution, one 
expects (14) a l inear  relationship be tween 1/i and 

1/A/~ (where  ~ is the angular  rotat ion speed of a disk 
electrode).  Such correlat ion is absent for the math-  
oxide-methanol  system. In fact the current  is invar iant  

wi th  the rotat ion speed for potentials  0.4 and 1V (vs. 
Ag/AgC1).  This independence of i on ~ could indicate 
the format ion of an in termedia te  that  is swept away 
from the electrode as the solution is stirred. This con- 
clusion is corroborated by the observat ion that  the 
current  decreases as the electrode passes f rom a s tand- 
still to any rotat ion speed. 

A proposed react ion mechanism to account for  the 
above fact could be i l lustrated a s  

r d s  

CH~O- > CHsOad or CHsO" + e 

fast 
CH~Oaa or CH30" + CH~O- ----> CH20 + CH~OH + e 

Hysteresis between the ascending and descending 
potential direction in the anhydrous methanol indicates 
an irreversible surface electrode phenomenon. This 
observation can be associated with the formation of an 
electrochemically inert film ,as indicated by the higher 
Tafel slopes observed (300 mV/decade). The occurrence 
of these higher slope values arising from surface films 
was discussed previously (15,16). The electrode surface 
modification could also be deduced from the irrepro- 
ducibility of the steady-state polarization data: the 
curves exhibited large differences between successive 
scannings. The original curve (the first one) was re- 
stored by cleaning and polishing the electrode. The 
results presented above (Fig. 3 and 4) are the data 
from the first potential scan. 

Oxide e~ects.--The presence of water brings about 
new phenomena. The most important is the formation 
of an oxide film as indicated by several observations: 

1. Inhibition peaks in the steady-state polarization 
curves as illustrated in Fig. 4 are similar to the ones 
observed for the methanol oxidation in aqueous me- 
dium (I, 2, 17). 

2. Arres t  in the anodic and cathodic galvanostat ic  
charging curves. The arrest  at --0.5V (vs. Ag/AgC1) 
in the cathodic charging curve  can be  associated with  
the reduct ion of the oxide film formed at high anodic 
potential.  The oxide reduct ion can proceed according 
to the fol lowing react ion scheme 

Pt[O] + CHsOH + 2e--> Pt  -5 O H -  + C H 3 0 -  
o r  

Pt [O] -5 H20 -5 2e ~ P t  -5 2 O H -  

The arnest observed in the anodic charging curve  
can be associated with the formate  format ion since it 
does not occur in absence of water.  The fol lowing reac-  
tions can be involved 

5CH30- + H20 * CHOO- + 4CH~OH + 4e 
or 

4CI-~O- -5 OH- --> CHOO- -5 3CH3OH -5 4e 

3. In the potentiodynamic current-potential curves, 
current peaks are obtained in the presence of water 
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and a very  pronounced hysteresis between the anodic 
and the cathodic sweep is observed i l lus t ra t ing the in -  
hibit ive character of the oxide film formed in  the pres-  
ence of water. The inhibi t ion  brought  about by  the ox- 
ide film is similar  to the one observed in  simil,ar ex-  
per iments  (18, 19) for the electrooxidation of sodium 
formate or formic acid. 

Sulfur ef]ect.--The promotion in the anodic oxidation 
of methanol  is not observ.ed in the presence of an ad-  
sorbed sulfur  film on the electrode. This conclusion is 
not definite since we could not  convert  our  data  to 
t rue -p la t inum-s i t e  basis, since in the nonaqueous me-  
dium we do not have the hydrogen ion discharge peaks 
to indicate the t rue and active surface area. One ob- 
servation worth  not ing is the ins tabi l i ty  of this sulfur  
film which undergoes a desorptive reaction at high 
anodic potentials. The steady-state  polarization curve 
(Fig. 7) in the descending potent ial  steps is identical 
for the electrode that  has been covered with a sulfur  
film and for the bare electrode. This indicates complete 
desorpt ion of su l fur  at potentials  of a round 1.2V (vs. 
Ag/AgC1). This type of behavior  is not observed if the 
upper  anodic potential  l imit  does not exceed 0.8V (vs. 
Ag/AgC1), as i l lustrated in Fig. 8. The main  conse- 
quence of sulfur  adsorption is a general  poisoning ef- 
fect: the methanol  oxidation currents  are decreased 
drastically by the presence of such a n  adsorbed film. 

Conclusions 
The influence of surface oxides on p la t inum elec- 

trodes in  the  polarizat ion curves of anhydrous  meth-  
anol containing controlled amounts  of water  has been 
investigated. The main  effect of these surface oxides 
(formed in  the presence of water  at anodic potentials)  
is to inhibi t  the oxida,tion of methoxide to formalde-  
hyde. The other effect of the presence of water  is to 
change the reaction products at low potentials where 
formate ions can now be produced in  presence of water  
or hydroxide ions. However, at high anodic potentials 
(above 1V vs. Ag/AgC1) the reduct ion in the formal-  
dehyde product ion is observed for high water  content  
(1-.10% only) .  

At open circuit a very strongly adsorbed species is 
formed on the electrode: The removal  of this adsorbed 
film can be brought  about by anodic polarization in  the 
nonaqueous medium where the coverage by this ad- 
sorbate decreases as the anodic potential  increases. 

The main  effect of a sulfur-covered p la t inum elec- 
trode is to inhibi t  the reaction: This sulfur  adsorbate is 
uns table  at anodic potentials and the sulfur  coverage 

decreases a~ the anodic polarization is increased to 2V 
vs. Ag/AgC1 in  a nonaqueous medium. 
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ABSTRACT 

A slow potent iodynamic method where a porous iron electrode is fully 
discharged and charged has been used to s tudy the reactions of the alkaline 
iron electrode. Electrode thickness, temperature,  average porosity, n u m b e r  of 
armor nets, electrolyte concentration, and carbonate contents have been varied. 
The experiments show that high temperature,  porosity, and KOH concentra-  
t ion increases the charge efficiency of the electrodes. High KOH concentrat ion 
promotes the direct oxidation of Fe to FeOOH, and K2CO3 concentrations up 
to 250 g/ l i ters  do not influence the reactions of the electrode considerably. 

In  spite of high theoretical Ah density, low price, 
and stabil i ty to both mechanical  and electrochemical 
mistreatment,  the iron electrode has gradual ly  been 
replaced by its cadmium counterpart  in alkal ine ac- 
cumulators. This change depends main ly  on the low 
hydrogen overvoltage for i ron which means poor 
charge efficiency as hydrogen evolution competes with 
the charge process. The hydrogen overvoltage also 
causes comparat ively high self-discharge as this proc- 
ess can be characterized as hydrogen-evolving corro- 
sion. Another  negative factor is the poor performance 
at low temperature  when compared to its cadmium 
competitor. 

During recent years i ron has been the focus as a 
negative active mater ia l  in meta l -a i r  batteries and, 
since m a n y  of the bad qualities have been overcome, 
this electrode mater ial  is of interest  together with 
nickel oxide positive electrodes to make i ron-nickel  
batteries. 

Theoretical Background 
Apart  from its cadmium competitor, several dis- 

charge reactions can occur at the alkal ine iron elec- 
trode (1) 

3Fe(OH)2 4- 2 H 2 ~  FesO4 4- 2H + 4- 2e -  
Eo---- --0.197 -- 0.0591 • pH [1] 

3Fe 4- 4H20,~ Fe~O4 4- 8H + 4- 8e-  
Eo---- -- 0.085 -- 0.0591 X pH [2] 

Fe 4- 2 H 2 0 ~  Fe(OH)2 4- 2H + 4- 2e -  
Eo = --0.047 -- 0.0591 X pH [3] 

Fe 4- 2'H20 r-'--- FeOOH 4- 3H + 4- 2e -  
Eo = 0.059 -- 0.0591 X pH [4] 

Fe(OH)2 ~ FeOOH 4- H + 4- e -  
Eo ----- 0.2'71 -- 0.0591 X pH [5] 

Fe~O4 -4- 2H20 ~-- 3FeOOH 4- H + 4- e -  
Eo ---- 1.208 -- 0.0591 X pH [6] 

The discharge reactions of the iron electrode have 
been the subject of several investigations (2-6) which 
show no uni form results according to the products 
of the discharge processes. The discharged active ma-  
terial has been reported as FeO, Fe(OH)2, FesO~, 
Fe208, FeOOH, and Fe(OH)3. Figure 1 shows constant  
current  discharge curves in 4.5M KOH solution at 
0 ~ 2'5 ~ 50% and 70~ Investigations by x - r ay  diffrac- 
t ion and SEM techniques (16) show that  Fe(OH)2 
is the main  discharge product of the first level, while 
FeOOH is produced on the second discharge level. 
Consequently, reactions [3] and [5] are dominating.  

1 P r e s e n t  a d d r e s s :  S w e d i s h  N a t i o n a l  D e v e l o p m e n t  C o m p a n y ,  S-103  
40 S t o c k h o l m  40, S w e d e n .  

K e y  w o r d s :  i r o n  e l ec t rode ,  p o r o s i t y ,  p o t e n t i o d y n a m i c  c u r v e s ,  
sintered electrode. 

At temperatures  above 50~ a third interposed level 
appears represent ing the direct oxidation of Fe to 
FeOOH in dissolved phases (reaction [4]). 

During development  work with i ron-a i r  batteries 
at the Royal Inst i tute  of Technology and the Swedish 
National  Development  Company, the aim has been to 
find optimal structures of the sintered iron electrode 
and good separation between the charge and hydro-  
gen evolution reactions. In  order to study these var i -  
ables, a slow potent iodynamic method has been adapted 
(Fig. 2). The electrode potent ial  is scanned slowly 
from --1.050 to --400 mV and, as the rate is very slow 
(5.3 mV/min ) ,  the curves thus obtained are actually 
those of the electrode d ischarge . . In tegra t ion  of the 
area under  the curves gives the same magni tude  of 
capacity as a constant  current  discharge dur ing the 
same time (Fig. 1). In  Fig. 2 the different discharge 
and charge reactions are bet ter  separated than in  
Fig. 1 and it is evident  that the interposed direct 
oxidation to FeOOH is more favored by high tempera-  
ture  than the other reactions. Of part icular  interest  is 
the separation between the charge reaction and hydro-  
gen evolution which is difficult to s tudy with the 
constant current  technique. 

Experimental 
For the experiments  a Beckman Electroscan 30 has 

been used together with an external  motor to provide 
the low scanning rate. Figure 3 shows the test cell in  
Plexiglas, temperature  controlled by a HAAKE ther-  
mostat. The electrodes were tu rn- formed  disks (Table 
I) connected to a p la t inum wire. For  every potent io-  
dynamic discharge and charge, a new electrode disk 
was used. Before the discharge the electrodes were 
charged at constant  current  (100 mA/g)  for 1 hr in 

0 . 5  

Potential 
'[mVvs ~g~4g O] lOOm,~ 
- -  - - -  _ _  __  7 0 ~  

. . . . . .  5o~C 
' _ _ _ _  2 5 ~ C  

- ~ - , -  ~ . . . . . . . . . . .  ooc 

TIME 
1 0 0  2 0 0  [ . m i n u t e s ]  

Fig. 1. Constant current discharge curves at different tempera- 
tures, 4.5M KOH. 
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the actual electrolyte. Degassing of the electrodes 
was not necessary due to the slow discharge rate. 

Exper iments  have shown that a scanning rate of 
5.3 mV/min ,  which should be compared to that gen-  
eral ly used (more than 0.5 V /min ) ,  for p lanar  elec- 
trodes gives good separation of the different reactions 
at a porous iron electrode while it is charged and 
discharged to the same degree as in normal  bat tery 
applications (Fig. 1 and 2). These curves also give 

Table I. Physical properties of the electrodes 

E l e e -  A v e r a g e  N u r a -  
t r o d e  T h i c k -  S u r -  Vol -  pore  b e r  
n u m -  n e s s  D i a m  W e i g h t  ~ace u m e  d i a m  of  

h e r  ( r am)  ( m m )  (g) (mine) ( m m  ~) (~m) n e t s  

1 1.2 9.5 0.20 70 84 7 0 
2 1.4 9.5 0.24 70 98 7 1 
3 1.5 9.5 0.28 70 105 7 2 
4 2.2 7.0 0.20 38 76 7 0 
5 3.3 5.8 0.21 28 92 7 0 
6 1.05 9.0 0.21 64 67 2 0 
7 1.15 9.0 0.20 64 74 3.5 0 
8 1.25 9.0 0.19 64 80 7 0 
9 1.35 9.0 0.20 64 86 10 0 

informat ion on cur ren t  densities for different porosi- 
ties and thicknesses of the electrode. 

Experiments  have shown that  curves thus ~btained 
are fully representat ive for the electrodes studied 
and do not differ from curves of electrodes cycled 
in the electrolyte considered. A calculation of the ca- 
pacities in Fig. 1 and 2 shows that  the results obtained 
with potent iodynamic discharge are very  close to 
those of constant  current  discharge with 100 mA/g.  

Manufacture of the Electrodes 
Manufacture  of sintered i ron anodes is a complex 

process where many  parameters  influence the electro- 
chemical behavior of the final electrode. Parameters  
such as basic material,  spacer, compacting pressure, 
s inter ing temperature,  and time affect the porosity, 
pore diameter, surface area, mechanical  strength, 
conductivity, and electrochemical performance. In  the 
present  work the porosity, thickness, and the number  
of armor nets are varied to relate these variables to 
electrochemical behavior. The electrodes presented 
should not, in terms of capacity per weight and volume, 
be compared to those of the bat tery  project mentioned, 
since they have been made from well-defined car- 
bonyl  i ron with the aim of getting reproducible elec- 
trodes suitable for this test. 

The manufac ture  of the test electrodes has, in  p r in -  
ciple, been made in accordance with Ref. (7). As 
basic material,  a carbonyl iron powder GS 6 from Gen-  
eral Ani l ine  & Fi lm Company with the following spe- 
cifications has been used: average particle diameter, 
3-5 ~m; apparent  density, 1.2-2.2 g/cm~; Fe rain, 99%; 
C max, 0.1%; O max, 0.3%; N max, 0.1%. 

A homogenous mix ture  of iron powder and the 
spacer was obtained by sieving and mixing after 
which it was compressed to circular plates with 1-3 
mm thickness. For some electrodes a 20 mesh iron 
net  was placed in  the middle or on top and below 
the powder bed before compressing. The compressed 
plates were sintered in  a tube furnace under  a pro-  
tective atmosphere. After solving out the spacer with 
water, the structure with very well-defined porosity 
was stabilized at another succeeding heat - t rea tment .  
The electrodes used in this test are presented in  Table 
I. 

Results 
The results are presented in Fig. 2 and 4-8. As 

expected, the polarization decreases and the m a x i m u m  
current  density increases with temperature  and poros- 
i ty for all electrodes and electrolyte concentrations 
tested. 

Figure  2 shows the influence of temperature  on 
charge and discharge processes of the alkal ine i ron 
electrode. Both the first and second plateau reactions 
are favored by  higher temperatures,  especially be-  
tween 0 ~ and 25~ The interposed peak appearing at 
50 ~ and 70~ represents the direct oxidation in dis- 
solved phases of iron to FeOOH, which also can be 
seen from the constant current  discharge curves in 
Fig. 1. At charge no counterpart  to this interposed 
reaction appears. At 50~ there is good separation be-  
tween the peaks represent ing reduction of Fe(OH)2 



826 J.  Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  June 1976 

and hydrogen  evolut ion which in pract ice means  good 
charge efficiency in ba t t e ry  applications.  At  0~ these 
reactions, however,  seem to over lap  each other. 

F igure  4 shows c lear ly  tha t  the different  react ions 
are  be t te r  separa ted  wi th  h igher  poros i ty  which also 500 
favors  cur rent  dens i ty  and capaci ty  pe r  weight.  Of 
in teres t  is that  h igh poros i ty  increases the separa t ion  
be tween hydrogen  evolut ion and the charge process. 

F igure  5 shows the influence of e lec t rode  thickness 
on po ten t iodynamic  curves at  25~ w h e r e  the  s tep 
f rom 1 to 2 m m  seems to be especial ly  impor tant .  3 0 0  
Exper iments  show that  this  effect is more  pronounced 
at  lower  tempera ture ,  whi le  at  5O~ the m a x i m u m  
cur ren t  dens i ty  pe r  a rea  is the same for al l  thicknesses.  
Variat ions in this d imension do not  affect the  charge  
efficiency ve ry  much. 

The  influence of one i ron ne t  (20 mesh)  in the  
middle  of the  e lect rode and two ident ica l  nets on 
each side of the  s in tered d isk  on the  po ten t iodynamic  
curves is shown in Fig. 6. The two nets have  a sh ie ld -  
ing effect on the  act ive ma te r i a l  which is ident ica l  
to a decrease in porosi ty.  The single net  in the middle  
has a ve ry  smal l  effect. I t  should be pointed out tha t  
improvements  in conduct iv i ty  and mechanical  s tab i l i ty  
of the  e lect rode are  not  reg is te red  by  the tes t  since 
smal l  e lectrode pieces are  used. 

Decrease in concentra t ion of the  e lec t ro ly te  seems 
to have  the same influence on electrode per formance  -30C 
dur ing  discharge as a decrease in pore  volume (Fig. 7). 
This p robab ly  depends  on the fact  tha t  lower  poros i ty  
causes a h igher  deficit of O H -  ions dur ing  discharge.  
The charge  step is not  influenced in the  same manne r  
in te rms of m a x i m u m  cur ren t  for  t empera tu res  lower  
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than  25~ At  h igher  t empera tu res  the negat ive  in-  
fluence of 3M KOH is pronounced for  both  the  charge  
and discharge reactions.  

High concentra t ion e lec t ro ly te  (12M) has a negat ive  
influence on capaci ty  at 0 ~ and 25~ For  50~ the 
capaci ty  does not differ f rom tha t  of 6M except  for  
the  direct  oxidat ion  to FeOOH which  is favored  b y  
this high concentrat ion.  The separa t ion  be tween  the  
hydrogen  evolut ion and charge react ions is c lear ly  
favored by  high molar i ty .  

Carbonizat ion of the e lec t ro ly te  (Fig. 8) seems to 
have an ident ical  influence as a decrease  in molar i ty ,  
which p robab ly  depends  on the lower  pH caused b y  
the carbonate.  The decrease in conduct iv i ty  which is 
impor tan t  for ba t te r ies  is not  reg is te red  in this test.  
Carbonate  has, apa r t  f rom many  o ther  addi t ives  to 
the  e lect rolyte  (8, 9), no other  influence on the  differ-  
ent electrode react ions except  for  the  hydrogen  over -  
vol tage which is increased.  

Discussion 
Severa l  inves t iga tors  have shown tha t  the  charge 

and discharge react ions  proceed over  dissolved i n t e r -  
media tes  according to Ref. (4, 6, 11) 

F e ~  HFeO~-  -~ Fe (O H )2  

Fe  (OH)2 -~ HFeO2-  ~ FeO2-  -~ FeOOH 

Ring-d isk  studies by  Armst rong  et aL (11) c lear ly  
indicate  that  at high t empera tu res  and in more  con- 
cent ra ted  e lectrolytes  b iva len t  i ron  species are  p ro -  
duced in the  solution. On the anodic cycle they  arise 
solely f rom active dissolution of the  iron, whi le  on 
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the cathodic cycle they are formed through the reduc- 
tive dissolution of the anodic film. The measurements  
give, however, no evidence for solution soluble Fe( I I I )  
intermediates  at a concentrat ion above 10-6M. 

The strong tempera ture  dependence, especially be-  
low 10~ when compared to the Cadmium electrode is 
explained in Ref. (10) with differences in  solubilities 
of the intermediates.  When the solubil i ty surpasses 
~10-SM, it is found to have a l imit ing influence 
on the reaction rate. Theoretical calculations in Ref. 
(10) show that the solubil i ty of FeO2- is more tem-  
pera ture  dependent  than the other intermediates  while 
it is difficult to determine the exact value. 

The second discharge step has been studied in more 
detail  (13, 14). In  Ref. (14) the authors state that  the 
absolute and relat ive extent  of the second anodic 
step at constant current  of a porous iron electrode 
is highly dependent  on tempera ture  and current  density 
while electrolyte concentrat ion has relat ively li t t le 
effect. They also notice that when a discharged elec- 
trode stands on open circuit it regains some capacity 
especially on the second step. The observed results 
are explained with a solid-phase mechanism and an 
intraelectrode interact ion between t r ivalent  and me-  
tallic i ron 

As shown by Fig. 1 and 2, the relat ive increase of 
the second anodic level found by Flerov et aL (14) 
depends probably on the interference of the in te r -  
mediate reaction appearing above 40~ where metallic 
i ron via HFeO2- and FeO2- goes directly to its t r i -  
valent  oxide state. The strong influence of tempera ture  
on the solubil i ty of the t r iva lent  in termediate  explains 
this phenomena.  

Fig. 7. Influence of electrolyte molarity on potentiodynamic dis- 
charge and charge at 25~ 

LindstrSm (12) proposes the in termediate  reaction 
to be a combinat ion of the first and second discharge 
steps caused by an opening of s tructure at the com- 
mencement  of the second step. The opening-up pro- 
cedure should be caused by the t r ivalent  products 
having a higher density compared to that of bivalent  
reaction products. The waves in Fig. 2 are too sep- 
arated to interfere with each other and the increase 
in porosity observed at the beginning of the second 
level can be explained with the dissolution of the 
anodic film. Fe203"nH20, which is supposed to be the 
t r ivalent  anodic product, has a density of 2.4-3.6 g /cm 8 
which should be compared with 3.4 g /cm 8 for Fe (OH)2 
(15). Fe~O4, which has been proposed by some in-  
vestigators as a discharge product, has a density of 
5.2 g /cm ~ but  SEM investigations on discharged elec- 
trodes show only the gelatinous precipitat ion charac- 
teristic for Fe203"nH20 (16). 

During charge, the reactions are separated into only 
two waves which can be explained by a slow dissolu- 
tion of the Fe (III) discharge products causing a l imited 
conversion to Fe (OH)2 since these peaks are compara- 
t ively small. The following waves represent ing tem- 
peratures above room tempera ture  are bigger than  
corresponding ones dur ing discharge wbich means 
that  direct reduction of Fe( I I I )  species to iron in ter -  
acts with that of Fe (OH)2. 

The solubility of the in termediate  species are also 
highly pH dependent  which explains the decrease in 
performance of charge and discharge reactions with 
smaller  average pore diameter, lower in electrolyte 
concentration, increasing thickness, and shielding nets. 
The improved separation between hydrogen evolution 
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and the charge step wi th  h igher  poros i ty  depends on 
easier  diffusion of the products  of the  la t te r  process 
which is most ly  influenced. 

A decrease in mola r i ty  of the e lec t ro ly te  has a 
negat ive  influence on the performance,  whi le  a h igher  
concentra t ion changes the  hydrogen  evolving potent ia l  
toward  more  negat ive  values which has a posi t ive 
effect on charge efficiency and se l f -d ischarge  (9). 

On the effect of carbonate  in the e lec t ro ly te  to the  
pe r fo rmance  of the  a lkal ine  i ron electrode, ve ry  l i t t le  
has been publ i shed  and the m a x i m u m  permiss ib le  
amount  of carbonate  is considered to be 50g K c C O J  

li ter.  The resul ts  p resented  here  indicate  that  pe r -  
formance of the  i ron e lect rode is not  influenced even 
at  much  higher  carbonate  concentrat ion.  However ,  
on repea ted  cycling and wi th  time, the  cells become 
sluggish wi th  more  than 50 g / l i t e r  which has a nega-  
t ive influence on the performance.  

By s lowly discharging and charging a porous elec- 
trode, da ta  are  obta ined  which give more  informat ion 
on the processes appear ing  in  the  e lect rode than  what  
is given by  constant  cur ren t  techniques.  I t  is, how-  
ever, necessary to inves t iga te  in more  de ta i l  the  
re la t ionship  be tween  this method  of charging and 
discharging the electrodes to that  of normal  use in 
bat ter ies .  
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Electrochemical Reduction of Chromate in the 
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ABSTRACT 

The chronopotentiometric reduction of K2CrO~ was studied in  mol ten 
LiC1-KC1 eutectic at 450~ in the presence of CaC12 and /o r  water. The vapor 
pressure of H20 was varied in the range of 0-22.5 Torr. Under  highly dehy- 
drated conditions, a single wave occurs at --1.18V vs. P t ( I I ) ,  1M/Pt reference 
electrode, and Ca(II )  ions have no effect on the reduction wave. However, in  
a moist mel t  and in  the presence of insufficiently dehydrated CaC12, two re-  
duct ion waves are observed. The first reduction wave occurs at --0.6V and the 
second at --1.18V. LiCrO2 is formed as an insoluble product at the first re-  
duction step. The same product  is produced chemically by decomposition of 
synthesized Li3CrO4 in a moist melt. Coulometry and chronopotent iometry 
revealed that  three electrons and two water  molecules are consumed per 
chromate ion and the first step is controlled by H20 diffusion. A reduct ion 
path consistent wi th  these observations is proposed. 

Lai t inen and Banker t  used chronopotent iometry to 
s tudy the electrochemical reduction of chromate ions, 
CrO42-, in LiC1-KC1 eutectic melt  in the absence and 
in  the presence of Mg(II )  and Ca(II )  ions. They 
showed that the presence of d iva lent  cations lowered 
the reduct ion potential  of chromate and gave extra-  
ordinar i ly  stable deposits (1). In  the case of Mg(II)  
the electrochemical reduct ion product has been shown 
to be a single unstoichiometric compound of formula 
LixMg~CrO4, where x + 2y --~ 5 (2). This empirical  
formula, LixM (II)yCrO4, was found to be applicable to 
other deposits obtained in  the melts c.ontaining other 
divalent  cations such as Ni ( I I ) ,  Zn ( I I ) ,  and Co(II)  
(3-5). On the other hand, the reduction of chromate 
in the presence of Ca(II )  ion has been the most i t -  
reproducible system encountered. Banker t  observed 
that the addit ion of CaC12 caused a positive shift of 
reduct ion potential  (1), but  Nezu did not obtain a 
product corresponding to Li~Ca~CrO4 (6). Fur ther  in -  
vestigations were unsuccessful in  establishing a defi- 
ni te  formula and reproducibi l i ty  of potential  shift (7). 
There  were no self-consistent data concerning the 
Ca(II)-CrO42- system, al though there was a suggestion 
that the presence of trace quant i t ies  of moisture or 
hydroxide ion in  the melt  affect the na ture  of the 
reduct ion (5). 

Recently Niki and Laitin.en have shown that Li3CrO4, 
which is believed to be the init ial  in termediate  product  
in  the course of chromate reduction, undergoes a dis- 
proport ionat ion reaction in the melt  and gives LiCrO2 
(8). This compound was encountered in the early 
studies (6) when the electrolysis was carried out with 
a high ratio of Ca2+/CrO42-. 

The present  invest igat ion was ini t ia l ly  under taken  
to clarify whether  the reduct ion of chromate is af- 
fected by the presence of CaCI2 in a highly dehydrated 
condit ion and to establish the composition of the re-  
duction product. In  the course of the invest igat ion it 
was found that  dehydrated Ca(II )  ion does not have 
any special effect on the reduct ion mechanism but  that  
a trace of water  associated with hygroscopic CaC12 has 
quite a remarkable  effect. The main  purpose of this 
work was then  turned  to elucidation of the reduct ion 

* Elect rochemical  Society Act ive  Member .  
1 P r e sen t  address :  Departmen.t  of Appl ied  Chemis t ry ,  Faculty os 

Engineer ing ,  Tohoku Uaaiversity, Sendal,  Japan .  
Key  words :  mol ten  salt, chromate reduction, chronopotentiometry~ 

l i th imn chromite.  

mechanism of the H20-CrO42- system and characteri-  
zation of the electrode deposit. 

Experimental 
Apparatus.--A Hevi-Duty  MK 3012-S vertical split 

tube furnace (Hevi -Duty  Electric Company, Water -  
town, Wisconsin) was used. The temperature  was 
regulated with a Wheelco Pane l -Mount  Capacitrol 
tempera ture  controller  (Wheelco Ins t rument  Com- 
pany)  and a Chromel -Alumel  thermocouple. All  ex-  
per iments  were performed at 450 ~ • I~ A Sargent  
Model IV coulometric current  source was used in  the 
preparat ion of electrode deposits and for generat ion of 
the Pt  ( I I ) / P t  reference electrode. The constant current  
source employed for chronopotentiometric studies has 
been described previously (2). A Tektronix  502A oscil- 
loscope served to record the chronopotentiograms. 

The procedures employed for cleaning glassware and 
handl ing the mol ten  eutectic with special glass devices 
were described in  detail by Johnston (9). 

Electrodes.--All potentials shown in  this work are 
given with respect to the P t ( I I ) ,  1M/Pt reference elec- 
trode, construction and properties of which were al- 
ready described (10). A spectroscopic carbon rod con- 
structed according to the procedure described by Propp 
(2) was used as the counterelectrode. 

The p la t inum flag electrodes used in  the chrono- 
potentfometry and the p la t inum gauze electrodes used 
in the preparat ive work were detachable. The construc- 
t ion of the p la t inum gauze electrodes and the electrode 
holders have been described (2). The p la t inum flag 
electrodes were constructed by punching a p la t inum 
foil (0.06 m m  thick) with a paper punch (6.37 mm in 
diameter)  and by spot welding 3 cm of 36 gauge plat i-  
n u m  wire to the p la t inum flag as an electrical lead. The 
geometric area of each flag was 0.637 cm 2 without  cor- 
rection for the lead wire. 

Reagents.--Reagent grade CaCI2 �9 2H20 (Mall in-  
ckrodt) was recrystallized. The resul t ing CaC12 �9 6H~O 
was dried to CaCI2 .2H20 in  a vacuum desiccator at 
room temperature.  Then the CaC12 - 2H20 was fur ther  
dehydrated by slow heating up to the mel t ing point  
(772~ under  an HC1 atmosphere followed by bub-  
bl ing the resul t ing melt  with dry HC1 for 1 hr. After  
scrubbing with dry argon gas for 2 hr and filtration 
through a Vycor glass flit,  the purified CaC12 was al-  
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lowed to solidify and was sealed in vacuum in a small  
Vycor vial provided with  a break-sensi t ive  tip. The 
anhydrous CaC12 was introduced into the mol ten sys- 
tem without  moisture contaminat ion f rom the labora-  
tory atmosphere by breaking the tip in a cell container 
filled with  dry argon. The CaC12 prepared by this 
method contained 99.9% of the theoret ical  amount  of 
chloride. Commercia l ly  avai lable  anhydrous CaC12 
(J. T. Baker)  and CaC12 dried according to the pro-  
cedure outlined by Banker t  (1) were  also used pur -  
posely to ascertain the difference be tween  fused-dr ied 
CaC12 and vacuum-dr ied  CaC12. 

Anhydrous K2CrO4 was prepared by drying reagent  
grade mater ia l  (J. T. Baker)  at 180~ in vacuum for 
24 hr and stored in a vacuum desiccator. 

The LiC1-KC1 eutectic was supplied f rom Anderson 
Physics Laboratories Inc., Champaign, Illinois. 

Experimenta~ techniques.--Moist argon wi th  various 
vapor  pressures of H20 was prepared  by passing dry  
argon through a series of two gas washing bottles con- 
raining 2 li ters of aqueous sulfuric acid of known con- 
centrat ion prepared f rom 96.4% H2SO4 (Baker  Ana-  
lyzed Reagent)  maintained at a known tempera ture  in 
a cons tant - tempera ture  bath. The par t ia l  pressures 
of water  in equi l ibr ium with  aqueous H2SO4 are tabu- 
lated at various tempera tures  (11) 

Chronopotent iometry  of chromate  reduct ion was 
per formed in the absence and presence of HsO. Af ter  
the measurements  in the dry  melt, the moist argon was 
introduced into two separate compartments  containing 
about 4 ml melt, one of which had chromate  and the 
other  no chromate,  and the mel t  was bubbled for at 
least 30 rain. Af te r  bubbling was stopped in one of the 
two compartments,  the measurement  was carr ied out 
wi th in  3 min. A blanket  of the moist argon was kept  
,on the mel t  all the t ime to maintain  the par t ia l  pres-  
sure of water  constant. All  measurements  were  car-  
t ied  out a l ternate ly  in this way  with electrochemical  
moni tor ing of the water  concentration in the melt. 

The samples of the electrode deposit result ing from 
the reduct ion of chromate  in the presence of water  
were  prepared by constant current  electrolysis using 
pla t inum gauze electrodes with bubbling of moist 
argon. Without  stirring, the electrode potentials would 
not have been restr icted to the potential  range of the 
first wave. 

The procedures of weighing the electrode deposit, 
dissolving the deposit in hot perchloric acid, and deter-  
mining chromium and l i th ium contents have been de- 
scribed in detail  (2-4). 

The x - r a y  powder  diffraction pat tern  of the deposit 
was obtained by using an 11.47 cm Debye-Scher re r  
camera exposed to Ni-fi l tered Cu-K~ radiat ion from 
a Norelco x - r a y  generator.  The x - r ay  powder  samples 
were  prepared in the manner  ment ioned above with 
p la t inum coil electrodes (1 m m  in diameter  and 10 cm 
length) .  The spiral was uncoiled over  a mortar,  and 
then the electrode deposits were  easily peeled off. 

Results and Discussion 

Reduction o5 KzCr04 in the presence o5 CaClz.--The 
pure  melt  used here was highly dehydrated as shown 
in Fig. 1, curve  1, where  the initial rising port ion is 
qui te  linear. F igure  1, curve 2 shows a chronopotent io-  
gram of chromate  reduct ion in the presence of fused- 
dried CaC12. There  was no difference be tween  the re-  
sults for chromate reduct ion in the presence and ab-  
sence of CaC12, both cases giving the same EI/4 [= 
--1.19 _+ 0.01V vs. Pt ( I I ) ,  1M/Pt] and transit ion t ime 
constant (---- 998 _4- 18 A-sec  ~/2 cm/mole ) .  However,  the 
reduct ion wave  split into two waves in the presence of 
commercial ly  avai lable CaC12 or the vacuum-dr ied  
mater ia l  as shown in Fig. 2, curve 2. In this case the 
residual charging curve was no longer the same as 
that  of the dry mel t  as can be seen in Fig. 2, curve 1. 

-3.0 

"~ -2.0 
-6 

i l l  

-1.0 

i I I I 

I I I I 
0 . 4  0.8 1.2 1,6 

Time ( s a c )  

Fig. 1. Potential-time curves for the residual charging in the 
absence and presence of H20, and for the chronopotentiometrlc 
reduction of K2CrO4 in the presence of CaCI2. Curve I ,  in a pure 
dry melt, I ~ 0.755 mA/cm 2. Curve 2, in a dry melt containing 
CaCI2, [CaCI2] ~ 0.19M, [K2CrO4] ~ 6.20 raM, I ---- 6.04 mA/ 
cm 2. Curve 3, in a moist melt, P~2o ~- 15.4 Torr, I _-- 1.98 mA/ 
cm 2. 
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Fig. 2. Potential-time curves for the residual charging and chrono- 
potentiometric reduction of K2Cr04 in the presence of insufficiently 
dried CoCI2. Curve 1, in a pure melt containing commercially avail- 
able CaCI2, [CaCI2] -~ 0.47M, I ~ 4.94 mA/cm 2. Curve 2, taken 
after addition of K2CrO4, [K2CrO4] ~ 5.67 raM, I ---- 4.88 mA/ 
cm 2. Curve 3, taken 30 rain after the curve 2. I ~ 4.94 mA/em 2. 

Figure  2, curve 1 agreed wi th  the chronopotent iogram 
of H20 reduction in Fig. 1, curve 2 (E1/4 : --1.39V). 
The p rewave  observed in the presence of insufficiently 
dried CaC12 decreased with  elapsed t ime and seemed 
to disappear finally. Figure  2, curve  3, which was taken 
30 min after  curve 2 showed basically the same pat tern  
as Fig. 1, curve  2. This exper iment  was done under  a 
dry argon atmosphere so that  the water  introduced 
with CaC12 was free to escape f rom the melt. This is 
the reason why reproducible  results were  not obtained 
in CrO42--Ca 2+ (H20) systems in the previous in- 
vestigations (6, 7). 

Reduction of K2CT04 in the presence of H20. - -The  
effect of H20 on the reduct ion of chromate  was demon-  
strated by successively decreasing the concentrat ion of 
chromate at a constant vapor  pressure of H20~ Figure  
3, curve  3 shows that  at PH2o of 15.4 Torr, two t ransi-  
tions were  obtained; one, at --0.60V and the other  at 
--1.18V. With decreased chromate  concentrat ion the 
first wave  at --0.60V increased and the second wave  
at --1.18V decreased re la t ive ly  as shown in Fig. 3, 
curves 2 and 1, whi le  a new wave, which was not wel l  
defined, appeared be tween --1.25 and --1.55V. I t  corre-  
sponds to the reduct ion wave  of H20 in Fig. 1, curve 3. 
On the other hand, a fur ther  increase of chromate con- 
centrat ion simply caused the second wave  at --1.18V 
to grow larger  and showed no in fuence  on the first 
reduct ion step. 

The product  of I and T 1/~, is shown as a funct ion of 
chromate concentrat ion in Fig. 4, where  I is current  
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"rime 

Fig. 3. Effect of H20 on the chronopotentiometric reduction of 
K:~Cr04 at PH2o = 15.4 Tort. Curve 1, [K~Cr04] = 1.10 mM, 
I : 1.98 mA/cm 2. Curve 2, [K2Cr04] = 2.98 mM, I = 2.96 
mA/cm 2. Curve 3, [K2Cr04] : 4.10 mM, I : 3.94 mA/cm 2. 
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K 2 C r O  4 CmM] 

Fig. 4. Dependence of I~zV~ on chromate concentration at differ- 
ent vapor pressures of H20. Curve A, PH20 = 0. Curve B, PH2O = 
20.3 Torr. Curve C, PH20 = 15.4 Torr. Curve D, PH20 = 11.4 Torr. 

density and ~1 is the t ransi t ion t ime of the first wave.  
This relat ionship confirms the above observation. At  a 
given vapor  pressure, I~ 1/2 becomes independent  of 
chromate  concentrat ion when the la t te r  exceeds a cer-  
tain va lue  (curves B, C, and D). On the other  hand, 
wi th  the decrease of chromate  concentration, p resum-  
ably when  [H20] > [CrO42-], I~ 1/2 follows the zero 
H20 concentrat ion l ine (curve A),  yielding a transi t ion 
t ime constant (I~1/2/C) identical  wi th  that  in the ab- 
sence of water.  Apparent ly ,  under  water-sufficient  
conditions the diffusing species is the chromate  ion, 
and all the chromate  ions reaching the electrode are 
reduced in the first reduct ion step. The l imit ing values 
of Iz lz2, observed under  water-def ic ient  conditions, 
mean that  the first reduct ion step is controlled by the 
diffusion of water.  All  the water  in the vicini ty of the 
electrode is used up in a t ime in terva l  (~1), and then 
the second reduct ion wave  develops at the potent ia l  
observed in the absence of water.  Hence the l imit ing 
values of I~ ~/2 at different vapor  pressures are expected 
to be proport ional  to the vapor  pressure as long as the 
solubil i ty of wa te r  obeys Henry 's  law. 

Data on the solubil i ty of water  in mol ten  mixtures  of 
LiC1-KC1 are available (12), and the reciprocal 
Henry ' s  l aw constant in LiC1-KC1 eutectic at 450~ was 
est imated;  k -1 = 0.26 m M / T o r r  where  [H20] = k -~ 
PH20.  For instance, the water  concentrat ion in the mel t  
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Fig. 5. Comparison of Ir '~ for H20 and first wave of Cr04 ~ -  in 
presence of deficiency of H20. Curve A, limiting values of It1 ~ 
measured at each PH20 in ~xcess of chromate. Curve B, I~H2 ov~ 
measured at each PH20 without chromate. 

at P~2o = 15.4 Torr  is 4.0 mM. According to the l i t e ra -  
ture (12) Henry 's  l aw holds at vapor  pressures lower  
than 18 Torr. 

The dependence of Iz 1/2 on I was examined for the 
first reduct ion step of chromate  (IT11/2) and for H~O 
reduct ion (ITH201/2). The exper iments  were  carr ied  out 
only under  the condition of low vapor  pressures where  
the concentrat ion of H20 in the mel t  is bel ieved to 
obey Henry 's  law. I t  was found that  the Sand equat ion 
is applicable to both reductions wi th in  the t ime in ter -  
val  investigated. 

F igure  5 shows l inear  relat ionships of IT11/2 and 
I~H201/2 VS. PH20. The l inear  regression analysis for  
I~H201/2-PH20 relat ion by the least squares method gave 
a transi t ion t ime constant of water  reduct ion (ITH201/2 

: 0.094 PH2O -~- 0.49, 7 : 0.985); ITH2Ol/2/CH2o = 0.36 
• 103 sec 1/2 cm/mole  using k-1 : 0.26 rnM/Torr.  As-  
suming n : 1, the diffusion coefficient of wa te r  was 
calculated as DH2O : 1.77 • 10 -5 cm2/sec at 450~ 

Because the first reduct ion wave is governed by mass 
t ransport  of H~O in excess chromate,  the fol lowing r e -  
lation is obtained under  water-def ic ient  conditions 
from the Sand equation 

nF~I/2DH2ol/2CH2o 
I-~11/2 _ : - -  I~H201/2 [ 1] 

2a a 

where  a is the number  of water  molecules requi red  for 
the reduction of a chromate ion. As can be seen in Fig. 
5, the ratio of I~11/2/I~H2O 1/2 is about 1.5 at each value  
of the vapor  pressure. Using n : 3 de termined  f rom 
coulometric exper iments  described later, the number  
of moles of HuO consumed per  mole  of chromate  was 
found to be 2. 

Characterization o~ electrode deposit prepared in the 
presence of H20. - -Dur ing  the electrolysis the potent ial  
of the working electrode was moni tored and was never  
al lowed to become more cathodic than --0.TV. The de-  
posits were  insoluble in the mel t  and adhered to the 
electrodes. Chemical  analysis and coulometric data  
showed that  three  electrons are consumed per  mole of 
chromate, and that  the empir ical  formula  of the de- 
posit is LiCrO2. Typical  results are shown in Table I. 

Table I. Analytical results of deposit as a function of current density 

[l~CrO~] = 0.0194M 

I, m A / c m  ~ 

Curren t  
passed, 
/~equiv. 

PH20 = 15,4 Torr 

Deposit 
obtained, m g  

C r  found, 
~moles 

Tempera tu re  = 450~ 

Li f o u n d ,  % wt  found Empir ical  
~moles (as LiCrO2) formula  

1.5 150.04 4.76 49.8 3.01 50.1 95.2 
3 150.04 4.94 51.1 2.94 54.0 94.9 
6 150.06 4.82 49.7 3.02 50.1 93.9 

n = 2.99 

Lil.olCr02.~ 
Li1.~CrO2.ea 
Li~.o~CrO.;. 
DiCrO~ 
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The exper iments  of Table I were performed in Vycor 
cells and done in  relat ively short time. Pyrex glass- 
ware was seriously attacked by alkali arising from the 
electrolysis after prolonged contact with the melt. 

X-ray powder dif]raction studies.--X-ray powder 
diffraction data are compared in Table II with those of 
synthesized LiCrO2 and a decomposition product of 
Li3CrO4 in the moist melt, which is identified as LiCrO2 
(8). 

Electrochemical reduction mechanism of chromate in 
the presence o~ HzO.~Electroreduct ion of chromate in 
the dry melt  was considered to involve consecutive 
electron t ransfer  steps followed by a chemical reac- 
tion (1, 4, 5) 

CrO42- ~ 2e-  ---- CrO44- 

CrO44- + e -  --> CrO45- --> CrO~ 2- ~ O 2- [2] 

Recently Niki and Lai t inen made a potent ia l -pO 2-  
diagram of chromate based on the stabil i ty of Li3CrO4 
and Ba2CrO4 in LiC1-KC1 eutectic (8). The diagram 
predicts that the stabili ty of Li3CrO4, which is be- 
l ieved to be the ini t ial  product  of the reduction, is 
strongly dependent  on the basicity of the melt;  if the 
melt  is acidic, Li3CrO4 decomposes to LiCrO~ by a dis- 
proport ionat ion reaction 

3Li3CrO4-> 2CrO42- ~- LiCrO2-p 2 O 2- ~- 8Li + [3] 

and if it is basic, Li3CrO4 is stable in  the melt. Accord- 
ing to this explanation, the presence of acidic species 
in  the melt  is expected to promote the disproportiona- 
t ion reaction, and to shift the reduct ion potential  to 
positive value. 

The over-al l  reduct ion process in the moist melt  was 
concluded to involve  two water  molecules and three 
electrons 

Li + 
CrO42- ~- 3e-  + 2H20 . > LiCrO2(solid) -b 4 O H -  [4] 

and electrochemical measurements  showed kinetic 
complications to be involved. In  cur ren t - reversa l  
chronopotentiometry,  no reoxidation process was 
found. However, the i rreversible type logarithmic plots 
[E vs. log (~1 ~/2 -- t 1/2) ] were not l inear  for the re-  

duction process. Therefore this i rreversibi l i ty must  
come from an  irreversible chemical reaction. The Ell4 
depended on current  density and chromate concentra-  
tion, but  simp}e diagnostic criteria (13) were not  ap-  
plicable. 

The chemical reaction involved here occurs between 
H20 and Li3CrO4 which is a much stronger base than  
CrO42-. The init ial  electron t ransfer  process, CrO42- 
+ e -  ---- CrO43-, seems to be reversible because 
Li3CrO4 ( so l id ) /P t  electrodes showed stable equi l ib-  
r ium potentials (14). Hence, the following reaction 
sequence can be wr i t ten  

CrO42- + 3Li + + e -  =. Li3CrO4 (solid) [5] 

3LisCrO4 + 2H20--> 2CrO42- + LiCrO2 (solid) 
4 O H -  ~ 8Li + [6] 

Table II. X-ray data of the electrode deposit prepared in the 
presence of H20 (PH20 = 15.4 Torr) 

D e c o m p o s i t i o n  p r o d -  S y n t h e s i z e d  
E l e c t r o d e  depos i t  u c t  of  Li~CrO~ L iCrO2  

d, A I n t e n s i t y  d, A I n t e n s i t y  d, A I n t e n s i t y  

4.73 m 4.73 90 4.812 100 
2.45 w 2.45 50 2.476 28 

2.39 10 2.405 5 
2.35 w 2,35 20 2.374 9 
2.04 s 2.07 100 2.062 48 

I.,88 ,50 1.895 9 
1.59 60 1.590 12 
1,46 70 1.466 15 

1.44 s 1,44 70 1.488 15 
1.38 s 1.38 50 1.389 7 

1.20 40 1.198 - -  

This reaction scheme was confirmed by direct study of 
the chemical reaction between LisCrO4 and I-I20 in the 
melt. Chemical analysis and x - r ay  diffraction data for 
the decomposition products of Li3CrO4 in the moist 
melt  proved that  the disproport ionat ion reaction takes 
place and gives the product LiCrO2. In  the dry melt  the 
Li3CrO4/Pt electrodes showed stable equi l ibr ium po- 
tentials corresponding to the half-react ion [6] over a 
few hours, but  once H~O was introduced into the melt, 
the potential  started to decay rapidly. Apparent ly  the 
presence of H20 strongly accelerated the decomposi- 
t ion of LisCrO4. LiCrO2 was not oxidized electrochemi- 
cally. 

In  order to account for the shift of over 600 mV in 
Ell4 in  the moist melt  in comparison with the dry  melt, 
we can compare the fate of Li4CrO4, which is formed 
as a pr imary  product  in  both paths by a reversible 
electron t ransfer  process. In the moist melt, reaction 
[6] is so rapid that the surface concentrat ion of CrO43- 
is reduced to a vanishingly small  value, whereas in the 
dry melt, the init ial  decomposition of Li3CrO4 accord- 
ing to reaction [3] releases 02 -  ions in  the vicini ty of 
the electrode surface. Then  Li3CrO4 becomes stable 
and requires two more electrons to complete the re-  
duction. The decomposition of LisCrO4 is so slow that  
Banker t  obtained LisCrO4 as a pr imary  product (1). 
Thus the reaction sequence in  the dry  melt  involves a 
three electron transfer  process with high polarization 
overvoltage. On the other hand, in  the proposed path 
the ini t ia l  in termediate  is short-circuited to the final 
product by the rapid disproport ionation reaction with 
a large positive shift of El~4, because water  has enough 
buffer action to act as an  acid. 

Conclusions 
The positive shift of reduct ion potential  reported 

previously (1) for chromate reduction in  the presence 
of CaC12 is a t t r ibuted to the effect of water  introduced 
with hygroscopic CaC12. Addit ion of water  alone pro- 
duces the same split t ing of the reduction wave. Chro- 
nopotentiometric and coulometric studies indicated that  
the first step consumes two water  molecules per 
chromate ion, which is reduced with three electrons in  
the presence or absence of water. 

The diffusion coefficient of water  in  mol ten LiC1-KC1 
eutectic was calculated from the t ransi t ion t ime con- 
stant for the reduct ion of water  alone, as well  as from 
that  of the first reduction step of chromate in  the pres-  
ence of a deficiency of water. 

The first reduction step in the presence of water  
produces LiCrO2 as an insoluble product. The same 
product is obtained by the disproportionation reaction 
of Li~CrO4, the ini t ial  electron t ransfer  intermediate.  
This reaction is greatly accelerated by the presence of 
moisture. 
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Brief Communications 

and Oxidation at a Pt/Na+-Beta Alumina Interface 

Gregory C. Farrington* 

General Electric Company, Research and Development Center, Schenectady, New York 12301 

In  concept,  a P t / N a + - ~  a lumina  in ter face  should 
approx ima te  an idea l ly  polar izable  e lect rode over  a 
potent ia l  range  l imi ted  only by  Na + reduct ion at one 
e x t r eme  and O - -  oxida t ion  at the  other.  This is a 
b roader  range  of ideal  po la r izab i l i ty  than  is encoun-  
t e red  wi th  typica l  P t / l i qu id  e lec t ro ly te  interfaces.  

Both H~O+-/9 a lumina  (1) and H+-~  a lumina  (2) 
have  been repor ted  and a re  p r e p a r e d  by  diffusionaI 
rep lacement  of the ent i re  Na + content  of Na+-P  
alumina.  I t  is reasonable,  therefore,  that  adsorbed H20 
or H2 should l imi t  the  range of ideal  po la r izab i l i ty  
of a P t / N a + - ~  a lumina  in ter face  since each can be 
oxidized to an ion mobi le  wi th in  the ~ a lumina  s t ruc-  
ture. The purpose  of this communica t ion  is to descr ibe  
p r e l im ina ry  e lect rochemical  examinat ions  of H20 and 
H2 oxidat ion at a Pt/fl  a lumina  interface.  

Experimental 
Pt  electrodes,  1000A thick, were  sput te red  onto both 

faces of a 1.2 cm diameter ,  4 m m  thick, pol ished d isk  
of single phase  po lycrys ta l l ine  ~ a lumina  of 98% 
theore t ica l  density,  containing app rox ima te ly  1% MgO 
and 1% ZrO2. A reference  e lect rode hole, 0.6 m m  
in d iameter ,  was dr i l l ed  3 m m  into the d isk  f rom its 
edge. 

Two series of exper iments  were  carr ied  out: (i) 
constant  potent ia l  polar izat ion be tween  each Pt  elec-  
t rode in vacuum and in the  presence of t race amounts  
of H2 and H20, and (ii) cyclic vo l t ammet ry  in H20 
vapor  using a Au wi re  d ipped in TI (Hg)  as reference 
electrode.  A smal l  amount  of p ropy lene  carbonate  
e lec t ro ly te  was injected into the reference electrode 
hole  to insure  good e lec t rode /~  a lumina  contact. The 
re ference  e lec t rode  es tabl ished a potent ia l  sa t is fac-  
to r i ly  s table  for these measurements .  I ts  specific po-  
ten t ia l  was not  de termined.  

Results and Discussion 
Figure  1 plots  cur ren t  vs. t ime dur ing  constant  5.00V 

polar iza t ion  of a P t /~  a l u m i n a / P t  cell  at 23~ Before 
analysis,  the cell  was baked  at 350~ at  10 -~ Tor r  for 
2 hr. Polar iza t ion  in vacuum (A) reveals  the  presence 
of res idual  oxidizable  species, p r e sumab ly  HaO. The 
supply  is r ap id ly  deple ted  and cell  cu r ren t  approaches  
zero. 

When  Ha gas, dr ied  b y  passage th rough  molecu la r  
sieves, is in t roduced,  cur ren t  increases  (B) and then 
decreases (C) when vacuum is again established.  The 

* ELec t rochemica l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: polarization, solid electrolyte, water,  ~ a l u m i n a .  

most reasonable  e lectrode react ion occurr ing is 

H e ~  2H + + 2e-  [1] 

wi th  inject ion of H + into ~ a lumina  at the  posi t ive 
electrode.  Extended  electrolysis  for 2-5 min  beyond 
that  shown in Fig. 1 produces  a g radua l  decrease  in  
cu r ren t  indica t ing  tha t  exchange of H + for Na+ is 
accompanied by  a decrease in bu lk  # a lumina  con- 
ductivity. 

In t roduct ion  of H20 vapor  produces  a response s im-  
i lar  to B in Fig. 1 but  wi th  a cur ren t  app rox ima te ly  
ten t imes larger .  This may  indicate  tha t  oxidat ion  of 
H20 at a Pt/fl  a lumina  interface  is a fas ter  e lec t ro-  
chemical  process than oxidat ion  of H2. The e lect ro-  
chemical  react ion of H20 adsorbed  at a P t / N a + - ~  
a lumina  interface  was examined  in grea te r  de ta i l  b y  
cyclic vo l tammet ry .  Exper iments  were  carr ied  out at 
23~ in a flowing s t ream of N2 sa tu ra ted  wi th  H20. 
Results  are  shown in Fig. 2. 

Li t t le  cell  cu r ren t  is observed upon in i t ia l  po la r iza -  
t ion at 0V vs. TI~ +. Posi t ive  poten t ia l  sweep en-  
counters severa l  oxidat ion peaks (A-C)  which can 
be a t t r ibu ted  to H20 oxidat ion  to HsO + and 02. 
Sweep reversa l  produces  one significant peak  at  D 
which can be associated wi th  reduct ion of a product ,  
p re sumab ly  02, formed at A-C. 

At  potent ia ls  less than --0.40V, a second ma jo r  re -  
duct ion peak  appears  (E).  The cur ren t  increases  
d rama t i ca l ly  beyond --0.75V. Sweep reversa l  revea ls  
peak  F, not  observed on ini t ia l  cell polar izat ion.  The 
rap id  decay of cur rent  in F suggests i t  corresponds 
to deple t ion  of a pa r t i cu la r  species p rev ious ly  p ro -  
duced in peaks  D or  E. 
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Fig. 1. Controlled potenffat 5V polarization of Pt/~-alumlna/Pt 
cell. A, iniffal polarization in vacuum; B, introduction of dry H2; 
C, evacuation of H2; 23~ electrode area ~ 0.78 cm2; current 
scale is 25/~A/major division. 
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Fig. 2. Cyclic voltammogram of reaction of gaseous H20 at Pt/fl 
alumina interface. Sweep rate ~ 200 mV/sec; 23~ electrode 
area ~ 0.78 cm2; peaks A, B, C, and F represent oxidation; peaks 
D and E reduction. 

The character is t ics  of peaks  E and F are  consis tent  
wi th  the  hypothesis  that  E corresponds in par t  to r e -  
duct ion of adsorbed H20 wi th  s imul taneous  Na + mi -  
gra t ion  out of the  solid e lec t ro ly te  to the  surface. 
The over -a l l  react ion is 

4H20 -t- 4Na+beta ~ 4 e -  ~ 2H2 -~ 4NaOH [2] 

Peak  F, then, represents  reox ida t ion  of H2 and r e in -  
ject ion of Na + into /3 alumina.  Both H2 and Na + 
exis t  at the  in ter face  only as the  resul t  of e lec t ro-  
chemical  product ion  at E. 

This i l lus t ra tes  severa l  of the  pecul iar i t ies  o~f cyclic 
v o l t a m m e t r y  at a ~ a lumina  interface.  Fo r  an e lec t ro-  

chemical  oxidat ion  to occur, i t  must  produce  ions 
mobi le  wi th in  the ~ a lumina  s t ructure .  An  ionic flow 
subst i tu t ing  new ions in ~ a lumina  also produces  g rad -  
ual  changes in i ts bu lk  res is t iv i ty  which  must  be con- 
s idered in in te rp re ta t ion  of any I / V  sweep data. Cor-  
rect ion for IR drop in cyclic vo l tammetry ,  for  example ,  
becomes difficult. 

Conclusions 

I t  is c lear  that  H~O and Ha can be oxidized at  a 
P t /~  a lumina  in te r face  to ionic species mobi le  wi th in  
the  ~ a lumina  s tructure.  Oxidat ion  of H20, in par t i cu-  
lar,  must  be considered in any  exper imenta t ion  assum- 
ing blocking behavior  at  a P t /~  a lumina  in ter face  or 
its equivalent .  The presence of t race wa te r  is su re ly  
responsible  for the sa t is factory  behav ior  of P t  and Au  
contacts in low f requency  impedance  measurements  
on Na+-~  a lumina  (S-5).  

Manuscr ip t  submi t ted  Dec. 4, 197.5; revised manu-  
script  received ca. Feb. 2, 1976. 

Any  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the  December  1976 
JOURNAL. Al l  discussions for the December  1976 Dis-  
cussion Section should be submi t ted  b y  Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by General Electric Company. 
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Effect of Water on Beta Alumina Conductivity 

F. G. W i l l *  

Genera! Electr.ic Company, Research and Development Center, Schenectady, New York 12301 

Wate r  or its cat ions have  recen t ly  been shown by  
severa l  groups to enter  the  crys ta l  la t t ice  of sodium 

alumina.  By r epea ted ly  t rea t ing  smal l  p a lumina  
crystals  in boil ing concentra ted  H2804, Saa l fe ld  et al. 
(1) could show that  most  of the 4% sodium was re -  
placed by  hydron ium ions, accompanied by  an increase 
of the c-axis  by  0.125A. The la rger  par t  of the water ,  
associated with  the  protons,  desorbed when  heat ing to 
be tween  400 ~ and 700~ and adsorbed revers ib ly  when  
cooling to 160~ in moist  air. A gradua l  increase of the  
c-axis,  amount ing  to 0.09A in 96 hr, was also observed 
by  Roth  and Mitoff (2) when  exposing ~ a lumina  
powder  to moist  air.  

Suppor t ing  evidence for  the pene t ra t ion  of ~ a lumina  
by  p ro tona ted  species also comes f rom inf ra red  spect ra  
(3). Beta a lumina  exposed to moist  a i r  for severa l  
hours shows a broad  absorpt ion  band indicat ive  of 
molecu la r  water .  The band  d isappears  when  heat ing 
to 300~ in d ry  argon. Fur the rmore ,  NMR resul ts  on 
a lumina  powder  exposed to moist  air  (4) suggest  the 
presence of both wa te r  and mobile  protons in the con- 
ducting planes,  in agreement  wi th  Saal fe ld ' s  results.  
The character is t ic  1H NMR absorpt ion peaks  d isappear  

* Electrochemical Society Active Member. 
Key words: solid electrolyte, ~ alumina, ionic conductivity, hy-  

dronium ion exchange. 

on heat ing to 230~ in d ry  ni trogen,  indica t ing  desorp-  
t ion of the water .  

Whi le  there  is clear  evidence for  the  pene t ra t ion  of 
a lumina  b y  pro tona ted  species, no de ta i led  in fo rma-  

t ion is ava i lab le  regard ing  its effects on resis t ivi ty.  Yet  
such effects are  expected and are  significant for  the 
efficient use of ~ a lumina  in bat ter ies ,  in par t icular ,  
those opera t ing  near  ambien t  t e m p e r a t u r e  (5). 

The presen t  pape r  establishes for  the case of dense 
s in tered ~ a lumina  (a) the role of wa te r  vs. tha t  of 
hyd ron ium ions and the mechanism b y  which  these 
species enter,  (b) the  magni tude  of the res is t iv i ty  
changes, and (c) the  effects of wa te r  exposure  on in-  
t r ag ra in  and gra in  bounda ry  conduct ivi ty.  

Experimental 

Exper iments  were  carr ied  out  on s in tered sodium 
a lumina  disks of 3 cm d iameter  and  0.15-0.3 cm th ick-  
ness. The ma te r i a l  has the  approx ima te  composi t ion 
N a 2 0 . 8 . 5  A1203, contains 0.5% MgO and 0.5% Y203 
by  weight  and has a densi ty  of about  99% of the  theo-  
re t ical  value  3.24 g / cm 3. I t  has an average  gra in  size 
of 10~ and is nonpermeab le  to helium. Detai ls  r ega rd -  
ing the ceramic processing are  publ i shed  e lsewhere  
(6). 
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The a-c impedance was measured by placing the 
a lumina  disk between two circular platinized plat i-  
num electrodes of 2.5 cm 2 area and porous polypro-  
pylene spacers of 0.05 cm thickness, saturated with 
1N I~ in a solution of 1N NaI in quartz-dis t i l led pro- 
pylene carbonate. The contr ibut ion of the electrodes 
and spacers to the impedance was established sepa- 
rately and corrected for. The d-c resist ivity was de- 
te rmined from the l inear  polarization curves between 
0 and 10 ~A/cm 2 and the a-c impedances were obtained 
either with an a-c impedance bridge or with a setup 
described elsewhere ( 7 ) .  Determinat ions of pH were 
made in  N2-stirred quartz-dis t i l led water, using a pH 
meter. Finally,  dynamic water  vapor absorption was 
carried out w i t k  a thermobalance in  flowing ni t rogen 
with a precision of _10 #g. 

Results and Discussion 
Occlusion o~ water.--Curve 1 in  Fig. 1 shows the oc- 

clusion of water  by a ~ a lumina  disk of 0.15 cm thick- 
ness dur ing exposure to a s tream of water  vapor (23 
Tort)  in N2 at 25~ The disk had been previously 
dried by heating to 900~ in  air for 16 hr. The two 
salient features of this curve are: (i) No s t ra ight- l ine  
port ion is obtained in the ~/t-plot  and (it) saturat ion is 
essentially reached in 30 rain to the extent  of 1.5.10 -5 
moles H20/cm 2 ~ alumina, equivalent  to a weight in-  
crease of 0.1%. The same weight increase is observed 
when exposing the p a lumin  a to l iquid water  for equiv-  
alent  lengths of time. Dynamic water  absorption at 
50~ leads to only half  the weight increase. By heating 
the p a lumina  to 900~ in air, all the water  is removed 
and the original state regenerated. 

The absence of a ~ - r e l a t i o n s h i p  (or [1 -- a exp 
(--bt) ]-relat ionship for times approaching saturat ion)  
shows that the observed fast occlusion of water  by .~ 
a lumina  is not determined by a lattice or grain bound-  
ary diffusion process. This conclusion is substant iated 
by the fact that unreasonably  large diffusion coeffi- 
cients for water  in ~ a lumina  (,~5.10 -5 cm2/sec) 
would have to be assumed to explain the short t ime to 
reach saturation. The rapid occlusion of water  may be 
rationalized by the penetra t ion of microporeso and 
cleavage planes, followed by adsorption and possibly 
capil lary condensation. Water - induced cleavage of la t -  
tice planes may be an impor tant  aspect of this mecha- 
nism. We have observed water - induced cleavage on 
a lumina  single crystals, and the phenomenon is also 
known  to occur on other layer  structures, such as mica. 

Hydronium ion exchange.--The pH of water  rises 
dist inctly with t ime when p alumina, previously air-  
dried at 900~ is exposed to water. The pH increase is 
a quant i ta t ive  and sensitive measure for the exchange 
of I-I~O + in the water  against Na + ions in  the crystal 
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Fig. 1. Water occlusion and hydronium ion exchange (right 
ordinate) and d-c and a-c resistivity (left ordinate) of sintered 
dense fl alumina as a function of time of exposure to water. 

lattice. This ion exchange should be accompanied by a 
slight decrease in the weight of ~ alumina.  Actually, 
this effect is masked by the increase in weight due to 
the occlusion of water, occurring simultaneously.  

Curve 2 in  Fig. 1 shows the n u m b e r  of moles I-~O + 
exchanged for Na + in  a 3 mm thick ~ a lumina  disk 
dur ing exposure to disti l led water  at 25~ In  contrast 
to the penetra t ion of ~ a lumina  by  water, the penet ra-  
tion by I~O + ions is proport ional  to ~/t, the rate of 
penet ra t ion  is three order of magni tude  smaller  
(1.5-10 - s  moles/cm2 in  1 hr)  and no sa turat ion is ob- 
served in days. 

This behavior is characterisic of a nonsteady-sta te  
diffusion process. The slope of the straight line, curve 
2 in Fig. 1, is given by 2Cs ~/D/~ (8), where  cs and D 
are the solubili ty and diffusion coefficient of H30 + in  

alumina.  Values for cs and D individual ly  are pres-  
ent ly  not known. An upper l imit  of Dmax : 3.5"10 - s  
cm2/sec is established by the absence of saturat ion in 
140 hr. This is a reasonable value as it falls into the 
range of the known self-diffusion coefficients of Na + 
and K + in ~ a lumina  at 25~ namely,  4.0.10 -7 and 
9.6.10 -9 cm2/sec (9). For uniform I~O + distr ibution 
in the ~ alumina,  the solubil i ty corresponding to Dmax 
is 1.8"10 -8 moles H30+/cm 3, equivalent  to a mole ratio 
H80+:Na  + ~ 1:4000. The extent  of ion exchange in  
H20 at 25~ is thus very small  compared to the ratio 
H30 + : Na + = 1:1 obtained by repeated t rea tment  in 
boiling H2SO4 (1). 

Resistivity changes.--The exchange of H80 + against 
Na + ions is expected to affect the resist ivi ty of 
alumina.  We have determined the changes in d-c and 
a-c resistivity (at 1 kHz) that  accompany the ex- 
posure of dry sintered ~ a lumina  to water  or water  
vapor for increasing lengths of time. Curves 3 and 4 
in Fig. 1 show that  both resistivities increase signifi- 
cantly and proport ional  to N/~ without  showing evi- 
dence for saturation. This behavior  parallels that found 
for the H~O + exchange and is radically different from 
that observed for H20 occlusion. For the dry  sample 
(t ---- 0), the d-c resistivity is only slightly larger than 
the a-c resistivity. However, with increasing exposure 
to water, the former rises considerably faster, indi-  
cating increasing capacitive effects due to I~O + diffu- 
sion. The original low resistivity values can be re-  
established by air drying at 900~ 

Assuming the resistivity increase to be caused by 
H~O + diffusion into the lattice, one arrives at a model 
of a band of high-resist ivi ty material  penetra t ing into 
low-resist ivi ty mate r ia l  with the thickness of the lat ter  
progressively decreasing. Trea tment  of this simple 
model of two resistivities in  series yields the expres-  
sion p (t) -- p~ + 2~pH~ ~r with p~ and pH~ the re-  
sistivities of dry and hydrated ~ a lumina  and d the 
sample thickness. The agreement  between observed 
and predicted behavior  indicates that  H~O + diffusion 
into the lattice, not water  occlusion, causes the re-  
sistivity increase of ~ a lumina  when  exposed to water. 
Since identical effects are observed on exposure to 
water  vapor, it appears that mul t i -molecular  adsorp- 
tion and capillary condensat ion [see, for example, 
Ref. (10)] in micropores and cleavage planes are 
necessary precursors for H30 + exchange. Only after 
l iquid water  has been formed, can ion exchange pro-  
ceed with concurrent  formation of NaOH in pores and 
rifts. 

The effects of water vapor on resist ivity are con- 
sistent with the long- te rm increase of the Co lattice 
parameter  (2). This and the fact that complete H~O + 
exchange leads to an even larger increase in Co (1) is 
addit ional evidence that H80 + exchange causes the 
observed resist ivity increases. 

Grain boundary vs. intragrain ef]ects.--The mathe-  
matical  t rea tment  of I-IzO + diffusion employs a c o n -  
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Fig. 2. Specific impedance of dry and moist slntered fl alumina 
as a function of frequency. 

t i nuum model with effective resistivities. As such it 
averages over in t ragra in  and grain boundary  effects. 
However, it  is of interest  to know whether  the large 
resist ivity increase is main ly  associated with hydron-  
ium ions in the lattice of the crystal  grains or their 
boundaries.  

The frequency dependence of the ~ a lumina  im-  
pedance (7, 11) allows a dist inction between these two 
effects. Figure 2 shows the absolute value of the spe- 
cific impedance plotted against the logari thm of the 
frequency. All  three curves exhibit  an upper  l imit  of 
the impedance at low frequencies, a decrease in  a range 
from 1 to 10~ Hz and a lower impedance l imit  at fre- 
quencies larger than 50 kHz. The impedance l imit  at 
high frequencies is relat ively insensitive to water ex-  
posure of ~ alumina, increasing from 440 ohm-cm for a 
dry disk (lower curve) to 530 ohm-cm for the same 
disk after long- te rm exposure to water  and water  
vapor (upper curve).  On the contrary, the specific im-  
pedance at its low-frequency l imit  is exceedingly sen-  
sitive to water  exposure: It increases from 675 ohm-cm 
for the dry disk to 1780 ohm-cm after 2 hr  in  water  
and 16 hr in moist air and to 8600 ohm-cm after an 
additional 2 weeks in moist air. 

Powers and Mitoff (7) studied the impedance of s in-  
tered ~ a lumina  with different grain size. They found 
that (a) the high-frequency limit is essential ly iden-  
tical to the grain or crystal resistivity, pc, (b) the low- 
frequency l imit  is determined by both the crystal and 
grain boundary  resistivity, Pb, and (c) the crossover 
frequency is inversely proportional to the grain bound-  
ary capacity, Cb. Due to the random orientat ion of the 
crystal grains, the high-frequency l imit  of the specific 
impedance is about 30% larger than the crystal re-  
sistivity. Hence, we obtain for pc values of 290 ohm-cm 
for dry  and 350 ohm-cm for moist ~ alumina.  With a 
measured average grain size of 10 -3 cm and an as- 
sumed grain boundary  width of 5.10 -8 cm, we have 
computed the following values for pb and Cb; Pb in-  
creases from 4.7.106 ohm-cm for dry ~ a lumina  to 
2.5.10~ ohm-cm for shor t - term exposure to moisture 
and to 1.6.10 s ohm-cm for long- term exposure; the 
grain boundary  capacities Cb/A for the three cases are 
460, 160, and 33 #F /cm 2. The effect of hydronium ions, 
diffusing into sintered ~ a lumina  when exposed to 

water, is such as to significantly raise the gra in  bound-  
ary resistivity and lower the grain boundary  capacity. 
The concurrent  rise in  crystal resist ivity is relat ively 
minor,  i.e., only 20%. 1 The association of I-hO + ions 
with the grain boundaries  explains why relat ively 
small amounts, (HsO+:Na + ---- 1:4000) have such sig- 
nificant effect on the resist ivity of sintered ~ alumina. 

On ~ a lumina  tubes of very much different process- 
ing history, Powers and Mitoff obtained typical values 
of pc betwen 80 and 90 ohm-cm, pb be tween 1.5 and 
4.107 ohm-cm, and CD/A between 50 and  100 #F/cm2. 2 
The agreement  with the values of Pb and  Cb/A obtained 
in  this study is good, considering the strong effect 
of ~ a lumina  composition (7) and moisture. However, 
pc in  this study was found considerably larger (290 
ohm-cm) than the above values or the 72 ohm-cm ob- 
tained on Monofrax single crystals (12). These dis- 
crepancies may be due to the different Na-content  of 
the different samples, i.e., Na: A1 = 1:8.5 in  the present  
study vs. 1:7.9 in  Ref. (7) and 1:9.4 in Ref. (12). 

Conclusions 
When sintered ~ a lumina  is exposed to water  o r  

water  vapor, two processes occur s imultaneously:  (i) 
the rapid exothermic occlusion of water, probably  by 
micropores and cleavage planes, reaching saturat ion 
wi th in  a fraction of an hour and (if) the slow diffusion 
of hydronium ions into the crystal lattice, leading to 
ion exchange with the sodium ions in the conducting 
planes, with no evidence for saturat ion wi th in  days. A 
pronounced increase in the # a lumina  resistivity ac- 
companies the exchange of even a small fraction of the 
sodium ions. The effect of hydron ium ions is such as 
to raise the resist ivity and lower the capacity of the 
grain boundaries  by more than  an order of magnitude.  
The concurrent  rise in  in t ragra in  resist ivity amounts  
to only 20%. 
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1 W h i t t i n g h a m  and  Hugg ins  (12) be l ieve  to h a v e  ev idence  for a 
lower ing of the  res i s t iv i ty  of Monof rax  fl a lumina  crystals  due  to 
moisture.  

-~ The capacit ies Cb' repor ted  by  Powers  and  Mitoff (7), i.e., 0.012- 
0.02 ~F/cm,  per ta in  to an equ iva len t  circuit  and  are related to the  
grain  boundary  capaci ty Cb by Cb = Cb" A / d e ,  where  de = average  
gra in  size. 
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Dopant Effects on D-C Dynamic Scattering 
in a Liquid Crystal: Microscopic Pattern Studies 

Hong Sup Lim*  and J. David Margerum 

Hughes Research Laboratories, Malibu, California 90265 

Our studies on the microscopic pat terns  of d-c 
dynamic scattering (DS) show that  the electrochemical 
properties of dopants determine the dominant  charge 
inject ion reaction, direction of l iquid crystal  (LC) 
flow, and location of the LC turbulence.  This report  
compares different dopants (an electron acceptor, an 
electron donor, and a nonreact ive salt) in an ester LC. 
These results differ subs tant ia l ly  from earlier micro- 
scopic observations (1,2) of d-c DS in  other LC's, bu t  
are consistent with our studies (3) showing that redox 
dopants (donors and acceptors which readi ly undergo 
reversible electrochemical reactions in the LC) give 
d-c DS at lower threshold voltages as well as giving 
higher scattering levels and much longer lifetimes than 
salt dopants. 

A nematic  LC (4) designated as HRL-2N10 is used. 
It has a nematic  range of about 18~ ~ a dielectric 
anisotropy of ~ ~ --0.12 (25~ 500 Hz) and a bi re-  
f r ingency of ~n ---- 0.14 (25 ~ 545 nm) .  In  the undoped 
state, it is highly resistive (s --_ 3.8 • l0 ll ohm-cm at 

_L 
100 Hz) and does not show DS effects. The salt dopant 
used is t e t r abu ty l ammonium tr if luoromethanesulfonate 
(TBATMS) ; the acceptor is (2,4,7-trinitro-9-flu- 
o renyl idene)malononi t r i l e  (TFM);  and the donor is 
d i -n-buty l fe r rocene  (DBF).  

Electrochemical studies (5) in solvents containing 
0.1M te t r abu ty l ammonium perchlorate show decom- 
posit ion potentials (vs. saturated calomel electrode) of 
the LC components at about + 1.7V (in acetonitrile) for 
oxidation and --2.2V (in d imethylformamide)  for re-  
duction. The formal reduct ion potentials (in acetoni- 
tri le vs. SCE) for the reversible electrode process of 
the redox dopants are quite low, e.g., 0.03V for TFM 
and 0.32V for DBF. Thus when the LC contains TFM or 
DBF, the electrochemical reactions of these dopants 
should be a dominant  factor in  the passage of current  
through the LC (6). This is confirmed by using a 
polarizing microscope to observe the direction of LC 
flow between electrodes. Test cells (Fig. 1) a r e  made 
by sandwiching the LC between a substrate  containing 
two thin-f i lm t ransparent  electrodes and a glass cover 
plate with a 51 ~m thick Mylar  spacer. This cell 
geometry is chosen to allow space for the back flow of 
the LC outside the area of observation, i.e., in the 
per iphery  of the cell where the field is low. The LC is 
aligned paral lel  to the surface of the glass and per-  
pendicul,ar to the electric field by a rubb ing  technique. 
With TFM added, the LC flow is predominate ly  from 
the negative to the positive electrode, while with DBF 
added the p redominant  LC flow is from positive to 
negative. When equimolar  mixtures  are added, the LC 
flow in  each direction is approximately balanced, 
.which is also the case when the salt dopant  is used. 
These flow pat terns are observed by the movement  of 
dust particles in  the LC. The flow directions are also 
confirmed by studies in tubu la r  cells with screen 
electrodes and sidearm capillaries to indicate the pres-  
sure effect of the LC flow. 

'The direction of the LC flow is consistent with a 
unipolar  space charge inject ion followed by the prop- 
agation of the space charge under  the influence of the 
applied electric field, .as previously observed (2) or 
discussed (7) by others. Our results indicate that  in 
the presence of TFM unipolar  inject ion of negative ions 

* Electrochemical  Society Act ive Member .  
Key  words :  rc~.cx ,iopant, salt dopant,  charge  inject ion,  l iquid 

crystal  flow. 

is probably  dominan t  (TFM + e -  = T F M - ) ,  followed 
by the reverse reaction at the positive electrode. 
Similar ly  with DBF, unipolar  inject ion of positive 
ions is pro,bably dominant  (DBF _-- DBF + -F e - )  fol- 
lowed by the reverse reaction at the negative electrode. 
A simultaneous bipolar  inject ion occurs when  both re-  
dox dopants or when the salt is present. However, when 
the dopant  is a nonreact ive salt, LC radical ions (8,9) 
are probably formed at the electrodes. 

Scattering pat terns with the different dopants at 
various applied voltages are shown in  Fig. 2. (No 
scattering was observed with the salt dopant  at 40V.) 
With the salt dopant, the scattering pa t t e rn  has a l ine 
structure which contains a l ternat ing lines originating 
from each electrode. Thin  flow lines of LC are ini t ia ted 
from each electrode at the same t ime and propagate 
toward the opposite electrode. Dust particles move 
along the lines in  the direction of the propagation, 
indicating that the lines are caused by LC flow. These 
effects are similar  to Williams domains (10), in which 
the source of the LC hydrodynamic  mot ion has been 
well analyzed (11-13). However, with a redox dopant  
the general  appearance of the scattering pa t te rn  is 
quite different. Turbu len t  motions of LC are observed 
at lower voltages, without  formation of a regular  l ine 
structure.  The turbulence  is init iated from one elec- 
trode and propagates toward the other. Except at very  
high voltages, the turbulence  does not reach the op- 
posite electrode but  remains  localized near  the elec- 
trode where it was initiated. The most interest ing 
observation is that  the turbulence  is init iated from the 
negative electrode when  the dopant  is the donor and 
from the positive when the dopant is the acceptor, 
while the charge inject ion and the l iquid crystal flow 
are in the opposite directions. Dust particles move 
from the rear of the non tu rbu len t  electrode toward 
the tu rbulen t  electrode and travel  across it. 

When the redox dopant is a balanced mix ture  of the 
acceptor and donor, the turbulence  occurs more 
randomly.  At low voltages turbulence  begins at both 

(a) ••IUM 
I ~  / TIN 

~ J  / I / OXIDE 
, / "  GLASS j / /  I / 

~;2" / v 

4-702-2 

- /  . . . . . . . . . .  /,~-. i . . . . . . . . . . . . . . .  J -~" SPACER 
(b) ~-:, 

Fig. 1. Test cells for microscopic pattern studies of d-c DS. (a) 
Substrate with electrodes. (b) Cross section of assembled cell, with 
S ,~ 380 ~m and I ~ 51 ~m. The microscope view is from the top, 
perpendicular to the applied field. 

837 



838 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY June 1976 

Fig. 2. Photographs of the mi- 
croscopic patterns of DS. (a) 
Schematic view of the electrodes. 
(b) 0.0004% TBATMS (p 
5 X 109 ohm-cm; S --  350/~m). 
(c) 0.5% TFM (p ,~ 5 X 109 
ohm-cm; S ~ 400 Fro). (d) 0.5% 
DBF (p ~ 3 • 10 l~ ohm-cm; 
S - -  375 ~m). The polarizers are 
crossed, with the analyzer per- 
pendicular to the direction of the 
LC alignment. 

electrodes and also be tween them, al though to a lesser 
extent. Regions of flow may appear, but  the over-al l  
,effect is more l ike a combinat ion of pictures from ~he 
individual  redox dopants than  that of the salt dopant  
~finger patterns.. The onset of turbulence  occurs at 
lower  voltages with redox dopants (single or mixed) 
than  with salt dopants, and the LC turbulence is 
greater  at a given voltage. Similar  results are observed 
wi th  the same LC between t ransparent  electrodes in 
conventional  fiat panel  cells (3). 
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This Discussion Section includes discussion of papers appear ing  
in the Journal of The Electrochemical Society, Vol. 118, No. 1; Jan-  
uary  1971; and Vol. 122, No. 7, 9, 10, 11, and 12; July,  September ,  
October, November ,  a~d December  1978. 

Electrochemical Properties of RbAgJ5 Solid Electrolyte 
I. Conductivity Studies 

B. Scrosati, G. Germano, and G. Pistoia (pp. 86q89, Vol. 118, No.l) 
K. Shahi: 1 In  the above paper the authors have re- 

ported some thorough and systematic investigations 

1Depa r tmen t  of Physics, Univers i ty  of Gorakhpur ,  Gorakhpur  
273001, India. 

on a great ly interest ing solid electrolyte, RbAg4Is. 
They have reported the specific conductivi ty also as 
a function of pellet compression pressure in  the range 
0-5600 kg/cm 2. The conduct ivi ty increases, as expected, 
with increasing compression pressure and becomes 
highest (~ ---_ 0.243 _--+ 3% ohm -1 cm-1 at 25~ at 
the pressure of 1200 kg/cm 2. At pressures higher than  
1200 kg/cm 2, they have observed a uni form decrease 
in conductivi ty up to the highest pressure (5600 kg /  
cm 2) employed, and a t t r ibute  it to a certain decom- 
position of the electrolyte or some possible phase 
changes. 



VoI .  123,  No .  6 DISCUSSION SECTION 839 

We, in our series of measurements  on high con- 
duct ivi ty solid electrolytes,2 have found for all the 
solid electrolytes including RbAg4Is, that the con- 
duct ivi ty  increases as the compression pressure in -  
creases and attains a max imum value (0.26 • 3% 
ohm-1 cm-1 at 30~ for RbAg415 pellet compressed 
at 1500 kg/cm 2) as usual, and remains constant  for 
the higher pressures, examined up to 3900 kg/cm 2, 
unl ike  that  observed by Dr. Scrosati. 

The conductivi ty of polycrystal l ine RbAg415 has 
also been measured by  Dr. OwensZ and Dr. Raleigh. 4 
Owens reports a conductivi ty of 0.30 ohm -1 cm - I  at 
30~ for a pellet which was compressed at ,~36,00 
kg/cm 2 while Raleigh reports 0.28 _ 0.3% ohm -1 cm -1 
at 25~ for the pellets compressed in  the pressure 
range 1600-3200 kg/cm 2. Both results are free from 
any contact resistance and are in  excellent agreement  
if the tempera ture  dependence ~actor of 1.04% per  
~ 5 is considered. 

If the electrolyte RbAg415 undergoes some phase 
changes or dissociates to some nonconduct ing mater ia l  
when  compressed at pressures higher than 1200 kg /  
cm 2, as observed by Scrosati e t  al.; the la t ter  inves t i -  
gations, z,4 should seldom give the highest values of 
conductivity, and, furthermore,  which are in excellent 
agreement,  because in these investigations the pellets 
used are compressed at much higher pressures. As 
such there appears no evidence of dissociation of 
RbAg415 at higher pressures, at least up to 3900 kg /  
cm 2 and, therefore, the observation of Scrosati et al. 
would seem unlikely.  

B. Scrosati: 5a I thank  Dr. Shahi for hav ing  brought  
my  memory back to a paper  published in 1971 and 
work performed in  the now-far  1970 when  studies 
on RbAg415 and on solid electrolytes in general  were 
in  a very p re l iminary  stage. 

In  1976, after the large amount  of systematic work 
which has been carried out on the s t ructural  and 
thermodynamic properties of RbAg415, it is clear how 
the hypothesis of a decomposition or of a possible 
phase change of the electrolyte under  moderate pres-  
sure appears unrealistic.  To anyone just  a little familiar  
with work on solid ionic conductors it is obvious 
how the slight change in conductivi ty reported in our 
paper  was probably  due to electrode/electrolyte con- 
tact effects. 

I would like to remark  here how a discussion of a 
paper  to be real ly  proficient and scientifically s t imu-  
lat ing should be reported wi thin  a year of its publ ica-  
tion, as, on the other hand, has always, to my  knowl-  
edge, been the custom Of the JOt.reNAL. 

Catalytic Decomposition of Nitric Oxide on Zirconia by 
Electrolytic Removal of Oxygen 

S. Pancharatnam, R. A. Huggins, and D. M. Mason 
(pp. 869-875, Vol. 122, No. 7) 

K. J. L i m  and  M. Boudart :  6 In  the paper under  dis- 
cussion, Panchara tnam,  Huggins, and Mason compared 
the rates of nitric oxide decomposition on p la t inum 
reported by a number  of investigators. They concluded 
that the agreement  between data obtained by very  
different methods was quite good, except for data of 
Amirnazmi  e t  al., 7,s obtained in a flow system, in  the 
absence of oxygen in the feed. 

K. Shahi,  Ph.D. Thesis, G o r a k h p u r  Un ive r s i t y  (1975). 
B. B. Owens  and G. R. Argue,  Tlzis Journal,  117, 898 (1970}. 

4D. O. Raleigh,  J. Appl .  Phys. ,  41, 1876 (1970). 
~n .  B. Oweaa,s and  G. R. Argue,  Science, 157, 308 (1967). 
~a Ist i tuto di Chimica  Fisica e Elet t rochimica,  Un ive r s i t y  of l~ome, 

Italy.  
6 D e p a r t m e n t  of Chemical  Engineer ing ,  S tanford  Univers i ty ,  Stan-  

ford, California 94305. 
7 A. Amirnaz.zni and  1VL Boudar t ,  J. Catal., 39, 383 1975). 
s A. Amirnazmi ,  J.  E. Benson,  and M. Boudar t ,  ibid., 30, 55 (1973); 

A. Ami rnazmi ,  Ph.D. Thesis,  S tanford  Un ive r s i t y  (1973). 

In fact, the reported discrepancy disappears if t h e  
data are correctly extrapolated to the chosen s tandard 
comparison condit ion of 48 Torr  NO. A careful anal-  
ysis of the original papers shows that the data of the 
batch studies should all be extrapolated using a sec -  
o n d - o r d e r  dependence on NO rather  than  by the first- 
order extrapolat ion of Panchara tnam et aL The early 
data of Green and Hinshelwood, 9 though reported to 
be first order in NO, were actually fitted better  by a 
second-order expression, as shown by Bachman and 
TaylorlO whose own results were also second order. 
In  addition, the recent batch study of Panchara tnam,  
Lim, and Mason 11 presented evidence for a s e c o n d -  
order dependence. When their  results at three different 
NO pressures (400, 800, and 2260 Torr)  were extrapo-  
lated to 48 Torr using first-order kinetics, three dif- 
ferent curves resulted. However, extrapolat ion using 
their reported second-order rate expression yielded 
a single straight l ine for all the data. Fur thermore,  
Amirnazmi  et  aL 7,s have shown that NO decomposition 
on an oxygen-free Pt  surface at high tempera ture  
follows second-order kinetics. 

With the proper extrapolat ion carried out where 
needed, all the data summarized in Fig. 11 of the 
paper under  discussion are shown in  our Fig. 1. It  can 

9 T. E. Green and C. M. Hinshelwood, J. Chem. Soe., 129, 1709 
(1926). 

~o p. W. Bachman and G. B. Taylor, J. Phys. Chem. 38, 447 (1929). 
S. Pancharatnam, K. J. Lira, and D. M. Mason, Chem. Eng. Sei., 

30, 781 (1975). 
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Fig. 1. Comparison of various studies of the decomposition of 
nitric oxide on platinum, with initial rates expressed as turnover 
numbers, all data extrapolated to 48 Torr NO. Curve 1': porous Pt, 
open circuit; 2': nonporous Pt, open circuit (paper under discussion). 
Curve 1: porous Pt with electrolytic pumping of oxygen (paper 
under discussion); curve 2: nonporous Pt with electrolytic pumping 
(paper under discussion); curve 3: heated Pt wire (Ftnl~); curve 4, 
heated Pt wire (FtnlO); curve 5, heated Pt wire (Ftn9); curve 6, 
supported Pt/AI203 and Pt foil with 02 in feed, extrapolated to 
zero (02) (Ftn7"8); curve 7, Pt foil without 02 in feed, extrapolated 
to zero (02) (Ftnr'S). 
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be seen that there is good agreement  for the case of 
oxygen-free p la t inum between the batch studies 
(curves 3, 4, and 5), the flow experiments  wi th  no 
added oxygen (curve 7), and the electrochemical re-  
sults (curve 2). There is excellent accord for the 
oxygen-covered p la t inum case, curves 1" and 2' from 
the electrochemical results, and curve 6 from the flow 
experiments,  but  this is expected since Panchara tnam 
e t  al. chose  a r e a s o n a b l e  s u r f a c e - r o u g h n e s s  f ac to r  to  
c o n f o r m  t h e i r  da ta  to t h a t  of A m i r n a z m i  e t  at. 7,8 

In  conclus ion ,  t h e  a g r e e m e n t  in  t h e  NO d e c o m p o s i -  
t ion  r a t e s  a m o n g  the  va r ious  i n v e s t i g a t o r s  is s ignif i -  
c an t l y  b e t t e r  t h a n  p r e s e n t e d  by  P a n c h a r a t n a m ,  H u g -  
gins, and  Mason.  Indeed ,  t h e  a g r e e m e n t  is r e m a r k a b l e  

considering the widely different NO part ial  p r e s s u r e s  
studied (10-2260 Torr) ,  forms of p la t inum catalyst  
(p la t inum wire, p la t inum foil and p la t inum crystallites 
supported on alumina,  and sputtered p la t inum films 
on zirconia),  and methods of analysis (batch pressure 
drop technique, differential flow reactor analysis using 
gas chromatography, and electrochemical moni tor ing 
using an oxygen pump) .  More important ly ,  the agree- 
ment  between data reinforces the conclusion of Amir -  
nazmi et al. 7,8 that  oxygen is an inhibi tor  of the d e -  
c o m p o s i t i o n  of NO on plat inum, and the conclusion 
of Panchara tnam et al. that this inhibi t ion can be 
removed by electrochemical pumping.  

Techniques for the Measurement of the Viscosity of a 
High Vapor Pressure Organic Electrolyte 

H. Y. Kang and P. Bro (pp. 1155-1160, Vol. 122, No. 9) 
C. R. S c h l a i k j e r  a n d  N .  M a r i n c i c 9  2 We w o u l d  l ike  to 

call  a t t e n t i o n  to Fig. 5 in  t h e  p a p e r  u n d e r  d iscuss ion,  
w h e r e  t he  a u t h o r s  p r e s e n t  da ta  fo r  t h e  d e n s i t y  of e l ec -  
t r o ly t e s  p r e p a r e d  by  m i x i n g  l iqu id  s u l f u r  d iox ide  w i t h  
va r ious  po r t i ons  of a c e t o n i t r i l e - p r o p y l e n e  c a r b o n a t e -  
l i t h i u m  b romide .  The  m e a s u r e d  specific d e n s i t y  of p u r e  
l iqu id  su l fu r  d iox ide  is r e p o r t e d  13-17 in  Tab le  I. 
S o m e w h e r e  b e t w e e n  90 w / o  SO2 a n d  p u r e  SO2, t h e  
specific g r a v i t y  of t he  e l e c t r o l y t e  w o u l d  h a v e  to d e -  
crease with increasing SOs content in order to corres- 
pond with the literature values for the specific gravity 
of pure liquid SO2 (see Table II). Based on the re- 
ported .data of Kang and Bro, we have calculated the 
partial specific density of liquid sulfur dioxide as a 
function of the SO2 content of these mixtures. Accord- 
ing to Kang and Bro, the specific gravity of the electro- 
lyte is proportional to the square of the weight fraction 
of S02 

p = kX2 + C 

where p = solution specific gravity, g cm-3; X = 
weight fraction of S02 (0.3-0.9) ; k and C are constants. 
We wish to find aV/aM cm 3 g-1 where V = volume, 

GTE Laboratories, Waltham, Massachusetts 02154. 
~E. W. Washburn, Editor, "International Critical Tables," Mc-  

Graw-Hil l ,  New York (1928}. 
1~ Andreef, Ann. Chem., 110, 1 {1859). 

Cailletet and Mathias, J. Phys. Radium, 5, 549 (1886). 
1~ Cardoso, Arch. Sci. Phys. Nat., 34, 127 (1912). 
17 Lan,ge, Z. Angew. Chem., 12, 275 (1899). 

cm 3 and M = weight of SO2, g for l iquid sulfur  dioxide 
based on the data of Fig. 5, and compare the results 
with the l i terature  values for pure SO2. Since 

M S X  
X ---- and M _ - -  [1] 

1 - x  

where S = weight of AN, PC, and LiBr, g (LiBr:AN: 
PC = 3:10:5.13) 

S+M S+M 
V -- - -  -- 

k X  2 + C k X  2 + C 

(1 - -  X )  ( k X  2 + C )  
[2] 

OV OV OX 
- - -  - -  x - -  [3] 
OM OX OM 

aM S OX (1 -- X) 2 
_ �9 [4] 

OX (1 - X)~ ' aM S 

a V  - - S ( - - 3 k X  2 + 2 k X  - -  C )  
= [5] 

a x  (1 - -  X ) 2 ( k X  2 + C) 2 

a V  3 k X  2 - -  2 k X  + C 
[6]  

a M  ( k X  2 -~- C) 2 

Using the data presented in Fig. 5 and C ---- p when X 
= 0 and k ---- Ap/A (X 2) we find the results as indicated 
in  Table III. 

Table I 

Temp ~ C -- 40 -- 20 0 20 30 50 70 

Specific density 0.6523 0.6739 0'.6974 0.7231 0,7375 0.7722 0,8137 
cm a g-1 

Specific gravity 1.533 1.484 1.434 1.383 1.856 1.295 1.229 
g cm -~ 

Table II 

Temp 
~ 

Electrolyte 
specific 

gravity at 
89.1% SO2 

Specific 
gravity of 
liquid SO2 

--40 
--20 

0 
20 
30 
50 
70 

1.570 g cm 
1.525 
1.490 
1.443 
1.415 
1.366 
1.32 

1.533 
1.484 
1.434 
1.383 
1.356 
1.295 
1.229 

Per cent 
differ- 
ence 

--2.4 
--2.7 
--3.8 
--4.2 
--4.2 
--5.2 
--6.9 

E v a l u a t i n g  Eq. [6] fo r  va r ious  va lues  of X and  t e m -  
p e r a t u r e ,  w e  find t h e  r e su l t s  in  Tab le  IV. 

The  va lues  of  a V / a M  m o s t  n e a r l y  m a t c h  those  of 
p u r e  l iqu id  SOe for  l ow va lues  of X. A t  h i g h e r  va lue s  
of X ,  O V / a M  b e c o m e s  s m a l l e r  t h a n  t h e  specific d e n s i t y  
of  t he  p u r e  s o l v en t  ( l / p ) .  I f  t h e  d a t a  in  Fig. 5 a re  
cor rec t ,  t h e y  w o u l d  sugges t  t h a t  t he  l i t h i u m  b r o m i d e ,  
ace ton i t r i l e ,  and  p r o p y l e n e  c a r b o n a t e  occupy  spaces  
b e t w e e n  the  SO2 mo lecu l e s  in  so lu t ions  w i t h  h i g h  
SO2 con ten t .  

T h e  r e p o r t e d  da t a  a re  no t  n e c e s s a r i l y  i n c o n s i s t e n t  
w i t h  t h e  l i t e r a t u r e  va lues  fo r  p u r e  l i qu id  s u l f u r  

Table III 

Temp ~ 

C (g cm~) 
k (g em ~) 

--4O 

1.12 
0.513 

--2O 

1.10 
0.490 

0 

1.08 
0.468 

20 

1.065 
0.425 

80 

1.08, 
0.425 

50 

1.03 
0.413 

70 

1.01 
0.375 
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Table IV 

R e p o r t e d  
P a r t i a l  spec i f i c  d e n s i t y  o f  SO2 ir~ t h e  spec i f i c  

T e m p  e l e c t r o l y t e  a t  v a r i o u s  w e i g h t  f r a c t i o n s  o f  SO~ d e n s i t y  
~ l/~SO~ 

O~ 0.4 0.5 0.6 ON O ~  0.9 

- -40 0.669 0,661 0.637 0.622 0.615 0.612 0.612 0.6523 
- -20  0.717 0.679 0.654 '0.639 0.632 0.629 0.629 0.6739 

0 0.735 0.697 0.672 0.657 0.649 0.646 0.646 0.6974 
20 0.760 0.724 0.699 0.684 0.675 0.672 0.671 0.7231 
30 0.768 0.731 0.706 0.690 0.682 0.679 0.678 0.7375 
50 0.785 0.747 0.722 0.706 0.697 0.694 0.693 0.7722 
70 0.814 0.777 0.752 0.736 0.727 0.723 0.722 0.8137 

dioxide, but  the most interest ing par t  of Fig. 5 has 
been  omitted. Perhaps the authors could have included 
specific gravi ty measurements  for pure SO2 along with 
the rest of their data, if their original purpose made 
it unnecessary to measure electrolyte specific gravities 
for values of X above 0.9. With the specific gravities 
for pure  SO2, the proposed quadratic funct ion cannot 
be valid above X -- 0.9. 

Table I. Relative concentrations of CI species detected in 
7-AI20~ film an aluminum samples pre-exposed to 

0.33M AI2(SO4)3 -I- 0.1M NaCI solution at various potentials 

Potential Relative concentra- 
(V vs. SCE) tion of CI (a/o)" 

- -  1.20"" 3 
-- 0.96 10 
-- 0.73 18 
-- 0.70 16 
- 0 . 6 7 " * *  16 

* R e f e r e n c e d  to a l u m i n u m .  
** Open-circuit potential. 

*** Eer  -- O.OIOV. 

Table II. Binding energies of CI 2p 3/2 electron for some chlorine 
species 

B i n d i n g  e n e r g y  (eV) * 

C1 d e t e c t e d  i~  ~-AI20~ f i lm  203.4 
AICI~ 204.1 
K C I  205.4.5"" 
KCIO~ 215.0""  

�9 R e f e r e n c e d  to C l s  l e v e l  a t  290 eV.  ~s 
�9 * F r o m  F t n  z~. On the Kinetics of the Breakdown of Passivity of 

Preanodized Aluminum by Chloride Ions 

z. A. Foroulis and M. I. Thubrikar 
(pp. 1296-1301, Vol. 122, No. 10) 

J. Augustynski  and J. Patriot: TM In  the paper under  
discussion, Foroulis and Thubr ikar  propose a mociel of 
passivity breakdown of a luminum by chloride ions, 
supported essentially by their invest igat ion of the in -  
duction t imes for pi t t ing nucleat ion on preanodized 
a l u m i n u m  in neut ra l  chloride solutions. The postu-  
lated mechanism involves adsorption of C1- ions on the 
a luminum oxide-solut ion interface at the critical po- 
tent ial  and the subsequent  localized dissolution of the 
oxide film via formation of a soluble, basic a luminum 
chloride salt. These suggestions, substant ia l ly  different 
from models of the passivity breakdown discussed 
earl ier  in  l i terature,  19~ call for comment.  The mecha-  
nism proposed by Foroulis and Thubr ikar  implies that 
at potentials more negative than the critical pi t t ing po- 
tent ial  the interact ion between chloride ions and the 
hydrated oxide film is restricted to the oxide-solut ion 
interface. However, direct experimental  evidence 
exists that chloride ions become included in  the oxide 
film on a luminum before the critical pi t t ing potential  
(Ecr). II1 our s tudy ~4z5 by x - r ay  photoelectron spec- 
troscopy (XPS or ESCA) of the oxide-covered a lumi-  
n u m  exposed to chloride solutions we show that  the 
chlorine content  of the a luminum oxide film increases 
from ca. 3 a/o A1 atom at the open-circui t  potential  
(Est) to 16 a/o at Ecr --0.01V (Table I: 0.1N NaC1 

solut ion).  These XPS analyses were performed on 
samples prepolarized both in  weakly acid (pH 3) and 
in neut ra l  solutions; the results were similar. The film 
thickness being, in  the former case, less than the XPS 
effective depth (ca. 20-25A), 26 the relative C1 concen- 
trations given in Table I are, in  fact, the mean  C1 con- 
centrat ions in  the whole oxide film covering passive 
a luminum.  Consequently these results should be con- 
sidered as evidence for chloride ion incorporation into 
the a luminum oxide film at the potentials more nega-  
tive than  Ecr. Indeed, the mean  C1 concentrat ion of 16 

is L a b o r a t o i r e  de  Chi rn ie  e t  d ' E l e c t r o c h i m i e  A p p l i q u ~ e s ,  U n i v e r s i t ~  
de  G e n ~ v e ,  G e n ~ v e ,  S w i t z e r l a n d .  

~9 C. E d e t e a n u  a n d  U. R. E v a n s ,  Trans. Faraday Soe., 47, 1121 
(1951). 

~o M. A.  H e i n e ,  D.  S. K e i r ,  a n d  M. J .  P r y o r ,  T~is  Je~rnaI,  112, 24 
(1965). 

H.  B S h n i  a n d  H.  H.  U h l i g ,  ibid., 116, 906 {1969). 
~ J .  A.  R i c h a r d s o n  a n d  G.  C. W o o d ,  Corrosion Sci., 10, 313 

(1970). 
D.  A.  V e r m i l y e a ,  This Journal,  118, 525 1971}. 
J .  P a i n o t  a n d  J .  A u g u s t y ~ s k i ,  Electrochim.  Ac ta  20, 747 (1975).  
J .  Pa t r io t  a n d  J .  A u g u s t y n s k i ,  J. ElectroanaL Chem. ,  I n  press .  

s6 T h i s  o b s e r v a t i o n  is  s u b s t a n t i a t e d  b y  t h e  p r e s e n c e  of  a w e a k  AI" 
s i g n a l  ( m e t a l l i c  alumin~um) in  t h e  A1 2p  s p e c t r u m .  

a/o  is much too high to be assigned to ion adsorption 
on the hydrated oxide-solut ion interface, especially if 
one takes into account that the chloride ion action is 
localized in certain selected sites in the oxide film. Our 
XPS results also throw some light on the na ture  of 
the C1 bonding inside the oxide film. As shown in  
Table II, the binding energy of the C1 2p 3/~ electrons 
for C1 included in  the oxide film is somewhat lower 
than  the corresponding value for AICla, suggesting that  
C1- ions enter ing the a l u m i n u m  oxide lattice may form 
an a luminum oxychloride A1OC1. We would like to 
ment ion  that our XPS results concerning natural:  thin, 
a l uminum oxide films go in the same direction as an  
earl ier  work of Heine et aZ. 26 who investigated the C1- 
and SO42- incorporation into the a luminum oxide film 
formed by anodization. These authors have observed a 
marked decrease of the ionic resistance of the oxide 
film on the a luminum samples exposed to IN sodium 
chloride solution. Turn ing  to the paper of Foroulis and  
Thubrikar ,  we draw at tent ion to the fact that  the 
different pre t rea tment  (anodization) conditions of a lu-  
m i num may alter  its anodic behavior, not only because 
of the var iat ion in the film thickness, bu t  also owing to 
the modifications in the chemical composition of the 
film. As a matter  of fact, the SO4 ~- anion is incorpo- 
rated (up to 17%) into porous anodic films formed in 
sulfuric acid. '27 Thus, the increase of the critical pi t t ing 
potential  reported in  the paper under  discussion for the 
a luminum sample preanodized in  15% H2SO4 could be 
a l ternat ively  explained by an  inhibi t ing  action of sul-  
fate ions included in  the oxide lattice. 

Z. A. Foroulis: 29 We appreciate the comments by J. 
Augustynski  and J. Painot  and the summary  of their  
recent ESCA data on the composition of thin a luminum 
surface oxide films formed by exposing freshly pol- 
ished a luminum specimens in  electrolytes containing 
0.33M A12(SO4)z ~- 0.1M NaC1 solutions at various 
potentials. 3~ We believe that their results do not con- 
tradict our  postulated mechanism ~1-~3 of passivity 

~7 G.  C. Wood ,  in  " T h e  A n o d i c  B e h a v i o r  of  M e t a l s  a n d  S e m i c o n -  
d u c t o r s  S e r i e s , "  Vol.  2, J .  W. D i g g l e ,  Ed i to r ,  pp .  220-222, M a r c e l  
D e k k e r ,  Inc . ,  N e w  Y o r k  (1973). 

'~s C. K.  J C r g e n s e n  a n d  H.  B e r t h o u .  Mat. ]ys. Medd.  Danske  Vid.  
S e l s k a b ,  38, No.  15 (1972).  

e9 D e p a r t m e n t  of  M e t a l l u r g y  a n d  M a t e r i a l s  Sc i ence ,  N e w  Y o r k  
U n i v e r s i t y ,  N e w  Y o r k ,  N e w  Y o r k  10019. 

3o j .  P a i n o t  a n d  J .  A u g u s t y n s k i ,  Elec~rochirn. Acta,  20, 745 (1975). 
al Z.  A.  Forou l l s ,  in  " P r o c e e d i n g s  of  t h e  5 t h  I n t e r n a t i o n a l  C o n -  

g r e s s  on  Me ta l  C o r r o s i o n , "  N A C E  (1975). 
Z.  A.  F o r o u l i s  a n d  M. J .  T h u b r i k a r ,  This Journal,  122, 1296 

(1975). 
aJ zL A.  F o r o u l i s  a n d  M. J .  T h u b r i k a r ,  W e r k s t o ~ e  Korrosion,  2S, 

350 (1979). 
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breakdown involving adsorption of chloride ions on the 
a luminum-oxide  solution interface and subsequent  lo- 
calized dissolution of the oxide film via formation of a 
soluble basic a l u m i n u m  chloride salt. 

Under  the exper imental  conditions used by Au-  
gustynski and Painot, it is not surpris ing as their  
ESCA data indicate that  the oxide surface films formed 
on a luminum either as a result  of na tura l  immersion 
or by anodic polarization containing chloride ions. In  
their experiments,  the a luminum specimens, prior to 
being immersed in  solutions containing A12.(SO4)3 + 
NaC1, were freshly polished with emery paper, and 
under  these conditions, it is reasonable to assume that  
the a luminum electrodes were covered with a th in  
(about 25A) air-formed oxide film which is general ly 
considered to be an amorphous ~A1203. 34 On exposure 
to aqueous electrolytes, these thin films are known to 
thicken at a rate which depends, among other factors, 
on potential  and solution composition34-37 It is reason- 
able to expect that  dur ing the f i lm-thickening process, 
which may ini t ial ly involve at least part ial  dissolution 
of the th in  a i r - formed film, 8s anions including chloride 
ions from the electrolyte are likely to be incorporated 
wi thin  the oxide lattice formed dur ing  the oxide- 
thickening process. In  addition, a higher concentrat ion 
of chlorides is l ikely to be incorporated in  the oxide 
film when film thickening occurs at higher potentials. 

It is therefore our view that  the chloride ions found 
in the oxide films studied by Augustynski  and Painot  
have their origin not in a passivity breakdown process 
but  in a process of oxide film formation in solutions 
which contain chloride ions. This explains why chloride 
ions were found within  the oxide film at potentials 
lower than the critical pi t t ing potentials, at which pi t -  
t ing is not expected to occur)  9,40 The chloride ions, in 
the case of their  experiments,  were incorporated dur -  
ing the oxide formation (growth) process, which oc- 
curred at potentials lower than  the critical pi t t ing 
potential. 

In  the case of our experiments,  32,38 the kinetics of 
the passivity breakdown process was investigated us-  
ing preanodized a luminum specimens with barr ier  ox- 
ide films of considerable thickness and reasonably well-  
known structures. The barr ier  oxide films were formed 
in  solutions which did not contain chloride ions and 
therefore chloride ions could not be incorporated in the 
oxide film dur ing formation of these oxide films. In  
this case, the reasonably thick barr ier - type  oxide films 
are likely to be "stable" upon immersion in the test 
electrolyte during the passivity breakdown experi-  
ments, and  no fur ther  growth of the oxide film is l ikely 
to occur. The interact ion of such an oxide film with 
C1- in solution dur ing passivity breakdown experi-  
ments, according to our proposed passivity breakdown 
mechanism, should be restricted pr imar i ly  to the oxide 
solution interface and no significant chloride concen- 
trat ion should be expected wi thin  the oxide film mate-  
rial. 

This explanat ion is in accord with the recent find- 
ings of G. C. Wood et at., 41 who investigated the in ter -  
action of preanodized barr ier  oxide-covered a luminum 
surfaces with solutions containing chloride ions at dif- 
ferent potentials using secondary ion mass spectrom- 
etry. These authors reported that  chlorides were 
abundan t ly  present  on the oxide-solution interface, bu t  
they found no measurable  chloride within the oxide 
film material,  either as a result  of na tura l  immersion 
or by anodic polarization. 

a~ H. P. Godard, W. B. Jepson, M. 1%. Bothwell, and 1%. L. Kane, 
"The Corrosion of Light Metals," John Wiley & Sons, Inc,, New 
Y o r k  (1967). 

1%. K.  Ha r t ,  Trar~. Faraday Soc.,  53, 1(~20 (1957). 
H.  P. G o d a r d  a n d  E. G.  Tor r ib l e ,  Corrosion Sci., 10, 13S (1970). 

37 M. J .  P r y o r ,  ibid., 11, 463 (1971). 
3s K.  F. L o r k i n g  a n d  J .  E. O. M a y n e ,  J. Appl.  Chem., 11, 170 

(1961). 
39 Z. A. Foroulis and NI. J. Thubrikar, EIectrochim. Acta, In press. 
to H. B 6 h n i  a n d  H. H, Uhl ig ,  Tt~is Jo~r~val, 116, 906 (1969). 
~1 M. F. A b d  Rabbo ,  G. C. Wood ,  J .  A.  R i c h a r d s o n ,  a n d  C. K .  

J a c k s o n ,  .Corrosion Set., 14, 645 (1974). 

It is our view that  whether  or not chloride ions are 
l ikely to be incorporated in  the oxide film wil l  very 
much depend on the thickness and structure of the 
oxide film pre-exis t ing on the a luminum specimen 
prior to immersion in aqueous solutions containing 
chlorides. 

When an oxide-covered a luminum specimen is im-  
mersed in  an aqueous solution, the rate of migrat ion 
of a luminum ions toward the oxide-solution interface 
and therefore thickening of the pre-exis t ing oxide film 
will  depend on the over-al l  potential  drop (pd) be- 
tween the bulk  metal  and the bu lk  solution which is 
controlled either by an external  power source (e.g., a 
potentiostat) or by local action currents.  Adsorption of 
anions such as CI- ,  OH- ,  etc. from solution on the 
oxide surface will  also create an electrostatic field (due 
to image charges) which will  also tend to accelerate 
the outward migrat ion of a luminum cations and thus 
the thickening of the oxide film. 

When a luminum covered with th in  oxides, such as 
air-formed films or even th in  films formed by anodiza- 
tion, 42 is immersed in  an aqueous electrolyte containing 
CI- ,  the electrostatic field s trength across the oxide 
film at constant  over-al l  pd is sufficiently high, the rate 
of outward migrat ion of a luminum ions through the 
film is considerable, and film thickening occurs unt i l  
the oxide film reaches a thickness at which, for the 
given over-al l  pd, fur ther  migrat ion of a luminum ions 
through the oxide film becomes negligible. During the 
surface oxide film thickening process, inclusion of solu- 
t ion anions such as CI- ,  SO4 =, etc. in the oxide lattice 
is very likely to occur. 

However, when a luminum covered with relat ively 
thick oxide films, such as the bar r ie r  films used in  our 
work z2~8~ as well as those used by G. C. Wood, et al., 41 
is immersed in chloride-containing solutions, at con- 
stant  over-al l  pd, because of the higher thickness of 
the pre-exis t ing oxide film the electrostatic field 
s trength across the oxide film is lower and thus the 
outward migrat ion of a luminum cations is negligible, 
and thickening of the oxide film does not occur. This 
mechanism explains the results by Wood and co- 
workers 41 who found no measurable  chloride wi thin  a 
preanodized bar r ie r - type  oxide film (of about 720A) 
after it was exposed to 1M KC1 at different potentials. 
It also explains the results of Painot  and Augustynski  30 
and M. A. Heine et aL. 4~ who reportedly found mea-  
surable amounts  of chloride ions wi th in  th in  oxide 
films. 

Sulfate ions. incorporated in the oxide film dur ing 
anodization may have some influence on the behavior 
of oxide films during the passivity breakdown process. 
However, on the basis of results available to date, 32,33 
we feel that the oxide film thickness is l ikely to be 
more impor tant  as far as the critical pi t t ing potential  
than  the presence of sulfate ions in the film as sug- 
gested by Augustynski  and Painot. 

Finally,  it should be stated that  the passivity break-  
down model proposed in  the paper under  discussion 
should be applicable to a luminum whether  or not the 
passive surface oxide film is "contaminated" with 
chloride ions which may have been incorporated in  the 
oxide lattice during the process of oxide film forma- 
tion. 

Hydrogen Production under Sunlight with an 
Electrochemical Photocell 

A. Fujishima, K. Kohayakawa, and K. Honda 
(pp. 1487-1489, Vol. 122, No. 11) 

R. Bezman: ~ The paper under  discussion contains 
what I believe to be a subtle yet impor tant  error in  the 
calculation of the energy conversion efficiency of the 

42 M. A.  H e i n e ,  D. S. K e i r ,  a n d  M. J .  P r y o r ,  This Journal, 112, 24 
{1965). 

383 S o u t h  L e x i n g t o n  A v e n u e ,  W h i t e  Pla ins ,  N e w  Y o r k  10606. 



Vol. 123, No. 6 DISCUSSION SECTION 843 

device described. The apparatus produces hydrogen 
and oxygen via a photoelectrotytic process involving 
water, and the authors compute its conversion effi- 
ciency as the ratio of the heat of combustion of the 
hydrogen it produces to the t ime- in tegra ted  insolation 
at its photoanode array. What is overlooked, however, 
is that  the system does not merely electrolyze water. 
Since the anodes operate in  1.0M NaOH and the cath- 
odes in  0.5M H2SO4, the electrode reactions are 

2H + + 2e -  ->/-/2 
at the cathode, and 

2 O H -  --> H20 q- ~ O2 q- 2 e -  

at  the anode, from which one finds that the actual cell 
reaction is 

2H + -~ 2 O H -  -> H~O + It2 + ~ O2 

It is clear, therefore, that 1 mole of water  is produced 
per mole of hydrogen, and that the enthalpy of the 
neutral ization,  which is essential for spontaneous oper- 
ation of the cell, is provided not by the sun, but  ra ther  
by the power plants of the firms that  produce the 
NaOH and H2SO4. 

The heat of combustion of hydrogen to water  vapor 
is --57.8 kcal/mole,  while the heat of neutra l iza t ion of 
H + by O,I-F is approximately --13 kcal/mole. From 
these values one finds that, at best, the energy conver-  
sion efficiency calculated by the authors is overstated 
by ~25%. This alone is significant, but  perhaps more 
so is the fact that remote energy consumption has not 
been acknowledged. I feel it is necessary that  any new 
energy production technique be scrutinized to deter-  
mine  to the greatest extent  practical not only the 
amount  of energy that is produced, but  the amount  
consumed in  hardware  fabrication, operation, and 
maintenance.  

A.  F u j i s h i m a ,  44 K. K o h a y a k a w a ,  45 a n d  K. H o n d a :  44 
We agree wi th  the comments given by Bezman in  re la-  
t ion to the contr ibut ion of the neutral izat ion energy to 
the formation of hydrogen. This contr ibut ion was al- 
ready pointed out in our previous paper 46 where the 
neutra l izat ion energy was expressed in the form of the 
electromotive force due to the difference in pH be- 
tween the anolyte and the catholyte. As the electro- 
motive force is 59 mV for uni t  pH difference in  com- 
parison with the thermodynamic  decomposition volt-  
age of water  of 1.23V, the contr ibut ion of neutra l iza-  
t ion energy to the decomposition of water  will be about 
5% for each one uni t  pH difference. 

As the integrated incident  solar energy was not mea-  
sured on the day of experiments  in the present  paper, 
the reported value of solar energy in Japan  of 3000 
kcal /m2/day was referred to and taking into considera- 
t ion the above-ment ioned contr ibut ion and the actual 
weather  conditions of the day of experiments,  the 
rough estimate of the conversion efficiency of 0.4% was 
given for a simple example. 

A Limitation to the Mixed Potential Concept of 
Metal Corrosion 

T. N. Andersen, M. H. Ghandehari, and H. E. Eyring 
(pp. 1580-1585, Vol. 122, No. 12) 

F. M. D o n a h u e :  47 The paper under  discussion is ex- 
t remely valuable  (in my opinion) for two reasons: 
(i) the authors have correctly identified a mixed po- 

4t D e p a r t m e n t  of I n d u s t r i a l  C h e m i s t r y ,  U n i v e r s i t y  os Tokyo,  
Tokyo,  J a p a n .  

ts D e p a r t m e n t  of A p p l i e d  C h e m i s t r y ,  K a n a g a w a  U n i v e r s i t y ,  Yoko-  
h a m a ,  J apan .  

t6 A. F u j i s h i m a ,  K. K o h a y a k a w a ,  and  K. Honda ,  Bull. Chem. Soe. 
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tent ial  system where  interact ion between the part ial  
processes occurs, and (if) they have supplied sufficient 
tabular  data to allow a quant i ta t ive evaluat ion of their  
interpretat ions.  

Let us consider the first point in some detail. Both 
the title of the paper and the text seem to indicate 
that they have somehow "discovered" something which 
has not been observed previously. Nearly two decades 
ago Heusler 4s (and he was probably  not the first to 
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been stressed previously" is in error. Admittedly,  the 
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mark  concerning the independence of the part ial  proc- 
esses (Ftn  $4, p. 732) when  the key point  in  mixed po- 
tent ial  theory is "the impor tant  'principle of additive 
combination of all part ial  processes' '54 which Vetter 
correctly ascribes to Wagner  and Traud. 55 Mathemat i -  
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i~et(E) : ~ i j(E) [2] 

where/net(E) is the observed (measured) current  den-  
sity flowing at a polyelectrode at an electrode poten-  
tial (vs. some reference electrode), E, and i j(E) repre-  
sents the current  associated with all electrochemically 
active species in  the solution at that same potential. 
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servation of charge; no such law exists for the "con- 
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For the sake of uniformity,  the subscripts for current  
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sion will be adopted here. Further,  since their reac- 
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ia(O2) ---- il + i2 + i4 [3] 

A mater ial  balance on copper metal  yields 

i(Cu, 02) = is + i2 [4] 

Subst i tut ing Eq. [4] in  Eq. [3] and rear ranging 

i4 - -  i a ( O 2 )  -- i ( C u ,  0 2 )  [ 5 ]  

Table I shows the values of i4 computed from the data 
in Table I of the subject paper. Three points are obvi-  
ous from this analysis: (i) the number s  are different 
from those given by the authors, (if) i4 is more-or- less  
constant, and (iii) all of the current  densities are 
negative. Since the reduct ion of oxygen is a cathodic 
part ial  process operating about 1V from its equi l ibr ium 
potential, one would expect its current  density to be 
constant (at the value of the l imit ing diffusion current  
density) and, by convention, negative (see F tn  54, p. 8). 
The analysis given here corroborates that  expectation 
while the authors '  analysis does not. The apparent  
error is their t rea tment  of the mater ia l  balances (their 
Eq. [6]-[9]) .  The computed average value for i4, i.e., 
1.38 m A / c m  2, agrees favorably with the authors '  l imit-  
ing diffusion current  for oxygen of 1.6 m A / c m  2. 

The magni tude  of the interact ion can be obtained 
froIl% 

/ inter ~ i ( C u ,  0 2 )  - -  i ( C u ,  N 2 )  [6] 

Table II shows the values for this interact ion as a 
function of potential. It  is not obvious what  conclu- 
sion(s) can be d rawn from this information. If a 
Tafel line is d rawn through these data, one obtains a 
slope of about 100 mV. If the data at 80 mV are 
ignored (there seems no justification for this, how- 
ever),  one concludes that the interact ion is a constant. 
If the homogeneous reaction is invoked, i.e., the 
authors '  reaction [3], one anticipates that the rate of 
this homogeneous reaction would be proport ional  to 
the interracial  concentrat ion of cuprous ion. However, 
one anticipates a Tafel slope for this to be 59 m V at 
25~ since (from their  model) 

[Cu +] = K e x p  [7] 

where [Cu § is the concentrat ion of cuprous ion and  
K is a constant  which includes the standard electrode 
potential  and the "equi l ibr ium" concentrat ion of Cu + 
at the s tandard potential.  The s ingular  conclusion 
which does seem evident  from the discussion presented 
here is that  the authors '  contention that  the homo- 
geneous oxidation of cuprous ion as the source of the 
"interaction" is incorrect. Hopefully, more work in 
this area will lead to a ful ler  unders tanding  of the 
phenomenon.  

Table I. Computation of/4 

E inet (02) i (Cu,O2) i, 
(mV) (mA/cm~} ( m A / c m  2) ( m A / c m  e) 

+ 10 O.O 1.15 -- 1.15 
+30 0.57 2.14 --1.57 
+ 40 1.37 2.85 -- 1.48 
+ 50 2.71 4.02 -- 1.31 
+ 80 14.2 15.6 -- 1.4 

Avg -- 1.38 

Table II. Computation of/inter 

E i(Cu,O2) i(Cu,N2) /inter 
(rnV) ( m A / c m  2 ) ( m A / c m  ~ ) (mA/crri2) 

30 2.14 0.61 1.53 
40 2.85 0.98 1.87 
50 4.02 2.19 1.83 
80 15.6 11.1 4.5 

T. N. Andersen, M. H. Ghandehari, and H. Eyring:se 
Dr. Donahue's  criticism appears to have two points. He 
believes (i) that the Cu/O2-H2SO4 system is not 
unique in the mixed potential  sense, as the authors 
claimed, and (if) that the authors '  theory for the ob- 
served results is incorrect. In  both cases Donahue 
missed the point  of our paper which careful readir~g 
should have made clear. These points shall be rebut ted  
separately, al though they are both related to the same 
misunderstanding.  

The first point  of our  paper was tha t  the corrosion 
system at hand differs from most in  that  the anodic 
and cathodic rates, as determined independently,  are 
not applicable when  the reactions are coupled (allowed 
to occur s imultaneously) .  Thus the reactions are not 
independent  in the mixed potential  sense, as defined by 
Wagner  and Traud ~5 and rei terated by most other 
electrochemists (see Ftn54). If the reactions were in-  
dependent,  the rate of copper dissolution would be 
equal in N2- and O2-saturated solutions at the same 
potential. 

In  the case of the system referenced by  Donahue 
(Fe in acids), both the isolated anodic (Fe dissolution) 
and cathodic (H2 evolution) reactions have H30 + or 
O H -  ions as reactants. Authors  who have chosen to 
couple these reactions in  explanat ion of corrosion phe-  
nomena (e.g., see F t n  51) have done so successfully us- 
ing the conventional  mixed potential  theory, i.e., by 
adding the rates of the isolated reactions at each po- 
tential. In  the Cu/O2-H2SO4 system this could not be 
done consistent with the observed corrosion rate. 

Hence Donahue's  references reaffirm the uniqueness 
of the present system, and his own paper  53 acknowl-  
edges agreement  with the convent ional  theory of 
mixed potentials in the lead-off statement, "Interac-  
tions between the anodic and cathodic part ial  processes 
in mixed potential systems . . .  can be ascertained from 
extensive studies of the electrode kinetics of the re-  
spective part ial  processes." 

The second point  of our paper  was to provide an  
explanat ion for the atypical behavior  of the Cu/O2- 
H2SO4 system, i.e., for the observation that  the copper 
dissolution rate in  O2-saturated solution, [i(Cu, 02)]  
is greater than the corresponding rate in  N2-saturated 
solution [i(Cu, N2)] at the same potential.  Our dis- 
cussion section focuses on developing a suitable theory 
which is consistent with the various parametr ic  test 
results obtained as well  as with the above observation. 
Donahue's  explanat ion of our  data obliges h im to 
ignore the very point  of our paper, that [i(Cu, 0 2 ) /  
i (Cu, N2)]E > 1. He passes off this significant observa- 
tion in his concluding paragraph as unexplicable.  Inas-  
much as Donahue's  theory (his Eq. [3] and [4]) is 
nothing more than conventional  mixed potential  
theory, it is not surprising that  he has no explanat ion 
for the above inequality.  The first step in  our in te r -  
pretat ion was to abandon that approach and find a 
satisfactory one. 

Fur ther  amplification of the disagreement  between 
our model and Donahue's  follows from carrying 
through the ari thmetic of the two differing theories. 
The discusser's conventional  theory of mixed poten-  
tials puts all the oxygen consumption into one term, 
i4. The authors '  theory obviously deduces the same 
total rate of O~ consumption,  which is given by i3 -]- /4 
in Table III in the paper under  discussion. The re-  
viewer should have noted that there is no sign prob-  
lem with i4, which is defined in  its absolute sense by  
Eq. [7] of the paper. 

A final point of misunders tanding on Donahue's  par t  
is with regard to the rate of Cu dissolution via the dif-  
ferent routes of steps [1], [2], and [3] in  the authors '  
theory. The rate of Cu dissolution is measured as the 

~o Depar tmen t  of Chemistry,  Univers i ty  of Utah,  Salt  Lake City, 
Utah 84112. 
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ia(O2) ---- il + i2 + i4 [3] 

A mater ial  balance on copper metal  yields 

i(Cu, 02) = is + i2 [4] 

Subst i tut ing Eq. [4] in  Eq. [3] and rear ranging 

i4 - -  i a ( O 2 )  -- i ( C u ,  0 2 )  [ 5 ]  

Table I shows the values of i4 computed from the data 
in Table I of the subject paper. Three points are obvi-  
ous from this analysis: (i) the number s  are different 
from those given by the authors, (if) i4 is more-or- less  
constant, and (iii) all of the current  densities are 
negative. Since the reduct ion of oxygen is a cathodic 
part ial  process operating about 1V from its equi l ibr ium 
potential, one would expect its current  density to be 
constant (at the value of the l imit ing diffusion current  
density) and, by convention, negative (see F tn  54, p. 8). 
The analysis given here corroborates that  expectation 
while the authors '  analysis does not. The apparent  
error is their t rea tment  of the mater ia l  balances (their 
Eq. [6]-[9]) .  The computed average value for i4, i.e., 
1.38 m A / c m  2, agrees favorably with the authors '  l imit-  
ing diffusion current  for oxygen of 1.6 m A / c m  2. 

The magni tude  of the interact ion can be obtained 
froIl% 

/ inter ~ i ( C u ,  0 2 )  - -  i ( C u ,  N 2 )  [6] 

Table II shows the values for this interact ion as a 
function of potential. It  is not obvious what  conclu- 
sion(s) can be d rawn from this information. If a 
Tafel line is d rawn through these data, one obtains a 
slope of about 100 mV. If the data at 80 mV are 
ignored (there seems no justification for this, how- 
ever),  one concludes that the interact ion is a constant. 
If the homogeneous reaction is invoked, i.e., the 
authors '  reaction [3], one anticipates that the rate of 
this homogeneous reaction would be proport ional  to 
the interracial  concentrat ion of cuprous ion. However, 
one anticipates a Tafel slope for this to be 59 m V at 
25~ since (from their  model) 

[Cu +] = K e x p  [7] 

where [Cu § is the concentrat ion of cuprous ion and  
K is a constant  which includes the standard electrode 
potential  and the "equi l ibr ium" concentrat ion of Cu + 
at the s tandard potential.  The s ingular  conclusion 
which does seem evident  from the discussion presented 
here is that  the authors '  contention that  the homo- 
geneous oxidation of cuprous ion as the source of the 
"interaction" is incorrect. Hopefully, more work in 
this area will lead to a ful ler  unders tanding  of the 
phenomenon.  

Table I. Computation of/4 

E inet (02) i (Cu,O2) i, 
(mV) (mA/cm~} ( m A / c m  2) ( m A / c m  e) 

+ 10 O.O 1.15 -- 1.15 
+30 0.57 2.14 --1.57 
+ 40 1.37 2.85 -- 1.48 
+ 50 2.71 4.02 -- 1.31 
+ 80 14.2 15.6 -- 1.4 

Avg -- 1.38 

Table II. Computation of/inter 
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30 2.14 0.61 1.53 
40 2.85 0.98 1.87 
50 4.02 2.19 1.83 
80 15.6 11.1 4.5 
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Dr. Donahue's  criticism appears to have two points. He 
believes (i) that the Cu/O2-H2SO4 system is not 
unique in the mixed potential  sense, as the authors 
claimed, and (if) that the authors '  theory for the ob- 
served results is incorrect. In  both cases Donahue 
missed the point  of our paper which careful readir~g 
should have made clear. These points shall be rebut ted  
separately, al though they are both related to the same 
misunderstanding.  

The first point  of our  paper was tha t  the corrosion 
system at hand differs from most in  that  the anodic 
and cathodic rates, as determined independently,  are 
not applicable when  the reactions are coupled (allowed 
to occur s imultaneously) .  Thus the reactions are not 
independent  in the mixed potential  sense, as defined by 
Wagner  and Traud ~5 and rei terated by most other 
electrochemists (see Ftn54). If the reactions were in-  
dependent,  the rate of copper dissolution would be 
equal in N2- and O2-saturated solutions at the same 
potential. 

In  the case of the system referenced by  Donahue 
(Fe in acids), both the isolated anodic (Fe dissolution) 
and cathodic (H2 evolution) reactions have H30 + or 
O H -  ions as reactants. Authors  who have chosen to 
couple these reactions in  explanat ion of corrosion phe-  
nomena (e.g., see F t n  51) have done so successfully us- 
ing the conventional  mixed potential  theory, i.e., by 
adding the rates of the isolated reactions at each po- 
tential. In  the Cu/O2-H2SO4 system this could not be 
done consistent with the observed corrosion rate. 

Hence Donahue's  references reaffirm the uniqueness 
of the present system, and his own paper  53 acknowl-  
edges agreement  with the convent ional  theory of 
mixed potentials in the lead-off statement, "Interac-  
tions between the anodic and cathodic part ial  processes 
in mixed potential systems . . .  can be ascertained from 
extensive studies of the electrode kinetics of the re-  
spective part ial  processes." 

The second point  of our paper  was to provide an  
explanat ion for the atypical behavior  of the Cu/O2- 
H2SO4 system, i.e., for the observation that  the copper 
dissolution rate in  O2-saturated solution, [i(Cu, 02)]  
is greater than the corresponding rate in  N2-saturated 
solution [i(Cu, N2)] at the same potential.  Our dis- 
cussion section focuses on developing a suitable theory 
which is consistent with the various parametr ic  test 
results obtained as well  as with the above observation. 
Donahue's  explanat ion of our  data obliges h im to 
ignore the very point  of our paper, that [i(Cu, 0 2 ) /  
i (Cu, N2)]E > 1. He passes off this significant observa- 
tion in his concluding paragraph as unexplicable.  Inas-  
much as Donahue's  theory (his Eq. [3] and [4]) is 
nothing more than conventional  mixed potential  
theory, it is not surprising that  he has no explanat ion 
for the above inequality.  The first step in  our in te r -  
pretat ion was to abandon that approach and find a 
satisfactory one. 

Fur ther  amplification of the disagreement  between 
our model and Donahue's  follows from carrying 
through the ari thmetic of the two differing theories. 
The discusser's conventional  theory of mixed poten-  
tials puts all the oxygen consumption into one term, 
i4. The authors '  theory obviously deduces the same 
total rate of O~ consumption,  which is given by i3 -]- /4 
in Table III in the paper under  discussion. The re-  
viewer should have noted that there is no sign prob-  
lem with i4, which is defined in  its absolute sense by  
Eq. [7] of the paper. 

A final point of misunders tanding on Donahue's  par t  
is with regard to the rate of Cu dissolution via the dif-  
ferent routes of steps [1], [2], and [3] in  the authors '  
theory. The rate of Cu dissolution is measured as the 
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number of Cu +~ ions dissolved from the metal per  
unit time, which iS the sum of reactions [2] and [3]. 
Inasmuch as i(Cu, O2) was defined as this rate multi- 
plied by 2F (F is Faraday's constant), Eq. [8] followS. 
The anodic electric current contributed by Eq. [3] ,  
which contributes to the total anodic electric current 
ia(O2), is i3 because reaction [1] precedes/~3 and occurs 
once for each occurrence of i3. Path i~ contributes 2 

electron% one for its own occurrence and one for the 
preceding step, {,. 

The coupling of il and i8 is the reason the Tafel slope 
for is is larger than ~.3 RT/F (59 mV). The step i3 is 
fed through Our step [1] Which Donahu~ takes into ac- 
count in desiring a Tafel slope of 59 mV;/3 is also fed 
bY slow-diffusing 02 which also adds to the ~otehtial 
dependence and which the discusser has- iguored. 
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The Erosion of Materials in Molten Silicon 
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ABSTRACT 

The erosion rates and mechanisms are discussed for several materials  in  
contact with molten silicon near  its melt ing point. Vitreous materials, e.g., 
vitreous carbon and fused silica, behave similar ly and erode pr imar i ly  by dis- 
solution. Pressed-powder materials, e.g., silicon carbide and silicon nitride, 
degrade by a combination of dissolution and par t iculate  erosion ( in tergranular  
corrosion). 

The resistance to degradation is an important  prop- 
erty to consider when choosing materials for hard-  
ware applications with molten silicon. Many materials 
have been investigated in the past, but  the l i terature is 
not consistent with respect to exper imental  conditions 
or in terpre ta t ion of results. Here, we are report ing the 
results of some pre l iminary  work which directly 
compares some materials and gives insight into 
criteria which should be applied to future  investiga- 
tions. 

Material selection criteria.--One :of the basic prob-  
lems in  silicon technology to which this project ad- 
dresses itself is the high concentrat ion of oxygen in 
crystals grown from crucibles (1, 2). If a mater ial  can 
be found which does not supply high levels of oxygen 
or any other impur i ty  to the melt, that would be ideal. 
But the application of a material  which supplies an 
electrically inactive impur i ty  such as carbon or 
ni t rogen in place of oxygen may solve the problem in a 
satisfactory manner .  For this reason:a  systematic in-  
vestigation of silicon nitride, silicon carbide, and 
carbon was undertaken.  The nitr ide and carbide were 
obtained in the most convenient  form available, hot- 
pressed rods of high pur i ty  powder, from Cerac/Pure  
Incorporated with no binders used in  fabrication. A 
single sample of ni t r ide from Norton Corporation was 
also tested (NC 350). Vitreous carbon was the carbon 
form tested because of its abil i ty to take a high polish, 
the absence of voids in the bulk, and its hardness 
(6-7 on Mohs scale). The problems associated with 
porous materials (penetrat ion of the surface by the 
melt  and high surface- to-volume ratio) precluded the 
use of other forms of carbon in the early stages of this 
investigation. The vitreous carbon samples were ob- 
tained from Beckwith Carbon Corporation. 

Experimental 
The procedure used to test the selected materials  is 

simple, but  direct. A sample, usually a rod from 0.6 to 
1.3 cm in  diameter, was prepared by centerless gr ind-  
ing, dry  polishing, and cleaning. After  its diameter  
profile was taken, it was m o u n t e d  in a seed chuck o.f a 
s tandard CzochralsM crystal growth furnace. After 
flushing with helium, a 2 kg charge was melted in a 
silica crucible. The temperature  was adjusted to about 
5~ above the melt ing point so that crystal l ization on 
the sample was prevented. The rod is either immersed 

* Electrochemical Society Active Member. 
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about 4 em into the melt  and then wi thdrawn by stages 
(termed puhing)  or immersed by stages into the melt  
( termed pushing).  Figure 1 shows schematically the 
process. No difference in results was noted for pushed 
and pulled samples. After  the exper imental  testing is 
complete, the sample is removed, adhering silicon is 
removed with an appropriate etch if necessary, then 
the diameter  measurements  are repeated. The dif- 
ference in diameter  gives a measure of the erosion 
rate. This is t ranslated directly into the rate at which 
the surface is removed by the melt. 

During the exper iment  the crucible and sample are 
both rotated slowly so that  the effects of any thermal  
asymmetry  are removed. Because one of the proposed 
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Fig. 1. Schematic diagram of the cross section of samples pro- 
duced by erosion testing. Note the grooves formed at llquid-solid- 
ambient interface. 
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uses for these mater ia ls  is for forming dies in r ibbon 
crystal  g rowth  processes, the crucible and sample rota-  
t ion rates are set differently so that  the resul t ing fluid 
flow on the sample surface approximates  the flow 
conditions in forming dies at a representa t ive  growth 
ra te  of 5 c m / m i n  (3). 

Results and Discussion 
Figure  1 i l lustrates  the type of samples produced. 

Zone 1 is the area of the rod which was not exposed to 
the melt. Zones 2-6 were  exposed for increasing lengths 
of time. At the surface of the melt, surface tension- 
dr iven  flow causes convection currents  which ac- 
celerate  the erosion at the l iqu id-so l id -ambien t  in te r -  
face (4). These convection currents  are s t ronger  than 
those caused by st i rr ing or the rmal  gradients in this 
region. The accelerated erosion produced grooves 
which were  found in all interface zones of all of the 
samples tested. All  depths were  measured with respect 
to the surface of the same numbered  zone, i.e., the 
depth of groove 1 was measured with  respect to the 
surface of zone 1. Data on the depth  of these grooves 
and their  var ia t ion  with  exposure  t ime have  been 
gathered by use of a meta l lographic  microscope. I t  is 
presented in this report ,  but the analysis of this effect 
is outside the scope of this study. 

Table  I summarizes  the data for all of the samples 
tested. Results for fused silica are included in the 
tabulat ion because it is the cur ren t ly  used crucible 
mater ia l  throughout  the industry. It  is used here  as a 
s tandard for comparison. For clar i ty in in terpre t ing  
the results, the depth of erosion and the grooves is 
listed for 100 and 60 rain, respectively.  Thus samples 
which have  erosion curves which do not intersect  the 
axis can be compared in terms ,of absolute erosion 
depth. 

Vitreous carbon.-- In  this s tudy two sets of exper i -  
ments  wi th  vitreous or glassy carbon were  conducted. 
Samples 1 and 2 were  tested in the as- received condi- 
tion. Samples 3 and 4 were  polished pr ior  to testing. 
F igure  2 shows the results of the erosion testing. The 
change in sample radius vs. exposure t ime yields the 
erosion ra te  or the rate  at which the surface recedes 
wi th  exposure time, At/At. 

All samples yield a l inear  curve, but  the results  of 
samples 3 and 4 show that  surface polishing yields a 
surface which erodes less and more  reproducibly  than 
the as- rece ived samples. F igure  3 shows an area of a 
sample after  t r ea tment  and a l ight  etch. The l ight  area 
to the left  is a f rac ture  surface showing the vo id- f ree  
nature  of the bulk. The gray area to the r ight  is the 
surface which was exposed to the mel t  for 4 hr. The 
tiers are ve ry  shallow: The grainl ike s t ructure  suggests 
a crystal l ine surface. X- r ay  diffraction shows no 
identifiable crystal l ine SiC s t ructure  for the surface. 
The diffraction spectra for bulk vi treous carbon and 
the sample surface differed only in re la t ive  peak 
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CHANGE IN ROD RADIUS VERSUS EXPOSURE"TIME 
FOR VITREOUS CARBON SAMPLES 
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Fig. 2. Graph of radius change with respect to time for various 
vitreous carbon samples: I and 2 were in as-received condition, 3 
and 4 were polished prior to treatment. 

Fig. 3. SEM photo showing the contrast between fracture surface 
on the left and the treated surface (after etching) on the right of 
vitreous carbon. 

heights and width, but not in peak position or number.  
Figure  4 shows a cross section of a s imilar  sample. In 
this case a silicofl drop adhered to the bot tom of the 
sample rod. The sample was cut to revea l  the vi t reous 
carbon-si l icon interface. 

Table I. Tabulation of erosion results 

S a m p l e  

E ros ion  E ros ion  
r a t e  E ros ion  r a t e  E r o s i o n  

(surface)  d e p t h  (groove)  d e p t h  
AttAr  100 m i n  Ax/At  60 ra in  C o m m e n t s  

SlOB 

Vitreous carbon 
1 
2 
3 
4 

SiC 
1 
2 
3 

S~N4 
1 

2 
S 

NC350 

1.15 x 10 4 cm/min 

4.7 
2.8 
1.7 

5.7 
7.9 
1.1 

3.1 
(same curve as 5) 

1.2 
3 , i  

4.0 

1,2 x 10 -~ em 

5.4 
4.5 
2.1 

6.8 
4.1 
1.1 

1.7 

2.0 
1.7 

4.9 

8.4 X 10 -S c m / m t n  

18 
44. 

6.8 
0 

l S  

11 
11 

11 

6 X 10 - s e m  

11 
27 

7.3 
5 

~ 1 6  
1.2 
5 

9 

6.6 
8.0 

7.0 

(6) 

P u s h e d  
P u l l e d  
P u s h e d  
P u l l e d - f l a t  g r o o v i n g  curve  

Pulled 
Pushed 
Pushed 

G r o o v e  da t a  u n c e r t a i n  

Pushed 

Pulled 
P u s h e d  

P u l l e d  
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Fig. 4. Optical photomicrograph showing the interface layer 
formed when molten silicon solidifies on to a vitreous carbon sur- 
face. 
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Fig. 5. Radius change vs. exposure time for SiC samples 
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The transi t ion area is clearly indicated, but  very thin 
(2-5 ~m) This may in fact be the SiC layer  reported 
in the l i terature as being a product of the dissolution 
mechanism (5). Cowland and Lewis report  a 6 ~m 

layer  formed between a Si melt  and carbon crucible 
which has been identified by x - ray  diffraction (6). 

The groove formation was not consistent for samples 
I and 2. However, the data were more reproducible for 
the polished samples 3 and 4 indicat ing that the surface 
morphology is impor tant  in de termining  the erosion 
characteristics of materials.  

SiLicon carbide (SIC).--The SiC sample rods in  the as- 
received condition had a very rough surface and non-  
circular cross section which necessitated centerless 
gr inding to make rel iable samples. The result ing sur-  
face was porous and uneven,  but  sufficient for the 
purpose of this work. 

Figure  5 shows the erosion results plotted for three 
samples, but  severe pit~ing of the surface leads to some 
uncer ta in ty  in  the erosion rates. The very low rate of 
sample 3 may be due to low melt  temperature.  Due to 
heat conduction up the rod, the tempera ture  at the 
surface may in faci be lower than  the melt  tempera-  
ture. This may allow a layer  of silicon to freeze onto 
the sample which protects it from erosion. But in all 
cases the breakdown of the mater ia l  was too great to 
allow its application for hardware  such as crucibles and 
forming dies. 

Fur ther  evidence of par t icula te  erosion and pi t t ing 
was obtained from the next  t~vo sets of micrographs. 
Figure 6 shows SEM photos of the in ter ior  of a sample 
rod before t reatment .  The two samples were obtained 
by halving a wafer taken from the end of a rod. The 
section shown in  6 (a) was unt rea ted  after cutting. The 
half in 6(b) was etched in  HF:HNO~ solution to re-  
move any excess silicon (SiC dissolves much less rapid-  
ly in the acid etch). Etching reveals the mater ial  to be 
a loosely packed array of SiC particles which probably 
breaks down by par t iculate  erosion or in te rgranula r  
corrosion. The next  set of photos in  Fig. 7 verifies this 
conclusion. The sample shown was obtained by cross 
sectioning the end of sample 2 to which a drop of 
silicon was frozen. In  7 (a) only a very  slight coating of 
Au was deposited on the surface to reduce surface 
charging in the SEM. It is clearly shown that particles 
were trapped as they were being lifted out of the sam- 
ple as indicated by the arrow. Figure  7 (b) shows the 
same sample after a heavier  layer  of Au was applied. 
The smooth area to the right is the silicon drop, while 
the raised areas to the left are the particles of SiC. The 
arrow shows a particle which has apparent ly  been 
lifted out of the SiC matr ix  and lies at the mouth  of a 
long channel  penet ra t ing  the bulk  of the sample rod. 
Figure 7(c) shows the intr icate ne twork  of channels 

Fig. 6. SEM micrographs of the cross section of SiC sample 4: (a, left) as cut, (b, right) after etching. 
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Fig. 7. SEM micrographs of vertical cross section of the end of 
SiC sample 2: (a, top left) small amount of Au coating, arrow in- 
dicates particle detaching from rod (left), Si on right; (b, top right) 
heavier Au coating changes appearance, but particulate erosion is 
apparent; (c, left) this micrograph shows the channels opened up 
in the SiC rod interior. 

opened up in the in ter ior  of the rod by the mol ten  
silicon. 

These exper iments  revea l  that  the predominant  mode 
of b reakdown of pressed powders of SiC in mol ten  
silicon is par t icula te  erosion ( in tergranular  corrosion).  
The abili ty of the mater ia l  i tself to resist  dissolution 
is not  clear. This can be de termined  by testing other  
forms of SiC. Sampling the mel t  af ter  a run may be 
misleading because the fine part icles of SiC may be 
t rapped and lead to an apparent ly  high value for the 
carbon concentration.  

No groove depth rates were  calculated for  the SiC 12 
due to the nonl inear  na ture  of the data points. This 
may be due to accelerat ion of par t icula te  erosion lo 
caused by the mater ia l  b~eakdown process and opening 
of inter ior  channels. It is clear that  the convection 
currents  do cause significant mater ia l  degradat ion in 
silicon carbide pressed-powder  materials.  w 

Silicon nitride (Si~N4).--The SisN4 samples discussed 
in this section are all formed from powders.  SisN4 
samples 1, 2, and 5 are Cerac hot-pressed rods made 
f rom >99.9% pure  powders  wi th  no binders. NC/350 
is a sample of react ion-bonded mater ia l  f rom Norton 
Company in the form of a square rod. Samples were  
cleaned with  TCE and acetone. Figures  8 and 9 show 
the erosion behavior  of these samples. NC/350 has the 
highest  erosion rate of the four  samples tested and 
this mater ia l  is considered unsuitable for use with 
mol ten silicon. SigN4 2 s h o w s  the lowest  erosion rate, 5. 

but  the curve  is offset f rom the abscissa indicating the 
rapid remova l  of a surface layer  3 • 10 -4 cm thick. 
This is difficult to unders tand because samples 1 and 5 
do not exhibi t  this behavior  even though they were  
received in the same shipment  and were  t reated in the 
same manner.  The erosion of samples 1 and 5 is shown 
in Fig. 8. Li t t le  or no erosion took place up to 50 min  
exposure, subsequently the erosion rate  was l inear  wi th  
time. This again may be due to low mel t  tempera ture .  
The two sets of data appear to curve  sl ightly wi th  time, 

$I 3 N 4 1 -- [] 

[] ( 

1 , 5  

50 tO0 150 20O 250 

EXPOSURE TIME (MINUTES} 

Fig. 8. Radius change vs.  exposure time for Si3N4 samples 1 and 



850 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY June 1976 

10 

w 

< 

m 

I 

S~ 3 N 4 2 - ~. 
NC 350 - O 

o 
NC 350 / 

0 50 100 150 200 250 

EXPOSURE TIME (MINUTES) 

Fi,g. 9. Radius change vs. exposure time for SigN4 samples 2 and 
NC 350. 

however, there is some error in  t~e last two points 
(t ime 200 rain).  The source of this error may be due to 
a short zone length. These rods were deeply immersed 
and then wi thdrawn from the melt. It  is often difficult 
to be precise in setting the zone length. The last zone 
of samples 1 and 5 is clearly very short. In the experi-  
menta l  setup there is severe tu rbulence  near  the sur-  
face. This convective flow is responsible for the 
grooves. Therefore, the measurements  of the diameters 
of the short zones may include not only the normal  
erosion processes, but  also a part  due to these convec- 
tion currents. For this reason, these points were not 
included in the erosion rates. Without these points 
there is no justification for concluding anyth ing  but  a 
l inear  erosion rate. 

The groove depth data for SigN4 samples seemed to 
be indelcendent of the source. The grooving action was 
consistent and reproducible from sample to sample. 

The mechanism of degradat ion for these pressed 
powders appears to be due to both dissolution and 

Fig. 10. Cross section of a SisN4 rod (as-received) treated to reveal internal structure: (a, top left) untreated after cutting (note the saw 
marks), the light area is a void; (b, top right) the same material after etching, note the light and dark areas; (c, bottom left) closer view of 
a light area. The fibers may be formed by the cooling of gas-filled voids after the hot-pressing process; (d, bottom right) closer view of 
a dark (silicon-rich) area. 
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part iculate  erosion processes. Figures 10 and 11 i l lus-  
trate the s t ructure  of the mater ia l  before and after 
t rea tment  with mol ten silicon. Figure  10(a) shows a 
typical inter ior  revealed by sawing. The white  area is 
a void. Figure 10(b) shows the same area after an 
HF: H N Q  etch. The etching process reveals very dark 
and white regions shown at higher magnification in  
10 (c) and (d).  The dark  areas appear to be a sil icon- 
rich phase. The white areas are made  up of very  
loosely packed fibers, which appear white due to the 
higher yield of secondary electrons in  this region. This 
s tructure may  form upon cooling of gas-filled voids 
in  the mater ia l  after the hot-pressing process. 

Figure 11(a) shows a typical area of a Si3N4 sample 
which has been exposed to the melt, then etched to 
remove adhering silicon. Again, light and dark areas 
are observed. Figures 11(b) and (c) show more de- 
tailed views of these areas. The dark regions appear 
as voids. The relat ively large particles on the inter ior  
of the holes are the same as shown for the unt rea ted  
sample [Fig. 10(d)] .  No si l icon-rich regions were 
observed. It  is evident  that the solid crystal l ine spots 
melt, dissolve, or erode more rapidly than the bu lk  
mater ial  to form these cavities. Figure 11(c) shows a 

view of a white area. This appears the same as the un -  
treated bulk mater ial  [Fig. 10 (c)].  

From the photographic evidence it is concluded that  
these samples of hot-pressed Si3N4 degrade by a com- 
binat ion of part iculate  erosion and dissolution. The 
mater ia l  is quite porous which enables the melt  to 
penetrate  the surface, dissolve, or melt  away the 
b inding  mater ia l  be tween the particles or fibers and 
lift them away from the rod. 

S u m m a r y  

Based on the results of this s tudy several conclusions 
can be reached. 

1. Many of the materials  studied have erosion rates 
similar to SiO2 (refer to Table I).  

2. The mechanism of the erosion varies according to 
the type of material.  Vitreous materials  (SiO2 and 
glassy carbon) erode by a single dissolution mechan-  
ism. The pressed powders (SiC and Si3N4) erode by 
both dissolution and part iculate  erosion ( in te rgranular  
corrosion). This combinat ion of mechanisms is due to 
the part iculate na ture  of the bu lk  materials  which 
allows penetra t ion of the melt  below the sample sur-  

Fig. 11. SI3N4 sample 1 after treatment with molten silicon. 
These SEM photomicrographs are all of the exposed surface. (a, 
top left) etched after treatment, note light and dark areas; (b, top 
right) closer view of dark area, possibly formed by melting or dis- 
solution of silicon-rich phase; (c, left) closer view of.a light area, 
appears the same as for untreated bulk samples. 
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face or nonstoichiometry which causes voids to open 
up as unreacted silicon melts. 

3. Surface preparat ion has a strong influence on the 
erosion levels at tained as shown by polishing the 
vitreous carbon samPles. The erosion rates were re-  
producible and suppressed due to reduction of the sur-  
face-tQ-volume ratio by p01ishing. This process will 
atlow prediction of ' tl~e wearing characteristics of 
materials used in  the fabrication of precision compo- 
nents  such as forming dies. 
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Activities of SnO in the 
SnO-SiO  System 

A. E. Grau and S. N. Flengas* 
Department o~ Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The activities of SnO in the b inary  melts SnO-SiO~ have been investigated 
by emf measurements  using the cell 

Sn(1), (SnO-SiO2.) (I) ] ZrOf-CaO [ NiO(s~, Ni(s) 
( -- ) solid ( + ) 

electrolyte 

The results indicate positive deviations from an ideal "molecular" model and 
it is suggested that SnO is one of the more acidic oxides with respect to silica. 

The measurement  of the thermodynamic activities 
of SnO in S n O - S i Q  liquid solutions has been the sub-  
ject of several investigations (1-3). The reported re- 
sults, however, are in total disagreement, thus empha-  
sizing the need of reinvest igat ing the system. 

Experimental 
In  the present  work, the activities of SnO with re-  

spect to the pure l iquid oxide as the s tandard state, 
asno, were calculated from the emf's measured in elec- 
trochemical cells of the type 

Sn(1), (SnO-SiOf)(1) I ZrO2-CaO ] NiOcs), Ni(s~ [1] 
( -- ) solid ( + ) 

electrolyte 
The cell reaction is 

Stud + NiO(s) -> ( S n O ) i n s l a g  -}- Ni(s~ [2] 

and the corresponding form of the Nernst  equation 
may be wri t ten  as 

RT 
E = E ~ -- In asno [3] 

2F 

where E is the cell emf measured at T~ and E ~ is the 
emf measured at the same temperature  in a cell where 
the slag phase has been replaced by pure liquid SnO. 
R and F denote the gas constant and the Faraday con- 
stant, respectively. 

The "closed" cell design employed in  the present  
invest igat ion was identical to that described in a pre-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  words :  s i l ica te  mel t s ,  a c t i v i t i e s  in  SnO-SiO,  e m f  m e a s u r e -  

m e n t s  of SnO. 

vious publicat ion from this laboratory (4, 5, 6). The 
main  characteristic of the "closed" cell design is that 
the two electrode compartments  are completely iso- 
lated from each other through the use of a CaO-sta-  
bilized zirconia tube 24 in. long and closed at one end. 
In addition, each half-cel l  compar tment  containing an 
electrode is sealed under  vacuum at the open end 
which is located outside the furnace. In  this manner ,  
both electrode compartments  are operated under  the 
equi l ibr ium partial  pressures of oxygen corresponding 
to the meta l -meta l  oxide system present  at the tem- 
perature of the measurement .  As discussed earlier (5, 
6), the "closed" cell design yields emf measurements  
free of mixed potential  effects. 

The electrical contact for the Sn /SnO ~- SiO2 elec- 
trode consisted of a 2 mm diameter  i r id ium wire con- 
nected to p la t inum leads. Thermoelectric emf's due to 
the Ni -P t - I r  junct ions were measured separately using 
the same geometric cell a r rangement  and the same 
furnace; all reported cell emf values have been cor- 
rected for such effects. 

The major  experimental  difficulty found in the SnO 
system is the instabi l i ty  of this oxide. In  a recent in-  
vestigation, Carbo and Richardson (7) have found that 
both the solid and liquid SnO are unstable  below 
1373~ and that they disproportionate according to 
the reaction 

2SnO ~ SnO2 + Sn  [4] 

It is clear, then, that the SnO-SiO2 solutions do not 
correspond to a t ru ly  b inary  system but  ra ther  to a 
te rnary  containing SnO, S iQ,  and variable amounts  
of SnOf. The amount  of SnO2 present in the solution 
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coexists in equi l ibr ium with SnO and in a closed sys- 
tem it is determined by the tempera ture  and composi- 
t ion of the melt. 

Four  slag samples of different composition were pre-  
pared by thoroughly mixing "Baker Analyzed" SnO 
powder with SiO2 obtained by dehydrat ing silicic acid 
at 1250~176 for periods of 18-24 hr. The compo- 
nents  were always mixed in  the amounts  corresponding 
to a total sample of 10g and loaded into a small  ZrO2 
crucible provided with a lid of the same material.  The 
ZrO~ crucible was contained in an  Inconel  crucible 
which was placed in a 45 mm bottom-closed quartz 
tube. Argon gas was cont inuously flowed during the 
melt ing of the slag by means of quartz tubes passed 
through a rubber  stopper at the upper  end of the 45 
mm quartz tube. The samples were rapidly melted in  
an induct ion furnace and kept at tempera ture  for about 
15 min. After  this time, the power to the induct ion 
furnace was shut off, and the samples were allowed to 
cool while still under  argon. The slag obtained was 
then removed from the zirconia crucible (which had 
to be destroyed),  ground, and stored in a dessicator. 
There was no indicat ion of chemical interact ion be-  
tween the slag and the crucible, nor visible cracks due 
to the thermal  shock of the zirconia. 

The slags were analyzed for both s tannous and total 
t in  by the iodimetric method. The total t in  was de- 
te rmined by dissolving samples weighing 0.2g in 20 ml 
conc HC1. The solution was then filtered and the filter 
paper containing the undissolved silica saved for the 
SiO2 determinat ion.  100 ml of distilled water followed 
by 50 ml of conc HC1 were then added to the filtrate. 
Reduction was affected by the addit ion of nickel pow- 
der and gentle boil ing of the solution under  an  argon 
atmosphere. After all the nickel had dissolved, the 
solution was cooled in runn ing  water  and t i trated at 
once (under  A) with 0.1N iodine solution using starch 
as the indicator. 

Stannous t in  was determined by dissolving, under  an 
argon atmosphere, 0.2g samples in 20 ml conc HC1, 100 
ml  distilled water, and 50 ml  conc HC1 were then 
added and the solution was immediately t i t rated as 
described previously. The amount  of Sn 4+ present in 
the slags was calculated as the difference between 
total t in  and stannous tin. 

Results and Discussion 
The results of the chemical analysis are given in 

Table I together with some informat ion concerning the 
physical appearance of the slags. In  the next  to last 
column, the compositions indicated by  the analysis 
have been proport ional ly adjusted to 100% in order to 
provide a basis for the calculation of the molar con- 
centrations. As expected, the amount  of stannic oxide 
found in the slags increases as the silica content  de- 
creases. Since the slags were cooled slowly in argon 
(about 10 rain to reach room tempera ture) ,  it is pos- 
sible that  due to the SnO disproportionation, the con- 
centrations of SnOz reported in Table  I are somewhat 
higher than  the actual equi l ibr ium values. This is also 
suggested by the presence of small  t in spheres found 
dispersed in the slag which may have been produced 
dur ing  the cooling of the melts. In  any case, it appears 
that the disproport ionation of the SnO dissolved in  the 
slag proceeds fair ly slowly as compared to the pure 
l iquid oxide. 
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Fig. 1. Temperature dependence of emf for the cell Ni, NiO/ZrO2- 
CaO/SnO, Sn. 

The results for pure S h e  are shown in Fig. 1, and 
for the purpose of in terpreta t ion may be separated into 
two groups. 

Results obtained i~ the temperature range 1050 ~ 
1373~ open and filled circles in Fig. 1 indicate 
a high degree of reproducibili ty,  as evidenced by the 
agreement  between the results of runs 1 and 2. How- 
ever, the informat ion  available on the stabili ty of S h e  
indicates tha t  these results should not correspond to 
the presence of this oxide. The same comments should 
apply to the tentat ive electrochemical results of Bed- 
ford and Alcock (8) represented by line (a).  The 
thermochemical l ine (b) has been obtained under  the 
assumption that  the heat capacities of SnO are equal 
to those of S n Q  (9) and has been included for com- 
parison purposes only. 

Data obtained in the temperature range 1350 ~ 
1420OK.--This is the tempera ture  range (x's in Fig. 1) 
for which liquid SnO is the stable phase in equi l ibr ium 
with tin, and, therefore, these data are taken to repre-  
sent the desired E ~ results. Some of the points obtained 
in the lower part  of the tempera ture  in terval  may 
correspond to metastable SnO. The results of Kozuka 
and co-workers (3) for l iquid SnO are represented by 
line (c) in Fig. i, and are seen to be in poor agreement 
with the present results. These authors used a galvanic 
cell employing a solid electrolyte in the shape of a short 
ZrO2-CaO crucible open at the upper end. The crucible 
contained the Snco/SnOcD electrode while the refer- 
ence electrode consisted of a Ni/NiO pellet pressed 
against the outer wall of the crucible. In this type of 
"open cell," due to continuous diffusion in the gaseous 
phase, the oxygen partial pressures in the two elec- 
trode compartments are not at their equilibrium 
values, and the emf results are incorrect (5, 6). 

In the present work, errors can also arise, mostly 
from the presence of small amounts of SnO2 in SnO. 
Although the x-ray analysis of samples quenched from 
1423~ indicated the presence of SnO only, it is possi- 
ble that a small amount of SnO2 dissolved in liquid 
SnO remained undetected by the x-ray technique. 

Table I. Chemical analysis of the SnO-Si02 slags 

Calculated Analys i s  Adjusted Composition, 
composi t ion w / o  w / o  m / o  

Sample m/o SiO~ Physical appearance SnO SnO= SIC)= SnO SnO~ SiO= SnO Sn02 SIC)= 

1 55 Yellow, t r anspa ren t  glass 59.50 4.27 34.70 60.42 4.34 35.24 42.17 2,71 55.12 
2 50 Yellow, t r anspa ren t  glass 62.86 5.20 29.83 64.21 5.31 30.47 43.40 3.29 53,40 
3 40 Yellow, t r anspa ren t  glass 68.69 6.50 22.20 70.53 6.67 22.79 55.29 4.67 40.04 
4 30 Gray,  opaque glass 73.41 8.29 18.60 74.68 8.43 16.89 6Z.19 5.26 31.53 
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However the degree of disproportionation of SnO de- 
creases with increasing SiOu content, which explains 
why the present  work was l imited to the more acidic 
solutions. Also, some error could arise from the 
chemical attack of the solid electrolyte by SnO. Al-  
though very stable and reproducible measurements  
were made dur ing the first few hours in  the life 
of the experiments,  it is difficult to predict to what  
extent the behavior of the solid electrolyte is affected 
by the action of SnO. 

From the experimental  results presented in  Fig. 1, 
it is concluded that the tempera ture  dependence of 
the emf corresponding to the cell reaction 

NiOr § Snd) --> Ni(~) 4- SnOu) [5] 

in the temperature  range 1350~176 is given by the 
equation 

E ~ = 225.5 -- 0.0575T (mY) [6] 

The electrochemical data reported by Charette and 
Flengas (5) for the cell reaction 

Ni q- 1/z 02-~ NiO [7] 
are given as 

E~ ---- 1210.8 -- 0.4399T (mV) [8] 

Since the reaction 

Sn(1) + 1/2 O2--> SnO(b [9] 

is obtained by the addition of reactions [5] and [7], 
the emf corresponding to the cell reaction [9] in the 
temperature  range 1350~176 is E~ ---- E ~ + E~ 
That is 

E~ ---- 1436.3 -- 0.4974T (mV) [i0] 

Thus, the standard free energy of formation of liquid 
SnO in this temperature range is calculated as 

cal 
AG~ -- --66,242 4- 22.940T ~ [11] 

mole 

*'The emf data obtained for samples 1-4 representing 
SnO-SiO2 solutions are shown in  Fig. 2. The cells were 
operated on increasing and decreasing temperature  
cycles and the emf's were recorded every 20 ~ or 30:K at 
equil ibrium. The time interval  between readings usu-  
ally was 45 min-1 hr. These cells were run  for periods 
of 18-24 hr. Figure 2 also shows the results obtained 
for pure l iquid SnO (E~ For this system, because of 
the instabil i ty of SnO, emf results for solid SnO are 
not shown. The life of the experiments was reduced to 
a period of 5 or 6 hr after which the emf readings 
became unstable. This was a t t r ibuted to the attack of 
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Fig. 2. Temperature dependence of emf for the cell Ni, NiO/  
ZrO2-CaO/Sn, (SnO 4- Si02). 

Table [I. Summary of the experimental emf data for the SnO-SiO2 
system 

S t a n d a r d  
E = A - -  B T  er ror  of M a x i m u m  

T e m p  range  (mV) e s t ima te  d e v i a t i o n  
Xs io  2 ~ A B (mY) (mY) 

0.551 1270-1350 169.5 - 0.0002 •  0.7 

0.534 1230-1350 152.7 --0.0133 0.3 0.5 

0.400 1160-1370 154.6 --0.0074 0,3 0.5 

0.315 1300-136'5 264.5 0.0780 0.6 0.9 

" P u r e  S n O "  1350-1,420 225.5 0.0575 0.1 0.2 

the solid electrolyte by l iquid SnO, as evidenced by the 
black stains found on the external  surface of the ZrO2- 
CaO tube after the cell was cooled and disassembled. 
The summary  of the exper imental ly  obtained emf data 
and the calculated s tandard error of estimate and the 
max imum deviations are presented in Table II. 

It may be seen in Fig. 2 that the emf vs. tempera ture  
lines show important  slope variat ions at well-defined 
temperatures.  This type of variat ion is commonly in-  
terpreted as accompanying the appearance of either a 
solid phase or of l iquid immiscibil i ty and, when the 
phase diagram of the system under  study is avail-  
able, it provides a good check of the accuracy of the 
exper imental  determinations.  Unfortunately,  in  the 
case of the SnO-SiO~ system, the phase diagram is 
practically unknown,  the only informat ion available in 
the l i terature  being that  reported by Keysselitz and 
Kohlmeyer  (9) which is reproduced in Fig. 3. I t  is 
very l ikely that  the phase diagram suggested by these 
authors is an oversimplification of the actual phase 
relations in the system because of the absence of both 
the intermediate  compounds and the l iquid immisci- 
bil i ty region, which are characteristic of the metal  
oxide-silica systems. 

The activities of SnO, referred to the pure  l iquid 
oxide as the standard state, were calculated by means 
of Eq. [3] and the results at 1373~ are shown in  Fig. 4. 

The activities of silica at 1373~ referred to the pure 
solid as the s tandard state, were calculated from the 
Gibbs-Duhem equation wr i t ten  in  the form 
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Fig. 3. Phase diagram of the SnO-SiO2 system, Ref. (9) 
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" Y S i 0 2  7 S n O  

f f Xsn~ dlnTsno [12] d In 7sio-,. = -- Xsio2 

~/sio2 at ~'sno at 
SiO2 saturat ion SiO2 saturat ion at 
at Xsio2 ---- 0.565 Xsio2 -:  0.565 

In  this equation, 7sio2 is the activity coefficient of 
SiO2 with respect to the pure solid and 7sno is the ac- 
t ivi ty coefficient of SnO referred to the pure l iquid 
oxide. 

This integration, in order to be accurate, requires 
precise kfiowledge of the temperature-composi t ion co- 
ordinates at which SiO2 saturat ion takes place. In  this 
regard, the only informat ion  available is the phase dia- 
gram due to Keysselitz and Kohlmeyer  (9) (Fig. 3) 
which, as ment ioned earlier, requires fur ther  confirma- 
tion. Therefore, the activities of silica calculated on this 
basis which are shown in Fig. 4, should be considered 
as approximate values only. 

It  may be ~eadily seen in Fig. 3 that the results of 
the present work are in disagreement with those re-  
ported in previous publications (1, 2, 3). 

Chizikov et at. (1) used the emf method with cells of 
the type Sn, SnO/A12Q/Sn,  (SnO-SiO2). However, 
A1203 does not behave as a purely  oxide-ion conduct- 
ing membrane,  and therefore, accurate results cannot 
be expected from cells of this type. 

In  the work of Carbo and Richardson (2), the ac- 
tivities of SnO were established by measur ing the oxy- 
gen dissolved in liquid t in  brought  into equi l ibr ium 
with the slag through a gas phase. The slag samples 
contained as much as 10 mole per cent (m/o)  A1208 
which originated from the A1208 crucibles used for 
these experiments.  Thus, the activities of SnO deter-  
mined by this method should correspond to te rnary  
melts containing SnO, SiO2, and AI20~, and were ob- 

ta ined by extrapolat ion to the SnO-SiO~ b inary  s y s t e m  
on the assumption that the A1208 had no effect on the 
activity of SnO in  the concentrat ion range covered by 
the experiments.  This last assumption, however, w a s  
not exper imental ly  founded, and it should be expected 
that A120~ would behave in a way similar  to SiO~ tend-  
ing to complex the silicate s t ructure  and fur ther  de- 
crease the activity of the s tannous oxide in the melts. 

The electrochemical cells of Kozuka et al. (3) may 
lZrO~ / Sn  be represented as Sn, SnO / CaO / , (SnO-SiO2) a n d  

their  characteristic is that  of being "open" cells. The 
problems that  are expected in this type of cells have 
been discussed elsewhere (6). In  addition, the Sn, SnO 
reference electrode, due to both the attack of the SnO 
on the zirconia and the disproport ionation of the oxide 
at temperatures  lower than 1373~ may have ad-  
versely affected the results. It is of interest  to note 
that the activity results of Kozuka et al. (3) differ 
from the present  work by  about  10% and describe 
positive deviations with respect to the ideal molecular  
model. 

The comparison between the activities of SnO re-  
ported in this work and those of other metal  oxides 
dissolved in silica suggests that SnO is one of the more 
acidic metal oxides with respect to silica. 

The potential  E measured in  the cells represented in  
Eq. [1] could also be interpreted as the potent ial  which 
accompanies the electrochemical t ransfer  of oxygen 
between the two-half-cel l  compartments,  and is given 
as 

RT (Po2) sn/(sno-sio2) 
E _ - -  In [13] 

2F (P02) Ni/NiO 

where (Po2)sn/(sno-sJ02) and (PO2) Ni/NiO represent  the 
part ial  pressure of oxygen in  equi l ibr ium with Sn(D, 
(SnO/SiOe)(D, and Ni, NiO, respectively. Since the 
temperature  dependence of (Po2)Ni/NiO is well known 
(6), Eq. [13] may be used to calculate (Po2)sn/(sno-s[o2) 
~rom the experimental  emf data reported in Table II. 
The result  of this calculation at 1373~ is shown in  
Fig. 5. 
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Preparation and Properties of Magnetic Garnet Films 
Containing Divalent and Tetravalent Ions 

S. L. Blank, J. W. Nielsen, and W. A. Biolsi 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The re levant  phase equi l ibr ium data necessary to grow garnet  films con- 
ta ining divalent  and te t ravalent  ions by l iquid phase epi taxy are presented. 
The effects of melt  composition on film magnetic properties and film com- 
position are presented as is the influence of growth kinetics on the film magnetic  
parameters.  Work on the (Y,Sm, Ca) 3 (Ge,Fe) 5012 system is stressed. A coupled 
distr ibution coefficient is defined which adequately describes the Ca2+-Ge 4+ 
substitution. The effect of melt  depletion on magnetic properties is discussed 
and data presented to indicate the magni tude of the effect observed in the 
(Y,Sm,Ca)3(Ge,Fe)5O12 system. An example of the propagation character-  
istics observed in the (Y, Sm, Ca)8(Ge,Fe)5012 system is also shown. A tech- 
nique for controll ing the temperature  dependence of the collapse field in LPE 
films is presented. The use of Lu 3+ as both a dodecahedral and octahedral 
subst i tuent  is shown to lead to a system flexible enough to meet most of the 
present  device requirements.  

The discovery that  some f lux-grown magnetic  garnet  
platelets 'possessed sufficient uniaxia l  anisotropy to 
support bubble  domains (1, 2) has led to a search for 
garnet  compositions suitable for device use. A large 
number  of magnetic garnet  compositions have been 
suggested for use in bubble  domain devices (3-11). 
Many of these compositions have served well as ve-  
hicles for circuit design and prototype device construc- 
tion, but  as the bubble  domain memory comes closer 
to being a practical device for use in a variety of 
environments,  its stabil i ty toward temperature  changes 
becomes a major  consideration. Along with tempera-  
ture-s table  operation, high operational frequencies are 
also a requirement .  The considerations that  lead to 
high speed materials have been discussed previously 
(11). To achieve stabil i ty toward temperature,  the 
Curie temperature  of the garnet  film must  be as high 
as possible. Because of the preference of the nonmag-  
netic te t ravalent  ions Si 4+ and Ge 4+ for tetrahedral  
sites, and par t ly  because of their valence state, sub- 
st i tution of Si 4+ or Ge 4+ in a magnetic garnet  to 
yield a given 4aMs will exhibit  a higher Curie tempera-  
ture than the same garnet  substi tuted with Ga 3+ or 
A13+ to achieve the same 4aMs. Although a divalent  
ion is necessary to charge compensate for the te t ra-  
valent  substitution, the most convenient-sized ion, 
Ca ~+, is an S-state ion and has no negative effect on 
domain mobility. T h i s  d iva len t - te t rava len t  subst i tu-  
tion permits bubble  memory  operation over a wider 
temperature  range, and propagation margins in excess 
of 10 oe at 1 MHz and 100~ have been observed on 
Ca 2 + -G e 4 + substi tuted garnets. 

In  compensation for their higher complexity, the 
d iva lent - te t rava lent  substi tuted garnets show consid- 
erable versati l i ty in meeting a wide range of speed, 

K e y  words :  l iquid  phase  ep i t axy ,  c rys ta l  g rowth ,  m a g n e t i c  bubb le  
mater ia ls ,  phase  equi l ibr ia ,  g r o w t h  kinetics.  

temperature, and domain size requirements while at 
the same time holding to the restriction of matching 
the lattice parameter of Gd3GasO12 substrates. For 
example, the 6 ~,m bubble diameter material, 
Y2.62Smo.ssGal.2Fe3.sO12, can be adjusted to yield 3 
~m diameter bubbles in two ways. The decreased 
nonmagnetic ion substitution, along with the increased 
anisotropy required, leads to a larger lattice param- 
eter that can be adjusted downward through sub- 
stitution of either Lu 3 + or Si 4 +, as in 
Y1.46Luo.34Smo.2sCao.92Geo.92Fe4.0sO12 or Y1.6sSmo.ssCao.94 
Geo.s4Sio.loFe4.06012. Fortunately,  the same general i -  
zations applied earlier in the handl ing of subst i tuted 
garnets and the melts from which they grow still 
apply to these more complicated systems. Thus, melts 
containing magnetic garnet  components plus Ca ~+, 
Ge 4+, and/or  Si 4+ behave very much alike from the 
standpoint  of phase equi l ibr ium and kinetics of growth. 
However, they do differ in some respects from melts 
containing only t r iva lent  garnet  components. 

The purpose of this paper is to present  some of the 
relevant  phase equi l ibr ium data necessary to grow 
garnet  films containing Ca2+ and Ge 4+ by LPE, to 
show the effects of melt  composition on film composi- 
t ion and magnetic properties, to present  the growth 
kinetics observed in the system along with their 
influence on magnetic  properties, and to show the 
effect of octahedral subst i tut ion on the tempera ture  
dependence of the bubble  collapse field of LPE films. 
Work on the (Y, Sm, Ca)3(Ge, Fe)sO12 systems will 
be stressed because of a greater tendency for super-  
cooled melts containing Si 4+ to nucleate p~ematurely. 

Experimental Procedure 
All films discussed in  this study were grown on 

Gd3Ga5012 substrates by the dipping technique using 
supercooled melts (13). Axial  rotat ion was main-  
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tained constant at approximate ly  100 rpm during the 
growth period. The details of the apparatus and 
growth techniques have been discussed e lsewhere  (14, 
15). Tempera tures  at saturat ion were  restr icted to 
950 ~ _ 25~ except  in specific instances ment ioned in 
the text. Lattice constant measurements  were  obtained 
using the HPM method and the 444 and 888 reflections 
(16). Magnetic proper ty  measurements  were  obtained 
using the standard techniques (17, 18). 

Samples for composit ion analysis were  taken from 
the uniform region of the LPE films. The analysis was 
per formed on an ETEC Autoscan scanning electron 
microscope (SEM) using a K e v e x - R a y  l i th ium drif ted 
silicon detector  and an energy dispersive system. In-  
tensity data were  stored in channels 10 eV wide. Reso- 
lut i6n is such that  peaks separated by --150 eV may 
be analyzed wi thout  significant interference.  The x - r ay  
lines used were  YLa, PbMa, CaKa, SmLa, FeKa, and 
GeKa. The standards used were  CaF2, SmsGa50]2, 
YsFesO~2, Pb, and Ge. Electronics stabilization was 
achieved prior to analysis by allowing the beam (in 
reduced area mode) to scan the YIG standard for 
2 hr. Drift over the analysis time was typieally 1.0%. 
MAGIC IV (19), with appropriate modifications for 
the specimen geometry, was used to reduce the data. 

M a g n e t i c  Propert ies vs. Composi t ion  
The major  reason for the substi tut ion of te t rava len t  

ions in bubble garnets is that  the Curie t empera tu re  
per  mole of substi tut ion is higher.  Gel]er et al. (20) 
have shown that  both the site select ivi ty and the 
higher  valence wil l  serve to yield higher  Curie t em-  
peratures  over  those expected with  substitutions by 
Ga 3+ or A13+. Figure  1 shows the Curie tempera tures  
as a function of nonmagnet ic  ion substi tut ion for the 
systems Ca2+:YIG:VS+ (20), Ca2+:YIG:Si  4+ (21), 
Ca2+:YIG:Ge  4+ (21), Y I G : G a  ~+ (22), and YIG:A1 s+ 
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Fig. 1. Curie temperatures as a function of substitution (x) in 
the systems (A) Ca2+:YIG:VS+; (B) Ca2+:YIG:Si4+; (C) Ca2+: 
0.1Sm YIG:Ge 4+ (film); (D) Ca2+:YIG:Ge4+; (E) Ga~+:YIG; (F) 
AI 3 + :YIG. 

(22). For comparison, curve  C is f rom SEM analyses 
and Curie t empera tu re  measurements  taken on samples 
f rom the {Y2.gSm0.1Cax}(Fes-xGex)O12 system. (All 
curves are normalized to Tc = 555~ at x -- 0.) 

It can be seen that  the effectiveness in lower ing Tc 
goes as A13+ > Ga s+ > Ge 4+ > Si 4+ > V 5+. The 
difference be tween A18+ and Ga 3 + arises mainly  f rom 
the difference in site selectivity. A luminum occupies 
more octahedral  sites which are more effective in 
lowering Tc. Al though site select ivi ty probably  plays 
a small  role in explaining the differences in Tc seen 
for Ge 4+, Si 4+, and V ~+ substitution, these ions are 
highly selective, prefer r ing  te t rahedra l  sites. There -  
fore, the differences in Tc seen among Ge 4+, Si 4+, and 
V 5+ substi tuted garnets are re la ted most ly to size 
and charge. 

Note that  at x ---- 1.0, the Tc for Ge 4+ substi tut ion 
is 28 ~ higher  than for Ga s+ substitution. The differ- 
ence be tween device films is even  more str iking be- 
cause of the grea ter  Ga s+ substi tut ion requi red  to 
achieve the same moment .  For  a 6 ~m bubble d iam-  
eter, the substi tution level  of Ga s+ in YIG:0.2Sm is 
about x ---- 1.2, and Tc = 405~ while  for Ca2+-Ge 4+, x 
= 0.95 and Tc ---- 480~ or 75 ~ higher. 

The course of curve C is of interest.  The curve  
begins wi th  lower  Tc% than those exhibi ted by the 
polycrystal l ine samples of Winkler  (21), then crosses 
the plot of his data for the Cae+-Ge 4+ substitution. 
Since the films used to plot the data in curve  C were  
also Ca ~+ and Ge 4+ substi tuted with  the except ion 
of two samples where  the compensat ing ion was lead, 
the difference in the curves requires  some explanation. 
We suggest that  curve C indicates octahedral  sub- 
stitution. Geller  (20) has shown similar  curves for 
Ca2+-Si4+ and Mg2+-Si 4+ substi tuted YIG, where  
the curve  for octahedral ly  located Mg 2+ compensated 
by Si 4+ begins below the curve  for Ca2+-Si 4+ sub- 
st i tuted samples but then crosses over  it, a l though 
the effect is more  dramatic  in that  case. T w o  sources 
of octahedral  substi tut ion are suggested. First, it is 
possible that  under  the conditions of t empera tu re  and 
growth rate  used for LPE, the substi tut ion of Ge 4+ 
on octahedral  sites may  be sl ightly higher  than in 
the case of ceramic samples. Second, in the case of 
low and zero substi tutions of Ca 2+, charge compensa-  
tion occurs through Pb ~+ incorporation. In these 
samples, latt ice paramete r  measurements  suggest ya+ 
may be substi tuted in octahedral  sites in small  amounts, 
probably smaller  than the Ge 4+ octahedral  substitution. 

In Fig. 2 are shown two calculated curves showing 
room tempera tu re  4nMs vs. Ge substi tut ion over  the 
range 0.6 < x < 1.4. The curves were  genera ted  by 
computer  using the method of Dionne (23). In addi-  
tion to assuming that  the molecular  field coefficients 
var ied with diamagnetic  ion substi tut ion in YIG in 
the manner  assumed by Dionne, an empir ical ly  de-  
te rmined factor was applied to account for the small  
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samarium subst i tut ion (24). The lower curve assumes 
that subst i tut ion is ent i re ly  tetrahedral,  the upper  
curve assumes 2% of the Ge 4+ is on octahedral sites. 
The measured values of 4~Ms, indicated by the points, 
fall on or very near  the upper  curve, s trongly sug- 
gesting that our samples had about 2% Ge 4+ in octa- 
hedral sites. Considering the accuracy of measurements  
of this type, these data are consistent with Geller 's 
(20) observation that al though Ge 4+ is strongly site 
selective, a small percentage, perhaps 1%, is octahe- 
dral at a subst i tut ion of x = 1. The higher subst i tu-  
tion observed in the film is probably  the result  of 
kinetic effects. 

The data are in  disagreement with the conclusion 
of Shimada et aL (25) that  for x = 1 approximately 
14% of the Ge 4+ ions are on octahedral sites. Our 
magnetic moment,  lattice constant, and Te data agree 
closely with the results obtained by Geller (20) and 
Winkler  (21). 

Data presented so far have been taken on samples of 
analyzed compositions from PbO-B2Q fluxed melts. 
Although it is clear that melt  compositions must  be 
adjusted to grow varied film compositions, just  how 
the growth parameters  of composition and rate are 
adjusted to yield desired magnetic properties in films 
is not always.obvious,  and the establishment of a set 
of growth parameters  that optimize film properties 
can be tedious. The effect of changing two ratios, 
Fe /Ge  and Ca/Ge on the germanium content and 
hence Tc of (YSmCa)3(Ge, Fe)50~2 films, strongly 
suggested that in order to make maxin~um use of the 
systems containing Ge 4+ and Si 4+ a broad investiga- 
tion of phase equilibria, dis t r ibut ion coefficients, and 
kinetic effects was necessary. 

Phase Equilibria Studies 
In discussing the (YSmCa)3(FeGe)5012 system we 

define six atomic melt  ratios 

Fe2Os Fe 

ELn203 ZLn 

2Fe2Os Fe 
R2 - - - -  

R4 --- 

GeO2 Ge 

PbO Pb 

2B2Os B 

2~Ln203 + 2Fe203 + GeO2 + CaO 

PbO ~ 2B208 -~ 2ZLn~O3 -+- 2Fe20~ -~ GeO2 ~- CaO 

CaO 
R5 

GeO2 ~- CaO 

CaO Ca 
R6-- ---- 

2ZLn203 ~Ln 

where Ln203 refers to the rare earth oxides. These 
ratios are atomic ratios in contrast to those defined 
previously (14, 15). In clarification, the ra t io  R.~ -~ 
PbO/2B203 reads one half the molar  ratio of PbO to 
B203. In the Ln3Fe5-zGazO~2 systems the ratio R1 
was chosen to place the melt  composition within the 
garnet phase field in the pseudoternary Ln.203- 
Fe203-flux somewhere between R1 ---- 14 and R1 ~-- 
35. In  the (YSmCa)~(GeFe)~O12 system three ratios 
are impor tant  in del ineating the garnet  phase field. 
As in the previous systems, Fe203/ELn203 (RI) must  
still be set to place the melt  into the garnet  field 
instead of the orthoferrite or magnetoplumbi te  fields. 
However, the ratios R2 and R~ must  also be adjusted 
to prevent  second-phase precipitation dur ing garnet  
deposition. Figure 3 shows a portion of the pseudo- 
qua te rnary  YIG-Fe203-CaO-GeO2 for Tsar ~-~ 950~ 
The te rnary  represents a plane in  the quaternary  

( Y Fe25039 ) 

2==l \ 

7 r 
GeOz/ I I I L I t I I I \CaO 

Fig. 3. Section of pseudoquaternary, YIG-Fe203-CaO-GeO2 at 
Tsar = 950~ 

having R1 = 25, hence the end members  are wr i t ten  
as 1/26(YFe25030)-GeO2-CaO. The 1/26 is a scaling 
factor for the compositional axis used in Fig. 3. The 
closed circles represent  data points where  the only 
phase present  was found to be garnet.  Open circles 
present  points where the pr imary  phase was observed 
to be a colorless paralle]epiped which deposited before 
the iron garnet. Analysis of this colorless phase was 
performed in an SEM; the only cationic element  pres-  
ent was calcium; hence, the phase is almost certainly 
CaO. In  order to insure that garnet  is the pr imary  
phase dur ing  crystal growth the ratios R2 andR5 must  
be adjusted to place the melt  above the solid line in 
Fig. 3. 

Once the approximate boundary  to CaO formation 
was established it was informat ive to explore the 
concentrat ion dependencies of Ca and Ge substi tution. 
As had been done in the case of Ga, dis t r ibut ion co- 
efficients between concentrat ions in the crystal and 

( ae ) 
Ge ~- Fe crystal 

kGe - -  (, Ge ) 
Ge -# Fe  melt 

and 
Ca , 

Ca zc ~Ln / crystal 
k Ca : 

C a  ' )mel t  ' Ca q- :~Ln 

where the symbols in the fractions represent the num- 
ber of moles present. 

These distribution coefficients are plotted against 
R5 in Fig. 4 and 5 for a series of runs in which the 
concentrations of Ca and Ge ranged from zero upward. 
Note that at zero Ca concentration k Ge is considerably 
less than I, ~0.24, but rises sharply to over I as the 
Ca concentration rises. On the other hand, k ca is near 
0.I at high Ca and low Ge concentrations but rises 
to ~0.6 as the ratio R5 decreases; i.e., the concentrat ion 
in  the melt  of Ca relat ive to Ge diminishes. The max-  
imum in k ca at R~ between 0.4 and 0.5 occurs because 
of the very large Pb 2+ concentrat ion in the melt  which 
dominates the charge compensation process at low 
Ca concentrations. A comparable break in the k Oe 
does not occur because te t ravalent  ions other than 
Ge, such as Fe 4+, have very low concentrations. 

Addit ional  details on Pb 2+ incorporat ion will  be 
presented later; however, the data in  Fig. 4 and 5 
show the great in terdependence of the incorporations 

melt  were defined as follows 
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of Ca and Ge into the crystal. At very low Ge con- 
centrations, the total subst i tut ion is strongly influenced 
by the concentrat ion of Ge and k C~ is high, >1, in fact. 
At very low Ca concentrat ions the reverse is true;  
the subst i tut ion tends to be Ca controlled, but  the 
presence of lead makes this effect less pronounced 
than the former case. 

We have found it convenient  in discussing the sub-  
st i tution of Ca and Ge to define a coupled dis t r ibu-  
tion coefficient as follows 

( \ c a  2c X G e ) c r y s t a l  
~Ca;Ge - -  

2 ( X c a  -~- X G e )  mel~ 

where the X's are mole fractions based on total garnet  
ions present. 

We can view k c~;Ge as a measure of the effectiveness 
of total subst i tut ion in the (YSmCa) s (GeFe) 50~2 sys- 
tem. In  Fig. 6 are plotted values of k Ca;Ge against Rs. 
There it is seen that  subst i tut ion becomes easier as 
Ca and Ge concentrat ions become comparable. It can 
be seen then, from Fig. 4, 5, and 6, that  the incorpora-  
tions of Ca and Ge are strongly controlled by the 
concentrations of the ions with valences other than 
three. In  fact, separate experiments  revealed that k Ge 
and k ca are not near ly  so sensitive to the tempera ture  
of growth as, for example, is k Ga. Thus while the 
scatter in  the points in  Fig. 4, 5, and 6 can perhaps 
be par t ia l ly  a t t r ibuted to differences in growth tem- 
peratures,  it is l ikely that kinetic factors played a 
greater role. These will be discussed later. 

The incorporat ion of Pb requires comment. With no 
Ca in the melt, films grown at the same temperature,  
902~ 2~ and at a similar rate contained lead va ry-  
ing from 0.06 to 0.12 in the formula uni t  as R2 changed 

from 9.4 to 6.0, i.e., as the ratio of Fe to Ge decreased. 
It  was observed, however, that as calcium was added 
to the melt  the lead content  was sharply reduced. 
For example, analysis of films grown from a melt  
where R1, R2, and R~ were 25, 6, and 0, respectively, 
yielded the formula  Yf.s0Sm0.09Pbo.llFe4.ssGe0.12012. 
Keeping R1 and Re constant  and raising R5 to only 
0.3 yielded a composition with Pb 0.01 in the formula 
unit .  We conclude that because of its smaller size, 
calcium rapidly dominates the charge balancing proc- 
ess in the films even in  the presence of large concen- 
trat ions of divalent  lead. 

Growth Kinetics 
Composition vs. growth ra te . - -Onee the phase equi-  

l ibria are known and a melt  made which has the cor- 
rect composition to insure that  the desired i ron garnet  
is the pr imary  phase, kinetic effects must  be con- 
sidered. There is evidence that at higher temperatures  
the growth rate is greater for the (YSmCa) 3 (FeGe) ~O12 
system than it is for the (YSm)3(GaFe)5012 system. 
For~ comparison, the growth rate for (YSmCa)~ 
(FeGe)5012 at 908 ~ and 955~ and 10 ~ and 5~ super-  
cooling, respectively, are 0.30 ~m/min  and 0.97 ~m/min  
as compared to 0.26 #m/ra in  and 0.25 #m/ra in  for the 
Ga system at the same temperatures  and degrees of 
supercooling (26). 

Figure 7 shows the 4=Ms and Curie tempera ture  as 
a function of growth rate for samples grown from 
the melt  composition given below 

R1 ---- 25 R4 = 0.236 

R2 ----- 9.25 R5 ~- 0.590 

R~ -- 7.81 Sm/Y + Sm ---- 0.0416 

Note that the Ra-R5 combination places the melt  just  
inside the garnet field. The compensation temperature  
moves from below room temperature  to above room 
temperature  for growth rates from 0.80 to 2.10 ~m/min.  
This corresponds to compositions ranging from 
Y1.98Sm0JoCa0.97Ge0.97Fe4.0aO12, for the lowest growth 
rate, to Yl.~5Sm0.10Cal.15GeL15Fe3.s5012 for the highest 
growth rate. Figure 7 predicts that  for the melt  com- 
position listed above, a growth rate of ,-,1.52 # m / m i n  
would result  in a mater ial  with a compensation tem- 
perature  at room temperature  having the approximate 
composition Y1.sSm0JoCal.lGel.lFes.9012 By interpolat-  
ing between the measured lattice constants for samples 
grown at 1.06 and 1.58 #m/min,  one predicts that the 
above composition should have a lattice parameter  of 
~-12.3797A. Correcting this latt ice constant for the 
approximate Sm and Pb contents, one obtains a lattice 
constant  for Y~.9CaI.tGe1jFe3.9012 of ~12.371A. This 
compares well with the lattice constant  reported by 
Winkler  (21). We point out that the effect of rate 
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on 4~M, can be large, and can be greater  than in the 
t r ivalent  substi tuted systems. 

The question arises: Since the sensitivity of 4~M, 
to growth rate is substantial ,  does the interdependence 
of the substi tutions of Ca and Ge give a greater flex- 
ibi l i ty in  controll ing the rate sensit ivi ty than is ob- 
served in the case of a single nonmagnet ic  ion sub- 
s t i tuent  such as Ga? A series of runs was made to 
investigate the point. 

The sensitivity of the measured @rM, to growth 
rate can be expressed by 

(G/~m/min) = ~4=Ms 
~Rate 

For the melt listed above, M = --170 G/~m/min. We 
show in Fig. 8 the relationship observed between M 
and R5 for a fixed RI of 25 and for three values of R2. 
Open circles represent R2 values between 9.0 and 
I0.0, closed circles represent R2 values from 6.5 to 

- 3 0 0  

- 2 0 0  

- I 0 0  

+ 

I I I I P I 
,I .2 .3 .4  .5  .6 

R 5 

Fig. 8. Growth rate sensitivity vs. R5 

.8  

8.0, and crosses represent  R2 values from 5.0 to 6.5. 
The data show tha t ' t he  growth rate sensit ivity of the 
4~Ms is a ma x i mum at R~ near  0.5. The values of M 
range from --260 G//~m/min for R5 = 0.5 to approxi-  
mately --90 G / ~ m / m i n  for R5 or either R~ = 0.167 or 
0.63. For comparison, in  the system Y2.6Sm0.4GazFeh-=Ol= 
the average M = N +225. Compositions can be used 
such that  the rate sensit ivity is at least no greater 
than it is in ga l l ium-conta in ing systems. Furthermore,  
the empirically observed growth-ra te  sensit ivity of 
the 4~Ms confirms that the effective dis t r ibut ion co- 
efficient of the Ca+2-Ge +4 couple is less than unity.  
We postulate that, over the useful range of melt  com- 
positions studied, calcium is the controll ing ion in  
establishing the effective dis tr ibut ion coefficient for 
the Ca-Ge couple. 

Melt Depletion Effects 
From the data shown in Fig. 4, 5, and 6, one would 

expect that  the effect of melt  depletion would be to 
cause a considerable systematic var iat ion in  film 
composition as garnet  is removed from the melt. To 
investigate this point as well as to establish the effect 
of temperature  on rate sensitivity, a small  melt  
(N250g) was used first to grow films on 12 0.8 in. 
diameter GGG substrates over the tempera ture  range 
953 ~ _+ 7~ then . f lux  (PbO + B203) was added to 
the melt  and a second series of 14 samples was grown 
over a tempera ture  range of 895 ~ • 5~ The melt  
ratios were 31.6, 7.38, 0.386, and 2.70 for R1, Rf, Rh, 
and R6, respectively. A second melt, with the same 
composition as the first except for R4, was then used to 
grow 12 samples over the tempera ture  range 840 ~ 
• 10~ Figure 9 shows the measured 4~Ms of these 
three sets of samples as a funct ion of growth rate. 
Open circles represent  the first set of samples, X the 
second set, and closed circles the third set. Note the 
large scatter in the points. No at tempt is made to 
indicate the sequential  na ture  of the points. 

With a melt  as small  as 250g, removal of 1.9 • 10-fg 
of garnet  (~10 #m total thickness of film on 0.8 in. 
diameter  substrate) changes the melt  ratios signifi- 
cantly. The was t  important  change occurs in R6, since 
Y and Ca are removed from the melt  in the ratio of 
2/1, R~ would increase. Increasing R6 results in in -  
creased Ca-Ge subst i tut ion in the film. Experimental ly,  
it is found that the 4~Ms of films grown from the 
above-described melt  decreases by 4.8G upon removal 
of a 10 ~m thickness of garnet.  Correcting the mea-  
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grown from a 250g melt. O = 953~ X = 895~ �9 = 840~ 
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sured 4~Ms of each sample by the above factor re-  
sults in  the data shown in Fig. 10. Note the smaller  
scatter and the t rend of decreasing moment  with de- 
creasing tempera ture  of growth. The lat ter  effect 
could result  from increased lead content (therefore 
increased Ge 4+ acting as charge compensation) as the 
growth tempera ture  decreases (15). The growth rate 
sensit ivity of the 4~Ms varies from --173 G / # m / m i n  
at 953~ to --430 G / ~ m / m i n  at 840~ This increased 
growth rate sensit ivi ty is also thought to be the result  
of increased lead content. Since the dis t r ibut ion co- 
efficient of Pb is much less than unity,  as the concen- 
t rat ion in the film is increased the growth rate sensi- 
t ivi ty  of the 4=Ms would also be expected to increase. 

Temperature Dependence of Magnetic Properties 
Samples of (YSmCa)8(GeFe)5012 were grown with 

net moments  paral lel  to the te t rahedral  (positive) and 
octahedral  (negative) i ron sublattices. The positive ma-  
terial, with a composition Yi.92Smo.loCao.psGeo.9sFe4.02Oi2, 
exhibited a normalized slope of the collapse field vs. 
t empera ture  curve (AHo/HoAT) 25oC of --0.14%/~ For 
the negative material ,  with a composition 
YL67Smo.loCaL23GeL2~Fe3.77012, (AHo/Ho~T) 25oC = 
--0.51%/~ Comparison of the two values on either 
side of the compositional compensat ion point  indicates 
that  the mater ial  with the net  moment  paral lel  to 
the octahedral i ron sublattice has a tempera ture  de- 
pendence N3.5 times greater than that for the posi- 
t ive material .  The change of collapse field with tem-  
pera ture  is an impor tant  mater ia l  parameter  to con- 
sider because it directly affects the tempera ture  
sensi t ivi ty of circuit  performance. To be thermal ly  
stable, the bubble  garnet  chip must  be placed in  a 
bias magnet  s t ructure  where the tempera ture  de- 
pendence of the bias field tracks the change in collapse 
field of the epi material .  The most commonly used 
bias magnets are composed of ba r ium ferri te whose 
(~Hc/HohT)25oC is ,,, --0.20%/~ over the --10 < T~ 
< 100 range. A method by which the (AHo/HoaT)a5oC 
could be varied is therefore of great importance in 
tai loring a bubble  mater ia l  to a specific application. 

It  is found exper imenta l ly  that  in  the (YSmCa)3 
(Ge,Fe) 50~2 system the tempera ture  dependence of the 
bubble  collapse field is a funct ion of growth tempera-  
ture. F igure  11 shows (AHo/HohT)(%/~ vs. growth 
tempera ture  (~ for four samples of Y1.92Smo.loCao.ps- 
Geo.98Fe4.0~O12. The increased slope observed as the 
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Fig. 11. Normalized collapse field temperature dependence VS. 
growth temperature. Q = (YSmCa)3(Ge,Fe)5012, �9 = 
(Luu (Ge, Fe)~Ol~. 

growth tempera ture  is increased is thought to be the 
result  of increasing octahedral substi tution. A sample of 
Lu0.34Y1.44Sm0.2sCa0.o4Ge0.94Fe4.06012 was grown at 
952~ and the (AHo/HoAT)25oC also plotted in Fig. 11 
as the dark square. The increased value for the slope 
is consistent with the postulat ion that some small frac- 
tion of Lu 8+ occupy octahedral sites. Curie tempera-  
ture measurements  confirm some octahedral occupa- 
tion of Lu s+. The measured Tc for the above compo- 
sition is 471~ with a 4gMs of 214G. The expected value  
of Tc is ,-,475~ If the decrease in Tc of --185~ per 
mole from octahedral subst i tut ion is assumed to be 
correct, the observed decrease in Tc of 4~ corre- 
sponds to ,--0.022 moles of Lu 3+ on octahedral sites or 
approximately 6.5% of the total Lu 3+ content. Rob- 
ertson et al. (27) have also reported rare earth ions 
on octahedral sites. 

In  order to investigate the effect of octahedral oc- 
cupation of Lu ~+, a series of samples in the system 
(Y, Sm, Lu, Ca)3(Fe, Ge)501~ was grown. Figure  12 
shows the measured Curie tempera ture  of these sam- 
ples as a funct ion of the melt  ratio Fe2OJLu203. The 
solid point  indicates the measured Curie tempera ture  
for a sample grown from a melt  where Fe2OJLu2Oa 
was 54.5 but  where Sc 3+ was added to the melt  to 
incorporate 0.024 _ 0.002 addit ional moles of Sc3+ on 
octahedral sites in  the epi film. Figure 13 plots the 
normalized collapse field (AHo) defined as the change 
in collapse field from 0 ~ to 100~ divided by the tem-  
pera ture  interval  and normalized to the collapse field 
at 50~ as a function of the octahedral Lu ~+ con- 
centrat ion (mole).  The subst i tut ion on octahedral 
sites is consistent with the Curie temperature,  moment  
measurement ,  and film lattice parameter .  The solid 
point again represents,  the sample containing both 
Lu a + and Sc s +. 

Propagat ion  Charac te r is t i cs  
In  Fig. 14 (28) is shown the longevity plot (29, 30) 

of a bubble  data pa t te rn  propagat ing around a re-  
en t ran t  loop composed of TX elements. The operating 
frequency is the parameter ,  and the limits of the bias 
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field operating range are plotted as a function of the 
number  of propagation steps. The circuit period was 
28.8 #m and the separation between the epitaxial  
garnet  film and the circuit was from 1.0 to 1.6 #m. The 
film composition was Y1.92Sm0.10Ca0.gsGe0.gsFe4.0~O12. 
The magnetic properties of the sample are ]isted in 
Table I. It is seen in Fig. 14 that the bias field margins  
are independent  of frequency unt i l  1.1 MHz is reached. 
At 1.1 MHz, propagation still occurs for a relat ively 
small  number  of steps but  it is not possible to propa-  
gate more than 105 steps and retain the data pattern.  
At 1.2 MHz, propagation was not possible. Figure 14 
i l lustrates the onset of dynamic conversion and im-  
plies that the dynamic conversion failure mechanism 
is the mechanism operative under  the conditions pre-  
sented. 
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Fig. 14. Bias field operating range limits vs. number of propaga- 
tion steps. 

Discussion and Summary 
Our work on the phase equil ibria  in the 

Y2Os-CaO-Sm.~Os-Fe2Os-GeO2-PbO-BeO8 system re-  
veals two impor tant  differences between it and sys- 
tems studied earlier (which contained only t r ivalent  
ions) that  are impor tant  to note before depositing 
garnet  films from the system by LPE. First, the dis- 
t r ibut ion coefficients of the diamagnetic ions Ca 2+ and 
Ge 4+ can be varied over a much wider  range by var~c- 
ing the concentrat ion parameters  than can the dis- 
t r ibut ion coefficients of Ga 3+ and A18+, i.e., the solu- 
tions containing the ions Ca 2+ and Ge 4+ are less 
"ideal." 

Second, the possible crystall ization of CaO adds an 
addit ional  complication to the LPE process. In  sys- 
tems containing t r ivalent  garnet  ions the spontaneous 
crystallization of only garnet, orthoferrite, or magneto-  
p lumbi te  need be considered, and the e l iminat ion of 
problems with the lat ter  two is a simple mat ter  of 
controll ing R1. That  is to say, the garnet  p r imary  
field is readily defined and broad enough to permit  
a rather  wide range of tempera ture  and compositional 
changes. In the case of the melts containing Ca, the 
range of compositions available to the film grower 
is restricted by the formation of CaO within ranges 
of R2 and R5 that are close to the useful  values of 
these ratios. Figure 5 shows that as R5 increases the 
melt  must  become increasingly iron rich to avoid 
precipitat ion of CaO. 

Return ing  to the first point, in contrast  to Ga and 
A1, the distr ibution coefficients of both Ca 2+ and 
Ge 4+, as single substituents,  are less than un i ty  and 
vary  considerably with concentration. However, that 
variat ion is small  compared to the change in k ca 
or K Ge observed in melts containing both ions as 
the concentrat ion of the compensating ion is increased. 
That  is, a small amount  of Ca added to a melt  con- 
ta ining a substant ial  quant i ty  of Ge, or a small amount  
of Ge added to a melt  containing a large Ca concentra-  
t ion will  sharply increase k ca or k Ge, respectively. At 
low conc.entrations of Ge, in the presence of large 

Table I 

'I'growth h(~tm) SW(~tm) Hcoll (oe) 4rMs(G) l(Urn) Ku(erg/cmm) 

947~ 4.0 5.2 70 163 0.66 4400 
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concentrat ions  of Ca, k ae is over  2. On the other  hand, 
the  incorpora t ion  of Ca, at low concentrat ions of Ca in 
the presence of large  concentrat ions of Ge, is influenced 
by  the presence of Pb and k ca reaches a m a x i m u m  at a 
value of R5 a near  0.45. At  that  point,  and at h igher  
values of R5 and h igher  t empera tu re s  (~925~ Ca is 
subst i tu ted to the  exclusion of Pb  in spite of the  large  
excess of the  lat ter .  

The composit ion os LPE films grown from solutions 
containing Ca and Ge is more  s t rongly  dependent  on 
the  ra te  of g rowth  than the composit ion of films con- 
ta ining only t r iva len t  ions when R5 is near  0.5. How-  
ever, this sensi t iv i ty  decreases when an excess of 
e i ther  Ca or Ge is present .  Apparen t ly ,  in the presence 
of large  amounts  of Ca or Ge, the equivalent  of a 
"buffering action" occurs which stabi l izes the  ra te  
effect. Of course, h igh CaO concentrat ions increase 
the r isk of CaO precipi ta t ion.  

The t e m p e r a t u r e  dependence  of the bubble  collapse 
field can be contro l led  by ad jus t ing  the degree  of 
oc tahedra l  subst i tut ion,  t he reby  changing the  Curie  
t empe ra tu r e  and degree of total  d iamagnet ic  ion in-  
corporation.  Increased oc tahedra l  subst i tut ion resul ts  
in lower  Curie t empera tu re  and increased values for 
~Ho. The use of Lu 3+ as both a dodecahedra l  and 
oc tahedra l  subs t i tuent  al lows control  of the t empera -  
ture  dependence  of the bubble  collapse field while  
s imul taneous ly  sat isfying the other  s t r ingent  device 
requirements .  

In spite of the increased complex i ty  of the 
Y203-CaO-Sm203-Fe.,O3-GeO2-PbO-B20~ system and, 
perhaps,  its high ra te  sensit ivi ty,  the garnets  c rys ta l -  
liz,ed f rom it  have high potent ia l  for use in high speed, 
t empera tu re - s t ab le ,  bubble  memories.  P ropaga t ion  of 
6 ~m d iamete r  bubbles  at  1 MHz and 100~ wi th  useful  
marg ins  has a l r eady  been demonst ra ted .  
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Potential-Induced Impedance Variations in Barrier-Type 
Aluminum Oxide Films in Aqueous Sodium Sulfate 
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ABSTRACT 

Negligible changes occur in the dielectric properties of bar r ie r - layer  anodic 
a luminum oxide films exposed (50 hr) to neutra l  aqueous sodium sulfate at 
the open-circuit  potent ial  and --725 mV vs. SCE, indicating li t t le f i lm-en-  
v i ronment  interaction. Transmission electron micrographs of films exposed 
for this t ime to the same chemical env i ronment  at 10 and 20V show the pres-  
ence of a deposit on the surface of th inned anodic oxide; this deposit is pre-  
sumably  hydrated a luminum oxide. Significant changes observed in ,the di- 
electric properties of films tested at these two potentials have been analyzed 
by means of an a-c impedance model yielding dielectric constant  and re-  
sistivity values, and thickness- t ime profiles for the anodic and hydrated layers. 

The oxide film on a luminum acts as a barr ier  to mass 
t ransport  between the metal  and the envi ronment  cre- 
ating the general ly  favorable corrosion resistance of 
a luminum and its alloys. Hence, it is impor tant  to de- 
termine the manne r  in which these films are affected 
by various env i ronmenta l  factors, e.g., anionic con- 
stituents, electrolyte pH, and applied potential. Several  
investigators, e.g., Pryor  and co-workers (1-4), Rich- 
ardson and Wood (5), and Libsch and Devereux (6), 
have examined the effects of anionic consti tuents and 
electrolyte pH upon bar r ie r - layer  anodic oxide films 
on a luminum at the open-circui t  potential.  Other in -  
vestigators (7, 8) have studied the formation mecha-  
nism of such films. To date, however, few invest iga-  
tions have been directed toward the effect of applied 
anodic potentials less than the formation potential;  
these potentials are subsequent ly  referred to as "re- 
duced potentials." The work of O'Sul l ivan and Wood 
(9) concerning the effect of reduced potentials on 
porous anodic a luminum oxide films, and of Renshaw 
(10) a n d  Libsch and Devereux (11) concerning the 
effects of reduced potentials on bar r ie r - l ayer  films has 
been described previously. 

In  this investigation, the authors chose to examine 
the effect of reduced potentials upon bar r ie r - l ayer  
anodic a luminum oxide films in neut ra l  aqueous so- 
dium sulfate. This chemical env i ronment  was chosen 
for study because of its innocuous effect (4, 5) upon 
these films at the open-circui t  potential,  and because 
of its nonanodizing behavior  (12). 

Experimental Procedure 
Cylindrical  electrodes were machined from a lumi-  

num and p la t inum rods of 99.999 and 99.5% purities, 
respectively, and successively abraded with 240, 320, 
400, and 600 grit metal lographic papers. The a l u m i n u m  
surfaces were fur ther  prepared by chemical polishing, 
as outlined previously (11). Electrolytes were prepared 
from reagent grade chemicals and double-dist i l led 
water. The anodizing electrolyte was aqueous 3 weight 
per cent (w/o)  ammonium tar t ra te  adjusted to neu-  
tral  pH by the addit ion of several drops of dilute am-  
monium hydroxide. The testing electrolyte was aque-  
ous 1M sodium sulfate adjusted to neut ra l  pH by  the 
addition of dilute sulfuric acid or sodium hydroxide. 
The pH of this electrolyte was checked immediate ly  
prior to use in each case, and minor  adjustments  made 
when necessary. 

The electrode assembly was identical to that de- 
scribed previously (6, 11) ; the electrochemical ce l lwas  

* Electrochemical  Society Act ive  Member .  
1P re sen t  address :  Bend ix  Research  Laborator ies ,  Southfield, 

Michigan  48076. 
I~ey words :  a luminum,  ar~odic oxidation, impedance, hydration. 

also similar except for the introduct ion of a reference 
electrode by means of a salt bridge comprised of the 
testing electrolyte. Barr ie r - layer  anodic films [,~360A 
thick (3) ] were potentiostat ically formed at 30V in the 
manner  given previously (11). Cells with anodized 
electrodes were tested at --725 and 1000 mV vs. SCE 
for 2700 min, and at the open-circui t  potential, 10 and 
20V for 3000 min. At 2700 rain, the potential  of cells 
tested at --725 and 10'00 mV vs. SCE was abrupt ly  re-  
duced to and main ta ined  at --910 mV vs. SCE (the 
steady-state open-circui t  potential)  for 200 rain. The 
potential  of cells tested at 10 and 20V was abrupt ly  
removed at 30.0.0 min;  testing continued, however, for 
an addit ional 200 min. In  each case, a new electrode 
was used with testing prompt ly  following anodizing. 
Cells with p la t inum electrodes were tested at the open- 
circuit potential  for 4000 min. All cells were main-  
tained at 30.0 ~ _ 0.1~ dur ing  anodizing and testing by 
means of a conventional  water  bath. 

The dielectric properties of cells with anodized elec- 
trodes were measured at preselected times during the 
testing period at 0.5, 1, 5, 10, 20, 50, and 100 kHz uti l iz-  
ing the capacitance measur ing assembly described 
previously (6, 11). Cells with p la t inum electrodes were 
connected in series with a capacitor (General  Radio 
1419-B). The dielectric properties of this combination 
were measured at the above frequencies after a lapse 
of 4000 min;  it had been the authors '  previous observa- 
tion that the properties of these cells do not stabilize 
for at least 1500 min  (6). The dielectric properties 
of the series capacitor with the same leads were also 
measured at these frequencies for subsequent  cor- 
rection of these data. This technique was found to be 
more accurate than that  previously employed by the 
authors (6, 13). The data of cells with p la t inum elec- 
trodes were obtained in order to correct the data of 
cells with anodized electrodes for the presence of the 
electrolyte, as discussed below. 

Following exposure to the testing electrolyte, the 
cells were prepared for t ransmission electron micros- 
copy in the manner  given previously (6, 11); in  this 
investigation, however, it was necessary on occasion 
to sandwich the film between two copper grids to pre-  
vent  curl ing upon drying. At 10V, films were tested 
for 660, 1320, 1980, and 2640 min  in order to construct 
a t ime sequence of t ransmission micrographs. 

Experimental Results 
Time dependence oS the open-circuit  potent ia l . - -The 

average open-circuit  potential  value of several cells 
with ~nodized electrodes was observed to decrease 
from approximately --400 mV vs. SCE ini t ia l ly  to a 
near ly  constant value of --910 mV vs. SCE after 500 
min  of testing (14). Cells tested at potentials more 
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Table I. Average capacitance and resistance values of the neutral 
aqueous 1M sodium sulfate testing electrolyte* 

A. Determined from ceils wi th  platinum electrodes 

Cp~/A  RP2 A Rs2 A 
(kHz) ( ~ f / c m  2) (ohm �9 e m  ~) ( o h m  �9 cm ~) 

0.5 22.2 35.9 4.94 
1 18.5 16.4 3.55 
5 5 . 8 0  3 . 5 8  2 . 5 1  

1( )  2.23 2.73 2.38 
20 0.682 2.41 2.31 
50 0.107 2.27 2.26 

B. D a t e r m i n e d  f r o m  Rs~ vs.  ~-~ plo t s  

S p e c i m e n  p o t e n t i a l  Rs.  A (ohm �9 cm ~) 

O p e n - c i r c u i t  2.16 
--725 m V  vs. SCE 2.31 
1O00 m V  vs. SCE 2.05 
10V 2.03 
20V 2.16 

�9 P a r a m e t e r  de f in i t ions  can be  f o u n d  i n  t he  l i s t  o f  symbo l s .  

positive, than  the lat ter  value were, therefore, con- 
sidered to be anodically polarized. 

Calculation o~ electrolyte and f i lm parameters . - -Elec-  
trolyte parameters  were determined by two of the 
methods proposed by Young (15), i.e., by subst i tut ion 
of a dummy electrode of low impedance for the ano- 
dized electrode, and by  extrapolat ion of a plot of the 
init ial  series resistance of the cell vs. reciprocal fre- 
quency to infinite frequency. The parallel  capacitance 
(CpD and resistance (RP2) of cells with p la t inum elec- 
trodes were calculated from the measured series capac- 
i tance (Cs4) and dissipation factor (D4) of the cell- 
capacitor combinations, and from the measured series 
capacitance (Css) and dissipation factor (D~) of the 
capacitor, as discussed previously, by 

Cp2 :- Cs5 Cs4 ( Cs5 -- CsD / 

[ (Cs5 -- Cs4) 2 ~c (Cs5 D4 -- Cs4 Ds)2] [1] 

RP2 : [(Cs5 -- Cs4) ~ -b (Cs~ D4 -- Cs4 D5)2]/ 

Cs5 Cs4 (Cs5 D4 -- Cs4 Ds) [2] 

where ~ represents the angular  f requency in  rad/sec. 
The series resistance (Rs2) of these cells was calcu- 
lated from Cp2 and Rp2 by 

Rs2 = RP2/[1 ~- (~ Rp2 Cp2) 2] [3] 

The average values of Cp2, Rp2, and Rs2 calculated as 
above from three cells are listed, normalized for the 
electrode area (A), in Table I, part  A. 2 These param-  
eters are regarded as characteristic of the electrolyte 
since the p la t inum electrodes, in series with the elec- 
trolyte, may reasonably be expected to possess negli-  
gibly high capacitance and negligibly low resistance. 
The tabulated values compare favorably with those re-  
ported by Heine and Pryor  (3) for nea r -neu t ra l  aque-  
ous 1M sodium chromate. The series resistance (Rs2) 
of the testing electrolyte was calculated by the lat ter  
of the aforementioned methods in the manne r  outl ined 
previousIy (11). The average series resistance vs. re-  
ciprocal frequency plots were l inear  at each potential  
reflecting good cell geometry, as suggested by Smyth 
(t6).  The average electrolyte resistance values deter-  
mined in this manne r  are listed vs. potential  in Table 
I, part  B. In Table I, the series resistances of the test- 
ing electrolyte determined by both methods are ob- 
served to be similar, par t icular ly  at the higher fre-  
quencies. 

Cells with anodized electrodes were modeled as a 
series combination of two parallel RC circuits; one 
parallel RC circuit representing the electrolyte, the 
other the anodie film. Utilizing this analog, the bridge 

Data  at  100 kHz h a v e  no t  been  r e p o r t e d  t h r o u g h o u t  this article 
due  to s ign i f i can t  e r ro r s  i n t r o d u c e d  by the  i n d u c t a n c e  and resistance 
of the  leads  and  b r i d g e  w i n d i n g s  (14). 

measurements  of these cells, i.e., the series capacitance 
(Csl) and dissipation factor (D1), and the electrolyte 
parameters  determined from cells with p la t inum elec- 
trodes (Table I, par t  A),  the series capacitance (Css) 
and resistance (Rs3) of the film were calculated by 

Cs~ : Csl [1 -~ (~ Rp2 Cp2)2]/ 

[1 ~- Cp2 (~ Rp2) 2 (CP2 -- Csl)] [4] 

R~3 ---- [D1 -~ ~ Rp2 (~ Rp2 Cp2 ~ D1 -- Csz) ] /  

CSl [1 -Jr- (~ Rp2 Cp2) 2] [5] 

The cell analog and procedure for calculating film pa-  
rameters  from the data of cells with anodized elec- 
trodes and the series resistance of the electrolyte a s  
determined from plots of the ini t ial  series resistance of 
the cell vs. reciprocal f requency have been discussed 
previously (11). In  both models, the parallel  film ca- 
pacitance (Cp3) and resistance (Rp3) were calculated 
from Cs3 and Rs3 by 

Cp3 = Cs3/[1 + (~ Rs3 CsD ~] [6] 

Rp3 ---- [1/(~ Css) 2 Rsz] ~- Rs3 [7] 

Fi lm values calculated by both methods were com- 
pared at the 10V potential  and found to be negligibly 
different. The max imum difference in parallel  film 
capacitance ( A C p J A )  was 0.010 ~f/cm 2 (5.0 kHz, 3000 
rain),  while the ma x i mum difference in  parallel  film 
resistance (~RpzA) was 10,000 o h m .  cm2 (0.5 kHz; 0 
rain).  Hence, film values at the other testing potentials  
were calculated only from the data of cells with ano-  
dized electrodes. 

Cell and fi lm va lues . - -The  average paral lel  capaci- 
tance (CpD and resistance (RPl) of three cells tested 
at open circuit, --725 and 1000 mV vs. SCE, and 10, 
and 20V are presented, normalized for the electrode 
area, in Fig. 1-5. Cpl and RPl values were calculated 
from the bridge measurements  Csl and D1 by 

Cpl = Cs l / (1  + D12) [83 

Rpl  = (1 + D12)/~ C81 D1 [9] 
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Fig. 1. Time dependence of the average parallel capacitance and 
resistance of cells having anodized electrodes and of films tested 
at the open-circuit potential. Error bars typical. 
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The corresponding film values, calculated as above, are 
also i l lustrated in these figures�9 Data points are not 
st:own in these figures; error  brackets have been in- 
cluded solely ~or the purpose of i l lustrat ing typical 
scatter. The t ime scale has been expanded  by a factor 
of five at 2700 min in Fig. 2 and 3 and at 3000 min in 
Fig. 4 and 5 corresponding to the t ime when the poten- 
tial was reduced or removed.  Significant changes in 
dielectric parameters  are observed only for cells and 
films tested at 1C00 mV vs. SCE and 10 and 20V; a large 
f requency dispersion of capacitance is also observed 
at these potentials.  
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Fig. 4. Time dependence of the average parallel capacitance and 
resistance of cells and films tested at lOY. The potential was 
removed at 3000 min, coincident with the expansion in the time 
scale. Error bars typical. 
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Fig. 5. Time dependence of the average parallel capacitance and 
resistance of cells and films tested at 20V. The potential was re- 
moved at 3000 min. Error bars typical. 

Microscopic examinat ion of f i lms. - -Typical  t ransmis-  
sion electron micrographs of films tested at each anodic 
potential  are presented in Fig. 6. Films tested at --725 
mV vs. SCE appear essential ly featureless,  except  for 
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Fig. 6. Transmission electron 
micrographs of films tested at 
the anodic potentials: (a) --725 
mV vs. SCE, (b) 1000 mV vs. SCE, 
(c) 10V, and (d) 20V. (a) and 
(b), 2700 min; (c) and (d), 3000 
min. 

a scalloped appearance due to the replication of the 
i r regular  topography of the substrate, created by the 
chemical polishing procedure (17). Films tested at 10 
and 20V show the presence of a deposit on the surface 
of thinned anodie oxide. This deposit is observed to 
mask the majority of the anodic oxide, to be consider- 
ably thicker than the anodic oxide, and to be perme- 
ated by channels. Some tendency toward this behavior 
is seen in films tested at i000 mV vs. SCE. The ap- 
pearance of channels in tested films led to the investi- 
gation of the development of this phenomenon. Typical 
transmission electron micrographs of films tested for 
various times at 10V are presented in Fig. 7; channel 
development, as observed in these micrographs, is dis- 
cussed in a subsequent section. 

Discussion 
Film values . - -Heine,  Keir, and Pryor  (4) and Rich- 

ardson and Wood (5) have previously reported the 
dielectric properties of bar r ie r - l ayer  anodic a luminum 
oxide films tested in nea r -neu t ra l  aqueous sodium 
sulfate at the open-circui t  potential  to remain  essen- 
t ial ly unchanged for a prolonged period. In  the current  
study, the dielectric properties of films tested under  
similar conditions (Fig. 1) remained near ly  constant 
dur ing  50 hr, a result  in  agreement  with that  of the 
aforementioned investigators. The purpose of deter-  
min ing  these data was to establish a s tandard against  
which the dielectric properties of films subjected to 
the anodic potentials could be compared. Minor changes 
in film properties occur at --725 mV vs. SCE (Fig. 2); 
in view of the micrograph of the film tested at this 
potential  (Fig. 6a), these changes are credited to minor  
uni form film dissolution. 

Significant changes in film dielectric properties were 
observed at 10G0 mV vs. SCE and 10 and 20V (Fig. 
3-5). Micrographs of these films (Fig. 6b-6d) show 
these changes to result  from the th inn ing  of the anodic 
oxide film and the concurrent  thickening of an outer 
deposit, believed to be hydrated a luminum oxide. The 
hydrated oxide appears as the dark regions due to its 
substant ial  thickness. 

Several workers (18-20) have investigated the reac- 
tion between boiling water and bar r ie r - layer  anodic 
a luminum oxide films, and reported the simultaneous 
th inn ing  of the anodic oxide, and thickening of a hy-  
drated oxide. Borate and phosphate ions were found 
to impede this reaction; sulfate, chromate, and oxalate 
ions had little effect. The reaction product was identi-  
fied as pseudoboehmite, a poorly crystallized substance 
containing considerably more water than stoichiome- 
tric a luminum monohydrate  (boehmite) ;  it was ob- 
served to form in randomly oriented platelets which 
extended far out into the electrolyte. 

The authors believe the hydrated oxide observed in 
this investigation "cracked" upon drying at the conclu- 
sion of the test period. This belief is supported by the 
following observations: (i) after 660 rain at 10V (Fig. 
7b), the hydrated oxide appears uniform; (it) the 
channeled area is relat ively small  (26% in Fig. 6c) 
and appears to be related to the thickness of the hy-  
drated oxide; and (iii) a model considering the growth 
of channels ~n situ, described subsequently,  proved 
unrealistic. 

Potent ia l -dependent  changes were observed in the 
dielectric properties of films tested at the higher anodic 
potentials (Fig. 3-5). The authors (11) have previ-  
ously observed similar changes which were explained 
by the flow of ionic defects to the oxide/electrolyte 
interface. The potent ia l -dependent  changes in film val-  
ues in the current  invest igat ion can be credited in  par t  
to the same phenomenon;  the si tuation is complicated, 
however, by the presence of the hydrated layer, and 
these data are presented without  fur ther  explanation. 

The hydration modeL- -The  micrographs in Fig. 7 
show that the th inned anodic layer is essentially un i -  
form; the film, therefore, was modeled as a series 
combination of two paral lel  RC circuits; one circuit 
represent ing a uni form (in thickness) anodic layer, 
the other a un i form hydrated layer. This model was 
analyzed only for films tested at 10V, and only for the 
time dur ing which this potential  was applied (0-3000 
rain).  The dielectric constants and resistivities of both 
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Fig. 7. Transmission electron 
micrographs of films tested at 
IOV for: (a) O, (b) 660, (c) 1320, 
(d) 1980, and (e) 2640 rain. 

oxides were assumed independent  of layer thickness, 
and values were assigned for the thickness of each 
layer  at 3000 rain. Several final thickness assumptions 
were examined, each of the form d6: d~, where d6 and 
d7 in this form represent  the final thicknesses of the 
anodic and hydrated layers in angstroms. 

The series dielectric constant (~s6) and resistivity 
(pso) of the anodic oxide were calculated by 

~s6 ~- Cs3 do/eoA [10] 

ps6 : Rs~ A / d o  [11] 

where do and eo represent  the ini t ial  film thickness 
and the permit t iv i ty  constant, respectively. ~s6 and ps6 
were determined from init ial  film values since the 
layer thicknesses are known to be 360 and 0A at this 
time. The values of these parameters  are listed vs.  fre-  
quency in Table II, part  A. 

The series dielectric constant  (KsT) and resistivity 
(psT) of the hydrated layer were calculated by 

~s7 = ~s8 Cs3 dT/  (Ks6 eo A - -  Csa d6) [12] 

ps7 : (Rs3 A --  ps6 d6) /d7  [13] 

A problem was encountered in  supplying data for 

these expressions since d6 and d7 are known only at 
t ime zero, which is not useful. Utilizing the dielectric 
constant and resistivity values of the anodic layer  
(Table II, part  A), and the final values of film capaci- 

tance and resistance , Ks7 and ps~ were arbi t rar i ly  cal- 
culated at 3000 min  for each of the following final 
thickness assumptions: (i) 20:2000, (ii) 20:2500, (i i i)  
60:2000, and ( iv )  60:2500. These values are listed vs. 
frequency in Table II, part  B. The dielectric constant 
and resistivity of the hydrated oxide are observed to 
be greater and less than, respectively, the same pa-  
rameters  of the anodic oxide. It is also observed both 
when the assumed hydrated layer  thickness is in -  
creased at constant anodic layer  thickness and when 
the assumed anodic layer thickness is increased at-con- 
stant  hydrated layer thickness that the dielectric con- 
stant  increases; at the same time the resistivity of the 
hydrated oxide decreases. 

The thicknesses of the anodic (d6) and hydrated (tiT) 
layers have been determined at any  time by 

d6 = ~s6 {~ ~s7 eo A Rs3 
- -  [1  -~- (W KS 7 e o p87 )2 ]  1/2 d 7 c o s  e2} /  

Ks7 [1 + (w Ks~ eo ps6)U] 1/2 cos 01 [14] 



VoL 123, No. 6 B A R R I E R - T Y P E  A L U M I N U M  OXIDE FILMS 869 

Table II. Average dielectric constant and resistivity values of the 
anodic and hydrated layers of films tested at 10V* 

A. A n o d i c  o x i d e  

F i n a l  t h i c k n e s s  
a s s u m p t i o n  f (kHz)  ~s~ (un i t l e s s )  pS6 ( o h m  �9 m)  

A n y  0.5 8 .39 6.75 X 10~ 
l 0  8.12 3.31 X 10 ~ 
50 8.07 6.69 x i 0  ~ 

B. H y d r a t e d  o x i d e  

F i n a l  t h i c k n e s s  
a s s u m p t i o n  f (kHz)  ~s~ (un i t l e s s )  pS7 ( o h m  �9 m)  

20:2000 0.5 119 2.69 x i0 { 
I0 101 1.88 X 10 s 
50 95.0 4.95 • I0 ~ 

20:2500 0.5 148 2.15 • 104 
10 126 1.50 x 10 s 
50 119 3.96 x 10 e 

60 :2000  0.6 166 2.56 X 10~ 
10 134 1.81 X 10 a 
50 124 4.82 X 10 ~ 

60 :2500  0.5 207 2.05 x 10 'z 
1O 168 1.45 • l 0  ~ 
50 155 3.S6 x IO ~ 

* P a r a m e t e r  de f in i t i ons  c a n  be  f o u n d  Lr~ t h e  l i s t  of  symbol s .  

and 

d7 ~- as7 co A(cos 01 -- ~ Cs~ Rs3 sin 01)/ 

Css [1 + (~ ~s7 ~o psT)2] ~/2 sin (o2 -- Ol) [15] 

where 01 and 02 are given by 

01 : tan  -1 (1/~ps6 ~s6 Co) [16] 

02 : tan  -~ (1/~ps7 ~s7 Co) [17] 

Utilizing the dielectric constant  and resist ivity values 
of both oxides (Table II) and the capacitance and re-  
sistance values of the film at 0.5 kHz, a d0 and d~ were 
calculated at several times for each of the aforemen- 
tioned final thickness assumptions. These thickness 
profiles are i l lustrated in Fig. 8; to locate the anodic 
and hydrated layer profiles for any final thickness 
assumption, choose the two curves labeled with the 
values of that assumption. Regardless of the final thick-  
ness assumption employed, the anodic layer  thins at a 
near ly  constant rate dur ing the ini t ia l  port ion of the 

L a y e r  t h i c k n e s s  is i n d e p e n d e n t  of  f r e q u e n c y ,  h e n c e ,  f i lm data at 
0.5 k H z  w e r e  a r b i t r a r i l y  chosen .  
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Fig. 8. Average thickness profiles of the anodic and hydrated 
layers of films tested at IOV as determined by the hydration model. 

test; the rate then slows and assumes a near ly  con- 
stant  value of ,~ 10% of the ini t ia l  rate. More specifi- 
cally, for the 20A curve the ini t ia l  and final rates are 
0.267 and 0.030 A/min ;  for the 60A curve the rates a r e  

0.211 and 0.027 A/min .  This change is a t t r ibuted to a 
reduction in the reaction rate at the anodic oxide/  
hydrated oxide interface due to thickening of the hy-  
drated layer. Regardless of the assumption, the hy-  
drated layer thickens to approximately  its final value 
during the init ial  1000 min  of testing, and remains  
essentiaEy constant after that. The ini t ial  growth rate 
of this layer is 2.85 A / m i n  for the 2000A curve and 
3.56 A/ra in  for the 2500A curve. Using the ini t ia l  
rates cited above, the thickness of hydrated oxide 
formed per angstrom of anodic oxide consumed is 
found to be dependent  on the final thickness assump- 
tion, increasing from 10.7A for the 20:2000 assump- 
tion to 16.9A for the 60:2500 assumption. These values 
are greater than that of 2.5A reported by Hunter,  
Towner, and Robinson (18) for the reaction between 
boiling water and nonporous anodic a luminum oxide. 

The parallel  capacitance and resistance of the anodic 
and hydrated layers, i.e., CP6, Rp6, CPn and RpT, re-  
spectively, have been calculated vs. t ime and fre-  
quency by 

Cp6 = Ks6 eo A/d6 [1 -t- (~ eo pS~ KS6) 2] [18] 

Rp6 : d6 [1 4- (~ ps6 Ks6 eo)2]/(~Ks6 Co) 2 A ps6 [19] 

Cp~ : ~s~ eo A/d~ [1 -Jr (~ ps7 ~s~ co) ~] [20] 

RP7 : d~ [1 + (~ ps~ ~S~ eo)2]/(~ ~s7 Co) ~ A ps~ [21] 

Utilizing the dielectric constant  and resistivity values 
of both layers (Table II) and the thickness profiles 
(Fig. 8), the capacitance and resistance curves of each 
layer were determined for each of the aforementioned 
final thickness assumptions. The capacitance vs. time 
curves are i l lustrated in Fig. 9; these curves have been 
condensed into bands for graphical clarity. This figure 
clearly shows the large increases in film capacitance 
observed in Fig. 4 to result  from the th inn ing  of the 
anodic oxide, and the large frequency dispersion of 
capacitance to result  from the large frequency disper- 
sion of capacitance of the hydrated oxide. The resist- 
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the anodic and hydrated layers of films tested at IOV as determined 
from the hydration model. 

ance vs. t ime curves are i l lustrated in  Fig. 10; clearly, 
the large decreases in  film resistance observed in Fig. 4 
result from the th inn ing  of the anodic oxide. 

Alternate treatment aS the data.--Using a similar 
series of steps, the authors have also analyzed the 
case where the channels are assumed present in situ 
(14). In this analysis, the anodic layer was assumed 
to thin uniformly,  and the channeled area was con- 
sidered to be a l inear  funct ion of the thickness of the 
hydrated layer. Utilizing the film values at 10V and 
assuming a value of 200.0A for the final thickness of 
the hydrated layer, it was determined that  the final 
thickness of the anodic layer  must  necessarily be 
greater than l15A. It is apparent  from the electron 
micrograph (Fig. 6c) that the anodic layer  is consider- 
ably th inner  than this at the end of the test, indicat-  
ing conclusively that the channels are, in fact, an ar t i -  
fact induced dur ing drying of the electrodes. 

Summary and Conclusions 
Barr ier - layer  anodic a luminum oxide films were ex- 

posed to neut ra l  aqueous sodium sulfate for 50 hr at 
the open-circuit  potential  and at anodic potentials of 
--725 and 1000 mV vs. SCE and 10 and 20V. These films 
were examined by a-c impedance measurements  and 
transmission electron microscopy. Fi lm dielectric data, 
calculated from electrochemical cell data by two of the 
techniques suggested by Young (15), were found to be 
in excellent agreement. 

Significant changes in film dielectric properties were 
observed only at 1000 mV vs. SCE and 10 and 20V. 
Transmission-electron micrographs of these films show 
the presence of a deposit, believed to be hydrated alu-  
m inum oxide, on the surface of th inned anodic oxide. 
The authors '  belief that the observed "cracked" mor-  
phology of the hydrated oxide is not present  in situ, 
but  ra ther  is an artifact of drying at the conclusion 
of the test period, is supported by a time sequence of 

transmission electron micrographs of films tested at 
10V, and by consideration of an a-c impedance model 
in which channels were assumed present  in situ. 

The average dielectric properties of films tested at 
10V have been analyzed by represent ing the film as 
a series combination of two parallel  RC circuits. The 
following conclusions have been d rawn from this 
model: (i) the dielectric constant and resistivity of 
the hydrated oxide are considerably greater and less, 
respectively, than  the same parameters of the anodic 
oxide; (it) the anodic oxide thins at a near ly  constant 
rate ( ~  0.3 A / m i n )  dur ing the init ial  1000 min  of the 
test period, but  approaches a l inear  th inn ing  rate of 
1.0% of that value dur ing the final portion of the test; 
(iii) the hydrated oxide layer thickens (initial  rate ,~ 
3 A/rain)  to approximately its final value dur ing the 
init ial  1000 min  of the test, and remains essentially 
constant after that; and (iv) the changes in the film's 
dielectric properties are pr imar i ly  a t t r ibutable  to th in-  
n ing of the anodic oxide layer. 
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LIST OF SYMBOLS 
A film area, m ~ 
Cpl parallel  capacitance of cells with anodized elec- 

trodes, f 
Cp~. parallel  capacitance of the electrolyte, f 
Cpa parallel  capacitance of the film, f 
Cp6 parallel  capacitance of the anodic oxide layer of 

the film, f 
CP7 parallel  capacitance of the hydrated oxide layer 

of the film, f 
Csl series capacitance of cells with anodized elec- 

trodes, f 
Cs~ series capacitance of the film, f 
Cs4 series capacitance of cells with p la t inum elec- 

trodes together with the series capacitor, f 
Cs~ series capacitance of the series capacitor, f 
do init ial  film thickness, m 
d6 thickness of the anodic oxide layer  of the film, m 
d7 thickness of the hydrated oxide layer of the film, 

m 
D1 dissipation factor of cells having anodized elec- 

trodes, unitless 
D4 dissipation factor of cells having p la t inum elec- 

trodes together with the series capacitor, unitless 
D5 dissipation factor of the series capacitor, unitless 
f frequency, kHz 
Rpl parallel  resistance of cells wi th  anodized elec- 

trodes, ohm 
RP2 parallel  resistance of the electrolyte, ohm 
Rp3 parallel  resistance of the film, ohm 
RP6 parallel  resistance of the anodic oxide layer  of 

the film, ohm 
Rp7 parallel  resistance of the hydrated oxide layer  of 

the film, ohm 
Rsl series resistance of cells with anodized electrodes, 

ohm 
Rs2 series resistance of the electrolyte, ohm 
Rs8 series resistance of the film, ohm 
~o permit t ivi ty  constant, f / m  
~s6 series dielectric constant of the anodic oxide 

layer of the film, unitless 
KST series dielectric constant of the hydrated oxide 

layer of the film, unitless 
ps0 series resistivity of the anodic oxide layer of the 

film, ohm �9 m 
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ps7 series res is t iv i ty  of the  hydra t ed  oxide layer  of 
the film, ohm �9 m 
angular  frequency,  r ad / sec  
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Investigation of Magnetic Anisotropy of Electrodeposited 
Magnetic Films by Measurement of the 

Magnetoresistance Effects 
M. Perakh* 

Graduate Schoolof App~ed Science, The Hebrew University of Jerusalem, Jerusalem, Israel 

ABSTRACT 

It  is suggested that  the magnet ic  t ex tu re  in films may  be estima,~ed by  using 
the character is t ic  angles az imutha l  ~ and polar  8, the  first being the in tegra l  
character is t ic  of un iax ia l  t ex tu re  in a film plane,  and the second of "perpen-  
dicular"  anisotropy.  An  exper imen ta l  p rocedure  for de te rmin ing  the charac-  
ter is t ic  angles on the  basis of measurement  of ga lvanomagnet ic  effects in the 
film p lane  is suggested and has been found sa t i s fac tory  in practice.  An a lgo-  
r i thm is developed to calculate  the  constant  of pe rpendicu la r  anisot ropy and 
its components,  as wel l  as the demagnet iz ing factor  along lhe  normal  of the 
film plane  s ta r t ing  from expe r imen ta l  values of 8. The addi t ion of cer ta in  
mate r ia l s  (saccharin,  for  ins tance)  to the  e lec t ro ly te  causes a la rge  increase 
in the  pe rpend icu la r  an iso t ropy which is found to be due to microstresses  and 
the i r  var ia t ions  under  the influence of the  addi t ional  organic compounds.  
According to hysteresis  loops and powder  domain pa t te rns  observed, whi le  the 
values  of the po la r  angle are  ~ > 45 ~ the  "str ipe" film s ta te  is achieved. 

Magnetic  t ex tu re  is one of the  most  impor t an t  p rop -  
ert ies of fe r romagnet ic  films condit ioning the i r  use (1). 
The concept of t ex tu re  is meant  as a to ta l i ty  of al l  
p re fe rab le  direct ions of magnet iza t ion  regardless  of 
the i r  phys ica l  origin. Two especial ly  impor tan t  kinds 
of magnet ic  an iso t ropy  are:  first, the  un iax ia l  anisot-  
ropy  in the film plane  and, second, the  so-cal led "per -  
pendicu lar"  an iso t ropy which appears  only in films, 
the  thickness of which exceeds a definite "cri t ical  '~ 
value.  These films are cal led " t ransc r i t i ca r '  or  "str ipe" 
films. The l a t t e r  name is due to s t r ipe - shaped  domain  
pa t te rns  observed (2) on the film surface whi le  using 
a powder  technique  (3). 

For  inves t iga t ion  of un iax ia l  t ex tu re  in the  th in  film 
plane,  severa l  methods are  used a l though the magne-  
tometer  (4) is often most  suitable.  For  measurement  of 
pe rpendicu la r  an iso t ropy only a few methods  are sug- 
gested. The use of a ro ta t ion  magnetometer ,  for in-  
stance, does not  enable  one to measure  anisotropy,  the  

* Electrochemical  Society Active Member  ( formerly  M.Ya. Pope-  
reka) .  

K ey  words:  magnet ic  films, magne t ic  anisotropy, ga lvanomagnet ic  
effects, influen.ce of organic additions on e lectrodeposi t ion,  m i c r o -  
stress, demagnet iz ing  factor,  domain structure,  stripe films. 

constant  of which is less than  104 e r g / c m  3. F u r t h e r -  
more, the value of the  anisot ropy constant,  which  is 
an energet ical  characteristJc, does not  g ive  the ob-  
vious image about  the  shape of anisotropy.  Final ly ,  use 
of the magne tomete r  is connected wi th  exper imen ta l  
difficulties. Therefore,  the  deve lopment  of new methods  
for the  invest igat ion of anisotropy,  especia l ly  in 
"str ipe" films, is st i l l  being sought. 

Integral Characteristics of the Magnetic Texture in 
Films 

Let  us cons ider  a film (Fig. 1) having  a cer ta in  
d is t r ibut ion  of local easy axes in i ts plane.  Let  the  
f ract ion p (~)c~ of local easy axes be contained wi th in  
the  angle from a to a ~- d~. The d is t r ibu t ion  funct ion 
p(~) is normal ized  by  the  condit ion 

f o ~/2 p(a)dc~ = 1 [1] 

If  the film has been magnet ized  to sa tura t ion  along 
the x-axis ,  the magnet ic  moments  ly ing  wi th in  the  
angle da, ro ta te  th rough  an angle  of ~ to the  x-axis .  
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Fig. 1. Diagram showing how the galvanomagnetic effect is cal- 
culated with allowance for the dispersion of local easy axes. 

It is known (5) that  the galvanomagnetic  effect (GE), 
i.e., the change of electroresistance while applying a 
magnetic field, is proport ional  to the increment  of 
square magnetization. If the electrical resistance is 
measured along the x-axis, and the magnetic field acts 
along the same axis, the contr ibut ion of the vectors of 
magnetic  moments,  contained before the applying of a 
field wi th in  the angle da, to the measured longi tudinal  
GE, will  be (neglecting the ampli tude dispersion of 
magnetizat ion) 

dg ~x ---- [/~llMS 2 -- klj (Ms cosa)2]p(cz)da 

= kllMS2sin2~p(~)d~ [2] 

where gx~ is the value of the longi tudinal  GE (the first 
superscript  at g indicates the direction in which the 
conductivity is measured and the second superscript 
the direction of magnetic field) ; ki[ is the coefficient of 

proport ionali ty between longi tudinal  GE and the 
square of magnetization, Ms 2. Hence the total longi-  
tudinal  GE 

F~/2 
g~x = k]i]VIs2 ~o sin2ap(a)da [3] 

Now we introduce a characteristic angle r by means of 
the relat ion 

~ r/2 
sin2~ -- sin2ap (~) d~ [4] 

qu' 0 

The physical sense of the angle ~ is as follows. If 
all the magnetic moments  in  the film plane had been 
at an angle of I@ • k-~/21,  where k = 0,1,2, . . . ,  to 
the mean easy axis, then the measured longi tudinal  GE 
for this axis would be identical to the one observed at 
the real distr ibution of magnetic  moments  described by 
the funct ion p (~). Therefore ~ could be used as the in-  
tegral characteristic of uniaxial  anisotropy in  the film 
plane. If the distr ibution of local easy axes in the film 
plane  is isotropic (p(~) -- 2/~), then from [4] we ob- 
ta in  ~ ~- ~/4. While a definite degree of anisotropy 
exists, we have either ~ ~ ~/4 (mean easy axis coin- 
cides with x-axis)  or ~ ~ ~/4 (mean easy axis along 
y) ; the derivation ~ from ~/4 is the measure of anisot-  
ropy. 

The above consideration relates to the dis tr ibut ion of 
magnetic moments  in the film plane. However, in so- 
called "transcritical" or "stripe" films, the magnet iza-  
t ion vectors "withdraw" from the film plane (5, 7). 
Carrying out a consideration similar to the one de- 
scribed above, for the distr ibution of magnetic mo-  
ments  in  the plane perpendicular  to the film we int ro-  
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duce the characteristic angle 

c ~  -- ,,o sin2ep.l. (e)de [5] 

where ~ is read from the plane of the film, the variable 
angle e is read from the z-axis, being perpendicular  to 
the film plane, and p• (e) is the dis t r ibut ion function 

of the magnetizat ion vectors in the plane, perpendicu-  
lar to the film plane, normalized by 1. Hence, the angle 

is the angle of incl inat ion of the magnetizat ion vec- 
tors to the film plane, averaged over GE; it can be 

perpendicular  used as the integral  characteristic of " 
anisotropy" (PA).  

Determination of the Integral Characteristics of 
Magnet ic  Texture from Galvanomagnetic Effects 

In Fig. 2 the vector Ms is a resul tant  vector of mag- 
netization reduced to a uni t  of volume and repre-  
senting the magnet izat ion vectors, directions of which 
lie wi th in  the first octant. The vector Ms is inclined 
towards the plane of the film through an angle of ~; 
the projection of Ms to the plane xy is at an angle of 
�9 ~ to the x-axis. 

From geometrical considerations one obtains 

sin7 = cos~ cos~ [6] 

where 7 is the angle between vector Ms and the yz- 
plane. 

Generalizing Eq. [2] to the case of nonplanar  dis- 
t r ibut ion of magnetic moments  yields for a longi tudi-  
nal  GE 

gxz _~ kl I Ms 2 (1 -- cos2~ ' cos2~) [7] 

The expression [7] was derived by dividing the rota-  
t ion of vector Ms to the x-axis  in  the process of mag-  
netizat ion into two stages: rotation through the angle 
to the xy-plane,  and afterwards through an angle of 

in  the xy-plane,  to the x-axis. 
Now let us consider the t ransverse GE. The rotat ion 

of vector Ms from its ini t ial  position to the y-axis  dur-  
ing the process of magnetizat ion along this axis can be 
divided into two stages: rotat ion through an angle of 
7 to plane yz, and then the subsequent  rotat ion through 
a certain angle in the plane yz to the y-axis.  However, 
while rotat ing in the yz-plane, the angle between Ms 
and the x-axis  along which the measur ing current  is 
flowing, makes no contr ibut ion to the change in  con- 
ductivity. Hence, the t ransverse  GE gx~ (when mag-  
netization is over y and the conductivity measured 
over x) is controlled by the angle 7. Taking into ac- 

Fig. 2. Diagram illustrating calculation of the relation between 
the characteristic angles ~ and ~ and the magnitudes of lon- 
gitudinal and transverse galvanomagnetic effects. 
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count [6], one gets 

g~  = k Ms 2 cos2~ cos2fl 
• 

[8] 

where  k is the coefficient of proport ional i ty between • 
the t ransverse GE and the square of magnetization. 

Analogously, when  conductivi ty is measured along 
the y-axis,  the longi tudinal  g~Y and t ransverse gYz GE 
are 

g~  = k II Ms2 (1 -- cos2fl s in~) ' ,  g~x ._~ k• 2 sine~ cos2~ 

[9] 

If the magni tudes  gzx, g~v, gz~, and g~= are measured 
experimental ly,  one gets Eq. [7]-[9] containing the 
u n k n o w n  coefficients k ]l and k• 

Let us use the II rule  of even effects (8), according 
to which, in  the case of isotropic dis t r ibut ion of mag-  
netizat ion 

gXXisotr -= gYYisotr = --2gx~isotr ---- --2gyXisotr [10] 

In  the isotropic case, one has s imultaneously  @ =- ~ -- 
=/4. Thus, we obtain from [8]-[10] 

k 3 • 
- -  [ii] 

k 2 

Combining Eq. [7]- [11] yields 

where 

g~x 2~ 
, 

tan2~ = g ~ ,  cos2~ __-= cos~ (2~ -- 3) [12] 

gxy 
~l -- -- (13) gxx 

Formulas  [12] and [13] can be used for computing 
values @ and ~, the integral  characteristics of magnetic  
texture, from measurement  of longitudinal ,  gxx and g~, 
and transverse, gxy and g~, GE. The use of the azimuthal  
angle by itself, as the characteristic of magnetic tex-  
ture  in the film plane, may prove to be a convenient  
method of est imating uniaxial  texture  because of com- 
parat ive simplicity and great accuracy of the GE mea-  
surements.  Fur thermore,  separate determinat ion of 
may provide a means of verifying informat ion about 
texture in the film plane obtained by other methods. 
As regards the polar angle ~, one can scarcely find 
another characteristic of the PA, which combines 
clarity, ease of determination,  and avai labi l i ty  regard-  
less of the magni tude  of PA as is inherent  in  ~. Final ly,  
as will be subsequent ly  demonstrated, the induced 
anisotropy actual ly obtained in  films grown in a mag-  
netic field can only be characterized using both char-  
acteristic angles @ and ~. 

Connection Between the Polar Angle fl and the 
Constant of Perpendicular Anisotropy 

Let us assume (without  restr ict ing the general i ty  of 
the consideration) that the film is isotropic in its own 
plane. Furthermore,  let us  divide all the factors in-  
fluencing the PA into two groups. First, the spontane-  
ous microstresses ~(the GE are measured on films sepa- 
rated from substrates, macrostresses being thus el imi-  
nated) ,  and, second, all other possible factors, OF. The 
OF can be connected, for example, with the conditions 
of magnetic flux closure (9) with "columnar" struc-  
ture of film (10), with an axial crystallographic tex- 
ture  (11), etc. 

The contr ibut ion of microstresses ~ to the PA may 
be represented by the constant 

3 
K ---- -- ~ ~r [14] 

• 2 

where ~. is the coefficient of magnetostriction. The con- 
t r ibut ion  of OF to PA is characterized by the constant  
K 

• 
Let us imagine a hypothetical  case in which there 

are nei ther  stresses nor a demagnet izing factor along 
the normal  to the film plane (Nz = 0). In  this case, the 
angle of incl inat ion of magnet izat ion vector M to the 
film plane is ~o ~ ~, where ~ is this angle observed 
exper imenta l ly  (Fig. 3). In  the case in which micro- 
stresses act, as well  as OF, but, as before Nz -- O, the 
angle of incl inat ion is ~* > ~. 

Let us consider an axis Xo as an effective axis of 
anisotropy, created by OF, with a corresponding anisot-  
ropy constant Ko. Thus, the free energy of uni t  volume, 
for Nz = O, is 

Eo = K cos2fl * + Ko sin2(~ * -- flo) [15] • 

Minimizing [15] wi th  respect to ~*, we g e t  

sin 2~* 
K o  - -  K [16] 

• s in2(~*  -- flo) 

In  a real film vector of magnetization, M is incl ined to 
the film plane at an angle ~, determined exper imen-  
tally. Allowing for the demagnetizing fields, the free 
energy of a uni t  volume equals 

NzM ~ 
E -- sin2~ ~- Ko sin2(fl -- flo) -t- K cos2fl [17] 

2 • 

Using the condition of m i n i m u m  of energy E yields 

K ( 1  ----NzM~ ) s in 2 ,  
2K 

Ko -- sin 2(fl -- flo) [18] 

Equations [16] and [18] contain three unknowns :  
Ko, ~o, and ~*. A third equat ion may  be obtained, con- 
sidering an axis x* (Fig. 3) as the nominal  anisotropy 
axis with a corresponding anisotropy constant K*. The 
free energy of uni t  volume in  this form is thus 

N~M 2 
E* -- K* sin(fl* -- fl) ~- s i n ~  [19] 

2 

The magni tude  K* may be expressed in terms of 
K and Ko. Let us consider the rotat ion of M under  • 
the influence of a field H acting along the axis xi, lying 
at an angle ~ to the anisotropy axis ~ (Fig. 3b), and 
characterized by the anisotropy constant K$. The 

z Yi 

~ - ~ H  X i 

:1;o 

b 

Fig. 3. Diagrams: (a) angles of inclination of magnetization 
vector M to film plane and (b) illustrating the calculation of 
anisotropy constants at magnetization's rotation. 
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energy of a body magnetized along the axis xi in  the 
absence of demagnetizing fields is 

Ei = KS sin2(~ -- a) -- H M  cosa [20] 

The equi l ibr ium value of ~ may be found from the 
condition for the min imum of Ei 

Kcsin 2 (~ -- a) 
H -- [21] 

M sina 

Since dM = --Msin~ d~, the work of magnetizing 
along the axis xi is 

f ,  ~ K ~ s i n 2 ( ~ - - a )  
M sina da Axi = H d M  : -- M sina 

= K~sin2$ [22] 

The anisotropy constant for the new nominal  anisot- 
ropy axis xi equals 

Kxi : Ayi :-  Axi : K$cos 2~ [23] 

Formula  [23] relates two anisotropy constants K S 
and Kxi, which are both due to the same source, but  
which refer to the true and nominal  anisotropy axis 

and xi, respectively, and which are separated by 
angle ~. With regard to K*, Ko, and K / ,  relat ion [23] 

enables us to write the following relationship which 
allows for the addit ivi ty of the energy 

K * - - - - K  cos 2B* -- Ko cos 2 (8* -- 80) [24] 

Subst i tut ing [24] into [19], and using the condition of 
m in imum energy, yields 

cos 28* 

tCo = - -K  • cos 2 (r* -- rio) 

NzM 2 sin 2fl ] 

+ 2K cos 2 (fl* -- rio) s in2(8*  -- r)  J [25] 
• 

To solve the system of Eq. [16], [18], and [25], the 
following algorithm was developed. From equations 
[16], [18i, and [25] one can get 

sin 2B* sin 2 (8 -- 8o) 1 sin 2r [26] 

sin 2 (fl* -- rio) 

sin 28* sin 2 (8* -- r) 
- -  -- cos 28* sin 2 (r* -- fl) 

tan 2 (r* -- rio) 
NzM 2 

sin 2r [27] 
= -2K 

The order of computat ion is as follows: 
1. For a film with specific values of 8 and ~ (deter-  

mined exper imental ly) ,  one specifies a series of values 
of 8oi < ~; for each 8oi one plots the left side of Eq. 
[26] as a function of r*. On the lat ter  graph the value 
of 8", satisfying Eq. [26], is to be found. Thus, the 
function B* (8,8o) is determined. 

2. The left side of Eq. [27] is plotted as a function 
of rio; the values of 8 '  having been subst i tuted into [27] 
from the previously constructed B* (rio) relationship. 
On the la t ter  graph, the values of rio, satisfying rela-  
tionship [27] are to be found. 

3. Using the determined values of 80, one can use any 
of Eq. [16], [18], or [25] to find Ko. 

The computat ion described requires a knowledge of 
N~, the demagnetizing factor along the normal  to the 
film plane. It  is possible to estimate Nz as follows. 
From Eq. [18] one gets for r = 8o 

NzM ~ 
K -- - -  [28] 

.L~ 2 

Relation [28] has a simple physical meaning:  if PA 
created by the stresses is exactly compensated for by 
the demagnetizing field, the angle of the departure  of 
M from the film plane is controlled only by OF, i.% 
r -- 80. To use [28] one must  subst i tute into this rela-  
t ion K _-- -- (3/2) .  (k~) for B -~ 80. This may be done 

by successive approximations.  As a zero approxima- 
tion, too ~ ~/4 is to be selected. Extrapolat ing the ex- 
per imental  data, we find the value of ~, for which 
8 ~- Boo ~- ~/4. From Eq. [28] the zero approximation 
Nz ---- Nzo is next  to be calculated. Furthermore,  using 
the proposed algorithm, which is based on Eq. [26] and 
[27], the first approximation ro ~ rol is to be deter-  
mined, etc. By using the procedure described, a 
good convergence was often established without  
proceeding fur ther  than  the second approximation 

(Nz2 -- Nzl ) /Nz2  <~ 0.05). 
Hence, the procedure described enables us to deter-  

mine  the constant of perpendicular  anisotropy and the 
demagnetizing factor along the normal  to the film 
plane as well, s tar t ing from experimental  values of B, 
determined as proposed above. The total constant K • 
of PA is to be calculated using the following equation 
(12) 

NzM ~ 
K •  = K• + K• - - ' ; 2  (K• o : K~176 [29] 

The magnitudes K• K •  K• and Nz are impor tant  

characteristics providing useful informat ion about the 
magnetic s tructure and areas of use of magnetic films. 

Verification of the Experimental Procedure 
The GE were measured by the potentiometric 

method (13). The films were deposited on copper sub-  
strafes, the cell was thermostated (_O.5~ and the 
current  density was main ta ined  galvanostatically. An 
electromagnet provided a uniform magnetic field up to 
108 oe in  the zone of deposition. Cuts in the shape of 
the future  U-shaped specimens had previously been 
made on the substrate;  one way orientated along the 
lines of field and the other, across. After deposition the 
substrate was removed in  a 250 g/ l i ter  solution of 
GrO3 and 100 g/ l i ter  of (NH4)2SO4. The copper was 
left at the ends of the U-shaped specimen to serve as 
contacts and at the bridge connecting both branches of 
the U-shaped specimen. The appearance of uncon-  
trollable in ternal  stress which might have arisen dur-  
ing the cutting of the specimen, was avoided by mak-  
ing the cuts in advance. The final shapes of specimen 
oriented both (i) along and (ii) across the lines of a 
magnetic field are schematically presented in Fig. 4. 
The shape and method of attaching the specimens were 
such as to avoid error due to magnetostr ict ion and 
thermo emf. Before measuring,  the specimens were 
demagnetized in a diminishing variable magnetic field. 
While measuring the conductivity, specimens were 

F i l m  ~ f r u - Contacts 

Coppe~L Bridge """" ' ' 4"  

Fig. 4. Schematic representation of U-shaped specimen oriented 
along x- and y-axes, respectively. 
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Fig. 5. Examples of the hysteresis loops of the galvanomagnetic 
effects in film (5 • 0.2 Fm) of an iron-nickel alloy (80% Ni). The 
values gX= and gXy are the measured longitudinal and transverse 
galvanomagnetic effects at saturation, which are used to calculate 
the characteristic angles. 
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0 
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fixed with  one side in a perspex clamp supplied wi th  
current  leads and positioned in an oil thermosta t  be-  
tween  the poles of an electromagnet .  The measur ing 
current  was 4 mA. The longitudinal  and t ransverse  
GE were  measured at technical  saturat ion (Fig. 5). 

The GE were  measured and the angles r and ~ cal- 
culated in a rol led plate of nickel  (0.5 mm)  which had 
been vacuum annealed at 10 -5 m m  Hg and 1200~ and 
cooled for 12 hr. As expected, in this definitely isotropic 
specimen, r = ~ = 45 • 1.5 ~ Fur thermore ,  the method 
was verified on electrodeposited nickel  film 5 #m thick, 
vacuum annealed in 10 -~ mm Hg at 900 ~ for 3 hr  and 
cooled at the rate  of 50~ In this film it was found 
that  r = 50 ~ • 1.5 ~ and ~ = 38 ~ • 1.5 ~ . The film was 
s tretched in a special device to a stress of ~ = 3.3 • 103 
N / c m  2. As a result  of the negat ive magnetostr ic t ion of 
nickel, the uniaxial  extension over  the x-axis  should 
cause the magnet ic  moments  to rotate  towards the per -  
pendiculars  to the x-ax is  (8), that  is, towards the 
y-ax is  and z-axis. Increases in r and fl were  to be ex-  
pected as a result  of extension. The  exper iment  showed 
that  in ex tended  state r = 53 ~ • 1.5 ~ and ~ -- 58 ~ • 1.5 ~ 
Thus, our procedure  revealed  changes in magnetic 
tex ture  due to the elastic s tretching of the film. 

The additional verification of the method proposed, 
based on the use of Crowter 's  method (14), has been 
previously described (15). Finally,  the method was 
verified by comparing the values of ~ with domain pat-  
terns and hysteresis loops, as described below. 

Several  Exper imenta l  Results 
Inl~uence of organic additives on perpendicular an- 

isotropy of Ni-Fe fi lms.--It  was found that  the in t ro-  
duction of several  organic substances in to  the e lectro-  
lyte  causes a significant increase of the angle ~, i.e., of 
the PA. In Fig. 6 the corresponding data are presented 
for nickel films electrodeposited f rom the solution 
containing 294 g / l i t e r  NiSO4.7H~O, 30 g / l i t e r  ttsBOs, 
25 g / l i t e r  Rochelle salt, and organic compounds, sac- 
charin or sulgin, at 2 A / d m  2, 20~ pH = 2.3. As the 
concentrat ion of saccharin or sulgin in the electrolyte  
increased, the angle fl i n c r e a s e d  monotonical ly  up to 
,--75 ~ • 5 ~ ; when  the concentrat ion of additives exceeded 
,~4 • 10-3M, a "saturat ion" was observed, probably  
connected with  the "saturat ion" of an adsorbed layer  
on the growing crystals of the film. 

The invest igat ion by means of x-rays,  e lectron dif-  
fraction, and electron microscopy showed that  the in-  
crease of ~ is connected nei ther  wi th  crystal lographic 
t ex tu re  nor with "columnar"  s t ructure  of the deposit. 

1 2 3 0 5 C 
e ,  lOa, H 

Fig. 6. The angle fl in nickel films as a function of concentration 
of (1) saccharin and (2) sulgin in the electrolyte. Thickness of the 
film: 5 - -  0.2 ~m. Composition of electrolyte 294 g/liter 
NiSO4" 7H20, 30 g/liter HsBO3, 25 g/liter Rochelle salt. Dk = 
2 A/dm2; pH = 2.3; T = 20~ 

Although the macrostresses in films w e r e  el iminated 
while separat ing the substrate, it was impossible to ex-  
clude in advance the existence of an " inheri ted" an- 
isotropy, caused by planar  macrostresses (appearing 
during the deposition) and "frozen" in the deposit af ter  
separation. The macrostresses in deposit were  mea-  
sured using the two-cant i l ever  method, as described 
in Ref. (16, 17); the absolute values of macrostresses 
were  calculated by means of formulas (18). No con- 
nection was found be tween  the macrostresses and angle 
~. An assumption was proposed that  the influence of 
organic mat te r  on PA is connected wi th  the role of mi -  
crostresses. In Fig. 7 the characterist ic angle ~ is de- 
picted in its dependence on microstresses in nickel films, 
determined by means of the x - r a y  technique. The de- 
tails of microstress determinat ion were  reported else- 
where  (19). The various values of microstresses were  
obtained by adding several  organic compounds to the 
electrolyte.  It  is seen that  be tween  the angle ~ and the 
microstresses there is an evident  correlation. 

In Fig. 8 angle ~ is presented as a function of film 
composition (i.e., of nickel content) .  In the region of 
negat ive magnetost r ic t ion ( > 80% Ni),  the increase of 

microstresses under  the influence of saccharin (19) is 
accompanied by an increase of angle ~ (curve 2). In  
films with  60-80% Ni (positive magnetostr ic t ion) ,  sac- 
charin increases the microstresses and s imultaneously 
reduces ~. The curves of ~ vs. composition, obtained 
with and wi thout  saccharin, cross at approximate ly  
80% Ni, i.e., in the range of composition where  the 
sign of magnetostr ic t ion is reversed.  These facts fall  
in wi th  the assumption that  the increase of PA is due 
to microstresses. 

Constants of perpendicular anisotropy and the de- 
magnetizing factor of Ni-Fe films.--In Table I, the va l -  
ues of the effective demagnet iz ing factor (7) of Ni -Fe  
films are presented, determined by means of the algo- 
r i thm described above and based on relations [26]- 
[28]. The decrease of Nz along with  an increase of Fe 
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Fig. 7. Characteristic angle fl in nickel films as a function of 
microstresses, determined using x-ray technique. 1, Butine-diol; 2, 
streptocide; 3, without additive; 4, sulphodimezine; 5, ethanol; 6, 
sulfacyl; 7, saccharin; 8, benzene sulfamide; 9, sulgin. Thickness 
of film: 5 • 0.2/~m. Conditions of deposition as in Fig. 5. 
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Table I. Effective demagnetizing factor of iron-nickel films 
5 • 0.2/~m thick 

Composit ion of  Composit ion of  
f i lm, w / o  Nz f i lm, w / o  Nz 

100 Ni  2 • 0.1 87 Ni-13 Fe 0.55 • 0.05 
95 Ni-5 Fe  1.6 ~- 0.1 83 Ni-17 F e  0.17 -~- 0.02 
90 Ni-10 Fe 1 - -  0.07 100 Fe 0.055 • 0.001 

In  Fig. 9 the an iso t ropy  constants,  de te rmined  as de -  
scr ibed above  on the  basis of Eq. [14] and [26]-[29] 
are  presented.  F r o m  these curves i t  is seen tha t  the 
cont r ibut ion  of OF to P A  is small ;  the  ma in  contr i -  
but ion to P A  is due to the  spontaneous microstresses.  
The nondependence  of Po and  K on # indicates  tha t  • 
the division of the  to ta l  P A  constant  into the  com- 
ponents  K• (depending  on microstresses)  and  K j .  ~ 

(depending on OF) ,  has a real  phys ica l  essence. 

Dependence ol PA on current density and film thick- 
ness.--It was found that  the  P A  increases in corre la t ion 
wi th  film thickness  increase.  In  order  to exp la in  the  
phenomenon observed,  le t  us consider  once again  Eq. 
[18], which, in combinat ion wi th  [14], can be  wr i t t en  
as fol lows 

sin 2(p --  #o) 3/2 ~l~.l - Ed 
= [30] 

sin 2# Ko 

where  Ed = NzM2/2 is the energy of the demagnet iz -  
ing field. 

The  angle  ~o, be ing  control led b y  OF, does not  de -  
pend considerably  on the film thickness.  On the other  
hand, in the  thickness range of 1.5-5 #m, in which the 
increase of fl was observed,  the  microstresses  r a re  
a lmost  constant  (20). Thus, the  increase of # accom- 
pany ing  the  growth  of the film m a y  be due only to a 
change of Ed. This magni tude ,  according to theo ry  (7), 
in the  case of a s t r ipe  domain  s t ruc ture  m a y  be ex-  
pressed  as 

1.7 M~d 
E d - -  ( e r g / c m  ~) [3,1] 

t 

where  t is the film thickness and d the  width  of do-  
main. The  str ipe domain  s t ruc ture  was disclosed in  
films under  exper imen ta l  inves t igat ion (see be low) .  
F r o m  theory  (7), i t  is known  that  the domain  wid th  
increases p ropor t iona l ly  to t ~/2. This theory ' s  predic-  
t ion has been confirmed expe r imen ta l ly  (17). Thus, 
if at  a "cri t ical" thickness  t*, ensuring the t rans i t ion  
f rom "thin  film" s ta te  to "s t r ipe  film" state, the do-  
main  wid th  is d*, then  at an a r b i t r a r y  thickness t the  
domain wid th  is thus 

d =  d ' V ~ ,  ~ [32] 

I0 ~ % N i  
I I I 

60 80 I00 7 5 
Fig. 8. The angle # in iron-nickel film as a function of their 

composition. Thickness of films 5 • 0.2 Fm; composition of electro- o~ 
lyte: 1, 294 g/liter (NiSO4" 7H20 ~ FeSO4.7H20) [the ratio ~ 3 
Ni/Fe varies accordingly (23) to get an alloy of required cam- ~" 
position]; 30 g/liter H3BO3; 25 g/liter Rochelle salt. 2, The same o 
plus 1 g/liter saccharin. Dk = 2 A/din2; pH = 2.3; T = 20~ 'P 1 

content  in a l loy is appa ren t ly  connected wi th  the  
change in domain  s t ructure .  In  films wi th  ,~83% Ni 
and especial ly  in Fe  films, the  values of Nz are  so 
small  that  they  may  be expla ined  only by  the a ppe a r -  
ance of a closed domain  s t ruc ture  (9). In such cases. 
the  angle  # character izes  the posi t ion of M in in te rna l  
domains;  in surface domains M lies in a film p lane  (9).  

50 

a 

80 3of! 
E 

-~" . ~ i o i _  ~ 
4o% ~ ,~/'. 

60 70 80 80 
j~ ,  deg 

b 
1 

85 90 95 
N i %  

80  

O~ 

6o,  

40 

Fig. 9. Angles of inclination of magnetization vector and PA 
constants for films 5 • 0.2 ~m thick. (1, #o; 2, #*; 3, #; 4, K• 

5, K.L;  6, K j_ ). a, For a nickel film; b, for iron-nickel film. 
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Subst i tut ing [31] and [32] into [30] yields 

sin 2 (/~ --/~o) 
, :  A - -  Bt -I/2 [33] 

sin 2/~ 
where 

3/2 [~'l " ~ l'TM2do 
A-- ; B _ , - -  [34] 

Ko KoV~ 
Hence, according to the assumption that  the increase 

of ~ along with film thickness is due to the decrease 
of demagnetizing field, the l inear  dependence of the 
function 5(/3) ----- sin 2(/~ -- ~o)/sin 2/3 on t -z/2 is ex- 
pected to be observed. 

In Fig. 10 the experimental data for Ni film are pre- 
sented confirming the proposed assumption. From the 
cutoff segment on the vertical axis, the value of Ko 
can be found using Eq. [33] and [34]. In our case 
Ko ---- 0.85 X 105 erg/cm3. The average value of Ko 
according to data presented in Fig. 8 is Ko -- 0.73 X 105 
erg/cm 3, which means a good agreement. 

If the current density increases, ~ is enlarged as 
well. The theoretical consideration similar to the one 
presented above and based on the assumption that the 
reason for an increase of/~ in this case is the increase 
of microstress, predicts that the following dependence 
is to be observed 

sin 2 (~ --/~o)/sin 2/~ cc ~/in D'c 

This prediction is also well fulfilled, as is seen from 
curve 2 in  Fig. 10. 

Fluctuations of anisotropy and compensation e#ect.-- 
It was found that  in  a series of film prepared under  
identical conditions, there was a considerable scatter 
of ~ and r from film to film. In  Fig. 2 three angles are 
depicted, ~, ~, and 5, the lat ter  being the angle be-  
tween the vector M of magnet izat ion and mean  easy 
axis x. The se l f -explanatory relat ion 

cosa = cos# cos~ [35] 

enables us to determine 8 while ~ and ~ are measured. 
It was discovered that  there is a compensation effect. 
If for random reasons angle ~ in one film is reduced, 
then there will be a definite increase in  ~, while the 
angle 5 remains practically unaltered.  

Several  typical results are presented in Table II. 
Fluctuat ions of ~ and ~, as has been demonstrated 

(21), are due to the fluctuations in spontaneous in-  
ternal  microstresses. The compensation effect, accord- 
ing to Ref. (21), is due to the demagnetizing field: 

Table II. Values of the angles ~, ~ and 8 in series of nickel films 
deposited on copper bases with different microrelief 

Value, deg 
Method of generating 

base microrelief Angle m a x  r a in  mean 

Chemical p o l i s h i n g  r 46 29 3'/  
54 46 
61 59 60.7 

T r e a t m e n t  w i t h  emery paper i n  
t h e  d i r ec t i on  o f  t h e  x - a x i s  ~ 60 30 43 

f l  56 18 40 
62 61 61.5 

R o l l i n g  i n  direction of x - a x i s  ~ 48 41 43 
/3 48 42 43 

60 60 60 
Grooves made b y  a scalpel in the 

d i r e c t i o n  of  x - a x i s  ~ 48 40 43 
/~ 4'/ 40 43.5 

60 60 60 

Note :  There  is an  e r ro r  of -~1.5 ~ i n  determination of angles 
and  fl on  a specific specimen. 

when ~i grows (due to random differences of ~xi and 
~yi, for instance) ,  we get a demagnetizing field which 
reduces ;~i, unt i l  obtaining again the closed magnetic  
flux. This keeps 8 constant. 

Obtaining of "stripe" films.--In Fig. 11 and 12, the 
magnetic hysteresis loops and powder diagrams, re-  
spectively, are presented. There is an obvious cor- 
relation: in films having typical ' t ranscr i t icar '  hystere-  
sis loops (b and c in  Fig. 11) and a str ipe-shaped do- 
ma in  structure, the  angle /~ _> 45~ if ~ _< 45 ~ we ob- 
ta in  a "thin film" state (a and d in  Fig. 11). 

The width of domains in  the film of ,.,82% Ni alloy 
of thickness t ---- 5 ~m was found to be D ~ 1.1 ~m, and 
for the thickness t --~-- 10 ~m, D --~ 2.3 r This shows 
quant i ta t ive  agreement  with data (22) for vacuum 
condensates. 
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Fig. 10. Dependence of the function sin 2(~3 - -  #o)/sin 2~, 
obtained from experiments with nickel films, on film thickness 
(curve 1) and current density (curve 2). For curve 1, Dc ~ 2 
A/dm2; for curve 2, t ~-- 5 • 0.2 #m. Composition of electrolyte: 
280 g/liter NiSO4 �9 7H20; 30 g/liter HjBOj; 25 g/liter Rochelle 
salt; 1 g/liter saccharin. T z 20~ 

Fig. 11. Hysteresis loops of nickel films deposited from solution 
(a) without additives and (b-d) with 4 �9 10 - 8  M saccharin, a, b, 
Film on copper substrate; c, detached from substrate; d, annealed 
in 10 - 5  mm Hg for 1 hr at 500~ Thickness: 5 • 0.2 /~m. Scale 
of hysteresis loop arbitrary. Frequency: 50 Hz. 
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, SO, a m  j 

Fig. 12. Powder figures on surface of deposited film of (a) nickel 
and (b, c) of alloy with ~ 8 2 %  Ni. Thickness of films: a, b, 5 #m; 
c, 10 ~m. 
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Cathodization Luminescence of Silicon 

S. Ogura, 1 T. Odajima, and C. R. Viswanathan* 
Electrical Sciences and Engineering Department, School of Engineering and Applied Science, 

University of California, Los Angeles, California 90024 

ABSTRACT 

Luminescence dur ing  the cathodizat ion of silicon and other  mater ia l s  was 
observed. In  the cathodizat ion of silicon in 0.04N K N O J e t h y l e n e  glycol, the 
luminescence was found only when the oxide film was thin. I t  was observed 
that  the cathodizat ion of silicon resul ted  in remova l  of the oxide film. How- 
ever, in  the presence of water,  the  luminescence occurred wi thout  any  requ i re -  
men.t of an oxide layer .  

The galvanoluminescence  dur ing  anodizat ion has 
been repor ted  for a luminum by Braun in 1898 (1). 
Since then, the emission of l ight  o n  anodizat ion has 
long been known  for o ther  meta ls  such as Ta, zn,  ]vig, 
and W. The luminescence for semiconductors  has been 
repor ted  for sil icon by  Gee (2) and War ing  et al. (3). 
In  our s tudy of the  anodizat ion process for  silicon, the  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member.  
1 P re sen t  addres s :  IBM, Ra le igh ,  Nor th  Caro l ina .  
Key w o r d s :  s i l i con  ox ida t ion ,  reduction, lumir~escence d u r i n g  

ca thodiza t ion ,  

luminescence was observed not only  dur ing  the  anod-  
ization but  also dur ing  the ca thodizat ion of silicon. The 
luminescence dur ing  cathodizat ion was also observed 
in var ious  meta ls  as A1, Zn, etc. 

Charac ter is t ics  of E lec t ro luminescence  
0.04 KNO3-ethylene  glycol solut ion and silicon waf -  

ers were  used for the inves t iga t ion  of e lec t ro lumines-  
cence character is t ics  in a s i l icon-e lec t ro ly te  system. 
p - a n d - n - t y p e  (111)-or ienta t ion sil icon wafers,  each 
having a different  resist ivi ty,  were  used. 
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After  being polished and chemically etched, the sili- 
con samples were held on a Teflon sample holder. The 
back of the wafer was in  contact with mercury,  while 
the front side was in contact with the solution. A plat i -  
num wire immersed in the solution formed the coun- 
terelectrode. The emission from silicon wafers was 
picked up by a photomult ipl ier  (EMI 9558B) tube with 
an S-20 photocathode characteristic. 

Two x -y  recorders were used; one, in which the out- 
put from the PMT was connected to the y- terminal ,  
and the other, in  which the cell cur rent  was connected 
to the y- terminal .  The cell voltage was fed to the x - t e r -  
minals  of both the x -y  recorders. In  this manner ,  the 
relat ive l ight in tens i ty  and the cell cur ren t  are mea-  
sured s imultaneously  as a funct ion of light voltage. 

When d-c voltage across the cell was swept at a rate 
of 1 V/sec, the cell current  and the luminescent  signal 
shown in Fig. 1 and 2 are obtained. A positive cell volt-  
agecorresponds to anodization of silicon, while a nega-  
tive voltage on the silicon electrode corresponds to 
cathodization. When the cell voltage is increased as in -  
dicated (curve I) in Fig. 1 and 2, the cell current  in -  
creases and luminescence appears around 10V. It is 
known that in 0.04N KNO3-ethylene glycol solution 
the thickness of oxide film growth on silicon is propor-  
t ional to anodization forming voltage and the growth 
rate of oxide is 4-5 A/V. Our result  indicates almost 
parabolic increase of luminescence current  against 
forming voltage, which agrees with the data by Waring 
et al. (3). But our exper iment  was carried out below 
their  b reakdown voltage at which the "spark" dis- 
charge ap!ceared. The efficiency of forming silicon diox- 
ide is reported to be about 2% (4). 

When the celt voltage was reduced at a rate of 1 
V/sec from a large positive value, the cell cur rent  and 
the luminescent  signal that  were obtained as a function 
of the cell voltage are labeled II in  Fig. 1 and 2. 

0,10 

Next, the polari.ty of the applied voltage was re-  
versed. When the applied voltage was increased in  the 
negative direction up to --25V at a rate of 1 V/sec, the 
cell current  labeled III  in Fig. 1 was obtained. A weak 
luminescent  signal was also obtained beyond --15V as 
shown by curve in Fig. 2. It was also observed that  the 
cell current  characteristics (curve III  in Fig. 1) ap-  
proached another  curve (IV in  Fig. 1) if at each value 
of the reverse voltage, sufficiently long t ime was al-  
lowed. The applied voltage was frozen at --25V by  
stopping the sweep, and if was found that  the cell cur-  
rent  increased reaching a saturat ion value. At the same 
time, the luminescent  signal decreased to zero. Then 
the applied voltage was swept to zero volt at the same 
rate as before and the cell cur rent  dropped to zero as 
indicated by curve IV in  Fig. 1. Dur ing  this sweepback, 
no luminescence was observed. 

The voltage sweep was next  applied in  the positive 
direction (anodization) and the measured cell current  
followed the curve I in Fig. 1. However, if sufficient 
t ime was not allowed for the previous cathodization 
process at --25V, the cell cur rent  dur ing  the anodiza- 
t ion process will follow a curve in termediate  between 
curves I and II in Fig. 1. This shows that  when suffi- 
cient t ime is allowed at --25V dur ing  the cathodiza- 
tion, the oxide film on the silicon electrode is com- 
pletely removed. Since the luminescent  signal dur ing 
cathodization goes to zero when the cell current  sa tu-  
rates (corresponding to complete removal  of the oxide 
film), it  appears that  the weak luminescence occurs 
only dur ing the process of reduct ion or dissolution of 
the oxide film in cathodization. After repeated anodiza- 
t ion and cathodization, the silicon surface was observed 
to be nonuni form and volcanic. 

In  order to find out more about the cathodization 
luminescence, an a-c bias voltage was superimposed on 
the d-c bias as shown in Fig. 3. The ampli tude of the 
a-c bias at a f requency of 70 Hz was varied while the 
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d-c bias was kept at --20V. The anodization occurs only 
during that  port ion of the a-c bias voltage cycle during 
which the net  voltage is positive. On the  other hand, 
cathodization (i.e., reduction or dissolution) occurs 
dur ing the rest of the a-c bias voltage cycle dur ing 
which the net voltage is negative. The output  of lu-  
minescence on oscilloscope as detected by the photo- 
multiplier is also shown in Fig. 3 (i) and (ii). The peak 
of the luminescence output  at the anodization process 
corresponding to the bias which is above zero was 10V 
while that at cathodization was 15V. It was observed 
that whenever  the luminescence output  dur ing  the 
anodization process was smaller  than that dur ing the 
cathodization process, the luminescence output on the 
oscilloscope was very  unstable.  When there was a thin 
oxide film, the luminescence output  dur ing  cathodiza- 
tion was higher than that dur ing anodization. However, 
as t ime went  on, and the oxide layer  was removed in 
the cathodization process, the luminescence output  of 
both processes became close to each other. When the 
a-c bias voltage was increased to 35V as shown in  Fig. 
3 (it), the luminescence output  of the anodization proc- 
ess increased while that of the eathodization process 
decreased. When the a-e bias voltage was increased 
further,  the luminescence output  of the anodization 
process became completely dominant .  

When the bias voltage in  excursion (I) in Fig. 2 is 
increased up to 70V or higher, the thick oxide layer  is 
formed. After  this process, al though reverse cell volt-  
age was increased to 25V and was main ta ined  at the 
voltage, cell current  did not increase and luminescence 
was not observed. This indicates that the luminescence 
dur ing cathodization is observable only when the ox- 
ide film is thin and the cathodization of silicon results 
in  removal  of the oxide film. The reaction in  the cath- 
odization process is suggested to be a reduct ion of the 
silicon dioxide layer  to silicon by the cations or a dis- 
solving of silicon dioxide to give a compound such a s  

K2SiO3, etc. 
In  order to separate more clearly cathodization lu-  

minescence from anodization luminescence, a square 
wave negative voltage was superimposed on the d-e 
positive bias as shown in Fig. 4(i) .  In  the figure is 
shown a value of 40V for the d-c positive bias with a 
negative pulse of ampli tude 80V. In  the luminescence 
output  corresponding to the cell bias, the cathodization 
luminescence can be seen as a spike while anodization 
luminescence is almost negligible compared to eath- 
odization luminescence. Thus cathodization lumines-  
cence can easily be separated from anodization lumi-  
nescence, which is a very useful technique to measure 
luminescence spectra. T h e  spectral response of the lu -  
minescence can be determined by using phase sensitive 
detector which gives a high S/N ratio. The lumines-  
cence in tensi ty  can easily be kept constant  while spec- 
t rum measurement  is carried on. For comparison the 
anodization luminescence is shown in  Fig. 4 (it) corre- 
sponding to the bias condition of d-c bias --15V and 
positive pulse height 80V. 

Once water  is added into the 0.04N KNO3-ethylene 
glycol or in 0.04N KNOs-H20, the luminescence of 
cathodiza~ion was observed without  any cycle of anod-  
ization. Also, the luminescence in tens i ty  for cathodiza- 
tion is much higher for these systems than that for 
0.04N KNOa-ethylene glycol. The instabi l i ty  such as 
observed in the process of removing the oxide in 
KNO3-ethylene glycol was not observed. Thus the lu -  
minescence for the system with water  molecules is 
understood to be different from the previous system. 
It may be suggested that this luminescence of cathod- 
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Fig. 4. (i) Cathodization luminescence in KNO3(O.O4N)-ethylene 

gycol. Pulse cycle; 70 Hz and pulse width, 1 msec (ii) Anodization 
luminescence in KNO~(0.04N)-ethylene glycol. 

ization with water  molecules is associated with the re-  
action of Si and H + or H80 +. 

Also luminescence for cathodization of such metals as 
A1, Zn, Cu, etc. was observed. 

In  a subsequent  paper, the spectra, resul t ing from 
anodization and cathodization luminescence in differ- 
ent solutions, and their  in terpre ta t ion  will be given. 

Manuscript  received Sept. 2, 1975. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in  the December 1976 
JOURNAL. All  discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 
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Influence of Precipitating Conditions on the 
Cathodoluminescence of Zinc Sulfide:Silver Phosphors 

R. A. Brown *~1 and F. J. Hinnenkamp 

RCA Electronic Components, Lancaster, PennsyLvania 17604 

ABSTRACT 

A study has been carried out on the properties of zinc sulfide obtained by 
precipitation from aqueous zinc sulfate solution with gaseous hydrogen sulfide. 
The influence of three factors, namely H2S flow, tempera~ture, and initial con- 
centration of the zinc solution, on (i) the rate of precipitation of zinc sul- 
fide, and (ii) the cathodoluminescent efficiencies of the resultant ZnS:O.015% 
Ag phosphors has been investigated. Experimental results were interpreted by 
an empirical method, using a correlation and regression analysis performed 
by computer procedures. This approach has established quanti~tative relation- 
ships on the behavior of both the rate of formation of ZnS and the phosphor 
eff• as changes occur in the three variables which influence the condi- 
tions of precipitation. 

A study on the preparat ion and fundamenta l  prop- 
erties of zinc sulfide is of considerable importance in 
the technology of the manufac ture  of luminescent  ma-  
terials. Although there are numerous  reports in the 
l i terature (1-5) concerning the influence of firing con- 
ditions and composition on the properties of zinc sul-  
fide phosphors, there appears to be comparatively 
little published work on the precipitat ion of this com- 
pound, especially from the viewpoint  of the effect of 
precipitat ing conditions on the characteristics of the 
resul tant  phosphors. 

For  many  years the precipitat ion of zinc sulfide from 
acidic, or sl ightly acidic, solutions of a soluble zinc 
salt has been used ex tens ive ly  for the analyt ical  sepa- 
ra t ion and de terminat ion  of zinc (6-8). Hydrogen 
sulfide (9, 10) appears to be the usual  precipitant,  al-  
though more recently analysis from homogeneous so- 
lut ion by the acid hydrolysis of thioacetamide (11, 12) 
has been reported. Or tmann  and Piwonka (13, 14), 
Lendvay  and coauthors (15), and Brown (16) appear 
to be among the few investigators to have studied the 
preparatory  conditions of ZnS with the object of ob- 
ta in ing  luminescent  materials.  

Or tmann  and Piwonka (13, 14) demonstrated that a 
slow reaction with rapid st irr ing at an H2S pressure 
of 1.5 atm yielded crystalli tes up to 30 ~m in size. In  
addition, precipitat ion at reduced hydrogen sulfide 
pressures was studied, and produced good phosphors. 
These investigations (13, 14) showed that  the lumines-  
cent properties of the materials  were dependent  largely 
on the precipitation in the init ial  stages of the reac- 
tion. In  all cases, ZnS prepared in strongly acid solu- 
t ion separated in the sphalerite form, the particles be-  
ing well defined and sufficiently crystal l ine to give an 
x- radiogram identical with that obtained from zinc 
sulfide luminophors  recrystallized at 900~ Lendvay 
et al. (15) prepared ZnS crystals 100-200 ~m in size 
by slowly interact ing hydrogen sulfide with an acidic 
solution of a zinc salt. What was more interesting, 
perhaps, was that phosphors could be obtained directly 
from solution under  ambient  conditions without sub-  
sequent activation and firing at elevated temperatures.  
Studies on the particle size and morphology of zinc 
sulfide precipitates have been reported by Brown (16). 
This worker demonstrated that preparat ion of ZnS in 
s trongly acid solution gave i r regular ly  shaped aggre- 
gates of the order of 1-5 ~m, and that  the dimensions 
of these agglomerates influenced the particle size of 
the final phosphor. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e sen t  address :  D e p a r t m e n t  of C h e m i s t r y ,  The  P o l y t e c h n i c  of 

North London, Holloway, London N7 8DB, England. 
Key words: ZnS:Ag phosphors, correlation and regression analysis, 

Weibull distribution. 

881 

Two principal  methods have been used for the large- 
scale manufacture  of luminescence-grade zinc sulfide, 
and these lead to somewhat different products. In  the 
so-called "alkali" process (17), a purified solution of 
ZnC12 is treated with ammonium hydroxide solution 
unt i l  the init ial  zinc hydroxide precipitate redissolves. 
Subsequently,  ZnS is formed by the addit ion of hydro-  
gen sulfide or ammonium sulfide. Under  these condi-  
tions, some hydrolysis of the zinc salt may  occur, and 
this in tu rn  gives rise to oxygen band fluorescence 
(18) in  the ul t imate  phosphor. Alternat ively,  the 
"acid" process (17, 19) may be used. In this method 
ZnS is synthesized by the interact ion of a solution of 
a zinc salt with hydrogen sulfide in acidic media. This 
lat ter  procedure was employed in the present  study; 
zinc sulfide precipitates were obtained by the straight-  
forward addition of gaseous hydrogen sulfide to aque- 
ous zinc sulfate solution. 

The objective of this work was to carry out a labora-  
tory-scale investigation on the influence of various fac- 
tors, such as rate and durat ion of hydrogen sulfide 
flow; temperature;  ini t ial  concentrat ion of the zinc 
solution; on the precipitat ion of zinc sulfide, from the 
viewpoint  of de termining what  effect, if any, these 
variables had on the cathodoluminescent  efficiencies of 
the resul tant  phosphors. With this object in  mind, an 
attempt was made to determine the important  factors 
affecting (i) the rate of precipitation, and (ii) the 
peak efficiencies of the various zinc sulfide phosphors 
under  cathodoluminescent  excitation. Phosphor prep-  
arations were carried out with ZnS:0.015% Ag, 2% 
sodium chloride as flux, and 1% sulfur  as the start ing 
material.  Note that these compositions are weight per 
cent (w/o)  values. The results obtained were in ter -  
preted with the aid of a regression and correlation 
analysis carried out by means of an RCA 301 com- 
puter  program. 

Experimental 
Precipitation o~ zinc sulfide.--A detailed description 

of the start ing materials and exper imental  procedures 
employed in the preparat ion of zinc sulfide precipitates 
has ,been given previously (16). For the sake of com- 
pleteness, a brief account of the method used is given 
below. 

The apparatus consisted of a 3 l i ter  glass precipi ta-  
tion flask equipped with necks to provide ports for the 
gas inlet, gas outlet, and stirrer. A single blade glass 
paddle was used to agitate the solution; temperature  
was controlled to wi thin  _ 0.5~ In  a typical prepara-  
tion, 2 liters of 1M zinc sulfate solution were placed 
in the precipitat ing vessel and stirred by an electri-  
cally dr iven  glass paddle. Hydrogen sulfide at a flow 
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rate of 0.82 l i t e r /min  was passed into the solution 
through a gas dispersion tube for a period of 3 hr, the 
flask and its contents being main ta ined  at 25~ During 
a precipitation, samples were removed at regular  in-  
tervals of time, filtered, and the filtrates analyzed for 
zinc and hydrogen ion contents. Zinc was determined 
colorimetrically by means of dithizone, using a method 
which was essentially that of Snell and Snell  (20). For 
the determinat ion of the free acid content, aliquots 
were t i trated against s tandard sodium carbonate solu- 
tions (2i)  uti l izing either methyl  orange as indicator, 
or a potentiometric method to determine the end point. 
After being left for approximately 18 hr to at tain equi-  
l ibrium, the white precipitate of zinc sulfide was fil- 
tered in a Buchner funnel,  washed with deionized 
water unt i l  the washings were free from sulfate ions, 
and dried at 100~ for 6 hr. 

Initially,  the speed of s t i rr ing of the reacting mixture  
was varied from 50 to 350 rpm. At speeds up to 200 
rpm, there was a direct relationship between st irr ing 
rate and amount  of precipitation. The reaction proc- 
esses appeared to be independent  of agitation for stir- 
r ing speeds greater than 200 rpm. Consequently, 
throughout  this work a. speed of approximately  300 
rpm was employed. 

Precipitations were carried out with zinc sulfate con- 
centrations from 0.25 to 2.0M, using hydrogen sulfide 
flows between 0.082 and 5.75 l i ter /rain,  and with tem- 
peratures in the range 0~176 

Preparation and measurement  of phosphors.--In 
order to obtain reproducible results, phosphor samples 
were prepared by a dry blending process, following the 
usual  procedures. The over-al l  composition of the 
s tar t ing material  was ZnS: 0.015% Ag, 2% sodium chlo- 
ride, with 1% sulfur. A series of experiments  to deter-  
mine  the tempera ture  and durat ion of firing showed 
that opt imum luminescent  eificiencies could be at tained 
on heating at 800~ for 1 hr. A brief description of a 
typical firing cycle is given be low.  

Test samples of approximately 10g of ZnS:0.015% 
Ag, 2% NaC1, with 1% sulfur  were heated in 10 cm 3 
covered "Vitreosil" crucibles for 1 hr at 800~ Each 
heating operation involved the firing of six separate 
specimens. After removal of excess flux by washing 
with deionized water, the products were dried at 100~ 

Cathodoluminescent  efficiencies and emission spectra 
were determined with a defocused electron beam hav-  
ing a current  density of 1.5 ~A/cm 2 and an accelerating 
potential of 800'0V, following the procedure of Hardy 
(22). Peak efficiencies and spectral distributiofl of 
energy were measured by means of a recording, grat- 
ing-type spectroradiometer. An eye-corrected, Weston 
selenium barrier layer photocell was used for the mea- 
surement of visual efficiencies. 

Results 
The influence of initial  zinc sulfate concentrat ion on 

the rate of precipitat ion of zinc sulfide is demonstrated 
in Fig. 1. In order to make the comparison more 
straightforward, the results are plotted in the form of 
w/o zinc remaining in solution as a function of time, ~. 
Hydrogen sulfide flow was main ta ined  at 0.82 l i ter / rain,  
temperature  at 25~ and the ZnSO4 level varied be-  
tween 0.25 and 2.0M. 

A typical set of curves showing the influence of 
hydrogen sulfide flow on 1M ZnSO4 solutions at 25~ 
is presented in Fig. 2, again in the form of w/o zinc 
vs. time. 

In general, a plot of logari thm of the zinc concentra-  
tion, log IZn2+ I, as a funct ion of precipitat ion time 
showed a l inear  dependence over all of the preparat ive 
conditions employed in this present  study. Thus, the 
zinc sulfate-hydrogen sulfide reaction follows pseudo- 
first order kinetics with respect to the zinc ion. At 
temperatures  in the region of 0~ there was ini t ia l ly  
a fast precipitation accounting for approximately 40% 
of the product, followed immediate ly  by a slower proc- 
ess. Both stages of the reaction followed this same 
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Fig. 1. Influence of inltla] ZnS04 concentration on precipitation 
of ZnS. 0.82 liter/rain H2S at 25~ 
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straight-l ine,  semilogarithmic behavior. These findings 
are demonstrated in Fig. 3, which shows the influence 
of various factors on the relationship between log 
IZn2+ I and precipitat ion time. 

Figure 4 is a typical set of curves in  which log IZn2+] 
is plotted vs. t for experiments  carried out in 1M zinc 
sulfate solution at 10~176 using a hydrogen sulfide 
flow of 0.82 l i ter /min.  These data confirm that  a l inear  
relationship does, in fact, exist. Measurement  of the 
slopes of these semilogarithmic plots provided the 
specific rate constants, k, and these values were used 
to express the rate of precipitat ion of ZnS. In  practice, 
k was calculated by the least squares method, uti l izing 
the computer program which is outl ined below. 

A plot of log IH+I as a function of log (time) for 
temperatures  of 25 ~ and 0~ in the case of 1M ZnSO4 
at 0.82 l i ter / ra in  H2S, is given in  Fig. 5. At 25~ there 
is a s t ra ight- l ine  dependence with a slope of 0.94, 
whereas the 0~ plot shows a departure  from l inear  
behavior. 

A summary  of the experimental  results obtained on 
the preparat ion of zinc sulfide precipitates, together 
with peak efficiencies under  cathodo-excitation of the 
final ZNS:0.015% Ag phosphors, is presented in  Table 
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I. Table  II  i l lus t ra tes  the  over -a l l  r eproduc ib i l i ty  of 
the  prec ip i ta t ion  s tage and phosphor  p repa ra t ion  and 
measurement .  

Discussion 
For  convenience, the  resul ts  obta ined  are  discussed 

in terms of (i) ra te  of precipi ta t ion,  and (ii) cathodo-  
luminescent  efficiencies. 

(i) Rate of precips i t  was  des i rable  to 
re la te  the ra te  of p rec ip i ta t ion  of ZnS wi th  the  p r e p -  
a ra t ive  conditions, each of the  36 exper imen ta l  tests 
was submit ted  to analysis  by  the  RCA 301 corre la t ion 
and regression computer  p rog ram in a mul t ip le  and 
po lynomia l  regression study.  The specific ra te  constant,  
k, was taken  as the  dependent  var iab le  and var ious  
combinat ions of t empera ture ,  dura t ion  of precipi ta t ion,  
in i t ia l  zinc sulfate  concentrat ion,  and hydrogen  sulfide 
flow as the independent  variables .  Genera l ly ,  the  m a t h -  
emat ica l  model  employed  was of the form 

Y = bo -}- blXl -I- b2X2 -~- bsX3 -~- b4X4 

-~ b 5 X 1 2  -~- b 6 X 2 2  -}- bTX32 Jc b s X 4 2  -}- b g X l X 2  

"~- bloX1X3 -Jr bllXlX4 -~ b 1 2 X 2 X 3  

-~- b13X2X4 -~ b14X3X4 [I] 

where Y is the dependent variable, X the independent 
variable, and b is an estimate of the unknown popula- 

tion parameter, In addition to the above terms, the 

Table I. Summary of experimental results 

Teln- 
Experi- per- 
ment ature 
No. (~ 

Hydrogen sulfide 
Flow Peak 
rate Dura- Rate e ~ -  

lZnSO,] (liter/ tion constant ciency* 
(M) rain) (hr)  (k X l0 s) (P~) 

1 0 1.0 0.41 3 - -  0.7183 108 
2 0 1.0 0.82 3 - -  0.7090 108 
3 0 1.0 4.10 3 - -0 .9474 104 
4 25 1.O 0.41 3 -- 1.4391 10Y 
5 25 1.0 0.82 3 -- 1.6393 104 
6 "25 1.0 4.10 3 --1.1605 103 
7 70 1.0 0.41 3 -- 1.5366 98 
8 70 1.0 0.82 3 -- 1.6473 103 
9 70 1.0 4.10 3 --2.0395 1 0 0  

10 25 1.0 0.20 7.5 --1.0116 112 
II 25 1.0 0.082 8 --0.6518 109 
12 25 0.25 0.82 3 - -  12.2488 66 
13 25 0.5 0.,82 3 --2.5881 9 2  
14 25 0.5 0.41 3 --2.6658 104 
15 25 0.5 0.20 3 -- 2.6532 114 
16 25 0.5 0.082 4 -- 1.3968 112 
17 O 0.5 0.82 3 --1.8283 103 
18 70 0.5 0.82 3 -- 4.0638 84 
19 25 2.0 0.82 12 --0.4272 112 
20 25 2.0 4.10 12 --0.4622 108 
21 0 2.0 0.82 12 --0.1559 118 
22 70 2.0 0.82 12 -- 0.5239 91 
23 50 1.5 0.50 6 -- 1.0163 112 
24 10 1,5 0.50 9 -- 0.4049 108 
25 10 0.25 0.50 3 -- 4.7096 105 
26 50 0.25 5.75 1 -- 29.9573 71 
27 i0 0.25 5.75 1 --10.4010 80 
28 50 0.25 0.5 3 -- 8.9225 105 
29 10 1.5 5.75 6 --0.5380 108 
30 50 1.5 5.75 6 -- 1.3246 108 
31 5 1.0 0.82 3 --0.8291 112 
32 10 1.0 0.82 3 --  1.109 114 
33 15 1.0 0.82 3 --1.253 114 
34 35 1.0 0.82 3 --2,256 104 
35 40 1.0 0.82 3 -- 2.277 97 
36 55 1.0 0~82 3 -- 1.4575 108 

* M e a s u r e d  
Sul f ide ;  R C A  
ence. 

a g a i n s t  a s t a n d a r d  p h o s p h o r ,  J E D E C  d e s i g n a t i o n ,  P 2 2  
P h o s p h o r  No.  33-Z-265,  t a k e n  as  100 u s e d  as  a r e f e r -  

Table II. Over-all reproducibility of experimental methods 

P e a k  
Coneen- I-I~S flow Duration Temper- effi- 

t r a t i o n  of  ( l i t e r /  of  I-I~S a t u r e  c i e n c y  
ZnSO~ (M) ~in) (hr) (~ (PE) 

Runs A-C 

Ru~s D-F 

1 0.82 3 25 105 
1 0.~2 3 25 105 
1 0,~2 3 25 104 
1 0.20 7,5 25 112 
1 0.20 7.5 25 112 
1 0.20 7.5 25 112 
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variables  used were  expressed as logarithmic, rec ipro-  
cal, and ratio functions. This analysis showed that  the 
exper imenta l  results obtained for the reaction rate 
could be represented best by the expression 

lOgl0k ---- --2.597 ~- 0.00575T -~ 0.000174FT 

1.433 IZnol ~- 0.303 IZno] 2 [2] 

where  k : reaction rate  constant (min -1 ) ;  T _-- tem-  
perature  (~ ; F ---- hydrogen sulfide flow ( l i te r /min)  ; 
and IZnol : init ial  concentrat ion of the zinc sulfate 
solution (M). 

A measure of the fit of a plot to the data it represents 
is given by the correlat ion coefficient squared, R 2 (23), 
which is often expressed as a per  cent value. This pa-  
rameter  is defined as the amount  of var ia t ion of the 
dependent  var iable  Y, which can be associated with 
variations in X, the independent  variable.  A perfect  
fit would give R 2 ---- 100%, whereas a complete  nonfit 
would have R 2 ---- 0%. For Eq. [2], a value  of R 2 ---- 
91% was calculated. This result  indicates that  the re-  
action rate data are represented very  well  by the given 
expression. 

The type of curve obtained on plot t ing the three 
variables, init ial  zinc concentration, gas flow, and tem-  
perature,  in accordance with  Eq. [2] is given in Fig. 6. 
This curve is in a hyperbolic  form. Note that  for pur-  
poses of convenience the surface represented in Fig. 6 
corresponds to a specific rate constant of log k ---- --2.0 
X 10 -2 . The advantage of such a plot is that  it pre-  
sents in a re la t ive ly  s t ra ight forward manner  a quan-  
t i tat ive t rea tment  of the behavior  of the precipi tat ion 
rate as changes occur in the three parameters  which 
influence the prepara tory  conditions. By sett ing the 
first der ivat ive  wi th  respect  to IZno] equal to zero, an 
inflection point is obtained at a concentrat ion level  of 
2.36M. Since this point is a min imum in the curve, 
this observation suggests that  the slowest reaction 
rate should be at tained with  an init ial  concentrat ion 
of 2.36M zinc sulfate. Increase in ei ther  the t empera -  
ture, or the hydrogen sulfide flow, or in both of these 
parameters  wil l  give faster  rates of reaction. 

(it) CathodoIuminescent efficiency results.---A fur ther  
part  of this study was an a t tempt  to relate  peak effi- 
ciencies of the phosphors obtained f rom the various 
precipitates to the conditions of precipitation. These 
exper imenta l  results were  less s t ra ightforward to ana- 
lyze than the react ion rate  data. A regression and cor- 
relat ion analysis similar  to that already described was 
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Fig. 6. Reaction rate (log k) as a function of precipitation varl- 
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Fig. 7. Phosphor peak efficiency (PE) as o funcHon of precipita- 
tion variables. Surface represents PE ~ 100~ 

carried out for the phosphor brightness results ob- 
tained in the 36 exper imenta l  tests. In this case, peak 
efficiency of the phosphor under cathodo-excitation 
was the dependent variable, and various combinations 
of reaction temperature, duration and rate of hydro- 
gen sulfide flow, and initial zinc concentration were 
the independent parameters. 

This treatment showed that the experimental data 
obtained for phosphor efficiency under cathodolumin- 
escence can be described best by the expression 

PE ---- 107 + 46.2 IZnol - -  15.2 IZnol 2 - -  1 . 6 4 F  - -  0.00031T2 
[3] 

where  PE is the re la t ive  luminescent  peak efficiency of 
a specimen, measured against a s tandard phosphor 2 
sample taken as 1G0, and the other  symbols have the 
meanings given above. For Eq. [3], a value of R 2 ---- 
65% was calculated. This resul t  indicates that  the 
above relat ionship describes the exper imenta l  data 
reasonably well. The form of curve  obtained on plot-  
t ing the three variables, init ial  zinc level, H2S flow, 
and tempera ture  in accord with  Eq. [3] is i l lustrated 
in Fig. 7. The curve describes an ell iptical  paraboloid. 
Note that  the surface represented in this figure corre-  
sponds to a peak efficiency of 100. 

On the basis of Eq. [3] and Fig. 7 the fol lowing can 
be deduced: 

(a) A decrease in t empera tu re  of precipi tat ion and 
a lower hydrogen sulfide flow both lead to a rise in 
peak efficiency of the resul tant  phosphor. 

(b) The inflection point occurs at a zinc concentra-  
tion of 1.52M. This concentrat ion region corresponds 
to the initial zinc sulfate level  which provides the 
optimum phosphor brightness, on the basis of the ex- 
periments actually carried out. 

(c) It is interesting to note that the conditions of 
precipitation which give the fastest rate of formation 
of ZnS are those which result in poor phosphor effi- 
eiencies. Conversely, those preparatory conditions 
which give the highest peak efficiencies involve very 
slow precipitations. This la t ter  finding appears to be i n  

accord with an observation made by Or tmann and �9 ! 
Plwonka  (13, 14). 

It  has already been pointed out that  this work  was 
under taken  with  the object of providing quant i ta t ive  
relationships be tween the principal  factors affecting 
the ra te  of precipitat ion of zinc sulfide, and the cath-  
odoluminescent efficiencies of the final phosphor. The 

J E D E C  designat ion, ,  P22  Su l f ide ;  IRCA P h o s p h o r  No.  3 3 - Z - 2 6 5 .  



Vol. I23, No. 6 CATHODOLU MI N ES C EN C E OF Z n S : A g  P H O S P H O R S  

empirical  relationships derived so far, as expressed 
in  Eq. [2] or [3], have gone a long way toward 
achieving this objective in that these do describe 
fair ly well  the behavior  of the precipitat ion rate and 
phosphor brightness. 

It might  be worthwhile  i l lus t ra t ing the usefulness 
of this approach by considering a typical application. 
Rapid precipitations are desirable from an economic 
viewpoint, since these give max imum util ization of 
the precipi tat ing vessels. This work has demonstrated 
that fast reaction rates require elevated temperatures  
and high H2S flows. In  addition, the ini t ial  zinc sulfate 
level should be low, for example 0.5M, or high, namely  
>2.36M, since a 2.36M solution was shown to provide 
the slowest rate of reaction. To take one fur ther  exam- 
ple, it is well known that opt imum phosphor efficiency 
is a prerequisi te  for many  applications involving lu-  
minescent  materials so as to obtain desirable product 
quality. The prepara tory  conditions required for opti- 
m u m  peak efficiencies are: low precipitat ion tempera-  
tures, a diminished gas flow, and an ini t ia l  zinc sulfate 
concentrat ion of 1.52M. 

A logical development  of this type of approach would 
be to combine the informat ion obtained from Eq. [2] 
and [3]. For example, it should be possible to choose 
precipi tat ing conditions which would give the highest 
a t ta inable level of phosphor brightness consistent with 
a practicable rate of reaction. Or, al ternatively,  to fix 
conditions for the synthesis of ZnS precipitates which 
would provide the fastest rates of precipitat ion con- 
sistent with reasonably good luminescent  efficiency. 
Table III  i l lustrates results of some typical calcula- 
tions involving the combinat ion of Eq. [2] and [3]. 
These data represent  some of the points of intersection 
of the curves in Fig. 6 and 7. Consequently,  the data 
correspond to a peak efficiency in the region of 100, 
and a reaction rate of the order of log k _-- --2.0 • 
10 -2. Evidently,  a fairly wide range of precipitat ing 
conditions is available, even within  these limitations. 

It was pointed out above that  the data on phosphor 
efficiency did not give as good a correlation as those 
on reaction rate. A possible explanat ion for this be-  
havior would be that the chosen variables were insuffi- 
cient to describe completely the phosphor brightness 
results. For  example, it  is not un l ike ly  that factors 
such as the impuri t ies  occluded on a precipitate (24), 
or the particle size and morphology of the zinc sulfide 
powders (16), may be impor tant  in de termining the 
final phosphor brightness. An at tempt was made to 
allow for the sulfate ion content of the precipitates, 
but  this did not improve the correlation coefficient 
parameter  for phosphor efficiency. No direct at tempt 
was made to incorporate the size and habit  of the zinc 
sulfide crystallites in the analysis, al though the work 
of Brown (16) suggests that the precipitat ion variables 
chosen should reflect on these parameters.  An a l terna-  
tive possibility is that the reproducibi l i ty  of the pre-  
cipitation, washing and drying stages, together with 
that of the phosphor preparat ion and measurement ,  
may have varied. The results presented in Table II 
appear to indicate fairly good reproducibility. 

As a consequence of this discrepancy, an additional 
method of analyzing the phosphor brightness results 
was sought. One procedure employed frequently in the 
analysis of the statistical distribution of empirical data 
is that due to Weibull (25). This method is reviewed 
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Table Ill. Relat[onsMp between phosphor efficiency and 
reaction rate 

P e a k  Z i n c  HeS 
effi- R e a c t i o n  c o n c e n -  T e m p e r -  f low 

e i e n c y  r a t e  t r a t i o n  a t u r e  ( l i t e r /  
(PE) ( log k) (M) (~ ra in )  

94 --1.4 • 10 -2 0.5 0 5.6 
i00 --2,0 • I0 --~ 1.7 34 7.5 
106 --1.8 • 10 -3 0.7 0 1,6 
106 - -2 .0  • 10 -2 1.3 13 6.2 
112 --2.4 X 10 -2 1.7 0 4.0 
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Fig. 8. Weibull distribution plot for phosphor efficiency data. 
Cumulative per cent vs. peak efficiency (PE - -  65). 

briefly in  the Appendix. Such a technique has proved 
useful in a wide variety of applications, as pointed out 
by Berret toni  (26). A Weibul l  plot of the phosphor 
efficiency results is given as Fig. 8. The curve shows 
the relationship between cumulat ive per cent (i.e., per 
cent samples less than a given peak efficiency) as the 
ordinate, and peak efficiency ( P E  - -  65) as the abscissa. 
Evidently, the slope of the l ine changes at a peak effi- 
ciency of 100. This result  indicates the occurrence of 
a mixed statistical distribution. Thus, samples with a 
peak efficiency value greater than 100 have a different 
distr ibution than those with 100 or less. The occurrence 
of two distr ibutions suggests that there are probably 
also two different sets of parameters,  or parameter  
levels, which best describe the two areas. Accordingly, 
the observed brightness measurements  were submit ted 
for correlation and regression analysis in  two parts, 
namely  P~ ~ 100 and PE > 100. The best-fi t t ing curve, 
which had an R 2 value of 78%, was obtained for peak 
efficiencies of 100 or less. This relationship was de-  
scribed by the equation 

RE : 62.5 + 58.2 ]Znol -- 22.1 IZnol 2 [4] 

This expression indicates that for phosphor efficiencies 
not greater than 160, the most impor tant  factor in  the 
precipitat ion process is the concentrat ion of the ini t ial  
zinc sulfate solution. 

In summary,  this work has shown that  numerica l  
relationships can be established between the prepara-  
tory conditions used for the zinc sulfide precipitates 
(especially ini t ial  concentrat ion of zinc solution, tem- 
perature, and hydrogen sulfide flow), and both the rate 
of precipitat ion and the cathodoluminescent  efficiency 
of the final phosphors. As a consequence, precipitat ing 
conditions can be specified which would either (i) give 
very fast reaction rates, such as are economically de- 
sirable for ma x i mum uti l ization of precipitat ion ves- 
sels, or (it) provide opt imum phosphor brightness, in 
order to improve product quality. 

It should be pointed out that  these studies have in-  
volved a ZnS:Ag phosphor prepared in a part icular  
manner ,  and with sodium chloride as flux. In  addition, 
only the peak efficiency has been chosen as the phos- 
phor parameter.  In  fact, many  other properties of a 
zinc sulfide luminophor  are important  in any given 
application. For example, uti l ization in a color k ine-  
scope would require such addit ional features as a 
given spectral dis t r ibut ion of emitted light, par t icular  
size and distr ibution of the particles of phosphor, and 
stabili ty dur ing screening operations. It  would be of 
interest  to ascertain whether  the general  method de-  
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veloped here is appl icable  to a va r i e ty  of luminescent  
mater ials ,  and whe ther  it  could be employed  to de-  
scribe other  pa rame te r s  of phosphor  systems. 
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A P P E N D I X  

The Weib.ll Distribution 
The cumula t ive  d is t r ibut ion  funct ion IF(x)I of the  

Weibul l  d is t r ibut ion  is defined as 

F(x)  --  1 - - , exp  (x a - -  ~);3 1 

where  -y = a locat ion pa ramete r ;  ;~ _-- shape p a r a m e t e r  
(WeibuI1 slope) ; and a _-- scale parameter .  

Since the value  of 7 only de termines  the  posi t ion of 
the curve with  respect  to the abscissa, i t  is set to zero 
for the present  purpose.  On tak ing  logar i thms twice 
we obta in  

In [i -- F (x) l -- -- (z/a) 

In In [i -- F(x)] _~ -- fl(Inm -- ina) 

or, In In 11/{1 -- F(x)}] _-- fllnm-- fllna 

Thus, on plotting In In ]i/{I -- F(x)}l as a function of 
In x, a straight line of slope fl and intercept-fl In a is 
obtained. This is the Weibull plot. 

For  exponent ia l  dis tr ibut ion,  a va lue  of fl N 1 is ob-  
tained;  in the case of normal  d is t r ibut ion  fl ~ 3.5. 
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Theoretical and Experimental Efficiencies of 
X-Ray Screens 

A. L. N. Stevels and A. D. M. Schrama-de Pauw 

Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

Measured  re la t ive  l ight  outputs  (CaWO~ is used as a s tandard)  of the x - r a y  
powder  phosphors  Gd202S: Tb, Y202S: Tb, BaFCh Eu 2 +, CsI: Na, and CsI: T1 are  
lower  than the figures calculated from CR efficiencies. This might  be due to a 
systematic  difference be tween  the rad ian t  efficiencies of phosphors  under  ca th-  
ode - r ay  and x - r a y  excitation,  but  p robab ly  is re la ted  to a la rge  extent  to the 
present  sample  p repara t ion  technology. Comparison of the l ight  outputs  under  
x - r a y  exci tat ion of powders  and screens indicates that  the powder  screen 
technology of Gd202S:Tb and B a F C h E u  2+ is less developed than  tha t  of 
CaWO4. The vapor -depos i t ion  technologies of Cs I :Na  and CsI:T1 seem to be 
wel l  established. 

In  ear l ie r  papers  (1, 2), we  have evalua ted  the  
proper t ies  of new and t rad i t iona l  x - r a y  phosphors.  The 

Key words:  luminescence ,  x - r ay  phosphors, x -ray  screens,  effi- 
ciency.  

potent ia l i t ies  of each mate r ia l  were  explored b y  cal -  
culat ing the x - r a y  quan tum detect ion efficiencies 
(QDE) of x - r a y  sc reen /de tec tor  combinations.  In  fact 
these calcula ted figures do not represen t  actual  rea l iza-  
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tions of phosphor screens but  ra ther  give an indication 
what  max imum performance  will  be found under  ideal 
powder-  and screen-making  conditions. 

The purpose of the present  paper is to compare some 
measured data on powders and screens wi th  calculated 
ones. In this way more insight is gained into the pres-  
ent state of the art  of the x - r a y  screens. 

Results of Calculations 
For a given x - r a y  energy, the x - r a y  QDE is defined 

as follows 
QDEE = A E  �9 ~1 " X E m  �9 C E  " Dx [1] 

where  AE : the x - r a y  absorption of the screen (in 
per cent) ; ~1 : the luminescence radiant  efficiency un-  
der ca thode-ray  excitat ion of the phosphor (in per 
cent) (in contrast  to efficiencies under  x-exci tat ion,  
these are fair ly accurately known) ;  ~ E m  = the mean 
wavelength  of the detected emission; CE = a factor 
represent ing th~ energy losses in the screen; and Dx = 
the efficiency for detection of the screen luminescence, 
I~, by a detector with response Rx. Dx is defined as 
fx IxRxd~/fx IxdK 

In Fig. 1 we show the QDE figures calculated with  
the above-ment ioned  equation [for details on the cal-  
culations see Ref. (1) and (2)] for powder  screens of 
Gd202S:Tb, YeO2S:Tb, B a F C h E u  u+, CsI:Na, and 
CsI:T1 and for vapor-deposi ted  CsI :Na  and CsI:T1 
screens. In order to have a direct comparison of the 
performance  of various phosphors in a par t icular  en- 
e rgy  range, a re la t ive  scale is used in which the QDE 
of a reference phosphor is taken as equal  to 1, inde- 
pendent  of the x - r a y  energy. In the present  case we 
have chosen CaWO4 as the reference, since this mate-  
r ial  is the tradit ional  phosphor in x - r a y  intensifying 
screens. In Fig. 1, QDE data are presented for 200 ~m 
thick screens. The packing density of the powder  
screens is put  equal  to 50%, whereas  for screens which 
can be made by vapor  deposition 100% density is as- 
sumed. The efficiency, Dx for the detection of the 
screen luminescence has been taken equal  to 1. This 
means that  the calculated QDE are in fact calculated 
l ight outputs. 

We conclude f rom Fig. 1 that  as far as calculated 
data are concerned, the newly  developed screen mate -  
rials considered have  higher  QDE numbers  than 
CaWO4. This conclusion holds for the complete 30-100 
keV energy range. Due to their  high packing density 
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Fig. 2. Schematic diagram of the light output measurement 

the vapor-deposi ted CsI: Na and CsI:T1 have  the h igh-  
est QDE figures. This suggests that  these mater ia ls  are 
ve ry  promising for applications. In fact, CsI :Na  is a l -  
ready used on a wide scale as the input screen phos- 
phor of x - r ay  image intensifier tubes. 

Measurements on Phosphor Powders 
Let us now consider how the measured results com- 

pare wi th  the calculated ones. The measurements  were  
carried out in the a r rangement  sketched in Fig. 2. The 
x - r ay  source was a Philips Prac t ix  tube, operated at a 
voltage of 75 kV and a tube current  of l mA. An alu- 
minum filter wi th  a thickness of 2 cm was placed L~ 
front of the tube to make  the spectral  bandwidth  nar-  
rower. The spectral  power  distr ibut ion of this x - r ay  
source is given in Fig. 2 of Ref. (3). 

In order to compare proper ly  wi th  the CaWO4 re fe r -  
ence, it is necesary to correct the results for the spec- 
tral  sensi t ivi ty of the photomult ip l ier  detector, for dif- 
ferences in phosphor layer  thicknesses and for differ- 
ences in the mean grain size. In the last two cases this 
was done with the aid of Hamaker ' s  formulas (4) for 
l ight  emission of luminescent  screens i r radia ted by x -  
rays. The correction factor for the layer  thickness was 
der ived by comparing the l ight output  calculated for 
the sample thickness and that  of the s tandard thick-  
ness (200 ~m). The samples considered had mean grain 
sizes ranging be tween  1 and 5 ~m. In this range the 

scattering coefficient is about propor t ional  to X/1/d 
where  d -- mean grain size [see Ref. (5)].  Assuming 
this proport ional i ty  and a standard mean  grain size of 
3 #m, corrections (which did not exceed 15%) can be 
de termined  in a s imilar  way  as for differences in layer  
thickness. 

Table  I gives data corrected in these ways for pow-  
ders ei ther  prepared with  our own production facilities 
or commercia l ly  obtained f rom others. It  is concluded 
that  for all new phosphors the measured  l ight output  
is below the calculated one. This result  might  be ex-  
plained by the observat ion of de Poor ter  and Bril  (3) 
who found that  the actual efficiency of CaWO4 under  
x - r ay  excitat ion is much higher  than under  cathode- 
ray  excitation, whereas  for  all  o ther  phosphors con- 
sidered by these authors the difference was much less. 
Since we have used for our calculations the fa i r ly  ac- 
curately known CR radiant  efficiencies ( ra ther  than 
the inaccurate x - r a y  efficiencies), this would  imply an 
underes t imat ion of the calculated l ight output  of 
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Table I. Measured and calculated relative light outputs of powder 
phosphors 

Phosphor 

CaWO4 
Gd202S:Tb 
Y20~.S:Tb 
BaFChEuS+ 
CsI:Na 
CsI:TI 

Table II. Measured data on relative screen performance (RSP) 

Phosphor RSP 

lYfeasur~d Calculated 
light output* light output  

CaWO4 1.00 
Gd20~S:Tb 0.80 

1.0 1.0 Y~O~S :Tb 0.45 
4.7-5.6 8.6 BaFChEu ~+ 0.50 
3.4-3.7 4.1 
2.9-3.6 3.8 CsI:Na 2.40 
4.3-6.3 6.6 CsI:T1 2.20 
4.9-7.3 9.8 

* In  this column we give the m a x i m u m  and m i n i m u m  figures 
found for the various samples considered. 

CaWO~ and so would introduce a systematic error into 
our calculations. 

However, a few measurements  using the we l l -known 
(Zn, Cd)S :Ag phosphors as a s tandard indicated to us 
that no such systematic error was involved in the dis- 
crepancies which are found in Table I. This point  of 
view is supported by data of Ludwig (5) who found, 
especially for CaWO4, a fairly good agreement  between 
the radiant  efficiencies of cathode-ray and x - ray  ex- 
cited screens. This makes it probable thai  the discrep- 
ancies in Table I are, to a large part, caused by the 
fact that, with the present bulk  production technology, 
the performance level of these phosphors under  x - ray  
excitation has not yet reached that of laboratory sam- 
ples under  cathode-ray excitation (the last named 
figures have been used in  the calculations).  This may 
apply more par t icular ly  to phosphors that  have re- 
cently gone into production. 

If we consider the phosphors more specifically, the 
hygroscopic na ture  of CsI:Na may give rise to lower 
light outputs of this material.  In  CsI: T1 the appropriate 
incorporation of the T1 dope and the avoidance of a 
yellow body color seem to be the main  snags. Due to 
the hexagonal platelike form of the crystallites, anom- 
alous scattering effects in Tb-doped GdfOfS and Y202S 
may give rise to a lower light output. There are also 
indications (7) that the control of the grain size of 
these phosphors is a cumbersome task, which may end 
in compromising at the cost of the l ight output. In  
BaFCI:Eu e+ the incorporation and reduction of the 
Eu activator pose the main  problem (2). 

Measurements on Screens 
In order to get an indication of the present state of 

the art of screen making we define a relative screen 
performance (RSP) in the following way 

t powder  screens 

vapor-depos-  
ited screens 

These points combined with the fact that layers can be 
produced with less scatter (and hence less self-absorp- 
tion) of the generated light make it possible to find 
RSP figures even higher than 2. 

The measurement  of the light outputs of the screens 
and the grain-size correction of the results in order to 
put them on a comparable basis were performed in the 
same way as for the powder phosphors discussed 
above. In  Table II we summarize some data on relative 
screen performance. For the powder screens of 
Gd2OfS:Tb, Y202S:Tb, and BaFCI :Eu 2+, the RSP fig- 
ures are clearly below 1, which makes it l ikely that 
their screen technologies will be improved. On the 
other hand, it should be noted that screens produced 
by methods used in the present  state of the art already 
have given very good application results (2, 8, 9) so 
that, in fact, our conclusion is that fur ther  gains may 
be expected. For CsI:Na and CsI:T1 screens we find 
a relative screen performance of more than 2. As we 
have explained above, this is not unexpected for vapor-  
deposited layers. A rough estimate of the ma x imum 
RSP figure that can be found for vapor-deposited 
CsI: Na or CsI:T1 is 2.5-2.6. We conclude, therefore that  
the technology of making these vapor-deposited 
screens is already well advanced. 
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RSP -- 
light output  of phosphor screen/ l ight  output of CaWO4 reference screen 

light output of phosphor powder/ l ight  output of CaWO~ reference powder 

In  all cases 200 ~m thick phosphor layers are con- 
sidered. 

If the RSP of a screen is equal to 1, ~his means that 
losses due to screen making are equal to those of 
CaWO~ phosphor for which the screen technology was 
developed decades ago and is well established by now. 
For recently developed phosphor screens we therefore 
expect RSP figures below i. 

Due to its high packing density, the RSP of a vapor- 
deposited screen is significantly higher than that of 
powder screens; with the present figures, by a factor 
of 2. Vapor-deposited screens have the additional ad- 
vantage that no binders have to be used, so that no 
excitation energy is lost in them and also screen proc- 
essing may be less harmful to the phosphor efficiency. 
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Optical Properties of Tantalum Oxide Films on Silicon 

A. G. Revesz, J. H. Reynolds, and J. F. Allison 
COMSAT Laboratories, Clarksburg, Maryland 20734 

ABSTRACT 

Tan ta lum oxide films on silicon were prepared by thermal  oxidation of 
vacuum,deposi ted Ta films. The optical absorption of these noncrystal l ine films 
resembles closely that of crystal l ine Ta2Os, indicat ing a strong similari ty in 
their  shor t - range order structures. For given oxidation conditions, the re-  
fractive index of the oxide films increases from ,,-1.93 to 2.34 as the thickness 
increases from 12.5 to 111.7 nm. For a given t an ta lum film thickness, higher 
oxidation temperatures  result  in thicker oxides of lower refractive index. 
Addit ional  oxide growth occurs during postoxidation hea t - t rea tment  in  oxy- 
gen while the refractive index decreases. The refractive index of a given 
oxide film increases from the Si/oxide interface toward the outer surface, e.g., 
from 2.08 to about 2.4. These phenomena are a t t r ibuted to the incorporation 
of silicon into the Ta oxide dur ing its growth. However, the estimated amount  
of silicon in the oxide is not sufficient to explain the observed values if it is 
assumed that the lowering of the refractive index is due simply to mixing Ta20~ 
with SiO2. Thus, it is concluded that the s tructure of noncrysta l l ine  Ta205 has 
a great flexibility which is fur ther  enhanced by incorporat ing silicon; the po- 
larizabil i ty of the Ta-O bond is then strongly affected by silicon. This oxide 
has been applied as antireflection film in recent ly developed shallow junct ion 
silicon solar cells of increased conversion efficiency. 

Based on fundamenta l  considerations (noncrystal -  
l ini ty  with high degree of shor t - range order, emphasis 
on growth rather  than deposition techniques, etc.) 
(1), t an ta lum and n iobium oxides have been developed 
as antireflection (AR) films (2) for silicon solar cells of 
increased conversion efficiency (corresponding to a 
power output  --~ 18 mW/cm2).  These oxides have been 
prepared by thermal  oxidation of vacuum-deposi ted Ta 
or Nb films. In  the course of that work, we have ob- 
served that the refractive index of Ta oxide films on 
silicon exhibits a gradient  (3). This has been at t r ibuted 
to the incorporation of silicon in oxidized form into the 
oxide dur ing its growth. Rutherford backscattering 
(RBS) analysis has shown that the Ta oxide films on 
silicon are, in the first approximation, stoichiometric 
Ta2Os; however, the substrate-f i lm interact ion has been 
considered as a possible reason for the increase of their 
apparent  density with thickness (4). The results of 
gravimetric and secondary ion mass spectroscopy 
(SIMS) analysis (5) and MOS capacitance measure-  
ments  (6) also indicate that some interact ion takes 
place in Si /Ta  (Ta2Os) structures. 

The purpose of the work presented here was to 
s tudy in detail the optical properties of Ta205 films on 
silicon and, to some extent, on silica substrates. It will  
be shown in this paper that  the optical absorption of 
noncrystal l ine thermal ly  grown Ta oxide films on sili- 
con resembles closely that of crystall ine Ta2Os, indi -  
cating a strong similari ty in their shor t - range order 
structures. However, the refractive index of these 
oxide films exhibits a surpr is ingly large var iat ion that 
is a t t r ibuted to the s t ructural  flexibility of noncrysta l -  
l ine Ta205 as well as to modification of the Ta-O bond 
and /or  shor t - range order by incorporat ion of silicon 
from the substrate into the oxide film. 

Experimental 
Polycrystal l ine tan ta lum films (having the ~-tetrag- 

onal structure)  from ,-,10 to 50 nm thick were de- 
posited at a rate of 0.1-1.0 nm/sec  on silicon substrates 
by electron beam evaporat ion from a h igh-pur i ty  
source. Very smooth silicon surfaces were obtained by 
the cupric ion polishing technique (7). The vacuum 
was 10 -6 Torr. In a few cases, Ta films were also de- 
posited by rf sputtering, but  these specimens were not 

Key  w o r d s :  solar  cells, TazO5 on Si, TarO3 optical properties, a n t i -  
re f lec t ion  fi lm. 
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investigated in detail. Oxidation was performed in  oxy- 
gen using a resistance heated silica tube  furnace. The 
temperature  range was 350~176 Most oxidation ex- 
periments  were carried out at 525~ For comparison, a 
deposition (instead of growth) technique was also 
used. In  this case the oxide film was obtained by vac- 
uum evaporation of high pur i ty  Ta205 using electron 
beam heating. 

The refractive index and thickness of the oxide films 
were determined with ell ipsometry at 546.1 nm wave-  
length. In  the computer  evaluat ion of the A and 
values (8), n = 4.06 and k = 0.102 were used as the 
optical constants of silicon. These optical constants 
were determined experimental ly.  The n value is close 
to published values, e.g., n = 4.05 (9). The published 
k values vary significantly, but  its actual value has 
li t t le effect on the refractive index and thickness of 
dielec.tric films on silicon. The possibility of having a 
discrete SiO2 film between the Si substrate and Ta 
oxide film has already been el iminated on the basis of 
ellipsometric measurements  performed at two different 
wavelengths (3). This result  has a lso- indicated that  
the Ta oxide film is nonabsorbing between 435.8 and 
546.1 nm wavelengths.  Independent  absorption incre-  
ments  (see below) also demonstrate  that  Ta oxide 
films do not absorb at 546 n m  wavelength.  Thus, the 
el]ipsometric results for these films are unambiguous.  
In some cases the ellipsometric measurements  were 
combined with a stepwise etching of the oxide film in  
HF so that a possible gradient  in the refractive index 
could be revealed. 

Optical absorption as a funct ion of wavelength was 
determined by measur ing the reflected and t ransmit ted 
light using an integrat ing sphere attached to a spec- 
trometer.  For this purpose, the oxide films were pro- 
duced on fused silica substrates. 

Results 
As has been shown previously, the Ta oxide films, 

even those obtained at 700~ are noncrystal l ine and 
morphologically (as judged by optical and electron 
microscopy) very uni form (3). They all exhibited 
bright, continuous interference colors. 

The absorption spectra of ~60 n m  thick thermal ly  
grown (curve 1) and vacuum-deposi ted (curve 2) 
t an ta lum oxide films are shown in  Fig. 1. It can be 
seen from this figure that, s imilar ly to a crystal l ine 
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Fig. 1. Absorption of To oxide films. The absorption was deter- 
mined as described in the text. Curve 1 :Ta205  film obtained by 
thermal oxidation, Curve 2: Ta oxide obtained by vacuum deposi- 
tion. 

solid, the absorption of the thermal ly  grown noncrys-  
ta l l ine Ta oxide film is quite sharp. From this curve, 
the bandgap can be estimated as 4.1 eV. This value is 
comparable to 4.2 eV reported for chemically deposited 
polycrystal l ine fl-Ta205 (10) and for noncrystal l ine 
Ta205 films (11). This result  demonstrates that the 
thermal ly  grown Ta oxide film on silicon can be con- 
sidered, at least in the first approximation, as stoichio- 
metric Ta205. A similar conclusion has been reached 
from the RBS analysis (4). 

On the other hand, the absorption curve of vacuum-  
deposited t an ta lum oxide (curve 2) is distorted; this 
behavior  is typical of noncrystal l ine solids with large 
s t ructural  disorder. These results demonstrate that, in  
accordance with the fundamenta l  considerations out- 
l ined in  Ref. (1), the grown oxide has a higher degree 
of shor t - range order and, hence, less unsatura ted 
valences and/or Ta-Ta bonds than the deposited one. 

As was already mentioned above, the substrate for 
the absorption measurement was silica rather than 
silicon. However, the reflectance spectrum of thermally 
grown Ta205 film on a silicon substrate as well as the 
characteristics of solar cells fabricated with such an 
oxide as the AR films shows that the oxide film on a 
silicon substrate is also essentially nonabsorbing above 
,-~0.35 ~m wavelength (2). Thus, from the viewpoint of 
the optical absorption, there is no significant difference 
between Ta205 films on Si and SiO2 substrates. 

Since the observation of a gradient in the optical 
index of thermally grown Ta205 on silicon was one of 
the first signs of an unexpected substrate-film inter- 
action (3), the stepwise etching of the oxide film and 
determinat ion of its refractive index was repeated. 
The results confirmed those reported previously (3); 
i.e., the refractive index decreases from the outer sur-  
face toward the St/oxide interface as shown in Fig. 2. 
In  this figure, the open circles along curve 1 indicate 
the average value of the remaining film after each 
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Fig. 2. Refractive index of various Ta oxide films. Curve 1 refers 
to a Ta oxide film on silicon obtained at 525~ The film was 
etched stepwise in HF; the circles indicate the measured refractive 
index of the rcmaining film after each step (average refractive 
index). The superimposed bars give the refractive index of each 
segment (see text). The refractive index of the outermost segment 
may be unrealistically high. Curve 2 shows the stepwise etching be- 
havior of a Ta oxide film on GaAs. Points A and B show the 
refra:tive indices of two samples for which the Ta film was ob- 
tained by sputtering on silicon rather than by vacuum deposition. 

etching step, i.e., it was assumed that  each segment of 
the film is homogeneous and that the reflecting surface 
is silicon. Th~ bars superimposed on curve 1 were ob- 
tained by approximating the graded film with a series 
of discrete homogeneous layers. The lowest average 
value was taken as the refractive index of the firs.t 
layer on silicon (assumed to be a homogeneous film 
16.0 nm thick), the refractive index and thickness of 
the second layer were then obtained by reevaluating 
the ellipsometric data using a multilayer model con- 
sisting of the substrate, the first layer, and the un- 
known second layer. This calculation was repeated for 
each successive layer; for details of the calculation see 
Ref. (8). 

Since the refractive index change within each layer 
is small, and the layer thickness (,~I0 nm) is a small 
fraction of the wavelength, this method provides a 
reasonably accurate approximation of the refractive 
index profile. It can be seen from Fig. 2 that the great- 
est inhomogeneity occurs near the two surfaces. We 
have observed that the refractive index of Ta oxide 
films obtained by partial oxidation of relatively thick 
Ta films, i.e., Ta oxide on Ta rather than Si substrate, 
is higher than 2.4 (this value is, however, somewhat 
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uncer ta in  due to possible absorption).  Thus, Fig. 2 
indicates that, with increasing thickness, the Ta oxide 
film on silicon is becoming more similar  to thermal ly  
grown oxide film on tanta lum.  

Another  aspect of this behavior  is exhibited in Fig. 
3, which shows the refractive index values of a series 
of Ta oxide films on silicon. These samples were ob- 
tained by depositing a varying  amount  of t an ta lum 
which was then ful ly oxidized. It  is obvious that the 
average refractive index of these samples shows a 
t rend which is similar to that seen in Fig. 2, i.e., it in-  
creases with increasing oxide thickness. The apparent  
densities of the oxide films were obtained by using the 
RBS technique to determine the number  of Ta atoms 
per cm 2, then convert ing this value to the correspond- 
ing amount  of Ta205 and using the ellipsometric thick- 
ness value (4). It has been pointed out in Ref. (4) that 
the ratio of Ta to O atoms in  these films corresponds, 
to a first approximation, to that of Ta2Os, this justifies 
the use of this procedure. However, it is very l ikely 
that  these density values are unreal is t ical ly low (hence 
they are designated as apparent)  since some non tan ta -  
lum constituent, e.g., St, may not have been detected 
by the RBS technique. 

It is clear from these observations that the refractive 
index of thermal ly  grown Ta205 films on silicon de- 
pends largely on the preparat ion conditions. If these 
conditions are properly chosen, then its value as aver-  
aged across the film can be very close to 2.3, which is 
the opt imum refractive index for an AR film in  a sili- 
con solar cell; also, the film thickness can be adjusted 
according to the optical matching requirements.  In  a 
typical application as AR film, the refractive index of 
the ,~60 nm thick Ta205 film is 2.23; the reflection loss 
from a silicon surface covered with such a film and a 
fused silica coverslide is about 2% at 540 nm wave-  
length (pr imari ly  due to coverslide reflection). These 
aspects are discussed in detail in Ref. (2). 

It  should be ment ioned that  the behavior  of the re- 
fractive index, as shown by curve 1 in Fig. 2, is not  
universa l ly  characteristic of thermal ly  grown Ta oxide 
films. To wit, s tepwise etching of a Ta oxide film 
formed under  identical  conditions on a GaAs substrate 
has revealed a gradient  which is the opposite of that  
observed for Ta oxide on silicon (see curve 2 in Fig. 2). 

There is a possibility that  the Ta oxide films on GaAs 
are not completely t ransparent .  Neglecting the absorp- 
t ion in  the evaluat ion of ellipsometric data results in 
apparent  refractive indices that  are higher than  their  
true values. Consequently, the t rue gradient  in the 
refractive index may be lower than  that indicated by 
curve 2 in Fig. 2. 

These observations demonstra te  that  the  gradient  in 
the refractive index of Ta oxide films depends largely 
on the substrate on which the film was formed. This 
means that, at least in  some cases, a significant in te r -  
action with the substrate occurs during deposition of 
the Ta film and /or  thermal  oxidation. The extent  of 
this interact ion apparent ly  depends on various process 
parameters  result ing in a range of refractive index 
values. This range is much wider  than  that of the re-  
ported values for Ta oxide films produced by anodic 
oxidation of Ta foils In ---- 2.22 (12)] by thermal  oxi- 
dation of sputtered Ta films on glass or silica In ---- 
2.-14-2.25 (13, 14)], and on Li- tanta la te  [n : 2.21 (15)] 
sub~trates, as well as that  obtained by chemical depo- 
sition [n ---- 2.3 (11)], even though these films exhibi t  
a much larger thickness range (80-800 nm)  than  the 
films described herein. It is impor tant  to note that  no 
gradient  in the refractive index has been reported for 
Ta2Os films on glass and similar  substrates. 

Oxidation of Ta films prepared by sputter ing resulted 
in significantly lower refractive index values than  
those characteristic of oxides obtained with vacuum-  
deposited Ta films (see Fig. 2, points A and B). These 
values are also lower than those quoted above for 
oxides on insulator  substrates al though the lat ter  were 
also obtained by oxidizing sputtered Ta films. It  is 
conceivable that, s imilar  to the reaction result ing in  
metal-si l icide films (16), the f i lm-substrate  interact ion 
is easier for sputtered than for vacuum-deposi ted Ta 
films. However, it should be ment ioned that  the vac- 
uum-deposi ted Ta oxide film also had a relat ively low 
refractive index (,,~2.1). 

Another  aspect of the effect of process parameters  is 
demonstrated in Fig. 4: the refractive index decreases 
with oxidation temperature,  even though the various 
Ta oxide films obtained on silicon substrates in  the 
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obtained by oxidization at 350~ and then it was heat-treated in 
oxygen at 500~ for 16 hr. 
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t empera ture  range 350~176 appeared to be morpho-  
logically and s t ructura l ly  identical. The increase in the 
oxide thickness wi th  oxidat ion tempera ture  was not se 
well  defined, but  a t rend was discernible. Note that, as 
demonstrated by the encircled symbols, the refract ive 
index of the oxide  film formed at 350~ changed durin~ 
a subsequent 16 hr  hea t - t r ea tment  in oxygen  at 500~ 
to that  characterist ic of a film obtained at 500~ iu 
about 15 rain and that  the thickness also increased sig- 
nificantly. As was pointed out .earlier, a similar  trend~ 
i.e., increase in thickness and decrease in ref rac t ive  
index, was observed in determining the end point os 
oxidation of Ta film on silicon (3). 

The behavior exhibited in Fig. 4 shows that the oxide 
composition and/or density depends on the oxidation 
temperature and subsequent heat-treatment. If it is 
assumed that the variation in thickness is due to a 
change in density only, this change is about 9%. The 
refractive index also decreases as the density decreases 
and, correspondingly, the tool. polarizability decreases 
by about 9%. This means that the nature of the Ta-O 
bond has changed as reflected in the polarizabilitY. An- 
other possibility is, of course, that some chemical 
change involving a nontantalum component has oc- 
curred. Such a chemical change may be, for instance,, 
the incorporation of silicon into the Ta oxide film. 

A somewhat similar effect of heat-treatment has also~ 
been observed with sputtered Ta films on insulator 
substrates. Oxidation of 800 nm thick Ta film on glass 
substrate at 550~ for 16 hr yielded an oxide film witl~ 
n ~ 2.213, whereas a 40 hr treatment resulted in n 
2.203 (13). It has been hypothesized that the change 
indicates the beginning of crystallization of the non-. 
crystalline oxide. However, the possibility of an inter-. 
action with the substrate cannot be excluded. Indeed, 
discoloration effects in LiTaO3 were attributed to some 
interaction with the deposited Ta film during its oxi- 
dation (15). 

These heat-treatment effects are the opposite to, 
those usually observed with porous films: increase in 
refractive index and decrease in thickness. The heat- 
treatment behavior is also opposite to that of anodic. 
Ta205 films on Ta substrates for which the dielectric 
constant increases during heat-treatment in air, but 
the thickness does not increase (17). The increase in. 
the dielectric constant has been attributed to the crea- 
tion of an oxygen deficit, Le., suboxide formation, and 
to an increase in the long-range order (beginning of 
crystallization). 

The dielectric constant at 1 MHz was determined�9 
from MOS capacitance measurement (6) and its value 
for a ~60 nm thick oxide film was found to be 11.6. 

Discussion 
Since the ref rac t ive  index and tool. polarizabil i ty 

values for these Ta205 films on silicon are higher than 
for SiO2 and lower than for Ta2Os, the gradient  in the 
refract ive  index as wel l  as the effects of oxidation and 
hea t - t rea tment  conditions have been at t r ibuted qual i -  
ta t ively  to the incorporat ion of silicon in oxidized form 
into Ta oxide (3). The results of gravimet r ic  and SIMS 
analyses have also indicated the presence of silicon in 
these Ta20~ films (5), thereby s t rengthening the above 
interpretat ion.  In addition, it has been observed that  
the quantum yield at short wavelengths  of shallow 
junct ion solar cells using this oxide as AR film is ve ry  
high. This results f rom the low surface recombinat ion 
velocity of minor i ty  carriers, indicating that  the sili- 
con-oxide interface is reasonably perfect  (2). Recent  
MOS capacitance measuremen.ts are also in accordance 
with this conclusion since they revea l  that  the inter-  
face state density is re la t ively  low, about 10 TM cm -2 
( e V ) - !  (6). 

These results indicate that some interac,tion wi th  the 
silicon substrate has occurred during the oxidation of 
the Ta film. It is a general  observat ion that  low in te r -  

face state densities are characterist ic of grown ra ther  
than deposited oxide (or other  insulator) films on 
semiconductors. 

In terpre ta t ion of the data shown in Fig. 3 gives some 
insight into the s t ructure  and composition of Ta oxide 
films on silicon. Since the oxide films can be considered, 
in the first approximation,  to be Ta2Q, the mol. po- 
larizabilit ies can be calculated with the Lorentz-Lorenz  
equation using the molar  weight  of Ta205. If it is as- 
sumed that the apparent  density values in Fig. 3 are 
true, then their  mol. polarizabil i ty changes f rom 1.85 
X 10 -23 to 1.43 • 10 -23 cm 3 as the thickness in,creases 
f rom 12.5 to 110.7 nm. On the other  hand, if it is as- 
sumed that  the density is constant and equal  to 7.9 
g / cm -3 (which is the value for noncrystal l ine Ta205 
film obtained by anodic oxidation),  then the corre-  
sponding change is f rom 1.05 • 10 -23 to 1.30 • 10 - ~  
cm s. Since the mol. polarizabil i ty of anodic Ta20.~ is 
about 1.262 • 10 -28 cm ~ (using n = 2.22), this la t ter  
range seems to be more realistic than that  calculated 
f rom the apparent  density values. 

Both assumptions concerning the density lead to a 
large variat ion (about 25%) in the mol. polarizability. 
As a comparison, the tool. polarizabil i ty of SiO2 in- 
creases by only 5% (from 2.85 • 10 -24 to 2.96 • 10 -24 
cm 3) when its s t ructure  changes from coesite (d -~ 
2.87 gcm -3, n ---- 1.596) to vitreous [d ---- 2.20 gcm -8, 
n ---- 1.458 (18)]. Thus it is very  unl ikely  that  the 25% 
variat ion can be a t t r ibuted solely to some small  change 
in the shor t - range  order of noncrystal l ine Ta205. Some 
profound change in the polarizabil i ty and, hence, in 
the nature  of the Ta-O bond must  occur and /or  in-  
corporat ion of silicon into the Ta oxide must  be re-  
sponsible for this effect. 

L o w e r i n g  of the refract ive index, albeit  to a much 
lesser extent, was observed for oxide films obtained 
by anodic oxidation of a sputtered Ta film which con- 
tained 23 atom per cent (a /o)  a luminum (19). The  
composition of the oxide film was determined with  the 
Lorentz-Lorenz  equat ion 

•02 -- 1 4 ~  
- -  -- - -  (N1al "~ N2a2) 
n 0 2 + 2  3 

n: 2 -- 1 n2 2 -  1 
---- ( 1 - -  q ) - - +  q~22 [1] nl 2 + 2 + 2 

where  N, ~, and n are the number  of molecu les /cm ~. 
molecular  polarizabili ty,  and refract ive index, respec-  
t ively;  and subscripts 0, 1, and 2 refer  to the composite 
film, anodic Ta205, and ano,dic A1203, respectively.  The 
parameter  q is the volume fract ion occupied by anodic 
A1203. For no ---- 2.12, q was determined as 14% (using 
n~ ----- 1.66) which in turn  gave 21 mole per  cent (m/o)  
for A1203, in good agreement  wi th  an independent  
analysis of the composite oxide film, This result  dem-  
onstrates that  the composite oxide can be considered to 
be a mix ture  of Ta205 and A120~ in which no significant 
interactions be tween the Ta-O and A1-O bonds occur. 

A similar  analysis could be also applied to the films 
described herein, but the refract ive  indices of oxide 
films thicker  than 32.2 nm are  h igher  than the values 
reported for anodic Ta205 films. Also, as pointed out 
above, the refract ive  index .of Ta20~ film grown by 
thermal  oxidation on Ta substrates is somewhat  un-  
certain. Thus, the value  of nl to be used in Eq. [1] is 
not quite  clear. However  , it can be seen f rom Fig. 5 
that  the lowest value of the ref rac t ive  ir~dex as ex-  
t rapolated to infinite thickness is about 2.37. This value  
is comparable  with the mean refract ive index (~.-2.39) 
calculated from the two indices of the opt ical ly bi-  
axial  ~-Ta205 crystal  (10). 

In order to test the val idi ty of such an analysis, the 
volume fractions occupied by SiO2 in the films repre -  
sented in Fig. 3 and 5 were  determined by using 2.37 
for nl and 1.458 for ne in Eq. [1]. The corresponding 
mole fractions of SiO2 were  calculated by using 7.9 
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and 2.2 g /cm 8 as the densities of Ta20~ and SiO2, re -  
spectively. The calculated values are given in Table I. 
This table indicates that, in  general,  a substant ial  
amount  of SiO2 is present  in the oxide films (using 
nl  > 2.37, this amount  would be even larger) .  How- 
ever, according to sensit ivity estimates of the RBS 
analyses of these same films, the max imum Si /Ta  ratio 
is 0.16, corresponding to 0.24 mole fraction of SiO2. 
This value is significantly less than most of the values 
in Table I, indicat ing that the application of the analy-  
sis, as outl ined above, is not justified. Accordingly, 
these films cannot be regarded as simple mixtures  of 
SiO2 and Ta2Os, and the values shown in  Table  I are 
unrealistic.  

Another  possibility is that some amounl  of silicon in 
the oxide film is present  in unoxidized form, i.e., in 
addit ion to Ta-O-Si  bonds, Ta-Si  bonds are also pres-  
ent. However, it is expected that such a s tructure 
would absorb light, whereas these films are practically 
nonabsorbing at 546.1 nm wavelength. Thus, it is very 
probable that the na ture  of the Ta-O bonds, and hence 
their polarizability, varies significantly in  the Ta oxide 
films, and that this var iat ion depends on the amount  of 
silicon incorporated into these films. This is the reason 
that, as opposed to the composite Ta2Os-A1203 anodic 
films, these films cannot  be considered to be simple 
mixtures  of Ta205 and SiO2. Consequently, their  
chemical composition cannot be determined from sim- 
ple polarizabil i ty considerations. 

This point  is fur ther  s t rengthened by the following 
argument.  The dielectric constant of a ~60 nm thick 
t an ta lum oxide film on silicon at 1 MHz is 11.6. The 
average refractive index of this film is 2.24; this value 
is almost identical to the refractive index of anodically 
grown Ta20~ film even though its dielectric constant  
is about 27. If e is subst i tuted for n2 in Eq. [1] and 
~1 ---- 27 and c2 ---- 3.8 (for SiO2), then the volume oc- 
cupied by SiO2 is 0.28 and the mole fraction of SiOz is 
0.57. These values are significantly different from 

Table I. Composition of Ta oxide films on silicon as determined 
from the refractive index 

R e f r a c t i v e  V o l u m e  f r ac t i on  Mole  f r a c t i o n  
i n d e x  occup ied  b y  SlOe of  SiO~ 

2.34 0.030 0.06 
3.24 0.111 0.22 
2.17 0.167 0.34 
2.11 0.220 0.45 
1.94 0.387 0.79 

those given in Table I (0.111 and 0.22, respectively).  
In  contrast, it has been found that the mole fraction of 
A1203 in  the Ta2Os-A1203 film, as determined from the 
dielectric constant  at 1 kHz, is the same as that  deter-  
mined from the refractive index (19). 

The behavior of Ta oxide film on silicon indicates 
that the frequency dependence of the polarizabil i ty is 
different in  these films than  i n  Ta205 a r ~  SiO2. This 
means  that the ionic and dipole contributions to the 
over-al l  polarizabil i ty and hence the na tu re  of the 
bonds are also different from those characteristic of 
anodic Ta205 and vitreous SIO2. 

It is interest ing to note that  anodic oxidation of a 
mixed Ta (65 a/o)  and Si (35 a/o)  sputtered film 
proceeds under  a field of 5 • l0 s V/cm (20). This field 
is lower than  the field across growing anodic Ta20~ 
(5.6 X 10'6-6.2 X 106 V/cm) and st'a2 (2 X 107 V/cm) .  
Since the stoichiometry has been reported to be con- 
sistent with an oxide composed of Ta205 and SIO2, the 
anodization field should be between the two extreme 
cases. The fact that i t  is outside of this range is an 
addit ional indication that  even  in the anodically 
formed mixed oxide the Ta-O and Si-O bonds are 
different from those present  in t h e  pure  oxides. Since 
the refractive index of the mixed anodic oxide is not  
known, no comparison can be made with the film de- 
scribed herein. 

It is concluded from the above discussion that non-  
crystall ine Ta20~ exhibits a great s t ructural  flexibility. 
Incorporat ion of silicon (at least par t ia l ly  in oxidized 
form) dur ing thermal  oxidation of Ta film on silicon 
apparent ly  increases this flexibility as shown by  the 
enhanced stabili ty of the noncrysta l l ine  structure. To 
wit, Ta oxide films on silicon produced even at 700~ 
are noncrystal l ine,  whereas anodic oxide films usual ly  
crystallize at lower temperatures,  e.g., at 450~ at 
which tempera ture  they also lose their  remarkable  
ducti l i ty (21). 

Conc lus ions  
As inferred from the optical absorption spectrum, 

noncrystal l ine tan ta lum oxide films obtained by ther-  
mal oxidation of vacuum-deposi ted t an ta lum exhibit  a 
great s imilari ty to crys,talline Ta205 with respect to 
stoichiometry and shor t - range order. However, the re-  
fractive indices of thermal ly  grown Ta oxide films on 
silicon vary  from n -- 1.94 to n ---- 2.34 as the film 
thickness increases. Also, the refractive index of a 
given film has a gradient;  the lowest value is in  the 
vicini ty of the St/oxide interface and the highest value 
is at the outer surface. Since anodic Ta205, chemically 
deposited Ta20~, and Ta oxide film on insulator  sub-  
strafes do not exhibit  such a large var ia t ion in  their  
refractive indices and no significant gradients have 
been observed, a substrate-f i lm interact ion resul t ing in  
the incorporation of silicon into the Ta oxide film is 
thought to be responsible for these unique  effects. 

This conclusion is also supported by the hea t - t rea t -  
ment  behavior  which is opposite to that expected for 
a porous film and that  observed wi th  anodic Ta205 
films on Ta substrate as well  as by the results of gravi-  
metric and SIMS analyses. The extent  of the f i lm-sub-  
strafe interact ion depends on the thickness of Ta film, 
oxidation conditions, and postoxidation treatments.  Po-  
larizabil i ty considerations and Rutherford backscatter-  
ing analysis of these films indicate that  silicon alone 
cannot account for the observations. Hence, it can be 
concluded that thermal ly  grown Ta oxide films exhibit  
a great s t ructural  flexibility, resul t ing in significant 
variat ion in  the polarizabil i ty of the Ta-O bond; this 
is fur ther  enhanced by incorporat ing Si atoms from the 
substrata  into their  noncrystal l ine structure. 

As a result  of the flexibility of the noncrystal l ine 
s tructure and the f i lm-substrate interaction, the Si- 
Ta205 interface is reasonably perfect. This interface 
perfection together with the s t ructural  and  optical 
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properties of this Ta205 film led to its successful appli-  
cation as antireflection film in  shallow junct ion  silicon 
solar ceils. 
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Evolution and Current Status of Aluminum Metallization 
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ABSTRACT 

The requirements  which have been placed on metall izat ion for silicon in-  
tegrated circuits are listed and their origins are traced. Physical models re lat-  
ing to various requirements  are discussed. Among these are oxygen activity 
as a criterion for adherence, slope etching, impur i ty  effects on resistivity, 
self-shadowing effects on step coverage, and Schottky barr ier  formation and 
tunnel ing  as a de terminant  of contact resistance. The procedures necessary 
for optimization of some of these properties are considered. Physical vapor 
deposition methods are reviewed and compared. The more demanding prob-  
lems of interact ion with silicon at contacts, e lectromigrat ion-induced failure, 
two-level  metal l izat ion processing, and corrosion are discussed at length. Ap- 
proaches designed to allow a basically a luminum metall ization to meet all 
requirements  are presented. It is concluded that the use of a luminum alloys is 
the most general ly beneficial technique and that additional effort must  be 
devoted to defining a fully satisfactory method for corrosion protection. 

The metall izat ion step in silicon device and inte-  
grated circuit processing is one of the last to be per-  
formed. Since the value of wafers steadily increases 
throughout  the course of processing, the metall izat ion 
step is therefore among the more critical ones. The 
required properties for metal l izat ion were relat ively 
simple and few for discrete devices and early inte-  
grated circuits. The design of new types of devices and 
circuits together with processing refinements dur ing 
the last decade have, however, resulted in increasingly 
more str ingent  demands on metallization. 

The ini t ial  metallizat~on requirements  were com- 
fortably met by a luminum and, consequently, it was 
used for this purpose. Certain problems have sub- 

* Electrochemical  Society Active Member.  
Key  words:  silicon IC metallization, meta]lizatlon processing, 

metalt ization reliability, metall ization optimization, a luminum and 
a luminum alloys. 

sequently arisen with a luminum, notably  those asso- 
ciated with silicon interact ion at contacts, electro- 
migration, corrosion, and mult i level  metallization. 
There are essentially two approaches to the solution 
of such problems. Nona luminum metall izations which 
have comparable resistivity such as molybdenum-gold  
(1), t i t an ium-p la t inum-gold  (2), or t i t an ium-pa l la -  
d ium-gold (3) have been developed. Since the prepara-  
tion of such metallizations is inherent ly  more difficult, 
and hence more costly, than a luminum they have 
found only specialized application. The al ternative 
approach iS to at tempt improvement  by techniques 
which allow retent ion of basically a luminum metal l i -  
zation. It is activities in the lat ter  area which will be 
reviewed here. 

The paper is organized as outl ined below. A list of 
requirements  for metal l izat ion will first be presented. 
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Each of the requirements  will  be discussed in  t u rn  
and in detail. Where it is not obvious, the origins of 
the requirements  will be traced. The properties of 
a luminum will be compared with this listl Models to 
explain why good matches are achieved in some cases 
will be given. Where there is substant ial  disparity 
in ideal and actual properties, the methods investigated 
to more closely approach the ideal will be discussed. 
Conclusions as to the best over-al l  approach at this 
time and areas for further  s tudy will be given. It  is 
hoped that the present  review will serve to both up-  
date and expand other such reviews (4-6). Many 
volumes or series relat ing in  par t  to various aspects 
of  metal l izat ion are also a v a i l a b l e  (7). 

Metal l izat ion Requirements 
A list of requirements  for metal l izat ion on present-  

day silicon devices and integrated circuits must  in-  
clude the following: 

1. Compatible deposition methods 
2. Good adherence to dielectrics 
3. Selective etchabili ty 
4. Low electrical resistivity 
5. Complete coverage of surface topography 
6. Bondabi l i ty  
7. Low contact resistance 
8. Contact s tabil i ty 
9. High electromigration resistance 
10. Multilevel capabil i ty 
11. Resistance to oxidation and corrosion 

Requirements  7 and 8 relate specifically to the prop- 
erties of metal l izat ion as a contact mater ial  and the 
remainder  pr imar i ly  to the properties as an in ter -  
connection or external  connection. 

Addit ional  requirements  could certainly be con- 
sidered, such as the abil i ty to solder to or plate onto 
the metall izat ion and resistance to mechanical  abra-  
sion. The lat ter  is readily achieved by deposition of 
dielectric layers over the metall izat ion (8). Mult i-  
layered metal  systems have been developed to allow 
soldering (9) or pla t ing (10, 11) over a luminum metal -  
lization. These properties while desirable do not, how- 
ever, represent  basic l imitat ions on the use of alu-  
minum. Accordingly, the above list will be used as a 
basis for discussion of a luminum metallization. 

Discussion 
Deposition methods.--The formation of high quali ty 

a luminum by chemical vapor deposition has not  been 
achieved, or at least has not been reported. Therefore, 
physical vapor deposition processes are used. Applic- 
able methods of deposition are listed in Table I and 
compared with a checklist of desired characteristics 
when used for providing metallization. 

Evaporat ion of a luminum from tungsten or t an ta lum 
filaments is among the earliest techniques used (12, 
13). A l u m i n u m  will alloy with these materials  at 
evaporat ion temperatures  and filament life is short. 
Also the deposit thickness is l imited by the amount  
of a luminum which may be loaded on the filament. 
Perhaps the most serious drawback to filament evap- 
oration is the inabi l i ty  to consistently obtain alkali-  
free mater ia l  (14). The consequences as regards MOS 

Table I. Characteristics of metailization deposition techniques 

High  
deposi-  Alloy 

Deposi t ion L o w  t ion Th ick  dope- Low No 
method  cost ra te  films sition Qo Not 

F i l ament  Yes No N N N Y 
Flash evapora t ion  Y N Y Y Y Y 
Induc t ive  hea t ing  N Y N N Y Y 
Electron b e a m  

heating N Y N N Y N 
Sput te r ing  N N Y Y ? N 

devices are especially grave although bipolar  device 
processing is also developing comparable sensit ivity 
(15) to the various charges in the oxide (16), such 
as positive fixed surface-state charge or mobile ionic 
contaminat ion (Qo). Radiation damage effects (Net) 
are not present with filament evaporation. Porous 
a luminum carbide rod filaments have been used for 
a luminum evaporation and reportedly (17) are rela-  
t iveIy free of sodium. The development  of in te rmeta l -  
lics, such as a mixture  of boron ni tr ide and t i t an ium 
diboride, which better  resist attack by a luminum also 
makes evaporation from a boat feasible. 

Flash evaporat ion from a heated bar  composed, for 
example, of the above intermetal l ic  offers several 
attractive features. Materials can be cont inuously fed 
to the bar  in  the form of pellets (9) or wire (18). 
The deposition of thick films is therefore intrinsic 
to this approach and also there is freedom from radia-  
t ion damage. In  addition, the deposition of a variety 
of a luminum alloys requires only a simple subst i tu-  
tion of the appropriate alloy pellets or wire (18). 

Induct ively  heating an a luminum charge held in a 
crucible of the intermetaIl ic  mater ia l  (19) previously 
ment ioned or boron ni tr ide (20) offers high deposition 
rates. It should be noted that, with the possible ex- 
ception of sputtering, the other methods listed yield 
rates sufficiently high that  there is little impact on 
throughput  t ime for metal l izat ion processing. Alloy 
deposition is possible in a controlled way with in-  
ductive heating only by uti l izing mult iple  sources. 

Electron beam evaporat ion (20) has a number  of 
shortcomings. The deposition of thick films or alloys 
is not inherent  in this method and is achieved only 
at the expense of more complicated and difficult-to- 
control procedures. Thick films can be considered, 
just  as for other methods, if mater ia l  is supplied to 
the molten evaporant  pool. This technique (21), 
heating of a cont inuously fed rod of mater ia l  (22- 
24), or use of mul t iple  sources either operated s imul-  
taneously (25) or sequential ly can be used for alloy 
deposition. Consideration must  be accorded the pos- 
sible effects of radiat ion damage (26). 

The boat, flash, and induct ive-heat ing  methods typ-  
ically exhibit  flux distr ibution characteristics approach- 
ing a surface (cosine law) source (27). This charac- 
teristic is normal ly  assumed in designing rotat ing or 
p lane tary  fixturing (28) to yield a deposit of un i form 
thickness. Unless the deposition conditions are care- 
ful ly controlled, the dis tr ibut ion from electron beam 
sources can exhibit  beaming or directionali ty effects 
(29) and deposits of nonuni form thickness can result. 

Although sput ter ing is listed as useful for thick-fi lm 
deposition, excessive times may result  as a consequence 
of relat ively low deposition rate. In  order to sputter  
a luminum effectively and obta in  ne a r - bu l k  resistivity, 
d-c bias sputter ing (30) or RF sput ter ing (31, 32) is 
required. This results in considerably increased cost 
for the apparatus. The a t ta inment  of low Qo is some- 
what  questionable in view of the tendency for the 
sput ter ing  process to redis tr ibute  and activate mobile 
ionic contaminat ion (33, 34). Likewise, the extent  of 
the effects arising from radiat ion damage has not 
been fully defined. Sput ter ing is, however, at tractive 
for the deposit!on of alloys and promising new tech- 
niaues offering increased deposition rates are evolving 
(35-37). 

It may be noted that  the limits on Qo can be re-  
laxed through the use of layers prior to metal l izat ion 
which inhibi t  the motion of ionic contaminants  or 
"getter" them. Such layers include silicon dioxide 
incorporat ing phosphorus (38) or chlorine (39), sil icon 
nitr ide (40), and a luminum oxide (41). On the other 
hand. the presence of ni t r ide restricts the annihi la t ion 
of fast surface states (16) which normal ly  occurs upon 
heating in an ambient  of hydrogen (42) or with 
a luminum metall izat ion present  (43). This effect must  
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then occur by lateral  penetra t ion and diffusion of 
hydrogen under  the nitr ide (44). Such effects are of 
interest because surface states can appear with those 
deposition methods ior which x-radia t ion or energetic 
secondary electrons are prevalent.  The preparat ion 
of wafers before metall izat ion is also important  in 
minimizing Qo. In  particular,  dilute acid rinses fol- 
lowed by the l iberal  use of distilled water  can remove 
alkali  ion contaminant  from the wafer surface (45). 

Adherence to dielectrics.--The heat of formation for 
metal  oxides has been proposed as a quali tat ive mea-  
sure of the adherence of metals to oxide (46-48). 
If the heat of formation is large and negative, then 
the tendency of the metal  to reduce the oxide onto 
which it is deposited is pronounced. A strong chemical 
bond at the interlace should therefore result. Bonding 
of this type was recently reviewed (49, 50). 

The oxide heats of formation for a luminum and 
silicon are --399 and --205 kcal/mole, respectively. 
Therefore, good adherence of a luminum to silicon 
dioxide would be expected, as has been universal ly  
observed. This inequal i ty  in heats of formation also 
indicates that reduction of residual silicon dioxide in 
contact windows covered with a luminum would occur 
upon heating. Such a phenomenon is the basis for the 
"alloying" or s intering step in silicon device process- 
ing where the in tent  is to promote more int imate 
metalt ization contact and thereby lower contact re- 
sistance. Rates of silicon dioxide reduction by alu-  
m inum have been measured and recorded (52). As 
an example, a typical 5 min  "alloying" period at 500~ 
would reduce 25A of oxide. 

Silicon ni tr ide is finding more widespread applica- 
tion in device processing, par t icular ly  as an oxidation 
mask in recently developed oxide isolation techniques 
(53). F requent ly  the surface of ni tr ide layers is 
thermal ly  oxidized to provide an etch mask for the 
ni t r ide delineation. With oxide present, adherence of 
a luminum metall izat ion should be as discussed above. 
For deposition directly on ni tr ide it is not certain that 
an adherence mechanism involving ni tr ide heats of 
formation can be invoked. The heats of formation 
for A1N (51) and Si3N4 (54) are --131 a n d - - 1 8 0  
kcal/mole,  respectively. In any case, the adherence 
of a luminum to silicon nitr ide is found to be completely 
satisfactory. 

Etching properties.mAluminum is readi ly  etched in 
either basic or acidic solutions. Basic solutions may 
also etch silicon and their use would necessitate the 
complete coverage of contacts. In addition, the risk 
of alkali  ion contaminat ion is na tura l ly  more pro- 
nounced with such solutions. Accordingly, acidic etch- 
ants are preferred for a luminum etching. Typically, 
phosphoric acid is the pr imary  ingredient  used. Phos- 
phoric acid will  etch under ly ing  ni tr ide layers (55) 
as well  but  the etch rate is significant only at t em-  
peratures much higher than those employed in etching 
a luminum.  

Normally, the etching is near ly  isotropic so that  
the edge profile of the metal l izat ion will be repre-  
sented by a quarter  circle. If the metall izat ion is 
overetched, i.e., if the etch time exceeds that  required 
to etch through the metal l izat ion thickness, then near ly  
vertical edges will  result  (56). At least two methods 
exist for providing a more favorable slope or taper 
at the metaIIization edge. If an  appropriate ingredient ,  
such as nitr ic acid, is added to the conventional  etch- 
ant, loss of adherence of the photoresist will result. 
If the photoresist l ift ing is init iated at its edge and 
increased inward  in a controlled manner ,  suitable 
profiles can be obtained (57). A second technique 
utilizes double layers having different etch rates in 
a given etchant. Both anodic (58) and deposited oxide 
overlayers (59) were found, in buffered etches, to 
have larger etch rates than a luminum and therefore 
to allow a t ta inment  of low angle steps. 

Electrical resistivity.--The resistivity, p, for metal-  
lization is normal ly  determined either using a four-  
point probe (60) or from a resistor pat tern  of known 
dimensions. The metal l izat ion thickness, t, is com- 
monly measured by using mul t ip le -beam interferom- 
etry (61) or a s tylus- type surface profilometer (62). 
Values of p at room tempera ture  are typically in the 
2.7-3.0 ~ l c m  range for a luminum of 1# thickness. This 
compares quite favorably with the value of 2.7 ~llem 
for bulk  a luminum. Unless very poor vacuum prac- 
tices are followed, p is quite tolerant  to the conditions 
of deposition. For example, for work done in our 
laboratory the ratio of total pressure, P, to deposition 
rate, R, was increased up to a value of about 3 X 10 -6 
Torr sec/A in an oil diffusion-pumped vacuum cham- 
ber. This would correspond to deposition at a pressure 
of 3 • 10 -4 Tort  for a typical rate of 100 A/sec. It  
might  be anticipated that P/R would be a meaningful  
parameter  as regards film properties since it is a 
measure of the relative impingement  rates of impur-  
ities and evaporant. As indicated in Fig. 1, there is a 
substant ial  effect of P/R on grain size of the deposits. 
No correlation of p with P/R was observed, however , 
over the range shown in Fig. 1. 

More precisely, the effect on p of the reactive gase s  
oxygen and water vapor rather  than total pressure 
should be considered. Table II lists m i n i mum values of 
P/R which were found to result  in increased p for a 
number  of separate investigations. The re levant  depo- 
sition parameters  also appear including those relat ing 
to Fig. 1. In the lat ter  case, the ratio between total 
pressure and part ial  pressure of water  vapor dur ing 
deposition was constant at about 30 (63), as indicated 
in Table II, and no significant effect on p was noted 
for P ( H 2 0 ) / R  up to 1 X 10 -7 Torr  sec/A. In one 
study (64), the critical value of P(H20)  for water 
vapor was approximately 1 • 10 -7 Torr  sec/A above 
which resist ivi ty increased significantly. In  another 
case (65), only the total pressure was monitored and 
the critical P/R indicated is in the range 0.5-5 X 10 ~-8 
Torr sec/A. The si tuation here should be similar to 
the case for Fig. 1 since filament evaporat ion was em- 
ployed. This would imply, however, a greater  s e n s -  

c ~  

IO-E 

\x 

i i i i 

�9 25/~/sec 
o 50 
x 100 
200 

10-~0 I i i I i i 
2 3 4 5 6 7 

GRAIN SIZE (~) 

Fig. I .  Aluminum grain size resulting from deposition at  different 
values of P/R and various rates. 
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Table II. Deposition parameters for various studies of aluminum film properties 

T h i c k -  T e m p e r -  D e p o s i t i o n  
ness  a tu re  ra te ,  R P (H20) * P(O2) * P (total) Cr i t i ca l  P/R 

Source  (/~) (~ (A/see)  (Torr)  (Torr)  (Torr)  (Torr  s ec /A)  Reference  

I n d u c t i v e l y  h e a t e d  0.5 200 20 ~ 3  x 10 -5 1-2 x 10 -7 0.5-1 x 10 -8 (O~) 20 
B N  �9 TiB2 (M) (C) 

W - f i l a m e n t  1 350 100 ,~1 • 10 -5 ~ 3  X 10 ~ 63 
(M) 

2 ,,-,200 ~ I 0  ~ I  X I0  ~ ~ 1  x 10 -7 1 x IO -7 (I-IeO) 64 
(C) (C) 1 x i0 ,-s (02) 

1 U n h e a t e d  ,-,,200 1-10 x 10 "~ 0.5-5 x 10 -8 65 

100 3 x 10 -B (0:2 ?) 66 

R a d i a t i v e l y  h e a t e d  
B N  

W - f i l a m e n t  

W - f i l a m e n t  

* Cr i t i ca l  (C) partial pressures  or m a x i m u m  (iYl) partial  pressures  

i t ivi ty of p to water vapor part ial  pressure. It is 
possible that  the pressure monitored was not a t rue 
measure of pressure wi thin  the deposition chamber. 
Also the lower deposition temperature  may increase 
sensit ivi ty to water vapor because of an increased 
sticking coefficient. Consistent with this, an increase 
in the ratio of room ,temperature to low temperature  
resistivity with increasing deposition temperature  has 
been noted (20). In a study (66) with filament evap- 
oration purpor tedly  concerning the effects of oxygen 
on p, it appears that  total pressure was monitored. 
A critical P/R of 3 X 10 -6 Tort  sec/A was found. 
Assuming the factor of 30 relat ing total pressure  and 
water  vapor part ial  pressure, the critical P/R would 
be 1 X 10 -7 Torr  sec/A, as above. 

Two studies (20, 64) where oxygen was the known 
~esidual gas led to a critical P(O2)/R of about 1 X 
10 - s  Torr  sec/A. Thus p is about one order of mag-  
ni tude more sensitive to oxygen than to water  vapor. 
This is a fortunate happenstance since water  vapor 
is the p r imary  residual gas in oil diffusion-pumped 
vacuum systems (63). 

Geometrical  size effects result  in increased p for 
t h i n  a luminum films. Substant ia l  increase is found 
(65) only for films th inner  than  approximately 1OO0~_, 
even for single crYstal a luminum (67). Standard metal -  
l ization is normal ly  thicker than 0.5~, in order to 
provide sufficiently low sheet resistance, so that  size 
effects are of little consequence. 

Step coverage.--The completeness of the metal l iza-  
tion coverage at steps or i rregulari t ies  in the substrate 
is basically determined by geometrical considerations 
dur ing  the course of deposition. In  the case of two 
sources, the metall izat ion profile near  vertical steps 
may be constructed by considering deposition of thin 
layers a l ternate ly  from each source. Even when line 
of sight is possible from one source to each step, a 
discont inui ty  or microcrack will still occur (68). The 
deposit from each source shadows the deposit from 
the other source leading to a self-shadowing mecha- 
nism for crack formation. 

The construction method has been generalized to a 
larger number  .of sources (68) and, in the limit, to a 
dis tr ibuted or extended source (69, 70). The lat ter  is 
somewhat  analogous (70) to the case where there is 
substrate movement,  such as p lanetary  motion (71), 
dur ing deposition. It is found (69, 70, 72) that cracks 
nevertheless occur with an extended source and that 
(i) the bottom edge contour determines the crack 
depth with the depth being inversely related to the 
radius of curvature;  (it) the top edge contour has 
li t t le effect; and (~ii) at an undercut  step with a re-  
en t ran t  angle a crack point ing toward the bottom of 
the undercut  portion occurs. 

The most s traightforward method of avoiding cracks 
is therefore to control the contour of the step to be 
covered by main ta in ing  a positive slope and avoiding 
sharp corners. It has also been found that  if the step 
profile is not too severe, heat ing of the substrate dur -  

i n v e s t i g a t e d .  

ing deposition promotes improved coverage (18, 68). 
Such an effect is i l lustrated in Fig. 2 for a l u m i n u m  
deposition onto an undercut  step. This type of step 
results when a composite layer of phosphorus-doped 
oxide on thermal  oxide is etched because of the differ- 
ing etch rates for the two materials (18). At the lower  
substrate temperatures,  microcracks form with an 
increasing tendency to seal over the crack with in -  
creasing temperature.  When a film of the lat ter  type 
is etched, however, etchant  can penetrate  into the 
crack and a tunne l  (64, 73), or complete removal  of 
metall ization at the step, results. The si tuat ion is 
probably aggravated by the strong capil lary forces 
tending to draw etchant into the crack. Temperatures  
of approximately two-thirds  the mel t ing point  tem- 
perature are required, or about 300~ for a luminum,  
to yield acceptable coverage [Fig. 2(c)] .  

Calculations have indicated that the use of vertical 
p lanetary  platens and an eccentrically positioned 
source would mlnimize crack formation (74). It is not 
known, however, to what  extent  this has been ver i -  
fied experimental ly.  The application of negative bias 
to the substrate dur ing deposition (75-77) to al low 
some resput ter ing has also been employed to obtain 
coverage on rather  severe test steps. There is some 
question as to the role of  substrate heating in this 
case (78). Calculations for a sput ter ing source (78) 
general ly indicate the same propensi ty for crack for- 
mation as for evaporation sources. 

It is interest ing to note that the shadowing effect 
has been turned to advantage in certain cases. Geo- 
metrical shadowing was uti?,ized in the fabricat ion 
of closely spaced (submicron) metall ization (79, 80) 
on integrated circuits. Smal l -dimensioned metal  grids 
were formed by deposition of a thin continuous over-  
layer on agglomerated films and subsequent  etching 
of the agglomerated material  (81). Contrast  enhance-  
ment  in electron microscope replicas is also achieved 
by  shadowed deposition (82). 

Bond /ng . - -Aluminum wire, usual ly  with smal l  
(~1%)  silicon additions, may be readily bonded to alu-  
m i n u m  metal]ization by ultrasonic means (83). In  
this way the surface of the metal l izat ion is scrubbed 
to break up native oxides and the two bonding sur-  
faces are made to conform so that a strong bond re-  
sults. The failure modes of such bonds have been 
investigated extensively (84). General ly  their re l i ,  
abil i ty is found to be excellent. 

With thermocompression wedge or ball  bonding 
(85) of gold wire to a luminum,  the potential  exists 
for reduced rel iabil i ty because of possible intermetal] ic 
formation and concomitant  void formation (I, 86-88). 
It  was proposed that  silicon has the effect of accel- 
erat ing such interact ion and that a black te rnary  prod- 
uct so formed (89) is more det r imenta l  than the 
AuA]2 intermeta]l ic which is purple  in color. This 
effect of silicon was corroborated (90) in another  
investigation. Recent work (91) has firmly established 
that rel iable go ld -a luminum bonds are also achievable. 
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Fig. 2. Metallization coverage and tunnel formation at an under- 
cut step as a function of deposition temperature; (a) 200~ (b) 
250~ (c) 30O~ 

Careful at tent ion must, however, be accorded the 
amounts  of each material  available for intermetal l ic  
formation, the bonding and postbonding temperatures  
and the time at temperature.  

Contact resistance.--When a luminum and n- type  sil- 
icon having clean surfaces are brought  into contact 
a Schottky barr ier  occurs (92) of height, Csn, in the 
range of 0.68-0.76 eV (93-99). This CBn is approxi-  
mately  two-thirds  of the silicon forbidden gap, Eg, 
(100) and is thought to arise from the presence of 
acceptor states at the silicon surface which fix the 
Fermi level at the level of the surface states. For 
silicon, such states occur at an energy of 0.48 eV above 

the valence band  edge (101). The si tuat ion is com- 
pletely analogous ~or a luminum to p- type  silicon con- 
tacts except that the barr ier  height, CBp, is then Eg 
- -  CBn. Barr ier  heights of 0~94 eV (102) and 0.58 eV 
(103) have been measured, but  it is not known to what  
extent  the values were affected by  silicon surface  
conditions. 

The mechanism of current  flow in a Schottky bar-  
rier depends on the width of the barrier,  i.e., on the 
dopant concentration, N. In  the thermionic emission 
range, with dopant concentrations <~ 1018 cm -3, barr ier  
width is relat ively large and charge carriers must  sur-  
mount  the barr ier  in order to move between metal 
and semiconductor. For  large dopant  concentrations 
> 1019 cm "3, bar r ie r  wid th  is sufficiently small  that  
quan tum mechanical  tunne l ing  of charge carriers 
through the barrier,  ra ther  than  emission over the 
barrier,  becomes dominant .  

The present  interest  is in  metal-semiconductor  con- 
tacts which exhibit  ohmic characteristics. An  ohmic 
contact shall be considered synonymous with a l inear  
current-vol tage characteristic. A figure of meri t  used 
to describe such contacts is the specific contact re-  
sistance (104) 

dV 
Rc - - - ~  ] v=0 [1] 

If Rc is small then a contact can support  a large cur-  
rent  density, J, at low voltage,  V. 

In  the thermionic emission range  

Re ---- const, eq4~B/kT [2] 

where T is absolute  temperature,  q is the electronic 
charge and k is the Boltzmann constant. Note that  CB 
and T determine the value of Rc and there is no de- 
pendence on N, as would be expected for emission 
over the barrier.  In  the tunne l ing  range 

Re : const, e [1/N]1/~ [3] 

and Rc is s trongly dependent  on N but  approximately 
independent  of T. 

Calculation of Rc in the above ranges, as well as 
the in termediate  one, has been performed (105-107). 
Exper imental  values of Rc for a luminum on n- type  
silicon are in substantial  agreement  with the calcu- 
lated values, both in  terms of functional  behavior and 
absolute value (105-109): Somewhat more complete 
calculations (110), taking into account the penetra t ion 
of charge carriers into the depletion layer, also yield 
results coinciding with experiment.  Theoretical results 
are shown in Fig. 3 for [111] silicon and ~b B equal to 
0.40 eV, presumably  (111) characteristic of a luminum 
contacts to p- type  silicon. An  exper imental  curve of 
Rc for contact to p- type silicon (112) is also presented 
in Fig. 3. The values of Rc are those obtained subse- 
quent  to hea t - t rea tment  ("alloying") at 500~ for 10 
rain. There is substant ial  disparity between experi-  
menta l  and calculated values, par t icular ly  for smaller  
N. A probable explanat ion involves a luminum doping 
of the silicon as a consequence of heating. If N were 
increased by about 1 • 1019 cm -3 in  this way, the ex- 
per imental  values would coincide more closely with 
calculation. The solid solubil i ty of a luminum in sili- 
con at 500~ could be of this order of magni tude  (113). 
A similar result  regarding doping level is inferred 
(114) from hea t - t rea tment  experiments  at 550~ On 
[10O] ra ther  than [111] silicon, Rc should be reduced 
by about one-half  (107). It is unl ike ly  that  this differ- 
ence could be readily detected experimentally.  

An addit ional application of the Schottky barrier,  
other than providing ohmic contact, utilizes the diode 
properties which arise for contact to l ightly doped 
silicon (104, 115). In  particular,  such a diode is used 
in parallel  with the collector-base junct ion  of n - p - n  
transistors in saturated logic circuits to increase 
switching speed. Ideally, this can be implemented by 



VoL 123, No. 6 

10-2 ' ' I ~ ' 

1 0 - 3 ~  

10-4 _ 

\ 

Experiment ~ ~ 

10-7 _ " ~  

10-8 i i I I I 
1018 2 5 1019 2 5 1020 

N A (cm -3) 

Fig. 3. Specific contact resistance as a function of acceptor 
concentration. Solid line: theoretical; dotted line: experimental re- 
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500~ for 10 min. 
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dissolution at the contact. Consistent wi th  this is the 
f requent  observation that  the most pronounced disso- 
lut ion occurs where the a luminum leads out of the 
contact (126), i.e., where there is an a luminum sink. 
At the same time, a luminum diffuses into the silicon 
or along the silicon-silicon dioxide interface. As shown 
in Fig. 4, this results in  the growth of spikes or shallow 
spears in these two areas (127-130) for [1.00] and [111] 
oriented silicon, respectively. If the process continues 
for a sufficient period of time, junct ions will be shorted 
by the spikes growing through them or covering them 
where they intersect the silicon surface. The silicon 
dissolution in the metal l izat ion is fur ther  evidenced by 
enhanced recrystall ization of the a luminum and by 
the presence of silicon precipitates remaining  after re-  
moval  of the a luminum (131). 

Junct ion shorting can be avoided by  l imit ing the 
temperature  and du ra t ion  of postmetall ization proc- 
essing, but  in some cases this is not a feasible approach. 
In  particular,  with the advent  of shallow junctions,  
such as occur in devices for emit ter  coupled logic cir- 
cuits (132), another solution is required. Three meth-  
ods have been used to minimize silicon dissolution. 

Jus t  as with Schottky diodes, a diffusion-barr ier  
layer  such as t i t an ium (133) or nichrome (134) can 
be interposed be tween the silicon and a luminum.  Con- 
sideration must  then be given the possible interact ion 
of this mater ial  with either or both the a l u m i n u m  and 

depositing a luminum over the region where the col- 
lector-base junct ion  intersects the silicon surface. 
Such an approach is possible because the a l u m i n u m  
can form ohmic contact to the p-type base and recti- 
fying contact to the n-type collector as discussed above. 

Problems were encountered with this simple struc- 
ture related to effects at the edges of the contact cut 
in the oxide (10.4) or to variable  ~s upon "alloying" 
the Schottky diode (96, 97). The lat ter  has been at- 
t r ibuted to dissolution and reprecipitat ion of a lumi-  
num-doped  silicon in  the form of islands or a con- 
t inuous layer  at the metal-s i l icon interface (97, 99). 
In order to prevent  the silicon dissolution or interac-  
tion dur ing  "alloying," p la t inum silicide can be formed 
in  contact areas prior to a luminum metal l izat ion (116). 
T h e  barr ier  heights CBn and CBp for p la t inum silicide 
on silicon (116-118) are about 0.15 eV higher and 
lower, respectively, than for a luminum so that contact 
properties are similar  to those discussed earlier. An 
addit ional problem with the p la t inum si l ic ide-aIumi-  
num structure arises as a consequence of an a lumi-  
n u m - p l a t i n u m  intermetal l ic  formation leading to un-  
stable CB (119, 120). This logically suggests incorpora-  
t ion of a diffusion barrier,  such as tungsten  (121, 124), 
between the silicide and a luminum to allow a t ta inment  
of a stable Schottky diode. 

Contact stability.--Postmetallization processing such 
as "alloying," deposition of a scratch protection layer, 
assembly, and packaging will  typically involve tem- 
peratures higher than the metall izat ion deposition 
temperature.  During such periods, after breakup of 
residual oxide at contacts, interdiffusion of the a lumi-  
num and silicon will occur. The problem of increased 
junct ion  leakage or short ing as a consequence of the 
a luminum-s i l i con  interact ion was recognized and the 
mechanism was elucidated (9). Basically, silicon is 
dissolved in the a luminum up to the solid solubil i ty 
l imit  at a given temperature,  e.g., 0.8% at 500~ Sili- 
con subsequent ly  diffuses out into the a luminum in te r -  
connection (125) thus resul t ing in addit ional  silicon 

Fig. 4. Structures resulting from overextended heat-treatment of 
aluminum-silicon contacts; (a) [111] silicon and (b) [100] silicon 
after metallization removal. 
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silicon and the contact resistance. As regards the latter, 
p la t inum silicide can be utilized. Some care must  be 
exercised in avoiding degradation during the p la t inum 
deposition (usually by sputtering) and the s inter ing 
to form the silicide. The over-al l  consequence is, in 
any case, that a fair ly complex structure with more 
difficult processing results. It should be noted that 
such a structure is normal ly  present  if p la t inum sili- 
cide Schottky diodes are used in the integrated circuits. 

Alternat ively,  a layer of silicon can be deposited 
prior to the a luminum.  The thickness of the silicon 
film is chosen such that  the solid solubil i ty l imit  is 
satisfied when the film is fully dissolved in the a lumi-  
num (135, 136). For a temperature  of 500~ where 
the solid solubil i ty is about 0.8 atomic per cent (a/o) 
and for an a luminum thickness of 1~, the silicon thick- 
ness required is approximately 90A. The silicon thick- 
ness, al though typically small and difficult to control, 
is quite critical. If it is too large, then not all of the 
silicon will be dissolved and Rc may  be increased. If 
it is too small, the silicon will not ful ly perform the 
intended function. 

The solid solubil i ty l imit  can also be satisfied by add- 
ing silicon to the a luminum during the course of the 
metall izat ion deposition (9). As discussed in connec- 
tion with deposition methods, a luminum-s i l icon alloy 
metall ization of this type can be prepared by  s imul-  
taneous evaporation of a luminum and silicon from 
separate sources, by flash evaporation or sputtering. 

Electromigration.--For polycrystal l ine a luminum 
metall ization it has been fairly conclusively established 
that  diffusion occurs pr imar i ly  in grain boundaries 
(137). Evidence indicates that as for bu lk  material  
(138) a vacancy mechanism is still relevant,  at least 
for copper (139) and silver (140). Consequently, cer- 
tain grain boundary  structures can lead to localized 
accumulat ion or depletion of material  dur ing electro- 
migration. Examples of such structures are grain 
boundary  tr iple points (141), with other than 120 ~ 
angles, and contiguous clusters of large and small 
grains (142). The net effect of electromigration in an 
a luminum film is to produce voided areas and hillocks 
more or less uni formly  distr ibuted along the length of 
the film. If temperature  gradients exist in the direction 
of electron flow, then voids will form in the region 
of increasing temperature  and mater ial  accumulat ion 
will occur in the region of decreasing temperature  
(143). Also, at contacts, depletion or accumulat ion 
can occur because of the differing diffusion coefficients 
for silicon and a luminum (144). The depletion of met-  
allization where electrons flow from a contact and 
the accumulat ion in the form of whiskers where there 
is electron flow into a contact are i l lustrated in Fig. 5. 

Of most practical importance is the lifetime, ~, he- 
fore electrical opens occur in interconnections or be-  
fore electrical contact is lost to silicon. As regards 
interconnections,  it has been assumed (145) that T is 
inversely proportional to the electromigration flux and 
directly proport ional  to the conductor cross-sectional 
area, wt, because of the need to remove a certain vol- 
ume of mater ial  before a void reaches across the entire 
interconnect ion width. This would imply  that  

tw 
: const. - -  e Ea/kT [4 ]  

J 

where J is the current  density and Ea is the activation 
energy for self-diffusion. There has been some dis- 
cussion as to whether  a j - 1  or j - 2  dependence should 
result  (146, 147). Another  t rea tment  of the electromi- 
gra t ion- induced fai lure t ime indicates (148) a j - n  
dependence where n is 1 with diffusion gradients pres- 
ent, e.g., at contacts, and is 3 with temperature  gra- 
dients present. Other t reatments  (149-151) consider- 
ing self-heating lead to the result  that  n should in-  
crease, with increased J, from a value of 1 to large 

Fig. 5. Electromigration effects at contacts to silicon for electron 
flow from the contact (a) and electron flow into the contact (b). 

values on the order of 10. It has also been suggested 
(152-153) that  current  crowding effects are more im-  
portant  than such self-heating. An  at tempt  to uni fy  
the dependence on geometrical parameters  through a 
more basic consideration of grain  size and grain size 
dis tr ibut ion leads to (154) approximately the depend-  
ency on w appearing above, a n  e c~ dependence on 
interconnect ion length, L, and an approximately l inear  
dependence on grain size. The length dependence arises 
because there is a higher probabi l i ty  of finding weak 
spots, i.e., more severe grain boundary  inhomogeneities, 
for depletion of mater ial  with increased length. Simi- 
lar  consideration was given grain characteristics in  a 
discussion of electromigration at rectangular  contacts 
(155). An expression for T in this case is 
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t W  ~ 
Tc : -  const. - -  e Ea/ICT e c~ [ 5 ]  j ,  

where w' is the contact dimension parallel  to electron 
flow from the contact, 1 is the other contact dimension, 
and J '  is the average current  density over the contact 
area. 

The general  features of expressions [4] and [5] are 
supported by exper imental  studies. The methods of 
examinat ion  and the potential  pitfalls associated with 
lifetesting and the use of data so generated, in par-  
ticular, have been thoroughly discussed (156). The 
early results served pr imar i ly  to establish the conse- 
quences of electromigration in thin films (157-163). A 
vast store of more quant i ta t ive  data has been accumu- 
lated ~or a luminum interconnections,  in particular.  In 
this case, an exponential  dependence on tempera ture  
is general ly  observed. The values of Ea found are 
listed in Table ItI. Many values of Ea were obtained 
by lifetesting (142, 144, 164-168). Measurement  of 
t ransported volumes (141, 169-172) and resistance 
changes (173, 174) were also used and resul tant  Ea 
values are included. There is considerable spread in 
the values obtained by different investigators. The 
general ly  low values of Ea are, however, consistent 
with grain boundary  diffusion. In  addition, it appears 
that values, wi thin  a given study, are less for a lumi-  
n u m  having smaller  grain size (142, 144, 167) and sig- 
nificantly large for ve ry  large grain size (172). Values 
of n (144, 165, 167, 175-177) also appear in  Table III. 
Again, the values exhibit  a wide range from 2 to 7. 
Probably  a value of about 2 for n is most commonly 
observed and therefore general ly used in est imating ~. 
The dependence on interconnect ion cross-sectional area 
is approximately supported by an exper imental  study 
(144). More specifically, a l inear  dependence on w has 
been observed (178). Decreased T with increased L 
was observed in two instances (178, 179). In  one case 
(178), the functional  dependence was well represented 
by e c~ Other investigations, p r imar i ly  involving 
measurement  of mass transport,  have yielded specific 
values for diffusivity (141, 169, 171, 180, 181). A Berg- 
Barret t  x - r ay  topographic technique has also been em- 
ployed for this purpose (182). 

Data are much sparser for electromigration failure 
at contacts to silicon. The phenomenon has f requent ly  
been observed but  general ly  only in a quali tat ive m a n -  
ner  (183-185). In  the one exceptional case (186), 
quant i ta t ive  lifetime measurements  resulted in essen- 
t ia l ly  expression [5] for %. 

The use of expressions such as [4] and [5] to assess 
lifetimes under  typical operating conditions can some- 
times reveal margina l  values at best. This is par t icu-  

Table III. Electromigration parameters resulting from 
the referenced investigations 

G r a i n  Refe r -  
Ea (eV) n size (~) M e t h o d  ence 

0.74 ~--- 0.08 4 T r a n s p o r t e d  v o l u m e  141 
0.51 ~ 0.10 2 L i f e t e s t  142 
0.73 ----- 0.05 8 L i f e t e s t  142 

0.48 2 1.2 IAfetes t  144 
0.84 8 L i f e t e s t  144 

0.3-1.2" L i f e t e s t  104 
0.55 ~ 2  L i f e t e s t  165 

0.51 ----- 0 . I0  LAfetest 166 
0.34 ~ I  L i f e t e s t  167 
0.46 2-3 ~ 5  L i f e t e s t  167 
0.41 ~I Lifetest 16,8 

0.7 ~--- 0.2 0 .5-severa l  T r a n s p o r t e d  v o l u m e  169 
0.63 T r a n s p o r t e d  v o l u m e  170 
0.7 T r a n s p o r t e d  v o l u m e  171 
1.22 S i n g l e  c rys t a l  T r a n s p o r t e d  v o l u m e  172 

0.5-0.6 Res i s t ance  173 
0.5-0.6 1-2 Res i s t ance  174 

~ 3  L i f e t e s t  175 
N7 0.35-1.5 L i f e t e s t  176 
N7 L i f e t e s t  177 

* T h i c k n e s s  dependent. 

lar ly true for a luminum-s i l icon  metallization, in large 
part  due to a low value of Ea for such mater ial  (16'5, 
187). Consideration must  therefore be given tech- 
niques for extending lifetime. It may be recalled that 
certain phenomena are necessary to electromigrat ion- 
induced failure in a luminum. Self-diffusion, via a va-  
cancy mechanism, and grain boundary  structures are 
involved. Vacancies are also necessary in  sufficient 
concentrat ion to allow void formation and growth 
(188-191). 

The relative effect of grain  boundaries  may be re-  
duced by increasing grain size since this reduces the 
grain boundary  volume per uni t  cross-sectional area 
of the conductor. It has already been noted that this 
results in  increased Ea and, therefore, increased T. If 
carried to the extreme where no grain  boundaries  are 
present, i.e., with a single crystal film, unl imi ted  �9 is 
exhibited (192). At the other extreme where grain 
size is much less than metall izat ion thickness, increased 
T is also observed (193). It appears that  this is a con- 
sequence of the mult ipl ic i ty  of diffusion paths through 
the film thickness rather  than any reduction in elec- 
t rotransport  rate. A m i n i m u m  in T for intermediate  
grain size has been predicted (194). The increased 
observed (195) for low rates of deposition may be ex-  
plained in this way in l ight of Fig. 1. The improve-  
ment  in �9 obtained through incorporation of a l u m i n u m  
oxide (196) may also be par t ia l ly  a t t r ibutable  to a 
very  small  grain size. In  another case (197), incorpo- 
rat ion of increased amounts  of residual gases (pre- 
sumably  actually meaning  A1203) reduced z which 
may again be related to decreased grain size. 

A second approach is designed to l imit  the vacancy 
density and thus inhibi t  diffusion and void formation. 
Use of a t ightly adherent  overcoat to seal the meta l -  
lization surface and el iminate this source of vacancies 
is suggested. Somewhat contradictory results have 
been obtained with silicon dioxide layers deposited by 
chemical vapor deposition (144, 175). In  cases where 

was increased, some of the improvement  may be at-  
t r ibutable  to grain growth (176) dur ing  oxide deposi- 
tion and hence the dependence on grain  size discussed 
above. Using anodization at room temperature  to pro- 
vide an a lumina overcoat resulted in  improved life- 
time (167, 179). The increases in T were in terpre table  
on the basis of Ea increases of up to 0.15 eV. It is of 
interest  that periodic oxidation of a luminum under  
electrical stress also prolonged ~ (198). Increases in 
as a consequence of dielectric overcoating have also 
been interpreted as a consequence of pressure- inhib i t -  
ing effects on diffusion (199). 

Another  approach involves the addition of small  
concentrations of metals to a luminum which can segre- 
gate to grain boundaries  a n d  inhibi t  diffusion of sol- 
vent  atoms (166, 200). Very substant ial  increases in 

were at tained through copper (166, 201-205), nickel 
(206), magnes ium (206-209), chromium (206, 210), or 
t i tan ium (211) additions. It  appears that  copper has 
won the most widespread application for this purpose. 
Difficulties can arise using the other additives. For 
example, for magnesium, low temperature  reactions 
with silicon dioxide and resist ivi ty increases render  
such metal l izat ion less useful (208). Resistivity in -  
creases are also quite substant ial  with chromium addi- 
tions (210). Ternary  and qua te rnary  alloy metal l iza-  
tions such as a luminum-copper -magnes ium and a lumi-  
num-copper -n icke l -magnes ium have aIso been invest i -  
gated (212). Lifetime improvements,  however, would 
not appear to be sufficiently greater  than  wi th  copper 
to meri t  full consideration, par t icular ly  in view of 
side effects such as those with magnesium. As with 
pure a luminum, many  quali tat ive studies of the effects 
of electromigration in a luminum-copper  have been 
performed. I t  is found that the copper is a more rapid 
diffuser and that  fai lure f requent ly  occurs in  regions 
depleted of copper (166, 202, 213, 214). The film struc-  
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ture  per se and distr ibution of second-phase precipi-  
tates are also found to be impor tant  (166, 203, 205, 
214-217). Increases in Ea up to approximately 0.3 eV 
have been measured (166) for a luminum-copper  met -  
allization and these are sufficient to account for the 
increased ~. Values of the exponent  n in the range of 
2 to 3 were determined (201, 202). Lifetime is found 
to reach a m in imum when the film width is about 
twice the grain size (218). For larger ratios of width-  
to-grain size, ~ varies approximately l inear ly  with w. 
Other  fundamenta l  quanti t ies such as copper ion ve- 
locity (219) or effective charge and diffusivity pa ram-  
eter for copper (220-224) were also measured for 
a luminum-copper .  The addit ion of copper to a lumi-  
num-s i l icon metall izat ion results (187) in T increases 
comparable to those with a luminum-copper .  Conse- 
quently, the use of a luminum-copper-s i l icon metal l i -  
zation s imultaneously  protects against junct ion  short- 
ing and premature  electromigrat ion-induced failure. 

Multilevel capability.--In order to exploit ful ly the 
sophisticated device structures and processing which 
have resulted in substant ia l  reductions in device size, 
it is f requent ly  necessary to employ at least two levels 
of metal l izat ion (225). The two levels are in contact 
through vias in the insulator  which electrically iso- 
lates the levels in all other regions. Several  die:ectrics 
have been utilized including anodized ~ luminum (226), 
silicon ni tr ide (227), sputtered quartz (228, 229), and 
polyimide (230). By far, the most widely used (231) 
is a phosphosilicate glass (SIO2 �9 P205) obtained by 
the simultaneous oxidation of silane and phosphine 
(232, 233) at temperatures  in the vicinity of 400~ 
The addition of phosphorus serves to reduce stress and 
to yield a more compatible thermal  expansion coef- 
ficient (175, 234), both of which aid in l imit ing crack- 
ing or crazing of such layers. 

The presence of a second level of metal l izat ion re- 
quires careful a t tent ion to the vias and to crossover  
areas for the two levels. The via must  be free of for- 
eign layers and relat ively free of oxide in order to 
achieve int imate contact between metall izat ion levels 
and yield acceptably low resistance (235). As with 
contact to silicon, some small thickness of silicon di- 
oxide can be reduced by heating. With proper proc- 
essing of vias, a specific via resistance of less than 1 
X 10 -7 t2cm 2 is readily obtained. 

The electrical integri ty  of the insulator  at metal l iza-  
tion crossovers is determined pr imar i ly  by the un i -  
formity of the coverage of edges or irregularities, such 
as hiliocks, occurring in the first level of metallization. 
Deposited phosphosilicate glass tends to grow prefer-  
ent ial ly at sharp corners and nodule formation can 
result  (18, 175, 236). Nodules formed over hillocks 
are difficult to cover with photoresist and may there-  
fore be removed dur ing  via etching. In  addition, such 
nodules may be broken off when a mask is brought 
into contact with wafers. In  either case, the net result  
is shorting between leve~.s when the second level of 
metal l izat ion is deposited. The occurrence of nodular  
growth at metal l izat ion edges both thins the insulator  
along the vertical  surface and renders  more difficult 
the deposition of continuous second-level metal l iza-  
tion. The probIems associated with edges can be 
avoided by slope etching of the first level. Insulator  
coverage is then of reasonably uni form thickness. It 
is also desirable to slope etch the vias (237-239) 
thereby promoting better ~second-level metal]ization 
coverage at the vias. The phenomenon of hillock 
growth bears some analogy to electromigration in that 
both involve movement  of mater ial  by diffusion. The 
driving force in hillock growth is compressive stress 
(240, 241) rather  than forces exerted by  charge car- 
riers, as in electromigration. Consistent with this anal-  
ogy, it is found that those approaches leading to in-  
creased lifetime are also applicable to l imit ing hillock 
growth. The density of annea l ing  hillocks in a luminum 

is reduced for larger grained films (242-243). In  addi- 
tion, anodization (243) or copper (244, 245) and other 
(246) additions were demonstra ted to be very effective 
in minimizing hillock growth. It is of interest  that no 
electromigration effects were noted with second-level 
metal l izat ion present  which were not predictable on 
the basis of measurements  with a single level of met-  
aUization (229). 

Oxidation and corrosion.--The oxidation of a lumi-  
n u m  is normal ly  a self- l imit ing process and is there- 
fore not a cause for concern. For example, in room 
temperature  air the ma x i mum oxide thickness formed 
is less than 5,0A (247), Moreover, in a water- f ree  am-  
bient, corrosion of a luminum is not observed. Conse- 
quently,  corrosion of a luminum metal l izat ion on sili- 
con devices placed in  hermetical ly sealed packages is 
v i r tual ly  nonexistent.  In plastic encapsulat ion which 
water  vapor can penetrate,  however, corrosion of an 
electrochemical na ture  is f requent ly  prevalent  (248). 

In  addition to water  vapor, an impur i ty  which will 
combine with the water  to form an electrolyte is re-  
quired. Finally,  an electric field larger than some 
threshold value is necessary between adjacent  con- 
ductors. A common impurity,  in  the above sense (249), 
which is f requent ly  present  is phosphorus or phos- 
phorus oxide. This can arise from a scratch-protection 
layer  over the metallization, from the insulat ing layer 
between two levels of metallization, or from films 
under  the metallization, such as are formed in  silicon 
dioxide masking layers dur ing phosphorus diffusion. 
Corrosion in this type of env i ronment  has been thor-  
oughly investigated (250) and it is found that  the cor- 
rosion rate is increased with increased relative hu-  
midity, phosphorus content, electric field, and tempera-  
ture. Rather ~han failure at the anode, as with ordinary 
anodic dissolution, it occurs in i t ia l ly  at the cathode. 
This is a consequence of the formation of a luminum 
hydroxide. Other impurit ies such as chlorine or so- 
dium (251) have been demonstrated to cause similar 
corrosion effects. The corrosion rate for a luminum-  
alloy metall ization is found to be no greater than that 
of pure a luminum (252). Such behavior  is ent i rely 
unexpected on the basis of results for bulk  specimens 
(253) of a luminum-copper  or a luminum-copper -s i l i -  
con. Since it has been observed (254) that corrosion 
of a luminum meta]lization occurs preferent ia l ly  at 
grain boundaries, the improved corrosion properties 
of the alloys, as for electromigration, may be related 
to the altered s tructure of the boundaries.  

Summary and Conclusions 
The properties of a luminum as they relate to the re-  

quirements  for metal l izat ion on silicon devices were 
discussed. It  was found that  in most instances there 
is a suitable match between properties and require-  
ments. In those cases where it is an aid to the full 
unders tanding of a property, suitable physical models 
exist. Examples of such properties are adherence, step 
coverage, and contact resistance. 

Pure  a luminum was found lacking in  some aspects 
of contact stability, electromigration resistance, mul t i -  
level capability, and corrosion resistance. Although 
more than one al ternat ive is available to improve per-  
formance in the first three areas, the use of a luminum 
alloy metall izat ion is beneficial for all. The conversion 
from a luminum to a luminum-copper  or a luminum-  
copper-silicon metal]ization involves li t t le change in 
processing or design. Versatile deposition methods, 
such as flash evaporation, are available which are 
equal!y simple for a luminum or a luminum alloys. In  
addition, the adherence, etching, step coverage, bond-  
ing, and contact resistance properties for the above 
alloys remain  essentially the same as for a luminum 
while resistivity is increased only about 15%. Care 
must  be exercised in postmetall ization hea t - t rea tments  
because of the reduced eutectic temperatures  of the 
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al loys (255). Wi th  one possible  exception,  it  m a y  
therefore  be s ta ted tha t  the employment  of a luminum 
al loy meta l l iza t ion  has a l lowed the requ i rements  for 
meta l l i za t ion  on sil icon to be met  and has g rea t ly  ex-  
tended the usefulness of a bas ica l ly  a luminum process. 

The most notable  a rea  in which  addi t ional  work  re -  
mains  to be done is in p rov id ing  more  effective cor-  
rosion protec t ion  for a luminum metal l izat ion.  The so- 
lut ion may  again lie in the  use of a luminum alloys. 
For  example ,  it  is known tha t  the corrosion resis tance 
of a l uminum-ch romium alloys is super ior  (2'56) to 
tha t  of a luminum,  at  least  in bu lk  form. Al te rna t ive ly ,  
a sa t is factory  approach  m a y  involve the use of he r -  
metic  deposi ted over layers  such as sil icon nitr ide,  
a luminum oxide, or a combinat ion  of n i t r ide  and 
a luminum oxide (257). Low t empera tu r e  deposi t ion 
processes for sil icon n i t r ide  and a luminum oxide are  
being inves t iga ted  and character ized (258-262). I t  ap-  
pears  h igh ly  p robab le  that  a sui table  solut ion wil l  be 
for thcoming and tha t  a luminum meta l l iza t ion  wil l  long 
r ema in  the s t andard  of the  semiconductor  in tegra ted  
circui t  industry.  

Final ly ,  it  m a y  be noted that,  as in other  semicon-  
ductor  processing steps, the  move toward  more  com- 
ple te  au tomat ion  of meta l l iza t ion  would be h ighly  de-  
sirable.  Among the deposi t ion methods included in 
Table I, spu t te r ing  is perhaps  most  amenable  to such 
an approach.  As ment ioned earl ier ,  new sput te r ing  
techniques (35-37) are  being invest igated in o rder  to 
increase deposi t ion rates  and minimize rad ia t ion  d a m -  
age. I t  is hoped tha t  these types  of deve lopment  wi l l  
continue and wil l  be expanded  in scope and effort. 
Complete  charac ter iza t ion  of the  meta l l iza t ion  obta ined 
by  the var ious  deposi t ion methods  must,  in any case, 
be performed.  This becomes necessary  since many  
proper t ies  are  s t ruc ture  sensi t ive and s t ructure  is in 
tu rn  dependent  on the detai ls  of the deposi t ion process. 
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The Growth of Uniform Submicron GaAs Layers 
by Liquid Phase Epitaxy 

Hadis Morkoc and L. F. Eastman 

School of Electrical Engineering, Cornell University, Ithaca, New York  14853 

ABSTRACT 

Very  close agreement  be tween  theory  and exper iment  in the g rowth  of sub-  
micron layers  has been achieved. Difficulties in obtaining uni form wet t ing have 
been overcome by growing a porous and amorphous  oxide layer  on the subs t ra te  
and s t r ipping i t  off in 50% aqueous HC1 . immedia te ly  before  it is loaded 
into the  reactor.  By the in t roduct ion of a source-seed crystal ,  precise sa tu ra -  
t ion of the  mel t  has been obtained.  I t  has been observed tha t  slow growth  
rates (800 A / m i n )  and lower  growth  t empera tu res  y ie ld  nea r ly  fea ture less  
FET layers.  

Ea r ly  successful use of l iquid phase ep i t axy  (LPE) 
in the  p repara t ion  of GaAs laser  diodes s t imula ted  
a ve ry  intense research  p rog ram to provide  a wide 
va r i e ty  of mic rowave  and opt ical  mater ia l s  and devices. 
Since the or iginal  appl ica t ion  of LPE to compound 
semiconductor  technology using a t i l t ing boat  by  
Nelson (1), d ipping  and s l ider  boats  have been de-  
Veloped to genera te  ma te r i a l  for high per formance  
devices. In  par t icular ,  the b o t t o m - o f - t h e - m e l t  method 
in which the growth  is in i t ia ted  f rom the bo t tom and 
the mel t  is sa tu ra ted  f rom the top surface has met  
s t r ingent  tolerances  requi red  by  s t a t e - o f - t h e - a r t  de- 
vices. This technique has been wide ly  appl ied  spe-  
cifically to genera te  mate r ia l s  for  such complete  and 
complicated devices as Read structures,  double  he te ro -  
s t ruc ture  lasers, Gunn logic devices, and microwave  
field effect t ransistors.  

Smal l  and Barnes  (2) repor ted  on the diffusion- 
l imi ted  LPE growth  model  and on the solution of the  
diffusion equat ion involved for a set of simplified 
boundary  conditions. Later ,  Crossley and Smal l  (3) 
presented  a numer ica l  calculat ion method to compute  
the precise  As profile, wi th  somewhat  more  accurate  
bounda ry  conditions at the g rowth  interface,  which 
advances into the solut ion as the  growth  progresses.  
Minden (4) repor ted  on a closed fo rm solut ion of the  
diffusion equat ion wi th  the  semi- inf ini te  mel t  app rox i -  
mation.  Final ly ,  Rode (5) gave a series solut ion of the  

* Key words: liquid phase epitaxy, subrnicron~ GaAs. 

LPE diffusion in a bounded mel t  including the t em-  
pe ra tu re  dependence  of the  diffusion coefficient of As 
in a Ga solution. 

Li t t le  is present  in the l i t e ra tu re  concerning the 
LPE growth  of the submicron layers  requ i red  for 
microwave  FET's. I t  is therefore  the  in tent ion  of this 
paper  to discuss the pa r t i cu la r  difficulties involved  in 
the  growth  of such layers  by  LPE. The dominant  
p roblems  associated with  submic ron- th ick  epi tax ia l  
layers  are  thickness un i fo rmi ty  and reproducibi l i ty ,  
which are  common to both LPE and vapor  phase  
ep i t axy  (VPE) techniques.  We wil l  show that  in the 
case of LPE these problems are  p redominan t ly  caused 
by  nonuni form wett ing,  which can be overcome by  
techniques to be described.  Nonsimul taneous  wett ing,  
in the  ve ry  beginning moments  of growth,  which is, 
in general ,  caused by  a res idual  or deposi ted oxide  
layer  on the surface of the substrate ,  resul ts  in non-  
un i form laye r  thickness.  In  our  exper iments  oxide  
l aye r  fo rmat ion  is p reven ted  by  making  the sys tem 
vacuum tight  and l imi t ing  the  wa te r  vapor  content  in 
the  reactor.  A n y  nat ive  oxide and surface impur i t ies  
p resen t  a re  imbedded  in an in ten t iona l ly  g rown porous 
oxide layer  and are  removed when it  is s t r ipped off 
wi th  50% aqueous HC1. S t r ipp ing  jus t  pr ior  to p lac ing 
the subs t ra te  into the boat  al lows us to  s ta r t  wi th  an 
ox ide - f ree  surface. A source-seed crys ta l  is located on 
the s l ider  fo rward  of the ma in  subs t ra te  to assure 
precise  sa tura t ion  of the melt ;  only  such ~aturat ion 
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permits  a uni form growth rate over the total surface of 
the substrate. By following the above techniques, sub-  
micron FET layers can be grown by LPE with as good 
thickness un i formi ty  as by VPE and with significantly 
bet ter  reproducibil i ty.  Wetting, thickness control, re-  
producibility, and the surface morphology will  be dis- 
cussed in detail in following sections. In  addition, the 
predictions of computer  calculations which include a 
tempera ture  dependent  As diffusion coefficient will be 
compared with exper imental  results. 

T h e  System 
The reactor consists of a horizontal sliding boat in -  

side a 64 mm OD quartz tube heated by a three-zone 
resistive furnace. The fused quartz tube is cleaned in 
aqua regia approximately  every 50 runs in  a negative 
pressure tube cleaning hood (Air Control, Incor-  
porated, Norristown, Pennsy lvan ia ) .  Hydrogen is 
purified by passing it through a Matheson Model 8361 
Pd diffuser. The high pur i ty  hydrogen is introduced 
into the vacuum-t ight  reactor via high pur i ty  stainless 
tubing  and fittings. On the output  end, the hydrogen 
passes through a Panametr ics  A1~O8 water  vapor 
sensor to monitor  quartz dissociation and any leaks. 
The exhaust end is located in a laminar  flow loading 
station where positive pressure is mainta ined to 
el iminate particle migrat ion from the room into the 
reactor dur ing loading and unloading.  The reactor is 
purged with high pur i ty  gaseous ni t rogen before and 
after loading to prevent  explosive gas mixtures.  In  
addition, the gaseous ni t rogen flow was main ta ined  
dur ing loading to inhibi t  particle diffusion into the 
reactor. Before the first growth at tempt made, the 
fused quartz reactor is baked at an elevated tempera-  
ture, such as 1000~ for 5-6 hr before the graphite 
boat is inserted. This boat has previously been out-  
gassed at 1400~ i n  a vacuum chamber with an rf 
induct ion heater down to 10 -7 Torr. A second bakeout  
at 850~ in hydrogen atmosphere with the boat wells 
filled with Ga lasts 10 hr and in the end this Ga is 
discarded. Skipping the outgassing step and the last 
bakeout  causes a 1017 cm -3 impur i ty  level, par t icular ly  
for a freshly fabricated boat. 

Figure 1 is a 3-D diagram of the graphite  boat used 
in  the experiment.  The slider boat setup has been 
chosen because the only objective of this work was to 
grow mater ia l  for high performance devices. It is 
s imilar  to that described by Rode (5) except that the 
body of this boat consists of two pieces held together 
with precision graphite pins, with the upper  part  rest-  
ing on the slider with the force of gravity. This con- 
figuration allows practically negligible clearance be-  
tween the bottom surface of the upper  half and the 

Fig. 1. Diagram of the double-bin gravity-type boat. The area of 
wells is 1 • 1 cm, the height is 15 mm, the spacing between the 
wells is 20 mm, the wall thickness at the wells is 15 mm. 

substrate. The resul tant  wiping action upon removal  of 
the substrate after growth el iminates localized GaAs 
deposition from Ga-r ich  melt  droplets on the grown 
layers. This feature is of great importance in  obtaining 
uniform thicknesses and a sharp, flat interface between 
successive layers, in  the case where a buffer layer  is 
to be grown. 

A hydrogen flow rate of 600 cm3/min (quartz tube 
bore is 60 mm ID) has been found to be the m i n i m u m  
adequate level for un i form wett ing and has been 
standardized upon. Measured water  vapor content  is 
less than 0.2 ppm when the furnace is hot. The furnace 
(Lindberg Model 54357) has three separately con- 

trolled zones which keep the temperature  uni form 
within  _1~ over a length of 50 cm. 

Substrate  Q u a l i f i c a t i o n  and Prepara t ion  
The substrate mater ia l  has been obtained from three 

different suppliers wi thin  the United States (Laser 
Diode, Crystal Specialties, and Texas Materials).  Both 
(100) and 3 ~ off (100) toward (110) oriented Cr-doped 
substrates have been used and our experiments  with 
submicron and 5-10~ thick layers showed no apparent  
disadvantage of using 3 ~ off (100) substrates (made 
available to us by Wright Pat terson Air  Force Base 
Laboratories, Ohio). A small piece from each shipment  
is subjected to a qualification process s imilar  to that  
described by Barrera  (6) with the aid of evaporated 
A1 Schottky barriers. Since there are very few 
qualifiable Cr-doped substrates available, work on 
growing a 5~ thick buffer layer undernea th  the active 
layer  is already underway.  To date, we have achieved 
high pur i ty  layers with repeatable levels of mobil i ty of 
170,000 cm2/V-sec at l iquid ni t rogen tempera ture  and 
a total ionized impur i ty  density of 1.9 • 1014 cm -3, with 
a net  donor density of less than  1 • 1014 cm-8;  the de- 
tails of this project will  be reported elsewhere. 

In  processing microwave FET's, the pat tern  geome- 
t ry is created by electron beam lithographic or photo- 
li thographic exposure techniques. In any case, it is 
necessary to have an extremely flat surface to be 
able to achieve sharp geometry and high yield. This in  
a sense puts strong requi rements  on the preparat ion 
of the substrates. We should therefore examine the 
details of substrate preparat ion in l ight of two main  
requirements:  cleanliness and p lanar  surface achieve- 
ment. 

To obtain a p lanar  layer  requires an ini t ia l  p lanar  
substrate surface because any corrugations on the 
substrate are closely replicated on the epilayer. The 
substrate thickness uni formi ty  should also be wi thin  
reasonable tolerances. Thus the polishing and etching 
techniques should be optimized to result  in flat and 
parallel  surfaces. 

To achieve a flat surface, we removed the saw 
damage by lapping on both sides with 5 ~m grit and 
then mechanical-chemical  polishing both sides down 
to 250~ final thickness. The pressure and chemical 
flow rate dur ing polishing are adjusted to obtain the 
best result ing surface. The chemical etch before the 
substrate is loaded into the reactor is done in H2SO4: 
H202:H20 (5: 1: 1) at room tempera ture  for 4 min;  note 
that H2SO4 must  be added slowly to prevent  boiling, 
and thus turbulence in the liquid, which may be 
responsible for corrugations on the substrate surface. 

Wetting 
As stressed earlier, wet t ing is the single most 

dominant  factor in achieving uni form submicron 
epitaxial layers. Once s imultaneous wett ing on the 
surface is achieved, it is then only a question of 
parameter  selection and control (growth rate, growth 
temperature,  and saturat ion technique) to accomplish 
not only a repeatable thickness but  also close agree- 
ment  with the predicted thickness values from the 
diffusion-limited growth theory we have mentioned.  
Any irregulari t ies  in the wett ing dur ing the early part  
of the growth will have a magnified effect in  the thick- 
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ness, because the locally wetted areas of the melt  will 
be deficient in  As concentrat ion relat ive to the non-  
wetted areas (where deposition does not take place).  
This in tu rn  allows a relat ively longer growth t ime 
and larger growth rate on the nucleat ion centers, with 
a transverse surface diffusion of As to the deposition 
sites near the interface. 

Barrera  (7) has indicated that  he achieved bet ter  
wett ing when  the reactor was leak tight. He also 
urged that high hydrogen flow rates improve the 
wetting. He then concluded that in  a leaky reactor, 
oxide deposition on the substrate surface prior to 
epilayer deposition has the prime responsibi l i ty in 
prevent ing  uniform wetting. Clearly, higher hydrogen 
flow rates reduce the amount  of oxygen in the reactor, 
among other benefits. One then concludes that the 
oxide deposition must  be avoided by vacuum sealing 
the reactor. The second impor tant  aspect related to the 
oxide layer is that the nat ive oxide and the remaining  
organic impuri t ies  should be removed from the sur-  
face of the substrate. The etch in 5: 1:1 for 4 min  re-  
moves approximately 5~ of mater ia l  from each side to 
assure that minor  work damage from polishing is 
eliminated. We have observed that  this etch leaves a 
thin oxide layer  (about 30-50A) and does not remove 
some organic based impurities.  Experiments  at 735 ~ 
750 ~ and 780~ have been carried out to investigate 
the ini t ia l  growth phase and the degree of wetting. 
Shown in Fig. 2 is a layer  grown at 735~ on a sub-  
strate which had undergone a s tandard cleaning 
process. Supercooling of 1/4~ was applied to ini t iate  
a downward temperature  ramp and the substrate was 
quickly slid under  the melt, being kept there for 5 
sec while the slope of the ramp cooling was main ta ined  
at 1 ~ It is clear that  the growth was only 
init iated on small islands; moreover, this photograph 
is of the region of highest density of these nucleat ion 
centers. There was no growth at all on most of the 
substrate. Similar  experiments  (at 750 ~ and 780~ 
indicated that the wett ing becomes bet ter  as the 
growth temperature  increases. This indicates that  the 
residual oxide layer  is removed dur ing  the relat ively 
high tempera ture  bakeout period and the transverse 
expansion of the nucleat ion centers is aided by the 
faster growth rate. 

Shaw (8) has found that an oxide layer  on Ga and 
GaAs remains below approximately 700~176 and 
disappears above this critical temperature,  in strong 
agreement  with our observations. 

Dawson (9) ment ioned that his substrates were 
cleaned in HC1 without  giving any  part icular  reason. 

Spitzer et al. (1O) and Rode et al. (11) reported that 
aqueous HC1 is used to remove the oxide layer  after it 
has been grown by anodic oxidation and, especially in 
the former paper, it is pointed out that  HC1 would not 
remove the oxide layer  after it had gone through a 
hea t - t rea tment  in dry  ni t rogen atmosphere. Cho (12) 
has also indicated that employing a combination of 
amorphous oxide layer growth followed by removal  in 
aqueous HC1 helps achieve flatter layers. Schwartz (13) 
presented the results he achieved concerning the 
oxidation of GaAs and GaP dur ing various types of 
chemical etching. For instance, on a (100) surface he 
found that in  room tempera ture  water  Ga203, and in 
warm water  (60~ GaO, growth takes place. 

In  light of all this background, we began to look into 
improving the technique of removing oxide layers 
( including the native oxide) dur ing the preparat ion 
phase. We have found that the best results are achieved 
by growing an approximately 150A amorphous and 
porous oxide layer in room tempera ture  DI water for 
20 rain. The thickness of such an oxide layer  has been 
measured using a Talystep which also demonstrated 
the spongy na ture  of the surface. The same thickness 
can be obtained in  warm water  in  a shorter period of 
time. However, precaut ion must  be taken as the 
oxide layer tends to become polycrystal l ine at higher 
temperatures  and cannot be easily and uni formly  re-  
moved in HC1. 

The str ipping process, which uses 50% aqueous HC1 
for a m i n i mum of 5 min, not only removes the freshly 
grown porous oxide layer but  also removes any 
residual nat ive oxide along with much of the organic 
impurit ies on the outer surface. A very quick DI water 
rinse is applied and the substrate  is loaded into the 
reactor after the water is b lown off with high pur i ty  
gaseous nitrogen. The substrate is not exposed to free 
air for more than about 20 see (gaseous ni t rogen flow 
in the reactor is main ta ined  dur ing loading as well) .  

Experiments  similar to those described earlier have 
been carried out to s tudy the early growth phase and 
therefore the effect of HC1 treatment .  In  Fig. 3 a 
photomicrograph of a layer  grown at 735~ on a 
substrate which had gone through porous oxide-HC1 
t rea tment  is shown. Growth was ini t ia ted after a 
supercooling of 1/4~ and 5 see growth time at a 
cooling rate of 1 ~  was allowed. Notice the 
remarkable  improvement  in the wett ing;  it is very 
uni form and the layer is near ly  featureless. The layer  
thickness is estimated to be below 150A. The same 
exper iment  has been repeated at 750 ~ and 780~ 

Fig. 2. Photomicrograph (Nomarski phase contrast) of a layer 
grown at 735~ on a substrate which had undergone only a stan- 
dard cleaning procedure. The growth time t z 5 sec; linear cool- 
ing a z 1 ~ supercooling 1/4~ Notice the formation of 
nucleated growth centers and nonuniform wetting. 

Fig. 3. Photomicrograph (Nomarski phase contrast) of a layer 
grown at 735~ on a substrate that had undergone a porous oxide- 
HCI treatment in addition to standard cleaning. Growth parameters 
were unchanged from that shown in Fig. 2. The improvement in the 
wetting is remarkable. 
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It can be concluded that to achieve uniform sub- 
micron epilayers for FET's, the crucial "wetting" 
parameter can be controlled with the porous oxide- 
50% HC1 process. 

As Profile, Growth Rate, and Layer Thickness 
We have pointed out earl ier  that  once the wet t ing 

is controlled, the other impor tan t  parameters  axe the 
perfect saturat ion of the melt  solution and the growth 
rate. We now examine the effect of these parameters  
and compare the exper imental  results with theoretical 
predictions. 

Ir~ the growth of thick layers such as G u n n  diode 
layers, a deviat ion of about  _1~176 in the saturat ion 
of the melt  wi th  As will  have a small  effect on the 
final layer  thickness since a total tempera ture  drop of 
around 20~ takes place. By contrast, for the growth 
of submicron (0.2~) epilayers, the total  tempera ture  
drop can be as low as 1.5~ (780~ with cooling 
rate a = 1 ~ supercooling AT = 0). Therefore, 
it is clear that one cannot  afford any under -  or over- 
saturat ion of the melt. Our observations show that  the 
wet t ing is best when  the melt  is saturated from the 
top. Exper imenta l ly  we have found that  bakeout  times 
about twice as long as the diffusion time are not 
necessarily long enough to establish equilibrium. (To 
check this point, a GaAs source I0 mg heavier than 
that found from Rubenstein's data (14) was weighed 
and added to the melt.) The saturation was studied by 
placing a polished source-seed crystal beneath the 
melt after a bakeout time of 2 • (melt height)2/dif - 
fusion coefficient during which the temperature was 
kept practically constant. The source seed was re- 
moved after I0 rain and examination showed that a 
very nonuniform backdissolving occurred. Non- 
uniformity can be caused by strains and imperfections 
in the bulk material but, nevertheless, it is very 
likely that the bottom of the melt was undersaturated 
and in a nonuniform manner. Therefore, we find that 
it is necessary to have a source-seed crystal [first 
used by Dawson; see Ref. (5) and (9)] preceding the 
main substrate to trim out the As concentration of the 
melt at the bottom. Only then can one achieve re- 
peatable thicknesses by controlling the growth rate 
on oxide-free substrates. The layers grown without a 
source-seed crystal have thicknesses ranging from 
negative values (backdissolving) up to the intended 
values. 

The growth rate is the third mechanism that is of 
vital consequence to the parameters of the grown 
layer. Submicron layers with thicknesses of about 0.2~ 
have been grown at temperatures of 780 ~ 750 ~ , 
735 ~ , and 700~ The ramp cooling rate was in all 
cases ~ = 1 ~ and in certain cases supercooling 
of AT = 3~ was applied. Our experiments show 
that with high growth rate, control over the thickness 
repeatability becomes poorer. Moreover, surface im- 
perfections, such as cusps and undulations become 
more pronounced in contrast to Crossley and Small 
(15) and Hsieh (16). Illustrated in Fig. 4 is a layer 

grown at 780~ for 15 sec after a supercooling of 
3~ The wett ing is adequate but  the surface features 
make such a layer  useless. In  this case no source-seed 
crystal was used. The growth rate in the early 
moments  of the growth is fair ly high and decreases 
with time. The growth rate has been calculated at 
780~ from the numer ica l  analysis including the 
temperature dependence of As diffusion coefficient and 
is shown in Fig. 5, both with and without a supercool- 
ing of 3 ~ It is very clear that the difference between 
the two conditions is very large. The much higher 
growth rates associated with supercooling place nearly 
impossible requirements on the actual growth time, 
especially for submicron layers. For example, a small 
hesitation of 2 see pushing the slider will mean about 
2 sec of traveling time under the melt and 13 sec of 
actual s tat ionary contact t ime (at 780~ with AT z 
3~ During this 2 sec, about 15% of the total growth 

Fig. 4. Steps caused by a fast growth rate. This particular layer 
is about 0.2~ thick and grown at 780~ The growth parameters 
are: supercooling AT = 3~ linear cooling rate ~ = I ~ 
and the growth time t ~ 15 see. 
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Fig. 5. Plots of growth rate at 780~ as a function of growth 
time both with and without a supercooling of 3~ 

would take place causing steps in the thickness similar 
to meniscus lines to form [first observed by Crossley 
and Small  (15)]. In  addition, a faster growth rate 
may cause steps. 

We have done experiments  at 780~ with only ramp 
cooling (a -- 1 ~  and observed considerable im-  
provement  in thickness control and surface morphol-  
ogy. A further improvement in both occurs when a 
0.2~ (or less)-thick layer is grown on the source seed 
and subsequently a 0.2~ layer is grown on the main 
substrate. 

These phenomena can be explained by examining the 
As concentration profile, the slope of which at the sub- 
strafe-solution interface determines the growth rate. 
Shown in Fig. 6 is a set of calculated As profiles vs. 

segment number at 786~ Segment number 0 cor- 
responds to the substrate-liquid interface at t ~ 0 and 
segment number 50 corresponds to the opposite surface 
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Fig. 6. Predicted As profile in Ga melt at the end of growth 
with various growth parameters at 780~ do represents the grown 
layer thickness after a time interval t at a cooling rate of 1 ~ 
min with and without a supercooling of AT. 

of the solution (the melt  height ~ 1 cm) ; As profile is 
calculated for each segment every 2 sec of growth time. 
Figure 6b shows the As profile at the end of a 0.25~ 
layer  growth when a supercooling of 3~ was applied. 
The As profile at the beginning of the growth is much 
steeper than at the end; even then, the profile is very  
steep, making the thickness very  hard to control. 
Shown in Fig. 6a is the As profile at the end of the 
growth of the 0.22~ thick layer on the source seed with 
no supercooling. The profile is not steep even dur ing 
early growth because there are no sudden excess As 
concentrations. Shown in  Fig. 6c is As profile at the end 
of the 0.24~ layer  grown on the ma in  substrate (as op- 
posed to the beginning profile in  Fig. 6a). It is clear 
that the As profile, follows a very nice and controllable 
var iat ion from the beginning  to the end. To still fur -  
ther  decrease the growth rate (and hence improve 
controllabil i ty) ,  the growth tempera ture  was dropped 
from 780~ which had been the normal  growth tem- 
perature,  down first to 750~ later  735~ and pres-  
ent ly  to 700~ We are able to lower the growth tem- 
perature so much because with the HC1 t rea tment  the 
substrates wet very uniformly even at 7O0~ 

Pre l iminary  studies show that the layers can be 
grown more repeatably at 700~ than  at higher 
growth temperatures.  The opt imum average growth 
rate to achieve m i n i m u m  cusp densi ty has been ex-  
per imenta l ly  determined to be about 800 A/min .  The 
densi ty of the cusps decreased considerably [105 cm -2 
at 780~ and 102 cm -2 or less at 700~ (17)], as well  
as t iming errors, because the growth rate is slower (it 
now takes almost 3 min  to grow 0.2~ thick layers) .  

Thickness and doping profiles have been deduced 
from C-V measurements  done with the aid of a phase- 
locked amplifier and by using an automatic profiler. To 

do this, A1 Schottky barr iers  of 3000A thick and 250~ in  
diameter  have been evaporated through a mask under  
high vacuum (,~6• 10 -8 Torr) .  Lehovec and Zuleeg 
(18) have argued that  the C-V method of determining 
impur i ty  concentrat ion and dis t r ibut ion becomes less 
accurate as the depletion layer  expands toward the 
substrate interface. Near pinch-off conditions, the 
channel  resist ivity becomes so high that the resistivity 
between the two back- to-back biased Schottky barr ier  
diodes becomes very large. To reduce the effect of the 
forward-bias  resistance, a large-area  A1 pad has been 
evaporated and biased. This diode is forward biased 
dur ing the measurement .  Wiley and Miller (19) have 
reported on the effect of series resistance in  C-V pro- 
filing, how to reduce it, and how to in terpre t  the mea-  
surement  when a large series resistance is present. It is 
clear that one can only be specific about the thickness 
of submicron epitaxial  layers deduced from C-V plots 
after the errors associated with the measurements  
have been analyzed. An a l ternat ive  way would be to 
actual ly fabricate FET's to evaluate  the layers, which 
is t ime consuming and uneconomical.  

Nevertheless, i l lustrated in Fig. 7 is the measured 
doping profile of a layer  grown at 735~ using a 
source-seed crystal. Notice that  the doping profile is 
flat and the total thickness var iat ion is small. 

Layers with thicknesses ranging from 2 to 5~ have 
been grown at 700 ~ , 7350 , 750 o , and 780~ The ex-  
per imenta l  thickness data have been compared against  
numerical  calculations, which included the tempera-  
ture  dependence of As diffusion coefficient determined 
by Rode (5), and close agreement  wi th in  measurement  
errors has been achieved. Therefore, we completely 
agree about not only the diffusion-l imited growth 
model, but  the diffusion coefficient of As as a funct ion 
of tempera ture  in Ga solution as presented by Rode. 
Moon and Long (20) have recently used the solution of 
the diffusion equation reported by Small  and Barnes 
(2) in 1969. In  the 1969 article Co appears (equi l ibr ium 
As concentrat ion in the melt)  in the denominator  of the 
thickness equation. This was changed correctly to Cs 
(As concentrat ion in the solid) in the article by Cross- 
ley and Small (3) in  1971. Hseih (16) has reported on 
the growth relations from supercooled, l inear ly  cooled, 
and a combinat ion of both types, which was a restate-  
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Fig. 7. Doping profile of a layer grown at 735~ using a source- 
seed crystal with no supercooling. 
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ment  of those originally reported by Small  and Barnes 
(2) and Crossley and Small  (3). The main  point made 
by Moon and Long (20) was that the diffusion coeffi- 
cient appears to be relat ively constant  for the large 
tempera ture  drop of 30 ~ used by them. This result  is 
in  complete contrast  with our work and that of Rode's 
for smaller  tempera ture  drops. It  is clear that  the sim- 
plified theory they used is only realistic for short 
growth times and small  tempera ture  drops; these limits 
vary with the growth tempera ture  due to the solubil i ty 
curve. Therefore, since their theory predicts thicker 
layers than actually grown, and since a 30 ~ tempera-  
ture  drop, at 1 ~ exceeds the realistic range, the 
semi-infini te  m e l t  approximation becomes a quest ion- 
able assumption. It is possible that minute  crysta]lites 
as shown by Hsieh (16) and Crossley and Small (3) 
competed for As dur ing growth in  their  exper iments  to 
yield their  results. 

The layers grown at 780 ~ and 750~ with and 
without  a supercooling and at 735~ with a super-  
cooling have been selected out to have C-V measure-  
ments  performed on them. Thus the data points for 
these cases do not show much spread in the thickness 
vs. growth time curves to be described. But the mea-  
surements  on layers grown at 735~ preceded by a 
seed crystal have been done with no selection. There-  
fore the displayed spread in data points for this case is 
much greater even though it  is actually almost the 
same as the others. In Fig. 8, the calculated thickness 
vs. growth time at 780~ is shown. Four  data points 
with and without  a supercooling are also shown. Two 
distinct methods of numerica l  calculations were used to 
predict the thickness. The technique reported by Rode 
(5) with t empera ture -dependent  As diffusion coeffi- 
cient has been pr imar i ly  used. The boundary  conditions 
are identical  to those reported by him (zero excess As 
concentrat ion at the interface and zero spatial der iva-  
tive of excess As concentrat ion at the top of melt) .  The 
melt  height in our exper iments  is 10 ram. The al ternate 
calculation uses Crossley and Small 's  (3) model modi-  
fied to include Rode's tks diffusion coefficient. In  the 
lat ter  case, the semi-infini te  melt  approximation was 
made. For growth periods negligible compared to dif- 
fusion time across the melt, which is t rue for all the 

experiments  reported here, both techniques have 
agreed quite closely. However, the semi-infini te  melt  
approximation cannot be relied upon for longer growth 
intervals.  

In  Fig. 9 and 10 the same curves as those shown in 
Fig. 7 are repeated for 750 ~ and 735~ respectively. 
We believe that a thickness reproducibi l i ty  from layer 
to layer  of ~0.015~, and a thickness uni formi ty  as low 
as _~4% over a portion of the layer  that  excludes the 
edge lip, can be achieved with these techniques 
whereas at higher temperatures  these figures must  at 
least be doubled. 

We are now concentrat ing on growing these layers 
at 700~ with no supercooling. We reduced the cooling 
rate, in an at tempt to lower the growth rate and the 
edge growth, which should enable us to make use of 
more of the area and achieve better  thickness un i form-  
ity. But, much slower growth rates increased the den-  
sity of cusps remarkably.  P re l iminary  results at 
700~ show that about •  thickness uni formi ty  can 
be achieved repeatably. It has also been demonstrated 
that with slower growth rate (about 800 A/min )  at 
lower growth temperature,  one can achieve reproduci-  
ble submicron layers when  any oxide layer  present  is 
removed with aqueous HC1 and the melt  saturat ion is 
t r immed with a source-seed crystal. 

Summary and Conclusions 
The control led-growth mechanism and the factors 

affecting it, along with the necessary countermeasures,  
have been examined in detail for the growth of sub-  
micron FET layers. Remarkably  good agreement  be-  
tween theory and experiments  has been achieved. The 
temperature  dependence of the As diffusion coefficient 
determined by Rode has been reaffirmed. It has also 
been demonstrated that with slower growth rate  
(about 800 A/ra in) ,  at lower growth temperature,  one 
can achieve reproducible submicron layers when any 
oxide layer present  is removed with aqueous HC1 and 
the melt  sa turat ion is t r immed with a source-seed 
crystal. 
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ABSTRACT 

Unusual  effects are seen when heavily p-doped polycrystal l ine Si is de- 
posited via the H2/B2H6/SiH4 system. For example, mater ia l  resistivity does 
not diminish monotonical ly as ]d2H6 abundance is increased; also, resistivity 
var iat ion due to subsequent  layer oxidation is not monotonic. Manip.ulation of 
these and associated effects, such as variat ion in the volumetric  conversion 
ratio to the oxide, can result  in  product improvements.  

There are many  cases in current  semiconductor tech- 
nology in which doped polysilicon layers find utility, 
such as gate electrodes and device field shields (1, 2). 
In  general, applications make demands on poly-Si  
properties, such as etch characteristics, mater ia l  re-  
sistivity, and mater ial  response to oxidation cycles. 
Since satisfying these requirements  is not always pos- 
sible with a s tandard material,  several compromises 
are usual ly  necessary. 

In  this paper, we describe some unusua l  effects that 
are present when  B2H6 is used to heavily dope the 
poly-Si  layer  during deposition. By properly man ipu -  
lat ing these effiects, one can effectively gain several 
distinct processing advantages. 

Description of Experiments 
The poly-Si  layers were deposited on 21/4 in. p-type,  

2 ohm-cm substrates, upon which about 300A of Si3N4 
had been previously deposited. Sill4, di luted to 5% in 
N2, was the silicon source used. In  general, poly-Si  
layer  thickness was in tended to be near to 4500A; 
however, tests in  other thickness ranges gave similar 
results. 

Poly-Si  thickness measurements  were most often 
made by mechanical  methods, al though some data 
were taken using reflectance spectra techniques. Re- 
sistivity data were calculated from four-point  probe 
measurements.  Oxide thickness over the poly-Si  was 
general ly  derived from reflectance spectra. 

Most experiments  consisted of several runs, with 
B2H6 flow rate as the variable  between runs;  dummy 
runs were made, as needed, to stabilize the reactor 
background doping levels. The samples thus generated 
were then subjected to a var ie ty  of tests (e.g., thick- 
ness, Rs and etch rate determinat ions)  as well  as to 
several additional processing sequences, such as oxida- 
tion unde r  various conditions and pa t te rn  etching. 

Exper imental  sets were processed over the tem- 
perature range of 750~ to about 1000~ using differ- 
ent  carrier gases (N2 or H2), and in different reactor 
types. While the effects to be discussed showed some 
sensit ivity to such processing changes, these influences 
were relat ively minor  compared to the effects de- 
scribed below. 

Discussion 
Preliminary experiments: as-deposited material re- 

sistivity.--Assuming that  the  fraction of electrically 
active B incorporated into the growing poly-Si  film is 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 l~res~nt a d d r e s s :  C a m b r i d g e  M e m o r i e s  Inc . ,  P o u g h k e e p s i e ,  N e w  

Y o r k  12603. 
K e y  w o r d s :  po lys i l i con ,  B~I-I6 ( d i b o r a n e ) ,  s i l i con  b e t i d e ,  b o r o n  

s i l ic ide ,  p o l y - S i  ox ide .  

reasonably independent  of boron availabili ty,  one ex-  
pects that  the boron concentrat ion in  the film will  be 
approximately l inear ly  dependent  on B2H6 input  flow 
rate, at least insofar as the flow rate is much less than  
the total rate of flow in  the reactor 

Na ~ K[B2H6] [1] 

where K is some constant  and [B~H6[ is the flow rate 
of the dopant. If this were true, one should be able to 
plot the (average) mater ia l  resist ivi ty against  ]B2H6J 
(and thus Na, by virtue of [1]) and achieve a func-  
t ional dependence similar  to published data (3). This 
type of funct ional  dependence is approximately given 
by 

p ~ A I B 2 H 6 1  - B  [2] 

in which p is the average poly-Si  resistivity, and 
where A and B are positive constants over some range 
of JB2HTI. This approximation had previously been 
shown to be reasonable in  the range of p ~ 1 ohm-cm 
for n - type  dopants. In  this study, the first several runs 
also showed p to depend on IB2H61 in approximately 
this manner,  as shown in Fig. 1. 

Certainly, p is expected to be a monotonical ly  de- 
creasing funct ion of ]B2H61; the fact that this assump- 
tion fails at high values of [PaH6[ is shown in  Fig. 2. 
The anomalous increase in p at high B2H6 flew rates is 
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Fig. 1. Expected behavior of p on IB2H6] 
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Fig. 2. As-deposited resistivity as o function of B2Ho flow rate 

at t r ibuted to the formation of a new phase, possibly 
one of the silicides of boron. 

The anomaly noted above was the first of several 
which appeared over the course of addit ional study. In  
general, these effects were somewhat responsive to 
changes in processing conditions and reactor type, but  
not extremely so. The process reported in  Table I was 
chosen as the vehicle for addit ional experiments.  Table 
II displays B2Hs flow rate values for a typical four-  
r u n  exper imental  set. 

Poly-Si deposit rate.--Typical mater ia l  deposit rates 
are also shown in Table II. In some experiments,  qual i -  
tat ive agreement  with published data was noted (4). 
In  other cases, the growth rate showed a complicated, 
nonmonotonic dependence on B2H6 flow rate and other 
process variables. Since the range of var ia t ion from 
run  r r un  in an exper imental  set was general ly less 
than • extensive study of deposit rate phenomena 
was not under taken.  

Poly-Si oxidation rate.--Wafers from one experi-  
menta l  set were subjected to oxidation in steam at 
1050~ These samples were prepared as noted in 
Tables I and II. 

After  init ial  characterization, the wafers were oxi- 
dized for 7.5 rain, cooled, and halved. One half was re-  
tained for measurements  and the other half was proc- 
essed further.  This procedure was repeated twice, the 
second oxidation being for 7.5 min, and the final cycle 
having 15 rain of oxidation. 

Poly-Si  thickness was measured on each sample. The 
most convenient  plot of poly-Si  thickness over oxida- 
t ion time is on semilog scales, as i l lustrated in Fig. 3. 
The same informat ion is displayed in Fig. 4, in which 
the amount  of poly-Si  consumed by the oxidation step 
is plotted against oxidation time. The data showy the 
following features: (i) heavily doped samples oxidize 
somewhat faster than l ightly doped samples; (ii) the 

Table I. Process for boron-doped poly-Si experiments 

H~ 65 S.L. / rnin  
SiHr (5% in N2) 500 S .C.C. /min  
B2H~ (0.05% in H2) 0-2000 S.C.C./mir~ 
T e m p e r a t u r e  930~ 

Table II. B2H8 flow rate and poly-Si deposit rate, typical 
experimental set 

B.~H6 flow ra te  Poly-Si  
(S.C.C./min)  deposi t  ra te  

Run n u m b e r  (0.05% B2H~ in N2) (A/min)  

1 200 160 
2 800 152 
3 1600 134 
4 30 173 

6 0 0 0 J ~  
5000 ~ ~ . , ~  

~ 5 0 0 0 -  

.~2000- ~,, ~ 
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o_ 
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Fig. 3. Poly-Si thickness as a function of oxidation time for sev- 
eral values of ]B2H61. 
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Fig. 4. Amount of poly-Si removed as a function of oxidation time 
for several values of IB2H6[. 

variat ion in oxidation rate is about +__15%; and (iii) 
the per cent variat ion in material  removal rate di-  
minishes as oxidation t ime increases. 

These data can be summarized with the s ta tement  
that poly-Si  oxidation rate (under  the aforementioned 
conditions) is not very dependent  on the B2H6 flow rate 
during deposition. While this conclusion does not seem 
unusual,  it is quite important  in regard to the results of 
the next  section. 

Poly-Si to Si02 volume conversion factor.--Another 
parameter  of interest  is the amount  of oxide generated 
when a uni t  thickness of the deposited poly-Si  layer is 
consumed during oxidation. We define the character-  
istic quanti ty,  conversion ratio (C.R.), as 

Tox 
C . R . -  [3] 

ATpoly-Si 

where Tox is the oxide thickness measured over the 
the poly-Si, and where ATpoly.Si is the amount  of de- 
posited mater ial  consumed by the oxidation process. 
Since we are dealing with a very boron-r ich material,  
we should expect that the C.R. observed is not equal 
to that obtained from pure  silicon. If the mater ia l  has 
average stochiometry given by SizBy, then the expected 
value for C.R. would be 

x y 
C.R.(expected)  : - - "  C . R . s i  " ~ - - - "  C . R . B  [ 4 ]  

x ~ - y  x - ~ y  

where C. R.si and C.R.B are the respective C.R. values 
for Si and B. C.R.si is about 2.1, and C.R.B is expected 
to be between about 3.0 and 5.0. The observed value of 
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C.R. for the composite mater ial  should then asymptote 
to about 2.1, for small values of IB2H61 during deposi- o 
tion, and should approach 4.0 or greater  for samples ~- 
deposited with high diborane flow rates. Measurements o . i  
of sample C.R. show exactly this type of behavior, as __4 [6 
shown in Fig. 5 and 6. The data suggest an effective ~-- 
C. R. for the boron component  of about 4.5. Extending ~_ 
the analysis a bit fur ther  allows an expression to be ~ 12 
generated for the ratio x/y,  in  terms of the observed 
sample C.R. ~ s 

4 . 5  - -  C . l : ~ . ( s a m p l e )  
-- = [5] 

y C . a . ( s a m p l e )  - -  2.1 7 4 

Material resistivity after oxidation.~Another effect ~- 
noted during these experiments  dealt with the response ~ o 
of-p, in  samples prepared as described above, to oxida- 
tion cycles. It  is a we l l -known fact that  boron tends to 
segregate into the SiO2 layers formed on the silicon 
dur ing oxidation. Since less dopant then remains in  
the silicon, this effect is general ly evidenced by an 
increase in p. As i l lustrated in Fig. 7, the expected re-  o~ 
sponse is, in fact, observed on l ightly doped samples: :~ 
resistivity increases markedly  as a funct ion of oxida- ~ 16 
t ion time. Heavily doped samples, however, exhibit  -~ 
anomalous behavior, as i lustrated in Fig. 8. On these ~ ~- 
samples, it can be observed that p a c t u a l l y d i m i n i s h e d  12 

as oxidation time increased. In  Fig. 9, p is plotted 
against  B2H6 flow rate, with oxidation t ime as a pa ram-  ~ 8 

eter. Note that if the poly-Si  deposition is performed 
with IB2HsI value near  about 550 S.C.C./min, the mate-  ~- 
rial  resistivity is almost insensit ive to oxidation time, ~ 4 
at least over the range of var iat ion explored. V- 
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Fig. 5. Amount of oxide grown from the poly-Si as a function of 
oxidation time for several values of IB2Hol. 
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Fig. 7. Average resistivity as a function of oxidation time for a 
lightly doped sample. 

~ B2H6= 1600  

~'( B2H 6 = 8 0 0  
w 
LL 0 I I I I 
LL 
uJ 7.5 15 3 0  

OXIDATION TIME (MIN) 

Fig. 8. Average resistivity as a function nf oxidation time for 
heavily doped samples. 
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Fig. 9. Dependence of p on B2H6 flow rate far several oxidation 
times. 

This phenomenon is apparent ly  due to at least the 
following three s imultaneous effects: (i) grain growth 
in  the poly-Si;  (it) depletion of the boron into the 
already boron-r ich oxide; and (iii) decomposition of 
the hypothesized new phase in  such a m a n n e r  as to 
keep the B concentrat ion in  the poly-Si  layer  near  the 
solubil i ty limit. In  contrast, simple hea t - t rea tment  of 
similar samples caused little, if any, change in average 
resistivity. In  such cases, the phase decomposition can 
apparent ly  occur only to the extent  that  grain  growth 
also occurs; the phase must  cont inue to exist unless a 
"sink," such as oxide, is available to accumulate excess 
boron. 

Poly-Si etch rate.--Poly-Si etch rate as a funct ion of 
]B2H61 was also investigated. The etchant used here 
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Fig. 10. Poly-Si etch rate as a function of IB2H61 

was composed of HF, HNOs, and acetic acid in pro- 
portions 1:26:33. The etch rate of undoped poly-Si  in  
this solution is general ly near  1500 A/min,  increasing 
slightly with p-doping near  the 0.05 ohm-cm range of 
resistivity. 

When the poly-Si  is boron doped into the low 10 -3 
ohm-cm region, however, the etch rate decreases 
rapidly, as shown in  Fig. 10. This behavior  is also 
a t t r ibuted to the hypothesized silicide phase wi th in  
the composite material .  

Conclusion 
The various types of anomalous behavior discussed 

above were found to be fair ly reproducible, and the 

existence of such effects is now quite well established. 
Similar  tests made with AsH3 and PH3 showed no 
anomalies, at least in the resistivity regions of interest  
here. To this time, no at tempt has been made to more 
precisely identify the apparent  new phase in  the B2H~ 
case. 

It is not difficult to imagine many  cases in which 
proper manipula t ion  of such effects can result  in sig- 
nificant processing advantages. In  the cases at tempted 
to date, results have followed expectations ra ther  well. 
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Effect of III/V Ratio on the Properties of 
Vapor Phase Epitaxial GaP 

G. B. Stringfellow* and H. T. Hall, Jr. 

Hewlett-Packard, PaIo Alto, California 94304 

ABSTRACT 

The effect of I I I /V ratio in the gas stream on the properties of GaP grown 
by the vapor phase epitaxial (VPE) technique has been studied. At the sub- 
strate temperature  of 840~ the ni t rogen dis tr ibut ion coefficient is found to 
increase strongly with increasing I I I /V ratio. Equi l ibr ium thermodynamic cal- 
culations explain the dependence well. On the other hand, the residual doping 
level, believed to be due to S, has the opposite dependence on I I I /V ratio 
which is not understood. The minor i ty  carrier l ifetime and diode efficacy 
are observed to increase with I I I /V ratio. An  analysis of this behavior  indi-  
cates the dominant  nonradiat ive recombinat ion center in this material  may be 
a deep acceptor residing on the Ga sublattice, such as Cu or Fe. 

The family of I I I -V compounds is general ly very stoi- 
chiometric because of the strong covalent bonding. 
This characteristic is important  for many  of the prop- 
erties of these semiconductors, including the abil i ty to 
be doped both n-  and p-tylze and the very slow sub-  
st i tut ional  diffusion observed in them. 

There are few reliable studies on the actual degee 
of nonstoichiometry, but  recent studies on the Ga com- 
pounds have indicated that the stabili ty range is 
largely on the Ga-r ich side of perfect stoichiometry 
(1-4), the dominant  defect probably being vacancies 
on the Group V sublattice which may exist with con- 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  GaP ,  s t o i c h iome t ry ,  l i g h t  e m i t t i n g  diodes, vapor 

phase ep i t axy .  

centra~tions of up to 101'9 cm -3 (1-4). In  GaAs and GaP, 
these vacancies are apparent ly  electrically and opti- 
cally inactive, but  in GaN they render  the material  
always n- type  (5, 6). The Ga vacancy, al though pres- 
ent in  smaller numbers,  appears to be a deep acceptor, 
and there are many  reports that it acts either alone or 
paired with various donor impurit ies as a nonradia t ive  
recombinat ion center which reduces the minor i ty  car- 
rier l ifetime and recombinat ion efficiency (7-11). 
Photoluminescence and absorption peaks in the inf ra-  
red are sometimes ascribed to such defects (12-14). 
Arsenic intersti t ials rather  than  Ga vacancies have also 
been implicated in these effects (15, 16). 

The experiments usual ly considered to give the most 
rel iable indication of the effect of Ga vacancies on ma-  
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terials properties are those in which the activity of 
Ga, aca, is changed systematically in a series of growth 
runs while moni tor ing the change in  some property 
which depends on the gall ium vacancy concentration. 
In  LPE experiments,  this requires changing from the 
V-rich to the Ga-r ich  side of the l iquidus at a fixed 
temperature  (8) or changing the temperature.  In  VPE, 
the I I I /V ratio, which is defined as the ratio of HC1 
to PH3 in  the input  gas stream, is s imply changed. 
However, as discussed later, aGa, the quant i ty  which 
will be used to specify t he  gas phase stoichiometry at 
the solid-vapor interface, is not l inear ly  proport ional  
to the I I I /V ratio as is normal ly  assumed (14, 17-19). 
The problem with this type of exper iment  is that  the 
results are always ambiguous. The defect responsible 
for changes in  the property being monitored cannot be 
identified with cer ta inty because changes in aoa affect 
the dis tr ibut ion coefficients for Ga site impuri t ies  and 
VGa in  the same way (20). 

In  VPE GaP similar to that  to be described in the 
present  study, the major  residual donor impurit ies 
have been identified and the donor and acceptor con- 
centrat ions were found to be <1016 cm -3 for n i t rogen-  
doped mater ia l  (21). In  this study, we have systemati-  
cally varied the I I I /V  ratio dur ing a series of VPE 
runs  and observed the effects on ND, NA, ED, and the 
ni t rogen doping level. Taking these effects into ac- 
count, we have then at tempted to unders tand  the in-  
fluence of vapor phase stoichiometry on the minori ty  
carrier l ifetime and diode efficiency. 

Exper imenta l  
The PH3-HC1-Ga-H9 system was used to grow the 

GaP layers. The details have been presented elsewhere 
(22), but  the impor tant  feature is that  the system is 
rf heated so all the hot elements which the gases con- 
tact are high pur i ty  graphite. The LEC GaP sub-  
strate, either n + sulfur  doped or semi- insula t ing  Cr 
doped, was oriented 4 ~ off the (100) plane. The sub-  
strate tempera ture  was 840~ for all experiments.  

The GaP doped only with N was characterized by 
measuring:  (i) the photoluminescent  spectrum which 
yields the ni t rogen concentrat ion (22) and informat ion 
about  deep levels in  the material ;  (ii) the minor i ty  
carrier l ifetime by photoluminescent  decay measure-  
ments  (23); and (iii) the diode efficacy, B/J.  All of 
these measurements  are s tandard and have been de- 
scribed in  previous publications. The efficacy measure-  
ments  were made on diodes with absorbing back con- 
tacts without epoxy encapsulation. The electrical prop- 
erties of this material,  which is always observed to be 
n - type  under  the conditions described, were measured 
by making van  der Pauw measurements  vs. tempera-  
ture, which can be in terpre ted to yield ND, NA, and ED 
(21). 

Results 
The growth conditions used for the series of runs  

are listed in  Table I. For  runs  611-618, an at tempt  was 
made to keep as many  parameters,  including growth 

Table I. Growth conditions for runs with varying I I I /V  ratio. 
All runs were carried out with a substrate temperature of 840~ 

G r o w t h  
~ u r l  ]epH 3 ~HC1 ~H 2 IeNH 3 ~eHOl/~ptt ~ r a t e  
No.  ( s eem)  ( seem)  ( s e e m )  ( s eem)  ( I I I / V r a t i o )  ( /~/min)  aam 

604 3.3 16.7 613 0.9 5.1 
605 3.3 15.5 613 30.0 4.7 
606 3,3 14.6 613 50.0 4.4 
611 6.6 17.8 775 30.0 2.7 
612 6.6 16,0 775 30.0 2.7 
613 6.6 34,8 775 15.3 6.3 
614 6.6 66.4 775 7.75 10.1 
615 6.6 71.2 775 5.4 10.8 
616 6.6 5.4 775 47.8 0.82 
617 13.2 5.9 1100 57.3 0.45 
618 18.8 5.4 1369 61.2 0.29 
8 1 9  6 . 6  68.0 1100 2 3 . 0  5 . 2 0  

rate and ni t rogen concentrat ion in  the solid, as con- 
stant  as possible. Thus for high I I I /V ratios, where the 
PI-I8 flow rate controls growth rate, the PH3 flow rate 
was held at a value giving a growth rate of ~1  ~m/ 
rain. At low I I I /V  ratios, the HC1 flow rate  was held 
at this value and the PH3 flow rate increased, to again 
main ta in  N1 ~m/min  growth rates. The NHs flow 
rates were varied to give what  was calculated to be a n  
approximately constant  ni t rogen concentration. 

One problem with t rying to cover such a wide range 
of I I I /V ratios is that the morphology becomes bad at 
both high (pyramids) and low (pits) I I I /V  ratios 
(24). However, the morphology was sufficiently good 
to allow fabrication of van  der Pauw samples and 
LED's over the ent i re  range of I I I /V  ratios from 0.3 to 
10. 

Nitrogen incorporation.--The most easily interpreted 
parameter  found to vary  with I I I /V  ratio is the n i t ro-  
gen distr ibution coefficient. As reported previously 
(22), at 840~ the exper imental  sol id/vapor dis t r ibu-  
t ion coefficient agrees with an equi l ibr ium thermody-  
namic calculation. The calculation basically consists of 
using the N incorporation react ion 

3 
GaCl(g)  -~ NHa(g) ----rGaN(s) -t- HC1 -[- ~-H2 [1] 

to calculate X G a N / P N H 3  using the data of Thurmond  and 
Logan (25) for AGf~ a value of 23,000 cal /mole 
for ~s used to calculate the activity coefficient of GaN 
in the GaP-r ich  solid (26-28) and values of P~acl a n d  
PHCI at the solid-vapor interface which must  be cal- 
culated. The mass action relations for the two reactions 

'GaCl(g) ~- 1/2 P2(g) : GaP(s )  ~-HCI(g)  [2] 
and 

2P2(g) -~ P4(g) 1:3] 

are used with the conservation conditions 

P P H 3  ~ - -  2 P P 2  - -  4 P P 4  : PGaCl  ~ - -  PGaCl  [ 4 ]  

P H C l  ~ • P H C l  -~  PGaCl  [ 5 ]  

to determine the four parameters  PGacl, PHCI, PP2, and 
PP4 given the input  conditions p p H 3  ~ and PHCl o and the 
substrate temperature.  The experimental  data are com- 
pared with the calculated dis t r ibut ion coefficient vs. 
I I I /V ratio in Fig. 1. The calculation describes the re-  
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sults very well. Notice that the dis tr ibut ion coefficient 
does not vary l inear ly  with I I I /V ratio.. This is because 
the actual I I I /V ratio at the growing interface Poacl/ 
2pp 2 + 4pp 4 is of course not equal to the " I I I /V ratio" 
defined as pHcl~ H3 ~ For a l inear  relationship between 
dopant, concentrations and I I I /V ratio, the I I I /V ratio 
at the gas-solid interface must  be used. This is an im-  
portant  point  general ly  ignored by many  papers deal-  
ing with the I I I /V ratio effects on VPE materials (14, 
17-19). In  fact, a very convenient  quant i ty  for express- 
ing stoichiometry is aGa defined as pGa(g)/PGa ~ (T).  This 
can be used to compare the stoichiometry of the solid 
with that  obtained by LPE. For the high I I I /V ratios 
used in this work, aGa is near ly  equal to that  for LPE. 
The equi l ibr ium values calculated for aGa are listed in 
Table I along with the I I I /V ratio to give an idea of 
the relationship between the two. In  applying these 
thermodynamic calculations to N incorporation, it must  
be acknowledged that  the incorporat ion need not be 
thermodynamical ly  controlled, as is the case for S dop- 
ing to be discussed below. In  fact, at 820~ the N con- 
centrat ion in the solid is substant ia l ly  higher than the 
solid solubil i ty l imit  (26). However, the success 
achieved in calculating the absolute magni tude of the 
distr ibution coefficient and its dependence on I I I /V 
ratio at 840~ all with no adjustable parameters,  in-  
dicates that the solid-vapor equi l ibr ium is the deter-  
min ing  factor in this case. 

Doping leveL--Since the residual donor in  ni t rogen-  
doped GaP has been identified as S in  previous in -  
vestigations (21), one would expect a relationship be-  
tween ND and I I I /V ratio similar  to that for nitrogen, 
since both reside on the P sublattice so both should be 
proportional to aGa. However, the results have the op- 
posite dependence. As seen in Fig. 2, ND, NA, and ND -- 
NA decrease as the I I I /V ratio and aca increase. This is 
similar to the results of Enst rom et al. (29) on GaAs, 
which they at t r ibuted to kinetic effects, namely  the 
change in the sticking coefficient with I I I /V ratio. If 
the residual donor were a Group IV impuri ty,  ra ther  
than S, we could unders tand  the effect thermodynami-  

cally, but  the ionization energy and previous optical 
absorption experiments seem to rule out all donors 
excepr S. Because of the dependence of NA on aoa, one 
might conclude that the acceptor resides on the Ga 
site, but  this is uncer ta in  in light of the results for the 
donor. An interest ing observation is that  the ratio 
ND/NA remains near ly  constant. Similar  results have 
been reported by Okamoto et a[. (17) and Ashten et al. 
(30) for VPE GaAs. A similar t rend is also observed in 
the data for VPE GaP of Craford et al. (31). 

Minority carrier li]etime and quantum efficiency.--A 
very significant effect of the I I I /V ratio is on the mi-  
nori ty  carrier lifetime. In  Fig. 3, the reciprocal of the 
photoluminescent  decay time is plotted vs. I I I /V ratio. 
A t rend to longer l ifetime at high I I I /V ratio is ob- 
served, similar to the results reported by Wessels (19) 
for charge storage times measured in VPE GaP over a 
much nar rower  range of I I I /V ratio. For  comparison, 
we include the solid l ine given by the expression 

1/~ = A/aGa [6] 

where aGa is the activity of Ga calculated at the grow- 
ing interface and the parameter  A is adjusted to give 
the best fit to the data. 

A number  of studies of deep nonradia t ive  recom- 
binat ion centers (NRC's) have been performed re-  
cently. Hamil ton et al. (32) observed that in  undoped 
LPE GaP the lifetime is inversely proport ional  to the 
concentrat ion of a NRC observed at 0.75 eV above the 
valence band. Other workers have presented evidence 
at tempting to identify specifically the point defect re- 
sponsible for determining the lifetime. In  heavily n-  
type samples, the complex VG~-(Dp)~ (11, 14) is be-  
lieved to dominate. Other complexes, such as SiGa-Op. 
CGa-Op (34), VGa-Te2 (35), and VGaPGaVGa (36) have 
also been suggested to be NRC's. Smith a n d  Abbott  
(37) found in undoped LPE GaP that Lp was propor-  
t ional to n-1/2 and implied from this that  Sil, was the 
dominant  NRC. In fact, any deep center b inding two 
carriers such that it can produce Auger recombinat ion 
is a possible NRC (38). A number  of possible NRC's 
are tabulated in  Table II for convenience. 
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(10). The data are from the present work ( Q )  and for charge 
storage times in VPE samples reported by Wessels (19) ( A ) .  
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Table !1. Behavior of several postulated NRC's as a function 
of I I I /V  ratio. In the table n _ d(Iog[NRC])/d(aGa). 

Experimentally n = - -1 .  

Refer- Comparison with Possible 
NRC ence n experiment NRC 

Sip (37) + 1 
VGa (i0) -- 1 
Dp (Group VI) --I* 
Doa (Group IV) --i 
A ~  (Group II)  --I 
Cu or Fe (40) --I 
Voa-Op ( 3 4 )  0 
SiGa-OP (33, 34) O 
C~-OP (341 0 
V G a - T e s  ( 3 5 )  1 ( - -  3 " )  
VGa- (DP)a (11, 15) 2 ( - -4" )  
(VGa) 2-PGa (36) -- 4 

7" 100X too small 
Shallow, not  NRC 
Shallow, not  NRC 
Group  I I - - n o t  NRC 
Good X 

* If Dp incorporation is kinetically control led as described in the 
text. 

For our system, several possible NRC's can be el imi-  
nated immediately,  based on the dependence of �9 on 
stoichiometry. Since the concentrat ion of the NRC is 
apparent ly  proport ional  to 1/aGa, if the defect is an iso- 
lated point  defect, it must  reside on the Ga site. This 
assumes equi l ibr ium incorporation, of course, and thus 
the Group VI P-si te  donors are an exception and must  
also be considered; however, they are common shallow 
donors and hence have not been reported to act as 
NRC's. Since the NRC must  reside on the Ga sublat-  
tice, all  Group IV acceptors, including Sip must  be 
eliminated. Furthermore,  none of the complexes listed 
in Table II have the proper dependence on aGa. For ex- 
ample, the VGa-(Dp)3 complex should have a concen- 
t ra t ion proport ional  to (aca) 2 for equi l ibr ium incor-  
poration, or (aGa)-4 for kinetical ly l imited incorpora- 
tion of Dp. Similarly,  the VGa-Te~ complex can be 
eliminated. The concentrations of Sica-Op, C G a - O P ,  and 
VGa-OP should be independent  of stoichiometry. This 
leaves VGa, Dca, and ACa as the remaining  possibilities. 
The l ifet ime associated with Ga vacancies can be pre-  
dicted from the results of Jordan  et al (10). The re-  
sul tant  lifetimes are 100 times longer than  observed 
in this study. 

The Croup IV elements are the major  Ga-si te  donors. 
They are well established to form shallow levels and 
are not believed to be NRC's. In  our present  system, in 
fact, the concentrat ion of Si in the GaP epilayer can 
be reduced by adding NH3 (21) with little change in 
lifetime. This indicates the Siaa at the 1017 cm -~ level 
is not the dominant  NCR. Similar  results were re-  
ported by Wessels (19). The effect of Sn doping is not 
clearly established but  p re l iminary  results indicate that 
at a concentrat ion of 1017 cm -3 Sn does not affect the 
l ifetime in  N-doped GaP (39). 

The Group II and IIB acceptors, Mg, Cd, and Zn, are 
common dopants in I I I -V compounds and at the con- 
centrat ions considered here do not decrease the life- 
time. This leaves the t ransi t ion metals, such as Fe or 
Cu, which are deep acceptors and are believed the most 
logical choice. However, one possible inconsistency ob- 
served is that the Cu acceptor level has been deter-  
mined to be 0.55 eV (40) above the valence band while 
Hamil ton et al. (32) found the ionization energy of the 
dominant  NRC to be 0.75 eV for LPE GaP. However, 
it is possible that  the dominant  NRC is different for the 
present  VPE GaP than  for the LPE mater ial  used by 
Hamilton. The results of this analysis are summarized 
in Table II. 

One other possibility which could make the simple 
thermodynamic  analysis  inval id  would be the redistr i -  
but ion  of point defects dur ing cooling. This s i tuat ion is 
impossible to analyze but, as suggested by Van Vechten 
(36), it could result  in the concentrat ion of VGaPGaVGa 
centers being proport ional  to aca -1, as observed ex- 
perimental ly.  If indeed the association reaction con- 
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Fig. 4. Diode efficacy (fL/A/cm 2) measured at J ---- 10 A/cm~ 
and minority carrier lifetime (nsec) vs. I I I /V  ratio in the gas stream. 

t inues unt i l  all Ga vacancies are used up, any of the 
defects involving one Ga vacancy are possibilities. 

The change in  minor i ty  carrier l ifetime is also man i -  
fest as a change in the efficacy of LED's fabricated in 
this material.  The efficacy is plotted along with the 
l ifetime vs. I I I /V ratio in Fig. 4. In  spite of the scatter, 
a clear t rend to increasing efficiency for samples grown 
at high I I I /V ratios is observed. More scatter is ob- 
served for efficacy than lifetime measurements  par t ly  
because the ni t rogen concentration, an impor tant  fac- 
tor in the determinat ion of efficacy (22), is not com- 
pletely constant. 

Stewart  (14) reported in  GaAs,P with ND -- NA > 
1017 cm -3 the presence of a photoluminescent  peak at 

9500A the intensi ty  of which was observed to vary 
with I I I /V ratio. In  the VPE GaP samples used in  the 
present  study, the only photoluminescent  peak ob- 
served in the infrared (out to 12,000A) was a small  
peak at ,-, 7000A. The intensi ty  of this peak was small, 
about 1% of the green peak and independent  of I I I /V 
ratio. 

Conclusions 
A carefuIly controlled set of exper iments  was pe r -  

formed where the I I I /V ratio in the input  gas phase 
was varied systematically from 0.3 to 10. In  these ex- 
periments,  the flow rates were varied in  such a way as 
to keep the growth rate and ni t rogen concentrat ion in 
the solid as near ly  constant as possible. The samples 
were then characterized by measur ing ND and NA, the 
ni t rogen concentration, the major i ty  carr ier  l ifetime 
(photoluminescent  decay t ime) ,  and the efficacy of 
LED's fabricated by Zn diffusion in  the material.  

The ni t rogen incorporat ion is found to increase with 
increasing I I I /V  ratio and to be well  described by 
thermochemical  calculations. The donor and acceptor 
concentrations and ND -- NA are found to decrease as 
the I I I /V ratio is increased. The lifetime and diode 
efficacy are both found to increase with increasing I I I /  
V ratio. This is thought to indicate that a deep impur -  
ity, probably a t ransi t ion metal  acceptor residing on 
the Ga sublattice, is responsible for the nonradiat ive 
recombinat ion in  this material.  
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Epitaxial Deposition of PkSnl_ Te on 
Pb Snl Te Substrates in a Closed System 

Sidney G. Parker* 
Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

Epi tax ia l  films of Pb0.79S~0.21Te, which were  p - t y p e  with  car r ie r  concen-  
t ra t ions in the t017/cm a range were  deposi ted on Pb0.79Sn0.2tTe (100) sub-  
s t ra tes  in a closed sys tem at a ra te  of 1.5-3.0 ~m/hr .  The ep i tax ia l  films were  
deposi ted f rom stoichiometr ic  or s l ight ly  me ta l - r i ch  charges at 425~176 
Those films which were  deposi ted n - t y p e  contained meta l  inclusions. The 
morpho logy  of the  films was influenced by defects in the substrates,  subs t ra te  
t empera ture ,  and charge composition. Fi lms up to 100 ~m in thickness were  
obtained.  In f ra red  de tec tor  a r rays  wi th  b lackbody  detect ivi t ies  of 10 l~ cm 
Hzl/2/W at 77~ were  made  on the epi tax ia l  films using a Schot tky  ba r r i e r  
technique.  

Epi tax ia l  films of PbTe and PbxSnl -xTe  have been 
deposi ted for fabr icat ion of inf rared  detectors,  which 
are  used for var ious  the rmal  imagery  applications.  
These films have  been  grown by  vacuum evapora t ion  
techniques,  vapor  t ranspor t  in flow reactors,  and  f rom 
l iquid phases (1-12). Fi lms deposi ted by  vacuum 
evapora t ion  m a y  va ry  in composit ion because of the  
nonequi l ib r ium condit ions which are  inheren t  in this 
process. Vapor  t ranspor t  in a flow sys tem has given 
good qual i ty  films but  wi th  film thickness l imi ted  to 
10-20 s m  (8). Epi tax ia l  g rowth  f rom l iquid phases can 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key words: IV-VI  c o m p o u n d s ,  ir~frared detectors, carrier control, 

vapor phase epitaxial growth, 

give e lementa l  inclusions unless g rea t  care  is taken.  
The subst ra tes  used for ep i tax ia l  deposi ts  have in-  
cluded BaF~, NaCl, PbSe, PbTe, and PbxSnl-xTe.  Most 
of the  epi taxia]  films have  been made  on NaCI or BaF2 
subst ra tes  because of the unava i l ab i l i t y  of good qual i ty  
PbTe or PbxSn1-xTe substrates.  Use of BaF2 and NaCI 
as subst ra tes  causes cracks and strains  to develop in the  
epi tax ia l  films because of differences in the rmal  co- 
efficients of expansion of the subs t ra te  and the epi-  
t ax ia l  layers.  

In  an effort to avoid some of these  problems,  epi-  
t ax ia l  growth  of PbxSnl -~Te  films on single crys ta l  
subst ra tes  of PbxSnl -~Te  by  vapor  t ranspor t  in a 
closed sys tem was studied. This approach  was taken  
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because of our success in growing large single crystals 
of PbTe and PbxSnl -zTe  by vapor t ransport  in a closed 
tube (13). Further ,  it was hoped that epitaxial growth 
in a small  quartz tube sealed under  vacuum would give 
films under  more equi l ibr ium conditions than those 
existing in dynamic vacuum evaporations or in flow 
systems. The large, single crystals were grown at tem- 
peratures  800~176 while the epitaxial  films were to 
be made at substrate temperatures  of 425~176 The 
lower substrate temperatures  were selected in an at-  
tempt  to obtain low carrier concentrations in  the epi- 
taxial  films which was not always possible using other 
vacuum evaporation methods. Further ,  it was hoped 
that deposition conditions could be established such 
that epitaxial  films of --~ 30 #m thickness could be laid 
down in  a few hours with a carrier concentrat ion of 
1017/cm3. To avoid the Burstein shift with subsequent  
decrease in  the wavelength cutoff and efficiency of 
PbxSnl-xTe infrared detectors, the carrier concentra-  
tion must  be --~ 1017/cm ~. Slices from bulk  crystals of 
PbzSnl -~Te  as-grown have carrier concentrations of 
3 X 1019/cm 3 and require one month  of meta l - r ich  an-  
neal ing to br ing the carrier concentrat ion down to the 
low 1017/cm 3 range. 

Experimental 
The quartz reactor that was used for the growth of 

epi films is i l lustrated in Fig. 1. The apparatus was 
similar  to that used in crystal growth with the excep- 
t ion that a constant  diameter, larger opening to the 
seed was utilized (13). The quartz tubes were made in 
various diameters to accommodate substrates  from 1 to 
2.5 cm in length. 

The substrates, which were {100}, were cut from 
single crystals of Pb0.79Sn0.21Te with a str ing saw. Sur-  
face irregulari t ies from the sawing operation were re-  
moved from the substrates by lapping with a s lurry  of 
600 mesh SiC. The substrates were then polished on a 
Pel lon pad with concentrated HBr solution containing 
5 volume per cent (v/o)  Br2 unt i l  about 400 #m had 
been removed; removal  of this amount  of mater ia l  was 
necessary to insure removal  of saw damage. The sub-  
strates were then removed from the polishing block 
and etched in HBr-Br2 solution for 2 rain to remove 
small  scratches introduced on the polishing pad. The 
substrates were then electro]ytically etched for 1 rain 
to reveal damage. If no scratches were still present  
and if the number  of dislocations was less than 105/ 
cm, the substrates were used for the growth studies. 
The substrates were etched in I-IBr-Br2 solution again 
by swirl ing for 1-2 rain following the electrolytic etch. 
The substrates were 9-29 mm in length, 5-15 m m  in 
width, and approximately 1.5 mm thick. 

SUBSTRATE s I N N E R  QUARTZ TUBE 

~ :  " ; : ; r - :  : ~ ; "" "" " "" ) %  " " =:~,~/--CHARGE 

HEAT SINK 

The charges varied in composition from those which 
were stoichiometric to those containing 0.1 mole per 
cent (m/o)  excess metals; these charges were com- 
pounded as described for crystal growth (13). Pieces 
weighing 2-3g were used as charges for the epitaxial 
growth experiments.  After  placing the charge in  the 
growth tube, the system was sealed off at 10 -6 Torr. 

Figure 1 also gives a temperature  profile with re- 
spect to the growth tube which was used during an 
epitaxial  growth experiment.  Although the tempera-  
ture of the substrate for the experiment  in Fig. 1 w a s  

500~ with the charge at 610~ substrate temperatures 
of 425~176 were used with temperature  differences 
between the substrate and charge of 150-200~ To 
init iate epitaxial growth, the growth tube was inserted 
into a vertical, resistance heater  already at the desired 
growth temperature  and with the necessary thermal  
difference between the substrate and the charge. The 
length of a growth run  was from 4 to 100 hr. At the 
conclusion of a run  the growth tube was removed from 
the furnace and air quenched. The substrates were re-  
moved from the growth tubes by sawing the quartz. 

Microscopic examinat ion and x - ray  diffraction were 
used to evaluate the crystal l ine qual i ty of the epitaxial 
deposits. Electron microprobe was used to determine 
the composition of the films and their  uniformity.  The 
carrier type was determined by thermal  probe. Schott- 
ky barriers were used to determine the carrier con- 
centrat ion of the epitaxial  films. 

Results and Discussion 
The morphology of the deposits was great ly influ- 

enced by the substrate temperature.  With a substrate 
temperature  ~-- 520~ the deposits had blocklike fea- 
tures as shown in Fig. 2 (a).  Figure 2 (b) i l lustrates the 
surface of a continuous, smooth deposit approximately 
50 #m thick which was laid down with the substrate at 
490~ Both deposits were made from charges of 
Pb0.~91Sn0.2~lTe at 590~ over a period of 24 hr. All de- 
posits laid down at 425~176 from a charge of 
Pb0.791Sn0.211Te were similar in  appearance to that 
shown in Fig. 2 (b). At the higher tempera ture  --~ 520~ 
nucleat ion and growth probably  occur at fewer sites 
than at lower temperatures.  Thus, at the lower tem-  
perature  the increased number  of nucleat ion sites for 
growth probably leads to continuous deposits. It  is also 
possible that more two-dimensional  growth occurs at 
lower temperatures.  Changes in morphology with tem- 
perature have been observed for many  substances (14- 
16), and it has been the general  conclusion that differ- 
ent growth mechanisms predominate  at different tem- 
peratures. Deposition periods ----- 72 hr  wi th  substrate 
temperatures  of 520~176 also gave continuous de- 
posits but  the surfaces were still covered with block- 
like structures. For  epitaxial  growth at 800~176 
which is the temperature  range used for growth of 
large single crystals (13), the deposit surfaces were 
smooth and featureless. Nearly all deposits had regu-  
lar-shaped crystallites or blocklike structures on their  
surface when removed from the growth tube. How- 
ever, these were loosely adhering crystallites which 
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Fig. 1. Diagram of quartz apparatus used for epitaxial growth 
and a temperature profile used in one growth run. 

Fig. 2. Deposit surfaces at different substrate temperatures. (a) 
Substrate at 525~ (b) substrate at 490~ 350X magnification. 
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formed by rapid condensation of vapors dur ing cool- 
down and were easily wiped off with a wet swab. 

The surface qual i ty of the substrate together with 
in ternal  crystall ine perfection affected the morphology 
of the epitaxial  film as has been observed with n u -  
merous systems. Scratches and areas containing dis- 
locations ~ 106/Cl~ 2 lead to i r regular  or blocklike fea- 
tures on the deposit surface. Figure 3 shows the sur-  
face of an epitaxial  film with blocklike structures 
growing from scratches on the substrate. These struc- 
tures extend about 20 #m above the epitaxial  surface 
and demonstrate the effect of more rapid growth at 
dislocations or damaged regions. Usual ly these dam- 
aged regions could not be seen on the polished surfaces 
even under  high magnification, however, the polished 
substrates were electrolytically etched to br ing  out 
these damaged areas. The presence of small  angle grain 
boundaries and dislocations ~ 105/cm 2 seemed to have 
no effect on the qual i ty  of the epitaxial film. The epi- 
taxial films contained 3-i0 times fewer dislocations 
than the substrates on which they were deposited. 

The composition of the charge also had an influence 
on the morphology of the deposits. Charges ranging in 
composition from Pb0.790Sn0.210Te to Pb0.791Sn0.211Te 
gave smooth deposits while charges containing more 
excess metal  gave i r regular  growth surfaces with 
needlelike projections. The needlelike projections were 
found to be metal  rich by microprobe and metal - r ich 
inclusions were found in the interior  of the epitaxial  
layers deposited from these meta l - r ich  sources. Chemi- 
cal polishing of these epitaxial films with HBr-Br2 re- 
sulted in  holes being formed at the metal - r ich inclu-  
sions. Similar  growth features have l~een observed by 
others when using meta l - r ich  charges in other growth 
methods (20-24). The tops of the needlel ike projections 
are rounded and suggest that  a vapor- l iquid-sol id  type 
growth mechanism is involved when excess metal  is 
present. These metal  inclusions cause electrical shorts 
in  the epitaxial  films. The use of Te-r ich charges gave 
irregular  deposits which contained Te inclusions that 
were etched out during processing to leave holes. 

Good qual i ty epitaxial films were grown by proper 
control of charge stoichiometry, substrate surface pre-  
paration, and deposition temperature.  A scanning x- ray  
topograph of a good qual i ty epitaxial film is i l lustrated 
in  Fig. 4. Topographs of the substrates before and after 
deposition of epitaxial  films showed no changes in 
crystall ine perfection. That  the deposits were single 
crystal was also shown by x - r ay  diffraction using the 
large area Laue technique. The x - ray  topograph in 
Fig. 4 shows the epitaxial  film to be rather  uni form in 
texture and free of strains. The white areas correspond 

Fig. 4. Scanning x-ray topograph of an epitaxial film. 4.5X mag- 
nification. 

to scratches and small  holes introduced during the 
handl ing operations. This epitaxial  layer  was deposited 
with the substrate at 490~ and with the Pb0.791Sno.211Te 
charge at 590~ The epitaxial  layer shown in  Fig. 4 
was 60 ~m thick and was deposited over a 24 hr period. 

The epitaxial growth rate was varied by changing 
the tempera ture  of the substrate and the composition 
of the charge. The deposition rate with the substrate 
at 420~ and the charge of Pb0.790Sn0.2~0Te at 590~ 
was 1.5 ~m/hr.  With the substrate at 480~ and the 
charge at 590~ the deposition rate was 2.6 #m/hr .  
Figure 5 shows a photomicrograph of a cleaved sub-  
strate with the epitaxial layer deposited under  these 
conditions. The epitaxial layer  is clearly defined. The 
pits in the surface of the epitaxial layer  were caused 
by mater ial  breaking away during the cleaving opera- 
tion. Material also condensed on the walls of the 
growth tube and grew into small crystals but  this 
mater ial  was not analyzed for its composition. This 
condensation occurred over about half the length of 
the growth tube but  represented only a few per  cent 
of the total charge weight. With stoichiometric charges 
the deposition rates were 30-50% less than for the 
slightly metal - r ich charges used above. This suggests 
that uncombined metal  may be involved in the growth 
mechanism and influences the growth rate. 

The composition of the epitaxial films at their sur-  
faces was rather  uniform as determined by electron 

Fig. 3. Buildingllke growth caused by scratches and dislocations 
in the substrate. Source temperature ~ 590~ 24 hr run, feed of 
Pbo.79Sno.21Te. 80X magnification. 

Fig. 5. Cleaved substrate showing epitaxial layer grown at 480~ 
from a charge of Pbo.791Sno.211Te at 590~ 160X magnification. 
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Table [. Composition by electron mlcroprobe of an epitax[a[ film 
and the charge used in making the epitaxial film 

Mean  chemica l  c o m p o s i t i o n  w i t h  2 s i g m a  l imi t s  

M a t e r i a l  a / o  Sn  a / o  Pb  a / o  Te 

Ep i t ax i a l*  11.49 --~ O.10 38:95 ~ 0.36 49.55 ~ 0.40 
f i lm 

Charge**  10.53 -~- 0.09 38.73 • 0.80 50.75 • 0.79 

* S u b s t r a t e  a t  425~ w i t h  the  charge  a t  590~ R u n  pe r iod  of 
48 h r  w i t h  an e p i t a x i a l  f i l m  ~ 6 0  ~m th ick .  S ix  r a n d o m  s p o t s / o r e  ~ 
were  u s e d  fo r  ana lys i s .  

** A n a l y s i s  on the  charge  a f t e r  the  e p i t a x i a l  run .  

microprobe analysis. Typical results are shown in 
Table I. The ini t ial  charge, which was used in the r un  
described in Table I, was weighed out to give a stoi- 
chiometric charge of Pb0.79Sn0.21Te or 10.5 atomic per 
cent (a/o) Sn, 39.5 a/o Pb, and 50 a/o Te. The composi- 
t ion of the charge after the deposition run  was the 
same as that of the ini t ial  charge wi thin  the limits of 
exper imental  error. There was enr ichment  of SnTe in 
the epitaxial  film which has also been observed in 
regular  crystal growth at 850~ This enr ichment  of 
SnTe is caused by the slightly greater vapor pressure 
of SnTe over that of PbTe (25). No microprobe mea-  
surements  were made to determine if the compositions 
of the epitaxial  films were uni form throughout  their  
entire depth. 

The type of dominant  carrier in the epitaxial  films 
was determined by thermal  probe both at 77 ~ and 
300~ The carrier concentrat ion in the epitaxial films 
was determined by the Schottky barr ier  technique 
(26). Both carrier type and concentrat ion showed 
variations with deposition tempera ture  and with the 
feed composition as shown in  Table II. It  is doubtful  
that useful n - type  films could be made because the 
n - type  or mixed type material  contained metal  inclu-  
sions, which resulted in  nonuni form etching dur ing 
device fabrication and electrical shorts. It was neces- 
sary to use stoichiometric charges to obtain p- type 
deposits free of metal  inclusions for substrate tempera-  
tures below 480~ No deposition runs  were made with 
stoichiometric charges for substrates below 425~ The 
p- type  carrier concentrat ion decreased as the substrate 
deposition tempera ture  decreased as expected based on 
anneal ing  studies for Pb0.vgSn0.21Te (27). Usual ly 10 
#m were lapped and etched from the epitaxial  layers 
before fabrication of the Schottky barr iers  so surface 
effects were eliminated. 

A Schottky barr ier  infrared detector array was made 
on a 50 ~m thick film deposi{ed at 510~ from a charge 
of Pbg.79~Sn0.211Te at 600~ The 22 element  detector 
array had an average blackbody detectivity of 1 • 1010 
cm Hz1/2/W at 77~ and varied by no more than  • 
from the average detectivity. The responsivity was 
about 104 V/W with a spectral cutoff at 12 ~m. The 
properties of this array were very similar to those 
of Schottky barr ier  arrays made on annealed, bu lk  
mater ial  (28). Only a few hours were required to ob- 
tain these epitaxial films while anneal ing the bulk ma-  
terial  required a m i n i m u m  of three weeks. 

Depositions of PbTe on PbxSnl -xTe  substrates a s  

well as PbxSnl-xTe on PbTe substrates were also 

made using the closed-tube method. However, the 
deposition temperatures  and the charges used were 
different from the ones described here and will not be 
fur ther  discussed. 

Summary 
Epitaxial  films of PbxSnl-xTe were deposited on 

Pb0.79Sn0.21Te substrates at 425~176 in a closed sys- 
tem at 10 _0 Torr. Good quality,  p- type films with 
carrier concentrations in  1017/cm 3 range were ob- 
tained. The n- type  films produced contained metallic 
inclusions. The qual i ty of the deposits was greatly in-  
fluenced by the charge composition, substrate tempera-  
ture, and defects in the substrate. Deposition rates 
ranged from 1.5 to 3.0 ~m/hr.  
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ABSTRACT 

The first par t  of the s tudy deals with the influence of CVD t i t an ium car-  
bide and t i t an ium nitr ide coatings on the transverse rup ture  s trength of M10 
and P40 cemented carbide. The rup ture  s trength is noticeably reduced by the 
coating, the extent  of this decrease depending on coating thickness, coating 
structure, and the presence of a decarburization or bri t t le  phase in the surface 
zone of the substrate ma te r i a l  Furthermore,  it was found that a th in  in -  
termediate nickel layer does not have any positive effect on the rup ture  
strength. The second part  deals with investigations on the effect of substrate 
composition on the s tructure of the TiC and TiN coatings. In  presence of 
n ickel-containing substrates, the TiN forms dendrit ic structures, the TiC 
coarse-grained structures. Nickel is also incorporated into the ooating. In-  
creasing the reactant  concentrat ion in  the gas phase intensifies these effects. 
Finally,  the mechanisms under ly ing  these effects are briefly discussed. 

T i tan ium carbide, t i t an ium nitride, and t i t an ium 
carbonitr ide are current ly  widely employed in the 
form of homogeneous coatings and as mult iple  coatings 
to improve the wear resistance of cemented carbide 
tools and also to achieve decorative effects (1). The in-  
crease in wear resistance caused by these coatings is of 
part icular  importance in machining.  The excellent sta- 
bi l i ty and hardness as well  as the at tract ive colors of 
some hard materials are gaining importance for decor- 
ative purposes. 

Materials used in machining must  have adequate 
toughness in addition to max imum wear resistance. For 
coated materials  the adhesion to the substrate is an-  
other impor tant  factor. The wear resistance and tough- 
ness requirements  of cemented carbides are mutua l ly  
contradictory so that  a compromise must  be sought in  
each par t icular  application. 

If, for example, a cemented carbide grade with great 
wear  resistance but  insufficient toughness is employed 
in a certain machining application, fracture may occur. 
If, on the other hand, the toughness is greater than re-  
quired, the cutt ing speed must  be reduced in order to 
prevent  softening or plastic deformation of the cutt ing 
edge. 

The opt imum uti l ization of coated materials  thus 
requires a knowledge of their  toughness behavior. In  
cemented carbide technology, the t ransverse rupture  
s trength is taken as a measure of toughness and we 
have carried out a n u m b e r  of exper imental  studies on 
the effect of hard coatings on the transverse rupture  
strength. 

Key words:  t ransverse  rup tu re  strength,  thickness of coatings, 
s t r u c t u r e  os coatings, composition of base material .  

Coated TiC cemented carbide with Ni-Mo binder  is 
of interest  for wear parts as well as for decorative pur -  
poses. In  decorative applications, the coating should not 
only exhibit  good adhesion and corrosion resistance but  
should also be smooth so that a br ight  polish can be 
achieved. Coating experiments  have shown, however, 
that the TiC-Ni-Mo grades, in  contrast to the WC-Co 
grades, tend to form rough coating structures. This dif-  
ferent  behavior  of the substrate mater ia l  has induced 
us to carry out an invest igat ion on the effect of the 
substrate on the coating structure. 

Investigations on the Effect of the Coating on the 
Transverse Rupture Strength 

A study carried out by Lee and Richman (2) has 
shown that a TiC coating on C2 and C4 cemented car- 
bide reduces the transverse rup ture  s trength by ap- 
proximately  45%. The authors suppose that  this de- 
crease is due to the columnar  coating structure;  an  
equiaxed structure would presumably  el iminate this 
deficiency. 

We have first carried out p re l iminary  studies on the 
effect of TiC and TiN coatings on two different grades 
of cemented carbide. The effect of a thin. metall ic in -  
termediate  layer was also investigated. This led to the 
necessity to investigate the dependence of the t rans-  
verse rupture  s trength on the coating thickness, the ef- 
fect of a decarburizat ion zone between substrate and 
coating, and the behavior  of coatings with different 
structures. 

Test procedure and evaluation of results.--Trans- 
verse rupture  s trength rods of ISO groups M10 and 
P4O were coated with TiN and TiC by CVD (M10: 6% 
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Co, 10% TiC + T a ( N b ) C ,  r e m a i n d e r  WC;  P40:  13% Co, 
10% TiC + T a  ( N b ) C ,  r e m a i n d e r  W C ) .  T w o  lo t s  of  M10 
rods  w e r e  s i n t e r e d .  T h e  rods  cu t  f r o m  p r e s i n t e r e d  
b l o c k s  w e r e  s i n t e r e d  a n d  t h e n  t u m b l e d  i n  a b a r r e l  w i t h  
a b o r o n  c a r b i d e  c o n t a i n i n g  s l u r r y  f o r  e d g e  r o u n d i n g  
a n d  r e m o v a l  of  t h e  s i n t e r i n g  s k i n  a n d  w e r e  t h e n  s a n d  
b l a s t e d .  T h i s  p r e p a r a t i o n  w as  e s s e n t i a l  i n  o r d e r  to  h a v e  
t h e  s a m e  c o n d i t i o n s  as  w i t h  n o r m a l  d i s p o s a b l e  t ips.  

T h e  coa t i ng  w a s  c a r r i e d  o u t  i n  a m e d i u m  f r e q u e n c y  
i n d u c t i o n  f u r n a c e  w i t h  g r a p h i t e  s u s c e p t o r  w h i c h  w a s  
c o a t e d  o n  t h e  i n s i d e  a n d  h a d  a n  i n t e r n a l  d i a m e t e r  of  
120 r am.  T h e  n i c k e l - c o n t a i n i n g  T iC  c o a t i n g  w a s  o b -  
t a i n e d  b y  f i rs t  d e p o s i t i n g  t h e  TiC, t h e n  a p p l y i n g  a 
n i c k e l  l a y e r  b y  e l e c t r o l y t i c  d e p o s i t i o n  a n d  t h e n  a g a i n  a 
l a y e r  of TiC. T h e  c o a t i n g  c o n d i t i o n s  a r e  s u m m a r i z e d  i n  
T a b l e  I. 

F i g u r e  1 s h o w s  t h e  a r r a n g e m e n t  fo r  t h e  m e a s u r e m e n t  
of t h e  t r a n s v e r s e  rUptuJ~e s t r e n g t h  i n  a c c o r d a n c e  w i t h  
A S T M  B 405-70 s t a n d a r d  (3) ( c o r r e s p o n d s  to IS(9 s t a n -  
d a r d  D I S  3327, T y p e  B)  w i t h  t h e  o n l y  d i f f e r e n c e  t h a t  
t h e  s p e c i m e n  t h i c k n e s s  w a s  r e d u c e d .  T h e  s p e c i m e n  
d i m e n s i o n s  w e r e  6.5 • 3.6 • 20 m m  w i t h  a d i s t a n c e  
b e t w e e n  s u p p o r t s  of  14.5 ram.  I n  a c c o r d a n c e  w i t h  t h e  
a b o v e  s t a n d a r d s ,  t h e  s u p p o r t s  c o n s i s t e d  of  c e m e n t e d  
c a r b i d e  ro l l s  h a v i n g  a d i a m e t e r  of  6 m m  a n d  t h e  l o a d  
was  a p p l i e d  in  t h e  c e n t e r  of  t h e  s p e c i m e n  b y  m e a n s  of a 
10 m m  d i a m e t e r  c e m e n t e d  c a r b i d e  s p h e r e .  

I n  t r a n s v e r s e  r u p t u r e  t e s t ing ,  a c e n s i d e r a b l e  s c a t t e r  
is n o r m a l  ( t h e  S w e d i s h  s t a n d a r d  S I S  112618 c o n s i d e r s  a 
s t a n d a r d  d e v i a t i o n  of 12% of  t h e  m e a n  v a l u e  w i t h  10 
s p e c i m e n s  as n o r m a l )  so t h a t  a s t a t i s t i c a l l y  s ign i f i can t  
r e s u l t  r e q u i r e s  a c o r r e s p o n d i n g l y  l a r g e  n u m b e r  of  
s p e c i m e n s .  Hence ,  19-20 s p e c i m e n s  w e r e  u s e d  fo r  e a c h  
t e s t ;  s o m e  s u p p l e m e n t a r y  t e s t s  w e r e  c a r r i e d  o u t  on  o n l y  
14 or  15 s p e c i m e n s .  T h e  a r i t h m e t i c  m e a n s  a n d  t h e  95% 
c o n f i d e n c e  l i m i t s  w e r e  d e t e r m i n e d  f o r  e a c h  t e s t  ser ies .  
I n  o r d e r  to  p e r m i t  conc l u s i ons  o n  t h e  ef fec t  of  t h e  coa t -  
i ng  s t r u c t u r e ,  w e  p r e p a r e d  S E M  ( s c a n n i n g  e l e c t r o n  
m i c r o s c o p e )  m i c r o g r a p h s  a t  3300X m a g n i f i c a t i o n  a t  t h e  
s p e c i m e n  b o t t o m  w h e r e  t h e  m a t e r i a l  is  s u b j e c t e d  to 
t e n s i l e  s t ress .  A d d i t i o n a l l y ,  o p t i c a l  m i c r o g r a p h s  a t  
1500X m a g n i f i c a t i o n  w e r e  a lso  p r e p a r e d .  

Resul t s . - -Table  I I  c o n t a i n s  t h e  r e s u l t s  on  t h e  r o d s  
of  lo t  1 a n d  T a b l e  I I I  t h o s e  of  lo t  2. In  a d d i t i o n  to t h e  
n u m b e r  of r ods  t e s t e d  fo r  e a c h  v a r i a n t ,  t h e  t a b l e s  i n -  
d i c a t e  t h e  v a r i a t i o n  of  t h e  t r a n s v e r s e  r u p t u r e  s t r e n g t h  
w i t h  t h e  coa t ing .  T h e  a r i t h m e t i c  m e a n  of  t h e  u n c o a t e d  
r o d s  w a s  def ined  to 100%. T h e  i n d i v i d u a l  v a l u e s  fit 
f a i r l y  w e l l  i n to  a n o r m a l  d i s t r i b u t i o n .  F i g u r e  2 s h o w s  
as a n  e x a m p l e  t h e  d i s t r i b u t i o n  of t he  i n d i v i d u a l  v a l u e s  
for  d i f f e r e n t  c o a t i n g  t h i c k n e s s e s  in  t h e  p r o b a b i l i t y  
gr id .  F i g u r e  3 ( a - d )  s h o w s  t h e  c o a t i n g  s t r u c t u r e s  a t  
t h e  f r a c t u r e  s u r f a c e  fo r  t h e  TiC, TiN, a n d  T i C - N i - T i C  
c o a t i n g  on  M10 a n d  for  t h e  T iN coa t i ng  on  P40 ce-  
m e n t e d  c a r b i d e ;  Fig.  3 ( e - g )  t h e  c o r r e s p o n d i n g  op t i c a l  
m i c r o g r a p h s .  

F u r t h e r  c o a t i n g  s t r u c t u r e s  of f r a c t u r e  s u r f a c e s  a r e  
s h o w n  in  Fig.  5 ( a )  a n d  5 ( b )  fo r  a t h i n  a n d  a t h i c k  T iC  

Table I. Coating conditions 

Temp Time Liter/hr Liter/hr 
Coating ~ rain TiCl~* N2 C6Ha** H~ 

9 t~m TiC 915 75 200 - -  llO 815 
12 #m TiN 915 105 200 200 - -  575 

915 38, 200 -- 110 815 
TiC/Ni/TiC 915 37 200 - -  110 815 
1.2 /txn TiC 915 l0 200 - -  110 815 
2.5 /~m TiC 915 20 200 - -  110 815 
7 ~m TiC 915 65 200 - -  110 81S 
11.5 #m TiC 915 135 200 - -  llO 815 
2 ~m TiC 

with 2.5/tin 915 20 200 - -  110 815 
eta layer 

6.5 /~m TiC 
with 3/Lrn 915 60 200 - -  110 815 
eta layer 

* Liter/hr H2 saturated with TiCh at 37~ 
** Liter/hr I~ saturated with C6He at 15~ 

A N D  T i N  C O A T I N G S  925 

J 
Fig. 1. Arrangement for the TRS measurement 

l aye r ,  Fig.  6 (a )  a n d  6 (e)  fo r  6-7~ t h i c k  TiC l a y e r s  w i t h  
a n d  w i t h o u t  d e c a r b u r i z e d  phase ,  a n d  Fig.  6 ( b )  f o r  a 
T iC  l a y e r  w i t h  g r a i n y  s t r u c t u r e .  A c o m p a r i s o n  of  t h e  
r e s u l t s  p e r m i t s  t h e  f o l l o w i n g  conc lus ions .  

Ef]ect of TiC and TiN ~ayers on MIO and P40 cemented 
carbide.--TiC a n d  T iN l a y e r s  o v e r  10t~ t h i c k  l o w e r  t h e  
t r a n s v e r s e  r u p t u r e  s t r e n g t h  of  M10 a n d  P40 g r a d e s  b y  
a p p r o x i m a t e l y  o n e - t h i r d .  T h e s e  l a y e r s  h a v e  a c o l u m n a r  
s t r u c t u r e  [ S E M  m i c r o g r a p h s  Fig.  3 ( a - c )  ] ; a l t h o u g h  
t h i s  s t r u c t u r e  is t h i c k e r  a n d  m o r e  p r o n o u n c e d  i n  t h e  
T iN coa t ing ,  t h e r e  is no  d i f f e r e n c e  i n  t h e i r  effects.  

Table II. Transverse rupture strength (TRS) of the rods of lot I 

Base No. of TRS 
Coating material specimen kp/mm~ % 

Uncoated M1O 20 182.4 ~ 7.6 100 
9 ~m TiC MI0 18 126.1 _ 9.8 69.1 __. 5.4 
12 /~m TiN M10 19 126.1 + 4.6 69.1 "4- 2.5 
Uncoated P40 20 256.0 -- 7.2 100 
12 ~m TiN P4O 19 169.1 • 6.2 66.0 "~ 2.4 
4.5 ~m TiC/ 
0.5 ~rn Ni/ M10 19 118.3 ~ 3.7 64 .9  ~ 2 .0  
3.5 ~m TIC 
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Table Ill. Transverse rupture strength (TRS) of the rods of lot 2* 

No. os TRS 
C o a t i n g  s p e c i m e n  kD/mm~ % 

U n c o a t e d  17 188.7 "+ 7.7 1O0 
1.2 ~m TiC 17 180.1 • 8.0 95.4 • 4.2 
2.5 /~m TiC 19 169.4 • 5.0 89.8 "~- 2.6 
7 ~m TiC 19 135.1 "+- 6.2 71.6 -4- 3.3 
11.5 # m  TiC 19 123.1 + 5.4 65.2 ~ 2.9 
U n c o a t e d  and  

3 # m  e ta  l aye r  15 180.9 ~ 7.6 95.9 -4- 4.0 
2 # m  TiC w i t h  

2.5 /km eta  l a y e r  15 152.4 --~ 8.9 80.8 ~ 4.7 
6.5 # m  TiC w i t h  

3 # m  eta  l aye r  15 127.7 --~ 5.1 67.7 -4- 2.7 
7 # m  TiC 

g r a i n y  s t r u c t u r e  15 147.9 • 6.5 78.4 - -  3.4 

* Base  m a t e r i a I  M10 h a r d m e t a I ,  

Ef]ect of coating thickness.--The t ransverse rup ture  
strength as a funct ion of the TiC coating thickness is 
shown in  Fig. 4. With thin layers (up to 5~), the coating 
thickness has a great influence. With increasing coating 
thickness, this influence is less pronounced. The frac- 
ture micrographs Fig. 5(a) and (b) show that in the 
thicker coatings, a very f ine-grained structure is pres-  
ent near  the substrate, with a t ransi t ion to a columnar 
structure. The lat ter  seems to be absent in  the th in  
coatings. 
Effect of the decarburization zone (eta layer).--Figure 
4 also gives values for two different TiC layer  thick- 
nesses combined with an approximately 3~ thick de- 
carburizat ion zone (W6Co6C etc.). The curve showing 
the influence of the coating thickness is slightly shifted 
to lower rup ture  strengths, i.e., the decarburizat ion 
zone has the same effect as a thicker coating. 
In]~uence of the coating structure.--By variat ion of 
the coating parameters  it was possible to produce a 
gra iny (equiaxed) structure [see Fig. 6 (b) ] .  This 
s tructure gives a higher rupture  s t rength but  at 7# 
coating thickness, the decrease still amounts  to about 
22%. 
Incorporation of a thin nickel layer in a TiC coating. 
- - I t  was found that the incorporation of an in ter -  
mediate nickel layer  alters the s tructure of the TiC 
coating and causes a fur ther  decrease in  rup ture  
s trength [Fig. 3 (d) ] .  Thus, an in termediate  layer 
does not act as a crack barrier.  
Fracture mechansim.--Cemented carbide and TiC 
differ considerably in  Young's modulus and transverse 

99 
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JO - -  

~r x, 5 

// 
1 
80 120 160 200 240 

Transverse rupture strength, [ kp / rnm 2] 

Fig. 2. Distribution of individual TRS values for different coating 
thicknesses in the probability grid. Ordinate: cumulative per cent 
of frequency. 

Fig. 3. SEM of the fracture surface of TiN and TiC coatings as 
well as TiC-Ni-TiC coatings deposited on M10 and P40 cemented 
carbides (a-d). Magnification X3000. Optical micrographs of TiN 
and TiC coatings as well as TiC-Ni-TiC coatings (e-g). Magnifica- 
tion X1300. 

rupture strength. 
MI0 cemented 

carbide P 40 TIO 
Xoung's modulus, 
kg / rn rn  2 62,0001 56,0001 3'2,20,02 
Transverse rupture 
strength, kg/mm ~ 1851 2561 40n 

x Own measurements. 
Values according to Ref. (4). 
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Fig. 4. TRS in dependance of the TiC coating thickness 

Fig. 5. SEM of the fracture surface for two different TiC coating 
thicknesses on MIO cemented carbide. 

Fig. 7. SEM of the surface of (a) P40 and (b) TiC-Ni-Mo ce- 
mented carbide coated simultaneously with TiN. 

On the basis of these values  one would  expect  tha t  the  
coating cracks on the side subjec ted  to tension in the  
t ransverse  rup ture  test  wi thout  the crack p ropaga t ing  
immedia t e ly  into the  cemented  carbide.  This crack 
could act as a notch. Coatings of different  thickness 
would have to give notches of different  depth.  F u r t h e r  
invest igat ions are  u n d e r w a y  and wi l l  show whe the r  
this model  adequa te ly  accounts for the dependence  of 
the  t ransverse  r up tu r e  s t reng th  on the coating th ick-  
ness and for  the effects of different  coating structures.  

Conclusions.--The fol lowing inferences  can be 
der ived  f rom the  above  results.  The t ransverse  r up tu r e  
s t rength  of cemented carb ide  is no t iceably  lowered  by  
coating with  t igh t ly  adher ing  hard  mater ia ls ,  wi th  the  
fol lowing factors being of impor tance :  (i) the coat ing 
thickness,  pa r t i cu l a r ly  wi th  ve ry  thin  coatings; (ii) the  
coat ing s tructure,  w i th  g ra iny  s t ruc tures  be ing  p re fe r -  
able  to co lumnar  s t ructures;  and ( ( i i i )  a deca rbur iza -  
t ion or b r i t t l e  phase in the  surface zone of the  sub-  
strate.  Hence, these factors must  be included in any 
inves t igat ion on the s t rength  of coated mater ia ls .  A 
thin, e lec t ro ly t ica l ly  deposi ted  nickel  l aye r  does not  
have any posi t ive effect on crack propagat ion.  

Influence of the Substrate on the Coating Structure 
Hintermann,  Gass, and Linds t r5m (5) have  shown 

that  in TiC coating of cemented carbide,  the  composi-  
t ion of the subs t ra te  has an impor t an t  effect on the  
coating s t ructure .  As ment ioned above, we obta ined 
dendri t ic  s t ructures  in coating of TiC cemented carbide  
with  Ni-Mo b inder  under  cer ta in  conditions, whereas  
on WC-Co cemented carbide,  f inely crystal l ine,  
smooth coatings resul ted.  F igure  7 shows the surfaces 
of a 10~ thick TiN l aye r  on P40 and on T iC-Ni -Mo 
hard  metal ,  which were  coated s imul taneously .  As i t  
was not  c lear  at first whe the r  these s t ruc ture  effects 
were  produced by  the TiC or the Ni binder ,  we have 
coated P40 hard  meta l  wi th  5-7~ th ick  TiC and then 
n icke l -p la ted  them elect rolyt ica l ly .  We have  carr ied  
out s t ruc ture  invest igat ions  on TiC and TiN coatings at 
normal  and double  reac tan t  concentrat ion.  

Experimental  conditions and resuIts.--The coating 
conditions are  given in Table  IV. F igure  8 shows sur -  
face tex tures  of TiN coatings deposi ted at normal  and 
double  concentrat ion.  The TiN deposi t ion on TiC, i.e., 
a n icke l - f ree  substrate ,  a lways  gives finely crys ta l l ine  
coatings such as are  obtained on WC-Co hard  metals.  
Doubl ing of the concentra t ion does not  affect the  
s t ructure.  Conversely,  the  n icke l -p la t ed  specimens ex-  

Table IV. Coating conditions 

Temp Time L i t e r / h r  L i t e r / h r  
~ rn in  TiCh* l~i CkI-I~* * 

TiC 915 90 200 0 110 815 
915 45 400 0 220 815 

T iN  915 85 200 200 0 575 
915 42 or 12 400 380 0 575 

�9 L i t e r / h r  He w i t h  TiCl~ a t  3T~ 
�9 * L i t e r / h r  ~ saturated w i t h  C~-I. at 1'5~ 

Fig. 6. Structure and cross section of various TiC coatings with 
columnar and grainy structure as well as an eta layer under the 
coating. 
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Fig. 8. SEM of the surface of TiN coatings deposited simul- 
taneously on TiC [(a) and (c)] and on Ni [(b) and (d)] at two 
different coating runs with normal concentration (top) and double 
concentration (bottom). 

hibi t  a pronounced dendr i t ic  crys ta l  growth,  pa r t i c -  
u l a r l y  so at double  reac tan t  concentrat ion.  In  the  TiC 
deposits  made  under  the same conditions, pronounced 
dendr i t ic  s t ructures  are  absent,  but  the  coating is more  
coarse gra ined in presence of nickel.  

F igure  9 shows TiC deposits  obta ined  at double  
reac tan t  concentrat ion.  On the n icke l -p la t ed  specimen, 
a new phase is observed in the form of inclusions, 
pa r t i cu la r ly  at  h igher  concentrat ions.  These inclusions 
were  identif ied by  EDAX as finely d iv ided  nickel.  

F igure  10 shows pol ished sections of TiC and TiN 
coatings on n icke l -p la t ed  subs t ra tes  wi th  finely d iv ided  
nickel  inclusions in the  coating; a Ni and Ti analysis  
by  means of EDAX and a f rac ture  s tructure.  The 
l a t t e r  shows the typical  dendr i t ic  c rys ta l  growth.  As i t  
appeared  logical  tha t  this c rys ta l  habi t  is due to 
heterogeneous nuclea t ion  at the  Ni surface, we have 
carr ied out shor t - t ime  coating tests in o rder  to observe 
the processes tak ing  place dur ing  the ini t ia l  coating 
phase. F igure  11 provides  a comparison of the  surface 
s t ructures  obtained in shor t - t ime  and normal  coating. 
Wi th  the  n i cke l -p l a t ed  specimen, a g rea t ly  inhib i ted  
nucleat ion can be observed,  resu l t ing  in a co lumnar  
to dendri t ic  s t ructure  wi th  longer  coating durat ions.  
In  contrast ,  specimens not  nickel  p la ted  exhibi t  in tense 
nucleat ion at the surface,  dur ing  the in i t ia l  coating 
stage, thus y ie ld ing  finely crystal l ine,  smooth coat-  
ings. 

Discussion.--The fol lowing inferences  can be d rawn  
wi th  r ega rd  to the  influence of different  subs t ra te  
composit ions on the  coating structure.  TiC and WC-Co 
cemented  carbide  subst ra tes  a lways  give smooth coat-  
ings under  our coating conditions. N icke l -p la t ed  or 

Fig. 9. TiC coating on TiC substrate (a) and on Ni substrate 
(b) deposited simultaneously. 

Fig. 10. Top: cross section of a TiC coating on Ni (a) and a 
TiN coating on Ni (b) deposited with double concentration. Bottom: 
fracture of a TiN coating deposited on Ni. (c) SEM; (d) EDAX of 
Ni and Ti. 

Fig. 11. SEM of the surface of a TiC substrate [(a) and (c)] and 
a Ni substrate [(b) and (d)] coated simultaneously with TiN. Top: 
after 12 rain coating time: Bottom: after 42 mln coating time. 

nickel -conta in ing  substrates,  on the  o ther  hand, 
pa r t i cu l a r ly  when  TiN is deposi ted,  exhib i t  in tense 
dendr i t ic  crys ta l  growth.  Doubl ing the concentra t ion 
in this case has a much grea te r  effect than  in TiC 
coating, when  the Ni mere ly  causes a s l ight  coarsening 
of the  structure.  I t  is possible,  however ,  tha t  under  
different  coating conditions this effect wi l l  be more 
intense even for the TiC deposit ion.  Nickel  incorpora-  
t ion into the  coat ing can be  observed in TiC and TiN 
coating; in TiN coating, the  effect of the  nickel  
p robab ly  consists in a reduct ion  of the  number  of 
nuclei  in the in i t ia l  stage. Thus, coarser  coatings wi l l  
result .  At  the same t ime,  p r e f e r r ed  growth  direct ions 
develop. The coating conditions p r o b a b l y  also affect 
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the result ;  for example, in  our case, a higher concen- 
t ra t ion results in  faster growth in one direction and 
thus also in an intensification of dendri t ic  growth. 

Concerning the Ni incorporation, the following 
t ransport  mechanisms may  be assumed: (i) a gas 
phase t ransport  via nickel chlorides resul t ing in a 
constant  nickel chloride concentrat ion in  the deposi- 
t ion zone and in continuous nickel deposition at 
cer tain points; (it) surface diffusion of the nickel 
dur ing the growth of the TiC or TiN crystallites; and, 
(iii) formation of a l iquid phase which penetrates  
cavities formed dur ing  deposition. 

In  the system Ti-Ni, the lowest t empera ture  of the 
l iquid phase is about 950~ represent ing an eutectic 
containing 70 weight per cent t i tanium. Which of 
these theoretically possible t ranspor t  mechanisms is 
actual ly operative, cannot be decided at this time. 

Manuscript  submit ted May 27, 1975; revised m a n u -  
script received ca. Dec. 19, 1975. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section shOuld be submit ted by Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Metallwerk Plansee AG & Company KG. 
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ABSTRACT 

The effect of composition, microstructure,  and preferred orientat ion upon 
the oxidation of i ron-nickel-cobal t  alloy was investigated. Decarburized sam- 
ples were  oxidized at various temperatures  and times. Decarburizat ion at 
1100~ in wet hydrogen enhances the (200) orientation. The oxidation rate 
depends on the alloy grain size and minor  alloy constituents and is enhanced at 
the grain  boundaries.  The oxide is p redominant ly  spinel with increased 
amounts  of a-Fe~O3 appearing in  f ine-grain alloy oxidized at lower tempera-  
tures and longer times. 

Variations in the oxidation behavior  of i ron-n icke l -  
cobalt alloy under  constant  product ion conditions have 
been observed from heat to heat and from vendor  to 
vendor. These variat ions cause processing difficulties in 
the production of components requir ing glass- to-metal  
seals, consequently lowering the production yield. The 
problem is especially severe (i) where close process 
control is used to achieve a s tandard oxide weight gain 
on the parts prior to the glass fusing operation and /or  
(it) where continuous processing is desired. 

The purpose of the present  invest igat ion was to de- 
te rmine  the causes of the differences in  the oxidation 
characteristics of the ASTM F-15 glass-sealing alloy 
so that its oxidation behavior could be predicted. 

Very little work has been done on the oxidation 
characteristics o f  the te rnary  alloy, i ron-nickel-cobal t .  
Abendro th  (1) studied the oxidation of the i ron-n ickel -  
cobalt alloy having a chemical composition similar to 
ASTNi F-15 at 700~176 and concluded that the ox- 
idation product is p redominant ly  FezO4 with some co- 
balt  and nickel present. He a t t r ibuted  oxidation below 
800~ to iron ion diffusion through Fe304 and above 
800 ~ to iron ion diffusion through FeO. However, the 
wusti te phase (FeO) was not detected by x - r ay  dif-  
fraction. 

Abendroth 's  work is inconclusive pertai~ing to the 
mechanisms of oxidation of the i ron-nickel -cobal t  al- 
loy and provides no informat ion on the var iat ion of ox- 
idation characterist ics with respect to inheren t  mate-  

* Electrochemical  Society Act ive  Member.  
Key  words: Fe-Ni-Co alloy, oxidation, grain boundary ,  decarbur i -  

zation, spinel. 

r ial  variables. Therefore, it was decided to investigate 
the effects of the composition, microstructure,  and pre-  
ferred or ientat ion on the oxidation rate, oxide compo- 
sition, and structure as a funct ion of tempera ture  and 
time. 

Materials and Experimental Procedures 
Materials for this invest igat ion were chosen from 

three vendors referred to as I, II, and III. Two heats of 
the alloy were chosen from each supplier  according to 
their chemistry, microstructure,  and texture. All mate-  
rials were stamped into rectangular  coupons 2.54 X 
2.39 cm with an average thickness from 0.015 to 0.041 
cm. The chemical compositions as provided by the 
manufacturers  of the materials  (unless otherwise 
noted) are given in Table I. 

The materials were oxidized in dry air (dew point  at 
--70~ at 787 ~ , 850 ~ and 900~ for periods of 
4-20 min. These oxidation conditions were chosen be- 
cause previous exper imental  work indicated that the 
opt imum product ion conditions, for oxidizing parts  to 
be glass sealed fell wi thin  this t ime and temperature  
range. 

Prior  to decarburizat ion and oxidation, the metal  
coupons were chemically cleaned by hydrochloric acid 
and degreased. After the cleaning operation, groups of 
ten coupons of each mater ia l  were weighed on a Met- 
t ler analytical  balance to +0.1 mg. They were then 
loaded in  a sand-sealed retort  which was placed in a 
Lindberg box furnace for decarburizat ion and oxida- 
tion. A total of six materials  was ar ranged in  groups of 
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Table I. Material properties and oxidation data 

Mater ia l  

B u l k  c o m p o s i t i o n  

F e  N i t  Co Cr M n  Si  A1 

G r a i n  d i m e n s i o n s  Oxidation,  rate  
k x 10 ~ (mg2/em ~ m i n )  A c t i v a t i o n  

D D-~ x I0 a e n e r g y  
(~) (~-~) 787~ 850~ 900~ ( kca l /mo le )  

A r r h e n i u s  
l ore -exponen-  
t ial  cons tant  

l06 (mg~/cm t rain)  

V e n d o r  I A  
IB  

V e n d o r  IIC 
I ID 

V e n d o r  I I IE  
I I I F  

Bal.  28.5 17.3 0.15 0.23 0.11 -- 11 91 0.50 2.32 5.26 
Bal.  2,8.4 17.4 0.11t 0.23 O. l l  - -  15 67 0.52 2.05 6.24 
Bal.  28.4 17.2 0.Ol 0.42 <0.05  <0 .05  78 13 0.32 1.19 2.66 
Bal.  28.5 17.1 <0.01 0.40 0.03 <0.05  132 8 0.28 1.00 2.28 
Bal.  29.2 17.0 0.03 0.32 0.11 0.04 9 111 1.18 3.77 8.25 
Bal.  28.4 17.0 0.O6t 0.26 0.03 0.05 50 20 0.32 1.05 2.54 

% O x i d e  c o m p o s i t i o n  

52.4 324.7 
54.8 982.9 
46.7 13.7 
46.6 11,0 
43.1 8.8 
45.7 B.3 

787~ 850~ 9O0~ 

8 m i n  20 m i a  4 ra in  8 ra in  20 "min 4 re.in 

M a t e r i a l  a* S** a S ~ S ex S a S S a 

8 min 20 rain 

a S u S 

IA 18.6 81.4 29.0 71 0 100 25.7 74.3 11.8 88.2 0 I09 
IB O 100 32.6 67.4 O 100 0 100 O 100 O 100 
I IC  0 1O0 0 i00  0 1O0 0 i 00  10.5 89.5 0 100 
I ID O 100 0 100 0 100 0 100 0 I00 0 100 
I I IE  21.7 78.3 33.5 66.5 O 100 0 190 20.3 79.7 0 100 
IIIF 8.8 91.2 8.5 91.5 0 100 0 100 O I00 O 100 

0 100 7.8 92.2 
O 100 0 100 
5.6 94.4 5.5 94.5 
0 109 0 1O0 
0 100 7.8 92.5 
O 100 7.9 92.1 

t A n a l y z e d  a t  B e n d i x .  
�9 a-Fe~Os, 

�9 * S p i n e l  (Fe, Ni,  Co)nO4. 

ten coupons in the retort. Plat inel  thermocouples were 
placed at the front and rear  of the retort  to monitor  the 
temperature.  The reported temperatures  are accurate 
to bet ter  than  •176 The materials  were decarburized 
at 1100~ for 25 min  in wet  hydrogen (dew point  at 
room tempera ture) .  They were then cooled to the de- 
sired oxidation tempera ture  under  a dry argon b lanket  
(dew point at --72~ The furnace temperature  was 
stabilized, and dry air was introctuced into the system 
at a flow rate of 1600 cm3/min. The chamber volume 
was 2122 cm 3. When oxidation had taken place for the 
desired time, the air was switched off and the samples 
were cooled to room tempera ture  under  an argon 
blanket.  After cooling, each mater ia l  was then weighed 
in  groups of ten coupons on tl~e analytical  balance to 
obtain the group oxide weight gain. The average sur-  
face area of each mater ial  was determined from the 
coupon dimensions, and, subsequently,  weight gain in 
mg/cm 2 was obtained. 

The oxides were characterized by x- ray  diffractom- 
etry and spectroscopy. Calibrat ion samples having pre-  
determined ratios of Fe203 to Fe~O4 were used to pre-  
pare a cal ibrat ion curve for quant i ta t ively  de termining 
the oxide phases formed. Selected decarburized sam- 
ples and oxidized samples were also examined with a 
Cambridge scanning electron microscope. The iron, co- 
balt, and nickel concentrat ions in the oxide were ob- 
tained with an energy dispersive x - ray  analyzer  at- 
tachment  on the SEM. The microstructure of the oxide/  
metal  interface was studied by examining tapered sec- 
tions under  a metal lurgical  microscope. 

The preferred orientat ion of the mater ia l  was deter-  
mined by comparing the relat ive intensities of the 
x - r ay  diffraction peaks for the (111), (200), and (220) 
planes of face-centered cubic (fcc) alloy. A Phillips 
diffractometer was employed with copper Ks radiat ion 
as the source. Preferred orientat ion was determined on 
both the as-received materials  and on samples which 
had been decarburized. 

Results and Discussions 
It is known that oxidation behavior  is dependent  on 

substrate orientat ion (2-5). For this reason, the pre-  
ferred orientat ion of each mater ia l  was determined. 

The results of the metal  preferred or ientat ion mea-  
surements  are summarized in Table II. As-received 
mater ia l  showed preferred orientat ion of the (111), 
(200), and (220) planes for different heats of material,  
but  the decarburizat ion t rea tment  at 1100~C strongly 
enhanced the (200) cube face orientat ion in the roll 
plane. Thus, the decarburizat ion process el iminates the 

orientat ion variable, i.e., the effect of substrate crystal 
plane orientat ion on the oxidation characteristics of the 
six materials should be the same. No significant evi- 
dence of oxide orientat ion or residual  stress was de- 
tected wi thin  the limits of exper imental  error. This is 
probably due to the thickness of the oxide formed. 

The average grain size of the materials  after decar-  
burizat ion at 1100~ was found to vary from 9 to 132 

as shown in Table I. The grain size was determined 
by the line intercept  method. 

For fixed time and temperature,  the oxide weight 
gain varied as much as 54% among the six materials.  
The weight gain is plotted as a funct ion of the oxida- 
tion t ime in Fig. 1. The calculated rate constants are 
shown in Table I. The oxide weight gain is found to in-  
crease parabolically. 

High tempera ture  parabolic oxidation indicates that 
the ra te -de te rmin ing  step is a thermal  diffusion proc- 
ess (6). Abendroth  (1) also observed parabolic oxida- 
tion rates for i ron-nickel -cobal t  alloy in  the range 
700~ 

Logarithms of the rate constants are plotted as an in-  
verse funct ion of temperature  in Fig. 2. The activation 
energies for oxidation were obtained from a least 
squares fit to the Arrhenius  plots in  Fig. 2. 

The activation energies observed for oxidation of 
materials IA and IB are close to the value of 54-55 
kcat/mole obtained for i ron diffusion in Fe304 (7). The 
activation energies obtained for materials IIC, IID, 
IIIE, and IIIF are approximately 46 kcal/mole.  The 
difference in  activation energy between the two groups 
appears to be related to chromium content  (Table I) .  
These two values are found to be substant ia l ly  greater 
than the activation energy (30.9 kcal /mole)  reported 
by Abendroth  (1). 

The x- ray  diffraction results are summarized in 
Table I. The spinel  form predominated  in all cases. 
Nickel and cobalt were detected in the oxide by x - r ay  

Table II. Preferred orientation 

Material 

R e l a t i v e  x - r a y  in tens i t i e s  

As r e c e i v e d  D e c a r b u r i z e d  

(111) (200) (220) (111) (200) (220) 

Vendor  I A  28 1OO 32 15 100 12 
IB 100 60 50 100 

Vendor  11C 35 85 100 9 100 
I ID 100 64 32 - -  100 

Vendor IIIE 19 i00 16 20 1O0 I0 
I I I F  i00 58 24 - -  100 - -  
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with  the al loy on one side and oxygen on the other  
side. The separa te  monoxides  (FeO, NiO, CoO) wil l  
immedia t e ly  react  on the surface  to form the spinel  
[ (Fe )  (Fe, Co, Ni)~O4]. This spinel  is s table  over  a 
wide range  of cat ion and oxygen anion concentrat ions.  
The diffusivit ies of iron, cobalt,  and nickel  cations va ry  
cons iderably  so that  the  cat ion rat ios wi l l  change wi th  
the  oxide film thickness.  Mayer  and Smel tzer  (9) and 
Dalvi  and Smel tzer  (10) have shown tha t  DFe -~ 1.6 
Dco at 1200~ and DFe ---~ 3DNi at  1000~ in (Co, 
Fe)  O and (Ni, Fe)  O scales, respect ively.  S imi la r  t rends  
were  observed in spinel  layers  b y  Abendro th  (1). His 
measurements  of oxide  chemical  composit ion of i ron-  
n icke l -cobal t  a l loy indica ted  tha t  i ron  diffused more  
r ap id ly  than  cobalt  which  also diffused more  rap id ly  
than  nickel  in the  t e m p e r a t u r e  range  750~176 His 
measurements  also indica ted  that  the  difference in re l -  
a t ive diffusivit ies decreased as the oxidat ion  t e m p e r a -  
ture  increased.  Therefore,  longer  t imes  at  lower  t em-  
pe ra tu res  wil l  resul t  in the  format ion  of more  a-FeeO~ 
wi th  the  i ron cation concentra t ion  bu i ld ing  up at  the  
ox ide / a i r  interface.  The tendency  for i ron  ion to diffuse 
fas ter  than  nickel  ion in i ron -n icke l - coba l t  al loys was 
also noted by  Ikeda  and Samesh ima (11). Thus, at 
su i tab ly  long times, the diffusion couple wil l  consist of 
a l l oy / sp ine l / a -Fe2OJO2  (a i r ) .  The a-Fe2Os is also 
found to form in th icker  oxide scales which are  favored  
by  smal ler  gra ined  al loy substrates.  The smal ler  
gra ined subst ra tes  appear  to be re la ted  to h igher  si l i -  
con content.  SEM x - r a y  analysis  was pe r fo rmed  on 
some of the mate r ia l s  decarbur ized  at l l00~ The 
analysis  showed that  the over -a l l  silicon concentra t ion 
was grea te r  on the  surface of the  decarbur ized  mate r i a l  
than  on the as - rece ived  mater ia l .  Si l icon-r ich prec ip i -  
ta tes  were  observed along the gra in  bounda ry  and in 
the  gra in  ma t r i x  of the decarbur ized  alloy. These si l i -  
con-r ich  prec ip i ta tes  appear  to be oxides and m a y  be 
inhibi t ing gra in  g rowth  of the  alloy. They are  easi ly  
seen in Fig. 3, a SEM photomicrograph  of a smal le r  
gra ined  alloy, ma te r i a l  1B (15 ~). Douglas  (12) also 
observed these s i l icon-r ich  prec ip i ta tes  af ter  hea t -  
t rea t ing  the Fe-51 weight  per  cent (w/o)  Ni al loy 
which contained up to 0.10 w/o  si l icon at 1150~ for 
30 rain in hydrogen.  

F igure  4 shows the effect of the gra in  b o u n d a r y  area  
on the parabol ic  ra te  constant,  point ing out the s t rong 
contr ibut ion  of gra in  bounda ry  oxidat ion  to the fo rma-  
tion of oxide scale. The total  gra in  b o u n d a r y  surface 
a rea  per  uni t  vo lume of meta l  is inverse ly  propor t iona l  
to the average gra in  d iameter ,  D (13). F rom a least  
squares fit to the plot  of the parabol ic  ra te  constant  of 
the  mater ia l s  conta in ing less than  0.11 w/o  chromium 
vs, 1/D, the oxidat ion ra te  constants  at  787 ~ 850 ~ 
and 900~ were  obta ined;  (i) the  oxida t ion  ra te  at  
the  g ra in  surface only, kg~, which is the  va lue  of k at 

spectroscopy. Hemat i t e  (~-Fe203) was presen t  in some 
cases. The percentage  of a-Fe203 in the oxide was 
found to increase  at lower  oxidat ion  t empera tu res  and 
longer  times. G r a h a m  and Cohen (8) also observed the 
format ion  of a-Fe203 af ter  the  oxida t ion  of pure  i ron  
at longer  per iods  of time, but  not  a f te r  sho r t - t ime  ox-  
idation. 

This can be expla ined  in te rms of the  diffusion of 
iron, cobalt, and n i c k e l  The oxide scale formed on the  
i ron -n icke l - coba l t  a l loy is bas ica l ly  a diffusion couple Fig. 3. SEM photograph of decarburized alloy surface (X5000) 
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Fig. 4. Oxidation rate as a function of grain boundary area 

1/D equal  to zero (gra in  bounda ry  area  is zero) and 
(ii) the  oxidat ion  ra te  pe r  uni t  g ra in  bounda ry  area, 
kgb which is obta ined f rom the slope of the  plot. These 
values  are  given in Table IiI .  

The effect of chromium (~0.11 w/o)  on the oxidat ion 
ra te  is also shown in Fig. 4. The oxidat ion  rates  of the  
mater ia l s  wi th  h igher  chromium concentrat ions  are  
lower  as is indica ted  by  the points  fal l ing be low the 
l ine (wi th  one except ion at 900~ which m a y  be due 
to exper imenta l  e r ro r ) .  This would indicate  tha t  a 
chromium content  of less than 0.06 w/o  wil l  not  sub-  
s tan t ia l ly  affect the  oxidat ion rate;  whereas,  chromium 
grea te r  than  0.11 w/o  wil l  inhibi t  it. 

Logar i thms of the ra te  constants are  p lo t ted  as an in-  
verse funct ion of t empe ra tu r e  in Fig. 5. A least  squares 
analysis  of the plots  shows the act ivat ion energy for 
oxidat ion on the gra in  surface to be 48.5 kca l /mo le  and 
for oxidat ion  on the gra in  bounda ry  to be 41.3 kca l /  
mole, a decrease  of 7.2 kca l /mole .  

Thus, for ma te r i a l  I IIE (Table  I) where  the  gra in  
size is small  (9~), the  act ivat ion energy for oxidation,  
43.1 kca l /mole ,  is close to the value  obta ined for pure  
gra in  bounda ry  oxidat ion  (41.3 kca l /mo le ) .  As the 
gra in  size is increased,  the  act ivat ion energy  increases 
to 46.6 kca l /mole  where  it levels off (Fig. 6). This value  
is approaching  that  for pure  gra in  surface oxidat ion 
(48.5 kca l /mo le ) .  As shown in Fig. 6, the  level ing be-  

gins at app rox ima te ly  50~ grain  d i ame te r  indicat ing 
the smal le r  cont r ibut ion  of the gra in  bounda ry  to the  
oxidat ion  of the l a rge r  gra ined  alloys. 

The t ape r  sections which were  p repa red  indicate  a 
major  contr ibut ion of the  meta l  g ra in  boundar ies  to 
oxidat ion  as i l lus t ra ted  in Fig. 7 ( m a t e r i a l  IIC, gra in  
size, 78#). Oxide gra in  boundar ies  ex tend f rom the 
meta l  g ra in  boundaries .  The  oxide gra in  boundar ies  a re  
of different  composi t ion than  the oxide  formed on the 
me ta l  g ra in  surfaces. SEM x - r a y  analysis  shows tha t  
the  surface of the  gra in  b o u n d a r y  oxide  is r icher  in  
i ron and deple ted  in nickel  as compared  to the  oxide 
formed on the meta l  gra in  surface (Table  IV) .  Thus i t  
appears  that  i ron is being p re fe ren t i a l ly  oxidized at  the  
gra in  bounda ry  compared  wi th  the  gra in  surface. 
P re fe ren t ia l  oxidat ion  of i ron  has been observed in 

Table IlL Parabolic rate constants 

O x i d a t i o n  r a t e  a t  O x i d a t i o n  r a t e  l~er  
g r a i n  s u r f a c e ,  k ~ .  • 10  2 u n i t  g r a i n  b o u n d a r y  a r e a  

T~ ( m g 2 / c m  �9 �9 r a i n )  kgb  X 10 2 ( m g - ~ / c m  4 �9 r a i n )  

787 0.189 8.881 
850 0.719 27.281 
900 1.716 58.523 
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i ron-n icke l  al loys (14). This in tu rn  resul ts  in a g r a d -  
ual  enr ichment  of n ickel  at the  a l l oy /ox ide  interface.  
The SEM micrograph  of ma te r i a l  in Fig. 8 also i l lus-  
t ra tes  the more  rap id  oxide g rowth  (sometimes de-  
scr ibed as ex t rus ion  of oxide at meta l  gra in  bounda-  
r ies)  occurr ing at  the gra in  boundary .  

Conclusions 
The six as- rece ived  mate r ia l s  had  different  p re fe r r ed  

orientations,  e i ther  (111), (200), or (220). Decarbur iza -  
t ion at  1100~ in wet  hydrogen  produces  the  (200) 
p re fe r r ed  or ienta t ion in al l  the  mater ia ls .  

The ra te  of oxidat ion  of the  i ron -n icke l -coba l t  a l loy 
follows parabol ic  kinetics.  The gra in  size of the  alloys 
s t rongly  affects the  oxidat ion  ra te ;  the sma l l e r  the 
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Table IV. SEM analysis of oxide formed at 787~ at 8 min 

% Metal content  

Area Material  Fe  Co Ni  

IA  69.13 16.29 6.21 
Grain boundary  I I IE 69.83 16.73 4.33 

IA  56.10 17.45 25.11 
Grain surface IIIE 57.00 19.60 19.89 

Fig. 7. Taper section of oxide/alloy interface 

oxide interface.  The  format ion  of a-Fe203 at the o x i d e /  
a i r  in ter face  is favored  by  low oxida t ion  t empera tu re s  
and long t imes because i ron ions diffuse fas ter  than 
nickel  or cobal t  ions, pa r t i cu l a r ly  at  lower  t empera -  
tures. Higher  concentrat ions  of ~-Fe~O3 are  formed on 
the  f ine-grained al loy due to its h igher  oxidat ion  ra te  
( th icker  scale) .  

The oxide forms more  r ap id ly  on the a l loy gra in  
bounda ry  and has a different  chemical  composi t ion 
f rom that  of the oxide formed on the gra in  surfaces. 
The gra in  bounda ry  oxide is more  enr iched in i ron  and 
deple ted  in n ickel  wi th  respect  to the  oxide  formed on 
the gra in  surface. 
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Fig. 8. SEM photograph of oxide/air interface 

grain  size, the h igher  the  oxidat ion  rate.  The act ivat ion 
energy for the oxida t ion  of the ma te r i a l  having the 
smal les t  g ra in  size (9~) is 43.1 kca l /mo le  close to the 
value, 41.3 kca l /mole ,  ca lcula ted  for  gra in  bounda ry  
oxidat ion.  As the gra in  size increases,  the  act ivat ion 
energy  for  oxidat ion  increases  to 46.6 kca l /mole  be -  
coming constant  for ma te r i a l s  having  an average  gra in  
size g rea te r  than  50~. The va lue  is approaching  that  
ca lcula ted for gra in  surface oxida t ion  (48.5 kca l /mo le ) .  
Thus, the  effect of gra in  size becomes less pronounced 
when the gra in  d iameter  is g rea te r  than 50~. 

Higher  silicon content  appears  to inhibi t  gra in  
g rowth  and hence produces  a h igher  oxidat ion rate.  
Where  the gra in  size is s imilar ,  high concentrat ions  of 
chromium (0.11 w/o )  r e t a rd  the  oxida t ion  ra te  and in -  
crease the act ivat ion energy  for oxidat ion f rom 46 to 
55 kca l /mole .  It appears  that  a chromium content  of 
less than 0.06 w / o  wil l  not subs tan t ia l ly  affect the  oxi-  
dat ion rate  or the act ivat ion energy for oxidation.  

A mixed  spinel  conta in ing iron, nickel,  and cobalt  
[ (Fe,  iNi, Co)~ 04] is in i t ia l ly  fo rmed  at the m e t a l /  
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Structural Principles of o-Agl and Related Double Salts 
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ABSTRACT 

The structures of RbAg415 and related superionic conductors are discussed, 
and quant i ta t ive measures of chemical bonding are proposed which explain 
the formation of double salt compounds. Alternat ive diffusing cation candi- 
dates are proposed. 

The o-phases of AgI, CuI, and CuBr are perhaps the 
most remarkable  b inary  solids known. Although the 
anions form a bcc lattice, the cations are distr ibuted 
among many  near ly  equivalent  sites; the distr ibution 
is so near ly uniform that the cations may be said to 
form a liquid (1-3). The temperatures,  T~ for the 
(wurtzite) -~ ~ t ransi t ion and the melt ing points, Tin, 
for these three crystals are. l is ted in Table I. For CuI 
and CuBr, T~ and Tm are close enough together (es- 
pecially for CuBr) that one might  say that the cation 
sublattice has merely melted (or premelted) just  be- 
fore the anion sublattice. However, no other single 
phase compounds are known to melt  in stages, and 
general  theories of first order phase transit ions do not 
suggest that such phenomena should occur. Moreover, 
the s-phase of AgI is stable over a very wide range 
of temperature  (Table I).  

A second explanat ion for these ext raordinary  phases 
is that they are in some way peculiar to Ag and Cu 
salts. Apart  from its alchemical character, this expla-  
nat ion is not satisfactory because AgC1 and AgBr do 
not form a-phases. However, Tuband t  and co-workers 
showed long ago that Cu2S, Ag2S, ~Ag2Se, and Ag2Te 
all have ionic conductivities much higher than in ordi- 
nary  salts. A par t icular ly  interest ing case, studied by 
Ketelaar  (4), is (Ag, Cu)2 HgI4. This compound has es- 
sential ly the zinc blende structure, but  only three of 
the four cation sites in cubic uni t  cell are occupied. 
In principle, this may give rise to a tetragonaI struc- 
ture, and in the Cu case it does (c/a -- 1 ---- 0.010), but  
in the Ag case the s tructure remains cubic (c/a -- 1 
---- 0.000). The disordering temperature,  Td, for Ag2HgI4 
is 50~ considerably lower than T~ _-- 146~ in AgI. 

Double Salts 
One may regard Ag2HgI~ as a double salt, i.e., 

(AgI) 2HgI2. One may also hypothesize, as Bradley and 
Greene (5) and Owens and Argue (6) apparent ly  did 
independently,  that  forming double salts has a eutec- 
tic effect on T~, and that a more judicious choice of 
the second salt to be combined with AgI might  lower 
T~ further.  Of course, such quali tat ive reasoning may 
not be rigorously justified, but, in fact, new double 
salts were discovered (5, 6), such as RbAgj s ,  which 
have an ionic conductivi ty of 0.27 ohm -1 cm -1 at ambi-  
ent temperatures.  

The discovery of RbAgj~  has s t imulated fur ther  in-  
vestigations which have shown that  there are many  
compounds with the major i ty  of the cations exhibi t ing 
high mobility. All of the highly mobile major i ty  cations 
in compounds prepared so far are Ag or Cu. However, 
it seems possible that a l ternat ive cations may exhibit  
similar behavior. Moreover, the crystal structures of 
many  of the new compounds can be said to be as novel 
as ~-AgI, or perhaps even more novel. 

To see why the s tructure of RbAg4I~ is extraordi-  
nary, it is instruct ive to compare it with Ag2HgI4. The 
lat ter  s tructure is a superstructure of sphalerite, with 
a uni t  cell four times as large, analogously to the 
chalcopyrite compounds which have a uni t  cell twice 

K e y  w o r d s :  sol id  e l ec t ro ly t e s ,  so f t  l a t t i ces ,  a d d i t i o n  c o m p o u n d s ,  
double salts, 

as large as the sphalerite cell. Both structures may 
have the cations ordered by a tetragonal  distortion, 
or remain  cubic with disordered cations. In  the chalco- 
pyrite s tructure the te tragonal  distortion can be ex- 
plained (7) in terms of dielectric electronegativities 
(for II-IV-V2 compounds such as ZnSnAs2), but  no 
simple pa t te rn  has been established for the tetragonal  
distortions in (Ag, Cu)-I I [ -VI2 compounds because of 
the complications introduced by the (Cu, Ag) d elec- 
trons. 

Exotic Structures 
The mechanism of ionic conductivi ty in Ag2HgI4 is 

easy to understand.  When the cations are disordered 
the cation defect sites (created by replacemen~ of two 
Ag + ions in Ag414 by a Hg + + ion and a neut ra l  va-  
cancy) can form conducting paths through the lattice, 
the ions passing from one tetrahedral  site to the next  
by means of shared tetrahedral  faces. This nomen-  
clature has been adopted to describe conductivity in 
RbAgJ~ and many  other of the new and novel double 
salts synthesized in the last decade. However, here I 
argue that while this description is not incorrect, it 
does not really exhibit  the remarkable  s t ructural  char- 
acter of these compounds, which in my opinion is 
closely related to that of the single salt prototype, 
~-AgI. In  fact, unl ike  Ag2HgI4, the new double salts 
have exotic crystal structures which are not variants  
or superstructures of any known single salt. Thus the 
most basic question regarding these materials  is the 
na ture  of the microscopic interactions responsible for 
their  exotic structures. 

An argument  can be made at the outset that these 
interactions cannot be analyzed or explained. Many of 
these te rnary  structures are stable over nar row tem- 
perature ranges; the compounds readily disproportion- 
ate. The uni t  cells often are large, containing several 
formula units and dozens of atoms. Certainly from 
quan tum mechanics it is not possible to calculate free 
energies accurately enough to deduce these structures. 

Crystal Chemistry 
The answer to this argument,  and the theoretical 

basis for this paper, lies in the emerging science of 
crystal chemistry which has successfully accounted for 
the systematics of phase transitions, heats of forma- 
tion, dielectric properties, and interatomic forces in 
many  b inary  compounds. Many of the basic ideas in 
this field are old and can be traced back to Gold- 
schmit, Pauling,  and earlier workers, but  their de- 

Table I* 

Compound Ta(~ Tm(~ 

A g I  146 555 
C u I  440 602 
CuBr 470 488 

* T h e  l o w  t e m p e r a t u r e  (fl) p h a s e s  o~ t h e s e  b i n a r y  sa l t s  a r e  
t e t r a h e d r a l l y  c o o r d i n a t e d ,  w h i l e  t h e y  u n d e r g o  a t r a n s i t i o n  a t  T~ 
to t h e  a - p h a s e  w h e r e  t h e  c a t i ons  a r e  i n  a " l i q u i d "  s t a te .  A l s o  
l i s t ed  a r e  t h e  m e l t i n g  t e m p e r a t u r e s  Tin. 
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velopment  in quant i ta t ive  form has been more rapid 
recent ly  with the acquisit ion of a vast amount  of ex-  
per imenta l  data. 

More specifically, we can hope to identify (at least 
semiquant i ta t ively)  the interactions which stabilize 
exotic double-sal t  s tructures just  because there are 
so many  of them. In  the double-sal t  formula MX (AgI)p 
(4 < p ~ < 7), M may  be Ag, an alkali  ion, or any one 
of many  organic cations with very large molecular 
weights (8-12). Also X may be S (8) or a radical such 
as CN (13) or (P207)~/4 (14). An increasing number  
of double salts MX(CuX)~ with X _-- C1, Br, or I and 
M an even larger organic cation have been reported 
(14, 15). 

Preview 
Our discussion is divided into four parts. First, we 

consider macroscopic changes in  density which show 
that RbAg415 is more closely related to c,-AgI than are 
defect compounds such as Ag2HgI4. Second, we indicate 
the degree of covalent- ionic mixed bonding which 
makes it possible to form the ~-AgI and related exotic 
double salt structures. Third, we connect the lattice 
dynamics of the parent  single salts AgI and CuX with 
the general  theory of soft lattices, which applies not 
only to insulators but  also to intermetal l ic  compounds, 
many  of which are high temperature  superconductors. 
Fourth, we discuss the role played by vibrat ional  en-  
t ropy in stabilizing exotic structures near  their  Debye 
temperatures  but  well below thei~ mel t ing points. 

Covalent Melting 
The t ransformat ion of Ag~HgI4 from the E-phase 

(ordered cations in  a sl ightly te t ragonal ly  distorted 
sphalerite superstructure)  to the cubic ~-phase at 50~ 
is accompanied by negligible volume change (16), but  
in  AgI the p ~ ~ t ransi t ion gives (3) 

AVt (AgI) 
- 0 .05  [1 ]  

vt 

with the sign corresponding to a reduction in molar 
volume. A typical value for the reduction in molar 
volume of all te t rahedral ly  coordinated part ial ly co- 
valent  semiconductors upon melt ing is (17) 

AVm (ANB s-N) 
= -0 .15  [2] 

Vm 

Comparison of [1] and [2] shows that the picture of 
a-AgI as "half-melted" is qual i tat ively satisfactory. 

We can now compare the molar  volume of RgAg4I~ 
with the volumes of RbI and 4AgI with (18) 
12(4RbAg4Is) -~ (11.24) (3) and (19) aAgi ----- 6.473 A and 
aabz ---- 7.342 A, we find a contract ion AVds for the dou- 
ble salt 

V (RbAg4Is) -- V (RbI) -- 4V (AgI) 
f lVds  : : - - 0 , 0 4  

V (RbAg4Is) 
[ 3 ]  

Note that in ~-AgI all the cations are liquid, whereas 
in RbAg415 only four-fifths of them are liquid. Corre- 
spondingly 

AVds 4 AVt (AgI) 
- -  - t 4 ]  
Vds 5 V~ (AgI) 

which shows the close macroscopic relationship be- 
tween a-AgI and RbAg4Is. Note that in RbAg~I~ each 
cation complex has the same coordination configuration 
as in the single salt, i.e., each Rb minor i ty  cation is 
octahedrall:~ coordinated with six I anions, while each 
"liquid" Ag major i ty  cation is te t rahedral ly  coordi- 
nated with four I anions. In the large cubic uni t  ceil 
for ~-AgI it was suggested (3) that there were 30 
possible sites for 4Ag + ions (none of them tetrahe-  
dral ly coordinated, as the I anions form a bcc lattice). 
For RbAg~I5 there are 52 possible quasi- te t rahedral ly  
coordinated Ag sites per uni t  cell containing 16 Ag ions 
(15). The question of Whether the Ag sites are strictly 

tetrahedral  is probably of secondary importance be-  
cause as we shall see the Ag coordination complexes 
are soft; of more importance are the density changes 
[1]-[4], which are characteristic of the melt ing of 
fourfold coordinated complexes. 

Microscopic Models 
Macroscopic densi ty  changes AVm/Vm upon mel~ing 

are near ly  constant (17) for all te t rahedral ly  coordi- 
nated b inary  compounds ANB s-N. We therefore ask 
next  what is special about AgI, CuC1, CuBr, and CuI 
that leads to the formation of exotic double salts. We 
note that each of these compounds is te t rahedral ly  
coordinated, and that  octahedrally coordinated AgC1 
and AgBr do not form exotic double salts. This can 
be explained by the density a rgument  discussed above; 
for octahedrally coordinated halides AVm > 0 and 
therefore formation of an exotic, l iquid major i ty  cation 
structure with AVds < 0 is excluded. 

A simple explanat ion for the proclivi ty of AgI, CuC1, 
CuBr, and CuI to form double salts is the presence of 
easily polarized d electrons on Ag and Cu atoms, which 
make the atoms "soft" and therefore can more easily 
accommodate the changes AVm (or AVas) needed to 
form exotic double salts. The weakness in  this expla-  
nat ion is that the C u d  electrons are much more easily 
polarized than the Ag d electrons. Indeed the color of 
Cu stems from the d absorption threshold at 2 eV, 
while the color of Ag is related to the fact that the d 
absorption threshold at 4 eV is well outside the visi- 
ble part  of the spectrum. Yet the exotic structures a r e  

much more easily formed from AgI than from the Cu 
halides, and the a-modification of AgI is stable (Table 
I) at much lower temperatures  than the a-modifica- 
tions of the Cu ha]ides. 

A macroscopically accurate explanat ion of the rela-  
tive softness of AgI and the Cu halides can be ob- 
tained from the general  theory of noncentra l  (bond-  
bending)  interatomic forces. The idea was stated origi- 
na l ly  (20) before the synthesis of most of the double 
salts based on the Cu halides, and it permits  one to 
draw distinctions between them in accord wi th  more 
recent experiments  and also in contradiction with the 
quali tat ive trends between CuBr and CuI shown in 
Table I. Thus it may be said that the interatomic force 
criteria have already demonstrated some predictive 
value. 

Binary Phase Transitions 
The microscopic criteria have evolved from the study 

of phase transit ions of homologous b inary  compounds. 
For pr imar i ly  intermetal l ic  compounds the balance be-  
tween metall ic and ionic energies often determines 
phase transit ions between competing structures (21). 
For the fairly polarizable bonds of insulators and semi-  
conductors per t inent  to the present  compounds, the 
energies to be balanced are covalent and ionic. These 
energies can be determined spectroscopically with al- 
most no adjustable parameters  (20), and they provide 
a quant i ta t ive basis (see Fig. 1) for unders tanding  the 
free energy differences between fourfold and sixfold 
coordinated ANB s-N b inary  octet compounds (22). (A 
less precise but  more general  discussion of phase t r an-  
sitions in this family has recently been given (23) in 
terms of atomic parameters  only.) The emerging sci- 
ence of crystal chemistry has thus provided us, with 
its theory of the effect of chemical bonding on crystal 
structure, with a quant i ta t ive  basis for the following 
discussion. 

Scaffolded Structures 
The characteristic feature of double salts 

MX (NY)p [5] 

where Nu may be AgI, CuC1, CuBr, or CuI, is the large 
value of p which occurs in spite of the fact that N 
is the diffusing cation. Thus the structure is stabilized 
by the minor i ty  cation M (which is 10-20% as n u m e r -  
ous as N). This is the s t ructural  feature that  dis t in-  
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Fig. 1. Distribution of ANB s-N compounds in the Eh (covalent 
enercly) C (ionic energy) plane. The line Fi -~- E2h/(E~h -}- C 2) = 
0.785 successfully separates compounds with fourfold and sixfold 
coordination. Of particular interest are the locations of Agl and 
Rbl, which are indicated in the figure. 

guishes these double  salts  from, for example ,  sodium 
p-alumina,  which contains (24) about  e leven s tabi l iz-  
ing A1 cations for every  diffusing Na ion. Because of 
the la rge  value  of p, the  en t ropy  associated wi th  d is -  
o rder  among the diffusing cations is large,  and this  
en t ropy  may  p lay  an impor tan t  role in s tabi l iz ing these 
double  salts. This leads to the pic ture  of a compound 
which  has compromised  be tween  two coordinat ion con- 
figurations by  forming a scaffolded s tructure,  wi th  a 
skele ta l  f r amework  of minor i ty  cation complexes.  The 
f r amework  is decora ted  by  loosely bound, quas i - in te r -  
s t i t ia l  ma jo r i ty  cations which supply  a neut ra l iz ing 
charge sheath enveloping the over -a l l  s tructure.  

This s t ruc tura l  descr ipt ion can be visual ized more 
easi ly in the case (19) of the l ayer  compound 
(CsH6N)AgsI6. The organic minor i ty  cation, py r id in -  
ium, has a p lanar  s t ructure  which gives r ise to the l ay -  
ered skele ta l  f ramework,  again i l lus t ra t ing  the de te r -  
minat ive  role p layed  by  the minor i ty  cation. The py r i -  
d in ium ion is at the center  of the  unit  cell, and i t  is 
sandwiched be tween  s taggered  hexagonal  r ings  of io-  
dine ions. Outside the  iodine r ings and coplanar  wi th  
the  minor i ty  py r id in ium ions, are  Ag dodecadons,  wi th  
every  site occupied .  At  --30~ no Ag was found in 
planes  ha l fway  be tween  sandwiches,  a l though these 
sites may  be occupied t empora r i l y  when ion t ranspor t  
takes  place. In  contras t  to RbAg4Is, the  Ag ions occupy 
both  smal ler  t e t r ahedra l  sites (where  two rings con- 
tact)  and la rger  oc tahedra l  sites (in the  free volume 
be tween  three  r ings) .  Here  the pr incip le  of a l te rna t ing  
charge sheaths is more  easi ly visualized, as the  s t ruc-  

ture consists of an hexagonal  a r r ay  of coaxial  capaci-  
ta t ive cylinders,  wi th  Ag ions making  up the outer  
cylinder,  iodine ions the  inner  cyl inder ,  and  py r id in ium 
ions forming the ske le ta l  axes. Also, the  near  equal i ty  
in energy of oc tahedra l ly  and t e t r ahed ra l l y  coordinated 
Ag ions c lear ly  helps to stabil ize the structure.  

Chemical Bonding 
We can now ident i fy  the  character is t ic  proper t ies  

of the NY chemical  bonds which produce scaffolded 
structures.  While  the minor i ty  cation complexes MX6 
must  form stable  units (such as RbI0), the NYs com- 
plexes  must  be "soft" in the sense that  the bond-  
bending  energy differences which de te rmine  whether  s 
is four  or six (or some in te rmedia te  value)  are small.  
This is the case most d ramat i ca l ly  for AgI, where  the 
difference in energy (22) of the two configurations is 
< 0.5 kcal /mole ,  but  it  also holds for the Cu halides 
(see Fig. 2). Bond-bend ing  energies  can also be ana -  
lyzed quan t i t a t ive ly  by  compar ing  the noncent ra l  force 
constant,  ~, wi th  the centra l  force constant, ~, (see 
Fig. 3). The appropr ia te  values of these quanti t ies,  to-  
gether  wi th  the spectroscopic ionici ty  fi, are collected 
in Table II. Both the free energy  differences and ~/a 
tend to zero as fi --> Fi --  0.785, the character is t ic  ioni-  
ci ty of the bond in ANB s-N compounds associated wi th  
the t ransi t ion from fourfold  to sixfold coordinat ion 
(20). 

We have also l is ted in Table II  the  t rans i t ion  t em-  
peratures ,  T~, for cation "mel t ing"  (the 9 --> ~ AgI  
t ransi t ion)  in CuBr and CuI. Note that  the d isorder ing  
tempera ture ,  T~, for CuI is lower  than  for CuBr, a l -  
though the ionic conduct iv i ty  (14) of the organic 
double  salt  based on the former  is 20 t imes less than  
tha t  of the lat ter ,  indica t ing  tha t  the  react ion to p ro -  
duce a scaffolded s t ruc ture  is much more  comple te  at 
150~ in the lat ter .  This order ing  is consistent,  how-  
ever, wi th  the chemical  bonding pa rame te r s  fi and ~/~ 
quoted in Table II. This shows that  it  is these bonding 
pa rame te r s  (and not  the d isorder ing tempera ture ,  T~) 
which are  re levan t  to the real iza t ion of new scaffolded 
structures.  

We are not in a posi t ion at  present  to calculate the 
absolute energies of ANB s-N compounds in e i ther  four-  
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fold or s ixfold coordinated s t ructures  wi th  sufficient 
accuracy near  fi = 0.8 to locate the cri t ical  ionici ty  Fi 
at  which the  covalent - ionic  phase t rans i t ion  takes  place 
(20), bu t  there  is an in teres t ing  electrostat ic  exp lana -  
t ion for the value  of Fi as the  one at which the bond 
charge is cer:tered on the anion (22, 25). Thus one can 
unders tand  in balancing in terna l  energies,  U, how the  
macroscopic e lect ros ta t ic  shea th  energies  can be com- 
pet i t ive  wi th  microscopic coordinat ion energies when 
fi (NY)  is near  Fi, bu t  not  otherwise.  The balance  is 
ve ry  delicate,  for at low tempera tu res  d i spropor t iona-  
t ion may  take  place, e.g., in RbAg415 (10), which m a y  
be contrasted with  the s table  condensat ion of Ag ions 
in l ayered  AgI double salts (19). Ev iden t ly  the en-  
t ropy  associated wi th  f rac t ional  occupancy of Ag sites 
is essent ial  to the s tab i l i ty  of RbAg4Is, this s tab i l iza-  

Table II. Structural parameters of cation instabilities in 
binary octet salts 

A ~ B  s-N AGt  ( k c a l /  
c o m p o u n d  (0.79 -- /~)a m o l e )  f l /a Ta(~C)  Tm(~  

A g I  0.02 0.5 b 0.021 146 d 
CuC1 0.05 4.5 b 0.05 c (525) 
Cu:Sr 0.05 4.5 b 0.05 c 469e 
CUI 0.10 8.5 b 0.10c 407 e 
M g S  0.00 ~ -- 0.1 
M g S e  0.00 ~ - -  0.1 
C d S e  0.11 4.0~ 0.15~ 
H g S e  0.11 1.9g 
H g T e  0.14 2.8 h 

430 
492 
605 

800 ~ 
670 ~ 

a R e f .  (13) ,  
b Ref .  (14) .  
c . R . C .  H a n s o n ,  J .  R.  H a l b e r g ,  a n d  C. S c h w a b ,  AppL Phys.  

Letters, 21, 490 (1972). 
d L.  W. S t r o c k ,  Z. Phy.~ik. Cherry., B31,  157 (1936) .  
e j .  B.  "Wagner  a n d  C. W a g n e r ,  J. Chem. Phys.,  26, 1597 (1957). 

J .  A. V a n  V e c h t e n ,  Phys.  Rev. ,  7B 1479 (1973),  T a b l e  VI.  
g J .  A. K a f a l a s ,  H. C. Ga tos ,  a n d  M. C. L a v i n e ,  J. Phys. Chem. 

Solids, 23, 1541 (1962).  
h j ~ l a i r  a n d  A.  C. S m i t h ,  Phys.  Rev. Letters, 7, 124 ,{1961). 
I Ref .  (22).  

t ion ar is ing f rom the d is t r ibut ion  of the  Ag ions among 
the avai lab le  sites. One has here  an ionic real izat ion 
of Paul ing ' s  concept of resonat ing bonds: the  resona t -  
ing ions s tabi l ize  the  s t ruc ture  when the minor i ty  
cation is a single a lka l i  ion. 

Organic Minor i ty  Cations 
The obvious defect  of a sheath  s t ruc ture  is that  the 

a t t rac t ive  interact ions  be tween opposi te ly  charged 
sheaths m a y  tend, in general ,  to be sma l l e r  than  the 
repuls ive  interact ions  be tween  ions belonging to the  
same sheath. However ,  i t  appears  tha t  wi th  the cations 
on the outer  sheath the  two energies  nea r ly  cancel, 
leaving the de te rmina t ion  of the  s t ruc ture  to the smal l  
coordinat ion energies  and the resonat ing  ion entropies.  
One way  to shift  the-balance  in favor  of the scaffolded 
s t ructure  is to increase the  size of the  minor i ty  cation, 
e.g., by  replac ing Rb b y  t e t r ame thy lammonium,  an  
almost  spher ica l  ion (10). This increases the d i s t a n c e  
f rom the common axis to the  outer  m a j o r i t y  cat ion and 
inner  anion sheaths, t he reby  reducing  the repuls ive  
interact ions wi th in  the sheaths, wi thout  subs tan t ia l ly  
a l te r ing  the spacing or the  capaci ta t ive  a t t rac t ion  be -  
tween the other  opposi te ly  charged sheaths. I t  also 
predicts  an increase in p, and this is usua l ly  observed 
[Rb, p = 4; t e t r a a l k y l a m m o n i u m  (26), p _-- 6.5; N-  
a lky l  hexamethy lene te t r amine  (14), p - -  7; bu t  for  
organic  ions wi th  p l ana r  subs t i tuents  or  containing 
shea th -warp ing  N-H dipoles no consistent  pa t t e rn  for 
p has been found (12)].  

As the  radius  of the centra l  minor i ty  cat ion increases,  
the s tab i l i ty  of the ( la rger  c i rcumference)  s h e a t h s  
against  wave l ike  (spinodal)  decomposi t ion (buckl ing)  
is reduced, and one would expect  to find a m a x i m u m  
radius,  Rmax, beyond which  the scaffolded s t ruc ture  
becomes unstable.  F o r  the  nea r ly  spher ica l  t e t r a a l k y l -  
ammonium ions this d iscont inui ty  (which can also be 
corre la ted  with  molecular  weight)  is pa r t i cu l a r ly  s t r ik -  
ing (10), bu t  if one al lows for nonhomologous differ-  
ences betweefl  cubic and layer  s t ructures  there  appears  
to be (12) a Rmax for al l  AgI -based  double  salts, which 
occurs near  a molecular  weight  of 110 for the spher i -  
cal ions and 290 for the p lanar  ions. 

If  we now consider  the Cu ha l ide -based  double  salts, 
then  in addi t ion to balancing the ionic resonance and 
res idual  sheath energies,  we have a much la rger  co- 
ord ina t ion  energy  difference to deal  wi th  (about  ten 
t imes la rger  in CuBr than  in AgI,  see Table I I ) .  This 
means  tha t  we m a y  expect  to find a Rmin as wel l  as 
a Rmax and that  /~max should be much l a rge r  than  in 
AgI;  moreover,  we expect  both  Rmin and Rmax, respec-  
t ively,  to be la rger  for double  salts based on CuL than  
for double salts based on CuBr. The lowest  molecular  
weight  for  the nea r ly  spher ical  t e t r aamine  [ adaman-  
tane fami ly  (27) ] -based  cations which  form conduct-  
ing double salts wi th  CuBr is about  140, i.e., s l ight ly  
la rger  than 110. Thus it appears  tha t  Rmin (CuBr) > 
Rmax (AgI) ,  but  s tudies of more  cases are  needed to 
confirm this point. 

In  addi t ion to the e lect ros ta t ic  contr ibut ion to the  
enthalpy,  the en t ropy  contr ibut ion  of the  pa r t i a l l y  or-  
dered  diffusing ma jo r i t y  cations m a y  be changed when 
the size of the minor i ty  cation is increased.  Naively,  
one would expect  there  to be more  sites ava i lab le  to 
the ma jo r i ty  cation wi th  increas ing rad ius  of the  
minor i ty  cation, which would  tend to s tabi l ize the 
double salts wi th  large  minor i ty  cations. This is also 
a p laus ib le  explana t ion  for the  exis tence of a Rmin > 0 
in the Cu-ha l ide -based  double  salts. 

The coordinat ion configurat ion p lays  a vi ta l  role  for 
the s tabi l iz ing minor i ty  cations jus t  as much as i t  does 
for the "soft" m a j o r i t y  cations. On a gross level  this 
is obvious from the fact tha t  (CsHsNH)AgsI6 has a 
l ayer  s t ruc ture  whereas  RbAg415 is cubic. However ,  
that  the balance of energies  associated wi th  the s tab i l -  
izing ma jo r i ty  cation is just  as del icate  as for the  mi -  
nor i ty  cations is ev ident  f rom the ions M which form 
MAg4Is: these are  (6) K and Rb, but  not  Li, Na, or 
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Cs, al though M ---- Cs does form solid solutions with M 
K or Rb. Originally this was explained (6) merely 

as a size effect, i.e., R(Cs) > Rmax and (presumably)  
R(Li)  ~ R(Na)  ~ Rmin. With the later discovery (10, 
12), however, of stabilization of scaffolded structures 
by giant organic cations, the nonexistence of CsAg415 
became puzzling. The most l ikely explanat ion is that 
CsI is normal ly  eightfold coordinated, but  is unstable  
toward a rear rangement  toward sixfold coordination. 
The volume change, AVt, between eightfold and sixfold 
coordination is only a few per cent, however, and thus 
CsI cannot fill a stabilizing role. 

Connection with Lattice Dynamics 
Because of the open, low density na ture  of te trahe-  

dral ly coordinated ANB s-N salts with zinc blende and 
wurtzite structures, the lattice vibrat ion frequencies in 
short wavelength transverse acoustic (shear) modes 
are anomalously low even in Si and Ge. With increas- 
ing ionicity the noncentral ,  bond-bending  force con- 
stant  fl decreases compared to the nearest  neighbor 
(central)  bond-s t re tching force constant a. This de- 
crease, which is shown in Fig. 3, becomes catastrophic 
in the Cu halides and AgI. While fl/~ measures the soft- 
ening of the shear elastic constants, the effect at short 
wavelengths (Bri l louin zone boundary  phonons) is 
even greater. In  zinc blende compounds the transverse 
acoustic mode frequencies are low at the centers of 
the L = (111) and X = (100) Bri l louin zone faces; in  
wurtzi te structures the doubling of the uni t  cell ( in 
effect) folds back the former to k _ 0, where it is ob- 
servable by Raman scattering. 

In  Table III the frequencies v(El2) are shown, to- 
gether with their pressure derivatives where known. 
(By El~ we mean  the low frequency transverse optic 
phonon at k = 0 in wurtzi te structures, or its t rans-  
verse acoustic analogue at k ---- L in zinc blende struc- 
tures.) The most noteworthy feature of Table III  is 
the low value of v(E12) in ~-AgI. The significance of 
this result  has been discussed elegantly (28) from the 
present point  of view, with emphasis on the ~ --> 
t ransi t ion in AgI. In  particular,  the connection of the 
low frequency with low values of ~/~ and with the 
proximity  of 51(AgI) to Fi has been stressed (28). Also, 
the character of the iodide ion motion and its relat ion 
to a t ransformat ion from hcp to bcc is noted for the 
first time (28). 

The success of the lattice dynamical  in terpreta t ion 
(28) of the ~ ~ a phase t ransi t ion in AgI increases our 
interest  in v(E12) as a possible configuration coordinate 
for describing the formation of scaffolded double salts. 
We therefore show in Table III  these frequencies for 
the Cu halides and ZnO and CdS. Clearly, the Cu 
halides are next  most favorable after AgI, while CdS 
is a bet ter  candidate than ZnO. Also, CuBr is signifi- 
cantly better  than CuI. (The same conclusion was 
reached on the basis of Table II, in agreement  with 
experiment,  but  in contradiction with the overly sim- 
ple T~ trends in Table I.) 

Table III. Soft phonon frequencies and their shifts with pressure 
in some ANB 8-N compounds 

Av(lO k b a r )  
C o m p o u n d  v(E1e) (cm-1) (cm-1) 

Si  150 a - 0.Ta 
Z n O  99b -- 1.3b 
CdS 42 b -- 2.0~ 
C u B r  31e 
CuI 34a 
.~gI (]3) 15e 

a W. R i c h t e r ,  J. B. R e n u c c i ,  a n d  1VL C a r d o n a ,  Solid-State Com- 
mun. ,  16, 131 (1975).  

b S. S. M i t r a  e t  al., Phys.  Roy., 186, 942 (1969).  
c B.  P r e v o t  et aL, Solid-State Commun. ,  13, 12:73 (1973).  
d B. H e n n i o n  e t  at., Phys.  Rev.  Letters, ~8, 964 (1972).  
e R. C. H a n s o n ,  T .  A. t~jeldy,  a n d  H. D. H o c h h e i m e r ,  Phys. 

Status Solidi, BT0, 567 (1975).  

Vibrational Entropy 
The low lying frequencies v(El2) listed in Table III 

give rise to very large (strongly anharmonic) )  v ibra-  
tions at ambient  temperatures,  pr imar i ly  of iodine ions 
in AgI, which correspond to a mean  phonon occupa- 
t ion number  n(E12) N 12 in AgI. [This explains, inci-  
dentally, the very large Debye-Waller  damping for the 
iodine ions which puzzled Hoshino (16).] Such large 
phonon occupation numbers  increase the vibrat ional  
entropy of AgI4 complexes, thereby helping to stabil-  
ize RbAg415 against disproport ionation (20) down to 
27~ As v(El2) increases, the vibrat ional  amplitudes 
decrease, which tends to destabilize the CuX double 
salts compared to the AgI ones. The same effect may 
explain the tetragonal  distort ion which is present  in 
Cu2HgI4 but  absent  in Ag2HgI4: in  the lat ter  case the 
motional  Jahn-Tel le r  effect has "averaged out" the 
tetragonal  distortion. 

Synthesis at High Pressures? 
The pressure derivatives in  Table II are interesting. 

One can ask, is it not possible, by applying pressure, to 
br ing the spectroscopic ionicity, ]i, of the Cu halides 
or CdS close enough to fi (AgI) so that one could form 
scaffolded structures involving the former? But  one 
must  be careful in in terpre t ing  Fig. 2, for the effect 
of pressure is to change both $i (AB) and the critical 
ionicity, Fi, i.e., both 0fi/0p and OFi/Op must be consid- 
ered. To make this distinction, consider CuBr, which 
transforms to the rock salt s tructure (14) at 43 kbar. 
Assume that 0v/0p is about the same in CuBr as it is in  
CdS; then v(CuBr, 40 kbar)  ~ 31 -- 8 = 23 cm -1. Thus 
about half of the difference between v(CuBr) and 
v(AgI) can be removed by application of pressure, but 
half  cannot. An even less favorable case is CdS, where 
the t ransi t ion pressure is (14) anomalously low (25 
kbar)  ; thus v(CdS, 20 kbar)  = 38 cm -1, which is more 
than twice the AgI value. 

Two-Phase Behavior 
Highly conductive single crystals with mole ratios 

near  the opt imum value have been grown from sev- 
eral double salts (18, 19) based on AgI. However, 
Takahasbi,  Yamamoto, and Ikeda (14) usual ly were 
unable  to prepare single phase double salts based 
on Cu halides, and do not report  the s tructure of their  
"single phase" samples. Sammels, Gougoutas, and 
Owens have similarly reported (15) that while the 
opt imum Cup/organic NH4 halide mole ratios for high 
ionic conductivity ranged from p _~ 4 to p = 7, the 
only single crystals which they have grown corres- 
pond to p = 2.5. While the la t ter  is reported to be 
conductive, it seems unl ikely  that it has high ionic 
conductivity comparable to that achieved for the 
larger optimal values of p. Our model for formation 
of scaffolded structures suggests that two-phase be- 
havior may be intrinsic to all but  the AgI-based 
double salts. The two-phase behavior  may correspond 
to intr insic disproportionation, for example, into a 
phase with high ionic conductivity (~) and one with 
much lower ionic conductivity (~'). The fraction of 
the a-phase may be un i ty  in AgI-based salts, near  
0.5 for CuX-based salts (and somewhat larger for X 
: Br than for X ~_ I) and may be near zero, e.g., 
in CdS-based salts. 

Two-phase behavior is especially common in soft 
lattices; Ketelaar, in his early work (4), mentions 
that  the surface of AgI undergoes the ~ --> ~ t ransi t ion 
(with an accompanying change in color) before the 
inter ior  does. This behavior can occur because of the 
strain field at the sample surface. Ferroelastic crystals 
are especially sensitive to strain fields, and it seems 
that many  soft lattices may be equally sensitive to 
shape and surface effects. In some cases, such as 
quasi-one-dimensional  molecular crystals, the coexist- 
ence of two phases may be necessary to relieve in-  
ternal  s train fields (30), and in the case of KCP such 
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coexistence has been observed by  neut ron  sca t te r -  
ing (30). 

The basic factor  l imit ing the format ion  of double  
salts  m a y  well  be in te rna l  s t ra in  fields. In the case of 
quas i -one-d imens iona l  mater ia l s  this is obvious be -  
cause of the p rob lem of la t t i ce -cons tan t  mismatch  
be tween  the two chains (30). For  the  Cu-ha l ide  based 
double  salts  the presence of the second salt  appa ren t ly  
tends to produce  a un iax ia l  (quas i - te t ragona l )  d is-  
tor t ion of CuX4 complexes.  On the other  hand, the 
s y m m e t r y  (and la t t ice  constants)  of the minor i ty  
scaffolded s t ruc ture  may  not  be consistent  wi th  s l ight ly  
t e t ragona l ly  d is tor ted  ma jo r i t y  cation complexes.  This 
produces  in te rna l  s t ra in  which can be re l ieved  by  
two-phase  behavior .  In the  quas i -one-d imens iona l  m a -  
ter ia ls  at low t empera tu res  the two phases may  be 
rep laced  by  a single phase  wi th  a much la rger  uni t  
cell; the low t empera tu re  phases (31) of RbAg415 
m a y  arise in this way. However ,  in other  crysta ls  the 
two phases may  coexist  in pract ice  wi thout  order ing  
at low tempera tures .  

Alternative Majority Cations 
The discovery (14) os the  sol id-sol id  react ion be-  

tween  [ . . . ] X  and CuX (instead of AgI)  raises the 
poss ibi l i ty  of forming double  salts based on A Nt~s-N 
compounds wi th  N -- 2. Two candidates,  Mg and Cd, 
a re  considered in Table II. 

Considering only hGt, we are  t empted  to choose 
MgS or MgSe. However ,  s t r ic t ly  speaking,  at room 
t empera tu r e  AGt is p robab ly  s l ight ly  negat ive  (as 
indica ted  in the tab le) ,  so tha t  the  fourfold  coordinated  
fo rm is only metastable .  Under  compact ion to form 
a double  salt  these two compounds t rans form to the 
denser  rock salt  s t ructure,  which wil l  p robab ly  block 
the react ion to form the scaffolded s tructure.  

We must  therefore  consider  the Cu salts and the Cd 
salts. F rom the discussion given above, the configura-  
t ion coordinates  AGt, fl/a, and v(El2) of the  Cu salts  
a re  subs tan t ia l ly  more  favorab le  than those of the Cd 
salts, wi th  or wi thout  pressure .  However ,  it  may  stil l  
be possible to p repa re  double  salts based on CdS, 
CdSe, or CdTe. 

A more  remote  poss ib i l i ty  is to combine a t e t r a -  
hedra l  ANB s-N b i n a r y  compound (such as CdS) wi th  
an oc tahedra l  C•B 10-• compound (such as P b S ) .  This 
appears  unl ikely,  because Pb, for example ,  usua l ly  
would  be t e t r ava len t  r a the r  than divalent .  However ,  
some ear ly  work  indica ted  (32) the  existence of Cd~Ge 
(S or Se)5, wi th  a nea r ly  cubic unit  cell containing 
four  fo rmula  units, in s t rong s imi la r i ty  to RbAg4Is. 
However ,  l a te r  work  on C d - G e - S  (33) and A2-C4-S 
[with C ---- Si or Ge and A - :  Cd or  Hg (34)] showed 
that  the correct  fo rmula  is A4eC~Ss, i.e., with  C : 
Si or Ge the C atoms are indeed te t ravalent .  In g e n -  
eral,  the ab i l i ty  to form d iva len t  states increases wi th  
increas ing atomic weight  in the  four th  column, so i t  
st i l l  might  be  possible to p repa re  Cd~PbSs. The exis t -  
ence of a number  of compounds of fo rmula  A42C4B6 s 
(i.e., the  p roper  ratio,  4: 1, of t e t r ahedra l  to possibly  
oc tahedra l  cations) suggests that  this is an in teres t ing  
possibil i ty,  but  so far  no such compounds have been 
repor ted .  

Alternative Anions 
The pr inciples  that  govern  anion subst i tut ion are  

less c lea r -cu t  than those tha t  govern  cation subs t i tu-  
tion. Ea r ly  work  (8, 9) showed that  Ag3SI t r ans formed  
to a ca t ion-d isordered  perovsk i te  s t ruc ture  at  Tc 
235~ whi le  Ag.~SBr t rans formed  (35) at 430~ It  
is in teres t ing  tha t  Paul ing 's  tab le  of e lementa l  e lec t ro-  
negat iv i t ies  (36) gives X ( S )  = X ( I )  = 2.5, whi le  
X ( B r )  ~ 2.8; this may  expla in  the lower  va lue  of Tc 
in the iodide. The beats  of fo rmat ion  ( - -hHf  in kca l /  
mole)  are  (37) 7.8 (Ag2S), 15 (AgI) ,  and 24 (AgBr) ,  
and this, together  wi th  (20) fi (AgBr)  = 0.79 + 0.06 
(AgBr  has the NaC1 s t ruc ture)  also supports  the 

h igher  value  of Tc in the  b romide  compared  to the  
iodide. Again  we see that  s t rongly  ionic interact ions  
h inder  cation disorder,  p r i m a r i l y  because they  favor  
oc tahedra l  sites over  t e t r ahedra l  ones, whereas  nea r ly  
equal  site energies make  possible  cation d isorder  at  
low values  of To. 

Microscopic Models 
Most theore t ica l  models  of superionie  conductors  

have emphasized the act ivat ion energy,  AHa, for  ionic 
diffusion as der ived  f rom an Ar rhen ius  plot  of ~r(T). 
Such a discussion is appropr ia te ,  e.g., for ionic con- 
duct ion in sodium E-alumina (24). However ,  in ca-  
t ion-d i sordered  salts  such as a-AgI,  and equa l ly  in 
scaffolded double  salts  such as RbAg4Is, this hopping 
model  appears  to be i r r e levan t  to unders tand ing  the 
ve ry  high ionic conduct ivi t ies  (smal l  values  of AHa) 
that  are  ac tua l ly  observed.  Wi th  a number  of sites 
ava i lab le  to the  diffusing cations, al l  in closer p rox -  
imi ty  than cation sites in the m a j o r i t y  cat ion single 
salt, i t  is c lear  tha t  the na tu re  of the s t ruc ture  (cat ion-  
d isordered  or scaffolded, as the  case m a y  be) is such 
that  the  near  equa l i ty  in energy  of inequiva len t  sites 
is accompanied by  a ve ry  substant ia l  anharmonic  
softening or lower ing  of ba r r i e r  heights  ~Ha from 
what  one would calculate  f rom the uncor re la ted  hop-  
ping ion picture.  This is the essential  common fea tu re  
of both ca t ion-d i sordered  and scaffolded s t ructures .  
I t  can be p ic tured  as lopping off the  ba r r i e r  be tween  
two equivalent  sites and pu t t ing  be tween  them an in-  
equivalent  site wi th  only a s l igh t ly  h igher  energy than  
that  of the  lowest  site. This p ic ture  has been impl ic i t  
in the exper imen ta l  discussions for some t ime (6), 
but  it  seems to have been omi t ted  f rom most micro-  
scopic models. The present  discussion takes this model  
for  g ran ted  and uti l izes the da ta  for the  copper- ion  
conductors  (14, 15) to e lucidate  differences be tween  
ionic conduct ion in the ca t ion-d isordered  and scaf- 
folded salts. In par t icu lar ,  our  model  shows why  scaf- 
folded CuBr double  salts can be more  conduct ing than  
scaffolded CuI double  salts, a l t h o u g h  the l a t t e r  have  
the lower  cation d isorder ing  tempera ture ,  Tc. 

An  amusing example  of an oversimplif ied hopping 
model  has been presented  in terms of smal l  polaron  
theory  (38). These authors  do not discuss scaffolded 
s t ructures  at  all, bu t  they  do assert  that  ~Ha does not  
change much upon cat ion disorder ing,  the reby  ignor -  
ing the change in conduct iv i ty  of severa l  orders  of 
magni tude  at Tr and ignor ing what  most  expe r imen ta l -  
ists use to dis t inguish o rd ina ry  ionic conduct iv i ty  f rom 
superionic conductivi ty.  They  also claim to expla in  
"for the  first t ime" why  CuC1 is not a good superionic  
conductor.  (The hopping energy in CuC1 is ca lcula ted 
to be 2.5 t imes that  of CuBr, which in tu rn  is twice 
that  of CuI.) But ,  as we have seen, scaffolded CuBr 
double salts are  be t te r  ionic conductors  than  scaffolded 
CuI double  salts. Moreover,  one does not need m a n y -  
body theory  to expla in  why  CuC1 is not a superionic 
conductor.  F rom the values  of Tc in CuI and CuBr, it  is 
c lear  that  To increases wi th  the Debye  tempera ture ,  
and a reasonable  guess for Tc in CuC1 is 530~ or 
about  100~ above the mel t ing  point,  Tr~ (see Table  
I I ) .  

The reason why  the polaron coupling constant  ~ 
(1/e~ --  l/c0) is not a re levan t  configurat ional  coordin-  
ate for superionic conductors  is that  i t  measures  the  
longi tudina l  ionic forces responsible  for the difference 
in f requency  of longi tud ina l  and t ransverse  optic 
modes at k ~ 0. However ,  as we have  seen, it  is the 
frequencies  of the  E12 modes (essent ia l ly  t ransverse  
acoustic zone-boundary  phonons)  that  measure  the  
softness against  shear  that  is the  character is t ic  f ea tu re  
of AgI  and the Cu halides. Indeed,  of al l  the configura- 
t ion coordinates,  the polaron coupling pa rame te r  is 
the one that  is least  r e levan t  to cat ion d isorder ing and 
to the format ion  of super ionic  s t ructures .  
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Conclusions 
The structural principles which make possible the 

formation of scaffolded superionic conductors were 
discussed. Pr imary emphasis was laid on the necessity 
for "soft" majori ty and "rigid" minority cation co- 
ordination configurations, which were shown to be of 
greater structural significance for the scaffolded double 
salt than the possibility of cation disorder in the 
majori ty cation salt, although the lat ter  is also, of 
course, related to the "soft" majori ty cation configura- 
tion. Alternative majori ty cation salts were discussed. 

Postscript.--Studies of ionic conductivity in (Zn, 
Cd, Hg, Cu, and Pb)S  have been reported (39) that 
indicate mixed ionic and electronic conductivity, pos- 
sibly caused by the presence of stacking faults in 
(Zn and Cd)S. 

Second postscript.--An elegant and convincing dem- 
onstration of the transferabil i ty of the 4-6 coordina- 
tion isomerism discussed here (and il lustrated by the 
abscissa intercepts of Fig. 2 and 3) has been obtained 
recently by Teo and Calabrese (40) and Churchill 
and co-workers (41). They have studied the structural 
variations in me ta l  clusters (R3Y)4M4X~ where R is 
C8H5 or C~Hs, Y is P or As, and the metal core salt 
atoms M are Cu or Ag while X is a halide. In crystals 
the M4X4 core may have either a cubane structure 
(right-angle M bonds, analogous to sixfold coordina- 
tion in MX salts) or a chair structure (distorted tet-  
rahedral  M bonds, as in fourfold coordinated MX 
salts). Only with M ---- Ag and X -- I is an unprece- 
dented isomerism present. However, with M ---- Cu 
conversion from the cubane form with X -- C1 to the 
chairlike configuration with X _-- Br and I is estab- 
lished. Considering that each cluster has a large sur- 
face area, the general similarity of these isomeric 
transformations to the quantitative "softness" criteria 
discussed in this paper is striking. 

Manuscript submitted May 15, 1975; revised manu- 
script received Feb. 4, 1976. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1976 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submitted by Aug. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Bell Laboratories. 
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The Preparation and Properties of Tin Oxide Films 
Formed by Oxidation of Tetramethyltin 

B. Jayant Baliga *,1 and Sorab K. Ghandhi* 
Electrical and Systems Engineering Depart~nent, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

A new technique is described for the deposition of SnO2 films based upon 
the pyrolysis of te t ramethyl t in  (TMT) in  oxygen at relat ively low tempera-  
tures (~450~ As a t in  source, TMT has the advantages of being stable in 
air and moisture and of being a liquid with a relat ively high vapor pressure 
at room temperature.  Thus, a simple bubbler  system is used to t ransport  its 
vapors to the reaction chamber. The deposition technique is characterized by  
(i) high and controllable growth rates (more than 300 A / m i n ) ,  (it) high 
conductivi ty layers [more than 30(ohm-cm) -1 undoped],  and (iii) highly 
t ransparent  layers in the visible range (more than  95% transmission for 
1500A layers) .  ,In addition, the films can be doped to achieve conductivities as 
high as 200 (ohm-cm) -1 without  loss in transmission. Finally,  fast, low tem-  
perature  anneals with forming gas in  an open- tube  system can be effectively 
used to result  i n  an addit ional  twofold increase in  conductivity. 

Tin  oxide has the unusual  properties of high t rans-  
parency in the visible spectrum, combined with a high 
conductivity. These properties are shared with only a 
few other materials,  and many  techniques for its dep- 
osition have therefore been developed. Among these, 
the most commonly used are reactive sput ter ing (1, 2) 
and chemical vapor deposition using SnC14 (3-7). Sub-  
strafe temperatures  ranging from 500 ~ to 750~ are 
necessary in  the SnC14 process. Although lower tem-  
peratures are used in  reactive sputtering, the proper-  
ties of the resul t ing films are difficult to control in spite 
of elaborate target  preparat ion procedures (1). In  this 
paper, a new technique is described for the chemical 
vapor deposition of SnO2 films based on the oxidation 
of t e t ramethyl t in  (TMT) at relat ively low tempera-  
tures (450~176 

The growth of electronic materials  using organo- 
metallic compounds as sources was pioneered by Man-  
asevit and co-workers, who have used TMT to obtain 
films of SnTe, SnS, and PbSnTe  chalcogenide glasses 
(8). TMT has the advantages of being s~abte in  air  and 
moisture which allows its handl ing in  glass containers 
with no hazard to the user, of being a l iquid at room 
temperature,  and of having a re la t ively high vapor 
pressure at room tempera ture  (1C0 mm of Hg). The 
last two properties readily allow vapor t ransport  to 
the reaction zone by bubbling an inert gas through 
liquid TMT. 

Undoped SnO2 films have high conductivity; never- 
theless, the conductivity can be improved by doping 
with Sb205 (4, 7) and by annealing in a vacuum (3, 6). 
In this paper we report the results of doping SnOs 
films with P205 and the effects of forming gas anneals 
in an open-tube system. These techniques are substan- 
tial simplifications on the previously available methods 
for increasing the conductivity of the SnO2 films. 

Experimental Conditions 
Apparatus.--The deposition of SnO2 films was per-  

formed in an open- tube  reactor similar to that de- 
scribed by Goldsmith and Kern  (9). In  this reactor, a 
stainless steel susceptor was main ta ined  at the deposi- 
tion tempera ture  (to wi thin  _5~ by conventional  
resistance heating. UHP argon gas was bubbled  
through the TMT 2 at 30~ to t ranspor t  its vapors to 
the heated substrate. AtI depositions were conducted 
using an argon carrier  gas flow of 2.0 l i ter /rain.  

* Electrochemical Society Active Member. 
1 Present address: General Electric Company, Research and De- 

velopment Center, Schenectady, iNew York 12301. 
5N electronic grade, Alpha Organometallics, Danvers Massachu- 

setts. 
Key words: pyrolysis, thin films, tetramethyltin, CV'D. 

Deposition procedure.--Deposition of SnO2 films w a s  
s imultaneously  conducted on 8 rail glass slides (Corn- 
ing Cover Glass No. 1u and silicon wafers. These sub-  
strates were degreased in a 1: 1:1 solution of isopropyl 
alcohol, tr ichloroethylene, and acetone, cleaned in 
Caro's etch [1:1 solution of H2SO4 (97%) and H~O2 
(47%) ], and given a final r inse in  methanol  prior to 
loading into the reactor. After  the substrate reached 
the deposition tempera ture  in the argon ambient ,  sil- 
ane 3 and oxygen 4 were introduced to obtain a 2000A 
layer  of SiO2 on the substrate surface. All SnO2 l a y e r s  
were deposited on this freshly prepared SiO2 layer. 

A Dektak thickness gauge was used to measure t h e  
film thickness. Since layer thickness was found to in -  
crease l inear ly  with time, the deposition rate  was cal- 
culated by dividing film th ickness  by  deposition time. 
A film thickness of 1600/k was used to characterize the 
growth rate and to obtain the conductivi ty of the re-  
sult ing films. 

Deposition Characteristics 
Temperature.--The temperature  dependence of the 

growth rate of SnO2 films was studied using an argon 
flow of 15 m l / m i n  through the TMT bubble r  and an 
oxygen flow of 48 ml /min .  As shown in  Fig. 1, the 
growth process was ' reac t ion-ra te  controlled over the 
tempera ture  range used in this s tudy and had an ac- 
t ivat ion energy of 1.64 eV/molecute (37.8 kcal /mole) .  
The effect of decreasing the TMT transported to the 
chamber by reducing the argon flow through the TMT 
bubbler  to 0.75 m l / m i n  is also shown in  Fig. 1. The 
growth rate is still react ion-ra te  controlled at lower 
temperatures,  but  the effects of mass- t ranspor t  l imited 
kinetics beg in to  appear at 530~ 

Oxygen ]low.--The effect of changing the oxygen 
flow on deposition rate was measured at 500~ using 
an argon flow of 15 m l / m i n  through the TMT bubbler .  
The growth rate was seen to increase l inear ly  wi th  
oxygen flow, over the range from 0 to 48 ml /min .  It was 
found that sufficient air was present  in  the open-cham-  
ber  a r rangement  in  our apparatus to produce deposi- 
tion rates of 55 A/ ra in  of SnO2 in  the absence of oxy- 
gen flow. 

TMT f /ow.--Experiments  were also conducted at 
500~ to de termine  the effect of changing the TMT 
concentrat ion in  the chamber while main ta in ing  an  
oxygen flow of 48 ml /min .  Figure 2 shows the results 

a Semiconductor grade, Matheson Gas Products, East Rutherford, 
Massachusetts. 

4 Research purity 99.99%, Matheson Gas Products, East Ruther- 
ford, Massachusetts. 
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Fig. 1. Variation of tin oxide deposition rate with substrate 
temperature. 
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Fig. 2. Variation of tin oxide deposition rate with TMT r 
centration. 

of increasing the argon flow through the TMT bubb le r  
f rom 0 to 90 ml /min .  The g rowth  ra te  increases r ap -  
id ly  as argon flow is increased from 0 to 7.5 m l / m i n  but  
is not  a s t rong function of the  TMT concentra t ion at  
h igher  flows. The var ia t ion  of g rowth  ra te  wi th  t em-  
pe ra tu re  (Fig. 1) at  argon flows of 15 and 0.75 m l / m i n  
th rough  the TMT bubble r  shows that  the  kinet ics  of 
the  growth  are  r eac t ion - ra t e  control led  and have the 
same act ivat ion energy  over  the  ent i re  range  of TMT 
concentrat ions  s tudied in Fig. 2 at  a subs t ra te  t empera -  
ture  of 500~ The observed .variation cannot, there -  
fore, be ascr ibed to a change in react ion kinetics.  In-  
deed, the  inser t  in this figure shows tha t  the observed 
g rowth  ra te  behavior  can be exp la ined  if  the react ion 
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is assumed to be of one -qua r t e r  o rder  wi th  r e s p e c t  to  
TMT concentrat ion.  

These resul ts  show that,  using the TIVIT-O2 system, 
SnO2 films can be deposi ted at  ra tes  in excess of 300 
2~/min. These ra tes  compare  wel l  wi th  those observed 
by  CVD using SnC14 and exceed those no rma l ly  ob-  
served in react ive  sput ter ing.  In  comparison wi th  these 
methods,  the  sys tem descr ibed here  has the  advantage  
of requi r ing  lower  subs t ra te  t empera tu re s  and the cap- 
ab i l i ty  of deposi t ing un i form layers  over  a large  area. 
Fur the rmore ,  r epea ted  deposi t ion of films under  s tan-  
dard ized  condit ions (subs t ra te  t e m p e r a t u r e  --  500~ 
argon flow in TMT bubb le r  = 15 ml /min ,  oxygen  flow 
= 48 m l / m i n )  resul ts  in less than  •  var ia t ion  in 
g rowth  rate.  

Electrical Properties 
SnO2 is a wide bandgap  ( >  3.5 eV) semiconductor  

wi th  p redominan t ly  n - type  conduct iv i ty  (3). The elec-  
t ron  concentra t ion in the  conduct ion band  p r i m a r i l y  
arises f rom lack  of s to ichiometry  produced  by  an oxy-  
gen deficiency (4, 5). I t  is, therefore ,  impor t an t  to ex -  
amine  the effect of the  TMT/O2 mole  rat io  upon con- 
duct ivi ty.  Fur ther ,  the  addi t ion of an t imony  oxide h a s  
been found to enhance the c onduc t i v i t y  of SnO2 films 
(4, 7). In  this  section, we examine  the effect of the  ad-  
di t ion of phosphorus  pen tox ide  to these films. 

Undoped f i lms. - -As expected,  increas ing the oxygen 
flow whi le  main ta in ing  a constant  concentra t ion of 
TMT resul ted  in layers  wi th  decreas ing conduct ivi ty .  
On the other  hand, SnO2 films grown using increas ing 
TMT flow whi le  main ta in ing  a f ixed oxygen  flow had 
increasing conductivi t ies .  The conduct iv i ty  of SnO~ 
films grown in this s tudy  was, therefore ,  control led by  
an oxygen  deficiency. The p ropor t iona l i ty  be tween  
conduct iv i ty  and the  TMT/O2 flow rat io  is shown in 
Fig. 3 for TMT/O2 mole  rat ios up to 0.25. A n  oxygen 
excess was used in all  these exper iments .  

Changing the deposi t ion t empe ra tu r e  was found to 
have  a s trong influence on the conduct iv i ty  of the  l ay -  
ers. Under  fixed TMT and oxygen flows, the  conduct iv-  
i ty  was found to decrease  r ap id ly  as the deposi t ion 
t e m p e r a t u r e  was increased.  As seen f rom Fig. 1, this  
decrease  in conduct ivi ty  is accompanied b y  a rap id  in-  
crease in g rowth  rate.  We, therefore,  conclude that  in-  
creasing subs t ra te  t empe ra tu r e  resul ts  in the oxidat ion 
react ion proceeding fu r the r  to completion, and leads to 
a fal l  in the  conduct ivi ty.  

Doped films.--Since SnO2 is a semiconductor  in 
which the conduct ivi ty  is de r ived  f rom lack  of s toi-  
chiometry,  its conduct iv i ty  can be enhanced by  the ad-  
di t ion of oxides  of Group V elements .  We have  s tudied 
the effect of the  addi t ion  of P20~, using phosphine 
gas~ as a source. Phosphine  is r ead i ly  avai lab le  in a 
wide range of concentrat ions  due to its common usage 

6 E l e c t r o n i c  g r a d e  99.999% p u r i t y ,  M a t h e s o n  Gas Products,  E a s t  
R u t h e r f o r d ,  Massachusetts .  
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Fig. 3. Variation of the conductivity of tin oxide films with 
(TMT/oxygen) mole ratio. 
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as a n - t y p e  dopant  for silicon, and its oxida t ion  at low 
t empera tu re s  has been well  s tudied (10, 11). 

The effect of the addi t ion  of P205 to SnO2 layers  
was s tudied at a deposi t ion t empe ra tu r e  of 500~ us-  
ing an argon flow of 15 m l / m i n  th rough  the TMT bub-  
bler  and an oxygen flow of 48 ml /min .  A source of 460 
ppm of phosphine  in argon was used to obtain a wide 
range of low phosphine  concentra t ions  in the reactor.  
F igure  4 shows the change in conduct iv i ty  as a function 
of the P H J T M T  mole  ra t io  over  a range of th ree  dec-  
ades. The TMT concentra t ion was computed using a 
vapor  pressure  of 100 mm of Hg at  room t empera tu r e  
and assuming equi l ib r ium t ranspor t  f rom the bubbler .  
As seen f rom Fig. 4, the addi t ion of phosphine  in-  
creases the conduct ivi ty  of the  SnO2 layers  by  more  
than  a factor  of twenty.  The highest  conduct ivi t ies  
were  observed in our sys tem for a P H J T M T  rat io  of 
0.01. Increas ing the phosphine  concentra t ion beyond 
this value  produced  a rap id  decrease  in conduct ivi ty .  
Al l  of these layers  exhib i ted  a t ransmiss ion coefficient 
of g rea te r  than 95% over  the vis ible  spectrum. 

Annealing behavior.--The conduct iv i ty  of SnO2 
films has been increased by  anneal ing  the films in a 
vacuum (3, 6). In this work, we presen t  resul ts  of an-  
neal ing studies, pe r fo rmed  on both doped and undoped 
samples, in a reducing ambient .  Annea l ing  the films in 
forming gas (20% hydrogen,  80% ni t rogen)  for r e l a -  
t ive ly  short  per iods  (5 rain) was found to produce  a 
twofold increase  in conduct ivi ty.  This technique a l -  
lowed fast, effective anneal ing  in a s imple  open- tube  
appara tus  as compared  to the more  complex  vacuum 
anneal ing processes. 

Typical  resul ts  of isochronal  anneals  (5 min t ime in-  
tervals)  are  shown for both  a doped and an undoped 
sample  in Fig. 5. Li t t le  change in conduct iv i ty  occurred 
be low 200~ The highest  conduct iv i ty  af ter  anneal ing  
occurred for t empera tu re s  betWeen 300 ~ and 350~ 
At  h igher  t empera tu res  the  conduct iv i ty  decreased 
unt i l  visible signs of the reduct ion of SnO2 to Sn were  
observed at  500~C and above. Ex tended  anneals  at 
500~ resul ted  in complete  reduct ion of the SnO2, as 
evidenced by  the appearance  of t iny  balls  of Sn on the 
sample. These resul ts  indicate  an op t imum anneal  t em-  
pe ra tu re  of 300~ Iso thermal  anneals  pe r fo rmed  at  
this t empe ra tu r e  showed that  the anneal  is complete  
wi th in  5-10 min (12). 

The deposi t ions in our s tudy  were  pe r fo rmed  by  the 
pyrolys is  of t e t r ame thy l t i n  in oxygen.  Consequently,  
conduct iv i ty  changes caused by  the presence of incor-  
pora ted  methy l  groups dur ing  anneal ing  have  also been 
considered.  Anneal ing  in a d ry  n i t rogen a tmosphere  at 
300~ showed no conduct iv i ty  change. Hence, we con- 
clude that  the reducing effect of these groups, if  incor-  
pora ted  into the films, is negligible.  
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Fig. 4. Effect of the addition of phosphine during deposition upon 
conductivity of tin oxide films. 
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Fig. 5. Effect of isochronal annealing in forming gas upon the 
conductivity of tin oxide films. 

Discussion and Conclusions 

Repet i t ive  deposi t ion of SnO2 films under  s t andard  
conditions (deposi t ion t empe ra tu r e  = 500~ argon 
flow in TMT bubb le r  = 15 ml /min ,  oxygen flow = 48 
m l / m i n )  produced  layers  whose conduct ivi t ies  var ied  
by  less than •  This reproduc ib i l i ty  pa r t i a l l y  stems 
f rom the deposi t ion of the SnO2 layers  on the f reshly  
deposi ted SiO2 layers ,  which makes  the  proper t ies  of 
the  SnO2 films insensi t ive  to the subs t ra te  cleaning 
procedure.  

In  our exper iments ,  undoped layers  could be grown 
with  conductivi t ies  as high as 30 (ohm-cm)  -1. The con- 
duct iv i ty  is found to increase wi th  increas ing TMT/O~ 
rat io  and is also increased by  anneal ing  the layers  in a 
reducing ambient .  This confirms tha t  the  conduct iv i ty  
arises p redominan t ly  f rom an oxygen deficiency and 
not f rom the presence of impur i t i es  in the  TMT source. 

The addi t ion  of P205 to the  SnO2 increases  the  con- 
duc t iv i ty  of our films f rom 8 ( o h m - c m ) - I  for  undoped 
films to as high as 180 (ohm-cm)  -1 for films grown un-  
de r  an op t imum P H J T M T  mole  rat io  of 0.01, and the 
conduct iv i ty  fal ls  r ap id ly  at  h igher  ratios. A s imi la r  
behavior ,  observed in the  doping of SnO~ films wi th  
Sb20~ (7), has been a t t r ibu ted  to a measured  decrease  
in e lect ron mobil i ty.  I t  is l ike ly  tha t  the decrease  in 
conduct iv i ty  of our films for P H J T M T  rat ios  above 
0.01 is also due to this effect. 

Annea l ing  these films in forming gas at  300~ for  
5 min  produces  a twofold increase  in  conduct iv i ty  for 
both undoped and P2OD-doped films. In  this s tudy  the 
highest  conduct iv i ty  observed af te r  anneal ing  was 320 
(ohm-cm)  -1. Anneal ing  at  h igher  t empera tu re s  can re -  
sult  in sample  des t ruc t ion  by  reduct ion  of SnO2 to Sn. 

In  conclusion, this paper  in t roduces  a new CVD 
process for the deposi t ion of h igh  conduct iv i ty  SnO2 
films based on the  ox ida t ion  of t e t ramethyl t in .  Growth  
ra tes  exceeding 300 A / m i n  are  achievable,  wi th  film 
qual i ty  comparab le  to tha t  obta ined by  e i ther  reac t ive  
sput te r ing  or chemical  vapor  deposi t ion using SnC14. 
This new deposi t ion technique,  however ,  offers the ad-  
vantages  of s impl ic i ty  of appara tus ,  low deposi t ion 
tempera tures ,  and good reproducib i l i ty .  
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%chnica  Note 

Particle Morphology and Lamp Maintenance of 
(1 - x)YPO 4.xYVO 4 Phosphors Containing Eu 3+ 

R. C. Ropp and B. Carroll 
Department of Chemistry, Rutgers University, Newark, New Jersey 07102 

In a prior paper  (1), a s tudy of solid solution forma- 
t ion between YPO4 and YVO4 was presented. Complete 
solid solution was observed only if the two were co- 
precipitated or if the salt, YPO4 �9 5/3 H~O was em- 
ployed as a reaction base. The use of any other phos- 
phate resulted in  an apparent  deviat ion from Ve- 
gard's law due to incomplete solid-solution formation 
caused by competing side reactions. These side reac- 
tions were shown to result  in the formation of poly-  
vanadates [e.g., Y(VO3)8] in the high phosphate re- 
gion, or polyphosphates [e.g., Y(POs)s]  in the high 
vanadate region. It  was fur ther  demonstrated that the 
salt, YPO4 �9 5/3 H20, exhibits an acicular crystal habit, 
and if used in a solid-state reaction, produced solid- 
solution particles of (1 -- x)YPO4 �9 xYVO4 which were 
also acicular (pseudomorphism).  A similar circum- 
stance was noted (2) several years ago for the case of 
CaHPO4 �9 2H20 where the original particle morphology 
was carried through to form pseudomorphic calcium 
halophosphate phosphor. 

If Eu 8+ is included as a coprecipitate in  either of 
the two (or both) salts, YPO4" 5/3 H20 and YVO4, a 
phosphor results with an acicular crystal habit. This 
phosphor exhibits a marked improvement  in light out-  
put  and light main tenance  when  incorporated into a 
400W high pressure mercury  vapor lamp, as shown by 
the data in  Table I. Whether  this improvement  in  l ight 

K e y  words :  morphology, phosphors, yttrium, phosphate-vanadate. 

Table I. 

L u m e n s  

Red (due to 
phosphor) 

Part ic le  
Moles PO4 Moles VO4 habi t  0 hr  lamp 0 hr  100 hr  %M 

0.60 0.40 acicular  26,294 3837 3792 98.8 
0.60 0.40 normal*  25,510 3672 2872 78.2 

* The  " n o r m a l "  part icle habit is a sort  of i r r egu la r  dodecahedron. 

output  is due to improved packing of the acicular par-  
ticles in the phosphor coating a s  in the case of halo- 
phosphate, or is due to a greater  resistance to surface 
degradation of the particles under  the influence of the 
photon flux as a function of t ime is not fully under -  
stood at this time. 

Manuscript  received Feb. 19, 1976. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 19'76 
JOURNAL. All discussions for the December 1976 Dis- 
cussion Section should be submit ted by Aug. 1, 1976. 
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Elimination of Stacking Faults in Silicon 
by Trichloroethylene Oxidation 

Takeshi Hattori 
Sony Corporation Research Center, Hodogaya-ku, Yokohama 240, Japan 

There  has been an increas ing in teres t  in recent  years  
in the advantages  of SiO2 films t he rma l ly  grown in the 
presence of smal l  amounts  of a ch lo r ine -bear ing  spe-  
cies in a d ry  oxygen  a tmosphere  (1). Unti l  recent ly ,  
most  procedures  have in t roduced  chlorine into the ox-  
idizing ambien t  in the form of HC1 or CI~ (2-9),  whi le  
a more  manageab le  chlor ine source has been sought to 
avoid its corrosive  and dele ter ious  effects (10-12). The 
au thor  and co -worke r s  r epor ted  in a previous  pape r  
(11) tha t  the use of t r i ch lo roe thy lene  (CzHCls), which  
is far  less corrosive and much easier  to handle,  resul ts  
in the excel lent  character is t ics  of MOS devices. 

Thermal  oxidat ion  of sil icon at high t empera tu res  is 
wel l  known to resul t  in the genera t ion  of extr insic  
s tacking faul ts  in the  surface layers  of the  crysta l  
(13-19). These s tacking  faul t  defects f r equen t ly  in-  
crease the reverse  cur ren t  of p l ana r  p - n  junct ions  
(19-20) and /o r  give r ise to br igh t  spots or lines in the 
image  of sil icon vidicons (21), charge  coupled imagers  
(22), and re la ted  image-sens ing  devices. Very  recent  
repor ts  (23-24) indicate  tha t  both  s tandard  oxidat ion  
at ex t r eme ly  high t empera tu re s  above 1200~ (or 
1300~ in s team) and HC1 oxida t ion  at  1200~ cause 
s tacking faul ts  to vanish f rom the surface of silicon. 
The purpose  of this ar t ic le  is to presen t  the  effects of 
t r i ch loroe thy lene  (TCE) oxida t ion  on the e l iminat ion 
and shr inkage  of s tacking faul ts  in sil icon wafers.  

For  the present  studies, d is loca t ion-f ree  silicon wa-  
fers [grown by  the  Czochralski  method,  chem-mechan -  
ically polished, (160) oriented, 40 mm in diameter, 
n-type, 2-3 ohm-cm] were used. These were cleaned 
by a standard process for IVIOS LSrs and oxidized at 
temperatures ranging from I000 ~ to 1200~ in a dry 
oxygen flow of 1500 cm3/min (constant) in a quartz 
furnace, TCE oxides were grown under the same con- 
dition, but with varying flows of dry nitrogen through 
a quartz bubbler filled with purified liquid C2HC13. 
The temperature of the bubbler was controlled con- 
stantly at 27~ 

Virtually no difference between standard and TCE 
oxide films was observed in refractive index, dielec- 
tric constant, maximum dielectric strength, etch rate 
in buffered I-IF, and wavelength of infrared absorption 
peak, but the oxidation rate of silicon (ii) was con- 
siderably increased in the presence of C2HC13. Both 
Auger electron spectroscopy (AES) and ion micro- 
probe mass analysis (IMMA) showed that the chlorine 
profile in the TCE oxide was sharply peaked near the 
Si-SiO2 in ter face  (12) as wel l  as in the HC1 oxide 
(4-6).  

Af t e r  these oxide films were  removed  in hydrof luor ic  
acid, ox ida t ion- induced  s tacking faul ts  contained in the  
sil icon wafers  were  revea led  by  Secco etching (25). 
Stacking faul ts  were  extr ins ic  in  charac te r  and consist 
of an ex t ra  p lane of sil icon atoms on the (111) plane.  
The defect  size, t aken  as the larges t  l ength  on the 

Key words: silicon processing, chlorine incorporation, thermal 
oxidation, lattice defect, CsI-ICla. 
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wafer  surface, was measured  by  optical  microscopy. 
Stacking faul t  densi t ies  were  about  102 defec ts /cm 2 
th rough  these exper iments ,  except  for  the case of the 
complete  el imination.  

F igure  1 shows the  dependence  of s tacking faul t  
length  on the oxidat ion  conditions. The size was plot ted  
as a function of the  flow ra tes  of n i t rogen  th rough  a 
bubb le r  filled wi th  TCE. No ox ida t ion- induced  s tacking 
faul ts  appea red  a t  the  flow ra te  of more  than  15 and 
200 cm~/min for 1200 ~ and 1100~ respect ively ,  
whi le  10-20/~m long s tacking faul ts  were generated by  
s tandard  oxidat ion  wi thout  TCE-N2 flow. The re la t ion-  
ship be tween  t empera tu res  and the m i n i m u m  
C2HC13/O2 ra t io  at which s tacking faul ts  could be 
comple te ly  e l imina ted  is shown in Fig. 2. This rat io  in-  
creased cons iderab ly  wi th  decrease  of oxidat ion  tem-  
pera ture ,  and, at 10C0~ and below, e l iminat ion  was 
v i r tua l ly  not observed,  though the ox ida t ion- induced  
s tacking faul t  length  was ve ry  shor t  due  to compara -  
t ive ly  low tempera tures .  

El iminat ion  or shr inkage  of exis t ing s tacking faul ts  
could also be obtained by  using TCE oxidat ion.  Wafers 
having ox ida t ion- induced  34 ~m long s tacking faul ts  
generated by s tandard  oxida t ion  in d ry  02 for  2 h r  at 
1200~ were  subjected,  wi th  the  in i t ia l  oxides lef t  in-  
tact, to addi t ional  oxidat ion  containing TCE vapor  for  
var ious  times. As shown in Fig. 3, the exis t ing s tacking  
faults  shrank and were  finally e l iminated  wi th in  2 hr  at  
1200~ The defects sh rank  g radua l l y  a f te r  s l ight  ex-  
pansion at  l l00~ Significant sh r inkage  phenomena 
could not  be observed be low 1100~ Almost  the  same 
e l iminat ion  phenomena  have been repor ted  for the  use 
of HC1 (24), and were  observed also when  the in i t ia l  
oxides were  revea led  pr io r  to TCE oxidat ion.  

The exact  mechanism by  which the TCE vapor  acts 
to e l iminate  or sh~rink the s tacking faul ts  is not  known. 
Genera t ion  of vacancies at the  surface of sil icon and 
thei r  flow to the  faul t  might  occur under  the  influence 

E o 
:::L. o 1100 C 60 min. 
LU ~,~ �9 1100~ 120 min' 
N I~ -', 1200~ 15rain. 

l i~iL " 1200~ 60min. 

I I I I 

0 ~' 50 100 150 2"00 250 
N z ( cc /m in . )  

Fig. 1. Stacking fault size vs. C:~HC,13-N~ flow during oxidation 
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of the  pyro ly t ic  product  of C2HC13, chlorine,  and i t  wi l l  
therefore  resul t  in the  e l iminat ion  or shr inkage  of 

these defects. Fu r the r  exper iments  a re  requ i red  to es-  
tabl ish the  va l id i ty  of the inference.  

I t  may  be expected that  TCE oxidat ion  has grea t  
potent ia l  for silicon devices, pa r t i cu l a r ly  image-sens ing  
devices l ike  charge coupled imagers  requi r ing  ve ry  
high qua l i ty  oxides and crystals .  

Manuscr ip t  submi t ted  Dec. 2, 1975; revised manu-  
scr ipt  received Feb.  2, 1976. 

A n y  discussion of this  p a p e r ' w i l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1976 
JOURNAL. All  discussions for the  December  1976 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1976. 
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D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers  appea r ing  
in the Journal of The Electrochemical Society, Vol. 122, No. 8, 10, 
and 11; August ,  October,  and N o v e m b e r  1975. 

A Note on the Chemistry of Lead Sulfide 
Sensitization for Infrared Detection 

G. M. Wolten (pp. 1149-1150, Vol. 122, No. 8) 
O. A. Kunze: l  In  the  technical  note under  discussion 

it is proposed that  the effect of oxidants  on the deposi-  
1 C,S.I.R., Nat ional  Physica l  Research  Labora tory ,  P re to r ia  0001, 

South Africa.  

@ 
t ion of photoconduct ive  lead sulfide films is the  for-  
mat ion  of a solid solution of PbSO4 in PbS. The ini t ial  
presence of sulfate is r ega rded  as being responsible  
for the  observed sensitizing effect. In  suppor t  of this 
the author  has presented  chemical  a rguments  which 
differ subs tant ia l ly  f rom the results  obta ined in our 
laboratory .  

The general  acceptance of the role of oxygen and 
oxygen compounds in the photoconduct ion of lead sul-  
fide is based on electr ical  measurements .  At t empts  to 
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Fig. 1. Powder diffractograms, copper Ka radiation: (a) plumblte 
AIMSA, (b) plumbite @ AIMSA ~ thiourea. 

relate the sensitizing action of oxidants (or reducing 
agents) directly to the actual oxygen concentrat ion in  
the layers have failed so far. For  example, we have 
found that mass spectrographic analyses of PbS layers 
formed with and without  hydroxylamine  2 show the 
same low oxygen concentrat ion for both cases. Another  
example is the data by Blount  et al.Z which show the 
lowest oxygen value for the sample formed with the 
highest amount  of oxidant. 

From our results given below we consider reduct ion 
rather  than  oxidation as the crucial step involved in 
sensitization. Fur ther  we conclude that  the initial  
formation of lead sulfate can be excluded. 

Thiourea is oxidized easily in aqueous alkal ine solu- 
tion of the type used in  the deposition of PbS films. 
We have determined polarographically that  the half-  
wave potential  for thiourea in 0.3N sodium hydroxide 
solution is close to 0V. We have also found that  in  
place of oxidants, aminoiminomethanesulf inic  acid 
(AIMSA) and several other reducing agents have a 
pronounced sensitizing effect on PbS layers. 

In  a s trongly alkaline medium AIMSA reduces 
p lumbi te  to e lemental  lead in a slow reaction. This is 
shown in  Fig. i ( a ) ,  which is par t  of a powder  diffrac- 
togram of the reaction product of an aqueous solution 
0.03N in  Pb(NO~)2, 0.3N in NaOH, and 0.009N in  
AIMSA. The diffractogram shows the presence of lead 
and lead(I I )  oxide. Figure l ( b )  is the diffractogram 
of the reaction product  of a similar  solution which in  
addition was 0.013N in  thiourea. In  this case the 
precipitate was found to consist of lead sulfide and 
lead. In  both cases formation of lead sulfate did not 
take place. This is in  agreement  with Bennet t  and Dur-  

s O. A. K u n z e ,  O. G. M a l a n ,  a n d  P .  A.  B f ige r ,  J. S. ASrican Chem.  
Inst. ,  95, 66 (1972).  

G.  H.  B l o u n t ,  P .  J .  S c h r e i b e r ,  D. K.  S m i t h ,  a n d  R. T.  Y a m a d a ,  
J. AppL  Phys . ,  44~ 978 (1973) .  

rant  who give sulfite as the oxidation product of sulf-  
oxylate in  an a lkal ine  medium. 4 This also excludes 
the possibility that added sulfite is responsible for the 
formation of sulfate according to 

Pb + + -t- S O s - -  ~ O H -  ~ Pb  ~- S O 4 - -  -t- H + [1] 

(completed reaction [4] in the discussed note) .  As ex-  
pected, no formation of sulfate in  a p lumbi te  solution 
containing sodium sulfite was observed in  an experi-  
ment  designed to test reaction [1]. On the contrary, 
sulfite was found to induce the photochemical oxida- 
t ion of p lumbi te  to lead(IV)  by dissolved oxygen, as 
reported by Kunze et al. 5 

Finally,  it should be pointed out that  the easy sub-  
s t i tut ion of sulfate for sulfide in the PbS lattice as sug- 
gested by Wolten appears to be doubtful.  The effective 
ionic radius of [ S O 4 ] - -  is not 1.49A as quoted but  of 
the order of 2.2A. 6 

Instead of al lowing the formation of excess lead in  
the layers, which has thus far been supposed, the ac- 
tion of those reducing agents which are effective sen- 
sitizers might well be to inhibi t  the oxidation of sul-  
fide to sulfur  due to the presence of dissolved oxygen. 
Lead sulfide formed by the p lumbi te  thiourea reac- 
tion is known to contain an excess of sulfur. ~ The pres-  
ence of reducing agents would thus resul t  in  the for- 
mat ion of deposits with improved stoichiometry. This 
reasoning is supported by our finding that PbS layers 
deposited without  a reducing additive show very little 
if any  photoconductivity.  Their  photoconductive re-  
sponse can, however, be enhanced if the deposition is 
conducted in an iner t  atmosphere using chemicals and 
solvent from which the adsorbed and dissolved oxygen 
have carefully been removed. 

The Transport of Chromium in Cr20~ Scales in 
Sulfidizing Environments 

G. Romeo, H. S. Spacil, and W. J. Paska 
(pp. 1329-1333, Vol. 122, No. 10) 

F. A. KrUger: s This paper explains the marked effect 
of sulfur  on the diffusivity of Cr in  Cr203 scales by  
donor action of sulfur  dissolved in the Cr203. The 
donor is supposed to be sulfur  at an oxygen site. Such a 
donor would have a donor level So x somewhat above 
the valence band of Cr203. Although such a center may 
trap a hole, it will  not do so very efficiently. It seems 
more likely that  sulfur  acts as a reducing agent by re-  
acting with oxygen wi th  the formation of SO2. The 
same reaction has been proposed to expla in  the reduc- 
ing effect of sulfur on ZnO 9 and of oxygen on ZnS 9 and 
CdS) 0 Owing to the large negative Gibbs free energy 
of the reaction 

1/2S2(g) -}- H20(g)  -> H2(g) -~- SO2(g) (AIG)1000oc 
---- --45.25 kcal /mole  [1] 

this reaction is even effective in reducing the low oxy-  
gen activities established by H2-H20 mixtures.  Re- 
action wi th  Cr208 can be formulated 

1/4S2 (g) @ Oo z + 2/3Vcr'" ~- 2h" --> 1/2SO2 (g) [2] 

and thus leads to a reduction in  the concentrations of 
holes and Cr vacancies. The increased mobil i ty of 
chromium in the scale can be expla ined  by the in -  
crease of interst i t ial  Cr caused by the decrease of the 
Cr vacancy concentration. This is seen from Eq. [I-A] 
of the paper under  discussion which represents a modi-  

I t .  B a s s e t t  a n d  R. G. D u r r a n t ,  J. Chem.  Soc., 1927, 1401. 
~O. A. Kunze, O. G. Malan, P. A. Bfiger, and W. Fink, Z. 

IVaturJorsch., 26b, 8 (1971). 
60. W. Fl6rke, Natu~wiss., 89, 478 (1952). 
7 B. R e u t e r  a n d  R. S t e in ,  Z. Elek trochem. ,  61, 440 (1957).  
s D e p a r t m e n t  of  M a t e r i a l s  Sc i ence ,  U n i v e r s i t y  of S o u t h e r n  C a l i -  

f o r n i a ,  Los  A n g e l e s ,  C a l i f o r n i a  90007. 
9 F .  A.  K r o g e r  a n d  J .  A.  M. D ikho f f ,  This Journal, 99, 144 (19~2).  
lo H. H.  W o o d b u r y ,  J. Phys .  Chem.  Solids, 27, 1257 (1956),  
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fled F r e n k e l  d i s o r d e r  r eac t ion .  I t  can  also b e  e x p l a i n e d  
b y  n o r m a l  F r e n k e l  d i s o r d e r  of c h r o m i u m  

Crcr  x -]- Vi x -> Cri""  -~- V c r ' "  

l e a d i n g  to [ C r i ' " ]  [Vcr ' " ]  = KF 

F o r m a t i o n  of C rS  a t  t h e  i n t e r f a c e  Cr~O:3-Cr m e t a l  i n -  
d ica tes  t h a t  s u l f u r  p e n e t r a t e s  t h e  ox ide  l aye r .  T h i s  
m u s t  occu r  e i t h e r  b y  b u l k  d i f fus ion  or  b y  g r a i n  b o u n d -  
a r y  dif fusion.  I n  t h e  f o r m e r  case,  some  s u l f u r  m u s t  b e  
d i s so lved  in  t he  Cr203, e i t h e r  a t  o x y g e n  s i tes  (So ~) or  
a t  i n t e r s t i t i a l  s i t es  (SO.  I t  is k n o w n  fo r  t h e  cha l co -  
g e n i d e s  of  lead,  c a d m i u m ,  a n d  zinc t h a t  c h a l c o g e n  
d i f fus ion  occurs  b y  n e u t r a l  i n t e r s t i t i a l s  a t  l o w  m e t a l  
a c t i v i t i e s  b u t  b y  a n o n m e t a l  v a c a n c y  m e c h a n i s m  a t  
h i g h  m e t a l  ac t iv i t ies .  I f  t h e  b u l k  d i f fus ion  of  S is i n -  
v o l v e d  i n  t h e  p r e s e n t  case, i t  is p r o b a b l y  of t he  l a t t e r  
type .  

G. R o m e o ,  n H.  S. S p a c i l ,  TM a n d  W.  J. Pas ,ko:  TM K r S g e r  
h a s  s u g g e s t e d  t h a t  o u r  e x p e r i m e n t a l  r e s u l t s  m a y  b e  
d u e  to t h e  r e d u c i n g  a c t i o n  of su l fu r ,  i n  t h e  gas  phase ,  
r a t h e r  t h a n  s u l f u r  a c t u a l l y  d i s so lved  in  t h e  oxide.  His  
r e a c t i o n  [2], h o w e v e r ,  c a n  b e  c o m b i n e d  w i t h  t h e  d i s -  
soc i a t i on  of  ga seous  SO~ 

u : 1/482(g)  -~- 1/202(g) 

to y ie ld ,  u s i n g  Kr~Sger-Vink n o t a t i o n  

Oo x + 2 / 3 V c r ' "  + 2h" = u 

w h i c h  is i d e n t i c a l  to, t h o u g h  r e v e r s e d  in  d i r e c t i o n  
f rom,  o u r  r e a c t i o n  [ I - B ] .  W h e t h e r  mod i f i ed  or  n o r m a l  
F r e n k e l  de fec t s  a r e  a lso c o n s i d e r e d  to exis t ,  t h e  Cr  
de fec t  c o n c e n t r a t i o n  w o u l d  d e p e n d  o n l y  o n  o x y g e n  
ac t iv i ty ,  a n d  b e  i n d e p e n d e n t  of s u l f u r  ac t iv i ty .  S u l f u r  
cou ld  t h e n  i n f l uence  c h r o m i u m  t r a n s p o r t  u n d e r  o u r  
e x p e r i m e n t a l  c o n d i t i o n s  o n l y  b y  c h a n g i n g  t h e  o x y g e n  
a c t i v i t y  or  b y  a c t i n g  as a s i nk  for  c h r o m i u m  m o v i n g  
across  t h e  scale.  

W h i l e  s u l f u r  does  ac t  as a r e d u c t a n t  in  t h e  s y s t e m s  
c i t ed  b y  KrSge r ,  i t s  effect  as a r e d u c t a n t  in  ou r  sys -  
t e m  is be s t  c o n s i d e r e d  in  t e r m s  of t h e  r e l a t i v e  effects  
of s u l f u r  a n d  h y d r o g e n  o n  t h e  o x y g e n  p o t e n t i a l  of a 
h y d r o g e n - s u l f u r - o x y g e n  gas c o n t a i n i n g  a f ixed  a m o u n t  
of  oxygen .  T a b l e  I g ives  t h e  o x y g e n  p o t e n t i a l  i n  s u c h  a 
gas  as a f u n c t i o n  o f  t h e  a t o m i c  s u l f u r  to h y d r o g e n  
p lus  s u l f u r  ra t io ,  f o r  a n  a t o m i c  f r a c t i o n  of o x y g e n  
e q u a l  to 10-z,  a t  900~ a n d  1 ba r .  Iz 

T h u s  t h e  a d d i t i o n  of  s u l f u r  to  a gas  i n i t i a l l y  c o n t a i n -  
i ng  o n l y  h y d r o g e n  a n d  o x y g e n  c a n  o n l y  i n c r e a s e  t h e  
o x y g e n  p o t e n t i a l  a n d  ac t iv i ty ,  a n d  cou ld  no t  i n c r e a s e  
c h r o m i u m  m o b i l i t y  t h r o u g h  a n  i n c r e a s e  in  i n t e r s t i t i a l  
c o n c e n t r a t i o n  as p r o p o s e d  b y  KrSge r .  

P r i o r  i n v e s t i g a t o r s  [see Ref .  (13) a n d  (14) ,  i n  t h e  
p a p e r  u n d e r  d i scuss ion ]  h a v e  s h o w n  t h a t  o x i d a t i o n  
r a t e s  of c h r o m i u m  in  o x y g e n - c o n t a i n i n g  gases  h a v e  
e i t h e r  i n c r e a s e d  or  r e m a i n e d  r e l a t i v e l y  c o n s t a n t  w i t h  
o x y g e n  ac t iv i ty .  S u c h  r e s u l t s  i m p l y  t h a t  c h r o m i u m  
m o b i l i t y  i n  Cr2Oz w o u l d  s h o w  a s i m i l a r  d e p e n d e n c e  o n  
o x y g e n  ac t iv i ty .  O u r  Fig. 2, h o w e v e r ,  i l l u s t r a t e s  t h e  

�9 ~ General Electric Company, Valleeitos Nuclear Center, Pleasan- 
ton, California 94566. 

12 General Electric Company, Research and Development Center. 
Schenectady, New York 12301. 

The oxygen potential was obtained by determining the equi- 
librium composition, under the stated conditions of the gaseous 
species I-I~, O2, $2, H20, H~S, SO2, and I-I2SO~. 

Table I 

/zo 
S/(H + S) (keal/g-atom O) 

O -- 68.9 
0.2 -- 66 .8  
0.4 - - 6 1 . 8  
0.6 - - 5 9 . 7  
0.8 -- 57.6 

i n c r e a s e  in  c h r o m i u m  t r a n s p o r t  ~ h r o u g h  t h e  ox ide  in  
go ing  f r o m  a n  O2 a t m o s p h e r e  to  a H2-10% H2S m i x -  
tu re .  I f  t h e  o x y g e n  a c t i v i t y  w e r e  t he  on ly  c o n t r o l l i n g  
f a c t o r  of c h r o m i u m  m o b i l i t y  in  Cr2Oz, t h i s  q u a n t i t y  
s h o u l d  r e m a i n  t h e  s a m e  or  d e c r e a s e  as a c o n s e q u e n c e  
of c h a n g i n g  t h e  a t m o s p h e r e  f r o m  O2 to H2-10%H2S.  
S ince  a c t u a l l y  a n  i n c r e a s e  is o b s e r v e d ,  s u l f u r  does  no t  
a p p e a r  to f u n c t i o n  o n l y  as a s i nk  for  c h r o m i u m ,  b u t  
c an  also b e  a f a c t o r  of  e n h a n c e m e n t  of t h e  c h r o m i u m  
m o b i l i t y  b y  a f f ec t ing  t h e  de fec t  e q u i l b r i a  in  t he  Cr208. 

W e  do n o t  a d v a n c e  a n y  m e c h a n i s m  b y  w h i c h  s u l f u r  
penetrates Cr203 to f o r m  t h e  i n t e r n a l  sulf ide l a y e r  
o b s e r v e d  in  o u r  e x p e r i m e n t s .  W h i l e  w e  h a v e  p r o -  
posed  t h a i  s u l f u r  e n t e r s  t h e  ox ide  as a n  e l e c t r o n  d o n o r  
on  o x y g e n  sites,  w i t h  s u b s e q u e n t  effects  o n  c h r o m i u m  
mob i l i t y ,  s i m u l t a n e o u s  s u l f u r  t r a n s p o r t  t h r o u g h  t he  
ox ide  m a y  occu r  as a r e s u l t  of gaseous  t r a n s p o r t  in  
c r a c k s  o r  t h e  m e c h a n i s m  m e n t i o n e d  b y  KrSge r .  

Doping of Silicon by Neutron Irradiation 

H. A. Herrmann and H. Herzer (pp. 1568-1569, Vol. 122, No. i l)  
J .  B u r t s c h e r 9  4 H e r r m a n n  a n d  H e r z e r  w r i t e  a b o u t  t h e  

c h a n c e s  of n e u t r o n - i r r a d i a t e d  s i l i con  p e r h a p s  s o m e -  
w h a t  too cau t i ous ly ,  f i n i s h i n g  t h e i r  p a p e r  w i t h  t h e  
s t a t e m e n t ,  " F u r t h e r  w o r k  m u s t  be  u n d e r t a k e n  to e s t a b -  
l i s h  w h e t h e r  t r a n s m u t a t i o n  d o p i n g  w i l l  p l a y  a d o m i -  
n a n t  ro le  in  a d d i t i o n  to t h e  s t a n d a r d  m e t h o d s  fo r  g r o w -  
ing  s i l i con  c rys t a l s . "  

T h e  u se  of  n e u t r o n - i r r a d i a t e d  s i l i con  fo r  m a n u f a c -  
t u r i n g  l a r g e - a r e a  dev ices  ( e s p e c i a l l y  h i g h  p o w e r  d e -  
v ices )  is b y  no  m e a n s  a q u e s t i o n  of t h e  f u t u r e .  I n  1973, 
S c h n S l l e r  15,16 h a d  a l r e a d y  p r e s e n t e d  rec t i f i e r s  a n d  
t h y r i s t o r s  w h i c h  w e r e  m a d e  f r o m  S i e m e n s  s i l i con  i r -  
r a d i a t e d  in  t h e  s w i m m i n g  poo l  r e a c t o r  F R J 1  i n  J i i l i ch  
( G e r m a n y ) .  B y  o b s e r v a t i o n  of t h e  a v a l a n c h e  r a d i a -  
t i o n  :7 i t  was  s h o w n  in  S c h n S l l e r ' s  w o r k  t h a t  t h e  
b r e a k d o w n  in t h e s e  s t r u c t u r e s  was  m u c h  m o r e  h o m o -  
g e n e o u s  t h a n  in  dev ices  m a d e  f r o m  c o n v e n t i o n a l  d o p e d  
c rys ta l s .  I n  a d d i t i o n  to t h e  h o m o g e n e i t y  of  t h e  r e -  
s i s t i v i t y  across  t h e  area ,  i t  is a lso i m p o r t a n t  t h a t  t he  
d e s i r e d  m e a n  v a l u e  of t h e  r e s i s t i v i t y  c an  b e  r e a c h e d  
m o r e  e x a c t l y  b y  n e u t r o n  i r r a d i a t i o n  t h a n  b y  a n y  c o n -  
v e n t i o n a l  d o p i n g  m e t h o d ,  a t  l eas t  in  t h e  r a n g e  10-200 
o h m - c m  n - t y p e  w h i c h  is c u r r e n t l y  t he  m o s t  i m p o r t a n t  
one  fo r  h i g h  p o w e r ,  h i g h  v o l t a g e  devices .  Th i s  f iner  
f i t t ing  of t h e  r e s i s t i v i t y  v a l u e  m a d e  i t  pos s ib l e  to  i m -  
p r o v e  t h e  a l w a y s  n e c e s s a r y  c o m p r o m i s e s  b e t w e e n  
b r e a k d o w n  vo l t age ,  c u r r e n t  c a p a b i l i t y ,  a n d  d y n a m i c  
proper t ies . iS ,  19 Th i s  p o i n t  h a s  b e e n  d i s cus sed  s o m e w h a t  
m o r e  e x a c t l y  in  t h e  m e a n t i m e .  2~ 

De ta i l s  a b o u t  t h e  r e a c h e d  r e s i s t i v i t y  t o l e r a n c e s  w h e n  
u s i n g  d i f f e r e n t  r e a c t o r s  w e r e  r e p o r t e d  in  F t n  21-~. 
Also,  t h e  s a f e t y  q u e s t i o n s  c o n n e c t e d  w i t h  t h e  s t o r i n g  
a n d  h a n d l i n g  of b i g g e r  q u a n t i t i e s  of i r r a d i a t e d  m a t e -  
r i a l  h a v e  b e n  e x a m i n e d ;  t h e  r e q u i r e d  w a i t i n g  t i m e s  fo r  
t h e  r a d i o a c t i v i t y  to  d e c a y  a r e  of  t h e  o r d e r  of days .  25 
T h e  use  of n e u t r o n - i r r a d i a t e d  s i l i con  for  t h e  p r o d u c -  
t i o n  of h i g h  vo l t age ,  h i g h  p o w e r  dev ices  h a s  b e c o m e  
s t a n d a r d  in  t h e  m e a n t i m e .  

�9 ~ Siemens AG, D-80OO Munich, Germany, 
M. Schn~ller, 2nd DPG Colloquim-n on Power Devices, Freiburg 

(1973). 
le M. SchnSller, IEEE Trans. Electron Devices,  ED-21, 313 (1974). 
1~ p. Voss, ibid., ED-20, 299 (1973). 
�9 s H. Patalong, 3rd DFG Colloquium on Power Devices, Freiburg 

(1974). 
29 B. Voss, ibid. 
~o K. Platz~der and K. H. Loeb, 4th DFG Colloquium on Power 

Devices, Freiburg (1975); Submitted to IEEE Trans. E[ecfron De-  
vices. 

m W. Haas and M. SchnSller, J. E~ecfron. ?dater., 5 (1979). 
W. Haas and M. SchnSller, S~emens Z., 1, 2 (1976). 
W. Haas and M. SchnSller, Submitted to IEEE Trans. Electron 

Devices.  
~M. SchnSller, Symposium Leistungselektronik, Elektrotehn~ck! 

Institut Nikola Tesla, Belgrad (1975). 
~ J .  A. Martin, E. Haas, and M. SehnSller, "Dotierung yon 

Halbleitermaterial dutch Kernumwandlung," GDCH Hauptver- 
sammlung, Fachgruppe Kern-, Radio-, and Strahlenehernie. K~ln 
(1975). 
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H. A. H e r r m a n n  and H. Herzer: 26 Neutron- i r radia ted 
silicon, we agree, is not only a question of the future, 
but  has grown up to be a very important  technique for 
high power device technology since wri t ing our pub-  
lication in This Journal .  The interest  in this mater ial  
now overflows near ly  all applications in  the resist ivity 
range above 20 ohm-cm n-type.  

The meant ime from our first publ icat ion 27 up to now 
can be characterized by three typical features: (i) the 
rapid increase in fundamenta l  work, 2s-84 (ii) the rapid 
increase in R&D work, 85 and (iii) the rapid increase 
in demand for production quantities. 86 The lat ter  point 

~ W a c k e r - C h e m i t r o n i c ,  8263 B u r g h a u s e n ,  G e r m a n y .  
H.  A.  H e r r m a n n  a n d  E. l~tGcke, 2nd  D F G  C o l l o q u i u m  on  

P o w e r  D e v i c e s ,  F r e i b u r g  (1973). 
~s H.  A.  H e r r m a n n  a n d  H. • e r z e r ,  This  Journal ,  1 ~ ,  1568 (1975). 
~ A. S o n n t a g ,  3rd D F G  C o l l o q u i u m  on  P o w e r  D e v i c e s ,  F r e i b u r g  

(1974). 
a~  A.  H c r r m a n n ,  H. H e r z e r ,  a n d  E. S i r tL  in  " A d v a n c e s  in  

Sol id  S t a t e  P h y s i c s , "  Vol.  X V ,  H,  3. Q u e i s s e r ,  E d i t o r ,  pp .  279-318, 
P e r g a m o n ,  London (1975). 

zz H. H e r z e r ,  4 th  D F G  C o l l o q u i u m  on  P o w e r  D e v i c e s ,  F r e i h u r g  
(1975). 

ae H.  S o n n t a g ,  ibid. 
M. J .  Hil l ,  P. M. V a n  I s e g h e m ,  a n d  W.  Z i m m e r m a n n ,  S u b m i t t e d  

to IEEE Trans .  E lec tron  Devices.  
3~ L i t e r a t u r e  c i t ed  b y  Dr .  B u r t s e h e r .  
a5 P r i v a t e  c o m m u n i c a t i o n s  f r o m  a n u m b e r  of  c u s t o m e r s .  
36 W a c k e r - C h e m i t r o n i c  sa les  m e e t i n g ,  B u r g h a u s e n  (197~). 

always judges whether  a technological progress has 
been received or not. The cautious question which we 
put  up in  the communicat ion regarding whether  t rans-  
muta t ion doping will  play a dominan t  role can only 
be answered by both scientific-technical a rguments  
and economic facts. From the point of view of a silicon 
supplier with a leading position in polysiticon qual i ty  
and floatlng-zone technique as well, this quest ion can 
be answered positively also under  economical aspects. 
Many important  power device producers have pub -  
lished exciting, good results. Therefore the list refer-  
ences cited by  J. Burtscher has to be  completed. 

So neut ron  t ransmuta t ion-doped silicon, which we 
call Waso-ND, seems to give us a nice example for the 
mutua l  s t imulat ion be tween nuclear  and semicon- 
ductor physics, in  spite of a delay of several years, we 
have seen: ( i )  a near ly  closed unders tand ing  on a 
physical process, s7 (ii) material  in educat ion books, 3s 
(iii) rediscovery as a doping-technique,  and (iv) 
rapid turnover  of a section of semiconducting appli-  
cations. 

8v M. T a n e n b a u m  a n d  A,  D.  Mi l l s ,  Th/s J o u r n a l ,  1@8, 171 (1961), 
as G.  D e a r n a l e y  a n d  D.  C. N o r t h r o p ,  " S e m i c o n d u c t o r  C o u n t e r s  f o r  

N u c l e a r  R a d i a t i o n s , "  S p o n  L i m i t e d ,  L o n d o n  (1966). 
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ABSTRACT 

The der ivat ive  discharge curves for ~- and 7-MnO2 down to ,~0.7V open 
cell vol tage were  resolved into one characterist ic set of four normal  distri-  
bution functions (peaks).  Only peak positions shift to lower  voltages for 
~- compared to 7-MnO2. When the ratio of electrolyte  to MnO2 is increased, 
the first peak increases while the other  peaks decrease (the second passes 
through a max imum)  and at a mass ratio above 14 only the first peak remains. 
The first peak represents  direct reduction of Mn 4+ to soluble Mn e+ which ends 
at pH 7.5, the second is a t t r ibuted to the format ion of Mn(OH)~, and the 
third to the formation of MnOOH. Each react ion takes place throughout  the 
depolar izer  pellet  before the next  becomes significant. Electrochemical  tests 
for the evaluat ion of the dry cell act ivi ty of MnO2 samples should be per -  
formed at the same mass ratio of electrolyte  to MnO2 as used in commercial  
d ry  cells. Higher  ratios lead to an overes t imat ion of samples wi th  Iow activity. 

The complex reaction mechanism in a Leclanch~- 
type  dry cell manifests itself in the mode of potent ial  
drop during cell discharge. Brenet  (1) proposed con- 
sidering the der ivat ive  of the function coulombs pro-  
duced per  gram of MnO,_ vs. cell vol tage for character i -  
zation and in terpre ta t ion  of the reactions in the man-  
ganese dioxide cathode. This paper  presents the results 
obtained by this method from a large number  of dis- 
charge curves measured as open-circui t  potential  dur-  
ing short current  interruption.  Different types of man-  
ganese dioxide were  tested varying the ratio of e lectro-  
lyte to manganese dioxide in the depolar izer  mixes, the 
length of the depolarizer pellet  formed therefrom, the 
mass current  density, and the superficial current  den-  
sity. 

Experimental 
Manganese dioxide samples.--Three different types 

of manganese dioxide were  used in the experiments.  
Their  propert ies  are given in Table I. The two ores 
were  of South Afr ican origin: the fl-MnO2 had an ac- 
t iv i ty  which was too low for use in commercial  dry 
cells, whereas  the Nsuti te ore showed an acceptable 
activity. X - r a y  diffraction analysis indicated that  the 
Nsutite ore consisted mainly  of Nsutite 1.65, following 
the classification given by Sorem and Cameron (2), 
and a smalI amount  of ~-MnO2. 

The samples were  crushed in a jaw crusher  and dry 
ground in a sintered corundum mor ta r  unti l  the whole 
mater ia l  would pass a 100 BSM sieve and 85% of it 
a 200 BSM sieve on a ROTAP sieve shaker. 

X-ray dil~raction analyses.--A Philips x - r ay  diffrac- 
tometer  Model PW 1310 with  unfil tered Cu radiat ion 
was used. The diffracted beam was monochromatized 

K e y  words :  r educ t ion ,  m a n g a n e s e  dioxide, Leclanch~, dry eeUi 
vo l t age ,  t ime,  derivative,  mechanism,  reaction. 
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by a curved carbon crystal  (AMR focusing mono-  
chromator  E 202) and measured with  a pulse height  
discriminator.  This device gave very  low background 
values so that  lines of low intensi ty could easily be 
detected. 

Preparation o] black mixes (depoIarizeTs).--The 
black mix compositions used in tests wi th  ;3-MnO2 are 
given in Table II. Mixes containing the other types of 
MnO2 had similar compositions. 

The indicated proport ions of the dry components 
were mixed  by hand. The required amount  of e lectro-  
lyte  solution was sprayed over  the dry mix ture  which 
was then kneaded by hand to give a homogeneous 
black mix  (3). 

Discharge tests.---The cell used in all tests wi th  black 
mixes is shown schematical ly in Fig. 1. The cylindrical  
pellets of the black mixes were  discharged at constant 
current.  Af ter  each 199 msec the current  was in ter -  
rupted for 1 msec and the vol tage be tween the zinc 
reference electrode and the cathode was measured dur-  
ing the last 200 #sec of the in ter rupt ion  period using a 

Table I. Properties of the manganese dioxide samples used in the 
experiments 

C o n t e n t  of  D r y  cell  
Type  of m a n -  z in  MnO= in sample,  ac t iv i ty ,*  

ganese  d iox ide  MnOz % of mass  sec 

~-MnO2 (ore) 1.98,t 93.9. 5,900 
,y-MnO_~ (elec- 

t rolyt ic} 1.955 93.5 24,000 
Nsutite  (ore) 1.964 73.9 7,500 

* Measu red  w i t h  the pulse galvanostatie analyzer under standal'cl 
condi t ions ,  discharged to 1.00V. 
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Table II. Black mix compositions used in the discharge tests with 
/~-MnO~ 

C o m p o s i t i o n  i n  % o f  m a s s  
N i a s s  r a t i o  
e l e c t r o l y t e :  M n O 2  C a r b o n  E l e c -  

MnO2%t o r e  b l a c k *  A e r o s i l * "  NH4C1 t r o l y t e ?  

0 .64 58.3 7.3 - -  8.7 25.7 
2.7 22.4 22 .3  - -  3.3 52.0 
4.7 13.7 27.5 - -  2.0 56.8 
6.5 10.3 28.5 - -  1.5 59.7 

12.3 5.9 16.6 9.5 0.9 67.1 
12,5 5.5 30.9 - -  0 .8  62.8 
24 3.1 17.4 9.7 0.5 69 .3  
25  2 .8  32.1 - -  0 .4  64.7 

* C a r b o n  b l a c k :  S h a w i n i g a n .  
** A e r o s i l :  A e r o s i l  380, D E G U S S A .  

t E l e c t r o l y t e  c o m p o s i t i o n :  20% m a s s  NI-I4C1, 10% m a s s  ZnC12, 70% 
m a s s  HeO. 

~7 E l e c t r o l y t e  i n c l u d i n g  sol id  NH~C1, MnC>~ as  a c t i v e  o x y g e n .  

pulse galvanostatic analyzer  (4, 5). These voltages 
were recorded as a funct ion of t ime and the discharge 
curves obtained are vi r tual ly  identical to those ob- 
tained under  continuous discharge conditions, exclud- 
ing ohmic resistances, since the recovery potentials 
dur ing in ter rupt ion  periods up to 1 msec do not exceed 
10 mV (5). 

Conducting-~oil tests (1, 6 ) . - -A  strip of carbon-filled 
conducting plastic foil, 10 • 20 mm (Nikolaus Branz, 
Berlin, Germany)  was glued with hexane on to the 
end of an equally wide but  longer strip of gold foil 
and kept for 30 min  at 70~ After  cooling, the com- 
posite strip was weighed and a certain amount  of man-  
ganese dioxide particles (85 BSM > size > 100 BSM) 
spread evenly over the plastic foil. The particles were 
hydraul ical ly  pressed into the foil which was warmed 
undernea th  to l l0~  by a preheated support. Any  
loose particles were washed off with a jet of water. 
After  drying for 30 min  at 70~ and cooling the strip 
was reweighed. 

The cathode thus prepared was placed into a beaker 
containing 50-200 ml of electrolyte solution. At the low 
discharge current  applied (1 mA) polarizStion of the 
zinc anode can be neglected and this electrode can be 
used also as reference electrode. The electrolyte solu- 
t ion was stirred magnetically.  For discharging this cell 
was connected to the pulse galvanostatic analyzer. 

Evaluation of the discharge curves (7) . - -The dis- 
charge period of t ime was read off the recorder chart 
in  0.02V steps of decreasing cell voltage and converted 
to specific capacity Q given as coulomb/gram ]YInO2 
(MnO2 determined as active oxygen) taking black mix 
composition and discharge current  into account. 

The numerical  resolution of the discharge curve en-  
tailed the finding of a stable derivative of the em- 

AMAI 

{COUNTER ELECTRODE 

OANODE I 
_GAMATED "---,~ F~ o REFERENCE ZINC ROD --'I ] 

FER ELECTROF~ t i  ' ~ * ~ A M A L G A M A T E D  ZINC REFERENCE ELECTRODE 
:'LLE D ~ 
CTOLYTE l_ic ~ 

'OROUS --77 V II 
MBRANE ~ I ~ PERSPEX CELL 7cm 

POROUS--/ ~ [I 

GRAPHITE R O O ~_~F.. ] 

OCATHODE 

GELLED-~ 
ELECTOLYTEIi 

POROUS"-]" 
MEMBRANE ~ 

Eg. 1. Cross sectien of test cell 

pirically defined function and the separation of a sum 
of Gaussian peak functions into components. 

For  a given set of readings (QI, Vi) an estimate r 
of the expected error in  Qi is made that  is proport ional  
to the tangent  of the graph at the given point. The 
graph is now approximated by a spline function which 

A A 
passes through the points (Qi; Vi) where Qi is the 

A 
smoothed value for Qi. The Qi are determined such that  
the approximation is the smoothest for which the re-  
striction 

l = n  

i = l  0"i 
is satisfied. 

Since the spline funct ion is mathemat ica l ly  given by 
a formula of the form 

Q ( V )  = Q~ + ai(V - Vi) -I- bi(V -- Vi) 2 -I- Ci(V -- Vi) 3 

for Vi ~ V ~ Vi+1 the derivative at Vi is simply ai. 
For the separation of the peaks, a nonl inear  least 

squares fit is now used on the obtained values of the 
derivative at Vi. 

Calculation o] pH in the electrolyte solution.--For 
in terpreta t ion of the results knowledge of the pH 
changes in the electrolyte solutions dur ing the init ial  
discharge period was desired. 

For these computations the molar  concentrations of 
NH4C1 and ZnCI~ in the electrolyte before the discharge 
tests were calculated from the black mix compositions 
taking the amount  of solid ammonium chloride, being 
part  of the mixture  of the dry components, as dissolved 
in the electrolyte. The coulomb/gram MnO2 values 
were converted to Fa raday / l i t e r  electrolyte (F/I)  
based on the known  black mix compositions. 

Protons are consumed in the reduction of manganese 
dioxide as well as in the dissolution of the reduction 
products. For  the range of peak A it is assumed that 
manganese dioxide is reduced to mar~ganous ions which 
are dissolved in the electrolyte. According to reaction 
[1] (see below) 2M protons are used per F/1. Unti l  
the end of peak A ammonium ions are considered to be 
the only proton donors. Any quant i ty  of protons con- 
sumed produces therefore an equivalent  amount  of 
ammonia,  most of which will be bound by zinc ions 
according to Eq. [3] and [4] as long as enough zinc 
ions are available. 

Some of the derivative discharge curves show a small  
peak, O, at cell voltages higher than peak A. As it is 
assumed that this peak is related to adsorbed oxygen, 
only one equivalent  of protons is consumed per F/1 in  
this range. 

The ammonium ion concentrat ion in  the cathode mix 
decreases due to the discharge reactions and increases 
by migrat ion and normal  diffusion from the free elec- 
trolyte adjacent  to the black mix pellet. Changes due 
to this diffusion were neglected in the calculations. The 
electrolyte in the black mix contains during the ini t ia l  
discharge period, besides water, essentially the follow- 
ing seven species: ZnC142-, CI - ,  NH4 +, Zn 2+, NI-Ia, 
Zn(NH3) 22+, Zn(NH3) 42+. 

Of these the last three do not exist in the free elec-  
trolyte and only the first three species must  be con- 
sidered for ion migrat ion through the free electrolyte- 
black mix interface. Since the concentrat ion of Zn 2+ 
ions in the free electrolyte is always low due to forma- 
t ion of the ZnCI~ 2- complex at high chloride concen- 
trat ions (8), Zn + + ion t ransport  can be neglected. The 
Zn(NH3)22+ and Zn(NH3)42+ ions being formed only 
in the black mix do not migrate  toward the zinc anode. 

Results and Discussion 
Mass ratio of electrolyte to manganese dioxide.--  

Derivatives of discharge curves for the ~-MnO2 are 
shown in  Fig. 2a-f. F igure  23 represents  the curve  oh- 
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tained from a black mix  composition normal ly  used 
in commercial  Leclanch~-type dry cells. The curve 
can be described essential ly as the sum of four normal 
distribution functions (peaks A, B, C, and D). These 
peaks appear at different cell voltages and they differ 
in h a l f - m a x i m u m  width and surface areas. 

Comparison between Fig. 2a and b shows that the 
areas of peaks A and B increase whi le  that of peak C 
decreases with increasing mass ratio of electrolyte to 
manganese dioxide. Furthermore a slight shift in the 
position of the four peaks can be observed. Peak B 
shifts, e.g., about O.04V toward lower and peak C 0.OlV 
toward higher cell voltages when the mass ratio in-  

creases from 0.64 to 2.7 (Table III).  At the next  higher 
mass ratio examined (Fig. 2c) only  three peaks appear. 
Taking into account the observed shifts one can as- 
sume that the middle peak consists of peaks B and C, 
the upper and lower peaks being A and D, respectively.  
Figures 2a-f show that with increasing mass ratio of 
electrolyte to manganese dioxide peak A increases, 
peak C and D decrease and tend to disappear at a cer- 
tain mass ratio, whereas peak B increases at first and 
then also decreases at the higher mass ratios studied. 
At a mass ratio of about 24 all peaks but A have be- 
come insignificant. 
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Fig. 2 a-f. Derivative discharge curves obtained with #-Mn02 in black mixes of increasing mass ratio of electrolyte to manganese 
dioxide. Values in figures indicate the mass ratios of electrolyte to manganese dioxide in pellets. The corresponding black mix composi- 
tions are given in Table II. 
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Fig. 2g. Derivative discharge curve of ~'-Mn02 obtained by catho- 
dic reduction (1.03 mA) of a thin layer of 25.6 mg manganese diox- 
ide impressed on a conducting plastic foil immersed in well-agi- 
tated electrolyte solution. 

This finding was confirmed by discharge experiments 
in which a thin layer of manganese  dioxide was 
cathodically reduced in the presence of a large excess 
of well-s t i r red electrolyte solution. Figure 2g shows that 
under  these conditions essentially one sharp peak at 
1.30V is obtained. A minor  peak at somewhat lower cell 
voltages may be assigned to peak B and /or  C. 

The observed increase of peak A with increasing 
mass ratio of electrolyte to manganese dioxide could 
also be due to the s imultaneous increase in the carbon 
black to manganese dioxide mass ratio of the mixes 
used in the discharge tests. The carbon black content 
had to be increased in the mixes in order to achieve 
the desired uptake of electrolyte. The conducting-foil  
tests (6) did not exclude a possible influence of car- 
bon because the MnO2 particles were in contact with 
the carbon filler of the plastic foil. To distinguish be-  
tween the influence of carbon black and of electrolyte, 
two mixes were prepared in which about half  of the 
carbon black was replaced by Aerosil 380 as electrolyte 
carrier. The shapes of the derivative discharge curves 
obtained in these experiments  (Fig. 3a-b) are similar 
to those of equal mass ratio of electrolyte to manganese 
dioxide where only carbon black is used as carrier for 
the available electrolyte (Fig. 2e-f).  Curves for equal 
ratios of carbon black to manganese  dioxide but  differ- 
ent electrolyte to manganese  dioxide mass ratios differ 
significantly (Fig. 2d and 3a). This indicates that the 
mass ratio of carbon black to manganese  dioxide in  
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Fig. 3 a-b. Derivative discharge curves of fi-MnO2 in black mixes 
where part of the carbon black is substituted by Aerosil 380. Values 
in figures indicate the mass ratios of electrolyte to manganese 
dioxide in the pellets. 

the black mix composition is not the shape-determining 
factor in the range examined. 

The areas under  the derivative discharge curves as 
well as those of the peaks represent  the electrical 
charge in coulomb/gram of manganese  dioxide ex- 
changed within the ranges of the cell potentials con- 
sidered. The size of the peaks obtained under  various 
discharge conditions, presented as coulomb/gram MnO2, 
and the positions of the peak maxima for the curves 

Table III. Positions of maxima [cell voltage (volt)] and surface areas (coulomb/gram MnO2) of 
the peaks forming the derivative discharge curves of fl-MnO2 obtained for various mass ratios of 

electrolyte to manganese dioxide. Discharge current 12 mA; 2.00g black mix. 

Sum of 
Mass  r a t i o  Mass  c u r -  P e a k  A P e a k  B P e a k  C P e a k  D p e a k  areas ,  
e l e c t r o l y t e :  r e n t  d e n s i t y ,  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  

Fig. Mn02 mA/g MnO2 V g MnO~ V g MnOm V g Mn0~ V g MnOj g Mr~O~ 

2a  0 .64  11 1.29 49 1.13 
2b 2.7 29  1.26 208  1.09 

2c  4.7 48 1.25 387  
2d  6.5 63  1.22 542 
3a  12.3" 73 1.24 1078 
2e  12.5  118 1 .24 1117 
3b  24* 140 1.25 1558 
2 f  25  152 1.22 1450 
2g  ~**  40 1.31 1074 

63 0.92 3"/4 0.68 430 916 
13'/ 0.93 313 0.80 188 846 

Peak (B + C) 
coulomb/ 

V g MnOs 

1.00 4 4 ~  0 .81 258  1094 
0 .99  586  0 .85  26  1154  
1.00 210 -- -- 1288 

1.04 2 4 9  - -  -- 1366 
. . . .  1558 
. . . .  1450 

1 .22  120 -- -- 1194 

�9 T h e  b l a c k  m i x  c o n t a i n e d  A e r o s i l  380  a n d  c a r b o n  b l a c k ,  8 . 0 0 g  b l a c k  m i x  w e r e  d i s c h a r g e d ,  
�9 " Conducting-foil tes t .  
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shown in Fig. 2a-g and 3a-b are listed in Table III. The 
values in Table III  clearly show the increasing pre-  
dominance of peak A as the mass ratio of electrolyte to 
manganese  dioxide increases. The last column shows 
the over-al l  increase in discharge capacities, expressed 
as sum of peak areas, with increasing mass ratio of 
electrolyte to manganese dioxide. Above a ratio of 
about 6.5 the discharge capacities are higher than the 
theoretical value for complete reduct ion to the tri-  
valent  state. The results, therefore, indicate that above 
a certain mass ratio the reduction proceeds beyond the 
t r ivalent  state of the manganese  ions. Complete reduc- 
t ion to the bivalent  state, however, has never  been 
observed in our experiments.  The values obtained in  
conducting foil tests were surpris ingly lower than the 
highest values found in the discharge tests of long 
pellets. The reason for this discrepancy may be ex-  

plained either by insufficient contact between some of 
the manganese  dioxide particles and the e lectron-con-  
ducting plastic foil or by inaccessibility of electrolyte 
solution to some of the imbedded manganese  dioxide 
particles. 

Electrolytic MnOz.--Figures 4a-e and the values 
compiled in Table IV show the corresponding results 
obtained from discharge tests of electrolytic 7-MnO2. 
Again it is possible to interpret  the derivat ive dis- 
charge curves essentially as sums of four or less peaks. 
The peak positioned at the highest cell voltage behind 
the small peak O increases with increasing mass ratio 
of electrolyte to manganese  dioxide and remains prac- 
tically the only one at and above a mass ratio of 7. For  
-y-MnO2 the peak maxima A, B, and C occur at higher 
cell voltages than  for /~-MnO2. Peak D cannot be lo- 
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Table IV. Positions of maxima [cell voltage (volt)] and surface areas (coulomb/gram Mn02) of 
the peaks forming the derivative discharge curves of electrolytic 7-Mn02 obtained for various mass 

ratios of electrolyte to manganese dioxide. Discharge current 12 mA. 

Fig .  

Mass  r a t i o  Mass of  Mass  cur-  P e a k  A P e a k  B Peak  C Peak  D 
e lec t ro ly te :  b lack  r e n t  dens i ty ,  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  

MnO2 mix ,  g mA/g MnO~ V g MnO~ V g MnO2 V g MnO2 V g MnO~ 

Sum of 
peak areas, 
coulomb/ 
g Mn02 

4a 0.55 0.744 29 1.46 68 1.35 77 1.12 631 0.84 280 
4b 0.90 0.744 37 1.46 123 1.33 104 1.14 499 0.80 195 
4c 1.67 2.00 21 1.42 193 1.27 316 1.09 441 0.77 200 
4d 2.20 2.00 25 1.42 189 1.24 428 0.99 168 (0.69) (272) {1.54 54} 
-- 3,4 0.744 96 1.30 500 i.II 83 n.d. n.d. -- -- {1.51 
4-e 7.0 2.27 59 1.30 737 1.10 27 0.98 43 - -  - -  
- -  ~*  - -  28 1.41 1211 1.36 288 . . . .  

1056 
921 

1150 
1065 

882 

1499 

* C o n d u c t i n g - f o i l  t e s t  w i t h  38.2 m g  MnO~. 

Table V. Positions of maxima [cell voltage (volt)] and surface areas (coulomb/gram Mn02) of 
the peaks forming the derivative discharge curves of Nsutite obtained for various mass ratios of 

electrolyte to manganese dioxide. Discharge current 12 mA. 

Mass r a t i o  Mass of 
e l ec t ro ly t e :  b l a c k  

MnO~ m i x ,  g 

S u m  of  
Mass cur-  P e a k  A1 P e a k  A P e a k  B P e a k  C P e a k  D p e a k  areas,  

r e n t  dens i ty ,  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  
m A / g  MnO2 V g 1VI~,O2 V g MnO~ V g MnOz V g MnO~ V g MnO~ g MnO2 

0.73 0.744 37 
2.18 2.00 26 

3.60 2,00 38 
6.3 2.00 60 
9.0 2.00 86 

16,1 2.00 152 
32 3.00 194 

1.40 24 1.31 62 1.20 55 0.97 472 0.76 88 701 
1.40 37 1.27 210 1.13 131 0.95 326 0.84 124 827 

Peak (B + C) 
coulomb/ 

V g MnO~ 

1.39 43 1.24 266 1.02 483 (0.66) (38) 822 
1.40 29 1.24 599 1.03 35@ M - -  986 
1.40 57 1.22 639 1.07 190 0.93 36 - -  -- 922 
1.38 48 1.22 9K2 1.04 56 . . . .  1084 
-- -- 1.22 1164 0.99 80 . . . .  1244 

1.38 876 
- -  - -  L 1.32 229 ) 1.26 201 . . . .  1306  

* C o n d u c t i n g - f o i l  test .  Discharge current: 1.0 m A ,  30.9 m g  M n O ,  

cated accurately and it is therefore  not possible to 
decide whe ther  the position of its max imum is related 
to the type of MnO2 or to the black mix  compositions. 
The sums of the peak areas are about the same for 
both types of manganese dioxide. 

Nsuti te . --Table V presents  the results of an analo-  
gous series of exper iments  using a Nsut i te- type  man-  
ganese dioxide ore which showed a re la t ive ly  high 
act ivi ty in dry cell tests. The over -a l l  picture  compares 
fa i r ly  well  with the results of the other  series wi th  
the exception of the existence of another  peak (de- 
signed as A1) which is si tuated at about the same cell 
voltages as peak A of the 7-MnO2. With regard  to its 
position and behavior  the fol lowing peak A can be 
compared to the peak A of ~-MnO2. The area of peak 
A1 is quite independent  of the mass ratio of electrolyte 
to manganese dioxide. These observations can be ex-  
plained by assuming that  the Nsut i te- type  ore contains 
a small amount  of a more active component.  

In performing the conducting foil test with the 
Nsut i te- type  ore it was found that  v i r tua l ly  all (96%) 
of the coulombs exchanged were  used to produce Mn 2+ 
going into solution. 

Discharge current densities and length of the black 
mix  pel let . - -The influence of the discharge conditions 
on the shape of the der ivat ive  discharge curves was 
studied for one black mix  composition close to those 
used in Leclanch~-type dry cells. Under  the prevai l ing  
test conditions the fol lowing parameters  were  varied:  
(i) length (mil l imeters)  of the cylindrical  black mix  
pellet;  (ii) superficial current  density (mi l l i ampere /  
square cent imeter) ,  i.e., the discharge current  divided 
by the basal area of the black mix  pellet ;  and (iii) mass 
current  density (mi l l i ampere /g ram MnO2) which is 
the quotient  of the discharge current  and the mass of 
manganese dioxide (calculated as active oxygen) in 
the black mix  pellet. 

These three  parameters  are in terdependent  and in a 
series of exper iments  wi th  one black mix  composit ion 
only one parameter  can be kept constant while  the 
others vary. 

Der iva t ive  discharge curves obtained by discharging 
pellets of various lengths, containing 7-MnO2 as an ex-  
ample, are shown in Fig. 5. The positions and areas of 
the peaks forming these curves and those obtained at 
higher  current  densities are given in Table VI. From 
the results of a large number  of exper iments  the fol-  
lowing general  rules can be deduced: (i) The shorter  
the black mix  pellet  and the lower  the discharge cur-  
rent  the grea ter  is the resemblance of the  der ivat ive  
discharge curves to those obtained f rom exper iments  
wi th  higher  mass ratios of e lectrolyte  to manganese  
dioxide. The sum of the peak areas increases in the 
same manner  as observed for increasing electrolyte  to 
MnO2 mass ratios. (ii) The longer  the pel let  the bet ter  
are the  peaks resolved. (iii) The mass current  density 
has l i t t le  influence on the shape of the der iva t ive  dis-  
charge curves wi thin  the examined  range f rom 1.8 to 
about 70 m A / g  Mn02 as long as diffusion does not 
interfere  [rule ( i)] .  

If  one expects that  each peak is re la ted to a specific 
reaction in the black mix  it can be concluded that  the 
peaks A and B belong to reactions related to the elec-  
t ro ly te  composit ion while  peak C and possibly peak D 
are l inked to reactions which become significant only 
after  certain changes of electrolyte  composition. The 
observat ion that the resolution of the peaks improves 
with increasing length of the black mix  pellet  [rule 
(ii) ] leads to the conclusion that  each type of react ion 
proceeds essentially through the whole length of the 
black mix  pellet  before the next  type of reaction starts. 
The  resolution decreases under  conditions where  dif-  
fusion becomes significant and only then different types 
of reactions may take place s imultaneously at different 
depths in the black mix  pellet.  
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Fig. 5 a-c. Derivative discharge curves obtained with electrolytic 
7-MnO2 in black mixes of standard composition at various lengths 
of the black mix pellets discharged at 2.5 mA/cm 2. 

Consequences with respect to test methods.--The 
type of manganese  dioxide seems to have little influ- 
ence on the shape of the derivative discharge curves 
when  black mix compositions, geometry of the black 
mix pellet, mass, and superficial current  densities are 
comparable. The same peaks appear, however, at dif- 
ferent cell voltages. For active types of manganese  di- 
oxide the peaks are positioned at somewhat higher 
cell voltages than for the less active types and for this 
reason the energy available from a dry cell down to a 
certain cell voltage is higher if it contains the active 
material .  

It has been stated by  several authors that under  cer- 
t a in  conditions ba t te ry- inac t ive  types of manganese  
dioxide, e.g., ~-MnO2, can become as active as the most 
active types (9, 10). Our work shows that this hap-  
pened at high electrolyte to manganese  dioxide mass 
ratios when  only the electrolyte-dependent  reaction 
(peak A) exists. Tests where high mass ratios of elec- 

t rolyte  to manganese dioxide are used such as conduct- 
ing-foil  tests (1, 6) or the Kornfei l  test (11) cannot 
give reliable values because in these tests the reaction 
of type A is overemphasized and a mater ia l  of low dry 
cell activity would be judged too favorably. The same 
argument  is valid for conditions where diffusion of re-  
action products from the black mix into adjacent  elec- 
trolyte and of NH4 + ions in  the opposite direction is 
significant. It follows that in activity tests the electro- 
lyte volume between the black mix and the zinc 
counterelectrode should be kept as small  as in  commer-  
cial dry cells and the black mix composition should be 
the same as used in batteries in order to get the best 
relation between the fast laboratory tests and the be-  
havior of MnO2 in  batteries. 

Assignment of peaks.--As it is l ikely that each of the 
observed peaks belongs to a specific reaction taking 
place in  the black mix dur ing the cathodic reduct ion 

Table VI. Positions of maxima [cell voltage (volt)] and surface areas (coulomb/gram MnO2) of 
the peaks forming the derivative discharge curves of electrolytic ~'-MnO2 obtained from black mix 

pellets of different lengths for discharge currents of 3 and 12 mA. (Standard black mix composition: 
62.3% MnO2 sample, 7.7% carbon black, 13.4% NH4CI, 2.1% ZnCI2, 14.5% H20; 

mass ratio of electrolyte to manganese dioxide: 0.53.) 

L e n g t h  o f  
p e l l e t  (cal- 

cu la t ed ) ,  m m  

l~vIas s 
Supe r f i c i a l  c u r r e n t  S u m  o f  
d i s c h a r g e  dens i ty ,  P e a k  A P e a k  B P e a k  C P e a k  D p e a k  areas ,  

c u r r e n t  den -  m A / g  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  c o u l o m b /  
s i ty ,  m A / c m  2 MnO~ V g MnO2 V g MnOs V g MnO~ V g MnOs g IVLnO~ 

11.8 2.5 1.8 1.52 78 1.40 111 1.15 557 0.90 213 
2.9 2.5 7.2 1.49 112 1.36 193 1.15 484 0.89 158 
2.6 2.5 8.3 1.47 139 1.34 185 1.16 499 0.91 104 
1.6 2.5 13.4 1.47 116 1.35 229 1.15 443 0.92 123 

11.8 10 7.2 1.48 55 1.35 105 1.14 614 0.80 175 
10.4 l 0  8.3 1.50 4,8 1.37 99 1.15 550 0.80 192 
2.9 i 0  29 1.46 82 1.35 56 I . I i  645 0.03 273 
1.6 10 54 1,46 91 1.36 89 1.16 574 0.80 114 

957 
947 
927 
911 
949 
889 

1056 
838 
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of the manganese dioxide the following assignments 
are proposed. 

The relative predominance of peak A depends main ly  
on the quant i ty  of electrolyte available per mass uni t  of 
manganese  dioxide. Conducting-foil  tests at low dis- 
charge current  densities give essentially only one peak 
(1) situated at about the same cell voltage at which 
peak A appears in the pulse galvanostatic analyzer  
tests. Under  conditions of the conducting-foil  tests a 
stoichiometric cathodic dissolution of the manganese 
dioxide has been found by us in agreement  with the re-  
sults obtained by Chreitzberg, Allenson, and Vosburgh 
(12) under  comparable conditions at somewhat higher 
superficial current  densities. The conditions in Cahoon's 
"utilization test" (13) agree with those in our tests at 
highest mass ratios of electrolyte to manganese  diox- 
ide, i.e., with excess electrolyte. In  the example quoted 
in this paper the stoichiometrical amount  of Mn 2+, as 
expected from Eq. [1], has been found in solution when 
discharging manganese dioxide to MnO1.6 in an elec- 
trolyte of 33% ZnC12, 20% NH4C1, and 47% water. 
Therefore peak A can be related to the cathodic dis- 
solution of manganese  dioxide following the over-al l  
equation 

MnO~ + 4H + + 2e-  -> Mn 2+ + 2H20 [1] 

This reaction predominates in acid electrolyte (14-17) 
but  is also observed in neut ra l  electrolytes up to about 
pH 8, (12, 18-20). It was assumed that in neut ra l  elec- 
trolyte (pH 6-8) the dissolution reaction and solid- 
state diffusion occur s imultaneously (17), while in  
alkal ine electrolyte only a solid-state diffusion mech- 
anism is envisaged (9, 17, 21-24). Under  conditions 
where peak A prevails the ammonium ion should, di- 
rectly or indirectly, be the proton donor (17) for re-  
action [1] 

NH4 + ~ NI-I3 + H + [2] 

The ammonia formed in this way is bound to the zinc 
ions to form di- and te t rammine  complexes (25) fol- 
lowing the equations 

Zn 2+ + 2NH3 ~ Zn(NHs)22+ [3] 
and 

Zn 2+ + 4NI~ ~ Zn(NI~)4 ~+ [4] 

In this way, the system acts as a buffer solution and 
the pH only starts to increase rapidly after practically 
all the available Zn 2+ ions are used up by reactions 
[3] and [4]. 

As reaction [I] is dependent on the pH of the elec- 
trolyte in the black mix it is to be expected that the 
reaction is practically terminated when the pH has 
reached a specific value. The pH values of the electro- 
lytes were therefore calculated using Eq. [I], the equi- 
librium constants (26, 27) corresponding to Eq. [3] 
and [4], and also considering the electric transport of 
NH4 + ions into and ZnCI42- ions out of the electrolyte 
of the black mix. For nearly all discharge experiments 
for which a diffusional exchange with the electrolyte 
paste adjacent to the black mix was negligibly small, 
a pH value of about 7.5 was computed for the inter- 
section points of the outlines of peaks A and B. For 
electrolytic 7-MnO2 and Nsutite at relat ively low mass 
ratios of electrolyte to manganese  dioxide, pH values 
between 8 and 9 were computed. Under  all conditions 
in which the derivative discharge curve contains only 
peak A the calculated pH does not reach 7.5 dur ing the 
entire discharge test. 

Curves obtained in correlating pH and cell voltage 
(28) show a sharp k ink at this part icular  pH. This is 
the point where 0.12 V / p H  intersects with 0.06 V / p H  
indicating that the two-electron four-proton process 
changes into the one-electron one-proton process. 

Cahoon et al. (18) pointed out that  the pr imary  
(electrochemical) reaction consumes protons (Eq. [1]), 
consequently increasing the pH, and the secondary 

(chemical) reaction (MnO2 + Mn 2+ + 2 O H -  -* 
2MnOOH) consumes OH- ,  thus increasing acidity in 
the electrolyte at the surface of the depolarizer and 
that this increase will be faster for the more active 
types of MnO.~. This could explain why for the end of 
peak A of electrolytic MnO2 and Nsutite the calculated 
pH is higher than would be expected and that the 
actual surface pH of the active MnO2 particles is, in 
fact, similar to that found in tests with less active 
material  or with excess electrolyte. 

Peak B increases at first with increasing mass ratio 
of electrolyte to manganese dioxide and decreases 
again at the higher mass ratios examined. This points 
to this peak being related also to the composition of 
the electrolyte. Since peak B starts at a pH where 
peak A ends, the chemical reaction corresponding to 
peak B should become predominant  at and above pH 
7.5. The precipitat ion of manganous hydroxide could be 
a possible reaction 

Mn 2+ + 2H20 ~ M n ( O H ) 2  + 2H + [5] 

and can act as a proton-donat ing  buffered system for 
a possible electrochemical reaction 

MnO2 + 2H + + 2 e - ~ M n ( O H ) 2  [6] 

which may be related to peak B. Under  these condi- 
tions the area of peak B should approximate that  of 
peak A since all manganous ions produced in the 
chemical reaction related to peak A would be con- 
sumed by the reaction related to peak B. Diffusion of 
NH3 into, and electrical t ransport  of NH4 + ions from, 
the adjacent paste electrolyte into the depleted black 
mix can explain the relat ively larger surface areas of 
peak B observed in  some cases. Furthermore,  it is not 
necessary to assume that reaction [6] is terminated 
when most of the manganous  ions are consumed. 

If the manganous  hydroxide formed by reaction [6] 
would be attached to the surface of the manganese  
dioxide particles as a dense monolayer  of manganous 
hydroxide so that reaction [6] could not proceed fur-  
ther, much lower areas of peak B are to be expected. 
In  order to explain the observed larger  capacities one 
has to accept that the manganous  hydroxide precipita-  
t ion forms a separate detached phase in such a way 
that the manganese dioxide surface remains accessible 
to fur ther  reaction. 

Peak C may be a t t r ibuted to the we l l -known solid- 
state reduction of manganese  dioxide (9, 17, 21-24) 
represented by the equat ion 

MnO2 + H + + e -  ~ MnOOH [7] 

This reaction starts only once the electrolyte composi- 
t ion prevents cont inuat ion of the reactions ascribed 
to peaks A and B, i.e., at higher pH values than nor -  
mal ly  described in l i terature.  

Peak D is often difficult to separate from peak C 
and its surface areas cannot be clearly defined so that 
its dependence on the exper imental  conditions is un -  
certain. Attempts to relate the occurrence of peak D 
to the formation of hetaerolite, which has been de- 
scribed as the most significant reaction product in bat-  
tery discharge (28-30), failed. Pract ical ly no hetaero- 
lite could be detected by x - r ay  diffraction in black 
mixes which had been discharged slightly below the 
cell voltage which indicates the end of peak D. Hetae-  
rolite could be identified only in black mixes after 
discharging to 0.0V cell voltage. The formation of 
hetaerolite appears to be a secondary (chemical) re-  
action (25, 31) and is found mainly  in black mixes 
exposed to low current,  long te rm discharge conditions 
(32). 

The sequence of peaks into which the area under  the 
derivative discharge curve can be resolved follows the 
scheme laid out for the depolarization of manganese  
dioxide implied from magnetic susceptibil i ty measure-  
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ments  by  Ghosh and Brenet  (33, 34). These authors  
found that  dur ing  the first s tage of discharge no Mn 3+ 
was formed but  that  the Mn 4+ la t t ice  r emained  while  
reduct ion proceeded to Mn 2+ (peaks A and B).  On fur -  
ther  reduct ion MnOOH (peak  C) and finally Mn30~ 
(peak  D) could be identified. 

Conclusion 
Considera t ion of the der iva t ive  discharge curves 

shows tha t  the discharge mechanism of the  cathode 
of Lec lanch~- type  d ry  cells is more complicated than 
impl ied  by the models  p rev ious ly  proposed.  F rom the 
exper imen ta l  resul ts  p resented  in this work  it follows 
conclusively tha t  composi t ion and quan t i ty  of e lec t ro-  
ly te  and changes in the e lec t ro ly te  dur ing  discharge 
have  a pronounced  influence on the form of the dis-  
charge curves. The discharge curve obta ined under  the 
condit ions of commercia l  Lec lanch~- type  d ry  cells rep-  
resents  a va r ie ty  of different  react ions and i t  is not 
possible  to consider only one type  of reaction, as for 
instance the  so l id-s ta te  diffusion model. 

The dissolut ion react ion and manganous  hydrox ide  
format ion  occur first before the so l id-s ta te  diffusion 
react ion becomes predominant .  Resolut ion of the peaks  
of the der iva t ive  contour  l ine increases as diffusional 
exchange of react ion products  and salts  be tween  the 
e lec t ro ly te  in the b lack  mix  and the e lec t ro ly te  in the 
compar tmen t  diminishes.  This indicates  tha t  each type  
of react ion proceeds throughout  the length  of the  b lack  
mix  pel le t  before  the next  react ion becomes significant. 

For  these reasons e lectrochemical  tests for the eva lu-  
a t ion of d ry  cell  ac t iv i ty  of manganese  dioxide should 
be car r ied  out at the same mass rat ios of to ta l  e lect ro-  
ly te  quan t i ty  to manganese  dioxide as used in commer -  
cial d ry  cells. In  pa r t i cu la r  the  act ivi t ies  of manganese  
dioxide ores wi th  low depolar iza t ion  capaci ty  are  over-  
es t imated if the  va lues  obtained from tests wi th  excess 
e lectrolyte ,  t e rmina ted  at  a p rede te rmined  cell  voltage,  
a re  t aken  as cr i ter ia  for the activity,  because the values  
of the areas  of peaks  A and B which occur at h igher  
cell vol tages  are  h igher  in the presence of more elec-  
t rolyte .  
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The Chemistry of TiS  and NbSe  Cathodes 
Donald W. Murphy* and Forrest A. Trumbore* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The cell discharge reactions of NbSe3 and TiS3 cathodes in nonaqueous 
l i th ium cells have been shown to involve three l i thiums per MX~. Using re- 
action with n-BuLl  as a model for cell discharge we show that cell dis- 
charge involves topochemical reactions in which the basic strucutre of the 
MX3 is maintained.  Both NbSe3 and TiS3 are chain structures containing X - X  
bonds. The (X2) 2- groups are reducible as well as the M 4+ ion, accounting for 
the stoichiometry. The cell reaction is reversible for NbSe~, but  only par t ia l ly  
reversible for TiS3. Irreversibi l i ty  in TiS3 is suggested to be due to a change 
in  coordination geometry of Ti 4 + from trigonal prismatic to octahedral. 

Recent reports have described the use of MX3 (M ---- 
Ti, Nb, Ta; X ---- S, Se) compounds as cathodes in sec- 
ondary nonaqueous l i th ium batteries (1-5). The re-  
versibil i ty of these cathodes, especially NbSe3, led us 
to embark on a study of the chemistry of cell discharge 
in the hope that an unders tanding  of the chemistry 
would lead to improved performance and suggest other 
potential  secondary cathode materials.  

The trichalcogenides of the groups IVB and VB t r an -  
sition metals have similar structures. The group IVB 
compounds are typified by ZrSe3 (6) with which TiS3 
is isostructural (Fig. 1). The structure is monoclinic 
and may be thought of as consisting of chains of t r i -  
gonal prismatic [TiSs] units  sharing opposite faces. 
The sulfur  atoms are not equidistant  from each other, 
hut  two of the three are closer to each other and form 
a disulfide linkage. A more informative formula then 
is TiS(S2), a compound of Ti 4+. The sulfide sulfur  of 
one chain is also loosely coordinated to t i tanium ions 
of two adjacent chains to give a bicapped tr igonal 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: nonaqueous batteries,  chalcogenides,  secondary bat- 

teries, l i thium batteries. 
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Fig. 1. The monoclinic structure of TiS3 (6) 

prismatic coordination about t i t an ium and making the 
compound pseudo two-dimensional  rather  than one- 
dimensional.  The group IVB compounds have a d ~ 
configuration and are semiconductors (7). 

The group VB compounds NbSe3 (8) (Fig. 2) and 
TaSe3 (9) have structures similar to the group IVB 
compounds, but slightly different. The planes of con- 
nected chains are somewhat puckered, apparent ly  due 
to some Se-Se bonding between chains as well as in t ra -  
chain diselenide formation. The puckering is slightly 
different in the two compounds. The compounds are 
formally d I and are metallic (10). All of the MX3 
compounds grow in a fibrous morphology elongated in 
the b direction (the direction of the metal  chains).  It  
is very difficult indeed to obtain crystals of NbSe3 
more than a few microns in the a and c directions 
while over a cent imeter  in the b direction. 

Experimental 
The start ing TiS3 and NbSe3 were prepared by re- 

action of the elements in sealed quartz tubes. Excess 
sulfur (S:Ti  ---- 3.5: 1) was used with t i tan ium powder 
(325 mesh, 3N pure) at 500~ and stoichiometric 
amounts  of n iobium powder (30~, 3N5 pure) and sele- 
n ium shot (5N pure) were reacted at 680~ (8). Crys- 
tals of TiS3 were grown by I2 vapor t ransport  at 500 ~ 
550~ 

The thin needlelike crystals of TiS3 tend to aggregate 
at one point much like a fan, while NbSe~ forms long 
hair l ike fibers which in ter twine  to form physically 
connected (electrically conductive) mats much like 
minia ture  steel wool pads, as i l lustrated in Fig. 3. 

Simple cells were constructed with l i th ium foil 
anodes (15 mil  X 0.5 cm X 1.5 cm), a 1.0M LiC104 in 
propylene carbonate (PC) electrolyte (N 3 miD, and 

/ 
~ q 

0 

~- C 

-...Q "~. 

0 O 0 
I) 

ONb OSe IDATOM POSITIONS+ I/2 b 

Fig. 2. The monoclinic structure of NbSe3 (8) 
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Fig. 4. Initial discharge curve for an aggregate of pure TiS3 
(0.63 mg) crystals in PC with 1M LiCI04 and a load of 68 kohms 
(i = 0.02 mA at 1.5V). 

Fig. 3. (a) Fanlike aggregates of TiS3 crystals formed by iodine 
transport. (b) Typical fibrous nature of NbSe3. 

cathodes prepared  by cr imping gold wi re  onto e i ther  
a fan of TiS3 crystals or a mat te  of NbSe3. Cathode sizes 
var ied f rom 0.05 to 10.0 mg for TiS3 and 0.1 to 200 mg 
for NbSe3. The anodes and cathodes were  suspended 
via gold wires into the electrolyte  so that  they were  
approximate ly  0.5 cm apart. The cells were  discharged 
under  a constant load and the area under  the voltage 
vs. t ime curve  al lowed de te rmina t ion  of the number  of 
coulombs. Then, knowing the weight  of pure  cathode 
material ,  the number  of l i th ium atoms involved per 
MX3 unit could be calculated. Representa t ive  init ial  
discharge curves are shown in Fig. 4 (TiS~) and Fig. 5 
(NbSe3). Some cells were  set up with a reference and 

a working l i th ium electrode to determine  the par t  
played by anodic processes on . the  discharge behavior.  
In  each case the potentials  of the working  and re fe r -  
ence electrodes were  the same. 

Cells were  recharged by applying a 3V bat tery  across 
the cell. The total charge was found by measur ing the 
vol tage across a known resistor in the circuit  and inte-  
grat ing the vo l tage- t ime  curve. 

0 I.Oeq 2.0eq 3.Oeq 
I I 

3.0 

2.0 

1.0 

O 0  I I I I 0 I I 
20 40 60 8 Loo 120 140 

T(hrs) 

Fig. 5. Initial discharge curve for a fibrous matte of pure NbSe3 
(10.4 mg) in PC with 1M LiCIO4 and a load of 68 kohms, 
(i = 0.02 mA at 1.5V). Second discharge, - - - -. 

Reactions of TiS8 and NbSe8 were  also run  with  
sodium and l i th ium in l iquid ammonia  and wi th  n-  
butyl  l i th ium (n-BuLi)  as a model  for the cell reac-  
tion. All  such reactions were  run  under  anhydrous 
conditions in argon. Complet ion of reactions wi th  
stoichiometric amounts of n -BuLl  was verified by ob- 
servat ion of no color change when  a drop of the solu-  
tion was added to 1,10-phenanthroline. Excess n -BuLi  
could be determined by t i t ra t ion of the noBuLi (after  
fil tration) wi th  butyl  alcohol in xy lene  using 1,10- 
phenanthrol ine  as indicator  (11). All  t ransfers of dis- 
charged products were  carr ied out in an inert  a tmo-  
sphere box. 

Powder  x - r ay  photographs were  taken  on a Debye-  
Scherrer  camera  with CuKa radiation. Debye-Scher re r  
capillaries were  loaded inside the dry box, sealed wi th  
wax, then  wi th  a flame outside the box. 

Results and Discussion 
Cells discharged wi th  known amounts  of pure  TiS3 

(Fig. 4) and NbSe3 (Fig. 5) indicate that  approxi-  
mately  three  l i thiums per  formula  uni t  are used on 
discharge to approximate ly  IV. The  discharge curve  
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for  NbSe~ shows a definite b reak  at  two equivalents  
whi le  TiS~ shows breaks  at one and two equivalents.  

Cells d ischarged wi th  pu re  NbSe3 cathodes ma in -  
t a ined  fibrous morphology  and could be recharged  to 
over  90% of capaci ty  for  severa l  cycles [four is the  
m a x i m u m  we have  t r ied  wi th  pure  NbSes in this  
study, while  th in  film cathodes have been  cycled sev-  
era l  hundred  t imes (12)].  Cells using pure  TiSa, how-  
ever, r ead i ly  exfol ia te  (spl in ter ) ,  and only about  a 
th i rd  of the charge is rega ined  on regenera t ion.  

Severa l  chemical  schemes are  possible to account for 
the  observed react ion wi th  three  l i thiums.  First ,  a de-  
composit ion to the MX2 compound fol lowed by  in te r -  
calat ion of l i th ium into the  MX2 compound as in Eq. 
[1] 

MX3 + 3Li -~ LiMX2 + L i ~  [1] 

Decomposit ion to the MX~ was or ig ina l ly  proposed  as 
the  cell  react ion (1). 

Second, t e rna ry  compounds s iml ia r  to the  known 
BaTaS3 (13) (Fig. 6) could be formed.  These com- 
pounds have the same k ind  of chain  s t ructures  as the 
MXa compounds except  that  the Ta is oc tahedra l ly  co- 
o rd ina ted  and the chains a re  isolated f rom adjacent  
chains by  Ba ions. The Ta ions are  fo rmal ly  4 +  in 
BaTaSz. L i th ium ions could occupy si tes be tween  
chains as do the ba r ium ions, and the th i rd  l i th ium 
could be thought  of as reducing the meta l  ions to the 
3 +  s tate  wi th  the  same structure.  The switch f rom 
tr igonal  pr i smat ic  to oc tahedra l  coordinat ion could be 
accomplished by  a s imple  twis t  wi thout  any  gross 
atomic rea r rangement .  Whi t t i ngham (14, 15) has sug-  
gested that  such topochemical  react ions wi th  re tent ion  
of the  main  s t ruc tura l  fea tures  leads to revers ib i l i ty  in 
a number  of systems including the MX~'s. 

A th i rd  poss ib i l i ty  suggested by  the two-d imens iona l  
na tu re  of the  compounds is a s imple two-d imens iona l  
inser t ion s imi lar  to tha t  of g raph i te  and the l aye red  
MX2 compounds (16). Three  l i th iums could be  accom- 
modated  by  reduct ion of the dichalcogenide l inkage  
(2Li) and reduct ion of the 4 +  ion to the  3-t- ion (1Li).  
The dichalcogenide l inkages  form the surface of the  
van  der  Waals  gap be tween  layers.  In te rca la t ion  has 
been suggested by  Holleck et al. (5) as the possible  
cell reaction. 

The first of these possibili t ies,  decomposi t ion to MX2 
and in terca la t ion  of l i thium, seems untenable  in view 
of the  main tenance  of the  fibrous morpho logy  of the  
cathode on discharge.  In addit ion,  the format ion  of 
MX2 would r equ i re  severe  atomic reorganizat ion,  and 
it is difficult to imagine  such a process being revers ib le  
at  room tempera ture .  

We had hoped that  examina t ion  of x - r a y  powder  
pa t te rns  of the  discharged cathodes would  dis t inguish 
be tween  the var ious  possible  discharge products .  How-  

�9 Ba e T a  OS 

Fig. 6. Crystal structure of BaTa$3 (13) 
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Fig. 7. Diagram of x-ray powder pattern of TiS3 cathode dis- 
charged in PC (top), and products of TiSa treated with n-butyl 
lithium. 

ever, the  d ischarged  TiS3 gave a powder  pa t t e rn  wi th  
ve ry  la rge  d spacings ( top of Fig. 7) unl ike  any of the 
expected products,  and the d ischarged NbSe~ gave only 
a very  weak  pa t t e rn  containing only a few broad  
lines. Poor qua l i ty  x - r a y  powder  pa t te rns  are  often 
found in solids formed near  ambien t  t empe ra tu r e  even 
if the compound is crystal l ine.  The la rge  d spacings 
for the  discharged TiS8 suggested the  poss ibi l i ty  of 
solvent  incorpora t ion  on discharge and, indeed, com-  
bust ion analysis  of the  d ischarged TiS~ and NbSe3, 
af ter  washing wi th  PC and e ther  then vacuum drying,  
showed 17 and 12% C, respect ively.  This solvent  in-  
corporat ion does not  appea r  to be de t r imen ta l  to cycle 
behavior,  but  m a y  change the ceil vol tage  slightly,  
and  could cause swel l ing problems in a real  bat tery .  

To avoid complicat ions f rom solvent  incorpora t ion  
we inves t iga ted  model  react ions for cell  discharge. The 
s implest  model  react ion is the t r ea tmen t  of the cathode 
compound with  a solut ion of the a lka l i  meta l  in l iquid  
ammonia.  Analys is  of x - r a y  powder  pa t te rns  (Fig. 8) 
of TiS3 t rea ted  with  sodium in l iquid  ammonia  are  
consistent  wi th  a two*dimensional  topochemical  add i -  
t ion of sodium (and ammonia)  into the  TiS8 s t ructure .  
Addi t ion  of one sodium (two ammonia  molecules are  
also incorpora ted  as de te rmined  by  weight  gain)  in-  
creases the c axis by  ~ 4.3A. The b axis remains  un-  
changed [(020) at 1.70A] and the s t rong (012) peak  
shifts appropr i a t e ly  f rom 2.68 to 2.74A. No lines as-  
sociated with  the  a axis were  observed.  Addi t ion  of a 
second sodium causes only a sl ight  increase in c whi le  
the (020) peak  becomes weak  and broad.  The th i rd  
sodium gave a product  wi th  no powder  pat tern .  

Trea tment  of NbSe~ wi th  sodium in l iquid ammonia  
gave Na2Se as the only product  giving an x - r a y  powder  
pat tern.  Wi th  l i th ium in l iquid ammonia  Li2Se was 
the  only  produc t  observable  in the  x - r a y  p o w d e r  p a t -  
tern. When  this NbSe3 t rea ted  wi th  l i th ium in l iquid 
ammonia,  which was hoped would  correspond to the  
discharged NbSes, was placed in a cell  i t  r echarged  
only s l ight ly  (about  0.1 of expec ted ) ;  thus i t  is u n -  
l ike ly  tha t  these products  correspond to those of cell 
discharge.  

We suspected that  the  ammonia  might  be  responsible  
for the  decomposi t ion of NbSe8 wi th  l i thium. This 
could occur by  catalyt ic  format ion  of LiNH2 which 
might  displace Se in  the  compound as  in Eq. [2] below~ 

NO2(NH3)2TiS 3 I , I ,= �9 

NO(NH3)2TiS3 I X` (001) , (01Z) f I  I , 1\(020) 

TiS3 I / , "'" I I/" 
] I I I I I I ] I I I 

2 o , o  65 4 3 2.5 2 .o , . 8  ~.6,.5 
d(~) 

Fig. 8. Diagram of x-ray powder patterns of TIS3 cathode dis- 
charged with sodium in liquid ammonia. 
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or b y  amminolyses  of N b - S e - L i  l inkages  to form 
L i ( H )  Se which could then react  wi th  another  l i th ium 
in solut ion to give Li2Se as shown in Eq. [3] 

NbSe8 
2Li + 2NH3 ) 2LiNH2 + H2 

NbSe8 
) NbSe(NH2)2 + Li~Se [2] 

NH3 
N b - S e - L i  > Nb-NH2 + L i ( H ) S e  

L i (NH)8  1 
) Li2Se + ~ - H z  [3] 

In  o rde r  to e l imina te  complicat ions f rom ammonia  we  
used react ion wi th  n - b u t y l  l i th ium in hexane  as a 
model  react ion for  cell  discharge.  This react ion has 
been descr ibed in de ta i l  e l sewhere  (17, 18) and has 
been suggested as a model  for cell  d ischarge  (19-21). 
React ion of 3n-BuLl  wi th  NbSes gave a product  
(Li~NbSez) whose x - r a y  powder  pa t t e rn  (Debye-  
Scher re r  photographs)  showed no Li2Se, bu t  also 
showed ve ry  l i t t le  else (Fig. 9). When  this Li3NbSe3 
( the p roduc t  ma in ta ined  fibrous morphology)  was 
p laced  in  a cell  the  potent ia l  was ,~ IV vs. l i th ium,  
the  same as the d ischarged  NbSe3. Fur the rmore ,  r e -  
charging to 3V requi red  the  charge  expected for th ree  
l i t h ium atoms per  niobium, evidence that  this Li3NbSes 
is analogous to the cell discharge product .  React ion 
wi th  one and two equivalents  of n -BuLl  gave more  
d iscernible  products .  Powder  pa t te rns  of the one and 
two l i th ium products  (Fig. 9) are  ve ry  s imi lar  to NbSe~ 
i tself  and demons t ra te  tha t  the cell  react ion (at  least  
for the  first two l i th iums)  is a topochemical  reaction.  
The x - r a y  powder  p a t t e r n  for  LiNbSe3 is ve ry  s imi la r  
to NbSe3, whi le  in Li2NbSe3 a number  of smal l  peaks  
a re  missing, those tha t  r ema in  are  b roadened  and the 
intensi t ies  of corresponding peaks  have changed, as wel l  
as some smal l  changes in the  d spacings. The th i rd  
l i th ium causes the  diffract ion pa t t e rn  to be almost  
to ta l ly  obl i terated.  Only  th ree  ve ry  weak,  broad  peaks  
are  observed  which  are  not  obviously  r e l a t ed  to any 
peaks  in NbSes. Chianel l i  and Dines (22) have ob-  
ta ined  s imi la r  da ta  for  l i th ia ted  NbSe3, but  also repor t  
a dis t inct  pa t t e rn  for LisNbSe3 ve ry  s imi lar  to NbSea, 
which they  were  able  to index. This d iscrepancy may  
be due to a s l ight  difference in react ion conditions.  
Addi t ion  of NH3 to LiaNbSe3 did indeed cause decom- 
posi t ion wi th  Li2Se being observed in the x - r a y  powder  
pat tern .  

Af te r  recharging  Li3NbSe3 the resul t ing "NbSes" 
also shows only a weak  diffuse x - r a y  diffraction p a t -  
tern, indicat ing a high degree  of disorder,  conceivably  a 
different  or a r andom a r r angemen t  of the NbSe3 chains. 
In  l ine wi th  this observat ion,  d ischarged cathodes do 
not  t rack  the or iginal  d ischarge curve on subsequent  

cycles, but  higher,  g r adua l ly  decreas ing vol tages  are  
observed (Fig. 5). 

Li th ia t ion  of TiS3 wi th  n -BuLl  gives rise to a phase  
of h igher  s y m m e t r y  (possibly  hexagona l )  as indica ted  
by  the x - r a y  powder  pa t t e rn  (Fig. 7) and also ob-  
served by  Chianel l i  (22). Lengthwise  spl i t t ing of 
TiS3 crystals  occurs dur ing react ion wi th  n-BuLL This 
change in c rys ta l  s y m m e t r y  implies a more  drast ic  
change in the  local coordinat ion as well,  compared  to 
NbSe3. 

We have also measured  d-c  conduct ivi t ies  of the  
l i th ia ted  NbSe3 and TiS3 compounds by  a fou r -p robe  
method  on pressed powders .  The conduct iv i ty  of NbSez 
is p rogress ive ly  lowered  f rom about  300 to 10 -1 (ohm-  
cm) -1 for Li3NbSe3, while  TiS3 and all  the LizTiS~ 
have conduct ivi t ies  near  about  0.2 (ohm-cm)  -1 (7). 
Format ion  of a nonconduct ing discharge product  can-  
not  be the cause of i r r evers ib i l i ty  in TiS3. The la rger  
d spacings in the  powder  pa t t e rn  of the d ischarged 
TiS3 cathode are  due to the inclusion of PC co- 
ord ina ted  to the  l i th ium ions. 

Compar ing  and contras t ing the l i th ia ted  compounds 
of TiS3 and NbSe3 provides  a ra t iona le  for  the  dif fer-  
ences in revers ib i l i ty .  Fo r  NbSes the  s t ruc ture  re-  
mains  v i r tua l ly  unchanged on going to Li~NbSe3. Such 
maintenance  of s t ruc ture  al lows for easy revers ib i l i ty  
of the cell react ion as suggested in other  systems (14, 
15). Wi th  TiSa a h igher  crys ta l  s y m m e t r y  is l ike ly  
indica t ive  of a g rea te r  s t ruc ture  change. The most 
l ike ly  change is the  s imple twist  to oc tahedra l  co- 
ord ina t ion  noted ear l ie r  for BaTaSe3. Octahedra l  co- 
ordinat ion  is expected to be favored  for [TiS6] units  
as it is in TiS2 (23). The t r igonal  pr i smat ic  coord ina-  
t ion of TiS8 is s tabi l ized by  the short  S-S  bonds and 
the  coordinat ion of sulfides f rom adjacent  chains  to 
give an eight  coordinate  Ti 4+. When  the S-S  bonds are 
b roken  and the in te rcha in  bonding d i s rup ted  the Ti 4+ 
is f ree  to assume its favored  coordinat ion.  This change 
is i r revers ib le .  By cont ras t  [NbSe6] units  p re fe r  t r ig -  
onal  pr i smat ic  coordinat ion in NbSe2. Thus when NbSe3 
chains separa te  they  need not change coordinat ion 
geometry,  but  if they  do, such a change could be re -  
vers ible  at room tempera tu re .  The  weak  x - r a y  powder  
pa t t e rn  of Li3NbSez can be expla ined  as a h ighly  dis-  
o rdered  aggregat ion  of chains. 

Conclusions 
Both TiS3 and NbSe3 undergo top~hemical reac- 

tions with  l i th ium on discharge in nonaqueous cells 
to form compounds of the  fo rmula  Li3MX~. This cell 
reac t ion  is c o m p l e t e l y r e v e r s i b l e  for  NbSes, bu t  only  
pa r t i a l l y  revers ib le  wi th  TiSs. The basic chain s t ruc-  
ture  of both  compounds is ma in ta ined  on l i thiat ion.  
Revers ib i l i ty  has been  equated wi th  main tenance  of 
microst ructure .  We suggest  that  TiS3 changes f rom 
tr igonal  pr ismat ic  to octahedra l  coordinat ion on l i th i -  
at ion and tha t  this change is i r revers ible .  Pe rhaps  the  
inves t igat ion of other  s t ruc tures  capable  of remain ing  
bas ica l ly  the  same fol lowing l i th ia t ion  wi l l  l ead  to 
new secondary  cathode mater ia ls .  

Li3 NbSe 3 ~ l ib  

Li2NbSe 3 I~k //~,111 , I I  i 

LiNbSe 3 I (t00), (2 0) I I , I I 

I/, . .  \ l  I ,  I, 

I [ i I I 1 I L 
20 10 6 5 4 5 2.5 

i\ 
I I~010)  

20 1.8 1.6 1.5 

Fig. 9. Diagram of x-ray powder patterns of NhSe8 treated with 
n-butyl lithium. 
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Anodic Behavior of Lithium in Aqueous Electrolytes 
II. Mechanical Passivation 

E. L. Littauer* and K. C. Tsai* 
Lockheed Palo Alto Research Laboratories, Lockheed Missiles and Space Company, Incorporated, 

Palo Alto, Cali]ornia 94304 

ABSTRACT 

The anodic passivation of l i th ium in flowing alkaline electrolytes was 
studied chronopotentiometrically.  The exper imental  results reveal that the 
passivation follows the classical diffusion-limited process. An empirical  re-  
lat ionship similar to the Sand equation, but  including a term for the critical 
current,  ic, is observed 

(i -- ic) ---- ktp -1/2 

A theoretical model of the dissolving l i thium anode has been formulated 
to explain the dependence of the t ime to passivation, tp, on the exper imental  
variaoles. This model involves the diffusion of the soluble species through a 
fixed porous solid layer on the electrode surface and through the electrolyte 
diffusion layer. The assumption made for the ini t ial  boundary  condition re-  
quires the existence at OCV of a concentration gradient  wi th in  the porous 
oxide layer. It has led to an analytical  solution which can successfully rep-  
resent the i - -  t p  relationship for metals in  highly corrosive media. 

Lithium, when in a strongly alkal ine aqueous elec- 
trolyte at open circuit or under  anodic polarization, is 
always covered with a fairly thick film. It  is believed 
that the film has a complex structure comprising a 
thin, coherent l i th ium oxide layer of u n k n o w n  stoi- 
chiometry directly adjacent  to the metal  surface which 
is overlaid by a pored oxide/hydroxide layer. At the 
fi lm-solution interface, gray anhydrous LiOH has been 
identified by x-ray,  in termixed together with white 
L i O H - H 2 0 .  Under  anodic dissolution, high flux rates 
are supported across the film with little polarization. 

A previous paper (1) showed that in a Li-H20 bat -  
tery the anode-to-cathode contact pressure, electrolyte 
concentration, flow rate, and polarization level have 
to be controlled for the Li to dissolve with near  to 
100% faradaic efficiency. This paper indicates that  if 
the Li is polarized beyond a critical C.D. it becomes 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  m e c h a n i c a l  p a s s i v a t i o n ,  l i t h i u m ,  d i i~usion,  p o r o u s  o x -  

ide layer, diffusion layer, Sand equation. 

passivated. A passivated anode in a mult icel l  bat tery 
may require considerable t ime (ca. 1-5 min)  to r e tu rn  
to the active state. It is therefore impor tant  to under -  
stand the processes which lead to passivation in order 
to prevent  its occurrence as power demands from the 
bat tery  are changed. 

It is believed that in  the process of passivation, Li 
conforms to the classical theory (2) which postulates 
that pores and imperfections in an anodic film become 
blocked. This blocking effect occurs when  a critical 
concentrat ion of reacting species is exceeded wi th in  the 
film and/or  at the metal-f i lm interface or the film- 
solution interface. The passivation is then a reflection 
of the increase in overvoltage for cation t ransport  from 
the metal  surface into the bu lk  solution. 

Electrochemically, Li has features similar to other 
reactive metals, e.g., Zn and Cd, which form insulat ing 
films when under  anodic polarization in alkal ine solu- 
tion. It  also has certain unique  characteristics. The 
protective oxide film has been found to be considerably 
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thicker  (ca. 0.3 mm) than is usual ly  observed on re-  
active metals, and the corrosion rate at OCV is far 
h igher  (i.e., >10 k A / m  2 in 3M LiOH and ~2.5 k A / m  2 
in 4.5M LiOH).  

Frequen t ly  studies of passivation are hampered  by 
difficulties in achieving an identical  elec,trode surface 
condition from one exper iment  to the next. However ,  
in this system, the high corrosion rate  of Li at OCV 
causes the electrode to re turn  always to the same state 
without  surface preparat ion (provided electrolyte  
composition and tempera tu re  remain  constant) and 
excel lent  exper imenta l  reproducibi l i ty  results. 

This paper  examines  the processes leading to and 
control l ing mechanical  passivation at various electro-  
lyte  flow velocities and concentrations keeping anode-  
cathode contact pressure constant. 

E x p e r i m e n t a l  

The exper imenta l  a r rangement  described in the p re -  
vious paper (1) was used. This comprised 1.14 X 10 -3 
m 2 elec,trode area cell with means to control anode to 
cathode contact pressure, e lectrolyte  temperature,  flow 
rate, and concentration. Exper iments  were  per formed 
to determine  (i) the critical C.D.'s at three electrolyte  
concentrat ions and (ii) the influence of electrolyte  flow 
velocity on the t ime to passivation in the same electro-  
lytes. 

The three concentrat ions were  3.1, 4.1, and 4.6M 
LiOH. For  the critical current  density experiments,  the 
flow rates were  controlled at 0.24 and 0.6 m/sec,  and 
for the t ime to passivation studies, flow rates ranging 
from 0.12 to 0.72 m/sec  were  used. 

Initially, a series of resistive polarizat ion runs were  
made  in the three electrolytes. The point at which the 
E-i  curve changed slope to indicate the onset of the 
passivation region was taken to be the crit ical  C.D. 
These C.D.'s are depicted by point b in Fig. 1. In this 
figure, l ine b-c represents  the mechanical  passivat ion 
region. Point c which corresponds to 1.95V polarization 
was arbi t rar i ly  selected as the cutoff level. A min imum 
of five C.D.'s were  chosen between b and c for the 
passivation experiments .  These exper iments  were  per -  
formed chronopotent iometr ical ly .  The t ime to passiva-  
tion, tp, was measured f rom the E - t  curves using a 
Tektronix  No. 549 storage oscilloscope. In an analogous 
way, tp values were  obtained as a function of e lectro-  
lyte flow rate  at a C.D. in termedia te  be tween  b and c 
for the three  electrolytes of interest.  

Exper iments  were  per formed in triplicate. The re-  
producibi l i ty  of the E-i  curves was within  2% and the 
reproducibi l i ty  of tp was within  5%. During each run, 
,the t empera tu re  and anode-cathode contact pressure 
were  mainta ined constant. 

Resul ts  
The E-i plots of Fig. 1 indicate that for the electro- 

lytes of interest,  a critical C.D. ic shown as point  b 
has to be exceeded before passivation will  occur. The 
values for ic taken f rom the curves are approximate ly  
0.25, 2, and 6 k A / m  e in 4.6, 4.1, and 3.1M LiOH, re-  
spectively. It was found that  in the most dilute elec- 
trolyte, the flow rate  had to be reduced f rom 0.60 to 
0.24 m/sec  for passivation to appear wi thin  a reason- 
able C.D. range. The relat ionship be tween  C.D. and 
t ime to anodic passivation for electrochemical  systems 
which follow the classical diffusion l imited process is 

i = k'tp - i /2  (Sand equation) [1] 

where  k' is a constant. Plots of i vs. tp -1/2 are  g iven  
in Fig. 2. 

It is evident  that  the curves do not pass through the 
origin which would have  been the case if Eq. [1] was 
implici t ly obeyed. Extrapola t ion of the l inear  plots to 
tp -1/2 ---- 0 gives intercepts of 0.20, 1.92, and 5.90 k A / m  2. 
It wil l  be noted that  these values are very  close to 
those obtained for ic in Fig. 1. Accordingly,  for the 
Li-H20 system an empir ical  equat ion may be wr i t t en  

(i -- ic) ---- k'tp -1/~ [2] 

Figure  3 shows that  a l inear  relat ionship exists be-  
tween mean electrolyte  face veloci ty v and tp -1/2. This 
would be expected since the exper imenta l  conditions 
maintained the anode-cathode contact pressure and 
film thickness constant for each value of v. 

Discussion 
Passivation Time-Current Density Relationship 

The classical Sand equation (3) 

i : k ' tp  -112 [1] 

where  k' : l/z nFA(nD)I/9"Z~C, A is the act ive surface 
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area and ~C is the concentrat ion difference be tween re-  
act ive species at the metal  surface and the bulk solu- 
tion, satisfactorily describes the response of metals  
which form sparingly soluble and thin protect ive films. 
Examples  are Fe, Ni, Au, Cr, and Cr -Fe  alloys (4). 
Here, the basic assumption is that  the passivation C.D. 
ip is equivalent  to the l imit ing diffusion C.D. id at tp. 
This assumption general ly  requires an initial boundary 
condition such as C(x,o)  = C* or C(x,o)  = 0, where  
C(x,o)  is the initial concentrat ion of the corroding 
metal  cations within the t ransport  medium and C* is 
the bulk concentration. However ,  for a metal  which 
forms a protect ive film in a s trongly corroding medium, 
such as Li or Zn in alkaline solution or Ni in acid 
solution (5), C(x,o) # C* and a concentrat ion gradient  
will  exist even at OCV. In this situation the Sand 
equation will  not hold. To resolve this, it is necessary 
to include an additional te rm -y in Eq. [1] to account 
for the initial concentrat ion gradient  across the film. 
Obviously, the OCV corrosion rate  will  influence the 
value of ~. 

An empirical  equat ion 

(i -- 7) = k'tp -z/2 [3] 

where  ~ is a constant, was first proposed to account for 
the passivation behavior  of Zn in flowing (11) and 
t ranqui l  (6-10) electrolytes. The previous investiga*.ors 
a t t r ibuted the constant "y to ei ther nondiffusional mass 
t ransport  (predominant ly  convection) or to varying 
rates of film growth (11). These explanat ions do not 
offer an analytical  solution to the existence of the 
critical current  density ic. 

Li th ium unlike Zn does not form complex ions in 
alkaline solution. It is much more react ive than Zn 
and forms considerably thicker  films at the meta l  sur-  
face. An analysis of the controll ing processes be tween  
the Li surface and the electrolyte  may therefore  be 
undertaken.  Figure  4 represents  a one-dimensional  
model  for a filmed Li anode surface in a flowing elec- 
trolyte. In this model  it is assumed that  mass t ransport  
of Li + occurs exclusively via diffusion across a l~orous 
oxide layer  of constant thickness (xo) and through an 
adjacent diffusion layer  of electrolyte  of thickness 5. 
In a flowing electrolyte  system o~erating under  lami-  
nar  flow, mass t ransport  can be assumed to occur ex-  
clusively across these two layers. The t ransport  of 
Li + away from the diffusion layer  is controlled by 
convection (12). 

The diffusion equat ion for the oxide layer  can be de- 
scribed as 

02C(x,t) c7C (x,t) 
D~ - -  [4] 

Ox 2 ~t 

where  DI is the diffusion coeffieien~ of Li + in the 
porous oxide medium and C(x, t )  the concentrat ion of 
Li + within  the medium. It is subject  to the fol lowing 
boundary conditions 
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X = 0 X o Xo+~ 
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X ( DISTANCE ) 

Fig. 4. One-dimensional model of the electrode/porous oxide 
[ayer/diffuslon layer (electrolyte) system D1 = diffusion coefficient 
of Li +. 

C(o,o) : C'1, (the init ial  concentrat ion of Li + 
at the metal  surface at OCV) [5] 

C(x,o)  = C* le-Plx, (the initial concentrat ion 
gradient  at OCV) [6] 

where  pl is a constant 

( O C ( x , t )  ) = - - i ( t )  (the ion flux at the 

D1 Ox �9 =0 nFA metal  surface) [7] 

Using the Laplace t ransform technique and considering 
galvanostat ic  polarization, i.e., i (t) = i (constant) ,  Eq. 
[4] can be solved for C ( x , t ) :  

C (x,t)  = C'1 [exp ( - -p lx  ~- p12Dlt) 

-- 1/2 exp (--plx  + p12Dlt) erfc (x/2N/Dlt  -- pz~/Dlt) 

+ 1/z exp (p lx+ pl2Dlt) erfc ( x /2x /Dl t  + plx/Dzt)] 

i 
- -  [x erfc (x /2~/Dl t )  
nFAD1 

- -  2~/Dlt /~ exp ( - -x2 /4Dl t ) ]  [8] 

Equat ion [8] represents  the concentrat ion profile of 
Li + within  the porous oxide med ium and satisfies all  
the boundary conditions given under  [5], [6], and [7]. 

It can be shown that, when t = tp, the active Li sur -  
face is passivated due to the precipi tat ion of LiOH 
on the electrode; thus the surface concentrat ion of 
LiOH reaches its saturation. Therefore,  at t = tp 

C(o,tp) = Cs [9'] 

Equat ion [8] can then be wr i t t en  in terms of i 

nFA (~zD1) 1/2 nFA (~Dz) 1/2 
i = (Cs) tp -1/2 -- C '1  

2 2 

exp (pl2Dltp) {1 -- ~ [erf{ m (Dltp) 1/2} 

-- erf {-- pl (Dltp) 1/2}]}tp-1/2 [10] 

For  small  t,, the error  function and exponent ia l  func-  
tion can be approximated by a series expansion 

2 (  xa x ~ x 7 ) 
erf  ( •  = _+ x -- -t- - -  t- . . .  

5.2: 7.3  
and 

y~ y3 
e Y = I + Y +  2! -t--~-. + . . .  

Since in actual pract ice 

x = p1 (Dltp) 1/2 < <  1 
and 

y -- x 2 = 02Dltp < < <  1 
then 

2 
err ( •  ~ ---+ x 

and 
e Y ~  1 

Therefore,  [10] can be fu r the r  simplified as follows 

i -- (nFA Dlpl)C*z 

{ n F A ( ~ I D 1 ) ' :  } 
"-- ( C s -  C ' 1 )  tp -1/2 [11] 

2 
Let  

ic = (nFA Dtpt) C '1  [12] 
and let 

nFA (~D1) I/2 
k' : (Cs -- C*D [13] 

2 

Then [11] may  be expressed 

A de ta i l ed  t r e a t m e n t  of the fo l lowing  mathemat ica l  deve lopment  
is given in the A p p e n d i x ,  
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i - -  ic = k ' tp  -1/~ [14] 

Equat ion [14] derived here theoretically, is identical 
to [2] which empirically satisfied the exper imental  re-  
sults obtained in the investigation. It is obvious from 
[12] that  the magni tude  of the critical C.D. is propor-  
t ional  to the product of surface concentrat ion (at OCV) 
and the concentrat ion gradient, pl, wi thin  the oxide 
film which in  tu rn  is determined by the corrosion rate 
of Li. Unlike other metals such as Fe, Au, Cr etc., Li 
corrodes rapidly in  aqueous media. Therefore, a dis- 
t inct  it is observed at various concentrat ions of LiOH. 
The reason that the term ic is not observed with Fe, 
Au, Cr, etc., is that their corrosion rates at OCV (more 
specifically, their exchange current  densities) are small  
in comparison to the applied current  density. Then 
within exper imental  error, Eq. El] ra ther  than [14] is 
observed. In the case of Zn, the corrosion rate at OCV 
is general ly enhanced by complex formation. Thus, as 
with Li, there is a significant critical current  density. 
The slopes of the i -- tp -1/2 curves shown in  Fig. 3 
may be predicted from [13] ; at higher bulk  electrolyte 
concentration, the surface concentrat ion would be an-  
ticipated to be higher, and the difference between Cs 
and C'1 would be smaller. Therefore, a smaller  k' 
value would result. 

The concentrat ion at the active metal  surface, C'1, 
is related to the bulk  electrolyte concentration, C*, in 
the following manner .  At OCV (t = o), the concentra-  
t ion gradient  wi th in  the diffusion layer, Xo "~ x ~ Xo + 
6, can be described as 

C(x, o) = C'2 e-o~(X-~o) [15] 
where 

C ' 2  = C ( x o ,  o )  = C* le -plx~ [16] 

Equat ion [16] describes the boundary  condition for the 
concentrat ion cont inui ty  across the oxide/electrolyte 
interface when x ~-- Xo + 5 and C ( x o  + 5, o) = C*. 
Then, from [16] 

C'1 = C* e (plx~176 [17] 

For  the simplest case in  which 01 = p2 = P, [17] be- 
comes 

C * l  = O* e p(x~ El8] 
with 

in  (Cs/C*) 
0_~p_~ ~ 

(Xo + ~) 

Equat ion [18] indicates the relationship between sur-  
face concentrat ion and bulk  concentrat ion under  any 
experimental  condition where the film thickness and 
diffusion layer  thickness can be determined. This equa-  
t ion also demonstrates that  the initial  surface concen- 
t ra t ion can be ascertained without  knowledge of the 
details of the concentrat ion profile wi thin  the diffusion 
layer. A comprehensive analytical  t rea tment  of the 
mass t ransport  of Li + through a finite region of oxide 
film and diffusion layer  is in preparation.  

Electrolyte Flow Velocity.Possivation Time Relationship 
The anodic polarization is predominant ly  an IR drop 

across the porous film and it is considered reasonable 
to suppose that the film resistance and the film thick- 
ness are l inear ly  related. Inspection of the E - i  curves 
as a function of flow rate in the active polarization 
region (1), and subsequent  experiments to examine 
this aspect in more detail, show that the resistance and 
hence the film thickness are l inear ly  related to the 
electrolyte flow velocity. If Xo is the film thickness and 
v the flow velocity then 

Xo = xo ~ -- ~v [19] 

where Xo ~ is the  film thickness at v = o and ( is a 
constant. In this system, Xo > >  5 (i.e., the film thick- 
ness is ca. 0.3 mm and the diffusion layer thickness is 
assumed to be ca 0.01 ram) then since p(xo -t- 5) < %  1, 

[18] becomes 
0"1 = C* [1 + pxo ~ -- N"] [20] 

In practice, and as is shown in a subsequent  paper 
(13), the parasitic reaction is fair ly independent  of v 
wi thin  the range of conditions of interest  in this study. 
Hence 

Cs - -  C'1 ~ constant 

Then [14] can be wr i t ten  as 

X --  ~u = k ' tp  -1/2 [21] 

with 
x =  

and 
i + ( n F A  Dl pC *)  E1 -t- pxo ~ 

r = n F A  D l p ~ C  * 

Equation [21] gives the relationship between the 
electrolyte face velocity and the passivation time. 
Figure 3 shows that the exper imental  results confirm 
this relationship. It is apparent  that  increasing face 
velocity shortens the distance for the mass t ransport  
of Li + from the anode surface, and thus makes it more 
difficult for the electrode surface to become passivated. 
The practice of increasing the electrolyte face velocity 
to prevent  Li passivation dur ing cell operation can 
therefore be understood. 

Conclusions 
When Li is anodically polarized to a level just  prior 

to the critical current  density, the film existing on its 
surface is in a state of dynamic equi l ibr ium with the 
electrolyte. The thickness of the film is fixed by the 
electrolyte flow rate, anode to cathode contact pres- 
sure, and molarity. At the critical polarization level, 
the direct parasitic reaction is essentially zero while 
the electrochemical reaction rate is near  to its maxi-  
mum. (At open circuit the converse holds.) 

As the C.D. exceeds the critical level, the dynamic 
equi l ibr ium is disturbed as precipi tat ion of reactive 
species occurs wi thin  the film and the active sites 
diminish and eventual ly  disappear entirely. It is not 
known where the precipitat ion occurs wi thin  the film. 
It could be adjacent to the oxide film at the base of the 
pores, wi thin  the matr ix  comprising the overlaying 
fi lm(s),  or both. The d iminut ion  of active sites is re- 
flected as a sudden increase in polarization and wi th in  
a short period the cell potential  decreases to zero at 
constant load or, under  galvanostatic conditions, po- 
lar i ty reversal occurs. 

The onset of passivation can be controlled by either 
altering the rate of mass t ransfer  of the cations into 
the bulk electrolyte via adjus tment  of the electrolyte 
concentrat ion or temperature,  or by changing the 
thickness of the mass t ransfer  medium, i.e., changing 
the film thickness. 

An analytical  solution for the passivation phenome-  
non  has been predicted on the mass t ransport  of Li + 
through the anodic oxide film and through the diffusion 
layer. The experimental  data support  the model which 
is based on the assumption that  at OCV there exists a 
concentrat ion gradient  of Li + across the film. It is this 
premise which differs from the classical basis of the 
Sand equation. This leads to Eq. [14] which relates 
C.D. and passiva~ion time and includes a term for the 
critical current  ic. It is believed that [14] will apply 
to the passivation of other metals which have a high 
OCV corrosion rate, e.g., Zn. The analyt ical  solution 
permits calculation of ir and of the slope of the current  
densi ty- t ime to passivation curve at any concentration. 

Further,  the fact that  the anode-cathode contact 
pressure is held constant has led to the development  
of an analytical  t rea tment  to describe the effect of 
electrolyte flow velocity on t ime to passivation. This 
information,  coupled with the abil i ty to calculate i~, 
may be used to guide the selection of control pa ram-  
eters for the Li-H20 battery.  
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APPENDIX 

O:C(x, t) OC(x, t) 
Dl _ - -  [A-1] 

Ox 2 at 

is to be solved for C(x,  t) ,  subject  to the following 
boundary  conditions (B.C.'s) 

C(o, o) = C'1 [A-2] 

C(x, o) = C'1 e -p~x [A-3] 
and 

( OC(x, t )  ) = - - i ( t )  [A-4] 
D1 Ox z=o nFA 

First, taking the Laplace t ransform (L.P.T.) of [1] 
with respect to t, yields 

02C(x, s) 
D~ -- s-C(x, s) -- C(x,  o) [A-5] 

Ox 2 
where 

Y -C(x,s) = L t [ C ( x , t ) ]  = e - ~ t C ( x , t ) d t  [A-6] 
o 

Rearranging [5] and using the B.C. given by [3] yields 

02C(x, s) a2C(x, s) = --b e-p~z [A-7] 
Ox 2 

in which a ---- "x/s/D1 and b = C*I/D1. For simplicity, 
the variable  s is temporar i ly  dropped and [7] reads 

02C(x) a~C(x) : - -b  e - ~  [A-a] 
Ox 2 

Taking the L.P.T. of [8] wi th  respect to x, gives 

- -b  
p2~(p)  _ pA -- B -- a2C(p) -- - -  [A-9] 

P -~- Pl 

where A and B are a rb i t ra ry  constants with respect 
to P and 

C(p)  =Lx[-C(x , s ) ]  = e-~x-C(x,s)dx  [A-10] 

Rearranging [9] and using part ial  fractions yields 

~ ( p )  b / ( a  2 -- pl 2) A' B' 
-- + - -  [A-II] 

P~-Pl  p + a  p - - a  

where A' and B' are constants with respect to p. 
Taking the inverse L.P.T. of [11] gives an expression 

for C (x) 
b 

C ( x ,  s )  - -  - -  e - . ~  x -k  A ' ( s )  e - a x  -b  B ' ( s )  e ~x 
a 2 _ p l  2 

[A-12] 

S~nce the boundary  condition requires that  "C(x,s) 
remains  bounded as x --> 0% B'(s)  = 0, and [12] be-  
comes 

b 
-C(x,s) - - - -  e-p~z -k A ' ( s )  e -ax [A-13] 

a 2 _ pl  2 

A' ( s )  can be evaluated by differentiating [A-13] with 
respect to x, setting x = o, and substitutir~g the result 

into the t ransform with respect to t of boundary  con- 
dition [A-4]. When this is done and the values of a 
and b are inserted, [A-13] becomes 

- -  C * I  [" p l D I I / 2 C *  I 
c ( x , s )  _ . . . .  L 

S -- Dlpl 2 81/2 (s -- Dip12) 

] e-x/s/D~.x [A-14] 
nFADI~/2 �9 sl/2 A 

Under  galvanostatic polarization, i ( t )  = i (a con- 
stant) ,  thus i-(s) = i/s and [A-14] becomes 

@(x, s)  - C'1 e-p~x 
s -- Dip12 

[ p l D l l / 2 C * I  i ] - -  

-- s 1/'z(s -- Dlpl 2) nFAD~I/2s 312 e-Vs/D,x [A-15] 

Finally,  the concentrat ion profile C(x , t )  can be ob-  
tained by taking the inverse L.P.T. of [A-15]. The in-  
verse L.P.T.'s of the first term and of the second term 
in the bracket of the right hand side of [A-15] can be 
obtained readily from a table. 2 The inverse L.P.T. of 
the first term in the bracket  of the right hand side of 
[A-15] was obtained as follows 
Let 

J ( t )  ---- Ls -1 ~ - - -  [A-16] 
s 1/2 (s -- m 2) 

with 

Since 
m = plD11/2 and  n = ; g D 1 - 1 / 2  

I ( t )  ~-- L s  - 1  = - -  e - n ' / 4 t  
S 1]2 

( 1 )  
h( t )  = L s  -1 - -  = e  m=t 

S - -  m 2 

we have by the Law of Convolution 

em2t ~o: ~ d ~  
J ( t )  -- ~ exp [ - - m ~ - - n ~ / 4 ~ ]  

1 
---- exp (m2t -- ran) erfc ( n / 2 ~  -- m~v~) 

2m 

- -  - -  exp (m2t + mn)  erfc ( n / 2 ~  + m ' ~ )  [A-17] 
2m 

Therefore 

c(x, t)  = C*I [exp (--plX + p12Dlt) 

- -  z/2 exp (--plX + pl2Dlt) erfc (x /2~/Dlt  -- pl~/Dlt) 

+ 1/2 exp (rex + p12D1t) erfc ( x / 2 ~ D l t  + p1~/D1---t) ] 

i [ x erfc (x/2~/~tlt)  
nFAD1 

- - 2 ~ / D l t / ~ e x p (  x2 )] [A-18] 
4Dlt 

2 G. E. R o b e r t s  a n d  H.  K a u f m a n ,  " T a b l e  of  L a p l a c e  T r a n ~ o r m ~ "  
W. B. S a u n d e r s  Co., L o n d o n  (1966) .  
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Pore Volume and Density of Unformed Pastes 
of Lead-Acid Battery Plates 
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C&D Batteries, an Eltra Corporation, Plymouth Meeting, Pennsylvania 19462 

ABSTRACT 

The specific pore volume, v, and solids' density,.d, were determined for the 
pastes of unformed lead-acid battery plates by a slmple laboratory technique. 
v was found to vary linearly with the apparent density of the dry paste, D, 
according to v ---- 0.356 -- 0.0569D for pastes cured to develop 4PbO" PbSO4 
and v -: 0.271 -- 0.0415D for pastes otherwise cured, d was determined from 
the relationship d -I -~ D -I -- v. d decreased continually with decreasing D for 
a11 plates except those cured to develop 4PbO �9 PbSO4. For the latter plates d 
went through a maximum as D decreased. This maximum is explained in 
terms of the differing crystalline perfections of the 4PbO. PbSO4 crystals in 
the plates. 

The method of preparing lead-acid bat tery  plates 
from pastes of acidified lead oxides is well  known 
(1, 2) and good practical instructions for making the 
pastes are available (3). The commercial  oxides which 
are employed to make such pastes may contain, in addi-  
tion to PbO, various amounts  of Pb or Pb304 (4). In  
brief, to prepare an unformed bat tery plate, the paste 
is pressed into a lead alloy grid, and the plate is then 
allowed to stand or "cure" to oxidize most of the free 
lead and to develop various basic sulfates�9 The chem- 
istry of basic sulfates has received considerable at-  
tention. The thermodynamics  of these compounds were 
discussed by Barnes and Mathieson (5), and the phase 
changes and the chemistry of the curing processes were 
reviewed by Ritchie and co-workers (2), and have 
been discussed and reviewed by others (1, 6, 7). Spe- 
cific cur ing techniques and practical instructions are 
available (1,2,6)  and it has been general ly sum- 
marized (1, 2, 6, 7) that plates cured by drying at am- 
bient  conditions or at slightly elevated temperatures  
and humidit ies develop PbO �9 PbSO4 and 3PbO �9 PbSO4 
�9 H20 as the principal  basic sulfates while those cured 
at higher temperatures  (above 70~ and humidit ies 
pr incipal ly  develop 4PbO.  PbSO4. After  curing, the 
plates are electrochemically "formed" to produce posi- 
tive plates, composed of PbO2, or negative plates, com- 
posed of Pb (1). Because the porosity of the plates 
u l t imate ly  affects bat tery  performance (1, 8), it is an 
impor tant  parameter  of bat tery  production. 

Experimental 
Pastes were made using three different commercial  

oxides: a leady oxide (26% free Pb)  made by a bal l -  
mil l ing process; a leady oxide (19% free Pb) made by 
a Bar ton process; and a nonleady oxide, made by a 
Barton process followed by a mechanical  furnace. The 
lat ter  contained 9.5% PbaO~. The procedure for pre-  
par ing the paste mix was to blend together 9.07 kg of 
commercial oxide with 1-1.3 liters of water  and then 
to add, slowly, 460-960 ml  of 7.02IVs H2SO4 The wet  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r � 9  
Key words: battery p1~tes, electrode porosity, basic lead. sulfates, 

electrode density. 

paste density decreased, as expected (2, 3), with the 
total fluids, pr incipal ly wi th  the amount  of acid. Since 
it is well known that  variat ions in  the method of grid 
pasting affect the relationship between the density of 
the dry paste obtained from a given wet  densi ty (3), 
all the pasting was done by hand and by the same oper-  
ator. The plates ranged in thickness since four different 
grid thicknesses were employed, 0.18, 0.41, 0.68, and  
0.79 cm. 

After  pasting, some of the  plates of the different 
oxides and grid thicknesses were selectively cured in 
order to develop or not to develop 4PbO �9 PbSO4. The 
predominance of 4PbO.  PbSO4 in  certain pastes was 
confirmed by x - r ay  analysis�9 The pastes of the other 
plates contained 3PbO �9 PbSO4 �9 H20, PbO �9 PbSO4, 
but  no 4PbO �9 PbSO~ as the principal  sulfated species. 

For  each dry, cured plate, the dry paste density, D, 
(gram/cubic  centimeter)  and the specific pore volume, 
v, (cubic cent imeter /gram)  of the paste were deter-  
mined�9 The fractional porosity, a f requent ly  used 
parameter,  is the product of D and v. 

The specific pore volume was determined from the 
mass of water  that  the plate absorbed under  low 
vacuum. The pore volumes so obtained were found to 
agree wi th in  2% with those using an hydraul ic  off 
as the absorbed medium and wi th in  15% with pore 
volumes obtained by mercury  intrusion.  The range of 
pore diameters for samples tested by  mercury  in-  
t rusion was 2.5 • 10-5-5 • 10 -4 cm. Mercury in t ru -  
sion measurements  and the measurements  of solids' 
density by gas pycnometry  were services purchased 
from Micromeritics Ins t rumen t  Corporation, Norcross, 
Georgia. 

The volume of the paste on a plate was determined 
from the total volume of the plate minus  the grid 
volume�9 The volume of each plate was obtained, using 
Archimedes principle, from the difference in m a s s  
of the wate r - impregna ted  plates when  weighed in air  
and in  water�9 The volume of each grid was obtained 
from the density of the alloy and an  estimate of the 
mass. This estimate was obtained from the measured 
mass of cast twins which were subsequent ly  separated�9 
The uncer ta in ty  in  the single grid m a s s  d u e  to this 
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estimate led to an uncer ta in ty  of less than 1% in the 
final calculated value of the dry paste density. 

The wet paste density, W, or "wet cube" of the paste, 
in gram/cubic  centimeter, was taken to be the mass of 
paste which could be pressed flush into a cup of known 
volume (3). 

Optical examinat ions were by metallographic tech- 
niques similar to those described by Simon (7,9). 
Crystal volume estimates were from photographs of 
the paste structure at magnifications at 600X. 

Linear fits to the data points were obtained using 
the program routines in the Texas Ins t ruments  Cal- 
culator, Model SR-51A. 

Results and Discussion 
Relationships between wet paste density, dry paste 

density, void volume, and solids' density were derived 
from the experimental  data. 

Wet paste density vs. dry paste densi ty . --The density 
of the dry paste, D, var ied with the density of the wet 
paste W. The following relationship was observed 

D ---- 1.23W -- b [1] 

where  b was between 0.34 and 1.07. Low magnitudes 
of the intercept, b, general ly  correspond to the data 
for the th inner  plates and to the data for the pastes 
which did not contain 4PbO �9 PbSO4. 

Specific void volume vs. dry paste densi ty . - -The 
specific void volume, v, measured for each paste is 
plotted against the value of the dry paste densi ty in  
Fig. 1. The data fell into two groups: those for pastes 
in which 4PbO.  PbSO4 was developed, and those for 
the other pastes. Each set of data define a different 
l inear  relationship between v and D. The pastes in 
which 4 P b O - P b S O 4  was developed had greater spe- 
cific void volumes t han  the other pastes at the same 
dry paste density. The data points are not identified 
according to oxide or plate thickness because correla- 
.lions to these parameters  were not observed. The data 
for the pastes containing 4PbO.  PbSO4 were fitted 
by Eq. [2] (with a correlation constant of 0.995) while  
the data for the other pastes were fitted by Eq. [3] 
(with a correlation constant  of 0.959) 

v = 0.356 -- 0.0569D [2] 

v ---- 0.271 -- 0.0415D [3] 

The solids" density vs. the dry paste densi ty . --The 
relationship between v and D in  terms of the density 
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Fig. l. Specific void volume of cured pastes plotted against the 
dry paste density. Curve A for plates which were treated to de- 
velop 4PbO'PbS04; curve 13 for plates in which 4PbO'PbS04 was 
not developed. 

of the solids in the paste, d, is given by Eq. [4]. This 
equation simply states that  for one gram of paste, the 
total paste volume, D -1, must  be the sum of the void 
volume, v, and the volume d - i ,  occupied by the solids 

D-1 = d-1 § v [4] 

Expressing Eq. [2] and [3] by the general form of 
Eq. [5], in which g and p are the slope and intercept 
constants, respectively 

v = p -- gD [5] 

and solving in terms of d from Eq. [4], Eq. [6] is ob- 
tained 

d = D(gD 2 -- pD ~- 1 ) - z  [6] 

This function is plotted in Fig. 2 for each of the two 
sets of data given in Fig. 1. The function goes through 
a ma x i mum value of d when  the value of D is equal 
to g-1/2. For the data for the pastes in  which 4PbO �9 
PbSO4 was developed, the max imum occurs at D ---- 4.19 
g /cm 3 as shown in Fig. 2. The data for the other pastes 
do not exhibit  a m a x i m u m  in Fig. 2, because it would 
be calculated to occur beyond the experimental  range 
at D = 4.93 g/cm 3. The solids' density of some pastes 
were independent ly  measured by gas pycnometry.  
Samples containing 4PbO.  PbSO4 were specifically 
chosen to range about the maximum. The values ob- 
tained by gas pycnometry  were all in agreement  wi thin  
-+6% of those obtained by the method described above. 

The density of each and every element  or compound 
that is present  in the lead oxides is greater  than each 
and every element  or compound that is expected to oc- 
cur in the sulfated pastes, e.g., see the list of densities 
given by Burbank  (10). Because of that difference in  
the densities, it would be expected that d would de- 
crease with increased sulfation. Increased sulfation 
corresponds to decreased values of the wet (W) and 
corresponding dry (D) paste densities because, as 
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Fig. 2. Density of the solids in the dry paste plotted against the 
dry paste d~nsity. Curve A for plates cured to develop 4PbO.PbS04; 
curve B for plates in which 4PbO.PbS04 was not developed. 
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poin ted  out above, these pa rame te r s  are  exper i -  
men ta l ly  ad jus ted  p r inc ipa l ly  by the acid addition. 
Therefore  a genera l  decrease in d wi th  a decrease  in D 
would  also be expected.  In this study,  sufficient acid 
was added  to sulfate  8-17 mole  per  cent of the PbO. 
Such sulfat ions may  be calcula ted to produce solids'  
densit ies for the pastes containing 4PbO �9 PbSO4 
wi th in  the range 8.33-8.88 g /cm 3. S imi l a r ly  the solids'  
densi t ies  of the other  pastes  would  be expected to 
range  wi th in  7.90-8.98 g / cm ~. Specific ca lcula ted  den-  
sit ies were  not de te rmined  for each pas te  because 
quant i ta t ive  analyses  were  not obta ined  for the  con- 
st i tuents.  The densi ty  values  genera ted  according to 
Eq. [6] (see Fig. 2) genera l ly  fel l  below the p red ic ted  
ranges. Such lower  values  m a y  be expected if the  
crysta ls  of the s tar t ing mate r ia l s  and products  are  im-  
perfect ,  i.e., they  contain  occluded voids whose vol -  
umes are  not included in v. However ,  f rom the known  
composit ion of the s tar t ing oxides and the solids'  den-  
s i ty values of these oxides as de te rmined  by  gas pyc-  
nometry,  it was es t imated that  the  densi ty  of the  s t a r t -  
ing oxides was high, about  95% of the  theore t ica l  
values.  Therefore,  it  is assumed that  the deviat ions of 
the  crys ta l l ine  densities of the products  from the i r  
theore t ica l  values  caused the observed lower  solids'  
densit ies.  As an a id  to in t e rp re t  the pa r t i cu la r ly  un-  
expected behavior  of the pastes conta ining 4 P b O .  
PbSO4, these pastes  were  subjec ted  to optical  exami-  
nations. 

Optical examinat ions . - -From the  optical  examina -  
tions, it  was found that  the larges t  crystals  of 4PbO �9 
PbSO4 were  developed in those pastes  in which the 
sulfa te  concentra t ion was low (high values of D).  On 
the  o ther  hand, a l a rger  number  of smal le r  crysta ls  
developed when the sulfate  concentrat ion in the pastes  
was high (low values of D) .  F igure  3 i l lus t ra tes  the 
re la t ive  volumes of the  crystals  of 4 P b O .  PbSO4 de-  
veloped in pastes  of three  different  densit ies.  

P resumably ,  the  l a rge r  crys ta ls  of 4PbO �9 PbSO4 
which formed at the lowest  sulfate  concentrat ions oc- 
c luded signif icantly more  voids than  the smal le r  crys-  
tals which formed at the  highest  sulfate concentrations.  
This difference in c rys ta l l ine  perfec t ion  is bel ieved to 
be responsible  for the  m a x i m u m  observed in the  re-  
la t ionship be tween  d and D for plates  containing 4PbO 
�9 PbSO4. 
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Fig. 3. Relative volumes of 4PbO-PbS04 crystals in cured pastes 
plotted against the dry paste density. 

Conclusions 
A simple  l abo ra to ry  method has been used to de te r -  

mine the  specific void volumes  and the d ry  pas te  den-  
sities of ba t t e ry  pastes, and to pe rmi t  calculat ions of 
the densities of the solids wi th in  the  paste. The void 
volumes were  grea te r  for  pastes cured to develop 
4PbO �9 PbSO4 than for  the  other  pastes.  A l inear  re -  
la t ionship was found be tween  the  void volumes and 
the d ry  paste  densities.  Different  l inear  re la t ionships  
were  found for the pastes  cured to develop 4 P b O .  
PbSO4 and for the pastes  cured otherwise�9 These r e -  
lat ionships were  not affected by  the type  of oxide nor 
the  thickness of the p la te  but  only by  the method  of 
cure. The degree  of sulfat ion affected the  size of 
4 P b O - P b S O 4  crystals  in plates  cured to develop tha t  
species wi th  the  largest  crystals  fo rmed at the lowest  
sulfat ions and, correspondingly,  the highest  d r y  pas te  
densities. 

An  unexpected  resul t  was that  the calcula ted dens i ty  
of the solids'  por t ion of the d ry  pas te  went  th rough  a 
m a x i m u m  value wi th in  the expe r imen ta l  range  of d ry  
paste  densit ies for those pastes  which cor~tained 4PbO �9 
PbSO4. In contrast,  the solids '  densi t ies  of the  other  
pastes fel l  off smoothly  as the  d ry  pas te  densi ty  was 
reduced.  The m a x i m u m  was in te rp re ted  to be a resul~t 
of the  difference in the c rys ta l l ine  perfect ions  of the 
4PbO �9 PbSO4 wi th in  the  pastes  of different  d ry  pas te  
densities. 

Acknowledgments 
This work  was supported,  in part ,  by  the Pres to l i te  

Ba t t e ry  Division, an El t ra  Company,  and the authors  
are  gra teful  to Mr. John P. Badger,  of tha t  Division, 
for useful  technical  discussions. In addit ion,  the  au-  
thors  are  anxious to acknowledge  thei r  g ra t i tude  to 
Mr. D. Kemble  Bauman,  of C&D Batteries,  who con- 
ducted much of the exper imen ta l  work. 

Manuscr ip t  received Jan.  23, 1976. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June  1977 JOURNAL. 
Al l  discussions for the  June  1977 Discussion Section 
should be submi t ted  by Feb. 1, 1977. 

Publication costs of this article were  partially as- 
sisted by C&D Batteries.  

LIST OF SYMBOLS 
b in tercept  constant  of the  l inear  re la t ionship  be -  

tween  D and W, g / c m  3 
d densi ty  of the  solids in  the  dry,  cured  paste, 

g / cm 3 
D densi ty  of the  to ta l  dry,  cured  paste, g / cm 3 
g slope constant  of the  l inear  re la t ionship  be tween  

v and D, cm6/g 2 
p in tercept  constant  of the  l i nea r  re la t ionship  be -  

tween v and D, cm3/g 
v specific void volume of dry, cured,  paste, cm~/g 
W densi ty  of wet  pas te  mix, g / c m  3 
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Effect of Base Lead Composition on Metallurgical 
Properties of Maintenance-Free Battery Alloys 

T. W.  Caldwell and U.S. Sokolov* 

NL Industries, Incorporated, Centra~ Research Laboratory, Hightstown, New Jersey 08520 

ABSTRACT 

The effects of trace element additions on the microstructure and age-hard-  
ening properties of Pb-Ca and Pb -Ca -Sn  alloys for maintenance-f ree  batteries 
are reported. A specific laboratory casting procedure duplicating grid solidifi- 
cation conditions and the solidification-cast property relationships upon which 
it is based are discussed. It was found that bismuth, antimony,  copper, and 
silver in amounts  typical of high bismuth pr imary  and refined secondary base 
leads have little or no influence on microstructure in Pb-0.085Ca and Pb-  
0.085Ca-0.8Sn. The addition of trace elements increased the early hardness 
of Pb-0.085Ca-0.8Sn but  had no effect in  Pb-0.085Ca. 

Maintenance-free  batteries are designed to be sealed 
and require no periodic addition of water. This restric- 
tion requires new, low gassing, grid alloy compositions, 
as the conventional  Pb -Sb  alloys contr ibute heavily to 
hydrogen evolution (1). The Pb-Ca  system has been 
employed for many years in float service (2). Conse- 
quently, grid alloy development for SLI main tenance-  
free applications has focused on the Pb-Ca  and Pb-Ca-  
Sn systems. 

It has been reported that "the presence of bismuth 
is assumed to be disturbing" (3), and that bismuth and 
other common trace elements decrease strength and 
castability (4). In  the lat ter  study, it was postulated 
that bismuth or other trace elements interacted with 
calcium, reducing the effective calcium content. Other 
studies have indicated no interact ion between bismuth 
and calcium (5), or interact ion only at high bismuth 
levels (6). Davey found that below 0.034 weight per 
cent (w/o)  bismuth, no interact ion with calcium could 
occur, based on the Pb-Ca-Bi  phase diagram (7). This 
level is above that found in typical commercial base 
leads. This study reports the effects of trace elements 
on the metal lurgical  properties of lead, Pb-Ca, and 
Pb -Ca -Sn  alloys for maintenance-f ree  applications. 

Certain important  properties of grid alloys are best 
measured under  controlled conditions in the laboratory, 
and in some cases, on samples different in shape and 
size from cast grids. Laboratory tests also enable the 
screening of a large n u m b e r  of alloys without the dif- 
ficulties of preparing alloys in grid form. Certain met-  
allurgical aspects must  be considered when measuring 
mater ial  properties of laboratory samples and relat ing 
results to actual cast grids. These aspects are dis- 
cussed as applied to the alloy properties of interest. A 
technique is presented for preparing laboratory sam- 
ples having properties equal to cast grids. 

Cast StructuremProperty Relationships 
Figure 1 (a) i l lustrates the typical microstructure of 

a P b - C a - S n  grid. A rodlike morphology is evident  
within each grain, with the rodlike structure having a 
single orientat ion wi th in  a given grain. Occasionally, 
these structures "break down" into branched struc- 
tures. This branched structure is termed a dendrite, 

* Electrochemical  Society Act ive  Member .  
Key words: lead-acid bat tery ,  lead-calc ium alloys, g r id  cast ing,  

micros t ruc ture ,  mechanica l  properties.  

and the rodlike or unbranched  morphology is termed 
fibrous dendritic. These we l l -known structural  mor-  
phologies of alloys are discussed elsewhere in detail 
(8). The fibrous dendrit ic s t ructure is similar to an-  
other morphology which is termed cellular (9). Cells 
grow in the heat flow direction while dendrites grow 
at some small angle to it. The importance of the dis- 
t inction between cells and fibrous dendrites is that 
segregation of alloying and trace elements is general ly 
more severe in dendrit ic solidification. 

The cellular and fibrous dendrit ic morphologies are 
typically found in alloys of low solute content, such as 
the Pb-Ca and Pb -Ca -Sn  compositions studied herein. 
Alloys of higher solute content, e.g., ant imonial  lead 
grid alloys, typically exhibit  more fully developed 
dendrit ic structures as shown in Fig. l ( b ) .  A fully de- 
veloped dendri te  is seen clearly in the center of the 
photograph. Around the periphery, only portions of 
dendrite arms are visible as the plane of polish in ter-  
sects those dendrite axes at an angle. These peripheral  
areas are actually portions of other grains, as dendri te  
orientation is constant within a given grain. The den-  
drite is single phase solid solution surrounded by ma-  
terial of essentially eutectic composition. 

Fig. 1. Typical microstructure of Pb-Ca-Sn and Pb-Sb grids; (a) 
Pb-0.07Ca-0.75Sn, 80X, (b) Pb-6Sb-0.SAs-0.SSn, 150X. 
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The dominant  feature of the in t ragranula r  micro- 
s tructure of many  alloys is the spacing between den-  
drite arms. In most cases, properties have been related 
to the spacing of secondary dendrite arms, i.e., arms 
branching directly from the main  or p r imary  dendrite 
stalk or axis. At constant composition, tensile strength, 
fatigue strength, and elongation increase as dendri te  
arm spacing decreases (10, 11). It has been shown that  
ant imonial  lead corrosion is influenced by dendri te  arm 
spacing (12). Furthermore,  the rate of solidification of 
Pb-Ca  alloys, and the rate of cooling through the single 
phase region of the Pb-Ca  phase diagram were found 
to significantly affect tensile s trength (13). It has also 
been determined that microstructure has a consider- 
able influence on the rate of hydrogen evolution on a 
number  of lead alloys (14). 

Dendri te  arm spacing and solidification rate are di-  
rectly related as shown in Fig. 2. Data are shown for 
a number  of alloys in  different alloy systems. The rela-  
tionship is usual ly expressed as secondary dendri te  
arm spacing vs. local solidification time, defined as the 
t ime between passage of the s tar t-of-freezing and end-  
of-freezing isotherms at a given point in a casting 
(16). On a log-log scale, the relationship is linear, only 
the slope and ordinate intercept differing with alloy 
composition. Because of the manner  in which local 
solidification t ime is defined, the relationship is inde-  
pendent  of the amount  of undercooling occurring be- 
fore solidification is initiated. The relationship applies 
to all alloy systems as it is a characteristic of the mech- 
anism of dendrit ic solidification. 

For a given alloy, two castings having identical local 
solidification times at a given location will exhibit  
identical dendri te  arm spacings. All the properties in-  
fluenced by either of these two parameters  (al ternate  
expressions of the same phenomenon)  will be equal 
at the given location in the two castings. With this 
concept, it is observed that duplicat ing the properties 
of a cast grid in laboratory samples requires the re- 
production of conditions in the solidifying metal. Any 
combinat ion of mold and metal  temperatures,  mold 
coat, and section size can be employed, as long as the 
combinat ion yields the same local solidification time 
as found in the cast grid. The dendri te  arm spacing 
provides a means of comparing solidification rates of 
laboratory samples and cast grids. 

Alloy Composition 
Laboratory castings of lead, Pb-0.085Ca and Pb-  

0.085Ca-0.8Sn were prepared from three commercial 
base leads. Calcium and t in compositions were chosen 
as typical of those which may ul t imate ly  be employed 
in main tenance- f ree  bat tery grids. The base lead com- 
positions were determined by spark source mass spec- 

Table I. Base lead composition, ppm(wt) 

Bi Sb Cu Ag 

LOW Bi PRIMARY <10 <,03 ,3 6 

HIGH Bi PRIMARY 180 <,03 5 5 

REFINED SECONDARY 160 10 10 10 

t rometry and are shown in Table I. Only those elements 
which differed in concentrat ion among the three base 
leads are shown, with all other elements < 0.001 w/o  
each. Comparison of the two pr imary  base leads es- 
sentially measures the effect of bismuth, with a small  
increase in copper. Comparison of the high b ismuth  
pr imary  and the refined secondary lead essentially 
measures the effect of small combined additions of 
antimony,  copper, and silver. A comparison of the low 
bismuth pr imary  and the refined secondary lead mea-  
sures the combined effect of all four trace elements, 
the major  element  being bismuth. It is recognized that 
after addition of calcium, the an t imony content  will 
decrease due to the interact ion of these two elements 
(17). The compound Ca3Sb2 is 33 w/o calcium. It is 
obvious that the 5 ppm loss of calcium due to compound 
formation with 10 ppm ant imony is negligible for a 
Pb-0.085Ca alloy (850 ppm Ca), even if the reaction 
went to completion. 

Sample Preparation 
A technique for casting lead alloy samples under  

solidification conditions identical to those encountered 
in actual grid casting was developed. Figure 3 i l lus- 
trates an eight-cavity carbon steel mold. The mold 
was preheated to 365~ and the molten alloy, also at 
365~ was poured into each of the eight 2.54 cm diam 
• 0.65 cm deep cavities. The alloy, of course, remained 
molten at this mold temperature.  A signal was sent to 
a solenoid valve on a high pressure water  line, allow- 
ing water  to enter  the mold through the water  lines 
shown, rapidly cooling the mold, and solidifying the 
alloy samples. Approximately 600g, twice the weight 
of the eight cast samples, was melted in a resistance- 
heated, graphite-coated Armco iron crucible for each 
experiment.  A new crucible was used in each experi-  
ment. The molten metal  surface was covered with pow- 
dered charcoal dur ing mel t ing and alloying. The mold 
was coated with Chemco J-500, a graphite mold spray. 
Conditions and but ton  geometry were chosen so that 
the s tar t-of-freezing and end-of-freezing isotherm ve- 
locities were constant and essentially equal as the iso- 

1ooo J 

IOO 

io �9 TI-10 wlo AL 

SN 13 wlo BI 
1 J I 

0.1 1 10 100 1000 

LOCAL SOLIDIFICATION TIME, SECONDS 

Fig. 2. Relationship between dendrite arm spacing and local 
solidification time for a number of alloy systems (15). Fig. 3. Eight-cavity mold with solenoid-controlled water fines 
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Table II. Average tertiary dendrite arm spacing of 
Pb-6Sb-0.SAs-0.SSn 

AVERAGE SPACING, u 

GRID WIRE 12,3 

BUTTON 11,1 

BUTTON/coRK MOLD COAT 15,4 

therms moved across the thickness of each but ton  dur-  
ing solidification. From the definition given previously, 
it is clear that under  these conditions, local solidifica- 
t ion t ime and hence dendri te  arm spacing will be con- 
stant  throughout  the buttons. The heat flow condition 
result ing in constant isotherm velocity near  a mold 
surface is often termed "h-controlled" heat flow, where 
h is the interface heat t ransfer  coefficient. The mold 
coat then becomes the major  barr ier  to heat flow in the 
system. These conditions apply when casting thin sec- 
tions in metal  molds, as in grid casting. 

The chill surface of each sample was flat and free 
of cold shuts and porosity. The cast samples, called 
buttons, solidified in a substant ia l ly  unidirect ional  
manner  perpendicular  to the mold /meta l  interface. 

Al loy Microstructures  
The microstructures of the eight but tons s imul tane-  

ously cast of each alloy were identical, and were re- 
producible in subsequent  castings of the same alloy. 
To verify that the castings were produced under  the 
conditions present in solidifying grids, the average 
ter t iary dendri te  arm spacings of a Pb-6Sb-0.25As- 
0.25Sn but ton  and grid were compared, as shown in 
Table II. The average dendri te  arm spacings of the 
grid and the but ton  cast in the manne r  previously de- 
scribed were identical, wi th in  the accuracy of the mea-  
surement  technique. These s t ructural  comparisons were 
performed on a Pb-Sb  alloy as Pb-Ca  and P b - C a - S n  
alloys do not exhibit  well-defined dendri te  arms. 

To i l lustrate the sensitivity of the dendri te  arm 
spacing to changes in solidification conditions, the use 

of a cork spray in place of the graphite mold coat 
normal ly  employed in the but ton mold resulted in a 
proport ionally large difference in dendri te  arm spac- 
ing, as shown. In other words, when the bottom mold 
was coated with the graphite spray, dendrite arm spac- 
ings were identical to those found in cork-sprayed grid 
casting molds. When the but ton mold was coated with 
a cork spray, however, dendri te  arm spacings in-  
creased. This il lustrates that it is the combination of 
mold and metal  temperatures,  mold coat, and section 
size which determines the resul tant  structure. 

The specially prepared alloy and base lead samples 
were examined metal lographical ly to determine the in-  
fluence of both alloy additions and trace elements on 
cast structure. The bottom face of each but ton  ex-  
amined was polished and etched to reveal the micro- 
structure. An acetic acid-hydrogen peroxide attack 
polish and an ammonium molybdate etchant were em- 
ployed. In many  cases, the samples required overetch- 
ing, with resul tant  pitting, to provide enough contrast 
for photographic reproduction. 

Figure 4 shows the structure of the three base leads 
employed. A grain boundary  is observed in Fig. 4(a) ,  
while the other photographs show portions of a single 
grain. The fine s tructure is the fibrous dendrit ic mor-  
phology. Although not shown, the grain size was ap- 
proximately equal in all three base leads. Areas of 
elongated cells were occasionally observed, but  the 
structure consisted mostly of "regular" cells, with some 
breakdown into true branched dendrites. In some areas 
the distinction between structures was not clear. The 
growth conditions in the castings were therefore in the 
range of the cel lular-dendri t ic  t ransi t ion for these al- 
loys, where local thermal  per turbat ions or slight dif- 
ferences in over-al l  cooling rates between castings can 
alter the shape and size of cells (18). Figure 5 presents 
a side view of the s tructure in Fig. 4(a) .  The rodlike 
fibrous dendritic morphology is readily apparent.  The 
dendritic segments are actually much longer than ob- 
served, as the dendrite axes intersect the sample sur-  
face at an angle, giving a shortened appearance. 

Figure 6 i l lustrates the s tructure of Pb-0.085Ca al-  
loys prepared with each base lead. The addition of can 
cium to the base leads has decreased the grain size in 
all cases. Figures 6 (a) and (b) i l lustrate that the addi- 
tion of bismuth does not measurably  affect grain size. 
However, the addition of the other trace elements de- 

Fig. 4. Cast microstructure of the three base leads; (a) low Bi primary, (b) high Bi primary, and (c) refined secondary lead, 52X 
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Fig. 5. Side view of casting in Fig. 4(a) showing fibrous dendritic 
morphology, 120X. 

creases grain size slightly, comparing Fig. 6(b) and 
(c). The under ly ing  fibrous dendrit ic s t ructure  is still 
visible. Some of the small  grainl ike features observed 
on the surface are remnants  of the deformed surface 
layer  produced dur ing sample preparation.  This can be 
demonstrated by successively polishing and photo- 
graphing the same area. When a part icular  grain is 
ini t ia l ly  absent, then appears, and finally disappears 
from within  an under ly ing  grain without touching a 
third grain, while the under ly ing  structure remains the 
same, Euler 's  law (19) for polyhedral  bodies in a 
space-filling aggregate is violated. The disappearing 

grain is an artifact. Artifact grains cut across fibrous 
dendrites in Fig. 5. 

The addition of 0.8Sn to form Pb-0.085Ca-0.8Sn 
modifies the structure as shown in Fig. 7. The structure 
closely resembles that  found in  the base leads shown 
in Fig. 4, i.e., a larger grain size and pronounced fibrous 
dendrit ic morphology are again evident. Local var ia-  
tions in cell size are again evident  in  all three alloys. 
Comparison of the three alloys indicates that  the struc-  
ture is unaffected by the addit ion of bismuth,  or com- 
bined additions of bismuth,  ant imony,  copper, and 
silver. 

Age Hardening 
The hardness of the cast but tons was measured as a 

function of time after casting. While hardness is only 
an indirect measure of mechanical  properties, reason- 
ably good correlation between hardness and tensile 
s trength in Pb-Ca  alloys has been obtained (13). A 
crossplot of yield s t rength vs. hardness from data in 
this reference also indicates a reasonable correlation. 
Hardness was measured on the Rockwell Superficial 
15Y scale. Cast but tons were given a minor  surface 
preparat ion consisting of filing the surface smooth on 
a fine file. This t rea tment  did not affect the hardness 
measurement,  as a but ton  prepared in this manner  
every day before testing for three days was identical 

�9 in hardness to a but ton of the same composition filed 
and tested for the first t ime at three days after casting, 
i.e., after substant ial  age hardening.  Five hardness 
readings were averaged to determine the hardness at 
each time of measurement .  

As fur ther  verification of the sample preparat ion 
technique, Pb -Ca -Sn  alloy but tons cast of metal  taken 
from the melt ing pot of a grid casting machine ex- 
hibited a hardness close to that of grids from the same 
alloy, shown in Fig. 8. Hardness was measured with a 
Barber-Coleman 936 Impressor, a device suitable for 
measuring the hardness of small  sections such as found 
in cast grids (20). 

Figure 9 i l lustrates the age-hardening behavior of 
the Pb-Ca  and Pb -Ca -Sn  alloys studied. For the Pb-Ca  
alloys, age hardening is observed in the first 24 hr  after 
casting. Hardness continues to increase at a very low 
rate as evidenced by the increased hardness at 60 days 
after casting. The differences be tween alloys of differ- 

Fig. 6. Cast microstructure of Pb 0.085Ca with three base leads; (a) low Bi primary, (b) high Bi primary, and (c) refined secondary, 52X 
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Fig. 7. Cast microstructure of Pb-0.085Ca-0.SSn with three base leads; (a) low Bi primary, (b) high Bi primary, and (c) refined second- 
ary, 52X. 

ent base leads are not considered statistically sig- 
nificant, as the range of individual  hardness readings 
at each t ime are as large as the differences between 
alloys. 

The hardness curves of the P b - C a - S n  alloys indicate 
a ve ry  large age-hardening  effect shortly after  cast- 
ing, compared to the Pb-Ca  alloys. The hardness is 
ini t ial ly much lower  in P b - C a - S n  than in Pb-Ca alloys, 
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Fig. 8. Comparison of grid and button hardness 

but it increases rapidly, approaching the Pb-Ca hard-  
ness after  2 days. Thereafter ,  age hardening continues 
at a slow rate. At 60 days after casting, the hardness 
has increased to the level  found in the Pb-Ca alloys. 
It appears from the slopes of the curves that  the Pb-  
Ca-Sn alloy hardness will  surpass that  of the Pb-Ca 
alloys. This has been observed previously (21, 22). 
Significant differences in hardness are observed as a 
function of base lead composition, for up to 2 days after 
casting. In the initial 2 day period, hardness increases 
with the addition of bismuth, and increases fur ther  
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Fig. 9. Hardness vs. time after casting for three Pb-Ca and Pb- 
Ca-Sn alloys. 
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with combined additions of bismuth, ant imony,  copper, 
and silver. After 2 days, differences between alloys are 
not statistically significant with the measurement  tech- 
nique used. 

Discussion 
General  relationships between solidification param-  

eters and resul tant  microstructural  features have been 
presented. When studying laboratory specimens for 
the purpose of screening potential  grid alloys, or even 
for qual i ty control of established grid alloys, it is evi- 
dent that the duplication of actual cast grid properties 
requires the duplication of conditions in the solidifying 
metal. A special casting technique has been presented 
for this purpose. The procedures employed to evaluate 
the accuracy of this technique can be employed to de- 
sign casting procedures for other sample configurations 
as well. 

Metallographic examinat ion of Pb-0.085Ca and Pb-  
0.085Ca-0.8Sn alloys made from the three base leads 
has shown that bismuth, in  the range studied, does 
not alter grain size or the fibrous dendrit ic morphology. 
In  Pb-0.085Ca, the combined addition of antimony,  
copper, and silver does promote some grain refinement, 
but  no grain ref inement is observed when these addi-  
tions are made to Pb-0.085Ca-0.8Sn. The grain-ref ining 
agent is most l ikely copper. These observations are in 
quali tat ive agreement  with previous work on the ef- 
fect of calcium, tin, and bismuth at similar levels (23). 

The addition of tin, at the level studied, masks the 
microstructural  effects of both calcium and trace ele- 
ment  additions, as the microstructure of Pb-0.085Ca- 
0.SSn is essentially indist inguishable from the base 
leads. The masking effect of t in  on metal lurgical  and 
electrochemical properties is discussed in detail else- 
where (20). Some of the effects observed when tin is 
added to Pb-Ca  alloys can be understood as calcium 
being added to P b - S n  alloys, as the t in content  is usu-  
ally many  times greater than the calcium content. 

The effects of additions of bismuth antimony,  copper, 
and silver on hardness are observable only at rela-  
t ively low hardness values, only dur ing the init ial  2 
day aging interval  in Pb-0.085Ca-0.SSn, and not at all 
in Pb-0.085Ca. At the higher hardness levels, the in-  
fluence of these trace elements on hardness presumably 
still exists, but  the net effect is not measurable  on the 
Rockwell 15Y scale and may be of no significance. The 
contr ibut ion of calcium to the hardness overshadows 
the effect of these trace element  additions at these 
high hardness levels. 

Recently, it has been shown (23) that  b ismuth ad- 
ditions greater  than  220 ppm increase the initial  age 
hardening rate of Pb-0.06Ca but  have no effect on Pb-  
0.09Ca, a composition close to that used herein. In the 
same study it was observed that the additions of 0.5 
and 1.0% t in delayed the onset of age hardening re-  
gardless of b ismuth content. The hardening mechanism 
was shown to be at least par t ly  due to grain refine- 
ment  by calcium and bismuth in  the absence of tin. 
However, it is not clear from the microstructures ob- 
served and the trace element  levels used in this study 
what the hardening mechanism is that  distinguishes 
alloys of differing trace element  levels at less than 2 
days of aging in Pb-0.85Ca-0.8Sn. Trace elements may 
contr ibute  to solid solution hardening and/or  change 
the precipitat ion kinetics of age hardening.  

Conclusions 
The conclusions of this study are summarized as fol- 

lows: 
1. A specific sample preparat ion technique has been 

developed to duplicate solidification conditions in cast 
grids. Castings so produced exhibit  cast grid micro- 
structures and hardness values. 

2. Addit ion of 180 ppm bismuth does not influence 
the microstructure of Pb-0.085Ca or Pb-0.085Ca-0.8Sn. 

3. Combined additions of 160 ppm bismuth, 10 ppm 
antimony,  10 ppm copper, and 4 ppm silver to Pb-  
0.085Ca have a slight grain-ref ining effect. 

4. In  Pb-0.085Ca-0.8Sn, the combined additions of 
160 ppm bismuth, 10 ppm ant imony,  10 ppm copper, 
and 4 ppm silver have no visible effect on microstruc-  
ture. 

5. Additions of bismuth, and combined additions of 
bismuth, antimony,  copper, and silver in the above 
contents do not influence the age hardening behavior 
of Pb-0.085Ca. Significant increases in hardness and 
the rate of hardening of Pb-0.085Ca-0.SSn in  the period 
0-2 days after casting are found with the above ele- 
ment  additions. 
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Electrochemical Properties of Sodium Beta-Alumina 
in ZnCI -NaCI Melts 
David R. Flinn *'l and Kurt H. Stern* 
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ABSTRACT 

On the basis of membrane  potential  measurements,  sodium /~-alumina is 
shown to be almost completely selective for sodium ions in NaCI-ZnC12 melts. 
However, the continuous electrolysis of E-alumina in these melts decreases its 
conductivity. These results are interpreted in  terms of the movement  of mobile 
sodium ions becoming impeded by near ly  immobile zinc ions introduced into 
the ceramic under  the applied electric field. Be ta -a lumina  is therefore not 
useful in bat tery applications where ions other than sodium are present. It 
can, however, be used in  the construction of sodium ion specific membrane  
electrodes. 

In  recent  years an enormous amount  of work has 
been done on sodium/~-a lumina  (SBA), pr imar i ly  be-  
cause of its potential  applicabil i ty as a sodium-ion-  
conducting ceramic separator in  the sodium-sulfur  
battery.  Other possible uses of the mater ial  have been 
much less explored. For example, it was conceivable 
that the material  might  be useful for selectively pass- 
ing sodium from one compartment  to another  in a 
mol ten salt bat tery  containing a mix ture  of molten 
salts, and in the construction of ion-selective elec- 
trodes. The present  work was under taken  with these 
applications in mind. 

Several years ago Yao and K u m m e r  (1) reported 
ion exchange equi l ibr ium constants for single crystals 
of SBA in a var ie ty  of mol ten salts. They found that 
the exchange was par t icular ly  unfavorable  for divalent  
cations, i.e., in some cases no exchange of these cations 
for sodium ions in SBA could be detected by weight 
change methods when diffusion, i.e., a chemical poten-  
tial gradient, was the only dr iving force. 

We therefore chose a representat ive melt, ZnCI~- 
NaC1, for this study. It  has a sufficiently wide l iquid 
range at temperatures  low enough for the vapor pres- 
sure of ZnC12 not to be prohibi t ively high, and zinc 
electrodes are reversible to zinc ions in these melts. 
Thermodynamic  activity data for these melts are avai l -  
able, al though they are not as accurate as is desirable. 

The major  object of this study was to find out 
whether  sodium would cont inue to be the only current -  
carrying species in SBA as current  was passed through 
it from one ZnC12-NaC1 melt  to another, and whether  
the composition of the SBA remained constant as evi- 
denced, for example, by the electrical conductivity. 

Experimental 
Commercial ly prepared SBA tubes from two sources 

were examined. Tubes purchased from GEC Power 
Engineering,  Ltd., London, England, (GEC) were 8 m m  
ID, 10 mm OD, and 17 cm in length. Other tubes ex-  
amined were manufac tured  by Tokyo Shibaura  Elec- 
tric Co., Ltd. (TSE),  and were provided to us by Mr. 
Roy Rice of the Naval Research Laboratory. These 
tubes were 13 mm ID, 15 mm OD, and 15 cm in length. 
X- r ay  analysis of the tubes showed the presence of 
~8  volume per  cent a-A1203 in the GEC tubes, with 
none detectable in  the TSE tubes. The GEC tubes were 
found to contain more than  0.5% Zr and several per  
cent Si by emission spectrographic analysis; the TSE 
tubes contained several  per  cent Si and Mg. 

" Electrochemical  Society Active Member. 
1 Present address: U.S. Bureau of Mines Metallurgy Research Cen- 

ter, College Park, Maryland 20740. 
Key words: electrolysis, /~-alumina, molten salts, galvanic cells, 

conductivity.  

The zinc metal used was NBS freezing point  s tan-  
dard 43e. Reagent grade NaC1 was vacuum dried at 
3O0~ Reagent grade ZnC12 was purified by bubbl ing 
HC1 gas through the molten salt followed by helium. 

All  experiments  were carried out in a helium-filled 
Vacuum Atmospheres Corporation dry box, with water  
and oxygen content main ta ined  at less than 1 ppm 
by a recirculating purification system. High pur i ty  
a lumina  crucibles, McDanel 998, Were used to contain 
the molten salts. Molten zinc electrodes were held in 
small silica cups, suspended in  the melt  by small  silica 
tubes, through which t an ta lum wires contacted the 
mol ten zinc. 

Potentials were measured with an Orion Model 801 
digital pH meter  or a Corning Model 12 pH meter, 
used in the mil l ivolt  mode. Curren t  was integrated 
with a Koslow Scientific Coulometer, Model 541. Cur-  
rent  was main ta ined  approximately  constant  by man-  
ual adjus tment  of the power supply voltage. Resistance 
of the SBA was measured either by a General  Radio 
Type 1608A impedance bridge at 1 kHz or at d.c., or by 
measuring the potential  drop across the cell for a given 
current.  The resistance, ra ther  than the resistvity, is 
reported, since the area of melt  contact with the tubes 
was not known accurately. 

The first experiment,  i l lustrated in Fig. 1, was. car- 
ried out to determine the ion selectivity of SBA in 
ZnC12-NaC1 mixtures. In this exper iment  a GEC tube 
was used to separate a known, constant  composition 
ZnC12-NaC1 mixture  from a variable  mixture,  ini t ial ly 
concentrated in ZnC12. Zinc electrodes, contained in 
Pyrex tubes, with t an ta lum contact wires, were used 
as reference electrodes in each melt  mixture.  A zinc 
electrode was also used in  direct contact with the var i -  
able melt  mixture.  Open-circui t  potentials were re-  

B 
A Ta "~ 

Zn CZ 2 (a t) --'~T-~I 
I I I  

NaCl(a2) i. k .  

C si~ 
ZnCs z (o' i = CONSTANT) ~ } Na CI(a~=CONSTANT) 

/ 
Zn 

Fig. !. Galvanic ceil used to determine ion selectivity of SEA. 
For a description of the method see text. 
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Fig. 2. Galvanic cell used for electrolysis of SBA. For a description 
of the method see text. 

corded fol lowing NaC1 addi t ions to the var iab le  mix -  
ture  side. 

In  the o ther  exper iments  (Fig. 2), a po ten t ia l  was 
appl ied  across the  SBA tube separa t ing  two ZnC12- 
NaC1 mixtures .  Zinc electrodes were  in direct  contact  
wi th  the mel t  mix tu re  on each side of the  SBA. Also, 
a Ag/AgC1-NaC1 reference  electrode inside a P y r e x  
m e m b r a n e  was used as a reference  e lect rode in the  
outer  compar tmen t  when  the smal le r  GEC tube was 
used, and on each side when the la rger  TSE tubes were  
used. F rom the amount  of charge which passed th rough  
the SBA the amount  of sodium t rans fe r red  f rom one 
compar tmen t  to the  other  was calculated,  assuming 
that  sodium ion car r ied  all  of the  charge. This assump-  
tion was tes ted by  compar ing the mel t  composition 
thus ca lcula ted  wi th  the composit ion obta ined poten-  
t iometr ica l ly .  Al l  measurements  were  car r ied  out at 
500~ 

Results 
The cell i l lus t ra ted  in Fig. 1 is ac tua l ly  a double cell  

in which two glass re ference  electrodes,  one in the 
inner,  the  other  in the  outer  compar tment ,  can be 
measured  against  a zinc electrode in the mel t  of va r i -  
able  composition. For  c la r i ty  we wr i te  the  two cells 
sepa ra te ly  

(Ta) Zn [ NaC1 (a2'), ZnC12 (al ' )  I P y r e x  I NaC1 (a2), 

ZnC12(al) [ Z n ( T a )  [ C e l I A - B ]  

(Ta )Zn  I NaC1 (a='), ZnCl (a l ' )  [ P y r e x  I NaCl(a2 ' ) ,  

ZnC12(as I SBA]  NaCl(a2) ,  ZnC12(al) I Zn (Ta )  

[Cell A-C]  

where  a2' ---- 0.301, al '  = 0.699, and al and a2 are  var i -  
able. (Sources of ac t iv i ty  da ta  for ZnCI2-NaC1 mel ts  
are  discussed below.)  

The chief funct ion of the  P y r e x  membrane  inside 
the SBA tube  (cell  A-C)  is to p reven t  direct  contact  
be tween  metal l ic  zinc and SBA. Since the inside and 
outside of this P y r e x  tube are  in contact  wi th  melts  of 
the  same composit ion (this is also the  composi t ion in 
e lect rode B),  no net  m e m b r a n e  potent ia l  is deve loped  
across this glass, and  the inner  zinc e lect rode thus 
behaves  as if the  Py rex  were  absent.  Since P y r e x  is 
h ighly  select ive for sodium ion in NaC1-ZnCI~ mel ts  
(2), the emf expected for cell  A - B  is (3) 

RT [ ( e l '  ) ( a2 ) 2 ]  
EA-B = - - i n  M - -  [1] 

2F al  a2' 

If  SBA were  also h igh ly  select ive for  sodium ion com- 
pa red  to zinc ion, Eq. [1] should also be the emf of cell  
A-C, and ED.c should be zero for al l  ZnC12-NaC1 com- 
posit ions in the  outer  compar tment .  

F igu re  3 shows a plot  of the observed potent ia ls  EA-B 
([])  and EA-c ( � 9  vs. the  potent ia ls  p red ic ted  f rom 
Eq. [1]. The l ine shown is d r a w n  through  the 0,0 
origin wi th  a s lope of unity.  Act iv i ty  coefficients were  
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Fig. 3. Experimental test of Eq. [ I ] ,  using the cell in Fig. I. 
[] EA-B, C) EA-C. 

t aken  f rom Bloom et al. (4), and were  de te rmined  by  a 
t ransp i ra t ion  technique.  The resul ts  shown in Fig. 3 
indicate  that  SBA shows nea r ly  the  same se lec t iv i ty  
for sodium ion over  zinc ion as tha t  shown by  Pyrex .  

The exper imen ta l  cell used in the second set of ex -  
per iments  is shown in Fig. 2. This cell  consists of two 
comple te  cells of the  form 

(Ta) ZnlNaC1, ZnCl2[PyrexlAgC1, NaCl lAg 

with  the NaCI-ZnC12 mel ts  separa ted  by  a SBA mem-  
brane.  

The pred ic ted  potent ia ls  be tween  the zinc electrodes 
are  the  same as those given by  Eq. [1], assuming a 
high sodium ion se lect iv i ty  for  the P y r e x  and ~-a lu-  
mina. The emf expected be tween  the zinc electrode 
and s i lver  e lect rode pa i r  on each side of the  SBA may  
be expressed  by  the  equat ion 

RT 
EZn/Ag = E~ --  - - I n - -  

2F 

aAgc12 

aznc12 

aNacl ( in AgC1) [a] 
aNaCl ( in ZnCI2) 

where  E~ is tha t  for  the  react ion:  2Ag + 
ZnC12 ---- 2AgC1 + Zn, and is --0.707V at 500~ (5). 

A potent ie l  was appl ied  be tween  the  two zinc elec-  
t rodes of the  cell shown in Fig. 2 and the cur ren t  was 
cont inuously integrated.  At  selected t imes the  appl ied  
potent ia l  was disconnected and the SBA resis tance and 
the open-c i rcui t  potent ia ls  were  measured  as a funct ion 
of charge passed. Occasional ly  a weighed  amount  of 
NaC1 was added  to the outer  mel t  compar tmen t  to 
main ta in  a reasonable  concentra t ion of NaC1 in the  
melt .  

The concentra t ions  and act ivi t ies  of NaC1 and ZnCh  
were  calcula ted for  both  compar tments  for each po ten-  
t ia l  measuremen t  by  assuming tha t  all  of the  charge 
passed th rough  the SBA was car r ied  by  sodium ions. 
F igure  4 shows a comparison of the  emf measured  (for 
both  GEC and TSE tubes)  be tween  the zinc electrodes 
and the emf pred ic ted  by  Eq. [1]. Both dashed l ines 
a re  d rawn  through  the respect ive  sets of points  wi th  
unit  slope, and wi th  best  visual  fit, to i l lus t ra te  the  
a symmet ry  be tween  the measured  and pred ic ted  cell 
potentials .  This a s y m m e t r y  is in the same direct ion 
as the  appl ied  poten t ia l  (V) ,  even though the po ten-  
t ials  were  measured  at open circuit. Fo r  the  TSE tube, 
two emf's  were  also measured  af te r  e lectrolysis  in  the  
opposite direction,  and the resul t ing  values  a re  shown 
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Fig. 4. Experimental test of Eq. [1] using the cell in Fig. 2 
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in  Fig. 4 by the symbol A. Although only one po- 
tent ial  was recorded for a long reverse electrolysis 
period (uper r igh t -hand  port ion of the figure), its 
value suggests that the asymmetry  potential  in the 
SBA is reversible. 

For  the TSE tube cells, other potentials were also 
recorded. The potential  between the two silver elec- 
trodes was observed to be near ly  zero for all concen- 
trations, as would be expected for analogous reasons 
that  EB-C is zero for the cell in  Fig. 1. This result  can 
easily be calculated from Eq. [1] and [2] by computing 

Ezn(I)/Zn(II) -- Ezn(I)/Ag(I) 
-- EZn(II)/Ag(n) ~--- EAg(1)/Ag(II) ~ 0 

The emf's observed between the pairs of zinc and 
silver electrodes on each side of the SBA were also 
measured for most concentrations. These results are 
compared in Fig. 5 to those predicted from Eq. [2]. The 
observed potentials are about 100 mV more positive 
than  those predicted. 

The resistance across an effective area of 4.7 cm ~ 
of the TSE tube observed dur ing the electrolysis is 
shown in  Fig. 6. The number  to the right of each point 
is the mole fraction of the NaC1 in the side of the cell 
which is supplying sodium ions to the membrane.  Dur-  

TSE 0 2  -0,4 0 Ezn-Ag(OUTSIDE) 

[] Ezn-Ag (INSIDE) 0 / 0 

-0,6 ( ~  
o w 

w 

-0.8 ~ U N I T  

SLOPE 

I I I ~ I t 
-0.8 -0.6 - 0,4 -0,2 

EOBSERVE D (V) 

Fig. 5. Experimental test of Eq. [2]  using the cell in Fig. 2 
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401 -069  

~ 0.69 

~176 

' t J , I , J 
2 4 6 8 

Q (eq x lO 2) 

Fig. 6. Resistance of TSE tube as a function of charge passed 
during electrolysis. For details see text. 

ing the init ial  electrolysis (at 42.6 mA-cm -2) the cell 
resistance increased rapidly after the passage of 
,-,18.5 mequiv.-cm -2. Addit ional  sodium chloride was 
added to the side from which sodium was being elec- 
trolyzed. Although these additions did result  in  a 
lower resistance, the original low resistance value for 
the same mole fraction was not regained. 

When the current  was reversed, the resistance fell to 
a value which was approximately twice that originally 
observed, and slowly rose with increasing charge 
passed. The resistance did not rise to the high value 
observed in the ini t ial  electrolysis direction, even at 
low NaC1 mole fractions. The current  was then again 
reversed to the original direction and after a short-  
lived decrease, the resistance increased again, rising 
to approximately 500 ohms in  a very short time. F u r -  
ther additions of zinc, ZnC12, and NaC1 to the cell did 
not lower the membrane  resistance. 

When the GEC tube was electrolyzed, high resist-  
ances were noted for both electrolysis directions after 
about the same amount  of charge (per uni t  area) was 
passed as in the TSE tube case. 

Discussion 
Equation [1] is a simplified form of the Eisenman 

equation (6) which holds when the membrane  is 
highly selective for a given cation in  a mix ture  of two 
different cations, and includes the Nernst  potent ial  
arising from the electrode reactions. A complete dis- 
cussion and development  of Eq. [1] is given in Ref. (3). 

The results of the open-circui t  experiments  shown 
in Fig. 3 indicate that  SBA is highly selective for 
sodium ion in the presence of zinc ion in the mixed 
chloride melt. The selectivity constant  of the Eisenman 
equation (6) includes a thermodynamic  equi l ibr ium 
constant  of ion exchange at the membrane  surface and 
the mobil i ty ratio of the two exchanging ions in the 
membrane.  The selectivity constant  may thus be large 
because the equi l ibr ium constant  is large, the mobil i ty 
ratio is large, or because both are large. Unfortunately,  
the open-circui t  exper iment  does not discriminate be-  
tween the two possibilities. 

The results shown in Fig. 4 suggest that the SBA 
ceramic itself may be polarized as a result  of an elec- 
tric field applied across it, and  that  this polarization 
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may be reversed by reversing the field. However, some 
doubt is cast on this in terpre ta t ion by the apparent  
asymmetry  exhibited by the separate pairs of Zn-Ag 
electrodes for which SBA is not in the circuit being 
measured. An al ternate explanat ion may lie in the poor 
activity data available for ZnC12-NaC1 melts. This sys- 
tem deviates highly negatively from Raoult 's  law and 
calculated emf's are thus quite dependent  on activities. 
The data used (4), the only ones available at 500~ 
were obtained from transpirat ion experiments and 
disagree with data obtained by other methods at 
higher temperatures  (7). Nevertheless, the data in 
Fig. 3-5 show clearly that SBA acts as a sodium- 
selective membrane  in ZnC12-NaC1 melts. 

The question of ion mobil i ty in SBA is apparent ly  
answered by the electrolysis experiments.  Figure 6 
shows that continued electrolysis through the SBA in 
a given direction results in increasing cell resistance. 
Reversal of the electrolysis direction is unable  to re- 
move the cause of the increased resistance, since 
when the current  was again reversed, the high resist- 
ance persisted. Apparent ly  the zinc ion, which is pres- 
ent to some extent  at the mel t /SBA interface due to 
the ion exchange equi l ibr ium at the interface, be-  
comes trapped in the SBA structure as it is t ransported 
by the applied electric field and inhibits sodium ion 
migration. Current  reversal is not effective in removing 
the zinc ion from the SBA in any reasonable time 
period. 

An at tempt was made to test the above hypothesis 
by direct Auger analysis of an SBA tube that had been 
electrolyzed in a ZnC12-NaC1 melt. Over a depth of 
~3000A the Zn concentrat ion decreased progressively 
by at least a factor of four from its value at the sur-  
face. Because of surface inhomogeneities and sput ter-  
ing angles, this value represents an upper l imit and 
the actual concentrat ion in the bulk  SBA may have 
decreased more. Since the concentrat ion of sodium in 
SBA is low to begin with, meaningful  changes of the 
sodium concentrat ion with sput ter ing distance could 
not be obtained. The Auger results are, however, at 
least quali tatively,  consistent with our interpretat ion.  

Even though the resistance of the SBA increased 
with the amount  of charge passed through it, the zinc 
ion wi thin  the SBA did not affect the abil i ty of the 
mater ial  to continue to function as a sodium ion selec- 
tive electrode. The high mobil i ty of sodium ion in the 
SBA continues to control the potential. 

The conductivity was noticeably affected only after 
an  amount  of charge was passed through the SBA 
equivalent  to the total amount  of sodium ini t ia l ly  in  
the material.  This observation indicates that the ion 

exchange equi l ibr ium constant also apparent ly  favors 
sodium ion over zinc ion exchange from the chloride 
melt  into SBA, just  as the mobil i ty of sodium is 
greater  than that of zinc in SBA. Both these factors 
cause SBA to exhibit  high sodium selectivity in the 
presence of zinc ions in a chloride melt. 

Conclusions 
We have shown that sodium is favored over zinc in 

the SBA structure. However, when zinc ion moves into 
the structure under  the influence of an applied electric 
field, it has such a low mobil i ty that the over-al l  con- 
ductivity of the SBA is greatly impaired. Current  re-  
versal is apparent ly  not effective in removing the zinc 
ion once it has entered the structure. The presence of 
zinc ion in the SBA does not alter the high selectivity 
for sodium ion, so that even though SBA would not 
be a good separator in bat tery applications using 
molten NaC1-ZnC12 mixtures,  it could be used as an 
accurate monitor of sodium ion activity in such melts 
over a wide range of sodium ion activity. Most likely, 
the sodium ion selectivity of SBA would hold in any 
mix ture  of a sodium salt with salts of higher valent  
cations. 
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ABSTRACT 

The effective electrical permit t iv i ty  of polymer-coated steel was measured 
between 200 Hz and 100 kHz as a function of time of exposure to 0.52M NaC1. 
The real and imaginary  parts of the permit t iv i ty  increased over the entire 
frequency range as a consequence of electrolyte penetration.  The development  
of a --1 slope on the log loss vs. log frequency curve suggested localized 
penetra t ion of the dielectric coating by a conducting phase. This behavior 
correlated with the onset of visible localized corrosion. Results were discussed 
in terms of a meta l /meta l  oxide/penetra ted-coat ing model. 

The mechanism by which a polymer coating protects 
a metal  substrate against corrosion is of great interest. 
The coating serves as a mass t ransport  barr ier  to re-  
actants, but  this role does not describe completely the 
phenomena that are observed in some systems (1). 
This study was under taken  with the recognition from 
previous work that the electrical properties of the elec- 
t ro ly te /coat ing/subst ra te  composite can be correlated 
with corrosion behavior. In  this communicat ion the 
electrical response and a parallel  observation of the 
corrosion potential  of polymer-coated steel exposed to 
a model 0.52M NaC1 corrosive medium will be pre-  
sented. Par t icular  at tent ion is given to the abil i ty of 
these measurements  to elucidate the mechanism of 
corrosion of polymer-coated steel. Of subsidiary in ter-  
est is the applicabil i ty of the measurements  to provide 
a means for appraising the corrosion protection prop- 
erties of the coating. 

Many studies of the electrical properties of pro-  
tective polymer coatings reported in the past include 
measurements  of the current  response of an isolated 
film or a coated metal to an applied potential. Mayne 
and co-workers have extensively investigated the d-c 
conductivity of free polymer films (2, 3) while the a-c 
response has been treated and discussed recently by 
several workers in  terms of equivalent  resistances 
and capacitances (4-6). In this laboratory, polybuta-  
diene coatings on steel substrates have been observed 
to show a decrease in both in-phase and out-of-phase 
impedance after exposure to a NaC1 solution. There is 
a rapid change at the point where the coating fails 
completely (5). Under the assumption that it is only 
the "dielectric" coating which is probed by the a-c 
measurement ,  and that the penetra t ing aqueous phase 
is distr ibuted wi thin  the coating as random aggregates, 
the per' cent water  uptake may be determined from 
the equivalent  parallel  capacitance (4, 5, 7). While 
these estimates of water  uptake may be valid for the 
early stages of coating exposure to an aqueous en-  
v i ronment  and for relat ively thick coatings, the esti- 
mates have limitations. Indeed, porous penetra t ion of 
conducting phase (8,9), interfacial impedance (10), 
and Maxwel l -Wagner  and /or  Debye losses wi thin  the 
polymer and interface may all contr ibute to the ob- 
served electrical response of a polymer /subs t ra te  sys- 
tem (Ii). In a theoretical discussion, Shmirev and 
Egorov (12) consider the coating to be represented by 
a three-element network which may be experimentally 
determined by a measurement of the impedance at 
three different frequencies. Likewise, Tomashov et al. 
(10) suggest that a frequency dependence of the im- 
pedance may i11uminate the nature of coating break- 
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down. Pre l iminary  results in this laboratory suggest 
that the f requency-dependent  response of a coating 
is related to its corrosion protective properties (8). 

To explore fur ther  the na ture  of the electrical re- 
sponse which develops temporal ly during exposure of 
the coating to 0.52M NaC1, the coating impedance be-  
tween 0.2 and 100 kHz has been followed as a funct ion 
of time and of coating thickness. 

The second electrical property of polymer-coated 
substrates which provides useful information germane 
to the mechanism of corrosion is the corrosion poten- 
tial. Since the potential  of a corroding substrate is 
determined by the relat ive importance of the separate 
cathodic and anodic rates, changes in this measured 
quant i ty  with time provide significant insights into the 
ra te -de termining  steps. Recently, a review of the cor- 
rosion potentiaI as applied to painted steels has ap- 
peared (13), 

Experimental 
Substrate preparation.--Common blackplate 0.026 cm 

thick, in 10 by 15 cm pieces, was obtained from Bethle-  
hem Steel Corporation. The samples were cleaned by 
soaking in mineral  spirits and rubbing  dry with a l in t -  
free cloth prior to application of the coating (5). Con- 
firmation that macroscopic dust particles were re-  
moved was obtained by sighting the steel plate at a low 
angle while whisking the plate with a l in t - f ree  cloth. 
Immediate ly  following this procedure, the coating was 
applied to the samples, and cured as described below. 
Chromated steel substrates were produced using the 
procedure of Bancroft, Mayne, and Ridgway (14). 

Coating preparation.--The coating which was pr i -  
mari ly  used in this study was a polybutadiene denoted 
PB (15). An epoxy (16), denoted EX, a methy lmeth-  
acrylate copolymer, denoted AB (17), and a poly- 
butadiene stabilized acrylic copolymer nonaqueous 
dispersion, denoted CLX (18) were also used. The solu- 
tions, PB, EX, AB, were passed through a 5 ~m mil l i -  
pore filter prior to application. The nonaqueous dis- 
persion was used as received. AB was used as a poly-  
mer solution; the other coatings were ful ly formulated. 

The coatings were drawn onto the substrate with 
wire bars. The thickness of the cured coatings was 
controlled by use of wire coating bars of different 
gauge. Freshly coated samples were immediately 
placed in a hot, covered ceramic container  and ma in -  
tained in an oven for the appropriate cure time. The 
cover of the container was positioned so as to allow 
solvent vapors to escape. Informat ion  about the sam- 
ples is presented in Table I. The temperature  repre-  
sents the average tempera ture  of the atmosphere in  
the oven dur ing curing. The oven tempera ture  rose 
slightly after closing the door. Opt imum cure for the 
polybutadiene was considered to be obtained when the 
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Table I. Description of samples used 

Cure  
T h i c k n e s s  T i m e  T e m p  

S a m p l e  (~,m) (rain) (~ 

PB25-1 25.0 ~ 2.0 26 190 
PB37 
PB39  3.5 -~ 0.5 19 192 
PB40 5.0 ~ 1.0 19 192 
PB41 9.0 ----- 1.0 18 192 
PB42 11.0 --~-- 1.0 1~ 194 
PB43 15.0 ~ 1.0 18 194 
PB44 18.0 +--- 2.0 18 194~ 
PB45 24.0 ~ 3.0 19 193 
AB3-3  24,0 ~ 2.0 30 130 
AB3-2  20.0 ~ 2.0 30 130 
C L X I - 1  27.0 ~ 2.0 10 203 
CLX1-2 26.0 --+ 2.0 10 203 
E X t S - 2  29,0 ----- 3,0 23 166 
l : 'B785-S~ 13.0 --+ 2,0 20 200 
PB785-12-10 28.0 ~-- 3.0 20 200 
PB785-7-8 12.0 ~ 2.0 20 205 
PB785-11-10 11.0 ~ 1.0 20 205 

C h r o m a t e d  s teel  
PB785-22-15 10.0 ~ 1.0 20 200 
PB785-17-13 11.0 ~ 1.0 20 205 
PB785-19-14 15.0 ~ 2.0 20 210 
PB785-24-16 24.0 ~ 2.0 20 208 

samples exhibi ted a slightly green hue, an overbake 
leading to a yellow color and the underbake  leading to 
a gray color. 

The coating thicknesses were determined by mi-  
crometer measurements  of the panels before and after 
coating. Results are expressed as an average of eight or 
more measurements .  Typical scatter in these measure-  
ments  was 10% (see Table I).  

Cell description.--Experimental cells were con- 
structed from the coated sample by cementing the 
ground end of 17-18 mm ID tubes onto the coating sur-  
face with epoxy cement. A guard r ing surrounded the 
cell to minimize stray capacitances. Mercury was 
placed in the cell and the equivalent  parallel  capaci- 
tance and loss tangent  measurement  was made between 
200 Hz and 100 kHz prior to any exposure to the corro- 
sive medium. The cell was then filled with 1 ml of 
a i r -sa turated aqueous 0.52M NaC1 solution and allowed 
to stand for the desired period of time. The sodium 
chloride was decanted and clinging drops were wiped 
free of the surface with an absorbent, lint-free tissue. 
The mercury electrode was again placed over the coat- 
ing and the equivalent parallel capacitance and loss 
tangent were measured across the mercury/electrolyte 
penetrated coating/substrate interface. The mercury 
was removed and the sodium chloride electrolyte was 
re introduced for an addit ional  period of time. 

Cells used for the potential  measurements  were con- 
structed as described by Leidheiser and Touhsaent  (5). 
The potent ial  was measured be tween the metal  sub-  
strate and a saturated calomel reference (SCE) elec- 
trode. 

E~ec~rica~ measurement~.--Capacitance and loss t an -  
gent measurements  across the subs t ra te /coa t ing /mer-  
cury interface were accomplished with a General  
Radio 716C Shering Bridge and 716-P4 guard circuit. 
The bridge was dr iven by a variable  f requency Rhode 
and Schwartz oscillator at 1V peak- to-peak between 
200 Hz and 100 kHz. The signal to be nul led was de- 
tected by a Rhode and Schwartz tuned indicating am-  
plifier or a PAR Model 129 lock-in amplifier. The re-  
sponse of the coating to an applied oscillating field, 
Vo ej~t was determined by bridge balancing of the re-  
sponse to that of an equivalent  paral lel  resistor and 
capacitor. The bridge elements were l inear  and the 
detector was tuned only to the fundamenta l  frequency, 
so it is the first-order response which is observed by 
this method. These data may be represented in  a 
var ie ty  of ways: (i) real and imaginary  conductivity,  
(i~) equivalent  parallel  resistance and capacitance, 
(iii) effective in-phase  and out-of-phase permitt ivi ty,  
(iv) capacitance and loss tangent.  For this discussion, 
the in-phase and out-of-phase effective permit t iv i ty  

will be used to account for the current  response across 
the coat ing/metal  interface. The real and imaginary  
components of the permit t iv i ty  (~", ~') are related to 
the equivalent  parallel  resistance and capacitance by 
the following 

d 

AeomRx~ 

d 
e" ~ ~ Cx~ 

A e o  

where ~o - :  absolute permit t iv i ty  of free space, A --- 
apparent  coating area, d ----- coating thickness, ~ ----- fre-  
quency in radians, Rzp ---- equivalent  paral lel  resistance, 
and C~  = equivalent  parallel  capacitance. The equiva-  
lent  paral lel  resistance and capacitance of a complex 
element may be calculated from bridge balances. Then, 
by the above equation and the film and cell dimensions, 
the effective complex permi t t iv i ty  (~", ~') of the coating 
may be determined. 

Potentia~ measurement--The corrosion potent ial  was 
measured between the coated substrate and the SCE 
reference electrode using a Keithley 600A electrometer 
and a cell, 50 m m  ID. Since the electrometer input  im-  
pedance was significantly greater than the impedance 
of the coated interface, v i r tua l ly  no current  was drawn 
on the system under  observation. The potent ial  was 
measured at intervals  over a period of about  40 days. 
Every t ime the potent ial  was measured the 25 ml  of 
0.52M NaC1 was renewed. 

Visible underfi lm corrosion was assessed via ASTM 
Standard D610 (19) in two ways. First, by observing 
the area covered by dark  spots of corrosion product, 
and second by estimating the surface area that was 
delaminated. The appropriate ASTM D610 designation 
was assigned to these two types of areas. These desig- 
nations run  from 1, represent ing 50% destruction, to 
10, representing no change. As an example, Fig. 1 
shows a photograph of a sample which was treated 
with 0.52M NaC1 and had commenced to corrode~ The 
two types of areas are readily apparent  with the de- 
laminated areas well outl ined around the dark corro- 
sion spots. 

Inflicted defect--One sample, PB44, was purposely 
damaged, and the damaged spot was exposed to the 
0.52M NaC1 solution. The damage was accomplished by 
pressing the coating with a tapered 0.7 mm OD stain-  
less steel syringe needle. Approximately  0.3 ml  of 
0.52M NaC1 was placed on this spot for 1 hr after which 

Fig. 1. Photograph of a polybutadiene-coated steel sample after 
exposure to 0.52M NaCI for one day. Corrosion appears in upper 
left as dark spots surrounded by a light region. 
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it was wiped off and the electrical response of the sam- Io 
ple was measured in the m a n n e r  previously described. 

Inert atmosphere.- -An iner t  atmosphere of dry ni t ro-  
gen purified by passage over hot copper wire was pro- 
duced within a polyethylene glove bag by main ta in ing  
a positive pressure of ni t rogen in the system. The 
electrometer cables were fed through a bulkhead I 
sealed to the polyethylene bag. The 0.52M NaC1 elec- 
trolyte was flushed with ni trogen for 20 min, stoppered, 
and placed within the nitrogen-flushed bag. The sealed e" 
bag containing cells, SCE reference, electrometer cable 
and electrolyte was allowed to equil ibrate for 3 hr with 0.1 
nitrogen. The electrolyte was then introduced into the 
cells and the potential  measurements  were commenced. 

Results 
Figures 2-5 i l lustrate the log loss vs. log frequency 

results for several polymer coatings (20-30 ~m) on 
steel at different times of t rea tment  in 0.52M NaC1. The 
onset of corrosion coincided with the development  of 
the --1 slope at low frequencies in the log e" vs. log f 
plots. The sample which showed no low frequency 
slope, Fig. 5, showed no corrosion on exposure t ime of 
30 days. 

In  a second set of experiments  a series of poly-  
butadiene-coated steel samples, having a range of coat- IO 
ing thicknesses between 5 and 24 ~m, was treated with 
0.52M NaC1 and the effective complex permitt ivi t ies 
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Fig. 2. Log loss vs.  lag frequency for a methylmethacrylate copoly- 
mer-coated steel exposed for O, 1, and 7 days to 0.52M NaCI. 
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Fig. 3. Log loss vs.  log frequency for an epoxy-coated steel ex- 
posed for 0, l ,  and 9 days to 0.52M NaCI. 
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Fig. 4. Log loss vs. log frequency for a polybutadiene-coated steel 
exposed for O, 1, 14, and 21 days to 0.52M NaCI. 
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Fig. 5. Log loss vs.  log frequency for acrylic copolymer NAD- 
coated steel exposed for 0, 1, and 8 days to 0.52M NoCI. 

over the 200 Hz to 100 kHz range were measured pe-  
riodically. The th in  coatings did not achieve the --1 
slope in  the frequency range studied as may be seen 
in Fig. 6 where the 21 day result  for this series of 
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Fig. 6. Log loss Ys. log frequency for several samples of poly- 
butadiene-coated steel exposed for 21 days to 0.52M NaCI. 
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Table II. The relationship between the slope of the e" vs. log f 
plots at low frequency and the rate of corrosion of 

polybutadiene-coated steel in 0.52M NoCI 

R a n k i n g  on basis  S a m p l e  L o w  f r e q u e n c y  s lope 
of  cor ros ion  ra te  d e s i g n a t i o n  A f t e r  7 days  A f t e r  20-22 days  

1 (grea tes t  PB39 -- 1.0 To ta l ly  cor roded  
2 PB41 --0.37 --0.44 
3 PB45 0 -- 1.0 
4 PB42 -- 0.48 0 
5 PB40 0 0 
6 (least) PB43 0 --0.18 

Table III. The slope of the log e" vs. log f plots at low frequency 
for chromated steel samples coated with polybutadiene and 

exposed to 0.52M NaCI 

L o w  f r e q u e n c y  % Sur face  
s lope a f t e r  cor roded  a f t e r  

S a m p l e  t w o  w e e k s  two  w e e k s  

785-19-14 - 1.0 35 
785-28-15 --0.1 5 
785-22-15 -- 0. i 1 
785-17-13 0 0 

samples is recorded. There is nonetheless, a correlation 
of the low frequency slope with corrosion as i l lustrated 
by Table II. Similar ly  the correlation of the low fre-  
quency data is also indicated for chromated samples in 
Table III. 

That  the onset of a --1 low frequency log s" vs. log 
frequency slope may be associated with a path of con- 
t inuous conductivi ty through the coating is i l lustrated 
by the results depicted in Fig. 7 which shows the log 
d' vs. log frequency results for a polybutadiene-coated 
steel sample in which the coating was punctured with 
a needle and allowed to equil ibrate  with 0.52M NaC1 
solution for 1 hr. The --1 slope at low frequencies of 
the log ~" vs.  log frequency plot is seen. 

The out-of-phase component  of the effective complex 
permit t iv i ty  does not vary  as rapidly wi th  frequency. 
If one were to assume that  the out-of-phase effective 
permi t t iv i ty  were a t rue permit t iv i ty  of the composite 
coating and dispersed aqueous phase, its value would 
be a function of the volume fraction of the dispersed 
phase (5, 7). The assumption neglects the fact that  
there may be a contr ibut ion from the subst ra te /po!y-  
mer  interface. Nevertheless, it is impor tant  to note the 
increase of this effective permit t iv i ty  with t ime of ex- 
posure. Barr ing interfacial  effects and for small  volume 
fraction of the dispersed phase, the function (e't/e't,o 
--1) is proport ional  to the volume fraction of the dis- 

Table IV. Values of the function (e't/e't,o --  1) as a function of 
frequency 

Afte r  one w e e k  Af te r  two weeks  
200 1000 10k 100k 200 1000 10k 100k 

PB25-1 0.346 0.189 0.137 0.140 
PB39 Very  l a rge  0.552 To ta l ly  destroyed 
PB40 0.283 0.259 0.253 0.166 0.810 0.772 0.742 0.592 
PB41 0.291 0.273 0.261 0.235 0.651 0,831 0.580 0.405 
PB42 0.600 0.610 0.555 0.464 0.713 0.690 0.657 0.599 
PB43 0.554 0.551 0.507 0.294 0.678 0.652 0.571 0.471 
PB45 0.195 0.197 0.162 0.127 0,468 0.578 0.506 0.347 

persed phase. 1 The proport ional i ty constant  is depend- 
ent upon the part icular  geometry of the dispersed 
phase (11). This quanti ty,  (r --1),  is tabulated 
for the series of polybutadiene coated steel samples in 
Table IV. Using the t rea tment  of Leidheiser and 
Touhsaent  (5) and previous work where a random dis- 
t r ibut ion of aqueous phase is assumed, the "calculated 
per cent water uptake" after two weeks is be tween 
10 and 13% and with minor  dependence upon coating 
thickness. 

Figures 8-10 give results of the substrate potential  
vs. t ime for three samples of polybutadiene-coated 

Here e', is the permitUvity at time t, e't,o is the initial permit-  
tivity, 
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Fig. 8. Upper curves, ASTM D610 rating of corrosion and delam- 
ination vs. time of exposure to 0.52M NaCI. Lower curve, corrosion 
potential of steel substrate as a function of time of exposure to 
0.52M NaCI. Results for 4 ~m coating of polybutadiene on steel. 

e ,I  

0.1 

PB-44 
Polybutadlene- Steel 
d= 18prn 

~ D a m a g e ~  

0.01 = = a 

1 I0 I00 

Frequency in kHz. 

Fig. 7. Log loss vs. log frequency for an intentionally damaged 
polybutadiene-caated sample. 
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0.52M NaCI. Results for a 9 Fm coating of polybutadlene on steel. 
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Fig. lO. Upper curves, ASTM D610 rating of corrosion and de- 
lamination vs. time of exposure to 0.52M NoCI. Lower curves, cor- 
rosion potential of steel sabstrate vs. time of exposure to 0.52M 
NaCI. Results for a 24 #m coating of polybutadiene on steel. 

steel. The potential  is anodic init ial ly and moves to 
more cathodic potentials with time. This movement  to 
more cathodic potentials correlates with the increase 
in the delaminated area which occurs around the dark 
corrosion spots (Fig. 1). After a length of t ime depend-  
ing upon the thickness of the sample, there is complete 
failure of the coating as observed by the formation of 
a black to orange corrosion film over the entire surface. 
The transi t ion occurs quite rapidly, usual ly within one 
day, and is followed by an equally fast plunge of the 
substrate potential  to the vicinity of --650 mV, a po- 
tential  approximating that at which mild steel actively 
corrodes in aerated NaC1. 

The initial  corrosion potentials were more cathodic 
with decreasing coating thickness as i l lustrated in Fig. 
11. This relationship suggests that it is the cathodic 
half-react ion which is rate controll ing in active under -  
film corrosion in the polybutadiene-s teel  system. The 
relative rate of oxygen penetra t ion of coatings of dif-  
ferent thickness explains the greater degree of cathodic 
depolarization in the th inner  samples than in the 
thicker samples. 

Fur ther  evidence for the importance of the cathodic 
half-react ion is provided by the results of corrosion 
potential  measurements  carried out in an oxygen-free 
environment .  Neither significant corrosion nor delami-  
nat ion occurred for samples held under  nitrogen. Ac- 

cordingly, the corrosion potential  of the metal  sub-  
strate remained near  --650 mV, not t rending toward 
more positive potentials as the aerated delaminat ing 
samples did. A comparison is shown in Fig. 12. Curve 
A is the typical behavior of an aerated sample in which 
the positive movement  of the potential  follows the de- 
lamination. The samples held in an oxygen-free en-  
v i ronment  yield an approximately constant potential  of 
--600 to --650 mV as shown by the lower two curves. 
Upon exposure of the samples to air, the th inner  sam- 
ples remained at --600 to --700 mV, but  the 24 ~m 
sample equil ibrated at --250 mV, Many small corrosion 
spots became visible soon after exposure to the air. 

Discussion 
In  discussing the electrical properties of a polymer 

coating, it is convenient  to describe the coat ing/metal  
oxide in terface/metal  in terms of a circuit analog hav-  
ing an equivalent  frequency response. 

The frequency dependent  response of a coating im- 
pedance which is electrically equivalent  to a parallel  
resistor and capacitor yields a --1 slope for the var ia-  
tion of log ~" vs. log frequency. While this slope has 
been observed for many samples in which corrosion 
processes have become visible under  the coating, it is 
not by any means general for a polybutadiene-coated 
steel treated with aqueous 0.52M NaC1. Specifically, 
Fig. 2-5 show that prior to exposure to the electrolyte, 
log ~" does not change greatly with frequency, but  after 
exposure for several days there is an increase in the 
low frequency loss. Shmirev and Egorov (12) suggest 
an equivalence of the coating to a parallel  resistor and 
capacitor circuit which itself is connected in series with 
a capacitor representing the interface. This equivalent  
circuit cannot general ly represent the coating imped-  
ance since for this network, the expected response 
would have a --1 log e" vs. log frequency slope at fre- 
quencies below this characteristic frequency. Clearly, 
in the init ial  stages and for several of the observed 
samples presented in Fig. 5, this is not the case. As 
mentioned above, the loss is rather  flat over the mea- 
sured frequencies. It does not reach a sharp maximum.  

A general  equivalent  circuit may be represented by 
a distr ibution of series resistors and capacitors in paral-  
lel as i l lustrated schematically in Fig. 13. Physically, 
this picture represents what will be referred to as a 
heterogeneous assembly of electrolytically conducting 
paths. The heterogeneous nature  of the electrical prop- 
erties of several polymer films has been previously 
noted by Mayne (2). 

There are two types of behavior. In  some localized 
areas, the coating does not behave as a dielectric, but  
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Fig. 13. T h e  electrical analog of a polymer coating heterogene- 

ously penetrated by a conducting phase. 

exhibits electrolytic conduct ivi ty  as a consequence of 
polymer  breakdown such that  e lectrolyte  is dissolved 
within  a hydrolyzed region, or because of penetra t ion 
by the electrolyte  through pores. In other  localized 
areas, the coating remains a highly cross-linked, re la-  
t ively  inert, dielectric material .  The entire coat ing/  
metal  ox ide /meta l  system may be considered to consist 
of electrolyt ical ly activated, conducting regions pene-  
t rat ing the coating randomly over  the surface with  re-  
spect to depth. In terms of Fig. 13, each paral lel  path  
is a resistor in series wi th  a lossy capacitor. The lossy 
capacitor is a series connection of the dielectric poly-  
mer  and the very  lossy meta l  oxide interface. F rom this 
model, the effective permi t t iv i ty  of the whole coating 
may  be formula ted  (see Appendix) .  The coating is 
divided into regions having a given conductive length, 
l, which is related to an effective dielectric thickness d~ 

d~ : d o -  l 
do : the macroscopical ly determined coating thick-  

ness 

The observed effective complex permittivity of the 
whole coating will be a weighted sum of the complex 
permittivities of each region defined by a particular di 

e o b s :  ~ P ( d i ) e ( d O  
t 

Here  P ( d i )  is the fraction of the surface where  the 
coating has an effective dielectric thickness d~, and 
effective dielectric permi t t iv i ty  e(di). 

In order  to make a test of the above concept, the 
fol lowing assumptions are made:  

1. The fraction of the surface having an effective 
dielectric thickness di is a function of the effective 
thickness, P (di), and decreases exponent ia l ly  wi th  dif-  
ferences ( d i -  do) 

P (d~) : Ne cd~-do)/D 
N ---- normalizat ion factor 
d~ : the effective dielectric thickness 
do = apparent  coating thickness 
D ---- pene t ra tmn factor 

2. An  oxide with  an electrical response similar  to 
=-Fe203 is considered to represent  the interfacial  phase. 
An oxide reported by Hilborn (20) and certain modi-  
fications thereof  (Table V) are also considered. These 
are the only iron oxides of interest  for which data are 
available. 

3. The conduct ivi ty  of the penet ra t ing  phase is con- 
sidered to be equivalent  to that  of bulk  electrolyte. In 
the case of 0.52M NaC1 the specific conductance is 0.047 
mho/cm.  

4. The oxide thickness at the  interface is considered 
to be 50A. 

The model, as formula ted  in the Appendix,  is cal-  
culated by computer  wi th  the above parameters ,  and 

Table V. 

10 -s o'd-e, 
K** K.* see,* ~" ,y* mho/cra 

O x i d e  ~ I  30 670 1.2 0.22 5 .39 ( i0 )  -I~ 
Oxide #2 30 670 1.2 0.22 5.39(10) -~ 
Oxide #3 30 670 1.2 0.22 5.39(10) .'8 

* The parameters may be  def ined  as  f o l l o w s  f r o m  (20): e" = (K. 
- Ki)(cos 40) Vsin 74~ + C/w; e" = K,  -- (K,  -- Kz)(cos 4,) ~r 
cot 4, = w; v is a characteristic time r e l a t e d  to the  d i s t r ibut ion  o f  
the  oxide resistivity and %, is r e l a t e d  to the  b r e a d t h  o f  the  d i s t r ibu-  
t ion  of the  o x i d e  resistivity; C = a,,-c/eo. 

** An oxide o b s e r v e d  b y  (20). 

for several  penetra t ion factors. Factors be tween  1.4 
and 2.5 ~m yield both in-phase  and out -of-phase  per -  
mit t ivi t ies  which are  qual i ta t ive ly  s imilar  to exper i -  
menta l ly  determined f requency response for the early 
stages of t rea tment  wi th  electrolyte.  F igure  14 shows 
log ~" vs .  log f requency for the two penetra t ion factors, 
1.4 ~m and 2.0 ~m. They are also values which yield 
exper imenta l ly  reconcilable values of (~'/e't,o --1) in 
Fig. 15. Fur thermore ,  for these penetra t ion factors, the 
permi t t iv i ty  ~' remains re la t ive ly  constant wi th  f re-  
quency. 

I0 

F." 

0.1 

0.01 

O-- 2.0pm 
D :.. k4pm 

I I I 

I Io IOO 

Frequency in kHz. 

Fig. 14.. The calculated log loss vs. log frequency for a poly- 
batadiene coating on a 50A ~-Fe203 oxide. The coating is pene- 
trated by a conducting phase of conductivity 0.047 mho-cm to 
various depths characterized by the p e n e t r a t i o n  factor D. 
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o 
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o b s e r v e d  . . . . . . . .  
range . . . . . . .  , . . . .  " 

Penetration Factor in pin 

Fig. 15. The change in the complex permlttivity, expressed as 
( [ e ' / W t , o ]  - -  1) at 2000 Hz as a function of penetration factor for 
conducting phases of: A, 0.047 mho/cm; B, 0.0047 mho/cm; and 
C, 0.00047 mho/cm conductivities. 
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In  this model, the loss, ~", is very sensitive to the 
s t ructure  and na ture  of the oxide interface. The oxide 
may become either th inned or it may become more 
conductive. In either case, the value of log e" increases 
toward lower frequencies as either of these changes 
occur in the oxide. Figure 16 illustrates this point for 
the case where the oxide described by (20) is thinned, 
while in Fig. 17, the oxide is modified with respect to 
its d-c conductivity (Table V) to yield also a loss that 
increases at low frequency. 

There are two basic stages in the development  of the 
electrical response of the electrolyte-impregnated,  
coated steel. First, the coating is heterogeneously pene-  
trated by the conducting electrolyte phase. At a statis- 
tical number  of points, this phase is in contact with the 
metal  oxide interface whose properties will largely de- 
termine the low frequency in-phase electrical response 
of the coat ing/metal  oxide/substrate  couple. A metal  
oxide that becomes conductive will result  in the de- 
velopment  of a --1 slope of the log e" vs.  log fre- 

I0 

e'* I i" 
O.I 

C. 

D. 

0.01 , , = 

I I0 I00 

Frequency in kHz 

Fig. 16. Calculated leg loss vs. log frequency for a 20 /~m poly- 
butadiene coating on a steel substrate. A, No oxide interface; 
penetration factor of 1.43 ~m. B, Penetration factor 1.43 /~m; 0.5 
nm c~-Fe~03 (19) oxide interface. C, Penetration factor t.43 /~m; 
5 nm c=-Fe203 (19) oxide interface. D, No penetration of electro- 
lyte. 
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e ,I 

0.1 

Calculated 
20.urn Polybutodlene 
50 A Oxide Subetrate 

__D 

E 

O.OI i I 

I IO IOO 

Frequency in kHz 
Fig. 17. Calculated complex permittivity for 20 #m polybuta- 

diene on steel with S nm oxide interface. Shown is the effect of 
penetration of electrolyte and change in oxide properties. A, 2.00 
/~m penetration factor, oxide @3 (Table IV). B, 2.00 #m penetra- 
tion factor, oxide #2 .  C, 2.00 /~m ppenetration factor, oxide ~1.  
D, 1.43 #m penetration factor, oxide #1.  E, Initial, no penetration. 

quency curve corresponding to an effectively short- 
circuited coating, while an insulat ing oxide will pre-  
sent a ra ther  flat log e" vs. log f curve. In spite of the 
fact that there is significant uncer ta in ty  in the precise 
electrical na ture  of the metal  oxide interface and the 
precise bulk conductivity of the conducting phase 
within an electrolyte treated polymer, there is qual i ta-  
tive agreement of typical behavior of the polymer-  
coated steel to that  modeled by this treatment.  

The model qual i tat ively interprets  the behavior of 
the coating whose electrical response as a function of 
t ime is shown in Fig. 4. First, there is a f requency-  
independent  increase of the loss as seen for the 1 day 
exposure. This increase corresponds to the random 
penetrat ion of the conducting electrolyte phase into 
the polymer coating. After 14 days, penetrat ion of the 
conducting electrolyte to the interface becomes ap- 
parent  with the ini t ia t ion of the --1 log e" vs. log fre- 
quency slope at low frequencies. 

Relation of the Electrical Response to the Mechanism 
of Corrosion (22) 

Initially, the electrolyte penetrates the coating and 
sets up conducting paths to random depths over the 
coating surface. The init ial  stages of exposure of PB45, 
as shown in Fig. 4, are representat ive of the resul tant  
electrical response. Both the in-phase and out-of-phase 
permit t ivi ty  increase in a similar m a n n e r  more or less 
uni formly over the frequency range observed. Paths 
of complete penetra t ion develop with time, however, 
which allow the electrolyte phase to meet the metal  
oxide interface and a corrosion cell is activated. The 
first visual signs of corrosion are green-gray  to black 
spots around which regions of delaminat ion subse- 
quent ly  grow. The growth of the delaminated region 
correlates with an increase in  corrosion potential. The 
spots represent  points of anodic attack electrochemi- 
cally coupled to the oxygen depolarized cathodic de- 
laminat ion  region. For the thicker films, the local dis- 
solution reaction increases the conductivity of the 
interracial  oxide and the coating, and the --1 slope of 
the log e" vs. log frequency plot is observed. 

It is to be pointed out that the cathodic half-react ion 
is self propagating in the sense that the alkaline prod- 
ucts formed at the interface aid in the hydrolysis of 
the interface and cause fur ther  delamination.  It  has 
been observed that delaminat ion of an external ly  po- 
larized defect occurs only for cathodic currents  (23). 

At the point of final breakdown, the cathodic region 
becomes active because deteriorat ion of the film in the 
presence of alkali occurs in the cathodic region. Fu r -  
ther  support  for this point is found in  the previous 
observation that increased alkal ini ty  has an accelerat- 
ing effect upon the degradation of the polybutadiene  
film (6). 

Manuscript  received Feb. 4, 19'76. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1977 
JOURNAL. All discussions for the June 1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

P u b l i c a t i o n  costs  o] th i s  ar t i c le  w e r e  p a r t i a l l y  as-  
s i s t ed  b y  L e h i g h  U n i v e r s i t y .  

APPENDIX 

Model for Coating Impedance 
The region at the base of a pore is electrically repre-  

sented by the impedance ZI, which is a series combina-  
t ion of the impedances of the respective polymer and 
oxide phases 

Z I = Zpoly,i -~- Zoxide. I [A- l ]  

Referring to Fig. A- l ,  
d i =  unpenet ra ted  polymer dimension 
A 1 = area of the pore 
do• = oxide thickness 
rl  = dox/do, do = total polymer thickness 
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Penet ra t ing  conducting phose 

Oxide 

, P 7::tr,o 

Steel Substrate 

_ _ - i T dox 

Fig. A-1. Schematic of polymer coating heterogeneously pene- 
trated by a conducting phase. 

considering the following definitions [A-2] 
Go', co" ---- bulk  polymer permi t t iv i ty  

Cox', cox" = oxide permit t iv i ty  
den : (~,,)2 + (e,)2 of respective oxide and polymer 

ZI may be more explicitly stated 

di [ ep" rleox" 
Z I - - - -  

~A'eo den~poly) -t- den(ox) 

+ J den(poly) ~- rl "den(ox) [A-3] 

The impedance of the penetra t ing conducting phase, 
Zv, is 

do -- di 
Zp -- - -  [A-4] 

A,o. ~k 

where ~* is the conductivi ty of the porous phase. Since 
the pore impedance is in series with that of the in ter -  
face, the total impedance, ZT, will be the sum 

ZT ---- Z,  ~- ZI [A-5] 

Therefore the respective real and imaginary compo- 
nents  of ZT are  

d~ fdo -- di 
R e ( Z T )  = 

I m ( Z w ) -  ~A'~--o - -  

Defining the complex quant i ty  

~A'~o 
Zx=  

di 

WE 0 
_ _  . _ _  

if* 

+ den(p)  t- rz den(ox)  

Ep' ~ox" t -}- r l ~  [A-6] 
den(p) den(ox) 

ZT [A-73 

The effective permit t iv i ty  of the region having a pene-  
t rat ion di is 

1 
, ( d i )  = ~ [ A - S ]  

X �9 Zx 

di 
where X -- -- unpene t ra ted  fraction. S i n c e  

do + dox 
the coating may be thought of as a parallel  combina- 
tion of such regions, the observed complex permitt ivity,  

n 
:obs. ---- P(0)e(0)  Z P(di)e(di) where P(di)  is the frac- 

i=1 
tion of the coating area which is conductively pene-  
trated to wi thin  di of the oxide. 

The total penetrat ion term P (0)e(0) must  be treated 
separately since terms in 1/di in the above formula-  
tions are undefined. Furthermore,  th inn ing  of the oxide 
and delaminat ion (effective increase in  oxide area) 
must  also be considered for di = 0. 
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ABSTRACT 

An analytical model is developed for predicting electroplated copper thick- 
ness distributions on multilayer printed wiring boards. Plated copper thickness 
distributions are predicted within a plated-through hole (PTH) by coupled 
solutions of the potential, kinetics, and mass diffusion equations. The model 
establishes: (a) correlation parameters including geometric, charge transfer, 
mass transfer, and ohmic solution effects, and (b) the minimum electrolyte 
convection required in a PTH to avoid rough or powdery deposits. Predictions 
are  compared  wi th  expe r imen ta l  da ta  obta ined over  a wide range of opera t ing  
scales from breakers  to fu l l -sca le  product ion tanks. 

The product ion of re l iable  mul t i l aye r  p r in ted  wir ing 
boards (MLB's)  containing p l a t ed - th rough  holes 
(PTH's)  requires  many  carefu l ly  control led process 
steps. One of the most impor tan t  steps is the  e lec t ro-  
p la t ing of copper in holes dr i l led  th rough  the board 
(PTH's)  in order  to provide  electr ical  connections 
among the various circui t  layers.  MLB's a re  e lec t ro-  
p la ted  with  copper in large  mul t ip le -ce l l  tanks  wi th  
cell geometr ies  typified by the schematic  in Fig. 1. The 
e lec t ro ly te  used in these tanks  is a high conduct iv i ty  
ac id-copper  sulfate ba th  containing p rop r i e t a ry  organic 
addit ives.  The  e lec t ro ly te  is s t i r red  by  air, sparging 
pipes being located in the bot tom of the tank. The ai r  
bubbles  r ising f rom the spargers  are in tended to min i -  
mize e lect rolyte  concentra t ion gradients  and provide  
some e lec t ro ly te  convection in  the  PTH's. 

MLB's a re  manufac tu red  in panels  which are  phys i -  
cal ly  l a rge r  than the final MLB product .  Diagonal ly  
opposite corners of these panels  contain test  coupons 
which are, hopefully,  r epresen ta t ive  of the  MLB or 
MLB's closer to the  center  of the  panel.  Some of these 
test  coupons are  des t ruc t ive ly  tested to assure re l i -  
ab i l i ty  of the MLB product  in each panel.  In  order  tha t  
the test coupons p rope r ly  represen t  the rest  of the  
panel,  it  is impor tan t  to obtain un i fo rmly  p la ted  copper  
throughout  the  panels.  In  addi t ion the  p la ted  copper  
must  be sufficiently uni form and duct i le  wi th in  each 
indiv idual  PTH to enable  the PTH to wi ths tand the 
s trains  encountered  in a for ty  yea r  design life. Fo r  
coupons to be t ru ly  represen ta t ive  of panels,  the  cop- 
pe r  p la ted  in the  coupon PTH's  and in any PTH in the  
panel  must  have identical  thickness dis t r ibut ions and 
mechanical  proper t ies .  

The purpose  of the invest igat ion is to develop the 
analy t ica l  models  to provide  scaling informat ion  for 
predic t ing  PTH copper  thickness distr ibutions.  These 
models, suppor ted  by exper imen ta l  data, can be used 
to es tabl ish necessary opera t ing  conditions for p ro -  
ducing un i formly  p la ted  MLB's. 

The character is t ics  of e lec t ropla ted  meta ls  in p l a t ed -  
through holes have been de te rmined  exper imen ta l ly  by  
severa l  authors.  A br ief  summary  of the resul ts  for  
e lec t ropla ted  copper is contained in Ref. (1). Severa l  
exper iments  by  Dini (2) indicate  the difficulty of p la t -  
ing into deep p l a t ed - th rough  holes. Dini  also observed 
that  addi t ives  in a f luoborate bath  refine the  gra in  

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
z P r e s e n t  a d d r e s s :  X e r o x  C o r p o r a t i o n ,  R o c h e s t e r ,  N e w  Y o r k  14644. 
K e y  w o r d s :  curren t  d i s t r i b u t i o n ,  m u l t i l a y e r  c i r c u i t  board ,  m a t h e -  

mat i ca l  mode l ,  c o p p e r  depos i t i on .  

ts 

PTH 
/ /  0 \ / R A D I U S  

Ro 

A c = hw ~k ~ 0 ~/~ 
Fig. 1. Schematic of a typical MLB electroplating cell 

s t ruc ture  in the deposit,  but  they  do not affect the 
thickness d is t r ibut ion  in the hole. An  extens ive  set of 
exper iments  wi th  severa l  p la t ing  baths  by  Rothschi ld 
(3) have shown that  the p la ted  thickness d is t r ibut ion  
becomes more  nonuni form as the rat io  of the  board  
thickness (tB) to the hole radius  (Ro) increases. For  
each p la t ing  ba th  Rothschi ld found the resul t ing p l a t ed  
thickness on the board  surface for a specified min imum 
thickness in a hole to be a funct ion only of tB/Ro. A 
s imple qual i ta t ive  calculat ion by  I rv ine  (4) has shown 
that  some e lec t ro ly te  agi ta t ion is requi red  for sat is-  
fac tory  p la t ing  of through-holes .  This is the  only 
modeling,  pr ior  to the  present  work, that  the  authors  
are  aware  of regard ing  this problem. Saubes t re  and 
Khera  (5) p la ted  circuit  boards  in severa l  copper  
pla t ing baths including s tandard  and h igh - th row cop-  

990 
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per sulfate baths with additives. Jawitz (6) has pre-  
sented results for pr inted circuit board plat ing with 
various copper plat ing baths including a s tandard cop- 
per sulfate bath. The phenomenon of skip plating, i.e., 
locally thin plat ing near  the outer corner of a PTH, 
which sometimes occurs when plat ing with additives 
has been discussed by Luke (7). Experiments  by Dini, 
Johnson, and Brown (8) with copper pyrophosphate 
solutions show that such skip plat ing can be el imi-  
nated by increasing either the current  density or the 
agitation. 

Several auxi l iary exper imental  studies, not directly 
related to the PTH geometry, were essential to the 
development  of the present analytical  models. Rotating 
disk electrode kinetics experiments  by Rudy (9) es- 
tablished that  the Cubath| M and Cubath| 1 additives 
in use do not cause significant changes in  either the 
copper kinetics or the diffusion coefficient of the cop- 
per ions in solution. Similar  results were obtained by 
Turne r  and Johnson (10, 11) for copper sulfate solu- 
tions with several different additives; al though their  
work shows that  some additives can affect kinetics. 
These results are consistent with the review papers by 
Kardos (12-14) which discuss the effects of additives 
in several plat ing systems. In  many  cases, additives 
only affect the deposit morphology and what  Kardos 
calls "microleveling" over small  roughnesses the order 
of 5 mils or less in size. It is recognized that  additive 
baths sometimes cause dishing or skip plat ing ( thin 
plat ing) near  the outer edges of the holes (8). These 
observed effects basically do not affect the plated 
copper dis t r ibut ion down in a smooth hole which is of 
p r imary  interest  here. 

The theoretical model developed in the following 
section characterizes the region in  and close to a PTH. 
Current  distr ibutions in this region are obtained by a 
solution of the coupled equations for conservation of 
charge and species, along with a reaction rate law. 
Addit ive effects have been neglected in this model. 
Details of the model and comparisons with experi-  
menta l  results are included in the next  two sections. 

Theoret ica l  Model  
Many salient features of the PTH system are similar 

to the tubu la r  electrode (TE) system for which a funda-  
mental  invest igat ion has recently been conducted (17). 
Figure 2 shows, in the upper  portion, a schematic dia- 
gram of a single PTH; the lower port ion il lustrates a 
TE for which the analysis is available. A comparison 
of the two drawings indicates that  the TE is geo- 
metr ical ly  similar  to the PTH except insofar as the 
characterization of the external  surface is concerned. 
The PTH has a sharp exterior edge at the mouth along 

a) 

COUNTERELECTRODE ~ COUNTERELECTRODE 

FLow, 

II 

b) 
COUNTERELECTRODE --~ 

TUBULAR ELECTRODE 7 
-- / "/_////////////. ~:.::: r  

FLOWING 
ELECTROLYTE-- r l ~ -  ~ . . . . . . .  

Fig. 2. Schematic diagram of a PTH and the model tubular 
electrode. (a) PTH, (b) tubular electrode; counterelectrode down- 
stream. 

with a cathodic conductor on the external  MLB sur-  
face, whereas the TE does not. The PTH has counter-  
electrodes on both sides whereas the TE has but  one 
counterelectrode. Within  the TE, steady laminar  flow 
will  prevail  provided that  Re < 2100, while the L~- 
v~que approximation will be valid provided that  
lDj/2vRo 2 < <  0.01. The hydrodynamic flow pat te rn  in  
the two systems will be somewhat different owing to 
end effects in the PTH. However, for the part icular  sys- 
tem at hand these effects are negligible since the fore- 
going restrictions on flow rates correspond to the range  
of 0.2 < v < 180 cm/sec, which is the range of practical 
interest  in the PTH problem. For plat ing with the acid 
copper system, the effect of cupric ion migrat ion is 
negligible owing to the high acid concentrat ion;  the 
system is also characterized by a large value of the 
Schmidt number .  

Plated copper thickness distr ibutions in the vicini ty 
of a PTH are complex to predict because there are 
many different effects which control electrode be-  
havior. The above brief  comparison of the PTH system 
and the TE system has shown that the two systems are 
similar  in many  ways wi th  respect to geometric, mass 
transfer, hydrodynamic,  and kinetic characteristics. On 
this basis, the TE model has been used in order to esti- 
mate behavior  in the PTH system. The analysis pre-  
dicts the current  dis t r ibut ion dependence on geometry, 
electrolyte conductivity, charge t ransfer  characterisics, 
electrolyte convection, and electrolyte composition. To 
be sure, a detailed comparison of TE theory with ex-  
per imental  data may reveal differences, but  it is to be 
expected that the quali tat ive trends and in tu i t ive  feel- 
ing gained by study of the TE system will be helpful 
in unders tanding  the PTH system. 

The tubular  electrode system, depicted in  Fig. 2(b) ,  
consists of an electrode of length, l, positioned be-  
tween two long cylindrical  sections of insulat ing ma-  
terial. Electrolytic solution flows through the assembly 
in fully developed laminar  flow. The counterelectrode 
may be either downstream, as shown, or upstream; in 
either case, the counterelectrode is sufficiently far 
away that its precise position does not affect TE be-  
havior. At the electrode surface, the TE model (17) 
assumes that the rate of electrochemical reaction obeys 
the But ler -Volmer  kinetic rate expression (24). Mass 
t ransfer  l imitations should they arise, are assumed to 
be confined to a th in  shell near  the tube  periphery. 
Because concentrat ion differences are confined near  
the electrode surface, two distinct regions may be 
identified wi thin  the electrolytic solution flowing 
through the electrode: (a) the diffusion layer  region 
within  which concentrations vary, and (b) the bulk 
region which fills the central  region of the tube. The 
TE model employs separate equations for these two 
regions and develops a procedure for solving them si- 
multaneously.  Details of the mathemat ical  t rea tment  
may be found in Ref. (17). 

It is worthwhile  to review the dimensionless pa ram-  
eters which arise from the TE analysis. There are four 
parameters:  CA, ~o, ~, and N. CA is the dimensionless 
applied potential, and ~o is the aspect ratio. The in ter-  
pre ta t ion of ~ and N is more complex. The quant i ty  

2nFl 2 
~ - -  - -  io [I] 

RgTRo~ 

is essentially the l inear  form of the polarizat ion pa-  
rameter  in that  it denotes the relat ive importance of 
ohmic to charge- t ransfer  resistances in  the l inear  
region of polarization. Provided that mass t ransfer  
effects are absent, the value of ~ indicates whether  the 
current  distr ibution wi th in  the TE is uni form or not. 
Qualitatively, values of ~K > 1 indicate that  the ohmic 
resistance is greater than the charge- t ransfer  resist-  
ance so that the portions of the TE nearest  the counter- 
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electrode will  have a greater  deposition rate than por-  
tions fa r ther  from the counterelectrode.  Values of ~ 
less than unity indicate that the current  distr ibution 
will  be uniform along the surface. For application to 
the PTH system, it is more  convenient  to use a different 
form of ~ which is applicable to the Tafel  (18) charge-  
t ransfer  rate equation 

2acFl2j - 
~TK - -  - -  [2] 

RgTRoK 

~T~ contains kinetic information about the Tafel  slope 
whereas  ~ contains informat ion about the exchange 
current  density. ~TK is also related to the dimension-  
less average current  density in the TE 

fla: 4~W~ [3] 

Note that the only kinetic parameter  contained in ~TK 
is ~r the cathodic t ransfer  coefficient, which has been 
shown to be independent  of the presence of plat ing 
additives. ~TK < <  1 implies that  charge t ransfer  re-  
sistance predominates  and a uniform current  density 
distr ibution results. ~T~ > >  1 implies that solution 
ohmic resistance dominates in the hole, and nonuni-  
form pr imary  current  distributions are expected. 

The parameter  N is the dimensionless average l imit -  
ing current  density; N also contains the ratio DjCJK 
and thereby indicates the re la t ive  importance of con- 
centrat ion overpotent ia l  to ohmic overpotent ials  

N = 3n2F212Djc| ( 2Vmax ) [4] 

sjRgTRoKr (4/3) 9DjRol 
A large value of N indicates that  the l imit ing current  
is high so that mass t ransfer  proceeds wi th  re la t ive  
ease with respect to ohmic resistance effects. For  small  
values of N, the concentrat ion overpotent ia l  tends to 
be the largest  overpotent ia l  so that l imit ing current  be-  
havior  is approached. The lowest  value which N can 
take on is the dimensionless average l imit ing current  
density 

fla, lim : .N [5] 

Two additional quanti t ies are useful;  J the dimen-  
sionless current  

J 
J : - -  [6] 3 

and the average current  density divided by the average 
l imit ing current  density 

3 #a 
_ _  - - -  [7] 

J l i m  N 

Theoretical Results and Discussion 
MLB's are typical ly electroplated with  copper at 

average current  densities from 26.9 to 32.2 m A / c m  2 
(25-30 A / f t  2) in h igh- th row acid copper sulfate solu-  
tions. These solutions, which contain 0.27M CuSO4, 
1.76M H2804, 30 ppm of C1- and propr ie ta ry  additives, 
are assumed to consist of the fol lowing major  ionic con- 
centrations: cj = (Cu +2) ---- 0.27M, (H +) .= 1.49M, 
(HSO4-)  = 2.03M. 

The PTH system for which calculations have been 
made is defined by the parameters  in Table I (15, 16, 
24). Two sets of calculations will  be presented in order  
to ar r ive  at tenta t ive  cri ter ia  by which boards may  be 

Table I. 

cj = 0 . 2 7  x 10 4 g - m o l / c m a  
= 0 . 5 5  ( o h m - c m )  -1 

to = 10 -a A / c m  2 
R o  = 0 . 0 5 8  c m  (23 m i l s )  
tB = 0 . 3 0 5  c m  (1 2 0  m i l s )  

Dl = 0 .5 5  • 1 0 4  c m ~ / s e c  
~t = 2 g - e q u i v . / g - t o o l  

= 1.22 X i0 -~ cr~a/sec 

designed to assure uniform deposits of high quality. 
These cri teria have been tested against exper imenta l  
data as discussed in subsequent sections. 

In the absence of mass t ransfer  l imitations (N _-- Go), 
the effect of ~TK on the TE current  distribution is shown 
in Fig. 3. These calculations are based on a one-di-  
mensional  approximat ion to Laplace's equation (17). 
Because a PTH has counterelectrodes on both sides of 
the board, the current  distr ibution wil l  be symmetr ic  
about the centerl ine (that  is, 1 _-- tB/2). Consistent wi th  
the comments above, acceptably uniform current  dis- 
tr ibutions will  be obtained provided that  

~TK ~ 1 [8] 

The numbers  given in parenthesis  in Fig. 3 indicate 
the plating rates (mi l l i ampere / square  cent imeter)  in 
the PTH system; it is seen that  the common plat ing 
rate of 25-30 m A / c m  2 is in a crucial region where  the 
current  distribution within the holes is very  sensit ive 
to seemingly minor variations in applied current. 

It is known that the acceptable morphology of cop- 
per  deposits depends strongly on maintaining sufficient 
electrolyte agitation to insure that mass t ransfer  effects 
do not arise. Therefore,  the TE model  has been used to 
est imate the importance of electrolyte convection in a 
PTH. For this purpose the electrolyte  length 1 was 
chosen to be board thickness tB; since the TE system 
has but  one counterelectrode,  the predicted current  
distributions will  represent  the ex t reme case. Figure  4 
i l lustrates how the total overpotent ia l  wi thin  the TE 
varies wi th  N (flow rate) for a given value  of fla (ap- 
plied current  density of 25 mA/cm2) .  The quant i ty  
~*m is the potential  in the solution at the mouth  of 
the electrode nearest  the counterelectrode;  this quan-  
t i ty is a sensit ive indicator of concentrat ion overpoten-  
tial. Recall  that  for N ---- ac, the convection rate  is so 
large that concentrat ion overpotent ia l  effects are negl i-  
gible. As the flow veloci ty is decreased, the total  over -  
potential  increases because of the onset of concentra-  
tion overpotentials  which arise in the electrolyte.  As N 
approaches the lowermost  l imit ing value of ~a, lira : 12, 

4 ~  

I -  
z 
Ld 
tic: 

ul 
J 2 
g 

~TK = 3.63 
( T = 129 mA } 

c rn 2 

N = ~  

~.r= 0.125 

2.33 

I I t (84) 

I 
/ 
I 

(32 5) 
0 75 
(26.9) 

/ / I /  o2~ 
~ / _ _ ~ _ ~  (7.5) 

/ "  ~r = O 0 7 ( j  =2.5)  

] i l I 
0 5  0 7 5  I 0 

z / t  8 

Fig. 3. Current distributions in a PTH for various ~T~ 
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REQUIRED 
-- / \ �9 u 
J/JllM "qC/tM N ~(cm/SEC) 

0.25 0.10 48 4 
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CE 
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88 
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N 

Fig. 4. Effect of average limiting current density on overpotentlal 

the  l imit ing current  distr ibution is obtained and the 
total  overpotent ia l  increases sharply. Figure  4 con- 
tains two curves, one for an ups t ream counterelectrode 
and one for a downst ream counterelectrode.  Although 
they differ slightly, it is seen that  convect ive mass 
t ransfer  does not significantly influence electrode be-  
havior  for values of N greater  than 50. As indicated in 
the inset in Fig. 4, the concentrat ion overpotent ia l  
comprises only 10% of the total  overpotent ia l  at a 
value  of N = 48 (25% of the average l imit ing current  
densi ty) .  

For  the PTH system parameters  at 30 m A / c m  2 
(~a.llm = 14.5), current  distributions have been esti- 
mated for several  values of N as shown in Fig. 5. It  
is seen that  for N = 14.5, the l imit ing current  distr i -  

I FLOW DIRECTION 

DE D O W N S T R E A M  
~ a . 1 4 .  5 9 0  

Cx" 0 .5  
3 -  

N T/~Ji m 
GO 0 !, 50 

z ~ 9 0  O. 16 / m 5 0  0 . 2 9  / 
30 0.46 

o 20 0.73 
I 14.s l oo 

w I 

i 2 ~ / 3 0  
/ 

~ / 
\ / 

\ N ,14.5 

~ Y  ~ ~ ~ ~ - - - -  14.5 

0 0 .5  1.0 

Z/A 

Fig, 5. Current distributions for various fractions of the limiting 
current density. 

bution is obtained whereby  ups t ream portions of the 
electrode are most reactive;  for N = oc, the down-  
s tream portion of the electrode, nearest  the counter-  
electrode, is most reactive. For  this par t icular  system, 
the current  distr ibution for N _-- 50 is for the most par t  
wi thin  20% of the current  distr ibution for N -- ~ .  
Therefore,  as a rough estimate of the conditions under  
which concentrat ion overpotentials  are  re la t ive ly  un-  
influential in controll ing electrode behavior,  one has 
N > 50 for the system at hand, or 

N > 4~a, Um [9] 

MLB's are typical ly copper plated at average cur-  
rents be tween 25-30 mA/cm% It is clear f rom Fig. 3 
that the present  systems therefore  operate in the cr i t i -  
cal region where  the current  distr ibutions within the 
holes are very  sensitive to seemingly minor  increases 
in current.  For  example,  it is known that  nonuniform 
plating current  distributions on MLB's can cause the 
test coupons near  the outer edges of panels to receive 
current  densities that  are a factor of two to three  
larger  than the current  densities near  the panel  center. 
Therefore,  the current  distr ibution in a coupon PTH 
may look something l ike the curve labeled 78 m A / c m  2 
while  the PTH's near  the panel  center  might  exhibi t  
current  distributions which are s imilar  to the curve 
labeled 25 m A / c m  2. The copper thickness in the 
coupon PTH will  always be greater  than in inter ior  
panel PTH's since the J in Fig. 3 is made dimensionless 
with the local average current  density. In order  that  
the electrodeposited copper in coupon PTH's  be repre-  
sentat ive of the copper plated in the inter ior  PTH's, 
one of two situations is necessary: Ei ther  (i) ~TK < 1 
and N > 4pa, or (ii) ~TK and N must have constant 
values over the entire panel. 

Comparison Between Predictions and 
Experimental Results 

Exper iments  have been conducted by several  invest i -  
gators to determine the electroplated copper thickness 
distributions in and around PTH's  in MLB's. In all  
cases, the inside of the holes and the outer  copper 
planes received a thin coating of approximate ly  20 ~in. 
of electroless copper prior  to electroplating.  Table II  
gives a summary  of the exper imenta l  conditions for 
each investigation. Comparisons be tween model  predic-  
tions and results f rom these exper iments  indicate that  
the model  provides good qual i ta t ive  agreement  wi th  
the exper iments  for the wide range of conditions tested. 

Effects of the CuSO4/H2SO4 ratio on the e lectroplat-  
ing of PTH's  have been determined exper imenta l ly  in 
a systematic study by Turner  and Havens (20). The  
exper iments  were  conducted in a 1500 ml beaker  wi th  
air agitat ion provided by a sparger  located under  the 
cathode. The CuSO4/H2SO4 ratio was var ied by keeping 
the total concentrat ion of C u S O 4 . 5 H 2 0  and H2SO4 

Table II. Range of parameters for PTH plating experiments 

No. Ref. Parameters  

1 20 

2 20 

3 21 

4 21 

MLB 

product 

tB (mils)  = 108 
Ro (mils)  = 15.5, 23, 44.5, 82 

(mA/cm2)  = 16.1, 26.9, 37.7 
cj (M) = 0.14, 0.28, 0.52, 0.8 
A g i t a t i o n :  a i r  spa rged  
tB ~mils) = 108; Ro (mils)  = 23 

( m A / c m  2) = 16.1, 26.9, 53.8, 80.7, 107.8 
cj (M) = 0.27 
A g i t a t i o n :  fo rced  f low (24 --~ v (cm/sec)  --~ 83) 
tB (mi~s) = i i i ,  187; Ro (mils)  = 23 

( m A / c m  s) = 10.8, 14, 21.5, 43.1, 86.1 
cj (M) = 0.27 
A g i t a t i o n :  a i r  sparged, tran~erse MLB motion,  or 

fo rced  flow 
tB (mils)  = 93, 123; Ro (mils)  = 23 

j- (mA/cm2)  = 5, 25, 40, 100 
cj (M) = 0.34 
Agitation: forced~ f low ~ (cm/sec)  = 0.16, 25, 87) 
tB (mils)  = 160; Ro (mils)  = 23 
7 ( m A / c m  2) = 25; cj  (M) = 0.27 
Agitation: air sparged 
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constant at 250 g/li ter.  For easy comparison of results, 
the total number  of coulombs transferred was identical 
for each experiment.  PTH resistances were determined 
with a commercial ly available four-point  probe sys- 
tem (Caviderm| by Unit  Process Assemblies, Incorpo- 
rated) .  Figure 6, which has been taken from Ref. (20), 
shows that the PTH resistances are near a m i n i mum 
for typical h igh- throw solutions at about 70 g/ l i ter  
CuSO4 �9 5H20. The exper imental  results shown are for 
addit ive-free solutions; however, addit ional experi- 
ments (20) conducted with proprietary additives pro- 
duced negligible changes in resistance. Turner  and 
Havens report (20) that the high PTH resistances for 
high copper concentrations are caused by poor copper 
thickness distributions in the holes. At low copper con- 
centrations they found that the high resistances were 
due to the poor quali ty of the plated copper in  the 
hole. The present model supports the view that poor 
distributions result  from large ohmic effects (}w~ > 1) 
and poor deposit qual i ty is a consequence of inadequate  
mass transport  (N < 4 ~ ) .  The following paragraphs 
outl ine three exper imental  methods which were used 
to establish this interpretat ion.  

High  Copper  Concent ra t ions  
An explanat ion for the observations in Ref. (20) is 

found by recasting the data in terms of the dimension-  
less parameters  defined by the foregoing model. For 
the moment,  let us focus discussion on copper concen- 
trations above 70 g/ l i ter  of CuSO4" 5H20. Since the 
PTH resistance is inversely proport ional  to the hole 
radius Ro, it is convenient  to define an equivalent  PTH 
resistance as ~H[Ro (mils)/23].  A plot of equivalent  
PTH resistance vs. the parameter  }T~ is shown in Fig. 7. 
The average PTH resistance for the center 5 holes in  
the flow cell experiments  (20) are also included on 
this plot. The good correlation shown for the wide 
range of parameters  studied confirms the ut i l i ty  of 
the parameter  ~TK. Higher resistances occur for larger 
values of }T~ because the ohmic solution resistance in 
the hole is large; leading to more nonuniform current 
distributions in the holes. 

A second useful measure of the uniformity of the 
plated copper in a hole is the throwing power, ts/tH; 

I000 
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o:  600  

4OO 
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200  

I l I I I 
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COPPER SULFATE CONC g/,t 
(Cu SO 4 - 5H20 + H 2S04 = zSOg,~) 

Fig. 6. Effect of copper-acid ratio on PTH resistance [Figure 
supplied by Turner and Havens (20)]. 
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DATA R E.__F.F RO (MILS.______~} 

o 20 I 15.5 
�9 20 23 

I ~ I 2 ~  44.  

I , I ~ I ~ I , I 
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~r 

Fig. 7. Dependence of the equivalent plated-through hole re- 
sistance on the parameter ~T~. 

where ts is the plated copper thickness at the outer 
edge (z ---- 0 or tB) of the hole and tH is the plated 
thickness in the center (z ---- tB/2) of the hole. This 
ratio has been determined from microscopic examina-  
tion of PTH cross sections. A plot of the throwing 
power vs. the parameter  ~TK is presented in Fig. 8. 
Turner  and Havens (20) actually measured the plated 
copper thickness on the outer surface of the MLB next  
to the PTH; however, these thicknesses are close 
enough to ts values for the purpose at hand. Note the 
agreement, considering the scatter in the data, among 
the experiments conducted at widely different scales. 
The data in Fig. 8 are representat ive of the following 
wide range of exper imental  conditions: (i) Experi-  
ments  were conducted with and without  additives. 
(ii) Experiments  were conducted in full size produc- 
tion plat ing tanks, small beakers (1 and 4 liters) (20, 
21) and 77 liter flow cells (21). (iii) Experiments  were 
conducted with air sparger agitation, t ransverse agita- 
tion of the MLB's, and with forced electrolyte convec- 
tion through the holes. 

The predicted throwing power agrees with the data 
for ~TK ~ 1.5. For values of ~T~ ~ 1.5, the applicabil i ty 
of the simplified model for the potential  distr ibution 
breaks down most l ikely because the geometry of the 
PTH "mouth," where the reaction rate is largest, is 
not taken into account. Nevertheless, the quali tat ive 
features of the model continue to be valid even for 

DATA REF R9(MILS) / 
�9 20 15.5, 23, 44 5, 82 i~.~MODEL 

21 23 PREDICTION 
�9 MLB 23 / 

PRODUCT / 
o 6 I O TO 60 / 
/ ' 3 I0 TO 50 / 
0 5 I0, 20 / 

/ 

0.1 O.2 0.6 I 2 IO 

~Tx 

Fig. 8. Dependence of the throwing power (ts/tH) on the param- 
eter tiT~. 



VoL 123, NO. 7 M O D E L  F O R  C u  E L E C T R O P L A T I N G  O F  M L B  995 

Table IlL Specific experimental conditions for the data presented 
in Fig. 9-13, and 15 

tB Ro r [H~SO~]  v "j Plating 
~T: Ref. (mils) (mils) (molarity) (molarity) Additives (cm/sec) (mA/cm 2) time (rain) 

0 .15  21 123 23 0.34 1.76 None 87 5 480 
0.57 21 111 23 0.375 1 . 7 6  Proprietary 82 21.5 150  

organic 
0.62 20 108 23 0.27 1.84 None 24.4 26.9 69 
1.24 20 108 23 0.27 1.84 None 24.4 53.8 34 
1.62 MLB 160 23 0.27 1 . 7 6  Proprietary Unknown 26.9 90 

product orrg;anic 
I7one 24.4 60.7 23 1.86 20 108 23 0.27 1.84 

2.48(1) 20 108 23 0.27 1.84 None 49 107.6 17 
2.48 (2) 20 108 23 0.27 1.84 None 83 107.6 17 
2.48(3) 20 108 23 0.27 1.84 None 63 107.6 17 
2.97 21 123 23 0.34 1.76 None 87 100 24 
2.97 21 123 23 0.34 1.76 None 25 100 24 

l a r g e  v a l u e s  of ,~'r,~. T h e  m o d e l  p r o v i d e s  a c o n s e r v a t i v e  
e s t i m a t e  of c o n d i t i o n s  u n d e r  w h i c h  s a t i s f a c t o r y  d i s -  
t r i b u t i o n s  m a y  be  o b t a i n e d .  T h e  d a t a  s h o w  t h a t  i n -  
c r e a s i n g l y  p o o r  d i s t r i b u t i o n s  a r e  o b t a i n e d  as ~T~ i n -  
c r eases  a b o v e  u n i t y .  I t  is c l e a r l y  d e s i r a b l e  to m a i n t a i n  
~TK < 1 to a s s u r e  u n i f o r m  c o p p e r  d i s t r i b u t i o n s  i n  t h e  
holes .  

T h e  c o r r e l a t i o n  of t h r o w i n g  p o w e r  w i t h  ~r~ h a s  i m -  
p o r t a n t  i m p l i c a t i o n s  r e g a r d i n g  t h e  r e l e v a n c e  of t h e  
c o p p e r  p l a t e d  i n  t e s t  c o u p o n  P T H ' s  to  t h e  c o p p e r  p l a t e d  
i n  t h e  P T H ' s  n e a r e r  to t h e  c e n t e r  of t h e  pane l .  T h e  
h i g h e r  c u r r e n t  d e n s i t i e s  t h a t  f r e q u e n t l y  ex i s t  n e a r  
p a n e l  edges ,  w h e r e  t h e  c o u p o n s  a r e  loca ted ,  w i l l  c a u s e  
l a r g e r  ~T~ v a l u e s  a t  t h e  c o u p o n s  t h a n  n e a r  t h e  p a n e l  
c e n t e r s  (19) .  C o n s e q u e n t l y ,  t h e  c o p p e r  t h i c k n e s s  d i s -  
t r i b u t i o n s  in  c o u p o n  P T H ' s  c a n  b e  e x p e c t e d  to b e  less  
u n i f o r m  t h a n  c o r r e s p o n d i n g  d i s t r i b u t i o n s  in  P T H ' s  n e a r  
t h e  p a n e l  cen te r .  F o r  t h i s  r ea son ,  t h e  c u r r e n t  d e n s i t y  
t h r o u g h o u t  p a n e l s  s h o u l d  b e  m a d e  m o r e  u n i f o r m ,  a n d  
b o a r d  t h i c k n e s s e s  a n d / o r  a v e r a g e  c u r r e n t  d e n s i t i e s  
s h o u l d  b e  d e c r e a s e d  to r e d u c e  ~T~. 

T h e  t h i r d  a n d  m o s t  d i r e c t  m e t h o d  is to  c o m p a r e  d i s -  
t r i b u t i o n s  w i t h  a c t u a l  c o p p e r  t h i c k n e s s  d i s t r i b u t i o n s  
d e t e r m i n e d  f r o m  P T H  cross  sec t ions .  S u c h  c o m p a r i s o n s  
a r e  s h o w n  in  Fig. 9 t h r o u g h  11, I t  s h o u l d  be  e m p h a s i z e d  
t h a t  t h e  m o d e l  c o n t a i n s  n o  u n k n o w n  p a r a m e t e r s  w h i c h  
m a y  b e  a r b i t r a r i l y  a d j u s t e d  to fo rce  a g r e e m e n t  w i t h  
e x p e r i m e n t a l  da ta .  T h e  a g r e e m e n t  b e t w e e n  p r e d i c t i o n s  
a n d  t h e  m e a s u r e m e n t s  (20, 21) is good  f o r  0.57 ~ ~TK 
2.48. De t a i l s  of t h e  e x p e r i m e n t a l  c o n d i t i o n s  fo r  t h e  d a t a  
u s e d  in  Fig. 9 t h r o u g h  14 a r e  c o n t a i n e d  in  T a b l e  III .  
F i g u r e  9 s h o w s  t h a t  s m a l l  v a l u e s  of  ~T~: p r o d u c e  r e l a -  
t i v e l y  u n i f o r m  depos i t s .  T h e  e x p e r i m e n t a l  c u r v e s  f o r  
('r~ = 0.57 i n  Fig.  9 a r e  fo r  t w o  d i f f e r e n t  ho l e s  f r o m  a 
s i n g l e  p l a t i n g  e x p e r i m e n t ;  t h e s e  c u r v e s  i l l u s t r a t e  t y p i -  
cal  r e p r o d u c i b i l i t y  f o r  r o u g h  h o l e  wal l s .  T h e  r e s u l t s  in  

4 F ~T, = o.5-,. / 
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Fig. 9. Comparison between predicted copper thickness distribu- 
tions in a PTH and measurements for ~TK ~ 1. 

Fig.  10 s h o w  t h a t  a t  i n t e r m e d i a t e  v a l u e s  of ~T~ t h e  d i s -  
t r i b u t i o n s  b e c o m e  n o n u n i f o r m .  Th i s  n o n u n i f o r m i t y  i n -  
c reases  w i t h  ~TK, b u t  t h e  a g r e e m e n t  b e t w e e n  m e a s u r e -  
m e n t s  a n d  p r e d i c t i o n s  is s t i l l  exce l l en t .  F i g u r e  11 s h o w s  
a h i g h l y  n o n u n i f o r m  depos i t  d i s t r i b u t i o n  for  ~T~ ----- 2.48 
w h i c h  is t y p i c a l  of l a r g e  v a l u e s  of ~TK. M e a s u r e d  t h i c k -  
ness  d i s t r i b u t i o n s  f r o m  t h r e e  s e p a r a t e  a d d i t i v e - f r e e  e x -  
p e r i m e n t s  a r e  s h o w n  to i n d i c a t e  e x p e r i m e n t a l  r e p r o -  
duc ib i l i t y .  As  d i s cus sed  p r e v i o u s l y ,  t h e  a n a l y s i s  is c o n -  
s e r v a t i v e  in  t he  s ense  t h a t  l a r g e r  n o n u n i f o r m i t i e s  a r e  

(l'e" I.Im / 
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Fig. 10. Comparison between predicted copper thickness distriba- 
tlons in a PTH and measurements for | <~ ~T~ < 2. 
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Fig. 11. Comparison between predicted copper thickness distribu- 
tion in a PTH and measurements for ~TK ~ 2.48. 

predicted than  are found experimental ly.  Nevertheless, 
the over-al l  agreement  between experiments and pre-  
dictions confirms the salient features of the model. 

The exper imental  results from Ref. (20) in Fig. 9 
through 11 were conducted with electrolyte pumped 
through the seven holes in a small MLB to provide 
controlled and uniform agitation in  the holes. The re-  
sults in Fig. 11 show little difference in plated copper 
thickness distr ibutions for average convection veloci- 
ties in  the holes from 49 to 83 cm/sec. The parameter  
~a is approximately 39 for these experiments,  and the 
calculated value of N is between 110 and 131. As shown 
in  Fig. 4, the model predicts the observed insensi t ivi ty 
for values of N several times larger than ~a. 

The foregoing threefold comparison of data and pre-  
dictions supports the view that nonuni form deposit 
thickness distr ibutions are the consequence of large 
ohmic effects (~w~ > 1). Fur ther  evidence of this is 
shown in the photographs of PTH cross sections in  
Fig. 12 and 13 for ~TK : 0.15 and 2.96, respectively. As 
can be seen in Table III, both of these PTH's  were 
plated with the same average n u m b e r  of coulombs in 
an addit ive-free solution with controlled agitation in  
the holes (21). The symmetry  of the copper thickness 
distr ibutions in the holes indicates that flow direction 
and development  effects in the holes are not important .  
The desirabil i ty of ~TK ~ 1 for uniform thickness dis- 
t r ibutions in PTH's is apparent.  

Low Copper Concentrat ions 
Let us now tu rn  to a discussion of the data in Fig. 6 

for low copper concentrations. Turner  and Havens (20) 
report  that the higher PTH resistances at 35 g/ l i ter  of 
CuSO4 �9 5H20 were caused by excessively rough cop- 
per deposits in  the holes. Since the electrolyte velocity 
in  the holes was nei ther  measured nor controlled for 
these air  sparged experiments,  the ratio of j/jllm can 
only be crudely estimated. Such an estimate indicates 
that  J/31im exceeds 0.35 for all cases where rough cop- 
per was deposited in the holes. 

The importance of adequate electrolyte convection in 
the through-holes during plat ing has been established 
by experiments  (20, 21). Figure 14 presents PTH re-  
sistance data (21) as a function of average plat ing 
current  density and average electrolyte velocity in the 
PTH's. The error bars indicate the resistance range 
for at least ten PTH's plated in an addit ive-free bath 
at the conditions shown. For j - ~  40 mA/cm 2, the re-  
sistances are insensit ive to variations in solution ve- 
locity from 25 to 87 cm/sec. Nevertheless, convection 
effects are significant at ~- ----- 100 mA/cm 2. For j- ---- 100 

Fig. 12. Cross section of a plated-through hole in a multilayer 
board. Plating parameters: ~TK ~ 0.15, V ~- 87 cm/sec, J/jlim 
0.015. 

mA / c m 2 and v : 87 cm/sec, which results in  a ratio 
j/Jlim of approximately 0.28, convection is sufficient to 
produce good quali ty copper in the holes as shown in 
Fig. 13. However, for v ---- 25 cm/sec, j - :  100 mA/cm 2, 
and j/j-lim : 0.43, the higher resistance in  Fig. 14 is 
indicative of poor quali ty copper in the hole (or on the 
board surface). The cross section shown in Fig. 15 shows 
that the copper quali ty is indeed poor at these plat ing 
conditions. Similar results have been obtained with ad-  
di t ive-free baths (20). Plat ing at 0.3 ~ j/jlim ~ 0.36 
produced good quali ty copper, whereas plat ing at 
j/~im ---- 0.45 produced significantly rougher coarse 
grained coper. Since rough deposits are usual ly en-  
countered under  l imit ing current  conditions, these data 
suggest that the current  density ~'was too close to the 
average l imit ing current  density jlim. 

The observations that poor qual i ty copper deposits 
for plat ing at j > 0.35 j-Hm are also in agreement  with 
observations in the l i terature (22, 23). Rotating cylin-  
drical cathode studies by Gabe and Robinson (22) sug- 
gest that rough copper deposits may occur above j/jl~m 
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Fig. 13. Cross section of a plated-through hole in a multilayer 
board. Plating parameters: ~T~ = 2.96, v ~ 87 cm/sec, j / h i m  = 
0.28. 
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Fig. 14. Dependence of PTH resistances on average current 
density and convection in the PTH's. 

0.4; in  practice they found very  rough copper above 
~/jnm ---- 0.7. Measurements  of deposit surface roughness 
from acid-sulfate baths by Ibl  and Braun  (23) indicate 

Fig. 15. Cross section of a plated-threugh hole in a multilayer 
board. Plating parameters: ~TK = 2.96, v --~ 25 cm/sec, J-/inm 
0.43. 

that  rough deposits occur for j/into exceeding 0.7. In  
the plat ing experiments  of Ref. (20) and (21), it is 
possible that the ini t iat ion of rough copper actual ly 
occurred because J-/J-~im was too large on the board 
surface outside of the hole. Since the convection on 
this outer surface is unknown,  no quant i ta t ive  esti- 
mates of this ratio for the outer surface are possible. 

The above in terpre ta t ion  of the experiments  in Ref. 
(20) and (21) may now be used to make a rat ional  
choice for the required m i n i m u m  electrolyte convec- 
t ion in a PTH. Figure 4 has shown that the overpo- 
tent ial  r asymptotically approaches a l imit ing value 
of N, but  a criterion is needed for choosing a m in imum 
acceptable value for N. Since poor plat ing qual i ty has 
been found at values of j/Jlim exceeding 0.35, a recom- 
mended max imum value for operating conditions is 
j/into = 0.25. This value of j/j-lira requires a m i n i m u m  
N value of 4#a and implies (see Fig. 4) that  ~]c con- 
t r ibutes no more than 10% of r Note also that this 
value of N is sufficient to el iminate convective effects 
on copper dis t r ibut ion as shown in  Fig. 5. 
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For  the  system at hand  (Table  I) where  ~a --~ 12, the 
r equ i remen t  N > 50 implies  a min imum average solu- 
t ion veloci ty  of 4 cm/sec  in the holes. Fu r the r  agi ta t ion 
exper iments  are requi red  to de te rmine  if such con- 
vection velocities exist  un i fo rmly  throughout  p roduc-  
tion pla t ing tanks. To guarantee  uni form copper p la t -  
ing on panels, the  min imum convection veloci ty  in 
PTH's  as well  as the  p r ima ry  cur ren t  d is t r ibut ion  
across the panel  must  be controlled.  

Summary and Conclusions 
A program of exper imen ta l  and theoret ica l  studies 

has provided  a consistent  in te rp re ta t ion  of the  proc-  
esses which control  copper e lec t ropla t ing  of PTH's. 
The studies have clarified how ohmic resistance, charge 
t ransport ,  cell geometry,  p la t ing  addit ives,  and mass 
t ranspor t  effects can all  contr ibute  toward  de te rmin ing  
the e lectrochemical  behavior  dur ing PTH deposit ion.  
Engineer ing  design of a p la t ing sys tem for MLB's is 
complex because the  re la t ive  impor tance  of these sev-  
eral  phenomena  may  va ry  widely  from place to place 
along the MLB surface. The fol lowing pa rag raphs  sum-  
marize the over -a l l  p ic ture  which has emerged from 
this p rog ram of engineer ing analysis.  The analysis  
provides  design cr i ter ia  for assuring un i form high 
qual i ty  plat ing.  

The model  establishes the impor tance  of two d imen-  
sionless pa rame te r s  (~w~ and N),  which are  essent ia l ly  
independent  of addi t ive  effects, for character iz ing cur-  
rent  d is t r ibut ion  effects in and close to a PTH. ~T~ is 
shown to control  the copper thickness d is t r ibut ion  
wi thin  PTH's  for sufficient agitat ion.  ~T~ is propor t iona l  
to 12/Ro; that  is, the geometr ica l  sca le-up  is not l/Ro as 
might  have been ant ic ipated.  N de termines  the  effec- 
t iveness of the e lect rolyte  convection in the holes. I t  
is impor tan t  to recognize tha t  both of these pa rame te r s  
can be obtained wi thout  solving the equations of the 
model. Fur the rmore ,  only a min imum amount  of theo-  
re t ical  calculat ions were  needed to es tabl ish  the  fol-  
lowing desi rable  ranges for these pa ramete rs :  

1. ~T,, < 1 or else uni form ST~ throughout  a panel.  
The uni formi ty  of ~TK may  be control led by ad jus t ing  
the cell geomet ry  to provide  a more  uni form p r i m a r y  
current  d is t r ibut ion  throughout  a panel.  

2. N > 4~,. This min imum value  for N is needed to 
assure the e l iminat ion  of concentra t ion overpotent ia l  
effects on e i ther  the deposit  morphology  or the th ick-  
ness dis tr ibut ions.  This cr i ter ion implies  a m in imum 
average e lec t ro ly te  convection of 4 cm/sec  in each 
PTH. This min imum convection is requ i red  in al l  
PTH's  in the panel  to assure tha t  test  coupons are  
represen ta t ive  of the  panel  interior.  

Fo r  these condit ions of ~TK and N, a tes t  coupon f rom 
the panel  edge will  accura te ly  represent  the s ta te  of 
e lect rodeposi t ion in the  panel  interior.  

The cr i ter ion that  j/jlim not exceed 0.35 should be 
regarded  as a p re l imina ry  result .  A more  refined de-  
t e rmina t ion  of this ratio, both wi th  and wi thout  add i -  
t ives in the  electrolyte,  could be made  wi th  the  use of 
ro ta t ing  disk a n d / o r  ro ta t ing cyl inder  electrodes for 
which the current  ra t io  can be de te rmined  precisely.  
In  addition, at var ious  p rede te rmined  ratios, opt ical  
observat ions of deposit  qual i ty  could be made. 
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LIST OF SYMBOLS 
cj cupric ion concentrat ion,  g - m o l e / c m  2 
D] diffusion coefficient of species j, cm2/sec 
F Fa raday ' s  constant,  96,500 coulombs/g-equiv .  
h cathode (panel )  height,  cm 
io exchange cur ren t  density,  A / c m  2 

cur ren t  density,  A / c m  2 
3. average  cur ren t  density,  A / c m  2 
~lra l imit ing current  density, A / c m  2 
jlim average l imit ing cur ren t  density,  A / c m  2 
J j / j - n o r m a l i z e d  local cur ren t  densi ty ,  d imen-  

sionless 
l length of tubu la r  electrode, cm 
ll distance f rom countere lec t rode to edge of t ub -  

u l a r  electrode, cm 
/~ dis tance from rear  edge of tubu la r  e lect rode to 

rear  p lane of equipotent ial ,  cm 
L anode to cathode spacing, cm 
n number  of electrons tak ing  par t  in e lect rode 

react ion 
N 3n~F212Dj% ( 2Vmax ) l / a  average  l imi t -  

s.iR~TRoKr (4/3) 9DjRol 
ing cur ren t  density,  dimensionless  
spat ia l  va r iab le  in radia l  direction,  cm 
resistance, #ohm 
Reynolds number ,  2Rov/v 
gas constant,  8.31 j ou l e s /g -mo le  deg 
th rough-ho le  radius,  cm 
stoichiometr ic  coefficient of the react ion 
species 
Schmidt  number  ~ ~/D~ 
MLB panel  thickness,  cm 
pla ted  copper  thickness at the center  (z ---- 
tB/2) of the hole, cm 
p la ted  copper  thickness at outer  edge (z ---- 0 
or tB) of hole, cm 
t empera tu r e  
e lec t ro ly te  veloci ty  along tube  axis, cm/sec  
average  e lec t ro ly te  veloci ty in tube, cm/sec  
cathode (panel)  width,  cm 
spat ia l  var iab le  in ax ia l  direction,  cm 
spat ia l  var iab le  normal  to e lec t rode  surface, 
cm 
spat ia l  var iab le  in axia l  direction,  cm 
z/1, spat ia l  va r iab le  along e lect rode surface, 
dimensionless  

ac cathodic t ransfe r  coefficient in react ion ra te  
expression 

~a average cur ren t  density,  Eq. [3], dimensionless  
~o aspect  rat io:  l/Ro 
r ( 4 / 3 )  G a m m a  funct ion 
~c concentrat ion overpotent ia l ,  V 
~ * ( nF/R~T) ~ overpotent ial ,  dimensionless  

e lec t ro ly te  conductivi ty,  o h m - l - c m  -1 
e lect rolyte  k inemat ic  viscosity, cm2/sec 

~ 2nFI2io/R~TRoK, rat io  of ohmic resis tance to 
l inear  charge t ransfe r  resistance,  d imension-  
less 
2~cFI2j/R~TRoK, ra t io  of ohmic resis tance to 
Tafel  charge t ransfe r  resis tance dimensionless  
potent ia l  in e lec t ro ly te  phase, V 
potent ia l  appl ied  across cell, V 
average overpoten t ia l  at  the  mouth  of the  hole 
nearest  the counterelectrode,  dimensionless  
(nF/R~T)r potent ia l  in e lec t ro ly te  phase, d i -  
mensionless  

Re 
R~ 
Ro 
sj 

Sc 
tB 
tH 

ts 

T 
Vmax 

V 
W 
X 

Y 

Z 
Z 

~TK 

cI,* m 
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Investigations of an Electrodeposited Tin-Nickel Alloy 
I. Thermal Stability by Differential Thermal Analysis and X-Ray Diffraction 

J. E. Bennett and H. G. Tompkins 

Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

The equiatomic (65 weight per cent Sn) tin-nickel alloy, which can only 
be produced by electrodeposition, has found various practical applications. 
This plated alloy is a nonequilibrium metastable phase since the equilibrium 
configuration of such an alloy should be a mixture of the two compounds 
Ni3Sn2 and NisSn4. Previous investigations have reported that the alloy de- 
composed at temperatures ranging from 250 ~ to 500~ This work was con- 
ducted to better define the transition point since it can be a deciding factor for 
many applications. By means of differential thermal analysis it was found 
on heating at a rate of 5~ the a11oy decomposed exothermally over the 
range 350~176 with a maximum at 365~ This was confirmed by x-ray 
diffraction analyses (powder and diffractorneter methods) of samples heated 
to just below and just over the transition range. From additional isothermal 
heat-treatments and x-ray diffraction analyses it was concluded that caution 
should be taken when applications with service temperatures over 300~ are 
expected. 

The e lec t rodeposi ted  equia tomic [65 weight  pe r  cent  
(w /o )  Sn-35 w/o  Ni] t in -n icke l  a l loy I continues to be 
of considerable  scientific and technological  interest .  A 
commerc ia l ly  usable  technique  for p la t ing this equi -  
atomic a l loy was first demons t ra ted  by  Park inson  (1) 
and colleagues (2). E lec t ro ly t ica l ly  formed b ina ry  
al loys m a y  or may  not be ident ical  in phase const i tu-  
t ion wi th  al loys of ident ica l  chemical  composit ion 
formed by  convent ional  meta l lu rg ica l  processes (3). 
T in -n icke l  e lect rodeposi t  is a case in point  as Rooksby 
or ig ina l ly  found it to be a s ingle-phase ,  in te rmeta i l i c  
compound, wi th  a N iAs - type  uni t  cell (4). However ,  
the  publ i shed  equ i l ib r ium d iag ram (Fig. 1) of the  
b ina ry  n icke l - t in  system, based upon meta l lu rg ica l ly  
p repa red  alloys, shows that  an a l loy of equiatomic 
chemical  composit ion is composed of a mix tu re  of the 
two in te rmeta l l ic  compounds NiaSn2 and Ni3Sn4 (5, 6). 
Thus, the  e lec t rodeposi ted  equiatomic s ingle-phase  a l -  
loy can be considered a nonequi l ib r ium metas tab le  
phase  (4). However ,  on the basis of the i r  x - r a y  (7) 
and ca lor imetr ic  resul ts  (8), Dut ta  and Clarke  argue 
that  the  a l loy is in fact a new compound which is a 
s table  phase  at  its usual  t e m p e r a t u r e  of fo rmat ion  
(70~ 

The  65/35 t in -n icke l  a l loy  p la t ing  has found var ious  
prac t ica l  applicat ions,  e.g., coating of au tomot ive  igni-  
t ion components  and pis tons in thermosta t ic  and 

K e y  words:  metastable ,  pass iv i ty ,  plat ing.  
1 Internat ional  Standard I S O  2179:  1972. 

shower  mix ing  valves  (9). I t  has also been r ecom-  
mended  as a subst i tute,  or as an underp la t ing  for gold 
on copper p r in ted  circuit  boards  (9-11). Cer ta in  
fundamenta l  character is t ics  of the al loy which have 
technological  impor tance  are  its corrosion resistance or  
passivity,  and its t he rmal  s tabi l i ty .  Al though  severa l  
studies of these proper t ies  have  been conducted in the  
past, there  is s t i l l  uncer ta in ty  as to the  t e m p e r a t u r e  at 
which the al loy becomes uns table  and t ransforms to 
the  equi l ib r ium phases, and as to wha t  is the na ture  
of the  surface which leads to the  except ional  pass iv i ty  
of this alloy. This paper  repor ts  on a s tudy  to c lar i fy  
some of these mat te rs  using different ia l  t he rmal  a n a l y -  
sis (DTA),  x - r a y  diffraction, and the e lect ron micro-  
probe.  A companion pape r  (12) by  the authors  deals  
wi th  the surface pass iv i ty  of the  alloy. 

Alloy Preparation 
Mater ia l  for this  invest igat ion was p repa red  f rom 

the pla t ing ba th  formula t ion  in Table  I. The e lec t ro-  

Table I. Tin-nickel plating bath composition 

Stannous chloride (SnCl2 - 2HsO) 
Nickel chloride (NiCl~ - 6H20) 
Ammonium bifluoride (NH4HF2) 
Ammonium hydroxide (NI-IaOH)* 

20 g/liter 
250 g/liter 
40 g/Uter 
3S mllliter of bath 

* U t i l i z e d  w i t h  H F  to  m a i n t a i n  bath at 2.5 < p H  < 3.0.  
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Fig. 1. Equilibrium diagram for the binary nickel-tin system (5). 
(From "Constitution of Binary Alloys" by M. Hansen and K. An- 
derko. Copyright 1958, McGraw-Hill, New York. Used with permis- 
sion of McGraw-Hill Book Company.) 

lyte was cont inuously filtered and mainta ined at 72 ~ _ 
2 ~ Separate anodes of 2 nickel to 1 t in  were used on 
a common anode rail. Anodes were bagged to prevent  
sludge formation in the bath and the anodes were re- 
moved from the bath when not in use. Current  density 
dur ing  plat ing was 0.0215 A / c m  ~ (20 A/ft2).  The 
freshly prepared bath was ini t ial ly operated using a 
nickel screen cathode to remove impurit ies from the 
bath. Strips of type 301 stainless steel were used as 
cathodes for obtaining exper imental  samples. By 
severe flexing of the plated cathodes, large flakes of 
the alloy plat ing were obtained for subsequent  evalua-  
tions. The plat ing was analyzed with a scanning elec- 
t ron microscope-microprobe using pure elements as 
s tandards and found to contain 34.97 w/o Ni. An inde-  
pendent  gravimetric  analysis using dimethyl  glyoxime 
found 34.41 w/o  Ni. ~ 

Background 
Since this alloy should not be single phase according 

to the equi l ibr ium diagram (5), it is unders tandable  
that  its as-plated stabili ty should be a mat ter  of con- 
cern for practical applications. Several  investigations 
(2, 4, 7, 13) have dealt with this matter.  The procedure 
used in all these investigations has been the same, i.e., 
isothermal hea t - t rea tments  of the alloy plat ing with 
x - ray  diffraction analysis of the samples before and 
after t reatment.  In  his original work (4) Rooksby 
stated that "up to about 350~ no appreciable change 
was observed but  heat ing at 400~ for one hour  in 
either air  or vacuo was sufficient to effect substant ial  
decomposition." It was subsequent ly  reported by 
Rooksby and co-workers (2) that hea t - t rea tments  up 
to temperatures  of about 300~ (for an unspecified 

I.,edoux & Cx~npany, Teaneck,  N e w  J e r s e y  07666. 

length of t ime) produce no detectable change, but  
above this tempera ture  decomposition begins and var i -  
ous mixtures of the normal  ~'-Ni~Sn2 phase and the 
Ni3Sn4 phase form, depending upon the chemical com- 
position of the electrodeposit. By heat- t reat ing in air 
for 1 hr  at various temperatures,  Smart  and Robins 
(13) found their deposits to be "structural ly stable at 
temperatures  up to at least 500~ but  at 700~ and 
above decomposition into a mix ture  of two phases, 
Ni3Sn2 and Ni~Sn4, takes place." They a t t r ibute  the 
difference in their results from those of Rooksby to 
differences in plating conditions. In  metallographic 
sections they found no evidence of compound forma- 
tion at the interface between plat ing and substrate 
even after hea t - t rea tment  at these elevated tempera-  
tures and suggest that this fur ther  indicates the high 
stabil i ty of the t in-nickel  compounds. A similar lack 
of interact ion at 50~ has been previously reported by 
Thwaites (14). Finally, Dutta  and Clarke (7) an-  
nealed electrodeposit samples covering the composition 
range from 24.41 to 42.90 w/o Ni for periods of 150 hr  
at 250 ~ 300 ~ 350 ~ and  450~ They found the appear-  
ance of additional lines in the x - ray  pat terns of all 
their alloys at all the temperatures,  indicating that  the 
alloys were unstable  even at 250~ They reported 
that the decomposition increased sharply above 300~ 
as judged by the number  of new lines which appeared. 

Results 
As mentioned above, all previous studies have em- 

ployed heat - t rea tments  at specific temperatures  there-  
by permit t ing estimates of the tempera ture  at which 
t ransi t ion of the alloy plat ing to the stable equi l ibr ium 
compounds occurs. This invest igat ion utilized the tech- 
nique of DTA which consists of recording the differ- 
ence in temperature  between a substance and a refer-  
ence material  against tempera ture  as the two speci- 
mens are subjected to identical temperature  regimes 
in an envi ronment  heated or cooled at a controlled 
rate. Thus, the tempera ture  of the alloy plat ing could 
be monitored continuously and that  temperature  at 
which the transi t ion to the equi l ibr ium compounds oc- 
curs could be observed by vir tue of the enthalpy or 
heat change associated with the reaction. The equip- 
ment  used was a CSI-R. L. Stone DTA System with a 
pal ladium cell employing r ing- type  differential ther-  
mocouples and a moni tor ing thermocouple of P t / P t -  
10% Rh. Samples and reference material,  pure a-A1203, 
were contained in  small a luminum pans which fit in-  
side the r ing- type  differential thermocouples. The tem-  
perature  axis was calibrated using the peak points for 
the transit ions of National Bureau of Standards DTA 
Standards of Sn (237~ KC104 (309~ and Ag2SO4 
(433~ A cover gas of flowing (0.075 SCFH) argon 
(99.999%) was used for all experiments.  

In  Fig. 2 are representat ive DTA curves for heating 
of the NBS calibration materials  through their  t ransi-  
tion points and for heating of the alloy plat ing up to 
460~ at a rate of 5~ Duplicate runs of plat ing 
samples exhibited the same broad exothermic peak 
ranging from 350~176 with ma x i mum at 365~ 
Exothermic effects upon heating correspond to the l ib-  
erat ion of energy dur ing the decomposition of energy-  
rich substances which are metastable at lower tem- 
peratures (14). 

Fur ther  confirmation and explanat ion of the decom- 
position peak was made from x - ray  diffraction analyses 
of the following: (a) as-plated material,  (b) DTA 
sample heated only to 340~ (c) DTA sample heated 
only to 390~ (d) DTA sample heated to 460~ and 
(e) sample encapsulated in an argon-filled quartz con- 
tainer  and heated at 500~ for 1 hr in a muffle furnace. 
All D TA : x - r a y  samples were cooled rapidly from the 
indicated temperature  by removing the furnace from 
around the DTA cell; x - ray  sample (e) was cooled 
rapidly by wi thdrawing it from the muffle furnace. 
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Fig. 2. DTA curves for heating of electrodeposited tin-nickel and 
NBS calibration materials Sn, KCIO4, and Ag2SO4. 

The x - ray  analyses were made by the Debye- 
Scherrer powder method and by the diffractometer 
method. Samples for the powder method were the ac- 
tual  DTA pan samples whereas those for the diffrac- 
tometer were large flakes of the plat ing which had 
been placed separately in the bottom of the DTA cell 
and heated s imultaneously with the actual DTA sam- 
ples. X- r ay  results are listed in Table II and repre-  
sentative diffractometer pat terns are i l lustrated in 
Fig. 3-6. Although diffractometer pat terns were run  
from 2~ : 30 ~ to 2e : 100 ~ for all samples, the reduced 
region (300-55 ~ ) in  Fig. 3-6 is sufficient to show the 
significant difference among the samples. 

Fig. 3. X-ray diffraction pattern of electrodeposited tin-nickel 
flake. Filtered cobalt radiation 50 kV, 12 mA. Observed d spacings 
(angstroms) indicated at peaks. 

It can be seen from Fig. 3 and 4 or Table II that  
heating the plating to 340~ i.e., just  below where the 
exothermic DTA peak is observed, resulted in no sig- 
nificant s tructural  change. It has the same diffraction 
pat tern  as that  for as-deposited plat ing corresponding 
to ASTM X-ray  Diffraction File Card 7-256. However, 
the pat tern in Fig. 5 for the sample heated to 390~ is 
distinctly different from Fig. 3 and confirms that  the 
gradual  exothermic reaction observed by DTA at 350 ~ 

Table II. X-ray diffraction results [d spacings (angstroms)] 

ASTM (a) As-pla ted  (b) DTA to 340~ ASTiVI ASTM 
7-256 6-0414 4-0845 

S n - N i  Chart F i l m  Char t  F i lm NisSn~ NhSn4 

(c) DTA to 390~ 

Chart FiLm 

(d) D T A  
to 460~ 

FiLm 

(e) 1 hr  
at 500~ 

Char t  

2.94" 2.94x 2.95x 2.93z 2.93x 

2.56 

2.076" 2.079x 2.08x 2.065. 2.075x 

1.697 

1.601 

1.528 

1.470 

1.699 1.70 1.687 1.685 

1.47 1.465 1.470 

2.95* 

2.903* 
2.89 
2.84 
2.68 

2.576 

2.077" 

2.036" 

1,667 

1.597 

1.544 

1.455" 

1.314 1.804 1.290 
1.289 

1.280 
1.226 

1.198 1.198 1.20 1.192 1.195 

1,184* 

1.178 

2.55 
2.51 
2.33 
2.31 
2.20 
2.14 

2.06* 

2.03* 
1.73 

1.68 

1.58 

1.53 

1.49 

1.47 

1.45 
1.48 
1.42 
1.35 

1.19 

1.18 

1.17 

2.96 2.96 

2.89. 2.89x 2.90z 

2.70 2.69 2.70 

2.56 2.555 2.55 

2.068x 2.070x 

2.04Ox 
2.022x 2.020x 

1.653 1.658 

1.583 1.585 

1.53'5 1.538 

1.442 1.448 

1.277 

1.173 
1.167 

1.282 

1.223 

1.178 

1.172 

2.195 
2.100 
2.070x 

2.050 

2.020. 

1.660 

1.590 

1,540 

1,495 

1.450 

1.304 
1.285 

1.226 

1.192 
1.180 

1.170 

2.96 
2.92 
2.90x 

2.70 

2.56 
2.54 
2.375 
2.347 
2.208 
2.093 
2.080 

2.068x 
2.046z 
2.022x 

1.675 
1.656 

1.593 
1.587 
1.535 

1.503 

1.445 

1,300 
1.280 

1.186 

1.175 
1.167 

Diffractorneter  char t :  C o K a  radia t ion  50 kV, 12 mA,  iron oxide  filters. 
Debye-Scher re r  film: C u K a  rad ia t ion  50 kV, 30 mA,  n icke l  filters. 
* ASTM Card in tens i t ies  I / I ,  ----- 75. 
x S t rong  observed peaks.  
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Fig. 4. X-ray diffraction pattern of electrodeposited tin-nickel 
flake heated only to 340~ in DTA cell. Filtered cobalt radiation 
50 kV, 12 mA. Observed d spacings (angstroms) indicated at peaks. 

are sharper and bet ter  defined due to grain growth 
and /or  more complete t ransformat ion from extended 
heat ing at a more elevated temperature.  

For further  confirmation of the transition, experi-  
ments  similar to those of other investigators (4, 7, 13) 
were also carried out. Samples of the plat ing were 
ground into powder and heated in air  at various tem- 
peratures. As could be expected, a sample heated for 
1 hr at 360~ was completely t ransformed to the equi-  
l ib r ium compounds. However, samples heated at 340 ~ 
and 330~ for 1 hr were also completely t ransformed 
and at 320~ some faint  new lines appeared. After  1 
hr at 280~ or 100 hr at 200~ the pat tern  was still that  
of the as-plated alloy. 

All of the results thus show that  the electrodeposited 
t in-nickel  alloy is indeed metastable. Heating at a slow 
rate of 5~ does cause the decomposition to occur 
at 365~ but  the t ransi t ion can be brought  about at 
lower temperatures  by holding for extended times. The 
DTA results indicate that under  a constant  heating 
rate there is a specific al though broad range over which 
the reaction occurs. Under  different heating rates this 
range may change in size or shift. The results from 
heating samples at the lower temperatures  support  the 
results of Rooksby et al. (2). The results of Smart  and 
Robins (13) are in complete disagreement with those 
of this study and the other previous investigations. 
The results of this study and those of Dutta  and 
Clarke (7) suggest that a study of the kinetics of the 
t ransi t ion at various temperatures,  par t icular ly  below 
340~ is needed. As Fig. 3-6 illustrate, appropriate 
heat - t rea tments  of the plated alloy followed by x - r ay  
analyses with the diffractometer could be used to study 
kinetics by following the behavior of the 2.076 line of 
the as-plated material  since it splits into 3-5 different 
lines as decomposition occurs. 

Fig. 5. X-ray diffraction pattern of electrodeposited tin-nickel 
flake heated only to 390~ in DTA cell. Filtered cobalt radiation 
50 kV, 12 mA. Observed d spacings (angstroms) indicated at peaks. 

380~ corresponds to the t ransi t ion of the metastable 
as-deposited s t ructure  to the equi l ibr ium compounds 
Ni3Sn2 (ASTM Card 6-0141) and Ni.~Sn4 (ASTM Card 
4-0845). The encapsulated flake sample heated at 50O~ 
for 1 hr yielded the pa t te rn  in Fig. 6, which is also that 
for the equi l ibr ium compounds except that  the peaks 

Summary 
Electrodeposited t in-nickel  alloy has been invest i-  

gated with differential thermal  analysis and x - r ay  
diffraction. DTA and x - r ay  diffraction have shown that  
t ransformat ion from the metastable to the equi l ib-  
r ium structure for the equiatomic composition occurs 
as an exothermic reaction over a range of tempera ture  
centered at 365~ upon heating at a rate of 5~ 
It has also been shown that extended heating at fixed 
temperatures  between 300 ~ and 365 ~ can result  in 
partial  or complete transformation.  Kinet ic  studies are 
needed for fur ther  elucidation of the t ransi t ion at 
these lower temperatures.  

From the s tandpoint  of thermal  stability, it is ad- 
visable that t in-n ickel  plat ing not be used if service 
temperatures  are expected to exceed 300~ for any 
period of time, and some caution should be taken if 
long periods (~100 hr) over 250~ are anticipated (7). 
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Investigations of an Electrodeposited Tin-Nickel Alloy 
II. Surface Passivity Studied with Auger Electron Spectroscopy 

H. G. Tompkins and J. E. Bennett 
Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

The electrodeposited equiatomic t in-nickel  alloy exhibits a strong corro- 
sion passivity. There has been some conjecture as to why this alloy exhibits 
this passivity and as to the na ture  of the passive surface film. This work in-  
vestigates the surface film which is formed in  air, using Auger electron spec- 
troscopy and depth profiling. The surface film appears to be pr imar i ly  a t in-  
rich oxide which is several atoms thick. The passive film which forms may not 
depend on the metastable  na tu re  of the alloy. 

The electrodeposited equiatomic [65 weight per cent 
(w/o)  Sn-35 w/o Ni] t in-n ickel  alloy continues to be 
of considerable scientific and technological interest and 
has found various practical applications, e.g., coating of 
automotive ignit ion components and pistons in thermo-  
static and shower mixing valves (1). It has also been 
recommended as a substitute, or as an underplat ing,  for 
gold on copper pr inted circuit boards (1-3). Certain 
fundamenta l  characteristics of the alloy which have 
technological importance are its corrosion resistance or 
passivity, and its thermal  stability. Although several  
studies of these properties have been conducted in the 
past, there is still uncer ta in ty  as to the tempera ture  at 
which the alloy becomes unstable  and transforms to 
the equi l ibr ium phases, and as to what  is the na ture  of 
the surface which leads to the exceptional passivity of 
this alloy. A companion paper (4) deals with the 
thermal  stabil i ty and the metastable  na ture  of the al-  
loy. This paper deals with the surface passivity which 
is studied with Auger electron spectroscopy. 

Background 
The alloy has found considerable use as a protective 

and decorative coating for less corrosion resistant  
materials. Such applications stem from the studies of 
Parkinson,  Britton, and Angles (5, 6). They found that  
the electroplated alloy resists serious attack from many  
l iquid and vapor reagents, including those which 
rapidly  attack the component metals. It was suggested 
(6) that the exceptional corrosion resistance of the 
alloy was due to a protective film of oxide containing 
both metal  components. 

Clarke and Brit ton (7) reported that, in aqueous 
solutions, the alloy forms an oxide film of a special 
nature,  that the film is r emarkab ly  stable over a wide 
range of pH and potential  in  the presence of many  
different anions, and that  for solutions open to air  
three oxidation states of the film are observable. From 
electrochemical measurements  of the passivation 
potential  for the alloy, Clarke and Elbourne (8, 9) 
relate that it is considerably lower than  those for the 

Key words: oxidation, metastable, 

parent  metals, which implies that the oxide formed on 
the alloy is more stable than either of the two lowest 
oxides of nickel or tin. 

From a reassessment of the results of Clarke and co- 
workers, Hoar (10) concluded that  the three oxidation 
states which had been observed correspond to three 
different passive films and that the films should be 
nickel s tanni te  and stannates with nickel and t in  in 
the same ratio as in the alloy. 

More recently, Hoar, Talerman,  and Trad (11) 
examined oxide films on the electrodeposited t in-nickel  
alloy by Auger spectroscopy where the films were 
formed either na tura l ly  in air or by potentiostatic 
anodic polarization in phosphate solutions of various 
pH values. For comparison, they chemically prepared 
nickel- t in  hydrous oxides as precipitates from aqueous 
solutions. They conclude that  their  data s trongly sug- 
gest that the oxide film which confers corrosion resist- 
ance on t in-nickel  alloy is a glassy nickel polystannate 
containing water  and hydroxyl  ions This extrapolat ion 
from observations on precipitates found in  aqueous 
solutions to the na tura l  film is questionable. In  addi-  
tion, in contrast to their  conclusions, their  calculated 
atomic ratio data indicate that  the na tura l  film and one 
of the three films formed electrochemically have a 3 
to 1 t in to nickel ratio ra ther  than an equal amount  of 
t in  and nickel, as would be expected in a nickel s tan-  
hate. Thus, their  conclusion that  the na tura l  film is 
a glassy nickel polystannate  is questionable and in-  
consistent with their data. 

The conclusions in these and earlier studies regard-  
ing the na ture  of the a i r - formed film were reached 
essentially by comparison or analogy to the na ture  of 
films or precipitates formed in  aqueous solutions. The 
invest igat ion reported herein was in tended to utilize 
the more recently developed Auger technique of depth 
profile analysis to clarify the na ture  of the passive air-  
formed film by direct measurements .  

Results 
The sample preparat ion has been described (4) 

previously. It is essentially a metastable alloy of equal 
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mole fractions of t in  and nickel. The samples were 
made by electroplating onto a stainless steel substrate. 
When the substrate was then severely flexed, large 
flakes (1-5 mm) of the alloy were obtained for sub-  
sequent evaluations. 

The Auger analysis (12) was made with a Physical 
Electronics Industr ies commercial ins t rument  using a 
beam voltage of 3 kV and current  of 15 ~A (elliptical 
beam dimensions of 0.1 and 0.4 ram).  Depth profiles 
were obtained by analyzing while sput ter ing with 
argon ions (gaussian beam with ha l f -width  of the 
order of 3 ram). The argon pressure dur ing sputter ing 
was 5 • 10 -5 Torr with a t i t an ium subl imation pump 
operating. A typical spectrum is shown in Fig. 1. This 
is the surface approximately four days after plating. 
The peaks observed are Sn, Ni, O, and C. Some carbon 
is typically seen on all samples exposed to the 
atmosphere for any significant length of time where 
the exposure occurs in an unprotected manner  (dust, 
hydrocarbons, etc). A depth profile was then obtained 
and is shown in Fig. 2. The peak to peak height (dN/ 
dE) is plotted vs. sput ter ing time. The sput ter ing rate 
(1.3 A/min)  for t in-n ickel  was calibrated by sputter ing 
through a sample of known thickness. The init ial  rise 
of the Sn signal is probably due to the removal of the 
atmospheric carbonaceous material.  The most notable 
part  of this profile is the fact that the surface is Sn 
rich. After the surface region was removed exposing a 
new surface, the sample was exposed to the atmo- 
sphere for four days in a protected (clean) manner .  
A spectrum and a profile were again obtained. This 
surface was essentially bulk mater ia l  exposed to air 
with all evidence of the as-plated surface removed. 
The profile is shown in  Fig. 3 and is somewhat different 
from the profile in Fig. 2. (Other samples exposed for 
considerably less than four days showed basically the 
same results. This surface condition seems to be formed 
in less than 1 hr.) 

The measured intensi ty  profiles shown in Fig. 2 and 
3 do not quite represent  the actual concentrations of 
the various species present, for the following reason: 
Auger electrons escaping from the sensed volume are 
at tenuated in an exponential  manner  (13). Character-  
istic depths of escape have been determined and 
published (12) and range from 4 to 50A (the escape 
depth is the thickness of mater ial  which at tenuates 
the escaping electrons by a factor of l /e ) .  If the dis- 
tance over which the concentrat ion varies is large 
compared to the escape depth, the measured intensi ty  
profile corresponds closely to the actual concentrat ion 
profile. If, on the other hand, the concentrat ion varies 
significantly over distances on the order of the escape 
depth, the measured intensi ty  profile must  be decon- 
voluted to obtain the actual concentrat ion profile. One 
result  of this phenomenon  is that a nonzero value for 
the peak height of nickel at the surface (time zero) in  
Fig. 3 does not necessarily imply nickel on the surface 
since the escape depth for nickel Auger electrons 
(840 eV) is l lA.  

Examinat ion  of both Fig. 2 and Fig. 3 shows that the 
t in  concentrat ion in the vicinity of the surface (the 
first couple of minutes  of sputter ing)  is obviously 
higher than  the nickel concentration. 
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Fig. 1. Typical Auger spectrum of tin-nickel surface as-plated 
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A different method (14) of obtaining informat ion 
about the homogenei ty  of a mater ia l  and /o r  film thick- 
ness is by invest igat ing the ratio of the high (840 eV) 
and low (80 eV) energy peaks of Ni. Electrons in-  
volved in these two transit ions have escape depths of 
11 and 4A, respect ively (12). The ratio of the peak 
heights in a homogeneous mater ia l  (concentrat ion does 
not vary  with depth) will  be different than in a layered 
(nonhomogenous) mater ia l  where  the layer  thickness 
is of the order of the escape depths. The ratio of the 
low peak to the high peak for any homogeneous nickel-  
containing mater ia l  was de termined  to be about 1.6 on 
the ins t rument  used. The homogeneous mater ia l  used 
for this de terminat ion  was pure  nickel. This ratio 
measured f rom a spectrum taken immedia te ly  prior  to 
obtaining the profile in Fig. 3 was about 0.8, indicating 
that  the low energy peak (with escape depth 4A) was 
a t tenuated more than the high energy peak (with 
escape depth l l A ) .  This indicates a deficit of nickel at 
and near  the surface. Using an exponent ia l  a t tenuat ion 
factor, it was calculated that  a 4A film of t in oxide 
(or anything else not containing nickel) would give 
the observed change in the ratio. The expression used 
is 

I1 11 ] e -t/4 
] Ih Ih H e - t I l l  

where  I~/Ia is the ratio of the low and high energy 
peak heights, the "H" refers to a homogeneous mate -  
rial, and t is the thickness of the film. This calcu- 
lation, of course, assumes no tin in the film and can- 
not be used to conclude that  there  is no tin in the film. 
The 4A value calculated in this manner  is, however,  
consistent wi th  the changes in the profile in Fig. 3. 
Most of the changes occur in the first 4 min  (or 5A 
since the sput ter ing rate  is 1.3 A / m i n ) .  

Since the size of a tin atom is about 3A, we clear ly  
are dealing wi th  one or two atomic layers. The film is, 
however ,  different from simply a chemisorbed layer  of 
oxygen since the tin is extracted from the t in-nickel  to 
form a layer  of oxide on top of the t in-nickel .  It must  
be kept  in mind that  AES cannot detect  hydrogen so 
the layer  may  be a hydroxide  ra ther  than an oxide. It 
is clear, however,  that  the surface layer  contains sig- 
nificantly more tin and oxygen than nickel and it ap- 
pears to be on the order of 4A thick. 

F igure  2 was obtained from the as-plated surface. 
Using the cal ibrated sput ter ing rate, a distance axis has 
been added to Fig. 2. There  is a t in- r ich  surface, oxy-  
gen which appears to extend deeper  in the sample than 
in Fig. 3, and nickel which appears to rise gradual ly  
ra ther  than abrupt ly  to its bulk  values. One significant 
difference in the profiles shown in Fig. 2 and 3 is the 
presence of carbon in Fig. 2. Some sput ter ing t ime is 
required to remove  the carbonaceous mater ia l  and if 
there  is a range of thickness (i.e., par t  of the carbon-  
aceous mater ia l  is th icker  than another  par t ) ,  the thin 
under ly ing layer  will  not all be exposed at the same 
time. Features  on a profile which would be sharp if 
there  were  no carbonaceous mater ia l  will  tend to be 
smeared out when the thin layer  is covered with  a car-  
bonaceous mater ia l  with a range of thicknesses. This 
might  be one of the reasons that  the profiles are differ- 
ent  in the two figures. The possibilities are that  there  is 
e i ther  (i) a phase which contains tin, nickel, and oxy-  
gen, (ii) grains of tin oxide along with  grains of t in-  
nickel, or (ii i)  a tin oxide film on top of t in-nickel .  

Thus, in this work, methods not previously applied to 
the t in-nickel  system were  used to obtain additional 
informat ion  about the nature of the passive film. When 
the previously  proposed model  (7-11) is examined  in 
l ight of the new data, it becomes clear that  that  model, 
of equal amounts of tin and nickel in the film, is con- 
t radictory to these results. There  are, however ,  several  
models all involving a t in- r ich  oxide which are con- 
sistent with these data. The least complex of these is a 
s imple t in oxide containing no nickel. 

A sample annealed at 500~ for 1 hr  in argon was 
analyzed in the same way as the previously  described 
samples. The initial profile obtained after  annealing 
was identical with Fig. 2. The sputtered surface was 
then oxidized as described previously  (exposed to air 
for 4 days at room tempera ture )  and the result ing pro-  
file was identical to Fig. 3. It  would appear  that  the 
initial surface film does not significantly change or de- 
ter iorate  with such t rea tment  even though the alloy 
undergoes a t ransi t ion from the metastable  form to a 
mix ture  of the equi l ibr ium compounds (4). By com- 
paring oxidation behavior  of f reshly sput tered sur-  
faces, it can be seen that the oxide formed on the as- 
plated mater ia l  and on the annealed mater ia l  is essen- 
t ially the same. This suggests that  the t ransformed ma-  
terial  may be as passive in air as the metastable  mate-  
r ial  and that the passivity of the as-plated alloy may 
depend not on its metastable  nature  but pr imar i ly  on 
the presence of the two elements. 

The true test of this possibility will  be the compari-  
son of passive films on Ni3Sn2, on Ni3Sn4, and on the 
metastable  alloy described herein. These investigations 
are in progress. It should be emphasized that  these 
studies deal with the a i r - fo rmed  film and do not deal 
wi th  corrosion in aqueous solutions. 

Summary 
The passive film formed in air on the electrodepos-  

ited t in-nickel  alloy has been invest igated with  Auger  
electron spectroscopy, and a concentrat ion profile of 
the surface layer which is responsible for the alloy 
passivity has been displayed. An approximate  thick-  
ness of the passive film was determined (approxi-  
mate ly  4A) and it was shown that  the nickel content  
of the film is significantly less than the tin content. 
Previous invest igators  have proposed that  the film is a 
nickel stannate of some kind. Their  model  seems to be 
based on analogy ra ther  than observat ion and on the 
assumption that  the film formed on an alloy "must  con- 
tain the different metal  cations in the same proport ion 
as they exist in the meta l"  (9). Surface segregation 
(15-17) and selective reaction (17-18) have been shown 
to occur frequently,  however .  It has been proposed that  
components which segregate to the surface are those 
which are more readily oxidized (19). Observat ion in 
this work  that  the surface of electroplated t in-nickel  is 
enriched in tin is consistent wi th  that  proposal since 
tin is more  readi ly  oxidized than nickel as can be seen 
f rom free ene rgy / t empera tu r e  diagrams for oxides 
(20). Thus it is concluded that  the passivating film 
forms via a selective react ion with  the oxygen in 
the atmosphere to form an oxide. The previous model  
(7-11) of equal amounts of tin and nickel in the film is 
contradicted by the results of the present  work. There 
are several  models, all involving a t in - r ich  oxide, 
which are consistent wi th  these results. The least com- 
plex of these is a simple tin oxide containing no nickel. 

The passive film which forms in air on the metas ta -  
ble plated mater ia l  was found to be essential ly un-  
changed after heating the alloy in argon at 500~ to 
produce the equi l ibr ium structure.  It was also found 
that  the film formed on this equi l ibr ium structure  by 
oxidation af ter  sputter  cleaning was the same as that  
formed on a sput te r -genera ted  surface of the metas ta-  
ble alloy. This would suggest that  f rom a corrosion 
standpoint the alloy could be used to at least 500~ 
However ,  the metastable  s t ructure  was shown (4) to 
have  definitely t ransformed by 365~ wi th  DTA; since 
the alloy could have concomitant  changes in physical, 
chemical, mechanical,  and electr ical  propert ies  it is 
advisable that  such possibilities be recognized when  the 
alloy is used. 
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Conductivity and Other Transport Parameters in 
Ammonium Citrate Gold Baths 

B. Miller* and S. Menezes Affonso 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Specific conductivi ty and the t ransport  parameters  of solution kinematic 
viscosity and gold species diffusion coefficient have been measured in  ammo- 
n ium ci trate-potassium gold cyanide systems over the temperature  range 25 ~ 
70~ Diffusion coefficients were derived from rotat ing disk electrode l imi t -  
ing current  results with lead ion catalysis of gold reduction. The dissociation 
constant of HAu(CN)2 was also measured and found to be greater than  
10-i. 

To support  studies of the mechanistic and throwing 
properties of commonly applied gold plat ing systems, 
conductivity and transport  parameters  of some citrate 
baths and component solutions have been measured 
over the range 25~176 Specific conductivity (~) 
and kinematic viscosity (v) were determined directly 
and diffusion coefficients (D) were calculated from 
rotating disk electrode (RDE) l imit ing cur ren t  data. 
Schmidt numbers,  Sc ~- v/D, are also given. 

In addition, the dissociation constant, Ka, of 
HAu(CN)2 was investigated with pH and conducto- 
metric analyses. The value of this pKa is necessary to 
in terpret  the behavior of acid gold baths, and we have 
found the l i terature value underest imates the strength 
of the acid by several orders of magnitude.  

Theoretical 
The l imit ing current  to an electrode of area A for 

the n-elect ron deposition of a species of bulk  concen- 
t ra t ion C is wri t ten  from a Nernst  layer  model as 

iD -~ nFADC/8 [1] 

with 5 the diffusion layer thickness. For the convec- 
t ive-diffusion l imit ing current  at a disk rotat ing at 
speed ~, Levich's equation [1] for 5 yields 

iD : 0 .62nFACD2/Sv-1 /6wl /2  [2] 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  woras :  ro t a t i ng  disk electrodes,  d i f fus ion coefficients, k ine -  

mat ic  viscosity,  p la t ing.  

This is numerical ly  accurate to about  3% for Sc ---- 
1000. A more exact analytical  expression for iD as f (Sc) 
has been wri t ten  by Newman (2). A convenient  form 
for calculating D from the Newman computations and 
the experimental  data for iD and v is given by Brucken-  
stein (3) as 

D ---- v [ ( J  -1 -- 0.122939) 1/2 -- 0.1490] -3 [3] 
where 

0.62048nFA (~v) 1/2C K L n  (eay) 1/2C 
j - 1  -- _-- [4] 

iD iD 

Equations [3] and [4] have been  used to obtain D 
values in this work. 

However, this use of the Levich equation presumes 
that sufficiently concentrated addit ional electrolyte is 
present  to suppress ionic migrat ion contributions to 
t ransport  of the electroactive species so that  the mea-  
sured l imit ing current,  iL, is equal to iD. Another  means 
of describing this "supporting electrolyte" case is to 
say that  the t ransport  number  (fraction of the current  
carried) of the electroactive species (gold ent i ty)  is 
zero. This will, of course, also be accomplished if the 
transported electroactive species is neut ra l  and carries 
no charge, e.g., HAu(CN)2.  

Support ing electrolyte conditions are usual ly 
achieved in typical "strike" gold baths, exemplified by 
solution VI below where CKAu(CN)2 : 0.0045M and 
C ( s H 4 ) 2 H C l t r a t e  : 0.22M, near ly  a fiftyfold concentra-  
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tion ratio. However, ionic migrat ion possibilities must  
be considered in the typical formulat ion with CKAu(CN) 2 

-- 0.07M in the same citrate electrolyte, a concentra-  
t ion ratio of only about 3. 

The calculation of such migrat ion effects is much 
more complex (4, 5) than  the classical models (6) 
indicate. In  simplest form, these lat ter  suggest that  the 
contr ibut ions are separable and that the t ransport  of 
an anion (as A u ( C N ) 2 - )  to a cathode against the field 
reduces the l imi t ing current,  iL, ratio to the pure  con- 
vective diffusion value, iD, by 

= ~ [ 5 ]  
iD I -F t -  

where t_ is the transport number of Au(CN)2-. New- 
man (4) has shown that a s imultaneous solution con- 
sidering t ransport  by all means, diffusion, convection, 
and migrar is necessary in the general  case. The 
resul t ing differential equations require  that  the prod-  
ucts of the reaction and their charge must  also be con- 
sidered so that  the ionic conductivities of all species 
are needed. 

In  citrate gold baths a fur ther  complication exists 
in ident ifying the migrat ing gold species. Maja (7), 
from the pH of KAu(CN)2  solutions, obtained a Ka 
for 

HAu(CN)2-> H + ~ A u ( C N ) 2 -  [6] 

of ~10-5 .  Since the pH o~ citrate baths is about 5, a 
pKa of 5 suggests that  comparable amounts  of charged 
and neut ra l  gold species exist. The determinat ion of 
this PKa and an estimate of the t_  of A u ( C N ) 2 -  are 
necessary for qual i ta t ively assessing the contr ibut ion 
of migra t ion and thus the significance of the apparent  
D value, when calculated from the Levich equation 
with its assumption of convective diffusion. 

Experimental 
Kinemat ic  viscosity and conductivity vessel tem- 

peratures were controlled to _0.1~ in a water  ther -  
mostated bath. RDE l imit ing current  data were ob- 
tained with a jacketed cell and circulation from the 
same bath. 

The following solutions were prepared with t r ip ly  
distil led water  and reagent  grade chemicals, and will 
be  identified below by  number :  

I. 20 g / l i te r  KAu (CN)2 
II. 50 g/ l i ter  (NHD 2SO4 
III. 50 g/ l i ter  (NH4)2HC6H507, d iammonium citrate 
IV. 20 g / l i te r  KAu(CN)2 -P 50 g / l i te r  (NH4)2- 

HC6H507 + 1 ppm Pb 
V. 20 g/ l i ter  KAu(CN)2 ~ 50 g / l i te r  (NI~)2HC6H507 

~- 50 g / l i te r  (NH4)2SO4 ~ 1 ppm Pb 
VI. 1.3 g/ l i ter  KAu(CN)2  W 50 g/ l i ter  (NH4)~- 

HC6H507 ~- 1 ppm Pb 

In  solutions IV, V, and VI the final concentrat ion of 1 
ppm Pb was obtained by the addition of a stock solu- 
t ion of Pb as PbO dissolved in  the lead-free elec- 
trolyte of the final composition. 

Kinematic viscosity, v.--A Cannon-Fenske  viscom- 
eter of size 25 calibrated against water  over the tem- 
pera ture  range of 25~176 was employed for k ine-  
matic viscosity measurements.  The viscometer constant  
of 1.871 • 10 -2 centistokes/sec was found to be inde-  
pendent  of tempera ture  over the range investigated. It  
is assumed for both ~ and K that  the 1 ppm of Pb con- 
tained in solutions III, IV, and V does not affect these 
quantities.  

Conductivity, K.--A Beckman Conductivi ty Bridge 
RC-19 (accuracy --+0.25%) and Beckman H-100 cell 
were used. The cell was calibrated with 0.01000M KCI 
over the range of 15~176 for which detailed conduct-  
ance data were available (8), and the cell constant of 

I00.0 cm - I  did not vary  outside the accuracy of the 
bridge. Hence it was assumed constant over the full  
range (to 70~ investigated, as claimed by the manu -  
facturer. 

Limiting current, iL, and dil~usion coefficient, D.-- 
The electrode was a gold disk of 0.061~ cm 2 area in  an 
epoxy insulated mantle.  The cell (9), motor (10), and 
circuitry (11) have been described earlier. Limit ing 
currents  were obtained for the RDE from recorded 
current -potent ia l  curves with l inear  potential  scans. 

Solutions IV, V, and VI, which all contain 1 ppm 
Pb, were studied in  this manner .  The catalytic behavior 
of lead toward this deposition, discovered by Rein-  
beimer  (12), makes it general ly  possible to obtain a 
l imit ing current  region for all solutions and tempera-  
tures. Without added Pb the current -potent ia l  curves 
vary in appearance from being vi r tual ly  indis t inguish-  
able from the pure citrate electrolyte (blank)  trace to 
exhibit ing well-defined steps for gold reduction. 
Studies of this cur ren t -poten t ia l  behavior  are described 
elsewhere (13). The curves in 1 ppm P b ( I I )  containing 
solution have variable  shapes and inflections before 
the l imit ing current  is reached. These are par t ly  due 
to the fact that the Pb (II) catalysis is t ime and cover- 
age dependent.  The region of l imit ing current  may be 
poorly resolved from the support ing electrolyte reac- 
t ion and be highly sloped. Thus a graphic procedure 
was followed to determine the l imit ing current.  This 
consisted of s imply extrapolat ing tangents  to the cur-  
rent -potent ia l  plot from beyond the l imit ing current  
and at the upper  part  of the pre- l imi t ing  cur ren t  region 
and taking their  point of intersection as the l imit ing 
current  estimate for that value of ~1/2. 

The graphic method biases the current  towards 
higher values. To compensate for this and other sys- 
tematic errors, such as area uncertaint ies  for the small 
disk [D depends on (disk radius)8],  the value of KL 
in  Eq. [4] was calibrated with iL - -  ~1/2 data for ferro- 
cyanide ion, employing a similar graphic technique. 
For  these purposes 4.00 mM K~Fe(CN)6 in  1M KC1 
was run  at 25~ applying the accepted value (15) of 
DFe(CN)6 - 4  : 6.32 >< 10 -6 cm2/sec and solving Eq. [3] 
and [4] for KL. Solution VI, for which Cheh (14) found 
D ---- 1.67 X 10 -~ cm2/sec at 60~ for the gold species in 
lead-free solutions by weighing a RDE deposit ob- 
tained at i ~ iD, was r un  for comparison. This solution 
gives no definable current  step in the Pb- f ree  version. 

Solution volumes of 150 ml  main ta ined  under  n i t ro-  
gen were employed. The electrode surface was re-  
polished for each of the scans from which l imit ing 
current  data were obtained, and at least two scans 
were used at each temperature.  Scan rates of 10 mV/  
sec were employed and the rotat ion speed range of 
400-6400 rpm was covered, where feasible. Lower 
ranges, such as 400-1600 rpm, were used whenever  
the catalyzed waves became insufficiently separated 
from supporting electrolyte reduction reactions at the 
higher currents (speeds) to apply the graphic tech- 
nique. 

Results and Discussion 
Kinemat ic  viscosity data for solutions III, IV, and V 

at five temperatures  are given in Table I and plotted 
logari thmically vs. reciprocal tempera ture  in Fig. 1. 
The values for solutions III  and IV are very similar and 

Table I. Kinematic viscosity in cm 2 sec - 1  as a function of 
temperature 

Solut ion 

T~ ~ I  IV V 

25 0.00970 0.00957 0,01019 
35 0.00785 0.00775 0.00830 
50 0.00600 0.00597 0.00639 
60 0,00514 0.00511 0.00550 
70 0.00~6 0.00444 0.00479 
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Fig. 1. Data of Table I plotted on log scale (~, cm2sec -1 )  vs. 

reciprocal absolute temperature. Solutions as indicated. 

in fact show a small  decrease in v wi th  the added 
KAu(CN)2.  When expressed as the v -1/6 factor in the 
Levich equation, the change in kinemat ic  viscosity 
from the addition of 20 g / l i t e r  KAu (CN)2 to the ci trate 
electrolyte  amounts to only a max imum of 0.2% at 
25~ and <0.1% at 70~ in RDE l imit ing currents.  The 
increase in ~ produced by the addit ion of 50 g / l i t e r  
(NH4)2SO4 (solution V) to the standard gold bath IV 
corresponds to approximate ly  a 1% decrease in l imit ing 
current  at a RDE over  this t empera tu re  range. The 
activation energy calculated f rom the l inear  log v vs. 
reciprocal t empera tu re  plot is 3-3.5 kcal and the cor- 
responding var ia t ion of ~-1/6 f rom 25~176 is less 
than 14% for any of the solutions measured.  

The conductivi ty results for solutions I -V are given 
in Table II and are plotted as log K vs. reciprocal  t em-  
pera ture  in Fig. 2. Some numerical  relationships can 
be gained by considering the ~ values at one t empera -  
ture, e.g., 60~ a normal  operat ing level  for gold baths 
such as IV and V. Taking the ~ value for solution I as 
unity, the normalized figures f rom Table II are 

I II III  IV V 
K 1 8.08 4.30 5.00 11.3 

Pure  addi t ivi ty  of components implies K1 + ~ln = ~lV 
(found 5.30 and 5.00), K1 W Kn + Kni -- Kv (found 13.38 
and 11.3), and Kn W ~iv ---- ~v (found 13.08 and 11.3). 
None of these comparisons contraverts  usual concen- 
t rat ion effects on equivalent  conductivity.  Addit ion of 
the conduct ivi ty  salt, (NH~)eSO4, more than doubles 
the bath conduct ivi ty  at all temperatures .  

The ratio ~m/Kt is 4.3 and, wi th  an assumption that  
A u ( C N ) 2 -  is the gold species and that  this anion and 
K + are equal ly  mobile, t_ for A u ( C N ) 2 -  in bath IV 
can be approximated  by 0.5/5.3 or 0.09. In the h igher  
conduct ivi ty  bath V, a comparable  est imate of t_ is 
0.04. If the electrode react ion is wr i t ten  as 

Table II. Specific conductivity in ohm -1  cm -1  as a function of 
temperature 

S o l u t i o n  

T ~  I II  I I I  I V  V 

25 0.00744 0,0623 0.0316 0.0370 0.0857 
35 0.00896 0.0740 0.0382 0 , 0 4 4 5  0.103 
50 0 . 0 1 1 4  0 . 0 9 2 1  0 . 0 4 8 6  0 . 0 5 6 7  0 . 1 2 9  
60 0.0130 0 . 1 0 5  0,0557 0.0648 0.146 
70 0.0146 0.117 0,0626 0.0729 0 . 1 6 3  
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I O 0 0 / T ~  

Fig. 2. Data of Table II plotted on log scale (~, o h m - l c m - D  
vs. reciprocal absolute temperature. Solutions as indicated. 

Au(CN)2- + e = Au + 2CN- [7] 

it resembles a redox reaction such as Fe(CN)6 -3 + e 
_-- Fe (CN)8 -4 with anion reactants and products in the 
sense of ionic migration effects. The ferri-ferrocyanide 
reduction appears to be the only such anion reduction 
for which ia/iD values as a function of an added elec- 
trolyte (with one common ion) have been theoretically 
calculated (4). In the extreme case, pure K3Fe(CN)6 
(no added salt), the minimum value of iL/iD = 0.87. 
In an equimolar K4Fe(CN)6 -- K3Fe(CN)s solution, 
doubling the K + concentration (with KOH) suffices to 
increase the iL/iD ratio to 0.97 from the zero added 
electrolyte ratio of 0.94. 

These values suggest that, with the t_ estimates for 
the gold baths IV and V, the decrease in the limiting 
current due to transport against the electric field 
(anion reduction at a cathode) is at most a few per 
cent in IV and negligible in V. 1 Any effect of iL < iD 

is amplified by the iD 3/2 cc D relation in calculating 
diffusion coefficients. However, from the experimental 
values of iL that follow, other effects of the addition of 
the (NH4)2SO4 apparently dominate any tendency for 
iL to increase with electrolyte concentration. The D 
values calculated from the Levich equation with Sc 
corrections ought to be reasonable estimates of this 
parameter for the gold species in these baths even 
where the supporting electrolyte case is less than ideal. 

The determination of D for the 4 mM ferrocyanide 
in IM KCI solution at 25~ by the graphic method, 
gave a value of 7.67 X 10 -6 cm2/sec. Van Stackelberg 
et al. (15) obtained 6.32 X 10 -6 cm2/sec. As noted, the 
ratio of these values calibrates the system KL to reduce 
graphic bias and the effect of other errors, e.g., in area 
measurement at the 0.06 cm 2 level. A +__3% error in D 
corresponds to _+14~ error in disk radius. Since the 
kinematic viscosities of solutions Ill and IV were 
nearly identical, their average value was used for D 
and Sc calculations for solution VI. 2 Applying the cali- 
brated KL, the value then obtained for D at 60~ in 
solution Vl was 1.72 X 10 -5 cm2/sec, in good agree- 
ment with Cheh's value (14) of 1.67 X 10 -5 cm2/sec 
for a weighed deposit. 

Log plots of iL/AC~ I/2 and of D and Sc vs. reciprocal 
temperature, are given in Fig. 3 and 4, respectively. 
The D values and Sc numbers are summarized in 

1 A r e v i e w e r  h a s  c a l c u l a t e d  t h e  d e c r e a s e ,  f r o m  N e w m a n ' s  t h e o r y ,  
t o  b e  0 . 8 %  i n  I V ,  t h e  m o r e  s e n s i t i v e  case .  

2 T h e  v a l u e  u s e d  f o r  v a t  6 0 o a  i s  w i t h i n  1 %  of  t h a t  m e a s u r e d  
d i r e c t l y  b y  C h e h  ( 1 4 ) .  
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Fig. 3. iL/CAcoV2 plotted on log scale vs. reciprocal absolute 
temperature. Solutions as indicated. 

Table IV. Schmidt number as a function of temperature 

S o l u t i o n  

T ' C  IV V VI 

25 1250 1552 1097 
35 890 1022 708 
50 449 544 444 
60 321 368 298 
70 228 270 232 

ments  wi th  a glass e lec t rode  pH me te r  and eonducto-  
metr ic  monitoring.  A known system, acetic acid wi th  
pKa of 4.75, was t r ea ted  in parallel experiments by 
t i t ra t ing  KOOCCH3 solutions. 

The pH t i t ra t ions  are  shown in Fig. 5. The pH at 
ha l f -equiva lence  (S = 0.5) of 4.7 for the  acetate  t i t r a -  
t ion agrees wi th  the  pKa; the behavior  of K A u ( C N ) 2  
is tha t  expected of the  sal t  of an acid wi th  pKa < 2. 
S imi l a r ly  the conductometr ic  t i t ra t ions  in Fig. 6 show 
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200 

-- 150 

2 .9  3.0 3.1 3.2 3~3 3.4 
IO00/T~ 

Fig. 4. Calculated D and Sc from Tables III and IV plotted on 
log scale vs. reciprocal absolute temperature. 

Tables I I I  and IV, respect ively.  The appa ren t  ac t iva-  
t ion energy  for  diffusion is 4 • 1 kcal  for  gold baths  
IV, V, and VI. 

The approx ima te  addi t iv i t ies  of the  conduct iv i ty  da ta  
above  are  not  inconsis tent  wi th  the  pKa of 5 for 
HAu(CN)2  given by  Maja  (7). Fo r  example ,  the  a l -  
t e rna t ives  

Au  (CN)2 -  -'F HCit  = -~ no reac t ion  [ 8 ]  

or 
A u ( C N ) 2 -  + HCit  = -* H A u ( C N ) 2  + Cit-- [9] 

p robab ly  would  not produce  easi ly  detec table  conduc-  
t iv i ty  differences. Accordingly ,  to es tabl ish the  pKa, 
K A u ( C N ) 2  was t i t r a ted  wi th  HC1 in separa te  exper i -  

Table III. Diffusion coefficient in 10 - 6  cm 2 sec - I  as a function of 
temperature 

S o l u t i o n  

T~ IV V VI 

25 7.66 6,56 8.80 
35 8.71 8.12 11.0 
50 13.3 11.7 13.5 
60 15.9 15.0 17.2 
70 19.5 17.8 19.1 
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Fig. 5. pH titrations of KAu(CN)2 and KOOCCH3. Plotted as pH 
vs. f where f = volume/volume to calculated equivalence point. 
Titrant is 1.045M HCI. 
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Fig. 6. Conductomettic tltrations of KAu(CN)2 and KOOCCH3. 
Plotted as specific conductivity vs. f. Titrant is 1.045M HCI and 
conductivity is corrected for titrant dilution. 
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Table V. pKa of HAu(CN)2 from pH of half-neutralized KAu(CN)2* 

Solution PH pKI (calc) 

1. 0.100M KAu(CN)~ 
0.100M HAu(CN)2 1.12 0.26 
0.100M KC1 

2. 0.05M KAu(CN)2 
0.05M HAu(CN)~ 1.42 0.55 
0.05M KC1 

Solutions prepared  f rom KAu(CN)$ and HC1. 
* KAu(CN)2 is  c o n s i d e r e d  as  e s s e n t i a l l y  f u l l y  d i s s o c i a t e d  a s  I(+ 

and [Au(CN)2]- in v iew of its conduct ivi ty shown in Table II .  

the expected shape for KOOCCH3 (C1- for -OOCCH3 
subst i tut ion at f < 1, H + + C1- dilution at f > 1), but  
no evidence of reaction for KAu(CN)2 (H + + C1- 
dilution for all ]). 

pH measurements  on nominal  f ---- 0.5 solutions of 
two different Au( I )  concentrations are summarized in 
Table V with calculations of the pKa, correcting for 
HAu(CN)2 dissociation. The fraction dissociated is so 
high as to preclude accurate measurement  of the pKa, 
but  a pK~ < 1 value is established. The significance of 
this acidity is that, in all practical gold baths including 
the hard gold usual ly deposited from lower pH, cobalt 
containing citrate formulations, gold is t ransported as 
the ion A u ( C N ) 2 -  and the pH change at the electrode 
is due to 

A u ( C N ) 2 -  + e--> Au -5 2CN-  [10] 
ra ther  than 

HAu(CN)2 -5 e--> Au -5 HCN -5 C N -  [11] 

Since CN-  is a strong base (pKHcN --~ 9.2), the effect 
of [10] as opposed to [11] is to produce 2 O H - / e  ra ther  
than 1 O H - / e .  

In  Maja's work only KAu(CN)2 solution pH mea-  
surements  are cited. When such measurements  are 
made with the pure KAu(CN)2 grade used in this 
work, drif t ing pH values of 7.5-8.3 are obtained at 
0.1M concentration, corresponding to a calculated pKa 
2-3.6. Addit ion of only 2 X 10-4M KCN corresponding 
to a 0.04 weight per cent (w/o)  impur i ty  in the original 

KAu(CN)2 salt raises the pH to 9.6 and the apparent  
pKa to 6.2. The use of KAu(CN)2 solutions only is ob- 
viously deceptive, as would be t rue for any strong acid 
salt. 

The data presented in  this work can be used to pre-  
dict l imit ing current  through Eq. [1] in any system 
for which 5 can be estimated. Cheh's data (14) indi-  
cated that the value of D for A u ( C N ) 2 -  was similar  
in citrate, phosphate, and alkaline baths at 60~ As a 
first approximation, the range of D values given here 
as a function of temperature  can probably be applied 
to most gold baths in present  use. 

Manuscript  submit ted Nov. 17, 1975; revised manu-  
script received March 22, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  19'77 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs o] this article were partially as- 
sisted by Bell Laboratories. 
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Aging Effects in Single Crystal Reduced Rutile Anodes 
L. A. Harris and R. H. Wilson* 

General Electric Company, Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Single crystal samples of reduced rut i le  used as anodes in  a photoelectro- 
chemical cell with 1.0N H2SO4 show significant changes with use. Saturated 
photocurrent  as a function of i l luminat ion wavelength and differential ca- 
pacitance as a function of anode half-cell  voltage were measured before and 
after varying periods of operation under  intense i l luminat ion.  Shifts in the 
photoresponse and capacitance are observed only when the i l luminat ing  photon 
energy exceeds the bandgap energy of rut i le  and when a field exists in the 
crystal. The changes, possibly indicating a motion of donors toward the crystal 
surface, are also accompanied by an eventual  loss in quan tum efficiency and 
str iking alterations in surface morphology. Reduced rut i le  may not have 
sufficient stabil i ty for prolonged use as the anode in  electrochemical cells. 

The properties of reduced rut i le  (TiO2) and its be-  
havior as an anode in an electrochemical cell have re-  
ceived increasing a t tent ion recently (1-8). This in ter -  
est stems from the work of Fuj i sh ima and Honda (9, 
10) who suggested ruti le as an agent for electrolyzing 
water  with photons (sunlight)  supplying the necessary 

* Electrochemical  Society Active Member.  
Key  words:  photoelectrochemistry,  TiO2, rutlle, hydrogen,  aging. 

energy. If rut i le  or some similar  p lent i ful  oxide in  the 
polycrystall ine state could be so employed success- 
fully, it would greatly enhance the prospects for the 
economic util ization of solar energy. 

Although the bandgap of rut i le  is fair ly large [3.05 
eV (11)] allowing it to usefully capture only a small  
fraction of the energy available in sunlight, it is one 
of very few semiconducting materials  considered suf- 
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flciently stable to resist corrosion when used as an il- 
lumina ted  anode in  an aqueous electrochemical cell 
(7, 9). Previous investigators have been able to detect 
no change in weight of the mater ia l  after considerable 
use (2) or evidence of Ti ions in the electrolyte (9). 

We report  here observations of changes in electrical 
behavior  and surface s t ructure  of single crystal ruti le 
anodes under  the influence of l ight and electric field 
conditions that  obtain when  water  is dissociated in an 
electrochemical cell of this type. These aging effects 
result  in an eventual  loss of quan tum efficiency which 
seriously reduces the effective life of the mater ial  as a 
water-spl i t t ing agent, even though no obvious chemi- 
cal dissolution occurs. 

Experimental Procedures 
Measurements.--The tests to be described were car-  

ried out in an electrochemical cell s imilar  to those de- 
scribed by other workers (2, 10). The anode was a 
rut i le  crystal, about 0.5 cm 2 in area, and the cathode 
was a blackened p la t inum foil, about 14 cm 2 measured 
area. Two saturated calomel reference electrodes 
(SCE) were connected through appropriately placed 
Luggin capillaries to measure the half-cell  voltages at 
each electrode. Hydrogen could be bubbled over the 
p la t inum black cathode to avoid depolarization effects, 
par t icular ly  when hydrogen was not being l iberated 
there by the action of the cell. 

All the electrodes were placed in  a 400 ml Vycor 
beaker  containing 250 ml  of 1.0N H2SO4. The electro- 
lyte  was not st irred dur ing the experiments,  after 
earlier tests had shown the current  and half-cell  volt-  
ages to be independent  of st irring. 

The rut i le  anode could be i l luminated,  by either of 
two 150W Bausch and Lomb xenon light sources, by 
simply rotat ing the beaker  appropriately as indicated 
in  Fig. 1. The light from source 1 was separated into 
its components by a small  Bausch and Lomb grating 
monochromator  and focused to a spot 2 cm in diameter  
at the sample by a quartz lens. The light from source 
2 was focused directly by another  quartz lens to about 
the same size spot. The total power density at the 
sample from source 2 was about  1.4 W/cm 2. 

Figure  1 also shows the circuit used to measure the 
vol t -ampere  relations of the two half-cells or the 
photoresponse of the anode half-cell;  and the polarities 
of the voltages and currents  are defined there. Ca- 
pacitance of the cell was measured without  i l lumina-  
t ion using the bridge circuit shown in  Fig. 2. This 
bridge design assumes a series RC equivalent  circuit 
for the cell, in  which the capacitive reactance is as- 
sociated pr imar i ly  with a depletion layer in  the semi- 
conductor electrode (12-15). Differential capacitance 
as a funct ion of anode half-cell  d-c potential,  V~, was 
measured using an approximately 3 kHz square or 
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Fig. 1. Schematic of experimental arrangement for photocurrent 
measurements and aging. 
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Fig. 2. Schematic of circuit for measuring differential capacitance 
vs. half-cell voltage. 

t r iangular  wave to excite the bridge and an oscillo- 
scope as the balance detector. Even when perfect nul ls  
could not be obtained because the RC circuit in the 
reference arm inadequate ly  represents the cell (15), 
an unambiguous  balance could be detected by the am- 
pli tude and symmetry  of the detector wave form. 

Sample preparation.--AlI samples were sliced from 
a single crystal boule of rut i le  purchased from the 
National Lead Company. The most detailed tests were 
done on samples cut normal  to the C axis of the crystal, 
exposing a (001) face, though some measurements  
were made on (100) and (110) faces. The slices were 
approximately 1 mm thick and were polished on one 
side with 0.3~ abrasive. 

The crystals were insulat ing as prepared and were 
heated in a reducing atmosphere to make them con- 
ducting (11, 16). This t rea tment  makes the crystals 
n- type.  The usual  reduction procedure was heating the 
polished slices in  1 atm of H2 at 650~ for 15 min, a 
t rea tment  we found to give about the opt imum quan-  
tum efficiency. We shall indicate where results per ta in  
to samples with other than (001) orientat ion or pre-  
pared with other reduction processes. 

Ohmic contact was made on the rough, unpolished 
face of the crystal slice with a Ga- In  or Ga-Ag alloy, 
and a wire was soldered to this face with a drop of 
I n - S n  solder. The sample was then sealed to a glass 
tube and coated with epoxy cement so that  only the 
polished face was exposed to the electrolyte. As noted 
earlier, sample areas were typical ly about 0.5 cm 2. 

Results 
A typical V-I curve for the i l luminated  anode (TiO~) 

half-cell  resembles those reported elsewhere (9, 10). 
For  convenience the curve is shown in  Fig. 3, along 
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Fig. 3. Current vs. half-cell voltages (Vz~  TiO~; V2-> Pt) 
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with that for the p la t inum black cathode after it is 
saturated with hydrogen. These curves verify the con- 
clusion of Wrighton et al. (2) that the short-circuited 100 
cell will not support an appreciable current,  even 
when il luminated,  unless the voltage deficiency indi-  90 
cated between the two half-cell  characteristics is sup- 
plied from an external  source. 

The height of the current  plateau at any given time 80 
is proportional to the intensi ty of the i l luminat ion  
(10), as determined with a set of calibrated neut ra l  ~ 70 
density filters, but  the response was observed to vary  
with the sample history. Systematic measurements  "~ 60 
were made to clarify the na ture  of these changes with 
sample "age." ~ 5 0  

Standard reduction, (001) orientation.--Immediately 
after preparat ion and before any exposure to light from ~ 40 
source 2, the cell capacitance as a funct ion of V1 and 
the saturated photocurrent  at constant V1 ---- 2V were 
measured. Then, with V~ held at the same constant 30 
value to draw the saturated current, the rut i le  anode 
was exposed to light from source 2 for a period of time, 20 
after which the C-V1 and spectral response measure-  
ments were repeated. This sequence of exposure and 10 
measurement  was continued for a number  of aging in-  
tervals, all with exposure to the same light intensity, 0~ 
about 10 times that  of unconcentra ted sunlight. Al-  
though this high intensi ty undoubtedly  accelerated the 
aging effects reported here, the rate of aging with dif- 
ferent light intensities was not investigated. 

The results of one such sequence of measurements  
on sample number  9b2 are summarized in Fig. 4, 5, and 
6, in which age represents the total t ime the sample 
was i l luminated by source 2 prior to the measurement  
indicated. Figure 4 shows the results of capacitance 
measurements  plotted as A2/C 2 vs. Vz, where A is the 
geometric area of the sample. The slope of this 
Schottky plot gives a measure of the net donor density 
for a flat surface if the changes in capacitance all oc- 
cur in the semiconductor as is usually the case (12-14). 
Under  these assumptions the init ial  donor density is 
about 7 X 1019 per cm 3. The calculated depletion widths 
using these assumptions are also shown in Fig. 4. 

Figure 5 shows the photocurrent  as a function of 
wavelength from source 1 for different ages. These 
curves are uncorrected for the spectral in tensi ty  dis- 
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Fig. 4. Schottky plot of reciprocal of capacitance squared vs. 
half-cell voltage. Flat surface area assumed to calculate width of 
depletion layer. Sample number 9b2. 
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Fig. 5. Spectral dependence of photocurrent at different stages 
of aging for strongly reduced sample number 9b2. 

t r ibuted at the monochromator  output. The wavelength 
resolution is quite broad because the monochromator  
slits were wide (4 mm) to give adequate intensi ty  for 
measurement.  ( In an earl ier  test of a s imilar ly pre-  
pared sample, correction of the spectral response curve 
for monochromator  output  dis t r ibut ion and absorption 
in the cell wall and electrolyte, but  not for reflection 
at the sample surface, showed a quan tum efficiency of 
about 0.74 electrons per photon with energy exceeding 
the bandgap of TiO2.) The uncorrected curves ade- 
quately show the shift with age of the spectral response 
toward the longer wavelengths and the init ial  rise and 
subsequent  fall of the peak current.  

The rise and fall of current  with age is also evident  
in the graph of saturat ion current  (Fig. 6) under  full 
i l luminat ion from light source 2. During the course of 
the exper iment  there were many  interrupt ions  when  
the sample remained inactive in the electrolyte. The 
capacitance and spectral response were always checked 
after such intervals  and found to vary  l i t t le from their  
values before the interruptions.  Values of the satura-  
t ion current  taken immediate ly  after resumption of 
the aging schedule tended to be lower than  their pre-  
vious values but  came back to the value shown in  the 
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Fig. 6. Change in photocurrent with age. Sample number 9b2, 
full light from source 2. 
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figure wi thin  a few minutes.  The age, defined as the 
total t ime of exposure to full  i l luminat ion,  appears to 
be the principal  de te rminan t  of the changes in  elec- 
trical properties reported here. 

The aging effects just  described for a reduced rut i le  
crystal with the (001) face exposed raise questions 
regarding the conditions necessary for them to occur; 
in  particular,  the influence of crystal orientation, 
amount  and method of reduction, light, and electric 
field. A number  of addit ional experiments  were done 
to answer some of these questions. 

Other orientations and reductions.--Repetition of the 
aging experiments  with crystals reduced in hydrogen at 
650~ for 15 min but  with the (100) and (110) faces 
exposed showed similar  init ial  increases in capacitance 
and shifts of the spectral response toward long wave-  
lengths. The capacitance increased for the full  dura-  
tion of the experiments  and rose to higher values than  
in the (001) case, par t icular ly  with the (110) face ex- 
posed. Otherwise the behavior was qual i tat ively simi- 
lar. 

Figure 7 shows the photoresponse of an unreduced 
rut i le  crystal with the (001) face exposed. Al though 
there is some growth of the peak current  with age, its 
value is about three orders of magni tude  below that 
measured in reduced crystals, and the response re-  
mains confined to a nar row region near the low energy 
absorption edge of TiO2 (16-18). The sample capaci- 
tance was very small and independent  of V1 or age. 

Another  sample, number  9c, with (001) orientat ion 
was reduced by heating to approximately 580~ for 15 
min  in an ul t rahigh vacuum system where the pres-  
sure was 3 X 10 -9 Torr  before heating and 5 X 10 -7 
Torr  during heating. This t rea tment  resulted in a very 
l ightly reduced crystal (about 2 X 10 TM donors /cm 3 
based on the slope of an A2/C 2 plot) which was sub-  
jected to the same sequence of aging experiments de- 
scribed earlier. It showed an increase in capacitance 
with aging similar to sample number  9b2. 

The changes in photoresponse for sample 9c are 
shown in Fig. 8. Initially,  this response peaks at about 
325 nm but  with age a second peak develops at about 
375 nm while the shorter wavelength response de- 
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Fig. 8. Spectral dependence of photocurre~t at different stages 
of aging for lightly reduced sample number 9c. 

creases somewhat. These shifts are consistent with 
those of Fig. 5 but  are much more obvious in the pres-  
ent case. It should be noted that the curves of current  
shown in Fig. 8, if plotted on the same scale as those 
of Fig. 5, would lie below the la t ter  curves. 

InfLuence of field and illumination.--After having 
examined the effects of aging on a variety of samples, 
we then examined the effects of varying the aging 
parameters, the i l luminat ion and applied voltage. 

Sample number  12a was reduced in the s tandard way. 
It was then subjected to the sequence of aging tests 
already described, except that V1 was held at 0.2V in-  
stead of the usual 2V. The results were similar in all 
respects to those of sample 9b2 except possibly for a 
lower rate of change with sample 12a, though differ- 
ences in the ini t ial  level of reduct ion make this rate 
change uncertain.  

The final sample to be discussed, n u m b e r  12b, was 
reduced in the same process as sample 12a and under -  
went  a series of aging tests. In  the first of these the 
cell was short circuited, which set V1 at about --0.27V. 
As can be seen from the intercepts of the A2/C 2 curves 
(Fig. 4) this approximates the flatband condition in  
which there is no depletion region in  the semiconduc- 
tor. The aging tests, with the sample i l luminated as 
usual by the full light from source 2, showed no sig- 
nificant changes in photoresponse or capacitance. 

Since the sample was apparent ly  unchanged, an -  
other aging test was made with V1 = 2V but  wi th  no 
i l lumination.  Again no significant changes in the crys- 
tal were observed. 

A third test was made on the same specimen with 
V1 ---- 2.0V and with i l luminat ion  by filtered light from 
source 2. The light was passed through a Corning CS 
3-37 filter which has a sharp cutoff for l ight of wave- 
lengths less than about 430 rim. Since the t ransmit ted 
light consisted of photons with insufficient energy to 
excite hole-electron pairs in  the TiO~, no change in  
current  was observed with the light on or off. Once 
again, aging had no significant effect on the photore- 
sponse or the capacitance. 

As a final check, to ensure that  this sample was a 
representat ive one, it was aged for 15 min  with V1 ---- 
2V and with full i l luminat ion.  After  this br ief  aging 
the str iking increases in capacitance observed with 
other samples were evident. 
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Surface s tructure changes.-- I t  was observed that 
the exposed surfaces of aged samples changed their 
visual appearances, usual ly  from a shiny dark gray or 
black to a velvety matte  surface. Some of these sur-  
faces have been examined with the aid of a scanning 
electron microscope. At present, the informat ion is too 
pre l iminary  to report in  detail, but  str iking changes in 
surface morphology do indeed occur with aging. Fig- 
ure 9 shows some of the changes which occur on the 
(001) surface of rutile when it is reduced, and then the 
nature of subsequent changes when the surfaces were 
aged in the photoelectrochemical cell. The difference 
between Fig. 9a and 9b shows that some surface change 
occurs on reduction with hydrogen. Figure 9c shows 
the surface of sample 12b, the last to be discussed 
above, which, though in the electrolyte for a whole 
series of tests, underwent  active aging for only 15 min. 
Figure 9d is a comparable micrograph of the surface of 
sample 12a which had been actively aged for a total 
of 360 min  with V1 ---- 0.2V. Micrographs of aged (100) 
and (110) crystal faces also show the development  of 
considerable porosity but  differ in detail from those 
shown in Fig. 9c and d. 

Discussion 
We have presented data which show changes in a 

reduced ruti le crystal when it is used as an anode in 
a photoelectrochemical cell. Three major  effects were 
observed: (i) the quan tum efficiency decreases for high 
energy (greater than 3.6 eV) photons and increases for 
intermediate  energy (3.0-3.6 eV) photons; (ii) the 
capacitance of the electrolyte-crystal  junct ion changes; 
and (iii) the surface s tructure of the crystal changes. 
Whether  these effects are independent  or mere ly  dif- 
ferent  aspects of a single process is not ent i rely clear 
at present. 

One possible in terpre ta t ion  of the capacitance 
changes involves the accumulat ion of donors near the 
surface as a result  of the combined action of bandgap 
radiat ion and applied field. This increased concentra-  
tion at the surface would nar row the depletion region 
and increase the observed capacitance. The changes in 

spectral response, however, are not  adequately ac -  
c o u n t e d  for on this basis without  resorting to a n u m -  
ber  of other improbable  assumptions. 

Another  possible explanat ion for the observations is 
a change in surface roughness giving rise to an in-  
creased contact area between electrolyte and crystal. 
A factor of three increase in  area in the first 14 rain 
of aging would explain the observations in Fig. 4, bu t  
such an increase is more than  would be predicted from 
the appearance of surface roughness in  Fig. 9c. This 
model could also explain increased quan tum efficiency 
for intermediate  energy photons by assuming the de- 
velopment  of pores in the surface that  provide collec- 
tion surface deep in the crystal where the photons are 
absorbed. The model, however, does not provide an  
explanat ion for the large difference between the quan-  
tum efficiencies for the heavily and l ightly doped crys- 
tals. 

By the time the crystal is aged to the point  corre- 
sponding to Fig. 9d, the quan tum efficiency has begun 
decreasing. This decrease can be explained if the re-  
s t ructured surface is composed of an electrically inert  
layer that  absorbs photons without  contr ibut ing to the 
current.  The layer could also affect the capacitance 
measurement  by decreasing the contact area between 
the electrolyte and electrically active surface. The re-  
s t ructur ing itself is possibly due to a cur ren t -d r iven  
migrat ion of surface atoms. Only about one atom re-  
arranged per thousand electrons through the circuit is 
necessary to cause the observed effects. This process 
may be related to that  discussed by Vermilyea (19) 
for anodized Ta205 films. 

Conclusions 
We have shown that the qua n t um efficiency of a 

reduced rut i le  crystal used as an electrode for photo- 
electrolysis depends on the process used to reduce it. 
This quan tum efficiency is subsequent ly  changed in 
use. The tong term result  is a decrease in  qua n tum ef- 
ficiency apparent ly  related to rear rangement  of TiO2 at 
the surface. Exper iments  have shown that  both band-  
gap excitation and a strong field are necessary for 
these aging effects to occur. The influence of processing 
and exper imental  history on the behavior  of this ma-  
terial could lead to the discrepancies in  qua n t um ef- 
ficiencies reported by different workers. 

Aside from its too-wide bandgap, TiO~ may prove to 
be unsui table  as a photochemical solar energy collector 
because of the instabili t ies reported here. Although 
these instabili t ies were demonstrated only for TiO2 and 
only in a 1.0N H2804 electrolyte, they may well occur 
under  a wider  var ie ty  of operating conditions and with 
other semiconductor electrodes, par t icular ly  those 
made semiconducting by the in t roduct ion of lattice de- 
fects. 

Fur ther  effort is necessary to clarify the fundamenta l  
na ture  of the instabili t ies so that  their  effects may  be 
minimized or avoided by proper choice of mater ia l  and  
operating conditions. 
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ABSTRACT 

This r epor t  describes exper imen ta l  and analy t ica l  methods  of resolving f re -  
quent ly  encountered  problems  of l ineari ty ,  accuracy, reproducibi l i ty ,  re l i -  
abil i ty,  and concentra t ion polar iza t ion  in charac ter iza t ion  of membrane  t rans-  
por t  coefficients. An  appara tus  has been constructed for nons teady-s ta te  cha r -  
acter izat ion of membrane  t ransport .  This appa ra tus  employs s imul taneous  
moni tor ing of salt  and volume t ranspor t  in each half-cel l ,  independent ly ,  
to provide  in te rna l  checks on accuracy. Sufficient da ta  are  genera ted  from a 
single expe r imen t  to eva lua te  a complete  ma t r i x  of coefficients (Lp, r ~). A m -  
biguit ies  resul t ing f rom combining da ta  f rom different  exper imenta l  condit ions 
in a single coefficient ma t r ix  are  comple te ly  el iminated.  Two ana ly t i c a l - expe r i -  
meta l  methods  are  employed:  the zero volume flux method (ZVFM) and the 
l inear iza t ion  of the flux equations leading to the least  squares s t ra ight  l ine 
method (LSM).  Average  reproduc ib i l i ty  of a coefficient mat r ix ,  using ZVFM 
or LSM, is about  5%. Average  accuracies for the LSM coefficients LD, ~, and 
are  2.9, 0.5, and 4.8%, respect ively.  A quant i t a t ive  measure  is in t roduced for 
the  over -a l l  r e l i ab i l i ty  of a coefficient mat r ix .  The " re l iab i l i ty  coefficient," 
Rj, demonst ra tes  how wel l  the expe r imen ta l  fluxes can be reproduced  by  the 
t ranspor t  coefficient ma t r ix  over  the range of the rmodynamic  forces. For  these 
exper iments  RJv ~ 3 • 10 -8 cm-sec - I  and Rjs ~ 2 • l0 - I~  mo le -cm-2- sec  - I .  
The problems  of l inea r i ty  and concentrat ion polar izat ion are  near ly  solved, 
as evidenced by  the re l i ab i l i ty  wi th  which the exper imen ta l  fluxes can be 
predic ted  by  the t r anspor t  coefficients. 

The first complete  charac ter iza t ion  of m e m b r a n e  
t ranspor t  phenomena  was achieved by  S taverman,  who 
demons t ra ted  the inequal i ty  of osmotic and h y d r o -  
stat ic t r an smembrane  pressures  in producing  vo lume 
flux (1, 2). By a s imple appl icat ion of the  pr inciples  
of nonequi l ib r ium thermodynamics  developed by  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  re f lec t ion  coefficient,  h y d r a u l i c  c o n d u c t i v i t y ,  m e m -  

b r a n e  permeability, concentration polarization, irreversible t h e r m o -  
dynamics .  

Onsager  (3, 4), S t ave rman  showed that,  in addi t ion to 
wate r  and solute permeabi l i t ies ,  a th i rd  t r anspor t  co- 
efficient is necessary for complete  charac ter iza t ion  of 
membrane  t ransport .  He named  this addi t ional  t e rm  
the "reflection coefficient" and descr ibed its physical  
significance. 

Since S tave rman ' s  efforts, in teres t  in e labora t ing  the 
theoret ica l  pr inciples  under ly ing  m e m b r a n e  t r anspor t  
phenomena,  and the choice of re ference  f rames  for  
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membrane  characterization, has resulted in voluminous 
l i terature  contributions. Distinguished reviews of mem-  
brane  biophysics have been published (5-7). Staver-  
man 's  original concept of the reflection coefficient has 
been generalized by Zelman (8). Several research 
groups have developed specific apparatus and tech- 
niques for evaluat ing three or more t ransport  coeffi- 
cients for membrane-so lu t ion  systems [true steady 
state, (9, 10); quasi-steady state, (11-18); nonsteady 
state, (19-21)]. 

In all of the methods thus far developed for com- 
plete characterization of membrane  transport,  both 
theoretical and experimental  anomalies are introduced 
which place severe l imitations on the evaluated co- 
efficients. There are basically five problems thwart ing 
complete characterization of a matr ix  of coefficients. 

I. The l inear form of the t ransport  equations can 
be developed from either macroscopic or microscopic 
considerations (22). The two basic forms for the t rans-  
port equations are 

N 

j = l  
and  

N 
Ji = -- ~ L'U~J [2] 

j = l  

The t ransport  coefficients, LU, are in principle func-  
tions of hydrostatic pressure, solute concentration, and 
voltage. However, if the differential form, Eq. [1], is 
linear, then the difference form, Eq. [2], obtained by 
integrat ion of Eq. [1], will be intr insical ly  nonl inear  
(23). Use of the macroscopic t ransport  Eq. [2] must  
therefore be restricted to nar row regions of electro- 
chemical potential  difference where l inear i ty  is found 
exper imental ly  to exist. 

II. For a three component system consisting of a 
membrane,  solute, and solvent, there are two independ-  
ent flux equations and three independent  t ransport  
coefficients. These three coefficients cannot be evaluated 
from a single state of the membrane-so lu t ion  system. 
Consider two chemical species, denoted by subscripts 1 
and 2, in  a membrane-so lu t ion  system whose state is 
denoted by a superscript pr ime 

--J1' : LllA#I' -+- L12~#2' [3] 

- -J2 '  = L21A/Xl' -~- L22A,u2 ' [4] 

where, according to the principle of Onsager reciproc- 
ity, L12 : L21. To generate a third equation and solve 
the system, one must  alter some chemical potential  
and, thus, the mass fluxes which occur. The second 
state of the system is denoted by superscript double 
primes 

- - J l "  : L l l A g l  " -~ L12Ag2" [5]  

--J2" = L21A,~l" -4- L22Ag2" [6] 

Any three equations from [3]-[6] can be used to evalu-  
ate the independent  coefficients. The important  aspect, 
however, is that a second state of the chemical system, 
developed by altering the chemical potentials, was 
necessary to generate sufficient data to determine the 
complete matr ix  of coefficients. The t ranspor t  co- 
efficients, then, are not derived exper imenta l ly  from 
a single state of the membrane-so lu t ion  system, but  
they are functions of at least two different states. The 
magni tude  of the coefficients will depend on the method 
of averaging the coefficients over these different ther-  
modynamic states. Theoretical attempts at deriving the 
t ransport  coefficients by integrat ing the differential 
flux equations across a single state of the membrane -  
solution system encounter  intr insic difficulties. 

III. Concentrat ion polarization is the nemesis of the 
membranologist .  The boundary  layer  is, of course, 

impossible to el iminate completely (24). For systems 
with three or more t ransport  coefficients, it becomes a 
monumenta l  task to develop sufficient data to use the 
Wilson plot method of e l iminat ing the boundary  layer 
by extrapolat ion to infinite solution agitation. There 
are two alternatives. One can either manufacture  a 
test cell with mathematical ly  well-defined boundary  
layers, or one can design a st irr ing apparatus which 
makes the boundary  layer an insignificant contr ibut ion 
to the t ransmembrane  mass t ransfer  resistance. 

IV. From the s tandpoint  of absolute accuracy, the 
transport  coefficients can be evaluated most easily by 
performing separate experiments  in different t ransport  
cells and even with different membrane  samples. A set 
of experiments  can thus be used to evaluate a single 
matr ix  of coefficients. This procedure introduces into a 
single matrix, however, coefficients which reflect differ- 
ent boundary  layer conditions and inhomogeneity in 
the different membrane  samples. They do not r igor-  
ously reflect the same membrane-so lu t ion  system. 
Ideally, data should be collected from one exper imental  
cell, and, if possible, during one exper imental  trial. 

V. As discussed previously, t ransport  coefficients are 
obtained from at least two different states of the mem-  
brane-solut ion system. However, in practice one uses 
the set of coefficients to generate the fluxes expected 
for a single state. Thus, it is essential for every report  
to examine the val idi ty of the reported t ransport  co- 
efficients by including a comparison between the fluxes 
generated by the exper imental  t ransport  coefficients 
and the actual measured exper imental  fluxes. This 
aspect of membrane  characterization has been sorely 
neglected in the l i terature.  

This discussion leads to the conclusion that the op- 
t imal characterization of a so lu t ion-membrane  system 
requires a single matr ix  of coefficients evaluated from 
experiments  which main ta in  a constant, negligibly 
small boundary  layer. All measurements  should be 
performed in  the same transport  cell with the same 
adequate st irr ing conditions. The apparatus should in-  
corporate as many  double checks on each measurement  
as possible to ensure accuracy and reproducibili ty.  The 
coefficients should be "properly" averaged over the 
various states of the membrane-so lu t ion  system used 
to evaluate the t ransport  coefficients. Finally,  the 
validity of the calculated t ransport  coefficients should 
be demonstrated by reproducing the measured fluxes 
wi thin  exper imental  accuracy. 

The purpose of this report is to describe a non-  
steady-state system designed for complete membrane  
characterization for a membrane-aqueous  salt solution 
system. In addition, we demonstrate  the appropriate 
analytical  methods necessary for evaluat ion of the 
t ransport  coefficients from rigorously valid experi-  
menta l  data. The calculated t ransport  coefficients can 
be used to reproduce the exper imental  fluxes over an 
extended range of solute concentrations. 

Analytical Method 
An apparatus has been constructed for nonsteady-  

state characterization of membrane  transport  phe-  
nomena. This system is un ique  in that  every necesary 
experimental  parameter  can be determined, with preci- 
sion, in each half-cell  s imultaneously.  Thus, an ent i re  
matr ix  of t ransport  coefficients can be obtained from a 
single experiment.  

Temperature,  solution concentration, and solution 
volume were monitored cont inuously in each half-cell.  
Experiments  were designed such that the solute con- 
centrat ion in each half-cell  varied with t ime while the 
solution temperatures  and t r ansmembrane  hydrostatic 
pressure difference were main ta ined  constant. 

Figure 1 shows a hypothetical t ransport  cell used to 
define the sign notations applicable to the thermody-  
namic forces and fluxes involved. Differences in  the 
thermodynamic variables are taken right minus  left. 
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transport of salt and water across a Fig. 1. Hypothetical cell for 
permeable membrane. 

Fluxes are taken to be positive when t ransport  is from 
the left to the right half-cell.  

The solute and volume fluxes are wri t ten  as t ime de- 
rivatives of the exper imenta l ly  accessible parameters;  
half-cell  volume, V ( t ) ,  and solute transport,  nT(t ) .  
Osmotic pressure and chemical potential  are developed 
as t ime-dependent  functions of concentration, c ( t ) .  
V ( t ) ,  c ( t ) ,  and nT(t)  are developed as polynomial  
expressions in t ime using the Crout reduct ion method. 
The t ime-dependent  equations for half-cell  volume, 
solute concentration, and solute t ranspor t  are 

V (t) = X~ a~t' [7] 
i = i  

and 

i't 

c(t)  = ~ bit  I [8] 
i = 1  

p 

nT(t)  --~-~ ditt [9] 
i=1  

Data points can in general  be fitted to a polynomial  
with a vanishingly small  s tandard deviat ion by in-  
creasing the degree of the polynomial.  To gain a 
realistic funct ion for these polynomials,  however,  we 
decreased m, n, and p un t i l  the s tandard deviation for 
the polynomial  was about equal to the exper imental  
imprecision (m ,n ,p  ~ 4, usual ly) .  Thus, the higher 
order terms which forced the polynomial  to fit the data 
points were eliminated.  Smooth, exper imenta l ly  rea-  
sonable curves for V' ( t ) ,  V " ( t ) ,  c ' ( t ) ,  c"( t ) ,  n T ' ( t ) ,  
and nw"(t) were obtained in this manner .  

The volume flux, J~(t) ,  is given by 

J r ( t )  = -  ( l / A ) ( d V ' ( t ) / d t )  ~- ( l / A ) ( d V " ( t ) / d t )  
[i0] 

where A is the exposed membrane  area. The solute 
flux, J~(t),  is given by  

J s ( t )  = --  ( l / A ) ( d n T ' ( t ) / d t )  = ( l / A ) ( d n T " ( t ) / d t )  
[11] 

The t ime-dependent  t ransport  equations were writ ten,  
for a single solute, as (2, 5, 8) 

J r ( t )  ---- --Lp(AP -- ~AII(t)) [12] 
and 

Js( t)  ----c(t) (1 -- a )Jv( t )  -- o~AII(t) [13] 

where  c ( t )  is a logari thmic average solute concen- 
t ra t ion defined by  

c ( t )  ---- A I I ( t )  /A~sC(t) [14] 

For a u n i - u n i v a l e n t  salt, the osmotic pressure and 
#s c can be written 
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~s r ( t )  = 2 R T  In (~• ( t )ms ( t ) )  

18.016RT 
a n d s ( t )  -- (2@s(t)ms(t)) [15] 

lO00~(t) 

This par t icular  form of the t ranspor t  equations was 
chosen because the coefficients Lp, the hydraul ic  con- 
ductivity, ~, the reflection coefficient, and oJ, the solute 
permeabi l i ty  at zero net volume flux are reasonably 
independent  of solute concentrat ion (25). In  Eq. [12] 
and [13], these coefficients may be treated as con- 
stants so long as 5II(t)  is not "too large." 

Two methods were used to evaluate the t ransport  
coefficients. The "zero volume flux" method uses rela-  
tionships from Eq. [12] and [13] to evaluate the co- 
efficients 

-- -- (Js(t)/AII(t))jv-_.o [16] 

a --- (AP/AII(t))Jr=0 [17] 

N 

Lp = - - ( l / N )  ~ ( J v ( h ) / ( A P - -  ~hII( t i ) ) )  [18] 

In  Eq. [18], the hydraulic  conductivi ty is determined as 
an average over the number  of exper imental  data 
points, N, collected at the t imes ti dur ing an experi-  
ment.  In this analyt ical  method, the per cent s tan-  
dard deviations of ~ and # are the sums of the per cent 
s tandard deviations of the terms which contr ibute  to 
their  calculation. The s tandard deviat ion of Lp was 
determined from 

N ( /1/2 
s.d. (Lp) -- ~ ( L p ( t D  --  Lp)S/(N -- 1) [19] 

i=1  

In  this method, the eoefficients ~ and ,T are deter-  
mined for the single state of the membrane-so lu t ion  
system when the net volume flux is zero. The hydraul ic  
conductivi ty is an average over the range of thermo-  
dynamic states produced in each experiment.  

The second method of data reduction, the least 
squares straight l ine method, uses a l inear izat ion of the 
volume and salt flux expressions as follows. From Eq. 
[12], one obtains 

J r ( t )  -- --LpAP + Lp~AII ( t )  [20] 

which can be wr i t t en  as 

Y ( t )  ---- Yo + S X ( t )  [21] 

The salt flux expression Eq. [13] can be rear ranged to 
obtain 

J s ( t ) / ( - c ( t ) J v ( t ) )  -- (I- ~) 

+ (--~) ( A I I ( t ) / ( c ( t ) J v ( t ) ) )  [22] 
o r  

Y ' ( t )  = Y'o + S'X' ( t )  [23] 

Least square straight lines are de termined for Y( t )  
and Y ' ( t ) .  Since AP is an exper imenta l ly  determined 
constant, the t ransport  coefficients are obtained from 

L p  -~  - -  Y o/ AP [24] 

= - - S / L p  = 1 --  Y 'a  [2.5] 

o~ - -  - - S '  [26] 

The correlation coefficient, r, and the level of signifi- 
cance, p, were determined for all exper imental  data 
fit to a l inear  equation. The s tandard deviations of 
the slopes and intercepts of the straight l ines were  
also determined (26). 

Coefficients determined using the least squares 
straight l ine method are average values over all states 
of the membrane.  Thus, these coefficients are u n a m -  
biguously developed to characterize t ransport  phe-  
nomena  over a specified range of thermodynamic  states. 
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Exper imenta l  M e t h o d  
Figure 2 contains an i l lustrat ion of the t ransport  cell 

utilized in these experiments.  The cell consisted of two 
3 in. ID conical end Kimax glass pipe elbows con- 
nected with a luminum flanges (Kimax, Owens-Il l inois 
Incorporated, Fluid Process Systems, Vineland, New 
Jersey).  The membrane  was supported between the 
glass elbows by two pieces of 0.062 • 0.001 in. thick 
Plexiglas. Holes of diameter  0.250 • 0.001 in. were 
arranged in a circular array to provide an exposed 
membrane  area of 16.64 • 0.07 cm 2. These holes were 
aligned using two stainless steel pins placed eccen- 
trically in the plastic sheets and external  to the half-  
cell solutions. Neoprene gaskets were used between 
connected parts. 

The half-cells were closed at their outer ends with 
1/2 in. thick Plexiglas fastened to the glass using alu-  
minum flanges and Neoprene gaskets. Connections to 
the half-cells were either nylon "Swagelok" or "Ultra-  
torr" fittings (Crawford Fi t t ing Company, Solon, 
Ohio). Combinations of "Tygon" and polyethylene tub-  
ing (Norton Plastics and Synthetics, Akron, Ohio) 
were used to connect conductivity cells, pumps, and 
devices for volume measurement  to the half-cells. 

Thermometers  accurate to • 0.01~ were placed in 
each hai l-cel l  (Model No. 41235, Brooklyn Thermom- 
eter Company, Farmingdale,  New York).  Temperature  
regulat ion was accomplished in  two steps. First, the 
entire t ransport  assembly was enclosed in a plywood 
box with the tempera ture  mainta ined to •176 using 
an air temperature  controller (Yellow Springs In-  
s t rument  Company, Yellow Springs, Ohio). Second, the 
glass t ransport  cell was placed inside a water bath. The 
bath temperature  was regulated to •176 by a water 

Fig. 2. Schematic of the experimental transport apparatus. 1, 
pressure ballast tank; 2, pressure gauge; 3, pressure relief port; 4, 
conductivity cell; 5, circulating pump; 6, Mohr pipette; 7, weighing 
bottle; 8, mercury thermometer; 9, V8 in. ID polyethylene tubing-to 
pump outlet; 10, connection to bath circulator-temperature con- 
troller; 11, motor driving internal magnets; 12, membrane support; 
13, internal Teflon-coated magnets; 14, 3 in. conical end glass el- 
bows-cell body; 15, 1/2 in. Plexiglas-cell top; 16, aluminum flanges; 
17, shut-off valve for pressure system. 

ci rcula tor- temperature  controller (Model K-2/RD, 
Br inkmann  Ins t rument  Company, Westbury, New 
York).  In all experiments, the tempera ture  in each 
half-cell  was mainta ined to •176 

Concentrat ion polarization at each membrane-so lu -  
tion interface was mitigated by two means. First, in-  
ternal  ll/z in. egg shaped Teflon coated magnets (Bel 
Art, Pequannock, New Jersey),  directly next to each 
side of the membrane,  were driven at 500 rpm by two 
external  magnets directly under  the cell. The external  
magnets were controlled by an a.c.-d.c, series motor 
(Model 2M057, Dayton Electric Manufactur ing Com- 
pany, Chicago, Illinois) run  off of a variable voltage 
regulator (Superior Electric Company, Bristol, Con- 
necticut) and synchronized using a gear t rain assembly. 
The second means of st irr ing the solution in each half- 
cell was provided by aiming the output of each cir- 
culating pump (Micropump Corporation, Concord, 
California) directly at the center of the membrane.  The 
circulating pumps were magnet  drive gear pumps. 
Pump heads were specially manufactured  entirely 
from plastic components. The circulation rate of each 
pump, about 1 l i t e r /min  was controlled by a "Variac" 
voltage regulator (General  Radio Company, Concord, 
Massachusetts). 

Solution salt concentrations of NaC1 were moni-  
tored using conductivi ty cells (Model JD20, Beckman 
Ins t ruments  Company, Cedar Grove, New York). The 
solution resistance in each half-cell  was measured 
using an impedance comparator (Model 1654, General  
Radio Company, Concord, Massachusetts) and a s tan-  
dard decade resistance box (Model 1433-G, General  
Radio Company, Concord, Massachusetts).  Conductiv-  
ity cell constants were determined to _+_0.1% using 
0.1000M NaC1 placed in the t ransport  cell. In this 
manner ,  salt concentrations were measured in each 
half-cell  with an accuracy of • reproducibil i ty 
of _+0.04%, and sensitivity of 0.003% change in con- 
centration. 

Corrections for resistance changes due to tempera-  
ture  variations within the t ransport  cell were obtained 
by establishing 25~ as a reference temperature.  All 
resistance readings were corrected to 25~ using the 
expression 

R25oe ~.: RT(1 -~- f l(T -- 25~ [27] 

where R~. was the actual resistance reading at tem- 
perature  T. The tempera ture  coefficient ~ was deter-  
mined with data from the In terna t ional  Critical Tables 
(27). Concentrat ion changes in  the course of an ex- 
per iment  were calculated by l inear  extrapolat ion of 
conduct ivi ty-concentrat ion data (27). 

Volume measurement  in the low pressure half-cell  
was made by allowing overflow into a stoppered glass 
weighing bottle. The weighing bottle was vented us-  
ing a hypodermic needle to relieve pressure due to 
volume changes in the bottle and to prevent  evapora-  
tion of the solution in the bottle. Weight changes mea-  
sured to • 0.2 mg were converted to volume changes 
in the half-cell  using the known density of the solu- 
tions (27). On the high pressure side, volume changes 
were measured with a 10 ml  Mohr pipette graduated 
in intervals  of 0.1 ml and calibrated to • 0.01 ml. 

An estimate of the rate of solution loss of each half- 
cell was made prior to each experiment.  Typical leak 
rates were 3 ~l/hr. The measured leak rates were used 
to correct the experimental  volume and salt t ransport  
measurements.  

Hydrostatic pressures were measured by a Bourdon 
tube- type  pressure gauge with 2000 Torr full scale de- 
flection (Model CMM-8 1/2, Dresser Industries, New- 
town, Connecticut) with an accuracy of • 2 Torr, re-  
producibil i ty of • 0.4 Torr, and sensitivity of 0.2 Torr. 
An empty 5 l i ter gas storage bottle attached to the 
pressure system served as ballast. The pressure system 



Vol. 123, No. 7 COMPLETE M A T R I X  D E T E R M I N A T I O N  1019 

was attached to the pipette used for volume measure-  
ment  in the high pressure half-cell. 

An  inject ion port  was designed for each half-cell  
using an "Ult ra- torr"  fitting made for % in. OD tubing. 
The O-r ing normal ly  used in the fitting was replaced 
by a disk of soft na tura l  rubber  through which a hypo- 
dermic needle could be inserted to add or remove solu- 
tion. 

Each exper iment  is init iated by measur ing conduc- 
t ivi ty cell constants and solution leak rates. Appropr i -  
ate amounts of solutions are added to each half-cell  
to obtain start ing solute concentrations. With the de- 
sired hydrostatic pressure applied, the system is al-  
lowed to come to mechanical  equi l ibr ium for 24 hr  
before taking the first readings of the experiment.  
Each data point taken requires reading temperature,  
volume, and solution resistance of each half-cell.  These 
readings are accomplished without  physically d is turb-  
ing the conditions of the experiment.  

Results 
In  each exper imental  trial, init ial  osmotic (NaC1) 

and hydrostatic pressure differences were first estab- 
lished across the membrane.  As each exper iment  pro-  
ceeded, the hydrostatic pressure was mainta ined con- 
stant  while the osmotic pressure difference decreased 
with time. The experiments  were pr imar i ly  designed 
such that the net volume flux was ini t ial ly in the op- 
posite direction to the salt flux, then zero, and finally 
in the same direction as the salt flux. This sequence 
was a result  of the decaying t r ansmembrane  concen- 
trat ion difference. 

The low pressure half-cell, in which volume mea-  
surements  were obtained using the weighing bottle, 
gave the most precise volume measurements.  Volume 
fluxes were calculated from data taken from this half-  
cell. The volume data on the high pressure side was 
used as an in ternal  check on the volume data taken 
from the low pressure half-celL Exper iments  are not 
reported where the solute and solvent mass balances 
are not wi thin  3%. Less than  20% of the exper imental  
trials were discarded. 

Figures 3 through 7 depict results from a single, 
typical experiment.  Data were collected over a t ime 
span of almost eight days. Figure 3 shows the t ime- 
dependent  half-cell  concentrations and their poly- 
nomial  fit. The data points shown are significantly 
larger than the actual exper imental  imprecision. For 
this t ransport  apparatus, the half-cell  volumes are ap-  
proximately equal ( ~  1200 ml ) ;  thus, the concentra-  
t ion curves produced are very near ly  mirror  images of 
each other. This exper imental  design was developed to 
hold c as constant  as possible, as shown in Fig. 3. In  
this manner ,  the concentra t ion-dependent  character of 
the t ransport  coefficients should be kept to a m i n i mum 
during a single experiment,  but  concentrat ion depend- 
ence may be examined by choosing a series of average 
concentrations over which to evaluate the coefficients. 

Figure 4 contains exper imental  data and polynomial  
fits for the t ime-dependent  salt and volume transport  
in a single experiment.  The slopes of these curves are 
equal to the fluxes through the membrane  at any t ime 
t during the experiment.  From the volume transport  
curve in Fig. 4 and the sign conventions previously 
assumed for chemical fluxes in the t ransport  system, 
the net volume flux is first into the high pressure half-  
cell (J .  > 0), then zero, and finally into the low pres- 
sure half-cell  (J .  < 0). From these data, individual  
sets of t ransport  coefficients can be obtained from the 
zero volume flux method (ZVFM) and from the least 
squares method (LSM) of data analysis. Transport  co- 
efficients for the exper iment  shown in Fig. 3 through 7 
are given in Table I under  experiment  128. 

The reflection coefficient from the solute flux ex- 
pression was not calculated for these experiments.  The 
sensit ivity in concentrat ion measurement  necessary to 
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Fig. 4. Experimental salt and volume transport profiles and poly- 
nomial curve fits to these data. Not all experimental points shown. 
Experiment 128. 

determine ~, from Eq. [13], accurately is 0.002% 
change in  salt concentrat ion per  hour. The smallest 
sensit ivity obtainable with our exper imental  apparatus 
was determined to be near  0.04% change in salt con- 
centrat ion per hour. Consequently,  the reflection co- 
efficients reported for the least squares method were 
obtained solely from the volume flux equation. 

Linearity.--Figures 5 and 6 are plots of the l inear  
forms of the t ransport  Eq. [20] and [22]. The correla- 
tion coefficients, r, for the l inearized solute and volume 
fluxes are always greater than  0.9909 in absolute mag-  
nitude. This high degree of l inear i ty  demonstrates  the 
validity of assuming the t ransport  coefficients to be 
independent  of solution concentrat ion during each ex- 
periment, at least so long as ~" is main ta ined  near ly  
constant. 

Accuracy.--Reporting the accuracy of the transport 
coefficient mat r ix  is complicated by the fact that the 



1020 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July 1976 

o 

o -  

~ = ~ . ~  

o ~ o ~ ' o ~  

.... g 

o o o  

§247247247247247 

o o o 

+1+1 §247 

+1 § +1 § +] § § § 

§ § § +1 § § § 

0 0 0 0 0 0 0 0 0  

§ § § § § § § +1 

~1+1 +l+l+l+l§ 

6000 ~" 

4500 ~--" " ~ o .  

300 0 ~'~ " ~ ~  

150 0 

~ 0 0 POINTS 

-I 50 0 ~" E 

-300 0 

-4500 
I I 

-200 -I00 O0 I00 200 
"A'f1' x I0 I0 

"~Jv 

Fig. 5. Linearization of the solute flux equation. Experimental 
data are fit to a least squares straight line to produce the LSM 
transport coefficients. ZVFM produces coefficients which can re- 
produce the linear curve within experimental accuracy. Separation 
between lines is larger than actual for clarity. Experiment 128. 

9 0  LEAST SQUARE . .~ . ' ~ , . ' "  
LINEAR FIT ..o 

8.0 R "0.9996 ... " ~  
70 P,O.O01 ~ . . ~  .." 

6 0 . ~ ' '  

5 0 ~"~ , " '  LINE DERIVEO FROM 
4.0 . "  Jv,O COEFFICIENTS 

30 
~ 2 o  

x 

> O0 

-J 0 

- 2 0  / 

-3.0 

- 4 0  

- 5 0  f [ I I I I L I I 
o.o o.3 o6 0.9 I.z L5 I.s z.t 2.4 Z 7 

,',rr (ATMOSPHERES) 

Fig. 6. Linearization of the volume flux equation. Experimental 
data are fit to a least squares straight line to produce the LSM 
transport coefficients. ZVFM produces coefficients which are less 
accurate at high ~.H as a result of concentration polarization. 
Experiment 128. 

coefficients are arrived at through an averaging proc- 
ess. In these experiments ,  accuracy is a composite  of 
experimental  imprecis ion and standard deviat ion over 
a set of  experimental  points. In the discussion, w e  shall  
propose a method of reporting coefficients wh ich  w i l l  
al leviate this problem. The method of obtaining the 
standard deviat ion of the transport coefficients was  out-  
l ined under analytical  methods  and the results are re- 
ported in Table I. 

Theoretically,  the LSM is intrinsical ly  more  accurate 
than the ZVFM. In order to determine the zero v o l u m e  
flux point, several data points must  be included in the 
region near Jv ---- 0. However,  as Jv --> 0, the precision 
of the vo lume  flux measurement  goes to zero. In the 
ZV'FM, this greater imprecis ion in the v o l u m e  flux is 
transmitted to the coefficients, calculation of  two of 
wh ich  are directly based on determination of the t ime  
w h e n  Jv ---- 0. LSM avoids this problem by averaging 
the transport coefficients over all  experimental  points. 
As indicated in Table I, the standard deviations for 
and / ~  obtained from the least squares method are 
significantly less than those calcu'.ated for the zero 
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Table II. Reproducibility of the transport coefficient matrix. 
Each series of experiments has nearly the same value of c. 

1021 

Lp(cm-sec-Z-atm -z) x 10 s (moles-cm~-sec-~-a tm-D x 10~ (dimensionless) 

Expt .  No. ZVFM LSM Z VFIVI LSM ZVFM LSM 

132, 133, 134 1.28 ~ 0.04 1.29 ~ 0.06 3.11 ~ 0.13 3.06 ---+ 0.14 
(~3.3%) (----.4.3%) (__+6.1%) (-----4.6%) 

Average over-al l  values 1.29 --+- 0.05 3.09 -- 0.14 
(-*-4.0%) (----.4.~%) 

Average  rep roduc ib i l i ty  fo r  a coefficient m a t r i x  is 4,~%. 

128, 130 1.07 "4- 0.04 1.11 ----. 0.06 323  -~ 0.10 3.23 -~ 0.10 
(~3.3%) (----.5.8%) (~3.1%) (--3.1% 

Ave rage  over -a l l  values  1.09 • 0.05 3.23 ~- 0.08 
('~4.4%) (--2.5%) 

Average  r ep roduc ib i l i t y  fo r  a coefficient m a t r i x  is 5.3%. 

0.041 • 0.003 0,043 -r 0.002 
(~6.9%) (-+-5.3%) 

0.042 • 0.003 
(-----5.9%) 

0.043 ~ 0.004 0,04,2--+'-- 0.006 
{+---8.3%) (~-13.5%) 

0.042 • 0.004 
(----.9.1%) 

volume flux method. These methods apparent ly  have 
about equal accuracy for de termining or. 

Reproducibility.--To determine reproducibili ty,  sets 
of experiments  were run  without al ter ing c signifi- 
cantly. In  Table II, two groups of experiments  are 
shown. For each group, c differs by near ly  an order of 
magnitude.  All of the experiments  in Table II used 
the same membrane,  without  removing it from the 
membrane  holder. 

Reproducibil i ty of the t ransport  coefficients is slightly 
larger than  exper imental  imprecision. The larger de- 
viat ion for �9 in experiments  128 and 130 was compen- 
sated for in later experiments  by employing a more 
precise pressure gauge, as listed in experimental  meth-  
ods. For  each average solute concentration, the set of 
coefficients has an average reproducibil i ty of about 5%. 
It appears that both analytical  methods, ZVFM and 
LSM, have about equal average reproducibili ty.  

Reliability.--The exper imental  solute and volume 
fluxes, as well  as curves calculated from the t ransport  
coefficients determined by both analytical  methods, are 
shown in Fig. 6 and 7. It is not surpris ing that the 
LSM develops a l ine which follows the volume flux 
more closely than  the ZVFM does, since the least 
squares coefficients are obtained directly from the Jv 
vs. ~i] graph. Any effect of concentrat ion polarization 
on Lp and ~ is incorporated directly into the LSM co- 
efficients. For the zero volume flux method, Jv tapers 
off at large values of 5i] because the effect of concen- 
t rat ion polarization is to decrease the actual  osmotic 
pressure difference across the membrane.  When hi] is 
small, the two analyt ical  methods give essentially 
equal values of Jv. Even when ~II is at its maximum,  
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Fig. 7. Experimental data and predicted solute fluxes for both 
analytical methods. Separation between calculated curves is larger 
than actual for clarity. Experiment 128. 

there is at most a 6% difference be tween  the two cal- 
culated fluxes. 

Figure 7 shows the exper imental  and calculated 
solute fluxes over the range of osmotic pressures in  a 
single experiment.  Initially,  Js and Jv are in opposite 
directions, in which case concentrat ion polarization 
would tend to decrease AI] across the membrane  and 
Js is smaller  than expected. The data points and cal- 
culated fluxes cross in  the region where  Jv = 0, 
where concentrat ion polarization is minimized. Toward 
the end of the experiment,  the net volume and solute 
fluxes are in the same direction. At this point, the effect 
of concentrat ion polarization depends on the concen- 
trat ion of solution permeat ing the membrane,  given by 
Js/Jv. In  these experiments,  Jv was small  and the solu- 
t ion concentrat ion was higher than that of either ha]f- 
cell solution. The boundary  layer  next  to the mem-  
brane on the high hydrostatic pressure, high concen- 
t rat ion side decreased in  salt concentrat ion whereas the 
boundary  layer on the low hydrostatic pressure, low 
concentrat ion side increased in  concentration. The 
t ransmembrane  osmotic pressure difference, induced 
solely by concentrat ion polarization, tends to drive 
water  in the same direction as the hydrostatic pres-  
sure difference and the volume flux is increased over 
that  expected from Ap and hi] alone. In  turn,  the ex-  
per imental  solute flux will  be larger than  predicted 
from the exper imental  data. 

Since the least squares method averages the coeffi- 
cients over both positive and negative J~, the effect of 
concentrat ion polarization is cancelled out to some ex- 
tent. This is indicated by the fact that  the zero volume 
flux method, where concentrat ion polarization is least, 
develops essentially the same value t ransport  coeffi- 
cients as the least squares method of analysis. 

Ranges of experimental variables and membrane 
types.--The apparatus was designed to measure, wi th in  
0.04%, a range of concentrations from 2 X 10 -4 to 3M 
NaC1. The hydrostatic pressure difference across the 
membrane  can be varied from 0 to 2.6 atm. Thus, a 
range of thermodynamic forces can be produced which 
is sufficiently large that  any type of flat sheet mem-  
brane  sample can be characterized. 

Table I lists the t ranspor t  coefficients for two ex- 
tremes in membrane  composition and osmotic pres-  
sures. Exper iments  128-140 characterized a hydro-  
philic, nonionic cellophane membrane  (No. 70160-3, 
3-7/16 flat cellophane tubing, Central  Scientific Com- 
pany, Chicago, Illinois) with osmotic pressures from 
0 to 22.5 arm. Exper iment  146 characterizes a sample of 
a hydrophobic, ionic mosaic membrane.  This part icular  
membrane  is a mosaic of anionic and cationic patches; 
however, the anionic regions dominate the over-al l  
character of the membrane  (28), with t+ ~ 0.1, and 
the reflection coefficient is positive. 

Discussion 
This paper has presented a ra ther  complete meth-  

odology for obtaining very rel iable and complete 
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characterizat ion of t ransport  coefficients where  a single 
solute and solvent permeate  a synthetic membrane.  It 
is now appropriate  to address ourselves to the five 
problems stated in the beginning. 

It is clear that the problem of l inear i ty  of the macro-  
scopic flux equations is nearly resolved, not by meth-  
odology but by happenstance. The coefficient mat r ix  
proposed by S taverman  produced a set of coefficients 
which are near ly  independent  of concentrat ion so long 

as the average concentration, c, is maintained constant. 
However,  the t ransport  coefficients are ve ry  dependent  
on hydrostatic pressure differences due to stretching of 
the membrane  mat r ix  (29, 30). The t ransformat ion of 
the practical  coefficients (Lp, r ~) into the conductance 

coefficients (Lll, L12, L22) involves c. To the extent  
that  c changes during the course of an experiment ,  so 
must the t ransport  coefficients be concentrat ion de- 
pendent.  Since the conductance coefficients are simply 

l inear  combinations of Lp, r and ~ with  c, constructing 

exper iments  such that  c is constant ensures that  the 
conductance coefficient mat r ix  will  not be concentra-  
tion dependent.  

There is an i r regular i ty  in c that  should not be over-  

looked, c is close to the ar i thmetic  mean of the half-  
cell solution concentrations only when  Ac is small. 

Figure 8 is a plot of c vs. the ar i thmetic  mean concen- 
tration, < c > .  As the concentrat ion on one side of the 
membrane  becomes small, the chemical potential  tends 
toward infinity and c goes to zero. This would indicate, 
f rom Eq. [13], that  convect ive t ransport  would go to 
zero also. Zelman's  der ivat ion (8) of a in terms of the 

conductance coefficients shows that  a contains a c te rm 

which cancels c in the solute flux equation. The com- 

plete te rm c (1 -- o) Jv is real ly  independent  of c ex-  
cept for indirect  dependence of the L coefficients on 
concentration. Values of # should not be tabulated 

without  recognizing this special var iance of ~ wi th  c. 
Another  problem involved proper  averaging of the 

coefficients over  the various states of the membrane -  
solution system necessarily produced to obtain suf- 
ficient data to evaluate  the t ransport  coefficients. Both 
of the analytical  methods, l inearizat ion of the t ransport  
equations leading to the least squares straight line 
method and the zero volume flux method, are "natural"  
extensions of the mathemat ica l  representat ion of the 
flux equations. If fur ther  justification be necessary, it 
must  be noted that  the coefficients obtained f rom these 
methods can be used to reproduce the measured fluxes 
wi thin  exper imenta l  reproducibil i ty.  

The problem of ambiguit ies result ing f rom data ob- 
tained from separate exper iments  or mult iple  exper i -  
mental  cells was resolved by engineer ing a single ap- 
paratus f rom which sufficient data would  be obtained 
to de termine  all of the coefficients f rom a single ex-  
periment.  

The final, and perhaps most difficult, problem was 
that  of concentrat ion polarizat ion and the ubiquitous 
boundary layer. In as much as no exper imenta l  means 
can remove the boundary layer, and the solute concen- 
trat ion within  the boundary layer  is a s t iong function 
of Js/Jv, and the purpose of developing t ransport  co- 
efficients is to be able to evaluate  Js and Jv over  ex-  
tended ranges of thermodynamic  forces, it should be 
clear that  a more meaningful  system for report ing un-  
certainties in the t ransport  coefficients would be de-  
sirable. What is impor tant  to an engineer  is how ac- 
curately a coefficient matr ix  can predict  the solute and 
volume fluxes over  a par t icular  range of the rmody-  
namic forces. A simple, yet  adequate representat ion of 
accuracy is the standard deviat ion of the exper imenta l  
fluxes f rom the calculated values. This quant i ty  can 
be called the "rel iabi l i ty coefficient," Rj, and is given 
by 

( N _ _  )1/2 
R j  : ~ (Jic --  ' / ie)2/(  N --  1) [28] 

1:=1 

where  Jio is the calculated flux of species i and Jle is 
the exper imenta l  flux. If each repor t  would character -  
ize its coefficients both in exper imenta l  accuracy 
(Table I) and the rel iabil i ty in reproducing the mea-  
sured fluxes over  a range of thermodynamic  variables 
(Table III) ,  the usefulness of reported values would be 
enhanced. Note that  the rel iabi l i ty  index, R j, in Table  
III indicates that  the uncer ta in ty  in the calculated 
solute flux can be much grea ter  than that  indicated 
from the accuracy of the t ransport  coefficients as given 
in Table  I, depending on the magni tude  of the flux 

Table III. Reliability coefficients, R j,  for typical experimental 
trials from Table I 

Expt. No. Lv ( crn-sec-~-atm-D 
( m o l e s - c m  --=- 
see-1_atr~-D # ~c = e'(M) -- c'(M) AP(Torr) 

R~ 

Jv(cm-sec --1) 
Js (moles- 

cIn-~-sec-1) 

3.30 • 10-" 0.046 ACln = 0.15%0 -- 0.1002 25 
ACt = 0.1285 -- 0.1260 

1.54 • 10 -9 0.47 ACln = 0.1571 -- 0.0868 250 
ACt = 0.1235 -- 0.1210 

12.8 1.06 X 10 "s 1.0 • 10-s 2.5 x 10-  ~~ 

146  S.01 X 10 -"  6 .6  X 10 -a 1 .0  X 10 "-~ 
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involved.  This re l i ab i l i ty  coefficient takes into account 
all  the  errors  of evaluat ion,  both expe r imen ta l  and 
analyt ical ,  whereas  the accuracy of each coefficient 
represents  errors  specific to that  coefficient. 

Accura te  represen ta t ion  of the expe r imen ta l  cha r -  
acter izat ion of m e m b r a n e  t r anspor t  coefficients r e -  
quires  severa l  types  of indices by which to judge  the 
va lue  of the  repor ted  coefficient matr ix .  Essent ia l  pa -  
rameters  are  accuracy and reproducibi l i ty ,  but  more  
impor t an t ly  the  newly  defined re l iabi l i ty .  
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LIST OF SYMBOLS 

A exposed m e m b r a n e  area, cm 2 
c solute concentrat ion,  mole -cm -3 
c logar i thmic  average  solute concentra t ion  

across the  membrane ,  mole -cm -3 

~l the vector  mola r  flux of component  i, mole-  
c m - 2 - s e c - 1  

Js the  scalar  mola r  salt  flux, mo le - cm-2 - se c  -1 
Jv the volume flux, cm-sec  -1 
Lp hydraul ic  conduct iv i ty  coefficient, cm-sec -1 -  

a rm-1  
Lik l inear  phenomenological  coefficient, genera l  

units  of flux pe r  uni t  t he rmodynamic  force 
nw', hi" moles of salt  t r anspor ted  across the  m e m -  

brane  in an exper iment ,  mole  
m molal i ty ,  m o l e / k g  wa te r  
N number  of expe r imen ta l  da ta  points  
p level  of significance of a l inea r  fit of expe r i -  

men ta l  data, dimensionless  
r corre la t ion  coefficient for  l inear  regress ion 

analysis,  dimensionless  
R molar  gas constant,  c m 3 - a t m - m o l e - l - ~  
Rj  re l i ab i l i ty  coefficient; genera l  units of flux, 

Eq. [28] 
RT solution resis tance recorded at t empera tu re  

T, ohms 
R25oc solut ion resis tance correc ted  to 25~ ohms 
S, S' slopes of genera l  l inear  equations,  Eq. [21] 

and [23] 
t t ime sec 
T tempera ture ,  ~ 
vw par t ia l  molal  volume of water ,  cm~/mole 
V solut ion volume in one half-cel l ,  cm 3 
X , X '  independent  var iables  for genera l  l inear  

equations,  Eq. [21] and [23] 
Y, Y' dependent  var iab les  for genera l  l inear  equa-  

tions, Eq. [21] and [23] 
Y0, Y'o in tercepts  of genera l  l inear  equations,  Eq. 

[21] and [23] 

f rac t ional  change in solut ion resis tance wi th  
tempera ture ,  ~ - I  
denotes  difference, t aken  r ight  minus  lef t  

~_+ mean  molal  ac t iv i ty  coefficient, dimensionless  
~f total  chemical  potent ia l  of species j, cm 3o 

a t m - m o l e -  1 
~i c concentra t ion pa r t  of the  e lectrochemical  po-  

tential,  cm~-atm-mole  -1 
II osmotic pressure ,  a tm 

reflection coefficient, d imensionless  
solute pe rmeab i l i t y  at zero net  volume flux, 
m o l e - c m - 2 - s e c -  1 - a tm-  1 
molal  osmotic coefficient, d imensionless  
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ABSTRACT 

The prepara t ion of polycrystal l ine n - type  Fe203 electrodes by the chemical  
vapor  deposition (CVD) of iron oxide onto Ti and Pt  substrates is reported. 
The behavior  of these electrodes in aqueous solutions of different pH in the 
absence and presence of i l luminat ion is shown. Photoassisted electrolysis of 
wa te r  occurs at wavelengths  longer than 400 nm and the current  vs. wave-  
length curve for this process is compared to that  of a CVD TiO2 electrode. 

Recent ly  there  has been much interest  in the ut i l iza-  
tion of semiconductor  electrodes for solar energy con- 
version by the photoassisted electrolysis of water  (1- 
4). By i l luminat ing an n - type  electrode wi th  l ight 
energy greater  than the bandgap energy, holes are 
produced in the valence band which, under  anodic 
polarization, migrate  to the surface where  they can 
react with a species in solution. Thus with a suitable 
semiconductor electrode it is possible to oxidize water  
to oxygen uti l izing solar energy. However ,  only TiO2 
(1, 2, 4), SnO2 (5, 6), and SrTiO3 (7) have been shown 
to be capable of oxygen generat ion wi thout  decomposi-  
tion of the electrode material .  All  of these materials  
have a large bandgap (greater  than 3 eV) and thus 
requi re  u.v. i l luminat ion for the reaction. Other  semi-  
conducting materials  with smaller  bandgaps (e.g., 
GaAs, CdS, Si) decompose under  anodic polarizat ion 
and /or  i l lumination. A nonreact ive  electrode which 
shows appreciable photocurrents  at wavelengths  longer 
than 415 nm (3.0 eV) has not been reported. Since the 
bulk of the solar radiat ion on the surface of the earth 
is found at longer  wavelengths  [only about 3% occurs 
in the 315-400 nm range (3, 8)], a pract ical ly useful 
mater ia l  for solar energy conversion must  be able to 
utilize this lower  energy radiation. 

We recent ly repor ted  the prepara t ion  of n- type  TiO2 
electrodes by chemical vapor deposition (CVD) (9). 
We report  here the preparat ion of iron oxide (Fe203) 
electrodes by CVD and their  use in the photoassisted 
oxidation of water  at potentials less posit ive than those 
at p la t inum and at wavelengths  longer  than 400 nm. 
The unavai labi l i ty  of a single crystal of iron oxide pre-  
vented comparison of its characterist ics wi th  the CVD 
material ,  but based on our findings wi th  CVD vs. single 
crystal TiO2, we would expect  general ly  similar  be-  
havior. 

Experimental 
The basic exper imenta l  setup for CVD has been de- 

scribed (9). The vapor  source was iron acetylacetonate 
(Fe (C5H702) 8) obtained from Alfa /Vent ron .  This was 
placed in a flask heated with a heating mantle.  P re -  
purified nitrogen, the carr ier  gas, was passed over  the 
heated compound, then through a glass tube situated 
approximate ly  1 cm above the substrate. A second l ine 
containing ni t rogen which had been bubbled through 
heated water  was attached to a s ide-arm on the in-  
ver ted  funnel  over  the substrate to provide a reac t ive  
atmosphere.  Both Ti and Pt  metal  served as substrates. 
The Ti was cut into 1 • 1 cm squares after  being 
polished to a mi r ro r  finish. The Pt was 0.002 in. thick 
foil cut into suitable squares. All  substrates were  

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  Active M e m b e r .  
Key words: photoelectrochemistry, semiconductor electrodes, s o l a r  

e n e r g y ,  o x y g e n  e v o l u t i o n .  

cleaned in distilled water  and ethanol pr ior  to use. The 
substrate t empera ture  was mainta ined at about 400~ 
with a hot plate during CVD. The procedure used in 
depositing the iron oxide was as follows. A glass slide 
was placed on the hot plate and the ni t rogen flow rate 
adjusted to give the desired film growth  rate, deter-  
mined by observing the change in interference colors. 
The rate of deposition did not appear  to be critical and 
therefore  no a t tempt  was made to control this rate pre-  
cisely. Typical ly a rate  showing the formation of three 
sets of in terference colors in 2 min  was used. After  the 
flow rate  was adjusted, the desired substrate was posi- 
tioned under  the nozzle. When a suitable layer  was 
deposited (usually in about 2 min) ,  the substrate was 
placed in the flame of a Meeker  burner  for about 1 
min. The substrate became almost whi te  hot during 
this t rea tment  and upon removal  f rom the flame it was 
observed that the in ter ference  colors had disappeared. 
When cool the surface of the coated Pt  had a reddish 
purple color, while  wi th  Ti the color was mostly gray, 
wi th  some reddish patches. Severa l  layers (between 3 
and 7) were  thus deposited on each substrate. With the 
Ti substrate some of the film flaked off of the electrode 
after the hea t - t rea tment .  In this case the affected por-  
tions were  wiped off and deposition continued. Deposi- 
tion on Pt  produced no flaking problems. In fact, the 
best performing electrodes were made by continuing 
the deposition on Pt  unti l  no in terference color change 
could be observed, indicating a fair ly thick layer. The 
surface had a uniform steel-blue appearance. Heat ing 
produced a uniform red-purp le  coating. This was re-  
peated 3-4 times. All  films deposited on pla t inum ex-  
hibited a very  low resistance, so that  no vacuum 
t rea tment  fol lowing CVD was used, as was necessary 
in the case of the TiO2 electrodes. A copper wire  was 
attached to the back of the substrate with silver epoxy 
(Epoxy Products Company, New Haven, Connecticut) .  

The electrode was then mounted in a glass tube with  
Apiezon wax, exposing only the oxide-coated surface 
to the solution. 

All  electrochemical  measurements  were  per formed 
with a PAR Model 173 potentiostat  (Pr inceton Applied 
Research Corporation, Princeton, New Jersey)  con- 
trolled by a PAR Model 175 universal  programmer .  
Current -potent ia l  curves were  recorded on a Model 
2000 X-Y recorder  (Houston Instruments,  Austin, 
Texas) .  A simple H-cel l  wi th  a glass fr i t  separat ing 
working and auxi l iary compartments  was used. A 
Pyrex  window al lowed i l luminat ion of the  working 
electrode. P la t inum wire  served as the countere lec-  
trode and a saturated calomel electrode (SCE) was the 
reference electrode. All  potentials are reported vs. 
SCE. 

The i l lumination system consisted of a 450 Watt  
Xenon lamp (Oriel Corporation, Stamford,  Connecti-  

1024 
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cut) in  an Oriel Model 6140 housing with an Oriel 
Model 6242 power supply. For cur ren t -wavelength  
curves, an Oriel Model 7242 grat ing monochromator  
with 12 nm band pass slits was used. The intensi ty  of 
the incident  light from the monochromator  (in micro- 
wat t s / square  centimeter)  was measured with a Model 
550 radiometer  (EG & G, Salem, Massachusetts).  The 
intensi ty  was normalized to the intensi ty  at 470 nm 
and then used to correct the photocurrent  vs. wave-  
length curves for variations in in tensi ty  with wave-  
length. 

Results and Discussion 
Current -potent ia l  curves for Fe203 films on Ti and 

Pt substrates in neutra l  unbuffered media (0.5M KC1 
for Ti and 0.5M Na2SO4 for Pt) are shown in Fig. 1. 
Quali tat ively the two curves are similar. The dark 
cur ren t  is slightly larger with the Ti substrate elec- 
trode, possibly because of some reaction at bare Ti, 
since the surface had a very patchy appearance. The 
cathodic currents  in the dark can be at t r ibuted to the 
reduction of dissolved oxygen and of the Fe203. When 
ni t rogen was bubbled through the solution, the current  
at potentials more positive than --0.4V markedly  de- 
creased; however the currents at more negative po- 
tentials were not affected appreciably. Continued scans 
to potentials negative of --0.4V gradual ly  reduced the 
photoresponse of the electrode. The surface became 
l ighter  in  color unt i l  the coating was v i r tual ly  gone. 

Under  i l luminat ion  there is a large rise in anodic 
current  commencing at about W0.2V vs. SCE, with 
both Pt  and Ti substrates. Gas evolution appears 
prompt ly  with the anodic current  and is quite notice- 
able on the electrode surface, implying that the reac- 
tion is the photoassisted oxidation of water to produce 
oxygen. Prolonged i l luminat ion  in an unbuffered solu- 
t ion at E ---- -}-0.800V results in a decrease in pH. The 
cur ren t  rise continues with increasing positive poten-  
tials to at least §  without showing the current  
plateau characteristic of TiO2 electrodes. However, 
even in  the dark at ca. ~- l .2V (shifting to more nega-  
t ive potentials with increasing pH),  the Fe203-coated 

dark 

l ight  

f 

- - - ~ + l m A / c r n  2 

l ight  
~ .R mA/cm 2 

+0.8 Potential ( V vs. SCE) 0 . 0  -0.5 

Fig. 1. Current density vs. potential for Fe203 films on (a) Ti, in 
0.SM KCI, and (b) Pt, 0.SM Na2S04. 

substrates exhibit  a large current  rise with s imul tane-  
ous gas evolution. This probably represents the direct 
oxidation of water  at these potentials as a result  of 
tunnel ing  through the film. A similar  gas evolution 
and current  rise is observed in the dark on CVD TiO2 
electrodes, but  at more positive potentials (ca. W2V). 
Thus at Fe20~ the nonphotoassisted oxidation current  
at large positive potentials adds to the photoassisted 
current  and thus masks the appearance of the photo- 
current  plateau. 

There appears to be a small photocurrent  beginning 
at about --0.4V vs. SCE under  white light i l lumina t ion  
with the Ti substrate. The current  continues to rise 
gradual ly unt i l  the onset of the large photocurrent  at 
+0.2V. This small photocurrent  is probably due to the 
presence of some TiO2 formed dur ing the hea t - t rea t -  
ment. Evidence of this is the gray color of the surface 
and the flaking problems encountered dur ing  prepara-  
tion. This photocurrent  appears at about the same po- 
tentials as those observed with CVD TiO2 electrodes. 
On scan reversal from positive potentials with a Pt  
substrate electrode, a cathodic peak appears at about 
+0.20V (the shape and location of this peak vary  
somewhat with different electrodes). The peak shifts 
to negative potentials with increasing pH and does not 
appear on Ti substrates. This peak probably  represents 
the reduction of adsorbed oxygen produced dur ing the 
anodic scan under  i l lumination.  It does not appear in 
dark scans to potentials less positive than ~l .2V,  bu t  
is seen if an anodic scan is made to more positive po- 
tentials. It is also observed when the anodic scan is 
made under  i l luminat ion  and the l ight turned off dur -  
ing the cathodic scan. The cathodic current  negative 
of 0.0V is also increased after anodic scans with light, 
representing an increase in the concentrat ion of dis- 
solved oxygen. 

The potential  for the onset of the photocurrent  (EL) 
shifts to more negative values with increasing pH. The 
current -potent ia l  curves for an Fe2Os-coated Pt  elec- 
trode in  solutions of several different pH values are 
shown in  Fig. 2. The value of EL varied somewhat 
(about 200 mV) for different electrodes. 

, d,rk 
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Fig. 2. Current density vs. potentiM for Fe203-coated Pt elec- 
trodes in 0 .25M Na2SO4 solutions buffered to pH (a) 4.50, acetate, 
(b) 6.70, acetate, and (c) 10.36, ammonia. Curve (d) is for 1M 
NaOH. 
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The iron oxide electrodes appeared stable at open 
circuit in alkaline solutions up to 1M NaOH. Acid 
solutions (pH less than 4) slowly dissolved the oxide 
coating. Continuous potential  scans between 41.0 and 
--0.6V in alkaline solutions produced no noticeable 
changes in surface appearance or i-E characteristics, 
although holding the electrode at potentials negative 
of --0.6V could possibly damage the electrode. There 
was no detectable change in behavior after holding the 
electrode at +0.600V at a pH of 10.4 (NH4CI-NH8 
buffer containing 0.25M Na2SO4) for 1 hr (current  
density, 4.7 mA/cm2) ; under  these conditions the elec- 
trode was covered with gas bubbles. In pH 4.5 acetate 
buffer the Fe20.~ film gradual ly dissolved during a 
series of scans between +1.2 and --0.6V. However if 
the electrode was held at +0.600V in this buffer under  
i l luminat ion no decrease in photocurrent  was observed. 
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Fig. 3. Photocurrent vs. wavelength at o potentlol of E 
-{-0.800V (vs. SCE) for Fe203 films on (a) Ti, in 0.SM KCI, (b) Pt, 
in 0.5M Na2SO4, end (c) CVD TiO2 electrode in 0.5M KCIo Solid 
line is uncorrected for intensity variations; circles ore the corrected 
curve. 

On the other hand, holding it at --0.5V under  the same 
conditions caused a rapid dissolution of the coating. 

The spectral response of the Fe203 electrodes at 
E = +0.890V is shown in Fig. 3a (Ti substrate) and 
3b (Pt substrate) .  Figure 3c is a spectral curve of 
CVD TiO2 on Ti shown for comparison. Curves are 
given with and without corrections for l amp/mono-  
chromator output  variations. The dark current  for the 
Ti substrate decayed slowly during measurement  re-  
sulting in a sloping base line. The spectral response 
curves for all of the Fe2Oj-coated substrates were vir-  
tual ly  identical in shape, indicating that the photo- 
effect is due to the Fe2Q itself. A significant portion of 
the total photocurrent  under  the curve shown (ap- 
proximately 20% of corrected curve) is at wavelengths 
longer than 400 nm, compared to vi r tual ly  zero for 
TiO2. Thus the Fe203 electrode could be operated at 
+0.400V in 1M NaOH with a yellow filter having 
<0.1% transmit tance below 450 nm, yielding a current  
density of 700 ~A/cm 2 with gas bubbles being observed 
on the surface. 

The photocurrent  for the iron oxide begins at about 
550 nm which would correspond to the reported band-  
gap of Fe2Oj, i.e., 2.2 eV (10). A coating of the iron 
oxide was deposited on a quartz slide and heated in  
flame. Although the coating was quite adherent,  it 
showed a high resistance. An absorbance vs. wave-  
length curve ( taken with a Cary 14 spectrophotometer) 
of the Fe20~ on quartz sample showed a steep rise in 
absorbance beginning at about 580 nm, with absorbance 
above 1.0 at 550 nm, again agreeing with the bandgap 
energy of Fe~_Oj. 

The spectral response and reasonable stabil i ty of the 
iron oxide film electrode makes it suitable for use in 
photoelectrochemical experiments at longer wave-  
lengths, as well as a possible electrode for the photo- 
assisted electrolysis of water  and in photoelectrochemi- 
cal solar cells (3, 11). 
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Semiconductor Electrodes 
Vh A Photoelectrochemical Solar Cell Employing a TiO, Anode and Oxygen Cathode 

Daniel Laser and Allen J. Bard* 
Department o~ Chemistry, The University oJ Texas at Austin, Austin, Texas 78712 

ABSTRACT 

A photoelectrochemical cell for conversion of light to electrical energy 
based on the photosensitized oxidation of water  at a chemically vapor de- 
posited, thin film, n - type  TiO2 anade and the reduct ion of oxygen at a fuel 
cel l- type cathode is described. The effect of load resistance on the current,  cell 
voltage, and power was studied, and quan tum and power efficiencies under  
short-circui t  conditions for monochromatic l ight  of about 365 nm was estimated 
as 26% and 1-2%, respectively. Open-circui t  cell voltages of 0.89V were ob- 
tained. The cell is simple to construct and is capable oK continuous operation 
with no apparent  deterioration in performance. 

Photoeffects at semiconductor electrodes received 
renewed at tent ion when these materials  were recog- 
nized as potential  candidates for use in the conversion 
of light to electrical and chemical energy via some 
electrochemical process; this subject  has been reviewed 
and discussed recent ly (1, 2). Of special interest  are 
semiconductor electrodes which do not decompose or 
corrode dur ing the photoelectrochemical process (e.g., 
n- type  TiO2), so that the l ight exclusively induces 
charge t ransfer  to selected species in solution. We de- 
scribe here the construction and behavior  of an elec- 
trochemical photocell which produces electrical power 
under  i l luminat ion  by light of sui table spectral char- 
acteristics. Although this electrochemical cell differs in  
operating mechanism from the famil iar  solid-state 
solar cell, the result, conversion of ]ight to electrical 
energy, is the same. The cell is based on the photo- 
sensitized oxidation of water  to oxygen at a chemically 
vapor deposited n - type  TiO2 anode and the reduction 
of oxygen at a fuel cel l - type cathode and offers good 
q u a n t u m  efficiency, simple construction, and cont inu-  
ous operation without  renewal  of electrolyte or elec- 
trode decomposition. Its major  l imitat ion for uti l ization 
of solar energy is its response only to the short wave-  
length (below 400 nm)  portion of the spectrum. 

Experimental 
The cell, shown schematically in  Fig. 1, consisted 

of an aqueous solut ion (acidic or basic) confined be-  
tween a quartz window and the cathode. The cathode 
was the type employed in hydrogen-oxygen fuel cells 
(American Cyanamid exper imental  fuel cell electrode, 
2.5 mg P t / cm  2, deposited on a nickel-gold screen with 
Teflon backing).  In  paral lel  and spaced 12 cm away 
was fixed a bright  Pt  foil (0.2 mm thick) which was 
perforated by numerous  pinholes (about  6 holes/cm 2) 
which reduced its geometric area only slightly and 
which was covered on both sides with a TiO2 film 
produced by chemical vapor deposition (CVD) (3). 
The side facing the window served as the photoactive 
TiO= anode with ionic conductivi ty from this par t  of 
solution to the oxygen electrode being accomplished 
through the pinholes in  the foil. The TiO2 film on the 
other side of the membrane  (facing the 02 electrode) 
el iminated contact between solution and bare Pt  sur-  
face. The procedure for the CVD of the TiO2 film de- 
scribed by Hardee and Bard (3) was followed. The Pt  
substrate, after being punched, was cleaned in a 3:1 
HCI:HNOa mixture ;  the film was then deposited and 
annealed. After  about four successive coatings, each of 
them at the m a x i m u m  thickness possible without  

* Electrochemical  Society Active Member .  
K e y  words :  photoelect rochemis t ry ,  semiconductors ,  solar cells, 

galvanic cells. 

causing the film to peel off, the resul t ing film was 
quite thick. It had a hazy gray appearance and in te r -  
ference fringeS could no longer be observed; the ad- 
hesion of this film to the Pt  was excellent. After  the 
CVD the TiO2 film was vacuum treated for 8 hr (750~ 
10 -4 Torr) .  This procedure converted the dielectric 
TiO2 film into a conductive n - type  material .  

Two inlets to the cell allowed the immersion of a 
saturated calomel reference electrode (SCE) and an-  
other Pt  electrode into the cell for potentiostatic mea-  
surements.  For these a Pr inceton Applied Research 
(PAR) Model 173 potentiostat  was used. While operat-  
ing as a galvanic cell, the voltage and current  were 
determined with a s tandard resistance load connected 
across the cell terminals.  A 450W Xenon lamp (Oriel 
Corporation, Stamford, Connecticut)  was the light 
source. For spectral response and efficiency determi-  
nations an Oriel Model 7242 high intensi ty  grat ing 
monochromator  and a Model 550 (EG & G, Salem, 
Massachusetts) calibrated radiometer  assembly were 
used. 

Results and Discussion 
Electrochemical photocells can be classified as two 

distinct types (1, 2). In  the first, radiat ion is converted 
into chemical energy, i.e., under  i l luminat ion  a nor-  
mally endothermic chemical reaction will  take place 
spontaneously or with an electrical energy input  less 
than the reversible value for this reaction. In  the second 
type, which is the one of interest  here, no over-al l  
chemical change occurs in the system and the absorp- 
t ion of l ight results in the generat ion of electrical power. 
Both electrochemical half-cell  reactions which were 

0 2 electrode 
quartz 

(Teflon backing) oxygen window 
o u t l e t  

[ 

light 

O2 > 

(air) ~ -- 

> < 

' i L 
TiO 2 f i l m  

on Pt 

Fig. 1. Schematic representation of the n-TiO~/Pt(02) photo- 
electrochemical solar cell. 
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employed have been the subject  of separate previous 
studies and so are not dealt  wi th  here in detail. The 
anode reaction was the evolution of oxygen at an 
i l luminated n- type  TiO2 electrode. This reaction has 
been studied at both single crystal  (4-7) and thin film 
(3) materials.  With the omission of mechanistic de- 
tails oxygen evolut ion f rom aqueous solution at an 
i l luminated TiO2 electrode can be represented as 

2H20 ~ 4h + ~ O2 ~ 4H + (acidic solution) [1] 

4 O H -  ~- 4h + ~ 02 ~ 2H20 (basic solution) [2] 

The holes (h +) are produced by the appropriate  band-  
gap i l luminat ion and the efficiency of the process de- 
pends on the electrical  state of the semiconductor  elec- 
trode. A sufficiently posit ive bias will  result  in an ex-  
tended space charge region in which the recombinat ion 
of the photogenerated holes with electrons ( e - )  (the 
major i ty  carrier)  is minimized and an efficient separa-  
tion of the photoproduced h + / e  - pairs occurs, wi th  
the holes drif t ing to the electrode surface. The photo-  
oxidation of water  takes place at a "negat ive over -  
potential" (8), i.e., at a less positive electrode poten-  
tial than the reversible  one ( thermodynamical ly  in-  
dependent  of electrode composition),  thereby allowing 
the util ization of the l ight energy. The cathode re-  
action, the we l l -known  reduct ion of oxygen at a Pt  
catalyst fuel cell electrode 

O.~ -~ 4H + -~ 4e -  -~ 2H20 (acidic solution) [3] 

02 ~ 2H20 ~ 4e -  --> 4 O H -  (basic solution) [4] 

is just the reverse  of the anodic reaction, except that  
electrons part icipate in it instead of holes. 

The behavior  of the complete cell can be predicted 
from the individual  current -potent ia l  curves for each 
electrode measured potentiostat ical ly against a refer -  
ence elecirode;  typical  results for 5M NaOH and 5M 
HC104 solutions are given in Fig. 2. If the electrodes 
are shorted together  (load resistance RL, of 0) and 
solution resist ive drop is negligible, they attain the 
same potential, at which the current  at each is of the 
same magni tude and opposite in polar i ty  (dashed line, 
Fig. 2). The less favorable  situation in the acidic solu- 
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Fig. 2. Current-potential curves of the cell electrodes. (a) TiO~ 
film electrode, 5M NaOH, under illumination and (a') in dark; (b) 
TiO2 film electrode, 5M HCIO4, under illumination and (b') in 
dark; (c) oxygen cathode in 5M NaOH; (d) oxygen cathode in 5M 
HCIO4. Electrode areas, 20 cm 2. White (Xe) light illumination. 

tion results f rom the less revers ible  behavior  of the 
oxygen cathode, i.e., its fai lure to shift to more posi- 
t ive potentials with decreasing pH by an amount  
equivalent  to the anode shift (for a reversible  react ion 
a shift of 60 m V / p H  unit is expected) .  The open-circui t  
potential  in alkaline solution is about 900 mV under  
i l lumination. The m ax im um  current  (RL ~-- 0) is about 
85% of the saturat ion (plateau) current  which repre-  
sents the max imum current  obtainable at a given l ight 
level  for the photooxidat ion process at the TiO2 elec-  
trode. Thus, even if the cathode could be shifted to 
more posit ive potentials [e.g., at a s i lver / s i lver  oxide 
cathode (9)] the m a x i m u m  cell current  would only 
increase by a small  amount;  the cell power would in- 
crease, however,  because of the greater  cell voltage. 
During operation oxygen is evolved at the TiO2 elec-  
trode and the same amount  of oxygen is incorporated 
f rom outside of the cell at the oxygen electrode. Be- 
cause of the high concentrat ion of reactant  employed 
(water, O H - ,  O2), concentrat ion polarizat ion is negli-  
gible. A small outlet near  the upper part  of the %iO,., 
electrode allowed escape of the e lectrogenerated oxy-  
gen. The solution on the dark side of the Pt/TiO2 elec-  
trode was held at a pressure sl ightly greater  than 
atmospheric so that  the solution level  remained con- 
stant throughout  the cell. 

The voltage, current, and power curves of the cell 
for different RL values at the same light levels as in 
Fig. 2 are given in Fig. 3. In bright  sunlight about 
one-hal f  to one- th i rd  of the power  shown in Fig. 3 
was obtained. The internal  resistance of the cell was 
mainly  due to that of the TiO2 film, est imated to be 
5-10 ohms. At the current  density employed, l i t t le  
power  dissipation due to internal  cell resistance was 
observed. The spectral  response of the TiO2 film agreed 
with that  of previous reports  (3, 7, 10) with a maxi -  
mum at about 365 nm (uncorrected for lamp output) .  
The quan tum or photon efficiency, n~ (1), defined as 
the current  density at the TiO2 elect rode divided by 
the flux of l ight at the wavelength  of m ax im um re-  
sponse (or electrons flowing per photon impinging on 
electrode),  de termined under  potentiostatic conditions 
for the saturat ion current,  was 30 __ 5%. This figure 
should be regarded only as a representa t ive  one, since 
different TiO2 films differ in their  photoresponse de-  
pending on the method and conditions of preparation.  
A single crystal of TiO2 was found to have an efficiency 
of 80 • 10%, under  s imilar  conditions. Thus, if  the 
film was sufficiently thick for the absorption of all the 
light, some other factors, such as enhanced surface 
e - / h  + recombination, may contr ibute to the lower  
efficiency of the TiO2 films. In the operation as a gal-  
vanic cell wi th  RL : 0 about 85% of the saturat ion 
current  is obtained for the same i l luminat ion condi-  
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Fig. 3. Voltage (V), current (I), and power (P) of the cell as 
function of the load resistance. Under same white (Xe) light in- 
tensity as in Fig. 2. 
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tions. Thus the quan tum efficiency under  short-circuit  
conditions is about 26% for this cell. The max i mum 
power efficiency takes into account the energy of the 
incident  photons as well as their flux and depends on 
RL. It will  be defined as the max imum cell power per 
square centimeter  electrode area over the light in ten-  
sity at the wavelength which corresponds to the maxi-  
mum response. This quant i ty  could not be measured 
directly, because of the low intensi ty  of the mono- 
chromatic light (produced using a slit width of about 
2 m m  to give a bandwidth  of about 2 nm) result ing in  
an electrical power of less than 1 ~W. Moreover, this 
power efficiency depended on the i l luminat ion intensi ty  
and RL. If the white l ight in tensi ty  was varied, using 
neut ra l  densi ty filters in the ratio of 1:0.62: 0.40: 0.12, an 
over-al l  (polychromatic) max imum electrical power 
with a ratio of 1:0.6:0.46:0.15 at loads of 150, 200, 500, 
and 1000 ohm, respectively, was obtained. The corre- 
sponding saturat ion currents  at the TiO2 measured po- 
tentiostat ically were, as expected, l inear  with white 
light in tensi ty  and were 10, 6.1, 4.1, and 1.2 mA for 
the intensi ty  ratios given above. These observations 
are consistent with the fact that in  general  the current  
at the TiO2 electrode is not exactly proport ional  to the 
light in tensi ty  at all potentials on the rising portion 
of the wave as it is for the saturat ion current.  The 
max imum (monochromatic) power efficiency was esti- 
mated as follows. The cell power (0.22 mW/cm 2) and 
the TiO2 potentiostatic saturat ion current  (1.5 m A /  
cm 2) were measured under  the same intensi ty  white 
light concentrated on the center 1 cm 2 of the electrode. 
Then, using monochromatic light, the light in tensi ty  
(96.4 ~W/cm 2) and saturat ion cur ren t  for the TiO2 
(9 ~A/cm 2) were determined.  Thus, for monochromatic 
light (3'67 nm) a sa turat ion current  of 0.093 #A/~W is 
produced. The saturat ion current  found with the white 
light is thus equivalent  to a monochromatic light in -  
tensi ty of 16 mW/cm 2. Thus the max imum power effi- 
ciency for monochromatic light is 1-2%. The efficiency 
for solar energy conversion is much lower, of course, 
because only about 3% of the solar spectrum would be 
util izable at a TiO2 electrode (1). 

The cell appeared capable of operation either con- 
t inuously  or in on/off cycles with no deteriorat ion in  
performance (e.g., Fig. 4). The cell also could ol=erate 
without  a separate oxygen feed to the cathode (on the 
oxygen dissolving at the anode) or with air fed to the 
cathode. In  the la t ter  case the cell, besides producing 
energy, serves to separate oxygen from the air. 
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Fig. 4. Cell operation under white light illumination with time; 
load resistance, 100 ohms. 

Although the described cell a r rangement  appeared 
satisfactory, i.e., allowed full i l luminat ion  of the photo- 
sensitive surface with a reasonable Current density dis- 
t r ibut ion and in terna l  ohmic losses, some other cell 
configurations were also tried. Among these was a th in  
sandwich cell employing the same oxygen cathode and 
electrolyte solution but  with the TiO2 film deposited on 
a t ransparent  SnO2 fi lm-on-glass substrate. Memming 
(10) previously showed that such TiO2 films show light-  
induced e lec t rochemicalac t iv i ty  and that the S n Q  is 
t ransparent  to t he  wavelengths which generate photo- 
currents at the TiO2 film. In this a r rangement  the T i Q  
film faces the cathode and is i l luminated from the rear  
through the glass plate and the S n Q  film. In  this way 
the cell geometry is optimized and the distance be- 
tween the electrodes, volume of solution, and its in-  
ternal  resistance are minimized. However, this cell 
performance was inferior to that  of the previously de- 
scribed one; we at t r ibute  this main ly  to the poorer 
efficiency of the TiO2 film deposited on the SnO2 sub- 
strate. We found it difficult to prepare a T i Q  film 
which was thick enough to give good photosensitized 
electrochemical behavior and show good conductivi ty 
and at the same time obtain good light t ransmit tance 
through the glass/SnO2/TiO2 system. The major  prob- 
lem was that the glass substrate system could not be 
subjected to the high temperatures  needed in  the CVD- 
coating procedure without  deteriorat ion of the SnO2 
film. The conversion of the TiO~ to an n - type  mater ial  
in this case was accomplished by heating to 450 ~ in  a 
hydrogen atmosphere, since heating to high tempera-  
tures under  vacuum was not possible. 

We might also note that a recent paper by Mavroides 
et al. (11) utilized a pla t in ized-Pt  cathode of geometric 
area 50 times that of the anode operating on the re- 
duction of dissolved oxygen to evaluate the perform- 
ance of various semiconducting T i Q  anodes. High 
quan tum efficiencies were also obtained in  that s tudy 
for operation in a photogalvanic mode. Similar ly  Keeny 
et aI. (6) effectively used a P t -oxygen  cathode in  their  
laboratory cell. 

While the photoelectrochemical cell here operates on 
the water -oxygen system, similar cells for conversion 
of light to electrical energy without  a net  chemical 
change in the system could operate with other redox 
couples (represented by Ox -t- ne ~ Red).  The po- 
tential  range of the TiO2 anode would be l imited to 
values near  the flatband potential  where sufficient band 
bending occurs to cause efficient separation of the 
h + / e  - pairs. Thus for any redox couple the anodic 
i -E  curve will  probably be close to the one given for 
water oxidation. The cathode curve for reduct ion of 
Ox to Red will depend on the E ~ and the reversibi l i ty 
of the reduction reaction. The more positive the 
values at which the i -E  curve lies the greater will  be 
the power of the cell at a given i l luminat ion  level. 
Thus redox couples with more positive E ~ values 
should lead to higher power efficiencies with the con- 
straint  that for couples with E ~ values larger  than that  
of the oxygen/water  couple (adjusted to the appropri-  
ate pH value),  species Ox will  tend to be unstable  in  
aqueous solutions. Moreover the work of Fuj ishima 
and Honda (12, 13), as well as our own recent studies 
(14) suggest that as the E ~ of the redox couple be-  
comes more positive water  may compete more suc- 
cessfully with Red for the photogenerated holes, lead- 
ing to an over-al l  i r reversibi l i ty  in  the cell reaction. 
If one abandons an aqueous system, however, and uses 
a solvent with a wider available potential  range, such 
as acetonitrile, for example (15), then even more posi- 
t ive redox couples can be employed. The most positive 
E ~ value for a couple used in a solvent  which part ici-  
pates in nei ther  the anodic nor  cathodic reaction is one 
located at about the position of the valence band of 
the n - type  semiconductor, where Red is still capable 
of combining with holes at the electrode surface. Under  
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these condit ions the m a x i m u m  ut i l izat ion of the energy 
of the  incident  photons should occur. 
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ABSTRACT 

A sys tem consist ing of a disk  electrode,  a concentric r ing electrode, and a 
large countere lec t rode  at infinity has three  independent  resis tance values de-  
scr ibing the p r i m a r y  potent ia l  difference be tween  any two electrodes when 
cur ren t  is passed be tween  any two electrodes.  These res is tance values a re  
calculated and presented  as dimensionless  corre la t ions  as functions of the  
ra t ios  of rad i i  of the  disk and ring. 

A common electrode geomet ry  in e lec t roanaly t ica l  
and  research  appl icat ions  involves a disk e lec t rode  and 
a concentric r ing e lect rode both embedded  in an in-  
sulat ing plane and ro ta ted  about  the axis of the disk. 
Species produced  b y  an e lect rochemical  react ion at  the  
disk can f requen t ly  be  detected quan t i t a t ive ly  by  elec-  
t rochemical  react ion at the r ing (1-3).  In  some of these 
appl icat ions  it is des i rable  to assess the ohmic po ten-  
t ial  drop in the  solution. For  example,  to have a con- 
t ro l led  e lec t rode  potent ia l  for the  react ion at  the disk 
one needs to know how a cur ren t  to the disk and a 
cur ren t  to the  r ing sepa ra te ly  influence the  poten t ia l  
in the solut ion in the  neighborhood of  the disk (4, 5). 
To ensure tha t  a l imi t ing  cur ren t  is main ta ined  on the 
r ing  involves a s imi lar  question (6). 

Exper imen ta l  efforts to answer  these questions in-  
volve ab rup t  changes in the cur ren t  to e i ther  the r ing 
or the disk fol lowed by  a measurement  of the change 
in po ten t ia l  of both  the  r ing and the d isk  as shor t ly  
the rea f t e r  as possible  (4, 5, 7). Such rap id  changes in 
potent ia l  and  cur ren t  are  associated wi th  the  p r i m a r y  
dis t r ibut ions  of potent ia l  and current  (8). 

Consequently,  we can define a mathemat ica l  p rob lem 
in which  the potent ia l  obeys Laplace 's  equat ion 

V~ -- 0 [i] 

the potential is zero at infinity, and has a uniform va]ue 
in the solution adjacent to each electrode. Correspond- 
ing to a zero current density, the normal component of 

* Electrochemical Society A c t i v e  M e m b e r .  
Key words: curren~ distribution, potential distribution, L a p l a e e ' s  

equation, interrupter techniques, 

the potent ia l  g rad ien t  is zero on the  insulat ing an-  
nulus be tween  the d isk  and the r ing and on the p lane  
sur rounding  the ring. This p rob lem excludes considera-  
t ion of the var ia t ion  of conduct ivi ty  wi th in  the  thin 
diffusion l aye r  ad jacent  to the  electrodes and effec- 
t ive ly  regards  the change in potent ia l  drop to be de-  
t e rmined  by  the bu lk  of the solution. Also excluded 
from considerat ion is the  effect of e lectrode kinetics,  it  
being assumed that  the  doub le - l aye r  capaci ty  is suffi- 
c ient ly la rge  that  the potent ia l  difference across i t  does 
not  change dur ing  the t ime of the  measurement  (8). 
[The course of events involving the change ol the 
charge of the double-layer capacity has been examined 
by Ni~ancioglu and Newman (9-11).] 

The problem thus defined is limited in scope since 
it involves only the geometry of the system, the con- 
ductivity of the solution, and the potentials and cur- 
rents themselves. The principal result of the model is 
the expression of the disk and ring potentials in terms 
of the disk and ring cui:rents 

Vd = Rddld -[- Rdrlr [2] 

Vr ~- Rrdld "-~ Rrrfr [3] 

where  Id and Ir are  the  total  currents  to the disk and 
r ing electrodes,  respect ively,  and Va and Vr are  the  
potentials ,  p resumed  uniform, in the  solution adjacent  
to the  two electrodes.  In  the  absence of concentra t ion 
and surface overpotentials ,  Vd and Vr can be r ega rded  
to be the  potent ia ls  of the  e lectrodes themselves,  and 
this is the  usual  manner  of speaking when  discussing 
p r i m a r y - d i s t r i b u t i o n  problems.  Bear  in mind  that  in 
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the applications discussed above these quanti t ies Id, It, 
Vd, and Vr probably represent  instantaneous changes 
in the electrode currents  and the corresponding ins tan-  
taneous .changes in the electrode potentials. 

Equations [2] and [3] follow directly from the math-  
ematical problem and the l inear i ty  of Eq. [1]. By the 
principle of superposition, the potential  �9 in the solu- 
t ion can be expressed as the sum of two functions, one 
proport ional  to Vd and the other proport ional  to Vr. 
Since the current  to an electrode is obtained from the 
integral  over the area of the normal  component  of 
the potential  gradient  at the electrode, it is clear that  
both Id and Ir are sums of two terms, one proport ional  
to Vd and the other proport ional  to Vr. Inversion of 
these relations then leads to Eq. [2] and [3] and the 
corresponding definition of the resistances. 

Rdd, Rdr, Rrd, and Rrr are the pr imary  resistances 
defined by Eq. [2] and [3] for this r ing-disk system. 
We can attach a physical meaning to them by the fol- 
lowing considerations. When there is no r ing current,  
Ir ----- 0, we see that  Rdd represents the resistance be-  
tween the disk electrode and a counterelectrode at 
infinity. This resistance will be lower in the presence 
of the r ing than for the disk alone because current  can 
find a path through the r ing electrode to the disk, by-  
passing some of the resistance of the solution. This is 
t rue  even though there is no net  current  to the ring. 
Under  these circumstances, the potential  of the ring 
will take on a definite, uniform value to satisfy the 
condition of no net  current  to the ring. This value is 
determined by Rrd in Eq. [3]. Thus, Rrd is a quant i ty  
having the dimensions of a resistance bu t  which yields 
the potential  on the r ing due to a current  on the disk. 

In  a similar manner ,  we see that when  there is no 
disk current,  Rrr is the resistance between the r ing and 
a counterelectrode at infinity while Rdr reproduces the 
un i form potential  on the disk due to a current  on the 
ring. As shown below, Rdr = Rrd. 

The geometry of the ring-disk system is defined ade- 
quately by the ratio r0/ri of the disk radius to the 
inner radius of the ring and the ratio rl/r~ of the in- 
ner and outer radii of the ring. The resistances can be 
made dimensionless with the conductivity K of the 
solution and a characteristic length, which we choose 
to be the outer radius r2 of the ring. Therefore, the 
results of this study can be presented simply by cor- 
relating three dimensionless resistances (RD D ---- Kr2Rdd, 
RD R ---- RR D = KT'2Rdr, and Ra R = Kr2Rrr) as functions 
of two geometric ratios (r0/rl and rt/r2). This simplic- 
i ty and general i ty  is a fur ther  justification for restr ict-  
ing the problem to the p r imary  resistances. 

In  a subsequent  paper from this laboratory (12), we 
shall discuss some more complicated behavior of the 
r ing-d isk  system in which concentrat ion variat ions and 
electrode kinetics are considered in order to assess the 
current  dis t r ibut ion on a sectioned electrode (com- 
posed of the r ing and disk at the same potential)  below 
the l imit ing current ,  the collection efficiency of the 
system when the current  distr ibution on the disk is 
nonuni fo rm due to the ohmic potential  drop in the 
solution, and the anomalous diffusion coefficient for a 
redox couple measured by means of the l imit ing cur-  
rent  to a r ing  electrode with zero current  to the disk. 

Symmetry of Resistances 
Let us consider two cases: case I where  Id ---- 0 and 

case 2 where Ir ---- 0. For  any two functions @1 and r 
Green's  theorem says (13) 

[4] 

The integral over the volume Vo is zero here because 
both r and r obey Laplace's equation. The surface 
integral is over the entire area enclosing the volume 

Vo, which we shall take to be the ent i re  half-space be-  
tween the plane of the disk and the counterelectrode at 
infinity. The integral  over the insulat ing surfaces is 
zero because the normal  component  of the potential  
gradient  is zero there. The integral  over a hemisphere 
at infinity is zero because each potential  is inversely 
proportional to the radius, the potential  gradient  is in-  
versely proport ional  to the square of the radius, and 
dS is proportional to the square of the radius. 

This leaves us with integrals over only the surfaces 
of the electrodes 

~d (@iVr - -  r " dS = - -  Yr (@iV@2 - -  r " dS 

[5] 

Now, by the definition of the p r imary  distributions, the 
potential  adjacent  to each electrode is uni form and 
can be removed from the integral, with the result  

Vdl ydVC~ �9 dS -- Vd2~d V~I " dS 

_ _ ~ - - V r l Y r V ~ 2 " d S J c V r 2 Y r V r  [6] 

Furthermore,  the integral  of the normal  component of 
the potential  gradient  over the surface of an electrode 
is proportional to the total cur ren t  to the electrode. 
Equat ion [6] becomes 

Vdlld2 -- Vd2Idl ---- -- VrlZr2 -{- Vr2Irl [7] 

For the cases chosen here, Idl = 0 and Ir2 ---- 0, and 
this reduces to 

VdlId2 = Vr2In [8] 

Subst i tut ion of Eq. [2] and [3] for the electrode poten- 
tials, with Idl ---- Ir2 = 0, yields 

RdrIrlld2 =- RrdId2Irl [9] 
or 

Rdr ---- Rrd [10] 

Gabriell i  et al. (7) state this result  and provide sup- 
port ing exper imental  results. Equat ion  [10] could be 
considered to be an example of the Onsager reciprocal 
relation. 

It  should be emphasized that  this demonstrat ion of 
reciprocity is valid for an arbi t rary  geometry of the 
electrodes and insulators. For example, the presence of 
the Luggin capillary from a reference electrode can 
modify the values of the resistances but  still Rdr = /~rd. 
Also, the counterelectrode does not need to be a hemi-  
sphere at infinity. By taking the third electrode to be 
the zero of potential, one can still reduce Eq. [4] to 
Eq. [5] and obtain the reciprocal relat ion for the pr i -  
mary resistances. 

Analysis 
Newman (14) reviewed methods of calculating cur-  

rent  and potential  distr ibutions in  ring or disk geom- 
etries. At first we thought that we could treat  the r ing-  
disk system as a composite disk of radius r2 and use 
the method of separation of variables in rotational el- 
liptic coordinates. Then the current  density would be 
zero on the insulat ing annulus  while the potentials 
would be specified on the r ing and disk, and the co- 
efficients of the series would be determined by tr ial  
and error or by matr ix  invers ion so as to satisfy these 
boundary  conditions. However, such a series is inade-  
quate to represent  the distr ibutions of potential  and 
current  in this system because the current  density 
approaches infinity at the inner  edge of the r ing 
and at the edge of the disk. [The coordinate sys- 
tem does allow t rea tment  in a na tura l  way of the in-  
finite current  density near  the outer edge of the ring, 
just  as it does for the p r imary  dis tr ibut ion near  the 
edge of a disk without a r ing (15).] 
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As an  alternative,  the currents  due to the r ing and 
the disk were treated separately by different methods. 
First  a series of t en  cases was defined with prescribed 
current  distr ibutions on the ring. For cases 1 and 3, 
these current  distr ibutions were 

2 
it1 -- - -  [11] 

a n d  

where 

q 2 
i ts  = 1 + x [121 

2.'r - -  T1 - -  ?'2 
x = [13] 

T2 - -  rl 

Case 2 has a zero current  density everywhere on the 
r ing but  will  have a cur ren t  assigned to the disk as 
described below. Cases 4 through 10 (denoted by val-  
ues of k from 4 through 10) were assigned the follow- 
ing current  distr ibutions on the r ing 

ir+k = Pk-4(X) [14] 

w h e r e  P k ( X )  is the Legendre polynomial.  
It  was felt that  these cases would represent  a com- 

plete set which could be superposed-to reproduce any 
pr imary  current  distr ibution on the r ing electrode. In  
particular,  case 1 has an infinite current  density at 
both the inner  and the outer edge of the ring, and the 
current  density approaches infinity in  the m a n n e r  re- 
quired when an electrode is embedded in an insulat ing 
plane, namely,  by being inversely proport ional  to the 
square root of the distance from the edge. ~ Case 3 in -  
volves an infinite current  density only at the inner  
edge of the ring. A superposition of cases 1 and 3 
should be able to match the way in which any pr imary  
current  dis t r ibut ion goes to infinity at the inner  and 
outer edges of the ring. The residual current  d is t r ibu-  
t ion should be finite over the r ing and adequately 
represented by a superposition of the remaining  cases 
4 through 10. For some values of ro/h and rJr2 where 
the accuracy of the results was questionable,  the n u m -  
ber  of cases was extended from 10 to 20. 

~-This means  that  the  product  of the current density and the  
square root of distance from the edge has a finite, nonzero limit as 
the edge is approached. 
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Fig. 1. Correlation of the disk resistance 

1.0 

The next  step in the procedure is to evaluate the 
potential  dis t r ibut ion on both the disk and the r ing 
due to the current  dis t r ibut ion on the ring for each 
of the cases described above. For this purpose, we use 
the io rmula  for the potential  in the p• oi the aisk 
(14) 

2 I r" i(r ')K(m)r'dr'  
+o(r) = -  [15] 

where 
4T2" 

m = [16] 
(r + r  

and K ( m )  is the complete elliptic integral  of the first 
k ind  

f w 2  da [16a] 
K ( m )  = ~ o  

The 'potent ia l  due to a uniform ring current  source of 
radius r', located in the plane z =- 0 and of s trength 
2idr' (ampere per uni t  length) ,  is 

2if'dr' f2,~ do 
d O =  4a~ - ' 0  [z~+ ( r - - r ' co so )2+  ( r ' s ino)2]  1/2 

if'dr' 2 ~'~ do 
Jo 2~K X/z 2 + (r + r')2 [1 -- L I@COSO ] 1/2 

2rr'~ 2 + (r + r 

ir'dr' 4 f~r/2 

= 2~--T V z  ~- + (r + r')~ ~o 

da 
[16b] 

[ 4rr'  ]~/2 
1-- z2 + (r + r,) sin2 ~ 

where a = (~ -- o)/2. Integrat ion for current  rings 
between r l  and r2 and evaluat ion for z = 0 yield Eq. 
[15]. 

The evaluat ion of the integral  in Eq. [15] for the 
potential  distr ibution on the ring requires care, first 
of all, because the elliptic integral  approaches infinity 
when  r' = r, corresponding to the infinite potential  at 
the r ing itself produced by a ring of nonzero current  
but  infinitesimal width. Addit ional  difficulties are in-  
troduced for cases 1 and 3 where the current  dis t r ibu-  
t ion approaches infinity at the inner  or outer edge of 
the ring. 

The potential  distr ibutions obtained above will be 
nonuni form on both the r ing and the disk. For each 
case, the potential  can be made uniform on the disk 
by  superposing the potential  dis t r ibut ion due to a cur-  
rent  distr ibution introduced on the disk. Here we use 
rotat ional  eIliptic coordinates n and ~ based on the 
radius ro of the disk. The coordinate t ransformat ion 
reads 

z = r00] and r -= r0~/ (1  + ~) (1 -- ~12) [17] 

and the solution of Laplace's equat ion by  separation of 
variables in  this coordinate system is (14, 16) 

@ = ~ B a P 2 n 0 1 ) M f n ( ~ )  [18] 
~=0 

where Bn represents arbitrary coefficients, P2nOl) is 
a g a i n  t h e  L e g e n d r e  p o l y n o m i a l ,  a n d  /V/fn(~) [ c a l l e d  
/~/n(()  in Ref. (14)] is a Legendre funct ion of imagin-  
ary argument  having properties described earlier. 
Selection of even Legendre  polynomials  in  Eq. [18] 
ensures that  the corresponding current  dis t r ibut ion is 
zero in the plane outside the disk; hence, the current  
distr ibution is not modified on the r ing by superposing 
a potential  distr ibution of the type in Eq. [18]. 

In  practice, Eq. [18] is t runcated after a finite n u m -  
ber of terms, say 20. For each case the B values are 
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then chosen so that the potential  ( including that due 
to the r ing current )  will be zero on the surface of the 
disk. Up to this point, case 2 has not been defined or 
modified. We now require that  the potential  @o be equal 
to un i ty  on the surface of the disk, for case 2, which 
is equivalent  to setting Bo : 1. The superposition of 
the disk potential  funct ion in Eq. [18] will generate a 
nonzero net  current  and a uni form potential  for the 
disk for each case. 

Next, for each case, we should calculate the poten-  
tial dis t r ibut ion on the r ing due to the current  distri-  
but ion on the disk, and w e  should add this to the po- 
tential  dis t r ibut ion previously obtained from the cur-  
rent  dis t r ibut ion on the ring. This step involves the 
use of Eq. [18] with values of ~ greater than  zero since 

r : ~ BnP2n(0)M2n(~) [19] 
~ = 0  

in  the plane for r greater  than  to. The evaluat ion of 
M2n(D has been necessary in earlier work (6), and 
we have introduced refinements here (17) to permit  
accurate calculation for large values of ~ and n. 

The several cases that have been treated now each 
have prescribed current  distr ibutions on the r ing and 
disk, known total currents, a uni form potential  on the 
disk, and a nonuni fo rm but  finite potential  dis t r ibut ion 
on the ring. The final step of the procedure is to 
superpose cases 3 through 10 onto cases 1 and 2, in 
turn,  in such a way that  the potential  dis t r ibut ion on 
the r ing is made uniform. More cases can be used to 
at ta in  a higher degree of uniformity.  

Cases 1 and 2 now satisfy all the requirements  of a 
p r imary  distr ibution:  They have uni form potentials on 
the r ing and the disk, and they satisfy Lapiace's equa-  
tion and all the other boundary  conditions. Analysis of 
cases 1 and 2 according to Eq. [2] and [3] yields values 
of the resistances Rdd, Rdr, Rrd, and Rrr. 

This solution for the pr imary  potential  and current  
distr ibutions by superposition may seem involved and 
complicated, but  it is economical and accurate, and it 
avoids any t r i a l -and-e r ro r  calculations. The functions 
chosen for superposit ion make special allowance for 
the geometry of the system and can treat  the infinite 
current  densities at the edges of the electrodes even 
when the insulat ing annulus  is quite thin. 

Results 
In the computed results, Rdr and Rrd usual ly  agreed 

to wi thin  0.01%. Certain l imit ing situations could also 
be checked to ensure the validity of the results. 

Figures 1, 2, and 3 show the values of the three in-  
dependent  resistances as functions of the geometric 
ratios ro/r~ and rl/r2. These results are also given in 
Table I. For a very thin ring, -Rrr becomes infinite in  a 
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manner  which is discussed in the Appendix.  Conse- 
quently,  on Fig. 3 we have added a te rm which com- 
pensates for this and produces a finite l imit  as r l  ap-  
proaches r2. An  exception is the (unrealist ic)  l imit  
of a zero gap distance. As r0 approaches rl, the value 
of Kr2Rrr approaches 0.25, independent  of the value of 
ri/r2. 

Discussion 
The results for Rdd can be comprehended in relat ion 

to the value 1/4~r0 for the pr imary  resistance (15) for 
a single disk in  an insula t ing plane. The values for 
the disk resistance, as plotted in  Fig. 1, therefore ap-  
proach the value 0.25 as the influence of the r ing be-  
comes negligible, either for th in  rings (rl -> r2) or for 
wide gaps between the rings and the disk (to < <  r i ) .  
The influence of the r ing is always to lower the resist-  
ance value Kr0Rdd below the value 0.25 because the r ing 
provides an a l ternat ive  current  path which can help 
the current  get from infinity to the neighborhood of 
the disk. Figure 1 shows how this effect becomes more 
pronounced for wide rings and nar row gaps. 

There are several ways of th inking  about the cou- 
pling resistances Rdr = Rrd. First  imagine a current  to 
the disk with no current  to the ring. Then the po- 
tential  d is t r ibut ion will bear  some resemblance to that  
for a single disk in  an insula t ing plane, and the simi- 
lar i ty  will become exact in the l imit  of a th in  ring. 
The ring, in addition to distorting this potential  field, 
will  acquire a potential  corresponding to the single 
disk at some radial  position r .  which lies be tween rl  
and r2. Since 

(r/r0) ~ = 1 + r [20] 

on the r ing and since 
2 

Mo(~) : M c t n - 1  (D [21] 

the potential  in the plane at a radial  position r ,  due to 
the p r imary  dis t r ibut ion on a single disk is 

Vr = Vdctn - i  (D -- 2~r~r0 s i n - i  [22] 

This leads to the resistance value 

r2 s in_ 1 (r~.o ~ 
~r2Rra : 2~r0 [23] 

\ r .  / 
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Table I. Computed values of resistances as functions of the 
geometry of the ring-disk system 

TO/~I T1/~2 KTf~dd K~2~dr Er2~zz 

0.i0 0.99 2.5252 0.1602 0.4107 
0.98 2.5510 0.1610 0.3770 
0.95 2.6314 0.1634 0.8343 
0.90 2.7770 0.1674 0.3045 
0.30 312.15 0.1755 0.2785 
0.60 4.1463 0.1925 0.2590 
0.40 6.1743 0.2107 0.2523 
0.20 12.2038 0.2299 0.2503 
0.10 24.2128 0.2399 0.2600 
0.05 48.2077 0.2449 0.2600 

0.50 0.9'9 0.5050 0.1674 0.4100 
0.98 0.5102 0.1682 0.3769 
0.95 0,5261 0.1704 0.3342 
0.90 0.5546 0.1741 0.3044 
0.80 0.6207 0.1816 0.278S 
0.60 0.8092 0.1973 0.2590 
0.40 1.1641 0.2140 0.2523 
0.20 2.1759 0.2317 0.2503 
0.10 4.1523 0.2408 0.2500 
0.05 8.0844 0.2454 0.2800 

0.80 0.99 0.3,166 0.1860 0.4084 
0.98 0.3188 0.1865 0.3748 
0.95 0.3285 0.1871 0.3323 
0.90 0.3455 0.1897 0.3029 
0.80 0.3834 0.1954 0.2774 
0.60 0.4855 0.2076 0.2686 
0.40 0.6677 0.2209 0.2522 
0.20 1.1664 0.2352 0,2503 
0.i0 2.125'2 0.2425 0.2800 
0.05 4.0225 0.2463 0.2500 

0.90 0.99 0.2806 0.1982 0.4031 
0.98 0.2833 0.19=84 0.3698 
0.95 0.2917 0.1991 0.3282 
0.90 0.30'59 0.2006 0.2997 
0~0 0.3367 0.2045 0.2756 
0.60 0.4172 0.2142 0.2580 
0.40 0.5572 0.2253 0.2820 
0.20 0.9345 0.2374 0.2502 
0.10 1.6590 0.2485 0.2500 
0.05 8,.0794 0.2468 0~800 

0.95 0.99 0.2658 0.2096 0.3941 
0,98 0.2683 0.2093 0.3617 
0.95 0.2753 0.2090 0.3219 
0.90 0.2882 0.2093 0.2954 
0.80 0.3145 0.2117 0.2732 
0.60 0.3820 0.2194 0.2672 
0.40 0.4977 0.2287 0.2518 
0.20 0.8068 0.2391 0.2502 
0.I0 1.3948 0.2445 0.2600 
0.05 2.5572 0.2472 0.2500 

0.98 0.99 0.2575 0.2211 0.3773 
0.98 0.2599 0.2201 0.3474 
0.95 0.2664 0.2155 0.3121 
0.90 0.2770 0.2177 0.2891 
0.80 0.2991 0.2187 0.2700 
0.60 0.3550 0.2245 0.2582 
0.40 0.4500 0.2322 0.2516 
0.20 0.7021 0.2409 0.2502 
O.lO 1.1823 0.2454 0.2600 
0.05 2.1447 0.2477 0.2500 

This formuia becomes rigorous for thin rings when  
we set r ,  equal to r2. Thus, the intercept on the r ight  
side of Fig. 2 is known  with certainty. The l imit  for 
the ordinate is 0.25 for nar row gaps (r0 -> 71) and 
1 ~  = 0.1592 for wide gaps ( r0 < <  r l ) .  

For thick rings, it is convenient  to th ink  of a zero 
current  on the disk. Then the ring itself will  look like 
a disk, with a small  imperfection at the center, and  
the potential  dis t r ibut ion will  be near ly  that  for a disk 
of radius r2 in  an insula t ing plane. The small  disk of 
radius r0 can then sense only one potential,  that  ap-  
proximately  equal to the potential  of the r ing Vr -- 
Ir/4~72. This leads to the l imit  

Kr2Rdr  "~ 0 .25  a s  ~'2/71 -> ~ [24] 

independent  of the value of ro/rl. 
By an analysis of the current  deflected from the in-  

sulat ing region for r < rl, one can find a correction to 
Eq. [24] for small  disks 

1 1 71 
rr2Rar = [25] 

4 ~2 r2 

for r l  < <  r2 and  ro < <  rl.  This l imit ing slope is ver i -  
fied in  Fig. 2. 

For rings which are nei ther  thick nor thin, we can 
use the results in Fig. 2 to calculate the value of r ,  ac- 
cording to Eq. [23]. i t  turns  out that  r ,  varies from the 
arithmetic average of rl and r2 for thin rings to a 
value of 2r2/= for thick rings (in order to reproduce 
the limit in Eq. [24]). This suggests the method of cor- 
relation of Rdr shown in Fig. ~. Here a value of r~ is 
calcuated a priori, and the ratio of the left and right 
sides of Eq. [23] represents a deviat ion function which 
is close to unity. The only advantage of Fig. 4 over 
Fig. 2 is that  the scale can be expanded because the 
mi n i mum and ma x i mum values now differ by a factor 
of 1.05 instead of a factor of 1.57. 

Let us next  tu rn  our  a t ten t ion  to the r ing resistance 
Rrr. For  wide rings, it is clear that  the resistance value 
is given by 

Kr2Rrr --  0.25 [26] 

the value for a single disk of radius rf. In the other ex- 
t reme 

1 ( r 1 3 )  l n96  
Id'2Rrr -~ ~ 1 . . . . .  0.2312 [27] 

2~ 2 In r28 2n 2 

for thin rings (rl --> r2) and small disks (ro < <  7D, 
a result  which is developed in  the Appendix. 

Figure 3 was plotted so that  the small  disk case 
(ro < <  71) would show these limits clearly. According 
to this figure, the effect of a nonzero disk is always to 
lower the ring resistance, because an al ternat ive path is 
provided between the counterelectrode at infinity and 
the r ing electrode. The correction to Eq. [27] for small  
disks is very small, --(7o/72)5/45n 2. Thus, we see that 
the curve for ro/rl = 0.8 is already very close to the 
curve for ro/rl = 0.1. 

Gabriell i  et al. (7) have measured resistances for 
four r ing-disk  geometries. They verified the coupling 
relationship between Rra and Rdr .  A comparison be-  
tween their  measurements  and our calculated values is 
made in Table II. For this purpose, 1/~ was given the 
value 2.25 ohms-cm for a 2N H2SO4 solution. The com- 
parison cannot be regarded as satisfactory. Two experi-  
menta l  values of ~r0Rdd are greater than 0.25, which 
should not be possible under  any circumstances. The 
other two values of Kr0Rdd show good agreement, Mea- 
sured values of the coupling resistance are consistently 
lower than those calculated. One value of KrfRrr is 
lower than 0.25, which again should not be possible 

1.05 

1.04 
A, 

.~  1.03 

i "~  i 

~- 1.02 
'~am' 

% i.o) 

' ' I . 0 0  

I I I I 

5r2 - r l  2 ( r2 - r l )2  
r~ = rl ~ + ~T r 2 

~ - ~ r o / r  I = - 

0 . 5  

0"990 0.2 0.4 0.6 0.8 I.O 
r~/r 2 

Fig. 4. Correlation of interaction resistance 
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Table II. Comparison of calculated resistances with those measured 
by Gabrielli et al. (7) for four ring-disk geometries 

Kr2Rrr g?'~Rdr h'roRdd 

ro/r~ r~/r2 Meas. Calc. Meas.  Calc. Meas.  Calm 

0.952 0.42 0.244 0.252 0.211 0 . 2 2 8  0 .307  0.102 
0.968 0.62 0.272 0.261 0.194 0.22 0.217 0.216 
0.976 -0.82 - 0.311 0.273 0.18D 0.218 0.231 0.23fl 
0,976 0.976 1 . 2 1 3  0.342 0.177 0.219 0 , 2 6 2  0.2495 

under  any circumstances. The other measured values of 
Kr2Rrr are significantly higher than the calculated 
values. It seems that  some new exper imental  measure-  
ments  are in order. 

Shabrang and Bruckenste in  (5) analyze their results 
in  terms of equations of the form 

V d  - -  VW ~-- RDId + (Id + Ir)Rc [28] 
and 

Vr -- VT = Ralr + (Id + Ir) Rc' [29] 

where RD, RR, Rc, and Re' are resistances and Vr is 
the potential  of the reference electrode and can be ex- 
pressed as 

VT - -  RAuJd + RAux'Ir [30] 

Comparison with Eq. [2] and [3] shows that  we can 
make the associations 

Rdd -- RD + RC + RAux [31] 

Rdr "- Rc -]- RAux' [32] 

Rrd = Rc' + RAux [33] 
and 

Rrr = RR + Rc' + RAux' [34] 

In  view of Eq. [10], we can write 

Rc -- Rc' ---- RAux-- RAux' [35] 

Shabrang and Bruckenste in  take these differences to 
be zero. Indeed, if the counterelectrode is far away 
and the reference electrode is moderately far away 
from the r ing-d isk  system, we can estimate (15) 

1 
RAux -- RAux' -- - -  [36] 

2~p 

where  p is the radial  position of the reference electrode 
in spherical coordinates. However, the currents  Id and 
Ir do not, in general, need to have the same influence 
on the potential  VT in Eq. [30]; the difference will  be- 
come accentuated the closer the reference electrode 
probe is to the r ing-disk  system. 

In  the extreme case, place the reference electrode ad- 
jacent  to one of the working electrodes say the ring. 
Then  VT ---- Vr and RAux = Rra and RAux' = Rrr. It  is 
unl ike ly  that  Rrd = Rrr. 

From Fig. 1, 2, and 3, we find ~r0Rdd ---- 0.249, ~r2Rrd ---~ 
0.209, and Kr2Rrr : 0.3238 for the geometry of Shabrang 
and Bruckenstein  (ro/rl =- 0.95 and rif t2 ---- 8/8.4). RD 
corresponds approximately to R d d  - -  R d r ,  and RR corre- 
sponds approximately to Rrr -- Rrd, whereas Shabrang 
and Bruckenstein  came to the conclusion that  RR and 
RD correspond to Rrr and Rdd, respectively. For  the 
ratio RD/(RD + RR), they find values of 0.37, 0.35, 
0.34, 0.39, 0.36, 0.34, and 0.31, whereas we calculate 
0.366 for the corresponding ratio. (Here, we assume 
~hat the labels Vo/Vn and Vo/VR are interchanged in  
their  Table IIL) 

Because of uncertaint ies  in the position of the refer-  
ence electrode and the conductivi ty of the solution, we 
refrain  from fur ther  comparisons with their data. 

From the results of Miller and Bellavance (4) we 
deduce an exper imental  value of Kr2Rrd ----- 0.192. The 
corresponding value from Fig. 2 is a ' r 2Rrd  : 0.206 for 
ro/rl = 0.909 and rl/r2 -- 0.812. 

Conclusion 
Computed values of the pr imary  resistances for a 

r ing-disk  system, as presented here, should permi t  esti-  
mat ion of the uncompensated resistances when  an at-  
tempt is made to control the potentials of the elec- 
trodes. There are few geometries for which this in-  
formation is available. 

Discrepancies be tween calculated and experimental  
values may lead to refined exper iments  or to considera- 
tions beyond the scope of the p r imary  resistances. 
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APPENDIX 

Thin Rings 
The l imit ing resistance behavior for a th in  r ing (in 

the presence of only a small disk) can be obtained by 
application of Eq. [15] to case 1, where the current -  
density distr ibution is given by Eq. [11]. First  note that  
the r ing current  for case 1 is given by Ir ---~ ~2r22 -- rl  2. 
To evaluate the potential  on the ring, we thus wri te  

2 ~"~ 2 K ( m )  r 'dr '  
r (r) = -- Jr nK i ~ v + r '  

r2 -- r l  ~, i  K ( m )  1 + 2ex' 
dx'  [A-1] | 

- -  ~ . ~ - i  ~ / 1 - - x  r l + ~ ( x + x ' )  

where x has been introduced according to Eq. [13] and 

I T~ -- TI 
e - -  [ A - 2 ]  

2 r ~ + r l  

is a small  quant i ty  for a thin ring. 
Now, m is close to 1. In  fact 

$ ( x  - x')~ 
1 -- m -- [A-3] 

[1 + e(x + x ' ) ]  2 
and 

l 1 - - m  
K ( m )  --> - - - - l n -  t- O(~21 he)  [A-4] 

2 16 

Equat ion [A- l ]  simplifies to 

r 2 - - r l  [ e 2 l f _  ~ l n ( x - - x ' )  2 
r  - ~ I n - - -  dx'  

~ 2 ~ A/1 x r 16 2 

+ n x e l n e + O ( O  ] [A-5] 

The integral  in this equation has the remarkable  prop- 
erty that  it is a constant if --1 < x < 1. Then  

11_ l n ( x _ x , ) 2 _ d x , _  2~ln 2 [A-6] 
1 V' 1 __ X,2 

This proper ty  manifests itself, for example, in  the 
pr imary  current  and potential  distr ibutions (18) for 
a strip electrode embedded in an insulat ing plane. 
Then the pr imary  current  distr ibution on the electrode 
is like case I, treated here, and the constancy of the 
integral  in Eq. [A-6] is required to produce a constant 
potential  on the electrode. 

By the in t roduct ion of Eq. [A-6], the r ing cu r r en t  
for case 1, and approximations valid for th in  rings, Eq. 
[A-5] becomes 
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4 o =  i n 3 2 - - 1 n  l - -  
2Kr2~ 2 r2 

- - e ( 2 - - x )  l n e + O ( e )  ] [A-7] 

This potent ia l  d i s t r ibu t ion  is nea r ly  constant,  and we 
see that  ease 1 alone provides an approx imat ion  to the 
p r ima ry  current  and potent ia l  dis t r ibut ions for thin 
rings. Equat ion [A-7] thus gives the  basis for the  
l imit ing behavior  of •r2Rrr (see Eq. [27] and Fig. 3). 

LIST OF SYMBOLS 
Bn coefficients in series 18 for the potential 
Id disk current, A 
Ir r ing current ,  A 
K complete  el l ipt ic in tegra l  of the first k ind 
m see Eq. [16] 
Mg_n Legendre  function of imag ina ry  a rgument  
Pk Legendre  polynomia l  
r rad ia l  posi t ion in cyl indr ical  coordinates,  cm 
r0 radius  of disk, cm 
r l  inner  rad ius  of ring, cm 
r2 outer  rad ius  of ring, cm 
r ,  posit ion on r ing electrode, cm 
Rdd, Rat, Rrd, Rrr resistances defined by  Eq. [2] and [3], 

ohm 
RD, RR, Rc, Rc'  resis tances defined by  Eq. [28] and [29], 

ohm 
RAux, RAux' resistances defined by  Eq. 30, ohm 
RD D, RD R, RR D, RR R dimensionless  resistances 
S surface area, em 2 
Vd d isk  potent ia l ,  V 
Vr r ing potential ,  V 
VT potent ia l  at  the  reference  electrode, V 
Vo volume, cm "~ 
x see Eq. [13] 

z distance f rom the plane of the  disk, cm 
rota t ional  el l ipt ic  coordinate  
conduct ivi ty  of the solution, o h m - l - c m  -1 
ro ta t ional  el l ipt ic coordinate  

p radia l  posit ion in spher ical  coordinates,  cm 
potent ia l  in the solution, V 
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Rapid Computation of Current 
Distribution by Orthogonal Collocation 

Reinaldo Cab6n and Thomas W. Chapman* 
Department o~ Chemical Engineering, University of Wisconsin, Madison, Wisconsin 53706 

ABSTRACT 

Curren t  d is t r ibut ions  on two plane,  pa ra l l e l  e lect rodes  embedded  in the  
wal ls  of a flow channel  have  been computed  by  or thogonal  collocation. Al -  
though the calculat ion includes the effects of mass t ransfer ,  e lectrode spacing, 
and complete  Bu t l e r -Vo lmer  kinetics,  accurate  computa t ion  of cur ren t  densi ty  
d is t r ibut ion  requires  only 2 sec of comput ing time. Cell polar izat ion curves are  
read i ly  genera ted  wi th  appl ied  poten t ia l  as the  independent  var iable .  I t  is 
suggested that  the  speed and efficiency of the collocation method can make  
possible the analysis  of more  complicated problems  such as mixed-po ten t i a l  
processes and can also faci l i ta te  the in te rp re ta t ion  of expe r imen ta l  po la r iza -  
t ion data.  

The  design of electrolysis  cells is p r i m a r i l y  an em-  
pi r ica l  expe r imen ta l  endeavor  because of the complex 
phenomena  involved in e lectrochemical  systems. De-  
ve lopment  and opt imizat ion of new indus t r ia l  processes 
is a difficult and expens ive  t a sk  because of the  mu l t i -  
tude  of pa rame te r s  to be considered in cell design. The 
measuremen t  of basic e lect rochemical  proper t ies  such 
as kinet ic  pa rame te r s  is also difficult for the  same rea -  
son. 

The application of systematic analysis to these prob- 
lems requires that one be able to characterize current 
distribution and polarization behavior of a cell given 
a knowledge of the hydrodynamics and physical 

* Electrochemical Society Active Member. 
Key words: current distribution, electrochemical mass transfer, 

electrode kinetics, cell polarization, orthogonal colloeation~ 

chemis t ry  of the  system. Newman  (1) has out l ined the 
basic p rob lem of computing cur ren t  d is t r ibut ion  be-  
low the l imi t ing current  when both concentra t ion and 
potent ia l  var ia t ions as wel l  as e lectrode kinetics are  
impor tant .  Newman and others  (2-7) have i n  recent  
years  analyzed a number  of geometr ies  to show the 
effect of var ious  pa rame te r s  on the un i fo rmi ty  of the  
cur ren t  dis t r ibut ion.  Each one of the p rob lems  t rea ted  
has requi red  significant computa t ional  effort on a high 
speed digi ta l  computer .  In  this paper  we presen t  an 
a l te rna t ive  procedure  for solving such problems.  A l -  
though the method presented  here  yields only an ap-  
p rox imat ion  to the complete  solution, it  can be made 
qui te  accurate.  Fur the rmore ,  since it genera l ly  r e -  
quires  r e la t ive ly  l i t t le  computa t ion  t ime, i t  m a y  be  ex-  
tended to more  compl ica ted  p rob lems  such as the  cal-  
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culation of current  efficiency or corrosion rates where 
mul t ip le  electrochemical reactions occur. It  may also 
be useful for repeti t ive calculations in the statistical 
est imation of system parameters  from exper imenta l  
data. 

Probably  the most comprehensive t rea tment  of a 
current  dis t r ibut ion problem accomplished so far is the 
work of Parr ish and Newman (4) on two plane, paral -  
lel electrodes in  channel  flow. Accordingly, we choose 
this example to i l lustrate  our method as it provides 
a measure of the relat ive computat ional  effort required 
to obtain cur ren t  distr ibutions and polarization curves. 

Mathematical Formulation of the 
Problem 

Parr ish and Newman (4) have presented the mathe-  
matical  formulat ion of the current  dis t r ibut ion prob-  
lem for two p lanar  electrodes of equal length  L which 
are located opposite one another  in the walls of a 
channel  of width h. The flow through the channel  is 
laminar,  and the Peclet number  is large so that  a th in  
diffusion layer approximation is valid. 

The potential  in the bu lk  solution can be wr i t ten  for 
this geometry (7) as 

~ ( X , y )  = ~ -- icath(X) in sinh 2 (x -- X-) 
2h 

} ys ian(X) -}" sin2 2h (y -- h) dx - i L 
2~K| 

{ ;~ (x--x) +sin2 ~Y } dx [I] In c~ 2h 2h 

where x is distance downstream from the leading edges 
of the electrodes, y is distance normal  from the anode 
towards the cathode, and icath(X) and /an(X) are the 
local current  densities on the cathode and anode. The 
la t ter  are taken to be negat ive and positive, respec- 
tively. The constant  ~ represents the potential  of the 
solution in the absence of current,  relat ive to ground. 

Parr ish and Newman express the current  dis t r ibut ion 
on the electrodes as an integral  over the l imit ing cur-  
ren t  dis t r ibut ion and the actual surface concentrat ion 
distribution. Stewart  (8) has shown that  the surface 
concentrat ion can similar ly be wr i t ten  as an integral  
of the current  dis t r ibut ion on the electrode and the 
uniform-f lux concentrat ion distr ibution.  This form is 
more convenient  for our purposes so we wri te  the 
surface concentrat ion of a reactive solute on each elec- 
trode a s  

CO Can;cath (;T) Dh ) l / s  SR(I -- tR) 

c= c| 1 8 < v >  ( 2 )  
r _ nFDc| 

~ ian;cath (X) 
X [x_E]2/~ d~" [2] 

For convenience we consider the same reaction to oc- 
cur at each electrode, metal  dissolution at the anode 
and deposition at the cathode (SR = 1) with kinetics 
of the form 

aAF~s (~cF~s 1 
IV0 ]%' RT RT 

i ( x )  = io(CD L ~  e -- e [3] 

where co is the surface concentration, Can(X) or C~ath(X), 
on each electrode, and ns is the surface overpotential  of 
the electrode. 

The applied cell potent ial  V is the difference between 
the anode potent ial  Van and the cathode potent ial  
Vcath 

V = Van -- V~a~ [4] 

where 
Van : ~b0,an(X) ~- ~ls,an(X) "~- ~]c,an(X) [Sa] 

and 
Vcath = dP0,cath(X) "~ ~]s,cath(X) "~ ~lc,cath(X) [5b] 

The electrostatic potential  r (x) is obtained by extrap-  
olating the solution potential  r  given by Eq. [1] 
to the electrode surfaces, y ---- 0 or h. The concentrat ion 
overpotential  at each electrode is given by 

_ 

'rio = ~ C= C| 
where 

k ~ - - n  [7a] 

for a well-supported electrolyte and 

- - z + z -  
X [7b] 

Z+ - -Z-  

for a solution of a b inary  electrolyte. 
Finally,  the currents  passing through the two elec- 

trodes must  be equal so that  

s s icath(X)dx + ian(X)dX = 0 [8] 

In order to reduce the number  of parameters  in the 
problem we define the following dimensionless groups 
and variables 

( 18<v>L'2 ) I/3 zbtF2Dc| "- [19] 
T : hD 

4 ~ r ( 4 )  (I -- t+)RT~| 

and 

= x / L  

= ~c/~ 
# = •L/2h 

C* ~-- Co/C| 

V* = V 
R T  

I F  
Tic* = Tic 

RT 

LF 
~Is* = 7Is 

R T  

~F 
r : r 

RT 

~ ,  = ~ F  - -  

R T  

io (c=) 
~0 $ 

<~i l im>[  

i ( x )  
i* (D = 

[ </lira>] 

[10] 

[ l l a ]  

[nb] 

[12] 

[13] 

[14] 

[15] 

[16] 

[17] 

[183 

[19] 

[20] 

In these calculations we assume that  the cathodic re-  
action is the reduct ion of a cationic solute species so 
that ilim is taken to be the l imit ing current  at the 
cathode 

nFDc| ( 2 < v > )  ' / 8 .  
ilim = 3Dhx [21] 

( 1 -  t + ) r  ~- 

where ( - - n )  is the number  of electrons required to 
reduce a cation. Therefore, the average l imit ing cur-  
rent  used in the above definitions i s  
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3 nFDc| ( 2 < v > ) ~ / 3 1 2 2 ]  
3DhL 

< i l i m ~  =- 

W i t h  these definitions the basic equations become 

~b0,cath* ( t )  = ~* - -  T icath* (~) 

In [sinh~ ~ ( f -  D]d.~ 

+ ian* (}-) In [eosh e ~ (~" - - / 0  ]d~ [23] 

(f r (~) = ~ *  --  T icath* (~) I n  [cosh2 ~ ( t  - -  t ) ] d ~  

+ ian* (~) In [sinhe ~ (f --  t) ]dg [24] 

Ccath* (~) = 1 + ~ [~ _'~]~/3 d~ [25] 

3N/3 [~ ian* (~) d~ [26] 
ca.* (D = 1 + ~ - ' o  [~ _ ~--]2/3 

~r (~) = In Ccath* (~) § t+ ( I  --  Ccam* (~)) [27] 

~r (~) = In Can* (~) § t+ ( l  - -  Caa* (~)) [28] 

Vcath* -- r (~) § ~Is.cam* (~) § ~c,cam* (~) [29] 

Van* = r (~) § ~s,an* (~) § T~c,an* (~) [30] 

V* ~--- Van* - -  Vcath* [31] 

icath*(~) = io $[ccath*(~)]TEe a '  . . . .  th*(~) - -  e - ~ ,  . . . .  th*(~)] 
[32] 

ian* (~) = io* [Can* (~) ]~[e a'~,~*(~) --  e-~,~,~,*(~)] [33] 

and 

f f /cam* ( t )d~ ---- - -  iaa* (~)d~ [34] 

The  p rob lem then  is to solve Eq. [23]-[34] for 
icath*, /an*, Ccath*, and Can* as  functions of L the p a -  
ramete rs  a, ~, % t+, io*, T, and 4, and the appl ied  vol t -  
age V*. 

Solution by Orthogonal Collocation 
Par r i sh  and  Newman  (4) solved the p rob lem stated 

above by  a numer ica l  p rocedure  which involved i t e r a -  
tions wi thin  i terations.  That  is, for an assumed over -  
potent ia l  d is t r ibut ion  the  total  appl ied  potent ia l  was 
var ied  unt i l  the  to ta l  cur ren t  matched  a specified 
level.  Then the de ta i led  overpotent ia l  d is t r ibut ions  
were  ad jus ted  unt i l  al l  equat ions were  satisfied. Three  
to e ight  i te ra t ions  were  requ i red  for  convergence in 
each inner  loop, and up to 70 i te ra t ions  on the  ove r -  
potent ia l  d is t r ibut ion  were  requ i red  to obtain the  com- 
ple te  solution. Numer ica l  values  of the  functions at  
100 to 180 points  on an e lect rode were  used, and  the 
in tegra ls  were  eva lua ted  numerica l ly .  Note tha t  two 
in tegra ls  mus t  be eva lua ted  at each mesh point  on each 
i te ra t ion  of the  computat ion.  Accordingly,  the  ca lcu-  
la t ion was t ime consuming and expensive.  F u r t h e r -  
more, it  does not  seem v e r y  feasible to ex tend the 
method to more  complicated problems  o r  to use it for 
routine,  repe t i t ive  design or  da ta -process ing  calcu-  
lations. 

An  app rox ima te  numer ica l  method sui ted to efficient 
ca lcula t ion of complex  prob lems  is or thogonal  col lo-  
cation. S t ewar t  has descr ibed  col locat ion and its ap -  
pl icat ion to t r anspor t  p roblems  (9), and a va r i e ty  of 
p roblems  have  been solved b y  the method (10, 11). 

The basic idea of collocation is that  a t r ia l  solut ion 
is pos tu la ted  as a finite series of or thogonal  po ly -  
nomials.  The N coefficients of th is  series are  de te rmined  
by making  the t r ia l  solut ion sat isfy the basic equa-  
tions of the p rob lem at N pa r t i cu la r  collocation points, 
where  N is a small  number .  The collocation points are  
chosen according to some op t imal i ty  criterion, such as 
the  requ i rement  that  the  t r ia l  solut ion should give 
the  best  possible quadra tu re  es t imate  of the solut ion 
~or a given N. 

In e lectrochemical  design problems,  the most im-  
por tan t  character is t ic  of the  sys tem is p robab ly  the 
polar izat ion curve. Therefore,  we may  not be as in te r -  
ested in the  deta i led  s t ruc ture  of the  current  d i s t r ibu-  
t ion or the current  densi ty  at a given point  as in the 
total  cur ren t  for a g iven appl ied  potent ial .  Accordingly,  
we  seek here  the  best  es t imate  of the  to ta l  current ,  
expressed as the  dimensionless  average  cur ren t  densi ty  
<i*> where  

< ~ * >  _~. i</~im>l "-" [icath*Id~ = ian$a~ [35] 

We implement  a collocation procedure  by  pos tu la t ing  
cur ren t  d is t r ibut ion  functions of the form 

N--1 

~cath*(N)(~) *-- ~ Aj~J [36] 
j=o 

and 
N--1 

ian*(N)(~ ") - -  ~ Bj~J [37] 
j=0 

where  N is the  order  of the  approx imat ion  and the 2N 
coefficients Aj and Bj a re  to be de termined.  We obta in  
an opt imal  es t imate  of < i * >  by  Gauss -Legendre  
quadra tu re  (12, 13) for  a given N by requi r ing  that  
Eq. [36] and [37] sat isfy  Eq. [23] to [34] exact ly  at  
N collocation points ~i on each electrode.  The  colloca- 
t ion points h are  chosen as the  roots of PN* (~), the 
Legendre  polynomia l  of degree  N shif ted to be or thog-  
onal  over  the  in te rva l  [0, 1] (13). Af te r  the  coefficients 
Aj and Bj have been de te rmined  in this way, the  
average  cur ren t  m a y  be es t imated  by  the quadra tu re  
fo rmula  (12, t3) 

N 

< i * >  ,__ 1 ~ wi]icath.(N)(~i) I [38] 
Y i= l  

where  wi are  the  quadra tu re  weights and icath *(N) (~'i) 
a re  the  cathodic cur ren t  densi t ies  at the points  h as 
computed  f rom Eq. (36). According to the  p rope r  
choice of the .~i, this Gauss -Legendre  quadra ture  
formula  would  be exact  if icath* could be represented  
exact ly  by  a po lynomia l  of degree  (2N --  1) or less. 
Thus, the  es t imate  of the average  current  can be con- 
s iderab ly  more  accurate  than  a local cur ren t  densi ty  
at  any given order  of approximat ion.  Roots and quad-  
r a tu re  weights  for the  shif ted Legendre  polynomiMs 
wi th  N ---- 6, 7, and 8 are  given in Table  I. 

Al though Eq. [36] and [37] a re  wr i t t en  as t runca ted  
power  series, they  may  be v iewed as r ea r ranged  l inear  
combinat ions of Legendre  polynomials .  Working  in 
te rms of the  powers  of ~ is equiva lent  to using a set of 
expl ici t  polynomials  but  is easier  computat iona]ly .  
Identif icat ion of these power  series as the l inear  com- 
binat ion of or thogonal  polynomials  permi ts  the use of 
Eq. [38] and determines  the  p rope r  collocation points  
for the computat ion.  

We proceed by  subst i tut ing Eq. [36] and [37] into 
Eq. [23] to [34]. For  example ,  Eq. [25] and [26] for 
the surface concentrat ions become 

N--1 
3v~ 

ccath* (~) = 1 + ~ l.~ AjEj(~) [39] 
4~ j=o 
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Table I. Collocation points ~i as roots of shifted Legendre 
polynomials of degree N, and the associated Gauss-Legendre 

quadrature weights wi [derived from Ref. (13)] 

De~ree Collocation Quadrature  
i points  ~l w e i g h t s w i  

6 1 0.0337652429 0.1713244924 
2 0.1693953068 0.3607615730 
3 0.3806904070 0.4679139346 
4 0.6193095930 0.4679139346 
5 0.8306046932 0.3607615730 
6 0.9662347571 0.1713244924 

7 1 0.02544604~B 0,1294849662 
2 0.1292344072 0.2797053915 
3 0.2970774243 0.3'31~8300505 
4 0.5000000000 0.4179591837 
5 0.7029225757 0.3818300505 
6 0.8707655928 0.2797053915 
7 0.9745539562 0,1294849662 

8 1 0.0198550718 0,1012285363 
2 0.1016667613 0.2223810345 
3 0.2372337950 0.3137066459 
4 0.4082826788 0.3626837834 

0.5917173212 0.3626837834 
6 0.7627662050 0,3137066459 
7 0.8983332387 0.2223810345 
8 0.9801449282 0.1012285363 

and 
N--1 

�9 3~/3 ~ BjEj(~) [40J c.~* (D - 1 ~- 
j = 0  

where  
S~ ~d~ 

Ej(D = [~ _~]2 /3  

J 

k=O 3j -- 3k-~- I 

Note that  the assumed form has allowed analytic 
evaluation of the superposition integral. 

Similarly, Eq. [23] and [24] for the potential may  
be rewri t ten 

N--1 

~b0,cath*(~') - - ~ *  - -  T ~ [ A j R j ( ~ )  -1- BjSj(~)] [42 ]  
j = 0  

and 
/V--1 

r - - - -~*--T ~ [AjSj(~) -5 BjRj(~)] [431 
j=0  

Rj(~') -- Jln [ s i n h 2 r  ~)]d~ [44] 

where 

and 

~ o  1 Sj (~') -- ~J In [cosh 9 ~(~" -- '}) ]d~ [45] 

A l t h o u g h  these integrals cannot be determined ana- 
lytically, we note that  they need to be evaluated only 
at the N collocation points f~ and that  for a given value 
of N the two N • N matrices, Rj(~) and Sj(~i), need 
be evaluated only once and not repeatedly. 

If  all the system equations were linear, it would be 
a s t raightforward procedure to determine A and B by 
requiring that  Eq. [29] and [30] be satisfied at each 
of the N collocation points on each electrode. Because 
of the nonlinear nature  of the current-potential  rela-  
tionships, however, an iterative procedure is required. 
For tunate ly  the collocation formulation lends itself to 
a more systematic i terative scheme than is possible 
with a brute-force  numerical  method. 

Computational Procedure 
To obtain the coefficients A and B we must  satisfy 

~(~ i )  - -  i o * C c a t h * 7 ( ~ l ) [  ea~ . . . . .  h*(~i) __ e - ]  8, . . . .  th*(~i)] 

N--1 

~.~Ajh j - 0  [46] 
J=O 

at each collocation point h on the cathode and similarly 

N - 1  

-~Bj~J-O [47] 
J=0 

on the anode, where the concentrations are given by 
Eq. [39] and [40] and the overpotentials are obtained 
from a combination of Eq. [27]-[31], [42], and [43]. 

At this point we recognize that  in addition to the 2N 
coefficients Aj and Bj we must  also evaluate r This 
can be done by including Eq. [34] with the 2N Eq. [46] 
and [47]. Equation [34] may  be rewri t ten as 

N--I N--I 

(Ak~ k + Bk~ k) d~ -- -- 0 [48] 
k=o ~=9 k §  1 

This relationship completes the necessary set of 2N -5 1 
equations. 

We solve these nonlinear algebraic equations by 
Newton's method (12) by writ ing ] ( h )  and g(~i) as 
truncated (linear) Taylor series in the variables Ao, 
A1, �9 �9 . A N - l ,  Bo, B1 . . . .  B~ -2 ,  and "~* around trial 
values of these unknowns. The last coefficient BN-1 is 
determined by Eq. [48]. 

The computational algorithm proceeds as follows: 
1. The applied potential V* is specified. The value of 

Van* o r  Vcath* iS fixed arbitrari ly and the other ob- 
tained from Eq. [31]. 

2. The degree of approximation N is chosen, and the 
collocation points ~i are obtained as the roots of PN* (~). 

3. The coefficients Ej(~i), Sj (h) ,  and Rj(h)  are com- 
puted for j ---- 1, 2 . . . .  N and i -- 1, 2, . . .  N f rom Eq. 
[41], [44], and [45]. These arrays need be determined 
only once for a given N. 

4. Initial values of Aj and Bj are obtained by guess- 
ing a realistic current  distribution and invert ing the 
matrix Eq. [36] and [37] as wri t ten at the collocation 
points. 9 '  is set to zero, and BN-z made consistent by 
use of Eq. [48]. 

5. The surface concentrations are calculated at the 
collocation points by Eq. [39] and [40]. 

6. The concentration overpotentials ~c* are com- 
puted at the collocation points by Eq. [27] and [28]. 

7. The surface potentials r at the collocation points 
are computed by Eq. [42] and [43]. 

8. The surface overpotentials ~ls* at the collocation 
points are computed f rom Eq. [29] and [30]. 

9. The current densities icath; an *(N) at the collocation 
points are computed f rom Eq. [32] and [33]. 

10. The local current  densities are tested for con- 
vergence with respect to the previous values of the A 
and B coefficients. Specifically, the rms of the changes 
of the current densities at all collocation points rela- 
tive %.o the values of the ini t ia l  guess or the previous 
calculation is computed. The convergence criterion 
used here was a rms change less than 10 -4, where the 
current densities have been normalized by < i * > .  

11. If  the convergence criterion is not satisfied, the 

partial  derivatives ~0g(~i) and .0](h) for j : 0, 1 . . . .  
OAj ~Aj 

N 1,--0g(h) and-35(h)  f o r j  ---- 0, 1 , . . . N - -  2, and 
.~Bj OBj 

8](h)  and 0g(~i) 
_ are computed at each of the colloca- 

0~* e~* 
tion points. The equations for these derivatives can be 
obtained by differentiating Eq. [46] and [47] after the 
necessary substitutions have been made. Newton's  
m e t h o d i s  applied to Eq. [46] and [47] to obtain new 
estimates of Ak, Bk, and ~b*; the algorithm then cycles 
back to step 5 and iterates until convergence is at-  
tained. 
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12. The foregoing procedure  is repeated with in-  
creasing N until  some characterist ic quantity,  say 
< i * >  as obtained from Eq. [38], converges to a steady 
value  wi th in  specified limits, taken here  to be 0.01%. 
This cri terion tests the accuracy of the polynomial  ap- 
proximation.  

Results 
Calculations have been done for a var ie ty  of pa ram-  

eter values. For total currents near the l imit ing current  
where the most nonuniform distributions are observed, 
as few as seven collocation points (N = 7) give satis- 
factory results for </an*> and <icath*>, and 11 i tera-  
tions on the polynomial  coefficients give convergence 
within  the specified limits. For small  values of T, where  
the current  distr ibut ion is fair ly symmetrical ,  only 
four i terations were  required.  A typical problem re-  
quired no more than 2 sec of computing t ime on a Uni-  
vac 1110 computer  to obtain current  distr ibution 
curves. 

In particular,  calculations were  done for T = 3 and 
15, and for to* = 0.05 and 0.5; the other  parameters  
~, ~, 7, t+, and h /L  were set at 0.5. The applied poten-  
tial V was varied f rom zero to more  than 1V. These 
values were  chosen to correspond to results published 
by Parr ish and Newman  (4). 

Convergence was always obtained even for currents  
very  near  the l imit ing current  ( < i * >  = 0.99) a]though 
double precision computation (20-place accuracy) was 
required there. Figure  1 shows current  distr ibutions on 
the cathode at selected fractions of the l imit ing current  
for T : 15 and to* = 0.05 as computed with  N = 7. 
The distributions at l imit ing current  and at <i*> = 

0.79 for h /L  =- oc are also shown. 
F igure  2 shows the reactant  concentrat ion dis tr ibu-  

tions on the cathode surface corresponding to the 
curves in Fig. 1. 

F igure  3 shows cell polarizat ion curves at various 
combinations of T and io*. 

Discussion of Results 
The parameters  used to obtain Fig. 1 and 2 were  

chosen to correspond roughly with  those represented 
by Fig. 7 and 9 in Parr ish  and Newman  (4). Compar i -  

, I 
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�9 - ~ T=15 i~ '=0.05 

>- 2'011~ �9 COLLOCATION POINTS- I l l  
I]~ .... h /L  = 0.5 

03 i-tl 
Z [ ~  - - ' - -  h / L  = =  

LU 1.6~'/ \  ~ t l ~  "~  ------  LIMITING CURRENT- Q 

I'- 
Z I~>- 
hi 
E 1.2 \ 
= r ix 1.0 
ej  

03 0.8 
w 
_J 

0 

z 0.4 
w 

N 
0 

0 0.2 0.4 0.6 0.8 1.0 

D I M E N S I O N L E S S  D I S T A N C E  t'.'.j 

Fig. 1. Current density distributions on the cathode at various 
~ractions of limiting current. 
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Fig. 2. Reactant concentration distribution on the cathode surface 
at various fractions of limiting current. 
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Fig. 3. Polarization curves plotted as average current density, 
relative to limiting current, vs. applied potential for various param- 
eter values. 

son with their  work  shows that  our results for both 
anodic and cathodic current  distr ibution and surface 
concentrat ion are quite  similar  to the more detai led 
numerical  computations. In fact, our calculations wi th  
seven points are even capable of reproducing the maxi -  
m u m  in the local current  density observed by Parr i sh  
and Newman  (3) at currents  near  the l imit ing current  
wi th  large h/L. (A similar  but  slight m ax im um  is also 
observed around < i * >  : 0.85 for h / L  : 0.5.) 

The results for large h / L  were  obtained by reproduc-  
ing the ear l ier  calculations (3) for the case where  a 
plane cathode could be considered separately f rom 
polarizat ion behavior  on the  anode. In that  case we ob- 
tained results in 1 sec of computing t ime and wi th in  
four  to seven i terations except  at currents  ve ry  near  
(99%) the l imit ing current  where  15 iterations were  
required.  This effort can be compared wi th  Parr i sh  
and Newman's  procedure  which took 50 to 140 mesh 
points on the electrode and as many  as 35 iterations. In 
their  method the integral  equations must  be evaluated  
at each mesh point in each i terat ion so that  almost 
5000 numerical  integrat ions might  be required.  

It should be noted that  Par r i sh  and Newman  gen- 
eral ly simplify the complete kinetics expression, Eq. 
[3], to ei ther  the l inear  or the Tafel  form. Because the 
collocation method can handle any general  kinetics 
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expression, there is no par t icular  advantage to making f 
such simplifying assumptions, g 

Parr ish and Newman have already commented on h 
the physical significance of the current  dis t r ibut ion i 
curves. We shall ment ion  here only that  we have io 

ilim 
chosen a slightly different nondimensional izat ion of the i* 
problem. We have defined T in Eq. [9] to represent  the 
ratio of electrical resistance to mass t ransfer  resistance L 
in the solution; it is proport ional  to the parameter  N N 
used by Parr ish and Newman. On the other hand, we n 
have chosen io* ra ther  than  J of Parr ish  and Newman 
to represent  the importance of kinetic effects. Their  Pi* 
parameter  5 has no counterpart  in  our formulat ion be- R 
cause we specify V and compute the current.  Their  R~ 
procedure is to specify 5, that  is, the total current,  as Sj 
the independent  variable. SR 

The critical parameters  in our calculations then are 
T and to*. At large T the cur ren t  dis t r ibut ion is deter-  Sc 
mined by potential  effects and approaches the second- T 
cry or p r imary  current  dis t r ibut ion according to to*. tR, t+ 
At low values of T the current  dis t r ibut ion approaches < v >  
the limiting current distribution provided that to* is V 
large. At intermediate  values of T and at small  to* the wi 
current distribution is more uniform than in either x 
limiting case. zi 

The important point of this work is that current 
distribution problems can be solved with good accuracy 
but nominal computational effort by means of orthog- ~A 
onal collocation. Because of the facility and speed ac 
with which the method converges we are encouraged 
to extend it to even more difficult problems. An obvious 
possibility is the t rea tment  of mixed-potent ia l  proc- 
esses where several electrode reactions occur on the K 
same electrode, r (x) 

The problem treated here was simplified consider- 
ably by the thin diffusion layer approximations. Thus, ms ~Ic 
it was possible to satisfy the re levant  differential equa-  ~. 
tions for co and r by the integral  Eq. [1] and [2]. The T 
collocation procedure used here is required only to r 
satisfy boundary conditions on the electrodes. This r 
might  be called boundary  collocation (10). In the more 
general  case one must  solve coupled, nonl inear  part ial  
differential equations in the solution as well as to Common 
satisfy the nonlinear,  coupled boundary  conditions on an 
the electrodes. Such a problem would be extremely cath 

an; cath difficult to solve by conventional  finite difference i 
methods. It may be reasonably tractable, however, by 0 
the method of mixed collocation (10) where colloea- oo 
t ion points are chosen both on the boundaries  as well 
as at selected points in  the inter ior  of the electrolytic Common 
solution. * 
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LIST OF SYMBOLS 
A, A] 
B, Bj 
c 

D 
E.~ 
F 

coefficients defined by Eq. [36] 
coefficients defined by Eq. [37] 
concentration, mole /m 3, or 
surface concentrat ion 
diffusion coefficient, m2/sec 
coefficient defined by Eq. [41] 

dimensionless 

Faraday 's  constant, 96,487 C/equiv  

function defined by Eq. [46] 
funct ion defined by Eq. [47] 
distance between electrodes, m 
current  density, A / m  2 
exchange current  density, A / m  2 
l imit ing current  density at cathode, A / m  2 
dimensionless current  density, normal  com- 
ponent  
length of electrodes, m 
number  of collocation points on an electrode 
number  of electrons produced by electrode 
reaction when  wr i t ten  as an oxidation, n = 
--z+ for reaction considered here 
shifted Legendre polynomial  of degree i 
universal  gas constant, 8.3143 J /mole  K 
coefficient defined by Eq. [44] 
coefficient defined by Eq. [45] 
stoichiometric coefficient of the solute species, 
which is the reactant  in the cathodic reaction 
Schmidt number  
temperature,  ~ 
transference number  of reactive solute, taken 
here to be a cation 
average flow velocity, m/sec 
voltage or electrode potential, V 
quadra ture  weight at collocation point  ~i 
distance along electrode m 
charge number  of species i 

Greek Letters 
anodic t ransfer  coefficient 
dimensionless anodic t ransfer  coefficient 
cathodic t ransfer  coefficient 
dimensionless cathodic t ransfer  coefficient 
a dimensionless kinetic parameter ,  the order 
of the reaction 
conductivity, mho/cm 
gamma function of x 
dimensionless distance, x / L  
surface overpotential,  V 
concentrat ion overpotential,  V 
parameter  defined by Eq. [7] 
dimensionless parameter  defined by Eq. [9] 
electric potential,  V 
reference potential  in  solution, V 
dimensionless electrode length, ~L/2h 

Subscripts 
refers to the anode 
refers to the cathode 
applies, to either anode or cathode 
of species i or index of collocation points 
evaluated at the electrode surface 
refers to bulk  solution 

Superscripts 
dimensionless variable  
refers to the Nth approximation 
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ABSTRACT 

An oscil lat ing p lanar  solid indicator  microelec t rode  was developed for 
vo l tammetr ic  investigations.  A n  invest igat ion of the  var iables  which  affect the  
l imit ing current  using this pa r t i cu la r  microelec t rode  was conducted.  The elec-  
t rode  was successful ly used in aqueous electrolytes ,  in mol ten  n i t ra te  e lec t ro-  
ly tes  up to 330~ and in mol ten  equimolar  sodium and potass ium chlor ides  at  
700~ 

The dropping  mercu ry  e lect rode has proven  to be 
useful  and convenient  in aqueous po la rography  and 
also in low mel t ing mol ten  salt  systems. However ,  i t  
cannot be used at t empera tu res  h igher  than  200~ due 
to the  vola t i l i ty  of mercury .  

Severa l  high t e m p e r a t u r e  polar izable  indicator  mi -  
croelectrodes have been proposed,  namely,  the  d rop-  
ping mol ten  meta l  e lectrodes (1, 2), the  s ta t ionary  wire  
e lect rode (3, 4), gas flushed electrodes (5), mechani -  
ca l ly  ro ta ted  wire  (6), and ro ta ted  disk electrodes (7). 
The ro ta t ing  disk electrode has been ex tens ive ly  and 
successful ly studied, and the fluid flow character is t ics  
have been unders tood pa r t i cu l a r ly  af ter  the  r igorous 
t r ea tmen t  by  Levich (8). In high t empe ra tu r e  l iquids 
the  convection currents  are unpredic tab le  and the elec-  
t roreducib le  species do not migra te  to the  indicator  
e lec t rode  solely by  diffusion. In  the forement ioned 
techniques control led  convection in the  e lec t ro ly te  was 
a necessary  r equ i remen t  for the  a t t a inment  of r e p r o -  
ducib le  l imi t ing currents.  Similar ly ,  ment ion  should 
be made  of Lindsey 's  high f requency  v ibra ted  p l a t inum 
wire  microe lec t rode  (9-11), and of the  various v ib r a t -  
ing dropping  mercu ry  electrodes (12,13).  

The  e lect rode developed in this l abo ra to ry  consists of 
a p lanar  solid microelectrode,  osci l lated at  low f re -  
quencies in a direct ion pe rpend icu la r  to the  surface of 
the  e lect rolyt ic  solution. The behavior  of this e lect rode 
was s tudied in aqueous e lect rolytes  where  i t  could 
read i ly  be compared  to the  dropping  mercu ry  e lect rode 
(DME),  in mol ten  n i t ra te  melts  at t empera tu re s  up to 
330~ and in mol ten  chlorides containing as the  
solvent  the  equimolar  mix ture  of KC1 and NaC1 at  
700~ This e lect rode is pa r t i cu la r ly  sui ted for fused 
sal t  systems because of its s implici ty,  the  wel l -def ined 
surface area, and its ab i l i ty  to opera te  in to ta l ly  en-  
closed cells under  a pro tec t ive  a tmosphere  and to 
y ie ld  reproducib le  and t ime- independen t  l imi t ing  cu r -  
rents.  

Experimental 
The exper imen ta l  assembly  shown in Fig. 1 consists 

of the  solid indica tor  microe lec t rode  dipping into the  
e lec t ro ly te  and a calomel  (Hg, Hg2C12, KC1 sa tura ted)  
e lectrode as a nonpolar izable  reference.  The solutions 
in the  two sections of the  P y r e x  cell  are  separa ted  
f rom each other  by  means  of a low resis tance agar  
plug. 

The indica tor  microe lec t rode  was made  out of 
p l a t inum or tungsten wires,  about  0.5 m m  d iamete r  
sealed into P y r e x  glass tubing  having a d iamete r  of 
app rox ima te ly  0.5 cm. The t ip of the  e lect rode was 
pol ished flat so tha t  the  e lect rode was in effect a flat 
tungsten or p l a t inum disk  encased in glass sheathing.  
The wire  p ro t rud ing  f rom the top of the glass sheath 
was connected to the  negat ive  t e rmina l  of the  po la ro -  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e sen t  addres s :  INCO Resea rch  Laboratories, Sheridan Park, 

lYlississauga. Onta r ia ,  Canada. 
Key  w o r d s :  p o l a r o g r a p h y ,  m o l t e n  sa l t  sys tems ,  v i b r a t i n g  m i c r o -  

e lectrode.  

graph.  The potent ia ls  to the cell  were  appl ied  b y  means  
of the  Fisher  e lectropode (Model  No. 65) and the re-  
sul t ing currents  were  recorded on the Fisher  recorder  
(No. 66) which was coupled to the electropode.  The 
potent ia ls  could be appl ied  e i ther  au tomat ica l ly  or 
manual ly .  Dur ing  the  automat ic  opera t ion  the  poten t ia l  
was appl ied  at a ra te  of 200 m V / m i n  corresponding to 
a char t  speed of 10 d iv is ions / in . /min .  

The mechanical  osci l la tor  consisted of a pis ton 
dr iven  by  a ro ta t ing  off center  disk. This a r r angemen t  
imposed a harmonic  v ib ra t ing  motion on the e lect rode 
and the f requency of osci l lat ion could be changed f rom 
zero to a m a x i m u m  of about  350 osci l la t ions/min.  The 
ampl i tude  of the s t roke  was constant  at  0.5 cm. 

Fo r  the  exper iments  the  cell assembly  was immersed  
in a constant  t empera tu re  wa te r  ba th  at 25~ Pr io r  to 
de te rmin ing  any I -V curves the  solutions were  flushed 
wi th  argon gas which was bubbled  th rough  the side 
arm shown in Fig. i for approximately i0 min. 

~ W  wire (-) 

t~le) 

LINKAGE ARM 

MOTOR 
DRIVEN PISTON 

BRASS SUPPORT~ 

Fig. 1. Experimental cell ossembl 

Mechanical vibrahng 
device 

for aqueous voltammetry 
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Lead, copper, and cadmium salts were used in the 
aqueous investigations with the bulk  of the experi-  
ments  being conducted with Pb(NO3)s  dissolved in 
1N N a N Q  support ing electrolyte. The l imit ing cur-  
rents (iL) in aqueous solutions were investigated as 
functions of the oscillation frequency ,, the concentra-  
t ion of the solution C, the temperature,  and of the 
viscosity of the solution. In  addition the dependence of 
iL on geometric factors such as the ratio of the exposed 
cross-section area of the metal  wire electrode to the 
total cross-section area of the indicator Mectrode, the 
diameter  of the electrolyte container,  and the position- 
ing of the electrode in the electrolyte container were 
investigated, as well as the macroscopic appearance of 
the flow pat terns  around the electrode due to its mo-  
tion. 

The l imit ing currents  were obtained from the ex- 
per imental  I-V traces by the standard graphical tech- 
nique. 

The high tempera ture  cell employing molten nitrates 
shown in  Fig. 2, had an indicator electrode of p la t inum 
wire 0.508 mm in diameter  sealed into a 5.64 mm 
diameter  Pyrex capillary, as opposed to tungsten wire 
which was used in aqueous voltammetry.  Tungsten  
was found to be unacceptable in these oxidizing melts 
since very high erratic diffusion currents were 
produced. In all cases the seal between the platinum 
and Pyrex appeared to be adequate. 

The electrode could be introduced into the melt by 
sliding it through a "Sargent Teflon Seal," which also 
served as a gas seal during oscillation. A ground glass 
joint made possible the removal of the electrode as- 
sembly from the cell. 

A large platinum disk (1.54 cm 2) served as the de- 
polarized reference electrode. Argon could be bubbled 
over this electrode in order to stir or flush the electro- 
lyte if so desired. Another large platinum foil electrode 
was incorporated into the system which was used for 
electropolishing the indicator electrode. Thus the 
electrode did not have to be removed for cleaning and 
the possibility of introducing impurities into the melt 
was minimized. 

The potential of the reference electrode is stable 
under these conditions, as indicated by the reproduc- 

Sargent 
tetton s~ 

seat 

stopper 

Bubbler 
or v a c u u m  

addition 

~et 

y Pt 
le 

Vibrating Pt 
microetectrod :e 

:oupte 
wetL 

Fig. 2. Experimental cell assembly for high temperature voltam- 
metry. 

ibility of the decomposition potentials shown by the 
I-V curves. Although the complete anodic reaction can- 
not be defined from such data, it is expected that 
platinum immersed in a melt containing NO3- species 
should behave like an oxygen electrode. 

Solute additions could be made to the melt through 
a glass tube located at the top of the cell. 

With molten nitrates, the supporting electrolyte was 
a low me• mixture containing 54 mole per cent 
(m/o) KNO3 and 46 m/o NaNO3 (mp 222~ The 
electroactive species for all of these investigations was 
AgNO3. The certified standard (A.C.S.) sodium nitrate 
and potassium nitrate, obtained from Fisher Scientific, 
were premixed and dried in air at about 120~ These 
nitrates were loaded into a Pyrex cell and were 
vacuum dried and melted under argon. The silver 
nitrate (A.C.S.) from Johnson, Matthey, and Mallory 
was melted under vacuum and solidified under argon. 

The cell containing about 250g of solvent electrolyte 
was heated in a resistance-type furnace, the tempera- 
ture of which was kept constant to within ~3 ~ by 
means of a Thermovolt controller. The furnace was 
partially lined with a heavy grounded Inconel sheath 
in order to minimize temperature gradients in the melt 
and eliminate external electrical interference. 

All experiments were conducted under an argon gas 
atmosphere. 

The variables investigated were the effect of temper- 
ature on the background current in the supporting 
electrolyte, the dependence of i L on the concentration 
of AgNO3, the dependence of i L on temperature at 
constant concentration of AgNO3, and the dependence 
Of iL on the frequency of oscillation. 

The I: 1 molar NaCI-KC1 (mp 660~ was chosen as 
the solvent for high temperature voltammetric in- 
vestigations. The electroactive Ag + species was added 
as AgC1. The reagent grade sodium and potassium 
chlorides containing less than 0.01% total impurities,  
obtained from Fisher Chemical Company, were pre-  
mixed and dried under  vacuum at about 100~ for 48 
hr. The temperature  was then slowly raised to the 
melt ing point while anhydrous HC1 gas was passed 
through the salts. The salts were then a l ternate ly  
purged with argon and evacuated, and then  finally 
solidified under  vacuum. The reagent  grade silver 
chloride was obtained from Fisher Chemical Company 
and was treated at 400~ with anhydrous I-IC1 gas. 

The high temperature  cell employing mol ten alkali  
metal  chloride~ was s imilar  to that  shown in  Fig. 2, 
with the main  difference being that the tungs ten  wire 
electrode was sealed into quartz glass by using Corning 
GSC-1 and GSC-3 glass which gave leakproof glass to 
metal  seals. Also instead of the Teflon seal s t ructure a 
brass bellows was used for the oscillating electrode as- 
sembly. The cell was of silica glass. 

The reference, depolarized electrode was a high 
pur i ty  graphite rod (16.5 cm 2 surface area) a round 
which argon gas could be bubbled. 

The cell containing 250g of the prepared solvent was 
heated in  a furnace containing a heavy grounded In-  
conel sheath which was controlled by a Thermovolt  
temperature  controller at 700 ~ +_. 3~ 

Results and Discussion 
A typical I-V curve obtained for the reduct ion of 

divalent  lead in a 1N NaNO3 support ing aqueous 
electrolyte solution can be seen in Fig. 3 (a). The sharp 
increase in  current  at about --0.75V is due to the low 
overvoltage of hydrogen on tungsten.  Figure 3(b) 
indicates the  trace obtained employing the DME. The 
trace from the oscillating electrode (OE) is well  de- 
fined and does not indicate the m a x i m u m  shown on the 
DME polarogram. 

Figure 4 i l lustrates the dependence of the l imit ing 
current  on frequency. It can be seen that  the l imit ing 
current  decreases l inear ly  with a decreasing frequency. 
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Fig. 3. (a) Typical I-V curve for the electroreduction of P b  2 +  

ions at the solid microelectrode at 25~ 

curves at zero frequency were poorly defined, indicated 
a t ime dependence, and had irregular plateaus. The 
dependence of i L  o n  the surface area of the 
microelectrode is shown in Fig. 5 (a) and it is seen that 
the l imit ing current is proportional to the surface area 
of the metal. It is also important to note that the ratio 
(R) of the cross-sectional area of the surface of the 
metal  electrode to the total cross-sectional area of the 
entire electrode is an important variable, as is i l -  
lustrated in Fig. 5b. This plot shows that i L  becomes 
independent  of R at all  concentrations when  R exceeds 
about 1/100. Furthermore, the bulk concentration of 
Pb(NOs)~ and the l imit ing current are directly pro- 
portional as i l lustrated in Fig. 6. 

The dependence of i L  o n  the temperature of the 
electrolyte appears to be linear. The ratio of in at 
25~ to i L  at 20~ is 1.1 which  is the value  found 
for Pb 2 + ions when  employing the DME. 

To increase the viscosity of the electrolyte, glycerin 
was added to aqueous solutions containing Pb(NO~)2. 
The l imit ing current decreases l inearly  with an in-  
creasing glycerin content and increasing viscosity as 
expected. Furthermore, it was found that the l imit ing 
current is independent  of the dimensions of the con- 
tainer containing the electrolyte, providing that the 
oscil lating electrode is not placed within  a distance of 
about 3 cm from the bottom and the wal ls  of the 
container. 
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30.4 

~ 22.8 
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Fig. 3. (b) DME polarogram of Pb(NOs)2 in NoNO3 at 25~ 
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Fig. 5. (a) The dependence of the limiting current on the micro- 
electrode surface area. Numbers along curve refer to the ratio R = 
urea of wire electrode/total surface area. 

S u r f a c e  a r e a  of  w i r e  = 2.02x10-3cm 2 

A r e a  of w i r e  C o R c e ~ t r a t i o n  
T o t ~ |  e l e c t r o d e  a r e a  o f  PblNO3) 2 

10 ~ 1.13x10 -2 9x10-3N (~ 
~) =& " 5X10-3N / ~ o  
~ x 0.6~x10 -2 ,, j v 

@ 1.13 x10 -2 2.5)(10-3N / 

_= 

0 I I I I 

50 100 150 200 
FREO, UENCY of  O S C I L L A T I O N  (o.p.m) 

Fig. 4. The dependence of the limiting current on the oscillation 
frequency at 25~ 

The l imit ing current at zero frequency was determined 
from a single continuous I-V run. General ly the I -V 
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Fig. 5. (b) The dependence of the limiting current on the ratio 
of the area of tungsten wire to the total area of the electrode face, 
including glass sheathing at various concentrations of Pb(NOa)2 in 
solution. 
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Fig. 6. The dependence of the limiting current on the concentra- 
tion of Pb(N03)2 at 25~ 

The resul ts  conducted in aqueous solutions of CuS04 
in 1N NaNO~ verif ied the  re la t ionships  observed wi th  
Pb  2+ as the  e lect roact ive  species. 

F igures  7 (a )  and  (b) i l lus t ra te  cur ren t  p la teaus  for  
mul t ip le  reduct ion steps in aqueous solut ions conta in-  
ing both Cu ~+ and Pb 2+ ions and Cu 2+, Pb 2+ and Cd ~+ 
ions, respect ively.  The  app rox ima te  h a l f - w a v e  po ten-  
t ia l  agains t  the  P t - d i s k  re ference  e lec t rode  for  the dep-  
osition of Cu 2§ Pb 2+, and Cd ~+ in aqueous solutions 
are  --0.10, --0.45, and --0.6V, respect ively.  

The  macroscopic flow pa t t e rns  about  the v ib ra t ing  
microe lec t rode  in the  presen t  s tudy  were  qua l i t a t ive ly  
de te rmined  by  adding red dye  to the  p rox imi ty  of the 
e lec t rode  and observing the resu l t ing  pa t t e rn s  on the  
upward  and downward  s t rokes  of the  electrode.  On the  
u p w a r d  s t roke  a suction is imposed on the fluid and 
f resh e lec t ro ly te  is b rought  f rom the sides to the  
p rox imi ty  of the  e lect rode surface. The e lec t ro ly te  at 
the  center  of the  e lect rode remains  r e l a t ive ly  undis -  
tu rbed  wi th  a s tagnant  l aye r  appear ing  at  the  face of 
the  electrode.  This flow pa t t e rn  appears  to be laminar .  
Dur ing  the ins tant  of reversa l  of mot ion tu rbu len t  
flow appears  to be t ak ing  place  at the  e lec t rode-  
e lec t ro ly te  interface.  However ,  dur ing  the downward  
mot ion  the  l amina r  flow appears  to be  es tabl ished 
again  and the solut ion behaves  l ike  an incompress ib le  
fluid. The l inear  dependence  of the  l imi t ing currents  
on concent ra t ion  indicates  the  es tab l i shment  of a 
s t eady  s ta te  in the  e lec t roreduct ion  process at  the 
e l ec t rode-e lec t ro ly te  interface.  The observed flow pa t -  
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Fig. 7. (a) Limiting current plateaus for the electrareduction of 
Cu =+ and Pb 2+ ions at 25~ 
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Potentiat (,-Votts) 

Fig. 7. (b) Limiting current plateaus for the electroreduction of 
Cu 2+, Pb 2+, and Cd ~+ ions in aqueous solutions at 25~ 

terns indicate that  both  diffusive and convective 
processes are  tak ing  place. Because of this  compl ica ted  
behavior  a r igorous solut ion of the  ove r -a l l  t r anspor t  
process has not been obtained and the theore t ica l  
t r ea tment  of diffusion and mass t r anspor t  control  under  
these condit ions has not  been  found in the  l i te ra ture .  
In  a recent  paper  by  Podes ta  et at. (14) an express ion 
for ionic mass t ransfe r  a t  hor izonta l  d isk  electrodes 
under  longi tudina l  v ibra t ions  has been derived.  

The v ibra t ing  e lect rode in the  above s tudy  consisted 
of a r a the r  la rge  br igh t  p l a t inum disk having a d i am-  
e ier  be tween  0.3 and 1.5 cm, mounted  on the  end of an 
inver ted,  hollow, t runca ted  cone made  of insula t ing 
mater ia l .  The ent i re  e lect rode was connected to a 7 in. 
commercia l  loudspeaker  and could be v ib ra ted  in the 
f requency  range  20-200 Hz. Its op t imum f requency  was 
found to be about  50 Hz. The I -V  curves obta ined in 
aqueous solutions only, indica ted  a l inear  dependence  
of the  cur ren t  on the concentra t ion of the  e lec t ro-  
reduc ib le  species in solution, a dependence  on the  % 
power  of the  frequency,  and a dependence  on the  z/2 
power  of the  e lect rode surface area. 

The s t eady-s t a t e  l imi t ing  currents  obta ined  r ep re -  
sented a mixed  convect ive-  and  di f fus ion- type  control  
mechanism and were  dependen t  on the ampl i tude  of 
the  v ibra t ions  and poss ibly  on the angle  of the  suppor t -  
ing hol low cone. The t ype  of flow p a t t e r n  p reva i l ing  
at  f requencies  about  50 Hz indica ted  the  es tabl i shment  
of an almost  immobi le  cy l indr ica l  zone a t tached to the  
d isk  surface. 

The v ibra t ing  mic roe lec t rode  developed in the  
presen t  s tudy differs s ignif icantly f rom tha t  in -  
ves t iga ted  by  Podes ta  et al. (14) in i ts ove r -a l l  
geometry,  its cur ren t  dependence  on f requency  and on 
e lect rode surface area, and on the  ove r -a l l  pa t t e rn  of 
the  fluid flow es tabl ished at the  e lec t rode  solut ion 
in ter face  dur ing  the vibrat ions.  I t  is evident  tha t  at  the  
lower  f requencies  of about  3 Hz used in the  presen t  
study,  and for a geomet ry  represen ted  by  a small  
me ta l  d isk  su r rounded  by  a la rge  glass surface, the  
e lec t rode  solut ion interface  is forced to fol low the  
r e l a t i ve ly  slow vibra t ions  of the  e lec t rode  and the 
s t eady-s t a t e  cur ren t  is again the  resul t  of a mixed  
convective and d i f fus ion- type  control  mechanism.  
However ,  the  theore t ica l  t r ea tmen t  of the  mass t r ans -  
por t  p rob lem for the  two electrodes should be different.  

The l inear  dependence  of the  l imi t ing  currents  on 
osci l lat ion frequency,  concentra t ion  of so lu te  species, 
and e lec t rode  surface area  indicate  tha t  the  empir ica l  
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expression for the limiting current should be given as 

{L ~ (K1 ~- K2p)AC [1] 

where K1 and K2 are constants, v is the oscillation 
frequency, A is the area of the microelectrode, and C 
is the concentrat ion of the electroactive species in  the 
bulk phase. 

A typical I-V curve obtained for the electroreduction 
of Ag + added as A g N Q  to the equimolar  melt  of 
KNO3-NaNO3 is shown in  Fig. 8. 

From experiments  it became apparent  that  the 
residual currents  due to the N a N Q - K N Q  solvent 
were dependent  on the tempera ture  of the melt, in-  
creasing rapidly at tempera ture  higher than  340~ 
Hills (15) has investigated this problem in detail and 
has proposed that this sharp increase in currents  is 
due to the i rreversible cathodic reduction of ni t ra te  
ions to ni t r i te  ions or ni t rogen peroxide according to 

NOb- + 2e-  -> NO2- + 02- [2] 

NOb- + e -  ~ NO2 + 0 2 -  [3] 

At higher temperatures  these reactions are expected to 
be favored, and especially with a p la t inum electrode 
which is serving as a catalyst. 

Thus the appearance of such high residual  currents  
restricts the use of the platinum microelectrode in 
nitrate solvent melts to metallic cations which can be 
reduced at voltages below --0.5V. 

It is of interest that I-V curves obtained in the 
NaNOb-KNOs electrolyte employing a milliammeter 
as the current detection instrument, and two large 
stationary electrodes, 2.5 cm 2 in surface area, show a 
decomposition potential of 2.4V. This unusual behavior 
has been verified in several experiments and seems to 
indicate that reactions [2] and [3] are rather slow and 
can only appear as a residual current on a micro- 
electrolysis experiment. The over-all decomposition 
reaction for the KNOs-NaNOb molten electrolyte oc- 
curs at 2.4V and probably involves the reduction of the 
alkali metal  ions to metal. 

From the results in  Fig. 9. it is seen that the l imit ing 
current  is directly proport ional  to the concentrat ion of 
the electroreducible silver ions. Furthermore,  it was 
observed that the l imit ing current  for the electrore- 
duction of Ag + ions at the microelectrode increases by 
0.058 #A/~ in the tempera ture  range between 200 ~ 
and 300~ The l imit ing current  for the reduction of 
Ag + ions in a n i t ra te  melt  also decreases with de- 
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creasing frequency of electrode oscillation as observed 
in  the aqueous solutions. 

For the electroreduction of Pb 2+ ions in aqueous 
electrolytes plots of the we l l -known  Heyrovsky-  
Itkovic (18) and Kolthoff-Lingane (17) relationships 
give a straight l ine bu t  the slopes differ f rom the 
theoretical expected slope of 0.0296 for a two-elect ron 
electrode process. 

Even though the slope of the Heyrovsky-I lkovic 
relationship is closer to the predicted slope for a two- 
electron reduction step, the Kolthoff-Lingane (17) 
equation should be the valid relat ionship for a 
reversible reaction. It is unl ikely  that  at 25~ lead 
would alloy with tungsten  at the indicator electrode. 
Hence, the deviation from the predicted slope of 0.0296 
is probably due to irreversibil i ty.  

For the reduction of Ag+ in  the ni t ra te  melts it was 
found that  the reduct ion of Ag + ions obeyed t h e  
Kolthoff-Lingane relationship. This indicates that  the 
deposit of silver must  quickly reach uni t  activity and 
that the silver does not diffuse into p la t inum at least 
during the t ime of the experiment.  

At more negative voltages the exper imental  points 
deviate from the l inear i ty  predicted by the Kolthoff 
equation. 

From the results it appears that  the hal f -wave 
potential  for the silver deposition is about --0.05V with 
respect to the p la t inum disk reference electrode. 

Typical I-V curves for the electroreduction of Ag + 
added as AgC1 in  the equimolar  melt  of KC1-NaC1 a r e  
shown in Fig. 10. These curves are not as well defined 
as with the ni t rate  melts, but  i l lustrate  the dependence 
of the l imit ing current  on the concentrat ion of AgC1. 
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Fig. 10. I-V curves for the electroreduction of Ag + ions in solu- 
tion in the equlmolar melt at KCl -~- NaCI at 700~ at various 
concentrations of AgCI. 
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The half-wave potential for silver deposition in the 
chloride electrolytes is about --1.6V with respect to the 
graphite reference electrode, This is close to the 
theoretical values of --1.605 and --1.660V for the 
reversible decomposition potential of AgC1 (18) in 
solutions containing 1.2 • 10-4 and 6.3 • 10 -5 mole 
fraction of AgC1, respectively. 

Conclusions 
A low frequency vibrating solid planar indicator 

microelectrode was developed for voltammetric in- 
vestigations in aqueous electrolytes and low tempera- 
tures nitrate melts. The electrode behaved well in 
aqueous electrolytes giving excellent voltammetric 
c u r v e s .  The limiting current during electroreduction 
was related to the concentration of the electroreducible 
species, the area of the microelectrode, its geometric 
characteristics, the frequency of oscillation of the 
microelectrode, the viscosity of the electrolyte, and its 
temperature. The electroreduction of Pb ~+ ions in 
aqueous electrolytes at 25~ was found to be ir- 
reversible. 

This electrode also produced good voltammograms 
in nitrate melts and behaved predictably with respect 
to  variables which define the limiting current. For the 
electroreduction of Ag + ions in nitrate melts the 
Kolthoff-Lingane equation is obeyed. 

Reasonably good voltammograms were also obtained 
for the electroreduction of Ag+ ions in the equimolar 
NaC1-KC1 supporting electrolyte. 

Manuscript submitted April 21, 1975; revised manu- 
script received Feb. 19, 1976. 

An~r discussion of this paper will appear in a Discus- 
sion section to be published in the June 1977 JOURNAL. 
All discussions for the June 1977 Discussion Section 
should be submitted by Feb. 1, 1977. 

Publication costs of this article were partially as- 
sisted by the University of Toronto. 
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Recording Characteristics of Anodic Oxide Films on 
Aluminum Containing Electrodeposited Ferromagnetic 

Metals and Alloys 
Satoshi Kawai and Ikuo Ishiguro 

The Pilot Pen Company, Limited, Hiratsuka Works, Kanagawa, Japan 

ABSTRACT 

Fe, Co, Ni, Co-Ni, Fe-Ni, and Fe-Co were electrodeposited into the micro- 
pores of oxide films on aluminum anodized in a sulfuric acid bath. The coer- 
cive force of the Fe deposit reached about 2300 oe and the maximum value of 
3200 oe was obtained by the Fe-Co alloy. Good squareness ratios were ob- 
served in the Fe, Ni, and their alloys. The magnetic recording characteristics 
were studied by measuring the frequency response. It was found that the 
films having vertical anisotropy showed better results than the films of 
horizontal ones. The recording density was calculated to be about 14,000 BPI in 
the Fe-Ni alloy at about 3 #m in thickness. 

In a previous paper (1), it was revealed that anodic 
oxide films containing electrodeposited Co and/or Ni 
show very characteristic magnetic properties. The 
micropores of oxide film in which Co or Ni was 
precipitated showed magnetic anisotropy perpendicular 
to the substrate. In the Co-Ni (50%) alloy, the anisot- 
ropy turned to the horizontal direction of the surface. 
The coercivities ranged from about 500 to 1100 oe in the 
oxide films anodized under various kinds of electro- 
lytes. A more recent report (2) disclosed that the 
electrodeposited metals were densely packed at the 
bottom of micropores and grew to the surface. In the 

K e y  words :  anod ic  ox ide  film, coercive force, magnetic disk ,  
frequency response, 

oxide films obtained by a sulfuric acid bath, the  
deposits were observed as needlelike crystals of about 
100A in diameter. As the porosity of micropores was 
estimated to be about 10% of whole film, the strength 
of magnetization which depends on the amount of 
deposition indicated the lower value compared to a 
conventional thin film. However, when the thickness 
of oxide films was mechanically thinned by polishing, 
the densities of residual magnetization of the films 
containing Co and Ni reached about 1700 and 600G, 
respectively. 

Since the fine particles of magnetic metals have been 
known to show a high coercive force, the evaluation 
stimulated an application for magnetic recording 
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Table I. Bath conditions 

(a) A n o d i z i n g  condition 

P r o c e d u r e s  Remarks 

D e g r c a s i ~ g  
D e s m u t  
A n o d i z i n g  

E l e c t r o d e p o s i t i o n  

S e a l i n g  

(b) E l e c t r o d e p o s i t i o n  c o m p o s i t i o n  

5% N a O H ,  60~ 1 m i n  
5% I-I.NOs, 20~ 1 m i n  
15% H_,SO4, 0.1% A1, 1.5 A / d m  2, 20~ 

20 r a i n  
15V {a.c. 50 H z ) ,  30~  

b a t h  c o m p o s i t i o n s  are indicated as  
fo l lows*  

1% Ni(CI-~CO2)~ �9 4H~O, 90~ 20 m i ~  ~ 

* C o m p o n e n t  
( g / l i t e r )  F e  Co N i  C o - N i  F e - N i  F e - C o  

FeSO~ . 7H~O 50 25 30 
COS04 �9 7 I ~ O  50 20 20 
NiSO~ �9 7H~O 50 80 250 
I-IzBO~ 25 25 25 25 25 25 
G l y c e r i n e  20 20 20 20 20 20 
pH 4 5 5 5 4 4 

devices (3), and the th in  films of magnet ic  meta ls  
which are  obta ined  by  plat ings or evapora t ions  are  
promis ing as a high dens i ty  recording  medium. In the  
s tudy of digi ta l  recording,  Bonyhard  et aI. (4) pointed 
out that  the wid th  of an isolated flux t rans i t ion  is 
p ropor t iona l  to the  value  of Br �9 t /2~  �9 Hc, where  t is 
the  thickness of coating, Br  is the r e t en t iv i ty  of the  
medium, and Hc indicates  the  coercivity.  Dudson (5) 
compared  the i ron oxide coating wi th  the Co thin film, 
and expla ined  tha t  the  Co p l a t i n g  gives an output  
which is at least  three  t imes g rea te r  than  that  of the 
i ron oxide. Talke  et al. (6) inves t iga ted  the  in terface  
be tween  a t ransducer  and a magnet ic  disk, and re -  
por ted  tha t  the  r eadback  pulse  wid th  can be reduced 
by  decreasing the flying height  of the magnet ic  head 
and the thickness of the  film. The magnet ic  tapes and 
disks have been  developed ex tens ive ly  for the las t  
decade; according to the  s tudy of Mal l inson (7), the 
u l t imate  dens i ty  given by  an informat ion  theory  is 
demons t ra ted  to be in the  range of 108-109 bits  pe r  
square  inch. 

Anodic oxide films containing magnet ic  meta ls  have  
been considered as re ta in ing  the proper t ies  of e i ther  
the  fine par t ic les  or the  thin films. The presen t  paper  
s tudies  the  magnet ic  recording  character is t ics  of the  
oxide films containing e lect rodeposi ted  fe r romagnet ic  
meta ls  and alloys. 

Experimental  Procedures 
Specimens used for the  expe r imen t  were  p repa red  in 

two types. At  the  outset, for the measurement  of 
magnetometer ,  rol led a luminum sheets (100 • 50 • 
0.5 m m  ~) 99.99% in pu r i t y  were  used wi th  no pa r t i cu la r  
mechanical  surface t rea tment .  Then, a luminum disks 
(150r • 5 mm) of the  same pur i ty ,  which had been 
prev ious ly  stress re l ieved by  a the rmal  t r ea tmen t  of ca. 
250~ for about  500 m/n, were  supermachined  b y  a 
d iamond bit  in a lathe.  Af te r  the disks were  anodized 
in a sulfuric  acid ba th  and e lect rodeposi ted  in meta l  
sulfate  solutions, m i r ro r l i ke  finishings were  obta ined 
by  using a lapping  machine  wi th  an abras ive  of 
a luminum oxide powder  in a size of about  0.1 ~m. The 
surface flatness and roughness were  checked at  each 
step of pol ishing by  an optical  flatness me te r  and a 
stylus contact  roughness meter .  Wi th  a microscopic 
observation,  the hardness  of the  anodic oxide films 
was measured  along the depth  on the cross sections. 

As shown in Table  I (a) ,  a s t andard  condit ion of 
e lectrolyt ic  anodizing was introduced,  and the thickness 
of films control led to about  10 ~m. Then, Fe, Co, and Ni 
metals  and various rat ios of Co-N/, Fe-Ni ,  and Fe-Co 
al loys were  e lec t rodeposi ted  into the  micropores  to be 
fu l ly  filled wi th  a r rang ing  the electrolysis  time. Table  
I ( b )  indicates the typical  conditions of e lec t rodeposi -  
t/on to the  specimens for  measur ing  the magnet ic  
hysteresis  loops which are  shown in Fig. 1. The pH of 
e lectrolytes  was ad jus ted  by  adding di lu te  solutions of 
ammonium hydrox ide  and sulfuric  acid, and, in the  
case of baths  containing ferrous  sulfate,  e lectrolytes  
were  s l ight ly  acidified to p reven t  precipi ta t ion.  The 
amount  of deposi ted metals  was de te rmined  wi th  an 
atomic absorpt ion  spectroscopy.  Magnetic  hysteresis  
loops were  recorded with  a sample  v ib ra t ing  magne-  
tometer  which has been  expla ined  in a previous  pa -  
pe r  (1). 

In  o rder  to find the  recording p rope r ty  of the  oxide 
films, f requency  responses were  measured  be tween  
ro ta t ing  disks and a magnet ic  head. The a luminum 
disks tu rned  around at a speed of 9.5 m/sec  (3600 rpm) ,  
while  a flying head w a s  posi t ioned over  the disk sur -  
face in  a floating dis tance of 0.3 ~m. The magnet ic  head 
was made  f rom a fer r i te  core (Ni-Zn al loy)  having 
1.5 ~m gap length  and 16 turns  in coiling. Square  pulse 
of NRZ a l l -one  signals were  wr i t t en  into the magnet ic  
film of disks, and r eadback  responses in the  most  
op t imum vol tage  were  recorded  wi th  va ry ing  the 
wr i t ing  currents  in the head. 
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Fig. 1. (a)-(f) M-H hysteresis curves of anodic oxide films electrodeposited with ferromagnetic metals 
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Experimental  Results 
The hysteresis loops os the magnetic  films containing 

Fe, Co, Ni, Co-Ni, Fe-Ni, and Fe Co alloys are de- 
scribed in Fig. 1 (a), (b), (c), (d), (e), and (f), 
respectively. Strong magnetic  anisotropies in the 
vertical  direction to the substrate  were observed; how- 
ever, the anisotropy in the horizontal direction ap- 
peared in the Co-Ni (50%) alloy. Squareness ratios of 
Mr/Ms reached about 1.0, except Co and its alloy 
deposits which were calculated to be in  the range of 
about 0.6-0.7. 

In  the Fe-Ni  alloy, the coercivities increased almost 
l inear ly  with enlarging the Fe content  from about 
700 oe of Ni to 2300 oe of Fe. On the other hand, in  the 
Fe-Co alloy, the coercivities varied from about 1100 
oe of Co to 230'0 oe of Fe, while at the Fe content of 
about 20%, the coercivity peaked at about 3200 oe. 
The results are shown in  Fig. 2 and 3. 

The strength of residual magnetizat ions of Fe, Co, 
and Ni was measured to be about 200, 150, and 50 
emu/g,  respectively, and these values were near ly  
equal to the values of magnetic moments  of the bulk  
metals. 

As a result  of mechanical  finishing, the surface 
roughness of the base metals became about 0.2 #In, 
and that of the oxide films after the superpolishing 
reached about 0.02 ~m as shown in Fig. 4(a) and (b).  
The final flatness of the surface observed by an in ter -  
ference fringe was about 2.0 ~m per 100 mm. An 
excellent roughness of the disk surface can be obtained 
because of the brit t leness of the oxide film. Figure 5 
depicts the microhardness of the film which increased 
by degrees as approaching closer to the inner  layer, 
and reached approximately 500 Hv (kg /mm ~) at about 
2~ ~m distance from the a luminum substrate. A 
schematic view of the cross section of the anodic oxide 
film containing metals is shown in Fig. 6. 

On the measurement  of frequency response, first, the 
relationship between wri t ing currents  of the head and 
reading voltages of the same head was recorded, while 
keeping the frequency constant at 2 MHz. The satura-  
t ion currents at tained 55 mA in the Ni and 100 mA in 
the Co-Ni and Fe-Ni  deposits, respectively, as shown 
in  Fig. 7. The wave forms of response pulse observed 
through an oscilloscope are shown in Fig. 8 in which 
(a) shows a typical form obtained from the films hav-  
ing horizontal anisotropy and (b) indicates a form of 
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Fig. 2. Coercive forces of anodic oxide films electrodeposited with 
Fe-Ni. 
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Fig. 6. Schematic model on cross section of oxide film containing 
electrodeposited metal; (a) aluminum oxide film, (b) electrode- 
posited metal, (c) barrier layer, (d) aluminum substrate. 
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Fig. 7. Writing currents vs. reading voltages 

the vertical one at a low frequency range. These forms, 
however, became a normal  sine curve pulse (c) with 
increasing the frequency to 3 MHz. Then readback 
voltages from the stored disks under  different fre- 
quencies were measured as shown in Fig. 9. The films 
containing Ni and Fe-Ni alloy deposits indicated better  
frequency response than  the film of Co-Ni deposit 
Table II  elucidates the comparison between the 
magnetic  properties of the films and the estimated 
recording densities. 

Coercivities of Oxide Films 
In  this experiment,  the coercive forces varied from 

about 700 to 3200 oe. Luborsky (8) has shown that the 

Table II. Recording characteristics of oxide films 

M a g n e t i c  
f i lm  N i  N i -Co  Nt -Fe  

Hc (=) 700 
Br ( = )  750 
Re ( = )  0.7 
Hc (J_) 600 600 1050 
Br (1 )  450 350 350 
~ s  ( .L )  1.0 0.3 1.0 
t (/em) 3 3 3 
I w  (mA) 55 100 100 
Ep-D (mY) 1.5 3.7 2.2 
BP I 12,200 5400 13,800 

Fig. 8. Wave forms of readback pulse, (a) Co-Ni: frequency 0.2 
MHz; (b) Fe-Ni: frequency 0.3 MHz; (c) Co-Ni, Fe-Ni: frequency 
5.0 MHz. 
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Fig. 9. Frequency response of various kinds of metals 

10 

coercive forces of fine particles of Fe and Co metals 
depend upon their particle diameters, and the max-  
imum coercivity of about 1000 oe is obtained by  the 
size of about 100-200A. The deposits in the micropores 
of oxide films anodized in a sulfuric acid bath have a 
similar diameter  to that of the particles, therefore, it is 
considered that  the high coercivities of precipitations 
may be caused by the size of crystallization. 

The magnetic anisotropies were dominated in  the 
vertical direction and the excellent squareness ratios 
were recorded in the Fe and Ni deposits. In  the single 
crystal of Fe. the easier magnet izat ion axis has been 
reported to lie paral le l  to the cube edge and the same 
axis of Ni crystal orients to the cube diagonal (9), and, 
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frequently, these axes have been studied to coincide 
with the axes of crystal growing. In hexagonal Co, 
however, the variation of magnetizabili ty with crystal-  
lographic direction is even greater  than the Fe or Ni, 
and the c axis of crystal growth direction was reported 
to show harder  magnetization than the other main 
axes. This may have a relation to the squareness in- 
feriority in the hysteresis loop of the Co deposit. 

Recording Characteristics 
On the magnetic recording experiments, good out- 

put responses were recognized in the high frequency 
zone. From the values of rotation speed and fre- 
quencies at 0.5 mV of output voltage, the recording 
densities can be calculated to be 6000, 12,0OO, and 
14,000 BPI with the deposits of Co-Ni, Ni, and Fe-Ni, 
respectively. The density obtained from the Co-Ni al-  
loy seems to be almost equal to the values of iron 
oxide coatings in current use. On the other hand, the 
densities of the Ni and Fe-Ni deposits are considered 
much the same as the values of thin films which are 
now in tr ial  use under experiment (10). 

The highest readback voltage was measured in the 
Co-Ni deposit, and this might be due to the fact that 
this kind of magnetic head is designed to write and 
read the signals which are oriented in the lateral  direc- 
tion more effectively than those l i n e d  in the normal 
direction. In spite of the micropores being arranged 
perpendicular to the substrate, the oxide films of Co- 
Ni (50%) deposit indicate the magnetic anisotropy 
lying in the horizontal direction, and this proves the 
phenomenon of crystal anisotropy in which the easier 
magnetization axis progressed in the lateral  direction. 
I t  has been known that  this composition of deposit 
showed a lamellar  structure and the axis of crystal 
growth was identical to the horizontal direction (1). 

In the Ni and Fe-Ni (Fe 20%) deposits, the good 
responses lasted even in the range of high frequency, 
and it is assumed that the magnetic leakage flux de- 
veloped in the normal direction may have the in- 
fluence to more easily induce a current to the flying 
magnetic head. 

Although the thickness of oxide films used in this 
experiment Was somewhat greater than the films pre-  
pared by platings or evaporations, t he re  are pos- 
sibilities for obtaining the much higher recording 

density when the thickness could be reduced to very 
thin and flat. Also, the oxide films produced by a hard 
anodizing process have a practical application for the 
film of disks without any protective coatings. 

The oxide films anodized in a sulfuric acid bath have 
been assumed to be a transparent medium, with the 
magnetic particles dispersed very uniformly into the 
film. This colloidal layer may have possible application 
for the magneto-optical Kerr  or Faraday  effect when 
a laser beam reflects or passes through the layer. 

It may be concluded that the oxide films containing 
electrodeposited magnetic metals and alloys can be 
used for the magnetic memories of high bit density 
recording. 
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ABSTRACT 

The operating characteristics of an alkali  metal  vapor plasma electrol- 
ysis cell, designed for ul t rahigh vacuum vapor deposition of alkali  metals, 
have been studied. The metal  ions are generated at a tungsten  anode in a 
gaseous plasma, fo]lowing which they migrate  through a glass envelope, on 
the far side of which they are discharged at a gold or p la t inum evaporated 
metal  cathode, and thence enter  the vacuum chamber. Many of the .operating 
characteristics of the cells are explained in terms of the known  behavior  of 
gas discharge tubes. Some unexpla ined behavior remains, however, which ap- 
pears to relate to nonl inear  conduction behavior in the glass. Specifically, the 
units  display voltage-t ime transients  under  constant current  conditions, and 
certain units  show a switching phenomenon,  dur ing  which the current  drops 
abrupt ly  and spontaneously from ~10 mA to ,~10 #A in < 1 sec. No irrevers-  
ible changes accompany these phenomena.  

The vacuum evaporation of many metals is now a 
rout ine procedure, and commonly employed in  the 
deposition of thin films of high purity.  Alkali  metals, 
because of their  low melt ing points, are not suited to 
this technique. 

A standard technique for the deposition of alkali 
metals involves electrolysis of the cation from a molten 
salt, through glass (1, 2). We have developed a pro- 
cedure which is suitable for ul t rahigh vacuum systems 
(3). In  this procedure, metal  ions are generated within 
the gaseous plasma. These migrate  through the glass 
envelope, are then discharged at a gold or a p la t inum 
film cathode deposited on the far side of the envelope, 
and enter  the vacuum space as a gas. A useful feature 
of this process is the pur i ty  of the metal  passed through 
the glass, free (<2  ppm) of hydrogen and hydrocarbons 
(4). This purification is due pr imar i ly  to the fact most 
impuri t ies  are in  general  very much less mobile in 
appropriately chosen glass than the desired metal  
cation (5). 

In  this paper we are concerned pr imar i ly  with the 
conduction mechanism operating in these plasma 
electrolysis units. A number  of surpris ing operating 
characteristics have been observed and some tenta t ive  
explanations offered. 

Construction 
A standard deposition uni t  (Fig. 1) consists of a 

glass envelope containing a tungsten electrode, alkali 
metal  vapor, and argon. For purposes of comparison 
some units  were investigated in  which no argon was 
present, others in  which the gas plasma was replaced 
by a molten salt electrolyte NaNQ.  The envelope was 

sealed to a central  tube of the same glass which in 
t u rn  was sealed to an ul t rahigh vacuum flange. The 
central  tube carried a small  heating uni t  and thermo-  
couple. Specifically, in the case of the uni t  containing 
the molten salt, the central  tube  was in direct contact 
with the electrolyte. Thus the cell temperatures  mea-  
sured in the case of the mol ten salt system closely 
represent  the electrolyte temperature.  The uni t  was 
activated by applying a potential  difference between 
the tungsten  anode and a metal  film cathode deposited 
on the external  surface. Addit ional  details are given 
elsewhere (3). 

Operating Characteristics 
In  all, five different evaporat ion systems were 

studied. These were sodium in  Pyrex (Na/Pyrex) ,  
sodium plus 0.1-1 Torr  argon in Pyrex (Ar :Na /Py rex ) ,  
m o l t e n  sodium ni t ra te  in  Pyrex  ( N a N O J P y r e x ) ,  
sodium plus 0.1-1 Torr argon in  soda glass (Ar -Na /Na  
glass), and potassium plus argon in potassium glass 
( A r - K / K  glass). The behavior  of each of these uni ts  

is presented in turn.  

Na/Pyrex unit.--These units  display close-to-ohmic 
behavior  on increasing the voltage in small  steps from 
0 to 1200V over the tempera ture  range 375~176 
(Fig. 2) and settle rapidly to the new current  (<  2 sec). 
The current-vol tage (C-V) curves are both reversible 
and reproducible as long as the voltage is changed in  
small  steps. However, t ransient  behavior  occurs when a 
un i t  is subjected suddenly to a high applied voltage. 

made o f  appropriate glass, according to whether  sodium 
or potassium was to be evaporated. This envelope was 600 
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The cur ren t  increases  over  a per iod  of about  10-20 sec 
to a value  subs tan t ia l ly  la rger  than  tha t  obta ined upon 
apply ing  the vol tage  slowly,  and is accompanied by  a 400 
vis ible  discharge;  this s i tuat ion m a y  pers is t  for a num-  
ber  of seconds, but  u l t ima te ly  the  current  falls  off to 
,~10 ~ in a per iod  ,~ 1 sec, and the vis ible  discharge 
ceases. The t rans ien t  can be repea ted  af te r  holding the 
uni t  for a shor t  per iod  at zero appl ied  voltage.  Typical  
t rans ients  a re  shown in Fig. 3. 

No difference in opera t ing  character is t ics  is ob- 500 
served for uni ts  constructed so that  the  tungsten anode 
makes  contact  wi th  the  mol ten  sodium. However ,  if in 
addi t ion  the  mol ten  sodium is in contact  wi th  a por t ion 
of the  P y r e x  envelope which  is coated wi th  gold or  
pla t inum,  much h igher  currents  are obtained (50 mA "'  (.9 
for  ~200V) and r ap id  punc ture  of the  envelope results.  

Ar-Na/Pyrex  unit.--Addition of argon at a pressure  ~ 200 
0 f rom 0.1 to 1 Torr  comple te ly  a l ters  the C-V charac-  > 

ter is t ics  of the  N a / P y r e x  (Fig. 4 and 5). For  such units, 
an intense discharge is observed which can be s t ruck 
by  the appl ica t ion  of less than  200V. For  vol tages less 
than  tha t  requ i red  to sus ta in  the  discharge,  these units  
d i sp layed  c lose - to - revers ib le  ohmic behavior .  Fo l low-  tOO 
ing the onset of the discharge,  the  current  rises over  a 
per iod  of f rom 3 to 10 min to a value  10-100 t imes 
l a rge r  than  the predischarge  value.  In  the  discharge 
region, the  s t eady-s ta te  C-V re la t ion  is far  f rom ohmic 
(Fig. 5). However ,  for a rap id  change in the  appl ied  

current ,  the  ins tantaneous  vol tage  change is ap-  
p r o x i m a t e l y  p ropor t iona l  to the cur ren t  change, fol low- 
ing which  the vol tage approaches  its new s teady-s ta te  
va lue  in  a t ime which is of the order  of 10-100 sec 
(Fig. 6). 

On in i t ia t ion  of the  discharge,  the  discharge is 
purple ,  and centered on the anode, changing over  the  
few minutes  requ i red  to es tabl ish s t eady-s ta te  condi-  
t ions to the  b r igh t  ye l low character is t ic  of the  sodium 
D lines. The spec t rum of the  emi t ted  l ight  contained 400 
in addi t ion to the  sodium D lines, three  l ines which ap-  
pea r  to be due to Ar  [568 m~ (s t rong) ,  514 n ~  ( in te r -  
media te ) ,  499 m~ (weak ) ] .  

Units conta ining argon and constructed so tha t  the  3oo 
tungsten anode makes  contact  wi th  the  mol ten  sodium 
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Fig. 6. Transient response for an Ar-Na/Pyrex unit in the 
discharge region. 

genera l ly  give l i t t le  or  no vis ible  discharge at  any 
voltage, the  cur ren t  increas ing smooth ly  as the  
potent ia l  is increased f rom zero to severa l  hundred  
volts  (Fig. 7). 

A t  the  h igher  voltage, the  C-V behavior  differs f rom 
that  for  units wi thout  anode-sod ium contact  (Fig. 5)  
ma in ly  in tha t  the  curves a re  displaced to lower  
voltages.  

N a N O J P y r e x  u n i t - - T h e s e  units  were  constructed 
somewhat  d i f ferent ly  f rom tha t  depic ted  in  Fig. 1. The 
envelope possesses a side a rm to the  a tmosphere  
th rough  which the  mol ten  salt  is in t roduced,  the  anode 
inserted,  and f rom which the oxides of n i t rogen 
produced  in the  electrolysis  are  released.  The por t ion  
of the  P y r e x  envelope which  is coated wi th  the  gold 
or p l a t i num film is in contact  wi th  the  mol ten  salt,  
which is in tu rn  in contact  wi th  the  anode. 

The s t eady-s t a t e  C-V behavior  for  these  units  
(Fig. 8) is s imi lar  to the  A r - N a / P y r e x  units  wi th  
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Fig. 7. Steady-state conduction data for an Ar-Na/Pyrex unit 
with Na-anode contact. 

anode-sodium contact (Fig. 7) and to the s tandard 
A r - N a / P y r e x  units  in  the discharge region (Fig. 5). 
Their  response to a sudden change in current  is also 
similar  (Fig. 9). 

Ar-Na/Na glass units.--These units  perform in a 
manne r  similar to the A r - N a / P y r e x  units  except that  
they operate satisfactorily at a substant ia l ly  lower tem-  
perature,  and the conductances calculated from the 
slopes in the predischarge regions are very much 
larger. 
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Fig. 8. Steady-state conduction data for a NaNO3/Pyrex unit 

Discussion 
As most of the data obtained relate to units which 

involve sodium ion migrat ion through Pyrex, we shall 
restrict  discussion main ly  to these units. 

In  Fig. 10, conductance data obtained from the ini t ial  
Ohmic regions for the various Pyrex units  are pre-  
sented in the form of Arrhenius  plots of approximately 
the same slope, corresponding to an activation energy 
of about 19 kcal/mole.  Conductivi ty data for Pyrex (6) 
lead to a value of 19.8 kcal/mole.  
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Fig. 9. Transient response for a NaNO3/Pyrex unit in the reg~n 
of high differential conduction. 

Although the activation energies for the four uni ts  
are near ly  the same, the conductances themselves are 
not. The conductances of the uni ts  N a N O J P y r e x  and 
A r - N a / P y r e x  with Na-anode contact are essentially 
the same, as are those of the Na/Pyrex,  and A r - N a /  
Pyrex without Na-anode contact, but  the former have 
conductances about 50 times larger than  the latter. 

On the basis of the data presented, and the known 
properties of gas discharges, we offer the following ac- 
count of the operating behavior  of the various Pyrex 
units. 
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Fig. 10. Arrhenlus activation energy plots of the conductance for 
the various Pyrex units; (a) NaNO~/Pyrex units, (b) Ar-Na/Pyrex 
unit with Na-anode contact, (c) Ar-Ha/Pyrex unit without Na- 
anode contact, (d) Ha/Pyrex unit. 
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Na/Pyrex  uni t . - -A comparison be tween  the s t eady-  
state behavior  of this  uni t  and tha t  of the N a N O J P y -  
r ex  unit  wi l l  now be made.  I t  m a y  be p resumed  that  
Na + migra t ion  th rough  P y r e x  de te rmines  the  i-V re -  
la t ionship  for the  l a t t e r  unit.  We assume here  tha t  the  
only charged par t ic les  present  in  significant numbers  
in the  gas phase  of the  N a / P y r e x  unit  a re  sodium ca-  
tions (when  there  is no d ischarge) ,  the  cations being 
genera ted  on the  tungs ten  anode via  an adsorp t ion-  
desorpt ion  process. For  cur ren ts  in the  ~ range, this 
anodic process is appa ren t ly  not  ra te  control l ing,  so tha t  
a posi t ive space charge  region is es tabl ished close to 
the  anode to equal ize the  net  cur ren t  at the anode wi th  
tha t  at  the  cathode. Assuming now that  the  cathodic 
cur ren t  is cont ro l led  by  the field s t rength  in the P y r e x  
glass, then  on neglect ing the thickness of the  posi t ive 
space charge  region,  and assuming no net  surface or  
vo lume charge  associated with  the  glass, one obtains 
for  an ideal,  one-d imens iona l  cur rent  flow, the re la t ion 

i = (aV/l) /[1 -~ KL/I] [1] 

where  i is the  cur ren t  density,  V the to ta l  appl ied  vol t -  
age, r the  glass conduct ivi ty,  l and L the thicknesses of 
the  glass and gas column, respect ively,  and  K the  d i -  
electr ic  constant  of the  glass. As the corresponding r e -  
la t ionship for the  N a N O J P y r e x  uni t  is 

= cVI~ [2] 

Eq. [1] predic ts  the  conductance of the  N a / P y r e x  uni t  
to be less than  tha t  of the  N a N O J P y r e x  unit  by  a factor  
of (1 ~ KL/I) ,  which for K --  4.8 (6), l = 0.1 cm, and 
L N 1 cm is about  50, in sa t i s fac tory  agreement  wi th  
observat ion.  The results  of the Ar rhen ius  plots  (Fig. 
I0) a re  also in  agreement  wi th  Eq. [1] and [2]. The 
agreement  obta ined justifies the assumpt ion tha t  only  
sodium cations cont r ibu te  to the  cur ren t  in the  gas 
phase  of the  N a / P y r e x  unit.  

If  a h igh vol tage  is appl ied  suddenly  to a N a / P y r e x  
unit,  b r e a k d o w n  occurs in the  gas and a discharge is 
es tabl ished which leads to h igher  cur rents  as descr ibed 
in the  fol lowing section on the A r - N a / P y r e x  unit. This 
d ischarge  is not  s table,  however ,  and is u l t ima te ly  ex-  
t inguished (see Fig. 3). I t  seems l ike ly  tha t  as the  dis-  
charge develops,  more  and more  of the appl ied  vol tage  
appears  across the  glass unt i l  f inally the  discharge is 
ext inguished.  The detai ls  of the process, however ,  r e -  
main  obscure. Thus, i t  appears  necessary to assume 
tha t  dur ing  this process the  conduct iv i ty  of the  glass is 
r educed  d rama t i ca l l y  so tha t  fol lowing ext inc t ion  of 
the  d ischarge  the  conductance of the  uni t  is about  100 
t imes  less than  i t  is for  the  same unit  when the vol tage  
is appl ied  slowly.  

Ar-Na/Pryex  unit .--In the  pred ischarge  region, the  
opera t ing  character is t ics  a re  indis t inguishable  f rom 
those of the  N a / P y r e x  unit,  the two mechanisms being 
therefore  p re sumab ly  the  same. 

Above  the b r eakdown  voltage,  a s i tuat ion analogous 
to tha t  in a no rma l  glow discharge appears  to be es tab-  
l ished, in which  posi t ive  ions and e lect rons  are  gene r -  
a ted b y  collision in the  region of the  ca thode  fall. The 
role  of the  argon is undoub ted ly  to increase the  p roba -  
b i l i ty  of ionizat ion by  collision, poss ibly  th rough  a 
Penning  effect. Neglect ing the vol tage  drop wi th in  the  
posi t ive column, and assuming no surface or volume 
charge  associated wi th  the  glass, we obta in  

i - -  [~(V --  Va)/I]/[1 ~- Kdc/l] [3] 

where  dc is the  effective length  of the  region  of cathode 
fal l  and  Va the anode fall.  

On compar ing  the behavior  of A r - N a / P y r e x  units 
w i th  and wi thout  Na-anode  contact, i t  is apparen t  that  
the  vol tages  r equ i red  to sus ta in  given currents  are  
much less in the  former.  On the o ther  hand, the con- 
duct ion behavior  of the  A r - N a / P y r e x  unit  wi th  Na-  
anode contact  is nea r ly  the same as that  of the  Na-  
N O J P y r e x  unit  over  the ent i re  range  of cur rents  s tud-  
ied. The most  obvious exp lana t ion  for  these observa-  

tions is tha t  Kdc/l is smal l  compared  to un i ty  and Va 
is essent ia l ly  zero for the  unit  wi th  Na-anode  contact,  
whi le  ,~ 100V for the  unit  wi thout  Na-anode  contact. I t  
appears,  therefore,  tha t  in the absence of Na-anode  
contact, d i rec t  ionizat ion of sodium at the  tungsten 
anode cannot  accommodate  currents  in the  m A  range,  
so tha t  an anode fal l  is es tabl ished in which posi t ive 
ions, requi red  for the  posi t ive column, are  genera ted  by  
collision. On this basis, one expects  Va to decrease  
wi th  increasing current .  On compar ing  Fig. 5 and 7, 
Va appears  to be about  100V at low currents ,  increas-  
ing to a m a x i m u m  ~, 180V at f rom 4 to 17 mA, depend-  
ing on the t empera tu re ,  then  fal l ing off r ap id ly  to wel l  
be low 100V at h igher  currents.  Pe rhaps  the  ini t ia l  in-  
crease in Va wi th  increasing cur ren t  is due to a con- 
t r ibu t ion  to the genera t ion  of posi t ive ions at  the  anode 
by  field emission of sodium adsorbed on the tungsten 
anode. Thus Na + ion genera t ion  passes wi th  increas ing 
cur ren t  th rough  an equi l ib r ium regime (Va independ-  
ent  of i ) ,  a field emission reg ime (Va increasing with  
i ) ,  and finally a collision ionizat ion regime (Va de-  
creas ing wi th  increasing i ) .  

If  this exp lana t ion  for the opera t ing  behavior  of the  
two types  of A r - N a / P y r e x  units  is accepted, then we 
must  conclude tha t  most of the  vis ible  emission of l ight  
is associated wi th  processes occurr ing close to the 
anode, since the  units wi th  Na-anode  contact  show 
l i t t le  if any vis ible  emission. 

The t rans ien t  behav ior  exhib i ted  by  both  the  A r -  
N a / P y r e x  unit  (Fig. 6) and the N a N O J P y r e x  uni t  
(Fig. 9) must  be due to a t ime dependence  of the con- 
ductance of the  glass, as the  re laxa t ion  t imes are  much 
too large  to be associated wi th  any l ike ly  gas phase 
phenomenon.  The t ransients  are  ve ry  s imilar  for the  
two units, as expected,  since under  constant  cur ren t  
conditions, Va should be constant,  and is in any event  
subs tan t ia l ly  smal le r  than  the vol tage drop across the 
glass in the  cur ren t  range  50-100 mA. 

The poss ib i l i ty  tha t  the  nonl inear  conduct ion behav-  
ior  of the  units, as wel l  as the vol tage  t rans ients  (Fig. 6 
and 9), is due to t e m p e r a t u r e  nonuni formi t ies  is now 
considered. Both effects a re  of the  correct  genera l  form 
to be  accounted for b y  a t empe ra tu r e  dif ferent ia l  be -  
tween  the  conduct ing glass and the thermocouple ,  the  
difference increasing wi th  increasing power  diss ipat ion 
in the  unit. To expla in  in  this way  the vol tage va lue  
requi red  to susta in  a 100 m A  cur ren t  in  the N a N O J  
P y r e x  unit  at  a nominal  t empe ra tu r e  of 400~ would 
requi re  assuming tha t  the  conduct ing par t  of the  glass 
envelope was at  a t empe ra tu r e  about  125~ higher  
than  that  of the  thermocouple .  

The energy  diss ipat ion of this  uni t  under  the above 
condit ions is about  30W. The thermocouple  is s i tuated 
inside a wel l  which is immersed  in the  mol ten  salt,  and 
less than  1 cm from the conducting por t ion  of the  en-  
velope which  is also in contact  wi th  the mol ten  salt. At  
the  opera t ing  t empe ra tu r e  for these units, the  pr incip le  
mechanism for heat  loss to the  sur roundings  is by  r a -  
diation, r a the r  than  conduction, so tha t  a subs tant ia l  
t empe ra tu r e  g rad ien t  f rom the outside to the  in te r io r  
of the  cell  cannot  be ma in ta ined  as a consequence of 
power  diss ipat ion in the outer  region.  On the  other  
hand, the  conduct ing por t ion  of the  glass envelope is 
coated wi th  metal ,  a ma te r i a l  of low emiss ivi ty  com- 
pa red  to glass. 

I t  is difficult to ru le  out the  poss ib i l i ty  tha t  a 1250C 
t empera tu r e  dif ferent ia l  could be ma in ta ined  wi th in  
the  deposi t ion unit  under  opera t ing  conditions, a l -  
though such a la rge  different ia l  seems improbable .  Pe r -  
haps the  most  convincing evidence against  such a large  
the rmal  effect is p rov ided  by  the ve ry  s imi lar  behavior  
of the  N a N O J P y r e x  and A r - N a / P y r e x  units, despi te  
the  grea t  difference in conduct iv i ty  be tween  mol ten  
NaNO8 and a low pressure  gas. Final ly ,  we note tha t  
the  t rans ients  depicted in Fig. 3 are  c lear ly  not expl ic -  
able solely in te rms of nonun i fo rmi ty  of t empera ture .  
We bel ieve  tha t  both  t ransients ,  as wel l  as the  non-  
l inea r  conduct ion behavior ,  a re  due to nonl inear  p roc-  
ess wi th  the  glass. 
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Representing the current  density in the glass by the 
relationship 

i = envE [4] 

where e is the charge on the proton, v the mobil i ty and 
n the concentrat ion of the current  carriers (sodium 
ions), and E the electric field s trength in the glass, then 
if the constant current  t ransients  are due to a t ime de- 
pendence of n, 1/V should display the same time de- 
pendence as does n. It is found from appropriate plots 
that within exper imental  scatter, 1/V decays according 
to first order kinetics, the relaxat ion times for a n u m -  
ber of different runs  being recorded in Table I. They 
are seen to be about the same for the two units, Ar-  
Na /Pyrex  and NaNOJPyrex ,  and essentially independ-  
ent of temperature.  

The observed kinetics are consistent with a conduc- 
tion mechanism in which conducting ions are produced 
in the glass by an avalanche mechanism, and are de- 
stroyed by a first order process. Thus assuming that  

dn 
- -  : k i  - -  n / ~  [5] 
dt 

we obtain with Eq. [4] 

EJE -- 1 i 
logo ~ - - 1  I : - - t / ~  [6] 

E| : k~/ev  [7] 

where Eo is the field s t rength at t ime zero and E~ 
the final s teady-state  field strength, which is seen to 
be independent  of i, in accord with the observed be- 
havior in  the l imit  of large i. For sufficiently small  i, 
n is presumably constant and no longer varies accord- 
ing to Eq. [5]. 

Perhaps the main  objection to this mechanism is that 
the precise na ture  of the first order process is obscure, 
and the lack of a significant tempera ture  dependence 
for �9 surprising. Additionally,  it does not predict �9 to 
be dependent  on i. 

A mechanism which eliminates both these objections 
can be formulated if one assumes generat ion of ion 
pairs by a "second order avalanche process," as pro- 
posed by Young (7) for ionic conduction in  anodically 
formed Ta~Os, with ion recombinat ion controlled by 
the current  flow, a si tuation that  could obtain if con- 
duction in a glass were similar to the movement  of 
charged bodies in a viscous fluid. This mechanism gives 

Table I. Relaxation times for 1/V (i constant) 

R e l a x a t i o n  t i m e  i n  see 

A r - N a / P y r e x  u n i t  N a N O s / P y r e x  u n i t  
T e m p  

~ A t  50 m A  A t  100 m A  A t  50 m A  A t  100 m A  

375 25 - -  
400 23 14 25 23 
425 29 15 
430 24 22 
435 26 21 
440 27 18 
450 39 17 22 16 
475 28 15 18 11 

d~ 
- -  kli2 -- k2ni [8] 

dt  

with k2 essentially tempera ture  independent,  which 
again leads to Eq. [6] with ~ = 1/k2i and E~ -: k f fk2ev.  
An objection to this mechanism is the lack of direct 
experimental  or theoretical justification for a process 
of ion-pai r  generat ion which is proport ional  to i 2. Other 
mechanisms have been proposed to account for high 
field ionic conduction in anodically formed oxide films 
(8), however none of these appear to apply to the pres- 
ent systems. 

A r - N a / N a  glass and A r - K / K  glass uni t s . - - In  all im-  
portant  respects, these units behave as do the corres- 
ponding Pyrex units. Thus in  the predischarge region, 
the Arrhenius  activation energies for conduction in  
each of the units  agree with those calculated from pub-  
lished data (6, 9). Not all of the experiments performed 
on the Pyrex units, however, were carried out for 
these units. 

Summary 
The process of plasma electrolysis of alkali metal  

vapor, using a glass cathode and metal  anode, has been 
studied over a range of temperatures  and plasma condi- 
tions. The results are compared with the electrolysis of 
NaNO~, also using a glass cathode. 

At low currents, sodium ions are generated at a 
tungsten  anode by a dischargeless process, which is not 
rate controlling. At high currents, they are generated 
by collision ionization in  the anode fall region, the 
process being accompanied by the emission of light. If 
liquid sodium is used for the anode, sodium ions are 
generated by a dis chargeless process at all currents  
studied. 

The vol tage- t ime t rans ient  under  constant current  
conditions, and the switching phenomenon observed 
for Na /Pyrex  units  are probably due to nonl inear  con- 
duction processes wi th in  the glass cathode. 
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Thermoelectric Power in Pure and CaO-Doped ThOu Electrolytes 
H. S. Maiti I and E. C. Subbarao 
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ABSTRACT 

The Seebeck coefficient of the thermocells of the type 

I] II 
Po~, P t  ThO~ or ThOu + 7 m/ o  CaO Pt, Po$ 

TI T2 

was measured in the tempera ture  range 600~176 with po2 -- 10 -~ (air),  
10 -5, and 10 -'2~ atm. Electron holes are the charge carriers in  the mixed-  
conduction region. The temperature  dependence of the total Seebeck coefficient 
is accounted t'or by the variat ion of transference numbers  and ah (Seebeck 
coefficient due to electron holes) with temperature.  

Recent studies (1) have shown that the electrical 
conductivi ty of ThOu-CaO electrolytes is predomi-  
nan t ly  due to electron holes at oxygen part ial  pressures 
greater than  about 10 -6 a tm and due to oxygen ions 
at lower Po2 values, s imilar  to the case of ThOu-Y20~ 
electrolytes. As a supplement  to the electrical conduc- 
t ivi ty data, thermoelectric power measurements  have 
been carried out over the tempera ture  range of 600 ~ 
1000~ on sintered disks of nomina l ly  pure ThOu and 
ThOu doped with 7 mole per cent (m/o)  CaO. The 
lat ter  composition has a much higher conductivity than 
the former throughout  the oxygen part ial  pressure 
range. These results are compared with those of Tal lan 
and Bransky (2, 3) on pure ThOu. 

Experimental 
The a lumina  tube sample holder, used earl ier  for 

electrical conductivi ty measurements  (4), was utilized 
for the Seebeck coefficient measurements  with the fol- 
lowing modifications. The cylindrical  sample used here 
(9 m m  in diameter  and 1 cm in  length)  was longer 
than  that used for electrical conductivi ty study. The 
necessary tempera ture  gradients up to 15~ were 
created across the specimen by supplying a d-c voltage 
to a p la t inum wire wound over the a lumina  pressing 
rod just  above the specimen surface. The Seebeck co- 
efficient was estimated from the slope of the straight 
l ine of the emf vs. the tempera ture  gradient  plot. The 
sign of the Seebeck coefficient, as determined from the 
polari ty of the cold end of the specimen, was positive, 
indicating that  the electron holes are the charge car- 
riers. The exper imental  considerations in  the measure-  
ment  of Seebeck coefficient are discussed by Blumen-  
thal and Seitz (5). The measurements  were made at 
three oxygen part ial  pressures [Po2 : 10-~ (air),  
10 -5, and 10 -2~ atm]. The desired low oxygen part ial  
pressures were generated by using an electrochemical 
oxygen pump based on CaO-stabilized zirconia tube 
(1). 

Results and Discussion 
The total  Seebeck coefficient ( aT)  for the two sam- 

ples in air and at Pou ---- 10-5 atm is plotted in Fig. 1 as 
a funct ion of temperature,  together with the tempera-  
ture  var iat ion of lion. 

The Seebeck coefficient of pure  ThOu increases with 
temperature  reaching a max imum between 800 ~ and 
900~ in  air and between 900 ~ and 1000~ at Po2 ----- 10 -~ 
atm. The aT value at 1000~ in air is 1.25 m V / ~  and 
is close to the 1.2 _ 0.1 m V / ~  reported by Bransky 
and Tal lan (2) at Pou • 10-1 atm at 1000~ The See- 
beck coefficient at any  fixed tempera ture  is lower at 

1Present  address: Materials Science  Center,  Indian Institute of 
Technology, Kharagpur  721302, India. 

Key words: Seebeck  coefficient, temperature  dependence,  mixed 
conduction. 

the lower oxygen partial  pressure. This is contrary to 
the slight increase in aT reported by Bransky and Tal-  
lan  (2) as the oxygen part ial  pressure is lowered to 
10 -5 at 1000~ The reason for this discrepancy is not 
clear. 

The total Seebeck coefficient (al,) of a mixed (par-  
t ially ionic and par t ia l ly  electron hole) conductor is 
given by 

aT ~-- ti~i 21- thO~h I l l  

where ti and th are the t ransference numbers  for ions 
and electron holes and ai and ah are the corresponding 
Seebeck coefficients. The tempera ture  coefficient of aT 
depends on the temperature  dependence of the four 
terms on the r igh t -hand  side of  Eq. [1]. In  air, $i of 
pure ThOu decreases from 0.2 at 600~ to 0.05 at 700~ 
and remains constant at higher temperatures.  The 
value at 1000~ is smaller  than the 0.15 observed by 
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Fig. 1. (e) Seebeck coefficient and (b) tion of pure end 7 m/e 
CaO-doped Th02 specimens in air and at po 2 = 10 -5  arm. 
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Bransky and Tal lan (2) for their  ThO2 which is purer  
than the present sample. Thus ti < ~  th. Besides, ai 
(0.45 mV/~  is reported (2) to be less than ah (1.4 
mV/~  at Po2 : 10-1 atm at 1000~ As a result, the 
contr ibut ion of tiai to ~T is negligible. The tempera ture  
coefficient of ah was shown to be 

d(ah) - - K  d ( l n p )  
--  [2] 

dT e dT 

for a p- type semiconductor; here K is the Bol tzmann 
constant, e is the electronic charge, and p is the electron 
hole concentration. Therefore, ah decreases slightly 
with increasing temperature.  Since th increases from 
0.8 to 0.95 as the tempera ture  is varied from 600 ~ to 
800~ ahth, and correspondingly aT, increases with 
temperature  in this range. On the other hand, th re- 
mains constant beyond 800~ and therefore ~hth and 
aT decrease slightly with tempera ture  above 800~ 
Bransky and Tal lan (2) have reported a similar d e -  
c r e a s e  in  aT as the temperature  rises from 900 ~ to 
1400~ 

Similar  considerations explain the temperature  vari-  
ation of aT of pure ThO2 at Po2 ---- 10-5 atm. The large 
increase in th from 0.15 at 600~ to 0.7 at 800~ is re-  
flected in the steep rise of o~. with temperature  below 
about 900~ At all temperatures,  th is less at Poe :-  
10 -5 arm than in air. As a result, a T is lower at Po2 ~- 
10 -5 arm than in air. In  fact, at a very low oxygen 
part ial  pressure ( Po2 ~ 10-28 atm) when  the "pure" 
ThO2 is exclusively an ionic conductor and the total 
conductivi ty was extremely low, the Seebeck coeffi- 
cient was too small to be measured with certainty. This 
may be compared with a value of 0 • 0.1 m V / ~  ob- 
served by Tal lan and Bransky (2) on pure  ThO2 at 
1000~ and at Po2 in the range of 10-11-10 -19 atm. 

The th is considerably smaller for 7 m/o  CaO sample 
than for pure ThO2 in air and at Po2 : 10-5 arm at all 
temperatures  (Fig. 1). Therefore, th~h, and conse- 

quent ly  aT, is smaller for the doped sample than for 
pure ThO2, even though ~h ~ ai. This was indeed the 
case in air at all temperatures  and at Po2 : 10-5 atm 
above 800~ The increase of OCT with tempera ture  at 
lower temperatures  must  be due to the increase of ti 
and slightly of ai with temperature.  At higher tem- 
peratures, ti remains  constant  and therefore the in- 
fluence of the negative tempera ture  coefficient of ah is 
seen in the decrease of C~T with tempera ture  above 
800~C in air. However, such a t rend was not detected 
at 10 -5 atm, since th is very small  (~0.1)  in this case. 
A Seebeck coefficient of 0.25 m V / ~  was measured 
in this sample at 1000~ at Po2 ~ 10 - ~  atm, where the 
sample is a purely ionic conductor. 
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Surface Analysis of 2024 Aluminum after 
Treatment with Sulfuric-Chromic Acid Solutions 
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Adhesive bonding of a luminum alloys for use as 
pr imary  structures of aircraft is becoming an im-  
portant  method of assembly. Present  adhesive tech- 
nology has increased the cohesive s t rength of bonding 
resins to the point where the adhesive-oxide interface 
now plays the major  role in  the durabi l i ty  of the 
bonded structure.  This requires the oxide layer  to play 
two impor tant  roles; (i) it  must  be a clean active sur-  

Key words:  ion scatter ing spectroscopy,  secondary  ion mass  spec-  
troscopy,  A u g e r  e lectron spectroscopy.  

face that  is suitable for bonding and (ii) it must  be an 
adherent  protective film for the metal. Therefore, the 
surface preparat ion of the metal  becomes an impor tant  
step in  the procedure to obtain opt imum bond strength, 
durabili ty,  and reproducibili ty.  The fracture s trength 
of the oxide layer  is also an  impor tant  property, how- 
ever; a thin a lumina  layer  (~5000A) should not l imit  
jo int  strength.  

Fulfi l l ing the requirements  stated in i and ii above is 
made difficult by the complex na ture  of the a luminum 
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alloy surface. The elements added for alloying purposes 
may appear in solid solution, as microparticles of the 
elements or be present  as particles of intermetal l ic  
compounds. The stoichiometry of the oxide layer  of a 
material  as received from the manufac ture r  is usual ly  
dictated by the par t icular  hea t - t rea tment  the alloy has 
received. In  the case of 2024-T3, this surface layer  
has been shown to consist of a magnes ium-r ich  layer  
(1). Minford (2) in his work on surface preparat ions 
has shown that 6061-T6 a luminum when only vapor 
degreased before bonding has reasonable ini t ial  
s t rength but  no durabi l i ty  when  exposed to an aggres- 
sive environment .  Smith  (3) has reported that this al-  
loy has a magnes ium-r ich  surface after a hea t - t rea t -  
ment.  Vapor degreasing has li t t le chemical effect on the 
surface of an alloy, therefore, it remains the same as 
that generated by the hea t - t rea tment  process. Some 
pre l iminary  studies in our laboratory show that  2024- 
T3 bare a luminum has poor durabi l i ty  when only vapor 
degreased before bonding. These data indicate that a 
magnes ium-r ich  surface on a luminum lends no dura-  
bi l i ty to a bonded joint.  In  our studies we have ob- 
served that  the a l u m i n u m  alloys 7075, 6061, and 7050 
all tend to have a magnes ium-r ich  layer  in their  as- 
received state from the manufacturer .  It is apparent  
from the l i tera ture  that no correlation has been made 
be tween  the surface chemistry of a vapor-degreased 
surface and its poor durabil i ty.  The l i terature  states 
only that the "old oxide" layer  must  be removed, so 
indirect ly  a magnes ium-r ich  layer  is avoided. 

With a luminum alloys an acid cleaner (deoxidizer) 
is invar iab ly  used to remove the old oxide surface 
layer. After  deoxidizing, another  surface layer  will  be 
generated and in our opinion the surface chemistry of 
this layer is also important  and needs to be analyzed. 
The chemical surface t rea tment  for a luminum alloys 
usual ly consists of an acid-bath etch. The acid bath 
used worldwide, with a few exceptions, is a mixture  
of sulfur ic-chromic acid (or sodium dichromate) solu- 
tions. In spite of this large usage, very few surface 
studies have been performed (4-6) on materials t reated 
in  these solutions. To a large extent  these few studies 
have dealt main ly  wi th  the physical properties of the 
surface. 

A number  of ins t rumenta l  techniques are now avai l -  
able that  allow us to chemically analyze the surfaces 
of these treated materials.  Par t icular  to this s tudy are 
ion scattering spectroscopy (ISS), secondary ion mass 
spectroscopy (SIMS), and Auger  electron spectroscopy 
(AES). 

This paper  reports on the types of elements found 
in the surface layer  of 2024-T3 a luminum after t rea t -  
men t  by several acid cleaners. These data represent  the 
ini t ial  phase in our program to correlate the surface 
chemistry of a luminum alloys to adhesive bond dura -  
bility. 

Experimental 
Instrumenta~ion.mStandard ins t rumenta l  parameters  

were employed for the ISS, SIMS, and AES studies 
and have been reported previously (1). ISS and SIMS 
were obtained simultaneously.  They are capable of 
un ique ly  ident i fying the elements in  the first mono-  
layer  of a surface when  using 4He as the probe ion. 
AES probes somewhat deeper (~20-30A),  however, 
it is capable of sput ter ing through a film and re-  
cording a depth profile of the elements present. Each 
technique by itself suffers from some deficiency in  
sensit ivi ty for various elements, however, the three 
ins t ruments  form a fine complementary technology 
base for surface analysis. 

Chemical treatments.--All of the 2024-T3 samples 
were pretreated with an acetone wash, carbon te t ra-  
chloride ultrasonic cleaning, and a room tempera ture  
etch in 0.1N sodium hydroxide for 2 min. 

Three acid solutions were used in this study: Solu- 
t ion 1. 300g sulfuric acid, 30g sodium dichromate per 
l i ter of solution (commonly known  as FPL etch). Time 
and tempera ture  were varied. Solution 2. 100g sulfuric 
acid, 30g chromic acid per l i ter  of solution. Tempera-  
ture  was main ta ined  at 50~ while t ime varied. Solu- 
t ion 3. 300g sulfuric acid, 40g chromic acid per l i ter  of 
solution. Tempera ture  was main ta ined  at 60~ while 
t ime varied. 

All samples were rinsed in tap water  for 15 min  and 
wiped dry. 

Results and Discussion 
2024-T3 a luminum is a high copper (4 .5%)-mag-  

nes ium (1.5%) alloy and in all cases a surface layer  
will be formed by the chemical interact ion of the acid 
bath and the a luminum metal. The corrosion resistance 
of the metal  will depend on the tenaci ty and chemical 
na ture  of the hydrated oxide layer  placed on the sur-  
face. These two characteristics will  depend on the 
na ture  of the alloy and the chemical t rea tment  that  is 
responsible for the film. 

The artificial aging of this ahoy causes the compound 
CuA12 to precipitate along the grain boundaries.  This 
compound is highly cathodic if brought  into contact 
wi th  an aggressive environment .  As ment ioned pre-  
viously, a magnes ium-r ich  oxide layer does not appear 
to provide a durable  surface (2) for bonding. Sulfate 
and chromate anions can both become part  of the 
treated surface due to their presence in the acid etch 
solutions. Any  sulfate left in  the oxide layer  could, 
under  the proper conditions, form a white  powdery 
product (6), namely  A12(SO4)8- 18H20. The positive 
or negative effects of the chromate anion on the oxide 
layer-adhesive interface have not been studied in any 
detail. 

The data presented in this paper are pr imar i ly  con- 
cerned with the chemical na tu re  of each surface film 
and the comparative results are based on the presence 
of copper, magnesium, chromium, sulfur, and the re la-  
tive thickness of each film. We propose that  the de- 
sired surface should contain a m i n i m u m  amount  of 
the elements presented above. 

Figure 1 shows the intensi ty data for oxygen, cop- 
per and a luminum (1396 eV) obtained from an Auger 
profile. It is a typical example of the profile data ob- 
ta ined for this study. The intensi ty  profile for each 
element  was normalized and plotted through the use of 
a computer program. The oxide thickness was arb i -  
t rar i ly  determined by extending the profile slope of 
oxygen directly to the baseline. The copper concentra-  
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t ion was arbi t rar i ly  determined by measur ing the 
width of the copper in tens i ty  profile curve at the oxy- 
g e n - a l u m i n u m  crossover. Both of these data points 
were left in the un i t  of time. Since copper is part  of 
the bulk  alloy its concentrat ion can be greater than  the 
thickness of the oxide layer. 

Figure 2 shows the comparat ive oxide film thickness 
and copper concentrat ion of the 2024-T3 a luminum 
surface for various t ime and temperature  t reatments  
in  the FPL etch (solution 1). An etch tempera ture  of 
65~ leaves a relat ively constant oxide layer  and cop- 
per  concentrat ion regardless of the t ime in bath. At 
55~ these values increase and at 45~ they are ap-  
proximatedly double that  of the 65~ etch. 

Figure 3 shows the data obtained from the straight 
acid etches. The 100-30 mixture  (solution 2) at 50~ 
averages almost 17 rain sputter  t ime in  both film thick- 
ness and copper concentration. The 300-40 mixture  
(solution 3) at 60~ averages approximately 13 rain 
for oxide layer  thickness and 11 min  for copper con- 
centration. 

15mm 
65oC 

12m~n 
65oc 

10min 
65~ 

8rain 
65oc 

8rain 
55oc 

8rain 
45~ 

~--  Oxide Thickness 
F P L  E t c h  

Width Cu Profile 

300gH2SO4-30gNa2Cr207 

l I 
5 10 

I 
15 20  

M I N  

T 
i I 

25 30  

Fig. 2. Variations of oxide thickness and copper concentration 
on 2024-T3 generated by an FPI. etch solution. 

10min 

6 mln 

2 m i n  

lOmin 

6 m m  

2 m i n  

T--Oxide Thickness --,- Width Cu Profile 

300g H2SO 4-40g CrO 3 
T 

60~ 

T 

lOOg H2SO 4- 30gCrC 

50oC 

? 
1 LO 115 2'0 2J5 3'0 

M I N  

Fig. 3. Variations of oxide thickness and copper concentration 
on 2024-T3 generated by sulfuric-chromic acid solutions. 

Magnesium was reduced to a m i n i mum by these 
solutions and due to its low sensit ivity by the Auger  
technique could not be profiled with any accuracy. 
Figures 4 and 5 show typical ISS-SIMS and Auger  
spectrograms, respectively. These curves were obtained 
from a sample treated for 6 rain in solution 2. Oxygen, 
510 eV, usual ly  masks the chromium energy peaks at 
489 and 529 eV (Fig. 5) making it impossible to ob- 
tain an intensi ty  profile curve for this element. 

Sulfur  is observed in all of the Auger spectra at 
approximately 8% of the peak- to-peak  intensi ty  of 
oxygen. The Auger  technique is sensitive to sulfur  
while the ISS and SIMS techniques are not. Several 
intensi ty profiles indicate sulfur  is only par t  of the 
outer surface layer with its intensi ty fall ing almost to 
zero after 2 min. This is based on a sputter ing rate of 
10-15 A/min.  Carbon seems to be always present  and 
follows the same discussion as that for sulfur, however, 
it should not have been placed there directly by our 
preparat ion techniques. 

Since magnes~ium, chromium and sulfur  are difficult 
to profile by Auger for this part icular  investigation, 
they are reported in Tables I and II as detected ele- 
ments. 

Copper was observed by ISS, SIMS, and AES for all 
of the solutions studied and is not reported in these 
tables. Magnesium will  be masked by a luminum in the 
ISS technique but  can be observed by SIMS (Fig. 4). 
Table I shows magnesium is detected on the metal  sur-  
face for all of the FPL etch solutions by SIMS, how- 

I S S  
A I  

4 H e  ~ iOOg H 2 S O 4 -  3 0 g  C r  O 3 6 m l n  

+ SIMS 

i I I 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  J i 

M~ i 
..................................... 9, ...... bl~'~kl .............................. 

', ', ', ', I ~ ', ~ ', ~ ', ', ', ', ', ', ~ ', 1 ', ~ ', ~, t ; ', ', '~ ' , ', ', ', ', U/, ', ', : : ', H ', " 

.1 .2 .3 .4 ,5 .6 .7 .8 .9 1,0 i 

Fig. 4. ISS-SIMS spectra of a surface prepared from a 6 min 
etch in a 100-30 sulfuric-chromic acid solution. 

1 0 0 g H 2 S O 4 - 3 O g C r O  3 6 m m  

J, 

! IiI 
t l /  l, f'~ Cu '! 

i' c IJ 
t AI 

Fig. 5. AES spectrum of a surface prepared from a 6 min etch in 
a 100-3,0 sulfuric-chromic acid solution. 
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Table I. Sulfuric-sodium dichromate solution. Detection of 
magnesium, chromium, and sulfur by ISS (I), SIMS (S), and 

AES (A) 

Time Temp 
(min) (~ Mg Cr S 

8 45 S A 
8 55  S S A 
8 65 S S A 

10 65 S S A 
12 65 S S A 
IS 6S S S A 

Table II. Sulfuric-chromic acid solutions. Detection of magnesium, 
chromium, and sulfur by ISS (I), SIMS (S), and AES (A) 

100g H2SO4-30g CrO3 300g H2SO~-40g CrOa 

Time 50~ 60~ 
(rain) Mg Cr S Mg Cr S 

2 S, A I, S, A A S A 
4 S,A I,S,A A S A 
6 S I,S,A A S A 
8 S I,S,A A S A 

10 S l, S, A A I, S A 

ever, it  must  be remembered that  the concentrat ion at 
the surface has to be small  since it was not observed 
in the Auger spectra. Chromium is detected by SIMS 
in  most of the studies but  not only by ISS or AES, in-  
dicating only a small  amount  is present. 

Table II shows that  the 100-30 mix ture  leaves the 
metal  surface relat ively chromium rich as it is de- 
tected by all three ins t rumenta l  techniques. Magnesium 
is detected by SIMS and AES for the 2, 4, and 6 min  
etch times and SIMS for the 8 and 10 rain periods. The 
300-40 mix ture  removes all of the magnesium below 
detectable limits in the 4 through 10 min  etch periods, 
while chromium is detected only by SIMS in the 4-10 
rain period and by ISS in  only the latter. 

Conclusions 
In  any electrochemical reaction the most negative 

or active half-cell  will  be oxidized. In  order to help 

protect the a luminum surface from corrosion, the elec- 
trochemical potential  of the surface oxide layer  should 
be as small  as possible. This can be achieved by main-  
ta ining an oxide layer  just  thick enough to do its job, 
and by keeping all other metal  elements and anions in  
the oxide layer  at a min imum.  

All  of the solutions studied form a thin oxide layer  
(200-300A) on 2024-T3 a luminum.  The 300-40 mix ture  
(solution 3), with a time in bath of 6-8 min, gives a 
surface with the mi n i mum amount  of detectable ele- 
ments  for this study. From the electrochemistry view- 
point  this oxide layer  should form a good surface film. 
In  order to determine the influence of the surface on 
the long- te rm properties of an adhesive joint, the 
authors propose that sufficient chemical data must  be 
obtained not only on the surface of each alloy but  on 
different lots of the same alloy as well. Using this data 
base all of these surfaces must  then be correlated with 
envi ronmenta l  studies. 

Manuscript  submit ted Dec. 19, 1975; revised manu-  
script received March 3, 1976. 

Any discussion of this paper will appear in  a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs of this article were partially as- 
sisted by the Air Force Materials Laboratory. 
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The Electrochemical Response of Nickel Electrodes in 
Aqueous Sulfuric Acid Solutions 

J. R. Vilche 1 and A. J. Arv la*  

Instituto de Investigaciones Fisicoquimicas Tedricas y Aplicadas, DivisiSn Electroquimica, 
Universidad Nacional de La Plata, La Plata, Argentina 

Two or more current  peaks are associated with the 
potent iodynamic anodic dissolution of nickel in aque-  
ous sulfuric acid solutions. Different explanations have 
been proposed to account for the occurrence of those 
current  peaks which are related to the Ni = Ni 2+ q- 2e 
reaction (1-6). But most of them are not fully con- 
sistent since the potent iodynamic response of nickel 
electrode depends on a large number  of variables 
which usual ly are not systematically changed under  
comparable conditions. This is immediate ly  concluded 
after a critical revision of the published results. 

The aim of this report is precisely to call a t tent ion to 
the complexity of kinetic results related to nickel cor- 
rosion and passivity in  acid aqueous media and the 
difficulty of deriving from them prompt mechanistic 
interpretat ions which are not fully substantiated. 

* Electrochemical  Society Act ive  Member .  
1Presen t  address :  DivisiSn. de Inves t igac i6n  y Desarrollo,  Fa te  

Electrdnica, San Fernando,  Buenos Aires,  Argent ina .  
Key  words :  nickel ,  corrosion., passivat ion.  

When a polycrystal l ine nickel wire electrode is po- 
larized in a 1N NiSO4 + 0.05N H2SO4 solution at 25~ 
under  a t r iangular  potential  sweep, the E/I profile de- 
pends upon the anodic as well  as the cathodic potential  
limits reached, on the potential  sweep rate, and on the 
number  of repetitive potential  cycles. 

A freshly electropolished nickel electrode immersed 
in this solution exhibits a rest potential  of --0.240V (vs. 
a SCE). When the electrode is polarized at 0.5 V/ra in  
from Ei = --0.260V up to 0.505V (anodic scan) the E/I 
contour (Fig. 1) presents a well-defined anodic current  
peak (I) at 0.065V which corresponds to metal  passi- 
vation. This is revealed by the reverse cathodic poten-  
tial scan where practically no current  is recorded. The 
following successive potential  scans confirm the onset 
of the passive state on the electrode. The current  peak 
associated with passivity entails an anodic charge 
which largely exceeds that  of a monolayer  and its 
contour is appreciably asymmetric  in shape. The lat ter  
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Fig. 1. E/I display obtained with a symmetric triangular potential 
sweep at 0.5 V/min in a IN  NiSO4 4- 0.05N H2SO4 solution. First 
scans 1 and 2 are shown. Arrows indicate the direction of the 
potential scan. 

is due to the  occurrence of a t  least  two addi t ional  cur -  
ren t  peaks  at  the  anodic side of cur rent  peak  I. This 
is confirmed (Fig. 2) by  ca r ry ing  on the same exper i -  
ment  wi th  an e lect rode prev ious ly  potent ia l  cycled 
wi th in  the same potent ia l  range and left  in contact  
wi th  the  solut ion unt i l  i t  a t t a ined  the res t  potent ia l .  
Now the E l i  profile shows a m a r k e d  decrease  in the  
height  of cur rent  peak  I and a be t t e r  definit ion of the  
new cur ren t  peaks  located at  ca. 0.15 and at ca. 0.35V, 
respect ively.  

The po ten t iodynamic  E l i  profile change dur ing  the 
ini t ia l  cycles (Fig. 3) and the re la t ive  change of the  
E / I  contours wi th  the n u m b e r  of cycles s t rongly  de-  
pends on the anodic potent ia l  l imi t  reached.  In  the  case 
of Fig. 3, both  the  height  of the  anodic cur ren t  peak  I 
and  the amount  of anodic charge  involved decrease 
wi th  the  number  of successive cycles, whi le  the  Cor- 
responding current  peak  potent ia l  becomes more  nega-  
tive. 

Dur ing the  cathodic scan an apprec iable  anodic cu r -  
rent  is also observed, which  approaches  a l imi t ing 
va lue  dur ing  the successive potent ia l  scans. At  r e l a -  
t ive ly  low potent ia l  sweep rates  (Fig. 4), the  E / I  cha r -  
acterist ics recorded wi th in  a potent ia l  range which is 
anodic wi th  respect  to the hydrogen  electrode potent ia l  
exhibi t  dur ing the first anodic scan the anodic cur ren t  
peak  I together  wi th  a shoulder  at ca. 0.1V, and the 
re tu rn ing  cathodic scan reveals  another  anodic cur-  
rent  peak  (II)  at  a potent ia l  ve ry  close to the nickel  
rest  potential .  Under  these circumstances the  potent ia l  

[ I f 

'E 

1 

-o.2 -o.i o.1 0.2 
[E /Vo l t ]  

Fig. 3. Eli display obtained with symmetric repetitive triangular 
potential scans under the experimental conditions indicated in Fig. 
1. 
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Fig. 4. E/I display recorded with a single symmetric triangular 
potential sweep at 0.05 V/min in 1N NiSO4 4- 0.05N H2S04 solu- 
tion. 

of cur ren t  peak  I l ies close to the potent ia l  a t ta ined  at  
la rger  potent ia l  sweep rates af ter  n cycles (Fig. 3). 

A s imi lar  effect is observed (Fig. 5) when the ca th-  
odic potent ia l  l imi t  extends towards  the  hydrogen  
evolut ion region. The po ten t iodynamic  s~veep s tar ts  

c~. 
'E 
, j  1 
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2 

o 

0 

I I I I I I I 
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Fig. 2. E/I display obtained as indicated in Fig. 1, hut with an 
electrode previously potential cycled and left in contact with the 
solution until attaining the rest potential. 
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Fig. 5. Repetitive E/I displays at 0.5 V/min covering the hydro- 
gen evolution region with the same electrolytic solution. 
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f rom the  rest  po ten t ia l  (--0.240V) going toward  the 
cathodic po ten t ia l  region (down to --0.630V) and the 
fol lowing repe t i t ive  cycles run  be tween  --0.630 and 
0.120V. Now, the  first anodic sweep exhibi ts  only  the  
anodic cur ren t  peak  I at  0.080V, while  no cathodic cur-  
ren t  is found dur ing  the r e tu rn ing  half-cycle .  The 
second anodic scan exhibi ts  a wel l -def ined  anodic cur -  
ren t  peak  II  at  --0.150V. The height  of the  l a t t e r  in-  
creases dur ing  the successive cycles wi thou t  an  ap -  
prec iab le  change of the  corresponding potent ia l .  

S imul taneously ,  both the  he ight  and  the potent ia l  of 
cu r ren t  peak  I decrease.  A wel l -def ined l imi t ing  cur-  
ren t  reg ion  is also found be tween  --0.1 and 0V, which  
increases dur ing  the repe t i t ive  potent ia l  cycling. The 
whole  vo t t ammogram at ta ins  a s table  contour  af ter  a 
r e l a t ive ly  la rge  number  of cycles (n - -  20). 

At  0.010V, the  E / I  profiles exhib i t  a crossing po in t  
which p robab ly  corresponds  to an isopotent ia l  point.  
Fur the rmore ,  the  re la t ive  peak  height  d is t r ibut ion  de-  
pends  also on the potent ia l  sweep r a t e  and the differ-  
ence of the  cur ren t  peak  potent ia ls  decreases as the  po-  
tent ia l  sweep ra te  increases.  

The mul t ip l i c i ty  of cur ren t  peaks  depic ted  in Fig. 5 
coincides wi th  those recen t ly  r epor ted  (6) which were  
assigned to the  effect of cathodic t r ea tmen t  of nickel  
and the bubbl ing  ra te  of different  gases (6).  

The effect of s t i r r ing  was de t e rmined  wi th  a n ickel  
ro ta t ing  d isk  electrode.  For  this  purpose  the  e lect rode 
was first cycled unt i l  the El i  disp lay  a t ta ined  a s table  
contour. A s table  E/I  profile run  at  6 V/rain,  when  the  
s t i r r ing ra te  is changed s tepwise  f rom 0 up to 2500 rpm, 
shows a net  increase  of the  l imi t ing  cur ren t  p e a k  lo-  
cated be tween  the anodic cu r ren t  and no apprec iab le  
influence of s t i r r ing  on cur ren t  peak  I. 

F rom this br ie f  phenomenologica l  descr ip t ion  of the  
e lec t rochemical  behavior  of n ickel  in sulfuric  acid-  
containing solutions, one concludes tha t  the i r  po ten t io-  
dynamic  El i  character is t ics  depend  both on the con- 
di t ions of the  potent ia l  pe r tu rba t ion  and st irr ing.  Thei r  
influence on the  kinet ic  pa rame te r s  of the  process is 
p robab ly  more  m a r k e d  than  that  resul t ing  from the 
c rys ta l lographic  character is t ics  of the  base me ta l  (7).  

The  kinetics of n ickel  e lectrodissolut ion in H2SO4 
solutions outs tandingly  depends  on the s ta te  of the 

e lect rode surface e i ther  before  or dur ing  anodic po-  
lar izat ion,  which must  include the par t i c ipa t ion  of 
the  SO4 = anion adsorpt ion  process (8). The dependence  
of the  kinet ic  character is t ics  of n ickel  in aqueous solu-  
tions on ionic composi t ion should be cor re la ted  wi th  
the anion adsorpt ion  free energy.  The l a t t e r  wil l  also 
expla in  the  different  behav ior  of nickel  in e lect rolytes  
such as H2SO4 or HC1 (9) or  a mik tu re  of both  elec-  
t ro ly tes  (10). 

Acknowledgments 
This work  is pa r t  of the  research  p rog ra m of the  

ECOMAR projec t  sponsored by  the SENID (Office for 
Research and Development ,  Argen t ine  Navy)  and the 
Consejo Nacional  de Invest igaciones Cientificas y 
T6cnicas of Argent ina .  

Manuscr ip t  received Nov. 19, 1975. 

Any  discussion of this paper  wi l l  apear  in a Discus-  
sion Section to be publ i shed  in the  June  1977 JOURNAL. 
Al l  discussions for the June  1977 Discussion Section 
should be submi t ted  by  Feb.  1, 1977. 

REFERENCES 

1. J. L. Wein inger  and M. W. Breiter ,  This Journal, 
110, 484 (1963). 

2. Y. M. Kolotyrk in ,  Zash. Metal., 3, 131 (1967). 
3. C. J. Chatfield and L. L. Shreir ,  Corrosion Sci., 

12, 563 (1972). 
4. H. J. Ra tzer -Sche ibe  and H. G. Fel ler ,  Electrochim. 

Acta, 18, 175 (1973). 
5. I. A. Gindin,  L. N. Jagupolskaja ,  W. K. Aksenow, 

and Ja. D. Starodubow, Corrosion Sci., 13, 967 
(1973). 

6. B. MacDougal l  and M. Cohen, This Journal, 122, 
383 (1975). 

7. R. Piontel l i ,  G. Poll,  and G. Serraval le ,  in "Trans-  
action of Sympos ium of Elec t rode  Processes," 
E. Yeager, Editor,  p. 67, John  Wiley  & Sons, New 
York  (1961). 

8. N. A. Balaskova,  N. T. Gorokhova.  and S. A. Litin, 
Soviet Electrochem., 9, 666 (1973). 

9. J. R. Vilche and A. J. Arvia,  Corrosion Sci., 15, 419 
(1975). 

10. Z. Szk la r ska -Smia lowska ,  ibid., 11, 209 (1971); 
ibid., 12, 527 (1972). 

Brief 
iiiilu 

Communication 

Cathodic Instability in Solid Copper Ion Battery 
Electrolytes: A Suggested General Mechanism 

Douglas O. Raleigh* 
Rockwell International, Science Center, Thousand Oaks, California 91360 

There  have  now been  repor ts  of a number  of solid 
room t empera tu r e  copper  ion conductors  based on 
double  salts  of polar  organic hal ides  and CuI. Taka-  
hashi  et aL repor ted  copper ion conduct ivi ty  in the 
N-a lky l  (or h y d r o ) - h e x a m e t h y l e n e t e t r a m i n e  ha l ide-  
copper  ha l ide  sys tem (1) and la te r  in the  N,N ' -d ia lky l  
(or d i h y d r o ) - t r i e t h y l e n e d i a m i n e  d iha l ide-copper  ha l -  
ide  sys tem (2). Recently,  Sammel l s  et at. have  repor ted  

* Electrochemical  Society Act ive  Member .  
K e y  words :  solid electrolyte,  copper bat tery ,  instabi l i ty .  

room t empera tu re  copper  ion conduct ivi ty  in some nine 
subst i tu ted organic ammonium ha l ide -copper  ha l ide  
compounds (3). 

In  each case, an in teres t  in so l id-s ta te  ba t t e ry  ap -  
p l icabi l i ty  p re sumab ly  led  to a t tempts  to construct  cells 
involving copper and a so l id-s ta te  oxidant  as elec-  
trodes. Indicat ions to date, however,  are tha t  these 
compounds are  all chemical ly  uns table  in contact wi th  
oxidant  mater ials .  Sammells  and co-workers  repor ted  
e]ectrolyte  de te r iora t ion  in such cells for all  e lec t ro ly te  
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compositions, whether  or not a current  was drawn 
from the cell, for both oxide (V205, MoO~) and organic 
polybromide cathode materials. No specific mechanism 
was offered. Takahashi  and  co-workers reported con- 
ductivities, but  no galvanic cell results. The purpose of 
this communicat ion is to suggest a general  instabi l i ty  
mechanism for a solid copper- ion conductor in contact 
with a solid oxidant. 

Copper ion conductors are un ique  among solid e l e c -  
t r o l y t e s  in  that  the cur ren t -car ry ing  ion may  be oxi- 
dized to a higher valence state by most common oxi- 
dants. In  crystal  ionic compounds, the presence of such 
a higher valence sta~e in the crystal bulk should gen-  
eral ly give rise to hole conduction, either of the hop- 
ping or valence band  type, depending on Whether the 
most energetic filled electronic states are localized or 
form energy bands (4). A third possibility is that the 
electron holes thus produced are immobilized by beir~g 
in  deep potential  wells. This does not appear likely, 
however, for the copper ion conductors under  con- 
sideration. Takahashi  and co-workers (1, 2) found 
that  in polarization cells of the type 

Cu]Cu + conductor Igraphite 

an observed low level electronic conductivi ty showed 
the exponent ia l  increase with voltage characteristic of 
hole conductivity. Thus, it appears that  holes in  these 
compounds are mobile. 

The mobil i ty  of both Cu + ions and holes in  these 
compositions suggests a general  t ranspor t  mechanism 
by which deteriorat ion of electrolyte properties should 
occur in  contact with practically any solid oxidant  
material .  The polarization cell results of Takahashi  
et al. suggest that the electron energetics in these com- 
pounds may be represented by a s traightforward en-  
ergy band  picture, with a bandgap > >  kT. Figure  1 (a) 
shows a schematic energy level diagram for a Cu + 
conductor as it is about to be brought  in  contact with 
a solid oxidant. The midbandgap position of Fermi  
level EF corresponds to assuming exact ca t ion-anion 
stoichiometry (effective Cu valence 1.00). A stoichio- 
metric  Cu excess would give rise to conduction elec- 
trons and a Cu deficit to valence band holes, in ac- 
cordance with the usual  Wagner  picture (5). The Fermi 
level in  the oxidant  corresponds to the eleotron affinity 
in the equi l ibr ium system Ox -t- ne ~ Red appropriate 
for this oxidant. It  is shown to lie deeper with respect 
to the vacuum level than  the top of the valence band  
in the Cu + conductor, to indicate that the oxidant  is 
more oxidizing than the Cu +, Cu + + couple in  the con- 
ductor. 

In  this picture, when electrolyte-oxidant  contact is 
established, Cu + ions on the electrolyte surface should 
be oxidized to Cu + +. In  addition, the greater electron 
affinity in the oxidant  should cause an incipient influx 
of electrons from the electrolyte. In  the absence of any 
mass transport,  this would result  in an interfacial  elec- 
tronic equi l ib r ium with a local accumulat ion of holes in  
the electrolyte valence band, electrons in  the oxidant  
phase, and an equi l ibr ium interface potential  that  pre-  
vents fur ther  charge transfer. This situation, with the 
resul tant  band  bending, is shown in Fig. l ( b ) .  

In  the presence of mobile Cu + ions, however, this 
si tuation is not t ime invar iant .  These ions should now 
move towards the oxidant  phase under  the influence of 
the interface potential, V(x) .  On reaching t~e in ter-  
face, they can be oxidized by the oxidant:  

Ox -F Cu + -> Cu + + " Red 

where Cu + + �9 Red is the reaction product. This motion 
of Cu + ions, however, reduces the diffuse space charge 
in  the electrolyte, and thus draws more electrons into 
the oxidant  phase to main ta in  the interracial  Fermi 
level equilibration. The net result  should be matching 
countercurrent  flows of valence band  holes into the 
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Fig. 1. Schematic of energy band structure of Cu + ion conductor 
in contact with solid oxidant: (a) prior to contact, (b) initial elec- 
tronic equilibrium and interface voltage profile, (r during subse- 
quent bulk oxidation. 

electrolyte and Cu + ions to the interface, with a small  
fraction of the bulk  Cu + ions being replaced by holes 
in  a "front" of the electrolyte that  moves cont inual ly  
into the crystal bulk. Concurrent  with this would be 
the bui ldup of a Cu + + �9 Red reaction layer  at the in ter -  
face. This is the si tuat ion shown in  Fig. 1 (c). 

Note that  this is simply the thermodynamical ly  fa- 
vored chemical oxidation of the electrolyte, which is 
enabled to occur in Cu + conductors by the existence of 
mobile electronic charge corresponding to the ~-2 
valence state. In  Ag + and alkali  ion conductors, the 
absence of a higher cation valence state renders the 
electrolyte stable toward a number  of oxidants. 

We might  ask whether  electrolyte deteriorat ion could 
be avoided by suitable ionic and electronic t ransport  
properties of the reaction layer  or a suitable choice of 
the bat tery  oxidant  material.  With respect to the for- 
mer, low polarization in  a ba t te ry  requires that Cu + 
ions be mobile in this reaction layer, since this layer  
is the product  of drawing current  from a CulCu+ 
conductorloxidant  cell. The mobil i ty of Cu + ions there-  
in is the mechanism by which current  could continue 
to be drawn. Since, in addition, the s imultaneous pres-  
ence of Cu + and Cu + + ions in this layer  should insure  
significant hole conductivity, its t ransport  properties 
would appear adequate to support  the suggested de- 



Vol.  123, No. 7 S O L I D  C O P P E R  ION 

te r io ra t ion  mechanism. If the  oxidant  chosen is too 
w e a k  to oxidize Cu +, i t  must  l ie be tween  the Cu ~ Cu+ 
and Cu +, Cu + + couples in oxidizing strength,  resul t ing  
in a m a x i m u m  cell emf of only ,~0.35V (6). Fo r  oxi -  
dants  s t rong enough to be of in teres t  in ba t t e ry  ap-  
plications,  the  oxid izabi l i ty  of Cu + appears  to insure  
a genera l  anodic se l f -d ischarge  mechanism tha t  p ropa -  
gates across the e lec t ro ly te  a composi t ional  change r e -  
sul t ing in electronic conduction. 

The specific de te r iora t ion  mechanism suggested is 
obviously  the  s imples t  of a number  of possibil i t ies.  
Sammel l s  et aI. r epor ted  tha t  the use of oxide  oxidants  
such as V205 and MoO3 gave no e lec t ro ly te  color 
change, whi le  ha l ide  oxidants  resul ted  in b lackening  
as wel l  as cell vol tage  loss. The b lackening  may  reflect 
e i ther  a g rea te r  degree  of oxidat ion  wi th in  the  or iginal  
s t ruc ture  or ac tual  chemical  decomposit ion.  The p u r -  
pose of the presen t  communica t ion  is not  to "prove" a 
pa r t i cu l a r  de te r iora t ion  mechanism or even to prove  
that  a copper ion e lec t ro ly te  ba t t e ry  cannot  be made.  
I t  is r a the r  to suggest  tha t  the  l ack  of success thus far  
is the  resul t  of something o ther  than  an unfor tuna te  
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choice of the  cathode ma te r i a l  or an anomalous  p rop -  
e r ty  of the pa r t i cu la r  copper  electrolyte .  

Manuscr ip t  submi t ted  Dec. 29, 1975; revised m a n u -  
scr ipt  received March  29, 1976. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the June  1977 JOURNAL. 
Al l  discussions for the  June 1977 Discussion Section 
should be submi t t ed  by Feb.  1, 1977. 

Publication costs of  this article were  partially as- 
sisted by Rockwel l  International. 
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Errata 
In  the  pape r  "Compute r -Cont ro l l ed  Different ial  Ca- 

paci tance Measurements"  by  David  M. Mohilner ,  Joyce 
C. Kreuser ,  Hisami tsu  Nakadomar i ,  and  Pa t r i c ia  M. 
Mohi lner  which appeared  on pp. 359-366 in the  March 
1976 JOURNAL, Vol. 123, No. 3, Eq. [5] should read  as 
follows: 

Y:Y/ "y : -- CdEdE -[- '}'max 
z E z  

In the  paper  "Cathodic Character is t ics  of a CuS Elec-  
t rode  in  Liquid  Ammonia"  by  Yoshiharu  Matsuda,  
Hi roaki  Ueyama,  and Yoshio Takasu  which  appea red  

on pp. 220-222 in the  F e b r u a r y  1976 JOURNAL, Vol. 
123, No. 2, the  captions to Fig. 2 and 4 should r ead  as 
follows: 

Fig. 2. Relat ions be tween  specific conduct ivi ty  and 
t empe ra tu r e  for l iquid ammonia  wi th  thiocyanates .  
Solute:  �9 ---- 4 mole/1 NI-I4SCN, O ---- 4 mole/1 KSCN, 
(} ---- 4 mole/1 NaSCN. 

Fig. 4. Cathodic polar iza t ion  curves for a CuS elec-  
trode. Electrode composit ion:  CuS 80%, po lye thy lene  
5%, graphi te  15%. Solute:  4 mole/1 NH4SCN W 0.5 
mole/1 NI~C1. Tempera tu re :  �9 : 25~ 0 ---- 0~ 
A --  --65~ (} : --75~ 
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ABSTRACT 

The active oxidation of Si and SiC was investigated in the viscous gas- 
flow regime. Kinetics were measured as a function of temperature  and oxygen 
part ial  pressure using thermogravimetr ic  techniques. Active oxidation was 
ini t iated by exposing oxide-free samples to low oxygen part ial  pressures in 
O2/Ar gas mixtures.  Oxidation rates were found to be controlled by oxygen 
transport  through the gaseous boundary  layer. Active oxidation of Si w a s  
found to occur in two distinct stages rather  than in  only one as expected. Linear  
sample weight losses were observed during the first stage; however, in  the 
second stage unusual  and destructive behavior was observed in the form of 
extremely rapid sample weight gains. This phenomenon was interpreted in 
terms of a s imultaneous SiO vaporization and SiO2 condensation process. No 
such behavior  was observed during SiC active oxidation. 

Si-base materials  such as Si3N4, SiC, and their com- 
posites have been proposed for a number  of applica- 
tions because of their exceptional high temperature  
properties, in particular,  strength, oxidation resistance, 
and thermal-shock resistance. A number  of invest iga-  
tors have studied the oxidation of these materials in 
envi ronments  where protective silica scales are formed 
on the substrate. Although the details of the oxidation 
mechanisms are still not well understood (1-8), the 
activation energies for oxidation and the extremely 
low oxidation rates found by various investigators 
are in reasonable agreement. An impor tant  l imitat ion 
of Si-base materials is their tendency to form gaseous 
products dur ing oxidation in reduced oxygen pressures 
at high temperatures.  Instead of a protective SiO2 scale 
being formed, the substrate surface either remains bare 
or, as we shall see later, nonprotect ive SiO2 in the form 
of whiskers is grown. Under  these conditions extremely 
rapid rates of material  loss occur. 

Active oxidation can be init iated at high tempera-  
tures by exposing the mater ial  to either pure oxygen 
at low total pressure (molecular gas-flow regime) or di- 
lute oxygen/ iner t  gas mixtures  at or near atmospheric 
pressure (viscous gas-flow regime).  Results from sev- 
eral investigations involving the active oxidation of Si 
and SiC in the molecular gas-flow regime have been 
reported (9-14), and the mechanisms of active oxida- 
tion are well understood. Solid SiO2 was stable in the 
oxygen pressure and temperature  environments  used; 
however, active oxidation was ini t iated by decreasing 
the ambient  oxygen pressure (Po2 : PT) below the 
equi l ibr ium SiO pressure at the Si-SiO2 or SiC-SiO2 

* Electrochemical  Society Active Member.  
Present  address: Owens-Corning ~iberglas Technical  Center,  

Granvil le ,  Ohio 43023. 
Key words: viscous gas flow, vaporization, mass- t ransfer  coef- 

ficient, passive oxidation. 

interface. Rapid attack ensued when the SiO2 sca le  
mechanically ruptured causing the escape of SiO(g) 
through pores and fissures in the scale (9, 12, 14). The 
steady-state rate of mater ia l  loss by SiO evaporation 
was calculated by using the Her tz -Knudsen  equation 
and by equating the rates of oxygen arr ival  and SiO 
removal (14) as follows 

J s i o  : J o  : 2~P~ RT)1/2 [1] 

where Jsio and Jo are, respectively, the fluxes of SiO 
arid oxygen, P~ 2 is the ambient  oxygen pressure, Mo2 
is the molecular weight of oxygen, and a is the colli- 
sion efficiency. 

Unlike the molecular-flow regime, the active-oxida- 
tion mechanisms of Si and SiC in the viscous-flow 
regime are not well understood. Wagner  (15) has of- 
fered a theory of active oxidation based on the experi-  
mental  results of Kaiser and co-workers (16-17) who 
exposed liquid Si to an oxygen/ iner t -gas  mixture  of 
low Po2 at high temperature.  The Si getters oxygen 
in such a way that diffusion gradients for the oxygen 
and the inert  gas become established. The oxygen par -  
tial pressure at the Si surface, P*o2, is reduced below 
the stabili ty l imit  for SiO2 shown as a vertical line 
in Fig. 1 (P*o2 ~ 10-2~ arm at 1600~ Because only 
gaseous oxides are stable below this ~ Po2, the surface 
of the Si will remain free of solid oxidation products 
so long as P~ the ambient  Po2, is mainta ined at a 
sufficiently low value. Active oxidation then proceeds 
according to the reaction 

Si(1) + 1/2 O2(g) ---- SiO(g) [2] 

P * s i o  : K 2  P * l / 2 o  2 [2a] 

The steady-state rate of active oxidation is controlled 
solely by the rate of oxygen impingement  at the Si 
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system at 1600~ using data 

surface which, in the  viscous-flow regime,  is given by  
Fick 's  law of diffusion, whence 

Jsio ---- Jo ---- 2Do2 P~ R T  = 2h02 P~ [3] 

where  h02 is the average  b o u n d a r y - l a y e r  mass - t r ans fe r  
coefficient, P~ 2 is the  ambien t  oxygen  par t i a l  pressure,  
Do2 is the  oxygen / i ne r t  gas interdiffusivi ty,  and 802 is 
the effective thickness of the oxygen bounda ry  layer .  
As /9~ is increased,  P*02 increases unt i l  i t  reaches 
the  cri t ical  value  (ver t ica l  l ine in Fig. 1) cor respond-  
ing to incipient  SiO2 formation.  The Si surface be -  
comes covered wi th  a coherent,  pro tec t ive  l aye r  of 
SiO2, and passive oxidat ion  occurs. In  Wagner ' s  nota-  
t ion the ambien t  P02 corresponding to the t rans i t ion  
f rom ac t ive- to -pass ive  ox ida t ion  is g iven by  

P~ --~ 1/2(Dsio/Do2) (5o2/8sio) PC%to [4] 

where  Dsio and Dos are, respect ively,  the  SiO- and O2- 
iner t  gas interdiffusivi t ies ,  5sio is the  effective th ick-  
ness of the S iO-bounda ry  layer ,  and Pe%io is the 
equ i l ib r ium SiO par t i a l  p ressure  calcula ted f rom the 
equat ion 

1/2 St( l ,  s) + 1/2 SiO2(s) = SiO(g)  [5] 

If  the  bounda ry  l aye r  is laminar ,  i t  can be shown that  

(8sio/6o2) ~ (D'sio/Do2) l/9" [6] 

and Eq. [4] becomes 

P~ 2 (max)  = 1/2 (Dsio/Do2) I/2 peqsi O [7] 

The rat io Dsio/D02 can be de te rmined  from wel l -  
known gas-kinet ics  equations.  Because this ra t io  is 
v i r t ua l ly  t empera tu re  and gas-flow veloci ty  indepen-  
dent,  a plot  of log P~ vs. 1/T is expected to 
give the en tha lpy  of fo rmat ion  of SiO according to Eq. 
[5]. 

While  the Wagner  model  of active oxida t ion  has 
been used to ra t ional ize  the  expe r imen ta l  observat ions 
of Kaiser  et al. (16-17) for the active oxidat ion of 
l iquid St, the model  proposed by  Turkdogan,  Gr ieve-  
son, and Darken  (18) for the ox ida t ion-enhanced  va-  
por izat ion of metals  could be val id  for the  case of Si 
for cer ta in  t empera tu res  and gas-flow characterist ics.  
This model  is compared  to that  proposed by  Wagner  
in Fig. 2. In the Turkdogan  et al. model  meta l  atoms 
vaporize  b:~ desorpt ion  and diffuse th rough  the d i luent  
gas away  from the surface. The meta l  vapor  reacts 
wi th  oxygen in the  gas phase to give solid me ta l -  
oxide "fog." The me ta l -vapor i za t ion  process is en-  
hanced because the oxidat ion  react ion increases the 
g rad ien t  for m e t a l - a t o m  diffusion. Turkdogan  et al. 
have successful ly appl ied  this model  to the oxida t ion-  
enhanced vapor iza t ion  of such meta ls  as Cr, Fe, Cu, 
and Co. As appl ied  to the case of St, the fog- format ion  
reac t ion  is 

S t (g)  -t- O2(g) = SiO~(s, fog) [8] 

WAGNER MODEL 

Si (s) + I /20z(cj l=SiO(g) 

TURKDOGAN, GRIEVESON, AND DARKEN MODEL 

Si 

Si (s) = Si (g) Si (g) + Oz(g)=Si02 (s,"focJ '') 

Fig. 2. Comparison between the Wagner model and the Turk- 
dogan, Grieveson, and Darkin model applied to the active oxidation 
of Si. 

The ra te  of Si removal  is control led by  oxygen  diffu- 
sion through the bounda ry  layer  in advance of the  
fog- format ion  front  according to the equat ion 

Jsi = Jo2 = ho2 P~ [9] 

The ra te  of Si consumption pred ic ted  by  the T u r k -  
dogan et aI. model  (Eq. [9]) is one-ha l f  of that  p re -  
dicted by the Wagner  model  (Eq. [3]) for a given 
P~ and ho2. As P~ is increased,  the  fog- format ion  
front  approaches the Si surface. An abrup t  t ransi t ion 
f rom ac t ive- to -pass ive  oxidat ion occurs when the f ront  
reaches the  surface. The P~ at  the  t rans i t ion  is given 
by  (18) 

p O o 2 ( m a x ) _  P*si ( RT ) 1/2 
ha2 ~ [I0] 

where  P*si is the vapor  pressure  of Si according to 
the  equat ion 

St( l ,  s) ---- S t (g)  [11] 

The mass - t rans fe r  coefficient for oxygen in both  mod-  
els is given by  (18, 19) 

ho2 ---- 0.664 (Do24/vo2) 1/8 ( v J l )  ~/2 (cm/sec)  [12] 

where  Do~ is as defined earl ier ,  ~o2 is the k inemat ic  
viscosity, Vg is the gas veloci ty  in the v ic in i ty  of the 
sample, and 1 is the sample  length  in the direct ion of 
the gas flow. Both Do~ and ~o2 m a y  be calcula ted f rom 
first pr inciples  (20), and va ry  as T~/2. According to 
Eq. [12], at c o n s t a n t  gas veloci ty  ho2 cc T3/4 and 
\ / T / h  in Eq. [10] is only w e a k l y  t e m p e r a t u r e  de -  
pendent  ( ~  T-1/~).  Therefore,  a p lot  of log P~ 
as a function of 1/T is expected to give the en tha lpy  
of vapor iza t ion  or subl imat ion of Si according to Eq. 
[11]. Fur the rmore ,  because ho2 cc vgl/2, P~ in 
Eq. [10] is expected to be s t rong ly  dependent  upon 
gas-flow veloci ty  in contras t  to the Wagner  model  
where  no such dependence  is expected.  

The evidence presented  by  Kaiser  et al. (16, 17), sug- 
gests tha t  the Wagner  model  is val id  for their  exper i -  
menta l  t empera tu res  and gas-flow characterist ics.  
Large  concentrat ions of oxygen were  found to be dis-  
solved in the Si upon active oxidat ion;  the  concentra-  
t ion of dissolved oxygen being propor t iona l  to P~ 
This could occur only if  oxygen had access to the  Si 
surface. In the Turkdogan  et al. model  the oxidant  is 
consumed in advance of the Si surface, therefore,  if 
this model  were  valid, the Si should remain  free of 
dissolved oxygen. 
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For the Wagner  model, a question remains concern- 
ing the stabil i ty of the l iberated SiO molecule as it 
diffuses through the gaseous boundary  layer  away 
from the Si surface. In principle, the SiO should react 
with oxygen in the boundary  layer  to form SiO2 when 
the Po2 in the boundary  layer  reaches that value given 
by the vertical line shown in Fig. 1. Therefore, some 
of the oxygen should be consumed in advance of the 
Si surface in  a manne r  similar to that  proposed by 
Turkdogan et al. except that now SiO ra ther  than Si 
would react with 02 to give SiO2 fog. 

The purpose of this investigation is to determine 
the mechanism of Si and SiC active oxidation in the 
viscous-gas-flow regime (i) by s tudying the depen-  
dence of reaction rates upon time and P~ and (ii) 
by locating P~ i.e., the P~ corresponding to 
the t ransi t ion from active-to-passive oxidation, as a 
function of temperature.  For Si a plot of log P~ (max) 
as a function of 1/T is expected to have a slope cor- 
responding to the enthalpy of formation of SiO 
[~Hf(SiO)] according to Eq. [5] if the Wagner  model 
applies. On the other hand, a slope corresponding to 
the enthalpy of vaporization or subl imat ion of Si 
[~Hv,s(Si)] according to Eq. [11] is expected if the 
Turkdogan et al. model applies. Because 5Hv.s(Si) is 
greater than hHf(SiO) by  ,--27 kcal /mole (21) 
[~Hv.s(Si) ~ 110 kcal /mole and hHf(SiO) ~ 83 kcal /  
mole] such a plot should indicate whether  Si or SiO 
is the desorbed species at the Si surface during active 
oxidation. 

For SiC a Turkdogan et al. mechanism seems un -  
l ikely in view of the very low vapor pressure of SiC 
(9). Therefore, active oxidation should obey a Wagner-  
type mechanism where both SiO and CO are desorbed 
at the SiC surface. A plot of P~ as a function 
of 1/T is expected to yield the thermodynamic equi-  
l ibr ium describing the t ransi t ion from active to passive 
oxidation and, therefore, an indication of whether  SiO 
or CO is the impor tant  desorbed species at the t ransi-  
tion. 

Experimental 
High pur i ty  n- type  Si having a resistivity of 3-8 

ohm-cm was purchased from Crysteco (Wilmington, 
Ohio) in the form of single crystal disks having (111) 
faces. Folycrystal l ine E-SiC was provided by General  
Electric Company in  the form of a hot-pressed billet, 
major  impurit ies being B (15.00 ppmw) and W (500 
ppmw).  Coupons ( ~  1.5 • 0.6 • 0.1 cm) were cut 
from the larger pieces. The Si coupons were polished 
wi th  1~ diamond paste, and the SiC was ground with 
220 mesh diamond abrasive. The coupons were cleaned 
ul trasonical ly in acetone and in methanol  before each 
oxidation experiment.  Undried commercial grade Ar 
and O2/Ar mixtures  were used. 

Active oxidation kinetics were determined by moni-  
toring sample weight changes cont inuously with a 
Cahn RH electrobalance having a sensit ivi ty of • 2 
~g. Details of the furnace-balance system were given 
previously (22). The temperature  of the furnace was 
controlled to wi thin  __ 0.5~ Sample temperature  was 
measured with a Pt  6 Rh-P t  30 Rh thermocouple lo- 
cated wi thin  ,-~ 1 cm of the sample. The specimen was 
situated in the center of a ~4  cm long hot zone 
wi th in  the reaction tube. The lateral  temperature  
gradient  in the hot zone was no greater than 2~ Ex- 
periments  were ini t iated by lowering the Si or SiC 
coupon into Ar (Po2 ~ 10-s atm) at the desired tem- 
perature. In early experiments  an H2 pre t rea tment  was 
used to remove any oxide film ini t ia l ly present on the 
surface; however, this t rea tment  was found to be un -  
necessary. An O2/Ar gas mlx ture  of low Po2 was in -  
troduced into the reaction tube (inside diameter  =. 
3.81 cm) to begin active oxidation. The P~ was varied 
by combining two different O J A r  mixtures  with cali- 
brated flow meters. To avoid cooling of the sample by 
the flowing gas, very low flow rates [ , - -85 cm3/min 
(STP) ] were used. In all cases the total system pres- 
sure was mainta ined at 150 Torr. Because the room 

temperature  flow rates were constant, l inear  gas-flow 
velocities in the sample region were l inear ly  depen-  
dent upon the sample temperature.  

Results 
Si active oxidat ion. - -The active oxidation of Si was 

investigated in the temperature  range 1400~176 
Results for a typical exper iment  are shown in Fig. 3 
where sample weight change is plotted as a function 
of time. In this experiment  P~ was increased in small  
increments,  from 5.4 • 10 -~ to 9.2 • 10 -3 atm. Al-  
though the curve in  Fig. 3 appears to be smooth, oxi- 
dation kinetics at each P~ were l inear  except in the 
t ransi t ion regions. The most str iking feature of this 
plot is the appearance of two distinct regions of active 
oxidation instead of the one expected on the basis of 
the Wagner  (15) and the Turkdogan et al. (18) mod- 
els. In  the first region (stage I),  the Si surface was 
found to be completely free of oxidation products. 
However, when the ambient  Po2 was increased to a 
critical value [P~ instead of passive oxida- 
tion occurring a t ransi t ion from stage I to the second 
stage of active oxidation (stage II) occurred. In  this 
stage active oxidation was characterized by extremely 
rapid, l inear  sample weight gains. When the ambient  
Po2 was increased, stage II active oxidation continued 
unt i l  a second critical P~ [P~ was reached. 
At this point  passive oxidation was initiated, result ing 
in low reaction rates (indicated by the horizontal l ine 
in the figure) governed by diffusion through a protec- 
tive SiO2 layer. 

Figure 4 reveals the morphology of the oxide scale 
which formed in the Si specimen oxidized at 1500~ 
in the stage II active oxidation regime. The unusua l  
whiskerl ike oxide structure suggests that a vaporiza- 
t ion-condensat ion process occurred. The whiskers were 
identified as SiO2 by the energy shift of the Si peak 
upon microprobe analysis. X - r a y  analysis indicated 
that  the SiO2 was amorphous. Figure 5 i l lustrates the 
temperature  dependence of the scale morphologies. 
Figure 5a is an SEM micrograph of the fractured cross 
section, whereas Fig. 5(b-d)  are SEM micrographs of 
the sample surface. At the lowest temperature,  Fig. 
5(a),  the scales consisted of extremely fine whiskers; 
at the highest temperature,  Fig. 5 (b-d) ,  a thick spongy 
SiO2 layer was formed (A) in addition to the whisker-  
like structure (B). In  the stage II oxidation mode, 
nei ther  type of oxide s tructure was protective; i.e., the 
oxygen had direct access to a significant area of the Si 
surface. 

In  order to determine whe the r  the t ransi t ion from 
stage I to stage II active oxidation is reversible, a Si 
coupon was oxidized in the stage II mode after which 
P~ was decreased. The chronology of this exper iment  
is shown in Fig. 6 where a distinct hysteresis effect is 
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/ l l )  3 .874 
/ 1 2 )  5.657 
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Fig. 3. Chronology of Si active oxidation at 1500~ Vertical 
lines at figure base indicate on increase in Po2. 
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Fig, 4. Macrophotograph (a) 
and SEM micrograph (b) of a Si 
specimen oxidized at 1500~ in 
the stage II active oxidation 
regime. 

Fig, 5. SEM micrograph show- 
ing temperature dependence of 
the oxide morphologies for Si 
oxidized in the stage II regime: 
(a) cross section, 1400~ (b)- 
(d) surface, 1600~ 

exhibi ted;  s tage II act ive oxidat ion,  once established, 
continues even when  P~ is lowered  into the  range  
where  s tage I act ive oxida t ion  had  occurred prev ious ly  
[see, for example ,  P~ steps 2-4 (15-120 rain) and P~ 
steps 4-2 (240-280 ra in) ] .  Because Si is removed  (as 
SiO) dur ing  stage I oxidat ion,  and  O2 is gained (as 
SIO2) dur ing  s tage I I  oxidat ion,  for a given P~ 

ka(s tage  I) = 
- -  (Msi/Mo2) ka(s tage  I I )  ( m g - c m - L m i n  -1)  [13] 

where  ka is the  l inear  ra te  constant  for active oxidat ion.  
F igure  7 is a plot  of the absolute  magni tude  of the  

ra te  constants  ikal obta ined f rom the slopes of the  
curves shown in Fig. 3 and 6 as a funct ion of /)002. 
The ver t ica l  l ine on the graph  denotes the t rans i t ion  
P~ f rom stage I to s tage I I  act ive oxida t ion  [P~ 
(max) I ] .  The l inea r i ty  of the da ta  indicates  that  the  
react ion is control led  by  oxygen  diffusion th rough  the 
gaseous b o u n d a r y  l aye r  in bo th  regimes.  Since no dis-  
cont inui ty  in the  curve is exh ib i ted  at  P~ 
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Fig. 6. Chronology of Si active oxidation at 1500~ showing ir- 
reversibility of the stage I to stage II transition. 
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1500~ 
85 r (STP) 0.6 PT = 150 torr / 
ho=(ex p) = 5.67 cm/sec ( WAGNER} 

ho=(exp) = 11.34cm/sec(TURKDOGAN et e l . ) / / /  
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Fig. 7. Oxygen partial pressure dependence of the rate constant 
for Si active oxidation at 1500~ 
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ho2 is independent  of the active oxidation mode. The 
slope of the curve is related to the boundary  layer  
mass- t ransfer  coefficient, ho2, by the equation 

dlkal/dP~ oe = nho2/RT [14] 

where n = 1 or 2, depending upon which model [i.e., 
the Turkdogan et al. (18) model (n = 1) or the 
Wagner  (15) model (n = 2)] applies. The ho2 cal- 
culated on the basis of the Turkdogan et aS. model is 
a factor of three larger than the theoretical value cal- 
culated from Eq. [12], whereas ho2 calculated on the 
basis of the Wagner  model is less than a factor of two 
larger. Because of the low gas-flow rates used, the 
boundary  layer thickness is greater than the radius 
of the furnace tube (,~ 2 cm) ; therefore, slight devia- 
tions from the theoretical ho2 were anticipated. 

It is important  to note that the curves which appear 
in Fig. 7 and later in Fig. 11 are linear, even in the 
low Po2 regions. This implies that concentrations of 
impurit ies such as H20 in the gas phase do not influ- 
ence the oxidation kinetics. If the reactions had been 
impur i ty  sensitive, the plots of Ika] as funct ion of Po2 
would have exhibited upward curvature  at low Po2 
unt i l  a lower l imit ing value of [kal corresponding to 
PH20 in the gas was reached. No such curvature  or 
l imit ing value of ]kal was seen. 

Data of the type shown in Fig. 3 and 7 were obtained 
at six temperatures  in the range 1400~ Active 
oxidation was found to occur in two stages at each 
temperature.  One experiment  was conducted on poly- 
crystal l ine Si; the behavior was identical to that of 
the single crystal material.  The experimental  P~ 
(max) i  and P~  values are plotted in Fig. 8 
and compared with predictions based on the Wagner  
and Turkdogan et aS. models. Because these models 
predict only a single stage of active oxidation, only 
one P~ value was calculated. The predictions 
were made by insert ing the recent thermodynamic data 
of Zmbov et.al. (21) for P*si and Pe%io  together with 
the calculated diffusivity ratio Dsio/Do2 ~ 0.8 into 
Eq. [7] and [10]. Values for P~ are in fair 
agreement  with predictions from Wagner 's  theory for 
the t ransi t ion from active to passive oxidation. A rela-  
t ively large uncer ta in ty  in the value of P~ 
exists because the t ransi t ion takes place gradual ly 
over several increments in P~ whereas a rapid 
t ransi t ion from stage II to passive oxidation occurs. 
The activation energy for P~ is ~ 8 3  kcal /  
mole which agrees with the 83 kcal /mole obtained by 
Zmbov et al. for the enthalpy of the reaction 

1/2 Si(1, s) + 1/2 SiO2(s) = SiO(g) [5] 

indicating that  SiO(g) is the impor tant  desorbed spe- 
cies at the transition. The P~ predicted by the 
Turkdogan et aS. model falls below the exper imental  

1350 1300  1250 1200 1150 I100 T(~ 
i i i ~ i '1 

Si WAGNER rEq. 7] 

- I .2  ' - - - - -  TURKDOGAN etol.[Eq.lO] 

- I .6  ~ , ~ , ~ ~ _  
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\ 
\ �9 

-4.4 ~ Nz (maxlz \ \ \  

-4.8 , , , \, , , 

6.0 6.2 6.4 6.6 6.8 70 72 7,4 

104/T (OK "=) 

Fig. 8. Temperature dependence of P~ 2 (max)i end P~ 2 
(mex)ii for Si active oxidation in the viscous gas-flow regime 
compared with predictions based on the Wagner model (15) end 
the Turkdegan ef al. model (]8). 

data for P~ and has a much larger activation 
energy, suggesting that Si desorption from the surface 
during active oxidation is unimportant .  

Mechanism of Si active oxidat ion. - -The above results 
indicate that nei ther  the Wagner  model nor the Turk-  
dogan et al. model completely describes the mechanism 
of Si active oxidation. Although the Wagner  model 
correctly identifies the na ture  of the gaseous species 
as SiO at the Si surface, the existence of the stage II 
active oxidation mode was not suggested. The Wagner  
model predicts that once P~ is exceeded, the 
inward flux of oxygen (as 02) at the Si surface will 
exceed the outward flux of oxygen [as SiO(g)]  and 
that SiO2(s) will form and grow lateral ly  on the sur-  
face. The first part  of this prediction was found to be 
correct; however, lateral  growth was not exhibited. 
Instead SiO2 whiskers grew perpendicular  to the Si 
surface, and only after a second critical P~ was ex- 
ceeded did the SiO2 grow lateral ly to form a protective 
layer. 

In order to determine the conditions under  which 
the stage II mode of active oxidation can become 
stable, consider the schematic representat ion of attack 
shown in Fig. 9. When P~ < P~ [Fig. 9(a) ] ,  
stage I active oxidation occurs and the Si surface re-  
mains bare in agreement  with the Wagner  model. The 
5szo and 502 are near ly equal because the ratio Dslo/ 
Do2 in Eq. [6] ~ 0.8. As P~ is increased, P*sio in -  
creases according to the reaction 

Si(s) + 1/2 O2(g) = SiO(g) [15] 
with 

P * s i o  cc P*,1/2O2 [16]  

When P~ is increased to P~ (max)I,  P*sio reaches 
the equi l ibr ium value Peqsio given by Eq. [5] and 
incipient SiO2 formation takes place. Ini t ia l ly  the SiO2 
forms as t iny islands [see Fig. 9 (b)] ,  with most of the 
surface remaining bare. From thermodynamic  consid- 
erations, the tendency for SiO2 and SiO formation is 
equal; SiO removal from the surface will continue as 
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Fig. 9. Schematic representation of the mechanism of active 
oxidation of Si in the viscous gas-flow regime. 

sorbed species. However ,  in this  case the  reac t ion  
occurs at the  t ip of the SiO2 whiskers  and enables  thei r  
growth.  By decreas ing 602, Jsio becomes increased ac-  
cording to Eq. [19]. This al lows act ive oxidat ion  to 
continue until P~ reaches P~ according to 
Eq. [4], where P~ is the experimentally ob- 
served P~ When P~ = P~ SiO 
cannot be removed at a sufficiently rapid rate and the 
Si surface becomes covered with a coherent, protective 
layer of SiO2 [Fig. 9(d)]. 

SiC active oxidation.--The active oxidation of SiC 
was investigated to determine whether a stage II mode 
would be characteristic of other Si-base materials. 
Results of a typical experiment are shown in Fig. 10. 
Unlike the behavior of Si, no stage II active oxidation 
was observed for SiC. Instead, rates of weight loss in- 
creased with incremental increases in P~ until 
P~ was reached after which extremely low 
rates of oxidation were observed, indicative of diffu- 
sion control  th rough  a pro tec t ive  SiO2 layer .  Subse-  
quent  increases in P~ did not  cause the  onset of s tage 
II  active oxidat ion.  Lower  ambien t  oxygen  pa r t i a l  
pressures  or h igher  t empera tu re s  were  requi red  to 
es tabl ish  the  active oxida t ion  process for SiC. Weigh t  
losses were  l inear  wi th  time, in agreement  wi th  stage 
I Si active oxidat ion.  

The ra te  of active oxidation,  Ikal, is p lo t ted  l inea r ly  
against  P~ in Fig. 11, indica t ing  tha t  the  reac t ion  
for SiC is also control led  by  oxygen diffusion th rough  
the bounda ry  layer .  As wi th  Si active oxidation,  
bounda ry  layer  mass- t ranSfer  coefficients, ho2 (assum-  

SiO2 a t tempts  to grow la te ra l  to the surface. The SiO 
molecules  wi l l  be exposed to as ever - inc reas ing  Po2 
as they  diffuse away  from the surface. Therefore,  these 
molecules  have  a tendency  to oxidize forming  SiO2 
according to the  reac t ion  

2SiO(g)  + O2(g) ---- 2SiO2(s) [17] 

This homogeneous react ion is r e l a t ive ly  unfavorab le  
because i t  requi res  a t r imolecu la r  collision of two SiO 
molecules  and one 02 molecule  in the gas phase. How-  
ever,  the  SiO2 is lands can serve  as nuclea t ion  sites for  
heterogeneous  reaction.  Since the t ip of the is land is 
at  a h igher  Po2 than  the edges, the ava i l ab i l i ty  of oxy-  
gen is grea tes t  there.  If  oxygen is adsorbed  at  the  tip, 
the  is lands wi l l  grow pe rpend icu la r  to t.he Si surface 
to form the observed SiO2 whiskers  according to the 
heterogeneous  reac t ion  

S iO(g)  + O(ads)  = SiO2(s) [18] 

According to the  Wagner  model  when  P~ exceeds 
P~ the inward  flux of oxygen wil l  be grea ter  
than  the ou tward  flux of SiO and the surface becomes 
covered wi th  a pro tec t ive  l aye r  of SIO2. In the present  
invest igat ion,  no such l aye r  was observed,  ins tead ac-  
t ive oxidat ion was found to continue independent  of 
t ime wi th  ra tes  be ing  l inea r ly  dependen t  upon P~ 
The rates agreed wel l  wi th  those pred ic ted  f rom gas 
kinet ic  equat ions imply ing  tha t  oxygen t r anspor t  
th rough  the bounda ry  l aye r  is ra te  control l ing and that  
oxygen  has direct  access to the  Si surface. In  order  
for this to occur, e i ther  P*sio must  increase or 5sio 
must  decrease in order  to increase the removal  rate  
of SiO given by  the equat ion 

J s i o  - -  D s i o  P * s i o / 6 s i o  RT [19] 

Once SiO2 is formed at the surface, P*sio is fixed at  
i ts  equ i l ib r ium value  Pe%io given by  Eq. [5]. There-  
fore, 6slo mus t  decrease  in order  tha t  Jsio be ma in -  
ta ined at a level  which is sufficiently high to accom- 
modate  the i nward  flux of oxygen.  F igure  9 (c) shows 
the manner  in which  heterogeneous  react ion at  the  t ip  
of the whiskers  reduces 5sio. This mechanism bears  
some resemblance  to the  Turkdogan  et al. model  in that  
some oxygen  is consumed in advance of the Si surface, 
t he r eby  increasing the  diffusion grad ien t  for the  de -  
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Fig. 10. Chronology of SiC actlve oxidation at 1750~ Note the 
absence of stage II active oxidation behavior. 
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ing SiO and CO to be the  desorbed species) ,  are  ~ 1.5 
t imes la rger  than  the theoret ica l  values calcula ted f rom 
Eq. [12]. 

Mechanism oS SiC active oxidation.--The active oxi-  
dat ion process in SiC is bel ieved to occur according to 
the  react ion 

SiC + 02 = SiO + CO [20] 

where CO rather than CO2 is desorbed at the SiC 
surface because of the low Po2 which is established 
there. The rate of oxygen impingement at the SiC 
surface controls the reaction, the rate being given by 
the equation 

Jo~ ----- Do2 P~ RT [21] 
If  i t  is assumed tha t  the  react ion proceeds stoichio- 
metr ical ly ,  then  

Jsio ---- Jco ---- Jo~ [22] 

where  Jsio is given by  Eq. [19] and Jco is g iven by  

Jco = Dco P*co/6co RT [23] 

The thermodynamics  descr ibing the condit ions for the 
t rans i t ion  f rom act ive to passive behavior  are  not so 
s t r a igh t fo rward  as those for Si oxidat ion where  Eq. [5] 
is the only pe r t inen t  re la t ion  to be considered. A num-  
ber  of equi l ibr ia  must  be considered in the  case of SiC, 
the most l ike ly  being 

SiC(s)  -5 2SiO2(s) ---- 3SiO(g)  + CO(g)  [24] 

S iC(s)  + SiO2(s) ---- 2SiO(g)  + C(s)  [25] 

2SiC(s)  + SiO2(s) ---- 3St(], s) -5 2CO(g) [26] 

Combining Eq. [21], [22], and [23] 

P~ =- (Dco/Do2) (6o2/6co) P ' c o  [27] 

and combining Eq. [21], [22], and [19] 

P~ = (Dsio/Do2) (6o2/6sio)P*sio [28] 

If it  is assumed tha t  

(6co/6o2) ---- (Dco/Do2) l/2 [29] 
and 

(6SIO/602) = (Dsio/D02) 1/2 [6] 

Then Eq. [27] and [28] become 

P~ = (Dco/Do2)1/2 P ' c o  [27a] 
and 

P~ ---- (Dsio/Do2) 1/2 P*sio [28a] 

Depending on the the rmodynamics  of the t ransi t ion,  
P~ wil l  be given e i ther  by  

P~ = (Dco/Do2) 1/2 peqco [30] 
or 

P~ = (Dsio/Do2) 1/2 P~qsio [31] 

where  Peqco and Peqsio can be calculated f rom Eq. 
[24-26]. 

In Fig. 12 the expe r imen ta l  P~ values a re  
compared  with  predict ions  based on Eq. [30] and [31], 
assuming that  Dsio/Do2 -~ 0.8 and Dco/Do2 -= 1.02 
(20). Al though  only fa i r  agreement  was found, Eq. 
[26] and [30] best  descr ibe the t rans i t ion  behavior .  
This implies  that  CO ra the r  than  SiO is the impor t an t  
gaseous species in de te rmin ing  P~ The the r -  
modynamics  of the t rans i t ion  are  in agreement  wi th  
those found by  Gulbransen  and Jansson (9) for SiC 
under  molecular  gas-flow conditions. These resul ts  a l -  
low the fol lowing physical  in t e rp re ta t ion  of the active 
oxidat ion of SiC to be made:  When  P~ < P~ 
the rates of both  CO and SiO remova l  f rom the SiC 
surface are sufficiently large  to accommodate  the in-  
wa rd  flux of oxygen, as evidenced by the l inear  Po2 
dependence  of the react ion rate.  However ,  when P~ 
= P~ CO ( ra ther  than  SiO) cannot be re-  
moved at a sufficiently rap id  ra te  and passive oxidat ion 
occurs. Unl ike  the  case for Si where  6sio was reduced 
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Fig. 12. Temperature dependence of P~ (max) for SiC active 
oxidation in the viscous gas-flow regime. 

via  a heterogeneous react ion [Fig. 9 (c ) ]  causing the 
onset of s tage II  active oxidation,  the  Pco grad ien t  ad -  
jacent  to the surface cannot be increased by reducing 
6co. Therefore,  s tage II  active oxidat ion  in SiC is im-  
possible. 
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The Criterion for Stability of a Planar Alloy-Oxide Interface 
upon Oxidation of Binary Alloys 

D. P. Whittle, 1 D. J. Young, *,2 and W. W. Smeltzer* 

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada, LSS 4M1 

ABSTRACT 

Linear  pe r tu rba t ion  theory  is used to analyze the  s tabi l i ty  of a moving 
p lana r  a l loy-ox ide  interface when  oxidat ion  oi a b ina ry  solid solut ion al loy 
leads to growth  of a superficial  meta l  conducting oxide scale. The t r anspor t  
equat ions for  meta l  and oxygen in the al loy and oxide phases are  analyzed 
under  l imi t ing  approx imat ions  consistent  wi th  t e rna ry  diffusion theory.  If 
oxygen diffusion in the  al loy occurs p redominan t ly  down i ts  own grad ien t  
the  s tab i l i ty  cr i ter ion for a p lanar  interface is 

N A I * D o o  I + 2 ( N A  I~ - -  NAI*)'~/DAAIDo01 
> 1  

NAI*DAA I + NAII*DAII*VI/V II 

This cr i ter ion becomes in the case of oxygen  diffusion in the al loy occurr ing 
p redominan t ly  f rom its in teract ion wi th  the  me ta l  g rad ien t  

NAI*VIIDAAI f I _ NAI, oA D~176 } 
NAII*VIDA II* DAA I > i 

In  these expressions,  D, N, and V represent  self-diffusion coefficients, mole  
fractions, and molar  volumes of the  al loy and oxide phases denoted by  super -  
scr ipt  I and II, respect ively.  Aster isks  on these pa ramete r s  re fer  to values 
at  a p l ana r  a l loy-ox ide  interface.  A and O refer  to the  se lect ively  oxidized 
meta l  component  and oxygen. NA Io is the  ini t ia l  concentra t ion of A, and so A is 
the  Wagner  in terac t ion  coefficient be tween  oxygen and A in the alloy. 

The diffusion cont ro l led  oxidat ion  of a b i n a r y  al loy 
to form a superficial  s ing le-phase  scale is charac ter ized  
by  the  deve lopment  of a p l ana r  or nonp lanar  in ter face  
be tween  al loy and oxide. Wagner  (1) has developed an 
equat ion defining a l imit ing cr i ter ion for p l ana r  in te r -  
face s tab i l i ty  under  the assumptions  tha t  the  solubi l i -  
t ies of oxygen in the  a l loy and of the  more noble al loy 
component  in the oxide  are  negligible.  More recent ly ,  
Coates and K i r k a l d y  (2) have analyzed  the conditions 
for  the  s tab i l i ty  of p l ana r  phase interfaces  in  i so ther -  
mal  t e r n a r y  systems making  no assumptions  about  
phase cons t i tu t ion  wi th  the  a l loy -ox ide  interface as a 

* Electrochemical  Society Active Member .  
1 Depa r tmen t  of Metal lurgy and Materials Science, The  Univers i ty  

of Liverpool,  Liverpool,  England, L69 38X. 
Divis ion of Chemistry,  National Research Council of Canada, 

Ottawa,  Ontario, Canada, K1A 0Rg. 
Key  words:  oxidation, b inary  alloys, a l loy -ox ide  planar  stability. 

special  case. The purpose  of this paper  is to examine  
the effects of removing the two solubi l i ty  res t ra in ts  
in t roduced by  Wagner  on the cr i te r ion  for p lanar  in te r -  
face stabi l i ty.  Al though it is necessary to consider two 
l imi t ing approximat ions  of the t e rna ry  diffusion equa-  
tions in o rder  to obtain t rac tab le  mathemat ica l  solu-  
tions, we demonst ra te  that  oxygen dissolution into the 
al loy with  or wi thout  diffusional interact ions leads  to 
a less res t r ic t ive  cr i te r ion  for p l ana r  interface stabi l i ty.  

Planar Interface Stability Criterion 
The t e rna ry  diffusion model  employed  in this ana ly -  

sis is shown schemat ica l ly  in Fig. 1. We consider  the 
diffusional control led growth  by  meta l  t r anspor t  of the  
oxide (AB) tO, in which r represents  the atoms of meta l  
per  a tom of oxygen, on al loy A-B  with  concurrent  oxy-  
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Oxide (TI) I AI~(1) 
{AB)FO I 

< Je II 
D, Ux N I 

I 
~ U  x 

x=O X=X' 
(a) 

0 

A o B 

(b) 
Fig. 1. The oxide scale-alloy model with symbols corresponding 

to those in text: (a) Cross-section of (AB)rO scale and AB alloy 
showing planar interface at x = x* moving at velocity ux*, sinu- 
soidal interface x = x* -5 b sin(w y) moving at velocity ux, and 
the gradients of metal A and oxygen O in the alloy (I) and oxide 
01L (b) The diffusion path for metal and oxygen, NA I~ - -  
(NA I*,  No I*) - -  (HA II*,  No I I*)  - -  O, superimposed on the 
ternary A-B-O isotherm in the case of a planar oxide scale-alloy 
interface. The interracial compositions of A in the alloy and B in 
the oxide are assumed to be very dilute. 

gen diffusion into the alloy. Metal A which is preferen-  
t ial ly oxidized and oxygen are chosen as the independ-  
ent diffusing components. The composition path cor- 
responding to the diffusion profiles is also shown super-  
imposed on the t e rnary  A-B-O isotherm in Fig. 1 to 
emphasize that we consider the case corresponding to 
small solubilities of metal  B in the oxide and oxygen 
in  the alloy. These la t ter  restrictions are required in  
order to obtain a tractable mathematical  analysis. 

The instantaneous velocity of a p lanar  alloy-oxide 
interface, Uz*, is related to the mass boundary  condi- 
t ion for either A or oxygen 

NiII* NiI* ] = jill(x)* -- jiI(x)* [1] 
UX* VI I V I 

where j is a component  flux, N represents a mole frac- 
tion, and V I, V II are the molar  volumes of alloy (I) and 

Ju ly  1976 

oxide(II) .  To investigate the stabili ty of this p lanar  
interface, we follow Wagner  (1) in impressing a s inu-  
soidal per turbat ion  of infinitesimal ampli tude b on the 
metal  surface such that  the locus of the interface is 
given by 

x -- x* -5 b s in (w y) [2] 

where w = 2~/k and k is the wavelength  satisfying 
b < <  ~ < <  x*. The instantaneous velocity of the per-  
turbed interface, ux, is described by an equation iden-  
tical to [1] al though the fluxes and concentrations now 
depend on y, the position along the interface. These 
quanti t ies will  be denoted by the absence of asterisks. 
One can conclude upon examining Fig. 1 that  the per-  
turba t ion  decays if at points where the local oxide 
thickness exceeds the average value  the local velocity 
of the interface is smaller  than  the average value, a n d  

if at points where the local oxide thickness is less than  
the average value the local velocity exceeds the aver-  
age value. Thus the p lanar  interface stabil i ty cri terion 
is 

(uz -- u~*) / s in (w y) < 0 [3] 

In  order to define this cri terion as a funct ion of diffu- 
sivities and concentrations, we must  seek solutions for 
the diffusion equations coupled to the alloy and oxide 
phases and solve for the interfacial fluxes, compositions, 
and mater ia l  balances. 

Diffusion Equations 
Diffusion in the aIloy.--In the region x > x* + b sin 

(w y), the diffusion equations for metal  and oxygen can 
be wr i t ten  

DAA I ~NA I D A 0 1  0No I 
- -  [ 4 a ]  

JAIcz) = -- V ~ ~x V i Ox 

DoA I ONA I Doo I ~No I 
jOI(Z) = . . . . . . . . . .  [4b] 

V I 8x  V I Ox 

Analogous equations hold for the y direction. These 
equations, with [4a] and [4b] and the cont inui ty con- 
dition 

,~NA I OjA I(x) OjA I(y) 
_ - -  + - -  [ 5 a ]  

Ot ~Tz Oy 

ONo I ~jo Ir 0joI(~) 
_ - -  + - -  [ 5 b ]  

Ot ~x Oy 

may in principle be solved to yield No I, NA I as spatial 
functions. In  view of the nontr iv ia l  na ture  of the prob-  
lem, l imit ing approximations are sought. We use those 
introduced by Wagner  (1) who has demonstrated that  
the steady-state approximation oNAI/ot ~-~ ONoI/Ot ~-- 0 
can be used when b < <  2=/w < <  x*. Solutions of the 
coupled equations in [5] even with the above approxi-  
mations still remain complex, part icular ly when  DAo I 
and DOA I have to be treated as functions of composi- 
tion. 

We first consider the l imit ing case where  DAA I and 
Doo I are approximately concentrat ion independent  and 
the cross diffusional effects are negligible. Under  these 
assumptions, the solution of Eq. [4] and [5] are 

NA I ---- NA I* -5 GAI { ( x -  X*) 

-5 •A I b sin (w y) exp -- w (x -- x*) } [6a] 

No I = No I* + G o I { ( x - -  x*) 

-5/3o I b s i n ( w y ) e x p - w ( x - x * ) }  [6b] 

where GA I and Go I are the gradients of A and oxygen 
at the planar  interface, gh I and ~o I are constants to be 
evaluated later. The exponentials in [6] may be ap- 
proximated to un i ty  at the per turbed interface x = x* 
-5 b s in(w y) since b is small. Consequently, [6] leads 
to 

NAIA : NA I* + GA I b s in (w y) {1 -5 pAI} [7a] 
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No I,i -- No I* + Go I b s in (w y){1 +/301} [Tb] 

A second l imit ing case occurs when  cross diffusional 
effects prevail .  Oxygen diffusion in alloys is commonly  
interst i t ial  wi th  Doo ~ > >  DAA I implying  that  ]SNol/Oxl 
< <  82VA~/OX. If this solid solution is sufficiently dilute 
in A and oxygen, the diffusional cross t e rm is (3) 

DOA I = DooI,oANo I [8] 

where  eo A = (0 lnTo/ONA) N,-~I is the Wagner  in ter -  

action coefficient (4). Thus [4a] and [4b] approximate  
to 

--DAA ONA I 
j n  I(x) - -  - -  - -  [ 9 a ]  

V I 8x 

--DoA I ONA I 
jO Icx~ = - -  - -  [9b] 

V I am 
whence  

joI(X)-- ( DooIeoANoI )jAI(X) [i0] 
DAA I 

The solution of [9a] is given by [Ta] which together 
with [I0] yields an evaluation of the oxygen flux. 

Diffusion in the oxide.--A small degree of nonstoi- 
chiometry in the ternary metal conducting oxide phase 
(AB) rO is assumed such that the mole fractions of the 
components approximate to 

NA II + NB II + No II ~ 1 [11] 

Fol lowing Wagner  (5) and Coates and Dalvi  (6), the 
flux equations for the oxide consti tuents relat ive to the 
x-coordinate  in Fig. 1 may  be wr i t t en  as 

Ni II 0 In ai Ni II 
ji II(x) = -- Di II - -  - -  + Ux [12a] 

V n Ox 1/n 

No n 
jO II(~r "-- U x  [12b] 

VII 

where  i refers to meta l  A or B. From the Gibbs-Duhem 
equation, assuming ideal or Henrian behavior  

d in ai II ---- d In/Vi II -- d In ao n [13] 

Subst i tut ion of [13] in [12a] yields 

jili(x) --DilI { oNilI Nili o In aOII } Ni II 
- -  - -  + u z  [ 1 4 ]  

V II OX Ox - - ~  

An approximat ion must  be sought to [14] since an 
analyt ical  solution for 2Vi II and ao lI is not available.  
F requen t ly  DA II and DB n in a te rnary  p- type  oxide are 
of the same order of magni tude  and near  the interface 
(7) 

0NA II O2VB II 
~,~ N 0 [15] 

ax Ox 

whence [14] becomes 

Di II 0 In ao n Ni II,i 
ji II ~- Ni II'i + U x - -  [16] 

V II 8x V II 

w h e r e  Ni II,i is the mole fract ion of A or B in the oxide 
at the al loy/scale  interface. In order to use Eq. [16], 
one requires  the functional  relat ionship between Di n 
and ao II. An analytical  form which has found applica-  
tion to the rock-sal t  s t ructured (AB)O p- type  oxides 
is (8) 

Di II : DilI(o)~ (NAn-l) (aolI) n [17] 

where  Di n(~ is the metal  self-diffusion coefficient in 
pure  AO or BO and -~ is the ratio of the mole fract ion 
of vacant  cation sites in pure  AO to that  in pure BO. 
Equat ion [16] becomes upon substi tut ion of [17] 
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DAII(o) NAII,i c~ (aolI) n NAII,i 
jA II(x) = ')  ' ( N A I I ' l - 1 )  - -  - -  J c  U x '  

V II ~ &~C V II 
[183 

An expression similar  to [18] is found for  the flux of 
A in the y-direct ion.  Assuming that  the oxide has a 
constant molar  vo lume and that  it deforms plastically, 
the veloci ty of the a l loy-oxide interface is divergence 
f ree  

~Tux 8uu 
+ = 0 [19] 

,Ox Oy 

Solution of [19] for x < x* + b s in(w y) recall ing that  
,~NAI1/ot = 0 is similar  to the equivalent  equations for 
the alloy and gives 

(aon) n ---- (aolI*) n + Go n {(X -- x*) 

- - # o  n b e x p w ( x - x * ) s i n ( w y ) }  [20] 

where  Go II is the gradient  a(aolI)"/ax at the mean or 
planar  interface and /3o II is a constant to be evaluated.  
Knowing ao = F(x, y) the flux jA n can be computed 
f rom [18]. 

Boundary Conditions 
Interfacia~ compositions.--Neglecting any capil lar i ty 

effects, application of the Gibbs-Duhem equation to the 
local equi l ibr ium concentrations in the alloy and oxide 
phases at their  common interface gives 

(NA n - -  i~A I )  (d In aA -- d in as) 

+ (No n - N o D ( d l n a o - d l n a B )  = 0  [21] 

Since the oxygen solubil i ty and the residual interracial  
concentrat ion of the e lement  A in the alloy are ve ry  
small, they are regarded as being sufficiently di lute  to 
meet  Henr ian solution behavior.  Accordingly 

dNA I dNo I 
d l n a A =  NA I "  d l n a o = ~ ,  

d l n a B = - - d N A  I - dNo z [22] 

Subst i tut ion of [22] into [21] fol lowed by integrat ion 
yields 

NAII in NA I + No II in No I = constant [23] 

where  No I, NA I << 1 is assumed throughout  the cal-  
culation. Let t ing the s tandard states of the solute com- 
ponents be defined at infinite dilution and the oxide be 
considered as near  stoichiometric, NA II, No II ~ 1, [23] 
yields 

NAINo I ---- aAIao I ---- K [24] 

where  K is an equi l ibr ium constant. 
ao II is evaluated f rom Eq. [20] by setting x ---- x* + 

b sin (w y) and approximate ly  the exponent ia l  to uni ty  

(aolI.i) n __- (aolI*) n + b Go II (1 - - /3olI )s in(w y) [25] 

Since only small deviat ions f rom a planar  interface 
are considered, ao n,i ,-- ao II* and bGon(1 -- #oII) sin 
(w y) < <  1. Equations [25] is expanded as a binomial  
series and t runcated  after two terms to yield 

t bG~ ( l - - / 3 ~  ao II,i ~- ao II* 1 -~ n(aolI*) n 

[26] 

Fluxes at the inter]ace.--The flux of A in the oxide 
is found by substi tuting the der iva t ive  of [20] into 
[18] and approximat ing the exponent ia l  to obtain 

j A i l  A D A I I ( ~  2VAII ,  i 
- -  - -  ~( '3~rAII' l--1) Go n {1 -- w b/301I 

V II n 

NAII 
sin (wy)}  + Ux---V- 5- [27] 
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The oxygen  flux is given s imply  by  Eq. [12b] for the  
recession ra te  of the  alloy. 

On the al loy side of the interface,  the  d is t r ibut ion  of 
A and its in ter fac ia l  value, NA l,i, are  given by Eq. [6a] 
and [7a], respect ively.  Different iat ion of [6a] and sub-  
s t i tut ion for o NA1/OX in [9a] yields  a f te r  approx imat ing  
the  exponent ia l  

--DAA I 
jAI, l = - -  GA I (1 --  w b flA I sin (w y) )  [28] 

VI 

The in terfacia l  oxygen concentrat ion,  No I,i, is found 
from Eq~ [24]. The  two prev ious ly  given l imit ing cases 
are  employed to descr ibe the oxygen flux. In  the  s i tua-  
t ion where  oxygen  diffusion is control led  solely by the 
oxygen gradient ,  the oxygen profile is descr ibed by  Eq. 
[6b], the  in ter rac ia l  concentra t ion by  [7b] and the oxy-  
gen flux by  

--Doo I ~No I --DooIGo I 
~0 I,i = - -  - -  __ - 

V I ~x ~rI 
( 1 - - w b # o  I s i n ( w y ) )  [29] 

Fo r  the case of dominant  diffusional in terac t ion  on oxy-  
gen t ransport ,  the  oxygen flux at the  in ter face  is eva lu -  
a ted f rom Eq. [10] and [28] 

jOI,f - -  ~ - - D ~ 1 7 6  ~oANoI, iGAI(1 -- W b #AI sin (w y) )  [30] 
V I 

Interracial  materia~ ba lance . - -Th is  mass balance for 
e lement  A is found f rom [i] ,  [27], and [28] 

t NAII,i NAI,i } 
Ux V lI V I 

Equat ing coefficients, neglect ing terms in b 2 and those 
not involving w since as indicated ear l ie r  w > > 1  leads 
to 

DAII(o) 

VII 

NA I1 DAA 
+ u x  VI----}--+ VI- GA I ( 1 - - w b # A I s i n ( w y ) )  [31] 

Also, the  in terface  veloci ty can be found from [1] by  
considering the oxygen  flux in the  oxide and alloy. In  
the  first l imi t ing case where  diffusional in terac t ien  in 
the a l loy was neglected,  subst i tu t ion of [12b] and [29] 
into [1] gives 

[ NoII.i No I,i ] No ILl 

u~ y n  V I : u~ VI---- Y -  

Doo I 
+ .  ~ G o I ( 1 - - w b # o  I s i n ( w y ) )  [32] 

VI 
or 

Uz - -  

NAI*DoolGoI NoI*DAII(o)7(NAn,~-I)NAIIAGo II 

V~ nV n 

and 

N AI*DoolGolflo I 

NoI*DAAIGAI 
+ [35] 

VI 

NoI*DAII(o)7(NAn,,-- 1)NAII,iGolI#olI 

V I ~VII 

NoI*DAAIGAI#AI 
+ [36]  

V I 

Equat ion [7] giving the concentra t ion of e lement  A 
and oxygen at the  pe r tu rbed  in ter face  when subst i -  
tu ted into expression [24] for the  local equi l ib r ium 
values yields  upon noting that  NAI*No I* = K 

i + #A I NA l* Go I 
- -  - [37]  
I + #o I No I* GA ~ 

when terms involving b 2 are  ignored. F rom the  equi- 
librium statement,  No Li ~ ao I,i = ao II,i, and upon equa t -  
ing [7b] and [26] we obta in  

I + flo I Go II No I* 
= - -  [38] 

1 -  #o n Go I n(aon*)  n 

Using Eq. [17] to define DA n* and combining [37], [38] 
wi th  [35], [36] yields  

NAI*DooI - -  NAI*DAAI --  2NoI*DAAIGAI/Go I -- NAII,iDAII*VI/VII 
#o I _ [39 ]  

NAI*Doo I + NAI*DAA I + NAILiDAn*VI/V n 

We now consider  the  second l imi t ing case where  
NA II'i diffusional in terac t ion  of oxygen with  the  meta l  g rad i -  

7(NAn"--l) G ~ 1 7 6  ent  is dominant ,  DOA O NA/aX > >  Doo ]ONo/aXJ. Sub-  
n s t i tut ion of [12b] and [30] into [1] gives 

NoII,i NoLi ] N~ 
UZ VI I VI = U x Vi-'--- ~ 

Doo I 
+ ~ -  eoANoI,iGA I ( 1 - - w b f l A  I s i n ( w y ) )  [40] 

Dividing [31] by  [40] and subst i tu t ing [7a] for NA :,i 
yields upon r ea r r angemen t  

-- DooIGo I 
( 1 - - w b f l o I s i n ( w y ) )  [33] 

NoI,i 

Subs t i tu t ion  of [33] into [31] using [Ta] and [7b] to 
eva lua te  NA IA and No I,i, respect ively,  gives 

{NA I* -}- GA I (1 + flAI)b sin (w y)}  

{ D~176176 } 
V I (1 --  w b flo I s in  (w y) )  

= {No I* + Go I (1 + #oDb sin (w y)} 

NA II,i fNAI* f DAII(o) " - - ' -~  "~  7(NAIL'-l) ~O. Go II ( 1 - -  w b # o l I s i n  ( w y ) )  

DAI } 
+ .  V I GAI ( 1 - - w b # A I s i n ( w y ) )  [34] 

{NA I* -]- GA I b sin (w y) (1 + ~A I) --  DAI/DoIeo A} 

{oo  i } 
V I ~oAGA (1--wbflAIsin(wy)) 

DAII(o) NAn.i 
7 (N~H,I - 1) ~ GoII ( 1 -- w b ~o n sin ( w y) ) 

V II n 

[41] 

Fo r  Eq. [41] to be satisfied, the coefficients of sin w y 
must  be equal  as must  the  constants.  If terms involving 
b 2 are ignored 

DAAI > D~176 
Doo% A ~ ~OAGA' 

DAII(o) NAII,i 
-- _ _ 7 ( N . n , t - - i )  ~ Go II [42] 

v n  
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{ NA I* Dooleo -------~DAA ) ~ D ~ 1 7 6  I r I W ~A I 

Doo I + --~ r 1 (1 + ~A l) 

D A l l  ( o ) .~A II,i 
__ ~/(NAn''-:) GolI~8o II w [43] 

V n n 

Recal l ing tha t  w > >  1, the  second t e rm on the  LHS of 
[43] is neglected.  The compar ison of [42] and [43] 
gives the  resu l t  

~A 1 = flolI [44] 

Subs t i tu t ion  of [Ta] into the  equ i l ib r ium s ta tement  
[24] y ie lds  

K 
Nol,i _ [45] 

NA I* + GAlb sin (w y) (1 + /~A ~) 

Since No Li _ ao x = ao II, subs t i tu t ion  of [26] into [45] 
gives 

{ bG~ " ( 1 - - f l ~  s i n ( w y ) }  
ao u* I + n(aon*) n 

K 
= [46] 

I GAlb 1 NA l* I + ~ ( I + ~ A  l) s i n ( w y )  

Since GAIb (1 + flA I) sin (w y ) / N A  l* < <  1 by  definition, 
the  RHS of [46] may  be approx imated  by  a . t runca t ed  
binomial  expansion and 

{ b G ~  ( 1 - - ~ ~  s i n ( w y )  } 
ao II* I -~ n(aoII*) n 

K { bGA 1 ) 
- -  - -  1 - -  (1 + flA I) sin (w y) [47] 

NA I* NA l* 

Since K / N A  I* ---- No I* = ao I* = aon*, [47] yields 

1 + ~A I --GonNA I* 
[48] 

1 --  Bo I1 riGA I (no n*) n 

Subs t i tu t ion  of [44] into [48] gives 

{ } / { G~ ) G~ 1 

/fA I = -- 1 -~ nGAI(aoII*) ~ nGAI(aon*) n 

[49] 
Equations for Planar Interface Stability 

We are  now in posi t ion to consider  the  s tabi l i ty  
cr i ter ion for a p l ana r  in terface  under  the  two l imi t ing 
cases where  oxygen migra t ion  in the al loy is control led 
by:  (i) oxygen diffusion down its own grad ien t  and 
(ii) oxygen diffusion by  its in terac t ion  wi th  the  meta l  
gradient .  The in ter face  s tab i l i ty  cr i te r ion  is g iven by  
Eq. [3] using Eq. [1] to define the in terface  velocity.  

Stabi l i ty  criterion: oxygen  dif]usion d o w n  its o w n  
g r a d i e n t . - - W e  have shown tha t  

DooIGo I 
ux = --  (1 --  w b/~oI sin ( w y ) )  [33] 

NoI,i 

Subs t i tu t ing  f rom Eq. [Tb] for No I,i, approx imat ing  the 
denominator  by  the first two terms of a series expan-  
sion and neglect ing second order  te rms in  b gives 

DoolGoI [ 1 _  { wfloi GoI } 
u~ --  No I* -- NoI----- ~ (1 + /~0 I) 

b sin (w y)  ] [5Oa] 
A 

Clear ly  at  a p l ana r  in terface  b sin (w y)  ---- 0 this  r e -  

suit  becomes 
ux* = -- DooIGoI/No I* [50b] 

and thus 
ux -- u~* = -- ux*w b ~o I sin (w y)  [51] 

Thus, the  c r i te r ion  for s tab i l i ty  is found  f rom [3] to be 

#O I > 0 [52] 
Therefore, using the expression rio I from [39] and 
equating NA II,i ~-~ NAII*, the sta0ility criterion is 

NAV'Dool - -  NAI*DAA - -  2NoI*DAAIGAI/Go I 

-- NAn,iDAII*VI/V II > 0 [53] 
Approx ima t ing  

GA I ~-~ (NA IO -- 2~A I*)/~/DAA I [54] 

Go I ~ --  NoI*/x/Doo r 

where  NA Io is the  bu lk  a l loy a tom fract ion of A, w e  
obta in  f rom [53] 

NAI*Doo I + 2 (NA I~ --  NAI*)-v/DAAIDoo I 
> 1 (stable)  [55] NAI*DAA I + NAII*DAn*VI/V II 

Stabi l i ty  criterion: oxygen  dif fusion on me ta l  gradi-  
en t . - -Equa t ion  [40] upon r ea r r angemen t  gives the  in-  
terracia l  veloci ty  

ux : -- DooleoAGA I (1 --  w b #A I sin (w y)  ) [56] 

and for the  p lanar  in ter face  

Ux* = --  DOOIeoAGA I [57] 
Thus 

u~ -- u 2  -- -- u~*w b/~A I s in (w y)  [58] 

and the  s tab i l i ty  c r i te r ion  is found f rom [3] to be 

~ a  I > 0 [59 ]  

where/~A I is defined by  [49]. Evalua t ing  GooII/GA I f rom 
[42] and using [17] to define DA n = Da n* at  an oxy-  
gen act ivi ty  ao*, Eq. [49] becomes 

where  

NAI*VIIDAAI t 

q -  NAII,VIDAII, 

q - - 1  
~A I = - -  [60] 

q + l  

1 --  NAI%~ DAAID~176 t > 1  (stable)  

This cr i ter ion can be seen to resul t  by  comparing [59] 
and [60] to [61] knowing that  the in terac t ion  coeffi- 
cient eo A must  be of negat ive  magni tude  for oxygen 
diffusion into the a l loy on the g rad ien t  of e lement  A. 

Discussion 
The cr i te r ion  for  the  s tab i l i ty  of the p l ana r  a l loy-  

oxide in ter face  is given by  Eq. [55] or [61] when  
oxygen diffusion into the a l loy is t aken  into account 
according to t e rna ry  diffusion theory.  These equations 
can be compared  to the  express ion developed for  the 
pseudobinary  l i m i t - - n o  oxygen solut ion in the  al loy 
and an oxide consisting en t i re ly  of the select ively 
oxidized metal l ic  component.  We then  consider the  
va l id i ty  of the l imi t ing equations used in the  present  
analysis  to descr ibe  the oxygen flux in the alloy. F i -  
nally,  some r emarks  are  d i rec ted  to the appl icab i l i ty  of 
the s tabi l i ty  cr i te r ion  to the oxidat ion proper t ies  of 
t rans i t ion  meta l  alloys. 

The express ion der ived  by  Wagner  (1) under  the 
pseudob inary  l imi t  using the presen t  nomencla ture  
reads  NAI*DAIV II 

> 1 (stable) [62] 
(1 -- NA I*) D A n V  I 

[61] 
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It is clear, however, that [62] represents an e x t r e m e  
case: a p lanar  interface is not stable if NA I* --> 0. In  
this case, Eq. [55], describing oxygen diffusion down 
its own gradient  leads to 

2N AIO'v/DAIDooIVII 
> 1 (stable) [63] 

NAn*DAnV I 

For DAI/DA n < <  1, NA I* --> O. However, in  [63] the  
relevant  ratio of diffusion coefficients is ~/DAIDooI/DA II 
which is not necessarily less than  uni ty  because 
Doo I > >  DAA I. Hence the diffusion of oxygen into the  
alloy reduces the stabil i ty criterion. A similar  effect is 
apparent  when oxygen diffuses via interact ion with 
the  meta l  gradient  as seen in  Eq. [61] since eo A < <  0 
is often found (Table I) .  Under  this restriction, Eq. 
[61] can l ead  to 

( N A  I* )  2VneoADoo I 
--  > 1 (stable) [64] 

NAn*VIDA n* 

which is a less s t r ingent  cr i ter ion insofar as Doo I > >  
DA II. It is also interest ing to note that [61] under  the  
pseudobinary approximation of no oxygen diffusion 
into the alloy, eo A = O, becomes 

NAI*DAAIV II 
> 1 (stable) [65] 

NAII*DAII*VI 

i n  close similari ty to the Wagner  expression. The mole 
fraction NA II~ rather  than 1 -- NA I* has arisen due to 
the  present  analysis incorporating te rnary  properties 
of the oxide phase. 

The val idi ty of the l imit ing approximations for oxy- 
gen flux in  the alloy is now examined. For ideal or 
Henr ian  solution of oxygen in the alloy, ~o A = 0 and 
oxygen diffusion is to be regarded as occurring solely 
on its own gradient  (Eq. [4]). In  the case of more 
complicated oxygen solution behavior in  the alloy, the 
l imit ing ratio of the oxygen flux for diffusion on its 
gradient  (Eq. [4] and [54]) to that for diffusion de- 
pendent  upon oxygen interact ion with the metal  gradi-  
ent (Eq. [10] and [54]) is 

Jo (oxygen gradient)  

jo (metal  gradient)  

DoolN oI* /A/DooI 

DooIeoANo I* ( N A  Io - -  N A  I * ) / ~ D A A  I 

1 . ~ / D A A  I 

- -  eoAANA I V DOO I [66] 

Although it was necessary to assume in our analysis 
that the alloy was a relatively dilute solution of oxy- 
gen and the second metallic component, the paramount 
importance of oxygen diffusion by interaction with the 
metal gradient in transition metal alloys resulting from 
selective oxidation of a metal component can be quali- 
tatively assessed. At 1000~ the diffusivities of oxygen 
and metal in the fcc transition metals are of the order 

Table I. Values of the Wagner first-order oxygen interaction 
(a 'n  7o / 

coefficient with several alloying elements, eo A = \ ~ /  NS~; 

in molten dilute iron and copper alloys at 16(J0~ (9, 10). 

Base Ele- Base Ele- 
alloY m e n t  eo A a l loy m e n t  eo A 

I r o n  A1 --3.3 x l0  s C o p p e r  Co --1.3 • 101 
I r o n  L a  --4.2 • 10 a C o p p e r  Fe  --4.4 • 10 l 
I r o n  Cr  --3.4 • 101 C o p p e r  Ni  --5,2 
I r o n  N i  - -1 .9  • 101 C o p p e r  A g  --3.1 
I r o n  T i  - -5,1 • lO s 
I r o n  V --2.5 • i0 ~ 

10 -7 and 10-12 cme/sec, respectively. Thus the ratio in  
[66] becomes --3 X 10-2/Eo A for an alloy depletion of 
A of 0.1 atom fraction at the interface. Hence for 
eo A ---- --1, a very small  interact ion coefficient, the oxy- 
gen flux results predominate ly  from the presence o~ the  
metal gradient. Interact ion coefficients for oxygen with 
alloying elements which are selectively oxidized from 
transi t ion metal  alloys are in  the range  --5 to --50 
and as high as ~ --103 (Table I) .  It  is thus seen that 
the oxygen flux being considered in the cr i ter ion for 
p lanar  interface stabil i ty can readily arise from either 
the oxygen or metal  gradients dependent  upon the 
thermodynamic properties of the alloy solid solution. 

These quali tat ive remarks  aptly demonstrate that an 
oxygen flux relaxes the interface stabil i ty cri terion 
based simply on the  pseudobinary model of metal  dif- 
fusion in the oxide and alloy phases. This magni tude  
of the oxygen flux is dependent  upon the thermody-  
namic properties of the alloy, a large interact ion of 
oxygen 'with the metall ic element  which is selectively 
oxidized great ly increasing the magni tude  of oxygen 
diffusion. Unfortunately,  we cannot give a more quan-  
t i tat ive analysis directed to specific cases since oxygen 
interact ion parameters  are known only for mol ten al-  
loys and main ly  at the very high tempera tures  in the 
range of 1600~ for molten steel. Extrapolat ion of the 
known  values demonstrate that  they increase with de- 
creasing temperature  (9). Accordingly one expects 
that oxygen diffusion, which leads to a less s t r ingent  
condition for interface stabil i ty in comparison to the 
pseudobinary model, occurs predominant ly  by in ter -  
action with the t ransient  metal  gradient  set up in  the  
alloy during the very early intervals  of oxidation (Eq. 
[61] ). 

Equations [55] and [61] must  be regarded as neces- 
sary but  not a sufficient condition for describing the  
stabili ty of a p lanar  alloy-oxide interface. When 
DA I[ ~-~ DB n ~ D A A  I, these equations describe p lanar  
stabil i ty when a compact scale grows under  the in-  
fluence of chemical diffusion insofar as s t ructural  im-  
perfections such as l ine defects do not  influence the  
nucleat ion of oxide and the subsequent  atomistics of 
diffusion. However, an essentially p lanar  interface can 
occur even when DA n _~ D~ n > >  D A A  I under  two com- 
monly observed situations. In the first case, the solu- 
bil i ty of B in (AB)rO can be of sufficient magni tude  to 
invalidate an approximation of this analysis, N~ n < <  
NAII, which will cause only a very small gradient  of A 
in the alloy beneath  the scale. In  this si tuation a model 
for growth of a t e rnary  oxide scale with a p lanar  
interface at the A-B alloy surface is applicable (5). 
In the second case, the inward flux of oxygen described 
by [55] and [61] may lead to in terna l  oxidation and 
subsequent  relaxat ion of gradients which is not taken 
into account in the present  model. Thus oxide precipi-  
tation in terna l ly  would give only a small t ransient  
period for interface instabil i ty which would be of 
little u l t imate  dimensional  consequence. 

These above considerations can be exemplified by 
referr ing to the oxidation properties of b inary  alloys 
composed of metals in the first t ransi t ion series ranging 
from chromium to nickel. The stabilities of the iso- 
typic oxides decrease from chromium to nickel: a 
m e t a l  on the left (A) tends to be selectively oxidized 
from an alloy matr ix  of the metal  to the right (B). 
On the b inary  alloys where a rhombohedral  oxide 
(AB)203 is formed, e.g., Cr208 on Fe-Cr  and Co-Cr 
alloys, Dcr n < Dcrcr I and a stable interface results. 
Likewise a p lanar  interface is found upon formation 
of spinel oxide scales (AB)304 as a consequence of two 
properties: first, DA II ~ DB II ---~ DAA I and, second, these 
oxides exhibit  a relat ively large solubili ty of B 
which minimizes metal  gradients in the alloy (NA I* 
> >  0). Conversely, several of the rock-salt  struc- 
tured divalent  MO oxides show large metal  diffusivi- 
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ties. As examples ,  the  ra t io  DAII/DAA I is Of the o rde r  
10 e and 108 for the  F e O - F e  and CoO-Co systems, r e -  
spectively.  However ,  a p l ana r  a l loy interface  is ma in -  
ta ined  upon  oxida t ion  of Co-Ni, Co-Fe, and F e - M n  
alloys.  In  these cases the  oxides form a complete  homo-  
geneous ( A B ) O  solid solut ion negat ing  the in ter face  
s tab i l i ty  cri terion.  Consequent ly  a diffusional analysis  
based on g rowth  of un i fo rmly  th ick  t e rna ry  oxide 
scales has been  found to descr ibe  the  oxidat ion  p r o p -  
er t ies  of these al loys (11-13). FeO exhibi ts  a negl igible  
so lub i l i ty  for  nickel  (14), Nevertheless ,  a p l ana r  in t e r -  
face resul ts  upon format ion  of an (FeNi )O  scale on 
F e - N i  al loys due  to the  remova l  of the  s tab i l i ty  r e -  
s t ra in t  as a consequence of i n w a r d  diffusion of oxygen 
and copious in te rna l  oxidat ion  resul t ing  in format ion  
of a dist inct  subscale (15). 
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Codeposition of Glassy Silica and Germania 
Inside a Tube by Plasma-Activated CVD 

D. K~ippers, J. Koenings, and H. Wilson 
Philips GmbH Forschungslaboratorium Aachen, 5100 Aachen, West Germany 

ABSTRACT 

Codeposi t ion of glassy sil ica and germania  inside a tube  reac tor  has been 
s tudied wi th  the aid of a microwave  discharge. The p la sma  enhances the  re -  
action ra te  of the  react ions SIC14 ~- O2 --> SiO2 W 2C12 and GeCI4 Jr 02 -> GeO~ 
~- 2C12 which are  negl ig ib ly  smal l  at  the appl ied  wal l  t e m p e r a t u r e  of N1000~ 
Wi th  an excess of oxygen, both react ions resul t  in complete  conversion to SiO2 
and GeO2, respect ively.  A SEM analysis  of the  codeposit  of both oxides shows 
tha t  thei r  deposi t ion kinet ics  are  different. This has a marked  effect on the 
d is t r ibu t ion  of the  ref rac t ive  index wi th in  a single layer .  However ,  when  the 
l aye r  is fo rmed by  bui ld ing  up some thousands of ind iv idua l  layers ,  on an 
average  scale the deposi t  no longer  reflects the deposi t ion kinetics but  only the  
gas phase  composition. 

In  the  deve lopment  of glass fibers for  optical  com- 
municat ion,  methods  of producing  fibers wi th  we l l -  
defined index  profiles are of interest .  At  present ,  the  
best  resul ts  a re  obta ined by  successive deposi t ion of 
l ayers  wi th  differing re f rac t ive  index onto the  inner  
wal l  of a quar tz  tube  reactor .  

In  the  flame hydrolys is  process (1), si l icon dioxide  
soot doped wi th  other  oxides is formed inside the  
quar tz  tube by  gas phase react ions and is deposi ted 
onto the  walls.  In  the modified chemical  vapor  depo-  
si t ion process the  soot is s imul taneous ly  deposi ted and 
fused (2-3). Here, no rma l ly  about  50 layers  wi th  
va ry ing  dope concentrat ions  are  deposi ted to approach 
a given index profile. In  both processes the tube is 
subsequent ly  col lapsed to a rod and a fiber is drawn.  

In  this  pape r  we presen t  the  resul ts  of a method 
where  the hot  zone is rep laced  by  a noniso thermal  

K e y  words :  optical  fiber communtcattan,  m i c r o w a v e  discharge ,  
chemica l  reactions.  

plasma zone. In  this p l a sma-ac t iva ted  CVD process, 
soot is avoided and thin film growth  is obta ined by  
surface reactions.  Normal ly  be tween  500 and 2000 
layers  are  deposi ted wi thout  increase  of the  total  
deposi t ion time. 

Experimental 
The exper imen ta l  setup is shown in Fig. 1. The 

gases SIC14, GeC14, and 02 are  me te red  f rom a typical  
supply  sys tem using mass flow control lers  for r egu -  
lat ion of the gas flow Q. In the  exper iments  which 
are  repor ted  here, typica l  va lues  are  30 sccm ----- Qo2 ~ 
50 sccm, 2 sccm -~ Qsic14 -~ 3.2 sccm, and 0.2 sccm 

qGecl4 ~ 0.3 sccm. The react ion zone is a short  
section of an app rox ima te ly  l m  long quar tz  glass tube 
of 8 m m  outer  d iamete r  and 1 m m  wal l  thickness  
sur rounded  by  a microwave  cavi ty  connected to a 
2.450 GHz genera tor  wi th  a m a x i m u m  power,  E, of 
200W. The tempera ture ,  Tf, of the subs t ra te  tube can 
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reactor 

MFC: mess flow controller 

Deposition a_p_paratus 

microwave I / / /  
cowry I x x ~  xx• 

, / , /  ," ~" / / / .  / I / r /  , / r , /  ,, r /  ." , /  , /  / / / / / .  

SiCI~, GeCI4,02/--~ ~ - - p l a s m a  
[ / /  I " l / / / ~ i l l .  

~ / ~  quartz'tube 

Reactor 

Fig. 1. Experimental setup 

be controlled with an addit ional furnace between room 
tempera ture  and ll00~ A sorption pump is used 
to main ta in  an oil-free and water- f ree  atmosphere. 
The pressure, p, inside the tube is selected be tween 
1 and 20 Torr. 

Results and Discussion 
Local deposition o~ pure quartz glass.--The reaction 

SIC14 4- 02 ~ SiO2 4- 2C12 when init iated by a non-  
isothermal plasma proceeds with the substrate at room 
temperature.  However, the layers are found to be of 
high chlorine content and to peel off if the thickness 
is greater than about 1000A. When substrate tempera-  
tures of 800~ ~ are used, the chlorine content 
in the deposited layer  is reduced to 0.1% and no 
cracks appear wi thin  the layers (4). The plasma-aided 
deposition always takes place by  surface reaction. 
Under  the applied exper imental  conditions, soot par-  
ticles, which might  originate from gas phase reac- 
tions, are not observed under  the microscope. 

In  order to analyze the deposition profile, the cavity 
was held in a fixed position and the deposition proc- 
ess was followed over a length of time. A typical 
result  is shown in Fig. 2 for three different deposition 
periods up to 35 rain. The photographs show a sec- 
t ion along the tube axis in  which the m a x i m u m  thick- 
ness of the deposit is 2 ram. Nearly all SIC14 fed 
into the tube reacts to SiO2 and is deposited onto 
the walls. In  these and the following experiments  the 
gas flow enters from the left. The evaluat ion of these 
deposition profiles gives that  the t ime-dependence  of 
the deposited mass can be wr i t ten  (5) 

tnL(z,t) = mL~ [1] 

where ~nL(Z, t) is the total deposited mass per uni t  
length after time, t, and where z is the length co- 
ordinate in the direction of the tube axis. 

Equat ion [1] means that  the mass deposited per uni t  
length and uni t  time, ma~ is not affected by the 
narrowing of the tube. For convenience, mL~ will 
be called the deposition profile. The deposition ki-  
netics are consistent with a diffusion model where it 
is assumed that on enter ing the plasma region the 
SiCI4 and 02 molecules are dissociated and SiO2 
deposition occurs on str iking of the tube walls by 
Si species (5). 

Fig. 2. Deposition of pure quartz glass with stationary plasma 
(top, 15 min; middle, 25 min; bottom, 35 rain). Tf ~ 970~ 
Qo2 = 30 sccm, Qszc14 ~ 3.2 sccm, p ~ 8 Torr, E ~ 75W. 

Local deposition of doped quartz glass.--In the ex- 
periments  described in  this section, the cavity was 
at a fixed position. A constant ratio of SIC14 and 
GeC14 flow, normal ly  between 10 and 100, is ma in-  
tained for codeposition of SiO~ and GeO~. A deposi- 
t ion profile similar to that  shown in Fig. 2 is obtained 
and is given in the lower curve of Fig. 3, where 
ln(mn(Z,  t)/Rw2~p) is plotted as a funct ion of the 
length coordinate z. RT is the start ing inner  radius 
of the tube, p the density of the deposit. By definition 
0 ~ mL(Z, t)/RT2=p ~-- 1. 

.70 
0.5 7 ~"~.~o �9 dope profile 

40 
C~o 2 

[arh units] 

-30 

(3.05 / ~ .  
x deposition_ profile x 

-20 

0.01 . . . . . . . . .  , , ' 0 2 /* 6 8 10 12 14 16 1B 20 
z [mm] 

Fig. 3. Simultaneous deposition of Si02 and Ge02. Tf ----- ~176 
Qo2 ~ 50 sccm, Qsic14 ~- 2.7 sccm, Qc, ec14 - -  0.14 sccm, p = 6 
Tort, E ---- 65W. 

~J~  R 2 ~p 

0.1 



Vol. 123, No. 7 CODEPOSITION BY P L A S M A - A C T I V A T E D  CVD 1081 

Microprobe analysis of the deposited profile revealed 
a constant value for the concentration, CGeo2 of GeO2 
normal  to the tube axis and a change in  concentra-  
t ion parallel  to the tube  axis. In  the upper  curve oI 
Fig. 3, CGeo2 (in arbi t rary  units)  is given as a ftmc- 
tion of z. From Fig. 3 it is obvious that  the deposition 
profiles SmL~ and Gg}%L~ where S and G stand 
for SiO2 and GeO2, respectively, are different. This 
resul t  is to be expected since each reaction gives its 
own deposition profile, W%L ~ (Z). 

Interestingly,  one observes an increase of the dope 
concentrat ion at the tail  end of the deposit. Though 
the measurements  become difficult when the layer  is 
th inne r  than ~10/~m, there is evidence that  we have a 
fur ther  large increase in  germanium concentration 
beyond the region given in Fig. 3. This reflects the 
fact that the GeO2 deposition profile is more elongated 
than  the SiO2 profile. The larger deposition area has 
been confirmed in separate experiments  where only 
GeO2 was deposited. 

Deposition o~ a single quartz layer doped wi th  
GeOe. - -When the plasma reactor is moved with con- 
s tant  velocity in  one direction a layer  of uni form 
thickness is deposited. 

Moving the reactor in the direction of the gas f l o w . -  
If the plasma, and therefore the dope profile of Fig. 3, 
is moved with constant velocity, v, in  the same direc- 
t ion as the gas flows through the tube, the consequence 
is a radial  var iat ion of the germanium dioxide con- 
centra t ion in  the deposit as i l lustrated in Fig. 4a. D 
is the inner  diameter  of the s tar t ing tube, ad the 
thickness of the layer, and r is the radial  coordinate 
wi thin  the core of the collapsed preform. The resul t -  
ing ge rmanium dis t r ibut ion in the preform core of 
Fig. 4a can of course be calculated exactly if SmT.o(z) 
and GmL~ are known. 

For this purpose, one considers that  the mass which 
is deposited between z and z + ~z in  the stat ionary 
case corresponds to the mass between r and r + hr 
in  the case where a layer  is deposited by the moving 
reactor and a preform produced. Therefore the prob-  
lem is to find the relationship between r and z. 

If z' gives the coordinate of the microwave reso- 
nator, then the generalization of Eq. [1] for a moving 
resonator leads to 

m'L (Z, t) = mL~ (Z, z ' ( t )  )dr [2] 

In  the case of constant  velocity we have z' = v . t  
and  therefore 

rn'L (z, t)  = - -  z') dz' [3] 
v 

tube 
~  I/0eP~ I" 

/ 

conce~ration 

preform 

e) 

tube 
D 

preform 

b) 

Fig. 4. Variation of dope concentration over layer thickness in 
single layer deposition (schematic): a. moving the reactor with the 
gas flow, b. moving the reactor toward the gas flow. 

If te determines the end of the deposition, we get 

1 --fvSe mLo(Z,Z ,) dz' to~--t~--te [4] 
r ~  = 7 vt p 

By assuming ma~ Z') -- mL~ -- Z'), which means 
that the deposition profile does not  depend on the 
position z' of the resonator, we obtain 

1 f ~ t , - z  mLo(_~)  d~ [5] 
r2~ -- 7 L, vt-z  p 

with the abbreviat ion ~ ---- z' -- z. Because the depo- 
sition profile has a width of about 10 mm and be- 
cause the length of the total deposition layer  is about  
200 mm we can neglect the end effects and can replace 
te by -- oo. Thus we get 

1 . f -v t+z  mLo(~) d~ [61 
r 2 ~ = ~ -  _= - - - - 7 - - - -  

Dividing by Rc2:* where Rc is the radius of the core 
and by insert ing Eq. [1] we find 

?" RT )2 1 _ f -~ ,  mL(w,~) &, [7] 

with the abbrevia t ion ~, = v . t  -- z. In  our ease 
rot(e,  x)/RTea~p is given by Fig. 3. If N is the normal-  
ization constant 

Rc ~2 ~_+~ mL(~O,~) 
--~-T/ " v ' * =  = RT2aP d~ -- N [8] 

must  obviously hold. Therefore we obtain as the final 
result  

__r [ 1 S - : '  d~o ]1/2 [9] 

Rc --N R Tg~'tP 

Equation [9] gives r/Rc as a funct ion of ~t or vice 

o) 

b) 

20 

i.o 0'.5 o 

~k,._/6C] 

40 

20 

C Ge 0 2 

[orb. units ] 

of 5 1.o 
r/Rc 

CGe02 
[orb. units ] 

11o o'.5 o o15 1.b 
r/Rc 

Fig. 5. Variation of the dope concentration over the layer thick- 
ness (calculated from Fig. 3): a. moving the reactor with the gas 
flow, b. moving the reactor toward the gas flow. 
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versa. Thus from the knowledge of CGeO2 as a function 
of z in the stat ionary case, we now find CGeo2 as a 
funct ion of r/Rc in the case where a layer is deposited. 
The integral  of Eq. [9] has been computed and the 
resul t ing CGeo2 (r/R~) is plotted in  Fig. 5a. 

We have confirmed these conclusions exper imental ly  
by depositing a layer  with the reactor moving in the 
gas flow direction. Figure 6a shows a SEM picture 
of the collapsed preform core together with the ger- 
man ium microprobe analysis signal. The br ight  base 
l ine gives the position of the microprobe trace. The 
form of the signal agrees qual i tat ively with the cal- 
culated concentrat ion shown in  Fig. 5a. Regions of 
higher germanium concentrat ion appear br ighter  in  
the picture because of the greater secondary electron 
emission of ge rmanium compared to that  of silicon. 

Moving the reactor against the gas ]~ow direction.-- 
If the reactor is moved in the opposite direction to 
the gas flow, then a dope variat ion as i l lustrated in 
Fig. 4b must  result. We have confirmed this by cal- 
culat ion and by experiment.  Because of the change 
in the direction of the reactor movement,  Eq. [9] 
is changed to 

__r : [ ~  f ~  mL(~,T)d~ ]1/2 [10] 

Rc t Rw2~p 

The results are given in Fig. 5b and 6b, respectively. 
In  contrast to predictions based on Fig. 5b, a deep 
dip in the germanium concentrat ion occurs in  the 
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center of Fig. 6b. This is due to the deplet ion of ger- 
m a n i u m  dioxide by evaporat ion from the inner  sur-  
face of the tube dur ing the collapsing process. This 
effect also occurs in  Fig. 6a of course, but  coincides 
with the dip expected f rom Fig. 5a. 

Though the general  features are predicted very well 
by Fig. 5a and 5b, respectively, one fails to get quan-  
t i tat ive ag ieement  between ~ig. 5 and 6. The reason 
may be that  the exper imental  conditions are differ- 
ent in  different experiments.  It  turns out that  SmLo 
and GmL~ depend very strongly on the plasma energy, 
the furnace temperature,  and the total gas flow. 

Deposition oS doped raultiIayer structure.--The 
above-described var iat ion of GeO2 content  and thus 
of refractive index in  radial  direction is undesirable  
if well-defined index profiles are wanted, as in the 
case of optical fibers with low pulse dispersion. There-  
fore, we have made preforms in  which the core was 
buil t  up of many  layers. After deposition of 46 layers, 
the var iat ion in  the dope concentrat ion still could 
clearly be detected. Figure 7a shows a double beam 
interference picture of the corresponding preform. 
Because the core was made by passes both f rom right 
to left and from left to right, the periodicity of Fig. 
7a is only 23-fold. In  another  experiment,  about 2000 
layers were deposited with l inear ly  increasing GeO2 
concentration, each layer  with a thickness of about 
l l00A. In Fig. 7b these layers can no longer be in-  
dividual ly detected because of their thinness. Though 
in both examples the deposited layers were of near ly  
equal thickness inside the tube for each pass, this 
is not t rue at all for the rod as a consequence of 
geometrical considerations of the collapsing process. 

Fig. 6. Microprobe analysis of preform cares, a (top): Tf z 
800~ Qo.~ = 50 sccm, Qsicl4 = 2.8 sccm, QGecl4 = 0.3 sccm, 
p ~ 8 Torr, E ~ 150W. b (bottom): Tf ~ 1040~ Qo2 - -  55 
sccm, Qsic14 - -  2 sccm, QGecl4 ~ 0.2 sccm, p --~ 7 Torr, E 
90W. 

Fig. 7. Interference micrograph of the core of a preform with 
a (top): 45 successive layers, Tf --~ 900~ Qo2 --~ 50 sccm, 
Qs~c14 -~ 2.8 sccm, QGec14 ~ 0.3 sccm, p ~ 10 Torr, E ~ 100W. 
b (bottom): 2000 successive layers, Tf ~ 1000~ Qo2 ~ 50 sccm, 
Qsic14 " -  2.5 sccm, Qcec14 ~ 0.3 sccm, p ---- 15 Tort, E ---- 100W. 
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This, in particular,  leads to the quadrat ic  index pro- 
file of Fig. 7b. 

Other a rb i t ra ry  dope profiles can obviously be ob- 
ta ined by p~oper variat ion of the dopant  concentra-  
t ion in  the reacting gases. Fibers d rawn from pre-  
forms produced by the process described above give 
m i n i m u m  at tenuat ion of 1.4 d B / k m  at 1.05~ (6). 

Summary 
SiO2 and GeO2 were deposited s imultaneously onto 

the inner  wall  of a quartz tube reactor with the aid 
of a nonisothermal  plasma. It was found that the 
deposit ion profiles of the two oxides do not coincide. 
This has a marked effect on the radial  dope concen- 
t ra t ion in mul t i layer  structures with a single layer 
thickness of some micrometers.  If the layer thickness 
gets very small, however, the short range variations 
are smeared out dur ing collapsing and the radial  dope 
profile is no longer influenced by deposition kinetics 
but  solely by the gas phase composition. 
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The Solid Solubility of Bi in GaP 
A. S. Jordan,* F. A. Trumbore,* D. L. Nash, and M. Kowalchik 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The solid solubil i ty of Bi (an isoelectronic center)  in GaP crystals, grown 
by a thermal  gradient  t ransport  technique from Bi-Ga alloys at ~,1050~ 
has been determined by emission spectroscopic analysis. These results, together 
with earlier data on solut ion-grown platelets, are thermodynamical ly  ana-  
lyzed by means of l iquidus isotherms and activities calculated from a recent 
theory of regular  associated l iquid solutions applicable to the Ga-P-Bi  system, 
permit t ing the evaluat ion of the equi l ibr ium constant for Bi incorporation 
according to Bi (1) -t- Ga (!) -~ Bip ~- GaGa. This leads to the calculation of the 
solid solubil i ty isotherms for Bi in GaP over a wide temperature  range. It 
is shown that in  equi l ibr ium Bi is incorporated on phosphorus sites. Fur the r -  
more, the GaP-Bi  pseudo-binary  solidus curve is retrograde and compares 
favorably with the results of an estimate based on the solubil i ty of Bi in  Ge 
and Si. The solubil i ty of Bi in  GaP increases with increasing temperature.  
Although the measured values at ,-~1050~ are low (,-1017 atoms cm-~) ,  it is 
predicted that doping levels as high as ~1019 atoms cm -3 should be possible 
by a suitable high tempera ture  crystal growth technique. 

The technologically impor tant  t e rnary  solid solu- 
tions obtained by the addit ion of a third e lement  from 
Group III or V of the periodic system to b inary  I I I -V 
semiconducting compounds occur as both continuous 
series and te rminal  (pr imary)  solid solutions. For 
example, the red and infrared l ight -emi t t ing  mate-  
rials GaAsuPl -u  and GauAll-uAs both form continuous 
series of solid solutions since the differences in the 
te t rahedral  covalent  radii  of As and P and of Ga 
and A1 are small  (1). In  contrast, when either N or 
Bi substi tutes for P in  GaP, te rminal  solid solution 
behavior is exhibited because of the large size differ- 
ence between N and P or Bi and p.1 The properties 
of the isoelectronic impur i ty  N occupying P-sites 
have been thoroughly investigated and this center is 
responsible for efficient room tempera ture  green lu-  

* Elect rochemical  Society Act ive  Member .  
K e y  words :  crystal  growth,  semiconductors ,  i m p u r i t y  incorpora-  

tion, phase  d iagrams,  t he rmodynamics .  
The  t e t r ahedra I  covalent  rad i i  of Ga  and  A3_ are  1.26A for  both 

atoms,  whi le  the rad i i  of N, P, As, S b , . and  Bi are 0.70, 1.10, 1.18, 
1,36, and 1.46A, respec t ive ly  (1). 

minescence in commercially available GaP l ight-  
emit t ing diodes (2). The isoelectronic impur i ty  Bi 
in  .GaP also produces a deep trap which is a very 
efficient emitter  of yel low-orange light at low tem- 
peratures (20~ (3). There is recent evidence that  
the addition of Bi to N-doped GaP leads to yellow 
instead of green light emission at room tempera ture  
(4). However, the doping levels of Bi in GaP achieved 
in  all those studies were only in the low 1017 a toms/  
cm ~ range whereas, depending on the growth tech- 
nique, N-doping levels one to two orders of mag- 
ni tude higher have been attained. 

Future  crystal growth experiments  directed toward 
exploiting light generat ion of a desirable wavelength 
by increasing the contr ibut ion of the Bi center re-  
quire a detailed knowledge of solid-l iquid equi l ibr ia  
in the Ga-P-Bi  te rnary  system. Therefore, the major  
goal of this study is to construct the solid solubil i ty 
isotherms for Bi in GaP over a wide range of com- 
positions and temperatures.  First, we present  the solid 
solubili ty of Bi in GaP as determined by emission 
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spectroscopic analysis on crystals grown from Bi-Ga 
solutions at ,-4050~ by means of thermal  gradient  
t ranspor t  (TGT) over a very small  tempera ture  dif- 
ference. Second, these results, together with pre-  
viously reported Bi solubil i ty data on Solution-grown 
GaP platelets (3), are treated thermodynamical ly  in 
order to evaluate the tempera ture  dependence of the 
equi l ibr ium constant for Bi incorporation. The G a - P -  
Bi te rnary  l iquidus isotherms and activities needed to 
perform a self-consistent analysis are obtained from 
a recent  study based on a regular  associated solution 
model (5). Third, it is shown that  the calculations 
are consistent with the expected preference of Bi 
for P-sites and the findings are discussed in relat ion 
to the major  modes of subst i tut ional  impur i ty  incor-  
porat ion (equi l ibr ium and surface controlled) in  GaP. 
Finally,  in  view of the retrograde na ture  of the GaP-  
Bi pseudo-binary  solidus curve, the results are com- 
pared with the s imilar ly retrograde solubil i ty of Bi 
in the elemental  semiconductors Ge and St. 

Experimental Procedure 
Bi-doped GaP crystals were grown by a thermal  

gradient  t ransport  technique (TGT) used previously 
for solid solubil i ty studies in GaP (6). Excess GaP 
(Monsanto boat -grown ingot mater ia l ) ,  together with 
known  amounts  of Ga and Bi (both of 99.9999% nom-  
inal  pur i ty)  were sealed under  vacuum in a tapered 
vitreous silica tube. Several such tubes, containing 
varying amounts  of Ga and Bi, were placed in  a 
furnace for 45 days in  a thermal  gradient  of ~12~ 
cm at ~1050~ The result ing Bi-doped GaP crystals 
were separated from the Ga-Bi  solutions by digesting 
in HNOs. 

The procedure used to prepare the crystals for 
emission spectroscopic analysis is described here in  
some detail  to emphasize the care needed to obtain 
consistent results for doping levels of ~ 5 X 1017 
atoms/cm 3. The critical requi rement  is that  all oc- 
cluded bismuth must  be el iminated prior to analysis. 
In fact, in a number  of crystals inclusions were visible 
to the naked eye. The samples were crushed and 
powdered using a boron carbide mortar  and pestle, 
yielding a brownish  powder. After digesting for about 
1 min in conc HNO3 to which a few drops of conc 
HC1 were added, the powder tu rned  a bright  yellow 
or orange color characteristic of GaP. T h i s  color 
change apparent ly  results from solution of the "dam- 
aged" GaP, discussed by Rubenstein  (7). It  should be 
noted that  if the few drops of HC1 were not added to 
the HNO8 the damaged mater ial  was not dissolved 
and, although HNO~ dissolves bismuth, higher and 
more erratic values of the b ismuth  concentrat ion were 
obtained spectroscopically. In  addition, it was found 
that  the analytical  results were erratic if the HNO3- 
HCI solution (containing any dissolved bismuth)  was 
separated simply by washing in deionized water. These 
erratic results are thought to have been caused by 
hydrolysis of the soluble b ismuth salt to form an in-  
soluble compound. When portions of the same GaP 
powder sample were treated the same way bu t  were 
washed with dilute HNO8 prior to the final washing 
with deionized water, the bismuth concentrations ob- 
tained were lower and more consistent. In Table I 
we list the Bi concentrations, CSBi (atoms/cmS), de- 
termined in a number  of GaP crystals grown by TGT 
as a funct ion of ini t ial  Bi atom fraction in the Ga-Bi 
alloy. 

Analysis of the Data 
,Substitutional isoelectronic impurit ies such as N 

or Bi in GaP are considered to be electrically neutral .  
Therefore, assuming that at the crystal growth tem- 
pera ture  equi l ibr ium between the solid and liquid 
phases prevails, the incorporat ion of Bi in GaP can 
be represented by the following defect chemical re-  
actions 

Table I. Emission spectroscopic analysis of Bi-doped GaP crystals 
grown by thermal gradient transport at ,~1050~ 

Atom fract ion 
Bi in  Ga-Bi Atom Atom 
alloy pr ior  fract ion fract ion Atoms/cmS 

Sample to dissolu- Bi Ga Bi in GaP 
~umber  t ion of GaP In Ga-P-Bi  t e rnary  solution x 1017 

KG99-1 0.05 0.046 0.93 1.). 
KG99-3 0.25 0.24 0,75 3,0 
KG99-4 0,40 0.39 0.60 2.7 
KG99-5 0.60 0.59 0.40 3.4 
KG99-8 0.95 0.94 0.053 3.4 
KG99-9 1.00 0.96 0.026 1.9 

Bi(1) = Bip 4- VGa [la] 

Ga(1) = GaGa + Vp [ lb]  

Voa + Vp ---- 0 [lc] 

where Eq. [lc] is the reaction of the Schottky pair. 
The sum of these three reactions yields the over-al l  
incorporat ion of Bi in  GaP according to 

Ga(1) + B i d )  ---- GaGa + Bip [2] 

At any  growth temperature,  T, the equi l ibr ium con- 
stant, K, for reaction [2] can be wr i t ten  as 

;DSBi 
K - - -  [3] 

aGaaBi 

where aoa and aBi are the thermodynamic  activities 
of Ga and Bi, respectively, at some composition along 
the te rnary  l iquidus isotherm of the Ga-P-Bi  system, 
and xsBi is the corresponding equi l ibr ium Bi concentra-  
t ion in  the solid in site fraction units. In  Eq. [3], it 
is assumed that the site fraction of Ga atoms on their  
own sites is uni ty  and that Henry 's  law applies for 
Bi in  the dilute solid solutions. Thus, the activity 
coefficient of Bi in  GaP (i.e., Henry 's  law constant)  
has been absorbed in K. 

To evaluate K at ,-~1050~ from the solubili ty data 
in Table I (listed as 2.47 X 1022 XSBi), the activities 
aGa and aBi along the l iquidus isotherm, as well as 
the actual t e rnary  liquid compositions, corresponding 
to the ini t ia l  b inary  Ga-Bi alloy compositions were 
taken from Ref. (5). In Ref. (5) a new theory of 
regular  associated solutions was formulated to pro- 
vide a consistent representat ion of the te rnary  l iquidus 
surface and the part icipating binaries in  the Ga-P-Bi  
system. It was assumed that  the te rnary  liquid solu- 
t ion is comprised of Ga, P, and Bi atoms and Bi2 
dimeric molecules. The activities derived for a te rnary  
system are given by 

RT In aGa ~- RT in XGa 4- r 4- C~Ga--pX2p 

4- XBiXp (aGa--Bl  4- r - -  ~Bi - -P)  

2 (xs + Qs) 
+ R T  In [4a] 

(I + Xs) ( i  + Qs) 

RT In aBi ---- RT In Xsi + aGa--BiX2Ga -~ r 
I + Q  ~ 

4- XGaXP(~Ga--Bi  4- aBi--P - - ' ~ G a - - P )  JC R T l n - -  
l + Q s  

[4b] 
R T  In ap • RT In xp 4- O~Ga-pX2Ga 4- aBi--pX2Bi 

-~- XGaXBi(~Ga--P "~- aBi--P - -  aGa--Bi)  

2 (xs % Qs) 
4- RT  In [4c] 

( i  -5 Xs) (I -5 Qs) 
where 

Xs ~-- XGa 4- Xp, Qs  ~ 1 -~ K d  (i -- X~s) 

and Q o =  l + . ~ a  
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The quant i t ies  Xaa, XBi, and xp are  the a tom fract ions 
of the  des ignated  components  in the  l iquid  solution. 
The quant i t ies  aGa-p, aGa--Bi, and ~Bi-P are  t e rna ry  
in terchange  energies  and Kd is the equ i l ib r ium con- 
s tant  for the  dissociat ion react ion [Bi2(1) = 2Bi(1)].  
Subs t i tu t ing  Eq. [4a] and [4c] into the  genera l  t he r -  
modynamic  equat ion for the l iquidus  surface of a 
b ina ry  compound conta ining a smal l  amount  of an 
impur i ty  yields  

A H F G a P  -- T A S F G a P  -~ RT In 4XcaXe 

- -  a G a - p [ 0 . 5  - -  X p ( I  - -  XCa)  --- ; r G a ( l  - -  X p ) ]  

- ~ - = G a - - B i X B i ( 2 3 C G a -  1) -F a B i - - P X B i ( 2 X p -  1)  

2 (Xs + Qs) 
-- 2 RT In [5] 

(1 + Xs) (1 + Qs) 

where  A H F G a p  and ASFGap  a r e  the' molar  en tha lpy  and 
en t ropy  of fusion of GaP, respect ively.  In  Ref. (5) 
afia-Bi and the  en tha lpy  and en t ropy  changes re la ted  
to Kd, AHd, and ASd, were  eva lua ted  f rom b ina ry  
ac t iv i ty  da ta  for  the  Ga-Bi  system. In addit ion,  the  
in terchange  energy,  a m - e ,  was es t imated by  fitting 
the  p seudo -b ina ry  l iquidus  da ta  to a simplified form 
of Eq. [5] val id  along the p seudo -b ina ry  (X~a ---- xe) .  
Al l  the  r e l evan t  pa rame te r s  requi red  to calculate  the 
act ivi t ies  and l iquidus  isotherms for the  G a - P - B i  
sys tem are  summar ized  in Table  II. 

Once the  l iquidus  i so therm at 1050~ is known, the 
de te rmina t ion  of the  ac tual  t e rna ry  l iquid composi-  
t ion corresponding to the  ini t ia l  b ina ry  (Ga-Bi )  a l loy 
composit ion is qui te  simple. F rom stoichiometr ic  r e -  
la t ionships  and the proper t ies  of an equi la te ra l  com-  
posi t ion tr iangle,  rou t ine ly  used to represent  t e r n a r y  
i so thermal  data, i t  can be proven  tha t  the  final 
equ i l ib r ium concentra t ion  a t ta ined  when an excess 
of an AC compound (e.g., GaP)  is hea ted  in contact  
wi th  a b ina ry  l iquid a l loy (e.g., Ga-Bi)  l ies on a 
s t ra ight  l ine connecting the ini t ia l  b ina ry  composit ion 
on the  A-B  axis wi th  the compound composit ion on 
the A-C  axis. The t e r n a r y  l iquid composit ions obta ined 
b y  in tersec t ing  the s t ra igh t  l ines wi th  the  1050~ 
l iquidus  i so therm are  also l is ted in Table I. I t  can 
be seen tha t  the difference be tween  the b ina ry  and 
t e rna ry  composit ions is qui te  smal l  since the  t e rna ry  
l iquid  solut ion is ve ry  di lu te  in P. 

Subs t i tu t ing  the  t e rna ry  composit ions into Eq. [4a] 
and [4c] yields  the  Ga and Bi activi t ies for the  l iquid 
phase which are necessary to calculate  K according 
to Eq. [3]. Excluding  f rom the analysis  the two 
samples  grown from alloys wi th  ex t r eme ly  high Bi 
concentra t ion (XBi = 0.94 and 0.96) because the  mea -  
sured impur i t y  levels  may  reflect some inadver t en t ly  
present  occluded Bi. the  logar i thmic  least  square (8) 
va lue  of  K at  ,~1050~ becomes K _-- 5.51 • 0.40 >( 
10-~. In  Fig. 1 the solid so lubi l i ty  of Bi in GaP in 
equ i l ib r ium wi th  solutions along the 1O50~ G a - P - B i  

Table II, interchange energies* 

In te rac t ion  a (cad b (cat ~ 

Ga-Bi  3,350 - -  3.68 
G a - P  5,080 - -  5,75 
Bi-P 23,300 -- 11.18 

* ~ = a  + bT. 

Requ i red  enthalpies  and entropies  
React ion 

A/-lra -- 8,1,80 cal /mole  ] 
ASa 1.06 ca l /molc  ~ f 

AHFaaP = 27,600 eal /mole  
~ F G a P  ~--- 15,9 c a l / r n o l e  ~  

AH = 4~,I00 cal/  mole 
A8 16.9 cal/rnole ~ 

Bi2(1) = 2Bi(1) 

Ga(1) + Bi(1} = Bip + GaGa 

I0 IB I I I I J I ] I I ] I 1 I I 

&TRUMBORE ET A L , N I I O 0 ~  a ~ ' ~ k  

OTHIS WORK, ~ 1050~ 

i 1 0 1 7  0 

< 
& 

~'~ 
0 

I016 
io-S io-Z io-~ 

XBi (ATOM FRACTION) 

Fig. 1. Solubility data for Bi in GaP as a function of Bi concen- 
trations along the 1050 ~ and ]]O0~ ternary liquidus isotherms in 
the Go-P-Bi system. The lines ~ were calculated from Eq. 
[3] ,  [4] ,  and [5] in combination with the parameters listed in 
Table II. 

t e r n a r y  l iquidus isotherm, ca lcula ted  f rom Eq. [3], 
[4], and [5], is super imposed  on the expe r imen ta l  
data. Apa r t  f rom the prev ious ly  ment ioned high Bi 
concentrations,  the theore t ica l  and expe r imen ta l  values  
a re  in good agreement .  

To eva lua te  the  t empe ra tu r e  dependence  of K, we 
must  use so lubi l i ty  da ta  obtained at a different  crys ta l  
g rowth  t empe ra tu r e  in the analysis.  Previously,  T r u m -  
bore  e t a l .  (3) de te rmined  the solubi l i ty  of Bi in 
GaP pla te le ts  by  emission spectroscopic analysis.  The 
crystals  were  p repa red  by  the slow cooling of sa t -  
u ra ted  unseeded solutions of GaP in Ga-Bi  al loys 
(SG) f rom an ini t ia l  g rowth  t empera tu re  of ~1160 ~ 
to ~--900~ 2 The  average  growth  t empe ra tu r e  is es t im-  
a ted to be ~1100~ since the  p la te le ts  grown by  SG 
are  nea r ly  ful ly  developed upon reaching this t em-  
perature .  The approx ima te  t empe ra tu r e  ass ignment  is 
also suppor ted  by  the fact that  the  Zn solubi l i ty  in 
GaP crysta ls  g rown from solutions wi th  a wide range  
of Zn addit ions (a factor  of 40) is wel l  r epresen ted  
by  the theoret ica l  l l00~ solid solubi l i ty  i sotherm (9). 

Af te r  dele t ing the two measurements  wi th  e r ra t i c -  
a l ly  high Bi solubi l i ty  at xm > 0.9, we reproduce  the 
solubi l i ty  da ta  on SG pla te le ts  f rom Ref. (3) in Fig. 
1. Fol lowing the procedure  discussed wi th  respect  to the  
TGT crystals,  the t e r n a r y  composit ions have been lo-  
cated along the l l00~ l iquidus  isotherm. A combina-  
t ion of the t e rna ry  composit ions and appropr ia t e  values 
of aaa and aBi wi th  XSsi via  Eq. [3] leads to a set of 
discrete K values  which when t rea ted  by  the log-  
ar i thmic  least  square technique yield K = 10.70 • 
0.60 X 10 -5. In  Fig. 1 we fu r the r  present  the  solid 
solubi l i ty  of Bi in GaP in equi l ib r ium with  t e rna ry  
solutions along the l l00~ G a - P - B i  l iquidus isotherm, 
calcula ted from Eq. [3], [4], and [5] and the con- 
s tants  in  Table IL The theore t ica l  curve provides  
a reasonably  good over -a l l  represen ta t ion  of the ex-  
pe r imen ta l  results.  

Having  evalua ted  the equi l ib r ium constant  for Bi 
incorpora t ion  in GaP according to Eq. [3] at two 
tempera tures ,  we can de r ive  the t empe ra tu r e  depen-  
dence of K by apply ing  to the da ta  the the rmodynamic  
re la t ion 

-- R T  ln K = A H - -  T nS  [6] 

where  nH and ~S are  the  en tha lpy  and en t ropy  change 
associated with  react ion [2]. F r o m  the K values  at 
1050 ~ and ll00~C, the  two constants are de te rmined  
to be 

a H  = 48.1 kca l /mole ,  AS ---- 16.9 ca l /mo le~  

The subtleties involved in Bi analysis ,  as g iven  in the sect ion 
on expe r imen ta l  procedure,  were  not ful ly  apprec ia ted  in Ref, (3). 
Hence, the effect of occluded Bi on the analys is  cannot  be com- 
pletely ru led  out. 
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The knowledge  of the  l iquidus isotherms, act ivi t ies  
(Eq. [4]),  and the t empera tu re  dependence  of the 
incorpora t ion  equi l ibr ium constant  pe rmi t s  the  cal-  
cula t ion of the  solid solubi l i ty  isotherms of Bi in  
GaP over  a wide range  of composit ions and t empera -  
tures.  In Fig. 2 the  solid solubi l i ty  isotherms are  
shown be tween  900 ~ and 1400~ in 100~ intervals .  
The 11C0 ~ 1200% and 1300~ isotherms are  t e rmina ted  
on the  P - r i ch  side .at composit ions where  phase  
separa t ion  occurs in the  l iquid (5) (Bi -doped  GaP 
and two immiscible  l iquid solut ions) .  In  Fig. 3 we 
present  the p seudo -b ina ry  l iquidus curve together  
wi th  the  publ i shed  da ta  (10, 11) and the correspond-  
ing p seudo -b ina ry  solidus curve in t empera tu re  vs. 
xm and t empera tu re  vs. log XBi projections,  respec-  
t ively.  Note tha t  the  calculated pseudo-b ina ry  solidus 
curve exhibi ts  r e t rograde  behavior .  

Discussion 
Modes of incorporation and site preference for Bi 

in GaP.--Two major  modes of impur i ty  incorpora t ion  
have been observed in I I I - V  compounds.  Rap id ly  
diffusing ionized impur i t ies  (e.g., Zn-acceptors  in GaP 
and GaAs)  fol low defect  chemical  relat ions app ro -  
pr ia te  for bu lk  equi l ib r ium (6, 8, 12). In contrast ,  
s lowly diffusing ionized impur i t ies  [e.g., Te-donors  
in GaAs (15) and Te (13) and O-donors  (13, 14) in 
GaP]  exhibi t  sur face-cont ro l led  incorpora t ion  behav-  

I 0  iS 

I018 

0 
F- 

u~'~ 1017 (J 

I l I I ~ I I I ] J I I I I I ~ J  ~ I I I 

I IO0*C 

IOOCPC 

9 0 0 " C  

i o I s  
10-4 10-3 I iO-2 IO-I  

X-Ji (ATOM FRACTION)  

Fig. 2. Calculated solid solubility isotherms for Bi in GaP along 
the 900 ~ , 1000 ~ , 1100 ~ , 1200 ~ 1300 ~ and 1400~ llauldus iso- 
therms in the Ga-P-Bi system. The 1100 ~ 1200 ~ and 1300~ iso- 
therms are terminated by solid dots at the liquid compositions 
where phase separation occurs in the liquid phase. 
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Fig. 3. Solid-liquid equilibria along the pseudo-binary liquidus 
curve (XGa = xp) of the Ga-P-Bi ternary system. The liquidus and 
solidus curves (solid lines) are based on Eq. [3] and Eq. [3] ,  [4] ,  
and [5] ,  respectively, in combination with the parameters listed in 
Table II. The solidus curve (dashed line) is estimated from the 
average enthalpy and entropy of Bi incorporation in Si and Ge (see 
text). 

tar. 3 Fur the rmore ,  i t  appears  that  the incorporat ion 
of isoelectronic impur i t ies  such N or Bi in GaP is 
also a bu lk  equi l ibr ium process. For  a l iquid solut ion 
di lu te  in Bi (aaa ~ 1), Eq. [3] immedia te ly  suggests 
a l inear  re la t ion be tween  Bi concentra t ion in  the 
solid and in the l iquid as long as this solute obeys 
Henry ' s  law in both phases.  In  Fig. 1 and 2, CSBi is 
l inear  in xm up to Xsi ~ 0.01; above this value  de-  
pa r t u r e  f rom l inea r i ty  is observed because  of the 
devia t ion  of aaa f rom uni ty  and am f rom Henry ' s  
law. The good agreement  seen in Fig. 1 be tween  the 
t he rmodynamica l ly  calcula ted solid solubi l i ty  iso- 
therms  and the expe r imen ta l  da ta  at ,--1050 ,~ and 
~1100~ may  be taken  as evidence tha t  the incor-  
pora t ion of Bi in GaP follows a bu lk  equi l ib r ium 
process. I t  is ve ry  l ike ly  tha t  the  incorpora t ion  of N 
is also an equi l ib r ium process, at least  when crystals  
are  grown by l iqu id -phase  epi taxy,  on account of 
the  l inear  var ia t ion  of N solubi l i ty  on the pa r t i a l  
p ressure  of NI-I~ up to the  pressure  corresponding 
to the  format ion  of GaN (16). 

The m a x i m u m  fol lowed by  a downturn  exhib i ted  
by  the expe r imen ta l  da ta  4 and the calculated solu-  
b i l i ty  curves  are  consis tent  wi th  the  expecta t ion  tha t  
Bi occupies P-s i tes  (3). If  Bi were  incorpora ted  on 
Ga-si tes,  then at a fixed T Csm would be propor t iona l  
to the product  aBiap and not  to aBiaGa. But both aBj 
and ap increase along the Ga- r i ch  b ranch  of the 
t e r n a r y  l iquidus  isotherm.  Hence, un l ike  the  produc t  
aBiaoa tha t  shows a m a x i m u m  before  the  downturn ,  
aBiap governing the supposed incorpora t ion  on Ga-  
sites increases cont inuously along the Ga- r i ch  iso- 
t he rm fol lowed by  a r ap id  up tu rn  as the  P - r i ch  side 
is reached,  which is cont radic ted  by  the expe r imen ta l  
information.  Of course, the calcula ted m a x i m u m  would 
occur even if the  l iquid solut ion were  ideal,  as as-  
sumed in Ref. (3). However ,  the  solubi l i ty  isotherms 
calculated on the basis of the  ideal  solut ion model  
would be located about  a factor  of two below the 
data  for low Bi levels,  both  at 1050 ~ and ll00~ In  
contrast,  in the same region, the solubi l i ty  isotherms 
based on the regu la r  associated l iquid solution model  
agree  wel l  wi th  the data.  I t  was pointed out ear l ie r  
that  for t e r n a r y  solut ion composi t ions containing xm 
> 0.90, the  measured  Bi concentrat ions are  above the 
predic ted  values.  I t  is reasonable  to assume tha t  en-  
t r apped  Bi is responsible  for the  large  apparen t  Bi 
levels.  However ,  this explana t ion  is compl ica ted  by  
the  emergence  of a t e r n a r y  misc ib i l i ty  gap near  
these l iquid solut ion composit ions (5). 

A key  feature '  of the  complete  solubi l i ty  i so therms 
in Fig. 2 is the increase  in Bi-dopin~ levels wi th  
increasing T at a constant  Bi concentra t ion in the  
l iquid solution. I t  appears  tha t  at  e leva ted  t e m p e r a -  
tures  Bi addi t ions be tween  10 TM and 10 ~9 a toms /cm a 
in GaP are  feasible.  Therefore,  if i t  is assumed that  
when GaP is s imul taneous ly  doped wi th  Bi and N 
(4), the  ye l low l ight  genera t ion  is l imi ted  by  the 
re la t ive ly  smal l  Bi solubi l i ty  set by  the  convent ional  
l iqu id-phase  epi tax ia l  and SG techniques,  the effi- 
ciency might  be increased by high t empe ra tu r e  growth  
[e.g., the l iqu id-encapsula t ion  Czochralski  method  
from nonstoichiometr ic  melts  at, say, ~1400~ (17)].  

Relation between tevrnina~ and continuous series 
soZid solutions.--The solid solubi l i ty  isotherms for Bi 
in G a P  calculated f rom the combinat ion  of the defect  
chemical  equi l ib r ium constant  (Eq. [3] and [6] ) and 
the  G a - P - B i  l iquidus  i so therms (Eq. [15]) and i l lus-  
t ra ted  in Fig. 2 show te rmina l  solid solut ion behavior .  

3 If, at  the g rowth  ra tes  employed,  equ i l ib r ium can be r e a c h e d  b e -  
t w e e ~  an impur i t y  in the ex te rna l  phase  and the bu lk  of the crys-  
tal, we re fe r  to bulk  equ i l ib r ium incorporat ion,  If, however ,  equi l ib-  
r i u m  is es tabl ished only be tween  the ex te rna l  phase and  the  semi-  
conducter  surface but  not be tween  this  surface  and the bulk,  we  
speak of surface-control led incorporat ion.  

E v e n  at the h ighes t  Bi  concentra t ion in the  l iquid whe re  occlu- 
sions of Bi would be expected  to give  h igh  values  os CsBl the data  
indicate a m a x i m u m  in the  solid solubility.  
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It  is of course wel l  known tha t  rep lac ing  P wi th  As 
in GaP  leads  to a continuous series of solid solutions 
GaAsuPi -u .  F o r  such solid solut ions the  t h e r m o d y -  
namic  descr ipt ion of so l id- l iquid  equi l ibr ia  is wel l  
established.  Accordingly ,  a t  any T the so l id- l iqu id  
phase re la t ions  are  given by  the roots of a pa i r  of 
t r anscenden ta l  "heat  of fusion" equations of the  form 
(18, 19) 

aaaZaa (0.5) aGaZz (0.5) 
A H F G a Z  - -  T A S F G a Z  = RT in 

a G a a z  

-t- RT in aSGaz [7] 

where  Z = P and, say, As; aSGaz is the ac t iv i ty  of 
GaZ in the  solid solution, and aGaZGa (0.5) and aGaZz 
(0.5) a re  the  Ga and Z act ivi t ies  in the  l iquid solu-  
t ion at  T and at  the  compound composi t ion XGa = Xz. 
---- 0.5. A quest ion of impor tance  is whe ther  Eq. [3] 
and [5] for t e rmina l  solid solut ions are  re la ted  in any 
manne r  to Eq. [7] for a continuous series of solid 
solutions. 

In  the  pa r t i cu l a r  case of Bi dissolved in GaP, we 
have aSGap : 1 (GaP is a lmost  pure)  and in the di lute  
(henr ian)  l imi t  of the regu la r  solut ion app rox ima -  
t ion RT In aSGaBl ~_- RT in u + aSBi- -p .  In this re la -  
t ion u ( < <  1) is the  s i t e - f rac t ion  of Bi atoms on 
P-s i tes  and aSBi-P is the  B i -P  in terchange  energy  
in the  crystal .  Under  these condit ions Eq. [7] reduce to 

aGaPGa ( O. 5 )  a G a P p  ( 0 . 5 )  
A H F G a  P - -  T A S F G a P  = R T  I n  

a G a a p  

[8a] 
and 

aGaBiGa ( 0.5 ) aGaSiBi (0.5) U 
AHFGaBi  - -  T ~ S F G a B i  : RT In 

a G a a B i  

+ ~SBi-p [8b] 

where  AHFGaBi refers  to the hypothe t ica l  I I I -V  com- 
pound "GaBi." Equat ion [8a] is ident ical  wi th  the 
the rmodynamic  l iquidus  equat ion f rom which  the 
G a - P - B i  l iquidus  surface was der ived  (Eq. [5]).  A 
s imple  the rmodynamic  iden t i ty  5 t ransforms Eq. [8b] 
into 

- -  RT in  ---- AH~  - -  T A S ~  -~- aSBi- -p  
a G a a B i  

[9] 

where  A/~OGaBi and ASOGaBi are  the  en tha lpy  and en-  
t ropy  of fo rmat ion  of GaBi  f rom pure  l iquid  com- 
ponents.  

I t  can be  read i ly  observed tha t  Eq. [9] is ident ical  
wi th  Eq. [3] and [6J because u -= XSBi and U/aGaaBi 
---- K. Accordingly ,  the  pa i r  of s imul taneous  equations 
descr ibing so l id- l iquid  equi l ibr ia  for a continuous 
series of solid solutions (Eq [7]) decouple  in the  
l imi t  of aSGaP ~ 1 to the the rmodynamic  equat ion 
of the  t e r n a r y  l iquidus  surface (Eq. [8a]) and an 
equat ion  provid ing  the  solubi l i ty  of the  isoelectronic 
i m p u r i t y  in the  t e rna ry  solid solut ion in equ i l ib r ium 
wi th  the  l iquid phase (Eq. [9]).  

In  o rder  to contras t  the  behavior  of Bi and N in 
GaP we es t imate  the f r ee -ene rgy  of format ion  of 
GaBi. Compar ing  Eq. [9] and [6] and  assuming tha t  
~SBi-- P i s  as large  as C~Bi--p, we obta in  f rom the values  
in Table  II  +17,400 cal at  13C0~ for the f r ee -ene rgy  
of fo rmat ion  f rom pure  l iquid components.  Adding  
the f ree  energy of condensat ion  for 1/2 Bi2(g) (21) 
yields  8600 cal a t  1300~ for the  f r ee - ene rgy  of fo r -  
mat ion  of GaBi f rom Ga(1) + 1/2 Bi2(g).  That  this  
quan t i ty  is posi t ive  agrees wi th  the fact tha t  no com- 
pound exists in the  Ga-Bi  s y s t e m )  In contrast ,  the 

The iden t i ty  (20) is 
AHFGaBi -- TASFGaBi -- R T  In aaaBIGa (0,~) f$OaBiB| (0.~) 

= -- AHcaaal Jr TA~~ 
6 InBi  is the  on ly  k n o w n  I n - v  c o m p o u n d  invo lv ing  Bi  (22). 

f r ee -energy  of fo rmat ion  of GaN from Ga(1) + 1/2 
N2(g) is negat ive  below l l00~  (23). Likewise,  the  
en tha lpy  of fo rmat ion  of GaN is negat ive,  whereas  
that  of GaBi is positive. This difference in the  sign 
of the  enthalpies  of fo rmat ion  is consistent  wi th  the  
opposite heat  effects accompanying N and Bi incor-  
pora t ion  in GaP. Accordingly,  the  d is t r ibu t ion  co- 
eff icient-related rat io C S N / \ / p N 2  increases wi th  de-  
creasing T, whi le  the  d is t r ibut ion  coefficient CSB-]Xm 
increases wi th  increasing T. 

Comparison with Bi solubility in Si and Ge.~As 
seen in Fig. 3, B i -doped  GaP crysta ls  in equ i l ib r ium 
wi th  l iquid solutions along the GaP-Bi  p seudo-b ina ry  
l iquidus  curve  exhib i t  r e t rograde  behavior .  Re t ro-  
grade  solid solubi l i ty  is a common occurrence for a 
va r ie ty  of impuri t ies ,  inc luding Bi, in  the  e lementa l  
semiconductors  Ge and Si (24). In  view of the  notable  
s imilar i t ies  be tween  compound and e lementa l  semi-  
conductors  in the i r  t he rmodynamic  proper t ies  (25), 
i t  would be of in teres t  to es t imate  the  GaP-Bi  pseudo-  
b ina ry  solidus on the basis of da t a  for Si and Ge. 

To meet  this  objective,  we construct  the  pseudo-  
equi l ib r ium constants  Kce and Ksi, in analogy wi th  
react ions  [2] and Eq. [3] for the over -a l l  incorpora t ion  
react ions 7 

CSBi 
Ge(1) -t- Bi(1) - -  GeGe + BiGe, Kfie --~ 

aBia f i e  

[10] 

and a s imi lar  expression for  Si and Ksi, obta ined b y  
replac ing  the subscr ipt  Ge by Si  in Eq. [10]. 

Combining the so lubi l i ty  da ta  of T r u m b o r e  (24) 
and Trumbore  et al. (26) for the Si-Bi  and Ge-Bi  
systems, respect ively,  wi th  the  activi t ies along the 
appropr ia t e  l iquidus  curves evalua ted  f rom the work  
of Thurmond and Kowalch ik  (27), KGe and Ksi were  
de te rmined  as a function of T. Trea t ing  the t e m p e r a -  
tu re  dependences  as in Eq. [6], AHGe,  ~ S o e ,  AHSi ,  and 
ASsi were  obta ined for the  above  over -a l l  incorpora -  
t ion reactions.  In  l ine wi th  Thurmond ' s  s tudy on the  
the rmodynamic  proper t ies  of GaP and GaAs (25), 
we es t imate  the en tha lpy  and en t ropy  changes for 
the over -a l l  incorpora t ion  of Bi in GaP (react ion 
[2]) by  forming the  average  of these  quant i t ies  in 
Ge and Si. Then, we find for Bi in GaP AH : 45.8 
kca l /mole ,  AS -- 15.1 ca l /mole~  which compare  
favorab ly  wi th  the values der ived  f rom the solubi l i ty  
of Bi in GaP (viz., Table  I I ) .  In Fig. 3, we show the 
GaP-B i  p seudo -b ina ry  solidus (dashed curve)  cal-  
cula ted  on the basis of these es t imated quanti t ies.  
I t  can be seen that  the solidus der ived  f rom in fo rma-  
tion for the e lementa l  semiconductors  closely pa ra l -  
lels the  actual  solidus. 

Final ly ,  it  is wor th  ment ioning that  the  GaP-Bi  
p se udo -b ina ry  l iquidus curve also possesses some 
features  in common with  the Ge-Bi  and Si -Bi  b ina ry  
l iquidus curves. As seen in Fig. 3, the GaP-Bi  pseudo-  
b ina ry  l iquidus  curve is concave for smal l  va lues  
of XBi. Since A S F G a P  is not undu ly  small ,  the  con- 
cav i ty  is a consequence of a s t rong posi t ive devia t ion  
from idea] i ty  in the l iquid solut ion which may  be a 
symptom of imminent  phase separa t ion  in the liquid. 
Like  the  GaP-B i  pseudo-b inary ,  the  Ge-Bi  b ina ry  
l iquidus curve is concave, whi le  a miscibi l i ty  gap has 
been observed in the  Si-Bi  sys tem (22, 27). Consid- 
er ing GaP dissolved in the  l iquid solution along the 
GaP-Bi  p seudo-b ina ry  as an equimolar  mix tu re  of 
Ge and Si, one could argue if no other  in format ion  
were  available,  tha t  the  GaP-Bi  sys tem approaches  
demixing.  Extending  the reasoning, one would ex-  
pect  tha t  by  moving f rom the pseudo-b ina ry  toward  
more  P - r i ch  composit ions l iquid immisc ib i l i ty  must  

The ac tua l  equ i l ib r ium cons t an t  he re  wou ld  be for  the  reac t ion  
Bi(1) = Bi~Ge + e-. Since Bi in G a P  is neu t ra l ,  for  ]purposes of 
compar ison ,  the  ionizat ion of Bi in Ge a n d  Si has  been  ignored .  
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occur because this corresponds to adding more Si to 
the solution. In fact, the regular associated solution 
treatment of the complete Ga-P-Bi liquidus surface 
leads to a ternary miscibility gap on the P-rich side 
of the system (5). 
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The Anodization of GaAs and GaP 
in Aqueous Solutions 

B. Schwartz,* F. Ermanis, and M. H. Brastad 
Bell Laboratories, Murray Hill, New Jersey 07974 

A B S T R A C T  

The anodic oxidation of GaAs and GaP in  properly conductivi ty-  and/or  
pH-adjus ted water  has been successfully demonstrated under  both constant  
voltage and constant current  conditions. With HaPO4 as the acidic conduc- 
t iv i ty /pH modifier, uniform, well-control led oxides have been grown in the 
pH range 2.5-3.5. The oxide thickness-voltage relationships for both GaAs 
and GaP are linear, with slopes of approximately 20 and 12 A/V, respectively. 
At room temperature,  oxides as thick as 3600 and 2000A can reproducibly be 
grown on GaAs and GaP, respectively; at 100~ an oxide as thick as 5000A 
has been grown on GaAs. Under  basic conditions, with NI-t4OH as the con- 
duct iv i ty /pH modifier, oxides have been grown in  the pH range of 10-11, but  
dissolution of the oxide in the bath results in much poorer control than  in 
the acidic system; this dissolution effect can be utilized more in  the l ine of 
electroetching than in simple oxide formation. Anodic oxidation, with rela-  
t ively l i t t le oxide dissolution, has also been accomplished in near  neu t ra l -pH 
water  (i.e., ~7)  with (NH.D2HPO4 as the conduct ivi ty /pH modifier. Re- 
s tr icted-area oxidation and/or  etching has been demonstrated whereby a pre-  
fabricated photoresist pa t te rn  is used to define restricted areas for anodization; 
lines as nar row as 5~ wide are readily delineated. Anodization in aqueous 
solutions containing either C1- or N Q -  ions is shown to result  in simple 
electroetching, and current  densities in the range 10-20 m A / c m  2 are demon-  
strated to be most effective for controlled electroetching. The grown oxides 
are soluble, in HC1, HNO3, and H2SO4, and are affected by prolonged contact 
with water. If properly baked, however, the oxide grown on GaAs shows 
no evidence of change in months of storage in laboratory air; the oxide grown 
on GaP does show evidence of moisture absorption after 1 month  of equivalent  
storage. A pre l iminary  analysis of some of the controlling electrical factors 
dur ing anodization shows that under  constant  voltage conditions, the current  
(I) varies as 

I - ' V  A 
Bt+C 

and under constant current conditions, the time derivative of the voltage is a 
constant. 

The growth of nat ive oxides on GaAs and GaP by 
galvanic and anodic techniques (1-4) using 30% aque- 
ous solutions of H202 as the electrolyte has been shown 
to be a useful new technology for passivation of semi- 
conductor device surfaces (5, 6), as a diffusion mask 
(7), and for selective area etching (2). The use of a 
buffered aqueous solution for the growth of an anodic 
oxide on GaP has recently been described (8). This 
paper describes the successful results of growing anodic 
oxides on GaAs and GaP using water as the electro- 
lyte, under  the proper conductivity and/or  pH condi- 
tions. For both materials,  the oxide thicknesses are 
approximately l inear  with applied voltage, but  the 
complication of rapid film dissolution at the oxide- 
electrolyte interface can be an appreciable correction 
factor to be considered. In  fact, it is shown that the 
entire range, from ancdic oxidation with min imal  ox- 
ide etching to total anodic etching with min imal  re-  
sidual surface oxide, can be controllably achieved by 
proper choice of anion, pH, and conductivity control. 

The choice of anion in  the pH/conduct iv i ty  modifier 
can be a very impor tant  factor, and conditions where 
simple anodic etching is achieved are described. 

Finally,  the feasibility of combining photoresist tech- 
nology and oxidation in water  to make restricted area 
oxide pat terns directly on the surface of the semicon- 
ductor are shown; under  the proper solution conditions, 
electrolytic etching through these photoresist masks 
can also be accomplished readily. 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  na t ive  oxides,  compound semiconductors ,  anodic oxi-  

dation, 

Experimental Procedure 
The electrolytic cell used for this study was almost 

identical to that previously described (1), except that 
either a constant voltage or a constant current  supply 
could be used as the power source. Because the reagent 
was water  instead of H~Of, the lack of reaction be-  
tween the p la t inum cathode and the electrolyte el im- 
inated the need for a baffle in  the system, and a simple 
quartz beaker was, therefore, used as the bath con- 
tainer. The semiconductor samples were either par t ly  
or fully immersed in the bath while held in an a lumi-  
num clamp since the a luminum also anodized in water  
(3). The water  used in these studies was 15 megohm- 
cm at the resin bed and 6 megohm-cm at the point  of 
use; the pH of the start ing water  was approximately 
6.5. When anodization was at tempted in this water 
directly, it was found that  the conductivity was so low 
that almost the entire voltage drop occurred across 
the solution (2) and very li t t le appeared at the semi- 
conductor-electrolyte interface, so that no oxide growth 
was achieved. The pH of the water was adjusted down- 
ward with HaPO4 or upward  with NH4OH; in one 
series of anodizations, the pH was made near ly  neut ra l  
(i.e., 7.8) with (NH~)fHPO4 as the conductivity modi-  
fier. 

The GaAs slices were all n-type,  (100)-oriented, 
Si- or Te-doped at about 1 • 1018/cm a. Most of the 
GaP used was n-type,  (111)-oriented, Se-doped with 
I N D - - N A t  between 0.1 and 1 • 10 is. A few experi-  
ments were performed on p-type,  Zn-doped GaP with 
]NA - ND] = 0.5 to 5 • 1018. All samples were chem- 
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Fig. 1. Current vs. time during anodizat[on of u-type GaAs at 
constant voltage of 60 and 200V in acidic (pH ~- 2.5) water. 

mechanical ly polished directly from the saw-cut  con- 
dition in  a 0.075% bromine - in -me thano l  solution, on 
a PAN-W polishing cloth. Following this step, the 
slices were given at least 12 cycles of acetone wash in 
a Soxhlet extractor, then air dried and stored unt i l  
used. 

After anodization, the samples were either water -  
r insed and air-dried,  or water - r insed and bake-dr ied 
in a n i t rogen-purged oven for 1 hr at 95~ and 2 hr at 
250~ then the thickness and index of refraction were 
determined on a Rudolph ellipsometer 1 at 6328A radia-  
tion. 

Experimental Results 
Anod~c oxidation in acidic [HsP04] water: GaAs.--A 

monitor ing of the current  as a funct ion of time, for 
constant voltage anodizations and with the room tem- 
perature water  adjusted to a pH of 2.5, yielded the 
data presented in Fig. 1. At voltages up to and includ-  
ing 170V, all of the results appeared similar to the 60V 
curve; the entire surface area of the grown film was 
uni form in color and specular. However, at biases in 
the range 180-200V, the data shown as the 200V I - t  
curve resulted. The films were still uni form in color, 
but  were slightly hazy in appearance; above 200V, the 
samples took on a nonuni form mottled look (1). 

A monitor ing of the voltage as a function of time, 
for constant  current  anodization, with the room tem- 
perature water  adjusted to a pH of 2.5, yielded the 
data shown in  Fig. 2. 2 The conclusions to be drawn 
from these data are: (i) the apparent  critical current  
density necessary to start the oxide growth, and (ii) 
the apparent  l inear  relationship between voltage and 
time, which is to be compared with the very nonl inear  
cur ren t - t ime  curve determined for constant  voltage 
anodization (see Fig. 1). In  the case of constant volt-  
age, if the anodization is allowed to proceed long 
enough for the asymptotic current  level to be ap- 
proached, or in the case of constant current  a predeter-  
mined voltage level is reached, 3 a plot of the result ing 
oxide thickness against applied voltage yields a straight 
line, as shown in Fig. 3. Note that this curve extrap-  
olates back through the origin and has a slope of about 
20 A/V.  

In  order that the influence of temperature  on the 
thickness-voltage curve might  be determined, a series 
of sampIes were anodized in water at lfl0~ (Le., the 
water was adjusted to a pH of 2.5 at room temperature  
and then brought to its boiling point) .  The data ob- 
tained are shown in Fig. 4; note that the lower por- 

A few  m e a s u r e m e n t s  we re  also m a d e  on  a G a e r t n e r  e l l i p s o m e t e r  
w i t h  5461A l igh t .  

2 A l t h o u g h  the  area  of the  exposed  sur faces  wa s  h e l d  r e l a t i v e l y  
cons t an t  at  a b o u t  1 cm 2, the re  was  e n o u g h  u n m e a s u r e d  v a r i a t i o n  to  
i nd i ca t e  t h a t  the  c u r r e n t s  l i s t e d  do no t  necessa r i ly  ref lect  the  ab-  
so lu te  c u r r e n t  dens i t ies ,  

A s s u m i n g  the  t ime  to be l o n g  e n o u g h  fo r  the  a c h i e v e m e n t  of  a 
s t e ady - s t a t e  cond i t ion ,  a n d  the  v o l t a g e  1;o be near  n e i t h e r  the  
b r e a k d o w n  l i m i t  of the  ox ide  no r  the  s a t u r a t i o n  l i m i t  of  the  p o w e r  
supply ,  
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I I I ~ I I I El 
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B 

t ~ mA 
45 

mA 5 mA 

TIME (20 sec/d iv.) 

Fig. 2. Voltage vs. time during anadization af n-type GaAs in 
the canstant curr.ent mode in acidic (pH ~ 2.5) water. 
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Fig. 3. Oxide thickness vs. bias voltage far n-type GaAs anodized 
at constant voltage in acidic (pH ~ 2.6) water. 

tion of this curve is l inear  with a slope of approxi-  
mately 25 A/V, but  that as the voltage increases the 
thickness dependence rises superlinearly,  approaching 
almost 50 A/V at the upper  end before the "limiting" 
voltage is reached. This higher order dependence is 
similar to that observed in the anodization of GaAs 
in b~iling H202 (3). 

The effect of vary ing  the pH on the growth of an 
oxide at a fixed bias (i.e., 45V) is shown in Fig. 5; 
note the falloff in growth rate below a pH of 2.5 and 
above a pH of 3.5. 

As was observed in the anodization of GaAs in 
H202 (3), a bake in dry ni trogen at about 250~ has 
been found suitable for stabilizing the grown oxide. 
Thickness changes of less than  10% and refractive 
index shifts (i.e., from n ---- 1.80) of less than --+0.01 
have been observed dur ing this drying procedure. 
The stabilized oxide has been found to be soluble in 
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Fig. 4. Oxide thickness vs. bias voltage for n-type GaAs anodized 
at constant voltage in acidic (pH ~ 2.6) water at 100~ 
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Fig, 5. Variation of oxide thickness as a function of pH for n- 
type GaAs anodized at constant 45V. 

aqueous solutions of NH4OH and HC1, both in the 
concentrated forms (15 and 12M, respectively) and 
diluted 10 parts water  to 1 part  concentrated base 
or acid. Again, as was found with the anodic oxide 
grown in  H202, the oxide grown in  water  was in -  
soluble in  Br2-CH3OH whether  it was baked or not. 
Exposed to room air, the baked oxides showed no ob- 
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Fig. 6. Current vs. anodization time for n-type GaAs in basic 
water (pH - -  10) at constant voltage. 

servable changes over a period of 10 months. In  direct 
contact with deionized water, however, both the as- 
grown and the baked oxides developed localized p in-  
hole-type defects and nonuni fo rm thickness changes. 

Optically levered laser -beam measurements  (9) on 
10 mil  thick GaAs slices anodized in acidic water  in -  
dicated that there is no measurable  stress 4 induced in 
the samples after anodization, after baking at 250~ 
or after anneal ing at 650~ in dry ni t rogen for 1/2 hr. 

Anodie oxidation in basic [NH4OH] water:  GaAs . - -  
Figure 6 shows the results of a t tempting anodization 
of GaAs, in room tempera ture  water  adjusted to a pH 
of 10, under  various constant  voltage conditions. The 
most obvious result  is that at 20V no oxide of any 
appreciable thickness grew and only etching was 
achieved. Secondly, even where oxide growth was 
evident  (i.e., by current  falloff with t ime),  the u l t i -  
mate leakage current  was relat ively high (i.e., 2 to 3 
times as high as in the acidic case shown in  Fig. 1), 
again indicating rapid dissolution of the oxide under  
steady-state conditions. Fur ther  evidence for this rapid 
dissolution of the nat ive oxide in basic water  is shown 
in  Fig. 7. In  this case, an ini t ial  bias of 120V was ap- 
plied to the sample for 40 sec, after which time the 
voltage was dropped to only 20V; this lower bias was 
then mainta ined for approximately  60 sec. The se- 
quence was then repeated twice before the power sup- 
ply was tu rned  off. On examinat ion  of any complete 
cycle in Fig. 7, it becomes quite obvious that  dur ing 
the second part  of the cycle, where the bias on the 
sample was main ta ined  at the lower voltage (i.e., 20V), 
the resistance of the cell was changing with time. This 
resistance change was the result  of a th inn ing  of the 
oxide layer by dissolution, unt i l  the very thin, s teady- 
state oxide thickness for the 20V was achieved. 

Anodization under  constant  current  conditions in 
water  at a pH of about 10 also yielded data indicative 
of excessive etching of the oxide (see Fig. 8). In  ad- 
dition, whereas constant  current  anodization in acidic 
water yielded a l inear  dependence of the voltage on 
time, there is evidence that deviat ion from l inear i ty  
occurred in a number  of cases for the basic system. 

The nonreproducibi l i ty  of oxide thickness for basic- 
water oxidation was also i l lustrated when a plot of 
thickness vs. voltage was attempted; the scatter of 
the points was so large as to make this kind of plot 
essentially meaningless, thus indicating the poor con- 
trol for growing oxides in high pH solutions. How- 
ever, the potential  for use of this pH range as an 
electrolytic etching region becomes attractive. 

Anodic oxidation in acidic [H3P04] water:  G a P . -  
When GaP was anodized in room temperature  water  

4 M i n i m u m  m e a s u r a b l e  s t r e s s  l e v e l  i~,  G a A s  i s  1 - 2  • I 0  ~ d y n e s /  
c m  ( 2 ) .  
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Fig. 7. Behavior of anodization current as a function of time 
during anodization of n-type GaAs in basic (pH =11 )  water at 
cycled biases of 120 and 20V. The current maximum of 52 mA was 
due to a current limiter on the powder supply used. 
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Fig. 8. Voltage vs. time during anodization of n-type GaAs in 
the constant current mode in basic (pH = 10) water. 

adjusted to a pH of 2.8, at ei ther constant voltage or 
constant current,  curves similar  to those shown in Fig. 
1 and 2 were  obtained. Figure  9 is a plot of thickness 
vs. voltage for both p- and n - type  GaP anodized at 
constant voltage. The plot  also shows the negligible 
effect of drying on the film thickness. The slopes of 
the straight  lines through both sets of data are ap-  
proximate ly  12 A/V. The one for n- type GaP, however ,  
is shifted toward higher  voltages, thus showing that  
n - type  mater ia l  anodized at identical  voltages grows 
an oxide approximate ly  100A thinner  than p - type  ma-  
terial. This vol tage shift is bel ieved to be due to the 
different (i.e., lower)  doping level of the n- type  sam- 
ples (10). In any case, the u l t imate  oxide thickness 
achievable in the anodization of GaP is lower than 
that  for GaAs which can be anodized under  s imilar  
conditions at about 20 A/V. 

Another  effect that is del ineated in the data of Fig. 
9 is the nonl inear i ty  of the apparent  film thickness 
in both the low and the high voltage ranges. A prob-  
able reason for the scatter in the low vol tage range 
is the re la t ive ly  large uncer ta in ty  in the assignment 
of thickness values from the el l ipsometrical ly mea-  
sured parameters ,  A and ,I,, in this, the thin film re-  
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Fig. 9. Ellipsometrically determined oxide thickness vs. applied 
voltage for p- and n-type GaP anodized in acidic (oH = 2.7) 
water. The wavelength of the measuring light source was 6328.~. 

gion (11). It  is bel ieved that  in the thick oxide region 
of the curve, the deviat ion f rom l inear i ty  is only an 
art ifact  of the measurement ;  evaluat ion of the film 
thickness on a ro ta t ing-analyzer  el l ipsometer  (12) 
yields data to indicate that  the thickness extrapolates  
l inear ly  to about 200V. The fact that  the refract ive  
index appears to va ry  as a function of the oxide-  
forming vol tage (see Fig. 10), and that  the var ia t ion 
seems to be measurement  wave length  dependent  are 
thought  to be due to an anomalous reflectivity effect 
at the oxide-semiconductor  interface (4). An a t tempt  
is under  way at this t ime to achieve an unders tanding 
of this anomaly. 

When the effect of pH on the growth of the GaP-  
oxides in acidic media  was examined,  the data  shown 
in Fig. 11 were  obtained. Again, a falloff in oxide 
thickness was observed below a pH of about 2 and 
above about 3.5. As noted in Fig. 9, baking the oxidized 
samples at 250~ for 2 hr  in a n i t rogen-purged  oven 
had very  l i t t le effect on the oxide thickness. However ,  
anodization at a pH less than 2 yielded some very  
start l ing results in the aging characterist ics of the 
formed oxide. Whereas an oxide grown on GaP at pH 
= 2.7 and not stabilized can sit in a f lat-pack on the 
shelf for about 2 weeks with no apparent  change in 
thickness or refract ive  index, a film grown at a pH 
of 1.9 or less will  show drastic color changes when  al-  
lowed to sit unstabi!ized for less than 1 day under  
identical  conditions. The instabil i ty of the oxide be-  
comes evident  on the baked samples as well  af ter  stor-  
age of about 1 month, when localized color changes can 
be observed. The new color spots are those of oxides 
thicker than those original ly grown, thus indicating a 
swell ing of the oxide, possibly due to absorption of 
moisture from the atmosphere.  This re la t ive  instabil i ty 
is to be compared to the case of a galvanic oxide grown 
on GaP which was bake-dr ied  and showed no change 
in thickness or refract ive  index after storage in room 
air for 2.5 years. 
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anodization voltage, in acidic (pH ---- 2.8) water determined ellip- 
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Fig. | I .  Thickness of GaP-oxide films grown at a constant bias 
of 100V, as a function of the pH of the acidified water electrolyte. 
The figures near the symbols denote the index of refraction before 
( O )  and after ( e )  a 2 hr, 250~ bake. 

In  order that the effects of water  on anodized and 
baked GaP might be observed, 2 samples with oxides 
750 and 2000A thick were immersed in deionized water  
for a period of 4 weeks. After  an ini t ial  loss of about 
20A dur ing  the first 2 or 3 days, the sample remained 
covered with an oxide which showed a tendency  to- 
ward increasing thickness. Owing to its nonuni fo rm 

appearance, however, no exact thickness measurements  
were obtainable. 

Anodic oxidation in basic [NH4OH] water: GaP. - -As  
was found with GaAs, anodization of GaP in water  at 
pH of 10-11 can yield relat ively thick surface oxides 
as an end product. However, again as with GaAs, the 
high solubili ty of the oxide in the high pH electrolyte 
causes large errors when at tempts are made to repro-  
duce an oxide thickness-voltage plot (i.e., very  short 
delays in  removing the sample from the solution and 
rinsing it can introduce large errors due to the severe 
etching of the formed oxide).  It is therefore recom- 
mended that this pH range be considered more for its 
electroetching potential  than  for its oxide growth 
capability. 

Anodic oxidation in near neutral [(NH4)2HP04] 
water: GaAs.--Because deionized water (i.e., 16 meg-  
ohm-cm) has extremely low conductivity, it is very 
difficult to achieve an anodization of GaAs or GaP at 
moderate voltages. It was therefore decided to at tempt 
to modify the conductivi ty of the deionized water  wi th-  
out going very  far in  either the acidic or the basic 
direction. This is easily accomplished by the use of 
the ammonium acid phosphate salts, and we chose 
to examine (NH4)2HPO4 as the additive; a 0.1N aque-  
ous solution of this reagent  will automatical ly  adjust  
to a pH of 7.8. When a constant  voltage anodization 
at 100V was attempted, the classic rapid current  falloff 
was observed and a gold-colored oxide (i.e., 2000A) 
was found on the sample. Adjust ing the pH of the 
solution to 7.15 by the addit ion of HsPO4 also yielded 
good oxidation. It appeared that some slight etching 
of the oxide occurred in the original pH 7.8 solution, 
and less in  the 7.15 pH solution. A fur ther  discussion 
of the potential  of this system appears in the next  
section which deals with masked anodization. 

Restricted-area anodic oxidation: GaAs and GAP.-- 
All anodizations described thus far were performed by 
immersing the samples in the electrolyte and anodizing 
the entire exposed surface area. Subsequent  to anodiza- 
tion photolithographic processing has been utilized to 
define specifically required oxidized and nonoxidized 
regions of the surface for fur ther  device fabricat ion 
needs (13). Thus certain implied restrictions were 
placed on the condition of the sample to allow for this 
processing approach (e.g., no nonoxidizable ohmic con- 
tacts were to be exposed). In  addition, it had been 
noted (13) that  in  the development  of the photoresist 
(i.e., AZ-111) the developing solution was caustic 
enough that  both the exposed photoresist and the 
under ly ing  grown oxide were removed simultaneously.  
Although this single develop-etch process simplifies the 
operation of oxide pat tern  generation, it provides for 
a less controlled geometry in that  undercut t ing  of the 
oxide is a severe problem when one at tempts to achieve 
fine l ine definition. When a negative resist was used 
with a nonalkal ine  developer, the single develop-etch 
step was eliminated. However, it was difficult to con- 
trol the amount  of oxide undercut t ing  dur ing the 
oxide etch step. 

As an al ternat ive to using oxidation first and then 
photolithography, an exper iment  in reversing the order 
(i.e., first photoli thography and then anodization) was 
attempted. When this was performed in the 30% H202 
electrolytic system, it was found that  the photoresist 
could survive only for seconds because of the strong 
oxidizing action of the H202 on the organic polymer. 
However, when the same exper iment  was tried on 
some n- type  GaAs in acidic water  (pH ---- 2.05, 55V 
bias, 60 sec anodization time) with the Ealing test 
pat tern  as the geometry system, localized oxidation 
was observed. The sample was then placed in an ace- 
tone-containing Soxhlet extractor (after being blot-  
dried but  not baked) and the photoresist was stripped 
from the sample. Subsequent  baking in a ni t rogen-  
purged oven at 95~ for 1 hr  and then  at 250~ for 2 
hr yielded the sample shown in Fig. 12 (i.e., the dark 
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Fig. 12. A GaAs sample with deposited Ealing test pattern after 
anodization at 55V in water of pH ---- 2.5 and after removal of 
the photoresist. The oxidized areas are dark; original magnifica- 
tion was approximately 30X. 

regions are the oxidized areas).  On careful  examinat ion 
of the generated oxide pattern, it was determined that  
oxide stripes 5~ wide were  well  del ineated on the sur-  
face of the GaAs. 

When a similar  exper iment  was at tempted in basic 
water  (i.e., pH -~ 10, NH4OH), similar oxidation re-  
sults were  obtained. However ,  when the sample was 
a l lowed to sit in the electrolyte  after the vol tage was 
turned off, the oxide redissolved. A res t r ic ted-area  
etching exper iment  was then performed whereby  a 
photoresisted sample was anodized in basic water  un-  
der conditions similar  to those shown in Fig. 7; 120V 
for 40 sec and then 20V for 60 sec for a total of 3 com- 
plete cycles. Subsequent  Talystep scanning of the sam- 
Ple surface (after removal  of the AZ-111 with  acetone) 
showed that  the 3 cycles of oxidation and dissolution 
produced steps about 6000A deep. The delineation of 
the Ea]ing pat tern was only fair, however,  because 
the AZ-111 had obviously been attacked by the alka-  
line water.  

In ei ther  case (i.e., acidic or basic water ) ,  af ter  a 
few minutes exposure of the photoresist  to the electro-  
lyric solution, deter iorat ion of the resist was observed.  
However,  when a similar  exper iment  was performed 
in water with (NH~)2HPO4 as the conductivity modi- 
fier, oxidation was observed; and negligible attack oc- 
curred on the photoresist even after I0 rain exposure. 

Anodic etching: GaAs and GaP.--Up to this point, 
the discussion has centered about the anodization of 
GaAs and GaP in phosphate or hydroxide solutions. 
Previous observations revealed that a change in the 
anion used for pH modification to NOs- or CI- re- 
sulted in severe inhibition of oxide growth (2). A 
more detailed examinat ion of this effect indicates that 
electrolytic etching takes place in the presence of 
these two anions (i.e., the oxide never  real ly  grows 
very  thick before it is dissolved in the electrolyte) .  
The contaminat ion level  required before an anion wil l  
cause the system to shift f rom oxide growth to etching 
has been determined.  The approach used was to take 
concentrated HC1 and HNO~ and dilute, 1 ml acid 
to 99 ml water.  One drop of this di luted acid ~ was 
then added each t ime to about 400 ml of H.sPO4- 
acidified water,  preset  at a pH of 3. An anodization 

I t  was  f o u n d  t h a t  40 d rops  were  e q u i v a l e n t  to ll/g ml.  
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HzSO 4 H2S04 H2~) 4 H2SO 4 H2SO 4 

C 

Fig. 13. Current-time curves for a constant voltage (50V) 
anodization Of n-type (No - -  NA ~ 1 • 10 ls cm -2)  GaAs in 
acidic (pH ~ 3) water. (A) Contamination with dilute HCI where 
each drop of additive provided 4.4 X 10 -6  moles of HCI. (B) 
Contaminated with dilute HNO3 where each drop of additive 
provided 6.2 X 10 -6  moles of HNOs. (C) Contaminated with 
dilute H2SO4 where each drop of additive provided 6.8 X 10 -6  
moles of H2SO4. 

curve (constant voltage) was then genera ted  using a 
new piece of standard n-type,  si l icon-doped GaAs with  
I N D -  NAI ~-~ 1 X 10 is, at a fixed 50V bias. Figure  13 
A and B are the cur ren t - t ime  curves of the samples 
after zero to four drGps of di luted acid were  added to 
the electrolytic solution. Note, in Fig. 13A, that  there  
was a very  gradual  increase in the saturat ion current  
for the HCl-contaminated  solution f rom almost the 
first drop, but  that  there  was a large shift on the ad- 
dition of the third and fourth drops of contaminant.  
The HNOs-contaminated system did not appear to re-  
spond until  at least the third drop, but by the fourth 
drop it reacted severely. Considering that  one drop of 
added dilute solution caused an impur i ty  level  of about 
0.2-0.3 parts per million, it appears that  at approxi-  
mately  one part  per mill ion of ei ther  NOs-  or CI - ,  
radical effects are observed. 

Because not all acidic anions are deleterious to ox-  
ide growth (e.g., phosphate, t~rtrate,  ci trate) ,  it was 
decided to examine  H2SO4 to determine  the effect of 
the sulfate anion. Figure  13C shows that  very  l i t t le 
effect on the anodization curves was observed up to 
about 100 drops of diluted H2SO4 and that  at 200 drops, 
a moderate  effect was beginning to emerge.  Clearly, 
the system can tolerate almost two orders of magni -  
tude more sulfate ion than it can ei ther  chloride or 
nitrate ion. 

Going one step further, the conditions for straight- 
forward electrolytic etching of GaAs and GaP in 
dilute solutions of HCI and HNO8 have been studied. 
Table I is a summary of the etching characteristics of 
both GaAs and GaP in these reagents as a function of 
acid concentrations and current densities. An analysis 
of these data combined with impressions obtained on 
visual examination of the surface after etching can be 
summarized as follows: (i) A current density of 40 
mA/cm 2 and above "pulverizes" the surface, leaving a 
black-appearing residue on the surface. (it) A current 
density of 2 mA/cm 2 barely attacks the surface, only 
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Concen- 
R u n  t r a t i e n  

n u m b e r  Acid S a m p l e *  (normality) 

S a m p l e  Electro~  
surface A m o u n t  c o n v e r s i o n  

area O r i e n -  C u r r e n t * *  V o l t a g e  r e m o v e d  eff ic iency 
(cm~) r a t i o n  ( m A )  (V) (A) (%) 

1 HNO3 G a A s  1 
2 HNO~ G a A s  1 
3 HNO8 G a A s  1 
4 HNC~ G a A s  1 
5 HNO~ G a A s  0.1 
6 HNO3 G a A s  0.1 
7 HNO3 G a A s  0.1 
8 HNO~ G a A s  0.i 
2 ITNO8 G a A s  0,01 

I0 ITNO~ G a A s  0.01 
i i  H N 0 3  G a A s  O.01 
12 HC1 G a A s  O. 1 
13 HCI GaAs 0.I 

14 HNOa GaP 0.1 

15 HN(h G a P  0.I 

0.5 (100) 5.0 1.6 3,750 12.5 
0.5 (100) 10.0 2.5 5,000 8.3 
0.5 (I00) 50.0 2.3 I00,000 - -  
0.5 (i00) 1.0 1.2 750 
0.5 (100) 5.0 2.4 6,000 20.0 
0.5 (I00) 10.O 3.2 7,125 13.8 
0.5 (I00) 20.0 3.4 64,000 - -  
0.5 (100) 1.0 1.0 2,000 - -  
0.4 (100) 5.0 3,8 675 1.7 
0.4 (100) 10.0 6.2 1,300 1.6 
0.4 (100) 1.0 2.0 750 9.5 
0.5 (100) 1.0 1.0 700 11.0 
0.5 (100) 5.0 2.0 10,000 33.3 
0.5 (3_zp 5.0 --  8o --  
0.5 (111) 10.0 -- 1,250 -- 

* Al l  s a m p l e s  w e r e  n - t y p e .  
** Al l  samples  anodized  for 300 see.  

delineat ing some of the residual  polishing scratches. 
(iii) The most efficient current  density for good elec- 
trolytic etching is be tween 10 and 20 m A / c m  2. 

Discussion 
Analysis of electrical control parameters.--Until  this 

point  only the phenomenological  observations made 
dur ing the anodization of GaAs and GaP have been 
described. In  this section an at tempt is made to obtain 
bet ter  unders tanding  of the anodization processes by 
developing a set of cur ren t -vol tage- t ime equations 
based on a very simple l inearized equivalent  circuit, 
shown in Fig. 14. In  this circuit  the oxide resistance 
is represented by a variable resistance, r, which dur ing  
anodic oxidation varies from essentially zero to ex- 
t remely large values while dur ing anodic etching re- 
mains very small. 

From the two basic equations: 
Ohm's law 

V = Z(r + R) [1] 

where r and R are the resistances of the oxide and of 
the solution, respectively, and 

Faraday 's  law 

I: r = K I ( t ) d t  [2] 

where the constant  K includes all parameters  assumed 
to be constant, such as the geometrical factors, the 
oxide composition, resistivity, and electron-to-oxide 
conversion efficiency, etc. The t ime-dependent  form 
of Ohm's law which results is 

t OI 

For the case of constant  current,  I ---- Ia, the solution of 

R r 

Fig. 14. Simplified circuit diagram of the anod}zing system: R, 
resistance of the electrolyte; r, resistance of the oxide layer; V, 
applied bias; A, current following. 

Eq. [3] is 
V = KIa2t +/a ir  [4] 

For the case of constant voltage, V --= Va, Eq. [3] re -  
duces to 

aI 
(r + R) -~ -  + KI2  = 0 [5] 

which has a solution 
V Va ~ 

I -= R2 -l- 2VaKt [6] 

or with proper substi tut ions 

r = ~v/R 2 + 2VaKt -- R [7] 

The voltage drop across the oxide, Vo, is then  

( Vo = Va 1 [83 
r-~ R 

One can now readily see, that  by taking the der iva-  
tive of Eq. [4], the t ime variat ion of voltage at con- 
stant current  is a constant, which is exactly what  was 
observed in the data of Fig. 2. Since in this analysis 
it was assumed that the resistivity, among other fac- 
tors, was held constant in order to yield the l inear  
voltage-t ime dependence, the exper imental  verifica- 
tion of this l inear  dependence implies that the resistiv- 
ity of the growing film is constant  under  the constant-  
current  anodization conditions studied here. 

Also note, from Eq. [6], that the cur ren t - t ime  rela-  
tionship, at constant  voltage, is a relat ively compli-  
cated expression. Whereas previously an exponential  
dependence of current  on t ime had been assumed (2), 
one can now see that an inverse square root form of 
dependence on time could be governing the situation. 
The extremely rapid current  falloff in the init ial  stages 
of anodization is now recognized to be due to the opera- 
tion of the parameter  K (which has a value of about 
105 ohms-coulombs -1) on t in Eq. [6]. 

In  uti l izing the equivalent  circuit shown in  Fig. 14, 
the si tuation has been drastically oversimplified. The 
assumption is made for example, that R is a simple 
constant, that there is no voltage drop in the semicon- 
ductor, and that  there is no charge storage in the oxide. 
These simplifications have allowed a working basis 
from which to start. These corrections may now be in-  
corporated into the equations just  developed. 

Since the simple properties of concentrated acids and 
bases are well known (15), one can easily determine 
that the reagent concentrations for the anodic oxida- 
tion systems under  study are approximately 0.002M 
for H3PO4 and 0.02M for NH4OH. In  Tables II and III 
are listed the resistivity, equivalent  conductance, and 
pH as functions of molar i ty  of H3PO4 and NH4OH 
solutions, respectively (only values up to about 10M 
are listed). On the basis of these data, one might 
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Table II, 

E q u i v a l e n t  
(19, 20) ) 

c o n d u c t a n c e  
C o n c e n t r a t i o n  R e s i s t i v i t y *  ( m h o - c m 2 /  p H  
(equiv. / l i ter)  (ohm-cm) g-equiv.) (21, 15) 

P u r e  w a t e r  2 . 5  x 1 0  7 -- 7 

0 .0  ( i n f i n i t e  
d i l u t i o n )  -- 3 7 6  -- 

0,002 (H~PO4) 0.64 311.9 -- 

0 ,01  4.50 2 2 2 , 0  - - 2 . 1 5  
0 . 0 5  3 7 . 7 4  1 3 2 . 0  
0 .1  96.15 104.0 1.5 
0.43 7 1 . 4 4  32.55 -- 

0.89 3 9 . 4 8  2 8 . 4 6  - -  
1 . 6 6  2 3 . 5 5  2 5 . 5 7  - -  
5 . 37  1 2 . 4 0  1 5 .0 1  - -  
7 . 96  9 . 9 8  1 2 . 5 9  - -  

1 1 . 2 0  7.,80 1 1 . 4 4  - -  

* C a l c u l a t e d .  

Table Ill. 

E q u i v a l e n t  (22)  
c o n d u c t a n , c e  

Concentrat ion R e s i s t i v i t y *  ( m h o - c m 2 /  
( e q u i v . / l i t e r )  ( o h m - c m )  g - e q u i v . )  P H  (14)  

P u r e  w a t e r  2 . 5  X l0  T - -  7 
0 .0  ( i n f i n i t e  

d i l u t i o n )  - -  2 4 2  - -  
0 . 0 0 0 1  ( N t t 4 O H )  1 5 . 2 X  10 ~ ( 6 6 ) * *  
0.0005 52.6 x 10 a ~8  - -  
0 , 0 0 1  3 5 . 7  x 10 s 2 8  - -  
0 . 0 0 5  15 ,2  x l 0  s 1 3 .2  - -  
0 . 01  1 0 .4  • 10  ~ 9 .6  10 .6  
0 . 0 5  4 3 . 5  x 1 0  ~ 4 .6  - -  
0.1 3 0 . 3  X 102 3 .3  11 .1  
0 .5  14.,S x 10 ~ 1 .35  - -  
1 . 0  1 1 .2  x 10  ~ 0 . 8 9  11 .6  
5.0 9 . 9  x I0 ~ 0.202 - -  

I0.0 18.5 • I02 0.054 -- 

* C a l c u l a t e d .  
** E s t i m a t e d ,  

postulate that: (i) The simple solution resistance for 
the caustic system should be about 5 orders of magni -  
tude higher than for the acid system used, and (ii) 
because the m i n i m u m  in the acid system resist ivity is 
close to the 2 • 10-3M determined for the electrolyte 
concentrat ion used, this should be the governing fac- 
tor in the shape of Fig. 5. 

Unfortunately,  the data indicate a factor of only 
about 10 difference in our anode-to-cathode electrical 
resistance (i.e., approximately 30-3 kohms for base and 
acid, respectively) and not the factor of 105 predicted. 
This higher resistance in the caustic system could also 
be involved in the very rapid voltage increases noted in 
Fig. 8. Note that whereas Table II predicts a factor of 
20 increase in resistance between pH = 2.15 and 1.5, 
the data in Fig. 5 show that  there is a drop in ul t imate 
thickness of about a factor of 3. Unquest ionably,  the 
resistance of the solution is an impor tant  factor in 
the control of oxide formation, bu t  it is not the total 
answer. 

Examining  the question of field dis tr ibut ion in  going 
from the solution into the solid anode, one finds that  
at least five "resistances" must  be taken into account: 
the depletion region at the l iquid-oxide interface, the 
oxide itself, the depletion width in the semiconductor, 
the resistance in the bulk  of the semiconductor, 
and the contact resistance between the semiconductor 
and the a luminum- t ipped  tweezers. One can dispense 
with the bulk and contact resistances by assuming 
that they are constant and can be included in R of 
Fig. 14. It  must  be kept in mind, however, that a large 
change in the free carrier concentrat ion in  the semi- 
conductor could introduce an appreciable amount  of 
bulk  series resistance, thereby al ter ing the field dis- 
t r ibut ion available for oxidation at the surface. For 
this reason one should expect moderate effects on the 
position of the thickness-voltage curve (such as that 
shown in Fig. 9) for samples with lower or higher free 

carrier density than was used to generate any  of the 
voltage thickness curves in this paper. 

The three remaining  resistance~ to be considered 
are the two depletion regions at the l iquid-oxide and 
oxide-semiconductor interfaces and the oxide resist- 
ance itself. It  was shown recent ly  (16) that  when an 
n- type  electrode is used as the anode in either of these 
electrolytes, a reverse biased Schottky diode si tuation 
is achieved. One can therefore expect that  the addi-  
t ional voltage drop across the depletion layer  in  the 
semiconductor will also cause variat ion in the position 
of voltage vs. thickness plots as the doping density of 
the semiconductor varies. Therefore, in order to be 
more thorough, one would have to account for this 
additional voltage drop (Vb) in  Eq. [8] by subtract-  
ing it from Va thus 

Vo(t) = (Va -- Vb) ( r ( t ) )  [9] 

One possible way to minimize this doping level effect 
is to generate free carriers optically, with high in-  
tensi ty l ight of the proper energy. 

Similarly, if one examines the solutions being used 
for these oxidations one finds that there are 1.1 • 
10 TM and 5 X 1017 ionized molecules/cm 3 for the H3PO4 
and NH4OH solutions, respectively. Again, depletion 
regions are formed on the solution side of the electro- 
lyte-oxide interface because of the higher dielectric 
constant of water [80 for pure H20 as against  11 and 
10 for GaAs and GaP, respectively (15, 17)]. Also, the 
caustic solution will have a larger voltage drop than 
the acid solution because of the lower free charge 
density in  the former solution. Consideration of the 
voltage drop, Vs, across the depletion region on the 
electrolyte side of the solut ion-oxide interface results 
in an addit ional modification to Eq. [8] shown as 

Vo = (Va -- Vb - Vs) ( r ( t ) )  [10] 

Earlier in this section we concluded that the resis- 
t ivity of the oxide was a constant  because of the l inear -  
i ty of the voltage-t ime plot of Fig. 2. This does not 
necessarily mean, however, that the oxide is absolutely 
uniform in the lack of distr ibuted charge. On the con- 
trary, some recent results (18) concerning the con- 
duction mechanism for oxides indicate the presence 
of large quanti t ies of trapped charges in the oxide. If 
this is so, then on the average, the resistivity of the 
oxide can be a constant, bu t  the local field in  the oxide 
does not necessarily have to be constant. Therefore, as 
the oxide becomes thicker, the field nonuniformit ies  
can become appreciable; and a stage is finally reached 
where nonuni form oxide growth will  occur. The au-  
thors realize, however, that this is not the full  explana-  
tion of the nonuni form coloration on the 200V samples. 
As was mentioned earlier, films grown at applied 
biases up to about 180V for GaAs and 125V for GaP 
in acidic baths had constant refractive indexes (1.81 
and 1.60, respectively),  but  above this voltage range 
the apparent  refractive index began to deviate mark -  
edly from these values (see Fig. i0).  We believe this 
deviation is due to the formation of a peculiar  in te r -  
face region, which is nei ther  well defined nor  well 
understood, but  which interferes with a good specular 
reflection from the oxide-semiconductor interface. 

In the analysis presented here, all of the charge car-  
riers in the anodization system have been treated 
identically, and differentiating between electronic and 
ionic current  has been avoided. Obviously, simplifica- 
tion has been employed again in order to make the 
problem tractable. Because the specific ionic species 
movir~g in and through the oxides are not known 
(from either the semiconductor or the electrolyte side), 
it would be foolhardy to at tempt an in -depth  analysis 
of the drift  effects that most assuredly p lay  a role in 
the anodic oxidation of these materials.  However, the 
following can be done as a first a t tempt in this direc- 
tion. The field across the oxide that  causes ionic drift  
of the oxidant  is 
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VO 
Eo = - -  [11] 

d 

where  d is the thickness of the oxide. Note that  the  
slope of the  thickness vs. appl ied  bias curves (see Fig. 
3 and 9) is d/Va the slopes being 20 and 12 A / V  for 
GaAs and GaP, respect ively.  In  obta in ing the da ta  for 
Fig. 3 and 9, heav i ly  doped mate r i a l  (i.e., N1 X 10 TM 

cm - I )  was used and therefore  VB was app rox ima te ly  
10V (17). Because h igh-conduc t iv i ty  solut ions were  

used, Vs can be expected to be negl ig ib ly  small .  The re -  
fore, at t = ~ under  constant  vol tage  condit ions 

Vo -- VA -- i0 [12] 

bu t  at  high applied voltages 

Vo ~ VA [13] 

and one can therefore  wr i te  

1 

d 
Eo - -  -~o ----- (slope) -1 [14] 

This means, then, tha t  for GaAs and GaP, Eo ~ 5 X 
106 and 8 • 107 V/cm, respect ively,  and one might  
consider  these to be the  cri t ical  fields necessary for 
oxide g rowth  to take  place. 

I t  is hoped that  some fu ture  studies wi l l  help to 
e labora te  the  detai ls  of the  mechanisms in terac t ive  in 
this area.  

Conclusions 
Information is reported regarding the anodization 

of GaAs and GaP in aqueous solutions, whe reby  one 
can obta in  e i ther  control led  oxide growth  or control led  
e lect rolyt ic  etching. By replac ing  the older  (i.e., aque-  
ous H202) approach  wi th  the  simpler ,  cheaper  wa te r  
system, one e l iminates  the  problems  of spontaneous 
e lec t ro ly te  decomposi t ion at  the p l a t inum cathode. 
Also, because of the  absence of gas generat ion,  the 
need for the  baffle be tween  the anode and the cathode 
has d i sappeared  and appara tus  requ i rements  have  been 
simplified st i l l  fur ther .  In addit ion,  since one no longer  
need purchase  a commercia l  product  (i.e., H202) f rom 
an outside vendor,  it  is now possible to have to ta l  
control  of all  aspects of the e lec t ro ly te  prepara t ion .  

The influence of a g raded  region at  the  semicon-  
ductor  oxide in ter face  is seen in the anomalous  e l l ip -  
somet ry  values obta ined on samples  grown at high 
voltages.  More work  wil l  have to be done in order  
to exp la in  these effects. 
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ABSTRACT 

A system of on-facet  and off-facet s t r ia t ions was observed in se lenium-  
doped (1019/cm 3) InSb that  was p repared  at g- levels  of 10-4-10 -6 dur ing 
Sky lab  mission SL-4. The off-facet s t r ia t ions could not be  expla ined  in terms 
of exis t ing theory.  A new concept is der ived  that  considers the decrease of 
l iquidus teml~erature in the ini t ia l  t rans ient  region due to bu i ldup  of a di f -  
fusion layer .  This model  not only explains  off-facet  s t r ia t ions in space -g rown 
InSb, but  m a y  also be the  basis of cer ta in  nonrota t ional  s t r ia t ions that  a r e  
observed in crysta ls  processed on the ground. 

Redis t r ibut ion  of solute resul t ing  from direct ional  
solidification of a b ina ry  solut ion under  condit ions of 
complete mix ing  has been t rea ted  ma themat i ca l ly  by  
Gul l iver  (1), Scheuer  (2), Hayes  and Chipman (3) 
for normal  freezing, and by  Pfann  (4) for zone me l t -  
ing. Both normal  freezing and zone mel t ing  have been 
analyzed by  Ti l ler  et al. (5) wi th  the assumpt ion that  
convection in the l iquid is negligible.  F u r t h e r  t r ea t -  
ment  of this subject  was given by  Smi th  et al. (6). 
Effects of na tu ra l  and forced convection on macro-  
segregat ion have been ca lcula ted  by  Wagner  (7) and 
others. 

Constant  ra te  of solidification and /o r  constant  segre-  
gat ion coefficient th roughout  the process of solidifica- 
t ion is assumed with  these theories.  An  addi t ional  diffi- 
cul ty  associated with thei r  appl icat ion is due to the  
fact that  both of the ex t reme  cases, complete  mix ing  
and solely dif fusion-control led conditions, are  difficult 
to ver i fy  in practice.  Complete  mix ing  can only be 
approx imated  due to the difficulty of effectively s t i r -  
r ing the diffusion layer ;  whereas  some convective mix -  
ing is observed even with  crys ta l  g rowth  under  s ta-  
bi l izing the rmal  gradients,  solidification of conduct ive 
melts  in t ransverse  magnet ic  fields, and with  growth  
at  low Rayle igh  numbers .  The l a t t e r  includes the use 
of baffles and growth  in capil laries.  

This t rans ient  fluid flow, which we are unable  to 
control  on earth,  is one of the ma jo r  causes of composi-  
t ional  microinhomogenei t ies  (s t r ia t ions)  that  we ob- 
serve in v i r tua l ly  al l  ma te r i a l  p repared  by  direct ional  
solidification of mul t icomponent  systems. Aside from 
inhomogenei t ies  that  are due to const i tut ional  super -  
cooling, gra in  bounda ry  segregation,  so l id- l iquid  in-  
terface facet formation,  so l id-s ta te  diffusion of impur i -  
ties to defect  clusters, changes of mel t  composition, 
inclusions and cavities, microinhomogenei t ies  are  gen-  
e ra l ly  a t t r ibu ted  to growth  ra te  var ia t ions  and changes 
of diffusion l aye r  thickness.  Such changes m a y  be 
caused by the fol lowing effects: (i) the rmal  effects 
such as thermal  instabil i t ies,  Joule  and Pel t ie r  hea t -  
ing and Pe l t ie r  cooling of interfaces,  the rmal  a sym-  
me t ry  in conjunct ion with  crys ta l  ro ta t ion ( rota t ional  
s t r ia t ions) ,  (ii) mechanical  effects, e.g., vibrat ions,  
mechanical  instabi l i t ies  due to imperfec t  pul l ing mech-  
anisms, (iii) pressure  effects due to var ia t ions  of iso- 
static pressure  in confined geometr ies  and also v ib ra -  
tions, (iv) electr ical  effects such as e lectromigrat ion,  
and, mos t  impor tan t ly ,  (v) fluid flow effects. F lu id  
flow may  be due to st irr ing,  both the rma l ly  and com- 
posi t ional ly  induced g rav i t y -d r iven  convection, surface 
tension gradients  (Marangoni- f low) ,  volume changes 
upon solidification, Coriolis forces, instabi l i t ies  of l iq-  
uid  meniscus both at seed and crucible  wal ls  ("menis-  
cus jumps" ) .  

Key words:  macro-  and microsegregation,  indium antimonide,  
nonrotat ional  striations, space processing. 

Owing to the i r  t rans ient  nature ,  most  of the impur -  
i ty  s t r ia t ions caused by  these effects have been de-  
scr ibed qua l i ta t ive ly  only. Quant i ta t ive  models  are  
avai lab!e  for a few specific cases. For  diffusion-con-  
t rol led conditions step funct ion changes of solidifica- 
t ion ra te  have been t rea ted  by  Ti l ler  et al. (5) and 
Smith  et al. (6). Sinusoidal  growth  ra te  oscil lat ions 
have been analyzed by  Lewis  (8) and Carru thers  (9) 
and the effect of s inusoidal  t empera tu re  fluctuations 
by  Hurle  et al. (10, 11). Variat ions of mel t  composi-  
t ion and changes of diffusion l aye r  thickness dur ing  
s teady-s ta te  crys ta l l iza t ion were  t rea ted  by  P r im (12) 
and Burton, Prim, and Sl ichter  (13), respect ively.  
Reviews are  given by  Carru thers  and Wit t  (14) and 
Sl ichter  and Bur ton  (8). 

Other theories on impur i t y  s t r ia t ions consider  ad-  
sorpt ion of dopant  impur i t ies  at the sol id- l iquid  in t e r -  
face (15); theories by  Landau  (16) and Milevski  (17) 
pos tu la te  per iodic  bui ldup and solidification of consti-  
tu t ional ly  supercooled layers.  The la t te r  theories are, 
however,  in d i sagreement  wi th  the  exper imenta l  find- 
ing that  interfaces become corrugated  as soon as con- 
s t i tu t ional  supercool ing develops. In  addition, diffu- 
sion l aye r  thickness is of the order  of microns only, 
l a rger  spaced s t r ia t ions could not be considered on the 
basis of this mechanism. 

As a resul t  of the space p rog ram of the Nat ional  
Aeronaut ics  and Space Adminis t ra t ion ,  theories on 
solidification of quiescent melts  could be tested by  
per forming  normal  freezing exper iments  on board of 
orbi t ing space stations such as Sky lab  and ASTP. Wi th  
the exclusion o f rg rav i ty -d r iven  convection, it  was e x -  
pected that  macrosegregat ion  would closely fol low 
profiles as predic ted  by  Ti l ler  et al. (5) and Smi th  
et aI. (6); microsegregat ion  was expected to be min i -  
mal. Ideal,  diffusion-control led,  s t eady-s ta te  segrega-  
t ion was indeed observed with  InSb doped wi th  t e l -  
lu r ium to 101S/cm3 (18) whereas  considerable  micro-  
inhomogenei t ies  were  presen t  in ge rman ium crystals  
doped wi th  ga l l ium to 8 .  1016 a toms /cm 3 (19); both  
exper iments  were  conducted on board  Skylab.  

A systematic  set of impur i ty  s t r ia t ions was observed 
in InSb doped wi th  1019 atoms of se lenium per  cubic 
cent imeter  melt.  This sample  was also p repared  on 
board Skylab  dur ing Skylab  mission SL-4  at g- levels  
of 10-4-10 -6 . Since the observed s t r ia t ions could not  
be unders tood in terms of exis t ing theory,  an a t tempt  
is made  in the fol lowing to expla in  these segregat ion 
effects in terms of a new model. 

Experimental Observations 
The se len ium-doped  InSb crysta l  descr ibed in the 

fol lowing was p repared  on board  Sky lab  by  seeded, 
di rect ional  solidification of a pendan t  drop. Exper i -  
menta l  detai ls  are  descr ibed e lsewhere  (20, 21). 
Growth  direct ion was app rox ima te ly  [110]; length  of 
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space-grown sample was about 2 cm, max imum  diam- 
eter 1 cm. Interface shape was convex throughout  
solidification. Average selenium concentrat ion in the 
star t ing mater ial  (seed) was 1019/cm 3 as determined 
by resist ivity and Hall  measurements .  

High resolution differential etching (22) of longi-  
tudinal  sections reveals a system of very distinct im-  
pur i ty  striations in the first half  of the crystal as 
shown in Fig. 1 and 2. Orientat ion of the section shown 
in Fig. 1 is ( l l l ) A .  Usual ly (211) cuts are investigated, 
the major  reason being that differential etching of 
( l l l ) A  surfaces also reveals crystal defects such as 
grain and twin  boundaries,  dislocations, and vacancy 
clusters. In  our case this was not  a severe l imita t ion 
since no grain boundaries  were present ;  dislocation 
density was of the order of 100/cm 2 in the first par t  
of the crystal and decreased to v i r tua l ly  zero in the 
last half of the sample. 

Three types of striations can be discerned in  the 
crystal section shown in Fig. 1. Rotational str iat ions 
in the Czochralski-grown seed in the lower half, and 
in the space-grown section (upper half) off-facet 
striations at right and striations associated with the 
formation of a peripheral (Iii) B solid-liquid interface 
facet at left. Etch pits decorating the outcrops of dis- 
locations are also visible. Off-facet striations are again 
shown at larger magnification in Fig. 2. Only off-facet 
striations are considered in the following. 

Off-facet striations extend 5-7 mm into the crystal. 
The very first off-facet striations observed within 0.5 
mm of regrown material are most distinct. Beginning 
in the center of the crystal, they become increasingly 
shallow and degenerate slowly into multiple oscilla- 
tory-type impurity bands until they disappear com- 
pletely. This striated section is followed by a homo- 
geneously doped region of about 5-8 mm after which 
increasingly sharp striations reappear towards the end 
of the sample. 

Fig. 2. Striations in off-facet region of space-grown crystal. 
Multiple striations begin to appear at N ~ 4 on left side toward 
center of sample, on right side toward periphery at N ~ 5. Mag- 
nification 53X. 

Fig. 1. Etched (111)A longitudinal section of InSb(Se) single 
crystal (sample E3-SL4). Arrow indicates demarcation between 
Czochralski-grown seed at bottom with rotational striations and 
space-grown section. (111)B solid-liquid interface facet striations 
at upper left, aff-facet striations at upper right. Etch pits due to 
In-dislocations. Magnification approximately 17X. Inset (b) Melt- 
back interface, 125X. 

Tolanski mult iple  beam microscopy reveals the relief 
of the surface associated with the first off-facet stri-  
ations (Fig. 3);  0 denominates  the interface between 
seed and space-grown crystal. Surface depressions 
that mark striae become increasingly shallow as 
one proceeds along the direction of growth. A similar  
area as in Fig. 3 is shown in the dual  beam in-  
terferogram in Fig. 4. Higher contrast  and much more 
defined interference fringes that are due to reflection 
from the space-grown mater ial  indicate much im- 
proved chemical microhomogeneity as compared to 
the Czochralski-grown seed material.  In  addition, we 
observe, e spec ia l ly  for the first striations, that the 
shape of fringes between striae is asymmetrical  and 
S-shaped, rather  than U-shaped. Spacing of striations 
is plotted in Fig. 5; only the very first, s ingular  ones 
are included. 

Since the melt  was completely uncontained during 
solidification, addit ional informat ion concerning var ia-  
t ion of dopant concentrat ion in the bu lk  could be ob- 
tained from surface features. The te rminat ion  of bulk 
striations on the surface of the sample is marked by 
annula r  grooves for sharp striations and smooth sur-  
face undula t ions  for shallow and oscillatory striations 
as they occur later in the sample. Discontinuous 
meniscus rearrangements  dur ing solidification, menis-  
cus jumps, a possible mechanism for growth discon- 
t inuities could be ruled out on the basis of this ob- 
servation since meniscus jumps would always result  
in sharp surface grooves and not undulat ions.  In  ad- 
dition, no orientat ion dependence of surface features 
could be observed; steps on surface facets and grooves 
on the cylindrical  portions coincide. Wett ing instabi l i -  
ties would not occur s imul taneously  for faceted and 
cylindrical regions and it can, therefore, be concluded 
that these features result  from discontinuities in bulk  
solidification and not vice versa. 
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Fig. 5. Distance of singular striations from meltback interface vs. 

order number N (measured at periphery of crystal). 

Fig. 3. Off-facet striations in space-grown InSb(Se); Tolanski 
multiple beam interferogram of etched, longitudinal section. Note 
the decreasing fr{nge deflection-peak sharpness with increasing 
order number of striations. Dark streak is fault in Fizeau plate. 
Magnification 100X. 

with a distinct thermal  discontinui ty preserved a r e  

very  unl ike ly  especially with a melt  that  is a good 
thermal  conductor. A fluid flow pat te rn  of this type 
would also be reflected in the interface morphology 
(depressions where hot melt  descends) and in radial  
intensi ty  variations of striations. Since none of these 
features is observed, fluid flow, including Marangoni  
flow, can be ruled out as the cause of striations. 

The systematics of the observed striation pat tern  
implies a basic under ly ing  mechanism. It comes to 
mind that  ear th-grown samples also exhibit  features 
that we do not thoroughly understand.  Dickhoff (23), 
for example, reports what  he terms "fundamenta l"  
striations in germanium crystals. Possible known 
causes, such as pulling, vibrations, rotation, etc., were 
excluded in this exper iment  and he concludes that 
"some striations may be due to some fundamenta l  
property of the growth process." A mul t i tude  of small  
amplitude, periodic compositional variat ions with peri-  
odicity of 5 to several hundred  microns is always ob- 
served in doped crystals grown from the melt. In  
crystals grown by the Czochralski technique without  
rotation, they are referred to as "nonrotat ional"  s tr ia-  
tions (e.g., 24-26). An example of such striations is 
shown in  Fig. 6 for a nonrotated ground-based control 
sample of InSb(Se) .  They are present ly  at t r ibuted to 
convective flow main ly  (e.g., 27-31). However, a one 

Fig. 4. Off-facet striations in space-grown inSb(Se); dual beam 
interferogram of etched, longitudinal section. Fringe contrast in 
space-grown section is much enhanced due to improved micra- 
homogeneity. Magnification 140X. 

Fur ther  causes of off-facet striations to be consid- 
ered are mechanical  instabilities, t h e r m a l  instabilities, 
and surface tension grad ien t -dr iven  convection (Mar- 
angoni flow). Both gyro and temperature  data that  
were obtained for the period of solidification were ana-  
lyzed; no events that could possibly account for the 
growth discontinuities could be detected. An average 
solidification rate of 6.9-2.9 u/sec could be calculated 
from cooldown rate (0.6~C/min) and gradients in the 
melt  (min, 14.5~ max, 35~ that were ob- 
tained exper imental ly  and by computer analysis of 
the system. To account for the first striae, sudden heat-  
ing or cooling of the interface would have to take 
place at the following times after solidification is in i -  
tiated. For R ~ 6.9 ~/sec: 4 sec, 15 sec, 31 sec, 52 sec, 
75 sec, 103 sec, 134 sec, etc.; for R : 2.9 ~/sec: 10 sec, 
35 sec, 73 sec, 124 sec, 179 sec, 245 sec, 1320 sec, etc. 
Fluid flow cycles that take minutes  for each cycle 

Fig. 6. "Nenrotational striations" in the off-core region of a 
single crystal of InSb doped with selenium (35 mg Se/85g charge). 
(211") longitudinal section of crystal pulled without rotation, 
growth axis [111]B. Namarski interference contrast microg~aph of 
polished and etched surface. Magnification 224X. 
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to one corre la t ion  could not  a lways  be shown (e.g., 23, 
32-36). Addi t iona l  under ly ing  basic pr inciples  cannot  
be excluded.  

P resuming  tha t  fluid flow was negligible,  meaning  
tha t  the diffusion l aye r  was undis turbed,  the  off-facet  
s t r ia t ions  observed in  the  space -g rown InSb (Se) sam-  
ple  cannot  be expla ined  in  terms of exis t ing theory.  
A concept is p resen ted  in the  fol lowing tha t  satisfies 
both  the occurrence as wel l  as the  sequence and in-  
tens i ty  of these str iat ions.  

Theory 
The effective d is t r ibu t ion  coefficient keff is defined 

as follows 
Cs(act) 

keff = - -  [ 1] 
el(act) 

where Cl(act) is the bu lk  concentra t ion in the  l iquid  
far  enough from the growing in ter face  so tha t  concen- 
t ra t ion  gradients  a re  negligible,  Csc~ct) is the concen-  
t r a t ion  in the  solid. Values  r epor t ed  for the  effective 
off-facet  segregat ion coefficient for Se in InSb  range  
f rom 0.17 to 0.35 (37). keff is affected by  exper imenta l  
condit ions such as the ra te  of s t i rr ing,  the ra te  of so- 
lidification, c rys ta l lographic  orientat ion,  and concentra-  
t ion of solute and impur i t ies  in the melt .  

The equi l ib r ium dis t r ibu t ion  constant  ko is given by  

as(eq) 
ko = [2] 

al(eq) 

where  al(eq) is the equ i l ib r ium ac t iv i ty  in the l iquid 
and asceq) is the  equ i l ib r ium ac t iv i ty  of the  solute in 
the  solid. For  solidification of d i lu te  solutions at s low 
rates, ko may  be defined as follows 

Cs(eq) Cs 
k o  - -  - -  - -  - -  ~ r  [3] 

C z ( e q )  CT 

CT is the concentra t ion in the l iquid d i rec t ly  at the  
interface,  kT is the  in ter face  segregat ion coefficient. 
Since ko ---- kr  ~ keff ~ 1, the  in terface  segregat ion 
coefficient kT of Se in InSb may  be of the  order  of 0.2. 

Dur ing  ini t ia l  t ransient ,  the bu i ldup  of solute con- 
cent ra t ion  at  the  in ter face  as a funct ion of interface 
locat ion x at  constant  solidification ra te  R is descr ibed 
by  the fol lowing equat ion (5) 

Cs 
C T ~ - -  

ko 

where  Cs is the solute concentra t ion in  the  solid at  
the interface,  D is the  diffusion constant  in the liquid. 
In der iv ing  this equation, the assumptions  were  made  
that  mass t r anspor t  in the  mel t  is due to diffusion only 
and diffusion in the solid is negligible.  

Af te r  the  ini t ia l  t ransient ,  when s t eady-s ta te  sol idi-  
fication has been established,  the  concentra t ion of sol-  
ute  in the  l iquid at the in ter face  CT is equal  to Co/kw, 
where  Co is the  ini t ia l  concentra t ion in the liquid. In  
our case wi th  Co ---- 10ig/cm z, ko = 0.2, CT wil l  reach  
a s t eady-s ta te  va lue  of 5 �9 10~9/cm8. The g rowth  dis-  
tance x requi red  to reach s teady  state depends  on the 
growth  rate.  An es t imate  can be obta ined f rom x 
2D/(koR) .  In i t ia l  t rans ient  r ise of solute as a funct ion 
of in terface  locat ion for the sys tem InSb (Se) is shown 
in Fig. 7 for  var ious  g rowth  rates.  

This var ia t ion  of solute concentra t ion corresponds to 
a var ia t ion  of l iquidus  t empe ra tu r e  of the l iquid ad j a -  
cent to the interface.  According to the  equi l ib r ium 
phase d i ag ram of a b ina ry  sys tem A,B, the  equ i l ib r ium 
l iquidus t empera tu re  is given by  

TE ---- To --  m CT [5] 

where  To is the mel t ing  t empe ra tu r e  of pure  phase  A 

XIO 19  

S -  

4 -  
C t 

a- 

1 -  

0 -  

o @ 

_J 

J 

OB 0,4 0 . 6  08 1.0 

IMTEKFACE LOCA~r ION ( CM ) 

Fig. 7. Dopant concentration in liquid adjacent to solid-liquld 
interface a~ a function of interface position. System: InSb(Se); 
parameters, Co = 101~ 3, D = 10 -5  cm2/sec, ko = 0.2, Rt ---- 
1 ~/sec, R2 = 2.5 ~/sec, R3 ~- 5 #/sec, R4 = 7.5 ~/sec, R5 = 
10/~/sec, Re = 12.5 ~/sec. 

and m is the  slope of the l iquidus  curve. As usual,  this  
slope is assumed to be constant.  

The  l iquidus  t empera tu re  TE as a function of x can 
be described,  using Eq. [4] and [5], by  the fol lowing 
express ion 

TE ~-- To 

- - m C o  f 
1 ko / R 

- -  exp L --ko 

[6] 
Melting and solidification curves ( t empera tu re  vs. 

t ime wi th  l inear  cool down or  heat ing)  were  de te r -  
mined to es t imate  l iquidus and solidus t empera tu re  
changes. Excluding  supercool ing requ i red  for  nuclea-  
tion, solidification of InSb doped with  se lenium to 
1020/cm3 extends over  a t e m p e r a t u r e  range  of approx i -  
ma te ly  20~ The shape of the  curves indicates  pa r t i a l  
mixing;  t empera tu re  change associated withe the  in i t ia l  
per iod  was 5~176 Since the  phase d iag ram I n S b - S e  
is not avai lable,  a more  conservat ive  value  of 0.21~ 
(10igSe/cm3) as de te rmined  by  l inear  in terpola t ion  of 
mel t ing t empera tu res  is used in the  following. Using 
Eq. [6] and this value,  l iquidus t empera tu re  changes 
as a function of interface posi t ion were  computed as 
shown in Fig. 8. In  our exper iment ,  solidification was 

~ 2 2 . 8 ~  

E 

N N l .  8 
eO ~,E 04 e,6 0 . S  O cm 

~NTER~CE Poslr~oN 

Fig. 8. Decrease of llquidus temperature due to increase of solute 
concentration in liquid adjacent to advancing solid-liquid interface 
as a function of interface position. System: InSb(Se); Tm 
523.0~ ,~T/(lO19Se/cm 8) = 0.21~ Growth rates and other 
parameters as listed in Fig. 7. 
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Fig. 9. Decrease of liquidus 
temperature in the system 
InSb(Se) as a function of time 
and growth rate R with each plot 
computed for constant R (Eq. 
[6]).  Three dimensional,step-by- 
step procedure used to determine 
T vs. x and R vs. x (see Fig. 10) 
is indicated for two cases I and 
I I .  

O 

in i t ia ted  by  p rog rammed  cooldown of 0.6~ af te r  
a 1 hr  soak period.  Consequently,  the  ra te  of solidifica- 
t ion has to be modified dur ing  ini t ia l  t rans ien t  of 
solidification owing to a decrease of l iquidus  t empera -  
ture  of 0.84~ which corresponds to a t ime lag of 1.4 
min. 

In  the following, possible cases as to how this can 
be accomplished are  examined.  Pa rame te r s  for 
I n S b ( S e )  are  used. However ,  the  considerat ions  are  
appl icable  to mul t icomponent  solidification systems 
wi th  k < 1 in general ,  and, analogously  to systems wi th  
k > l .  

Aside f rom shifts of the  t ime axis tha t  need to be 
considered, solidification has to proceed along the sur -  
face shown in the  l iquidus t e m p e r a t u r e - t i m e - g r o w t h  
ra te  d i ag ram in Fig. 9. S t eady - s t a t e  solidification ra te  
Rs is de te rmined  by  the  cooldown ra te  dT/dt and the 
grad ien t  in the mel t  at  the in ter face  

tiT~dr 
Rs - - -  [7] 

grad T 

Assuming that  v i r tua l ly  no supercool ing is requ i red  to 
dr ive  g rowth  and assuming immedia t e  response of the  
growth  ra te  to a l tera t ions  of the thermal  si tuation,  the  
g rowth  ra te  R s  is modified by  changes of the  l iquidus  
t empe ra tu r e  as follows 

(dT~./dt) R 
R = R s  [8] 

grad  T 

Neglect ing the rmal  iner t ia  so tha t  dTcool/dt = const 
th roughout  solidification, the  ra te  Ro at  which growth  
is in i t ia ted  at  t ---- 0 is de te rmined  b y  

( d T ~ ' ) R d T  
-Ei- o= et [9] 

Ro <_-- Rs [I0] 
Slower  ra te  would  resul t  in increas ing supercooling,  
fas ter  ra te  is not  permissible .  With  the assumpt ion 
tha t  v i r t ua l ly  no supercool ing is requ i red  for growth,  
growth  ra te  wi l l  increase  from Ro to Rs according to 
the  condit ion 

riTE 
- -  const [11] 

dR 

Using Eq. [6], [7], [9], and [11], var ia t ion  of R wi th  
t ime or  in terface  posi t ion and, consequently,  va r ia t ion  
of Tllq, CT, and Cs can be de te rmined  numer ica l ly  by  
a th ree -d imens iona l  s t e p -by - s t e p  procedure.  This p ro -  
cedure is indica ted  in  Fig. 9 for two cases, R1 wi th  smal l  
/,R ---- Rsz --  Roi and Ru wi th  l a rge r  •R. 

Var ia t ion  of RI, Tr, and RIT, TII wi th  interface loca-  
t ion de te rmined  in this manner  is shown in Fig. 10. 
Wi th  increasing 5R, the  curves dev ia te  more  and more  
from exponent ia l  functions; note the  inflection points  
in the RII and TII curves. Resul t ing concentra t ion p ro -  
files in the solid are given in Fig. 13, for comparison,  
a profile tha t  would  be obta ined wi th  R = const is 
included.  

Even though the  assumptions  made  concerning 
supercooling and response may  not  be real is t ic  as 
wil l  be  shown in the following, exper imen ta l  find- 
ings may  sti l l  be in good agreement  wi th  da ta  de-  
r ived  by  this approach.  Best agreement  would  be ex -  
pected for dopant  levels  and  systems where  the  de-  
crease of l iquidus  t empera tu re  is smal l  and the cool- 
down rap id  and where,  in addit ion,  g rowth  interfaces  
are  diffuse. These conditions are  closely met  wi th  the  
I n S b ( T e )  Sky lab  exper iment  ment ioned  in the in t ro-  
duct ion (18). Decrease of l iquidus t empera tu re  due to 
101sSe/cma is of the order  of 0.05~ only; a re la t ive ly  

522.8 I , , i i , , . , . r , I j ' '  12 

,6 - ia 

,5 

~ ,4 B 7 

,2 Ti t - S 

,1 ~ s 4 
522,0 

,g , i 
2 4 6 $ 10 72 14 16 18 20  22 24 26 28  30 

X xlO Into 

R 
. .'sec~ 

Fig. 10. Liquidus temperature and growth rate R vs. solld-liquid 
interface location x as determined by step-by-step procedure 
indicated in Fig. 9 for the system InSb(Se). 
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Fig. 11. Top view of T--R--t 
block diagram shown in Fig. 9 
with Jsotemperature lines indi- 
cating times after which the re- 
spective liquidus temperatures 
are established at constant solid- 
ification rates. Different cases of 
growth rate variations with time 
t' (t' scale compressed to have 
correct relation with isotherms) 
are as follows: (A): Curve Rm 
continuous variation of R due to 
decrease of liquidus temperature, 
step function change from R = 0 
at t - -  0 to Rn. (B): Curve ( ~ ,  
small undercooling required for 
growth. (C): Curve ( ~ ) ,  R pro- 
portional to undercooling. (D): 
Curve ~ ) ,  growth rate hystere- 
sis. (See also Fig. 12.) 

rapid cooldown of 2.4~ was employed; growth 
axis was [ l l l ] B ;  the interface was, however, concave. 
Details close to the meltback interface could not be 
resolved and t h e d o p a n t  profile agrees within experi-  
mental errors with an exponential profile. 

As already mentioned, the assumption of a step- 
function change from R -- 0 to Ro is not realistic. More 
realistically, this increase will require finite time. Con- 
sequently, R will increase from zero to the balance 
curve (e.g., RH) in a manner indicated in the R -  t 
diagram (top view of Fig. 9) shown in Fig. 11 (curve 
1, heavy line). Since growth at R ~ RII equals in- 
creasing supercooling, an overshoot into the region 
R ~ RH will result. Due to this overshoot, the thermal 
imbalance is reversed and one or several high fre-  
quency, rapidly decaying growth rate oscillations may 
result in this region. Finally, growth will proceed ac- 
cording t o  the RH curve. Even though at tr ibuted to 
drifting of the interface during thermal soak due to 
thermal instabilities, similar features were observed 
with antimony (1017/cm 3) and gallium (1019/cmJ)- 
doped germanium solidified during ASTP-mission (38). 

Considering the various theories describing molecu- 
lar  kinetic mechanisms for solidification, two basic 
cases can be discerned for our purpose: (i) Growth 
rate R is proportional to the degree of undercooling AT. 
(ii) Growth rate R is not proportional to the degree of 
undercooling aT. Proportionali ty is generally expected 
for diffuse interfaces, where the interface advances 
continuously without lateral  spreading. The same in-  
terdependence is predicted for growth with screw dis- 
locations. Growth of a perfect crystallographic flat is 
expected to follow an exponential law (nucleation- 
l imited growth),  the dislocation law predicts a growth 
rate that is approximately proportional to (~T) ~, 
whereas BCF theory allows for both linear and para-  
bolic laws. Reviews are, for example, given by Jack-  
son (39), Bennema and Gilmer (40), and Cahn et al. 
(41). Cahn lines out that mock-lateral  growth, a con- 
tinuous mechanism based on lateral  growth on inter-  
face terrace steps, may be most common especially 
when growth rate anisotropy is large. Examining both 
theory and experimental evidence, Cahn concludes 
that stepwise growth prevails at low undercooling and 
continuous growth at high undercooling. If different 
growth mechanisms are operable at different growth 
rates, growth rate minima and associated striations 
may be accentuated by enhanced entrapment of solute 
due to lateral spreading. Information on supercooling 
required to drive solidification of InSb is available only 
for {111} facet growth (42). Supercooling up to 6~ 
has been measured during growth. Systematic changes 

of interface characteristics with growth rate due to 
the tendency to approach diffuse interfaces under con- 
ditions of rapid growth and singular interfaces at slow 
growth may, in addition, lead to hysteresis. In this 
context, growth rate dependent adsorption of impuri-  
ties that decrease the interracial free energy may also 
be of importance. 

Growth rate and concomitant liquidus temperature 
variations resulting from linear interdependence of R 
and ~T (Fig. 12b) are indicated in Fig. 11 and 12, 
dashed curves 2~. In analogy to minimal supercooling 
(Fig. 11, curve ~.(~)), one or several lower frequency 
sinusoidal oscillations of Rr about RII should be ex- 
pected (Fig. 11, curve 2~) .  In terms of liquidus tem- 
perature (Fig. 12), oscillations will be about T~I(2~ 
(dashed curve) and not TII (solid curve) since super-  
cooling is required for growth in this case. So far, this 
type of behavior has not been observed in space-grown 
crystals. 

Nonlinear interdependence of R and aT (Fig. 12c) 
results in more initial delay (Fig. 11). Consequently, 
there is more overshoot into the region R > Rm The 
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Fig. 12. Decrease of liquidus temperature as a function of 
interface location. (A), Continuous decrease, TII, as i n Fig. 10, zero 
undercooling. (B), R proportional AT as indicated in upper right; 
dashed curve parallel TII indicates the temperature at which 
growth would proceed according to RII (Fig. 10). Initial oscillations 
due to initial time log, dashed curve ( ~ ) .  (C), Discontinuities 
(curve ( ~ ) )  due to nonlinear dependence of R and AT and 
eventually hysteresis as indicated in R - -  ,XT diagram at lower 
right. Dotted curve parallel TzI shows temperature variation re- 
quired to grow according to Rn, 
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balance  is reversed  and the growth  ra te  decreases to 
R ~ RII. This process again  continues unt i l  the  oscil-  
lat ions are  damped  out and g rowth  proceeds along Riz. 
Due to the re la t ion  of R and hT, oscil lat ions are  non-  
s inusoidal  as long as R decreases into the  nonl inear  r e -  
gion of the R --  hT curve. 

Hysteresis  (Fig. 12c), which should be more  p ro -  
nounced in the  low growth  ra te  region,  resul ts  in p ro -  
nounced g rowth  ra te  discontinui t ies  for min ima  of R 
and even tua l ly  discontinui t ies  at  maxima.  This is 
shown schemat ica l ly  in Fig. 11 and 12, dot ted  curve (~). 

F igure  lb  shows the so l id- l iqu id  in terface  tha t  Has 
developed dur ing  soak (1 hr )  a t  la rge  magnification. 
Clear ly  this in ter face  is not  diffuse but  r a the r  com- 
posed of a mul t i tude  of c rys ta l lographic  fiats. S imi la r  
features  indica t ing  that  interfaces did  not  s imply  r e -  
flect i so therm shape dur ing  solidification a re  observed 
wi th  the interfaces m a r k e d  by  the first str iae.  This 
observat ion  impl ies  the poss ib i l i ty  of g rowth  ra te  
hysteresis  tha t  decreases as g rowth  proceeds and over-  
al l  g rowth  ra te  increases. Jackson 's  a - fac tor  predic ts  
diffuse interfaces  for  a ( 2 and an increas ing tendency 
for s ingular  interfaces  for l a rge r  a. I t  is defined as 
follows: ~ = ~L/RT, where  ~ ~ 1 is a geometr ic  coeffi- 
cient equal  to the rat io  of the  neares t  neighbor  coordi-  
nat ion number  in the  surface to tha t  in the  bulk,  L is 
the  la tent  heat  of fusion. Not  considering ~, a = 7.7 
for InSb, which also indicates that  g rowth  interfaces 
tend to be nondiffuse, and, consequent ly  nonl inear  
g rowth  laws are  applicable.  S imi lar ly ,  surface profiles 
of etched sections as v iewed by  dual  beam in te r fe rome-  
t ry  (Fig. 4) indicate nonl inear  g rowth  at slow growth  
ra tes  and growth  ra te  hysteresis .  In ter ference  fr inges 
are  most a symmet r i ca l  and S - shaped  close to the  me l t -  
back  interface;  min ima  are  increas ingly  less p ro -  
nounced, as g rowth  proceeds fringes become less a sym-  
met r ica l  and more  and more  U-shaped  (Fig. 3). 

Possible  dopant  profiles resul t ing  f rom above mech-  
anisms are  shown in Fig. 13. Addi t iona l  complicat ions 
would be due to var ia t ion  of d is t r ibut ion  coefficients 
wi th  mel t  composition, concentrat ion,  and g rowth  rate.  
The effective off-facet segregat ion coefficient of sele-  
n ium and InSb  increases  f rom 0.3 to 0.6 as the  g rowth  
ra te  increases f rom 0.8 to 25 ~/sec (43). Also, effects 
due to evolut ion of la ten t  heat  of fusion ( ~  12 k c a l /  
mol for InSb) ,  which should most ly  resul t  in damping  
of oscil lat ions were  not considered. 

Conclusions 
Exper imen ta l  evidence has been presented  tha t  

s t rongly  suggests  tha t  g rowth  r a t e  oscil lat ions and 
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Fig. 13. Possible cases of initial translent dopant profiles when 
sample is prepared from a quiescent meff. Curve 1", R = constant 
throughout solidification [computed according to "l'il[er et al. (5)], 
Co = 1019/cm 3'ko = 0.2, R = 10~/sec. Curves ( ~  and ( ~ ,  
supercooling not considered; modulation of R due to decrease of 
liquldus temperature (Fig. 9). Curve ( ~ ,  linear interdependence 
of R and supercooling. Curve (~ ) ,  growth rate hysteresis. 

growth  ra te  pulsat ions m a y  resul t  f rom kinet ic  super -  
cooling dur ing  ini t ia l  t ransient .  This has been analyzed  
for quiescent melts  and impur i t i es  wi th  segregat ion 
coefficient k o ~ 1. According to different  models  on 
kinet ics  of c rys ta l  growth,  the  fol lowing cases could 
be dis t inguished:  

1. Supercool ing is neglected;  immedia te  response of 
g rowth  to the  t he rma l  s i tuat ion is assumed. Growth  
ra te  is cont inuously  modified due to decrease of l iq-  
uidus t empera tu re  dur ing  ini t ia l  t rans ien t  of solidifica- 
tion. Data were  obta ined for g rowth  rate,  l iquidus t em-  
perature ,  and concentra t ion of solute in the  solid as a 
function of in terface  locat ion by  th ree -d imens iona l  
s t e p -by - s t e p  numer ica l  analysis.  These da ta  were  used 
as basel ine for the fol lowing cases. 

2. Growth  ra te  increase f rom R = 0 at  t ---- 0 to 
RbaseIine is not  a s tep funct ion change. Assuming l inea r  
in te rdependence  of g rowth  ra te  R and supercool ing hT, 
s inusoidal  oscil lat ions of g rowth  ra te  ( f requency de-  
pending  on slope of R vs. hT)  resul t  in the ini t ia l  r e -  
gion. 

3. Nonl inear  in te rdependence  of R and hT s imi la r ly  
resul ts  in oscil lat ions;  oscil lations are,  however,  non-  
sinusoidal.  

4. Growth  ra te  hysteresis  causes g rowth  ra te  discon- 
t inui t ies  (dis t inct  s t r ia t ions)  in the  in i t ia l  t rans ien t  
region of solidification. 

To minimize effects of l iquidus  t empe ra tu r e  changes 
dur ing solidification in practice,  rap id  cool down ( rapid  
growth)  is advantageous.  

S imi la r  considerat ions app ly  for systems wi th  im-  
pur i t ies  that  have segregat ion coefficients k o ~ 1, and 
also for t e rmina l  t rans ien t  conditions. I t  has been ob-  
served by  Bards ley  et al. (44) for Czochra lski -pul l ing  
of ga l l ium-doped  ge rman ium that  "in the l a t e r  s tage 
of growth,  the d iameter  of the crys ta l  s teadi ly  de -  
creases if the power  suppl ied  to the mel t  is held  con- 
stant." He reasons that  "the re jec t ion  of ga l l ium into 
the mel t  cont inual ly  lowers  the l iquidus  t empera tu re  
of the melt,  thus making  the mel t  too hot for growth  
at constant  d iameter ."  This observa t ion  indicates  (con- 
t inuous) g rowth  ra te  modula t ion  dur ing  t e rmina l  
t rans ient  or th roughout  solidification under  condit ions 
of pa r t i a l  mixing.  

Osci l la tory or pulsa t ing  growth  m a y  resul t  dur ing  
te rmina l  t rans ient  as well.  Growth  ra te  var ia t ions  wi th  
reversed  sequence (osci l la tory  in the beginning  and 
increas ingly  dist inct  towards  the  end) a re  observed 
wi thin  the last  2 m m  in our crystal .  These t e rmina l  
t rans ient  var ia t ions  may  be expla ined  on the basis of 
the same pr inciples  as for ini t ia l  t ransient .  

Clear ly  defined growth  discontinui t ies  of the  k ind  
observed vr space-grown crysta ls  could not be ob-  
served on ear th  because of gross convective d i s tu rb -  
ances. However,  the same basic mechanisms are  p res -  
ent  and, therefore,  "nonrota t ional  s t r ia t ions" observed 
in ea r th -g rown  crysta ls  may, in m a n y  instances, have 
to be a t t r ibu ted  to kinet ic  effects. 
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Poly(Methyl Methacrylate-lsobutylene) Copolymers 
as Highly Sensitive Electron Beam Resists 

Edward Gipstein, Wayne Moreau, 1 and Omar Need 
IBM Research Laboratory, San Jose, California 95193 

ABSTRACT 

Methyl methacrylate-isobutylene P(MMA-IB) copolymers have been syn- 
thesized and investigated as positive electron beam results. A 75/25 composi- 
tion P(MMA-IB) copolymer had a sensitivity of 4.5 X 10 -6 C/cm ~ at an ac- 
celerating voltage of 15 kV. The high sensitivity is attributed to the iso- 
butylene "weak links" in the polymer chain. The incorporation of elastomeric 
isobutylene groups in the copolymers was also found to improve their adhesion 
on siloxane substrates. The improvement of the resist performance of PM]VIA 
represents an application of polymer tailoring wherein certain deficiencies in 
one polymer system (PMMA) may be overcome by copolymerization with 
another monomer (IB) which has good radiation sensitivity, but has limited 
resist applicability. 

The fabrication of very small component circuit ele- 
ments using current photolithographic technology is 
limited to linewidths of about 1~ (1). Electron beams, 
both in theory and practice, have resolution capabili- 
ties of the order of 0.1~ or less and are being used in- 
creasingly for fabricating microelectronic devices (2- 
4). 

The general use of electron beam fabrication tech- 
niques requires polymeric resist materials which have 
been designed for this process and are optimized with 
respect to sensitivity, resolution, and processing. While 
many of the present electron beam systems make use 

1 P r e s e n t  a d d r e s s :  IBM System Products  Division, East Fishkill  
Facility, Hopewell  Junction, New York 12533. 

K ey  words:  electron beam l i thography,  positive resists, me thy l  
methacrylate-isobutylene eopolymers,  po lymer  resists, e lectron r e -  
s is ts .  

of homopolymers as resists, recent developments sug- 
gest that copolymer and terpolymer resists should pro- 
vide more significant processing advantages because of 
improved physical and chemical properties (5-6). 

Several investigators have used copolymerization 
and terpolymerization techniques to improve the prop- 
erties of poly(methyl methacrylate), PMMA, a widely 
used positive electron beam resist (3, 7). Harris (8) 
has found that the adhesive properties of PMMA c a n  

be improved significantly when it is hydrolyzed with 
base to form a methyl methacrylate-methacrylic acid 
copolymer. Roberts (9, 10) has improved the vertical 
wall profile of PMMA through copolymerization with 
methacrylic acid and conversion of the acid groups to 
poly(methacrylic anhydride) sequences by heating at 
200~ Sensitivities comparable to those obtained by 
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Fig. 1. NMR spectra of P(MMA-IB) in o-dichlorobenzene at 
148~ (top) 90/10 composition, (bottom) 75/25 composition. 

Roberts  have been repor ted  for copolymers  of me thy l  
me thac ry la t e  and methyl  i sopropenyl  ketone (11). 

For  the  PMMA copolymers  to meet  the  engineer ing 
requ i rements  for  economical  processing, m in imum 
sensit ivi t ies  of 3 X 10-6 C/cm 2 or be t te r  would  be 
needed. At  the present  time, sensi t ivi t ies  of this  order  
of magni tude  have  been observed only wi th  the po ly  
(olefin sulfones),  a new fami ly  of posi t ive resists  (12- 
14), and wi th  severa l  copolymers  and te rpo lymers  
which function as negat ive  resists  (15). The lower  
sensi t ivi t ies  observed for many  posi t ive type  po lymer ic  
resists  have been a t t r ibu ted  to the i r  low G(sc iss ion) ,  
which is about  1.7 for PMMA (16). 

To obta in  the  h igher  sensi t ivi t ies  des i red  in PMMA, 
copolymers  containing the high rad ia t ion  suscept ible  
i sobutylene  group [G (scission) of about  5.4 (17)] were  
synthesized and evaluated.  The m a x i m u m  isobutylene 
content  in these copolymers  was eva lua ted  as a func-  
t ion of resis t  performance.  Addi t ional ly ,  the effect of 
the e las tomeric  i sobutylene  groups on the adhesive 
proper t ies  of the  copolymers  was eva lua ted  on si lanol  
and s i loxane substrates .  The sensi t iv i ty  and etch pe r -  
formance of the copolymers  were  compared  to a po ly -  
me thy lme thac ry l a t e  resis t  of s imi lar  molecular  weight.  

Experimental 
The P ( M M A / I B )  copolymers  were  p repa red  in a 

sealed P a r r  pressure  reactor.  Methyl  me thac ry la t e  was 
complexed wi th  e thyl  a luminum sesquihal ide (A1Etl.5- 
C115) (MX) at --20 ~ to --30~ for 30 min  inside a 
he l ium-purged  d ry  box. I sobuty lene  and benzoyl  pe r -  

oxide cata lys t  were  introduced,  the  reactor  was sealed, 
and the po lymer iza t ion  was carr ied  out at  0~ for 24 
hr. The po lymer iza t ion  was t e rmina ted  by  adding the  
react ion mix tu re  s lowly to a la rge  excess of cold 
methy l  alcohoi containing di lu te  hydrochlor ic  acid. The 
copolymer  was dissolved in benzene, p rec ip i ta ted  in 
methy l  alcohol, and ex t rac ted  wi th  hexane.  

The copolymer  s t ructures  were  confirmed f rom the i r  
NMR spect ra  (Fig. 1) obta ined  in o-dichlorobenzene  
at 148~ wi th  a Var ian  HA-100 spec t rometer  using 
t e t ramethy l s i l ane  as an in te rna l  s tandard .  The methy l  
protons of the MMA units  appeared  as th ree  peaks 
centered at  1.10, 1.26, and 1.448, assigned to the  cotactic 
configuration. The methy lene  protons belonging to both 
MMA and IB appea red  together  as a b road  peak  in the  
range 1.79-2.225. The me thoxy  protons appeared  as a 
single peak  at  3.628. The gem d imethy l  protons of the  
i sobutylene  segments  appeared  as an unresolved single 
peak  centered at 1.008. In tegra t ion  of the  peak  areas 
indica ted  tha t  the  rat ios of me thoxy  protons to iso- 
bu ty lene  methy l  protons were  correct  for the  proposed 
copolymer  s tructures.  

E lementa l  analyses  for these copolymers  confirmed 
the chemical  compositions.  Analys is  ca lcula ted for  a 
90/10 P ( M M A / I B )  copolymer:  C, 62.54; H, 8.69; O, 
28.76. Found:  C, 62.73; H, 8.59; O, 28.73. Analys i s  ca l -  
culated for a 75/25 P ( M M A / I B )  copolymer:  C, 66.40; 
H, 9.63; O, 23.97. Found:  C, 66.76; H, 9.20; O, 24.15. 

Molecular  weight  d i s t r ibu t ion  and molecu la r  weight  
averages  (number  and weight  averages  compared  to 
po lys tyrene)  were  obta ined with  a modified Waters  
Assoc ia tes  GPC 200 ch romatograph  in THF solvent.  
Molecular  weight  averages  ranged f rom 20,000 to > 
100,000 (Table  I ) .  

Glass t rans i t ion  t empera tu res  were  de te rmined  wi th  
a du Pont  TMA 900 different ia l  t he rmal  ana lyzer  
(Table I ) .  

Resist evaIuation.--The oxidized sil icon surfaces were  
of two types, s i loxane and silanol.  The surfaces were  
p repared  by  the oxida t ion  method descr ibed by  Lus-  
sow (18). Resist  films (1.0~ thick)  were  spin coated 
f rom 7% solutions in chlorobenzene using a H eadway  
Research Model EC-101 spinner.  The films were  p r e -  
baked  for 1 hr  in air  at 145~ The thickness of the 
resist  and oxide films (0.7~) was measured  on a Rank  
Talys tep  ins t rument .  The resist  films were  exposed to 
measure  doses of 15 kV electrons wi th  a scanning ras ter  
type  e lect ron beam. The developed films were  pos t -  
baked  at 100~ for 30 min. The oxide films were  etched 
with buffered HF at 22~ The etch rat io  of undercu t  
(19) was measured  by  scanning e lec t ron  microscopy.  

Results and Discussion 
The i sobu ty lene /MMA mole rat io  in the monomer  

feed was an impor tan t  factor  in obta in ing an  a l t e rna t -  
i ng - type  copolymer.  In  the presence of a la rge  excess 
of isobutylene,  an a l te rna t ing  copolymer  was formed.  
When less i sobutylene was used, the copolymer  was 
rich in MMA (Table  I ) .  S imi la r  resul ts  have been  ob-  
served in the copolymer iza t ion  of v iny l  chlor ide and 
MMA (20). When  ZnC12 was used as the  meta l  hal ide,  

Table I. Copolymerization of methyl methacrylate and isobutylene a 

P o l y m e r  compos i t i on ,  MIVIA/MX, IB/MNIA,  C o n v e r -  Molecu l a r  we igh tb  G l a s s  t r a n s i t i o n  
m / o ,  M-MA/IB mole  mole s ion,  % Mw l~n temD Ts, ~ 

90 10 2 1 14 28,750 18,940 60 
75 25 2 4.5 84 115,700 41,250 43-47 

Blockc 1 d 1.S 5 43,800 24,400 77 
50 SO 2 2S " - -  - -  - -  

100 0 (PMMA. cont ro l )  107,420 42,175 1 0 S  
0 1 0 0 ( P I B  contro)  - -  - -  - -7~ 

a Benzoy l  p e r o x i d e  ca ta lys t ;  m o n o m e r / c a t a l y s t  = 500/1.  
b R e l a t i v e  to  p o l y s t y r e n e  in  T H F  b y  GPC.  
c P o l y m e r i z a t i o n  in  e t h y l  a c e t a t e  s o l v e n t  a t  25~ no  r a t i o  d e t e r m i n e d .  
d MX = ZnCh. 
e W o r k u p  of  p o l y m e r  wa s  diff icut ;  t he  p o l y n e r  was  a so l id  at  0~ b u t  b e c a m e  a l i q u i d  nt a m b i e n t  ten'~peratu~e. T h e  p o l y m e r  m o l e c -  

u l a r  w e i g h t  m u s t  be p r e s u m e d  to be  l o w  becaJse  of the  d i l u t i o n  effect  of  the  l a rge  excess  of i sobu ty l ene .  
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a block-type copolymer was formed. These polymers 
were not of high molecular  weight and all efforts to 
increase the molecular  weight by changing the IB /  
MMA ratio and by use of different radical catalysts 
were unsuccessful. 

The use of benzoyl peroxide, a free radical catalyst, 
in the presence of ethyl a luminum sesquichloride, i n -  
creased the rate of  polymerizat ion with a concurrent  
decrease in  the copolymer molecular  weight. It  has 
been demonstrated that  the catalyst reacts wi th  the 
charge t ransfer  complex, that  the radical ini t ia ted poly-  
merizat ion occurs concurrent ly  with the spontaneous 
po lymer iza t ion ,  and that  the propagation reaction is 
the same irrespective of the ini t ia t ion mechanism (20, 
21), that  is 

CH3 
I 

CHiC 

C 
/K 

CH30 O, .  
~A1Eh.5Cll.5 

CH3 CH3 CH3 
[ 0~ I I 

+ CH2=C ,> --(--CH2--C--)a ' (CH2--C--)b 
L +-c--o--c--~ I I 
I I1 I I I CH3 

CHs 0 0 C 

CHsO 0 

Table II. Sensitivities of P(MMA-IB) copolymers at 15 kV 

Polymer Sensitivity, ~tC/em ~ 

90/10 7.0 
Block 6.0 
75/25 4.5 
PMMA 28.5 

The resist sensitivities were determined by syste- 
matic stepped exposures ranging from I • 10 -~ to 1 
• 10 -4 C/cm 2 at 15 kV. The choice of developers was 
evaluated by solubil i ty mapping of the rate of dissolu- 
tion of the unexposed (So) area of copolymer films in 
various classes of organic solvents such as ketones, 
esters, alcohols, alkanes, and aromatic hydrocarbons. 
Xylene was found to be a representat ive solvent which 
dissolved the exposed region at rate S. The solubil i ty 
ratio of S/So was fixed at 5 to 1, and the sensi t ivi ty 
(dose) necessary to achieve the differential dissolution 
is given in Table II. 

Under  these conditions, only 20% of a 1~ thick film 
was dissolved after development: The processed films 

MMA IB 

The a l te rna t ing-  and block-type structures of the co- 
polymers were established by pyrolysis studies in a 
gas chromatograph. The exper imental  polymers and 
a PMMA homopolymer were pyrolyzed into a gas 
chromatograph and the products were fractionated on 
a 15 ft • 1/s in. chromosorb G column. PMMA depoly- 
merized 95% to monomer,  a port ion of the chain un -  
dergoing dehydrat ion and decarboxylat ion to leave a 
polyene residue. The block copolymer gave polyene 
fragments  and isobutylene indicative of extensive se- 
quences of PMMA unin te r rup ted  by isobutylene se- 
quences. The a l ternat ing copolymers gave products 
characteristic of isobutylene and branched isobutylene 
structures. Very little of the  typical po!yene backbone 
fragments,  characteristic of PMMA, were observed, in -  
dicating that the PMMA sequences had been exten-  
sively interrupted.  

The glass t ransi t ion temperatures  (T~) of the al ter-  
na t ing-  and block-type copolymers were found to de- 
pend on the isobutylene content  of the copolymer and 
on the polymer structure (Table I).  Increasing the iso- 
buty lene  content of the a l ternat ing polymers reduced 
the Tg. The Tg of the block copolymer were higher 
than those of the a l ternat ing polymers. These copoly- 
mers and PMMA and PIB homopolymer controls hav-  
ing comparable molecular  weights (Table I) were 
evaluated as electron beam resists. 

The copolymers were soluble in many  organic sol- 
vents and were spin coated from chlorobenzene solu- 
tions to thicknesses of several microns. The copolymer 
films, prebaked at 145 ~ were sufficiently melted to al-  
low the casting solvents to evaporate and to provide 
solid-phase wett ing of the oxide substrate.  PMMA (8) 
required a higher prebake of 180~ to remove solvents 
and to prevent  excessive th inn ing  of the unexposed re-  
gion in the developer. Heat ing PMMA or the copoly- 
mers above 190~ resulted in chain scissioning to lower 
molecular weights and to the chain unzipping to mono-  
mer fragments. Polyisobutylene was a poor resist 
which had l imited resolution because of a low glass 
t ransi t ion temperature.  Above the glass temperature,  
this polymer exhibited cold-flow properties and de- 
formed under  solvent developer stress (22). 

could be used either in  a lift-off scheme of metal  pa t -  
terns, Or as an etch resist. The resists are readily 
stripped in soIvents such as benzene Or acetone. 

The sensit ivity of the copolymers increased with 
isobutylene content  (Table II) .  The 75/25 copolymer 
required a low dose of 5 • 10 -6 C/cm 2 compared to 
3 • 10 -5 C/cm 2 for the PMMA control. A comparable 
dose of 4 • 10 -5 C/cm 2 has been noted (23) for PMMA 
when developed in opt imum solvents to a S/So of 5. 

The incorporation of isobutylene links in the PMMA 
chain whether  in the form of a l ternat ing or blocky 
sequences enhanced the chain scissioning. Since higher 
init ial  molecular  weights can also enhance the sensi- 
t ivity of a positive resist (24), we at tempted to in -  
crease the molecular  weight of the copolymers but  
were not successful with other catalysts or reaction 
conditions. 

The resist exhibited good resolution capable of p ro -  
ducing fine dots of 1.25 geometry in 7000A thick films 
of oxidized silicon (Fig. 2). Doses as low as 3 • 10 -8 
C/cm 2 could be used but  the unexposed resist th inned 
about 40 %. 

The P(MMA-IB)  copolymers were unaffected by 
cold flow because of their  higher glass t ransi t ion tern- 

Fig: 2. Images (1.25#) etched with P(MMA-IB) resist in 7000.~ 
thermal Si02. 
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pera tures  (Table  I ) .  However,  for op t imum processing, 
the  i sobuty lene  content  of the copolymer  should not 
exceed 25 mole  per  cent (m/o)  because the glass 
t rans i t ion  t empera tu re  wil l  be signif icantly lowered.  
If  the glass t ransi t ion t empera tu re  is too low, images  
in the po lymer  mel t  dur ing  the rmal  processing above 
100~ The glass t rans i t ion  of the  block copolymer  was 
higher  than  those of the a l t e rna t ing  copolymer.  The 
block form would offer h igher  processing temperatures .  

The adhesion and etch resis tance of PMMA and the 
P ( M M A - I B )  copolymers  on s i lanol  (S i -OH) and 

i Resist 
SiO 2 

Si 

Ideal Etch 

"• E Resist ~ Normal Undercutting 

X ~///] SiO2 ;D / D / L - ~ I s ,  

"• ~" Resist I Heavy Undercutting 

" ~  ~I~L~I~/~ SiO2 ~D / D / L < I s i  

Fig. 3. Resist pattern adhesion and undercutting 

-- CH 2 

CH 3 CH 3 CH 3 
I I I 

-- C--CH 2 ~C--CH 2 - C - C H  2 
I I I 
C --OCH 3 C--OCH 3 C--OCH 3 
II II II 
O O O 

H H H H 
O O O O 
I I I I 

--Si--O Si--O--Si--O Si--O-- 
I I I i 

Fig. 4. H bonding of PMMA to silanol surface 

OCH 3 
I 

C=O (~H 3 
I 

"~'~ CH2 ~ ( ?  CH2 C - - C H 2  "~" I 

CH 3 CH 3 

/o\ /o\ 
-- Si--O--Si-- O--Si--O--Si--O--Si-- 

I I I I I 

Fig. 5. Van Der Waals bonding of MMA-IB copolymers to 
siloxane surfaces. 

Table III. Adhesion of P(MMA-IB) copolymers on siloxane surfaces 

P o l y m e r  A d h e s i o n ,  D/L 

P1VIIVI A 0.4 -~- 0.1 
90 /10  0.7 • 0.1 
75/25 0.9 -~- 0.1 
Block  0.6 ~- 0.1 

si loxane (SiO) surfaces were  eva lua ted  by measu re -  
ment  of an undercu t  factor, D/L.  Fi lms  of resist  (1.O# 
thick)  were  used to etch 7000A films of sil icon dioxide.  
The undercu t  factor, D/L,  assesses the depth,  D, to 
la te ra l  width,  L, of a normal ized  l ine  at the  bo t tom of 
the  etched subs t ra te  (19). A D / L  factor less than  one 
implies  heavy  undercut t ing  ( large  L) undernea th  the 
resis t  edge (Fig. 3). 

On si lanol  surfaces, PMMA adhered  ve ry  wel l  and 
exhib i ted  a normal  undercu t  of D / L  of 0.9 _ 0.1. The 
adhesion of PMMA and other  me thac ry la t e  po lymers  
on sil ica surfaces has also been measured  by  absorp-  
t ion isotherms and in f ra red  spectroscopy (25, 26). Ad-  
hesion was a t t r ibu ted  to the  hydrogen  bonding of the 
carbonyl  group ( C : O )  (Fig. 4) of the  ester  to the 
surface hydroxy l  (OH) groups of silanol.  The iso- 
bu ty lene  segments in the P ( M M A - I B )  copolymers  did 
not a l te r  the  adhesion on the si lanol  surfaces (D/L  = 
0.9 _ 0.1) since there  a re  sufficient es ter  groups re-  
maining  for hydrogen  bonding.  

When  PMMA was coated on s i loxane surfaces, the 
etched images were  bad ly  undercu t  wi th  a D / L  value 
of 0.4 • 0.15. The poor adhesion is a t t r ibu ted  to the  
loss of hydrogen  bonding since the si lanol groups have 
been conver ted to s i loxane bridges.  However ,  the ad-  
hesion of the P (MMA-IB)  copolymers  on the s i loxane 
surfaces improved  wi th  increasing i sobutylene  con- 
tent  (Table  I I I ) .  The enhanced adhesion is a t t r ibu ted  
to the increased Van der  Waals  type  bonding wi th  the 
increasing number  of a lky l  groups in the po lymer  chain 
(Fig. 5). 

Summary 
PMMA copolymers  containing isobutylene  groups 

are  very  sensi t ive to e lect ron beam radiat ion.  The high 
sensi t ivi t ies  are a t t r ibu ted  to the  i sobutylene  "weak 
l inks" in the po lymer  chain. 

The adhesion of PMMA type  resists  can also be im-  
proved on s i loxane surfaces by  incorpora t ion  of e las to-  
meric  i sobutylene groups. 

The improvement  of the resist  per formance  of 
PMMA represents  an appl icat ion of po lymer  ta i lor ing  
where in  cer ta in  deficiencies in one po lymer  sys tem 
(PMMA) may  be overcome by copolymer iza t ion  with  
another  monomer  (IB) which has good radia t ion  sensi-  
t ivity,  but  has l imi ted  appl icabi l i ty .  
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Variation of Solid Composition and Thickness 
during LPE Growth of AIxGal_xAs 

Hachiro Ijuin 1 and Shun-ichi Gonda 

Electrotechnical Laboratory, Tanashi, Tokyo, Japan 

ABSTRACT 

The variations of the solid composition and of the layer  thickness with the 
growth time in the LPE AlxGal-xAs were measured by uti l izing luminescence, 
x - ray  analysis, and microscopy by means of an electron microprobe. The var i -  
ations determined by the experiments  are in good agreement  with the calcu- 
lations based on the diffusion-limited growth theory including the effects of 
nucleat ion in the te rnary  solution. 

Liquid phase epitaxy (LPE) has been widely used 
for such applications as electronic and optoelectronic 
devices which require high quali ty in crystallographic 
na ture  and variety in structure. The LPE layer is nor-  
mally grown on the substrate from a saturated solution 
and occasionally from an undersa tura ted  or a super-  
saturated solution. Variables such as the solid composi- 
tion and the thickness of the crystal grown by LPE are 
of great importance in practical application. The var i -  
ation of the solid composition of AlxGal-xAs with the 
growth tempera ture  reflects the growth process and 
growth conditions. Theoretically, the variat ion of the 
solid composition with the growth temperature  has 
been investigated on the basis of the phase diagram 
for the growth from a saturated solution by Ilegems 
and Pearson (1) and from a supersaturated solution 
by Thompson and Kirkby  (2). Experimental ly,  the 
variat ion has been investigated by Rado and Crawley 
(3) and Thompson and Kirkby  (2). The results of 
Rado and Crawley have been compared with the 
theoretical ones of Ilegems and Pearson. The variat ion 
of the solid composition with the growth temperature  
is regarded as independent  of the cooling rate of the 
growth in the above investigations. 

Since LPE growth is not an equi l ibr ium process, the 
variations of the composition and the thickness of the 
grown layer are affected by the diffusion rate of the 
solutes in the solution. Crossley and Small (4) have 
analyzed the diffusion-limited process by means of a 
numerical  method with which complicated growth con- 
ditions are easily taken into account. Nucleation in the 
solution is considered to affect .the process in the LPE 
growth. We have analyzed the diffusion-l imited proc- 
ess taking into account the effects of nucleat ion in the 

1 On leave of absence f r o m  Waseda Unive r s i ty ,  Sh in juku ,  Tokyo,  
Japan ,  

Key  words :  composi t ional  var ia t ion,  nucleat ion in  t e rna ry  solu- 
tion, const i tut ional  supercooling,  equ i l ib r ium l iquidus temperature. 

te rnary  solution (5, 6). A consistent argument  about 
the experiment  and theory has not been made except 
for the very low cooling-rate process. 

In  this paper, by the LPE growth of AI~Gal-~As 
under  different growth conditions, the phase diagram 
of AlxGal-xAs generated using the phase data by 
Ilegems and Panish (7) is discussed. Furthermore,  the 
variations of the solid composition and the thickness 
of Al~Gal-xAs are measured in detail and the experi-  
mental  results are compared with the calculations 
based on the diffusion-limited growth theory including 
the effects of nucleation in the solution. 

Experimental 
The AlxGal-~As with various solid compositions x ---- 

0.35, 0.40, 0.45, and 0.'55 was grown by LPE at 850~ 
on (100) GaAs substrate using a horizontal sl iding- 
type LPE apparatus. The solution was prepared from 
3g of Ga and sufficient amounts  of GaAs and A1 to 
produce a LPE layer with appropriate solid composi- 
tion. Equi l ibr ium liquid compositions were calculated 
from the phase data reported by Ilegems and Panish 
(7). The errors in measuring weights of source mate-  
rials were less than 0.5 mg for GaAs and A1 and 5 mg 
for Ga. The loaded boat was heated in a resistance 
furnace up to the ma x i mum temperature,  900~ and 
was held there for 30 min. Then it was cooled to a 
growth temperature  of 850~ and held again for about 
30 rain to ensure a uni form tempera ture  profile around 
the boat. The substrate had been tipped in  the solution 
for 20 rain before it was cooled at a rate of 0.5 ~ or 
l~  The solution was pushed off after the tem- 
perature was lowered to 840 ~ or 830~ In  order to 
make a consistent a rgument  of the phase diagram and 
growth mechanisms, the opt imum temperature  pro- 
gram was used so as to dissolve the source materials  
completely and to minimize vaporization of the con- 
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stituents. Clear and flat surfaces from which the 
growth solutions were wiped off were obtained in  a 
leak- t ight  system. 

After  cleaving the crystal, layer  thickness was mea-  
sured using photo and scanning electron microscopy. 
Solid compositions were measured by electron probe 
x - ray  microanalysis (EPMA) on the cleaved surfaces 
along the direction of growth in  2 ~m steps. Radius of 
the electron beam was smaller than  200A. Emission 
wavelength of cathodoluminescence was measured in  
order to check the results obtained by EPMA. In  this 
case the solid composition, x, was determined by the 
empirical  formula of Onton et al. (8). The errors in  
these measurements  were estimated to be less than 3%. 

E x p e r i m e n t a l  Resu l ts  

The variat ions of the solid composition in  the grown 
layer determined using EPMA for various LPE 
AI=Gal-zAs are shown by circles in Fig. 1. Closed 
and open circles correspond to the results of the growth 
at 0.5 and 1.0 ~ respectively�9 The solid composi- 
t ion decreases with increasing thickness in  the com- 
position range shown here. The variations of the layer  
thickness with growth time are shown in  Fig. 2. As 
in Fig. 1, closed and open circles indicate the different 
cooling rates 0.5 ~ and 1.0~ respectively�9 The 
measured init ial  compositions of the layers range from 
about 0.35 to 0.55. The difference in  growth rate of 
the layers with different init ial  solid compositions is 
small. 

Once the solid composition, x, and the growth tem- 
perature  are determined,  sufficient amounts  of source 
materials  can be calculated by using the phase dia-  
gram. The relat ion between the weights of A1 and 
GaAs for 3g of solvent Ga are shown in Fig. 3 by 
those contours of equi l ibr ium tempera ture  and solid 
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composition which are calculated by using the phase 
data of the A1-Ga-As system reported by Ilegems and 
Panish (7). Circles indicate the measured weights of 
the source materials,  A1 and GaAs. Triangles indicate 
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the s ta r t ing  growth  t e m p e r a t u r e  and the ini t ia l  solid 
composit ions de te rmined  f rom the exper iments .  Ar rows  
in Fig. 3 show the var ia t ion  of the  solid composit ion 
conver ted  f rom Fig. 1 using the thickness  vs. t e m p e r a -  
ture  re la t ion  which can be easi ly de r ived  from Fig. 2. 

Discussion 
Composi t ional  profiles in the  g rown l aye r  a re  mono-  

tonica l ly  decreas ing  ones t oward  the d i rec t ion  of 
g rowth  in the  composi t ion range  concerned, as shown 
in Fig.  1. This t endency  is ma in ly  the  resu l t  of the  
la rge  d i s t r ibu t ion  coefficient of solute AI. When  nu-  
cleat ion in the l iquid cannot  be neglected in the  LPE 
growth,  the var ia t ion  of the solid composit ion tends 
to be la rge  because  the growth  ra te  decreases due to 
less composi t ional  g rad ien t  of solutes in the  solution. 
Since the g rowth  ra te  of A lxGa t -xAs  is l imi ted  by  
an a r r iva l  ra te  of As to the growing interface,  the  
growth  ra te  is expected to be lowered  for crysta ls  of 
l a rge r  solid composit ion (of A1) which  grow f rom 
solutions wi th  a lesser  atomic f ract ion of As. As shown 
in Fig. 2, a significant difference in the var ia t ion  of 
g rowth  ra te  for different  solid composit ions was not  
recognized by  exper iments  in the presented  composi-  
t ion range.  If  the  LPE growth  process is analyzed 
t ak ing  into account nuclea t ion  in the solution, the  
expe r imen ta l  resul ts  can be wel l  explained.  

We have  newly  in t roduced the effects of nucleat ion 
in the  t e r n a r y  solut ion into analysis  of the  growth  
mechanism (5, 6). As the  growth  proceeds at  h igher  
cooling rate,  the  composi t ions of solutes in  the  l iquid  
decrease  more  at the  growing in ter face  but  the com- 
posi t ion does not change so much at  the solution sur -  
face. The equi l ib r ium l iquidus  t e m p e r a t u r e  of the  so- 
lu t ion ca lcula ted  f rom the phase  da ta  and the com- 
posi t ions of solutes are  highest  at  the  solut ion surface 
because  of const i tu t ional  supercooling.  Effects of nu -  
cleat ion are  t aken  into account by  considering tha t  the  
equ i l ib r ium l iquidus  t empera tu re  of the solut ion can-  
not  be h igher  than  T + ATc, where  T is the  rea l  t em-  
pe ra tu re  of the  solut ion and ATe is a cer ta in  cri t ical  
va lue  of supercooling.  The composi t ional  profiles of 
solutes a re  f lat tened at  the  solut ion surface at  first 
due to nucleat ion in the solut ion when the equi l ib r ium 
l iquidus t e m p e r a t u r e  becomes higher  than  T + ATe. 
Therefore,  an addi t iona l  bounda ry  condi t ion to sat isfy 
a cr i ter ion of nucleat ion is appl ied  to the  numer ica l  
analysis  of LPE growth  process made by  Crossley and 
Smal l  (4) for the  growth  of AI~Gat-~As from a nuc lea-  
t ion- f ree  solution. In  numer ica l  calculat ion we as-  
sumed solut ion thickness of 5 m m  for Ga solut ion of 
3g in the  solut ion reservoi r  of the  boat  wi th  area  of 1 
• 1 cm 2. The diffusion coefficient of As was adopted 
from the da ta  of Rode (9), whi le  the coefficient of 
A1 was ad jus ted  to be 75% of the  va lue  in Sn solu-  
t ion repor ted  by  Ma and Swal in  (10) so as to fit the  
theore t ica l  curves  to the  exper imen ta l  da ta  (6). By 
adopt ing  2.5~ as ATe, good agreement  be tween  the 
expe r imen ta l  and theore t ica l  resul ts  is obtained,  con- 
cerning the g rowth  of the  LPE l aye r  grown at  different  
cooling rates as shown b y  solid lines in Fig. 2 as wel l  
as dashed lines in Fig. 1 concerning the var ia t ion  of 
the  solid composit ion in the  grown layer.  Theoret ica l  
calculat ions indicate that  the growth  ra te  shows almost  
the same var ia t ions  in the presented  composit ion range,  
a l though the g rowth  ra te  l a rge ly  deviates  in the 

smal le r  composit ion range.  The cri t ical  value  of super -  
cooling m a y  be thought  to be different  for different  
cooling rates,  g rowth  tempera tures ,  or solid composi-  
tions. However ,  the  difference is ha rd ly  recognized in 
the cri t ical  value  of supercool ing in the  ranges con- 
cerned. For  comparison,  the resul ts  for A lxGa t -xAs  (x 
= 0.40) ca lcula ted  wi thout  t ak ing  account of nuc lea -  
t ion in the  solut ion a re  shown by  dot ted  l ines in  Fig. 
1 and 2. 

The phase  d i ag ram based  on the phase  da ta  by  
I legems and Panish  (7) is expe r imen ta l ly  checked, as 
shown in Fig. 3. The solid composit ions of A lAs  at  
the s ta r t ing  g rowth  t empe ra tu r e  nea r ly  coincide wi th  
the values  expected f rom the contours of constant  AlAs  
in the solid, but  these appear  to be s l ight ly  la rger  in 
the la rge  solid composi t ion region. This is p r e s umab ly  
due to vapor iza t ion  of the  solute As f rom the solution. 

Conclusions 
The var ia t ion  of solid composi t ion in the  g rown 

Al~Ga l -zAs  l aye r  and the var ia t ion  of the  l aye r  th ick-  
ness wi th  growth  t ime were  inves t iga ted  e xpe r imen-  
ta l ly  and were  compared  wi th  the  growth  theory.  Good 
agreement  was obta ined when a cri t ical  supercool ing 
of the t e rna ry  solut ion is assumed to be  2.5~ A sort  
of phase diagram, the re la t ions  among the weights  of 
source mater ials ,  of the  A1-Ga-As  sys tem genera ted  
by  using the repor ted  phase  da ta  was checked exper i -  
mental ly .  Ra ther  good agreement  was obtained,  a l -  
though there  was some tendency  to dev ia te  in the  
la rge  solid composit ion range.  
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Techn cl Notes 
i i i  

Particle Growth in Zinc Sulfide Phosphor 
Containing Halide Fluxes 

R, A. Brown *'1 

RCA Electronic Components, Lancaster, Pennsylvania 17604 

The mechanisms by which zinc sulfide powders grow 
under  the action of heat and in  the presence of a flux- 
ing agent have been the subject of considerable discus- 
sion and speculation (1). Common fluxes employed in  
ZnS type phosphors include the halogen salts of am-  
monium and the alkali  or alkal ine earth metals, a l-  
though compounds such as ba r ium thiozincate (2) have 
been recommended also. According to the classical 
concept of flux action (3), the funct ion of the additive 
is to provide a l iquid phase in  which the zinc sulfide is 
soluble, so that t ransport  of material  can occur readily. 
Apparent ly,  no exper imental  evidence has been offered 
in support of this hypothesis. Indeed, the data of 
Gashurov and Levine (4) show that  at 880~ ZnS has a 
very l imited solubil i ty of 0.0152 mole/1000g solvent in  
the common fluxing agent NaC1. More recent work 
(5-7) has emphasized the importance of diffusion phe-  
nomena in thermal  recrystall ization and sinter ing ex- 
per iments  on zinc sulfide powders. 

Thus, McQueen and Kuczynski  (5) carried out work 
on the s inter ing of polycrystal l ine ZnS as a funct ion of 
temperature  and atmosphere of firing, and in terpre ted 
the results obtained in terms of mater ial  t ransport  by 
diffusion mechanisms. Studies on the kinetics of hexag-  
onal-cubic phase t ransformat ion in ZnS at 800~176 
in  zinc vapor (6) suggested a diffusion-controlled 
t ransi t ion having an activation energy of 67 kcal. 
Brown (7) investigated the mechanism of flux action 
in  ZnS:Ag phosphors containing either 2 or 10% NaC1. 
In these systems, and also for zinc sulfide without  
additives, the rate of increase in  particle diameter, D, 
at a firing time, t, followed the expression D ~ = kt, 
where k is a constant. Two distinct regions of growth 
were noted. Below about 1000~ an activation energy 
of 29 kcal was obtained, corresponding to movement  of 
zinc through interst i t ial  channels. At higher tempera-  
tures the measured activation energy was 59 kcal, sug- 
gesting bulk  diffusion of zinc. This change in mech- 
anism corresponded to the onset of the cubic-hexagonal  
phase transformation.  

The objective of the present  work was to extend the 
particle growth experiments  reported previously (7) 
to include other fluxes, with the aim of obtaining a 
bet ter  unders tanding  and control of the particle size 
characteristics of zinc sulfide phosphors. With this ob- 
ject in mind, measurements  were carried out on the 
rate of increase in particle diameters, as a funct ion of 
durat ion and tempera ture  of heating, for the following 
systems: ZnS:0.015% Ag with either 2% ZnC12, 2% 
Ntt4C1, or 2% CaC12. Note that these values correspond 
to weight per cent (w/o)  compositions. Particle di- 
mensions were obtained by Coulter Counter  techniques; 

* Electrochemical  Society Act ive  Member .  
1P re sen t  address :  Depa r tmen t  of Chemis t ry ,  The Polytechnic  of 

Nor th  London, Holloway, London N7 8DB,. England.  
K e y  words :  t h e r ma l  recrystal l izat ion,  ZnS-ZnCl~, ZnS-I~-LIC1, 

ZnS-CaCl2. 

the numbers  quoted represent  median  point  by weight 
of particles. 

Experimental and Results 
Details of the precipi tat ion of zinc sulfide (8) and 

the preparat ion and measurement  of phosphors (7) 
have been given previously. A brief account will suf- 
fice here. 

Batches of about 200g of zinc sulfide were obtained 
from 2 liters of 1M zinc sulfate solution at 25~ using 
a hydrogen sulfide flow of 0.82 l i te r /min .  After  filtra- 
t ion through a Buchner  funne l  and washing with de- 
ionized water, the precipitate was subsequent ly  dried 
for 6 hr  at 100~ 

Compositions studied included ZNS:0.015% Ag with 
2% ZnC12, 2% NH4C1, or 2% CaC12. Zinc chloride was 
added as the hexahydrated salt and calcium chloride 
as the dihydrate. In  order to avoid oxidation of the 
zinc sulfide and main ta in  a stoichiometric composition 
during heating, the following exper imental  procedure 
was employed. Test samples of 10g were placed in 
covered Vitreosil crucibles, located in a larger crucible, 
surrounded by ZnS powder, and covered with a lid. 
Kremhel ler  (9) employed a somewhat similar tech- 
nique dur ing heating of ZnS single crystals and found 
no subl imat ion of the crystals, even at 1200~ Speci- 
mens were fired at temperatures  in  the range 750 ~ 
1250~ for periods of 1-10 hr. Subsequently,  the ma-  
terials were washed with deionized water  to remove 
excess flux, dried at 100~ and examined by Coulter 
Counter  methods to determine particle sizes. 

Figure 1 shows a typical set of curves in which log 
D is plotted as a function of log t (7) for ZNS:0.015% 
Ag with 2% zinc chloride. Between 750 ~ and 1100~ 
the curves are l inear  with a slope of 0.33. Thus particle 
growth follows a D 8 ~ kt dependence. An Arrhenius  
activation energy was derived from the data of Fig. 1, 
using a plot of --log t' against 1/T (7) where t '  is the 
time required to reach an arbi t rar i ly  chosen particle 
size of 10 ~m. This plot is shown in Fig. 2, which gave 
an activation energy of 29 • 2 kcal for the growth 
processes. Activation energies were calculated by 
means of a regression and correlation analysis carried 
out by G. M. Ehemann  of this laboratory wi th  the use 
of an RCA Spectra 70 computer  program. At 1200 ~ and 
1250~ in this system the relationship between log D 
and log t was again linear,  but  in this case with a 
slope of 0.66 as demonstrated in Fig. 1. 

Part icle  size results for ZnS:Ag containing 2% 
NH4C1 are given in  Fig. 3. Up to 1000~ there was a 
gradual, slow rise in particle diameter  with increase in  
the temperature  and durat ion of firing, although no 
accurate activation energy could be obtained in this 
range. Between 1100 ~ and 1200~ the relationship be-  
tween log D and log t was l inear  with a slope of 0.66, 
i.e., a D~.~ ~ kt  law was followed. Figure 4 gives the 
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corresponding Ar rhen ius  plot, f rom which  the  energy  
of ac t ivat ion was ca lcula ted  to be 48 +__ 3 kcal.  

Results  obta ined in the  par t ic le  g rowth  exper iments  
for ZnS:Ag,  2% CaC12 are  presented  in Fig. 5. At  750 ~ 
or 800~ the slope of the  l ines was 0.33, whereas  f rom 
850 ~ to 1250~ a slope of 0.5 was obtained.  F igu re  6 
gives the  Ar rhen ius  plot  for  par t ic le  g rowth  in 
ZnS:0.015% Ag wi th  2% calcium chloride. F rom this 
plot  an act ivat ion energy  of 36 _ 2 kcal  was calcula ted 
for  t empera tu re s  in the  region  850~176 

Table  I summarizes  repor ted  work  concerning ac t iva-  
t ion energies  and par t ic le  size dependences  obta ined  
for  var ious  zinc sulfide systems. Since the  resul ts  ob-  
ta ined  are  a funct ion of factors such as sample  size, 
configurat ion of the  firing vessel, dura t ion  of heat ing,  
ra te  of cooling, and a tmosphere  of firing, an exact  cor-  
respondence  is not  to be expected.  However ,  the  over -  
al l  t ime dependence  and ac t iva t ion  energies  obta ined  
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Fig. 3. Rate of particle growth in ZnS:Ag, 2% NH4CI 

should be comparable ,  p rovided  the expe r imen ta l  con- 
dit ions are  not  r ad ica l ly  different.  

Table I. Summary of particle growth data obtained by various workers for ZnS systems 

T e m p e r a t u r e  Act iva t ion  
S y s t e m  (~ e n e r g y  (kcal) Dn Reference  Comments  

1. 
2. 
3. 
4.  
5. 
S. 

7. 
S. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 

ZnS:Ag ,  2% NaC1 700-1100 13 D~/e (7b) Ini t ia l  recrystaUizat ion 
ZnS, 2% NaC1 750-1200 14 D2 (11) Possibly init ial  recrystal l izat ion? 
ZnS :Ag ,  2% or 10% NaC1 750-1000 29 D~ (7a) In te rs t i t i a l  Zn  diffusion 
Zn S : A g ,  2% ZnC12 750-1000 29 DS P r e s e n t  J 
ZnS:Cu,  4% or 10% NaC1 1000-1150 30 D a (13) 
ZnS 900-1350 30 (12) Diffusion-control led m e c h a n i s m  

sugges ted  
ZnS 800-1200 2'8 D2 (11) 
Z n S ,  2% N a C I  1250  De (14) 
I n t e r s t i t i a l  Z n  di f fus ion  
in ZnS 29 (10) 
Z n S : C u  1000-1150 80 De (13) 
ZnS:Ag,  2% or 4% NaC1 1000-1250 58 D8 (Ta) 
ZnS 1100-1250 61 D8 (7a) . Bulk  Zn  d i f f u s i o n  
Bulk  diffusion os Z~ in ZnS 61.5 (10) 
Zn S : A g ,  2% NH4C1 1100-1200 48 DI.~ P re se n t  
ZnS :Ag ,  2% ZnC12 1200 and 1250 DL~ P r e s e n t  ~ Evapora t ion-condensa t ion  
ZnS;Ag,  2% CaCI~ 850-1250 36 D= P re se n t  Diffusion-control led precipi ta-  

t ion 
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D i s c u s s i o n  

On the basis of these results, the following sequences 
are suggested to occur dur ing thermal  recrystall iza- 
t ion in zinc sulfide containing the various fluxes. 

In  the presence of 2% zinc chloride, particle growth 
at 750~176 followed a t ~/3 law with an activation 
energy of 29 kcal. These same results were obtained by 
Brown (7a) for thermal  recrystall ization in ZnS con- 
ta ining 2 or 10% NaC1 in this temperature  range, and 
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Fig. 6. Arrhenius plots for particle growth: �9 ZnS:Ag, 2% 
CaCI~; C) ZnS:Ag, 2% NoCI--data of Brown, Ref. (7a). 

these findings are in  accord with the value of 29 kcal 
given by  Secco (10) for interst i t ial  zinc diffusion. It  is 
interest ing to compare the data obtained in the present  
study with those given by other authors, as reported 
in Table I. Thus, Kremhel le r  and Far ia  (11) fired zinc 
sulfide, and ZnS with different additives, for 2 hr at 
750~176 in open boats using a flowing hel ium atmo- 
sphere, and measured particle sizes by a gas adsorption 
method. For ZnS without  additives these workers 
(11) derived an activation energy for particle growth 
of 28 kcal, 2 together with a t ime dependence of 0.5. 
This same value of 30 kcal was quoted by  Bube (12) on 
the basis of a diffusion model. Shionoya and Amano 
(13) obtained a (time)1/8 dependence and an activation 
energy of 30 kcal for thermal  recrystall ization in  zinc 
sulfide:Cu containing either 4 or 10% NaC1. The data 
of Leverenz (14) for ZnS, 2% NaC1 at 1250~ also fol- 
low a t 1/3 expression. Consequently, the t ime depend-  
ence and ac t iva t ion  energy are the same in zinc sulfide 
without flux as for ZnS containing ei ther  NaC1 or 
ZnCI2, which suggests that  the same mechanism oper- 
ates in  these systems. In  addition, the process does not 
appear dependent  on the activator. These results ap- 
pear to support the findings of Brown (7a) who pro- 
posed material  t ransport  by diffusion of zinc through 
interst i t ial  channels. 

At temperatures  above about 1050~ ZnS:Ag con- 
taining 2% ammonium chloride followed a t 2/3 depend-  
en~ce with an activation energy of 48 kcal. Since these 
results are not in accord with the diffusion mechanism 
outlined above, an a l ternat ive  process was sought. A 
we l l -known  procedure (15, 16) for obtaining single 
crystals of zinc sulfide involves vapor t ransport  in  a 
closed system under  reduced pressure, with NH4C1 as 
a t ransfer  agent. The processes occurring may be rep-  
resented by the reactions 

NI-IaCl ~ NH3 + HC1 [1] 

ZnS + 2HC1 ~ ZnC12 + H2S [2] 

This sequence seems l ikely to occur dur ing  the growth 
of polycrystal l ine ZnS containing NH4C1 as flux, in 
keeping with an observation made by  Smith (17). Al-  
though an evaporat ion-condensat ion reaction can take 
place at least as low as 700~ under  appropriate con- 

F o r  c o n v e n i e n c e ,  r e s u l t s  q u o t e d  e l s e w h e r e  in  eV a r e  e x p r e s s e d  i n  
kca l ,  on  t h e  bas i s  t h a t  1 eV = 23.05 k c a l .  
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ditions, i t  was observed  only at  h igher  firing t e m p e r a -  
tures  in the  presen t  work.  One poss ib i l i ty  is tha t  the  
expe r imen ta l  procedures  employed,  and especia l ly  
pro tec t ion  of the  vessel by  a s tagnant  zinc sulfide a tmo-  
sphere,  m a y  de lay  the  onset of the  vapor  t r anspor t  
process. Note tha t  at  1200 ~ and 1250~ the  ZnS-ZnC12 
system also obeyed a t 2/3 re la t ionship.  Zinc chlor ide  
has a boi l ing point  of 732~ (18) and should have  an  
apprec iab le  vapor  pressure  above  1000~ Conse-  
quent ly,  i t  is possible  tha t  at  h igher  t empera tu res  an 
evapora t ion-condensa t ion  mechanism may  operate,  ac-  
cording  to an exchange  react ion of the  t ype  

ZnS + ZnC12 ~ ZnC12 -t- ZnS [3] 

In  Z n S : A g  containing 2% calcium chlor ide  a t 1/3 re -  
la t ionship  was fol lowed at  750 ~ and 800~ in keeping  
wi th  the  ZnC12 or  NaC1 addit ives,  which might  indicate  
a diffusion process, a l though there  is insufficient evi-  
dence to make  this more  than  a suggestion. Be tween  
850 ~ and 1250~ a different  mode of mate r ia l  t r anspor t  
mus t  be in  effect. This change  in mechanism became 
evident  at  about  800~176 which is close to the  no r -  
mal  mel t ing  point  of 773~ (19) g iven for  the  calcium 
chlor ide  flux. Par t ic le  g rowth  in this t empe ra tu r e  re -  
gion was charac te r ized  by  a t ime dependence  of 0.5 
and an act ivat ion energy of 36 kcal. Note also that,  in  
contras t  to al l  of the  other  fluxes examined  so far,  
the re  was no change in mechanism as the  sys tem 
underwen t  the  cub ic -hexagona l  phase  t rans i t ion  at  
app rox ima te ly  1O20~ This point  is i l lus t ra ted  in Fig. 
6, which demonst ra tes  the  Ar rhen ius  curves  obta ined  
wi th  Z n S : A g  containing e i ther  2% CaC12 or  2% NaC1 
flux. A t 1/2, parabol ic  ra te  l aw (20) has been  observed 
in  many  systems involving dif fus ion-control led g rowth  
processes at  an interface.  Typica l  examples  include the  
tarnishing,  oxidation,  or  n i t r ida t ion  of meta ls  (21). 
The theoret ica l  basis for  such processes has been de-  
r ived  by  var ious  authors  (22). Kremhe l l e r  and F a r i a  
(11) and Gashurov  and Banks (23) have appl ied  these 
concepts to zinc sulfide phosphors,  thus it is not  p ro -  
posed to re i t e ra te  the  discussion here. In  the  ZnS-CaC12 
system it  appears  that,  at t empera tu res  above the nor -  
mal  mel t ing  point  of calcium chloride,  in teract ion be-  
tween  host  ma te r i a l  and flux takes  place  on the surface 
of the part icles.  Subsequent ly ,  growth  proceeds by  a 
d i sso lu t ion- reprec ip i ta t ion  process, l imi ted  by  diffusion 
of the  solute a toms into the  moving interface.  Such a 
mechanism would  requ i re  only a l imi ted  solubi l i ty  of 
CaC12 in ZnS. 

In summary ,  these studies have demonst ra ted  tha t  
the  mechanisms of par t i c le  g rowth  in zinc sulfide phos-  
phors  are  dependent  on the na ture  of the  flux used. 
Thus far, in te rs t i t i a l  or bu lk  diffusion of zinc, diffusion 
l imi ted  d issolut ion-reprecip i ta t ion ,  and evapora t ion-  
condensat ion means of ma te r i a l  t r anspor t  have  been 
suggested to occur. Sizes obta ined have var ied  f rom 
3-4 to a lmost  100 ~m. A c learer  insight  has been  gained 

into the  unders tand ing  and control  of the  par t ic le  size 
character is t ics  of this  impor t an t  class of luminescent  
mater ia ls .  
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Numerous  studies have demons t ra ted  the feas ibi l i ty  
of using ion implan ta t ion  damage  to get ter  meta l  im-  
pur i t ies  in silicon (1-5).  Since meta l l ic  contaminants  
are known to degrade  the electr ical  character is t ics  of 
a p - n  junction,  leading to high reverse  leakage  currents  
and soft b reakdown voltages, this technique is of tech-  
nological  in teres t  (6). The s tudy of Seidel  et aL (5) 
showed that  the  ge t ter ing  efficiency o~ the i on -damaged  
layers  is re la ted  to the  res idual  d isorder  present  after 
a n n e a l i n g  at elevated t empera tu re s  (850~176 
They also show in tha t  work  tha t  the amount  of re -  
s idual  d isorder  depends  on the implan ted  ion species. 
They corre la te  this effect wi th  the atomic size of the  
bombard ing  ion. We note tha t  the implan ta t ion  doses 
repor ted  in this work  were  more than  sufficient (1016/ 
cm 2) to form an amorphous  layer  (except  for the  B- 
implan ted  samples)  and tha t  d 1 1 1 >  or iented Si wafers  
were  used. 

We would l ike to point  out tha t  factors o ther  than 
ion size can have a comparab le  or equal  influence on 
the amount  of d isorder  remain ing  af ter  anneal.  P r e -  
vious studies on the anneal ing  behavior  of high dose 
implants  have indicated tha t  the the rmal  h is tory  of the  
a n n e a l i n g  process (7), the  or ienta t ion  of the crys ta l  
subs t ra te  (8), and the implan ta t ion  condit ion (dose, 
ion energy)  (9) can have a pronounced effect. For  ex -  
ample,  i t  has been shown that  for amorphous  layers,  
formed by  ei ther  B or As implants  on <111>  Si, the  
amount  of d isorder  remain ing  af ter  anneal  is depen-  
dent  on the  procedure  used in  annea l ing:  s a m p l e s  an-  
nea led  at 550~ and then at  950~ exhibi t  s ignif icantly 
less d isorder  than samples  annealed  d i rec t ly  to 950~ 
(7). We show in this note tha t  the or ienta t ion  of the  
subs t ra te  used for the ge t te r ing  can have  a pronounced 
influence on the amount  of Au tha t  is get tered.  

In  this work, <100>  and d i l l >  or iented 2-10 ohm-  
cm resist ivi ty,  n- type ,  low dislocat ion dens i ty  wafers  
were  equ i l ib ra ted  wi th  A u  at  l l00~ in N2 fol lowing 
the  procedures  given by  Seidel  and M e e k  (3) .  Af ter  
lapping  away  the p i l ed -up  Au  at the  surfaces and pol -  
ishing the samples, Si ions were  implan ted  wi th  the  
subs t ra te  held  near  LN2 t empera tu re  at  energies  (dose) 
of 200 (2 X 1015 cm-2) ,  150 (1015 cm-~) ,  100 (8 X 1014 
cm-=) ,  and 50 (4 X 1014 cm -2) keV to form an ap -  
p rox ima te ly  4000A thick amorphous  l aye r  (10). After  
implan ta t ion  the  samples  were  annea led  together  in 
d r y  N~ at  1000~ for 1 hr. Due to a sl ight  amount  of 
oxygen presen t  in the  N2, app rox ima te ly  50A of SiO2 
is grown on the surface of the wafer  dur ing  this anneal .  

This differs s l ight ly  f rom the procedures  used by  
Seidel  and Meek as there  was no h e a t - t r e a t m e n t  at 
375~ before going to the h igher  anneal  tempera ture .  
However,  it  is known that  r e la t ive ly  l i t t le  or no re -  
crys ta l l iza t ion of amorphous  layers  occurs at this t em-  
pe ra tu re  (11). Backsca t te r ing  and channel ing of 2 
MeV He ions were  used to s tudy the res idual  d isorder  
and the  amount  of ge t te red  Au  impuri t ies .  

The subs t ra te  or ien ta t ion  dependence  of the  amount  
of res idual  d isorder  after annea l  can be seen in the  
random and al igned spectra  shown in Fig. 1. Also, the  
th in  oxide l aye r  can be seen in the a l igned spectra�9 For  
the a l l 00>  sample,  the  a l igned spectra  are  close to 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r � 9  
~Present  address: Central Research Institute for P h y s i c s ,  B u d a -  

pes t ,  H u n , g a r y ,  
K e y  w o r d s :  i o n  implantation, silicon, Eettering. 

that  for an un implan ted  sample  (min imum yield is 
less than  5%).  This low amount  of res idual  d i sorder  
was also found in <100>  Si implan ted  to amorphous  
condit ion by  B and As ions ( ra the r  than  Si ions) and 
annea led  direc t ly  to t empera tu res  of 950~ (7, 8). 
However,  for the <111>  samples  the spect ra  show 
tha t  the amount  of res idual  d isorder  is quite high. The 
height  of the a l igned spectra  shown in Fig. 1 over the  
th ickness  of 4000A is about  65% of the random yield.  
These high levels  of d isorder  were  also found in B-  
and As - imp lan t ed  <111>  samples  tha t  were  annea led  
di rec t ly  to 950~ (7). 

The al igned spect ra  shown for samples  used by  
Seidel  et al. (3, 12) in the i r  ge t ter ing  studies also ex-  
hibi t  a h igh level  of disorder�9 It  is to be noted tha t  
these  wafers  were  al l  of <111> orientat ion.  Also, the 
As spect ra  show cons iderably  less res idual  damage 
than  the other  a toms used in the i r  exper iments .  This 
effect has been repor ted  before  (9) and can be pa r t ly  
a t t r ibu ted  to subs t ra te  t e m p e r a t u r e  r ise dur ing  im-  
plantat ion.  

Since the  amount  of Au ge t te red  is influenced by  
the  amount  of res idual  disorder,  it  is much h igher  (a 
factor  of 10) in the <111> than  in the  <100> or iented  
sample. The ge t te red  Au peak  in Fig. 1 appear ing  at  
energies grea te r  than  1.6 MeV in the spect ra  for  th~ 
<111> or iented sample  extends over  a dep th  whR 
correlates  well  wi th  the thickness of the  d isorder  
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l ayer ;  the amount  of Au  ge t te red  in this  l aye r  is about  
5 • 1013 a t o m / c m  ~. These observat ions  for the <111>  
or iented Si are  consistent wi th  the  resul ts  presented  in 
the  previous  get ter ing  studies referenced.  

In  conclusion, we point  out: (i) the  resul ts  of ge t -  
te r ing  s tudies  on i m p l a n t - d a m a g e d  <111>  Si should 
be appl ied  wi th  caut ion to Si subs t ra tes  of other  or ien-  
tat ions;  (ii) the  res idual  d isorder  in <111>  or iented Si 
depends  s t rongly  on the t he rma l  h is tory  of the  sample  
both  dur ing  and af ter  the  implanta t ion .  Hence, the  
amount  of ge t te red  impur i t ies  may  also depend upon 
these factors.  
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Formation of Silicon Nitride at a Si-Si02 Interface during 
Local Oxidation of Silicon and during Heat-Treatment of 

Oxidized Silicon in Gas 

E. Kooi,* J. G. van Lierop, and J. A. Appels 
PhiIips Research Laboratories, Eindhoven, The Netherlands 

This pape r  is p r i m a r i l y  based on an observat ion  
which we made  dur ing  the p repa ra t ion  of MOS in te -  
g ra ted  circuits using local oxida t ion  of the  si l icon 
(LOCOS) to p repare  the  th ick field oxide. In  cer ta in  
cases the effect may  also p l ay  a role  in the p repa ra t ion  
of o ther  LOCOS devices, as has been descr ibed in p re -  
vious publ ica t ions  (1-4).  

Preparation of a LOCOS Field Oxide in MOS Circuits 
A sketch of par t  of a possible method of p repa r ing  

LOCOS MOS devices is given in Fig. 1. A l aye r  of 
sil icon n i t r ide  (1500A in our exper iments )  is used as 
the oxidat ion  mask.  The sil icon n i t r ide  is separa ted  
f rom the sil icon by  a thin l aye r  (500A) of silicon oxide. 
The  presence of this oxide prevents  the  format ion  of 
dislocations which  might  be induced in the silicon if 
the  la t te r  were  hea ted  in direct  contact  wi th  the n i t r ide  
layer  (1). The presence of the  oxide l aye r  also influ- 
ences the  shape of the  sunk-ox ide  pa t t e rn  (2,4) .  
Due to some l a t e ra l  oxidat ion  effect, the  oxide acquires 
a smooth beak  shape at  the edges where  the n i t r ide  
mask  is l i f ted  up. In  our exper iments  the  LOCOS 
process was carr ied  out by  16 hr  oxidat ion  in wet  O2 
(dew point  95~ at  1000~ The n i t r ide  mask  and 
the under ly ing  oxide were  then  removed  and a gate  
oxide grown (45 min oxidat ion  at l l00~ y ie ld ing  
1000A SlOe). The fu r the r  processing of the MOS de-  
vices has not  been indica ted  in Fig. 1. If  used, a silicon 
gate  process would include the deposi t ion of a po ly -  
c rys ta l l ine  sil icon film, and definit ion of gate, source, 
and  d ra in  areas, etc. (4). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words: silicon nitride, local oxidation, silicon surfaces, a m -  
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A "White Ribbon" Effect in LOCOS Structures 
In the final stage indica ted  in Fig. 1, we observed 

occasional ly a pecul ia r  effect a t  the  LOCOS edges. 
Through an optical  microscope i t  would  look l ike a 
"whi te  r ibbon"  wi th  a width  of about  1 ~m, fol lowing 
precisely  the LOCOS pa t t e rn  (Fig. 2). The effect was 
observed for both  (111) and (100) or iented substrates,  
a l though the photographs  presented  in this  p a p e r  all  
refer  to (100) mater ia l .  A scanning e lect ron microscope 
picture  of a cross section, as indica ted  in Fig. 3, shows 
that  this r ibbon is due to a na r row region of nonoxi -  
dized silicon present  at a smal l  dis tance f rom the b e a k -  
shaped LOCOS edge. To exp la in  the  effect, we have  to 
assume that  the silicon in the  r ibbon  area  is covered 
by a very  thin ox ida t ion-mask ing  mater ia l .  The best  
ox ida t ion-mask ing  mate r i a l  known  is silicon n i t r ide  
and the most p robab le  assumpt ion  is, therefore,  that  in 
the r ibbon area  some sil icon ni t r ide  is formed at  the  
Si-SiO2 interface  dur ing  the local oxida t ion  process. Of 
course this n i t r ide  may  not consist of pure  SigN4, but  
for s impl ic i ty  we wil l  indicate  it  as such. The quest ion 
is, of course, how such an effect can occur. The model  
we propose is indicated in Fig. 4. I t  is based on the 
t ransfer  of n i t rogen f rom the n i t r ide  oxidat ion mask  
to the Si-SiO2 interface.  The figure indicates  tha t  d u r -  
ing the LOCOS process H20 diffuses th rough  the g row-  
ing oxide film. There  is also a l a te ra l  diffusion and 
subsequent  oxidat ion  of sil icon under  the edge of the  
n i t r ide  oxida t ion  mask,  causing the u l t imate  beak-  
shaped pa t t e rn  to be formed.  Some oxida t ion  of the  
silicon n i t r ide  wi l l  also occur, not only  at  the top side 
but  also at  the  lower  side of the  n i t r ide  edges. In  a 
s imple chemical  react ion equat ion as indicated in  Fig. 
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Fig. 3. Scanning electron microscope picture of a cross section 
of a LOCOS structure with a "white ribbon" effect. (The cross 
sections shown in this paper were made after a layer of poly- 
crystalline silicon had been deposited on the specimen. This helps 
to give a good contrast in the SEM picture). 

Fig. !. Part of a LOCOS MOS process. After gate oxide growth 
(d) the phenomenon indicated in Fig. 2 and 3 may be observed. 

Fig. 2. Top view of a LOCOS structure with a "white ribbon" 
effect. 

4, one can assume that  the oxidation results in the 
formation of SiO2 and NHs. It is more probable that 
instead of NH~, the formation of ni t rogen atoms or 
some other NH compound will occur. What has to be 

Fig. 4. Proposed model to explain silicon nitride formation at the 
Si-SiO2 interface at some distance from the LOCOS edge. 

assumed is that the reactive ni t rogen can diffuse re la-  
tively easily through SiO2. It can reach the Si-SiO2 
interface. But under  the LOCOS and also at the beak 
this does not result  in an effective reaction product  
because of the competit ion of the oxidation reaction 
of Si with H20. However, at some distance from the 
LOCOS edge, under  the ni t r ide mask, the concentra-  
tion of H20 becomes low enough to allow a reaction 
of silicon with "NH3" to form Si3N4. Again, it is quite 
possible that stoichiometric Si3N4 is not real ly formed 
but ra ther  a mixed compound of silicon, nitrogen, oxy- 
gen, and, possibly, hydrogen. 

When, as in Fig. 1, the ni t r ide oxidation mask and 
the under ly ing thin oxide film are removed, the ni t r ide 
r ibbon may remain  present. Consequently, the gate 
oxidation will not be effective in that area and the 
results shown in Fig. 2 and 3 are to be expected. The 
fact that this effect is often not observed can be ex-  
plained by removal of the nitr ide r ibbon due to some 
overetching applied when  the oxide film is removed. 
Nitr idation experiments,  to be described later on in 
this paper, lead us to believe that the ni t r ide formed 
at the silicon surface is probably  not more than 10-20A 
thick. 

Fur ther  Evidence for the  O c c u r r e n c e  of the 
" W h i t e  R ibbon"  Ef fect  

We have argued that, if the given explanat ion is 
true, the effect indicated in Fig. 4 will  always take 
place (in the given process conditions). This can 
readily be checked by doing experiments  as indicated 
in Fig. 5. In  this case the nitr ide oxidation mask is 
removed after the LOCOS process carried out by oxi- 
dation in wet O2 (water  at 95~ through which oxygen 
is bubbled, the same result  is obtained with ni t rogen 
as carrier gas), but  the thin oxide film under  it is kept 
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Fig. 5. Experimental procedure to show that the nitride forma- 
tion along a LOCOS edge always takes place (under the given 
conditions of local oxidation: 16 hr steam at 1000~ 

in place. This means that any ni t r ide formed under  it 
cannot be attacked either. A subsequent  oxidation 
t rea tment  would then cause no (or retarded) oxide 
growth in the "r ibbon areas." A cross section like that  
indicated in Fig. 5c would then be the result. 

The cross section in  Fig. 6 shows that  the expected 
result  is obtained. In  this case the oxidation after 
ni t r ide removal  was carried out for 2 hr in dry oxygen 
at ll00~ The 500A SiO2 already present  has increased 
in thickness to 1800A, but  in a r ibbon- type  region 
along the LOCOS edge the oxide has remained 500A 
thick. 

Fig. 6. Cross section of a silicon sample which had been sub- 
jected to a procedure as shown in Fig. 5. Experimental conditions: 
LOCOS by steam oxidation, 16 hr at 1000~ oxidation after 
nitride mask removal, 2 hr 02 at 1100~ 

Fig. 7. Cross section of a silicon sample which had been sub- 
jected to a procedure as shown in Fig. 5. Experimental conditions: 
LOCOS by oxidation in dry O~, 64 hr at 1000~ oxidation after 
nitride mask removal, 2 hr at 1100~ In contrast with Fig. 6, 
no oxidation retardation along the LOCOS edge is observed. 

Figure 7 shows a cross section of a sample subjected 
to the same reoxidation t rea tment  of 2 hr  dry oxygen 
at 1100~ In this case, however, the LOCOS pat tern  
was grown in dry 02 (64 hr at 1000~ yielding 0.8 ~m 
SiO2). In contrast with the wet oxidation case, no 
indication of a r ibbon- type  oxidation masking effect 
along the LOCOS edge is observed. This means either 
that during dry  oxidation the formation of ni t rogen 
due to oxidation of silicon nitr ide is much less effective, 
or that the ni t rogen formed diffuses less rapidly 
through SiO2, or that the ni t rogen species formed in 
this case are not very reactive with the silicon surface. 

Nitr ide Formation during H e a t - T r e o t m e n t  of 
Oxidized Silicon in NH3 Gas 

The foregoing results and their  probable explana-  
t ion brought us to the idea that  a similar  effect might  
be obtained by heating oxidized silicon in NH3 gas. 
NH3 molecules or reactive dissociation products of it 
such as ni t rogen atoms might be expected to diffuse 
through SiO2 and cause ni t r ide formation at the Si- 
SiO2 interface. The easiest way to check such ni tr ide 
formation is to subject the samples afterwards to a 
thermal  oxidation treatment.  The oxide will  not in-  
crease in thickness as long as oxidat ion-masking sili- 
con nitr ide has not been converted to silicon oxide. 

Table I gives some results for a n i t r ida t ion  t rea tment  
at 900~ One sample had a very thick (20,O00A) ox- 

Table I. Oxidation resistance of (111) oriented oxidized silicon 
slices after nitridation. Hitridation: 16 hr at 900~ in N2 

with 3% NH3. 

SiO2 t h i c k n e s s  
O x i d a t i o n  w h i c h  can  b e  
r e s i s t a n c e  g r o w n  on bare  

F irs t  a t  900~ in, Si  d u r i n g  t i m e  
o x i d a t i o n  O x i d e  02 a f t e r  of  o x i d a t i o n  
t r e a t m e n t  t h i c k n e s s  n i t r i d a t i o n  r e s i s t a n c e  

B o i l i n g  n i t r i c  
ac id  2OA 10 h r  1300A 

15 m i n  d r y  O= 
a t  l l O 0 ~  500A 7 h r  1100A 

16 h r  s t e a m  at  
1000~ 20,000A 

t h e  o x i d e  w a s  
t h e n  t h i n n e d  b y  
etching to 500A 3 hr 650A 
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ide. As such a thick oxide increases very slowly in 
thickness dur ing  fur ther  oxidation, we etched it down 
to 500A after the ni t r idat ion cycle and then measured 
the oxidation resistance. The table shows that even for 
the thick oxide a considerable oxidation resistance ef- 
fect is found, al though less than  for the th inner  oxides. 
This indicates that, al though the diffusion of the n i t ro-  
gen through the SiO2 has influence on the nitr idation,  
the presence of oxide does not  prevent  the effect at all. 
The fact that  the sample with the 20,0OOA thick oxide 
shows resistance against  oxidation even after the major  
part  of the oxide has been  etched off proves that  n i -  
t r idat ion occurs at or near  the Si-SiO2 interface. This 
does not exclude, of course, that some ni t r idat ion effect 
may occur throughout  the oxide, but  we have no indica- 
tions that  this is an appreciable effect. Assuming that  
the ni t r idat ion t rea tment  does not change the SiO2 
properties but rather  adds a ni tr ide surface film, some 
nitr ide thicknesses were calculated from ellipsometric 
measurements .  Table II presents results as a funct ion 
of temperature  and (at 1000~ as a function of time. 
The ini t ial  oxide was 20A in this case and made by 
oxidation in boiling nitr ic acid. Using samples with 
500A thermal  oxide, we obtained in this manne r  a 
ni t r ide thickness of 10A after n i t r idat ion for 16 hr  at 
1000~ (to be compared with 18A for a sample with 
20A init ial  oxide). Material removal  by sput ter ing 
combined with Auger electron spectroscopy was carried 
out on samples with 20A ini t ial  oxide, t reated with 
N2-3% NH3 for 16 hr at 1000~ The results revealed 
the presence of oxygen at the top and ni trogen at the 
silicon side of the surface film (s). 

A few experiments  were carried out with hydrogen 
instead of ni t rogen as the carrier gas for the NH3. 
Oxidation resistance appeared to be of the same order 
of magnitude.  It has recently been shown by Raider, 
Gdula, and Petrak (5) that  n i t rogen gas as such has 
a n i t r idat ion effect, even when a (thin) silicon oxide 
film is present on the silicon. These authors heated 
silicon samples for several days at 1000~ in N2 and 
found an oxidation resistance t ime (in O2 at 1000~ 
of the order of a couple of hours. Table III  indicates 
clearly that NH3 is indeed much more effective than 
N2. Although we found oxidation re tardat ion after 16 
hr t rea tment  at 1150~ in N2 of a silicon slice covered 
with 500A SiO2, heating of a similar sample for 16 hr 
at 1000~ did not result  in a measurable  effect. For 
comparison, a result  has been given of a t rea tment  for 
16 hr at 1000~ in N2 with 3% NHs added. In  this case 
an oxidation resistance time of 10 hr was measured. 

Although the ni t r ide films formed in the described 
manner  are rather  thin, we think that they may have 
a number  of interest ing device applications; for ex- 

Table II. Nitride thickness after treatment of Si (with 2'0~, SiO~) 
in 1',12 @ 3% NH~. The given values are based on ellipsometric 

measurements and the assumption that a nltride film with 
index of refraction n = 2.0 is formed in addition to 

the SiO2 film (n ~ 1.47) already present. 

900~ lOOO~ l lO0~ 

1 h r  - -  15A - -  
4 h r  17A 
i6 ~ IVA lSA 2~X 

Table III. Comparison of nitridation of oxidized silicon with NH3 
and with N2 

SiO2 t h i c k n e s s  
w h i c h  c a n  

T i m e  of be  g r o w n  on 
o x i d a t i o n  b a r e  Si  d u r i n g  

I n i t i a l  N i t r i d a t i o n  r e s i s t a n c e  in  t i m e  of o x i d a -  
o x i d e  t r e a t m e n t  O2 a t  l(}00~ t ion  r e s i s t a n c e  

500A 16 h r  N2 + 
3 %  NI-I3 

1000~ i 0  h r  2600A 
500A 16 h r  N2 

lO00~ 0 0 
500A 16 h r  N2 

1150~ 2 h r  l 1 5 0 A  

ample, as masking layers. In  Tables I and III  we have 
indicated how much oxide can be grown on bare silicon 
during the time that a nitridized surface can wi th-  
stand oxidation. The figures indicate that employment  
for local oxidation of silicon (the substrate or, if pres-  
ent, poly-Si  lines) is possible, al though not when thick 
LOCOS pat terns are desired. For that  purpose thicker 
ni t r ide films would be needed. Table II indicates that  
the ni t r ide film thickness is limited. Diffusion of ei ther  
ni t rogen or silicon through the film may be the l imit ing 
factor for fur ther  growth. We would like to emphasize, 
however, that the present paper presents p re l iminary  
results. As long as the ni t r idat ion mechanism is not 
fully clear, one may think, for example, that  thicker 
ni tr ide films may be possible when  the NH3 pressure 
is increased. Further ,  it may be that  traces of H20 
have an effect on the ni t r idat ion and that the results 
presented need to be reconsidered in the light of more 
precisely defined exper imental  conditions. 

A very interest ing aspect of ni t r idat ion is that  a new 
type of silicon surface is formed. Measurements made 
so far show that the number  of fixed oxide charges 
and fast surface states can be low [2 �9 1010 per cm 2 for 
(100) surfaces] and that the ni t r idat ion causes an im-  
provement  of MOS structures with respect to charge 
t rapping at the silicon surface under  negative gate- 
bias conditions. The behavior of the new interface 
dur ing anneal ing in various ambient  gases can be dif-  
ferent  from the usual  Si-SiO2 interface and deserves 
fur ther  study. 

Conclusions 
The exper imental  results presented in this paper in -  

dicate that at elevated temperatures  n i t rogen can dif- 
fuse relat ively easily through SiO2 films on silicon so 
that silicon nitr ide can form at the Si-SiO2 boundary.  
Ammonia  gas has considerably more effect than mo-  
lecular nitrogen. A specific case of production and sub-  
sequent diffusion of active ni t rogen through SiO2 was 
found in the case of preparat ion of LOCOS structures 
by steam oxidation. This can result  in the formation of 
some ni tr ide at the silicon surface along the LOCOS 
edge. It has a masking action against oxidation and  
consequently the gate oxide of MOS structures may 
become too thin near the LOCOS edge, resul t ing in 
low gate-breakdown voltages. In practice the effect 
can readily be overcome by removal  of the nitr ide r ib-  
bon by etching. The ni t r idat ion effects may find use in  
the preparat ion of stable silicon surfaces and/or  the 
preparat ion of special device structures. 
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Electromigration in Current-Controlled LPE 
L. Jastrzebski, H. C. Gatos,* and A. F. Witt* 
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Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

I t  was shown expe r imen ta l l y  tha t  cu r ren t -con t ro l l ed  
LPE (1) of IH-V  compounds  (e.g., GaAs and InSb)  is 
b rought  about  by  e lec t romigra t ion  of the  group I I I  
and group V charged  atoms in the  l iquid  phase.  The 
mobi l i ty  of these charged atoms was est imated;  the  
g rowth  ra te  ca lcula ted  f rom the mobi l i ty  values  was 
found to be in good agreement  wi th  measured  growth  
rate.  Pe l t i e r  cooling at  the g rowth  in ter face  makes  no 
apprec iab le  con t r ibu t ion  to cu r ren t -con t ro l l ed  LPE. 

I t  has been repor ted  (1) tha t  LPE could be  in i t ia ted  
and sustained by  passing electr ic  cu r ren t  across the  
g rowth  interface  whi le  the  t empe ra tu r e  of the  over -a l l  
g rowth  sys tem is ma in ta ined  constant;  g rowth  has been 
a t t r i bu t ed  to Pe l t i e r  cooling associated wi th  cur ren t  
flow. InSb (1),  GaAs  (2),  and GaA1As (3) l ayers  have  
been  successful ly grown b y  this  method.  In  the  presen t  
note expe r imen ta l  resul ts  a re  repor ted  showing that  
e lec t romigra t ion  leads to the  observed LPE. Elec t ro-  
migra t ion  has been  ex tens ive ly  s tudied in meta l l ic  
mel ts  (4);  its occurrence in semiconductor  solutions 
has also been  proposed  (3, 5). 

Cur ren t -con t ro l l ed  LPE layers  of GaAs  were  grown 
in a commonly  employed  appara tus  descr ibed  else-  
whe re  (1). Using a 96.3 a /o  Ga-3.7 a /o  As solut ion 
doped wi th  Cd and Sn and a cur ren t  dens i ty  of 8 A / c m  ~ 
[with the  (100) subs t ra te  having a posi t ive polar i ty ] ,  
an n - t y p e  GaAs l aye r  (n = 2.5 X 101S/cm 3) 1 cm ~ was 
obtained,  in 90 rain at  850~ having  a thickness of 60 
~m. On the basis  of the  G a - A s  phase  diagram,  the  
amount  of the  ep i t ax ia l ly  deposi ted GaAs would  neces-  
s i ta te  a t empe ra tu r e  decrease of about  20~ assuming 
tha t  GaAs was nuclea ted  only on the subs t ra te  (nu-  
cleat ion in the  mel t  or e l sewhere  would  necessi tate  
even grea te r  decrease in t empera tu re ) .  Yet, a to ta l  
t e m p e r a t u r e  decrease of only  0.2~ was measured  with  
a thermocouple  at  a dis tance of about  200 ~m from the 
g rowth  interface.  In  a convent ional  cooling exper imen t  
using the same expe r imen ta l  a r r angemen t  (but  no 
electr ic cur ren t ) ,  an ep i tax ia l  l aye r  of about  0.5 ~m was 
obta ined  upon a t empe ra tu r e  decrease of 0.2~ 

These resul ts  indicate  tha t  Pe l t i e r  cooling is not  the  
p r i m a r y  dr iv ing  force in cur ren t -con t ro l led  LPE;  
r a the r  e lec t romigra t ion  of As to the  g rowth  in ter face  
causes supersa tura t ion  of the  mel t  and consequent ly  
nucleat ion and growth  of GaAs  at a v i r t ua l ly  constant  
t empera ture .  Consistent  wi th  this conclusion a p - t y p e  
(p = 2 • 1019/cm8), Ge-doped  l aye r  of GaAs was 
grown at  800~ at  a cur ren t  dens i ty  of 7 A / c m  2 (with 
the  subs t ra te  having a posi t ive po l a r i t y ) ;  the  ra te  of 
g rowth  in this case, as de te rmined  by  in ter face  de-  
marca t ion  (6), was app rox ima te ly  the  same as for  n -  
t ype  mater ia l ,  i.e., 0.35 ~m/min.  In  the case of the  
p - t y p e  GaAs, the  sign of the  Pe l t i e r  coefficient (as 
de te rmined  exper imen ta l ly )  was opposi te  to tha t  of 
the  n - type  GaAs and sl ight  heat ing took place  at  the 

* Electrochemical  Society Active Member .  
K e y  words:  electromigraUo~., l iquid phase epi taxy,  gal l ium a r -  

senide, 

growth  interface.  I t  should also be  poin ted  out  that  
upon revers ing  the  d i rec t ion  of the  current ,  dissolu-  
t ion of the  subs t ra te  took place, regardless  of the 
sign of the Pel t ie r  coefficient, appa ren t ly  due to elec-  
t romigra t ion  of Ga to the  g rowth  interface  and of As 
away  from the interface.  

To demonst ra te  the  e lec t romigra t ion  of As and Ga, 
the fol lowing exper imen t  was per formed.  A GaAs 
wafer  was brought  into contact  wi th  Ga-As  melt ,  in 
equi l ib r ium at 850~ contained in two wells  as shown 
schemat ica l ly  in Fig. 1. The sys tem was a l lowed to 
equi l ibra te  for 30 rain and then  cur ren t  was passed. 
The resul t  obta ined wi th  a p - t y p e  (Zn-doped  2 X 1018/ 
cm 8) GaAs wafe r  ( I  X 0.18 • 0.03 era) af ter  passing 
current (0.5 A/cm 2) for 40 sec in a hydrogen atmo- 
sphere is shown in Fig. 2. The solidified melts  a re  a t -  
tached to the ends of the wafer .  I t  is seen tha t  m ig ra -  
t ion of the solut ion took place along the surface of 
the  wafer  up to regions B and B' in the  figure. Elec-  

G o A s  

~ . " ;  : "  �9 .'.: : :  : "  " ' ;  ~.-','. " ~ ~':-~ ~ :. ~::: ~... : :. ,~', ~:~.; b :  r, ,~ :..' ; : ' ,  .,,:, .':..::':..:'~: ;..".., :.. :: .'. ~: .:.- >:':~ ~ ~,:.1 

T G  -As 
+I'I'I'- solution 

Fig. 1. Schematic diagram of experimental arrangement for ob- 
serving electromigrati0n in solutions of III-V compounds. 

Fig. 2. Electromigration of Ga and As (see text). A and A' are 
starting points of electromigration of Ga and As, respectively. At 
E and B' etectromigration was terminated. 

1121 



1122 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY July  1976 

t ron  microprobe analysis showed that  the concentra- 
t ion of As in  the solution on the wafer near  B' was 
more than 50% higher than on the surface near  B. Ap- 
parent ly  electromigration of charged As and Ga spe- 
cies caused the observed migrat ion of the solution 
(4); no solution migrat ion was obtained in  the ab-  
sence of an electric current .  The distance of migrat ion 
on the wafer was found to increase l inear ly  with t ime 
and with electric field. Accordingly, effective mobil i -  
ties for Ga (migrat ing to the negative end of the 
wafer)  and for As (migrat ing to the positive end) 
were calculated to be 2 X 10 -2 and 7 • 10 -8 cm2/V 
sec, respectively. These mobil i ty  values are believed 
to be smaller  than in the LPE process, since surface 
tension is acting against  solution migrat ion in  the 
experimental  a r rangement  of Fig. 1. 

On the basis of the Verhoeven (4) analysis  for 
electromigration in metall ic melts, the growth rate 
during current-control led LPE was estimated. Since 
the contr ibut ion of diffusion and the movement  of the 
growth interface can be neglected, ~he flux of As to- 
ward the interface is (6) 

J A s  - -  CAsCGaVGaU E 

where CAs is the concentrat ion of As in  the melt  
(0.0235), CGa is the concentrat ion of Ga, VGa is the 
part ial  molar  volume of Ga (in the present  case CGaVGa 
.~_ 1), U is the difference in mobilit ies VGa -- VAs ( taken 
from the present  experiments ~ 2.7 • 10 -2 cm2/V 
sec), and E is the electric field (10 -3 V /cm) ;  E was 
calculated from the current  density (10 A/cm~), the 
dimensions of the solution, and the resistivity of the 
solution which was taken as 10 -4 ohm-cm assuming a 
l inear  increase with tempera ture  from its value of 2.6 
• 10 -5 ohm-cm at 30~ (7). On the basis of the above 
relationship, and assuming no nucleat ion of GaAs in 
the melt, a growth rate of ,~8 • 10 -1 ~m/min  is ob- 
tained; this value is in good agreement  with the ex- 
per imenta l ly  determined values of 4-7 • 10-1 #m/min.  

The above experiments were also carried out em- 
ploying In -Sb  solutions (25 a/o Sb) and InSb sub-  
strates at 450~ The results were consistent with those 
obtained for the GaAs system. (The mobilit ies of In  
and Sb were estimated to be 3 • 10 -3 and 0.6 • 10 -3 
cm2/V sec, respectively.) 

In  summary,  it was shown that  electromigration 
rather  than Pelt ier  cooling is the controlling factor 
in cur rent - induced LPE. The implications of the pres-  
ent finding to the ref inement Of the growth and doping 
of I I I -V compound l iquid-phase epitaxial  layers are 
being pursued. 
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ABSTRACT 

Derivat ive discharge curves of ~-, 8-, or ~-MnO2 can be resolved into a 
set of six normal  dis t r ibut ion functions, designated as peaks O, A, B, C, D, and 
E, which can each be at t r ibuted to a specific reaction. Peak O situated at the 
highest cell voltages is a t t r ibuted to the reduction of adsorbed oxygen. The 
following peak A which is l inked to the formation of dissolved Mn + +-ions 
ends when  the solubil i ty product of Mn(OH)2 is at tained in the electrolyte. 
For peak B the over-al l  reaction MnO2 % Mn + + + 2H20 + 2e-  -> 2Mn(OH)2 
is proposed. In  9M KOH the electrochemical reduction of ~-MnO2 proceeds 
in  one step to Mn(OH)2, ~-MnO2 is at first (peak C) reduced to Mn304 and 
then (peak D) to Mn(OH)2, and 7-MNO2 reduces in  three successive steps to 
an amorphous substance, Mn.~O4 and Mn(OH)2. As in practically all cases 
the presence of Mn(OH)2 has been observed, it is proposed that b ivalent  
manganese is the pr imary  reduction product which reacts in alkaline elec- 
trolyte with unreduced MnO2 to give secondary reduction products the kind 
of which depends on the type of MnO2 involved, the electrolyte, and time of 
contact. Mixing MnO2 with appropriate amounts  of Mn(OH)2 gives, under  
comparable conditions, the same products as obtained in electrochemical 
reduction. 

Following the proposition of Balewski and Brenet  
(1) the first derivatives of discharge curves obtained 
dur ing cathodic reduction of manganese dioxides under  
Leclanch6-type dry  cell conditions have been examined 
with a pulse galvanostatic analyzer (2, 3). The deriva-  
t ive discharge curves obtained can be resolved into a 
set of up to six normal  dis t r ibut ion functions: peaks 
O, A, B, C, D, and E. Their  relat ive importance is 
main ly  governed by the mass ratios of electrolyte to 
manganese  dioxide in the depolarizer mix pills (3). 
This observation and especially the changes of the peak 
areas with increasing mass raUos suggest that each 
peak may be a t t r ibutable  to a specific chemical reac- 
t ion taking place in  the depolarizer mixes dur ing  the 
cathodic reduction. 

It  is the purpose of the present  communicat ion to 
make proposals for this at tr ibution.  In order to obtain 
fur ther  evidence, discharge reactions of ~-, ~-, and ~- 
MnO2 in 9M KOH and in  modified Leclanch6-type dry 
cell electrolytes have been investigated and the various 
reduct ion products formed in  alkal ine electrolyte have 
been examined by x - r ay  diffraction. 

Experimental 
Samples and discharge procedure.--The properties of 

the manganese  dioxides used in the experiments  are 
compiled in Table I and the compositions of the de- 
polarizer mixes are presented in Table II. The pulse 
galvanostatic analyzer, preparat ion of the depolarizer 
mixes, and discharge tests together with their  evalua-  
t ion are described in foregoing publications (2, 3). 

Key words :  reduc t ion ,  manganese dioxide, Leclanch~, d r y  cell, 
potassium hydroxide, discharge curves, derivative, m e c h a n i s m ,  
reaction. 

Examination of reduction products.--For the x - ray  
diffraction analysis of the reduction products, the dis- 
charge tests were in terrupted at the desired reduction 
states, the depolarizer mix transferred from the test 
cells into the sample holder as quickly as possible and 
analyzed immediately.  Par t  of the mix was washed 
with distilled water on a filter unt i l  the wash water  
was neutral,  dried in  a vacuum desiccator, and ana-  
lyzed soon after. In some cases samples were stored 
unwashed and washed and investigated after a period 
of several days to determine the effect of washing. 

The x - ray  diffraction tests were carried out using a 
Philips x - ray  diffractometer with unfil tered Cu radia-  
tion. The diffracted beam was monochromatized by a 
curved carbon crystal (AMR focusing monochromator  
E202) and measured with a pulse height discriminator.  

Table I. Characterization of manganese dioxide samples used in 
experiments 

Dry  cell 
activity,* 

Conten t  of cou lombs /g  
MnO~ in MnO2* * 

Type  of man-  x in sample  
ganese  dioxide MnO~ ( m a s s  % ) Lec l an ch E  Alkali  

a-MnO2 (Wad-ore)  1.992 87.0 450 1200 
fi-MnO2 (Merck)  1.936 86.5 177 850 
fl-MnO2 (II)  ** * 1.970 95.2 519 773 
7-MNO2 (e lec t ro ly t ic )  1.955 92.5 750 950 
~-fl-MnO~ (26% ~-; 

74% fl-MnO~) 1.968 93.6 153 242 

* Measured  wi th  pulse  ga lvanos ta t ic  ana lyzer  standard condi- 
tion cut  off vol tage:  1.O0V. 

** MnO_o d e t e r m i n e d  as ac t ive  oxygen.  
*** Kozawa and  Powers  (8).  
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Table II. Composition of depolarizer mixtures 

C o m p o s i t i o n  o f  d e p o l a r i z e r  m i x t u r e  in  m a s s  % 
D e s i g n a t i o n  o f  

d e p o l a r i z e r  T y p e  o f  man- MnO ~ C a r b o n  
m i x t u r e  g a n e s e  d i o x i d e  s a m p l e  b l a c k  ZnC12 NH4C1 MnCI~ NHs KOH H~O 

1 Electrolytic (,r-MnO2) 61.9 7.7 2.1 13.5 ~ ~ ~ 14.8 
2 Electrolytic (~,-MnOe) 48.6 12.1 3.1 14.3 ~ ~ - -  21.9 
3 Electrolytic (~-MnO~) 82.4 18.9 4.4 13.6 ~ - -  ~ 30.7 
4 Electrolytic (v-MnO~) 26.4 21.3 4.8 13.6 ~ - -  ~ 33.9 
5 Electrolytic (~/:MnO2) 47.8 12.1 2.9 8.0 4.2 1:9 - -  23.1 
6 Electrolytic (,y-MnO2) 32.3 18.9 4.1 6.4 5.5 2.7 ~ 30.1 
7 Electrolytic (,r,MnO.2) 26.4 21.4 4.5 7.4 4.8 2.4 ~ 33.1 
8 Electrolytic (?-MnO2) 47.9 12.1 3.1 6.3 - -  2.1 - -  28.5 
9 Electrolytic (~/-MnOe) 32.1 18.8 4.5 7.0 ~ 3.0 ~ 34.6 

10 Electrolytic (~,-MnOe) 26.4 21.3 4.9 8.0 - -  2.6 - -  36.8 
11 Electrolytic' (~-MnO~) 16.4 2 4 . 6  . . . .  21.8 37.2 
12 Ore (fl-MnO2) 89.2 7.4 2.5 13.7 - -  - -  - -  17.2 
13 Ore (fl-MnO_Q 16.4 2 4 . 6  . . . .  21.8 37.2 
14 Ore (c~-MnO~) 31.9 8.0 5.~ 15.8 ~ ~ - -  38.8 
15 Ore (~-MnO2) 14.1 2 1 . 1  . . . .  24.0 40.8 
16 ~-MnO2 (II) 89.0 7.3 2.5 13.8 - -  ~ - -  17.4 
17 fl-Mn02 (II) 15.4 23.1 ~ - -  - -  22.7 38.8 
18 Ore (~-/~-MnOe) 63.6 7.6 ~ 11.5 - -  - -  15.1 
19 Ore (a-/~-MnO~) 16.4 24.6 ~ 2~.7 - -  ~ ~ 37.3 
20 Ore mixture (26% a-MnO~, 14.3 2 1 . 4  . . . .  23.7 40.6 

74% ~-MnOe) 

T h i s  d e v i c e  g iv e s  v e r y  l o w  b a c k g r o u n d  v a l u e s  so t h a t  
l i ne s  of  l o w  i n t e n s i t y  c a n  e a s i l y  be  de t ec t ed .  I n  m o s t  
cases  t h e  r a n g e  of 26 b e t w e e n  6 ~ a n d  70 ~ w a s  e x a m i n e d .  

Reactions be tween  manganese dioxide and ~na~gan- 
ous hydroxide. - -2g of MnO~ s a m p l e  ( g r a i n  s ize  ~ 76 
~m)  w e r e  s u s p e n d e d  in  a s o l u t i o n  of 23.4g K O H  in  32 
m l  H 2 0  s t i r r e d  m a g n e t i c a l l y  in  a b e a k e r  w h i c h  w a s  
p l aced  in to  a c losed  v e s s e l  f l u s h e d  b y  o x y g e n - f r e e  
n i t r o g e n .  T h a t  a n  o x y g e n - f r e e  a t m o s p h e r e  w a s  ob -  
t a i n e d  u n d e r  t h e s e  c o n d i t i o n s  w a s  a s c e r t a i n e d  b y  t h e  
o b s e r v a t i o n  t h a t  a s u s p e n s i o n  of f r e s h l y  p r e c i p i t a t e d  
m a n g a n o u s  h y d r o x i d e  d id  n o t  d a r k e n  w i t h i n  20 hr .  
M a n g a n o u s  c h l o r i d e  s o l u t i o n  4.6g MnC12 �9 4H20  in  6.3 
ml  H 2 0  (a)  or  3.1g M n C 1 2 . 4 H 2 0  i n  15 m l  H 2 0  ( b ) ]  
w a s  a d d e d  d r o p w i s e  f r o m  a s e p a r a t i n g  f u n n e l  f ixed  in  
t h e  l id of t h e  vesse l .  T h e  m o l e  r a t i o s  of  MnO2 to  
M n ( O H ) 2  b e i n g  f o r m e d  i n  t h e  p r o c e s s  w e r e  c h o s e n  
s u c h  as to r e s u l t  in  a n  o x i d a t i o n  s t a t e  of  MnO1.5 (a)  or  
MnO1.6 (b)  o n  c o m p l e t e  r eac t i on .  T h e  r e a c t i o n  m i x t u r e  
w a s  s t i r r e d  for  3 h r  a f t e r  w h i c h  t h e  p r e c i p i t a t e  w a s  
a l l o w e d  to se t t le .  T h e  s u p e r n a t a n t  s o l u t i o n  w a s  s u c k e d  
off, t h e  r e m a i n i n g  p r e c i p i t a t e  d r i e d  b y  p r e s s i n g  b e -  
t w e e n  f i l ter  p a p e r  a n d  e x a m i n e d  b y  x - r a y  d i f f rac t ion .  

Resul ts  a n d  Discussion 
Discharge in zinc-a~nmonium chloride e lectroly tes . - -  

T h e  d e r i v a t i v e  d i s c h a r g e  c u r v e s  of  a- ,  p- ,  or  ~ -MnO 2  
f r o m  r e d u c t i o n  r e a c t i o n s  in  a m m o n i u m - z i n c  c h l o r i d e  
c a n  be  r e s o l v e d  in to  a b o u t  s ix  p e a k s  d e s i g n a t e d  as  O, 
A, B, C~ D, a n d  E as s h o w n  in  Fig.  1 for  ~-MnO2.  A m o n g  
t h e s e  p e a k s  A a n d  B d e p e n d  on  t h e  e l e c t r o l y t e  c o m p o -  
s i t ion.  T h e i r  a r e a s  i n c r e a s e  w i t h  t h e  m a s s  ra t io  of  
e l e c t r o l y t e  to m a n g a n e s e  d i o x i d e  in  t h e  d e p o l a r i z e r  
m i x t u r e s  (3) i n d i c a t e d  fo r  -v-MnO~ in  Fig.  2 a n d  T a b l e  

,o3~ 
3 

C 

D 

0,5 1,0 I,S V 

Fig. 1. Derivative discharge curve of ~,-MnO~ in ammonium-zinc 
chloride electrolyte [dQ/dV (coulombs/g Mn02 �9 V) vs. cell voltage 
(V) ] .  

II ( m i x e s  2, 3, a n d  4).  A t  v e r y  h i g h  m a s s  r a t i o s  in  t h e  
m i x e s  or in  foil  t e s t s  (1, 4) p e a k  A p r e d o m i n a t e s  a n d  
it w a s  s h o w n  t h a t  d u r i n g  t h e  l a t t e r  t e s t  s t o i c h i o m e t r i c  
d i s s o l u t i o n  of m a n g a n e s e  d i o x i d e  occu r s  (3, 5) f o l l o w -  
ing t h e  o v e r - a l l  e q u a t i o n  

MnO2 ~ 4H + ~ 2 e -  --> M n  + + ~- 2 H 2 0  [1] 

I t  h a s  t h e r e f o r e  b e e n  p r o p o s e d  t h a t  t h i s  r e a c t i o n  is 
r e l a t e d  to t h e  o c c u r r e n c e  of p e a k  A. E v a l u a t i o n  of 
n u m e r o u s  d i s c h a r g e  e x p e r i m e n t s  m a d e  u n d e r  v a r i o u s  
condi t ions ,  c o m b i n e d  w i t h  c a l c u l a t i o n s  of c h a n g e s  in  
e l e c t r o l y t e  c o m p o s i t i o n  d u r i n g  t h e  in i t i a l  p a r t  of  t h e  
d i s c h a r g e ,  s h o w e d  t h a t  t h e  r e a c t i o n  r e l a t e d  to  p e a k  A 
e n d s  w h e n  t h e  p H  of t he  e l e c t r o l y t e  r e a c h e s  7.5 or  8.5 

io s 
g,v 

C 0,9 

0,5 1,0 L,5 V 

0,5 1,0 

1,7 

B 

1,5 V 

2,2 

2 

I E I C 

0,5 1,0 1,5 v 

Fig. 2. Derivative discharge curves of 7 -Mn02 [dO/dV  (coulombs/ 
g Mn02 �9 V) vs. cell voltage (V)]  and effect of electrolyte content 
in depolarizer mixture (ratios of electrolyte to MnO~ indicated on 
drawing). 
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I D 

/ , 
i 

Os5 1,0 

C 
NH4CI - ZnCl e 

1,5 V 

t ~ N H4Cl -ZnCle- NH3- MnCl;' 

0,5 1,0 1,5 V 

C 

A NH4CI_ZnCI2_NH 3 

0t5 1,0 1,5 V 
Fig. 3. Derivative discharge curves of 7-Mn02 in electrolyte 

compositions simulating partial discharge conditions [dO/dV (eou- 
Iombs/g Mn02 �9 V) vs. cell voltage (V)]. (a, top; b, center; c, 
bottom.) 

during the discharge of f~- or 7-MnOe, respectively (3). 
In the range of these pH values precipitat ion of m a n -  
ganous ions, formed during the init ial  discharge follow- 
ing Eq. [1], as hydroxide is to be' expected 

Mn ++ -~ 2 H 2 0 ~  Mn(OH)2 -k 2H + [2] 

Protons l iberated in  this reaction may thus be avail-  
able for fur ther  reduct ion of manganese  dioxide 

MnO2 + 2H + -{- 2e-  --> Mn(OH)2 [3] 

Combinat ion of Eq. [2] and [3] leads to the over-al l  
equat ion 

MnO2 -k Mn + + -k 2H20 -k 2e-  --> 2Mn (OH)2 [4] 

to which peak B may be attr ibuted.  
In  order to obtain fur ther  exper imental  evidence for 

these at t r ibutions depolarizer mixes corresponding to 
the calculated compositions for the end of peak A with 

and without  addit ion of the calculated amounts  of 
manganous ions have been discharged. If peak B is 
l inked to a reaction where manganous  ions, or their 
reaction products with manganese  dioxide, are involved 
it should be observed only for mixtures  to which man-  
ganous chloride has been added. Figure  3 shows as an 
example the derivative discharge curves of 7-MnO2 dis- 
charged (a) in  normal  z inc -ammonium chloride elec- 
trolyte, (h) in an  electrolyte of the composition cal- 
culated for the intersect ion point  between peak A and 
B near  the end of peak A as indicated by the arrow in 
the upper  diagram of Fig. 3, and (c) in  an electrolyte 
similar  to the composition used in  (b) but  without  
addition of manganous  chloride. The curves clearly 
show that in ease (b) peak A has disappeared, peak B 
is present, although somewhat reduced in  comparison 
to (a) while in ease (e) peaks A and B can no longer 
be observed. The actual values together with those ob- 
tained for other mass ratios of electrolyte to manga-  
nese dioxide presented in  Table III  confirm the obser- 
vations from Fig. 3. When the reactions related to peak 
A and B are inhibited more manganese  dioxide is 
available for subsequent  reactions. This explains the 
increase of the areas of peak C in cases (b) and (c). 

Reduction of adsorbed oxygen.--A small  peak O 
positioned at the highest values of the cell voltage scale 
of the derivative discharge curves is observed in  the 
reduction of all manganese dioxides examined in  zinc- 
ammonium chloride as well as in  alkal ine electrolytes. 
This peak may be at t r ibuted to the reduction of ad- 
sorbed oxygen as proposed by Drucker (6). The cou- 
lombic efficiency above 100% found by Boden et al. (7) 
dur ing the initial  discharge of 7-MnO2 in alkal ine elec- 
trolyte can also be interpreted as reduct ion of adsorbed 
oxygen. 

Discharge in 9M KOH electrotyte.--The shapes of 
the derivative discharge curves of ~- and  7-MnO2 in 
9M KOH (Fig. 4) are similar  to those of the corre- 
sponding curves observed in z inc-ammonium chloride 
electrolyte with the exceptions of peaks A and B being 
absent and peak O shifted toward peak C. For ~-MnO2 
peaks D and E, which are well  developed in zinc- 
ammonium electrolyte, are not observed in  9M KOH. 
Peaks are much sharper in alkal ine than in z inc-am- 
monium chloride electrolyte�9 This fact corresponds, 
course, to the pronounced steps in the discharge curves 
which have been observed before (8, 9). 

At t r ibut ion  of the peaks C, D, and E to specific re-  
actions requires identification of reduction products ob- 
tained by discharging the depolarizer mix to the end 
and, when considered necessary, to the center of the 
respective peaks�9 The different positions of comparable 
peaks on the cell voltage scale already suggest that 
the reduction PrOducts obtained after discharging to 
the end of peaks C and D, formed either directly or 

Table III. Position (cell voltage) and surface area (coulombs/g Mn02) of peaks forming the 
derivative discharge curves of 7-Mn02 in electrolytes of compositions (Table ID simulating various 

states of discharge 

Depolar izer  
mix  (No.  
according Electro]yte  

t o  T a b l e  I I )  c o m p o n e n t s  

P e a k s  

O A B C D E 

pH V C/g V C / g  V C/g V C/g V C / g  V C / g  

1 NH4C1-ZnC12 
2 NH~C1-Z~Ch 
5 NH~CI-ZrLCIe-NI-I3-MnCh 
8 NH~CI-ZnCI~.-NH~ 
3* NH4Ct-ZnC12 
6 * NH~Cl-ZnC12-NI-I~-MnC12 
9" NH~C1-ZnCI:-NI-h 
4 NI-I4C1-ZnCh 
7 NH~C I-ZnCI~-NI-h-MnC12 

10 NH~CI-ZnCh-NH~ 

4.95 1.60 23 1.49 58 1.39 75 1.17 646 0.80 171 0.44 122 
4.95 L59 20 1.46 147 1.32 111 1.14 532 0.80 200 0.60 62 
%8 ~ 0 - -  0 1.32 76 1.14 640 0.78 182 0.51 95 
9,0 - -  0 - -  O - -  0 1.14 782 0.81 112 0.52 99 
4.95 1.56 51 1.41 268 1.27 263 1.09 538 0.77 203 0.61 93 
7.8 - -  0 - -  0 1.28 193 1.12 518 0.81 122 0.59 146 
9�9 1.36" * 87 - -  0 - -  0 1.13 777 0.79 51 0,62 168 
4.95 1.55 49 1,38 327 1.22 839 1.00 159 0.82 54 0.64 251 
7.5 - -  0 - -  0 1.26 190 1.09 698 0,83 149 0.54 154 
8.2 1.36"* 41 ~ 0 - -  0 1.13 766 0.82 264 0.63 201 

* Depicted in Fig .  3. 
* * Attr ibut ion of th i~  p e a k  is uncertain.  



1126 J. Electrochem. Sac.: ELECTROCH EMI CA L SCIENCE AND TECHNOLOGY A u g u s t  1976 

103 C g.--q c 
I0 

D 

0,5 1,0 
C Mn304 

a-Mn02 ~ [Mn(OH)2- ] 

I0 

O ~  I 
1,5 

D~E. Mn(OH) 2 
470 Mn304 

0,5 1,0 !,5 V 

_MnO 2 ICo~ Mn(OH) 2 further . Mn(OH) 2 
-MnO 2 reduction 

5 D 

0,5 1,0 1,5 V 
amorphous 
substance 

Y_Mn02 ~ y _MnO 2 D ~ Mn (OH) 2 E D Mn (OH) 2 
Mn(OH) 2 800 Mn304 200 

Fig. 4. Derivative discharge curves [dQ/dV (coulombs/g 
Mn02 �9 V) vs. cell voltage (V)] and reduction products of a-, fl-, 
and 7-Mn02 in 9M KOH electrolyte (flgures under arrows: cou- 
Iombs/.g Mn02). 

during secondary chemical reactions taking place with-  
in  the t ime available during discharge, cannot be the 
same for the different types of manganese dioxide ex- 
amined. The corresponding schemes and products of 
reduction identified by x - ray  diffraction analysis of 
fresh unwashed samples taken directly after the rele-  
vant  steps are shown below the graphs of the deriva-  
tive discharge curves of ~-, ~- and 7-MnO2 obtained in 
9M KOH (Fig. 4). 

Since the x - ray  diffraction pat terns of 7-Mn203 and 
Mn30~ are very similar, it is difficult to decide which 
of the two substances was present  in the reduction 
producis. According to the data presented by Bricker 
(10) the most impor tant  differences between these pat-  
terns are the intensities of the d ~ 1.82A lattice spac- 
ings with a relat ive in tensi ty  of 10% for 7-Mn203 and 
50% for Mn304 and the absence of lines at d -~ 1.030 
and 0.985A for 7-Mn203. Contrary to this the pat terns 
presented by Ramdohr (11) and by Moore et aI. (12) 
for Mn304 indicate a low intensi ty  of the l ine corre- 
sponding to d ---- 1.82A. In  the diffraction diagrams of 
the reduction products the line at d ---- 1.82A had a low 
intensi ty  and the lines corresponding to d ~- 1.030 and 
0.985A were present. The criteria derived from 
Bricker's work contradict these findings and do not 
allow any decisions to be made. If one accepts the work 
of Ramdohr and Moore et al. the observed reduction 
products are Mn~O4 and not 7-Mn203. We therefore, in 
agreement  with McBreen (18), assume that the reduc- 
t ion product is Mn304; the conclusions derived from 
our observations would, however, not be affected if 
the wrong choice had been made. 

Washing and drying normal ly  causes Mn(OH)2 to 
disappear if present  in smaller  amounts, and leads fur -  
ther to the formation of secondary products. Among 
these ~-, ~-, 7-MnOOH, hydrohausmanni te  (13, 14), 
manganous  mangani te  (15), a nd  todorokite (16) were 
identified. The cathodic reduct ion of the samples w a s  

normal ly  terminated wi th in  3 hr. After  storing the dis- 
charged depolarizer mixes for 24 hr  or after slow dis- 
charges dur ing  the same t ime interval,  other products 
such as ~- or 7-MnOOH and hydrohausmanni te  could 
be identified. Our observations lead to the conclusion 
that  these compounds were formed in  secondary reac- 
tions from pr imary  reduct ion products. 

Reduction of two, well-crystal l ized ~-MnO2 samples 
of different origin and with an x - r a y  pa t te rn  similar  to 
that given by BystrSm (17) showed only one peak with 
an area of 1600 coulombs/g MnO2, which is well above 
the 1033 coulombs/g necessary to reduce MNO1.936 to 
the t r ivalent  state. At the end of this peak only 
Mn(OH) 2 together with some unreduced p-MnO2 were 
identified. Therefore Mn(OH)2 seems to be the only 
significant reduction product  to occur. Another/~-MnO~ 
ore sample, with x - r ay  diagram differing somewhat 
from the previous samples, showed the presence of a 
small  peak D after peak C. In  agreement  with McBreen 
(18), no lattice dilat ion of p-MnO2 dur ing reduct ion 

was observed. 
Kozawa and Powers (8) observed a two-step dis- 

charge curve for their  ~-MnO2 (II and III)  in 9M KOH 
which had been prepared by heat ing electrolytic 7- 
MnO2 for 10 days at 400 ~ • 10~ followed by sulfuric 
acid t reatment .  Discharge of a sample prepared by us 
in the same manne r  confirmed this observation. The 
x - r ay  diagram of this sample has fewer and broader 
lines than those of the above-ment ioned ~-MnO2 sam- 
ples. It may be concluded that the ~-MnO2 obtained by 
the method of Kozawa and Powers is less crystallized 
and does not ful ly represent  the pyrolusi te phase. In  
agreement  with McBreen (18), who prepared samples 
in the same way, Mn (OH)2 and Mn304 are observed on 
reduction to the end of peak C. 

During the reduct ion of ~-MnOe main ly  Mr~O4 to- 
gether with a small  amount  of Mn(OH)2 is found after 
the first step at the end of peak C. On fur ther  reduc- 
t ion dur ing the second step, peak D, part  of the Mn~O.~ 
is converted to Mn(OH)2. On fur ther  reduct ion more 
Mn(OH)2 is formed but  some Mr~O4 can still be ob- 
served in discharge products sampled at cell voltages 
indicating the end of peak E. 

The derivative discharge curve of 7-MnO2 in  9M 
KOH clearly shows three major  peaks C, D, and E. 
After discharging to a voltage indicating the end of 
peak C some weak lines of 7-MnO2 are still observed. 
The shift of their positions indicates that  lattice di la-  
tion has taken place confirming the findings of Brenet  
(1), Bell and Huber  (19), and Baden et aL (7). Some 
lines of minor  intensi ty  indicate the presence of 
Mn(OH)~. The higher background of the spectra may 
be explained, in  agreement  with Baden et al. (7), by 
the presence of an amorphous substance which seems 
to be the major  reduct ion product after discharge to 
the end of peak C. On fur ther  discharge to the end of 
peak D Mn(OH)2 and a smaller  amount  of Mr~O4 are 
found. These may have been formed by the reduction 
of the amorphous substance and the residual 7-MnO~. 
The following peak E is related to the reduction of 
Mn~O4 to Mn(OH)2. Its position on the cell voltage 
scale is equal to that  of peak D observed during the 
reduction of ~-MnO2 to which the same reaction is at-  
tributed. 

Discharge of a mixed ~, ~-Mn02 ore . - -The reduct ion 
of an ore sample, which by x - ray  analysis proved to be 
a mixture  of 26% ~- and 74% fi-MnO2 resulted in a 
derivative discharge curve (Fig. 5) of a shape very 
similar to that obtained for pure a-MnO2 with the ex- 
ception of peak C being shif ted downward by 0.07V. 
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Fig. 5. Derivative discharge curves of an ~, ~-Mn02 ore, an 
artificial mixture of ~- and ~-Mn02 and of the single components, 
a-Mn02 and fl-Mn02, in 9M KOH electrolyte [dQ/dV (coulombs/g 
Mn02 �9 V) vs. cell voltage (V)] .  

Discharging an art if icial  mix tu re  of the  same composi-  
t ion p repa red  f rom pure  a- and ;~-MnO2 gave a de r iva -  
t ive  discharge curve wi th  only one peak  s i tuated at a 
cell vol tage  app rox ima te ly  0.02V higher  than  peak  C 
of fl-MnO2. On account of this  observa t ion  it may  be 
assumed that  an in te rc rys ta l l ine  mix tu re  of two MnO2 
phases can behave  different ly  f rom the corresponding 
in te rpar t i c le  mixture .  

A general model ]or the discharge mechanism.-- 
Hither to  the  react ion corresponding to peak  C in the  
der iva t ive  d ischarge  curves was a t t r i bu ted  by  var ious  
authors  (8, 20-24) to the so l id-s ta te  reduct ion  of man-  
ganese dioxide  fol lowing the equat ion  

MnO2 -5 H + -5 e -  ~ MnOOH [5] 

However ,  no indicat ion of the  presence of any  one of 
the  th ree  known phases of MnOOH at the  end of peak  
C has been found in the f resh samples. Only af ter  
washing,  drying,  or s torage of reduced  manganese  di-  
oxide samples ~-, ~-, and 7-MnOOH could be identified. 
Therefore  these compounds appear  not to be the  p r i m -  
a ry  react ion products  corresponding to peak  C and it 
is therefore  un l ike ly  tha t  a react ion corresponding to 
Eq. [5] takes  place, pa r t i cu l a r ly  so dur ing the  reduc-  
tion of a- and ~-MnO2. The amorphous  substance ob-  
served  af ter  peak  C dur ing  the reduct ion  of ~-MnO2 
cannot be ru led  out to be a noncrys ta l l ine  form of 
MnOOH so that  react ion [5] could be val id  for  this 
case. The la t t ice  d i la t ion observed only dur ing reduc-  
t ion of 7-MnO2 may  wel l  suppor t  this view. 

Al l  our observat ions  point  to b iva len t  manganese  
a lways  being the p r i m a r y  reduct ion  product ,  e i ther  in 
the  form of manganous  ions or as hydrox ide  depending  
on the pH of the e lec t ro ly te  in the  depolar izer  mixture .  
In  a lka l ine  e lec t ro ly te  the  manganous  hydrox ide  r e -  
acts wi th  the  remain ing  a-MnO2 to y ie ld  Mn304 or wi th  
7-MnO2 to give the  amorphous  substance. There  is no 
appreciable reaction between #-MnO., and manganous 

hydrox ide  in 9M KOH wi th in  the  t ime requ i red  for  the 
discharge exper iment .  

In  order  to obtain fu r the r  evidence manganous  h y -  
droxide  was p repa red  in situ in  suspensions of e i ther  
a-, /~-, or 7-MnO2 powders  in s t rong KOH solutions by  
addi t ion of appropr ia te  amounts  of manganous  chlor ide 
solutions. Af t e r  s t i r r ing  the  suspensions in  an oxygen-  
free a tmosphere  for  dura t ions  comparab le  to the  dis-  
charge  t imes appl ied  in the  pulse  gaIvanostat ic  ana -  
lyzer  discharge test  the  solids were  f i l tered off and, 
wi thout  fu r the r  t rea tment ,  examined  b y  x - r a y  diffrac- 
tion. In  the  case of ;~-MnO2 no react ion wi th  manganous  
hydrox ide  was observed under  these conditions.  P rac -  
t ica l ly  ident ical  x - r a y  d iagrams were  obta ined for  a-  
and  %,-MnO2 reduced e i ther  e lec t rochemical ly  to the  
middle  or end of peak  C or by  react ion wi th  the  corre-  
sponding amounts  of Mn (OH) 2. 

Manuscr ip t  received Dec. 30, 1975. This was Paper  9 
presented  at the  Dallas, Texas, Meet ing of the Society, 
Oct. 5-9, 1975. 

Any  discussion of th is  paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in  the  June  1977 JOURNAL. 
Al l  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb. 1, 1977. 

Publication costs o5 this article were assisted by the 
Chemical Engineering Research Group, CSIR. 
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Electrochemical Behavior of Sulfur and Sulfide in Molten 
Sodium Tetrachloroaluminate Saturated with NaCI 

R. Marass i ,  1 G. M a m a n t o v , *  and J. Q. C h a m b e r s  

Department o3 Chemistry, University of Tennessee, Knoxville, Tennessee 37916 

ABSTRACT 

The electrochemical behavior of sulfur  and sulfide in  mol ten NaA1C14 
sat.urated with NaC1 has been investigated at different temperatures  and with 
different electrode materials.  In melts containing sulfur  one reduction and 
one oxidation wave are seen at tungsten and glassy carbon electrodes. At 
p la t inum two reduction waves are observed. The oxidation waves are similar 
for all three electrode materials. Reduction of sulfur leads to the formation 
of sulfide: the oxidation leads to S (I) or S (II) depending on the temperature,  
the higher oxidation state being formed at higher temperatures.  The data ob- 
tained in sulfur  solut ions have been confirmed by the results obtained in 
melts containing Na2S. The mechanism for the electrochemical oxidation of 
sulfur  apparent ly  involves a complex set of charge t ransfer  and chemical steps. 

The chemistry and electrochemistry of sulfur  in  
mol ten salts have received considerable a t tent ion in 
recent years because of the possible use of sulfur  as a 
cathode material  in a secondary bat tery using molten 
chlorides as solvents and l i th ium or its alloys as anodes 
(1-3). A closely related application involves the de- 
velopment of the high tempera ture  sodium-sulfur  bat-  
tery using E-alumina as a solid electrolyte (1-3). The 
interest  has been focused mainly  on the electrochemi- 
cal characterization of the couple S/S 2- in  mol ten 
chlorides (4-8) and thiocyanates (8-10). Some l~apers 
have been concerned with the spectroscopic characteri-  
zation of the sulfur  species responsible for the blue or 
green solutions that result  from the interact ion of sul-  
fur and sulfide in both melts (11-15). Electrochemical 
oxidation of sulfur  in the molten LiC1-KC1 eutectic has 
also been briefly explored (4, 5). 

In  a recently published note (16) we reported some 
pre l iminary  results on the electrooxidation and electro- 
reduction of sulfur in molten chloroaluminates (A1C18- 
NaC1 mixtures)  of different compositions. The electro- 
chemistry of this system is markedly  dependent  on the 
melt  composition. 

It is now well established (17-21) that the acid-base 
properties of molten chloroaluminates near  the 1:1 
A1C13/NaC1 mole ratio can be described by the equi-  
l ibr ium 

2A1C14- ~ A12C17- + C1- [1] 

The Lewis acidity can be expressed in  terms of pC1 
(pC1 = --log [C1-] ) ;  the most basic system corre- 
sponds to a NaCl-saturated melt  in  which the pC1 is 
constant in the presence of solid NaC1, and at 175~ is 
equal to 1.1 (22). 

In this paper we report  the results obtained in 
chloroaluminate melts saturated with NaC1; in these 
melts the electrochemistry of the sulfur  system is 
simpler than in the more acidic melts. The effect of the 
melt  acidity on the oxidation wave of sulfur  has been 
briefly reported in Ref. (16) and will  be the subject of 
a later  communication. 

Exper imenta l  
The melt  preparat ion and other exper imental  pro- 

cedures have been reported previously (23, 24). 
Sulfur  was introduced in the melt  after purification 

by repeated crystallizations from benzene and vacuum 

* E l e c t r o c h e m i c a l  S o c i e t y  Active Member, 
1 P r e s e n t  a d d r e s s :  I s t i t u t o  C h i m i c o ,  U n i v e r s i t a  d i  Camerino, 

62032 C a m e r i n o  ( M C ) ,  I t a ly .  
K e y  w o r d s :  c h l o r o a l u m i n a t e s ,  A1Ch-NaCI  m e l t s ,  s u l f u r  electro- 

chemistry,  su l f i de ,  NaA1C14. 

sublimation;  anhydrous  Na2S (Alfa Products) was 
used as received. 

Results and Discussion 
Voltammetry o3 suLSur and NazS so~utions.mSulfur 

solutions in the AIC18-NaCI~at melt  in the temperature  
range 175~176 are pale yellow in  the presence and 
absence of Na2S. This is indicative of the absence of 
equil ibria that  can generate anionic species such as 
S3- or $2-  that are responsible for the blue or green 
solutions of polysulfides in molten chlorides and thio- 
cyanates (11-15). 

Sulfur  itself is not very soluble in the melt. The con- 
centrat ion of the sulfur  electroactive species cannot be 
quoted since the aggregation state of sulfur is not 
known. In the tempera ture  range of interest  for basic 
chtoroaluminates (>  160~ sulfur  (Ss) undergoes 
marked s tructural  changes to form open chains and 
polymers (25). For  the sake of comparison and in 
order to have a reference point, all concentrations in  
this paper are referred to a hypothetical  sulfur mono-  
mer. From visual observations the solubili ty of sulfur 
(as S) in  A1C13-NaClsat mel t  at 175~ is less than 2.1 X 
10 -~ molal. 

In Fig. 1 and 2 vol tammograms are presented for 
sulfur  at a glassy carbon electrode at 175~ The volt-  
ammogram in Fig. 1 was obtained by recording the 
current  at 5 see after the application of potential  steps 

I 100]JA 

J 
t t 

2'.1 1.7 1'.3 

J 

, i t 

0'.9 o15 o.1 
E/Vvs A[(III)/AL 

in NaCL sat. melt 

Fig. 1. Voltammogram obtained from current-time curves (current 
measured 5 sec after the application of the potential step) in a 
I~8 • 10 -.2 molal sulfur (as sulfur monomer) solution in NaCi 
saturated melt at 175~ Glassy carbon electrode area: 0.0~7 cm 2. 
Potentials vs. A I( I I I ) /AI  reference electrode in NaCI-saturated 
melt. 

1128 
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0~_.1 rn A ' ' ~  

210 I:8 I.'6 [.4 ':2 I/3 0.8 0)6 0:4 
V (vs AI (lff)/AI in NaC1 Saturated Melt) 

Fig. 2. Cyclic voltammogrum at a glassy carbon electrode (area 
0.07 cm 2) in a 1.8 X 10 -2  molal sulfur solution in NaCI-saturated 
melt at 175~ Scan rate 0.1 V-sec -1. Potentials vs. AI(II I) /AI 
reference electrode in NaCI-saturated melt. 

J 

tO,lmA 

2.2 1.8 I./. 1.0 0.8 
E/Vvs AL(III)/AI. in NaCL sat, meLt 

Fig. 3. Normal pulse voltammogram for a 1.04 X 10 - 2  molal 
Na2S solution (assuming that the salt is completely dissolved) in 
NaCI-saturated melt at 175~ W electrode area 0.07 cm 2. Scan 
rate 5 mV-sec-1; 57 msec pulse. Potentials vs. AI( I I I ) /AI  reference 
electrode in NaCI-saturated melt. 

of different ampli tude to the electrode (23). Similar  
current -potent ia l  curves can be obtained on tungs ten  
electrodes. For  both cyclic and pulse voltammograms, 
the peak or l imit ing cur ren t  ratios of the oxidation 
wave to the reduct ion wave are ca. 0.5. 

A different behavior  is observed for the reduct ion 
wave if p la t inum is used as the electrode material.  The 
reduct ion process occurs in  two approximately equal 
steps. At longer times, e.g., 5 sec as in  Fig. 1, the con- 
structed vol tammograms have the same general  shape 
except that the first reduction wave is larger than  the 
second. The total l imit ing current  measured on the 
second plateau is, however, twice the l imit ing current  
for the oxidation step. The different reduction behavior 
of the sulfur  system at various electrode materials  is 
evident  also in  the cyclic vol tammograms which show 
that  the reduction process takes place in one drawn-  
out i rreversible step at glassy carbon and tungsten,  
while two waves are again seen at plat inum. The na-  
tu re  of the second wave at p la t inum has not been 
studied in detail except to note that  it depends greatly 
on the previous history of the electrode and on the 
n u m b e r  of cycles in the voltammograms. 

The shape of the oxidation wave is not, on the con- 
trary, dependent  on the electrode materials.  Similar  
oxidation waves were obtained on glassy carbon, tung-  
sten, and p la t inum working electrodes. 

The results for elemental  sulfur  are complemented 
by the experiments  on Na2S solutions in the same melt  
at the same temperature.  Sodium sulfide dissolves very  
slowly in the melt  and does not seem to be very solu- 
ble; however, the sulfide concentrat ion that  can be 
realized is sufficiently high to allow its electrochemical 
detection. The oxidation of S 2- occurs in  two steps as 
is seen in the pulse vol tammogram obtained at a tung-  
sten electrode (Fig. 3). The vol tammograms for the 
sulfide solutions are s imilar  to those of elemental  sulfur  
except for the shift of the zero current  line. This cor- 
respondence and the l imit ing current  data suggest that 
sulfur  is reduced to a negative two-oxidat ion state and 
oxidized to a positive one-oxidat ion state in  these 
melts. A reaction sequence consistent with these re-  
sults is shown in  Eq. [2] and [3] 

S 2- --> S + 2e-  [2] 

S--> 1~ $22+ -l- e -  [3] 

in which $22 + is proposed as the oxidation produc%. In  
these equations elemental  sulfur  is wr i t t en  as S for 
convenience, al though its aggregation state is unknown.  
Paulsen and Osteryoung have also suggested 82C12 as 
the oxidation product of sulfur  in  basic NaA1C14 melts 
(26). 

The electrochemical behavior  changes at higher tem-  
peratures both in the Na2S and sulfur  solutions. The 
S/S 2- couple becomes more reversible on tungsten 
and p la t inum electrodes (Fig. 4) and the oxidation 
wave assumes the  shape of an irreversible system at 
low scan rates. When the scan is init iated in the posi- 
tive direction, a prewave that  is not seen at lower 
temperatures  appears before the ma in  reduct ion wave. 
In addition, the l imit ing current  ratio of the oxidation 
to the reduction wave increases and approaches a value 
of un i ty  as the tempera ture  is raised. This behavior  is 
evident  in Fig. 5 (compared to Fig. 3) and suggests the 
sequence in Eq. [4] and [5] for the high tempera ture  
oxidation 

S 2- --> S + 2e -  [4] 

S--> S 2+ 4- 2e-  [5] 

This hypothesis is consistent with spectroscopic evi-  
dence in  more acidic chloroaluminate  melts which in-  
dicates that [$22+], $42+, $82+, and $162+ are stable at 
low temperatures  and that S 2+ can be formed at high 
temperatures  (27, 28). It is also consistent with the 
general  observation that  higher oxidation states are 
more stable in more basic melts which is the case at 
higher temperatures  both due to the increased solu- 
bi l i ty of NaC1 in NaA1C14 and the greater dissociation 
of AIC14- (18, 23). 

Sul fur  oxidation mechanism.--Considerable  experi-  
mental  effort has been expended on mechanistic studies 

t:25~c 

y '  /I 

2 0 1.5 1.0 
V {~s A! (~)IAI in NaCI Saturated Melt) 

Fig. 4. Cyclic voltammogram for a 1.04 X 10 -2  molal Na2S 
solution in NaCI-saturated melt at 257~ W electrode area 0.07 
cm 2. Scan rate 0.1 V-sec -1.  Potentials vs. AI(I I I ) /A[ reference 
electrode in NaCI-saturated melt. 
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i1mA 

I I ~ I I I I 

2.2 1.8 1.& LO 
E/V vs AL(III)/AI. in NaCL sat.meLt 

Fig. 5. Normal pulse voltammogram for a 1.04 X 10 -2  molal 
Na2S solution in NaCI-saturated met at 230~ W electrode area 
0.07 cm 2. Scan rate 5 mV-sec-1; 57 msec pulse. Potentials vs. 

AI(I I I ) /AI  reference electrode in NaCI-saturated melt. 

of the sulfur oxidation wave with only par t ia l ly  satis- 
factory results. The proximity  of the oxidation wave 
to the anodic background discharge of the chloro- 
a luminate  melt  and the uncer ta in ty  in the actual sulfur  
concentrat ion made these measurements  difficult. How- 
ever, several observations can be made on the basis of 
the cyclic voltammetric and chronoamperometric mea-  
surements.  

The cyclic vol tammetr ic  data at p la t inum are given 
in  Tables I - I I I  (similar results were obtained at glassy 
carbon and tungsten  electrodes)�9 At all temperatures  
the peak width, the peak separation, and the ratio of 
the cathodic to the anodic peak current  are dependent  

on sweep rate. At the fastest sweep rates at all  tem-  
peratures the rat io of peak  currents is un i ty  which in -  
dicates tha~ the direct product  of the oxidation is re la-  
t ive ly  stable. At these sweep rates the peak separation 
is considerably larger than  that  expected for a one- 
electron (or greater) process, while the peak width of 
the anodic wave  is less than the value for a one-electron 
process (29,30). Significantly, the current  function, 
i.~/v ~/2, is independent  ~f sweep rate wi thin  experi-  
menta l  error over a wide sweep rate range. These re-  
sults suggest that f ragmenta t ion of the sulfur  mole-  
cules in the oxidation process is fast on the volt-  
ammetr ic  t ime scale and  that  the charge t ransfer  is 
quasi-reversible.  The decrease of the ratio /pCath//pan 
at lower scan rates becoming more pronounced at 
higher temperatures  (Fig. 6) is indicative of a follow- 
ing chemical reaction. 

These results may be (at least par t ia l ly)  rationalized 
in terms of a generalized model given in  Eq. [6] and 
[7] for the oxidation process�9 This model involves 
anodic f ragmenta t ion of the sulfur  rings which may be 
init iated thermal ly  or by electron transfer.  The over-  
all process leads to formation of sulfur  in  the + 1 oxi- 
dation state which is indicated by the l imit ing current  
ratios observed for the sulfur  and sulfide vol tammo- 
grams 

sulfur  
2S,~ ~--- ~ ~$2 - - 2 ~ e -  

chains 

- - R l e  

�9 - - 2 e -  sulfur  
2 S .  ~ 2S,~ + ~--- 

chains 

nS~2  + [6] 

Table I. Cyclic voltammetric parameters for the oxidation of sulfur in AICI3-NaCIsat melt at 175~ 
Sulfur concentration 1.8 • 10 -2  molal (as sulfur monomer). Platinum electrode area 0.08 cm 2. 

Potentials vs. AI(I I I ) /AI  in NaCI saturated melt. 

Scan rate (Ep - Ep/2) (Eva -- Ev c) ipv-1/~ (/~A- 
(V-see -~) iv (/~A) Ev (V) (mV) (mV) sec 1/2 V -1/2) {vcath/ip an 

0.020 110 1.98 65 95 778 0.66 
0.050 173 1.99 57 107 774 0.76 
0.100 250 1.99 65 110 791 0.62 
0.200 338 2.00 70 142 756 0.94 
0.500 578 2.00 75 150 817 0.97 

1.O00:at this scan rate the oxidat ion wave  is no  longer  peak shaped.  X =  7 8 3 •  

Table II. Cyclic voltammetric parameters for the oxidation of sulfur in AICl3-NaCIsat melt at 210~ 
Sulfur concentration 7.7 X 10 -3  molal (as sulfur monomer). Platinum electrode area 0.08 cm 2. 

Potentials vs. AI( I I I ) /AI  in NaCI-saturated melt. 

Scan rate (Ep -- Ep/s) (Ep" -- Ep c) ivY-l/~ (#A- 
(V-sec-1) {p (/~A) Ep (mY) (mY) (mV) secl/2 V-~/~) {~cath/ iv  ~n 

0.090 213 1.94 55 105 710 0.79 
0,164 272 1.94 60 115 672 0.84 
0,460 446 1.98 70 145 656 0.92 
1.000 664 1.99 75 165 664 0.95 
2.000 IOO0 2.01 82 210 707 1.02 
3.000 1264 2.02 94 235 730 1.03 

X'= 690-----30 

Table III. Cyclic voltammetric parameters for the oxidation of sulfur in AICI3-NaCIsat melt at 262~ 
Sulfur concentration 7.7 X 10 -3  molal (as sulfur monomer). Platinum electrode area 0.07 cm 2. 

Potentials vs. AI(I I I ) /AI  in NaCI-saturated melt. 

S c a n  r a t e  (Ep - Ep]2) (Ep a -- Ep c ) ~,pv -1/2 (~A-  
( V - s e c  -1) {p (/~A) Ev ( V )  ( m V )  ( m V )  secl/2 V-1/~) ipcath/ip~n 

0.084 276 1.92 45 85 952 0.63 
0.168 362 1.93 63 90 883 0.70 
0.420 640 1,94 50 90 833 0.79 
0.840 760 1,95 65 100 629 0.90 
1.840 1140 1,97 75 135 840 0.99 
4.400 1745 1.99 80 160 832 1.01 

X = 862'+49 
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Fig. 6. Variation of the ratio ipcath/ip an with the scan rate at 
different temperatures. 

A1C14- A1C14- 
822+ ~ S2C1 + ~ S2C12 ~- S2C]2(g) [7] 

Actual ly  a complex set of electron t ransfer  and sulfur-  
sulfur  bond f ragmenta t ion reactions may be envisioned 
between the Sn rings and the $22+ dications. The 
quasi-reversible  na ture  of the oxidation wave could 
be due to oxidation of the fragments  over the poten-  
t ial  range encompassed by the oxidation wave. 

The slopes of the log [i/(id -- i ) ]  VS. E plots for the 
pulse vol tammograms are dependent  on the t ime at 
which the current  is measured. Figure 7 shows two 
vol tammograms obtained at 57 msec (curve A) and 5 
sec (curve B). The la t ter  curve is more "reversible" 
and the slope approaches a value for a two-electron 
t ransfer  (45 mV at 175~ The plots are shown in  
Fig. 8. This behavior  is consistent with the above 

j 0.2V I 

E/V vsAL(III~L in NaCL sat.meLt 

Fig. 7. (A) Normal pulse voltammogram for the oxidation of sulfur 
in NaCI-saturated melt at 175~ Sulfur concentration 1.8 • 10 - 2  
molal. Platinum electrode area 0.06 cm 2. Scan rate 2 mV-sec-1; 
57 msec pulse. Potentials vs. Al( l l l ) /AI  reference electrode in 
NaCI-saturated melt. (B) Voltammogram constructed from current- 
time curves (current measured at 5 sec) for the oxidation of sulfur 
in NaCI-saturated melt at 175~ Sulfur concentration 7.7 • 10 -3  
molal. Potentials vs. AI( I I I ) /AI  reference electrode in NaCI-satu- 
rated melt. 

1.0- 
+ 

-b 

Z 
~ 0.0-  

,8  

I 
1.85 

I I 1.95 2.05 
E/V vs AL(III)/AL in NaCL sat. melt 

Fig. 8. Plots of log ( - - i ) / ( - - i d  .-~ i) vs. E for the voltammograms 
in Fig. 7. A corresponds to Fig. 7A (reciprocal slope 74 mV); B cor- 
responds to Fig. 7B (reciprocal slope 44 mV). 

scheme in that it suggests a two-electron oxidation of 
the $2 molecules at long times. At short times (57 msec 
pulse) the experimental  slope is reasonably close to the 
expected value for a one-electron reversible charge 
transfer. 

Additional support  for the fur ther  oxidation at the 
same potential  of the par t ia l ly  oxidized product follow- 
ing one or more chemical steps is provided by the in -  
crease of the chronoamperometric it ~/2 value from 98 
to 127 ~A-sec 1/2 with a var iat ion of t f rom 1.25 to 5 sec 
(these results were obtained at the tungs ten  electrode, 
A ---: 0.07 cm 2, at 175~ at a potential  corresponding to 
the diffusion plateau of the oxidation wave; S molal i ty 
7.7 • 10-8). 

The behavior  of the ratio ipcath/ipan as a funct ion of 
sweep rate and tempera ture  indicates that  the oxida- 
tion product is more rapidly removed from the diffusion 
layer  at the higher temperatures.  The na ture  of this 
reaction is not fully understood, but  complexation of 
S22+ by the basic melt  is likely. This is shown in Eq. 
[7] as successive formation of $2C1 + and 82C12 moie- 
ties. A slow step in the complexation of 822+ or a slow 
loss of gaseous $2C12 from the diffusion layer  would 
explain the EC behavior  of the sulfur  oxidation process. 

A bet ter  unders tanding  of the oxidation of sulfur  in 
basic chloroaluminate melts should result  from spec- 
troscopic and spectroelectrochemical studies. Such 
studies are in progress in this laboratory as well as 
elsewhere (27). 
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Compatibility of Aluminum Nitride in Environments 
Representative of High Temperature Cells 

Ram A. Sharma,* Richard A. Murie, and Elton J. Cairns* 
General Motors Corporation, Electrochemistry Department, Research Laboratories, Warren, Michigan 48090 

ABSTRACT 

Compatibi l i ty tests of hot-pressed, high pur i ty  A1N of 90-9.9% of theoretical 
density were carried out in molten li thium, l i th ium-sa tura ted  LiC1-KC1, l i th-  
i umsa tu ra t ed  LiF-LiC1-KC1, molten 30 weight per  cent (w/o) Li2S-S and 
molten S at 400~ for up to 10,000 hr, and l i th ium-sa tura ted  LiC1 and chlorine- 
saturated LiC1 at 650~ for up to 1430 hr. At 400~ the A1N was not attacked 
to any significant extent  (<0.5 w/o) ,  whereas at 650~ tkIN experienced 
in te rgranula r  at tack by l i th ium and reacted at a rate of 1% per 100 hr in  
C12-LiC1. 

One of the ma in  problems in  the development of 
high temperature  molten salt cells is the identifica- 
tion of a suitable electrical insulat ing mater ial  for use 
in the cells. This problem occurs because of the very 
corrosive na ture  of the materials in such systems 
(e.g., Li/CI2 with LiC1 as electrolyte, and Li /S with 
an alkali halide mixture  as the electrolyte).  The prob-  
lem is especially difficult because of the high operating 
temperatures,  i.e., about 650~ for the Li/C12 cell and 
about 400~ for the Li /S  cell (1, 2). 

Based on the standard free energy of formation and 
availability, oxides such as Li20, BeO, MgO, Y203, 
La203, ThO2, and CaO may be considered to be pro- 
spective insulators in these corrosive environments .  
The unsui tabi l i ty  of Li20, MgO, La203, ThO2, and CaO 
has been pointed out (3-5), and it has also been re-  
ported that Y203 did not show any appreciable change 
when tested in 20 atom per cent (a/o) Li-80 a/o S at 
375~ for 331 hr. In  the case of BeO, the results of com- 
pat ibi l i ty tests varied depending on the type and the 
qual i ty  of BeO used; for example, in early tests, BeO 
in the form of a porous crucible d is in tegra ted  when 
tested in l i th ium for 25 hr at 350~ (3, 4). In  later  

* Electrochemical Society Active Member. 
Key words aluminum nitride, insulators, corrosion, lithium, sul- 

fur~ high temperature. 

tests, h i g h  purity,  hot-pressed B:eO proved to be the 
most corrosion-resistant mater ial  with a corrosion rate 
near  0.02 m m / y r  in l i th ium at 375~ for 1000-1200 hr  
(5). 

Cairns et al. (6) reported that  some double oxide 
compounds, par t icular ly  LiA102, MgA1204, and CaZrO~, 
show promise as insulat ing materials. Fishwick and 
Yeh (7) investigated the compounds Li20" A1203, 
Li20 �9 5A1203, Li20 �9 ZrOe, CaO �9 A120~, CaO �9 5A1203, 
CaO.  2.5A120~, and CaO-ZrO2,  and reported only 
CaO �9 ZrO2 to be compatible in l i th ium as a result  of 
a test in l i th ium at 580~ for 92 hr. 

At General  Motors Research Laboratories, ear l ier  
material  compatibil i ty studies indicated A1N to be a 
promising material,  since only minor  degradation of 
A1N was found after being in contact with l i th ium 
at 700~ for about 575 hr (8). Therefore, the present  
investigation was conducted to test A1N under  condi- 
tions similar to those existing in the Li/C12 or Li /S  cells. 
The present A1N tests were fur ther  war ran ted  because 
a bet ter  quali ty of material  with respect to pur i ty  and 
density has become available (9). 

Experimental 
Aluminum nitr ide specimens of 97-99% of theoretical 

density (but  in one case, 90% of theoretical density) 
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were prepared by hot-pressing high pur i ty  A1N powder 
(0.06 weight per  cent (w/o)  oxygen, 0.35 w/o  carbon) 
in a dense graphite die. Pressures in  the range of 17.0- 
20.5 MPa were applied dur ing  gradual heat ing to about  
1700~ to yield samples of ~97% theoretical density;  
and pressures of 35-41 MPa with heat ing to 2000~ 
were used for 99% theoretical density. The pressure 
and tempera ture  were main ta ined  for 20-60 min, after 
which the die  was cooled slowly to room temperature,  
while main ta in ing  the pressure. The A1N samples were 
d iamond-ground  to remove adherent  graphite. After  
grir~ding, the color was gray to black. All of the longer 
term corrosion samples were sliced from the same 
cylindrical  samples with a diamond wafering saw in 
an at tempt  to have uni formi ty  of sample properties. 
A scanning electron micrograph (SEM) of a typical 
high densi ty sample, Fig. 1, shows this A1N to be well  
s intered and dense. 

The slices of A1N used in the corrosion tests were in  
various disk shapes (circular, semicircular, rectangular ,  
circular disks with holes, etc.) having dimensions of 
about 12.7 mm, with a thickness of about 3 mm. (When 
a number  of samples were placed in a single container, 
the positions Of the holes in  the samples were used for 
identification,) The samples were cleaned u l t rasoni -  
Cally in  methanol  or acetone for 15 min, and were 
baked at 400~176 overnight  under  vacuum before 
being weighed and placed in the corrosion capsules in  
a pure hel ium atmosphere. 

Li thium chloride of 99.6% puri ty  and potassium 
chloride of 99.9% pur i ty  were used to prepare  the 
eutectic mixtUre (59 mole per cent (m/o)  LiC1-41 
m/o  KC1, mp = 352~ This mix ture  was purified by 
bubbl ing  chlorine through the melt  at about 500~ for 
2-4 hr  and subsequent ly  removing the chlorine by 
bubbl ing  with hel ium for 1 hr. High purity,  optical 
grade l i th ium fluoride (used for preparing u.v. filters) 
was used in the preparat ion of the te rnary  LiF-LiC1- 
KC1 eutectic (3.5 m/o  LiF-56.0 m/o  LiC1-40.5 m/o  KC1, 
mp -- 346~ 

Li th ium metal  of 99.97% pur i ty  was used as re-  
ceived, after cutt ing away the surface metal  from the 
ingot in a high pur i ty  hel ium atmosphere. Sulfur  of 
99.999% pur i ty  was used as received. Li thium sulfide 
with an analysis of 29.8 w/o  Li (vs. 30.26 w/o theoret i-  
cal for LieS) was used. The chlorine was 99.8% pure, 
and the hel ium had a total impur i ty  level of less than 
40 ppm. 

The test cells used for the experiments  involving 
l i th ium were constructed of Type 304 stainless steel 
and had cooling coils around the top to keep the gasket 

The mocou:,:  Vacuum 
Fitting ~_  ~ I t 

304 Stalnl 
Steel Capsule ~ 
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~_ Teflon 
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Fig. 2. Stainless steel test capsule containing test media at 400~ 
Samples were suspended from "crow's-foot" in melt. 

cool, Figure 2 shows the test cell (300 m m  high • 70 
mm ID) used for mul t ip le-sample  experiments.  The 
samples were suspended from a crow's-foot on a 
closed-end tube which passed through a Swagelok 
fitting in  the lid. The closed-end tube served as a 
thermocoup!e well for monitor ing and controll ing pu r -  
poses, Figure 3 shows the a r rangement  used for ex- 
per iments  involving s ing le /k iN samples. This cell also 
had an inlet  and outlet for the passage of hel ium dur -  
ing the test period. Each test cell was cleaned by wash-  
ing in  distilled water, r ins ing in methanol,  and hydro-  
gen firing at 1000~ When cool, the cells were placed in 
a hel ium atmosphere glove box for loading of the 
samples, 

Fig. 1. SEM photograph of a fractured surface of a typical pre- Fig. 3. Schematic diagram of the apparatus for compatibility tests 
test AIN sample, in Li-LiCI solutions. 
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To load the stainless steel test cells, enough l i th ium 
was added to the cell to insure that the A1N sample (s) 
would be covered when  melt ing occurred. The PTFE 
gasket was fitted to the cell flange, the tube with the 
sample(s)  was fitted through the Sw.agelok fitting and 
adjusted to the proper length to insure that the samples 
would be totally immersed in the molten l i thium. The 
test cell was then bolted shut, removed from the 
hel ium atmosphere, and mounted in  a furnace. 

The stainless steel test cells used with the mol ten 
salts (LiC1-KC1 eutectic and LiF-LiC1-KC1 eutectic) 
saturated with l i th ium were loaded in the same m a n n e r  
as above; however, stainless steel fel tmetal  disks (40.5 
mm diam • 1.27 mm thick) impregnated with l i th ium 
were placed in the bottom of the test cell, Fig. 3, prior 
to adding the salt, providing a l i th ium source for im-  
pregnat ing the salt. 

When a sample from a test cell containing mult iple  
samples (on the crow's-foot) was to be removed, the 
furnace was turned off and the test cell was cooled to 
room temperature.  The cell was taken into the hel ium 
glove box, placed in a furnace well, and heated. When 
the test medium was molten, the cell cover was re-  
moved and a sample was removed from the crow's-foot. 
The cover was then replaced, the cell was cooled, re-  
moved from the dry box, and again placed in the test 
furnace. The sample was then removed from the dry  
box, ul trasonical ly washed in distilled water, methanol,  
and acetone followed by a 3-4 hr vacuum bakeout at 
400~ When cool, the samples were weighed and 
sectioned on a diamond wafering saw for microscopic 
examination.  

When a cell contained only a single A1N sample, 
ent ry  into the dry box for sample removal was not 
necessary. The Swagelok fitting was loosened, and the 
sample was raised unt i l  clear of the mol ten test 
medium. The cell was then cooled and opened for 
sample removal and cleansing as described above. 

The Li2S-S and sulfur  tests were carried out in  
quartz or Vycor test cells. The design of these test cells 
is shown in Fig. 4. The A1N and test medium were 
loaded into the cell in the hel ium atmosphere. After  
loading, a small amount  of high vacuum stopcock 
grease was used to lubricate  the s tandard  taper joint  
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and the stopcock cap was attached. The cell was evacu- 
ated, removed from the he l ium atmosphere, and sealed, 
with removal of the s tandard taper  and stopcock cap. 
The test cell was then inserted into a sand bath which 
was suspended in  a stainless steel container in  a fur-  
nace, Fig. 5. The sand completely covered the cell and 
aided in main ta in ing  a uni form temperature.  When the 
test was terminated,  the furnace was tu rned  oi~ and 
the test cell was removed while the test medium was 
still molten. Holding the cell by the long quartz handle, 
Fig. 4, and inver t ing  it caused the mol ten test medium 
to run  into the bottom chamber  while the A1N test 
sample was held on t h e  indentat ion.  When cool, the 
quartz or Vycor cell was opened, the sample was re- 
moved and cleaned in an ultrasonic cleaner using dis- 
tilled water, methanol,  and acetone. Final ly,  the sample 
was vacuum dried at 400~ for 4 hr, cooled, and 
weighed. The vacuum drying als.o removed any  re-  
maining free sulfur  adhering to the sample. 

Compatibil i ty testing in  LiC1 through which chlorine 
gas was bubbled was carried out in the apparatus 
shown in Fig. 6. To load the sample, a clean dry Vycor 
enclosure (350 mm long • 65 mm diam) with a Vycor 

Test Medium 

AIN Samples ~ 

Thermocouple 

Furnace Cover 

V/A'//S///{//, 

-Sand Bath Container 

Fig. 4. Quartz test capsules used to contain/i2S-S test media 

Fig. 5. Quartz test capsule in furnace 

L~ L~ ~i "g {CIO4'2'raP~ -~ " "j'" 

Fig. 6. Schematic diagram of the apparatus for compatibility 
tests in /iCI through which CI2 was bubbling. 
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container  (80 m m  long • 55 m m  diam) and  sample 
holder was taken into the hel ium atmosphere. The 
sample holder was fixed in  position in  the s tandard 
taper joint  at the top of the enclosure. The sample was 
then placed on the hook of the sample holder, which 
was then placed into the Vycor container.  Li th ium 
chloride (about  175g) was placed into the container to 
cover the sample and to keep it in position on the hook. 
The container was then carefully slipped into the en-  
closure without  dis turbing either the salt or the sample, 
and the top of the enclosure was set into place. The 
gas inlet  and outlet were closed and the enclosure was 
removed from the he l ium atmosphere and placed in  
the furnace. Hel ium was passed through the enclosure, 
and the furnace was heated to 650~ The hel ium was 
then replaced by chlorine: gas and the sample was kept 
under  these conditions for the durat ion of the  test. At 
the end of the exposure period, the chlorine was re-  
placed by hel ium and the sample was taken out of the 
melt  to cool. The sample was cleaned in  methanol,  
dried, and weighed. 

Results and Discussion 

The results of all of the compatibil i ty tests are sum- 
marized in  Table I. The extent  of attack is reported 
in  terms of percentage weight change. The samples 
with numbers  having an alphabetic suffix were cut 
from the same cylinder of hot-pressed A1N. For ex- 
ample, samples la, lb, lc, and ld  all came from a single 
cyl inder of A1N, having a densi ty of 99.3% of theo- 
retical (3.26 g/cm3). In  addition, samples having this 
type of number  were all exposed to a given melt  in 

the same container and are called mul t ip le-sample  
tests. The last sample in each of these sets was placed 
in the container only for the final 1000 hr of the test in  
order to determine if the corrosiveness of the melt  had 
changed from that  of the ini t ial  1000 hr. 

Molten l i thium at 400~ results of the mul t i -  
pie-sample tests of A1N in mol ten  l i th ium at 400~ are 
presented in  the upper  par t  of Table I. A total of 12 
samples, 4 in each of 3 stainless steel containers, were 
exposed for periods of 1000-10,000 hr. Examinat ion  of 
the samples by optical microscopy and by SEM up to 
3000 X revealed no visible attack. The weight change 
values indicate some loss, about 3% in  6.000-7000 hr. 
The losses of this magni tude  are associated with sample 
breakage, samples lb  and lc, and crystal pullouts from 
surface cracks in  samples 2b and 2c. Therefore, the 
weight loss due to nonmechanical  causes is probably  
significantly less than  3% in several thousand hours. 

Some SEM photographs of the surface and fracture 
surfaces of sample 3c are shown in Fig. 7. The frac- 
ture  surface-exposed edge interface in  Fig. 7b and c 
reveals no l i th ium penetra t ion and shows the presence 
of a very thin surface film. This is a typical  result. Pa r t  
d of the figure is typical of the inter ior  of the high 
density (~99% theoretical) samples. 

The small  weight losses shown by samples ld, 2d, and 
3d indicate that the corrosiveness of the l i th ium used 
in  these exposures did not increase noticeably during 
the experiments.  The small  weight gains of samples 3b 
and 3c may be taken as an indication of the precision 
of these experiments and the difficulties of cleaning the 
samples after exposure. 

Table I. Results of AIN compatibility tests in various media at 400 ~ and 650~ 

Tern- Expo- Theo-  
Sam- per-  su re  re t iea l  Ini t ia l  We igh t  
ple  a tu re ,  t ime ,  densi ty ,  we igh t ,  * * change ,  
No. E n v i r o n m e n t  ~ h r  % g % R e m a r k s  

l a  Molten l i th ium 400 1,O0O 99.3 1.8700 0.00 
lb  Molten l i t h ium 400 6,000 99.3 1.5455 - 3.25 
lc  Molten l i th ium 400 7,000 99.3 2.1424 - 1.19 
ld  Molten l i th ium 400 1,000" 99.3 1.2825 - 0.03 
2a Molten l i th ium 400 1,000 99.0 1.9295 -- 0.04 

2b Molten l i th ium 400 6,000 99.0 1.7901 - 3.44 

2c Moiten l i th ium 400 7,000 99.0 1.8560 - 3.02 

2d Molten l i th ium 400 1,000" 99.0 1.5417 - 0.18 

3a Molten l i t h ium 400 1,000 98.8 0.9958 - 0.05 

3b M o l t e n  l i t h i u m  400 9,000 98.8 1.3138 + 0.02 

3e Molten l i th ium 400 10,000 98.8 1.8171 + 0.06 

3d Molten l i th ium 400 1,000 98.8 0.7365 - 0.01 

4 Molten LiC1-KC1 s a t u r a t e d  wi th  400 2,600 >97 2.293 -0 .06  
Li 

5 Molten LiC1-KCI s a t u r a t e d  wi th  400 2,600 >97 2.396 - <0.1 
Li 

6a Molten LiF-LiC1-KC1 s a t u r a t e d  400 1,600 98.8 1.3952 0.00 
wi th  Li 

6b Molten LiF-LiC1-KCI s a t u r a t e d  400 6,000 98.8 1.4080 § 
wi th  Li 

6c Molten LiF-LiC1-KC1 s a t u r a t e d  400 7,000 98.8 1.4086 +0.56 
wi th  Li 

6d Molten LiF-LiC1-KC1 s a t u r a t e d  400 1,000" 98.8 1.0003 -0 .43  
wi th  Li 

7 Molten LiC1 s a t u r a t e d  wi th  Li 650 425 >97 2.972 - 6 . 0  

8 Molten LiC1 s a t u r a t e d  wi th  Li 650 400 >97 2.900 
9 Molten LiC1 s a t u r a t e d  wi th  Li 650 570 >97 1.570 --3-.0 

10 Molten LiC1 s a t u r a t e d  wi th  Li 650 1,430 >97 1.524 - 10.0 
l l a  Molten 30 w/o  LieS-70 w/o  S 400 1,0O0 98.7 1.9112 -0 .19  
l l b  Molten 30 w/o  Li~S-70 w/o  S 400 4,128 98.7 1.4654 --0.13 
l l c  Molten 30 w /o  Li.~S-70 w /o  S 400 6,523 98.7 1.2251 -0 .28  
l l d  Molten 30 w /o  Li~S-70 w /o  S 400 1,000" 98.7 1.5872 + 0.02 
12a Molten 30 w /o  Li,~S-70 w /o  S 400 1,000 90.0 0.9148 + 1.85 
12b Molten 30 w/o  Li.~S-70 w /o  S 400 9,000 90.0 0.8147 + 0.52 
12c Molten 30 w /o  Li~S-70 w /o  S 400 10,000 90.0 0.8117 + 0.11 
12d Molten 30 w /o  Li2S-70 w /o  S 400 1,000" 90.0 0.8037 + 1.00 
13 Molten su l fur  400 2,420 >97 1.554 0.0 
14 Molten LiC1 wi th  CI~ bubbl ing  650 185 >97 0.984 --1.0 
15 Molten LiC1 wi th  C12 bubbl ing  650 565 >97 0.945 - 7 . 0  

16 Molten LiC1 wi th  C12 bubbl ing  650 1,155 >97 0.973 - 9 . 0  

Samples  lb  and  lc  w e r e  b r o k e n  
du r ing  r e m o v a l  f r o m  the  cell. 
No visible a t t ack ;  n o  s u r f a c e  
conduc tance  

Sample  in tact ;  no  visible a t t ack  or  
su r f ace  c o n d u c t a n c e  

Sample  intact ;  no visible a t t ack  or  
su r f ace  conduc tance  

Sample  in tact ;  no  visible a t t ack  or  
su r face  co n d u c t an ce  

Sample  in tac t ;  no  visible a t t ack  or  
su r face  co n d u c t an ce  

Sample  in tac t ;  no  visible a t t ack  or  
su r f ace  conduc tance  

Sample  in tact ;  no  visible a t t ack  or  
su r f ace  co n d u c t an ce  

Sample  in tact ;  no  v is ib le  a t tack  or 
su r f ace  conduc tance  

Sample  in tac t ;  no  visible a t t ack  or  
su r f ace  conduc tance  

Sample  in tact ;  no  visible a t t ack  or  
su r f ace  conduc tance  

Sample  intact ;  no  visible a t t ack  or  
su r face  conduc tance  

Sample  in tact ;  no visible a t t ack  or  
su r f ace  conduc tance  

Sample  intact ;  no  visible a t t ack  or  
su r f ace  conduc tance  

Sample  in tact ;  no visible a t t ack  o r  
su r face  conduc tance  

Sample  in tact ;  no visible a t t ack  o r  
su r f ace  conduc tance  

Sample  c r u m b l e d :  p robab ly  poor ly  
s i n t e r ed  

I n t e r g r a n u l a r  a t t ack  
No visible a t t ack  
N u m e r o u s  c racks  
Sample  intact ,  no visible a t t ack  
Sample  intact ,  no  visible a t t ack  
Sample  in tact ,  no  visible a t t ack  
Sample  in tact ,  no  visible a t t ack  
Sample  in tact ,  no visible a t t ack  
Sample  intact ,  no visible a t t ack  
Sample  intact ,  no visible a t t ack  
Sample  in tact ,  no  v is ib le  a t t ack  
Sample  in tact ,  no  visible a t t ack  
Color changed ;  g r a y  to w h i t e  
Color changed ;  g r a y  to whi te .  Sur-  

face  b e c a m e  cha lky  
Color changed ;  g r a y  to  w h i t e .  Sur- 

face  b e c a m e  cha lky  

* Sample  p laced  in c o r r o d a n t  fo r  final 1000 h r  of tes t .  
*" W e i g h t e d  on s e m i m i c r o b a l a n c e  to  n e a r e s t  0.01 mg.  
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Fig. 7. SEM photographs of sample 3c after 10,000 hr in 400~ lithium. (o) AIN surface after exposure to lithium, (b) fracture surface 
and edge showing tightly bound crystals of AIN with no penetration of lithium, (c) higher magnification of fracture surface shown in (b), 
(d) interior fracture surface. 

Molten LiCI-KC1 saturated wi th  lithium at 400~ 
A l u m i n u m  nitr ide samples 4 and 5 of Table I showed 
weight loss rates similar to those for A1N in l i th ium at 
400~ The values are in  the range of less than 0.1% 
for 2600 hr. The samples were intact, with no visible 
signs of corrosion. All edges remained sharp. 

Molten LiF-LiC1-KCI saturated wi th  l i thium at 
400~ results of this mul t ip le-sample  test are 
consistent with those for l i th ium and LiC1-KC1 satu-  
rated with l i thium. The weight change was small; the 
samples looked as they did at the beginning of ex- 
posure. The small d iamond-saw marks on the surfaces 
of the samples remained. Figure 8 shows SEM views of 
samples 6b and 6c, indicat ing very l i t t le attack. 

Molten LiCl saturated wi th  l i thium at 650~ 
results of exposure of four samples of A1N (numbers  7 
through 10) to l i th ium-sa tura ted  LiC1 at 650~ (char- 
acteristic of the Li/LiCI/C12 cell) are shown in Table I. 
At this higher temperature,  attack on the samples is 
clearly evident, p redominant ly  in te rgranula r  in nature.  
Weight losses as large as 10% after 1430 hr were ob- 
served. Figure 9 shows low-magnif icat ion (4.5X) 
views of the surface of sample 8 before and after 400 
hr of exposure. Note the clear evidence of in t e rg ranu-  
lar  attack. In Fig. 10b, it can be observed that  l i t t le 
coherency among the A1N grains remains.  

The thermodynamic  stabil i ty of A1N with regard to 
l i th ium is expected to be very good, based on the re- 
action 

A1N(s) -5 3Li(1) --> Al(s)  -5 Li~N(s) [1] 

The free energy of this reaction ranges from about 
§ kJ /mole  A1N at 400~ to about -5160 kJ /mole  
A1N at 650~ (10). The possibility of excess l i th ium 
reacting with the a l u m i n u m  produced by reaction [1] 
would yield a lower free energy, as would the dissolu- 
t ion of Li~N in the mol ten salt mixture.  It appears un -  
l ikely that these two effects would result  in such a high 
rate of attack (e.g., 10 w/o in 1400 hr) .  It is conceiv- 
able that  the in te rgranula r  attack of samples 7 through 
10 is associated with either an  impur i ty  effect or poor 
sintering, or both. 

Molten 30 w/o  LizS-70 w / o  S a t  400~ melt  
represents a relat ively strongly oxidizing environment ,  
in contrast to the strongly reducing conditions repre-  
sented by the melts discussed above, and was intended 
to be related to the conditions found in  the positive 
electrode of a l i th ium/su l fu r  cell. Two mul t ip le-sample  
tests of A1N in  Li2S-S were carried out, the results of 
which are summarized in Table I. The weight losses 
observed were all less than 0.3%, however some weight 
gains were also found in  the 90% dense samples. This 
weight gain for samples 12a-12d is probably  a reflection 
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Fig. 8. SEM photographs of AIN samples 6b and 6c after 6000 and 7000 hr, respectively, in LiF-IiCI-KCI eutectic saturated with lithium 
at 4.0•~ (a) Surface of AIN sample 6b after exposure for 6000 hr. This surface is typical of AIN samples 6b and 6c. (b) Fracture surface 
and edge of AIN sample 6b. The grain boundaries are sharp and no evidence of penetration by the test media. (c) Higher magnification 
of fracture surface shown in (b). 

of the difficulty of removing all of the Li2S-S from the 
pores of the samples. E x a m i n a t i o n  of the samples by 
optical microscopy and SEM revealed negligible attack 
at the sample surfaces, and no penetration,  except into 
occasional pores. Figure 11 shows SEM photographs of 
samples l l b  and 11c, which indicate no attack after as 
much as 6528 hr. 

Molten sulfur at 400~ A1N sample was ex-  
posed to mol ten sulfur  at 400~ for 2420 hr. No weight 
change was found, and no attack on the sample could 
be observed by optical microscopy o r  SEM. 

Molten LiCl with C12 bubbling at 650~ test 
conditions were in tended to represent  the env i ronment  
at the chlorine electrode of a Li/LiC1/C12 cell, which 
usual ly operates in the vicini ty of 650~ The A1N 
samples, numbers  14-16, experienced significant weight 
loss rates, in  the vicinity of 1%/100 hr of exposure. 
The samples also changed Color from gray to white, 
and the surfaces became chalky. 

Considering the thermodynamics  of the si tuat ion for 
A1N in  contact with C12, the candidate reaction 

A1N(s) -p 3/2 C12(g) --> A1C18(g) -t- 1/2 N2(g) [2] 

has a free energy of reaction, at 627~ of --315 k J /mole  
A1N (10). It is to be expected, then, that A1C18 and N2 
would form, result ing in  a weight loss. The above re-  

action has been reported to occur at 600~176 (11). 
In addition to reaction [2], it is possible for other re-  
actions to take place, modifying the rate at which re- 
action [2] would proceed. Two possibilities are 

A1N(s) + 3/4 O2(g) --> 1/2 A1203(s) ~- 1/2 N2(g) [3] 

AG62~oc ~- --473 k J /mole  (10) 

2A1N(s) + 3H20(g) --> A120~(s) ~- 2NH~(g) [4] 

~G627oc ---- --252 k J /mole  (10) 

These reactions are consistent with the observation of 
a white film on the surface of the A1N. Fur thermore,  
exposure of A1N powder to ambient  air results in an 
ammonia odor. 

Conclusions 
1. High density A1N (~99% theoretical) experiences 

negligible attack (about 0.5 w/o or less) in the strongly 
reducing environments  of molten l i thium, or l i th ium 
dissolved in LiC1-KC1, or LiF-LiC1-KC1, at 400~ for 
periods of 1000-10,000 hr. 

2. At 650~ in  Li-sa turated LiC1, in te rgranula r  at-  
tack of A1N was observed after 400-1430 hr on samples 
less dense than those used in  the lower tempera ture  
work. Fur ther  invest igat ion with higher density sam- 
ples is in  order. 

Fig. 9. Photographs of AIN sample. (a) Original sample surface, 
and (b) sample surface after exposure in Li-LiCI solution for 400 
hr at 650~ 

Fig. 10. SEM pictures of AIN sample. (a) Before the test, and 
(b) after exposure in Li-LiCI solution for 400 hr at 650~ 
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Fig. 11. SEM photographs of AIN samples 11b and !ic after 
4128 and 6528 hr, respectively, in Li~S-S. (a) Exposed test surface 
of AIN sample 11c. This surface is typical of both samples. (b) 
AIN sample 11c showing both the exposed test surface and fracture 
surface. (c) Fracture surface and edge of AIN sample 11c. No 
penetration is present. 

3. No attack (weight loss --~ 0.28 w/o)  was observed 
on A1N exposed to S or 30 w/o Li2S-S at 400~ for 
1000-10,000 hr. 

4. A l u m i n u m  nitr ide is attacked by CI~ in  LiC1 at 
850~ resul t ing in  a weight loss rate of about 1%/100 
hr, for per iodsof  185-1155 hr. 

5. A l u m i n u m  nitr ide appears to be a suitable insula-  
tor for use in Li /S  cells at 400~ 

6. A l u m i n u m  ni t r ide is not acceptable at the chlorine 
electrode and may or may not be acceptable at the 
l i th ium electrode in  Li/C12 cells at 650~ 
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Temperature Dependence of Iron 
and Cadmium Alkaline Electrodes 

,0 
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ABSTRACT 

The charge and discharge react ions of the  a lka l ine  i ron and cadmium elec-  
t rodes go over  the soluble in te rmedia tes  HFeO2- ,  FeO2- ,  and Cd (OH)42-,  re -  
spectively.  The sa tura t ion  concentrat ions for these ionic species are  ra te  de te r -  
min ing  as they  d i rec t ly  influence the  ra tes  of diffusion and crystal l izat ion.  B:~ 
calculat ing the t empe ra tu r e  coefficients for the  react ions involved, i t  is shown 
that  the  sa tura t ion  concentrat ions for H F e O e -  and FeO2-  are  h ighly  t empera -  
ture  dependent  while  this is not the case for the cadmium in termedia te .  This 
explains  the bad  per formance  of the  i ron e lect rode at low temperatures .  

The a lka l ine  i ron electrode has been used since the  
beginning of this century,  and in te res t  in this e lect rode 
mate r i a l  has been ma in ta ined  due to its h igh a mpe re -  
hour  contents (0.96 A - h r / g  on the first discharge leve l ) ,  
low price, and long life. Other  advantages  are  inex-  
haus t ib le  supply  of i ron  and its ene rgy  rese rve  on the 
second discharge  level.  

In  spite of these advantages  i ron has cont inuously 
been subst i tu ted by  cadmium in commerc ia l ly  p ro -  
duced bat ter ies .  This depends main ly  on three  p roper -  
t ies: bad per formance  at low tempera ture ,  extens ive  
se l f -d ischarge  on open circuit, and hydrogen  evolut ion 
compet ing wi th  the  charge process. The l a t t e r  two 
problems depend on an e lect rode po.tential more  cath-  
odic than  what  is requ i red  for hydrogen  evolut ion and 
a low hydrogen  overvol tage.  

At ten t ion  is p resen t ly  again being focused on the 
a lka l ine  i ron electrode as a p~rt  of a meta l  air  system 
for vehicle propulsion.  As cadmium active ma te r i a l  is 
expensive,  scarce, and causes pol lut ion problems,  there  
a re  also obvious advantages  to replace  it wi th  i ron in 
the  n i cke l - cadmium systems. Since 1959 an i ron-a i r  
ba t t e ry  sys tem has been under  deve lopment  in Sweden  
jo in t ly  carr ied  out by  the Swedish Nat ional  Develop-  
ment  Company and Depar tmen t  of Chemical  Tech-  
nology of Royal  Ins t i tu te  of Technology, both  located 
in Stockholm. 

Previous Works 
Iron electrode.--The discharge react ions of the a lka -  

l ine i ron e lect rode has been the subject  of severa l  p re -  
vious invest igat ions  (1-5).  These works  which have 
been done wi th  analyt ical ,  chemical,  and c rys ta l lo-  
graphica l  techniques show, however ,  no un i form re -  
sults according to the products  of the  discharge proc-  
esses. The discharged active ma te r i a l  has been repor ted  
as FeO, Fe(OH)2,  Fe20~, Fe304, FeOOH, and Fe(OH)8.  

A vol tamet r ic  s tudy by  F le rov  and Pav lova  (3) con- 
s idered the poss ibi l i ty  of react ions in dissolved phases, 
and this has recen t ly  been inves t iga ted  fu r the r  by  

Key words: iron electrode, solubility of intermediates,  temper- 
ature dependence. 

Labat  et at. (5). They expla in  the  discharge react ion 
by the in te rven t ion  of the  dissolved forms of the  
d iva len t  and t r iva len t  hydroxides  (HFeO2-  respec-  
t ive ly  FeO2- )  which are  supposed to be responsible  for 
the  s]ow ra te  of the e lect rochemical  process. The p rod-  
ucts a re  according to x - r a y  diffraction analysis  
Fe(OH)2 at  the first level,  FeOOH and FesO4 at  the  
second. In normal  ba t t e ry  opera t ion  only the first 
"p la teau"  is being used whi le  the  second is not  ut i l ized 
because of its less negat ive  potent ia l  a l though a deep 
discharge sometimes has a posi t ive effect on the  capac-  
i ty  of the electrode. 

Recent  exper imenta l  work  using rota t ing disk elec-  
t rodes (6) also gives evidence for soluble F e - i n t e r -  
media tes  both dur ing  the charge and discharge p roc -  
esses. 

Cadmium electrode.--Two rad ica l ly  different  mech-  
anisms have been proposed in the l i t e ra tu re  for the  
anodic oxidat ion  of cadmium: the d i sso lu t ion-prec ip i -  
ta t ion mechanism (7-13) and the so l id-s ta te  oxidat ion 
mechanism involving ionic t r anspor t  th rough  a 
Cd(OH)2-f i lm (14-15). The mechanism of cathodic r e -  
duct ion of Cd(OH)2 has been  s tudied  to a much less 
degree than  its anodic coun te rpar t  in spite of its im-  
por tance in the charge process of the  ba t t e ry  cadmium 
electrode (14, 16, 17). 

During the last  three  years  the discharge mechanism 
has been thoroughly  s tudied by  Armst rong  et al. (18) 
in s intered electrodes and at  ro ta t ing  electrodes by  
Okinaka  (19) and Arms t rong  et al. (20). These in-  
vest igat ions give evidence for d isso lu t ion-prec ip i ta t ion  
mechanism which goes over  soluble Cd(OH)42- .  

These recent  invest igat ions  on a lka l ine  i ron  and 
cadmium electrodes show tha t  the  discharge mechan-  
isms are  quite s imi lar  and go over  soluble in t e rmed i -  
ates which are  prec ip i ta ted .  

Thermodynamic background.--Potential-pH (Pour -  
ba ix)  diagrams,  which presen t  t he rmodynamic  da ta  for 
m e t a l - w a t e r - o x i d e  systems are  genera l ly  used to in-  
t e rp re t  results  of corrosion exper imen t s  (21). They  
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a l s o  give informat ion of the discharge and charge 
processes of the electrodes. As these alkaline electrodes 
work  in 3-7N KOH solutions which have a pH of more 
than  14, it can clearly be seen tha t  the electrodes work  
in the alkaline corrosion areas which  are identical  to 
the solubili ty regions of HFeO2-  and Cd(OH)42-  
which are supposed to be the soluble species in the 
Pourbaix  diagrams of Fig. 1-4. 

Unfor tuna te ly  the published potent ia l -pH diagrams 
have been restr icted to 25~ which depends on a lack 
of thermodynamic  data re levant  to other  temperatures .  
In order to bet ter  define the chemistry of metals  a n d  

corrosion products in water ,  thermodynamic  studies 
have been done (22-27) on metals, meta l  oxides a n d  
ions at other  temperatures ,  mainly  elevated. 

There are two ways of calculating which are in 
quant i ta t ive  agreement.  One is based on the methods 
of i r revers ib le  thermodynamics,  by deBethune et aL 
(22, 28) for ca lcula t ing  the t empera tu re  coefficients of 
the reactions f rom the ionic entropies of the species in-  
volved, The other  method  uses the "correspondence 
principle" by Criss and Cobbte (29-31) which relates 
the ionic entropies at 25~ to those at h igher  t empera -  
tures. 

The technique used here is de te rmining  hG ~ for a 
reaction at a t empera tu re  T and insert  this value in 
the Nernst  equat ion which gives the hal f -ce l l  reaction 
potential  for a general  chemical  react ion in an aqueous 
system 

E = Eo-- ~'In [1] 
Z " F (aA) a (all+) d 

Since -- log all+ ----- pH, aii2o ---- 1 and AG ~ ---- -- z ' 1 ? �9 E ~ 
Eq. [1] will  be reduced to Eq. [2] 

AG ~ 2.303 �9 R �9 T 
E -- . . . .  b �9 log aB 

n . F  z . F  

2 . 3 0 3  �9 R �9 T 
- -  a l o g  aA - -  �9 p H  [ 2 ]  

z - F  

The standard free energy change for a react ion at a 
t empera tu re  T is calculated according to Eq. [3] 

A G ~  ---- 2~ 7 p  " G ~  ~ 7 r  " G ~  [3] 

where  %,, a n d  7r are the corresponding stoichiometric 
coefficients. 

If  heat  capacity data are available the free energy of 
format ion of a substance can be calculated by using 
Eq. [4] 

GOT - -  G ~  - -  S % 5  [T -- 298.15] 

Yl I r (C~ " d T - 5  Cop-dT  [4] 
- -  T 9s. ~ 5 - - ' ~  .20s , ~5 

Some investigators have  assumed that  ACp ___ yiGTi ---- 0 
in the t empera tu re  in terva l  here considered, which 
essentially simplifies the calculations. Townsend (32) 
has shown, however,  that  these calculations are not in 
as good agreement  wi th  exper imenta l  data  as those 
when  Cp has been estimated. For  nonionic substances 
heat  capacity functions are avai lable in l i t e ra ture  
(Table I),  but for ionic ones this is unfor tunate ly  not 
the case. According to MacDonald and But ler  (26) Eq. 
[4] can be t ransformed into Eq. [5] wi th  an error  be- 

low 1% 

G~ _ Go25 -- [T �9 S~ -- 298.15 �9 So2~] 

T -- 298.15 
+ �9 IS~ S%5] [5] 

T 

The "absolute" entropies SOT Of the ions are est imated 
by using the "correspondence principle"  by Criss and 
Cobble (30). 

Table I. Numerical data for the iron-water and cadmium-water 
systems 

S ~  (34) S-~ *** 
G~ (34) c a l / m o l e ,  c a l / m o l e ,  Cp, 

S u b s t a n c e  k c a l / m o l e  dog.  dog.  c a l / m o l e ,  deg .  

Fe(s) 0 6.49 (35) 3.37 + 7.10 
10 -z T + 0.43 
1O 5 T-~ 

F e  2+ - 18.85 - 32.9 - 42.9 
F e ( O H ) ~  - 1 1 6 . 3  21.0 19.05 + 20.0 

l0  -c T 
HFeOs-  --90.60 
FeO~- - 84.82 
F e O ~ -  - 108.80 
Cd(,) O 

Cd  ~+ - 18.58 
C(I(OH)~ - 1 1 2 . 4  

C d ( O H ) 8 -  -143 .60  
C d ( O H ) P -  - 1 8 0 . 1 6 " * * *  
H+ 0 
Hs 0 

O~ O 

H20 - 56.678 

6.7 
30.0 

-- 40.3 
12.37 5.31 + 2.94 

10 ~ T 
17.5 - 27.5 
23.0 15.98 + 20.20 

10 -~ T 
22.3 
11.1 

0 - 5  
31.203 6.52 + 7.80 

10 -3 T + 0.120 
108 T-2 

49.003 7.16 + 1.0 
10 -~ T -- 0.40 
108 T-~ 

16.71 17.99 

* C a l c u l a t e d  f r o m  C p ( F e O )  Cp(Ca(OH)2)/Cp(CaO). 
** C a l c u l a t e d  f r o m  Cp(Fe2Os) Cp(AlaOs H 2 0 ) / C p ( A h O s ) .  

*** C a l c u l a t e d  v i a  S~ --- S~ -- 5.0 �9 Z. 
** * C a l c u l a t e d  by  a s s u m i n g  l o g [ C d  (OH)48-] --- - 4.5 a t  25~ 

The iron-water system.--For i ron there  are two sys- 
tems (21) where  a l te rna t ive ly  Fe-Fe304-Fe2Oa or 
F e - F e ( O H ) 2 - F e ( O H ) ~  are considered as the only solid 
substances. At tempera tures  above 90~ Fe(OH)3  wil l  
convert  into well-defined crystals of FeO(OH)  which 
on fur ther  heat ing decomposes to Fe203. The d ihydrox-  
ide Fe(OH)2  starts decomposing to F%O4 at 60~ (the 
Schikorr  react ion).  As the electrodes used in this in-  
vestigation are supposed to work  in the t empera tu re  
in terval  0~176 the la t ter  of  these systems is bet ter  
suited for s tudying the charge, discharge, and self-  
discharge processes. 

The chemical species involved in this system are 
listed in Table I together  with the rmodyaamica l  data 
necessary for the calculations. 

The following set of equations is used to derive 
potent ia l -pH diagrams for the i ron -wa te r  system. Re-  
action numbers  are in accordance with  those of Pour -  
baix (21) : 

12. Fe -5 2H20 : Fe(OH)2  -5 2H + -5 2 e -  

16. 2Fe(OH)~ -5 2H20 ---- 2Fe(OH)3 -5 2H + -5 2e -  

18. Fe 2+ -5 2H20 ---- Fe (O H )2  -5 2H + 

19. Fe (OH)2  ---- HFeO2-  -5 H + 

23. Fe = Fe ~+ -5 2 e -  

24. Fe -5 2H20 ---- HFeO2-  -5 3H + -5 2 e -  

28. Fe 2+ + 3H20 -~ Fe(OH)~ -5 3I-I + -5 e -  

29. HFeO2-  -5 H20 ---- Fe (OH)8  -5 e -  

Fe(OH)~ ---- FeO~-  -5 L + -5 H20 

HFeOe-  ~. FeO2-  -5 H + -5 c -  

a H ~ - ~ 2 H  + - 5 2 e -  

b 4 O H -  -- 02 -5 2H20 -5 4 e -  

The cadmium-water system.--For cadmium there  are 
three different oxidation products, namely, CdO, "ac- 
t ive" Cd(OH)2, and "inact ive" Cd(OH)2. By oxidation 
in alkaline media "act ive" Cd(OH)2 is produced which 
turns into inactive hydroxide  by the process of aging 
(21). Consequent ly Cd and "act ive" Cd (OH)~. are con- 
sidered as the only solid substances. Cd 2+ and 
Cd(OH)42-  are  considered as dissolved substances. 
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Numerical  data for the components are listed in  Table 
I. 

The following set of equations are used for cadmium,  
water  system: 

2. Cd -5 2H20 = Cd(OH)2 W 2H + + 2e -  Fe2+ 
H F e 0 2 -  

3 .  Cd 2+ + 2H20 : Cd(OH)2 + 2H + FeO~- 
FeO22- 

4. Cd(OH)2 -{- 2H20 : Cd(OH)42- + 2H + Cd2+ 
Cd(OH)~- 
Cd(OH)4 =- 5. Cd : Cd 2+ -}- 2e- H+aq 

6. Cd + 4H20 ---- Cd(OH)4 ~- Jr 4H + + 2e- 

So25 for soluble intermediates.--Entropy data S%5 
can be found in l i tera ture  (33, 34) for all components 
except HFeO2-,  FeO2-,  FeO2 ~-, Cd(OH)3- ,  and 
Cd(OH)42-.  For these oxyanions there are two empir i -  
cal relations avai lable  

Fe(,} 

S ~  "-- 43.5 -- 46.5 �9 (Z -- 0.28 n) [6] Fe2+ 
F e ( O H ) 2  

Z 2 Fe(OH)a 
S~162 = 40.2 + 3/2 �9 R �9 in  M -- 108.8 [7] HFeO2- FeO2- 

~% " r FeO2S_ 
Cd(,) 

In  the first one by Connick and Powe11 (35) Z is the Cd~§ 
n u m b e r  of uni t  charges carried by the ion and n is the Cd(OH)2 C d ( O H ) a -  
n u m b e r  of oxygen atoms excluding those of the hy-  Cd(OH)~:- 

H+ droxyl  groups. By using this relationship So25 for both H2 
HFeO2- and Cd(OH)3-  will be 10.0 cal/mole, ~ The o~ 
corresponding value for FeO2- will be 23.1 cal/mole, H~O 
~ The average discrepancy to exper imental  data is 
+_. 3.7 cal/mole, ~ according to the authors. 

In  the second relationship by  Coture and Laidler  
(36) R is the gas constant  and r is the effective iron 
radius in angstoms, n and Z being the same as before. 
For  the ions considered the value on r is unknown.  
These radii can be considered as the sum of r12 which 
is the distance between the center of atom and the 
center of the surrounding oxygen atoms plus 1.40A, 
which is the van  der Waal radius of oxygen. Con- 
sequent ly r12 -~- 1.40A represents the radius of a sphere 
that completely circumscribes the anion. The values on 
r12 can be calculated from the single bond distances 
Fe-Fe,  Cd-Cd, and O-O according to Paul ing  (37). 

Bond length  data in (38) give THFeO2-- : TFeO2--  : 

2.32A and red(OH)42- : 2.88A, which inserted in the 
second relationship give S ~  data in Table I. The 
mean  deviation against exper imental  data is declared 
to be 3.6 eu. For the calculations values from the sec- 
ond relat ion have been used because it considers the 
difference in molecular  weight. Mb, 

For all components but  FeO2-,  G~ data are avail-  "[" 
able in  the l i terature.  According to Lat imer  (43) ferric 
hydroxide is quite soluble in concentrated alkali  with 
the formation of ferr i te  ion FeO2-.  Grube and Gmelin  \ 

(44) have found in 40% sodium hydroxide solution at +1,0 .- 
80~ that  

FeO22- -- FeO~- + e - ;  Eeq -- --0.68V 

By using the techniques here described for calculating -~ 
G~ for this equi l ibr ium Go25 for FeO2- is found to be 
--84.82 kcal/mole.  Thermodynamic  data for all corn- 0,0-~. . .  
ponents are listed in  Table I. 

CalcuIations.--Potential-pH diagrams for 5 ~ and 70~ 
were calculated on a Compucorp 322 G Scientists by 
using Eq. [2], [4], and [5]. S~ values for ionic species 
calculated by the correspondence principle (30) are 
listed in  Table II and free energy data for all the com- 
ponents  can be found in  Table III. -1,0 - 

When using the Pourbaix  diagrams at different tem- 
peratures, consideration must  be  taken to the change in  
the dissociation constant of water  which strongly in -  
fluences the pH. The ionic product is exactly 1 �9 10 -14 
at 24~ and is defined as kw ---- all+ �9 aoH--. If pH is 
defined as -- lOlog (all+) the neut ra l  point  will be given 
by pkw/2. 

Table II. S~ values for ionic components at different 
temperatures (cal/mole, deg.) 

S u b s t a n c e  2 7 8 ~  2 9 8 ~  3 2 3 ~  3 4 3 ~  3 5 3 ' K  

- 4 7 . 9  - 42 .9  - 88.4 - 3 4 . 2  -- 

13 ,7  6 .7  --1.6 - - 7 . 9  
2 4 . 1  3 0 . 0  2 4 . 8  2 0 . 1  1 7 . 9  

- 2 7 . 1  - - 4 0 . 3  - - 5 9 . 7  - - 6 9 . 9  - - 7 6 . 8  
- -  3 1 . 7  - -  2 7 . 5  - -  2 3 . 5  - -  19 .8  -- 

2 5 . 3  2 2 . 3  19 .7  15.1 - -  
16.6 ill 5.4 - 1.8 -- 

- -6.6 --5.0 --3.3 --1.8 - -  

Table III .  Free energies of iron species at  different temperatures 
G~  (kcal /mole)  

S u b s t a n c e  2 7 8 ~  2 9 8 ~  3 2 3 ~  3 4 3 ~  3 5 3 ~  

0.106 0.0 0.144 --0.258 
--  19.75 - 18.85 --  17.83 - 17.08 

--115.9 --116.3 --116.8 -117 .3  
--  166.1 - 166.5 --  167.3 --  168.3 

-90 .40  --90.60 -90 .66  -90 .65  
-84 .18  -84 .82  --85.50 -85 .94  

--  109.49 - 108.90 --  107.58 - 106.29 
0.240 0 .0  - 0.286 -- 0.574 

-- 19.18 -- 18.58 -- 17.95 -- 17.53 

-- 112.0 -- 112.4 -- 113.0 -- 113.5 
- -  1 4 3 . 1 3  - -  143 .60  - -  144 .12  - -  1 4 4 . 4 4  
- -  179 .89  - -  180 .16  - -  180 .36  - -  189 .37  

- - 0 . 1 0 3  9 .0  0 .123  0 . 2 1 8  
0 . 5 9 6  0 .0  0 . 7 5 7  -- 1.371 

0 . 9 7 2  O.0 - -  1 . 226  - -  2 . 2 2 3  
--56.35 -56 .68  --57.11 --57.49 

-86 .13  
- -  105.55 

For the tempera ture  levels here considered the fol- 
lowing values on the ionic product is given: 

Tempera ture  5~ 25~ 50~ 70~ 80~ 
pkw 14.72 14.00 13.26 12.83 12.65 
pH of neut ra l  point  7.36 7.0 6.63 6.41 6.32 

In Fig. 1-4 it can clearly be seen that  the changes of 
the diagrams are main ly  concentrated to the solubil i ty 
regions of HFeO2- and Cd (OH)42-. 

The saturat ion concentrat ion in  the different cases 
is given by insert ing the pH of 5M KOH at the different 
temperatures  in the log C-pH-rela t ionship where  pH 
for 5N KOH solutions has been calculated from the 
formulas 

pOH ---- -- log [ (7OH-,T) " 5] 

pH + pOH ---- pkw,T 

Potential 
[V] 

--- ... Fe[OH] 3 

- -  

Fe 

I I I I I I I 
2 4 6 8 10 12 14 

,~ I I I I I I 
4 6 8 10 12 14 

t > pH 25"C 
I~ > pHS~C 

Fig. 1. Potential-pH diagram for iron at  5 ~  



1142 J. Electrochem. Sot.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY Augus t  1976 

+ 1.0 

0.0. 

-1.0- 

Potential 
[v! 

-~"-. "~"""-.-. X Fe[OH]3 
"- -L~._ "-...~ 

b---.. 
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Fig. 2. Potential-pH diagram for iron at 70~ 
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0.0" 

-1.0- 

,,Potent ial 
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Cd 2+ 

Cd 
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2 4 6 8 10 12 14 
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2 4 6 8 10 12 

_+.L.>pH 70"C 
14 

Fig. 4. Potential-pH diagram for cadmium at 70~C 

+1.C 

0.0 

- 1.0. 

,Potential 
[v] 

Cd 2+ 

Cd[OH] 2 

Cd 

~ pH25~ 

. . . .  pH 5~ 
2 4 6 8 10 12 14 

Fig. 3. Potential-pH diagram for cadmium at 5~ 

where "YOH-,T is the active coefficient at the tempera-  
ture  level considered (41). Figure 5 shows that  the 
solubil i ty of HFeO2- and FeO2- in  5N KOH is highly 
temperature  dependent  while this is not the case for 
Cd (OH) 42-. 

Relationship between solubility of intermediate and 
kinetics oS porous electrodes.--During discharge the 
metal  will dissolve as HFeO2- or Cd(OH)42-,  diffuse 
through the layers of the discharge products and then 
precipitate from the supersaturated electrolyte. Vetter 
(40) has shown for the charge process 

I 
Co>C=K'-- 

D 

where K is a constant depending on porosity, average 
pore diameter, and BET-surface of the electrode, D is 
the diffusion constant in the electrolyte, and I is cur- 

-,1 
-4.0. 

-4.5, 

- 5.o 

IogC 

/ 
/ 

/ 

/ 
! 

/ 

O 

,? ,  / HFeO~ 
~., ,  / 
? > FeO? 

/  ato<- 
. . . . . . . . . . .  C d[OH]3 Temperature 

' 2 ~  ' ~S ' ' ' > 
6o [~C] 

Fig. 5. Calculated solubilities in 5M KOH of Fe and Cd ions at 
different temperatures. 

rent  density. Figure 6 gives the concentrat ion symbols. 
For both processes an increase in Co means faster dif-  
fusion of the soluble intermediates and less risk for 
precipitation close to the  dissolving center. Also the 
rate of precipitation increases with Co. Consequently 
the value on Co directly influences the ma x i mum cur-  
rent  density for both the charge and discharge proc- 
esses. 

Experimental 
The influence of tempera ture  on current  density and 

capacity of the discharge processes of cadmium and 
iron electrodes has been investigated by scanning the 
potential  slowly from --1.050 to --400 mV vs. Hg/HgO. 
As the scanning rate  is very slow (5.3 mV / mi n )  the 
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O~e/tor,.,o e 

@ 

C 

C...,b r 

> 
Distance between dissolution and precipitation 

Fig. 6. Concentration of soluble intermediates during charge and 
discharge. 

curves thus obtained are actual ly those of electrode 
discharge (Fig. 7-9). If the area unde r  the curve is 
integrated, it will  give the same magni tude  of capacity 
as from constant cur ren t  discharge dur ing  the same 
time. 

As active anode mater ia l  Jungne r  Cd and Fe mater ia l  
for pocket electrodes as well as carbonyl  i ron elec- 
trodes from the project ment ioned have been used. The 
lat ter  electrodes were sintered in  hydrogen atmosphere 
(46), 8 m m  in diameter, 2.4 m m  thick, and weighing 
0.32g. As basic mater ia l  carbonyl  i ron powder GS 6 
from General  Ani l ine  & Fi lm Company was used. Two 
iron nets were incorporated in  order to increase me-  
chanical s tabil i ty and conductivity. The pockets for 
the J u n g n e r  mater ia l  were 8 ram in  diameter  and 1 

801 

400 

Current 

[mA/g active material] 

~' Fe..,H Fe 02--,Fe [OH]2 

re--  H re02--* Fe 02~Fe 0 0 H 

Fe[O H]2--*H FeO~FeO~--* Fe 0 0 H 

70~ 
. . . . .  50"C 

. . . . . .  2 5~ 

. . . . . . . . . . .  5QC 

/ / . t . /  
/ /  / / I / / /  i / I -~  

/ I /  i I / , ,  
/ / / . '  .............. .kk\ 

- 1000 - 500 

Potential 

"vsHg/HgO 
[my] 

Fig. 7. Potentiodynamic discharge of sintered iron electrode 

l 
800, 

400 

Current  
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-1000 

70~ 
. . . . .  50'C 

b. . . . . .  25'C 

V'. 
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-5~)o ) vs HglHgO 
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Fig. 8. Potentiodynamic discharge of active Jungner cadmium 
material. 
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[mA/g active mater ia l ]  

80 
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. . . . .  50% 
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I r  I. 

Pvotentia I 
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Fig. 9. Potenfiodynamlc discharge of active Jungner iron material 

m m  in inner  thickness. Before each discharge the elec- 
trodes had been discharged and charged to 150% under  
constant current  conditions. 

Results 
In  Fig. 7, 8, and 9 it can clearly be seen that  the 

discharge reactions are favored by higher temperatures  
and that current  densities of the iron electrode are 
more influenced than  those of the cadmium electrode. 
Especially below 5~ the current  density of the iron 
electrode is very depressed which agrees well with the 
results of Cnobloch et al. (42). It  is also evident  that  
the in termediate  hump represent ing direct oxidation 
of Fe to FeOOH is favored more by tempera ture  than 
the other reactions. 

Discussion 
This decrease in  capacity and current  density for the 

iron electrode compared to its cadmium competitor 
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depends  ev iden t ly  on the repor ted  difference in t em-  
pe ra tu re  sens i t iv i ty  for the soluble in termedia tes .  At  
Co < 2 �9 10-~N this effect seems to h a v e  an essential  
influence on  the  e lec t rode  performance,  a fact  tha t  is in  
good agreement  wi th  (40). The increased ra te  for the  
d i rec t  oxida t ion  wi th  t empera tu re  can also be ex-  
p la ined  wi th  Fig. 5 since the  sa tura t ion  concentrat ion 
for FeO2-  is p robab ly  so low tha t  the  react ion of the  
second anodic step must  ma in ly  go via  migra t ion  of 
ions and electrons in  the  solid phase.  The rap id  increase 
for this concentra t ion wi th  t empe ra tu r e  makes  i t  pos-  
sible to d i rec t ly  oxida te  F e  to FeOOH in dissolved 
phases. The absolute  level  for  the  FeO2-  t ine in Fig.  
5 might  be too high due to uncer ta in ty  in the  free 
energy  va lue  but  this does not  influence the actual  t em-  
pe ra tu re  dependence  which is the  impor tan t  factor  for  
these discussions. 

The solubi l i ty  of  Cd(OH)2 as a funct ion of KOH 
concentra t ion and t e m p e r a t u r e  has been  inves t iga ted  
by  Lake  and Goodings (39). These resul ts  show, how-  
ever,  h igher  solubi l i t ies  at  t empera tu res  above 25~ 
in comparison with  our  calculat ions for  Cd(OH)42- ,  
but  a re  in good agreement  at lower  tempera tures .  As 
shown in Fig. 5 the solubi l i ty  of C d ( O H ) ~ - ,  which  
p robab ly  is the  more  s table  in te rmedia te  at  h igher  
tempera tures ,  is much h igher  compared  to Cd (OH) 42- 
in this region. This expla ins  the  expe r imen ta l  resul ts  
of (39) which, according to Arms t rong  et al. (45), a re  
difficult to in t e rp re t  r igorously  due  to the  poss ibi l i ty  of 
la rge  errors  in es t imat ing l iqu id - junc t ion  potent ials .  

The only publ i shed  da ta  on the  solubi l i ty  of ferrous  
hydrox ide  in a lka l i  is tha t  1.375N NaOH wil l  dissolve 
7 �9 10 -5 g-equiv.  Fe (OH)2  per  l i ter  at  20~ (43). At  
80~ in 40% NaOH-solu t ion  the solubi l i ty  of FeO~-  is 
de te rmined  by  (44) to 1.5 g / l i t e r  which is equal  to 
2.7 g-equiv . / l i t e r .  This corresponds wel l  to the  values  
calculated for FeO2- .  

These calculat ions also show tha t  the  solubi l i ty  of 
the  in te rmedia tes  is h ighly  p H  dependent .  In  (47) i t  
is s h o w n  that  capaci ty  decreases at room t empera tu re  
when the e lec t ro ly te  concentra t ion is lowered  f rom 
6 to 3N. This means  a decrease  in pH wi th  about  0.25 
units corresponding to a change in log HFeO2-  f rom 
--4.5 to --4.75 at 25~ Also smal ler  average  pore  d iam-  
eter, increasing thickness,  and shieldirig a rmor  nets 
have a negat ive  effect on the  discharge process due to a 
h igher  deficit of O H - .  

These exper iments  (47) also show tha t  250g of K2CO3 
must  be added  to every  l i te r  e lec t ro ly te  to get a not ice-  
able  decrease in capaci ty  dur ing  the first cycle. This 
effect depends on decrease in pH. However  on cont inued 
cycling the electrodes become sluggish and capaci ty  
decreases also at  lower  carbonate  concentrations.  
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ABSTRACT 

Changes in surface stress of gold r ibbon  electrodes as a funct ion of po-  
tent ia l  were  measured  in var ious  e lectrolytes  wi th  an ex tensomete r  ins t rument .  
E lec t rocap i l l a ry - type  curves were  ob ta ined  for which  the change in surface 
stress can be equated  to change in surface tension. As for  mercury ,  the  po-  
ten t ia l  of the surface stress m a x i m u m  for gold i s  i n d e p e n d e n t  of p h i  The 
observed anion adsorpt ion  order  on gold was 1-  > B r -  > C1- > O H - ,  C104-, 
NO3- > SOs =. Exper imen ta l  surface stress d a t a  and charge passed gave  ap-  
p rox ima te  agreement  wi th  the L i p p m a n n  equa t ion  in the  electr ic  douiole l aye r  
region, Fo rma t ion  of oxide film significantly lowered  the surface stress. 

Much of wha t  is known about  the  me ta l - e l ec t ro ly te  
in ter face  der ives  f rom measurements  made  wi th  m e r -  
cury.  A number  of rev iew papers  have  been publ i shed  
descr ibing this work  (1-5).  One of the  impor t an t  mea -  
surements  is change in in ter rac ia l  tension wi th  po-  
ten t ia l  using the L ippmann  cap i l l a ry  e lec t rometer .  The 
curve of the in ter rac ia l  tension against  the appl ied  po-  
ten t ia l  is ca l led  the  e lec t rocap i l l l a ry  curve. For  an ideal  
polar ized electrode,  the  slope of the e lec t rocap i l l a ry  
curve is equal  to the charge densi ty  on the electrode 
wi th  the  sign reversed.  I t  follows tha t  the charge  is 
zero at  the  e lec t rocap i l l a ry  max imum.  Poten t ia l  of zero 
charge can  be de te rmined  in severa l  ways:  by  e lec t ro-  
cap i l l a ry  methods,  capaci tance methods,  mechanica l  
propert ies ,  adsorpt ion,  etc. (6). Recent ly  methods  have 
been developed  to measure  e l ec t rocap i l l a ry - type  
curves for solid meta ls  (7-10). 

Impor t an t  differences be tween  mercu ry  and solid 
meta ls  re levan t  to measuremen t  of changes in in te r -  
facial  tension are:  (i) Mercury  is a l iquid  at  room 
t empera tu r e  and absolute  values of its in ter rac ia l  ten-  
sion can r ead i ly  be measured  by  means  of the pressure  
requ i red  to force i t  throUgh a capi l la ry  of given d iam-  
eter. (ii) The r ig id i ty  of a solid meta l  la t t ice  resists  
changes in surfaces stress requi r ing  an ex t r eme ly  sensi-  
t ive measuremen t  wi th  a specimen of smal l  cross sec- 
tion. (iii) Mercury  is a tomica l ly  smooth whi le  solid 
meta ls  have gra in  boundar ies  and  surface roughness.  
( iv)  Clean new surfaces can be easi ly genera ted  for  
m e rcu ry  while  un renewab le  surfaces wi th  increas ing 
contamina t ion  is a severe  p rob lem wi th  solid metals .  
(v) Mercury  has a wide  potent ia l  range  wi th  ideal  
polar izat ion,  i.e., a region free of fa rada ic  reactions.  
Many  of the  solid meta ls  are  compl ica ted  by  format ion  
of oxide, hydr ide ,  Or o ther  compounds.  

Extensometer Instrument 
An ex tensometer  ins t rument  (7,11) p rov ided  a 

promis ing  new means to measure  change in surface 
stress. The change in surface stress wi th  potent ia l  
causes a change in length  of a r ibbon,  work ing  elec-  
trode, which is de te rmined  wi th  a sensi t ive ex tensom-  
e ter  head. A d iag ram of the  ins t rument  is given in 
Ref. (7). In  the  present  case, thin gold r ibbons  were  
used as both work ing  e lect rode and counterelectrode.  
The  work ing  e lect rode is held  under  sl ight  tension by  
a t tachment  to a sp r ing- loaded  quar tz  rod in the ex -  
tensometer  head. Both electrodes and e lec t ro ly te  were  
contained in a cell of  1.3 cm ID by  58 cm length  glass 
tube.  

The re la t ionship  be tween  change in surface stress 
and  change in r ibbon length  is g iven by  1 

* Electrochemical  Soc ie ty  Student  Member.  
* * Electrochemical  Society  Act ive  Member.  
Key words:  electric  double  layer ,  Lippmann equation,  adsorp- 

t ion, oxide film, e l ec t rocap i l l a ry  curves.  
T he  list of symbols  is g iven  at the  end of paper.  

A,~s :- -- (AE/PL) AL [I] 

The derivation of Eq. Ell is given in Appendix A. 
Surface stress is related to surface free energy (sur- 

face tension) by the Shuttleworth equation (12, 13) 

d~ 

For liquids, surface stress is equal to surface free 
energy, i.e., the second term on the right-hand side of 
Eq. [2] is zero. For solids, surface stress is not gen- 
erally equal to surface free energy. It can be shown, 
however, that the design of the extensometer gives a 
Constant second term on the right. The change in sur- 
face stress is therefore equal to the change in surface 
free energy (see Appendix B) 

The instrument measures only the change in surface 
stress, not the absolute Value. 

The extensometer head measures the change in rib ~ 
bon length by comparing a pair of differential ca- 
pacitors formed between a grounded aluminum bobbin 
attached to the quartz rod and two axially mounted 
annular aluminum plates insulated from the head 
frame wih Teflon holders, The capacitors are balanced 
by Vernier screw adjustment of the annular Teflon 
holders. The pair of differential capacitors is connected 
to the input of a Decker Model 906 Delta unit. This in- 
strument develops a d~c potential, across the terminals 
of a radio-frequency excited neon tube, that is di~ 
rectly proportional to the position of the bobbin (14). 
The output voltage is thus a measure of change in rib- 
bon length. The length calibration relating voltage to 
change in surface stress of the ribbon has been de- 
scribed (7). The Decker instrument was modified by 
placing a quieter, solid-state, Analog 40A operational 
amplifier in place of the original tube-type amplifier 
between the neon tube and the plotter. 

The extensome%er produces an output voltage V~L 
proportiOnal to the length change AL by a capacitance 
sensor connected to two capactiances Cl and c2 (15) 

V~L = K1 - = K2AL [4] 
e l  C2 

Thi s  l inear  re la t ionship  be tween  output  vol tage  and 
incrementa l  extension was confirmed by  hanging 
known weights  on the bo t tom of the glass tube, which 
was suppor ted  by  its upper  end, and measur ing  the 
vol tage output  corresponding to the  stretch. The s t re tch 
is given by  

ALt = L t W / A t E t  [5] 

The s t re tch is t r ansmi t t ed  th rough  the r ibbon to the  
capaci tance sensor which reads  out a potent ial .  

1145 
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A typica l  ca l ibra t ion  curve is shown in Fig. 1. The  
sens i t iv i ty  of the  ex tensomete r  was found to be  de -  
pendent  on the average  spacing d -- (dr + d2)/2, 
where  dl  and d2 are, respect ively ,  the  spacing of the  
upper  and lower  capacitors.  This dependence  is shown 
in Fig. 2. 

Exper imenta l  
Electrolyte  solutions p repa red  f rom ACS specifica- 

tion, r e agen t -g r ade  chemicals  and reverse-osmosis  
purified wa te r  were  used in most  of the  exper iments  of 
this paper .  

A continuous c i rcu la t ing-e lec t ro ly te  purif icat ion sys-  
tem, as d i ag rammed  in Fig. 3, was used for  final 
cleanup of K2SO4 solutions used  in the  exper iments  
re la t ing  to tests wi th  the  L i p p m a n n  equation.  The  e lec-  
t rolyte,  s tored in a 3000 ml  th ree -neck  flask, was 
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Fig. 1. Typical calibration curve of the extensometer 
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Fig. 2. Sensitivity of the extensometer as a function of average 
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Fig. 3. Electrolyte purification system 

pumped  b y  a Teflon pump (Sa tu rn  Model  SP4000) 
th rough  a commerc ia l ly  avai lab le  Mil l ipore  carbon bed 
to adsorb organic  impur i t ies  f rom solution. The solut ion 
then  passed th rough  a (2 cm ID, 55 cm length)  p re -  
electrolysis  cell, which  was employed  to remove heavy  
meta l  ions. Some organic ma te r i a l  could also be oxi-  
dized on the anode surface. Gold r ibbon  electrodes 
were  used to avoid contaminat ion  by  meta ls  o ther  than  
gold. The solut ion was deaera ted  by  bubbl ing  oxygen-  
free ni t rogen th rough  a 5 cm ID by 60 cm length  glass 
tube. Al l  of the tubing in the  sys tem was e i ther  glass 
or Teflon. The solut ion was c i rcula ted for at  least  5 days 
before  using in  the exper iment .  

Effluent n i t rogen  f rom the  purif icat ion sys tem was 
passed over  concentra ted sulfur ic  acid in a d ry ing  
bot t le  to decrease its dew point. This n i t rogen was 
used as iner t  a tmosphere  in the  insula ted  box sur -  
rounding the ex tensomete r  ins t rument .  

The equat ion for change in concentra t ion o~ ions 
deposi ted in the pree lec t ro lys is  cell is 

[ ~ a D ]  
C = Co exp [61 

V8 

The diffusion l aye r  thickness was es t imated  to be 6.0 X 
10 -8 cm from decay of cur rent  af ter  an impulse  input  
of Cu + + ion. A constant  1.7V was appl ied  to the  cell. 
This was a ma x imum potent ia l  tha t  could be used ye t  
avoid  significant hydrogen  and oxygen  contaminat ion.  

The e lec t ro ly te  purif icat ion has been appl ied  to the  
0.1M K2SO4 solut ion only in the p resen t ly  repor ted  e.x- 
periments.  P r i o r  to ins ta l la t ion  in the  extensometer ,  
gold r ibbons were  washed wi th  acetone to remove  
organic mate r ia l  on the surface. Before the ex tensom-  
eter  was filled wi th  electrolyte ,  it  was cleaned wi~h 
concentra ted nitr ic acid and thorough ly  r insed in re -  
verse osmosis water.  Exper imen ta l  da ta  were  t ake  n 
af ter  approx imate  s t eady-s ta te  t e m p e r a t u r e  was 
reached in the exper imenta l  box. At  least  hal f  an hour  
was requi red  so tha t  the expans ion  due to t he rma l  d r i f t  
became negligible.  

A sa tu ra ted  calomel  re fe rence  e lec t rode  was used 
in the exper iments .  Al l  potent ia ls  were  conver ted  to 
s tandard  hydrogen  e lect rode (VsHE) by  adding  0.24V. 

Results and Discussion 
Gold has a wide range of potent ia l  for its electr ic 

double layer  region as for mercury .  I t  is therefore  an 
appropr ia te  solid meta l  for in i t ia l  e lec t rocapi l la ry  
studies.  
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Fig. 4. Surface stress curves (With oscillations) and cyclic voltam- 
mograms in O,1M K2S04 with various sweeping frequencies. 

ElectrocapiIlary curve.--Figure 4 shows current  and 
surface-stress data at three sweep frequencies (f = 0.1, 
0.2, and  0.3 I-Iz). 2 The potential  was l imited to the 
vicini ty of surface stress maximum. The oscillations in  
surface stress curves were due to vibrat ion in the sys- 
tem (11). For ] = 0.1 Hz, the first run, s teady-state 
tempera ture  had not been reached in  the exper imental  
cell so that  the surface stress curve did not close after 
one complete cycle. For ] = 0.2 and 0.3 Hz, run  sub-  
sequently, thermal  drift  became negligible and surface 
stress curves closed. The source of surface stress hys-  
teresis in  the electric double layer region is not known. 8 
The procedure of data processing was to take 4 to 6 
curves at a given frequency and average to minimize 
noise. A least squares polynomial  was then fitted to the 
average data. 

The stretch of the glass tube  due to hanging a 50g 
weight is seen to give an average 1.75 in. deflection at 
the scale of 30 mV/in ,  at the r ight  of Fig. 4. This 
stretch, calculated from Eq. [5] with Lt = 46.5 cm, 
W = 50g, At = 0.55 cm 2, and Et = 6.4 • l0 s g /cm 2, 
was 6.6 • 10 -6 cm. A 1-in. deflection in Fig. 4 would 
therefore correspond to an actual differential length 
change of 3.77 • 10- r  W i t h A  = 4.8 • 10 - 4 c m  2, 
E = 7.93 X 1011 dyne /cm 2, P = 0.635 cm, and L = 56.5 
cm for the gold ribbon, Eq. [1] gives the magni tude  of 
surface stress change as h~s = 40 dyne /cm/ in ,  deflec- 
t ion in Fig, 4. 

Oxide film e~ect . - -Figure  5 shows the surface stress 
curve and the cyclic vol tammogram with 0.1M K2SO4 
solution of pH 3.6. In  the potential  range shown, three 
regions were covered, i.e., hydrogen evolution, electric 
double layer  (EDL), and oxide formation. No hystere-  
sis or change in slope of the surface-stress curve was 
observed in the hydrogen region. Hydrogen is reported 
to be nei ther  absorbed on nor dissolved in gold to an 
appreciable extent  (17, 18). The surface stress hystere-  

T h e  c o n v e n t i o n  o f  p l o t t i n g  i n c r e a s i n g  p o s i t i v e  p o t e n t i a l s  t o  t h e  
r i g h t  a s  is  c o m m o n  f o r  e l e c t r o d e  k i n e t i c s  d a t a  (16) i s  u s e d  in-  
s t e a d  of  t h e  u s u a l  c o n v e n t i o n  f o r  e l e c t r o c a p i l l a r y  d a t a  f o r  m e r -  
c u r y  (3 ) .  

I r r e v e r s i b l e  a d s o r p t i o n  or  s u r f a c e  p e n e t r a t i o n  b y  s o m e  s p e c i e s  
a n d  c h a n g e  of  t h e  s u r f a c e  e l a s t i c  m o d u l e s ,  E ,  i n  Eq.  [A-Tl a r e  
p o s s i b l e  c a u s e s .  

0 
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b'~ 400 
i 

1.0 

0.5 
j "  

E 
~, o 

-0.5 

-I.0 
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I I 

YDROGENREGION IIII ELECTRIC D O U ~  

I 

I I I I 
- 1.0 - 0 . 5  0 0 , 5  I . O  

V s h e  

Fig. 5. Surface stress curve and cyclic voltammogram in 0.1M 
K~SO4 -I- 10 -4N H2SO4, pH - -  3.6, f = 0.1 Hz. 

sis observed on the anodic side was ma in ly  due to the 
formation and dissolution of oxide film. The oxidation 
process has been reported as highly irreversible (19, 
20). 

The effect of formation of oxide film can be studied 
by l imit ing the span  to the EDL and the oxide regions. 
Figure 6 for 1M HC104 shows that where anodic oxida- 
t ion started at I, there was a corresponding increase in 
surface stress deflection. The ratio of charge under  the 
anodic to the cathodic curve is close to unity.  The flat 
plateau anodic current  without  peaks prior to I, indi-  
cates good pur i ty  of the electrolyte (19). 

A charge density of 0.45 mcoulombs/cm 2 corresponds 
to a monolayer  of oxide on a gold surface (20). Oxide 
coverage, calculated from the areas under  the current  
curves is shown in Fig. 7 for both sweep directions. Al-  
most complete removal  of oxide is seen on the cathodic 
sweep. At a fixed potential, hysteresis in surface stress 

<3 
J 

0.2 

o 

"~ -o.2 
E 

-0.4 

-0.6 I I t I I 
0.8 1.0 1.2 1.4 1.6 

Vs~e 

Fig. 6. Surface stress curve and cyclic voltammogram in |M 
HCI04~ f = 0.1 Hz. 
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Fig. 7. Oxide coverage in anodic and cathodic sweeps as a func- 
tion of potential in 1M HCIO~, f - -  0.1 Hz. 

and oxide coverage be tween anodic and cathodic 
sweeps could be read f rom Fig. 6 and 7. The max im um  
difference in oxide coverage occurred at 1.34VsHE and 
corresponded to a max imum difference in surface stress 
be tween anodic and cathodic sweeps in Fig. 6. 

E~ect o~ pH. - -The  potent ial  of surface stress maxi -  
mum r as a function of pH is shown in Fig. 8. It  is 
seen that  ~m is independent  of pH as it is for mercury.  
Noniski and Lazarova (21) using a scraping technique 
on gold observed the same behavior  for the point of 
zero charge (pzc), but at high pH, they found that  the 
pzc became l inearly dependent  on pH. 

Effect of surface active anions.~Figure 9 shows plots 
of surface stress in the anodic sweep with potassium 
salt solutions of various anions. All  curves were  made 
coincident at the negat ive branch by sliding them along 
the surface stress axis. The slopes of the curves were  
identical  where  they over lapped as for mercury  (1). 

Table I gives data of q~, and Cp~ with  solutions of 
different anions. For  mercury  the order of adsorption 
according to increasing pzc and decreasing amount  of 
adsorbed ions is (22-25) I -  > B r -  > C104- > C1- 
> O H -  > S04 = > F -  while  for gold it appears that  

Table I. Potential of surface stress maximum and point of zero 
charge for gold 

Anions 

(a)  (h )  ( c )  (d)  

10-1N ]0-1N 10-~N 10~N 
K+ salt Na+ salt K+ salt  K + sal t  

Res (26) Ref ,  (27) Ref .  (28) 

SO~ = - 0 . 0 6  0.14 0.06 - -  
C10~- -0.16 0.14 -0.18 --  
NO a- - 0.16 --  - 0.04 --  
OH- -0.16 --  -- -- 

SCN- -- -0.44 

F-  -- 0.1g - 0.06 o.18 
c1-  - 0.21 - 0,07 - 0.! 1 0.06 
Br-  --0.46 --0.24 --0.26 --0.18 
I -  -- 0.74 ~ 0.53 - 0.47 -- 0.46 

(a) Present metho d .  
(b), ( e ) Scraping metho d .  
(d) From integration of capacity data, 

I -  > B r -  > e l -  > O H - ,  C104-, N O s -  > SO4 =. The 
following adsorption orders were  reported for gold in 
l i te ra ture  (21, 26) I -  > B r -  > O H -  > C1- > SO4 = 
> C104- > F -  and (29) B r -  > C1- > SO4 = > C104". 
The reason for the generai ly  more negat ive values of 
~m compared to other  reported values of Cpzc in Table  
I remains to be determined,  After  careful  solution pur i -  
fication, Cm did not change with  anodic or cathodic pre-  
polarization. 

For  the s t rongly adsorbed ions~ I -  and B r - ,  plateaus 
in surface stress curves are seen at about --0.36 a n d  
0.14VsHE, respectively, in Fig. 9. The pla teau corre-  
sponded to a region of potential  associated with  a peak  
at II in the current  curve Shown in Fig; 10 for I ~. This 
peak was reversible,  as can be seen f rom the near  
coincidence in the anodic and cathodic sweeps. The in-  
crease in current  at III  could be due to the react ions 
21- = I~ ~ 2e- ,  or I -  + Au -- AuI  + e -  (30), 

Lippmann equation.--For an ideal polarized elec-  
trode, the interracial  tension is related to potent ia l  by 
the Lippmann equat ion ( i )  

[ 7 ]  
L ~ (pJ  ~.T.p 

where  q is charge density on the electrode. 

'~  i - ~  I 0 i ' ' ' '1' " I I " 'l i / 
/ 

~ -t "% o 
~-o., - - - - ' -  . . . .  ; - -  ~'- . . . . . . . . . . . .  �9 . . . . .  i -  

t 
2 4 6 8 I 0  12  i 4  

PH 

Fig. 8. Effect of pH on the potential of surface stress maximum 
in 0.1N K2SO4. 
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Fig. 9. Surface stress curves for dif ferent  ions in 0 .1N potassium 
salt, gold electrode anodic sweep. 
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Fig. 11. Charge density as a function of potential in 0.1M K2S04 
in electric double layer region. 

At the  surface  stress max imum,  charge dens i ty  is 
equal  to zero. F igure  11 shows the comparison of 
charge densi ty  for a f resh gold e lect rode in 0.1M K.~SO4 
purif ied in the  sys tem of Fig. 3. One of the  charge den-  
s i ty curves was obta ined f rom the numer ica l  in tegra -  
t ion of cur ren t  data  in Fig. 12, s tar t ing f rom potent ia l  
of surface s tress  max imum.  The other  was th rough  Eq. 
[7] and numer ica l  di f ferent ia t ion of a least  squares 
fitted po lynomia l  of e ighth degree  to the surface stress 
da ta  in Fig. 12. F igure  11 shows r e m a r k a b l e  check of 
the L i p p m a n n  equat ion in the  electr ic  double l ayer  
reg ion  for gold, despi te  more  exper imen ta l  difficulties 
associated wi th  gold than wi th  mercury .  Thus for a 
first approximat ion,  for gold, the assumptions made  in 
the  der iva t ion  in Append ix  A appear  to be justified. 
The exper imen ta l  da ta  also agreed wi th  the L ippmann  
equat ion in the  cathodic sweep. The L ippmann  equat ion 
had  been confirmed wi th  mercu ry -e l ec t ro ly t e  in terface  
by Grahame  (1). Surface roughness  was assumed to be 
unity.  A SEM photo of gold r ibbon at  magnificat ion 
factor of 6000 showed a smooth surface. 

Deviat ion f rom the L ippmann  equat ion occurs a f te r  
a number  of runs, p robab ly  due to the  "cycling" effect 
for  the  gold e lect rode (31, 32) or adsorpt ion  of im-  
puri t ies .  Deviat ion f rom the L ippmann  equat ion would  
also be expected for oxide  film or hydrogen  evolut ion 
and other  fa radaic  reactions.  The genera l  L ippmann  
equat ion has been der ived  for a revers ib le  redox sys-  
t em (33). However ,  t h e r e h a s  not  been  any theore t ica l  
re la t ionship  for an i r r evers ib le  system. 

60 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~ ~oi.~j~1~__~.~-o~ ......................... 
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Fig. 12. Surface stress and current data in 0.1M K2SO4 

Conclusions 
The fol iowing conclusions can be reached  f rom t h e  

s tudy of surface stress of gold. 
1. The  measured  change in surface  stress can be  

shown to be equal  to the  change in surface free energy.  
2. The observed adsorpt ion  o rde r  of anions based on 

the potent ia l  of the  surface s tress  m a x i m u m  is I -  > 
B r -  > C1- > O H - ,  C104-,  NO~- > SO4 =. 

3. Format ion  of a gold oxide (or  hydrox ide )  film 
tends to lower  the  surface stress. 

4. Fo r  w e a k l y  adsorbed  ions the  po ten t ia l  of the  sur -  
face stress m a x i m u m  is independent  of pH. 

5. Measured  change in surface stress and in tegra ted  
charge dens i ty  a re  in agreement  wi th  the L ippmarm 
equat ion in electr ic  double  l aye r  reg ion  for  a new r i b -  
bon in a carefu l ly  purif ied system. 
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APPENDIX  A 

Derivation of Eq. [ I ]  
Suppose an unstressed metal ribbon and a spring are 

each attached to respective ends of a tube such that 
there is a gap ALo between them, as shown in Fig. 13, 
in i t ia l  condit ion 1. Assume the tube is very stiff so that 
i t  does not change dimension. The r ibbon and spring 
are stretched to connect their  free ends, stretched con- 
di t ion 1. The r ibbon is stretched by AX1 and the force 
on the r ibbon and spring is then 

Fz -- mr AXI = ms (ALo -- AXI) 

in which mr ---- EA/L. Eliminating AXI, gives 

~r~r~s ALo 
F1 ---- 

7 ~ r  Jr-  m s  

Going back to the or iginal  uns t re tched  condit ion 
(Fig. 13) the  r ibbon  is increased in length  by  an 
amount  AL due to a change of the appl ied  potent ia l  
in the  exper iment ,  ini t ia l  condit ion 2. This decreases 
the  gap by  ~L. Suppose  the r ibbon and spr ing are  again  
s t re tched to connect the i r  free ends, s t re tched condit ion 
2. The r ibbon is s t re tched by  AX2 and the new force on 
the r ibbon and spr ing is 

F2 = mr AX2 = ms (ALo --  AL -- AX2) 

(Since aL is ve ry  small,  the  spr ing constant  of the  

CONDITION I ,  WITHOUT POTENTIAL APPLIED 
RIBBON A L  o SPRING 

INITIAL ~ ~ " ~  
i J 
I 
i 

')AX) 

STRETCHED ~ ~ ) " - - ~ ~  

i i 
1 , 1 
i i 

CONDITION 2,  WITH POTENTIAL  APPL}ED 
)L&L , 

INITIAL ~ ~ 

i 

i I 
; I, AX2 

STRETCHED "~- F'-"I ~ 

Fig. 13. Schematic diagram of the spring and ribbon system 
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r ibbon  is assumed to r ema in  constant  af ter  the change 
in length, AL.) El iminat ing  AX2 gives 

mrms (ALo --  AL) 

mr 4- ms 

The change in force due to the increase in length, AL, 
is then 

- -  ~rrns AL 
AF : F2 -- F1 -- 

mr q- ms 

The instrument is designed so that mr >> ms, giving 

AF ~ - -ms AL [A-1] 

The force balance between the ribbon and spring is 
shown in Fig. 14. The length of the abscissa is ALo for 
the initial condition i in Fig. 13. 

The assumption will be made that the force on the 
ribbon is resisted by separable bulk and surface 
stresses, r and ~s, respectively. The surface stress is 
assumed to be in a region of atomic thickness on the 
surface of the metal. Therefore 

F : c A  + r  
and 

aF : cAA + Aar 4- csaP + PA,rs [A-2] 

By Hooke's  l aw  
AL 

a~ : E ~ [A-3] 
L 

It is assumed that the bulk elastic modulus, E, is un- 
changed by potential applied to the ribbon, i.e., no 
lattice penetration occurs. 

The change in a rea  is 

aA • (t  4- at)  (w 4- Aw) -- tw  

By Poisson's l aw 
at AL 

t L 
and 

Aw AL 
- -  b - -  [ A - 4 ]  

w L 
There fore  

aA ( a L )  2 AL 
- - :  i - -  b - - l ~ - - 2 b - -  

A L L 

(neglect ing the square t e rm)  [A-5] 

F r o m  Eq. [A-3] and [A-S] 

l t A A t  2br = -->0 
7 G  E 

(since the bu lk  s t ra in  G/E is ve ry  smal l ) ,  or  

A~r > >  ~hA [A-6] 

An elastic modulus,  Es, is assumed for the  atomic 
layer  on the surface of the ribbon. I t  is assumed to be 
constant  a l though it may  be  affected by  adsorbed atoms 
or ions on the surface and pene t ra t ion  of atoms into the  
surface layer.  Then 

LL 

- -  - -  S L O P E  m r s 

A X  I A L  AL+A:X 2 
D I S T A N C E  

~ L  A L  ~ 

Fig. 14. Force equilibrium in the ribbon and spring system 

Ar : Es-- [A-7] 
L 

a n d  
P ~ 2w(w > >  t) 

Therefore  
AP Aw AL 

-- : --b -- [A-8] 
P w L 

From ~q. [A-7] and [A-8] 

r b~s 
= '  " )  0 

Es 
(since the surface l inear  s t ra in  ~s/Es is ve ry  smal l ) ,  or 

Pa,;s >> tsAP [A-9] 

From Eq. [A-1],  [A-2],  [A-6],  and [A-9] 

AF ~ A~ -5 PAts ~ --msAL 
But 

AL 
AAr = AE - -  = ruraL and mr >> ms 

L 

�9 AAr + PAts ~ 0 

and 
AE 

Avs ~ --  N AL [A-10] 
PL 

which is Eq. [1] in the  text.  

APPENDIX B 

Derivation of Eq. [3] 

Write  Eq. [1] in differential  form 

A E  
d~s : -- -- d, [B-4] 

P 

where de is the differential linear strain (dL/L). Inte- 
grating Eq. [B-I] 

AE 
~s : c l  -- N ,  [ B - 2 ]  

P 

where  cl is an in tegra t ion  constant. 
For  a long, thin ribbon, the  total  surface area  S is 

approx imated  by  
S-.~ 2wL [B-3] 

F rom Eq. [A-4] and [B-3], the different ial  surface 
s t ra in  is given by  

dS 
d ~ s : - - ~  ( 1 - - b )  de [B-4] 

S 

F r o m  Eq. [2], [B-2], and [B-4] 

d--~-4- ( 1 - -  b)7  --  ( 1 - -  b) c ~ - - - - ~ - e  = 0  [B-51 

The solution is 
AE AE 

"/ ~- e l  2c e -5 c2e - ( 1 - b ) e  
P(1  -- b) P 

AE 
= ~ s - 5  ~- C2 e - ( 1 - b ) e  

P ( 1 - -  b) 

where  c2 is an in tegra t ion  constant  

Fo re ->  0 

AE 

P ( 1  - -  b )  

Then 
A7 -~-- Acs 

which is Eq. [3] in the text.  

LIST OF SYMBOLS 
A 

At 

[B-6] 

cross-sect ional  a rea  of the  gold r ibbon  in the 
extensometer ,  cm 2 
cross-sect ional  a rea  of the  glass tube  in  the  
extensometer ,  cm 2 
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a 

b 
C 

Co 

CI 

C2 

D 
d 

dl 
de 
E 
Es 

Et 
F 
F1 

F2 

f 

I 
i 
K1 
1(2 
L 

Lt 

m r  
m s  
P 

P 
q 
S 

t 

T 
V 

VSHE 

VAL 
W 
W 
ALo 

AX1 

~X2 

-g 

8 
,y 

e 

es 
ff 

ffs 

~bm 

r 

surface area of gold ribbon cathode (or anode) 
in the preelectrolysis cell, cm 2 
Poisson's ratio, usually between 1/3 and 1/4 
concentration of reducible (or oxidizable) im- 
purity, mole/cm 8 
initial concentration of reducible (or oxidiz- 
able) impurity, mole/cm 3 
capacitance of the upper capacitor, farad, or 
an integration constant 
capacitance of the lower capacitor, farad, or an 
integration constant 
diffusion coefficient, cm2/sec 
average spacing os the upper and lower ca- 
pacitors, cm 
spacing of the upper capacitor, cm 
spacing of the lower capacitor, cm 
bulk elastic modulus of gold ribbon, dyne/cm s 
surface elastic modulus of gold ribbon, dyne/  
c m  
elastic modulus of glass tube, g/cm 2 
force in the gold ribbon, dyne 
force in the spring (or gold ribbon) without 
applied potential, dyne 
force in the soring (or gold ribbon) with ap- 
plied potential, dyne 
sweeping frequency of the tr iangular  wave, 
1/sec 
current, mA 
current density, m.A/cm 2 
proportional constant, coulomb 
proportional congtant, V/cm 
immersed length of gold ribbon in the ex-  
tensometer, em 
length of glass tube from a suport point near 
the upper end to the weight hanger near the 
lower end, cm 
spring constant of gold ribbon, dyne/cm 
spring constant of the spring, dyne/cm 
periphery of the cross section of gold ribbon, 
c m  
pressure, dyne/cm ~ 
charge density, ~coulomb/cm ~ 
total surface area of gold ribbon in the ex- 
tensometer, cm 2 
thickness of gold ribbon in the extensometer, 
cm 
temperature, ~ 
volume of electrolyte in the purification sys- 
tem, em s 
potential relative to saturated hydrogen elec- 
trode, V 
voltage output from the capacitance sensor, V 
hanging weight, g 
width of gold ribbon in the extensometer, cm 
gao between the unstretched spring and gold 
ribbon without applied potential, cm 
length stretched in gold ribbon without ap- 
plied potential, cm 
length stretched in gold ribbon with applied 
potential, cm 
time, sec 
diffusion thickness, cm 
surface free energy, erg/cm 2 
chemical potential, erg/mole 
linear surface strain of gold ribbon (AL/L) 
surface strain of gold ribbon (AS~S) 
bulk surface stress, dyne/cm 2 
surface stress, dyne/cm 
potential, V 
potential of surface stress maximum, V 
potential of zero charge, V 
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Stress Corrosion Cracking of Stainless Steel and 
Nickel Alloys at Controlled Potentials in 10% 

Caustic Soda Solutions at 5SO~ 
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ABSTRACT 

Potent iodynamic polarization curves were obtained in deaerated 10% NaOH 
solution at 550~ for nickel, Inconel 600,1 Incoloy 800,1 and Type 304 stainless 
steel. The curves for the first three materials exhibited nar row current  den-  
sity peaks at the same value of potential, indicating that  these peaks were 
caused by nickel corrosion or by the oxidation of a lower oxide of nickel. 
Mult iple stress corrosion cracking tests were performed on spring-loaded 
ben t -beam specimens in deaerated 10% sodium hydroxide solution at 550~ at 
controlled potentials and at open-circuit  conditions. A well-defined critical 
potential  range was observed for the stress corrosion cracking of Inconel 600 
specimens. Cracking of Incoloy 800 specimens at controlled potentials was 
difficult to reproduce. However, cracking could be reproduced under  open- 
circuit conditions with a ni t rogen cover gas. 

Type 304 stainless steel was original ly selected for 
the fabrication of heat -exchanger  tubing for pres- 
surized water reactors in order to reduce corrosion 
to a minimum.  However, stress corrosion cracks can 
be formed in this alloy as a result  of accidental ent ry  
of chlorides into the boiler water. Accordingly, it has 
now been general ly replaced by the nickel alloys, 
Inco]oy 800 and Inconel 60:0, which are very resistant 
to chloride attack. They are, nevertheless, susceptible 
to stress corrosion cracking in  solutions of strong 
alkalies 

The heat flux through the steam generator  tube can 
provide a concentrat ing mechanism for impuri t ies  in 
the boiler water. In regions where the water  circula- 
tion is restricted, and par t icular ly  under  conditions of 
high heat transfer,  a steam blanket  can form at the 
tube surface. The thermal  insulat ing effects of the 
steam then permit  the surface to be superheated with 
respect to the boiler water. This superheat allows im-  
purities to be concentrated by factors which have 
been estimated to exceed 104 so that a few parts per 
mil l ion of free NaOH can build up locally to several 
weight per cent. This is par t icular ly  likely to occur 
in  the hot leg of the U- tube  steam generator  where 
the tempera ture  differential between the pr imary  and 
secondary coolants is greatest (1). 

Several investigations of the stress corrosion be- 
havior of stainless steels and nickel alloys in caustic 
soda solutions at high temperatures  have been re- 
ported (2-4) but  without control of the specimen po- 
tential.  However, Mazille and Uhlig (5) and Parkins  
(6) have pointed out the importance of specimen po- 
tential  on both the occurrence and the rate of caustic 
stress corrosion cracking. The purpose of this paper 
is to demonstrate  the importance of electrical poten-  
tial on the stress corrosion cracking behavior of Type 
30,4 stainless steel and the nickel alloys, Inconel 600 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
1 R e g i s t e r e d  t r a d e m a r k s  of  t h e  I n t e r n a t i o n a l  N icke l  C o m p a n y .  
K e y  w o r d s :  p o t e n t i o s t a t ,  a u t o c l a v e ,  i n t e r g r a n u l a r .  

and Incoloy 800, in deaerated 10% by weight  NaOH 
solution at 550~ An at tempt is also made to deter-  
mine  the specimen potentials for ma x i mum rates of 
cracking for each material.  The results reported here 
are a representat ive selection taken from a larger 
study made on four heats of Inconel  600, two heats of 
Incoloy 800, and two heats of Type 304 stainless steel. 

Experimental Procedures 
Mater~iaLs.--The chemical compositions supplied by 

the manufacturers  for the commercial alloys used in 
this study are presented in  Table I. Caustic soda so- 
lutions were made up to a concentrat ion of 10% by 
weight using reagent  grade NaOH and distilled de- 
ionized water. 

Specimens.--Cylindrical specimens, 0.250 in, d iam-  
eter • 0.60,0 in. long with an in ternal  threaded hole, 
were used for polarization experiments.  For stress cor- 
rosion cracking experiments,  strip specimens were 
machined to the dimensions 13/4 in. long X 3/16 in. 
wide X 0.040 in, thick. Both sides of the strips were 
ground in the long direction in order to adjust  the 
final thickness to a value of 0.040 in. 

Polarization experiments.--Potentiodynamic polari-  
zation experiments  were performed in  deaerated 10% 
NaOH solutions in autoclaves at 550~ using s tandard 
electrical equipment.  The potential  scanning rate used 
was 2 V/hr.  The cylindrical test specimens were me-  
chanically polished through 600 grit SiC metal lo-  
graphic paper. They were then mounted  on threaded 
stainless steel rods which passed out of the autoclave 
head through Conax pressure fittings as shown in  Fig. 
1. The stainless steel rods were coated with shr inkable  
Teflon tubing  for electrical insula t ion and were sur-  
rounded by 1/4 in. diameter  stainless steel sleeves. The 
sleeves were compressed against Teflon gaskets at 
both ends in order to seal out the test electrolyte from 
the stainless steel center rods. A set of six equal ly 
spaced test specimens encircled a central  nickel cyI- 

Table I. Chemical composition of the test alloys 

Alloy C Mn S P Si Cr Ni Fe Cu Other 

Inconel 600 0.04 0.38 0.006 0.007 0.11 16.71 74.42 8.60 0.03 A1 0,28, Ti 0.24, Co 0.049 
Incoloy 800 0.06 0.81 0.007 0.30 20.36 32.45 44.95 0,27 A1 0.39, Ti 0.38 
T y p e  304 SS 0.07 1.09 0.008 0 . ~  0.52 18.55 9.45 ba l .  0,44 - -  
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Fig. I. Head of 1 gal autoclave for anodic polarization experi- 
ments. 

inder  specimen which was used as a hydrogen re fe r -  
ence electrode. Some exper iments  were  also conducted 
in a 1 l i ter  s t ress-re l ieved Inconel 600 autoclave using 
a plat inized pla t inum wire  as the reference electrode. 

The deaerated 10% NaOH test solution was con- 
tained in a nickel  l iner  inside a 1 gal Type 316 auto-  
clave. Water  occlipied the space between the l iner  and 
the autoclave and served as a heat  t ransfer  medium. 
A cover gas of 5% hydrogen in ni t rogen at an over-  
pressure of 200 psi at room tempera ture  was used 
for exper iments  in this autoclave. A similar  procedure  
was followed with the I liter autoclave using cover 
gases of ei ther purified ni t rogen or 5% hydrogen in 
nitrogen. 

Stress corrosion cracking experiments.--The sur-  
face of the strip specimens was hand abraded through 
600 gri t  SiC meta l lographic  paper. A length of Teflon- 
coated 0.025 in. d iameter  Inconel 600 wire was spot 
welded to one end of the specimen to provide an 
electrical  connection. The specimen was cleaned ul t ra-  
sonically in 1% Alconox solution, r insed with  distil led 
water,  and dried with  Kimwipe  tissue. It was then 
positioned in a special vise and bent to a radius of 1 
in. The ends of the bent specimens were  gripped be- 
tween the Inconel 600 washers in the spr ing- loaded 
bending fixture shown in Fig. 2, and the Inconel spring 
was compressed unti l  the specimen could be removed 
from the fixture wi thout  springback. At this point, the 
span of the bent  specimen was 1-9/16 in. The Inconel 
spr ing was then fur ther  compressed to reduce the 
span to a final value  of 1-7/16 in. as described by 
Uhlig and White  (7). 

The stressing fixtures with mounted ben t -beam 
specimens were  attached to support  brackets bolted 
to Inconel vanes as shown in Fig. 3. The brackets were  

Fig. 2. Stressing fixture with mounted bent-beam specimen 

electr ical ly insulated from the Inconel  vanes by Teflon 
sleeves and washers. Individual  hydrogen  reference 
electrodes fabricated f rom 0.040 in. d iameter  nickel 
wires were  used for each stressed specimen. Each wire  
was coated with  shrinkable Teflon tubing except  for 
a 1 in. length  at the end which was positioned close 
to the apex of a stressed ben t -beam specimen. The 
wires passed out of the autoclave through a Conax 
s ix- lead pressure fitting mounted on an air-cooled 
stainless steel column. 

The deaerated 10% NaOH test solution was con- 
tained in a nickel l iner  in the same manner  as for 
the anodic polarizat ion experiments.  Its vo lume was 
selected so that  the solution level  at the operat ing 
t empera tu re  was just  below the spot we ld  on the 
lead wire. Specimen potentials were  independent ly  
control led by individual  potentiostats using the auto-  
clave as a common counterelectrode.  This necessitated 
the use of isolation t ransformers  between the potent io-  
stats and the grounded a-c supply. The specimen po- 
tentials were  ei ther  controlled at fixed values wi th  
respect to the nickel reference electrodes, or were  in-  
creased at a slow constant rate over a selected poten-  
tial range. Both techniques were  used s imultaneously 
in some experiments.  

Fig. 3. Head of 1 gal autoclave for stress corrosion experiments 
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A f t e r  e a c h  s t r e s s  c o r r o s i o n  c r a c k i n g  e x p e r i m e n t ,  
t h e  s t r i p  s p e c i m e n  was  r e m o v e d  f r o m  t h e  s t r e s s i n g  
f ix ture ,  b e n t  s l igh t ly ,  a n d  e x a m i n e d  u n d e r  a m e t a l l u r -  
g ica l  m i c r o s c o p e  fo r  t h e  p r e s e n c e  of cracks .  P o l a r o i d  
p h o t o m i c r o g r a p h s  w e r e  t a k e n  of t h e  s u r f a c e  of a l l  
s p e c i m e n s  no t  c r a c k e d  c o m p l e t e l y  t h r o u g h  in  o r d e r  
to c o m p a r e  t h e  e x t e n t  of c r a c k i n g  a m o n g  t h e  d i f f e r e n t  
s p e c i m e n s  of  a set .  P o l i s h e d  a n d  e t c h e d  m e t a l l o g r a p h i c  
cross  sec t ions  w e r e  a lso p r e p a r e d  f r o m  some  s p e c i m e n s  
to c h e c k  t h e  m o d e  of c r ack ing .  

Results 
Anodic polarization curves.--Potentiodynamic p o l a r -  

i z a t i o n  c u r v e s  o b t a i n e d  o n  c y l i n d r i c a l  s p e c i m e n s  of 
n ickel ,  I n c o n e l  600, I n c o l o y  800, a n d  T y p e  304 s t a i n l e s s  
s t ee l  in  10% d e a e r a t e d  N a O H  s o l u t i o n s  a t  550~ a r e  
p r e s e n t e d  i n  Fig.  4. A c e n t r a l  n i c k e l  c y l i n d e r  w a s  u s e d  
as a r e f e r e n c e  fo r  e a c h  cu rve ,  a n d  t h e  c o v e r  gas  w a s  
a m i x t u r e  of 5% h y d r o g e n  in  n i t r o g e n  a t  a n  i n i t i a l  
o v e r p r e s s u r e  of 200 psi  a t  r o o m  t e m p e r a t u r e .  F i g u r e  
4 r e v e a l s  t h a t  t h e  p o t e n t i a l s  of t h e  s p e c i m e n s  a r e  a l l  
e q u a l  to  t h a t  of  t h e  n i c k e l  r e f e r e n c e  e l e c t r o d e  a t  l o w  
v a l u e s  of a p p l i e d  c u r r e n t .  W h i l e  t h e  a n o d i c  c u r r e n t  
p e a k  of T y p e  304 s t a in l e s s  s t ee l  is r e l a t i v e l y  b road ,  
t hose  of n icke l ,  I n c o n e l  600, a n d  I n c o l o y  80.0 a r e  v e r y  
n a r r o w  w i t h  t h e  c u r r e n t  d e n s i t y  m a x i m u m  f a l l i n g  a t  
a p o t e n t i a l  close to + 1 4 0  m V  in  e a c h  case. M e a s u r e -  
m e n t s  w e r e  r e p e a t e d  on  success ive  d a y s  w i t h  o n l y  a 
s l i g h t  c h a n g e  in  t h e  p o t e n t i a l s  of t h e s e  n a r r o w  c u r -  
r e n t  d e n s i t y  peaks .  H o w e v e r ,  t h i s  was  no t  t h e  case  fo r  
e x p e r i m e n t s  p e r f o r m e d  u s i n g  a c o v e r  gas  of pu r i f i ed  
n i t r o g e n  i n s t e a d  of 5% h y d r o g e n  in  n i t r o g e n .  T h e  r e -  
su l t s  of s u c h  m e a s u r e m e n t s  m a d e  on  a c y l i n d r i c a l  
I n c o n e l  600 s p e c i m e n  i n  d e a e r a t e d  I0% N a O H  s o l u -  
t i on  a t  550~ a r e  p r e s e n t e d  in  T a b l e  II. T h e s e  m e a s u r e -  
m e n t s  w e r e  m a d e  in  a 1 l i t e r  a u t o c l a v e  u s i n g  a p l a t i -  
n i zed  p l a t i n u m  w i r e  as t h e  r e f e r e n c e  e l ec t rode .  T h e  
o p e n - c i r c u i t  c o r r o s i o n  p o t e n t i a l  of t h e  I n c o n e l  600 
s p e c i m e n  w a s  e q u a l  to t h a t  of t h e  p l a t i n u m  w i r e  w i t h  
a c o v e r  gas  of 5% H2 a n d  w a s . : a b o u t  - -2  m V  i n  t h e  
case  of  a n i t r o g e n  c o v e r  gas. W i t h  a c o v e r  gas  of  5% 
H2 i n  N2, t h e  p o t e n t i a l  of  t h e  c u r r e n t  d e n s i t y  p e a k  
was  + 1 4 4  m V  a f t e r  22 h r  a t  t e m p e r a t u r e  a n d  i t  i n -  
c r e a s e d  to + 148 m V  i n  success ive  runs .  H o w e v e r ,  w i t h  
a n i t r o g e n  c o v e r  gas  t h e  i n i t i a l  p o t e n t i a l  of  t h e  c u r -  
r e n t  d e n s i t y  p e a k  was  + 6 7  m V  a n d  th i s  v a l u e  i n -  
c r e a s e d  p r o g r e s s i v e l y  on  success ive  r u n s  a n d  a t t a i n e d  
a v a l u e  of + 1 2 7  m V  a f t e r  140 h r  a t  t e m p e r a t u r e .  

Specimen corrosion potentials vs. t ime.--The r e s u l t s  
o~ se r i e s  of m e a s u r e m e n t s  of  t h e  o p e n - c i r c u i t  c o t -  

S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1976 

ro s ion  p o t e n t i a l s  of u n s t r e s s e d  s p e c i m e n s  in  d e a e r a t e d  
10% N a O H  s o l u t i o n  a t  550~ w i t h  a c o v e r  gas  of 5% 
H2 in  N2 a r e  p r e s e n t e d  in  T a b l e  III.  I t  c a n  b e  s e e n  t h a t  
t h e  p o t e n t i a l s  of  t h e  c y l i n d e r s  of I n c o n e l  600 a n d  of 
n i c k e l  w e r e  i d e n t i c a l  to t h a t  of t h e  p l a t i n i z e d  p l a t i n u m  
r e f e r e n c e  c y l i n d e r  t h r o u g h o u t  t h e  test .  T h e  n i c k e l  wire ,  
w h i c h  w as  u sed  as a r e f e r e n c e  fo r  t h e  s t r e s s  c o r r o s i o n  
c r a c k i n g  e x p e r i m e n t s ,  m a i n t a i n e d  a p o t e n t i a l  of  a b o u t  
- -4  m V  w h e r e a s  t h a t  of t h e  a u t o c l a v e  i t se l f  w a s  a b o u t  
+ 3  mV.  

Stress corrosion cracking at controlled potential.-- 
S t r e s s  c o r r o s i o n  c r a c k i n g  r e s u l t s  o n  s p r i n g - l o a d e d  
b e n t - b e a m  s p e c i m e n s  of  I n c o n e l  600 in  t h e  m i l l -  
a n n e a l e d  a n d  h e a t - t r e a t e d  c o n d i t i o n  a r e  p r e s e n t e d  in  
T a b l e  IV. T h e  r e l a t i v e  e x t e n t  of c r a c k i n g  is i n d i c a t e d  
q u a l i t a t i v e l y  i n  t h e  l a s t  c o l u m n  of  t h e  t ab le .  

T h e  m i l l - a n n e a l e d  s p e c i m e n  m a i n t a i n e d  a t  a p o t e n -  
t i a l  of + 2 0 0  m V  c r a c k e d  c o m p l e t e l y  t h r o u g h  in  a 72 
h r  pe r iod .  T h e  e x t e n t  of t h e  c r a c k i n g  d e c r e a s e d  p r o -  
g r e s s i v e l y  a t  l o w e r  v a l u e s  of s p e c i m e n  p o t e n t i a l  a n d  
no  c r a c k i n g  w a s  o b s e r v e d  i n  t h e  s p e c i m e n  w h i c h  was  
a l l o w e d  to s t a n d  u n d e r  o p e n - c i r c u i t  cond i t ions .  A s low 

Table II. Time dependence of the potential of the current 
density pealr in the anodic polarization curves of an Inconel 600 

specimen* 

T i m e  (hr) 

Potent ia l  of  current  dens i ty  peak  
(mY vs. Pt) 

Cover  gas  Cover  gas  
5% He in N~ N2 

1 - -  +67 
22 + 144 + 78 
44 - -  +92 
68 - -  + 108 

118 + 148 
140 - -  +'~7 
214 + 148 - -  

* Solution: deaerated 10% NaOH, temperature: 550~ 

Table Ill. Time dependence of specimen corrosion potentials* 

Time at Corrosion potential vs. platinum (mV) 
550~ (hr) 1-600 eyl Ni cyi l~i w~re Autoclave 

0"* 0 0 - 4  + 4  
2 0 0 - 4  + 4  

19 0 0 - 4  +3  
43 0 0 - 4  + 2  
67 0 0 - 6  + 3  
91 0 o - 5  + 2  

115 0 0 - -4  + 3  
139 o o - 4  +~  
163 o o - 4  + 3  
187 0 0 - 4 + 3 
235 0 0 - 4  + 3 

* Solut ion d e a e r a t e d  10% NaOH, t e m p e r a t u r e :  550~ c o v e r  
gas: 5% He in Ne. 

*'5V2 hr af ter  sw i t ch ing  p o w e r  to  autoc lave  heater .  

Table ]V. SCC results on specimens of mill-annealed and 
heat-treated Inconel 600* 

Metal- 
lurgical Specimen Time 
condi- potent ia l  (hr)  or 
t ions  (mV) scan rate  Results 

Mill an- + 125 72 Numerous fine cracks  
n e a l e d  + 150 72 Few small cracks 

+ 175 72 Numerous large cracks 
+ 200 72 S p e c i m e n  cracked  

through  
+ 185 to + 233 1 m V / h r  Numerous large cracks  
Open circuit 72 No cracking 

18 hr at + 175 175 Numerous fine cracks 
1150 ~ + 200 175 Numerous small cracks  

+ 225 175 Few fine cracks  
+250 175 General corros ion  

+ 150 to + 200 1 mV/hr Numerous fine cracks  
+ 200 to + 250 1 mV/hr General corrosion 

Fig. 4. Anodic polarization curves in deaerated 10% NaOH * Solution: deaerated 10% NaOH, temperature: 550~ cover 
solution at 550~ gas: 5% Ha in  Nz. 
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potent ial  scan at  the rate  of 1 m V / h r  over  the poten-  
tial range +185 to -}-233 mV was also employed. This 
specimen was part  of the same set as the others and 
exhibi ted numerous  large cracks. 

A similar  expe r imen t  was conducted with  the heat-  
t reated Inconel 600 specimens but the test durat ion 
was extended to 175 hr. It is apparent  that  the extent  
of cracking was very  much reduced compared wi th  
the first set in spite of the longer test period. The po- 
tent ia l  for  m a x i m u m  rate  of cracking was in the neigh-  
borhood of +200 mV. The results of the potential  scan 
tests showed numerous fine cracks over  the potent ial  
r a n g e  +15'0 to +}-200 mV and general  corrosion wi th  
no cracking over  the range +}-20,0 to +25,0 mV. 

The caustic stress corrosion cracking results for 
I n c o n e l  600 were  quite  reproducible.  The mode of 
cracking for this mater ia l  was in te rgranula r  for all 
specimens examined.  

Similar  exper iments  wi th  specimens of Incoloy 800 
a n d  Type 304 stainless steel are presented in Table V. 
T h e  first set represents some ear ly  measurements  made 
in the 1 gal autoclave before it was subdivided so that  
the constant potent ial  tests had to be run  in sequence 
ra ther  than simultaneously.  No cracking was observed 
af ter  a period of 355 hr  at open circuit  or af ter  96 hr  
a t  a potent ial  of +20 inV. Some small  cracks were  
present  in the specimen held at +40 mV but the 
specimen held at +60 mV was cracked th ree -quar te r s  
of the way  through. 

The  second s e t  of exper iments  wi th  Incoloy 800 
specimens was run simultaneously.  A wider  range of 
fixed potentials was selected as well  as slow voltage 
scans o~er two ranges of potential.  According to these 
results, the  potential  for max imum cracking was now 
in the v ic in i ty  of +}-80 mV but the extent  of cracking 
was much less than in the first set. More extensive 
cracking was observed in the slow vol tage scan ex-  
periments.  Exper iments  wi th  the hea t - t rea ted  alloy 
were  conducted under  open-circui t  conditions with a 
ni t rogen cover gas where  the cracking of Incoloy 800 
was more reproducible  (Table VI).  

In the last exper iment  in Table V, spr ing- loaded 
specimens of Type 304 stainless steel were  tested for 
a 72 hr period. One specimen was al lowed to stand 
at open circuit  and the other  was mainta ined at a 
potentiM of +80 mV. The one at open circuit  cracked 
complete ly  through whereas  only a few small  cracks 
were  observed in the  other  at a potent ial  of +80 mV. 
These results show that  the potential  for the max im um  
rate  of crack growth lies in the neighborhood of the 
open-ci rcui t  potent ial  for this material .  

Photomicrographs  were  prepared f rom a number  of 
specimens which cracked in deaerated 10% NaOH 
solution at 5,50~ The crack mode was t ransgranular  
for both Incoloy 800 and Type 304 stainless steel. 

Table V. SCC results on specimens of mill-annealed Incoloy 800 and 
Type 304 stainless steel* 

Specimen T ime  
potential  (hr)  or  

Material  (mV)  scan rate Results  

Incoloy  800 + 20 96 No cracking 
+ 40 96 Few small  cracks 
+ 60 96 Crack a/4 way through 

Open circuit  355 No cracking 
Open circuit  355 No cracking 

Ineoloy  800 + 40 72 No cracking 
+ 60 72 Few very  small  cracks 
+ 80 72 Numerous  small  cracks Material 

+ 100 72 Few very  small  cracks 
+ 40 to + 80 1 m V / h r  Relat ively large,  deep 

cracks 
+ 50 to + 71 0.5 m V /  Relat ively  large,  deep 

hr cracks 
Type  304 SS Open circuit 72 Spec imen cracked 

through 
+ 80 72 F e w  small  cracks 

Stress corrosion cracking at open circuit.--The re-  
sults of stress corrosion cracking exper iments  o n  
spr ing- loaded ben t -beam specimens in deaerated 10% 
NaOH solution at 550~ wi th  a cover gas of purified 
ni t rogen are presented in Table VI. Inconel 600, Inco- 
loy 800, and Type 304 stainless steel were  compared 
before and after  a hea t - t r ea tmen t  for 18 hr  at 1150~ 
No cracking was observed wi th  the Inconel 60.0 speci- 
mens in e i ther  the mi l l -annea led  or the hea t - t rea ted  
condition. On the other  hand, cracks formed in the 
Incoloy 800 specimens in both the mi l l -annealed  and 
the hea t - t rea ted  condition. Cracking was somewhat  
less severe in hea t - t rea ted  alloy. The specimen of 
mi l l -annea led  Type 304 stainless steel showed no 
cracking, but numerous small cracks were  present  in 
the hea t - t rea ted  alloy. 

Discussion 
Reference electrodes.--The electrical  potent ial  of a 

test specimen is of crucial importance to proper ly  de- 
fine the conditions of meta l  corrosion. Unfor tunate ly ,  
a rel iable reference electrode for tempera tures  as high 
as 550~ is not yet  available. The nar row current  den-  
sity peaks observed in the anodic polarizat ion curve 
of Inconel 600 in deaerated 10% NaOH solution at 
550~ are sufficiently sharp and reproducible  to be 
used as a potent ial  reference. They are associated 
with the nickel component  of the alloy and represent  
ei ther  nickel corrosion or the oxidat ion of nickel cor-  
rosion products. It follows that  they should not be 
dependent  on the hydrogen par t ia l  pressure within 
the autoclave. 

We can now in terpre t  the results presented in Table 
II in terms of this potential  reference. For  the exper i -  
ment  wi th  a cover  gas of 5% I-t2 in N2, the potential  
of the hydrogen electrode was --144 mV after  22 hr 
at temperature .  It was --148 mV after  118 hr  and re-  
mained unchanged after 214 hr. In the exper iment  
s tar t ing with  a cover gas of purified nitrogen, the po- 
tent ial  of the hydrogen electrode was ini t ial ly --67 
mV. Its potent ial  drif ted re la t ive ly  rapid ly  in the 
negative direction and attained a value of --127 mV 
after 140 hr at temperature. This potential decrease 
was undoubtedly caused by the slow accumulation of 
hydrogen in the autoclave due to metal corrosion. 
These ~esults show that the hydrogen electrode main- 
tained an almost constant potential for experiments 
in deaerated 10% NaOH solution at 550~ starting with 
a partial pressure of hydrogen. From the results in 
Table III, the hydrogen .electrode can be fabricated 
from platin{zed platinum, Inconel 600, or nickel with 
identical results. For this reason, a nickel reference 
electrode was used instead of platinum for most of 
the experiments described in this paper. 

Stressing proc~dure.--To accelerate the rate of stress 
corrosion cracking, we have adopted the severe stress- 
ing procedure developed by Uhlig and White. This 
allows measurements  to be made on specimens of con- 
venient  size which are mainta ined at. levels  of stress 
beyond the yield point. It is also a s t ra ight forward 
mat te r  to control the electrical  potentials of these 
stressed specimens. 

Table VI. SCC results on specimens of mill-annealed and 
heat-treated Inconel 600, Incoloy 800, and Type 304 stainless steel* 

Metallurgical  T ime  
condit ion (hr)  Results  

Inconel  600 Mill annealed 123 No cracking 
1150~ hr 120 No cracking 

Incoloy 800 Mill annealed 123 Numerous  large cracks 
1150~ hr .120  Numerous small cracks 

Type  304 SS Mill annealed 123 No cracking 
1150~ hr 123 Numerous small  cracks 

* Solution: deaerated 10% NaOH, temperature:  550~ cover  * Solution: deaerated 10% NaOH, temperature:  550~ cover  
gas: 5% H~ in N2. gas: N2. 
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Rate of stress corrosion cracking.--Accurate mea-  
su rements  of  the  ra tes  of cracking requi re  the tech-  
niques of f rac ture  mechanics.  However ,  an es t imate  of 
cracking ra tes  can be made  by  compar ing  the  extent  
of cracking in different specimens under  ident ical  test  
condit ions except  for e lectr ical  potent ial .  Crack in i t ia -  
t ion t imes  are p resumed  to be of short  dura t ion  for 
h ighly  stressed specimens in an aggressive med ium 
su.ch as 10% NaOH solut ion a t  a t e m p e r a t u r e  of 550~ 

Effect of potential on ra te  of cracking.--From the  
results  presented  in Table  IV, specimens of Inconel  
600 crack  most  r ap id ly  at a potent ia l  a round  +200 mV 
in deae ra t ed  10% NaOH solut ion a t  550~ wi th  a cover 
gas of 5% H2 in N2. General  corrosion tends to p re -  
dominate  over  stress corrosion cracking at  h igher  
values  of specimen potential .  On the  o ther  hand, i t  
can be seen f rom the resul ts  in Table  V that  mi l l -  
annealed  Type  304 stainless steel  specimens cracked 
much more  r ap id ly  at  open circuit  than at  a potent ia l  
of +80 mV. The dependence  of  the  cracking ra te  of 
Incoloy 800 specimens on electr ical  potent ia l  is not 
c lear  because of the  difficulty of reproducing  caustic 
c racking  of this mater ia l .  However ,  Incoloy 800 speci-  
mens do crack reproduc ib ly  in deaera ted  10% NaOH 
solut ion at 550~ wi th  a cover gas of purif ied ni trogen.  
Wi th  this  cover gas, the specimen open-c i rcu i t  cor ro-  
sion potent ia l  is only about  36-77 mV more  posi t ive 
than  that  in an autoclave wi th  a cover gas of 5% H2 
and N2 where  no cracking was observed af ter  a test  
per iod of 355 hr. 

According to Staehle  (8), stress corrosion cracking 
m a y  take  place at  values of specimen potent ia l  cor-  
responding  to the potent ia l s  for passive film ins tabi l i ty  
at  the  upper  and lower  boundar ies  of the region of 
pass iv i ty  in the  anodic polar iza t ion  curve. I t  is diffi- 
cult  to see how concepts re la t ing  to passive film in-  
s tab i l i ty  could be appl ied  to an al loy where  each con- 
s t i tuent  would have  a different  anodic polar iza t ion  
curve. The caustic cracking behavior  of Inconel 600 
and Incoloy 800 is qui te  different  in spi te  of the  s imi-  
l a r i ty  of the anodic polar iza t ion  curves of these two 
alloys at  potent ia ls  up to the  cur ren t  dens i ty  peak  at 
about  + 145 mV. 

Effect o5 heat-treatment on rate of SCC.--The re-  
sults presented  in Table IV show that  the ra te  of 
caustic stress corrosion cracking of Inconel  600 was 
grea t ly  reduced af ter  a h e a t - t r e a t m e n t  for  18 hr  a t  
l150~ At  a potent ia l  of +200 mV, which is close to 
the  va lue  for the  m a x i m u m  ra te  of cracking, the mi l l -  
annealed  specimen cracked comple te ly  th rough  in a 
per iod of 72 hr  whereas  the hea t - t r ea t ed  specimen ex-  
h ib i ted  only numerous  smal l  cracks af ter  the  longer 
test  per iod of 175 hr. A smal le r  effect was also shown 
for specimens of Incoloy 800 tes ted in deaera ted  10% 

NaOH solut ion at  550~ under  open-c i rcui t  condit ions 
for a per iod of about  120 hr  as shown in Table  VI. 
Wilson and Aspden (9) also observed a marked  in-  
crease in the  resis tance of Inconel  6:00 to stress cor-  
rosion cracking in deoxygenated  10% NaOH solution 
at 630~ af te r  a sensit izing hea t - t r ea tment .  A s imilar  
resul t  was repor ted  by  Blancher et  aI. (10) for the 
stress corrosion cracking of Inconel  600. in deoxy-  
genated  pure  wa te r  at 350~ (662~ 
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Relationship Between the Electrochemical and 
Corrosion Behavior and the Structure of 
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ABSTRACT 

The present  inves t iga t ion  forms pa r t  of a sys temat ic  s tudy about  the  in-  
fluence of cold p las t ic  deformat ion  on the  electrochemical  and corrosion b e -  
hav ior  of meta l l ic  mater ials ,  wi th  the  aim of de te rmining  and e luc ida t ing  such 
aspects of the i r  behavior  and corre la t ing them wi th  the  micros t ruc tura l  effects 
of the  deformat ion,  these being analyzed  by  meta l lographic  and x - r a y  tech-  
niques and by  t ransmiss ion e lec t ron microscopy.  In this respect,  the  influence 
of cold plast ic  deformat ion  on the e lectrochemical  and corrosion behavior  of 
two stainless steels (AISI  304 L and 316 L) in different  aggressive media  (wi th  
and wi thout  chlor ide ions) has been s tudied wi th  reference  to the fol lowing 
points:  (i) de format ion  type,  i.e., tensi le  stress, cold drawing,  or cold roll ing,  
and  conditions, i.e., at  room t empera tu r e  and at  --196~ (ii) re la t ive  or ien ta -  
t ion of the  exposed surface wi th  the deformat ion  direction,  i.e., para l l e l  and  
perpendicu la r ;  (iii) texture ,  defects, and mar tens i t e  t ransformat ion.  

t ion of these mate r ia l s  which are  of ten used in  the 
w o r k - h a r d e n e d  state. The corre la t ion  be tween  the  elec-  
t rochemical  behavior  and the  s t ruc tura l  effects p ro -  
duced by  cold plast ic  deformat ion,  i.e., texture ,  surface 

Fig. 1. Test cell (cross section) 

The s tudy  of the  influence of cold plast ic  de fo rma-  
t ion on the e lect rochemical  and corrosion behavior  of 
austenit ic  s tainless steels was carr ied  out in our  In -  
s t i tu te  main ly  because of  the  need for  a sys temat ic  
collection of da ta  as a basis for a more  re l iab le  u t i l iza-  

* Electrochemical  Society Act ive  Member. 
1 Present  address: Cent ro  Informazioni Studi Esperienze ( CISE ), 

Milano, I taly.  
Key words :  corrosion, austenitic stainless steels,  cold plastic 

deformation, martensite  transformation,  passivity, pitting, sur- 
gical plants. 

Fig. 2. Cathodic polarization curves for hydrogen evolution on 
AISI 304 L steel in deaerated 1M H2SO4 solution at 25~ for 
different values of the deformation degree (indicated as a per- 
centage). Deformation by rolling at both room and liquid N2 
temperature; long transversal (TL) section. Potential values are 
relative to a stonrdard mercury sulfate electrode (SSE). 
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Table I. Chemical composition and some structure characteristics of the studied stainless steels 
(in the as-received state, i.e., after solution heat-treatment) 

Austenit ic  
s tainless  

s tee l  

ASTM mi- 
crograin 

Subsequent Weight percent composition size Md3O �9 Ms b 5-s 
cold working C Si Mn P S Cr Ni Mo N number (~ (~ (%) 

Dislocation 
density 

( 10 ~ c m / c m  8) 

Tens ion  0.025 0.45 1.39 0.023 0,021 18,60 8.75 0,50 0.036 6 + 6.5 +22 < - 1 9 6  0.1 + 0.2 
AISI  304 L Roll ing 0.020 0.41 1.40 0.032 0.013 16.10 10.30 0.32 0.038 4 + 4.5 + 18 <- -196  0 

Tens ion  0.022 0.43 1.51 0.033 0.023 16.80 10.65 2.90 0.033 5 14 < - 1 9 6  0 
AISI  316 L D r a w i n g  0.023 0.40 1.45 0.034 0.023 16.60 10.90 3.00 0,037 5.5 --17 < - -196  0 

Roll ing 0.026 0.41 1,24 0,008 0.011 16.10 10.90 2.20 0.034 4 § 4.5 +7 < - 1 9 6  0 

�9 Md~o = t e m p e r a t u r e  a t  wh ich  50% of martensite is formed in tension a f t e r  a t r u e  s t ra in  of 0.30 [ca lcula ted  Ref. (3) ]. 
b Ms = m a r t e n s i t e  starting temperature. 

1.30 ----- 0.63 
0.96 ~ 0,21 
1,17 --+ 0.65 
1.02 "4- 0.28 
1.59 "~-- 0.76 

defectiveness, phase transitions, is undoubtedly im- 
portant from a basic standpoint as well. 

For each material in every state of cold work the 
main aspects of the electrochemical and corrosion be- 
havior are delineated by the corrosion rates vs. time 
curves (determined, for example, by the Stern-Geary 
method), by the polarization curves of anodic dissolu- 
tion and cathodic hydrogen evolution, and by the pas- 
sivation and passivity parameters. Each state of cold 
work is characterized by the type of the deformation 
process and by the rate, temperature and degree of the 
deformation itself. The effect of the orientation of the 
specimen surface under study with respect to the 
deformation direction must be taken into account as 

- 8 0 0  ~ 

- 9 0 0  

03 
03 
U) 
>-1000  

w 

- 8 0 0  

AISI 316L "" 
Roiling at r o o m  temperature 
1M H2SO4; 25+C; N 2 
T L Sur face  

50% 
30% 

50% 
30% 

10% 
, /  0% 

- 900 ~I AISI 316 L 

/ Rolling at -196 ~ 
1M H2SO4; 25~ N 2 
TLSurface 

lO lO i( A/o ) ld 
Fig. 3. Cathodic polarization curves for hydrogen evolution on 

AISI 316 L steel in deaerated ] M  H2S04 solution at  25~ for dif- 
ferent values of the deformation degree (indicated as a per- 
centage). DeformoHon by roll ing at  both ream and liquid N2 tem- 
perature; long transversal (TL) section. Potential values are 
relative to SSE. 

well. The development lines of our research and the 
principal results successively obtained are explained 
below (1). 

Regarding the phenomenological aspects of the elec- 
trochemical and corrosion behavior in deaerated sul- 
furic acid solution of the austenitic stainless steels 
AISI 304 L, 304, and 316 deformed by application of a 
tensile stress (AISI 304 L steel was deformed also by 
cold drawing), the following points came to light. 

(i) The cold working of the material leads to an in- 
crease in the generalized and uniform corrosion rate 
in the active region. This influence was observed on 
the surfaces orientated perpendicularly or at 45 ~ to 
the deformation direction, above a critical threshold 
of the deformation degree of roughly 15% for all the 
steels studied. The susceptibility to the effect of the 

~ m ~ m  t e r r m e r m u r e  

;e2ii~; N: 

~ -IO0 ~ 3 0 ~  

A 6  304L o+ 
~oo o, , / / / f  I ,~,,,~j at-19e ~ 

! I II1o~. I+M H2SO,; 25~ 

-100 ~ %  

-BOO ~ 0  

-70(: 

-$0(] . 

10 10 = i (~A /cm~)  103 

Fig. 4. Potentiodynarnie (30 mV/min) anodic polarization curves 
of AISI 304 L steel in deaerated 1M H2SO4 solution ot 25~ for 
different values of the deformation degree (indicated as a per- 
centage). Deformation by rolling at both room and liquid N2 
temperature; long transversal (TL) section. Potential values are 
relative to SSE. 
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cold working increases in  the sequence AISI 316 < 
AISI 304 < AISI  304 L. 

(ii) A decrease in  the overvoltage of the cathodic 
hydrogen evolut ion always corresponds to an  increase 

(D 

~-500 > 

LU 

-10(: 

O3 

> - 500 

uJ 

-100C 

AISI  '304 L 
Tens ion a t  r o o m  t e m p e r a t u r e  
0.1 M HCI,  25~ 

S u r f a c e  

0% 10% 

10 10 z 1'0 = i /~A/or-n 

AISI  3 0 4 L  
Tens ion  a t  -196 ~ 
0.1 M HCI;  25~ 
T Surface 1 /0% 

J19% 

- I U U U  ] I , 
~o l o  ~ l o  5 i (#A/c~ 

Fig. 5. Potentiodynamic (25 mV/min) anodlc polarization curves 
of AISI 304 L steel in deaerafed 0.1M HCI solution at 25~ for 
different values of the deformation degree (indicated as a per- 
centage). Deformation by tension at both room and liquid N2 
temperature; transversal (T) section. Potential values are relative 
to SSE. 
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co 
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Fig. 6. Pofentiodynamlc (25 mV/min) anodic polarization curves 
of AISI 304 L steel in deaerafed 0.|M HCI solution at 25~ for 
different va{ues of the deformation degree (indicated as a per- 
centage). Deformation by tension at both room and liquid N2 
temperature; longitudinal (L) section. Potential values are relative 
to SSE. 

AISI 316 L 
Tension, rolling and drawing 
at room temperature  
Physiological solution 

NaCI 8.749/ I ;pH7 ;38~ 
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Fig. 7. Critical pitting potential of AISI 316 L steel in the arti- 
flcial physiological solution of the composition given below, as a 
function of the deformation degree and the orientation of the 
exposed surface to the deformation direction, for the different 
types of cold working (at room temperature). Solution of 8.74 
g/liter NaCI, 0.35 g/liter NaHCO~, 0.06 g/liter Na.2HPO4, 0.06 
g/liter NaH2PO4, pH 7, in atmosphere of N~ gas, at 38~ L, T, 
Ts, and TL correspond to longitudinal, transversal, short or long 
transversal sections, respectively. Potential values are relative to 
SSE. 

in  the corrosion rate with the deformation degree, 
whereas the anodic behavior in  the active region of 
the considered materials is not appreciably affected. 

(iii) Extending the invest igat ion beyond the active 
region, a larger  work hardening  of the mater ia l  results 
in an unfavorable  effect, which is enhanced by the 
addition of chlorides, on the formation of the passivat-  
ing films and sometimes on their protective character-  
istics as well. The surfaces paral lel  to the deformation 
direction general ly exhibit  a more stable passivity. 

Regarding the s t ructural  effect of the cold plastic 
deformation, i.e,, texture, surface defectiveness, phase 
transitions, to which the decreases in  the hydrogen 
overvoltage (and the corresponding increases in  the 
corrosion rate)  can be ascribed, the following points 
may be underl ined.  

(i) In the case of deformation by application of a 
tensile stress, the preferred orientat ion of the crystal 
grains is negligible. On the other hand, the drawn steel 
AISI  304 L assumes a certain degree of fibrous texture  
in the [111] direction. The measurements  performed in  
our Inst i tute  on the various faces of single crystals of 
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Fig. 8. Critical pitting potential of AISI 316 L steel in the arti- 
ficial physiological solution of the composition given in Fig. 7 as a 
function of the deformation degree and the orientation of the 
exposed surface to the deformation direction. Deformation by 
tension at both room and liquid N9 temperature. Potential values 
are relative to SSE. 
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tension at both room and liquid N2 temperature. Potential values 
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t ransformation of austenite  to martensi te  as a con- 
sequence of the deformation itself was detected. 

The inversion noted be tween the AISI 304 and AISI 
304 L in  the relationship between the "structure" 
(density of the deformation bands higher in  the AISI 
304) and the electrochemical and corrosion behavior 
(susceptibility to the effect of cold plastic deformation 
higher for AISI 304 L) must, in our opinion, be ascribed 
to the presence of d -mar tens i t e  in  the AISI 304 L. 
The research subsequent ly  developed toward isolating 
the effect exerted on the electrochemical and corro- 
sion behavior of the AISI 304 L and 316 L steels by the 
phase t ransformat ion of austenite  to martensi te  from 
the one due to the presence of defects. 

The choice of these steels was determined not only 
by their intr insic s t ructural  instabi l i ty  which makes 
them par t icular ly  suitable for the purpose, but  also 
by their  importance in technologically advanced fields. 
In  particular,  the AISI 316 L is practically insusceptible 
to in te rgranular  corrosion and is resistant to pit t ing;  its 
behavior in  the work-hardened  state is especially in-  
teresting in view of its application as a mater ial  for 
surgical plants in the h u m a n  body. 

Experimental  
In order to separate and compare the effect of both 

the martensi te  and that  due to the defects, cold plastic 
deformation of the AISI 304 L and 316 L steels 2 was 
carried out by either tension, drawing, or rol l ing at 
room tempera ture  as well as at l iquid ni t rogen tem- 
perature  (--196~ so as to obtain significant amounts  
of martensite.  

Details of the material  working schedule (solution 
heat- t reatment ,  deformation, 3 cutting, surface prepara-  
t ion),  of the microstructural  analysis, and of the 
electrochemical exper imental  techniques, polarization 
cell, and electrode assembly have already been de-  
scribed elsewhere (1, 4). 

Cathodic polarization curves relat ive to the hydro-  
gen evolution on the considered steels were recorded 

Chemical composit ions  and some structure  characterist ics  of 
the considered steels are given in Table  I. 

3 Reductions in the cross-sectional  area w e r e  a lways  adopted to 
express  the deformat ion  degree .  

austenitic stainless alloy have shown, moreover, that 
the highest hydrogen overvoltage values correspond 
exactly to this direction (2). 

The cold plastic deformation which, as already seen, 
causes the hydrogen overvoltage to decrease must  
therefore act through the other s t ructural  effects (that 
is, through the increase in  s t ructural  defects emerging 
on the specimen surface and /or  the occurrence of phase 
t ransi t ions) .  

(it) The density of the s t ructural  defects does not 
increase progressively with the deformation degree, 
but  shows a steep rise for a deformation value of about 
15%. Above this value, the density of the observed de- 
formation bands increases according to the sequence 
AISI 316 < AISI 304 L < AISI 304. It was found that 
these bands are also composed of deformation twins, 
while in the case of the strongly deformed steel 304 L 
the presence of d -mar t ens i t e  generated by the phase 

Fig. 10. Vickers hardness of AISI 304 I_ and 316 L steels as a 
function of the deformation degree and the orientation of the 
specimen surface to the deformation direction. Deformation by 
rolling at both room and liquid N2 temperature. 
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Fig. 11. Deformation twins in AISI 316 L steel deformed 15% by 
tensile stress at room temperature: (a) brightJield image; (b) elec- 
tron diffraction pattern, [101]~, zone axis; (c) dark-field image 
obtained by 020 ~,-twin reflection. 

in a 1M H2SO4 solution, deaerated and st irred by cir-  
culation of N2 gas, at a t empera tu re  of 25~ Anodic 
polarizat ion curves were  recorded in both a 1M H2SO4 
and a 0.1M HC1 (5) solution in an a tmosphere  of N2 
gas at 25~ 

Crit ical  pi t t ing potentials  of the considered steels 4 
were  de termined  in an artificial "physiological" solu- 

4 A passivation pretreatment  was  carried out  by  dipping the  
spec imens  in 30% HNO~ solut ion at 55~ for  30 rain. 

Fig. 12. e-hexagonal martensite bands in AISI 304 L steel de- 
formed 15% by tensile stress at room temperature: (a) bright-field 
image; (b) electron diffraction pattern, [011]~, and [101lie zone 
axes; (c) dark-field image obtained by 10il e-reflection. 

tion, s imulat ing the aggressiveness of the human body, 
of the fol lowing composition: 8.74 g / l i t e r  NaC1, 0.35 
g / l i t e r  NaHCO3, 0.06 g / l i t e r  Na2HPO4, 0.06 g / l i t e r  
NaH2PO4, pH 7, in a tmosphere  of N2 gas, at 38~ (4). 
These measurements  were  performed by applying the 
"scratching" technique introduced by Pessall  and Liu 
(6). The electrode potential  was mainta ined constant 
with the potentiostat  at a selected value below the e x -  
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Fig. 13. e'-cubic martensite 
plates in deformation twins in 
AISI 304 L steel deformed 15% 
by tensile stress at room tempera- 
ture: (a) bright-field image; (b) 
electron diffraction pattern, 
[~1]~  and [411] "y-twin zone 
axes; (c) dark-field image ob- 
tained by 131 ~,-twin reflection; 
(d) dark-field image obtained by 
112 a'-reflection. 

pected pit t ing potential  and then the specimen surface 
was scratched with a tungsten  point (Fig. 1). The cur-  
ren t / t ime  relationship was recorded for a few minutes  
unt i l  the specimen repassivated. This procedure was 
continued with the electrode potential  adjusted by 25 
mV steps to more and more noble values, unt i l  the 
scratch failed to repassivate, a failure which was in-  
dicated by a gradual  current  rise in time; the presence 
of Pits developed at the scratched site was verified 
microscopically. The electrode potentials were always 
referred to the Hg, Hg2SO4/K2SO4 (saturated) elec- 
trode (SSE) whose potential  relat ive to the s tandard 
hydrogen electrode at 25~ is +642 inV. 

ResMts and Discussion 
Some results of the electrochemical measurements 

are given in Fig. 2 to 9. The lowering effect on the hy- 
drogen overvoltage produced by increasing the de- 
formation degree is higher when the cold working of 
the considered steels is carried out at the liquid nitro- 
gen temperature; at room temperature the influence of 
the cold plastic deformation is much more notable for 
the AISI 304 L than for the AISI 316 L steel (Fig. 2 
and 3). 

On the anodic side, the change from sulfuric acid 
(Fig. 4) to hydrochloric acid (Fig. 5 and 6) solution 
magnifies the unfavorable effects of the degree of 
work hardening on the occurrence of the passivation 
phenomena and on the protective characteristics of the 
passivating films to an extent which depends on the 
orientation of the specimen surface with respect to the 
deformation direction and on the temperature at which 
the cold plastic deformation is carried out. 

All the types of cold plastic deformation by either 
tension, drawing, or rolling--cause the critical pitting 
potential of the considered steels to diminish as shown 
in Fig. 7-9. Again, a considerable anisotropy of this 
property was observed; for example, for the rolling the 
critical pitting potential decreases, the degree of work 
hardening remaining unchanged, from the longitudinal 
(L) section to the short transversal (Ts) one and from 
the latter to the long transversal (TL) section. An 
influence of the cold working temperature again came 
to light (Fig. 8). For the AISI 304 L steel (Fig. 9) the 
susceptibility to the pitting corrosion is greater (as is 
well known), but it appears to be less affected by the 
deformation degree than for the AISI 316 L steel. 

The relationship between the previously described 
aspects of the electrochemical behavior of the con- 
sidered steels and the structural effects of the cold 
plastic deformation would need a complete, systematic, 
and quantitative study of these latter, whereas only 
some qualitative "flashes" will be shown here. All the 
same, we think they are already sufficiently meaningful. 

First of all, a general idea of the work-hardening 
effects of the materials is given by the Vickers hardness 
diagrams of the type in Fig. i0, which, at least in the 
case of cold rolling at the liquid nitrogen tempera- 
ture, exhibits an anisotropy of this property. 

Investigations by transmission electron microscopy, 
electron diffraction, and x-ray diffraction enabled us to 
get a qualitative picture of the structure of the AISI 
304 L and 316 L steels deformed by tension at both 
room and liquid nitrogen temperature. This picture 
includes dislocations density, presence and nature of 
the deformation bands [i.e., deformation twins (Fig. 
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Table IL Results of the observation under the electron microscope of AISI 304 L and 316 L 
steels deformed by tensile stress 

Dislo- 
Austenitie Deformation cations Bands nature 
stainless Degree density Deformation e-mar- 
steel Temperature (%) (cm/em s) bands Twins tensite a'-martensite  Austeni te  

AISI 304 L Room temper-  
ature  

Liquid N2 tem- 
perature  

AISI 316 L Room temper- 
ature 

Liquid N2 tem- 
perature  

0 1.3 x 18= No 
10 ~1.5 x i0 m Few 

15 >2 x I0 Io Medium quantity 
30 :>2 x I0 ~~ Many 

9 ~ Many 

13 ~ Largely prevai l ing 
19 ~ Scarcely  discernible  
0 1.17 • I0 ~ No 
10 --~1 x 10 ~o Probably not pres- 
15 ~2 x 10 m ent 

Few 
30 ~>2 x I0 ~o Medium quantity 

9 ~ Many 

13 ~ Prevailing 
19 ~ Yet discernible 

No No No ~I00% 
Yes Not ob- No ~I00% 

served 
Yes Yes Little Largely prevail- 

ing 
Yes Not oh- Medium amount Prevailing 

served 
Yes Not oh- Much Much 

served 
-- -- Very much Little 
-- -- Largely prevail- Not observed 

ing 
No No No 100% 
No No No 100% 
Yes Not ob- No 2100% 

served 
Yes Not ob- Not observed Largely prevail- 

served ing 
Not ob- Yes Medium amount  Prevailing 

served  
- -  ~ Much Medium amount  
--  -- Prevailing Little 

Table IlL Qualitative results of the x-ray diffraction measurements 
for AISI 304 L and 316 L steels deformed by tensile stress 

Deformat ion  
Degree  

Temperature  ( % ) 

AISI 304 L AISI  316 L 

(lll)v (ll0)a. (10~l)e (lll)v (ll0)a' (10fl)t 

10 
Room temper- 15 

ature 30 
9 

Liquid N~ tem. 13 
perature 19 

S VW w S ~ 
S VW w S ~ 
S W S ~ 
S W+M VW S W VW 
M M VW M + S W VW 
W M + S VW M M VW 

s = strong; M = medium; W = weak; VW = very weak. 

11), e-hexagonal  mar tens i te  (Fig. 12), or slip bands 
which cannot be morphological ly  dist inguished f rom 
each other],  presence of a ' -cubic mar tens i te  (Fig. 13), 
and residual austenite. The results are summarized in 
Tables II and III. 

In the case of deformat ion at room temperature ,  the 
behavior  of the considered steels is qui te  different;  the 
dislocations density as wel l  as the density of the de-  
format ion bands is always h igher  in the AISI  304 L 
than  in the 316 L steel. Moreover,  in the s t rongly de- 
formed 304 L steel, d -mar t ens i t e  is present  in amounts  
increasing with  the deformat ion  degree, whereas  the 
316 L steel does not exhibit  any phase transi t ion even 
in the state of m a x i m u m  deformat ion  (in accordance 
with  the Mds0 values g iven in Table  I).  

In the  case of deformat ion  at the l iquid ni t rogen 
temperature ,  the behavior  of the considered steels be-  
comes essentially the same for both of them in that  the 
phase t ransi t ion of austeni te  to mar tens i te  is always 
notable or even prevai l ing;  never theless  a greater  
s t ructura l  instabil i ty of the AISI  304 L steel compared 
with  the 316 L is confirmed. 

Much more research work  must  be carr ied out on the 
s t ructural  aspects, also as regards the spatial dis tr ibu-  
tion and orientat ion of the formed mar tens i te  and the 
influence on the passivat ing films, in  order  to explaih 

the previously described anisotropy effects on the 
electrochemical  behavior  of the deformed steels. 

Manuscript  submit ted Feb. 17, 1976; revised manu-  
script received March 31, 1976. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs o] this article were assisted by the 
Politecnico di Milano. 

REFERENCES 
1. W. Nicodemi, P. Pedeferri ,  and D. Sinigaglia, Met. 

ItaI., 63, 23 (1971); D. Sinigaglia, P. Pedeferr i ,  
B. Mazza, G. P. Galliani, and L. Lazzari, ibid., 65, 
77 (1973); B. Mazza, P. Pedeferr i ,  D. Sinigaglia, 
U. Della Sala, and L. Lazzari, WerkstofJe Korro- 
sion, 25, 239 (1974). 

2. A. La Vecchia, L. Peraldo Bicelli, and C. Romagnani,  
Ann. Chim., 62, 489 (1972). 

3. T. Angel, J. Iron Steel Inst., 168, 165 (1954); F. C. 
Hull, Welding J. (Res. Suppl.) ,  52, 193s (1973). 

4. A. Cigada and P. Pedeferri ,  Ann. Chim., 65, 509 
(1975). 

5. M. Da Cunha et al., Mem. Sci. Rev. Met., 70, 725 
(1973). 

6. N. Pessal] and C. Liu, Electrochim. Acta, 16, 1987 
(1971). 
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Oxidation of Monei-400 
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ABSTRACT 

The surface o f  Monel-400 alloy was exposed to high pH, aqueous cor- 
rosion at 285~ under  both oxidizing and reducing conditions. After  exposures 
lasting from 0.3 to 335 hr  the surfaces were examined by x- ray  photoelectron 
spectroscopy, scanning electron microscopy, and other techniques. Under  re-  
ducing conditions, no corrosion film forms on the metal  surface, bu t  under  
oxidizing conditions, the first corrosion layer  which forms at the solution in te r -  
face is ent i rely Ni(OH)2. This hydroxide, which persists for long times at 
pH ,.~ 10 but  which rapidly converts to NiO at pH ,., 14, is shown to result  from 
a Precipitation process. The composition of the corrosion film is determined 
by the relat ive solubilit ies of nickel and copper at the interface. A composition 
profile of the corrosion layer  beneath  the outermost film shows :a gradual  in -  
crease in cuprous ion concentrat ion wi th  increasing depth, probably  due to 
solid-state migration. This suggests that the aqueous corrosion of Monel-4O0 
involves both solid-state oxide growth and an ionic dissolution and precipita-  
tion mechanism. 

Monel-4001 (66% Ni, 32% Cu) is one of the alloys 
used as heat -exchanger  tubing in CANDU-PHW 2 
power reactors. As part  of a s tudy of the t ransport  of 
radionuclides in reactor coolant systems, we have in-  
vestigated the aqueous corrosion behavior  of Monel-400 
under  conditions of high temperature  and pressure 
which simulate those found in the coolant of a power 
reactor. 

Most aqueous corrosion studies of nickel-copper al- 
loys have concentrated on film growth rates (1-10) or 
on the composition and structure of oxide films which 
were formed over lengthy periods of corrosion (11- 
13). One study used electron diffraction to identify 
the corrosion products Ni(OH)2, NiOOH, and NiO 
which had formed on some copper-nickel altoys after 
several hours of aqueous corrosion (14). With the de- 
velopment  of other analytical  techniques sensitive to 
surface films no thicker than a few atomic layers, both 
composition and structure can be determined quali- 
tatively and quant i ta t ively  following very brief  ex- 
posures to corrosion conditions. 

In this work, corroded surfaces were studied by 
x - r ay  photoelectron spectroscopy (XPS or ESCA) as 
well as scanning electron microscopy, and, where pos- 
sible, by x - ray  diffraction. In XPS, photoelectrons pro- 
duced by an impinging x - r ay  beam emerge from the 
top 1-2 nm of a surface and their  kinetic energies are 
analyzed (15). The exact kinetic energy of the photo- 
electron reflects not only the atomic number  of the 
originat ing element, but  also the chemical envi ronment  
of this element. If this technique is combined with ion 
sputter ing to remove successive layers of surface film, 
it is possible to ,obtain a profile of the elemental  dis- 
t r ibut ion through the corrosion layer. 

XPS provides an average analysis of the elements on 
several square mil l imeters  of surface. Complementary 
information about the distribution of crystallites within 
this area can be obtained using scanning electron mi- 
croscopy. Also, where a film of sufficient thickness 
(~O.l-I ~rn) has formed, x-ray diffraction can be 
used to confirm the XPS analysis. 

In two previous XPS studies, corroded copper-nickel 
surfaces have been examined. Huller and co-workers 
(16) examined films on a 70:30 cupronickel alloy which 
had been anodized in sodium chloride solutions. Above 

Key words :  Monel, nickel  hydroxide ,  aqueous oxidation, photo- 
electron spect roscopy,  corrosion. 

1 T r a d e  n a m e  of the  In t e rna t iona l  Nickel  Compa ny  of Canada  
Limited.  

CANDU-PHW = Canada deuterium uranium-pressurized heavy  
wate r .  

the passivation potential, the surface was found to 
consist pr imar i ly  of a nickel-oxygen species whose 
identi ty could not be absolutely established. The XPS 
core l ine spectra of the nickel-r ich surface did not, 
however, correspond to stoichiometric NiO. Castle 
(17), however, examined 70:30 copper-nickel alloy 
surfaces heated in oxygen and in this case was able 
to identify the nickel phase as NiO. The surface of the 
oxidized alloy was enriched in nickel compared with 
the bulk metallic phase. Both cuprous and cupric ox- 
ide phases were identified under  different oxidizing 
conditions. 

In this work, the corrosion films formed on Monel- 
400 were studied following brief exposures of the alloy 
to alkaline (pH ---- --10-14), high temperature (28'5~ 
solutions saturated with respect to either hydrogen or 
oxygen. In each case the XPS spectra of the corrosion 
products could be clearly identified with the spectra 
of known nickel or copper species. From the analysis 
of the surface corrosion products and the elemental 
depth profile, a mechanism for the aqueous corrosion 
of Monel-400 is proposed. 

Experimental 
Mechanically abraded Monel-400 coupons of 3 cm 2 

surface area were exposed to 0.1 liter of 1.0 mol /kg  
and 1 X 10 -4 mol /kg  Li(OH) solutions at 285~ in a 
Teflon-lined t i tan ium autoclave. The autoclave was 
ini t ia l ly purged and filled to a pressure of 0.1 MPa at 
25~ with reagent grade hydrogen or oxygen. The 
inner  surfaces of the autoclave, in contact with solu- 
tion, were l ined with Teflon since it was found that 
even after thorough cleaning microquanti t ies of meta l -  
lic contaminants  remained on the t i tania  surfaces and 
were readily transported to the Monel-400 surfaces 
dur ing exposure. The Teflon l iner was pretreated un -  
der reaction conditions for over 50 hr to eliminate any 
significant contribution of fluoride and chloride ion to 
the solution and the absence of these impurities on 
the Monel-400 surface after t rea tment  was confirmed 
by photoelectron spectroscopy. Photoelectron spectro- 
scopy also confirmed the absence of elemental  impur i -  
ties, other than adsorbed oxygen and minor  quanti t ies 
of hydrocarbon, on the Monel surfaces prior to ex-  
posure. 

Effective exposure periods varied from 0.3 to 335 hr. 
The effective period was taken to be the time at which 
the surface was corroded at temperatures between 225 ~ 
and 285~ and allowed for the t ime of additional cor- 
rosion during heat ing-up and cooling-down. Following 
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exposure, coupons were cooled in situ, washed with 
distilled water, and t ransferred to the spectrometer. 
When the effects of dissolved hydrogen were studied, 
par t icular  care was required to prevent  possible oxi- 
dation of the surfaces after exposure, and the t ransfer  
to the spectrometer was done under  an argon atmo- 
sphere. The total quanti t ies of copper and nickel prod- 
ucts in solution from each corrosion reaction of Monel 
were determined using flame or flameless atomic ab-  
sorption spectroscopy. 

A McPherson ESCA-36 XPS spectrometer wi th  a 
cryogenically pumped sample chamber  was used. The 
excitation radiat ion used was either the Mg Ka or 
A1 K~ line. The ins t rument  work funct ion (3.8,4.2 eV) 
was set so that the Au(4f  7/2) peak was at 84.00 eV 
for a gold metal  surface. Rather  large charging shifts 
(1-3 eV) were encountered for all Monel surfaces ex- 
posed to aqueous oxidation. The surface charging was 
corrected by measur ing the shift of the background 
carbon C( l s )  line, which normal ly  occurs at 285.0 ___ 
0.2 eV. In some cases a gold film was evaporated onto 
the surface and its equivalent  charging shift was mea-  
sured (18). In general, agreement  between the two 
measurements,  however, was wi thin  ___0.2 eV. Such cor- 
rections, however, substant ia l ly  affect the precision of 
the peak assignment  and the errors quoted result  
from ten determinat ions of the peak position. 

Appropriate  relativistic energy corrections were 
made to all b inding energms reported. A 10 keV argon 
ion gun was used for depth profile studies. Ion flux 
on these surfaces was l imited to 5 ~A cm -2 to minimize 
effects of chemical decomposition and preferential  
sputtering. Surface morphology was determined with 
a Cambridge "Stereoscan" Mark 2A scanning electron 
microscope. X- r ay  diffractometry was carried out using 
a Philips vertical  goniometer with monochromated 
Cu K~ radiation. 

XPS Spectra 
The x - ray  photoelectron spectra of a number  of ox- 

ides and hydroxides of copper and nickel have been 
studied in  this (19) and other (20-22) laboratories. 
The binding energies associated with the more promi-  
nent  metal  and oxygen core lines as well as the energy 
o~ the major  metal  LMM Auger  t ransi t ion are given 
in Table I. In  Fig. 1 and 2 the M(2p) and M(3s) spec- 
t ra  for some oxides and hydroxides of copper and 
nickel are shown. Cuprous oxide is dist inguishable 
from copper metal  only by  the shift of the Cu Auger 
LMM line. Cupric oxide and hydroxide are character-  
ized by their  differing metal  and oxygen core b inding  
energies as well as by the metal  "shake-up" satellite 
spectra located on the high b inding energy side of 
most cupric compounds (23). In  the case of the nickel-  
oxygen system, NiO and NiCOH)2 can be clearly dis- 
t inguished using similar  cri teria as in the copper spec- 
tra. Spectra of another  nickel-oxygen species have 
been reported by Kim and Winograd (22) following 
the low pressure oxidation of polycrystal l ine nickel 
surfaces. They suggest that  this species is a defect 
s t ructure containing Ni 3+. Similar  spectra have been 
observed in this laboratory (24) dur ing room tempera-  
ture  oxidation of nickel surfaces. Although this oxide 
has metal  and oxygen core l ine energies ra ther  close 
to those for nickel hydroxide, the separat ion is still 
adequate to provide characterization of either species, 

Table I. Some metal and oxygen core binding energies of copper 
and nickel oxygen compounds 

Corn- M(2p 3/2) M(3p 3/2) O ( l s )  M(L3M4,sM4,5) 
pound eV eV eV eV 

Cu m e t a l  932.4 -- O.1 75.1 • 0.1 - -  919.0 • 0.2 
Cu~O 932.4 ----- 0.1 75.1 • 0.1 530,5•  0.2 917.4 -- 0.3 
CuO 933.7 ----- 0.2 76.6 ----- 0.25 529.6 -- 0.15 917.7----. 0.3 
Cu (OH)2 934.2 ~ 0.25 77.0 ----- 0.25 531.2 • 0.2 
Ni m e t a l  8525 • 0.1 66.3 -- 0.15 - -  842.3 -- 0.3 
NiO 854.0 ----- 0.2 67.4 • 0.2 529.6----. 0.15 839.5 -~ 0.4 
Ni(OH) 2 855.9 • 0.3 68.1 • 0.2 531.4 "4- 0.3 838.4 ---+ 0.3 

I I E I 

I I I 
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Fig. 1. XPS Cu(2p 3/2) and Cu(3s) core line spectra for Cu 
metal, Can, and Cu(OH)2. The arrows indicate satellite peaks due 
to multi-electron excitation (shake-up) or multiplet interaction 
processes. 
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Fig. 2. XPS Ni(2p 3/2) and Ni(3s) core line spectra for Ni 
metal, NiO, and Hi(OH)2. The arrows indicate satellite peaks due 
to multi-electron excitation (shake-up) or multiplet interaction 
processes. 
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par t icular ly  when  combined with the quite different 
satellite and Auger spectra produced by each. The 
"surface nickel oxide" species of Kim and Vinograd 
(22) was not observed dur ing the present  work. 

Results 
Exposure in 10 -4 mol /kg  Li(OH)--0.1 MPa Ha over- 

pressure.--After exposure of a Monel coupon in  285~ 
solutions (pH ~,10) under  hydrogen for periods up to 
335 hr, no evidence of any significant oxidation product 
on the surface was seen using XPS. Spectra of the 
Cu(2p 3/2) and Ni(2p 3/2) l ines for a Monel surface 
were the same as those for pure metal  surfaces [Fig. 
3 (a) ]. As little as 0.3 of a monolayer  of NiO or Ni(OH)2 
could be detected using these lines. The O( l s )  spec- 
t rum of the Monel surface [Fig. 3 (a)]  shows a small  
peak at 531.7 eV due to minor  concentrations of a sur-  
face oxygen species. Such complexes are normal ly  ob-  
served on metal  surfaces not treated under  vacuum 
prior to examination.  The copper-nickel ratio of the 
surface was determined from both M(2p) and M(3p) 
integrated line intensit ies using prepared copper-nickel 
alloys of known composition as in tensi ty  standards 
(25). Using the M (2p) l ine ratios a nickel: copper atom 
ratio of 75:25 • 10% (2~) was determined while an 
atom ratio of 65:35 • 7% (2~) was found using the 
M(3p) l ine ratios. The M(3p) photoelectrons with ki -  
netic energies of 1200 eV have a mean  escape depth 
(1-2 nm) around three times larger than  the M(2p) 
photoelectrons which have kinetic energies of 300-400 
eV (26). Although the more deep]y sampled surface 
l a y e r  has, wi thin  exper imental  error, copper-nickel  
ratio equivalent  to that in bulk  of Monel-400, the ex-  
treme outer surface appears to be depleted in copper. 
This could be due to a preferent ial  dissolution of cop- 
per or surface segregation as discussed below. 

The absence of any  oxide is consistent wi th  thermo-  
dynamic calculations. Comparison of calculated equi-  
l ibr ium part ial  pressures for hydrogen reduction of 
NiO, Cu20, and CuO (27) with the hydrogen overpres-  
sure of 0.1 MPa used in these experiments  indicates 
that the metall ic phase is thermodynamica l ly  stable for 
both nickel and copper. 

Exposure in 10 -4 mol/kg Li(OH)--O.1 MPa Oz over- 
pressure.--The exposure of Monel-400 under  conditions 
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as described above except for an oxygen overpressure 
resulted in rapid growth of a corrosion film. After  an 
effective exposure of 0.3 hr, a scanning electron micro-  
graph of the surface [Fig. 4 (b ) ]  indicated a layer  of 
acicular crystals 0.1 ~m in diameter. A micrograph of 
the reduced surface [Fig. 4 (a ) ]  is included for com- 
parison. The needlelike morphology of the crystals sug- 
gests that  they were formed by precipitat ion from 
soIution rather  than by a solid-state growth process. 

Only a nickel phase was detected on the outer sur-  
face using XPS. If copper was present  at all, it con- 
sti tuted less than 5 atomic per cent (a/o) of the corro- 
sion layer (expressed as CuO). Spectra of the Ni(2p 
3/2), Cu(2p 3/2), and O( l s )  l ine regions are shown in 
Fig. 3 (b). The binding energies of the principal  lines 

(a) 

Cu ( 2p 5/2 } 

. . j  

(b) 

--952.4eV 

Ni(2p 3/'2) 

- - 8 5 5 . 9  eV 
J q  

Ni ( 2p 512 ) / I  

/ 

- -852.5eV 

5eV I 
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Fig. 3. XPS Cu(2p 3/2), Ni(2p 3/2), and O(ls) core line spectra 

for Monel-400 surface exposed to 1 • 10-4M Li(OH) at 285 ~ for 
0.3 hr; (a) hydrogen overpressure, (b) oxygen overpressure. 

Fig. 4. Scanning electron micrograph of a Monel-400 surface 
exposed to 1 >< 10-4M Li(OH) at 285~ for 0.3 hr, (a) hydrogen 
overpressure, (b) oxygen overpressure. 
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correspond wi th in  0.2 eV to those given for bu lk  
Ni(OH)e in Table I. Moreover, the characteristics of 
the Ni(2p 3/2) shake-up spectrum ( twin peaks at 5.1 
and 6.8 eV above the principal  l ine) and Ni(3s) spec- 
t rum (strong satellite at 5.1 eV) are the same as those 
observed for Ni(OH)2. Confirmation of this assignment  
of Ni(OH)2 as the outer layer  was not possible by 
x - r ay  diffraction because of the very thin surface film 
developed, but  diffraction analysis of Monel surfaces 
exposed for periods of 48 hr indicated the presence of 
Ni (OH)2 as the sole detectable corrosion product  phase. 

'Several possible mechanisms for Ni (OH)2 formation 
were considered: (i) hydra t ion at high tempera ture  
or dur ing  cool-down of a p redominan t ly  NiO surface 
phase could yield an external  film of Ni(OH)2; (ii) 
Ni (OH)2 is known to be unstable  in a nonaqueous en-  
v i ronment  at 285~ (28). Thus the Ni(OH)2 observed 
could have formed dur ing  cooling of the autoclave; 
(iii) Ni(OH)2 could form at high tempera ture  by  di-  
rect precipitat ion of an  excess of nickel at the solid- 
l iquid interface. 

The first premise was tested by exposing a suspen- 
sion of stoichiometric NiO under  s imilar  autoclave con- 
ditions for 48 hr, with oxygen or hydrogen overpres- 
sures. Under  nei ther  condit ion was there any indicat ion 
of a significant quant i ty  of surface Ni(OH)2, although 
when NiO was exposed to oxygen-satura ted solutions, 
evidence of some change in  the oxide s tructure was 
seen. Product ion of Ni(OH)2 on Monel surfaces by  
hydrat ion of NiO is thus not considered likely. 

Significant precipi tat ion of Ni (OH) 2 during cooling 
of the autoclave is also considered unlikely.  Solubil i-  
ties of Ni(OH)2 in  10 -4 mol /kg  Li (OH) solutions have 
recent ly been  determined exper imenta l ly  in the tem-  
perature  range 25~176 (29). From these, it  is esti- 
mated that  the change in solubil i ty of Ni(OH)~ in  
cooling down from 300~ is less than  10 -6 moI/kg. 
Precipi tat ion of this magni tude  would result  in  a cov- 
erage of the sample surface no greater than 0.1 mono-  
layers which is three to four orders of magni tude  below 
the thickness of the Ni(OH)~ films observed in this 
work. 

If Ni(OH)2 is the major  corrosion product at 285~ 
its s tabil i ty under  such hydrothermal  conditions is sur-  
prising considering the known  instabi l i ty  in nonaciue- 
ous conditions at these temperatures  (28). Recently, 
however, Swaddle (30) has measured the stabil i ty of 
bulk  Ni(OH)2 under  hydrothermal  conditions similar  
to those above. It was found that, although the Ni(OH)2 
phase did indeed decompose to NiO at 280~176 the 
rate was quite slow, typical half- l ives  being of the 
order of several hours. Thus, with continual  precipi-  
tat ion on the Monel-400 surface it is possible to ra t ion-  
alize the existence of a significant layer  of Ni(OH)~ at 
these temperatures.  

The aqueous oxidation of Monel was also carried out 
for periods considerably longer than  0.3 hr. In  all cases, 
XPS studies of the outermost su r f ace  showed the 
major  product to be Ni(OH)2, al though small quant i -  
ties of copper in cupric form were sometimes observed. 
X- r ay  diffraction of samples exposed for these periods 
indicated the presence of Ni(OH)~, bu t  no other cop- 
per or nickel corrosion products were detected. Scan- 
n ing electron microscopy coupled with energy disper- 
sive x - r ay  spectrometry showed that a second crystal-  
lite phase develops on the surface at these longer 
exposure times. This phase, indicated with an arrow 
in Fig. 5, contains both copper and  nickel and is quite 
localized, covering no more than  10% of the surface 
area. 

The effect of increased concentrat ion of copper ion 
in  solution on the surface composition was studied by 
adding a 300 cm 2 copper foil to the autoclave. The 
surface composition was largely unaffected by the ad- 
dition except that the surface concentrat ion of cuprous 
oxide increased to 10-15 a/o compared to <5 a /o  ob- 
served with no copper source present. SEM photomi-  
crographs (Fig. 6) showed that the morphology of the 

Fig. 5. Scanning electron micrograph of a Monel-400 surface 
exposed as in Fig. 4(b) for a period of 48 hr. A cupronickel phase 
is indicated by the arrow. 

Fig. 6. Scanning electron micrograph of a Monel-400 surface 
exposed as in Fig. 5 with an additional copper source present in the 
autoclave. 

deposited copper phase is much different from the film 
observed on a Monel surface with no copper source 
present (Fig. 5). The addition of an external  source 
of copper causes, at saturation, the formation of rela-  
t ively pure, localized, large crystallites of a copper 
phase on the film, leaving the major  surface area as 
Ni(OH) 2. 

Elemental  intensi ty  profiles of the Monel-400 corro- 
sion films were obtained using argon ion bombardment  
and a typical one is shown in  Fig. 7. Of par t icular  note  
is the copper phase, undetectable  or bare ly  detectable 
at the original outer surface, but  which increases in  
concentration unt i l  it reaches a value about 25% of the 
nickel concentrat ion [pure Cu20 and Ni(OH)2 used as 
in tensi ty  standards].  The depth at tained in this and in 
similar profiles was estimated to be 20-100 nm. 
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Fig. 7. Elementa l  in tens i ty  profi le  as  a func t ion  of  in t egra ted  
sputtering current for a Monel-400 surface exposed to 1 X 10-4M 
Li (OH) at 285~ for 0.3 hr under oxygen. 

The Cu(2p 3/2), (3p 3/2) and Auger LMM energies 
indicated the presence of only cuprous oxide. Although 
10 keV ion bombardment  of cupric oxide has been 
found to result  in some reduct ion to cuprous oxide, 
some contr ibut ion due to CuO usual ly remains, par-  
t icular ly in the Cu(3p) spectrum. The Cu(3p) line, 
because of its higher kinetic energy, samples the sur-  
face to a greater depth than the Cu(2p) l ine and thus 
minimizes the effect of sput ter ing damage which occurs 
largely, but  not completely, in the outer 1 nm of sur-  
face remaining.  

As each film was in i t ia l ly  sputtered (0-10 ~A-min) ,  
rapid changes in  metal  and oxygen b inding energies 
indicated a part ial  dehydrat ion of Ni(OH)2 to NiO. 
This can also be seen from the sharp change in  slope 
of the O( l s )  in tens i ty  in Fig. 7. The presence of at 
least some of the NiO is almost certainly due to sput-  
ter ing- induced decomposition, for it is l ikely that  such 
a major  amount  of NiO distr ibuted throughout  the film 
would have been detected by x - r ay  diffraction. Dur-  
ing the remainder  of the sput ter ing profile the ratio 
NiO/Ni(OH)~ gradual ly  increased, and it is not clear 
whether  this represents the appearance of an NiO phase 
which was actual ly present  in the original film dur ing  
formation, or whether  it is due to addit ional ion bom- 
bardment  damage. 

The effect of exposing an oxidized Monel-400 surface 
for a second period in the autoclave with a hydrogen 
overpressure was studied. The coupon ini t ia l ly was 
exposed for 0.3 hr  in  0.1 MPa oxygen followed by  re-  
placement  with a hydrogen atmosphere and continued 
exposure for 335 hr. SEM photomicrographs showed 
that features of the surface film were basically un -  
changed from those seen in Fig. 4(b) .  XPS analysis of 
the outer surface indicated that both NiO and Ni (OH)2 
were present  in comparable quantities, but  that  no 
metallic nickel was present  on the surface. Thus, aside 
from some decomposition of Ni(OH)~ to NiO, the sur-  
face film was not greatly affected by long exposure to 

hydrogen, indicat ing that the reduction of Ni(OH)~ 
(and NiO) to elemental  nickel is very  slow under  
these aqueous conditions. 

Attempts to estimate solution concentrations of cop- 
per and nickel dur ing the high tempera ture  exposures 
gave unreproducible  results ranging from 10-100 ~g/ 
l i ter for both elements. 

Exposure ~n 1.0 mol/kg Li(OH)--0.I MPa 02 over- 
pressure.--To fur ther  unders tand  the role played by 
solution phenomena in the corrosion of Monel-400, 
experiments  were also carried out at 285~ in 1.0 tool/  
kg Li(OH) (pH ,~14). At this pH, solubilities of both 
copper and nickel were found to be much higher than  
at pH 10, and autoclave solution concentrat ions could 
be estimated and correlated with film surface composi- 
tion. After  a 48 hr  autoclave exposure, a film several 
micrometers in thickness had developed with a mor-  
phology much different from the acicular crystals found 
at pH ~10. A SEM photomicrograph of a typical region 
is seen in Fig. 8. XPS showed that the surface con- 
sisted ent i re ly  of NiO. No Ni(OH)2 or copper phases 
were identified on the surface nor  was any copper 
phase revealed when the surface was sputtered to a 
depth of several nanometers.  The film was sufficiently 
thick that  strong x - r a y  diffraction lines were obtained 
showing the bulk  corrosion film to be ent i re ly  NiO. 
The detection l imit  of addit ional  oxide phases such 
as Ni(OH)2, Cu20, or Cu(OH)~ was ,~5% in this case. 

The observation of NiO ra ther  than Ni(OH)~ is still 
consistent with a precipi tat ion-based mechanism for 
film formation. The rate of decomposition of Ni(OH)2 
at this pH and tempera ture  has been shown by Swad-  
dle (30) to be very high, and is a round two orders of 
magni tude  faster at pH ~14 than  at pH ~10. 

Solution analyses following Monel exposure at pH 
~14 showed the copper concentrat ion to be about 75 
times higher than that of nickel (30,000 ~g/li ter of cop- 
per vs. 400 ~g/liter of nickel) .  

Exposure in gaseous oxygen.--The compositions of 
corrosion films formed on Monel-400 under  aqueous 
conditions were compared with those formed under  
gaseous oxidation at the same temperature.  Abraded 
Monel-400 surfaces were exposed at 250~176 to 0.1 
volume per cent (v/o)  dry oxygen in argon for 0.3 
hr. The resul tant  XPS spectrum, shown in Fig. 9(a),  
indicated that  NiO and Cu20 were present  on the outer 

Fig. 8. Scanning electron micrograph of a Monel-400 surface ex- 
posed to 1.0M Li(OH) at 285~ for 48 hr. 
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surface in approximately  the 2:1 atomic ratio expected 
from the alloy composition. 

No at tempt was made to determine whether  the 
cuprous oxide .and nickel oxide formed by gaseous cor- 
rosion of Monel-400 are in solid solution or are present  
as separate oxides, i.e., NiO and Cu20. According to 
Schnal and Muller (31) these oxides are mutua l ly  in -  
soluble, and hence one would expect a mixture  to 
form. However, XPS spectra show only one prominent  
O( l s )  line. Since the oxygen b inding energy in  Cu20 
is different from that in NiO by 0.8 eV (19), one would 
have expected to see a contr ibut ion from both oxygen 
in  Cu20 and NiO, if separate phases were present. Thus 
at least on the surface, a mixed cupronickel oxide may 
be formed. 

Discussion 
This work shows that, under  the exper imental  con- 

ditions used, the aqueous oxidation of Monel-4O0 is at 
least par t ly  controlled by a dissolution-precipitat ion 
mechanism. At pH ~10, the nickel-r ich outer corrosion 
film is believed to be a result  of Ni (OH)2 precipitat ion 
from a solution not yet  saturated with respect to any 
copper species. When the copper does eventual ly  reach 
saturat ion in the closed system, it nucleates in localized 
areas on the hydroxide surface, leaving the major  sur-  
face coverage as Ni(OH)2. At pH N14, the copper- 
nickel solubil i ty difference is much larger and the re-  
sul tant  corrosion film is composed ent i rely of a nickel 
phase (NiO) after 48 hr. Longer exposures would 
eventua l ly  result  in saturat ion with respect to copper 
species, and again a copper phase would be expected 
to nucleate and grow at the nickel phase-water  in ter -  
face. 

The possibility was considered that nickel enrich-  
ment  in the surface phase could also arise from a 
higher outward diffusion rate of nickel ions in the solid 
lattice. However, the oxide film produced by solid dif-  
fusion in the gaseous oxidation experiments  on Monel-  
400 contains copper and nickel in quanti t ies propor-  
t ional to their concentrations in the alloy. Thus, under  
these t ime and temperature  conditions, it appears that  
the relative diffusion rates of copper and nickel are ap- 
proximately  the same and are unl ike ly  to result  in sur-  
face nickel enrichment.  Castle (17) previously studied 
the oxidation layer of a 50:5.0 Cu/Ni alloy and after 
heating the specimen in 13 kPa of oxygen for 0.5 hr 
at 500~ the surface layer was found to be somewhat 
r icher in copper than in nickel. 
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Fig. 9. Comparative XPS spectra of a Monel-400 surface ex- 
posed in (a) oxygen and (b) 1 X 10-4M Li(OH) with an oxygen 
overpressure. In (b) the shoulder on the Ni(3p) peak indicated by 
the arrow results from a multi-electron excitation. 

One other possibility which might  lead to only a 
nickel oxidation product on the surface is the prior 
enr ichment  of one component of the alloy due to phase 
separation. Copper-nickel  alloys are known to exhibit  
phase separation in this temperature  range (32); how- 
ever, the analyses of Monel-400 surfaces exposed under  
hydrogen at 285~ show that if separat ion does take 
place its extent  is clearly insufficient to explain the 
major  compositional change observed here dur ing  oxi- 
dation. 

Under the oxygen part ial  pressure and temperature  
used in the aqueous corrosion experiments,  film growth 
must  occur by both solid-state diffusion and by dis- 
solution-precipitation. An oxide of copper appears 
rapidly as the outermost layers of corrosion films 
formed at pH ,-,10 are removed by sputtering. It is be -  
l i eved  that this copper is present in the film by vir tue 
of a diffusion process since, as shown above, copper 
precipitation has not been found to occur in significant 
quantit ies even after lengthy exposure. The rising 
concentrat ion of copper in  the composition profile 
shown in Fig. 7 is l ikely controlled by the diffusion 
rate of the ion and possibly by the rate of leaching 
of copper by the unsatura ted solution. On the other 
hand, while the presence of a significant diffusion 
process is based on the observation of copper in the 
under ly ing  oxide layer, the evidence for a dissolution- 
precipitation process is based on the identification of 
Ni(OH)2, a phase which can only form by this mech- 
anism. The occurrence of Ni(OH)2 in a film thick 
enough to be measured by x - r a y  diffraction helps to 
establish that  the precipitated layer is not just  a negli-  
gibly thin layer formed on top of a layer formed 
largely by solid diffusion, but  ra ther  that  it constitutes 
an appreciable port ion of the total corrosion product. 
At pH ~14, it is clear that the major  corrosion process 
is dissolution precipitat ion since no copper phases are 
detected by any means in the film. 

Since the composition of the surface products de- 
pends at any time on the solution concentrations of 
copper and nickel, the effects of exposing Monel-490 in 
a "once-through" autoclave system are expected to be 
different from those observed for the "closed" system 
in the present study. 

Manuscript submitted Dec. 8, 1975; revised manu- 
script received March 29, 1976. This was Paper 75 
presented at the Toronto, Canada, Meeting of the 
Society, May 11-16, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1977 
JOURNAL. All discussions for the June 1977 Discussion 
Section should be submitted by Feb. i, 1977. 
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Studies in Derivative Chronopotentiometry 
IV. Chemical Reactions Preceding Reversible Charge Transfer 

R. H. Gibson* 
Department oi Chemistry, University of North Carolina at Charlotte, Charlotte, North Carolina 28223 

and P. E. Sturrock* 
School oJ Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 

ABSTRACT 

The der iva t ive  technique for the measuremen t  of chronopotent iometr ic  
t ransi t ion t imes is appl ied  to systems complicated by  homogeneous  chemical  
reactions preceding charge transfer .  The manner  in which the technique may  
be appl ied  is discussed, and kinet ic  pa rame te r s  for two complex systems, 
c admium/cyan ide  and cadmium/n i t r i lo t r i ace t i c  acid, are  presented.  Close 
agreement  be tween  exper imenta l  results  (der iva t ive  and convent ional  chrono-  
po ten t iomet ry)  and theoret ica l  predict ions  is observed;  corrected convent ional  
resul ts  agree wi th  der iva t ive  resul ts  where  over lap  is possible. 

Previous  papers  in this series have dea l t  w i th  in-  
s t rumenta t ion  and diffusion-control led systems, ana-  
ly t ica l  applications,  and  sub-mi l l i second t rans i t ion  
t imes (1). Mater ia l  deal ing wi th  correct ion and com- 
pensat ion of charging currents  and wi th  detai ls  of in-  
s t rumenta t ion,  presented  in  ear l ie r  papers,  is not r e -  
pea ted  here. 

Relat ionships  deal ing wi th  the  kinetics of homo-  
geneous chemical  steps preceding chronopotent iometr ic  
charge t ransfe r  have been presented  by  others  (2, 3) 
and have been appl ied  in a recent  s tudy (4). Our  pu r -  
pose is to present  the  theory  and model  systems i l lus-  
t ra t ing  the appl icat ion of der iva t ive  chronopotent iom-  
e t ry  in studies of systems compl ica ted  by  a chemical  
step preceding revers ib le  charge  t ransfer .  

Derivative of the Potential-Time Curve 
In order  to app ly  the  der iva t ive  technique to a 

sys tem such as 

kr 
Z ~ 0 ,  O • ne ~ R, K -= kf/kb 

kb 

it  is first necessary to obta in  re la t ionships  for the  po-  
t en t i a l - t ime  (E- t )  curve and for  the  der iva t ive  of the  
E-t curve, and to re la te  the  t rans i t ion  time, z, to the  
va lue  of (dE/dt)m~n, as was done for  di f fusion-con-  
t ro l led  systems (5).  

* Electrochemical Society Active Member. 
Key words: chronopotentiometry,  complexes, kinetics. 

For  systems wi th  revers ib le  charge t ransfer ,  the  ex -  
pressions for the surface concentrat ions of the oxidized 
(Co) and reduced (CR) forms can be subst i tu ted  into 
the  Nernst  equat ion to obta in  the appropr ia t e  E-t ex -  
pression. Previously,  Delahay  and Berzins (3) de t e r -  
mined the  express ion for Co to be 

K [ C*" 2i~ 
Co -- 1 ~- K nF(~D) 1/2 

io ( er f[ t l l f (k fWkb)l /~]  ) ]  
nFD 1/2 K (kf -~ kb) 1/2 [1] 

where  C* ---= Co(t=o) --k Cz(t=o). The  appropr i a t e  ex-  
pression for CR iS de te rmined  f rom the flux of this 
substance at the e lect rode surface and by  appl ica t ion  
of Duhamel ' s  theorem (3) 

C~ =. 2iotl/2/nF(~D) 1/2 [2] 

Co and CR are  val id  at the e lect rode surface, and D is 
the  diffusion coefficient assumed to be equal  for O and 
R. Al l  symbols  have the i r  usual  significance, as defined 
in Ref. (3). The expressions for Co and CR are  sub-  
s t i tu ted into the Nernst  equat ion 

E = El~2 + (RT/nF)ln(Co/CR) [3] 

Af te r  subst i tut ing for  C* (using the condit ion that,  
at Co : 0, t ~ z in Eq. [1]),  the fol lowing is obta ined 
for the E-t curve 
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E = Eli2 ~ ( R T / n F ) l n [ K / ( 1  ~ K)]  

(RT /nF) ln{  (T/t) i/2 -- 1 ~ [n i/2 / 2 K ( k f  + kb) i/2] 

• [erf T1/~(kf + kb) 1/2 -- er f t i /2 (k f  + kb)l /2]) / t  1/2 [4] 

A solution for Eq. [4], relat ing (dE/tit)ram to ~, re-  
quires differentiating the expression twice and sett ing 
(d2E/dt 2) equal to zero. The result ing expression is 
used to relate t at the m i n i m u m  to T, and this re lat ion-  
ship is then subst i tuted into the (dE/dt)mm expression. 
Such a process was at tempted for all values of K, t, and 

but  yielded intractable  expressions of l i t t le util i ty.  
More useful informat ion was obtained by considering 
l imit ing behavior  similar to that  considered by Delahay 
and Berzins (3). 

When the a rgument  of the error function is small  
( <  0.1), the funct ion is v i r tua l ly  equal to (2/~ 1/2) times 
the a rgument  [Ref. (6), p. 200]. Applying the condi-  
tions 

-~l/2(kf --I- kb) 1/2 < 0.1 > tl/2(kf -~ kb) 1/2 

to Eq. [4] yields 

E = Eli2 ~- (RT /nF) ln[ (~  i/2 -- t l /2) / t  1/2] [5] 

which is identical to that for pure ly  diffusion-con- 
trolled systems. Thus, as derived in  Ref. (5), the dif- 
ferent ia t ion of [5] gives 

(dE/dr) m i n  : - -  (27RT) / (8riFT) [6] 

When the a rgument  of the error funct ion is large 
( >  2), the funct ion is v i r tua l ly  equal to un i ty  [Ref. 
(6), p. 199]. Applying these conditions 

err "r -~ kb)1/2 > 2 ~ erf t l /S(kf  ~- kb) ,1/2 

to Eq. [4] yields 

E : Eli2 ~- ( R T / n F ) l n [ K / ( 1  -~ K)]  

~- ( R T / n F ) l n [ ( z  1 / 2 -  tl/2)/tl/2] [7] 

It  is obvious that  differentiation of Eq. [7] wil l  lead to 
Eq. [6] which is therefore valid for this l imit  also. 

Thus, for both the upper  and lower limits of the 
a rgument  of the error function, the expressions for 
(dE/dt)min are identical to that for diffusion-con- 
trolled systems. The t ransi t ion t ime can be calculated 
from the value of (dE/dt)~m within  these limits, in a 
fashion identical  to that used for diffusion-controlled 
systems (1, 5). Al though the dE/dt  expressions are 
identical, it is interest ing to note that the E-t  curves 
are not; the kinetic E-t  curve for the case where the 
argument  of the eror funct ion is > 2 contains the addi- 
t ional term ( R T / n F ) l n [ K /  (1 -~ K) ]. 

The procedure to be followed then is to calculate the 
kinet ical ly influenced z b y u s e  of Eq. [6]. The z's thus 
calculated are used in the m a n n e r  suggested by 
Delahay (6). It should be noted that the only informa-  
t ion lost in  using the l imit ing forms of the derivat ive 
technique is identical to that lost in  using the l imit ing 
forms suggested for the conventional  technique; the 
informat ion lost is the nonl inear  section of the ioT 1/2 vs. 
io plot [see Fig. 8-10, p. 201, Ref. (6)]. The disadvan-  
tage in using the der ivat ive technique with the pro- 
cedures described above is that i rreversible charge- 
t ransfer  systems must  be excluded from consideration. 
If such systems are to be considered, equations already 
available (3) for obtaining the appropriate E-t  curve 
must  be used. 

Experimental 
Chronopotentiometric and derivative chronopotentio- 

metric  data were taken using the ins t rument  and read-  
out systems described earlier (1). For the cadmium 
cyanide experiments,  solutions were 10 mM in 
Cd(NO.~)2 and 1.0M in KCN. For the cadmium ni tr i lo-  
triacetate (NTA) experiments,  four solutions were 
used. The solutions were 1.0 mM in Cd(NO3)2, 40 mM 
in nitr i lotriacetic acid, 1.0M in  KNO~, and 0.1M total 

in acetic acid/sodium acetate buffer, with NaOH added 
to achieve the desired pH's. The pH's of the solutions 
were measured and found to be 2.92, 3.37, 3.73, and 4.00. 
All  experiments  were performed at ambient  tempera-  
tures. 

Results and Discussions 
Cadmium cyanide sys tem.- - In  these experiments,  

cur ren t  densities ranging from 3.91 to 5.71 m A / c m  2 
were utilized in obtaining conventional  t ransi t ion times 
ranging from 90 to 2.7 msec. Derivative t ransi t ion times 
ranged from 75 msec to 80 ~sec at cur rent  densities of 
3.82-14.26 m A / c m  2. The current  densities were cor- 
rected for the double layer  charging current  by use 
of the equat ion 

io(corr) -~ (ioT -- B) / t  [8] 

where B is the intercept of the Bard plot (1, 7) for 
the derivative data corresponding to short t ransi t ion 
times. For the conventional  data, B was calculated 
from the init ial  slope of the E-t  curve, as suggested by 
Noonan (4). The corrected current  densities ranged 
from 3.88 to 4.60 m A / c m  2 for the conventional  data 
and 3.82-8.04 m A / c m  2 for the derivat ive data. 

The data were treated in  the m a n n e r  suggested by 
Delahay and Berzins (3) for conventional  data; their  
suggestion is based upon their  Eq. [22] as follows 

io~ 1/2 ~-- (~D) 1/~nFC*/2 

-- ~1/2/o eft[  (kf ~- kb)112~112]/2K (kf Jv kb)1/2 

[Eq. [22] Ref. (3)] 

This approach leads to two expressions, [9] and [10] 

io-r 1/2 : [nF (~D) 1/2C* ] /2 -- io~l/2/[2K (kf ~- kb) 1/2] [9] 

Equat ion [9] is derived from Eq. [22] of Ref. (3) for 
the case where the a rgument  of the error funct ion is 
> 2. It is, therefore, applicable at low current  densities 
(long t ransi t ion t imes).  It  indicates that  a plot of ioz 1/2 
vs. io should be a straight l ine with an intercept  at 
io -= 0 equal to the product of C* and the chronopo- 
tentiometric constant. The quant i ty  K ( k f  ~- kb) 1/2 can 
be obtained from the slope. At high current  densities, 
the argument  of the error function in Eq. [22] of Ref. 
(3) is < 0.1 and the equat ion reduces to 

ioT 1/2 : [nF(~D)I/2C*]/[2(1 ~ l / K ) ]  [10] 

If sufficiently short t ransi t ion times are exper imenta l ly  
accessible, the value of K may be calculated from the 
intercept of Eq. [9] and the exper imental  quant i ty  
io T1/2 in Eq. [10]. 

Data for the cadmium cyanide system are plotted in 
Fig. 1. The increased range of the derivat ive data is 
obvious. The least squares slope and intercept  of the 
derivative data at long t ransi t ion times (first 10 points) 
are --1.149 _ 0.045 and 5.43 + 0.18, respectively. The 
corresponding values for the conventional  data are 
--1.123 • 0.040 and 5.52 • 0.17. Careful examinat ion of 
the derivative data for short t ransi t ion times shows 
that the region of constant ioz 1/2 values has not been 
reached. Equations [9] and [10] were solved s imul-  
taneously, using the derivative data, to obtain a first 
approximation for K, and then Eq. [9] was employed 
to calculate (kf + kb). Then Eq. [22] of Ref. (3) was 
used to obtain an improved estimate of K and this cycle 
repeated unt i l  successive approximations of (ks + kb) 
were constant wi th in  0.1. 

The values calculated were 1.20 • 10 -2 for K and 
4.2 • 103 for (kf + kb). These constants were substi-  
tuted into Eq. [22] of Ref. (3) and theoretical values 
of ioT 1/2 and io calculated for a n u m b e r  of values of 
~1/2. These theoretical points are plotted also in  Fig. 1. 

Recently, Re inmuth  (8) advocated plott ing 1/~ 1/2 vs. 
1/ioT 1/2. Figure 2 is such a plot of the same data shown 
in Fig. 1. A least squares calculation of the first 10 
points (long t ransi t ion times) of the der ivat ive data 
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Fig. 1. Delohoy (6) plot of chronopotentiometric data for solution 
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mA-secY2/cm 2. O ,  Derivative chronopotentiametry; ~ ,  conventional 
chronopotentiometry; and - - ,  theoretical line for calculated kinetic 
parameters. 
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Fig. 2. Reinmuth (8) plot of same data as in Fig. i 

gives 0.212 • 0.001 for  the  slope and 0.182 +_ 0.003 for  
the intercept .  The corresponding calculat ions for the 
convent ional  da ta  give 0.204 _ 0.001 and 0.177 *- 0.006. 
The inverse  of the  in tercepts  (5.49 and 5.64) compare 

wel l  wi th  the  in tercepts  of Fig. 1. However ,  if points  in 
addi t ion  to the first 10 a re  used in the  least  squares 
calculations, the  ca lcula ted  values change significantly 
and the  s t andard  devia t ions  increase  marked ly .  Thus, 
a l though the Re inmuth  plot  (Fig.  2) compresses the  
da ta  for  long t rans i t ion  t imes so that  they  appear  
smoother,  no significant advan tage  was found over  the  
Delahay  plot  (Fig. 1) in  the  mathemat ica l  analysis  of 
these data. 

These resul ts  indicate  that  the  der iva t ive  technique 
yields  da ta  super ior  to those obta inable  us ing conven-  
t ional  ch ronopoten t iomet ry  since the  der iva t ive  da ta  
are  signif icantly less d is tor ted  by  double  l aye r  effects. 
Questions, however ,  now mus t  be asked about  the  sys-  
tem. The system has been s tudied by  Giers t  and Ju l i a rd  
(2), Delahay  and Berzins (3), Noonan (4), Ger ischer  
(9), and Flengas  (10). Most agree  tha t  the  species re -  
duced is not Cd(CN)4  -2, bu t  r a the r  one of the  less 
h ighly  coordinated complexes.  Ger ischer  and Noonan 
have suggested tha t  C d ( C N ) 8 -  is the species reduced.  
This suggest ion is based upon the na tu re  of the elec-  
t rode react ion (9) and upon the va lue  of K calcula ted 
f rom an es t imate  of the  va lue  of io'~ 1/2 at  h i g h / o  (4). 
However ,  the  der iva t ive  resul ts  p resented  here  indi-  
cate  a l a rge r  value  of K than  repor ted  prev ious ly  (4, 
11-13). The reasons for the  d iscrepancy are  not  clear,  
though possibi l i t ies  a re  noncoincidence of ionic 
strengths,  concentra t ion of complexes,  and a possible  
( though not l ike ly)  res idual  double l aye r  effect. St i l l  
ano ther  poss ibi l i ty  is tha t  the  reduc ib le  species is an  
ion pair,  perhaps  K [ C d ( C N ) 4 ] -  or K2[Cd(CN4)] .  In  
addition, Ger i scher  (9, 14) has a t t r ibu ted  some degree  
of i r revers ib i l i ty  to the  reduct ion of C d ( C N ) 3 -  and 
Cd(CN)2.  His exper iments ,  however,  employed  solu-  
tions m a r k e d l y  different  f rom ours, the  solutions con- 
ta ining substant ia l  amounts  of  chlor ide  ion. 

Cadmium-nitri lotriacetic acid system.---This sys t em 
has been s tudied in deta i l  (15-17 and references  the re -  
in) .  The sys tem shows two only s l ight ly  separa ted  
polarographic  waves  in acetate  buffers ( ~  pH 5), the  
second wave being the direct,  i r r eve r s ib le  reduct ion  of 
the complex.  The wave  at  more  posi t ive potent ia ls  is 
the  revers ib le  reduct ion of cadmium ion to the  metal .  
Two para l l e l  react ions precede this first reduct ion  

kl 
C d ( N T A ) -  ~ Cd +2 + NTA -S [I] 

k-- 1 

k2 
Cd(NTA)  - + H + ~ Cd +2 + HNTA -~ [II] 

k -  2 

React ion [II] is much f a s t e r  than  reac t ion  [I]. The 
resul ts  repor ted  here  refer  to the  first reduct ion  wave  
and are  composite ra te  and equi l ib r ium pa rame te r s  for 
[I] and [II].  

The system provides  a formidable  chal lenge if one is 
l imi ted  to the  use of convent ional  chronopotent iometry .  
The two waves occur close in potent ia l  and merge  at  
h igh current  densities,  as ohmic (IR) problems  be -  
come severe. We chose not  to re ly  upon the  conven-  
t ional  technique, and the resul ts  in Table I a re  cal -  
culated f rom der iva t ive  chronopotent iometr ic  da ta  ex-  
clusively.  Results  for pH 2.92 (curve a) and 4.00 (curve 
b)  are  shown in Fig. 3. The common in tercept  of 0.502 

Table I. Rate and equilibrium parameters for Cd-NTA. 
Solutions: 1.0 mM Cd(N03)2, 40 mM NTA, 1.0 M KN03 and 0.1M 

in acetate buffers at the indicated pH's. 

1/K(k~ 
pH --Slope + kb)l/2 K kt 

2.92 0.14 0.15 
3.37 0.63 0.71 0.026 7 2  
3.73 1.9 2.1 0.016 13 
4.00 2.6 2.9 0.014 7.8 
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Fig. 3. Derivative chronopotentiometry for Cd-NTA solutions (see 

Experimental Section). Units same as Fig. 1. O ,  Curve a: pH 
2.92. O ,  Curve b: pH ---- 4.00. Solid lines: theoretical lines for 
calculated kinetic parameters. 

on the lot z/2 axis in the figure is the value obtained for 
the data at pH 2.92; sufficient data for independent de-  
terminations of the intercept value for the other pH's 
were experimentally inaccessible. 

The results in Table I compare favorably with mea- 
surements reported earlier by Shuman and Shain (15) 
and by Carney (16). Discrepancies between ours and 
the two earlier studies are not so large as the dis- 
crepancies between the two earlier sets. Since our 
pr imary goal is the introduction of the derivative 
chronopotentiometric technique, its theory and meth-  
odology, we prefer not to speculate either concerning 
the sources of the discrepancies or concerning the de- 
tailed chemistry of the system. We note, however, that 
our results generally fall between those of the earlier 
two studies despite the fact that our technique is dif- 

ferent from the similar techniques used in those 
studies. 

Conclusions 
These combined results confirm the ut i l i ty of der iva-  

tive chronopotentiometry in kinetics studies. The tech- 
nique is obviously superior to conventional chronopo- 
tentiometry (and, perhaps, to other techniques) where 
applicable. The chief disadvantage and limiting fea- 
ture of the technique is its restriction to systems in- 
volving reversible charge transfer following the chem- 
ical step. 

Manuscript submitted Jan. 19, 1976; revised manu- 
script received April  l, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1977 JOURNAL. 
All discussions for the June 1977 Discussion Section 
should be submitted by Feb. 1, 1977. 
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ABSTRACT 

Anodic dissolution and hydrogen evolution kinetics of Gd were investigated 
over the range 5~176 Reaction orders with respect to pH for the HER and for 
anodic dissolution of Gd are temperature  independent,  as are the t ransfer  
coefficients. The apparent  activation energy of anodic dissolution changes at 
the Curie tempera ture  with that above 17~ being smaller. The change for 
the HER is almost the same but  in  the opposite direction. For both reactions 
there is a simultaneous change in the preexponent ia l  factor, yielding a 
practically smooth over-al l  In i vs. 1/T curve. This behavior  can be rationalized 
by addit ion of a ferromagnetic energy term to the activation energies. A model 
is proposed based on the existence of paramagnetic  surface layers below the 
Curie tempera ture  and the consequent int roduct ion of an energy gradient  for 
the t ranspor t  of electrons to and from the metal  surface. 

The influence of the metal  of an  electrode on electro- 
chemical  reaction rates is of interest  both to electro- 
chemical kinetics and practical applications. Compari-  
son of results for different metals is complicated by 
simultaneous changes in properties which might in-  
fluence rates, and occasionally by changes in  reaction 
mechanisms. Similar  problems exist wi th  alloys where 
u n k n o w n  variations may exist between surface and 
bulk  compositions. This research determined rates of 
electrochemical reactions involving Gd in  the para-  
magnetic (Pm) and ferromagnetic (Fm) states. 

Changes in reactivity of metals and alloys at their  
Curie temperatures  (Tc) have been observed, main ly  
for gas/solid catalysis. Variation in  tempera ture  co- 
efficients at Tc is known as the magnetocatalytic or 
Hedvall  effect (1-3). For  example, decomposition of 
formic acid on Co-Pd shows a 30% increase in  activa- 
t ion energy (EA) and a thousandfold increase in  pre-  
exponential  factor (~) above Tc (4). Similar  results 
were obtained for the oxidation of Fe-Cr  in  oxygen 
(5). In general  both EA and ~ change so as to give a 
practically smooth over-al l  Arrhenius  curve. The effect 
is usual ly explained by qual i tat ive discussions of 
changes in electronic states, or ientat ion of electron 
spins, d -band  holes, and work funct ion (6, 7). 

A related area involves the study of reactions at a 
series of alloys with compositions changing from Fm 
to Pm at constan t temperature.  Conway (8) deter-  
mined the electrochemical rates and EA of the HER at 
a series of Cu-Ni alloys. The apparent  EA's and ex- 
change current  densities (io) decrease from pure Ni to 
pure Cu, but  beyond 60% Cu the changes were much 
smaller. The results could only par t ia l ly  be explained 
by changes in the meta l -H bond energy caused by 
changes in the n u m b e r  of d-holes per  atom of Ni. 
Anodic passivation studies of Ni alloys indicate anoma-  
lous changes at critical alloy compositions (9, 10), also 
a t t r ibuted to d-elect ron configuration changes. Re- 
cently doubt has been expressed regarding correlat ion 
between d-band  character and M-H bond energy (11). 
Surface composition may be quite different from the 
bulk  composition (12). 

* Electrochemical  Society Act ive  Member. 
** Electrochemical  Society Honorary Member. 
K e y  words: hydrogen evolution, a n o d i c  d i s s o l u t i o n ,  ferromag- 

netism, activation energy.  

Gadol in ium was chosen for this research since its 
Tc (17~ is accessible. Electrochemical measurements  
at a Gd electrode are complicated by the thermody-  
namic instabil i ty of the metal  in the presence of water 
(13). The mi xe d  potential  of Gd in aqueous solutions 
(pH 5-6) has been measured at temperatures  includ-  
ing Tc by Pra l l  (14) and Daire (15). Below Tc they 
observed an increase in  mixed potent ial  to more active 
values with increasing temperature.  Pral l  ascribed the 
changes to the effects on the work funct ion or subl ima-  
t ion energy while Daire suggested either an abnormal  
increase in anodic dissolution rate or electronic surface 
states different from those in  bulk  metal. He also in-  
dicated that  it was difficult to explain the changes in  
terms of classical thermodynamics.  Daire found no 
abnormal  changes in the heat of solution of Gd in  1N 
HC1 from 3 ~ to 40~ (16). 

Experimental 
The Gd (Material Research Corporation) was ob- 

tained as 0.25 in. diameter  cast rods, prepared from 
the distilled metal. The typical emission spectrographic 
analysis supplied with the sample lists the following 
impurit ies:  0.005% Eu, Dy, and Y; 0.01% Sin, Tb, Ca, 
Mg, Si, Fe, and A1. A Beckman rotat ing electrode as- 
sembly was used to drive a rotat ing disk electrode 
(RDE) consisting of a Gd cyl inder  fitted very t ightly 
in a cylindrical  Teflon sheath. A rotation rate of 50 rps 
was used for the results given here. Electrodes were 
degreased, stored in trichlorethylene, and polished on 
3M 600 grit and Buehler  4/0 grit  emery paper before 
u s e .  

Teflon standard taper adapters were used to fit the 
reference electrode, precision thermometer,  and ro- 
tat ing electrode body to the cell. The ma in  body of 
the cell was jacketed to allow circulation of water  
from a constant tempera ture  ( •  0.03~ bath. A large 
area Pt  gauze auxi l iary electrode was contained in  a 
tube separated from the main  cell solution by a fine 
glass frit. The reference compartment  containing a 
normal  calomel electrode at 25~ and bridge were filled 
with cell solution but  were separated from the main  
compartment  by a coarse frit. Test solutions were de- 
aerated with high pur i ty  He after removing trace 
oxygen with Ridox oxygen scavenger (Fisher Scientific 
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Company) and presaturat ing with test solution. Water  
was purified with a two-stage quartz still fed with 
laboratory deionized water. Sui tabi l i ty  of this water  
for electrochemical measurements  was tested by re-  
producing the accepted current -potent ia l  curves at a 
Pt  RDE in 0.5M H2SO4. Reagent  grade chemicals were 
used in  all solutions. 

A scanning potentiostat  of convent ional  design (18) 
was used to obtain current -potent ia l  curves. Ohmic 
potential  drop in the solution was compensated by posi- 
tive IRs feedback obtained by galvanostatic pulse mea-  
surements.  A scan rate of 0.050 V / m i n  was used for 
the results given here. The cathodic scan was always 
made first. Equivalent  results were obtained for the 
anodic scan if it was done first, but  the subsequent  
cathodic scan results were erratic. Exper imental  pro- 
cedures are described in  more detail  elsewhere (17). 

Results 
Selection oS electrolyte system.--In acidic aqueous 

solutions (0.2M NaC104 ~- HC104 to pH 1-3) Gd un -  
dergoes rapid attack with vigorous hydrogen evolution. 
The polarization curves show mass t ransfer  control. 
In  pH 12, 0.5M Na2SO4 a fine white precipitate [prob- 
ably Gd(OH)8] forms on part  of the electrode surface. 
The corrosion rate is substant ia l ly  decreased in  slightly 
acidic or neut ra l  (pH 5-7) aqueous salt solutions. In  
this category, solutions of NaC104, Na2SO4, (NH4)2SO4, 
GdCI~, and Gd(C104)~ were used. Reproducible and ki-  
net ical ly useful results are unobta inable  in these un-  
buffered solutions. This is probably due to change in 
pH, especially near  the electrode surface dur ing polari-  
zation. In  addition, localized corrosion and pi t t ing of 
the electrode were usual ly  evident, especially in  solu- 
tions containing C1-. 

Attempts to s tudy the Gd3+/Gd reaction in  aceto- 
ni t r i le  and in dimethylformamide were unsuccessful. 
The open-circui t  potential  was not reproducible, was 
more positive (noble) than  that expected for this 
couple, and at times oscillated slowly. The electrode 
was readily polarized at small current  densities (e.g., 
AV ---- 0.5V for i ---- 10 #A/cm2). This behavior  is prob-  
ably caused by oxidation of the metal  surface by im-  
pur i ty  water  to form a stable film. The procedure for 
the purification of DMF is said to reduce the water  to 
less than 20 ppm (19). 

These results indicated that it was desirable to use 
a buffered, sl ightly acidic, aqueous electrolyte solu- 
tion. The acetic acid/sodium acetate buffer system 
proved satisfactory. There is no apparent  localized 
corrosion or pit t ing in these solutions. Mixed potential  
(VM) values obtained after about 25 min  were re-  
producible to ___0.01IV. 

Polarization curves and transfer coeI~cients.--Polari- 
zation curves were recorded at each tempera ture  and 
pH. Some of the results obtained are given in Fig. 1 
and 2, where i is the current  density and ~ ---- V -- VM. 
The most l inear  curves were obtained in  the higher 
pH solutions (pH 5.94 and 6.46) since, in  these, the 
open-circuit  corrosion current  density is low compared 
to those at which mass t ransfer  becomes important .  The 
l inear  Tafel slopes obtained in these solutions were 
used to obtain the t ransfer  coefficients presented in 
Table I. The same slopes apply to the lower pH re-  
sults at moderate current  densities. The lower l imit is 
at about pH 5.06, however, since results obtained at 
pH 4.7.0 did not show any appreciable l inear  region. 
The t ransfer  coefficients are independent  of tempera-  
ture within exper imental  error (___0.03 in  a). A cath- 
odic Tafel slope of 0.170V (~c ~ 0.35) was obtained by 
Greene (20) in phosphate buffered solutions at 25~ 
He did not obtain l inear  anodic Tafel slopes in these 
solutions. 

Reaction orders.---The effect of solution pH at 1.00M 
sodium acetate on the rates of both the cathodic and 
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Fig. 1. Polarization curves for Gd in pH 5,45 acetate buffer at 
7.3 ~ 13.0 ~ and 21.2~ 
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Fig. 2. Polarization curves for Gd in pH 6.46 acetate buffer at 
13.0 ~ 17.3 ~ and 27.6~ 

anodic reactions is shown in Fig. 3-5. The ma x imum 
pH-tempera ture  var iat ion estimated from thermody-  
namic data (21) is about the same as the uncer ta in ty  
of pH values measured at 25~ (• pH uni t s ) ;  no 
correction was attempted. The effect of acetate ion 
concentrat ion on anodic reaction rate at pH 5.45 is 
shown in Fig. 6. A constant ionic s t rength (I _-- 1.00M) 
was mainta ined by addit ion of NaC104. 
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Table I. Experimental transfer coefficients 

T ( 'C)  aQ aa 

5.6 0.31 0.38 
7.3 0.38 0.41 

10.1 0.30 0.41 
13.0 0.33 0.40 
16.2 0.34 0.40 ~", .~0 - -  
17.3 0.35 0.40 
19.0 0.34 0.39 r 
21.2 0.36 0.40 
23.3 0.34 0.38 ~ 
25.6 0.33 0.41 
27.6 0.35 0.38 
29.7 0.32 0.37 z 

Average  0.33 0.40 ,_," ---.2.1 

O 1 8 . 0 "  0 
r l  2 1 . 2 "  0 

For the HER the average reaction order is --1.11 • 
0.06 (95% confidence l imits) .  As summarized in  Table 
II, the Gd dissolution reaction orders with respect to 
both pH and acetate ion are zero wi thin  exper imental  
error. In  all cases there is no apparent  tempera ture  
dependence. 

Temperature dependence.--The temperature  depend- 
ence of each reaction rate was determined at a constant 
cell potential  with respect to a reference electrode at 
room temperature.  The thermal  l iquid junct ion  poten-  
tial (TLJP) developed in the solution (1.00M NaAc/  
HAc) salt bridge was estimated from published data 
(22) and found to be negligible (0.02 mV/deg)  over 
the temperature  range  used. Most other electrochemi- 
cal EA determinat ions have been made for acidic or 
alkal ine solutions in which the TLJP's  are large and 
not accurately known. This has led to use of isothermal 
working and reference electrodes which introduces 
additional uncertaint ies  since the temperature  depend-  
ence of the reference electrode-solution potential  dif- 
ference is unknown.  

Current  densities for the HER at --1.220V vs. SHE 
(25~ were obtained from the experimental  polariza- 
t ion curves for all temperatures  and pH values. This 
cell potential  was chosen so that  i for each run  would 
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Fig. 3. Cathodic log ; vs. pH at 7.3 ~ 17.3 ~ , and 27.6~ (i 
measured at - -  1.220V vs. SHE). 
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Fig. 5. Anodic log lil vs. pH (i measured at - -0 .920V vs. SHE). 

be in  the l inear  region of the In i vs. ~ plot. The In 
values for pI-I 5.06, 5.45, and 6.46 were then converted 
to the corresponding values for pH 5.94. Results rep-  
resent ing 63 runs  at 12 temperatures  are shown in Fig. 
7 with mean  deviations. Values of the E's, intercepts 
(B), and standard deviations calculated for the over-al l  
curve and indicated high and low tempera ture  in te r -  
vals using replicated data l inear  least squares method 
are given in Table III. An analysis of variance of re -  
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gression was carried out (23). The amoun t  of deviat ion 
using the two individual  lines is significantly reduced 
compared to the over-al l  regression l ine (ratio of mean  
squares -- 4.13; F0.0~,2/59 -- 3.15). The difference be-  
tween the slopes of the individual  l ines  is significant at 
the F0.ol level. 

The data t rea tment  for the Gd dissolution reaction 
was analogous to the HER except that  no pH nor-  
malizat ion was necessary, The i's were measured at 
--0.920V vs. SHE (25~ Results f rom 65 runs  at 12 
temperatures  are shown in Fig. 8, Calculated values are 
given in Table III. A highly significant reduct ion in the 
amount  of deviat ion is obtained by using the high and 
low tempera ture  intervals  as compared to the over-al l  
regression l ine  (ratio of mean  squares : 10.41; 
F0.o~,2/~t : -  4.98). This is due pr imar i ly  to the significant 
difference in the two individual  slopes for which ratio 
--~ 19.20; F0.o1,1/61 -- 7.08. 

Standard EA values were not necessary for this 
s tudy which is concerned only wi th  such changes at 
a given potential.  For  completeness the approximate 
EA'S at the s tandard potentials, Voj, of the H+/H2, and 
Gd ~ + /Gd electrodes were calculated by adding 

Table II. Reaction orders 

Cathodic Anodic 

T (~  p ( H  +) p ( H  +) p (Ac-)  

7.3 1.04 • 0.13 0.10 • 0.15 0.01 -- 0,14 
13,0 1,20 • 0.20 0.01 • 0.08 - -  
17.3 1.13 ~ 0.13 0.02 -~ 0.12 --0.03 -~ 0.19 
21.2 1.08 -~ 0.13 0.01 • 0.12 - -  
27.6 1.11 • 0.11 0.05 ~- 0.15 
25.6 - -  - -  0.04__+ 0.12 

Table Ill. Activation energies 

_ffi "6 . (  

- 7 l  

h 

I ,  , , l l l , l , l , l j l l  
3.3 ~4  5.S &S 

J/T (10~K) 

Fig. 8. An0dic In lil at --0.920V (vs. SHE) vs. 1 /T  

~]F(V  -- Voj) to the exper imental  EA's and are given in  
Table III. 1 

Discussion 
The results can be diVided into two groups: (i) 

t ransfer coefficients and reaction orders relat ing to 
HER at Gd and the anodic dissolution of Gd, and (//) 
the rates of these reactions as a function o~ tempera-  
ture. There is no detectable change in  the quanti t ies of 
the first group over the tempera ture  range  studied. 
This indicates that  the mechanisms of these reactions 
are the same for paramagnet ic  and ferromagnetic 
gadolinium. Both reactions are charge- t ransfer  con- 
trolled under  the conditions of interest;  possible mech-  

1 T h e  Vo va lue  of  t h e  G d / G d  s+ e lec t rode ,  t a k e n  as  --2.29V v s .  
SHE f o r  t he se  ca lcula t ions ,  is b a s e d  on t h e  h e a t  of  so lu t ion  of  Gd 
m e a s u r e m e n t s  g i v e n  by  S p e d d i n g  (24) and  by  D a i r e  (16). T h e  V o 
va lue  usua l ly  quo ted  ( - 2 . 4 0 V )  is based on the  h e a t  of  solution 
m e a s u r e m e n t s  by B o m m e r  (25) w h i c h  h a v e  b e e n  c r i t i c ized  by 
Spedding .  E x p e r i m e n t a l  va lues  at  25~ f o r  S%d (16.267 eu)  (26) 
and  SGd~* (--48.0 eu)  (27) w e r e  u s e d  in the  calculation of t h e  Vo 
proposed  he re .  

and preexpanential factors 

Cathodic temperature  range,  (~  

(5.6-16.2) ( 17.3-29.7 ) 

Anodic temperature  range,  (~ 

(5.6-29.7) (5.6-16.2) (17.3-29.7) (5.6-29.7) 

EA ( k c a l / m o l e )  8.9 • 2.4 16.2 _ 2.9 
in B 8.9 ~ 8.8 21.8 -- 4.9 
No. of r u n s  29  34 
OSSa 1.03627667 1.39671461 
E ~ ( k c a l / m o l e )  b 18 26 

14.5 • 1.4 12.1 -- 2.0 4.9 • 2.3 8.3 • 0.9 
18.9 ~ 2.4 15.0 "4- 3.6 2.6 + 4.0 8,3 ~ 1.6 

63 30 35 65 
3.7997982 0.36068640 0.98830610 1.8085222 

24 25 18 21 

95% conf idence  l imi t s  shown. 
Over-al l  s u m  of  s q u a r e s  of  deviations. 

b EA referenced to standard potentials. 
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anisms have been analyzed (17). Aspects of the ex- 
per imental  temperature  dependence are examined first. 
Deficiencies of a model based solely on changes in 
bulk  energy of the electrode to explain the tempera-  
ture dependence are then discussed. A model based on 
changes in electronic s tructure of Gd on magnetic  
ordering as well as changes in  this s t ructure  near  the 
metal  surface is proposed. 

Two observations of the In i vs. 1/T curves are 
especially pert inent .  (i) The magnitudes of the ap- 
parent  changes in  EA of the HER and the Gd dissolution 
reaction at Tc are almost the same (bu~ in  opposite 
directions).  (ii) For both reactions there is a s imul-  
taneous change in the preexponent ia l  factor in  such 
a way as to give a practically smooth over-al l  In i vs. 
1/T curve. These observations can be rationalized if 
it is recognized that any possible contr ibut ion to EA 
due to "magnetic" order in  the ferromagnetic state 
will decrease as Tc is approached. It is reasonable to 
assume that  such contributions are absent in the para :  
magnetic state and take that as "normal." Then the 
ferromagnetic contr ibut ion to the over-al l  activation 
energy below Tc can be wr i t ten  in  the form 

EF = ~f(T/Tc)E~ [i] 

where f ( T / T c )  -~ 0 as T --> Tc, ~ is a constant, and E~ 
is the energy contr ibut ion at T ---- 0. The assumed form 
of Eq. [1] implies that ~ can be identified with the 
symmetry  factor or Bronsted coefficient appearing in 
l inear  free energy relationships. To this approximation, 
K is a constant  for reactions of similar type and can 
take on the values 0 < K < 1. It is often found that 
h ~ 1/2. 

The magni tude  of EF is apparent ly  the same for the 
HER and Gd dissolution reaction, but  the contr ibut ion 
is such that  the over-al l  EA of the HER is decreased 
while that of the anodic reaction is increased in the 
ferromagnetic state. The cathodic and anodic current  
densities can then be expressed as 

ic ---- Bc exp [--  (Ec,p -- E~)/RT] exp [--~r [2a] 

--ia = Baexp [--(Ea,p + EF)/RT] exp [~aFV/RT] [2b] 

in which tempera ture - independent  terms are con- 
tained in the B factors and Ec,p and Ea,p are the "para- 
magnetic" cathodic and anodic activation energies. Re- 
a r rangement  yields Eq. [3] 

ln ic  -- EF/RT = --1/RT(Ec,p + acFV) + ]n Be [3a] 

In lial + EF/RT ---- --1/RT(Ea,p -- aaFV) -5 l nBa  [3b] 

Application of these equations to the experimental  data 
with sui tably chosen values of K, E~ and the funct ion 
] (T /Tc )  should result  in ( ln i +_ EF/RT) vs. 1/T plots. 
l inear  over the entire temperature  range. Fur ther  dis- 
cr iminat ion of mechanisms is based on the est imation 
of EF and prediction whether  the over-al l  EA'S should 
be increased or decreased by its application. 

At a given potential  vs. a reference electrode the 
electronic energy levels in different metal electrodes 
are considered to be equal. Under  this condition, there 
is essentially no explicit dependence of the rates of an 
electrode reaction on the work functions of different 
metals (28). For reactions in which there is strong 
interact ion with the electrode, differences in these rates 
from one metal  to another are thought to be due pri-  
mari ly  to differences in the adsorption energy of re- 
actant on the metal  (28, 29). The HER, involving the 
adsorption of hydrogen atoms, is the best known ex- 
ample of this type of dependence. For metal  deposi- 
tion and dissolution reactions, the free energies of 
ionic solvation, ionization of the metal  atom, and co- 
hesion of different metals must  also be taken into 
account. 

The results for Gd might be considered to be those 
for two "different" metals, paramagnetic Gd and ferro- 

magnetic Gd. Therefore, the HER results might  be 
interpreted as being due to changes in the energy of 
adsorption of hydrogen atoms. For Gd dissolution, the 
metal  cohesion energy and the energy of adsorption of 
intermediate  adatoms or adions might  be affected by 
the degree of magnetic  order. 

It would be difficult to calculate the energies of 
adsorption and cohesion in detail. They can be esti- 
mated, however, if it is assumed that  they are due solely 
to the bu lk  exchange energy of the metal. The Weiss 
molecular  field theory is the simplest model that can 
be expected to give a reasonable estimate of the over-  
all exchange energy of Gd. Calculations based on this 
theory are given in the Appendix. The calculated con- 
tr ibutions to in  i are quite small even with K ---- 1. At 
the lowest t empera ture  (5.6~ EF/RT is 0.10, and de- 
creases rapidly at higher temperatures.  There is little 
effect on the exper imental  In i vs. 1/T plots, and there 
is still a significant difference between the high and 
low tempera ture  slopes. Since these calculations rep- 
resent an  expected upper  limit, a model based solely on 
over-all  changes in  the bulk  metal  energy as influenc- 
ing the energies of adsorption and cohesion appears to 
be inadequate.  

Consideration of the probable surface properties of 
a ferromagnetic substance also leads to difficulties in  
the interpreta t ion given above. Although lit t le is known 
about these properties, the collective na ture  of ferro- 
magnetism alone leads to an expected decrease in the 
degree of magnetic order near  the surface of a ferro-  
magnet. A recent analysis based on a molecular  field 
model indicates that  near  the Curie tempera ture  the 
relative magnet izat ion near  the surface is (30) 

8 cc (1 -- T/Tc)  [4] 

while the bulk  value is 

6 cc (1 -- TITc)  112 ['5] 

Therefore near Tc the molecular field quant i ty  UM 
should be much smaller  near  the surface than in the 
bulk. Observations of the magnetic properties of thin 
evaporated films of nickel indicate that the apparent  Tc 
decreases with decreasing film thickness (31). A 20A 
Ni film has no spontaneous magnet izat ion at room tem- 
perature, and the magnetizat ion vs. T curves are con- 
siderably flatter than those of the bulk  metal. A similar 
decrease in magnet izat ion with decreasing film thick- 
ness has been reported for electroplated Ni, Fe, and Co. 
These observations indicate that very near the surface 
the electronic s tructure of a ferromagnetic metal  must  
change more or less abrupt ly  to the corresponding 
paramagnet ic  structure. This is expected to be espe- 
cially true near the Tc of the bu lk  material .  

The magnetic ordering in rare earth metals is 
thought to occur through an indirect  exchange mecha- 
nism between the highly localized magnetic 4f elec- 
trons via spin polarized conduction electrons. Gado- 
l inium, one of the simpler examples, shows only fer- 
romagnetic behavior below the Curie point. Conduction 
band and Fermi surface calculations have been made 
for Gd (32, 33). The calculated conduction bands are 
quite different from those of the f ree-e lec t ron  model 
and resemble those of the t rans i t ion  metals. There is a 
high density of states near  the Fermi  level. Ordering 
of the 4f moments  introduces energy gaps in the con- 
ductance bands at or near  the Fermi  surface and 
"destroys" large segments of the surface (34). These 
gaps are about the same magni tude as the exchange 
coupling, Jsf, between the 4f and conduction electrons. 
There is then an exchange split t ing of the conduction 
bands. This splitt ing has been used to explain an ex- 
per imental ly  observed infrared absorption peak of fer- 
romagnetic Gd (35-37). This peak occurs at about 0.70 
eV at low temperature,  shifts to longer wavelengths as 
the temperature  is increased, and disappears above Tc. 
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The shift  correlates  wi th  the  spontaneous magne t i za -  
t i on - t empera tu re  curve  of Gd wi th in  the  accuracy 
l imits  of the  measurements  (37). The va lue  of jsf es t i -  
mated  f rom the "excess" moment  of Gd (i.e., 7.55 ~B 
ins tead of 7.0 ~ )  and the  ca lcula ted  dens i ty  of states a t  
the  Fe rmi  level  is 0.087 eV (34). The va lue  calcula ted 
f rom the  absorpt ion  peak  at  0.70 eV is 0.10 eV. 

I t  is proposed  tha t  the  exis tence of such energy  gaps 
at  or  nea r  the  F e r m i  level  of the  fe r romagnet ic  bu lk  
metal ,  re la t ive  to the  pa ramagne t i c  surface layers ,  
introduces an energy grad ien t  for  the  t r anspor t  of 
electrons near  the meta l  surface. The qua l i ta t ive  fea-  
tures of the  exper imen ta l  resul ts  could be  exp la ined  
if  this g rad ien t  favors  the  t r anspor t  of electrons to the  
e lect rode surface (as in the  HER) be low the  Curie 
t empe ra tu r e  whi le  the t r anspor t  of e lectrons to the  
bu lk  meta l  (as in Gd dissolut ion)  is s imul taneous ly  r e -  
tarded.  The magni tude  of the effect should be the  same 
for the  two reactions,  in  accordance wi th  the  results.  
Fu thermore ,  if  i t  is assumed tha t  E~ can be identif ied 
wi th  Jsf and f(T/Tc) with  8, Eq. [1] becomes, wi th  
K~_l/2 

EF = l~Sjsf [6] 

The appl ica t ion  of this equat ion wi th  Jsf ~ 0.10 eV to 
the  exper imen ta l  points  using Eq. [3] is shown in Fig. 
9 and 10. There  is no significant difference be tween  the 
slopes of the  pa ramagne t i c  and fe r romagnet ic  curves.  
The l ines d r a w n  in Fig. 9 and 10 correspond to the  
pooled high and low t e m p e r a t u r e  slopes and intercepts .  
Al though  the pooled slopes fit the  da ta  qui te  well,  the re  
appears  to be smal l  res idual  changes in the  in tercepts  
( ln Bj) at  the  Curie point.  Due to the  approx imate  

na tu re  of the  model  i t  is not  at  p resen t  possible  to com- 
ment  on the rea l i ty  of these changes. 

An  express ion for the  mixed  poten t ia l  of the  elec-  
t rode  can be obta ined  f rom Eq. [2] by  set t ing ic equal  
to liaI. Using EF f rom Eq. [6], VM is g iven  by  

VM--  (aa ~- ac)F  3sf~"~Ea'p--Ec'p"~RTln~Ca 

[7] 

In te rms of the  pooled EA'S (both  referenced to the  
SHE) and pooled intercepts ,  VM can be eva lua ted  as 

VM ---- 0.1375 --  1.663 + 2.025 • 10-8T (volts)  [8] 

Calcula ted  values  of VM as a funct ion of t empera tu re  
are  shown in Fig. 11. The magni tude  of the  changes 
and  shape of the  curve agrees  wel l  wi th  the  exper i -  
menta l  curve (17). Good agreement  is also obta ined 
wi th  Daire 's  (15) da ta  in 0.1M GdC1, a f te r  fitt ing the  
second and th i rd  terms of Eq. [8] to the  "pa ramag-  
netic" pa r t  of his data. 

The deduct ion  of Eq. [6] is admi t t ed ly  rough and 
intuit ive.  One of the  ma jo r  assumptions  concerns the  
di rect ion of the  proposed  energy  gap gradient .  Photo-  
emission resul ts  (38) for Gd indicate  tha t  the energy 

_=.= 

u~-~ 

-g 

l IT  (I 0~/K) 

Fig. 9. Cathodic In Ii[ - -  Ef/RT vs. I / T  

u.i 

,q/ 

I I I I I I [ L t ~ I I I I ! 
34  e 

~/T (~O)K) 

Fig. 10. Anodic In [i I @ Ef/RT vs. 1/T 

"1.0 9 

Q> "IDE 

g, 

- tD!  

'-1.04 
I-- 

--I tO~  - -  

o 

I ,L J I 
K) 20  2 5  

TEMPERATURE (o C ) 

Fig. 11. Calculated mixed potential vs. temperature 

dis t r ibut ion  curves a t  --80 ~ and 25~ a re  ident ica l  in 
shape (the resolut ion was 0.1 eV).  The curve at  --80~ 
is shif ted to h igher  energies  by  a b o u t  0.03 eV f rom the 
25~ curve. In te rmedia te  t e m p e r a t u r e  resul ts  l ie  be -  
tween  these two curves. This gives a rough indicat io~ 
that  the  F e r m i  level  is h igher  in the  fe r romagnet ic  
state than  in the  pa ramagne t ic  s ta te  and supports  the  
proposed direct ion of the  energy gradient .  Al though  
the identif icat ion of j~f as the  over -a l l  energy  change 
may  be an oversimplification, the  expe r imen ta l  resul ts  
are  adequa te ly  represen ted  by  the magni tude  and t em-  
pe ra tu re  dependence  of this quant i ty .  

Conclusions and Impl icat ions 
The proposi t ion given above is an a t t empt  to expla in  

the exper imen ta l  resul ts  in t e rms  of the  magnet ic  
proper t ies  of gadol inium. I t  is, in part ,  con t ra ry  to most 
of the commonly  accepted notions of the  role of a meta l  
e lectrode in e lectrochemical  reactions.  I t  is difficult to 
ra t ional ize  al l  of the  observat ions  in te rms of ac-  
cepted theories.  Al though Gd m a y  represen t  a special  
case, it  is fel t  tha t  a t t empts  to app ly  f ree -e lec t ron  
models  to rea l  meta ls  and ignoring possible changes 
in electron s t ruc ture  ve ry  nea r  the  meta l  surface can-  
not be expected to yield a quant i t a t ive  descr ip t ion  of 
the e lect rochemical  behav ior  of a me ta l  electrode.  

Acceptance of the  proposed  model  impl ies  tha t  s imi -  
l a r  considerat ions m a y  also app ly  to Fe, Co, and  Ni. 
Al l  are  fe r romagnet ic  at  t empera tu res  no rma l ly  en-  
countered in e lect rochemical  measurements ,  and the r -  
mal  behavior  s imi lar  to tha t  considered here  is not  
expected.  Al though  speculat ive,  i t  is possible  tha t  some 
pecul iar i t ies  of the i r  e lect rochemical  behavior  m a y  be 
pa r t i a l l y  expla ined  in te rms of the model  given here. It 
is known that  chemisorpt ion of some species can a l te r  
the magnet iza t ion  of ve ry  smal l  " superparamagnet ic"  
par t ic les  (39). Chemisorpt ion  on Fe, CO, and Ni elec-  
t rodes might  also modify  the  "magnet ic"  proper t ies  of 
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the surface relative to the bulk metal and influence any 
existing gradient. It is l ikely that the initial stage of 
anodic passivation of these metals is accompanied by 
the adsorption of an oxygen anion (40). This adsorp- 
tion may result in an increase in the gradient (and in- 
crease in activation energy) for metal dissolution. The 
consequent "electronic inhibition" could be par t ia l ly  
responsible for the abrupt  and pronounced onset of 
passivity for these metals when only a very thin "film" 
is present. 

Acknowledgments 
The authors gratefuly acknowledge the financial sup- 

port of the Robert A. Welch Foundation of Houston, 
Texas. D.W.D. would also like to thank the Phillips 
Petroleum Company for financial assistance. 

Manuscript submitted June 4, 1975; revised manu- 
script received ca. March 23, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1977 JOURNAL. 
All discussions for the June 1977 DiscuSsion Section 
should be submitted by Feb. 1, 1977. 

Publication costs o] this article were assisted by 
Rice University. 

APPENDIX 

In the Weiss molecular field theory the total ex- 
change energy contribution to the internal energy of 
the solid is (41) 

UM : -- �89 (O) 262 [A- la ]  

where 7 is molecular field constant, ~ = Ms(T)/Ms(O), 
and Ms(T) is the saturation magnetization at the 
temperature T. Using • calculated from the Tc and the 
experimental value of Ms(O) (42), UM can be esti- 
mated as 

UM_~ --7.0 • 10282 (eal/mole) [A-Ib] 

The experimental temperature variation of 8 near the 
Tc of Gd can be represented by the Brillouin function 
with J -- 7/2 

2J+l 2 J + l  
5 --  coth x --  1/2J coth (x/2J)  [A-2a] 

2J J 
where 

x = (3J/J + 1) (Tc/T)8 [A-2b] 

For the experimental  temperature range discussed 
here, T --> Tc and a series expansion of the coth y terms 
of Eq. [A-2a] can be used to obtain an explicit ex-  
pression for 8 in terms of TITc. 

Using the above assumptions and Eq. [A-la]  and 
[A- lb]  the magnitude of the exchange contribution 
to the EA's can be expressed as 

EF ---- ( ~ / 2 ) M s ( O ) ~  ~ [A-3a] 

EF___ 7.0 X l0 S K52 (cal/mote) [A-3b] 

where I (T /Tc )  is identified as 62. 
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The Conductance of Heptyl Viologen Dibromide 
in Water and Methanol 
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ABSTRACT 

The conductance of heptyl  viologen dibromide in water  and  methanol  has 
been measured. The data have been  treated according to the theory of Murphy 
and Cohen, extended to account for incomplete dissociation. In  water, heptyl  
viologen dibromide is completely dissociated; in methanol,  the dissociation of 
the second bromide ion is incomplete with a dissociation constant  K _-- 5.5 X 
l0 S. The heptyl  v~ologen ion obeys the Walden rule i n  these two solvents. 

The 4.4 ' -dipyridinium compounds (I) kno.wn as the 
viologens form a group of 2-1 electrolytes, which are 
interest ing because of their  abil i ty to form stable, 
colored radical ions on reduction. This property proves 
to be very  useful  since it provides the basis of a 
feasible electrochemical display (1) 

R - -  - -R,  2X - 

I : dipy X2 

We found that  with a proper choice of the subst i tuent  
R and the anion X -  in  (I) the reduced form is in -  
soluble in water. This is not the case in organic sol- 
vents such as acetonitrile, acetone, or methanol.  We 
also observed that  the reduct ion potentials depend on 
the anion concentrat ion only for the case of water. We 
have explained these differences in  behavior  as fol- 
lows (2). In  water  the electroactive species is the com- 
pletely dissociated ion dipy 2+ but  in  organic solvents 
one X -  remains  attached and dipy X + is reduced in-  
stead, i.e., we have the following reaction scheme 

in  water  
dipy 2 + + e ~ dipy + 

dipy + ~ X -  ~ (dipy X) solid 

in  organic solvent  

dipyX + ~ e ~ (dipy X)solv 

In  order to check the above hypotheses, we have mea-  
sured both in water  and in  methanol  the ionic con- 
duct ivi ty of heptyl  viologen dibromide as a much-used 
representat ive of the viologen. In  this way one should 
be able to obta in  informat ion on the presupposed degree 
of dissociation. Methanol  was selected as the organic 
solvent because accurate measurements  of t ransference 
numbers  in  that  solvent are available and from these 
the equivalent  conductance of some anions. 

Experimental 
MateriMs.~Heptyl viologen dibromide was prepared 

using the Menschutkin reaction as described previously 
(2). The product was recrystallized twice from ethanol, 
the first t ime with norit.  Benzene was added and the 
ethanol distilled off azeotropically. After  fil tration the 
remain ing  benzene was removed in vacuo unt i l  con- 
stant  weight was attained. The analysis of B r -  gave 
the theoretical value;  the optical density of a 0.1 mole 
l i ter  -1 solution in  water  at 400 nm was less than  0.07. 

The water  used was obtained by disti l l ing deionized 
water  to which some NaOH pellets and some KMnOa 
crystals had been added. The resul tant  l iquid was 
distilled twice unde r  ni t rogen in  a quartz still. Con- 

Key words: viologen, conductivity, electrochromic, display. 

ductivi ty was better  than 0.4 X 10 -6 ohm -1 c m-1.  
Methanol p.a. from Merck was used as received. Con- 
ductivi ty was 0.6 X 10 -6 ohm -1 cm -1- Potassium 
chloride suprapure  from Merck was dried to constant 
weight. 

Measurements.--All solutions were prepared by 
weighing. Cell constants were determined according to 
Lind et aL (3). Cell resistances were measured wi th  a 
Jones conductivi ty bridge 4666 from Leeds and North-  
rop using 0.4 Vrms at 1 kHz as input  signal. The output  
signM was fed to a Phill ips PM 7835 synchronous am-  
plifier. The two d-c outputs of this amplifier were made 
to vanish by the ad jus tment  of the bridge. A series of 
measurements  was done at different frequencies of 1, 
2, 5, and 10 kHz. Extrapolat ion to imCinite frequencies 
showed a polarization error of 0.04%. The cells were 
immersed in a 70 l i ter  oil ba th  kept  at 25 ~ ~- 0.02~ 

Equations ]or the conductivity.--For the. analysis of 
the conductivity data we have used the theory of 
Murphy and Cohen (4), which is an improvement  of 
the Fuoss-Onsager  theory and applicable to asymmetric 
electrolytes. This means that for any electrolyte a dis- 
tance of closest approach can be calculated from con- 
ductance data. It also means that deviations from the 
theory expected for what  we call weak electrolytes can 
be detected on the same basis for asymmetric  electro- 
lytes as for symmetric  ones. These deviations are ac- 
counted for in  the usual  way (5); we start  from the 
expression for the equivalent  conductance Ath given by 
Murphy and Cohen's theory (see Appendix)  

Ath ------ Ao Jc Alfl• Jc A21(;~K)2 In ~ + A2(;~) ~ [1] 
where 

I1/2 
~K---- 8.4042 X 106X Iz+ z - [ -  

(DT)a/2 

and I ~ ionic strength ---- 1/2 ~ zi 2 e~; ci ---- concentrat ion 

of ion i in mole l i t e r - l ;  D ---- relat ive dielectric constant 
of the solvent; T -- tempera ture  in ~ z~ ----- valency of 
ion i. This equation is used to fit conductivity data with 
a least squares method; A1 and A21 are given by the 
theory while Ao and -~2 are adjustable parameters.  Ao 
is the conductance at infinite dilution and A2 is a func-  
t ion of the distance of closest approach, a, between the 
ions. Once A2 is determined exper imental ly  a can be 
calculated from the expression for A2 given by Murphy 
and Cohen. 

If the electrolyte Az2Bzl is not completely dissociated 
the following equi l ibr ium exists 

A~I ~- B~2 ~ AB~I+~2 [2] 

with equi l ibr ium constant 

[ABzl+z2] 
K1 -- [3] 

[A~I] [B~] 
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W h e n  the  e l ec t ro ly t e  is a s y m m e t r i c  the  species ABzl+z~ 
is cha rged  and  con t r ibu tes  to the  conduct iv i ty .  This  
m e a n s  tha t  we  n o w  h a v e  a m i x t u r e  whose  conduc t iv i t y  
can be ca lcu la ted  us ing  t h e  " m i x t u r e  ru l e "  (6).  I f  a 
f r ac t ion  al of A~i is p r e s e n t  this  ru l e  s ta tes  t ha t  t he  
specific conduc t ance  of t he  m i x t u r e  is g i v e n  by  

p-lraixt --~ alp -1 ( A zi, Bz2 ) + (1 --  a l )p  - I  ( ABzi + z2, Bz2) 
[4] 

w h e r e  p- l (Az l ,  Bz2) is t he  specific c o n d u c t i v i t y  of 
Az2Bzi at t he  to ta l  ionic  s t reng th .  Le t  us n o w  suppose  
tha t  tlae on ly  d i f fe rence  b e t w e e n  Azl and  ABzi + z2 is t he  
e lec t r ic  charge .  In  tha t  case t h e y  h a v e  the  same  m o b i l -  
i ty  and  d i s tance  of closest  a p p r o a c h  t owards  B~2 and  
t he i r  e q u i v a l e n t  conduc tances  can be  ca lcu la ted  f r o m  
[1]. N o w  A ---- 1~pc w h e r e  c is the  e q u i v a l e n t  concen t r a -  
t ion accord ing  to c = ]z~lci. The  e q u i v a l e n t  concen t r a -  
t ion of the  comp le x  e l ec t ro ly t e  ABz~+z~, Bz2 is  t h e r e -  

fore  g iven  by  ]]Zlj --  [z2] ]cl or }z2t ]Cl -- c2[ and we  
h a v e  

1 
Amixt -- 

pmixtC 

f r o m  w h i c h  

a l  

I I z l l -  lz211 
= al A(Azi,  Bz2) + (1 -- ~i) 

izll 
X i(ABzl+z2,  Bz2) [5] 

[ [ z l [ -  l z 2 l l  
Amixt - -  A (ABel+Z2, B~z) 

lzxl [6] 
l ] z i l -  ]z211 

a (Az4 Bz2) -- A (ABzi  + z2, Bz2) 

I n t r o d u c i n g  ~i in to  [3] w e  h a v e  

( 1  - -  al)  ci f •  (ABZl§ Bz2) 
Ki  --  [7] 

~1c1{c2 --  (1 -- " 0  ci}f_+ (A% Bz2) 

w h e r e  In f_+ = --  1/~ ~K d i f fe ren t  ~or t he  d i f ferent  
species because  of  ~. 

I n t r o d u c i n g  a cons tan t  7 def ined by  

7C -- ]Zll alCl + []ZX[ --  lz2] I (1 --  a l )Cl  [8J 

we  can  r e w r i t e  [7] as 

a le  f_+ (Azi, B*2) 
ai = 1 - -  Iz2] KI~ :f• (A zi+z2, Bz2) [91 

wh ich  becomes  w i t h  the  he lp  of [6] 

1 1+_ (Azl, Bz2) 
Amixt " - "  X (AZl, Bz2) -- __lz2--~" Kic'yf+_ (ABZl+Z2, B ~  ) 

Whi le  check ing  the  ca lcu la t ions  w i t h  m e a s u r e m e n t s  
t a k e n  f r o m  the  l i t e r a tu re ,  i t  was  found  tha t  in so lvents  
w i t h  a smal l  d ie lec t r ic  cons tan t  n e g a t i v e  va lues  for  al 
a re  obta ined.  This  points  to the  f o l l o w i n g  e q u i l i b r i u m  

ABzi +z2 + Bz2 ~--- ABzi + 2z2 [11] 

w i t h  co r r e spond ing  cons tan t  K2 g i v e n  by  

[ ABZl + 2z2] 
K2 = [12] 

[ABzi + z2] [Bz2] 
Wi th  7 def ined by  

~c ~ ~cl  + l l z i l -  ]z211 ( 1 -  ,~x),~2cl 

+ ]lz~l - 2 lz~[] (1 - ~i) ( i  - a2)c, [13] 

we h a v e  s imi la r  to [7] 

and 

(I -- ~I) ~2 1 f •  (Azl, Bz~) 
-- - - . K i c 7  

~1 [Z21 i +- (ABzi+z2, B z2) 
[14a] 

1 -- ag. 1 f-,- (ABZl+Z2, Bz$) 
- -  --  - -  K2c~ [14b] 

F r o m  the  m i x t u r e  r u l e  we  find al in t e r m s  of the  
e q u i v a l e n t  conduc tances  of t he  d i f fe ren t  species in  the  
m i x t u r e  as in [6]. Combin ing ,  we  ob ta in  f inal ly  

1 f ]+-(Az4Bz2) 
Amixt - -  k (Az i ,  Bz2) -- " ~  Klc7  ]--- (AB zi+z2, Bz2) 

J f+  (A~i, B~2) t + "~-~  KiK2 (c7) 2 - 
1+- ( ABzi  + 2z2, B z2 ) 

• {Amlxt--a2( I- zi--Z2 ) A ( A B z l + z 2 ,  Bz2 ) 

T h e  ca lcu la t ion  p roceeds  as fo l lows:  w i t h  s o m e  as-  
s u m e d  v a l u e  for  t he  e q u i v a l e n t  conduc tance  a t  in-  
f ini te  d i lu t ion  Ao, •rnixt is a p p r o x i m a t e d  and us ing  Eq. 
[6] and [8] a set  of va lues  for  ~ is obta ined .  W i t h  these  
the  Amixt is co r rec t ed  and  a n e w  set of v 's  is obta ined.  
This  process  is r e p e a t e d  un t i l  it is i n t e r n a l l y  consistent .  
Wi th  a leas t  squares  method ,  va lues  for  A2 of Eq.  [1], 
K1 and K1K2 are  ca lcula ted .  I n  this  r u n  a2 is t a k e n  to be  
equa l  to 1, f r o m  K2 a set  of a2 va lues  is obta ined,  and 
the  w h o l e  p r o c e d u r e  is repea ted .  I f  K2 < 0, t h e n  K2 is 
pu t  equa l  to 0, the  ca l cu la t ion  s tar ts  again;  i f  n o w  Ki  
< 20, K1 is also a s sumed  to vanish.  The  reason  for  r e -  
j e c t i ng  smal l  pos i t ive  K1 va lues  is t ha t  t he  A2 and the  
K1 t e rms  in [14] or  r a t h e r  [9] t h e n  show a lmos t  t he  
same concen t r a t ion  d e p e n d e n c e  and d i sc r imina t ion  be -  
t w e e n  t h e m  becomes  difficult. W i t h  t he  va lues  for  the  
p a r a m e t e r s  ob ta ined  in  this  way,  the  w h o l e  p r o c e d u r e  
is aga in  r e p e a t e d  u n t i l  consis tent .  F r o m  A2 a v a l u e  for  
the  d i s tance  of closest  approach,  a, is de t e rmined ,  
wh ich  p rov ides  a check  for  the  accep tab i l i ty  of the  
p rocedure :  A2 is a sens i t ive  func t ion  of a and  on ly  a 
sma l l  range,  d i f fe ren t  for  d i f fe ren t  e lec t ro ly tes ,  co r r e -  
sponds w i t h  phys ica l ly  r ea sonab le  values .  

As an  example ,  we  h a v e  ana lyzed  the  p rec i s ion  da ta  
(7) of the  conduc t iv i t y  of KC1 and NaC1 in m e t h a n o l  
(Tab le  I ) .  The  d i sc repancy  b e t w e e n  Gordon ' s  resu l t s  
and those  of Eve r s  and of  F r a z e r  r e m a i n s  and is 
worse  in fact  s ince Gordon  used 31.52 fo r  t he  d ie lec t r ic  
cons tan t  of methanol .  Eve r s  and F raze r ' s  r esu l t s  ag ree  
to 0.02% w h e n  t r e a t ed  in t he  s a m e  way,  bu t  a r e  s t i l l  
incons i s ten t  w i t h  t he  t r a n s f e r e n c e  n u m b e r s  of G o r d o n  
(8),  Ao for  KC1 be ing  too l a rge  and for  NaC1 too small .  

F r aze r ' s  da t a  for  AgNO~ w e r e  also t r e a t ed  because  
this  was the  one e l ec t ro ly t e  tha t  did not  g ive  the  cor -  
rec t  s lope  at inf ini te  d i lu t ion ;  i t  does w h e n  a s l igh t  
associa t ion is t a k e n  into  account .  

Table I. Parameters for some salts in methanol at 25~ 

Substance Source Ao (lit.) Ao --A1 A2~ A2 a(A) R e m a r k s  

KC1 Gordon 104.78 104.62 27.77 4.330 3.17 3.76 
KC1 Frazer 105.05 104.94 27.80 4.357 0.02 3.42 
KC1 Evers 104.93 104.90 27.80 4.353 1.93 8.59 
NaC1 Gordon 97.61 97.45 27.07 3.732 4.44 4.31 
NaC1 Frazer 96.95 97.17 27.04 3.700 4.56 4.34 
NaC1 Evers 97.25 97.23 27.05 3.714 4.27 4.28 
AgNO~ Frazer 112.95 110.77 28.37 4.842 --4.22 3.02 Kx = 42 
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Fig. 1. Equivalent conductance of heptyl viologen dibromide, 0 
in water, + in methanol. 

Results and Discussion 
In  Table  II  the  equiva len t  conductance of heptyl  

viologen d ib romide  in wa te r  and in methanol  is given. 
In  Table  I I I  and Fig. 1 the  resul ts  of the  analysis  for  
this compound are  given. I t  is seen that  in wa te r  this  
compound behaves  as a s t rong e lec t ro ly te  and that  
the re fore  the  species d ipy  2+ occurs exclusively.  In  
methanol  however,  a finite K1 va lue  is needed  to fit 
the  results,  cor responding to a degree  of dissociat ion 
~l = 0.34 at  a concentra t ion of 0.004 mole  l i t e r - L  Here  
(d ipy  X) + is the  p redominan t  species. These conclu- 
sions suppor t  the  react ion scheme of the  reduct ion  of 
viologen given in the  introduct ion.  The s imi la r i ty  be-  

Table II. Equivalent conductance of heptyl viologen dibromide 
at 25~ 

I n  w a t e r  I n  m e t h a n o l  

C X 10 a o h m  -z c m  ~ c x 10 ~ o h m  -~ c m  2 
e q u i v .  1 -z e q u i v .  -z e q u i v .  1 -x e q u i v .  -~ 

1,274 110.90 1.459 102.73 
1,897 110.46 3,676 95.36 
5.198 108.92 3,789 94.19 

10.185 107.34 6.326 87.85 
12,646 106.99 10.964 79.47 
17,330 105.57 13.290 79.53 
48.325 100.34 21.816 70.75 
93.123 95.21 41.970 62.08 

Table III. Conductance parameters of heptyl viologen dibromide 

Sol- 
vent  Ao --Az As' A~ a(A)  K1 Remarks 

W a t e r  112.73 28.38 --1.223 --6.78 3.74 0 a l  = 0.34 
M e t h  - 

a n o l  112.48 23.15 2.105 --9.69 4.15 546 A t  e = 0.002 
e q u i v .  1 -~ 

tween  t h e A o  values  in the  two  solvents  is r emarkab le ;  
this is also observed  for some other  b i s -qua t e rna ry  
ammonium or p:~ridinium compounds (9). The  Walden  
product  of these compounds for the  posi t ive ion mo-  
bi l i t ies  only  is found to be constant,  for hep ty l  viologen 
0.309 in wa te r  and 0.305 in methanol .  This ion obeys 
Stokes '  l aw and this implies  that  i t  moves f ree ly  and 
is not solvated. Because of this a comparison of r educ-  
tion potent ia ls  in different  solvents  is meaningful .  

Lastly,  we note tha t  the dis tance of closest approach,  
a, is about  4A. The same o rde r  of magni tude  is found, 
when analyzed  in the  same way, for FUoss' bo la form 
elec t ro ly tes  (9),  which  have  a charge  d i s t r ibu t ion  
s imi lar  to the  viologens. The  magni tude  of the  molecule  
as a whole  is immater ia l ,  the  anions seek t h e  l o c a t i o n s  
of the posi t ive charge. Fuoss et al. obta ined l a rge r  
values  (about  7A) f rom the i r  dissociat ion constant.  
This constant, however,  describes more  than  the known 
electrostat ic  interact ions  in contrast  to Murphy  and 
Cohen's A2 function. 

Manuscr ip t  submi t ted  June  13, 1975; revised manu-  
script  received Sept. 22, 1975. 

Any  discussion of this pape r  wil l  appear . in  a Discus- 
sion Sect ion to be publ i shed  in  the  June  1977 Jou~N,~. 
Al l  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb 1, 1977. 

Publication costs of this article were assisted by 
Philips Research Laboratories. 

A P P E N D I X  

For  convenience, the  expressions for  the  different  
coefficients in  Murphy  and Cohen's equat ion a re  given 

q2Ao eF 
At= + ( z l + z 2 ) - -  

3 ( 1  + q )  6~'q/~ 

( the Onsager  slope) 

q 2Ao (Zl_}_Z2) eF ( q 2 ( Z l - } - z 2 ) 2 )  

T -  2zlz  
where  n = the  viscosity of the  solvent;  F = the  F a r a -  
day  constant;  e = e l emen ta ry  charge 

Kziz l 
q =  

izl[ + Iz21 Izl[Ao ~1~ + [zflAo C2~ 

where  Ao (i~ is the  equiva len t  conductance of ion i a t  
infinite dilution. 

q 2 A ~  [ 
A2 = - -  --1.154430 

6 

6q ~- 15q 2 + 21q 3 -- 13q 4 -- 35q 5 -~ 6q 6 
+ 

12q2(i + q) (1 -- q2) 

2 - - q 2 ( 1 - - q 2 )  in ( 2 + q )  1 - - 2 q  2 l n ( l + 2 q )  
2 (1 - -q2)  i - - q 2  

(1 - -  q 2 ) 2  In (1 + q) + El (b)  - -  [eb(23b 2 + 9b + 12) 
2q 2 

--6b 3 - 8 b  2 - 9 b -  12](18b 8)-I 

2z,z2(1 ---- q2) 3 1 -- q2 2 +----~ 

eF([z]] -t- Izf[) ]- 18q + 61q 2 -t- 21q 3 --  6q 4 

4- 6~l/~ [ 48q2( 1 4- q) 

+ [ ( 1 - - f q + q f + q 3 - - q S )  l n ( 1 W q )  

- -  (1 -t- q f ) ( 1  - -  q )  I n  (1  - -  q )  

- -  ( 2 - F q + q 2 + 5 q ~ - - q S )  i n ( 2 + q ) - 4 -  ( l + q f )  

• (2 -- q) In (2 --  q)]  (8q8) -1 -t- ( q f b ) - i  
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1 
-{- -~- [El(b) -- 1.154430] 

+ [eb(--5bh--36b4~-30ba + 3 0 b 2 - - 1 8 b - - 3 6 )  

+6b4--45b3+6b2+54b+36](108bh)-I 

- ( q ~ z ~ z ~ . ) - ~  = ~ . T ~ - - 2 )  z~ z2 

( 1) 
+ (Z12q2zlz2+ zz)2 0.577215 -t- In 3 -- In b A- ~- 

eF(Zzll + 1~21) [ 
- -  [eb(b4+ 5b a + 3b 2 -  12b + 6) 

72~flAob 4 L 

9 b4 3 b S . t - 6 b 2 + 6 b - - 6 ] ]  
2 

Murphy and Cohen define the exponent ia l  integral  
E i ( - - x )  only for x > 0. For  x < 0 we have used in  our 
calculations the principal  value of this integral.  It is 
easily shown that  for x > 0 

E l (x )  - - - P P  dt 
t 

= E i ( - - x )  + 
2x2k+l 

k=0 (2k + 1) (2k + 1)! 
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Concentration Profile of CuSO  in the 
Cathodic Diffusion Layer 

Yasuhiro Awakura and Yoshio Kondo 

Department of MetaZlurgy, Kyoto University, Sakyo-ku, Kyoto 606, Japan 

ABSTRACT 

The concentrat ion profile of CuSO4 in the cathodic diffusion layer  which is 
accompanied by the upward na tura l  convection along the plane vertical cathode 
was measured by holographic in ter ferometry  in aqueous solutions containing 
0.05 and 0.1 mol / l i te r  CuSO~ The measurement  was conducted at various 
heights from the lower edge of cathode. The cathodic cur ren t  densi ty was also 
varied. The theoretical expressions of the concentrat ion difference between 
the cathode surface and the bu lk  electrolyte and the thickness of the diffusion 
layer  were derived under '  the assumption of un i form cathodic current  density 
distribution. Exper imental  results obtained at the current  densities far lower 
than  the l imit ing value were in good agreement  with the theoretical value. 

Since it was recognized (1-3) that the na tura l  con- 
vection along the surface of a plane vertical  electrode 
plays an impor tan t  role in the electrolysis of an un -  
stirred aqueous solution, many  theoretical and experi-  
menta l  studies have been carried out on the velocity 
profile of vertical  convective flow in the hydrodynamic 
boundary  layer  (4-7), the concentrat ion profile in the 
diffusion layer  (8-10), and the resul tant  distr ibution 
of local current  densities on the electrode surface (11- 
13). This convective flow is caused by the density dif- 
ference between the solution in the diffusion layer  and 
the bu lk  electrolyte: t h e  direction of convective flow 
is upward or downward  depending on whether  the 
densi ty in the diffusion layer  is lower or higher than  
in the bulk  electrolyte. 

Wagner  (2) studied the vertical dis t r ibut ion of the 
l imit ing current  density on the surface of a copper 
plane cathode which is solely determined by the t rans-  
fer rate of Cu 2+ ion through the diffusion layer. He 
also measured the average l imit ing current  density on 

Key words: vertical electrode, holographic inters nat- 
ural convection, ionic diffusion, 

the copper plane vertical  cathode of different heights 
and demonstrated that the exper imental  results were 
in excellent agreement  with the theory. 

Industr ia l  electrolytic refining and plat ing are usu-  
ally conducted below the l imit ing current  density. In  
this region of lower cathodic current  densities, Asada 
et al. (13) proposed a theoretical procedure of calcu- 
lat ing the distr ibution of current  density on a plane 
vertical  cathode immersed in  an unst i r red  electrolyte. 
In order to verify the theoretical current  density dis- 
tr ibution,  Asada weighed the electrodeposited copper 
after cutt ing the cathode plate into slices in  the hori-  
zontal direction. 

A few exper imental  studies have been made, on the 
other hand, to measure the concentrat ion profile of 
CuSO4 in the diffusion layer  near  the cathode surface. 
However, the thickness of this diffusion layer is about 
0.1 cm or less, and the measurements  were difficult. 
The measur ing precision of the freezing method con- 
ducted by B'renner (8, 9) is supposed to be insufficient. 
An optical measurement  using the technique of J amin  
interferometry was proposed by Ibl  (10). In  this mea-  
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surement ,  however,  the optical  precis ion imposed on 
the e lect rolyt ic  cell is so s tr ict  tha t  only cells of smal le r  
size can be used because of the difficulty in the  p rep -  
arat ion.  Thus Ibl  measured  the concentra t ion profile of 
CuSO4 at a height  of only  0.9 cm f rom the lower  edge 
of cathode. 

Holographic  in t e r f e rome t ry  (14-16) is employed  in 
the  present  work  to measure  the  concentra t ion  profile 
of CuSO4 in the cathodic diffusion layer .  One m a j o r  
expe r imen ta l  advan tage  of this technique is the  em-  
p loyment  of common pa th  interference,  which is d i f -  
ferent  f rom the t w o - b e a m  in te r fe rence  used in the 
above-men t ioned  5amin in te r fe romet ry .  Because of 
this advantage,  it  becomes possible to measure  the con- 
cent ra t ion  profile along the surface of a t a l l e r  p lane  
cathode ins ta l led  in a large  e lect rolyt ic  cell  of lower  
optical  precision.  

Theoretical 
In the  hydrodynamic  b o u n d a r y  layer ,  a volume ele-  

ment  of (d • l • dx)  is p resumed  at  a he igh t  x f rom 
the lower  edge of cathode. The in t eg ra ted  Nav ie r -  
Stokes equat ion (5) concerning this volume e lement  
is expressed as 

f f d--'x u2dy = c~g ody -- ~ [I] 
y=9 

The mass balance equat ion of Cu ~+ ion is 

d s 6 ( 1 - - * t l )  
uedy -- [2] 

z lF  

In order  to in tegra te  Eq. [1] and [2], i t  is p resumed 
according to Ibl  (5) tha t  the  concentra t ion profile of 
CuSO4 in the  diffusion layer  and the veloci ty  profile 
of upward  convective flow in the  hyd rodynamic  bound-  
a ry  l aye r  a re  expressed by  the fol lowing equat ions 

o=o i--~ [3] 

1 u---- ~ - - 1  L-- - -~  for0<y_<_~= | 

[4] 

respect ively.  In  these equations,  ~ = nT and g --  
(e-t- 1)~. Subs t i tu t ion  of Eq. [3] and [4] in Eq. [ ~  
and [2] y ie lds  upon in tegra t ion  

o =  ~o- ~-ZT/T . . .  _ _  [ 5 ]  

and 
d i(1 -- *ti) 

-- (u=e~)  = [6] 
~l(~--  1) dx  z iF  

respect ively .  The te rm on the l e f t -hand  side of Eq. [1] 
is much smal le r  than each te rm on the r i gh t -hand  side 
of the  same equat ion (2), and i t  was omi t ted  in Eq. 
[5]. The symbol  @ in Eq. [6] is 

1 bJ + 2 
i] -- ~l~'+lB~/~ (~ + i, ~ -{- I) 

~ ~.(~ -- I) J 

and 

s Ba(b, c) = t b - i ( l  - -  t ) c - l d t  

By e l iminat ing  um f rom Eq. [5] and [6], we have  

(~g d 6 ( 1 - -  *tl) 
"(w -~- 1)~12~." " -~  d"-~ (8302) --  z1F 

[7] 

[8] 

[93 

On the other  hand, the mass t rans fe r  equat ion of 
cation and anion on the cathode surface are  wr i t t en  as 
(3) 

+ cut [i0] 
Zt F y=O y=O 

and 

_ [ 1 1 j  
0 : k 2  -~Y y=0 k d y / y = o  

respect ively.  The first and second te rms on the r igh t -  
hand side of Eq. [10] and [11] represen t  the  ra te  of 
mass  t ransfe r  due to diffusion and migrat ion,  respec-  
t ively.  Af ter  e l iminat ing  the t e rm  (dr in  Eq. 
[10] and [11] which represents  the poten t ia l  g rad ien t  
on the  cathode surface, we have 

where 

--  D [12] 
z1F y=0 

U2 
*t2-- 1 - - * t i =  

U1 + U2 

k2Ui -b kiU2 
D-- 

Ui ~ U2 

Subst i tu t ion  of Eq. [3] in Eq. [12] y ie lds  

~DO i ' t 2  
- -  _ - -  [i3] 

6 z l F  

It  is noted that  Eq. [9] and [13] are  the  basic equa-  
tions of mass t ransfer  in the  cathodic diffusion l aye r  
which  is accompanied by  u p w a r d  na tu ra l  convection. 
The solution of s imul taneous  Eq. [9] and [13] under  
the assumption tha t  O ~ *c, for  example ,  reveals  the  
d i s t r ibu t ion  of the  local  cur ren t  densi t ies  and the  th ick-  
ness of the diffusion l aye r  at  the  l imi t ing  cur ren t  den -  
sity. Fur the rmore ,  by  combining Eq. [9] and [13] wi th  
the Laplace  equat ion in the  fo rm of h~ : 0, which de-  
t e rmines  the  potent ia l  d is t r ibut ion  wi th in  the  e lec t ro-  
lyt ic  cell and the ra te  equat ion of e lectrode reactions,  
it  is possible to obta in  the genera l  solut ion which  holds 
below the l imi t ing current  densi ty.  

When the cur ren t  dens i ty  i s  lower  than  about  one-  
half  of the  l imi t ing value, it  was shown (12, 17) tha t  
the  local cur rent  dens i ty  is regarded  as being equal  
f rom bot tom to top of the  cathode surface. Under  this 
condit ion of i ---- const, the  fol lowing expressions of 
concentrat ion difference and diffusion layer  thickness  
are obtained f rom Eq. [9] and [13] 

~lE *t2 ( ziF~D2 ) 1/5 
~c = O--  - -  i4/5x 1/5 [14] 

ziFD ga*t2 

~ = ~E ( ZlF~D2 )115 i-'15x'/5 [15] 
g oz * t2 

where  
E__ [ ~ 2 ( ~ 1 ) ~ . ]  1/5 

@713 

Fur thermore ,  the modified Grashof  number  of 

ga * t2ix 4 
Gr* ---- �9 [16] 

z lF~D 

and the Sherwood  number  in the  form of 

~ z  
Shx ---- [173 

D 

where  the mass t rans fe r  coefficient kx is defined as 

i ' t 2  
-- kxAC [18] 

z lF  

are employed  together  wi th  the  Schmidt  number  
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Equations [14] and [15] are then rewri t ten  as 

and 

Sc = ~' [19] / G r a d u a t o r  

~ < 
5 Holder Xdicator 

- -  = ~ E ( S c  �9 G r * ) - 1 / ~  [21]  / 
? I 

respectively. 

03 

Shx -- ~ (Sc �9 Gr*) ~/~ [20] 

Exper imental  
The exper imental  a r rangement  employed in  the pres-  

ent work is schematically i l lustrated in Fig. 1. A 
he l ium-neon  gas laser emit ter  L of 10 mW output  
was used as the l ight source. The laser beam was split 
into two beams by  a ha l f -mir ror  B. A reference beam 
was reflected on the mirrors  M1 and M4 and expanded 
by a lens E2, and the beam intensi ty  was adjusted by 
an at tenuat ion polarizer A. Then it was t ransmit ted  to 
a photographic plate H. Another  beam was collimated 
to a diameter of 1.2 cm by the lenses E1 and L1. After  
passing through the vicinity of the cathode surface in  
the electrolytic cell C, it was joined with the reference 
beam on the same photographic plate: the image of 
the vicini ty of the cathode surface was magnified about 
fifteen diameters and the back edge of the cathode sur-  
face facing the camera was focused on the screen SC 
by a lens L2. After  the photographic plate was de- 
veloped, the hologram was reset at the same position 
in the frame of the  plate holder. With the reference 
beam incident  upon this hologram, the wave front  of 
the beam which was passed through the electrolytic 
cell was reconstructed. By superposition with the beam 
which was passed through the electrolytic cell, a para l -  
lel interference fringe was easily obtained on the 
screen. Then the position of the cathode surface of 
the reconstructed image and the real image was finely 
adjusted by a rack and pinion mechanism within  an 
error of 10~. When the electrolysis was started, this 
fringe was shifted due to the concentrat ion gradient  
formed in the diffusion layer. Then the real silhouette 
of the cathode surface on the screen SC appears to 
be advanced into the solution side of the interface 
due to the gradient  of the refractive index. However, 
the position of the cathode surface of the reconstructed 
image does not change dur ing  the electrolysis, and this 
position was taken as the origin of horizontal distance 
from the cathode surface. 

The electrolytic cell is i l lustrated in  Fig. 2. The in -  
ner  dimensions of the cell were 0.7 cm thick, 13 cm 
wide, and 10 cm high. The copper electrodes were 0.47 
cm square and 16 cm long, and the effective electrode 
area was 0.47 • 9.0 cm 2. The distance be tween both 
electrodes was main ta ined  at 10 cm. As ment ioned 

CA SC H LI~c ~ \  ~ \  

k ~  M4M 3 

Fig. 1. Experimental arrangement. L, laser emitter; S, shutter; B, 
beam splitter; P, photometer; V, voltmeter; C, electrolytic cell; CA, 
camera; M1, M2, M3, M4, mirrors; E~, E2, expanders; L1, L2, lenses; 
A, attenuation polarizer, H, hologram; SC, screen. 

Cathode- - -  

Elect ro[yte 

9cm 

10cm-- 
/ 

r I 
Fig. 2. Electrolytic cell 

~Anode 
' 

above, the thickness of the cathodic diffusion layer  is 
less than about 0.1 cm, and it  was essential to install  
the cathode surface parallel  to the incident  beam. In  
order to realize this, a revolvable cathode holder was 
employed, and after the cell wall  on the l ight -ent rance  
side was adjusted to be at right angles to the incident  
beam, the cathode was gent ly  revolved and mainta ined 
at a position where the enlarged silhouette of the cath- 
ode surface on the screen SC recedes farthest. 

Analyt ical  reagent  grade CuSO4 and deionized water  
were used, and the aqueous CuSO4 solution was pre-  
pared. The exper imental  conditions are summarized 
in  Table I. The measurement  was conducted at 23 ~ • 
1~ 

The current -potent ia l  curves were measured with the 
electrolytes shown in Table I, and they are demon-  
strated in Fig. 3. The average cathodic current  densities 
at which the concentrat ion profile was measured are 
also shown in the figure. It is seen that the applied 
current  densities ranged up to the l imit ing value in the 
solution containing 0.05 tool/ l i ter  CuSO4 and were be- 
low one-half  of the l imit ing value in  the solution of 
0.i tool/ l i ter  CuSO4. 

A few examples of holographic interferograms are 
shown in Fig. 4. A holographic interferogram near  the 
cathode surface before the start  of electrolysis is shown 
in Fig. 4 (a). The horizontal interference fringe in this 
figure was employed as the reference for measur ing the 
concentrat ion profile. Figures 4(b) through (d) 
demonstrate the interferograms of 0.05 mol / l i te r  CuSO4 
solution at an average cathodic current  density of 1.84 
mA / c m 2. The measuring height was varied at 1, 4, and 
8 cm from the lower edge of the cathode, respectively. 
They were filmed after 10 min  had elapsed from the 
start of electrolysis: it was confirmed that  the diffusion 
layer  is main ta ined  at the steady state. As seen in  Fig. 
4(b) through (d), the thickness of diffusion layer  in -  
creases in the upper  port ion of cathode. This is due to 
the upward flow caused by na tu ra l  convection. 

The relationship between the change of the refrac- 
tive index of the solution and the fringe shift is given 

Table I. Experimental conditions 

Concentration of CuSO4 (reel/liter) 

Distance from lower edge of cathode (cm) 

Average cathodic current density (mA/cmD 

0.05, 0.1 

1.0, 2.0, 4.0, 8.0 

0.473, 0.946, 1.42, 1.84, 
2.29, 2.76, 3.65, 4.60 
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Fig. 3. Current potential curve 

with  a v a r y i n g  re f rac t ive  index,  however ,  the  va l id  
profile of the ref rac t ive  index is not  obta ined  f rom Eq. 
[22] (18, 19). This is because the incident  beam in the  
diffusion l aye r  is deflected toward  the di rect ion of 
h igher  re f rac t ive  index as shown in Fig. 5 (20). 

The corrected profile of the  ref rac t ive  index in the  
diffusion layer  was obta ined as follows. The optical  
pa th  length  p aloug this deflected t r a j ec to ry  in the  
solution is obta ined f rom the holographic  in te r fe rogram 
a s  

p = *nd - -  ~'N [23] 

Assuming tha t  the  di rect ion of incident  beam is at r ight  
angles to the inner  wal l  of the  e lec t ro ly t ic  cell, the  
beam t r a j ec to ry  in the solut ion is obta ined b y  the fol-  
lowing different ia l  equat ion (21) 

d2y 1 dn  ~ 
--__ . - -  [24] 

dz 2 2ni 9- dy  

When the  change of re f rac t ive  index is l inea r  in the  
solution, we have 

n ---- ni -t- k y  [25] 

By subst i tu t ing Eq. [25] in Eq. [24], the  m a x i m a l  d i f -  
ference be tween  the length  of this  beam t r a j ec to ry  and 
the electrode wid th  ( s -  d) and the max ima l  deflec- 
tion Ay of the  incident  beam wi th in  the solution were  
calcula ted along the cathode surface to be 0.42 and 
55~, respect ively,  at  the average  cathodic cur ren t  den-  
s i ty of 4.6 m A / c m  2 in the  solut ion containing 0.05 
too l / l i t e r  CuSO4. As shown later ,  ni = 1.3344 and k ---- 
6.6 • 10 -2  under  these expe r imen ta l  conditions. Since 
( s -  d) is ve ry  t r iv ia l  and Ay is far  lower  than  the 
electrode width,  it  can be assumed tha t  the  re f rac t ive  
index expressed by  p / d  represents  the  mean  va lue  
along the beam t r a j ec to ry  and tha t  the  t r a j ec to ry  is 
l inear.  The ref rac t ive  index obta ined  corresponds to 
the  va lue  at  the  midd le  point  M shown in Fig. 5. 

The posi t ion of point  M was calcula ted in the whole  
diffusion l aye r  as follows. P rov ided  tha t  the  local p ro -  
file of the  re f rac t ive  i n d e x  in any  smal l  por t ion  of the  
diffusion l aye r  is expressed as 

n2 : b ~ ay [26] 

the  solut ion of Eq. [24] is obta ined  under  the  fo l low- 
ing bounda ry  conditions. 

Fig. 4. Holographic interferograms of cathodic diffusion layer: 
(a) before the start of electrolysis, (b) x = 1 cm, (c) x = 4 cm, 
and (d) x = 8 cm during the electrolysis of 0.05 mal/liter CuSO4 
solutlon at i ~ 1.84 mA/cm 2. 

by (10) 
( * n  - -  n ) d  

W 
= N [22] 

When the incident beam is transmitted into a solution 

n 

o 8 y 

z 

i 1 
o y 

Cathode 

Fig. 5. Schematic illustration of beam deflection and correction of 
refractive index. 
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When 

Z = 0, Y = Yi 
[27] 

J z = d, Y = Yo 

ay  = Yo -- Yi 

ad2 
= ~ [ 2 8 ]  

4ni~ 

Then the position of point  M is obtained as 

ay ad 2 
Yo-- '  �9 = Y o - -  [29] 

2 8hi 2 

The constant  a and the refractive index ni in this equa-  
t ion were estimated from the holographic interfero-  
gram: the refractive indices obtained nea r  point  Yo 
were subst i tuted in Eq. [26] and a was estimated by 
the least squares method. The difference between ni 
and the mean refractive index obtained from the in -  
terferogram was minor  and the lat ter  index was used 
in the calculation. Thus the corrected profile of the re-  
fractive index in the solution was obtained. 

From the regression of the refractive index upon 
CuSO4 concentrat ion in the solution, the concentrat ion 
was calculated. The regression was expressed as 

n = 1 . 3 3 3 0  -+- 28.44c [30] 

in the aqueous CuSO4 solution below 0.5 tool / l i ter  at 
23~ 

A few examples of the corrected concentrat ion profile 
are demonstrated in Fig. 6, which was obtained in the 
0.05 mol / l i te r  CuSO4 solution at a height of 4 cm. The 
uncorrected concentrat ion profiles at each current  
densi ty are also shown. It  is seen in this figure that  
CuSO4 concentrat ion on the cathode surface is lowered 
and the thickness of the diffusion layer  is decreased 
when the average cathodic current  densi ty is raised. 
It is fur thermore seen that  the above-ment ioned cor- 
rection becomes significant when the concentrat ion 
profile is steeper. 

Discussion 
Although the calculating procedure of the profile of 

the refractive index from the obtained holographic in -  

I I I I 
0.05 

0.04 

0.03 I / r '  
A // /' iI 

/ 

u 0.02 /' / 
/ 

/ 

0.01 I/'/,' ," 

o; 

*C =0.0 5 m o l l l  
x=4crn  

key i (rnAIcm) 
0 0.473 
�9 0.9/*6 

I 34 
| 3.65 
(D /* .60 

I I I ! ] I I 
0.1 0.2 O. 3 0.4 0.5 0.6 0.7 

y ( r n m )  

Fig. 6. Concentration profile of CuS04 in the cathodic diffusion 
layer (broken lines show the uncorrected concentration profile). 

terferogram employed in this work is an approxima-  
tion, it is thought to be satisfactory for calculating the 
concentrat ion profile in the diffusion layer with a rela-  
t ively small  concentrat ion gradient. Assuming that  the 
variat ion of the refractive index in  the vicinity of the 
cathode surface is l inear  as shown in  Eq. [25], the 
deviat ion of concentrat ion due to the approximation 
was estimated. In  this calculation, the effect of refrac-  
tion wi thin  the back wall  of the electrolytic cell w a s  
neglected (18). 

When the direction of the incident  beam is at r ight  
angles to the direction of the refractive index gradient  
in the solution, the optical path length p along the 
beam trajectory and the deflection ay of the incident  
beam are derived from Eq. [24] (18) as 

hid n i  2. [ 2 k d  
P T + sinh i ) [31] 

= 4k \ "-~'--" 

Ay = _ -k- + ~-- cosh [32] 

respectively. From Eq. [31] and [32], the difference 
between the refractive index p / d  obtained in the pre-  
ceding section and the refractive index at a y / 2  is ob- 
tained as 

a n = - - - -  n i - ] - k  
d 

= - -  cosh --  1 [33] 2 ~ ~-d sinh 

From Eq. [30], on the other hand, the concentrat ion 
difference aCe which corresponds to an  is 

An 
a c e  = - -  [ 3 4 ]  

28 

The aCe-value represents the deviation due to the ap- 
proximation in est imating the concentrat ion ment ioned 
in the preceding section. From Eq. [34], the maximal  
ace on the cathode surface was calculated at several 
cathodic current  densities in the solution containing 
0.05 mole/ l i ter  CuSO4 and demonstrated in  Table II. 
The refractive index gradient  k on the cathode sur-  
face was calculated by using Eq. [12] and [30] together 
with the property constants (10, 22, 23) shown in Table 
III. Furthermore,  the average concentrat ion difference 
ac between the bu lk  electrolyte and the cathode sur-  
face in the vertical direction was obtained from the 
interferogram and shown in Table II. The relative de- 
viation (ACe/aC) X 100 is also demonstrated. 

Table II. Error due to approximation in 0.05 mol/liter CuS04 
solution 

i 
( mA/ k 
cm -~) (era-l) 

[5co/5c] 
~y Ace Ac x 100 
(~) (mol/llter) (mol/liter) (%) 

0.473 6.79 • l0  -~ 5.6 0.0000164 0.0084 0.195 
0.946 1.36 • 10 -~ 11.3 0.0000862 0.0145 0.594 
1.42 2.04 • 10-2 16.9 0.000204 0.0198 1.03 
1.84 2,64 x 10-2 21.9 0.000340 0.0234 1.45 
2.29 3.29 • 10 -2 27.2 0.000532 0.0265 2.01 
2.76 3.96 • 10-2 37.8 0.000771 0.0307 2.51 
3.65 5.24 • 10-2 43.4 0.00121 0.0353 3.43 
4.60 6.60 • 10 -2 54.6 0.00215 9.0439 4.90 

TaMe III. Property constants used in the calculation 

C o n c e n t r a t i o n  of  
CuS04 in so lu t ion  

( m o l / l i t e r )  0.06 0.1 

zl (--) 2 2 
D1 ( c m 2 / s e c )  ( 2 2 )  6 .5  • 10  -~  6 .0  • 10 -e 
p ( c m 2 / s e c )  (23) 1.043 • I0 -2 1.002 • 10 -~ 
r (cma/mol) (10) 151.5 151.5 
r (--) (10) 0.643 0.643 
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As seen in this  table,  the  devia t ion  of concentra t ion 
on the cathode surface  is minor  when  the average  
cathodic cur ren t  dens i ty  is lower.  At  h igher  cur ren t  
densi t ies  of 3.65 and 4.60 m A / c m  2, the  re la t ive  dev ia -  
t ion increases to 3.43 and 4.90%, respect ively .  I t  is 
thought,  however ,  tha t  this has only a minor  effect on 
the var ia t ion  of hc in the  ver t ica l  direction,  because 
the devia t ion  is of the  same order  of magni tude  at  
var ious  heights  when the appl ied  cathodic cur ren t  
dens i ty  is constant .  

In  o rder  to calculate  the  concentra t ion difference and 
the thickness  of the  diffusion l aye r  by  Eq. [14] and 
[15], respect ively,  it  is necessary  to obtain the  nume r i -  
cal values  of the pa rame te r s  involved  in these equa-  
tions. The p a r a m e t e r  ~ which  influences the  concent ra-  
t ion profile of CuSO4 was de te rmined  as follows. The 
logar i thm of (e /e )  in the  0.05 m o l / l i t e r  CuSO4 solut ion 
was p lo t ted  agains t  l o g ( 1 -  y/5) in Fig. 7 according 
to Eq. [3]. As seen in this  figure, a lmost  all  of the  
exper imen ta l  da t a  a re  sca t tered  wi th in  the  region be -  
tween  the slopes of 2.0 and 3.0, and ~ was de te rmined  
as 2.39 by  the  least  squares  method.  F r o m  a s imi la r  
plot  obta ined  for  the  0.1 mo l / l i t e r  CuSO4 solution, the  
p a r a m e t e r  ~ was es t imated  to be 2.31: Ibl  (5) obta ined 
the numer ica l  va lue  of 2.3 f rom the in te r fe romet r ic  
measuremen t  in the 0.6 mo l / l i t e r  CuSO4 solut ion at  a 
height  of 0.9 cm. The other  pa rame te r s  ~, e, and ~] in -  
volved in Eq. [4], which  influence the  veloci ty  profile 
of na tu ra l  convection, were  p resumed  to be 1.7, 10, and 
2.1, respect ively,  f rom the expe r imen ta l  resul ts  ob-  
ta ined  by  A w a k u r a  et al. (6). 

In  o rder  to examine  the  va l id i ty  of Eq. [I4] and 
[15], the  logar i thmic  concentra t ion  difference be tween  
the bu lk  e lec t ro ly te  and the cathode surface, log hc, 
was plot ted  against  the  logar i thmic  average  cathodic 
cur ren t  density,  and Fig. 8 and 9 were  obtained for the  
solutions of 0.0.5 and 0.1 mo l / l i t e r  CuSO4, respect ively.  
As seen in these figures, the slope of al l  s t ra ight  l ines 
is 4/5 which is equal  to the  theore t ica l  va lue  der ived  
f rom Eq. [14]. 

The dependence  of log hc on the logar i thmic  height  
f rom the lower  edge of cathode was also examined:  log 
hc in the solutions of 0.05 and 0.1 m o l / l i t e r  CuSO4 was 
plot ted  against  log x in Fig. 10 and 11, respect ively .  
By compar ing  the exper imen ta l  slopes wi th  the  theo-  
re t ical  value  of 1/5 f rom Eq. [14], it  is seen that  the  
measured  slopes in Fig. 10 are  equal  to 1/5 when  the 
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Fig. 9. Relationship between concentration difference and overage 
cathodic current density (*c ---- 0.1 mol/liter). 

average cur ren t  dens i ty  is be low 2.76 m A / c m  2 and 
the slope decreases  when  the average  current  dens i ty  
becomes higher  than  3.65 m A / c m  2. This may  suggest  
that  the local cathodic current  dens i ty  var ies  in the  
ver t ica l  d i rect ion above 3.65 mA/cm% By compar ing  
Fig. 11 wi th  Fig. 10, i t  was also revea led  tha t  the slopes 
in Fig. 11 are  nea r ly  equal  to the  theoret ica l  value  of 
1/5 up to the cur ren t  dens i ty  of 4.6 m A / c m  2. This is 
due  to the  r e l a t ive ly  lower  cur ren t  densi t ies  r a the r  
than  the l imi t ing  value.  

The dimensionless  numbers  of Shx, Gr*, and Sc were  
calcula ted by  using the expe r imen ta l  da ta  in addi t ion 
to the  p rope r ty  constants  shown in Table III, and 
log(Shx) was plot ted  against  log(Sc  �9 Gr*) in Fig. 12. 
The theore t ica l  value  was calcula ted f rom Eq. [20] and 
is shown in this figure. I t  is seen that  the  e xpe r imen t a l  
resul ts  obta ined at  lower  cur ren t  densi t ies  are in fa i r ly  
good agreement  wi th  the theore t ica l  value.  

Next, the theoret ica l  re la t ionship  demons t ra ted  in 
Eq. [15] was examined.  The logar i thmic  thickness of 
the  diffusion layer  in both e lect rolytes  is p lo t ted  
against  the logar i thmic  average  cur ren t  dens i ty  in 
Fig. 13 and 14. As seen in these figures, the slopes in 
the region of the lower  cur ren t  densi t ies  are  in fa i r ly  
good agreement  wi th  the theore t ica l  va lue  of --1/5,  
and the slopes decrease  at  h igher  cur ren t  densit ies.  
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From a theoretical calculation of the diffusion layer 
thickness under  the boundary  condition that  ~ = 
const which is valid at the l imit ing current  density, it  
was revealed (3) that 6% are constant at various cur-  
rent  densities. Furthermore,  a comparison of Fig. 14 
with Fig. 13 reveals that  the theoretical slope of --1/5 
is main ta ined  up to the higher current  densities in the 
0.1 mol / l i te r  CuSO4. 

In  order to determine the dependence of the diffu- 
sion layer thickness on the height from the lower edge 
of the cathode surface, the logarithmic thickness mea-  
sured in both solutions of 0.05 and 0.1 moI/ l i ter  CuSO4 
were plotted against log x, and Fig. 15 and 16 were 
obtained. The theoretical slope of the straight l ine is 
1/5 from Eq. [15]. As seen in these figures, this l inear  
relationship is reasonably well confirmed. The scatter 
of 5 values is thought to be related to the lower preci-  
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sion in the measurement  of the diffusion layer  thick- 
ness. 

For the comparison of the measured and theoretical 
thickness of the diffusion layer, the experimental 
log(5/x)  was plotted against  log(Sc �9 Gr*) in  Fig. 17. 
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In addition, the  pa rame te r s  and p r o p e r t y  constants  
were  subst i tu ted in Eq. [21], and the theore t ica l  l ine 
is also demons t ra ted  in the  same figure. I t  is seen in 
this figure that  the exper imen ta l  resul ts  m a y  be ex -  
p la ined  by  Eq. [21], a l though the exper imen ta l  da ta  
in this  figure are  somewhat  lower  than  the cor respond-  
ing theoret ica l  values.  

Summary  
The measuremen t  of the concentra t ion profile of 

CuSO4 in the  cathodic diffusion l aye r  which is ac- 
companied by  the u p w a r d  na tu ra l  convect ion is indis-  
pensable  for s tudying  the ra te  of mass t ransfe r  of 
cation th rough  this layer .  By using the technique of 
holographic  in te r fe romet ry ,  it  becomes feasible  to m e a -  
sure the  concentra t ion profile because of the  pr inc ip le  
of common pa th  in t e r f e rome t ry  employed in this  t ech-  
nique. 

The  concentra t ion profile in the  aqueous 0.05 and 0.1 
moI / l i t e r  CuSO4 solutions was measured  at  var ious  
cathodic cur ren t  densi t ies  be low the l imi t ing va lue  
and at  var ious  heights  f rom the lower  edge of cathode. 
In the  der iva t ion  of the  concentra t ion profile f rom the  
holographic  in ter ferogram,  the  effects of beam re f rac -  
t ion in the diffusion l aye r  were  considered and an ap -  
p rox imat ion  was employed  to in t e rp re t  the  holographic  
in ter ferogram.  Fur the rmore ,  the deviat ion due to the  
approx imat ion  was es t imated  at  severa l  cur ren t  dens i -  
ties. I t  was found tha t  the approx imat ion  was appro-  
pr ia te  under  the  expe r imen ta l  condit ions employed  in 
this work.  I t  was disclosed then  f rom the  e xpe r imen-  
tal  resul ts  tha t  the  concentra t ion of CuSO4 on the  
cathode surface is lowered  and the thickness of the 
diffusion layer  is decreased when the average  cur ren t  
densi ty  is increased.  I t  was also r evea led  tha t  the  
thickness of the  diffusion l aye r  is increased in the  
upper  par t  of the plane ver t ica l  cathode at  a constant  
cathodic current  density.  

F rom the in tegra ted  Nav ie r -S tokes  equat ion and the  
mass balance  equat ion of Cu 2+ ion with  r e g a r d  to the  
hydrodynamic  bounda ry  l aye r  together  wi th  the  as-  
sumed concentrat ion and veloci ty  profiles in the  gen-  
eral ized form and the mass  t ransfe r  equations of  Cu ~+ 
and SO42- ions at  the cathode surface, the basic equa-  
tions of mass t ransfe r  in the  cathodic diffusion l aye r  
were  der ived.  When  the cathodic cur ren t  dens i ty  is 
lower  than about  one -ha l f  of the l imi t ing  value,  the  
local cur ren t  densi t ies  r ema in  equal  in the ver t ica l  
direction. Under  this condition, the concentra t ion d i f -  
ference and the thickness of the  diffusion layer  a re  
expressed by  Eq. [14] and [15], respect ively.  

In  order  to examine  the va l id i ty  of these theoret ica l  
expressions,  the dependences  of measured  log ~c and 
log 5 on the logar i thm of  the  cur ren t  dens i ty  and  the  
height  were  evaluated.  At  the  cathodic current  densi -  
t ies far  lower  than  the l imi t ing value,  the above de-  
pendences were  confirmed. At  h igher  cur ren t  densit ies,  
on the other  hand, the  exper imen ta l  resul ts  s ta r t  to 
devia te  f rom the theoret ica l  value.  This is supposed 
to be caused by  the unequal  local cur ren t  densi t ies  in 
the ver t ical  direction. The fol lowing dimensionless  
equations were de r ived  f rom Eq. [14] and [15] 

m ( ~rq3 )1/5 
Shx - - -  (Sc �9 Gr*)1/5 

and 

= ~] (Sc �9 Gr*) -z / s  
x r 

The first equat ion concerns the concentra t ion differ-  
ence. In order  to fur ther  confirm the theoret ica l  r e l a -  
t ionship, the expe r imen ta l  pa rame te r s  which influ- 
ence the concentrat ion difference and the diffusion 
layer  thickness and the p rope r ty  constants  were  sub-  
s t i tu ted in the above dimensionless  equations,  and  the 
theore t ica l  values  were  compared  wi th  the  expe r imen-  
ta l  results.  I t  is shown that  bo th  theore t ica l  and  ex-  
pe r imenta l  values are  in good agreement  wi th  each 
other  in the region of the lower  cur ren t  densities.  

Manuscr ipt  submi t ted  June  23, 1975; revised manu-  
script  received Apr i l  1, 1976. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1977 JOURNAL. 
All  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb.  1, 1977. 
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LIST OF SYMBOLS 
a constant  ( l i t e r / cm)  
b constant  ( - - )  
c concentra t ion of CuSO4 at a dis tance y f rom 

cathode surface (mo l / cm 3) 
oc concentrat ion of CuSO4 on the cathode sur -  

face (mo l / cm 3) 
*c concentra t ion of CuSO4 in the bu lk  e lec t ro ly te  

(mol /cmD 
~c = ( * c -  ~ (mol / cm a) 
ac  average  value  of ac  in ver t ica l  d i rect ion ( m o l /  

cm 3) 
ACe devia t ion  due to approx imat ion  in es t imat ing 

the concentra t ion (mol/cmS) 
d width  of cathode (cm) 
D diffusivi ty of CuSO4 (cm2/sec) 
E constant  ( - - )  
F F a r a d a y  constant  

( = 96,500 cou lombs /g -equ iv )  
g grav i ta t iona l  accelera t ion (=980 cm2/sec) 
Gr* modified Grashof  number ,  

g~*tzix4/zlF~2D (--)  
h constant  ( - - )  
i cur ren t  dens i ty  ( A / c m  2) 
k constant  ( l i t e r / cm)  
kl  diffusivity of Cu 2+ io,n (cm2/sec) 
k2 diffusivi ty  of SO42- ion (cm2/sec) 
kx mass t ransfer  coefficient at  a ver t ica l  d is-  

tance x (cm/sec)  
l thickness of hydrodynamic  b o u n d a r y  l aye r  

(cm) 
n ref rac t ive  index of solut ion at a distance y 

( - )  
*n ref rac t ive  index of solut ion in the  bu lk  elec-  

t ro ly te  ( - - )  
n~ ref rac t ive  index of solut ion at  a d is tance  Yi 

( - )  
an deviatiOnrefractive dUeindextO (approximation_) in  es t imat ing  

N number  of f r inge shift  ( - - )  
p optical  pa th  length  along the beam t r a j ec to ry  

(cm) 
s length  of beam t ra jec tory ,  (ni /k)s inh(kx/ni )  

(cm) 
Sc Schmidt  number ,  v/D (--)  
Shx Sherwood number ,  kxx/D (--)  
*tl t ransference  number  of Cu 2+ ion in the  bu lk  

e lect rolyte  ( - - )  
*t2 t ransference  number  of SO42- ion in the  bu lk  

e lect rolyte  ( - - )  
u veloci ty of na tu ra l  convective flow (cm/sec)  
Um maximal  veloci ty  of na tu ra l  convective flow 

(cm/sec)  
U1 mobi l i ty  of Cu 2+ ion (cm2/sec .  V) 
U2 mobi l i ty  of SO42- ion (cm2/sec �9 V) 
x height  f rom lower  edge of cathode (cm) 
y horizontal  distance f rom cathode surface (cm) 
Yi distance be tween the incident  poin t  of beam 

and the cathode surface (cm) 
yo dis tance be tween the exi t  point  of beam and 

the cathode surface (cm) 
by  = (Yo --  Y0 (cm) 

z dis tance pe rpend icu la r  to x -  and y-d i rec t ions  
(cm) 

zl valency of Cu 2 + ion ( =  2 g -equ iv . /mol )  
densification coefficient of CuSO4, 1/p(0p/0c) 
(cm~/mol) 

8 thickness of diffusion l aye r  (cm) 
e, 0, ~, ~ numer ica l  p a r a m e t e r  ( - - )  
0 = (*c --  c) (mol/cm3) 
e ---- (*c --  ~ (mo l / cm 8) 
~' wave length  (cm) 
v k inemat ic  viscosi ty (cm2/sec) 

dis tance be tween  cathode surface and the po-  
sit ion of ma x ima l  veloci ty  of na tu ra l  convec- 
t ion (cm) 
potent ia l  (V) 
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Hydrogen Gas Absorber Made of Manganese Dioxide 
Akiya Kozawa* 

Union Carbide Corporation, Battery Products Division, Cleveland, Ohio 44101 

Manganese dioxide catalyzed with pal ladium (1) or 
silver was found to be a good hydrogen absorber. Man-  
ganese dioxide alone (without a catalyst) has pract i -  
cally no abil i ty to absorb hydrogen gas at room tem-  
pera ture  (2). This note describes the preparat ion con- 
ditions and the properties of the hydrogen absorber and 
also a f e w  possible applications. 

Experimental 
A typical method for prepar ing the hydrogen gas ab-  

sorber is as follows. The components listed in  Table I 
are mixed thoroughly. An appropriate amount  of water  
(for example, 300g of water  per 1000g of the dry mix) 
is added, and the mix ture  is well blended to produce 
a moldable paste. The paste is extruded or molded 
into various shapes (rod, pellet, sheet, etc.) depending 
on the application. Then it is dried at 75~176 over-  
night. The shaped body becomes rigid because the 
cement sets dur ing  the dry ing  process. The stainless 
steel wool is not necessary but  makes the porous body 
strong, par t icular ly  in  the case of sheets. The solid 
body is porous and most of the water  added in  the 
b lending step is removed in the drying process. 

The rate of hydrogen absorption was tested with the 
apparatus shown in Fig. 1 and 2 for fast adsorption and 
slow absorption, respectively. The absorption is a 
chemical reaction between H2 gas and MnO2. The ap- 
paratus shown in  Fig. 1 is used to test the ini t ial  ab-  
sorption rate employing a 1 ~-, 2g sample. The appara-  
tus shown in Fig. 2 is used to measure the total ab-  
sorption capacity employing a 100-200 mg sample. 

To operate the apparatus (Fig. 2) first the air in  the 
test tube (B) was replaced by N2 gas by purging  while 
the mouth  of the test tube was main ta ined  slightly 
above the oil level (H).  Then .the oil level in  the test 
tube was raised to around (I) by applying a vacuum. 
F ina l ly  H2 gas was introduced and the oil level was 
brought  down to (H). All  the fine plastic tubes (D) 
were then removed. The oil level was read from t ime 
to t ime to measure  the hydrogen gas uptake by the 
sample. This was not a very  accurate measurement  
(• cm3), but  satisfactory for the present  purpose. 

* E l e c t r o c h e m i c a l  Soc i e ty  Li fe  Member. 
Key words: hydrogen,  manganese  dioxide, palladium, gas ab- 

sorber. 

Table I. Components of the hydrogen gas absorber 

Typical 
example  Range 

1. M a n g a n e s e  d ioxide* 73.7% (by wt)  50-80% (by wt)  
2. B i n d e r  ( P o r t l a n d  c e m e n t ) * *  18.5 10-40 
3. Pd-catalyzed carbon* ** 4.6 0.4-20 

( o r  Ag20  or  A g O )  (3.0) (1-10) 
4. C h o p p e d  s tee l  woo l  2.3 0-5 
5. Acety lene  black 0.9 0-5 

* E l e c t r o l y t i c  manganese  dioxide for dry cell  such as I.C. 
MnO2 No. 1, 2, a n d  3 (6) .  

** E l i m i n a t e  P o r t l a n d  c e m e n t  in  t h e  case of Ag20  or  AgO 
ca t a ly s t .  

*** O b t a i n e d  f r o m  E n g e l h a r d  Industries, Incorporated. This ma- 
terial  c o n t a i n e d  5% Pd ,  45% carbon, and 50% H20.  

Results and Discussion 
Absorption capacity.--When 100 mg of the absorber 

having the composition shown in  Table I was tested in 
the apparatus shown i n  Fig. 2, the mater ia l  absorbed 
about 17.5 cm 8 of H2 gas in 5 days as shown in  Fig. 3. 
According to the reaction (MnO2 + H2 --> MnO -t- 
H20),  the  MnO2 contained in  the absorber  should ab-  
sorb about 19 cm 3 of H2 gas. This result  (Fig. 3) in -  
dicates that MnO2 is reduced almost to MnO. In  the case 
of Ag20 or AgO catalyst, MnO2 was reduced to only 
MnOOH or slightly more than MnOOH. 

Absorption rate.--The absorption rate is fast ini-  
t ially and becomes slower and steady after 1 hr. The 
steady rate depends on the amount  of the catalyst as 
well as b inder  as shown in Table II for Pd-catalyzed 
absorbers and Fig. 4 for s i lver-catalyzed absorbers. 
The test tempera ture  and particle size of manganese  

H 

c 

\ ~ 

Fig. 1. Apparatus for measuring the hydrogen gas absorption rate. 
After evacuation of the sample tube, the sample tube was con- 
nected to the main gas burette by opening stopcock A. A: Stopcock, 
B: gas burette (100 cm3), C: liquid paraffin bath, D: magnetic 
stirrer and hot plate with temperature control, E: sample tube, F: 
mercury, G: hydrogen gas cylinder, H: vacuum pump. 
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Table II. Effect of the catalyst content on the H2 absorption rate 
(data given in this table are the average of two experiments) 

Catalyst Actua l  A m o u n t  of M a x i m u m  H~ absorbed  H2 absorbed  Absoro t ion  
content* sample MnO~ in the H2 to be ab- in 2 h r  at  in first 30 r a t e  a f t e r  1 

(%)  t e s t ed  (g)  sample  (g)  so rbed  ( cm ~) 45~ (cm s) min (cm s) hr  (cmS/hr)  

0.8 1.51 0.97 200 g.o • 0.5 3.0 -- 0.5 4.5 -- 0.5 
2.0 1.47 0.95 195 23.0 IO.O 7.0 
4.0 1.45 0.90 187 32.0 15.0 11.0 
9.2 1,35 0.76 162 48,0 27.0 11.0 

16.0 1.38 0.73 151 54.0 32.0 13.5 

* T he  basic composition is as follows, the catalyst  content  being varied: MnO~: 160g, Pd-carbon:  0,4-16.8%, acetylene  black: 2g, binder 
(Po r t l and  c e m e n t )  : 80g, steel  wool:  5g. 

dioxide influence the absorption rate as seen in Fig. 5 
and 6. 

Use of Hz gas permeable #lm.--If the hydrogen gas 
to be absorbed coexists with a solution, e.g., in the 
alkaline manganese dioxide-zinc cell, this porous hy- 
drogen absorber may be wrapped with a thin poly- 
ethylene film through which I-I2 gas is permeable at a 
sufficient rate but which prevents the solution from 
going into the porous body. A 1 mil thick polyethylene 
film (such as Zendel made by Union Carbide Corpora- 
tion) has a sufficient hydrogen gas permeabil i ty for 
most applications. 

Other catalysts.--The catalyst can be platinum black 
or other noble metals; palladium dispersed on carbon 
is satisfactory and inexpensive compared to other noble 
metal catalysts. The function of the palladium would 
be the dissociation of hydrogen molecules to atomic 
hydrogen. 

Bonding agent.--Among various bonding agents in- 
cluding organic plastics dissolved in organic solvents, 
a few inorganic binders, water, glass, and cement 
were found to be m o s t  convenient. Organic plastics 

c 
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(polyethylene, polysulfone, etc.) sometimes deactivate 
the catalyst, probably because the polymer covers the 
active centers of the palladium. 

CO absorption.--It was found in a prel iminary test of 
this Pd-catalyzed hydrogen absorber for CO absorption 
that this material  does have a relatively good capability 
for CO adsorption. 
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Fig. 2. Apparatus for measuring hydrogen gas absorption (see 

text for operation). A: 10 cm 3 beaker containing sample, B: an 
inverted test tube (3.5 cm in diameter, 30 cm long), C: hydrogen 
gas, D: fine plastic tubes, E: hydrogen cylinder, F: nitrogen cylinder, 
G: vaccum, H: oil level, I: top of the plastic rod, J: plastic rod, K: 
vacuum pump oil in 250 cm ~ beaker. 
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Fig. 3. Hydrogen gas absorption by a 100 mg crushed sample 
having a formula shown in Table I, 

5O I I I I 

5.5' ~ 4 

40 - 4' - -  

f 7  AgO - -  

Ag20 
I /  

~ ....-. --"" ~ . . . . . . - - -  3 

, , 2 . 2 '  

I ~  I J I ~ '~  
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Fig. 4. Hydrogen gas absorption by lg sample (MnO2 + Ag20 or 
AGO). Ag20 or AgO content was as follows: 1.1':0.1%, 2.2':0.3%, 
3.3':1%, 4.4':3%, 5.5':10%. 
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Fig. 5. Effect of temperature of the hydrogen gas absorption rate. 
The composition of the absorber was as follows: MnO2: 160g, 
Pal-catalyzed carbon: 25g, cement: 80 g, acetylene black: 2g, 
steel wool: 5g. The sample of each test had about 1.5g in a crushed 
powder form. 
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Fig. 6. Effect of particle size of manganese dioxide used in the 
adsorber having a formula as follows: MnO2: 160g, Pd-catalyzed 
carbon: 10g, acetylene black: 2g, cement: 40g, steel wool: 5g. 
Particle size of MnO2: A: less than 40/~, B: 50-100#, C: 150-300~. 

Mechanism of MnOz reduction.--The reduct ion  of 
MnO2 in d ry  cells has been ex tens ive ly  s tudied (3-5).  
According  to the  studies, the e lect rochemical  reduct ion  
process is a pro ton  inject ion into the  MnO2 la t t ice  at  
least  up to MnOl.~, as shown below 

MnO2 4- H20 -k e -  --> MnOOH -p O H -  

The reduct ion of MnO2 by  H2 gas would  involve the  
same mechanism,  a l though the  source of protons is 
H2 ( :  2H) ins tead  of H20 ( :  H + -~- O H - ) .  

Stability in air.--A hydrogen  absorber  was p repa red  
wi th  0.4% p a l l a d i u m - c a r b o n  catalyst ,  s tored in air  for 
5 years  and tested. Al though  the absorber  contained 
only 0.4% of the catalyst ,  i t  was possible  to main ta in  
almost  the  same absorp t ion  r a t e  as the  f resh  sample.  
The total  absorpt ion  capacity,  however ,  decreased to 
70% of the in i t ia l  capaci ty  dur ing  the  5 year  s torage 
in a i r  at  23~ The  reduced  MnO2 in the hydrogen  ab-  
sorber  by  the react ion wi th  hydrogen  gas is reoxidized 
up to about  30-60% by  oxygen in air. The regenera t ion  
fea tu re  of this mate r ia l  is impor t an t  for cer ta in  ap-  
plications.  

Applications 
One appl icat ion of the  hydrogen  absorber  is the  re -  

moval  of hydrogen  gas in sealed cells (1). In  sealed 
cells such as a lka l ine  MnO2-Zn cells, H2 gas evolved 
f rom the  zinc anode by  corrosion accumulates,  and this 
hydrogen  must  be removed  before  the  in te rna l  p res -  
sure  becomes too high. A rod or pe l le t  form of this hy -  
drogen absorber ,  which  is wrapped  wi th  a thin po ly -  
e thylene  film, can be used for this purpose.  

Another  appl ica t ion  is the remova l  of accumulated  
hydrogen  gas in confined areas or compar tments ,  since 
any possible explosion hazard  mus t  be e l iminated  for 
safety.  Such confined areas  inc lude  unde rw a te r  vessels 
or closed rooms in which hydrogen  gas m a y  be leaked  
f rom a pipel ine  or genera ted  by  var ious  chemical  or 
radiochemical  react ions or  f rom l ead -ac id  bat ter ies .  

Another  appl ica t ion  is the r emova l  of hydrogen  gas 
genera ted  f rom a ba t t e ry  power  pack  which  operates  
ad jacent  to electronic equipment .  Hydrogen  gas is often 
genera ted  f rom d ry  ba t te r ies  and rechargeab le  ba t -  
ter ies  and a l ters  the  character is t ics  of the  capacitors  
and resistors  in the  electronic circuit. This type  of 
p rob lem can be easi ly e l imina ted  by  using the present  
hydrogen  absorber  at  the top of the  ba t t e ry  pack. 
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Brief Cornrn n ca, ons 

Solid Lithium-Silicon Electrode 

San-Cheng Lai* 

Rockwell  International, Atomics International Division Canoga Park, California 91304 

Li th ium-me ta l  sulfide h igh  energy  dens i ty  ba t te r ies  
a re  being developed at  the Atomics In te rna t iona l  Divi -  
sion of Rockwel l  In te rna t iona l  and at  Argonne  Nat ional  
Labora to ry  for use in load level ing and electr ic vehicles 
(1-3).  The ba t t e ry  system is opera ted  with  an e lec t ro-  
ly te  of LiC1-KC1 eutectic salt  at  t empera tu re s  of 400 ~ 
450~ Iron sulfide compounds are  employed  as the  
act ive ma te r i a l  for the  posi t ive e lec t rode  wi th  e i ther  
e lementa l  l i th ium or a solid l i th ium al loy as the  anode. 

Two approaches  to the  l i th ium anode have  been 
studied. A porous l i t h i u m - a l u m i n u m  alloy, su i tab ly  
supported,  can re ta in  up to 20 weight  percen t  (w/o)  
of l i th ium as a solid (3-5).  One d i sadvan tage  in using 
this e lect rode is the  loss of 0.3V vs. pure  l i thium, thus 
reducing the theore t ica l  energy  dens i ty  a t ta inable  
when coupled wi th  the  var ious  meta l  sulfide electrodes.  
A n  a l t e rna t ive  approach  is re ten t ion  of l iquid l i th ium 
meta l  in a porous me ta l  subs t ra te  which  avoids the  
vol tage  loss associated wi th  the  alloy. However ,  r e t a in -  
ing l i th ium on metal l ic  subs t ra tes  in mol ten  l i th ium-  
potass ium hal ide  sal t  mix tu res  sa tu ra ted  wi th  Li2S has 
been difficult (1). 

Other  b ina ry  l i th ium alloys e lec t rochemical ly  formed 
by  deposi t ing l i th ium f rom a LiC1-KC1 fused salt  e lec-  
t rolyte ,  such as Li-Bi,  Li-Pb~ and Li-Sn,  have  been r e -  
por ted  (6). These b ina ry  l i t h ium alloys have  lower  
potent ia ls  vs. l i th ium than  does Li-A1 and the l i th ium 
content  in the  al loy is low. Lead and tin, for  example ,  
form alloys containing lesser  amounts  of l i th ium than  
does a luminum,  and the  high molecu la r  weight  of these 
e lements  would  thus reduce the energy capaci ty  of a 
l i th ium electrode.  None of these al loys were  found to 
be pract ical  for the  appl ica t ion  to the  secondary  ba t -  
teries.  Possibly  a need sti l l  exists  for a l i th ium elec-  
t rode  which upon cont inued cycling wil l  re ta in  its ca-  
pac i ty  and wil l  opera te  at  a po ten t ia l  nea re r  tha t  of 
l iquid l i thium. This paper  presents  t h e ' r e s u l t  of the 
p re l imina ry  inves t igat ion of a solid l i th ium-s i l icon  
electrode.  

Experimental 
All  exper iments  repor ted  in the  pape r  were  pe r -  

fo rmed in a he l i um-a tmosphe re  d ry  box where  the  
concentrat ions of oxygen,  nitrogen,  and wa te r  were  re -  
moved to be low the par t s  pe r  mi l l ion level  to avoid re -  
actions wi th  l i thium. 

L i th ium meta l  f rom Foote  Minera l  Division of New-  
mont  Mining Company was used in al l  exper iments .  
Silicon, 97 % pure,  purchased  f rom MC/B, Manufac tu r -  
ing Chemists, was used in the  p repa ra t ion  of the alloys. 
Highly  prepur i f ied  e lec t ro ly te  salts were  purchased  
f rom Anderson  Labora tor ies  for the  tests descr ibed 
here. A t i t an ium fiber mat  was purchased  f rom Gould 
Labora tory ,  Cleveland,  Ohio. I t  had fibers app rox i -  
ma te ly  100~ diameter ,  having an apparen t  dens i ty  of 
19%. 

A l abora to ry  cell des ign shown in Fig. 1 was used 
dur ing the course of this invest igat ion.  The cell consists 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member .  
Key words:  l i th ium-s i l icon al loy,  m o l t e n  salt,  h i g h  t e m p e r a t u r e  

s e c o n d a r y  bat tery .  

n n H 

Fig. 1. Labor-tory investigation cell 

of a stainless steel beaker  (250 ml)  where  a eutectic 
electrolyte ,  59 mole  percen t  (m/o )  LiC1-41 m / o  KC1, 
was retained.  A l i th ium-s i l i con  e lect rode was p repa red  
by  impregna t ing  the t i t an ium fiber mat  wi th  a mol ten  
a l loy containing 60 w/o  of l i t h ium and 40 w/o  of sil icon 
at 700 ~ C. T i tan ium was chosen for the  suppor t ing  s t ruc-  
ture  because the solubi l i ty  of this meta l  in l i th ium is 
low and i t  therefore  resists  a t tack  by  the mol ten  al loy 
dur ing the impregna t ion  process. A copper  Fe l tme ta l  
panel  impregna ted  wi th  pure  l i th ium meta l  was used as 
the  counterelectrode.  A nickel  Fe l tme ta l  pane l  impreg -  
nated with  pure  l i t h ium was used as the  reference  
electrode.  The e lect rode leads were  mounted  th rough  
insula ted feed- th roughs  brazed  to a close-f i t ted cover 
for a beake r  containing the KC1, LiC1 eutect ic  sal t  
electroIyte.  A thermocouple  pe rmi t t ed  the t e m p e r a t u r e  
of the  e lec t ro ly te  to be moni tored  accurately.  

A series of measurements  was made  to character ize  
the  vol tage  p la teaus  and to ident i fy  the  al loy composi-  
tions corresponding to each. En t ropy  calculat ions were  
also made  by  measur ing  the var ia t ions  in the  potential ,  
E, of the al loy e lect rode vs. pure  l iquid  l i th ium at each 
p la teau  at  different  t empera tu res  ranging  f rom 360 ~ to 
440~ 

The e lect rode was d ischarged th rough  the  successive 
vol tage plateaus,  d i s regard ing  the first p l a t eau  which  
had essent ia l ly  the  same potent ia l  as l iquid l i thium. 
F rom the known  weight  of the  al loy in the  e lect rode 
and the quant i ty  of l i th ium discharged past  each t r an -  
sit ion point,  it  was possible  to calculate  the  al loy com- 
positions. 

Results and Discussion 
Figure  2 shows the e xpe r ime n t a l  resu l t  of the  dis-  

charge of a l i th ium-s i l icon  e lec t rode  having  an ini t ia l  
composit ion of 60 w/o  of l i th ium and 40 w / o  of sil icon 
[86 a tom percent  (a /o)  l i th ium]  five dis t inct  vol tage  
p la teaus  vs. pure  l i th ium were  observed.  For  compar i -  
son, the l i th ium-s i l icon  alloys descr ibed in  the  ava i l -  
able  l i t e ra tu re  (7, 8) are  also shown in Fig. 2. The com- 
positions, Li~Si and Li2Si, have been es tabl ished wi th  
some certainty.  The empir ica l  formula ,  Li4.1Si, m a y  

1196 
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Fig. 2. Discharge voltage plateaus of 60Li-40Si (w/o) electrode 
in LiCI-KCI eutectic electrolyte at 400~ 

actua l ly  represen t  Li4Si. More  precise  tests wil l  be re -  
qui red  to es tabl ish the  exact  s toichiometr ic  ratio. No 
reference  has ye t  been found to a composi t ion even 
approx ima t ing  that  of Li2.sSi. I t  is p l anned  in the  near  
fu ture  to ident i fy  the  composit ions corresponding to 
each vol tage p la teau  by  chemical  a n d / o r  meta l lu rg ica l  
methods.  

The average  potent ia l  over  the  four p la teaus  corre-  
sponding to solid a l loy is 228 mV posi t ive to l i t h ium as 
contras ted to 300 mV for l i t h i u m - a l u m i n u m  alloy. The 
total  capaci ty  of the  solid al loy regions is 2.12 A - h r / g .  

The var ia t ion  of potent ia l  wi th  t empe ra tu r e  was suf-  
f iciently l inear  so tha t  a s t ra ight  l ine fo rmula  could be 
wr i t t en  for  each p la t eau  using the least  squares 
method.  The v o l t a g e - t e m p e r a t u r e  re la t ionship  der ived  
in this manner  is shown in Table  I. 

These measurements  pe rmi t t ed  calculat ion of AS~ 
AH~ and AG~ for each al loy composi t ion f rom the 
we l l - known  the rmodynamic  funct ions 

AS -~ nF(AE/AT)~ 

where  AS ---- en t ropy  change, F ---- F a r a d a y  constant,  
AE ~- change in cell voltage,  AT ---- change in cell  t em-  
pera ture ,  n ---- number  of electrons, and p signifies a 
constant  pressure.  

The free energy  and en tha lpy  functions could then  
be calcula ted f rom the  fol lowing re la t ionships  

Table I. Temperature dependence of emf of lithium-silicon 
alloys vs. lithium metal at 400~ 

Voltage plateau Temperature dependence 
at 4 0 0 ~  ( m Y  v s .  ~  

+ 4 8  1 3 7 . 7 - 0 . 1 3 3 6 T  
+ 158  2 7 6 . 5 - 0 . 1 7 6 1 T  
+ 2 8 0  3 3 2 . 1 - 0 . 0 7 7 1 T  
+ 3 3 6  4 3 0 . 7 - 0 . 1 4 0 2 T  

Table II. Thermodynamic data for lithium-silicon alloys at 400~ 

A G ~  A S ~  A H ~  
Alloy (keal/mole) (eu) (kcal/mole) 

LisSi - 2 6 . 4  - -  15 .9  - 3 7 . 1  
L i a . x S i  - -  2 5 . 4  - -  13 .2  - -  34 .3  
L i ~ . s S i  - -  2 0 . 7  - 7 .9  - 26 .0  
Li~Si - 15 .5  - 6 .5  - -  19 .9  

AG : -- riFE 

AH -- AG ~- TAS 

where  AG : change in Gibbs  free energy and AH _- 
change in enthaipy.  The resul ts  of these calculat ions 
appear  in Table  II. 

This p re l imina ry  inves t igat ion has shown that  l i th -  
ium-s i l icon  al loy contains subs tan t ia l ly  h igher  usable  
l i th ium content  in t he  al loy (-~83 a /o )  and has less 
potent ia l  p e n a l t y  than  the  o ther  al loys ment ioned  
above. I t  is therefore  promis ing  as an excel lent  anode  
mate r i a l  for high energy  dens i ty  bat ter ies .  F u r t h e r  
work  is under  w a y  to incorpora te  l i th ium-s i l i con  al loy 
anodes wi th  meta l  sulfide cathodes to achieve high 
specific power  and energy dens i ty  b a t t e r i e s  for load  
level ing and electric vehicle  propuls ion  applicat ions.  

Manuscr ip t  submi t ted  Feb.  23, 1976; rev ised  manu-  
scr ipt  rece ived  May 10, 1976. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1977 JOUR~rAL. 
Al l  discussions for  the  June  1977 Discussion Section 
should be submi t ted  by Feb.  1, 1977. 
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Stochastic Process of Chloride Pit Generation 
in Passive Stainless Steel 

Norio Sato* 
Corrosion Research Group, Faculty o] Engineering, Hokkaido University, Sapporo, Japan 

Pi t t ing corrosion of pass iva ted  meta ls  takes  place in 
two appa ren t ly  d i f fe ren t  stages, p i t  nucleat ion and 
growth.  Pi t  genera t ion  is f requent ly  character ized by  a 

* Electrochemical Society Active M e m b e r .  
K e y  words: pitting frequency histogram, pit generation proba- 

bility, p i t t i n g  p o t e n t i a l .  

cri t ical  p i t t ing  potent ial ,  defined as the  least  noble po-  
tent ia l  at which pits  can be generated,  and by  an in-  
duct ion t ime for pi t  ini t ia t ion af ter  in t roduct ion  of 
aggressive ions at constant  potent ial .  

The genera t ion  of pits on stainless steel  is a r andom 
phenomenon discrete  in t ime and locat ion on the sur -  
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face, and therefore may be regarded as a stochastic 
process. It has recently been suggested that probabi l i ty  
theory can be applied to the induct ion t ime for pit 
generat ion in stainless steel (1); the induct ion t ime 
has often been equated, though approximately (2), to 
the inverse of the pit generat ion rate (3, 4). 

The present  paper  describes an application of the 
theory of the Markov process to potentiostatic pit gen-  
eration in a rotat ing stainless steel electrode in an acid 
solution containing sulfate and chloride ions. 

Pit G e n e r a t i o n  Intensi ty  
If pit generat ion takes place in  the restr ict ion of the 

Marke r  proper ty  that  the future  probabi l i ty  of pit 
nucleat ion is uniquely  determined once the state of the 
system at the present  stage is given, the probabili ty,  
P(At), of another pit breaking out in a t ime interval  
larger  than 5t after the preceding pit has opened is 
given by (5) 

dP(At)/P(At) = -- ~.(At)dt [1] 

where L(At) is the pit generat ion intensi ty or relative 
pit generat ion rate, equivMent to the pit generat ion 
probabi l i ty  for uni t  time at t ime in terval  At. Con- 
sequently, the following equation is obtained 

(at) - -  -- 2 .3026  { d  l o g  P ( A t ) / d t }  [2]  

Frequency  H is togram of  Pit  Genera t ion  
In  a previous paper (2), a n u m b e r  of potentiostatic 

pit generat ion experiments  with 18Cr-8Ni stainless 
steel have been carried out to measure the t ime in te r -  
val, At, for pits successively breaking out at constant  
potential  in  a solution containing chloride ions. A ro- 
tat ing stainless Steel electrode of surface area 3.54 cm 2, 
potentiostatically passivated for 1 hr  in  0.1M Na2SO4 
of pH 3 prior to in t roduct ion of chloride ions, was 
used, and the solution was 0.2M NaCI containing 0.1M 
Na2SO4 at 25~ The classical induct ion t ime for the 
first p i t  to appear was excluded from ~t because of 
different physical meaning  (2). 

Figure 1 shows the relative frequency histogram of 
the pit generat ion at three different potentials. The 
relat ive frequency which is given by N /NT, 

At ~ At + 6t 

with NT the total number  of measurements  and 

0.5 

u) 0 .2  .J 

UJ 
~ 0 Z 

7 0 . 4  

- 0 . 3  

Z 
- 0 . 2  
>- 
u 0.1 Z 
U J  

0 o LzJ 

NT= 3 6  pH :5 + 1 . 0 5 V ( S H E )  

N T = 5 0  + 0 . 8 5  V :o2  
0 4 8 12 16 2 0  24  

A t  / men. 

Fig. 1. Frequency histogram of potentlostotJc pit generation on a 

rotating ] 8Cr-8Ni stainless steel electrode. 

N the number  of measurements  in which the 
At ~ At + ~t 

pit generation t ime interval  is in the range At N 6t, is 
related to the probabil i ty  P(At) in  Eq. [1] as follows 

ao 

~t=O ~Xt ~ At + 6t 
P(At )  = [3] 

IVT 

Figure 2 shows the logarithm of P (At) as a function 
of pit generation time interval At. It is observed that 
there is essentially a linear relationship between log 
P(At) and ~t, giving an integral  function of Eq. [1] 

2.3026 log P (At) --  --  k �9 At [4] 

where k, the pit generat ion intensity,  is independent  
of st, and is given by }~ ---- 0.175 men -1 at -F0.85V 
(SHE), k ---- 0.500 men -1 at ~0.95V, and k = 0.614 
men -1 at -~l.05V. For uni t  area of the surface, there-  
fore, ~o ---- 0.0494 men -1 cm -2 at +0.85V (SCE),),o = 
0.141 men -1 cm -2 at +0.95V, and ko = 0.173 men -1 
cm -2 at ~ 1.05V. 
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Fig. 2. Cumulative relative frequency curve for pit generation 
time interval at three different potentials. 
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tion of potential; Q ---- present calculation by the stochastic 
method, �9 ~- previous calculation by the least squares method (2). 
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In  Fig. 3, the pit generat ion intensity,  ko, for uni t  
area of the surface is plotted against the potential  at 
which pits are generated; the pit generat ion rate esti- 
mated by the least squares method is also shown for 
comparison. The pit generat ion probabi l i ty  increases 
and appears to approach a ceiling asymptotical ly as 
the potential  becomes more noble. 

In  view of stochastic process, the critical potent ial  
for pit generat ion may be defined as the least noble 
potential  at which the pit generat ion probabi l i ty  is 
practically recognizable. Notice that the pit generat ion 
probabi l i ty  depends on the area of the metal  surface. 

Manuscript  submit ted March 22, 1976; revised ma nu-  
script received April  19, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 JOURNAL. 

All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 
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Evaluation of Electrochemical Information Transfer System 
I. Effect of Electric Fields on Living Organisms 

Andrew A. Marino, Thomas J. Berger, B. Peter Austin, and Robert O. Becker 

Veterans Administration Hospital and Upstate Medical Center, Syracuse, New York 13210 

and Francis X. Hart 

University of the South, Sewanee, Tennessee 37375 

The concepts of electrochemical informat ion t ransfer  
occurring at membrane  interfaces in biological systems 
(1,2) imply  that exposure of l iving organisms or cells 
to electromagnetic fields will  produce nonthermal  
effects. In  view of the widespread al terat ion of the 
electrical env i ronment  produced by electrical power 
t ransmission facilities, the question of a resul tant  
biological effect becomes significant. A pre l iminary  
study involving chronic exposure of rats to 60 Hz, 
150 V/cm, electric fields is reported herein. Our object 
was to determine whether  such exposure would; (i) act 
as a body stressor, i.e., direct g landular  (cell) effect, 
(ii) affect the blood proteins, i.e., the cells which pro-  
duce them, (iii) affect the growth rate of immature  
animals. To these ends we measured the concentrat ion 
of serum corticoids, the relative dis tr ibut ion of serum 
proteins, and body weight. 

Methods 
Twenty-one  day old male Sprague-Dawley rats, fed 

and watered ad ~ibitum, were exposed cont inuously 
for one month  to a 60 Hz electric field generated 
between the plates of a capacitor which was oriented 
to produce an electric field vertical to the earth's sur-  
face (3). 

Each exper imental  and control group consisted of a 
m i n i m u m  of 11 rats. In  the first three experiments,  
the rats were weighed at t h e  end of the exposure 
period, decapitated, and the sera from each group was 
pooled and analyzed. In  the fourth experiment,  the 
rats were subjected to a cold stress (--13~ for 1 hr) 
at the end of the exposure period, after weighing and 
prior to sacrifice. All  experiments  were performed 
consecutively. 

The relative percentages of the four major  groups 
of serum proteins were determined by electrophoresis 
on cellulose acetate with planimetr ic  integrat ion (3). 
The concentrat ion of l l -hydroxycor t icos terone in the 
pooled sera (serum corticoids) was measured fluoro- 
metr ical ly  by Mattingly 's  method (4) as modified by 
Purves and Sirett (5). 

Key words:  e lec tr ic  field, i n f o r m a t i o n  t rans fer ,  s tressor .  

Results 
The final weight of all four exper imental  groups 

was lower than that of the corresponding control 
group, significantly so (P ~ 0.05) in two experiments  
(Table I). In the three experiments in which they were 
measured, a statistically significant elevation in  al- 
bumin  percentage and a statistically significant de- 
crease in gamma globulin percentage was noted, com- 
pared to the corresponding control group (Table II) .  
In the first three experiments,  the serum corticoids 
were consistently lower in the experimental  group as 
compared to the corresponding control group (Table I). 
All experimental  and control animals were autopsied 
at sacrifice and no gross pathology was observed. 

Exper iment  4 was performed to determine whether  
the observed disturbances in the adrena l -p i tu i ta ry  
system (control system for serum corticoids) would 
prevent  the exposed rats from responding to a known 
stress. When subjected to a cold stress, the serum 
corticoids in both groups rose markedly  (Table I), 
indicating that the exposed rats remained capable of 
responding to a known stress in the predictable 
fashion. 

All the observed metabolic alterations are consis- 
tent with the effect of chronic exposure to a non-  

Table I. Effects of continuous exposure to 60 Hz electric fields on 
body weight and serum corticoids of rats 

Experi- Serum 
m e n t  Final body corticoids 
No. No. of rats weight (g) (~g/100 ml) 

1 Experimental (14)  244.0* • 12.6 14.6 
Control (19) 273.1 _+ 16.7 22.0 

2 Experimental (14) 276.5 • 24.1 12.4 
Control (22) 290.8 • 27.9 18.0 

3 Experimental (14) 270.4 • 14.3 10.4 
Control (18) 277.8 _+ 15.8 14.5 

4 Experimental (14)  228.7* ----- 25.1 56.8 
Control (11) 251.0 --+ 11.3 53.4 

* P ~ 0.05. 
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Table II. Electrophoretically determined serum protein relative percentages of rats exposed continuously to 60 Hz electric field for 
one month. For each group, the listed values are averages and standard deviations of 10 determinations (5 strips/pool, 2 scans/strip). 

S e r u m  prote ins  (%) 
Experi -  

m e n t  No. Albumin a-globulin ~-globulin -y-globulin 

1 Experimental 59.1 • 1.7" 22.3 • 1.0" 12.2 • 0.9 6.4 ----- 1.4" 
Control 53.8 ~ 1.6 24.1 -- 0.9 13.6 • 0.9 8.6 • 1.2 

2 Experimental 52.4 • 2.8* 25.7 • 1.0 14.6 ~ 1.1 7.5 +-- 0.8* 
Control 49.2 • 1.0 26.9 • 1.0 14.7 • 0.6 9.2 -- 0.7 

3 E x p e r i m e n t a l  52.7 +--- 1.4" 25.9 • 2.1 14.8 "4- 0.9 7.3 • 0.9* 
Control 49.1 ----- 3.3 27.2 • 2.4 14.0 ----- 0.6 9.6 • 1.2 

* P < 0.05. 

specific e n v i r o n m e n t a l  s t r e s s o r  (6 -8 ) ,  w i t h  t h e  d e v e l -  
o p m e n t  of t h e  g e n e r a l  a d a p t a t i o n  s y n d r o m e  as d e -  
s c r i b e d  b y  Se lye  (6) .  S ince  d a t a  w e r e  o b t a i n e d  o n l y  
a t  t h e  t e r m i n a t i o n  of one  m o n t h ' s  e x p o s u r e ,  t h e  i n i t i a l  
s t ages  of th i s  r e a c t i o n  w e r e  no t  d o c u m e n t e d .  

I n  s u m m a r y ,  t h e  r e s u l t s  s u p p o r t  t he  c o n c e p t  of 
e l e c t r o c h e m i c a l  i n f o r m a t i o n  t r a n s f e r  in  b io log ica l  sy s -  
t ems ,  a n d  i n d i c a t e  t h a t  i t  i n v o l v e s  a t  a m i n i m u m ,  
d i r e c t  c e l l u l a r  a n d  g l a n d u l a r  r e s p o n s e s  q u i t e  d i s t i n c t  
f r o m  t h a t  due  to J o u l e  h e a t i n g .  

Acknowledgments 
T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  V e t e r a n s  A d m i n i s -  

t r a t i o n  R e s e a r c h  Serv ice ,  P r o j e c t  No. 0865-01. 

M a n u s c r i p t  r e c e i v e d  A p r i l  19, 1976. 

A n y  d i s c u s s i o n  of t h i s  p a p e r  wi l l  a p p e a r  in  a D i s c u s -  
s ion  S e c t i o n  to be  p u b l i s h e d  in  t h e  J u n e  1977 JOUm~AL. 

Al l  d i scuss ions  for  t h e  J u n e  1977 Di scus s ion  Sec t i on  
s h o u l d  be  s u b m i t t e d  b y  Feb .  1, 1977. 

Publication costs of this article were assisted by the 
Veterans Administration Hospital. 

R E F E R E N C E S  
1. A. A. Pi l la ,  Ann.  N.Y. Acad. Sci., 238, 149 (1974).  
2. R. O. B e c k e r  a n d  A. A. Pi l la ,  i n  " M o d e r n  A s p e c t s  

of E l e c t r o c h e m i s t r y  No. 10," J.  O'M. Bockr i s ,  Ed i to r ,  
P l e n u m  Press ,  N e w  Y o r k  (1975).  

3. A. A. Mar ino ,  T. J.  B e r g e r ,  J .  T. Mi tche l l ,  R. A. 
D u h a c e k ,  a n d  R. O. Becke r ,  Ann. N.Y. Acad. Sci., 
238, 436 (1974).  

4. D. M a t t i n g l y ,  J.  Clin. Path., 15, 374 (1962).  
5. H. D. P u r v e s  a n d  N. E. S t i r e t t ,  J .  Exp. Biol. Med. 

Sci., 47, 589 (1969).  
6. H. Selye,  "S t r e s s , "  A c t a  Inc.,  M o n t r e a l  (1950).  
7. A. D a n i e l s - S e v e r s ,  L. C. Keil ,  a n d  J.  V e r n i k o s -  

Dane l l i s ,  Pharmacology, 9, 348 (1973).  
8. B. F. B r a i n  a n d  N. W. Nowel l ,  Gen. Comp. Endo- 

crinol., 16, 149 (1971).  



d E I U R N A L  ElF T H E  E L E P . T R E I [ g H E M I P . A L  B I : ] C I E T Y  

S O L I D - S T A T E  S C I E N C E  

,,, A N D  T E C H N O L O G Y  
AUGUST 

I I 

1976 

Kinetics of the Reactive Sputter Deposition of 

Titanium Oxides 

K. G. Geraghty 1 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720 

and L F. Donaghey* 

Department of Chemical Engineering, University ol CaliSornia, Berkeley, California 94720 

ABSTRACT 

The react ive  sput te r ing  of t i t an ium was s tudied in an rf  p lasma containing 
argon and oxygen. The kinetics of the  react ive  sput te r ing  process and the 
proper t ies  of deposi ted t i t an ium oxide films were  s tudied  as a function of the  
oxygen  par t i a l  pressure  in the plasma, bias voltage, and rf  power.  1Vfodels for 
the t rans ient  oxidat ion  of t i t an ium were  explored in re la t ion to oxidat ion 
mechanisms.  Model pa ramete r s  were  de te rmined  f rom exper imen ta l  studies. 
The sput ter  etch ra te  of the t i t an ium targe t  reached a m a x i m u m  at an oxygen 
mole  fract ion of 0.002. The sput te r  deposi t ion ra te  was found to decrease 
sharp ly  at a cr i t ical  oxygen mole fract ion equal  to 0.007, corresponding to the 
onset of ta rge t  oxidation.  The t ime dependence of the ta rge t  oxidat ion  process 
was found to be in qual i ta t ive  agreement  wi th  a react ive  spu t t e r -ox ida t ion  
model. 

T i tan ium dioxide is an impor tan t  dielectr ic  ma te r i a l  
for refractory,  optical, and electronic applications.  In  
optical  and microelectronics  applicat ions,  TiO2 thin  
films can be sput te r  deposi ted by  the r f  sput te r ing  of 
titania, or by the reactive sputtering of titanium in a 
plasma containing a partial pressure of oxygen (1-3). 
The optical properties of TiO2, particularly its high re- 
fractive index, have proven invaluable to the optics 
industry for over 25 years, and much thin film research 
in this industry has been carried out in the preparation 
of TiO2 lens coatings (4, 5). Titania can also be de- 
posited as a protective coating (6). In addition to the 
practical importance of titanium dioxide, the Ti-O sys- 
tem is of theoretical interest because of the large num- 
ber of phases in this system, and because the kinetics 
of reactive sputter deposition of these phases have not 
been established. Bailey has reported that essentially 
all film physical properties of sputtered films are 
s t rongly  dependent  on deposi t ion pa rame te r s  such as 
time, deposi t  rate,  argon pressure,  ca thode-anode  dis-  
tance, and subs t ra te  t empe ra tu r e  (7). The es tabl ish-  
ment  of kinetic  rates and condit ions for the deposi t ion 
o f  TiO, of the  Magnel i  phases TinO2n-1 where  n --~ 2, 
and of TiO2 by  react ive  sput te r ing  is the  subject  of the  
presen t  study.  

The Ti -O System 
There  is considerable  l i t e r a tu re  on the condensed 

phases of the Ti-O system. Severa l  invest igators  have 
de te rmined  the phase d i ag ram of this system dur ing 
the last  20 years  (8-10). The low t empera tu re  por t ion  
of the  phase d iag ram for the  Ti-O sys tem af ter  Roy 

* E lec t rochemica l  Society Ac t ive  M e mbe r .  
1 P r e s e n t  address :  G e n e r a l  Dynamics ,  P o m o n a  Division, Po mo n a ,  

California 91766. 
Key words :  spu t t e r ing ,  r eac t i ve  spu t t e r ing ,  o x i d a t i o n ,  t i t a n i u m  

o x i d e s ,  t h i n  films. 

and Whi te  is reproduced  in Fig. 1 (10). This d i ag ram 
indicates tha t  t empera tu res  above 800~ are  requi red  
to produce fut i le  crystals  under  equ i l ib r ium conditions. 
Below this tempera ture ,  anatase  is the s table phase. 
Thus, in order  t o  obta in  ruffle, i t  is necessary  to insure  
that  the  effective deposi t ion t e m p e r a t u r e  be main ta ined  
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F}g. 1. Low temperature condensed phase diagram for the Ti-O 
system. The Magneli phases have the form TinO2n-I where n 
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above  800~ e i ther  by  heat  genera ted  f rom the im-  
pact ing atoms themselves  or th rough  ex te rna l  hea t ing  
of the substrate.  

The s tab i l i ty  range  of Ti305 and the Magneli  phases  
wi th  regard  to t empe ra tu r e  and oxygen fugaci ty  was 
de te rmined  by  Por t e r  (11). These studies confirmed 
the existence of an inde te rmina te  number  of in te r -  
media te  oxide phases be tween  TiO and TiO2. Of these, 
Ti203 and Ti305 are  dis t inct  phases,  whi le  the Magnel i  
phases form a closely re la ted  series of shear -defec t  
compounds with  the  homologous fo rmula  TinO2n-1 
where  4 ~ n ~ ~ (12). 

F igure  2 summarizes  the s tabi l i ty  ranges  of these 
phases as a funct ion of the reciprocal  t empera tu re  and 
oxygen fugacity.  The figure shows tha t  TiO2-x (ana-  
tase) is the  s table  oxide phase  at  an es t imated ta rge t  
surface t empera tu re  of 400~ and an oxygen fugaci ty  
near  unity.  For  subs t ra te  t empera tu res  below 800~ 
TiO2-x (anatase)  should be the t he rmodynamica l ly  
stable, but  not  necessar i ly  the  k ine t ica l ly  favored,  
phase deposi ted by  react ive  sput te r ing  wi th  Ar/O2 over- 
a range of oxygen fugacity.  

Theories of Target Oxidation 
The sput te r ing  process consists of accelerat ing posi-  

t ive ly  charged p lasma  ions into a ta rge t  ma te r i a l  under  
the influence of a bias electr ic field. The incident  ions 
eject  a toms of the  ta rge t  ma te r i a l  f rom the  t a rge t  sur -  
face by  ini t ia t ing a chain-col l is ion energy t ransfer  
process th rough  the crysta l  lat t ice.  React ive  gaseous 
components  in the  p lasma can react  wi th  the target  
causing oxidat ion of the ta rge t  surface, and energet ic  
ions have sufficient energy to be implan ted  into the  
ta rge t  to cause in te rna l  oxidat ion.  

While  a d-c  bias vol tage suffices for  sput te r ing  con- 
duct ing mater ia ls ,  an r f  field is requi red  for  spu t te r ing  
of dielectr ics  in order  to remove the negat ive  charge  
bui ldup at  the  t a rge t  surface by  h ighly  mobi le  p lasma  
electrons. In  addition, r f  power  can also cause sput -  
ter ing of conduct ing mater ia ls .  
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Fig. 2. Stability ranges of titanium oxides as a function of recip- 
rocal temperature and oxygen fugacity. 

The p lasma gas for the sput te r ing  process is nor -  
ma l ly  an iner t  gas, typ ica l ly  argon. In t roduc ing  a re -  
active gas wi th  the argon allows react ive  sputter ing,  
where in  the spu t te red  ta rge t  a toms react  wi th  the  ac-  
t ive gas, and the products  are  collected on the sub-  
strate.  The mechanism of this react ion is not  c lear ly  
understood,  as the precise t ime of react ion has not been 
determined.  The oxidat ion  react ion could occur at the  
ta rge t  surface, on collision wi th  the  substrate ,  or by  
diffusion and react ion fol lowing deposi t ion on the sub-  
strafe. Oxidat ion  react ions in the gas phase are  neg-  
l igible  because of the  low collision cross sections and 
low pressures  involved.  

The subject  of t a rge t  oxidat ion  has received even less 
a t tent ion than  the r eac t ion-chemis t ry  mechanism of 
react ive  sput ter ing,  perhaps  because commercia l  ap-  
pl icat ions are  p r i m a r i l y  concerned with  the mater ia l s  
deposi ted dur ing  spu t te r ing  and not wi th  the  target  
condition or ra te  kinetics.  However,  new contr ibut ions 
to the  mechanisms of t a rge t  oxida t ion  are  avai lab le  
f rom recent  developments  in the analogous field of 
p lasma anodizat ion and oxida t ion  (13-15). 

The plasma anodization model.--Plasma anodizat ion 
is the  process of growing an oxide film on a metal l ic  
subs t ra te  by  immers ing  the subs t ra te  in an oxygen 
p lasma and apply ing  an electr ic  field (14). P lasma  
oxidat ion is v i r tua l ly  the same technique lacking only 
the  ex te rna l ly  appl ied  bias voltage. The cur ren t  in te r -  
est in these technologies stems f rom the i r  appl icat ion 
to the fabr ica t ion  of oxide tunnel  ba r r ie r s  for thin film 
Josephson junct ion devices. 

The pioneer ing work  of Miles and Smi th  offered the 
first indicat ion of the potent ia l  uses of p lasma anodiza-  
t ion for both tunnel ing bar r ie r s  and thin film dielec-  
tr ics (13). They offered a qua l i ta t ive  explana t ion  of 
the oxidat ion  process, and concluded that  posi t ive 
meta l  ions dissolve into the  surface oxide l aye r  under  
the  influence of the  electr ic field. The ions, unde r  a 
combinat ion of dr i f t  and diffusion, move to the oxide-  
p lasma  interface,  and react  chemical ly  wi th  gaseous 
oxygen, the reby  in i t ia t ing oxide growth.  They fur ther  
observed that  for  a constant  bias potential ,  the  oxide 
growth  reaches a cer tain thickness and then  ceases. 
Thickness control  can be exercised by  vary ing  the ap-  
pl ied field strength.  

A few years  a f te r  this work,  Schroen looked at the  
physics of the  oxidat ion  process and presented  a mo-  
lecular  model  for the  react ion (14). The in i t ia l ly  neu-  
t ra l  subs t ra te  is raised to a negat ive  potent ia l  by the 
mobile  p lasma electrons. This negat ive  potent ia l  a t -  
tracts O + and O3 + pos i t ive ly  charged oxygen  mole-  
cules to the ta rge t  surface. These ions enter  the ta rge t  
as O~ neutrals ,  diffuse into the meta l  latt ice,  and react  
to form an oxide. The model  is st i l l  tentat ive,  and lacks 
any quant i fy ing  formulae.  

O'Hanlon (15) rev iewed  p lasma  anodization,  and 
presented  a model  very  s imi lar  to Schroen 's  for the 
p lasma anodizat ion process in terms of two dis t inct  
mechanisms.  One mechanism is that  of Schroen,  whe re -  
by 02 +" ions dissociate upon impact  and diffuse into 
the target .  A second mechanism is that  O + and 03 + 
ions or iginat ing in the p lasma are  implan ted  d i rec t ly  
into the  oxide. This model  is suppor ted  by  Whit lock 
and Bounden (16) and by  Thompson (17), who were  
unable  to detect  any  measurab le  negat ive  ion cur ren t  
densi ty  in the negat ive  glow of an oxygen discharge.  

Miles and Smi th  have  s tudied oxide growth  ra tes  on 
a luminum by p lasma anodizat ion (13). An  essent ia l  
r equ i rement  for oxide growth  by this method is the  
format ion of a "pr iming oxide layer"  by  exposing the 
a luminum to an 02 p lasma for a per iod  of 600 sec be-  
fore apply ing  a bias potential .  Wi thout  the pr iming  
period, no oxide was formed. The thin  oxide layer  
(<20A)  formed af ter  the pr iming per iod  by  p l a s m a  
anodizat ion wi thout  ex te rna l  bias potent ia ls  was shown 
by O'Hanlon (15) to have a logar i thmic  dependence  on 
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t ime given by  
x - -  Xo + k l n t  [1] 

where  t > 1 rain. Using the same data, however ,  one 
can show that  a parabol ic  g rowth  law is fol lowed du r -  
ing the same t ime per iod  

x = [2] 

where  t > 0. Thus, i t  appears  tha t  a diffusional mecha-  
nism could dr ive  the  p lasma  anodizat ion process at zero 
bias. 

The oxidat ion  ra te  of Ti me ta l  in pure  02 at  1 a tm 
pressure  has been measured  by  Kubaschewski  and  
Hopkins  (18). The oxidat ion  t ime dependence  can be 
descr ibed by  the parabol ic  dependence  of oxide thick-  
ness on t ime wi th  a ra te  constant  given by  

Kp --  0.16 exp (--45,050/RT) [3] 

(550~176 where  Kp has the  uni ts  [g~ cm -4  s e c - I ] ,  
R --  1.98719 calth mole  -1 ~ -1, and T is in ~ Thus, 
the  TiO2 oxide thickness x in  cent imeters  has the  t ime 
dependence  

X " - -  {10-1"027--492"3T-1}tl/2 [4] 

where  t ime t is in seconds. This equat ion indicates  that  
t empera tu re s  of ,~1000~ are  needed to form a 1 ~m 
thick oxide l aye r  in 103 sec, whereas  an oxide  l aye r  of 
10A forms at  only 385~ in the  same time. Al though a 
wa te r - coo led  spu t te r ing  t a rge t  r emains  wi th in  a few 
degrees of the  coolant t e m p e r a t u r e  dur ing  sputter ing,  
the  t empe ra tu r e  at  the  sput te r ing  coll ision site can 
reach a significant f ract ion of the  mel t ing  point. There -  
fore, it  can be ant ic ipated tha t  the  oxidat ion  ra te  in an 
oxygen-conta in ing  p lasma  is pa r t l y  diffusion con- 
t rol led,  in spite of the finite sput te r ing  process. 

The reactive sputter-oxidation models.--The first 
quant i ta t ive  analysis  of the  oxidat ion  phenomena  was 
advanced by  Greiner ,  who inves t iga ted  r f  sput te r  e tch-  
ing in oxygen  (19). The basis of Gre iner ' s  theory  is the  
assumpt ion that  the  sput te r ing  and oxidat ion  ra tes  are  
independent  and concurrent .  The ra te  of change of 
ox ide  thickness on the target ,  dxfdt, is then  

dx 
--  Rox --  Rsp [5] 

dt  

where  Rox is the  oxidat ion  ra te  and Rsp is the  sput te r  
ra te  of the ta rge t  phase.  In  this model,  Gre iner  invokes 
two assumptions.  Firs t ,  the  oxide thickness  fol lows a 
logar i thmic  t ime dependence  given by  x ---- Xo -5 k In t, 
and, second, the sput te r  each rate,  Rsp, is constant.  
Consequent ly  

Rox ---- Ke-X/Xo [6] 

Using Gre iner ' s  assumption,  the  to ta l  r a te  of change 
of oxide thickness becomes 

dx 
) -- Ke -x/xo -- Rsp [7] 

( W  - 

This different ia l  equat ion has the  in tegra l  form 

x = x o l n  [ K 

where  x~ is the  oxide thickness at t ime t : 0. This 
equat ion has a t rans ien t  t ime constant  xo/Rsp and a 
s t eady-s ta te  l imi t  g iven b y  

l im x --  Xo in  (K/Rsp) [9] 

The s teady-s ta te  l imi t  can also be obta ined by  set t ing 
dx/dt = 0 in Eq. [7]. Note that  this theory  predic ts  
tha t  a finite thickness of oxide is present  on the  ta rge t  
only if K > R~p, and that  the t ime constant  for t r ans i -  
ent  oxidat ion  is xo/Rsp. 

In  a more  recent  model, Hel le r  p resented  an analysis  
of the results  of his work  on reac t ive ly  sput te r ing  

meta ls  in oxidizing a tmospheres  (20). Hel le r  found the 
exis tence of a cr i t ical  oxygen par t i a l  p ressure  in the  
plasma,  Po2*, be low which  no oxidat ion  of the  ta rge t  
takes  place. Fo r  Po2 < Po2*, the  sput te r  ra te  exceeded 
the oxidat ion  ra te  and no oxide l aye r  formed on the 
target .  For  Po2 > Po2*, an oxide l aye r  of finite th ick-  
ness formed. These expe r imen ta l  resul ts  a re  not  in-  
consis tent  wi th  Gre iner ' s  s tudy  in tha t  Gre iner  never  
exp lored  the range  of Po2 values  below which  no oxide 
formed. 

Hel le r  improved  Gre ine r ' s  assumpt ion  concerning 
Rox and Rsp by in t roducing the  fol lowing oxidat ion 
equation. He defined 

A ( P )  
Ro~ -" : e - ~ / x o  [10J 

P 

where  the  p a r a m e t e r  A(P) is a p re s su re -dependen t  
funct ion and p is the  dens i ty  of the  spu t te red  t a rge t  
phase. The ta rge t  oxide dens i ty  wil l  v a r y  wi th  compo- 
sit ion f rom 4.5 g / cm 3 for  Ti to 4.26 g / cm a for TiO2. 
Hel ler  assumes tha t  Rsp is a monotonica l ly  decreasing 
function which yields  the correct  sput te r ing  rates  at 
x = 0 a n d x ~  oo, i.e. 

( d-~i~ ) : R s p : R s p , o ~ - ( R s p , m - - R s p , o ) e  - ' ' '~ [II] 

P 

where  Rsmo and Rsmm are  the sput te r ing  rates  of ta rge t  
oxide and metal l ic  Ti, respect ively.  This model  was 
tested in a second pape r  by  Gre iner  who obtained 
sufficient da ta  to de te rmine  the unknown pa ramete r s  
of the model  (21). 

Notwi ths tanding  the previous  efforts to a r r ive  at  a 
quant i ta t ive  analysis  of the  oxidat ion  phenomenon,  
Lesl ie  and K n o r r  have concluded, f rom the i r  inves t iga-  
t ion of the p lasma oxidat ion  of tan ta lum,  tha t  the  
complex in te r re la t ion  of sys tem pa rame te r s  and the 
present  dea r th  of exper imen ta l  work  prohib i t  the  
formula t ion  of any complete  model  (22). 

Experimental 
Sputtering apparatus.--The expe r imen ta l  equipment  

consisted of modula r  d iode-spu t t e r ing  sys tem together  
wi th  a 1 kW rf  power  supply.  The spu t te r ing  sys tem 
was a t tached to a vacuum system consist ing of an NRC 
series VHS, 6 in. (15.2 cm) diffusion pump wi th  a 
pumping  speed of 2400 l i t e r -a i r / sec ,  a Welch l iquid 
n i t rogen cold trap,  and a 7 l i t e r - a i r / s ec  centr i fugal  
roughing pump.  This system, shown in Fig. 3, could 
achieve an u l t imate  pressure  be low 10 -7 Tor r  2 (1.3 X 
10 -5 Pa ) .  

Chamber  pressure  was moni tored  s imul taneous ly  by  a 
P i ran i  GP-310 gauge for pressures  be low 0.1 Torr  and 
an  Autovac  Type  3294-B gauge for pressures  in the  
range from 1 mTorr  to 1000 Torr.  The main  purpose  of 

1 Torr = 133.3224 Pa. 

Fig. 3. RF sputtering system and ancillary apparatus 
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the dual meter  system was to el iminate errors due to 
meter  fluctuations after calibration. 

The 02 flow was controlled and monitored by means 
of a microflowmeter capable of measuring flow rates 
b e t w e e n  0.2 and 15 ml /min .  The oxygen was mixed 
with Ti-get ter  purified argon s t ream and passed 
through a Hastings-Raydist  mass flowmeter, where the  
total gas flow, and, by difference, the argon flow rate 
were measured. 

The max imum volumetric gas flow through the 
chamber  was determined by the l imitat ions of the dif- 
fusion pump. The max imum foretine pressure was 
chosen as a conservative 200 mTorr.  At this pressure, 
the argon flow rate reached an upper  l imit  of 150 ml /  
min. Since the microflowmeter could resolve as low as 
0.2 ml /min ,  the min imum measurable 02 volume frac- 
t ion a t ta inable  was 0.0013. The volume fraction of 02 is 
identical to the mole fraction at the low chamber pres-  
sures involved (25 mTorr) .  

A calculation of the amount  of O2 removed from the 
plasma dur ing the deposition of stoichiometric TiO2 
film indicates that negligible oxygen part ial  pressure 
change occurs by the deposition reaction. Only 1.3% 
of the total gaseous O2 would be ent ra ined at an oxy- 
gen plasma mole fraction of 0.007 provided that the 
max imum gas flow rate is maintained.  

Materials.'Titanium targets 6 in. (15.2 cm) in  diam- 
eter were fashioned from 0.032 in. (0.081 cm) thick 
sheet metal. 3 The pur i ty  was assayed at 99.9% and the 
results of a spectrographic analysis indicated that  i ron 
was the only significant impur i ty  (0.1%). Several  ta r -  
gets were used to ensure oxide-free surfaces for each 
phase of the research. The anode was covered with a 
Ti disk to minimize film impurities due to backsput- 
tering. 

Three different substrates were used: microscope 
slides for thickness measurements, microscope cover 
slides for weight change measurements, and type I0 
quartz plate for electron diffraction, optical, and elec- 
trical measurements. The quartz plates were precut 
into 1.3 X 1.3 cm squares for electron microscopy and 
spectrophotometric analyses. High optical qual i ty sub-  
strates were essential in  order to obtain rel iable u.v. 
spectra. 

Procedure.--Sputtering was performed in the range 
of oxygen mole fraction y ranging from 0 to 0.15. Tfta- 
n ium was sputtered in pure Ar (y --= 0) as a s tandard 
for comparison in assessing the effects of 02 on sputter- 
ing parameters. A minimum deposition time of 30 rain 
was chosen for this series to generate films sufficiently 
thick for characterization purposes. 

A sputtering pressure of 24 mTorr, determined by 
mean free path considerations, produced the optimum 
initial power match. Forward and reflected power 
settings were normally 500 and 90W, respectively, 
delivering a d-c bias voltage of about 1.9 kV. These 
values were not constant throughout a run, however, 
and provided an early indication of change in the tar- 
get surface state, which was subsequently interpreted 
as oxidation. The chamber pressure remained constant 
during all experiments. 

Following reactive sputtering, substrate specimens 
were examined by reflection electron microscopy to 
determine their structure. Spectral absorbance of the 
samples was measured in the ultraviolet,  visible, and 
infrared regions of the optical spectrum. The u.v. and 
visible absorbances were obtained on a Cary Model 118 
spectrophotometer, while the Pe rk in -E lmer  Model 421 
spectrophotometer was used for the infrared spectra. A 
four-point  conductivi ty apoaratus was constructed to 
measure the conductivi ty of metallic and semimetallic 
films. 

The target oxidation phenomenon was studied by the 
following procedure. The target was first sputter  etched 
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of all surface oxide in Ar. Then 02 and Ar were s imul-  
taneously admitted at a given oxygen mole fraction y 
for a measured time interval.  The O2 flow was then 
shut off and the target  again sputter  etched in Ar. The 
etch t ime was recorded. 

Possible contaminat ion of the system by atmo- 
spheric oxygen was minimized by completely evacuat-  
ing the system for 30 min  before each run. After each 
openiflg of the system to air, a complete sput ter  clean- 
ing was required before a new run  was possible. A 
min imum of 10 rain was necessary to remove the 
ehemisorbed oxide layer  which formed on the target 
surface. The in situ determination of the target oxi- 
dation state was made from measurements of reflected 
power bias potential and plasma color. 

Results 
The t i t an ium oxide films deposited under  various 

conditions were characterized to determine the effects 
of reactive sput ter ing variables o n t h e  physical, optical, 
and electrical properties of deposited films and to 
determine reactive sput ter ing rate kinetics. 

Deposition rates.--A significant t ransi t ion in  density 
and deposition rate was observed at an oxygen mole 
fraction y* ---- 0.007, as shown in Fig. 4. Deposition 
rates and film densities were independent  of y for 
y > y*. Deposition rate data showed a sharp decrease 
by an order of magni tude  as y increased above y*, as 
shown in Fig. 4. The significance of these results be- 
comes apparent  when one contemplates the conditions 
n e e d e d  to deposit films of constant and reproducible 
properties. For y > y*, the data indicate film properties 
are invar ian t  with y, which allows for easy control of 
film parameters,  par t icular ly  in  large volume commer-  
cial applications. However, the low deposition rate for 
y > y* represents a drawback for operations re-  
quiring rapid processing rates. 

Physical properties.--Films were found to etch 
rapidly in concentrated H N Q .  The rapid etching char- 
acteristics of reactively sputtered TiOx films with x < 2 
suggest that  the films are amorphous. This assumption 
was borne out by electron microscopy studies, using a 
Hitachi HU-125 operated at 100 keV. Figure 5 shows 
the radial  dependence of the photodensity of a typical 
film which demonstrates the amorphous s tructure of 
the films. The Au coating was applied by evaporation 
on the films to prevent  electrostatic charging, but  too 
thick a layer interfered with the reflection pattern. 
The photodensitometric effect of the 50A Au film was 
subtracted from the composite pattern to yield the TiOx 
diffraction pattern alone. 

The density of reactively sputter-deposited films was 
determined from weight change and thickness mea- 
surements. The results are shown in Table I. A signifi- 
cant increase in film density occurred for y near y*. All 

E 

o 

Y02 x I 0  -2  

Fig. 4. TiOx film deposition rote vs. 02 mole fraction in the 
plasma. 
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Fig. 6. U.V. spectrograph of TiOz thin films deposited at several 
oxygen plasma conditions. 

T h e  u.v.  s p e c t r a  of d e p o s i t e d  f i lms s h o w  a n  a b s o r p -  
t i on  e d g e  a t  a b o u t  330 n m.  T h e s e  s p e c t r a  a r e  s h o w n  in  
Fig.  6 a n d  c o r r e s p o n d  to a b a n d g a p  of 3.76 eV fo r  TiO2. 

Target oxidation-etch rates.--Target o x i d a t i o n  a t  
d i f f e r e n t  o x y g e n  p a r t i a l  p r e s s u r e s  w a s  s t u d i e d  b y  e x -  
p o s i n g  t h e  t a r g e t  to t h e  r e a c t i v e  gas  m i x t u r e  fo r  a f ixed  
t ime ,  t h e n  m e a s u r i n g  t h e  e t c h i n g  t i m e  to r e m o v e  t h e  
oxide.  T h e  e x p e r i m e n t a l l y  m e a s u r e d  o x i d a t i o n  a n d  e t c h  
t i m e s  a r e  s h o w n  i n  T a b l e  II. 

Discussion 
T h e  p h a s e  d i a g r a m  fo r  t h e  T i - O  s y s t e m  s h o w n  in  

Fig.  1 i n d i c a t e s  t h a t  t h e  a n a t a s e  p h a s e  of TiO2 w o u l d  
b e  e x p e c t e d  fo r  l o w  t e m p e r a t u r e  depos i t i on .  P r e s u m -  
a b l y  t h e  a m o r p h o u s  p h a s e  pe r s i s t s  b e c a u s e  of  t h e  h i g h  
i m p a c t  e n e r g y  of t h e  d e p o s i t i n g  a toms ,  w h i c h  d e s t r o y s  
a n y  c r y s t a l l i n e  l a t t i c e  w h i c h  w o u l d  o t h e r w i s e  fo rm.  A 
h e a t  t r a n s f e r  c a l c u l a t i o n  s h o w e d  t h a t  t h e  s u b s t r a t e  
s u r f a c e  t e m p e r a t u r e  w a s  20.3~ I n  o r d e r  to  d e p o s i t  a 
c r y s t a l l i n e  phase ,  i t  w i l l  b e  n e c e s s a r y  to  p r o v i d e  a n  e x -  
t e r n a l  h e a t i n g  s o u r c e  c a p a b l e  of m a i n t a i n i n g  t h e  s u b -  
s t r a f e  s e v e r a l  h u n d r e d  d e g r e e s  a b o v e  i ts  u n h e a t e d  t e rn -  

Fig. 5. Reflection electron diffraction of a Ti02 film. (Top) 
Reflection electron diffraction pattern from reactively sputtered 
Ti02. (Middle) Photodensitometer trace for a Au-coated Ti02 film. 
(Bottom) Photodensitometer trace calculated for the Ti02 film 
without the Au reflections. 

films deposited at y > 0.035 showed essent ial ly  no ab- 
sorpt ion in the visible range, and were in fact t r ans -  
paren t  to the  eye. Fi lms deposited at very  low y 
(--~0.002) were metallic and showed some visible ab- 
sorbance while films deposited at y ----- 0.02 possessed a 
sl ight gold tint. From optical data  it was inferred that  
the  yellow-gold colored samples  were  TiO. 

Table I. Reactively sputter-deposited titanium oxide film densities 

Film phase Plasma composition p ( g/cm ~ ) 

Ti y = 0 2.05 
TiO y~y* --5 
TiO~ ( x - - 2 )  g >> 9" 3.9 

Table II. Experimentally measured plasma oxidation and etch 
times and power settings at different plasma 02 concentrations 

Time to start 
y (mole 02 exposure of color Time to e t c h  

fraction) time (sec) change (sec) target (sec) 

0.007 180 105 182 
0.007 300 138 178 
0,008 80 55 468 
0.008 100 37 465 
0.008 150 55 416 
0.014 80 35 245 
0.014 I00 25 364 
0.014 120 22 320 
0.014 120 20 321 
0.014 150 20 390 
0.014 200 18 360 
0.014 250 22 400 
0.022 I00 20 174 
0.022 150 12 162 
0.022 200 12 164 
0.040 82 5 284 
0.040 I00 5 250 
0.064 15 3 170 
0.064 60 3 211 
0.064 100 3 235 
0.175 80 15 112 
0.175 80 13 180 
0.175 100 18 216 
0.175 150 15 288 
0.027 100 10 199 
0.033 I00 10 199 
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perature.  This wil l  provide sufficient kinetic energy to 
the already deposited mater ial  for annealing.  

F lm physical properties exhibited a strong depen-  
dence on the state of target oxidation. In  particular,  
film density followed the t rend shown by the deposition 
rate  with increasihg y. An obvious t ransi t ion at y* was 
again found, with film density remaining Constant for 
y above this value. The invar iance of both deposition 
rate and density for y above y* can be taken as an  
indication that film stoichiometry no longer changes, 
and that the target oxide here in fact is stoichiometric 
TiO2. 

Lakshmanan  reports spectra for TiO~ reactively de- 
posited in pure O~_ remarkably  similar both in  shape 
and value to that shown in Fig. 6. The bandgap energy 
of 3.65 eV which he reports agrees quite closely with 
the value of 3.76 eV obtained in  this study for amor-  
phous TiO2 (23). 

The spectrum for the sample deposited at y ---- 0.02 
shows low absorption throughout  the u.v. range, prob-  
ably for TiO. The films deposited at 0.05, 0.10, and 0.15 
mole fraction of O2 in the plasma all absorb strongly 
below 300 nm and are probably amorphous Magneli 
phases. The species deposited at y ~- 0.15 represents an 
anomaly in  that it absorbs less below 330 n m  than  the 
oxide films formed with lower y. 

The films deposited with y ---- 0.035 were found to 
give less u.v. absorbance than did films deposited at 
y = 0.05 or 0.10. Because no target  etching was per-  
formed before  each successive deposition of these 
samples, the oxidation state of the target should have 
affected the amount  of oxygen incorporated into suc- 
cessively deposited films. This hysteresis effect is evi- 
dent in experimental data. 

The effects of exposing a clean t i tanium target  to an 
oxidizing plasma were studied as a function of ex- 
posure t ime and oxygen concentration. The steady-state 
target oxide thickness was formed by oxidation in an 
Ar/O2 plasma for a t ime sufficiently long to achieve 
steady state. The dependence of the steady-state oxide 
thickness developed on the target at different oxygen 
molar concentrations in the plasma was measured in-  
directly by the t ime required to etch the target clean of 
oxide in an Ar plasma. Figure 7 shows the dependence 
of the etch t ime on the plasma oxygen mole fraction. 
In this figure, the end of the etching period was deter-  
mined from the color change of the plasma. The etch 
times shown are the average of several experiments for 
each value of y. Since the Ar-p lasma etch t ime is the 
product of sputter  yield times the oxide thickness, 
the proport ionali ty between oxide thickness and etch 
t ime holds only if the oxide properties are independent  
of y. It is possible that  the sputter  yield for films de- 
posited for 0.01 < y < 0.02 is lower than for y > 0.02 
to give the peak observed in Fig. 7. A low sputter yield 
is expected for the highly stable phases Ti203 and 
Ti304. 

Figure 7 shows that no oxide formed on the target 
for y < y* ~ 0.007. There was an increase in etch time 
at y*, then a drop and a gradual rise with increasing y. 
The initial increase can be attributed to the formation 
of a highly stable phase such as Ti208 or Ti304 on the 
target surface. The dashed line tangent to the curve 
for y > 0.03 delineates the approximate increase in 
02 + ions resulting from a rise in y and indicates that 
target oxide thickness is proportional to y in that 
range. This result is somewhat in contradiction to 
models for the reactive sputter-oxidation Process which 
predicts that the oxide thickness is proportional to In 
(KRs,-1) ,  unless different phases form on the target, 
each with different values of K and Rsp. 

The dependence of the deposition rate on y was found 
to exhibit  an order-of-magni tude  decrease if the dep- 
osition rate occurs near  y*. Par t  of the rise in target 
oxide etch time depicted in Fig. 7 is probably due to 
an increasing oxygen incorporation in the deposited 
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Fig. 7. Target etch time following target oxidation as a function 
of yo 2. 

film provided by 02 in  the plasma, and, to a lesser 
extent, to an increasing sputter etch rate due to O2 + 
ions superimposed on a constant  Ar  sputter  etch rate. 
The nonreact ive Ti sput ter ing rate of 5.6 A/sec is an 
order of magni tude higher than the extrapolated sput-  
tering rate of 0.48 obtained for y > >  y*, indicating 
that t i tan ium metal  has a much higher sputter  yield 
than does TiO2. This dispari ty is larger than  would be 
expected if the sputter ing process removed individual  
atoms from the target, since the Ti-Ti  bond energy is 
112.6 kcal /mole compared to a Ti-O bond energy of 
157 kcal /mole (24) and since the sputter  yield should 
vary with the square root of the atom binding energy. 
Thus, molecular groups such as TiO and TiO2 are prob- 
ably removed from the target during reactive sput ter-  
ing at high values of Yo2. 

The t ransient  growth of oxide on the Ti target in an 
Ar/O2 plasma for which Yo2 ---- 0.014 : 2y* was also 
studied by measurement  of Ar p]asma sputter  etching 
times needed to remove the oxide films. Again, the 
oxide thickness was assumed proportional to the Ar 
plasma etch time provided that the sputter  yield of the 
oxide is independent  of oxide thickness. The oxide 
thickness increased monotonical ly with time. If the 
steady-state oxide thickness corresponds to a target 
oxide sputter etch t ime of 400 sec, then the t ime con- 
stant for t ransient  oxidation can be found by com- 
par ing the data with Eq. [4] and [8]. The exper imental  
data were found not to show a parabolic oxidation rate 
as would be required by diffusion-controlled kinetics. 
On the other hand, the time constant for the exponen-  
tial time dependence of the reactive sput ter-oxidat ion 
model, Eq. [8], was found to be (20) 

KRsp -1 ---- 67 • 11 

Since the oxide sputtering rate at a bias voltage of 1.9 
kV was independent ly  measured exper imenta l ly  to be 
0.48 A/sec, the apparent  oxidation constant for the 
anodic oxidation theory was Xo ---- 32A. This data is in 
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qual i ta t ive  agreement  wi th  the  react ive  spu t t e r -ox ida -  
t ion model, wi th  significant deviat ions at  shor t  spu t -  
t e r -ox ida t ion  t imes.  

Conclusion 
This s tudy  of the  react ive  sput te r  deposi t ion rates of 

t i t an ium oxides showed tha t  amorphous  films were  de -  
posi ted at  room t e m p e r a t u r e  over  the  ent i re  range  of 
oxygen mole  fract ions studied. Deposi ted films were  
genera l ly  meta l l ic  aTi for oxygen mole  fract ions y 
0.002, and dielectr ic  TiO2 for y ~ 0.035. A sharp t rans i -  
t ion in deposi t ion ra te  took place at  y* = 0.007, where  
TiO is deposited,  and corresponded to the onset of oxi-  
da t ion  of the  t i t an ium target .  

Models descr ibing the ta rge t  oxida t ion  phenomenon 
w e r e  tested against  exper imen ta l  data.  The dependence  
of the  t a rge t  oxidat ion  ra te  on oxygen mole  fract ion 
indica ted  tha t  the  ta rge t  oxidat ion process is influenced 
by  oxygen-a tom incorpora t ion  in the ta rge t  and by  
sput te r  e tching of the  ta rge t  oxide by  oxygen ions. 
The t ime dependence  of the  ta rge t  oxidat ion process 
cannot  be descr ibed by  a parabol ic  t ime dependence.  
The react ive  spu t t e r -ox ida t ion  model  is in qual i ta t ive  
agreement  wi th  the  exper imenta l  data.  
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On the Behavior of Mobile Ions in Dielectric Layers of 
MOS Structures 

W. Marciniak and H. M. Przewlocki 
Nauk. Prod. Centrum Polprzewodnikow, 02-675 Warszawa, Komarowa 5, Poland 

ABSTRACT 

Equi l ib r ium and nonequi l ib r ium behav ior  of mobile  charges in dielectr ic  
layers  of MOS s t ructures  have been invest igated.  A var ie ty  of MOS s t ructures  
has been s tudied using the TVS method,  and a newly  developed technique of 
quasi-cont inuous regis t ra t ion  of the C-V character is t ic  shifts (ACVS method) .  
Basic models  a re  considered, and an image force t rapping  model  is proposed  to 
in te rpre t  the  measurement  results.  

The existence of mobi le  charges in dielectr ic  layers  
of MOS s t ructures  may  cause ins tab i l i ty  of MOS de-  
vice parameters .  Due to this fact, the behavior  of 
mobile  ions in t he rma l ly  g r o w n  SiO2 layers  on Si sub-  
s t ra tes  has been ex tens ive ly  s tudied in recent  years.  A 
concise s u m m a r y  of cu r ren t  unders tand ing  of the  na -  
ture  and proper t ies  of these and other  charges in the 
t he rma l ly  oxidized silicon s t ructures  has been given 
by  Deal (1). Some of ~the proper t ies  of mobi le  charges 
in SiO2 layers  have been  expla ined  already,  whi le  
other  proper t ies  are not fu l ly  understood.  It was, for 
example,  demons t ra ted  expe r imen ta l ly  that  mobi le  
ions have a tendency  to accumula te  in the ne ighbor -  

Key words: MOS instabilities, ion transport,  dielectrics. 

hood of the electrodes (meta l  or sil icon) r a the r  than  
in the bu lk  of the  SiO2 layer .  I t  was also observed tha t  
the act ivat ion energy for ion mot ion in SiO2 from the 
metal  to the silicon e lect rode is h igher  than  for the 
motion in the opposite direction. These proper t ies  of 
mobile  charges in  SIO2, have not been fu l ly  expla ined  
as yet. 

In the present  work, equi l ib r ium and nonequi l ib r ium 
behavior  of mobi le  ions has been s tudied expe r imen-  
tally.  Severa l  models  have been considered which m a y  
expla in  the observed phenomena.  Tr iangula r  vol tage 
sweep (TVS) method has been used in expe r imen ta l  
studies of equi l ib r ium behavior  of mobi le  ions, whi le  
a newly  developed method of au tomat ic  regis t ra t ion  
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of C-V characteristics shifts (ACVS) has been used 
for nonequi l ibr ium measurements.  A variety of MOS 
capacitors was measured, with both n-  and p- type  sili- 
con substrates of various resistivities and with differ- 
ent metal  electrode materials. Based on the models 
considered, certain characteristics of MOS structures 
have been calculated and compared with the experi-  
menta l ly  observed ones. Conclusions are d rawn as to 
the val idi ty of these models. 

Experimental Procedure 
Sample preparation.--Metal-Si02-Si  capacitors were 

prepared on 250 ~m thick, <111> oriented silicon sub-  
strafes with chemical ly-mechanical ly  polished surfaces. 
Silicon wafers were oxidized in  dry oxygen at 1200~ 
to obtain the 1300A_ thick SiO2 layer. Metal electrodes, 
800 #m in diameter and 0.3 ~m thick, were evaporated 
on the SiO2 layer through mask holes. A var ie ty  of 
samples was prepared with n-  and p- type  silicon sub- 
strates of different resistivities, and with different 
metal  electrode materials such as A1, Au, Cr, Mn, W, 
Ti, Pt, which were evaporated using either the tung-  
sten filament source, or the E-gun  heated source. 

Measurement  methods.--Properties of mobile ions 
were investigated using two principal  methods: the 
t r iangular  voltage sweep (TVS) method, and the auto- 
matic registration of the C-V curve shifts (ACVS) 
method. 

(i) The T V S  method.--Theoretical  foundations Of this 
method were given by Chou (2) and were modified 
and extended to a more general  form by the authors 
of this work (3). The exper imental  setup for TVS 
measurements  was similar to the ones described in Ref. 
(2) and (4). Tr iangular  wave funct ion generator was 
used to provide sweep rates in the range of from 2 
mV/sec to 2 V/sec. The shielded probe set contained 
six movable probes and a resistance-heated pedestal, 
which allowed measurements  in  the tempera ture  range 
of up to 500~ MOS capacitors were measured at dif- 
ferent temperatures and with different sweep rates. It 
was demonstrated that at a temperature  T : 250~ 
the normalized TVS current-vol tage characteristic, 
IG/8 : S(Vo), does not depend on the sweep rate 8, 
if 8 ~ 5 mV/sec, which means that quas i -equi l ibr ium 
conditions (2) are fulfilled for 8 ~ 5 mV/sec at T 
250~ (see Fig. 4). It was also shown that with very  
few exceptions the electrodes are blocking up to the 
temperature  of about 300~ At higher temperatures,  
double-peaked TVS curves were usual ly  obtained, in-  
dicating the onset of electrode reactions (2) (see Fig. 
3). The voltage ramp ampli tude of • 3.5V was found 
sufficient to obtain meaningful  results (i.e., applica- 
tion of higher ramp amplitudes did not result  in any 
changes of shapes and heights of the TVS current  
peak).  Densities of mobile charges Qj (in C/cm 2) were 
calculated by finding the area under  the reduced TVS 
current  peak (2), and by measur ing the reduced TVS 
current  peak height (3). The agreement  between the 
results obtained was used as a self-consistency cri-  
terion for the proper choice of measurement  condi- 
tions. 

(it) The A C V S  method. - -The  principal  method widely 
used to investigate redis t r ibut ion of mobile charges 
in the dielectric layer was based on measurement  of 
high frequency CV characteristic shifts under  bias- 
temperature  (BT) stresses. Usually po in t -by-poin t  
measurements  were made subsequent  to cycles of heat-  
ing and cooling the MOS structure under  test. In this 
work, a new method was develoPed which allows 
quasi-continuous automatic registration of the C-V 
characteristic shifts. This method makes use of the 
pulsed MOS capacitor deep-deplet ion characteristics, 
which are just  as sensitive to changes in  flatband volt-  
age (AVFB) as the high frequency C-V characteristics, 
and are easily measured at elevated temperatures.  As 
in the case of the classic high frequency C-V method, 
AVFB can be detected as changes in the gate voltage 

value, V1, which corresponds with a given value of 
capacitance, C~, in a deep-deplet ion C-V characteristic. 

The ACVS apparatus, shown schematically in Fig. 1, 
was used for automatic registrat ion of the fiatband 
voltage changes obtained at different BT stresses. The 
ACVS apparatus works as follows. Short t r iangular  
voltage pulses are applied to the MOS capacitor gate, 
giving rise to currents  in  the R resistor, which are 
proportional to momenta ry  values of the MOS ca- 
pacitor differential capacitance C. The dura t ion of 
the voltage pulses is adjustable in the range from 10 
~sec to 1 msec. The time dependence of the voltage 
drop in the R resistor, VR (t) ,  corresponds in this case 
with the deep-deplet ion type C-V characteristic of the 
MOS capacitor under  test. Such characteristics are 
shown schematically in the insert  of Fig" 1. The VR(t)  
signal is amplified and compared with a preset refer-  
ence voltage, V1,-which is so chosen as to correspond 
with a certain value, C1, of the capacitance. A pulse 
sent from the comparator causes the V(t)  voltage 
value which corresponds with C1 capacitance to be 
applied into a sample-and-hold  circuit , and recorded 
continuously by a X-Y recorder. The horizontal input  
of the X-Y recorder is dr iven by a signal which sets 
the t ime scale or is proport ional  to the temperature  
applied. This way, AVFB(t) or AVFB(T) curves are 
automatical ly recorded. Tr iangular  voltage pulses are 
superimposed at the output  of the generator on a bias-  
ing voltage, which can be set in the range from --10 
to ~-10V. This voltage forces redis t r ibut ion of charges 
in the dielectric. The t r iangular  pulses are applied to 
the gate of the MOS capacitor in the f rom-accumula-  
t ion- to-deplet ion direction. Measurements made with 
the pulses applied periodically, with periods ranging 
from 2 to 120 sec, pulse ampli tudes in the range from 
5 to 100V, and pulse dvra t ion in the range from 20 psec 
to 1 msec, have shown that  these pulses do not affect 
the drift  behavior (due to their short durat ion and 
low repetit ion rate).  In  cases of very short VFB relaxa-  
tion times (~ ~ 10 sec), measurements  were made 
using the method of ionic polarization current  in tegra-  
tion (5). 

Results and Discussion 
Results o~ TVS  measurements .--A]l  the MOS capaci- 

tors measured in the course of this work exhibited 
asyrfmetric  TVS characteristics, which remains  in 
agreement  with previously published results for A1- 
SiOf-Si and Au-SiO~-Si structures (6), Cr-SiOf-Si  
structures (4, 7, 8), and Pt-SiO2-Si structures (2). The 
shape of the TVS current-vol tage  characteristic ob- 
tained for the f rom-posi t ive- to-negat ive  voltage sweep 
remains in agreement  with the curve calculated using 
formulae derived in Ref. (3). The reduced TVS cur-  
rent  peak obtained for the f rom-negat ive- to-posi t ive  
voltage sweep is much wider, and not so well defined, 
as shown in Fig. 2. The areas under  TVS current  peaks 

T- [Imper~ure ~ C 
[" time 
V t - retere.ce , o l t a g e  ~ _ _ -  Cf 

tz 

Fig. l. Schematic diagram of the ACVS apparatus, end illustra- 
tion of the drift of C-V deep-depletion characteristics (insert). 
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Fig. 2. The reduced TVS current vs. voltage curves of a AI-SiO2- 
Si structure for T - -  250~ and various sweep rates. 

for negat ive- to-posi t ive and posi t ive- to-negat ive vol t-  
age sweeps are close to each other, while the peak 
heights differ significantly. This proper ty  of TVS 
characteristics suggests that  the same amount  of mobile 
charge is t ransported in both directions through the 
dielectric layer, but  the ions are trapped in  deep traps 
at the metal-dielectr ic  interface. Due to this fact, 
quasi-static condition is usual ly  not fulfilled for the 
t ransport  of ions from the metal  to the silicon elec- 
trode, and the shape of the reduced TVS current  peak 
for negat ive- to-posi t ive voltage sweep is pr imar i ly  
de termined by the properties of the metal-dielectr ic  
interface. For higher temperatures  at which the elec- 
trodes are not ideally blocking any more, additional 
extrema (MF) appear in  the TVS current-vol tage 
characteristics, as shown in  Fig. 3. 

Results of our measurements  of different MOS ca- 
pacitors are summarized in Fig. 4. It can be seen in  
Fig. 4 that  for all measured MOS capacitors, a "satura-  
t ion" of Qj and ~Gmax values is practically obtained 
for 250~ ~ T < 300~ and 8 = 5 mV/sec (VGmax is 
voltage corresponding with TVS current  peak).  This 
fact proves that quas i -equi l ibr ium is main ta ined  and 
that the electrodes are blocking in this tempera ture  
range, result ing in a constant value of Qj as assumed 
in derivat ion of basic relations for the TVS method 
(2, 3). 
M e a s u r e m e n t s  of MOS capacitors bui l t  on p-  and n -  

type silicon substrates of different resistivities have 
shown that the VGmax value changes with the resistivity 
of the substrate as predicted by the theory presented 
in  Ref. (3). The agreement  between theory and ex- 
per iment  is very good for Au-SiO2-Si capacitors, and 
slightly worse for A1-SiO2-Si capacitors, as shown in 
Fig. 5. The addit ional displacement of the TVS cur-  
ren t  peak along the voltage axis AVGmax = 0.2-0.4V 
which is observed in  the case of A1-SiO2-Si capacitors 
is probably  due to the existence of a negative immobile  
charge in the SiO2 layer. 
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Fig. 4. Qj vs. T (a) and Vomax vs. T (b) plots for MOS structures 

with different electrode materials. 
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Fig. 3. TVS current-voltage characteristics with additional ex- 
trema (MF). 

Fig. 5. A comparison of calculated and experimental dependen- 
cies of VGmax on the doping of silicon substrate ND - -  N ~  for 
Au-Si02-Si (curve a and triangles), and Ai-SiC~-Si (curve b and 
squares) MOS structures. 

Results o] ACVS measurements.--Metal-SiO~-Si ca- 
pacitors with A1, Au, Pt, and Ti metal  electrodes were 
measured using the ACVS method  described above. 
The range of temperatures  used was from 70 ~ to 200~ 
and the range of voltages applied to force the drift  
of mobile charges in the dielectric was from --6 to 
+6V. Changes of the flatband voltage AVFB and the 
biasing voltage VB were of opposite signs (with the 
exceptions ment ioned below). Time constants of drifts 
observed in the case of a positive voltage on the 
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metal  electrode (positive BT stress) were one or two 
orders of magni tude higher than  the t ime constants 
of drifts observed for opposite polari ty (negative BT 
stresses). Typical drift ~,VFB(t) characteristics ob- 
served in the case of a positive BT stress are shown 
in Fig. 6. Drift characteristics of A1-SiO2-Si capacitors 
remain in good agreement  with previously published 
data (11), i.e., for small  values of t, are quite well  
described by a simple formula:  AVFB :-  k~/t, where 
k is a constant. For Pt-SiO2-Si capacitors a near ly  
l inear  dependence of A~TFB o n  t was observed for small  
values of t. The Au-SiO2-Si capacitor hVFB (t) curves 
are often characterized by two values of t ime con- 
stants. The relaxat ion process is ini t ia l ly very fast, but  
becomes much slower later  (see Fig. 6). The t ime con- 
stant of the init ial  (fast) relaxat ion process is compara- 
ble with the t ime constant of the drif t  observed for 
negative BT stresses. The ~VF~ (t) characteristic of a 
T i - S i Q - S i  capacitor differs significantly from analo-  
gous characteristics of MOS capacitors with electrodes 
made of other metals, and is included in Fig. 6 to 
demonstrate the possibilities offered by the ACVS 
method. The shape of this curve is due to the s imul-  
taneous action of ionic and trap instabilities, which 
tend to change the flatband voltage in opposite direc- 
tions. Based on the temperature  delcendence of the 
above-ment ioned time constants, activation energies of 
the relaxat ion processes were found for both positive 
and negative BT stresses. The activation energy, WA, 
for positive BT stress conditions is 1.05 eV --~ WA 
1.48 eV, and for negative BT stresses is 0.6 eV --~ WA --~ 
0.8 eV. Assuming that for positive BT stresses ions are 
emitted from Frenkel-Pool  type t rapping centers at 
the metal-SiO2 interface, the trap potential  well width 
may be found from the dependence of t ime constants 
on the value of biasing voltage (12). It was found that  
the trap potential  well width, d, is 20A ~ d --~ 100A. 

The theory of redis t r ibut ion of mobile ions in  the 
dielectric of a MOS capacitor, which is caused by a 
voltage step, was developed in Ref. (11) and (12). In  
Ref. (11) a simplified model was considered in which 
redis tr ibut ion of ions was diffusion limited. This dif- 
fusion was assumed to take place from a thin layer 
at the electrode-SiO2 interface in which the ions were 
present  in high concentration. This led to a classic 
formulat ion and solution of a diffusion problem. In  
Ref. (12) it was assumed that ions are trapped at the 
electrode-SlOe interface and ion emission from traps 
was considered the ra te- l imi t ing factor. 

In this work two models were considered in detail 
(see Appendix) .  In the first case it was assumed that 
redis tr ibut ion of ions is a bulk- l imi ted  process. Trans-  
port equation was solved numerical ly  in this case, tak-  
ing into account the existence of diffusion and drift  
components as well as bu i l t - i n  (Poisson-type) electric 
fields and various distr ibutions of immobile charges in 

i 

Fig. 6. Typical AVFB(t) drift characteristics for various MOS 
structures at positive BT stress. 1. AI-SiO2-Si structure, 2. Pt-SiO~- 
Si structure, 3. Au-SiO2-Si structure, 4. Ti-SiO2-Si structure. 
AVFB -~ ~VFB/AVFB(Sat), t ~ normalized time, t - - - - -  1 for 
AVFB = 0.5. 

the dielectric. In the second case, it was assumed that  
the only mechanism that determines the rate of the 
relaxat ion process is the emission of ions from traps 
located at the electrode-dielectric interface. Calcula- 
tions of AFFB (t) characteristics were made, based on 
these two models, and the results of these calculations 
are compared in  Fig. 7 with a typical experimental  
curve obtained for AI-SiO2-Si capacitors. The best 
agreement  is obtained if ion t rapping at the electrode- 
S i Q  interface is assumed to be the ra te - l imi t ing  factor. 
Higher values of activation energies obtained for re- 
dis t r ibut ion processes occurring dur ing positive BT 
stresses indicate the presence of deep ion traps at the 
metal-SiO2 interface The  lower values of activation 
energies for relaxat ion processes occurring at negative 
BT stresses may be due either to the temperature  de- 
pendence of ion mobil i ty (bulk- l imi ted  process) or to 
the existence of shallow ion traps at the SiO2-Si in ter -  
face (surface-l imited process). 

In the first case one would expect a near ly  l inear  
~VFB(t) dependence for small  values of t, whi!e in 
the second case a parabolic hVFB(t) curve would be 
expected (similarly as in the case of positive BT 
stress, i l lustrated in Fig. 7). Comparison of experi-  
menta l ly  observed AVFB(t) characteristics, obtained 
at negative BT stresses with the curves calculated 
using both models described above, suggests that ion 
t rapping at the Si-SiO2 interface is more l ikely to be 
the ra te- l imi t ing factor. 

Different values of activation energies obtained for 
drifts observed at positive and negative BT stresses 
may be due to different depths of potential  wells cre- 
ated by the interact ion of mobile ions with their image 
charges induced in the electrodes. Rough est imation 
of these potential  wells (see Appendix) ,  yields 0.94 
eV for the metal-SiO2 interface and 0.47 eV for the 
Si-SiO2 interface. The lower l imit  of the activation 
energy found exper imenta l ly  for drifts at negative 
BT stresses (0.6 eV) does not differ significantly from 
the depth of the image force potential  well at the 
Si-SiO2 interface (0.47 eV). This indicates the impor-  
tance of image forces in the effect of ion t rapping at 
the Si-SiO2 interface. 

The image force model alone is not sufficient, how- 
ever, to explain the drift  behavior of mobile ions at 
positive BT stresses. The experimental  values of acti- 

V~ 8 
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Fig. 7. Typical experimental AVFB(t) drift characteristic at posi- 
tive BT stress for a AI-SiO2-Si structure (triangles) and curves cal- 
culated (solid lines) using three models: (a) the model in which 
diffusion and drift are taken into account, but the built-in field is 
assumed to be negligible, (b) the model in which drift, diffusion, 
and the built-in field are taken into account, (c) the model in 
which only emission of ions from traps at the electrode-SiO2 inter- 
face is taken into account. 
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vat ion energies,  the spread  of these values,  and a s ig-  
nificant wid th  of the potent ia l  wel l  obta ined indicate  
that  besides the effect of image  forces, another  mech-  
anism of ion t r app ing  exists  at  the  metal-SiO2 in t e r -  
face. I t  is assumed in this work  tha t  this "addi t ional"  
t r app ing  mechanism is due to the  presence of a th in  
l aye r  of immobi le  negat ive  charges in the dielectric,  
next  to the metal-SiO2 interface.  Calculat ions have  
shown (see Append ix )  tha t  parabol ic  AVFB (t) curves, 
s imi lar  to the ones observed exper imenta l ly ,  are  ob- 
ta ined  if the  presence of immobi le  negat ive  charges at  
the  metal-SiO2 interface  is assumed. A p a r t  f rom the 
physical  origin of the  t raps  exist ing at  the  e lec t rode-  
SiO2 interfaces,  excel lent  agreement  be tween  exper i -  
menta l  and calculated AVFB (t) curves may  be obtained 
for A1-SiO2-Si and Pt -SiO2-Si  capaci tors  if adequate  
energy spec t rum of t raps  is assumed. The "fast '  and 
"slow" components  of the dr i f t  observed in the  case 
of Au-SiO2-Si  s t ructures  may  be due to the fact tha t  
only  a pa r t  of the mobile  ions is t r apped  at  the in t e r -  
face. This m a y  be caused by  the presence of t raps  in 
a l ayer  of SiO2 (next  to the  metal-SiO2 interface)  
which is thin in comparison wi th  the  width  of the  
mobile  ion dis t r ibut ion.  Pa r t  of the  mobi le  charge 
which is not  t r apped  is responsible  in this case for the 
"fast" component  of the re laxa t ion  process, while  ions 
emi t ted  f rom t raps  are  responsible  for the  "slow" com- 
ponent.  

Conclusions 
Equi l ib r ium and nonequi l ib r ium proper t ies  of mobile  

charges in dielectr ic  layers  of MOS s t ructures  were  
s tudied exper imenta l ly .  Basic models  were  proposed 
and discussed, a l lowing in te rp re ta t ion  of measurement  
results.  The main  resul ts  of this work  may  be s u m m a r -  
ized as follows. 

1. A wide va r i e ty  of MOS s t ructures  was s tudied 
using the TVS method.  I t  was shown tha t  in most  cases 
the TVS method yields meaningfu l  resul ts  when ap -  
p l ied  in the t empe ra tu r e  range  of T : 250~176 wi th  
the vol tage  r amp  speed of 5 -----5 mV/sec.  

2. A new technique of quas i -cont inuous  regis t ra t ion  
of the  f la tband vol tage shift  was  developed (ACVS 
method)  and proved to be useful  in studies of non-  
equ i l ib r ium behavior  of mobile  ions. 

3. Numerous  MOS s t ructures  were  measured  using 
the ACVS method.  The a s y m m e t r i c  proper t ies  of ion 
t r anspor t  in MOS s t ructures  were  a lways  observed.  I t  
was also observed tha t  the shape of the  AVFB (t) curve 
depends on the ma te r i a l  of the  meta l  electrode.  

4. Models were  considered for nonequi l ib r ium be-  
havior  of mobile  ions, and calculat ions were  made for  
the model  in which VFB re laxa t ion  processes are  bu lk  
l imi ted  and for  the  model  in which electrode-SiO2 
interface  proper t ies  de te rmine  the VFB re laxa t ion  
process. 

5. By compar ing  the expe r imen ta l ly  observed 
AVFB(t) curves wi th  the curves ca lcula ted  using the  
above-ment ioned  models, it  was found that  best  agree-  
ment  is obta ined if t r app ing  of mobi le  ions at the 
metal-SiO2 in ter face  is assumed. It  is pos tu la ted  that  
this t r app ing  is p r i m a r i l y  due to image forces and to 
the  negat ive  charges tha t  may  be presen t  in the ne igh-  
borhood of the  metal-SiO2 interface.  

Manuscr ip t  submi t ted  Dec. 3, 1975; revised m a n u -  
script  received Apr i l  7, 19,76. This was Paper  139 
presented  at the  Dallas, Texas, Meet ing of the Society, 
Oct. 5-9, 1975. 

Any  discussion of this paper  wil l  appear  in a discus-  
sion Section to be publ i shed  in the June  1977 JOURNAL. 
Al l  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb.  1, 1977. 

A P P E N D I X  

Two models  of the dynamic  behavior  of mobi le  ions 
in the dielectr ic  of a MOS capaci tor  are  considered. 

Model (a) .~I t  is assumed tha t  uncompensated  posi-  
t ive mobile  ions are  present  in the  dielectr ic  as wel l  

as negat ive  immobi le  charges of var ious  dis t r ibut ions .  
The red is t r ibu t ion  of mobile  ions is a bu lk - l im i t ed  phe-  
nomenon. Wi th  o ther  assumptions  being the same as in 
Ref. (10), this p rob lem is represen ted  for 0 --~ x ~-- l, 
and t --~ 0 by  the fol lowing set of equat ions 

0P (x, t) 0~P (x, t)  0 
- -  D # ~  [E (x , t )P (x , t ) ]  

Ot Ox ~ Ox 
[A-1] 

0P (x, t )  
j (x, t) : q~P(x, t ) E ( x ,  t)  - -  qD [A-2] 

Ox 
OE (x, t) q 

: - -  [P (x, t) - -  N (x)  ] [A-3] 
Ox e i  

where  j is the cur ren t  density,  N(x)  the  concentrat ion 
d is t r ibut ion  of immobi le  negat ive  charges, P ( x , t )  the  
concentrat ion of posi t ive mobile  charges, D the diffu- 
sion coefficient, # the mobil i ty,  E the  electr ic  field, q 
the  e lect ron charge, and ei is the pe rmi t t i v i t y  of the 
dielectric.  

Based on the solut ion obta ined for s t eady-s ta te  dis-  
t r ibut ions  (10), the ini t ia l  condit ion ( ini t ia l  d i s t r ibu-  
tion) is assumed to be (�88 P ( x )  = P ( 0 )  exp --  [A-41 

for t ---- 0, where  P(0)  is the  va lue  of P for  x = 0, and 
k, is the pa r ame te r  of the P(x)  dis t r ibut ion  for t : 0. 

Boundary  conditions are  given by  the assumpt ion of 
blocking e l ec t rodes  

~P(x, t )  I : ~--~- E (x, t)  P (x, t) [A-5] 
Ox 1 D 

x=O 

The bias ing vol tage is assumed to be 

VB (t) = E (X, t) dx [A-6] 

where  t h e  vol tage  drop in the  semiconductor  e lect rode 
was assumed to be negligible.  

E ( x , t )  : E B ( t )  - - E ( 0 ,  t)  

+ ~  [ P ( x ; t ) - - N ( x ) ]  dx  [A-7] 
ei 

E(0, t) = . . . . .  QP [1 XclP( t ) ]  QN [1 Xr [A-8] 
ei el 

S i  x P (m, t )  dx 
Xcl P (t) ---- [A-9] 

f o ~ P  (x, t)  dx  

Si~ x N(x )  dx 
Xcl~ : [A-10] 

f I N  (x) dx 

where  EB (t) = VB ( t ) / l ,  and Qp and QN are  the  dens i -  
ties (per  unit  area)  of posi t ive mobile  charges and 
negat ive  immobi le  charges, respect ively.  The t ime de-  
pendence of the f latband vol tage  shift  AVFB is given by  

AVFB (t) =--QP Xcl P (t) [A-11] 
Ci 

Equat ions [A-1 ] - [A-11]  were  solved numer ica l ly  
using the sparse ma t r ix  method and impl ic i t  d iscre t i -  
zation schemes, s imi la r ly  as was done in the  solut ion 
of the p rob lem of car r ie r  t r anspor t  in p - n  junct ions 
(14, 15). Calculat ions were  made for different  concen- 
t ra t ions  of both mobile  and immobi le  charges, and dif -  
ferent  biasing voltages. Examples  of the  resul ts  ob-  
ta ined are  i l lus t ra ted  in Fig. 8 which shows the t ime 
dependence  of mobile  charge dis t r ibut ions  for a MOS 
s t ructure  wi thout  immobi le  negat ive  charge (a) ,  and 
for a MOS s t ructure  wi th  immobi le  negat ive  charges 
res iding in a thin l ayer  ad jacent  to the metal-SiO2 in-  
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Fig. 8. Illustration of the time dependence of mobile charge dis- 

tribution in SiO~ layer of a MOS structure without immobile nega- 
tive charges (a), and with immobile negative charges residing in a 
thin layer adjacent to the metaI-SiO~ interface (b). MOS structure 
with following parameters was cansidered: Qj ~ 10 m e/cm 2, 
eri - -  3.9,1 = 10 -Scm,  T---- 538~ VB = 4.6V; in case (b) 
the immobile negative charge QN ~ 101~ e/cm 2 is located at the 
metaI-SiO2 interface. P is normalized mobile charge concentration, 
x is normalized distance. 

terrace (b) .  The shape of the AVFB(t) character is t ic  
depends  on the re la t ion that  exists be tween  the ex te r -  
nal ly  appl ied  field and the in terna l  fields created by 
the space charge distr ibut ions.  The AVFB(O curve 
becomes nea r ly  a s t ra ight  l ine for ve ry  s t rong ex te r -  
na l ly  appl ied  fields (EB > Qp/Ci l), and becomes nea r ly  
a parabol ic  c u r v e  A~rFB : k t 1/n for r e l a t ive ly  weaker  
ex te rna l ly  appl ied  fields (Ea < Qp/Ci l). 

Model (b).--It  is assumed tha t  the  emission of ions 
f rom t raps  at  the electrode-SiO2 interfaces is the only 
mechanism that  de te rmines  the VFB(t) r e laxa t ion  
process. In this case, the t ime constant  of the  ion emis-  
sion process, Te, is h igher  than  the t rans i t  t ime of the  
ions across the  dielectr ic  layer .  For  a discrete t rap  
level  one obtains (12) 

AVFB (t)  = 1 --  exp ( - -  t/Te) [A-12] 

where  aVFB (t)  is the normal ized  f la tband vol tage  shift.  
For  a gaussian d is t r ibu t ion  of t raps  and assuming tha t  
the emission of ions is governed  by  the Bol tzmann 
statistic, one obtains  (13) 

AVFB(t) = 1 

1 exp ( W -  Wo) ~" $ d W  [A-13] 
~ / 2 ~  2a 2 ~e 

where  �9 is s t andard  deviat ion,  and Te is g iven b y  

re --  Te(Wo) exp ~-~ [A-141 

One of the possible  causes of ion t rapp ing  at  the  elec-  
t rode interfaces is the  exis tence  of image  forces (16). 
Assuming  tha t  the electrode-SiO2 in ter face  is a plane,  
and considering potent ia l  energy of an  ion in t h e  elec-  
t rostat ic  field of its image  charge, the  fol lowing r e l a -  
tion was obtained (16) 

q~ ( er l - -ere  ) [A.15 ] _ _  

W (x) ~- 16~ eri eox eri -]- ere 

where  eri and ere a re  re la t ive  pe rmi t t iv i t i e s  of the  d i -  
electr ic and the electrode mater ia l ,  respec t ive ly  (eri --  
3.9 for SiO2, ere = 11.8 for Si electrode,  and ere -> oo 
for meta l  e lect rode) ,  and x is the dis tance of the ion 
f rom the  in terface  plane. Equat ion [A-15] reflects the  
difference in the potent ia l  ba r r i e r s  at  metal-SiO2 and 
SiO2-Si interfaces,  which is one of the causes of the  
a symmet ry  of ion t r anspor t  p roper t ies  in MOS s t ruc-  
tures. For  example ,  for x ---- 1k, which  is considered 
to be the  lowest  dis tance of the  ion f rom the in terface  
plane for which Eq. [A-15] st i l l  holds  (16), one ob-  
tains W = 0.94 eV for the metal-SiO2 interface  and W 
-- 0.47 eV for the SiO~-Si interface.  
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ABSTRACT 

Polycrys ta l l ine  N a + - b e t a  a lumina  res is t iv i ty  has  been examined  wi th  a 
fast  response d-c  technique  using galvanosta t ic  square  waves  of 7 X 10 -9 sec 
r iset ime. In t r ag ra in  and in te rgra in  resis tance and capaci tance components  
can be separa te ly  dis t inguished in many  samples  by  res i s t iv i ty  analysis  over  
the ca. 50 MHz-10 kHz effective f requency  range  of this technique.  Po lyc rys ta l -  
l ine be ta  a lumina  appears  to be an aggregate  of essent ia l ly  single c rys ta l  
grains  separa ted  by  gra in  boundar ies  of m a r k e d l y  lower  conduct ivi ty.  In-  
t r insic  in te rgra in  and in t ragra in  resis t ivi t ies  are  typ ica l ly  107 and 68 ohm-cm,  
respect ively,  at 23~ Large  in t ragra in  capaci tance effects which jeopard ize  
the usefulness of mul t i f requency  or  galvanosta t ic  analysis  for separa t ing  in-  
t r ag ra in  and in te rgra in  res is t iv i ty  components  in prac t ica l  be ta  a lumina  
ceramics have been observed.  These effects, modeled as in t ragra in  capacitance,  
a re  more  l ike ly  ini t ia l  observat ions  of localized Na + ion exchange among the 
th ree  nonequivalent  sites ava i lab le  for ~nobile ion occupation in the  be ta  
a lumina  conduct ion plane. 

N a + - b e t a  a lumina,  a two-dimensional ,  solid ionic 
conductor  into which a va r i e ty  of monovalen t  cations 
inc luding Ag +, T1 +, and K + (1) can be subst i tuted,  has 
a single crys ta l  res is t iv i ty  of 72 ohm-cm at 23~ (2), 
comparable  to that  of common nonaqueous organic 
electrolytes .  F o r  ease of fabricat ion,  s t rength,  and 
omnidirect ional  conductivi ty,  it  is genera l ly  used in 
prac t ica l  devices as a dense, po lycrys ta l l ine  ceramic.  

The bulk  res is t iv i ty  of po lycrys ta l l ine  be ta  a lumina  
is typ ica l ly  200-2000 ohm-cm at 23~ more  than  that  of 
single c rys ta l  mater ia l .  I t  is d ivis ible  into in t ragra in  
and in t e rg ra in  components.  In t r ag ra in  res is t iv i ty  is 
influenced b y  intr insic  gra in  composit ion and by  the 
conduct ion pa th  tor tuosi ty ,  tha t  is, the difference be-  
tween  the  ac tual  and appa ren t  conduction pa th  lengths 
be tween  two points  in a ceramic.  The in te rgra in  re -  
s is t ivi ty  component  var ies  w ide ly  and is h ighly  de-  
pendent  upon specific condit ions of ceramic p repa ra t ion  
and densification. 

In  opt imizing ceramic processing, i t  is useful  to 
separa te  to ta l  d-c  res is t iv i ty  of a specimen into its 
i n t r ag ra in  and in te rg ra in  components.  Powers  and 
Mitoff (3) have repor ted  resul ts  of such an analysis  of 
po lycrys ta l l ine  be ta  a lumina  res is t iv i ty  obta ined wi th  
a mut t i f requency,  a -c  technique.  Their  technique  was 
useful  in descr ibing in te rgra in  resis tance and capaci-  
tance effects in a va r ie ty  of be ta  a lumina  ceramics.  But 
i t  was l imi ted  to a m a x i m u m  frequency of 500 kHz 
which  proved inadequate  for character iz ing many  beta  
a lumina  specimens.  

The present  work  was unde r t aken  to examine  the 
usefulness of a ga lvanosta t ic  technique capable  of ex-  
amining  the res is t iv i ty  response of po lycrys ta l l ine  beta  
a lumina  over  on effective f requency  range  of ca. 50 
MHz-10 kHz. It  was hoped wi th  this s impler  procedure  
to obta in  in te rg ra in  res is tance and capaci tance da ta  for 
a wide r  va r i e ty  of be ta  a lumina  ceramics and descr ibe 
in t r ag ra in  ion t r anspor t  at  ve ry  short  response times. 

Experimental Technique 
Galvanosta t ic  pulse  analysis  was used in this s tudy 

for its s impl ic i ty  in ga ther ing  res is t iv i ty  da ta  over  a 
b road  effective f requency  range.  Pulse and a-c  mea -  
surements  y ie ld  equiva lent  da ta  f rom which real  a n d  
imag ina ry  impedance  components  can be der ived  as 
functions of frequency.  However ,  Four i e r  analysis  is 

* E lec t rochemica l  Socie ty  Ac t ive  Member .  
Key  words :  be t a  a lumina ,  solid e lec t ro ly te ,  polycrys ta l l ine ,  re- 

sist ivity,  s q u a r e  w a v e .  

necessary to ex t rac t  both  of these components  f rom 
pulse  data. Four ie r  t r ea tmen t  has not  been appl ied  
here. 

Typical  samples  were  tubes of f ine-gra ined po ly -  
crys ta l l ine  N a + - b e t a  alumina,  app rox ima te ly  1.1 cm 
OD, 1.0 cm ID, and 9 cm in length.  Tubes were  p r e -  
pared  f rom Alcoa 'XB-2'  be ta  a lumina  powder .  A d d i -  
t ional  components  were  Y203 (added as the  oxa la te ) ,  
MgO (from the  basic carbonate) ,  and ZrO2 (f rom 
gr inding media  wear ) .  Af te r  mixing,  the  powder  was 
calcined at 1400~ suspended in amyl  alcohol, and 
mil led  using zirconia gr inding media.  Tubes were  
formed by  e lect rophoret ic  deposi t ion and s in tered in 
air  at 1700~176 

The two specimens discussed in this paper ,  6G3-2 and 
6M2-2, differed only by  0.5% Y208 incorpora ted  in 
6G3-2 as a s inter ing aid. Both specimens had  random 
grain  or ienta t ion  and were  single phase be ta  alumina.  

Each sample  was contacted at  four  points  along its 
longer  axis wi th  r ing  electrodes of vapor -depos i t ed  Ag. 
Ag was chosen for electrodes because  it can be appl ied  
read i ly  and is e lec t rochemical ly  oxidized to a n  ion 
mobile  wi th in  beta  alumina.  Since a pulse  measu re -  
ment  repe t i t ive ly  passes unidi rec t ional  current ,  in con- 
t ras t  to a-c  analysis,  deplet ion of oxidizable  ma te r i a l  at  
the posi t ive e lect rode occurs, g r adua l ly  increasing 
sample  resistance. Al though these  measurements  ne-  
glect  in ter rac ia l  polar izat ion,  too la rge  a sample  r e -  
sistance degrades  pulse r i se t ime and l imits  the t ime 
range of analysis.  I t  is impor tant ,  therefore,  that  the 
posi t ive contact  e lectrode be amply  suppl ied  wi th  ions 
capable of in ject ion into be ta  alumina.  Ag serves this 
function well. 

Alternate contact electrodes include tight Pt wire 
loops wetted with a solution of NaCIO4 in propylene 
carbonate. The advantage of Pt loops is their ease of 
attachment and removal. After analysis, a methanol 
wash quickly removes residual propylene carbonate 
solution and restores the sample to its original con- 
dition. However, the boiling point of propylene car- 
bonate (241~ and comparable liquids restricts the 
temperature range of analysis. 
To measure resistivity, a constant current square 

wave is applied to the outer two electrodes and the 
differential voltage response between the inner elec- 
trodes recorded. 

Figure 1 shows a sample tube mounted for study. Pt 
loops contact the Ag electrodes and suspend the sample 
in a small oven (Fig. 2). Binding lugs are provided on 
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Fig. 3. Circuit diagram of galvanostatic pulse generator 
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Fig. 1. Beta aluminum tube mounted for resistivity analysis 
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Fig. 4. Representative pulse rising edge; 1000 ~A into 500 ohm 
in series with sample. 

I I 

[ 
16 18 20 

Fig. 2. Galvanostatic pulse generator and sample oven 

the oven top for pulser and probe contact. The oven is 
warmed by heating tape and cooled by chilled dry 
N2 for mul t i t empera ture  experiments.  

Figure 3 is a circuit diagram of the constant current  
pulse generator  used for all experiments  reported here. 
Figure 2 shows the complete pulser which has an out- 
put  range of 40 ~A-6.0 mA. The pulser was designed to 
minimize stray capacitance which would degrade out- 
put  risetime. Output  terminals  protrude directly from 
the base of the pulser  to minimize connecting lead 
lengths. Pulser output is off at a trigger input of 

--2V and switches on for a trigger transition to 
~0V. 

The rising edge of a I00 ~A current pulse into a 500 
ohm resistor is shown in Fig. 4. Its risetime (tr; i0- 
90%) of 7 • 10-s sec is typical of the pulses used in 
this study. The rising edge shape follows an approxi- 
mate RC response curve in which R is the total resistive 

load and C the capacitive load shunt ing the pulser  out- 
put  to ground. R is fixed by the sample under  analysis. 
C has components wi thin  the pulser circuitry and dis- 
t r ibuted along the output  load. Stray capacitance oc- 
curr ing wi thin  the pulser  degrades the output  before it 
encounters the sample and introduces no error into re-  
sistivity measurements.  Capacitance distr ibuted along 
the output  load does cause error by creating disparity 
between the observed pulse shape monitored across 
the current-sensing resistor and the pulse shape ac- 
tual ly  per turb ing  the sample. Both sources of stray 
capacitance have negligible effects if the sample re-  
sistance is small  (<1500 ohm) and data are not mea-  
sured at times <0.90 tr. 

For  a resistivity measurement ,  one outer Ag elec- 
trode is connected through a 50 ohm high frequency 
cur ren t -moni tor ing  resistor to pulser  ground. The 
negative pulser te rminal  is connected to the opposite 
outer Ag band. For each elapsed time range, such as 
10-40 nsec, the voltage rise as a function of t ime dur -  
ing a current  pulse of appropriate durat ion is recorded 
with reference to pulser ground first across the high 
frequency current-sensing resistor and then at each of 
the two center sample electrodes. Each time range, 
thus, involves three separate current  pulse measure-  
ments. The differential voltage rise as a function of 
t ime between the two center contacts is calculated and 
divided by the instantaneous current  level monitored 
across the sensing resistor, yielding resistivity as a 
function of time. Analyses of six to ten t ime ranges are 
necessary to gather data from 10 -s  to 10 - s  sec. 

Potential  t ransients were captured with a Tektronix  
7633 storage oscilloscope using a 6B53A time base and 
6Al l  vertical amplifier. Unit  gain, 150 MHz bandwidth,  
and 1 megohm input  impedance are three features of 
the 6Al l  amplifier essential for these measurements.  
The probe-oscilloscope combinat ion has a 60 MHz 
bandwidth,  5.9 nsec risetime, and vertical deflection 
accuracy of 3%. Stored traces were photographed for 
subsequent  manual  retr ieval  of potent ia l / t ime infor-  
mation. The assembled apparatus was operated in  a 
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single pulse mode by tr iggering the oscilloscope and 
pulser  with a Datapulse Model l l0B pulse generator. 

Results and  Discussion 
Model circuit.--The res is t iv i ty / t ime behavior  of a 

typical beta a lumina  tube (6G3-2) is shown in  Fig. 5. 
Two impedance plateaus are apparent  at 23~ one be-  
tween 10-s-10 -6 sec and a second in  the region of 10 -4 
sec. Each resist ivity characteristic shifts toward longer 
elapsed times (lower frequencies) with decreasing 
temperature.  

An equivalent  circuit model ing this res is t iv i ty/ t ime 
response is shown in Fig. 6. Rb and Cb are grain 
boundary  resistance and capacitance, respectively; Rc 
and Cc are comparable grain  parameters.  Generally,  
RD ~ Rc and Cb > Co; polycrystal l ine beta alumina,  
therefore, is considered an aggregate of essentially 
single crystal grains separated by grain boundaries  of  
markedly  lower conductivity. Maxwell  and Wagner  
(4) first described the frequency dispersion of conduc- 
t ivi ty and dielectric constant  expected for such a 
heterogeneous conductor. Koops (5) applied the cir- 
cuit shown in Fig. 6 to model the a-c impedance of 
grain s t ructured NiZn ferrite, and Mitoff (6) has sug- 
gested this circuit as a model for the resist ivity of poly-  
crystal l ine beta alumina.  

Individual  voltages arising from RcCc and RbCb a r e  

additive dur ing  per turba t ion  by a constant  current  
square wave 

VT : Vc + Vb [i] 
or 

1 1 
Vt --" Iin ~- 

1 1 

[2] 

IO 4 

E 

,= 103 

N 
~ 10 2 

0 -  

i i i  I i t i l l  i J i i ~  i - - i  i l l  i i i i  I i ~ i i j  ~ i i .  
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Fig. 5. Specific resistivity behavior of sample 6G3-2 as function 
of temperature. 
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R c R b 
Fig. 6. Model circuit, ion transport in pelycrystalline beta 

alumina. 

C b 

Rc R b 
Fig. 7. Simplified model circuit, ion transport in polycrystalline 

beta alumina. 

where s is the LaPlace operator and t is the elapsed 
time from the moment  of current  initiation, a point  
here defined as 10% tr. 

The response of this circuit to a constant current  
step 

Io 
I~n : ~ [3] 

s 
reduces to 

VT 
: 2t  : Re(1 -- e -t/2~ + Rb(1 -- e -t/2bcb) [4] 

Io 

If RcCc < <  Rbeb, as is the case for 6G3-2, the effects of 
RcC~ are essentially resolved before those from l~bCb 
become significant. The equivalent  circuit in Fig. 6 then 
can be simplified to that shown in Fig. 7 and Eq. [4] 
reduces to 

Rt : Re -5 Rb(1 -- e -t/Rbcb) [5] 

Circuit resistance as a funct ion of t ime is theoret i-  
cally independent  of pulse current  magnitude.  This is 
t rue for polycrystal l ine beta a lumina  over at least the 
85-1650 ~A current  range as the data for sample 6G3-2 
in Table I demonstrate.  

Observed sample characteristics.--Table II lists RD, 
Rc, and CD observed as functions of temperature  for 
sample 6G3-2 and 6M2-2. Certainly the most accurate 
figures are those for Rac, which were obtained by ex- 
t rapola t ing pulse data to direct current.  Separat ing 
Rdc into Rb and Rc and calculating Cb is complicated by 
the failure of real ceramics to exhibit  idealized resis- 
t ivi ty behavior. 

By comparing the observed resistivity response for 
6G3-2 at 23~ with that predicted assuming Rb = 732 
ohm-cm, Ro : 68 ohm-cm, Cb = 3.1 X 10 - s  F -cm -1, 
and Cc = 0, Fig. 8 i l lustrates that RbCb in a real ceramic 
is not a single t ime constant, but  actually the mean  of 
a t ime constant distribution. The observed response is 
more gradual  than that  predicted. Nonideal behavior 
arises because a single RC circuit can only approximate 
the three-dimensional  RC network  needed to accur- 
ately model conduction in  polycrystal l ine beta a lumina  
and because variations in  intr insic grain boundary  

Table I. Observed resistivity of sample 6G3-2 at two current 
densities, 27~ 

Elapsed RT (ohm-cm) R7 (ohm-cm) 
time (nsec) i = 1650 ~A i = 85 /~A 

40 44 48 
60 51 53 
80 56 55 

100 59 59 
200 66 68 
300 72 73 
500 76 79 

1000 94 95 
2000 120 123 
3000 144 147 
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Table II. Variation of Rc, Rb, and Cb with temperature 

Sample  6G3-2 
Temper-  Rdc Re Rb 

ature (~ (ohm-cm) (ohm-era) (ohm-cm) Cb (F-cm-~) 

--39 9004 424 8580 3.1 x 10 -s 
--14 2863 173 2690 3.0 x 10 -s 

23 800 68 632 3.1 x 10 -s 
194 32 10 22 3.1 x 10 -s 

Sample  6M2-2 
Temper-  Rdr R~ Rb 

ature- ( ~ ) (ohm-era) ( ohm-cm ) ( ohm-era ) Cb (F-cm -1) 

-12 3237 (173)* 3064 - -  
23 780 (68) 712 8.5 x 10 -lo 
66 234 (28) 206 8.8 x lO -10 
75 250 (24) 226 - -  

100 129 (16) 113 6.1 x 10 -lo 
157 52 (8) 44 1.1 x lO-" 

* Values in parentheses  are est imated assuming Rc (23~ -- 
68 ohm-cm and E~ = 4.1 kca l /mole .  

character is t ics  occur wi th in  any  pa r t i cu la r  ceramic 
specimen. 

In sample  6G3-2, RbCb and R~Cc are sufficiently d i f -  
ferent  tha t  its behavior  at t imes > 10 - s  sec can be 
modeled  by  the equivalent  circuit  shown in Fig. 7. Wi th  
this simplification, it  is possible to d e t e r m i n e  average  
values or Re, Rb, and CD and 6G3-2 despi te  the  d is t r ibu-  
t ion of RbCb t ime constants.  

Rb is equal  to Rdc --  Rc. Rc can be es t imated f rom 
the second impedance  p la teau  or de te rmined  more  ac-  
cura te ly  by  plot t ing in  (Rdc --  Rt) vs. t at points  in the 
in te rgra in  t rans i t ion  region. 

For  a model  circuit  such as Fig. 7 in which  RbCb is 
a single t ime constant, In (Rdc --  Rt) vs. t is a s t ra ight  
l ine of slope -= --  1/RbCb and intercept  of In Rt=o, 
where  Rt=o = Rb. The d is t r ibut ion  of RbCb t ime con- 
stants introduces curva ture  into this relat ionship,  but  
the  plot  is stil l  sufficiently l inear  at t imes near  the  Rc 
p la teau  that  Rc can be accura te ly  de termined.  

Cb is ca lcula ted at  the  inflection point  of the  in te r -  
gra in  t rans i t ion  where,  for a symmet r ica l  dispers ion 
of gra in  bounda ry  propert ies ,  Rt = (R~Rb) ~/2, Were 
RbCb a single t ime constant, a constant  va lue  of Cb 
could be calcula ted at any  point  on the in te rgra in  t r an -  
sition. However ,  calculat ion of Cb at mul t ip le  points on 
a d is t r ibuted  gra in  bounda ry  t rans i t ion  (Fig. 8) yields 
a range  of Cb values center ing on that  ca lcula ted at  the  
inflection. Each value  of Cb is that  which br ings  a 
model  RDC b t rans i t ion  into coincidence wi th  the ob- 
served t rans i t ion  at  its point  of calculation.  

The effects of RoCc and RbCb, separa ted  in sample  
6G3-2, merge  in sample  6M2-2 (Fig. 9) and, when 
combined wi th  a d i s t r ibu ted  RbCb response, make  pre -  
cise calculat ion of Rc ex t r eme ly  difficult. To obta in  the  
values  of RD, Rc, and CD for 6M2-2 at  var ious  t empera -  
tures summar ized  in Table  II, samples  6G3-2 and 
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Fig. 8. Observed and calculated intergrain transition response, 
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Fig. 9. Observed and calculated intergrain transition response, 
sample 6M2-2. 

6M2-2 were  considered ident ica l  in in t ragra in  conduc-  
t ion behavior .  Rc (6M2-2) at 23~ was taken  to be 68 
ohm-cm and its in t ragra in  conduction act ivat ion en-  
ergy, Ec, to be 4.1 kca l /mole .  Impl ic i t  is the  assumption 
that  the  presence (6G3-2) or absence (6M2-2) of Y203, 
because of the  size of Y, has no effect on in t ragra in  
conduction. 

Nature of Rc and Rb.--Rc is not ident ica l  to but  ap-  
p rox imates  the  intr insic  res is t iv i ty  of single crystal  
beta  alumina.  For  sample  6G3-2, Rc at 23~ is 68 ohm- 
cm, close to tha t  of 72 ohm-cm repor ted  at  23~ by  
Whi t t ingham and Huggins (2).  Var ia t ion  of Ro among 
different  specimens and discrepancy be tween  Rc and 
the intr insic  res is t iv i ty  of single crys ta l  be ta  a lumina  
can arise f rom differences in composi t ion and because 
the  grains compris ing po lycrys ta l l ine  samples  are r an -  
domly  or iented and separa ted  by  gra in  bounda ry  re -  
gions. Rc is increased by  a tor tuous  conducting pa th  
and decreased by  capaci t ive  shunt ing of gra in  bound-  
aries. 

Rb is an aggregate  gra in  bounda ry  res is t iv i ty  and 
should be contrasted wi th  pb, the intr insic  res is t iv i ty  of 
an indiv idual  gra in  boundary .  The difference be tween  
Rb and pb lies in the  geometr ic  factor  in t roduced in 
convert ing an observed sample  d-c  resis tance (ohm) 
into res is t iv i ty  (ohm-cm) .  That  factor  for these mea-  
surements  is the annu la r  tube  a rea  d iv ided  by  the 
spacing be tween  the center  pa i r  of electrodes.  Gra in  
boundaries,  per se, occupy only a smal l  por t ion  of the 
ceramic be tween  these  two sensing electrodes;  but  the 
geometr ic  factor  measures  the  over -a l l  a rea  and  dis-  
tance be tween  the sensing electrodes,  not  the  actual  
gra in  boundary  parameters .  

Similar ly ,  CD, expressed in units of F - c m  -1, is the 
aggregate  capaci tance of many  ind iv idua l  g ra in  bound-  
aries, not an intr insic  gra in  bounda ry  capacitance. 

The a g g r e g a t e g r a i n  bounda ry  propert ies ,  Rb and Cb, 
va ry  wi th  techniques of ceramic prepara t ion ,  especial ly  
wi th  gra in  size and d i s t r ibu t ion  and the  presence of 
s inter ing addit ives.  One s inter ing addi t ive  tha t  appears  
to concentrate  at g ra in  boundar ies  and g rea t ly  affects 
thei r  e lectr ical  character is t ics  is Y203. Sample  6G3-2 
was p repared  with  0.5% Y20~ added as a s inter ing aid; 
sample  6M2-2 is free of Y208. The effects of Y20~ on 
gra in  bounda ry  character is t ics  are evident  in  the  r e l a -  
t ive values of Cb calculated for these two samples  
l is ted in Table  II. In  each case, Cb is independen t  of 
t empera tu re  wi th in  measuremen t  accuracy but  the  
average value  of CD is 41 t imes grea te r  for  6G3-2 than  
6M2-2. 

A precise model  of g ra in  bounda ry  behavior  must  
consider that  observed response resul ts  f rom many  in-  
d iv idual  gra in  boundar ies  summed in a complex dis-  
t r ibu ted  se r ies -para l le l  ne twork.  With  grea t  simplif ica- 
tion, gra in  boundar ies  may  be lumped to a single re -  
gion of thickness, d, bounded by  pa ra l l e l  pla tes  of equal  
area, A. Thus 



VbL 123, No. B P O L Y C R Y S T A L L I N E  BETA A L U M I N A  R ES I S TI V I TY  1217 

A 

in which pb and  eb are the specific intr insic resist ivity 
and dielectric constant  of an individual  grain bound-  
ary and eo --~ 8.85 • 10 -1~ F -cm -1, the permi t t iv i ty  of 
free space. 

At 23~ RbCb and Rb are 2.3 X 10 -5 sec and 632 
ohm-cm, respectively, for 6G3-2 and 5.6 • 10 -v sec 
and 712 ohm-cm, respectively, ~or 6M2-2. 

Considering 

: RbCb(6M2-2) [7] 

and 

Rb (6G3-2) 

d 
Pb (6G3-2) 

Then 

Rb(6M2-2) d 
P b  "-~ (6M2-2) 

[8] 

A 
~o~-- (6G3-2) 

- "  46 [9] 
A 

eb ~- (6M2-2) 

Making the somewhat  a rb i t ra ry  assumptions that  
A / d  (6G3-2) ---- A/d  (6M2-2) and eb (6M2-2) is a 
typical value such as 5, then eb (6G3-2) ---- 230, pb 
(6G3-2) ---- 1 X 107 ohm-cm, and PD (6M2-2) ---- 1 X 
107 ohm-cm at 23~ Clearly, these are simplifications; 
nevertheless, the essential conclusion that the intrinsic 
resistivity of grain boundaries  is approximately 105 
times greater  than  that  of grains is reasonable. 

If Pb (6G3-2) = 1 • 107 ohm-cm at 23~ then  the 
aggregate grain boundary  thickness be tween the two 
larger faces of a 1 cm 2 X 0.1 cm section of the ceramic, 
assuming a model of a l ternat ing parallel  grains sepa- 
rated by grain  boundaries,  is 5 X 10 -4 cm. A 1V po- 
tent ial  drop across the ceramic in  a direction normal  
to the larger faces produces a field of 2 • 103 V/cm 
across the grain  boundaries  and 8 • 10 -1 V/cm across 
the grains at 23~ and 1.2 X 108 and 3.7 V/cm, re-  
spectively, at 350~ 

Localized grain boundary  fields of greater  intensi ty 
may arise from inhomogeneit ies in grain  boundary  re- 
sistivity and in grain  size and distribution. For  ex- 
ample, the total resistivity of a relat ively large grain 
embedded in  a matr ix  of smaller  grains is lower than  
its neighboring region. Current  flows preferent ia l ly  
through the grain, increasing the current  densi ty at 
its boundaries,  producing greater localized fields than 
exist general ly  in  the sample. These large grain bound-  
ary fields may be significant factors in the ini t iat ion 
and propagation of cracks that often appear in poly- 
crystal l ine beta a lumina  upon extended electrochemi- 
cal ionic transport.  

Variation o] Rc and Rb with temperature.--Arrhenius 
plots for in t ragra in  and in tergra in  conductivi ty in 
sample 6G3-2 and in t ragra in  conductivi ty in sample 
6M2-2 are shown in  Fig. 10 and 11, respectively. 

The in t ragra in  activation energy of 4.1 • 0.1 kcal /  
mole measured for sample 6G3-2 is slightly greater 
than that  of 3.8 kcal /mole reported by Whit t ingham 
and Huggins (2) for beta a lumina  single crystals. Tor-  
tuosity of a polycrystal l ine sample should not influence 
the slope of its in t ragra in  Arrhenius  plot. The differ- 
ence between these activation energies is significant, 
therefore; its cause may lie in small  compositional dif- 
ferences be tween the samples o5 beta a lumina  ana-  
lyzed. 
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In tergra in  activation energies are the same, 6.2 kcal /  
mole, regardless of the presence (6G3-2; Fig. 1 0 ) o r  
absence (6M2-2; Fig. 11) of Y203. 

Nonl inear  Arrhenius  behavior might  be observed for 
the temperature  variat ion of polycrystal l ine beta a lu-  
mina  resistivity if the elapsed time, or its counterpart  
in frequency, at which resistivity is monitored fa]ls on 
the in tergra in  or in t ragra in  t ransi t ion regions at some 
point in the temperature  range of interest. For ex- 
ample, if the grain boundary  conductance of sample 
6G3-2 were monitored at 100 kHz from --58 ~ to 300~ 
the result ing Arrhenius  plot would be l inear  above ca. 
150~ in which range 100 kHz falIs on the in tergra in  
plateau, but  wou]d deviate from l inear i ty  at lower 
temperatures  at which anomalously high conductivity 
would be observed. In deriving the Arrhenius  plots 
presented here, the points at which resistivities were 
recorded for in te rgra in  and in t ragra in  t ransport  were 
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adjusted with changing temperature  to be clearly on 
the resistivity plateaus of interest. 

Nature o~ C~.--As Fig. 5 and 9 show, the resistivity 
of p01ycrystalline beta a lumina  decreases below Rc at 
short elapsed times. This effect, barely observable at 
23~ but  clear at --39~ is modeled in the equivalent  
circuit (Fig. 6) by Cc, the in t ragra in  capacitance. Cc 
expresses many  polarization processes intr insic  to 
single crystal beta alumina,  but  is too large to result  
solely from electronic polarizations. Also, a simple 
geometric capacitance should not have so large a tem- 
perature variation. 

Most materials have optical dielectric constants in 
the range 1-10. Were the intrinsic dielectric constant  of 
beta a lumina  at 23~ a value such as 5, Cc (23~ 
would be 4.5 • 10 -14 F-cm -1 and RcCc, considering 
Rc = 68 ohm-cm, would be 3.0 • 10 -12 see. An RC 
response of this t ime constant should have a value of 
0.9 Rc or 62 ohm-cm at 7 • 10 -12 sec. Actually, 
R(6G3-2) is 62 ohm-cm at 1.14 • 10 - s  sec (23~ 
making Cc ---- 8.9 • 10 -11 F-cm -1 and RcCc ---- 6.1 • 
10 -9 sec. From Eq. [6], RcCc : pceceo, where pc --- 
single crystal beta a lumina  resistivity and e~ ~- single 
crystal dielectric constant. Then, eo ---- 105 to explain 
the observed behavior. Since 105 is an unreasonable  
optical dielectric constant, RcC~ (see Fig. 6) must  be a 
generalization of a more complex equivalent  circuit 
needed to model intragrain,  or single crystal, beta 
a lumina  impedance at shorter elapsed times than those 
encountered here. Possible origins for this complexity 
can be found in the structure and na ture  of ionic mo- 
tion in the beta a lumina  conduction plane. 

The structure of beta a lumina  was first determined 
by Bragg (7) and refined by Beevers and Ross (8) and 
Peters et al. (9). The work of Peters et at. addressed 
par t icular ly  sodium ion distr ibution wi thin  its con- 
ducting planes. Figure 12 maps the sodium and oxygen 
ion ar rangement  wi thin  the conducting plane. Two 
Close-packed oxygen layers, the top removed and the 
bottom shown, symmetr ical ly  sandwich the conducting 
plane. Sodium ions are shown in d sites, one of three 
sites, d, b, and MO, available for mobile ion occupation. 

A sodium ion in the center of each d site is hexag- 
onally coordinated 2.88A from each of three oxygens 
in the lower and three in the upper close-packed planes 
and equidistant  at 3.25s from three oxygens in the 
conducting plane. Sodium in the mid-oxygen (MO) is 
also hexagonally coordinated to six close-packed oxy- 
gens, three in each plane at a distance of 2.88A, but  its 
nearest neighbors are two oxygens in the conducting 
plane at a distance of 2.80A. The b site, iike the d site, 

/ -  

0 0 o 
OXYGEN OXYGEN SODIUM 

(CONDUCTION PLANE) (CLOSE PACKED) 

Fig. 12. Ionic arrangement in beta alumina conduction plane 

has sodium tr igonally coordinated 3.25A away from 
three conduct ion-plane oxygens but  placed between 
two close-packed oxygens only 2:38k away. 

If the Na + ion distr ioution presented by  Peters et al. 
(11), which is averaged over many  uni t  cells, actually 
represents ion dis tr ibut ion at the uni t  cell level, then 
Na + ion density at room temperature  is concentrated 
in the d and MO sites. Density in the d site is shaped 
as a t r iangle with apical maxima 0.39A from site cen- 
ter each point ing toward one of three neighboring IVIO 
sites; each d site has not one but  three density maxima. 
Secondary density maxima occur at each MO site. Oc- 
cupation of b sites is low in comparison. This density 
distr ibution becomes more uni form with increasing 
temperature.  More sophisticated exper imental  tech- 
niques have essentially confirmed these observations 
(10). 

The nonequivalency of Na + ion sites in beta a lumina 
and of ion densities wi thin  those sites implies that  a 
number  of energetically different site-site ion t rans i -  
tions can occur. Therefore, measurement  of in t ragra in  
(single crystal) beta a lumina  resistivity over an ap- 
propriate response range should reflect in its s tructure 
several different ion response times. The decline in 
resistivity at short elapsed times in Fig. 5 and 9 may 
be init ial  manifestations of these effects. 

The resistivity data presented here only hint  at what  
might be observed with more detailed measurements.  
For example, using NMR analysis, Story, Glowinkow- 
ski, and Roth (11) and Jerome and Boilot (12) report 
observing at least two distinct activation energies for 
Na + ion motion in beta alumina.  

Summary and Conclusions 
Galvanostatic analysis is a useful approach for iden- 

t ifying and analyzing the several components of re-  
sistivity, both in tergrain  and intragrain,  in polycrystal-  
l ine beta alumina.  Precise calculation of Rb and Rc is 
possible when RbCb ~ RcCc and RbCb is wi th in  the 
frequency range of measurement .  

Grain  boundaries  dominate the resistivity of typical 
f ine-grain beta alumina.  Though their physical d imen-  
sions are small, they account for 92% of the d-c resis- 
t ivity of sample 6G3-2 and 85% of the d-c resistivity of 
6M2-2 at 23~ Their  properties are pivotal  in deter-  
mining  the applications and temperatures  for which 
polycrystal l ine beta a lumina  is a practical electrolyte. 

A grain boundary  can be modeled as an area of ex- 
t remely low conductivity separating in t ragra in  regions 
of much higher conductivities. Because of their large 
electrical fields, e.g., 103 V/cm, grain  boundaries  may 
be focal points of electrochemically induced ceramic 
degradation. 

In t ragra in  capacitance effects are observed in  the 
elapsed time region of 10-s-10 -9 sec at 23~ and are 
considered the result  of several different ion transit ions 
possible among the three s t ructural ly  nonequiva lent  
sites available for mobile ion occupation in beta a lu-  
mina. As a result, the in t ragra in  t ransi t ion region, be-  
ginnings of which are seen i n  these measurements,  
should not follow a single t ime constant  but  should 
exhibit  complexity arising from mult iple  ion motions 
possible on a localized scale in  the beta a lumina  con- 
ducting plane. An elucidation of the in t ragra in  resis- 
t ivity t ransi t ion will require analysis at shorter elapsed 
times (higher frequencies) than those encountered 
here, but  may i l lumine the intrinsic na ture  of ion t rans-  
port in beta alumina. 

Occurrence of i n t r a g r a i n  capacitance effects at 
elapsed times as long as 10 -8 sec has one very practical 
consequence: it jeopardizes the usefulness of galvano- 
static or mul t i f requency resistivity analysis in  guiding 
beta a lumina  ceramic development.  It was hoped that  
such techniques could be used to separate in t ragra in  
and intergrain  resistivity components in polycrystal l ine 
beta alumina. Though satisfactory separation is ob- 
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served with  yt t r ia-con~aining ceramic such as 6G3-2, 
y t t r i a  is considered dele ter ious  to ceramic life. E l imina-  
t ion of y t t r i a  yields  samples  such as 6M2-2 which ap-  
pear  to have app rox ima te ly  equivalent  d -c  res is t iv i ty  
to y t t r i a -con ta in ing  mate r i a l  but  much smal le r  gra in  
bounda ry  capacitance.  Consequently,  the  gra in  bound-  
a ry  (RbCb) res is t iv i ty  t rans i t ion  in 6M2-2 merges  wi th  
its i n t r ag ra in  transi t ion.  Since the  gra in  bounda ry  re-  
sponse is not single va lued  and the na ture  of the  in t ra -  
gra in  t rans i t ion  unknown,  resolut ion of Rc and Rb is 
not s t ra ight forward .  Mul t i f requency  analysis  or its 
equiva lent  may  be of l i t t le  use in separa t ing  in t ragra in  
and in te rg ra in  res is t iv i ty  components  in such " im-  
proved"  specimens of po lycrys ta l l ine  beta  alumina.  

Manuscr ip t  submi t ted  March 10, 1975; revised m a n u -  
script  received Ju ly  28, 1975. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the June  1977 JOUI~NAL. 
Al l  discussions for the June  1977 Discussion Section 
should be submi t ted  by  Feb.  1, 1977. 

Publication costs o] this article were assisted by 
General Electric Company. 
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Cathodoluminescence Saturation Phenomena 
in Y O S:Eu 

D. J. Robbins 

Royal Radar Establishment, Malvern, Worcestershire WR14 3PS, England 

ABSTRACT 

The impor tance  of a the rmal  pe r tu rba t ion  of Y202S:Eu (0.1%) under  ex-  
ci tat ion by  long (up to 30 msec) e lect ron beam pulses is invest igated using the 
measured  different ia l  the rmal  behavior  of luminescence lines or iginat ing in 
the  5D2, ~D1, and ado states. An observed droop in l ight  output,  equivalent  to a 
sa tura t ion  of the phosphor  brightness,  is found to be inconsistent  wi th  a 
t he rma l  pe r tu rba t ion  of the system. Other  exper iments  involving a-c  electr ic  
field modula t ion  of the luminescence f rom the ~D states suggest  that  the droop 
m a y  be caused by  e lec t r ic  field pe r tu rba t ion  of the system. The sa tura t ion  
character is t ics  of the phosphor  are changed revers ib ly  dur ing  a 30 msec pulse, 
and i r r eve r s ib ly  by  mix ing  wi th  a conducting matr ix .  I t  is suggested that  
space-charge  fields are  genera ted  by  t rapp ing  of charge in surface states of the  
phosphor  grains, and a s imple kinet ic  model  for the sa tura t ion  mechanism in-  
volving f ie ld- induced ionizat ion of the charge t ransfer  s tate and quenching of 
the  5D2 state  is in qual i ta t ive  agreement  wi th  the  exper imenta l  data. The 
re levance  of the model  to sa{uration phenomena  and to aging in CRT screens 
is discussed. 

Most phosphors  show some degree  of sa tura t ion  in 
the i r  br ightness  vs. cur ren t  dens i ty  character is t ic  under  
electron beam exci ta t ion (1, 2). This sa tura t ion  can 
c lear ly  l imi t  the  br ightness  achievable  f rom any CRT 
screen incorpora t ing  such a phosphor,  and can prove  
t roublesome in main ta in ing  color balance  in mul t icolor  
tubes (3-6).  The phenomenon is the re fore  of great  
technological  interest .  Severa l  workers  have descr ibed 
techniques whereby  the sa tura t ion  character is t ics  of 
phosphors  can be pa ramete r i zed  (3, 4, 7), but  there  
have been ra ther  few exper imen ta l  invest igat ions  
which can be used to provide  insight  into the  funda-  
menta l  mechanisms involved.  This s tudy was under -  
t aken  in o rder  to test  some of the genera l ly  accepted 
theories of cur rent  dens i ty  sa tura t ion  in phosphors.  

Sa tura t ion  of l ight  output  as pumping  densi ty  in-  
creases is p r imar i l y  a kinetic  problem,  and deta i led 
kinet ic  models  have been developed to expla in  the 
phenomenon in l igh t -emi t t ing  semiconductor  mater ia l s  
(8). In  contras t  the models  appl ied  to phosphor  ma te -  

Key words: phosphors, CRT, aging, space-charge electric field, 
surface states. 

r ia ls  are much more  genera l  and qual i ta t ive  in na tu re  
(9, 10), but  the most p robable  causes of sa tura t ion  may  
be summar ized  in the  fol lowing way:  

(i) A pe r tu rba t ion  of the system kinetics at  high 
current  densities. I t  is usual ly  assumed that  this pe r -  
tu rba t ion  is the rmal  (3, 11) and tha t  a t empera tu re  r ise  
causes sa tura t ion  by  reducing the luminescent  efficiency 
of the phosphor.  However  it should be r emembered  
that  exci tat ion by  a charged par t ic le  beam is involved. 
in the CRT so that  the pe r tu rba t ion  might  be electr ical  
in nature.  

(it) True act ivator  saturat ion,  i.e., exci ta t ion of a 
large  fract ion of ava i lab le  act ivator  sites causing sig- 
nificant deple t ion  of the ground state populat ion.  A l -  
though this effect is often assumed in the analysis  of 
phosphor  kinetics (9) it  is less l ike ly  to be significant 
in ra re  ea r th  phosphors  wi th  severa l  percent  of ac t iva-  
tor ions in the la t t ice  than in sulfide phosphors  wi th  
act ivators  at the  ppm level.  Such effects wil l  also be 
sensi t ive to act ivator  l ifet imes.  

(iii) The increasing impor tance  at high exci ta t ion 
densit ies of higher  order  recombina t ion  pathways ,  or 
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of self-absorption phenomena caused by the bui ldup in  
populat ion of low energy excited states just  above 
the ground state (12). 

There is a lack of exper imental  data which can be 
used to decide the relat ive importance of the above 
mechanisms, but  for rare earth phosphors and reason- 
able excitation densities mechanism (i) would appear 
most probable. Our first aim has therefore been to 
monitor  the kinetics of a rare  earth phosphor at in-  
creasing excitation current  densities in order to deter-  
mine whether  effects related to saturat ion of light out- 
pu t  were consistent wi th  a thermal  per turba t ion  of the 
system. We thus sought a system with its own " internal  
thermometer," i.e., with spectral features sensitive to 
tempera ture  in the range 300~176 Such a system 
could be "calibrated" by measurement  of its spectrum 
at various fixed temperatures,  so that if a thermal  per-  
turba t ion  were assumed to occur under  electron beam 
excitation the effects could be predicted and the pre-  
dictions checked against the exper imental  data. We 
shall show that for the rare earth phosphor mater ial  
investigated here the kinetics are per turbed a t  higher 
current  densities, but  that the results cannot be ex- 
plained by a rise in temperature  of the system. How- 
ever we shall present  other evidence, including the 
electric field modulat ion of photoluminescence, which 
demonstrates tha t  the effects are consistent with a per-  
turba t ion  of the kinetics caused by the bui ldup of an 
electric field in  the phosphor particles during electron 
beam bombardment .  This space-charge field may be 
created by t rapping of charge in  surface states of the 
phosphor. 

The system chosen for study was Y202S:Eu (0.1%). 
The temperature  dependence of the photoluminescence 
(PL) spectrum of this system has been extensively in-  
vestigated by Struck and Fonger  (13, 14), Who have 
shown that  between 300~176 emission from the 
5D2 state is rapidly quenched, probably  via the charge 
transfer  (CT) state, whereas similar  quenching of the 
lower lying 5D1 and ~D0 states does not begin unt i l  
much higher temperatures.  The relat ive intensities of 
the emission from 5D2, 5DI, and 5D0 therefore constitute 
the internal thermometer which we have used to moni- 
tor the effective temperature of the luminescent ion as 
excitation current density is increased, and hence to 
determine the significance of any thermal perturbation. 
The energy level scheme and the wavelengths of the 
lines monitored are shown in Fig. L 

Following the onset of electron beam excitation, 
energy transferred to the 'lattice phonons is rapidly 
relaxed; this relaxation is generally considered to be 
complete in a t ime < <  10 -10 sec, so that  on the t ime 
scale of interest  in our experiments the phonon sub-  
system can be considered to be ins tantaneously  in  local 
equi l ibr ium with the electronic configuration of the 
activator ion. The relaxat ion between different elec- 
tronic levels is much slower however, and can be 
strongly influenced by the strength of the electron- 
lattice coupling and by the mean  phonon occupation 
numbers.  The electronic relaxation times are obtained 
from the decay times of the states involved, and are of 
the order �9 ~ 1 -- 5 X 10 -4 see for the 5D2, 5D~, 5D0 
states of Eu 3+ at 300~ and estimated to be < <  10 - s  
sec for the charge t ransfer  state (13). When an elec- 
tron beam pulse is applied to the system the excitation 
rate is constant while the pulse is on, and the relative 
populations of the 5D2, 5D1, and 5D0 electronic states 
will adjust  to the new steady-state conditions in a time 
corresponding to ~5~, i.e., ~0.5-2 msec. Since the ki-  
netics are most easily interpreted in the steady-state 
condition rather  than dur ing the init ial  rapid rise of 
luminescence, relat ively long electron beam pulses 
(up to 30 msec) have been applied to the system so 
that a steady-state condition should be reached. The 
temperature  is expected to rise through the pulse, but 
as long as the rate of change is slow compared with the 

LATTICE STATES 

>- 

C HARGE TRANSFER !.q...q~"~HERMALLY ACTIVATED) 

D I 

468nm 

Do 

587n~ 618~ 

I m % 

, % 

. . . . . . . . .  F I 

Fig. 1. Schematic energy level diagram for Y202S:Eu. The wave- 
lengths of the emission lines used to monitor the kinetics of the 
excited states are shown. 

electronic relaxat ion rates the relat ive populations of 
the excited states should reflect the effective tempera-  
ture of the system throughout  Che pulse. Since the 
relative thermal  behavior  of the ~D.2, 5D1, 5D0 states in 
Y202S:Eu (0.1%) is known  (13), the relat ive popula- 
tions of these states dur ing  electron beam excitation 
can be used to determine whether  there is a signficant 
thermal  per turbat ion  of the system as current  density 
is increased. 

It might seem more straightforward to calculate the 
expected temperature  rise directly rather  than use the 
exper imental  approach adopted here. However there 
are severe problems associated with such a calculation 
for a th in  layer of phosphor powder settled on a sub- 
strate, not the least of these being the thermal  con- 
ductivi ty to be used for small  grains of material  in  
point contact and associated with binder  in the layer, 
and the volume and na ture  of the excitation caused by 
an electron beam penetra t ing a randomly oriented 
array of i r regular  particles. Archard and Einstein (15) 
have considered the problem of heating in phosphor 
screens under  pulse electron beam excitation and have 
shown that the temperature  rise can be treated as the 
sum of two parts: first, a r i se  in mean  temperature ,  
superimposed upon which is a pulse tempera ture  rise 
occurring during the exci tat ion period. If the elec- 
tronic processes taking place at the excited activator 
ions are fast compared with the relaxat ion t ime of the 
thermal  pulse, then the effective tempera ture  experi-  
enced by the activator dur ing the luminescence process 
will be higher than the mean  screen temperature.  

In view of these difficulties we have preferred to de- 
termine exper imental ly  whether  the light output  of the 
phosphor system is significantly affected by  thermal  
perturbation.  Nevertheless it is useful to obtain a 
quali tat ive picture of the probable rate of change of 
temperature  through the pulse using the method de- 
scribed by Carslaw and Jaeger (16), and used by 
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Archard and Einstein (15), since this will indicate 
whether  our assumption that the rate of tempera ture  
change is slow compared with the electronic re laxat ion 
times is reasonable. If we assume the beam to penetra te  
a depth I into & semi-inf ini te  solid with heat generated 
at a constant rate Q per un i t  t ime and area for t ime 
t > 0, and with no heat loss at the surface, then  the 
tempera ture  rise at dep th  1 will  be of the form (16) 

T =  KQt (1--4i2erfc  1 [1] 
2kl ~/Kt 

where K ---- k/pc, k is the thermal  conductivity, # the 
density, and c the specific heat. The funct ion i ~ erfc (x) 
is tabulated in Ref. (16). Archard and Einstein (15) 
have measured a thermal  conductivi ty for settled ZnS 

k ---- 4 X 10 -4 cal cm -~ oc-1 sec -1 [2] 

This is approximately the thermal  conductivi ty of dry 
sandy soil (16), which is perhaps reasonable for a 
phosphor settled in  silicate binder.  Assuming this value 
for Y202S, and 

p ~ 5g cm -8 

c ~ 0.1 cal g-1 oc-1 [3] 

then for a current  density of 0.5 mA cm -2, the maxi-  
mum used in our experiment,  the predicted tempera-  
ture  rise of the phosphor through a 30 msec electron 
beam pulse is shown in Fig. 2. With a repeti t ion t ime of 
approximately 100 msec the background rise in tem-  
perature  of the system calculated according to Archard 
and Einstein should be less than  10~ The absolute 
magnitudes of these rises can only be crude estimates 
since we have neglected, among other things, heat 
losses to the metal  substrate  and to the surroundings,  
and the nonuni form intensi ty  profile of the electron 
beam. However the calculation is sufficient to indicate 
that the rate of change of tempera ture  through the 
pulse should be slow compared with the electronic 
relaxat ion times, and that therefore the relat ive in -  
tensities of emission from the 5D2, 5D1, and 5D0 states 
of Eu 3+ at any ins tant  should reflect the tempera ture  
prevai l ing in the system. 

With this background it is now possible to discuss 
the exper imental  results. 

Experimental 
The Y202S:Eu (0.1%) was  prepared at GEC Ltd. 

(Hirst Research Centre) by firing YuO3 with sulfur, 
Eu203, and Na2CO~ at 1200~ for 2 hr in  an open tube 
furnace and subsequent ly  washing. The phase of the 
sample was checked by x - r ay  powder diffraction, and 
the activator content  by x - ray  fluorescence analysis. 
The cathodoluminescence ( C L )  measurements  were 
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Fig. 2. Estimated temperature rise of Y202S:Eu powder layer 
through a long electron beam pulse, calculated from Eq. [ l ]  for 
the highest current density used in our experiments. 

made using an apparatus which has been described 
elsewhere (17). The electron beam was approximately 
800~ in diameter  and was va r i ab le  from 0.3-20 ~A at 
the sample. The spot could be pulsed with variable  
dwell t ime and prf. The emitted light was focused onto 
the entrance slit of a 0.25m grat ing monochromator  and 
detected by a photomult ipl ier  with a 1 kt2 load. The 
signal/noise ratio was improved by averaging the out-  
put in a Hewlet t -Packard  5480B mul t ichannel  signal 
analyzer  with a t ime resolution of 10 ~sec/channel. 
The stored signal could then be displayed on a chart 
recorder. With this ins t rumenta t ion  it was possible to 
Observe the light output  profile throughout  the elec- 
t ron beam pulse, and to measure decay times on 
switching off the pulse. All measurements  were made 
at room temperature  and with a 20 kV gun  potential.  

The phosphor was either gravi ty-set t led through a 
dilute silicate b inder  using s tandard methods (18) onto 
small conducting glass or a luminum substrates, or 
dusted onto a th in  layer  of conducting si lver-loaded 
epoxy adhesive (Johnson-Mat they Chemicals Ltd.) 
spread on an a luminum disk. The substrates were ap-  
proximately 1 cm 2 in  area and the coverage approxi-  
mately  8 mg cm -2. The substrates bear ing the phos- 
phor samples were fixed to a rotat ing metal  sample 
holder by conducting s i lver-DAG, so that  each could 
be brought  under  the beam in turn.  The samples were 
not aluminized, and were viewed from the electron- 
beam irradiated side. 

Photoluminescence measurements  were made in this 
laboratory by excitation at 350-360 n m  with u.v. lines 
of an Ar + laser used in  conjunct ion with a u.v. band  
pass filter to remove interfer ing visible fluorescence 
lines, and by excitation at 250 nm with the mono-  
chromated output  of a 150W Xe arc source at GEC Ltd. 
Photoluminescence decay times were obtained using 
a N2 laser producing pulses with 2 nsec ha l f -width  at 
337 nm. Variable tempera ture  measurements  were 
made using a commercial temperature  controller in  
conjunct ion with an electrically heated sample mount.  

Results 
Figure 3(a) shows the tempera ture  dependence of 

the emission in tensi ty  from 5Do, 5Dr, and 5D0 States of 
Eu 3+ for 250 nm excitation (19), and emphazises the 
part icular  sensit ivity of the 5D2 state in  this tempera-  
ture  range. The system shows the same behavior  under  
350-360 nm excitation using the Ar + laser, which ex- 
cites into the CT band directly. The special role played 
by the CT state in feeding the ~D states has been dis- 
cussed by Struck and Fonger  (13, 14) and explains why 
excitation by electrons or photons at energies equal 
to or higher than the CT state energy produce the same 
relative emission intensit ies from the various 5D states 
of Eu 8+ in Y202S. 

Figure 3 (b) shows the variat ion with temperature  of 
the photoluminescence decay times. The data for 5D2 
became uncer ta in  at the higher temperatures  because 
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Fig. 3 Temperature dependence of PL of 5D2, 5D1, and 5Do states. 
(o) Relative intensity under 250 nm excitation. (b) Lifetime under 
337 nm pulse excitation. (5D2, 5D1--L.H. scale, 5Do--R.H. scale.) 
Quoted lifetimes are approximations to simple exponential behavior 
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the decay t ime approaches the resolution l imit  of the 
detection system used. With the t ime resolution avail-  
able (10 ~sec/channel) the rise t ime of the 5D2 state 
in  response to the N2 laser pulse excitation was too 
fast to be measured, but  the 5D1 and 5D0 emissions 
showed delayed bui ldup periods of approximately 50 
~sec and 200 ~sec, respectively, before the maxima in  
the emission in tensi ty  were reached. The reason for 
this difference in behavior is that the 5D1 and 5D0 states 
are fed part ial ly or wholly via higher ly ing f-electron 
states with relat ively slow relaxat ion rates, whereas 
the 5D2 state is fed pr incipal ly  from the CT state (13). 
The quoted decay times for the various states were 
measured over approximately one decade from the 
maxima in the response curves. The decays were rea-  
sonably approximated by exponent ial  functions over 
this range, but  since the decay characteristics of the 
SD~ and 5Do states are not simple first order decays 
from the end of the excitation pulse it is clear that  the 
quoted decay times are not simply the characteristic 
decay times of the emit t ing states, but  ra ther  some 
combination of these. 

Figure 4 shows typical measurements  of the l ight 
output characteristics of the same Y202S:Eu (0.1%) 
phosphor mater ia l  mounted in different ways and ex- 
posed to 30 msec electron beam pulses of increasing 
current  density with a 300~ phosphor mount  tem- 
perature. The behavior of lines originating from the 
5D2 and 5D1 states only are shown for clarity, the 5D0 
state having a characteristic very similar to that of ~D1. 

Consider first the results in  Fig. 4(a)  for phosphor 
settled through silicate binder  onto a conducting glass 
substrate (similar results were obtained using alu-  
m inum substrates).  Recalling the earlier discussion, 
the light output  would be expected to rise, reaching a 
steady state in a t ime ~1  msec, and, in  the absence of 
other per turbat ion to stay constant though the pulse 
and finally decay rapidly at the end of the pulse. This is 
in fact the characteristic observed at the lowest beam 
currents, but  as the current  density is increased a 
"droop" appears in the output  which would cause a 
subl inear  increase in integrated light output with cur-  
rent density, i.e., a saturat ion effect. This droop is sen- 
sitive to the settl ing process, since the characteristic 
varied a little over the sample surface and a sample 
settled independent ly  showed a m o r e  accentuated form 
of droop. For the samples reported in Fig. 4(a) ,  the 
form of the droop was reasonably constant in t ime and 
the results were reproducible on increasing and sub-  
sequently decreasing the beam current  wi thin  the 
quoted limits. There was a slow general  decrease in  
over-al l  in tensi ty  of all the lines after prolonged ex- 
posure to the beam; this may have resulted from beam 
induced damage or contamination, or from the kind of 
energy storage phenomena described by Struck and 

Fonger (20) leading to a depletion of the ground state 
activator concentration. 

When the pulse length was shortened to 10 msec the 
light output  obtained was the same as the curves for 
the first 10 msec period in Fig. 4(a) ,  followed by rapid 
decay on switching off the pulse. The droop is also 
characteristic only of the excited state involved since 
the form of the curves was found to be independent  of 
the final level when emissions from 5D.2 to several com- 
ponents of the 7F ground state were measured. This 
shows that the droop is not the result  of self-absorption 
phenomena caused by an increase in populat ion of 
components of the 7F state just  above the ground 
state (12). 

At first sight it might appear that  the droop is caused 
by a tempera ture  rise t h r o u g h  the pulse, and indeed 
previous reports of similar droop phenomena at t r ibuted 
them to thermal  per turbat ion  (11). However, consider- 
ation of the following points shows that this is unl ikely  
to be the cause in our experiment:  

1. The droop becomes significant for both SD2 and 
SD~ (and SD0) states at approximately the same beam 
current,  and although the droop of the 5D2 emission is 
greater than that of 5D1 the la t ter  is quite substantial.  
The 5D2 state however is much more sensitive to tem- 
perature than  ~D~ [see Fig. 3 (a ) ] ,  and indeed the in -  
tensi ty of emission from the la t ter  is l i t t le changed over 
a temperature  range which vi r tual ly  quenches 5D~ 
emission. For a thermal  per turba t ion  one would there-  
fore expect a large droop in  the 5D2 characteristic be-  
fore any significant effect on 5D1 occurred, and this con- 
flicts with the experimental  observation. 

2. At higher currents  the droop increases and the 
system tends to approach a . l imiting or equi l ibr ium 
light output for long pulses which is not very sensitive 
to beam current.  Again this is not expected for a ther-  
mal  per turbat ion  since the ma x i mum tempera ture  
reached dur ing the pulse should increase approxi-  
mately l inear ly  with beam current  density (see Eq. 
[1]) and it would be necessary to argue that the 
increased pumping rates at higher cur ren t  were ex- 
actly offset by increased thermal  quenching. In  fact 
this behavior is more characteristic of an  electrical 
charging phenomenon,  which would approach a steady 
state determined by the capacitance of the sample. 

3. The droop observed is s imilar  for phosphor settled 
on conducting glass and on a luminum substrates, i.e., 
is insensit ive to the thermal  conduct ivi ty  of the sub-  
strate. 

4. The power from the d-c Ar + laser used in  PL 
measurements  corresponded to an excitation density of 
approximately lW cm -2, which is only a factor of 2-3 
smaller than the highest mean  excitation densi ty used 
in the electron beam experiments.  The PL tempera ture  
dependence data taken with the Ar + laser were the 

Fig. 4. Light output profile of 
Y20~S:Eu (0.1%) in response to 
long electron beam pulses of in- 
creasing current density. (i) Indi- 
cates SD~ -~ 7Fo emission and 
(ii) indicates 5D~ -> 7F3 emission. 
(a) Powder settled on conducting 
glass substrate. (b) Sealed, alu- 
minized CRT screen. (c) Powder 
spread on conducting adhesive 
matrix. The beam current (~A) 
corresponding to each curve is 
also shown. The arrows mark the 
end of the excitation pulse. 
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same as those taken at much  lower power densi ty with 
the monochromated Xe arc, showing that  this level of 
excitation density does not produce significant per-  
tu rba t ion  of the luminescence process unde r  photon 
excitation. 

True activator sa turat ion phenomena  would not 
produce a droop characteristic, and it is unl ike ly  that 
the droop can be caused by a depletion of the ground 
state activator concentrat ion following CT dissociation 
and long- te rm energy storage (20), since this would 
affect all the 5D states equally and produce considerable 
changes in  the light output  characteristic as the n u m -  
ber  of pulses to which the sample was exposed in-  
creased. This was not  observed in  the measurements  
taken  at 10 Hz prf. However since there is some evi- 
dence that the droop is associated with electrical charg- 
ing effects, there exists the possibility that it is an 
artifact of the demountab le  system using nona lumi -  
nized samples. To el iminate this possibility sealed alu-  
minized CRT screens were prepared by Fer ran t i  Ltd. 
(Special Components Depar tment)  using the same 
phosphor material.  The excitat ion conditions used in  
the demountable  system were reproduced in  the CRT, 
and the results are shown in Fig. 4(b) (21). These 
results are in excellent quali tat ive agreement  with the 
demountable  measurements,  and show that the droop 
effect is not significantly altered by a luminizing the 
sample. 

Two experiments  were then carried out to test the 
sensit ivity of the system to electrical per turbat ion.  In  
the first the phosphor was l ightly dusted onto a thin 
layer  of conducting epoxy adhesive spread on an alu-  
m i n u m  disk, and the excess shaken off. Any particles 
adhering were then in int imate  contact with the con- 
ducting adhesive, so that  the surface electrical prop- 
erties of the particles were presumably  quite different 
from those of the settled material .  The light output 
observed on applying a long electron beam pulse is 
shown in Fig. 4(c),  and it is clear that there is no 
significant droop. The mean  brightness o~ these samples 
was also lower, probably  as a result  of the electric- 
field-induced quenching effects discussed later. How- 
ever it is clear that changing the electrical properties 
of the phosphor layer  markedly  affects the droop 
characteristic. 

In  the second exper iment  a sandwich cell was con- 
structed so that  an electric field could be applied to 
the phosphor while it was being excited into the charge 
t ransfer  state by the Ar + laser (Fig. 5). The phosphor 
was settled in silicate binder  onto a conducting glass 
plate which formed a t ransparent  electrode t ransmi t -  
t ing the laser beam. The electrodes were nonblocking, 
and an a-c field was used to prevent  polarization. 
Vr no field applied, the phosphor gave a steady d-c 
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Fig. 5. (a) Sandwich cell structure used in a-c electric field 
modulation of p/under Ar + laser excitation. (b) Upper curve shows 
phase of applied electric field. Lower curves show schematically the 
PL output in the absence of field ( . . . . .  ) and when a field is 
applied ( ). The form of the modulation is similar for all 
~D states. 

light output level. However on applying 200V a.c. 
(rms) at 50 Hz, the light output was modulated at 
twice the field frequency as shown schematically in 
Fig. 5 (b). At this field there was no interference from 
electroluminescence (EL), although a weak ACEL 
signal was observed at a field of 230V. 

It should be noted that the light output is a maximum 
whenever the applied field is zero, and is partially 
quenched by any nonzero field. The form of the modu- 
lation was basically similar for all the 5Dj (j _-- 2,1,0) 
states, the peak-peak modulation as a fraction of the 
unmodulated d-c light level being shown in Table I. 
Hence all three states are sensitive to the application 
of an electric field, the SD= being slightly more sensi- 
tive. This is in  fact the same relat ive pat tern  of be-  
havior as is observed in the drooping under  electron 
beam excitation. Thus whereas the droop phenomenon 
cannot be explained by a thermal  per turbat ion  of the 
system kinetics the exper imental  data are ent irely 
consistent with an electrical perturbat ion.  The na ture  
of this perturbation,  and a possible model, are discussed 
in more detail below. 

Electric Field Effects on Cathodoluminescence 
The quenching of both PL and CL of phosphor mate-  

rials by electric fields is a we l l -known phenomenon and 
has been extensively reviewed by  Ivey (22). Both 
bulk  conductivity and surface effects may be important  
when considering the effects on the luminescence proc- 
ess. For example Dean and Male (23) have demon-  
strated a correlation be tween the bu lk  electrical con- 
ductivi ty of diamond, measured as conduction counting 
efficiency, and the electric field induced quenching of 
p-scintillations, the electric fields extracting secondary 
carriers and causing spatial separation of electrons and 
holes. Similar ly Satchell (24) has s h o w n t h a t  electric 
field modulat ion of the CL of Z n S : M n  crystals only 
occurred when the whole crystal volume between the 
electrodes was excited by the electron beam, i.e., when 
the bu lk  conductivity in  the interelectrode region was 
increased by excitation. 

The importance of surface effects has been shown in 
many  ways. Ka l lman  and his collaborators (25) have 
made extensive investigations of the changes in elec- 
trical conductivity which can occur when  fields are ap- 
plied to excited phosphors, and have shown that  a state 
of "persistent in terna l  polarization" can be created by 
separation of charges in the bulk  material.  Accumu- 
lat ion of charge at the na tura l  barr ier  formed by the 
crystal surface may occur, and could be par t icular ly  
important  in  powder mater ial  with a large surface/  
volume ratio. Charge storage near  the surface of ZnS 
crystals has similarly been directly demonstrated (26), 
and in  1956 Laponsky et aL (27) postulated that  space 
charges were created in a phosphor screen during ex- 
posure to the electron beam, and that  these space 
charges acted to control the secondary electron emis- 
sion ratio of the screen. This postulate was necessary 
in  order to explain the lack of a definite "sticking po- 
tential" for nonaluminized powder screens. 

There have also been more direct demonstrat ions of 
the effect of surface charges on luminescence. For ex- 
ample Sedgwick (28) has shown that both quenching 
and enhancement  of luminescence in  ZnO can occur 
according to whether  the surface is charged negative 
or positive by corona discharge, and the importance o~ 
space charge in  the surface region of I I -VI  crystals in 
controlling both the Gudden-Pohl  memory and lumi-  
nescence quenching has been discussed by Peka and 
Proskura  (29). 

Table I. Approximate percentage modulation of PI. intensity by 
application of an a-c electric field to Y202S:Eu(0.1%) 

~D2 16 
SD1 11 
BDo 10 



1224 J. Electrochem. Sac.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY August  1976 

Fig. 6. Current saturation of 
Y~O~S:Eu(0.1%) plotted from 
Fig. 4. A = Powder settled on 
conducting glass substrata; 
X ~ sealed, aluminized CRT 
screen; �9 = powder spread on 
conducting adhesive matrix. 
(Curves normalized at 0.5 ~A.) 
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There is thus a considerable accumulat ion of evi- 
dence to support  the idea that  some electrical pe r tu r -  
bat ion could quench the light output  and therefore be 
responsible for the droop phenomenon in  YzO2S:Eu, 
and that  this per turbat ion  might  be caused by the 
bui ldup of surface charge and associated space charge 
fields under  electron beam bombardment .  The effects 
on the saturat ion characteristics of the phosphor are 
shown in Fig. 6, where the peak light in tensi ty  and 
the intensi ty  at long times after the onset of the elec- 
t ron beam pulse are plotted as a funct ion of beam cur-  
rent  for the materials whose output  profiles are given 
in Fig. 4 (30). The significant points are: (i) The 
saturat ion of both 5D2 and 5D1 emission is general ly 
more pronounced at long times, except for the epoxy- 
mounted mater ia l  which shows the same behavior  
throughout  the pulse. (ii) Emission from the 5D~ state 
shows greater saturat ion effects than that from ~D~ 
(or ~D0). r At short times after the onset of the 
pulse the nonaluminized settled sample shows the least, 
a n d  the epoxy-mounted  mater ial  the greatest sa tura-  
tion, the aluminized screen being intermediate  between 
these two. At long times all the samples reach an equi-  
l ibr ium output and show similar saturat ion behavior 
for any part icular  emit t ing state. 

There are two part icular  experiments which provide 
useful guidelines for  developing at least a quali tat ive 
explanat ion of these effects in  Y202S:Eu. First, Struck 
and Fonger (20) have s h o w n  that the CT state can be 
thermal ly  ionized leading to energy storage by charge 
separation and trapping;  secondly, Dobrov and Bu- 
chanan (31) have shown that excitation into both the 
C T  state and into the 5D2 state produces photoconduc- 
t ivi ty in La202S: Eu single crystals, and that  there is a 
correlation between the temperature  dependence of 
the photoconductive response for 5D 2 excitation and 
thermal  quenching of the 5D2 state. In contrast  ex- 
citation of 5D1 and 5D0 does not lead to conductivity at 
300~ Both experiments  suggest that the dissociation 

Eu 3+ (CT) ~ _ E u  2+ + hole [4] 

produces mobile holes as major i ty  carriers. 
In  order to explain the exper imental  results reported 

above we therefore propose the following model: that 
accumulat ion of charge in surface states of the Y~O2S: 
Eu phosphor generates electric fields within the powder 
grains which can accelerate dissociation of the CT 

state, creat ing charge separation, and which can c a u s e  

quenching of the 5D2 state directly. By analogy with 
the photoconductive response of La202S:Eu, there 
would be no significant direct emptying of the SD~ and 
~D0 s t a t e s b y  these fields at 300~ The precise form of 
the electric fields is not clear, but  it is possible that 
accumulat ion of negative charge in surface states of 
the grains would cause drif t  of the mobile holes 
towards the surface region, and would markedly  affect 
the na ture  of the surface states and surface potential  
which largely determine the nonradia t ive  recombi-  
nat ion probabil i ty  for excess carriers reaching the 
particle surface. The data in Fig. 6 may then be in ter -  
preted to mean  that there exist surface states of Y202S: 
Eu lying above the Fermi  level  which can be filled 
either by capture of low energy secondary electrons 
generated by the incident  beam, as in  the convent ion-  
ally settled material,  or by int imate  contact with the 
si lver-loaded epoxy adhesive which is assumed to have 
a Fermi level above the surface states. In  the lat ter  case 
the states are filled i r revers ibly  before exci tat ion so 
that the incident  beam has li t t le fur ther  effect on the 
surface potential, the equi l ibr ium light output  char-  
acteristic of the quenched state is reached ins tan tane-  
ously, and no droop is observed. When the phosphor 
is settled in the normal  way, however, the surface 
states are largely empty and come to equi l ibr ium rela-  
t ively slowly following application of the electron 
beam as low energy secondary electrons are trapped. 
In this case the light output  ini t ia l ly rises rapidly 
towards some steady-state level  characteristic of the 
phosphor with empty surface states, but  is then 
quenched towards the new equi l ibr ium value as the 
surface states are filled. The traps fill and empty  re-  
versibly dur ing the duty cycle, giving rise to the ob- 
served droop behavior. When the traps are filled by 
either mechanism the phosphor shows a common satu- 
rat ion behavior, as shown by Fig. 6(b) ,  i.e., the states 
induced by a long pulse and by mixing with a con- 
ducting matr ix  are similar. 

The quali tat ive effect of the space charge field as- 
sociated with the filled surface traps on the relative 
populations of the sDj states may be i l lustrated in the 
following way. In  the absence of electric field per turba-  
tion and activator ion saturat ion the steady-state popu- 
lations of the CT state and the 5Dj states may be 
wri t ten  as 
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G -f- ~ ajcDj 
3 

C = [5] 
~acJ 

acjC -~ j~ aj,j~)j, 
D~ = [6] 

ajc -t- aj 

where G is the rate of CT excitation, acj is the cross- 
over rate f rom the CT state to 5Dj etc., aj is the sum of 
rates for all downward transi t ions from 5Dj, ajc a acj 
exp [ - -Ej /kT] ,  and Ej is the energy gap be tween the 
CT state and 5Dj. The effects of an electric field can be 
introduced in a simplified fashion if we assume that 
the induced field is a funct ion of both beam current  
and pulse length  

E = E (I, t) [7] 

and that  it approaches some steady value E ~ for suf- 
ficiently long pulses. The steady-state equations [5] 
and [6] would then be modified to include field-de- 
pendent  term 

G ~ ~ ajcDj e 

C~ = [8] 
~. acj -~- aceE ~ 
J 

acjC e ~- ~ a j , jD j ,  e j, 
Dje - -  [9] 

ajc + aj + aje E~ 

where  ace and aje represent  rates of field-induced loss 
processes from the CT state and from ~Dj. In fact the 
photoconductivi ty data show that at 300~ a~e is only 
significant for j ----- 2, i.e., for the 5D2 state (31). Analy-  
sis of these equations shows that  an electric field will  
lead to quenching of the s teady-state  populations of 
the CT state and of all 5Dj states (j ---- 2, 1, 0). Because 
of the term in  a2e, however,  the ~D2 state is quenched 
to a greater  extent  than 5Dr, and 5D0, these lat ter  states 
being expected to behave rather  similarly. This is in 
qual i tat ive agreement  with the droop behavior  of the 
lines (Fig. 4) and with the observed modulat ion of the 
l ine intensities by an applied a-c field (Table I).  

Discussion 
We first consider the relevance of these observations 

to practical CRT screens (6). The dwell t ime of the 
beam at T V  scan rates is of the order 0.5-1.0 X 10 -~ 
sec, much  shorter than  the pulses used in  our experi -  
ments, so that  the results reported here are more di- 
rectly re levant  to slow wri t ing speeds or cursive dis- 
plays. However the rate of filling of surface traps will  
rise with beam current,  and at moderate d r ive  cur-  
rents  in CRT's (-~ 1-5 A c m  -2) total charge dosage 
similar  to that  in  our experiments  could be delivered 
dur ing a short dwell  time. Charge loss by leakage 
would certainly be less during a short excitation period. 
Hence the l ight output  from the CRT screen might  be 
per turbed by these effects if sufficient charge were 
deposited dur ing the dwell  t ime to change significantly 
the surface potential,  or if the surface states were re la-  
t ively slow to relax so that a gradual  accumulat ion oc- 
curred dur ing screen operation. The existence of a state 
of persistent  in terna l  polarization in phosphor materials 
is evidence of the possibility of such long-l ived space- 
charge fields. The concept of space-charge fields may 
also be re levant  to the irreversible loss in l ight output  
often observed in  CRT screens, i.e., to the problem of 
aging. Laponsky et al. (27) have shown that  during the 
life of a nonaluminized  tube the secondary electron 
emission ratio is changed, and it was suggested that 
this was caused by changes in the space-charge fields 
in the phosphor layer  affecting the "sticking potential." 
It is therefore conceivable that as the total charge dos- 
age received by the screen increases the na ture  of the 
phosphor surface states and the space-charge dis t r ibu-  

t ion are changed in  such a way as to produce greater 
per turba t ion  of the l ight output. For example any re-  
sidual organic mat ter  on the phosphor after a luminiz-  
ing, the silicate binder,  or the phosphor itself could be 
gradual ly  decomposed by the beam, thereby changing 
the effective surface properties of the screen. Indeed 
the decomposition of willemite has recent ly been re-  
ported under  electron beam bombardment  (32). 

In  order to reduce these field-induced quenching ef- 
fects one might  conceive the prepara t ion  of phosphor 
particles essentially free of surface t rapping states, or 
with bu lk  conductivities sufficiently large to screen 
the interior  of the particle from the surface potential.  
It might als0 be possible to include in the screen a 
mater ia l  wi th  a Fermi  level lying below the level  of 
the phosphor surface states in such a way that it acts 
as a sink for emptying these states, ra ther  than filling 
them as in  the case of the silver-epoxy. In  addit ion 
however it is probable that  CRT screening methods 
can affect the surface properties and hence the satura-  
tion characteristics of the phosphor, since from Fig. 6 
it can be seen that the degree of saturat ion of the 
sealed CRT at short times after application of the elec- 
t ron beam pulse is worse than that of the nona lumi -  
nized settled material.  The implication is therefore that  
the screening process leads to partial  filling of the 
existing surface traps in  the material ,  or changes the 
nature  or n u m b e r  of these traps so that  they are more 
rapidly filled by the incident  beam. 

Fina l ly  we note that  the proposed quenching mech- 
anism, involving field-induced ionization of the CT 
state and subsequent  spatial separation of electrons and 
holes, is formally similar to the Poole-Frenke]  effect in  
semiconductor materials, in which the ionization en-  
ergy of a donor is lowered by an applied electric field 
(33). It should be noted that  the activator concentra-  
tion in  this invest igat ion has been kept del iberately low 
so that  emission from the ~D~ state could be observed. 
This si tuation is probably favorable to field-induced 
quenching since the diffusion length of separated elec- 
trons and holes will  not then be l imited by ret rapping 
at activator sites, with subsequent  l ight emission. The 
droop effect reported here may then be less significant 
at higher activator concentrations. Similar ly  the in-  
clusion of co-dopants in the lattice could affect the 
electrical properties of the phosphor, and in  this con- 
nection it is of interest  to note the report  by Yamamoto 
et aI. (34) that small  quanti t ies of Pr  s+ or Tb 3+ in  
Y202S:Eu reduced the current  saturat ion of the phos- 
phor. These ions are often considered to act as hole 
t rapping centers and may therefore l imit  the field-in- 
duced drift  of holes towards nonradia t ive  recombina-  
tion centers in Y202S:Eu. 

Conclusions 
It has been shown that the saturat ion characteristics 

of conventional ly settled Y202S:Eu (0.1%) are differ- 
ent at short and long times after the onset of electron 
beam excitation, and that  the t ransi t ion between the 
two limits is associated with a droop in the CL light 
output dur ing long electron beam pulses. This droop 
and the associated saturat ion cannot be caused by an 
increase in phosphor tempera ture  as commonly sug- 
gested for other systems (11), since the data are not 
consistent with the known  differential thermal  be-  
havior of the various excited 5Dj states. Neither can 
the droop be explained by  depletion of the activator 

�9 ground state population, nor  by gross charging effects 
because the phenomenon is also observed in an a lumi-  
nized screen. 

Since none of the conventional  models of current  
saturat ion can successfully account for these observa- 
tions, a new model has been proposed. In  this model 
saturat ion is the result  of kinetic per turbat ions caused 
by space-charge electric fields which are themselves 
created by the filling of surface states in the phosphor 
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part icles.  These states may  be filled ei ther  b y  appl ica-  
t ion of sufficient charge to the phosphor,  as dur ing p ro -  
Ionged pulses of low current  density,  or b y  in t ima te  
mix ing  of the phosphor  wi th  a ma te r i a l  having a r e l a -  
t ive ly  high Fermi  level, e.g., the  s i lver - loaded  epoxy  
adhesive.  Wha teve r  the  means  of filling the  traps,  the  
da ta  in Fig. 4 and 6 show tha t  the  resul t  is to produce  
a quenched l ight  output,  and a common sa tura t ion  
curve. Predic t ions  based on a s imple kinet ic  model  in-  
volving f ie ld- induced ionizat ion of the  CT state and 
quenching of the  5D2 state  a re  in qual i ta t ive  agreement  
with the  observed droop characterist ics.  Such a model  
would be consistent wi th  the  genera l  observat ion that  
CL sa tura t ion  effects a re  g rea te r  a t  lower  beam po ten-  
t ials (1), since the  exci ta t ion is then  produced nea re r  
the surface and the system kinetics wi l l  be more  sensi-  
t ive to the  surface potential .  Improved  control  of the  
surface proper t ies  of a phosphor  m a y  therefore  produce  
both be t te r  sa tura t ion  character is t ics  and higher  effi- 
ciency under  low energy  excitation.  

At  sufficiently high cur ren t  densit ies of course an ap -  
prec iable  t empera tu re  rise may  also occur at  the  screen. 
What  we suggest  here  is that  sa tura t ion  phenomena  
may  be caused by  space-charge  field effects at more  
modera te  cur ren t  densities, before  significant heat ing 
takes  place, if  the  pa r t i cu la r  ac t iva to r / l a t t i ce  combina-  
t ion involved is i tself  suscept ible  to electr ic  field 
quenching of the  luminescence.  
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ABSTRACT 

A submicron GaAs epitaxial layer  has been grown using diethylgal l ium- 
chloride (DGC) and arsine on semi- insula t ing substrates. Layers with a mir -  
ror-smooth surface have been grown at a low tempera ture  of 530~ The 
growth rate can be controlled and 0.01 ~m/min  is easily obtained by adjust ing 
the tempera ture  of the DGC source. The epitaxial  layer  without  in tent ional  
doping is n - type  and carrier  concentrat ion depends on the mole ratio of arsine 
to D,GC in the gas introduced into the reactor. The mole ratio dependence of 
carrier concentratio n shows the opposite tendency to that in  the growth using 
TMG or TEG. Carrier profile with steep decrease at the interface is obtained 
in  the epitaxial  layer. 

The epitaxial  growth of GaAs from an a lkylgal l ium 
compound and arsine has the following advantages 
over growth in a Ga-AsCla-H2 system: (i) a simple 
apparatus having only one high tempera ture  zone, (it) 
a relat ively low growth tempera ture  which decreases 
the autodoping effect, and (iii) ease of heteroepitaxy 
(1, 5). In most studies concerned with this growth 
technique, fr imethylgal l ium, (CH3)~Ga (TMG), or t r i -  
e thylgal l ium (C2H~)~Ga (TEG),  was used as a gal l ium 
source (1-6). A very  th in  GaAs epitaxial  layer  is re-  
quired for microwave electronic devices, e.g., a 0.2-0.3 
~,m thick layer  for field effect transistors. Diethylgal-  
l iumchloride, (C2HD2GaC1 (DGC), has lower vapor 
pressure and lower reactivi ty than TMG and TEG (7), 
properties of which are well suited to obtaining such 
a thin layer. This paper reports the growth character-  
istics and the electrical properties of the submicron 
GaAs epitaxial  layer grown on (100) oriented semi- 
insula t ing GaAs substrate  using DGC as the gal l ium 
source and arsine as the arsenic source. 

Experimental Conditions 
Growth apparatus.--The growth apparatus is sche- 

matical ly shown in Fig. 1. The reactor is a horizontal 
quartz tube containing a SiC-coated carbon susceptor 
heated inductively.  The diameter  and the length of 
the tube are 63 m m  and 80 cm, respectively. DGC was 
obtained commercial ly and used without  fur ther  pur i -  
fication. Vapor of DGC was t ransported to the sub- 
strafe by bubbl ing  ni t rogen gas through the liquid 
DGC. The concentrat ion of the DGC vapor was con- 
trolled by heating the bubbler  and /or  by varying  the 
flow rate of the bubbl ing  gas. The temperature  of the 
bubble r  was in the range of room temperature  to 
60~ The concentrat ion of DGC was determined from 
amounts  of CO and CO2 formed by the reaction of 
DGC on oxygen. The mix ture  of n i t rogen through the  
liquid DGC and oxygen at a flow rate of 100 m l / m i n  
was heated to 800~ At this temperature,  carbon atoms 
in the DGC molecule reacted on oxygen and became 
CO and CO2, amounts  of which were determined by 
the gas phase chromatography. Arsine diluted to 1% in 
ni t rogen gas was m i x e d  with DGC vapor just  before 
enter ing into the reactor. In  addition, hydrogen gas at 
a flow rate of 1000 m l / m i n  and ni t rogen gas were used 
as carrier  gases. The flow rate of the ni t rogen gas was 
controlled to make the total gas flow rate constant, 2500 
ml /min .  In  this system, oxygen and water were e l im- 
inated by passing through a purifier. Concentrations of 
oxygen and water  in the carrier gas after purification 
were less than 2 and 5 ppm, respectively. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  words:  c h e m i c a l  vapor depos i t ion ,  organic  ga l l ium source ,  

g a l l i u m  arsenide .  
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Fig. 1. Schematic of growth apparatus 
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Stainless steel tubing is widely used in the growth 
apparatus when TMG or TEG is employed as a gal- 
l ium source. In this experiment,  however, Teflon tub-  
ing was used because DGC potent ial ly reacts on stain-  
less steel. 

Procedure.--The epitaxial  growth was carried out on 
the boat -grown semi- insula t ing GaAs substrate doped 
with chromium. The orientat ion of the substrate was 
(100) or 2 ~ off from (100) to (110). The substrate was 
obtained commercially with one face polished and was 
etched to remove 20-30 ~m from the deposit ing surface 
with H2SO4: H202:H20 (90: 5: 5) etchant  just  before the 
deposition. The substrate was placed on the susceptor 
and heated in the hydrogen-n i t rogen  mixture.  When 
the temperature  of the substrate was raised to 500~ 
arsine was introduced into the reaction tube to prevent  
substrate decomposition. At a desired.temperature,  the 
substrate was mainta ined for addit ional  10 rain before 
the introduct ion of DGC. Arsine flow was continued 
unt i l  the temperature  dropped to 500~ after the 
growth had been completed. In  this procedure, the 
temperature  was monitored by an optical pyrometer.  
The error of the temperature  measurement  was less 
than 5 ~ at 550~ 

Thickness determination.--The thickness of a grown 
layer was determined by the following methods. 

(i) A substrate was par t ly  covered with 2000A thick 
SiO~ film. After the growth, the SiO2 film was etched 
off and the thickness of the epitaxial layer was deter- 
mined by Talystep (Taylor Hobson). The layer was 
thicker near the edge of the covering SiO2 film; there- 
fore, thickness was measured at a distance of more 
than 500 #m from the edge. 

({i) A cleavaged plane was stained by HF: H202:H20 
(i: i: I0) staining solution. The thickness of the stained 
layer was measured by a microscope. For a submicron 
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layer, scanning electron microscope was employed to 
de te rmine  the thickness. 

(iii) Schot tky barriers  were  formed on the grown 
layer. The thickness of the layer  was obtained f rom 
the carr ier  profile de termined by C-V measurement .  
This method was used only for the sample in which 
the deplet ion region reached the interface be tween  
substrate and epi taxial  layer  within the breakdown 
voltage of the Schot tky barrier.  

Growth Charac te r is t i cs  
Surface Seature.--In the case of growth without  hy-  

drogen gas, the  surface of a wafe r  appeared to be 
brownish. This was caused by a thin film covering 
the surface, which was not etched with  an etchant for 
GaAs. By introduction of hydrogen gas into the reac-  
tor, deposition of this thin film was eliminated. These 
results show that  the carbon from the ethyl  radical in 
a DGC molecule  is deposited on the wafer.  This may 
be interpreted as follows: in the reaction system wi th-  
out hydrogen, part ial  pressure of ni t rogen is high be-  
cause ni t rogen gas is used as the carr ier  and arsine 
is diluted with  nitrogen. An ethyl radical in a DGC 
molecule  may  be thermal ly  decomposed into carbon 
and hydrogen i n  this system. In order  to prevent  this 
decomposition, it is necessary to increase the par t ia l  
pressure of hydrogen by introduct ion of hydrogen gas. 
Thus the ethyl  radical  forms a gaseous hydrocarbon 
such as ethane and is exhausted f rom the reactor. 

Effects of the substrate off-orientat ion and the 
growth  tempera ture  on the surface feature  were  exam-  
ined. A mi r ro r - smooth  layer  was obtained on the sub- 
strate 2 ~ off loriented from (100) to (110) over  the 
growth tempera ture  of 530~176 while many  hi l-  
locks, as shown in Fig. 2(a) ,  were  observed in the 
layer  deposited on the (100) oriented substrate over  
the same tempera ture  range. For g rowth  at a t empera-  
ture higher  than 600~ or lower  than 530~ a fine- 
ripple feature  was observed even on 2 ~ off-oriented 
substrate as shown in Fig. 2(b) .  The characterizat ion 
of the epitaxial  layer was carried out for the mi r ro r -  
smooth layer  in this experiment .  

Electron diffraction pat terns of the 2 ~m thick layer  
were  observed by the reflective method. A halo pat tern  
was observed on the as-grown surface while  Laue 
spots and Kikuchi  lines were  observed on a few hun-  
dred angstroms etched surface. This shows that  the 
amorphous layer  of a few hundred angstroms thick is 
formed on the as-grown layer. In the growth stage 
after  stopping DGC flow, an anomalous growth may 
take place due to the imbalance be tween the concen- 
trations of arsenic and gallium. This causes the thin 
amorphous layer  at the surface. 

Growth rate.--Growth was carried out under  the 
following conditions: t empera ture  of 500~176 DGC 
flow rate of 2 • 10-6-1 • 10 -4 mole/rain,  and arsine 
flow rate of 2 • 10-5-3 • 10 -4 mole /min .  The growth 
rate at the arsine flow rate of 2 • 10 -4 mo le /min  is 
shown in Fig. 3 as a function of the growth t empera -  
ture and the DGC flow rate. The growth rate is sl ightly 
changed with the growth temperature ,  but  increases 
considerably with the DGC flow rate. The dependence 
of the growth rate on the DGC flow rate is linear. This 
shows that  the growth rate is l imited by the mass 
transport  mechanism under  the above conditions. 

Uni]ormity of thickness.--The effect of a facing angle 
of the substrate to the gas flow on a thickness uni-  
formity  over  the surface was examined.  Curve 1 in Fig. 
4 shows the thickness distribution of the epit~xial 
layer grown on the substrate which was placed parallel 
with the gas flow. The abscissa of Fig. 4 represents the 
distance from the upper edge of the substrate. The 
thicker layer is observed at the upper edge and the 
change in thiekness is considerably large near the 
edge. Curve 2 shows the thickness distribution in the 
layer on the substrate placed perpendicular to the gas 
flow in the reactor. As can be seen, the uniformity of 
thickness was improved by placing the substrate per- 

Fig. 2. Surface feature of epitaxial layer grown on (a) the (100) 
oriented substrate at 550~ and (b) the 2 ~ off-oriented substrate 
at 650~ 

pendicular  to the gas flow. The growth rate  of GaAs 
depends main ly  on the flow rate  of DGC, namely  the 
gal l ium concentration, in this exper iment  as shown in 
Fig. 3. Concentrations of gal l ium and arsenic in the 
reactor decrease downs t ream since gal l ium and arsenic 
atoms are used for GaAs deposition. Therefore,  the 
growth rate also decreases downstream, that  is, the 
thickness of the layer grown on the para l le l -p laced 
substrate decreases downstream. On the other  hand, in 
the case of the growth on the substrate placed per -  
pendicular, the thickness uni formity  depends mainly  
on the distr ibution of the react ing species over  the 
cross section of the reaction tube. When the area of 
the substrate is smaller  than the cross-sectional area 
of the reaction tube, good uni formity  of thickness 
could be obtained. The evaluat ion of the epitaxial  
layer  was carried out for the layer  grown on the per -  
pendicular-placed substrate. 

Electr ica l  Propert ies 
Schottky diodes and a Hall  bridge with  a Schottky 

barr ier  which introduces a dep le t ion  region were  lab-  
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ricated in the epitaxial layer for determination of elec- 
trical properties. The schematics of these devices are 
shown in Fig. 5. The width of the depletion region and 
hence the cross section of the conducting channel 
could be varied by biasing the Schottky barrier.  The 
Schottky barr ier  was formed by evaporating A1 and 
the ohmic contact was formed by alloying Au-Ge at 
450oc. 

Carrier concentration.--From the Hall measurement, 
all the epitaxial layers g rown in this experiment were 

.,(bk)~"~~ OHMIC CONBARTA R C ITER 

SCHOTTKY DIODE 

%•• 
~ ~ ~ S C H O T T K Y  BARRIER 

HALL BRIDGE 

Fig. 5. Schottky diode and Hall bridge �9 for electrica| p~op- 
erty determination. 

found to be n-type without intentional doping. Figure 
6 shows the carrier  concentration determined by C-V 
measurement as a function of the concentration ratio 
of arsenic to gallium, namely the mole ratio of amine 
to DGC. The carrier  concentration decreases with in-  
creasing the concentration ratio and very low carrier  
concentration was obtained for the large value of the 
ratio. It has been reported that conductivity of the 
epitaxial  layer grown by using TMG or TEG depends 
on the mote ratio of arsine to the gall ium source (5, 
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Fig. 6. Carrier concentration vs. concentration ratio of arsenic 
to gallium (As)/(Ga). 
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6). In  those cases, carrier concentrat ion of the n- type  
layer  increases and that  of the p- type layer  decreases 
with increasing the mole ratio. This has been inter-  
preted as follows: an atom of amphoteric impur i ty  in  
a gall ium site acts as a donor and that in an arsenic 
site acts as an acceptor. This amphoteric impur i ty  is 
estimated to be an eleinent  of Group IV such as carbon 
or silicon contained in the gal l ium source. This in ter -  
pretation, however, is not applicable to the result  ob- 
tained here, in which the dependence of n - type  carrier 
concentrat ion on the mole ratio is opposite to that  of 
the TMG or TEG source as described above. The mole 
ratio dependence in this exper iment  suggests that  an 
atom of Group VI element  in an arsenic site, ra ther  
than an atom of Group IV element  in  a gal l ium site, 
acts mainly  as a donor. 

Halt mobility.--Average Hall mobilities over the epi- 
taxial layer  determined by using the Hall  bridge with 
a Schottky barr ier  were 5070 and 3'50'0 cm2/V sec for 
the carrier concentrat ion of 5 • l0 is and 2 X 101~ 
cm -3, respectively. These values are almost equal to 
the mobi l i ty  of the epitaxial  layer  grown in  the Ga- 
AsCla-H2 system.  The average Hall mobil i ty ~(z) a n d  
the sheet conductance r (z) in  the conducting channel  
were measured as a function of the distance from the 
interface, z, by biasing the Schottky barr ier  of the, Hall 
bridge. The absolute Hall mobil i ty  ~ (z) was calculated 
using the following equation (8) 

t,(z) = "7(z) + ~s(Z)O~(z)/O~s(Z) 

Figure 7 shows the profiles of the carrier concentra-  
t ion and the absolute mobil i ty of the layer  grown on 
the semi- insula t ing substrate. The carrier concentra-  
tion changes very steeply near  the interface between 
the grown layer and the substrate. Hall mobil i ty de- 
creases abrupt ly  at the position of about 800A from 
the interface toward the surface. It  is observed also 
in  the epitaxial  layer  grown in the Ga-AsC13-H2 sys- 
tem that  Hall mobil i ty decreases at a point shallower 
than the interface determined from the profile of 
carrier  concentration. This may be mainly  caused by 
the increase of the space-charge sca t ter ing  which is 
due to an anomalous growth such as deviation from 
the stoichiometry in the ini t ial  stage of growth (9). 

Figure 8 shows the  tempera ture  dependence of Hall  
mobil i ty at a distance of 0.26 #m from the surface, to- 
gether with the corresponding mobilities calculated 
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for the various scattering mechanisms. #DP, mobil i ty  
due to deformation potential  scattering (10), and #PE, 
mobil i ty due to piezoelectric scattering (11), are func-  
tions of absolute temperature,  and ~PO, mobil i ty due 
to polar optical phonon scattering (12), is a function 
of absolute temperature  and carrier concentration 
which were determined by C-V measurement.  There-  
fore, ]~DP, #PE, and #Po can be calculated. #sc, mobil i ty  
due to space-charge scattering (13), and ~I, mobil i ty  
due to ionized impur i ty  Scattering (14), are functions 
of absolute temperature  and NsA, and absolute tem- 
pera ture  and  concentrat ion of ionized impuri ty,  NA 4- 
ND, respectively, where NsA is the product Of the 
density and scattering cross section of the space-charge 
regions. The reciprocal of absolute mobil i ty  is ex- 
pressed as the sum of the reciprocals of these mobil i -  
ties due to various scattering mechanisms. The open 
circles in Fig. 8 represent the measured values and 
the solid l ine is the theoretical curve with an opt imum 
fit to the measured points. 

The value of ~i is somewhat smaller, that  is, the 
acceptor concentrat ion is somewhat higher, but  #sc is 
considerably larger than  that of the layer grown in  
the Ga-AsC13-H2 system. An amphoteric impuri ty,  such 
as carbon generated from DGC, in  an arsenic site may 
cause the higher acceptor concentration. The smaller 
space-charge scattering is estimated to be a result  of 
lower growth temperature.  

Doping Character ist ics 
The carrier concentrat ion of the epitaxial  layer de- 

pends on the mole ratio of arsine to DGC as mentioned 
above. I n  this experiment,  a low concentrat ion ratio 
of ( A s ) / ( G a ) ,  that is, a high flow rate of DGC and/or  
a low arsine flow rate, was necessary to grow an epi- 
taxial layer with higher carrier concentration. A high 
DGC flow rate results in  a high growth rate which 
makes the growth of a very thin layer difficult and a 
low arsine flow rate may cause the unstable growth. 
In order to (i) obtain a carrier concentrat ion higher 
than 10 is cm -3 without increasing the growth rate and 
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(,ii) control the carrier concentrat ion with more ac- 
curacy, impur i ty  doping was investigated. 

Hydrogen sulfide diluted to 0.01% in n i t rogen gas 
was used as a doping source. The doping gas was in -  
troduced into the reactor together with arsine when 
the substrate tempera ture  was raised to 500~ NO con- 
siderable effect of the doping gas introduct ion was 
observed on the surface feature and the growth rate. 
Figures 9 and 10 show the carrier concentrat ion as a 
funct ion of the concentrat ion ratio ( A s ) / ( G a ) ,  which 
is equal to the mole ratio of arsine to DGC, and of 
the growth temperature,  respectively. The mole ratio 
dependence of the carrier concentrat ion has a similar  
tendency to that  of the undoped epitaxial  growth. This 
confirms the suggestion that  the donor impur i ty  in  
the undoped layer  is an element  of Group VI. By using 
this doping technique, a carrier concentrat ion as high 
a s  2-3 X 10 TM cm -~ was easily obtained. Electrical 
properties of the sulfur-doped layer  were almost simi- 
lar  to those of the undoped layer having the same car- 
r ier  concentration. 

Conclusion 
Very thin GaAs epitaxial  layers have been grown 

from DGC and arsine. The growth rate depends main ly  
on the concentrat ion of gal l ium in the gas introduced 
into the reactor and can be easily controlled to lower 
than 0.01 # m / m i n  by  adjust ing the tempera ture  of the 
DGC source. Without in tent ional  doping, n - type  layers 
are obtained and  the carrier  concentrat ion in the layer 
can be changed by varying the mole ratio of arsine to 
DGC in the gas flow, the increase of which results in 
the decrease of the carrier concentration. From the 
mole ratio dependence of the carrier concentration, 
the donor impuri ty '  is considered to be an element  of 
Group VI in  an arsenic site. 

The carrier  concentrat ion of the epitaxial  layer  on a 
semi- insula t ing  substrate decreases steeply at the in-  
terface between the epitaxial  layer and the substrate. 
Hall mobilities of a 0.3 #m thick layer  are 5070 and 
3500 cmf/V sec at room tempera ture  for the carrier 
concentrat ions of 5 X 10 TM and 2 X 1017 cm -3, respec- 
tively. 
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Incorporation of Si in Liquid Phase 
Epitaxiai InP Layers 
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ABSTRACT 

It is demonstrated that  Si is always incorporated in  InP LPE layers as a 
shallow donor, i.e., it  does not exhibit  the amphoteric behavior  known to LPE 
GaAs. Si-doped InP  layers were grown with a concentrat ion of ND -- NA -" 
1 �9 101'6-5 �9 1019 cm -8 on (111), (110)', and (100) oriented InP substrates. The 
growth temperature  was varied from 715 ~ to 550~ The segregation coeffi- 
cient for Si in  InP  LPE layers was estimated to be ksi ~ 30. The layers were 
characterized by photoluminescence measurements  at 1.8r and Hall data. No 
emission l ine (energy range 1.42-1.35 eV) due to a shallow Si acceptor was ob- 
served. The difference in amphoteric behavior of Si in InP  and GaAs is dis- 
cussed on the basis of the atomic radii involved. 

Si is one of the most f requent ly  used and most im-  
portant  dopants in I I I -V compound semiconductors. In  
principle it behaves as an amphoteric dopant  depending 
on whether  it substitutes the Group III or Group V ele- 
ment. In  A1Sb (1), GaSb (2), and InSb (2), Si enters 
Sb sites and acts as an acceptor. In  InAs (3, 4), how- 
ever, Si enters on an In  site and acts as a shallow 
donor. In  GaAs (2, 5) and GaP (6) it can be incorpo- 
rated on a Ga  or As(P)  site, acting as donor or ac- 
ceptor. 

By suitable control of the growth conditions during 
l iquid phase epitaxy of GaAs, p- type  and n- type  mate-  
rial may be grown. High efficiency electroluminescent  
diodes have been fabricated by this technique with Si 
as the dopant  in  both the p- and n - type  side of the 
junct ion  (7)~ The p- type  mater ial  can be grown below 
a certain conversion temperature,  Tc. Tc is dependent  
on substrate orientation, which was exper imenta l ly  
shown for GaAs by Ahn et al. (8). For 0.1 atomic per  
cent (a/o) Si in the solution, Tc lies between 770 ~ 
[ (111) B subs~rates] and 918~ [ (111) A substrates].  

In  previous studies, it was reported that  I nP :S i  is 
always n - type  (9, 10), even in  the  case of LPE layers, 
while the mater ial  was found to be ra ther  inhomo- 
geneous (10). The aim of this paper  is to investigate 
what  percentage of Si can be incorporated dur ing LPE 
on P sites as a shallow acceptor. Detailed photolumi-  
nescence measurements  at 1.8~ as well  as Hall mea-  
surements  were made at a series of LPE layers. The 
growth and incorporation of Si as a function of growth 
tempera ture  and substrate orientat ion In search of a 
possible conversion temperature,  To, was studied. 

Low temperature  photoluminescence measurement  is 
a very  sensitive tool in  detecting a compensating ac- 
ceptor level. The result  of this study is that  Si is not 
incorporated as a shallow acceptor even at high donor 
(Si) concentrations.  

Experimental Procedure 
The layers were grown by LPE using a horizontal 

t ipping system (11). The a r rangement  of the apparatus 
and the way in  which the growth process was per-  
formed is discussed in  more detail  elsewhere (12). 

Before the Si dopant was added to the In -P  solution, 
high pur i ty  InP  layers were grown in order to test the 
pur i ty  of the whole epitaxial  system. The best values 
of net  electron concentrat ion and Hall  mobil i ty  of these 
undoped layers were n = 2 .  1014 cm-3 (300~ and 

= 35,000 cm2V -1 sec -1 (77~ A very impor tant  
point  in  our study of the doping behavior of Si was the 
e l iminat ion of addit ional donors and acceptors other 
than  Si in the layer. 

Key words: InP, liquid phase epitaxy, Si doping behavior, pho- 
toluminescenee. 

Special care was taken to determine the saturat ion 
temperature,  Ts, before every growth series. Each 
growth series consisted of several growth runs. During 
each series the In -P  solution remained unchanged.  
With the exact knowledge of Ts one can establish re-  
producible growth conditions at the beginning  of each 
growth series. 

On the basis of the amounts  of In  (Cominco, U.S.) 
and InP  (MCP, England, n = 2 .  1015cm-3), Ts was 
roughly calculated from the phase diagram (13). For  
an exper imental  and more exact de terminat ion  of Ts, 
the baked I n - P  solution was heated up in a few min-  
utes from room tempera ture  to a tempera ture  several 
degrees below Ts. After  that, the solution was heated 
up in small temperature  steps. At the various levels 
the tempera ture  remained constant  for 1 hr, and t h e  
solution was agitated gently by rota t ing the boat along 
its long axis. In  approaching the saturat ion tempera-  
ture, Ts, only some small InP crystallites were visible 
at the top of the solution. The crystallites disappeared 
wi thin  a tempera ture  in terval  of 0.5~ i.e., Ts could 
be estimated with an accuracy of 0.5~ 

Pr ior  to each run, the I n - P  solution was heated up 
50~ above Ts in order to dissolve the InP  quickly 
(Fig. 1). Then the solution was cooled down to the 
temperature  TK1 which was I~ below the previously 
measured saturat ion temperature,  Ts. Before t ipping 
the solution onto the substrate, the solution tempera-  
ture was kept at TK1 for 5 rain for homogenization. The 
small supersaturat ion of I~ prevented  an etchback of 
the substrate and init iated the growth of the epitaxial 
layer. After  tipping, the solution was held at TK1 again 
for 5 rain and was slowly agitated as described above. 

! 
Ts , ,  

I '~ ' 

/tllt2 ~t3 zt/~ I ~  
1 1 1  1 

TIME 
Fig. 1. Solution temperature vs. time during an epitaxial run. 

Ts: saturation temperature; TKZ, TK2: tipping temperatures; Atz = 
At2 = 5 min; At3: cooling and growth period; At4 = 15 min. 

1232 
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Then the growth system was cooled down at a constant  
cooling rate. At the end of the cooling process, sub-  
strate and solution remained in contact for 15 min  at 
the tempera ture  TEe. Final ly,  the substrate was with-  
d rawn  from the solution. During the whole process, no 
solid InP appeared at the top of the solution. There-  
fore, TK2 represented the t ipping temperature,  TK1, for 
the nex t  run.  

Silicon has a ra ther  low solubil i ty in  I n  (0.1 a/o at 
700~ and 0.03 a/o at 610~ (10). In  order to get a 
low Si concentrat ion in the layer, small  Si ingots (30- 
90 ~g) in  10g In solution were needed. Prior  to use, the 
Si pieces (ND 4- NA ~ 1013 cm-% Wacker-Chemitronic,  
Germany)  w e r e  etched in high pur i ty  HF to remove 
SiO2 and taken into the graphite boat very  quickly in 
order to prevent  oxidation. 

Under  these cohditions, we have grown single InP  
layers on (111), (110), and (100) undoped and Cr- 
doped InP  substrates. The polished substrates which 
were available were cut ~ 2 ~ off or ientat ion and were 
etched in a solution of 1% bromine in  methanol  and 
finally rinsed with 18 megohm water  (Millipore Sys- 
tem, England) .  In  the different exper imental  runs, TK1 
was varied be tween 715 ~ and 590~ T h e  growth time 
was 1.5-4 hr and the cooling rate 4~176 

Growth Results and Discussion 
Table I shows growth results and conditions for dif- 

ferent  substrate orientations for some St-doped layers 
with Si concentrations ranging from 5 �9 1019 to 1 �9 10 TM 

cm -~. All grown layers were n-type,  independent  of 
growth temperature  and orientat ion of the substrates. 

We have estimated the segregation coefficient, ksi, 
for Si in InP LPE layers as the ratio of net  electron 
concentrat ion in  the layer  to the amount  of Si in  the 
solution. This can be wri t ten  as 

AWsi �9 Wsol 
ksi : (ND -- NA) 

N �9 Wsi " 6in 

where ND -- NA ----- net  electron concentrat ion assumed 
equal to the concentrat ion of Si atoms in  the layer  
(cm-3) ,  AWsi : atomic Weight of St, Wsol = weight 
of the In solution, Wsi ---- weight of the added St, 5In = 
density of In ---- 7.30 gcm-% and N ~ Avogadro's n u m -  
ber. We obtained a value of ksi --~ 30, which lies higher 
than  that  reported in  the l i terature  [ksi ~ 4 (10)]. It  
should be pointed out that  after the first r un  there is a 
decrease in Si concentrat ion from run  to r un  main ly  
due to traces of water  or oxygen which may enter 
the growth system and oxidize the Si to SiO2 (14). 
Exact knowledge of the amount  of Si in  the solution is 
not available for later  runs. Therefore, we have esti- 
mated the segregation coefficient using only the first 
runs  fr6m several  series. 

In  comparing the surface morphology of St-doped 
layers with that of undoped layers, we find the follow- 
ing. 

(i) The undoped layers grown on (100) and (111) 
surfaces show two types of surface structures: a shed 

Table I. Growth results and conditions for various InP:Si epitaxial 
layers 

SAMPLE n(300~) #(300'K} SUBSTRATE TKI TK2 zfU4t 

[cm-3l [crn2V'iseE 1] ORIENT DOPING ['C] ['C] ['C/hi 

F4 4 1019 s 100 Cr 690 673 8.5 

F 8 2.1019 760 110 Cr 590 550 20 

F9 41018 1450 111B Cr 586 670 85 

J I 2 ~019 1400 1OO Cr 715 700 8.5 

J 3 8 ;018 845 100 Cr 685 670 85 

J7 4 1017 17s 100 Cr 522 500 55 

structure for layers grown at t ipping temperatures  
TEl ~ 650~ (12) and a terrace Structure for layers 

grown at TK1 < 650~ These s t ructures  are due to 

misorientat ion ~ the substrates (15). 

(it) The surface structures of the St-doped layers 
are dependent  on the Si concentrat ion and the rots- 
or ientat ion of the InP substrates. Figure 2(a-c)  shows 
the ~urfaces of layers with var ious  Si concentrations 
for (100) substrate  orientation. The layers wi th  n 
5 . 1 0  ~s cm -3 (Fig. 23) have a fairly f la t  mirror l ike  
surface. With decreasing Si concentrat ion in  the layer, 
the surface shows the typical  terrace behavior  of the 
undoped layers (Fig. 2c). An  explanat ion of this effect 
may be the fact that  higher St. concentrat ion creates 
conditions that  favor the formation of a large n u m b e r  
of nucleat ing centers at the beginning of the growth 
(16). This will  cause a reduction in step heights of the 
terrace s tructure and, as a result,  the surface will  be 
much smoother. 

There is no difference in  surface s tructure between 
(111)A, ( l l l ) B ,  and (100) surfaces, However, layers 
grown on (110) InP  substrates always show, especially 
at high Si concentration, a new type of surface struc-  
ture, depicted in Fig. 2d. 

Photoluminescence Results and Discussion 
The St-doped LPE layers were investigated by high 

resolution photoluminescence measurements  a t  1.8~K. 
The layers were excited with a He-Ne laser (P = 5 
mW, k ---- 632 nm) or a Kr  + laser (P ---- 11 mW, k _-- 
647 nm) .  The major i ty  of the investigations were car- 
ried out on LPE layers grown on Cr-doped, semi- in-  
sulat ing InP substrates. These samples exhibit  a broad 
emission near  the bandgap as already reported by 
Astles et al. (10). The quan tum efficiency of this emis- 
sion is lower than in  the case of doped layers on un -  
doped substrates or high pur i ty  layers. 

Figure 3 depicts the observed photoluminescence 
spectra at 1.8~ with various Si concentrations. In  the 
energy range between 1.36-1.60 eV, two emission lines 
(A and B) can be resolved. With  increasing Si con- 
centrat ion in  the LPE layer, l ine A shifts from 1.42 eV 
(n ---- 1-1016 cm -3) to 1.60 eV (n -- 5 . 1 0  TM cm-3) .  
At low Si concentrat ions l ine A is observed at ap- 
proximately  the energy gap [E~ = 1.4235 eV (17)]. 
Line B remains  near ly  constant  at 1.38 eV. Figure  4 
shows the position of the emission ma x i mum of l ine A 
as a function of the net  electron concentration. The 
ha l f -width  of the high energy l ine A increases sig- 
nificantly with doping which is shown in Fig. 5. The 
hal f -width  of the emission line B does not vary with 
electron concentration. The position and half -width  of 
l ine A remains  constant  wi th  increasing excitat ion in -  
tensity, wherea~ line B shifts ! rom 1.3759 to 1.3772 eV 
by increasing the excitat ion in tens i ty  from 4 to 76 
Wcm-2. 

It was found unambiguous ly  that  the major  emission 
connected with the incorporat ion of Si is l ine A, 
whereas l ine B is associated with other residual im-  
purities as discussed later. The major  observed fea- 
tures of l ine A, its shift to higher energy and l ine 
broadening with increased doping, its dependence on 
excitation intensity,  and its position, all indicate that 
it is due to band- to -band  transition. The shift to higher 
energy can be explained by a Burstein-Moss shift, re-  
sult ing from the incorporat ion of Si as a donor. The 
shift of Fermi level with carrier concentrat ion n can 
be expressed in  the following way 

f O ~ Ell2 
n = 4~ (2m*lh2) 3/2 dE 

1 4- exp [ (E -- EF) /kT]  

where electron effective mass m* = 0.2 meo (18); E is 
the energy related to the conduction band  min imum,  
and tail states are neglected. The position of the Fermi  
level, ~ ----- EF -- Eg, was calculated with the aid of a 
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Fig. 2. Typical surfaces of InP:Si epitaxial layers grown on (100) oriented substrates (a-c) and (110) oriented substrate (d); net elec- 
tron concentration of the layers: n ---- 2 - 1019 cm - ~  (a), 8 �9 10 TM cm -'~ (b), 4 �9 1017 cm - 3  (c), and 2 �9 1 0 1 9  cm -'~ (d). 

nomogram published by Pankove and Annavedder  
(19). Experimental ly,  } was estimated from the high 
energy cutoff of l ine A and compared with the theo- 
retical values for } (20). The exper imenta l ly  deduced 
value for ~ and the theoretical one are plotted in Fig. 
6 as a function of the net  electron concentration. 

The results in Fig. 6 can be taken as sufficient evi-  
dence for a Burstein-Moss shift; the deviat ion of the 
experimental  data from the theoretical curve is t h e  
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Fig. 3. Photoluminescence spectra at 1.8~ of four differently 
Si-doped InP LPE layers grown on Cr-doped substrates. 

typical one found for I n P : T e  (20). The deviat ion is 
due to tail states and /or  the nonparabolici ty  of the 
conduction band. In  agreement  with the concept of 
band- to -band  emission and with corresponding results 
in InP:Te  (20), the l inewidth  increases with carrier  
concentration. 
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Fig. 6. Shift of Fermi level ~ with concentration n; "Jr- experi- 
mental values; - -  theoretical curve. 

F r o m  our resul ts  it  can be concluded tha t  the  in-  
corpora t ion  of Si can be descr ibed b y  a donor behavior  
leading to e lec t ron  concentrat ions as high as 5 . 1 0  TM 

cm -3. The question arises how much Si is incorpora ted  
as a compensat ing acceptor  which  m a y  be  expected in 
pa r t i cu l a r  at  high doping levels.  Compensat ing ac-  
ceptors would  give r ise to a band  acceptor  t ransi t ion,  
i.e., an emission l ine which follows the A l ine in its 
energy  shif t  wi th  increas ing doping at  a dis tance of 
the  acceptor  b inding  energy.  No such l ine  is observed 
in high sens i t iv i ty  photoluminescence,  i.e., no evidence 
for any  Si being incorpora ted  as an acceptor  was found. 

Line B which is also observed in  ou r  samples  is a 
we l l - known  donor -accep tor  pa i r  t rans i t ion  due to the  
acceptor  Zn (12). This Zn acceptor  is incorpora ted  as 
an undes i red  impur i ty  in an uncont ro l led  manner  in 
low-doped  regions of the layer .  Emission f rom regions 
wi th  lower  e lect ron concentra t ion is much more  p ro -  
nounced if undoped subst ra tes  a re  used. In  the  la t te r  
case, even the typica l  bound exci ton emission lines 
(A ~ X) and (D ~ X) (12) m a y  be observed  in addi t ion  
to the  b a n d - t o - b a n d  luminescence induced by  incor-  
pora t ion  of Si. 

Conclusion 
The main  resul t  of this  inves t igat ion is tha t  Si is 

incorpora ted  in InP as a donor, i.e., on an In  la t t ice  
site, whereas  no incorpora t ion  on a P site as an a c -  
ceptor  was detected.  This is different  f rom the ampho-  
teric behavior  of Si in LPE GaAs. The incorpora t ion  of 
Si in InP on an In  si te can be expla ined  qua l i t a t ive ly  
by  the difference in covalent  t e t r ahedra l  atomic radi i  
of the  e lements  In, P, and Si. Recent  da ta  of these 
rad i i  (21) and those for  Ga, Ge, Sn, As, and  Sb are  
compi led  in Table  II. F rom ear ly  theoret ica l  cons idera-  
t ions by  We lke r  (22), it  is obvious tha t  the  doping 
e lement  subst i tutes  the  la t t ice  e lement  wi th  the  grea te r  
t e t r ahed ra l  rad ius  in I I I -V  semiconductors .  

Let  us first consider  the  incorpora t ion  of Si. In  I I I -V  
compounds wi th  nea r ly  equal  atomic radi i  of the com- 
ponents,  Si  shows the typ ica l  amphoter ic  behavior  as 
observed in the  case of GaAs and, though less p ro -  
nounced, in GaP. Si in InP prefers  the  In site because 
there  is a la rge  difference be tween  the atomic radi i  
of In  and P. S imi la r  conclusions can be made  for  GaSb 
[Si p redomina te  acceptor  (23)] and InAs [Si p redomi -  
nate  donor  (4) ]. 

The doping e lements  Ge and Sn in InP, having sti l l  
l a rge r  atomic radi i  than  Si, should also p re fe r  to be 
incorpora ted  on an In  site as a donor, which is ac tua l ly  
observed (10). Only  C, wi th  a ve ry  smal l  atomic radius  

Table II. Covalent tetrahedral atomic radii r[~,] (21) 

AI 
Ga 
In  

1.229 Si 
1.225 Ge 
1.405 Sn 

1.173 P 
1.225 As 
1.405 Sb 

1.127 
1.225 
1.405 

(r  --  0.774A) should be able to en ter  on a P si te as an  
acceptor.  In fact, the shal low "Al -accep to r"  in InP  
wi th  a b inding  energy of 41.1 meV (12) is p r e sumab ly  
due to C on a P site. 

A c k n o w l e d g m e n t s  
The cooperat ion .of the  M a x - P l a n c k - I n s t i t u t  ffir 
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n ND -- NA net  e lect ron concentra t ion 
AWsi atomic weight  of Si 
Wsol weight  of the  In  solut ion 
Wsi weight  of the Si ingot  
N Avogadro ' s  number  

e lect ron mobi l i ty  
Ts sa tura t ion  t e m p e r a t u r e  
TEl t empera tu re  of t ipping  the solut ion onto the  

subs t ra te  
TK2 t empera tu re  of w i thd rawing  the  solut ion f rom 

the l aye r  
wavelength  
EF --  E~ F e r m i  level  re la ted  to the  conduction 
band min imum 

r covalent  t e t r ahedra l  atomic rad ius  
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On the Maximum Position of Thermally Stimulated 
Depolarization Bands 

A. Kessler 
Institute of Physics, University of Stuttgart, St~uttgart, Germany 

ABSTRACT 

It is shown b y  theoretical a rgument  and by exper iment  tha t  only in  the 
case of a first order kinet ics  polarizat ion do the TSD peaks occur invar iab ly  at 
a fixed temperature .  Otherwise their  position is shifting in a characteristic 
way wi th  changing ini t ial  polarization. In  the case of a space charge release, 
for  example, the  max imum tempera ture  is increasing with polarizat ion tem-  
pera ture  and polarization time. Thus, l~eak posit ion data for varying po- 
larizat ion conditions allow one to decide in par t icular  whether  a peak is due 
to a first order depolarization process, e,g., complex rear ientat ion,  or to the 
release of a space charge�9 

The thermal Iy  s t imulated depolarization (TSD) of 
polar crystals by an increasing temperature  usual ly  
shows several  bands  or peaks. This indicates that  the 
depolarization is realized by several different proc- 
esses. Two such processes are well known:  the re laxa-  
tion of aligned impur i ty -po in t  defect c o m p l e x e s  (1) 
and the re laxat ion of a space charge caused by mobile 
point defects accumulated at the electrodes (2. 3). But 
there are stiI1 other processes which cause TSD peaks 
which have not yet been identified (1, 4). 

It is one of the fundamenta l  problems of any  in-  
vestigation of TSD to relate the observed peaks to 
specific depolarization processes. From the exper i -  
menta l  point  of view, there are three quanti t ies  which 
characterize a given TSD peak, on which an analysis 
may be based: the max imum position, the magni tude  
of the peak, and the slope of the init ial  rise of the 
peak. The magni tude  of the peak is eventua l ly  (1) a 
measure of the n u m b e r  of defects causing the polariza- 
tion. The determinat ion of the slope of the ini t ial  rise, 
which should yield the activation energy af the de- 
polarization process, is in general  a delicate task and if 
the peaks overlap too much, possibly no meaningful  
value can be obtained at all. However, it is compara- 
t ively easy to determine the approximate peak posi- 
tions. We shall show how the peak position depends on 
the init ial  polarization of a sample, and that this can 
provide some information on the depolarization proc- 
esses causing the peaks in question. 

Some General Considerations Concerning TSD 
The TSD is usual ly  investigated by measuring the 

"depolarization current"  Im(t,T) o f a  polarized sample 
of cross section A and thickness L which is connected 
to a gaIvanometer.  The measured current  density 
im(t,T) = Im(t,T)/A is equal to the sum of the charge 
t ransport  rate density e .  j (x , t )  and the displacement 
current  density OD (x,t)/Ot at any  arbi t rary  cross section 
of the investigated sample.  Under  ideal conditions, the 
measurement  is carried out without  any potential  drop 

between the electrodes, AV = E(x,t) �9 dx = 0, and 

without  any charge t ransfer  to the electrodes, i.e., 
j (o , t )  = j (L, t )  = 0. Under  these conditions solely the 
displacement cur ren t  density 

im(t'T) = { 'OD(x't) x=o,L [1] 

due to the redis t r ibut ion of charges inside the sample 
is measured. 

In  general, there exist several different causes of 
polarization. However, we shall restrict ourselves here 

Key words: thermally stimulated depolarization, current max- 
ima, space charge relaxation, impurity-point defect complexes. 

to two major  cases: to the polarization due to an ac- 
cumulat ion or /and  depletion of mobile point  defects 
(5) and to the polarization due to the reorientat ion of 
impur i ty  defect complexes (1,5). Both the motion and 
the reorientat ion of these defects are thermal ly  acti- 
vated processes. For  such processes, the rate of de- 
polarization is expected to be proport ional  to some 
characteristic rate constant K(T) = Ko exp (--U/kT) 
with a per t inent  activation energy U and to some 
"driving force" F ( t ) .  It follows that  the same is to be 
expected of im ( t ) ,  ~,.e. 

ira(t) = - -K(T)  �9 F( t )  [2] 

where the t empera ture  T is a given funct ion of t ime ~, 
T = ] ( t ) .  The derivat ive of ira(t) with respect to t is 
thus 

d/re(t) K(T) dT U �9 F(t) + ~ [3] 
dt - ~ "  kT 2 dt 

F(t) is decreasing with t ime and consequently dF/dt is 
negative. Hence there will exist a l imit ing rate of t em-  
perature  increase, dT/dt, below which ira(t) is mono-  
tonical ly decreasing and above which it is, for small  
values of t at least, increasing. Because i ( t )  becomes 
zero eventually,  a current  ma x i mum must  occur when 
{ dT U dF(t ) /d t  } 

- -  = 0 ,  with t = tmx, and 
dt kT 2 "~ F(t) 

T : Tmx = f(tmx). If the value of dT/dt = b = const, 
the max imum tempera ture  Tmx will depend only on 
the properties of F(t) and on the value of the activa- 
tion energy U. 

Let us consider now the par t icular  case of a polariza- 
tion caused by impur i ty -vacancy  complexes. Then 
F ( t )  = P ( t ) ,  the instantaneous polarization, and (5) 

dP (t) 
- -  = - -  1 / T  �9 P ( t )  [ 4 ]  

dt 

with z(T)  ~ Vo �9 exp (U/kT),  the relaxat ion t ime of 
reorientation. It follows from Eq. [4] that  (dF/dt) /  
F (t) : -- 1/~ ( T ) .  Given b > 0, the ma x i mum tempera-  
ture  will depend solely on the activation energy of re-  
or ientat ion U and on the re laxat ion t ime ~(Tmx) as 
found by Bucci and Fieschi (1); Tmx : { ( l / k )  �9 b �9 U 
�9 T(Tmx)) 1/2. It is to be noted, that Eq. [4] is a first 

order  kinetics equation. It can, therefore, be con- 
cluded that, for any depolarization process with first 
order kinetics, T,~x will have a fixed value. 

Let us now consider a depolarization with second 
order kinetics (6) 

dP(t) _ ~(T) p(t)2; ~(T) = ~ o . e x p  ( U ) 
dt kT 

[5] 

1236 
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For a constant  value of b > 0, the solution of Eq. [5] 
for a given ini t ial  polarizat ion Po is 

1 T P(T) : [  ~o 4-'~ U-'~"-)dT'] 
[Sa] 

and the condition for the occurrence of a m a x i m u m  is 

thus  depends on P ( T )  and, consequently (see Eq. 
[5a] ), on the ini t ial  polarization Po. It  is easily s h o w n  
that  Tmx decreases as Po is increased. Po is determined 
by the conditions under  which t h e  sample w a s  po-  
larized.  It  may be said, therefore, that in the case of a 
depolarization process with second order kinetics, Tmx 
is a function of the polarization conditions. 

A more intr icate si tuation arises when  the polariza- 
tion is caused by an accumulat ion o r /and  depletion 
of mobile defects (5). In  that case, K(T) stands for 
the mobil i ty  of the defects which cause the peak and 
F( t )  is a funct ion of the instantaneous defect con- 
centrat ion dis t r ibut ion n = n (x , t ) .  As shown in more 
detail  in  the Appendix 

F(t) = -~  dx - ~  n(~,t) �9 E(~,t) 

kT 0n(~,t) "1 

| d~ [6] 
e 8~ J 

where L is again the sample thickness, and E is the 
polarization field in the sample as it follows from the 
space charge distribution. 

A general  solution of the space charge formation and 
release, which would allow for a straightforward eval- 
uat ion of [dF(t)/dt]/F(t),  is not known: But  as dem-  
onstrated in Fig. 3, Tr~x depends in principle on the 
initial TSD current density i~(o) and on the integral 

of im, Qm im(t)dt .  Because of reasons which are 

given in the Appendix, it is to be expected that under  
favorable conditions the  ini t ial  TSD current  density 
ira(o) increases with polarization temperature  Tp or 
polarization time tp less than the corresponding value of 
Qm. In consequence, Tmx should increase with Tp or t.~ 
and vice versa. If, on the other hand, a polarized sample 
is gradual ly  depolarized, Qm is decreased by each par-  
tim depolarization less quickly than im(o,To). There-  
fore, repeated part ial  depolarization should result  in 
a shift of Tmx to h ighe r  temperatures  with each new 
heating cycle. 

There is yet another  property of the space charge 
relaxat ion which is of importance in connection with 
the TSD peak position. To achieve a complete re laxa-  
t ion of the polarization due to defect complexes, one- 
ha!f of the complexes has to be activated. In the case 
of a space charge, any one of the accumulated defects 
has to be activated many  times before the concen- 
t rat ion gradient  of the defects is leveled out. If one 
takes into account the fact that the activation prob-  
abil i ty of the defects associated into complexes and that 
of free defects is of about the same order of magnitude,  
it becomes evident  that the space charge relaxat ion 
peaks ought to occur at higher temperatures  than the 
peaks due to the re laxat ion compIexes. 

Exper imenta l  Da ta  for the  T S D  Peak  Posit ion under  
Var ious  Polar iza t ion  Condi t ions  

A number  of TSD measurements  on NI~C1 and 
NH~CI:NiC12 crystals polarized at different tempera-  
tures between --60 ~ and +25~ and for two different 
polarization times have been carried out recently (7). 
These measurements  always exhibited four peaks 
which were due to the polarization of the samples by 
an external  field. The peak positions Tmx as a function 
of Tp and tp are plotted in Fig. 1. The max imum posi- 
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Fig. I. Maximum position (Tmx) of peak,s !, 2, 4, and 5 of 
NH4CI as a function of the polarization temperature Tp for a 
polarization time tp of 30 rain (O,  ~ )  and 15 min (A) ,  respec- 
tively. 

tions of bands 1 and 2, which, occur at lower tempera-  
tures, are clearly independent  of Tp and t,. The maxi-  
mum positions of bands 4 and 5, which occur at higher 
temperatures,  however, increase with Tp and fp and 
vice versa. One should thus expect the low tempera ture  
peaks to be caused by depolarization processes wi th  
first order kinetics; the high tempera ture  peaks to be 
caused by space charge release. 

It has been shown (7) that  the magnitudes of peaks 
1 and 4 increase with the NiC12 concentrat ion of the 
crystals. As, at the same time, the activation energy 
determined from the initial rise of peak 4 was found to 
be in good agreement with the activation energy of the 
motion of cation vacancies determined from conduc- 
tivity data of NiCl2-doped material (7), it seems 
highly probable that peak 1 is due to a relaxation of 
Ni2+-cation vacancy complexes and that peak 4 is due 
to the relaxation of space charge formed partly by 
cation vacancies. The experimental results are thus 
found to agree with the theoretical predictions. 

A further example of the dependence of Tmx on the 
polarization conditions is provided by Fig. 2, where the 
results of a "peak cleaning" i.e., a successive depolar- 
ization of the TSD of NH4CI crystals, are found. It can 
be seen that the maximum of peak 5 in Fig. i is 
shifted with the proceeding depolarization toward 
higher temperatures, as predicted for the case of a 
gradual depolarization of a space charge. Peak 5 has 
been ascribed to the release of anion vacancies from 
the space charge in the undoped samples (7). 

.P- " T  

\ 
%*~=r  

3 \ 
I I I I I I I I 

3.2 &.0 &8 5.6 

Fig. 2. Three consecutive runs of a partial TSD (peak cleaning) 
of undoped NH4CI. Peak 5 103/T ~ 3.2-2.5. 
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Table I. Dependence of the TSD peak positions of CdF2:NaF on 
polarization temperature Tp 

All  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb.  1, 1977. 

Peak T~, (~ 193 300 

I Tmz (~ 105-106 I03-I06 
2 138 140 
3 202-203 254 

TSD measurements  were  also car r ied  out  on CdF2: 
NaF crys ta ls  polar ized at different  t empera tu res  (8). 
Three  peaks have been observed be low room t empera -  
ture, the m a x i m u m  tempera tu res  of which are  found in 
Table  I. 

Peak  1 is due to defec t -complex  reor ienta t ion  (2, 8), 
peak  3, according to Kess ler  and Caffyn (3), to a space 
charge caused by  mobile  point  defects. I t  can be seen 
from Table  I t ha t  Tm~ is increas ing wi th  Tp for  peak  3 
and is independent  of Tp for peak  1 as is to be expected.  

F ina l ly ,  i t  is wor th  ment ioning tha t  TSD measu re -  
ments  by  other  workers  on CaF2 crysta ls  y ie lded  a 
single peak  which was assumed to be re la ted  to a 
second order  kinet ic  depolar iza t ion  process (6). This 
assumption was based, among others, on the  fact tha t  
the  exper imen ta l  da ta  fit Eq. [5] over  th ree  orders  of 
magni tude  of the  depolar izat ion.  I t  was fu r the r  found 
[see Fig. 3, Ref. (6) ] that  Tmx increases wi th  decreasing 
ini t ia l  polar izat ion.  The observed shift  of Trax is thus in 
agreement  wi th  theory.  

S u m m a r y  

It  has been shown theore t ica l ly  tha t  the  TSD m a x i -  
mum positions are  expected to depend in a charac-  
terist ic way  on the polar iza t ion  conditions. Pa r t i cu l a r ly  
in the  case of a space charge  polarizat ion,  the  m a x i m u m  
t empera tu re  should increase wi th  t he  polar izat ion tem-  
pe ra tu re  and polar iza t ion  time, whereas  in the case of 
a first o rder  kinetics depolar izat ion,  the m a x i m u m  
posit ion should be invar iab le  and occur at  lower  t em-  
pe ra tu re  than  the space charge depolar iza t ion  maxima.  
A comparison wi th  exper imen ta l  da ta  on NH4C1 and 
on CdF~ shows a good agreement  be tween  exl :e r iment  
and theory.  This makes  it possible, in  par t icular ,  to find 
out whe the r  a peak  is due to first o rder  kinet ics  or due 
to space charge release, if its m a x i m u m  t empera tu re  as 
a function of polar iza t ion  t empera tu re  or t ime is 
known. 

Manuscr ip t  submi t ted  Dec. 8, 1975; rev ised  m a n u -  
script  received Apr i l  12, 1976. This was Paper  104 
presented  at the  Dallas, Texas, Meet ing of the  Society, 
Oct. 5-9, 1975. 

A n y  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1977 JOURNAL. 
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A P P E N D I X  

If a s teady-s ta te  cur ren t  is to pass th rough  a polar  
crystal ,  al l  the  ions a r r iv ing  at  the  e lectrodes are  to be  
"discharged." But at the  moment  the field is appl ied  to 
the  crystal,  the ra te  of discharge wil l  not necessar i ly  be 
equal  to the  t r anspor t  ra te  in the  bulk.  The effect tha t  
not  al l  the  defects a r r iv ing  at  an  e lect rode are  dis-  
charged is cal led blocking of the  electrode. As a resul t  
of the blocking, defects are  accumula ted  a n d / o r  de-  
p le ted  at  the electrodes unt i l  the t r anspor t  and the dis-  
charge  rates  become equal  and a nonuni form con- 
cent ra t ion  d is t r ibu t ion  of defects is established.  I f  
there  is only  one k ind  of mobile  defect, the  concen- 
t ra t ion  of which  is n~ ---- n l ( x , t ) ,  and the concentra t ion 
of the  complementa ry  immobi le  defects, n2, is constant,  
the displacement ,  D, caused b y  this defect  d is t r ibut ion  
is 

D ( x , t )  = e [ n l ( z , t )  --  n2] �9 d x  + D(o , t )  [ A - l ]  

where  D ( x , t )  has to sat isfy  the  condit ion 

~o" E (x , t )  �9 dx  -- V~p~ [A-2] 

This gives for a depolar iza t ion  when Vapl ---- 0 

D ( o , t ) -  en2L e ~oL s 
- -  ~ �9 d x  �9 n l  ( ~ , t )  �9 d ~  [A-3]  

2 L 

and thus the depolar iza t ion  current  is according to Eq. 
[1] 

e ~ f ~'tl(,,t) /re(t) = --  ---" d z  �9 d~ [A-4] 
L ~t 

The der iva t ive  of nl (x, t )  m a y  be expressed f rom the 
different ia l  equat ion descr ib ing the defect  d is t r ibut ion  
(5) 

On1 (x, t) 

~t 

[ 
| n l  (x ,  t) �9 E (x, t) 

- [~1 ( T )  Ox 

k T  O n l ( z , t )  1 
e r J [A-5] 

By ident i fy ing  the mobi l i ty  of the  defects r e (T)  wi th  
the act ivat ion ra te  K ( T )  of Eq. [2], one obtains for  
F ( t )  the  expression given in Eq. [6]. Using Eq. [A-4] 
and assuming tha t  the  sequence of integrat ions  can be 
interchanged,  one obtains for Qm 

Qm = - - -  d t  dx  - -  d~ 
L o~ f 

[A-6] 
= -- -~- dx  [nl(~, ~ )  --  n1(~, 0) ]  d~ 

The first t e rm in the  bracke ts  is a constant  which is 
equal to the equ i l ib r ium defect  concentra t ion n~ for 

i ~ tl<~<t3<t4 

X 

Fig. 4. Illustration of the buildup of a space charge with pro- 
ceeding of time of polarization tp �9 x is the depth below the crystal 
surface. 
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crystals which are neutral .  The second term is the ini-  
tial defect concentrat ion distr ibution.  

Both ira(o) and Qm depend on the "shape" of the 
defect dis t r ibut ion and on the amount  of accumulated 
defects. But while  a steeper dis t r ibut ion of a fixed 
quant i ty  of defects will  decrease Qm, ira(O) will  be in -  
creased, at least in the case when  the diffusion term in  
Eq. [6] is dominating.  Consequently,  Tmx would then 
be found at lower values (see Fig. 3). 

A steeper dis t r ibut ion will  occur if Tp is decreased 
because, as follows from the Nerns t -Eins te in  relation, 
the diffusion is decreasing more rapidly with a de- 
creasing tempera ture  than the field drif t  (conductiv- 
i ty) .  Further ,  the dis t r ibut ion wil l  become steeper if 
tD is decreased. This follows directly from the way the 
space charge is bui l t  up with the proceeding polariza- 
tion t ime (see Fig. 4). 
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On Some Thermally Stimulated Depolarization Maxima 
in NH4CI Due to Spontaneous Polarization 

A. Kessler 

Institute of Physics, University o~ Stuttgart, Stuttgart, Germany 

ABSTRACT 

Two TSD peaks, which are observed in  NH4C1 crystals even if they are 
not polarized, were investigated. One, which occurs at the phase t ransi t ion 
tempera ture  at --30.6~ is due to a spontaneous polarization of the crystal 
in  the course of the phase t ransi t ion of crystals containing divalent  impurities.  
The other, which occurs above 0~ is due to a spontaneous current  caused by 
an inject ion of defects formed under  the influence of moisture on the sample 
surfaces. 

The thermal ly  s t imulated depolarization (TSD) of 
NH4C1 crystals exhibits several maxima  as the tem-  
perature  is increased (1, 2). But not all these maxima 
are due to the polarization caused by the field applied 
to polarize the investigated samples. Two of the 
maxima were observed dur ing  the heat ing even if the 
samples were not polarized previous to the heating. 
One peak occurs when  the sample is undergoing the 
phase t ransi t ion at --30.6~ Hence it will  be called a 
phase t ransi t ion maximum.  The other peak is observed 
above room tempera ture  and is due to a spontaneous 
current  in  the samples. This paper is a first report  about 
these effects of which the former has already been ob- 
served by Uebele (3). 

The Phase Transition Peak 
Current peaks at phase transition.--If a sample of a 

NH4C1 crystal is placed between electrodes which are 
connected to a galvanometer,  every t ime the tempera-  
ture  is decreased below or increased above the phase 
t ransi t ion temperature,  Tph ----- --30.6~ a current  peak 
is observed. The peak is detected even if the electrodes 
are insulated, and its max imum value Imx was found to 
increase proport ional ly to the rate of tempera ture  
change dT/dt. The integral  of the measured current  
f~  I ( t )d t  has, for a given sample, a fixed value which 

changes the sign if the sample is heated instead of 
cooled and vice versa. To insulate  the crystal samples, 
t ransformer  o i l  was applied to the crystal electrode 
interfaces, because only in  that  way could both insula-  
t ion and a good and reproducible thermal  contact be 
achieved. 

The above-ment ioned facts show that  a displacement 
current  is measured, and that the spontaneous polar i-  

K e y  w o r d s :  spontaneous polarization, phase transition, defect 
f o r m a t i o n ,  

zation, P, the change of which causes the measured 
current,  is in  the first approximat ion a funct ion of the 
tempera ture  T only 

dP dT dP 
Z(t) = - -  = . . . . .  [1] 

dt dt dT 

A graph of P vs. T is shown in Fig. 1. 

Correlation o] the spontaneous polarization with the 
phase transition.--To avoid any possible per turba t ion  
of the measurements,  only the tempera ture  of the elec- 
trodes was measured. If it is assumed that  the "thermal 
resistance," r, be tween the sample and the electrode has 
a fixed constant value, the lag AT of the mean  tempera-  
ture  of the sample behind T should be proport ional  to 
1it and to dT/dt, because (mc) �9 dT ---- 1/r �9 AT �9 dt, 
where (mc) is the heat capacity of the sample. An ex- 
trapolat ion of Tmx ---- f (dT/dt )  for dT/dt  --> 0 should 
thus yield the true tempera ture  at which the cur ren t  
peak occurs. As shown in Fig. 2, this temperature,  for 
both NH4C1 and ND4C1, is in  good agreement  with the 
respective phase t ransi t ion temperatures  [see, for ex-  
ample, Ref. (4)].  This and the fact that  the P ( T )  vs. T 
dependence is similar in  principle to the dependence 
on T of both the order parameter  of the NH4 + ions (5) 
and the integral  of the specific heat (6) shows that  
both polarization and depolarization are correlated with 
the phase transition. 

Dependence o] the total polarization AP on the im- 
purity content ol the crystals.--The phase t ransi t ion 
current  peak I ---- f ( t ,  T) of samples containing differ- 
ent impur i ty  concentrations was measured and AP : 
fT~ I ( t )d t  for To < ~  Tph < <  T1 calculated. The results 

are given in Table I. It is obvious that. Ap depends on 
the kind and quant i ty  of the impuri t ies  bui l t  into the 
crystal. The highest polarization occurred in  crystals 
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Fig. 1. The spontaneous polarization, P, of a NH4CI crystal 
sample at phase transition (242.5~ as a function of temperature. 
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Fig. 2. Dependence of the observed peak position on the rate of 
temperature increase: ~ ,  sample insulated with transformer oil; 
G,  sample insulated with machine oil. 

with bui l t - in  divalent  impurities,  which form impur i ty  
complexes wi th  .vacancies (2). In that  case, AP is 
c lear ly  increasing with  the concentrat ion of the im-  
purities. For  crystals containing high concentrations of 
divalent  copper in an interst i t ial  position which forms 
neutral  centers wi th  NH8 [Cu2+-center  II (7)] or with 
H20 [Cu2+-center I (7)],  the value of AP is the same 
or smaller  than for undoped crystals. Even if we take 
these results wi th  some caution, we ar r ive  at the con- 
clusion that  the polarizat ion is not an inherent  proper ty  
of NH4C1 but that  it is caused by the bui l t - in  impur i -  
ties. While for T ~ Tph the complexes are no doubt 
randomly oriented, it seems possible that  for T < Tph 
there  exists a preferent ia l  orientation. An al ignment  of 

Table I. The total polarization, AP, due to phase transition of 
crystals containing different kinds and concentrations of impurities 

Method dT/d$ 
Crys- of (grad/ 

tal  growth Dopant  P (C/cm~) sec) 

ND~CI Melt --  2.45-5.0 • 10 --u --0.07-0.11 
NH~CI Molt -- 2.1-3.2 • 10 -n --0.04-0.14 
NH~CI Melt 10 ppm CuC12 1.4-2.4 • 10 -30 0.05-0.18 
NH4C1 Solution 5000 ppm Cu e+ 1.0-2.0 • 10 -~ 0.1 

in center I 
Ntt4C1 Solution 5000 ppm Cu ~§ 4.0-5.5 • 10 -~ 0.i 

in center  II 
NH~C1 Solution 100 ppm NiCI~ 4.9-8.1 • 10 -lo 0.11-0.16 

the complexes would yield roughly  a polarizat ion l ike 
the measured one. Dipole moments  caused by a geo- 
metr ic  distort ion of the lattice due to the bui l t - in  im-  
purities, on the other  hand, should be randomly 
oriented even for T < Tph and would hardly  yield a 
value which could account for the measured polariza-  
tion. The centers I and If, which have normal ly  no di- 
pole moment  and which are immobile,  most probably  
do not contr ibute to P. 

Occurrence of more than one current peak at phase 
transition.--Sometimes more than one peak is observed 
which, moreover ,  may vary  in sign. It is bel ieved that  
this effect is due to the existence of domains [see Ref. 
(8) ] in the crystal. Because of the heat  transmission to 
or f rom the crystal, there  is necessari ly a t empera tu re  
gradient  inside the crystal  due to which  the domains 
reach Tph at different times. Fur thermore ,  the existence 
of a hysteresis of the phase transition, which was ob- 
served be tween  --72 ~ and --28~ and is also a t t r ibuted 
to the existence of domains (9), points to the above 
explanat ion of the mul t ip le  peaks. As far  as the differ- 
ent  signs of the peaks are  concerned, they may be 
understood as a consequence of different orientat ions of 
the domains arranged so as to minimize the total po- 
larizat ion energy of the sample. 

Spontaneous Current Peak 
The occurrence of a spontaneous current  Isp of some 

1 0 - n - 1 0 - s A  at room tempera tu re  is observed if a 
fresh, unpolarized sample of NH4C1 crystal  provided 
with graphi te  electrodes is connected to a ga lvanometer  
(2). The cross section of the samples was about 1 cm 2. 

As the resistance of the samples is of the order Of 1011 
ohm, voltages up to several  thousands of volts would 
be needed to cause such currents  to pass through the 
samples. As may be verified by using insulated elec- 
trodes, the current  is caused "by the sample itself." 

Dependence oS the spontaneous current on the quan- 
tity o] adsorbed H20.--One finds that  Isp is proport ional  
to the wate r  vapor  pressure, p, acting on the contact 
surfaces of the samples (Fig. 3). This is achieved by 
sealing off the cylindrical  surfaces of the samples and 
providing the contact surfaces, e.g., by  a layer  of 
colloidal graphite.  The effect is strongest if only one 
contact surface is exposed to the wate r  vapor  (Fig. 3, 
curve 1). If the water  vapor  has access to both elec- 
trodes (Fig. 3, curve 3), l~p is more than two  orders of 
magni tude  smaller. It is interest ing to note that  when 
vacuum-evapora ted  gold electrodes are used, Isp is still 
increased if a high enough wate r  vapor  pressure is 
built  up, but wi th  a considerable delay af ter  the bui ld-  
up of p. Any decrease in p is fol lowed by a decrease of 
Isp after some delay. This delay shows that  the H20 
molecules reach the crystal  surface by diffusion 
through the meta l  layer. 

Below p N 4 Torr, Isp iS roughly independent  of p. 
This is easily understood if it is assumed that  there  
exists a certain min imum concentrat ion of H20 ad- 
sorbed on the crystal surface which depends mainly  on 
the t empera tu re  and not on p. This notion is supported 
by the fact that, by heat ing the sample in a vacuum of 
5 • 10 -2 Torr  to 100~ Isp at first decreased to less 
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Fig. ~t. Spontaneous current, Isp, of a NH4CI crystal sample as a 
function of the water vapor pressure, p, in the measuring cell and 
of the electrode material. 

than  10-14A at room tempera tu re ,  but  increased l a t e r  
to the  or iginal  va lue  of about  8 X 10 -13A. I t  is to be 
noted that  above  100~ t rans i to ry  decrease of the  p res -  
sure  in the  measur ing  cell  is observed,  obviously due 
to an enhanced re lease  of water .  

Dependence o] the spontaneous current on tempera- 
ture and time.--If the t e m p e r a t u r e  of the  sample  is  
decreased,  one findw Isp decreas ing p ropor t iona l ly  to 
exp ( - -U/kT)  with  U ,~ 1 eV (2) for undoped samples.  
If  the  t e m p e r a t u r e  is increased above  room t empera -  
ture,  a cur ren t  m a x i m u m  is observed  (Fig. 4). The 
m a x i m u m  posi t ion var ies  wide ly  according to exper i -  
menta l  conditions. Al l  NH4C1 crysta ls  exhib i t  a spon-  
taneous current ,  however ,  the  magni tude  is de te rmined  
by  the "his tory"  of the  sample.  If  lsp is h igher  than  
10-Z2A, i t  wil l  decrease  m a r k e d l y  wi th  t ime, and the 
h igher  the  ini t ia l  va lue  of Isp, the  h igher  the  ra te  of 
decay. 

A first tentative interpretation of the l~ndings.--It is 
known  tha t  the  abnorma l ly  h igh  subl imat ion  ra te  of 
NH4C1 is caused by  ca ta ly t ic  decomposure  of NH4C1 
into NH3 and HC1. These neu t ra l  molecules  a re  bound 
to the  crys ta l  wi th  a lower  energy  than  tha t  of the 
NI-~ + and C1- ions. Consequently,  t hey  a r e  easi ly  
"evapora ted"  (10). I t  seems tha t  due  to such a process  
vacancies should be created.  I t  is to be  expected that ,  
due to an increas ing amount  of H20 on the crys ta l  su r -  
face, the  decomposure  wi l l  be enhanced.  Because 
vacancies (and also NHz) are  mobi le  in NI-I4C1 crystals,  
they  should pene t r a t e  into the  bu lk  of the crys ta l  ( the 
cat ion vacancies at a h igher  ra te)  because they  are  
more  mobi le  (11). This should cause a net  charge flow 
and  if  only  one e lec t rode  is exposed to H20 a cur ren t  
should be observed.  In  due t ime, an equ i l ib r ium wil l  
be reached,  due to the  bu i ldup  of a double  layer .  

I t  should be noted tha t  the  highest  measured  va lue  
of Isp (see Fig. 3) would  imply  a ra te  of 10 n vacancy /  
cm 2 sec enter ing  the crystal .  This is an ex t r eme ly  high, 
but  stil l  acceptable  figure as compared  wi th  the  ca. 
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Fig 4 Spontaneous current peak observed above room tempera 

ture on heating of an unpolarized sample 

6 X 1014 unit  cells of the  surface and t ak ing  into a c -  
c o u n t  the r ap id  decrease  of Isp a f te r  exposure.  

If  both  electrodes are  p rov ided  wi th  pe rmeab le  e lec-  
trodes, theoret ical ly ,  no cur ren t  should b e  observed.  
But if no special  provisions are  made  to safeguard  
ident ical  condit ions at both  electrodes,  a difference of 
about  1/100 of the cur ren t  obta ined wi th  one single 
exposed e lect rode (see Fig. 3) seems a real is t ic  value.  

The decrease  of Isp wi th  t ime should be a conse- 
quence of the  bui ldup of a double  layer ,  which  to some 
extent  can be compared  wi th  the  double  l aye r  p r e -  
dicted by  Lehovec (12). But a TSD peak  as shown in 
Fig. 4 is most p robab ly  caused by  the combined effect 
of the t empera tu re  dependence  of the  spontaneous cur-  
ren t  and by  the evapora t ion  of H20 from the crys ta l  
surface. The peak  occurs at a t empe ra tu r e  at  which the 
ra te  of loss of H~O is h igher  than  the increase in the  
mobi l i ty  of the  vacancies.  Only in tha t  w a y  can the 
sudden drop in the  cur ren t  by  orders  of magni tude  be 
understood.  

Final ly ,  it  is to be emphasized tha t  by  the  same 
mechanism, i.e. by the format ion  of mobi le  defects due 
to the  ca ta ly t ic  effect of H20 and the  evapora t ion  of 
the  adsorbed  H20 at  h igher  tempera tures ,  some fea-  
tures  of the  conduct ivi ty  of NI-I4C1 have  been ex-  
p la ined  (2). 

Manuscr ip t  submi t ted  Dec. 8, 1975; revised m a n u -  
script  received Apr i l  12, 1976. This was Pape r  105 
presented  at  the  Dallas, Texas, Meet ing of the  Society, 
Oct. 5-9, 1975. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1977 JOURNAL. 
Al l  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb. 1, 1977. 
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ABSTRACT 

B a s e d  on simplifying assumptions, diffusion phenomena of substrate and  
impur i ty  through a thin contact layer  have been compared. Results are pre-  
sented in  terms of nondimensionalized parameters  k (a measure of diffusion 
rate, time, and contact thickness) and l/1 (film thickness/contact  thickness).  
A single master  curve is shown to represent  each diffusion process. Numerical  
examples of practical interest  are presented and the l imitat ions of the theory 
a r e  discussed. 

Noble metals are typically used as contact layers 
because of their superior contact properties. In  view of 
the high cost of these materials,  it is desirable that  a 
m i n i m u m  thickness be used to at tain a contact of de- 
sired quality. However, contact films result ing from 
mass diffusion of substrate mater ial  to the surface at 
elevated operating temperatures  may set a lower l imit  
on contact layer thickness. Impuri t ies  which are ini-  
t ial ly present  in the contact layers may also diffuse to 
the surface and  form films which degrade contact per-  
formance. In the case of electroplated gold, the most 
commonly used layer, small  amounts  of cobalt or nickel 
impurit ies are del iberately added to harden the gold. 

The purpose of this study is to compare theoretically 
the relative rates of substrate and impur i ty  diffusion. 
Although it is known that the presence of an impur i ty  
influences substrate diffusion and vice versa, it will  be 
assumed that the processes are independent  of each 
other. It will  be shown that  there may be regimes of 
t ime and temperature  where one mechanism or the 
other will be clearly dominant .  

The increasing use of elevated temperatures  for var i -  
ous accelerated tests is another  reason that diffusion 
rate studies are important.  Contact resistance and /or  
film thicknesses are measured after elevated tempera-  
ture  exposures, and the data extrapolated to contact 
ambient  temperatures.  This can yield erroneous results 
if the dominant  mechanism at elevated tempera ture  is 
not the same as that at the operating temperature.  

Equations governing the diffusion processes and their  
solutions along with the simplifying assumptions used 
to derive the solutions are presented below. Some ex- 
amples of practical importance in the system of cobalt-  
hardened gold on a copper substrate are also discussed 
using diffusion rate data developed by Pinnel  and 
Bennet t  (1) and Tompkins (2). Design guidelines are 
suggested, along with l imitations of the present theory. 

1 Bell Laborator ies  Vis i t ing  Professor .  
Key words: ~obalt, copper ,  gold,  short -c ircui t  diffusion mech- 

anism. 

Theory 
Diffusion in  an  electrical contact can be idealized by 

considering the  following: (i) diffusion occurs only in 
the thickness direction of the medium (also called sol- 
vent)  which is bounded by two planes, e.g., the planes 
at x = o and x = l; (ii) no intermetal l ic  compounds 
are formed; (iii) the substrate and impur i ty  coeffi- 
cients, Ds, Di, respectively, are independent  of their 
respective concentrations; (iv) the two diffusion proc- 
esses are independent  of each other; (v) the contact 
layer  is homogeneous throughout;  (vi) the impur i ty  
and substrate arr iving at the contact surface are oxi- 
dized instantaneously.  

Diffusion through a homogeneous medium can be 
adequately described by Fick's second law. Thence, for 
substrate and impur i ty  diffusion, respectively, we have 

cTCs c~2Cs 
= D s -  [1] 

~t 0x s 

c?Ci 0Ci 
- -  - -  D i -  [ 2 ]  
~t Ox 2 

where C and t represent  concentrat ion and time and 
subscripts s and i denote substrate and impuri ty,  re-  
spectively. 

Let us assume that the ini t ial  concentrat ion of the 
impurity,  Cio, is uniform throughout  the medium and 
the medium is free from any substrate mater ial  at t ime 
t = 0. Therefore, we have 

as(x, o) = 0 [3] 

Ci(x, o) = Cio [4] 

Assumption (vi) implies sink effect at the contact sur-  
face, x = I. Such an assumption would be reasonable at 
lower temperatures  at which diffusion rates are very 
low. However, if large oxide films are formed on the 
contact surface, this assumption will no longer hold. 
But by that t ime the contact mater ial  may already have 
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lost  i ts effectiveness. In  our  applicat ions,  ambien t  t em-  
pe ra tu re  is r e l a t ive ly  low and thus assumpt ion  (vi) is 
reasonably  applicable.  Hence w e  have  

CAl, t) = 0  [51 

C~(l, t )  = o [6] 

The i m p u r i t y  content  p resen t  nea re r  to the  contact  sur -  
face wi l l  diffuse out at  a fas ter  r a t e  than  tha t  present  
f a r the r  away  from the surface because of high concen- 
t ra t ion  grad ien t  near  the  surface. And, therefore ,  this  
g rad ien t  at the  in ter face  of the  subs t ra te  and  the con- 
tact  l aye r  ( far thest  point  f rom the contact  surface)  wi l l  
v i r t ua l ly  be zero. Consequently,  we can s impl i fy  the  
solut ion of the  bounda ry  va lue  p rob l em by  inc luding  
its m i r ro r  image, which impl ies  

C~(- l) = o [7] 

(See Fig. 1.) One more  condit ion is needed to solve 
Eq. [1]. That  can be obta ined by  assuming tha t  the  
Matano in ter face  remains  s ta t ionary,  which implies  
that  Cs remains  constant  at  50 a tom per  cent (a /o )  a t  
x -- 0. Thus 

Cs(o~ t )  = C~o = 50 a / o  [8]  

It  should be noted Chat concentra t ion C can be given 
in a va r i e ty  of units, but  the flux is usua l ly  expressed 
in m a s s / a r e a / t i m e .  Therefore,  C mus t  also be expressed  
in mass /vo lume  units  when  using flux equations.  The 
fol lowing conversion factors, CF, may  be used to t rans-  
form a tom per  cent or weight  per  cent (w/o)  to 
m a s s / v o l u m e  

C (mass /vo l )  #1#2 
--  = CF 

C ( a / o )  M~ 1 O O - - C ( a / o )  

p2+~-~p l  C(a/o) 

C (mass /vo l )  @1@2 

C (w/o )  100 --  C (w/o)  
p2 + pl 

C(w/o)  

- -  C F  

in which pl, p2, M1, and Me denote  mass densi t ies  and 
atomic weights  of the  solute ( subs t ra te  or impur i ty )  
and the solvent  (contact  l aye r ) ,  respect ively .  

Equat ions [1] and [2] along wi th  the  respect ive  
bounda ry  and ini t ia l  condit ions are  s t r a igh t fo rward  
problems.  Fol lowing  Cars law and Jaege r  (3) and 
Crank  (4), the solutions can be wr i t t en  as 

OXIDES OF 
liiPb~llITIE$ 

SUNSTRATE CONTACT LAYER 

t=O 

t:t I 

x=O 
Fig. 1. Boundary conditions 

x 2 ~ 1  
c s = e s o  1 l ~ n=l n 

sin (n~x/l) exp (--n~2ks) ] [9] 

Ci = Cio X ( - -1 )n  cos ( (2n  + 1)r,x/2l)  
n=0 ~(2n + 1) 

exp [ - -  (2n + 1)2~2ki/4] [10] 

where  k is a nondimensional ized p a r a m e t e r  and is 
is given by  k = Dt/V. 

If Qs denotes the  amount  of subs t ra te  ma te r i a l  ap-  
pear ing  on the contact  surface, then  i t  can easi ly  be 
g iven  by  

Qs = a rea  X - _._ D s - - : - -  [11] 
X=[ 

Subst i tu t ing  Eq. [6] and  [9] into [11] and a f te r  some 
algebraic  manipulat ions ,  we get  

Q s = C s o X a r e a x l [  ks 

2 
+ - ~ n ~ l =  ( - - 1 ) n + l l { e x p ( - - n 2 ; ~ 2 k s ) - - l } ] n  2 [12] 

Similar ly ,  fol lowing Tompkins  (2), we can obta in  the  
amount  of i m p u r i t y  appear ing  on the surface, which  
is g iven by  

Q i = C i o x a r e a X l  2 - - -  
~2 ~=0 ( 2 n + 1 )  2 

exp { -  (2n + 1)2~2ki/4} ] [13] 
J 

Equat ion [13] can be approx ima ted  by  the fol lowing 
simplified express ion for t imes up to which 60% of the  
total  impur i t y  has diffused 

Qi = Cio X area  X l - -  ki [14] 

In fact, the  above approx ima t ion  is an exact  solution 
for  a semi-inf ini te  th ick contact  layer .  I t  leads to qui te  
an in teres t ing  resul t  which we shall  discuss later .  
Moreover,  the  under ly ing  assumptions of the previous  
analysis  are  v io la ted  for t imes longer  than  tha t  a t  
which 60% or more  of the  to ta l  impur i t y  has diffused 
out, and therefore,  Eq. [14] would  adequa te ly  descr ibe  
the impur i t y  diffusion process. 

The aforesaid Eq. [12] and [14] y ie ld  the  total  
amounts  of subs t ra te  and impur i t y  diffusants that  have 
a r r ived  at the  contact  surface at  any given time. I t  
may  be more  useful  to know film thicknesses instead. 
This can be easi ly done by  d iv id ing  both sides of Eq. 
[12] and [14] by  area  • pl resul t ing in the  fol lowing 
equations (normal ized  by  d iv id ing  by  the  l aye r  th ick-  
ness) 

L 
l 

Cso (--1) "+I 1 
ks + 7 n "-V 

Pl = 
" 1  

{exp (--n2~2ks)--l} ] [15] 

il Cio 
= (4/~ki) 1/2 [16] 

l pl 

where  I denotes the film thickness.  As ment ioned 
earlier,  concentrat ion C is usua l ly  expressed as a tom 
per  cent or weight  per  cent and thus conversion factors 
CF must  be  applied.  Using appropr i a t e  CF's  and assum-  
ing Cso = 50 a/o, Eq. [15] and [16] a re  solved for  
different  values of k. Resul ts  are  presented  in Fig. 2 
in which k and (1/2 MCF) (ill) represent  the  ord ina te  
and abscissa, respect ively.  MCF ---- CF/pl  is called the 
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Fig. 2. Impurity and substrote diffusion 

modified conversion factor. For any b inary  couple 
MCF can easily be calculated from the known values 
of atomic weights, mass densities, and concentrat ion 
values. 

Let us reexamine Eq. [16] and state the results ob- 
served by Tompkins  (2) in  his s tudy of cobal t -hard-  
ened gold. Rewri t ing Eq. [16] and replacing ki by Dit/l 2 
we get 

Ci,._ / 4 '~1,'~ 
k -Dit) r17] 

which implies that the impur i t y  f i lm thickness, l i ,  is 
independent of contact thickness for times up to wh ich 
less than 60% of the in i t ia l  impur i t y  content diffuses 
out of the contact layer. This occurs at ki ~ 2 • 10-L 
Note, however, /~ is direct ly proport ional to in i t ia l  
concentration, Cio. 

Figure 2 represents two master  curves, one for 
substrate diffusion and the other for impur i ty  dif-  
fusion for all impur i ty  concentrat ion levels. For any 
b inary  p lanar  couple which satisfies t h e  assumptions 
stated earlier, one can estimate the film thicknesses 
at a given time and temperature.  Next, we discuss some 
examples of practical interest  to i l lustrate  the use of 
these curves. 

Examples 
The degradation of thin gold electroplates by mass 

diffusion of the base metal  (copper) and interdiffusion 
of cobalt in cobal t -hardened gold are possible fai lure 
mechanisms in typical electrical connectors. Therefore, 
the results of the present  theory will now be applied 
to cobal t -hardened gold on a copper substrate. Note 
that  we have assumed the two processes to be inde-  
pendent  o~ each other. 

Diffusion rates for copper and cobalt through gold 
have been investigated, among others, by  P inne l  and 
Bennet t  (1) and Tompkins (2), respectively. At test 
temperatures  of 150~ the rates were found roughly to 
be the same. Thence, we shall assume Di ~ Ds = D 
in our numerica l  examples. 

Two examples of diffusion through 2.54 ~m (100 ~in.) 
and 1.27 ~m (50 ~in.) thick layers of gold at test tem-  
pera ture  of 150~ are considered. The only impur i ty  in 
gold is taken to be cobalt wtih an ini t ial  concentrat ion 
of 0.25 w/o. 

From Ref. (1, 2) we have 

Dcu ~ Dco -- D ~ 4 >< I0-Io cm2/sec 

Modified conversion factors for Au-Cu (Cso ---- 50 a/o) 
and Au-Co (Cio ---- 0.25 w/o) are as follows 

2 iV~CFAu-Cu -- 0.8156 

2 MCFAu-Co ~ 1.0875 X 10 -2 

If we assume the test t ime periods to be i day, 30 days, 
and 200 days then the corresponding values of k are 
given in Table I. 

For each value of k, we can obtain (1/2 MCF) (~/l) 
from Fig. 2. Since we have assumed ins tantaneous 
oxidar of the solute (substrate and /or  impur i ty)  as 
it arr ives at the contact surface, and if we fur ther  as- 
sume that Cu and Co are oxidized into Cu20 and CoO, 
respectively, then the film thicknesses of Cu and Co, 
obtained from Fig. 2, can be converted into oxide film 
thicknesses by mul t ip ly ing by 1.7278 and 1.9424, re- 
spectively. Results are presented in  Table II which 
shows that  in the early stages of diffusion very l i t t le 
copper has arr ived at the surface while  cobalt has ap- 
peared almost immedia te ly .  As the t ime progresses, 
Cu20 film starts bui lding up on the surface and soon 
exceeds the CoO film. I t  is quite possible that  CoO film, 
almost ins tantaneously  formed on the surface, may 
retard the formation of Cu20 film or even the forma- 
tion of CoO film may become slow for lack of free 
oxygen. But, nonetheless, the present  analysis provides 
us with some degree of qual i ta t ive and quant i ta t ive 
relat ive measure of the two films. 

Discussion 
Based on simplifying assumptions, diffusion phe- 

nomena  of substrate and impur i ty  through a th in  con- 
tact layer  have been compared. Results are presented 
in  terms of nondimensionalized parameters  k and 
(1/2 MCF)(F/1).  A single master  curve is shown to 
represent  each diffusion process. 

On a log-log scale the substrate diffusion curve con- 
caves down in the beginning but  soon becomes con- 
cave up. It implies that substrate film thickness builds 
up slowly at first, then increases at a fast rate, and 
eventual ly  becomes unbounded.  However, as stated 
earlier, the later  par t  of the curve is i r re levant  because 
the under ly ing  assumptions of the theory are violated. 

Figure 2 suggests that there is a nar row range of k 
(between 0.01-0.1) over which most of the substrate 
diffusion, especially in applications of our interest, oc- 
curs. Therefore, the film thickness is very sensitive to 
the value of k ---- Dt/I 2. For a given mater ia l  system, 
time, and temperature,  the only parameter  which a 
designer can effectively control is the contact thick- 
ness. Hence, once an upper  l imit  on an acceptable sub- 
strate film thickness is determined,  the designer can 
put  a lower l imit  on the contact thickness assuming D 
is known. In the  given example  of gold on a copper 
substrate, recent data by Kulpa  (5) and others have 
shown copper diffusion far in excess of that  of Ref. 
(1). This is believed to be a "short circuit" mecha-  
nism, not predictable by analysis of the diffusion pro-  
file, and highly dependent  on layer and substrate struc- 
ture. This variabi l i ty  of the diffusion coefficient indi -  
cates the need for caution when  using diffusion data 

Table I. Value of k = D t / l  2 

t (see) 8.64 x 1O+ 25,92 x 1O ~ 17.29 x 1O e 
t (~m) (1 day) (30 days) (200 days) 

1,27 2.143 • 10 -8 6.429 x 1O -~ 4.285 • 10 -I 
2.54 8.36 x 1O -~ 1.61 • I0 -~ I:07 • 10 -I 

Table II. Oxide film thicknesses (.~.) 

2.64 ~m 1.27 ~m 

t (days) Cu~O CoO Cu20 CoO 

1 6 7 0 ? 
39 < 1  40 9 40 

206 179 91 2678 91 
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and the desirabil i ty of fur ther  diffusion rate studies. 
For  times up to which 60% of total impur i ty  has 
diffused, the impur i ty  film thickness depends upon the  
ini t ial  impur i ty  content  only, and this thickness does 
not depend upon the contact thickness. 

As stated earlier, severe restrictions were imposed 
on the theory by  making simplifying assumptions such 
as no interdependence of substrate and impur i ty  dif- 
fusion processes, ins tant  oxidation, etc. However , at 
low temperatures  the diffusion rates are very small, 
the scatter in di f fus ion rate data is wide, and there 
exists very li t t le quant i ta t ive  informat ion and relat ive 
comparison on diffusion of substrate and impur i ty  
processes, in spite of the relative importance of the 
subject. The present  study, while being cognizant of 
its limitations, could provide an engineer  with a useful  
design tool.  
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Techn ca  Notes 

On the Enhancement of Silicon Chemical Vapor Deposition 
Rates at Low Temperatures 

Chin-An Chang ~ 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720 

Chemical vapor deposition (CVD) has been a widely 
used technique for thin film device fabrication. It is 
especially applicable to th in  film silicon solar cells. 
A deposition rate of a few microns per minu te  can be 
easily obtained, and a p -n  junc t ion  can be made by 
mixing silicon chemical vapors, such as silane and 
silicon tetrachloride, with dopant  gases, l ike diborane 
and phosphine. In  general, CVD of silicon is carried out 
at a substrate tempera ture  ca. 1O0O~176 and a 
single crystal s i l icon wafer is used for an epitaxial 
growth of th in  films. However, to make economic thin 
film solar cells for terrestr ial  photovoltaic applications, 
noncrystal l ine and often nonsil icon substrates are re-  
quired. Furthermore,  interact ion between the substrate 
thus chosen and the silicon thin film deposited should 
be kept minimal.  For example, at a substrate tem-  
pera ture  ca. 1200~ silicon thin films deposited on 
graphite show a significant diffusion of silicon and 
carbon and the formation of silicon carbide (1). Much 
less diffusion is noted, however, when  the substrate 
tempera ture  is below 800~ (2). Similar  high tempera-  
ture  interact ion between the silicon films deposited and 
other types of substrate has also been reported (3). 
Preferably,  one should use the lowest possible substrate 
temperatures  to minimize such interactions and diffu- 
sion: 

At low substrate temperatures,  however, other 
problems arise. First, silicon film thus deposited is poly- 
crystal l ine with small grain  size (4). Second, a m u c h  
lower deposition rate than that  at high substrate tem-  
perature  is obtained using the CVD technique (5). 
Small  grain  size means a shortening of l ifetime for the 

1Present address: IBM Thomas J. Watson Research Center, 
Yorktown Heights, New York 10598. 

Key words: silicon, CVD, enhanced rates, dopant effects, sur- 
face model. 

charge carriers due to t rapping at the grain  boundaries  
(6); low deposition rate makes CVD a noneconomic 
technique for deposition. To solve the former prob-  
lem, this author has developed a technique to increase 
the silicon crystal l ini ty at low substrate temperatures.  
An enhancement  of two to four orders of magni tude  is 
obtained for the silicon films deposited on quartz and 
graphite at a 600~ substrate tempera ture  (2, 7). T h e  
next  goal is to increase the deposition rate of low tem-  
pera ture  CVD. In  doing so we make use of the obser- 
vations that certain dopant gases enhance the silicon 
CVD rate and others hinder  it (8). An  unders tand ing  
of these facts will  obviously be useful  to the enhance-  
ment  of the silicon CVD rate at low temperatures.  
However, as pointed out later, these dopant  gas effects 
cannot yet be consistently accounted for by the existing 
theories. Therefore, this paper presents a conceptual 
model which consistently explains the known dopant 
gas effects on the rate of silicon CVD. We believe that 
this work will not only lead to an enhancement  of the 
low tempera ture  silicon CVD rate needed for economic 
solar cells, but  also be useful to guide experimental is ts  
in carrying out the CVD process more effectively and to 
s t imulat ing interest  among theorists about the prob-  
lems related to this topic. The proposed model is fur-  
ther tested for its predicted dopant  gas effects on differ- 
ent CVD systems and other re levant  work which needs 
to be done is also discussed. 

It is well known that  the silicon deposition rate using 
silane and silicon tetrachloride is increased by di-  
borane and boron tribromide, and decreased by phos- 
phine and arsine (8). Existing theories considering 
either active site blocking (8b) or strong bonding be-  
tween the chemical vapor molecules and. both types of 
dopant gas molecules (8c) have not been advanced 
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enough to explain the known effects in  a consistent way, 
nor  can they be used to predict the dopant gas effect on 
other CVD systems. In this work we make use of the 
fact that diborane and boron tribromide, both p- type  
dopant gases for silicon, have an opposite effect on the 
deposition rate of silicon chemical vapor from that  of 
phosphine and arsine which are n - type  dopant  gases. 
This implies a possible correlation between the elec- 
tronic s tructure of the dopant atoms with the observed 
effects cited. The mechanism involved in the CVD 
process is, therefore, first analyzed, in  order to see 
whether  and how this property can be incorporated 
into the deposition process. 

Chemical vapor deposition can be viewed as a two- 
step process: adsorption of the chemical vapor mole-  
cule on the substrate surface followed by its thermal  
decomposition. As an  example, deposition of silane fol- 
lows 

heat 
SiH4(g) ~ SiH4(adsorbed) ------> Si(s)  + 2H2(g) 

The thermal  decomposition involves a t ransfer  of 
thermal  energy from the substrate to the chemical 
vapor molecule needed for its decomposition. At a fixed 
substrate temperature,  the maximal  amount  of thermal  
energy which can be acquired by the molecule is con- 
stant. The efficiency of this energy transfer, however, 
depends on the residence t ime of the molecule on the 
substrate surface. In other words, for an effective de- 
composition of the molecule to take place on the sur-  
face, a sufficient amount  of thermal  energy for such 
decomposition should be t ransferred to the molecule 
before it desorbs from the surface, Therefore, at a fixed 
substrate temperature,  adsorption of the molecule de- 
termines its decomposition rate. This a rgument  is in  
agreement  with the work of Farrow who found that  
silane adsorption is the ra te- l imi t ing step for the de- 
composition of this molecule (8c). Accordingly, at a 
given substrate temperature,  any factors which favor 
the adsorption of the molecule on the subs t ra te  surface 
should also enhance its decomposition and therefore 
its deposition rate. Our problem is thus simplified to 
that of the effect of dopant gas on the adsorption of 
silicon chemical vapor molecules. 

Diborane, phosphine, and arsine all readi ly decom- 
pose on a hot surface into the dopant atoms and hy-  
drogen. Boron t r ibromide also readily releases its boron 
upon reduction by hydrogen at high temperatures.  Di- 
borane and boron t r ibromide have quite different struc- 
tures and polarities and such differences could have 
profound effect on their interactions with the silicon 
surface (9). The fact that both diborane and boron 
tr ibromide enhance the silicon CVD rate and that  they 
both easily produce boron at high temperatures  makes 
it reasonable to assume the dominant  role of boron 
adatoms in de termining the observed boron dopant  
gas effects. The same assumption is applied to the 
n- type  dopant gases, i.e., phosphine and arsine. The 
available data on diborane and arsine fur ther  show 
that, upon thermal  decomposition, both boron and 
arsenic atoms strongly adsorb on the silicon surface 
(8c). In addition, comple te  coverage of the silicon 
surface, with boron gives the highest silane deposition 
rate among M1 the experiments using various si lane- 
diborane mixtures  (8c). Some correlation with the 
boron adatom concentrat ion is also noted. For a rigor- 
ous t rea tment  of the dopant gas effects, the contr ibu-  
tion from the adsorbed undecompose d dopant  gas 
molecules, if any, should also be taken into account. 
However, this cannot yet be done due to the lack of 
knowledge on the surface lifetimes of these molecules 
on a hot silicon surface. Therefore, only the dopant 
adatom effect is considered here which is justified by 
the experimental  facts cited above. 

From a chemical point of view, silane has the par-  
t ial ly ionic Si + - H -  bonds (10). Being tetrahedral,  such 
a molecule possesses no net  dipole moment  (11). How- 

ever, the ionic character mentioned would make silane 
a molecule with four negat ively charged hydrogen 
atoms surrounding a positively charged silicon atom in  
the center. A molecule of such polari ty would be at-  
tracted by a surface with positive surface potential  and 
be repelled from one wi th  negative surface potential. 
In  other words, making the surface potential  more 
positive would enhance silane adsorption on the sur-  
face. Tl~e same argument  applies to silicon tetrachloride 
which has Si+-C1 - ionic bonds, similar to those in 
silane. 

First, we define a reference surface to be a silicon 
surface with only adsorbed silicon atoms. This is the 
case  when pure silicon chemical vapor is used. A 
boron-adsorbed silicon surface can be seen to be dif- 
ferent from the reference one. Boron, being a p- type 
dopant and electron deficient relat ive to silicon, should, 
relat ive to the reference surface, lower the local elec- 
t ron density on the surface silicon atoms around the 
adsorption site. This would increase the electron affinity 
of the local silicon surface around the adsorbed boron 
(12). According to Allen and Gobeli, an  increase in 
surface electron affinity increases the positive surface 
potential  (12). This has been observed on both Si and 
Ge (9, 12). A boron-adsorbed silicon surface would 
thus attract molecules like silane and silicon te t ra-  
chloride better than the reference surface. This should 
enhance the adsorption and, therefore, the deposition 
rate of these molecules. On the other hand, phosphorus 
and arsenic, which are n - type  dopants and electron- 
excessive relat ive to silicon, would make the surface 
potential  more negative than the reference one. Ac- 
cordingly, the deposition rate of silane and silicon 
tetrachloride should be lowered when they are mixed 
with phosphine and arsine. The observed dopant gas 
effect on the deposition rates of silicon chemical vapor 
is thus satisfactorily and consistently explained. These 
results are summarized in Table I. 

One fur ther  support  to our model is the agreement  
between the predicted and observed deposition rate 
dependence on the dopant atom concentration. This can 
be better understood if we describe our model using 
the surface-state concept (13). Compared with a ref- 
erence surface defined earlier, adsorbed boron atoms 
decrease the surface-state electron density, whereas 
phosphorus and arsenic atoms increase it. The induced 
local surface dipoles have their  positive and negative 
ends, respectively, pointed toward the vacuum. In te r -  
action with silane is, therefore, more at tract ive in the 
former case and more repulsive in the lat ter  than in 
that of the reference surface. Both types of interact ion 
increase with increasing coverage of the dopant ad- 
atoms on the surface. As the adatom concentra-  
tion reaches ca. 1012 a tom/cm 2, the induced sur-  
face dipoles emerge into a cont inuum (13). F u r -  
thermore, it is reasonable to assume the dominance of 
short-range interactions between the chemical vapor 

Table I. Predicted and observed dopant gas effects on the 
deposition rates of silicon and carbon chemical vapors* 

S i H ~  S i C t ~  C H I  C C h  

B o n d i n g  
S i  + - H -  S i+  - C I -  C -  - H + C + - C l -  

c h a r a c t e r s  
I I D I 

B~I-I6 
I ,  I "  D b 
D D I D 

P H s  
D a 
D D I D 

A s H 3  
D ~  

* I a n d  D i n d i c a t e  a n  increase  and decrease ,  re spec t ive ly ,  in 
d e p o s i t i o n  r a t e .  T h e  f i r s t  r o w  for  each  d o p a n t  g a s  is for  the  pre- 
dicted e f f e c t s ,  t h e  s e c o n d  r o w  f o r  t h e  observed  ef fects .  

a R e s  ( 8 ) .  
b R e f .  ( 1 7 ) .  
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molecule and the surface (8c). One, therefore, expects 
appreciable dopant  adatom effect beyond the concen- 
t ra t ion of 1012 a tom/cm 2 on the adsorption of silicon 
molecules. The observed onset of significant changes in 
the deposition rate of silane and silicon tetrachloride 
at the above dopant  adatom concentrat ion (8) is thus 
consistent with the theory. 

A quant i ta t ive  t rea tment  of this problem involves 
calculation of the interact ion between an adsorbed 
chemical vapor molecule and a differently dopant-a tom 
adsorbed silicon surface. To date, such calculations are 
extremely difficult, if not impossible (14, 15). There-  
fore, only a qual i tat ive test is given here. Some semi- 
quant i ta t ive  work is in progress to estimate the dopant 
adatom effect on the local surface electron densities. 

To test our model quali tatively,  we chose a CV mole- 
cule of opposite polari ty to that of Sill4 and SIC]4. The 
dopant  gas effect on the deposition rate of this chosen 
molecule should then be opposite to that for Sill4 and 
SIC14. One possible molecule is methane. Methane is 
also tetrahedral  but  has the C - - H  + type of ionic bond. 
The polari ty of methane  is, therefore, opposite to that 
of silane. When carbon tetrachloride is used as a chemi- 
cal vapor gas, its dopant gas effect should be similar to 
that of silane due to the C+-C1 - polari ty of this mole- 
cule. The predicted dopant gas effects for methane and 
carbon tetrachloride are also listed in Table I. For  a 
meaningfu l  test of our model in carbon CVD, data on 
diamond deposition should be used. This is because the 
s t ructure  of diamond is s imilar  to silicon, whereas the 
layer  s tructure of graphite would complicate the depo- 
sition mechanism (16). The available l i terature data 
on the dopant gas effect on diamond deposition con- 
cern the methane-d iborane  system (17). The results 
clearly show that mixing methane  with diborane 
lowers the diamond deposition rate from that  observed 
using only methane.  This is exactly the effect predicted 
by our model. 

Although limited by the available informat ion for a 
full quali tat ive test of our model, agreement  with the 
existing data is encouraging. It is, therefore, worth-  
while to point out some useful work that will be neces- 
sary to a bet ter  unders tanding  of the CVD process. 
(i) Experiments  for the lacking informat ion listed in 
Table I should be carried out for a complete test of 
our model. Also, doping with other p- and n-elements ,  
such as a luminum, should provide fur ther  testing of 
the model. (it) As a test of the dopant adatom effect 
on the surface potential, a bias voltage of the proper 
polari ty should be applied to the substrate and ob- 
servation made of its effect on the deposition rate of 
pure chemical vapor molecules. A similar test should 
be made by the application of an electric field to the 
surface. (iii) Surface properties for silicon and dia- 
mond should be studied in the presence of adsorbed 
boron, arsenic, phosphorus, and other dopant atoms. 
Such properties include the surface states and work 
function, and surface lifetimes of adsorbed chemical 
vapor molecules. This study would allow a direct un -  
ders tanding of the adsorbed dopant atom effect on the 
surface properties and is essential to our final under -  
s tanding of the problem discussed in this PaPer. 

Once the suggested experiments are shown to sup- 
port our model proposed above, it will  then be possible 
to increase the deposition rate of silicon CVD at low 
temperatures.  For example, by applying a suitable bias 
voltage which matches favorably with the polari ty of 
the chemical vapor molecule, the substrate surface po- 
tential  can be adjusted to increase the deposition rate 
beyond the current  limit. It  is also obvious that the 
right combination of molecule and dopant  gas to allow 
the maximal  increase in deposition rate must  be chosen. 
Examples from Table I are SiH4-B2H6, CH4-PH3, CC14- 
BfH6, etc. The remaining l imit ing factor will  be the 
amount  of thermal  energy available at low substrate 
temperatures.  One needs then to find a compromise be-  

tween the maximal  thermal  energy available and the 
min imal  interact ion and diffusion allowed between the 
deposited thin film and  the substrate chosen. All these 
principles should also be applicable to the CVD of 
other types of thin films, such as those for SigN4, SiC, 
W, etc. 

Finally,  since our model is concerned main ly  with 
the effect of one adsorbed species on the adsorption of 
another molecule, this work should also be useful to 
surface catalysis studies. In surface catalysis, molecular  
adsorption plays an essential role before decomposition 
or chemical reaction takes place. By varying the sur-  
face potential  as described in this paper, one should 
observe changes of the chemical reaction rates between 
adsorbed molecules. This should allow a bet ter  unde r -  
s tanding and control of the chemical reactions under  
study. In  addition, varying the magni tude  and sign of 
the surface potential  should provide impor tant  infor-  
mat ion on the formation and s trength of the chemi- 
sorptive bonds between the adsorbed molecule and the 
surface. Again, more experimental  and theoretical 
work along this l ine is needed to fur ther  advance our 
idea to surface catalysis. 
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Improvement of Lead-Free Flux Systems for 
the Growth of Bismuth-Substituted Iron Garnet 

Films by Liquid Phase Epitaxy 
J. M.  Robertson* 

Philips Research Laborato~es, Eindhoven, The Netherlands 

It has been shown that  the Bi-subst i tuted iron gar-  
nets are possible candidates for use in a magnetic  bub-  
ble display (1) or in  a beam-accessed thermomagnet ic  
memory  device (2). The first films grown for these 
purposes were from a PbO melt  (3, 4), but  they lacked 
the required optical properties. In  part icular  the opti- 
cal absorption coefficient, a, was too large, and this was 
at t r ibuted to the simultaneous incorporat ion of Pb 2+ 
ions from the flux that occurs at the low growth tem- 
peratures required for high Bi substi tut ions (5). 

Robertson et al. (6, 7) have shown that  the use of a 
flux system based on Bi203:MeO2 with Me ----Si, Ge, 
Ti, or Ce leads to improved magneto-optic properties 
of the grown layers. A value for the figure of meri t  
~/~ ---- 4.7~ at 560 nm was obtained and this is very 
near  to the 5~ required to make an efficient display 
device (1). 

Several  problems were encountered when using these 
new flux systems and this paper presents the work 
performed in improving the fluxes so that high qual i ty 
Bi-subst i tuted i ron garnet  films can be grown using 
the isothermal dipping technique of l iquid phase epi- 
taxy (8). 

Disadvantages of the Flux Systems 
The incorporat ion of the Me 4+ ions of the flux into 

the garnet  leads to higher optical absorption due to 
charge-compensat ing Fe 2+. Thus it would be better  if 
all four valent  ions were el iminated from the fluxes. 
The second problem was the na ture  of the liquids 
themselves. When garnet  growth is performed wi th  the 
substrate in the horizontal plane, it is usual at the end 
of film growth, after the sample has been removed 
from the me l t ,  to rotate it at high speed to throw off 
any remaining flux droplets. In the case of the present  
liquids this does not happen and instead the l iquid 
gathers at the axis of rotation where it freezes and 
causes a degradat ion of the qual i ty of the film by 
cracking or producing etch pits and mesas. This prob- 
lem was solved to a large extent  by dipping the sub- 
strate in the vertical plane and applying double har-  
monic motion in the manne r  as described by Brice 
et al. (9). 

When we at tempted to t ry to solve this second prob-  
lem in another  manner ,  i.e., by lowering the surface 
tension of the liquids, we found that the first problem 
was also solved. 

Use of Alkal i  Meta l  Oxides in Flux Systems 
A study was made of the effect that a lkal i -metal  

oxides would have on the surface tension of the flux 
system Bi203:MeO2 discussed above. Table I gives a 
summary  of some of the results obtained by Davies 
(10) when K20 was added to the system Bi203CeO2. 
At the measurement  temperature  of 850~ it can be 
seen that the f i rs t  4 weight per cent (w/o)  of K20 
added has quite an effect on the value of the surface 
tension. Fur ther  additions do not have so much effect. 
With 6 w/o K20 the surface tension is very similar  to 
that of PbO;Bi203, Which was used to grow films of 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Me m b e r .  
Key words: crystal gr owth ,  magneto-opt ics ,  su r fac e  tens ion ,  

m e l t i n g  points, flux sys tems .  

good qual i ty (3, 4). The numbers  in  parentheses indi-  
cate the values of other published data. 

To verify these results, we used a melt  containing 
6 w/o K20 to grow garnet  films by LPE. The melt  
composition was as follows: Bi203:CeO2:Y203:Fe20~: 
Ga203:K2CO3 : 349.5: 1.30: 2.10: 11.2:1.5:30.8 (all values 
given in  grams).  The saturat ion tempera ture  of the 
melt  was N 870~ and the films grown had a lattice 
match wi thin  _ 0.01A of the Gd3Ga5012 substrates. 
Films of good qual i ty  were grown and the viscoelastic 
na ture  of the liquids was no longer a deleterious factor. 

The surface tension apparatus also allows an estimate 
of the mel t ing points to be made. These data  are also 
included in Table I, from which it can be seen that  the 
addition of K20 lowers the mel t ing points. If the vis- 
cosity remained low, it would be possible to el iminate 
the MeO2 from the fluxes and thus reduce the te t ra-  
valent  ion contaminat ion in  the garnet  films. 

Table II summarizes some data for the values, of 
surface tension measured at 850~ and the mel t ing 
points of the flux systems Bi20~ Jr 4 w/o R20, where 
R ---- Li, Na, K, Rb, or Cs. It can be seen from the data 
that the lowest mel t ing points are achieved with the 
system Bi203:Na20 and the lowest values for the sur-  
face tension with the system Bi20~: K20, al though there 
is not much to choose between these two systems. For 
a trial  growth of garnet  films, the system Bi203:K20 
was chosen and a melt  of composition Bi2Os:Y203: 
Fe203:Ga2Os:K2CO3 ---- 349.5:2.10:11.00:3.5:20.5 (all 
values given in grams) was premelted under  oxygen 
into a crucible. This procedure was used to reduce the 
attack on the p la t inum crucibles [see Ref. (11) for 
more details]. The saturat ion tempera ture  of the melt  

Table I. Changes of surface tension when K20 is added to the 
flux Bi203:Ce02 [see Ref. (10)] 

Surface  
tens ion  Melting 

Bi2Os CeO2 Addi t ive  at 850~ point  
(m/o) (m/o) (w/o) ( d y n e  c m  -1) (~ 

100 0 213 (209)* 830 (825) 
98 2 208 ~800  
98 2 K20 1 175 
98 2 I~O 2 164 725 
98 2 K20 4 151 660-675 
98 2 K~O 6 141 665-675 

100 0 K20 4 152 670-680 
PbO-B~O~ 140 ~720  
PbO-B~O8 131 (132) 800 

* N u m b e r s  in p a r e n t h e s e s  indicate  o ther  publ i shed  data. 

Table II. Data for the surface tension and melting points of the 
system Bi203 -+-4 w/o R20 with R ---- Li, Na, K, Rb, or Cs 

[see Ref. (10)] 

Sur fa ce  tens ion  Mel t ing  
at 650~ point  

I~0 ( dyne cm -~) (~ 

LifO 171 620-640 
Na~O 157 600-625 
K~O 152 670-680 
Rb20 168 730-755 
Cs20 169 730-755 
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was about 827~ With a Gd3GahOl~ substrate vert ically 
dipped (no rotation) into the melt  at 804~ for 30 rain, 
the resul t ing film had the following properties. The 
lattice parameter  misfit was ha = 0.011A, film thick- 
ness = 6.55 ~m, uniaxia l  anisotropy Ku = 13.8 • 10~ 
erg cm-~, saturat ion magnet izat ion = 124G, and the 
magnetic  bubbles had a mobil i ty  of 5000 cm/oe sec. 

Par t iculars  of other garnet  film compositions grown 
from the system Bi203:Na20 have been reported by 
K r u m m e  et al. (12). Finally,  al though the evaporation 
rate  has not  been measured absolutely, it  seems, from 
inspection of the tops of the furnaces, tha t  the lead- 
free fluxes are less volatile than  the BifO3:PbO mix-  
tures. 

Conclusions 
Improvements  to flux systems that contain no lead 

have been investigated for the growth by LPE of bis- 
muth-subs t i tu ted  iron garnet  films and the best results 
were obtained with the system Bi20~ 4 w/o R~O where 
R = K, which has the lower value for the surface 
tension. 
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Mechanical-Chemical Technique for Removal 
of Epitaxial Spikes 
L. E. Katz* and W. C. Erdman** 

Bell Laboratories, Allentown, Pennsylvania 18103 

Epitaxial  spikes have been  a recurr ing  problem over 
the years al though defect levels have decreased with 
improved cleaning and handl ing  techniques. The exist-  
ence of these defects, which range in  height from a 
fraction of a micrometer  to several micrometers can 
result  in mask damage when contact p r in t ing  is used. 
It is the purpose of this paper  to describe a simple, 
effective, and efficient technique for removing these 
defects without  introducing any addit ional damage to 
the wafer. Proper  uti l ization of the technique removes 
v i r tua l ly  all epi-spikes and results in  a wafer which 
carl be contacted to a mask without  causing mask 
damage. 

Prior  at tempts  to remove or reduce the number  and 
size of spikes have involved various mechanical  meth-  
ods which included scraping with a razor blade, crush- 
ing, or abrading. All  of the simple mechanical  removal  
techniques tend to be inadequate  because of poor re- 
moval efficiency and an a t tendant  high risk of surface 
contaminat ion from particulates. A chemical etching 
technique was developed earlier (1) to selectively ex- 
pose spikes to chemical etching. While the removal  
efficiency is high, the method suffers from an in te rmi t -  
tent  background of extraneous 1 etch pits that is i n -  

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  Me m b e r .  
* * D e c e a s e d .  
Key words: defec t s ,  mask  d am age ,  si l icon. 
i Extraneous etch pits are  def ined h e r e  as pits  not  r e la t ed  to 

epi-spikes  but to the  spike  r e m o v a l  process .  Spike  r e m o v a l  pits 
are  def ined as those  pi ts  present ,  a f t e r  spike  r e m o v a l ,  at  the  
identical site of an epi-spike.  

tolerable, especially as chip size is increased. An  addi-  
t ional impetus for a new approach arises from the 
number  of processing steps of the previous process 
which increases wafer  cost. 

Experimental Procedure 
The evaluat ion procedure involved counting and 

mapping the number  of epi-defects on a par t icular  
group of wafers. Twen ty -n ine  chips of the ,-,90 chips 
(~0.23 • 0.30 cm) present  were mapped. The wafers 
were then subjected to the spike removal  process and 
once again mapped; this t ime for spike removal  pits. 
Counting repeatabi l i ty  was general ly  wi th in  ~_ 1 defect 
per 29 chips. The defects were examined optically to 
determine if the spike had been ent i rely eliminated. It 
is important  that  extraneous pits not be introduced 
since this can cause other processing problems later on. 
This new spike removal technique was also evaluated 
for mask damage. The procedure involved obtaining a 
defect count from a b lank chrome mask, using a laser 
scanner  (2). The wafer, after spike removal, was then 
contacted to the mask and once again a defect count 
obtained using the laser  scanner. Since the n u m b e r  of 
defects was general ly low, the damage was magnified 
either by mult iple  contacting of wafers to the same 
mask, or using wafers which had been grown with 
thick epi-layers in such a manne r  as to maximize the 
number  of spikes. Such techniques provided a critical 
evaluat ion for the spike removal technique. 
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When a precision steel edge, typical of a commercial 
razor blade, is d rawn across the surface of an epitaxial 
silicon wafer, any spikes present  on the wafer have a 
high probabi l i ty  of being fractured. The remainder  of 
a spike can be as damaging to a contact mask as the 
spike itself before the mechanical  removal  step. Earl ier  
attempts to use mechanical  methods as a sole t rea tment  
suffered from the effects of a fluctuating but  signifi- 
cantly high n u m b e r  of par t ia l ly  removed spikes to- 
gether with debris from the mechanical  f racturing 
process. This "residual" spike effect can be almost 
totally el iminated by following the spike-fractur ing 
step with a chemical etch, provided a protective oxide 
film is present. 

The present  method involves thermal ly  oxidizing 
the epitaxial  wafer to produce a film from 0.3 to 0.5 
~m thick. The wafer is then scraped with a commercial 
razor blade while the wafer is secured on a stable 
planar  platform using a vacuum chuck. The blade is 
held on a machine  assembly which draws the blade 
with a constant  force, angle, and speed over the wafer 
surface. A few drops of dilute detergent  (1000 parts 
deionized water to 1 part  Tri ton X-100) placed on the 
wafer prior to f ractur ing the spikes is beneficial in  
removing the debris formed during the spike-f ractur-  
ing process. The chuck is arranged to index to 90 ~ of 
the original presentat ion to the blade and the blade is 
run  again over the surface. The double mechanical  
t rea tment  serves to increase the probabi l i ty  of at least 
some fracture to almost all spikes without  causing ap- 
preciable extraneous surface damage. Hand manipula-  
t ion of a blade is effective and can be used in lieu of a 
machine as long as the wafer is well secured on a 
vacuum chuck or equivalent.  

After  mechanical  t reatment ,  the wafer is placed in 
an etch bath of 5M aqueous KOH at 85~ for 15 rain. 
The etch rate  typical of the etchant ,  approximately 
2 # m / m i n  on all silicon planes except the (111), is 
sufficient to destroy all damaged spikes wi thin  the 15 
rain interval.  It should be noted that  the spike need 
only be superficially fractured by the mechanical  step 
to be removed if the protective oxide film is ruptured.  
The undamaged oxide film over the remainder  of the 
epitaxial wafer is extremely efficient in protecting the 
surface. This is t rue because of the low inherent  p in-  
hole density of thermal  oxide films of this thickness 
and the relat ive slow etch rate of thermal  SiO~ in  KOH 
solution (~,50 A/ ra in ) .  The etch step in KOH is easily 
adapted to usual  batch processing techniques. The etch 
bath can be easily thermostated ( ~ I ~  is sufficient) in 
a controlled external  water  bath. 

Experimental Results and Discussion 
Spike removal.--Wafers from different lots were 

mapped with respect to spikes with the oxide present, 
and were mapped again after spike removal. Evalua-  
tion consisted of counting the total number  of spikes 
on 29 chips on each wafer. Values obtained for various 
wafers ranged from 0 to 6. The number  of spike re-  
moval pits for each wafer corresponded to the original 
number  of spikes. The conclusion from this exper iment  
is that the mechanical-chemical  spike removal  process 
is capable of removing spikes with little or no "back- 
ground" of extraneous pits. This is not the case, as 
discussed previously, with the chemical etching tech- 
nique. 

Figure 1 shows a wafer surface including a spike at 
different stages of mechanical-chemical  projection re-  
moval. The undamaged spike is shown in  Fig. 1 (a). 
Figure l ( b )  shows the appearance of the spike after 
the mechanical  damage step. Clearly only part  of the 
spike is removed. It is obvious that mechanical removal 
alone is less than adequate for most purposes. The ap- 
pearance of the spike site and sur rounding  wafer sur-  
face after KOH etching shows the total absence of 
debris and the complete removal of the spike as seen 
in Fig. 1 (c). 

Fig. 1. Epitaxial silicon spike: (a, top) prior to spike removal; 
(b, center) after mechanical damage; (c, bottom) after mechanical- 
chemical spike removal. 

Mask damage.--The procedure using b lank  chrome 
masks and laser inspection was described previously. 
The laser counting statistics involve an error bar  equal 
to plus or minus the square root of the number  of de-  
fects. The mask area examined was a 3.8 cm square. 
In all cases, two laser counts were taken on each mask 
prior to contacting and those masks showing a large 
number  of the defects were discarded. The laser scan- 
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ner  is capable of measur ing defects ~ 1.8 ~,m in size. 
After  contacting, two addit ional  laser counts were 
taken. 

Results showed that the mask defect density could 
be reduced from 10-60 (for wafers not subjected to 
spike removal)  down to 1-2 (for wafers subjected to 
spike removal) .  These results were confirmed when 
several wafers which had been subjected to spike re-  
moval were contacted to the same mask. 

As a severe test of the capabil i ty of the spike re-  
moval process, epi was grown on silicon substrates in  
such a manne r  as to obtain a high density of large 
spikes. Such wafers put  through the spike removal  
process showed lit t le or no mask damage wi th in  sta- 
tistical limits. When high spike density wafers were 
contacted without  the spike removal  process, the mask 
defect counts were very high (>50) .  The conclusion is 
that even high densities of large spikes can be success- 
ful ly removed from the wafer with li t t le or no subse- 
quent  mask damage. 

Conclusions 
A new mechanical-chemical  spike removal technique 

has been devised which effectively removes epi-spikes 
without introducing extraneous pits. No photoresist 
operations are involved. A mask damage evaluat ion 
technique has been described and used to evaluate 
m a s k s  contacted to wafers subjected to the new spike 
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removal technique. Results based on the mapping of 
defects and mask damage studies lead to the conclu- 
sions that the new spike removal  technique efficiently 
removes epi-spikes and that wafers subjected to this 
process produce li t t le mask damage when  contacted to 
b lank chrome masks. 

Although epi-spike densities are general ly low, this 
simple process guarantees that  no damage will  result  
from the few spikes which may have ini t ia l ly  been 
present. 

Manuscript  submit ted Feb. 19, 1976; revised manu-  
sc r ip t  received Apri l  25, 1976. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by Bell  
Laboratories. 
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The Diffusion of Compensating impurities 
in Single Crystal Cadmium Sulfide 

J. L. Sullivan 
University of Aston, Gosta Green, Birmingham, England 

With a bandgap of about 2.5 eV, one would expect 
single crystal cadmium sulfide to exhibit  high re-  
sistivity at room temperature.  Due to a nonstoichio- 
metric crystal structure, however, room tempera ture  
resistivities of 1 ohm-cm are typical in  ul t rahigh 
pur i ty  material.  If a Group I impur i ty  such as Cu, Ag, 
or Au diffuses into the crystals, the occupation of Cd 
lattice sites by the impur i ty  atom results in the forma-  
t ion of deep electron traps. Thus a high resistance 
region is formed where the concentrat ion of impur i ty  
atoms occupying Cd vacancies is great enough to re-  
move most of the electron from the conduction band. 
This property is used in  the production of many  photo- 
conductive devices. 

It has been widely suggested that an in ters t i t ia l -sub-  
st i tut ional  mechanism is dominant  in  compensating 
impur i ty  diffusion. The CdS lattice is a te t rahedral ly  
bonded wurtzi te  s t ructure which is equal ly open in all 
directions. There are two major  interst i t ial  sites avail-  
able for an impur i ty  atom: a te t rahedral  site of mean  
radius 0.10 nm and an octahedral site of mean  radius 
0.14 nm. Allowing for thermal  relaxation, both sites 
are sufficiently large to accommodate an impuri ty.  It  
is thus most l ikely that diffusion takes place via these 
sites and that  an in ters t i t ia l -subst i tu t ional  mechanism 
is indeed responsible. If net compensation of crystal 
resistivity is to occur, however, the time spent by an 
impurity in an interstitial position must be very much 
less than that spent in a Cd vacancy. If this were not 
so, electrons donated to the conduction band by the 
interstitial impurity would compensate for those re- 
moved by impurities occupying vacancies and no net 

Key words: diffusion, cadmium sulfide. 

change in resist ivity would occur. Thus we must  re-  
gard the energy required to remove an impur i ty  from 
an interst i t ial  site as very  much less than that  to re-  
move the impur i ty  from a subst i tut ional  site. 

The Migration Energy of Diffusion 
Following an approach due to Glyde (1), an impur i ty  

atom residing at a Cd lattice site makes a jump to an 
adjacent interst i t ial  site when its displacement from the 
equi l ibr ium position is large enough and when the sur-  
rounding atoms move so that the impur i ty  may pass. 
The probabi l i ty  of an atomic displacement us along 
the ~ axis (2) is 

1 {  u~2 } [1] 
P(u~)  : (2~ <ua2>)  -1/2 exp -- y <u~2> 

If, for simplicity, we consider a cubic crystal  [the dif- 
ference between the wurtzi te  and zinc blende struc-  
tures is small enough to make this assumption valid; 
for example, Bocchi and Ghezzi (3) have shown that  
the ratio of the mean  square ampli tudes paral lel  and 
perpendicular  to the c axis in CdS is 1.09], it may 
then be shown (1, 4) that 

P(u~) = 
mSD 2 ~ / 

( )  OD2~ce2m 1 k ~. 
[21 exp -- -~ ~ kT 

where m is the mass of the diffusing atom, k is the 
Boltzmann constant, T is the absolute temperature,  and 
OD =-']TwD/k. 
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If the distance between a Cd vacancy, Vcd, and an ad- 
jacent  interst i t ial  site, I, is b, then a jump occurs when 
u = b/2, and 

P ( b / 2 )  "-- 
W%0D 2 

exp - -  - ~ -  -h k T  

Similar  expressions may be derived (i) for the subse- 
quent  I --> Vcd jump and (ii) for the movement  of the 
surrounding atoms to allow the jumps to take place. 
The total probabil i ty  of impur i ty  movement  from one 
vacancy to the next  is the product of the individual  
probabilities. The effect of (i) is t o  modify the pre-  
exponential  terms by a constant amount  and to in t ro-  
duce a constant, g, into the exponential.  The prob-  
abilities (ii) are not dependent  on impur i ty  mass and 
the effect of these is to change the preexponential  te rm 
by a constant amount.  Thus the total probabi l i ty  of 
impur i ty  movement  from one vacancy to the next  is 

P = constant - -  
roOD 2 f 

e x p - - - ~ - -  -ff ~ k T  ,. [3] 

We may imagine the potential  acting on an impur i ty  
atom in moving from vacancy A via an interst i t ial  B 
to the next  vacancy C to be as shown in Fig. 1 if the 
impur i ty  compensates crystal resistivity Emv > >  Emi 
and the constant g is very close to unity. 

Then from Eq. [3] we may write the diffusion jump 
rate as 

Em 
12 ---- O , o  exp - -  

kT 

where Em is the mean impurity migration energy, but 
12 cc P. Hence 

l ( k O D b ~  ~ 
Em ---- [4] 

24 ~ 7  m 

T h e  A c t i v a t i o n  Energy of Impur i ty  Di f fus ion 

The activation energy of the diffusion process may be 
wri t ten  

Q -- Ef -~ Em [5] 

where Ef is the vacancy formation energy. If the im- 
purity concentration is low, the vacancy formation en- 
ergy is independent of the impurity atom. The ac- 
tivation energy for impurity diffusion therefore con- 
sists of a constant term, El, plus a term representing 
the migration energy of the diffusing species and de- 
pendent on the mass of that atom. Then 

A B C 

Fig. 1. Two-dimensional representatives of the potential acting 
on an atom in moving from vacancy A to vacancy C via an inter- 
stitial B. 

1 I kODb l~n [6] 
Q=E,+N -N-- 

If  all the impur i ty  atoms follow the same net dif- 
fusion route, b is also constant and a plot of Q vs. m 
is l inear  of slope S and intercept  on the Q axis equal 
to Ef. Insert ing values of physical constants in Eq. [6] 
and rearranging in  terms of b we have 

b = 3.08 X 10-13S1/2m [7] 

This value of b identifies the migrat ion route of the 
diffusing atom and hence isolates the diffusion mecha- 
nism. The value of eD used in Eq. [7] is that derived by 
Bocchi and Ghezzi (3) from mean square amplitudes. 

Discussion 
Figure 2 shows the dependency of Q (taken from a 

series of recent measurements  for atoms occupying Cd 
lattice position) on m. Considering the many  different 
techniques employed in the measurements,  the curve 
is reasonably linear. From the curve Ef : 0.6 eV and 
b ---- 0.248 nm, the expected error  in  b is ~12%. 

In  his prediction of migrat ion routes in spinels, 
Grimes (6) found that  atoms behaved as though they 
were hard spheres. If we follow this approach there 
are two possible interst i t ial  sites in  CdS capable of 
accommodating the impur i ty  ion: the te t rahedral  in-  
terstit ial  site at a distance of 0.253 nm from a Cd lattice 
site and the octahedral site at distance 0.293 nm. The 
distance between the two interst i t ial  sites is 0.245 nm. 
Due to close packing of the sulfur  atoms, the only 
jump possible for an i m p u r i t y  atom occupying a Cd 
vacancy is to a te t rahedral  interst i t ial  site, a distance 
of 0.253 nm. Inters t i t ia l - intersUtial  migrat ion is then 
possible, but  since the t ime spent in interst i t ial  posi- 
tions must  be small, the most l ikely movement  of the 
impur i ty  is to a Cd vacancy. Thus, the most probable 
diffusion route is V c d  "-> Itet "-> Vcd wi th  a mean  jump 
size of 0.253 nm, al though the route Vcd --> Itet "+ Ioct 
--> Itet --> Vcd is possible. Here the mean  jump size is 
0.249 nm. 

Conclus ion  
Using a "hard-sphere" model, the expected mean  

jump size for an inters t i t ia l -subst i tu t ional  diffusion 
mechanism lies between 0.249 and 0.253 nm and is prob-  
ably much closer to the higher figure. From a relat ion-  
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Fig. 2. Dependence of the activation energy for diffusion of com- 
pensating impurities in CdS on the mass of the diffusion atom. 
Q Anderson and Chang (7), [ ]  Dabrovinskya et al. (8), �9 Maly- 
sheva (9), * Nebauer (10), A G. A. Sullivan (11), �9 J. L Sullivan 
(12), + Woodbury (13), X Zmija and Damianiuk (14). 
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ship established between the migrat ion energy and the 
mass of the diffusing element, the mean  jump size cal- 
culated from recent  exper imental  data is 0.248 n m  
+--12%. Very acceptable agreement  is thus found from 
the mean  jump size derived from exper imental  data 
and that  to be expected for an inters: t i t ial-substi tu- 
t ional mechanism. The agreement  s trongly suggests 
that  this is the dominan t  mechanism for compensat ing 
impur i ty  diffusion in  single crystal CdS. 

Manuscript  submit ted July  29, 1975; revised m a n u -  
script received Apri l  5, 1976. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 
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Brief Con mun cadons 

Vacuum Ultraviolet Excitation Spectra of 
Phosphors for Use in Gas Discharge 

Display Panels 
A. W. de Jager-Veenis and A. Bril* 

Philips Research Laboratories, Eindhoven, The Netherlands 

For use in gas discharge display panels, phosphors 
are required that  have a high efficiency and a high 
light output  (high absorption, i.e., low reflection) for 
vacuum ultraviolet  (v.u.v.) excitation, e.g., from Xe, 
Kr, or Ar discharges. Wel l -known phosphors that  could 
be used for this purpose are, for instance, wil lemite 
(Zn2SiO4-Mn) with low Mn concentrat ion as a green-  
emit t ing phosphor, CaWO4-(Pb) as a b lue-emi t t ing  
one, and the halophosphate Sb-Mn, which has a white 
emission (1-7). The relat ive excitation spectra of 
rare earth activated phosphors like Y203-Eu ~+ and 
YVO~-Eu a+ (red emit t ing) ,  Y~O2S-Tb a+ and SrGd~S4- 
Eu 2+ (green emit t ing) ,  and Y2SiOs-Ce 3+ and 
Sr~(PO4)2-Eu 2+ (blue emitt ing) have also been re-  
ported (2, 3, 6). In their  exper imental  display panels, 
Ohishi et al. (6) used Y2SiO~-Ce in the blue, Zn2SiO4- 
Mn in the green, and Y203-Eu or YVO4-Eu in the red 
region. Fukush ima et al. (7) used M (P,V) 04, Zn2SiO4- 
Mn, and M(P,V)O4-Eu 3+, respectively (M ---- rare 
earth) .  

Searching for a guide to find an efficient "v.u.v. phos- 
phor" we looked among the we l l -known efficient 
cathode ray (CR) phosphors and middle  ul t raviolet  
(m.u.v.) phosphors (e.g., fluorescent lamp phosphors).  
With CR excitation, the excitation energy is absorbed 
in  the host lattice, so that  there should be t ransfer  
of absorbed energy to the luminescent  centers. Many 
efficient m.u.v, phosphors are excited directly in  the 
centers. These mechanisms might  also hold for the 
respective types of phosphors when the excitation is 

* Electrochemical  Soc ie ty  Act ive  M e m b e r .  
K e y  words:  excitat ion spectra,  vacuum ultraviolet ,  lumines-  

cence,  quantum efficiency. 

extended to the v.u.v, energy region. However, al- 
though the very efficient m.u.v, phosphor halophos- 
phate-Sb-Mn,  for example, is a good v.u.v, phosphor, 
too, YVO4-Eu and Y202S-Eu are both efficient CR and 
m.u.v, phosphors wi th  a poor l ight output  in the 
V.U.V.  

Experimental 
Our  excitation measurements  extended from ~. ---- 160 

up to 260 nm, at which lat ter  wavelength the absolute 
quan tum efficiency can be readily measured (8). If no 
light output could be obtained by excitat ion at k ---- 260 
nm, the Cd spectral l ine at ~ ----228.8 nm was used as a 
radiat ion source for absolute measurements.  

The excitation spectra were measured on a Seya- 
Namioka type McPherson 235 monochromator,  the 
radiat ion source was a deuter ium lamp with supr.asil 
window, and the emitted (visible) radiation was de- 
tected with a spectrally cal ibrated EMI 9558Q photo- 
mult ipl ier  ($20 cathode). 

Results and Discussion 
We measured among our own samples the excitation 
spectra and quan tum efficiencies of some of the phos- 
phors ment ioned in  Ref. (1-7) and found a reasonable 
agreement  with those figures, as far as they are given 
absolutely. We did not measure the ( low) diffuse re- 
flections below ~ ---- 220 nm. The efficiency values below 
that wavelength were calculated on the assumption 
that the diffuse reflection and consequently the ab-  
sorption did not change from ~ ---- 220 to 160 rim. 
None of the phosphors were optimized to obtain the 
highest efficiency for v.u.v, excitation. We found a tea-  
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Fig. 1. The excitation spectra of (a) (CaMg)SiO~-Ti; (b) 
Srs.sMg6AI55094-Eu2+; (c)BaMg~AI160~7-Eu2+; (d) CeMgAIl~O19- 
Tb~+; (e) Sr~(PO4)2-TI~+; (f) CeF~-Tb ~+. 

sonably good efficiency at  ~exc = 160 nm for the  phos-  
phors made  in our labora tor ies :  (Ca,Mg)SiOs-Ti  (blue 
emission) (9), (Sr, Eu)5.sMg6Al~5094 (blue)  (10), 
BaMg2Al16027-Eu 2+ (blue)  (10), CeMgAIllO19-Tb s+ 
(green)  (10), which a re  known  a l r eady  to be good 
m.u.v, phosphors  (appl ied  in new genera t ion  "de luxe"  
fluorescent l amps) ,  Sr3 (PO4) 2-Tb ~ + (green)  (11), and 
CeFs-Tb 3+. The l a t t e r  has a green Tb 8+ and u.v. Ce 3+ 
emission; the rat io  of green to u.v. emission shifts to 
green at h igher  Tb s+ concentrat ions (12). The  v.u.v. 
rad ia t ion  is absorbed in  the  Ce ~+ ion and t rans fe r red  
pa r t i a l l y  to the TbS+: in the  exci ta t ion spec t rum the  
Ce 3+ absorpt ion dominates  the  Tb 3+ peaks  [see Ref. 
(13)].  In  par t icular ,  the phosphors  CeMgAlllO19-Tb 3+ 
and CeF j -Tb  ~+ have a r a the r  constant  and high effi- 
ciency throughout  the spec t rum (see Fig. 1). We in tend 
to describe separa te ly  the  mechanism of energy  ab-  
sorpt ion and t ransfe r  in the  phosphors.  Somewhat  
lower  quan tum efficiencies are  found, for instance, for 
the  phosphors:  CePO4-Tb s+ (green) ,  2CaO-A12Os- 
SiO2-Ce ~+ (gehlenite;  b lue) ,  YVO4-Bi,Dy ~+ (ye l low) ,  
and CaWO4-TbJ+,Nb (blue green) .  The  exci ta t ion 
curves are  given in Fig. 2. 
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Air Anneals of Unencapsulated InP/CdS Solar Cells 
Sigurd Wagner and J. L. Shay 

Bell Laboratories, Holmdel, New Jersey 07733 

and K. J. Bachmann* and E. Buehler 

Bell Laboratories, Murray Hill, New Jersey 07974 

The p - I n P / n - C d S  heterodiode solar  cell  ( i -B) is a 
candidate  for la rge  scale t e r res t r i a l  application.  How-  
ever, pr ior  to its extens ive  development ,  a sa t is factory  
opera t ing  l i fe t ime and deve lopment  of a po lycrys ta l -  
l ine thin film device are  required.  In this  paper ,  we 
present  results  of anneal ing exper iments  in ambien t  a i r  

�9 E l e c t r o c h e m i c a l  Soc i e ty  Active Member. 
K e y  w o r d s :  I n P / C d S ,  h e t e r o j u n c t i o n ,  s o l a r  cel ls ,  l i fe  testing. 

which provide  convincing evidence for the  s tab i l i ty  
and long life expectancy of this  cell. 

n -Type  films of CdS were  grown on p - t y p e  Cd-doped  
single crysta ls  of InP essent ia l ly  as prev ious ly  repor ted  
(1, 2). However,  for  the  present  exper iments ,  the  Cd 
source t empera tu re  was raised f rom 350 ~ to 375~ to 
increase  the  Cd to S flux ra t io  f rom 4.5 to 5.8. The  InP 
subst ra tes  were  kep t  at  240~ Room t empera tu r e  Hal l  
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measurements  on a typical CdS film with a thickness of 
10 ~m gave the following results:  p = 0.0063 ~2-cm, 

= 140 cm2/V-sec, n : 7.1 X 10 TM cm -a. 
We have previously shown (2) that  there is no ap-  

preciable interdiffusion of the components in the I n P /  
CdS cell dur ing  15 min  anneals  in  air  at temperatures  
up to at least 500~ The capacitance-reverse voltage 
characteristic was unchanged by these anneals. How- 
ever, for anneal ing temperatures  above 400~ the re-  
sistivity of the CdS with n = 2 • 10 is cm -3 increased 
enormously, as shown by the squares in Fig. 1. Such 
large CdS resistivifies lead to large series resistances 
which dissipate power internally,  thereby greatly re-  
ducing the solar cell efficiency. Nonetheless, it is in -  
tui t ively obvious that  ra ther  long useful lifetimes will  
result  under  operat ing conditions (T < 50~ since 
temperatures  greater  than 400~ are needed tO deterio-  
rate a cell's performance in  15 rain. 

I's was with these observations in mind  that  we began 
a program of accelerated life tests for the InP /CdS  
cell. The objective of the program was to measure  the 
t ime required for the CdS resist ivity to increase to a 
value (~1  ~-cm)  such that  the fill factor and power 
delivered are appreciably (,-,50%) reduced. If these 
"lifetimes" are plotted vs. T - z  and extrapolated to 
operat ing tempera ture  (~50~ an upper  l imit  to the 
useful l ifetime can be estimated. (Of course, the ex-  
t rapolat ion assumes identical degradation mechanisms 
at temperatures  of test and of operation.) 

Instead, we have found that  the resist ivity of CdS 
films with n ~ 1 X 1019-cm-a is not appreciably al-  
tered by air  anneals, and that  it will  not  be the l imi t -  
ing factor de termining the l ifetime in ambient  air. As 
shown by  the circles in  Fig. 1, the resistivity of these 
highly conducting films is essentially unchanged by  
15 min anneals in air for temperatures  up to 600~ The 
error bars for 550~ indicate the spread in values ob- 
tained for three different samples. In  Fig. 2, we show 
the variat ion of CdS resist ivity for much longer anneals  
in air at 485~ Whereas the resist ivi ty of the earlier 
samples increases from 0.019 to 2 ~ - c m  in 15 rain, the 
resistivity of the new films only increases from 0.006 to 
0.04 ~ -cm after 7 days at 485~ A simple extrapolat ion 
of these data to p ,~ 1 12-cm indicates a l ifetime of 1 
month  at 485~ The open-circui t  voltages indicated in  
Fig. 2 for ~ 1-3 day anneals  are higher than both the 
max imum value of 0.72V previously reported (2) and 
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Fig. 2. Resistivity of CdS films (on p-lnP substrates) for long 
duration air anneals at 485~ Open-circuit voltages measured with 
a 3200~ tungsten-halogen lamp and a KG2 filter to simulate 
AM1 conditions (93 mW/cm2). No antireflection coatings were 
applied to the solar cells. 

the band bending in the InP  (0.65V) determined from 
capacitance measurements  (4). 

Since such a slight increase in resist ivity is observed 
at 485~ higher temperatures  are required for ac- 
celerated life testing. We now show that  higher t em-  
perature  anneals change the morphology of the CdS 
film, and that  these changes impair  the effectiveness of 
the solar cell. The data shown in Fig. 1 are l imited to 
temperatures  ~ 600~ since for anneals at 650~ in  
air or in forming gas (15% H2 + 85% N2) the CdS 
becomes porous. The CdS layer  detaches from the InP  
if an at tempt is made to apply G a - I n  or soldered In  
contacts. This behavior results from an attack of the 
CdS by ambient  air (oxidation to CdO and SOn) or by 
forming gas (reduction to Cd and H~S). A very  thin, 
whitish, resistive film, probably  of CdO, developed on 
the CdS dur ing the long dura t ion annea l s  shown in  
Fig. 2. It was necessary to buff off this film using Linde 
B (0.05 ~m) in order to perform the electrical measure-  
ments. 

We have shown that this morphological change does 
not result  from a chemical reaction between the InP  
and the CdS by anneal ing samples of InP /CdS  in flow- 
ing argon, saturated with Cd and S vapor from an up-  
stream source of CdS powder. During 15 mi n  anneals  
at temperatures  up to 750~ the diodes are chemically 
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stable. At  800~ the CdS l aye r  separa tes  from the In_P 
due to in ter fac ia l  bui ldup of h igher  than  a tmospher ic  
pressure  of InuS, Cd, phosphorus,  and sulfur.  There  is 
no significant interdiffusion of the  components  up to 
~-- 700~ since the  capac i tance-vol tage  curves are  wel l  
behaved (Fig. 3) and evidence only a gradua l  increase  
in the  InP acceptor  concentra t ion  f rom 1.0 X 1017 cm -3 

in i t ia l ly  up to 4.8 X I0 n cm -8 subsequent  to the  700~ 
anneal.  This increase  in acceptor  concentra t ion  m a y  
resul t  f rom diffusion of excess Cd f rom the CdS into 
the InP. For  an anneal  at  750~ the  capac i tance-vo l t -  
age character is t ic  becomes f requency dependent  as 
shown in Fig. 4. 

F r o m  all  of these  results,  w e  conclude tha t  the  use-  
ful l i fe t ime of the  I n P / C d S  solar  cell in ambien t  a i r  
wil l  be l imi ted  u l t ima te ly  by  a de te r iora t ion  of the  
CdS morphology.  Acce le ra ted  life test ing under  these 
conditions wil l  be difficult since contacts must  be ap -  
pl ied in i t ia l ly  which  can wi ths tand  the high t empera -  
ture  anneals.  Al though  our a t t empt  to measure  an 
accelera ted l i fe t ime for  the  I n P / C d S  cell  has been  
f rus t ra ted  by  the electr ical  s tab i l i ty  of the CdS films, 
it  has cer ta in ly  led to an encouraging resul t  for  t e r -  
res t r ia l  applications,  
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Etch Polishing of GaP Single Crystals 
by Aqueous Solutions of Chlorine and Iodine 

A. Milch 
Philips Laboratories, Briarcli~ Manor, New York 10510 

Invest igat ions  of the  halogen etching of I I I -V  semi-  
conductors, GaP in par t icular ,  r epor ted  in the  l i t e ra -  
ture have employed  two basic a t tack  modes (1-4).  They 
are a halogen dissolved in an organic l iquid (1, 2, 3), 
or an aqueous solut ion of NaOC1 and HC1 (4). A th i rd  
method is descr ibed in which the a t tack  med ium is an  
aqueous.I2-KI-HC1 solution, but  was used only for the  
etching of gal l ium arsenide  (5). 

The present  work  or ig inated  wi th  the need for a 
clean pol ishing etch for the  control led removal  of m a -  
te r ia l  f rom ve ry  thin ep i tax ia l  layers  of p - t y p e  GaP 
on n - t y p e  substrates.  Wha t  was requi red  was a chemi-  
cal ly  clean surface on a p - l a y e r  of about  3 ~m th ick-  
ness. The Cl2/methanol  or Br2/methanol  systems, cut-  
t ing at  values of app rox ima te ly  i0 ~m/min  (1), would 
necessi tate uncont ro l lab ly  short  etch times. Moreover,  
the  C12/organic solvent  system is inconvenient  and pos-  
s ibly dangerous.  

The aqueous NaOCI-HCI etchant  has the d rawbacks  
of in t roducing nonvola t i le  a lka l i  ions which have  been 
known  to degrade  semiconductor  pe r fo rmance  (6, 7), 

Key words: etch polishing, semiconductors. 

and, insofar  as the  avai lab le  l i t e ra tu re  reveals  (4), re -  
quires e lect rolyt ic  methods ra the r  than the opera t ion-  
a l ly  s impler  chemical  etch techniques.  An  obvious ex -  
pedient  is to consider the  ha logen -wa te r  system since, 
in doing so, all  of the  above d isadvantages  a re  e l imi -  
na ted  at once. 

This communicat ion recounts  some observat ions  on 
the etching and pol ishing of single crys ta l  ep i tax ia l  
GaP by aqueous solutions of chlor ine and iodine. Dis-  
propor t iona t ion  of both these halogens occurs (8) in 
aqueous solut ion according to the  react ion 

X2 (aq) + H20 ~ HX + HOX (X _-- halogen)  

where  both the dissolved halogen and the hypohalous  
acid may  act as oxidizing agents. Note that  wi th  X ---- 
C1, the sys tem is somewhat  equivalent  to the NaOC1/ 
HC1 system ment ioned above, but  wi th  the  po ten t ia l ly  
deleter ious effects of the Na + ion removed.  

Experimental 
ChIor~ne.--Experimentally, a sample  of ga l l ium 

phosphide of known surface area  (neglect ing surface 
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Table !. Etch rates of GaP by saturated chlorine water 

T e m p e r -  CI~ solu-  E t c h  r a t e  (~m/min) 
a t u r e  b i l i ty  (9) 
(~ (gAiter) (111) B-face (100) 

6 11.3 0.45 • 0.14 0.31 b 
20 7.3 1.25 • 0.25 a - -  
20 7.3 0.32 • 0.14 0.25 • 0.06 
45 4.2 1.9 a,b - -  

45 4.2 LO b N 
67 2.8 0.014 • 0.001 0.016 • 0.002 

a Sample held directly in bubble stream. 
b One determination. 

roughness) was waxed to a glass slide and suspended in  
the stirred etchant  for a known  period of time. The 
q u a n t i t y  of mater ia l  removed was determined by 
weight loss using a Sartorius microbalance readable to 
__0.001 mg on an optically projected vernier  scale. Ac- 
tual  repeatabi l i ty  after successive weighings was gen- 
eral ly bet ter  than  --+0.01 mg while actual weight loss 
measurements  were general ly  greater than 0.5 mg. 
Knowing  the density of GaP (4.13 g/cmS), the thick- 
ness removed and etch rate are readily obtained. 

The saturated chlorine solution was freshly prepared 
each day by bubbl ing  the gas through distilled water  
for about 15 min  prior  to etching in  order to achieve 
saturation. Following this, active bubbl ing  was ma in -  
ta ined throughout  the etching experiments.  S t i r r ing  
was provided by the agitat ing action of the gas bub -  
bles. Results of experiments  conducted at four different 
temperatures  on both B-face (111) and (100) surfaces 
are given in  Table I. It  is evident  that  etch values are 
sensitive to agitation as indicated by the high rates in  
the bubble  stream. There appears to be a very  weak 
peak in etch rate slightly above room temperature.  
This is presumably  due to the strong and opposing ef- 
fects of tempera ture  on the solubil i ty of C12 in  water  
on the one hand and on the react ion rate of the dis- 
solved chlorine with the GaP on the other. The effects 
of agitat ion appear to be quite significant and may ex- 
plain the spread of values in some of the grouped data. 
Nevertheless, the range of observed etch rates is very  

satisfactory if it is desired to remove very th in  layers 
of GaP. 

Samples for etch experiments  were chosen for heavy 
faceting in  order to test the polishing action of the 
etchants. A typical result  is displayed in  Fig. 1. Visual 
comparisons indicate that  (111) surfaces polish more 
readily than (100) surfaces and that  the etch polishes 
about as effectively near  room tempera ture  as at 6~ 
Etch rates at 67~ are so slow as to produce no visible 
changds over very protracted periods of time. It  can be 
seen from the caption accompanying the photographs 
that considerable thickness of mater ial  had to be re-  
moved in these experiments  i n  order to demonstrate  
polishing. This is an obvious result  of the deliberate 
choice of heavily faceted mater ia l  to begin with. 

Iodine as an e tchan t . - -Assuming  no chemical reac- 
tion with water, the molar  concentrat ion of s tandard 
chlorine water at room tempera ture  is about 0.1M. Ac- 
cordingly, a 0.1M solution of iodine in about 1/2M HI 
was prepared and tested. 1 The etching action is prac-  
t ically zero: in two experiments,  an etch rate of about 
0.0.06 gm/min  was observed dur ing  a 50 min  etch period 
(equivalent  to the removal  of about 100 #g of GAP). In  
addition, considerable s taining of GaP was observed. 
Hence iodine was quickly abandoned as a reasonable 
etchant for gal l ium phosphide. 

Conclusions 
Water saturated with chlorine at room tempera ture  

is an excellent etch medium for GaP. It is convenient  
and clean, and the etch rate of about l/a g m / m i n  is ideal 
for the metered removal of reasonable thickness of 
material  with an acceptable degree of precision. I t  is a 
good polishing etch, with slightly bet ter  results being 
obtained with the (111) B-face of GaP. Aqueous HIa 
solutions are almost ineffective for etching GaP. 
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1 Iodine is v i r tua l ly  inso lub le  in w a t e r ,  I t  d i s so lves  in i od ide  
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F~g. 1. Etch pollshlng of GaP by saturated chlorine water at room temperature 



1258  J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  Augus t  I976 

Manuscript  submit ted March 18, 1976; revised man-  
uscript received April  19, 1976. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 JOVRNA,.. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by 
Philips Laboratories. 

REFERENCES 
1. C. S. Ful le r  and H. W. Allison, This Journal, 109, 

88O (1962). 
2. B. Schwartz, ibid., 118, 657 (1971). 

3. A. V. Lishina and S. A. Medvedev, Rost Kristallov, 
Akad. Nauk SSSR, Inst. Kristallogr., 6, 239 (1965) 

4. W. H. Hackett, Jr., T. E. McGahan, R. W. Dixon, and  
G. W. Kammlott ,  This Journal, 119, 973 (1972). 

5. G. M. Orlova and Kh. Binder, Zh. Prikl. Khim., 39, 
1921 (1966). 

6. A. S. Grove, "Physics and Technology of Semi- 
conductor Devices," pp. 337-339, John Wiley & 
Sons, Inc., New York (1967). 

7. R. Bhargava, Pr ivate  communication. 
8. N. V. Sidgewick, "The Chemical Elements and Their 

Compounds," pp. 1212-1217, Oxford Universi ty  
Press, London (1950). 

9. F. W. Adams and R. G. Edmonds, Ind. Eng. Chem., 
~9, 447 (1937). 

Control of Palladium Adherence to Silicon Dioxide for 
Photolithographic Etching 

M. S. Shivaraman and C. M. Svensson 
Research Laboratory o~ Electronics, Chalmers University oS Technology, Gothenburg, Sweden 

The purpose of this note is to report a method for 
defining a Pat tern  in  a pal ladium film on silicon di-  
oxide. The problem is the very low adherence of pal-  
ladium to silicon dioxide (1) in which the Pd film may 
lift off the substrate immediate ly  upon application of 
photoresist and also may lift off completely upon etch- 
ing. 

In our experiments,  a silicon wafer was oxidized in  
dry  oxygen to a thickness of 100 nm (at I200~ After 
that, 100 nm pal ladium was evaporated by e -gun  
evaporation. To be able to apply photoresist on the film 
the adherence to the substrate had to be increased. We 
then tried different anneal ing treatments.  Anneal ing  in 
argon at 500~ led to strong oxidation of the pal ladium 
probably due to trace amounts  of water vapor or oxy- 
gen in the gas (the oxidized film could not  be etched 
at all).  Annea l ing  in forming gas (10% H2 in Nf) for 
5-15 min  did not  increase the adhesion. Instead, if it 
was done after an air  anneal  (see below), the adhesion 
decreased. Annea l ing  in air at 150~ gave some increase 
in adhesion after a long anneal ing t ime (-- 16 hr) .  
Anneal ing  in air at 200 ~ and 250~ did increase ad- 
hesion considerably; specifically, a t rea tment  at 200~ 
in air for 30 min  was found to give excellent results. 
After such a t rea tment  the pa l lad ium film could be 
processed through photoresist application, drying, ex- 
posing, developing, and baking with no tendency to lift 
(using AZ 1350 positive resist) .  Annea l ing  in air  at 
300~ again led to oxidation of the Pd film, making 
etching impossible. 

In  order to etch the film after  photoresist pa t te rn ing  
several etches were used. An etch consisting of sodium 
cyanide and ammonium sulfate described in the l i tera-  
ture (2) did not work; instead, different forms of aqua 
regia were used. Standard aqua regia (3:1 HCI: HNO~) 
etched the pal ladium but  before completion of the etch- 
ing the whole film was lifted off the substrate. No dam- 
age of the photoresist was observed under  the micro- 
scope. Modified aqua regia, with less HC1 and more 
HNO3, gave, however, satisfactory results. By fur ther  
moderat ing the etch with acetic acid, excellent results 
were obtained with smooth etching and no tendency 
for film lift-off. The etch used was 1: 10:10 HCI:HNO~: 
CH~COOH with an etch rate of about 100 nm/min .  
After  etching, the wafer was rinsed in distilled water 
and the resist was removed in acetone and r insed in 
water again. 

Key words: palladium, adhesion, etching. 

The method can be summarized in  the following 
way: (i) anneal ing  in air at 200~ for 30 rain; (ii) 
application of photoresist AZ 1350, spinning,  drying, 
exposure, developing, and baking according to the 
s tandard procedure for this resist; (iii) etching with 
the etch described above (at 25~ ; (iv) resist removal 
in  acetone. 

Discussion 
The above observations suggest that hydrogen may 

play an impor tant  role in  the adherence of pal ladium 
to silicon dioxide. It is well  known  that  hydrogen dif-  
fuses rapidly through pal ladium at low temperatures 
(3). It is not expected that  oxygen will  diffuse through 
the film at temperatures  of 500~ or less. The oxygen 
may, however, help extract hydrogen from the film (4). 

The air anneal ing at 200~ is therefore assumed to 
extract hydrogen from the Pd-SiO2 interface, and 
therefore increase the adhesion. The SiO2 surface is 
probably covered with nonreactive silanol groups ini-  
t ially (5), and by extracting hydrogen from some of 
these groups the SiO2 surface will become more re-  
active, thus increasing the adhesion. This hypothesis is 
also supported by the fact that a 500~ anneal  in  form- 
ing gas decreased the adhesion again. 

During etching in s tandard aqua regia (HCl:HNO3 
3: 1) we may expect that H30 + may take par t  in the 
oxidation of palladium, forming hydrogen adsorbed in  
the film. This may lead to a decrease of the adhesion 
between Pd and SiOf. With an excess of the stronger 
oxidant  NO3-, this oxidant will dominate the process 
and no adsorbed hydrogen will  be formed. 

Manuscript  received March 22, 1976. 

Any discussion of this paper will appear in  a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by the 
Chalmers University o] TechnoI.ogy. 
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Reports on Electrochemical Society 
Summer Fellowship Awards 

During the summer  of 1975 the following graduate students received 
$1000 each, represent ing the three Summer  Fellowship Awards of The Elec- 
trochemical Society. 

Miss Mary R. Suchanski, Northwestern  University,  Evanston, Illinois, was 
awarded the Edward Weston Fellowship. 

Mr. James B. Flanagan,  California Inst i tute  of Technology, Pasadena, 
California, was designated as the recipient of the Colin Garfield F ink  
Fellowship. 

Mr. Thomas P. DeAngelis, Universi ty  of Cincinnati,  Cincinnati ,  Ohio, re-  
ceived the Joseph W. Richards Fellowship. 

The Summer  Fellowship Awards are made "without regard to sex, citizen- 
ship, race, or financial need, to a fellow or teaching assistant pursuing work 
between the degrees of B.S. and Ph.D. on a subject in a field of interest  to The 
Electrochemical Society." They are intended to cover a period dur ing which 
the recipient has no financial support for the cont inuance of his work. 

The Edward Weston Summer 
Fellowship Report 

Miss Suchanski 's  report  is given below. 

Resonance Raman Spectroelectrochemistry of 
Tetracyanoquinodimethane Dianion and 

Tetrathiofulvalene Monocation 
The p l a n a r  aromatic molecules te t racyanoquinodi-  

methane  (TCNQ) and tetrathiofulvalene (TTF) are 
current ly  of great interest  as the 1:1 complex TTF-  
TCNQ exhibits near-meta l l ic  behavior over a broad 
tempera ture  range (1-3). Room tempera ture  conduc- 
tivities of TTF-TCNQ are on the order of 500 (ohm -~ 
cm -~) and increase by approximately one order of 
magni tude down to 58~ at which point a metal  
to insulator  t ransi t ion occurs (3). [Compare the room 
temperature  conductivity of Cu which is 6 • 105 
(ohm -1 cm -1) (4).] The d-c conductivities of TTF-  
TCNQ are among the highest of all known organic con- 
ductors. Ful l  characterization of the physical and 
chemical properties of highly conducting complexes 
such as TTF-TCNQ is necessary in developing criteria 
for designing organic metals with even better  electrical 
behavior. This also involves study of the isolated com- 
ponents of such complexes. 

The new technique of resonance Raman spectro- 
electrochemistry (RRSE) is valuable  in s tudying 
species comprising organic charge transfer  complexes. 
The highly resolved vibrat ional  spectra obtained re-  
flect the molecular geometry and the electronic distri-  
but ion in the molecule. Other spectroelectrochemical 
techniques can yield this tylce of information. IR  spec- 
troelectrochemistry (5) provides molecularly specific 
vibrat ional  data but  is at least two orders of magni tude  
less sensitive in terms of sample concentrat ion re-  
quired. ESR spectroelectrochemistry compares more 
favorably with RRSE in terms of sensit ivity and also 
yields s t ructural  data through the hyperfine coupling 
constant (6). While ESR is restricted to those mole-  
cules having net  spin, resonance Raman  spectroscopy 
requires only electronic absorption in the region of the 
excitation source. 

As a spectroelectrochemical technique, RRSE also 
has the potential  of other spectroelectrochemical meth-  

ods for ident ifying the products o.f reaction sequences 
following electron t ransfer  and monitor ing the ki-  
netics of such reactions. The feasibility of obtaining 
rate constants in the millisecond time range has re-  
cently been demonstrated (7). 

The feature unique  to RRSE is its abil i ty to yield 
informat ion about molecular  excited states. While the 
observables in resonance Raman (RR) spectroscopy 
are those of molecular ground states, the actual process 
involves vibronic interactions between ground and ex- 
cited states. Excited-state properties are related to the 
ground-sta te  observables through the vibronic expan-  
sion of the Kramer-Heisenberg-Dirac  dispersion re la-  
tion for l ight-scat ter ing processes (8). A recent study 
of the TCNQ radical anion in which the intensi ty  of 
a ground-state  vibrat ional  mode is monitored as a 
function of excitation wavelength has yielded values 
of excited-state frequencies and excited-state vibronic 
level widths (9). Studies of this na ture  are valuable  
in the development of resonance Raman  scattering 
theory. 

A specific application of the ut i l i ty  of RRSE in 
studying ground-sta te  properties of TTF and TCNQ is 
that of comparing frequency shifts which occur upon 
electron t ransfer  with the corresponding computed 
bond order changes. This permits  evaluat ion of those 
MO treatments  which have calculated bond orders for 
the various TTF (10) and TCNQ (11, 12) moieties. 

In addition, as vibrat ional  frequencies are influenced 
by the electronic charge of a molecule, informat ion 
about ground-s ta te  charge densities can be obtained 
via RRSE. The extent of charge t ransfer  in TTF-TCNQ 
is a point of great contention, (13-19). Values have 
been estimated in the range of 0.5-1.0 electron t rans-  
ferred from TTF to TCNQ. From knowledge of radical 
ion and corresponding neut ra l  v ibrat ional  frequencies, 
one can estimate the extent  of electron t ransfer  in 
solid conducting organic complexes. This comparison 
between solid-state and solution data is valid, as the 
frequency shifts in going from solution to a solid are 
small in comparison to those accompanying electron 
transfer. For example, see the work of Pecile et  al. on 
TCNQ salts (20). 

Reported here is an example of the use of RRSE in 
detecting and identifying decay products of electro- 
chemically produced species. Positive identification of 

181C 
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the 02 decay product of TCNQ 2- has been made. Sub-  
sequent chemical routes led to isolation of TCNQ 2- in 
forms suitable for invest igat ion via normal  Raman 
(NR) spectroscopy. The NR spectra of two such 
TCNQ u-  moieties are reported. The vibrat ional  fre- 
quencies obtained were used to compare computed 
CNDO bond order changes (12) with corresponding 
frequency changes accompanying electron transfer  and 

electronic excitation in T C N Q - .  
Finally,  the Raman  spectroscopy of TTF is dis- 

cussed. RRSE was employed to study TTF cation 
radical. The vibrat ion data for TTF neut ra l  were ob- 
tained via NR spectroscopy. A tentat ive assignment of 

+ 
the totally symmetric  modes observed in the TTF �9 RR 
spectrum is made. Computed bond order changes are 
compared with the frequency changes accompanying 

+ 
the one electron oxidation process to form T T F ' .  

Exper imental  
Several experimental  configurations exist for obtain-  

ing Raman data via RRSE. The RRSE experiments  re- 
ported here were all performed in the controlled po- 
tent ial  electrolysis mode in which the species of in ter-  
est are generated by exhaustive bulk  electrolysis in  a 
cell of conventional  design with subsequent  laser exci- 
tat ion of the species. The laser beam is scattered di- 
rectly off the walls of the coulometry cell in  oblique 
180 ~ scattering geometry. The details of the experi-  
mental  configuration, cell construction, and solution 
preparat ion have been described earlier (21). 

The TCNQ 2- was generated at --0.7V vs.  SCE in 
thoroughly deoxygenated spectro grade acetonitrile 
solutions containing 2.0 X 10 -4 to 1.5 X 10-SM TCNQ 
and 0.1M te t r abu ty l ammonium perchlorate (TBAP).  
The TTF cation radical was formed under  similar con- 
ditions at -}-0.5V vs.  SCE in solution containing 1.0 X 
10 -4 to 3.0 X 10-SM TTF. 

The reported resonance Raman  scattering spectra 
and the normal  Raman scattering spectra were ob- 
tained by excitation with a Spectra Physics Model 164 
Ar + laser, a Coherent Radiation Model CR-8 Ar + 
laser, and a Coherent Radiat ion Model 490 jet  s tream 
dye laser pumped al l- l ines by the CR-8. Spectra were 
collected using either a 0.85m Spex Model 1401 double 
monochromator or a 0.75m Spex Model 1400-II double 
monochromator.  Wavelengths reported are accurate to 
__. 2 cm -1. Fur ther  information regarding spectral cali- 
brat ion and data collection has been published (21). 

Normal Raman scattering spectra of TCNQ 2- com- 
plexes and of neutra l  TTF were obtained by  the ro- 
ta t ing cell technique described by Shriver and Dunn  
(22). The powdered samples were sealed under  vac- 
uum in Pyrex ampuls to avoid air decomposition. 

The TCNQ was purchased from Aldrich Chemical 
Company and was purified by a combinat ion of high 
vacuum (10 -5 Torr) subl imat ion at 150~ and recrys-  
tall ization from acetonitrile. Neutral  TTF was obtained 
from IBM Corporation and used Without fur ther  pur i -  
fication. 

The dianion of TCNQ was chemically prepared by 
two methods. The procedure of Basolo et al. (23) was 
followed for the reaction of TCNQ with the Schiff base 
complex N,N'-e thylenebis(acetylacetoniminato)  cobalt 
(II) ,  [Co (acacen)] in the presence of pyr idine to form 
[Co(acacen) (py)2]_gTCNQ, Analysis calculated for 
C3~H~2CoNsO2: C, 62.10: H, 5.54: N, 15.52; found: C, 
66.20: H, 5.89: N, 15.29. 

Elemental  analysis was performed by H. Beck of this 
department.  The sample of di l i thium te t racyanoquino-  
dimethandiide te t rahydrofuranate  (Li2TCNQ �9 THF) 
was synthesized by Dr. Al len R. Siedle at NBS. Two 
equivalents of n -bu ty l l i t h ium are added to TCNQ in 
te t rahydrofuran  at --78~ to produce the white salt 
(Li2TCNQ �9 TI-IF) (24). 

Results and Discussion 
The cyclic vol tammogram of TCNQ and the optical 

spectroscopy of TCNQ dianion are shown in  Fig. 1. 

Peak A corresponds to formation of T C N Q -  (Epc -~ 
-k0.172V vs.  SCE, scan rate V : 100 mV sec-1).  At 

peak B TCNQ- is converted to TCNQ ~- (Epc -- 
--0.362V vs.  SCE, scan rate V ---- 100 mV sec-1).  Mea- 
surement  of the ratio of cathodic peak current  to 
anodic peak current  for peak B (ipc/ipa = 1.00 • 0.03) 
indicates reversible formation of TCNQ 2-  on the cyclic 
voltammetric  t ime scale. In  addition, at sweep rates 
lower than 100 mV sec -1 the anodic and cathodic peak 
separation AEp • 0.060V, indicat ing electrochemical re-  
versibility. 

The only previously reported optical spectrum of 
TCNQ 2- (11) had an absorption ma x i mum at 2.6 eV 
(477 nm) .  Attempts to repeat this work are shown by 
the solid l ine in Fig. 1. This electronic absorption spec- 
t r um of 2.55 X 10-4M TCNQ was recorded less than 5 
rain after bulk  electrolytic generat ion under  absence 
of 02. In  contrast to the results of Jonkman  and Kom- 
mandeur  (1I),  the absorption maxima occur at 3.75 eV 
(330 nm) ,  5.16 eV (240 nm) ,  and 5.9 eV (210 nm) .  
Upon leakage of O2 into the bu lk  electrolysis cell, the 
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Fig. 1. Upper: First-scan cyclic voltammogram of 0.66 mM TCNQ 
in acetonitri[e containing O.01M TBAP at a p[atlnum disk micro- 
electrode. The scan rate ~ 0.10D V sec -1.  Lower: Electronic ab- 
sorption spectra of 2.55 X 10-4M TCNQ in 0.1M TBAP-acetonitrile 
solution following exhaustive 2e -  reduction at --0.70V vs.  SCE. 
Solid line: TCNQ 2 -  absorption spectrum obtained by rigorous 
exclusion of 02 from the solution. Dotted line: absorption spectrum 
obtained by electrogenerating TCNQ 2 -  in the presence of 02 or by 
bubbling 02 through the solution originally giving the solid line 
spectrum. The extinction coefficient scale is quantitatively accurate 
for TCNQ 2-  (solid line) spectrum only. 
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originally colorless solution of TCNQ ~- immediate ly  
turns  orange. The ensuing visible absorption spectrum 
is indicated in Fig. 1 by the dotted line. The absorption 
max imum and extinction coefficient at the peak agree 
with that previously reported by Jonkman  and Kom- 
mandeur  (11) as being due to TCNQ 2-.  

It was concluded that the orange product formed 
upon admit t ing O~ to a solution of TCNQ ~- was an 
oxygen decay product of TCNQ ~-. The ident i ty  of this 
species was established using resonance Raman as the 
spectroscopic monitor  The highly resolved vibrat ional  
Raman  spectra are unique for each part icular  molecule 
or ion. Therefore, provided one has a good "guess" as 
to the ident i ty  of a product of an electrode reaction, 
comparison of a known sample to the u n k n o w n  pro-  
vides unambiguous  identification. 

Searching the cyanocarbon l i te ra ture  for oxygen 
containing compounds related to TCNQ, it was dis- 
covered that a carbanion [~, a-dicyano-p- to luoyl  cyan- 
ide ( D C T C - ) ]  has an absorption max imum at 480 n m  
(26). The sodium salt of this carbanion can be pre-  
pared by the reaction of TCNQ neut ra l  and NaNO2 
(25). Figure 2 compares the RR specCrum of a solution 
of electrochemically generated TCNQ ~- exposed to air 
with that of a solution of DCTC-  formed from TCNQ 
neutral .  The str iking similari ty of the two spectra con- 
firms the ident i ty  of the TCNQ2-/O2 decay product. 
The broad Roman signal at 1638 cm -1 is probably a 
composite of C----C ring stretch and of carbonyl  stretch- 
ing. The 2214 cm -1 band is ascribed to conjugated 
nitr i le  stretching. The corresponding bands in the in-  
frared spectrum of DCTC-  are at 1645, 2150, and 2200 
cm -1 (25). 

A possible mechanism for formation of the carbanion 
is given by Scheme I. Triplet  oxygen reacts via a two- 
step radical addition or by a n2s ~- ~2a cyclo-addition 
to form a dioxetane intermediate.  Rearrangement  of 
the intermediate  results in DCTC-  formation with 
e l iminat ion of cyanate ion. 

L NC / ~CN 

b- ~ rO 

24oo adoo ~doo ~abo sbo 4bo o 

Fig. 2. Resonance Raman spectra of: (A) electrogenerated 
TCNQ~-  saturated with 02; [TCNQ 2 - ]  ~- 1.42 X 10-8M, laser 
power at 4579~ ~ 80 mW, bandpass ~ 2.3 cm -1.  (B) Authentic 
DCTC-  in CH3CN: H20 (10:1); [ D C T C - ]  ~ 1.43 X 10-~M, 
laser power at 4579,~ ~ 30 mW, bandpass ~ 2.3 c m - L  TCNQ 2 -  
was electrogenerated by controlled-potential coulometry at --0.70V 
vs. SCE in 0.1M TBAP CH.~CN. All spectra were scanned at ca. 
50 cm -1  min -1  using a 1.00 sec counting interval. Plasma lines 
were removed with a 4579~. interference filter. 

vibrat ional  designations of T C N Q -  (7) and by com- 
parison with the lines in  the L i 2 T C N Q - T H F  Raman 
spectrum. Although both nontotal ly  symmetric and 
totally symmetric modes can be observed in NR spec- 
troscopy, it is a general  rule that the totally symmetric  
vibrations are more intense (26). Hence, all bands in  
the Li~TCNQ �9 THF spectrum are a t t r ibuted to totally 
symmetric modes. 

Table I summarizes the vibrat ional  data for TCNQ '- 

TCNQ 2- -~ 02 

O 

-O--C=N + (N-C)2C~t~ 
C-N 

(DCTC-)  

I _ O--O �9 

(N - C)2C C=C-----N- 

~ ' - '~  C--N 

2 step radical addit ion 

,~2 + ~2 ~ 

o _o 

~-(N~ C)~ ~-~/ \}-CLC =~'- 
k ~ . /  / 

C = N  

To obtain the RR spectrum of TCNQ 2- necessitates 
u.v. excitation. Not having u.v. excitation sources avail-  
able at that time required developing routes to pre-  
pare TCNQ 2- in a form suitable for investigation via 
normal  Raman (NR) spectroscopy, i.e., a solid. Two 
such solids were made chemically: (i) a brown, air-  
stable, diamagnetic cobalt Schiff base complex [Co (III) 
(acacen)-(py)2]2TCNQ discovered by Basolo (23) and 
(ii) a white, air-sensit ive salt Li2TCNQ. THF pre-  
pared by A. Siedle (24). The NR spectra of these two 
compounds are shown in Fig. 3. The extra bands in 
the [Co( l I I ) ( acacen) - (py)2]2TCNQ spectra are as- 
cribed to small amounts  of resonance-enhanced 

TCNQ'-  (339, 610, 677, 715, 1187, 1387, 1609, 1949, and 
2191 c m - l ) ,  to the acacen ligand (431 and 481 cm-1) ,  
and to Lewis-coordinated pyridine (647, 1024, and 1048 
cm-1) .  Assignment  of the Roman signals at 2106, 1304, 
1194, and 731 cm -1 to the totally symmetric modes ,2, 
,4, ,5, and ~7 of TCNQ2- is made in analogy with the 

in its ground state, TCNQ "- Jn its lowest ~Blu state, and 
TCNQ 2- in  its ground lAg state. The frequency changes 

occurring upon excitation of TCNQ'-  to its lowest 

2Blu state and upon convert ing TCNQ (2B~g) to 
TCNQ 2- (IAg) are also listed. A more extensive tabu-  
lation of vibrat ional  frequencies for the TCNQ system 
will be published (24). An analysis of this type reveals 
the extent of electronic structure change correspond- 
ing to the various electron transfer  and excitation 
processes. Modes v2 ( terminal  C - N  stretch) and ~4 
( C = C  ring § C~-C wing stretch) appear to be most 
sensitive to their electronic environment .  For both 
processes (see Table I), the shift to lower frequencies 
reflects the promotion or addition of an electron to an 
ant ibonding orbital. One would expect the bond order 
changes accompanying these alterations to agree in 
relative order of magni tude  with the corresponding 
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o LI2"CNQ'THF 
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Fig. 3. Normal Raman scattering spectra of: (A) Li2TCNQ �9 THF, 
laser power at 4579.~ ---- 10 mW, bandpass = 2.0 cm -1 .  (B) 
[Co(acacen)(py)2]2TCNQ, laser power at 6471.~ = 20 mW, band- 
pass = 4.0 cm -1 .  Both samples were solid powders. Spectra were 
scanned at ca. 50 cm - 1  rain - 1  using a 1.0 sec counting gate. 
Plasma lines were removed at 4579.~ with an interference filter 
and at 6471,i~ with a Claassen filter. 

frequency changes. Such concurrence between bond 
order changes computed from CNDO/S MO theory for 
the TCNQ system (12) and the vibrat ional  frequency 
changes does exist. This good agreement  supports the 
frequency assignments of the totally symmetric modes 

in T C N Q -  (2Blu(1)). Fur ther  discussion of the excited 
state frequency assignments can be found elsewhere 
(27). 

Turn ing  to the other half  of the conducting charge 
transfer  complex TTF-TCNQ, the results for the te t ra-  
thiofulvalene neut ra l  and monocation systems will  be 
discussed. Figure 4 shows the cyclic vol tammogram of 

TTF and the optical spectra of TTF neutral ,  TTF + 
and TTF e+. The two one-electron oxidations in  the 
cyclic vol tammogram correspond to generat ion of 

+ 
TTF �9 (peak A, Epa "-- +0.34V vs.  SCE at a scan rate, 
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Fig. 4. Upper: First-scan cyclic valtammagrom of 6.0 mM TTF in 
acetonitrile containing 0.10M TBAP at a platinum disk microeler 
trade. The scan rate ----- 0.10 V sec -1 .  Lower: Electronic absorption 

+ 
spectra of TTF, TTF ' ,  and TTF 2+. (O-O-a - ( l -O- )  4.38 X 

+ 

10-4M TTF in a:etonitrile. (- -) TTF " electrogenerated 
+ 

at -I-0.50V vs. SCE in acetonitrile containing 0.1M TBAP. TTF �9 - -  
4.38 X I 0 -4M,  cell pathlength ~ 0.10 cm. ( . . . . . . . .  ) TTF 2+ 
electrogenerated at +0 .90V vs. SCE in acetonitrile containing 
0.1M TBAP. TTF 2+ ~ 4.0 X 10-4M,  cell pathlength ~ 0.10 cm. 

+ 

Residual TTF '  may be contributing to the TTF 2+ absorption 
spectrum. 

Table I. Raman vibrational data for totally symmetric fundamentals 
of TCNQ systems a 

A s s i g n .  

TCNQ .- 
T C N Q  ~ (2BI u(21) T C I ~ Q ~  " 
(2B~g) (5600- (zA~) c Process I Process 2 

( 6471A)  6 6 6 7 A )  ( 4 5 7 9 A )  A91d A g i  e 
c m  - l b  e r a - 1  c r n - s  c m - 1  e r a - 1  

Pl . . . . .  
~2 2192 2150 2102 + 42 + 90 
~'s 1613 1613 1614 O - -  1 
94 1389 1335 1300 + 54 + 89 
95 1195 1198 1200 -- 3 -- 5 
96 9 7 6  . . . .  
97 724 - -  740 - -  -- 16 
Ys 612 - -  - -  - -  - -  
p9 3 3 6  3 3 0  - -  + 6 - -  
910 . . . . .  

a A l l  l ~ a m a n  d a t a  p e r t a i n  t o  T C N Q  s y s t e m s  i n  C t t 3 C N  s o l u t i o n  
a n d  t h e  f r e q u e n c i e s  a r e  a c c u r a t e  t o  __+ 2 c m - x  u n l e s s  o t h e r w i s e  
i n d i c a t e d .  

b ~ 5 e m - k  

e L i ~ T C N Q  �9 T H F  s o l i d .  

d 91 (TCNQ- [2BSg]) -- 91 (TCNQ- [2Bzu(~)]) ~- 1O crn-L 

e~,I(TCNQ [2Bag]) -- 91(TCNQ s-) ~__ 4 em -I. 

V, of 100 mV sec -1) and to generat ion of TTF 2+ (peak 
]~, Epa -- -~0.68V vs.  SCE at a scan rate, V, of 100 mV 
sac - l ) .  Format ion of TTF monocation is both chemi- 
cally and electrochemically reversible, the former be-  
ing demonstrated by the constancy of the quant i ty  ipa 
V -1/2 C ~ as sweep rate V is varied. 

In  the lower half of Fig. 4 are the optical spectra 
of solid TTF neutral ,  of electrochemically generated 

+ 
TTF ", and of electrochemically generated TTF 2+. The 

+ 
regions of T T F '  absorption are ideal from the stand- 
point of existing laser excitation sources. (See Fig. 4.) 

+ 
Among the various MO treatments  of TTF �9 ; PPP  (10), 
self-consistent statistical exchange mult iple  scattering 
(28), and Hilckel (29), the PPP results with l imited 
configuration interact ion of Zahradnik  et  al. (10) are 
in best agreement  with the t ransi t ion energies and 

+ 

oscillator strengths of the TTF"  optical absorption 
+ 

spectrum. Hence, any fur ther  analysis of T T F -  elec- 
tronic transit ions are based on Zahradnik 's  results. 
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The RR spectrum of TTF cation radical was obtained 
upon excitation into the region of the 2Blu to 2:Big(2) 
t ransi t ion (4579A excitat ion).  (See Fig. 5.) Also re-  
ported in  Fig. 5 is the NR spectrum of solid TTF 
neut ra l  (excitation at 6000A). Of the seven totally 
symmetric  (Ag) Raman  active normal  modes pre-  

+ 
dicted for TTF - (based on a dih point  group),  at least 
four have been ascribed to bands in  the RR spectrum 

+ 
of T T F ' .  These Raman lines are located at 265, 757, 
1041, and 1427 cm -1. In comparing these vibrat ions 
with corresponding ones in the TTF spectrum, it is again 
assumed that all major  bands are a t t r ibuted to totally 
symmetric  species. It is fur ther  assumed that site- 
symmetry  effects and factor-group split t ing are not 
manifested to any great extent  in  the neut ra l  Raman 
spectrum. The TCNQ neut ra l  Raman spectrum has 
been interpreted s imilar ly (30). 

The very intense fundamenta l  at 1427 cm - l  in the 
+ 

T T F '  RR spectrum is ascribed considerable central  
C = C  character. This is in analogy with the C : C  
stretch in the RR spectrum of te t racyanoethylene anion 

radical ( T C N E - )  at 1421 cm -1 (21). The correspond- 
ing vibrat ion in the TTF neut ra l  spectrum occurs with 
equal in tensi ty  at 1513 cm -1. This shift upward  of 86 
cm -1 is equated with s t rengthening of the central  

4- 
C : C  bond when a bonding electron is added to TTF �9 
Designation of the 1427 cm -1 mode as v2 is made on the 
basis that v~ is due to the symmetric C- -H stretch, even 
though it is not observed in the RR spectrum. The r3 

+ 
fundamenta l  at 1041 cm -~ in the TTF �9 spectrum (cor- 
responding neut ra l  band at 1089 cm -1) is of u n k n o w n  
origin. Some C--S  stretching may contr ibute  to the 

+ 
Raman band of T T F '  at 757 cm - I  (neutra l  f requency 
796 cm-1) .  Cyclic sulfides exhibit  C- -S  stretching in 
the 550-700 cm -~ region (31). Finally,  the low fre- 
quency mode designated v6 at 265 cm -1 is associated 

r--1427 
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Fig. 5. Resonance Raman spectrum of electrogenerated TTF '  
+ 

and normal Raman spectrum of TTF solid. Upper: TTF" electro- 
generated by controlled-potentlal coulometry at +O.50V vs. SCE 
in 0.1M TBAP-CH3CN Excitation at 4579,~, 1.0 mM concentration, 
scanned at 0.333 ,~/sec in second order, 1.00 sec counting inter~al, 
laser power ~ 70 mW, bandpass ~ 2.0 cm - 1  in second order. 
Plasma lines were removed with an interference filter. Lower: TTF 
powder at 6000~ excitation, scan rate - -  0.25 ~,/sec, 1.00 sec 
counting interval, laser power ~ 60 mW, bandpass ~ 1.2 cm -1 .  

Table II. Comparison of frequency changes and bond order changes 
for totally symmetric modes in the TTF system 

TTF &vl &Pi e 
neutral TTF .+ (TTF- (TTF- 

T e n t a t i v e  6000A 4 5 7 9 A  .+ ) + ) 
a s s i g n m e n t  ( c m - D  a ( c m - ~ )  T T F  T T F  

C - H s t r e t c h  . . . .  
~ C = C s t r e t c h  1513 v s b  1427 v s  + 86 + 0 .185 

( c e n t r a l )  
~s 1 0 8 9 m  1 0 4 1 w  + 48  - -  
~ 7 9 6 m  7 5 7 w  + 39 

v5 - -  - -  ---~6 
Pe 2 4 9 m  2 6 5 m  - -  
~7 . . . .  

a A l l  f r e q u e n c i e s  r e p o r t e d  a r e  a c c u r a t e  t o  ~-  2 c m - A  
b w = w e a k ,  m = m e d i u m ,  v s  = v e r y  s t r o n g .  
c T h e  b o n d  o r d e r  c h a n g e s  a r e  b a s e d  o n  t h e  S C F  c a l c u l a t i o n s  o f  

R .  Z a h r a d n i k  e t  a t ,  [ R e f .  ( 1 0 ) ] .  

with the neut ra l  band at 249 cm -1. It  is possible that  
in terna l  angle bending in  the f ive-membered sulfur  
heteroatom r ing contributes to this vibration. Low fre-  
quency modes in p lanar  conjugated organic molecules 
have been at t r ibuted to bending motions (20, 30). Re- 
garding v2 and rT, no definitive assignment in  either the 

4- 
TTF" RR spectrum or TTF neut ra l  Raman spectrum 
has been made. These results are summarized in  Table 
II along with the PPP  bond order changes. 

Work is now underway  to investigate the RR spectra 
4- 

TTF" upon excitation with existing dye laser sources 
(5500-6500A). It is hoped that complete characteriza- 
tion of the RR spectra of TTF moieties coupled with 
the related work on TCNQ species will u l t imate ly  lead 
to identification of the oxidation states of TTF and 
TCNQ in the highly conducting organic metal  TTF-  
TCNQ. 
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The Colin Garfield Fink Summer 
Fellowship Report 

A summary  of Mr. F lanagan ' s  repor t  is given below. 

Some Numerical Methods in Electrochemistry 
The invest igat ion into the  use of fast, large potent ia l  

step coulostatics to s tudy electrode kinet ics  as de -  
scr ibed in the  repor t  p rev ious ly  publ i shed  was pursued  
as fa r  as using the technique to s tudy the re la t ive ly  
slow Zn +'~ reduct ion on mercury.  The nonl inear  regres-  
s ion-dig i ta l  s imula t ion  proved  to be qui te  successful 
in reproducing  the values of the  s tandard  ra te  constant  
and t ransfer  coefficient obta ined by  chronocoulometry .  
The  m a x i m u m  absolute  ra te  observable  by  this tech-  
nique seems to be  about 0.3 cm/sec, a l imi t  p r imar i ly  
imposed by  the ra te  of inject ion of the charge. The in-  
ject ion must  be ve ry  fast in order  to measure  the fas ter  
ra tes  of e lec t ron transfer ,  and the existence of only 
a few ohms of uncompensated  resistance is ve ry  effec- 
t ive in l imi t ing the speed which can be obtained.  New 
elect rode designs are  being s tudied which wil l  faci l i -  
ta te  the rap id  in jec t ion  of charge and thus make  even 
faster  e lect ron t ransfe r  rates  observable.  

A new project  was unde r t aken  dur ing  the summer  
which was the s tudy of different ial  pulse  po la rography  
as a tool in the observat ion of adsorpt ion of e lec t ro-  
active species. An  enhancement  in the peak  current  is 
observed when  adsorpt ion of e i ther  product  or reac tan t  
species is present.  Equat ions  were  der ived  from ap-  
p rox ima te  bounda ry  conditions to t ry  to quant i fy  the 
effect. The use of different ia l  pulse  po la rography  in 
adsorpt ion studies has severa l  possible advantages:  
Adsorp t ion  can be s tudied easily in the  region of the  
ha l f -wave  potent ia l  r a the r  than by  potent ia l  steps be -  
tween  the l imi t ing -cu r ren t  regions as wi th  chrono- 
coulometry,  thus making  possible the s tudy of poten-  
t ia l  dependence of adsorpt ion  in the region of the 
polarographic  wave. Using differential  pulse, the ab-  
solute amount  of adsorpt ion is not impor tant ,  but  
r a the r  the  magni tude  of the effect is re la ted  to the 
magni tude  of the  adsorpt ion  coefficient K, where  r = 
KCsurface, Thus the l imits  of detect ion of adsorpt ion are 
in pr incip le  set only by  the sensi t iv i ty  of the  ins t ru-  

ment  at low concentrations.  The lower  l imi t  on K 
seems to be about  10 -4 cm 1 for  different ia l  pulse  
sample  t imes of g rea te r  than  5 msec. Evalua t ion  of the  
raw data  may  be difficult for the  worke r  wi thout  ac-  
cess to a computer ,  so if  the  technique proves to be gen-  
e ra l ly  useful, t abu la r  or graphic  work ing  curves could 
be genera ted  for dis tr ibut ion.  The re levan t  equations, 
bounda ry  conditions, and some exper imen ta l  resul ts  
for ha l ide - induced  adsorpt ion  of Cd +2 have  recent ly  
been publ i shed  in a p re l imina ry  note on the  technique 
(1). Work is cont inuing on the s tudy by  using digi tal  
s imula t ion  to  include the  effects of uncompensated  r e -  
sistance and doub l e - l a ye r  charging on the cu r ren t  re -  
sponse. 
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The Joseph W. Richards Summer 
Fellowship Report 

Mr. DeAngel is '  r epor t  is given below. 

Mercury Film Electrodes: Yoltammetric and 
Optical Applicability 

Since thei r  incept ion thin  film mercu ry  electrodes 
(TFE)  have found widespread  appl icat ions in vo l tam-  

metr ic  analysis  and have  shown potent ia l  in spect ro-  
e lect rochemical  studies (1, 2). In  both cases, des i rab le  
fea tures  are a work ing  electrode wi th  m a x i m u m  hy-  
drogen overvol tage and mercu ry l ike  characterist ics.  
This necessitates that  the subs t ra te  for the  TFE in ter -  
fere as l i t t le  as possible  wi th  the th in  mercu ry  film, 
pa r t i cu l a r ly  wi th  opt ical ly  t r anspa ren t  electrodes 
(OTE),  where,  to re ta in  t ransparency,  one is res t r ic ted  
to a very  thin  mercury  film. 

Thin l aye r  electrodes (TLE) have  been  used to good 
advan tage  in spec t roe lec t rochemis t ry  (3, 4) and in a 
va r ie ty  of e lec t rochemical  measurements  (5, 6) but  
have ye t  to be appl ied  extens ive ly  in vo l t ammet r i c  
analysis.  The TLE does have  the advan tage  of rap id  
electrolysis  as a resul~ of a short  diffusional pa th  and 
the capabi l i ty  of using smal l  (~100 ~titer) solut ion 
volumes. Since the volume of solution avai lable  for 
analysis  is sometimes small,  pa r t i cu la r ly  in biological  
samples, combining one of the most sensi t ive e lect ro-  
analyt ica l  techniques, dif ferent ia l  pulse  anodic s t r ip -  
ping vo l t ammet ry  (DPASV) ,  wi th  the TLE would  be 
advantageous.  This should provide  t race  analysis  capa-  
bi l i t ies on very  small  solution volumes. The TFE is 
ideal ly  sui ted  to the thin l ayer  e lectrode configuration. 

The object ive of this  s tudy was (i) to develc>p a th in  
layer  cell for DPASV on smal l  solution volumes using 
a th in  film mercury  e lect rode and (ii) to evaluate  
subst ra tes  for TLE's. The subst ra tes  would  be appl ic-  
able  to both mercury  OTE's and TLE's  using DPASV 
where  no t r ansparancy  is necessary.  

Experimental 
Apparatus.--The th in  l aye r  cell was constructed of 

Lucite  and Teflon. Detai ls  of the construct ion of the 
e lec t rode  wil l  be publ ished e lsewhere  (7). 

A p~tent iostat  of conventional  opera t ional  amplif ier  
design was used for e lectrochemical  measurements .  A 
Pr ince ton  Appl ied  Research Model 174 polarographic  
analyzer  was used for the different ial  pulse  vo l tam-  
mograms.  Signals were  recorded on a Houston Ins t ru -  
ment  2200-5-6 X-Y recorder .  

Electrodes.--The fol lowing meta l  foils (Alfa  Ven- 
t ron)  used were:  tungsten, 0.127 m m  ~hick; vanadium,  
0.025 mm thick; iron, 0.0125 mm thick;  chromium, 0.020 
mm thick, epoxy backed. 

Reagents.--The mercur ic  solut ion used for deposi t ion 
on carbon and the meta l  foils was 5.2 • 10-3M 
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Hg(NO~)2 �9 H20 (Baker, Analyzed) ,  1.0M KNO3 (Mal- 
l inckrodt)  at pH 6.4. Alternately,  a 5.9 >< 10-4M 
Hg(NO3)2 -H20  solution in  0.1N HNO~, 0.5M ENOs 
was also used to coat the metal  foils. Methyl viologen 
dichloride (K and K Laboratories) was used without  
fur ther  purification. Lead solutions were prepared by 
di lut ion of 1000 ~g/ml atomic absorpt ion s tandard 
(Fisher Scientific Company) .  Support ing electrolyte 
used for di lut ion of metal  ion solutions was 1.0M potas- 
s ium acetate (Baker, Analyzed) and 2M in acetic acid 
(E. I. du Pont)  at pH 4.0. All  solutions were diluted 
with distilled, deionized water. 

Procedure . - -The  th in  layer  cell was assembled with 
a polished wax impregnated graphite electrode (WIGE) 
press-fitted into the Teflon plate. The 5.2 X 10-~M 
mercuric  solution was then added to the cell and mer -  
cury deposited at --0.3V vs. SCE unt i l  the current  
dropped and remained constant  (usually 1-2 rain).  
Mercuric solution was added and  mercury  deposited 14 
more times. This gave a mercury  film thickness of 300- 
400A. Analyte  solution was then added to the cell and 
the analysis performed. 

The metal  foils were prepared and coated with mer-  
cury  in  the following manner .  A 1 cm 2 piece of foil 
was epoxied to a piece of Lucite leaving only one sur-  
face exposed. The electrode was dipped halfway into 
a small  solution cup. Connection was made with a 
spring clip to the top half. A mercury  film was formed 
on the foil by deposition of mercuric ions at --1.SV vs. 
SCE with moderate stirring. In  between experiments  
the metal  foils were wiped clean with a Kim Wipe. 
After  coating with the appropriate mercuric solution, 
the sample to be analyzed was entered into the cell. 
All solutions were degassed with pure ni t rogen for 20 
rain prior to use with the metal  foil electrodes. 

Results and Discussion 

Previously, the only OTE with mercuryl ike  charac- 
teristics was the Hg-P t  OTE (8). Another  approach to 
a mercury  t ransparen t  electrode which was more easily 
adapted to the th in  cell configuration was the mercury  
nickel minigr id  electrode (9). In  addit ion to its optical 
t ransparency,  the Hg-Ni electrode showed potential  for 
trace analysis of metal  ions. However, the high residual 
current  of the electrode at large negative potentials 
precluded its effective use in  DPASV at levels belo.w 
300 ng/ml .  An effort to lower this detection l imit  led to 
the present  work, a search for bet ter  electrode sub-  
strates for use in  vol tammetr ic  analysis in the TLE 
and mercury  film OTE's. Metals which amalgamate very 
little with mercury  were tried as substrates in an at-  
tempt to reduce the interference of the substrate metal  
with the mercury  film. 

Thin layer ce iL-- In  many  situations requir ing analy-  
sis of samples, par t icular ly  biological samples, the 
amount  of mater ia l  the analyst  has to work with is 
small. To analyze for heavy metals by DPASV one 
normal ly  requires at least 2 ml total solution volume. 
This often requires di lut ion of the sample which i n -  
troduces error into the analysis. In  addition, DPASV 
normal ly  requires solution degassing, reproducible st ir-  
r ing rates, and in the case of the tIMDE, reproducible 
drop size, all of which tend to l imit  the effectiveness of 
the technique. The author has developed a cell which 
eliminates some of these sources of error. 

The analyte lead solution was entered into the cell 
and deposited at a potential  which reduced oxygen in 
the sample to water. The lead is exhaust ively deposited 
into the th in  film from the volume of solution above 
the carbon rod, very rapidly by diffusion, thus el imi-  
na t ing  the necessity of stirring. Reproducible results 
were obtained when the cell was thoroughly rinsed 
with support ing electrolyte before each sample addi- 
tion. Duplicate analyses on the same solution were 

easily accomplished by depositing and str ipping as 
many  times as desired. 

Three types of graphite were investigated for use in 
the th in  layer  cell: POCO FXI spectroscopic graphite, 
pyrolytic graphite (PG),  and glassy carbon (GC). The 
POCO FXI WIGE was found to give the best results. 
A freshly cleaved pyrolytic graphite surface gives peak 
heights comparable to the WtGE; however, erratic 
results are obtained due to solution penetra t ion of the 
edges of the PG. To t ry  to overcome this problem in 
one case the outside of the PG rod was coated with 
epoxy and, in another, press-fitted into Teflon. This 
did not prevent  solution from getting in between the 
graphite planes. This caused higher residual current  
and, at times, bubble  formation at the edge of the 
electrode. GC was found difficult to coat evenly with 
mercury. The mercury  film tended to form large mer-  
cury droplets visible on the surface of the GC. These 
were often lost when  aspirating sample out of the cell. 
The very na ture  of GC makes it difficult to polish. Its 
small  d iameter  (3 ram),  compared to the POCO FXI  
WIGE, also makes edge concentrat ion of analyte  more 
pronounced. 

Data collected with the WIGE gave peaks which are 
well  defined with good resolution. The reproducibi l i ty  
of the data is well wi thin  acceptable limits for electro- 
chemical trace metal  analysis. Each analysis takes less 
than 5 min  total t ime compared to approximately 30 
min  for DPASV in conventional  electrochemical cells. 
Details of the use of this electrode and its applications 
will appear in the l i terature shortly (10). 

Metal  foil e lectrodes.- -Vanadium,  tungsten, chro- 
mium, and iron are very resistant to amalgamation 
with mercury  (11). In addition, all except i ron are 
quite corrosion resistant (12). First, the metals them- 
selves were characterized as electrode materials and 
compared to present ly  available materials.  Table I 
gives the cathodic potential  l imit  as determined by the 
onset of hydrogen evolution for each metal  at the 
given pH. Deposition of mercury  to give various thick- 
nesses did not increase the hydrogen overvoltage of 
the electrode. Cyclic vo l tammetry  of MV e+ on the 
mercury-coated and uncoated electrodes showed mul -  
tiple peaks and, in general, poor voltammetric be- 
havior. There seems to be no advantage as yet to using 
these materials as optically t ransparent  electrodes over 
current ly  available substrates such as p la t inum or 
nickel. 

Conclusion 
A mercury, thin film, thin layer, electrochemical cell 

has been prepared and shown to be applicable to trace 
meta l  analysis on small  volumes of solution. Of the 
various substrates for the mercury  th in  film which 
were tried, POCO FXI spectroscopic graphite, wax 
impregnated, gave the best results. The thin layer cell 
eliminates some of the sources of error, is as easy to 
use, and permits more rapid analysis on smaller  sam- 
ple volumes than conventional  electrochemical cells. 

Various metals were also evaluated for possible use 
as mercury film optically t ransparent  electrode sub- 
strates. The metals used in this study as electrode sub- 

Table I. Cathodic potential limits 

M e t a l  H~ e v o l u t i o n a  ( V  v~. S C E )  H_~ e v o l u t i o n b  (V v s .  S C E )  

T u n g s t e n  -- 1.00 -- 0.57 
V a n a d i u m  -- 1.15 -- 0,43 
C h r o m i u m  -- 1.00 -- 0.64 
I r o n c  - -  - -  

a 1 , 6 M  K N O 3  s o l u t i o n  a t  R H  6.4. H~ e v o l u t i o n  m e a s u r e d  a t  I = 
25 ~ A .  

b 0.1N HNO3, 0.5M KNO, solution at pH 1.0. H2 evolution mea- 
sured a t  I = 25 h A .  

c H y d r o g e n  e v o l u t i o n  w a s  n o t  o b t a i n a b l e  d u e  t o  h i g h  ( >  100 /~A) 
r e s i d u a l  c u r r e n t ,  
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strates  do not amalgamate  wel l  wi th  mercury ;  how-  
ever, this fact appa ren t ly  does not necessar i ly  make  
the meta l  a good subs t ra te  for  me rcu ry  film electrodes.  
Work  is cont inuing in this a rea  and wil l  be repor ted  
in ful l  at  a l a t e r  date. 
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ABSTRACT 

Stannic oxide in its pure form is an n - type  wide-bandgap semiconductor. 
Its electrical conduction results from the existence of point  defects (native 
and foreign atoms) which act as donors or acceptors. Some unique  properties 
of SnO2 make the mater ial  useful for many  applications. Therefore, increas- 
ing a t tent ion is being paid to studies on this oxide, especially on the methods 
of preparation,  and its electrical and optical properties. The purpose of this 
work is to provide a general  up- to-da te  review of the investigations carried 
out and to help identify impor tant  areas for fur ther  studies. This par t  is 
concerned with the preparat ion and defect s t ructure  of single crystals, 
s intered polycrystal i ine samples, and th in  films. Parts  II and III  2 are reviews 
of the electrical and optical properties of SnO2 materials.  

SnO2 crystallizes with tetragonal  fut i le  s t ructure 
with space group ]:)45 TM [P42/mnm (1)]. The uni t  cell 
contains six atoms, two t in  and four oxygen as i l lus-  
t rated in Fig. 1. Each t in atom is at the center of six 
oxygen atoms placed approximately at the corners of 
a regular  octahedron, and every oxygen atom is sur-  
rounded by three t in  atoms approximately at the cor- 
ners of an equilateral  triangle. Thus, it is the struc-  
ture of 6:3 coordination. The lattice parameters  deter-  
mined by Baur  (2) are a -- b = 4.737A and c -- 3.185A. 
The c/a ratio is 0.673. The ionic radii for 0 2- and Sn 4+ 
are 1.40 and 0.71A, respectively (3). 

It is general ly agreed that SnO2 in its undoped form 
is an n- type,  wide-bandgap semiconductor. Various 
specific and unique  properties of this mater ial  make it 
very  useful in many  applications. Polycrystal l ine thin 
films and ceramics of SnO2 have been extensively 
used for the production of resistors (4). Conducting 
SnO2 films are well  known as t ransparent  electrodes, 
and when deposited on glass it is known as Nesa glass 
(5). SnO2 films are also used as t ransparent  heating 
elements (6), for the production of transistors (7, 8), 
for t ransparent  antistatic coatings (9), and other parts 
in electric equipment  where t ransparency is required. 
A polarized memory effect has also been observed in 
a Se-SnO2 system (10). 

Because of its practical importance, an increasing 
amount  of work has been done on crystals and films in 
recent years. A great deal of exper imental  research 
has been carried out on the electrical and optical prop- 
erties of single crystals, thin films, and sintered SnO2 
in the hope of gaining a detailed unders tanding  of the 
semiconducting na ture  of this material.  It is the pur -  
pose of this report to provide a general  up- to-da te  re-  
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1 Present  address: Depar tmen t  of Engineer ing Physics, McMaster  

Universi ty ,  Hamilton,  Ontario, Canada. 
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respect ively.  
K ey  words:  single crystals, s intered mater ia l ,  thin films, nat ive  

defects, doping, impurit ies.  

- a J -I 
Fig. 1. Unit cell of the crystal structure of Sn02. Large circles 

indicate oxygen atoms and the small circles indicate tin atoms. 

view of these investigations and to help ident ify im-  
portant  areas for fur ther  studies. 

Growth of Sn02 Crystals 
The growing of pure and in ten t ional ly  doped single 

crystals of stannic oxide of good qual i ty presents a dif- 
ficult problem. However, since 1961 a rapid develop- 
ment  in the techniques has taken place. The methods 
applied by various authors are compiled in Table I. 

On the basis of past work, two techniques appear to 
be most promising, namely  the growth of crystals by 
reaction of stannic chloride vapor with water  vapor 
(13,23) and growth using the reaction of stannie 
chloride vapor with hydrogen and oxygen (19, 24). 

The first method described by Nagasawa et al. (13) 
is based on the following reaction 

SnCI4 + 2H20 ~- SnO2 + 4HCI [i] 

199C 
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Table I. Methods of growing Sn02 single crystals 

Year Author  Reference  Method 

1961 Marley and MacAvoy (11) 

1962 Reed, Roddy, and Mariano (12) 

1965 Nagasawa, Shionoya, and (13) 
Makishima 

1966 Kunkle and Kohnke (14) 
1966 Kusmina and Litvin (15) 

1966 1Viorgan and Wright (16) 
1968 Van Daal (17) 

1969 Grm~er (18) 
1969 Fonstad, Linz, and Rediker (19) 

1969 Crabtree, Mehdi, and Wright (20) 

1969 Caslavska and Roy (21) 

1973 Takizawa and Sakurai (22). 

1974 Crabtree (23) 

Vapor phase growth from tin oxide powder based on revers ible  react ion SnO(g) + 
1/2 O2 ~- SnOs(s) in a stream of mixture of helium and oxygen at 1920~ 

Growth by a process involving the production of SnO(g) by the oxidation of tin 
followed by subsequent reoxidation, and deposition of SnO~ at 1620~ 

Growth based on the reaction SnCI~ + 2HsO --> SnO2 + 4I-IC1 at 1570~ 

Growth from a CusO flux at 1520~ 
Hydrothermal growth using a solvent of LiOH solution at about  770~ and 2000 arm 

pressure 
Growth by vapor reaction o~ tin vapor with o x y g e n  at 1620~ 
Growth on top of sintered pellets of SnO~ placed in a semiclosed alumina vesse l  

and heated at 1920~ 
Growth based on the reversible reaction SnO(g) + ~ 02 ~-~ SnO2(s) at 1570K 
Growth using the reaction SnCI~ + 2H2 + O~ ~ SnOs + 4HC1 at 1520~ and 10 

Torr pressure 
Growth based on reaction SnCI~ + 2ttsO --> SnO~ + 4HC1 as e m p l o y e d  b y  Nagasawa  

et al. (13) with some modifications (e.g., including tin and using growth temper- 
ature of 1670~ 

Epitaxial growth of SnO~ on rutile single crystals using reaction SnI~ + 2HsO -> 
SnO~ § 4HI in the temperature range of 720~176 

Growth similar to that used by Reed et aI. (12) with some  modifications; g r o w t h  
temperature was 1540~ 

Growth according to reaction SnCla + 2H20 ~ SnO~ + 4HC1 at 1629~ 

A h o r i z o n t a l - t y p e  e l e c t r i c  f u r n a c e  w i t h  a c o n s t a n t  
t e m p e r a t u r e  z o n e  o f  1 5 7 0 ~  a t  t h e  c e n t e r  w a s  u s e d  
t o g e t h e r  w i t h  a n  a l u m i n a - c e r a m i c  m u f f l e  t u b e  a s  s h o w n  
i n  F ig .  2. A f u s e d  q u a r t z  t u b e  w a s  f i x e d  a t  t h e  c e n t e r  
o f  t h e  f u r n a c e  to  p r o v i d e  a s u b s t r a t e  o n  w h i c h  to  g r o w  
c r y s t a l s .  T o  i n t r o d u c e  t h e  v a p o r s  i n t o  t h e  g r o w i n g  z o n e ,  
t w o  t h i n  f u s e d  q u a r t z  t u b e s  w e r e  u s e d ,  o n e  f o r  w a t e r  
v a p o r ,  t h e  o t h e r  f o r  SnC14 v a p o r .  SnC14 a n d  H 2 0  w e r e  
s t o c k e d  s e p a r a t e l y  i n  g l a s s  v e s s e l s  i m m e r s e d  i n  t h e r -  
m o s t a t s  to  m a i n t a i n  t h e  v a p o r  p r e s s u r e s  a t  c o n s t a n t  
v a l u e s .  O x y g e n  a n d  n i t r o g e n  w e r e  u s e d  as  c a r r i e r  
g a s e s  to  t r a n s p o r t  H 2 0  a n d  S nC I~  m o l e c u l e s ,  r e s p e c -  
t i v e l y ,  i n t o  t h e  g r o w i n g  z o n e .  T h e  t e m p e r a t u r e s  o f  t h e  
v a p o r  s o u r c e s  w e r e  b e t w e e n  290 ~ a n d  3 2 0 ~  T h e  f l ow  
r a t e s  o f  c a r r i e r  g a s e s  w e r e  b e t w e e n  25 a n d  150 c m 3 /  
m i n .  S i n g l e  c r y s t a l s  w i t h  s i z e s  u p  to  2 • 5 • 15 m m  
c o u l d  b e  o b t a i n e d  i n  24 h r .  

C r a b t r e e  e t  al. (20)  o b t a i n e d  S n O 2  s i n g l e  c r y s t a l s  
a p p l y i n g  t h e  m e t h o d  w h i c h  r e s e m b l e s  t h a t  u s e d  b y  
N a g a s a w a  e t  al. (13 ) .  H o w e v e r ,  t h e y  h a v e  u s e d  a n  
a l u m i n a  l i n e r  t u b e  i n s t e a d  o f  s i l ica ,  e m p l o y e d  a g r o w t h  
t e m p e r a t u r e  o f  1670~  i n c l u d e d  a b o a t  c o n t a i n i n g  t i n ,  
a n d  h a v e  a l so  u s e d  a r g o n  as  a c a r r i e r  g a s  i n s t e a d  o f  
n i t r o g e n .  T h e  c r y s t a l s  p r o d u c e d  h a d  d i m e n s i o n s  u p  to  
2 X 2  • 1 2 r a m .  

I n  F ig .  3 a m o d i f i c a t i o n  o f  t h e  t e c h n i q u e  u s e d  b y  
C r a b t r e e  e t  aI. (20)  i s  s h o w n .  T h e  c r y s t a l  g r o w t h  o c -  
c u r s  a c c o r d i n g  to  r e a c t i o n  [1] .  SnC14 a n d  H 2 0  v a p o r s  
a r e  i n t r o d u c e d  to  t h e  f u r n a c e  c e n t e r  b y  m e a n s  o f  t h e  
t u b e s  s h o w n  i n  F ig .  3. T h e  t e m p e r a t u r e  o f  t h e  f u r n a c e  
c e n t e r  w a s  1520~  T h e  c r y s t a l s  o f  m m  s i ze  h a v e  b e e n  
grown within a few days (23). 

The second method of growing SnO2 single crystals 
mentioned above has been reported by Fonstad, Linz, 
and Rediker (19). The crystals obtained by their tech- 
nique had higher Hall mobilities and higher purity 

3 

Fig. 2. Assembly for SnO2 crystal growth by vapor reaction 
method using SnCI4 and H20 vapors according to Nagasawa 
et al. (13). 1, gas blowoff; 2, viewing port; 3, electric furnace; 4, 
thermocouple; 5, muffle tube; 6, oxygen inlet; 7, water; 8, nitro- 
gen inlet; 9, SnCI4; 10, thermostats; 11, alumina brick; 12, inlet 
tubes (fused quartz); 13, crystals; 14, growing tube (fused quartz). 

t h a n  t h o s e  g r o w n  b y  o t h e r  m e t h o d s .  F u r t h e r m o r e ,  t h i s  
m e t h o d  is  c o m p a t i b l e  w i t h  i n t r o d u c i n g  d o p a n t s  d u r i n g  
t h e  g r o w i n g  p r o c e s s .  T h e  e x p e r i m e n t a l  a r r a n g e m e n t  
f o r  c r y s t a l  g r o w t h  i s  s h o w n  i n  F ig .  4, a n d  is  b a s e d  o n  
t h e  r e a c t i o n  

SnCI4  ~- 2H2 -}- 0 2  ~ S n O 2  ~ 4HC1  [2] 

T h e  c r y s t a l s  g r o w  i n  a q u a r t z  t u b e  a t  1 5 2 0 ~  a t  10 T o r r  
p r e s s u r e .  S t a n n i c  c h l o r i d e  is  p r o d u c e d  b y  p a s s i n g  
c h l o r i n e  g a s  t h r o u g h  a m e s h  o f  t i n  m e t a l  a t  3 7 0 ~  

I 2 

==-t 
3 I" _ __ ,-----1 

Fig. 3. Experimental arrangement for growth of Sn02 crystals 
by reaction of SnCI4 and H20 vapors according to Crabtree (23). 
~, refractory brick ~nsulation; 2, SnO2 crystal; 3, SiC element; 4, 
quartz tube; 5, dry argon; 6, SnCI4 at 373~ 7, water bath; 8, 
steam argon; 9, ether temperature control; 10, thermocouple. 

4 5 

6 7 

Fig. 4. Growing system of SnO2 crystals based on reaction or 
stannic chloride, oxygen, and hydrogen (19, 24). 1, SnCI4; 2, pure 
reactor (Sn); 3, doping reactor (Sn -~- dopant); 4, quartz nozzle 
for hydrogen; 5, ~irconia nozzle for SnCId; 6, region of growth; 
7, quartz tube; 8, pressure gauge; 9, viewing port; 10, to cold trap 
and vacuum pump; 11, globar heater; 12, needle valves; 13, oxygen 
inlet; 14, hydrogen inlet; 15, chlorine inlet; 16, mullite tube; 17, 
SnCI4 @ doping chloride. 
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and at 10 Torr  pressure according to the reaction 

Sn  + 2C12 ~ SnC14 [3] 

The reaction of t in  with chlorine occurs in  a Pyrex 
funne l  kept at tempera ture  about 370~ sufficient at 
the pressure of 10 Torr  to give a uni form and complete 
reaction. Dopants are introduced into the growing 
crystals by using reactors similar  to those which gen-  
erate SnC14 vapor in  parallel  with the SnC14 reactor, 
in which reactors the t in  contains small  amounts  of 
the desired dopants, e.g., antimony.  The mull i te  fur-  
nace tube is horizontal ly mounted  in a globar furnace 
and is sealed with end caps. The O2, H2, C12, and  SnC14 
inlet  tubes enter  through the input  end cap. The out-  
put  end cap provides a mount  for a pressure gauge, a 
quartz v iewing  window, and a connection to the cold 
traps and vacuum pump. A quartz tube fitting inside 
the main  tube is used as the growing substrate. The 
crystals obtained by this technique were reported (24) 
to have carrier mobil i ty  of 8800 cm2/V sec at 77~ 
and of 13,500 cm~/Vsec at 45~ which gives evidence 
of their  high purity.  

Other methods of single crystal growth include the 
one with the react ion 

SnO (g) + Y2 02 ~ SnO2(s) [4] 

Historically, this was the first reported method used 
to grow SnO2 crystals, and was described by Marley 
and MacAvoy (11). The crystals are grown in a hori-  
zontal two-zone p la t inum wound tube furnace. Both 
zones are independent ly  controlled to allow a flexible 
tempera ture  gradient. The tempera ture  dis tr ibut ion is 
a constant  high tempera ture  zone main ta ined  at 1920~ 
followed by an area containing a decreasing tempera-  
ture  of approximately 20~ Marley and MacAvoy 
used sintered a lumina-ceramic  muffle tubes throughout  
the furnace except where crystal deposition occurred. 
In  this zone a removable mul l i te  tube was subst i tuted 
since at these temperatures  the mul l i te  provides a sub-  
strate to which crystals could firmly anchor. A gas 
en t rancement  apparatus was attached to the furnace 
and the furnace tube was charged with high pur i ty  
SnO2 powder which was placed in  the high tempera-  
ture  zone. A s tream of a mixture  of hel ium and oxy- 
gen was passed over the SnO2 powder to t ransport  the 
resul t ing SnO vapor into the growing zone where su- 
persaturat ion and crystal  growth took place. In  this 
way crystals up to 2 • 4 • 30 mm were obtained. 

Van Daal (17) described the growth of SnO2 crystals 
by a modification of this technique. Sintered pellets 
were placed in a semiclosed a lumina  vessel and then 
heated at 1920~ in  air. Relat ively large crystals were 
grown on top of these pellets. However, they contained 
appreciable amounts  of various impurities, especially 
A1. 

The growth of SnO2 crystals by the reaction of t in  
vapor with oxygen was described first by Reed, Roddy, 
and Mariano (12). Zone-refined t in was placed in  a 
quartz crucible having a neck for slow admission of air  
for oxidation of the tin. The crucible was kept at the 
temperature  of 1620~ for several days. The SnO vapor 
produced by the oxidation of t in  was reoxidized near  
the neck where the oxygen pressure was comparat ively 
high, and SnO2 crystals were deposited. They were up 
to 3 cm long and to 5 m m  across. These crystals con- 
tained, however, a considerable amount  of Si and other 
impurities.  

In  order to minimize the inclusion of St, Takizawa 
and Sakurai  (22) have recently grown SnOz crystals 
by this method at lower temperatures  using a smaller 
crucible. They found that the most favorable growth 
occurred when  lg of zone-refined t in  was put  in  a 
quartz crucible 10 cm long with a neck 20 cm in 
length, which was kept at the tempera ture  of 1540~ 
for 7 days. The crystals obtained in this way have been 

smaller than  those prepared by  Reed et al., but  had 
bet ter  qualities. 

Applying a similar  technique, Morgan and Wright  
(16) have grown SnO2 crystals at 1720~ in  about 
10-15 days. They used a constant flow of a mixture  of 
argon and oxygen upon an a lumina  boat, containing 
pure tin. The crystals grew on this boat, but  they con- 
tained large amounts  of various impurities.  To obtain 
ant imony-doped crystals, another  a lumina  boat con- 
ta ining metallic Sb was introduced into the furnace. 

Hydrothermal  (15) and flux (14) methods may also 
be used to grow stannic oxide single crystals, but  the 
possibility of contaminat ion is much greater. Therefore, 
these methods are not popular  for t in oxide crystal 
growth. 

Other methods for the growth of single crystals of 
oxides in general  may be found in a recent review oa 
the subject (25) for fur ther  reference. 

Preparation of Sintered Sn02 Materials 
Conducting properties of pressed and sintered t in 

oxide have been investigated (26-32) as early as 
1910. Recently, Van Daal (17) has described a 
method of prepar ing pure s intered t in  oxide with a 
high density of about 95% of the bulk  density by ap-  
plying a gas t ransport  reaction method (25). HBr was 
chosen as a t ransport ing gas. The reaction between 
SnO2 and HBr is exothermic, and the t ransport  of SnO2 
in  the apparatus is from the low tempera ture  region 
of 1070~ to the high tempera ture  region of l170~ 
producing a polycrystal l ine solid. 

Loch (29) has obtained Sb-doped sintered SnO2 by 
mixing  reagent grade t in  oxide with Sb20~ in an ace- 
tone slurry. The mixing was cont inued unt i l  the ace- 
tone evaporated and  the dry powder was pressed at 
8000 psi. Sinter ing followed at 1670~ in air. 

Matthews and Kohnke (30) have prepared Zn-doped 
polycrystal l ine SnO2 by adding an amount  of ZnO to 
reagent grade t in oxide, t reat ing the mix ture  wi th  an 
acetone binder  solution, pressing at 10,000 psi into 
pellets, and firing at 1730~ in  air for 4 hr. In  this way, 
sintered mater ial  of 95% theoretical density has been 
achieved. 

Vincent and Weston (31) have described in  detail 
a method of producing polycrystal l ine t in  oxide by 
precipitat ion from solution. Sb-doped SnO2 was pre-  
pared by coprecipitation with ammonium hydroxide of 
an t imony and t in  hydroxides from appropriate mix-  
tures of an t imony and t in  chloride solutions in HC1, 
followed by a washing and heat - t rea tment .  Sam- 
ples obtained in this manne r  were subjected to heat-  
t rea tment  at temperatures  up to 1470~ 

Deposition of SnO~ Films 
The current  interest  in applications of t in  oxide films 

has led to more careful study of the techniques which 
can be employed to deposit these films and also to 
study the dependence of SnO2 films on the mode of 
preparation.  The methods applied by various authors 
are compiled in  Table II. Earl ier  reviews were wr i t ten  
by Bauer (33) and Fischer (34). 

As can be seen from the table, many  methods have 
been used to obtain SnO2 thin films; however at pres- 
ent it seems that only two of them are promising for 
future  development. These are gas-phase hydrolysis of 
volatile t in  compounds, pr incipal ly SnC14 using various 
carrier gases, and reactive sputtering. 

Hydrolysis.--The method of hydrolysis is based on 
the reversible endothermic reaction [1] in the presence 
of HC1 gas. Because this reaction proceeds very rapidly, 
the SnC14 is mixed with alcohol, some organic acid, 
or both (5). When spraying an atomized mixture  of 
this solution onto a heated substrate, the reaction oc- 
curs in the forward direction result ing in  the deposi- 
t ion of t in  oxide in  the form of a smooth, closely ad- 
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Table II. Deposition of SnO~ films 

July 1976 

Year  Author, Reference  M e t h o d  

1953 Holland and  Siddal  (9) 
1954 Aitchison (5) 

1958 Ishiguro,  Sasaki ,  Arai ,  and (35) 
t m a i  

1960 Ara i  (36) 

1960 Kuznetsov  (37) 
1963 Koch (38) 
1963 Sinclair  and Pe te rs  (39) 
1964 Maesen and W i t m e r  (40) 
1964 Klasens  and  Koe lmans  (7) 
1965 Sin,clair, Peters ,  Sti l l inger,  (41) 

and Koonce 
1965 Vainshte in  (42) 
1965 Tiganc  (43) 
1966 Sasaki, !Nishimura, and (44) 

Yamamote 
1966 Shioj i r i  tYIorikawa, and (45) 

Suito 
1967 Spence (48) 
1969 Bar tho lomew and  Garf inkel  (47) 
1969 Viser ian and  Georgescu  (48) 
1969 Inagak i ,  Nisn imura ,  and (49) 

Sasaki  
1969 Cas lavska  and  Roy (21) 

1969 L iebe rman  and Medrud  (50) 
1969 Y a m a n a k a  and  Oohashi  (51) 
1970 Eniott ,  Zel lmer,  and  Lai t inen  (52) 

1970 Aoki  and Sasakura  (8) 

1970 Nishino and H a m a k a w a  (53) 

1971 Vorob 'eva  and Polurotova  (54) 
1972 Hecq and PorUer  (55) 
1972 Vossen and  Pol in iak  (56) 
1973 Kelly and Lain  (57) 
1973 Aboaf  and Marcot te  (58} 
1974 Giazl.i and Kel ly  (59) 

1974 Lepic and Mar ten  (60) 

React ive spu t te r ing  of Sn cathode 
Hydrolys is  of SnC~ on heated  glass subst ra te  based on reaction, SnCh  + 2I-I~O 

SnO~ + 4HCL at  t empera tu re  r ange  770~176 
Solution of SnChSI-~O crystal  or SnCI~ l iquid in disti l led wa te r  or in  e thyl  alcohol  

was sprayed  on. the gross, fused  slAca, or rock  sal t  p la tes  a t  t e m p e r a t u r e s  770"- 
870~ The  obtained SnO2 films w e r e  compr ised  of crystall ites.  

(i) Hydrolys is  of SnC14 
(it) Hea~ing wi tn  air  the SnO films obtained by  v a c u u m  evapora t ion  of SnO p o w d e r  
Hydrolys is  of SnCh  wi thou t  intenr doping 
Hydrolys is  of S n C h  
React ive  sput te r ing  of Sn cathodes 
Hydrolys is  of SnC~ 
Vacuum evapora t ion  process 
React ive  spu t te r ing  of Sn cathode 

React ive  sputter ing  of  S~ cathode 
Pyrolys is  
Hydrolys is  of SnCl~ 

Vacuum evapora t ion  of SnO~ 

Vacuum evapora t ion  of t in in oxygen  a tmosphere  
P roduc ing  SnO2 films on silica gross subst ra te  by oxidat ion of  SnCI~ 
SnO2 fi~ms p repared  us ing  anhydrous  t in chloride in alcohol 
Droplet  gas-phase  react ion 

Epi taxia l  g rowth  of SnO~ fi lms on rut i le  single crysta l  us ing  react ion SnI~ § 2H~O 
-~ SnO2 + 4HI 

React ive spu t te r ing  of Sn electrode 
React ive  sput te r ing  of ShOe i tself  
Hydrolys is  of solution oi  acidified ~nCt~ conta in ing  va r ious  percen tages  of  SnCI~ on  

a hot subst ra te  (Pyrex,  quartz,  or polished p la t inum) 
SnOe thin  films were  g rown by transportin,g the vapor  of (CHs)~ SnCI~ onto the  sub- 

s t ra te  wi th  dr ied  a i r  and  by decomposi t ion and oxidiz ing 
Conduct ive SaO~ films were  obtained by two processes:  (i) evaporat ion of  t in on 

silicon and  ( i t )  oxidat ion of these films at  t empe ra tu re  r ange  570~176 for sev-  
eral minutes  

Hydrolys is  of SnCh wi thou t  in,tentional doping 
React ive spu t t e r ing  of Sn cathode 
RF  sput te r ing  v e r y  th in  films of SnO~:Sb and  Ir~Os: Sn 
React ive  sput te r ing  of Sn, cathode 
Hydrolys is  of SnCh  
(i) React ive  spu t t e r ing  of Sn cathode 
(it) Anodiz ing  of Sn in electrolyte of a m m o n i u m  pentabora te  in  e thy lene  glycol 

wi th  wa te r  
Hydro lys i s  of SnCh on ceramic  substrate.  The fi lms of SnO~:B:Sb were  obta ined b y  

adding  H3BO~ or SbC15 to the solution 

herent  t ransparent  film. The reaction proceeds slowly 
at 770~ and is very rapid at temperatures  higher than 
1070~ If the temperature  of the substrate is higher 
than  about 1270~ metallic t in  is formed. The opti- 
mum tempera ture  range for SnO2 film formation ap- 
pears to be different in the experience of different 
workers. Aboaf and Marcotte (58) claim good results 
in the tempera ture  range of 650~176 while other 
authors (35, 5) prefer temperatures  of 770~176 and 
770~ 

An analysis of the SnO2 films obtained in this way 
suggests contaminat ion of chlorine and deviation from 
stoichiometry (36, 58). C1 contaminat ion and oxygen 
deficiency are responsible for the rather  high conduc- 
t ivi ty found in these films which are made without 
in tent ional  doping (36, 37, 54). Usually, however, high 
conductivi ty t in  oxide films are obtained by doping 
them with ant imony (32, 36, 52, 60), boron (60), or 
other elements (58). To obtain SnO2 films doped with 
an t imony or boron, various percentages of SbC13 (or 
SbCl~) or H3BO3 (60) are added to the acidified- 
atomized solution of SnC14. 

Because reaction [1] is reversible the s t ructure  
and composition of S n Q  films depend on the tem- 
perature, pressure, and rate of deposition. Recently, 
Aboaf and Marcotte (58) have described the deposi- 
tion of SnO2 films on heated silicon substrates by 
SnCI4 hydrolysis at various temperatures  between 
650 ~ and 870~ using ambients  of N2, O2, and H2 
Nitrogen gas was used to t ransport  the high pur i ty  
grade t in  tetrachloride into the furnace tube by which 
either nitrogen, oxygen, or hydrogen was flowing. H20 
vapor-sa tura ted N2 was fed into the furnace through a 
nozzle situated at some distance (about 5 cm) from the 
uni form hot zone for minimizing the reaction of SnC14 
with H20. The t in oxide films obtained in this manner  
were clear and vi r tual ly  insoluble in acids and bases. 
The chlorine content  was lowest when the films were 
deposited in a hydrogen atmosphere. SnO2 films pre-  

pared by the method of hydrolysis of SnCl4 exhibit  a 
small tempera ture  coefficient of resistivity and are 
chemically stable at slightly elevated temperatures,  
but  they are polycrystalline. 

Caslavska and Roy (21) have obtained epitaxial  
oriented SnO2 thin films on a futi le single crystal sub-  
strate by the reaction 

SnI4 + 2H20 ~ SnO2 + 4HI [5] 

in the temperature  range of 720~176 The experi-  
menta l  assembly consisted of a horizontal clam-shell  
furnace fitted with a s i l ica-Pyrex reaction tube through 
which H20 vapor was flowing continuously. In  the cen- 
ter of the reaction tube a fut i le  substrate was placed 
and was heated separately. The SnI4 mater ial  was in  a 
p la t inum crucible and was kept at a predetermined 
temperature  at distances of 8, 11, and 20 cm from the 
substrate. The surface of the single crystal substrate 
was polished in a given orientat ion which was deter-  
mined by x - ray  diffraction. 

Reactive sputtering.--Reactive sput ter ing is used by 
a number  of investigators (25, 57, 59) to deposit SnO2 
films on various substrates. A simple system using two 
electrodes (55) has been used recently by Giani and 
Kelly (59). It consisted of an Sn cathode and substrates 
of chemically polished A1, Ta, and V, cleaved KC1, and 
a i r -annealed SnO2 which were placed on the anode table 
3 cm beneath the cathode. The d-c sput ter ing voltage 
ranged from 1000 to 3000V and the current  was about 
10 mA. As working gas, a "1=1 mixture  of oxygen and 
argon was used at about 10 -2 Torr  pressure. The 
sputtered SnO2 films were amorphous as deposited on 
KC1 or Ta substrates in the tempera ture  range of 170 ~ 
470~ and polycrystal l ine as deposited on SnO~ at 
470~ 

A more complicated apparatus is described by 
Lieberman and Medrud (50). It  is constructed in  such 
a way that it enables the simultaneous rotat ion and  
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Fig. 5. Reactive sputtering apparatus which enables the simul- 

taneous rotation and refrigeration of substrate during the sputter- 
ing process (50). 1, driving motor; 2, rotary seal; 3, bell jar; 4, 
refrigerant; 5, substrates; 6, tin cathode; 7, shield; 8, chewron 
baffle; 9, gas inlet; 10, vacuum pump. 

refr igerat ion of substrates dur ing  the sput ter ing proc- 
ess. The outl ine of the apparatus is shown in Fig. 5. 
The rotat ion of the substrate helps to obtain films 
with uni form thickness, and also assists in the dissipa- 
tion of heat from the substrate. The substrates are 
cooled by l iquid ni t rogen to increase the possibility 
of obtaining amorphous films. The l iquid n i t rogen-  
cooled vacuum flask is made of stainless steel, the base 
plate of this flask is a copper plate to which the glass 
substrates are attached, and the cathode is cooled by 
water  flowing through the cathode supports. 

Yamanaka and Oohashi (51) have prepared sputtered 
SnO2 films using the cathode in  the form of a t in  oxide 
disk sintered from SnO2 powder at 1770~ in air. The 
distance between the cathode and substrate was 6 cm 
and the sput ter ing voltage was 4500V. 

The method of sputter ing was used also by other 
authors for the etching of SnO2 films (61). Descrip- 
tions of other reactive sput ter ing methods used to de- 
posit oxide films may be found elsewhere (25, 57). 

Other methods.--Bartholomew and Garfinkel (47) 
used anhydrous SnC12 as a s tar t ing mater ial  for pre-  
par ing SnO2 films. Stannous chloride with the mel t ing 
point  of 519~ was fused and subsequent ly  oxidized 
to SnO2 by the following reaction 

SnC12 q- 02--> SnO2 q- C12 [6] 

The experiments  were carried out either in an open 
or a closed system. The open system consisted of a 
Vycor glass crucible containing the SnO2. The crucible 
in t u rn  was placed in  a Vycor beaker  and the whole as- 

203C 

sembly was put  in  the furnace for fusing and oxidizing. 
In  the closed system, a silica glass tube was used instead 
of the beaker. The tube was sealed at one end and had 
a silicone oil trap at the other end. The system was 
flushed with dry argon cont inuously while a film 
formed on the silica glass tube. Hea t - t rea tment  in  air  
followed at temperatures  between 670 ~ and 800~ with 
times ranging from 1 to 72 hr. In  the case of a com- 
pletely sealed system, no SnO2 films was formed after 
72 hr  of heat - t rea tment .  

Aoki and Sasakura (8) have prepared SnO2 films by 
t ranspor t ing dimethyl  t in  dichloride (CH3)2 SnC12 
vapor onto a substrate surface by means of dried air, 
where the vapor was successively decomposed and 
oxidized. The assembly used by these workers is shown 
in  Fig. 6. The thickness of the SnO2 films was con- 
trolled by changing the flow rate of the air and the 
t ime of reaction, and their electrical conductivity was 
controlled by changing the tempera ture  of the sub- 
strate. 

Conductive t in  oxide films have been grown by the 
evaporation of t in  on a suitable substrate and the sub-  
sequent oxidation in  an atmosphere containing oxygen 
(46, 53). 

Giant and Kelly (59) have also prepared SnO2 th in  
films by a high voltage anodizing method. The anode 
was an Sn sheet and the cathode was either an A1 sheet 
or a Pt  cylinder. The electrolyte used was an ammo- 
n ium pentaborate  in ethylene glycol which was varied 
by adding water. The anodizing voltage was 50V d.c. 
producing a current  densi ty of 10 m A / c m  ~. 

Defect  Structure 
As it is well known, physical properties of oxides 

depend strongly on deviat ion from the stoichiometric 
composition (native disorder) and on na ture  and con- 
centrat ions of foreign atoms incorporated into the 
crystal lattice (25). Because t in  oxide is a semicon- 
ductor of n-type,  therefore either oxygen vacancies, 
Vo, or interst i t ial  t in  atoms, Sni, are expected to be 
donors in pure SnO2 (5, ii, 13). Thus, either defect 
reactions 

Sn02 ~ Sns~ 4+ + Oo ~- + Vo 2- Jr 1/~ 02 [7] 
o r  

SnO2 ~ Sni 4+ + O2 (~) [8] 

may take place. 
Recently, Samson and Fonstad (62) have concluded 

that in the partial  oxygen pressure range from 10 -2 
to 1 atm, and in the tempera ture  range from 1370 ~ to 
1600~ the doubly ionized oxygen vacancies predomi-  
nate in SnO2 according to the defect reaction [7] and 
following reaction 

Vo ~ Vo" + 2e' [9] 

together with the neut ra l i ty  condition 

2[Vo"] = [e'] [102 

2 

Fig. 6. An apparatus (8) for deposition of SnO2 thin films from 
dimethyl tin dichloride (CH3)2 SnCI2. 1, to aspirator; 2, thermo- 
couple; 3, air inlet; 4, drying agent; 5, electric furnace; 6, (CH3)2 
SnCI2; 7, substrate; 8, flow meter. 
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This conclusion was based on the one-s ix th  dependence  
of electr ical  conduct iv i ty  on the oxygen pressure  

--  Po2 -1/6. I t  is wel l  known, however,  that  f rom con- 
duc t iv i ty  measurements  s imi lar  resuIts may  be  ob-  
ta ined  also assuming the p redominance  of t in  in te r -  
s t i t ials  Sni 4+. If the  mass action l aw is appl ied  to defect  
react ion [8], and if the  react ion 

S n i ~  Snd  + + 4e' [11] 

is used together  wi th  the neu t ra l i ty  condi t ion 

4[Sni 4+] --  [e'] [12] 

we can obta in  the dependence:  r ~ po~ -1/5. Taking 
into account possible impur i t ies  incorpora ted  into the  
crystals  dur ing  the h e a t - t r e a t m e n t  as wel l  as the  
na r row  oxygen  pressure  range  invest igated,  i t  is diffi- 
cult  at p resen t  to decide which type  of defect  p re -  
dominates  in SnO2 mater ia ls .  Thus, more  de ta i led  in-  
vest igat ion is necessary  to confirm the suggest ion of 
Fons tad  and Samson. Careful  self-diffusion coefficient 
measurements  as a funct ion of oxygen pressure  and 
t empera tu re  in the rmodynamic  equi l ib r ium conditions 
may  provide  a more  decisive answer.  

I t  has been expected tha t  SnOe single crystals  or 
thin films grown using the hydro lys i s  of SnC14 m a y  
contain  chlorine.  This has been shown recent ly  (58) 
for th in  films. Aboaf  and  Marcot te  (58) have found 
f rom x - r a y  measurements  tha t  chlor ine is incorpora ted  
into SnO2 la t t ice  e i ther  in te rs t i t i a l ly  or  subs t i tu t ion-  
ally. Both in ters t i t ia l  and subst i tu t ional  chlor ine atoms 
give rise to donor levels  and thus  increase the  charge 
car r ie r  concentra t ion in SnO2 films. This leads to in-  
creased conductivi ty.  

The invest igat ions of dislocations in  SnO2 crystals  
grown by the vapor  reac t ion  method,  descr ibed  by  
Mar ley  and MacAvoy (11), have been carr ied  out by  
Koffyberg (63). However ,  his work  is not discussed be-  
cause the crystals  ob ta ined  by  this method are  not  of 
good quali ty.  

Li t t le  is known about  doped SnO2 mate r ia l s  in gen-  
eral. Recently,  Vincent  (32) repor ted  a s tudy  on the 
the rmodynamic  s tab i l i ty  of the oxides of t in  and ant i -  
mony.  He concluded tha t  the  most p robable  configura-  
t ion of t i n - an t imony  oxide is a s t ruc ture  containing 
Sb203 in SnO2. This comes about  because the  react ion 

2SNO2 + Sb203--> 2SnO ~- Sb205 [13] 

is not  probable ,  due  to the re la t ive  ins tabi l i ty  of SnO 
with  respect  to SnO2. However ,  it is not known whe ther  
the  an t imony  atoms are subs t i tu ted  in Sn sublat t ice  
(37) or p laced in the  in ters t i t ia l  positions. I t  is ex -  
pected that  both  cases may  take  place. 

The na ture  of o ther  impur i t ies  in the  crys ta l  la t t ice  
of SnO2 is not known. Depending on the i r  re la t ive  
posit ions to t in in the  Per iodic  Table, they  may  act as 
e i ther  donors  or acceptors.  

Conclusions 
The best  qual i ty  SnO2 single crystals  are  obta ined by  

two techniques, namely  the growth  of crystals  by  the  
reac t ion  of SnC14 vapor  wi th  wa te r  vapor  and growth  
using the react ion of SnC14 vapor  wi th  hydrogen  and 
oxygen. Pure  s intered SnO2 mate r i a l  m a y  be obtained 
by  apply ing  the gas - t r anspor t  react ion method,  e.g., 
by  react ion be tween  SnO2 and HBr.  

The most promis ing  methods for obta ining good SnO2 
thin  films are  gas-phase  hydrolys is  of vola t i le  t in com- 
pounds, especial ly SnC14, and react ive  sput ter ing.  

The na tu re  of defect  s t ruc ture  of pu re  SnO2 is not  
e lucidated yet.  Both doubly  ionized oxygen vacancies 
and in ters t i t ia l  ions have been proposed,  and e i ther  
one is possible. 

The de ta i led  s t ruc ture  of doped SnO2 mater ia l s  is 
not  known at  the  presen t  t ime. 
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ABSTRACT 

A pr imary  cell uti l izing the direct reaction of sodium metal  wi th  water  
is described. The cell was capable of delivering steady-state  current  den-  
sities in  excess of 40 A/cm 2 at an output  voltage of 0.3V. The cell mechanisms 
and the effects of several operat ing parameters  such as sodium-feed rate 
and rotational speed of the steel disk cathode are discussed. 

Recently, there has been much interest  in electro- 
chemical systems which utilize highly reactive sub- 
stances such as sodium and l i th ium because of the high 
energy and power densities associated with these ma-  
terials. One of the problems encountered in such sys- 
tems is that conventional  cathodes are not capable of 
sustaining the high discharge rates available at the 
anode, with the result  that  overvoltages prevai l ing at 
the cathode substant ia l ly  l imit  cell capabilities. F u r -  
thermore, because of the relat ively high operating tem- 
peratures and the corrosivity of the reagents  involved, 
existing high power density systems such as sodium- 
sulfur, l i thium-chlorine,  and others require  costly de- 
sign and manufac tur ing  techniques. 

Recent work (1-4) has shown that alkali metals are 
able to develop a surface film in aqueous media when 
the composition of the medium is carefully controlled. 
The film acts somewhat like an ion-exchange mem- 
brane, permit t ing the anodic dissolution of the metal,  
M -~ M + + e - ,  while part ial ly impeding the direct 
oxidation reaction with water. A substant ia l  potential  
difference can be generated between metall ic sodium 
and a solution if a convenient  cathodic reaction is 
added to the system. If the cathodic process is simply 
the evolution of hydrogen from water, an inexpensive 
sod ium-water -mi ld  steel p r imary  cell can be obtained. 

A pre l iminary  invest igat ion was under taken  in  order 
to ascertain the feasibili ty of such a system and its po- 
tent ial  capabilities. It was decided to construct a cell of 
the "dynamic type" (I, 2), because of the high current  
densities reported for such a device. 

Experimental 
Figure  1 shows the exper imental  apparatus. Metallic 

sodium was pressed mechanical ly  onto a mild steel ro-  
tat ing disk moistened with water. In  such a configura- 
tion the sodium becomes the anode, the steel the iner t  
cathode, and the sodium hydroxide which is generated 
the electrolyte. 

Prior  to a run, the sodium was loaded into the brass 
container by means of an extrusion procedure using a 
manua l  hydraul ic  press. The inside surface of the brass 
container was previously polished and dried in an 
oven. (Runs were also preformed wi th  sodium metal  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  s o d i u m  p r i m a r y  cell ,  h i g h  energy electrochemical 

cell ,  a lka l i  metal primary cell.  

which had been placed in  the ext ruder  in l iquid form 
and allowed to solidify. No difference in resul t s  w a s  
obtained for this method of loading.) Sodium was 

GAS FEEDING (PURGE) 

SODIUM FEEDING 

WATER FEEDING 

DRAIN 

�9 ~ . ' . _ ,  

,, L7 ~I / I  

v. "'~2g~c;/ ~,^ I , I I  /1 
/,~ i i 

k% 
I / ~ -  J / ~ - " /  / 

FRONT VIEW OF THE CASE 

SODIUM CONTAINER 

SPRING----] 

HYDRAULIC PISTON 

\ \  

BALL BEARINGS 

TEFLON WASHERS 

WATER F E E D I N G - -  

LUCITE CASE 

MILD STEEL CATHODE" 

--~--J-BRUSHES 

~--PULLEY 

CUT-AWAY VIEW A~ 

Fig. 1. Experimental apparatus 

1259 



1260 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  1976 

handled under  a ni t rogen atmosphere, and it was be-  
l ieved that  the small  amounts of sodium nitrides and 
sodium oxides eventual ly  buil t  up at its surface did 
not significantly affect the results. 

During a run  the sodium was extruded,  by means of 
another  hydraul ic  press fitted with  a pressure gauge 
graduated from 0-2000 psi, through a rec tangular  aper- 
ture which measured % • 0.060 in. (0.145 cm 2) and 
was situated about 1/32 in. f rom the rotat ing steel disk. 
The ratio of the sodium extrusion pressure over  the hy-  
draulic pressure was 9: 1. Contact be tween the corro-  
s ion-sensi t ive brass and the e lect rolyte  was prevented  
by covering the exposed brass wi th  a Luci te  frame. The 
sodium slab thus obtained was or ientated so that  its 
large dimenMon was directed toward the center  of the 
rotating disk, the distance be tween the middle  of the 
sodium aper ture  and the axis of the disk being 2 in. 

The disk was dr iven by a 1/3 hp a-c electric motor  
fitted with  a cone type Kopp var iable  dr ive for speed 
control. A belt  and pul ley coupling was employed to 
prevent  electrical interact ion be tween  the motor  and 
the cell. 

The surface of the disk was mechanical ly  polished 
with  fine emery  paper  and buffing soap fol lowed by a 
r insing with distil led water  and methanol.  Only dis- 
t i l led water  was used to rinse the cathode be tween  
consecutive runs. 

The water  was fed to the disk in a thin layer  s t ream 
through a Tygon tube close to the surface of the disk, 
1 in. f rom its axis and diametr ical ly  opposite the so- 
dium. The entire cell, including the ball  bearings used 
to stabilize the rotat ion of the disk shaft, was en- 
closed in a Lucite case. 

The current  on the cathode side was collected f rom 
the shaft through a spr ing-loaded brush made f rom 
Union Carbide Cophite 157 (93% copper, 7% carbon 
alloy).  A second brush of the same type was added to 
moni tor  the cell potent ial  wi thout  undergoing the IR- 
drop of the current  collecting brush which had a re- 
sistance of 0.013~t. The anode current  was collected 
through a copper r ing (2.5 in. 2 surface area) which was 
t ight ly fitted to the brass cylinder containing the so- 
dium. The high pressure of sodium inside the container 
(~3000 psi) and its continuous motion were  bel ieved to 
provide good electrical  contact be tween  the sodium 
meta l  and its holder. 

The vo l tage-cur ren t  output  of the cell was deter-  
mined through the use of a var iable  resist ive load 
placed in series in the external circuit. The current 
output was monitored through a Simpson 263 ammeter 
while the vo]tage output was recorded by means of a 
610C-370 Keithley electrometer-recorder assembly. The 
quality of the d-c voltage output was continuously 
checked by means of an oscilloscope. 

Throughout a run the cell was purged with either 
nitrogen or oxygen to prevent accumulation of ex- 
plosive mixtures of hydrogen. 

The cell was operated at room temperature with 
various water-feed rates. A water-feed rate of 0.35 
cm3/min was found to optimize cell output character- 
istics under the conditions of sodium-feed rate dis- 
cussed below. The cell output was quite insensitive to 
variations in water-feed rate. Unless otherwise stated, 
the rotational speed of the disk was maintained at I000 
rpm (corresponding to a velocity of 532 cm/sec 2 in. 
from the axis). Faradaic efficiencies were calculated by 
measuring sodium consumption and the number of 
coulombs passing through the external circuit. The 
over-all .efficiency is defined as the product of the volt- 
age efficiency and the Faradaic efficiency. 

Results and Discussion 
As a consequence of the ove r -a l l  reaction of sodium 

with water, a solution of sodium hydroxide  is formed. 
The electrolyte, then, is se l f -generated and forms a 
thin layer  adjacent  to the disk. Al though this layer  of 
electrolyte is continuously removed by the action of 

centr ifugal  force, it is also continuously regenera ted  
by the reaction be tween fresh sodium and water,  so 
that  a s teady-sta te  sodium hydroxide concentration, 
probably in the order of 50-75% by weight  (4), de-  
velops. 

The operation of the cell can be explained by assum- 
ing that  the sodium is conver ted to sodium hydroxide  
by two simultaneous processes: 

I. Direct  chemical  combinat ion at the sodium/elec-  
t ro lyte  interface 

Na ~ H20--> NaOH ~ I/2 H2, AH ~ = --43.87 kcaI /mole  
[1] 

Conversion via react ion [1] results only in the pro-  
duction of heat. 

II. Electrochemical  conversion 

Anode (sodium):  Na-*  Na + -t- e - ,  eo _-- --2.71V [2] 

Cathode (steel disk) : 

e -  ~- H20 * 1/z H2 ~- O H - ,  ~o = --0.82V [3] 

Over-a l l  cell: Na + HzO ~ Yz H2 + NaOH, eo = 1.89V I 
[4] 

The over-a l l  e lectrochemical  reaction [4] produces the 
electrical energy  collected in the externa l  circuit (AG ~ 
---- -- 43.49 kca l /mole) .  The Faradaic  efficiency gives 
the extent  of the occurrence of process II re la t ive  to I. 

It is also l ikely that  react ion [3] occurs to some ex-  
tent  at the sodium, so that  the anode potential  is a 
mixed  potential, and is somewhat  more noble than 
--2.71V. 

Faradaic and Over-all Efficiencies 
At constant sodium-feed rate the m ax im um  obtain- 

able current,  i.e., 100% current  efficiency, is fixed. 
Therefore  the Faradaic  efficien.cy is s imply propor-  
tional to the current  drawn, as shown in Fig. 2. 

On the other  hand, the over-a l l  efficiency can be seen 
to pass through a m a x i m u m  wi th  increasing current  
density. 

Open-Circuit Voltages 
When at tempts were  made to run the cell at low 

current  densities under  the high prevai l ing sodium-feed 
rates indicated in Fig. 2, cell operat ion became un-  
stable. Under  these conditions of ex t remely  low effi- 
ciency the excessive heat  product ion was observed to 
mel t  the sodium, not only giving rise to the errat ic  
vol tage-current  behavior  indicated in Fig. 2 at current  
densities below 10 A / c m  2, but  also making it  impos-  
sible to obtain meaningful  values of the open-circui t  
voltage. It was found that  the open-circui t  vol tage 
could only be moni tored  at sodium-feed rates lower  
than about 0.4 g .  cm - 2 .  rain -1 (corresponding to a 
m a x i m u m  theoret ical  current  density of about 29 
A/cm2).  Under  these conditions of low sodium-feed 
rate, when the cell was purged with  ni t rogen the open-  
circuit  vol tage was about 1.50V, whereas  wi th  an air 
or oxygen purge it was about 2.10V. This la t ter  value, 
which is noticeably higher  than the theoret ical  1.89V, 
is bel ieved to result  f rom an increase in the poten-  
tial of the steel cathode brought  about in the presence 
of oxygen by the establ ishment  of a mixed potential  
between reaction [3] and a reaction such as 

1~ O2 -~ H20 + 2e -  ~ 2 O H - ,  eo : -]-0.401V [5] 

Cell Polarization Behavior 
Figure  2 shows typical cell polarizat ion behavior  at 

three sodium-feed rates. Each curve was obtained by 
averaging the exper imenta l  results of three different 
runs. Reproducibi l i ty  of the data was good (about 
_--+-5%) except, as ment ioned earlier,  for current  den-  
sities less than 10 A / c m  2. At the m ax im um  feed rate  
shown (0.934 g �9 cm -2 �9 min  -1) current  densities 

1 T h e  r e v e r s i b l e  cell vo l t a ge  will  differ f r o m  1.89V, beca use  the  
r e a c t a n t s  and products  are  not  prec i se ly  at unit  activity.  Local  
o v e r h e a t i n g  wil l  no t  s ign i f i can t ly  affect  the  value .  
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Table II. Output characteristic of the cell for 3 different rotational 
speeds of the cathode at  maximum current density obtainable 

(external resistance of 0.077D~). Sodium feed rate 0.886 
g �9 cm - 2  �9 m i n - L  

I Rotat ion 
speed  t E ef et 
( r p m )  ( A / c m  s) (V)  (%)  (%)  

>- 600 32 0.25 53 6.9 
I0 ~ I000 38.5 0.30 63 9.9 

1400 31 0.24 50 6 . 3  
ILl 
o 

8 E 
LU 
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Fig. 2. Water- feed rate: 0.35 cm3/min. Rotational speed of the 
cathode: 1000 rpm. O - - O  Potential at an average sodium-feed 
rate, SFR = 0.934 g .  cm - 2 .  m in -1 ;  [:]--[--1 potential at an 
average sodium-feed rate, SFR - -  0.692 g �9 cm - 2  �9 min -1 ;  A - - A  
potential at an average sodium-feed rate, SFR ~ 0.652 
g �9 cm - 2  �9 m in -1 ;  �9 . . . .  �9 Faradaic efficiency at SFR = 0.934 
g �9 cm - 2  �9 min -~ ;  �9 . . . .  �9 Faradaic efficiency at SFR = 0.692 
g �9 cm - 2  �9 min -1 ;  �9 . . . .  �9 Faradaic efficiency at SFR = 0.652 
g �9 cm - 2  �9 min -1 ;  (~) . . . .  (~  over-all efficiency at SFR = 0.934 
g �9 cm - 2  �9 min-~ ;  [ ]  . . . .  [ ]  over-all efficiency at SFR = 0.692 
g " cm - 2  " m in -1 ;  Z~ . . . .  A over-all efficiency at  SFR : -  0.652 
g �9 c m - 2 .  min-1 .  

greater  than 40 A/cm 2, were obtained at about 0.3V 
with Faradaic efficiencies in the order of 70%. 

Table I summarizes some of the output  characteristics 
of the cell at the m a x i m u m  over-al l  efficiency for each 
sodium-feed rate. The i r regular  polarization behavior  
at current  densities less than 10 A /cm e is a t t r ibuted to 
the ini t ia t ion of the mel t ing of the sodium which was 
referred to earlier. 

The discharge of hydroxyl  ions from water, reac- 
t ion [3], is known to display Tafel behavior with a 
Tafel slope of --0.12V/decade up to current  densities 
as high as 100 A/cm 2 (6). In  conventional  cells, how- 
ever, much of the overvoltage encountered wi th  this 
reaction at very high current  densities results from 
mass t ranspor t  l imitations, with the result  tha t  the 
over-al l  overvoltage is much greater than that  from ac- 
t ivat ion alone (6). For  the present  cell, as indicated 
previously, cell behavior was quite independent  of 
water  flow rate, indicat ing that mass t ranspor t  l imi ta-  
tions do not pose a serious problem. This effect is to be 
expected considering the dynamic na ture  of the cell. 
Fur thermore,  the extremely h i g h / R - d r o p s  which have 
been found by other workers (5), and which have been 
at t r ibuted to increases in the resistance of the elec- 
trolyte resul t ing from the presence of hydrogen bubbles 
therein, are also not encountered in the dynamic cell 
because the hydrogen is removed before it can nucleate 
into macroscopic bubbles. Therefore activation po- 

Table I. Output characteristics of the cell for 3 different sodium- 
O . . 

feed rates and at a maximal over-all efficiency, et (over-all 
efficiency) and Es (specific energy) are based on sodium 

utilization. 

Sodium- 
feed  rate i P E ,  
(g  . c m  -2 �9 ( A /  E e~ et ( W /  ( W h r /  

m i n  -~) c m  e) (V) (%) (%)  c m  ~) kg )  

0.910 30 0.56 48 14 17 313 
0.707 24 0.45 60 12 11 254 
0.652 15 0.55 33 9.5 8 210 

larization accounts for most of the cathodic voltage 
losses. 

A simple calculation using io ~ 10 -6 A /cm 2 as t h e  
exchange current  density for reaction [3] on iron (6) 
and --0.12 V/decade as the Tafel slope for this reac- 
t ion indicates a cathodic activation polarization of 
about 0.89V at 25 A/cm 2, which is consistent with ob- 
served values of cell voltage (Fig. 2). Halberstadt  
(2) observed comparable polarization behavior,  bu t  at  
much higher current  densities, which were achieved 
through the use of th inner  anode slabs (0.04 cm wide) 
than  were used in  this work. Halberstadt 's  results 
could not be confirmed because the design of the pres- 
ent cell did not permi t  sufficiently high sodium-feed 
rates under  comparable anode area to observe cell be-  
havior at such high current  densities. 

R o t a t i o n a l  S p e e d  o f  D i s k  
Table II shows that  increasing the speed of rotat ion 

of the disk from 600 to 1000 rpm results in  a minor  im-  
provement  in  cell performance which can be a t t r ibuted 
to improvements  in the mass t ransport  processes dis- 
cussed in  the previous section. However, when  the 
speed is increased to 14.00 rpm a decline in  performance 
is observed which is probably due to mechanical  diffi- 
culties such as vibration, fr ict ional heat generation. 
and erosion of the film. 

C o n c l u s i o n s  
A pr imary  electrochemical cell uti l izing the reaction 

between sodium and water  has been buil t  and oper- 
ated at current  densities in excess of 40 A/cm 2 at 0.3V. 
The hydrogen evolved in  the cell processes could be 
used as a fur ther  source of electrochemical energy. 

The key to the useful harnessing of the reactions be-  
tween alkali  metals and oxidizing media  lies in  a 
clearer unders tanding of the na ture  of the anode film, 
and of the kinetics of the anodic dissolution taking 
place. These aspects are current ly  being investigated 
by the authors. 
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ABSTRACT 

The optimization of the Li/SOC12 C-size cells with respect to the param-  
eters such as concentrat ion of LiA1C14 source or pur i ty  of LiA1C14, and the 
Teflon content of the carbon cathode showed that  low Teflon content, low 
LiA1C14 concentration, and pure LiA1C14 improve the intr insic capacity of the 
cells. The opt imum cell performance at moderate to high rates was obtained 
with 1 (M) salt concentrat ion and 10% Teflon in the cathode. 

The l i th ium-inorganic  electrolyte system comprising 
Li anode, carbon cathode, thionyl  chloride (SOC12) 
depolarizer (and solvent) ,  and LiA1C14 salt has been 
described in both the scientific (1, 2) and the patent  
(3, 4) l i terature.  Earl ier  investigations in our labora-  
tory (5) have shown the system to be capable of de- 
l ivering high energy densities in unoptimized C-size 
(5) and D-size (6) cells. The object of this invest iga-  

t ion is to optimize the system in regard to its fresh 
performance at ambient  temperature.  Based on the 
available data (1, 5) in  regard to the material  com- 
pat ibi l i ty  and the performance characteristics of ex-  
per imental  cells, the following specific materials  were 
chosen for the optimization: Li anode, SOC12 solvent 
and depolarizer, LiA1C14 electrolyte salt, Teflon-bonded 
Shawinigan Black cathode on nickel exmet, and glass 
filter paper separator. The optimization was carried out 
with respect to the parameters  such as concentrat ion 
of LiA1C14 source or pur i ty  of LiA1C14, and the Teflon 
content of the Shawinigan Black cathode according to 
a factorial matr ix  set up with several levels of each of 
the above parameters.  The test vehicle chosen for the 
above factorial experiment  was a C-size cell for which 
most of the hardware and the tooling were already 
available. At least four cells were made under  each of 
the eighteen conditions and were tested at currents of 
0.1, 0.3, 0.5, and 1.0A. The experimental  details are 
furnished below. 

Experimental 
A nickel-plated cold-rolled steel can (OD : 0.94 in., 

hgt = 2.00 in.) was used as a cell container. The Li 
anode (7.5 • 1.5 in.), the carbon cathode (8 • 1.5 in.) ,  
and the glass filter paper separator were wound into a 
t ight roll and were packaged in the cell can. Other de- 
tails of the cell construction are available elsewhere 
(5). 

Two types of electrolytes were used for the optimiza- 
tion studies: (i) as prepared in our laboratory referred 
to as LPS electrolyte, described elsewhere (5); and 
(it) as prepared from LiAIC14 received from Foote, 
referred to as Foote electrolyte. The la t ter  type of 
electrolyte was prepared by dissolving known quan-  
tities of Foote LiA1C14 in distilled SOCle. The color of 
this electrolyte was deep purple and it left an organic 
residue on the glass vessels after it was washed with 
water. The chemical composition of this residue has 
not been determined. However, it is soluble in CC14. 
The LPS electrolyte, on the other hand, was colorless 
to light amber in appearance and did not leave any 
residue on the glass after washing with water. 

The electrolytes were stored and dispensed from an 
all-glass (Pyrex)  system. The weight of electrolyte 
added to each cell was recorded and was controlled to 
main ta in  20 • 2g. 

* E l ec t r o ch emi ca l  Soc ie ty  Ac t ive  Member. 
Key  words :  th ionyl  ch lor ide ,  lithium, inorganic electrolyte, 

h i g h  e n e r g y  dens i ty ,  p r i m a r y  cells, C-size cell, carbon eathode, 
l i t h ium a l u m i n u m  chloride. 

The carbon cathodes were made by pasting carbon 
and an appropriate amount  of colloidal Teflon (du Pont)  
in water  on the expanded nickel current  collector. The 
electrodes were vacuum dried (1). Each cathode was 
weighed and the average weight of the carbon mix 
for all the cells was 1.62 +__ 0.11g. The thickness of the 
cathodes was approximately 0.026 in. The porosity of 
the cathodes was approximately 70-80%. 

The cells were tested at 25~ wi th in  8 hr  of cell fill- 
ing at constant currents  of 0.1, 0.3, 0.5, and 1.0A for each 
condition of cell construction. In  adddition, some cells 
were tested at --30~ at 0.3A. The cell potential  was 
recorded as a funct ion of t ime and the cell capacities 
were determined to a 2.0V cutoff. 

Results and Discussion 
The cathode l imit ing na ture  of the C cells was estab- 

lished by constructing the cells in a cylindrical Teflon 
fixture (having the same in te rna l  diameter  as the 
C-size cell described above) which had a Li reference 
electrode located above the electrode stack. The cells 
were discharged at currents of 0.1-3.0A and the po- 
tentials of both the carbon cathode and the Li anode 
were monitored against the Li reference electrode. The 
plots, shown in Fig. 1, indicate the cathode as the 
l imit ing electrode. 

The variabi l i ty  of the performance of the C cells 
was determined by discharging four cells at 0.bA. The 
capacities to the 2.0V cutoff were 3.70, 3.60 3.80, and 
3.65 A-hr,  respectively, indicat ing a s tandard deviation 
of • A-hr  or • This is exceptionally low. A 
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s t anda rd  devia t ion  of --+5% is considered to be  typica l  
for  these  cells. 

Typica l  d ischarge  curves  of a group of cells made  
wi th  1.0(M) LiA1CIr (LPS)-SOC12 e lec t ro ly te  and 10% 
Teflon in the carbon cathode and tested at  room tem-  
pe ra tu re  (25~ at  currents  of 0.1, 0.3, 0.5, and 1.0A 
are  shown in Fig. 2. Note tha t  the  cell vol tage drops 
sharp ly  at  the  end of the d ischarge  and the cell  ca-  
paci t ies  up to the  2.0V cutoff a re  ve ry  s imi lar  to the 
capaci t ies  up to the  3.0V cutoff. 

The effect of Teflon content  in the  cathode on the  pe r -  
formance  of the  C cells is shown in Fig. 3 which r ep -  
resents  semilog plots of cell  capaci ty  vs, cur ren t  for  
cells wi th  1.0(M) LiA1CI~ (LPS)-SOC12 e lec t ro ly te  
and th ree  levels (10, 20, and 30% by weight)  of Teflon 
content  in the  cathode. The cell pe r fo rmance  de te r io -  
ra tes  wi th  increas ing Teflon content.  This may  be  ex- 
plained f rom the  fact  tha t  Teflon acts as a b inder  of 
the  carbon par t ic les  on which the SOC12 is discharged.  
Therefore,  the  quant i ty  of the carbon is impor tan t  in 
de te rmin ing  the cell capacity.  Increas ing  the amount  of 
Teflon au tomat ica l ly  resul ts  in the  decreas ing of the  
total  carbon content  of the  cathode, thus leading  to a 
lower  cell  capacity.  However ,  a min imum amount  of 
Teflon is necessary in order  to main ta in  the  phys ica l  
in tegr i ty  of the carbon cathode. Exper imenta l ly ,  this 
m in imum was found to be ap rox ima te ly  10 % by  weight.  
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Fig. 2. Discharge curves of C-size cells made with 1.0(M) 
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The impor tance  of the  phys ica l  in tegr i ty  of the  cathode 
was fu r the r  emphasized by  the  fact  t ha t  whi le  t he  
capaci ty  expressed in t e rms  of ampere  hours  pe r  weight  
of carbon mix  ( including Teflon) decreased wi th  in-  
creasing Teflon content,  the  capaci ty  expressed in 
terms of ampere  hours per  weight  of carbon only 
increased wi th  increasing Teflon content.  The possible  
deact iva t ion  of the  carbon par t ic le  due to the  coat ing 
by  the Teflon must  be insignificant. 

The effect of sal t  (LiAIC14) concentra t ion on the 
per formance  of the  cells is demons t ra ted  in Fig. 4 
which shows semilog plots  of cell capaci ty  vs. discharge 
currents  of cells made  wi th  10% Teflon in  the cathode 
and 0.5, 1.0, 1.5, and 2.0 (M) LiAiCl4 (LPS)  -SOC12 elec-  
t rolytes .  At  modera te  to high currents  (0.1-1.0A), the 
cells wi th  1.0(M) e lec t ro ly te  pe r fo rmed  significantly 
better than the other cells. We did not test the ceils at 
lower currents. However, the graphical extrapolation 
of the data indicates that at low currents (0.03A) high- 
est capacities may be obtained with 0.5 (M) electrolyte. 
We found this to be true in the case of the D-size 
cells (7) The higher intrinsic capacity with low salt 
(LiAICI4) concentration is explained as follows. 
The cell reactions that conform to all the findings 

(5, 8) so far are 

4Li-* 4Li + + 4e 
2SOC12 + 4Li + + 4e -* 2SO + 4LiCI 
2S0--> S + S02 
2SOC12 + 4Li-> 4LiC1 + S + S02 [I] 

The format ion  of LiCI and S was found (8) to be  quan-  
t i tat ive.  However ,  the  SO2 analysis  was ambiguous  be -  
cause of its possible format ion  f rom the slow chemical  
decomposi t ion of SOCI2. LiCl was found (8) to prec ip i -  
ta te  quan t i t a t ive ly  in the cathode whereas  S p rec ip i -  
ta tes  th roughout  the  cell  because of i ts solubi l i ty  in 
SOC12. Therefore,  it is reasonable  to assume t h a t - t h e  
l imi t ing process involves the  pass ivat ion of the  carbon 
cathode by  the prec ip i ta t ion  of LiC1 in its pores. In  
v iew of the  fact tha t  SOC12 is consumed dur ing  the dis-  
charge the reby  causing the concentra t ion of LiA1CIr 
to increase wi th  the dep th  of discharge,  the  prec ip i ta -  
t ion of LiA1C14 itself is expected to occur at a cer tain 
depth  of discharge at which  the concentra t ion of 
LiA1C14 exceeds its so lubi l i ty  in SOC12. The solubi l i ty  
of LiA]C14 in SOC12 was de t e rmined  to be app rox i -  
ma te ly  4.65(M) at room t empera tu r e  (25~ The 
change in concentrat ion of LiA1C14 wi th  the  dep th  of 
discharge was calcula ted assuming cell reac t ion  [1] and 

~ . .  I I I I 

- �9 2.0( ~ N O ~  - 
o 1.5(M) LiAICl 4 
A I .O(M)  LiAICI  4 [] 

_ o O.5(M)  L i A I C I 4  

[ ]  

I r I I I 
O. I 0.3 O.5 I.O 
DISCHARGE CURRENT , A 

Fig. 4. Semilog plots of cell capacity vs. discharge current of 
C-size cells made with 10% Teflon in the cathode and 0.5, 1.0, 1.5, 
and 2.0(M) LiAICI4 (LPS)-SOCI2 electrolytes. 
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Fig. 5. Plots of LIAICI4 concentrations as a function of the depth 
of discharge of C- and D-size cells calculated according to the 
cell reaction [1].  

the plots for the various start ing salt concentrations 
are shown in Fig. 5 for both the C- and D-size cells. 
The cell capacities for the various depths of discharge 
are also shown in the figure. It  is clear that the depth 
of discharge at which LiA1C14 begins to precipitate in-  
creases with the decrease in the star t ing salt concen- 
tration. This explains the higher intr insic  cell capacity 
with lower salt concentration. 

The effect of the source or the pur i ty  of LiA1C14 on 
the cell performance is demonstrated in Fig. 6 which 
shows semilog plots of capacity vs. current  of cells 
made with 10% Teflon in  the cathode, I (M)  salt, and 
two sources of LiA1C14. The LPS LiA1C]4 is clearly 
superior to the Foote LiA1C14 which appeared to con- 
ta in  organic impurities.  The organic impuri t ies  may  
enhance the passivation of the cathode. 

Conclusions 
The following conclusions are d rawn from the op- 

t imization studies. 
1. The lowering of the Teflon content in the carbon 

cathode improves the performance of the Li/SOC12 C 
cells. 

2. The intrinsic capacity of the cells appears to in-  
crease with the decreasing salt (LiA1C14) concentra-  
tions in the electrolyte. However, the best performance 
for moderate to high rate applications was obtained 
with I (M) LiA1C14-SOC12 electrolyte. 

3. The performance of the cells appears to depend. 
on the pur i ty  of the LiA1CI4; bet ter  performance was 
obtained with laboratory-prepared LiA1C14. 
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Casting and Properties of Grid Alloys for Maintenance-Free 
Batteries 

T. W. Caldwell, 1 U. S. Sokolov,* a n d / .  M. Bocciarelli 
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ABSTRACT 

Microstructure, hardness, castability, and hydrogen evolution rate of cast 
SLI bat tery grids were de termined for a wide range of Pb-Ca  and P b - C a - S n  
alloy compositions. Calcium oxidation rate of the molten alloys was also 
studied. These properties were determined as a funct ion of alloy composition, 
trace element  content, and casting conditions. Grids were cast on a commer-  
cial calcium-lead grid casting machine under  production conditions. Grids 
were cast from two base leads: a tow bismuth  p r imary  lead and a refined 
secondary lead containing bismuth, antimony,  copper, and silver. Calcium was 
found to affect hardness and init ial  aging rate, while t in  influenced grain 
size, castability, and calcium oxidation rate. Hydrogen evolution rate was 
also found to be a function of alloy composition. Trace element additions in-  
fluenced hardness and hydrogen evolution in P b - C a - S n  alloys, and calcium 
oxidation rate and castabili ty in Pb-Ca  alloys. Casting conditions influenced 
grain size and hardness at some alloy compositions. 

A new type of lead-acid bat tery  is under  develop- 
men t  for automotive applications. Called the ma in -  
tenance-free  battery,  it is sealed and requires no peri-  
odic addit ion of water. Therefore, the rate of gassing 
dur ing charging must  be minimized to prevent  ex- 
cessive water  loss. This restr ict ion requires new low 
gassing grid alloys, as the conventional  Pb -Sb  alloys 
contr ibute  heavily to hydrogen evolution (1). A low 
gassing Pb-Ca system has been employed for years in  
s tandby applications (2), and considerable at tent ion 
is being given to the Pb-Ca  and P b - C a - S n  systems for 
automotive application. 

Recently, the effects of trace elements in typical 
commercial base leads on certain metal lurgical  and 
electrochemical properties of Pb-Ca  and P b - C a - S n  
alloys have been investigated (3, 4). At the composi- 
tions studied, it was found that typical levels of bis- 
muth, ant imony,  copper, and silver did not significantly 
affect the microstructure or hydrogen evolution rate 
under  cathodically polarized conditions. As-cast and 
short t e rm aged hardness increased at some alloy com- 
positions in  the presence of these trace elements. These 
investigations were performed on laboratory samples 
specially cast to duplicate actual grid solidification 
conditions. 

In  this study, the microstructure,  hardness, cast- 
ability, and hydrogen evolution rate of cast grids were 
determined for a wide range of Pb-Ca and P b - C a - S n  
alloy compositions. The calcium oxidation rate of the 
mol ten alloys was also studied. These properties were 
determined as a funct ion of alloy composition, trace 
e lement  content, and casting conditions. "Alloy" re-  
fers to calcium and tin, and "trace elements" refers to 
bismuth, ant imony,  copper, and silver. 

Experimental 
Grids were cast from both low bismuth p r imary  and 

refined secondary base leads. Calcium and t in were 
added as a P b - l C a  master  alloy and Straits tin, re-  
spectively. Table I gives the compositions of the two 
base leads and the Pb-Ca  master  alloy, determined by 
emission spectroscopy. Elements are reported in ranges 
due to the use of more than one lot of each. Trace ele- 
ments  other than  those indicated were each ~0.001%. 
It is expected that an t imony  will  be substant ia l ly  re-  
moved by Ca3Sbe intermetal l ic  formation when calcium 
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is added to the base lead. A composition range of 
0.05-0.12Ca was studied with additions of 0, 0.5, 0.75, 
and 1.0Sn. 

A Wirtz calcium-lead grid casting machine was em- 
ployed for casting the grids. Nitrogen was used in  place 
of na tura l  gas as a mel t ing pot cover gas, with a flow 
rate of 55 SCFH metered from two l iquid N2 tanks 
containing internal  evaporators. Propane was employed 
to heat the metal  t ransfer  lines and as a pouring ladle 
cover gas. Modifications of ladle cam shape, tilt  angle, 
and mold ejector pin settings were made from those 
normal ly  prescribed for the machine to improve mold 
filling and grid ejection and to decrease dross bui ldup 
in  the ladle. The s tandard pressure pad assembly in the 
t r imming and planishing die was replaced with a spe- 
cially designed water-cooled pressure pad to reduce 
thermal  distortion of the t r im die due to uneven  cool- 
ing. The scrap re tu rn  and ingot loading ports on the 
melt ing pot cover were sealed. Tr im scrap was re-  
melted only at the end of each run. 

Figure 1 shows the casi grid configuration. The sur-  
face cut, 4M-type grid had a 9 • 23 wire pattern.  0.060 
in. frame, and 0.055 in. wire thickness, and weighed 
144g per twin. Over 100 casting runs were made, gen-  
eral ly producing 1000-2000 grid twins / run .  The dura-  
t ion of each r un  was sufficient to include mold coat 
deterioration; therefore the casting runs were repre-  
sentative of commercial production conditions. Longer 
runs of up to 4400 grid twins were made at some com- 
positions. Casting conditions were held as constant  as 
possible, producing 12 grid t w i ns / mi n  at a mold tem- 
perature  of 400~176 gate temperature  of 475~ and 
a pouring temperature  of 900~176 

Addit ional  runs were made employing a second grid 
configuration, a staggered cut, 4H-type grid having an 
8 • 26 wire pattern,  weighing 148g per  twin. Higher 
mold and metal  temperatures  were required to fill this 
mold because of the th inner  and increased number  of 
wires. Resulting grid properties were essentially the 
same as found with the 4M mold, except for a decrease 
in castability of about 11% at the compositions studied. 

Table I. Base lead composition, ppm (wt) 

Bi Sb Cu A g  

Low Bi p r i m a r y  5 1 1 2-5 

Refined s eco n d a ry  110-130 5-20 5-10 20-30 

Ca master 10 10 10 10 
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Fig. 1. Cast 4h4 grid configuration 

Grid sections were mounted and examined  meta l lo-  
graphically.  An acetic ac id-hydrogen peroxide attack 
polish-etch was used, followed by an ammonium mo-  
lybdate-ci t r ic  acid etchant. The molybdate  etch was 
effective only when all of the cold-worked surface pro- 
duced during polishing was removed by the at tack 
etching procedure. This was de termined  by the ap- 
pearance of a bright  surface after a number  of polish- 
etch cycles. 

A Barber -Coleman 936 Impressor  was employed to 
measure  grid hardness. This device was suitable for 
testing small  cross-section specimens such as grids, 
and was sufficiently sensitive to measure  the effects 
of composition, aging, and casting conditions. Hardness 
was measured at one day intervals  f rom the t ime of 
casting to five days later. Fif teen hardness readings, 
five each f rom the top, side, and bot tom borders of 
the grid twin, were  averaged to obtain a single hard-  
ness reading for the grid at each t ime of measurement .  
Differences in hardness were  observed among the top, 
side, and bot tom borders of the grid, but the ranking 
of these three locations was not consistent. Generally, 
the bottom border  gave the highest  hardness readings. 
Analysis of hardness data was performed on a GE 635 
t ime sharing computer  using a nonlinear  regression 
analysis to generate  an age-hardening curve for each 
alloy. The best curve fits were  obtained using a three 
parameter  function 

y ---- a ~- b / ( x  ~- c) 

where  y and x are 936 hardness and time, respectively, 
and a, b, and c are constants determined by the re-  
gression program for each curve. The index of de ter -  
minat ion for each curve, R 2 averaged 0.96, signifying 
excellent correlation between the computed curves and 
the actual data. (This index is the fraction of the over- 

all var iabi l i ty  in the data which is accounted for by the 
regression equation.)  Molten metal  and mold t em-  
peratures  were  held constant to e l iminate  effects of 
casting conditions on hardness. 

The dependence of hardness on base lead composition 
was invest igated with  a statistical test for differences in 
hardness, per formed at all combinations of calcium and 
tin composition where  hardness data existed for b o t h  
base lead systems. Because of the l imited number  of 
data points, the "T Statistic" method was employed wi th  
a 90% level  of significance procedure. The test was 
per formed at ha l f -day  intervals  up to three  days after  
casting, as differences be tween  alloys of various trace 
element  contents had been found previously  to be sig- 
nificant only for a few days after  casting (3). 

The hydrogen  evolut ion rate  on cathodically po- 
larized grids was measured as a funct ion of potential,  
al loy composition, and trace e lement  content. The grids 
were  positioned symmetr ica l ly  be tween  two counter-  
electrodes in a glass and Teflon test cell. Grids were  
tested as-cast, wi th  no surface preparation.  The hy-  
drogen evolut ion rate  was expressed in terms of cath-  
odic current  density, measured at fixed potentials in 
1.250 sp gr preelectrolyzed sulfuric acid at 70~ Stan-  
dard potentiostatic techniques were  used with  a satu- 
rated Hg/HgSO4 reference electrode. Originally, the gas 
was collected and its vo lume measured. Once it  was es- 
tablished that  the coulombic input  accounted for be t ter  
than 97 % of the gas evolved, gas collection was discon- 
t inued and only the current  recorded. Since the prop-  
er ty of interest  is the current  density, an electrostat ic  
technique was developed to measure  grid surface area. 
A test cell was constructed in which a grid was the 
middle plate of a three plate p lanar  capacitor, posi- 
tioned symmetr ica l ly  be tween  two solid lead sheets. 
The cell capacitance was measured using an impedance 
bridge and the grid surface area was determined by 
comparing the measured capacitance wi th  a cal ibrat ion 
curve. Calibrat ion curves of capacitance vs. surface 
area were  obtained by insert ing lead sheets of known 
surface area in the cell in place of the grid and mea-  
suring the capacitance, using Nujol  and toluene as 
dielectrics. Two dielectrics were  used to determine  if 
differences in dielectric surface tension would signifi- 
cantly affect wet ted grid surface areas, and therefore  
capacitance. Surface area differences were  ~0.5%, 
i l lustrat ing the insensi t ivi ty of the technique to the 
choice of dielectric. In fact, surface area differences of 
~5% between grids of different casting lots could be 
reproducibly detected. The average grid surface area 
was 250 cm 2. 

One-hundred percent  inspection of grids was per -  
formed employing representa t ive  cri ter ia  for ant imo-  
nial lead grid production (5). Two types of rejects were  
classified: mold rejects  which included porosity, flash- 
ing, and misfills, and mechanical  rejects, which in- 
cluded grids damaged moving through the t r im die and 
miscuts from the t r imming operation. 

The calcium content was measured at one-hal f  hour 
in tervals  by atomic absorption spectrophotometry  du r -  
ing each casting run. The t in  content  was measured 
only once during a run  as it was found to be quite  
stable. 

Results and Discussion 
Microstructure.--Figure 2 summarizes the major  

compositional influences on microst ructure  which were  
found. Grid side f rame sections are shown. From left  
to right, the addition of calcium to the base lead refines 
the grain size (Fig. 2b) as is well  known. The addition 
of tin (Fig. 2c and 2d) to Pb-Ca  alloys results in an 
increase in grain size to approximate ly  that  of the base 
lead alone (3). Variations in tin level  influence grain 
size, but not as significantly as when  tin is first added 
to Pb-Ca. Grain size was not a function of base lead 
composition as shown by Fig. 3. 

While not shown, it was found that as calcium was 
increased from 0.5 to 0.12 weight percent (w/o), grain 



Vol. I23, No. 9 CASTING AND P R O P E R T I E S  OF GRID ALLOYS 1267 

Fig. 2. Effects of alloy composition on microstructure, (a) base lead, (b) Pb-0.081Ca, (c) Pb-0.083Ca-0.45Sn, and (d) Pb-0.082Ca-1.0Sn, 
52X. 

size decreased in  Pb-Ca  alloys but  the magni tude  of 
grain  refinement was found to be less than  that  re- 
ported in  much of the l i tera ture  (6-9). Par t  of this 
discrepancy may be due to the influence of solidification 
rate on grain size (7, 10), since specimens were pro- 
duced under  differing conditions in  these studies. How- 
ever, the molybdate  etchant used herein  is believed re-  
sponsible for the par t icular  grain sizes found and for 
the fibrous dendrit ic and branched dendri t ic  structures 
wi th in  the grains which were always observed. The 
etching procedure used was more effective in removing 
the cold-worked surface layer  formed dur ing polishing 
than  the s tandard acetic acid etchants. Many of the 
small, i r regular  grains and rows of grains in structures 
observed in  the l i terature  can be shown to violate 
Euler 's  law for the dis tr ibut ion of grain edges, corners, 
faces, and bodies in a space-fitting aggregate of poly- 
hedral  bodies (3, 11), and are therefore artifacts. 

The fibrous dendrit ic morphology wi th in  grains as 
previously described (3, 8) was commonly observed. 
Breakdown of this s t ructure  into s tubby-a rmed  

branched dendrites was also found (Fig. 2-4). Fibrous 
dendrit ic or cellular structures have previously been 
observed in Pb-Ca  alloys by other investigators (12- 
14). These structures have been extensively studied in 
dilute lead and t in-base  alloys (15-20) and investigated 
in  other alloy systems as well  (21-23). While this struc- 
ture has been described in Pb-Ca  as an etching artifact 
(24), it is clearly real. Its significance is in  its influence 
on the dis tr ibut ion of in t ragranu la r  microstructural  
features which affect both hydrogen evolution (10) and 
corrosion (25). The presence of trace elements in  the 
base lead had no observable effect on microstructural  
features. 

Figure 4 indicates the var iat ion of grain size with 
location in the grids. Gra in  size increased quickly away 
from the grid frame. There was some variat ion in grain  
size around the grid frame, but  the variat ion along the 
frame was smaller  than between frame and wire sec- 
tions. Branched dendrites were observed in wire cross 
sections. A small but  observable var iat ion in grain size 
with casting conditions was also found, e.g., grain  size 

Fig. 3. Grid wire microstrueture 
of Pb-0.08Ca-l.0Sn cast from (a) 
low Bi primary, and (b) refined 
secondary lead, 52X. 
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Fig. 4. Variation of grain size with location in grid, low Bi 
primary Pb-0.07Ca-0.75Sn, composite photograph, 52X. 

increased as pouring temperature  was raised from 
900 ~ to 100O~ at a constant 400~ mold temperature,  in 
alloys containing 0.75Sn. Measurements were not made 
at other t in  levels. 

Hardness.--Hardness was measured as an indication 
of both tensile properties and grid handleabil i ty.  While 
a rb i t ra ry  hardness scales are general ly nonl inear  and 
values may be compared only on a qual i tat ive basis, 
hardness measurement  is an effective means of screen- 
ing alloys and providing production qual i ty control. 
Reasonably good correlation between hardness and ten-  
sile s trength has been shown for Pb -Ca  alloys (26). A 
cross plot of addit ional data in that study shows a rea-  
sonable correlation between hardness and yield 
strength, also. 

Figure 5 i l lustrates the typical age-hardening be-  
havior of Pb-Ca  and P b - C a - S n  alloys. A similar plot 
was generated for alloys of other t in  contents studied in 
both base lead systems. Hardness is observed to in- 
crease with both t ime and calcium content, as reported 
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Fig. 5. Hardness vs. time after casting 

previously for Pb-Ca  alloys (hardness or tensile 
strength) by many  investigators (9, 14, 27, 28). Ini t ial  
aging rate was also observed to increase with increas-  
ing calcium content. The addition of t in  to Pb-Ca  alloys 
decreased hardness over the t ime in terval  studied, with 
hardness decreasing slightly as the t in  content  was in-  
creased from 0.5 to 1 w/o. However, t in  additions did 
not influence ini t ial  aging rate wi th in  the accuracy of 
the measurement  technique employed. Myers et al. (9) 
have shown that t in  additions to Pb-Ca  completely in -  
hibit  the onset of aging for at least 1 hr. The one day 
test in terval  used in this study was not designed to de- 
tect such short te rm effects. T in  is expected to have a 
positive influence on hardness at longer times (29, 30). 

Mold and metal  temperatures  were held constant to 
el iminate effects of casting variables, as hardness was 
significantly influenced at some compositions by  the 
part icular  ladle and mold temperatures  employed, as 
shown in  Fig. 6. On the left, the effect of three com- 
binations of ladle and mold temperatures  on the hard- 
ness of Pb-0.085Ca-0.75Sn is shown. Mold and ladle 
temperatures  are in  degrees Fahrenheit .  The upper  and 
lower mold temperatures  were equal. Increases in  both 
mold temperature  (bottom and middle curves) and 
ladle temperature  (bottom and top curves) increase 
hardness measurably.  On the right, three curves are 
shown for Pb-0.075Ca-lSn, bu t  no strong dependence 
on ladle and mold tempera ture  is evident, al though 
some variat ion in  ini t ial  hardness is indicated. 

Figure 7 presents graphically the results of the sta- 
tistical test for differences in  hardness as a funct ion 
of base lead composition. The data points indicate the 
calcium and t in  compositions at which the significance 
test was performed. The solid circles ident ify composi- 
tions at which refined secondary lead alloys were sta- 
tistically harder than  low bismuth p r imary  lead alloys. 
The solid squares ident ify compositions where the op- 
posite was found. The open circles represent  composi- 
tions where no statistical differences were indicated. 
No data is presented for Pb-Ca  alloys as not enough 
hardness data were available for comparison between 
base leads. 

It is observed that there are fair ly well-defined com- 
positional fields in which differences are observed be-  
tween alloys of the two base leads. Below approxi-  
mately  0.085Ca, refined secondary lead alloys exhibit  
higher hardness than low bismuth pr imary  lead alloys. 
Above approximately 0.1Ca, a low bismuth p r imary  
lead alloy exhibited higher hardness. In  the region be-  
tween these compositions, there is no statistical differ- 
ence. With in  the limits of the available data, t in  con- 
tent  did not influence the rankings,  however, more data 
points would be required for clarification, 
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T h e  e x i s t e n c e  of  f a i r l y  w e l l - d e f i n e d  zones  in  w h i c h  
t r a c e  e l e m e n t s  i n  t h e  b a s e  l e a d  h a v e  v a r y i n g  o b s e r v e d  
effects  o n  h a r d n e s s  m a y  b e  e x p l a i n e d  as fo l lows :  A t  
l o w  c a l c i u m  l e v e l s  w h e r e  a s - c a s t  h a r d n e s s  is low,  
s t r e n g t h e n i n g  b y  t r a c e  e l e m e n t s  is l i k e l y  to b e  q u i t e  
no t i c eab l e ,  as p r e v i o u s l y  o b s e r v e d  (3, 9) .  I n  P b - C a  a l -  
loys,  g r a i n  r e f i n e m e n t  h a s  b e e n  s u g g e s t e d  as t h e  h a r d -  
e n i n g  m e c h a n i s m  (9) .  I n  P b - C a - S n  al loys,  w h e r e  no  
g r a i n  r e f i n e m e n t  is f o u n d  [ th i s  s t u d y  a n d  o t h e r s  (3, 9 ) ] ,  
s o m e  o t h e r  m e c h a n i s m  s u c h  as so l id  s o l u t i o n  s t r e n g t h -  
e n i n g  m u s t  b e  o p e r a t i n g .  A t  h i g h e r  c a l c i u m  l eve l s  
w h e r e  a s - c a s t  h a r d n e s s  is h i g h e r ,  t h e  effect  of t r a c e  
e l e m e n t s  m a y  no t  b e  o b s e r v a b l e  (9) .  A t  v e r y  h i g h  
c a l c i u m  leve ls ,  i.e., h i g h e r  t h a n  l i k e l y  to b e  e m p l o y e d  
in  a m a i n t e n a n c e - f r e e  b a t t e r y  fo r  r e a s o n s  of c o r r o s i o n  
r e s i s t ance ,  t h e  l a t t i c e  s t r a i n i n g  effect  of t h e  t r a c e  e l e -  
m e n t s  i n  so l id  s o l u t i o n  m i g h t  c o n t r i b u t e  to  o v e r a g i n g  
of t h e  Pb3Ca  p r e c i p i t a t e s ,  c a u s i n g  l o w  b i s m u t h  p r i m a r y  
l e a d  a l loys  to  b e  h a r d e r .  H o w e v e r ,  o n l y  o n e  d a t u m  
p o i n t  ex i s t s  w h e r e  l ow  b i s m u t h  p r i m a r y  P b - C a - S n  w a s  
h a r d e r  t h a n  r e f ined  s e c o n d a r y  P b - C a - S n ,  a n d  t h i s  effect  
m u s t  b e  i n v e s t i g a t e d  f u r t h e r .  

A t  a l l  c a l c i u m  c o n t e n t s  of i n t e r e s t ,  t h e  r e s u l t s  of t h i s  
s t u d y  i n d i c a t e  h a r d n e s s  is m o r e  ea s i ly  c o n t r o l l e d  b y  
a d j u s t m e n t s  i n  a l loy  c o m p o s i t i o n  a n d  c a s t i n g  c o n d i t i o n s  
t h a n  b y  a d j u s t i n g  b a s e  l e ad  c o m p o s i t i o n .  

H y d r o g e n  e v o l u t i o n . - - T h e  c a l i b r a t i o n  t e c h n i q u e  d e -  
v e l o p e d  for  m e a s u r i n g  g r i d  s u r f a c e  a r e a  w a s  f o u n d  to  
b e  a c c u r a t e  a n d  i n s e n s i t i v e  to  t h e  cho ice  of d ie lec t r i c .  
T h i s  was  i m p o r t a n t  s ince  t h e  a c c u r a t e  m e a s u r e m e n t  of 
g r i d  s u r f a c e  a r e a  w a s  r e q u i r e d  to c o m p a r e  r e s u l t s  o n  
i n d i v i d u a l  gr ids .  T h e  t e s t  cel l  is s h o w n  in  Fig. 8. T a b l e  
I I  l i s ts  r e s u l t s  fo r  P b - C a  g r i d s  of d i f f e r e n t  c o m p o s i t i o n  
in  b o t h  b a s e  leads .  U n a l l o y e d  r e f i ned  s e c o n d a r y  b a s e  
l e a d  r e s u l t s  a r e  i n c l u d e d  for  c o m p a r i s o n .  U n a l l o y e d  l o w  
b i s m u t h  p r i m a r y  b a s e  l e a d  g r ids  w e r e  too sof t  to h a n d l e  
a n d  w e r e  no t  t e s ted .  T h e  a v e r a g e  r a t e  of ga s s i n g  is 
g i v e n  fo r  e a c h  p o t e n t i a l .  I n  a l l  b u t  one  case,  i n c r e a s i n g  
c a l c i u m  c o n t e n t  i n c r e a s e s  ga s s ing  on  b o t h  b a s e  l eads .  
H o w e v e r ,  c o m p a r e d  to t h e  g a s s i n g  on  u n a l l o y e d  re -  
f ined  s e c o n d a r y  lead,  i t  is n o t  c l ea r  w h e t h e r  c a l c i u m  
i n c r e a s e s  or  d e c r e a s e s  gass ing ,  or  h a s  a n y  effect  a t  all.  
I t  h a s  p r e v i o u s l y  b e e n  r e p o r t e d  t h a t  c a l c i u m  a t  s i m i l a r  
c o m p o s i t i o n s  h a s  no  effect  on  ga s s ing  (31) .  

T a b l e  I I I  p r e s e n t s  r e s u l t s  fo r  P b - C a - S n  gr ids ,  fo r  a 
n u m b e r  of d i f f e r e n t  a l loy  compos i t i ons .  Here ,  v a r i a t i o n s  
in  gas s ing  of 50% a r e  o b s e r v e d  as a f u n c t i o n  of a l l oy  
c o m p o s i t i o n .  A t  s o m e  compos i t i ons ,  e.g., P b - 0 . 0 8 5 C a -  

Fig. 8. Hydrogen evolution test cell 

1.OSn, r e f ined  s e c o n d a r y  l e a d  gasses  less  t h a n  l ow  b i s -  
m u t h  p r i m a r y ,  w h i l e  a t  o thers ,  e.g., Pb-0 .07Ca-0 .75Sn ,  

Table II. Gassing current density (~A/cm 2) vs. base lead and 
Pb-Ca alloy composition 

B a s e  l e a d - l o w  B i  p r i m a r y  
P o t e n t i a l  

(V) * 0.067 Ca 0.107 Ca 

-- 1.1 17.55 20.19 18.87 
-1.2 18.25 23.72 21.00 
-- 1.3 22.88 25.51 24.19 
- 1.4 32.42 40.48 36.45 

B a s e  l e a d - r e f i n e d  s e c o n d a r y  
P o t e n t i a l  

(V) * 0.08 Ca 0.11 Ca X Unalloyed 

- -  i .i  18.44 18.61 18.52 17.17 
- -  1.2 19.06 20.49 19.77 20.68 
- 1.3 24.87 29.54 27.20 26~00 
-- 1.4 40.39 36.91 38.65 43.95 

* V s .  H g / H g 2 S O ~  r e f e r e n c e  e l e c t r o d e .  

Table Ill. Gassing current density ( ~ A / c m  2) vs. base lead and 
Pb-Ca-Sn alloy composition 

Base lead-low Bi p r i m a r y  
P a t e n -  0.084 0 097 0.071 0.098 0.081 

t ia l  Ca, Ca, Ca, Ca, Ca, 
(V)* 1.0 Sn 1.0 Sn 0.75 Sn 0.75 Sn 0.81 Sn 

-- I . I  16.19 15.22 17.59 18.03 17.81 17.01 
-- 1.2 16,25 18.11 18.42 19.41 19.62 18.36 
-- 1.3 28.77 23.64 22.68 30.38 25.08 26.10 
- -  1.4 45.64 37.95 29.53 52.51 31.70 39.46 

B a s e  l e a d - r e f i n e d  s e c o n d a r y  
P a t e n -  0.085 0.108 0.070 0.073 0.085 

t ia l  Ca,  Ca,  Ca,  Ca,  Ca,  
( V )  * 1.0 S n  1.0 S n  0.73 S n  1.0 S n  0.7 S n  X 

-- i.I 15.23 17.73 19.19 18.19 17.40 17.55 
-- 1.2 14.55 18.72 21,22 19.18 17,12 18,16 
-- 1.3 19.31 28,91 27.35 25.36 20.48 24.30 
--  1.4 29.33 46.39 46.08 46.85 27.52 39.34 

* Vs. Hg/Hg2S04 r e f e r e n c e  e l e c t r o d e .  
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the opposite is true. I t  is not clear  wha t  is the genera l  
effect of calcium, tin, and t race e lement  content on 
gassing, but  i t  is observed that  differences in gassing 
due to base lead composit ion are  smal le r  than  the ef- 
fects due to var ia t ions in al loy content.  Hence, gassing 
ra te  is more  easi ly control led  by  adjus t ing  al loy con- 
tent  than  by  adjus t ing  base lead  composition. Recently,  
hydrogen  evolut ion was measured  in Pb-0.1Ca test  cells 
in which trace e lements  were  added to the e lec t ro ly te  
(32). This s tudy  indica ted  tha t  an t imony and arsenic at  
e lect rolyte  concentrat ions > 1 ppm, and copper  and 
b i smuth  at  concentrat ions > 500 ppm increased gassing. 
However,  i t  has ye t  to be demons t ra ted  how e lec t ro ly te  
t race e lement  concentra t ion re la tes  to grid al loy com- 
position. Certainly,  not  all  of a t race  e lement  in the  
grid al loy is ava i lab le  for solut ion into the  electrolyte .  

Castabil i ty 
Indus t r ia l  exper ience  in the  manufac tu re  of P b - C a  

indust r ia l  ba t te r ies  has indicated that  the  cas tabi l i ty  of 
Pb -Ca  alloys would be infer ior  to tha t  of ant imonia l  
lead in SLI  grid configurations. Cas tabi l i ty  is defined 
here  to be the  combinat ion of al l  factors influencing the 
net grid output  of a cast ing machine per  uni t  t ime. F ig-  
ure  9 shows the re jec t  percentage  as a function of t in 
and base lead composit ion for al l  cast ing runs in the  
range 0.07-0.095Ca. The mold re jec t  data  points  re la te  
to the  proper t ies  of the  mol ten  al loys and the skil l  of 
the  machine  operator .  The difference be tween  the to ta l  
re jec t  and the mold reject  da ta  points represents  the 
percentage  of mechanical  rejects ,  which is r e la ted  to 
gr id  s t rength  and machine  design. 

A comparison of the two curves  indicates tha t  a me-  
chanical  re jec t  percentage  of 10-12% is quite constant  
at all  compositions. This indicates that  differences in 
hardness  are  not contr ibut ing  to these rejects,  ra ther ,  
machine design must  be modified if this 12% mechani -  
cal re jec t  figure is to be reduced.  The addi t ion of 0.5Sn 
almost halves  the  total  re jec t  rate,  but  addit ions f rom 
0.5 to LOSn only have a small  posi t ive effect. Base lead 
composit ion has a significant effect only in Pb -Ca  al-  
loys. Differences be tween  P b - C a - S n  alloys of different  
base leads are  a t t r ibu ted  to increased opera tor  exper i -  
ence only, as the  low b ismuth  p r i m a r y  lead al loys were  
cast first dur ing  the study. The effects of t race  e lements  
on hardness  and cas tabi l i ty  repor ted  here in  conflict 
wi th  those repor ted  in a bench scale cast ing opera t ion  
(33). In  this  study, repea ted  runs  at  a given composi-  

t ion often resul t  in h igher  castabil i ty,  indicat ing an 
opera tor  learn ing  factor, and that  the  results  p resented  
here in  only indicate  t rends  and genera l  relat ionships.  
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Fig. 9. Castability vs. tin and base lead composition showing 
mold and total reject percentages. 

Fur thermore ,  the absolute  re jec t  percentage  is obvi -  
ously a function of mold design and the inspect ion 
cr i ter ia  employed.  

Calcium Oxidation Rate 
Unlike ant imonia l  lead, mol ten  ca lc ium-lead  alloys 

oxidize rapidly ,  even wi th  the  use of an enclosed me l t -  
ing pot and meta l  t r anspor t  system. F igure  10 presents  
the ra te  of calcium loss as a funct ion of t in  content  for 
the  range 0.065-0.095Ca. Each da ta  poin t  represents  the  
averaged loss ra te  for al l  casting runs in the  given 
composit ion range. At  all  compositions, the calcium 
content decreased l inear ly  wi th  time, wi th in  the ac- 
curacy of the ana ly t ica l  technique.  

While  not shown, the calcium loss ra te  decreases 
somewhat  wi th  increas ing calcium at each t in content.  
Oxidat ion  ra te  in P b - C a  is m a r k e d l y  lower  for refined 
secondary  base lead. 

In  P b - C a - S n  alloys, differences in loss ra te  wi th  base 
lead composit ion are  small .  The f requency and 
thoroughness of dressing of the mel t ing pot affect the  
absolute  loss rates  obtained,  along with  the effective- 
ness of the gas cover and scrap recycl ing procedures  
employed.  

Conclusions 
The most significant effects of calcium, tin, base lead  

compositions and cast ing condit ions on the proper t ies  
of P b - C a  and P b - C a - S n  al loys s tudied here in  are  sum-  
mar ized  as follows: 

1. Hardness  and ini t ia l  aging ra te  increase  wi th  cal-  
cium content  in the  range  0.05-0.1Ca. 

2. The addi t ion of 0.5Sn to P b - C a  alloys increases 
gra in  size and cas tabi l i ty  and decreases calcium oxida-  
t ion rate. Fu r the r  addi t ions up to 1 w / o  increase these 
proper t ies  slightly.  

3. The addi t ion of 110-180 ppm bismuth,  5-20 ppm 
ant imony,  5-10 p p m  copper,  and  20-30 ppm si lver  in-  
crease hardness  at  <0.085Ca in al loys containing 0.5- 
1.0Sn. 

4. The addi t ion of the  s ta ted amounts  of these e le-  
ments  also increases composi t ional  s tabi l i ty  and casta-  
b i l i ty  of Pb -Ca  alloys but  has no effect on P b - C a - S n  
alloys for  the  composit ions studied. 

5. A capaci tance method has been developed for ac-  
cura te ly  de te rmining  the surface area  of cast grids, 
which for the  grid design employed  averaged  250 cm 2. 

6. The hydrogen  evolut ion ra te  on ca thodical ly  po-  
lar ized grids as a funct ion of a l loy composit ion var ied  
in a seemingly  r andom manner .  Var ia t ions  in calcium 
and tin composit ion affect gassing more  than  var ia t ions 
in t race e lement  content.  

7. At  some compositions, casting conditions can exe r t  
as large  an effect on hardness  as changes in al loy com- 
position. 
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Fig. 10. Rate of calcium loss vs. tin and base lead composition 



Vol. 123, No. 9 C A S T I N G  A N D  P R O P E R T I E S  O F  GRID A L L O Y S  1271 

8. The doubl ing of t in  content  f rom 0.5 to 1.0 w /o  has 
only a smal l  effect on micros t ructure ,  hardness,  casta-  
bil i ty,  and calcium oxida t ion  rate.  
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Some Observations on the Prediction of the State of 
Discharge of Batteries 

F. Kornfeil* 
United States Army Electronics Command, Electronics Technology and Devices Laboratory, 

Fort Monmouth, New Jersey 07703 

ABSTRACT 

A galvanosta t ic  test  method is descr ibed to de te rmine  the state of dis-  
charge  of cells of the  sys tem Z n / K O H / H g O  and the resul ts  compared  wi th  
da ta  obta ined in loaded vo l tmete r  tests. In a genera l  t r ea tmen t  of ba t t e ry  
tes t ing equations are  der ived  which show, inter alia, that  for all  e lect ro-  
chemical  systems the sensi t iv i ty  of galvanosta t ic  tests is h igher  than  the 
sens i t iv i ty  of the  loaded vo l tmete r  method  and which allow, e.g., the  calcu-  
la t ion of the va lue  of the  ex te rna l  res is tance y ie ld ing  the ma x ima l  sensi t iv i ty  
a t ta inable  in a loaded vo l tmete r  test.  

Owing to the  va r i e t y  of e lec t rochemical  systems 
p resen t ly  in use numerous  test  methods  (1-3) to de te r -  
mine  the  s ta te  of discharge (SOD) 1 of galvanic  cells 
have been employed,  some modified with  va ry ing  de- 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  bat tery  test ing,  galvanostat ic  test  method,  loaded 

vo l tmeter  test ,  e lectrode  polarization,  zinc-mercuric oxide cells. 
In this paper the term "state of discharge" is used instead of 

the more  prevalent  "state of charge" because  the latter conveys  
the concept  of reehargeabi l i ty ,  at least  to this  author's  ears. 

grees of success to meet  the  demands  of specific ap -  
plications,  chiefly to p reven t  the waste  of s t i l l  usable  
p r i m a r y  cells and, perhaps  somewhat  less impor tan t ly ,  
to discern the need to replenish  the  charge  of second- 
a ry  bat ter ies .  One of the s imples t  and most wide ly  u s e d  
techniques is the  loaded vol tmeter  test  (4), so cal led 
because a vo l tmete r  wi th  a constant  resis tance ( load)  
in para l le l  is a t tached to the  cell t e rmina l s  and the re -  
sul t ing vol tage E used as an indicat ion of the  SOD of 
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the cell. The loaded voltmeter  test consists therefore, 
in  effect, of the utilization, at constant external  resist- 
ance R, of the overvoltage ~1 of the celI as a funct ion of 
the state of discharge and is known to produce results 
of acceptable accuracy with some, but  by no means all. 
electrochemical systems. 

It was the ra ther  low sensit ivi ty of the loaded volt-  
meter  method when applied to cells of the system 
Z n / K O H / H g O  (mercury cells) which prompted the 
investigation reported in this paper. Its aim was two- 
fold: to devise a rapid and nondestruct ive method of 
greater sensit ivity for the prediction of the SOD of 
mercury  cells; and to explore the consequences of a 
more generalized t rea tment  of the polarization phe-  
nomena related to bat tery  testing, thus perhaps el imi-  
nat ing at least part  of the sometimes tedious empirical 
procedures. 

Experimental 
Tes t  pro  c e d u r e . - - A l l  experiments  were performed at 

room temperature  (21 ~ _ 1~ on mercury cells 2 of 
Type R1VI-4. These cells deliver from 30 to 33 hr of 
service when subjected to a continuous discharge 
through a 12s resistance to a cutoff voltage of 0.90V. 
Their  open-circuit  voltage Eo of 1.355V is remarkably  
uniform and stable and is very near ly  constant over 
the entire discharge range, since no solid solutions be- 
tween reactants and products are formed at either 
electrode and the electrolyte concentrat ion remains 
v i r tual ly  unchanged dur ing discharge of the cells. Eo 
can, therefore, not be used as an indicat ion of their  
SOD. 

A series of p re l iminary  experiments  designed to ex- 
plore the possible usefulness of the tangents  drawn to 
E- i  curves at various currents  as a function of the 
SOD proved unsuccessful, mainly  because of the im-  
possibility of a t ta ining quasi-steady states at currents  
i > 200 mA and at SOD's > 40% of full  capacity. These 
experiments lead, however, to the following galvano-  
static test procedure. 

The te rminal  voltage E of a fresh cell is measured 
90 sec after the start of a constant discharge current, 
the current  interrupted,  and the cell, after recovery of 
the cell voltage to the original open-circuit  value Eo, 
discharged through a 12.012 resistance for a recorded 
period of time. This procedure is repeated unt i l  the cell 
is almost completely discharged. Its remaining  capacity 
is then determined by discharging it to an end voltage 
of 0.90V, this point represent ing the SOD of 100%. 

Three curves obtained with this test method at dif- 
ferent  currents are shown in Fig. 1. Each curve repre-  
sents the mean  values of E of about thir ty  cells, plotted 
against the state of discharge C expressed in percent  

-" Mallory B a t t e r y  Company,  T a r r y t o w n ,  New York. 

1 . 2 ~ , ~ ,  , , i i i l i 

0.8 t 

60 80 100 
c (%) 

Fig. 1. Results of galvanostat ic  tests at  d i f ferent  currents: curve 
1, 200 mA; curve 2, 300 m A ;  curve 3, 400 mA.  

of the total cell capacity Co. At the test currents  used 
the cell voltages exhibit  a scatter of --4--- 40 InV. Except 
for the init ial  10% of the abscissa E is seen to be a 
practically l inear  and rather  sensitive function of the 
state of discharge. As an example, the slope of the l in-  
ear portion of the curve obtained with a test current  of 
300 mA is 7.8 mV/%,  contrasting quite favorably with 
loaded vol tmeter  tests performed under  comparable 
conditions, as will be demonstrated below in greater  
detail. The interval  of 90 sec before measuring E con- 
stitutes a compromise involving several  factors. A 
period too short for a significant part  of the mass t rans-  
port to occur may result  in the loss of a portion of the 
diffusion overpotential, thereby reducing the sensitivity 
of the test method. 3 Conversely, an  unnecessary pro- 
longation of the span may carry the system close to or 
into the limiting current condition and falsify the re- 
sults, particularly when larger test currents are used. 
In addition, it is always desirable in any test to remove 
as minute a part of the cell capacity as possible. In the 
case of RM-4 cells one test of 9.0 sec duration at i = 
300 mA diminishes the capacity of a fresh cell by ap- 
proximately 0.3%, a reasonably small fraction. 

Results and Discussion 
G e n e r a l  c o n s i d e r a t i o n s . - - A t  this point  the question 

arises why, in fact, the overvoltage of a galvanic cell 
depends on its state of discharge. This is undoubtedly  
a problem of considerable complexity, however, for the 
purposes of the present  discussion it is sufficient to con- 
sider only two factors. Firstly,  as the cell is discharged 
the consumption of the electrode materials  results in 
progressively smaller active electrode areas and con- 
sequently in correspondingly higher current  densities 
and, therefore, higher overpotentials. Secondly, the 
accumulat ion of solid reaction products at the electrode 
surfaces changes the conditions of mass transport,  giv- 
ing rise to a gradual  increase of the diffusion overpo- 
tential. These considerations will be valid for all sys- 
tems in which a solid phase of the electrode participates 
directly in  the electrode reaction but  will  not apply to 
redox systems (e.g., fuel cells) with iner t  electrodes 
whose sole function is to render  the charge t ransfer  
step possible. It is for tunate that  in these cases special 
methods to determine the state of discharge are not re- 
quired since the reactants are stored outside of the 
galvanic cells and their  quanti t ies are easily measur-  
able by other means. 

R e l a t i v e  s e n s i t i v i t y  at i = cons t  and  R ---- cons t . - - -The  
results depicted in Fig. 1 show that  the test voltage E 
is a function of C, the state of discharge defined as 100 
Cr/Co, where Cr denotes the capacity removed dur ing  a 
1212 continuous discharge and Co is the total capacity 
available to an end point of 0.90V. A convenient  way of 
t reat ing the observed phenomena is to look at the de- 
crease of E with increasing C as the result  of a progres- 
sive increase of the total in terna l  resistance Ri of the 
cell, i.e., E ---- f (Ri). Then Ri  ~ d~/d i ,  ~l being the sum 
of the charge transfer, diffusion, reaction, crystall iza- 
tion and resistance overpotentials present  at both elec- 
trodes (5). 

From the equivalent  circuit of the cell shown in 
Fig. 2, we observe that  

E = Eo - -  iRl  [1] 
and 

EaR 
E _ - -  [2] 

R + R i  

expressing E = f(Ri) with either the current  i or the 
external  resistance R as the parameter.  Capacitive ef- 
fects are neglected because d E / d t  ~_ 0 in all situations 
under  discussion. 

I t  is fo r  this  r ea son  tha t ,  ce~eris parlb~s,  t e s t s  us ing  c u r r e n t  
pulses in polar izat ion m e a s u r e m e n t s  are  sub jec t  to  a c e r t a i n  
a m o u n t  of scepticism. Th e  use  of pulse  c u r r e n t s  in the  deter -  
m i n a t i o n  of, e.g., double  l aye r  capaci t ies  as a func t ion  of t he  SOD 
is, of course,  a n o t h e r  m a t t e r .  
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Fig. 2. Equivalent circuit and fundamental relations 

Since Rz will, in general, be dependent  on the cuz- 
rent  as well as the state of discharge it is convenient  
formal ly  to separate Ri into two components,  f ( i )  and 
F(C) ,  such that  d f ( i ) / d C  = d F ( C ) / d i  = 0 

Ri---- f ( i )  + F(C)  [3] 

f ( i )  and F ( C )  may be any single-valued funct ion 
whatever  of the current  and the state of discharge, re-  
spectively, subject only to the following restrictions. 
Since dn/d i  > 0 on thermodynamic  grounds, f ( i )  must  
always be a positive quanti ty.  F ( C )  = 0 for C -- 0 
and increases to a max imum at C = 10.0% (Cr ---- Co), 
i.e., d F ( C ) / d C  : d R i / d C  > 0 for all values of C which 
condition, obviously, is the sine qua non for the ap- 
plicabil i ty of any test method based on electrode po- 
larization. 

Combining Eq. [1] and [3] we get  

E ~. Eo -- i l l ( i )  + F ( C ) ]  [4] 
and 

EoR 
E = [5] 

R + f ( i )  + F(C)  

The sensitivities Si of the galvanostatic method and 
SR of the loaded voltmeter  test are obtained by differ- 
ent iat ion of Eq. [4] and [5] with respect to C 

E 
Si = - -  (OE/OC)i = 

SR -= - -  (aE/OC)R - -  

i " d F ( C ) / d C  = - - d F ( C ) / d C  [6] 
R 

EoR 
dE (C) ~de 

[R + f( i)  + F(C)p 

E 
= d F ( C ) / d C  [7] 

R + f ( i )  + F ( C )  

Division of Eq. [6] by Eq. [7] results in  

f(i) + F(C) 
Si/Sa = 1 +. [8] 

R 

Several  interest ing conclusions can immediately he 
drawn from the preceding equations. Since the second 
term on the r igh t -hand  side of Eq. [8] is always a posi- 
tive quant i ty  it follows that, for the same value of 
E, S i > SR for every electrochemical system, no as- 
sumptions per ta in ing to its na ture  having been made 
in the derivation. Therefore, the galvanostatic method 
must  invar iably  be more sensitive than a loaded volt-  
meter  test performed at any load R, provided only that  
their  respective E - C  curves have one point  in common. 
Moreover, the ratio of the sensitivities will become 
greater as a cell of a given system approaches the state 
of full discharge [large F(C)] and the more easily 
polarizable the system in question is [large f(i)]. 

That this is indeed the case is illustrated in Fig. 3. 
In this diagram the solid line is the result of the gal- 
vanostatic tests performed at 300 mA and is a reproduc- 
tion of curve 2 of F~g. I. The dotted curves I, 2, and 3 
were obtained in loaded voltmeter tests in which E was 
also measured 90 sec after closing the circuit. The 
values of the external resistances were chosen such that 

1.0 t ~ t  I I I ~ 

0.8, -~ " ~ .  ~ - ~ .  ,..... 

0.6 \ 

v 
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c 

Fig. 4. Uncertainty due to scatter of test voltage 

- d  

+( 

the curves would coincide with the galvanostatic l ine  
at states of discharge of approximately 0, 50, and 100%, 
respectively. As predicted, in all three series of loaded 
voltmeter  tests the slopes are smaller  than the slope 
of the galvanostatic curve. Obviously, the most ap- 
propriate comparison is made wi th  curve 2 (R = 2.29,) 
because here the average current  is roughly the same 
in the two tests, whereas in curve 1 (R _-- 3.3,0,) the  
loaded vol tmeter  test current  is smaller  and in  curve 
3 (R ---- 1.0~1) larger than 300 mA for all states of dis- 
charge. The numerical  values of the sensitivities, mea-  
sured at C ---- 50%, are Si = 7.8 mV/% and SR ---- 3.0 
mV/%,  i.e., at the midpoint  the galvanostatic test is 
more sensitive by a factor of 2.6. This factor increases 
with increasing C, again in accordance with prediction, 
and reaches a vatue as high as 6.5 at C = 90%. 

The significance of the higher sensit ivity of the gal- 
vanostatic test is brought  out more clearly by consider- 
ing the scatter of the test voltage due to the less than 
perfect uni formi ty  achieved in the manufacture  of the 
cells. Referr ing to Fig. 4, the maximal  uncer ta in ty  
associated with a part icular  test method is related to 
its sensitivity S and the voltage scatter r by the ex- 
pression e ---- 2 d S .  As pointed out previously, ~ is ap-  
proximately 40 mV in the current  range under  con- 
sideration. Using this value the maximal  uncer ta in ty  of 
the galvanostatic method is about 10% over the entire 
range at 300 mA, compared to about 27% for the loaded 
voltmeter  test at C ---- 50%. Taking an average slope of 
2.1 mV/% between 50 and 90% discharge e = 38% and 
it becomes clear that for mercury cells a loaded volt-  

Fig. 3. Galvanostatic and loaded voltameter test results. Solid 
line = galvanostatic test at 300 mA. Dotted lines = loaded 
voltmeter tests. Curve 1, 3.3~; curve 2, 2.2~; curve 3, 1.0,~. 

I I J I J I I I I 
so C ( % ) - -  loo 



1274 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY September  1976 

meter  test with an average current  of 300 mA is not  
accurate enough to dist inguish a half-discharged from 
a near ly  ful ly discharged cell with any  degree of con- 
fidence. 

Absolute sensitivities.--Referring to Eq. [4] it t"ollows 
from the l inear i ty  (at least for mercury  cells) of the 
galvanostatic E-C curves that F(C) increases propor-  
t ionally to C and that dF(C) /dC = const. According to 
Eq. [6] one should therefore expect Si to increase 
l inear ly  with the test current.  Figure  5 shows this to 
be true, at least up to 400 mA, the highest value used 
to date (the quant i ty  (SR)max in the diagram will be 
discussed later) .  It should be noted that  at this current  
cells of C > 85% already exhibit  a test voltage E <: 0, 
requir ing the use of an external  d-c power source, a 
practice which was, at any rate, resorted to in all gal-  
vanostatic tests to facilitate the condition i = const 
dur ing the 90 sec period. Accordingly, it appears that  
Si can be raised to any desired value by  increasing the 
test current, as long as the l imit ing current  region is 
not reached, and provided that  a possibly higher volt-  
age scatter does not cancel the advantage so gained. 

The relationship between the sensit ivi ty SR of the 
loaded voltmeter  test and the external  resistance R is 
rather  more complicated than the simple l inear  de- 
pendence of Si on the current.  One aspect of this rela-  
tionship becomes immediate ly  apparent  from an inspec- 
t ion of the slopes of the dotted lines shown in  Fig. 3. 
Despite a more than  threefold change of R the slopes 
at corresponding points on the abscissa differ by only 
about 30% and, at first perhaps surprisingly, actually 
increase with increasing R. The numerica l  values are, 
again at C = 50%, SR=I.o = 2.3, SR=2.2 = 3.0, and 
SR=3.~ = 3.4 mV/%.  This behavior can easily be un-  
derstood by the following consideration. The external  
resistance chosen for a loaded voltmeter  test can, obvi-  
ously, have any value between 0 ~ R ~ oo. For both 
extremes the resul t ing SR must  be zero, independent ly  
of the state of discharge of the cell tested, since at R = 
0 SR = 0 because the cell is short-circuited and E = 0, 
while at R = r E = Eo and again SR = 0 unless Eo is 
itself a function of the state of discharge. Therefore, a 
maximal  value (SR)max and a corresponding Rmax must  
exist, and the question of whether  the sensitivity in -  
creases or decreases with R depends ent i rely on the 
external  resistance being smaller  or larger than Rmax. 

It  now remains to determine the position of (SR)max 
and, ideally, to calculate the absolute values of (SR)max 
and Rmax. 

Values of (SR)max, Rmaz, (SR)max, Rmax.--Equation 
[7] can be rewr i t ten  in  the form 

EoR 
S~ - -  dRi/dC [ 9 ]  

(R + Ri)2 

and we see at once that the condition SR=O = SR=~ = 0 

is satisfied because l im R~ (R + RD ~ = 0 and also 
R ~ 0  

lira R / ( R  -~- Ri) 2 = 0. Equat ion [9] allows the cal- 
R...> ~ 

culation of the sensit ivi ty of a loaded voltmeter  test 
for any value of R, at any given state of discharge of 
the cell, once a single galvanostatic test curve has been 
established, since Eo is known and the numerical  values 
of Ri and dRi/dC = dF(C) /dC are readi ly accessible 
from Eq. [1] and [6], respectively. Although the 
knowledge of SR for various values of R may  be of 
interest  in some par t icular  instances, a determinat ion 
of Rmax will ordinar i ly  be sufficient. Differentiation of 
Eq. [9] with respect to R and setting the result  equal  
to zero yields 

1/(R -t- Ri) 2 -- 2R/(R -}- Ri) 3 = 0 [10] 

The value of R satisfying this equation is 

Rmax = Ri [11] 

Subst i tut ion into Eq. [9] leads to 

Eo d 
(SR) max -- - -  - -  in  Ri [12] 

4 dC 

Thus, at a given state of discharge, the maximal  sen- 
sit ivity of a loaded voltmeter  test depends on the re la-  
tive change of R~ and is realized when the external  re-  
sistance used is equal  to the in te rna l  resistance at this 
point. The calculated values of SR, at C = 50%, for the 
tests presented in Fig. 3, are SR=3.3 = 3.3, SR=2.2 = 3.2, 
and SR=I.o = 2.4 mV/%,  in  good agreement  wi th  the 
exper imental  data. 

In  the derivat ion of Eq. [10] Ri was assumed to be 
independent  of R, an obvious simplification since Rj 
contains the term J(i) and must  consequently also be 
a function of R. However, the error due to this as- 
sumption is negligible, at least for mercury  cells and 
probably  also for other systems, as can be shown in  
the following way. A series of galvanostatic tests was 
carried out, at various currents, on fresh (C = 0) 
cells for which F(C) = 0, by definition. Equat ion [4] 
then takes the form f( i)  = (Eo -- E)/i ,  permit t ing the 
plotting, as a function of i, of f ( i )  = R0, the value of 
Ri at C = 0. Figure 6 shows how after an ini t ial  de- 
crease :f(i) reaches a practically constant value of 
1.3~ between 200 and 400 mA, the range of currents  
used in the galvanostatic tests and, as will  be dem- 
onstrated below, also in the loaded vol tmeter  tests 
conducted at maximal  sensitivity. Remember ing  that  
f(i)c=o = drJdi, the same curve can be obtained by 
drawing the tangents  to the ~ -- i curve of a fresh cell 
shown in Fig. 7. The ra ther  long l inear  part  of the 
curve is most l ikely caused by the gradual  preponder-  
ance of the diffusion overpotential  ~ld (6), for which 
d2~ld/di 2 > 0, over the charge t ransfer  overpotential  
~lt (7), with d2~t/di 2 < 0. The question of whether  
this extended constancy of f ( i )  also occurs in  other 
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Fig. 5. Dependence of sensitivity of gMvanostatic test on current Fig. 6. f( i)  as a function of current 
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Fig. 7. Overvoltage of RM-4 cells as a function of current 

systems is await ing fur ther  exper imentat ion and will  
be discussed in  a subsequent  publication. 

It should perhaps be pointed out that  it is not an 
uncommon mistake to assume (Ri)i..o to be the ohmic 

component of the in te rna l  resistance because ,I ap- 
proaches zero. Although ,l indeed vanishes (d~l/di) i-~ 

the polarization resistance (8), does not, and would 
be zero only if the exchange current  densities, the dif-  
fusion coefficients of all species part icipat ing in the 
electrode reactions, and the rate constants of all chemi- 
cal reactions preceding and following the charge t rans-  
fer step were infinite. 

Equations [11] and [12] refer to a specific point  on 
the C-axis and hence to the individual  value of Ri at 
that  point  and can, therefore, not directly be used to 
calculate (SR)m~x and Rmax of a practical loaded volt- 
meter  test for which, of course, a single value of Rmax 
is required. To this end it  is necessary to maximize SR, 
the average sensit ivi ty over all  states of discharge. Con- 
sequently,  we have 

~R : 1/100f~ ~176 SRdC 

Eo(Rloo -- R0) R 
= [13] 

100 (R + R0) (R -}- Rio0) 

where  use of Eq. [9] has been made and R0 and R100 
denote the values of Ri at C ~ 0 and C ---- 100, respec- 
tively. Sett ing the derivat ive dSR/dR equal to zero we 
obtain the equat ion 

1 R (2R -F R0 -}- R100) 
----0 

(R + R0) (R + R10o) [(R + R0) (R + RI00)] 2 
[14] 

the solution of which is 

Rmax = ~/RoRloo [15] 

i.e., in a loaded vol tmeter  test the external  resistance 
yielding the maximal  average sensit ivity over the en-  
t ire range of discharge of the cell is the geometric mean 
of the init ial  and final values of its in ternal  resistance. 

Subst i tut ion into Eq. [13] leads to 

(~R)max = Eo(Rloo --  Ro) 1 [16] 
I00 2 ~ R ~  + Ro -}- R10o 

Extrapolation of the linear part of a galvanostatic curve 
to C = 0 and C = 100 and use of the resulting values 
of E gives, in the case of the mercury cells tested, 
R0 = 1.31 and Rw0 ~- 3.9012. Substitution into Eq. [15] 
and [16] demonstrates that the average sensitivity of 
a loaded voltmeter test of RM-4 cells can never exceed 
3.6 mV/% and is attained with an external resistance 
of 2.3~. It is easily calculated that in this loaded volt- 
meter test the current varies between 220 and 380 mA 
and is within the range of virtual constancy of ](i), 

4~ ~ i i ~ i i i i J i l I i i i F i 

I 

| 

I I i ~ i I ] 1 101 I I I I 115 i I I 

R (OHM)~ 

Fig. 8. Sa as a function of the external resistance, calculated 
with Ro = 1.3112, Rloo = 3.9012. 

again just i fying the assumption dRi/dR ---- 0 implicit  
in Eq. [13], [15], and [16]. 

Figure 8 shows SR as a funct ion of the external  
resistance, according to Eq. [13]. The sensit ivity of the 
loaded voltmeter  test increases ra ther  slowly with 
decreasing R, reaches a max imum at R ---- 2.311 and 
then decreases sharply at still lower values of R. In  
order to facilitate the comparison of the galvanostatic 
and loaded voltmeter  tests (:~R)max -- 3.6 mV/% has 
been inserted in the diagram of Fig. 5. It  is apparent  
that a sensit ivity of 3.6 mV/% can be achieved with a 
constant test current  of only 140 mA, while the gal-  
vanostatic tests at 300 and 400 mA have sensitivities of 
7.8 and 10.4 mV/%,  respectively, clearly demonstra t ing 
the higher accuracy of the galvanostatic method. 

One should, however, r emember  that  the results re-  
ported here refer to cell capacities obtained at a single 
discharge rate (1211) at only one tempera ture  (21 ~ 
and are l ikely to vary  when  these conditions are 
changed, a problem common to most, if not all, test 
methods. Exper imental  work is current ly  being con- 
ducted on mercury  cells to permit  the appropriate cor- 
rections to be made and also to test the application of 
the galvanostatic method, and its under ly ing  theory, 
to different electrochemical systems. 

Manuscript  submit ted Feb. 6, 1976; revised manu-  
script received May 10, 1976. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1977 JOURNAL. 
All discussions for the June 1977 Discussion Section 
should be submitted by Feb. i, 1977. 

Publication costs o] this article were assisted by the 
United States A r m y  Electronics Command. 
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In Situ Studies of the Passivation and Anodic 
Oxidation of Cobalt by Emission MSssbauer Spectroscopy 

I. Theoretical Background, Experimental Methods, and Experimental Results for 
Borate Solution (pH 8.5) 

G. W. Simmons,* Elsie Kellerman, and Henry I.eidheiser, Jr2 
Center for Surface and Coatings Research, Lehigh University, Bethlehem, Pennsylvania 18015 

ABSTRACT 

This paper  is the first in  a series of three that  describe the application of 
emission MSssbauer spectroscopy to the in situ study of the cathodic and anodic 
behavior of cobalt. A brief  review of the emission technique is given, along 
with a review of the chemical effects and Auger "after effects" that are as- 
sociated with this exper imental  method. The surface sensit ivity required to 
s tudy th in  anodic films was obtained by electrodepositing from 20 to 200A 
thick Co 57 active layers on cobalt surfaces. Emission MSssbauer spectra from 
Fe ~T daughter  ("probe") atoms were obtained dur ing polarization (vs. SCE) 
of specimens in buffered borate, pH 8.5. The specimens were free of surface 
oxide dur ing cathodic polarization at --1100 mV. The spectra of specimens 
polarized at low passivating potentials, --100 mV, indicated the presence of 
both + 2  and -53 charges. The W3 oxidation state of the Fe 57 probe in  the 
anodic film formed at this potential  may arise from Auger after effects or 
chemical effects ra ther  than from -5}-3 states of the parent  Co 57. At higher 
passivating potentials -5}-200 and -5500 mV only the -53 oxidation state w a s  
observed. The existence of -52 oxidation state cannot be ruled out, however, 
because of the possibility for stabilization of defect charge states. Evidence 
for the -54 oxidation state in  addition to -53 was found for specimens polarized 
at potentials in  the transpassive range, ~-800 inV. 

Since the first reported observation of passivity, a 
considerable amount  of research on this subject  has 
been published. Yet because of the complexity of the 
phenomenon and the l imited experimental  techniques 
available for in situ studies of surface films, there re-  
mains considerable uncer ta in ty  about many  aspects of 
passivation. Passivity has been the subject of three 
in ternat ional  conferences co-sponsored by The Elec- 
trochemical Society and more recently it was the sub- 
ject of a joint  Japanese-Amer ican  meeting in Hawaii 
in March 1975 (1). This lat ter  conference resulted in  
three consensus summaries;  and one of the principal  
objectives for future  research was stated as follows: 
"It is hoped in the future  to establish theoretical 
models to explain the cause of passivity and film- 
growth and dissolution kinetics in more detail and to 
develop critical experimental techniques which enable 
us to clarify the structure and composition of passive 
films." This paper describes an exper imental  technique 
which has led to the determinat ion of the structure and 
composition of passive films on cobalt. 

The electrochemical methods for s tudying passivity 
include galvanostatic and potentiostatic measurements  
which have been supplemented in some cases by poten-  
t iodynamic studies, a-c impedance investigations, and 
coulometry. These methods have been useful in char- 
acterizing the anodic behavior of metals, but  the elec- 
trochemical techniques have not provided unambiguous  
informat ion about the chemical composition and struc- 
ture of anodically produced surface films. The nonelec-  
trochemical approaches used thus far have also been of 

* E lec t rochemica l  Society Act ive  Member. 
Key words :  passivity,  MSssbauer spectroscopy, cobalt, anodic 

oxidation, Co 57, FesL 

l imited value. Electron diffraction investigations re-  
quire that the specimen be removed from its ini t ial  
environment ,  and reasonable objections to the in ter -  
pretat ion of results can be raised because of possible 
changes in composition of the specimen surface, such 
as dehydration, that  may occur dur ing  the diffraction 
analysis. Although ell ipsometry is a highly surface- 
sensitive technique and is applicable to in situ studies, 
the measured parameters  for th in  films, 10-50A, lead 
only to informat ion about the thickness. MSssbauer 
spectroscopy, on the other hand, offers the possibility 
of obtaining direct compositional and s tructural  in-  
formation about th in  anodic films under  in situ condi- 
tions. The major  objective of our research has been to 
evaluate the emission MSssbauer spectroscopic tech- 
nique for in situ determinat ion of the chemical compo- 
sition and s t ructure  of cobalt surfaces associated with 
the electrochemical behavior  of this metal. Emission 
MSssbauer spectroscopic studies of the passivity of i ron 
perhaps would have been more desirable than studies 
of cobalt because of the more extensive l i terature  about 
the experimental  and theoretical t rea tment  of the pas-  
sivation phenomena of iron. For reasons that are given 
later, the  complications encountered in emission studies 
of iron surfaces are avoided in the cobalt system. Some 
aspects of this study, however, may also be helpful 
in unders tanding anodic behavior  of the other ferrous 
metals i ron and nickel. See Ref. (2) for studies of the 
passivation of i ron by transmission MSssbauer spectros- 
copy. 

The full  report of our research has been divided into 
three-parts.  In the present  paper, I, the exper imental  
details are described, and theoretical considerations of 
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emission M5ssbauer spectroscopy are presented along 
with details of exper imental  results in buffered borate 
solution, pH 8.5. Reference spectra of the cobalt com- 
pounds that  may be consti tuents of anodic films on 
cobalt, are necessary for the in terpre ta t ion of spectra 
obtained from cobalt dur ing anodic polarization. There 
is only a l imited amount  of l i tera ture  on emission MSss- 
bauer  spectroscopy of cobalt oxides, hydroxides, and 
oxyhydroxides, and therefore par t  II describes the 
spectra obtained fro.m these compounds. Par t  I II  in ter-  
prets the emission spectra obtained from anodic films 
formed on cobalt under  different polarization condi- 
tions, and the results are discussed in terms of the elec- 
trochemical behavior  of cobalt. 

Principles of Emission MSssbauer Spectroscopy Uti l izing 
Co 57 

The decay scheme of Co 57 is shown in Fig. 1. The 
init ial  decay of Co 57 by K-elec t ron capture results in 
the formation of Fe 57 with nuclear  excited states which 
fur ther  decay to the ground state by  ~-ray emission. 
The 14.4 keV ~-ray emitted from I = 3/2 -~ I ___ 1/2 
transi t ion is used in MSssbauer spectroscopy. The 
isomer shifts, quadrupole splittings, and magnetic  hy-  
perfine splittings of the I = 3/2 and I : 1/2 nuclear  
states of Fe 57 are determined by the electron environ-  
ment  characteristic of the host matrix.  The emission 
spectrum of the Fe 57 nuclei  is obtained by resonance 
absorption of the emitted radiat ion with an absorber 
that is designed to have only a single transition. The 
values obtained for the hyperfine parameters  yield in-  
formation about the chemical composition and struc- 
ture of the emitter.  

Many electrochemical reactions are slow in compari-  
son to the average lifetime of the nuclear  excited state 
of Fe 57 (~10 -7 sec), and thus the application of emis- 
sion MSssbauer spectroscopy is well suited to studies 
of cobalt. In  other words, the t ime be tween the forma- 
tion of the excited Fe 57 nucleus and the emission of the 
v-ray is so short that  it is unl ike ly  that  the emission 
spectrum will contain any informat ion about the chem- 
ical reactions of iron. The informat ion derived from 
the spectra therefore depends pr incipal ly  on chemical 
changes in the paren t  Co 57 atoms, al though the v- ray  
emission is actually from the Fe 57 daughter  atoms. 
Differences between the chemical potential  of Co 57 and 
substrates other than cobalt make the application of 
the Co ~7 doping technique impractical for studies of 
the oxidation behavior  of other metals such as iron. 
For example, when th~ surface of i ron is doped with 
Co ~7 and the specimen is oxidized at 300~ in air, the 
cobalt dopant  remains in the elemental  state as indi-  
cated by the MSssbauer emission spectrum. Presumably  
under  these exper imental  conditions, the equi l ibr ium 
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Fig. i. Decay scheme of Co 57 to Fe 57. Electron capture by the 

Co S? nucleus produces daughter Fe 57 with nuclear excited states 
which decay to the ground state by "y-ray emission. 

for the reaction, FezOy + Co ~ ComOn + Fe, lies to the 
left. 

The surface sensit ivi ty required for s tudying passiva- 
t ion and anodic oxidation phenomena  is obtained by 
controll ing the amount  of Co 57 deposited on the speci- 
men surface. The surface sensit ivity of the emission 
method has been demonstrated in studies of surface 
lattice dynamics (3) and in investigations of the mag-  
netic properties of thin films (4, 5) in which surface 
sensitivities approaching submonolayer  dimensions 
were obtained. The composition and structure of thin 
anodic films can, therefore, be elucidated from the 
emission MSssbauer spectra of Fe 57 probe atoms that  
have been incorporated into the anodic films as Co 57. 

In the in terpre ta t ion  of emission MSssbauer spectra, 
two important  chemical effects must  be considered. One 
is the chemical influence of the host lattice envi ron-  
ment  on the Fe 57 impur i ty  atom, and the other, termed 
"after effects" is the variety of chemical consequences 
produced by the electron capture decay of Co ~7 to Fe 57. 
Details of chemical effects and after effects in emission 
spectroscopy can be found in published reviews on this 
subject (6, 7). Therefore, only a brief  discussion of the 
origin of the chemical effects and after effects is pre-  
sented. 

The after effects are a result  of the deexcitation of 
the vacant  i ron K level created after capture of a K 
electron by the Co 57 nucleus. Deexcitation takes place 
by competitive x - ray  fluorescence and Auger emission 
processes�9 When the deexcitation takes place only by 
x - ray  emission the hole in  the K level moves out to the 
valence levels, and in the absence of chemical in ter-  
actions with the matrix,  the daughter  Fe 57 has the same 
charge state as the parent  Co 57. There is a probabi l i ty  
for al iovalent species to be formed because of the l ike-  
lihood for deexcitation by a radiationless process with 
the emission of electrons (Auger effect) and fur ther  
ionization of the Fe 57 atoms. The hole in  the K shell 
may be filled by  an electron from the L shell, and in-  
stead of K~ x-ray emission, an electron may be ejected 
from the L shell. This process is termed a KLL Auger  
transition. The holes in the L levels are subsequent ly  
filled by electrons from the M levels with fur ther  emis- 
sion of Auger electrons. This process is termed "Auger 
cascade" and can give rise to highly charged states on 
Fe 57. Pollak (8) has determined the probabilit ies for 
various charge states on Fe ~7 produced by the Auger 
cascade that follows electron capture decay of Co 57, and 
these results are given in Table I. After effects are not 
observed in metals because the t ime for charge equi-  
l ibrat ion of the high ionic states by the free conduction 
electrons is short compared to the l ifetime of the Fe 57 
excited state ( ~  10 -7 sec). In  insulators, on the other 
hand, the highly ionized states (defect charge states) 
may have a sufficiently long lifetime to alter pro- 
foundly the immediate  chemical env i ronment  of the 
Fe 57 atoms, and these after effects are observed in the 
emission spectrum. The observable effects depend 
strongly on the na ture  of the host lattice, and it has 

Table I. Probabilities for production of higher charge states of 
iron following electron capture decay of 57Co 

S t a t e  o f  P r o b a b i l i t y  (%) 
i o n i z a t i o n  Co s+ Co O 

0 - -  1 
I +  - -  5 
2 +  S 21 
3 + 21.6 25 
4 + 25.3 29 
5 + 29.5 14 
6 + 14.2 4 
7+ 4,1 -- 

T o t a l  99.6 99 

T w o  c a s e s  are  c o n s i d e r e d :  ( a )  c o b a l t  in i t i a l l y  in  a 2+ c h a r g e  
state and (b) c o b a l t  in i t ia l ly  a n e u t r a l  a t o m .  D a t a  t a k e n  f r o m  
Ref. (8). 
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not been possible to predict a priori details of these 
effects. Furthermore,  the mechanisms for producing the 
after effects in some cases are still poorly understood. 

Radiolysis, size effects, and charge compensation have 
been proposed as mechanisms for the creation and /or  
stabilization of charge states in various types of com- 
pounds. An increasing tendency toward the stabiliza- 
tion of defect charge states with increasing degree of 
hydrat ion in divalent  cobalt salts has been at t r ibuted 
to the radiolysis of water  molecules by the Auger  elec- 
t ron ionization (9, 10). The oxidation of Fe +2 to Fe +3 
in hydrated salts is suggested to be caused by the OH 
radicals produced dur ing the radiolysis. The observa- 
tion of Fe +8 lines in  the transmission MSssbauer spectra 
of hydrated Fe +2 salts that  have been subjected to 
ionizing radiat ion has been offered as support ing evi- 
dence for the radiolysis mechanism (11, 12). 

Pollak (8) suggested that  Fe +8 would be stabilized in  
divalent  lattices whose metal  ion is smaller  than  Fe +~. 
Support ing evidence from data of Co 57 doped metal  
fluorides with the ruti le s t ructure has been reported in 
which it was found that  the smaller  Fe +8 ion is prefer-  
ent ial ly  stabilized in a lattice site smaller than that of 
Fe +8 in  FeF2 (13). The differences in ionic sizes are not 
considered as completely sufficient for stabilization of 
the Fe +s charge. It is assumed that charge compensat-  
ing defects, such as t rapped electrons or ionic vacancies, 
are also necessary. These defects are assumed to be 
produced by the Auger electron emission process and 
by the result ing highly charged states. 

The Fe+3/Fe +2 ratio in the emission spectra of CoO 
has been found to be a sensitive function of the method 
of specimen preparat ion (14-18). The presence of pre-  
existing charge compensating defects associated with 
the nonstoichiometry of the oxide is the general ly ac- 
cepted explanat ion for the stabilization of the Fe +3 
charge state. 

Cruset and Friedt  (19) have proposed thermody-  
namic criteria for defect charge stabilization. The sta- 
bilization condition is given as 

A U  ~ Uip  - -  Eex  c 

where Uip is the ionization potential  of Fe +2 in the solid 
state and Eexc is the energy of the electronically excited 
state produced by the electron capture decay, hU is the 
electrostatic energy change associated with the substi-  
tut ion of Fe +2 by Fe +3 and is given by 

e $ 
hU : [Z(Fe +~) -- Z(Fe+2) ]  - - M  

a 

where M is the electrostatic potential  at the Fe lattice 
site and a is the length of the un i t  cell. In  general, 
therefore, the stabil i ty of the defect ionic species would 
be expected to increase with the macroscopic lattice 
energy of the host matrix.  This correlation has been 
found in fact in a number  of different chemical systems. 

The charge state on the daughter  iron atoms (ions) 
may be different from the parent  cobalt for reasons that  
are completely independent  of the Auger cascade. Spe- 
cific charge states may be stabilized by chemical equi- 
l ibrat ion of the iron ions with the host matrix.  Evidence 
for chemical or matr ix  effects is found for specimens in 
which 100% of the original Co +2 is observed in  the 
emission spectrum as Fe +3. Since there is a 5% prob-  
abil i ty for the empty K level to be filled by outer level 
electrons with emission of only x- rays  (8), a few per-  
cent of Fe +2 should always be observed when only 
after effects mechanisms are operative. Complete val-  
ence change, Co +2 to Fe +a, has been observed in emis- 
sion spectra of Co57-doped Co30~, CoRh204, and CoFe204 
(20). The fact that i ron impur i ty  in a t r ivalent  charge 
state substitutes for divalent  cobalt on the A sites in 
CoRh204 has been suggested as fur ther  evidence that 
the change Co +2 to Fe +3 may be determined by a 
chemical preference rather  than by after effects. These 
results do not rule out any possible after effects, but  

do suggest that  chemical stabilization must  be con- 
sidered when  complete conversion of Co +~ to Fe +3 is 
observed in  MSssbauer emission ~pectra. In  addition to 
the charge compensating defects, ionic size, and crystal-  
l ine energy considerations presented earlier, chemical 
stabilization mechanisms must  also include crystal field 
effects and possible interactions such as red-ox reac- 
tions with surrounding cations. 

From the narrowest  point of view the after effects 
and chemical effects discussed above may be considered 
a l imitat ion to the s tudy of th in  films by emission 
MSssbauer spectroscopic technique. As these phe- 
nomena become better  understood, the complications 
with regard to in terpre ta t ion of spectra become less 
serious, and in  fact, the conditions for defect charge 
stabilization can be used for a more complete charac- 
terization of the chemical system under  investigation. 
The studies of the passivation and anodic oxidation of 
cobalt were under taken  with a clear unders tanding of 
both the possible l imitat ions and potential  of the emis- 
sion method for s tudying surfaces. 

Experimental 
The cathodic and anodic behavior  of cobalt polarized 

in deaerated borate solution, pH 8.5, was chosen for 
study. The polarization curve for cobalt was determined 
potentiostatically, and the current  at each potential  
(vs. saturated calomel electrode, SCE) was recorded 
after the system reached steady state. Emission MSss- 
bauer  spectra were obtained at specific applied cathodic 
and anodic potentials in order to characterize the sur-  
face chemical species present  dur ing polarization. The 
growth rate and stabil i ty of the surface films that 
formed during polarization were determined from mea-  
surements  of anodic current  and of specimen radioac- 
t ivi ty as a function of time. 

Specimens used in the emission studies were pre-  
pared by casting 10 • 10 X 0.5 mm samples of 99.7% 
cobalt into the center surface of a 3 cm diam, 0.5 cm 
thick epoxy mount  with the face of one side of the co- 
bal t  specimen parallel  to the surface of the mount.  Elec- 
trical contact was provided by means of a copper wire 
approximately 6 cm in length that was spot welded to 
the opposite face before the cobalt specimen was placed 
in the cast. The entire length of this wire was coated 
with epoxy to prevent  its contact with the plat ing solu- 
t ion or with the solution used dur ing the polarization 
studies. The specimen surfaces were first mechanical ly 
polished and then electrochemically etched in  50% 
phosphoric acid at a current  density of 200 mA/cm% 
The etching was done in the same cell in which deposi- 
tions were made. Efforts were made to minimize the 
time the specimen was exposed to air dur ing r insing 
and solution changes. The deposition of Co 57 onto the 
specimen surface was accomplished in a manner simi- 
lar to that described by D~zsi and Moln~r (21). To 
maximize the yield of Co 57 deposition from the dilute 
solutions, the plating cell was designed to permit depo- 
sitions from solution volumes of 5-10 ml. The solution 
used for the depositions was 2.5g/I00 ml ammonium 
citrate with 2.5g/I00 ml hydrazine hydrate adjusted to 
pH i0 with ammonium hydroxide. For current densities 
of 5-10 mA/cm 2 and plating times on the order of 1 hr, 
the plating efficiency has been reported to be on the 
order of 30% (21). The thickness of the Co 57 active 
layer was controlled by adding specific amounts of 
natural cobalt (COC12) along with carrier-free Co 57 
(in HCI) to the plating solution. Relatively thin de- 
posits (20-50A) were required to obtain sufficient sen- 
sitivity to study changes in the cobalt surface at low 
passivating potentials. For anodic potentials in the 
range from the middle of the passive region to beyond 
the transpassive region, thicker deposits (50-200A) 
were used. The actual thickness or uniformity of the 
active layer was not determined. An approximate range 
of deposit thickness was estimated from the plating 
efficiency and the cobalt content of the plating solution. 
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Fig. 2. Schematic of experimental arrangement used to obtain 
emission M~ssbauer spectra of Fe 57 cobalt during in situ polariza- 
tion. 

The exper imental  a r rangement  used for obtaining 
emission MSssbauer spectra of cobalt dur ing polariza- 
t ion is shown schematically in  Fig. 2. The cell was 
constructed from Plexiglas and was designed to min i -  
mize the amount  of solution in the path of the emitted 
7-rays. The distance between the specimen surface and 
a 0.04 mm thick Mylar  window was approximately 3-4 
ram. A SCE was separated from the polarization cell, 
and electrical cont inui ty  of the s tandard electrode with 
the cell was established via a capillary. Nitrogen gas 
was used to deaerate the solutions. A p la t inum counter-  
electrode was used; and an a luminum-brass - l ead  shield 
was mounted  between the cell and the radiat ion detec- 
tor in a manne r  that  minimized the count  rate from 
radiat ion originating from deposits of Co 5~ that  formed 
on the p la t inum electrode dur ing  polarization of the 
specimen. Although Co ~7 ions that e n t e r  t h e  solution 
dur ing anodic polarization contr ibute to the back- 
ground count rate, the Fe 5~ ions in  solution produce no 
recoilless v-rays and therefore do not contr ibute to the 
MSssbauer spectra. The specimen (emitter)  was kept 
stationary, and the MSssbauer spectra were generated 
in the usual  m a n n e r  by measur ing count rate as a func-  
t ion of velocity of a Fe57-enriched stainless steel ab- 
sorber. Positive velocities correspond to the absorber 
moving toward the specimen. 

At all polarization potentials used in this study, with 
the exception of low passivating potentials, the corro- 
sion rate was sufficiently slow that  the surface active 
region was not ]ost dur ing the t ime required to obtain 
the MSssbauer spectra. Addit ional  experimental  pro-  
cedures were developed to make emission MSssbauer 
studies possible at low passivating potentials. A th in  
(20-50A) Co 5~ active surface region was required to 
resolve the spectrum of the th in  passive film formed 
at the low passivating potentials. Since the corrosion 
rate at these potentials was relat ively high, the radio-  
active surface was stabilized by quenching the speci- 
men and solution to l iquid ni t rogen temperature,  and 
in ter rupt ing  the applied potential  after the passive film 
had formed. The specimen used in this case was pre-  
pared by epoxy coating a 3.5 X 9 X 0.5 m m  sample of 
cobalt, except for a 1 cm ~- area on which the Co 57 layer  
(20-50A) was deposited. One end of this specimen was 
attached to a brass block just  outside of the electrolytic 
cell. This block was attached to a Dewar and could be 
readily main ta ined  at l iquid ni t rogen temperature.  The 
other end of the specimen was mounted  in the cell in 
the manner  already described (see Fig. 2). When the 
passive currents  were reached and the count rate began 
to decrease, the Dewar was filled with l iquid nitrogen. 
After  the electrolyte had frozen, the applied potential  
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was removed. The spectrum was then  obtained while 
the specimen was main ta ined  near  l iquid n i t rogen tem-  
perature.  It was assumed that  the quenching procedure 
and potential  in te r rup t ion  did not produce significant 
changes in  the passivated surface. A l imitat ion of this 
procedure, not serious in  our case, is the fact that  Co ~ 
ions that  enter  the solution and undergo hydrolysis 
dur ing  passivation may contr ibute  to the emission spec- 
t rum since some fraction of the v-rays emitted from t h e  
daughter  Fe57 ions in  the frozen solution are recoilless. 
The quenching procedure was only required for ex- 
per iments  conducted at low passivating potentials. 
Emission spectra were obtained at all other potentials 
at room tempera ture  while the potent ial  was main-  
tained. 

Results and Discussion 
Polarization of cobalt in  the buffered borate solution 

produced a classical potential  vs. current  dependence 
as shown in Fig. 3. An  active-to-passive t ransi t ion oc- 
curs between --500 and --300 mV and cobalt remains  
passive at higher anodic potentials up to +500 mV. 
Above +500 mV, thick anodic film formation and oxy-  
gen evolution occurred commensurate  with an increase 
in anodic current.  Five specific polarization potentials 
were chosen for study which represented the different 
characteristic regions of the polarization curve shown 
in Fig. 3. These potentials were as follows: (a) cathodic 
potential  of --1100 mY, (b) low passivating potent ial  at 
--100 mV which is about 200 mV above the onset of 
passivity, (c) potential  of +200 mV near  the center o2 
the passive region, (d) potential  of +500 mV near  the 
onset of transpassive behavior, and (e) potential  of 
+800 mV which is in  the transpassive region. Several 
experiments were conducted for each of these poten-  
tials. In  some preparations of the surface active layer, 
it was found that a residual "oxide" layer  could not be 
removed by cathodic reduction, and in other cases t h e  
surface sensit ivity was not sufficient to detect the sur-  
face film that formed during anodic polarization. For 
the experiments  in  which cathodic polarization pro-  
duced a "clean" surface and in which changes in  the 
spectra were observed dur ing  anodic polarization, the 
results for each polarization potential  were found to 
be reproducible. In  the following sections typical re-  
sults are presented for each of the polarization poten-  
tials. 

Cathodic polarization, --i100 mV.--Al l  of the speci- 
mens were polarized cathodically prior to the applica- 
tion of the anodic potentials. The emission MSssbauer 
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Fig. 3. Polarization curve of cobalt in buffered borate solution, 
pH 8.5. Potential is with reference to SCE. 
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spectra obtained dur ing cathodic t rea tment  were used 
to monitor  the reduction of oxide or corrosion films that 
had formed subsequent  to deposition of the Co ~7 layer  
or formed dur ing previous anodic polarization of the 
specimen. Typical spectra obtained before and dur ing  
cathodic polarization at --1100 mV, current  density 
20 mA/cm e, are shown in Fig. 4 and 5 for two specimens 
with different active layer  thickness. The results ob- 
tained from these two specimens are discussed sepa- 
rately. 

The relat ively intense lines at the center  of the spec- 
t rum shown in Fig. 4a for a 100-200A specimen is in -  
dicative of a corrosion film that  was present  after 
preparat ion of the active Co 5~ layer. Cathodic polariza- 
tion of the specimen gave rise to the spectrum pre-  
sented in Fig. 4b which shows only the six lines ex- 
pected from the magnetic hyperfine split t ing of F e ~  
in metallic cobalt. This result  suggests that  the corro- 
sion film, which formed subsequent  to the deposition of 
the active layer, was readily reduced by the cathodic 
treatment.  Values of the hyperfine interactions mea-  
sured for the 100-200A film dur ing cathodic polariza- 
tion are summarized in Table II. Also summarized in 
Table II for comparison are results obtained for a bu lk  
specimen which was annealed below the hexagonal  to 
cubic t ransi t ion tempera ture  (400~176 and for a 
bulk  specimen annealed above this temperature.  The 
major  differences in the hyperfine interactions of Fe 5T 
nuclei  in the bulk specimens which were annealed at 
400 r and 800~ is in  the in terna l  magnetic  field. The 
difference of approximately 10 koe is a t t r ibuted to the 
possibility that the 400~ specimen is hexagonal  and 
that the 800~ specimen is mostly cubic. This result  is 
consistent with studies in which the cubic phase was 
reported to be stable in fine grain specimens at room 
temperature  (22, 23) after quenching from tempera-  
tures above 500~ The hyperfine parameters  in Table 
II indicate that the 100-200A film is physically different 
from either of the bulk  specimens. Impuri t ies  and de- 
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Fig. 4. (a) Emission spectrum of Fe 57 in cobalt taken after 
deposition of 100-2(J0.~ Co ~7 layer. (b) Emission spectrum of same 
specimen taken during cathodic polarization at --1100 mV. Spectra 
taken at room temperature. 

Table II. Comparison of hyperfine parameters of Fe 5~ measured 
for thin film and bulk cobalt specimen doped with Co 5~ 

IS (mm/ Heff A~-A~2 
Specimen sec) a (koe) (mm/sec) b 

Film 100-200A --0.20 296 0.19 
Bulk (hcp) an- 

nealed 400~ -0 .15  331 0.21 
Bulk (cubm) an- 

nea led  800~ -0 .13  322 0.20 

310 ss reference .  
b A~6 is dii~erence b e t w e e n  l ines 5 and 6. Am is difference be- 

tween  lines 1 and 2. ZX~-A~ is proport ional  to magnitude of quad- 
rupoie  interaction.  

fects in  the film would contr ibute to lower values of 
the in terna l  magnetic field and to the difference in 
isomer shift as compared with the bu lk  (24, 25). The 
measured parameters  for the film may be a manifesta-  
t ion of the thickness of the specimen, of the fact that  
hydrogen may be present  in the film dur ing cathodic 
t reatment ,  and of defects and impuri t ies  in  the film. 
Fur ther  studies are required to ascertain the factors 
that determined the hyperfine interactions that  were 
measured for the 100-200A films dur ing cathodic po- 
larization. 

As indicated in  Fig. 4b, the relat ive intensit ies of the 
magnetic hyperfine lines of the thin cobalt surface 
layers were found to vary from the 3:2:1:1:2:3 ex- 
pected from a bulk  polycrystal l ine specimen. The re la-  
tive intensities of the six line magnetic  hyperfine spec- 
tra of Fe "~7 is a function of the angle, 6, between the 
direction of 7-ray propagation and the principal  axis of 
the magnetic field and are given by 3:x: 1 : l : x : 3  where 
x ---- 4 sin20/(1 + cos~0) (26). Ordinar i ly  the angular  
dependency becomes impor tant  in studies of single 
crystals in  which 0 is well defined. For thin polycrystal-  
line ferromagnetic films, however, the magnetizat ion 
vector and hence the axis of the in terna l  magnetic field 
is parallel  to the film surface. The angle 6 approaches 
90 ~ as the film thickness decreases, and the ratios of 
the peak intensities tend toward values of 3: 4: 1:1: 4: 3. 

The spectrum shown in Fig. 5a was taken  dur ing 
anodic polarization of a 20-50A cobalt film; and the 
relat ively intense l ine(s)  a t  the center of the spectrum 
originates from the anodic film. Subsequent  cathodic 
polarization of this specimen effectively reduced the 
anodic film as evidenced by the reduction in the in ten-  
sity of the center  l ine(s)  as shown in Fig. 5b. The 
spectra of the (20-50A) cobalt surface films were con- 
siderably different from the spectra of the (100-200A) 
cobalt surface films; compare spectrum of (20-50A) 
film in Fig. 4b with spectrum of (100-200A) film shown 
in Fig. 5b. The spectrum of the (20-50A) specimen, 
Fig. 5b, indicates an apparent  relaxat ion of the effective 
in ternal  magnetic  field of the Fe 57 nuclei  (26-28). The 
small peak at the center of the spectrum in Fig. 5b is 
probably the result  of relaxat ion of the magnetic field, 
but it cannot be ruled out that  this peak may originate 
from remnants  of the corrosion film that  was not  re-  
duced by the cathodic polarization. Relaxat ion of the 
hyperfine field in the th in  surface film, in  this case, is 
s imilar  to that reported in  MSssbauer spectroscopic 
studies of the magnetic properties of th in  films (4, 5, 
29). The relaxat ion spectra in the referenced studies 
may have been, in part, owing to superparamagnet ism 
in ferromagnetic particles formed by growth of isolated 
"islands" of the metal  on nonmagnet ic  substrates. 
Superparamagnet ism is less l ikely to account for the 
apparent  relaxation in  the present  studies, because 
magnetic isolation of the deposit probably  did not occur 
on the magnetic  cobalt substrate, even for a case of 
nonuni form deposition. The broadening of the lines 
shown in Fig. 5b may, therefore, be caused by a reduc-  
tion of the magnetic moment  on Fe 57 nuclei  in  the sur-  
face of the film and/or  by magnetic di lut ion of the Fe 57 
daughter  atoms. Shinjo et al. (30) concluded in their  
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Fig. 5. (a) Emission spectrum of Fe ~7 in cobalt with anodic film 
present on surface. (b) Emission spectrum of same specimen token 
during cathodic polarization at --1100 inV. (Co ~7 active layer 
approximately 20-50.&.) Spectra taken at room temperature. 

emission MSssbauer studies of monolayer  Co ~v deposits 
on cobalt substrates that the magnetic moment  at the 
surface was not significantly different from the bulk  
value. They proposed that  the l ine broadened spectra 
can be interpreted on the basis of a dis t r ibut ion of mag-  
netic fields owing to the presence of vacancies and im-  
puri t ies such as stable Fe~% Since specimens with th in  
surface active layers were deposited from very dilute 
solutions, the relat ive amounts  of impuri t ies  that  co- 
deposit with_ the cobalt is much higher than  that en-  
countered in  the deposition of thicker films from more 
concentrated solutions. The concentrat ion of defects 
and missing nearest  neighbor  atoms is also expected to 
be high in  a thin film with high surface to volume ratio. 
It was not possible in the present  s tudy to determine 
whether  relaxat ion effects or magnetic  dilution effects 
are the predominate  cause of the l ine broadening in the 
th in  (30-50A) specimens. 

Anodic polarization, --100 inV.- -The potential  of 
--100 mV is just  above the onset of passivity. The rela-  
t ively high corrosion rate of cobalt at this potential  
did not permit  in si tu emission MSssbauer spectra to be 
obtained at room temperature.  The specimen and so- 
lut ion were quenched to low tempera ture  after the 
format ion of the passive film as described in the experi-  
menta l  section. Since it was anticipated that the anodic 
film would be relat ively thin at this potential, a speci- 
men  with Co ~7 surface layer  on the order of 30-50A 
thick was used. The specimen was cathodically reduced 
before application of the anodic potential.  Figure 6 
shows the changes in current  and radioactivi ty of the 
specimen as a funct ion of t ime after the --100 mV po- 
tent ial  was applied; and the times at which the system 
was quenched and the potential  in ter rupted  are also 
indicated. Anodic film formation and anodic dissolution 
account for the integrated current,  which corresponds 
to the conversion of a surface region that  is 2-3 times 
the estimated thickness of the Co ~7 active layer. Only 
approximately 30% of the radioactivi ty of the speci- 
men, however, was lost dur ing  the anodic t reatment .  
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Fig. 6. Anodic current and count rate vs. time for specimen 
polarized at --100 mV, (e) quenching initiated and (b) applied 
potential interrupted. 

These facts suggest that the anodic film formation and 
dissolution did not take place uni formly  over the speci- 
men surface. 

The emission M6ssbauer spectrum of the specimen 
after polarization at --100 mV is shown in  Fig. 7. 
Resolution of the spectrum of the anodic film was en-  
hanced by removing the background contr ibut ion of the 
unreacted metal. This was accomplished by subtract ing 
an appropriately scaled spectrum of the same specimen 
taken during the cathodic polarization. The results of 
this subtract ion are shown in  Fig. 7b. The simplest 
combination of Lorenzian curves that  gave a satisfac- 
tory computer  fit to the spectrum is also shown in Fig. 
7b. The spectrum apparent ly  consists of two sets of 
quadrupole doublets, and the values for the isomer shift 
and quadrupole spli t t ing of these resonant  lines are 

8 
o 

d " l .  f~ §247 % + +  § 

;t%,*~ *+ 

+ § 

+ 

§ ~ . .  ~ . ~  ~ . / ~ .  ~ / *?7  ' ~ ] *  + ~ ' ~  + * ~  " +§ + + 
+ + + + 

+ 

~t§ + 

( b )  + 
i J 

- 8 . 0 - 6 : 0 - 4 : 0 - 2 : 0  0.0  210 4.0 6.0  8.0 
VELOCITY, mm/sec 

Fig. 7. Emission spectrum of Fe ~7 in cobalt anodically polarized 
at --100 mY, (a) initial spectrum and (b) spectrum after sub- 
traction of contribution from unreacted metal. Spectrum token at 
liquid nitrogen temperature. 
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Table III. Hyperfine parameters for Fe ~ in anodically polarized 
cobalt surfaces doped with Co ~7 

Anodic potential, Isomer shift a Quadrupole 
mV (SCE) (mm/sec) (mm/sec) 

- 100 - 1.31~ 2.83 ~ 
- 0 . 5 9 b  0.78~ 

+ 200 - 0 . 5 5  0 .94  
+ 500 - 0 .54 0.81 
+ 800 - 0.55 ~ 0.85 ~ 

0.14 

Stainless s t e e l  r e f e r e n c e .  
b Measured at l i q u i d  n i t r o g e n  t e m p e r a t u r e .  
Values constrained during c o m p u t e r  fitting. 

given in Table III. The value of --1.31 mm/sec for t h e  

isomer shift and the relat ively large quadrupole split-  
ting of 2.83 mm/sec for one set of lines correspond to 
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Fe ~? ( + 2 )  in  the anodic film. An isomer shift of --0.59 
mm/sec and a relat ively small  quadrupole splitt ing of 
0.78 mm/sec  for the other set of lines correspond to 
Fe ~ ( + 3 ) .  Because of the possibility of Auger after 
effects and chemical effects which were discussed 
earlier, the Fe~  (+3 )  daughter  atoms may not have 
originally existed as Co ~7 ( + 3 )  parent  atoms. It  is pos- 
sible therefore that the passive film formed at low 
passive potentials consists essentially of a divalent  ox- 
ide or hydroxide. 

Anodic polarization, +200 and +500 vnV.--The ex-  
per imental  results obtained at +200 and +500 mV were 
found to be similar, and these results are, therefore, 
discussed together. Current  and radioactivity measured 
as a function of t ime for specimens anodized at +200 
and +500 mV are shown in  Fig. 8 and 9, respectively. 
The thickness of the Co ~ layer on these specimens was 
on the order of 100-200A. The logarithmic t ime de- 
pendence of the ini t ial  changes in  anodic current  ex- 
hibited by cobalt at these potentials has been observed 
in other systems (31, 32). This current  vs. t ime be-  
havior has been at t r ibuted to the growth of the anodic 
film. Deviations from the logari thmic dependence at 
the longer times is caused by anodic dissolution. The 
rate of anodic dissolution was sufficiently slow at +200 
and +500 mV, as indicated by the small  changes in  
radioactivity, that  emission MSssbauer sl~ectra cou]d be 
readily obtained in situ at room temperature  without  
recourse to freezing. The corrosion rate a~ter the sur-  
face was passivated was higher at the +200 mV poten-  
tial than at the + 500 mV potential  as evidenced by the 
differences in  the deviat ion of the current  from loga- 
rithmic behavior  and by the differences in the rate of 
decrease of radioactivity. 

The emission MSssbauer spectra taken at +200 and 
+500 mV are shown in Fig. 10 and 11, respectively. The 
spectra taken at these two potentials are shown before 
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Fig. 8. Anodic current and count rate vs. time for specimen 
polarized at + 2 0 0  mV. 

Fig. 9. Anodic current and count rate vs. time for specimen 
polarized at -+-500 mV. 
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Fig. 10. Emission spectrum of Fe 57 in cobalt anedlcally polarized 
at + 2 0 0  mV, (a) initial spectrum and (b) spectrum after subtrac- 
tion of contribution from unreacted metal. Spectrum taken at room 
temperature. 

and after subtract ion of the unreacted metal  back- 
ground. Two Lorenzian lines of equal intensi ty  gave a 
satisfactory computer fit to the spectra obtained from 
both specimens. The isomer shift and quadrupole split- 
t ing associated with these lines for each specimen are 
listed in Table III and were essentially identical for 
each case. The values of - -034 and --0.55 mm/sec  for 
the isomer shifts and the small  quadrupole  splitt ings 
of 0.81 and 0.94 mm/sec  are indicative of Fe 57 ( + 3 ) .  
The composition of the passive films at +200 and +500 
mV is apparent ly  different from that  of the film formed 
at --100 mV, since no evidence of Fe 57 ( + 2 )  was found 
at these higher anodic potentials. The possible presence 
of Co +2 in the anodic film formed at the higher poten-  
tials cannot be ruled out, however, since the daughter  
Fe 5~ ( + 2 )  ions could have been converted to Fe 57 
(+3 )  by Auger after effects or chemical effects. 
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Fig. |1. Emission spectrum of Fe 57 in cobalt anodically polarized 
at +500 mY, (a) initial spectrum and (h) spectrum after subtrac- 
tion of contribution from unreacted metal. Spectrum taken at room 
temperature. 

Anodic polarization, +800 inV.- -The region of the 
polarization curve at which thick anodic films are 
formed and oxygen evolution occurs is referred to as 
transpassive. The potential  of +800 mV is approxi-  
mately  30.0 mV above the onset of this transpassive 
region. An emission MSssbauer spectrum obtained at 
this potential  is shown in  Fig. 12 before and after the 
subtract ion of the unreacted metal  contribution. The 
spectrum of the anodic film formed at + 800 mV is simi- 
lar  to the spectra for the surface anodically treated at 
+200 and +50'0 mV. The asymmetry  of the spectrum 
suggests, however, that  anodic polarization at t rans-  
passive potentials produces a characteristic change in 
the anodic film. Apparent ly  the major  component of 
the film, in this case, is the same as that formed at the 
passive potentials, but  part  of the surface has been 
converted to a higher oxidation state. A satisfactory 
computer  fit to the spectrum was obtained with a set of 
quadrupole split lines, similar to those found for the 
passive film, and an addit ional l ine with an isomer 
shift of 0.14 mm/sec.  The hyperfine parameters  based 
on the computer  analysis are given in Table III. The 
isomer shift of 0.14 mm/sec  for the resonance l ine that 
is characteristic of anodic polarization at +800 mV 
indicates the presence of Fe 57 ( + 4 )  in the surface of 
the anodic film. In  the computer  fitting, the hyperfine 
parameters  for the major  component of the spectrum 
of the transpassive film were assumed to be identical  
with parameters  obtained from the passive films formed 
at +200 and +500 inV. 

Summary and Conclusions 
Emission MSssbauer spectroscopy technique was suc- 

cessfully demonstrated to be an effective method for 
in si tu studies of changes in cobalt surfaces as a func-  
t ion of polarization. Despite the possible ambiguit ies 
introduced by effects associated with the emission tech- 
nique, characteristic spectra were found for cobalt 
surfaces at specific applied potentials. These results are 
summarized as follows: (a) The cobalt was shown to 
be essentially free of a corrosion film dur ing  cathodic 
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Fig. 12. Emission spectrum of Fe 5~ in cobalt anodically polarized 
at +800 mV, (a) initial spectrum and (b) spectrum after subtrac- 
tion of contribution from unreacted metal. Spectrum taken at room 
temperature. 

polarization (--1100 mV).  (b) Resonance lines from 
both +2  and +3  oxidation states were found in  the 
emission MSssbauer spectra of anodic films formed at 
low passivating potentials (--100 mV).  (c) At poten-  
tials in  the passive region of the polarization curve 
(+200 and +500 mV) the spectra indicated that  the 
passive film contained pr imar i ly  +3  oxidation state. 
(d) The anodic film formed at transpassive potentials 
(+800 mV) was found to consist of + 3  and + 4  oxi- 
dation states, and the + 3  component of this film was 
shown to be l ikely the same as that  formed at the 
passive potentials. 

Auger after effects and chemical effects may give 
rise to a charge state on the Fe 57 daughter  (probe) 
that is different than the original charge on the parent  
CoSL Fur ther  in terpreta t ion of the spectra obtained in 
this study, however, is possible with reference emis- 
sion spectra for the oxides, hydroxides, and oxyhydrox-  
ides of cobalt. These reference spectra have been ob- 
tained and are described in paper  II. Based on the in-  
terpretat ion of the spectra obtained dur ing the anodic 
polarization of cobalt, the composition and structure of 
the anodic films are presented in paper III  in conjunc- 
tion with a description of the electrochemical behavior  
of cobalt. 
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Structure of Electroplated Hard Gold 
Observed by Transmission Electron Microscopy 
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Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Transmission electron micrographs  of gold films p la ted  in baths  contain-  
ing cobalt  or nickel  as the hardening  agent  showed the presence of un i fo rmly  
d is t r ibuted  nonmetal l ic  objects  wi th  d iameters  ranging f rom 20 to 70A. These 
objects are bel ieved to represent  single molecules,  and thei r  agglomerates ,  
of the so-cal led "polymer"  which has been isolated by  severa l  inves t igators  
in the form of a t r ansparen t  film upon dissolut ion of gold deposits  in aqua 
regia. Micrographs of gold films p la ted  in room tempera tu re  baths  containing 
no hardening  agents revealed  the presence of much la rger  nonmetal l ic  objects  
(up to 150A), which appeared  to be gas bubbles,  in addi t ion to the  fea tures  
a t t r ibu tab le  to po lymer  molecules. Based on a comparison of the po lymer  con- 
tent, es t imated f rom the analysis  of e lect ron micrographs,  wi th  the to ta l  
carbon content, it  is suggested that  the po lymer  is not  the only source of carbon 
contaminat ion in e lec t ropla ted  hard  gold films. Possible effects of the  co- 
deposit ion of po lymer  on gra in  size are  also briefly discussed. 

Hard gold deposits formed in acid cyanide baths 
containing a cobalt or nickel salt as the hardening- 
brightening agent are known to contain up to 1% 
carbon in addition to nitrogen, hydrogen, oxygen, 
potassium, and cobalt, or nickel (I-7). Munier (I) 
was the first to isolate t r ansparen t  films, which were  
presumed to be an organic polymer,  upon dissolu-  
t ion of gold deposits in aqua regia. On the basis of 
this result ,  it  was suggested that  the "polymer"  is 
present  in the deposits  in the form of discrete layers.  

* E l e c t r o c h e m i c a l  Socie ty  Li fe  M e m b e r .  
* * E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key  words :  po lymer ,  ca rbon ,  phase  con t r a s t ,  t h r o u g h - f o c u s  ka-  

ag ing .  

Holt  and S tanyer  (2) made  a s tudy using KC14N of 
the dependence  of E-emission count ra te  on deposi t  
thickness, and concluded that  the carbon is d i s t r ibu ted  
un i fo rmly  across the  thickness ra the r  than  in the  
form of layers.  They specula ted tha t  the  carbon-  
containing species are  s i tuated ma in ly  at  gra in  bound-  
aries. On the other  hand, Ant le r  (6) made  a scanning 
electron microscope s tudy  of f rac ture  surfaces of 
hard  gold deposits, and suggested that  the  po lymer  
is occluded in discrete pockets  (~1000A) in the de -  
posits. As far  as the  chemical  iden t i ty  of the  carbon-  
containing mate r i a l  is concerned, no agreement  exists  
among inves t igators  as to whe ther  the  carbon is de -  
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posited as a cyanide complex of codepositing metals 
(3, 7, 8), a cyanide of gold and /or  potassium (7, 9), 
or an organic polymer (1, 6, 8). 

The present  s tudy was prompted by the considera- 
tion that if the carbon-conta in ing  species is indeed 
present  in  the deposit in the form of an organic 
polymer, it may be directly observable by t ransmis-  
sion electron microscopy (TEM) with the through-  
focus imaging technique, which is known to be a 
powerful  method for observing nonmetal l ic  inclusions 
in  metal  matrices (10-12). 

Experimental 
Plating.--Cobalt-hardened gold films were plated 

from citrate-based proprietary as well as nonpro-  
pr ie tary  baths. The proprietary bath used was pur -  
chased from Sel-Rex Corporation (Autronex CI), 
whereas the nonpropr ie tary  bath contained 8.2g A u /  
l i ter as KAu(CN)2,  110 g / l i te r  citric acid, 50 g a i t e r  
KOH, and 0.1g Co/l i ter  as CoSO4. Both baths were 
operated fresh at 10 mA/cm 2 at room temperature.  
The pH was adjusted to 4.0. Since the two baths 
yielded essentially the same electron microscopic in-  
formation and more detailed analysis was made for 
the deposit from the proprie tary bath, only the re-  
sults obtained with the lat ter  are presented. Nickel- 
hardened gold films were plated from Sel-Rex Cor- 
poration's  Autronex N bath, which was also citrate- 
based and operated under  the same experimentaI  con- 
ditions as for the cobal t-containing baths. The cobalt- 
and n ickel -conta in ing baths will be called Co-bath 
and Ni-bath,  respectively. Hard gold films from baths 
containing no metallic additives were prepared by 
J. J. Chick using the following two different baths: 
a citrate bath  with pH 4.8 containing 40 g/ l i ter  
KAu(CN)e  and 100 g/ l i ter  dibasic ammon ium citrate,. 
and a phosphate bath wi th  pH 4.5 containing 40 g /  
l i ter  KAu(CN)~ and 100 g/ l i ter  KH2PO4. These baths 
(hereafter called "addit ive-free baths") were operated 
at 15.5 mA/cm~ and 25~ All films were deposited 
on copper substrates prepared by cold-roll ing OFHC 
material  and anneal ing at 800~ for 2 hr in a hydro-  
gen furnace. The substrate prepared in this manne r  
consisted of very  large grains and was suitable for 
observing epitaxy and grain refining phenomena in-  
volved in the process of deposit growth. The an-  
nealed copper substrate was etched in 1:2 HNOa be-  
fore plating. 

Specimen preparation.--Specimens were prepared 
from deposits ranging in  thickness from 0.025 to 50 
~m. Thin  deposits were stripped off the copper sub- 
strafe in a mix ture  of C r Q  and H2SO4 and collected 
on a microscope grid for direct observation. Thick 
deposits were electropolished using the conventional  
window or je t -pol ishing technique after str ipping off 
the substrate. A cyanide-conta ining polishing solution 
described by Silcox and Hirsch (13) was used initially,  
but  results were not satisfactory. Subsequent ly  better  
results were obtained with a mixture  of 25 ml ethyl 
alcohol, 25 ml glycerin, and 50 ml concentrated HC1 
(14). 

Transmission electron microscopy.--TEM micro- 
graphs were taken with a JEM-200 electron micro- 
scope operated at 200 kV. The conventional  imaging 
technique based on diffraction contrast is known to 
be unsui table  for observing organic or gaseous in -  
clusions especially when they do not exert  elastic 
s t ra in  and/or  when their  size is small  (11). On the 
other hand, the technique known as through-focus 
imaging allows observation of such inclusions in metal  
matrices under  defocused conditions. The images ob- 
tained by this technique are due to phase contrast 
arising from a difference in mean inner  potential  be- 
tween the included mater ia l  and metal  matrix.  Such 
inclusions are therefore general ly called "phase ob- 
jects" (1G). 

Results and Discussion 
Deposits 5rom Co- and Ni-baths.--TEM examina-  

tions of gold deposits from the Co-bath were made 
with several samples of different thicknesses. The two 
micrographs in Fig. 1 were obtained with a nomina l ly  
500A thick film in over-focused (a) and under-focused 
(b) conditions. The plat ing t ime used was only 10 
sec, and no polishing was required. It is seen that  
numerous  dark, circular features surrounded by white 
rings in Fig. l ( a )  reverse their contrast when focus- 
ing conditions are reversed. This is characteristic of 
phase objects. Large, i r regular ly  shaped white fea- 
tures with fringes (Fresnel  fringes) in both micro-  
graphs are holes in  the specimen. Large, black regions 
represent  thick areas of the specimen through which 
electrons did not penetrate.  Figure 2 is a stereo pair 
corresponding to a selected area of Fig. l ( a ) .  It  is 
seen that the phase objects are distr ibuted uni formly  
throughout  the thickness of the specimens. Several 
specimens prepared from thicker films (up to 25 ~m) 
by electropolishing both sides showed images with 
essentially identical size and spatial distr ibutions of 
phase objects. Deposits formed in the Ni-ba th  also 
yielded micrographs which are qual i tat ively similar 
to those in Fig. 1 and 2. 

Figure 3 shows the size dis tr ibut ion of the phase 
objects in the above two deposits. A total of 100 
measurements  were made from each deposit. The 
data shown for the deposit from the Co-bath were 
obtained from Fig. la  ( thin deposit),  while a speci- 
men prepared from a 25 ~m thick deposit gave an 
essentially identical dis t r ibut ion curve. The deposit 

Fig. 1. TEM micrographs of 500s thick cobalt-hardened gold 
deposoit. (a) Over-focused, Af ~ -I-3.9 #m; (b) under-focused, 
/~f -~ - -3 .9  Frn. 
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Fig. 2. Stereo pair showing 
spatial distribution of phase ob- 
jects in deposit from Co-bath. 

from the Ni-ba th  used to obtain the size dis tr ibut ion 
data was about 5000A thick before polishing. It  is 
noteworthy that  the two dis tr ibut ion curves were 
practically identical;  about 80% of the objects mea-  
sured 25-35A in  diameter, and a small  distinct peak 
was present  at 50A. 1 The fact that the major i ty  of 
objects possess near ly  the same size suggests that  
these objects may be the molecules of polymer that 
have been postulated to be present  in  hard gold de- 
posits, ra ther  than voids or gas bubbles.  The objects 
giving the peak at 50A may simply be agglomerates 
of the single polymer molecules. It is also possible 
that more than one kind of phase objects is involved, 
but  this question cannot be resolved without  carrying 
out more detailed studies. It is of interest  to note in 
passing that deposits obtained with a proprietary 
high-speed hard gold plat ing bath yielded a dis t r ibu-  
t ion curve with only one sharp peak at 25A. This bath 
was also ci trate-based and contained a cobalt salt 
as the hardener  and about 32g Au/ l i t e r  in the form 
of KAu(CN)2.  It was operated at 150 mA/c m 2 at 
75~ with vigorous agitation. 

Sanwald (15) described his finding of nonmetal l ic  
inclusions with diameters ranging from 20 to 200A 
in electrodeposited gold. His s tudy indicates that they 
were gas-filled voids, but  no informat ion is given in 
his paper concerning the plat ing bath and conditions 

1 The true size of phase objects is generally different from the  
image size. With overfocused conditions,  this  difference is rela- 
tively small; for example, when A2 = +3.9 /~m (the amount of 
overfocus used for the size distribution measurement )  and the  
image size <80A, the image size is  approximate ly  equal  to the  
true object size (12). 
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Fig. 3. Size distribution of phase objects in deposits from Co- 
and Ni-baths. 

used. More recently, Willcox and Cady (16) r e p o r t e d  
that  0.4% nickel-hardened,  electroplated gold con- 
tains gas-filled voids with a diameter  of approximately 
50A. They gave a void density value of 10t7/cm8 a n d  
a volume density of 0.6%, which are close to what  
we found for the polymer molecules in our deposits 
(see Table I).  Based on the fact that the deposition 
of hard gold is a low current  efficiency process and 
a significant quant i ty  of hydrogen gas evolves dur ing 
the deposition, they assumed that  the "voids" are 
filled with hydrogen. Willcox (17) states that  no 
evidence was found of the existence of carbon or 
carbon-conta in ing mater ia l  in the gold deposits that  
he studied. We also observed features which obviously 
looked like gas bubbles or gas-filled voids in some 
gold deposits, but  the size and shape of these bubbles 
were clearly more random and nonuni fo rm than those 
of the objects which we a t t r ibute  to polymer molecules 
in  this paper. The bubbles were found in the deposits 
from addit ive-free baths described in the next  section 
as well as in some deposits formed in extensively 
used, citrate-based, cobal t -containing baths. We also 
reported recently on electron micrographs of electro- 
less copper deposits containing numerous  gas bubbles 
ranging from 20 to 300A in diameter  (18). These 
bubbles also had a shape and size dis t r ibut ion dist inctly 
different from that of the polymer molecules. 

In regard to the uni formi ty  of spatial dis t r ibut ion 
of the polymer mo]ecules, a question can be raised as 
to whether  the molecules are situated at grain bound-  
aries or within the grains, or both. Because of the 
small  grain size (which is discussed in a subsequent  
section), the micrographs did not provide informa-  
t ion concerning exact location of the molecules with 
respect to single grains. 

Deposits from additive-~ree baths.PMunier (1) 
found that  carbon-conta in ing species codeposit even 
from baths containing no hardening agents, if they 
are operated at low current-efficiency conditions, i.e. 
at room temperature.  Reinheimer  (9) recent ly made 
a detailed investigation of carbon codeposition in such 
addit ive-free systems. Their results show that  gold 
deposits formed in these baths contain less carbon 

Table I. Comparison of polymer content, carbon content, 
and grain size of deposits from different paths 

Bath 

Calculated* * 
Populat ion Vo lume  m a x i m u m  car- Grain 

densi ty  dens i ty  bon content  size 
(cm -~) (%) (%) (&) 

Co-bath 3 x 1017 0.59 0.07 225-275 
Ni-bath 5 x 1017 0.98 0.11 100-250 
NH~-citrate 1 x 1017. 0.21 0.02 250-750 

(no additive) 
K-phosphate 1 x 1017. 0.25 0.03 250-750 

(no  additive) 

* Phase objects greater  than 75A w e r e  not  included in the  
count.  

** See text  for  definition. 
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(up to ~--0.1%) than  coba l t -  or n i cke l -ha rdened  de-  
posits. This was reconf i rmed more  recen t ly  by  Raub,  
KnSdler ,  and Lendvay  (7). 

The e lec t ron mic rograph  shown in Fig. 4 was ob-  
ta ined  in  an overfocused condi t ion wi th  a film p la ted  
in the  add i t ive - f r ee  c i t ra te -buf fe red  ba th  at  25~ 
I t  is seen tha t  this film contained phase  objects  wi th  
wide ly  va ry ing  sizes. The size d is t r ibu t ion  is shown 
by  the b roken  l ine in Fig. 5. The appearance  of the  
la rge  and smal l  peaks  at 25 and 50A is s t r ik ing ly  
s imi la r  to tha t  found wi th  the deposi ts  f rom the Co- 
and Ni -ba ths  (Fig. 3). This fact, wi th  the  broad  d is -  
t r ibu t ion  up to 150A, is be l ieved to indicate  tha t  this  
fi lm contains both  po lymer  molecules  and gas bub -  
bles. The gas bubbles  pe rhaps  consist  of hydrogen.  
Deposits  fo rmed in the  add i t ive - f r ee  phosphate  ba th  
also appea red  to contain both po lymer  molecules  and 
bubbles.  The size d is t r ibu t ion  of phase  objects  in 
these deposi ts  is shown by the solid l ine in Fig. 5. 
Again,  the  peaks  at 25 and 50A are  ve ry  dis t inct  and 
essent ia l ly  ident ical  to those observed wi th  other  
films. These resul ts  suggest  that  the  po lymer  molecules  
fo rmed  in the  add i t ive - f r ee  baths  a re  the  same as 
those deposi ted  f rom the Co- and Ni-baths .  

Fig. 4. TEM micrograph of deposit formed in additive-free 
citrate bath (Af ---- -f- 3.9 #m). 
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Fig. 5. Size distribution of phase objects in deposits from additive- 
free baths. 

Concerning the fo rm of incorpora ted  ca rbon-con-  
ta in ing  species, Re inhe imer  (9) pos tu la ted  tha t  the  
carbon in gold deposi ts  p la ted  in add i t ive - f r ee  ba ths  
is in the  form of s imple CN-conta in ing  species such 
as KCN, AuCN, KAu(CN)2 ,  or HCN ra the r  than  in 
the  form of a polymer .  This suggest ion was made  on 
the basis of the  finding that  the  carbon does not  
or iginate  at the  anode, whe re  cyanide  is known to 
form polymer ic  mater ia ls .  As is discussed in the  nex t  
section, the  po lymer  appa ren t l y  is not the  only source 
of carbon contaminat ion,  but  the  codeposi t ion of these 
s imple  CN-conta in ing  species m a y  also be impor tant .  

Polymer content, carbon content, and grain s ize . -  
Table  I l ists  the  popula t ion  dens i ty  and volume dens i ty  
of the  po lymer  molecules,  the  ca lcula ted  m a x i m u m  
carbon content  (see be low) ,  and the gra in  size of the  
deposits  fo rmed in the  var ious  baths.  If  a cer ta in  
number  is assumed for the  specific g rav i ty  of the  
polymer ,  the weight  percentage  of this substance can 
r ead i ly  be calcula ted f rom the volume density.  I f  the  
specific g rav i ty  of g raph i te  (2.25) is used, the  weight  
percentage  found m a y  be rega rded  as a m a x i m u m  
possible carbon content  a t t r ibu tab le  to the  polymer .  
The values  calcula ted in this manne r  are  included in 
Table  I as "Calcula ted m a x i m u m  carbon content ."  
The actual  carbon content  associated wi th  the  po ly -  
mer  should be apprec iab ly  less than  this ca lcula ted  
carbon content,  because  most  organic mate r ia l s  have  
specific g rav i ty  values  much smal le r  than  tha t  of 
graphi te .  For  the  deposi t  fo rmed  in the Co-ba th  the  
calcula ted carbon content  was 0.07%, which was s ig-  
nif icant ly less than  the to ta l  carbon content  (~0.25%) 
found b y  the combust ion technique.  Al though  no ac-  
tual  ana ly t ica l  da ta  are  ava i lab le  for the  deposi t  f rom 
the Ni-ba th ,  the  recent  s tudy  by  Raub,  KnSdler ,  and  
Lendvay  (7) indicates  tha t  the  to ta l  carbon content  
of the  n i cke l -ha rdened  deposi t  f rom the  type  of ba th  
employed  in this  s tudy  is not  g rea t ly  different  f rom 
that  of the Co-bath .  Thus, the ca lcula ted  m a x i m u m  
carbon content  of the  deposi t  f rom the  N i - b a t h  is 
also l ike ly  to be s ignif icant ly lower  than  its to ta l  
carbon content.  A s imi la r  difference be tween  cal-  
culated and to ta l  carbon contents  was found for the  
deposit  f rom the add i t ive - f r ee  ammonium ci t ra te  bath.  
The total  carbon content  of this deposi t  was ~0.04% 
as compared  to the  ca lcula ted  m a x i m u m  carbon con- 
tent  of 0.02%. Even if the unce r t a in ty  in the  es t imate  
of foil  thickness is t aken  into considerat ion (a nomina l  
value  of 500A was used) ,  the  differences descr ibed 
above are  st i l l  considered quite significant. I t  is ap-  
pa ren t  f rom these comparisons tha t  the  po lymer  ac -  
counts for only a smal l  f ract ion (~10 to 25%) of the  
to ta l  carbon content.  The  res t  of the  carbon  mus t  be 
presen t  in some other  f o rm(s )  which  is not  vis ible  
by  e lect ron microscopy.  S imple  K - A u - C N  species 
a n d / o r  Co-CN species a re  such possibi l i t ies  (7, 9). 
I t  is of in teres t  to note tha t  both  A u ( C N ) 2 -  (19) and 
C o ( C N ) 4 - -  (20) are  known to adsorb s t rong ly  on 
mercury .  

A common fea tu re  of al l  ha rd  gold deposi ts  is the  
e x t r e m e l y  smal l  g ra in  size. Since such smal l  ind iv idua l  
grains  a re  difficult to resolve in micrographs  t aken  
in the  br ight-f ie ld ,  dark- f ie ld  imaging was used to 
measure  the  gra in  size. A typica l  dark- f ie ld  micro-  
g raph  obta ined wi th  the deposi t  f rom the Co-ba th  is 
shown in Fig. 6. This specimen was p r e p a r e d  b y  e lec-  
t ropol ishing a 25 ~m th ick  film. The gra in  size of this  
film was qui te  uniform, 250 • 25A. We also examined  
the ea r ly  stages of deposi t  fo rmat ion  on la rge  grains  
(>10 ~m) of t ex tu red  copper  substrates .  I t  was found 
tha t  the  deposi t  grows ep i t ax ia l ly  only at the  ve ry  
ea r ly  s tages (up to only ~150A) ,  and subsequent ly  
becomes ve ry  f ine-grained.  On the other  hand,  de -  
posits f rom high t empera tu re ,  soft gold ba ths  were  
found to grow ep i t ax ia l ly  to a considerable  thickness 
(>1  ~m). Soft  gold is k n o w n  to conta in  v e r y  l i t t le  
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Fig. 6. Dark-field TEM micrographs of deposit from Co-bath 
(25/~m deposit electropolished to about 750~). 

carbon (1), and indeed no phase objects were found 
in such deposits. The deposit from the Ni-bath  con- 
tained the largest quant i ty  of polymer,  and its grain  
size was smallest (Table I).  On the other hand, as 
shown in  Fig. 7(a) and (b), some large grains were 

Fig. 7. Dark-field TEM micrographs of deposits from additive- 
free citrate (a) and phosphate (b) baths. 

found in the deposits from the addit ive-free baths, 
which contained the least amount  of polymer (Table 
I).  From these results it would appear that  the poly- 
mer  content  and grain size are interrelated.  It is pos- 
sible that  the codeposited polymer molecules have a 
grain-ref ining effect which is due to the inhibi t ion of 
crystal growth. Since the polymer is evidently not 
the only source of carbon, it is not clear whether  the 
observed differences in grain size between the various 
deposits are ent i rely due to the differences in polymer 
content, or whether  other carbon-conta in ing species 
are also responsible. As a l ready mentioned, the de- 
posits from the addit ive-free baths appeared to con- 
tain gas bubbles. Unlike organic molecules or other 
adsorbed species, gas bubbles or voids are not l ikely 
to alter the grain size. With electroless copper de-  
posits containing numerous  gas bubbles,  we observed 
no grain refining effect; epitaxial  growth continued 
up to tens of micrometers (21). 

It is general ly  recognized that  the hardness of 
deposits is influenced by grain size. The Knoop hard-  
ness of the deposits from the four baths studied here 
ranged from 150 to 200 at 25g load. The relationship 
be tween grain size and hardness was not clear, and 
no effort was made to establish such a relationship in 
this investigation. 

Summary and Conclusion 
1. Small phase objects (nonmetall ic  objects) rang-  

ing in diameter from 20 to 70A found in hard gold 
deposits by the through-focus imaging technique of 
transmission electron microscopy are most l ikely to 
be single molecules and their  agglomerates of the 
so-called polymer which has been isolated as a t rans-  
parent  film upon dissolution of gold in aqua regia. 
The polymer molecules appear to be distr ibuted un i -  
formly throughout the deposit. 

2. The size dis tr ibut ion of the phase object is very 
tight and identical for deposits obtained from various 
different baths. Nearly 80% of the phase objects 
measure 25-35A in diameter. This is considered as 
evidence to support  the conclusion that  these objects 
are polymer molecules rather  than voids or gas bub-  
bles. 

3. Features which appeared to be gas bubbles were 
found in deposits from the room temperature,  addi- 
t ive-free baths as well as in deposits from an exten-  
sively used cobal t-containing bath. The shape and size 
distr ibution of these features are random and distinctly 
different from those of the polymer molecules. 

4. A comparison of the polymer content  estimated 
from the analysis of electron micrographs with the 
total carbon content indicates that the polymer ac- 
counts for only 10-25% of total carbon in  gold de- 
posits. 
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Thermodynamics of the System I.iF-AIF  
E. W. Dewing* 

Aluminum Company of Canada, Research Centre, Arvida, Quebec, Canada 

ABSTRACT 

It is demonstrated from the l iquidus curve that  solid Li~A1F6 is stoichio- 
metric. Solid-electrolyte concentrat ion cells have been used to determine the 
free energy of 

3LiF(s) -~ AIF~(s) _-- LisA1F6(s) 

as AG ~ ~- --3668 -- 7.051T cal (870~176 and AG o = --4138 -- 6.510T cal 
(773~176 with a s tandard deviation of ___11 cal. At 1073~ l iquid concen- 
t ra t ion cells with a lumina  diaphragms have given free energies of mixing 
for the system, the results being calculated with a t ransport  number  of Li + 
ions of 0.957 • 0.008 determined by coulometric t i t rat ion of added A1F3. For 
l iquid Li3A1F6 the discrepancy between the results of the l iquid cells and 
extrapolat ion of the results from solid cells is 100 cal. The free energies of 
mixing at 1073~ can be interpreted in terms of the equi l ibr ium 

A1F4- + 2 F -  ~ A1F6 ~- 

with K ---- 14.9 (in terms of anion fractions).  

In  earlier work, the free energy of the solid com- 
pounds Na3A1F6 and NasA13F14 was determined with 
solid-electrolyte concentrat ion cells (1), and activities 
in  l iquid NaF-A1F8 mixtures  saturated with a lumina  
were determined with concentrat ion cells with alu-  
mina  diaphragms (2). The object of the present  work 
is to use similar  methods on the LiF-A1F3 system. 
At the same t ime a check is made to see whether  solid 
Li3A1F6 is nonstoichiometric in the same way that 
Na3A1F6 seems to be (3). 

Romberger  and Braunste in  (4) measured the emf 
of concentrat ion cells in the system LiF-BeF2. In  that 
case the activities were already known, so that t rans-  
port numbers  could be calculated. In  the present  case 
nei ther  activities nor t ransport  numbers  are avail-  
able; it has thus been necessary to measure the t rans-  
port  number  of Li + independent ly  in a Hi t torf - type 
experiment.  

Solid LisAIF6 
The check for nonstoichiometry is made by plott ing 

the l iquidus curve for Li3A1F6 on the basis of log 
(•LiF 3" nAIF3) against 1/T (3). If the compound is 
stoichiometric the two branches of the liquidus will  
have at ]east a common tangent  and may be super-  
imposed. Figure 1, based on the results of Jensen (5), 
Rolin e ta l .  (6, 7), and Matiasovsky and Malinovsky 
(8) shows that there is no effective separation of the 
lines except at the lowest temperature,  and that  con- 
sequently Li3A1F6 may be treated as stoichiometric. 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  l i t h ium  f luor ide ,  a l u m i n u m  f luor ide ,  ac t iv i t ies ,  t r a n s -  

p o r t  n u m b e r ,  c o n c e n t r a t i o n  cell ,  l i t h i u m  c ryo l i t e ,  d i s soc ia t ion .  

The determinat ion of the free energy of formation 
of solid Li3AIF6 with a solid electrolyte cell is simple 
since the l i th ium analogue of chiolite, Na~AI~F14, does 
not exist. Hence, one cell 

A1 LiF /LisA1F61Li3A1F6[  A1 [I] 

LisAIF6] (Li +) [ A1F3 

gives the desired result;  if its emf is E, then for 

3LiF (s) + A1F8 (s) ---- LiaA1F6 (s) [1] 

A G  ~ : -- 3EF/2 [2] 

[The theory of such cells has been given previously 
(1).] 

The electrolyte was Li~AIF6 doped with Mg 2+. 
Crystals were recovered from a slowly cooled melt  
containing 8.4% MgF2 and 7.5% excess A1Fs. (This 
A1F8 is equivalent  to 3/2 MgF2.) The crystals were 
not analyzed. On each side of the doped mater ial  pure  
Li3A1F6 was placed, and the powders were compacted 
into 5. mm ID a lumina  tubes, as in  the earlier work. 
The liquid a luminum electrodes were kept in place 
by layers of graphite and silver. 

EMF's were measured with a Guildl ine potent iom- 
eter and a Keithley 600 B electrometer as nu l l -de -  
tector. The lat ter  has an in te rna l  impedance of 1014fl 
and a recorder output, so that out of balance current  
could be recorded continuously with a sensit ivi ty of 
10 mV full  scale. The emf's were in fact steady to a 
few tenths of a millivolt.  
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0 . 9 8  AIF3- Side LiF- Side 

D ~ .  Jensen (5) O $ u u  
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�9 M o t i o s o v s k y  ond 

~D~,X�9 Molinovsky (8) A & 
0 . 9 9  �9 
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1 . 0 0  - -  ~r 

\ 
1 . 0 1  - -  � 9  

L02 - ~ A  

\ � 9  

0.96 0.98 I.O0 
103/T (K -I) 

Fig, L Liquidus curve for Li3AIF6. (Some points omitted for 
clarity.) 

The results are given in Table I in the order in 
which they were measured and are plotted in Fig. 2. 

According to Jensen  (5) Li3A1F6 has transi t ions at 
870 ~ and 783~ With the exception of the point  at 
745~ which is well  below the lower transition, the 
data were fitted by least squares to two straight lines 
intersecting at the upper  t ransi t ion point. The two 
equations are 

above 870~ ~G ~ -~ --3668 -- 7.051T [3] 

below 870~ ~G ~ = --4138 -- 6.510T [4] 

The enthalpy of t ransi t ion is 470 cal. The standard 
deviat ion of the points from the l ine is 11.5 cai, cor- 
responding to 0.33 mY. 

For comparison, Fig, 2 also shows the free energy 
given by the JANAF Tables (9). It  differs by 0.9 kcal 
from this work. 

Liquid  L iF -A IF8  M i x t u r e s  
The basis of the thermodynamic  measurements  is 

concentrat ion cells with t ransport  of the type 

A1 A1 [II] 
A1F~ (sat) / A1F8 

Table I. EMF of cells of type [I] 

Cell Temp (~ E (mV) --AG ~ (cad 

A 953.0 299.8 10,371 
866,8 282.3 9,765 
819.0 274.1 9,482 
918.0 293.4 10,149 
769.1 264.5 9,149 

B 955.6 301.1 10,416 
745.6 261.7 9,05"3 
967.0 301.1 10,416 
896.1 288.9 9,993 
872.0 284.0 9,824 
818.6 273.6 9,464 
792.1 268.5 9~288 

10.5 , ~ I , I 

ZiG OCell A //~//O'1~/' 
+ cell B Q~"..'__ (kcol) 

i yo.--" 
9.5 

Temp [K) 

Fig. 2. Free energy of 3LiF(s) + AIFs(s) ----- LisAIFe(s) 

The lef t -hand side has a fixed composition since it  is 
always saturated wi th  A1F3; the r igh t -hand  side is 
variable. The mixtures  were held in  a lumina  tubes; 
since these are penetra ted by cryolite melts the liquid 
junct ions were formed within  them. The electrodes 
were tungsten rods previously dipped in  mol ten a lu-  
minum;  effectively, for a period of minutes,  they 
acted as reversible a l u m i n u m  electrodes. 

Mixtures were made up by  weight from Reagent 
Grade LiF (Baker & Adamson-Al l ied  Chemical) and 
A1F8 purified by sublimation.  The lat ter  contained 
0.0.8 weight  percent  (w/o)  NaF. They were put  into 
5 m m  ID • 8 mm OD alumina  tubes, enough to give 
1-2 cm depth when melted. The tubes were immersed 
in  a LiF-Li~AIF~ eutectic mix ture  (64.6 w/o  LiF, 35.4 
w/o A1Fs) in  a graphite  crucible of 2 in. ID (Fig. 3). 
Seven tubes in all were immersed;  five containing 
mixtures,  one in the center containing a Pt-10% Rh 
thermocouple, and the other containing l iquid alu-  
minum. The la t ter  served for coating and recoating 
the tungsten rods (1.5 mm diam) used as electrodes. 

A few addit ional results were obtained in the course 
of the t ransport  number  work described below. 

To make a measurement  the two tungsten  rods were 
taken out of the a l u m i n u m  and placed in the refer-  
ence mix ture  [~60 mol percent  (m/o)  A1Fs saturated 
with A1F3] and the one to be studied. An emf steady 
to wi thin  a mil l ivolt  or so was usual ly  obtained within  
a few minutes.  The electrodes were then removed, 

,Thermocouple 

LiF- AIF 3 mixtures 

Tungsten lead 

Alumina tube 

i 
= >Grophile  
/ 

.L iF -  L;3AIF 6 eutectic 

Bottom of tungslen rod 
-- -cooted with oruminum 

Fig. 3. Apparatus 
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cleaned of electrolyte wi th  a file, and replaced in  the 
a luminum.  

Table II shows the results obtained at 1073 ~ _+ 2~ 
as  a funct ion of composition, and Table III shows the 
results as a funct ion of tempera ture  for a pair  of 
electrodes in  mixtures  saturated with solid A1F3 a n d  
solid LiF, respectively. 

The theory of cells of this type has been given 
previously (2, 4, 10, 11). Activities are derived from 
emf by  

3 F  dE 
d In aLiF "- -- RT r + 3 t  [5 ]  

a n d  
3 F  r 

d In aAZF3 - - - -  - -  �9 dE [6 ]  
RT r + 3t 

where r is the molar  ratio LiF/A1F3 and t is the t rans-  
port  number  of Li+ ions. l i t  is assumed that  the t rans-  
port  n u m b e r  of F -  ions is (1 -- t) ,  and hence that  
tA13+ ---- 0, which is reasonable if it is ent i re ly  com- 
plexed as A1F63- and A1F4- (12).] Since these are 
differential equations they involve integrat ions and 
br ing  in u n k n o w n  integrat ion constants. These can 
be fixed if the integrat ion can be started at a phase 
boundary  where the activity is known. 

From the phase diagram (5, 7) the LiF l iquidus at 
1073~ may be taken to lie at 8.1 m /o  A1Fs. The ac- 
t ivi ty with respect to l iquid LiF may be calculated 
from the JANAF (9) free energy of fusion as AGLtF 
---- --283 cal, and aLiF ---- 0.876. This provides the nec- 
essary integrat ion constant  for Eq. [5]. 

Figure 4 is a plot of the results. E•  shows 
that  the l ine is not quite straight (there is no reason 
why it should be) ;  and it has been represented by 
three s t ra ight- l ine  segments 

hAlF3 < 0.25 

E ~ 524 -- 123.1 nAIF3 mY 

0.25 < hAlF3 < 0.30 

E = 554 -- 135.2 TtA1F3 mV 

hAlF3 > 0.30 

E = 494 -- 115.3 TeA1F3 mV 

The last of these extrapolates to zero at 42.8 m/o  

Table II. EMF of cells of type [11] 

Mol % AIF3 Temp (~ EMF (mY) R e m a r k s  

60.0 - -  0 
4.9 1074 427 

15.1 1072 345 
25.0 1072 218 
35.5 1072 86 
10.3 1073 381 
19.9 1074 276 
30.1 1070 147 
38.1 1071 56 

4.9 1072 424 
10.0 1074 398 
40.0 1074 31 
39.8 1073 37 
25.0 1073 215 
25.0 1073 216 
26.8 1072 191 

Taken as reference 
Saturated with LiF 

Saturated with LtF 

Table III. EMF of melts saturated with solid LiF 
(reference: melt saturated with solid AIF3) 

Temp (~ EMF (mV) 

1074 427 
1072 424 
1023 359 
1023 352 
1025 355 
1001 334 
987 319 
978 309 

1047 394 

500 
emf 
(mY) 
4 0 0  

300 

200 

IO0 

I I I I 

~  

I0 20 50 40 

mol % AIF 5 

Fig. 4. EMF at 1073~ of the cell 

AI I UF AIF3(sat) I LiF AIFa I AI 

A1Fs, about 1.5 m/o  higher than would be expected 
from the l iquidus curve (5, 6) but  hard ly  beyond 
exper imental  uncer ta inty.  

The over-al l  s tandard deviat ion of the points f rom 
the lines is ___5.6 mY. 

Integrat ion of Eq. [5] and [6] was first carried out 
numer ica l ly  with the assumption that  t ---- 1; step 
size was 1 m/o. It  was found that the AG ~ of forma-  
tion of a 25 m/ o  A1F3 mixture  (i.e., for 0.75 LiF + 
0.25 AIF3) was --3009 cal (s tar t ing from l iquid LiF 
and solid A1Fs). This may be compared with the value 
derived from the free energy of formation of solid 
Li3A1F6 (Eq. [3]). With the enthalpy of fusion of 
LisA1F6 of 21,000 • 300 cal at ]058~ given by  Holm 
and GrCnvold (13) this gives for 

3LiF(s) + A1Fs(s) -- LisA1F6(1) [7] 

AG ~ -- 17,332 -- 26.900T [8] 

and at 1 0 7 3 ~  ~ G  ~ ---- --11,532. To make comparison 
with the integral  ~G of mix ing  this value must  be 
divided by 4 (to put  it on the basis of 1 mole total) ,  
and then --283 • 0.75 cal must  be added to t rans-  
fer to the l iquid s tandard state for LiF. The final 
result  is AG = --3095 cal. The discrepancy of 86 cal 
corresponds to 344 cal in  the free energy of forma-  
tion of Li3A1F6, and is an error of the order of 10 
mV in the emf. One therefore questions whether  the 
assumption of un i t  t ransport  n u m b e r  for Li + ions 
is valid. If it be assumed that  t is independent  of 
composition, a value of 0.94 is needed to get r id of 
the discrepancy. 

The transport  n u m b e r  of Li + was determined by  
the direct coulometric t i t ra t ion of A1F~. The procedure 
was that a melt  was made up by weight to have a 
molar  ratio LiF/A1F3 of 3. It  was placed in an a lu-  
mina  tube which was in  t u rn  immersed in a LiF-  
LiaAIF6 eutectic melt, as in the earlier work. The only 
difference was that the tube was 12 mm ID and the 
reference electrode was in a tube 8 mm ID. Dry 
argon was passed via a nar row a l u m i n a  tube  into 
the tube to exclude moisture;  the top was plugged 
with glass wool. A luminum-p la t ed  tungsten  electrodes 
were used as before, except that  the main  one was 
not subsequent ly  removed for replating. A l u m i n u m  
was added to the crucible to act as anode. 

At the start  of a run, the emf between the two 
electrodes was found. A carefully weighed piece of 
coarsely crystal l ine A1F3 was then dropped in, and 
the emf was redetermined.  A current  was then passed 
between the graphite crucible and the ma in  electrode 
(cathodic) unt i l  the emf was above (or at least close 
to) the init ial  value. The dura t ion of current  was 
carefully t imed and its value was measured with a 
calibrated resistor. (Since it had a small  tempera ture  
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coefficient and since it heated when current  was 
passed, its value was determined with a Kelvin  bridge 
immediate ly  after use. The current,  from a Hewlet t -  
Packard 62s Power Supply, was kept flowing 
through the resistor at all times to ensure that  it 
stayed at steady state.) Linear  interpolat ion was 
made on the emf- t ime line to determine the number  
of coulombs passed when the potential  was restored 
to its original value. More AIF3 was dropped in, and 
the process repeated. In  this way a plot of coulombs vs. 
weight A1Fa added was obtained. 

Figure 5 shows part  of the emf-coulombs sequence, 
and Fig. 6 is the final plot of moles of A1F3 added vs. 
equivalents  of charge passed. The slope of the least 
squares l ine is 1.5317 with a s tandard error of ___0.0025 
equiv./mole.  The s tandard deviat ion is • mole 
equiv., or • This is based on 9 points, including 
the origin. If the origin is omitted the s tandard devia-  
t ion increases, showing that  it  is a val id point. If, 
on the other hand, a tenth  point  is brought  in  the 
s tandard deviation again increases (by a factor of 
1.6), implying that  something is wrong with it. Pos- 
sibly a f ragment  of the A1F3 failed to reach the bot-  
tom of the tube. It  has been omitted from the final 
result. 

If the slope of the l ine is n equiv./mole,  the t rans-  
port number  is calculated as follows. Of 1 mole A1F.~ 
added, n/3 is destroyed by plat ing out A1 onto the 
cathode. To restore the composition to the original 
molar  ratio of 3, 3(1 -- n/3) moles LiF must  be t rans-  
ported in. The transport  number  is thus 

t : 3(1 - -  n/3) /n  

= 3/n - -  1 

----- 0.9586 • 0.0032 

2 3 0  I I I I I I I 

220 0 " 
ernf O ~ Star l ing  Value __/~0 

::I i y  
1 7 0 1  I I I I I I 1 I 

0 LO0 2 0 0  5 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  
Charge (cou lombs)  

Fig. 5. Part of emf-coulombs sequence 

If it be assumed that  the 0.082% NaF is the only 
impur i ty  in the A1Fs (it is the most l ikely one),  the 
value of t is reduced to 0.957. 

The error quoted is a statistical s tandard error;  
systematic errors are much harder to estimate. The 
resistor was measured in situ with a precision of 
about ___0.2%, t iming the durat ion of the current  is, 
say, _1  sec in  10 rain or about 0.17%. The over-al l  
precision on the coulombs is thus about • This 
will  make ___0.52% in  the value of t. If o n e  takes this 
and two standard errors the over-al l  uncer ta in ty  is 
~/0.00642 -p 0.00522 = ___0.0088. We may thus take t 
---- 0.957 _ 0.008. 

Since t is very close to un i ty  it is unl ike ly  tha t  a 
significant variat ion with composition could be de- 
termined experimental ly,  and it is assumed that  it is 
constant. Integrat ion of Eq. [5] and [6] is then 
straightforward, and the result  is shown in Table IV. 
The ~G for (0.75 LiF, 0.25 A1F3) is now --3070 cal; 
the •  uncer ta in ty  in  the t ransport  number  makes 
E l l  cal. The discrepancy with the calculated value 
of --3s cal is 25 cal, which is not real ly big enough 
to worry  about. It would correspond to 3 mV in the 
emf. 

Discussion 
That  solid LisA1F6 is the only one of the alkali  

metal  cryolites which does not show premel t ing effects 
(13) is probably  associated with the fact demonstrated 
here that it is stoichiometric. The implicat ion could 
be that  the others are not. 

It  has been assumed in  this work that  a lumina  is 
essentially insoluble in  l i th ium cryolite. Rolin and 
Muhlethaler  (6) stated that  the solubil i ty was less 
than 1%; in fact their  figures (14) indicate that it 
is about 0.2% at 1073~ There was no obvious at-  
tack on the a lumina  tubes used in the concentrat ion 
cells, and it is not believed that  the solubil i ty is high 
enough to have affected the thermodynamic  values. 

Although the values obtained are completely inde-  
pendent  of any model of the melts it is interest ing to 
see if they can be fitted to a reasonable model. One 
which has been adopted by numerous  authors is the 
equi l ibr ium 

2 F -  H- A1F4- ~ A1F63- [9] 

it being assumed that the various anionic species mix 
ideally. In  the past it has been necessary to calcu- 
1ate for temperatures  and compositions along the 
l iquidus curve, but  now isothermal data covering the 
whole composition range are available. 

Since Li + is the only (uncomplexed) cation pres-  
ent, and since we are assuming that the anionic species 
are mixing ideally, we may identify the activity of 
LiF as measured with the anion fraction of F - .  Hav-  
ing found that, and knowing the over-al l  composition, 

30 t 
AIF 3 
(re,mole} 

20  

IO 

[ I I | 

. . . .  

i / I 1, 
I0 20 30 4 0  50 

Charge (m equlv) 

Fig. 6. Coulometric titration of AIF3 

Table lY. Thermodynamic functions for LiF-AIF3 mixtures at 
1073~ (transport number for Li + = 0.957) 

~ G A , v  3 AG'L,F ~ G  
n~ZF s ( c a l )  ( c a l )  ( c a l )  aAIF 8 a b i r  

0.426 0 - 5 0 7 7  - -2919  1.000 0.092 
0.420 - -129  - -4983  - - 2 9 4 4  0.941 0.097 
0.400 - -661  - -4613  - -3032  0.733 0.115 
0.380 - 1224 - -4253  --3102 0.563 0.136 
0.360 - -1818  - - 3 9 0 4  - -3153  0.428 0.160 
0.340 - -2445  - - 3 5 6 7  - -8185  0.318 0 .188 
0.320 - 3 1 0 6  - -3241  - - 3 1 9 8  0.233 0.219 
0.300 - -3803  - -2928  - -3191  0.168 0.253 
0.280 - -4673  - -2573  - 3161 0.112 0.299 
0.260 - -5581  - -2237  - -3106  0.0730 0.350 
0.250 - -6052  - -2076  - -3070  0.0585 0.378 
0.240 - -6502  - 1930 - -3027  0.0474 0.405 
0.220 - -7419  - -1656  - -2924  0.0308 0.460 
0.200 - -8386  - -1399  - -2796  0.0196 0.519 
0.180 - - 9 4 0 4  --  1161 - -2644  0.0122 0.580 
0.160 - -10476  - -941  - -2467  0.00735 0.643 
0.140 -- 11607 - -741  - -2263  0.00433 0.706 
0.120 --  12799 - -563  - -2032  0.00247 0.768 
0.100 - -14057  - -408  - - 1 7 7 3  0.00137 0.826 
0.081 --15316 --283 --1501 0.00076 0,876 
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we can calculate the anion fractions of A1F4- and 
F - ,  and then see if the model is working insofar as 
the equi l ibr ium constant  

K --= aLi3AIF6/(aLiA1F4 " aLiF 2) [1O] 
is constant. 

If we star t  with an over-al l  composition nup  and 
nA1F3 (the total = 1), and XLiF, 35~LiAIF4, and XLi3A1F6 
denote numbers  of moles of the individual  species 
present, then 

XLiA1F4 "~- XLi3A1F6 "-- hAlF3 [11] 

XLiF -~- XLiA1F4 "~ 3XLisA1F6 = RLiF [12] 

By subst i tu t ing [11] in  [12] 

XLiF = nLiF - -  nAIF3 - -  2a~Li3A1F8 

= 2nLiF - -  1 - -  2XLL3A1F6 [13] 

since hAlF3 = 1 -- nLiF. The sum of the x's is from [12] 

XLiF -~- XLiAIF4 --~ XLi3AIF6 : nLiF - -  2XLi3AIF6 [14] 
Hence 

XLiF 2nLiF --  1 -- 2XLI3A1F6 
aLiF -- - -  -- [15] 

Total nLiF - -  2XLi3A1F6 

and, rea r rang ing  
nUF(2 -- aUF) -- 1 

XLi3AIF6 ~--- [16] 
2 (1 -- aLiF) 

Once this is known, inser t ion into [11] gives XUAZF4, 
and division by the sum of the x's (Eq. [14]) gives 
the activities of Li3A1F6 and LiA1F+ 

If the model is working, and the equi l ibr ium 
constant  is constant, then a plot of aLiF against 
~/aLi3A1F6/aLiA1F4 should be straight. In  Fig. 7 the results 
for hAlF3 ~ 0.25 are plotted. The line is remarkably  
straight. For hAlF3 < 0.25 problems arise because the 
quant i ty  of A1F4- present  is so small  that accuracy 
is lost, and another  approach must  be tried. 

Fundamenta l ly ,  the problem is: given the experi-  
menta l  emf's and assuming the model is applicable, 
what  is the value of the equi l ibr ium constant  K which 
will  minimize the scatter of the calculated and experi-  
menta l  emf's? The problem can be treated directly 
without  doing any  integrations since, for any com- 
position, if K is specified the activities can be cal- 
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culated un ique ly  and hence emf's with respect to 
some arbi t rary  s tandard composition. The only ad-  
jus tment  necessary is a constant  to br ing the a rb i t ra ry  
s tandard in l ine with the real one. In  making the 
calculation it is of course necessary to insert  the 
same transport  number  as used previously. 

The best value of K is found to be 14.9. The resul t -  
ing l ine is shown for comparison in  Fig. 7 and the 
calculated emf composition curve is compared with 
the experimental  points in  Fig. 8. The s tandard de- 
viat ion is ___8.5 mV, which may be compared with 
the ___5.6 mV s tandard  deviation from the straight l ine 
segments. On the A1Fs-side of Li~A1F6 the fit is very  
good (as it is also in Fig. 7), but  on the LiF-side there 
is a bend in the calculated curve which is not repro-  
duced by the exper imental  values. 

The simple dissociation model thus looks like a 
good first approximation, and is not inconsistent with 
Ratkje and Rytter 's  (15) finding that  by Raman 
spectroscopy of LiF-Li~A1F6 eutectic mixture  (15 m/o  
A1F3) they could detect distorted A1F63- groups but  
no A1F4-. With the value of the dissociation constant 
of 14.9 the composition is expected to be 74 m/o  F - ,  
23 m/o  AIF63-, and 2.8 m/o  A1F4-. It is thus perhaps 
not surpris ing that it was not detected. On the other 
hand, Gilbert, Mamantov, and Begun (16) did not see 
any AIF4- in  a Li3A1F6-Na3A1F6 eutectic at 790~ 
If K is around 15, then there should be 19 m/o  A1F4-. 
It is therefore quite possible that cation effects are 
not negligible, and that K varies with both the cation 
and the temperature.  The assumption of ideal mixing 
of the anionic species may also be of l imited applica- 
tion. 

Now that thermodynamic functions are available 
it would be very  interest ing to have Raman spectra 
for the whole range of composition of LiF-A1F8 mix-  
tures at 1073~ A direct comparison between activities 
and concentrations of various species would then be 
possible. 

Manuscript  submit ted Oct. 20, 1975; revised m a n u -  
script received May 18, 1976. This was Paper  396 pre-  
sented at the Washington, D. C., Meeting of the Society, 
May 2-7, 1976. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by the 
Aluminum Company of Canada. 
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Preparation and Applications of Graphite Substrate Lead 
Dioxide (GSLD) Anode 
K. C. Narasimham and H. V. K. Udupa* 

Central Electrochemical Research Institute, Karaikudi 623 006, India 

ABSTRACT 

The GSLD anodes have been developed for obtaining sui table size anodes 
for use in high amperage cells in  the production of chlorates and perchlorates. 
The performance characteristics of the anodes in the preparat ion of chlorates 
and perchlorates are described. The use of the GSLD anode in other inorganic 
preparat ions like bromates iodates, and periodates is also included. 

In  recent years the quest for the development  of in -  
destructible anodes either as a substi tute for costlier 
anodes or to increase the life of anodes in electrochemi- 
cal processes has intensified. Increasing interest  in the 
scientific development  of iner t  and insoluble anodes 
provided a heal thy atmosphere mer i t ing  considerable 
research effort both in  the improvement  of existing 
anodes and in the development  of new anodes. The 
complex na ture  of the evaluat ion problem stems from 
the number  of variables involved, such as electrode 
life, operating conditions of the cell, and replacement  
costs. 

Graphite and p la t inum are widely we l l -known 
anodes in electrochemical processes and, less fre- 
quently, materials  like magnetite,  lead, and lead-si lver  
or l ead-an t imony  alloy are employed. But the recent 
researches on the indestruct ible  or iner t  anodes are 
largely centered around the development  of (i) plat i -  
n u m  or its alloy coated over t i t an ium and (ii) coating 
of oxide or mixed oxides of certain metals on suitable 
substrates. 

The main  requirements  for an oxide anode are: (i) 
the possibility of forming ions of different valences to 
provide for high electrical conductivity, (ii) a high 
anodic potential  at evolution of oxygen, (iii) absence 
of rectifying contacts at the boundary  of oxide-metal  
current  lead, and (iv) chemically inert.  

The high cost of p la t inum has prompted several at- 
tempts to replace this metal  by cheaper material.  In 
the last two decades interest  in the use of lead dioxide 
as anode in the place of p la t inum for the preparat ion of 
inorganic and organic electrochemicals (1) has been 
very  much in  evidence as seen by the considerable 
amount  of work carried out to obtain lead dioxide de- 
posits in a form suitable for anodes in  the production 
of chlorates and perchlorates. 

The successful development  of a suitable GSLD 
anode for commercial scale operations in chlorates and 
perchlorates has been engaging the at tent ion of the 
Central  Electrochemical Research Institute.  This paper 
reviews the developmental  work on this project. Earlier 
attempts to prepare the lead dioxide electrodes as well 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
K e y  w o r d s :  e l e c t r o d e p o s i t i o n ,  c h l o r a t e s ,  perchlerates ,  insoluble 

anodes. 

as the difficulties encountered by previous workers 
have been reviewed earlier by Naras imham and Udupa 
(2-4). Recently, Carr and Hampson (5) reviewed the 
studies on the electrodeposition of lead dioxide laying 
emphasis on the kinetics of eIectrodeposition. 

Preparation of GSLD Anode 
A survey of the l i terature  shows a continuous in-  

terest in the preparat ion of lead dioxide anodes begin-  
ning in 1934. Lead dioxide satisfies the major  require-  
ments  given above for the oxide anode. Angel and 
Mellquist (6) reported the deposition of lead dioxide 
from lead tar t ra te  bath. Though electrolysis of almost 
all soluble salts of lead (5, 7-10) gives lead dioxide 
deposit under  suitable conditions on the anode, the 
lead ni t ra te  bath is preferred since it may be readily 
controlled over long plat ing periods and also due to the 
high quali ty of deposit obtained from the bath over a 
wide range of operating conditions. ~-PbO2, which has 
an oxygen overvoltage higher than a-PbO2, is obtained 
from the ni t rate  bath. Japanese workers (11-16) used 
this ni t rate  bath extensively for depositing lead di-  
oxide on nickel or mild steel substrate. When lead 
nitrate alone is used, a dendrit ic form of lead is also 
deposited on the cathode result ing in the shorting of the 
electrodes. Even though a diaphragm cell has been 
suggested (17) to prevent  lead deposition on the cath- 
ode, the addition of copper salt to the extent of 2-3% 
to the bath for prevent ing  the deposition of lead is by 
far the most important  contr ibut ion (12) in the field 
of electrodeposition of lead dioxide. The copper, being 
more electropositive than  lead in  the electrochemical 
series, deposits preferent ia l ly  on the cathode. Grigger 
et aI. (18) and Schumacher et aI. (19) reported the 
formation of lead dioxide from the ni t rate  bath  on 
tan ta lum or p la t inum-clad  tantalum. 

Although much work had been done as described 
above, the preparat ion of lead dioxide electrodes in -  
volved certain disadvantages. In  the process developed 
by the Japanese workers (11-16), massive lead dioxide 
electrodes were prepared by depositing lead dioxide 
up to 1 cm thick or more, then removing the same from 
the substrate, and finally cutt ing the deposit into suit-  
able shapes with either an a lundum or carborundum 
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grinding stone. This operation needs special care as the 
deposit is bri t t le  as well  as very hard. The conven- 
t ional clamp current-contact  produces local heating and 
hence suitable modifications have to be done. On the 
other hand, costlier substrates were described for de- 
positing lead dioxide in the methods described by 
Grigger et al. (18) and Schumacher  et al. (19). 

The successful electrodeposition of lead dioxide from 
lead ni t ra te-copper  ni t ra te  bath  on graphite substrate 
carried out s imultaneously by the authors (2, 20, 21) 
and by Gibson (22, 23) in the U.S. obviates the diffi- 
culties experienced by earlier workers. While Gibson 
(22) used a nonionic surface active agent in the bath, 
Naras imham and Udupa (2, 20, 21) employed rotat ion 
for the cylindrical  rods and to-and-f ro  motion for the 
plates dur ing deposition to inhibit  gas bubbles from 
sticking to the surface, thereby avoiding pinholes and 
pi t t ing in the coating. Although hydrodynamic factors, 
such as the decrease in  the thickness of the diffusion 
layer  and also the easy t ranspor t  of ions to the in te r -  
phase, do exist dur ing the movement  of the electrode, 
the impor tant  aspect in this case happens to be the 
dislodging of gas bubbles adhering to the surface of the 
electrode. Similarly, the use of surfactant  lowers the 
interracial  tension, thereby enabl ing the easy release 
of gas bubbles from the anode surface. The electrodes 
thus developed have the following advantages:  (i) a 
thin coating of lead dioxide on graphite is adequate;  
(it) the graphite provides mechanical  s trength for the 
deposit and is completely protected against anodic at-  
tack; (iii) electrical contact to lead dioxide can con- 
venient ly  be made on graphite; and (iv) preparat ion 
of such anodes for large scale operation does not pre-  
sent undue  difficulty. 

Cell assembly for oxide deposition differed with the 
size and shape of the anodes required to be coated. The 
electrolyte contained 325-350 g/ l i ter  lead ni t ra te  and 
25-30 g/ l i ter  copper nitrate,  with an init ial  pH between 
4 and 4.5. During electrolysis the pH became acidic due 
to the production of nitr ic acid and was main ta ined  at 
1-1.5 by adjust ing the flow rate of the electrolyte. The 
acid produced was neutral ized outside the cell by the 
addit ion of lead carbonate or lead monoxide and cop- 
per carbonate. Deposition was carried out at current  
densities of 3-5 A/d in  2 and at a temperature  of 58 ~ 
65~ It is most impor tant  to have precleaning opera- 
tions for the graphite anode prior to deposition, which 
consist in electrolyzing a 10% (W/V) sodium hydrox-  
ide solution with the graphite as anode for 30 min, dip- 
ping the anode in 10% (V/V) nitric acid for 10 rain, 
and finally washing it thoroughly with distilled water. 
Different rods and plates of GSLD prepared are given 
in Table I. These have been used in 200, 800, and 5000A 
cells for the production of chlorates and perchlorates. 
The thickness of the deposit depends on the process in 
which GSLD is used, e.g., 1.5-2.5 mm thick is sufficient 
for chlorate production while the thickness must  be 
more than 3.5 mm for the production of perchlorate. 
Even if the lead dioxide peels off without any attack on 
the graphite surface, the lead dioxide can be deposited 
again on the same graphite. Some of the GSLD anodes 
given in Table I include such once or twice redeposited 
electrodes. Calculations for optimizing the size of the 
anode with respect to weight of graphite needed for 
different diameter  graphite rods show that either 7.5 
or 10 cm diameter  GSLD rods are preferable  (24). 

Table I. GSLD rods and plates 

Rods Plates 

Diam- No. of Thick-  No. of  
L e n g t h  e t e r  speci- L e n g t h  Wid th  n e s s  spec i -  

( c m )  (cm)  m e n  ( cm)  ( cm)  ( cm)  m e n  

30 5 60 30 15 1.25 148 
30 7.5 65 30 15 2.5 86 
60 7.5 100 90 18 3.0 48 
75 20 8 

Figure  1 shows GSLD plates and rods of different sizes. 
The flow diagram of the process is given in  Fig. 2. 

The addition of different surface active agents to 
avoid pinholes has been described previously (13, 14, 
25-27). In the course of the study on measurements  of 
stress in electrodeposited lead dioxide (28), the authors 
found the addition of qua te rnary  ammonium surfac- 
tants not only lowered the stress but  also helped in  
obtaining a pore-free deposit on s tat ionary graphite 
even at higher anode current  densities (29). 

Application of GSLD Anodes 
Chlorates.--Sodium Chlorate.--A 200A cell with 

GSLD anode and stainless steel (30) or mild steel (31) 
cathode was operated continuously;  the electrolyte 
being a solution containing 220-250 g a i t e r  sodium 
chloride and 180-240 g/ l i ter  sodium chlorate with 1N 
HC1 to ma in ta in  the pH between 6.4 and 6.8. Though 
this composition is not critical, but  on cyclic use, the 
solution at tained this composition after two or three 
runs. Table II gives the operating conditions of the cell. 
The anodes gave satisfactory service for 24 months 
with 50% of the anodes still in  good condition. A cur-  
rent  efficiency of 70-80% was obtained while depleting 
the chloride concentrat ion of electrolyte from 250 to 
100 g/li ter.  The energy consumption varied from 6.0 
to 6.4 kWhr (d.c.) /kg of sodium chlorate (30). When 
the mild steel was used as conta iner-cum-cathode the 
anode could be used for 12 months (31) at higher cur-  
rent  density, thereby showing almost the same quan-  
t i ty of production per anode. 

Based on the above results, scaling up of the cells to 
800A was done for the production of sodium chlorate 
using GSLD (7.5 cm diam )< 60 cm long) anodes (32). 
Two cells were operated continuously, one cell with a 
concrete container and stainless steel cathode and the 

Fig. 1. Graphite substrate lead dioxide plates and rods of 
different sizes. 

l 

Fig. 2. Flow diagram for the production of GSLD anodes 
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Table II. Operating conditions of chlarate cells using GSLD anode 

200A cell  800A cell  

Cell with stain- Cell with mild 
Characteristics less steel cathode steel  cathode 

Cell with  stain- Cell with mild 
less steel  cathode steel cathode 

Cell voltage (V) 
Anode current  density (A/dm=) 
Cathode current density (A/dm ~) 
Current concentration (A/ l i ter )  
Temperature  (~ 
PH 
Duration of working (months)  
Current efficiency ( % ) 
Energy consumption ( k W h r / k g  of NaCI03) 

3.2 3.2~.3 3.4-3.7 3.7-4.2 
3.4 5.2-5.7 4.9 10.5 

2.5-3.0 1.4 1.13 
6.5 15.4 3.2 2.9 

37 39 4047 4045 
6.6 6 . ~ 8  6.2-6.8 6.24.8 

24 12 24 13 
75-60 68-73 72-78 ~-75 

6.0-6.4 6.8-7.2 7.0-7.6 8.5~.0 

other with a mild steel container-cum-cathode.  The 
performance of the cells employing the operating con- 
ditions given in Table II confirmed the results ob- 
tained with 200A cells. The chloride content could be 
brought down to less than 5 g/ l i ter  in the cell with 
the stainless steel cathode. No perchlorate formation 
was observed even at such low chloride concentration. 

The recent t rend in preparat ion of chlorates is in  the 
use of 30% i r id ium-p la t inum coated t i t an ium anodes. 
Considerable improvements  in the efficiency of the 
electrolytic product ion of sodium chlorate are claimed 
for a process developed by Krebs (33,34). Major differ- 
ences with usual practice lie in the anodes and in the 
use of higher current  densities (30 A / d m  2) and higher 
temperatures  (>60~ than current  procedures. The 
consumption of activated alloy is reported to be 400- 
500 mg/ ton  of sodium chlorate. The advantage claimed 
with these anodes is the reduct ion in the power con- 
sumption, viz., 4800-5400 kWhr / ton  of chlorate (34) as 
against 6000-6500 kWhr / t on  in the existing processes. 
However, at present the preparat ion of this anode in 
India is dependent  on the import  of all the raw mate-  
rials. 

An electrolytic process for the preparation of so- 
dium chlorate liquor of high concentration (630-660 
g/liter NaCiO3 with 5-10 g/liter NaCI), suitable for the 
in situ production of chlorine dioxide for textile or 
paper industries, was developed by employing a GSLD 
anode and stainless steel cathode (35). The high con- 
centration of sodium chlorate could be attained by 
saturating the cell liquor with solid sodium chloride 
during electrolysis with a current efficiency of 55-65% 
and an energy consumption of 8.8-11.5 kWhr (d.c.)/kg 
of NaC103. However, the advantage of this method is 
that the cell effluent can be directly used for the pro- 
duction of chlorine dioxide without processing the 
liquor for getting solid sodium chlorate and this is 
possible only with the lead dioxide anode (and perhaps 
Pt - I r  coating the t i t an ium anode),  not with any other 
conventional  anodes. 

Potassium chlorate.--Potassium chlorate, which is 
main ly  used in the manufac ture  of matches, was pre- 
pared by the electrolytic oxidation of potassium chlo- 
ride in  the 800A cell using GSLD anodes and stainless 
steel cathode (36). The cell was operated at an anode 
current  density of 5 A / d m  2, a tempera ture  of 55~176 
and a pH of 6.0-7.0. A current  efficiency of 82-85% was 
obtained with the energy consumption of 6.3-6.5 
kWhr (d.c.) /kg of potassium chlorate. Efficiency in the 
production of potassium chlorate higher than sodium 
chlorate may be at t r ibuted to (i) the operation of the 
celt at higher tempera ture  and consequent lowering of 
voltage by 0.1-0.2V and (it) the conversion of less 
chloride to chlorate in  view of solubil i ty factors. A 
5000A cell (37), which can be considered as a proto- 
type commercial cell, was operated for about 150 days 
with a GSLD anode employing an anode current  den-  
sity of 15-17 A / d m  2 and a temperature  of 50~176 
The cell voltage was 3.5-3.7V. The higher anode cur-  
rent  density has the advantage of using a smaller cell 
with less init ial  inves tment  on graphite. The cell efflu- 
ent, being clear and free from suspended impurities,  
could be processed fur ther  without  filtration and pure 

potassium chlorate (>99%) was obtained by r e c r y s t a l -  
l i z a t i o n .  

Another  process (38) using a GSLD anode for the 
production of potassium chlorate was developed on a 
800A as well  as on a 5000A scale (37) (Fig. 4) which 
consisted of the oxidation of sodium chloride to sodium 
chlorate using a mixed electrolyte consisting of sodium 
chloride, sodium chlorate, and potassium chlorate in the 
cell. Potassium chlorate was precipitated by adding 
solid potassium chloride. The chloride and chlorate 
concentrations in the electrolyte were main ta ined  be-  
tween 5 and 1 M/liter,  respectively, in  the feed elec- 
trolyte and vice versa in  the effluent, The advantage 
of this method is that a higher concentrat ion of sodium 
chlorate in  l iquor can be obtained in  the cell which 
can be reacted with solid potassium chloride to precipi-  
tate the potassium chlorate, and the solution, after 
filtering off potassium chlorate, can be directly used 
as feed liquor. The novelty of this process is in  the 
working out of the suitable range of compositions of 
feed and effluent liquor. 

Advantages o] GSLD anodes in chlorate production.-  
It has been exper imenta l ly  proved that  GSLD anodes 
have the advantage of a life longer than  the treated 
graphite anodes in the chlorate production (consump- 
tion of treated graphite is taken as 25-30 kg / ton  of 
chlorate). Small dimensional  change of the graphite 
anodes by the coating of PbO2 does not call for much 
al terat ion in the design of the existing cells in indus-  
try. With GSLD anodes the cell effluent is clear and 
hence processing can be carried out without  filtration. 
It is also possible to employ a higher current  density 
which in tu rn  helps in  using a smaller  cell with less 
ini t ia l  investment  on graphite. 

Perchlorates.--Oxidation of sodium chlorate to so- 
dium percMorate.--Due to increasing demand for am-  
monium perchlorate in rocketry, a t tent ion was given 
to the replacement  of costly p la t inum with GSLD a n o d e  
in the production of perchlorate. At present, as metal  
oxide~coated t i tan ium electrodes (like DSA) are n o t  
suitable, GSLD is the only al ternat ive anode to plat i -  
n u m  for the production of perchlorate. On the basis of 
results obtained on laboratory scale (39, 40), two cells of 
75A and one of 400A were operated for the production 
of perchlorate using the GSLD anode (7.5 cm diam X 30 
cm long with a deposit of 5 mm thick) (41). Six anodes 
were used in the 400A cell and only one anode in  the 
75A cell. A saturated solution of sodium chlorate con- 
ta ining NaF (2 g/ l i ter) ,  added to increase the oxygen 
overvoltage of the anode (13) and also to increase the 
current  efficiency of the process, was electrolyzed using 
the anode current  density of 15-25 A / d m  2, tempera ture  
of 40~176 and pH between 6 and 7. The current  effi- 
ciency was 70-75% with an energy consumption o f  
3-3.3 kWhr (d.c.) /kg of sodium perchlorate. The pres- 
ence of even small  quanti t ies of chromate in  the elec- 
trolyte affected the current  efficiency of the formation 
of perchlorate at lead dioxide (current  efficiency of only 
42%), thereby confirming the results of Sugino and 
Yamashita (42) and Schumacher et al. (19). It w a s  
pointed out that an insoluble film of lead chromate 
might be forming on the surface of lead dioxide a n d  
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thereby hinder ing the formation of perchlorate. It w a s  

found that the thickness of the deposit had a definite 
effect on the life of the anode and experiments  showed, 
that  a thickness of 3.5-5 mm would be needed in  the 
preparat ion of perchlorate (48). 

Direct oxidation of sodium chloride to sodium per- 
chlorate.--The methods so far in vogue for the electro- 
lytic preparat ion of perchlorates involve two stages; 
the first stage being the oxidation of chloride to chlo- 
rate using graphite (44) or magnet i te  (45) or lead di-  
oxide anodes (30-32), and the second stage being the 
oxidation of chlorate to perchlorate using p la t inum 
(46-49) or lead dioxide anodes (18, 19, 89, ~0). In  be-  
tween these two stages, the electrolyte obtained in  the 
first stage has to be processed to isolate the sodium 
chlorate and recover the unconver ted sodium chloride, 

Sugino (11) reported the direct oxidation of chlo- 
r ide to perchlorate using a lead dioxide anode having 
two discrete electrochemical stages wherein  the tem- 
peratures of the electrolysis were different and the 
addit ion of sodium fluoride was made after all  the 
chloride was converted to chlorate. Udupa et al. (50- 
52) found that  GSLD could be used for prepar ing so- 
d ium perchlorate directly from sodium chloride in one 
cell without recourse to process in between to isolate 
chlorate. The operating conditions are given in  Table 
III. 

Large scale trials have been carried out (52) with 
two cells of 75A capacity and one 400A cell. The cells 
were run  continuously at an anode current  densi ty of 
20 A / d m  2 and a tempera ture  of 45~176 Six GSLD 
rods (7.5 cm diam • 30 cm long with 4-5 mm thick 
deposit) were used as anodes in  the 400A cell and one 
rod was used in  the 75A cells. The electrolyte was a 
saturated solution of sodium chloride containing NaF 
(2 g / l i te r ) .  The loss due to evaporation was made up 
with fur ther  quanti t ies  of sodium chloride solution in  
such a way that the final cell l iquor concentrat ion 
would be 650-700 g/ l i ter  sodium perchlorate. Figure 3 
is a graph showing the var iat ion of the concentrations 
of chloride, chlorate, and perchlorate with durat ion of 
the electrolysis. The GSLD anode could be used for 
more than 450 days of continuous electrolysis in this 
process. A typical prototype commercial cell of 5000A 
(Fig. 4) was designed and operated cont inuously for 9 
months at the opt imum conditions (24). A current  effi- 
ciency of 55-62% with energy consumption of 12.8-14.5 
kWhr (d.c.) /kg of sodium perchlorate was obtained. 

The novel ty  of this process is the oxidation of chlo- 
ride to perchlorate in the same cell without  al terat ion 
of operating conditions or recourse to intermediate  
processing. In contemplat ing the direct oxidation of 
sodium chloride to sodium perchlorate, none of the 
commoly used anodes, viz., graphite, magnetite, or 
plat inum, can be successfully employed as a single 
anode mater ia l  and GSLD is the na tura l  and economic 
choice at present. The addition of sodium fluoride can 
be made either at the begining of the electrolysis or 
after the conversion of chloride (52). 

Sodium perchlorate l iquor obtained by both the 
above methods and having less than 10 g/ l i ter  sodium 
chlorate was used for double decomposition with either 
potassium chloride or ammonium chloride to give po- 
tassium perchlorate or ammonium perchlorate, re-  
spectively, and the products conformed to the required 
specificationS (24). 

Table III. Operating conditions for direct oxidation of sodium 
chloride to sodium perchlorate using GSLD anode 

Anode current density (A/din -~) 15-20 
Current  concentrat ion (A/ l i ter )  18.5-25.0 
Temperature (~ 40-50 
pH 6.2-6.8 
Bath voltage (V) 4.0-4,6 
Current efficiency (%) 53-60 
Energy consumption (d.c.) 11.5-12,3 

(kWhr /kg  of NaC10~) 

O- - -o  c N LC~IU DE 

~ C HLORA'TE 

5 ~ PERCHLORATE 

E 4 

30  

200  

g, 

0 too  3o0  50o  700  ~ . 00  i ~oo  t soo  ~700 

~;LtJAN~r ITy OF ELECTRIC ITy  (A~pcP(h r~ )  

Fig. 3. Variation of the concentrations of chloride, chlorate, and 
perchlorate of sodium with quantity of electricity. 

Fig. 4. Photograph of the 5000A chlorate and perchlorate cells 

Bromates, iodates, and periodates.--Based on the re-  
sul tant  conditions of laboratory experiments  (53), o n e  

75A cell was run  with a GSLD anode for the produc- 
tion of bromates employing an anode current  densi ty 
of 16-20 A / d m  2 and tempera ture  of 55~176 A current  
efficiency of ~0-95% was obtained with an energy con- 
sumption of 4.0-4.5 kWhr (d.c.) /kg of sodium bromate. 
By treat ing highly soluble sodium bromate l iquor wi th  
potassium bromide, potassium bromate  could be ob- 
tained. 

The electrochemical preparat ion of sodium iodate 
from iodine was studied using a GSLD anode and a 
nylon cloth-wrapped stainless steel cathode (54). Based 
on the laboratory scale experiments,  one 250A cell was 
run  and a current  efficiency of 73-77% was obtained 
corresponding to an energy consumption of 3.0-3.4 
kWhr (d.c.)/kg of sodium iodate. 

In  the oxidation of iodic acid to periodic acid (55), a 
GSLD anode with rough surface or prepolarized sur-  
face of lead dioxide gave bet ter  efficiency. 

Conclusion 
Electrodeposited lead dioxide shows the promise of 

developing a high efficiency as an iner t  and insoluble 
anode in electrochemical processes and, at present, it is 
the only a l ternat ive  anode to p la t inum for the produc- 
t ion of perchlorates. Since the cur ren t -car ry ing  ca- 
pacity of GSLD is critical in view of the difference in 
the coefficients of graphite and lead dioxide, the proper 
choice of graphite plate or rod has to be made for de- 
positing lead dioxide depending on its subsequent  use. 
The deposition of lead dioxide on other substrates like 
t i t an ium will have a bet ter  future.  
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Electrochemical Reduction of AI CI - Ions 
in Chloroaluminate Melts 
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ABSTRACT 

The electrodeposition of a luminum at glassy carbon, plat inum, and tungsten  
electrodes in slightly acidic chloroaluminate  melts has been studied using 
cyclic vol tammetry,  chronopotentiometry,  chronoamperometry,  and related 
techniques. The reduction of A12C17- ions involves a nucleat ion process at 
glassy carbon electrodes and to a lesser extent, at the p la t inum and tungsten  
electrodes. At p la t inum electrodes alloy formation is also involved. The dis- 
crepancies in  the values of diffusion coefficients obtained by three  different 
methods may be at t r ibuted to the nucleat ion effect. 

The electrochemical behavior  of a l u m i n u m  in chloro- 
a luminate  melts (A1C18-MC1 mixtures  where M + is an 
alkali  cation) (1, 2) has been studied using pr imar i ly  
a luminum electrodes (3-7). In  acidic (A1Cls-rich) 
melts the oxidation of a luminum results in  the forma-  
t ion of a poorly conducting (passivating) A12C16 layer  
at the electrode surface (5, 6). No evidence for the sub-  
valent  a l u m i n u m  ions in these melts was obtained (7). 
Schulze and Hoff (4) from their galvanostatic double-  
pulse results calculated exchange current  densities and 
t ransfer  coefficients for the deposition and dissolution 
of a luminum in these melts. 

It is well known (8-13) that the concentrat ion of 
anions A1C14- and A12C17- changes with the A1C13-MC1 
ratio. According to Tremil lon and Letisse (3) AI( I I I )  
is reduced in  two consecutive steps 

4A12C17- -{- 3e : A1 -{- 7A1C14- [1] 
and 

A1C14- ~ 3e = A1 -{- 4C1- [2] 

[A12C17-] changes from ,~10 -4 to ,~IM in going from a 
NaC1 saturated [N49.8 mole percent  (m/o)  A1CI~ at 
175~ melt  to a 52 m/o  A1C13 melt. 

In  this work we examined the electrochemical re- 
duction of A12Clv- ions at foreign substrates in melts 
of composition range 50.1-51 m/o  A1CI~, corresponding 
to [A12C17-] of 6 • 10 -2 to 4 • 10-1M. The purpose of 
this work was twofold: (i) To reach a better  unde r -  
s tanding of electrochemical reactions occurring at very 
cathodic potentials in these melts. This is necessary 
since some of the electrochemical reactions involving 
lower oxidation states of refractory metals, such as 
zirconium (14), ha fn ium (15), n iobium (16), t an ta lum 
(17), and tungsten  (18) occur at potentials near  the 
deposition of a luminum.  (ii) To learn  whether  the 
deposition of a luminum at solid electrodes other than 
a luminum itself involves nucleat ion phenomena of the 
type previously observed for the deposition of i ron and 
the formation of insoluble ZrC18 in these melts (14). 
Nucleation effects in  the deposition of silver on Plati - 
n u m  from molten alkali  ni t rates  have been thoroughly 
studied by Hills, Schriffrin, and Thompson (19, 20). 
These workers, however, pointed out that  it is un l ike ly  
that  s imilar  nucleat ion effects would be observed in  
molten halides where  predeposit ion reactions to form 
a monolayer  f requent ly  occur (21). Our results pre-  
sented below show that  nucleat ion phenomena are im-  
por tant  in  mol ten chloroaluminates.  

Experimental 
Procedures for prepar ing acidic melts and most other 

exper imental  procedures have been described previ-  

* Electrochemical  Society Act ive  Member. 
Key words: aluminum electrochemistry,  chloroaluminates ,  

molten chloroainminates,  nucleation.  

ously (14, 22). The background current  densi ty at the 
glassy carbon electrode was found to be about  240 ~A/ 
cm 2 at v = 0.1 V/sec at -{-100 mV with respect to the 
a luminum reference electrode in  the same melt. Our 
value of the background current  density at the glassy 
carbon electrode is ~50% lower than  the value re-  
ported by Boxall et al. (23) with the tungs ten  working 
electrode in molten NaA1C14 at 0.1V with respect to the 
a luminum reference electrode. 

The procedure for making the glassy carbon electrode 
is s imilar  to that of Gupta  (24). This electrode w a s  
made of a 3.3 mm diameter  glassy carbon rod (ob- 
tained from Beckwith Carbon Corporation, Van Nuys, 
California) sealed under  vacuum in Pyrex  tubing, then 
cut, polished with 0.5~ a lumina  and checked for leaks 
between the glass and carbon. The connection of the 
glassy carbon to a p la t inum wire was made with si lver  
paint  (Engelhard Industries)  to give a good contact. 
Tungsten  electrodes were cleaned by repeated oxidation 
and reduction using a saturated sodium hydroxide solu- 
t ion containing a small  amount  of sodium nitrite. Volt-  
ammograms and current- t ime curves were obtained 
with a PAR Model 174 pulse polarograph coupled to a 
PAR Model 175 universal  programmer.  The curves 
were recorded with either a Hewlet t -Packard  7045A 
X-Y recorder or a Tektronix  Model 549 oscilloscope. 

A12C17- concentrations were obtained from the 
known A1C13/NaC1 mole ratios and the calculated mole 
fractions of Boxall et al. (10). Conversion to molar  con- 
centrations was made using the melt  densities obtained 
by F a n n i n  et al. (25). Molarities of A12C17- are given 
in Table I. 

Results and Discussion 
Voltammetric results.--A typical cyclic vol tammo- 

gram at a glassy carbon electrode in a slightly acidic 
melt  is shown in  Fig. 1. The vol tammetr ic  peak may be 
at t r ibuted to the A12Clv- reduction. The peak current  
increases with the scan rate and with the A1C1JNaC1 
ratio (see below).  This peak is followed by the A1C14- 
reduction (3). Since A1C14- is the main  anionic con- 
s t i tuent  of the solvent, its concentrat ion does not 

Table I. AI2CI7- concentration as a function of AICI3-NaCI mole 
ratio at 175~ 

AICh (m/o) * [A12CI~-]** (M) 

50.15 0.06 
50.20 0.09 
50.30 0.12 
50.80 0.28 
51.00 0.38 

* Estimated precision • 
** Precision determined by the interpolation of the results 

from Ref. (10). 
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Fig. 1. Cyclic voltammogram at a glassy carbon electrode, v 
0.1 V/sec; t z 175~ [ A I 2 C I 7 - ]  z 0.28M; electrode area: 
0.085 cm 2. Potentials expressed with respect to the aluminum ref- 
erence electrode in the same melt. 

change significantly in the composition range studied 
(10). The reduction potential  of A1C14- remains con- 
stant in the melt  composition range used for this study. 
When the acidity decreases the peak current  decreases 
and shifts toward the reduction potential  of A1C14-, as 
expected for the case of an insoluble deposit (26). This 
peak disappears in basic melts; in this case only the 
A1C14- limit is found. The equi l ibr ium potential  of an 
a luminum electrode is given by (3) 

E = E ~ + 4/3 R T / F  In [A12CI7-] [3] 

With the electrodes used, the activity of the a luminum 
metal  is not fixed before the reduction and an under -  
potential  deposition could occur (26). Such deposition 
at activity smaller  than uni ty  was observed at the 
p la t inum electrodes (Fig. 2). The reduction peak is 

0 , 4  

0 .2  
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== 
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- 0 . 2  
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' ' ' o.~ ' o!2 ' 
P O T E N T I A L  ( V )  

i i i 

1 
I I 

- 0 . 2  

Fig. 2. Cyclic vohammogram at a platinum electrode, v ~ 0.02 
V/sec; t ~ 175~ [ A I 2 C I 7 - ]  ~ 0.09M; area ~ 0.100 cm 2. 

preceded by an increasing current  starting around 
+ 100 mV vs. the potential  of the a luminum reference 
electrode. For the slow scan rates (~0.2 V/sec) this 
increase is small but  it becomes larger  as the scan rate 
is increased; this is accompanied by the change in  the 
shape of the wave from that corresponding to an in-  
soluble deposit (26) to that of a soluble product. At 
the same time the reoxidation occurs in  two steps; a 
second peak around +0.4V increases and shifts toward 
anodic potentials with the scan rate. If the a luminum 
reduction is avoided, the background does not show a 
reoxidation current  peak at these potentials. This effect 
was observed only at p la t inum electrodes a n d  m a y  be 
at t r ibuted to alloy formation. 

With the glassy carbon electrode (Fig. 1) an over- 
potential  of ,~50 mV was observed. A change in  the 
slope of the reduction cur ren t  at p la t inum (Fig. 2) 
occurs around the same overpotential  value. At the 
tungsten electrode overpotential  was much smaller. 

For different melt  compositions (Table I) the peak 
current  increases with the square root of the scan rate 
(for slow scan rates) at the three electrodes. The re-  
sults for the glassy carbon electrodes are shown in  Fig. 
3. Peak currents are proport ional  to the A12C17- con- 
centrat ion (Fig. 4). 

At fast scan rates the peak current  is no longer pro- 
portional to v 1/2 (Fig. 5). A very large cathodic shift 
with increasing scan rate is also observed for the peak 
potential  Ep (Fig. 6). Hills et al. (19) found a similar 
shift for the deposition of silver in n i t ra te  melts, which 
was at t r ibuted to a nucleat ion process. In  our case, how- 
ever, the currents  are much larger and ohmic drop 
effects are very difficult to separate from other causes 
of this shift. It should be noted that the shift is larger 
for the glassy carbon electrode and, therefore, in this 
case is not solely caused by an ohmic drop (the cur-  
rents were comparable at the glassy carbon and tung-  
sten).  At p la t inum electrode the decrease of the param-  

~176 l 
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Fig. 3. Peak current density vs. v 1/2 at a glassy carbon electrode. 
t ~ 175~ [ A I 2 C I 7 - ]  : line 1, 0.38M; line 2, 0.28M; line 3, 0.12M; 
line 4, 0.09M; line 5, 0.06M. 
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Fig. 6. Peak potentials vs. log v. Experimental conditions same as 
in Fig. 5. 

eter i p / v  1/2 with scan rate is probably  caused by ahoy 
formation which along with underpotent ia l  deposition 
becomes more impor tant  as the scan rate is increased. 

C h r o n o a m p e r o m e t r i c  a n d  c h r o n o p o t e n t i o m e t r i c  re- 
sults .--Polarographic curves constructed from cur ren t -  
t ime curves (22, 27) at the tungs ten  electrode resulted 
in a l inear  relationship between E and log (id -- i) 
which shows that  the reduct ion results in  an insoluble 
product (26). The usual  current  decay with t -11~ was 
observed. The slope for the log (id --  i)  VS. E plot re-  
sults in  an n value of 0.8 +_ 0.1, which is in  reasonable 
agreement  with the expected value of n ---- 0.75 for 
reaction [1]. 

At glassy carbon electrodes the cur ren t - t ime  curves 
show a different behavior. At small  overpotentials 
there is no reduct ion current,  which is in accord with 
the overpotential  observed in l inear  sweep vol tam- 
merry for the same electrode. For overpotentials larger 
than --15 mV, after the capacitive current  decay, t h e  
current  increases slowly (Fig. 7a, b) then decreases 
after reaching a ma x i mum (the decrease is not shown).  
The time to reach this m a x i m u m  decreases as. the 
applied cathodic potential  is increased. It  decreases 
from 1 rain for an overpotential  of --20 mV to very  
short times for potentials corresponding to the polaro- 
graphic plateau. At the plateau potentials the param- 
eter i t  1/2 for the current  decay was constant indicating 
that the reduction is diffuSion l imited (this was t rue for 
the three electrodes used).  

The increasing current  has been at t r ibuted by Hills 
et  al. (19) to the formation of growing nuclei  at the 
electrode. This phenomenon has been previously ob- 
served in  chloroaluminate melts for the reduct ion of 
Fe( I I )  and Zr( IV)  (14). The current  growth for the 
reduction of A12CI~- was found to be l inear  with t 1/2 
with a slope that increases with the overpotential,  simi- 
lar  to the results of Hills et al. (19). This has been 
at t r ibuted (19) to an instantaneous three dimensional  
nucleat ion followed by a growth controlled by hemi- 
spherical diffusion of ions to the nuclei. The reproduci-  
bi l i ty of the slope was affected by the history of the 
electrode. In order to get reproducible results in the 
nucleat ion studies, a stripping potential  (1-2V) had to 
be applied for 10-20 min  after the deposition of a lumi-  
num. The formation of chlorine at the electrode had to 
be avoided; if some chlorine was produced at the elec- 
trode the increasing current  became very small  and 
lasted for very long times even at high overpotentials 
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Fig. 7. Current-tlme curves at a glassy carbon Meetrode: (a) and 
(b) single step from the stripping potential (see text) to ~; (c) and 
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t ~- 175~ [A I2CIT- ]  ---- 0.28M; electrode area ~ 0.085 cm 2. 
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indicating a completely different state of the surface 
of the electrode. For the str ipping potentials used 
(1-2V) if the str ipping t ime was less than 10 min, the 
nucleat ion current  was found to increase after each 
cycle. In  order to decrease the capacitive current  ob- 
served when the step from the str ipping potential  to 
the reduction potential  was applied, two potential  steps 
were used. At first the potent ial  was stepped to a posi- 
tive potential  ( +  10 mV) where no a luminum reduction 
occurs at the glassy carbon electrode. The residual cur-  
rent  decays to a very small  value in  a few seconds. The 
reduct ion step was then applied and the current  ob- 
tained (Fig. 7c, d) was much greater than in  the case 
of a single step (Fig. 7a, b) from the str ipping poten-  
tial to the same reduction potential.  The nucleat ion 
overlap (19) related to the t ime spent to reach the 
maximum, was reached in  a shorter t ime and the be-  
g inning of the reduct ion was observed at a lower over-  
potential  (--15 mV) than  in  the case of the direct step 
(--20 mV).  

It should be stressed that the str ipping parameters  
(time, potential)  do not affect the cur ren t - t ime  be- 
havior observed at potentials corresponding to the i-E 
plateau for the reduction of A12C17-. To show the effect 
of nucleat ion at small  overpotentials a double pulse 
technique (20) was used. The potential  was first 
stepped from the str ipping potential  to the potential  
~IG (Fig. 8). At this potential  (0 to --20 mV with re-  
spect to the A1 reference electrode) no reduction occurs 
if there are no nuclei sufficiently large to grow; only 
a small  decreasing residual  current  is observed. The 
potential  was then stepped for a short t ime t to a value 
~p, where the nuclei  are produced and grow. Upon 
stepping back to potential  riG, for nuclei  of sufficient 
size, a current  different from the residual current  mea-  
sured earlier was observed. Now the reduct ion occurs 
at 'lG resul t ing in an increasing current.  By changing 
the t ime spent at np a t ime lag can be found (19); for 
a t ime shorter than  this t ime lag no growing current  
is observed; for a longer t ime the growth of nuclei  is 
observed. The t ime lag vs. ~p at 'IG = --10 mV and --15 
mV is shown in  Fig. 8. 
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Fig. 8. Time lag vs. ~p at two ~G'S (see text). Glossy carbon 
electrode; same conditions as in Fig. 7. Potential-time sequence 
shown in the insert. 

Table II. Diffusion coefficients (cm2/sec) of AI2CI7- ions 
determined using different electrodes and methods 

(t = 175 ~ [AI2CI7-]  =- 0.28M) 

G l a s s y  c a r b o n  P l a t i n u m  Tungsten 
( A  = 0 . 0 8 5  ( A  = 0 . 1 0 0  ( A  = 0 . 1 2  

M e t h o d  ----- 0 . 0 0 5  c m  ~) ----- 0 . 0 0 5  c m  2) ___ 0 .01  c m  2) 

Chronopotentiometry 5.0  x 10 -~ 9 .6  x 10  -6 3 .7  x 10  -e  
Chronoamperometry 8 .7  x 10 -~ 4 .6  x 10 -e  5 .0  x 10 -e 
C y c l i c  v o l t a m m e t r y  5 .5  x 10 -a 8 .2  x 10 -8 4 .1  x 10 .6  

Support  for the presence of a nucleat ion process was 
also found by chronopotentiometric results. The chron-  
opotentiograms are distorted by an overshoot (14, 28, 
29) due to a nucleat ion overpotential  which can be as 
large as 100 mV at the glassy carbon electrode. The 
product iT 1/2 is constant for glassy carbon and tungsten  
electrodes. For these electrodes the ratio of the reverse 
t ransi t ion t ime ~i~ and the forward t ime t was found 
to be equal to one which indicates that  the deposit is 
insoluble (30). For the p la t inum electrode, the shape of 
the chronopotentiogram changes with the current den- 
sity. For small  currents,  a small  overshoot is observed; 
the ratio Ta/t is close to one. When  the current  is in -  
creased the overshoot disappears, the curve becomes 
less well defined and the ratio ~l~/t becomes 0.3 which 
shows that  the reduction results in  a soluble product  
(30). 

Dif]usion coefficients.--The diffusion coefficients were 
calculated using the straight port ion of the l inear  sweep 
voltammetric  /p vs. v 1/~ plot, the chronoamperometric  
i vs. 1/t 11~ plots obtained at plateau potentials, and the 
chronopotentiometric i~ 1/~ results. The value of n ---- 
0.75 was used in  the equations (see Eq. [1]; this was 
verified for the constructed polarograms at the tung-  
sten electrode). The results are reported in Table II 
for the three methods and the three electrodes used. 
Hills et al. (19) found that the presence of the nuclea-  
tion process introduces discrepancies in  D values. This 
is atso reflected in  our  results, par t icular ly  at the pla t i -  
num electrode where  nucleat ion and alloy format ion 
occur at the same time. 
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Electrohydrodimerization Reactions 
VI. Rotating-Ring Disk Electrode and Macroscale Electrolysis Studies 

of the Second Reduction Wave of Diethyl Fumarate 
Jean-Maxime Nigretto 1 and Allen J. Bard* 

Department ol Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The react ions occurr ing at  potent ia ls  of the second reduct ion wave  of di-  
e thyl  fumara t e  (DEF) in d ime thy l fo rmamide  solutions, where  a cur ren t  dip  
is f r equen t ly  observed in the vo l t ammograms  in the absence of added pro ton  
donors, was invest igated,  The over -a l l  react ion order  was de te rmined  by  ro -  
t a t ing  disk e lec t rode  studies of the var ia t ion  in the current  at  the dip wi th  
DEF concentra t ion and theore t ica l  resul ts  obta ined by  digi ta l  s imulat ions,  Ana l -  
ysis of products  of macroscale  e lectrolyses  by  NMR and mass spectroscopy 
was also under taken .  Severa l  mechanisms are  considered and one in which the 
e lec t rogenera ted  dianion is p ro tona ted  by  the pa ren t  DEF to produce  a ca rb -  
anion which can in i t ia te  format ion  of d imer ic  and t r imer ic  species is proposed.  

In  recent  years  the re  have been numerous  inves t iga-  
tions deal ing with  the  e lect rochemical  reduct ion of di-  
ac t iva ted  olefins in aprot ic  media  (1). For  example ,  
Baizer  et al. (2) car r ied  out polarographic ,  cyclic 
vol tammetr ic ,  and macroscale  e lectrolysis  exper iments  
and showed that  the  po la rog raphy  of these compounds 
is character ized by  two separa te  reduct ion  waves. 
Numerous  expe r imen ta l  studies of such systems (3-11), 
ut i l iz ing such e lect rochemical  techniques as cyclic 
vo l tammetry ,  double  potent ia l  s tep chronocoulometry,  
ro ta t ing- r ing  disk e lect rode (RRDE) vo l tammetry ,  and 
e lect ron spin resonance (ESR) spectroscopy have  
shown tha t  the  p redominan t  pa thway  of the  e lec t ro-  
hydrod imer iza t ion  (EHD) react ion for reduct ion at  the  
first wave  consists of format ion  of the rad ica l  anion, 

RH2- ,  fol lowed by  d imer iza t ion  and pro tona t ion  

RH2 + e -  -> RH2 " [1] 

2RH2 -~ R2H42- [2] 
R2H42- + 2H + -> R2H6 [3] 

where  RH2 represents  the d iac t iva ted  olefin. Very  l i t t le  
work  has been repor ted  on the processes occurr ing at  
the second reduct ion  step. The polarographic  curves for  
many  of the compounds s tudied show a second reduc-  
t ion wave, whi le  others, l ike  d ie thyl  fumara t e  (DEF) ,  
(trans- C2H.50.CO.CH _-- CH.CO.OC2Hs) exhibi t  a 
cur ren t  decrease  or dip where  a wave  is expected (2). 
The presence of a dip where  the  dianion DEF 2-  is sup-  
posed to be formed has been in te rp re ted  as ol igo-  or  

* Electrochemical Society Active Member. 
*Present address: Department of Chemistry, Universit~ ParL~- 

Nord, 93206 Sant-Denis, France. 
Key words: dianions, reductive coupling, rotating disk elec- 

trode, activated olefins, base-catalyzed reactions. 

polymer iza t ion  in i t ia ted  by  the dianion. The mechanism 
of this react ion has not been  established.  By using 
cyclic vo l tammetr ic  techniques and anhydrous  work ing  
conditions wi th  special  steps t aken  to decrease  the ra te  
of the fol lowing homogeneous reac t ion(s )  [ through 
t empe ra tu r e  reduct ion to --70~ in DMF (9, I0) or the  
use of the  low electrophi l ic  solvent  l iquid ammonia  at  
--43~ (11)],  the DEF dianion wil l  exist  for a sufficient 
t ime in the vic ini ty  of the e lect rode surface to al low its 
observation.  Its r eac t iv i ty  toward  incoming pa ren t  
molecules appa ren t ly  can also be decreased by  adding  
a proton source to the  solution; the pro tona t ion  of the  
doubly  charged species then  takes  place, leading to the  
pro tona ted  species, RH4. In  this  case, the  dip  at  the  
second polarographic  wave  is suppressed and a definite 
wave  is produced.  Thus the  final d is t r ibut ion  of reac-  
t ion products  depends  on the concentra t ion of p ro ton  
source present  in the  solution, including accidenta l  
sources, such as res idual  water .  Cyclic vo l tammetr ic  
and ESR studies show tha t  a th i rd  species, p robab ly  
one formed af ter  the  first step, undergoes  a reduct ion  at  
a more  negat ive  potent ia l  (3, 9, 12). When  s ta t ionary  
electrodes are  used, the  chemical  react ion involving the 
dianion appears  to produce  some filming of the  e l e c -  
t r o d e  surface, h inder ing  complete  usage of the exper i -  
menta l  behav ior  fol lowing the first s tep for e lucidat ion 
of the  react ion path.  However  the forced rad ia l  con- 
vect ive flux near  the  e lect rode surface of the  RRDE 
appa ren t ly  sweeps away  the products  quickly  enough 
to avoid these filming difficulties. 

This work  is a imed at ex tending  the s tudy of the  
reduct ion mechanism of DEF in N ,N-d ime thy l fo rm-  
amide  (DMF) at the second reduct ion  step. The po-  
la rographic  behavior  exhib i ted  by  DEF has been some-  
t imes encountered  before  wi th  other  redox systems a n d  
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qual i ta t ively interpreted.  However, no quant i ta t ive  
t rea tment  of this behavior at the RRDE has been re-  
ported. Because of the reactivi ty of the dianion toward 
any proton source, especially careful drying and purifi- 
cation procedures for the solvent and the electrolyte 
were employed. The second part  of this paper deals 
with the identification of products obtained through 
bulk  electrolysis and a proposed mechanism for the re- 
action. 

Exper imenta l  
The general  exper imental  techniques were the same 

as those reported previously (3-5). 

Materials . - -The solvent, DMF, was purified as previ-  
ously described. The support ing electrolyte, te t ra-n-  
bu ty lammonium iodide (TBAI),  polarographic grade 
(Southwestern Analyt ical  Chemicals, Austin, Texas) 
was dried under  vacuum and stored under  an iner t  
atmosphere. Diethyl fumarate,  puriss. (Aldrich Chemi- 
cal Company, Incorporated, Milwaukee, Wisconsin),  
was used as received without fur ther  purification. 

Apparatus . - -Coulometr ic  and preparat ive electrolysis 
experiments were carried out with a PAR Model 170 
Electrochemistry System (Princeton Applied Research 
Corporation, Princeton, New Jersey) .  For the RRDE 
experiments,  a Tacussel Electronique potentiostat 
Model BIPAD-2 was used. A Wavetek funct ion genera-  
tor provided the potential  ramp for vol tammetr ic  
studies recorded on a Mosley Model 2D-2 X-Y recorder. 
The RRDE, manufactured  by the Pine Ins t rument  Com- 
pany  (Grove City, Pennsylvania)  was the same one as 
previously used (13); the p la t inum disk in it had a 
radius of 0.145 cm and was embedded in Teflon. It  was 
dr iven with a Motomatic Model E 150 tachometer /gen-  
erator motor (Electrocraft Corporation, Hopkins, Min-  
nesota) using feedback control. The entire motor-elec-  
trode assembly was encased in a vacuum-t ight  mount,  
equipped with electrical feedthroughs to the motor 
and electrodes (13). The electrochemical cell used in 
the RRDE experiments  had five glass joints leading to 
the working electrode assembly, the auxi l iary elec- 
trode, and the reference compartment,  with the re- 
maining  joints being devoted to solvent and solute 
transfers. The cell had a 50 ml capacity. A silver wire 
isolated in a compar tment  closed with a fine porosity 
sintered-gtass disk was used as a reference electrode; 
its potential  in the DMF-TBAI system was quite stable 
during each experiment.  The auxi l iary electrode was a 
p la t inum wire. The electrochemical cell used in pre-  
parat ive electrolysis and coulometric experiments com- 
prised four compartments  (auxiliary, in termedia te-  
buffer to prevent  catholyte contamination, reference, 
and working, the last having a 150 ml capacity). A 
mercury  pool electrode was used as a working elec- 
trode; the auxil iary and reference electrodes were the 
same as those described above. 

All the experiments were carried out in  a glove box 
filled with a positive pressure of high pur i ty  hel ium 
(99.995% Matheson Gas Products, La Porte, Texas) and 
care was taken that nei ther  purified solvent nor  sup-  
port ing electrolyte was ever in contact with the a tmo- 
sphere following their purification. Furthermore,  the 
following addit ional procedure was under taken  before 
each experiment  to diminish the concentrat ion of re- 
sidual water  or dissolved air in the solution. A weighed 
amount  of support ing electrolyte was dissolved in the 
solvent under  iner t  gas pressure and poured into a 
t ransfer  vessel. After  freezing and pumping of the so- 
lution, 5 ml of spectrograde benzene were added. Three 
f reeze-pump, thaw cycles were performed and the 
water-benzene azeotrope was el iminated through vac- 
uum distillation. The solution was then transferred un-  
der vacuum into the electrochemical cell, brought to at-  
mospheric pressure with helium, and allowed to equil-  
ibrate. Before assembly the electrochemical cell was 
pumped down for about 1 hr and the p la t inum disk 
electrode polished with alumina. The same procedure 

for purifying the solvent was used for the bulk  elec- 
trolysis experiments.  The catholyte solution had a vol-  
ume of 120 ml and was saturated with support ing elec- 
trolyte (for TBAI, about 0.5M). Up to 0.2M depolarizer 
was added in several fractions and the electrolysis was 
conducted unt i l  each fraction had been converted be-  
fore adding the next  fraction. The basicity of the solu- 
t ion increased dur ing  electrolysis, and to avoid possible 
contaminat ion a glass-embedded, ra ther  than  Teflon 
st irr ing bar, was used. After  completion of the experi-  
ment, protonation of the remaining  reactive species 
was achieved by pouring about 20 ml  water  into the 
solution. The mixture  was then evaporated, the residue 
extracted with ether, washed with water, and the or- 
ganic layer dried with anhydrous sodium sulfate. The 
solvent was removed by disti l lat ion and the analysis of 
the reaction products carried out. 

Results 
A typical RRDE vol tammogram of DEF is shown in 

Fig. 1. The disk curve exhibits a one-electron reduction 
wave, with E~/2 = --0.76V vs. the silver wire-reference 
electrode (Ag-RE),  followed by a dip commencing at 
approximately --1.60V vs. Ag-RE. After  the short 
plateau, characterized by the current  id,1, the disk cur-  
rent, id, increases, due to the background l imit ing re-  
duction of the DMF-TBAI system on plat inum. For  
the same working conditions, the id,1 value is reproduc- 
ible wi thin  the exper imental  error and no appreciable 
filming of the electrode surface seems to occur, since 
two consecutive runs are essentially superimposable.  
On the same figure, curve b represents the r ing  current ,  
i,., as a function of disk potential, Ed, with the r ing po- 
tential, E~, held at 0.0V vs. Ag-RE. In absence of kinetic 
complication, the ratio ir/id (the collection efficiency, 
N) is only a funct ion of the geometry of the electrode 
and can be calculated theoretically. In  the case of 
RRDE curves of DEF, the exper imental  value of N for 
the first reduction wave equals its theoretical value 
(0.555 for this electrode), because the second-order 
rate constant, k2, of the EHD reaction involving the 

DEF radical anion, [2], is so small  that  appreciable 

reaction of DEF "- does not occur dur ing its t ransi t  from 
the disk to the ring [k~ _-- 44 l i ter /msec (3-6)].  At  
more negative Ea values, however, the concommitant  
decrease of id and especially Jr, which finally drops to 
zero, shows evidence of the high instabi l i ty  of the elec- 
trogenerated species. 

The id value in that potential  region is proport ional  
to the concentrat ion at the disk surface of species able 

to undergo reduction, DEF and D E F .  Hence, the de- 
:rease of id in a region where the dianion, DEF 2-, is 
~resumably formed (by comparison with the behavior 
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Fig. 1. Diethyl fumarate voltammograms in O.1M TBAI-DMF 
solutions. RRDE voltammograms. ~ ~ 45 sec-1; C ---- 9.4 raM. (a) 
id vs. EU, (b) ir vs. Ed with Er --~ O.OV vs. Ag-RE. Cyclic voltammo- 
gram (c) 200 mV/sec, C ---- 12 mM. 
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of olefins of similar s tructure)  reveals the existence of 
a chemical stage involving the intercept ion of incom- 
ing parent  molecules by the dianion and /or  by species 
formed after reactions of it. Thus the reaction kinetics 
are concentrat ion dependent,  so that  for a sufficient 
concentrat ion of DEF, the id,i value is lowered to a 
value smaller  than  that  of the first diffusion plateau. 
A study of the var iat ion of idj with concentrat ion of 
DEF, C, can then provide informat ion about the na tu re  
and the kinetics of the reactions in  this potential  region. 
The " information content" of such an id.1 VS. C plot is 
not sufficiently high that  the e lementary  steps or their  
rate constants can be determined individually.  What  
can be obtained is the over-al l  reaction order and rate 
constant. Our approach was to use digital s imulations 
(14) of different reaction sequences involving the 
dianion assumed to be produced in  the region of the 
dip. We assumed that  no fur ther  reduction of the 
dianion at the electrode occurred at these potentials and 
that the predominant  reaction of the dianion was that 
with DEF. Thus the rate of disappearance of the mono- 
mer  DEF, by reaction with the dianion could be ex- 
pressed as 

- - d [ D E F ] / d t  = kn[DEF 2-]  [DEF] n [4] 

where n ~ 1 represents the order of the equivalent  
over-al l  reaction and kn is a composite rate constant, 
which is a funct ion of the rate constants of the ele- 
menta ry  bimolecular  reactions involved in the reaction 
mechanism, as described later in this paper. 

Digital  s imula t ion  p r o c e d u r e . - - A  digital s imulat ion 
of id.1 for different values of kn and n was under taken.  
The general  procedure involved the same theoretical 
t rea tment  as that  used previously for a var ie ty  of 
electrochemical and RRDE problems (3-5, 14-17). Its 
extension to the study of the DEF second reduction 
wave process of the RDE is fair ly straightforward. The 
program wri t ten  previously by Prater  (15, 16) needed 
some modifications, with the diffusion and hydrody-  
namic parts remaining  unaltered.  The expression for 
the flux at the electrode surface, and accordingly the 
normalized current,  was wr i t ten  to take care of the 
new boundary  conditions involved in the two-step re-  
duction. To do the s imulat ion in  terms of dimensionless 
parameters,  it is convenient  to define the current  by 
the ratio of idj over the value of twice the l imit ing 
current  of the first reduction step. This ratio was called 
CONID. Another  dimensionless var iable  used was 
X K T C  ~, defined as 

X K T C  ~ : (0.51)-2/svl/~D-1/3kn~-lC n [5] 

which contains the rate constant k n and the DEF con- 
centration, C. We assumed the same diffusion coeffi- 
cients for all of the species, D. The other parameters  
have their usual  meaning.  The digital program was 
tested by the s imulat ion of an electrochemical process 
characterized by two separate reduction steps without 
kinetic complications. Simulated working curves were 
obtained for CONID as a function of l o g ( X K T C  n) for 
several values of n. One difficulty which often arises in 
the s imulat ion of electrochemical systems with coupled 
chemical reactions with large rate constants is that the 
reaction layer thickness becomes much less than that 
of the diffusion layer so that only a few elements de- 
scribe the concentrat ion profile and the accuracy is 
diminished. In the present  study this difficulty was 
overcome by determining the l imit ing CONID value 
for k,, ~ oo (practically 107-10s), i.e., by the s imulat ion 
of a totally i rreversible reaction of DEF 2- with n DEF 
molecules. Working curves spread across the whole 
range of normalized rate constants could be obtained 
by interpolat ing the accurate values at smaller  rate 
constants toward the l imit ing one; typical working 
curves are shown in Fig. 2. From these results curves 
of CONID vs. log (C) for each n and for several values 
of l o g ( X K T )  (where X K T  = X K T C n / C  n) were ob- 
tained and compared with the corresponding experi-  
menta l  points (Fig. 3). In  the exper iment  ida was taken 

.............. I1-1 O,5 . . . . . . . . . . . . . . . . .  .- 

) . . . . . . . . . . . . . . . . . . . . . .  - .......... fl~t 

log ............ ":~ . . . .  xktc n 
1,0 2rO 3.0 4.0 5.0 

Fig. 2. Simu[ated COHID vs. Iog(XKTC") curves for several values 
of n. 

Fig. 3. Simulated CONID vs. log C curves for n - -  2 and XKT 
values of: (a) 7 • 10 7 , (b) 3 • 10 7 , (d) 10 8 , (e) 10 9 . (c) (Dotted 
line) best fit to experimental results (yielding XKT = 5.6 • 10~). 

at E = --1.8V and the concentrat ion was var ied be-  
tween 10 -2 to 10-3M. This concentrat ion range proved 
to be the best for accurate measurements.  At concen- 
trations below 10-SM side reactions of the dianion with 
impur i ty  proton donors may be a problem. Measure-  
ments were difficult at the relat ively high currents  
observed for concentrations greater  than  10-2M. The 
choice of the reaction order parameter  was made as 
follows. The slopes of the s imulated CONID vs. log C 
plots, such as Fig. 3 at a given point (e.g., CONID = 
0.4) differ for different values of n. A plot of the slope 
for different values of log X K T C ~  (Fig. 4) provides 
working curves which allow a more precise comparison 
of experimental  and simulated data; this comparison 
leads, wi thin  the assumed mechanism, to an n of 2. 
Once n is known, the value of k ,  can be estimated 
through the best fit be tween exper imental  and calcu- 
lated CONID vs. ( - - log  C) curves. The average value 
for kn was 7 • 10SM-lsec -1. 
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Io SLOPE for CONID=O.4 

.3 

Fig. 4. Variation of the slope of CONID vs. Iog(XKTC n) simulated 
curves at CONID = 0.4 vs. log C for several values of n. Circles 
indicate experimental data. 

Macroscale electrolysis resuIts.--Bulk electrolysis ex- 
periments  were performed to ident ify reaction prod- 
ucts. The same working conditions as the RRDE experi-  
ments  were used. The reduction was carried out at a 
cont inuously st irred mercury  pool cathode at a con- 
trolled potential  of --1.85V vs. Ag-RE in anhydrous 
DMF. For concentrations between 5 X 10 -8 and 0.2M, 
the apparent  n u m b e r  of faradays per mole of DEF, 
•app, was about the same as for the coulometric reduc-  
tions performed after the first reduction wave. The 
vicini ty of the third reduct ion peak and of the back- 
ground reduction l imit  did not allow an accurate mea-  
surement  of n~p, bu t  most of the values fetl in the 
range of 0.55-0.65. Thus napp less than one is consistent 
with the existence of a reaction consuming parent  
molecules. Dur ing  electrolysis, the working compart-  
ment  solution showed a t ransient  yellow color before 
tu rn ing  gradual ly  amber. The middle compartment  re-  
mained colorless. Cyclic vol tammograms taken dur ing  
electrolysis showed a decrease of both reduction peaks 
with time. At all times dur ing electrolysis no addit ional 
peaks were detected and the viscosity of the solution 
was apparent ly  unchanged.  

After completion o f  the electrolysis, no precipitate 
could be isolated, which might  be formed by a poly-  
addition reaction init iated at the electrode and con- 
t inuing  in the bulk solution. Systematic attempts using 
gas chromatography to detect any ethanol (or e thanol-  
ate) that might  be formed as a result  of a subsequent  
reaction were unsuccessful. Such a possible pa thway 
was first suggested by Nelson (18) to explain results 
based on ESR measurements.  Recently, it was shown 
that a Dieckmann- type  el iminat ion of ethoxide stabil-  
izes the dimeric c innamate  ester dianion (19, 20); 
however such a mechanism involves a different olefin 
under  different working conditions. Our results demon-  
strate that E t O -  el iminat ion from the DEF dianion 
does not occur. A proton NMR analysis was carried out 
on the isolated electrolysis products and the spectra 
compared with those of pure samples of hydrodimer,  
diethylsuccinate, and DEF. The results indicated that 
no dihydroproduct  was formed. Moreover, no peak 
relat ive to protons carried by an sp 2 carbon could be 
detected. The spectra exhibited two major  groups at 

5 = 4.15 ppm(CH2) and 8 _ 1.30 ppm(CHs) ,  arising 
from several nonequiva len t  ethyl groups. These major  
peaks were separated wi th  numerous  small  groups in  
the CH and CH2 region. In tegrat ion of this region led 
to a value of 1.2 nonethyl  pro tons /e thyl  group. These 
results were qual i ta t ively confirmed with C-13 NMR. 
We at tempted to obtain addit ional informat ion about 
the molecular  weight of the reaction products by using 
mass spectroscopic techniques. The mass spectrum of 
pure hydrodimer  (M = 346) shows characteristic se- 
quences of peak groups separated by loss of C2H50 
units  (m/e  = 45) and C2H5COO units  (m/e  = 73) be- 
ginning with peaks at m/e  = 301. The parent  peak was 
absent. Qualitatively, the same type of spectra were 
obtained with the reaction products. The ~hree first 
peak groups started, in  the high range of m/e  ratios, 
at 471, 472, 473-442, 443, 444 and 426, 427, 428. In the 
lower range, groups of peaks were  positioned at m/e  
ratios arising from loss of uni ts  of 45 and 73. Since no 
peaks were detected at m/e  values higher than  the 
above limit, the mass spectra suggest formation of iso- 
meric t r imers as the predominant  higher molecular  
weight species. 

Discussion 
The exper imental  results indicate that formation of 

the dianion does not lead to polymer formation and 
both the RDE results (showing n = 2) and the  napp 
results suggest predominant  d imer  and t r imer  forma-  
tion. The absence of ethanol as a product  demonstrates 
that a Dieckmann- type  in t ramolecular  cyclization does 
not occur. Three possible reaction schemes can be sug- 
gested, depending on the mode of reaction of the DEF 
dianion (RH22-) with parent  molecule (structures are 
shown in  Fig. 5). 

1. Proton trans]er scheme.--The DEF dianion is a 
strong base and could abstract a proton from incoming 
parent  monomer  

RH22- + RH~ ~=~ RI-~-  ~- R H -  [5] 

This type of reaction between electrogenerated di -  
anion (as a base) and a second molecule has been dis- 
cussed by Baizer and co-workers (21, 22) and Iverson 
and Lund  (23). The carbanion R H -  could then react 
with an addit ional molecule of incoming parent  

R H -  -k RH2 ~ R2H3- [6] 

in  a Michael reaction, with the dimeric species being 
protonated to yield R2H4 or reacting with yet another  
molecule of RH2 to form the tr imer,  RsH6. If [5] is 
rapid and [6] is the ra te -de te rmin ing  step, a kinetic 
expression of the form of [4] would result, with n = 2. 
The napp found for this scheme would depend upon the 
fate of the RH3- species and whether  protonat ion of 
any of the intermediates  (e.g., RHs-  or R2IZ~-) gener-  
ates R H - .  

2. Electron transfer scheme.--The t ransfer  of an elec- 
t ron between the dianion and parent  is the rmodynami-  
cally favored and would lead to two radical  anions (re-  
action [7] ) 

RHea- "-F RH2 -> 2RH2 - [7] 

This route would lead to hydrodimer,  R2H~, via reac- 
tions [2] and [3]. Since the radical anion coupling re-  
action is relat ively slow, about 44 M-Z-sec -z under 

these conditions (3-6), a large fraction of the RH~-  
produced in  the vicini ty of the electrode will be re-  
duced to dianion before coupling. The coupling in te r -  
mediate R2I-I4 e -  cannot be the major  source of the 
current  decrease in the vicinity of the second wave, 
since it is also produced at the first wave as well. 

3. Direct addition scheme.--The direct addit ion of 
the dianion to parent  would lead to a species formally 
the same as that  resul t ing from the coupling of two 
radical anions 

RH22- + RH2-> (RH2) (RH2) 2- [8] 
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2 -  R2H 3"- R2H 4 

At this t ime scheme 1, the proton t ransfer  scheme, 
appears most reasonable, al though we did not detect 
an ethylenic double-bond in the products by NMR 
analysis, as would be expected in the unsa tura ted  
dimer or t r imer  R2H4 or R~H~. These species might  
also be reducible at potentials of the second wave, 
since they contain the basic DEF grouping, and thus 
undergo fur ther  reduct ion and protonat ion in the 
macroscale electrolysis experiments.  Addit ion of proton 
donor, even a re la t ively weak one such as water, causes 
an increase in the current  at the second wave by com- 
peting with RH2 as a proton source. In  the absence of 
R H -  interception of the incoming parent  compound is 
avoided. 
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Fig. 5. Structures of various possible species. Y = --C--OEt 

If this species were identical to the R2I-I42- of reaction 
[2] appreciable reaction of it with parent, reaction [9], 
would not be expected. However if this species were 
different, at least for the time needed to undergo the 

(RH2) (RH2) 2- + RH2 --> (RH2) 2RH22- [9] 

subsequent  reaction, then production of the tr imer,  
R3Hs, would be possible at potentials of the second 
wave. The sequence of reactions [8] (rapid) and [9] 
(rate determining)  would lead to an equation of the 
form of [4] with n ---- 2. The way in which the two 
dimeric dianionic species may differ might be analogous 
to the difference in behavior found in the cross-coup- 
l ing and self-coupling rates of the radical anions of 
the trans- and cis-pair diethyl fumarate  and diethyl 
maleate (17, 24). In  that case the trans-radical anion 
couples rather  slowly and does not react with acry]o- 
ni t r i le  (AN), while the cis-radical anion, which isom- 
erizes quite rapidly to the trans-form (25, 26), couples 
about two orders of magni tude more rapidly and re-  
acts with AN. This ra ther  speculative suggestion, that  
the dimeric dianion has some memory of its origin, at 
least for a t ime long enough for it to react further,  will 
require more definitive experiments,  probably in a 
less complicated system, before it can be considered 
established. 
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ABSTRACT 

Thin po lymer  films were  p repa red  by  eleetrodeless glow discharge  po ly -  
mer iza t ion  of te t raf luoroethylene  ( C F 2 : C F f ) ,  1,1 dif luoroethylene (CFf=CH2) ,  
and chlorotr i f luoroethylene ( C F C I = C F f )  monomers.  The chemical  composit ion 
of the  films p repa red  both in and out of the  glow discharge region was mea -  
sured by  x - r a y  photoelect ron spectroscopy (XPS)  and compared  to bu lk  
po lymer  s tandards.  The glow discharge po lymers  exhibi t  a complex carbon 
ls XPS spec t rum as compared  to the bulk  s tandards.  A min imum of four  bond-  
ing states for carbon is c lear ly  seen, wi th  r e l a t ive ly  high concentrat ions of 

I l 
u C F a ,  - - C - - F ,  - - C u  in addi t ion to - - C F f - - .  The po lymer  surface composit ion 

I [ 
is c lear ly  dependent  on posi t ion wi th  respect  to the discharge region. The bond 
assignments  are in close agreement  wi th  a s imple electrostat ic  model. Po lymer  
surface tensions were  obtained using the concepts of cri t ical  surface tension 
and dispers ion forces. They  cor re la ted  well  wi th  the  concentra t ion of - -CFs ,  
- - C F f - -  on the surface as measured  by  XPS. The poros i ty  of the films is shown 
to be significantly less than  meta l  coatings of s imi lar  thickness.  

Glow discharge  po lymer iza t ion  offers an excit ing 
a l te rna t ive  to classical methods  of po lymer  synthesis. 
The types  of po lymers  are  po ten t ia l ly  l imit less  be-  
cause the combinat ion of gases enter ing the discharge 
are  equal ly  as large.  Thin, uniform, amorphous,  pore -  
free films can be p repa red  with  a va r i e ty  of p rope r -  
ties for  optical,  electronic,  corrosion, wear ,  and sur -  
face applications.  A large  number  of film types  have  
been p repa red  by  this process (1). The de ta i led  dep-  
osition mechanisms are  poor ly  understood.  Electrons, 
metastables ,  ions, atoms, and free radicals  are  al l  
p resen t  in the p lasma and may  be impor tan t  in the  
po lymer iza t ion  process (2). Fu r the r  complicat ions are  
the presence of i f - g e n e r a t e d  photons and surface 
sput te r ing  processes. 

This s tudy was designed to compare the deposi t ion 
of th in  po lymer  films p repa red  by  the etectrodeless 
glow discharge po lymer iza t ion  of te t ra f luoroethylene  
( C F f = C F f ) ,  chlorotr i f luoroethyIene (CICF--CFf) ,  and 
1,1 dif luoroethyiene (CFf=CHf)  monomers.  The 
former  two monomers  were  chosen because of the 
excel lent  chemical  s tab i l i ty  and low pe rmeab i l i ty  of 
bulk  po lymers  p repa red  from them. The l a t t e r  mono-  
mer, CFf=CHf,  was chosen to test the re la t ive  s tab i l -  
i ty  of the two types of carbene free radicals ;  :CF2 
and :CHf. Pa r t i cu la r  emphasis  was given to the po ly -  
mer  composit ion as a function of dis tance f rom the 
rf  coils. A previous  pape r  that  discussed the process 
detai ls  for po lymers  p repared  from CFf--CF2 showed 
this to be very  impor tan t  (3). X - r a y  photoelec t ron 
spectroscopy, surface energy, and corrosion protect ion 
proper t ies  are the main  topics of this paper .  F luoro-  
ca rbon- type  films have been deposi ted by  glow dis-  
charge po lymer iza t ion  in a capaci t ively  coupled elec- 
t r ode - type  system; the films that  were  deposi ted on 
a lkal i  ha l ide  crystals  were  pinhole  free, chemical ly  
resis tant ,  and adheren t  (4). 

Experiment 
Figure  1 shows the thin po lymer  film deposi t ion 

system. A 500W, 13.56 MHz rf genera tor  (LFE Cor-  
pora t ion)  was used to induct ive ly  couple to the  re-  
spect ive monomers  flowing through  a fused silica 
tube. No car r ie r  gas was used in these exper iments .  

* E lec t rochemica l  Society Act ive  Member .  
Key  words :  corrosion,  deposi t ion,  film, m o n o m e r s ,  po lymeriza-  

tion. 

Rad[oI FreQuency ~ 4 ~ * o ~ 4  Rnt~rinn 
I 

c- to-Air  
'e 

Vacuum 
Pump 

Fig. 1. Glow discharge thin polymer film deposition system 

The unique fea ture  of this system is the  deposi t ion 
chamber  outside of the rf  coil region. This minimizes  
subs t ra te  heat ing of mater ia l s  that  couple to the rf  
source. Deposi t ion was car r ied  out on NiFe (100 nM) 
coated glass microscope slides placed in regions A to 
E; however,  for this repor t  films p repa red  in the rf  
p lasma  (region B) and in the deposi t ion chamber  
(region D) wil l  be the  focus of our at tention.  A 
piezoelectr ic  quartz  thickness moni tor  in the deposi-  
t ion chamber  was used to moni tor  film growth.  Gen-  
eral ly,  the ra te  of deposi t ion in the p lasma  region 
was 103 grea ter  than  in the  deposi t ion chamber.  The 
subst ra tes  were  u l t rasonica l ly  c leaned in hexane,  ace-  
tone, and isopropanol,  fol lowed by  an in situ argon 
(60W) p lasma  cleaning jus t  p r io r  to polymerizat ion.  
Table  I shows the process condit ions used for the  
three  monomers  in this report .  

X - r a y  photoelect ron spectra,  commonly  re fe r red  to 
as ESCA, were  measured  on a d i spers ion-compensa ted  
monochromat ized  spec t rometer  using A I ( K a )  r ad i a -  

Table I. Glow discharge polymerization process conditions 

Rf Pres-  Depos i t i on  rate  
p o w e r  sure  in reg ion  D 

Mo n o mer  Inhib i tor  (W) (~) ( n M / m i n )  

CF~=CF2 1% a ter-  280 35 0.26 
p inene  

CF2 = CH2 None 500 33 0.86 
C1CF = CF2 None 500 47 0.07 

1308 
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Table ]1. XPS binding energy results for bulk fluorocarbon polymers. The number in parenthesis 
following BE is full width half-maximum and that below is the BE reported by Clark (7) 

Bonding  Carbon (is) 

P o l y m e r  CH~ CF CF~ CF3 CFCI F ( l s  ) C1 (2p8/~) 

FEP Tef lon - -  289.9 (1.2) 291.8 (1.3) 293.8 (1.0) - -  689.1 (1.7) 
(289.8) (291.8) (293.7) (690.2) 

Po lyv iny l idene  f luoride 286.4 (1.2) - -  290.9 (1.0) - -  - -  687.9 (1.7) - -  
( 286.3 ) ( 290.8 ) ( 689.6 ) 

Po lychlorotr i f iuoreeth-  - -  - -  291,1 (1.1) - -  290.7 (1.1) 688.2 (1.7) 201.3 
y l ene  (291.9) (290.8) (69{}.8) (201.1) 

t ion (Hewlett  Packard ESCA 5950A). The resolution 
of this ins t rument  is 0.8 eV for the carbon ls b inding  
energy (BE). The gold 4f7/2BE at 83.95 eV was used 
as the reference energy by evaporat ing a fraction 
of a monolayer  of Au onto the polymer surface in  
the spectrometer. Argon ion etching was used to 
demonst ra te  the fragile na ture  of these type polymer  
materials  to sputtering, a fact clearly demonstrated 
by Collins for bu lk  PTFE (5). 

XPS is surface sensitive due to the short path length 
of the escaping photoelectrons. For example, 90% of 
the in tensi ty  comes from the top 3.5 (35A), 2.3 (23A), 
3.7 (37A) nM for the C( l s ) ,  F ( l s ) ,  and Cl(2p) elec- 
trons, respectively, if one uses the escape depths pub-  
lished for homogeneous materials  (6). There is con- 
siderable debate regarding the applicabil i ty of these 
escape depths to amorphous systems and the actual 
escape depth may be twice that  given above. We as- 
sume the surface composition is the same as the bulk  
for this study. Evidence to support this assumption 
is that the bulk  analysis of carbon and fluorine in a 
plasma polymer deposited from CF2~--CF2 agreed with-  
in  4% with the XPS quant i ta t ive  results. Both peak 
position (BE) and integrated in tensi ty  (I) were mea-  
sured. Manual  curve fitting of the complex ls spec- 
t rum was also used in making  quant i ta t ive  statements 
about the bonding of carbon. Sensit ivi ty factors used 
in  this study were based on our bulk  standards work. 
These were 1.0, 0.20, and 0.48 for F ( l s ) ,  C ( l s ) ,  and 
C1 (2p), respectively. 

XPS is well suited to fluoropolymer studies because 
of the highly electronegative fluorine atom that causes 
large C( l s )  shifts and the long-l ived final states that  
minimize relaxat ion effects observed in t ransi t ion 
metals. The technique has been extensively apptied 
to bulk fluorocarbon polymers (7, 8). We repeated 
bu lk  studies on FEP Teflon [ (CF2--CF2) x (CF2- -CF- -  

I 
CF3)y], polyvinyl idene fluoride [(CF2--CH2)x], and 
polychlorotrif luoroethylene [ (C1CF----CF2)x] for com- 
parison to the plasma polymer analogs and as a check 
on our BE's. Table II shows the measured BE of the 
bulk  polymers and compares them to the values ob- 
tained by Clark and Feast (7). The carbon ( ls)  levels 
are in good agreement;  however, our F ( l s )  BE~ are 
general ly  lower by 1-2 eV. It is not clear why these 
differ if one assumes both ins t ruments  were calibrated 
over the complete BE scale. Based on this assumption, 
the facts suggest our polymers had more ionic char-  
acter in the C - - F  bond than those of Clark and Feast. 

The surface energies of the deposited films were 
evaluated using both the concept of critical surface 
tension developed by Zisman (9) and dispersion force 
arguments  popularized by Fowkes (10). The two 
methods agreed wi th in  exper imental  error, therefore, 
only an average solid surface tension (Ts) is reported. 
Contact angles were measured with a Rame Hart  
Model A-100 goniometer using hexane, heptane, te t ra-  
decane, hexadecane, 1 methy]naphthalene,  ethylene 
glycol, and polyethylene glycols as reference fluids. 
Infrared spectra were taken on a Perk in  Elmer  457 
spectrometer. The complex na ture  of the deposited 
films coupled with the lack of precise group absorp- 
t ion assignment  for macromolecules and broad CF 

stretching bands makes the infrared work very  qual i -  
tative. 

The pore densi ty of the coatings was measured op- 
tically after exposing the polymer-coated reactive 
NiFe metal /glass  substrates to an accelerated gaseous 
test environment .  The test conditions are given in  
Table I i I  with t ime a variable. This env i ronment  
"decorates" pores in the polymer film by corroding 
the metal  film. 

Results and Discussion 
Polymers were deposited from all three monomers. 

The deposition rate in  the chamber  (region D) dif-  
fered by approximately a factor of 10; CF2-~CH2 go- 
ing down most rapidly and C1CF:CF~ least. The 
plasma po lymers  are quite different from bulk  a n d  
exhibit  a strong composition dependence on l o c a t i o n  
with respect to the rf coils in most cases. The s u r f a c e  
energy reflects these differences. Strong evidence for 
very high cross-l inking is given. The polymers pre-  
pared in the plasma tend to be bri t t le  and nonadherent .  
The films in  this region take on a yellow to l ight 
brown color. The polymers deposited in the chamber  
(region D) are adherent  and colorless. The failure 
of the reactive metal  undercoat  is via pores in the 
film not general  film degradation. The pore density is 
significantly less than  gold coatings of s imilar  thick-  
ness. The polymers prepared from CF2-~CF2 and 
CF2:CH2 are insoluble in  Freon PCA while those 
prepared from C1CF--CF2 a re  soluble. 

Table IV gives the XPS and surface energy results 
for the three systems studied. Figure 2 graphically 
i l lustrates the carbon (ls)  region of the XPS and 
clearly demonstrates the differences between plasma 
and bulk  polymers. With these few int roductory re- 
marks, w e  will now discuss each system separately 
except for the pore density study. 

CFz:CFz.---These glow discharge polymers show 
strong evidence of cross-l inking and a relat ively high 
concentrat ion of --CF~ funct ional  groups in the XPS 
spectra. The assignment of part icular  C( l s )  b inding 
energies to a given funct ional  group is based on a 
combinat ion of the bulk  standards and a simple elec- 
trostatic potential  model for group electronegativities 
(11). Using the relat ive sensit ivity and BE data in 
Table IV allows us then to calculate both total atomic 
composition and dis t r ibut ion of this composition be-  
tween various functional  groups. Table V summarizes 
these results. 

The polymers prepared in  the plasma show an 
atomic composition that is quite rich in carbon corn- 

Toble Il l . Corrosion test environment to assess pore density 

(Temperature, 25~ g a s  ve loc i ty ,  10 e m / s e c ;  
relative humid i ty ,  70%) 

Concentra t ion  
Gas ( ~ g / M  3) 

SOs 810 
NO~ 940 
O8 334 
H2S 21 
C12 8.6 
Balance ,  purif ied air 
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Table IV. XPS results 

S t a r t i n g  
monomer  

Deposi t ion 
p o s i t i o n  

B i n d i n g  e n e r g y  ( A u ~ l e  = 83.95) a n d  measured  re lat ive  peak 
areas  ( F ( l s )  = 10O) 

Carbon l s  l ~ a , )  C r i t i c a l  sur- 
face tens ion 

1 2 3 4 5 F ( l s )  C l ( 2 p )  Ic(zs) (7c  = d y n e / c m )  

CF~ = CF= 

CF= = CH~ 

C1CF = CFs 

P l a s m a  B E  ( e V )  284.4 286.8 289.0 291.1 293.2 688.4 - -  7.0 - -  0.5 22 - -  2 
( r e g i o n  B)  I 0.42 3.45 4.26 3.87 2.62 100 

Chamber B E  ~ 287.0 289.2 291.7 293.8 688.9 ~ 11.2 + 0.3 12 - -  1 
(reg ion  D )  I - -  0.55 0.44 6.82 1.16 1O0 - -  

F E P  B E  284.1 ~ 289.9 291.8 293.8 689.1 - -  10.3 • 0.6 18,5 - -  1 (9) 
( b u l k  s t d . )  I T r a c e  0.38 9.29 0.64 1O0 

P l a s m a  B E  - -  28~.8 287.7 290.4 292.9 687.6 - -  2.8 • 0.2 31 • 2 
( r e g i o n  B)  I - -  19 8.2 8.2 2.9 100 

C h a m b e r  B E  ~ 285.8 287.9 290.2 292.9 667.7 - -  3.0 • 0.4 26 • 3 
( r e g i o n  D)  I 21 8.7 4.6 3.3 lOO - -  

P o l y v i n y l i d e n e  B E  28~.0 286.4 - -  290.9 - -  687.9 - -  5.4 • 0.7 25 (9)  
f l u o r i d e  I 2.6 9.91 ~ 8.96 - -  lOO - -  

( b u l k  s t d . )  
P l a s m a  B E  284.4 286.5 289.2 290.8 292.8 688.0 201.1 

(region B)  202.6 5.1 • 0.5 27.5 • 2 
I T r a c e  5.5 5.7 4.6 1.1 100 19.4 

Chamber B E  - -  286.3 289.2 291.2 293.0 688.3 200.9 
( r e g i o n  D )  287.8 202.4 6.7 • 0.6 21 • 2 

I - -  3.8 1.9 7.4 1.5 100 8.4 
1.3 

P o l y c h l o r o t r i -  B E  284.4 ~ ~ 291.1 ~ 688.2 201.3 
f luoroethylene  290.1 202.9 7.7 • 0.6 30.8 (9) 
( b u l k  s t d . )  I ~ ~ ~ 6.7 ~ 10O 16.0 

6.3 

Table V. Group assignments and concentrations for polymers prepared from CF2 = CF2 

Atomic  
D e p o s i t i o n  r e g i o n  C o m p o s i t i o n  

Group ass ignments  and normal ized percentage  present  

C F F F 

c- c 
(286.8) (289.5) (291.5) (293.5) 

R e g i o n  B ( p l a s m a )  CFI.~• 
R e g i o n  D ( c h a m b e r )  CF~ ~• 
F E P  T e f o n  b u l k  s t a n d a r d  CF~.~•  

24 30 27 18 
6 5 76 18 

- -  4 90 6 

pared  to the s ta r t ing  monomer,  whi le  the chamber -  
deposi ted po lymer  shows enhanced levels of fluorine. 
Fur the rmore ,  as shown in Fig. 2, the  po lymers  p r e -  

~,.~22~ CF2 = CF2 I c~2 "cH2 j ClCF = CF 2 

I i 

] ,A , , i  / i l  ~ ^,/",/ / ,Y~_, ' , / \  / 

i f I f~ PEP Teflon polyvinu luoeide polych{omtri uorc- 

i I A^  . . . . . . .  
I i 

~ & i I , f  '~ Ii , t'i;'~/ 

J III 
[ I ,,'i 

, J I , , ,J , [ ,  , , ~1  . . . .  ~ I I I  I I  I l l l  

. . . . .  1:i2 L'. 'il i 21 _ , 'i': Lid 
- c -~  c - r  

Fig. 2. Carbon (ls) x-ray photoelectron spectra of glow discharge 
polymers made from CF2----CF2, CF2~CH2,  and CICF.~CF2 
monomers. 

pared  in the p lasma  have app rox ima te ly  equal  quan-  
tit ies of the four ma jo r  carbon funct ional  groups r a n g -  
ing f rom carbon wi th  four  carbon neares t  neighbors  
to --CF3. The ne twork  s t ruc ture  of this po lymer  is 
qui te  complex and suggests a high concentra t ion of 
cross-l inks.  The chamber -depos i t ed  po lyme r  (region 
D) shows a preponderance  of - - C F 2 - -  wi th  a r e l a -  
t ive ly  high concentra t ion of - -CF3 (13%). The two 
lower  BE peaks  are  smal l  but  significant. I t  is in te r -  
est ing to note that  the  FEP  s t andard  showed evidence 

I 
of - -CF3 and - - C - - F  in addi t ion to the ma in  --CF~-- 

1 
group. No evidence was seen for a carbon sur rounded  
by  four  carbon neares t  neighbors.  When  the chamber -  
deposi ted po lymer  is spu t te r  etched for 60 sec wi th  
argon ions (1000V), the  surface is d rama t i ca l ly  con- 
ver ted  to a spect ra  l ike that  observed in the p lasma  

I 
region, i.e., high carbon contents  and large C - - C - - C  

concentrations.  This mere ly  suggests resput te r ing  p lays  
an impor tan t  role  in the p lasma  deposi t ion process. 

Mil tard and Pav la th  have s tudied the p lasma  depo-  
sit ion of CF2 :CF2  on wool fabric and plast ic  surfaces. 
In  the i r  capaci t ively  coupled system, they  find a com- 
p lex  po lymer  much l ike  tha t  observed in our glow 
region. Our BE are in reasonable  agreement ;  however ,  
the i r  funct ional  group ass ignment  is complicated by  
the presence of oxygen  in the po lymer  and poor 
ins t rument  resolut ion (12). 

The in f ra red  spectra  of the po lymers  deposi ted in 
the  two regions are  quite different.  The p la sma-  
deposi ted films yie ld  a ve ry  diffuse spectrum,  while  
the depos i t ion-chamber  po lymers  have  a spec t rum 
much l ike PTFE. A smal l  snoulder  at 975 cm-*  p ro -  
vides some evidence for C-F  groups in agreement  
wi th  XPS (3). 
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The surface tension (Ts) of the glow discharge 
polymers is consistent with the XPS results. The 
chamber-deposi ted films have a very low surface 
tension, 12 dyne/cm,  indicative of a high surface 
concentrat ion of --CF8 (9). This Js considerably lower 
than bulk  FEP. The surface pur i ty  of the glow dis- 
charge polymers is significantly bet ter  than the bulk  
polymers. The XPS 0( l s ) ,  N ( l s ) ,  and C( l s )  hydro-  
carbon intensit ies were used as a measure of purity.  
This may be an al ternat ive explanat ion for the low 
surface tension in  the chamber polymers. The poly-  
mers prepared in the plasma have higher surface 
tensions than the standard. The higher concentrat ion 
of lower binding energy forms a carbon dominate in  
this lat ter  case. 

The lifetime of the reactive components, be they 
surface or gas phase, are quite different as indicated 
by the large differences in  polymer composition with 
respect to the rf coils. One can speculate that in the 
deposition chamber  adsorption of the monomer  to 
free radical chain ends is the dominate propagat ion 
step. Resputter ing is probably  very min imal  and, 
hence, the side groups would be formed in the gas 
phase. In  the plasma zone resput ter ing processes are 
speculated to remove fluorine or - -CF2-- ,  - -CF3 groups 
preferential ly,  yielding a far more complex propaga- 
t ion step. 

CFz~CH2.--The polymers prepared from CF2~CH2 
show marked similari ty in both the plasma and depo- 
sition chamber compared to the significant differences 
observed for the CF2=CF2 materials.  They are quite 
complex and have a fluorine surface concentrat ion 
significantly less than the bulk  polymer. Table VI 
shows group assignments and dis tr ibut ion of carbon 
funct ional  groups. It is impor tant  to note that XPS 
cannot detect hydrogen and, hence, in terpre ta t ion of 
this system is more speculative. The low binding 
energy form of carbon can be a complex combinat ion 
of carbon w~h  four nearest  carbon neighbors or 
C--CH2--C (hydrocarbon) .  Infrared spectra confirm 
the presence of both CH stretching (2930 c m - D  and 
deformation (1450 c m - D .  

The surface tensions for polymers prepared in both 
regions are greater  than the bulk  polymer. This sup- 
ports the reduced levels of - - C F 2 - -  groups observed 
in the XPS study. 

The deposition mechanism for this mixed hydro-  
and fluorocarbon system is not s imply the deposition 
of a mater ial  originating from difluoro carbene in 
one region and dihydro carbene in another. The im-  

portant  reactive monomer  may, however, be mono-  
fluoroacetylene originating from HF removal  in the 
plasma. The carbon-to-f luorine ratio is consistent with 
this picture; however, the complex C( l s )  XPS shows 
this not to be the whole story. 

ClCF--CFz.--Examination of the two deposition r e -  
g i o n s  clearly demonstrates the complex na ture  of 
these plasma films compared to bu lk  polychlorotr i-  
fluoroethylene. Bond assignments are complicated in 
this system because of the various combinations of 
the consti tuents that yield similar b inding energies, for 
example, the calculated BE of --CC12F is wi th in  0.2 
eV of - - CF 2- -  (11). The atomic composition, as mea-  
sured by XPS (Table VII),  shows both fluorine and 
chlorine at lower levels in the plasma polymers. Just  
as in  the CF2~---CF2 system, the polymers prepared 
in the plasma show a higher concentrat ion of t h e  
lower binding energy forms of carbon. 

The surface tension measurements  show that the 
polymers prepared in both regions have lower values 
than the bulk. For the chamber-deposi ted fiIms, 
where the 7s is close to that  of PTFE, the XPS peak 
at 291.0 must  be predominate ly  due to - - C F 2 - -  groups. 

The relat ively low concentrat ion of chlorine in 
the chamber polymers supports preferent ial  removal  
o f - -C1  from the monomer  compared to fluorine. 

Barrier Properties 
The pore densi ty tests using a reactive transi t ion 

metal  (NiFe) substrate  show convincingly that  the 
polymers deposited in  the deposition chamber  pro-  
vide superior atmospheric protection to metallic coat- 
ings of similar  thickness. The pore sizes increased 
l inear ly  as a funct ion of test exposure t ime while the 
pore density reached a plateau. This is used as in -  
direct evidence that  these polymers are not severely 
degraded by  the accelerated test conditions. Figure 3 
shows the pore density of the chamber-deposi ted 
CF2zCF2 films as a funct ion of thickness and com- 
pares them to gold overcoats on nickel (13). The 
insert  shows the t ime behavior  of the pore size and 
pore density. The low pore density is speculated to 
result  from the amorphous character of these ma-  
terials coupled with the uni form in situ cleaning and 
deposition. These results support the work of Hollahan, 
Wydeven, and Johnson (4). 

Summary 
Thin polymer films prepared by electrodeless glow 

discharge polymerizat ion of CF2~CF2, CF2~CH2, and 

Table VI. Group assignments and concentrations for polymers 
prepared from CF2:CH2 

Deposition region 
Atomic 

composition 

Group assignments and normalized percentage present  

C 

C--k--C, --CH~-- 

(285.8) 
[ --CF~-- 

(287.8) (290.5) 
--CF3 
(292.9) 

Region B (plasma) CFo.~eI-I~ 54 23 lS 8 
Region D (chamber) CFo.eoH~ 56 23 12 9 
Polyvinyl idene fluoride CF1.0~I~ 53 0 47 O 

standard 

Table VII. Group assignments and concentrations for polymers 
prepared from CICF----CF2 

Deposition region 
Atomic 

composition 

Group assignments and normalized percentage present  

--CF~--- 
--C-- --C--C1 --CF,--CCI~-- (291.0) 
(286.3) (287.8) (289) --CFC1-- 

--CFa 
(292.8) 

Region B (plasma) 
Region D (chamber)  
Polychlorotrifluoro- 

ethylene standard 

CFI.lsClo.4~ 33 -- 34 27 6 
CF1.~C1o.22 24 8 12 47 9 
CF1.54Clo.5 - -  - -  - -  52 48 

(--CF~--), (--CCIF--) 
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200 -o 
~ "  Time Behavior of 30.0 nM 

I 200 from CF 2 = CF 2 

' ,0o 
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E o //, 
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e-. 

�9 \ 

o \ ~ Electroplated Au on Ni 

5O \A~ 12} 

RF Chamber Deposited 
Fluorocarbon on Nio.8Feo.2 

0 I I I I 
0 20O 4OO 60O 

Overcoat Thickness (riM) 

Fig. 3. Pore density as a function of film thickness for fluoro- 
carbon-like plasma polymer on NiosFeo.2 and Au on Ni. Insert 
shows time behavior of pore density and pore size for 30;0 nM 
polymer film. 

CFCI :CF2  monomers  exhibit compositions and surface 
tensions significantly different than bulk polymers 
prepared from these monomers. The XPS data clearly 
demonstrate a deposition location dependent compo- 
sition for the fully halogenated monomers. This method 
of deposition may provide valuable indirect evidence 
of reactive specie lifetime. A multi tude of C (ls) bind- 
ing energies are observed for all polymers deposited 
in the plasma (region B). The low binding energy 
form suggests cross-linking and complex network 
formation. The solid surface tensions can general ly 
be rationalized by the relative amounts of CF3, - -CF2- -  
surface concentrations. The barrier  properties of these 

films are much better than crystalline metallic coat- 
ings of similar thickness. 
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Electrochemical Investigations Concerning Ca 2+ Binding 
to Spectrin 
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ABSTRACT 

Spectrin, a prote in  located at the inner  surface of the red blood cell mem-  
brane, was isolated and investigated with respect to the binding of calcium. 
Aggregation phenomena  were found to be due to the age of spectrin. The 
electrostatic interact ion factor using the Linders t r~m-Lang method was found 
to be very weak, w ~0.01. Calcium binding occurred at 780 sites as indicated 
by Scatchard plots based on t i t ra t ion curves using a calcium-sensi t ive elec- 
trode. Ti t rat ion curves showed in  addit ion the occurrence of conformational  
changes. The presence of calcium caused the formation of filaments seen in  
the electron micrographs. The results of b inding  studies of calcium to spectrin 
may give informat ion about the influence of calcium on the change of s h a p e  
of red cell membranes  in which spectrin is suggested to be involved. 

In  red cell membranes  (RBC membrane)  the pres- 
ence of calcium controls the membrane  transport  and 
even determines the cell shape. Many investigations 
have been done for elucidating the mechanism of the 
calcium action with respect to cell shape (1-5). The 
interact ion between calcium and the inner  part  of the 
cell membrane  was found to be the reason for this phe- 
nomenon.  Some investigators suggested a high molec- 
u la r  weight protein was responsible for the b inding  
of calcium (6, 7). It was Marchesi (8) who first isolated 
a protein located at the inner  surface of the membrane  
and called it spectrin. 

Since the development  of Ca2+-sensitive electrodes 
by Ross (9), it is possible to examine directly the 
amount  of Ca 2 + ions bound by the protein and to esti- 
mate  the interact ion between this divalent  cation and 
the protein, especially if it relates to the changes of 
cell shape. 

Preparation of the Mater ia l  

Red blood cells were prepared according to the 
method of Dodge et al. (10). Spectrin was extracted 
by washing cells several times with Tris/HC1 buffer, 
pH 7.6, and then haemolyzing them in  the diluted 
buffer solution. The deciding step of separating the 
protein from its surroundings  was br inging  it into solu- 
t ion of low ion content. The composition of the mate-  
r ial  and the yield varied with pH, temperature,  and 
the dura t ion of incubation. It underwen t  an aging 
process which was dependent  on such parameters  as 
temperature,  t ime between the isolation and the be-  
g inning of measurements,  etc. (11). 

S tandard  preparat ion was carried out in the follow- 
ing way: dialysis of the protein solution in low ionic 
s t rength solvent against  distilled water  adjusted with 
NaOH to pH 8 over night  in the cold, thereafter  sepa- 
ra t ing the solubilized and unsolubil ized membrane  
components in an ul t racentr i fuge at 50,000 rpm for 3.5 
hr at pH 8. The mater ia l  was controlled by SDS-gel 
electrophoresis, immediate ly  after preparat ion as well  
as just  before being used in the b inding  experiment.  
Neither EDTA nor mercaptanes were used dur ing prep-  
aration. Electrophoretic analysis indicated that  80% of 
the solubilized mater ia l  was spectrin and higher mo-  
lecular  aggregates of spectrin. Figure 1 shows a den-  
si tometer trace of spectrin prepared by the s tandard 
method. 
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Fig. 1. Densitogram of an electrophoretic run of speetrin prepared 
at pH ~ 8.5. 

Electrometric Titrat ion with Pure Spectrin 
A possible way to identify ionizable amino acid side 

chains of a protein is afforded in principle by an elec- 
trometric titration. Spectrin prepared in the standard 
manner shows a maximum number of titrable groups 
in the alkaline region to be a funct ion of t ime after 
preparation,  Table I. It is obvious from these data that  
spectrin undergoes a process of aging finished 20 hr  
after preparation.  This final state is found in  presence 
of calcium ions (1 mmole / l i te r )  immediate ly  after 
preparation.  

The complete t i t rat ion curve allows the number  of 
all groups t i t rable in  spectrin to be estimated. There 
is protonation in an acid branch represent ing about 
1000 groups and deprotonation in  the alkaline branch 
representing about 500 groups. The total number  of 
about 1500/molecule of spectrin is in ra ther  good agree- 
ment  with the recently published value of 1663 by 
Ful ler  (12). 

Multiple equiLibria.--The t i t ra t ion curve wi thin  a 
range of pH 2-11.5 was found to be reversible. Ful ler  
(12) referr ing to a molecular  weight of 460,000 reports 
122 histidine imidazole groups. These groups have been 
reported by Tanford (13) to deprotonate from pH 
7-9.5. 

Table 1. Titrable groups in the alkaline range as a function of the 
time after preparation 

Time No. of titrable groups 

15 rain Not detectable  
1 hr 136 
2 hr 187 
6 hr 235 

20 hr 500 
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Since in this region no other groups dissociate or 
associate the application of the t rea tment  developed 
by Linders t rgm-Lang  (14) seems to be justified. 

The model  of Linders t r~m-Lang takes into account 
the electrostatic in teract ion of binding sites. One may  
obtain a measure of the interact ion by evaluat ing the 
factor w, according to the equat ion 

( ; )  PK - -  0 .868WZ : pH ~- log ~ -  

where  PK ---- internal  PK for  imidazole groups, not  iden-  
tical wi th  PK for a single group, W ---- electrostatic 
interact ion factor, z -- number  of e lementary  charges 

per  molecule, v ---- number  of dissociated groups of a 
kind, and n ---- max imum number  of 

Using the ionic s t rength of 0.01 we found w < 0.012 
with  pH ,-, 8. That  means the electrostatic interaction 
is ve ry  weak. A comparison with  the data of Tanford 
(Table II) shows a tendency of electrostatic interact ion 
factor to decrease with increasing molecular  weight.  

Ca 2+ Binding 
Electron micrographs.mA growing tendency to form 

fibrils wi th  increasing concentrat ion of CaC12 could be 
detected by electron microscopic examinat ion (Fig. 2). 
Al ignment  and format ion of long chains were  obviously 
a function of calcium ion content a l though this effect 
is over lapped by the drying process. 

Sedimentation constants.--The conditions of aggre-  
gation in the original solution can be obtained using the 
analytical  u l t racentr i fuge (Beckman/Spinco,  Model E).  
The sedimentat ion constant of spectrin determined on 
solution (0.75 OD/ml ) ,  free of Ca 2+ in good agreement  
wi th  Clarke (15), was found to be 5.3 sec. A solution 
containing 1 mmole / l i t e r  of CaC12 resulted in 10.4 sec, 
a twofold increase. It seems to be justified to assume 
that  dimers of spectrin are buil t  up in the presence of 
CaC12. 

Titration with Ca 2+ sensitive electrode.--Direct in-  
format ion concerning Ca 2+ binding was obtained by 
using the Ca 2+ ion selective electrode of Orion. It  de-  
termines  the concentrat ion of free Ca 2+ in a solution. 
When the total Ca 2+ concentrat ion of the sample is 
known, the amount  of bound Ca 2+ can be calculated. 
A surpris ingly high number  of about 780 binding sites 
for Ca 2+ per  molecule  spectrin was found (Fig. 3). 

Provided that the binding sites for Ca e+ are equiva-  
lent and independent  the representat ion of the results 
by a Scatchard plot (16) (Fig. 4) gives a straight line 
for each species of binding site. In the case of spectrin 
one can distinguish two kinds of sites. One branch in-  
dicates strong binding with a max imum number  of 
nl ---- 180 sites and kassoc of 22 X 103 l i t e r /mole  and a 
weaker  binding with  a max imum number  n2 ---- 600 and 
k~ssoc ---- 0.93 X 108 l i ter /mole .  

The t i trat ion curve obtained on protein after one and 
three days does not fulfill the conditions for application 
of the Scatchard plot. 

To give an idea of the mechanism of Ca 2+ binding 
the influence of pH can be used. Variation of pH 
showed clearly an increment  of Ca 2+ binding with in-  
creasing pH. This may be in terpre ted  as a competi t ion 
effect of H + and Ca 2+ binding to the same amino acid 
side chains. 

Table II. Calculated values for w at 25~ for different proteins 
according to Tanford (13) 

w for  ionic 
Pro te in  Mol. wt  s t r e n g t h  0.01 

a-Cort icot ropin  4,541 0.218 
Ribonuclease  13,683 0.137 
fl-Lactoglobulin 35,500 0.088 
S e r u m  a lbumin  65,000 0.066 
Spec t r in  460,000 <0.012 

Fig. 2. Electron micrographs of (a, top) spectrin pure, (b, center) 
spectrin in 1 mmole/I CaCI2, and (c, bottom) spectrln in 2 rnmole/I 
CaCI2, negative staining in 0 .10D/ml  spectrin, 1/100,000. 

Electrometric titration of spectrin solution contain- 
ing CaZ+.--In contrast to the acid-base t i t rat ion of 
fresh pure spectrin we got a complete e lectrometr ic  
t i trat ion curve if Ca 2+ was present. Moreover  this curve 
was not revers ible  in the range pH 7.5-10, which sug- 
gests conformational  changes due to the presence of 
Ca 2+ (Fig. 5). 

Discussion 
The Ca 2+ binding to spectrin depending on pH allows 

the estimation of the mechanism thereof. A compet i -  
tion between H + ions and Ca 2+ ions for the binding 
sites of the amino acid side groups seems to be pos- 
sible. 
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Fig. 3. Ca 2+ binding on spec~rin prepared at pH - -  8, measured 
at 22~ X freshly prepared spectrin, Z~ after 1 day, �9 after 3 
days. 
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Fig. 4. Ca 2+ binding on spectrin. Scatchard plot of binding curve 
measured immediately after preparation at pH ~ 8 at 0~ (curve 
x in Fig, 3). 

Fors tner  and Manery  (17) state that  carboxylic 
groups of glutamic acid and aspartic acid are re-  
sponsible for high affinity calcium binding. Mikkelsen 
and Wallach (18) find high affinity calcium binding 
to the phenolic hydroxyl  groups of tyrosine. 

Another  in terpre ta t ion  of the binding mechanism is 
offered for the low affinity b inding  sites. There are 
two reasons: (i) the high n u m b e r  of sites, and (ii) the 
observation of dimers and fibrils of spectrin in the 

presence of CaCl2. By analogy to the adsorption of Ca ~ + 
ions to the electrically charged surface of erythrocytes 
reported by Seaman et al. (19) the accumulat ion of 
Ca 2+ ions on spectrin molecules could be based on the 
electrostatic at tract ion of the negative charges, the 
number  of which is determined by electrometric mea-  
surements  being about 450 in the pH range 7-8. 

The weak electrostatic interact ion of the sites, found 
by the Linderstr~ 'm-Lang analysis, indicates the b ind-  
ing sites to be relat ively strongly fixed in their  sur-  
roundings. That  means that  a probable geometric ar-  
rangement  of the Ca 2+ ions would be br idging two 
sites of neighboring molecules, respectively, thus caus- 
ing the aggregation of spectrin molecules. 

Long and Mouat (20) find the Ca 2+ binding to ghosts 
(haemolized erythrocytes) to be three times more 
effective than to intact erythrocytes. Duffy and Schwarz 
(7) suppose that 80% of the Ca 2+ binding to the RBC 
membrane  is caused by the protein fraction. Therefore 
spectrin, as a p rominent  protein of the inner  membrane  
surface [see Haggis (21); Nicolson, Marchesi, and 
Singer (Be)I, is suggested to be responsible for the 
Ca 2+ binding. 

This assumption is stressed by some observations that  
can be made under  the influence of calcium on ghosts 
as well as on a Solution containing 80% of pure spec- 
t r in  in the protein fraction. 

Rosenthal et al. (6) report  on long chains 40-60A 
in diameter  that  are bui l t  up by a fibrous protein of the 
RBC membrane  in  2 mmoles CaCI2 solution. Fibers of 
this protein extracted from the membrane  under  condi- 
tions of low ionic s trength can be seen on the inner  
surface of ghost cells with the aid of electron micro-  
graphs (obtained by the same authors) .  This protein 
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could wel l  be spectrin.  Our own elect ron micrographs  
show exac t ly  the same s t ructures  of spectrin.  

Fo r s tne r  and Manery  (22) find a m a x i m u m  of 300 
~moles Ca2+/g pro te in  bound to high affinity sites of 
ghosts. The high affinity Ca 2+ binding to spectr in  re -  
por ted  in this paper  gives a value  about  one order  of 
magni tude  higher  than  that.  The big difference can be 
due to severa l  washings  of the ghosts af ter  Ca 2+ in-  
cubat ion a n d / o r  to the  specific Ca 2§ b inding  condit ions 
of speetrin.  These authors  also r epor t  an increase  in 
Ca 2+ binding to ghosts as a funct ion of pH. We obta in  
the  same resul ts  by  measur ing  solutions of isolated 
spectrin.  

Long and Mouat (20) detected th ree  branches  in the  
Sca tchard  plot  of Ca binding to erythrocytes .  One of 
them is due to sialic acid, the other  two by  proteins.  
That  fits ve ry  wel l  the observat ion  of two branches  in 
the  Scatchard  plot  of Ca 2+ binding to spectrin.  

For  all  these reasons spectr in  should be an impor tan t  
factor  in Ca 2 + binding to the  RBC membrane  and could 
easi ly  be responsible  for the  shape changes of the RBC 
too. 

Acknowledgment 
The authors  wish to acknowledge  the financial sup-  

por t  of this pro jec t  by  Deutsche Forschungsgemein-  
schaft  and the grant  for one of us (K.K.) .  Thanks  a re  
due to Professor  Passow for helpful  discussions, Miss 
D. Dahlem, MPI  of Biophysics as wel l  as Dr. Scherer,  
t toechst  AG. 

Manuscr ip t  received June  30, 1975. This was Paper  
364 presented  at  the Toronto, Canada,  Meet ing of the 
Society, May 11-16, 1975. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1977 JOURNAL. 
Al l  discussions for the June  1977 Discussion Section 
should be submi t ted  by  Feb.  1, 1977. 

REFERENCES 
1. R. I. Weed and B. Chai]ley, Nouvelle Rev. Franc. 

Hdmatolog., 12, 775 (1972). 

2. M. A. L ich tmann  and R. I. Weed, ibid., 12, 799 
(1972). 

3. P. L. La  Celle, F. H. Ki rkpa t r i ck ,  M. P. Udkow, and 
B. Arkin ,  ibid., 12, 789 (1972). 

4. J. Palek,  W. A. Curby,  and F. J. Lionetti ,  Blood, 
40, 261 (1972). 

5. J. Palek,  G. Stewart ,  and  F. J. Lionetti ,  ibid., 44, 
583 (1974). 

6. A. S. Rosenthal,  F. M. Kregenow.  and H. L. Moses, 
Biochem. Biophys. Acta, 196, 254 (1970). 

7. M. J. Duffy and V. Schwarz,  ibid., 330, 294 (1973). 
8. (a) V. T. Marchesi  and E. Steers,  Science, 159, 203 

(1968). 
(b) V. T. Marchesi,  E. Steers, T. W. TiUack, and 

S. L. Marchesi,  in "Red Cell Membrane  St ruc ture  
and Function,"  G. A. Jamieson  and T. J. Green-  
walt,  Editors, Lippincot t  Ltd. Ph i lade lph ia  
(1969). 
(c) E. Steers  and V. T. Marchesi,  J. Gen. Phys- 
iol., 54, 65s (1969). 
(d) T. W. Tillack, S. L. Marchesi,  T. Marchesi,  
and E. Steers, Biochem. Biophys. Acta, 200, 125 
(1970). 
(e) G. L. Nicolson, V. T. Marchesi,  and S. J. 
Singer,  J. Cell. Biol., 51, 265 (1971). 

9. J. W. Ross, Science, 156, 1378 (1967). 
10. J. T. Dodge, C. Mitchell,  and D. J. Hanahan,  Arch. 

Biochem. Biophys., 100, 119 (1963). 
11. K.-D. K u p k a  and V. Rudloff, In  prepara t ion .  
12. J. M. Ful ler ,  J. M. Boughter,  and M. Morazzani,  

Biochemistry, 13, 3036 (1974). 
13. Ch. Tanford,  Adv. Protein Chem., 17, 69 (1962). 
14. K. L inders t r~m-Lang ,  Compt. Rend. Trav. Lab. 

Carlsb~rg, 15, 7 (1924). 
15. M. B. Clarke,  Thesis, Univers i ty  of California,  

Berke ley  (1971). 
16. G. Scatchard,  Ann. N. Y. Acad. Sci., 51, 660 (1949). 
17. J. Fors tne r  and J. F. Manery,  Biochem. J., 124, 563 

(1971). 
18. R. B. Mikkelsen and D. F. H. Wallach,  Biochem. 

Biophys. Acta, 336, 211 (1974). 
19. G. V. F. Seaman, P. S. Vassar, and M. J. Kendal l ,  

Arch. Biochem. Biophys., 135, 356 (1969). 
20. C. Long and B. Mouat,  Biochem. J., 123, 829 (I971). 
21. G. H. Haggis, Biochem. Biophys. Acta, 193, 237 

(1969). 
22. J. Fors tne r  and J. F. Manery,  Biochem. J., 125, 343 

(1971). 



Tunable Voltage Clamp Method: 
Application to Photoelectric Effects in 

Pigmented Bilayer Lipid Membranes 
Felix T.  Hang and D, Mauzera l l  

The RockeSeller University, New York, New York  10021 

ABSTRACT 

Pulsed dye laser excitation of magnesium porphyrins contained in bilayer 
lipid membranes  produced a t rans ient  electrical response across the membrane  
caused by electron t ransfer  from the pigment  to the acceptor (ferrocyanide 
ion) in  the adjacent aqueous phase, followed by their  re turn.  The photore- 
sponse is measured by a tunable  voltage clamp (TVC) method which is es- 
sential ly a potentiostatic method wi tn  adjustable  access impedance (t ime 
resolution 150 nsec). Comparison with the ideal potentiostatic and the ideal 
galvanostatic methods shows that the TVC method is superior in providing a 
complete characterization of the system in terms of an irreducible equivalent  
circuit. An intr insic  re laxat ion time constant identified with the reverse in te r -  
facial electron transfer  is uniquely  determined.  This t ime constant  can be 
decomposed into a resistive and a capacitative element.  This novel chemical 
capacitance is required to account for the experimental  observations. The 
model and the method are relevant  to vision and photosynthesis research. The 
TVC method is also potent ial ly applicable to photoelectrochemistry wher-  
ever an interracial  photoreaction is p r e s e n t .  

Photoelectrochemistry is a part icular  area of elec- 
trochemistry where l ight- induced emf's instead of the 
usual current  and voltage are used as per turbat ions of 
the system. The advent  of lasers has made the method 
of pulsed light per turbat ion  a powerful  tool to invest i -  
gate the fast kinetics of photoelectrochemical re laxa-  
tions. The study of interracial  photoreactions is of par-  
t icular interest  to biologists because of their  relevance 
to photobiologicaI systems such as photosynthesis and 
vision. In  these photobiological systems, the l ight-  
sensitive elements are bound to the membranes.  In  
applying the conventional  electrophysiological tech- 
niques to such membrane  systems or their models, one 
encounters difficulty in achieving sufficient t ime resolu- 
tion to study the fast kinetics of the photoevents. This 
is because of the presence of membrane  capacitance 
which distorts the photoelectrical relaxation. We, there-  
fore, propose a method of measurement  and analysis 
which is specifically applicable to this type of problem. 
For reasons which will become apparent  later, we call 
it the tunable  voltage clamp (TVC) method. We shall 
i l lustrate this method with data obtained from a pig- 
mented membrane  system. Similar  systems have been 
studied by means of conventional  methods by  a n u m -  
ber of laboratories (1-5). The l i terature  has been sum- 
marized by Tien (6). 

Description of the Measurement  Method and Circuitry 
The TVC method is a modified potentiostatic ("volt-  

age clamp" as known to electrophysiologists) method 
with adjustable  access impedance. The effect of this 
access impedance is included in a circuit analysis of 
the complete system: pigmented membrane  system -~ 
electrodes § amplifier. The advantages of including a 
variable access impedance are discussed later. 

The TVC method can be implemented  in a number  of 
ways. It suffices to describe a prototype: a two-elec-  
trode system as shown in Fig. 1, along with the equiva- 
lent  circuit of the pigmented membrane  system. Basi- 
cally, a single 100 MHz operational amplifier is used in 
a negative feedback circuit. The same pair of elec- 
trodes are used for voltage sensing and for current  in-  
jection. A d-c and pulsed command voltage source is 
connected in series with the membrane  system. In  a 

Key words: interracial photoeleetroehemistry, lipid bllayer, 
chemical capacitance, pulsed laser. 

measurement  by means of the TVC method, the com- 
mand voltage is mainta ined at a fixed d-c level and a 
short light pulse causes a per turbat ion  to the pigmented 
membrane  system. The negative feedback circuit is 
normal ly  operated under  the vir tual  ground condition. 
The circuit will operate as an ideal potentiostat  if the 
access impedance of the electrodes plus the in tervening  
electrolyte solutions is negligible as compared wi th  the 
(source) impedance of the pigmented membrane  sys- 
tem. This is indeed the case for relat ively low fre- 
quency and d-c measurements.  In the megahertz range, 
the source impedance may become as low as the access 
impedance because of the presence of membrane  ca- 
pacitance. The effect of the access impedance would 
then become quite significant. The system is potentio- 
stated at the electrode inputs to the negative feedback 
circuit rather  than at the two membrane -wa te r  in ter -  
faces. The error voltage at the interfaces is the voltage 

I 

I(I) 
> 

. ip 

RmqPL_ 

+-I 

Rf 

is r ( t )  

Fig. 1. Equivalent circuit of the p~gmented BLM and its connec- 
tion to the TVC circuit. ,~p(t) is the photoemf, which has the same 
time course as that of the light pulse. Rm and Cm are the resistance 
and the capacitance of the membrane alone. Rp, C m and Rs are 
caused by the pigment reactions. Ze is the adjustable access im- 
pedance and can be replaced by an effective access resistance Re 
over the time range of interest. Rf and Cf are the variable feedback 
resistance and capacitance, respectively. Vc is the externally 
applied command voltage source. I(t) is the current response and 
Vo(t) is the corresponding output voltage. 
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drop across the access impedance. As it is well known 
to electrochemists, it is difficult to completely el iminate 
the access impedance. The present  method chooses to 
c i rcumvent  the difficulty by including the access im-  
pedance in the analysis. Variable precision resistances 
are added in series to the already existing access im-  
pedance of the electrodes and the electrolyte solutions. 
The total access impedance can be tuned to optimize the 
measurement  (see section on Advantages of TVC 
Method). The negative feedback loop consists of a pa-  
rallel  RC network, which has the effect of a low pass 
filter on the output  voltage (Vo(t) in  Fig. 1) of the am-  
plifier. There is a ga in -bandwid th  trade-off. The feed- 
back resistance Rf, being proport ional  to the amplifier 
gain, must  be kept high for max imum gain. On the 
other hand, the feedback RC t ime constant  (T~ _-- RfCf) 
must  be kept small  for good time resolution. Since it  is 
difficult to reduce the feedback capacitance C~ to less 
than  a few picofarads, fur ther  improvement  of the in -  
s t rumenta l  t ime resolution can only be accomplished 
by reducing the feedback resistance Rf at the expense 
of the amplifier gain. We have found that  a feedback 
capacitance of 15 picofarads (pf) ( including stray ca- 
pacitance) is sufficient to stabilize the amplifier. In  
order to achieve a t ime constant of 150 nsec, the feed- 
back resistance Rf must  then be 10 kohms. The over-al l  
gain is still acceptable. This is because of the relat ion-  
ship of the photoemf Ep(t) and the RC's in the pig- 
mented membrane  as shown in  Fig. 1. The reduction of 
the feedback resistance is compensated by the reduction 
of the source impedance at high frequence due to the 
presence of capacitances in  the pigmented membrane  
system. The final consideration is then the s ignal- to-  
noise (S/N) ratio. By reduction of extraneous noise 
sources and exper imental  artifacts (due to the laser 
flash discharge) and finally by signal averaging, good 
ins t rumenta l  t ime resolution (~150 nsec) and an ac- 
ceptable S /N  ratio (>  100 for the positive peak and 
> 10 for the negative peak) can be achieved s imul tane-  
ously. 

The square wave command voltage pulse (Vc) (rise- 
t ime < 5 nsec) permits measurements  of parameters  
required for a complete macroscopic characterization 
of the pigmented membrane  system: the effective ac- 
cess resistance Re, the membrane  capacitance Cm, and 
the feedback t ime constant Tf. 

The access impedance is measured by applying a 
square voltage pulse through the electrodes and the 
electrolyte solutions in the absence of a membrane.  
Although the electrode impedance has a complex fre- 
quency dependence because of the electrode capaci- 
tance, the access impedance was exper imental ly  deter-  
mined to vary  less than 1.6% in the range of interest  
from 100 nsec to 500 ~sec. In  terms of a simple circuit, 
this is because of the resistance in  series with the elec- 
trode capacitance. It can therefore be replaced by an 
effective (pure) resistance for the circuit analysis in  
this f requency range. Henceforth, Ze shall be regarded 
as a pure resistance and takes on the real value Re. 
Application of a square pulse command voltage in  the 
presence of a membrane  permits the measurement  of 
the charging time constant ~m ~ R e C t o ,  which in t u rn  
leads to the determinat ion of the membrane  capaci- 
tance Cm, knowing the value of Re. Application of a 
square wave command voltage with a precision resistor 
instead of the membrane  and the electrodes at the input  
gives the ins t rumenta l  t ime constant zf. 

The membrane  resistance Rm can be determined by 
measuring the current  response to a d-c command volt-  
age change. The d-c pigment  resistance is determined 
by  means of the nu l l  current  method described else- 
where (7). 

The voltage output  of the negative feedback ampli-  
fier passed through a second stage of amplification to 
avoid quant izat ion error in the digitizer. The final out- 
put is then digitized by a t ransient  recorder (Biomation 
Model 8100; time resolution 10 nsec; 8 bit resolution),  

which is interfaced either to a Fabr i -Tek  Model 1060 
signal averager or to a PDP 8/E minicomputer  for 
signal averaging and data recording. The photocurrent  
response curve relaxes with two exponential  com- 
ponents of opposites signs, with the t ime constant  Ts and 
T1, respectively (~s < ~1). 

The light source is a f lash- lamp-pumped dye laser 
(0.3 ~sec pulse durat ion;  maximal  output  120 mj with 
rhodamine 6G at 590 nm) .  The laser beam is focused 
to the thin bimolecular  region of the membrane  to 
exclude bulk  liquid effects from the thick annu la r  
region (8). 

Materials and Methods of Forming Pigmented 
Bilayer Lipid Membranes 

The phospholipid used here in  the preparat ion of a 
bi layer lipid membrane  (BLM) is egg leci thin (Syl-  
vana, Millburn,  New Jersey) .  The formula  of the mem- 
brane- forming  solution and the methodology of its 
formation are s tandard and have been described else- 
where (7, 8). The membrane -bound  pigments  are ali-  
phatic esters of magnesium mesoporphyrin  IX: di-  
ethyl and d i -n-amyl .  The preparat ion of these esters 
has been described (9). The p igment-conta in ing  BLM 
is formed on a Teflon plate (0.01 in.) around a hole of 
2 or 3 mm 2, and separates two aqueous KC1 or NaC1 
solutions (1M) of 5 ml in  volume. Potassium ferr icy-  
anide and ferrocyanide of specified concentrat ions are 
added to either or both aqueous solutions. 

The chemistry of the pigmented BLM-aqueous re-  
dox system has been described in detail [Ref. (9) and 
Fig. 2 of Ref. (10)]. Photoexcitat ion of the pigmented 
membrane  causes interracial  electron t ransfer  from the 
excited pigment  molecule in the membrane  to the ferri-  
cyanide molecule in the aqueous phase. Subsequent  re-  
verse interracial  electron t ransfer  from the ferrocy- 
anide molecule in the aqueous phase to the pigment  
monocation in  the membrane  completes the cyclic re-  
action. 

Results 
The current  response of the pigmented BLM to a 

short pulse of light is biphasic: An init ial  positive peak 
is followed by a prolonged negative component which 
leads to restoration of the original dark level (Fig. 2). 
The polari ty of the ini t ial  positive peak is in the direc- 
t ion expected for electron transfer  from pigment  in  
the membrane  to the acceptor-rich aqueous phase. The 
physical meaning of the negative component  is dis- 
cussed later. The photocurrent  re laxat ion can be fit 
with two exponential  functions of opposite polari ty;  the 
ratio of their  ampli tudes closely equals the reciprocal of 
the ratio of their  respective t ime constants. The dotted 
or noisy curves in Fig. 2 show the photocurrent  re -  
sponse displayed on two different scales to clearly show 
the two components. It was measured by means of the 
TVC method at 0 mV with an effective access resistance 
Re ----- 5.1 kohms and an ins t rumenta l  time constant  of 
1.5 ~sec. The apparent  re laxat ion t ime constants of the 
two photocurrent  components are 29 and 63 ~sec. The 
charging t ime constant  Tm is determined to be 42 __ 0.5 
~sec for this par t icular  membrane.  The laser pulse is 
delivered at t ~ 0 ~sec. The data of Fig. 2 are analyzed 
in detail in the next  section. 

Figure 3 shows the rise of the photocurrent  response 
to a single laser flash on a pigmented BLM, measured 
by the TVC method at 0 mV with an effective access 
resistance of 380 ohms and an ins t rumenta l  t ime con- 
stant of 150 nsec. The laser pulse is also shown. 

Equivalent Circuit Analysis 
The exper imental ly  observed photocurrent  re laxat ion 

can be accounted for quant i ta t ive ly  by the equivalent  
circuit shown in Fig. 1. This equivalent  circuit includes 
a novel feature. A chemical capacitance (Cp) in  series 
with the photoemf is present  in addition to the ordi- 
nary  membrane  capacitance (Cm). In  paral lel  with Cp 
is the t r ansmembrane  pigment  resistance Rs which 
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represents  the  conductance p a t h w a y  due to diffusion of 
p igmented  molecules,  both  charged and uncharged.  The 
photoevent  is r epresen ted  by  an e lect r ica l  channel  in 
pa ra l l e l  w i th  and independen t  of the  ionic conauctance 
channel  represen ted  by  Rm. This independence  has been  
es tabl ished by  a shunt ing expe r imen t  wi th  nys ta t in  
which  decreases the  ionic res is tance Rm (7). This 

I (t) = 

RpReCm ( 1 1 
"~s T'I 

_ _ _ _ _ )  [ l e x p ( - - ~ ) L - ~ s  

- -  - -  e x p  --  [1o] 

proves  the  independence  of the photoevent  and  the 
ionic event.  A reason for in t roducing  Cp is g iven la ter .  

The equiva len t  circui t  plus the access impedance  can 
be expl ic i t ly  analyzed  by  app ly ing  the two Kirchhoff  
rules  (Append ix  i ) .  The pho tocur ren t  at zero vol tage  
(wi th  a nonzero Re) is found to be 

"~s "~1 ~ 

y~Ep (u)  u - t  ex (T) Rp 

fo ~ Eptu) 
Rp 

where 

1 1F/ 1 1 

1 iF/ 1 i 

"~1 2 s Tp 

1 1 

Zp RpCp 

1 1 

d u _ ( 1  i) 
Ts R~Cp 

[1] 

+ . ,  + + 
~m 

1 

I 

RsCp" 

1 
~ [5] 

Tm ReCto RraCm 
In Eq. [2] and [3], ~s and ~1 are  expressed  in t e rms  of 

var ious  RC paramete rs :  Rp, Cp, and Rs are  unknown,  
the  remain ing  pa rame te r s  ~s, ~1, Tin, Rm, and Re are  ex-  
pe r imen ta l l y  measurable .  A th i rd  equat ion tha t  is r e -  
qui red  to solve for the  p a r a m e t e r s  Rp, Cp, and  Re is 
g iven b y  

Rs + Rp = Rsp = d-c  p igment  res is tance [6] 

The  p a r a m e t e r  1/Rsp is the  difference be tween  the  con- 
ductance  of p igmen ted  B L M - r e d o x  sys tem and tha t  of a 
p la in  BLM, and can be r ead i ly  measured  by  the nul l  
cu r ren t  me thod  (7). 

A l though  Rp, Cp, and  R~ can be solved for expl ici t ly ,  
i t  is h a r d l y  necessary  to do so. T ime- in t eg ra t ion  of the  
pho tocur ren t  shows the  response goes to zero at  long 
time. This indicates  tha t  Re is r e l a t ive ly  large.  In  fact, 
Re > >  RD and hence Re N Rsp ~--- d-c  p igment  res is t -  
ance. Fo r  TVC measurements  wi th  Re < <  Rs, no sig- 
nificant e r ror  in  comput ing Rp and Cp occurs b y  set t ing 
Rs to infini ty (Append ix  I I ) .  This leads to a simplif ied 
expl ic i t  solut ion for  Rp and Cp 

which  states  that  the  photocur ren t  is biphasic  and con- 
sists of two exponent ia l  te rms of opposi te  po la r i ty  wi th  
the ampl i tude  ra t io  equal  to the  reciprocal  of the rat io  
of thei r  respect ive  t ime constants.  This is indeed con- 
s is tent  wi th  exper imen ta l  observations.  

In  ca r ry ing  out the de ta i led  computa t ion  of the  
pho tocur ren t  I ( t ) ,  the photoemf Ep(t) is assumed to 
fol low the t ime course of the l ight  pulse. This assump-  
t ion is reasonable  because of the  fol lowing considera-  
tion: The s inglct  s tate of magnes ium porphyr in  l ives 
about  1 nsec, and the t r ip le t  s ta te  less than  100 nsec 
under  aerobic conditions.  Thus the  e lec t ron t ransfe r  
f rom the exci ted  s tate  must  be fast compared  wi th  the  
present  ins t rumenta l  t ime  constant  (150 nsec) .  

We also t ake  into account the  effect of the  negat ive  
feedback loop as a low pass filter on the  output  photo-  

~s'{l 
~p = ,  [7] 

"gm 
1 

< -- + ~ -- 4 ~- . . . . .  [2] 
"~p "~m RpCmRsCp ~p'{m 

+ -- + -- ~,Tm �9 r,p Tm RpCmRsCp 2V [3] 

[4] 

"~p 
Rp = -:-- [9] 

Therefore,  there  is a unique  solut ion for Rp and Cp. 
Fo r  the  sys tem shown in Fig.  2, we find tha t  Rp ~ 34 

kohms,  C~ ----- 1.3 nf, and Tp = 44 #sec. 
I t  remains  to be demons t ra ted  tha t  the  equiva lent  

c i rcui t  predic ts  the  correct  t ime course of the  photo-  
current ,  g iven the above  parameters .  I t  is in teres t ing  to 
note  tha t  subs t i tu t ion  of a de l ta  function 5( t )  for the  
photoemf Ep (t)  leads  to the  fol lowing express ion 

current .  The f i l tered cur ren t  I f ( t )  is g iven by  

1 y 0 ( ~ u - - t  I f ( t )  :-- I(u) exp \ ~ / T f  du [II] 
Tf 

where  ~f ---- RfCf and I(u) is subs t i tu ted  wi th  Eq. [1]. 
The computed  t ime course is normal ized  wi th  respect  
to its peaks  and is shown in Fig. 2 as smooth curves.  
The theore t ica l  posi t ive and negat ive  peak  ampl i tude  
rat io  of 6.6 compares  favorab ly  wi th  the  expe r imen ta l  
peak  ampl i tude  rat io  of 6.2. 

A s imi lar  computa t ion  is also carr ied  out for the r ise 
phase of the pho tocur ren t  in Fig. 3 (smooth curve) .  
The s igmoid-shaped  rise of pho tocur ren t  is accountable  
by  the low pass filter effect of the feedback  RC constant  
of 150 nsec and the finite r ise t ime of the  laser  pulse. 

Evidence That a Chemical Capacitance Does Exist 
A per t inen t  quest ion to ra ise  is whe the r  the  equiv-  

alent  circuit  shown in Fig. 1 is a unique represen ta t ion  
of the  photoevent  in the  p igmen ted  BLM. The circuit ,  
being equivalent ,  is by  no means  unique because a more  
e labora te  model  can a lways  be proposed which de-  
scribes jus t  as wel l  or even be t te r  the photoevent .  We 
shall  demons t ra te  that  to the  best  of our knowledge  the 
equiva lent  circuit  is unique  in the  sense tha t  i t  is i r -  
reducible,  being the s implest  in the  homologous series 
of circuits  which  are  equiva len t  to the  p igmen ted  BLM 
system. 

The dis t inct  fea ture  of the  presen t  equiva lent  circui t  
is the  presence of a chemical  capaci tance Cp. Is there  
an a l te rna t ive  model  wi thout  a Cp tha t  describes the 
photoevent  jus t  as wel l?  This a l t e rna t ive  model  w i th -  
out Cp can be ru led  out b y  the  fol lowing analysis.  The 
pho tocur ren t  response of this  mode l  in  the  presence of 
a nonzero access resis tance Re is g iven by  

1 t__Ep(u) exp du [12] 
z(t) _ noc~ R, + Re 

where  1/~ = 1~ReCto + 1/RmCm -{- 1/(Rp + Rs)Cm - -  
1/~m, since R~ > >  Re. In  words,  the  photocur ren t  is the  
response of the photoemf Ep(t)  to a low pass filter of 
t ime constant  Tin. Wi thout  assuming a phys ica l ly  un-  
real is t ic  t ime course of the  photoemf  and wi thout  as-  
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Fig. 2. Measured (dotted or noisy curve) and computed photo- 
responses to a dye laser pulse (0.3 ~.sec) by means of the TVC 
method. The measured response is taken by means of the TVC 
method at 0 mV with Re : 5.1 kohms. The BLM is made from a 
membrane-forming solution which contains ,-~5 mmo(ars magnesium 
mesoporphyrin IX di-n-amyl ester. The ELM separates two aqueous 
phases with 20 mmolars potassium ferricyanide and 0.5 mmolars 
potassium ferrocyanide on the acceptor-rich side and 20 mmolars 
potassium ferrocyanide on the donor-rich side. Both aqueous solu- 
tions also contain 1M NaCI and 10 mmolar phosphate buffer at pH 
7.2. The temperature is ma{nta[ned constant at 26~ The exciting 
laser beam is focused to HlumEnate 19% of the thin b[layer of area 
1.7 mm 2. The instrumental time constant is 1.5 /~sec (Rf = 100 
kohms, Cf : 15 pf). The average of 15 measurements from the 
same membrane is obtained with a signal averager. The same 
averaged record is d~splayed on two different scales. The computed 
response is based on the equivalent circuit of Fig. 1, assuming 
Ep(t) to have the time course of an equilateral triangular pulse 
with a half-width of 0.3 #sec, the same as the exciting laser pulse. 
The input parameters for this computation are: Re ~ 5.1 kohms, 
Rm ---- 1.5 X 109 ohms, Cm ---- 8.2 nf, Rp ~ 34 kohms, Cp : 1.3 
nf, Rs ~ 109 ohms. The computed curves are normalized with 
respect to the peaks. See text for details. 

suming complex t ime dependence of the circuit pa ram-  
eters, the a l ternat ive  model  without  Cp predicts a pas- 
sive re laxat ion no faster than Tm (42 ~sec in Fig. 2). 
This predict ion is contradicted by exper iments  in that  
a re laxat ion of 29 ~sec (~s in Fig. 2) and indeed as fast 
as 5 ~sec can be observed (11). 

To demonstra te  that  the fit does not depend on par -  
t icular  choices of the access impedance, the photocur-  
rent  responses measured f rom the same pigmented 
BLM under  identical conditions except with two dif-  
ferent  values of Re are compared (Fig. 4). Equiva len t  
circuit analysis of the data in Fig. 4A and in Fig. 4B 
separately gives the following results: Rp ---- 40 kohms, 
Cp ---- 1.1 nf, and Tp ---- 43 ~sec for Fig. 4A (Re : 4.6 
kohms),  and Rp : 37 kohms, Cp : 1.2 nf, and ~p : 44 
~sec for Fig. 4B (Re ---- 11 kohms).  The errors in this 
case are less than 5% except  for the case of Cp, where  
the error  is f rom 10 to 15%. The peak ampli tudes of the 

o 5 0 o  I o o o  15o0  2 0 0 0  t s o o  3 0  o o  

T i m e  ( n s )  

Fig. 3. The rise phase of the photocurrent and the time course of 
the laser pulse. The dotted curve is a single measurement from a 
BLM of area 2.5 mm 2 by means of the TVC method at 0 mV with 
Re = 380 ohm (25~ and an instrumental time constant of 150 
nsec. The quantization steps are present because of the 8 bit 
resolution of the digitizer. The pigmented BLM system has the 
same composition as that of Fig. 2, except that the pigment is the 
diethyl ester and that KCI replaces NaCI in the aqueous solutions. 
The solid smooth curve is the computed response including the 150 
nsec instrumental time constant, as in Fig. 2. The laser pulse is 
measured by a photodiode (rise time 5 nsec). The spark gap dis- 
charge artifact is seen to precede the onset of the laser pulse. The 
jitter of the timing circuit and the breakdown delay of the spark 
gap in the dye laser is less than 40 nsec. The laser pulse is 
measured immediately following the phatocurrent measurement. 
Fluctuations of the shape of the laser pulse produce an uncertainty 
of about 100 nsec in the peak of the pulse. 

effective photoemf 1 Ep(t) are de termined to be: 90 mV 
for Fig. 4A and 95 mV for Fig. 4B. 

The mutual  consistency of these two sets of data f rom 
the same membrane  can be fu r the r  visualized by using 
the data obtained at Re ---~ 4.6 kohms to compute the 
photocurrent  at Re ---- 11 kohms, and vice versa. These 
are shown as smooth curves in Fig. 4A and 4B. 

Three sets of measurements  re fer red  to in this paper  
(Fig. 2, 4A, and 4B) are for the same exper imenta l  
conditions and their  agreement  can be used to judge 
the precision of the analysis. These exper iments  demon-  
strate that  the pigmented BLM does behave in accord- 
ance with the equivalent  circuit of Fig. 1 at various 
access impedance. One is therefore  free to "tune" the 
access impedance in order  to optimize the measure -  
ment. 

Error V o l t a g e  
Because of the presence of the access impedance, the 

potentiostatic condition is not strictly fulfilled. The 
specified potential  difference is mainta ined at the elec- 
trode inputs (points A and B in Fig. 1), but the two 
membrane -wa te r  interfaces are not at strictly constant 
potential  difference. The error  vol tage is given by the 
voltage drop across the access impedance, I ( t )Re.  In  
the example  shown in Fig. 2 where  the peak photo-  
current  is 230 nA and the effective access resistance 
5.1 kohms, the maximal  error  vol tage is 1.2 inV. For  a 
nonlinear  system such as the nerve  membrane  near  
its discharge threshold, an er ror  voltage of a few mil l i -  
volts would be significant. For a l inear  system such as 
the present  photosystem, a vol tage shift of __. 100 mV 
causes only a bare ly  discernible change of the fast 
photocurrent  responses. Thus, the effect of the e r ror  
voltage is negligible. 

Advantages  of the T V C  Method  
To appreciate the advantages of the TVC method, we  

must examine the ideal potentiostatic and the ideal 
galvanostatic methods. These are the two l imit ing 

1 Th e  p a r a m e t e r  Ep(t)  is r e g a r d e d  as an  e f f ec t ive  p h o t o e m f  be-  
cause  no a t t e m p t  has b e e n  m a d e  to take  into  a c c o u n t  t h e  e f f e c t  
of focused i l luminat ion  and t h e  d i s t inc t ion  of  t h e  f o r w a r d  charg-  
ing and the  r e v e r s e  d i s c h a r g i n g  interrac ia l  r e s i s t a n c e  (Rp) (10, 
11). 
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cases wi th  the  access impedance  equal  to zero and to 
infinity, respect ively .  The circuit  analyses  a re  the re fore  
s imi lar  to that  of the  TVC method  wi th  a finite and 
nonzero access impedance.  

The pho tocur ren t  as measured  by  means  of the ideal  
potentmsta t ic  method  at  zero vol tage is given by  

Ep(t) (i 1 ) 
I (t)  -- R ~  "~p RsCp 

So exp du [13] 

where  zp is given in Eq. [4]. Using the  measured  and 
ca lcula ted  pa rame te r s  given in Fig. 2, the  pho tocur ren t  
response for  an ins t rumenta l  t ime  constant  of 1.5 ~sec 
is shown in Fig. 5. Notice tha t  the  f i l tered pho tocur ren t  
re ta ins  the  biphasic  waveform.  However ,  the  da ta  p ro -  
vide  only one useful  t ime constant  Tp; the  other  t ime 
constant  is the  ins t rumenta l  t ime  constant  ~f. A decom- 
posi t ion of Zp is te rms of Rp and Cp is not possible. 
The presence of a smal l  access impedance  in the  TVC 
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1 1 [ ( R ~ C m  
Ts' 2 

method  causes in te rac t ion  of the  photochemical  event 
with  the  m e m b r a n e  capaci tance Cm to give r ise to two 
useful  t ime constants,  ~s and  ~1. This maizes the  decom- 
posi t ion of ~p possible.  Thus more  in fo rmatmn can be 
obta ined by means  of the  TVC method  than  by means  
of the ideal  potent ios ta t ic  method.  

The photovol tage  as measured  by means  of the  ideal 
galvanosta t ic  me ,nod  at zero cu r ren t  ("open-c~rcuit" 
method)  is g iven  by  

1 1 

1 

RpCm < Ts' "el' 
1 1 

RpCm (T 1 ~1' 

where  

+__+__ + ~ + - - +  --4 
"6p Tm' "[p 

[14] 

RpC'mRsCp -~ ~ [15] 
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Fig. 4. Tuning the access impedance. The two measured photo- 
current responses (noisy carve) are taken from a pigmented BLM 
(composition identical with that in Fig. 2) by means of the TVC 
method at 0 mV with Re = 4.6 kohms (A) and Re = 11 kohms (B). 
The instrumental time constant is 1.5 ~sec. The smooth curve in A 
is that computed with data obtained from the measured response 
in B but with Re of 4.6 kohms, and vice versa for the smooth curve 
in B. The measurements were carried out on a single membrane. 
Even the absolute amplitudes agree to within 20%: measured 
amplitude 139 nA and predicted amplitude 172 nA for Re ----- 4.6 
kohms; measured amplitude 77 nA and predicted amplitude 62 
nA for Re ---- 11 kohms. 
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Fig. 5. The computed photocurrent response under ideal potentlo- 
static condition at zero voltage. The input data for the computa- 
tion are from Fig. 2. The instrumental time constant of 1.5 /~sec is 
included. The response is displayed on two different scales. 
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< - 2  + - -  + - R -:Cj 

1 1 
= - -  [17] 

''6m' RmCm 

and Tp is again given by  Eq. [4]. These expressions are  
s imi lar  to Eq. [1]-[5]  except  tha t  ~m ~-- /~eCm is r e -  
p laced  by  ~m' ---- RmCm. Using the same pa rame te r s  as 
in  Fig. 2, the  computed photovol tage  is shown in Fig. 6. 
Notice tha t  two useful  t ime constants ~s' and ~{ a re  
avai lab]e  f rom such a measurement .  In  pr inciple ,  a 
decomposi t ion of the  t ime constant  ~p into a res is t ive 
e lement  Rp and a capaci ta t ive  e lement  Cp is possible. 
In  practice, this is ha rd ly  feasible.  The computed  photo-  
vol tage shows tha t  the two components  differ both in 
ampl i tudes  and in t ime constants  by  over  four  orders  
of magni tude.  The fol lowing analysis  wil l  c la r i fy  the  
si tuation.  

F rom TVC data  (e.g., Fig. 2), Vp ( <  ~m', ~s' < <  TI' 
and, to a crude approximat ion ,  Cp N Cm, Rs ~- Rm. 
Therefore  the  fol lowing o rde r -o f -magn i tude  approx i -  
mat ion  is va l id  

1 1 1 1 1 1 
.g, .~, t 
s s TI' RpCm Tp Tm 

1 1 2 
--+--~-~ [18] 
RpC~ "~p "~p 
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Fig. 6. The computed photovoltage response under the ideal 
galvanostotic condition at zero current. The input data for the 
computation are from Fig. 2o The instrumental time constant is 
taken to be zero since it does not appreciably affect this response. 
The response is displayed on two different scales. Notice that the 
units of both voltage and time in the two displays differ by over 
four orders of magnitude. 

1 / 2 _ 4 (  1 1 

Tm' TpTm' 

1 1 1 2 
+ [19] 

Ts'~l' RpCmRsCp ~pTm' ~p~m' 

That is, to a crude approxima%ion 

�9 p ~ 2~s' [20] 
and 

�9 m' ~ "I' [21] 

Except  for a numer ica l  factor  of app rox ima te ly  2, the  
represen ta t ion  of Zp by  the negat ive  component  in the  
ideal  potent ios ta t ic  conditon is now rep laced  by  i t s  
represen ta t ion  by  the fast  component  in the  ideal  ga l -  
vanostat ic  conditon. The slow component  in the  l a t t e r  
case is a lmost  pu re ly  m e m b r a n e  RC response.  This is  
the  case of excessive in terac t ion  be tween  the photo-  
chemical  event  and the m e m b r a n e  capacitance.  The 
calculat ion of Rp and Cp f rom the expe r imen ta l  da ta  
would  involve subt rac t ion  of la rge  numbers  which are  
ve ry  close to each other, and  is the re fore  not  feasible.  
The presen t  method  of tuning  the va lue  of Re enables  
us to optimize the  measuremen t  by  br inging  the two 
components  into a range  feasible for  accurate  measu re -  
ments  and calculation.  The presence of the  access im-  
pedance is therefore  an asset r a the r  than  a nuisance. 
However ,  adequa te  S / N  ra t io  is s t i l l  necessary  for  the  
decomposi t ion of z,  into Rp and Cp. Whereas  the  e r ror  
in ~p is l inear  in ~1, this is not  t rue  for  Rp and Cp. Fo r  
example ,  a 5% var ia t ion  of  ~1 in  the  da ta  of Fig. 2 
causes a change of ~p by  5% but  a change of Rp by  10% 
and Cp by  15%. 

Conclusions 
We have appl ied  the  TVC method  to a model  p ig -  

mented  m e m b r a n e  sys tem and have  proposed  an  
equivalent  circuit  to expla in  the  observed photocurrent .  
The equiva len t  circuit  has been  in te rp re ted  in  mo-  
lecular  te rms (10). The presence of a chemical  ca -  
paci tance  is the  novel  fea ture  of the equiva lent  c i rcu i t  
and is requ i red  to account for  the  expe r imen ta l  r e -  
sults, in par t icu la r ,  the  biphasic  wave fo rm of the  photo-  
current .  This chemical  capaci tance has its physical  
or igin in the pho togenera ted  p igment  monocat ion 
(10). These photogenera ted  p igment  monocat ions  can  
be rega rded  as fixed space charges which  are  localized 
at the  acceptor - r ich  interface,  on the  microsecond t ime 
scale. Incomple te  screening of these space charges by  
the e lect r ica l  double  l aye r  near  the  accep tor - r i ch  in t e r -  
face leads to polar iza t ion  of the  m e m b r a n e  dielectr ic .  
This in te rp re ta t ion  has been subs tan t ia ted  b y  a theo-  
re t ica l  calculat ion based on the G o u y - C h a p m a n  double  
l ayer  theory  (12). This l a t e r  theore t ica l  s tudy  ind i -  
cates tha t  the chemical  capaci tance is a character is t ic  
of in ter fac ia l  photoreac t ion  involving m e m b r a n e - b o u n d  
pigment .  The l igh t - induced  absorbance  change in  
chloroplasts  re la ted  to m e m b r a n e  poten t ia l  (13) and 
the ea r ly  receptor  po ten t ia l  (ERP) in visual  pho to re -  
ceptors (14) have  ve ry  fast  r ise t imes which  are  ex -  
pected f rom our  v iew of the  chemical  capacitance.  The 
model  and the  method are  therefore  r e l evan t  to photo-  
biology. 

The TVC method applies specifical ly to a photoelec-  
t rochemical  sys tem in which  a pho togenera ted  i n t e r -  
facial  emf is present .  Viewed f rom outside the  m e m -  
b rane  system, the  photoemf  is connected in  para l l e l  
wi th  the  m e m b r a n e  capaci tance Cm but  in series wi th  
the  chemical  capaci tance Cp. It  is this  pecu l ia r  ne twork  
re la t ionship  that  makes  the  TVC method exquis i te ly  
sensi t ive and powerfu l  in analyzing the fast  in ter fac ia l  
kinetics.  The  photoemf  injects  cur ren t  inside the  double  
l ayer  in contras t  wi th  pe r tu rba t ion  due to an ex t e rna l l y  
appl ied  voltage.  

In  the  TVC method,  the effect of m e m b r a n e  capaci -  
tance is not  e l imina ted  bu t  is reduced  to such an ex -  



Vol. 123, No. 9 T U N A B L E  V O L T A G E  C L A M P  M E T H O D  1323 

tent  ( through p rope r  choice of a smal l  access impe-  
dance)  tha t  the  pe r tu rb ing  effect can be accura te ly  
t aken  into account and  that  ac tua l ly  more  informat ion  
is made  ava i lab le  than  wi th  the  idea l  potent ios ta t ic  
method.  The smal l  va lue  of Rp in the presence of a 
large  Rs can sti l l  be measured  accurately.  This is not 
possible wi th  the  method  of ex t e rna l ly  appl ied  vol t -  
age pe r tu rba t ion  when  Rp and Rs are  considered to be 
in  series. The in te r fac ia l  res is tance Rp and the corre-  
sponding in te r fac ia l  vol tage  drop have  definite physical  
meanings  (10). The  TVC method  thus provides  a r ap id  
and sensi t ive way  of measur ing  in ter fac ia l  photochemi-  
cal kinetics.  The ca lcula ted  ra te  constant  1/Tp is in te r -  
p re t ed  as the  pseudo f i r s t -o rder  ra te  constant  of the  
reverse  in ter rac ia l  e lect ron t ransfe r  react ion (where  
the  aqueous fe r rocyanide  concentra t ion on the  ac-  
cep tor - r i ch  side is kep t  constant)  

P + (BLM) -~ Fe (CN) 6 4. (am) -> P(BLM) -~ Fe (CN) 6 3- (aq.) 
[22] 

and is p ropor t iona l  to the constant  concentrat ion of the 
aqueous fe r rocyanide  solution. The calculated apparen t  
second-order  ra te  constant  is (3.5 • 0.4) • 107M - i  
sec - i  (10). 

Al though  it  might  seem des i rable  to measure  zp ex-  
p l ic i t ly  by  means  of the  ideal  potent ios ta t ic  method,  
the  l a t t e r  method represents  an una t t a inab le  ideal  l imi t  
in expe r imen ta l  systems such as a p igmented  m e m -  
brane.  Because of the  presence of the  chemical  capaci-  
tance, the  source impedance  is reduced f rom its d -e  
va lue  by  severa l  orders  of magni tude  in the  mega -  
her tz  range. A few hundred  ohms of access impedance  
(e.g., due to e lectrodes and the e lec t ro ly te  solutions) 
in  the  presence of a low source impedance  cannot  be 
considered negligible.  On the other  hand, this  drast ic  
reduct ion of source impedance  enables  one to achieve 
good ins t rumenta l  t ime resolut ion and good S / N  ra t io  
s imul taneously .  Wi th  fu r the r  reduct ion of noise and 
art ifacts,  i t  is not imposs ib le  to reach  the u l t ima te  t ime 
resolut ion  set by  the  bandwid th  of p resen t ly  ava i lab le  
opera t ional  amplifiers,  name ly  100 MHz. 

Wi th  improved  t ime resolution, i t  m a y  be possible 
to s tudy  d i rec t ly  the  re laxa t ion  of the electr ical  double  
l aye r  using in ter rac ia l  photoemf  as a per turba t ion .  The 
s tudy  of the  pho tocur ren t  r ise  t ime in the  p resen t  
model  sys tem does not indicate any significant lag 
(<100 nsec) of the pho tocur ren t  fol lowing the s t imu-  
la t ing l ight  pulse. 

The TVC method is po ten t ia l ly  appl icable  to photo-  
e lec t rochemis t ry  where  an in te r fac ia l  photoreac t ion  is 
involved,  e.g., mercury  e lec t rode  photoemission in elec-  
t ro ly te  solutions (15). I t  is also po ten t ia l ly  appl icable  
in vision and in photosynthes is  research.  
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A P P E N D I X  I 

Equivalent Circuit Analysis 
The equiva len t  circuit  wi th  access impedance  Ze is 

shown in Fig. 1. The fol lowing analysis  gives the ex-  
pl ici t  express ion for the photocur ren t  I (t) as measured  
by  the TVC method at zero vol tage  and with  an effec- 
t ive access resistance Re. The TVC circuit  keeps the  
summing point  a lways  at ground potent ial .  

By definit ion 
~c = qc [A-I-I] 

% = qp [A-I-2] 

Appl ica t ion  of Kirchhoff 's  two rules  to the  equivalent  
circuit  resul ts  in the  fol lowing re la t ions  

I = ic + ir + ip + is 

IRe -- -- irRra 

[A-I-3] 

[A- I -4 ]  

qp 
%a~ = ,  [A- I -5 ]  

c ,  

qp 
IRe = Ep (~ + is)Rp [A-l-B] 

Cp 

qo qp 
-- = Ep (ip + / , ) R p  [A-I-?] 

Cm Cp 

By different ia t ing Eq. [A-I -7] ,  mul t ip ly ing  th rough  
by  --Cm, and using Eq. [A-I -1] ,  [A-I-2J ,  and  [A-I -5] ,  
we have 

( ~o = z~c~ q~ + ~ + R~c--~ [A-I-s] 

By e l iminat ing  ir, I, and  ic f rom Eq. [A-I -3] ,  [A-I -4] ,  
[A-I -6] ,  and [A-I -8] ,  using Eq. [A- I -2 ]  and  [A-I -5 ]  
and the definit ion for  "ep and ~m (Eq. [4] and [5]),  we  
have  

( 1 ~p i i ) Tm , + qp qp + ~ + 

( 1 I ) El, IE , 
-}- - -  -~ qp = + - - -  [A-I-9] 

TpTm RpCmRsCp ~p Tm Rp 
The ini t ia l  condit ions for  this second-order  l inear  d i f -  
fe rent ia l  equat ion are  

qp(0) = 0 [A-I-10] 
and 

ip(0) = ~/p(0) -- 0 [A-I-II] 

Standard techniques yield the following solution 

1 1 

10 exp u--t) �9 eSl "eral t Ep(u) (~ du qp ( t )  - -  R-----~ 

Ts ~I 

1 1 

~fs "em I t Ep(u)  exp ( u - -  t du [A-I-12]  
i i -o Rp - ~ /  

q;s 2:i 

where  -es and "el are  defined by  Eq. [2] and [3]. Knowing  
q, ( t ) ,  it  is then s t r a igh t fo rward  to obta in  the  explicit 
expression for I ( t )  as given by  Eq. [1]. 

A P P E N D I X  H 

Existence and Uniqueness of Solution of 
Eq. [2] and [3] for Rp and Cp 

Solut ion of Eq. [2] and [3] for Rp and Cp when Rs is 
not smal l  enough to be negl igible  is included here  for  
completeness.  

The fol lowing Eq. [A-I I -1]  and [A-I I -2]  a re  equiva- 
lent to Eq. [2] and [3] 

1 1 I 1 1 
-- +.  -- - -  + -- + -- [A-II-I] 

-es -el RpCm "era "rp 

1 1 1 
- -  -- + [A-II-2] 
"es"el "emTp RpCmRsCp 

We thus have  



1324 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  September  1976 

1 1 
+ 

Rp Rs 
Up = [A-II-3] 

1 1 1 1 

Ts "~1 "~m RpCm 

The expl ic i t  solut ion for  Rp and Cp fol lows 

1 
-- = P +_ A/P 2 + Q [A-II-4] 
Rp 

Cp = T'__ ~ T  2 -- "~s~ [A-I I -5 ]  
Rs 2 

where  

1 

2 
SC. + 

2 Tm 

[A-I I -6 ]  

Q [A-II-7] 

TsTI Tm 

SCm 

'~m 
R s  + 

Cm 

1 ) 1 
+ R--fi  +R'--; 

�9 ~1 + ' "  
"l~rn 

1 i ~m 

TI "gm TsTI 

[A-II-8] 

1 
S = - -  + [A-I I -9]  

Ts 

It remains  to be shown that  one pa i r  of solutions for 
Rp and Cp is phys ica l ly  meaningfu l  and that  the other  
pa i r  is not. F r o m  Eq. [A-I I -9 ] ,  [A- I I -1 ] ,  and [A- I I -2 ] ,  

[A-II-10] 

i t  follows tha t  

S__ "~m (I _ _  __ I ) 

Rpem "~m RsVp 

RpCm ReCto R sC p  

For  TVC measuremen t  wi th  the  access res is tance 
Re < Rs, we have S > O, since Cm and Cp are  roughly  of 
the same order  of magni tude.  Thus f rom Eq. [A-I I -7 ]  
and [A-I I -8]  we have Q > 0 and T > 0. As a conse-  
quence, we also have P -{- ~/p2 + Q > 0 and P --  
~/PZ + Q < 0. Therefore,  there  is one and only one 
phys ica l ly  mean ing lu l  solut ion for Rp, name ly  

1 
__ = p + ~/p2 + Q [A-II-II] 
Rp 

and one is forced to choose for Cv 

_ /  "$s 
Cp = T + ~/T2 - -  -- [A-II-12] 

Rs 2 

because of the  choice of Eq. [A-II -11]  for  Rp. Cp must  
be rea l  because of Eq. [A-I I -3 ] ,  and also posi t ive be -  
cause of Eq. [A-I I -5]  and T > 0. 

This completes  the proof  of existence and uniqueness  
of Rp and Cp for the case wi th  Re smal le r  than  Rs. 
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The Effects of Counterion Size on the 
Equilibrium Properties of Charged Interfaces 
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ABSTRACT 

The adsorption of iodide ion at  mercury  has been studied from two s y s t e m s  
at constant ionic strength, namely,  xM NaI + (0.25 -- x )M NaF and xM KI -b 
(0.25 -- x )M KF. The surface excess of adsorbed iodide ions was calculated 
from differential capacity data using a modified version of the Hurwitz-Parsons  
analysis which takes into consideration variat ion in ionic activity coefficients 
with solution composition. The iodide surface excess was found to depend on 
the na ture  of the cation for a given bulk  concentrat ion and electrode charge 
density;  comparison of the present  data with those previously published shows 
a marked dependence of adsorbed surface excess on ionic strength. The effect 
of counterion na ture  on ionic adsorption is discussed wi th in  the f ramework 
of an electrostatic model for adsorption which takes the discrete na ture  of the 
charge at the interface into consideration. Counterion effects at charged mono-  
layers, bi layer  lipid membranes,  and real membranes  are compared with t h o s e  
observed at mercury.  

Al though numerous  studies of the adsorption of 
ions at the mercury /so lu t ion  interface have been 
carried out (1), the effect of the na ture  of the non-  
adsorbed counter ion on the amount  of adsorption and 
electrostatic properties of the interface has not  been 
investigated. Thus, the adsorption of halide ions has 
been studied from aqueous solutions of KC1 (2), 
KBr (3), and KI (4) at varying ionic strengths, and 
also from solutions of KCI -p KF (5), KBr + KF 
(6), NH4Br -~ NH4F (7), and KI -~ KF (8) at con- 
s tant  ionic strength. In  analyzing these data it  has 
been customary to assume that nei ther  the cation nor 
the fluoride anion in the mixed solutions is adsorbed 
on mercury.  On the other hand, Grahame (9) showed 
that the double layer capacity in  the absence of anion 
specific adsorption del:ends on the na ture  of the elec- 
t rolyte  cation when  the lat ter  is p redominant  in the 
double layer. These results can be in terpre ted as evi- 
dence that  the thickness of the inner  region of the 
double layer, Xd, increases with hydrated radius of 
the cation at the outer Helmholtz plane. Thus, the 
potential  dis t r ibut ion in the inner  layer and the elec- 
trostatic potent ial  at the charge center of an adsorbed 
anion should depend on the na ture  of the nonadsorbed 
counterion. It  then follows on the basis of the electro- 
static model of ionic adsorption (10) that the amount  
of adsorption should de~end on the na tu re  of the 
counter ion for constant  charge on the electrode and 
constant bu lk  concentrat ion of the adsorbing ion. 

In  order to test the above hypothesis, the adsorp- 
t ion of iodide ion has been studied from solutions of 
NaI + NaF and KI -p KF at the same constant ionic 
s t rength (0.25M). Na + and K + were chosen as coun- 
terions because of their  importance in biological sys- 
tems where K + is the predominant  cation in the 
in t racel lu lar  fluid and  Na +, p redominant  in the ex- 
t racel lular  fluid. 

Experimental 
Differential capacity against potent ial  data for the 

mercury /aqueous  solution interface were collected for 
20 systems of composition xM NaI ~ (0.25 -- x )M NaF 
and xM KI + (0.25 -- x )M KF where x had the vaIues 
0, 0.0063, 0.01, 0.016, 0.025, 0.04, 0.063, 0.1, 0.16, and 
0.25M. The capacity was measured at 1 kHz for 50 
mV increments  in potent ial  except in potential  re-  
gions where the capacity changed markedly  with 

* Electrochemical Society Active Member. 
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effects. 

potential ;  the potential  increment  was then r e d u c e d  
so that the capacity increment  was H 5t, F cm -2. The 
data were obtained with an a-c bridge buil t  accord- 
ing to the design of Hills and Payne  (11), the potential  
of the mercury  electrode being measured with respect 
to a saturated calomel electrode. The cell a n d  a s s o -  
c i a t e d  electrodes have been described elsewhere (12). 
All  experiments  were carried out at 25.0 ~ +_ 0.1~ Pro-  
cedures for de termining the area of the drop at ba l -  
ance and the potent ial  of zero charge have been de-  
scribed previously (11, 12). 

Variat ion in  NaI activity with solution composition 
was determined by measur ing the emf of the cell 

Na glass electrode/xM NaI + (0.25 -- x )M NaF /AgI /Ag  
[1] 

The emf was determined by a nu l l  technique using a 
high input  impedance electrometer (R > 10149). The 
sodium electrode was a Corning Model NAS 11-18 
glass membrane  electrode; the s i lver /s i lver  iodide 
electrode was prepared by depositing silver iodide on 
silver using the procedure given by Ives and Janz (13). 

The salts used were of AnalaR grade and were 
fur ther  purified by  double recrystal l izat ion from pure 
water. The drying operation for the fluoride salts was 
carried out in p la t inum vessels. Conductivi ty grade 
water  was obtained by doubly disti l l ing deionized 
water. 

Analysis of the Thermodynamic Data 
The original thermodynamic  analysis for the mer -  

cury /mixed  electrolyte solution interface at constant  
ionic s trength by Dutkiewicz and Parsons (8) is 
l imited to the case that  the activity coefficients of 
the individual  ions do not vary  significantly with 
solution composition. More general  analyses have been 
given by Hurwitz  (14) and Lakshmanan  and Ran-  
gara jan (15). The problem of activity coefficient 
variat ion is reconsidered here for simple 1-1 electrolyte 
mixtures  for which Harned 's  rule  is valid. 

According to simple models for single ion activity 
coefficients (16), the activity coefficients for the ions 
in a MI-MF solution may be expressed as a funct ion 
of the ionic s trength t~ and the concentrat ions of op- 
positely charged ions. Thus, the activity coefficient 
for the cation M is given by 

_ A ~l/2 
In "~M = + ~MICI + t3MFCF [2] 

1 + BaMtW2 

1 3 2 5  
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and for either anion by 

--A~'/~ 
in vJ : 1 -{- B~j/,v~ ~- flMjCM [3] 

o 
A and B are the Debye-Hiickel constants, ai, the ionic 
size parameter for ion i, ci, its concentration, and ~MJ, 
the interaction coefficient between cation M and anion 
J. Since the ionic s t rength and concentrat ion of the 
metal  ion are held constant, only var ia t ion in  VM 
with solution composition need be considered. 

The Gibbs adsorption isotherm for the mixed elec- 
trolyte system may be wr i t ten  

--d.y = qdE+ + rld~Mi -F rFd#MF [4] 

where v is the surface tension, q, the electrode charge 
density, E+, the potential  of mercury with respect to 
an electrode reversible to cation M +, r j ,  the surface 
excess of anion J, and ~MJ, the chemical potential  of 
salt MJ. Then, following Dutkiewicz and Parsons (8) 

d/~z -- RT d In x ~- RT d In 7~ [hal 
and 

- -x  RT 
d/~MF ~- - -  d In x -F RT d i n  ~M [5b] 

( i  - -  x )  

where x = Cl/(Cz Jr CF). For strong adsorption the 
position of the outer Helmholtz plane (OHP) is de- 
termined by the distance of closest approach of the 
cation and the Gibbs adsorption isotherm becomes 

--d,~ -~ qdE + -{- rlaRT d i n  x -~ (r i  -~ rF)RT d In 7Na 

-~ qdE+ -k r l a R T d l n x ' { -  (r~ q- r F ) R T f l x d l n x  [6] 

where r i  a is the surface excess of iodide ion adsorbed 
in the inner  layer and fl = ( ~ M I  - -  J~MF)/~- 

When ~ is significant, the electrode potential  mea-  
sured with respect to a constant reference electrode Er 
is related to the thermodynamic potential  E+ by the 
equation 

RT RT 
dEr-~dE+ ~- F d l n ' y M = d E + - F - - ~ d x  [7] 

Thus, the electrode potential  measured may be con- 
verted to a thermodynamic  scale if ~ is known. 

Introducing Parsons '  funct ion f+ ~_ "Y + qE+ and 
convert ing surface excesses to the corresponding sur-  
face charge densities, Eq. [6] becomes 

RT 
dE+ = E+dq + q a - ' ~ -  (1 + f l x ) d l n x  

RT 
+ q jd - -~ - - f l xd lnx  [8] 

where qa is the adsorbed charge densi ty due to iodide 
ions and qjd is the surface excess of anions in the 
diffuse layer. 

The usual  way of determining $+ is to integrate  
capacity against potential  curves twice from a fixed 
negative potential  E+ where adsorption of anions 
may be considered negligible and thus the charge on 
the electrode indeFendent  of solution composition. 
However, from Eq. [8], it is apparent  that  "Y and ~+ 
will not be independent  of solution composition when 
ql a is zero. At constant charge density, the value of 
~+ at a fixed reference potential, ~+r is given by 

RT 
~+r __~ ~+ro _~ qjd . ---F- fix [9] 

where ~+ro is the value of E+r when x ---- 0. Using 
this relationship the necessary integrat ion constants 
may be calculated and h~+ : ~+ -- f+~ determined 
for any value of E + or q. 

Having determined ~+ as a funct ion of solution com- 
position at constant q, one may determine qi a by dif- 
ferentiation. From Eq. [8] 

F 1 { 81+ '~ p x  

RT ( l + / ~ x ) \ |  J 0 1 n x / q  --qa'~-qJd ( l q - ~ x )  
[lO] 

When /q  -{- qa/ is large, qjd approaches a constant  
value, given by (RTe#/2~)~/~ where e is the dielectric 
constant  of the pure solvent. Thus, an approximate 
value of qa may be calculated using the l imit ing value 
of qjd The estimate is then improved using an i tera-  
t ive technique and the exact expression for qjd from 
Gouy-Chapman  theory. 

Examinat ion  of existing activity coefficient data 
reveals that the mean  ionic activity coefficient for 
KI  is approximately  1% higher than  that  for KF 
whereas that for NaI is 7% higher than that for NaF. 
Thus, any var iat ion in  ~ for the K I - K F  system would 
be difficult to determine exper imenta l ly  and it is prob- 
ably legit imate to assume ~ _~ 0 for this system; how- 
ever, as is shown below, var iat ion in 'YEa in  the NaI-  
NaF system can be detected experimental ly.  Thus, 
the exact analysis presented above was used for the 
la t ter  system. 

Resu l ts  

Exper imental  values of the emf of cell [1], e to- 
gether with the corresponding values of �9  (RT/F)  
in  CNaCI are recorded in  Table 1 for varying values 
of x with ~ -- 0.25M. From the Nernst  equation for 
this cell 

RT RT 
e +  F InCNaCl=eo-- F ln'yNa~'I [11] 

where ,o is the s tandard emf. The derivat ive d ( ,  + 
(RT/F) in CNaCI)/dx is equal to 2 mV; thus, assum- 
ing 7i is independent  of solution composition, ~ ---- d 
In 7Na/dX is equal to 0.078. From Eq. [10], it is ap-  
parent  that neglect of var ia t ion of "YNa would result  
in qa being overestimated by approximately 8% when 
x :-  1. The relative error decreases with decrease in x. 
It is also apparent  that any var iat ion in 7K in the 
K I - K F  could not be detected by using the equivalent  
cell to [1] for the K + system when the precision of 
the emf measurements  is __1 inV. Thus, ~ for the K + 
system was assumed to be zero. 

Typical capacity against potential  curves for the 
K I - K F  system are shown in  Fig. 1. A small decrease 
in the slope of these curves followed by a steady in-  
crease is observed at potentials just  positive of the 
point  of zero charge. Similar  bu t  more pronounced 
effects are observed on capacity curves for C1- and 
B r -  systems (2, 3, 5-7) in water  but  are absent for 
the I -  systems in nonaqueous solvents (17). This 
effect is normal ly  a t t r ibuted to changes in. the di-  
electric properties of the inner  layer due to water  
molecule reorientat ion (1). 

The capacity-potential  curves were twice integrated 
from negative potentials (E+ _-- --1.596V at q ---- --21 
/~C cm -2 for the K I - K F  system and E+ ---- --1.610V 
at q -- --21 ~C cm 2 for the NaI-NaF system) where 
anion adsorption could be assumed negligible and 
~ +  calculated for integral  increments  in q using well-  
established technique (3, 12) modified to take into 
account the var iat ion in "YNa+ in the NaI-NaF system 
as described, above. The adsorbed charge density due 
to I -  was calculated according to Eq. [10], the der iva-  
tive (0A~+/0 In x)q being estimated by numerical  dif-  
ferent iat ion using a least squares fit of a cubic equa-  

Table I. EMF of the cell Na glass electrode/xM Nal Jr 
(0.25 - -  x )M NaF/Ag I /Ag  

e + ( R T / F )  
el--, M e, V in  Csa + CZ", V 

0.001 - 0.1965 - 0.4006 
0.01 - 0.257 -- 0.4109 
0.1 --0.3105 --0.4113 
0.25 -- 0.341 - 0.4122 
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Fig. 1. Differential capacity of the mercury/solution interface, C 
against electrode potential, E (with respect to a saturated calomel 
electrode) for aqueous solutions of xM KI + (0.25 - -  x)M KF at 
25~ The concentration of KI is indicated on the figure. 

nificantly less in  the  sys tem of lower  ionic s t rength.  
Al though the amount  of adsorp t ion  is less, s imi lar  
adsorpt ion  isotherms are  obta ined  for  the  N a I - N a F  
system. Results  obta ined  at  a bu lk  concentra t ion of 
0.1M I -  in the  presen t  and previous  studies a re  shown 
as a function of e lect rode charge  dens i ty  in Fig. 3. 
A la rge  increase in Iqal wi th  ionic s t reng th  is r ead i ly  
apparent ;  a smal l  but  significant increase  in qa when 
the counter ion is changed f rom Na + to K + at  con- 
s tant  ionic s t rength  is also observed.  

Plots  of the  potent ia l  d rop  across the inner  layer ,  
cmd, against  the  adsorbed  charge densi ty,  qa, at  con- 
s tant  e lec t rode  charge dens i ty  are  shown for the  
KI-KF system in Fig. 4. The plots  were  l inear  wi th in  
exper imen ta l  e r ror  but  the i r  slopes changed signifi-  
can t ly  wi th  q indica t ing  that  the  absorp t ion  could not  
be descr ibed by  an i so therm congruent  in e lect rode 
charge density.  The plots  for the  N a I - N a F  sys tem 
were  s imi lar  in appearance  but  had  h igher  slopes. 
The reciprocals  of the slopes of the  above plots, that  
is, (aqJocmd)q is p lo t ted  against  e lec t rode  charge 
dens i ty  in Fig. 5. In  te rms of the s imple e lect ros ta t ic  
model  of the  inner  l aye r  (Oqa/O~md) q is equal  to the  
in tegra l  capaci ty  of the  region be tween  the adsorp-  

t ion to A.~ + against  in x da ta  over  the to ta l  exper i -  
menta l  range  (18). 

Adsorp t ion  isotherms for  the  K I - K F  sys tem at  con- 
s tan t  charge  dens i ty  are  shown in Fig. 2. The cu rva -  
ture  of these plots  changed wi th  q indica t ing  tha t  
the  i so therm is not congruent  in this  e lectr ical  va r i -  
able. S imi la r  resul ts  have been found for the  adsorp-  
t ion of B r -  (6, 7) and C1- ions (5) whereas  the  ad-  
sorpt ion i so therm for I- ion f rom solutions of h igher  
ionic s t reng th  (8) was found to be congruent  in elec-  
t rode  charge density.  The l a t t e r  da ta  were  obta ined 
only  at  more  negat ive  e lect rode charge densit ies  (q 
< - -6  ~C cm -2) which  may  account for the  difference 
in behavior  wi th  tha t  observed here  over  a wider  
range  of q. Compar ison of the  presen t  da t a  wi th  those 
of Dutkiewicz  and Parsons (8) also shows tha t  the 
adsorbed charge dens i ty  due to I -  ions, Iqal is sig- 
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Fig. 2. Plots of the adsorbed charge density due to I - ,  qa against 
the logarithm of I -  concentration in the bulk, log (ci) for various 
constant charge densities on the electrode (indicated by the 
integers adjacent to each curve) for adsorption from the KI-KF 
system. 

i 

, 

-5 - 1 0  
q , , u C c r n  -2 

Fig. 3. Plots of the adsorbed charge density due to I - ,  qa 
against the electrode charge density, q for constant bulk I -  con- 
centration (0.1M) but varying ionic strength and counterion: i"-1, 
0.1M KI [Grahame (4)]; /% 0.1M Nal + 0.15M NaF (this work); 
O ,  0.1M KI + 0.15M KF (this work); V ,  0.1M KI + 0.9M KF 
[Dutkiewicz and Parsons (8)]. 
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Fig. 4. Plots of the potential drop across the inner layer, cmd 
against the adsorbed charge density, due to I %  qa at constant 
electrode charge density (indicated by the integer adjacent to each 
plot) for adsorption from the system xM KI + (0.25 - -  x)M KF. 
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Fig. 5. Plots of the integral capacity of the region between the 
inner Helmholtz plane and the outer Helmholtz plane, Kad against 
the electrode charge density, q for the NaI-NaF system (F1) and 
KI-KF system ( 0 ) -  

t ion or inner  Helmhol tz  p lane  (IHP) and the OHP, 
tha t  is, K a d .  The fact tha t  Kad iS significantly lower  
for the  N a I - N a F  system suggests that  the thickness 
of this  region is g rea te r  in the Na + sys tem than  in 
the  K + system. 

The function In (--qa/cI) -- ~r where  ~d is the 
potent ia l  drop across the  diffuse l aye r  and f = F/RT, 
is p lo t ted  against  q~ in Fig. 6. The l inear i ty  of these 
plots suggests tha t  a v i r ia l  i so therm wi th  a t e rm cor-  
rect ing for the  diffuse layer  (19) accounts for the  
da ta  obtained.  This type  of adsorpt ion  i so therm is 
expected  when the  s imple  electrostat ic  model  for  
ionic adsorpt ion (10) is appl icable  and electrode cov- 
erage is smal l  so tha t  the entropic  t e rm in the iso- 
therm, In (1 --  0) m a y  be approx imated  by  the first 
two terms in its series expansion (19). 

Discussion 
Effects of activity coefl~cient variation.--Two aspects 

of ac t iv i ty  coefficient var ia t ion  should be considered 
here:  the var ia t ion  in ac t iv i ty  of iodide ion with na-  
ture  of the cat ion for constant  bu lk  concentra t ion and 
ionic strength,  and the var ia t ion  in metal  ion ac t iv i ty  
wi th  solut ion composit ion for constant  ionic s t rength  
and meta l  ion nature.  F rom tabu la ted  ac t iv i ty  co- 
efficient data, the mean ionic ac t iv i ty  coefficients in 
0.25M NaI  and KI  solutions are  0.741 and 0.718, r e -  
spectively.  Assuming aNa --  4A, ~ and ~ ---- 3A (20), 
and app ly ing  Eq. [2] and [3], #JaI and ~KI are  es t i -  
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Fig. 6. Plots of the function In(--qa/cI) - -  fed against charge 
density due to adsorbed I - ,  qa at constant electrode charge density 
(indicated by the integer adjacent to each plot) for the KI-KF 
system. 

mated to be 0.019 and 0.016, respect ively,  Thus, ~I --  
0.727 in  0.25M NaI  and 0.718 in 0.25M KI. Other  fac- 
tors ignored, one would then  expect  more  adsorpt ion 
of I -  f rom the NaI  sys tem since its ac t iv i ty  is h igher  
at  the same concentrat ion.  I t  then follows that  one 
cannot a t t r ibu te  the decreased adsorpt ion  f rom the 
NaI  sys tem to a corresponding decrease in the  bu lk  
ac t iv i ty  of the I -  ion. 

The appl icab i l i ty  of the above model  may  be tested 
by compar ing  the expe r imen ta l ly  measured  value  of 
# for the N a I - N a F  sys tem wi th  that  es t imated using 
Eq. [2] and [3]. Assuming O F  --" 3.5A (20), ~NaF "-- 

--0101 and # ---- (#Na* - -  f l N a F ) ~  " -  0.079. This resul t  
agrees ve ry  wel l  wi th  tha t  obta ined expe r imen ta l l y  
and confirms that  the es t imates  of single ion act ivi t ies  
m a y  be considered rel iable.  

I t  is wor th  ment ioning that,  a l though one might  
expect  significant var ia t ion  in single ion activi t ies in 
some of the  systems s tudied prev ious ly  using the 
Hurwi tz -Pa r sons  method,  only one a t t empt  appears  
to have  been made  to consider  this var ia t ion  in the  
the rmodynamic  analysis  (21). In  tha t  sal t  act ivi t ies  
m a y  be measured  r e l a t i ve ly  easi ly  using the emf 
technique wi th  specific ion electrodes,  this aspect  of 
the Hurwi tz -Pa r sons  analysis  of ionic adsorpt ion  
should not be over looked in fu ture  work.  The da ta  
for systems wi th  nonnegl igible  # p rev ious ly  publ i shed  
should also be reexamined.  

Adsorption of iodide ion at mercury.--Although the  
da ta  repor ted  here  are qua l i ta t ive ly  s imi lar  to those 
presented  ear l ie r  for hal ide  ion adsorpt ion  (2-8),  
they  can be used to e lucidate  severa l  p roblems  re -  
gard ing  ionic .adsorption discussed in the recent  l i t e ra -  
ture  (1). One point  which has received a grea t  amount  
of a t tent ion is the question of whe the r  an isotherm 
congruent  in e i ther  e lect rode charge densi ty  or e lec-  
t rode  potent ia l  could be used to descr ibe ionic adsorp-  
tion. In  more  recent  work  i t  has been emphasized tha t  
a te rm to account for the contr ibut ion  to the  free 
energy  of adsorpt ion  due to the  potent ia l  drop across 
the diffuse layer  must  appear  expl ic i t ly  in the  a d -  
sorpt ion i so therm (7, 19). Since r is a funct ion of 
both  electrode charge densi ty  and bu lk  iodide ion 
concentra t ion i t  fol lows tha t  congruency in one or  
o ther  of the e lectr ical  var iables  can be observed only 
when the diffuse layer  t e rm is negl ig ib ly  small  or 
for tu i tous ly  constant  wi th  change in bu lk  concentra-  
t ion of the adsorbing ion. 

The present  results  p rovide  di rec t  evidence of the  
necessi ty of including the diffuse l aye r  t e rm in the 
isotherm. Thus, to a first approxim,ation, the  increase  
in /qa/ with  increase in ionic s t rength  at constant  q 
m a y  be a t t r ibu ted  to a corresponding decrease i n / r  
tha t  is, to a decrease  in the  repuls ive  field of the  d i f -  
fuse layer .  More precisely,  the  e lectrostat ic  con t r ibu-  
t ion to the free energy of adsorpt ion  of a monovalen t  
anion m a y  be wr i t t en  (10) 

(AGa)e = --Fr -- F(q + qa)/Kad + ~sa + ~d, [12] 

where  the  first two terms account for the  difference 
be tween  the average potent ia l  on the  adsorpt ion  p lane  
and that  in the bu lk  of the solution, ~sa is the  con- 
t r ibut ion  due to the  se l f - images  formed by  the ad -  
sorbing ion in the  meta l  and diffuse layer  ( se l f -a t -  
mosphere  potent ia l )  and ~d~, that  due to the  fact  tha t  
the ion occupies finite a rea  on the adsorpt ion  p lane  
(disk poten t ia l ) .  Other  than  the change in #d, one 
may  dis t inguish two other  factors which cont r ibute  
to a decrease in (AGa)e wi th  increase in ionic s t rength  
for constant  q and qa. I t  can be argued that  the ef-  
fective thickness of the  inner  l aye r  decreases wi th  
increase in ionic s trength;  this change resul ts  ma in ly  
in an  increase in Kad, the  effective capaci ty  of the  
region be tween  the adsorpt ion p lane  and the outer  
Helmhol tz  p lane  (8) and thus in a decrease in (AGa)e. 
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At the same t ime the self-atmosphere contr ibut ion 
~sa becomes more negative due to the increased ef- 
ficiency of image formation in  the diffuse layer. The 
above effects are reduced somewhat by a decrease in 
the value of /~ds/. The disk term is negative and given 
approximately by ~ds ---- Fg gmd qa/Kma Kad where Kind 
is the integral  capacity of the inner  layer, Kma, the 
capacity of the region between the metal  and adsorp- 
t ion plane, and g, a dimensionless parameter  approx- 
imately equal to un i ty  (23). The increase in  Kad re-  
sults in a smaller  increase in  Kind and thus a small 
decrease in /~ds/. It is easily shown by calculations on 
the basis of models developed by Levine et at. (10, 
22, 23) that  the total effect of increase in Kad with 
ionic s t rength is a corresponding decrease in  (~G~)e. 

The var iat ion in  qa with counter ion na ture  at con- 
s tant  q and ionic s t rength can also be accounted for 
on the basis of the above electrostatic model. Although 
Cd is independent  of counterion na ture  to a first ap- 
proximation,  Kad increases when the counterion is 
changed from Na + to K + (Fig. 5). As argued above, 
this will result  in a decrease in the second and third 
terms in Eq. [12], an increase in  the fourth term, and 
an over-al l  decrease in  (AGa)e. Thus, one observes 
an increase in the difference in qa for the Na + and K + 
systems as the difference between the corresponding 
values of Kad increases. An al ternat ive  explanat ion of 
the cation effect on iodide ion adsorption is to a t t r ibute  
it  to cation coadsorption, the amount  of cation ad-  
sorption being larger in  the K + system. However, one 
would expect the amount  of cation adsorption to in -  
crease as the charge on the electrode becomes more 
negative, and thus the difference between qa in the 
Na + and K + systems to become more pronounced at 
negative charge densities. The present  results show 
exactly the opposite t rend and thus are evidence 
against this explanat ion of the cation effect. All re-  
sults obtained are consistent with a model of the 
inner  layer  in which its thickness at negative charge 
densities is determined by the distance of closest 
approach of a solvated cation, the solvated radius of 
Na+ being larger than that  of K +. A similar  explana-  
t ion can be offered to account for all or part  of the 
cation effect observed for the kinetics of electron 
t ransfer  reactions occurring at negative charge dens- 
ities on mercury  (24, 25). 

The Christie plots presented in Fig. 4 are normal ly  
interpreted in terms of a simple electrostatic model 
of the inner  layer according to which 

q qa 
brad : - -  ~ [13] 

Krnd Kad 
If Kind and Kad are independent  of qa for fixed q, then 
the slope of the Christie plot is equal to 1/Kad. In  the 
more general  case, the slope is given by 

s162 -- Kadl , 2rqa (O(1/Kad))q_~_(O(1/Kmd))qOqa q Oqa 

[14] 

Since the Christie plots are linear, one may conclude 
that  O(1/Kad)/Oqa ~-- O. Considering the fact that the 
plots are not parallel,  one would expect some con- 
t r ibut ion from the third term in Eq. [14]. However, 
its magni tude  must  be small  or approximately inde-  
pendent  of qa for the range of values of q and qa 
considered in Fig. 4. Since / q /  is not large in this 
range and no curvature  is apparent,  one may con- 
clude that  the slope of the Christie plots is approxi-  
mately  equal to 1/Kad in the present  case. Dutkiewicz 
and Parsons (8) found Kad to be approximately con- 
s tant  (59 gF-cm -2) in  the 1M K I - K F  system at 
negative charge densities (--12 < q < --6 gcoulombs- 
cm-2) .  The values obtained here are somewhat 
smaller  (Kad : 50 ~F cm -2 at q _ --8 ~coulombs- 
cm -2) and appear to decrease as the charge on the 

OF COIJNTERION SIZE 1329 

electrode becomes more negat ive (Fig. 5). Several  
explanations could be offered for the disagreement.  
First, the numerica l  differentiati3n technique used to 
determine qa becomes very inaccurate at large nega-  
tive charge densities where the total change in  hi+ 
at constant  q is small. On the other hand, Dutkiewicz 
and Parsons assumed that the isotherm is congruent  
and thereby avoided numerica l  differentiation, the 
values of qa being obtained from hE+, the potential  
shift due to adsorption at  constant  electrode charge 
density (8). However, their  procedure may be con- 
sidered as a part icular  kind of data smoothing which 
necessarily results in approximately paral lel  Christie 
plots and a constant  value of Kad (1). The value of 
(OCmd/Oqa) obtained by  Grahame (4) in  pure  K1 
solutions at the point  of zero charge agrees well  
with that obtained here. At more negative or positive 
charge densities the agreement  is poor. If Kad changes 
with ionic strength, the disagreement  can be a t t r ib-  
uted to increased contributions from the terms 0(1/  
Kad)/Oqa and O(1/Kmd)/Oqa in  Eq. [14]. 

Several at tempts have been made (19, 26) to an -  
alyze adsorption data similar to that  obtained here 
on the basis of the electrostatic model developed by 
Levine et ak (10, 23). In  the case that  the adsorbing 
ion is small, the adsorption isotherm may be wr i t ten  

ln8  -- ln(1  -- 8) ---- lni  a -- (AGa)c/RT -- (AGa)e/RT 
[15] 

where 8 ---- qa/qm, qm being the m a x i m u m  adsorbed 
charge density, and (hGa)c is the part  of the free 
energy of adsorption which is independent  of the 
electrical state of the interface. Since the coverage 
obtained in these experiments  is small, qm cannot be 
easily determined. Fur thermore,  the component capac- 
ities of the inner  layer  Kma and Kad can only be de- 
termined approximately  from the Christie plots so 
that  fur ther  analysis of the data presented in Fig. 6 
does not seem worthwhile  at present. However, it 
should be noted that the contr ibut ion to the free 
energy of adsorption due to the self-atmosphere po- 
tent ial  (Eq. [12]) has been overlooked in previous 
analyses. Calculations have shown that this te rm is 
not negligible (22). Although it may not  vary  much 
with q~, one would expect it to vary  significantly 
with q. 

Counterion egects at other charged inter]aces.-- 
From a biological point  of view studies of counterion 
effects at charged monolayers and bi layer  lipid mem-  
branes (BLM) may be useful  in elucidating the elec- 
trical behavior of membranes  in l iving systems (26a). 
In this regard one may dist inguish two cation effects at 
negatively charged monolayers and BLM. The first 
is the selectivity for cation t ransport  which is often 
observed in these systems and which depends both 
on the chemical na ture  of the film and also on the 
presence of lipid soluble carriers such as va l inomycin  
(27-29). The second effect and that  with which this 
paper is concerned is the na tu re  of the average and 
local potential  profiles at the interfaces of the system 
and its influence on adsorption of other ions and 
dipolar molecules and on t ransport  through the film. 

Goddard and co-workers (30-33) have studied the 
effects of counterion na ture  on the surface pressure 
and potential  at both positively and negatively charged 
monolayers. For negat ively charged head groups, 
these properties depend both on the na ture  of the 
head group and on the na ture  of the cation in solu- 
tion. The surface potential  of an expanded arachidic 
acid monolayer  ( - - C O 0 -  head group) is negative in 
alkali metal  hydroxide solutions and decreases in mag- 
ni tude in the sequence K + > Na + > Li +. In  the case 
of expanded docosyl sulfate monolayers,  the sequence 
is reversed. Thus, Goddard (32) has argued that  
alkali metal  cation interact ion with ionized fatty acid 
monolayers increases as the crystallographic radius 
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of the cat ion decreases (Li  + > Na + > K + > Rb + 
> Co + ) whereas  in terac t ion  wi th  a lky l  sulfate  mono-  
layers  increases as the  hyd ra t ed  radius  of the cation 
decreases (Co + ~ Rb + > K + > Na + > L i + ) .  In  fact, 
the  s i tuat ion is undoub ted ly  much  more  complex.  
Examina t ion  of the l i t e ra tu re  on cat ion effects at 
nega t ive ly  charged colloids reveals  tha t  cat ion in-  
te rac t ion  depends  ve ry  much on the na tu re  of the  
anionic group and tha t  more  than  the above two 
in terac t ion  sequences for a lka l i  meta l  cations are  ob-  
served expe r imen ta l ly  (34). Cation in terac t ion  wi th  
BLM does not  appear  to have been s tudied in any 
deta i l  (28, 29) but  e lectr ical  p roper t ies  such as BLM 
capaci tance have been found to depend  on the na tu re  
and concentrat ion of the  e lec t ro ly te  in the su r round-  
ing solut ion (28). 

Er l ander  (34) has shown that  cation in terac t ion  se-  
quences at  nega t ive ly  charged  colloids can be ra t ion-  
al ized on the basis of the  F r a n k  and Wen model  (35) 
of wa te r  s t ruc ture  sur rounding  the in te rac t ing  ions 
wi th  considera t ion of the i r  effective die lect r ic  con- 
stants.  Accordingly,  ions wi th  high charge to rad ius  
rat ios are  sur rounded  b y  A - t y p e  wa te r  which is 
s t rongly  bound to the ion by ion-d ipole  interact ions.  
Most ions are  also sur rounded  by  B- type  wa te r  in 
which the normal  s t ruc ture  is b roken  and ne i ther  ion-  
dipole nor  d ipo le -d ipo le  in teract ions  predominate .  The 
normal  wa te r  s t ruc ture  which is de t e rmined  by  d ipo le -  
dipole  interact ions  and hydrogen  bonding is des ig-  
na ted  C-type.  Thus, Li +, Mg ++, Ca++,  S r++ ,  and 
Ba ++ ions are  su r rounded  immedia t e ly  b y  A wa te r  
wi th  a l aye r  of B wa te r  beyond the t igh t ly  bound 
dipoles. Cs +, Rb +, K +, CI - ,  B r - ,  and I -  do not have 
any  order ing  effect and thus are  su r rounded  by  a B 
region only. Na + and F -  are  considered to have an 
A region but  no B region. E r l ande r  has es t imated the 
effective dielectr ic  constant  of the B region su r round-  
ing the ions and has argued tha t  ion- ion  in terac t ion  
increases when the effective dielectr ic  constants a re  
s imi lar  in magni tude  (36). In order  to app ly  these 
ideas to biological  membranes  one must  know some-  
thing about  the effect of the  charged groups at the  
surface on the s t ructure  of the sur rounding  wa te r  
molecules. Er lander  has argued tha t  the  phosphate  
group in phosphol ipids  which is in close p r o x i m i t y  to 
a base  is sur rounded  by  B wa te r  wi th  a low effective 
dielectr ic  constant.  Thus, i t  in teracts  most s t rongly  
wi th  K + which has s imi lar  characteris t ics .  The in t e r -  
action sequence (K+ ~ Na + ~ Rb + ~ Li + ~ Cs +) 
then depends  on whe the r  the cation has an A region 
and on the effective dielectr ic  constant  of the  B re -  
gion. S imi la r  concepts can be appl ied  to cation in t e r -  
action with  other  common nega t ive  sites such as car-  
boxyla te  (34). 

In  order  to develop an electrostat ic  model  for the 
potent ia l  d is t r ibut ion  at  the membrane / so lu t i on  in t e r -  
face one must  know the re la t ive  posit ions of the  
charged head group and counterions.  At  mercu ry  the 
counterions are  no rma l ly  assumed to be ~ 5 A  f rom a 
homogeneous,  geomet r ica l ly  smooth meta l / so lu t ion  in-  
terface;  more  precisely,  the dis tance of closest ap-  
proach of the counter ion and thus the potent ia l  d is -  
t r ibut ion  at  the in ter face  depend on the na ture  of 
the in terac t ion  of both  the  charged meta l  surface 
and the counter ion with  sur rounding  wate r  molecules.  
Considering the s t ructure  of phosphol ip id  molecules  
i t  is quite possible that  the counterions could pen-  
e t ra te  beyond the p lane  through the charge centers  
of the phosphate  groups. Since the membrane  also 
contains pro te in  and more  than one type  of phos-  
phol ipid  molecule  (36a), often d is t r ibuted  in different  
ways on the inside and outside walls  of the membrane  
(37), the local potent ia l  profile near  the in terface  un-  
doub ted ly  varies cons iderably  over  the surface of the 
membrane .  Reeves and co -worke r s  (38, 39) have deve l -  
oped an NMR technique for s tudying  the or ienta t ion of 

double  l aye r  ions at  model  membranes  based on lyo -  
t ropic  l iquid crystals .  Appl ica t ion  of this  technique 
or another  spectroscopic method  to rea l  m e m b r a n e  
systems could be of considerable  help in e luc ida t ing  
the spa t ia l  d i s t r ibu t ion  of charged  groups and ions 
at the  membrane ' s  surfaces. Levine  et al. (40) have  
rev iewed  the e lect ros ta t ic  models  developed to ac-  
count for  the  surface potent ia l  and surface pressure  
observed at  charged interfaces.  They  have  empha -  
sized the  impor tance  of consider ing the discrete  na -  
ture  of the charge  as wel l  as the d is t r ibut ion  of 
counter ions wi th  respect  to the  charged  head  groups. 
Undoubtedly ,  the  models  deve loped  for  charged mono-  
layers  could be modified to deal  wi th  the  potent ia l  
d is t r ibut ion  at  each of the  charged  in terfaces  of the  
membrane .  An unders tand ing  of  the  e lect ros ta t ic  s i tu-  
a t ion could then  be  used to e lucidate  electrosorpt ion,  
ionic surface excesses, and even tua l ly  the  electrostat ic  
factors  which p l ay  a role  in ion t ranspor t .  
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Surface Charges on Nerve Membranes 
and Artificial Lipid Bilayers 

B. Neumcke 
I. PhysioIogisches Institut der Universitiit des Saarlandes, 665 Homburg, Saar, Germany 

ABSTRACT 

The de t e rmina t ion  of membrane  surface charges is descr ibed for  m e m -  
branes  of unmye l ina ted  and mye l ina ted  nerves  and for art if icial  l ip id  b i l aye r  
membranes .  In  nerve  membranes  negat ive  surface charges are  found. Their  
dens i ty  is l a rge r  at the  ex te rna l  than  at  the  in te rna l  interface.  This resul t  is 
discussed in  te rms of "flip-flop" t ransfe r  of charges be tween  both surfaces 
across the  m e m b r a n e  which  is control led  by  the electr ic field. Surface  charge 
densit ies  at l ip id  b i l ayer  membranes  formed from l ipids  wi th  charged  po la r  
groups are  h igher  than  the corresponding densit ies  at  nerve  membranes .  The 
impor tance  of discreteness  of charge effects on the  de te rmina t ion  of m e m b r a n e  
surface  charges is es t imated  for  nerve  membranes  and l ip id  b i layers  and is 
i l lus t ra ted  by  severa l  examples .  

Biological  membranes  are  th in  layers  of prote ins  and 
lipids.  Due to e lectrostat ic  and hydrophobic  in te rac -  
t ions the  po la r  groups of these molecules a re  or iented 
t oward  the  ex t r a -  and in t race l lu la r  solut ions whereas  
the  l ipophil ic  par t s  form the in ter ior  of the  membrane .  
Charged po la r  groups thus are  p re fe ren t i a l ly  located at  
the  membrane - so lu t ion  interfaces.  There  is now grow-  
ing evidence tha t  these surface charges are  essential  
for  the  s t ruc ture  and funct ion of membranes .  For  ex -  
ample,  the  s tab i l i ty  of membranes  is c r i t ica l ly  affected 
by  mu tua l  repuls ions  of surface charges tending to dis-  
o rde r  the  or ienta t ion  of po la r  head  groups in the sur -  
face layers  (1). The e lect r ica l  conduct iv i ty  of m e m -  
branes  depends  on the m e m b r a n e  surface potent ia l  and 
can be control led  by  specific surface charges near  ion 
select ive channels  (2). Fur the rmore ,  surface charges 
m a y  be sites for the  adsorpt ion  of uncoupl ing agents  
(3) or even of macromolecu la r  phages  (4). 

In  this cont r ibut ion  surface charges are  character ized 
for  nerve  membranes  and compared  with  those at  the  
surface of art if icial  l ip id  bi layers .  For  both types  of 
membranes  the  exact  shape of the  surface and the  lo-  
cat ion of charges are  unknown.  We, therefore,  have to 
app ly  severa l  ideal izat ions:  The m e m b r a n e  surface is 
considered as a p lane  in ter face  separa t ing  two homo-  
geneous phases  wi th  different  d ie lec t r ic  constants.  Di-  
pole  potent ia ls  and layers  of adsorbed  ions are  ne -  
glected, and the surface charges are  t r ea ted  as un i -  
fo rmly  d i s t r ibu ted  over  the  m e m b r a n e  surface. Some 
effects of discrete charge d is t r ibut ions  are  discussed in 
the  last  section of this  contr ibut ion.  

Determination of Surface Charges 
In  pr inc ip le  there  a re  two different  approaches  for  

de te rmin ing  m e m b r a n e  surface charges. 

Key words: nerve membrane, lipid bilayer, membrane surface 
charge, discrete charge distributions 

I. Change of intramembrane field strength.--The 
membrane  surface potent ia l  depends  on the ionic com- 
posi t ion of the  solutions in contact  wi th  the membrane .  
If a new solut ion is appl ied  in which a different  surface 
potent ia l  is generated,  a corresponding change of the  
electr ic field s t rength  in the  m e m b r a n e  wi l l  occur 
though the ex te rna l ly  appl ied  vol tage is kep t  constant.  
Al l  f ie ld-dependent  m e m b r a n e  pa rame te r s  then  are 
shif ted along the vol tage  axis. The measured  shif t  (cor-  
rected  for the  vol tage drop at  the  m e m b r a n e  series re -  
s i s tances  and for l iquid junc t ion  potent ia ls  be tween  the  
test  solutions used) is equal  to the  change of the sur -  
face potent ia l  f rom which  the dens i ty  of surface 
charges can be calcula ted by  app ly ing  the G ouy-Chap -  
man  theory  of the diffuse double  layer .  

2. Change of stationary ion flux.--A change of t h e  
surface potent ia l  also affects the  s ta t ionary  ion flux. If  
the  ion t r anspor t  across the  m e m b r a n e  is descr ibed as 
j ump  over a single symmet r i ca l  ac t ivat ion energy  b a r -  
r ier,  the s ta t ionary  flux r of un iva len t  cations is p ro -  
por t ional  to (compare  Eq. [A-9] of the  Append ix )  

F ( ~ ' + ~ " )  ] 
r  - 2R---T 

F U  
[ c ' e x p  < - -  F U ) - - c " e x p < - ~ - ~ ) ]  

2RT 
[1] 

where  U is the ex te rna l ly  appl ied  voltage, c' and c" the  
bu lk  cation concentrat ions  in the solutions, ,I,', ,I," the  
surface potent ia ls  at  the  outer  and inner  m e m b r a n e  
surface;  F F a r a d a y  constant;  R gas constant;  and T ab -  
solute tempera ture .  Thus �9 is a funct ion of the  s u m  
~I,' + ,I," of both  surface potent ials .  For  a symmet r i ca l  
membrane  and for ident ica l  ionic compos i t ions  of  t h e  
solutions it is ~-' ---- ,I," _-- ,I, and  the express ion [1] con- 
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tains the Boltzmann factor e x p ( - - F ~ / R T ) .  The same 
result  can be derived in  the ohmic region U --> 0 using 
the Nerns t -P lanck  diffusion equation (5). The surface 
potential  ~, of a symmetrical  membrane  then can be 
determined in the following way: If the s tat ionary ion 
flux through this membrane  and the flux through a 
membrane  without  surface charges but  otherwise iden-  
tical composition are measured, the flux ratio is equal 
to the Boltzmann factor e x p ( - -  F,~,/RT) from which 

can be obtained. 

Surface Charges on Nerve Membranes 
If the ionic s trength of the in terna l  perfusate of 

squid giant  axons is lowered, the sodium inact ivat ion 
curve is shifted along the voltage axis in  the positive 
direction (6). This effect was a t t r ibuted to the presence 
of negative fixed charges at the inside of the nerve 
membrane  and the change of the in terna l  field s trength 
after al tering the ionic strength. With the method 1 
described above a density - - leo/ (27A) 2 (eo is the ele- 
menta ry  charge) was calculated for in terna l  surface 
charges (6). At normal  ionic s t rength of the intracel-  
lu lar  solution this surface charge produces a surface 
potential  of about -- 17 inV. The surface charge density 
at the external  membrane  surface of squid giant  axons 
was determined by  varying the concentrat ion of di-  
valent  cations in the extracel lular  solution. Higher 
amounts  of these ions shift the potassium conductance- 
voltage curve in  the positive direction from which a 
density - - l e o / ( l l A ) 2  of negative outer surface charges 
and a surface potential  of --46 mV at physiological Ca 
concentrations were obtained (7). Shifts of almost 
identical size were found at squid giant axons for the 
curves relat ing the t ime constant of potassium activa- 
t ion and membrane  potential  at various extracel lular  
Ca and Mg concentrations (8). 

Surface charges at myel inated nerve fibers were de- 
termined for the nodal membrane  of frog sciatic nerves. 
For  this preparat ion the surface charge densi ty can be 
calculated from the shifts of the ionic conductances in 
the positive direction which are induced by lowering 
the extracellular  pH. This results in a density of - - l eo /  
(20A) 2 and an intrinsic pKa ~ 4.3 for unspecific ex- 
ternal  surface charges (2). [See also Ref. (8a, 8b).] 
The surface charge density at the in ternal  surface of 
the nodal membrane  cannot be determined directly. 
However, an estimate of - - leo/ (29A) 2 for this density 
can be derived by the hypothesis that the observed 
spontaneous shift of the steady-state sodium inact iva-  
tion curve dur ing long lasting voltage clamp experi-  
ments is caused by a decrease of negative interior  
surface charges (9). With the appropriate ionic com- 
positions of in t ra -  and extracellular  solutions the sur-  
face potentials --19 and --48 mV are found for the 
in ternal  and external  surface potentials of myel inated 
nerves under  physiological conditions. 

It is evident  that for squid giant axons and myel i -  
hated nerves the charge density at the external  surface 
exceeds that at the in terna l  one. This dis t r ibut ion 
would follow if the surface charges were not fixed at 
one interface but  were able to diffuse across the hydro-  
phobic inter ior  of the nerve membrane  toward the op- 
posite membrane-so lu t ion  interface. In this case the 
amount  of surface charges at the external  and the in -  
ternal  surface would be governed by the electric field 
s trength in the membrane.  This was recognized by 
McLaughlin and Harary  (10) who calculated the equi-  
l ib r ium dis t r ibut ion of surface charges at giant  axons 
at various membrane  potentials. They concluded that  
at the resting state the charge density and surface po- 
tent ial  at the outer surface would be substant ia l ly  
greater than the corresponding values at the inner  sur-  
face. This prediction of the "flip-flop" diffusion of sur-  
face charges is in agreement  with the charge densities 
found for the inner  and outer surface of nerve mem-  
branes. If the redis tr ibut ion of surface charges in nerve 
membranes  were possible, more negative surface 
charges would be dr iven from the inner  to the outer 

membrane  surface at holding potentials which are more 
negative than the resting potential.  The surface poten-  
tial #' at the outer membrane  surface then  would a s -  

s u m e  more negative values whereas the corresponding 
surface potential  ~" at the inner  membrane  surface 
would become less negative, This would modify the 
stat ionary ion flux @ at a given external  voltage u ac- 
cording to the Eq. [A-6] derived in the Appendix. In -  
crease or decrease of �9 were determined by  the asym- 
met ry  parameter  ~. For  ,~ ~ 1 (energy barr ie r  located 
at the inner  membrane  surface) the flux @ would de- 
crease for flip-flop of negative surface charges from in -  
side to outside (compare [A-8] ). Instead an increase 
of the sodium and potassium currents  was measured at 
more negative holding potentials than  the resting po- 
tent ial  (11). Therefore, the energy barr ier  must  be 
located near  the outer membrane  surface if the ob- 
served increase of the ionic currents  is caused by t rans-  
verse motion of negative surface charges from inside 
to outside. In  this case a change of the in terna l  field 
s trength should occur which should affect all field- 
dependent  membrane  parameters.  However, no signifi- 
cant shift of the s teady-state  sodium inact ivat ion w a s  
measured dur ing fixed test pulses s tar t ing from differ- 
ent holding potentials (11, Fig. 2). Also, no evidence 
for a t r ansmembrane  motion of surface charges could 
be found dur ing long depolarizations at squid axon 
membranes  (12). Thus the existence of flip-flop of 
surface charges induced by a change of the holding 
potential  is still questionable. However, a possible 
t ransverse diffusion of charged macromolecules in the 
interior  of the nerve  membrane  can be inferred from 
the kinetics of the slow variat ions of the sodium cur-  
rent  following changes of the holding potential  or the 
extracel lular  pH. This analysis has been published 
elsewhere (13). 

Surface Charges on Lipid Bilayers 
Artificial lipid bi layer  membranes  can be formed 

from various lipids with two hydrocarbon chains per 
lipid molecule. As in biological membranes  the polar 
end  groups of the molecules are preferent ia l ly  located 
at the l ipid-solut ion interfaces whereas the hydrocar-  
bon chains are oriented toward the inter ior  of the 
membrane.  Bilayer membranes  from lipids wi th  
charged polar groups thus bear surface charges. For  
lipids of known composition the approximate area per  
lipid molecule at the surface of l ipid bilayers and thus 
the surface charge density can be estimated. As an  
example a value of about 62A2/molecule was reported 
for phosphatidylcholine (14). Similar  surface densities 
are expected for other l ipid molecules. 

The surface potential  of charged lipid bi layer  mem-  
branes can be determined by comparing the s tat ionary 
conductivity of membranes  with and without surface 
charges (method 2, see above).  In  this way a high den-  
sity of --1 eo/38A 2 was obtained for negatively charged 
phosphatidylserine bi layer  membranes  from conduct-  
ance measurements  at these membranes  and at neut ra l  
phosphat idylethanolamine bilayers (15). The b inding 
of a pH sensitive fluorescence probe to a charged in te r -  
face offers another possibility for determining its 
charge density. This probe will  indicate the local pH 
at the interface thus showing a pKa shift with respect 
to the bulk  pH. Calculations on the basis of these shift 
measurements  lead to charge densities at l ipid-solut ion 
interfaces between 1 eo/50A 2 and I eo/lOOA 2 (16, 17). 
Thus the interpretat ion of the measured PEa shifts in  
terms of membrane  surface charges gives reasonable 
surface charge densities. Finally,  the binding of the 
hydrophobic fluorescence probe A N S -  (1-ani l ino-8-  
naphthalene sulfonate) to phospholipid membranes  re-  
sponds to the membrane  surface potential  and this 
probe, too, can be used to determine surface charge 
densities. An average distance of approximately 8A 
between charged centers at the membrane  surface was 
deduced from these binding exper iments  (18). In  the 
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same investigation significant deviations from the ideal 
Gouy-Chapman  behavior  were found and interpreted 
in  terms of discreteness of charge. These discrepancies 
between discrete and uni form charge dis tr ibut ions are 
discussed in the following section. 

Discrete Charge Distributions 
Since the a r rangement  of surface charges on biologi- 

cal membranes  and lipid bilayers is unknown,  the 
values of surface charge densities given in  the previous 
sections were calculated by ignoring the discreteness of 
charges, i.e., by smearing the ions in  the membrane -  
solution interface. Such an approximation can lead to 
serious errors. This complication was recognized very 
early in  investigations of charge distr ibutions near  
electrode surfaces and there have been many  attempts 
to calculate surface potentials at electrode-solution 
interfaces when charge discreteness is not neglected 
[as an example compare with Ref. (19)]. 

In  the physiological l i tera ture  there have been only 
a few contributions dealing with discrete charge and 
dipole distr ibutions (20-25). Cole (21) est imated that 
deviations between discrete and homogeneous charge 
distr ibutions are negligible if the product  Kb between 
the reciprocal of the Debye-Hiickel  length 1/K in  the 
solution and the separation b of surface charges a r -  
ranged in a hexagonal  lattice is less than 1. For  Kb > 1 
more discrete than uni formly  distr ibuted surface 
charges are required to obtain a given surface potential.  
We test this condition by insert ing the values cited 
above for nerve membranes  and lipid bilayers:  For 
squid giant  axons it is 1/K ~-- 4_k (ionic s trength of the 
extra and int racel lu lar  solution approximately 500 
mmoles) .  With a surface charge density of - - l eo /  
(27A) 2 at the inner  (6) and - - l e o / ( l l A )  2 at the outer 
membrane  surface (7) we have Kb ~ 7 and 3 for these 
two interfaces indicating a significant difference be-  
tween surface potentials generated by equal amounts  
of uni form and discrete charge distributions. Similar  
values of Kb are obtained for the membrane  of myel i -  
nated nerve. Taking 1/K ~ 10A (ionic s t rength of the 
extra and int racel lu lar  solution approximately 100 
tamales) and the densities - - leo / (29A)  2 and - - l eo /  
(20A) 2 for inner  (9) and outer surface charges (2) we 
arr ive at Kb ~ 3 and 2, respectively. Thus all surface 
charge densities at nerve membranes  cited above have 
to be considered as lower limits. The actual densi ty of 
discrete charges may be significantly higher to be in  
accordance with the magni tude  of measured surface 
potentials.  For  1/K ---- 10_k the concept of uniform 
charge distr ibutions can be used for charge separations 
less than 10A. Therefore, no corrections have to be ap- 
plied to the charge densities reported for l ipid bi layer  
membranes.  

As an example for significant deviations between 
smeared and discrete charge distr ibutions we discuss 
the determinat ion of negative surface charges at the 
outer membrane  surface of myel ina ted  nerves. From 
our experiments  the decrease of the surface potential  at 
lowered extracel lular  pH values is obtained. By apply-  
ing a smeared charge model these results can be fitted 
with a uni form surface charge density of - - leo / (20A)  2 
and an intr insic pKa -~ 4.3 (2). If instead four discrete 
un iva len t  negative charges are arranged around an ion 
selective channel  of the nerve membrane,  a charge 
distance of 10A from the center of the channel  and a 
PKa -~ 4.3 are needed to be in accordance with the ex-  
per imenta l  results. The calculation of the t i t ra t ion 
curve of these discrete surface charges was performed 
in  close analogy to the work of Nelson and McQuarrie 
(25). Thus the pKa value of the surface charges is the 
same for both charge distr ibutions whereas significantly 
higher discrete than  smeared charge densities are ob- 
tained. 
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APPENDIX 
Derivation of Eq. [ I ]  

The stat ionary ion flux across a membrane  will be 
calculated for the general  case of different bu lk  ion 
concentrations in  the solutions on both membrane  
sides, for unequal  surface potentials at the outer and 
inner  membrane  surface, and for an asymmetrmal  po- 
tential  barr ier  in the inter ior  of the membrane  (see 
Fig. 1). 

We assume that the ra te- l imi t ing  step for the ion 
t ransport  is the passage through the interior  of the 
membrane.  This implies that d i~usion polarization ef- 
fects in the uns t i r red  solution layers near  the mem-  
brane  can be neglected and that equi l i0r ium for ion 
adsorption and desorption processes at the membrane -  
solution interfaces is main ta ined  even in the s tat ionary 
state. The aqueous concentrations C'm, c"m of un iva len t  
cations at the membrane  surfaces then are connected 
with the corresponding bulk  concentrations c', c" by 
the Boltzmann dis t r ibut ion 

C'm ---- c' exp (--  F,I, ' /RT) 
[A- l ]  

C"m ---- c" exp (--  F ~ " / R T )  

(~ '  and ~"  < 0 for negative surface charges.) For the 
ion t ransport  of these univa lent  cations across the 
membrane  interior  we use Eyring's  absolute rate theory 
(26) and assume one single activation energy barrier.  
The height H of this barr ier  is determined by the thick- 
ness and dielectric constant of the hydrophobic region 
of the membrane  phase and by the radius of the perme-  
ant ton (27). Due to the external ly  applied voltage 
U (_~ potential  in in terna l  minus  potential  in  external  
bulk  solution) and due to surface potentials ,I,' and ~"  
at both membrane  surfaces the activation energy B' of 
an ion jump from outside to inside is different from 
the energy B" for the reverse jump.  Introducing the 
normalized quanti t ies 

H B'  B "  
h = ; b'  = ; b"  = 

R T  R T  R T  

F U  F~,' F ~ "  
j 

R T  R T  R T  

[A-2] 

we obtain from Fig. 1 

external solution I membrone I .. interno!,so[ution 
C Cm / cm c 

, ,  

Fig. |. Schemotical plot of an asymmetrical energy barrier in the 
interior of the membrane and of the potential profile in the 
aqueous solutions for different surface charge densities on the 
outer and inner membrane surface. 
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b' - -  h + a ( u  --  #' + r  [A-S] 

b" = h -- (1 --  ~) (u --  ~b' + r  [A-4] 

The a s y m m e t r y  p a r a m e t e r  a m a y  assume values  be -  
tween  0 and 1. For  ~ ---- 0 the  energy  ba r r i e r  is located 
at  the  outer  and for  ~ =- 1 at  the  inner  m e m b r a n e - s o l u -  
t ion interface.  Fol lowing  Eyr ing  the s ta t ionary  flux r 
of un iva len t  cations f rom outside to inside is p ropor -  
t ional  to 

r ~_ c'm exp (--b') -- C"m exp (--b")  [A-5] 

The quant i t ies  contained in the  p ropor t iona l i ty  factor  
( jump length, f requency  factor)  are  assumed to be the  
same on both m e m b r a n e  sides and to be independen t  of 
the ion concentrat ions and membrane  surface po ten-  
tials. Inser t ing  Eq. [ A - l ] ,  [A-S],  and [A-4] into [A-5] 
y ie lds  

* ~ c' exp [ - -  (1 --  ~)~ '  - -  ~ (u  + ~" ) ]  

--  c" exp [ ( 1 - -  a) (u  - -  ~') - -  a~"] [A-6] 

This genera l  express ion can be simplif ied for  the  fol -  
lowing special  cases: 
(a) energy  ba r r i e r  located at  the outer  in terface  
(a = 0) 

r __~ exp ( - -~ ' )  [c' - -  c" exp (u) ] [A-7] 

(b) energy  ba r r i e r  located a t  the  inner  in ter face  
(~ = i )  

V _____ exp ( - - # " )  [c' exp ( - - u )  --  c"] [A-8] 

(c) symmet r i ca l  ene rgy  ba r r i e r  (a = �89  

/ r + ~" u 
,. ( - y )  e x p  

--  c " e x p  ( 2  > ] [A-9] 

If  the energy  ba r r i e r  is located at one interface,  the  
s ta t ionary  ion flux is de t e rmined  solely b y  the surface 
potent ia l  of this  membrane  surface. For  a symmet r ica l  
energy ba r r i e r  the  flux r depends on the sum r + ~" 
of both surface potent ia ls  (compare  Eq. [A-9] which is 
ident ica l  to [1]) 
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The Electrochemistry of Micelle-Solubilized Ferrocene 
Peter Yeh* and Theodore Kuwana* 

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The electrochemistry of ferrocene solubilized by the use of nonionic deter- 
gent in aqueous phosphate solutions pH 7.0 was studied. The ferrocene mole- 
cules were incorporated as micelles which readily transferred electrons with 
a platinum electrode. Cyclic voltammetric and potentiometric data indicated 
that the electron transfer reaction was reversible. Micelle size calculated from 
electrochemical diffusion and light scattering data gave radii between 40-45A 
and molecular weights of ca. 130,000. The ferrocene-micelle served as an ex- 
cellent mediator-titrant to couple electron transfer between an electrode and 
the heine proteins of cytochrome c, eytochrome e oxidase, and mixtures thereof. 

Recently, ferricinium ion electrogenerated from fer- 
rocene solubilized by the use of nonionic detergent 
has been employed Zor the redox titration of cyto- 
chrome c, cytochrome c oxidase, and mixtures thereof 
in aqueous pH 7.0 solutions (I). The detergent ap- 
parently formed micelles with the incorporation of 
ferrocene. The ferricinium/ferrocene couple is then 

* E l e c t r o c h e m i c a l  Soc ie ty  Student Member. 
t E l e c t r o c h e m i c a l  Soc i e ty  Active  Member. 
K e y  w o r d s :  electrochemistry,  ferrocene ,  micel le ,  mediator- 

titrants. 

acting as a mediator to couple the electron transfer 
between the electrode and the heine proteins. 

Ferrocene-micelles represent part of our effort to 
find water-soluble mediator-titrants (M-T's) with 
redox potentials suitable for use in the study of bio- 
logical electron transport components. Requirements 
sought for these M-T's are: (a) both species of the 
redox couple of the M-T's need to be soluble in 
aqueous media buffered at or near pH 7; (b) the 
solubility of the M-T's should be i m_M or more; (c) 
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the  ra te  of e lec t ron t ransfe r  w i th  both  electrode and 
heme prote ins  should  be rapid ;  (d) the chemical  s ta -  
b i l i ty  should be adequa te  so tha t  in te r fe rences  wi th  
heme prote ins  be avoided;  (e) the  redox  reac t ion  
mechanism should be uncomplicated,  p r e f e r ab ly  in-  
volving one e lec t ron t rans fe r  (n _-- 1); and (]) the  
opt ical  absorbance  of the  M - T ' s  should not  in te r fe re  
wi th  those of the  heme proteins.  Very  few M-T 's  
fulfill  al l  of the above  requirements .  

Fo r  work ing  in the  negat ive  poten t ia l  ranges,  say 
--100 to --500 mV vs. NHE, the 4 ,4 ' -b ipyr idy l ium salts 
(commonly  known as viologens or pa raqua t s )  have  
p roved  to be e x t r e m e l y  useful  (2). A t  po ten t ia l s  
posi t ive of ca. +300 mV vs. NHE, the n u m b e r  of 
usable  M-T's  has been e x t r e m e l y  l imited.  F e r r i c y -  
an ide / f e r rocyan ide  has been  commonly  used, but  has 
been found to produce  dele ter ious  effects or to com- 
p lex  wi th  the  hemes (2, 3). I t  is des i rable  to find 
M-T 's  wi th  s imi lar  redox  chemis t ry  whose redox  po -  
tent ia ls  could be a l te red  th rough  s imple  s t ruc tura l  
modifications. 

F r o m  previous  exper ience  (4) w i th  the  e lec t ro-  
chemis t ry  of meta l locenes  in nonaqueous  solvents, it  
was known  that  ferrocene,  for  example ,  unde rwen t  
a fas t  one e lec t ron redox  reac t ion  at  a posi t ive  po ten -  
tial. However ,  the low solubi l i ty  of fer rocene (ca. 
10-5 M) in aqueous solutions p reven ted  its use. The re -  
fore, approaches  to solubi l izat ion of these meta l locenes  
were  explored.  Tween 20 was chosen for the  present  
w o r k  because  of our  exper ience  in the  use of this  
sur fac tan t  in solubi l iz ing heme prote ins  (2). 

The  number  of e lec t rochemical  s tudies in which 
sur fac tan t  concentrat ions  were  de l ibe ra t e ly  increased 
above the cr i t ical  micel le  concentra t ion  for  the solu-  
b i l iza t ion of e lec t roact ive  species has been l imited.  
Ha~ano and co-workers  (5, 6) have repor ted  the  use 
of severa l  k inds  of sur fac tants  for  the  solubi l izat ion 
of dye molecules  which exh ib i ted  reduct ion cur ren ts  
at d ropping  mercu ry  electrode.  Thei r  resul ts  indica ted  
tha t  d i f fus ion- l imi ted  currents  could be a t ta ined  and 
tha t  the ra te  was l imi ted  by  the diffusing micel le  
par t ic les  conta ining the dye. The effect of the sur-  
f a c t an t -dye  concentra t ion ra t io  to the  s ize-volume of 
the  micel le  was ca lcula ted  f rom the expe r imen ta l ly  
obta ined diffusion coefficient using the S tokes-Eins te in  
re la t ionship.  

Westmore land ,  Day, and Underwood  (7) in 1972 
r epor t ed  the  solubi l izat ion of azobenzene using sur -  
factants  such as sodium lau ry l  sulfate,  ce ty lpyr id in ium 
chloride,  and l a u r y l t r i m e t h y l a m m o n i u m  bromide.  
Again,  a d i f fus ion-control led  wave  a t t r ibu tab le  to 
micel le  was found, and the reduct ion  of azobenzene 
appea red  to approach  revers ib le  behavior  as the  sur -  
fac tant  concentra t ion decreased.  In  the above e x a m -  
ples, r eve r s ib i l i t y  and mechanism could be assessed 
only condi t ional ly  because of the  fa i r ly  complex na -  
ture  of the  e l ec t ron- t r ans fe r  reaction,  i.e., n values  
g rea te r  than  un i ty  and possible  invo lvement  of 'protons.  

In  add i t ion  to our  heme prote ins  studies (1),  f e r ro -  
cene (or d ibu ty i fe r rocene)  has been used as a me-  
d ia to r  to couple e lect ron t ransfe r  th rough  l ip id  m e m -  
branes  as a model  sys tem for mi tochondr ia l  ion 
t r anspor t  and r e sp i r a to ry  control  (8, 9). Fe r rocene  in 
these l ipids (b lack  l ipid membranes  and phosphol ip id  
vesicles) p rov ided  the coupl ing of e lect ron t ransfe r  
th rough  the m e m b r a n e  wi th  ex te rna l  redox  reactants .  
The  env i ronment  for fer rocene in the micel le  is p rob -  
ab ly  quite s imi lar  to that  in the  hydrophobic  l ip id  
membrane .  Thus, a de ta i led  s tudy  of the e lec t rochem-  
ical  and phys ica l  p roper t ies  of fe r rocene-mice l le  was 
of cons iderable  in te res t  and  has s t imula ted  the p resen t  
work.  The assessment  of the  formal  r edox  potent ials ,  
E o', of cytochrome c and cy tochrome c oxidase using 
the  fe r rocene-mice l le  are  discussed. 

Experimental 
The e lec t rochemical  cell  and  ins t rumen ta t ion  were  

s imi lar  to those prev ious ly  descr ibed  (9). A p l a t i num 
optical  t r anspa ren t  e lect rode (OTE) wi th  surface  r e -  
sistance of ca. 10 a / s q  was used for the  e lec t rochem-  
istry.  Fo r  opt ical  measurements ,  another  P t  OTE was 
placed in the reference  beam of the  spec t rophotometer  
(Cary  Model  15). The cu r ren t -po ten t i a l  (i-E) curves 
were  recorded using a H e w l e t t - P a c k a r d  (Moseley Div -  
ision) Model  7005B X - Y  recorder .  A si lVer-si lver  
chlor ide  (1M KC1) reference  e lect rode was used for  
measurements  of cell emf. The e lec t rode  poten t ia l  
of this reference  ha l f -ce l l  was eva lua ted  to be 0.232V 
vs. NHE by  measur ing  its po ten t ia l  vs. severa l  r e fe r -  
ence sa tu ra ted  calomel  electrodes.  Tempera tu r e  was 
main ta ined  ,at 20 ~ -+- I~ The s i lve r - s i lve r  chlor ide  
reference  e lect rode v~as used because  of the  desire  
to dupl ica te  the  e lec t rochemical  cell  used for  heine 
pro te in  s tudies  (9). 

Turb id i ty  and re f rac t ive  indices of the  sur fac tan t  
solutions were  measured  wi th  the Br i ce -Phoen ix  l ight  
sca t ter ing  pho tomete r  (Universa l  1000 series)  and a 
different ia l  r e f r ac tomete r  (Phoenix  Precis ion In s t ru -  
ment ) .  Viscosi ty measurements  of solut ions were  made  
using a Ubbelohde  v iscometer  (No. 1B-A356) which 
had been  ca l ib ra ted  as descr ibed b y  Cannon (10). 
F i l t r a t ion  exper iments  were  done wi th  an u l t r a  f i l t ra-  
t ion cell  (Model  202, Amicon Corpora t ion)  and Diaflo 
ul t raf i l ters  XMS0 and XM100A under  15 psi  of pressure .  

An  ul t rasonic  v ib ra to r - c l eane r  (Heat  Systems U l t r a -  
sonics, Incorpora ted)  was used to assist in the  solu-  
bi l izat ion of fer rocene and to p re t r ea t  g lasswares  for  
cleaning purposes.  

Fe r rocene  (d icyc lopentad ienyl i ron)  was obta ined 
f rom S t r e m  Chemical  Company and was t r ip ly  re -  
crys ta l l ized  f rom reagent  grade  ethanol.  Tween 20 
(Polysorba te  20, po lyoxye thy lene  sorb i tan  mono lau -  

ra te)  wi th  average  molecu la r  weight  of 1650 was ob-  
ta ined from Sigma Chemical  Company.  I t  was purif ied 
b y  t r ea tmen t  th rough  an a lumina  (a luminum oxide, 
basic, A l u p h a r m  Chemicals)  column (18 in. long, 
0.5 in. d i amete r ) .  A very  l ight  s t r aw-co lo red  f ract ion 
was lef t  on the  column. Phosphate  buffer, pH 7.00 
• 0.02 (Buffer Titrosol,  Merck and Company)  was 
used for buffering all  solutions. J. T. Baker  and Com- 
pany  reagent  grade  potass ium chloride and s i lver  sul-  
fate  were  used wi thout  fu r the r  purification.  P r e p u r -  
ified grade ni t rogen gas (99.998%) was suppl ied  b y  
Amer ican  Oxygen Service  Corporat ion.  Doubly  dis-  
t i l led wa te r  was used to p repa re  a l l  solutions. 

The so lubi l i ty  of ferrocene is less than  10-SM in 
w a t e r  at room tempera ture .  I t  was solubi l ized by  add-  
ing purif ied Tween  20 and a few mi l l i l i te rs  of phos-  
pha te  buffer d i rec t ly  to a weighed amount  of f e r ro -  
cene in a 100 ml volumetr ic  flask. The amount  of 
Tween 20 added was de t e rmined  by  the percentage  of 
Tween des i red  in the  final solution. The mix tu re  was 
s t i r red  and then agi ta ted  in an ul t rasonic  v ib ra to r  for 
about  30 rain. The flask was filled to the  m a r k  and 
then  s t i r red  wi th  a magnet ic  s t i r re r  for another  12 hr. 
A t t empt s  to solubi]ize fer rocene  in wa te r  by  dissolv-  
ing ferrocene in i t ia l ly  in alcohol or benzene and then  
adding wa te r  were  unsuccessful  since fer rocene p r e -  
c ip i ta ted  as w a t e r  was added.  

Results and Discussion 
Cyclic vo l tammet ry  of ferrocene-mice~le . - -Since fe r -  

rocene was being inves t iga ted  as a possible  med ia to r -  
t i t rant ,  the work ing  range  of concentra t ion selected 
for  s tudy was be tween  0.1 and 0.5 raM. At  Tween  20 
concentrat ions be low about  0.5% by  volume of final 
solution, ferrocene was not to ta l ly  solubil ized as was 
evidenced by  the nonreproduc ib le  e lec t rochemical  r e -  
sults. In the  concentra t ion range of 1.0-5.0% of Tween  
20, ferrocene was comple te ly  solubi]ized and the cyclic 
vo l tammetr ic  i -E curves were  reproducible .  A t y p -  
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Fig. 1. Cyclic voltammetric i-E curve of ferrocene (0.5 mM) 
and Tween 20 (3% v/v) in phosphate buffer (pH 7.00 + 0.02). 
Dotted curve is computer simulated according to Nicholson and 
Shain (11). 

Table II. D and ip values and dependence on Tween 20 
concentration and scan rate 

P e a k  c u r r e n t s *  (/LA) at var ious  
Tween 20 concentrations (% vol) 

Scan rate (V/sec) 1% 2% 2.5% 3.0% 3 . -~  

0.023 8.75 12.0 12.1 14.3 12.$ 
0.047 13.5 16.5 17.1 19.0 16.0 
0,071 15,8 21.2 20.7 22.5 20.7 
0.096 20.8 23.5 24.3 24.8 22.8 
0.120 24.5 26.9 26.3 29.0 26.0 

Calculated s lopes 
• 10~ 79.8* * 76.7 74.7 73.2 71.2 

Intercepts  - 4 . 0 3  0.11 0.70 2.93 1,07 
Calculated D • 10~ 

(cm2/sec)  4.87 4.50 4.27 4.10 2.88 

* Each value  is average  of  3 or  4 separate  runs.  
** Slopes  and intercepts  are  least  square  values .  

Table III. Viscosities of Tween 20 solutions 

Concentration 
Tween 20 (% v/v)  Viscosity (cs)* 

ical {-E curve for micelle-solubilized ferrocene in  
phosphate buffer at pH 7.00 is shown in Fig. I. 

The exper imenta l  curve is well defined and is in 
close agreement  with one which is computer-s imulated 
for a reversible, one-electron transfer,  electrode reac-  
t ion using the relationship of Nicholson and Shain 
( l l ) .  The background i-E which was added to the 
theoretical curve, was obtained for a Tween  20 solu- 
t ion in the absence of ferrocene. The value of the 
diffusion coefficient, D, chosen for the calculation was 
one which gave the closest match of the simulated 
i-E curve to the exper imental  one. More will be 
said about the exper imenta l  D values shortly. 

The dependence of Tween 20 concentrat ion on the 
reversible electrode potential  (E0.s5 for cyclic vol tam- 
merry)  and the separation of anodic and cathodic peak 
potentials (AEp) is summarized in  Table I. The fer-  
rocene concentrat ion was constant  at 0.5 raM, the scan 
rate, ~, was 96 mV/see, and the Tween 20 concentra-  
tion was varied between 1 and 3.5% by volume. The 
E0.85 and AEp values appear quite independent  of 
Tween  20 concentrat ion at this part icular  scan rate. 
The ~Ep of 60 mV indicates that the electrode reac- 
t ion is essentially reversible under  these par t icular  
exper imental  conditions. 

The plots of the anodic peak current,  ip, vs. ferro- 
cene concentrat ion were l inear  for any given Tween 
20 concentrat ion at a constant scan rate. Also, ip in -  
creased l inear ly  proport ional  to the square root of 
scan rate as expected for a diffusion-limited electrode 
react ion for a constant  Tween 20 and ferrocene con- 
centration. However, the ip was dependent  on the 
Tween 20 concentration. In Table II, these ip values 
(corrected for background current)  are tabulated for 
Tween 20 concentrat ion varying between 1 and 3.5% 
by volume. The ferrocene concentrat ion was kept  
constant  at 0.5 raM. The D values given in Table II 
were calculated from the slopes of the plots of ip vs. 
v I/2 for each Tween 20 concentration. The calculation 
assumed the validity of the we l l -known Randle-  
Sevcik relationship 

Table I. Dependence of E0.s5 and ~Ep on Tween 20 concentration 

Tween 20 concert- Eo.B~ (mV v s .  
tration (% vol) Ag/AgC1)* AEp (mV) 

1.0 + 180 60 
1.5 190 63 
2.0 195 65 
2.5 190 63 
3.0 190 60 
3.5 208 60 

A v g  1 9 2 ~ 0  6 2 •  

* E a c h  v a l u e  i s  t h e  a v e r a g e  os 3 separate  runs.  

0 1.04 
0.5 1.07 
1.0 1.08 
1.5 1.11 
2.0 1.14 
2.5 1.17 
3.0 1.21 
3.5 1.24 
4.0 1.28 

* V i s c o s i t y ,  ~, in cent is tokes  was  calculated us ing  ~ = k t  - -  b/t, 
w h e r e  k is  viscometer  constant,  b is cal ibration constant ,  and t i s  
the t i m e  r e q u i r e d  for  the test  solut ion meniscus  to pass  b e t w e e n  
the t w o  f low m a r k s  on  the v i scometer  s tem ( k  = 0.05193 and 
b -- 0.60). A l l  v a l u e s  are the average  os 10 results .  

{p = knS/2AD1/2C%I/2 [i] 

A value of 2.64 X I05 was used for k in the computa- 
tion of D (12). The D values decreased as the Tween 
20 concentrat ion increased. 

The {p and D value dependence on Tween 20 con- 
centrat ion was assumed to be due to the changing 
viscosity of the solutions. Thus, viscosities of Tween 
20 solutions at concentrat ions between 0.5 and 4.0 
volume percent  (v/o)  were determined using an Ub-  
belohde viscometer. The viscosity was found to vary 
l inear ly  with concentrat ion between 1.0 and 4.0 v/o 
Tween 20. The data are summarized in Table III. 

In  a simple diffusing system, the D value should 
be inversely proport ional  to the viscosity, ~I, assum- 
ing val idi ty of the Stokes-Einstein relationship (13) 

D = IcT/Ta~Ir [2] 

In  Fig. 2, D value is plotted vs. 1/~r. The l inear i ty  of 
the plot is excellent. 

Calculation of micelle size.--The radius and molecu- 
lar weight of the micelle can be computed from know-  
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Fig. 2. Diffusion coefficient vs. reciprocal of ~lr 
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ing the values of diffusion coefficients and viscosities. 
The shape of the micelle is assumed as spherical. The 
volume fraction, ~b, of the dispersed spherical micelles 
is de termined by using the Guth  and S imha  equa-  
t ion (14, 15) 

~1/~o "- 14.1~ 2 + 2.5~b -~ 1 [3] 

where ~l/~lo is the re la t ive  viscosity of the solution. 
The value of viscosity of the phosphate buffer solu- 
t ion in  the absence of Tween  20 and ferrocene was 
used for 00. The effective specific volume, V, of one 
gram of surfactant,  including any hydrated water, 
can be expressed as 

V = r  [4] 

where C' is the concentrat ion of surfactant  in the 
solution (grams/cubic  cent imeter) .  

The micelle weight, M, can be given in  terms of 
the calculated 9" 

(kt):sN 
M = [5 ]  

162~sDsV 

where N is Avogadro's number .  The radius can be 
calculated from the value of V,  again assuming a 
spherical particle. Values of D, V, r, and M as a func-  
t ion of Tween concentrat ion are tabula ted in  Table 
IV. The average radius and molecular  weight are 43A 
and 127,000 for the data listed in  Table IV. From the 
data in  this table, a slight increase in  the radius and 
molecular  weight of the micelles as the concentrat ion 
of Tween increases can be seen. Whether  or not this 
increase actual ly reflects size change due to increased 
amount  of Tween 20 per micelle cannot  be accurately 
ascertained. Similar  increases of measured radius or 
molecular  weight wi th  increase of nonionic surfactant  
concentrat ion have been previously reported (16). 
However, these increases may very well reflect changes 
in  the micelle shape from spherical to ellipsoidal or 
in  the number  of hydrated water  molecules associated 
with the micelle as a funct ion of Tween 20 concentra-  
tion. 

The molecular  weight of the micelle was also deter-  
mined independent ly  using t.he Debye method of light 
scattering (17). Measurements of turbidi ty  of Tween 
20 between 0 and 5% concentrat ion in phosphate buffer 
were made with a Brice-Phoenix light scattering 
photometer at 0 ~ and 90 ~ This photometer was cali- 
brated with a dilute solution of Ludox (SM, du Pont)  
in  water. The solute turbidity,  or excess turbidity,  
upon which the molecular  weight depends, is the 
apparent  turbidity,  z, of the solution with micelle 
minus  the apparent  turbidi ty,  To, of the solvent, i.e., 
phosphate buffer without  Tween 20 or ferrocene. The 
apparent  difference in turb id i ty  caused by the micelles 
and the refractive indices of the surfactant  solutions 
can be related to molecular  weight, M, through Eq. 
[6] and [7] as follows (17) 

HC'/T  = I / M  q- 2BC' [6] 
a n d  

32~no 2 (n --  no) 2 
H = [7] 

3~4N (C') 2 

B is a constant  depending on the solvent. All mea-  
surements  were made with a blue filter (~ = 463 rim). 

Table IV. Micelle parameters as a function of Tween 20 
concentration 

Tween 20 C' "V ~" x l0 s 
(% v/v) (g/cm a) (emS/g) (cm) M 

1 0.010 1.48 41.2 119,000 
2 0.020 1.68 42.2 113,009 
2.5 0.025 1.57 43.4 132,000 
3 0.030 1.67 43.7 127,000 
3 . 5  0 . 0 3 6  1.60 45.1 144,000 

Table V. Apparent turbidity and refractive index of Tween 20 
solutions 

T w e e n  20 ~- x 108 
( % v / v )  ( c m  -1) ~ m  

0 0.09* 1.34127" * 
1 1.59 1.34221 
2 2.35 1.34314 
3 3.33 1.34421 
4 2.49 1.34500 
5 3.00 1.34600 

* Ligh t  s ca t t e r ing  p h o t o m e t e r  c a l i b r a t i o n  us ing  di lute  s o l u t i o n  
of Ludox  (SM, du  Pon t ) .  

** Cal ibra ted  wi th  KCI solut ion (0.09635 g / m l ) .  

The apparent  turbidi t ies  and the dependence of the 
refractive indices on Tween 20 concentrat ion are tabu-  
lated in  Table V. The refractive indices of the sur-  
factant  solution at tempera ture  of 25~ was found 
empirically to follow the relat ionship 

= no + 0.000944C' [8 ]  

where the value of no was determined to be 1.34127. 
The molecular  weight of micelle was determined by 

calculating HC'/~ for the surfactant  solutions and  by 
plott ing HC'/~  vs. C' (Fig. 3). The extrapolated curve 
to zero concentrat ion gave an intercept  whose recipro- 
cal value was equal to the molecular  weight, which 
was 143,000. The over-al l  error was estimated to be 
• The light scattering method assumes that  the 
micelle size is independent  of surfactant  concentra-  
tion and that the number  of micelles is increasing 
with increased C'. There appears to be reasonable 
agreement  between the molecular  weight of the micelle 
as evaluated from both the electrochemical and the 
l ight scattering data. 

Assuming the average molecular  weight of Tween 
20 to be 1650, the average aggregation number  of 
micelle (data of Table IV) is in the order of 77 • 5 
(molecules/micelle) .  An order of magni tude  estimate 
of the ferrocene to micelle ratio is about 3:1 for a 
2% by volume Tween 20 and 0.5 mM ferrocene con- 
centration. For all of the experiments  reported herein, 
the number  of moles of ferrocene was greater  than 
the number  of moles of micelle present  in  the solu- 
tion. 

E o' v a l u e s . - - A n  accurate assessment of the formal 
redox potential,  E o', is impor tant  for the use of the 
ferrocene-micelle as a M-T (2). The E ~ value (as- 
suming E o' = E0.ss) evaluated from cyclic vo l tammetry  
gave an average of 424 • 6 mV vs. NHE. As a fur ther  
confirmation, E o' values were determined from poten-  
tiometric data for t i t rat ion using Ag2SO4 as oxidant  
and from A-E data obtained dur ing the exhaustive 
coulometr ic  oxidations. The concentrat ion of ferr i -  
c inium ion was monitored at wavelength  of 615 nm 
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2O 
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Fig. 3. Reciprocal specific turbidity of Tween 20 solutions 
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for the la t ter  experiments.  Nernst ian slopes of 58 _ 2 
mV were obtained and the average value of E ~ was 
425 ___ 10 mV vs.  NHE. The E o' values de termined by 
these methods are in  excellent  agreement  with that 
evaluated by cyclic vol tammetry.  Ferrocene had been 
proposed (18) as a redox standard from solvent to 
solvent because both ferrocene and ferr ic in ium ion 
supposedly were min imal ly  solvated. The formal  po- 
tent ial  for ferrocene has been reported to be 400 
mV vs.  NHE (18). 

Hinkle  (8) in his l ipid work found the addit ion of 
small  amounts  of the anion te t raphenylboron  to 
greatly enhance the effectiveness of ferrocene as a 
mediator. He suggested that the te t raphenylboron in-  
creased the solubil i ty of ferr ic inium cation in the 
lipid phase of the membrane.  Thus, the effect of te t ra-  
phenylboron to the cyclic vol tammetry  of ferrocene- 
micelle was examined.  In  a solution containing 2% 
Tween, 0.74 mM ferrocene, and 0.40 mM sodium te t ra-  
phenylboron,  the cyclic i - E  curves were completely 
reversible with a zlEp of 60 mV • 2 inV. The E0.s5 
was 390 mV vs.  NHE. The shift of potent ial  to less 
positive value is consistent with stabil ization of fer-  
r ic in ium ion by the anion, te t raphenylboron.  Whether  
fer r ic in ium ion interacted with te t raphenylboron  in-  
side of the micelle and thus shifted the equi l ibr ium 
of react ion [11] could not  be ascertained from the 
present  data. 

F e r r i c i n i u m  ion . - -Fer r i c in ium ion is known to be 
quite water  soluble. Its par t i t ioning be tween the 
micelles and solvent was qual i ta t ively examined by 
filtering a fer r ic in ium solution through a Diaflo filter 
(Amicon, XMb0; M.W. separat ion 50,000) at 15 psi 
pressure in  a st irred cell. The blue ferr ic in ium ion 
was electrogenerated from ferrocene by controlled 
potential  electrolysis in  the Tween 20/phosphate buffer 
solution. The blue-colored filtrate indicated that  fer-  
r ic in ium ion went  through the filter and was not 
total ly micelle bound. A similar exper iment  was 
performed with the fer rocene-Tween 20 solution. The 
filtrate in this case was clear and did not contain 
ferrocene, suggesting that ferrocene is indeed micelle 
bound. The reactions for the fe r rocene/ fer r ic in ium 
system in the presence of micelle are suggested as 

Fe(CbH~)2 ~- micelle : Fe(CbHb)~. . .  micelle [9] 

Fe (C~HD2. . .  micelle -- Fe (C5H5)2 + . . .  micelle ~ e -  
[10] 

Fe (CbHb)2 + . . .  micelle = Fe (C~Hb)2 + ~- micelle 
[11] 

The Keq'S are assumed to be greater than un i ty  for 
both reactions [9] and [11]. 

The optical absorbance band  at 615 nm was mon-  
itored dur ing controlled potential  coulometric oxida- 
t ion of ferrocene to fer r ic in ium ion in a st irred solu- 
tion. The optical absorbance, A, at 615 nm changed 
l inear ly  with the number  of coulombs of charge. 

The molar  absorptivities, ~, calculated for fer r ic in ium 
ion and also ferrocene-micel le  are tabulated in Table 
VI and compared to l i terature values (19). The large 
discrepancy of the molar absorptivi ty between our 
value and the l i te ra ture  value at wavelength of 250- 
235 nm is present ly  unexplored. 

Fer r ic in ium ion in aqueous media has been reported 
(19) to undergo decomposition. Thus, the stabil i ty of 
ferr ic inium ion was determined by following the de- 
crease of the absorbance of the 615 nm band. A half-  
life of 14 hr was obtained for the ion in the pH 7.0 
phosphate-buffered solution at tempera ture  of 25~ 
At pH 2.0, the half- l i fe  increased to 26 hr. This loss 
of ferr ic inium ion can affect results of long- te rm 
experiments  or those where  the ion concentrat ion is 
high. 

Table VI. Spectral properties of ferrocene-micelle and 
ferricinium ion 

Molar 
Wavelength absorptivity 

maxima (rim) (M-l-era -I) 

Ferrocene-micelle 325 (325)* 96 (52)* 
440 (440) 120 (91) 

Ferriciniumion** 250 (235) 3,860 (12,000) 
615 (617) 335 (340) 

* Literature values (19) in brackets; ferricinium ion data re- 
portedly taken in solution alcohol-water containing tetraphenyl- 
borate anion. 

** Ferricinium ion generated by controlled potential coulom- 
etry. 

F e r r o c e n e - m i c e l l e  as m e d i a t o r . - t i t r a n t  f o r  herne  pro-  
t e i n s . - - A s  previously mentioned,  methyl  viologen was 
used as the M-T for the reduct ion of cytochrome c, 
cytochrome c oxidase, and mixtures  thereof (2). In  
the respiratory chain, c (n  = 1) is the component  
which transfers  electrons To the enzyme bound cyto- 
chrome c oxidase (n -- 4). Oxidase is the enzyme 
which is responsible-~or the fast tu rnover  of molecu- 
lar oxygen to water  and for coupling to oxidative 
phosphorylation.  

The charge dis tr ibut ion between these heme c o m -  
p o n e n t s  has been evaluated from the change in  the 
optical absorbance, hA, at 550 n m  (cytochrome c) and 
605 nm (cytochrome c oxidase) dur ing  indirect  coulo- 
metric t i t ra t ion experiments  (2). The plot of the oxi- 
dative ~A-q (q : electrochemical charge) was not 
a m i r r o r  image of the reduct ive one (20). The 
oxidant  was O2(n -- 4) and the reductant  was the 
viologen radical cation (n = 1; E ~ - -  --446V vs .  NHE) 
(9). Besides the obvious  difference in  the n values, 
a difference in the react ivi ty toward cytochrome c 
exists between the reductant  and oxidant. The violo- 
gen radical reduces both the cytochrome c and cyto- 
chrome c oxidase rapidly (21). On the other hand, 
O3 oxidizes na tured  cytochrome c slowly. Thus, in a 
mix ture  of cytochrome c and cytochrome c oxidase, 
cytochrome c must  be oxidized pr imar i ly  by cyto- 
chrome c oxidase when O2 is used as the oxidant. 

With use of electrogenerated ferr ic in ium ion from 
the ferrocene-micelle,  the AA-q curves were mir ror  
images of the reductive ones ( reductant :v io logen 
radical)  (1). These results suggest that  the charge 
dis t r ibut ion between cytochrome c and the redox cen-  
ters of cytochrome c oxidase are at equi l ibr ium when 
the redox properties of the reductant  and oxidant  
are similar. 

Results to date indicate that the Eo' values for cyto- 
chrome c oxidase are 215 __. 15 and 345 • 15 mV vs .  
NHE. Each value of Eo' involves two electrons and 
the metal  centers of one i ron and one copper. Since 
these E o' values are for cytochrome c oxidase isolated 
from the membrane  (low lipid concentrat ion) there 
is a question whether  these values accurately r e f l e c t  
the cytochrome c oxidase potent ial  in  the mitochon-  
drial  system. It is also a question of why na ture  
would have the E o' of cytochrome c (E  o' = 257 • 17 
mV vs.  NHE) (9) midway between the two poten-  
tials of cytochrome c oxidase. 

Solubilization of M-T's by micelle formation pro-  
vides (a) access to a wider  var ie ty  of M-T's with 
oppor tuni ty  for graded E o' values; (b) means of de-  
signing experiments  to model biological electron t rans-  
fer mechanisms a la Hinkle  (8); and (c) an approach 
to kinetic studies to test whether  e lect ron- t ransfer  
rates to components in membranes  can be acceler- 
ated by interactions with micelle bound M-T's. 

There has been suggestion (22) that  " . . .  the de-  
tergent  solution, which consists of l ipoidal micel lu lar  
regions dispersed throughout  an essentially aqueous 
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phase, resembles  the  col loidal  na tu re  of biological  
envi ronment . "  
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LIST OF SYMBOLS 
p scan ra te  
Ip peak  cu r ren t  
hEp separa t ion  be tween  anodic and cathodic peak  

poten t ia l s  
n n u m b e r  of electrons t r ans fe r red  pe r  ferrocene 

molecule  
A a rea  of electrode,  cm 2 
D diffusion coefficient, cm2/sec 
k Bol tzmann constant  
T t empera tu re ,  ~ 
r radius,  A 
~] viscosi ty  
~]o re ference  viscosi ty  

vo lume f rac t ion 
C' concentra t ion (g /ml )  
M micel le  molecu la r  weight  

V effective specific volume 
N Avogadro ' s  number  

appa ren t  t u rb id i t y  
To appa ren t  t u rb id i ty  of solvent  

wave leng th  of l ight,  nm 
n re f rac t ive  index  
no re f rac t ive  index  of solvent  

s molar  absorp t iv i ty  
A optical  absorbance  
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Investigation of Adsorbed Hydrogen on Platinum Electrode 
by Means of Dynamic Impedance Measurement 
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ABSTRACT 

Adsorbed  hydrogen  phenomena  on a p l a t inum electrode were  inves t iga ted  
by  an impedance  method which draws  po ten t iodynamica l ly  the  in -phase  and 
quadra tu re  components  of e lec t rode  admit tance.  The kinetic behavior  of h y -  
drogen  adsorbed  on p l a t inum was examined  in ful l  wi th  the complex  ca-  
paci tance representa t ion.  The kinetic expe r imen ta l  resul ts  were  wel l  expla ined  
on the basis of the proposed equivalent  circuit  which was composed of the  
pseudocapaci tance,  Warbu rg  impedance,  and ohmic component  associated wi th  
the  adsorp t ion-desorp t ion  process of adsorbed hydrogen,  together  wi th  the  
reac t ion  resis tance due to the  Volmer  reaction.  

Impedance  measurements  at  the  e lec t rode /so lu t ion  
in ter face  have  been deve loped  recent ly  (1) and used 

�9 Electrochemieal Society Active Member. 
Key words: dynamic u'npedance measurement, hydrogen adsorp- 

tion phenomena. 

extens ive ly  in solid e lec t rode /so lu t ion  systems (2-4).  
The impedance  measurements  can be classified into two 
groups:  that  using a-c  br idges  and tha t  d i rec t ly  m e a -  
sur ing the a l t e rna t ing  cur ren t  th rough  a c e i l  The  
former  enables  us to de te rmine  the in -phase  and quad-  
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ra ture  components separately and to obtain accurate 
data. However, it has a disadvantage in that  it re-  
quires too much time for measurement .  Measurement  
using the lat ter  technique has been developed as a 
we l l -known Breyer- type  a-c polarography, and we 
can easily and rapidly get some data with this method. 
However, the results are scalar quanti ty,  not divided 
into vector components, Therefore, the dynamic mea-  
surement  of in-phase and quadra ture  components of 
a l ternat ing current  has been recent ly at tempted by 
some workers (4-6) for the purpose of removing the 
disadvantage ment ioned above. The authors also con- 
structed an ins t rument  for dynamic impedance mea-  
surement  as a funct ion of electrode potential  with the 
aid of a lock-in  amplifier and by making use of the 
principle of the Breyer- type  a-c polarograph. Since the 
heart  of a hock-in amplifier is a phase sensitive de-  
tector, the impedance through the electrode/solution 
interface which is measured as the magni tude  of cell 
admit tance can be detected with the lock-in amplifier, 
dividing the a l ternat ing current  into two components 
of in-phase and quadrature.  

The hydrogen adsorption phenomena on a p la t inum 
electrode have been investigated by many  workers 
(3, 7, 8). In  particular,  F rumk in  (7) reviewed the 
kinetic behavior of adsorbed hydrogen on p la t inum 
from the results of impedance measurements.  Recently, 
this subject has been discussed by  some workers (9-13) 
from several points of view. In  this paper, the kinetic 
behavior studied with the dynamic impedance circuit 
is discussed in reference to previous work. 

I n s t r u m e n t a l  
Principle.--The schematic a r rangement  of the dy-  

namic impedance method is a small  a-c level of fre-  
quency f imposed upon the d-e voltage controlled wi th  
a potentiostatic instrument .  It is convenient  to repre-  
sent the equivalent  circuit of a cell in a parallel  com- 
binat ion of capacitance Cp and resistance Rp. The ad- 
mit tance of parallel  circuit of Cp and Rp can be given 
as follows 

y = Z-1 = G + jS = Rp -1 + j~C, [1] 

where w is the angular  velocity (o~ _-- 2:t]), G the con- 
ductance, and S the susceptance. The a l ternat ing cur-  
rent  through the electrode/solution interface can be 
divided into two components of Ii and Iq by a lock-in 
amplifier, and they corresFond to EG and ES. respec- 
tively, because I -~ Ii -~- Iq = E .  Y : E(G + iS). 
Therefore, we can measure directly and potent iody-  
namical ly  Rp -1 as conductance and Cp as susceptance 
against the electrode potential  with the scanning unit.  

The instrumental circuit.--A block diagram of the 
present  circuit is shown in Fig. 1. A small a-c voltage 
supplied by oscillator or funct ion generator  (OSC) is 
superimposed upon the scanning voltage, applied 
through potentiometer  (P) and ramp generator (Ramp). 
The a-c voltage of the sinusoidal wave is adjusted with 
the a t tenuator  to be less than  3 inV. Such a voltage 
is supplied to the working electrode by a fast-rise po- 
tentiostat (PS).  The frequency range of the ins t rument  
is from 5 to 2000 Hz, which is checked with the dummy 
cell from the l inear i ty  of C, or R ,  -1. The conductance 
and susceptance of the electrode/solution interface, 
which are directly proport ional  to the potential  drop 
across the resistance rs, are measured by the lock-in  
amplifier (L.I.A.) and calibrated with a s tandard 
resistance and capacitance as a dummy cell. After  am- 
plification with a lock-in  amplifier, the voltage through 
the cell is supplied to a X-Y1-Y2 recorder, directly 
drawing the conductance-potent ial  and susceptance- 
potential  relations, respectively. 

Exper imenta l  
A smooth p la t inum disk (0.07 cm 2) was used as the 

working electrode. The counterelectrode was a plat i-  
n u m  net having sufficiently large surface area. The po- 

I 

Rec. } 

r' s o--  

"~T~c el l 

Fig. I. Block diagram of dynamic impedance circuit. L.I.A. 
lock-in amplifier (Princeton Applied Research, Model 129A), PS 
potentiostat, P ~ potentiom.eter, RAMP ---- ramp generator, OSC 
function generator (NF Circuit Design Block Company, Limited, 
Model FG-121B), ADD ~ adder, ATT ~ attenuator, X-Y1-Y2 Rec. 

2-pen X-Y recorder (Yokogawa Electric Works Limited, Type 
3078), V ~ electronic volt meter, rs ---- standard resistance, T ~- 
test electrode, C ~ counterelectrode, R ~ reference electrode. 

tent ial  was determined in  reference to the hydrogen 
electrode in the same solution (HE). The working elec- 
trode, cleaned with concentrated ni tr ic  acid, was pre-  
treated by scanning the potential  between 0.05 and 1.4 
VHE at 10 V/sec for several decades of minutes.  The 
reproducibil i ty of the activated conditions of electrode 
was confirmed by the shape of i-E (current-potent ia l )  
curves in the above potent ial  range. Solutions were 
prepared with reagent grade chemicals and tr iply dis- 
tilled water. All the experiments  were conducted in an 
atmosphere of purified ni t rogen at 25~ in  sulfuric 
acid. 

Results and Discussion 
Potential dependence of Cp and Rp-1.- -The parallel  

capacitance Cp and conductance Rp -1 are potent iody-  
namical ly  measured in the adsorbed hydrogen region 
on p la t inum with the scan rate of 2 mV/sec (shown in  
Fig. 2 and 3). During the anodic scan the adsorbed hy-  
drogen is removed in acidic solutions according to the 
Volmer reaction in the so-called hydrogen region 

H30 + q- e - ~ H a d s  q- H20 [2] 

Two pronounced peaks of capacitance or conductance 
appear in the Cp-E or Rp-I-E curves similar to two 
current  peaks in the anodic i-B curves obtained by t r i -  
angular  scanning. There are some indications of the ex- 
istence of a third peak in the adsorbed hydrogen region 
on p la t inum in the i-E curves (10, 13, 14) and the 
small third current  peak in  acidic solution is observed. 
However, the third peak corresponding to the above is 
not revealed in the Cp-E and RD-1-E curves shown in  
Fig. 2 and 3. The potentials (i.e., 0.15 and 0.27 VHE) of 
the peaks in the Cp-E and Rp-I-E curves are in agree- 
ment  with those in  the i-E curves. These peak poten-  
tials in Breiter 's results (3) shift to the cathodic side 
somewhat (i.e., 0.1 and 0.2V), while the data in  Fig. 2 
agree with those of Bagotzky et al. (25). The peaks in 
the Cp-E curves in the low frequency region disappear 
gradual ly and become one peak with the increase in 
frequency, while the peaks in the Rp-i-E curves do not 
disappear in the frequency range observed. As shown 
in Fig. 2 and 3, the shapes of Cp-E and Rp-l-B curves 
obtained with various frequencies in the adsorbed hy-  
drogen region are approximately similar to those of 
Breiter (3) and Do]in et al. (15), obtained point by 
point. As for the frequency dispersion of Cp, the re-  
sults in Fig. 2 differ from those of Bagotzky et al. (25) 
in  which the parallel  capacitance Cp depends on the 
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Fig. 2. Parallel capacitance vs. potential curves on Pt obtained 

potentiodynamically with various frequencies. 1N sulfuric acid, 25~ 
2 mV/sec, nitrogen gas atmosphere. 

f requency in the  range >1  kHz and the  f requency dis-  
pers ion  of Cp ceases at f < 1 kHz. Bre i te r ' s  da ta  (3) 
show the f requency  dispers ion of Cp at  be low 1 kHz 
and the range  < ca. 280 Hz the dispers ion ceases. In  
Fig. 2, the  dispers ion ceases in the  f requency  range  < 
ca. 20 Hz, however ,  there  is good reproducib i l i ty .  
Therefore,  the  difference of the  f requency at  which the  
f requency  dispers ion of Cp ceases may  not  be a t t r ibu ted  
to an impur i t y  or an unsui tab le  electronic system, but  
ma in ly  to the  react ion resis tance r wi th  a cons idera-  
t ion of the  behavior  of f requency  dispers ion of Cp, as 
ca lcula ted by  Eq. [3] or [7]. 1 According to Dolin et al. 
(15), a simplif ied equiva lent  circui t  to a p l a t inum elec-  
t rode  in the  adsorbed hydrogen  region can be shown as 
that  in Fig. 4 (a ) ,  where  CD is the double  l aye r  capaci-  
tance, CA the pseudocapaci tance,  and r the  react ion re -  
sistance corresponding to react ion [2]. The fol lowing 
re la t ionships  for  the  conductance and the suscepfance 

1 T h e  f r e q u e n c y  d e p e n d e n c e  of  Cp, a s suming  th e  equ iva len t  
circuit  (a)  in Fig. 4 or  9, is a f f ec ted  pa r t l y  by  the  d i f f erence  of  
the  so lut ion res i s tance  Rs, bu t  l a rge ly  by  the  reac t ion  re s i s tance  
r.  W h e n  the  reac t ion  r e s i s t ance  be c ome s  smal le r ,  t h e  f r e q u e n c y  
dispers ion of Cp t end s  to sh i f t  to th e  h i g h e r  f r e q u e n c y  r ange .  In  
the  case  of  r -.= 0.02, the  f r e q u e n c y  dispers ion ceases  at  f < 1 
kHz. T he  react ion  res i s tance  r obta ined r ough ly  f r o m  the  resu l t s  
of Fig. 1 in t he  p a p e r  by  Bagotzky  et  al. (25b) b y  m e a n s  of the  
C,-Rp-1 re la t ion  is ca. 0.02. By us ing  the  va lue  of r = 0.02, 
we can ge t  t he  behav io r  of f r e q u e n c y  dispers ion s imi lar  to t h a t  
of Bagotzky  et  at. Ac c ord ing  to t he  r e v i e w  b y  F r u m k i n  (7) ,  r-1 
in 1N sulfur ic  acid is 3.4 ( r  = 02~) ,  which  a ~ p rox ima te ly  ag rees  
w i t h  the  p r e s e n t  r e su l t s  (see Tab le  I ) .  H o w e v e r ,  t h e r e  are  
h i g h e r  va lues  fo r  r-~ in the  table  (e.g.,  r-~ = 33.7 in 8N sul fur ic  
acid) .  F r u m k i n  t h o u g h t  t h a t  h i g h e r  va lues  of v-1 a re  caused  by 
g r e a t e r  ac t iva t ion  of the  e lec t rode .  Then ,  t he  da ta  of Ba~otzky 
et  al. are  cons ide red  to be  ob ta ined  wi th  a m o r e  ac t iva ted  elec- 
t rode ,  w hi ch  is also conf i rmed  by  the  s l ight  d i f fe rence  b e t w e e n  
bright  and  plat inized p l a t i n u m  e lec t rode  in t he i r  work  (25). 

Moreover ,  t he  fac t  t h a t  our  C, va lues  a re  twice  those  of 
Bagotzky  et al. is a t t r i b u t e d  to the  e l ec t rode  a rea ,  i.e., t h e y  show 
the  da ta  p e r  t r u e  a r ea  whi le  we  use  t he  o ro i ec t i ve  one. Our  da t a  
b e c o m e  a p p r o x i m a t e l y  equal  i n  m a g n i t u d e  to  those  of  Bagotzky  
upon  cons ider ing  the  r o u g h n e s s  f ac to r  of 1.7 ~ 2.5 wh ich  is ob- 
ta ined w i t h  the  s a m e  e l ec trode ,  
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Fig. 3. Parallel conductance vs. potential curves on Pt obtained 
potentiodynamically with various frequencies. 1N sulfuric acid, 
25~ 2 mV/sec, nitrogen gas atmosphere. 

can be der ived  f rom Eq. [3] wi th  the  assumpt ion tha t  
the  solut ion resis tance equals  zero 

Y1 = j~CD + {r + (j~CA) -1}-1 [3] 

f Gp : Rp -1 : ~2rCA2/(1 + ~2r~CA~) [4] 

Sp  : w C ,  = w{CD --~ C A / ( I  -it- a~2,r2CA2) } [ 5 ]  

Then, we can get  the  re la t ions  of Cp ~ (CA 4- CD) for  
w --> 0, and Cp ~ CD, Rp --> 7" for w ---> ~ .  Moreover,  we 
obtain the fol lowing equat ion by  e l imina t ing  • f rom 
Eq. [4] and [5] 

Cp • --CArRp -1 Jr- (CA ~ CD) [6] 

When the double  l ayer  capaci tance CD is de te rmined  in 
the  potent ia l  range of the  double  layer ,  CA and r can 
be computed by  the g rad ien t  and in tercept  of the  
Cp-Rp -1 relat ion,  assuming the solut ion resis tance to 
be negligible.  

In  practice, the conductance and the susceptance can 
be der ived  f rom the fol lowing equation, adding the 
solut ion resistance RE in the equiva lent  circuit  of (a) 
in Fig. 4 

Y2 = [RE 4- [j~CD Jr- {r 4- ( j ~ C a ) - 1 } - 1 ] - 1 ] - 1  [ 7 ]  

Since the  solut ion resis tance is ve ry  small ,  the re  is 
only a sl ight  difference be tween  Y1 and Y2. 

Frequency dependence of Cp and R p - l . - - F i g u r e  5 
shows the f requency  dependence  of para l l e l  capaci tance 
CD at the potent ia ls  of 0.15, 0.27, and 0.7 Vim in 1N 
sulfuric acid solution. At  0.7 VHE in the double  l aye r  
region, the double  l ayer  capaci tance CD was de te r -  
mined as 56 /~F/cm 2 by  ex t rapo la t ing  Cp to a high f re-  
quency range, e l iminat ing  the faradaic  components.  
The CD in 4 and 8N sulfuric  acid was also de te rmined  
as 70 and 77 gF /cm 2, respect ively.  Since the Cp in the 
adsorbed hydrogen region at  low frequencies  is much 
l a rge r  than  CD, the value  of Cp might  be app rox ima te ly  
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Fig. 4. Electrical equivalent circuits for adsorbed hydrogen on 
Pt electrode. 

regarded as the pseudocapacitance due to adsorbed hy-  
drogen. The frequency dependence of parallel  conduct-  
ance Gp in 1N sulfuric acid solution is shown in Fig. 6. 
The solution resistance RE in 1N sulfuric acid was esti- 
mated from the data in Fig. 6 through Eq. [7] 2 for the 
conditions of ~ --> ~ .  The more suitable value of 0.3 
~ -cm 2 was chosen by an electronic computer in com- 
parison with the exper imental  and theoretical data. The 
RE in 4 and 8N sulfuric acid was also determined as 
0.13 ~ -cm 2, respectively. Since the solution resistance 
results in very small  value, the reaction resistance r 
and the pseudocapacitance CA can be derived from Eq. 
[6] assuming RE = 0. Figure  7 shows typical plots of 
C;)-Rp -I, which is expected to become l inear with the 
gradient  of --CAr and the intercept  of (CA + CD). The 
results of the C,-Rp -1 plot become approximately 
l inear  and the approximate values of r and CA can be 
determined from the l inear  part  in Fig. 7. However, 
the l inear  relation deviates in the low frequency re- 
gion. Such a deviation is more marked in the complex 
capacitance representat ion as shown in Fig. 8, that is, 

2 G~ c a n  b e  d e r i v e d  f r o m  Eq .  [7] as  f o l l o w s  

coe(~RBL ~ + K ~ R s  + K C A r  - -  L )  
Gp = Rp -1 = [Ta] 

(1 -- c~eR~L) e + toe(CAr  4" K R ~ )  2 
w h e r e  K = CD + CA a n d  L = C o .  Car .  W h e n  ~ ~ oo, Gp ~ R~ -a. 
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Fig. 5. Frequency dependence of parallel capacitance on Ft. 1N 

sulfuric acid, 25~ 2 mV/sec, nitrogen gas atmosphere, O - -  
measured at 0.15 VHE, �9 = at 0.27 VHE, �9 = at 0.70 VH~. 

the semicircular plots become l inear  in  the region of 
low frequencies. Such results might  indicate that  the 
equivalent  circuit shown in Fig. 4(a)  is unsatisfactory 
and that the other electrical factors which affect the 
admit tance through cell in  the low frequency region 
must  be considered. 

Complex capacitance representation.--The data ob-  
tained from the impedance method are used for anal -  
ysis with the representations of complex impedance (as 
Z) and complex capacitance (as Y/w), the lat ter  being 
more convenient  for the admit tance measurement .  
Figure 8 shows the complex capacitance representa-  
tions of the adsorbed hydrogen region in  some acidic 
solutions. The plots in Fig. 8 are approximately semi- 
circular, however, they become l inear  in the region of 
low frequencies. Such a deviation in the low frequency 
region seems to be more obvious with the increase in 
normal i ty  of sulfuric acid and is considered to be con- 
firmed by the advantage that  the results from the dy-  
namic i m p e d a n c e  measurement  have especially good 
reproducibil i ty in the low frequency region compared 
with those obtained point  by point  from the a-c bridge 
measurement  for solid electrode/solution systems. 

The analysis of a-c impedance in the presence of 
adsorption processes has already been discussed by 
various workers (16-26), and the most general  case 
of adsorption with diffusion process has been inves t i -  
gated by a few workers (16-18). According to Lorenz 
etal .  (17), the impedance Zk due to the adsorption 
process corresponds to a series combinat ion of capaci- 
tance ;,C, adsorption resistance T/aC, and Warburg  im-  
pedance Zw as follows 

Zk = ( j ~ C )  -1 + ~/aC + Zw [8] 

where AC -----Cn~ -- CH~, CLF and Crib a re  low and high 
frequency l imit  capacitances, z the characteristic t ime 
constant for the adsorption step, and Zw -- ($/~aC) 
(1 -- j) ,  ~ _-- (Or/OC)E(~/2D)l/2. The relationship be-  
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Fig. 6. Frequency dependence of parallel conductance on Pt. 1N 
sulfuric acid, 25~ 2 mV/sec, nitrogen gas atmosphere, O = 
measured at 0.15 VHE, �9 ~ at 0.27 VHE, �9 ---- at 0.70 VHE. 
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Fig. 8. Complex capacitance representation in the adsorbed hydro- 
gen region on Pt. 25~ nitrogen gas atmosphere, 0.15 VHE, (a) 
1N sulfuric acid, (b) 4N sulfuric acid, (c) 8N sulfuric acid. 

tween  the equiva lent  circuit  and the graphica l  r ep re -  
senta t ion  corresponding to the above is given in Ref. 
(1) and (23). The appa ren t ly  s imi lar  circuit  to tha t  of 
Lorenz et al. has been proposed by  Bagotzky et al. (25) 
for the hydrogen  adsorpt ion  on pla t inum,  tha t  is, Zw is 
added  in series to the  impedance  of Zo - - - -  [(~wCA) -1 2 C 
r] in Fig. 4 (a) .  However ,  the  theore t ica l  r epresen ta t ion  
of complex capaci tance did  not fit the  exper imen ta l  
resul ts  shown in Fig. 8. 3 Therefore,  the  equiva lent  c i r -  
cuit  for the hydrogen  adsorpt ion  is na tu ra l ly  assumed 
to be (b) in Fig. 4 in which Zk is connected wi th  the  
impedance  due to react ion resis tance in pa ra l l e l  (26, 
28). The equiva lent  circuit  s imi lar  to (b) in Fig. 4 
was also proposed by  Randles  et al. (19). Though the 
equiva lent  circuit  in Fig. 4(c)  is considered to be one 
of the  most  genera l  case of specific adsorpt ion  of elec-  
t roact ive  species, the  theore t ica l  represen ta t ion  of com- 
p lex  capaci tance cannot e lucidate  the  exper imen ta l  r e -  
sults in Fig. 8. The concept of in terac t ion  be tween  the 
faradaic  and nonfaradaic  component  s of e lectrode i m -  
pedance was proposed by  Llopis et aL (20) for the f e r -  
rous- fer r ic  and ha l ide-ha logen  react ions and its equiv-  
a lent  circuit  was der ived  on the basis of  Eq. [9] whose 
idea was also given by  Delahay  (24) 

dr 
if = nFV + nF [9] 

d t  

where  if is the  faradaic  current ,  V the flux of reactant ,  
and r t h e  adsorbed amount  s tored at the  interface.  The 
equivalent  c i rcui t  proposed by  Llopis  et al. (20) is 
shown in Fig. 4(c)  in which the finite ra te  of adsorp-  
t ion and desorpt ion appears  as a resis tance rA in series 
wi th  the  Wa rbu rg  impedance,  and the pseudocapaci -  
tance CA due to the  s torage of e lect roact ive  species is 

8 T h e  r e p r e s e n t a t i o n  of Y / ~  d e r i v e d  f r o m  the  c ircuit  o f  Ba- 
go tzky  e t  al. (25) fa l l s  on a l e m n i s e a t e l i k e  c u r v e  [see Ref .  (1) 
and (23) ]. 
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combined with  the above impedance  in paral le l .  The 
appa ren t ly  same circuit  was proposed by  Levie e t a l .  
(5) for the  biological  m e m b r a n e  system. S luyte rs  e t a l .  
(28) examined  this model  for the p b 2 + / P b ( H g )  elec-  
t rode system. Since the theoret ica l  representa t ion  of 
the  equivalent  circuit  of (c) in Fig. 4 accounts wel l  for 
the  exper imen ta l  resul ts  in Fig. 8 (cf., l~ig. 9), we 
adopt  the equivalent  circuit  of (c) in Fig. 4 for the 
hydrogen  adsorpt ion on p la t inum and show the com- 
par ison of theoret ica l  and exper imenta l  representa t ions  
in Fig. 9. In  the  equiva lent  circuit  of (c) in Fig. 4, the  
faradaic  impedance  due to react ion [2] is represented  
as a react ion resis tance r in series wi th  the  impedance  
Zk due to the  adsorpt ion  or  desorpt ion process of ad -  
sorbed hydrogen,  where  Zk is composed of CA due to 
the  s torage of adsorbed hydrogen  in para l l e l  wi th  the 
sum of rA and Z~ caused by  the adsorpt ion ra te  and 
diffusion process of adsorbed hydrogen.  The admi t tance  
for  the circui t  in Fig. 4(c)  is represented  as follows 
with  the assumption of RE ---- 0 

Y8 = jwCD ~- iT -~- [~wCA 
+{(rA + cro~-l/2)-- jo-~-i/2}-i]-i]-i [i0] 

where Zw ---- #~-~/2 (I -- ~) and # the constant concern- 
ed with the Warburg impedance. Moreover, we can 
get the admittance with RE ~ O, though the apparent 
difference be tween  Ya and Y4 is a lmost  negl igible  be -  
cause of RE < <  1 and CD < <  CA 4 

Y 4  ~- [ R E  -t- [j~oCD 21- iT -Ji- [ j w C A  

+ { ( r A + ~ - l / ~ ) - - j ~ - ~ / 2 } - l ] - ~ ] - ~ ] - ~ ] - ~  [11] 

The values  of each component  of the  equiva lent  circuit  
in  Fig. 4(c)  can be der ived  f rom the subt rac t ion  
method  af ter  Levie  (5b),  i.e., CD is given by  the g raph i -  
cal represen ta t ion  of Y/w with  ex t rapo la t ing  to infinite 
f requency af ter  subt rac t ion  of RE, r is given by  ex-  
t rapola t ing  to high f requency in the graphica l  r ep re -  
senta t ion  of Z af te r  subt rac t ion  of CD and R E ,  CA iS 
given by  the graphica l  represen ta t ion  of Y/w af ter  
subt rac t ing  RE, CD, and r, and rA and ~ are  given by  
the remainder .  The values of each component  were  es- 
t ima ted  f rom the approx ima te  l inear  re la t ion  in Fig. 7 
and the above graphical  method.  The more  precise va l -  
ues in Table I were  de te rmined  by  an electronic com- 

T h o u g h  t h e  f r e q u e n c y  d i spe r s i on  of C,  is s o m e w h a t  d e p e n d e n t  
on the  va lue  of R~, in t h e  r e p r e s e n t a t i o n  of Y/~ t he  effect of 
t h e  so lu t ion  r e s i s t a n c e  is n o t  so l a r g e  in this sys tem wi th  the  
cond i t i ons  of R~ < <  1 a n d  CD < <  CA. 

2000 
% 

~. I00C 

(a } (c) 

CD Co 

I I ~ I 
0 I000 2OO0 300O 

Cp, ~-F//cm ~ 
Fig. 9. Complex capacitance representation as Y / ~ .  �9 = experi- 

mental results in 4N sulfuric acid at 0.15 VHE; - -  theoret- 
ical curve based on the circuit (a) with RE; - -  theoretical 
curve based on the circuit (c), where RE = 0.13 ~-cm 2, Co ---- 
70 gF/cm 2, CA ~ 2400 /~F/cm 2, r ~- 0.22 ~-cm 2, and ~ ~- 120 
D,-cm2/sec. 

Table I. Values of components obtained experimentally from the 
assumption of the equivalent circuit (c) in Fig. 4 

S u l f u r i c  ac id  
so lu t ion  1N 4N 8N 

P o t e n t i a l  (V~s)  0.15 0.15 0.15 
CD* ( # F / c m  e) 56 70 77 
RE** (P~-cm -~) 0.30 0.13 0.13 
CA ( # F / c m  s) 1800 2400 2700 
r (P,-cm -~) 0.58 0.22 0.20 
rA (~-cm~) 0.4 0.4 0.4 

(~-cm-~/sec) 150 120 110 

* T h e  va lues  of CD w e r e  de termined  at 0.70 V ~  by extrapo- 
lating ~ t o  ~ .  

** T h e  va lues  o f / ~  w e r e  determined at 0.70 V,,~. 

pu te r  in comparison wi th  the exper imenta l  and  theo-  
re t ica l  data. 

In  Table  I, the values of CD, which are  de te rmined  in 
the  double  l ayer  region on pla t inum,  are  considered 
to be appropr ia te ,  though they  are  somewhat  h igher  
than  those obtained by  other  workers  wi th  impedance  
measurements  (15, 27). The pseudocapaci tance of ad-  
sorbed hydrogen,  CA, becomes somewhat  l a rge  wi th  the  
increase  in no rma l i ty  of sulfur ic  acid solution, and 
such a t rend  might  be caused by  the increase of hyd ro -  
gen ion concentrat ion.  F r u m k i n  (7) l is ted the react ion 
resis tance r obta ined  b y  var ious  workers ,  and  the re -  
sults in  Table  I were  app rox ima te ly  in agreement  wi th  
some of them (e.g., 0.294 &2-cm 2 in 1N H2SO4 and 0.194 
~2-cm 2 in 1N HC1), though he indica ted  the  difference 
of apparen t  surface f rom t rue  surface wi th  f reshly  
ac t iva ted  electrodes.  As expected f rom the slow dis-  
charge theory  (15), the resul ts  of r - 1  are  dependent  on 
the hydrogen  ion concentra t ion in acidic solutions. 
Therefore,  it  follows f rom the resul ts  in Table I tha t  
the  dynamic  impedance  measuremen t  is sa t isfactor i ly  
appl icable  to solid e lec t rode/so lu t ion  systems. 

In Fig. 9, the theoret ica l  representa t ions  of complex  
capaci tance (Y/w) calculated on the assumption of 
equivalent  circuits are  shown wi th  a dot ted  l ine for 
(a) wi th  adding RE and a solid l ine for (c) of Fig. 4. 
The most s imple circui t  in Fig. 4(a)  gives a semicircle  
wi th  the in tercept  of CD in the high f requency region, 
and the circuit  including the solut ion resis tance RE 
reveals  s imi lar  behavior  (dot ted  l ine) ,  though the in-  
tercept  in the high f requency region becomes zero. The 
in tercept  in the  low f requency  region shows the sum 
of (CA + CD). AS seen in  Fig. 9, the theore t ica l  r ep re -  
senta t ion based on the circuit  (a) of Fig. 4 is unsa t i s -  
fac tory  to expla in  the exper imen ta l  resul ts  shown wi th  
a b lack  circle (*) ,  while  the  theoret ica l  solid l ine 
based on the circuit  (c) of Fig. 4 coincides wel l  wi th  
the resul ts  in the f requency  range  measured.  Conse- 
quently,  the equiva lent  circuit  (c) of Fig. 4 is more  
avai lable  to e lucidate  the kinet ic  behavior  of adsorbed 
hydrogen  on a p l a t i num electrode,  s though the equiva-  
lent  circuit  (a) in F ig  4 proposed by  Dolin e t a l .  is 
appl icable  to the  approx ima te  behavior  in the  r e l a -  
t ive ly  high f requency region.  

Manuscr ipt  submit ted  Feb. 23, 1976; revised m a n u -  
script  received May 18, 1976. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  1977 JOURnaL. 
Al l  discussions for the June  1977 Discussion Section 
should be submi t ted  by Feb. 1, 1977. 

Publication costs of this article were assisted by 
OKI Electric Industry Company, Limited. 

I t  m a y  b e  p h y s i c a l l y  u n c l e a r  as  t o  w h y  any Warburg  com- 
ponent  s h o u l d  b e  r e q u i r e d  for  the  present  system.  However ,  One 
m i g h t  c o n s i d e r  t w o  poss ibi l i t ies ,  i .e.,  the effects of the anions  
SO~'-'- a n d  HSO4- on the adsorption states  of hydrogen,  which 
have  b e e n  p o i n t e d  ou t  b y  some workers  (13, 25) and the effects 
of t h e  fo l l owing  react ions  

Hads + H30 + + e- ~ I-~aa, + H~O a n d  V2H2 ~ Haa ,  (12) 
t h o u g h  the react ions  apply on ly  s l i g h t l y  a t  O.15V. 
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Alexander M. Yacynych* and Harry B. Mark, Jr.* 

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221 

ABSTRACT 

A rap id  scanning spec t rometer  and  classical e lect rochemical  techniques 
have been combined in a spect roelec t rochemical  exper imen t  using opt ica l ly  
t r anspa ren t  electrodes to s tudy e lect rode filming on the oxida t ion  of 1,2-di- 
aminobenzene;  alone and in the  presence of N i ( H ) .  Spec t roe lec t rochemica l  
studies of shor t - l ived  redox in te rmedia tes  and mechanisms of the  oxidat ion  at  
p la t inum electrodes are  de termined.  Cyclic vo l t ammet ry  showed the oxida t ion  
of 1,2-diaminobenzene to be i r revers ible ,  and on successive scans wi thout  
cleaning the e lect rode the  peak  cur ren t  d ropped  signif icantly wi th  each scan 
unt i l  u l t ima te ly  no cur ren t  flowed. This s i tuat ion is indicat ive  of an  insula t ing  
film comple te ly  coating the electrode.  This behavior  was observed both  wi th  
and wi thout  Ni ( I I )  being present  in solution. However ,  there  were  significant 
differences in the  ra te  and na ture  of the  filming. Spect roe lec t rochemical ly ,  i t  
was observed tha t  the na tu re  of the film on 1,2-diaminobenzene oxidat ion  was 
independent  of t ime and potential .  A conduct ing film is in i t ia l ly  formed, and  on 
top of this a nonconduct ing film forms which  eventua l ly  insulates  the  elec-  
trode. Wi th  N i ( I I )  present  the  oxida t ion  mechanism is potent ia l  dependent .  
A t  lower  potent ia ls  a product  containing nickel  is fo rmed which  does not  coat 
the electrode. At  h igher  potent ia ls  the  product  was found to be the  same in-  
sulat ing film which coated the e lec t rode  in the  oxida t ion  of 1,2-diamino- 
benzene wi thout  the  presence of Ni  ( I I ) .  

Often, e lectrochemical  kinetic  da ta  are  not  sufficient 
to unambiguous ly  de te rmine  the mechanism of an elec-  
t rode  reaction. This is especial ly t rue  wi th  react ions 
which are  h igh ly  nonideal  wi th  respect  to bounda ry  
conditions imposed by  s imple  classical e lect rochemical  
models. An  example  of this nonideal  e lect rochemical  
behavior  is e lect rode filming, which  often occurs wi th  
the  oxidat ion of organic compounds.  I t  is genera l ly  as-  
sumed but  not  p roven  that  these electrode films are  
po lymer ic  in na ture  (1, 2), however ,  the mechanisms 
and rates of the i r  format ion  are  unknown as the  self-  
insula t ing na ture  of the films makes  i t  ve ry  difficult to 
reduce the e lect rokinet ic  da ta  to a mechanism. The 
elucidat ion of these types  of mechanisms would  benefit 
e lectrochemical  organic oxidat ion  studies in genera l  
and electrochemical  po lymer iza t ion  mechanisms in pa r -  
t icular.  

In  o rder  to examine  film formation,  a separa te  but  
s imul taneous  optical  moni tor ing  of the e lectrode in te r -  
face dur ing  the ac tual  electrolysis  (3-6) h a s  been em-  
p loyed in this study.  In  this way, the  informat ion  tha t  
can be obtained f rom the t ime- reso lved  spectra  dur ing  
electrolysis  can be used for direct  qual i ta t ive  identif ica-  
tion and the t ime dependency  of products  a n d / o r  in t e r -  
med ia t e ( s )  concentrations.  By using spect roelect ro-  
chemical  techniques, it is possible to obtain two inde-  
penden t  sets of kinet ic  and mechanis t ic  data. Thus, any 
mechanis t ic  model  which satisfies both  the  e lect ro-  
chemical  and optical  kinetic  da ta  s imul taneous ly  is 
more  l ike ly  to be correct. 

This pa r t i cu la r  example,  the  oxida t ion  of 1,2-di- 
aminobenzene,  alone and in the presence of N i ( I I ) ,  
was chosen for s tudy:  first, because previous  studies 
had  shown that  this sys tem formed s t rongly  adher ing 
h igh ly  colored films at acidic pH values  (1, 2, 7, 8);  
second, because it was fel t  tha t  there  was a poss ib i l i ty  
of forming a conduct ive organic  film (polymeric  cat ion 
radical  system) which could have novel  appl icat ions in 
the field of organic e lectrochemical  synthesis  and per -  
haps in the area  of specific ion electrodes.  

Previous  studies on the electrochemical  oxidat ion  of 
1,2-diaminobenzene have y ie lded  only pa r t i a l  in forma-  
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t ion on the reac t ion  mechanism (1, 2, 7-14). I t  was 
shown that  the  reac t ion  products  were  pH dependent ,  
wi th  e lect rode filming occurr ing at  lower  and midd le  
pH, but  not  at h igh  pH (1, 2). Also, the  h a l f - w a v e  po-  
ten t ia l  changed wi th  pH s tead i ly  decreas ing wi th  in -  
creasing pH (12). 

Experimental 
In our speet roelec t rochemical  system, on- l ine  ex-  

pe r imenta l  control, da ta  acquisit ion, and reduct ion  are 
accomplished by  a Raytheon  704 computer ,  which  as-  
sures that  both  the  e lect rochemical  and  spect rophoto-  
metr ic  exper iments  are  on the same t ime base. A block 
d iag ram of the sys tem is shown in Fig. 1. The com- 
pu te r  sends a t r i angu la r  wave fo rm (maximum,  ~ 10V) 
f rom the d ig i t a l - to -ana log  conver te r  (DAC) to the  
d igi ta l  t r igger  which s imul taneous ly  ini t ia tes  the  po-  
tent ios ta t  and the r ap id  scanning spec t rophotometer  
(RSS) .  The t r i angu la r  wave fo rm output  b y  the com- 
pu te r  is also used to control  the  RSS. The e lec t rochemi-  
cal da t a  is then  acquired on an oscil loscopy or  X - Y  
recorder ,  and  the spectra l  da ta  is acquired by  the com- 
pu te r  th rough  the ana log- to -d ig i t a l  conver te r  (ADC) 
and s tored on magnet ic  tape. 

The basic RSS is a commerc ia l ly  manufac tu red  uni t  
made  b y  Har r i ck  Scientific Corpora t ion  (15, 16). The  
spec t rophotometer  opera tes  in the  near  u l t rav io le t  and 
visible  regions of the  spec t rum wi th  a wave leng th  
range  of 280-600 nm. The electronic in ter face  for  the  

Osci l loscope  
or 

Recorder  

Digi ta l  ~ 

Fig. 1. A block diagram of the spectroelectrochemical system 
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RSS is composed of two circuits:  a ga lvanomete r  d r ive  
circui t  and a pho tomul t ip l i e r  tube  output  s ignal  con-  
di t ioning circuit,  which  were  descr ibed prev ious ly  (17, 
18). The ga lvanomete r  m i r r o r  (16) and, hence, w a v e -  
length  scan, is d r iven  e lec t ronica l ly  b y  a t r i angu la r  
waveform,  computer  generated,  th rough  the d ig i t a l - to -  
analog (DAC) conver ter .  

The RSS offers a high degree  of exper imen ta l  flexi- 
b i l i ty  as the  f requency  of scan, the  wave leng th  scan 
width,  and  wave leng th  reg ion  can all  be  va r ied  by  en-  
ter ing the  p rope r  commands  on the  te le type.  RAPID is 
the  ma in  p rog ram of  a package  tha t  was designed to 
d r ive  and acquire  da ta  f rom the  rap id  scanning spec-  
t rometer .  Detai ls  of the  circui t ry,  operat ion,  l imi ta t ions  
of  the  system, and RAPID plus the subro~ttines associ- 
a ted  wi th  i t  have  been  descr ibed  and l is ted prev ious ly  
(17-19). 

The  e lec t rochemical  cell  was s imi la r  to the  design 
used by  K u w a n a  and He ineman  (20). A p l a t i num opt i -  
ca l ly  t r anspa ren t  e lec t rode  (OTE) was used as the  
work ing  electrode,  which  was commerc ia l ly  m a n u -  
fac tured  b y  Har r i ck  Scientific Corpora t ion  (15). These 
p l a t i num OTE's genera l ly  have  a meta l  film thickness  
of 50-250A wi th  a res is t iv i ty  of 5-20 ~ - c m  and an opt i -  
cal t ransmiss ion  in  the vis ible  region of the  spec t rum of 
about  10-20% (15). The  l ight  beam was pe rpend icu la r  
to the  e lec t rode  surface ( t ransmiss ion mode) .  The 
work ing  e lec t rode  was c leaned using a chromic acid 
c leaning solution, t hen  r insed wi th  3M ni t r ic  acid, and 
f inal ly copiously r insed  wi th  t r i p l y  dis t i l led  water .  This 
leaves the  work ing  e lec t rode  in  an oxidized state, which 
is then  e lec t rochemical ly  reduced  at  --0.2V vs. an A g /  
AgC1 reference  electrode,  then  any adsorbed  hydrogen  
is oxidized at  +0.05V, and, finally, the  work ing  elec-  
t rode  is b rought  to s ta r t ing  potent ial ,  which  in our  case 
was 0V. In  the  cleaning steps, the  e lect rochemical  r e -  
duct ion and oxidat ions were  carr ied  out unt i l  the  cu r -  
ren t  d ropped  almost  to zero. This procedure ,  though 
tedious, assured a reproduc ib le  e lec t rode  surface at  the  
s ta r t  of every  exper iment  (21). The counterelectrode,  a 
coiled p l a t inum Wire, and the  reference  electrode,  A g /  
AgC1, were  separa ted  from the sample  solut ion by  Corn-  
ing Vycor  porous  glass ( " th i r s ty"  glass) sal t  bridges.  
The suppor t ing  e lec t ro ly te  was 0.1M phosphate  buffer 
solut ion (pH ---- 7). The concentra t ion of the samples  
used was 3 mM 1,2-diaminobenzene or  3 mM 1,2-di- 
aminobenzene  and 3 mM Ni(NO3)2. Al l  e lectrolysis  
solut ions were  deaera ted  for  15 min  wi th  h igh  pu r i t y  
g rade  n i t rogen  (Del ta  Products )  p r io r  to the  in i t ia t ion  
of the expe r imen t  and a n i t rogen a tmosphere  was 
ma in ta ined  over  the  solut ion dur ing  the course of the  
exper iment .  

The 1,2-diaminobenzene (prac t ica l  grade)  was p u r i -  
fied by  recrys ta l l i z ing  f rom d ich loromethane  th ree  
t imes  using o rd ina ry  techniques,  and  was decolorized 
wi th  ac t iva ted  carbon (2 g a i t e r )  dur ing  the first r e -  
crystal l izat ion.  The final p roduc t  was pure  whi te  p l a t e -  
l ike crysta ls  wi th  a mel t ing  point  range  of 100.3 ~ 
101.8~ The l i t e r a tu re  va lue  for the  mel t ing  point  
r ange  of pu re  1,2-diaminobenzene is 102~176 (22). 
The  Ni (NO~)2 used was reagent  g rade  and was not  f u r -  
the r  purified. 

X - r a y  fluorescence was used for  the  de te rmina t ion  of 
nickel.  An  EDAX, energy  dispers ive  x - r a y  analyzer ,  
Nuclear  Diodes (Model  707), was used for  the  analysis.  

In f ra red  spec t ra  were  t aken  on a Beckman IR-12 
spectrometer ,  wi th  samples  in the  form of KBr  pellets.  
The  pel lets  were  made  using 2 mg  of  sample  to 200 mg 
of reagent  g rade  KBr,  wi th  a p ressure  of 1200 psi. 

Results and Discussion 

A chronocoulometr ic  s tudy  (23) gave anamolous  r e -  
sults. Using a potent ia l  s tep f rom 0 to ~-0.6V which  is 
wel l  into an apparen t  d i f fus ion-cont ro l led  region of the  
wave, a plot  of charge vs. the  squaYe root  of t ime da ta  
should yie ld  an in tercept  on the  charge  axis for  1.2- 
diaminobenzene,  both  in  the  presence and absence of 

N i ( I I )  r epresen t ing  charging and fa rada ic  react ions  of 
any  adsorbed  reac tan t  (24). However ,  the  p lo t ted  da ta  
(negat ive  coulombs at  t - -  0) had an in tercept  on the  
t ime axis, which is not  consistent  wi th  an  adsorbed  re -  
ac tant  model.  Examina t ion  of the  potent ios ta t  response  
showed tha t  a r e l a t ive ly  long t ime is r equ i red  for  the  
e lec t rode  to reach  appl ied  potent ial ,  3 sec for  a 600 mV 
potent ia l  step. The potent ios ta t  response for  the same 
potent ia l  step is only  30 msec in  the  suppor t ing  e lec t ro-  
ly te  solution. This degraded  response thne  is p robab ly  
responsible  for  the  anomalous  chronocoulometr ic  r e -  
sults, and m a y  be due  to adsorpt ion  of 1 ,2-diaminoben-  
zene a n d / o r  in i t ia l  film format ion  in our  system. This 
resul ts  in a huge pseudocapaei tance  a n d / o r  resis tance 
effect and, hence, a l a rge  RC t ime  constant  for  the  
e lec t rode  (24), 

F igure  2 shows a typica l  cyclic vo l t a mmogra m wi th  a 
potent ia l  scan ra te  of 3 mV/sec  for  the  oxida t ion  of 
1,2-diaminobenzene. The peak  poten t ia l  (Ep) occurs a t  
about ~-0.35V vs. a Ag/AgC1 reference  electrode.  The 
oxidat ion  wave  is to ta l ly  i r revers ib le  in nature ,  and  on 
successive scans, wi thout  c leaning the electrode,  the  
peak  cur ren t  d ropped  signif icantly wi th  each scan unt i l  
u l t ima te ly  no cur ren t  flowed, which  is indica t ive  of a 
nonconduct ing film comple te ly  coating the electrode.  

F igure  3 shows a cyclic vo l t ammogram for the  ox ida -  
t ion of 3 m M  1,2-diaminobenzene in the  presence of 
3 mM Ni (II)  under  the  same electrolysis  conditions.  In  
this case, Ep occurs at  a s l ight ly  more  negat ive  po ten-  
t ia l  of -~0.33V. Other  t h a n  this  s l ight  shif t  in ha l f -wave  
potential ,  the  two cyclic vo l t ammograms  are  qui te  s imi-  
lar,  wi th  both oxidat ions being i r revers ib le  and film 
format ion  insula t ing  the  e lect rode on pro longed  cycling. 

As expected,  the  behavior  on var ia t ion  of sweep ra tes  
showed that  the mechanism did not  fol low any  of the  
model  systems analyzed  by  Nicholson and Shain  (25). 

Obviously,  by  using only e lect rochemical  techniques,  
l i t t le  re l iab le  mechanis t ic  in format ion  could be ob-  
ta ined on this  system. In  fact, f rom this da t a  alone, one 
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might be led to believe that  the oxidation of 1,2-di- 
aminobenzene alone and in the presence of Ni( I I )  is 
the same reaction or at least similar. Such is not the 
case, however, as can be seen from the spectroelectro- 
chemical data given below. 

Spectroelectrochemical Results 
All spectra were taken in the near-u.v,  and visible 

regions of the spectrum (280-600 nm)  at a scan rate of 
20 spectra per second. A b lank  cell with an optically 
t ransparent  electrode and sample solution was placed 
in the reference beam to subtract  any absorbance not 
due to electrolysis products. 

Two types of spectroelectrochemical experiments  
were performed. In  one case, spectra of the electrode 
interface were ~aken dur ing the oxidation while  the 
potential  was being scanned slowly (3 mV/sec) .  In  the 
other case, spectra of the electrode interface were taken 
while the potential  was stepped to various values along 
the oxidation wave up to solvent breakdown. In  both 
types of experiments,  the same absorbance peaks were 
observed which would seem to indicate that the reac- 
t ion mechanisms are not t ime dependent  with respect 
to the rate of applied potential  change. 

Typical voltammetric  spectroelectrochemical results 
for 1,2-diaminobenzene are shown in Fig. 4. An ab-  
sorbance peak at 460 nm appears at a potential  of 
+0.25V, and a 360 n m  absorbance peak appears at 
+0.30V. In this case it seems that  we are observing two 
different species, an in termediate  at 460 nm and the 
final product at 360 nm. 

The voltammetric  spectroelectrochemical results for 
1,2-diaminobenzene in the presence of Ni( I I )  are 
shown in Fig. 5. An absorbance peak at 480 nm appears 
at +0.27V, and a 360 n m  absorbance peak appears at 

0.4 +0.6 
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Fig. 4. Voltammetric spectraelectrochemical oxidation of 1,2-dia- 
minobenzene, 

-~0.35V. Again, it appears that  we are observing two 
different species. 

In  the potential  step spectroelectrochemical experi-  
ments, the potential  was stepped to the following 
points: E1/4 (+0.25V),  E~/2 (+0.28V), E.~/4 (+3.0V),  
Ep [+0.35V for 1,2-diaminobenzene alone and $0.33V 
for 1,2-diaminobenzene plus N i ( I I ) ] ,  -t-0.60V (plateau 
of the oxidation wave),  + I . 0V  (almost to solvent  
breakdown).  The electrochemical chronoamperometric  
behavior  and the spectrophotometric behavior  were 
monitored simultaneously.  In  these experiments  it was 
found that there were s igni fcant  differences in  the rate 
and na tu re  of the filming between 1,2-diaminobenzene 
alone and in  the presence of Ni (II) .  With the oxidation 
of 1,2-diaminobenzene alone, filming occurred at all  
potential  steps that  were employed, bu t  in  the presence 
of Ni (II) no filming occurred at a potent ial  less than 
+0.35V. The Cottrell behavior  was plotted for all po- 
tential  steps both with and without  Ni (II) present  and, 
as expected, diffusion-controlled Cottrell behavior  was 
not observed (26). 

Figure 6 shows the spectral behavior dur ing  the oxi- 
dation of 1,2-diaminobenzene with a potential  step from 
0V to EI, (+0.35V), which is also representat ive of the 
other potential  steps. At all potential  steps, an absorb-  
ance peak at 460 nm is ini t ia l ly  formed, after which an  
absorbance peak at 360 nm grows unt i l  the electrode is 
completely insulated by the film. 

The absorbance vs. time behavior for these two peaks 
for the Ep (+0.35V) step is shown in Fig. 7. The ab- 
sorbance of the initial peak at 460 nm begins to level 
off after about 50 sec, while the absorbance at 360 nm 
is still growing after i00 sec. The electrode becomes 
insulated, and the absorbance peak at 360 nm stops 
growing after about 200 see. No change was noticed in 
the spectrum on disconnecting the cell from the poten- 
tiostat or removing the solution from the cell and re- 
placing it with distilled water. 

The spectral behavior appears to indicate that the 
initial film formation (the 460 nm band) is a conduct- 
ing organic film, and subsequent formation of a non- 
conducting film occurs on top of the conducting film, 
which eventually insulates the electrode. The absorb- 
ance peak at 360 nm corresponds to the nonconducting 
film product. An alternate, but less likely possibility 
is that the conducting film is transformed into the in- 
sulating film. This would necessitate a steady-state 
condition to explain the constant absorbance of the 460 
nm peak after 50 see. This steady-state condition seems 
unlikely with increasing insulation of the electrode. 

Figures 8 and 9 show the spectral behavior during 
the oxidation of 1,2-diaminobenzene in the presence of 
Ni(II)  with potential  steps from 0V to Ep (+0.33V) 
and -bl.0V, respectively. The Ep (+0.33V) potential  
step is representat ive of the E1/4 (+0.25V), E1/2 
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Fig. 5. Voltommetric spectroelectrochemical oxidation of 1,2-dia- 
minobenzene in the presence of Ni(ll). 
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spectroelectrochemical oxidation of 1,2-diaminobenzene in the 
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Fig. 9. Potential step (+ I .0V)  spectroelectrochemical oxidation 
of 1,2-diaminobenzene in the presence of Ni(l|). 

(-F0.28V), and E8/4 (-t-0.30V) poten t ia l  steps, and  the 
-F1.0V potent ia l  step is r ep resen ta t ive  of the  -t-0.6V 
poten t ia l  step. At  EI/4 (-t-0.25V), Ez/2 (+0.28V) ,  E3/4 
(+0.30V),  and  Ep (-}-0.33V) poten t ia l  steps, only  one 
absorbance  peak  is evident ,  which occurs at  480 nm. 
The absorbance  vs. t ime plot  for  this  peak  for the  
Ep (-F0.33V) poten t ia l  step is shown in Fig. 10. Note 
that  the  ab~orbance of this  peak  is st i l l  increas ing af te r  
500 sec wi th  no signs of insula t ing fi lming occurring.  

S imi la r  behavior  is observed at  the  lower  potent ia l  
steps, but  when the magni tude  of the  potent ia l  step is 
increased a different  react ion mechanism is observed.  
At  -t-0.6 and + I . 0 V  potent ia l  steps, only  one absorb-  
ance peak  is evident ,  but  this peak  occurs at  360 nm 
which is the same absorbance  wave leng th  as the  p rod -  
uct  fo rmed in the  oxida t ion  of 1,2-diaminobenzene 
alone. The absorbance  vs. t ime behavior  for this  peak  
for a + I . 0 V  potent ia l  step is shown in Fig. 11. The be-  
havior  is s imi lar  for the  +0.6V potent ia l  step. Note that  
this absorbance vs. t ime behavior  is also s imi lar  to 
tha t  obta ined for the oxida t ion  of 1,2-diaminobenzene,  
wi th  the  absorbance  slowing significantly (but  not  
level ing off) a f te r  about  200 sec and film format ion  
eventua l ly  insula t ing the electrode.  

Therefore,  wi th  Ni ( I I )  present ,  i t  is ev ident  tha t  the  
mechanism and the products  are  potent ia l  dependent  
and, hence, may  be governed by  the po ten t i a l -de -  
pendent  rates  of e i ther  the  heterogeneous e lect ron 
t ransfe r  or a surface chemical  reaction. At  lower  po-  
tent ia ls  one obtains a p roduc t  which  does not film or 
insula te  the electrode. At  h igher  potent ia ls  one obtains 
s nonconduct ing film which insulates the  electrode, and 
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is p robab ly  the  same produc t  tha t  is formed wi thout  
the  presence of N i ( I I ) ,  as the absorbance  peak  occurs 
at  the  same wave leng th  and the fi lming tha t  occurs a re  
identical .  

The air  oxida t ion  p roduc t  of 1,2-diaminobenzene 
alone and in the presence of Ni (II)  has an absorbance  
peak  at 415 nm. This absorbance  peak  is due to 3,5- 
d ihydro -2 -amino-3 - imino-phenaz ine  which  is a t au to -  
meric  form of 2,3-diaminophenazine,  which  is the  com- 
monly  accepted air  oxida t ion  product  of 1,2-diamino- 
benzene (27, 28). This absorbance peak  was not ob-  
served in any of the  spect ra  due to the deaera t ion  of 
the  sample  solut ion and main tenance  of a n i t rogen a t -  
mosphere  over  the  solut ion dur ing  the  exper iment .  
Therefore,  al l  the  absorbance  peaks  observed in the  
spectra  are  due to e lect rochemical  products  or  products  
formed in a d i rec t  fo l low-up chemical  react ion to the  
electrolysis.  Fur the rmore ,  this shows tha t  the  mecha-  
nisms and products  of the  e lect rochemical  oxidat ions 
are  to ta l ly  different  f rom those obtained by  ai r  ox ida-  
tion. 

A t t empt s  were  made  to dissolve the  films which  in -  
su la ted  the  electrode,  and 22 different  organic solvents  
were  t r ied  wi thout  success (18). Also, an a t t empt  was 
made  to de te rmine  the in f ra red  spect ra  of the  insula t -  
ing films formed from the oxidat ion  of 1,2-diamino- 
benzene alone and in the  presence of N i ( I I ) .  The 
insula t ing  films were  formed on p l a t i num opt ica l ly  
t r anspa ren t  electrodes,  using ge rman ium as the sub-  
s t rafe  ins tead of quartz.  No signal  above the back -  
ground was evident.  This is p robab ly  due to the  fact 
tha t  ext inct ion coefficients in the  in f ra red  region of the  
spec t rum are  genera l ly  less than  those in the  vis ible  
region of the  spectrum. A l i t e ra tu re  survey  on the 
spect ra  of the  many  oxida t ive  po lymer iza t ion  products  
of 1,2-diaminobenzene did not  revea l  any  which  
matched the  u.v. spec t rum of the  insula t ing film 
(29-35). 

It was noticed dur ing  the electrolysis  of the  1,2-di- 
aminobenzene in the  presence of N i ( I I )  tha t  a finely 
d iv ided  prec ip i ta te  was formed nea r  the  e lec t rode  sur -  
face and fel l  to the bo t tom of the cell. This prec ip i ta te  
of soluble oxidat ion  products  appears  to form via  a 
po lymer iza t ion  react ion which takes  place  in the  diffu- 
sion l aye r  and not  on the e lec t rode  surface. This is the  
final product  of the  nonfi lming react ion which occurs 
at  lower  potent ials .  This product  was f i l tered f rom the 
electrolysis  solution, copiously washed wi th  dis t i l led  
water ,  and dr ied  in a vacuum desiccator.  I t  had a m e l t -  
ing point  of g rea te r  than  300~ and was insoluble  in 
the  same 22 organic solvents tha t  were  t r ied  on the 
insula t ing  films (18). 

An  x - r a y  fluorescence analysis  of the  prec ip i ta t ion  
product  showed the  presence of two nickel  peaks,  a 

pr incipal  emission l ine (Ks)  at 7.47 keV and a sec- 
ondary  line (K~I) at 8.26 keV, thereby,  confirming the  
presence of nickel  in the  prec ip i ta t ion  product .  

A square  p l ana r  Ni ( I I ) (1 ,2 -d iaminobenzene )2  com- 
p lex  is known where  two 1,2-diaminobenzene mole -  
cules are  complexed to Ni ( I I )  as b identa te  l igands  
(36, 37). However,  this N i ( I I )  complex is not the same 
as the  prec ip i ta t ion  produc t  that  was obtained f rom 
electrolysis.  The N i ( I I )  complex has absorbance  peaks  
at 360 and 570 nm (36), and the in f ra red  spec t rum of 
the Ni ( I I )  complex is different  f rom the in f ra red  spec- 
t rum of the electrolysis  prec ip i ta t ion  p r o d u c t  (37). 

A KBr  pel le t  was made  f rom the prec ip i ta t ion  p rod -  
uct and an in f ra red  spec t rum taken  f rom 4000 to 200 
cm-~, which is shown in Fig. 12. Not much s t ruc tura l  
informat ion can be de te rmined  f rom the spectrum. The 
spec t rum is made  up of broad  and diffuse bands wi th  a 
la rge  background.  A band  which is centered a round  
3200 cm -~ is p robab ly  due to --NH2 stretching,  a band  
at 1620 cm - ]  is due to N - H  deformat ion  of p r i m a r y  
amines, a band at  1500 cm -1 is due to aromat ic  C-C 
stretching,  and a band  at  755 cm -1 is due to a romat ic  
C-H bending.  Thus, the  produc t  contains a romat ic  r ings  
and amino groups, but  no informat ion  concerning the 
na ture  of the po lymer ic  l inkages  of the product  can be  
determined.  A C, H, N, and Ni e lementa l  analysis  of 
the prec ip i ta t ion  product  y ie lded  the fol lowing resul ts :  
C ---- 33.74%, H : 2.61%, N : 12.74%, and Ni : 21.87%. 
This e lementa l  analysis  does not match  any of the  
s impler  complexes of N i ( I I )  and 1,2-diaminobenzene, 
and it seems tha t  the  prec ip i ta t ion  produc t  is a more  
complex polymer ic  chelate. No po lymer ic  chelates of 
N i ( I I )  and 1,2-diaminobenzene could be found in the  
l i t e ra tu re  wi th  which to compare  the  above in f ra red  
spec t rum and the e lementa l  analysis.  

Conclusions 
We were able  to de te rmine  tha t  the  e lectrochemical  

oxidat ion  mechanism of 1,2-diaminobenzene was 
ne i ther  t ime  nor  potent ia l  dependent  in the  context  
of the  exper iments  employed.  The reac t ion  p r o b a b l y  
occurred wi th  the  in i t ia l  fo rmat ion  of a nonconduct ing 
film which insula ted  the  electrode.  I t  would be a t t r ac -  
t ive to speculate  that  the  conduct ive organic film is 
formed by  the po lymer iza t ion  of monocat ion radica ls  
which are  formed by  the oxidat ion of the  1,2-diamino- 
benzene. Most organic e lectrochemical  oxidat ions of 
this type  form a monocat ion radical  as the  ini t ia l  e lec-  
t rolysis  product ,  and this p roduc t  is then ve ry  of ten 
involved in a fo l low-up chemical  reac t ion  (38). The in-  
sulat ing film could then  possibly  be fo rmed  by  the po-  
lymer iza t ion  of the dicat ion of the  1,2-diaminobenzene 
formed on d ispropor t ionat ion  [this would  requi re  tha t  
the  oxidat ion potent ia ls  for the  cat ion radical  and d i -  
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Fig. 12. Infrared spectrum (4000-200 cm - I )  of the nickel polymer precipitate. The sample was in the form of a KBr pellet 
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cation to be ve ry  close toge ther  (39)],  or  pe rhaps  the  
monocat ion radical  oxidizing at a conduct ing organic 
surface ra the r  than  the e lect rode surface yields  a di f -  
ferent  product ,  the  insula t ing  film. 

In the  presence of N i ( I I ) ,  the  oxida t ion  of 1,2-di- 
aminobenzene was not  t ime dependent  wi th  respect  to 
ra te  of potent ia l  change, bu t  was poten t ia l  dependent .  
A t  lower  potent ials ,  the  reac t ion  produced  a p roduc t  
which  did not  fo rm a fiIm bu t  d id  even tua l ly  form a 
precipi ta te ,  and incorpora ted  nickel  in the  s t ructure .  
This product  appears  to have a r e la t ive ly  high molecular  
weight ,  because of the  high mel t ing  point  and its gen-  
era l  insolubi l i ty  in common organic solvents.  At  h igher  
potentials ,  f i lming occurred,  insula t ing the  electrode.  
F r o m  the da ta  available,  i t  seems tha t  this  fi lm is 
p r obaby  the same as the  film formed wi thout  the p res -  
ence of N i ( I I ) .  Wi th  the  N i ( I I )  present ,  at  lower  po-  
tentials,  the  monocat ion radical  fo rmed by  the ox ida-  
t ion of 1,2-diaminobenzene p robab ly  predominates ,  bu t  
at  h igher  potent ia ls  the  format ion  of the  dicat ion could 
predominate .  At  lower  potent ia ls  the  ra te  of the mono-  
cat ion po lymer iza t ion  on the e lect rode is slow com- 
pa red  to the  ra te  of complexat ion  wi th  N i ( I I )  which 
forms a soluble in te rmedia te  product .  This then  
polymer izes  or aggregates  and prec ip i ta tes  f rom solu-  
tion. There  was no evidence of the  format ion  of a con- 
duct ing organic film dur ing  the n ickel  po lyme r  p r e -  
cipitation.  At  h igher  potent ia ls  the dicat ion is p robab ly  
p re fe ren t i a l ly  formed,  which then polymer izes  on the 
e lect rode surface forming  the  insula t ing film over the  
electrode.  
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The Anodic Oxidation of Platinum: Determining the Dependence 
of Current Density on Potential 

J. / .  Ord,* D. J. DeSmet, *,1 and M. A. Hopper *,2 

Department o~ Physics, University o~ Waterloo, Waterloo, Ontario, Canada N2L 3G1 

ABSTRACT 

The way in which current  density depends on potential  dur ing the anodic 
oxidation of p la t inum in 0.1M H2SO4 is studied using two different methods 
to determine values for the parameters  in  the relat ion i/io -: exp ( ( V  -- V * ) /  
Vo). The first method determines values for the parameters  from analysis of 
open-circuit  transients, and correlates the Vo values with optical measurements  
of the thickness of the oxide film. The second method analyzes the dependence 
of potential  on film thickness dur ing galvanostatic oxidation to determine a 
second set of values for the parameters.  This set differs significantly from the 
ope~-circuit  set, and  leads to a different model for the anodic oxidation 
process. The model based on open-circui t  data appears to provide a more rea-  
sonable .description of an anodic oxidation process controlled by the field in  
the oxide film. Reasons for the differences in the results are discussed, and the 
in terna l  consistency of the methods is examined. 

When p la t inum is oxidized anodically at constant  
current  density, the three stages involved in the process 
show up clearly on a plot of potential  vs. time. As the 
ini t ial  monolayer  of oxide is formed, dV/dt ,  the rate of 
change of potential, decreases steadily from its init ial  
double- layer  charging value to the constant value it 
maintains  dur ing the second or layer -growth  stage of 
oxidation. In the third stage, dV/d t  again decreases as 
oxygen evolution competes with oxide formation and 
takes an increasing fraction of the current  density. Our 
interest  in this paper is in de termining the dependence 
of current  density on potent ial  in the second stage 
where layer growth is the dominant  process. In  a previ-  
ous paper (1) we argued that this stage of the anodic 
oxidation of p la t inum is l imited by the electric field in 
the oxide film. Recent work from other laboratories 
(2-4) appears to support  our conclusion that p la t inum 
undergoes field-limited oxidation in much the same way 
as does tan ta lum or niobium. Weaver surveyed the re-  
cent work in the field in his 1974 review of the electro- 
cbemical formation of thin oxide films on noble metals 
(5), and assessed the evidence for a model involving 
high field ion transport.  

In this paper we direct our at tent ion to the basic 
problem of inference involved in  the determinat ion of 
the dependence of current  density on potential. The ex- 
ponential  dependence of current  density, i, on potential, 
V, characteristic of an act ivat ion-control led process 
can be wr i t ten  

i/io = exp ( (V -- V*) /Vo)  [1] 

where V* is the zero of overpotential,  io is the exchange 
current  density, and Vo is a Tafel slope expressed in 
terms of natura l  logarithms. Experiments  usual ly are 
designed to determine values for the three parameters  
V*, to, and Vo under  a variety of experimental  condi- 
tions. For processes controlled by the overpotential,  
(V -- V*), all three parameters  are expected to have 
constant values, whereas processes controlled by the 
field in the film must  have Vo proportional to the film 
thickness. Although all three parameters  are required 
to specify completely the dependence of current  density 
on potential, it is the behavior  of the parameter  Vo 
which distinguishes between field and overpotential  
control of the process. The parameter  V* identifies 
the potential  at which oxidation commences, 
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Anodic oxidation is known  to be a more complex 
process than the ideal act ivat ion-control led process 
upon which Eq. [1] is based, and different approaches to 
the analysis of oxidation data may yield significant dif- 
ferent values for the parameters  V*, io, and Vo (6, 7). 
Although the relative merits of the different approaches 
to data analysis can be debated at length, the ul t imate 
choice between sets of parameter  values is dictated by 
the answer to the question "which set leads to a more 
reasonable description of the behavior  of the system?" 
Our aim in this paper  is to show how one can go about 
a t tempting to answer this question for the anodic oxi- 
dation of plat inum. We carry out an open-circuit  t r an -  
sient analysis and a galvanostatic charging analysis on 
a common set of data. The two analyses give signifi- 
cantly different results, the results of the open-circuit  
analysis agreeing with our  earlier work (1), and the 
results of the galvanostatic charging analysis agreeing 
with the work of Vetter and Schultze (2). After  carry-  
ing out a detailed comparison of the results, we con- 
clude that the parameter  values from the open-circuit  
analysis provide the more reasonable description of the 
anodic behavior of plat inum, and we offer an explana-  
tion of why this should be. 

Experimental 
The optical measurements  were made with a self- 

nul i ing ellipsometer which has been described in detail 
elsewhere (8). The ins t rument  has a resolution of 
0.01 ~ in the settings of its polarizing prisms, and nulls  
both polarizer and analyzer approximately twice each 
second under  the optical conditions encountered in this 
experiment.  The standard deviation in the nul l  readings 
is less than the resolution of the ins t rument ,  and some 
increase in resolution was obtained by averaging the 
data when the film thickness was not changing too 
rapidly. A he l ium-neon  laser is used as the light 
source, and an angle of incidence of 60 ~ is chosen to 
accommodate a cell made from a hollow equilateral  
glass prism. The cell is fitted with s tandard taper joints 
for mount ing  the electrode holder, p l a t inum counter-  
electrode, mercurous sulfate reference electrode, and  
gas dispersion tube. The electrolyte, 0.1M H2SO4, was 
saturated with argon and measurements  were made at 
room temperature,  23~ Potentials are expressed re la-  
tive to the normal  hydrogen electrode. 

The cylindrical single crystal sample of p la t inum 
used as the working electrode is clamped between 
Teflon washers in a glass electrode holder. A flat on one 
side of the cyl inder is used for the optical measure-  
ments. A surface area of approximately 1.25 cm 2 is 
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exposed to the electrolyte in  this configuration. The 
preparat ion of the surface of the sample is described 
in  the next  section. 

The laboratory computer, a Hewlet t -Packard  2114B, 
was programmed to carry out the experiments  wi th-  
out operator intervent ion,  recording the data on mag-  
netic tape for recall by analysis programs wr i t ten  in 
BASIC. Both the electrochemical control circuitry and 
the circuitry which operates the ell ipsometer are bui l t  
into the mult iplexed inpu t -ou tpu t  interface of the com- 
puter. The computer  reads the digital output  from the 
ell ipsometer directly, and uses digi taI- to-analog and 
analog- to-digi ta l  converters to control the current  
through the cell and read the electrode potential.  A 
video display te rminal  and an X-Y point  plotter  are 
used extensively for graphical display dur ing the per-  
formance of the exper iment  and the analysis of the 
data. 

The experiments  were performed under  program 
control pr imar i ly  to give the best optical data possible. 
It is difficult to obtain good optical data under  condi-  
t ions where the resolution of the ins t rument  is 3% of 
the m a x i m u m  range in  the data, and  variat ions in  sur-  
face roughness or a l ignment  can shift the data by  an 
amount  comparable to their  range. Under  program 
control, an entire series of experiments  can be repeated 
precisely, and the reproducibil i ty of the optical data 
can be given a very s t r ingent  test. Replication of the 
series of experiments  also provides a s t r ingent  test of 
the estimates of the s tandard deviation in Vo values 
given by least squares analysis of open-circui t  t ran-  
sients. Program control of both the performance of the 
exper iment  and the analysis of the data offers one 
fur ther  advantage which is qual i tat ive ra ther  than  
quant i ta t ive:  it serves to emphasize the fact that  there 
is nothing subjective about the differences between the 
results of the two approaches to data analysis. 

Except for the open-circuit  analysis program, the 
data reduct ion involves fitting straight l ines only and 
requires no fur ther  comment.  The basic equations gov- 
erning open-circui t  t ransients  are obtained by wri t ing 
the external  current  in  the cell circuit, ie, as the sum 
of ic, the current  charging the capacitance, and i, the 
Faradaic current  through an element  in parallel  with 
the capacitance 

ic -}- i ---- ie [2] 

With ie -~ 0, ic wr i t ten  as C dV/dt ,  and i given by Eq. 
[1], Eq. [2] becomes 

CdV/d t  ~- io exp ( (V -- V*)/Vo) ~- 0 [3] 

This is the differential equation of an open-circuit  
t ransient .  It can be integrated, assuming C, io, Vo, and 
V* all constant, to give 

V ---- V1 -- Vo In (1 -}- tl'~) [4] 

where the t ime constant z is defined by 

= CVo/il  [5] 

and il and V1 are the values of i and V at t : 0. Analysis 
of open-circuit  t ransients  can be based on either Eq. [3] 
or [4]. In  the analysis used here, the recorded values of 
V and t are fitted to Eq. [4] by varying z unt i l  a l inear  
V vs. In (1 + tl~) least squares analysis gives the 
m i n i m u m  deviat ion in  V. 

The open-circui t  data are recorded in a form de- 
signed for this type of analysis. Although the potential  
is read at mill isecond intervals,  data are recorded only 
at specified potential  increments.  Hence the point  den-  
sity on the least squares l ine is uniform, the values 
of t are known exactly, and the s tandard deviat ion in V 
is approximately  constant from point  to point. Poten-  
tials are read using a 12-bit analog-to-digi ta l  converter 
with a one-half  mil l ivolt  resolution. Eight successive 
conversions over a 200 ~sec interval  are summed, then 
the least significant bit is dropped, leaving a 14-bit 
b inary  integer with a one-eighth mill ivolt  resolution. 

The s tandard deviat ion in  V estimated from the open-  
circuit analysis is typically less than  one-half  mil l i -  
volt, but  it is systematic ra ther  than random, indicating 
that  second-order corrections to Eq. [1] are more sig- 
nificant than are random errors in  V. 

Surface Preparation 
Unless the surface of the p la t inum sample is prepared 

in a stable configuration, the polarizer and analyzer  
nul l  settings for a nomina l ly  clean surface show a 
tendency to drift  dur ing  a series of oxidat ion-reduct ion 
cycles. A typical set of optical data which exhibi t  this 
effect is shown in Fig. 1. Before the sample was inserted 
in the optical cell, its surface was roughened slightly 
by etching in aqua regia. The oxidat ion-reduct ion cycle 
consisted of oxidation at a current  density of 20/~A/cm 2 
from 0.27 to 1.37V, followed by reduct ion at the same 
current  density back to 0.27V. The optical data obtained 
on the bare surface at the beginning of the first cycle 
are plotted at A1 in  the figure. As the oxidation pro- 
ceeds, the data trace out the curve A1-B1. At point  B1 
the current  is reversed, and the data proceed from B1 to 
a point  slightly to the r ight  of A1 in the figure. As the 
cycling continues, the data drift  to the r ight  in  Fig. 1 
along a zigzag path. The end points of cycles 4, 9, and 
16 are shown in the figure along with the complete 27th 
oxidation cycle. Continued cycling beyond the 27th 
cycle produces a smaller  and smaller  drift  in  the optical 
data, indicating that  an optically stable surface is being 
approached. 

The change in the nu l l  settings represented by the 
displacements A1-B1 and A27-B27 in the figure can be 
at t r ibuted to the growth of an oxide film on the sur-  
face, whereas the displacement A1-A27 can be asso- 
ciated with a change in the roughness of the bare pla t i -  
num surface. The f i lm-growth displacements can be 
given a satisfactory (but not unique)  analysis in terms 
of a change in  the thickness of an oxide layer  of con- 
stant  refractive index, but  there is no satisfactory tech- 
nique for analyzing surface roughness. Experience 
shows that displacements to higher P values accompany 
decreases in surface roughness, and displacements to 
lower P values accompany roughening of the surface. 
Cycles of the type plotted in  Fig. 1 can be used to 
reduce the roughness of a p la t inum surface provided 
care is taken to avoid gas evolution. If the cycling is 
continued, the surface eventual ly  reaches a smooth, 
reasonably stable configuration, but  the procedure is 
tedious even under  program control. 

There is a technique for prepar ing a smooth, stable 
p la t inum surface in one cycle. We discovered this tech- 
nique by accident while s tudying the Kolbe reaction. 
Conway's extensive work on Kolbe synthesis [see for 
example Ref. (9) and (10)] led him to suggest (11) 
that we try using our se l f -nul l ing ellipsometer to de- 
tect the adsorption of organic molecules on both plat i -  
n u m  and p la t inum oxide. The ini t ia l  measurements  
appeared successful, for we found large optical changes 
associated with the Kolbe reaction, but  fur ther  work 
showed that  the optical changes were due to a re-  
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Fig. 1. Opt ical  data obtained on cycling a roughened plat inum 
electrode at 20 /~A/crn 2 between 0.27 and 1.37V in 0 .1M H2S04: 
Ai -B1  first anodlc cycle; A27-B27,  twenty-seventh anodic cycle. 
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markable  reduction in  the roughness of the p la t inum 
surface during the Kolbe synthesis. When we con- 
cluded that the optical changes were not associated 
with the adsorption of organic molecules, we carried 
the work no further,  but  have continued to use this 
technique for preparing optical surfaces on plat inum. 

Optical data from a typical Kolbe cycle in 0.1M 
H2SO4 + 1.8M CF3COOH are plotted in Fig. 2. In  this 
instance, the surface of the p la t inum sample was 
roughened before the start  of the exper iment  by  
evolving hydrogen on it ra ther  than  by etching it in  
aqua regia. The optical data trace out the curve A-B 
as an oxide film forms on the surface below the po- 
tential  at which the Kolbe reaction begins. Once the 
Kolbe reaction begins, the optical data t u rn  a sharp 
corner in the P-A plot, and the polarizer readings 
start to increase. During Kolbe synthesis, the optical 
data trace out the curve B-C. As the exper iment  pro-  
ceeded, the applied current  densi ty was increased from 
20 ~A/cm 2 at point B to 1 mA/cm 2 at point C. At C, the 
gas bubbles were shaken from the surface of the sample, 
and it was reduced at 100 ~A/cm 2 unt i l  the oxide film 
was removed completely at point  D. We in terpre t  the 
net displacement of the optical data from A to C dur -  
ing the oxidation cycle as resul t ing from the super-  
position of a displacement from A to D due to reduc-  
tion in  surface roughness, and a displacement from D 
to C due to growth of an oxide film. We find that  the 
sample can be rinsed and t ransferred to the optical 
cell with no deteriorat ion in the condition of the sur-  
face provided that it is removed from the Kolbe cell 
with the oxide film on the surface, and the transfer is 
carried out reasonably quickly. The sample then re-  
mains smooth provided hydrogen is not evolved on its 
surface, and provided it is not exposed to the electro- 
lyte for an extended period without an oxide film on 
the surface. 

The surface roughness effects displayed graphical ly 
in  Fig. 1 and 2 can equally well be expressed in terms 
of nominal  values calculated for the refractive index 
of p la t inum at 6328A. If point  A in  Fig. 2 is taken as 
characteristic of a clean p la t inum surface, a refractive 
index of 2.32-4.91i is obtained, whereas, if point D is 
taken, an index of 2.51-5.11i results. The la t ter  value 
is undoubtedly  better, because the calculation of the 
refractive index assumes that  the metal  surface is 
perfectly flat. 

Resu l ts  
The data obtained dur ing a typical oxidat ion-re-  

duction cycle with no open-circui t  t ransients  are 
plotted in Fig. 3. The experiment  begins with the 
potential  of the working electrode set.at 0.3V. At point  
A a constant oxidation current  density, in this instance 
10 t,A/cm% is applied to the working electrode, and its 
potential  rises rapidly to B then more slowly to C as 
shown in the bottom port ion of the figure. When the 
potential  reaches 1.4V at point  C, the applied current  
density is switched to --10 t,A/cm ~, and the working 
electrode is reduced unt i l  the potential  re turns  to 0 3V 
where it is held for 5 sec before the next  cycle begins. 

37.5 I I I I I 

37.3 
A 

deg 
37.1 

D 
- OXIDATION C),X)A . . ~ ' ~ - -  
B_.o-o -o~ " f g ~  

36.9 I I I i I 
26.0 26.2 26.4 26.6 26.8 27-0 27.2 

P deg 

Fig. 2. Opt ical  data  obtained on a roughened platinum elec- 
trode during a Kolbe cycle in 0.1M H~SO~, + 1,8M CF~COOH, 
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Fig. 3. Oxidation-reduction cycle at 10 /~A/cm 2 for platinum 
in 0.1M H2S04. 

During the cycle, the nul l  settings of the polarizer, 
P, and analyzer, A, are recorded at 1-sec intervals.  
These data are shown in plots of P vs. t ime in the 
center portion and P vs. A in the top port ion of Fig. 3. 
Corresponding points labeled A, B, C, and D are ident i -  
fled on each of the three plots in the figure. Although 
the P-A plot exhibits some fine structure, the depen-  
dence of P on A is essentially the l inear  relat ion ex- 
pected for the growth of very thin films of constant 
refractive index. For such films there is also a linear 
relation between the film thickness and the P and A 
readings. Since P spans a greater range than A, we will 
use the change in P from its bare surface value as the 
optical measure of the average film thickness in our 
analysis of the data. Unique values for the thickness 
and refractive index of the oxide film cannot be deter- 
mined from the analysis of our optical data, but the 
factor relating changes in film thickness to changes in 
P will be on the order of 15 A/degree for reasonable 
values of the refractive index of the film. 

The potential-time plot for an oxidation-reduction 
cycle with open-circuit transients is shown in Fig. 4. 
The experimental conditions are the same as for the 
data in Fig. 3, except that the computer is programmed 
to open the circuit at i00 mV intervals across the re- 
gion from 0.9 to 1.4V. With a starting potential of 0.9V, 
as in Fig. 4, there will be six open-circuit transients 
during the cycle, and with a starting potential of 0.95V 
there will be five. Two sequences with I00 mV in- 
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Fig. 4. OxidatMn-reducffon cycle a t  10 p.A/cm 2 with open- 
circuit transients for p l a t i n u m  in O,IM H2S04. 
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tervals are used ra ther  than  a single sequence with a 
50 mV in terva l  in  order to allow the electrode more 
t ime to recover be tween transients.  The detailed shape 
of the open-circui t  t ransients  cannot be shown ac- 
curately on the scale used in  Fig. 4. The durat ion of a 
t ransient  is equal to the t ime required for its slope to 
change by  a factor of 16. 

A series of cycles of the type plotted in Fig. 3 and 4 
was carried out at oxidation current  densities of 5, 10, 
20, 40, and 80 ~A/cm 2 both without open-circuit  t r an -  
sients and wi th  open-circui t  t ransients  at the two po- 
tent ial  sequences.  The complete series was then re-  
peated under  program control in order to test the re-  
producibi l i ty  of the data. Throughout  the experiment,  
the max imum offset noted in the optical data was 0.01 ~ 
and cycles with and without  open-circui t  t ransients  
were found to give indis t inguishable optical data. 

During an exper iment  of this kind, more data are re-  
corded than  can be handled conveniently.  (Listing the 
data on the Teletype requires a full day.) We obtain a 
manageable  set of 55 data points for use in fur ther  
analysis if we select only the data recorded at the 11 
open-circui t  potentials for each of the 5 oxidation cur-  
rent  densities. In  order to free the laboratory com- 
puter  for other exper iments  a Hewlet t -Packard  9830 
BASIC calculator was used to analyze the reduced data 
set. The values of P, Vo, and 1/C (calculated using 
Eq. [5]) were entered as 5 by 11 matrices with sub-  
scripts specifying current  density and potential.  The 
data were stored on the calculator tape cassette for 
least squares analysis and plott ing programs. The re- 
main ing  figures in the p a p e r  are tracings of graphs 
produced on the calculator plotter. 

The analysis of open-circui t  data involves a number  
of steps: first the t ransients  are analyzed to determine 
the values of Vo and T (or l/C), then the dependence 
of Vo on Vi at constant  ii is used to determine values 
for V* and to, and finally the optical data are used to 
relate the Vo values to film thickness. In addition, the 
dependence of 1/C upon film thickness can be invest i -  
gated, but  a simple relat ion is not expected in  the case 
of p l a t inum (1). In  Fig. 5, Vo is plotted as a funct ion of 
V1 for each of the 5 values of it, and in Fig 6, Vo is 
plotted as a funct ion of P for all values of il except 5 
~A/cm 2. One must  be careful not to interpret  Fig. 5 as 
expressing a dependence of Vo on V which can be sub-  
sti tuted back into Eq. [1] to give a modified relat ion 
between i and V. As Fig. 6 clearly shows, the variat ions 
in Vo are due to the variations in  film thickness which 
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Fig. 5. Tafel slopes from open-circuit analysis vs. initial poten- 
tia,I for oxidation current densities from 5 to 80 ;LA/cm 2. The 
fitting region for the lines is from V1 equals 1.10-1.25V. 
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Fig. 6. Tnfel slopes from open-circuit analysis vs. polarizer null 
setHng for oxidatlon current densities from 10 to 80 /~A/cm 2. 
Oxida6on current density is identified by plot6ng symbol as 
in Fig. 5. L~ne A-B is fitted to the data over the range from V1 
equals 1.05-1.40V. Line C-D is fitted to the six data points 
plotted as diamonds which come from the galvanostatic charging 
analysis in Fig. 9. 

accompany changes in  Vi under  our exper imenta l  con- 
ditions. 

It is not possible to determine both V* and io from 
the values of il, Vi, and Vo for any one transient. If, 
however, a set of transients with a common value of 
ii have Vo values which vary linearly with Vi, then we 
can find values for V* and io which are common to all 
t ransients  in the set. If S is the slope dVo/dV1, then io 
is equal to i l /exp ( l / S ) ,  and V* is given directly by 
the intercept of the l ine on the Vi axis. The lines in  
Fig. 5 are least squares fits to the Vo data at each il 
over the potential  range from 1.1 to 1.25V. Below 1.1V 
the Vo data show the level ing expected for a field- 
l imited process below monolayer  coverage. Above 
1.25V at the higher oxidation current  densities, the 
data curve away from the l inear  relat ion predicted by 
e lementary models of field-limited processes. The 
values of io and V* determined from the least squares 
lines, in order of increasing it, are io equals 0.026, 0.022, 
0.020, 0.019, and 0.028 ~A/cm 2, and V* equals 0.934, 
0.921, 0.911, 0.897, and 0.897V. 

For ii values from 10 to 80 ~A/cm 2 all the Vo data 
fall on one l ine when plotted in Fig. 6 as a function of 
P. The expected deviation below monolayer  coverage 
is still present, but  there is no deviation corresponding 
to the curvature  noted in Fig. 5 at higher  Vi's and 
it's. A least squares l ine fitted to data with Vi > 1.0'5V 
intersects the P axis at 26.89 degrees, and has a slope 
of 0.245V/degree. Average V* and io values for the data 
falling on this l ine are V* ---- 0.907V and io ---- 0.0225 
~A/cm 2. The data for ii ----5 ~A/cm 2, omitted from the 
figure for clarity, fall on a l ine of slightly (but  sig- 
nificantly) steeper slope. This may be taken as indi-  
cating that all of the current  density is not field-con- 
trolled for t ransients  in  which the current  density 
ranges from 5 ~A/cm 2 down to 5/16 ~A/cm 2. In  order to 
make it easier to compare results, we have plotted the 
Vo values from galvanostatic charging analysis in Fig. 
6 also. 

The open-circuit  analysis also provides values for the 
reciprocal capacitance, and these are plotted in Fig. 7 
as a function of P. The reciprocal capacitance is not 
simply related to film thickness. It approximately 
doubles dur ing monolayer  coverage, then increases by 
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Fig. 7. Reciprocal capacitance from open-circuit analysis as a 
function of polarizer null settin.g. Oxidation current density is 
identified by plotting symbol as in Fig. 5. 

only about a fur ther  50% during film growth before 
leveling off and even dipping slightly. 

This completes the reduction of the open-circuit  
t ransient  data. We will now perform a second analysis 
of the data following an approach which does not use 
the open-circuit  parameters  Vo and T. This approach 
is usual ly  based on analysis of the potential  of the 
working electrode as a funct ion of the charge ac- 
cumulated at it for a set of constant oxidation current  
densities. In systems where the anodic oxidation proc- 
ess operates at near ly  100% efficiency, the charge ac- 
cumulated on uni t  area of the working electrode is 
equated simply to the product  of the oxidation cur-  
rent  density and the t ime required to reach the po- 
tential  in question. If there is reason to believe the 
reduction process to be more near ly  100% efficient, 
then the charge required to reduce the oxide is used 
instead. We prefer to use optical measurements  of the 
thickness of the oxide film instead of charge measure-  
ments  in our analysis, but  we will refer to the analysis 
as galvanostatie charging analysis. 

The data reduction begins with a plot of potential 
as a function of P at each of the 5 oxidation current 
densities. Our best such data, the set of 55 data points 
recorded at the initial potentials of the open-circuit 
transients, are plotted in Fig. 8. No following speed 
corrections need be applied to these data even at our 
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Fig. 8. Potential vs. polarizer null setting for galvanostatic 
charging at current densities from 5 to 80 #A/cm 2. Currrent 
density is identified by plotting symbol as in Fig. 5. The lines 
are fitted over the potential range from 1.05 to 1.40V. The line 
fitted to the 10 ~A/cm 2 data is not shown. 

highest oxidation current  density because the ellipsom- 
eter has t ime to reach a proper nul l  while the circuit 
is open. For any part icular  value of is, the VI data in -  
crease l inear ly  with decreasing P at a slope which de- 
pends on the value of is. The V~-P slope gets steeper 
as the values of is get larger. The lines in the figure 
were fitted to the data over the 1.05-1.4V region using 
least squares. For  clarity, the l ine for the is ---- 10 ~A/ 
cm ~ data is not shown in the figure because it obscures 
the t rend i l lustrated by the other four lines. 

Two techniques can be used for fur ther  reduction of 
the data in Fig. 8. Although they appear to be different, 
they are equivalent  when  applied to ideal data. In the 
first, plots of log (i) vs. V are constructed for a set of 
different film thicknesses. Values of V*, io, and Vo as a 
function of film thickness can be determined directly 
fl'om this plot. This technique, used widely in  electro- 
chemistry, is analogous to the technique used by Vetter  
and Schultze (2). In  the second technique, used com- 
monly  in  studies of the anodic oxidation of valve 
metals, log (i) is plotted vs. the potential-fi lm thickness 
slope. If the overpotential  appears across the oxide film, 
this slope is equal to the field in the oxide film, and the 
plot directly shows the dependence of the Current 
density on the electric field in the film. 

In  order to apply the first technique to the reduction 
of the data in Fig. 8, one draws lines perpendicular  to 
the P axis at 0.05 ~ increments  between 26.85 ~ and 
26.60 ~ . The intersections of these lines with the five 
least squares lines are then plotted vs. log (iz) to give 
current -potent ia l  characteristics at six different film 
thicknesses. This plot is shown in Fig. 9. The i -V  char- 
acteristics all show l inear  dependence of log (i) upon 
V with the 10 FA/cm 2 points deviating significantly 
from the lines. If the characteristics have common 
values of io and V*, lines fitted to the data in Fig. 9 
should have a common intersection at the point  where 
i equals io and V equals V*. Least squares lines fitted 
to all but  the 10 ~A/cm 2 data do intersect at approxi-  
mately the same point. Values of 2.23 X 10-s #A/cm 2 
for io, and 0.539V for V* are obtained by averaging 
the coordinates of the intersections of the 15 pairs of 
lines. The average io and V* values from open-circuit  
analysis are shown in Fig. 9 for comparison purposes. 
The slopes of the lines in Fig. 9 give values for Vo a s  
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Fig. 9. Log current density vs. potential characteristics derived 
from the data in Fig. 8 for six polarizer null settings. The fitted 
llnes exclude the 10 ~A/cm 2 data. Values for the zero of over- 
potential, (V*)2, and the exchange current density, (io)2, are given 
by the mean intersection of the fitted lines. The values from open- 
circuit analysis, (V*)I  and (io)1, are shown for comparison. 
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a function of P. These Vo values are plotted vs. P along 
with the open-circuit  data in Fig. 6. A l inear  depen- 
dence of Vo and P is found with a P intercept  at 27.06 ~ 
and a slope of magni tude  0.095 V/degree. 

The second technique for reducing the data in Fig. 8 
is shown in  Fig. 10. In  this figure, log (i) is plotted vs. 
the slope of the V-P curve which is in  t u r n  propor-  
t ional to the field in the film. The data show consider- 
able scatter, but  can be fitted reasonably well by a 
least squares l ine if the 10 ~A/cm 2 data are ignored. If 
again io is assumed to have a common value for all 
of the points plotted, its value can be found by ex- 
t rapolat ing the l ine back to the point  where d V / d P  
equals zero. This extrapolat ion gives a value for io of 
2.6 • 10 -~ ~A/cm s. This is an order of magni tude  
greater than  the value determined by the technique 
i l lustrated in Fig. 9, but  it is still 5 orders of magni tude  
smaller  than  the open-circuit  value for to. 

Discussion 
The dependence of the values of io, Vo, and V* on the 

method of data analysis creates considerable confusion, 
and raises such questions as "how can this happen?" 
and "which method is correct?" The answers to these 
questions, al though straightforward, require some dis- 
cussion. 

The basic reason for the differences between the 
parameter  values may be stated simply: a three param-  
eter equation such as Eq. [1] is inadequate to describe 
the process. In  any method of data analysis, assump- 
tions are made concerning what  varies and what  is 
constant under  a par t icular  set of experimental  con- 
ditions. These assumptions, based on an idealized model 
of the process under  study, are often unstated, and are 
tested only rarely in the experiment.  The two different 
approaches we have taken to the data analysis, al- 
though both based on the same idealized field-limited 
model of the oxidation process, apply the assumptions 
of the model to different sets of experimental  condi- 
tions. The analysis of open-circuit  t ransients  requires 
only that the parameters  be wel l -behaved over in-  
dividual open-circuit  transients,  whereas galvanostatic 
charging analysis requires that they be wel l -behaved 
over the entire set of charging experiments.  

The question as to which method is correct has no 
answer. Both methods yield parameters  which fit four 
out of the five sets of the data, so no distinction is pos- 
sible on that  basis. We prefer, for a number  of reasons, 
to base analysis on the open-circui t  t rans ient  data, bu t  
we do not wish to argue these reasons at this point. We 
propose to look instead at the models constructed from 
the results of the analyses to see which appears to be a 
more reasonable first-order description of the oxidation 
process. 

Some aspects of this problem are not new. The case 
for applying open-circuit  t ransient  analysis to the 
anodic oxidat ion of t an ta lum has been argued in the 

l i terature (7) wi th  li t t le apparent  impact. In  m a n y  
respects, the anodic oxidation of t an ta lum and plat i-  
num are remarkab ly  similar. In  both systems higher 
values for io and Vo are obtained from open-circuit  t r an -  
sients than from galvanostatic charging curves. The 
differences are significant, involving factors of 106 in io 
for plat inum, l0 s in  io for tantalum, and 2.5 in the re-  
lat ion between Vo and film thickness for both. As a 
consequence, models of the oxidation process which 
are based on open-circuit  t ransient  data involve Sig- 
nificantly lower values of the activation energy and 
va lence- jump distance product than do models based 
on galvanostatic charging data. Since the present  state 
of the theory of anodic oxidation does not make it very 
clear what  values for these parameters  should be con- 
sidered reasonable, there is l i t t le to be gained from 
fur ther  discussion of these aspects of the problem. 

Although tan ta lum tends to be easier to s tudy than 
p la t inum due to the much wider  range of oxide film 
thickness available experimentally,  the p la t inum sys- 
tem is far superior for a s tudy of the zero points on the 
thickness and potential  scales. Looking first at the zero 
of overpotential, we see a very significant difference 
between the open-circui t  t ransient  result, V* - :  0.907V, 
and the galvanostatic charging result, V* ---- 0.539V. 
Quite different models of the oxidation process resul t  
from the two V* values. As can be seen in Fig. 3, V* : 
0.907V lies above the reduction pla teau and below the 
l inear  oxidation region, whereas V* : 0.539V lies be-  
low both the l inear  oxidation region and the reduction 
plateau. If one regards oxidation and reduction as re-  
verse direction of the same reaction, then  one would 
expect the zero of overpotential  for oxidation to lie be-  
tween the l inear  oxidation region and the reduction 
plateau. If, on the other hand, one regards oxidation 
and reduction as two different reactions with different 
zeroes of overpotential  then V* for oxidation could lie 
below the reduction plateau. In  this case, the over-al l  
reaction would have to be t reated in much the same 
way as corrosion processes are treated. 

We regard oxidation and reduction as reverse di- 
rections of essentially the same reaction, and hence we 
consider the V* value of 0.907V resul t ing from the 
open-circuit  t ransient  analysis to be reasonable, and 
the V* value of 0.539V resul t ing from galvanostatic 
charging analysis to be unreasonable.  The subjective 
na ture  of this judgment  is underscored by the fact that  
Vetter and Schultze (2) found a V* value of 0.530V in 
0.5M H2SO4 from analysis of galvanostatic pulse mea-  
surements, and constructed what  they apparent ly  feel 
is a reasonable oxidation model using this value. "We 
leave it to the reader to reach his own conclusion as 
to what is a reasonable value for V*. We would like 
to emphasize that our galvanostatic charging analysis, 
although based on different measured quantities, gives 
parameter  values which agree well with those of 
Vetter and Schultze. Our only point of difference con- 
cerns whether  galvanostatic charging analysis gives 
results which lead to a reasonable model of the oxida- 
t ion process. 

Fur ther  information can be obtained by comparing 
the zero points on the thickness scale obtained from the 
two analyses. A high field model predicts propor-  
t ionali ty between Vo and film thickness, hence the Vo 
data should reasonably be expected to extrapolate to 
zero at the point where the film thickness is zero. The 
extrapolation of the open-circui t  Vo values in Fig. 6 
intersects the axis 0.02 ~ lower in P than the nominal  
bare surface point. The agreement  with the model pre-  
diction is close, and there is some evidence that the 
0.02 ~ offset is associated with an optical change which 
precedes oxide film formation. The galvanostatic charg- 
ing Vo values in Fig. 6 extrapolate to intersect the axis 
at a point which is 0.15 ~ higher in P than the nominal 
bare surface point. We can find no way to reconcile 
an offset of this magnitude and in this direction with 
the proportionality between Vo and film thickness pre- 
dicted by the model. Again we conclude that  the open- 
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circuit analysis leads to a more reasonable model for 
the oxidation process than does the galvanostatic 
charging analysis. 

At this point in  the discussion, we doubt that many  
readers, even among those who find themselves agree- 
ing with our view of what  is reasonable, are part icu-  
la r ly  happy about basing oxidation models on param-  
eters which can only be obtained from the analysis of 
open-circuit  transients.  Open-circui t  t ransients  are not 
widely used in  oxidation studies, and it is not l ikely 
that they ever will be used as widely as galvanostatic 
charging measurements.  The point  we wish to make is 
not that there is anyth ing  wrong with galvanostatic 
charging measurements,  but  that unreasonable  con- 
clusions can result  from charging analysis if the as- 
sumptions implicit  in  the usual  t rea tment  of the data 
are not valid. 

We can i l lustrate  this point  by considering careful ly 
the steps involved in  de termining  V* from the data in 
Fig. 8. In  the s tandard analysis, V* is the potential  at 
which all of the V-P lines should intersect. For the 
data in the figure, this point is ra ther  poorly defined be-  
cause the lines have slopes which differ l i t t le from each 
other. The intersection of one pair of lines appears in  
the figure at 0.914V, and the other five intersections 
occur off-scale to the lower left at 0.653, 0.651, 0.485, 
0.267, and --7.119V. This last value, from the intersec- 
t ion of the 40 and 80 ~A/cm ~ data lines, makes any  
at tempt to average the data not very meaningful ,  but  
the median range, 0.485-0.651V does bracket  the 0.539V 
value determined in Fig. 9. The techniques i l lustrated 
in Fig. 9 and 10 both use an addit ional stage of least 
squares fitting to smooth the data and improve the esti- 
mate of V*. This is a reasonable procedure provided 
the problem is purely  the statistical one of dealing with 
random errors. Unfortunately,  the nar row range in the 
variat ion of the slopes of the lines in  Fig. 8 makes it 
possible for second-order  corrections to Eq. [1] to in-  
validate the s tandard approach to charging analysis. 
One example of such a correction would be a var iat ion 
of io brought  about by a change in the concentrat ion 
of charge carriers at the activation barrier.  

One way of determining the validity of charging 
analysis is to test its in ternal  consistency. Comparison 
of the results of the analyses illustrated in Fig. 9 and 
10 serves only as a test of the consistency of the sta- 
tistical treatment of the second-order differences, not 
as a test of the basic assumptions of the analysis. We 
can test internal consistency by returning to the prob- 
lem of determining V* from the data in Fig. 8 and ap- 
plying a method which does not involve second-order 
differences. For a field-controlled process, V* is the 
potential coordinate at the point where the film thick- 
ness is zero on the lines in Fig. 8. If we take the film 
thickness to be zero at P ---- 26.91 o , we obtain values 

for V* of 0.807, 0.847, 0.833, 0.826, and 0.849V from the 
five sets of data in the figure. The average value ob- 
tained by this method, 0.833V, shows charging analysis 
to be in ternal ly  inconsistent,  and provides a fur ther  
reason for our preference for open-circui t  transients.  If 
we take V* to be 0.833V rather  than 0.539V, we get 
closer agreement  with the open-circui t  value of 0.907V, 
but  we are left with no obvious choice of a method to 
determine values for io and Vo from the charging data. 

The discussion to this point  has dealt  main ly  with 
determining the parameters  to, Vo, and V* whereas our 
earlier work (1) dealt main ly  with assessing the evi-  
dence for field control of the process. One may well 
ask whether  the data presented in this paper s t rengthen 
or weaken our earlier conclusion that  the field in  the 
film controls the anodic oxidation process above mono- 
layer  thickness. We view the data presented in Fig. 6 
as s t rengthening the case for field control. The Vo data 
show a proport ional i ty to film thickness even in  a 
region where the l inear  dependence of Vo on V1 no 
longer holds. From this we conclude that control of the 
process by the field in  the film extends beyond the 
region of val idi ty of e lementary  high field model in 
which io is considered constant. 
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A New Capillary-Type Closed Viscometer 
for Molten Salt Research 
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Laboratory for Electrochemistry, University of Amsterdam, Amsterdam, The Netherlands 

ABSTRACT 

A new capi l lary- type closed viscometer is described that  can be used for 
many  kinds of liquids. The viscometer is of simple design, incorporat ing a 
t ransparen t  measur ing section and a suspended level enabl ing a flow of l iquid 
under  a constant mean hydrostatic head, the value of which is not affected 
by the total volume of l iquid in  the ins t rument .  The viscometer is especially 
suitable for precise measurements  with liquids having high vapor pressures, 
s trongly corrosive properties, or showing chemical reactions with the atmo- 
sphere. As the viscometer has been used in mol ten salt research, a short de- 
scription of the high tempera ture  furnace, which involves an automatic opto- 
electronic device for recording the effiux t ime of the liquid, is also given. 
After  a series of calibration experiments  with mol ten KNOm the viscosity 
of mol ten CdC12 was determined in the tempera ture  range 590~176 Experi-  
menta l  results are given and compared with l i tera ture  data. 

Construction and Working Principle of the Viscometer 
In  the l i terature,  several  closed capil lary viscom- 

eters have been described which are useful for highly 
reactive and /or  corrosive liquids or for l iquids having 
appreciable vapor pressures, e.g., for many  mol ten salts. 
In  some of these designs the capillary is enclosed in  
an outer vessel into which a submerged discharge from 
the capil lary takes place (1-3). 

A property which these ins t ruments  have in common 
is the application of an overflow adjus tment  device to 
ensure a constant working volume. As Greenwood (1) 
has already pointed out, surface tension effects may 
cause bui ldup in  such an overflow, the result  being 
that  the bottom level of the hydrostatic head fluctuates 
and cannot be kept  constant. Disadvantages of the 
viscometer described in (3) are its mechanical  vu lner -  
abil i ty and the fact that  it is difficult to operate. 

A second class of closed viscometers is pat terned 
af ter  Ostwald's design (4-7). Measurements over a wide 
range of temperatures  are not so easy with some of 
these ins t ruments  (4-6), because they are charged 
with a fixed volume of l iquid; furthermore,  ra ther  
complicated techniques have to be applied for re tu rn ing  
the liquid in order to make repeated measurement  
possible. 

The Ostwald viscometer described by Timidei, 
Ledermann,  and Janz (7) incorporates an overflow 
which ensures automatic ad jus tment  of the working 
volume and at the same t ime reduces possible surface 
tension effects. Although this ins t rument  has been used 
successfully in mol ten salt research, the design is more 
fragile and bulky.  

Capil lary viscometers applying suspended levels have 
been known since Ubbelohde (8), but  so far most of 
these viscometers have been of the "open type," having 
a direct connection to the atmosphere or some pres- 
surizing system. One exception is the viscometer de- 
scribed recent ly by Kang et al. (9), an ins t rument  of 
the closed capillary type uti l izing a suspended level. 
It  has been used successfully in the measurement  of 
the viscosity of a high vapor pressure organic electro- 
lyte. Its design and construction seem rather  delicate 
though, because of the side tube that  is used for 
pressure equalization and because of the incorporat ion 
of an electrode system in the viscometer's t iny upper  
bulb  to record efflux times. 

The viscometer to be described in this article ensures 
automatic ad jus tment  of the working volume by the 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
1 P r e s e n t  a d d r e s s :  K o n i n k l i j k e / S h e l l  L a b o r a t o r i u m ,  Amsterdam, 

The N e t h e r l a n d s .  
K e y  w o r d s :  cap i l l a ry ,  v i s c o m e t e r ,  m o l t e n  sa l t ,  cadmium chlo- 

ride. 

application of a suspended level type of outlet, thereby 
abandoning the overflow construction, while the con- 
t a inment  of the viscometer wi th in  one cylindrical  tube 
adds considerable mechanical  s t rength to the design. 

Figure 1 shows the new viscometer, fitted with the 
filling assembly which is used especially for salts and 
other liquefiable solids. For  temperatures  below 500~ 
the construction mater ial  can be Pyrex;  for higher 
temperatures  quartz glass can be used. 

- -10  

4 

~L 

'h' 

! 

MAX. LEVEL OF~ 
UQUID (APPROX) 

--5 

AXIS OF ROTATION 

~ cm 

Fig. 1. Viscometer fitted with filling assembly. 1, Measuring tube; 
2, capillary (diameter 0:45 mm, length 11 cm); 3, funnel sealed 
along the rim to 7; 4, slot or hole; 5, spherical reservoir; 6, sus- 
pended-level outlet; 7, cylindrical reservoir; 8, filtration chamber; 
9, medium porosity fritted disk; 10, side tube; 11, salt fill tube; 12, 
constriction; 13, thermocouple protection tube. 
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The main  feature of the viscometer is the outlet, 
which is of the suspended level type. Its function is to 
ma in ta in  at a constant value the bottom level of the 
hydrostatic head. The mean value of this head then also 
remains constant, this quant i ty  is designated by 'h' 
in Fig. 1. 

The viscometer is filled by introducing the salt sam- 
ple into the filtration chamber through the fill tube. 
When the required quant i ty  has been inserted, the fill 
tube and side tube are connected to a vacuum line, a 
thermocouple fitted for temoera ture  measurement ,  and 
the apparatus lowered into an electrical furnace. The 
tempera ture  of the furnace is raised slowly unt i l  all 
the solid has melted, the l iquid salt being allowed to 
drip slowly through the frit  into the viscometer. When 
the salt sample has passed into the viscometer, the 
apparatus is removed from the furnace;  local heating 
is applied to the constriction enabl ing the filling as- 
sembly to be broken off and the viscometer to be 
sealed. The viscometer is now in its final form. 

After  sealing, the viscometer can be allowed to cool 
to room temperature  or it can be t ransferred directly 
to a furnace suitable for the viscometry experiments.  

In  order to take measurements  dur ing the experi -  
ments, the salt must  flow from the upper  end of the 
viscometer into the spherical reservoir and down 
through the capil lary tube to the outlet. When the vis- 
cometer reaches the required temperature  in the test 
furnace it must  be turned through 180 ~ in the direction 
indicated in Fig. 1 to enable the upper  part  to fill with 
l iquid salt through the slot or hole in  the rim, 4 in 
Fig. 1, of the funnel  sealed to the cylinder. When the 
salt has drained into this portion, the viscometer is 
quickly re turned to its original position, whereupon 
the l iquid will fill the funne l  and reservoir and then  
flow through the capillary to accumulate in the bottom. 
Given a proper volume of liquid, l i t t le or none  will  
spill through the slot in  the funnel .  

Working Principle of the Furnace and 
Detection Equipment 

The furnace that has been used in connection wi th  
the viscometer has two main  features: first of all it 
provides a large hot zone at a uniform temperature ;  
second, the furnace incorporates a means os recording 
the l iquid flow time optically between two marked 
points. 

One of the s tandard techniques in molten salt capil-  
la ry  viscometry is the use of p la t inum or p la t inum 
alloy wire electrodes, located at different levels in  the 
reservoir of the viscometer, to measure the flow time. 
However, since this technique is restricted to conduct- 
ing liquids, we have devised a new technique for 
mol ten salts for the present design, i.e., an opto-elec- 
tronic system. 

The furnace, (shown in Fig. 2 with the viscometer in  
position), is an electric resistance furnace uti l izing 
three KanthaI  A resistors wound onto si l l imanite tubes. 
It is, to a great extent, a descendant of that described 
by Motzfeldt (10). 

Insulat ion is provided by firebricks and fiberfax, with 
stainless steel radiat ion shields in the upper  end of the 
furnace and a plug of firebrick in the lower end. In  
addition, due to the fact that parts of the t iming mech- 
anism buil t  into the furnace require cooling, a water -  
filled cooling system is provided. This cooling system 
fulfills a secondary function in that it enables heat to 
be "sinked" to a well-defined level, resul t ing in better  
furnace tempera ture  regulation. 

A silver tube is mounted within the working cham- 
ber in order to smooth minor  temperature  fluctuations, 
this tube also acting as a support for positioning the 
viscometer. 

Viscometer temperature  measurement  is achieved 
using three Chromel-Alumel  tbermocouples, mounted 
in the poqitions indicated in Fig. 3, (this figure giving 
also details of the external  equipment  used in connec- 

- : l t q  

PITCH 5ram 
tS0mm 
36 TURNS 

:.r2! 2~ 

~60 [ 16 

Fig. 2. Furnace for viscosity measurements (dimensions in ram). 
], Viscemeter; 2, s~lver tube; 3, tbermocouple; 4, radiation shield- 
ing; 5, timing lamps; 6, quartz rod light guides; 7, water-filled cool- 
ing system; 8, support bearing; 9, lamp housing; 10, housing for 
photodiodes and detector electronics; 11, furnace stand. 

220 

4 

5 

Fig. 3. Auxiliary equipment for the closed viscometer system. 
1, Viscometer; 2, lamp; 3, Kanthal A resistor wound on sillimanite 
tube; 4, sensor thermocouple; 5, thermocouple; 6, photodiode de- 
tector; 7, Variac; 8, potentiometer; 9, Eurotherm temperature reg- 
ulator; 10, millivolt recorder. 

tion with the furnace and the viscometer).  The middle 
thermocouple serves a dual purpose in  that it also acts 
as a sensor for the "Eurotherm" tempera ture  controller. 

To provide for the necessary rotation of the viscom- 
eter, two brass tubes are mounted on opposite sides of 
the furnace coincident with the axis of rotat ion indi-  
cated in Fig. 1. The tubes are supported in  bearings on 
a furnace stand, enabl ing the furnace to be rotated 
about a horizontal axis. 

These brass tubes also serve as housings for the t im-  
ing mechanism and are water-cooled. One of the brass 
tubes contains two lamps, each set equidistant  above 
and below the axis of rotat ion (the center of the 
viscometer reservoir) .  The opposite tube is the housing 
for the detector electronics and two photodiodes, the 
diodes being in a l ignment  with the lamps. 

Two pairs of parallel  quartz rods are set into the 
body of the furnace, one set between the photodiodes 
and the viscometer, the other between the viscometer 
and the lamps. These rods act as a l ight guide for each 
lamp and its opposing diode. 
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EFFLUX TIME Table I. Efflux times for molten KN03 

J I 
15mY I 

I 200  s 

DETECTOR SIGNAL 

Fig. 4. Typical example of the level detector output. Potential 
peaks correspond to the signals emitted at the passage of liquid 
between the caffbration levels. 

Thus the viscometer is provided with an opto-elec- 
tronic level detection system comprising: two lamps, 
two photodiodes, two sets of quartz rod light guides, 
and a t iming system. 

Because the furnace  is itself a red l ight  source and 
because of 50 Hz (stray) fields, the lamps are switched 
at 25 Hz and a synchronous detector is used. The de- 
tector is sensitive to the chopped light only and is not 
affected by radiat ion from the furnace or by the 50 
Hz main  supply. The signal from the detector is re- 
corded on a mil l ivolt  recorder and shows two distinct 
peaks corresponding to the passage of l iquid at the two 
levels, see Fig. 4. The effiux t ime can be easily mea-  
sured with an accurate stopwatch, or a l ternat ively  the 
peak signal may be used to trigger an electronic 
counter. 2 Similar  t iming circuits tr iggered by photo- 
electric sensors have been described by Etcher and 
Zwolinski (11) and by Gramain  and Libeyere (12). 

Sources of Error 
The viscosity equation that  is normal ly  used in capil-  

lary viscometry is wr i t t en  as 

B 
- -  :- ~ = C t  - -  - -  [i] 

p t 

in which C and B are the viscometer's constants, ~I is 
dynamic viscosity, p is density, v is kinematic viscosity, 
and t is the effiux time. The quantity B/t of Eq. [i] is 
called the kinetic energy correction and has been dis- 
cussed in detail by Wellman et ai (13). These authors, 
as well as many others (i, 7, 8, 14-16), havenoted and 
critically reviewed other sources of error in capillary 
viscometry and it is considered sufficient to discuss one 
remaining source of error especially important with 
regard to high temperature viscometry, i.e., tempera- 
ture inhomogeneity. 

Temperature profiles recorded with sliding thermo- 
couples indicated that temperature inhomogeneities 
within the working chamber of the high temperature 
furnace could well be kept within ___ I~ Since for the 
molten salts investigated the temperature coefficient of 
the dynamic viscosity is Vz%/degree or less, we can 
conclude that the viscosities of these salts can be mea- 
sured with an accuracy better than 1% as far as the 

2 D e t a i l s  o f  t h e  e l e c t r o n i c  c i r c u i t r y  m a y  b e  o b t a i n e d  t h r o u g h  
t h e  first a u t h o r .  

T1 = 368~ T~ = 469~ 
Efltux Effiux 

T e s t  No.  t i m e  ( s e e )  T e s t  No .  t i m e  ( s e c )  

1 528.6 1 349.1 
2 529.1 2 349.9 
3 528.7 3 350.6 
4 531.0 4 351.1 
5 529.0 5 359-.1 
6 529.1 6 349.9 

M e a n  v a l u e  t l  = 529.3 sec  M e a n  v a l u e  t~ --- 350.5 s e c  
pl = 1.34 cs t  p~ ---- 0.87 e s t  

tempera ture  inhomogenei ty  is concerned. The repro- 
ducibil i ty of the viscosity measurements  has tu rned  
out to be of the order of 1%. 

C a l i b r a t i o n  E x p e r i m e n t s  

The viscometer constants of Eq. [1] have been de- 
te rmined with molten KNO3 as the calibration liquid. 
A simple technique has been used to pur i fy  this s a l t  

(14) which is not  s trongly hydrated, s imilar  techniques 
have been described elsewhere (7, 17, 18). Absolute 
values for the dynamic viscosity of mol ten  KNO3 have 
been known since Dantuma (19), whose measurements  
are considered to be as good as any lat ter ly published 
results. 

Effiux times for mol ten KNOB were determined in  
our viscometer in  the range  350~176 The constants 
C and B in  Eq. [1] were calculated using ri and r2, the 
kinematic viscosities of mol ten KNO3 at temperatures  
T1 and T~, respectively, and the equations 

r2t2 -- ~itl 
C-- 

t22 -- ti 2 
[2] 

tit2 
B _ - -  (~tl -- ~it2) 

t22 -- tl  2 

Table I shows the effiux times at two typical t empera-  
tures for molten KNOB. The values of ~1 and ~2 were 
obtained from the l i terature  (17). According to Eq. [2] 
the value of C is 2.57 �9 10 -8 cst/sec and B is 10 cst �9 sec. 

Viscosity of Mol ten CdCI2 
Literature concerning the viscosity of l iquid CdC12 is 

available. Karpachev's  results were the first to be re-  
ported (20), while those of Bloom et al. are more re-  
cent (21). 

Liquid CdC12 is an interest ing compound to work 
with in  a closed viscometer because of its high vapor 
pressure. It also requires a t tent ion dur ing the ini t ial  
stages of the experiment,  especially in  drying and 
handling, since hydrolysis may occur. The procedure 
that we followed for the purification of CdC12 was de- 
rived from that described by Hill et aL (22) and has 
been described elsewhere in detail  (14). 

In  Table II the exper imental  effiux times of l iquid 
CdC12 are given as a function of temperature.  With the 
aid of the constants C and B determined previously, the 
viscosity of l iquid CdC12 was calculated. Density values 
for molten CdC12 to convert from kinematic viscosity 
to dynamic viscosity were obtained from our own mea-  
surements  (14), summarized by the equation 

Table II. Viscosity of molten CdCI2 as a function of temperature 

T e m p e r a t u r e ,  Effiux t i m e ,  K i n e m a t i c  v i scos i ty ,  D y n a m i c  v iscos i ty ,  D y n a m i c  v i scos i ty  D y n a m i c  v i scos i ty  
T (~ t (sec)* ~ (cst) ~ (cp) (21), ~ (cp) (20), ~? (cp) 

594 • 1.5 273.4 - -  0.6 0.67 • 0.01 2.26 - -  0.03 2.30 • 0.03 
645 + 1 242.3 - -  0.9 0.58 • 0.01 1.93 ~" 0.03 2.00 • 0.03 
694 -* 1.5 217.8 -4- 0.2 0.51 -~- 0.01 1.69 ----- 0.03 1.80 ----- 0.03 
743 • 1.5 198.8 • 0.3 0.46 • 0.01 1.49 • 0.03 
797 ~--- 1.5 180.0 • 0.5 0.41 ----- 0.01 1.32 ~- 0~02 - -  

m 

2.14 
1.90 
1.72 

* Effiux t i m e s  are  m e a n  v a l u e s  d e t e r m i n e d  f r o m  at  l eas t  f ive  s e p a r a t e  m e a s u r e m e n t s .  
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p = 4.235 -- 9.45 X 10 -4 T [3] 

with p the density in  g/cm 3 and T the temperature  in  
~ Our values of the dynamic viscosity of l iquid CdC12 
are also given in  Table II together with l i terature  data. 
Figure  5 is a graph showing the dynamic viscosity of 
mol ten  CdC12 against temperature,  Fig. 6 shows a graph 
of In n against 1/T. The temperature  dependence can 
be expressed as the following exponential  funct ion 1/T 

~] ---- 0.133 X exp (4880/RT) [4] 

(~] in cp, R = 1.987 cal K -1 mo1-1) with a correlation 
coefficient of 0.999. 

The post exponential  factor found by Bloom et al. 
(21) was equal to 4.0 kcal/mole,  while that  found by 
Karpachev was equal to 4.1 kcal/mole.  

Discussion 
With the closed capil lary viscometer described in 

this article, it is possible to measure accurately the 
viscosity of many  liquids but  especially those having 
properties which make them less suitable for other 
types of viscometer. The advantages of this ins t rument  
can be summarized as follows: 

1. The hydrostatic head adjusts itself automatical ly 
by vir tue of the suspended level and is independent  of 
the total amount  of liquid. 

DYNAMIC VISCOSITY (cP) 
2.60 

2.40 

2.20 

2.00 

i .80 

t .60  

t.40 

1.20 

1.00 i , i i i i 

600 640 680 720 760 800 
TEMPERATURE (~ 

Fig. 5. Dynamic viscosity-temperature curves for liquid CdCI2, 
according to: (A) Karpachev and Stromberg (20); (O)  Bloom, 
Harrap, and Heymann (21); (I-D the authors. 
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0.90 0.94 0.98 i.02 i.06 t.iO i.i4 i.|8 
• xlO 3 
T 
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Fig. 6. Graph of In YI (In of dynamic viscosity) of liquid CdCI2 
against the reciprocal of [T (temperature) X 10-3], where T is 
in ~ 

2. Because surface tension in  the measur ing bulb  
and the suspended level are of an opposing na ture  they 
will  cancel each other to a great extent. 

3. The change of l iquid volume with tempera ture  has 
no influence. 

4. Repeated measurements  are readily obtained. 
5. When the viscometer is slowly rotated during cool- 

ing no fracturing occurs on freezing. 
6. The simple and robust  construction is very at-  

tractive for high tempera ture  work. 
7. The viscometer has a very good reproducibili ty,  as 

can be seen from the results in  Table I. 

As to the present  values of the dynamic viscosity of 
molten CdC12, it is the authors '  view that  the viscom- 
etry of low viscosity liquids (1-10 cp) at high tem- 
peratures is a very difficult experimental  under tak ing  
and it is not uncommon to find that single salt viscosi- 
ties differ by more than  50% (13), especially with re-  
gard to data obtained by earlier authors. 

In  an at tempt to obtain more reliable viscosity data, 
~ y e  and co-workers (13, 23) have recently redeter-  
mined the viscosities of the molten alkali chlorides, 
using the torsional pendulum method. They predicted 
the use of the capillary tube method on the grounds 
that etching of the capillary mater ial  could result  in  a 
slight al terat ion to the capil lary diameter  and that dif- 
ficulties could be expected in  the main tenance  of a 
large zone of uniform tempera ture  in  the furnace and 
in liquid flow measurement .  

However, it is our opinion that  etching of the capil- 
lary mater ial  takes place at high temperatures  only in 
the presence of water, since no visible etching was ob- 
served in  these experiments  using carefully dehy-  
drated salts. Moreover, a redeterminat ion of the con- 
stants C and B of Eq. [1] after the CdCI~ exper iment  
showed them to be equal to the formerly determined 
values, with an uncer ta in ty  of 1.5%. In  addition, the 
other two objections against high tempera ture  capillary 
viscometry have also been successfully dealt  with in  
the foregoing paragraphs. 

Apart  from these exper imental  considerations, the 
present authors are also of the opinion that, from a 
methodological point  of view, the capillary tube method 
should not be precluded. In  the torsional pendu lum 
method, i.e., an absolute method, the extreme at tent ion 
that must  be paid to the accurate determinat ion of the 
radius of the oscillating sphere and to first-class ma-  
chining of the assembly has been stressed (23). How- 
ever, in  a relat ive method such as the capillary tube 
method, we have the advantage that, after  an accurate 
calibration, all measurements  can be done in a rela-  
t ively short t ime without  the need to redetermine the 
critical dimensions of the apparatus. 

Finally,  our choice of the capillary tube method has 
been justified by our measurements  of the dynamic 
viscosity of molten KC1 and mol ten CsC1. The agree- 
ment  of our data (14) with those obtained recently by 
Brockner et a i  [(13) including our data] and by  Zuca 
and Borcan (24) is considered to be good although these 
data are different from those reported earlier by 
Murgulescu and Zuca (25) which were also obtained 
by the oscillating sphere method. 

With regard to the present  data on mol ten CdCl2, it 
is interest ing to note that the values of Bloom et al. 
(21) have also been obtained with a capillary viscom- 
eter. According to these authors, no kinetic energy cor- 
rection B/ t  (see Eq. [1]) is necessary as capillaries 
with t rumpet-shaped ends have been used. However, 
regardless of the shape of the end sections of the capil- 
lary, the kinetic energy correction should be applied, 
as has been demonstrated by Wel lman et aL (18), and 
thus the values of Bloom et al. (21) should be some- 
what  lower and hence come closer to our values (see 
Fig. 5). It is also clear from Fig. 5 that the difference 
between the two sets of data increases with increasing 
temperature.  This is to be expected if the B/ t  te rm is 
neglected, since with increasing tempera ture  the effiux 
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times decreases and the correction B/ t  will increase. It 
is difficult to say whether these discrepancies can be 
attributed to the kinetic energy correction only but 
certainly the trend is explained. 

The values of Karpachev and Stromberg (20) have 
been obtained with an oscillating sphere viscometer 
and while most earlier viscosity data are considerably 
higher than corresponding data reported recently, a 
tentative explanation of this phenomenon has been 
forwarded by ~ye and co-workers (13). The latter re- 
mark that most sources of error, for instance melt im- 
purities, will result in higher viscosity values. In addi- 
tion, for oscillation methods, lateral movement of the 
pendulum will also give rise to a viscosity higher than 
the true value. A combination of these effects may 
have caused the high viscosity values reported by 
Karpachev and Stromberg (20). 
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ABSTRACT 

A mathematical  model which describes the operation of porous bat tery  
electrodes has been developed. It includes short time t ransient  behavior of 
electrolyte concentration, porosity, current  distribution, reaction rate, and 
detailed solutio.n diffusion descriptions of a sparingly soluble reactant. Calcula- 
tions were made for constant current  (50 and 25 m A / c m  2) charging and dis- 
charging of Ag/AgC1 electrodes. Results of calculations indicate that the con- 
centrat ion of the electrolyte, KC1, inside the porous electrode plays an im-  
portant  role in  the performance of the electrode. During charging, the elec- 
trolyte concentrat ion falls in the depth of the electrode, thereby decreasing the 
solution electrical conductivity. Reaction penetra t ion depth on charging is 
very shallow, less than 0.3 ram, for the current  densities investigated. On dis- 
charging, the electrolyte concentrat ion in the depth of the electrode increases. 
Consequently, the electrical conductivi ty of the solution as well  as the solu- 
bili ty of AgC1 increases. A high reaction rate in the depth of the electrode is 
possible even at high current  discharge. Charge uti l ization over 90% is pre-  
dicted if the charge is stored uni formly  by employing a slow charging rate. 

Porous electrodes have larger reactive surface to 
volume ratios than  do plane electrodes. Consequently 
their  use is common in  pr imary  and secondary batteries 
as well as continuous flow galvanic cells. Many mathe-  
matical models have been proposed to explain the 
operation of porous electrodes. Progress in  the mathe-  
matical  modeling of flooded porous electrodes prior to 
1974 has been reviewed by de Levie (1) and by New- 
man  and T iedemann  (2). A recent mathematical  model 
for the negative plate of the lead-acid bat tery  was re-  
ported by Micka and Rou~ar (3). Like their previous 
model for the lead dioxide plate (4), reversible elec- 
trode kinetics was assumed. 

The mathematical  model proposed here describes 
t ransient  behavior  of flooded porous electrodes with 
sparingly soluble reactants. The present  model is an 
extension and refinement of a previously proposed 
model (5). 

In  the previous model, a pseudo steady-state ap-  
proximation was used to calculate t ime-dependent  re-  
sults. The t ime-dependent  concentrat ion term Oce/dt 
in the conservation equation was eliminated. The solu- 
tion from the steady-state ordinary differential equa- 
tions was used to predict the electrode conditions for 
one time increment  later. A new steady-state solution 
was then found for the new time step and so on. 

In the present model, the part ial  differential equa-  
tions were solved including all O/at terms. An accurate 
account of the electrolyte concentrat ion variat ion with 
time is important  since the electrolyte concentrat ion 
inside the electrode greatly affects the behavior of a 
porous electrode. Frequent ly,  aCe/Ot type terms are 
important  in predicting concentrat ion distr ibutions 
under  conditions similar to practical operating si tua-  
tions. Simonsson (6) solved his mathematical  model for 
the porous lead dioxide electrode including the 0Ce/0t 
term. The results of his model calculations showed that  
the discharge capacity of the electrode is caused by 
acid depletion. 

A macroscopic t rea tment  is used in the present  
model, replacing the previous single pore geometry (5). 

* E l ec t r o ch emi ca l  Soc ie ty  S t u d e n t  M e m b e r .  
** E l ec t r o ch emi ca l  Soc ie ty  Ac t ive  Member .  
Key  w o r d s :  c u r r e n t  d i s t r ibu t ion ,  concentration distribution, 

ba t t e ry ,  m a t h e m a t i c a l  model .  

This means that averaging is performed over a volume 
element in  the porous electrode. The electrode is 
treated as a superposition of two continua, one of the 
electrode matr ix  phase and one of the solution phase. 
Although this change is ra ther  minor  mathematically,  
it allows a more realistic description of the tortuosity 
effect. 

Application of the present  model is restricted to the 
class of porous electrodes whose t ransport  of reactants 
involves a solution phase diffusion step. Specifically, 
the present model can be applied to Ag/AgC1 porous 
electrodes such as those used in  seawater batteries. 
The AgC1 is the sparingly soluble reactant. Previous 
studies indicate that  the t ransfer  between Ag and AgC1 
involves solution diffusion of AgCln+l -n, where n ---- 0, 
1, 2, 3 (7 and 8). A mass t ransfer  coefficient, kin*, can 
be used to describe the diffusion of AgCln+l -n.  As an 
improvement  to the previous model, the mass t ransfer  
coefficient used in the present  model is in  a physically 
more realistic and mathematical ly  simpler form. In  
addition, the present  model includes the rate of nuclea-  
t ion of AgC1 during charging of the electrode. 

The formulat ion of the coverage of the metal  surface 
by salt crystallites in  the present  model is specifically 
for the Ag/AgC1 system. Based on exper imental  ob- 
servations (8, 9), two modes of AgC1 growth are postu- 
lated. The first mode involves the forming of AgC1 
nuclei and the growing together of AgC1 mounds. The 
second mode involves the thickening of a "porous" 
AgC1 film. 

For a given set of ini t ial  conditions such as electrolyte 
concentration, porosity, and the state of charge, the 
mathematical  model calculations will predict the cur-  
rent  density i2, the potential  r the electrolyte con- 
centrat ion Ce, the concentrat ion of sparingly soluble 
reactant  CR, the porosity e, the local reaction rate j, 
and the bulk  solution velocity v[] as functions of t ime 
and position with respect to the front  face of the elec-  
trode. 

Description of the Model 
A one dimensional  approach is used in which var ia-  

tion of properties occur only along the axis perpen-  
dicular to the face of the electrode. Geometric features 
of the model are shown in Fig. 1. The front face of the 
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Fig. 1. Macroscopic model of porous electrodes 

electrode is at x = L. The current  collecting plate is 
at x = 0. The current  densi ty i2 is a superficial current  
densi ty in  the solution phase. At x = L, i2 is equal  to 
the total applied current  density I. Inside the porous 
electrode, the following relationship applies 

il + i2 : I [1] 

where i~ is the superficial current  density in  the solid 
phase. At the backing plate, i2 is zero. A positive sign 
is used for anodic currents  and a negative sign for 
cathodic currents. The potent ial  in the metal  phase is 
assumed to be at ground potential  (that is, ~bl = 0) 
which implies that we have neglected the metal  phase 
ohmic resistance relat ive to the solution phase ohmic 
resistance. The potential  in  the solution phase, r is 
the potential  that one would measure with respect to 
the working electrode if a reference electrode of the 
same kind as the porous electrode is placed in the solu- 
t ion phase wi thin  the pores of the porous electrode. 

The stoichiometric reaction represent ing the chemical 
process wi th in  the porous electrode is 

~ s ~ A i  zi : he-  [2] 
i 

where s~ are stoichiometric coefficients and zi are the 
charges on species Ai. The number  of electrons t rans-  
ferred for the reaction as wr i t ten  is n. For the Ag/AgC1 
electrode, the reaction is wr i t ten  as 

Ag + C1- -- AgC1 : e -  

A modified Ohm's law applied to t h e  solution phase 

dln,y_ 1 
1 -~ d in W%e 

SoCe ] 1 dce 
nco Ce dx [3] 

in  the porous electrode is 

i2 = --Ke (l+t) __d~b2 ge(l+~)vRT~ [ 
dx F coVo L 

I S+ t +  ~ 

rip+' "~" - -  Z+v+ 

Here r is the potential  in ihe  solution phase; K is the 
electrolyte conductivity;  t is the tortuosity factor; �9 is 
the porosity: Co is the solvent Concentration; Vo is the 
solvent part ial  molar  volume; v is the number  of ions 
per  electrolyte molecule; v+ is the number  of cations; 
7-+ is the mean  molal activity coefficient; 7T&e is the 
molal i ty  of the electrolyte; t+ ~ is the t ransference n u m -  
ber  of the cation referred to solvent  velocity; and s+ 
and So are stoichiometric coefficients of the cation and 
solvent, respectively, according to reaction [2]. The 
boundary  conditions for the superficial current  density 
in  the solution phase, i2, and the concentrat ion of the 
electrolyte, Ce are as follows 

riCe 
at x = 0 ,  i 2 = 0 ,  dx = 0  [4] 

at x = L ,  i ~ = I  and c e = c e  ~ [5] 
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where the superscript  o refers to conditions outside the 
electrode. 

The redox kinetic expression that  relates the local 
t ransfer  current  density, j, to the surface overpotential  
between the solid matr ix  and the solution, (r -- r 
can be wr i t ten  as 

j = 8io [exp (--aaFC~/RT) -- exp(acF~2/RT)] [6] 

where r is taken to be zero as previously stated. The 
exchange cur ren t  density depends on the concentrat ion 
of the sparingly soluble reactant  and the electrolyte 
concentrat ion in  the following way 

[7] 
io--~o ~ \ CR*/ Ce ~ 

where io ~ is concentrat ion independent .  Here CR is the 
concentrat ion of complexed ions at the metal  surface 
and CR* is the equi l ibr ium concentrat ion of complexed 
ions at electrolyte concentrat ion Ce ~ The order of de-  
pendence of io on CR and Ce are 7 and ~, respectively. 

The conservation of charge requires that 

d% 
aj = [81 

dx 

where a is the electrode surface area per  un i t  volume 
of the electrode. Equat ion [8] relates local t ransfer  
current  density to superficial cur ren t  density in  the 
solution phase. 

Due to the differences in partial  molar volumes of 
the salt and the metal, the porosity of the electrode will 
change with t ime according to the local reaction rate 

0"T = n F  solid / 8 x  [9] 
species 

As the relative volume of l iquid to solid in the pores 
changes, a convective flow of l iquid into or out of the 
electrode results. This bu lk  flow motion can be de- 
scribed by an over-al l  cont inui ty  equation 

8, Ov[:] 1 / V-~t- o V~es-  -Voso\ 8i2 
- - - -  ~ - - + - -  + ) - -  [10] 

Ot ~- Ox F z - v -  nv n Ox 

Here vU is the superficial volume average velocity. 
The concentration variat ion of the electrolyte in 

the pores is expressed by the electrolyte cont inui ty  
equation 

Oce 8ce 8 [  8c t  ] 
" '  Ot + v[:] - -  De (l+t) Ox Ox Ox a 

[ c~176176 c~176 S~176 ] 1 a~2 
n F a x  Z+p+ r ip+  

where D is the diffusion coefficient of the electrolyte. 
Finally,  the reaction rate is determined by the dif- 

fusion of complexed ions formed through the reaction 

MX + n X -  -- MXn+I -n  [12] 

By defining an over-al l  mass t ransfer  coefficient kin*, 
the reaction rate can be wr i t ten  as 

- - n F  
j _ - -  km*cReq(C1 -- 1) [13] 

SR 

where C1 = CR/CR eq and where the equi l ibr ium con- 
centrat ion of the complexed ion, CR eq is related to the 
electrolyte concentration, Ce, through the equi l ibr ium 
constant K associated with reaction [12] hereafter  re-  
ferred to as a dissolution constant. 

The over-al l  mass t ransfer  coefficient, kin* is de- 
pendent  on the amount  of metal  surface area available 
for the reaction to occur. It  is related to 0 by  

km*  "-  k m ~  - -  8) 1/2 -}- knuclei0 [14]  
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Here, kmo is a function of the diffusion coefficient and 
the effective diffusion path of MXn+ 1 -~. The mass t rans-  
fer coefficient for nucleation, knuclei represents the for- 
mat ion of salt nuclei  in addit ion to the diffusion of 
MXn+I - "  from metal  surface to the salt surface dur ing  
charging. It is related to the level of supersaturat ion 
of the sparingly soluble salt as well as the surface con- 
dition of the metal. During discharge knuclei is zero. 

The surface coverage of metal  by the salt depends 
on the state of charge. For the Ag/AgC1 electrode (or 
possibly other similar electrodes), the charge depen- 
dence of the surface coverage can be divided into two 
regions during anodic operation, charging for this case. 
The first region involves the nucleat ion of AgC1 at 
various sites and the spreading of adsorbed AgC1 from 
the nuclei. This region of AgC1 growth is represented 
by 

es  : (1 - -  Q / Q . ) S  [15] 

where  Q is the charge stored and Q* is a charge param-  
eter. The value of the shape factor, S, will depend on 
the morphology of the sparingly soluble salt crystal-  
lites. A large S indicates flat p la te- type  crystals while 
a small S indicates needle- type crystals. In  the second 
region, patches of adsorbed AgC1 molecules (crystals) 
have grown together to form a porous film. As the film 
thickens, micropores incorporated in the AgC1 film 
gradual ly  diminish. The function used to describe the 
fraction of the metal  exposed for the second region is 

0p : (P)Q/~* [16] 

The value of the porosity factor, P, depends on the 
density (porosity) of the salt film. A small P indicates 
a dense salt film. It  is expected that the value of P will  
fall between 0 and 0.3. The charge parameter,  Q*, rep-  
resents the state of charge when all salt patches have 
united to form a porous film. The charge Q'* has a 
fractional value of the max imum charge that can be 
stored in the pores 

Q* = tQmax [17] 

A value of 0.5 for 1 is used in  the present  model. The 
max imum amount  of charge that can be stored is 
l imited by complete filling of pores by the salt. It  can 
be expressed as 

eo 
Qmax ~- Qo -- n F - -  [18] 

~isiYi 
solid 

species  

Here Qo and So are init ial  charge and init ial  porosity, 
respectively. It is also possible, but  not l ikely for 
practical electrodes, that the amount  of metal  avail-  
able for conversion to salt is l imiting. In  this case 

Qmax : Qo + 1.0 -- ~o -b n F  [19] 

Solutions to the mathematical  model were obtained 
numerically.  The equations described were combined 
and reduced to one second-order and two first-order 
part ial  differential equations. For the Ag/AgC1 elec- 
trode, the three equations are 

dr 2~e (1 + t)RT 
i2 = - -  g e  ( l + t )  - -  

dx  FcoVo 

[ d l n ~ ' •  ] [  t+~ ] rice 
1 + d In m-------~ c---~- ~ [20] 

[ eo ] I di dx " 
: asio ~ _v+~ 

dx  ~ J 1 aFkm*Kce 

1 exp RT -- e x p ~ j  J [21] 

and 

OCe [ --~eto+ -- ~7M ~- ~TMx ] ~Ce 
e - -  -~- , i 2  

Ot F Ox 

---- + to + Ox Ox F ~ x  [22] 

The three equations in their  l inearized form were then 
solved using the numerical  technique of Newman [10]. 

Results of Calculations 
Results of several calculations applied to porous 

Ag/AgC1 electrodes are presented here. The electrode 
was assumed to be 1 mm thick (that is, from x -- 0 to 
x =- L). The electrolyte was 1N KC1. The exchange 
current  density, io o, was assumed to be 10 -4 A/cm 2. A 
value of 1.735 • 10 -5 as reported by  Giles [7] was 
used for the dissolution constant K. The values of 
km~ and knuclei were chosen to be 0.3 and 0.1 cm/sec, 
respectively, based on exper imental  data of Katan  etal .  
(8, 9). Kinetic parameters  as and ac were given the 
same value of 0.5. A value of 2/3 was used for the 
shape factor, S, based on observed surface morphology 
(9). The value of P was chosen to be 0.184 so that  the 
change of AgC1 growth mode would occur at Q/Q* = 
0.9. Other concentrat ion dependent  physical properties 
were calculated based on previously published values 
(11, 12). 

Charging behavior.--Calculations were made for the 
charging of a porous electrode ini t ia l ly  composed of 
pure silver only. The ini t ial  porosity was assumed to 
be 0.571 and the specific surface area was assumed to 
be 4700 cmf/cm 3. Electrode behavior  under  constant 
charging current  densities of 50 and 25 mA / c m 2 were 
examined. The electrode overpotentials as functions of 
the total amount  of charge passed are shown in  Fig. 2. 
By picking a cutoff potential  of --0.19V, one can s e e  

that the 25 mA / c m 2 charging allows the electrode to 
store approximately 71% more charge. 

Local t ransfer  current  density distr ibutions inside the 
porous electrode are shown in Fig. 3. At the beginning 
stage of charging (3 C/cmf),  the reaction distr ibutions 
are main ly  controlled by the ohmic resistance of the 
electrolyte in the pores with a higher reaction rate at 
the front of the electrode. At a later  stage of charging, 
the electrolyte concentrat ion becomes lower in  the 
back (see Fig. 4), causing even higher reaction rate at 
the front of the electrode (see curve for 50 mA/cm 2 
charged to 24 C/cm 2 in Fig. 3). The front  of the elec- 
trode may reach a condition where most of its reacting 
surfaces are covered by AgC1. As a result, a max imum 
in the local t ransfer  current  density distr ibution may 
occur inside the electrode as demonstrated by the 25 
m A / c m  2 charging at the stage of 54 C/cm s (see Fig. 3). 
At the end of charging, a porous AgC1 film covers the 
surfaces of the front port ion of the electrode and the 
electrolyte concentrat ion is very low in 3A of the elec- 

" 0 , ~  I I I I I { I [ 

-0 .4  

~ ' 0 . 3  

-O.I ~ 

STATE OF CHARGE (COULOMB/cm 2 ) 

Fig. 2. Anodic electrode overpotential (r at x - -  L) vs. state of 
charge. 
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Fig, 4. Electrolyte concentration distributions at various stages of 
charge. Charging currents: - - ;  50 mA/cm2; - - - - - - - ,  25 mA/ 
cm ~. 

t r a d e  (see Fig. 4). These  condit ions force the  reac t ion  
to concentra te  at  the  ve ry  f ront  of the  e lect rode as 
shown by  50 m A / c m  2 charging at  54 C /cm 2 and 25 m A /  
cm 2 charging at  93 C/cm~ (see Fig. 3). 

A c ross -examina t ion  of Fig. 2 and 4 shows tha t  the  
concentra t ion dis t r ibut ions  are  about  the  same when 
the e lect rode overpotent ia ls  are  the same for the  high 
cur ren t  and low cur ren t  charging.  This indicates  tha t  
the  e lec t ro ly te  concentra t ion inside the  electrode m a y  
be the  control l ing factor  in the behavior  of A g /A gCI  
porous electrodes.  

The  charge  dis t r ibut ions  are  shown in Fig. 5. F o r  the  
high cur ren t  charging,  about  73.5% of the  charge, 
s tored as AgC1, is located in the f ront  qua r t e r  (0.25 
mm)  of the e lect rode at  a potent ial ,  r of --0.19V. 
Even  wi th  the  25 mA/cm2 charging,  about  57% of 

5 0  J 

50 mA/cm z 

. . . .  25 mA/cm 2 

9 3 /  
COULOMB/era z i 

~2.0 i i  I I I I  

Q t "  54 

/ 

LD 

0.0 I I I 
0 .0 0.5 1.0 

DISTANCE (ram) 

Rg. 5. Charge distributions at varlous stages of charge. Charging 
c u r r e n t s : - - ~  50 mA/cm2; - - - - - - ,  25 mAJcm 2. 
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the  charge  is s tored  in the  front  qua r t e r  a t  the  same 
shut-off  potent ial .  A t  54 C/cm2, the  e lect rode charged 
at  50 m A / c m  2 stores 18.5% more  charge  in  the  f ront  
0.25 m m  of the  e lec t rode  when  compared  to  the  elec-  
t rode  charged at lower  c u r r e n t  densi ty.  

One conclusion which  can be d r a w n  f rom these re -  
sults is that  more  than  half  of the  1 m m  electrode 
is ineffective in t e rms  of charge s torage  in the  r ange  of 
cur ren t  densit ies invest igated.  

Discharging behavior.--The discharging behav ior  of a 
porous Ag/AgC1 e lec t rode  wi th  un i fo rmly  d i s t r ibu ted  
charge (540 C/cm 8) was invest igated.  Calculat ions 
were  made  for d ischarge  cu r ren t  densit ies of 50 and 
25 m A / c m  ~. The in i t ia l  poros i ty  was assumed to be  
0.484 and the specific sur face  area  of the  e lec t rode  was 
assumed to be 4700 cm2/cm 3. The var ia t ions  in to ta l  
overpotent ia ls  a re  shown by  the solid curves in Fig. 6. 
The overpotent ia l  decreases  in the  beginning  due to the  
r ise in e lec t ro ly te  concentra t ion and the increase  in  
e lec t ro ly te  conduct iv i ty  (see Fig. 7). As the  active 
mate r ia l  (AgC1) is being depleted,  the  overpoten t ia l  
rises and the e lect rode finally shuts off when l imi t ing  
cur ren t  densit ies a re  reached.  According to Fig. 6, the  
discharge efficiency is 92% at 50 m A / c m  2 discharge and 
97% at 25 m A / c m  2 discharge.  Evident ly ,  due to t he  
high level  of concentra t ion  that  can be  reached inside 
the  electrode, the  d ischarge  efficiency is less dependen t  
on cur ren t  densi t ies  as compared  to the  charge s torage 
capaci ty  in charging.  The  concentra t ion in  the  back  of 
the  e lectrode dur ing  discharge can ac tua l ly  reach  2.5 
moles / l i t e r  as shown in Fig. 7. 

The local t ransfe r  cu r ren t  densi t ies  for  the  discharge 
case is more  un i fo rmly  d i s t r ibu ted  re l a t ive  to t h e  

~o  ~ '~ . . .  5o mA/~m 2 / 

" ~  5o 

, 25 , . ~  

~, ~z ~8 z~ ~:o ~ ~2 4'. ~,4 
~TE OF ~AR~r ~COUL~eI~) 

Fig. 6. Cathodic electrode overpotentlal (~2 at x -~  L) vs. state 
of charge. - ,  Initial charge uniformly distributed (540 C/cmS); 

, charged initially by 50 mAJcm 2 for 18 rain. (Total charge 
is the same for each case.) 

2. �9 i i , 
4814  COULOMB/cm 2 

- - 5 0  mA/r 2 
. . . .  25 raA/cm z 

~'-2. 

I I 

1.0 
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Fig. 7. Electrolyte concentration distributions at various stages 
of discharge. Discharging currents: - - ~  50 m.~cm2; - - - - - - ,  
25 mA/cm ~. Uniform charge initially. 
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charging case. The max imum of the reaction rate moves 2. 
toward the rear as the electrode is being discharged 
(Fig. 8). At the end of the discharge, the local t ransfer  
current  density is actually the highest in the back of 
the electrode. For the high current  discharge, the re-  
action rate dis t r ibut ion is such that  the active mater ial  
a l i t t le way inside the electrode is actually depleted 
first before the charge at the very front  is used up as 
shown in Fig. 9. The low current  discharge, however, 
consumes the charge at the front of the electrode first. 

Cycling behavior.--To examine the cycling behavior 
of Ag/AgC1 porous electrodes, calculations were made 
for the discharge of an electrode previously charged 
to 54 C/cm ~' at 50 m A / c m  2. The ini t ial  charge dis t r ibu-  
tion is shown in Fig. 5. The total overpotential  with 
respect to degree of discharge is shown in  Fig. 6. As 
shown by the dashed line, only about 48 % of the charge 
stored is retr ievable before the l imit ing current  is 
reached. The electrolyte concentrat ion inside the elec- 
trode can again reach a very high level as shown in 
Fig. I0. As a result, the reaction rate can be quite high 
in the back of the electrode as can be seen from Fig. ii. 
As the discharge continues, the little active material  -o., 
available in the rear  of the electrode is soon depleted 
(see Fig. 12). The reaction rate at the front of the -o., 
electrode, therefore, becomes higher. However, since 
the front of the electrode contains most of the stored 
charge, it has most of its surface covered by AgC1. The ~--o.., 
high local t ransfer  current  densities and the lack of 
reaction surfaces soon cause the l imit ing current  densi-  ~-o., 
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Fig. 12. Charge distributions during the discharge half-cycle. 
Current density, 50 mA/cm 2. 

ties to be reached before the charge stored as AgC1 c a n  
be used efficiently. 

Discussion and Conclusions 
The mathematical  model can provide information for 

the design and improvement  of electrode plates. For  
example, the charging behavior predicted for the Ag/  
AgC1 electrode indicates that a large port ion of the 
1 mm electrode thickness from the electrode face to 
the center of the electrode plate was not used effec- 
t ively for the current  densities considered. Therefore, 
the opt imum thickness of a real Ag/AgC1 electrode 
plate should probably be less than 2 mm if operation 
above 25 mA/cm~ is necessary for a large fraction of 
the charging cycle. The cycling calculations suggest 
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that  the electrode should be charged at a low current  
density. In  the charged state the AgC1 should be un i -  
formly distr ibuted so that  most of the stored charge 
can be used when the electrode is being discharged. No 
parts inside the porous electrode should exceed l imit ing 
current  densities (and thus induce gasing) before the 
charge is ful ly utilized. The calculated results indicate 
that the concentrat ion of the electrolyte inside the 
porous electrode plays an impor tant  role in  the elec- 
trode performance for both charging and discharging. 

There are still shortcomings in the proposed mathe-  
matical  model. The specific surface area used in  the 
model was assumed to be constant. This is not qui te  
t rue  since the morphology of the electrode surfaces 
changes cturing charging or discharging. The inclusion 
of the var iat ion of surface area with t ime should be 
based on future  exper imental  observations. 

The funct ional  dependence of 0 on the state of charge 
used in  the present  model is still not ideal. The amount  
of surface coverage with respect to the state of charge 
is not known accurately. An improvement  in the de- 
scription of 0 variat ions based on actual experimental  
observations is needed. 

The value of km~ depends on the effective diffusion 
path of complex ions. The effective diffusion path  of 
AgCln+~ -n  conceivably changes dur ing  charging or 
discharging. The value of km ~ therefore, will  actually 
vary  with the state of charge. The nucleat ion mass 
t ransfer  coefficient, knuclei, is dependent  on the super-  
saturat ion level, local t ransfer  current  density, and 
surface condition. In  the present  model, both km ~ and 
knuclei are assumed constant. The present  t rea tment  
also does not include the effect of tempera ture  differ- 
ences resul t ing from nonuni form current  distributions. 

The plateau regions in the local t ransfer  current  den-  
sJty distr ibutions shown in  Fig. 8 and 11 are results of 
let t ing km* be constant when 0 has reached 0.99. This 
l imi ta t ion was applied to minimize the cost of com- 
puter  calculations. During discharge calculations, as 
km* was approaching zero, the local t ransfer  current  
densities were very close to l imit ing current  densities. 
If kin* was not limited, very short time steps were re-  
quired to avoid exceeding l imit ing current  densities by 
the calculated current  densities before the t rue solu- 
t ion was reached. 
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LIST OF SYMBOLS 
Ai chemical symbol for species i 
a specific surface area per  un i t  volume of the 

electrode, cm2/cm 8 
C1 ratio of surface concentrat ion to bu lk  sa tura-  

t ion concentrat ion of complexed ions, CR/CR eq 
co solvent concentration, moles /cm 8 
Ce electrolyte concentration, moles/cm 3 
Ce o electrolyte concentrat ion outside the pores of 

the electrode, a constant, moles/cm~ 
ci concentrat ion of species i, moles/cm 3 
ca concentrat ion of complexed ions at metal  sur-  

face, moles /cm 3 
CReq equi l ibr ium concentrat ion of complexed ions 

with respect to electrolyte concentrat ion Ce. 
moles /cm 3 

CR* equi l ibr ium concentrat ion of complexed ions 
with respect to the reference concentrat ion Ce ~ 
moles/cm 3 
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D diffusion coefficient of the electrolyte, cm2/sec  
e -  symbol for the electron 
F Faraday 's  constant, 96,487 C/equiv.  
I superficial applied current  density, A/cm2 
il superficial current  density in  metal  phase, A /  

cm 2 
i2 superficial cur rent  densi ty in  solution phase, 

A/cm 2 
io exchange current  density, A /cm 2 
ioo concentrat ion independent  exchange current  

density, A /cm ~ 
j local t ransfer  current  density (anodic current  

positive), A/cm2 
K dissolution constant  for complexation react ion 
km* over-al l  mass t ransfer  coefficient, cm/sec 
k m  o m a s s  t ransfer  coefficient, cm/sec 
knuclei nucleat ion rate coefficient, cm/sec 
L electrode thickness, cm 
MXn chemical symbol for a metal  salt 
me molal i ty of the electrolyte, moles/kg 
n numbers  of electrons t ransferred in  the elec- 

trode reaction 
P porosity factor for porous salt film 
Q amount  of charge stored at a point  wi th in  the 

electrode, C/cm ~ 
Qmax the max imum amount  of active mater ia l  stor-  

able in  the pores, C/cm 8 
Q* a charge parameter  indicat ing the t ransi t ion 

of AgC1 growth regions, C/cm 8 
RT gas constant mult ipl ied by the absolute tem-  

perature, joules /mole  
S shape factor for salt crystallites 
si stoichiometric n u m b e r  for species i, subscripts 

o for solvent, -t- for cation, -- for anion, M for 
metal, and R for reactant  

t time, sec; tortuosity factor (when in  expo- 
nents)  

t + o trangference n u m b e r  of cation referred to sol- 
vent  velocity 

v [ : ]  superficial volume average velocity, ziciVivi, 
cm/sec 

vi velocity of species i in  solution, cm/sec 
V--i partial  molar  volume of species i; subscripts o 

for solvent, e for electrolyte, M for metal, and 
MX for salt; cm~/mole 

x distance from backing plate, cm 
X -  symbol for an anion 
z~ charge number  of species i 

Greek Symbols 
~a, ~c kinetic parameters  
7 exponent  in  composition dependence of the ex-  

change current  density 
7-+ mean molal activity coefficient of the electro- 

lyte 
e volume of pores to total volume of electrode 
8 fraction of the metal  area exposed, subscript s 

represents the AgC1 patch growth region and 
subscript p represents the film thickening re-  
gion 
conductivity, mho /cm 

v number  of moles of ions into which a mole of 
electrolyte dissociates 

v+, ~- number  of cations (anions) into which a mole-  
cule of electrolyte dissociates 

9i potential  in metal  phase, V 
~2 potential in solut ion phase, V 

exponent  in composition dependence of the ex- 
change current  densi ty 
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Analysis of Porous Electrodes with Sparingly Soluble Reactants 
IV. Application to Particulate Bed Electrode: Ag/AgCI System 
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ABSTRACT 

Exper iments  were  conducted  to character ize  cr i t ical  processes which  deter- 
mine per formance  of to t a l ly  immersed,  porous, secondary  electrodes having  
spar ing ly  soluble  reactants .  Pa r t i cu la te  beds comprised of s i lver  spheres,  37.7 
-+- 4.2 ~m in diameter ,  were  used as Ag/AgC1 electrodes in 1N KC1. S i lver  
chlor ide product  d i s t r ibu t ion  and facial  potent ia l  as funct ions of t ime dur ing 
galvanosta t ic  charging are  compared  to predic t ions  of a recen t ly  deve loped  
ma themat i ca l  model.  Good accord is shown over the  tes ted t ime range,  1-19 
rain, and ex te r ior  cur ren t  dens i ty  50 m A  cm-~.  Time for  onset  of pore  b lockage  
wi th  fa i lure  to accumula te  charge, about  18 rain, and the reac t ion  penetra t ion,  
most ly  less than  0.03 era, are  pred ic ted  wi th  reasonable  accuracy.  A charac- 
teristic min imum in polar iza t ion  occurs dur ing  galvanosta t ic  discharge due 
to reduct ion  in pore  b lockage at  the  beginning of discharge,  increase  in  KC1 
concentra t ion in  the depth  of the electrode,  and increase  in effective m a t r i x  
electronic conduct ivi ty  wi th  s i lver  deposit ion.  A final r ise  in polar iza t ion  occurs 
when  s i lver  chlor ide is depleted.  Theory  is used to show how governing  rate 
processes a re  shif ted by  the occurrence of blockages of the  first and second 
kinds. 

In principle,  the  analyses  of exper imen ta l  s tudies of 
cur ren t  d is t r ibut ions  and morphologica l  changes can 
be used to improve  the design of ba t t e ry  electrodes.  
Rat ional  design is possible only if  i t  is known how 
electrode s t ructure  affects changes in d is t r ibut ions  and 
morphology.  Such exper imen ta l  studies, however,  a re  
carr ied out wi th  difficulty. Currents  and s t ruc tura l  
changes occur wi th in  poor ly  accessible regions of th in  
electrodes often having pores less than  10 ~m in d i am-  
e ter  (1). Ex te rna l  devices used for exper imen ta l  ob-  
servat ions can d is turb  the condit ions of normal  opera-  
tion. 

Nevertheless ,  such exper imen t s  have  now progressed 
Mong two paths:  those deal ing d i rec t ly  wi th  ideal ized 
single pores  (2-4) and those t rea t ing  aggregates  of 
pores in model  porous electrodes more  or less r ep re -  
senting a real  ba t t e ry  e lect rode (5-10). 

In  sing]e pore  studies the  pore is considered to r ep re -  
sent  a real  e lect rode const i tuted of mul t ip le  aggregates  
of this pore. Notably,  Brodd (2) and Szpak e t a l .  (3) 
a t t empted  to provide  an exper imenta l  basis for theo-  
re t ical  t rea tments  of cur ren t  d i s t r ibu t ion  in segmented 
single pores la rger  than 800 ~m in d iameter .  Szpak  and 
Ka tan  (4) reduced the pore  spacing to 60 ~m using 
microelectronic  techniques and were  able to observe 
the  evolut ion of react ion profile. Serious appl ica t ion  of 
these single pore  studies has been somewhat  delayed,  
ma in ly  because prac t ica l  porous electrodes often have 
smal ler  pores  which  are  in fact  in terconnected and 
tortuous,  and, also, theory  needed to t rans la te  the  find- 
ings is st i l l  under  development .  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
** E l e c t r o c h e m i c a l  Socie ty  S t u d e n t  M e m b e r .  
Key  w o r d s :  po rous  electrodes, electrode design, batteries, sil- 

v e r / s i l v e r  ch lo r ide  electrode, 

Model e lectrodes having  some resemblance  to rea l  
e lectrodes have  been  s tudied wi th  va ry ing  degrees  of 
success in unders tand ing  the  preva i l ing  react ion modes 
and distr ibut ions,  i.e., by  A l k i r e  et al. for  the  Cu/CuSO4 
sys tem (5, 6), by  Bro and Kang  for C d / C d ( O H ) e  (7), 
by  Nagy and Bockris  for  Zn /Zn  (OH)~ (8), b y  Szpak  
et al. for Ag/AgC1 (9), and by  Simonsson for PbSO4/  
PbO2 (10). In  some of these studies e lectrodes were  cut 
into sections af ter  charging or discharging,  and the  cur -  
ren t  d is t r ibut ion  was in fe r red  f rom the amount  of 
chemical  change tha t  occurred in each section. This 
approach is used in the  work  presen ted  here.  

The mer i t  of model  or  rea l  e lect rodes  over  s ingle 
pore e lectrodes lies in  the  more  di rec t  conformi ty  of 
results.  Mathemat ica l  r epresen ta t ion  can be  given for  
the  observed d is t r ibu t ion  curves wi th  more  assured 
application,  and effects of the  phenomena  of b lockage 
of the  first and second kinds  can of ten be dis t inguished 
and in terpre ted .  E i ther  the  expe r imen ta l  studies or the  
deve loped  ma themat i ca l  r epresen ta t ion  can be  used 
individual ly ,  but  toge ther  they  provide  the  most  va lu -  
able  means  for  insight  into the  pr incip les  involved in 
e lect rode operat ion.  

It is the aim of this work  to test  the  app l icab i l i ty  of 
theory  developed by  Bennion and co-workers  (11) for  
descr ibing per formance  of to ta l ly  immersed,  porous, 
secondary  electrodes having a spar ing ly  soluble  reac-  
tant.  The theory  has a fundamenta l  basis on pr incip les  
of t r anspor t  and e lect rochemist ry .  Comparisons wi th  
exper imen t  a re  made  for  AgC1 produc t  d i s t r ibu t ion  in 
an Ag /AgCI  e lect rode and for facial  po ten t ia l  as a 
function of t ime dur ing  galvanosta t ic  charging. Fac ia l  
potent ia l  is also compared  for the discharge cycle. Af t e r  
a series of prese lec ted  galvanosta t ic  anodic t rea tments ,  
the  e lect rode is sect ioned and each sect ion is ana lyzed  
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for  AgC1 content  for the  comparisons.  Microscopic 
examinat ions  are  made  of fu l ly  charged and discharged 
e lect rodes  to assist  in the  in terpre ta t ions .  

The Ag/AgC1 sys tem was selected as r ep resen ta t ive  
of cathodes having  spar ing ly  soluble reac tan t  because 
much is known of its e lect rochemical  behavior .  The 
sys tem has been the  subject  of many  deta i led  kinet ic  
investigations,  and the e l emen ta ry  processes control -  
l ing charge  and discharge  have  been  es tabl ished for  Ag 
surfaces pa r t i a l l y  covered wi th  AgC] [e.g., see (12) and 
(13)].  Pa r t i cu la te  beds consist ing of loosely s tacked 
uni form s i lver  spheres,  about  40 ~-n in diameter ,  were  
used. The  beds are  convenien t ly  p r e p a r e d  and easi ly  
sect ioned wi thout  d i s turb ing  unsect ioned portions.  Wi th  
un i form sphere  beds, the  ini t ia l  poros i ty  is essent ia l ly  
unchanged whi le  specific surface is va r i ed  by  changing 
sphere  size. Transfer  cur ren t  is s t rongly  dependent  on 
dep th  r a the r  than  locat ion at a given dep th  because 
of the un i fo rmi ty  in par t i c le  size. The s t ructure  is s im- 
ple, easi ly  reproduced,  and has good ma t r i x  conduct-  
ance for  the  40 ~rn s i lver  spheres,  about  1.0 ~ - l - c m - 1 .  

Exper imental  
Apparatus.--The appara tus  consisted of a cell  which 

housed the pa r t i cu la te  bed electrode,  a porous Ag/AgC1 
counterelectrode,  and an Ag/AgC1 reference  electrode,  
together  wi th  associated ins t rumenta t ion:  a ga lvano-  
star, ammeter ,  and recording  potent iometer .  In  Fig. 1 
the  genera l  a r r angemen t  of the  cell is shown. Detai ls  of 
the  components  have  been prev ious ly  descr ibed (13), 
wi th  the  except ion of the  reference  e lect rode which is 
now different ly  placed.  F r o m  its separa te  container ,  the  
Ag/AgC1 reference  (14) now communicates  wi th  the  

POROUS Ag/AgCl li I ",i 

TEFLON TAPE 

CRACK BETWEEN I tl REFERENCE 
LOWER III SARAN BAG UPPER AND ~ . ~  

PARTS OF CELL 
' :~;~" - -  Ag PARTICULATE 

Ag PISTON ~ BED ELECTRODE 

RUBBER GASKET J ' ~ " ~ - W I R E  TO Ag PISTON 

MICROMETER 

Fig. 1. Arrangement of particulate bed and counterelectrode 
in the sectioning cell. Cell is disassembled and micrometer screw 
is actuated for sectioning the bed. 

f ront  face of the  pa r t i cu la te  bed via a ca. 1/64 in. sli t  
which sur rounds  the  f ronta l  face of the  bed and which 
forms the  junc t ion  of the  upper  removable  pa r t  of the  
cell wi th  the  lower  pa r t  having the spheres in  a cupl ike  
enclosure.  A Saran  film bag containing the reference  
e lec t rode  is sea led  to the  t ubu l a r  P y r e x  cell  by  Teflon 
p ipe  th read  sealant  tape. The pa r t i cu la te  bed working  
e lect rode was a lways  made  2.00 m m  thick in the  1.41 
cm d iamete r  cup having a movable  s i lver  disk bot tom 
for electr ical  contact, posit ioning, and sectioning. Elec-  
t ro ly te  was 1N KC1. 

Experimental procedure.--Silver spheres,  37.2 +_ 4.2 
~m in diameter ,  were  washed and d r i ed  as p rev ious ly  
descr ibed (13) and placed from a s lu r ry  wi th  1N KC1 
into the  cup wi th  the  s i lver  d isk  bottom. The d i sk  was 
raised and s i lver  par t ic les  were  swept  f rom the f ronta l  
p lane  wi th  the  s t ra ight  edge of a spa tu la  using the  
cup's r i m  as a guide to form a p l ana r  e lect rode face. 
The par t ic les  were  swept  onto a su r rounding  Teflon 
col lar  t empora r i l y  a t tached  to the  cup. This process 
was repeated,  using a mic romete r  screw set t ing be low 
the disk unt i l  the bed thickness was 2.00 ___ 0.01 mm. 
The Teflon col lar  was then  removed  and the cell was 
assembled.  

Dur ing charging and discharging,  the  porous A g /  
AgC1 countere lec t rode about  7 cm above the bed elec-  
t rode  collected the  galvanosta t ic  current ,  and the  
Ag/AgC1 reference  e lec t rode  wi th  its exi t  s l i t  p laced  
at the facial  edge of the bed was used to moni tor  po-  
tential .  Al l  charging and discharging in this work  was 
at  constant  ex te r ior  cur ren t  density,  50 m A  cm-2.  Some 
of the  electrodes were  cycled: charging unt i l  a f te r  the  
onset of a sharp increase  in the  ra te  of polar iza t ion  
increase, for about  25 rain, and  then discharging for 
the  same t ime or coulombs, repea t ing  for  5 cycles. 
Other  electrodes were  charged wi thout  cycling for t ime  
in tervals  f rom 1 to B min, differing by  1 min  incre-  
ments, and f rom 10 to 22 min, wi th  2 rain increments .  
These charged e lec t rodes  were  subsequent ly  sect ioned 
for analyses  for AgC1. P r i o r  to an exper iment ,  the 
Ag/AgC1 countere lec t rode  was anodica l ly  charged in  
a separa te  container  wi th  an amount  of s i lver  chlor ide  
in excess of that  consumed dur ing  charging of the  
work ing  electrode.  

Af te r  a pa r t i cu la te  bed  was charged  for a prese lec ted  
t ime, the  cell  was d isassembled  and the  e lec t rode  was 
sl iced into ten sections, each sect ion app rox ima te ly  
0.02 cm thick. Sect ioning was conducted wi th  a s ta in-  
less steel  b lade  wi th  a fine saw- too th  edge af ter  the  
e lec t rode  was ra ised above the  r im of the  holding cup 
wi th  the  mic romete r  screw, Fig. 1. The cut sect ion was 
then  removed  to a Teflon col lar  and then  to a beaker  
and the  sectioning repeated .  Each sliced section was 
t rea ted  wi th  20 cm 8 of deae ra t ed  1.0M sodium thiosul-  
fate  solut ion to dissolve the  accumulated  AgC1, and  
the  solut ion was then  ana lyzed  for Ag  by  the atomic 
absorpt ion  method.  The metal l ic  Ag from each sect ion 
was weighed a f t e rward  so tha t  the l aye r  thicknesses  
could be calcula ted accurately.  

In  general ,  the  equiva lent  number  of coulombs of 
AgC1 found expe r imen ta l ly  exceeded the coulombs 
passed th rough  the electrode dur ing  charging. Air  was 
not exc luded  from the sample  bot t les  containing the 
sect ioned specimens, and the dissolut ion of oxides of 
s i lver  in the 1M NaeS203 could account for the observed 
higher  values de te rmined  by  atomic absorpt ion anal -  
yses. The d iscrepancy in coulombs was found to in-  
crease wi th  passage of time, which  was never  over 4 
days before analyses,  indica t ing  a continuing dis-  
solution process of the  s i lver  specimen. F o r  a given 
t ime af ter  sampl ing the charge discrepancy was con- 
stant, never  exceeding 20% of the total  coulombs 
passed. An  averaged  constant  d iscrepancy was sub-  
t rac ted  f rom each sect ion to make  the  va lue  of the  sum 
of the  charge f rom each section equal  to the ga lvano-  
s ta t ica l ly  passed coulombs. The da ta  repor ted  here  are  
so corrected.  
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The data collected from the AgC1 analyses were 
plotted with charge, C cm -~, as a function of position 
for the various t ime intervals  studied up to the onset of 
severe polarization, about 18 min  at the 50 mA cm -2 
current  density. The determined polarization as a func-  
t ion of t ime was also plotted for both the charging 
mode and the discharge mode dur ing cycling. 

Microscopy.--Optical and scanning electron micros- 
copy were used to ascertain morphological changes 
leading to the onset of severe polarization which pre-  
vented further  accumulat ion of AgC1 charge and to 
compare the penetra t ion depth with that determined 
by the slicing of the electrode into ten parts. Optical 
microscopy was conducted after the fully charged, un -  
sliced electrode was dried, vacuum- impregna ted  with 
epoxy, sectioned, and polished metallographically.  
Electron microscopy was conducted with unsliced, fully 
discharged, previously cycled electrodes which were 
dried and then broken in  half  to reveal the  in ternal  
structure. The charged and the cycled electrodes were 
found to have some structural  strength;  the part iculate 
bed was bonded together by the electrochemical t reat-  
ment, either by deposited silver chloride or silver (13). 

For one fully charged electrode, an elemental  elec- 
t ron microprobe analysis was conducted wi th  an ARL 
electron microprobe Model EMX with 67 ~m intervals  
every 40 sec. Line width of the field was 0.005 m m  with  
a 0.7 mm line length, the probe movement  perpendicu-  
lar  to the line. In  this way, by encompassing several 
sphere diameters at one depth into the electrode, sta- 
tistical scatter was minimized. Calibrat ion was with 
reagent grade AgC1, and the passed coulombs matched 
the sum of the sections to within 1%. 

Results and Interpretation 
Microscopic examinations.--A metallographic section 

of the epoxy impregnated, ful ly charged electrode is 
shown in Fig. 2. This electrode was charged for 26 min  
at 50 mA cm -2 when it could no longer accept fur ther  
galvanostatic charging but  suffered an onset of severe 
polarization and subsequent  gas evolution. A layer  of 
AgC1 covers the electrode's frontal  surface and blocks 
all passages to the in terna l  parts of the part iculate  
bed. Within the structure, for a distance of about 0.02 
cm, we also see Ag particles enveloped in AgCl. It  
appears that the final inabi l i ty  of the electrode to ac- 

Fig. 2. Cross section of charged particulate Ag bed electrode 
with AgCI charge on frontal surface and inside the bed. Section 
taken after electrode held anadically at 50 mA cm -2 for 26 min 
in IN KCI, 23~ 
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cept charge is caused both by this extensive blockage 
of the pores, blockage of the first kind, and of the pore 
walls, blockage of the second kind. The increased ohmic 
resistance for these two reaction paths could cause the 
observed severe polarization. 

The electron microprobe analysis shown in Fig. 3, 
also indicates the sharp increase in AgC1 charge near 
the f ronta l  surface, at depths of 0.01 cm or less, unt i l  
the electrode is about 92% AgC1. This observation con- 
firms the optical microscopy of Fig. 2 in  that a near ly  
pure layer of AgC1 coats the frontal  port ion of the 
electrode. 

After  a final discharging of the electrodes (five com- 
plete cycles), metallographic sections reveal the onset 
of a new silver morphology in the reaction zone, con- 
sisting mostly of very fine particles less than 2 ~m in  
diameter, with estimated porosity and specific surface 
area of 50% and 15,000 cm 2 cm -a (1'5, 16): The change 
in morphology extends ca. 0.01 cm from the frontal  
plane, and remnants  of the original 37.2 ~m diameter 
spheres are present, Fig. 4. The shape of the spheres 
originally present  is changed, a~d the spheres' surfaces 
have become roughened. Erosion of the original spheri-  
cal shape occurs wi th in  the reaction region with the re-  
formation of a typical, small-part icle  morphology. 

More details of the change in  morphology can be 
seen in  SEM photos as shown in Fig. 5. In  the frontal  
region, about 50 ~m from the front  face, small  Ag crys- 
tallites, about 0.5 ~m in size, are clustered and mingled 
with larger Ag crystallites, about 3 ~m in size, Fig. 5b. 
A solid electrical path always exists through the clumps 
of crystallites which have grown together. Deeper into 
the electrode, about 100 nm from the frontal  plane, 
most Ag crystallites are larger, about 2-3 ~m in size, Fig. 
5c. This effect of increase in crystal size with depth 
into the electrode is also evident  in  Fig. 4. The increase 
in specific surface  area which results with the cycling 
is more effective at the lesser depths. This action occurs 
if the reaction penetra t ion depth decreases with in -  
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Fig. 3. Electron microprobe elemental analysis of charged Ag 
particulate bed electrode shown in Fig. 2. Probe moved perpen- 
dicular to field length, 0.7 mm, and was taken at 67 #m intervals. 
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Fig. 4. Change in morphology of spherical silver structure in 
frontal region of particulate bed electrode, after five cycles of 
complete charge and discharge. Each cycle was for 50 min at 
50 mA cm -2.  

POROUS ELECTRODES 1373 

creased specific surface area (17). Each cycle results in 
shallower penetration, and the frontal regions become 
most affected. 

At about 450 ~m from the frontal plane, the texture 
of the original sphere surface becomes apparent as a 
heavily pitted and etched body, Fig. 5d. Metal has been 
removed from imperfection sites and grain boundaries 
(i3). 

Potential~time relation for charging.mPolarization 
during galvanostatic charging abruptly assumes a value 
of 0.1V and then gradually increases to about 0.3V 
after ca. 18 rain, region I in Fig. 6. Thereafter, a sharp 
increase in polarization commences with eventual evo- 
lution of bubbles of gas, smelling of chlorine, and a 
consequent erratic response of polarization, region II. 
Polarization beyond 1.2V brings the electrode into the 
potential region favorable for oxygen and chlorine 
evolution (18). 

The more severe increase in polarization, region II 
of Fig. 6, is attributed to onset of nearly complete 
blockage both of the pore volume and pore surface by 
AgC1 as indicated by the optical microscopy in Fig. 2 
and by our previous communications (12, 13). It was 
shown that AgC1 deposits at an approximately uniform 
thickness of about 3500A at various locations on the 
pore walls and that these deposits first grow laterally 
until surface coverage is nearly completed. Thereupon, 
the film starts to thicken as polarization is increased 
(13, 19, 20). Within the particulate bed, the loss of 
Ag surface by AgC1 film formation, blockage of the 
second kind, at the frontal regions of the electrode is 
followed by film thickening, resulting in blockage of 
the first kind, i.e., pore blockage by the accumulating 
AgC1. Eventually the front part of the electrode is cov- 
ered by a thick AgC1 layer blocking all of the pores 

Fig. 5. SEM photographs show- 
ing cross section of cycled elec- 
trode. Five complete galvana- 
static cycles were run, each 25 
min of charge (anodic) and 25 
min of discharge (cathodic) with 
a final reduction, 50 mA cm - 2  
in 1N KCI, 23~ The Ag spheres 
in the bed originally appeared 
smooth and were about 37.7 ~m 
in diameter. (a) Morphological 
changes are shown as a function 
of depth into the electrode with 
the frontal plane shown on the 
left mostly affected; (b) Ag 
morphology at a 50/~m depth is 
constituted of small Ag crystal- 
lites reformed from the spheres; 
(c) at a 125 ~m depth the re- 
formed Ag crystallites can also 
be seen but are somewhat larger 
than at the frontal region; and 
(d) at a 450 ~m depth no crystal- 
lites are found but the crystal 
grain boundaries on the original 
spheres are deeply etched and 
isolated pits are formed (13). 
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Fig. 6. Polarization increase during application of 50 mA cm - 2  
anodic current density to particulate bed electrode in 1N KCI, 
23~ (a) Increase in polarization with a freshly prepared elec- 
trode; and (b) increase in polarization after the electrode has 
been charged for 25 min at 50 mA cm-2 and then fully discharged. 

as shown in Fig. 2. Blockage of the first kind by KC1 
deplet ion and AgC1 accumulation,  wi th  resul tant  in-  
crease in resist ive path through the  electrolyte,  p re -  
vents the complete coverage of Ag surface by AgC1 a t  
depths grea ter  than ca. 0.01 cm, Fig. 2 and 3. 

Comparisons could be made of the exper imenta l ly  
determined polar iza t ion/ t ime dependence with  the re -  
sults of theoretical  t rea tment  detai led by Gu et al. in 
the preceding study (11), i.e., for region I and the first 
part  of region II in Fig. 5. Using parameters  of the 
system given in Tab]e I, we apply the theory as pre-  
viously described to obtain the relat ion shown in Fig. 7 
[cf. Fig. 2 in Ref. (11)]. Here, theory indicates the onset 
of severe polarization after 18 rain in accord with  ex-  
per imenta l  findings. Agreement  for the polar iza t ion/  
t ime curve is seen to be good throughout  the theore t i -  
cally t reated region to 19 min. These results are con- 
sidered as evidence for val idat ion of the theoret ical  
method employed in this analysis of electrode behavior.  

In application of the theory, a different expression 
was used for the fraction of exposed Ag area, 0, for  
the condition when  AgC1 grows as a film para l le l  to 
the surface than that  used for the condition when the 
AgC1 film is thickening after  the near ly  complete  cov- 
erage. Before film thickening occurs we use (1 -- 
Q/Q.)s, an expression similar  to that  of Simonsson 
(21) having geometr ical  significance, while  af terwards  
we use p(Q/Q*), an expression whose functional  de-  
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Fig. 7. Comparison of experimental results with computed curve. 
Theory of Gu et al. (11) applied with parameters of Table I, 
showing region i of Fig. 6 in more detail. 
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Fig. 8. Functional dependences of fractional coverage by AgCI, 
0, on the accumulated charge fraction, Q/Q*.  (a) For lateral film 
growth mode; and (b) for film thickening mode. 

pendence appears reasonable for the situation of film 
thickening. Here, s and p are constants, Q is the charge, 
and Q* is the charge requi red  for near ly  complete sur-  
face coverage, i.e., when the film thickening mechanism 
becomes active. In Fig. 8 we plot the two expressions 
for #. The t e rm p(Q/Q*) is used af ter  the intersect ion of 
the two curves when the process of film thickening is 
assumed to predominate  for fract ional  surface coverage 
grea ter  than 0.9. 

If the electrode is cathodically reduced af ter  charging 
and then charged again, polarizat ion during the second 
charging is less throughout  both regions of charging, 
Fig. 6, and the sharp increase in polarizat ion then 
starts later, af ter  ca. 21 rain. The increased specific 
surface area af ter  electrode reduction, f rom 1000 to an 
estimated 15,0'0.0 cm 2 cm -3, results in improved elec- 
trode performance,  and a greater  uti l ization is possible 
of the solid Ag present.  With the cycled electrodes, the 

Table I. Parameters of the Ag/AgCI particulate bed electrode used with theory of Gu et al. (11) to describe electrode's behavior, Fig. 7-10 

Parameter  Value 

Exterior current density, mA cm -2 50 
Temperature, ~ 25 
Electrode thickness, mm 2.0 
KC1 concentraton, N 1.0 
Porosity at frontal plane 0.53 
Porosity at depths greater than 0.45 ram* 0.40 
Specific surface area at frontal plane, cm sem -~ 758 
Specific surface area at depths greater than 0.45 ram, cm ~ 970 

a m - 3 *  * 
Mass transfer coefficient, km~ cm sac -I 0.3 

Concentration independent exchange current density, Ref. 0.6 • 10-~ 
(11), A cm -2 

Charge parameter, Q*, C cm -z 1.3A 

Porosity factor, P 0.184 

Shape factor, $ 0.66 

Basis of parameter  select ion 

Measured 
Approximate  measured value 
Measured 
Measured 
Estimated from photomicrographs 
Approximate, measured value, Ref. (13) 
Calculated from porosity and sphere diameter,  Ref. (15) 
Calculated from porosity and sphere diameter,  Ref. (15) 

Calculated from estimated diffusion coefficient, Ref. (12), 
and diffusion path, Ref. (13) 

Best value fitting data 

From Ref. (12) where A is specific surface area in era-1 
and from assumption of 0.9 coverage factor, Fig. 8 

Assumed functional  dependence and mode  change at 0.9, 
Fig. 8 

Geometrical reasoning, e.g., Ref. (21) 

�9 A parabolic decrease with distance is a~sumed for the porosity change at depths f r o m  0 to 0.45 mm as an approximation based o• 
photomicrographs. 

�9 * Surface is calculated according to ReL (15) from the porosity and sphere radius for depths from 0 to 0.45 ram. 
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smal le r  sized par t ic les  enable  the  accumula t ion  of a 
g rea t e r  charge,  as observed in  curve  b, Fig. 6. Poros i ty  
of the  or ig inal  pa r t i cu la te  bed  and the  reac t ion  zone 
af te r  5 cycles changed less dras t ica l ly ,  f rom 39 to an 
es t imated  50%. 

Potential/time r e l a t ion  for  discharging.wThe po- 
la r iza t ion~t ime re la t ion  for  discharge was de t e rmined  
for  a bed  e lec t rode  prev ious ly  charged  in  sffu at  50 
mA cm -2  for 26 min, Fig. 9. Polar iza t ion  was in i t ia l ly  
h igh  dur ing  galvanosta t ic  d ischarge  because of the  
previous  loss of e lec t r ica l ly  conduct ive paths  caused 
by  AgC1 blockage  at ful l  charge,  Fig. 2. Po la r iza t ion  
sha rp ly  decreased,  however,  as e lect r ica l ly  conduct ive 
pa ths  were  formed (20, 22), and then  decreased more  
s lowly  as a ba lance  was es tabl i shed  be tween  the proc-  
esses of AgC1 dissolution, diffusion, and e lec t rore -  
duct ion (12, 13) wi th in  the  opened pores,  Fig. 9. Pores  
are  opened as the  more  b u l k y  AgC1 is reduced  to Ag, 
i.e., w i th  the  rat io  of mola r  volumes of 2.51 to 1, r e -  
spectively.  Also, e lec t ro ly te  conduct iv i ty  is increased 
wi th  AgCI reduct ion by  the re lease  of C I - ,  and AgC1 
solubi l i ty  increases.  F ina l ly ,  as AgC1 a rea  becomes ve ry  
small ,  the  over -a l l  process becomes dissolution l imited,  
and polar iza t ion  increases sharply .  

A n  accura te  po la r i za t ion / t ime  dependence  was not  
ca lcula ted  (11) because the  cost of  runn ing  the  com- 
pu te r  code became proh ib i t ive  for t imes grea te r  t han  19 
min  on charging.  Thus, the  needed theore t ica l  charge 
dis t r ibut ions  for the  ful l  26 min  of charging could not  
be calculated.  Also, the  increase  in s i lver  surface  a rea  
dur ing  d ischarging is not  inc luded in the  presen t  
ma themat ica l  model.  However ,  an approx ima te  com-  
par i son  of theory  and expe r imen t  could be made  by  
assuming constant  in i t ia l  AgC1 charge  dens i ty  th rough-  
out  the  electrode. App ly ing  the theory  as p rev ious ly  
descr ibed (11), we make  this comparison in Fig. 9 [cf. 
Fig. 6 in ReL (11)].  Here, fa i r  ag reement  is obta ined 
for the  shape and magni tude  of the  curves. For  a 
theore t ica l ly  un i fo rmly  AgCl -cha rged  electrode,  the 
sharp  in i t ia l  decrease  in polar iza t ion  was not predicted,  
compare  curves a and b, Fig. 9. Nevertheless ,  the  
g radua l  decrease  in polar iza t ion  could be shown as a 
resul t  of e lec t ro ly te  conduct iv i ty  increase,  curve b, 
Fig. 9, and the  final increase  matches  fa i r ly  wel l  wi th  
the  expe r imen ta l  curve.  

AgCl charge distribution.--Typical charge d i s t r ibu-  
tions a re  shown in Fig. 10. Here, resul ts  of exper imen ta l  
analyses  of sections taken  f rom galvanos ta t ica l ly  
charged electrodes are  compared  wi th  resul ts  of theo-  
re t ica l  t r ea tmen t  using pa rame te r s  of Table  I (cf. Fig. 
5 in Ref  (11)) .  Agreemen t  is genera l ly  good for  the  
t ime span studied, 1-18 min. The accumula ted  AgC1 
charge dens i ty  undergoes  a character is t ic  rap id  de -  
crease wi th  increased pene t ra t ion  into the electrode,  
and both theory  and expe r imen t  show that  the  reac-  
t ion's  pene t ra t ion  dep th  does not  change subs tan t ia l ly  
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Fig. 9. Typical polarization behavior during a cathodic galvano- 
static discharge, 50 mA cm -2 ,  of previously AgCt charged elec- 
trode, 1N KCI, 23~ The initial polarization drop is explained in 
terms of a removal of blockages whereas the final increase is 
explained by the removal of AgCI. 
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Fig. 10. Typical AgCI distribution within the particulate bed 
electrode. Experimentally determined distributions are shown by 
circles and theoretically computed carves are shown as a solid 
line. Charging times at 50 mA cm -2  are indicated in each figure, 
1N KCI, 23~ 

f rom a va lue  less than  ca. 0.03 cm over the  ful l  range  
of charging. Most of the  react ion a lways  takes  place  
wi thin  a 0.03 cm depth  at  50 m A  cm -2 even though 
the total  accumula ted  charge  undergoes  an 18-fold 
change. 

Charge pene t ra t ion  to wi th in  a smal l  f ronta l  region 
of the  e lect rode is also shown by  the SEM photos, Fig. 
5a, and the  cross section, Fig. 4, t aken  af ter  50 rain of 
charging  and discharging in 5 cycles. Here  the  pene t r a -  
t ion depth, judged  f rom m a r k e d  morphologica l  change, 
can be seen to be about  0.01 • 0.002 cm. At  grea te r  
depths  the  lesser  ex ten t  of react ion is l imi ted  to the  Ag  
sphere 's  surface, whi le  at  sha l lower  depths  react ion is 
so extensive that  the  or iginal  spher ica l  shapes are  no 
longer  present .  Repeated  cycling tends to accent this 
effect because the  Ag surface area  is increased in the  
react ion zone, act ing to b r ing  the reac t ion  even closer 
to the  f rontal  p lane  (17). 

Discussion 
Results  have shown tha t  theory  deve loped  by  Gu, 

Bennion, and Newman  (11) agrees consis tent ly wi th  
the  exper imen ta l  findings wi th  the  selection of reason-  
able physical  pa rame te r s  for  the  system. The theory  is 
shown to y ie ld  a good descr ipt ion of the  ac tual  increase 
in polar iza t ion  w i th  t ime, Fig. 7, and  dependence  of 
charge profile on t ime, Fig. 10. 

Aside  f rom this descr ipt ive  nature ,  the  t r ea tmen t  can 
also yie ld  an unders tanding  of the  governing processes 
which are  undergoing  dynamic  changes dur ing charge 
and discharge and which caused b lockage  of the first 
or second kinds.  F o r  example ,  dur ing  the charging 
process i t  can be d e t e r m i n e d  f rom the  p rog rammed  
theory  tha t  the  causes o f  the  steep rise in polar iza t ion  
af te r  18 min are  t h e  onset of e lec t ro ly te  deple t ion  wi th  
decreased conduct ivi ty  toge ther  wi th  the loss of act ive 
Ag surface by  coverage wi th  AgC1. I t  can be seen that  
the deplet ion of C1- by  AgC1 format ion  causes the  cu r -  
rent  profi]e to be th rown  toward  the f ronta l  region of 
the  electrode,  by  the  decrease of conductance in the  
modified Ohm's  l aw express ion of the  theo ry  (11), 
while  the  more  g radua l  decrease  in active surface, o, 
renders  the  react ion more difficult there,  affecting the 
ut i l ized redox  kinet ic  express ion (11). Thusly,  the  in- 
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te rp lay  of b lockage of the  first and second kinds caused 
by  changing ra te  processes m a y  be realized.  Ul t imate ly ,  
af ter  26 min, i t  could be shown f rom the Ohm's law 
expression tha t  f rac t ional  void volume becomes so 
smal l  tha t  pore  b lockage by  AgC1 is essent ia l ly  com- 
plete, as observed, Fig. 2. 

The expressions of the  theory  m a y  also be examined  
to find the  extent  of film th ickening  which occurs, here  
p re fe ren t i a l ly  at  the  f ronta l  surfaces, f rom the  s tate  of 
charge, Q/Q* in  Fig. 2. The constants  p and s de te rmine  
how effective the  b lockage is as the  film s tar ts  to 
thicken ra the r  than  grow in a sur face-spread ing  mode. 

During discharge, the theory  accounts for  an ini t ia l  
decrease  in polarizat ion,  Fig. 9, by  the  opening of 
blocked pores  and by  the increased conduct ivi ty  of 
e lec t ro ly te  from the re leased C1-. Final ly ,  as AgC1 is 
depleted the  polar iza t ion  rises, as observed.  The a l lev ia -  
t ion of polar izat ion dur ing  ini t ia l  discharge by  the 
growth  of Ag fi laments (22), which m a y  be called the 
remova l  of b lockage of the  th i rd  kind, w a s  not  pro -  
g rammed  into the theory.  

Conclusions 
Theory  developed by  Gu, Bennion, and Newman  (11) 

was found to give a good descr ipt ion of per formance  of 
a pa r t i cu la te  bed e lect rode comprised of Ag spheres,  
37.7 _ 4.2 #m in diameter ,  in 1N KC1. With  reasonably  
selected physical  pa rame te r s  the  theory  could predic t  
the onset of fa i lure  to accumula te  charge, a f te r  18 rain 
at 50 m A  cm -2, the locat ion of reac t ion  profile most ly  
wi th in  a dep th  of 0.03 cm, and the shifts in governing 
rate  processes which cause blockages  dur ing  charge and 
discharge.  The conformi ty  of exper iment  and theory  is 
submi t ted  as evidence for the appl icab i l i ty  of the  given 
t r ea tmen t  as wel l  as the  usefulness of the  theory  in  
in te rp re ta t ion  of morphologica l  changes and e lect rode 
behavior .  
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Long-Lived Sn(IV) Sensitizer Baths for Photoselective 
Metal Deposition 

B. K. W. Baylis, A. Busuttil, N. E. Hedgecock, and M. Schlesinger* 
Department of Physics, University of Windsor, Windsor, Ontario, Canada NgB 3P4 

In a previous  publ ica t ion  (1) we repor ted  that  
Sn ( IV)  can be used as a sensi t izer  for Cu plat ing and 
for Ni -P  pla t ing f rom an acidic bath. I r rad ia t ion  of the  
cata lyzed surface wi th  u l t rav io le t  l ight  af ter  the  Pd (II)  
act ivat ion step was shown to be a necessary condition 
for copper  plating, but  was found to prevent  Ni -P  p la t -  
ing. N i -P  pla t ing occurs on the catalyt ic  surface not 
exposed to u.v. l ight;  hence the images resul t ing f rom 
i r rad ia t ion  th rough  a mask and subsequent  Ni -P  p l a t -  

* Electrochemical Society Active Member. 
Key words: electroless, sensitizer, photoselectives thin films. 

ing repl ica te  the  mask, i.e., are  posi t ive  images. It 
should be emphasized tha t  copper  p la t ing occurs only 
on the i r r ad ia ted  catalyst ,  resul t ing in a clean negat ive  
image of the mask. This "s t imula ted"  negative,  where  
i r rad ia t ion  is necessary for plat ing,  since no pla t ing 
occurs on noni r rad ia ted  areas, is of course s t r ik ingly  
different  f rom the negat ives  we repor ted  ear l ie r  (2), 
obta ined with  Sn (II)  as the  sensi t izer  and u.v. i r r a d i a -  
t ion fol lowing the  postact ivat ion rinse. In  this l a t t e r  
case, the  non i r rad ia ted  area  plates  as usual, but  t h e  
i r r ad ia t ed  a rea  plates  faster.  This gives an i m a g e  o f  
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low contrast. For practical applications, par t icular ly  in 
the fabricat ion of pr inted circuitry, the "stimulated" 
negative image, having much higher contrast, is more 
useful. 

It was fur ther  reported in  Ref. (1) that  the Sn( IV)  
sensitizer is only effective for imaging if it is between 
,--20 and ~45 hr old. We have now been able to extend 
the useful l ifet ime of Sn( IV)  sensitizer baths for up 
to three months. The technique is to let hydrolysis of 
the Sn( IV)  chloride proceed unt i l  the bath is cloudy 
and to add hydrochloric acid to slow fur ther  hydrolysis 
and to prevent  formation of long colloidal particles. 
Because these baths are left in beakers covered only 
by watch glasses, the evaporation occurring over such 
a long time is quite significant. Nonetheless they can be 
used for making  sharp images even after their  volume 
has halved and the colloid has redissolved, leaving a 
clear solution. [See Ref. (1).] 

These baths were made by di lut ing 2.5 ml  of a stock 
solution, which contains 10g SnC14.5H20 in  12.5 ml  
concentrated HC1, to 200 ml  with distilled water. After  

S E N S I T I Z E R  B A TH S  1377 

anywhere from 26 to 55 hr  (i.e., after the solution be-  
came cloudy),  1 ml concentrated HC1 was added. After  
a week or more, another  1 ml concentrated HC1 was 
added. This second addit ion has been made after from 
6 to 13 days, resul t ing in  solutions which remained 
highly effective for up to three months. 
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Application of Wagner's Theory to the 
Electropolishing of Aluminum 

M. Zamin,* P. Mayer,** and M. K. Murthy 
Ontario Research Foundation, Mississauga, Ontario, Canada LSK 1B3 

It is known  (1) that  dur ing  the electropolishing of 
metals, a horizontal plateau is obtained when the anode 
cur ren t  density (i) is plotted against the cell voltage 
(V). Edwards (2, 3) has suggested that this plateau is 
due to the diffusion of an "acceptor" to the anode for 
metal  ions. Thus, the plateau corresponds to a maxi -  
m u m  concentrat ion gradient  when pract ical ly all the 
acceptor approaching the anode readily reacts with the 
metal  ions resul t ing in a much lower acceptor concen- 
t ra t ion at the anode as compared to its bulk  concentra-  
tion. Wagner  (4) suggests that  this in terpre ta t ion of 
the i-V curve implies "that ei ther the s tandard free 
energy of non-hydra ted  cations is much higher than 
that  of hydrated cations, or the activation energy for 
the formation of non-hydra ted  cations is considerably 
greater  than the activation ene rgy  for the formation 
of hydrated cations." Such a process has been termed 
"an ideal electropolishing process" by Wagner  (4) who 
publ ished the first quant i ta t ive  mathematical  descrip- 
t ion of the electropolishing process. 

A detailed outl ine of Wagner 's  theory can be found 
in  the original paper (4). However, in order to help 
clarify the use of the theoretical equations, a brief  
account of the essential features is summarized below. 

Consider a surface whose roughness can be described 
by a s ine-wave profile with a wavelength,  a, and an 
amplitude,  b. If an "ideal electropolishing process" is 
considered then the metal  ions are consumed immedi -  
ately upon arr ival  to the outside of the hydrodynamic 
polishing layer  of thickness, 5. For  such a process the 
displacement u for a decrease of the ampli tude from 
bo to b is given by 

a b o  
u =  In if b < < a ,  a < < 5  [1] 

2~ b 

where bo and b are the ampli tudes of the s ine-wave 
surface profile at times t : 0 and t : t, respectively. 

* E lec t rochemica l  Soc i e ty  S tudent  Member .  
** E lec t rochemica l  Society Ac t ive  Member .  
Key  words :  a l u m i n u m ,  e lec t ropol ish ing ,  W a g n e r ' s  theory ,  m e t a l  

r e m o v a l  rate.  

The corresponding loss of metal  per un i t  area, Am~A, 
is 

~m ap bo 
---- up = In  - -  [2] 

A 2~ b 

The charge consumed in  the electropolishing process 
is given by 

96,500 ap 
Q = i t - - -  In b o  [3] 

EqW 2~ b 

where EqW is the equivalent  weight of the metal,  
96,500 is the Faraday constant in coulombs per equiva-  
lent, i is the polishing current  density, and t is the time. 

Experimental 
Specimens were made from commercial pur i ty  a lu-  

m i num 1 which was in the form of rods, 1.2 cm in d iam- 
eter and 16 cm long. One end of the rod was machined 
on a lathe and threads were cut over a length of 5 cm 
by a flat-wedged tool bit. The resul tant  profile of the 
surface Was determined by the Talysurf  4. 2 

The electropolishing solution was a commercially 
available product called Electro Glo 100. 3 For use, 1 
part  by volume of this product is mixed with 3 parts 
by volume of orthophosphoric acid (85%). The tem-  
perature of the solution was main ta ined  in the range 
70 ~ ___ 2~ by a hot plate. The polishing cell consisted of 
a beaker 12 cm in diameter  and 15 cm deep with a 
cylindrical  lead cathode. The solution was stirred me-  
chanically by a Teflon stirrer. A conventional  series 
circuit was used. The power was supplied by a Hewlet t-  
Packard d-c power supply 4 and the anodic current  was 
measured by an ammeter.  The surface profile of the 
specimen was determined by the Talysurf. The results 
reported are for the same specimen polished for var i -  
ous periods of time. The exper imental  procedure was 

�9 Analysis  in we igh t  pe r cen t :  Cu 0.15-0.4; Si 0.4-0.8; Fe  0.70; Mn 
0.15; Mg 0.8-1.2; Zn 0.25; Cr 0.04-0.35; Ti  0.15. 

-~ M a n u f a c t u r e d  by  Rank Prec is ion  Indus t r i e s  Limited ,  Le ices ter ,  
Engtand.  

T r a d e m a r k  of the  Electro-Glo Company ,  Chicago,  Il l inois.  
Model 6269B, 0-60V, 0-50A. 



1378 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September 1976 

oJ 
E 

o 

Q.  

E 0.10 
o 
- 0.08 

I.-- 0 .06  
0.05 

"' 0.04 s 

z~ 0.03 r f PITTING 

(~ O,02IETCHING 

0.01 ! I I , I I 
o 0 5 I0 15 20 25 
Z 
< A P P L I E D  V O L T A G E  , V 

E X C E L L E N T  
P O L I S H  

t 
BUT 

I I 
30  35 40  

Fig. I .  The anodic current density~applied voltage curve for the 
electropolishing of aluminum. 

as follows: The surface profile of the  ini t ia l  surface 
was noted by  the  Talysurf .  The specimen was c leaned 
by  dipping in an ul t rasonic  ba th  containing pe t ro leum 
e ther  for  5 min, a i r  dried, and then pol ished for  va r i -  
ous per iods  of t ime. Af te r  each polish, the  specimen 
was washed in tap water ,  d ipped in the  pe t ro leum 
e ther  solution, air  dried, and then its surface profile 
de termined.  

Results and Discussion 
The anodic current  dens i ty -app l i ed  vol tage  curve  for  

the  e lectropol ishing of a luminum in Electro  Glo 100 is 
shown in Fig. 1. I t  is to be noted that  a l though a typica l  
plateau,  s imi lar  to the  one noted by  Jacque t  (1) and 
Elmore  (5) is obta ined over  an ex t r eme ly  la rge  po ten-  
t ia l  range, not all  regions of the curve are  sui table  for 
electropolishing.  In  fact, the re  is only a smal l  range  
(7-10V) in which the  pol ishing is excel lent .  Lower  
vol tages lead  to etching of the  surface whereas  h igher  
vol tages cause burning.  The  resul ts  shown in Fig. 1 
a re  very  s imi la r  to those of Powers  (6) for the e lec t ro-  
pol ishing of copper  in phosphoric  acid solutions con- 
ta ining 10-15 g / l i t e r  of cupric ions. Powers  (6) ob-  
served a cur ren t  dens i ty  p la teau  over  a la rge  anodic 
overvol tage  region, but  found that  only  pa r t  of the  
curve was sui table  for electropolishing.  

The values of a and b, the  wave length  and ampli tude,  
as de te rmined  f rom the surface profile are  given in 
Table I. Ir is to be noted tha t  wi th  t ime of e lec t ro-  
polishing, the  ampl i tude  (b) decreases s ignifying 
smoothening,  a l though the wave leng th  (a) does not  
change. 

Since the equiva lent  weight  of a luminum is 8.99g, 
Eq. [3] simplifies to 

bo 
Q = 8 0 . 7 6 1 n - - ,  C /cm 2 [4] 

b 

The value  of the charge consumed dur ing  the process 
of e lectropol ishing (Q) can be de te rmined  in two ways.  
First ,  the  anodic cur ren t  densi ty  (in amperes  pe r  
square  cent imeter)  can be  mul t ip l ied  by  the t ime of 
pol ishing (in seconds) and the charge (Qobs) obtained 
(in coulombs per  square  cen t imete r ) .  In  the  presen t  

case, Qob~ is the total  charge  passed up to that  ins tant  
of polishing. Secondly, the  charge can be calcula ted 
(Qca]) f rom Eq. [4] knowing the  decrease in ampl i tude .  
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Fig. 2. Metal removed as o function of time for the electro- 
polishing of aluminum,. 

These charges can be compared  and t aken  as a tes t  
for the  Wagner  theory.  These calculat ions are  p resen ted  
in Table  I. I t  can be seen tha t  a l though the ca lcula ted  
c h a r g e  is genera l ly  less than  the observed  charge, the  
values  are  wi th in  15% of one another .  I t  is, therefore,  
evident  that  the  e lectropol ishing of a luminum provides  
a fa i r  test  for the  va l id i ty  of Wagner ' s  t heo ry  (4).  

Two possible  causes for the  d iscrepancy in the  cal-  
culated and observed charges can be  considered.  Firs t ,  
the exper imen ta l  e r ror  and, secondly, a lower  cur ren t  
efficiency for  me ta l  dissolution. The expe r imen ta l  e r ror  
can account for  a d i screpancy  up to about  8%. More  
impor t an t  perhaps  is the  fact  tha t  Eq. [3] has  been 
der ived  under  the  assumpt ion  tha t  al l  the  charge is 
involved in the pol ishing process wi th  no side or  ex -  
t raneous  react ions occurring.  In  other  words, a 100% 
cur ren t  efficiency has been assumed. However ,  if  the  
anodic cur ren t  dens i ty  is also involved in any side r e -  
actions, for example  oxygen evolution, then  the cu r ren t  
efficiency wil l  be less than  100%. Since gas evolut ion 
was observed at the  anode dur ing  the e lectropol ishing 
process, an e r ror  in the  observed and calcula ted values  
of the  charge is then due most  l ike ly  to a lower  cur ren t  
efficiency for the e lect ropol ishing process r a the r  t han  
any d iscrepancy in the  theory.  Lower  cur ren t  effi- 
ciencies for  meta l  dissolut ion are  known to be presen t  
in the  e lectropol ishing of meta l s  (7). 

The amount  of meta l  r emoved  pe r  uni t  a rea  as cal -  
culated f rom Eq. [2] is shown in Fig. 2 as a funct ion 
of the  pol ishing time. The ra te  of meta l  removed  as 
de te rmined  f rom the slope of the  curve is 0.32 mg/cm2/  
min which is equiva lent  to a ra te  of 1.2 ~m/min.  This 
ra te  is lower  than  tha t  repor ted  in l i t e r a tu re  (3 ;~n/ 
min) for the  e lect ropol ishing of a luminum in perchlor ic  
acid-acet ic  anhydr ide  solut ion (8). A possible  reason 
for  the  d iscrepancy is that  perchlor ic  acid base  solutions 
are  inhe ren t ly  more  "aggressive" than  phosphoric  acid 
based ones. Fo r  example ,  the  e lectrolyt ic  pol ishing of 
18/8 stainless steel  in the  two solutions gives  the  fol-  
lowing meta l  r emova l  rates  (8):  perch lor ic  ac id-acet ic  

Table I. The wavelength and amplitude variation during the electrolishing of aluminum 

bo 
T i m e  a b In - -  
(rain)  ( cm)  ( cm)  b 

Qcal 
t Qobs ~cal . 

( A / c m  2) ( C / c m  ~) (C/cm~) Qobs 

O 0.0175 0.00153 
l0 0.0175 0.00100 0 . ~ 6  
20 0.0175 0.000572 0.981 
30 0:0175 0.000351 1.47 
40 0.0175 0.000267 1.67 
50 0.0175 0.000178 2.15 
60 0.0175 0.000160 2.26 
80 0.0175 0.000064 3.18 

0~6 39-.6 E8 08% 
0.066 79.2 79.2 1.00 
0.072 122.4 118.7 0.97 
0.062 169.6 134.9 0.86 
0.055 192.6 173.6 0.90 
0.062 229.8 181.7 0.79 
0.062 304.2 256.8 0.85 
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anhydride -- 0.6.0 ~m/min; orthophosphoric acid-glyc- 
erine ---- 0.15 #m/min. 

Lower metal removal rates have the distinct ad- 
vantage in that they offer better control of the polish- 
ing process. Apart from the fact that orthophosphoric 
acid electrolytes yield surface finishes which are supe- 
rior to perchloric acid electrolytes, they are much safer 
to use as well (8). 

The diffusion of an "acceptor" to the anode is the 
controlling mechanism in the Wagner theory (4). 
However, recently Kojima and Tobias (9) showed that 
for the electropolishing of copper in phosphoric acid 
solutions, the outward diffusion of the anodic reaction 
product (copper phosphate) is the rate-limiting step. 
It is difficult to distinguish between the two mecha- 
nisms on the basis of the results reported here. Inter- 
estingly enough, however, Nicholas and Tegart (10) 
pointed out that results similar to those predicted by 
Wagner's theory can be obtained without making any 
assumptions about the mechanism of the polishing 
process. 
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Silicon Oxidation Studies: 
Analysis of SiO2 Film Growth Data 

E. A. I rene* and Y. J. van der Meu len*  

IBM Thomas J. Watson Research Center, Y o r k t o w n  Heights, N e w  York  10598 

ABSTRACT 

This study is aimed toward identifying the reasons why large discrepancies 
exist in the l i terature  relative to the kinetic constants which are supposed 
to describe the thermal  oxidation of single crystal silicon (St) in  pure oxy- 
gen (02). In order to obtain sufficient qual i ty and  quant i ty  of silicon dioxide 
(SiOf) film growth thickness- t ime data, an automated ell ipsometer was used 
to measure the SiO2 thickness in situ. The result ing data was fitted to the 
general ly  accepted l inear-parabolic  model by several commonly used methods 
and the results compared. Careful at tent ion was given to e l iminat ing trace 
~mounts of H20 and Na so that  the data are representat ive of oxidation in  
pure O~; the oxidation data was compiled in the tempera ture  range of 780 ~ 
980~ Calculated s tandard deviation values were used to evaluate the 
qual i ty of the fit of the data to the model. From this analysis an init ial  regime 
of rapid oxidation was identified which does not conform to l inear-parabol ic  
kinetics. This regime extends up to about 350A. A best fit of the data to the 
model was achieved using data above 350A. By using either data below 350A 
or only data greater  than  about II00A, large curve-fi t t ing errors (~50% in 
terms of rate constants) were obtained. It  was concluded that  this source 
of error in combinat ion with impur i ty  effects, insufficient data, and the specific 
form of the curve-fit t ing equation could yield the large reported discrepancies. 
The activation energy calculated from the l inear  rate constants of this s tudy 
(1.5 eV) indicates that  0-0 bond breaking is impor tant  for l inear  kinetics and 
the activation energy for the parabolic rate constants (2.3 eV) is too large to be 
correlated with a reported value (1.2 eV) for the diffusion of 02 through SiO2. 

As evidenced by the large number  of publications 
on the subject, the thermal  oxidation process by which 
thin films of silicon dioxide (SiO2) are formed on sili- 
con (St) is of great technological importance. Sur -  
prisingly, however, there is considerable variance 
among the reported rate constants which are supposed 
to describe the oxidation process. As shown in Table I, 
there is a spread of about 300 and 50% in the l inear  
and parabolic rate constants, respectively. Yet there is 
almost general  agreement  that the thermal  oxidation 
of Si follows mixed l inear-parabol ic  kinetics [see, 
for example, Ref. (1 ) - (5 ) ] .  The present study is aimed 
at finding the reasons for the larger discrepancies in the 
relJorted rate constants and thereby provide accurate 
rate constants for fur ther  interpretat ion.  With this 
purpose in  mind it is useful for comparison to consider 
the two commonly used forms for the l inear-parabol ic  
equation utilized to describe the SiO2 film growth data. 

The first equation has received,  a t tent ion due to 
Deal and Grove (1) who applied the mixed l inear -  
parabolic oxidation rate law derived by  Evans (6) to 
the thermal  oxidation of St. The resul t ing integrated 
rate equation has the form 

t -- to = A (d -- do) + B ( d  2 - d o s )  [1] 

where  d is the film thickness for an oxidation r t; 
and A and B are the reciprocals of the l inear  (kLIN) 
and parabolic (kpAR) rate constants, respectively. The 

* Electrochemical Society A c t i v e  Member .  
Key words: insulating films, oxidation kinetics, rate  constants ,  

terms do and to can represent  ei ther  an ini t ia l  oxide 
thickness which is present  prior to an oxidation experi-  
ment  (at to : 0) or a regime of ini t ial  oxidation de- 
fined by (do,to) which precedes the l inear-parabol ic  
regime. Several publications [see, for example, Ref. 
(1 ) - (5 ) ]  assert that the l inear-parabol ic  mode is pre-  
ceded by a more rapid oxidation regime. Essentially, 
Eq. [1] is derived from a consideration of lhree fluxes 
in a steady state: the flux of oxidant  from an ambient  
gas to the gas-SiO2 interface; the flux of o x i d a n t  
through the SiCk2 film; and the flux which represents 
the extent of reaction of oxidant with Si at the 
Si02-Si interface. 

The second equation [see, for example, Ref. (2)] has 
the form of a t runcated Taylor series 

t - -  to = A ' ( d  ~ do) + B ' ( d - -  do) ~ [2] 

Table I. Sample rate constants for the oxidation of silicon 
(<111> Si, dry 02, I atm, 900~ 

kLIN kPA~ 
( A / r a i n )  ( As/rain  ) R e f e r e n c e  

2.8 6800 ( 1 ) 
9.7 6220 (2) 
5 - -  (4) 

(2 for <I00> St) - -  (4) 
7 4800 (5) 

(4 for <100> St) (2300 for <I00> St) (5) 

1380 
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The terms in  this equation are defined the same as 
those for Eq. [1]. Equat ion [2] is not mathemat ical ly  
derived from a physical description of the oxidation 
system, but  ra ther  is s imply the sum of a l inear  term 
which rePresents first order kinetics for the reaction 
of Si and oxidant  and a parabolic term which repre-  
sents a diffusional l imita t ion of oxidant  through the 
SiO2 film. Since for Eq. [2] there is no specific physical 
model, the rate constants obtained by Eq. [2] cannot be 
directly correlated wi th  physical parameters  of the 
oxidat ion system. 

Equations [1] and [2] have the same mathematical  
form and therefore, when exper imental  data is fitted to 
either equation using identical procedures, equivalent  
curve-fi t t ing errors will  be obtained but  different nu -  
merical  values for the rate constants will result. The 
rate constants for Eq. [1] and [2] are related as shown 
later  (Eq. [3]). However, the spread in the reported 
exper imental  rate constants shown in Table  I, which 
were obtained using the above equations, is outside the 
range anticipated based on the mathematical  differ- 
ences between Eq. [1] and [2]. Therefore it is of in-  
terest to examine other causes for the large discrep- 
ancies such as previously reported impur i ty  effects 
(2, 5), the sufficiency and accuracy of the exper imental  
data, and the part icular  method of data analysis�9 

The purpose of the present  s tudy was to obtain SiO2 
film growth t ime-thickness data of sufficient qual i ty 
and quant i ty  to provide accurate rate constants for a 
thorough analysis of the above-ment ioned possible 
sources of error. In  this context, par t icular  at tent ion 
was given to the exclusion of Na (2) and H20 (5) 
effects and we believe that the data are representat ive 
of the oxidation of Si in  pure oxygen. An automated 
ellipsometer (7) capable of measur ing the SiO2 film 
thickness in situ dur ing  an actual oxidation experiment  
was used to obtain the data for this study. 

Experimental  Procedures 
Sample preparation.--All substrates were <100> 

oriented chem-mechanical ly  polished silicon wafers 
measur ing 3.2 cm in  diameter  and 0.025 cm in thick- 
ness. All the wafers were p- type  with a nominal  re-  
sistivity of 2 ohm-cm. It was reported previously (5) 
that the resist ivity type or value in  the range 0.5-10 
ohm-cm had no influence on the oxidation process. The 
wafers were cleaned as reported elsewhere (5) and an 
ini t ia l  oxide thickness of from 3 to 6A SiO2 was mea-  
sured at room temperature�9 Previously (4, 5), a thick- 
ness of 10-12A was reported for the init ial  oxide film. 
With the automated ellipsometer (to be described 
later)  the cleaned Si wafers could be immediate ly  
placed in  a dry  N~ ambient,  whereas in previous studies 
the wafers were exposed to room air for about 10 min  
dur ing  the ellipsometric measurements .  After  the ini t ia l  
SiO2 film measurement ,  the samples were heated in  
dry N2 (10-15 rain) to the exper imental  oxidation 
tempera ture  and the SiO2 film thickness was remea-  
sured. The SiO2 film now measured 7-8A�9 After  con- 
t inuous heating for 5 hr at 900~ in dry N2, the total 
film thickness never  exceeded l lA .  Apparen t ly  there is 
some small amount  of oxidant  ei ther present in  the N2 
or desorbing from the walls of the reaction vessel, but  
the relat ive amount  of SiO2 growth is negligible for 
this study. 

Gas purity.--Both N2 and O2 were supplied by boil-  
.off from liquid sources. Dew points of the gases were 
measured by means of a hygrometer  (5). As previously 
reported (5), the 02 was shown to contain trace 
amounts  of methane  (~,17 ppm) which at the experi-  
menta l  oxidation tempera ture  combusts to form H20. 
This trace H20 substant ia l ly  increases the rate of 
oxidation (5). To preclude this HzO effect, the methane  
in  the 02 was removed by the procedure out l ined 
previously (5). The H20 content  of the N2 and O2 
(after purification) was found to be less than  1 ppm as 
measured after the oxidation furnace�9 

Automated elIipsometer.--The ins t rument  used for 
this study has been described in  detail elsewhere (7). 
Basically, the ellipsometer uses a laser l ight  source, 
polarizer, compensator, and a rotat ing ana lyzer -en-  
coder. The light in tensi ty  measurement  after the ana-  
lyzer is automated. The ell ipsometry measurements  are 
made with the sample in a fused silica r f-heated reac- 
t ion tube. Therefore i t  is possible to collect and analyze 
ell ipsometer data as the SiO~ film grows without  in te r -  
rupt ing the oxidation run. The optical constants char-  
acteristic of the Si surface as a funct ion of t empera-  
ture  were previously measured (7). 

St02 quality.--In order to check on the charge levels 
in  the SiO~ films grown, capacitance-voltage (C-V) 
measurements  were made on some oxides. Evaporated 
a luminum counterelectrodes were used as electrical 
contacts. The C-V measurements  (at 1MHz) revealed 
an average fixed positive charge level of ,~5 X 10 TM 
charges/cmL Bias- temperature  stressing (___106 V/cm 
at 200~ for 15 min  and subsequent  cooling under  bias) 
revealed an average mobile positive charge level o f  
~7 X 101~ charges/cmL These values are character-  
istic of MOS quali ty oxide: 

Data  Analysis 
The exper imental  SiO2 film thickness vs. t ime of oxi- 

dation data obtained with the automated ellipsometer 
is displayed in  Fig.1. 

In  order to compare the rate constants obtained in  
this study with previously reported values (1,2,5) ,  
the data was analyzed by three methods. Both Eq. [1] 
and [2] were used and the two previously ment ioned 
ways to choose (do,%) were compared. Table II outlines 
the essential differences among the three methods of 
data analysis. Each method utilizes l inear  least squares 
(LLS) analysis of the data in accordance with the 
equation tested (Eq. [1] or [2]) and the way in  which 
(do, to) is chosen. For each LLS i terat ion in  a given 
method, the smallest remaining (d,t) value is dropped 
from the analysis; and for each i terat ion numerica l  
values are calculated for the slope, intercept, and s tan-  
dard deviation values for the over-al l  fit, CF, the slope, 
o-s, and the intercept, ~1. The reciprocals of the slope 
and intercept are the parabolic (kpAR) and l inear  
(kLIN) rate constants, respectively. The equations which 
define the calculated s tandard devia t ion values were 
obtained from Ref. (8). 
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Fig. 1. SiO2 film thickness d (A.) is plotted vs.  time for oxidation 
t (min) for 780 ~ 893 ~ and 980~ oxidations of (100) Si in 02. 
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Table II. Outline of the three methods of data analysis 

Method LLS relat ionship Values  for  do and to Descr ipt ion  

I Eq. [2] do = 10A 
(t -- t o ) / ( d  - d o )  v s .  ( d  - -  d o )  to  = 0 

II Eq. [2l 
(t - t o ) / ( d  - d o )  v s .  ( d  - d o )  (do,to) is  taken  as the  ( d , t )  

value  dropped f rom the  
i terat ion 

HI Eq. [1] 
( t  - t o ) / ( d  - d o )  v s .  ( d  + d o )  Same as II 

I terat ive  LLS; each i teration sequentiaUy drops 
the  smallest  (d,t) va lue  f rom the analysis  

Same as I 

Same as I 

This LLS technique scans a different  subset  of the  
da ta  for  each i te ra t ion  and the  s t andard  devia t ion  
values enable  a j udgmen t  as to which (d,t) subset  
yields the  best  fit to l inea r -pa rabo l i c  kinetics.  

A represen ta t ive  plot  of the s tandard  deviat ion,  
~F, for the  fit of the  da ta  to Eq. [2] vs. the  number  of 
da ta  ( #  DATA) included in  the  LLS i te ra t ion  using 
method I I I  and the 893~ da ta  is shown in Fig. 2. Each 
point  on Fig. 2 is obta ined f rom a different  subset  of a 
da ta  set; each subset  is fo rmed by  dropping  the smal les t  
th ickness- t ime va lue  f rom the previous  subset. The 
subsets a re  identif ied by  the number  of th ickness - t ime  
da ta  points  in the  subset. The shape of this  plot  was 
the same for the  other  two methods,  as wel l  as for the  
s t andard  devia t ion  values  for  the  slope and intercept ,  
and for the  other  two exper imen ta l  tempera tures .  The 
character is t ic  fea tures  for al l  the  er ror  p l o t s  as r ep re -  
sented by  Fig. 2 are  as follows. 

Region / . ---With the  smal l  th ickness - t ime  da ta  in-  
cluded in the  analysis  (i.e., # DATA is r e la t ive ly  
g rea te r ) ,  l a rge r  curve-f i t t ing  e r rors  a re  obtained.  This 
confirms the exis tence of an ini t ia l  oxidat ion  r eg ime  
which does not conform to the  l i nea r -pa rabo l i c  model  
(1, 5). Addi t ional ly ,  the  analysis  provides  an es t ima-  
t ion of the  influence of this regime which for the  893~ 
da ta  extends up to about  340A. 

Region 2 .~A  level  region of re la t ive  best  fit is ob-  
ta ined in the range  of 85-40 da ta  points. F r o m  the  
893~ oxidat ion  data, this region is found to correspond 
to thicknesses in the  range of 340-1100A. In o rder  tha t  
a t ime- th ickness  da ta  set y ie ld  m i n i m u m  curve-f i t t ing  
errors,  hence more accurate  ra te  constants, da t a  in  the  
best  fit r ange  mus t  be adequa te ly  represented.  

Region 3. - -As  the  analyzed  da ta  subset  includes only 
thickness da ta  grea ter  than  about  l l00A,  the  curve-  
fitt ing errors  again  rise. This is a consequence of in-  
cluding th ickness- t ime data  which p redominan t ly  rep-  
resent  the  diffusional aspect  of the  kinet ic  model  and 
is therefore  ant ic ipa ted  to occur for  the  g rea te r  film 
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Fig. 2. The error values for the fit, crF, ys. the number of date 
points for the LLS analysis according to method III for the 893~ 
oxidation data. (The ~F values near # DATA = 20 rises to a 
maximum of about 0.060 but were omitted for scaling purposes.) 

thickness.  I f  the  analysis  is cont inued fu r the r  to include 
an even smal l e r  number  of da ta  (<10) ,  the  er rors  again  
decrease  to zero for two da ta  points  as expected.  

F rom the s tandard  devia t ion  plots  and the exper i -  
menta l  data, the  (do, to) values a re  obta ined at  the  posi-  
t ion on the  s t anda rd  devia t ion  plots  where  the  er rors  
begin  to level.  Therefore,  the  (do,to) values represen t  
the upper  thickness l imi t  for the  p redominan t  in-  
fluence of the ini t ia l  rap id  oxida t ion  regime. The  slopes 
and intercepts  which correspond to the  (do, to) values  
are used to calculate the ra te  constants.  Tab le  I I I  con- 
tains the  kLIN, kpAa, and do values  obta ined  f rom me th -  
ods I, II, and III. These constants descr ibe  the  da ta  
wi th  an average  precis ion of about  2% for thickness 
values  grea te r  t han  the  do value  repor ted  in  Table  III. 

Al l  the er ror  plots show the  exis tence of an  ini t ia l  
oxida t ion  regime extending  to nea r ly  400A which  does 
not conform to l inea r -pa rabo l i c  kinetics.  Hence method  
I which pins do = 10A, to : 0 is deemed unacceptable .  
However,  this way  of choosing do has been ut i l ized to 
calculate r a t e  constants (2) and, therefore,  is considered 
in this s tudy for comparison.  Methods II  and I I l  differ 
only  in the  equat ion fitted (Eq. [ i ]  or [2]) .  Since both  
equations are  of the same form, ident ical  curve-f i t t ing 
er rors  were  obtained.  By compar ing  Eq. [1] and [2] i t  
is easi ly shown tha t  the  slopes (hence kpAR) should be 
ident ical  and indeed the measured  kpAa values  are  very  
close in value.  The kLIN values  for methods  I I  and I I I  
a re  re la ted  by  the equat ion 

1 1 2do - .  [3] 
kLIN (III) kLIN (II )  kpAR (1I) 

Therefore,  as shown in Table III, the  differences in 
repor ted  ra te  constants  as large  as 300% for a g iven 
Si or ienta t ion cannot be exp la ined  on the basis of the  
different  methods of analysis.  Nor can the effect 
(~25%)  of t race amounts  of H20 be responsible  for  
the la rge  repor ted  differences. 

To c lar i fy  this si tuation,  r epresen ta t ive  plots  of the 
calcula ted values for  the  slopes and in te rcepts  are  
shown in Fig. 3. I t  is seen tha t  three  ra the r  dis t inct  
regions are  found analogous to the  er ror  plot  (Fig. 2). 
Firs t ,  as small  thickness  values a re  e l iminated,  the  
slope and in tercept  values  change  rapidly .  Then, there  
is a region in which there  is smal le r  var ia t ion  in the  
s lope and in tercept  which corresponds  to the  best  fit 
region of Fig. 2. Final ly ,  when only da ta  of l l 0 0 A  and 
th icker  a re  considered, a more  rap id  var ia t ion  is a g a i n  

Table Iii. Rate constants obtained from methods I, II, and III 

T ~LIN Std dev kPA~ Std dev  do* 
(~ (A /min)  kLIN (A~/min) ~PAR (A) Method 

780 0.66 0.007 220 3 75 I 
0.46 0.003 260 5 50 II 
0.56 0.006 265 5 50 HI 

893 2.6 0.02 3500 31 375 I 
1.7 0.003 4340 27 340 II  
2.2 0.005 4350 28 340 HI 

980 9.9 0.14 11600 188 450 I 
5.3 0.03 14000 127 380 H 
7.7 0.06 14000 127 350 TIT 

* The  do value reported here  represents  the  ex tent  of  the init ial  
stage of oxidat ion which  does  not  fit a pure ly  l inear-parabolic 
regime.  
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evidenced.  A total  va r ia t ion  of up to 50% could be ob-  
ta ined  for ra te  constants  ca lcula ted using data  outside 
the  region of best  fit. Wi th in  the  best fit region about  
10% var ia t ion  could be obta ined and this va r ia t ion  
could poss ibly  be accounted for by  modi fy ing  the Deal  
and Grove (1) der iva t ion  to include such effects as the  
moving Si-SiO~ boundary ,  possible ionic oxidant  spe-  
cies, SiO2 film porosi ty,  and chemisorpt ion.  F u r t h e r  
theore t ica l  and expe r imen ta l  s tudies are  r equ i red  to 
test  these modifications. 

Therefore,  r a the r  than  a single source of e r ro r  being 
responsible  for the  la rge  var ia t ion  of the  repor ted  ra te  
constants,  it  is concluded tha t  a combinat ion  of e r rors  
such as those resul t ing  f rom t race  H20 (N25%),  f rom 
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the  form of the  l i nea r -pa rabo l i c  equat ion ( ~ 2 5 % ) ,  
f rom da ta  not  adequa te ly  represent ing  the best  fit r e -  
gime ( ~ 5 0 % ) ,  and f rom insufficient da ta  [previous 
studies (1-5) ut i l ized about  ten  da ta  points  for  curve 
fitting] could account for the  la rge  var ia t ions  in the 
l i te ra ture .  

Considering tha t  the  above-ment ioned  sources of 
e r ror  a re  minimized  in the  presen t  s tudy  and pe rmi t -  
t ing 10% er ror  in  the ra te  constants  due to the  va r i -  
a t ion of the  ra te  constants  in  the  best  fit regime,  i t  
would be useful  to examine  the addi t ional  kinet ic  in -  
format ion  obta inable  f rom this analysis.  

Act iva t ion  energies,  Ea, and  p reexponen t ia l  factors, 
ko, ca lcula ted  according to an Ar rhen ius  equat ion of 
the  form 

k : koe -E~/RT [4] 

a re  shown in Table  IV. (There  is an es t imated 10% 
uncer ta in ty  in both these values.)  The values a re  not  
ve ry  different  for the  th ree  methods  and this suggests 
tha t  the  t rends  in the kinet ic  da ta  can be represen ted  
by  any of the methods.  P rev ious ly  repor ted  da ta  (5) 
showing the effects of t race  amounts  of H20 in ox ida-  
t ion were  reca lcu la ted  according to method  I I I  [or igi-  
na l ly  method I was used (5)] .  A sample  of the  resul ts  
is shown in Table  V. The agreement  wi th  the  presen t  
analysis  is reasonable  in view of the  sources of po-  
t en t ia l ly  large  er rors  discussed above, especial ly  tha t  
only ten data  points were  used in the  previous  s tudy 
(5). Moreover,  al l  the  t rends  prev ious ly  repor ted  (5) 
were  confirmed. 

F rom Table  IV the act ivat ion energy  of 1.5 eV for the  
l inear  ra te  constant, Ea,LIN, corresponds to the  reac t ion  
at  the  Si-SiO2 interface.  This va lue  correlates  more  
closely wi th  the  0-0 bond energy  of 1.44 eV (9) than, 
as p rev ious ly  repor ted  (1, 5), wi th  the Si -Si  bond en-  
e rgy  of 1.8 eV (9). The Ea, PAR value of 2.3 eV is l a rger  
than  e i ther  repor ted  values  of 1.4 eV for <111> Si (1) 
and 2.0 eV and 1.7 eV for <100>  and <111> Si (5), r e -  
spectively.  This l a rger  value  for Ea,PAR does not cor-  
re la te  wel l  wi th  the  1.2 eV repor ted  for  the  act ivat ion 
energy  for the  diffusion of oxygen through  fused sil ica 
(10). Based on the diffusivi ty of oxygen in SiO2 (10) 
and the kinetic  da ta  in this study, the  concentrat ion of 
oxygen in the SiO2 films at  1000~ was calcula ted to be  
about  20% less than  the  values  p rev ious ly  repor ted  (1). 

The above findings do not negate  the  u t i l i ty  of the  
s imple model  proposed by  Deal and Grove (1).  Fo r  
oxidat ion  r e s u l t i n g  in film thickness of 300A and 
thicker,  the  ra te  constants wil l  predic t  the final film 
thickness wi th  10% accuracy. However ,  the  model  does 
not include other  mechanisms (previous ly  l is ted)  
which when considered could fur ther  increase  the ac-  
curacy  o3 the formulat ion.  Therefore,  the  l i n e a r - p a r a -  
bolic model  should be t rea ted  as a reasonably  good ap-  
p rox imat ion  for the oxidat ion of Si f rom about  300A 
SiO2 upwards .  F u r t h e r  studies are  in progress  to ca r -  

Table IV. Arrhenius activation energies (Ea) and preexponential 
factors (ko) for the linear and parabolic rate constants 

Ea,LIN ~o,LIN Ea,PAR ~o,PAR 
Method (eV) (cm/sec) �9 10 3 (eV) (cm2/sec) �9 10 5 

I 1.5 1.8 2.3 3.2 
II  1.4 0.3 2.3 4.8 
III  1.5 1.0 2.3 4.4 

Table V. Kinetic values from literature data (5) 
according to method 111 

kLIN ~PAR ko,LIN ko,PAR 
T (A/ (A2/ Ea,LIN (cm/ Ea,PAR (cm2/ 

(~ min) rain) (eV) sec) �9 10 3 (eV) sec) �9 10e 

800 0.6 400 
927 5 2900 1.7 4.0 2.0 2,4 
996 9 12400 
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rect the model, to investigate the thickness regime be- 
low 300A, and to more accurately define the effects 
of trace impurit ies in  the oxidant. 

Conclusions 
The data and analysis of this study confirm that 

mixed l inear-parabol ic  kinetics enable a reasonably ac- 
curate representat ion of the oxidation data provided 
that  there is sufficient data in  the proper  thickness 
range. The ini t ia l ly  rapid regime of oxidation is iden-  
tified. 

While the three methods of data analysis yield ap- 
proximately equal representat ions of the experimental  
data, one of these methods, method III, is directly re-  
"fated to a physical model and therefore recommended. 
The large variat ion of published rate data cannot be 
at t r ibuted to a single cause but  rather, is due to a 
]ack of sufficient data for accurate curve fitting, data 
in  inappropriate  thickness ranges, and trace impur i ty  
effects. 

The sensit ivi ty of the i terative LLS analysis with 
the abundance of rel iable oxidation data from the auto- 
mated ellipsometer has shown that  the simple rate law 
proposed by Deal and Grove (1) requires modification 
in  order to provide rate constants with bet ter  than 
10% accuracy. 
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Cd+-Activated Photoluminescence in the BaO-SrO-SiO  System 
I. Crystalline Phases 

P. Victor Kelsey, Jr. and Jesse J. Brown, Jr. 
Division of Minerals Engineering, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 

ABSTRACT 

All single phase regions (compounds and solid solutions) in  the BaO-SrO- 
SlOe system were activated with 0.01 mole percent (m/o)  Ce 3+ (with equi-  
molar amounts of Li +, Na +, or K + added to compensate charges) and the 
result ing ul traviolet  excitation and emission spectra were characterized. 
Brightest phosphors were obtained from the solid solution phases in the 
BaSiO~-SrSiO3 and Ba2SiO4-Sr2SiO4 systems at the approximate compositions 
of (Ba0.s, Sr0.6) SiO3:Ce 3+, K + and (Ba0.~, Sr0.s)2SiO4:Ce 3+, Li +, respectively. 
All  phosphors exhibit  a peak emission wavelength at approximately 390 nm 
with slight variations resul t ing from compositional changes. 

It is well established that most Ce 3 + activated phos- 
phors emit in the 300-500 nm spectral range (ul t ra-  
violet to blue green) and that their  luminescent  decays 
are fast. These two characteristics make this class of 
phosphors especially at tract ive as materials for ap- 
plications in fast response optical conversion systems 
such as flying-spot-scanners.  In  addition, Ce 3+ is a 
relat ively large activator (1.03A ionic radius) and sub-  
stitutes easily in solids for other large ions such as 
Ba e+, Sr 2+, and rare earth ions. The result ing phos- 
phors with their  large mass absorption coefficients and 
fast decay times must  be considered potential  x - ray  
excited phosphors for use in  real - t ime radiographic 
systems. 

In  the present investigations, crystall ine phases in the 
SrO-BaO-SiO2 te rnary  system are activated by Ce ~+ 
and the resul t ing u.v. luminescence examined. In  a sub-  
sequent study, the x- ray  excited emission character-  
istics will be described. 

* Electrochemical Society Act ive  Member. 
Key words: Ce ~+ photoluminescence, phosphors, barium sili- 

cates, strontium silicates. 

Related Literature 
The Ce 3+ ion has only one electron in the 4f orbital 

which is raised to a 5d level when the ion is excited. 
The result ing 5d-4f emission is often located in the 
near u.v. region of the spectrum and is in the form of 
two broad bands which arise from the doublet  ground 
states (2F5/2 and 2F7/2) (1, 2). The unshielded 5d ex- 
cited state is strongly influenced by the crystal field 
(3), the s trength of which causes variations in the 
peak emission wavelengths (1), and the symmetry  of 
the crystal field causes d-orbi ta l  splittings (4). 

Blasse and Bril (1) have examined the excitation 
and emission spectra of a number  of Ce ~+ activated 
compounds including Y~A]5012, ScBOj, YA]~B4012, 
YPO4, and others. Frequent ly,  they are able to deduce 
the site symmetry  of the Ce 3+ ion from the splittings 
evident  in the excitation spectra. On the other hand, the 
emission spectra general ly contain two broad bands 
(resulting from the two ground states) whose wave-  

lengths are strongly dependent  upon the strength of 
the crystal field. Similar  emission spectra have beea  
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o b s e r v e d  fo r  Ce3+ in  Ca3(PO4)2  (5) ,  a l k a l i n e  e a r t h  
sul f ides  (6 -8 ) ,  a n d  a l k a l i n e  e a r t h  f luor ides  (9) .  

A l t h o u g h  no  d a t a  a r e  g i v e n  w i t h  r e g a r d  to  Ce z+ 
l u m i n e s c e n c e  i n  B a  or  S r  s i l ica tes ,  t h e  p h a s e  e q u i l i b -  
r i u m  r e l a t i o n s h i p s  in  t h e  B a O - S r O - S i O 2  s y s t e m  w e r e  
r e c e n t l y  d e t e r m i n e d  b y  F i e l d s  et  al. (1O). C o m p l e t e  
so l id  s o l u b i l i t y  ex i s t s  b e t w e e n  Ba2SiO4 a n d  Sr2SiO4 a n d  
l i m i t e d  s o l u b i l i t y  b e t w e e n  BaS iOs  a n d  SrSiOm t n  a d d i -  
t ion ,  a t e r n a r y  c o m p o u n d ,  B a O ' S r O . 3 S i O 2 ,  exis ts .  

Exper imental  Procedure 
Al l  i n g r e d i e n t s  w e r e  w e i g h e d  to 0.1 m g  a n d  w e r e  

f o r m u l a t e d  w i t h  r e a g e n t  g r a d e  BaCOm SrCO~, si l icic  
acid,  a n d  c e r i u m  oxa la te .  C r y s t a l l i n e  s a m p l e s  w e r e  
f i red in  a i r  a t  1100~ fo r  2 hr ,  r e g r o u n d ,  a n d  t h e n  r e -  
f i red  a t  l l 0 0 ~  fo r  t w o  a d d i t i o n a l  hou r s .  A f t e r  r e -  
g r i n d i n g ,  t h e  m a t e r i a l  w a s  f i red  u n d e r  a n  a t m o s p h e r e  
of  a r g o n  a n d  h y d r o g e n  a t  1100~ fo r  4 h r .  

T h e  e m i s s i o n  s p e c t r a  w e r e  d e t e r m i n e d  u s i n g  a 2O0W 
h i g h  p r e s s u r e  m e r c u r y  l a m p  a n d  a H e a t h  EU-70O m o n o -  
c h r o m a t o r .  T h e  e n t r a n c e  a n d  ex i t  s l i ts  of t h e  a n a l y z e r  
s p e c t r o m e t e r  w e r e  se t  a t  200 ~m, w h i c h  g a v e  a s p e c t r a  

r e s o l u t i o n  of < 2A o v e r  t h e  w a v e l e n g t h  r a n g e  used .  
T h e  s p e c t r o m e t e r s  w e r e  c a l i b r a t e d  fo r  w a v e l e n g t h  r e -  
p r o d u c i b i l i t y  a n d  a c c u r a c y  u s i n g  a m e r c u r y  p e n - l a m p  
a n d  c o r r e l a t i n g  t h e  o b s e r v e d  s p e c t r a  w i t h  p u b l i s h e d  
d a t a  for  Hg  l ines .  

T h e  e x c i t a t i o n  s p e c t r a  w e r e  o b t a i n e d  b y  e x c i t i n g  t h e  
s a m p l e  w i t h  a H e a t h  EU-701-50  d e u t e r i u m  l i g h t  s o u r c e  
a n d  f o c u s i n g  t h e  r e s u l t a n t  l i g h t  o u t p u t  in to  t h e  H e a t h  
s p e c t r o m e t e r .  B e c a u s e  of t h e  n e e d  for  i n c r e a s e d  i n t e n -  
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s i t y  fo r  t h e  s e c o n d  a n a l y z i n g  s p e c t r o m e t e r ,  t h e  s l i t s  o f  
t h e  H e a t h  s p e c t r o m e t e r  w e r e  o p e n e d  to t h e  m a x i m u m  
s e t t i n g  of  2 m m .  

Al l  s p e c t r a  w e r e  c o r r e c t e d  fo r  p h o ~ o m u l t i p l i e r  r e -  
sponse  a n d  m o n o c h r o m e t e r  s e n s i t i v i t y  w h e r e  a p p r o p r i -  
ate.  

I d e n t i f i c a t i o n  of t h e  c r y s t a l l i n e  p h a s e s  p r e s e n t  in  t h e  
r e a c t e d  s a m p l e s  was  m a d e  w i t h  a P h i l i p s  x - r a y  p o w d e r  
d i f f r a c t o m e t e r  o p e r a t i n g  a t  40 k V  a n d  15 m A  u s i n g  
CuK~ n i c k e l  f i l t e r ed  r a d i a t i o n .  D i f f r a c t o m e t e r  s cans  
u s e d  fo r  p h a s e  i d e n t i f i c a t i o n  w e r e  o b t a i n e d  u s i n g  a 
s c a n n i n g  r a t e  of 1~ p e r  m i n u t e .  

T h e  r e l a t i v e  b r i g h t n e s s  m e a s u r e m e n t s  w e r e  t a k e n  b y  
c o m p a r i s o n  of r e l a t i v e  p e a k  h e i g h t s  of  t h e  m o s t  i n -  
t e n s e  b a n d  of  t h e  e m i s s i o n  s p e c t r a  to t h a t  of  S y l v a n i a  
T y p e  212 ( S r M g P 2 0 7 :  E u  2+) .  

Results and Discussion 
T h e  p h o s p h o r  c o m p o s i t i o n s  e x a m i n e d  i n  t h i s  i n v e s t i -  

g a t i o n  a r e  s u m m a r i z e d  in  T a b l e  L Also  t a b u l a t e d  a r e  
t h e  p h a s e  (s)  p r e s e n t  in  t h e  r e a c t e d  sample ,  t h e  p e r c e n t  
r e l a t i v e  e m i s s i o n  p e a k  he igh t ,  a n d  t h e  e x c i t a t i o n  a n d  
e m i s s i o n  p e a k  w a v e l e n g t h s .  Al l  p h o s p h o r s  w e r e  a c t i -  
v a t e d  b y  0.01 m o l e s  of Ce 3+ s u b s t i t u t e d  for  B a  a+ a n d / o r  
S r  2+ and,  w h e r e  i n d i c a t e d ,  Li  +, N a  +, a n d  K + w e r e  
u s e d  to c o m p e n s a t e  f o r  t h e  i m b a l a n c e  of  c h a r g e s  r e s u l t -  
ing  f r o m  t h e  s u b s t i t u t i o n  of a t r i v a l e n t  ion  fo r  a d i -  
v a l e n t  ion. 

B a S i 0 3  p h o s p h o r s . - - T h e  e x c i t a t i o n  a n d  e m i s s i o n  
s p e c t r a  of c e r i u m - a c t i v a t e d  BaSiO~ ( n o t  c h a r g e  c o m -  
p e n s a t e d )  a r e  s h o w n  in  Fig.  1. T h e  l o w  s o l u b i l i t y  of 

Table I. Compositions, phase analyses, and Ce 3+ activated luminescence characteristics of phosphors studied 

% Relative emission Emission 
Composition Phase (s) peak height* Excitation bands bands (rim) 

BaSiO~: Ce BaSiO~ 16 190, N230, 330 392, 475 
(Bao.s,Sro.2) SiO~: Ce BaSiO3, 17 400, 475 
BaSiO~:Ce:Li BaSiO~ ~ 33 2-330, 250; 290, 330 387 
(Bao.s,Sro.2) SiO~:Ce:Li BaSiOa~ 42 230, 245; 295, 337, 343 395, 480 
(Bao.6,Sro.~)SiO3:Ce:Li BaSiOas" 25 230, 250; 295, 340, 345 402.5, 480 
(Bao,~,Sro.s) SiO3:Ce:Li SrSiO3~, 15 230, 250; 300, 318, 350 361.5 
SrSiOs:Ce :Li SrSiO2 27 230, 250; 300, 320, 353 362.5 
BaSiO~: Ce :Na B aSiO~ 41 235, 250; 330, 300 389 
(Bao,s,Sro. 2 ) SiOs: Ce: Na BaSiO3,. 56 235, 250; 290, 340 393, 480 
(Bao,~,Sro.~) SiO~:Ce:Na BaSiO3s~ 51 235, 250; 290, 345 395, 480 
(Bao.e,Sro.s) SiOs: Ce: Na SrSiO3sg 26 230, 250; 283, 350 397, 435, 474 
SrSiO~:Ce:Na SrSiOa 16 230, 250; 283, 350 405, 366, 475 
BaSiO3: Ce:K BaSiO3 57 230, 245; 300, 335 390 
(Bao.s,Sro.2) SiO~: Ce: K BaSiOas s 71 230, 245; 290, 337 390, 480 
(Bao.6,Sro.4) SiOs:Ce:K BaSiO3sa 61 235, 245; 290, 341 395, 480 
( B as.e,Sro.s ) SiOs: Ce: K SrSiO3s s 29 230,250; 280, .~47 401, 475 
SrSiO~: Ce :K SrSiOa 23 230, 250 : 280,250 404. 475 
Ba2SiO4:Ce:Li BaeSiO4 31 230, 250; 300, 335 399.5, 480 
(Bao.4,Sro.e) SiO4:Ce:Li Ba~SiO4,~ 78 230, 245; 295, 340 388 
(Bao.2,Sro.s) SiO4:Ce:Li Ra~SiO4~a 100 230, 250; 290, 345 388 
Sr~SiO4:Ce:Li Sr.~SiO4 91 230, 250; 285, 345 384 

* 100% corresponds to 15% of Sylvania Type 212. 
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Ce 3 + in  BaSiO.~ is reflected in  the gray body color and 
low brightness of the phosphor. The excitation spec- 
t r um shows three bands at 190, ~ 230, and 330 nm. The 
emission spectrum contains the normal  Ce ~+ emission 
bands which peak at 392 and 475 nm with  the la t ter  
showing a high wavelength tail up to near ly  550 nm. 

The excitat ion spectra of BaSiO3:Ce ~+ phosphors 
charge compensated by K+ and Li + are shown by  
curves (a) in Fig. 2 and 3, respectively. These indicate 
li t t le change in  the env i ronment  of Ce ~+ ion as the 
size of the compensating ion increases. The correspond- 
ing emission spectra are shown by curves (a) in  Fig. 
4 and 5. Most significant is the improvement  in  br igh t -  
ness that accompanies the increase in size of the com- 
pensat ing ion as shown by  Fig. 6. For  example, the 
relative brightness of BaSiO~:Ce 3+ is 16% which in-  
creases to 33, 41, and 57%, when  an equimolar  amount  
of Li +, Na +, and K +, respectively, is added to the 
phosphor. 

] t I ~ I I t ~ I 
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Fig. 5. The emission spectra of Li + compensated Ce ~+ activated 
(a) BaSiO~; (b) (Bao.s, Sro.2)SiO3; (c) (Bao.6,Sro.4)SiOs; and (d) 
SrSiO3. 
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Fig. 2. The excitation spectra of (a) BaSiO3:Ce'~+,K+; (b) (Bao.6, 
Sro.4)SiO3:Cea+,K+; and (c) SrSiO3:Ce3+,K +. 
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Fig. 3. The excitation spectra of (a) BaSiO3:Ce~+,Li+; (b) 
(Bao.s,Sro.4)S 03 :Ce 3 +,Li + ; and (c) SrSi03 :Ce 3 +,Li +. 
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Fig. 4. The emission spectra of K + compensated Ce 3+ activated 
(a) BaSiO3; (b) (Bao.8,Sro.2)SiO3; (c) (Bao.s,SroA)SiO3; and (d) 
SrSi03. 
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Fig. 6. Variation of phosphor brightness of BaSiO3 and (Bao.8, 
Sro.2)Si03 as a function of ionic size of compensating ion. 

The visual body color of the charge-compensated 
phosphors are uni formly  white, not  discolored l ike the 
uncompensated phosphors, and there is an  increase in  
the sharpness of the emission spectra as well  as an ac- 
companying increase in  peak height. The compensat ing 
effect appears to increase as the compensat ing ion i n -  
creases in  size from Li + (0.78A) to Na + (0.98A) to 
K + (1.33A). This is not surpris ing because the K + ion 
is closer in  size to Ba 2+ (1.43A) than  the other two. 
Because of the improved qualities of the charge-com- 
pensated phosphors, all subsequent  phosphors prepared 
in  this s tudy were charge compensated. 

BaSiO3-SrSiO~ phosphors.--The BaSiO~-SrSiO~ sys- 
tem contains two regions of l imited solid solubil i ty at 
both extremities of the system (10). Phosphors were 
prepared at 10 m/o  intervals  across both these solid 
solution regions. 

The excitation spectra of the K + and Li + charge- 
compensated phosphors are shown in  Fig. 2 and 3. 
Characteristically, these phosphors show a high energy 
excitation band  (A) at ,~ 235-250 nm and a low energy  
excitation band  (B) at ~ 290-345 rim. The first doublet  
(A) appears to be composition independent  whereas 
the second doublet  (B) was found to vary  in position 
in  accordance with the host composition and  the com- 
pensat ing ion. 

The excitation spectrum for Li+ compensated SrSiO~ 
solid solution phosphors appears to be  somewhat  
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unique. Exci ta t ion  band (B) ve ry  d is t inc t ly  spli ts  into 
th ree  components.  Whi le  the  components  of the  high 
energy  band (A)  a r e  s t a t iona ry  at  235 and 250 n m  
across the solid solut ion region, the  low energy  band is 
spl i t  into th ree  dis t inct  components  at 300, 318, and  
350 nm for (Ba0.2, Sr0.8)SiO~. The two low energy  
components  of this t r ip le t  a re  shif ted to h igher  w a v e -  
lengths  as SrSiO~ is added  into solid solution, wi th  the  
SrSiO3 end m e m b e r  having  th ree  dis t inct  exci ta t ion  
bands  at  300, 320, and 353 nm, 

Wi th  the  except ion  of the  (S r l -= ,Ba=)S iOs :Ce  ~+, 
Li  + (0--~ x - -  0.2) phosphors,  the  most in tense exci ta -  
t ion peak  for all  composit ions is the lowest  energy  level  
(or highest  wave leng th  peak ) .  The most in tense exci ta -  
t ion band for  this series of phosphors  is the  second 
highest  energy band, as indica ted  by  curve  (c) in  Fig. 
3. 

The  emiss ion spect ra  of the  Na + and K + compen-  
sa ted phosphors  a r e  ve ry  similar .  Typica l  emission 
spectra,  as shown in Fig. 4 for  BaSiO3:Ce 3+, K +, con- 
sist of s t rong bands at  about  390 nm. Addi t ions  of 
SrSiO3 into solid solut ion genera l ly  produce  shifts of 
this emiss ion band to h igher  wavelengths .  The double t  
g round  s ta te  of  the  Ce3 + ion is evidenced in the  emis-  
sion spec t ra  by  the  appearance  of a second, r a the r  weak  
band at  about  480 nm. Genera l ly ,  the emission peak  
wavelengths  for Na + compensated  phosphors  a re  
s l ight ly  lower  (3-5 nm)  than  for  phosphors  compen-  
sated wi th  K +. Weak  unident i f ied emission bands for  
the (Sr0.s, Ba0.2) SiO8: Ce 3+, Na + and SrSiOa: Cea+, Na  + 
phosphors  a re  observed at 435 and 366 nm, respect ively.  

The  var ia t ion  of peak  emission wave leng th  wi th  
composi t ion for  Ce 3+ ac t iva ted  BaSiO~-SrSiO3 phos-  
phors  is shown in Fig. 7. Genera l ly ,  there  is a smal l  
increase  in peak  emission wave leng th  as the  s t ron t ium 
content  increases.  Again,  the  Li  + compensated  SrSiO~: 
Ce 8§ phosphors  are  unusual  in tha t  the i r  peak  emis -  
sion wavelengths  are  unusua l ly  low. 

In  in te rp re t ing  the exci ta t ion spec t ra  of the  Ce 3+ 
ac t iva ted  phosphors,  i t  is reasonable  to assume tha t  the  
charac te r  of the  spect ra  is a resul t  of ,electronic t r ans i -  
t ions f rom the  ground  s ta te  of the  Ce~+ ion to exci ted  
states. The presence of mul t ip le  exci ta t ion bands which  
change  wi th  compensat ing  ion is ind ica t ive  of e lec-  
t ronic t rans i t ion  wi th in  the  ac t iva tor  ion. 

The site s y m m e t r y  of the  Ce~ + ion, as indica ted  by  
the exci ta t ion spect ra  for  all  phosphors  on the BaSiO3- 
SrSiO~ b ina ry  regard less  of the charge  compensator ,  
appears  to be low. The degeneracy  appears  to be nea r ly  
removed  for  K + and Na + compensated  phosphors  as 
ind ica ted  by  four exci ta t ion bands, and is to ta l ly  re -  
moved for  Li+ compensated  phosphors  as indica ted  by  
the exis tence  of five dis t inct  bands.  

The h igher  energy  emission peaks  of the  (S r l -x ,  Ba=) 
SiO~:Ce 3+, Li + phosphors  indicate  a photoemiss ion 
process that  proceeds f rom the second lowest  exci ta t ion 
level  (Fig. 4d) to the  ground state, 

BazSiO4-SrzSiO~ phosphors.--Phosphors with in  the 
Ba2SiO4-SrSiO4 binary,  which exhibi ts  complete  solu-  
b i l i ty  across the ent i re  jo in  at  h igh t empera tu re s  (10), 
were  p repa red  at  20 m / o  intervals .  

The body color of the  Na + and K + compensated  
phosphors  is off-white  on the s t ron t ium-r ich  side of 
(Ba0.s, Sr0.2)2SiO4. These compounds were  nea r ly  iner t  
under  u.v. exci ta t ion because of the reabsorp t ion  of 
emi t t ed  light.  

The exci ta t ion spect ra  of (Bal-x ,  Sr=)2SiO4: Ce 3+, Li+ 
and (Ba~-=, Srx)SiOs:Ce 8+ phosphors  are  ve ry  s imi lar  
to those prev ious ly  discussed. An  upper  energy  double t  
at  230 and 250 nm remains  s ta t ionary  for  composit ions 
across the  ent i re  system. A lower  energy doublet ,  also 
p resen t  in all  (Bat-=,  Sr=)2SiO4:Ce 3+, Li  + phosphors,  
b roadens  as SrSiO4 is added to Ba2SiO4 via solid solu-  
tion. The  lowest  ene rgy  exci ta t ion band shifts f rom 
335 nm for  Ba2SiO4 to 345 nm for Sr2SiO4, and the 
h igher  energy  band of this double t  moves to lower  
wavelengths  wi th  increased Sr2SiOa addi t ions as ind i -  
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Fig. 7. Variation of peak emission wavelength with composition 
for Li+,No + and K + charge-compensated (Bal-x,Sr=)SiOa:Ce ~+ 
phosphors. 

cated by  the  peak  wave leng th  shif t  f rom 300 nm 
(Ba~SiO4) to 285 nm (Sr2SiO4), 

The emission spec t ra  of the  Li  + charge-compensa ted  
solid solutions indicate  a continuous shif t  of the  p r i n -  
cipal emission peak  wave leng th  f rom 384 nm for 
BaeSiO4 to 399.5 nm for  Sr2SiO4. A less in tense  second-  
a ry  emission band appears  at  480 nm for the  composi-  
t ion (Ba0.s, Sro.4)2SIO4 and remains  for ai l  composit ions 
up to and including Sr2SiO4. 

The (Bal -x ,  Srz)2SiO4:Ce ~+, Li + series of phosphors  
is r e l a t ive ly  bright ,  as indica ted  in Table  I. A con- 
s iderable  improvemen t  in br ightness  is obta ined by  
solid solut ion of Sr~SiO4 in Ba2SiO4 wi th  the  re la t ive  
br ightness  increasing f rom 49% for the  Ba2SiO4 phos-  
phor  to 100% for the  composi t ion (Sr0.s, Ba0:2)2SiO4. 
The Sr2SiO4 phosphor  has a br ightness  o f  91%. 

The change of configuration of the  low energy  
double t  observed in the spectra  wi th  the  addi t ion of 
SreSiO4 to Ba2SiO4 via  solid solut ion is a resul t  of a 
s imi lar  la t t ice  constr ict ion descr ibed for  the  (Bal-=,  
Sr=)SiO8 phosphors.  The constr ict ion forces the lowest  
energy exci ta t ion band  to shor ter  wavelengths  which  
is d i rec t ly  reflected in the emission spectra.  

Manuscr ip t  submi t ted  Nov. 3, 1975; revised manu-  
scr ipt  received May 12, 1976. This was Pape r  199 
presented  at the Toronto, Canada,  Meet ing of the 
Society, May 11-16, 1975. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June 1977 JOURNAL. 
Al l  discussions for the June  1977 Discussion Section 
should be submi t ted  by Feb.  1, 1977. 
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Boron Impurity Profile Tailoring in Silicon by Ion Implantation 
and Measurement by Glow Discharge Optical Spectroscopy 

G. T. Marcyk and B. G. Streetman 
Coordinated Science Laboratory and Department of Electrical Engineering, 

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

ABSTRACT 

Glow discharge optical  spectroscopy (GDOS) is used to measure  d is t r ibu-  
tions of implan ted  B in Si before  and af te r  annealing.  Methods for GDOS mea -  
surement  a re  discussed, and da ta  a re  presented  indica t ing  the resolut ion  and 
sensi t iv i ty  of this technique. Impur i t y  profiles a re  synthesized by  mul t ip le  B 
implantat ions ,  and examples  of uni form and x -3/~ h y p e r a b r u p t  d is t r ibut ions  
are  presented.  Measurements  of these profiles wi th  GDOS exhibi t  excel lent  
ag reement  wi th  theore t ica l  predict ions.  Distor t ion of the B d is t r ibut ion  due to 
diffusion dur ing  anneal ing  is less pronounced in the mul t ip l e  implan t  profiles 
than is the case for a single gaussian. 

Because of the  widespread  use of ion implan ta t ion  in  
semiconductor  device fabricat ion,  there  is a s t rong 
need for  s imple and re l iab le  methods  for  measur ing  
implan ted  i m p u r i t y  dis tr ibut ions.  This is pa r t i cu l a r ly  
t rue  in appl icat ions requi r ing  ta i lored profiles by  
mul t ip le  implanta t ions  (1-3), in which the impur i t y  
d is t r ibut ion  af ter  anneal ing  is cri t ical  to the pe r fo rm-  
ance of the device. Various methods for measur ing  the 
e lec t r ica l ly  active impur i t y  profile have  been deve l -  
oped, including different ial  capaci tance (4, 5) and 
successive electr ical  measurements  combined wi th  
s t r ipping procedures  (6). These measurements  suffer 
f rom problems  of accuracy, pa r t i cu la r ly  when sharp 
impur i ty  gradients  are  encountered  (7). Techniques 
for measur ing  the total  impur i t y  profile usual ly  involve 
sput te r ing  through the implan ted  layer ,  whi le  moni-  
tor ing some p rope r ty  of the impur i t y  of interest .  The 
most widespread  methods  of this type  are  the secondary  
ion mass spectroscopy (SIMS) (8) and the Auger  elec- 
t ron spectroscopy (AES) (9) techniques. Each of these 
methods has been successful in moni tor ing  certain" im-  
pur i t ies  (10), a l though the SIMS and AES systems re -  
quire  ra ther  e labora te  equipment  (11). In  1974 Greene  
et aI. (12) repor ted  the appl ica t ion  of glow discharge 
optical  spectroscopy (GDOS) to this problem.  This ap-  
proach is pa r t i cu la r ly  a t t rac t ive  because of its s im-  
plicity,  accuracy, and versat i l i ty .  A number  of improve -  
ments  have been made in the appl ica t ion  of the GDOS 
technique to semiconductor  impur i ty  profiling, as dem-  
ons t ra ted  by  the measured  profiles of implan ted  boron 
in silicon discussed here. 

The GDOS System 
Greene  and Whelan  (13) first proposed GDOS as a 

method for analyzing thin films. This technique has 
since then been used to measure  the composit ion of 
bu lk  samples  (14) and to profile diffused and implan ted  

Key words: boron implantation, ion implantation, silicon dop- 
ing, impurity profiling. 

impur i t ies  in Si (12, 15). In  GDOS, a sample  is placed 
on the cathode of a low pressure  d-c  gas (e.g., Ar)  
discharge.  The sample  is s lowly  eroded by  cathode 
sput ter ing,  the  spu t te red  mate r i a l  leaving  p r i m a r i l y  as 
neu t ra l  a toms (16). These sput te red  neut ra ls  are  col- 
l i s ional ly  exci ted in the  cathode glow region of the dis-  
charge and emit  l ight  wi th  wavelengths  character is t ic  
of the atom. The resul t ing  l ight  in tens i ty  at  a given 
wave length  has been shown to be propor t iona l  to the 
concentrat ion of impur i t ies  in the  sample  (15). An im-  
pur i ty  profile is obta ined by  moni tor ing  the in tens i ty  
of a single emission l ine as a function of t ime. The 
depth  scale is de te rmined  by  an independent  measure -  
ment  of the sput te r ing  rate,  which is held  constant  du r -  
ing the  exper iment .  An  absolute  i m p u r i t y  concentra-  
t ion cal ibra t ion can be obtained by  measur ing  the in-  
tens i ty  from s tandard  samples  dur ing  sput te r ing  under  
ident ical  conditions. The resolut ion of the GDOS sys-  
tem is de te rmined  by  the sput te r ing  rate,  which  can 
be convenient ly  held to ~500 A / m i n  for  typica l  semi-  
conductor  targets .  

Experimental Procedure 
A schematic d i ag ram of the GDOS system used in 

this exper iment  is shown in Fig. 1. The discharge 
chamber  is a 41/~ in. d iam glass cy l inder  wi th  a fused 
quartz  window mounted  pe rpend icu la r  to the sample  
and posi t ioned to receive l ight  f rom the cathode glow 
region of the  discharge.  The copper electrodes a r e  

water  cooled, and the i r  separa t ion  is ad jus tab le  by  a 
bel lows on the anode. The edge region of the cathode 
is protec ted  by  a P y r e x  glass shield (Fig. 2). The 1 
cm 2 sample  is mounted  wi th  s i lver  conduct ing pa in t  
onto a l a rge r  (1.5 in. diam) backing pla te  which 
covers that  por t ion of the cathode not shielded by  the 
glass. For  these exper iments  the backing pla te  is n - t ype  
Si wi th  a negl igible  B concentrat ion.  The use of such 
a backing p la te  prevents  sput te r ing  of the  cathode ma-  
terial ,  which may  contain t race contaminants  of the 
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Fig. 1. Schematic diagram of the GDOS system 
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Fig. 2. Cathode assembly with detachable sample holder and 
hacking plate. 

i m p u r i t y  being studied.  The a rea  of the  backing  p la te  
should be severa l  t imes tha t  of the  sample  centered 
upon it, to avoid nonuni form sput te r ing  near  the  edge 
of the  cathode by  placing the sample  in a more  un i form 
field region of the  discharge.  

Before each measuremen t  the sys tem is evacua ted  to 
be low 10 -5 Torr  and is then  backfi l led wi th  high pur i ty  
A r  to the  des i red  pressure .  Argon  is cons tant ly  flowed 
through  the sys tem dur ing  sput ter ing,  and once s ta -  
bi l ized the pressure  can be he ld  constant  over  long 
periods. In  these exper iments ,  pressures  a re  chosen in  
the  range  10-25# and he ld  constant  to wi th in  1#, as 
measured  by  a thermocouple  gauge. Wi th  such Ar  
pressures  and an appl ied  vol tage  of 3 kV, the spu t te r -  
ing r a t e  is ,~500 A/min .  

Light  f rom the cathode region passes th rough  the  
window and is collected by  a quar tz  lens. A 8/4m mono-  
chromator  containing a 102 X 102 m m  gra t ing  wi th  
1200 l ines / r am blazed at  3000A is used to resolve  the  
emission. In  measur ing  B profiles we  moni to r  the  s t rong 

2497.7A l ine of the  boron spec t rum (17). Typica l  sli t  
widths  used in this  e xpe r ime n t  range  f rom 50-100,~. 
The in tens i ty  of the moni tored  l ine is detected by  a 
u .v . -sens i t ive  pho tomul t ip l i e r  tube,  and  the  output  is 
analyzed by  e i ther  a lock- in  amplif ier  or  a photon  
counting system, depending on the sens i t iv i ty  re -  
quired.  The  resul t ing  plot  of in tens i ty  w .  t ime is con- 
ver ted  to impur i ty  concentra t ion vs. dis tance by  appro -  
p r i a te  cal ibrat ion.  The in tens i ty  scale is ca l ibra ted  
using Si samples  of known uni form B concentrat ion,  
and the  sput te r ing  ra te  is ca l ibra ted  by  measur ing  
step heights  on samples  wi th  regions masked  by  SiO~ 
and spu t t e red  for var ious  t imes  at  a g iven  vol tage  and 
pressure.  

The sput te r ing  r a t e  can be he ld  constant  to wi th in  
5% throughout  the  exper iment ,  as de te rmined  by  
moni tor ing emission f rom the host  Si atoms. The un i -  
fo rmi ty  of sput te r ing  over  the  sample  surface can be  
ascer ta ined f rom the abrup t  d i sappearance  dur ing  
sput te r ing  of a th in  deposi ted film. F o r  example ,  a 
1000A Ni film deposi ted o n  the  Si surface has been  
sput te red  at 100 A / m i n  whi le  moni tor ing  a dominan t  
Ni line. The Ni emission goes f rom full  in tens i ty  to the  
zero level  in less t han  1 min  at  the  N i -S i  interface.  
This corresponds to an in ter face  uncer t a in ty  of less 
than  100A. The appearance  of Si emission occurs over  
the same t ime period,  as the meta l - semiconduc tor  
in terface  is sput tered.  This expe r imen t  indicates  ve ry  
l i t t le  nonuni form sput ter ing,  which would  resul t  in  a 
much more  diffuse t rans i t ion  across the  interface.  

One p rob lem encountered  in GDOS (15) is exact  
d e t e r m i n a t i o n  of the  surface location, in v iew of the  
fact  tha t  in i t ia t ion  of the  d ischarge  resul ts  in unca l i -  
b ra ted  sput te r ing  unt i l  s teady  state is reached (about  
1 rain) (18). This p rob lem can be overcome by deposi t -  
ing a meta l  film of known  thickness over  the  surface 
and sput te r ing  th rough  the film and into the  semi-  
conductor  at  ca l ibra ted  rates. Using this method,  the  
discharge has reached a s t eady- s t a t e  condit ion before  
the Si surface is encountered.  

Measurement of Implanted B Profiles in Si 
The sensi t iv i ty  and resolut ion of the  GDOS measu re -  

ment  system for B in Si a re  i l lus t ra ted  b y  the  exper i -  
menta l  resul ts  shown in Fig. 3. In  this  exper imen t  a 
4 s  <111>  n - t y p e  Si wafe r  was imp lan ted  wi th  
riB+ ions at  120 k e y  to a fluence of 101~ cm-~. The 
wafer  was t i l t ed  7 ~ f rom the beam normal  to minimize  
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Fig. 3. Implanted boron impurity profile as measured by GDOS, 
compared to LSS predicted distribution. 
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channe]ing. The projected range and straggle of the un -  
annealed B profile as measured by GDOS (Fig. 3) are 
wi th in  ,-,10% .of the values predicted by the LSS 
theory using corrected cross sections (19). This allows 
us to use a gaussian approximation for the boron dis- 
t r ibut ions in  the subsequent  profile tailoring. Some de- 
viat ion from the actual distr ibution may be due in 
part  to a slightly slower sput ter ing rate wi thin  the 
unannea led  implanted region. In  addition, departures  
from the gaussian approximation are expected, based 
on other experiments  (10). By monitor ing the Si l ine 
dur ing sputter ing of s imilar ly  damaged layers, we esti- 
mate that  the sput ter ing rate is constant to wi thin  10% 
throughout  the unannea led  implanted region. Figure  3 
demonstrates the lower l imit  of detection for B using 
the present  exper imental  setup and photon counting. 
Boron concentrations as low as 3 X 10 n cm -8 can be 
rel iably measured. 

Three identical samples were implanted at 240 keV to 
a fluence of 1015 cm -3 to s tudy the effects of anneal ing 
on the B profile. One sample was measured unannealed,  
and the remaining  two were annealed for 30 rain in an 
Ar atmosphere, one at 600~ and the other at 900~ 
The measured profiles (Fig. 4) i l lustrate  diffusion dur-  
ing the higher temperature  anneal.  The unannea led  
and 600~ annealed samples exhibit  essentially iden-  
tical profiles. However, the straggle of the dis tr ibu-  
t ion after 900~ anneal ing has increased by about ~0%. 
This degree of diffusion is typical for single gaussians 
annealed at this tempera ture  (20). 

Of part icular  interest  in many  semiconductor device 
applications is the use of implanta t ion  to achieve 
tailored profiles. Using a computer program incorporat-  
ing on optimization rout ine which assumes gaussian 
profiles to determine parameters  for mul t iple  implants  
(21), we have synthesized two par t icular ly  useful 
profiles, namely, the un i form and the x-8/2 hyperabrupt  
distributions. Figure  5 il lustrates an essentially un i -  
form profile constructed by the summat ion of four im- 
plants. The desired dis tr ibut ion was a constant 1019 
cm -8 concentrat ion from 0.2 to 0.8ft. Of course, a bet ter  
approximation could be obtained by using more im-  
plants. The unannea led  profile measured by GDOS 
(Fig. 5) is extremely close to the computed dis t r ibu-  
tion (dashed curve).  The peak of the lowest energy 
implant  is quite low compared with the predicted value, 
and we believe this is due to an error in fluence rather  
then the GDOS measurement .  The GDOS experimental  
curves are presented here as obtained from the mea-  
surement  with previously described calibrations; no 
curve fitting with the calculated profiles was employed. 
In  view of this, the details, of peak positions and separa- 
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Fig. 4. Measured d~stributlen of implanted boron after annealing, 
at 600 ~ and 930~ The measured profile before annealing is 
essentially identical to the 600~ curve. 
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Fig. 5. Comparison of predicted and measured boron profiles for 
a uniform 1019 cm - s  distribution synthesized by four implants. 

tion displayed in Fig. 5 demonstrate  the precision of 
the GDOS measurement .  

An impur i ty  dis t r ibut ion of part icular  interest  for 
varactor fabricat ion is the hyperabrup t  profile with 
x -~/2 dependence (22, 23). If such a dis t r ibut ion is used 
in the more l ightly doped side of a junction, the re-  
verse bias capacitance varies as V -2 (24). When this 
device is placed in  an L-C resonant  circuit, the resonant  
frequency varies l inear ly  with the voltage applied 
across the diode. Although such a varactor has in ter-  
esting applications, the close profile control is difficult 
to achieve. As i l lustrated in  Fig. 6, the x -8/2 depen-  
dence can be synthesized over a l imited range by suc- 
cessive implantations.  The computer s imulat ion usir~g 
four implants  places the highest concentrat ion 0.1 ~zn 
below the surface. In varactor fabrication this ini t ial  
layer  could be doped n + to form the hyperabrupt  
junction. Alternat ively,  the 0.1 ffm surface layer  could 
be removed by etching (or the implants  could be per-  

v 

g 
~= I0 Ir 
o 

3 

1020 % 

i 
i 
i 

f 
! 
f 
I 
! 
f 
I 

I 

10 TM / 
0 0.2 

I I L 

Boron in Silicon 
Computed Profile 
4 Implants 

Energy (keY) Dose (x1014cr'n "2) 
--47.59 6.28 

93.47 2.59 
152,35 1.87 
247.69 1.53 

I I , 
! 
, t~ I 
, { I  

I I I I 
0.4 0.6 0.8 1.0 

Depth (microns) 
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actual implant. 
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formed th rough  SiO2 of appropr ia t e  thickness)  for  
Schot tky  ba r r i e r  va rac tor  fabricat ion.  

The four  implants  prescr ibed  by  the computer  s imu-  
la t ion  were  pe r fo rmed  in a 4 ~%-cm p - t y p e  Si wafer .  
The resul t ing  profiles as measured  b y  GDOS are  
shown in Fig. 7. The unannea led  sample  exhibi ts  a B 
profile which  fol lows the x -a/2 dis t r ibut ion  over  a con- 
s iderable  range.  Of fu r the r  interest ,  a 30 rain anneal  
at 900~ does not d is tor t  the  profile as much as might  
be expected.  Apparen t ly ,  the  reduced gradient  of the 
x -8/~ dis t r ibut ion  compared  wi th  a s imple gaussian 
resul ts  in  ve ry  l imi ted  diffusion dur ing  the  anneal .  

Conclusions 
In this w o r k  we  have demons t ra ted  tha t  complex 

and o therwise  una t t a inab le  impur i t y  dis t r ibut ions  can 
be obta ined by  pe r fo rming  a p p r o p r i a t e  mul t ip le  im-  
plants.  The measured  profiles agree  wel l  wi th  the  
computed  dis t r ibut ions,  even af te r  annealing.  The 
GDOS measuremen t  sys tem is a s imple ye t  accura te  
method for  de te rmin ing  actual  profiles of implan ted  
boron in St. In  addi t ion  to the  resul ts  repor ted  here,  
we  have  successful ly measured  imp lan ted  As profiles 
in St, .and Be in GaAs using GDOS. Not all  impur i t ies  
a re  amenable  to the GDOS approach,  however .  Fo r  
example ,  a t tempts  to measure  implan ted  profiles of N 
in GaP have  been unsuccessful,  due  to a bu i ldup  of N 
concentrat ion in the  chamber  dur ing the measurement .  
Appl ica t ion  of the  GDOS method to specific impur i t ies  
depends  on the tender~cy for the a tom to st ick to the  
vessel  wal ls  r a the r  than  remain ing  in the  low pressure  
gas. In  addition, the  s t rength  of emission l ines var ies  
cons iderably  among impuri t ies .  For  example ,  an im-  
pu r i t y  which emits  in many  lines of comparable  
s t rength  may  provide  too l i t t le  in tens i ty  in any one 
for reasonable  detection. Such informat ion  must  be 
obta ined by  exper iment  (14), since the  s t reng th  of 
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Fig. 7. Measured boron profiles of the x - 3 1 2  structure, before and 
after annealing. 

emission for a toms in the  d ischarge  is difficult to p r e -  
dict. 
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Relationships of the Chemical and Electrical Interfacial 
Properties of Germanium-SiO  Systems 
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General Electric Company, Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Germanium-s i l icon dioxide structures were prepared by depositing SiO2 
on cleaned germanium wafers using chemical vapor deposition (CVD) from 
the s i lane-oxygen reaction at 450~ The structures were then annealed in 
various gas environments ,  Ar, 02, and a 10%-H2 and 90%-N2 forming gas, 
at  600~ for 2 hr. For samples annealed in forming gas, the interface state 
density measured by  C-V techniques shows a high density near  the band edges 
(10t4/cm~-eV). For samples annealed in  oxygen, it decreases to 10n/cm~-eV. 
High surface recombinat ion velocity was observed in the samples annealed 
in  forming gas. The measured results of charge generat ion and inject ion in-  
dicated charge losses to the interface states but  not to oxide traps, whose t ime 
constant for t rapping is longer than the normal  inject ion time (1 ,~ 10 -8 sec). 
In  order to unders tand the effects of anneal ing with different gas envi ron-  
ments, profile analyses of the structures were carried out using secondary ion 
mass spectrometry (SIMS) and Auger electron spectroscopy (AES). For the 
samples annealed  in oxygen, the presence of ge rmanium oxide was identified 
by observing the low energy Auger spectrum at the interface in  comparison 
with the spectrum obtained for a s tandard GeO2 sample. The profile of the 
germanium spectrum obtained using SIMS can be used to identify the pres-  
ence of the oxide because of the enhanced secondary ion yield of the oxide. 
In the case of the forming gas anneal,  the hydrogen appears to diffuse into 
the interface result ing in  a high interface state density. The profile of hydrogen 
concentrat ion for the structures was also obtained. It is concluded that the 
increase of the interface state density of a germanium-SiO2 system due to the 
forming gas anneal  appears to result  from dissolved hydrogen diffusing through 
the SiO~. The reduction of interface state density of the structure annealed in 
oxygen is probably due to the oxidation of germanium and dissolved hydrogen, 
which reduces the defects originally present  in the interface region following 
the SiO~ deposition. 

The interface properties of the germanium-insu la tor  
system have been a subject of interest  for some time. 
Sedgewick (1) has investigated the C-V behavior of a 
Ge-SiO2 system. There the SiO~ film was deposited by 
decomposition of tetraethylorthosilicate. The charac- 
terization of interface properties of a Ge-silox SiO2 
system has also been reported earlier (2). Recently the 
passivation of germanium was carried out using several 
different insulators (3). The interface of a Ge-SiO2 sys- 
tem appears to have low interface state density. How- 
ever no systematic study of the interface characteriza- 
tion has been reported. Furthermore,  no chemical study 
of the interface has been done. As is demonstrated 
later, such a study of its chemical consti tution is use- 
fu] in the unders tanding of the anneal ing processes. 

It is the purpose of this article to describe the mea-  
surement  of interface state density for samples an-  
nealed in different ambients. Fur ther  the investigation 
of electronic properties of result ing MIS structures 
such as surface minority carrier generation and field 
effect mobility are also reported. The relationship be- 
tween interface chemical composition, as studied by 
Auger electron spectroscopy (AES) and secondary ion 
mass spectrometry (SIMS), and the measured inter- 
face state density are correlated. 

Experimental 
Sample preparation.~Germanium/SiO~ structures 

were prepared similarly to the procedures described 
elsewhere (2). The thickness of the SiO2 films was 
varied from 30 to 1500A. The structures having a thin 
SiO2 film were used for chemical analyses in order to 
obtain a high depth resolution, and other structures 
with a thicker SiO2 film (500 ,-- 1500A) were used for 
the measurement  of interface state density and for 
other investigations of interracial  properties. 

Key words: MOS, MIS, surface state(s),  s e c o n d a r y  m a s s  spec- 
t rometry ,  dark current, Auger e l e c t r o n  spectroscopy ,  Zerbst  plot.  

Ge-SiOe structures were annealed in various gas 
ambients  (argon, oxygen, a forming gas consisting of 
10% H2 and 90% Nf) at 600~ for 2 hr. After  this an-  
nealing, an A1, Au, or Mo dot mat r ix  of 2 m m  diam 
dots was evaporated over the SiO2 surface. The con- 
sti tuents of the interfaces of the structures were then 
analyzed with Auger electron spectroscopy (AES) and 
secondary ion mass spectroscopy (SIMS). The in ter -  
face state densi ty was measured using C-V techniques, 
and minori ty  carrier generat ion and field effect mobil i ty  
were investigated as is described later. 

Chemical study using AES.--AES simultaneous with 
ion sput ter-etch was used to analyze the samples. The 
analysis system used is from Physical Electronics In-  
dustries, Inc. The Auger peak energies correspond to 
the points of max imum negative slope of the energy 
distr ibution which is calibrated to the elastic peak. The 
characterization of the Auger spectrum was carried out, 
par t icular ly in the low energy spectrum, to invest igate 
the chemical state of the constituents in the interface. 
The spectrum obtained from a standard, thermal ly  oxi- 
dized germanium oxide film (grown at 500~ in  oxy- 
gen) was compared with another  s tandard spectrum 
for germanium and the corresponding energies are 
listed in Table I. For example, a valence state of 
germanium corresponding to Auger t ransi t ion of 
M4~N~+2N28+2 (2) appears to have shifted from 22.5 
to 18 eV when oxidized. In  the case of germanium 
oxide, a new peak at 63 eV appears while the t rans i -  
t ion at 76 eV corresponding to LILfL4~ in  the ger- 
man ium spectrum disappears. 

Samples which had undergone various annealings 
were investigated using AES. Some samples were an-  
nealed in oxygen at 600~ for 2 hr after a 30A SiO2 film 
was deposited on a Ge  substrate. In these the presence 
of germanium oxide between the deposited SiO2 film 
and the Ge substrate was identified by comparing the 
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Table I. Germanium strong Auger transitions and chemical shifts 
of its oxide 

Calcu- Mea- 
A p p a r e n t  lated sured  Oxide Energy  

t rans i t ions  e n e r g y  M= energy  energy  shifts  

MzM~M~ 14.5 (20) 14 10 - 4  
M4~N~+~N=+2 23.0 (40) 22.5 18 - 4.5 
MzMsN~+~ 46.5 ( 8 ) 46.5 46.5 - -  
MaMr162 52.0 (10) 50.5 50 -- 0.5 
L1L~M4~ 74 ( 10 ) 76 63 - 13 
MsM~N=+~ 84 (40) 87 84 - 3 
M~lVI4~Na~+2 91 (20) 
L~L,M~ 108.0 (20) 10"6 1 ~ . 5  4.5 

aMultiplicity: The  products  of number  of e lectrons  in the  three  
levels  invo lved  in the  transit ions,  normal ized to a max imum of 
160 fo r  a l a rges t  such product  for  g iven  e lement .  

AES spectrum with the spectrum of the standard ob- 
tained previously. The thickness of the germanium 
oxide film depends on the anneal ing ambient,  tempera-  
ture, and time. This can best be demonstrated in  the 
SIMS analyses discussed in  the following section. 

As is discussed later, the forming gas annealed 
samples give a much higher interface state density than 
the samples annealed in  argon. On the other hand, 
SIMS (and also AES) shows a very small  difference in  
the thickness of germanium oxide; it suggests that  hy-  
drogen may play an impor tant  role at the interface. 
However since AES does not provide an easily ac- 
cessible means to ident ify hydrogen, SIMS, which h a s  
high sensit ivity and depth resolution, appears as an  
al ternat ive  technique. 

Profiling of Si02-Ge structures using SIMS.--The in-  
s t rument  used for analyzing the samples is an ion mi-  
croprobe mass analyzer  manufactured  by Applied Re- 
search Laboratories. P r i m a r y  ion beams of 4~ or 
8~O2+ were ras ter -scanned over a small  area (104 
#m 2) to sput ter-etch a rather  uniform crater. Fu r the r -  
more, the secondary ion signal was electronically gated 
in  such a fashion that only those secondary ions from 
the central  region of a sputtered crater were detected. 
This technique of using an electronic aperture greatly 
enhanced the depth resolution. 

The secondary ion yield of a solid substrate depends 
strongly on the consti tuent matr ix  of the substrate and 
the type of p r imary  ion used (4). In  general  the posi- 
t ive secondary ion yield increases as the electron avai l -  
abil i ty of a substrate decreases. Thus, in using 40Ar+ 
as pr imary  ions, the positive ion yield is enhanced and 
controlled by the presence of neighboring electronega- 
tive species such as oxygen in a sample. Si and Ge in 
the form of oxide will have a higher secondary 1on 
yield than in the e lemental  state. Therefore when a 
40Ar+ pr imary  ion beam was used, the presence of 
oxide in the interface showed as a prominent  peak. 
The analyzed results are described in the following. 

The profiles of 92GeO+, 74Ge+, and s0Si+ for the 
identical sample analyzed by AES (annealed in oxygen 
with a 30A-SiO2 film, 100N-3) are shown in Fig. 1. As 
shown in the figure, the E-current  is the current  
collected in the electrostatic sector analyzer arer ture ,  
which is approximately proportional to the total sec- 
ondary ion current.  

The sputter  rates of S i Q  and GeO2 were calibrated 
using the known thickness of two standards as deter-  
mined by ell ipsometry and interferometry.  The depth 
of the analvzed sample was then calculated using the 
simple relat ion 

Sc = C1Sz -t- C2S2 [1] 

where Sc ---- effective sputter  rate of the sample; Sz --- 
sputter rate of SIO2; $2 ---- sputter  rate of GeO2; C1 and 
C2 are fractional molecular  concentrat ions of SiO2 and 
GeO2, respectively. 

From Fig. 1, both 9~GeO + and 74Ge + profiles indicate 
a similar  dis t r ibut ion of a GeO2 layer, about 300A 
thick. This layer  .of GeO2 was grown dur ing  the oxygen 
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lOS f ~ I I I0-10 

10 2 i0 -13 

~ E R  RATE ~5.WM,N\\ 
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R 
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Fig. ]. Profile of 305i+, 74Ge+, and 92GeO+ for sample lOON-:] 
annealed in oxygen ambient at EO0~ far 2 hr. The depth shown 
is calculated using the sputter rote obtained from Eq [ | ] .  The 
aperture current, also shown is the secondary ion current inter- 
cepted at the exit of the electrostatic sectors. 

anneal  at 600~ A similar  GeO2 layer  was observed for 
a sample, having a 410A SiO2 film following an  oxygen 
anneal.  

For samples treated in argon at 600~ for 2 hr, a 
very small amount  of GeO2 was observed. This is i l-  
lustrated in the profiles of 74Ge+ in Fig. 2. The other 
profiles of 2sSi + and fi-current are also illustrated. The 
thickness of germanium oxide is about 30A, which is 
consistent with AES data. 

For samples treated in a forming gas ambient (90% 
N2; 10% H2), a C-V study indicates a high interface 
density. Samples under identical heat-treatment, with 
a thin SiO2 film, were analyzed. The profiles of major 
constituents are illustrated in Fig. 3. The general fea- 
ture of 2sSi+, 74Ge+, and 9~ + signals are similar 
to those for sample 100N-4, previously described. The 
thickness of GeO2 appears to be somewhat thinner: 
about 24A. 

Hydrogen concentration.--Since hydrogen anneal  of 
germanium MIS structures produces a very high in te r -  
face state density, its concentrat ion profiles were in -  
vestigated. Due to the presence of a high background 
H + signal, a cold plate near  the sample had to be 
chilled to liquid ni t rogen tempera ture  during the pro- 
filings. The profile of hydrogen concentrat ion i l lus-  
trated was normalized to a pr imary  ion current  of 
5 • 10-9A. A sample annealed in the oxygen and argon 
cycle (111N-7) was compared with a sample annealed 
in  forming gas (sample 100N-8). Near the GeOJSiO2-  
Ge interface the hydrogen concentrat ion of the sample 
annealed in forming gas is about seven times higher 
than that  of the sample annealed in  oxygen and argon. 
Furthermore,  in the lat ter  sample, some of the hydro-  
gen signal may be at t r ibuted to the background. 

To assure that the profile observed was actually due 
to hydrogen and not to composition matr ix  effects due 
to the presence of electronegative ions, a p r imary  ion 
beam using oxygen was also employed. Figure 4 shows 
the high hydrogen concentrat ion of sample 100N-8, 
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Fig. 2. Profiles of ~sSi+, 74Ge+, and the total secondary ion 
current (/9) for sample 100N-4 annealed in an argon ambient at 
600~ for 2 hr. The d~pth profile shown is also calculated using 
the sputtering rates obtained from Fig. 1. 

annealed in  forming gas at 600~ for an hour. The 
hydrogen concentration remains high near  the SiO2-Ge 
interface 

Interface state measurements.--The samples used 
here were processed identical ly to those used for the 
chemical analyses described previously. The thickness 
of an SiO2 film used here is about 500-1500s for con- 
venience in C-V and other electrical measurements.  

In the C-V measurements,  all the high frequency 
MOS differential a-c capacitance measurements  were 
carried out at 1 MHz using a Boonton Electronics 72A 
capacitance meter. For ohmic contact, Ga- In  l iquid 
metal  was used on the back of the wafers. Typical 
C-V curves taken at 3000 and 77~ are shown in  Fig. 5 
for samples annealed in oxygen and forming gas, re-  
spectively. A significant flatband voltage shift from 
300 ~ to 77~ for the forming gas t rea tment  indicates a 
much higher interface state density. Fur thermore  at 
77~ the depletion capacitance departs from the theo- 
retically calculated curve, as shown in flat region. 
This is due to the contributions of interface state ca- 
pacitance. The interface state density was measured 
similarly to that  described by Gray and Brown (5). 
The method of measurement  is to record the flatband 
voltage shift while varying  the sample tempera ture  
from 300 ~ to 78~ The flatband condition is mainta ined 
by holding the flatband capacitance with a feedback 
amplifier. The shift in flatband bias is a measure of the 
n u m b e r  of interface states located at the energy be-  
tween the Fermi levels of incremental  temperatures.  
This is a direct measurement  of a major i ty  of interface 
states located at the upper  half of the bandgap for n -  
type samples; and similarly at the lower half of the 
bandgap for p- type  samples, that is 

dNFB Co dVFB / dEF 
n ; s  = = - -  - -  / - [2] 

dE qA dT dT 

Since there are electron traps as revealed by hystere-  
sis in the C-V curves, it is difficult to estimate exactly 
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Fig. 3. Profiles of 2sSi+, 74Ge+, O0GeO+, and the secondary 
ion current (8) for sample 100N-5, annealed in forming gas. The 
profiles of 2sSi+ and 7~Ge+ without the use of the electronic 
aperture is also plotted to illustrate the improvement of resolu- 
tion by its use. 
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Fig. 4. The profile of H + for sample lOON-8 using a 13.5 keV 
s202+ beam. The sample has a 340 s SiO2 film and was annealed 
in forming gas at 600~ for 2 hr. A peak of hydrogen concentra- 
tion near the interface is shown. The sputter rate is about 51 
s Si+, Ge +, and the/9 aperture current are also plotted. 

the shift of the flatband potential  due to the fast states. 
This is also true for the use of other C-V techniques. 
Therefore, there is a certain amount  of uncer ta in ty  in  
measuring the fast state density. Further ,  the interface 
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Fig. 5. Typical C-V curves (a, top) at 3000 and 77~ for samples 
annealed in oxygen; (b, bottom) for samples annealed in forming 
gas. 

s ta te  dens i ty  induced by  the  forming gas anneal  is so 
high tha t  i t  a lways  contr ibutes  to the  capaci tance va l -  
ues, pa r t i cu l a r ly  nea r  room tempera ture .  Thus the  
precise  dens i ty  of s tates  cannot be de te rmined  in this  
case. 

The in ter face  s tate  densi t ies  for  severa l  samples  
under  different  anneal ing  conditions,  shown in Fig.  6 
were  obta ined using Eq. [2] by  numer ica l ly  differ-  
en t ia t ing  the  AVFB-T curves.  Samples  annea led  both 
in oxygen  and forming gas envi ronments  show a s imi lar  
d i s t r ibu t ion  increas ing t oward  the  band edge. The 
fo rming  gas annea led  samples  have much h igher  in te r -  
face s ta te  densi t ies  (10Z4/cm 2) than  those annealed in 
oxygen.  The reduct ion  of the  states, when annealed  in 
oxygen,  can be a t t r ibu ted  to the  g rowth  of GeO2 be-  
tween  the SiO2-Ge interface  as discussed previously.  

Some 77~ curves show a wel l -def ined  region 
(" ledge")  of nea r ly  constant  capaci tance above the 
invers ion  capaci tance of the  reverse  t race  (AVFs). The 
length  of this  region is also a measure  of the  in terface  
s tate  dens i ty  (6). Therefore,  the  total  in ter face  s tate  
dens i ty  can be es t imated  f rom e i ther  

NFS ~- AVFs Co/e 
or 

[8] 
NFS ~ 2AVFB Co/e 
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Fig. 6. Interface state densities for samples annealed in oxygen 

ambient (samples 74, 167, 168, and 158) in forming gas (sample 
23), and with Hi contamination (sample ]708). 

The resul ts  a re  in  agreement  wi th  the  previous  m e a -  
surements  of the  shift  of f latband vol tage  wi th  t em-  
pera ture .  

Measurement o~ minority carrier generation using 
the capacitance vs. time technique.--When a MIS 
s t ruc ture  is b iased to deep deplet ion,  minor i ty  carr iers  
wil l  g radua l ly  accumula te  at  the  SiO2-Ge in ter face  to 
inver t  the  surface as a resul t  of e lec t ron-hole  pa i r  gen-  
eration. The t ime requ i red  for a MIS  device to inver t  
f rom deple t ion  wi thout  ex te rna l  exci ta t ion is defined 
here  as the recovery  t ime or the  s torage  t ime. Fo r  an 
n - t y p e  substrate,  the  genera t ion  ra te  of holes pe r  uni t  
a rea  may  be  wr i t t en  (7-11) 

dPs 
--  G d §  Gs § C~ + Ge [4] 

dt  

where  Gd is the genera t ion  ra te  in  the space charge 
region (or the  deple t ion  region) ,  Gs is the  surface gen-  
eration, GD is the  bu lk  genera t ion  outside the  space 
charge region, and Ge is ex te rna l  excitat ion,  such as 
optical  generat ion.  

Assuming the  cap ture  cross sections for e lectrons 
and holes are  comparable ,  the  minor i ty  ca r r i e r  genera -  
t ion in the  deple t ion  region (rip < <  hi) may  be ex-  
pressed s imply  as (7) 

n !  
Gd : - -  ( W - -  WD [5] 

where  w and wr a r e  the deple t ion  and invers ion widths,  
respect ively;  ni is the  intr insic  ca r r i e r  concentrat ion.  
a n d  T b  iS the  bu lk  l ifet ime. Similar ly ,  the  genera t ion  
due  to in terface  states can be wr i t t en  as (7, 10) 

Gs = h i s  [6] 

where  S is the  surface recombina t ion  velocity.  Minor-  
i ty  carr iers  or ig inat ing  f rom e lec t ron-hole  pai rs  gener -  
a ted outside the space charge region may  diffuse into 
the deple t ion  region and be swept  by  the field toward  
the interface.  This genera t ion  ra te  may  be  obta ined 
(12) by  using the  diffusion equat ion and bu lk  genera -  
t ion ra te  to give 

ni ~ Dp ) u ~  
[7] 
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By subst i tut ing each generation component into Eq. 
[4] and expressing it in  terms, of capacitance, one ob- 
tains 

N D e s [ d C o x ]  ~ = , h i  ( l e s  1 ) 

2Cox dt C ~b C C~ 

ni // Dp '~I/2 +s.,+%L Esj 

To investigate the physical parameters  controll ing 
the generat ion and recombinat ion in a MIS structure, 
a pulsed C-V technique is used. Square-wave pulses 
were applied to MIS devices and capacitance vs. t ime 
(C-t) curves were observed on an oscilloscope. The 
sample temperature  was varied in  a cryostat. The C-t  
curves for various interface state densities (10n/cm 2- 
eV and 10Z4/cm~-eV) were taken, and then the recovery 
time from deep depletion to inversion was plotted vs. 
1/T as shown in  Fig. 7. 

The storage t ime vs. 1/T plot shows a slope of 0.668 
eV at 250~ for sample 100N-037 which has a low in-  
terface state density similar to samples 167 and 168 
shown in Fig. 6. (These samples had been heat- t reated 
in wet oxygen at 600~ for 2 hr and subsequent ly  in  
dry air at 350~ for 18 hr.) This slope is close to the 
bandgap E~ = 0.684 eV at this temperature,  indicat ing 
that  the generat ion and recombinat ion are dominated 
by a bulk  phenomenon.  Most of the minor i ty  carriers 
reaching the interface come from outside the space 
charge region through the carrier diffusion process. If 
one assumes that  bulk  generat ion dominates Eq. [4], 
then  Eq. [5] reduces to 

d"~ ~ -- ~ riD-- e--x-to-x" ~ b  ) [9] 

The plot of 

, ,  ( ) 
dt Cox 

as shown in Fig. 8, is linear. The l inear i ty  is a fur ther  
evidence of bulk generat ion and also gives Dp/Vb from 
the slope of the straight line. Sample 111N-197 was an-  
nealed in forming gas at 600~ for 2 hr, and has a high 
interface state density. The same plot shows a slope of 
0.309 eV, which is close to one-half  the energy band-  
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gap. It is clear from Eq. [6] that the surface generation 
due to the interface states would have this dependence. 

It  should also be noted that as tempera ture  varies, 
the shapes of the C-t  curves in the dark for the same 
sample change. This change results from the transi t ion 
of the dominant  generat ion components from a diffu- 
sion process to generat ion in the space charge region 
and other field-induced processes in the germanium 
substrate as tempera ture  decreases. At temperatures  
above 235~ the l inear  relationship of 

VS. 
dt 

plots suggest a diffusion process. This implication is 
demonstrated from the relationship of the storage t ime 
and 1/T, shown in Fig. 7 which is l inear  above 235~ 
The change in slope at about 235~ can be related to 
the temperature  dependence of the reverse current  in  
a p - n  junct ion (12). For  the tempera ture  region be-  
tween 300 ~ and 230~ the minor i ty  carriers are gen-  
erated in the bu lk  and arr ive at the surface via the 
diffusion process. Par t icular ly  for the samples annealed 
in oxygen, the generat ion due to the low interface state 
density near  the midgap does not constitute a signifi- 
cant contr ibut ion (13). This is demonstrated in the pre-  
vious section in the dependence of the recovery t ime 
on temperature  as exp (--Eg/kT) and the l inear  re la-  
tionship of dC/dt and C 3. 

Channel mobi l i ty  measurements . - -Germanium 
IGFET's were fabricated using a process similar to 
that of silicon RMOS as described elsewhere (2). The 
channel  mobil i ty of samples annealed in  forming gas 
(IGFET 111N577) is much lower than the sample an-  
nealed in oxygen (IGFET 111N-563) as i l lustrated in 
Fig. 9: The channel  mobil i ty of IGFET 563 increased 
from 280 cm2/V-sec to 550 cm2/V-sec a s  the tempera-  
ture  decreased from 300~ to 78~ This increase in  
channel  mobil i ty reflects the decrease of lattice scat- 
tering at lower temperature.  On the other hand, the 
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Fig. 9. Channel mobilities for FET's which were processed with 
oxygen annealing (sample 563) and processed with forming gas 
annealing (sample 577). 

channel  mobi l i ty  of IGFET 577, annealed  in forming 
gas, does not  show a significant increase  as t empe ra tu r e  
decreases indicat ing surface charge scat tering.  In  fact 
when  the surface field is low (near  the t u rn -on  vol tage)  
in a weak  invers ion condition, the  channel  mobi l i ty  at 
78~ is somewhat  lower  than  that  at  300~ This is 
due to the  increasing occupation of the acceptor  states 
(nega t ive ly  charged when  occupied) induced by  the 
forming gas anneal  as F e r m i  leve l  moves close to the  
conduct ion band  when the t e m p e r a t u r e  decreases.  Thus 
the coulomb scat ter ing due to these surface charges 
increases and the mobi l i ty  t he reby  is reduced.  

Discussion 
The electr ical  measurements  of in terface  state p r o p -  

ert ies b y  C-V and capaci tance recovery  t ime are  con- 
sistent  wi th  the measured  densi ty  of states. The resul ts  
indicate  that  in terface  states are  induced by  hydrogen.  
Dissolved hydrogen  in ge rman ium has  no known  elec-  
t r ica l  activity.  Recent ly  in work  on high pur i ty  ger -  
man ium detectors,  Arman t rou t  et al. (14) observed 
degrada t ion  of the detector ,  i.e., increase in reverse  
leakage  current  f rom microamperes  to mi l l iamperes ,  
for ge rman ium grown in hydrogen  and for  devices 
packaged  in a hydrogen  ambient .  The degrada t ion  has 
been shown to be due to the  format ion  of surface states 
as hydrogen  s lowly  diffuses to the  surface. The fo rma-  
t ion of a p - t y p e  invers ion l aye r  has also been  repor ted  
for  surfaces wi th  adsorbed hydrogen  (15, 16). 

F rom the measured  resul t  of in ter face  state p rop -  
er t ies  in the  case of the  forming gas anneal,  i t  is sug-  
gested that  the hydrogen- induced  states a re  ve ry  local -  
ized at the  surface. The actual  surface bonding has 
been suggested to be different  f rom covalent  for the  
absorbed hydrogen.  A p p e l b a u m  and Hamann  (17) re -  
por ted  the  calculated resul ts  of the  potential ,  charge 
density,  and e lect ron energy level  s t ructures  for a Ge 
surface using the Har t ree  Fock se l f -consis tent  t ech-  
nique. The e lect ron energy  level  s t ruc ture  of the  ger -  
man ium <111> surface is s imi lar  to tha t  of the  silicon 
surface, having two deep bands  of surface states. They  
suggested that  unl ike  sil icon the second surface l aye r  of 
ge rman ium can par t i c ipa te  in a chemisorped bond to 
form addi t ional  surface states, giving a fivefold coordi-  
nation. A s imi lar  coordinat ion m a y  exist  at the  in te r -  
face be tween  SiO2 and Ge. Such a coordinat ion  m a y  be  
responsible  for the  observed in ter face  s tates  here. 

The presence of ge rman ium oxide when  annealed  in 
O2 ambien t  is es tabl i shed  in the  AES and SIMS studies. 
I n f r a r ed  absorpt ion  spectroscopy has also been used to 
demons t ra te  the  presence of GeO2 (18). A factor  of 4 
in  reduct ion  of in ter face  state dens i ty  has been 
achieved. As a result ,  an in f ra red  imager  of charge  
inject ion type  (CID) has been  fabricated.  Schroder  
(19) has also fabr ica ted  charge-coupled  devices (CCD). 
There,  the efficiency should improve  th rough  the  u s e  
of O2 anneal  and bur ied  channel  approach  v ia  ion im-  
plant.  In this case of ge rman ium MOS systems, the 
high res idual  in terface  state dens i ty  tends to suggest  
tha t  the  CID approach in imaging has an intr insic  ad -  
vantage  of high e f f i c i e n c y .  

Conclusion 
The interface  proper t ies  of germanium-SiO2 MIS 

s t ructures  fol lowing different  anneal ings were  inves t i -  
gated.  The chemical  composit ion of the in ter face  was 
analyzed b y  the use of AES and SIMS. The  corre la t ion 
of these studies, namely  the  profiles of GeO~ and H 
wi th  in ter face  s ta te  dis t r ibut ion,  suggests  tha t  the  in -  
ter face  s tate  dens i ty  can be  reduced  b y  anneal ing  the  
samples  in an oxygen ambien t  to grow GeO2 and thus 
e l imina te  some defects or ig ina l ly  present  fol lowing 
the CVD deposi t ion of the  SiO2 film. A n  anneal ing  in 
forming gas gives r ise to a much h igher  in terface  s ta te  
density.  The interface  s tates  indeed a re  shown to be 
responsible  for a high surface minor i ty  car r ie r  genera-  
t ion in a MIS s t ructure  which  is deple ted  ini t ia l ly .  This 
also increases surface charge scat ter ing in the  car r ie r  
t r anspor t  process as measured  using IGFET's .  The h y -  
d rogen- induced  states a re  be l ieved to be ve ry  localized, 
for  hydrogen  has no electr ical  ac t iv i ty  in the  bu lk  
germanium.  I t  should also be pointed out  tha t  due to 
the  high state densi ty  a precise  de te rmina t ion  of sur -  
face potent ia l  and therefore  the d is t r ibu t ion  of in te r -  
face state densi ty  is difficult. The use of ion imp lan ta -  
t ion to in t roduce a contro l led  amount  of hydrogen  is 
being car r ied  out. The resul ts  wi l l  be r epor ted  at  a l a te r  
date. 
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Effect of Evaporated Dielectric Materials on the Surface 
of High Purity Germanium 

R. J. Dinger 
Atomic Energy o:f Canada Limited, Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada KOJ 1JO 

ABSTRACT 

The effect of evapora ted  dielectr ics  on rea l  Ge surfaces has been invest i -  
gated at 80~ Using high p u r i t y  Ge (!ND - -  NAI < 1011 c m - 8 ) ,  insula ted gate 
field t ransis tors  (MISFET)  were  made  and coated wi th  an evapora ted  d ie lec-  
t r ic  layer .  The number  of surface s tates  and the density  of  states per unit  
energy have  been deduced f rom the fo rward  t ransconductance.  I t  has been 
found that  some dielectr ics  in t roduce  a l a rge  number  of  surface states near 
the center  of  the  bandgap.  

The protec t ion  of the  surface of the  ac t ive  volume of 
ge rman ium detectors  for  in f ra red  light,  - /-radiation,  or  
par t ic les  is a p rob lem which  differs in many  respects  
f rom the surface pass ivat ion p rob lem in the  sil icon 
t rans is tor  or  in tegra ted  circui t  technology. The  solu-  
tions developed for the  l a t t e r  canot be appl ied  to these 
Ge devices for a va r i e ty  of reasons. The  ma in  one is 
that  the crys ta l  ma te r i a l  mus t  at  no s tage of the  f ab r i -  
cat ion of the  device be hea ted  to more  than  300~176 
(1). 

The la rge  size of the Ge detectors  (act ive volume 0.5- 
100 cm 3) compared  to t rans is tors  suggests  tha t  any 
elect ronical ly  d i s turbed  surface layers  are  such a smal l  
f ract ion of the  to ta l  volume tha t  the i r  influence on the  
detect ion proper t ies  is negl igible;  exper iments  show 
tha t  this is not so. F igure  1 shows the reponse of a smal l  
(0.5 em s) Ge - /-ray de tec tor  to the  662 keV v - r ays  f rom 
a 137Cs source (2). The top spec t rum was t aken  jus t  
af ter  the  manufac tu re  of the  device, the  midd le  spec-  
t rum af ter  it  had been  exposed to oxygen (about  100 
Pa  �9 sec),  and the lower  spec t rum af ter  a "bake-out"  
at  room t e m p e r a t u r e  for  30 rain ( the device is opera ted  
at ~80~  Al l  spect ra  were  t aken  for the  same d u r a -  
tion. I t  is obvious tha t  the  effect of the  exposure  to 
oxygen was to reduce the a rea  unde rnea th  the  peak  
(ful l  energy peak  efficiency), which  is p ropor t iona l  to 
the  sensi t ive volume, to about  one- th i rd  of its or iginal  
value.  The modera te  bake -ou t  pa r t l y  recovered the  
or iginal  performance.  

Recent  invest igat ions  (2,3) have  shown tha t  this 
degrada t ion  is due to the  format ion  of "surface chan-  
nels." Surface  channels  were  first discovered by  Brown 
(4) and found to be the  cause for poor  Ge t rans is tor  
characterist ics.  The thickness of the surface channels  is 
re la ted  to the effective Debye length,  LD (5), which can 
become as l a rge  as 0.3 m m  in the  ve ry  pu re  ma te r i a l  
used for Ge detectors.  

To protect  the  surfaces  of Ge detec tors  against  the 
effect of adverse  ambien t  atmospheres,  encapsula t ion 
techniques have been used wi th  va ry ing  success (6, 7). 
Ano the r  method of surface pro tec t ion  consists of s ta -  
bi l izing the posi t ion of the  Fe rmi  level  at the  surface 
by  an electronic in terac t ion  of the Ge wi th  a sui table  

Key words: Ge detectors, surface protection, surface state den- 
sity. 
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coating material .  This paper deals with the effect of 
evaporated coatings on real Ge surfaces. Although it 
is quite clear that  an  evaporated layer  will  hard ly  be 
comparable to a thermal ly  grown oxide such as SiO2 
with respect to pinholes, included impurities,  etc., it has 
been found that  certain dielectrics show an electronic 
interact ion wi th  the under ly ing  Ge which stabilizes 
the Ge surface by effectively anchoring the Fermi  level 
at a favorable position. The protection mechanism in -  
volved is therefore such that  a great n u m b e r  of 
del iberately  introduced surface states at an energet i-  
cally favorable position overcomes the effect of addi-  
t ional states produced by the ambient .  

The electronic properties of the Ge surface before 
and after the evaporat ion of the coating were invest i-  
gated using a meta l - insula tor -semiconductor  transistor  
(MIS transistor)  ar rangement .  Because the devices to 
be protected with these coatings are normal ly  cooled 
with l iquid ni t rogen and operated at ,~80~ all mea-  
surements  were taken at that  temperature.  

Theory  
The energy band diagram for a p- type  semiconductor 

with an n - type  invers ion layer  is shown in Fig. 2. The 
occupancy of the surface states at the boundary  of the 
crystal and within  the evaporated dielectric is given 
by the Fermi  level. The net surface charge due to the 
surface states must  be compensated for by  an equal 
amount  of charge of opposite sign wi thin  the bu lk  of 
the semiconductor. In  Fig. 2 it is assumed that the 
surface charge due to the surface states is positive 
which requires the energy bands to be bent  downwards. 
The semiconductor shows an n - type  conducting sur-  
face channel  ( inversion layer)  of thickness of the order 
of magni tude  of the effective Debye length, LD, where 

/ eo  " er " kT 
LD V qS ( n b +  Pb) [1] 

and ,o ---- permit t iv i ty  of the vacuum, ~r = relat ive di-  
electric constant, k = Boltzmann's  constant, T = 
absolute temperature,  q = electronic charge, nb ---- con- 
centrat ion of free electrons, and Pb = concentrat ion of 
free holes in  the bulk  of the semiconductor. 

Under  the present  exper imental  conditions, the sum 
of the concentrat ions of the free carriers in  the bulk  
may be approximated by the net  ionized concentrat ion 
of dopants N 

nb Jr Pb ~ ]ND -- NAI -- N [2] 

ND being the concentrat ion of ionized donors and ATA 
the concentrat ion of ionized acceptors. 
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Fig. 2. Energy band diagram of the field effect experiment. Ec, 
Ei, EF, and Ev are the conduction band edge, the intrinsic Fermi 
level, the Fermi level, and the edge of the valence band. Cb and Cs 
are the bulk potential and the surface potential. �9 and [ ]  are slow, 
�9 and 0 fast surface states. The energy levels are shown for 
zero voltage at the field plate. 

If any voltage is applied to the field plate, which is 
parallel  to the surface as shown in  Fig. 2, charge neu-  
t ral i ty  requires that  

C o  " V G  : q ( N t ( r  A N )  ~- Q ( O s )  [ 3 ]  

where CG is the capacitance between the field plate and 
the semiconductor, ATt is the n u m b e r  of surface states, 
and AN the number  of free excess electrons created by 
the bending of the bands in  the invers ion layer  (all 
per un i t  surface area).  Vo is the voltage at the field 
plate with respect to the semiconductor, ts is the sur-  
face potential  (see Fig. 2), and Q(r is the charge per 
uni t  area due to the depletion of the major i ty  carriers 
in the surface space charge layer. The sign of q is the 
same as the sign of the minor i ty  carriers in the in -  
version layer. Using Eq. [1], Q (r is of the order of 

Q (Os) ~ N �9 LD [4] 

In  strong inversion layers the number  AN of excess 
minor i ty  carriers per un i t  area in  the surface space 
charge region is much larger than N �9 LD and Eq. [3] 
reduces to 

CG �9 VG : q(Nt(~bs) --AN) [5] 

S,i-nce the surface potential ts is a definite function of 
AN, the knowledge of AN and the parameters CG and VG 
allows the number Nt of surface states per unit area 
as a function of ts to be determined. The measurement 
of AN is done by applying an electric field parallel to 
the surface and observing the conductivity a of the 
minority carriers in the inversion layer. In the con- 
centric contact geometry used the conductivity a(~ -I) 
is given by 

2= 
_ - -  �9 AN �9 �9 q [6] 

In r l / r2 

where r l  and r2 are the outside and inside radii, re-  
spectively, of the active surface ( inversion layer  in  
Fig. 3) and ~s is the mobil i ty  in  the inversion tayer. The 
lat ter  was measured in the same a r rangement  by 
applying to the field plate a voltage pulse 6VG which is 
short compared to the relaxat ion t ime of the fast sur -  
face states. This means that  the surface state density 
remains  constant dur ing  the voltage pulse and the mo-  
bil i ty can be determined using Eq. [5] which fur ther  
simpiifies to 

6~ in  rl/r2 
CG'SVG=q'8(AN) : - - . - -  [7] 

In  this work the number  of surface states in equi l ib-  
r ium (Vc = 0) is of main  importance. This equation 
may be obtained by  combining Eq. [5] and [6] 

�9 in  rl/rg. 
[Nt] vG=0 -- [8] 

2 ~  �9 ~ s  " q 

The above formulas show that  a d-c field effect ex-  
per iment  and a pulsed field effect experiment  (for the 
measurement  of the mobil i ty)  are sufficient to deter-  
mine  the number  of surface states per uni t  area 
present. 

In  order to obtain the density of surface states per 
uni t  energy, it is necessary to know the relat ion be-  
tween the number  of minor i ty  carriers AN per uni t  
area in the inversion layer and the surface potential  
ts. Numerical  computations of this relat ion were car-  
ried out by Many et ak (5). Their  results show that  
when  the average concentrat ion of minor i ty  carriers in  
the surface invers ion Iayer AN/LD exceeds the net con- 
centrat ion of dopants N 

IVs[ -- [Ub[ ~ 2 �9 In 

where vs and ub are defined as 

AN 
[9] 

LD �9 N 

q q 
V s - - - - ~ s  and U b = ~ C b  

kT kT 
DoJ 
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where  r is the bulk potential.  The change in surface 
potential,  associated with an increase or decrease of 
the channel conductivi ty d~ (due to a change in the 
vol tage at the field plate dVG), becomes 

d (AN) d~ 
dvs ---- 2 --.-.= 2 [ 1 1 ]  

AN 

Usually the density of surface states is high enough 
such that  an increase in the voltage at the field plate 
dVc produces many more surface states than free 
carriers in the inversion layer  (cy. Eq. [4] dNt > >  
d (AN)). The contr ibution of the change in the number  
of free carriers d (AN) to the charge may therefore  be 
neglected and dNt is g iven by 

CG 
dNt = �9 dVG [12] 

q 

Subst i tut ing dE/kT  for dvs in Eq [11], E being energy 
in electron volts, the density of surface states per uni t  
energy becomes 

dNt CG dVG 
= [13] 

dE 2 . q . kT d~/~ 

It should be noted that  ne i ther  the carr ier  mobil i ty  nor 
the device geometry  is necessary to determine  the den-  
sity of surface states per unit energy. Equat ion [13] is 
valid as long as t h e  average concentrat ion of minor i ty  
carriers in the surface channel  AN/LD equals or exceeds 
the bulk dopant concentrat ion N and, in the present  ex-  
per imeta l  a r rangement  at 80~ if the surface state 
density is la rger  than 10 l~ cm -2 �9 eV -1. 

Exper imental  A r r a n g e m e n t  
Figure  3 shows the exper imenta l  arrangement .  The 

device consists of a circular disk of ~3  cm diameter  of 
p - type  Ge of high pur i ty  (N < 10 n cm -3) wi th  two 
concentric n-contacts.  (Devices from n- type  Ge with  
p-contacts  were  made as well.) 1 The concentric con- 
tact configuration eliminates any undesirable edge 
effects. Af ter  the chemical surface t rea tment  (lap, pol-  
ish, etch in 3:1 by volume of 70% HNOs and 40% HF 
with quench and rinse in doubly distil led water ) ,  a 0.01 
mm thick polyester  insulat ing disk and the field plate 
were  placed on top as shown in the figure. This device 
is essentially an n-channel  meta l - insu la tor -semicon-  
ductor (MIS) field effect transistor with an act ive sur-  
face area of about 2 cm 2. 

To measure the conductivi ty be tween  the center con- 
tact and the outside ("drain" and "source"),  a 60 Hz 
a-c voltage of 0.1-0.hV produced by a shielded trans-  
former  was applied and the current  was measured with  
a RMS ammeter .  A voltage of up to _300V could be 
applied to the field plate ("gate")  corresponding to an 
induced charge of up to 1012 electrons per cm 2. For the 
measurement  of the mobility, a 0.hV d-c voltage was 

To avoid the risk of contaminat ion of the material ,  l ow tem- 
perature processes were used to make  the contacts.  The  n-con- 
tacts  were made by diffusion of Li at 300~ the p-contacts by 
alloying with In at 300~ or by the  evaporat ion of a metal  surface 
barrier. 

Fig. 3. Experimental arrangement. 

applied across the channel and a voltage pulse of 15V 
to the gate. The increase in conductivi ty 5~ was ob- 
served with an oscilloscope ( terminated with  50~). 

Results 
Mobility.--Results of the measurement  of the mo- 

bil i ty are shown in Fig. 4. Plot ted is the ratio of the 
mobil i ty  ~s is the surface inversion layer  to the  bulk  
mobil i ty  ~b. The bulk mobili t ies were  taken as 3.6 • 104 
cm 2 " V -1 �9 sec -1 for electrons and 4.2 • 104 cm 2 �9 V -1 

sec -1 for holes (8). The horizontal  axis shows the 
"strength" of the surface channel given both as the 
number  of minor i ty  carr iers  per  unit  area divided by 
the  Debye length and the normalized excess surface 
potential  Iv~] -- lubl. This is the barr ier  height  in units 
of kT except  for an addit ive constant. The measure-  
ments were  made wi th  Ge of N ~ 5 • 1010 cm -a. The 
figure shows that  the stronger the surface channel gets 
the more  the mobil i ty is reduced. Schrieffer (9), and, 
later, other workers  (10-13) have predicted such an 
effect. They calculated the reduction in mobil i ty  due 
to the fact that  the carriers in the surface channel 
have to move in a potential  va l ley  of wid th  LD, which 
in more  highly doped samples is na r rower  than the 
thermal  mean free path. It should be ment ioned that  
Schrieffer 's  calculations assume completely diffuse 
scattering of the carriers at the surface and that  mea-  
surements  (14, 15) at higher  tempera tures  and with  
much more highly doped mater ia l  showed that  the 
theory  predicts too great  a reduct ion in mobi l i ty  
(which means that  the surface reflects the carriers in a 
par t ly  specular manner ) .  However ,  the measurements  
wi th  this high pur i ty  mater ia l  (where  the thermal  
mean free path is only about 1 ~m and the Debye length 
about 10 #m) show that the mobi l i ty  is even more re-  
duced than Schrieffer 's  theory  predicts. According to 
the theory, the three curves  in Fig. 4 should coincide. 
The measurements  wi th  mater ia l  of this pur i ty  show 
that  the mobil i ty  in the surface channel obviously de- 
pends strongly on the surface t reatment .  In addition to 
Schrieffer 's theory, another  mechanism must therefore  
be responsible for the observed strong reduction in 
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Fig. 4. Ratio of the mobility in the surface inversion layer,/~s, to the 
bulk mobility, /~b, as a function of the barrier height: a ~--- n-channel 
MIS transistor; b = the same sample as a but after the chemical 
surface treatment has been repeated; c ~ p-channel MIS transistor. 
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mobility. A possible explanat ion would be that  because 
of their  small  thermal  mean  free path the carriers are 
"trapped" in  the potential  wells created by local 
fluctuations in  the surface potential  and move along 
the surface, "hopping" from one of these wells to the 
next. Since the mobi l i ty  is strongly nonl inear  with the 
electric field, any such effect will  reduce it. In  addition, 
such a model could explain the dependence on the etch 
t rea tment  observed here and by other workers (15). A 
"hopping" model, s imilar  to that  described, has been 
proposed by Mott (16) and found to be adequate to 
describe low tempera ture  mobilit ies in  inversion layers 
of silicon MIS transistors (17, 18) and th in  amorphous 
ge rmanium films (19). 

Surface state density after the surface treatment.--  
Figure  5 shows the result  of the field effect exper iment  
on an  n -channe l  Ge sample of 5 X 101~ cm -3 dopant  
concentration, which was carried out as soon as possible 
after the chemical surface treatment .  As expected from 
Eq. [3], increasing gate voltage also increases the con- 
duct ivi ty  ~. However, as shown in Fig. 4, the stronger 
the inversion layer gets, the more the mobil i ty is re- 
duced. Hence the conduct ivi ty seems to approach a 
l imit ing value. The number  of electrons in the inversion 
layer, calculated according to Eq. [6] from the con- 
duct ivi ty and the mobil i ty (which were measured si- 
multaneously,  for this sample),  shows a l inear  de- 
pendence upon the gate voltage. This l inear  depen-  
dence suggests that  t h e  surface state density is very 
small  in  this sample and calculation using Eq. [5] 
shows that  in  fact the charge induced by the gate 
voltage equals the n u m b e r  of electrons in  the inver -  
sion layer  wi thin  the experimental  limits. The upper  
l imit  for the surface state density is therefore ,~10 TM 

cm -2 �9 eV -1. At zero gate voltage there are never the-  
less 5 X 109 cm -2 surface states present  which produce 
an n - type  surface. 

It should be ment ioned that  this part icular  sample 
showed the lowest observed density of surface states 
per uni t  energy. The surface condition just  after the 
surface t rea tment  depends upon the chemical surface 
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t rea tment  itself and the crystal mater ia l  used. A sur-  
face state density of 1018 cm -2 �9 eV -1 is often observed 
but  the position of the Fermi  level varies f rom sample 
to sample. 

Effect oy the dielectrics on the surface of Ge.--The 
effect of dielectrics on the surface of Ge has been in-  
vestigated by comparing the surface state density just  
after the chemical surface t rea tment  with the figures 
obtained after subsequent  coating with an evaporated 
layer  of 100-1000 nm thickness. To test the coatings for 
their  abil i ty to protect the Ge from adverse ambients,  
the coated devices were exposed to atmospheres of H2, 
wet N2, 02, dry N2, etc., for up to 100 hr. For these 
tests the devices were at room tempera ture  and were 
cooled to 80~ only for the measurements .  

The following dielectrics have been tested: SiO2, Si O, 
TiO2, polytetrafiuoroethylene (PTFE) ,  MgF2, A1203, 
and the glasses Cornlng 7740 and Schott 8329. Except 
for SiO which was evaporated from a subl imat ion 
source, all of the insulators were evaporated using an  
electron gun evaporator. The vacuum was usual ly  
,~ 10 -4 Pa except for the evaporat ion of PTFE which 
produces large amounts  of gaseous cracking products 
when "evaporated. ''2 

Considerable differences between the various dielec- 
trics have been observed with respect to their  effect on 
the electronic properties of the Ge surface. Some di-  
electrics react very strongly with the Ge surface (e.g., 
SiO and TiO2) while for others no interact ion could be 
detected (e.g., SiO2, A1203, etc.). An example of a 
strong interact ion is shown in  Fig. 6. The figure shows 
the characteristics of a p -channel  MIS transistor. The 
zero intercept  of the curves is proport ional  to the hum-  

T h e  " e v a p o r a t i o n "  of P T F E  w i t h  an  e l ec t ron  gun ,  according 
to de Wi lde  (20),  is m a i n l y  a c r a c k i n g  p rocess  of  t he  b u l k  mate- 
rial and  the  g a s e o u s  fract ions  repolymerize  under  the bombard- 
ment  of s t r a y  e l ec t rons  f rom the e lectron gun.  
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Fig. 5. Characteristics of an n-channel MI$ transistor: �9 = con- 
ductivity r and ~ = excess surface carrier concentration AN/LD 
as a function of gate voltage. 
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Fig. 6. Characteristics of a p-channel MIS transistor: �9 = after 
the manufacture; O = after evaporation of 100 nm of SiO; A = 
after H~ for 3 days; r-I _-- after wet N2 for another day. The nota- 
tions at each curve give the order of magniture of the conductiv- 
ity (~). 
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ber of surface states present  at a part icular  surface 
condition (cf. Eq. [8]) and the density of surface states 
per  un i t  energy is inversely proport ional  to the re la-  
t ive slope (d~/~)/dVG of the curves (cL Eq. [13]). Just  
after the chemical surface t rea tment  ( � 9  the device 
shows a weak inversion layer  with a low density of 
surface state s per uni t  energy. After  coating with an 
evaporated layer  of 100 nm of SiO ( O ) ,  the channel  
conductivity remains  at the noise level up to a gate 
voltage of --150V. The slight rise in the conductivity 
r for gate voltages larger than --150V indicates that the 
surface state density has become very high. However 
the very small channel  conductivi ty (,~ 10 -1~ ~ -1 )  
shows that  the number  of holes in  the inversion layer  
divided by the Debye length AN/LD is much smaller  
than the bu lk  dopant concentrat ion N (which was 5 • 
1010 cm -S for this sample) .  This means that  Eq. [13] is 
no longer valid and the  results plotted in  Fig. 6 can 
only be interpreted quali tatively.  It  may be seen that  
exposure to a H2 atmosphere for 3 days (A) and wet 
N2 atmosphere for another  day ([~) worsens the device 
but the conductivity is still very  low and is below the 
noise level at VG = 0. The si tuation has been found to 
be even more favorable with n -channe l  devices. Usu- 
ally after the evaporat ion of a coating of SiO, no con- 
ductivi ty can be detected and different ambients  do not 
change this characteristic. The exper iment  shows that 
the SiO layer  introduces a great number  of surface 
states at an energy level which is close enough to the 
intrinsic position of the Fermi  level to deplete the 
surface. 

By either the chemical surface t rea tment  or the in -  
fluence of the ambient  atmosphere before the evapora-  
t ion of the dielectric layer, it is, however, possible to 
produce surface channels which show a large enough 
surface state density that the n u m b e r  of surface states 
introduced by the coating dielectric cannot shift the 
Fermi level sufficiently to deplete the surface. Two 
examples of this are shown in Fig. 7. Characteristics of 
p-channel  devices are shown just  after manufac tur ing  
( � 9  and �9 ) and after having been coated with 100 nm 
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Fig. 7. Characteristics of two pnchannel MIS transistors: �9 
after the manufacture and 0 - -  after coating with 100 nm of SiO, 
and �9 ~ after the manufacture and [ ]  ~ after coating with 
100 nm of Ti02. 

of SiO ( O )  or TiO2 ([~). It  may be seen that nei ther  
of the two dielectrics used is able to cause the strong 
surface channels to disappear. 

The surface protection qualities of the dielectrics may 
be at t r ibuted to the total number  of surface states per 
uni t  area produced and their energetic position. This 
informat ion may  be obtained from the experiments 
described in Fig. 7. Table I gives the result  of these 
experiments  for all the dielectrics tr ied in  the course of 
this work. 

The table shows that  four dielectrics show interac-  
tions with the Ge surface that  are smaller  than the 
detection l imit  of the method outl ined above. Al though 
the field effect exper iment  is capable of detecting very 
small changes in the electronic properties of the Ge 
surface, it should be ment ioned that  the manipula t ions  
necessary to perform the exper iment  described in  Fig. 
7 introduce changes in  the surface due to the effect of 
the ambient  atmosphere the sample is exposed to. (To 
determine the figures given in  Table I, the sample has 
to be put in  the measur ing cryostat, evacuated and 
cooled, measured, warmed up and t ransferred in air  
into the evaporator, evacuated and coated with the di-  
electric, t ransferred back into the cryostat, evacuated, 
cooled, and measured again.) The ambient  atmosphere 
has been found to introduce typically about 1011 cm -2 
surface states which is therefore the lower l imit  of 
detection for the effect of the evaporated dielectric on 
the surface of Ge. 

Four  of the dielectrics tried show a pronounced in ter -  
action with the Ge surface. The two dielectrics SiO 
and TiO~ introduce their  surface states close enough 
to the intrinsic position of the Fermi  level to deplete 
the surface. (Due to the very low intr insic carrier con- 
centrat ion at 80~ the Fermi  level may deviate by as 
much as 36 kT (-= 0.24 eV) from its intr insic  position 
without producing an excess carrier  concentrat ion a t  
the surface ~-N/LD exceeding 1010 cm-3) .  

For the two glasses tried it  was found that  they in -  
troduce surface states close to or wi thin  the position of 
the valence band at the surface. This means that  re-  
gardless of the surface condit ion created by previous 
surface t reatments  the evaporation of one of these 
glasses leads to a more p- type  surface. 

Mechanism of interaction.--Theoretical calculations 
(21, 22) show that  real Ge surfaces such as the ones 
produced by the chemical surface t rea tment  used in the 
present  work should not show any nonlocalized surface 
states. This means that the dangling bonds of the Ge 
surface atoms are saturated with the bonds originating 
at the oxygen atoms of the nat ive surface oxide layer. 
Ideally, such a well-oxidized surface has no surface 
states. The Fermi  level at the surface has the same 
position as in the bulk  mater ia l  and the energy bands 
go horizontally right to the surface of the crystal ("flat- 
band condition").  If this oxide layer  is thick enough, 
it is an ideal surface protection in  the sense that  addi-  
t ional covering of the surface with any mater ia l  can- 
not produce surface states because the addit ional layer  
has no access to the bare  Ge surface and the oxide is 
thick enough to inhib i t  carrier exchange by tunnel ing,  
etc. The usual  method of protecting a real surface is, 
therefore, to grow a thick and good oxide. The surface 

Table I. Energetic position and number of surface states per unit 
area produced by the dielectric layers on real Ge surfaces 

Number  of  
surface  states  

Dielectric  produced per Energet ic  posit ion of  
materia l  unit area ( cm -r the  surface  states  

SiO 1014 
TiOs 1013 
Glass 7740 I01e-10 ~ 
Glass 8329 101s-10 m 
MgF2 "~10 I~ 
PTFE --10 n 
Al~Os ~:10 n 
SiO~ ~--10 n 

within  +__0.25 eV of the intrinsic 
posit ion of the  Fermi  l eve l  

within  the  va lance  band 
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states observed after the chemical surface t rea tment  
used in  this work are localized states. They originate at 
local imperfections (e.g., pinholes) in the oxide layer. 
The we l l -known  sensi t ivi ty of these Ge surfaces to 
changes in  the ambient  atmosphere may be due to addi-  
t ional states created at the pinholes in  the oxide. 

Two possible mechanisms of interact ion can explain 
the effect of the evaporated dielectric materials.  The 
relat ively large number  of surface states may either be 
produced by  an electronic interact ion of the coating 
mater ia l  through the oxide or else the surface states 
are produced at the pinholes of the oxide. To get some 
informat ion  which might  allow a dist inction between 
these two possible mechanisms, measurements  were 
made of the total n u m b e r  of surface states produced as 
a funct ion of the thickness of the nat ive Ge oxide layer. 

According to ellipsometric measurements  done by 
Baertsch (23), the chemical surface t rea tment  main ly  
used in  this work produces a Ge oxide layer  of about 
1.5 nm thickness. The same author has made measure-  
ments  on the subsequent  growth of the oxide layer  
when  the samples are exposed to laboratory air for 
periods between 1 hr and 50 days. MIS transistors with 
various nat ive  oxide thicknesses were made by oxidiz- 
ing the samples in air before a coating layer of 100 n m  
of SiO was applied. Figure  8 shows the total number  of 
surface states produced by the SiO layer  as a function 
of the thickness of the nat ive  Ge oxide using the results 
of Baertsch (23). 

Although the fur ther  growth of the nat ive  oxide 
layer  in  air is relat ively slow (it takes about three 
weeks to double the thickness of the oxide produced by 
the chemical surface t rea tment ) ,  the figure shows that  
the total n u m b e r  of states produced by the SiO layer 
decreases very rapidly with increasing oxide thickness. 
It may be seen that doubling the nat ive oxide layer  
thickness reduces the total number  of surface states 
produced by the coating dielectric by  about two orders 
of magnitude.  It  is unl ike ly  that  this thickness depend-  
ence is caused by an interact ion through the oxide be-  
cause (i) extrapolat ion to zero oxide thickness would 
lead to 1016-1017 cm -2 surface states which is ten  to 

~' i014 
i 

5 
W 

0 
D_ 

~ so" 

w r 

I012 

" '  i m 5 

TIME OF OXIDATION IN AIR(DAYS) 

0 l ~ ~ I P ~ 3 p l ~ 

21 , �9 I 

1 0 1 1  i l i ~ 
o .5 ,.o ,.5 2.0 2.5 3.0 3.5 

GE OXIDE THICKNESS (nm) 

Fig. 8. Total number of surface states produced by an evaporated 
layer of 100 nm of SiO as a function of the thickness of the native 
germanium oxide. The Ge oxide thickness was increased prior to 
the evaporaffon of the SiO layer by oxidizing the sample in air 
(300 ~ for the times indicated. 

one hundred  times higher than  the number  of Ge atoms 
per  uni t  surface area (101~ cm-~) ;  (ii) other chemical 
surface t reatments  which result  in  thicker oxide layers 
still lead to 101a-1014 cm -2 surface states if coated with 
one of the effective dielectrics shortly after the surface 
t rea tment ;  and (iii) since a direct overlap of the elec- 
t ron orbitals from the coating molecule with the or- 
bitals from the Ge atoms is unl ikely  because of the 
relat ively thick oxide layer  and because of the theo- 
retical considerations ment ioned above, an interact ion 
through the nat ive oxide would have to be an exchange 
of electrons through the oxide. In  such a mechanism 
the native oxide acts as a conductor between a layer  
containing the surface states and the Ge. A thicker 
oxide layer  thus leads to a longer t ime constant to 
reach the equi l ibr ium position of the Fermi  level at 
the surface, but  does not affect the total number  of 
surface States produced by an addit ional surface layer. 

It is, therefore, concluded that  the interact ion of the 
Ge and the evaporated dielectrics occurs at the p in-  
holes in the oxide produced dur ing the surface t reat-  
ment.  The reason for the decreasing number  of surface 
states produced if the sample is fur ther  oxidized is the 
decreasing n u m b e r  of pinholes in  the oxide. This agrees 
well with the observation that an "old" (uncoated) 
surface is much less sensitive to the influence of ad- 
verse ambients  than  a freshly etched one. 

Discussion and Conclusions 
The real surfaces investigated in the present  work 

are covered with an oxide layer  of 1-2 nm thickness. 
Nevertheless, it was found that evaporated layers of 
certain dielectric materials  produce up to 1014 cm -2 
surface states. These surface states are created at p in-  
holes in  the oxide film. For some of the dielectrics tried, 
the energetic position of the surface states is wi th in  
• 0.2 eV of the intr insic position of the Fermi  level. 
This means that, except for surfaces which are strongly 
p- or n - type  after the surface treatment ,  the evapora- 
tion of one of the effective dielectrics leads to a surface 
potential  which is lower than  the bulk  potential  of the 
crystal. Hence for devices which must  be depleted for 
successful operation (e.g., radiat ion detectors), there 
are no surface layers which cannot be depleted and, 
thus, window effects (2, 3) are greatly reduced. [The 
charge collection properties at the surface of these de- 
vices are degraded as long as there is a bending of the 
energy bands in either direction, but  the effect on the 
performance of the detectors is much worse when the 
surface layers cannot be depleted (24).] In  addition, it 
has been found that Ge surfaces coated with one of the 
effective dielectrics are much less sensitive to deterio- 
rat ion due to the influence of the ambient  atmosphere. 

It  might be interest ing to ment ion  that  s imilar ly pre-  
pared surfaces of mater ial  of comparable impur i ty  
concentrat ion have also been found (25) to show about 
1014 cm-2 surface states after the evaporat ion of differ- 
ent  metals. In  that  work the n u m b e r  of surface states 
was determined from the properties of Schottky bar-  
riers formed by the metals on the Ge surface. 

In conclusion, this paper has shown that the evapora-  
t ion of certain dielectric materials  provides a means of 
surface protection for those Ge devices which require 
a surface potential  as low as possible, 3 but  not for de- 
vices which require  a low density of surface states, 
e.g., field effect transistors. It  is however clear that  
none of the dielectrics tried provides a perfect surface 
protection in the sense that  it will  cause a surface 
channel  of any s trength to disappear and completely 
el iminate the effect of the ambient  atmosphere. 
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The electr ical  character is t ics  of semiconductor  de -  
vices are  p r i m a r i l y  de te rmined  by  the impur i t ies  in-  
corpora ted  into the body of the semiconductor and by 
their spatial distribution. Three basic methods are 
available to determine impurity profiles in semicon- 
ductors. The first is spreading resistance (1-3) which 
will give a complete profile on a small area, rapidly 
and to any depth. However, the equipment is expen- 
sive, calibration is difficult and variable, computer 
analysis for interpretation is usually necessary, and 
step sizes are normally larger than 5001k. The second 
method determines the profile from C-V measurements 
(4-6). A complete profile cannot usually be determined 
by this method since the distance over which the pro- 
file can be determined is limited by the avalanche 
breakdown of the semiconductor. The third method 
involves successive measurements following the re- 
moval of controlled amounts of the semiconductor. 
C-V measurements, radio-tracer counting (7, 8) or dif- 

Electrochemical Society Active Member. 
Key words: silicon, anodization, impurity profiling, sectioning. 

ferent ia l  sheet res i s t iv i ty  measurements  (7, 9) using 
ei ther  a four -poin t  probe (7, 10-12) or the  Hal l  effect 
(13, 14) can be pe r fo rmed  in conjunct ion wi th  the  sec- 
t ioning to de te rmine  the impur i t y  profile. 

Three basic techniques for sectioning exist:  mechani -  
cal gr inding (15), chemical  etching (16, 17), and oxi-  
dat ion fol lowed by  etching of the oxide. Remova l  by  
anodic oxidat ion is s t ra in  free, planar ,  reproducible ,  
p rac t ica l ly  independent  of dopant,  independent  of c rys-  
tal  orientation,  and causes insignificant impur i t y  red is -  
t r ibution.  Anodic oxidat ion can be carr ied out in a 
simple, inexpensive  cell wi thout  the necessi ty of any  
expensive facilities. I t  does, however ,  suffer the dis-  
advan tage  that  many  anodizat ions must  be car r ied  out 
to obtain the  profiles of th ick  layers.  In  comparison to 
other  methods,  the de te rmina t ion  of impur i ty  profi les  
by anodization, etching, and four -po in t  probe res is t iv-  
i ty measurements  is often very  at t ract ive.  

This paper  describes an invest igat ion of the var iables  
affecting anodic oxidat ion  and a simple, h ighly  accu- 
ra te  anodizat ion procedure  is outlined. 
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Electrolyte 
Nonaqueous solutions were selected for the anodiza-  

t ion of silicon because they allow higher forming 
voltages, cause less contamination,  and give denser 
oxides than the acid or borate solutions (7). Pure  
water (18) with a resist ivity in excess of 0.5 megohm- 
cm may be used but  the rate of oxide formation is 
much lower than that for nonaqueous electrolytes. 

Several nonaqueous solutions such as N-Methylacet-  
amide (NMA) (19, 20), te t rahydrofurfuryl  alcohol(21, 
22), and ethylene glycol (23-26) were evaluated. Ethy-  
lene glycol containing 0.04N KNO3 and small  amounts  
of water  was selected because it produced uni form and 
composit ionally reproducible oxides. In  addition, it has 
the advantages of low cost, high purity,  good electro- 
lyte solubility, and good s tabi l i ty  towards heat and 
electrolysis. 

For good anodizations this electrolytic solution must  
contain water. Duffek (23) suggests that 0.5-5% water  
by volume is opt imum since for higher concentrations 
the Si: O2 ratio becomes a funct ion of water  concentra-  
tion and thus the silicon removed is not s imply related 
to the measurements  of oxide thickness. Others (24, 26) 
have used up to 10% water  and the in terpre ta t ion of 
their  work where oxide measurements  are used to de- 
te rmine  silicon removed suffers from this difficulty. In  
this work 2.5% water  was used. Because ethylene gly- 
col is hydroscopic it is necessary, if the water concen- 
t rat ion is to be kept constant, to keep the solution in 
t ightly stoppered containers and to have samples dry  
before inser t ing them into the ce l l  

Dur ing  mult iple  runs in the same electrolytic solu- 
tion, the current  efficiency increased while the voltage 
at which oxide s tr ipping began decreased. Manara  
et al. (26) show that fluoride ions increase the current  
efficiency while Croset and Dieumegard (27) identified 
fluoride ions as the cause of the stripping. Croset and 
Dieumegard (27) suggest the addition of 1-2g of 
Al(NO3)3-9tt20 per l i ter to inhibi t  the effects of the 
fluoride ion. The effects of the addition of Al(NO3)8" 
9H~O were investigated. Electrolyte A did not contain 
A1 (NO3) 3" 9H~O while electrolyte B did. 

Two methods of anodization are possible. In  the first 
method a constant voltage is applied across the elec- 
trode and the current  is allowed to fall unt i l  a prede-  
te rmined value is reached. In  the second method a con- 
stant  current  is forced to flow between the electrodes 
and the voltage is allowed to rise unt i l  a preset value is 
reached. The constant  current  method was used in this 
work. In  constant current  anodization the thickness of 
the oxide is directly proport ional  to the net forming 
voltage provided no oxide str ipping occurs dur ing the 
anodization. The net  forming voltage or net  voltage is 
defined as the final cell voltage minus  the ini t ial  cell 
voltage for a clean sample at the start  of anodization. 

Apparatus 
A HP 6186B d-c current  source capable of del ivering 

up to 100 mA at voltages up to 300V was used to power 
the cell. An  enclosure was placed over the cell to 
e l iminate  ambient  light, and a projection lamp was 
used to provide uniform, controlled in tensi ty  of i l-  
lumina t ion  on the sample. A circular groove in the cell 
lid provided simple and accurate positioning of the 
electrodes with a 2.5 cm spacing in a s tandard 400 ml  
beaker. This beaker was placed in  a water bath which 
was used to control the operat ing temperature  and to 
act as a heat s ink to minimize the effects of the self- 
heating dur ing  anodization. A magnetic  st irrer  pro- 
vided the constant agitation and mixing necessary for 
reproducible and uni form anodization. The insert  cath- 
ode was composed of p la t inum mesh stretched over 
1/16 in. stainless steel frame for rigidity. The cathode 
had an area of 14.5 cm 2. With this mesh cathode, the 
anode sample surface was easily i l luminated  through 
the cathode and the cont inual  mixing  of the solution 
was not impeded. 

The sample holder of chemically inert  Teflon is 
shown in detail in  Fig. 1. The wafer was waxed to a 

Bakelite holder 

Sample Wafer 

Rubber'O' Ring 

Spring loaded _ _  
electrical contact 

Teflon Sample . 
Holder 

Nylon Screws 

_ _  Bakelite Mask 

 :lect 

Fig. 1. Anodization sample holder and sample mount 

thin Bakelite square, which was mounted and sealed 
on the anode structure by means of nylon screws and 
an O r ing as shown in  Fig. 1. A small Bakelite sheet 
was waxed to an area on the wafer surface to mask it 
from the anodization and provide a reference surface. 

Sample Preparation 
The silicon samples were degreased and r insed in  

runn ing  deionized water. They were then etched in 8% 
HF unt i l  wett ing ceased, r insed in  r unn i ng  deionized 
water, and blown dry. A 2000A thick a luminum layer 
was evaporated onto the back of the wafer to ensure 
good uniform electrical contact. 

The wafer was mounted by placing wax on the 
Bakelite support and heating it in an oven at about 
200~ unt i l  the molten wax formed a smooth layer  
about 1/16 in. thick. The sample was then pushed down 
into the molten wax until a uniform bead of wax 
formed around the entire edge of the sample. 

Anodization Technique 
Anodization was carried out in the 400 ml cell using 

325 ml  of solution. The power supply was set to the 
current  required to provide the desired current  density 
and anodization proceeded unt i l  the predetermined net 
forming voltage was reached. The sample holder was 
removed from the cell and rinsed in  r unn i ng  deionized 
water. The wafer surface was scrubbed l ightly dur ing  
the r inse to ensure complete removal  of the ethylene 
glycol. Any ethylene glycol residues prevent  uniform 
removal of the oxide. After the oxide removal  in 8% 
HF, the sample was rinsed in deionized water  and 
blown dry. Care was taken to insure that the holder 
was dry before reinsertion. 

Measurements of Silicon Removed 
Three methods were employed to accurately mea-  

sure the thickness of silicon removed dur ing  anodiza- 
tion. 

An interference angstrometer  employing a sodium 
monochromatic light source was used throughout  the 
experiments to measure both the thickness of silicon 
removed and the anodic oxide thickness. The method 
was as follows. An area of the sample surface was 
masked against the anodization as shown in Fig. 1. 
After a number  of anodizations, the sample was re-  
moved from the Bakelite holder and cleaned. Par t  of 
the area covered with anodic oxide was masked by 
Apiezon wax and the rest was removed. The sample 
was then cleaned and 500A of a luminum was evap- 
orated onto the surface to improve the refiectivity. The 
interference pa t te rn  from the surface was photo- 
graphed and a t ravel l ing microscope was used to 
measure the step heights from the interference pat-  
terns. Measurements of these steps gave thickness val-  
ues for both silicon removed and anodic oxide formed. 
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Fig. 2. Typical anodization cell voltage curves for (1) electrolyte 
B and the first two runs of electrolyte A and for (2) subsequent runs 
of electrolyte A showing oxide stripping above ]25V. 

Single readings by this technique were accurate to 
• 

The anodic oxide thickness was also measured by 
ell ipsometry (30). Because it was not necessary to 
remove the sample from the Bakelite mount  for this 
measurement ,  it was used extensively to monitor  the 
reproducibil i ty of anodization from run  to run. Oxide 
thickness measurements  from the angstrometer  agreed 
with those from the ell ipsometer to wi thin  •  based 
on a value of 1.46 assumed for the refractive index of 
the anodized oxide films. Because the refractive index 
of anodic oxides does depend on the electrolyte, this 
value may not apply for other electrolytes. Ellipsome- 
t ry  measurements  of the oxide thickness from r un  to 
r un  agreed to wi thin  •  which was the probable 
deviation of the oxide thickness formed dur ing  mul t i -  
ple anodizations. 

The silicon removed was determined from the change 
in  weight after a predetermined number  of anodiza- 
tions. In  order to obtain an accuracy of •  a large 
number  of anodizations was necessary so this method 
was only employed dur ing profiling. The results ob- 
tained agreed within  5% with those obtained from the 
interference measurements .  
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Fig. 3. Net forming voltage vs. total charge passed through the 
cell per unit sample area for various current densities. 

Exper imental  Results 
The cell voltage as a funct ion of the dura t ion of t h e  

anodization is shown in Fig. 2 for a number  of runs  of 
both electrolyte A and electrolyte B which contained 
Al(NO3)s-9H20. The first two runs for electrolyte A 
and all runs for B cont inue without in te r rup t ion  to the 
max imum voltage as shown in curve 1. All of the other 
runs for electrolyte A have discontinuit ies arising from 
a str ipping of the oxide as shown in curve 2. The first 
discontinuity occurred repeatedly at about 125V cor- 
responding to a net  ~orming voltage, VN, of 100V. 
Where anodizations using electrolyte A were t e rmin-  
ated at a net  forming voltage of 90V, str ipping of 
the oxide was avoided. Str ipping is undesirable  because 
it causes surface roughness and errors in the silicon 
removed. 

The amount  of silicon removed by anodization and 
etching was found to be independent  of the current  
density in  the range 2-8 m A / c m  2 and directly depen-  
dent  on the net forming voltage (see Table I).  Figure 3 
shows the net  forming voltage vs. the total charge per 
uni t  area for electrolyte A anodizations. The increase 
in current  efficiency with increasing current  density 
previously reported by Schmidt (19) is clearly evi- 
dent. Because of the higher cur ren t  efficiency and the 

Table I. Anodization results showing the effects of current density, net forming voltage, temperature and type and resistivity of silicon and 
the averages for optical and ellipsometric measurements and for weight measurements 

E l e c t r o l y t e  Current  dens i ty  N e t  volt-  N u m b e r  o f  Si l icon r e m o v e d  
Sample type* type Temp. (~ (mA/cm ~) age (V) anodizat ions  (A/V) 

3 A 24 2 90 16 2.19 "~ 
3 A 24 5 90 16 2.13 ~ 2.20 avg 
3 A 24 8 90 32 2.24 J 
4 A 24 8 90 8 2.23 7 
4 A 24 8 135 2 2.30 | 
4 A 24 8 180 1 2.42 | 
4 A 24 8 223 1 2.32 ~ 2.33 avg 
3 B 3 8 260 16 2.35 [ 
4 A 24 8 270 1 2.41 | 
3 B 3 8 280 8 2.36 ) 
1-4 A,  B 3 8 90-280 60 2.23 "1 
1 4  A 24 8 90 60 2.22 ~" 2.19 avg 
1-4 A 50 8 90 39 2.09 J 

1 (1 ~-cm n)  A 3-50 8 90 29 2.08 "~ 
2 (10 ~-cm p) A 3-50 8 90 30 2 . 2 2 |  
3 (p* d i f fus ion)  A 3-50 2-8 90 84 2.18 ~ 2,18 avg 
4 (n+ d i f fus ion)  A 3-50 8 90 24 2.14 / 
3 (p+ d i f fus ion)  B 3 8 260-280 24 2.35 J 
T o t a l  op t i ca l  a n d  e l l i p some t r i c  measurement s  

1-4 A, B 3-50 2-8 90-280 197 2.19 
Total  w e i g h t  m e a s u r e m e n t s  

3, 4 A 3 8 90 368 2.21 

* Samples :  1 = 1 0-era n-type;  2 = 10 fl-cm p-type;  3 = 1 ~ -cm n- type  w a f e r  w i t h  170 O/D, 3;~ deep  p+ diffusion; 4 = 10 0 -cm p-type  
w a f e r  w i t h  3.6 ~/17, 3~ deep  n+ diffusion. 
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shorter anodization time, the 8 mA/cm2 current  densi ty 
was used in  subsequent  anodizations. 

From Fig. 2 it is clear that  the cell voltage at the 
start  of an anodization is not zero. The ini t ial  voltage, 
Vi, arises pr imar i ly  from the resist ivity of the electro- 
lyte solution. Thus 

JAped 
Vl : IR : ~ [1] 

A" 

Measurements  confirmed that  the ini t ial  voltage was a 
l inear  funct ion of the current  density, J; the separation 
between the anode and the cathode, d; and the resist iv- 
i ty of the solution, pe. However, they indicated that  it 
was a weaker  funct ion of the sample area, A. This 
weaker  dependence on A is due to the fact that  A', the 
effective cross-sectional area for the electrolyte solu- 
tion, is also a funct ion of the silicon anode area, A. 
No change in  Vi was detected when  changing from 
electrolyte A to B. 

The tempera ture  at which the anodization takes 
place affects a number  of variables. The viscosity of 
the solution and thus its resist ivity increase as the 
temperature  decreases. This results in  higher values 
of the ini t ial  voltage, Vi, and in  less efficient mixing of 
the solution. However, as the tempera ture  of the solu- 
tion is increased, the adhesion of the wax is reduced 
and creep of the electrolyte along the wafer -wax in te r -  
face results in part ial  anodization of the wafer back. 
For these reasons, a tempera ture  between 15 and 20~ 
is considered desirable and can be easily realized by 
means of a flowing water  bath to carry the excess heat 
from the anodization cell. As shown in  Table I, the 
amount  of silicon removed per volt of net  anodization 
voltage was essentially independent  of tempera ture  in  
the range 3~176 

Figure 3 shows a decrease in  the t ime necessary to 
reach a fixed net  forming voltage wi th  increasing 
n u m b e r  of runs  for electrolyte A. Electrolyte B con- 
ta in ing  A1 (NO3) 8" 9H20 did not  exhibi t  this increasing 
current  efficiency with the number  of anodizations. 
Furthermore,  for electrolyte B, the str ipping and con- 
sequent surface roughness observed after the occur- 
rence of s tr ipping in  electrolyte A did not occur up to 
the 320V l imit  of the power supply. These results sup- 
port the work of Croset and Dieumegard (27) who 
identified the presence of fluorine in  the electrolyte as 
the cause of oxide stripping. 

Table I also gives results indicat ing that  the amount  
of silicon removed per volt of net  anodization voltage 
is essential ly independent  of both the type and resist iv- 
ity of silicon for n ~ 1020 cm -3 and p ~ 3 • 10 TM cm -8. 
This agrees with the work of Manara  et al. (26) who 
reported no dependence for p- type  mater ial  and about 
a 10% decrease in  silicon removal  for 0.0001 ~ - c m  (n 
~- 1022 cm-~) n - type  silicon anodized to a net  voltage 
of 100V. For high resist ivity silicon, metal l izat ion of 
the wafer backs is essential for uniform anodization. 

Two ra te- l imi t ing  processes for n - type  mater ial  are 
shown in Fig. 4. The ini t ial  rapid growth for the n - type  
mater ia l  in  the dark was also observed by  Schmidt and 
Michel (19). This effect is due to a field in  the silicon 
surface arising because of the depletion of electrons 
and the lack of holes. This field reduces the energy 
required to remove a silicon atom from the surface and 
therefore increases the anodic current  efficiency. I l lu-  
minat ion  increases the hole concentrat ion and reduces 
the field. Regardless of the rate of reaction, the same 
amount  of silicon is removed for the same value of 
net  forming voltage. Above the dashed line in Fig. 4 
the effect of i l luminat ion  disappears and the slopes of 
the curves, which are the rates of reaction, are approx-  
imately the same. In this region a different ra te - l imi t -  
ing process controls the reaction. The thickness of the 
oxide at which this rate l imita t ion begins is 250A, dif- 
fering from the 400A found by Schmidt  and Michel 
(19). To avoid variations in ini t ial  conditions, sufficient 
i l luminat ion  should be provided to ensure that  the 
s tar t ing voltage is minimum.  
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Fig. 4. Anodization voltage behavior for 1 ~-cm n-type silicon 

with and without illumination. 

Five samples were profiled by anodization and etch- 
ing and the average thickness of silicon removed was 
determined by weight difference to be 2.21 A/V with 

---- 0.06 A/V in  excellent agreement  with 2.19 A/V 
with v -- 0.13 A/V determined by the angstrometer.  
The much smaller deviat ion in  the weight difference is 
due to the fact that  each measurement  is an  average 
of a large number  of anodizations. 

Profiling 
As an example of the use of this method of section- 

ing, the impur i ty  profiles for n + and p+ diffused layers 
were determined by differential sheet resist ivity mea-  
surements  employing a four -po in t  probe. 

The NBS "Tentat ive Method of Test for Resistivity 
of Silicon Slices by Four -Po in t  Probes" (10) was used 
except that  the wafer was left on the sample holder 
rather  than being placed on a heat sink. Plots of sheet 
resistivity, ps(X), per anodization are presented in  Fig. 
5 and 6. 

Convert ing this data into an impur i ty  profile is a 
two-stage process. First, the differential sheet resistiv- 
ity, pd(X) must  be calculated. T a n n e n b a u m  (7) pro- 
poses 

pd(X) = [d (1 /ps (X) ) /dx] -Z  [2] 

while Evans and Donovan (9) modified it to 

pd(X) = 0.4343 ps(x ) /d  log [ps(x)]dx [3] 

When an analyt ic  expression is calculated to fit ps(X), 
the results are the same for either method. In  this case 
a polynomial  

log [ps (s) ] = ao + azs + a2s 2 .-~ a3s 3 [4] 

was fitted to the sheet resist ivity data where s was the 
number  of anodizations. The sublayer  resistivity was 
related to the impur i ty  concentrat ion by I rwin 's  curves 
(21) and the resul t ing impur i ty  profiles are also shown 
in Fig. 5 and 6. 

The shapes of these profiles agree with the results 
reported by others (32-34). In particular,  the redistr i-  
but ion of the boron due to out-diffusion during the 
drive diffusion is in excellent agreement  with the work 
of Kato and Nishi (33). 

This method of sectioning has also been used suc- 
cessfully with the Hall effect as the measurement  in  
the profiling of thin epitaxial  mul t i layer  structures 
(35). 
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Conclusions 
Anodic oxidat ion  followed by  etching of the  oxide is 

a successful means  of sectioning silicon. Constant  cur -  
rent  anodizat ion was used with an e lect rolyte  solution 
of e thylene glycol with 0.04N KNO3, 2.5% water,  and 
1-2 g / l i t e r  of Al(NO3)3-9H20. T o  insure  reproducib le  
results,  the  back of the wafer  must  be meta l l ized  for  
high res is t iv i ty  samples, the  e lectrolyt ic  solution must  
be agitated, and the wafer  surface must  be i l luminated.  
The amount  of silicon removed was independent  of t h e  
current  densi ty  be tween 2 and 8 m A / c m  2, the t empera -  
ture be tween 3 ~ and 50~ and the type  and res is t ivi ty  
of the silicon up to concentrat ions of 1020 cm-~. The 
oxide formed was un i form and reproducib le  with an 
average Si: SiO2 thickness ra t io  of 0.44 __+ 0.04 in excel -  
lent  agreement  wi th  the accepted value  of 0.44 for 
thermal  oxides. The thickness of silicon removed was 
found to be a l inear  function of the net  forming vo l t -  
age with a p ropor t iona l i ty  constant  of 2.20 A / V  having 

a s tandard  devia t ion  of 0.13 A/V.  A n y  vol tage depen-  
dence of sil icon remova l  for net  vol tages up to 280V 
was not significant and was less than  prev ious ly  r e -  
por ted  (26). 

Both the  increasing cur ren t  efficiency and the oxide 
s t r ipping wi th  the number  of runs  were  due to the 
fluoride ion :and were  e l imina ted  b y  the addi t ion  of 
Al(NO3)a '9H20.  Af te r  s tudying  the t empera tu re  de-  
pendence of the different  parameters ,  pa r t i cu la r ly  
e lect rolyte  creep along the w a f e r - w a x  interface,  i t  was 
de te rmined  that  a t empera tu re  be tween  15 ~ and 20~ 
(which can be easi ly real ized b y  means  of a flowing 
wa te r  bath)  is optimal.  

This sectioning technique combined wi th  different ia l  
sheet res is t iv i ty  measurements  forms an excellent,  in-  
expensive,  uncomplicated means  of profil ing silicon. 
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New Flash Evaporation Method Improves 
Film Preparation 

N. S. Platakis 

IBM Corporation, San Jose, California 95193 

and H. C. Gatos* 

Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02193 

A n e w  f l a s h  evapora t ion  method  has been  d e v e l o p e d  

which e l iminates  the m a j o r  d i sadvantages  of conven-  
t ional  flash evapora t ion  and permi t s  the  p repa ra t ion  of 
films which a re  signif icantly improved  in s t ruc tura l  and 
chemical  homogenei ty .  This new method  is res t r ic ted  
to congruent ly  mel t ing  mate r i a l s  wi th  mel t ing points  
be low the quar tz  softening t e m p e r a t u r e  when  the ap -  
pa ra tus  is made  of quartz.  

Melt ing in  an open boat, chemical  vapor  deposit ion,  
sput ter ing,  and flash evapora t ion  are  most commonly  
used in the  p repa ra t ion  of films. Each of them has i ts 
advantages  and d isadvantages  (1);  the  choice lies 
heav i ly  on the character is t ics  of the  ma te r i a l  to be  
evapora ted .  F l a sh  evapora t ion  is pa r t i cu la r ly  sui table  
for r e l a t ive ly  low mel t ing  mater ia l s  whose const i tuents  
exhib i t  large  differences in thei r  vapor  pressure.  In  the  
no rma l  method of flash evapora t ion  (2), powder  of the  
ma te r i a l  to be evapora ted  is fed into a furnace  which  
is p rehea ted  to a t e m p e r a t u r e  severa l  hundred  degrees 
above  the mel t ing  point  of the  mater ia l ;  the  powder  
melts,  vaporizes  ins tantaneously,  and is deposi ted onto 
the  des i red  substrate .  The ma in  problems  wi th  this  
method  are  (i) the  feeding ra te  of the powder  and 
thus  the  evapora t ion  ra te  (an impor tan t  p a r a m e t e r  in 
achieving chemical  and s t ruc tura l  homogenei ty)  is 
i n t e rmi t t en t  and in some cases also inconsistent  and 
(ii) a mol ten  phase  is occasional ly accumulated  in the 
furnace  due to surcharges  of powder  which leads to 
f rac t ional  vapor iza t ion  and thus to phase  separa t ion  in 
the  film. 

The flash evapora t ion  method repor ted  here  essen- 
t ia l ly  e l iminates  the  above problems.  The method is 
schemat ica l ly  i l lus t ra ted  in Fig. 1. The mate r i a l  to be 
vapor ized  is sealed off under  vacuum in a quar tz  ampul  
one end of which  is d rawn  to a cap i l la ry  tube;  the  t ip 
of the  cap i l l a ry  tube  is then b roken  and the ampul  
containing the ma te r i a l  is posi t ioned as shown in Fig. 1. 
Cur ren t  is passed th rough  coil A to a t ta in  the  desired 
high t e m p e r a t u r e  (see Table  I) and when it  is s tab i l -  
ized, Power  is appl ied  to coil B to mel t  the  mater ia l .  
Due to the  vapor  pressure  in the ampul,  the  mol ten  
mate r i a l  flows th rough  the capi l la ry  into the  space 
hea ted  by  coil A where  i t  vaporizes  ins tantaneously.  
The vapor  emerges  f rom the other  end of the  quar tz  
U tube to be deposi ted on the substrate.  The flow of the  
mol ten  ma te r i a l  is control led  by  the vapor  pressure  
above  the mel t  which in tu rn  is control led  by  the t em-  
pe ra tu re  of the  ampul ;  this t e m p e r a t u r e  is moni tored  
by  a thermocouple  placed near  the ampul.  In  this way, 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  v a c u u m  d e p o s i t i o n ,  f i lm c o m p o s i t i o n ,  h o m o g e n e i t y ,  

a l l oys .  

Fig. 1. The new flash evaporation method 

continuous inject ion or d r o p - b y - d r o p  feeding can be 
at tained.  Thus, vapor iza t ion  can take  place e i ther  only  
at the t ip of the capi l la ry  (which is cont inuously fed)  
or af ter  the  drop leaves the  cap i l l a ry  but  before  i t  
reaches the wal ls  of the  hea ted  quar tz  tube. A smal l  
opening in the  mo lybdenum heat  shield permi t s  ob-  
servat ion  of the ma te r i a l  flow at the  t ip of the  capi l -  
lary.  Cover C prevents  the escape of vapors  f rom tha t  
end and the quar tz  tube  i tself  p revents  contaminat ion  
f rom the mo lybdenum heat ing  coils. A set of buffers 
(D) prevents  drops of mol ten  mater ia l ,  fo rmed  ac-  

Table I 

M e l t i n g  TI* T2* �9 
M a t e r i a l  p o i n t  (~ (~ (oc) 

x = 0 As2Se3 370 ----- 2 400 620 
x = 0.2 0.8 As~Se3 - 0.2 Sb~Se3 391 - -  5 530 661 
x = 0.4 0.6 As~Se~ �9 0.4 Sb2Se~ 461 • 5 506 736 
x = 0.6 0.4 A s ~ S ~  . 0.6 Sb2Se3 526 ~ 5 576 806 
x = 0.8 0.2 As~Se~ �9 0.8 Sb~Se3 574 • 5 628 858 
x = I Sb~Se~ 612 • 2 670 900 

* T e m p e r a t u r e  o f  t h e  m e l t  in  t h e  a m p u l  ( c o i l  B ) .  
** T e m p e r a t u r e  o f  c h a m b e r  w h e r e  t h e  m e l t  e v a p o r a t e s  ( c o i l  A ) .  
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cidentally, from escaping through the high tempera ture  
region. 

Thus, the basic features that dist inguish the new 
method from the conventional  one are (i) the mater ia l  
is stored and homogenized in the mol ten state (in the 
ampul)  without being subjected to vaporization except 
through a capil lary tip, and (ii) the mol ten mater ial  is 
injected for vaporization by its own vapor pressure 
which is constant at a given precisely controlled tem- 
perature. 

The present  method (using a U quartz tube 1 cm in  
diameter  and 9 cm in  height) was successfully applied 
to the preparat ion of films of a number  of materials  
including the system (1 -- x)AsaSe3 �9 xSb2Se~. Prior to 
evaporation, the pressure in  the bell j a r  was brought  
down to 10 -7 Torr. However, dur ing evaporation the 
vacuum in the chamber dropped to the 10-2 Tor t  range. 
The ampul  and evaporat ion chamber t empera tures  in 
actual work with alloys (1 - -  x)As2Se3 �9 xSb2Ses, which 
were deposited on quartz wafers, are given in Table I. 
X- ray  analysis of such films by scanning electron 
microscope, whose beam diameter  and sensit ivi ty were 
~30OA and a few hundred  parts per million, respec- 
tively, showed no difference in  chemical composition 
between the feed mater ia l  and the prepared films. 
Furthermore,  no var iat ion in  composition was detected 
wi th in  the 20 ~m thick films. The physical characteris- 
tics of these films, including electrical conductivity, 
were also highly reproducible. 

In  contrast, films prepared by the conventional  flash 
evaporation methods and under  the same temperature  
and vaporization rate conditions were at least 5% 
richer in  As2Se3 than  the feed material .  This analysis 
was performed on a flat edge of the film which was ob- 
tained by cleaving a th in  Si wafer  on which the 20 #m 
thick film had been deposited. The electron beam was 
focused on a number  of points along the thickness of 
the film and the in tensi ty  of x - rays  was recorded using 
an energy-dispersive x - r a y  detector. The A s I ~  and 
SbL= intensities from each of these points were com- 
pared to those obtained from a series of homogeneous 
s tandard (specimens of known  compositions) which 
included a specimen with the composition of the bu lk  
materials  used to prepare the film. 

Manuscript  submit ted March 22, 1976; revised m a n u -  
script received Apri l  30, 1976. 

Any discussion of this paper will appear in  a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 
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Determination of Reactant Gas Concentration by Quadrupole 
Mass Analyzer during PSG Film Formation Using 

Organic Compounds 
Takeo Yoshimi,  Hideo Sakai,  and Katsuro Sugawara*  

Hitachi, Limited, Semiconductor and Integrated Circuits Division, Kodaira, Tokyo, Japan 

Gas analysis in  CVD (chemical vapor deposition) 
reactions is essential, both to investigate the reaction 
mechanism and to control the film thickness and the 
composition precisely. In  general, reactant  gases have 
been analyzed by infrared absorption in SiH4-O2, 
SiH4-N20, and SiH4-CO2-H2 reactions (1) and in SiH4- 
PH3-O2 reaction (2, 3), quadrupole mass analysis for 
gas present under  vacuum (4) and in molecular  beam 
epitaxy of GaA1As superlatt ice (5), t ime-of-fl ight mass 
analysis in GaAsxPt-~ (6), GaN (7), Inl-~GaxAs (8, 9) 
and SiH2C12-H2, SiHCI3-H2, SiC14-H2 (10, 11) CVD re-  
actions, and Raman scattering in  Sill4 decomposition 
and SiH4-NH3 reactions (12). 

In a previous paper (13), phosphosilicate glass 
(PSG) films using organic compounds~ Si(OC2Hs)4 and 
PO(OCH3)~, were formed under  reduced pressure, to 
improve film thickness uni formi ty  and step coverage 
over a silicon substrate. In this evacuated system, quan-  
t i tative determinat ion of the organic sources was diffi- 
cult, due to the small amount  of source evaporation and 
to measurement  under  vacuum. In  the present  study, 
de terminat ion was at tempted by the infrared absorp- 
tion and the quadrupole mass analyses. The gas con- 
centrat ion could not be measured by the former 
method, because of its poor sensit ivity to the small 
amount  of organic compounds. Therefore the quadru-  
pole mass analyzer  which had a high sensit ivity and 

�9 Electrochemical  Society  Act ive  Member.  
Key words: Si(OC_-H~)4-PO(OCH~)~ reaction,  correlat ion of gas- 

and solid-phosphorus concentration, quantitative determinat ion  of  
phosphorus concentration.  

was well suited to the evacuated system was used. This 
note describes reactant  gas analysis using the mass 
analyzer, with regard to the quant i ta t ive  determinat ion 
of the reactant  gases and the correlation between the 
phosphorus concentrat ion in  the gas phase and that  in  
the solid film. 

The PSG film was formed in  a resistance-heated 
furnace at reduced pressure, as shown in  Fig. 1. The 
quartz reaction tube was 9 cm ID, 180 cm long, and 
its hot zone was 80 cm long. In  principle, this reaction 

RECORDER 

MASS ANALYSIS 
SYSTEM 

PIRANI|oI GAUGE 

MASS I~  I l 
ANALYZER I I I I I I ]  I TRAP 

VALVE 

I I 
L REACTION FURNACE 

ROTARY PUMP 

N2 02 PO(OCH3) $ N z Si(0C2H5)4 
EVAPORATOR EVAPORATOR 

Fig. 1. Schematic diagram of the PSG film deposition reactor. A 
quadrupole mass anMyzer was attached to it to determine the con- 
centration of the reactant gases at reduced pressure. 
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system was based on the same method that  had been 
used in LTP (low tempera ture  passivation) (14, 15) in 
which only one component of Si(OC2H~)4 was for 
LTP SiO2 film formation. However, two components 
(16), Si(OC2H5)4 and PO(OCH3)8, were used for the 
PSG film deposition in  this exper iment ;  the pur i ty  of 
both materials was 99.999%. The typical deposition 
tempera ture  and pressure were 740~ and 3 Torr, re-  
spectively. The phosphorus doping concentrat ion and 
the deposition rate were investigated. The concentra-  
t ion of the silicon and phosphorus compounds in the 
reaction gas was monitored dur ing  the deposition by 
the quadrupole  mass analyzer, UTI 100C. The phos- 
phorus concentrat ion in  the solid film was determined 
by the x - r ay  fluorescence method. The PSG film on 
the silicon substrate  was par t ia l ly  removed by  etching 
and the film thickness was measured with a Talystep. 

Figure 2 shows the mass spectrum pat terns  of 
Si(OC2H5)4 + PO(OCH~)~. Typical spectra, m / e  : 107 
for Si(OC2H~)4 and m/e  = 110 for PO(OCHs)3, were 
selected for the de terminat ion  of each concentrat ion;  
these two spectra were adjacent  to, but  did not in ter -  
fere wi th  each other. Ionized decomposition species of 
the Si(OC2H5)4 and PO(OCHs)3 compounds, SiO3- 
OCH3 + for m / e  : 107 and PO(OCH3)O2 + for m / e  : 
110, are supposed identifications of the mass numbers .  
The concentrat ion of the reactant  gases was quant i ta -  
t ively acquired by correlat ion be tween the peak height 
and flow rate of the organic sources. Figure  3 shows the 
relat ionship between the spectrum peak height ratio 
of Si(OC2H~)4 and PO(OCI-I~)a in the reactant  gases 
and the phosphorus concentrat ion in  the PSG films. 
This indicates that  the measurement  of the spectrum 
peak height by the quadrupole mass analyzer  can be 
used to monitor  the phosphorus concentration, even in a 
system with small  amounts  of the organic compounds, 
dur ing  the deposition reaction. 

The concentrat ion of the reactant  gases was analyzed 
at various reaction temperatures.  The abrupt  decrease 
of both peak heights above 700~ in  Fig. 4 demonstrates 
the promotion of the reaction in this tempera ture  range. 
In  the low tempera ture  range be tween 400 ~ and 600~ 
no deposition of the PSG film on the silicon substrate 
was observed and inlet  and outlet gas concentrations 
showed the same value. Therefore, taking 740~ for 
instance, the concentrat ion of the Si(OC2H5)4 com- 
pound and that  of the PO(OCHz)~ at the outlet de- 
creased to ,~1/100 and ...z~ of the init ial  in le t  concen- 
tration, respectively, as shown in this figure. Then, 
the deposition rate and phosphorus concentrat ion were 

measured at temperatures  between 650 ~ and 850~ The 
former showed a tendency of inc rease -max imum-de-  
crease with an  increase in  reaction tempera ture  as i n  
Fig. 5. From 650 ~ to 780~ the behavior was surface- 
reaction l imited (Eact : 36 kca l /mole) ;  above 780~ 
diffusion limited. Above 800~ the behavior  was con- 
sistent with that expected due to homogeneous nuclea-  
t ion region (17). With high supersaturat ion and ex- 
cessive heating of the reactant  gases, precipitat ion of 
the reaction products can occur, causing a reduction of 
the deposition rate on. the substrate. The deposition rate 
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had a tendency s imi lar  to the  reac t iv i ty  of the  silicon 
compound except  for the homogeneous nucleat ion 
above 800~ shown in Fig. 5. The t empera tu re  depen-  
dence of the phosphorus concentrat ion in Fig. 5, de-  
c rease-min imum-increase ,  may  be expla ined  by the  

rat io of these two peak  heights, dependence  of the  P 
compound was smal ler  than  that  of the Si compound as 
shown in Fig. 4, and by  the considerat ion of the homo-  
geneous nucleation.  

Using Si(OC2H5)4 and PO(OCH~)3 organic com- 
pounds, PSG film was deposi ted at  740~ and 3 Tort .  
In  this react ion system, the  concentrat ion of the  re-  
actant  gases was de te rmined  by  the quadrupole  mass 
analyzer,  and the corre la t ion  be tween  the phosporus 
concentra t ion in the gas phase and that  in the  solid film 
was quan t i t a t ive ly  clarified. By using the analyzer ,  cor-  
re la t ion was inves t iga ted  be tween  the t empera tu re  de-  
pendence of reac t iv i ty  in the gaseous concentrat ion 
and tha t  of the  film deposi t ion ra te  and fi lm phosphorus  
concentration.  
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Annealing of Ion-Implanted GaAs in a Controlled Atmosphere 
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Implanta t ion is considered to be an attractive al ter-  
nat ive to diffusion for the creation of thin heavily 
doped n - type  regions in  GaAs (1-15). We have util ized 
ion implanta t ion  to fabricate high-low READ GaAs 
IMPATT diodes (6) and s ta te-of- the-ar t  Ka -band  
GaAs G u n n  effect diodes (7). However, the results re-  
ported to date indicate that, in general, the doping 
efficiencies of the n - type  implanted species are low 
unless long anneal ing periods are used. Lengthy an-  
neal ing times are unat t rac t ive  because diffusion tends to 
excessively broaden the impur i ty  doping gradients and 
thus impair  device performance. Even for short anneal  
times wi th in  the range of commonly used anneal ing 
temperatures,  700~176 it is necessary to take special 
precautions to minimize erosion of the GaAs surfaces. 
A variety of approaches have been used. These include 
sealing the GaAs both with and without  a dielectric 
encapsulant  in evacuated quartz ampuls prior to an-  
neal ing (4, 8). The encapsulants have included SiO2 
(3, 4, 6, 9), Si3N4 (8, 9), A12Oa (11, 12), and Ga-doped 
S i Q  (13, 14). However various problems associated 
with uncontrol led contaminat ion and interdiffusion at 
the encapsulant-GaAs interface have been noted (15). 

This paper describes the results of subst i tut ing a con- 
trolled atmosphere for the dielectric encapsulant  to 
protect the GaAs surface dur ing  high tempera ture  an-  
neals. Epitaxial  materials technology has demonstrated 
that polished substrates can be main ta ined  at elevated 
temperature  with minimal  surface degradation in a 
flowing high pur i ty  hydrogen atmosphere. Taking ad- 
vantage of this experience, an anneal  system was de- 
signed which utilizes a controlled atmosphere of high 
pur i ty  hydrogen (He) in  conjunct ion with an arsenic 
(As) source to protect the GaAs surface dur ing  an-  
nealing. The system was used to anneal  epitaxial GaAs 
films implanted with either silicon ions or sulfur  ions 
to create thin, highly doped n- type  layers. The epitaxial 
surfaces exhibited no degradation after anneals at 
800~ for 20 min. The electrical results indicate that the 
apparent  electrical conversion efficiencies achieved for 
the implanted layers were as high as 85% for the 
800~ 20 min  anneal. 

Experimental  
The GaAs epitaxial mater ial  used in this invest iga-  

t ion was grown by the He-Ga-AsCts vapor phase 
technique on heavily Te-doped n+-subs t ra tes  oriented 
3 ~ Off the <100> toward the <111>.  The epitaxial 
layers were doped with sulfur  and were electrically 
uniform in depth with net  donor concentrations wi th in  
the range 2-8 X 1015 cm -~. The epitaxial layers were 
implanted at room temperature  with either 120 keV 
silicon ions or 140 keV sulfur  ions. In  the case of the 
silicon implants  it was concluded after careful analysis 
of the separated ion spectrum that the implanted 
species was 28Si+ wi th  less than  1% of other possible 
molecular  components (e.g., N2+). To minimize chan- 
nel ing effects, the GaAs lattice was or iented to appear 
random to the incident  ion beam. Under  this condi- 
tion, a first order approximation to the implanted ion 
distr ibution is Gaussian with a mean  projected range 
Rp and s tandard deviation ARp. For the 120 keV silicon 
implants,  the ion dose, ND (number  of ions/cm2), was 
varied between 5.6 X 1012 and 2.3 X 101~. Based on the 
range theory of Lindhard,  Scharff, and Schi~tt (15), 
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Rp = 0.103 ~m and hRp _-- 0.051 ~m. For the 140 keV 
sulfur, the ion dose was 2.53 X 10~ ions/cm 2. In  this 
case the theory of Lindhard  et al. predicts Rp = 0.104 
~m and aRp -- 0.051 ~m. After  ion implantat ion,  the 
GaAs epitaxial layers were annealed under  a H2 atmo- 
sphere using a quartz envelope furnace assembly shown 
schematically in Fig. 1. Inlet  He from a liquid source 
was preheated by passage through one leg of the 
horizontal U tube and was subsequent ly  passed over a 
quartz boat containing a l iquid Ga/GaAs solution satu- 
rated with As. This source supplied As to the atmo- 
sphere at a pressure near that required for equi l ibr ium 
with the GaAs- imptanted surface. The Ga/GaAs also 
served as a reaction site for the trace amounts  of H20 
in the hydrogen stream and thus minimized erosion of 
the implanted surface by this atmospheric impuri ty.  
Samples to be annealed were placed on a quartz sup- 
port assembly and loaded into the main  tube. After 
loading, the chamber was flushed for a m i n i m u m  of 1 
hr so that the (air 4- H20) concentrations were under  
3 ppm. Based on prior experience, the H20 concentra-  
tion rises to 10 ppm or less due to outgassing of the 
quartz at the anneal ing tempera ture  (17). No surface 
degradation was observed with an optical microscope 
at 700X with interference contrast after the 800~ 20 
min  anneal  cycles reported here. 

The ion- implanted  donor profiles were determined 
from capacitance-voltage (C-V) measurements  on re-  
verse-biased Schottky barr ier  diodes. The A1 or Au 
Schottky barr iers  were vacuum deposited on the im-  
planted layers after a Au-Ge  ohmic contact was alloyed 
on the n+-substra te .  An automatic impur i ty  profile 
plotter 2 was used in conjunct ion with some forward-  
biased C-V measurements  to obtain as large a port ion of 
the free carrier profile as possible. Etch step techniques 
were combined with the Schot tky  barr ier  measure-  
ments to obtain the complete net donor tail dis tr ibu-  
tion. Steps of approximately 1000~k each were etched 
into the ion- implanted  epitaxial layer using a volume 
ratio 5:1:1 (H2SO4, H2Oe, H20) as the etchant. The 
step heights were measured with a commercial step 
height analyzer to complete the profile data. Although 
the C-V technique exhibits certain l imitat ions in its 
abili ty to accurately reproduce rapidly varying pro- 
files (18), it was concluded by comparison of the re-  
sults from the various etch steps that  no significant 
deviation was occurring. 

Results and Discussion 
The profile evaluations for the silicon implants  into 

the GaAs epitaxial layers are i l lustrated in Fig. 2 and 

T h e  d i f f e ren t i a l  C-V measurements  were  obtained by  the  ap- 
plication of a 15 m V  s igna l  a t  a f r e q u e n c y  os 1 MHz. 

H 2 INLET 

A RSEN,C ,G~As S•MPL 
SOURCE [ S A M P L E  SUPPORT RING 

i (GaAs/Ga) PUSH ROD Q JOINT 

! - lOcrn ~ i  

i 50 cm 

Fig. 1. Quartz annealing assembly for ion-implanted GaAs 
samples. A 5D cm long resistance furnace on tracks may be 
centered on the sample or retied to the left for rapid sample 
cooling, 
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Fig. 2. Measured carrier concentration vs. the distance from the 
sample surface for ion-implanted silicon in GoAs. The samples 
were annealed at 800~ for 20 rain. 
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Fig. 3. Measured carrier concentration vs. the distance from the 
sample surface for ion-implanted silicon in GaAs. The samples were 
annealed at 700~ for 20 rain. 

3. F igure  2 shows the  resu l tan t  donor  profiles for 120 
keV Si implan ts  annea led  a t  800~ for  20 rain. The  
measured  profiles for the  two different  doses (2.3 X 1018 
and 5.6 • 10 TM ions /cm 2) are  indica ted  by  the solid 
curves.  The first order  theore t ica l  d i s t r ibu t ion  based on 
the theory  of L indhard  et  al. is the  do t -dashed  l ine  
which indicates the p ro jec ted  range  of the  implan ts  for  
the  energy used. The apparen t  e lectr ical  act ivi t ies 
were  es t imated  by  in tegra t ing  under  the  solid mea -  
sured profile curves and the i r  p ro jec ted  sections shown 
as dot ted l ines in the  figure. (The C-V profile t ech-  
nique is l imi ted  by  the  deple t ion  dep th  of the  Schot tky  
ba r r i e r  diode.) 

The apparen t  e lectr ical  conversion efficiency, ~, is 
the  rat io  of the  in t eg ra ted  net  donors to the  dose. For  
the  800~ 20 rain anneal,  ~1 was calcula ted to be ap-  
p rox ima te ly  85% for both  doses. The measured  donor 
profiles agreed wi th in  20% of the  p ro jec ted  range  and 
tended to be s l ight ly  deeper  in both  cases. F igu re  3 
compares  the  resul tan t  donor  profiles for 120 keV Si 
implants  anea led  at  700~ for  20 min. The solid curves  
are  the measured  profiles for the  two different  doses 
ut i l ized (2.3 • 1018 and 5.6 • 10 TM ions/cm~).  The 
dotted lines indicate  the  p ro jec ted  d is t r ibu t ion  ut i l ized 
to calculate  the  apparen t  e lectr ical  conversion effi- 
ciency. In  this  case, ~] was h i g h e r  for  the h igher  dose 
implant ;  62% for the 2.3 • 1013/cm 2 dose and 56% for 
the 5.6 X 1012/cm 2 dose. In  both cases, however ,  n was 
significantly lower  than  that  obta ined for the  800~ 
20 rain anneal.  The measured  profile d i s t r ibu t ion  peaks  
agreed quite well  wi th  the p ro jec ted  range and tended 
to be s l ight ly  deeper .  

The profile eva lua t ion  for the sulfur  implan t  is i l lus-  
t ra ted  b y  the solid curve in Fig. 4. The measured  
profile indicates the  resu l tan t  donor  profile for the  140 
keV S implan t  af ter  the  800~ 20 rain anneal.  The 
dose in this case was 2.5 • !013 ions /cm 2. The first order  
theoret ica l  d is t r ibut ion  based on the theory  of L indha rd  
et aL is the do t -dashed  l ine which indicates the  p ro -  
jected range of the  implants  for the  energy used. As 
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g 
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0.1 0,2 0.3 0.4 0.5 0.6 
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Fig. 4. Measured carrier concentration vs. the distance from the 
sample surface for ion-implanted sulfur in GaAs. The samples were 
annealed at 800~ for 20 mln. 

above, n was es t imated using the same technique  de -  
scr ibed for the  silicon implants .  Fo r  the  800~ 20 min 
anneal  wi th  the  control led a tmosphere  technique,  
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was ca lcula ted  to be 82%. The measured  donor profile 
for the  S - i m p l a n t e d  profile agrees  wi th in  20% of the  
p ro jec ted  range  bu t  exhibi ts  a s ignif icantly deeper  tail  
than  that  encountered  wi th  the  annea led  Si profiles. 

To ensure that  the anneal  process was not influencing 
the i on - imp lan ted  resul ts  repor ted  above, un implan ted  
ep i tax ia l  layers  of known  impur i t y  concentra t ion were  
annea led  in the  sys tem at 800~ for 30 min and re -  
evaluated.  In  al l  cases, the  backg round  i m p u r i t y  con- 
cen t ra t ion  d is t r ibut ions  in the  ep i tax ia t  l ayers  r e -  
mained  unchanged  f rom the i r  va lue  p r io r  to the  anneal .  
This indicates  tha t  no unusual  r ed i s t r ibu t ion  of the  
background  impur i t i es  was occurr ing dur ing  the high 
t empe ra tu r e  anneal.  If  the anneal  t imes were  ex tended  
to 60 min  at  80O~ a s l ight  surface degrada t ion  was 
noted at  700 X indica t ing  tha t  some dissociat ion or  H~O 
vapor  etching of the  GaAs was occurring.  

Compar ison  of Fig. 2 and S for the  sil icon implan ts  
indicates  tha t  diffusion broadening  of the  profile is 
t ak ing  p lace  dur ing  the 800~ 20 min  anneal .  I t  is 
also appa ren t  tha t  h igher  peak  concentrat ions are  ob-  
ta ined  wi th  the  800~ anneal .  Fo r  the  low dose, the  
peak  concentra t ion  increased b y  60% using an 800~ 
anneal  as compared  to a 700~ anneal .  However ,  for the  
h igher  dose case, only  a 6% improvemen t  was noted. 
This suggests the  poss ib i l i ty  tha t  the  e lect r ica l  ac t iv i ty  
is dose dependent  at lower  anneal  t empera tures .  Com- 
par ison  of the profile da ta  for the  si l icon (Fig. 2) to 
those for the sulfur  (Fig. 4) annea led  under  the  same 
conditions, suggests tha t  diffusion broadening  of the  
sulfur  profi!e is more  significant. However ,  these resul ts  
m a y  be  influenced to some ex ten t  by  the  inab i l i ty  of 
the  C-V technique to accura te ly  reproduce  r ap id ly  
va ry ing  ta i l  d is t r ibut ions  (18). 

I t  is of in teres t  that  upon anneal ing  at  700~176 
ion - imp lan t ed  Si acts as a re la t ive ly  high efficiency 
donor.  This is in accord w i th  the  resul ts  of o ther  au -  
thors  (4, 8, 14), but opposite to the observations that 
l igh t ly  S i -doped  GaAs epi tax ia l  films g rown f rom Si -  
doped Ga solutions at  app rox ima te ly  815 ~ and 730~ 
are  p - t y p e  (19). The  Ga and As fugacit ies  used to p re -  
pa re  these l iquid  phase ep i t axy  samples  were  s imi lar  
to those used in our anneals.  I t  is possible that  the i r  
resul ts  a re  more  nea r ly  represen ta t ive  of t he rma l  equi -  
l i b r ium and tha t  the i r  dominant  acceptor  is not  s imply  
a Si a tom on an As la t t ice  site. This v iew is con- 
sistent  wi th  the resul ts  of Spi tzer  and Pann ish  (20) who 
found the concentra t ion of Si on Ga sites to be l a rge r  
than  that  on As sites in heavi ly  S i -doped  GaAs g rown 
from Ga solutions. Thei r  resul ts  suggested a complex 
acceptor  defect  was responsible  for the p - t y p e  cha r -  
acter.  Due to the  high donor doping efficiencies we 
find, i t  is p resumed tha t  the  acceptor  complex  is not  
p resen t  at la rge  concentra t ions  in our S i - imp lan ted  
GaAs. Hicks and Green  (19) did not  find tha t  the  ac-  
ceptor  doping efficiency of Si increased as the  g rowth  
t empe ra tu r e  decreased f rom 815 ~ to 730~ This m a y  be 
one reason why  we find a lower  donor doping efficiency 
upon anneal ing  at 700~ as compared  to 800~ 

The re l a t ive ly  high and reproducib le  e lect r ica l  ac-  
t ivi t ies  descr ibed above  are  in a la rge  pa r t  d i rec t ly  
a t t r ibu tab le  to the anneal  technique.  As repor ted  by  a 
number  of authors,  an anneal  t empe ra tu r e  of at  least  
600~ is requi red  to e l iminate  the la t t ice  d isorder  as -  
sociated wi th  the  implant .  In  addition, most authors  
have r epor t ed  ve ry  low e lec t r ica l  ac t iv i ty  for  annea l  
t empera tu re s  be low 700~ However ,  dissociat ion of 
the  GaAs surface can begin  as low as 600~ unless  spe-  
cial precaut ions  are  t aken  to e i ther  control  the  a tmo-  
sphere  or encapsula te  the surface. Our ini t ia l  a t tempts  
using dielectr ic  encapsulat ion resul ted  in  some a t t rac -  
t ive profiles and excel lent  device resul ts  (6, 7). How-  
ever, control led  profiles were  difficult to r eproduce  
r egu la r ly  due to the  poor qual i ty  of the  dielectr ic  en-  
capsulants .  Al though  the dielectr ic  encapsulants  ma in -  
ta ined  surface in tegr i ty ,  p rob lems  associated wi th  im-  
pur i t ies  diffusing out of the  encapsulant  into the  GaAs 

as wel l  as Ga diffusing into the  encapsula t ing l a y e r  
(15) have influenced the reproduc ib i l i ty  great ly .  Use of 
the  control led a tmosphere  anneal  has significantly r e -  
duced these problems.  I t  is not  known  at  p resen t  to 
wha t  ex tent  this technique can be ex tended  to longer  
a n d / o r  h igher  t empe ra tu r e  anneals  th rough  be t te r  
hydrogen  purif icat ion procedures  and more di rec t  c o n -  
tro l  of the  As vapor  pressure .  

Conclusions 
In this  paper  we have  descr ibed a s imple  r e p r o -  

ducible technique for anneal ing  ion - implan ted  layers  
in GaAs. A control led a tmosphere  is ut i l ized ins tead of 
a dielectr ic  encapsulant  to p reven t  dissociat ion of the  
GaAs surface dur ing  the anneal.  A control led  a tmo-  
sphere is p re fe rab le  as i t  minimizes  the  possibi l i ty  of 
unwanted  impur i t ies  diffusing out  of the  encapsulant  
into the i on - imp lan ted  region, thus d is turb ing  the  n e t  
impur i t y  concentrat ion.  The ion - imp lan ted  resul ts  r e -  
p o r t e d  indicate  that  except iona l ly  high apparen t  c o n -  
v e r s i o n  efficiencies (85%) can be obta ined  wi th  this 
technique for n - t y p e  dopants  in  GaAs. 
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Restrained Diffusion of Boron and Phosphorus in Silicon 
under HCI-Added Oxygen Atmosphere 

Yasumasa Nabeta, Tadashi Uno, Shuji Kubo,* and Hirokazu Tsukamoto 

Matsushita Research Institute Tokyo, Incorporated, Ikuta, Tamaku, Kawasaki, Japan 

The enhanced diffusion of boron and phosphorus  in 
silicon in oxidizing a tmosphere  has been repor ted  b y  I 
severa l  workers  (1-3).  This paper  describes exper i -  I 
menta l  resul ts  of diffusion behavior  of these  impur i t ies  
in HCl -added  oxygen gas. I t  was found tha t  the  im-  
pur i t ies  a re  res t ra ined  in  a presence of EC1 gas in  the  
oxidizing diffusion atmosphere .  14 

Samples  used in this  exper iment  were  n - t y p e  silicon 
crystals  of 70 ~ - c m  and p - t y p e  silicon crys ta ls  of 2 5  
~ - c m  wi th  (100) plane�9 P - t y p e  silicon crysta ls  of 4 5  
~ - c m  wi th  (111) p lane  were  also used. The exper i -  64 
menta l  p rocedure  was as follows: (i) CVD film (boro-  
si l icate or phosphosi l ica te  glass) is deposi ted on si l i -  
con surface at a t empera tu re  of 450~ (ii) boron or  124 
phosphorus  in the  CVD film is prediffused in the sur -  
face layer  of the sample  at a t empera tu re  of 1000~ 
for 10 min in the n i t rogen a tmosphere ;  (iii) CVD film 
is then removed;  (iv) diffusion is carr ied  out in three  
different  a tmospheres ,  i.e., 30~ wet  oxygen  (wet  O2), 
HCl -added  oxygen (HC1-O2), and ni t rogen (N2). An 
oxidat ion  ra te  of 6% HC1-O2 is equal  to that  of 30~ 
(wet 02) at  a t empe ra tu r e  of ll00~ 

The junct ion  depth,  Xj was measured  by angle  lap-  
ping and staining.  The surface concentrat ion,  Cs was 
obta ined  f rom Xj and sheet  resist ivi ty,  ps, using the 
da ta  of I rv in  (4) under  the assumpt ion of the  gaussian 
dis tr ibut ion.  The diffusion coefficient, D, was calcu-  
la ted  f rom the values  of Xj and ps by  using the gaus-  ~ 0.4 
sian diffusion funct ion.  

The exper imen ta l  resul ts  for boron impur i t ies  af ter  E 
d r ive - in  at  the t empera tu re  1100~ with  different  t imes ,~  0.3 
are  summar ized  in Table  L The diffusion coefficient 
was also calcula ted by  incorpora t ing  the measured  .~ 
values of Xj into the theore t ica l  fo rmula  .of the Kato .u__ = 0.2 and Nishi model  (5) I t  is c lear  f rom Table I that  the  �9 o 
diffusion coefficient values  obtained by  these two meth -  u 
ads show re la t ive ly  good agreement .  S imi lar  resul ts  c- 

o 0 . '  for phosphorus impur i t ies  are shown in Table II. F rom '~ 
these ~ables it  is found that  the values  of junct ion 
dep th  for  the HC1-O2 diffusion are  close to that  for 
the  N2 diffusion for the  same diffusion time, but  are  
much smal le r  than  that  for the wet-O~ diffusion. The 

* Electrochemical Society Active Me m b e r .  
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oxygen. 

Table I. Summary of results on boron diffusion in Si at  1100~ 

Table II. Summary of results on phosphorus diffusion in Si at  1100~  

Drive-in Drive-in Junction Sheet Cs -,/-'~- (~ m/,rh-F ) 
time ambient depth resistivity (Gaussian) (Gaussian) ',Kato and 1" 

(rain) Xj~xrn) ~s(ohrn/d (atoms/cm~ Nish~ 

~ry-N2 0B2 52.4 6,6x1019 0,249 0.2_2.0 
6%HCJ+dryOZ 0.90 52.6 5.4 xl019 0.275 0.262 
,,vet 02 1.20 472 4.8 xl019 0.369 0,365 
dry-N2 1,45 48.9 3.4 xlO 19 0.211 0.208 
S~ 1.54 51.9 3.1 ~,1019 0.225 0.235 
wet O2 2.21 45.3 23 Xld9i 0,327 0.338 
dry-N2 1.92 48.6 2SXl0 ~9 0.202 0.201 
6~HCl+dryO2 1.87 52.1 2.5• 0.197 0.207 
wetO2 2.88 43.4 18X1J s 0.309 0.324 

After the prediffusion, junction depth and surface concentra- 
tion, assuming the complementary error function, were 0.44 
/Lm and 2.7 • 10 -"0 atoms/cm 'J, respectively. 

t Calculated using the segregation coefficient k = 0.1 and oxida- 
tion constant K = 1.20 • 10 -~ cm'~/sec for HCI-O2 and K ---- 1.23 
x 10-~ cm2/sec  for  w e t  02�9 

surface concentrat ions for HCl-O2 and  N2 are  la rger  
than  for wet  O2. 

Relat ions be tween surface  concentra t ion and diffu- 
sion coefficient for boron and phosphorus impur i t ies  
are  shown in Fig. 1 and 2, respect ively.  In  these fig- 

. . . .  I : /  ' ' I ' ' , ,  
LA / 

-A - - - - - -A "~  wwet 02 6% HCt+dryO2 

dry N2 

__.__ x_ - - - - - x  ~ . o / ~  
0 

% , , , , I , , , I , , , ,1020 xlO 18 1019 5x1019 

Surface concentrat ion (at . /cm 3) 

Fig. 1. Diffusion coeff icient vs. surface concentration for boron 
diffusion at  1100~ 

Drive-in Drive-in Junction Sheet Cs q~" (~rn/~'Tr) ~-~ 0.4 
time ambient depth resistivity (Gaussian) (Gaussian Katoand ? ~> 

(mi n ) Xj (~-m) ~'S (ohm/~) (atoms/cm 3) Nishi: 
dry-N2 0.72 96.1 63X1019 0.204 0.180 E 0.3 

14 6~HCl+dryOz 0.90 154 3.0x1019 0.262 0.255 
wetO2 1.25 154 Z0xld9i 0.369 0.370 
dry-N2 1.31 87.6 38x10 lg 0.178 0.177 ~ 0.2 

64 6%HCl+dryOz 1.37 172 1.6x1019 (3.190 0.203 
wetOz 2.19 175 8.5x1018 0.313 0.329 ~ 0.1 
dry-N2 1.73 81.8 2-9x1019 0.168 O.173 " 

124 6%HC[+dryOz 1.83 193 1.0xld 9 0. 185 0. 202 
wetO2 2.98 175 5.8x1018 0.309 0.329 

A f t e r  the  prediffusion,  junct ion  depth  and surface  concen-  
tration,  a s suming  the  c o m p l e m e n t a r y  error  funct ion ,  w e r e  0.41 
#m and 1.6 • 10~o a t o m s / e m  s, respect ive ly .  

Calculated us ing  the  s e gr e ga t ion  coeff ic ient  k = 10 and oxida- 
tion constant  K = 1.20 • 10-~z e m 2/ se e  for  HC1-O2 and K = 1.23 
x 10-13 em~/sec  for  wet-O~. 

i i , , ,  , ' ~ /  . . . .  

we t O2..~__&~& 1 1  6% HC[ § dry 02 

x 7  

. . ~ X o  . ~  xx ry N2 

05xi"8'(,1 ' '  I I J I I , , , J 1019 5x1019 10 zO 

Surface concentration (at./cm3) 

Fig. 2. Diffusion coefficient vs�9 surface concentration for phos- 
phorus diffusion at  1100~ 

1 4 1 6  
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ures, it is interest ing to note that the diffusion coeffi- 
cients of boron and phosphorus in  silicon in  wet O2 are 
larger  than those in N2 and HC1-O~. This result  indi -  
cates that the diffusion of boron and phosphorus in 
silicon i n  wet O2 is enhanced as has been reported, but  
not for t-ICt-O2, par t icular ly  in a lower range of sur-  
face concentration. 

This effect of restrained diffusion is varied with the 
process condition. Figures 3 and 4 show these experi-  
menta l  results of diffusion coefficients for boron and 

0.7 

0.6 

~ 0 . 5  

$ 0.4 

8 o3 
t -  
O 

"~ 0.2 
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0.1 
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Fig. 3. Diffusion coefficient of boron in silicon at different 
temperatures and HCI volume ratios. 
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Fig. 4. Diffusion coefficient of phosphorus in silicon at different 
temperatures and HCI volume ratios. 

phosphorus for the diffusions at temperatures  of 1000 ~ 
1100% and ll5O~ varying volume ratios of HC1 gas 
to dry oxyg@n. From these figures, the following be- 
havior of impur i ty  diffusion can be observed. 

(i) The diffusion coefficient of boron and phosphorus 
for (10O) crystal treated in HC1-Q at temperatures  
above l l00~ gradual ly  decreases with increasing vol- 
ume ratio .of HC1 gas up to 9% and reaches the dif- 
fusion coefficient of that in.Nm which has been eval- 
uated by several workers (6, 7). The rate of decrease 
of the diffusion coefficient with increasing HC1 gas 
content is more prominent  for (100) crystal at 1150~ 
as seen from curves (]:) and (~) in Fig. 3 and 4. This 
behavior of the diffusion coefficient as a function of 
HC1 gas content and temperature  seems to correlate 
to the results of Shiraki 's  work (8) on decreasing 
stacking faults as a function of HC1 gas content and 
temperature.  

(it) The diffusion coefficient of phosphorus for (111) 
silicon crystal is less dependent on the HCI gas con- 
tent than that for (I00) crystal, as seen from curves 
(~) and (~) in Fig. 4. This can be interpreted from 
Shiraki's result that during dry-O2 oxidation stack- 
ing faults tend to generate for the (1O0) plane rather 
than for the (iii) plane. 

(iii) The restrained diffusion effect is not promi-  
nent ly  shown at any HC1 gas content at temperatures  
lower than 1000~ This corresponds to the report by 
Kobayashi et al. (9) indicating that  the HC1-O2 process 
below 1060~ does not give any improved effect of Si- 
Si02 interface. 

In summary,  experimental  s tudy for boron and 
phosphorus diffusion in silicon in various atmospheres 
was carried out. It was found that the diffusion of 
these impurit ies is restrained in the presence .of HC1 
gas in the oxidizing diffusion atmosphere at certain 
conditions of temperature  and HC1 gas content. These 
conditions show strong similari ty to the behavior of 
stacking fault  generation in HCl-added oxygen atmo- 
sphere. The restrained diffusion of impurities,  there-  
fore, seems to result  from the el iminat ion of stacking 
faults at the Si-SiO2 interface, which varied with the 
HCl-added atm, osphere. 
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ABSTRACT 

Composition depth profiles of passive films on iron in a borate solution at 
pH 8.42 have been obtained by means of cathodic reduct ion combined with 
ell ipsometry and chemical analysis. Results revealed that the compositional 
profile varied depending pr imar i ly  on the potential  and to some degree on 
the t ime of film growth. The barr ier  layer in  contact with the metal  changed 
in composition from an i ron ( I I - I I I )  mixed oxide at potentials below the 
Flade potential  to an i r o n ( l i D  oxide at more noble potentials. The deposit 
layer  next  to the solution was a hydrated  i ron( I I I )  oxide and absorbed iron (II) 
ions at less noble potentials. There was found a peak or a decrease in iron 
concentrat ion at tlle barr ier /deposi t  boundary.  The i ron-r ich  boundary  was 
gradual ly  replaced by the i ron-depleted as the potential  was shifted to more 
noble direction. It  was the barr ier  layer  alone that increased in thickness 
dur ing  the film growth at potentials above the Flade potential. In  the t rans-  
passive potent ial  region the barr ier  layer ceased growing with potential  and 
tended to contain a small concentrat ion of i ron( I I )  ions. It  is suggested that  
the ion t ranspor t  in  the layers plays a role in  de termining the passive film 
composition. 

In  previous papers (1-6) it has been shown that the 
passive film formed on iron in  a borate solution at pH 
8.42 is a bi layered film consisting of a barr ier  layer  of 
~-Fe203 next  to the metal  phase and a deposit layer  
of hydrated iron (III)  oxide next  to the solution phase. 
The barr ier  layer  was potential  dependent  and its 
thickness at steady state was proport ional  to the over- 
potent ial  of the layer  formation. The deposit layer, 
which was stable only in the neut ra l  and basic pH 
range, appeared to differ in thickness with different 
passivation processes and also with different solution 
envi ronments  such as pH and anion. 

The picture is, however, not altogether clear in  an 
extended range of potential  at which the film is formed. 
This work has therefore been under taken  to throw 
light into the composition profile of the passive film 
formed at different potentials in  a borate solution of 
pH 8.42. 

Experimental 
The materials,  ins t ruments ,  and methods employed 

are essentially the same as those described in previous 
papers (5, 6). The specimen was polycrystal l ine iron of 
99.9% pur i ty  in  the form of sheet. The solution in which 
the specimen was passivated was a n i t rogen-satura ted 
oxygen-free  0.15M boric acid-sodium borate solution 
of pH 8.42. 

For depth analysis of the passive film, a galvano- 
static-cathodic reduct ion technique combined with 
ell ipsometry and chemical analysis (6, 7) was empJoyed 
by using an oxygen-free 0.15M boric acid-sodium 
borate solution at pH 6.48 in  which the passive film on 
iron was proved to cathodically dissolve layer by layer  

* Electrochemical  Society  Act ive  Member.  
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odic reduct ion,  composi t ion depth profiling, film growth.  

without  any appreciable change in its original compo- 
sition profile (7). 

The specimen surface free from oxide films was pre-  
pared by cathodic reduction at p i t  8.42 and, immedi-  
ately after renewing the solution, was anodically oxi- 
dized at a constant potential for 1 hr to form the pas- 
sive film on it. The response time of the potential shift 
from the cathodic region to the passive potential region 
was less than 2 sec. After exchanging the solution from 
pH 8.42 to pH 6.48, the passive film was cathodically 
reduced at a constant current of 6.0 ~A/cm 2 and the 
solution was analyzed for iron by absorption spectros- 
copy as a function of time of cathodic reduction. 

Furthermore, optical measurements of light-inten- 
sity-following ellipsometry (8, 9) were carried out 
during galvanostatic cathodic reduction of the passive 
film at an angle of incidence of 74.485 ~ and at a wave- 
length of light 546.1 nm with an ellipsometer (Rudolph 
43702-200E). 

All measurements were carried out at 20 ~ +__ I~ 
The electrode potential was measured in reference to 
a saturated calomel electrode and was converted into 
the standard hydrogen electrode scale. 

Results and Discussions 
Film thickness.--A number  of film thickness mea-  

surements  by ell ipsometry have been carried out in  the 
authors '  laboratory (1-4). Figure 1 shows the film 
thickness and anodic current  as a function of potential  
at which the passive film has been formed by anodic 
i hr  oxidation. The Flade potential  (10), Ef _-- +0.58- 
0.059 ptI, may divide the passive potential  region into 
two regions, I and II. Transpassivat ion began to occur 
at -~1.55V almost independent  of pH (11). 
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Jtig. 1. Anodic currenf-potentlal curve of iron and thickness- 
potential curve for the passive film on iron anode in borate solution 
of pH 8.42. The films were formed potentiostatically each on the 
oxide-flee surface for ] hr. iFe ~-- tronspassive, dissolution cur- 
rent, EF = Flade potential. 

Evidently, the bar r ie r  layer  is potential  dependent  
except for the potential  region of t ranspassivation 
where the layer  thickness remained near ly  constant. 
The barr ier  layer  thickness for un i t  voltage was 1.54 
n m / V  (6.5 • 106 V/cm) in  region I and 1.75 n m / V  
(5.7 • 106 V/cm) in  region II. It was also observed 
that  the deposit layer  thickness increased with potential  
in region I and remained almost unchanged in region 
II. As reported previously, the amount  of i ron( I I )  ion 
dissolved in  an early stage of passivation has a direct 
effect on the deposit layer  thickness (5). 

Depth pro#ling by cathodic reduction.--The cathodic 
reduction of the film produces i ron( I I )  ions in  the solu- 
t ion 

Fe2Oz + 2zH+aq + 2(z -- 2)e-> 2Fe2+aq + zH20 [1] 

where z represents the oxidized state of i ron in the film. 
Previous studies (6, 7) have shown that, in  the solution 
at pH 6.48, the reaction for ferric oxide films proceeds 
with equivalent  coulomb (current  efficiency : 1) at a 
constant cathodic current  of 6.0 ~A/cm 2. Figures 2, 3, 
and 4 show the amount  of i ron(I I )  ions dissolved, Wfe, 
along with the film thickness, L, as a function of cath- 
odic charge passed. Reference lines in the figures corre- 
spond to stoichiometric i ron oxides, ZFe = +2.67 
(Fe304) and Zfe : +3.00 (7-Fe203), and their  slopes 
can be used as a reference for the oxidized state of the 
film. There are two regions where W E e  increases l in -  
early with Qe in the curve, corresponding to {he deposit 

I .O 1 I 

E oo25v I 

so 

=Lo. 5 

0 d 

0 O 

0.5  I.O 

Q c  ( m C / c m Z )  

Fig. 2. Cathodic dissolution and thickness reduction curves of the 
passive film formed at -I-0.025V in potential region 1 in borate 
solution of pH 8,42. Qc ---- cathodic charge passed during galvano- 
static film reduction at pH 6.35. 
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Fig. 3; Cathodic dissolution and thickness reduction curves of the 
passive film formed at -]-0.53V in potential region Ila. 
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Fig. 4. Cathodic dissolution and thickness reduction curves of 
the passive film formed at +0.845V in potential region lib. 

layer  and the barr ier  layer. From the slope of the curve, 
the oxidized state of i ron in both layers can be esti- 
mated: the results are shown later  (Fig. 6). 

It is noticeable that the film dissolution curve is 
inflected with a distinct shift at the boundary  between 
the deposit layer and the barr ier  layer. This shift, 
which varied depending on the potential  of film forma- 
tion, indicates that either excess iron ions or iron ion 
vacancies are concentrated at the barr ier /deposi t  
boundary.  A discontinuous change at the boundary  was 
also observed by l ight- in tensi ty-fol lowing ellipsometry, 
as shown in Fig. 5, which i l lustrates the locus of two el- 
l ipsometric parameter  ~ and ,I, dur ing  the cathodic re- 
duction of the film formed at different potentials. 

The 5-~I, locus is in  theory related to the optical con- 
stant  and thickness of the film, and therefore can be 
used to determine the optical constant  and thickness of 
the film. Computer calculations (12) were carried out, 
in  which coulometric estimates of the film thickness 
were taken into account and the optical constant, n -- 
ik, was l imited to a range of n ---- 1.7 ~ 3.2 and k ~ 0.0 

1.0, wi thin  which all the optical constants of known 
iron oxides or hydroxides are found. It was thus esti- 
mated that the complex refractive index of the barr ier  
layer  was 2.50-0.14i in region I, 2.50-0.30i in region II, 
and 2.50-0.22i in the transpassive potential  region. The 
index of the deposit layer  could be estimated only 
roughly as 2.20-0.10i. The error involved in the layer 
thickness estimation was less than 10% for the barr ier  
layer  and about 20% for the deposit layer. 

From the slope of T~Tfe-Qc c u r v e s  the mean ionic va-  
lency of iron-, ZFe, can be estimated for the barr ier  and 
deposit layers. Furthermore,  the iron density, dWFe/dL, 
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Fig. 5. Change in ellipsometric parameters ~ and ,I, d,urJng catho- 
dic dissolution at pH 6.48 of the passive films formed at --0.135, 
+0.525, and ~1.355V in borate solution at pH 8.42. The optical 
constant was 3.01 - -  3.47i for the cathodically reduced iron surface 
(~o, ~o) and 1.336 for the solution of pH 6.48. 

in the layers can be obtained from the L-Qc and Wre-Qc 
curves dur ing  cathodic reduction: dWFe/dL ~-- (dWFe/ 
dQc)/(dL/dQc).  Figure  6 shows ZFe and d~WFe/dL in  
the two layers as a funct ion of potential. 

In  the passive region II, the barr ier  layer  was in the 
oxidized state of i ron( I I I )  and had an iron density 
equal to that  of 7-Fe203. I n  the passive region I, how- 
ever, it contained some amount  of i ron( I I )  in addit ion 
to i ron( I I I ) .  This may be at t r ibuted to the electro- 
chemical thermodynamic  stabili ty of 7 - i ron( I I I )  oxide 
and magnetite.  The Flade potential,  which separates 
region I from region II, has been explained as the equi-  
l ib r ium potential  of the reaction (10, 13) 

2Fe304 + H20 ~ 37-Fe203 + 2H+aq ~ 2e [2] 

Magneti te is thermodynamical ly  stable in  region I and 
~- i ron( I I I )  oxide in region II. Wagner  (13) described 
7 , i ron( I I I )  oxide as an iron-deficient magnet i te  
(Fes-~O4) saturated with iron vacancies (A _-- 1/3) 
and explained the Flade potential  as coresponding to a 
halfway (~ ~- 1/6) between stoichiometric magnet i te  
and i ron-vacancy-sa tura ted  magneti te.  

In  the transpassive potential  region where  anodic 
i ron dissolution was detectable, the barr ier  layer  was 
again found to contain a l i t t le amount  of i ron(I I )  and, 
correspondingly, its i ron density increased to a value 
close to that of magnetite.  This is a fact which may 
agree with an electron diffraction analysis result  ob- 
tained by Foley, Kruger,  and Bechtoldt (14), who found 
a detectable amount  of magnet i te  in  the passive film 
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Fig. 6. Iron ion valency ZFe and iron density dWFe/dL in the 
barrier and deposit layers as a function of potential. 
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formed in the potential  region of oxygen evolution. 
This fact appears to contradict the thermodynamic  sta- 
bil i ty of i ron oxides that  the oxidized state becomes 
higher as the potential  is more noble. It should be men-  
tioned, however, that  the film is not in  thermodynamic  
equil ibrium, because of an appreciable dissolution cur-  
rent  requir ing a nonequi l ib r ium iron transport  through 
the transpassive surface film. A possible explanat ion is 
based on the t ranspor t  ratio of i ron ions and oxygen 
ions, which is l ikely to determine the nonequi l ib r ium 
composition of the bar r ie r  layer. Fur ther  discussion 
will be reported elsewhere. 

The deposit layer  of hydrated i ron( I I I )  oxide ex- 
hibits no significant composition change in  the whole 
range of potential, except for an absorption of i ron( I I )  
ions in  region I. This may suggest that the deposit layer  
is formed by anodic oxidation of i ron (IT) ions dissolved 
in solution in  an early stage of passivation 

FeOH + aq ~- t ~ 2 0  "-) ~-FeOOH -t- 2H + aq + e [3 ] 

The anodic deposition film of this kind has recent ly 
been identified by t tashimoto and Cohen (15) as 
-y-FeOOH. 

Barrier~deposit boundary.--As mentioned above, 
there was a shift in the cathodic dissolution curve of 
the film at the barr ier /deposi t  boundary.  There was 
also an  induct ion period of film dissolution in an  early 
stage of the cathodic reduction. No direct relationship, 
however, was found between the shift and the induc-  
tion. The induct ion period requires a cathodic charge 
for polarizing the passive film to the potential  where 
the film dissolution occurs, and therefore may repre-  
sent the apparent  electrical capacity of the film, what-  
ever the mechanism may be. The shift, on the other 
hand, can be considered as an indication of excess iron 
ions or i ron ion vacancies that  concentrate at the 
barr ier /deposi t  boundary.  This shift was therefore de-  
termined quant i ta t ive ly  in  terms of the amount  of iron, 
and is plotted as a funct ion of potential  in  Fig.  7. It  is 
thus seen that the boundary  composition changed from 
iron ion excess to iron ion deficiency as the potential  
was more noble. Schematic depth profiles of i ron in  the 
passive film formed in four different potential  regions 
are also shown in  Fig. 7. The passive region II may be 
divided into two regions, region IIa with excess i ron 
ions and region IIb with i ron ion vacancies at the 
barr ier /deposi t  boundary.  

It is worth showing that the barr ier /deposi t  boundary  
composition is not a reversible funct ion of potential  
but  differs with different processes of film formation. 
Figure 8 i l lustrates in thickness and schematic compo- 
sition depth profile the difference that  arose between 
the film formed at +0.245V for 1 hr and the film first 
formed at +0.845V for 1 hr and then polarized to 
+0.245V for another  hour. The film formed at +0.845V 
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Fig. 7. Iron excess or deficiency at the barHer/deposit boundary 
as a function of potential. 
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Fig. 8. Barrier layer thickness and schematic depth profile of 
the passive film formed at +0.245V 1 hr, the film formed at 
+0.845V 1 hr, and the film first formed at +0.845V 1 hr followed 
by 1 hr aging at +0.245V.  

and aged at  +0.245V had iron ion vacancies at the  
ba r r i e r /depos i t  boundary ,  as contras ted wi th  excess 
i ron ions concentra ted  at the  bounda ry  in the  film fresh 
formed at  +0.245V. 

It  should also be noted tha t  the  aging at +0.245V of 
the  film formed at +0.845V caused the ba r r i e r  layer ,  
which was i r o n ( I I I )  oxide  before  aging, to contain a 
smal l  amount  of i r o n ( I I )  ions. This aging effect can 
p robab ly  be expla ined  as resul t ing  f rom a diffusion of 
i ron th rough  the ba r r i e r  layer ,  i.e., an oxide conversion 
proposed by  Sato and Cohen (16) 

Fe  § 4~-Fe203--> 3Fe304 [4] 

Potentiostatic l~lm growth.--The passive film was 
grown at constant  potent ia l  for different  per iods  of t ime  
in the  solut ion of pH 8.42, and then the depth  analysis  
of the  film was car r ied  out by  ga lvanos ta t ic -ca thodic  
reduct ion at pH 6.35. F igure  9 shows the thickness and 
the i ron ion va lency of the ba r r i e r  and deposit  layers  
as a funct ion of t ime  dur ing  the film growth  at a con- 
s tant  potent ia l  i n  region II. EvidentIy,  i t  is the  ba r r i e r  
l aye r  that  g rew in thickness and the deposi t  l aye r  re -  
mained prac t ica l ly  unchanged.  This is a fact which one 
should bear  in mind when s tudying the film growth  
kinetics in the passive potent ia l  region. Notice also that  
the ba r r i e r  l aye r  changed f rom ZFe < + 3  in an ear ly  
s tage to ZFe --  + 3  in the  l a t e r  s tage of film growth.  
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Fig. 9. Thickness, iron ion valency, and schematic depth profile 
of the passive film as a function of time of potentiostatic film 
growth in potential region II. 

The composit ion change that  occurred at  the  b a r r i e r /  
deposi t  bounda ry  is also schemat ica l ly  i l lus t ra ted  in 
Fig. 9. Excess i ron ions in i t ia l ly  accumulated  at  the  
ba r r i e r /depos i t  bounda ry  are  g radua l ly  replaced by  
i ron  ion vacancies in the  l a t e r  stage. This may  p rob -  
ab ly  be a t t r ibu ted  to the  electrif ied double  l aye r  s t ruc-  
ture  that  forms at the  ba r r i e r / de pos i t  boundary ,  but  
the  mechanism remains  unclear  in detail .  

The film growth  is somewhat  different  in the  passive 
I region f rom tha t  in the  passive II  region. F igure  10 
shows the film growth  process that  occurred in region 
I. Notice that  the  i ron  ion valency changed in both the  
ba r r i e r  l aye r  and the deposi t  layer .  The ba r r i e r  layer ,  
which was i r o n ( I l l )  oxide in an ear ly  growth  stage, 
g radua l ly  changed in composit ion to i ron ( I I - I I I )  mixed  
oxide  wi th  more  i r o n ( I I )  than  in  magne t i t e  a f te r  an  
ex tended  per iod of t ime. In  this potent ia l  region, mag-  
net i te  is t he rmodynamica l ly  more  s table  than  ~- 
i ron( I I I )  oxide according to react ion [2], whi le  ~- 
i r o n ( I I I )  oxide is also s table  when  the i r o n ( I I )  ion 
concentra t ion in the solut ion exceeds the  equ i l ib r ium 
concentrat ion wi th  the  fol lowing reac t ion  

2FeOH+aq + H20 ~ ~-Fe208 + 4H+aq + 2e [5] 

It  is therefore  suggested f rom the  resul ts  tha t  in the  
passive region I, the  ba r r i e r  l aye r  is formed in i t ia l ly  
by  react ion [5] in the  presence of i r o n ( I I )  ions and 
then undergoes  a t rans format ion  f rom ~- i ron ( I I I )  oxide 
to magne t i t e  by  react ion [2] or  [4]. Dur ing  the  oxide 
conversion a g radua l  increase  in thickness  of the  ba r -  
r ie r  l aye r  was observed.  

The deposi t  l ayer  was also observed to grow in th ick-  
ness whi le  undergoing a composi t ional  change f rom 
i r o n ( H - I I I )  mixed  hydrox ide  toward  i r o n ( I I I )  h y -  
droxide.  This may  be expla ined  by  the fol lowing re -  
actions s imul taneous ly  tak ing  place in region I: 
FeOH+aq + H20 ~ F e ( O H ) 2  + H+aq, Fe (O H)2  
FeOOH + H+aq + e, and FeOH+aq + H20 -> FeOOH + 
2H+aq + e. 

Conclusions 
The galvanosta t ic  cathodic reduct ion technique em-  

ploying appropr ia te  solut ion and cur ren t  dens i ty  p ro -  
vides a depth profi l ing analysis  of the passive film on 
iron. 

The  potent ia l  region of i ron pass iv i ty  in bora te  solu-  
t ion at pH 8.42 m a y  be divided by  the F lade  potent ia l  
into two regions, I and If, wi th  which the passive ba r -  
r ie r  l aye r  changes in composit ion and re f rac t ive  index. 

In  region I, the ba r r i e r  l aye r  was an i r o n ( I I - I I I )  
mixed  oxide and its thickness for uni t  vol tage at s teady 
s tate  was 1.54 nm/V (6.5 • 106 V /cm) .  In  region II, i t  
was an iron (III)  oxide [probably  ~ - i r o n ( I I I )  oxide]  
wi th  thickness 1.75 n m / V  (5.7 • 106 V / c m ) .  
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Fig. 10. Thickness, iron ion valency, and schematic depth profile 
of the film as a function of time of potentiostatic film growth in 
potential region I. 
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Transpass iva t ion  caused the b a r r i e r  l aye r  to cease 
growing wi th  r ise  of po ten t ia l  and to reduce  its oxi-  
dized s ta te  to less than  ZFe ---- ~-3. 

The  deposi t  layer ,  which  was a lways  formed on the  
ba r r i e r  layer ,  was a h y d r a t e d  i r o n ( I I I )  oxide (p rob-  
ab ly  ~-FeOOH) and exhib i ted  no significant composi-  
t ion change wi th  potential ,  except  for an  absorpt ion 
of i r o n ( I I )  ions in region I. 

There  was a peak  or  a decrease in i ron  ion concent ra-  
t ion at  the  ba r r i e r / depos i t  bounda ry  in  the  dep th  p ro -  
file of the  film. At  r e l a t ive ly  less noble potent ia ls  the  
bounda ry  adsorbed excess i ron ions, which were  g radu-  
a l ly  rep laced  by  i ron  ion vacancies as the  potent ia l  was 
more  noble. 

I t  is the  ba r r i e r  l aye r  a lone ,~at increased in th ick-  
ness dur ing  the growth  of the  passive film in the  po-  
tent ia l  region II. 
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ABSTRACT 

The numer ica l  de te rmina t ion  of cur ren t  and potent ia l  d is t r ibut ions  has 
been pe r fo rmed  for  p la t ing  corrosion systems, where  fa i lure  to coat a smal l  
a rea  leads to corrosion at the pinhole.  The dis t r ibut ions  depend on cha rac te r -  
istic pa rame te r s  for the  disk anode and sur rounding  plane cathode and revea l  
tha t  each of the electrodes influences the other  due to the i r  p roximi ty .  The 
resul ts  were  appl ied  to an a r r a y  of disks, and i t  was found tha t  the  corrosion 
poten t ia l  of the  system is a l inear  function of the  area  rat io  of anode to 
cathode when ohmic effects a re  impor tant .  This m a y  be contras ted  to the 
logar i thmic  dependence  ~ound when ohmic effects are  neglected.  Other  ap-  
pl icat ions are  discussed. 

The pro tec t ion  of act ive meta ls  by  e lec t ropla ted  
noble meta l s  has been an es tabl ished pract ice for many  
years.  In  the electronics indust ry ,  for example,  copper  
is pro tec ted  by  p la t ing  gold over  the  substrate .  In order  
to min imize  costs, the thickness of the  gold coating is 
reduced  as much as possible, and this introduces pores 
in the  overplate .  These pores wi l l  pe rmi t  corrosion of 
the  under ly ing  copper  substrate ,  and  if  the re  is a ca th-  
odic react ion on the gold, the corrosion of copper  wil l  
ac tua l ly  be enhanced because of galvanic  effects. 
Therefore,  one seeks the m i n i m u m  thickness  of the  
gold e lec t ropla te  which  wil l  adequa te ly  e l iminate  cor-  
rosion. 

Severa l  techniques have been  in t roduced to de te r -  
mine  the  poros i ty  of the e lect ropla te  for various p la t -  

* Elect rochemical  Society Active Member. 
Key words: corrosion, porous coatings, c u r r e n t  dis t r ibut ion,  

potential  distribution, corrosion potential,  e lectrode interaction. 

ing thicknesses.  Chemical  etch techniques for the  cop-  
per -go ld  system (1, 2) decorate  the pores and pe rmi t  
them to be counted by  microscopic techniques. The 
measurement  of anodic current  in a sys tem where  the 
gold is comple te ly  iner t  and only copper  is active has 
been ve ry  successful (2, 3) in de te rmin ing  the to ta l  
surface area  of copper exposed in pores,  bu t  i t  does 
not revea l  the d is t r ibut ion  of pores  nor  thei r  size on 
e lec t ropla ted  pieces. A s imi lar  technique (4-7) is the 
de te rmina t ion  of res is tance when an e lec t ropla ted  
specimen is polar ized under  potent ios ta t ic  control.  
Final ly ,  measurement  of the corrosion potent ia l  for 
the galvanic  couple, subs t ra te /coat ,  has been proposed 
(8-11) as a technique to measure  the  ra t io  of areas  of 
the two metals.  We have chosen this final technique for 
fu r the r  discussion and s tudy here. 

Galvanic  corrosion, in this  case the corrosion of an 
active meta l  in a pore dr iven  by  a cathodic react ion 
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on the surrounding noble electroplate,  is a complex 
phenomenon which may  involve e lectrode-kinet ic  ef-  
fects on both the anode and cathode, mass- t ransfer  ef-  
fects, and ohmic effects. In addition, the proximi ty  of 
the two "electrodes" in plat ing corrosion can lead to 
interaction effects not normal ly  seen on separated elec- 
trodes. 

Stern (9) first der ived the relat ionship be tween the 
area ratio of a galvanic couple and its corrosion poten-  
tial. The development  was based on the assumptions 
that  the electrochemical  react ion kinetics on each elec- 
trode were  of the Tafel  form and that  the respect ive 
reactions were  uni form on the anode and cathode of 
the couple. This deve lopment  does not take into account 
ohmic effects in the solution. The relat ionship der ived 
is (9) 

Ea~c ~r 
~orr . . . .  In (An iac) 

- k - - I n  (Ac ioe) [1] 

where  fl : -  Tafel  slope of the respect ive reaction, io =- 
exchange current  density of the respect ive reaction, 
Aa - - a r e a  fract ion of anode, Ac ---- area fraction of 
cathode, ~corr = corrosion potent ial  of the couple re la-  
t ive to the reversible  potential  of the cathode, and Ea --- 
s tandard revers ible  potential  of the anode with respect 
to the reversible  potential  of the cathode. Thus it may 
be seen that  the corrosion potent ia l  has a logar i thmic 
dependence on the area ratio AJAc ,  with a slope of 
-- ~r § ~ ) .  S te rn  (9) notes that  this equation is 
not valid in the l imit  that  Aa or Ac approaches 1. 

Oldham and Mansfeld (11) recent ly  extended this 
t rea tment  to include both an oxidat ion reaction and 
reduction react ion on the cathode of the couple. Their  
development  again does not take ohmic effects into 
account, but they do treat  the case of diffusion control 
on the cathode. 

Mansfeld has also t reated other  special cases (12) 
including that for diffusion control on both anode and 
cathode. For  this case, the "catchment  principle" is 
derived, i.e., the corrosion potential  is found to be 
l inear ly  related to the area ratio for the galvanic 
couple. 

Levich and F rumkin  (13) t reated a system of a 
cathodic disk in a surrounding anodic plane, which is 
the reverse  of the system to be t reated here. The cur-  
rent  density on the small  disk was uniform, and the 
potential  of the surrounding plane was uniform (i.e., 
completely revers ible  kinetics on the plane) .  This 
t rea tment  specifically includes ohmic effects in solu- 
tion. More recently, McCafferty (14) has presented an 
ana lys i s  of current  and potent ial  distr ibution for an 
anodic disk in a surrounding cathodic plane, using an 
assumed l inear  form for the electrode kinetics on the 
disk and plane. This t rea tment  also includes the effect 
of ohmic resistance in solution. 

The present  contribution describes the general  anal-  
ysis of cur ren t  and potent ia l  dis tr ibut ion for an anodic 
disk in a cathodic plane. General  mathemat ica l  expres-  
sions for the electrode kinetics are employed, which 
reduce to the special t rea tments  l is ted above as l imit ing 
cases. This analysis also provides a systematic t rea t -  
ment  of the effect of the proximi ty  of the electrodes on 
the current  and potential  distr ibution of each electrode. 
The broader  unders tanding of galvanic corrosion in 
this simple system then allows one to predict  the be- 
havior  of arrays of disks, and therefore  the influence 
of porosity of the electroplate on the corrosion poten-  
tial of the couples. 

M a t h e m a t i c a l  T r e a t m e n t  
The system to be studied here is i l lustrated in Fig. 

1. The anodic disks are distr ibuted randomly  on the 
surface, are coplanar wi th  the surrounding plane, and 
are all of the same radius, rd. They are also assumed 
to be far  apart. The effect of recessing the pores is dis- 

Fig. I. Corroding disks in a cathodic surrounding plane 

cussed briefly, but  a detailed study will  be t reated in a 
later  paper. 

The current  and potential  distr ibutions in an electro-  
chemical  system may be determined mathemat ica l ly  
by solving Laplace's equat ion 

V2~ = 0 [2] 

subject to boundary conditions on the electrodes im-  
posed by the kinetics of the reactions occurring there. 
Electrodes with highly revers ible  reactions have a 
constant-potent ial  boundary condition everywhere  on 
the surface since polarizat ion causes an ohmic potential  
drop in solution wi thout  changing the surface potential  
of the electrode. The current  and potential  distributions 
on an electrode with  this boundary condition depend 
on geometr ic  ratios for the system, but do not depend 
on the absolute size. Boundary  conditions suitable for 
s lower reactions cause the current  and potential  distr i-  
bution to depend on an absolute length of the elec- 
trode, as well  as the geometr ic  ratios characterist ic of 
a pure ly  ohmical ly determined distribution. Also, it is 
shown below that the distr ibution on one electrode de- 
pends on the distr ibution on the counterelectrode as 
well  when the electrodes are near one another. 

For the analysis which follows, at tention is focused 
on one disk first, and the ar ray  of disks is t reated later. 
The origin of the coordinate system is chosen as the 
center of the disk. Radial  distance, r, is measured f rom 
the axis of the disk, paral le l  to the surface. The dis- 
tance, z, is measured normal  to the surface. We choose 
the rotat ional  elliptic coordinate system, which has 
been shown (15, 16) to be especially suitable for disk 
geometries and is re la ted to the coordinates r, z, by  

z = rd ~ ~ [3] 

r/rd = [(1 + ~2) (1 -- ~12)] lz~ [4] 

where  rd is the disk radius. The disk in a surrounding 
plane is now described geometr ical ly  in rotat ional  el-  
liptic coordinates as shown in Fig. 2. The disk electrode 
is at ~ ---- 0, and its axis is ~ = 1. The surrounding plane 
is located at ~ = 0. The plane $ ---- ~max is far  f rom the 
disk and in cylindrical  coordinates is approximate ly  a 
hemisphere  in the solution which intersects the sur-  
rounding plane at a radial  distance rmax. 

Laplace's equat ion in this coordinate system is (16) 

[5] 
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.~= 1 (axis) 

r/=o 
(surrounding plane) 

$= ~max 

Fig. 2. The disk-plone system in rototionol elliptic coordin.tes 

and is to be solved subject  to the  bounda ry  conditions 
(where  K is the  conduct iv i ty  of the  e lect rolyt ic  solu-  
t ion) 

(a) on the  disk, ~ --  0 

,c 0r ~=o id -- -- [6] 
rd~ a~ 

= i o d  exp ~ ( V d - - r 1 7 6 1 7 6  

- -  exp ~ (Vd --  r176 --  E~ [7] 

(b) on the sur rounding  plane,  ~ = 0 

K 8r [ 
ip _ [8] 

rd~ On ~=o 

= iop  exp ~ ( V p - - r 1 7 6 1 7 6  

-- exp f --~-~--- (V, - ,~ - E~ } ] [9] 

(c) r well-behaved at n = 1 
(d) at  ~ : ~<max two different  b o u n d a r y  condit ions 
were  employed,  i.e. 

0r 
* ~ : 0  at  ~ : ~ m a x  [10] 

O~ 

3P2 (~l) t , .0r _ 2 ~  P l (~ )  -t- ~maxP2(0) Jp [11] 

O~ ~max 2P2 (11) 
P101) -t- ~maxP2(0) Jp 

Equat ion  [10] would be appropr ia t e  for an insula t ing 
surface at ~max, and Eq. [11] is an approx imat ion  to the  
der iva t ive  at fma~ when  the solut ion ac tua l ly  extends  to 
infinity. In  the  l a t t e r  case, the  potent ia l  r is measured  
re la t ive  to the revers ib le  or open-c i rcui t  potent ia l  for 
the sur rounding  plane.  The quan t i ty  (V --  r176 --  E ~ in  
Eq. [7] and [9] is the  surface overpoten t ia l  for the  re -  
spect ive react ion (16), and  r176 is the potent ia l  in solu-  
t ion at the  e lect rode surface. The der iva t ion  of Eq. [11] 
is g iven in  Append ix  A. 

The Bu t l e r -Vo tmer  re la t ionship  for  kinet ics  on an 
e lect rode is given by  Eq. [7] or [9]. For  corrosion sys-  
tems where  s imul taneous  react ions occur on a homo-  
geneous surface, such a re la t ionship  would  be appro-  
pr ia te  for each reaction. Polar iza t ion  of a react ion far  
f rom its revers ib le  potent ia l  E ~ wil l  cause one te rm 
of the re la t ionship  to dominate ,  and the polar iza t ion  is 
said to be in the  Tafel  region. For  two different  reac-  
tions occurr ing s imultaneously,  one anodic and one 
cathodic on the same surface, one has for Tafel  po la r -  
izat ion 

ia~odic : ioa exp ~ (V - -  r176 - -  E~ 

and 

[ - - ~ c F  ] 
icathodic = - -  ior exp ~ (V --  r - -  E%) 

Fol lowing Wagne r  and Traud  (17), the  local (net)  cur -  
rent  densi ty  at a point  on the  surface is the  sum of the  
current  densi ty  for each reaction,  i.e. 
inet = ianodic -~- /cathodic 

= %~ exp . ~ -  ( g  - -  ~~ - E~ 

�9 r-oo  ] 
- ~oc exp I_ - - ' R - ~  (V - ~~ - E%) 

For  zero net  cur rent  

ianodi~ - -  - -  icathodic 
or 

aaF 
ioa exp k ' ~ -  (V --  r176 --  E~ ] 

] = i o ~ e X p  - - ~ ( V - r 1 7 6  

= ~COIT 

where  ieorr is the corrosion cur ren t  dens i ty  at  the  mixed  
or corrosion potential .  Ueorr is the  corrosion potent ia l  
identif ied as 

[ a a F  a c F ]  Ucorr = 
-- In joa ~aF --~cF - -  E~ - -  E~ 

Joe R T  RT  

which is ident ical  to Eq. [1] when  E~ is zero. The ex-  
pression for t h e  net  cur rent  may  now be wr i t t en  

inet = $corr exp k ~ (V --  4' ~ --  Ucorr) 

--  exp RT 

This express ion for the net  cur ren t  is s imi lar  to Eq. 
[7] or [9] where  io is rep laced  by  {corr and E ~ is r e -  
p laced by  Ucorr. Therefore,  Eq. [7] may  be wr i t t en  for  
a corroding disk as 

{ [ adF ] 
id = icorr,d exp L RT (Vd --  r176 --  UcorrA) 

--exp[ -~cdF ) (Vd --  r176 -- Ycorr,d) I [12] 

Fo r  a corroding plane 

�9 ( r ] /p  = lcorr,p exp i RT (Vp --  r176 --  Ucorr,p) 

--exp[ -~cpF } (Vp --  r176 --  Uco=~,p) I [13] 

The b o u n d a r y  conditions [12] and [13] along wi th  
the expressions for the  cur ren t  in solut ion at  the  elec- 
t rode surfaces y ie ld  the character is t ic  "polar izat ion 
pa ramete r s"  for the  p rob lem (18). F i r s t  we have  the  
rat ios of the t ransfe r  coefficients a a d / ~ c d  and CXap/acp. For  
all  the calculat ions repor ted  here, it  has been assumed 
that  these rat ios are both unity,  tha t  is, tha t  the ca th-  
odic Tafel  slope equals the anodic Tafel  slope for e i ther  
the disk or the plane. Fol lowing  Newman  (18), we 
ident i fy  the  addi t ional  polar iza t ion  pa rame te r s  as 

icorr,d (aad -~ ~cd) FTd 
Jd : [14] 

KRT 
and 

[iavg,d[ ~adFrd 
Od : -  [15] 

KRT 
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for the disk and 

icorr,p (aap -5 acp)Frd 
JP -- KRT [16] 

for the plane. These three quantities all represent ratios 
of the ohmic potential drop (of order iavgrd/~) to the 
surface overpotential. The quantities Jd and Jp contain 
/corr and are especially relevant in a potential range 
where the corresponding Eq. [12] or [13] can be lin- 
earized. The quantity 8d is especially relevant when the 
Eq. [12] can be approximated by a Tafel expression. 
With retention of the full forms of Eq. [12] and [13], 
all these dimensionless parameters can have some in- 
fluence on the current and potential distributions. The 
parameter Jp for the plane involves rd since this is the 
only characteristic dimension. Since the total current 
on the anode must be equal in magnitude to the total 
cathodic current, there is no additional parameter, like 
6d, for the plane. If a net current were being imposed 
on the disk-plane system by a third electrode, then 
there would be a total of six parameters for the disk 
and the plane. 

For large values of Jd and 6d, the current distribution 
on the disk becomes highly nonuniform and approaches 
the ohmically determined distribution (uniform poten- 
tial on the electrode). For small values of these pa- 
rameters, the current distribution is controlled by the 
kinetics and becomes uniform. 

By the method of separation of variables, one can 
write the general solution of Eq. [5] as 

S : ~ BnPn(~)M~(D [17] 

where Pn is the Legendre polynomial and Mn is the 
Legendre function of imaginary argument  (15). The 
so lu t ion/or  the present problem involves both odd and 
even orders in both P ,  and M,, and this prevents one 
from obtaining an orthogonali ty relationship to calcu- 
late the B coefficients in the infinite series. Equation 
[17] is not very  useful for this reason, and it is neces- 
sary to seek another means to solve Eq. [5] for the 
present study. It  has been found that  the numerical  
solution of Eq. [5] by  finite difference techniques pro-  
vides very satisfactory results. The remainder  of this 
paper is devoted to the discussion of this technique 
and the results obtained. 

As an aside, it is noted that  Levich and Frumkin  (13) 
found that  only the first term of Eq. [17] was needed 
to solve the problem they treated. From the form of the 
first few terms in Eq. [17], it is expected that  the domi-  
nant  term for large values of ~ (far f rom the disk) is 
the first term. This leads one to expect that  the pres- 
ent results should show parallel behavior to the results 
of Levich and Frumkin (13) at large values of ~. These 
authors found 

2/drd 
Bj. " - ~  

~;tC 
and thus 

2idrd 
S = n (, cot-~ ~ --  I) [18] 

where id is the (uniform) current density on the disk. 
This result provides a convenient basis for comparison 
for our results and a means of calculating the contribu- 
tion of an individual pore to the potential detected 
by a distant reference electrode (the measured corro- 
sion potential).  See also Appendix A which discusses 
the asymptotic behavior of the potential distribution 
when electrode-kinetics on the surrounding plane is 
not ignored. 

Numerical Analysis 
Following Klingent, Lynn, and Tobias (19) and Fleck 

(20), we use the five-point, central difference approxi-  
mation to obtain Laplace's equation in finite difference 
form 

2(1 -- ~o 2) 2 ( 1 - 5 , o  2 ) ] 
So = -5 �9 

hn2 h~ 2 

: Sl F -5 S2 - -  h~ 2 h~ 2 h~ 

[ 1-5,o 2 Go ] [ 1 - - ~ l o  2 ~]__~n] 
-5 S3 -5 S4 ~- [19] 

h~ 2 h~ hn 2 

where h~ and h~ are mesh spacings as defined in Fig. 3. 
This equation is solved for So and is identified as So.try. 
A new value of So is calculated by 

So,.ev," : So,old -5 n (So , t~  - -  So,old) 

where ~ is the overrelaxation factor. This value of 
So,n~w is used in the calculation of S for adjacent points. 
All the interior points in the space are treated this way  
for one iteration, and the iteration procedure is re-  
peated until S converges to within some error  limit at 
each point. The procedure outlined above is the Lieb- 
mann (Gauss-Siedel) iteration procedure with succes- 
sive overrelaxation. 

At boundary points on the electrodes, use of the five- 
point central difference technique produces "image" 
points outside the physical space. These image points 
are eliminated by using the boundary  conditions [6] 
and [8] along with [12] and [13] (or [7] and [9]), ex- 
pressed in finite difference form. This yields on the 
plane electrode 

[ 2 ( i - - ~ ] o 2 )  2 ( i - 5 ' o 2 )  ] 
So : --- ~" h~2 h~S 

hn 2 h~ 2 h~ 

[ 1 + ~ o  2 ,o ] [ 1 - - ~ o  2 ",1o] 
+ S~ -5 2~ohnFp - - +  

h~ 2 h~ hn2 "~n 
[20] 

where 

rd. { [oapF ] 
: - -  ~corr,~ exp ~ (Vp - -  S~ - -  Ucorr,p) 

exo[ } R ~  (Vp -- r176 - Ucor~.p) ] 

A similar relationship is obtained for boundary  points 

2 

,8 
Fig. 3. Relationship of the mesh points and mesh distances hC and 

b~. 
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on the disk. Equat ion [20] is a nonl inear  equat ion in  
@~ The t rea tment  of these nonl inear  boundary  condi- 
tions is discussed in  more detail  in  Appendix  B. For 
convenience, Vcorr, p was taken to be zero for the cal- 
culations. 

The boundary  at ~1 = 1 was treated by dropping the 
term 

(1 - ~2) 

from Eq. [5] and using backward difference relations 
in  ~], central  differences in 4, to obtain 

r [ 2(1 -~ ~~ h - ~ ] h e  m Jc ---- r [ 1 -t- }~ f~ ] - - h ~  2 -t- 

4 1 

[21] 

where the points are identified on Fig. 3. The i terat ion 
procedure and successive overrelaxat ion used for these 
boundary  points were similar  to that employed for the 
inter ior  points. 

The boundary  at } ---- ~max was treated with two dif-  
ferent  boundary  conditions. The boundary  condition 
expressed by Eq. [10] was used to s imulate the si tua-  
tion which would be encountered for a single disk in  a 
plane with an insula t ing  surface at ~m~x. The boundary  
points were treated in  the same way as inter ior  points, 
and the image points were el iminated by using Eq. [10] 
in finite difference form. The i teration procedure and 
successive overrelaxat ion for these points were the 
same as for inter ior  points. The boundary  condition 
expressed by Eq. [11] was used to obtain results which 
could be used with mult iple  disks in the plane. The 
relationship [11] was expressed in finite-difference 
form to el iminate image points, and the i teration pro- 
cedure and successive overrelaxat ion were used as be-  
fore. For  large values of ~m~x, both boundary  conditions 
give essentially identical  resuIts for the potent ial  and 
current  dis t r ibut ion on and near  the disk. The results 
differ in  the region near ~max where boundary  condition 
[10] causes the current  density on the plane to be 
higher near  ~max than does [11], for the same total 
current  to the disk. This is discussed in more detail 
below. 

Results and Discussion 
The results which have been obtained are ra ther  

complex. In  order to discuss them clearly and con- 
cisely, the presentat ion of the results is divided into 
four parts. In  the first part, the general  behavior  is 
discussed with par t icular  emphasis on accuracy and 
the influence of boundary  conditions. Following this 
is the description of the calculated current  and poten-  
tial distr ibutions as influenced by system parameters.  
The third part  discusses the implications of these re-  
sults for disk arrays, and the final par t  presents other 
applications. 

GeneraL--The finite-difference technique used here 
was found to be efficient, fast, and accurate for deter-  
min ing  the current  and potent ial  dis t r ibut ion on the 
disk and plane. The use of overrelaxat ion and succes- 
sive i teration procedures discussed earlier reduces the 
computat ional  t ime required for convergence as com- 
pared to other i terat ion procedures without  overrelaxa-  
tion [see Fleck (20)]. I terat ion was concluded when 
all points in the domain changed less than a given 
error l imit  for two successive iterations. Accuracy was 
assumed adequate when  (i) reducing the error l imit  
caused a change of less than 0.1%, and (ii) doubling 
the number  of mesh points in each direction caused a 
change of less than 0.1%. Final ly,  calculations were 
made for the disk- insula t ing p lane  system discussed 
by Newman (15), and the uni form disk-reversible 
plane system discussed by Levich and F r u m k i n  (13). 
It was possible to achieve agreement  with both cases 

to wi thin  0.1%. Therefore, it is believed that the results 
presented here are accurate to 0.1%, unless otherwise 
noted. 

In general, the current  density on the disk and plane 
is larger in absolute magni tude  near  the edge of the 
disk than  elsewhere. The effect of slow kinetics, small  
size, and high conductivi ty is to reduce this nonn i fo rm-  
ity. In  the l imit  of uni form cur ren t  densi ty on both 
the disk and surrounding plane, the system behavior  
should approach that described by Stern (9) and Old- 
ham and Mansfeld (11). 

The use of the insulator  boundary  condition, Eq. 
[10], forces the total current  on the plane to be equal 
in magni tude  to the total cur rent  on the disk, These 
results would be useful for studies of galvanic corro- 
sion of a single disk in a sur rounding  plane, with an 
insulator  surface at ~max- Since the pr imary  interest  
here is for disk arrays, and the insula tor  boundary  
condition results are not  re levant  to arrays, they are 
not discussed further.  It is sufficient to state that the 
current  distr ibution on the disk is unaffected by the 
boundary  condition at ~max for the range of parameters  
discussed below. The current  dis t r ibut ion on the plane 
is affected only near  ~max, where current  is forced to go 
due to the insulator  boundary  condition. Therefore, the 
general behavior  of the system is identical for either 
boundary  condition, except as noted, and the behavior  
is described only for Eq. [11]. 

Condition [11] relates the potential  @ and the gradi-  
ent c~r at }max, and current  may pass through this 
surface. The amount  of current  that "leaks" through 
this surface at ~max will depend on the location of ~max 
as well as the nonuni fo rmi ty  of current  density on the 
plane. For a given value of Jp for the plane, the frac- 
tion of current  that leaks past ~max decreases as ~max 
increases. 

The current  dis t r ibut ion on the disk is determined 
by the parameter  Jd for i < <  icorr, and is independent  
of the current  level and therefore the potential  differ- 
ence between the disk and plane. For currents  much 
larger than icorr, the current  dis t r ibut ion is determined 
by the current  level as measured by 8d. For in te rme-  
diate currents, values of Cead/O~cd and 8d characterize the 
current  distribution. In  addition, the polarization char-  
acteristics of the plane influence the current  d is t r ibu-  
tion on the disk as will  be shown. 

Current and potential distribution on the disk and 
plan.e.--The potential  dis t r ibut ion in the solution on 
the disk and plane for an insulat ing plane is shown 
in Fig. 4. The potential  at the surface is highest near  
the center of the disk and decreases to zero far from 
the disk. This is compared to the potential  dis t r ibut ion 
calculated for a conducting plane with reversible ki-  
netics (J ,  ~ oo) shown in the lowest curve on this 
figure. The influence of the conducting plane is to lower 
the potential  near  the center o2 the disk, and the po- 
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Fig. 4. Potential distribution at the surface of the disk and sur- 
rounding plane. 
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tential  becomes zero at the edge where the two elec- 
trodes join. The gradient  of the potential  is larger near  
the edge of the disk for a conducting plane. 

To make the influence of the plane polarization more 
quanti tat ive,  the potential  difference across the disk is 
shown in Fig. 5 as a funct ion of Jp :[or different values 
of 5d. A~ is made dimensionless by mul t ip ly ing  by 
4rd~/I where I is the total (disk) current.  The influ- 
ence of increasing ~ d  is to decrease the importance of 
electrode kinetics relat ive to the ohmic potential  drop, 
and thus to decrease the potent ial  difference between 
the center and edge of the disk. The intercept  as Jp -> 0 
:[or each curve was calculated for an insula t ing plane, 
and the general  curve is shown in Fig. 6, where the 
intercept is from Newman (15). In  the other extreme, 
as Jp ---> oo, the potential  difference across the disk is 
shown in Fig. 7 as a funct ion of 8d. The intercept  :[or 
8d -> 0, Jp -+ oo, is that :[or the Lev ich-Frumkin  cal-  
culation, i.e., 8/~ 2. The results shown on Fig. 7 are less 
accurate than  other results reported herein because o:[ 
the large gradients in  the corner where the disk and 
plane join. Problems with accuracy were also encoun-  
tered for the calculations of Fig. 5 for values of Jp 
greater than 20. The results :[or large values of Jp and 
8d will be reported at a later date. 

The current  dis t r ibut ion on the disk is shown in Fig. 
8 where the curve for Jp ---- 0 is :[or an insulat ing plane 
and agrees with the results of Newman (15). The other 
curves were calculated for a conducting plane with dif-  
ferent values of the plane polarization parameter.  As 
noted already, increasing Jp distorts the current  distri-  
but ion on the disk, causing a larger current  density at  
the edge of the disk. This results from decreasing the 
influence of electrode kinetics on the plane as compared 
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Fig. 5. Potential difference between the center and edge of the 
disk as a function of plane polarization parameter Jp. 
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Fig. 6. Potential difference between the center and edge of the 
disk in an insulating plane as a function of 6d. 
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Fig. 8. Current distribution on a dlsk in a conducting plane for 
different values of the plane polarization parameter, Jp. 

to the ohmic influence. All curves were calculated for 
Tafel polarization on the disk, with identical values 
of 5d. The influence of a conducting plane on a disk 
with l inear  kinetics is qual i tat ively the same. 

The current  density on the cathodic plane is shown 
in Fig. 9 as a function of distance from the disk. The 
polarization behavior of the disk influences the current  
distr ibution on the plane only very near  the disk for 
large values of Jp. The potential  and current  dis t r ibu-  
t ien far from the disk are then rather  insensit ive to the 
disk polarization parameters.  Also shown in  this figure 
is the calculation for a uni form current  disk and re-  
versible plane, labeled "Levich." The parallel  behavior 
of the two curves indicates that  for large values of 4, 
the current  and potential  dis t r ibut ion for both cases 
have the same dependence on ~. Thus one expects that  
only the first term of the expansion for the potential, 
Eq. [17], is impor tant  for the present  case for Jp 
greater than about 1. The two curves were calculated 
for identical values of the total disk current .  

These observations lead us to propose that the value 
of B1 for Eq. [17] may be calculated by comparison 
wi th  the Lev ich-Frumkin  result, even though it may 
not be calculated directly as discussed earlier. The ratio 
B1/B1L (B1L iS the value obtained by Levich and F rum-  
kin, see Eq. [18]) is equivalent  to the ratio of the cur-  
rent  densi ty from Fig. 9 to the Lev ich -Frumkin  current  
density a t  a part icular  value of ~. Knowledge of the 
value of nIL for the uni form current  disk, reversible 
plane permits calculation of B1. The ratio B1/BIL is in -  
fluenced by the value of Jp as shown in  Fig. 10, bu t  
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Fig. 9. The cathodic current density of the surrounding plane as 
a function of the distance ~ from the edge of the disk, compared to 
the Levich-Frumkin behavior for a reversible plane. 
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Fig. 10. The departure of the behavior of the cathodic plane 
from ievicb-Frumkin behavior, measured by the ratio B1/B1L, as a 
function of the reciprocal of the plane polarization parameter, 
1/Jp 

near ly  independent  of the disk behavior  as shown in 
Fig. 11. It should be ment ioned that  the paral le l  be- 
havior  of the two curves in Fig. 9 for large values of 

is also observed for the boundary  condition [8] ex-  
cept near  ~max- 

The influence of the disk on the behavior  of the plane 
is concentrated to a region near  ~ = 0. This influence is 
depicted on Fig. 12 where  the value  of ]ipl/icorr m at ~ = 
0 is g iven as a funct ion 8a for different values of Jp. 
This reveals  that  [ip[/ir at $ = 0 is large, even  for 
small  values of J p  For  all values of Jp shown here, the 
value of ]ipl/icorr, p is smal ler  by at least  five orders of 
magni tude  at ~ = 200. The decrease is sharper  for 
la rger  values of Jp. 

The wide range of current  density on the plane in 
Fig. 9 indicates how essential  it is that  the general  ex-  

2,2 I I 1 1 I 
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1 . 4 -  
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m 

J = 19.46 p 
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6d 

Fig. ] 1. The departure of the behavior of the cathodic plane from 
Levich-Frumkin behavior, featured by the ratio B1/B1T., as a function 
of the disk polarization parameter, 8d, at three values of Jp 
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Fig. 12. The current density to the plane at ~ = O, as compared 
to the corrosion current density for the plane, as a function of 
8d and for three values of Jp. 

pression for the kinetics, Eq. [13], be used. For  large  
values of Jp, the ratio [iv]/icorr m approaches a large  
value at ~ = 0. For  small  Jp, the value  of [ip[/icorr.p at 

= 0 is still large, and in ei ther  case lip[/icorr,p "-> 0 as 
~max --> ~3. Both the large va lue  of lipl/ieorrm and its 
large var ia t ion f rom ~ = 0 to ~ --> oo, preclude the use 
of l inear  kinetics on the plane, except  for ex t remely  
large values of Jp and small  values of 8a. The Tafel  
approximat ion for plane kinetics would  not be appro-  
priate ei ther because of the value of [{pl/icorrm at ~ -> o0. 
Therefore,  the present  technique provides results which 
could probably never  be obtained theoretically,  because 
boundary  condition [13] or [7] describes the kinetic 
behavior  eve rywhere  on the plane, including the ex-  
t remes at small  and large 4. 

Array  of d i s k s . - -The  results discussed in the previous 
section provide a background for the analysis of the 
behavior  of an ar ray  of disks. The random array of 
disks which are all of the same radius and are far  apart  
are t reated here. Fol lowing Levich (13b), the average  
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potential  in solution at some large distance from the 
surface is 

f; ~c,arge z) = n ~ (r) 2m" dr  [221 

where n is the number  of disks per square centimeter  
of surface. In  the previous section it was found that  
the potential  far from the surface can be approximated 
by the first term of Eq. [17], i.e. 

---- B1 P1 (n) M1 (}) at large 

( B~ ) B 1 L ~ I [ , c o t - 1 ,  1] [23] 
BIL 

For large z, } is also large and 

B1 (B1L) ~l as }--> large [24] 
~b _ Bm 

where BIL = --2Id/~frdK. The equation for tz now be- 
comes 

2~Bln ~" ~ n 
- -  - -  3B1-----~ (BIL) ,~0 --~ rdr  [25] 

Using the relationships in Eq. [3] and [4], for large }, 
it may be shown that 

t - - z - - - - 2 ~  ( B ~ L ) B 1 L ~  (rd 2) [26] 

The ratio of anode area to cathode area, Aa/Ac, is 

Aa/Ac = ~ r d  2 
and 

tz -- 3~ 2 rd--------~ ~ (Aa/A~) [27] 

Thus, the corrosion potential  of an ar ray  of disks will  
be proport ional  to the area ratio when ohmic effects 
are important .  This is contrasted to the behavior ex- 
pected when only kinetic effects are important ,  e.g., 
Eq. [1]. It should be noted that the corrosion potential, 
r is independent  of the value of z, and may be mea-  
sured with an appropriate reference electrode in any 
arb i t ra ry  location far from the disk-plane surface. 

Equat ion [27] was derived with the assumption that  
the pores are far enough apart  that  they interact  to a 
negligible extent  through the small ohmic drop far 
from a disk. This should be a good approximation when 
the distance separating the disks is large enough that  
only a small  current  density flows to the midpoint  of 
the separation distance. This suggests that the min i -  
mum distance of separation for negligible interact ion is 
dependent  on the magni tude  of Jp. The larger the value 
of Jp, the smaller  may be the separation distance for 
the disks for independent  behavior. The polarization 
parameters  on the disk have a small  influence on the 
plane behavior, as noted previously, so the most im-  
portant  parameter  influencing interact ion will  be Jp. 
Pre l iminary  calculations indicate that 99% of the plane 
current  would go to a distance less than ~max when the 
product  

Jp ~max ~ 195 [28] 

For large values of }max 

area of cathode (plane) 

area of anode (disk) 

rmax 2 - -  rd $ 

Td 2 

and from E q. [28] one may obtain a value of the min i -  
m u m  separation distance or area ratio for this level of 
interact ion for given Jp (and rd). For example, if 

Jp  = 0.7 

the area ratio of cathode to anode is 10 6 . This would 

then be the m i n i m u m  area ratio for which the corrosion 
potential  would be expected to obey Eq. [27]. More de- 
tailed results will be reported at a la ter  date. 

Applications.--The importance of ohmic effects in 
galvanic corrosion in plat ing systems may be estimated 
by calculation of the polarization parameters  of the 
disk and plane. These calculations require the values 
of the corrosion current  density for both surfaces, the 
value of a characteristic d imension for the disk, rd, 
the average current  densi ty on the disk, and the con- 
ductivi ty of the electrolyte. Small  values of the polari-  
zation parameters  for the disk and plane would indi -  
cate that the kinetic effects are more impor tant  than 
ohmic considerations, and that the current  distr ibution 
on each will  tend to be uniform. As the polarization 
parameters  approach zero, the behavior  of a disk ar ray  
will tend toward that  predicted by Stern (9) and Old- 
ham and Mansfeld (11). These polarization parameters  
are very impor tant  and very  useful  diagnostic criteria. 

The exposed substrate disk in a plat ing system would 
be expected to be small, and this small  characteristic 
dimension would be expected to force both Ja and 8d 
to be small. Therefore, the current  dis t r ibut ion on such 
a disk would be rather  uniform. 

The cathodic plane would tend to have a nonuni form 
distr ibution of current  because of its size unless both 
the corrosion current  density is low and the conductiv-  
i ty is high. For values of the parameters  of ~ = 0.001 
~2-1-cm -1, F = 96,500 C-equiv. -1, T = 298.15~ R = 
8.315 joules ( ~  mo le - l ,  rd = 10 -8 cm, /corr.p = 
10 -2 A-cm -2, and (nap ~-acp)  = l,  then Jp = 0.3893. 
For a value of ~d = 10--3 (v i r tua l ly  uni form disk cur-  
rent) ,  and the above value of Jp, the current  density to 
the plane is found to be nonuniform.  The plane current  
density at a distance of three disk radii is decreased 
by an order of magni tude  from the value at ~ ---- 0. It  
is reduced by five orders of magni tude  at about 98 disk 
radii. This nonuni form current  dis t r ibut ion on the 
plane would cause the corrosion potential  to follow Eq. 
[27]. 

More specifically, the t ransi t ion in  behavior  from that 
described in Eq. [27] to that given by Eq. [1] occurs at 
a specific area ratio for a given system. The quant i ty  

Jp~max ~ 195 

may be used to estimate the area ratio at which this 
t ransi t ion occurs. For 

Jp = 10 

the value of ~max is 19.5 and this corresponds to a ratio 
of anode area to cathode area of 

Aa 
- -~ - -2 .6  X 10 -8 
Ac 

For smaller area ratios the system would follow Eq. 
[27]. For larger area ratios the system would behave 
as described in Eq. [1]. The transition between the two 
regions would be smooth, and the behavior would not 
follow either relationship exactly. The size of the 
transition region has not been determined here, hut 
is the subject of a continuing study. 

For a single pore in a finite plane, ~he behavior will 
be similar to that described above in general. That is, 
at area ratios (Aa/Ac) smaller than that given by 

Jp~max ~ 195 

the ohmic effects will be important.  At larger area 
ratios the t ransi t ion to the behavior  given by Eq. [1] 
will occur. The exact description of the behavior of 
this finite system with ohmic effects is being deter-  
mined and will be reported later, along with the be-  
havior of interacting arrays of pores, which is another 
finite system of oonsiderable importance. 

For systems where ~d is unknown because iavg,d is 
unknown, one may estimate ~d from Fig. 13. Here, the 
value of U, the corrosion potential difference of the 
separated metals, Jp, and Jd can be used to predict 8a. 
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Fig. ]3. 8d as a function of (aadFU)/RT -5 In Jd for a reversible 
plane and an insulating plane. 

For small  values of [(aaFU/RT) + In Jd], the polari-  
zation parameter  of the plane does not  influence ~d be-  
cause kinetic effects predominate.  For larger values of 
[(aaFU/RT) -5 l n J d ] ,  Fig. 13 may be used and the 
value of Jp is impor tant  for predict ing 8d. The total 
spread of values between Jp : 0 and Jp ---- oo is not 
large unt i l  [ (~aFU/RT) -5 In Jd] becomes greater than 
10, a value seldom encountered in  practice. Knowledge 
of  ~d with the other parameters  can then be used to 
predict current  dis t r ibut ion on the disk and plane from 
Fig. 8 and 9. The potential  dis t r ibut ion across the disk 
can be estimated from Fig. 5. For an insula t ing plane, 
the value of In 8d becomes proport ional  to [ (aaFU/RT) 
-5 In Jd] at small  values of 5d. At large ~d, a l inear  re-  
lationship between 8d and [(~aFU/RT) -5 In Jd] is ob- 
served with a slope of 4/m A disk wi th  a reversible 
plane has the same behavior  at small  8d, as shown. 
For large 5d, a l inear  relat ionship between ~d and 
[ (~FU/RT)  -5 in  Jd] is again observed, bu t  with a 
slope of 16/~. These results will  be discussed in  a forth-  
coming publicat ion (21). It should be noted that these 
curves have been determined for a sur rounding  plane 
of infinite extent. 

Knowledge of these parameters  allows one to esti- 
mate  B1/B1L from Fig. 10 and 11. This can be used to 
predict the slope of the corrosion potent ia l -area  ratio 
curve for a collection of pores in a plat ing system, and 
this can be verified by experiment.  

These results would also be applicable to the si tua-  
t ion of a cathodic inclusion on an anodic plane. The 
physical consequences predicted by this t rea tment  are 
nonuni form anodic dissolution on the plane, with the 
largest dissolution near  the inclusion. This could lead 
to undermin ing  the inclusion with eventual  pit forma- 
t ion if the inclusion is dislodged. 

Summary 
Numerical  analysis of a conducting disk in a con- 

ducting plane has been performed by finite difference 
techniques. The current  and potential  distr ibution on 
both the disk and the plane have been determined for 
a wide range of parameters.  The distr ibutions have 
been shown to depend not only on the individual  pa-  
rameters  of the disk and plane, but  the disk and plane 
influence each other as well because of their proximity.  
The results have been used to determine the behavior  
of an array of disks, and the application and use of 
the results for other situations have been discussed. 
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APPENDIX A 

Boundary Condition Far from the Disk 
The surface ~ = ~max defines a hemisphere in  r, z co- 

ordinates. If the hemisphere is an insulator,  no current  
may pass through it, and one uses the boundary  con- 
dition specified in Eq. [8]. We have also used a second 
boundary  condition in  which current  is allowed to pass 
through this hemispherical  boundary,  and we approxi-  
mate the potent ial  gradient  in  solution nearby  by  a re-  
lationship which is similar to the Lev ich-Frumkin  dis- 
tribution. We have found that  both boundary  conditions 
give the same results for current  and potent ial  distr i-  
but ion everywhere except near  the boundary  ~ -- ~max. 
The insulator  boundary  condition forces more current  
to flow to the plane in the corner near  ~ ---- ~max. 

Levich and F r umki n  found, for a reversible plane 
and uniform current  on the disk, that  the potent ial  far 
from the disk is 

2idrd 
r = n [~ cot-1 ~ -- 1] [18] 

~K 

where id is the (uniform) current  densi ty on the disk. 
For the present  problem we use the expansion 

= ~ S.P. (0) M. (~) [17] 

and retain only the first two terms of the expansion 
in anticipation that higher terms are negligible for 
large values of ~. The first term is identical to the 
Levich-Frumkin result except for the value of Bn, i.e. 

Pi (n) = n [A-l] 

Ml(O = -- [~ cot -1 ~ -- 1] [A-2] 

and the second term is 

1 
P2 (~) : y (3~2 -- 1) [A-31 

2 
M2(~) = -- - -  [(3 ~s + 1) cot -1 ~ -- 3~] [A-4] 

For large values of ~ [see Ref. (22) ] 

1 
M I ( D - ~ - -  as ~-* oo [A-5] 

2~ 2 
and 

1 
/Y/2(~) --> as ~ oo [A-6] 

15~ 8 

Near the plane, the potential  must  also satisfy the 
boundary  condition for passage of current  to the plane, 
and this provides a relationship between Bi and B2. On 
the plane, it is assumed that we are far enough from 
the disk that the kinetics may be approximated by the 
l inear  relationship, i.e. 

' : ip -- (Ucorr,p -- Cop) icorr, p 
rd ~ O~ RT 

[A-7] 

We arbi t rar i ly  set Ucorr,p = O, and find 
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,[ ] 
where terms of order (1/~ ~) have been neglected, and 

( , ~  + , ~c~ )raF  . 
J~ = ~om~ [A-9] 

~RT 
This leads to 

I6 
B~ -- - -  J2P2(0)B~ [A-10] 

15~ 

and with this relationship we may now derive an ex-  
pression for the potential gradient near ~max valid for 
large values of ~m~x. Now 

B1 
r = ~ P~ (n) 

2~ 

8B2 { 1 5 ~  ~2 2P2(n) } = § ~'---7--" [A-11] 

and 

0r $=ma x 8B2{2P2(O)  Pl(~l)Jp 6P201) J 
a'-~- = 15~ ~a +" ~--'--"7~ 

Pl(n) -t" (maxP2t0~j p" 2 r  

= -- 2P2 01) [A-12] 
~max Pl(~) -~ ~maxP2(0)Jp 

16B2 
- - P 2 ( ~ )  
15~ 

P2(0) P~(n)Jp 

and this reduces to the Levich-Frumkin  functional re-  
lationship as ~max ''> oo. 

APPENDIX B 

Finite Difference Approximations for Nonlinear Boundary Conditions 
Equation [20] is a finite difference relationship for the 

surrounding plane involving a function Fp which is ex-  
ponential in r176 This nonlinear relationship for r176 i s  
rather  unstable, and diverges rapidly unless the initial 
potential approximation is near the final, converged 
value. We have adopted the following t reatment  which 
eliminates these divergence problems. 

We approximate the value of Fp by 

Fp = Fp (Vp --r176 -- Ucorr,p) 

+ (~b~ -- ~b~ Fp' [B- l ]  

where r is the previous value of r176 at the central 
point, r176 (r) is the value of b~ at the central point to 
be calculated, and Fp' is the derivative of Fp with re-  
spect to the overpotential (Vp -- r176 -- Ucorr,p). 

Equation [19] becomes now 

2(1 -- 002 ) 2(1 + ~o ~) 
r 4 

hO h~ 

+ 2Fp" ~ohT; ~ +  
h,  2 W 

: 2r  - -  + r l- 
h ,  = h~ 2 ,o] 

§ Ca - -  he ~ he § 2~oh~ (Fp § r 
[ 1--'~o2 ~_ ~]o ] 

h,2 ~ [B-21 

or 

~o h-'- ~ -~ t- 2Fp' ,% h~ 2 

2r ~_r [ 1§ ~o ] 
h---T + 

§ "7--- (Fp --~ r [B-3] h$ 2 h$ n ,  

where we have introduced 0o = 0 on the plane. 
This equation is solved for r called ~o,try, and a n e w  

value of'~o is calculated by  

Co,new --" ~bo,old 2~ ~"~(~bo,try -- ~bo, old) 

The same value of the overrelaxation parameter  is used 
for the boundary  as for interior points. 

An analogous t reatment  of the generally nonlinear 
boundary  condition on the disk was adopted. 

Successive iterations with this approximation tech- 
nique lead to convergence and a rigorous result, since 
the second term of [B- l ]  approaches zero as the po-  
tential approaches the converged value. 
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ABSTRACT 

Different electrochemical and direct  immers ion tests were used to com- 
pare the relat ive crevice corrosion resistance of cur rent ly  used or recom- 
mended non t i t an ium surgical implan t  alloys. Measurement  of the anodic 
corrosion current  vs. t ime of creviced specimens in deaerated isotonic salt 
solution at 37~ and in  a 10% HC1 ~- 1% FeC18 solution at a series of con- 
stant applied potentials lying in the passive range of the alloys provided the 
same comparative rat ing of the different alloys as potent ia l - t ime measure-  
ments  as well  as direct immers ion  tests. According to the tests, recently 
developed stronger wrought  versions of the Co-Cr-Mo-C alloy H.S. 21 (mod- 
ified Vital l ium) and a wrought  Co-20Cr-10Mo alloy were found to possess 
greater  crevice corrosion resistance in both solutions than as-cast H.S. 21 
and wrought  alloys such as H.S. 25, M.P. 351~., Elgilloy, and 316L stainless 
steel. 

The three most widely used surgical implant  alloy 
systems are molybdenum containing wrought  austenitic 
stainless steel, precision cast cobal t -chromiqm-molyb-  
denum-ca rbon  alloys such as H.S. 21 and Vitallium, and 
wrought  commercial t i t an ium and some of its alloys. 
Unfortunately,  none of these alloys can be regarded as 
ideally suitable surgical implant  material.  Stainless 
steel possesses inadequate  corrosion resistance in body 
fluids (1-6). While precision cast cobal t -chromium- 
molybdenum alloys exhibit  superior corrosion resist- 
ance, they possess insufficient mechanical  properties for 
safe use in some weight -bear ing  implants  (7-10). Ordi- 
na ry  commercial t i t an ium and some of its alloys exhibit  
superior long- t ime corrosion resistance in body fluids 
relat ive to the other two alloy systems (11). Unfor-  
tunately,  however, t i t an ium and some of its alloys 
undergo a high ini t ia l  rate of corrosion in  body fluids 
(12, 13) and possess l i t t le wear  resistance when in 
rubbing  contact with themselves or other metallic im-  
p lant  materials  (14). 

Because of the low mechanical  properties of cast 
tt.S. 21-type alloys implant  fabricators have substi tuted 
the wrought, high s trength coba l t -chromium-tungs ten-  
nickel alloy, H.S. 25, for the cast tt.S. 21 alloy in cer- 
ta in  weight -bear ing  implant  parts. However, such H.S. 
25 parts are susceptible to crevice corrosion, albeit after 
long residence in patients (15, 16). More recently one 
fabricator has begun subst i tut ing M.P. 35N. for cast 
H.S. 21 parts (17). P re l iminary  experiments  conducted 
in  our laboratory have indicated that  the recently de- 
veloped wrought  versions of H.S. 21 and the No. 7 
alloy (Co-20Cr-10Mo) may be ideally suitable for sub-  
st i tut ion for cast H.S. 21 parts since they can be ther-  
momechanical ly  processed to remarkab ly  high strength 
levels without  impai rment  in  corrosion resistance (18- 
20). 

The purpose of the invest igat ion reported in  this 
paper  was to compare the crevice corrosion resistance 
of the wrought  H.S. 21 and No. 7 alloys with current ly  
used or recommended (nont i tan ium)  implant  alloys. 
Invest igat ion of crevice corrosion resistance was under -  
taken, since examinat ion of excised implants  of all 
kinds has shown that crevice corrosion is responsible 
for the major  corrosion damage of implants  (21). It  
occurs not only at meta l /meta l  contacts in multipiece 
implants  but  also at meta l /bone  contacts. Like pitting, 
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crevice corrosion in  saline media is due to localized 
chloride ion attack. It  can occur in  nar row crevices 
even in  weak saline solution l ike body fluid where the 
chloride as well as the hydrogen ion content  can build 
up to extremely high levels in the crevice solution 
(22-24). This occurs without  significant change in  the 
solution external  to t h e  crevice where convection pre-  
vents such localized concentrations. 

In their  comparison of corosion resistance of a long 
list of iron-,  nickel-,  cobalt-, and t i t an ium-base  alloys 
in isotonic salt and physiological solutions, Hoar and 
Mears (7) have found that  measurements  of anodic 
current  vs. t ime (up to 400 hr) of potentiostatically po- 
larized noncreviced specimens at a constant potential  
provide a more quant i ta t ive  assessment of general  and 
localized corrosion resistance than rest potent ia l - t ime 
measurements  of noncreviced specimens. Jones and 
Greene (25) and Rosenfeld and Marshakov (26) have 
shown that potent ia l - t ime measurements  of specimens 
immersed in aqueous solutions can also be used to 
assess the localized corrosion resistance of alloys. Direct 
immersion crevice corrosion test of alloy samples in  
aggressive corrodents such as 10% HC1 -~ 1% FeCI~ 
have long been used in alloy development  studies for 
screening purposes (27). We have used all three types 
of tests in this invest igat ion to compare the crevice 
corrosion resistance of recent ly developed stronger ver-  
sions of cast Vital l ium or H.S. 21-type alloys with cur-  
rent ly  used or recommended non t i t an ium surgical im-  
plant  alloys such as 316L stainless steel, Elgilloy, IYI.P. 
35N., H.S. 25, and as-cast H.S. 21. 

Experimental 
Materials.--The nominal  chemical compositions of the 

alloys tested are listed in  Table I. The wrought  316L, 
Elgilloy, M.P. 35N., and I-I.S. 25 were all obtained as 
cylindrical  rods in  the mi l l -annea led  state. H.S. 21 was 
supplied as 0.5 in. diameter  inves tment  castings. One 

Table I. Nominal compositions of some commercially available 
surgical implant alloys and experimental alloy No. 7 

Alloy Cr Mo W Ni C Fe Co 

316L 17-20 2-4 --  10-14 0.03 Bal - -  
Elgilloy 20 7 --  15 0.15 Bal 40 
M . P .  35N.  20 10 - -  35 - -  -- 35 
H.S .  25 19-21 -- 14-16 9-11 0.15 3 B a l  
H.S .  21 27.5 5.5 - -  2.5 0.35 2.0 Bal 
No. 7 20 I0 . . . .  B a l  

1433 
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set of the wrought  exper imental  alloys No. 7 and H.S. 
21 were hot extruded in  a single pass (80% reduct ion 
in  area) from 1 in. diameter  vacuum-cast  ingots. A n-  
other set was hot press forged (1200~ from 30 lb in-  
gots with f requent  in termediate  anneals and then hot 
rolled at ~1200~ to a 0.38 in. thick strip. 

Test specimens having a length  of 1.000 in. and a 
diameter  of 0.250 in. were cut, machined, and polished 
to 4 • 0 grit  paper. One end of each specimen was 
rounded and for the electrochemical tests the other end 
was drilled and tapped to fit into a Stern-Makrides  
(28) electrode holder. 

Teflon rings were all machined from the same cyl in-  
drical rod stock of Teflon, finished with 4 • 0 grit  
paper to have a width of 0.125 in. and an in terna l  diam- 
eter of 0.235 in. Sharp edges were rounded. 

After ultrasonic degreasing in t r ichlorethylene all 
metal  specimens were washed and rinsed in distilled 
water  and absolute alcohol, dried, and stored in vacuum 
dessicators. The Teflon rings were also degreased, 
washed, rinsed, and dried before they were force-fitted 
to the middle of the cylindrical  alloy specimens with 
the aid of a mechanical  jig. The lat ter  was used to 
avoid damaging the surface finish with hand tools. 
After force fitting, the metal  external  to the Teflon r ing 
was l ightly abraded with 4 • 0 grit paper  to remove 
adherent  Teflon and carefully cleaned with absolute 
alcohol. 

Two test solutions were employed, isotonic salt solu- 
tion, 0.9% NaC1, and a highly aggressive solution of 
10% HC1 ~- 1% FeC13. The two corrodents used in the 
corrosion tests were made from reagent  grade chemi- 
cals and doubly distilled water. Purified ni t rogen was 
used for deaerat ion and tank  oxygen for aeration of 
the corrodents used in the electrochemical cells. The 
quiescent solutions used in  the beaker  tests were re-  
newed for test runs  of over 10 days at regular  in te r -  
vals. 

Corrosion tests .--The electrochemical cells, auxi l l iary 
electrical apparatus, and techniques of measurement  
duplicated that recommended by Greene (29) and used 
by Revie and Greene (12, 13). A nonpolarizable Ag- 
AgC1 electrode (E ~ = 0.216V at 37~ was used for 
reference. Measurements of open-circuit  potential  vs. 
t ime in oxygenated solution at 37~ and anodic polari-  
zation curves in deaerated electrolytes at 37~ were 
first made to determine rest and breakdown potentials. 
These were followed by similar  measurements  of the 
open-circui t  potential  variat ion with t ime of creviced 
alloy specimens and anodic current  vs. time of creviced 
alloy specimens at a series of fixed potentials lying in 
the passive region of the noncreviced alloy specimens. 
The electrochemical cells were housed in  an incubator  
which was mainta ined at 37 ~ ___ 0.5~ After  the ter-  
minat ion of each test run, the Teflon r ing was carefully 
cut away and the electrode scrubbed with a bristle 
brush in  runn ing  water. The specimen was then rinsed 
with alcohol, dried, and examined at high magnification 
using intense oblique i l luminat ion  for evidence of etch- 
ing and pitting. 

Two types of direct immersion tests in the aggressive 
corrodent were employed. In  both, a m in imum of six 
specimens were used for each test and only one speci- 
men was immersed in  each beaker. These were housed 
in  incubators  main ta ined  at 37 ~ ___ 0.5~ In  the first 
set of tests in  the 10% HC1 + 1% FeC13 solution, test 
runs were te rminated  at 4 hr intervals  after immersion 
for times up to 4 days. In  another  series using creviced 
as well  as noncreviced alloy specimens the test runs 
were terminated after 10 day intervals. After  the ter-  
mina t ion  of each test and removal of the Teflon rings 
and cleaning of the specimens, all specimens were ex- 
amined for evidence of isolated pit t ing and crevice 
corrosion as well as etching. In  the case of the 10 day 
tests in  the 10% HC1 + 1% FeC13 solution loss in  
weight measurements  were also made. Similar  tests in  

the isotonic salt solution were terminated at 10 day 
intervals  for periods up to 60 days. 

Results 
The results of the beaker  tests employing a quiescent 

10% HC1 ~- 1% FeCI~ solution at 37~ are summarized 
in Table II. Column A lists the times to onset of the 
first two to four crevice corrosion pits in  all 6 samples 
of each alloy on test runs  up to 4 days. The loss in  
weight  after 10 day immersion tests of the creviced 
alloys is listed in  column B of Table II and the loss in 
weight of noncreviced specimens of the same alloys is 
shown in column C. In all three sets of observations it  
is apparent  that  the crevice corrosion resistance as 
well as general  corrosion resistance of cast and solu- 
tionized H.S. 21, wrought  H.S. 21, and the wrought  
No. 7 alloy are greater in  this solution than Elgilloy, 
M.P. 35N., H.S. 25, and as-cast H.S. 21. 

Table III lists the results of the direct immersion cor- 
rosion tests conducted in 0.9% NaC1. Obtaining weight 
loss measurements  of highly corrosion resistant alloys 
in such a relat ively weak corrodent requires extremely 
long immersion times. Consequently, the alloys' resist- 
ances to crevice corrosion in  0.9% NaC1 were deter-  
mined in  a highly quali tat ive fashion by sacrificing 4 
specimens of each alloy at 10 day intervals  and deter-  
min ing  the time at which crevice corrosion pits could be 
observed at 200• in two of the four specimens. The 
alloys are rated in the same manner  as the direct im-  
mersion corrosion tests in  10% HC1 + 1% FeCI~. For 
comparison purposes the data obtained from examina-  
t ion of excised implants  are listed in column B of Table 
III. 

Figures 1 and 2 list the anodic polarization charac- 
teristics of the alloys examined in deaerated solutions 
of 10% HC1 + 1% FeCI~ and 0.9% NaC1, respectively. 
The samples were immersed for 1 hr  in  the test solu- 
t ion prior to polarization which was accomplished by 
sweeping the potential  at a rate of 10 mV/min .  The 
anodic polarization behavior  of 316L stainless steel was 
not determined in 10% HC1 + 1% FeC13 since the alloy 
was visibly pitted wi th in  minutes  following immersion. 

Table II. Results of beaker tests in 10% HC[ -~ 1% FeCI3 at 37~ 

Alloy A* Bt C$ 

Elgil loy 4 h r  0.0864 0.0640 
M.P. 35N. 8 h r  0.0454 0.0350 
H.S. 25 8 h r  0.0352 0.0128 
As-cast  H.S. 21 72 h r  D.0053 0.0015 
As-cast  and solu- No pi t t ing  in 0.0005 0.0002 

t ionized H.S. 21 28 days 
W r o u g h t  H.S. 21 No pi t t ing  in O.0001 0.0001 

28 days 
W r o u g h t  No. 7 No pi t t ing  in 9.0000 0.0000 

28 days 

* A. T i m e  to onset  of first observable  crevice corros ion pits. 
t B. A v e r a g e  loss in we igh t  in g r a m s  d u r i n g  10 day test  of crev- 

iced specimens.  
$ C. A v e r a g e  loss in we igh t  in grams of bare (noncrevieed)  

spec imens  in 10 day  test.  

Table III. Results of direct immersion corrosion tests in 0.9% NaCI 

Alloy A* Bt 

316L stainless  10 days  < 2  m o n t h s  
s teel  

Elgi l loy 30-40 days  <6  m o n t h s  
M.P. 35N. 40-60 days Not reported 
H.S. 25 50-60 days <4  yea r s  
As-cast  H.S. 21 None in 60 days  Not r e p o r t e d  
As-cast  and solu- None in 60 days  - -  

t ionized H.S. 21 
W r o u g h t  H.S. 21 None in 60 days  - -  
W r o u g h t  No. 7 None in 60 days - -  

* A. T i m e  to onset  os first observable  crevice  corros ion pits 
in c rev iced  specimens of al loys immersed  in isotonic salt  solut ion 
at 37~ 

t B. Shortest  t ime reported  for  excis ion of implants  in which  
crevice  corros ion pitting was  observed.  
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Fig. 2. Anodic polarization characteristics of the alloys in de- 
aerated 0.9% NaCI at 37~ 

Figure 3 depicts the variation of open-circuit  poten- 
tial with time of Teflon creviced specimens of all the 
alloys except 316L stainless steel in the oxygenated 
10% HC1 + 1% FeC13 solution at 37~ Stainless steel 
is active in this solution and the metal  external to the 
Teflon ring extensively corrodes immediately after im- 
mersion. The smooth, monotonic increase of potential 
with time of creviced samples of wrought H.S. 21, 

two former Teflon-metal-solution interfaces. The po- 
tentials of creviced samples of H.S. 25 and M.P. 35 
dropped to active values in approximately 10 hr. Severe 
crevice corrosion was observed under their  Teflon rings 
when the tests were terminated 8 days after immersion. 
The potential of a creviced sample of Elgilloy dropped 
to an active value in less than 1 hr after immersion. 
The sample exhibited extensive crevice corrosion. 

The results of the rest potential measurements con- 
ducted on creviced samples in 0.9% NaC1 are depicted 
in Fig. 4 Serrations indicative of localized attack were 
only observed in 316L stainless steel and, to a much 
lesser extent, in Elgilloy. The stainless steel specimen 
exhibited a few t iny crevice corrosion pits underneath 
the Teflon ring. No crevice corrosion occurred in any of 
the other alloys during this 10 day test. 

In the measurement of the anodic corrosion current 
of creviced alloy electrodes for times up to a thousand 
minutes or more at fixed potentials in a deaerated solu- 
tion it was possible to observe a potential at which the 
current abrupt ly increased. Only in the case of solu- 
tionized H.S. 21, wrought H.S. 21, and the No. 7 alloy 
was that  potential found to be equivalent to the break-  
down potential of nonereviced specimens of the same 
alloy. The anodic corrosion current measured divided 
by the area of metal outside the Teflon ring is plotted 
as log~0 of corrosion current density vs. log~0 time as 
shown in Fig. 5 for 316L stainless steel in 0.9% NaC1. 
Initially, at all applied potentials, the corrosion rate 
decreases monotonically with time and the alloy ex- 
hibits typical passive behavior. However, at potentials 
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Fig. 4. Potential variation with time of creviced samples in oxy- 
genated 0.9% NaCI at 37~ 

wrought No. 7, and as-cast and solutionized H.S. 21 I 
indicates no localized corrosion occurred in these alloys 
(25, 26). The potential of as-cast H.S. 21, however, is 
seen to continuously decrease approximately 15 hr  after ~e 
immersion. Upon completion of the test the as-east "~ 
H.S. 21 specimen showed mild crevice attack in the ~- 
form of two paral lel  discontinuous rings of pits at the ~ 0.1 
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of 0 mV and h igher  the  corrosion r a t e  ab rup t ly  in-  
creases af ter  a cer ta in  incubat ion per iod and crevice 
corrosion could be seen under  the  Teflon r ings af ter  
t e rmina t ion  of the  test. Tables  IV and V list  the  lowest  
appl ied  potent ia l  at which crevice corrosion occurred 
in each of the al loys in 10% HC1 -t- 1% FeCI~ and 0.9% 
NaC1, respect ively.  No crevice  corrosion was observed 
in samples  of wrought  H.S. 21 or a l loy No. 7 in e i ther  
test solution. Despi te  the  appl ied  potential ,  the  Teflon 
r ing affixed samples  of these two al loys cont inued to 
exhibi t  passive behavior  and no localized corrosion. 

Discussion and Conclusions 
All  of the  corrosion test  resul ts  c lear ly  indicate  the  

super ior i ty  of cast and solut ionized H.S. 21, wrought  
H.S. 21, and the wrought  No. 7 a l loy whose composit ions 
are  l is ted in Table I. Al l  th ree  appear  to be  immune  to 
localized corrosion; even when the i r  passive films b r e a k  
down dur ing anodic polar iza t ion  above the b r eakdown  
potent ia ls  in the  two corrodents  used, t hey  corrode gen-  
e ra l ly  ra the r  than  locally.  The super ior  crevice corro-  
sion resis tance of the  wrough t  H.S. 21 re la t ive  to the  
cast H.S. 21 can in la rge  measure  be a t t r ibu ted  to the  
g rea te r  chemical  as wel l  as s t ruc tura l  homogenei ty  of 
the  wrought  ma te r i a l  (19, 20, 30). Ev iden t ly  a 1 h r  
solutionizing h e a t - t r e a t m e n t  at  1230~ removes  a suffi- 
cient amount  of coring and microsegregat ion  to real ize 
the improvements  repor ted  in corrosion resis tance r e l a -  
t ive to the as-cast  mater ia l .  However ,  me ta l log raphy  
and x - r a y  diffract ion studies indicate  that  such a solu-  
t ionizing t r ea tmen t  does not comple te ly  remove  all  of 
the  secondary  phases such as carbides and s igma phase 
tha t  are  present  in the as cast condit ion (30). Never -  
theless, this h e a t - t r e a t m e n t  also improves  t he  duct i l i ty  
and tensi le  s t reng th  of the cast al loys (31). 

The present  finding tha t  H.S. 25 is infer ior  to cast 
H.S. 21 is confirmed by  the in vivo resul ts  of Cohen and 
Wulf f  (15) and Rose et al. (16) who repor ted  incidents  
of crevice corrosion in H.S. 25 implan t  par t s  coupled 
to cast H.S. 21 par t s  which were  free of corrosion. Al l  
of the corrosion tests conducted indicate  the  high 
strength,  wrought  M.P. 35N. a l loy possesses the  same 
genera l  and crevice corrosion resis tance as H.S. 25, and 
though M.P. 35N. is cu r ren t ly  used by  at  least  one fab-  
r ica tor  (17) for the  weight  bear ing  members  of im-  
p lan t  par ts  fo rmer ly  made  of cast H.S. 21, the presen t  
results  indicate  that  M.P. 35N. wi l l  even tua l ly  be found 
lacking in  crevice corrosion resis tance as is the  case for  
H.S. 25. 

Table IV. Lowest applied potential at which crevice corrosion 
initiates in deaerated 10% HCI "-I- 1% FeCI3 

Alloy Poten t ia l  (mV)  Time (min)  

Elgil loy 400 7 
M.P. 35N. 400 350 
H.S. 25 400 600 
H.S. 21 as-cast 800 850 
H.S. 21 cast  and  No crevice corrosion at  

solutionized any  applied potential  
H.S. 21 w r o u g h t  No c rev ice  corrosion at 

any applied potential  
No. 7 No crev ice  corros ion  a t  

any appl ied poten t ia l  

Table V. Lowest applied potential at which crevice corrosion 
initiates in deaerated 0.9% NaCI at 37~ 

Alloy Poten t ia l  (mY)  T i m e  (min)  

316L 100 
Elgil loy 100 
M.P. 35N. 300 
H.S. 25 300 
H.S. 21 as-cast 300 
H.S. 21 as-cast and No crevice corrosion at  

solut ionized a ny  appl ied potential  
H.S. 21 w r o u g h t  No crevice  corros ion  at  

any applied potential  
No .7 w r o u g h t  No crevice corrosion at  

any applied potential  

200 
200 
85 

100 
1000 

Although  Elgi l loy possesses admi rab le  mechanical  
propert ies ,  its crevice corrosion resistance is fa r  infer ior  
to the  above coba l t -base  alloys. The r e m a r k a b l y  high 
tensi le  and fat igue s t rengths  of wrought  H.S. 21 and 
No. 7 combined wi th  the i r  super ior  general  and crevice 
corrosion resistances should make  them an a t t rac t ive  
subst i tu te  for Elgi l loy (20, 30). 316L stainless steel, the  
most wide ly  used surgical  implan t  alloy, exhib i ted  the 
least  resis tance to crevice corrosion. This is subs tan-  
t ia ted by  numerous  in vivo resul ts  indica t ing  the high 
suscept ib i l i ty  of 316L stainless steel  implan t  par t s  to 
crevice corrosion (4-6, 21). The occurrence of crevice 
corrosion in 316L specimens affixed wi th  Teflon r ings 
wi th in  10 days  of immers ion  in  0.9% NaC1 questions the  
su i tab i l i ty  of this  ma te r i a l  for use even in shor t  t e rm  
implan t  parts.  I t  is hoped tha t  the  s imple  solut ionizing 
anneal  t r ea tmen t  for cast H.S. 21 would  be adopted  
by  all  implan t  fabr icators  to assist them in producing 
consis tent ly s t ronger  and more  corrosion res is tan t  
parts .  Adopt ion  of the  high s t rength  wrought  vers ion 
of H.S. 21 or  the No. 7 a l loy by  implan t  fabr icators  wi l l  
no doubt t ake  t ime for  shaping implan t  par t s  out of 
e i ther  a l loy f rom wrought  bar, plate,  or sheet  stock 
requires  for all  but  the  s implest  implan t  par ts  hot  
c losed-die  forging, since machin ing  these al loys is d i f -  
ficult a l though not impossible,  according to p resen t ly  
known techniques. In  this  r ega rd  the Co-20Cr-10Mo 
al loy is p robab ly  more  workab le  because of i ts low 
carbon content. That  this  a l loy also appears  somewhat  
more corrosion res is tan t  than  wrought  H.S. 21, can 
p robab ly  be a t t r ibu ted  to its h igher  Mo/Cr  rat io  than  
H.S. 21 or Vital l ium. We are  led to this v iewpoin t  by  
ear l ie r  studies of Tomashov and Chernova (32) r ega rd -  
ing addi t ions of mo lybde num to aus ten i t i c - type  s ta in-  
less steels. As Rhodin  (33) pointed out, mo lybdenum 
has a tendency to s tabi l ize the  passive film and make  
it more  res is tant  to ch lor ide- ion  penetra t ion.  

Hoar  and Mears  (7) have suggested tha t  measu re -  
ments  of corrosion cur ren t  as a funct ion of t ime of 
bare  (noncreviced)  specimens at  fixed appl ied  poten-  
t ials  which lie in the i r  passive region provide  a more  
quant i ta t ive  assessment of localized corrosion suscepti-  
b i l i ty  than  po ten t i a l - t ime  measurements .  We bel ieve  
however  that  the use of creviced samples  in such mea -  
surements  is not only  less t ime consuming but  more  
meaningful ,  for .crevice corrosion is the  ma jo r  orig.in 
of corrosion damage in surgical  implants .  

The direct  immers ion  tests of the  onset of crevice 
corrosion in the  10% HC1 -b 1% FeCI~ solution, i t  is 
necessary to emphasize,  p rovide  as reasonable  an as-  
sessment of crevice corrosion resis tance as the  poten-  
t i a l - t ime  measurements  in the  same solut ion or for  
that  ma t te r  as the  passive c u r r e n t - t ime  measurements  
in the  same solution. Fo r  ini t ia l  screening purposes  in 
al loy deve lopment  studies such tests a re  s imple and 
less t ime-consuming  but  l ike  al l  crevice  corrosion tests, 
thei r  reproduc ib i l i ty  depends  to a la rge  measure  on the 
care exerc ised  in reproducing  crevice geometry.  

Al though the  p i t t ing  potent ia l  of t i t an ium al loys in 
isotonic salt  solut ion are  h igher  than  those of wrought  
H.S. 21, the i r  ini t ial  ra te  of corrosion in the  first 1000 
or more  minutes  a f te r  immers ion  in  an  isotonic sal t  
solut ion is no different  (12, 14) K u m m e r  (14) has 
shown that  in a 10-20% HC1 solut ion at 37~ the i r  long 
t ime corrosion rates  are no be t t e r  than  wrought  H.S. 21. 
For  pat ients  who exhibi t  sens i t iv i ty  to nickel  or cobalt  
corrosion products  the  use of t i t an ium al loy implants  
is of course mandatory ,  but  for o ther  pat ients  i t  is im-  
por tan t  to real ize  that  the  tensi le  and fat igue s t rengths  
of the wrought  H.S. 21 are  equivalent  to those of fu l ly  
hardened  Ti-6A1-4V. However ,  in that  s ta te  Ti-6A1-4V 
appears  to have g rea te r  notch sensi t iv i ty  than  wrought  
H.S. 21. In any case, the  super ior  wear  resistance of 
wrought  or cast H.S. 21 requires  its use at least  for the  
present  in the rubbing  members  of cer ta in  total  jo int  
rep lacement  prostheses since t i t an ium alloys have in -  
adequate  wear  character is t ics  (14). 
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Final ly ,  i t  should be noted tha t  hot isostatic press ing 
of inves tment  cast implan ts  is a th i rd  technique,  in ad -  
di t ion to the  solut ionizing h e a t - t r e a t m e n t  and hot  
working,  for improving  the s t rength  and corrosion re -  
sistance of Co-Cr -Mo-C alloys. That  this technique can 
increase  the tensi le  proper t ies  of cast H.S. 21 has been 
demons t ra ted  in a separa te  inves t igat ion (31). Since 
such processing heals  microvoids,  reduces coring, ~nd 
dissolves carbides  and other  secondary  phases, the cor-  
rosion resis tance of hot  i sos ta t ical ly  pressed cast im-  
p lan ts  should be  f avorab ly  affected. Exper iments  are  
cur ren t ly  u n d e r w a y  to de te rmine  if such is the  case. 
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ABSTRACT 

A technique based on the measuremen t  of s t reaming  potent ia ls  has been 
developed to evalua te  the  e lect rokinet ic  region of the  cell pe r iphery .  This 
approach  is feasible for cell l ines p ropaga ted  in in vitro cell cu l ture  in mono-  
l aye r  form. The advan tage  of this  sys tem is that  cells m a y  be eva lua ted  in 
the  l iving s tate  a t tached to a substrate.  Thus it is not necessary to subject  
the  cells to enzymatic,  chemical,  or mechanical  t r auma  requ i red  to obtain 
monodisperse  suspensions which are  then no rma l ly  eva lua ted  by  microelec-  
trophoresis .  In this manner  i t  should be possible to s tudy  the influence of 
subs t ra te  and env i ronmenta l  factors on the charge dens i ty  and potent ia l  at  
the cell per iphery .  The appara tus  and procedure  are  descr ibed as wel l  a s  
some resul ts  concerning the e lectrokinet ic  (f) potent ia l  of borosi l icate  capi l -  
lar ies  as a function of ionic strength,  pH, and tempera ture .  The effect that  
tu rbulence  and ent rance  flow condit ions have  on accurate  s t reaming  potent ia l  
measurements  is discussed. The f -po ten t ia l  of BALB/c  3T12 fibroblasts  has 
been quant i t a ted  as a function of pH, ionic strength,  g lu ta ra ldehyde  fixation, 
and Giemsa staining. 

The electrokinet ic  p roper t ies  of monodisperse  sus-  
pensions of blood cells have  been comprehens ive ly  in-  
vestigated.  Elect rokinet ic  studies have been carr ied  out 
on e ry throcy tes  as a funct ion of pH, ionic strength,  and 
anion b ind ing  (1), various chemical  t rea tments  (2, 3), 
and proteolyt ic  enzyme exposure  (4). S imi lar  studies 
have  been conducted on lymphocytes  (5), leukocytes  
(6, 7), and pla te le ts  (8). Seaman  and Heard  (9) have 
modified a microelect rophores is  appara tus  or ig ina l ly  
designed by  Bangham et al. (10) for analysis  of biologi-  
cal mate r ia l s  in monodisperse  form. 

However ,  the g rea t  m a j o r i t y  of cell types  are  not  
free and monodispersed in the i r  na tu ra l  s ta te  but, 
ra ther ,  are  in t ima te ly  associated in tissues. Inves t iga-  
tors have  a t t empted  to character ize  cells f rom in vivo 
sources (11) and cells from in vitro t issue cul tures  (12) 
using the microelect rophores is  technique.  This usua l ly  
necessitates a dissolut ion of the  t issue or cell monolayer  
by  mechanical ,  chemical,  or enzymat ic  means  to y ie ld  
a monodispersed suspension. The assumpt ion that  such 
t rea tments  do not  s ignif icantly a l te r  the  pe r iphe ra l  r e -  
gion of the  cells and thus the i r  e lect rokinet ic  behavior  
is unsound. Ponder  (13) and Seaman  and Heard  (14) 
have  shown that  t ryps in iza t ion  significantly reduces the 
e lect rophoret ic  mobi l i ty  of human  erythrocytes .  Sea-  
man  and Uhlenbruck  (4) ex tended  this analysis  to a 
number  of pro teo ly t ic  enzymes and ery throcytes  de -  
r ived  from a va r i e ty  of species. In  most instances there  
was a significant a l te ra t ion  in measured  e lect rophoret ic  
mobil i ty.  Also, i t  is possible  tha t  the  association of cells 
in tissues or monolayers  in in vitro cul ture  results  in 
profound a l tera t ions  in thei r  e lect rokinet ic  proper t ies  
compared  to those commonly  observed in suspension 
microelectrophoresis .  

The ini t ia l  object ive  of this  research  was to develop 
an appara tus  and exper imenta l  technique  which could 
d i rec t ly  measure  the  e lectrokinet ic  proper t ies  of cells 
g rown in in vitro t issue culture.  The approach  chosen 
w a s  based on the s t reaming  potent ia l  phenomena  or ig i -  
na l ly  quant i ta ted  by  Helmhol tz  and Smoluchowski  
(15) and expla ined  in some deta i l  by  Davies and Rideal  
(16). 

The re la t ionship  be tween  the measured  s t reaming  
potent ia l  and the potent ia l  at  the  hydrodynamic  shear  

Key words: t-potential, cel l  periphery,  borosilicate, entrance 
effects. 

plane, the zeta (~) -po ten t ia l  is given as 

- KB + [1] f-- P a 

where ~l and e are viscosity and dielectric constant, re- 
spectively, in the diffuse double layer, Estr is the 
streaming potential measured across the streaming 
capillary, P is the pressure difference across the capil- 
lary responsible for the flow of electrolyte, a is the 
radius of the capillary, and KB and Ks are the specific 
bulk and surface conductance. The f-potential can be 
calculated from measurements of streaming potential 
and driving pressure if surface conductance is ac- 
counted for. This is accomplished by utilizing Eq. [2] 

4m] Estr C 
f -- -- -- [2] 

, P R 

Here C is a p rede te rmined  sys tem constant  and  R is 
the measured  a-c resis tance of the cap i l l a ry -e lec t ro ly te  
system. 

Normal ly  Eq. [2] is ut i l ized when  ionic s t rength  is so 
low that  surface conductance comprises a significant 
propor t ion  of the  to ta l  conductance. At  high ionic 
strengths,  i.e., physiological  e lec t ro ly te  concentrations,  
surface conductance is negl igible  compared  to the  total  
conductance, and Eq. [1] simplifies to Eq. [3] 

4~KB Estr 
f = - -  -- [3] 

�9 P 

KB can then  be de te rmined  in a s tandard  conduct ivi ty  
cell ut i l iz ing pla t in ized gray  p l a t i num electrodes.  Vis-  
cosity and dielectr ic  constant  in the  diffuse l aye r  a re  
assumed to be equal  to bu lk  values;  however,  this is 
p robab ly  incorrect  according to Hayden  (17). 

Ball  and Fuer s t enau  (18) have rev iewed  the s t r eam-  
ing potent ia l  l i t e r a tu re  in r ega rd  to Estr/P data. They 
have concluded that,  due to as ye t  unexp la ined  flow 
and a s y m m e t r y  potent ia ls  common to a wide var ie ty  of 
e lect rode types, the  slope of the  loci of Estr da ta  at a 
number  of d r iv ing  pressures  in opposi te  flow direct ions 
(AEstr/AP) should be ut i l ized in Eq. [1], [2], and [3]. 
This has been the case in this research  where  the  loci 
of s t reaming potent ia l  da ta  as a funct ion of d r iv ing  
pressure  in both flow direct ions have been fitted to a 
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l inear  regression best fit straight l ine using a Hewlett  
Packard (Model 9820A) programmable  calculator. 

Apparatus 
The s t reaming potential  apparatus is i l lustrated in  

Fig. 1. It is composed ent i re ly  of borosilicate (Corning 
7740) glass with the exception of two sections of Silastic 
(Dow Coming  polydimethyl  siloxane medical grade) 
tubing (F) used to connect the s treaming capillary 
(E) to the electrode chambers (C). The electrodes are 
of the silver, silver chloride type and are prepared by 
the anodic electrolytic deposition of an AgC1 coating on 
a silver wire (A. D. Mackay, New York).  The wire  
electrodes are in  the form of a spiral and are epoxied 
into 7/15 ~[ glass joints which mate with the electrode 
chambers. Two 200 ml reservoirs (A) serve as con- 
tainers for the s t reaming fluid and are connected to the 
electrode chambers (C) and an N2 pressure source via 
section B. Section D is a dip tube extending to the bot-  
tom of each reservoir. Sections A, B, C, and D are con- 
nected together via 7/15 and 19/22 $ glass joints and 
were made small  enough to be rf glow discharged prior 
to each s t reaming experiment.  

The reservoirs are positioned in a constant tempera-  
ture  bath and st i rr ing can be accomplished with a mag-  
netic stirrer. The system pH (Coming Model 12 pII 
meter  and glass electrode combination) and tempera-  
ture  (0-100~ accurate to 0.1~ can be monitored 
continuously. Purified N2 gas (99.999% pure)  serves as 
a pressure source utilized to drive the s treaming fluid 
through the capillary. The four-way ball  valve (V) 
(Whitey Model B-43YF2) s imultaneously  exposes one 
reservoir to N2 driving pressure and the other to atmo- 
spheric pressure. A 90 ~ rotat ion of the valve applies 
pressure to the opposite reservoir and reverses the elec- 
trolyte flow. Pressure is adjusted with a two-stage 
oxygen regulator  (Matheson Gas Products Model 3104) 
with an adaptor for N2 and a Tycos pressure gauge (T) 
(0-300 m m  Hg, accurate to 1 mm t tg) .  The components 
of the pressure drive system are connected to the 
s t reaming apparatus via Silastic tubing. The streaming 
potential  is measured with a high input  impedance 
digital electrometer (Keithley Model 616), and the re- 
sistance or conductance of the s treaming fluid is mea-  
sured with an a-c bridge at a f requency of 1 kHz (Gen-  
eral Radio Model 1650B). The streaming apparatus is 
electrically isolated from extraneous electrical signals 
by a Faraday cage (copper screen 50 mesh/ in . )  (FC).  

Procedure 
Streaming potential  data were obtained by measuring 

s t reaming potentials at a dr iving pressure of 2 cm t-Ig, 
then reversing the flow direction and repeating the 
measurement .  The driving pressure was increased by 
2 cm Hg and streaming potentials were again measured 

~ FC 

F 

TEMP C 

B 

D 
I AC BRIDGE LEFT , HEATER RIGHT 

RESERVOIR ~ A A RESERVOIR 

-- J---_ J~- . . . . . . . . . .  

, H I  
i III 

f ~  
Fig. I. A schematic diagram of the streaming potential apparatus 

in both flow directions. This process was repeated unt i l  
the driving pressure reached 12-14 cm Hg. The slope, 
,~Estr/~P, of the best fit s traight l ine was util ized in  
Eq. [3]. Solution specific conductance was deter-  
mined in a precal ibrated cell with plat inized p la t inum 
electrodes. The cell constant, C, of the s treaming capil-  
lary and the conductivi ty cell were predetermined us- 
ing a 0.1N KCI solution of known  specific conductance 
(19). Following streaming measurements,  the resist- 
ance of the capil lary electrode system was measured 
with the a-c bridge. In  most instances where ionic 
s trength was high, solution conductance masked sur-  
face conductance and KB was determined in  a con- 
vent ional  conductivity cell. Equat ion [3] was then 
utilized. This was the case for all data reported here. 

Radio frequency glow discharge (RFGD) of the 
s treaming cell components was carried out to el iminate 
problems with surface contaminat ion which occasion- 
ally developed. RFGD (Commercial  Plasmod System, 
Tegal Corporation, Richmond, California) in argon 
gas at 100 ~m Hg and an rf  power density of 50W for 
5 rain was highly effective in removing surface con- 
taminat ion.  

All chemicals utilized were analyt ical  reagent  grade 
(Fisher Scientific Company, Fair lawn,  New Jersey) .  
Water used in this s tudy was twice distilled over Pyrex  
glass (Coming Still Model AG-11) and had a conduc- 
t ivi ty of 1 +_ 0.1 ~mho/cm. Phosphate buffered saline 
(PBS) was made up as 0.145M NaC1, 2 X 10-4M 
KH2PO4, and 8 X 10-4M Na2HPO4 using twice dis- 
tilled water. Glutara ldehyde was employed as a fixa- 
tive in a 2% (v /v)  solution in PBS (obtained in pur i -  
fied form as an 8% (v/v)  unbuffered aqueous solution 
sealed under  pure Ne from Polysciences, Incorporated, 
Warrington,  Massachusetts).  Giemsa biological stain 
(Fisher Scientific Company, Fair lawn,  New Jersey) was 
utilized at 10% (v /v)  in twice distilled water. Nigrosin 
(Eastman Organic Chemicals, Rochester, New York) 
dye exclusion was used as a test of membrane  viabi l i ty  
at a concentrat ion of 1% (wt /v)  in PBS. Dulbecos 
modified Eagle Medium (Grand Island Biological Labs) 
supplemented with penici l l in (100 un i t s /ml ) ,  s trepto- 
mycin (100 mg/ml ) ,  and 20 mM HEPES (N-2-hy-  
droxyethyl  p iperaz ine-N-2-e thane  sulfonic acid, ICN 
Pharmaceuticals,  Cleveland, Ohio) buffer was utilized 
as the cell cul ture medium and will  be referred to as 
DMM. Fetal  bovine serum (fbs) was added as specified. 

An established line of BALB/c 3T12 mouse fibro- 
blasts (noncontact- inhibi ted,  tumorigenic  cells) were 
cultured to confluency in  borosilicate capillaries 600 _ 
20 ~m ID. The ceils were harvested from milk dilution 
bottles by trypsinizat ion [6 ml of 0.25% (v /v)  t rypsin] ,  
resuspended in  DMM supplemented with 10% (v /v)  
fbs, and centrifuged at 200g for 5 rain. The cells were 
then resuspended in  DMM, counted in  a hemocytom- 
eter, washed in  DMM twice, and resuspended at a seed- 
ing concentration of 1 X 106 cel l /ml  in DMM. The cells 
were seeded by drawing the cell suspension into the 
capil lary using a 1 cm 3 syringe. Both ends of the capil-  
lary were capped with Silastic tubing and clamps; the 
capillary was placed in an incubator  at 37r 90% 
humidity,  and 95% air/5% CO2 for 20-30 rain. This was 
sufficient t ime to allow the cells to contact and form 
an adhesive bond with the glass surface. Fresh DMM 
supplemented with 10% (v /v)  fbs was then d rawn into 
the capillary. After  approximately 5-10 hr the capillary 
was removed from the incubator  and reseeded in  an-  
other position on the in ternal  circumference in the same 
manner .  Four  to five cell seedings over a 24-36 bx 
period were sufficient to get a uni form dis t r ibut ion of 
cells on the interior  of the capillary. Glass syringes of 
30 ml capacity were attached to each end of the capil- 
lary via Silastic rubber  tubing. Supplemented medium 
(DMM, 10% fbs) was continuously perfused through 
the capillary at a flow rate of 0.5 m t / h r  using a Sage 
syringe pump (Sage Ins t ruments  Model 341). This was 
sufficient to keep the cells metabolical ly and mitotically 



1440 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  October 1976 

Table I. Composition of aqueous electrolyte utilized in 
electrokinetic evaluation of living cells 

Millimoles/L 
Component of component 

NaC1 133.00 
CaC12 1.80 
KC1 5.36 
MgSO4 �9 7I-I~O 0.81 
KH_~PO4 0.20 
Na~HPO4 0.80 
D-glucose (anhydrous) 5.55 

active, and after 24-36 hr  the cells had prol i fera ted to 
monolayer  density. 

The capil lary was removed from the perfusion ap- 
paratus and rinsed in 5 ml of cell s t reaming solution 
(Table I) at 5 ml /min .  It was then inserted into the 
s treaming apparatus and evaluated within  10-15 rain. 
Fol lowing this, the cells in the capil lary were  fixed in 
a 2% (v /v )  g lu tara ldehyde PBS solution for 30 min 
at 37~ Af ter  fixation the electrokinetic propert ies  of 
the cells were  evaluated as a function of pH and ionic 
strength. When the electrokinetic  evaluations were  
completed, the cells were  stained in a 10% Giemsa 
solution in distil led water,  reeva lua ted  e lect rokinet-  
ically, and photographed in both t ransmit ted l ight and 
the scanning electron microscope. The cells on glass 
substrates were  post fixed in 1% osmium tetroxide PBS 
solution at 37~ for 15 min, dehydrated in a graded 
series of ethanol water  solutions, critical point dried 
in l iquid CO.~, mounted, coated with  carbon and gold, 
and observed in a Cambridge  stereoscan scanning elec- 
t ron microscope. 

For  s t reaming studies on glass and cell monolayers  as 
a function of pH, pH was adjusted wi th  solutions of 
NaOH or KOH and HC1 having the same ionic s t rength 
as the s t reaming solution. In all studies where  pH was 
maintained constant, phosphate buffer (2 X 10-~M 
KH.~PO4, 8 >< 10-SM Na2HPO4) was added to the 
s treaming electrolyte. The tempera ture  was maintained 
constant at 24~ in all studies. 

Results and Discussion 
Prel imina17 investigations concerning the effect of 

capil lary geometry  on measured s t reaming potential  
indicated a l inear  decrease in ~Estr/~P as the length of 
the capi l lary decreased. This was at odds with  the con- 
clusion inherent  in the der ivat ion of the s t reaming po- 
tential  equat ion in that  capil lary geometry  should not 
affect the s t reaming potential.  An analysis of flow tur -  
bulence and entrance effects on s t reaming potential  was 
carried out to de termine  the cause of the discrepancy. 

Figure  2 is an Estr vs. P plot for two s t reaming tubes. 
Tube A is 600 ~m ID and 30 cm in length, whi le  tube 

B is 1250 ~m ID and 30 cm long. In the case of tube A 
the data is l inear  and the slope (• vs. ~P) is equal 
in both flow directions. Measured flow rates and sub- 
sequently calculated Reynolds numbers  indicated lami-  
nar  flow throughout  the measured pressure range for 
tube A. In the case of the la rger  tube (B), the data at 
low driving pressures is l inear  and the slopes are equal  
in both flow directions; however,  at a pressure of 14 cm 
Hg the flow becomes turbulent  (R ~ 2000) and the data 
becomes nonlinear  at h igher  dr iving pressures. This 
seems to indicate a marked  deviat ion in the 5Estr/~P 
data obtained if the flow changes f rom laminar  to 
turbulent.  This is at odds with  data published by others 
(19) for turbulent  flow in aqueous systems. One can 
also see a difference in • for tubes A and B 
which would seem to indicate that  turbulent  flow is 
not the only cause of deviations in the calculated ~- 
potential  for tubes of various sizes. 

The results of s t reaming potential  studies on boro- 
silicate capillaries as a function of length  and internal  
diameter  are shown in Fig. 3. Each tube was evaluated 
at its greatest  length and then successive portions were  
removed and it was reevaluated.  This was continued 
unti l  no tube remained. The only var iable  was length 
since ~l and E are assumed constant and KB great ly  pre-  
dominated over Ks at this high ionic s t rength (0.01 g 
ions/L) .  Capillaries B (1284 ___ 34 ~m ID) and C (595 
_ 15 ~m ID) were  commercial  borosilicate; there  was 
no significant var ia t ion in ID along the length. Both 
capillaries exhibited a constant :~Estr/~P value unti l  a 
critical length was reached whereupon  there  was a 
marked drop in ~Estr/=~P. The critical length (Lc) at 
which this occurred was 58 cm for tube B and 20 cm for 
tube C. Capil lary A was hand drawn from a larger  
tube. There were  significant variat ions in ID along its 
length. Points 1 and 2 shown in Fig. 3 were  obtained 
when the capil lary was 190 _+ 12 ;~m ID, while  equi-  
valent  lengths taken f rom the center  of the tube gave 
lower ~Estr/~P values and had an ID of 160 _ 5 ~m. 
This would seem to indicate that  at lengths less than 
some critical length the d iameter  and length of the 
s t reaming capil lary marked ly  affect the measured 
s t reaming potential, whi le  at lengths greater  than Lc 
minor  variat ions in d iameter  and length have  no mea-  
surable effect. 

The onset of turbulent  flow does not seem to cause 
this behavior  since flow was laminar  in all cases for 
tubes A and C and there  seemed to be no significant 
effect due to turbulent  flow for tube B. If one compares 
the measured flow rates, Qr~, in the three tubes wi th  
the theoretical  flow rates, Qt, calculated using Poise- 
uille 's law as expressed in Eq. [4] 

r 4 dP 
Qt - [4] 
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Fig. 2. Estr vs. Pdriving or two borosilicate capillaries A and B. 
The streaming solution was 0.01M KCI buffered to a pH of 7. 
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Fig. 3. ~Estr/~,P vs. streaming tube length for three borosilicate 
tubes A, B, and C. The streaming solution was O.01M KCI buffered 
to a pH of 7. Error ranges correspond to one standard deviation. 
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where r is the tube  radius, ~ is the fluid viscosity, and 
dP is the pressure drop across a flow length dX, it  is 
found that  Qt and Qm are equal un t i l  the critical length,  
Lc, is reached, i.e., 20 cm for tube  C and 58 cm for tube  
B. It  can be concluded from this that the s t reaming data 
and calculated Z-potential are independent  of capil lary 
geometry (the variat ions in plateau values of AEstr/AP 
are expected since the tubes were from different 
sources and most probably had different surface his- 
tories) as long as Poiseuille flow exists. This is what  
Helmholtz predicted as Bocquet has pointed out (20). 
Poiseuille flow actually requires that  four basic condi- 
tions exist, i.e., the flow is steady, incompressible, lami-  
nar, and established. 

Many investigators have simply ignored the estab- 
l ished flow criteria. I t  takes a certain length, Le, past 
the entrance of a cylindrical  flow system, to establish a 
parabolic velocity profile dur ing steady laminar  flow of 
an incompressible fluid. The value of Le has been found 
both exper imenta l ly  (21) and theoretically (22) to be 
given by Eq. [5] 

Le ~ 0.06RD [5 ]  

Here R is the Reynolds n u m b e r  and D is the diameter. 
On the basis of this analysis, it seems that if Le is 
greater  than 10 __ 1% of the total s t reaming tube 
length, the hEstr/.~P ratio and subsequent ly  calculated 
; -potent ia l  will  be anomalously  low. 

Electrode asymmetry  at high ionic s t rength can de- 
velop, par t icular ly  if the electrodes have aged appreci- 
ably over the course of several months '  use, and if they 
have been exposed to prote in  or other adsorbable 
solutes. This is i l lustrated in Fig. 4. Curves 8B through 
12B were obtained uti l izing silver, silver chloride elec- 
trodes which had previously been exposed to a s t ream- 
ing capil lary with a surface of adsorbed fetal bovine 
serum. The asymmetry  developed at that  time. It was 
absent  in  earl ier  experiments  at high ionic s trength 
(0.1 g ions/L)  where protein was not present  (not 
shown).  The asymmetry  diminished with continuous 
s t reaming of electrolye in  approximately  30 rain (8B- 
10B). As long as s treaming continued, the slope ~Estr/ 
AP (10B-12B) remained constant. 

If flow ceased for any length of time, asymmetry  re-  
appeared and it required another 30-40 min  of s t ream- 
ing to obtain good I ineari ty and reproducibil i ty.  At 
lower ionic s t rength (0.01 g ions/L) the asymmetry  
was not evident  (1B and 4B, Fig. 4). When fresh elec- 
trodes were prepared and protein contaminat ion was 
absent, there was no deviat ion from l inear i ty  at low 
ionic s trength (0.01 g ions/L) or high ionic strength 
(0.1 g ions/L)  as shown in  Fig. 5. 

The asymmetry  exhibited by aged silver, silver 
chloride electrodes at high ionic s t rength may be due 
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Fig. 4. Estr vs. Pdriving for a berosilicate capillary. The stream- 
ing solution was 0.1M KCI (unbuffered) for curves 8B-12B and 
0.01M KCI (unbuffered) for curves 1B and lB. 
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Fig. 5. Estr vs, Pdriving for a borosilicate capillary. The stream- 
ing solution was 0.1M KCI. 13C was immeeliofely after chloridizafion 
while 9C was after equilibration and short-circuiting in streaming 
solution for 30 min. 

to protein adsorption in  the pores of the AgC1 coating. 
Janz and I res  (23) main ta in  that  si lver may  form 
stable complexes with amino and sulfhydryI groups of 
organic molecules which can compete with the insolu-  
bil i ty of the AgC1 thus negating the proper funct ioning 
of the electrodes. It has also been suggested (23) that 
10-25% of the silver should be chloridized to AgC1 to 
produce electrodes having good reproducibi l i ty  and 
stability. The electrodes exhibi t ing asymmetry  prob-  
lems had only 1% conversion (assuming 100% current  
efficiency) of Ag to AgCI. Sr inivasan (24) has recom- 
mended that  silver, silver chloride electrodes be pre-  
pared in  a slowly a l ternat ing a-c fashion uti l izing 
anodic deposition of AgC1 and cathodic current  to in -  
crease surface area by enhanced pore formation. The 
above recommendations were followed. Silver, silver 
chloride electrodes were prepared electrolytically with 
a slowly a l ternat ing current  (5 min  anodic, 2 rain 
cathodic, etc.); the gross surface area per electrode was 
1 cm "~ and the net  anodic current  density t ime product  
was 6.9 A-sec /cm ~. There was a theoretical conversion 
of silver to silver chloride of 16%. Electrodes freshly 
prepared in this fashion are stable and have never  
shown prolonged asymmetry  at high ionic s trength 
even upon protein adsorption. 

Figure  6 comprises 4 SEM micrographs of silver, 
silver chloride electrode surfaces. The general  shape of 
the electrodes used in  this study are shown in  Fig. 6a. 
They consist of silver wire coils 6 mm long and 3.8 m m  
OD. The gross surface area is 1 cm 2. Figure 6b i l lu-  
strates the AgC1 surface of a freshly prepared electrode 
(anodic 5 mA / c m 2 for 4 min, 1% conversion of Ag to 
AgC1). A number  of pores can be seen as well as some 
microgranular i ty  on a cobblestone surface. Figure 6c is 
the same electrode after approximately 3 months use. 
This was the same electrode which developed asym- 
metry  at high ionic s trength and protein exposure. The 
cobblestone appearance is still par t ia l ly  evident;  how- 
ever, much of the pore s t ructure  and alt of the micro- 
texture are lost. The pores between the cobblestones 
are now replaced by smailer  pores in  an incomplete 
cobblestone structure. Figure 6d is the surface of a 
freshly prepared electrode employing the al ternat ing 
anodic and cathodic deposition of AgC1 previously de- 
scribed. The highly porous s tructure obviously in -  
creases the surface area available for current  transport.  
Electrodes prepared in this manne r  have not exhibited 
asymmetry  at high ionic s trength and exposure to 
protein solutions as long as they are equil ibrated sev- 
eral hours prior to use. 

The calculated ~'-potential of borosilicate glass as a 
function of temperature  is shown in Fig. 7. The s tand-  
ard deviations at both ionic strengths are rather  large, 
par t icular ly  for 0.1M NaC1. This is due pr imar i ly  to the 
var iat ion in aEstr/~P slopes obtained at various tem-  
peratures and not so much to the inabi l i ty  to get ac- 
curate slopes at constant equi l ibr ium temperatures.  Due 
to the wide s tandard  deviations it can only be con- 
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Fig. 6. SEM micrographs of silver, silver chloride electrode surfaces 

cluded that there is no statistically significant var iat ion 
in ~ as a function of temperature.  

The variat ion in  ~-potential with pH for borosilicate 
glass is shown in Fig. 8. The data indicates that  boro- 
silicate has a pKa of ,-~ 5.7 assuming that all the surface 
charge is due to the ionization of ionogenic = Si-OH 
(silanol) groups in  the hydrated region of the glass. 
This is at variance with the data of Hair and Hertl  (25) 
and Marshall  et al. (26) which suggests a pKa for sur-  
face silanol groups of 7.1-7.2. However, it is quite prob-  

able that  high concentrations of hydron ium ions exist 
in the hydrated surface region of the glass due to 
cation exchange. If this were the case, the ~-potential 
at acidic pH could be considerably less than that oc- 
curring as a result  of charge generat ion purely  by iono- 
genic silanol groups. The result  would be an apparent  
shift in pKa. A second cause of the discrepancy may 
be due to the presence of boranol groups ( -  B-OH) in  
significant numbers  at the hydrated surface of boro- 
silicate glass. The proport ion of boron to silicon in the 
porous surface may be as high as 1:3 r~thr than  1:1~ 
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Fig. 7. Calculated ~'-potential of borosilicate glass as a function of 
temperature. Streaming solution was O.01M KCI ( I )  and O.IM NaCI 
( Q ) ;  both solutions were buffered to a pH of 7.0. Error ranges 
correspond to one standard deviation. 
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Fig. 8. Calculated ~'-potential of borosilicate glass as a function 
of pH. Streaming solution is 0.01 KCI. The pH was altered with 
KOH and HCI solutions of the same ionic strength. 
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as expected in the  bu lk  (27). The p K a  of boranol  
groups is 5.1 and this would  also t end  to shift  the  r e -  
su l tan t  surface pKa  to a more  acidic region. 

F igure  9 i l lus t ra tes  the  increase  in  ~-potential  wi th  
decreas ing ionic s t rength  (KC1) at  constant  pH (7.1) 
and t e m p e r a t u r e  (24=C). The l inear  por t ion  of the  
curve corresponds to the  expansion of the  e lectr ical  
double  l aye r  as ionic s t reng th  decreases.  At  an ionic 
s t rength  of less than  3 • 10 -4  g ions /L  there  is a 
devia t ion  f rom l inea r i ty  due to the  onset of surface 
conductance which  was not  accounted for in the  ca l -  
culat ion of ~. This is in agreement  wi th  the  detai led 
analysis  of surface conductance made  by  Rutgers  and 
DeSmet  (28) and Li and DeBruyn  (29). 

S t reaming  potent ia l  s tudies on l iving 3T12 cells were  
carr ied  out using cell s t reaming  solut ion as descr ibed 
in  Table  I. I t  was necessary  to incorpora te  d iva len t  
cations and glucose in the  e lec t ro ly te  to ma in ta in  good 
cell subs t ra te  adhesion dur ing  s t r eaming  since the  h igh  
flow ra tes  ( typ ica l ly  10 cm3/min)  a re  sufficient to shear  
off cells wi th  a l te red  adhesive propert ies .  Even in the 
solution used, the  cells begin to lose adhesiveness af ter  
app rox ima te ly  20 min. For  this reason s t reaming  eva lu -  
at ions on l iving cells were  l imi ted  to 10-12 min. Nigro-  
sin s ta ining (30) of 3T12 cells indica ted  that  the i r  
membranes  re ta ined  semipe rmeab i l i t y  for more  than  60 
rain in s t reaming  solution, even though most cells had 
re t rac ted  off the  surface in monolayer  sheets. A p p a r -  
ently,  the  cells sacrifice ce l l - subs t ra te  bonds ra the r  than  
cel l -cel l  bonds and re ta in  membrane  funct ion and v ia-  
b i l i ty  even af te r  60 min  of exposure  to s t reaming  solu- 
t ion at  room tempera ture .  The ~-potential  of l iving cells 
was --28.8 • 2.5 mV (s t reaming solut ion Table  I, ionic 
s t rength  0.145, pH 7.3, t empe ra tu r e  24~ Fol lowing  
2% g lu ta ra ldehyde  fixation, the  ~-potential  d ropped  to 
- 1 7 . 6  • 2.6 mV under  the  same conditions.  The de-  
crease in e lec t rokinet ic  potent ia l  fol lowing g lu ta ra lde -  
hyde  fixation may  be due to a loss of free dra in ing  vol-  
ume in the  cell per iphery ,  that  is, the  region of hyd ro -  
dynamic  slip containing a por t ion  of the  pe r iphe ra l  
charge is e l imina ted  due to g lu t a ra ldehyde  c ross - l ink-  
ing of m e m b r a n e  protein,  thus p reven t ing  the detec t ion  
of this charge by  e lec t rokinet ic  techniques.  Fol lowing  
fixation the cells were  eva lua ted  as a function of ionic 
s t rength  and pH. 

The effect of pH on fixed 3T12 cells is shown in Fig. 
10. Ionic s t reng th  was constant  at 0.01 g ions /L  (NaC1). 
In a qua l i ta t ive  sense the  data  is s imi lar  to tha t  of Vas-  
sar  et  al. (3) for  fixed human  erythrocytes .  In  the  
p la teau  region f rom pH 7 to 10 there  is no var ia t ion  in 
~-potential;  however ,  there  is a precipi tous  and qui te  
l inear  decrease  in ~-potential  be low pH 6 indica t ing  the 
presence of an ionogenic molecu la r  t ype ( s )  wi th  an 
acidic p K a  of 4.5 or less. There  is no indicat ion of an  
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Fig. 10. Calculated ~'-potentlal of 3T12 cells cultured in boro- 

silicate capillaries following fixation in glutaraldehyde. The 
streaming solution was O.01M NaCI. The pH was altered with NaOH 
and HCI solutions of equal ionic strength. 

ionogenic species of pKa ~ 6.5 due to g lu t a ra ldehyde  
fixation as repor ted  by  Vassar  et aL (3). This d iscrep-  
ancy is fu r the r  accentuated  when  it  is real ized tha t  
g lu ta ra ldehyde  fixation caused a 38% decrease in the  
~-potential  of 3T12 fibroblasts,  whi le  i t  resul ted  in 
about  a 10% increase in e lec t rophoret ic  mobi l i ty  of 
human  erythrocytes .  However ,  when making  compar i -  
sons of this sort  and a t tempt ing  to see relat ionships,  i t  
should be kep t  in mind tha t  at least  two var iables  could 
and p robab ly  do inva l ida te  any presen t  a t t empt  at 
comparison.  (i) Different  e lec t ro ly te  components,  ionic 
s trengths,  and buffers were  ut i l ized.  (ii) Cell types  
eva lua ted  were  different.  

The ~-potential  as a funct ion of ionic s t reng th  (NaC1) 
re la t ionship for fixed 3T12 cells is shown in Fig. 11. The 
expansion of the double  l ayer  at lower  ionic s t rength  
resul ts  in a h igher  ~-potential .  The increase  is qui te  
l inear,  and there  is no indicat ion of the  p redominance  
of surface conductance at  low ionic s t rengths  (1 • 10 -3  
g ions /L) .  This da ta  is s imi lar  to tha t  of Heard  and 
Seaman  (1) for unfixed h u m a n  ery throcytes ;  however ,  
in the  case of 3T12 cells, the  slope over  the  ionic 
s t rength  range  0.1-0.Ol g ions /L  is not as s teep as is 
the  case for the  erythrocytes .  Here  again  the  differences 
be tween  cell type, fixation, and the presence of sorbi ta l  
dur ing  microelec t rophores is  p reven ts  d i rec t  compar i -  
son. 

Fol lowing  the  eva lua t ion  of the  3T12 e lee t rokinet ie  
surface, i.e., that  region of the cell pe r iphe ry  wi th in  

10A of the hyd rodynamic  shear  region, severa l  
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Fig. 9. Calculated ~'-potential of borosilicate glass as a function 
of ionic strength. The streaming solution is KCI buffered to o pH 
of 7.1. 
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Fig. 11. Calculated ~'-potentlal of 3T12 cells following fixation 
in glutaraldehyde as a function of ionic strength. Streaming solu- 
tion was NaCI buffered to a pH of 7.3. 
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s t reaming  exper iments  were  repea ted  under  identical  
conditions of ionic s t rength  and pH. There  was no sig-  
nificant devia t ion  f rom original  da ta  a f te r  5 days s tor-  
age in PBS. This would  seem to substant ia te  the  as-  
sumpt ion  that  g lu t a ra ldehyde  fixation produces  a s table  
cell membrane  in the e lectrokinet ic  sense. The cells 
were  s ta ined in Giemsa to enhance microscopic eva lua -  
t ion of  the  un i fo rmi ty  of the  3T12 cell layer .  Giemsa  
s taining at  25~ for  8 rain resul ted  in a 20% reduct ion  
in ca lcula ted  f-potent ia l ,  i.e., --46.2 • 1.3 mV to --36.7 
• 0.8 mV (0.01M NaC1, phospha te  buffer, 25~ pH 7.2). 

Compara t ive  scanning e lec t ron micrographs  of 
s tained and unsta ined 3T12 monolayers  indica ted  tha t  
Giemsa-s ta ined  cells were  a l te red  morphological ly .  
Nonsta ined cells were  wel l  spread  and in contact  wi th  
the substrate,  whi le  s ta ined cells had a more  rounded 
appearance  and had lost some contact  wi th  the  glass. 
The decrease  in f -potent ia l  may  have been due to the  
effect of Giemsa s tain on the cell pe r iphe ry  or the a l -  
t e red  morphology  of the cells. G i e m s a  is composed of 
Azure  II, Eosin, glycerin,  and methanol  and any of 
these m a y  have been  the cause of the  decrease  in L 

Recently,  a technique of eva lua t ing  cells cu l tured  in 
cap i l la ry  tubes ut i l iz ing electroosmosis has been re -  
por ted  by  F ike  and Van Oss (31). The advantage  of this 
approach is tha t  the  cells may  be eva lua ted  for long 
t imes in the  l iving state;  however,  the d i sadvantage  is 
that  the  ionic s t rength  must  be an order  of magni tude  
lower  than physiological  to obta in  accurate  measure -  
ments.  

In  conclusion, a s t reaming  potent ia l  appara tus  and 
technique have been developed which  make  i t  possible 
to evalua te  the e lect rokinet ic  proper t ies  of cells grown 
in in vitro cell culture. The resul ts  for borosi l icate glass 
subs t ra te  and 3T12 mouse f ibroblasts  cu l tured  to con- 
fluency on this subs t ra te  a t tes t  to the  feas ibi l i ty  of the  
approach.  The usefulness of var ious  e lectrokinet ic  
techniques appl ied  to invest igat ions of cell membranes  
has been established.  Microelectrophoresis ,  s t reaming 
potential ,  and electroosmosis have a]i been ut i l ized on 
various cell types, but  no single technique seems fea-  
sible for a de ta i led  s tudy  of a wide va r i e ty  of cells 
under  all conditions. Rather,  the  th ree  ment ioned tech-  
niques must  be ut i l ized in conjunct ion to gain a more  
complete  unders tanding  of the  s imilar i t ies  and differ-  
ences in cell membranes  over  a wider  range  of cell 
types. 
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LIST OF SYMBOLS 
f zeta potent ia l  (mY) 
~I viscosi ty in double  l aye r  (poise) 

dielectr ic in double  l aye r  
Estr  measured  s t reaming  potent ia l  (mV) 
P pressure  difference dr iv ing  e lec t ro ly te  th rough  

capi l la ry  (cm Hg) 
a cap i l l a ry  radius  (cm) 
K~ specific bu lk  conductance (mho /cm)  
Ks surface conductance (mho) 
R resis tance (r$) 
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ABSTRACT 

Classical methods  based on cell  recogni t ion in vitro do not  y ie ld  ful l  
in format ion  on t i ssue-host  compat ibi l i ty .  Acute  re jec t ion  episodes are  thus 
common in pat ients  wi th  t r ansp lan ted  kidneys.  De te rmina t ion  of surface 
charge of lymphocytes  has been  employed  to provide  informat ion  on cell  
recognit ion.  The resul ts  f rom 40 sets of matched  k idney  donors and recipients  
indicate  that  cell e lectrophoresis  could be used to de te rmine  t i ssue-host  com- 
pat ib i l i ty .  Acute  re jec t ion  occurs in cases where  the e lec t rophoret ic  mobi l i ty  
of mixed  lymphocy te  (EMmix) is much higher  or lower  than  that  of the  
rec ip ient  (EMR). If  EMmtx is only  marg ina l l y  lower  than EMR ( •  the  
t r ansp lan ted  organ re jec t ion  ra te  is m a r k e d l y  reduced.  

This group has s tudied  "surface recogni t ion phe-  
nomena"  in  biological  systems i n t e rmi t t en t l y  since 
1950. One aspect  of this in teres t  has been the s tudy of 
in t ravascu la r  thrombosis  which entai ls  special  surface 
chemical  recogni t ion character is t ics  (1-5).  Another  as-  
pect  of this in teres t  has been inves t iga t ive  evalua t ion  
of the immune  response, as a surface recogni t ion or 
surface chemical  event.  This a rea  was first inves t iga ted  
by  us when we s tudied slow re jec t ion  and thrombosis  
in  fresh and f r eeze -d r i ed  homo t ransp lan ted  a r te r ia l  
grafts  in  dog and man  in 1950 through  1953 (2, 4, 5). 
F reeze -d r i ed  homo grafts  d i sp layed  less immunogenic-  
i ty  and th rombosed  less than  did f resh grafts  imp lan ted  
into the  rec ip ient  a r t e r y  (Fig. 1). 

Sat]ace recognition.--One of the  ini t ia l  steps in the  
immune  response is the  recogni t ion of the fore ign t is -  
sue by  the immunocompe ten t  cells as nonself.  

I f  re jec t ion  involves "recognit ion," both should be 
modified by  "electr ical  masking,"  (4, 6, 7) tha t  is by  
modification or  r ea r r angemen t  of the surface charges 
in the donor tissues, thus p revent ing  an t igen-an t ibody  
recognit ion a n d / o r  rec ip ient  recogni t ion cells p r inc i -  
pa l ly  lymphocytes  f rom a t taching  to the surface pros -  
thetic groups of the  organ t r ansp lan t  (8-12). 

In the first exper iment ,  an a t t empt  was made  to 
modi fy  the  recognit ion facul ty  of the immunocompeten t  
cells of the  recipient  by  inser t ing  a charged meta l l ic  
p ipe  prosthesis  be tween  donor  and rec ip ient  a r te r ies  at 
the  inflow site. Whe the r  the  "e lec t rode  pipe"  was 
charged or  uncharged  the  surv iva l  of t r ansp lan ted  k id -  
neys  was not  enhanced (Fig. 2a and b) .  

An  a t t empt  to influence re jec t ion  ra tes  in an acute  
immune  response model  using an ex viva heterologous 
r abb i t  l ive r  perfused b y  dog was next  car r ied  out, and 
was found to revea l  severa l  in te res t ing  effects of e lec-  
t r ical  phenomena.  Appl ied  electrodes and developed 
fields were  found to de lay  the re jec t ion  in specific areas  
of the  heterologous l iver  depending  on the configuration 
of the  field (13) (Fig. 3a b, and c). The observat ions  
were  subs tan t ia ted  by  t ime lapse photography,  h is to-  
logic and biochemical  studies of the  blood flowing 
through  the  ex viva l iver,  and by  mapp ing  the shape 
and dens i ty  of the  appl ied  electr ic  field. These were  
compared  wi th  the  visible r a t e  and type  of re jec t ion  
seen on the  surfaces of the exposed l ivers  which  were  

* Electrochemical Society Active Member. 
Key words: electrophoresis, compatibility, recognition, trans- 
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Fig, 1. The slx daily readings of a fresh graft and recipient aerie 
plotted against time, shewing initial potential difference in the 
graft (GI-GO), the early peak at 2 days, the positive peak at 9-13 
days, and final negative deflection at 18 days. The graft displayed 
considerable grade 3 +  thrombus formation at autopsy with 
cicatrization and connective tissue reaction around it. RI-RO shows 
repeated peaks of potential, positive at 5 days, negative at 10-14 
and 18-20 days. These peaks are thought to occur at the point of 
maximum antigenic response of the host to the fresh homograft. 
Some superficial infectlon occurred in this dog. It should be noted 
that even in 1950-1951, we recognized that changes in the inter- 
face potential of o fresh or freeze-dried homograft might change 
with rejection. 

photographed.  The resul ts  indica ted  tha t  recogni t ion 
involved an "electron to e lec t ron look" which obviously 
can be masked  at least  in par t  by  the  appl ied  field (10- 
14). However ,  the  expe r imen t  was imposs ib ly  expen-  
sive and t ime  consuming. A less expens ive  model  w a s  
sought. 

The Modern Scene 
In 1952, the  first successful rena l  t r ansp lan ta t ion  w a s  

carr ied  out using ident ica l  s ibl ing k idneys  be tween  
donor and recipient  (15). As t ime progressed,  rena l  
t r ansp lan ta t ion  has become an accepted moda l i ty  of 
t r ea tmen t  for  end s tage rena l  f a i lu re  in pat ients  and i s  
being appl ied  on an ever  wide r  scale (16). However ,  
the  resul ts  of rena l  t r ansp lan ta t ion  have  reached  a 

1 4 4 5  
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Fig. 3a. Canine blood from the femoral artery perfuses the portal 
vein of an ex viva liver placed in perfusion tank. The blood flows 
into the liver through the portal vein and out the inferior vena 
cava into a well in the tank. It is then pumped back into a dog 
femoral vein via a blood pump. Changes in the liver ore photo- 
graphed as illustrated including the time lapse clack in the right 
upper corner of the picture. The perfusion tanks were made either of 
stainless steel or Plexiglas. The metal catheters are made of a 
number of different materials in an attempt to influence rejection. 

Stainless steel - current 

Fig. 2. (a, top) Schematic diagrams of kidneys transplanted from 
one dog to another dog. The ureter is run through the skin to make 
a cutaneous fistula. The renal artery Js attached to the carotid 
artery. The renal vein is anastomosed to jugular vein. (b, bottom) 
Attempts to modify kidney rejection were carried out in one of 
three ways: (i) either by the implantation of a metal tube between 
the carotid and the renal artery, (ii) making the tube electrically 
positive or negative, or (iii) wrapping the kidney with aluminum 
fail. Size and electric polarity of charge, aluminum foil wrap, or 
isolation of the kidney, did not modify rejection rate. 

p la teau  and have  not shown improvemen t  in the  las t  
five years  (16). In  an effort to t ry  to improve  the im-  
media te  and long t e rm resul ts  of k idney  graft ing,  three  
broad  approaches  have been invest igated:  (i) improved  
immunosuppress ion  of the  host (17, 18), (ii) a l te ra t ion  
of the  ant igenic i ty  of the  graf t  (19), and (iii) improved  
donor  and rec ip ient  pa i r  select ion (20, 21). Whi le  the 
first two categories of studies have  shown significant 
gains at the present  time, t hey  are  in genera l  only ap-  
pl icable  to the  human  s i tuat ion in a l imi ted  way. Logis-  
t ically,  improved  selection of donor kidneys,  pa r t i cu -  
l a r ly  those f rom cadavers,  has become increas ingly  im-  
portant .  

Synthesis 
The solut ion to making  fu r the r  progress  in the eva lu-  

a t ion of in ter fac ia l  phenomena  and immune  re jec t ion  
was the clear  indica t ion  that  lymphocytes ,  p robab ly  in 
this instance T lymphocytes  wi th  B lymphocytes  as 
complement ,  under  specified conditions are  a ma jo r  
source of immunocompetence  (8-12. 14). Modern  dogma 
has it that  modification or neut ra l iza t ion  of T and B 
lymphocytes  should decrease t r ansp lan t  organ re jec -  
tion. This has in genera l  only pa r t l y  been  borne  out  

Fig. 3b. The addition of a battery, ammeter, and variable re- 
sistance was used to modify the electric potential on the surface 
of the liver cells in the attempt to modify rejection as shown in 
this figure. The negative pole of the battery is attached to the 
metal perfusion cannula. The positive pole here is attached to the 
wall of the tank. 

(22). This bel ief  has led to a series of tests to evalua te  
compat ib i l i ty  be tween  donor and recipient  l ym pho-  
cytes. The tests most commonly  app l ied  include H L A  
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Fig. 3c. With the metal cannula charge negative and the wall of 
the tank charged positive the lobe of the liver nearest the wall of 
tank rejects most rapidly. Rejection is somewhat slower than under 
control conditions. The perifery rejects rather rapidly and stabilizes 
this way because the field developed by the negatively charged 
cannula implanted into it is placed near the center of the mass of 
the ex viva liver. In general, where there is a high concentration 
of electrons negatively charged ions in this system, there is 
slower rejection. 

and mixed  leukocyte  cul ture  (MLC) tests (21, 23). 
At tempts  to decrease the immunocompetence  of both 
donor and recipient  lymphocytes  which ca r ry  immune  
recogni t ion capabi l i ty  has been carr ied  out th rough  in-  
fusion of an t i lymphocy te  and an t i thymocy te  serum. 
Both tend to "mask"  lymphocy te  surface antibodies.  

Progress 
In spite of our  recogni t ion of the  classical p rob lems  

of immune  reject ion,  improvemen t  in donor - rec ip ien t  
selection techniques wi th  improved  surv iva l  and func-  
t ion have rea l ly  been improv ing  at a grea t  ra te  only in  
l iving re la ted  t ransplants .  F o r  example  i t  has c lear ly  
been shown that  homograf ts  be tween  ident ical  twins or  
HLA ident ical  siblings have  a be t te r  than  95% long 
t e rm  chance of surv iva l  (16, 20). However ,  the  same 
serological  techniques for de te rmin ing  HL ant igens 
have not been over ly  successful in select ing sa t is factory  
cadaver ic  t ransp lan ts  or those f rom unre la ted  donors 
(24). Human  lymphocy te  ant igen tests theore t ica l ly  a re  
capable  of indica t ing  differences in the  ant igen s t ruc-  
ture  of lymphocytes ,  red  cells, and other  cells f rom 
nonident ical  humans.  However ,  the  HLA technique has 
been found inappl icab le  in  la rge  degree  to un re l a t ed  
donor - rec ip ien t  pai rs  suggest ing that  some subt le  an t i -  
gens which requ i re  test ing have not been recognized. 

The MLC tests requi re  that  lymphocytes  be ex t rac ted  
f rom lymph  nodes of both donor and rec ip ient  and that  
they  be cul tured together  to de te rmine  i f  dur ing  long 
t e rm cul ture  in a nu t r i an t  med ium they  have  a t end -  
ency to fo rm "blast  cell" forms or not  (25). Three  days  
to a week  are  r equ i red  to obta in  sufficiently good cul-  
tures  to de te rmine  compat ib i l i ty .  This is not useful  in 
cadaver ic  t ransp lan ts  which  requi re  implan ta t ion  wi th  
a m a x i m u m  de lay  of 24 hr. 

It seemed obvious the re fore  that  if  we could look at  
the  changing e lec t rophoret ic  character is t ics  of l ympho-  
cytes under  condit ions where  donor and recipient  l y m -  
phocytes  were  mixed  together,  and the i r  surfaces a l -  
lowed to in ter react ,  the  resul t s  might  be indica t ive  of 
"compat ibi l i ty ."  

Moreover,  an appropr ia t e  e lectrochemical  eva lua t ion  
of donor - rec ip ien t  lymphocy te  compat ib i l i ty  might  be 
used s imul taneous ly  as a new model  of immunocom-  
petence a n d / o r  rejection,  as wel l  as a technique for  
measur ing  organ acceptance in the  new host. 

In order  to prove uti l i ty,  i t  was first necessary to 
show that, (i) Lymphocytes  d i sp lay  e lec t rophoret ic  
mobil i ty.  This has prev ious ly  been shown b y  many  
people (26, 27) and been shown modifiable by  var ious  
surface chemical  reac tants  (10). (ii) Elect rophoret ic  
mobil i t ies  a re  reproduc ib le  (10-12, 26, 27). ( i~) Elec-  
t rophore t ic  mobil i t ies  for "different  lymphocytes"  T and 
B, and from different  people  v a r y  (14, 28) and why  
(10-12). (iv) Donor- rec ip ien t  lymphocy te  compat ib i l -  
i ty  is measured  by  var ia t ion  in e lec t rophoret ic  mobi l i ty  
fol lowing incubat ion together.  (v) One could de te rmine  
f rom the electrophoresis  of two lymphocy te  groups in-  
cubated together  whe the r  or not organ  t r ansp lan t  
could be successful. (vi) Various modifications of the  
basic tests pe rmi t  a scientific de te rmina t ion  of the  l y m -  
phocyte  surface character is t ics  which a re  being eva lu -  
ated. 

The New Model 
The new "model"  which is capable  of sequent ia l  

manipu la t ion  involves the  remova l  of lymphocytes  f rom 
donor and recipient  l y m p h  nodes or pe r iphe ra l  blood 
and the mix ing  of these lymphocytes  toge ther  to de-  
t e rmine  whe the r  they  in t e r - r eac t  and effect each other  
in terms of thei r  movement  in an electr ic  field, i.e., 
electrophoresis  (Fig. 4). The surfaces of the  l ym pho-  
cytes removed  from ei ther  blood or l y m p h  nodes can 
be evalua ted  e lec t rophoret ica l ly ,  using a microe lec t ro-  
phoresis  appara tus  (29). 

These cells can then be compared  wi th  lymphocytes  
f rom another  person in whom one is contempla t ing  
t r ansp lan t ing  an organ. 

Results  of lymphocy te  cul tures  f rom unre la ted  do-  
nors and cadavers  can be compared  wi th  those f rom 
re la ted  donors and f rom fami ly  re la ted  donor - rec ip ien t  
pairs. In  addition, lymphocytes  f rom the donor can be 
compared  wi th  the serum of rec ip ient  and vice versa. 
The effect of t e m p e r a t u r e  can be measured  to de te r -  

Plafinized platinum ~,- I~ electrodes ~ 
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Fig. 4. Diagram of a Seamen's microelectrophoresis apparatus. 
The most interesting aspect of this modification of the electro- 
phoresis apparatus is Seamen's placing the microscope on horizontal 
axis to look at a vertical electropharesis chamber, a novel and very 
useful development. 
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mine whether  the donor-recipient  changes in electro- 
phoresis are complement  related. Collateral studies of 
donor-recipient  lymphocytes and /or  their  serum in-  
clude: (a) effect of ABO, MN compatibil i ty on electro- 
phoresis; (b) effect of temperature  to determine if 
"complement" is involved; (c) effect of steroids; (d) 
effect of immuran ;  (e) comparison of moti l i ty of lymph 
node lymphocytes in comparison with peripheral  cir-  
culating lymphocytes from the same patient under the 
same conditions; (f) the effect of washing lymphocytes 
with either Ringer's solution or distilled water to pro- 
duce ghosts and the comparison of these suspended 
treated cells with their precursors or following poison- 
ing; (g) the obvious determination of the effects of 
storage and incubation time and temperature; (h) ef- 
fect of aging lymphocytes while stored within and 
out of lymph nodes in various bathing solutions, 
etc.; (i) correlatedly the effect of freezing and storage; 
and (j) effect of anti lymphocyte globulin (ALG) or 
anti thymocyte globulin (ATG) and other surface ac- 
tive inhibitors on the surface charges to decrease or 
increase elecirophoretic mobility and the ionic struc- 
ture of the cell interface. 

The results of many of these studies will be pre- 
sented in subsequent presentations. The most impor- 
tant aspect of this determination, that transplant rejec- 
tion can often be predicted by recipient lymphocyte 
incubation and electrophoresis, was established. 

Materials and Methods 
Electrophoresis was carried out using a Seaman, 

Cambridge micro electrophoresis apparatus (29) (Fig. 
4 and 5). 

I. Source of lymph nodes: Lymph nodes were taken 
from the renal  h i lum and peri-aort ic areas of donor 
and peri-i l iac areas of the recipient. 

If. Lymphocytes removed from lymph nodes were 
prepared by mincing  lymph nodes at room tempera ture  
and extracting the lymphocytes into Ringer 's  solution, 
These were then diluted to approximately 200,000 lym-  
phocytes/cm 3 of Ringer 's  as measured in  a hemocytom- 
eter. 

III. The cells were suspended in Ringer 's  solution or 
isologous serum unless otherwise specified. The electro- 
phoretic mobil i ty of each set of lymphocytes was de- 
termined. Following this, equal numbers  of donor and 
recipient lymphocytes were mixed together and in-  
cubated at room temperature  or at 37~ for one-half  
hour. Measurements of the electrophoretic mobil i ty of 
the incubated cells were then repeated, then placed in  
the electrophoresis apparatus for comparison with the 
individual  electrophoretic mobilit ies of donor and  re-  
cipient lymphocytes. 

IV. In several experiments  lymphocytes from both 
donor and recipient were each mixed with serum from 
the opposite to determine the significance of circulating 
antibodies, complement, and the effect of increasing 
temperature  on each of these. 

V. Lymphocytes were washed in some experiments 
to determine the effect of removal  of surface water  
soluble antigens or antibodies from the lymphocytes. 
Washing was commonly done with Ringer 's  solution at 
room temperature  or in some instances distilled water 
to make lymphocyte ghosts. 

VI. Separation of peripheral  lymphocytes from 
peripheral  blood was accomplished by removing the 
superna tant  from heparinized blood and treat ing the 
superna tant  with equal amounts  of Ficol l -hypaque 
solution. 

Results 
I. It was found many  years ago that  lymphocytes 

were electrophoretically mobile (26) (Fig. 6). 
II. It has recently been shown that electrophoretic 

mobil i ty of the lymphocyte is modified by systemic i l l -  
ness of many  sorts (27). 

III. In our experiment  it was found that lymphocytes 
removed from lymph nodes in unrela ted donors dis- 
played significant differences in  electrophoretic mobil-  
ity ini t ial ly and following mixing  suggesting that u n -  
related donor incompatibility is reflected in the electro- 
phoretic mobility of lymphocytes from the donor and 
recipient when mixed together and incubated for 30 
rain. Surprisingly, the changes most frequently ob- 
served are an increase rather than a decrease in eleq- 
trophoretic mobil i ty (Fig. 7), 

,- LYMPH NODE 

DONOR ~ RINGER'S ~ RECIPIENT 

MINCED LYMPH NODE 

I0 
M ~ ' ~ '  ,i LYM PHOCY 

Fig. 5. Lymph nodes removed from both donor and recipient are 
minced, lymphocytes extracted and suspended in Ringer's solution. 
The lymphocytes at a concentration of 300,O00/cm 3 are then put 
in a microelectrophoresis apparatus and electrophoresis determined 
for first donor and then recipient lymphocytes. Finally equal num- 
bers of donor and recipient lymphocytes are mixed together, in- 
cubated at 37~ for 30 min and electrophoresis repeated. The 
results are compared. 

The Cataphore s i s  o f  P l a t d e t s  i n  P l a s m a .  

The speed of polymorphonudear leucocytes is given in the last column. Al- 
though red cells and small lymphocytes have different velocities, note that plate- 
lets and polymorphouuclear leucocytes have the same velocity (six horses). 
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V o F 
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.$7 .40 

,67 .51 
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.46 
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.52 

.43 

.53 

.54 

Mean excIuding No. 2 .45 .49 
f potentisl (milUvolts) 12 13 

(26.5 X # per sec, per volt per cm.) 

Fig. 6. A table from Abramson's classical monograph indicating 
the electrophoretic mobility of polymarphonudear hukocytes, 
platelets, and ultimately lymphocytes. His early classical work 
measured the standard electrophoretic mobility of a number of 
cells which displayed sufficient variability in each animal to suggest 
that the surface chara:teristics of the lymphocytes were not a 
fixed unvaring phenomenon. Note that the cells being negatively 
charged always moved toward the positive electrode in the eler 
phoresis apparatus. 
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Fig. 7. This table is a determination of etectrophoretic mobility 
of lymphocytes removed from lymph nodes of unmatched pairs of 
patients at surgery. The figure is extremely interesting in that it 
shows electrophoretic mobility of lymphocytes from different people 
is inherently different. The lymphocytic mobility does not follow a 
fixed pattern. Incubation of the donor-reclpient lymphocytes at 
37~ or 30 min in this group of patients produces very significant 
differences in the net electrophoretic pattern. 

IV. In a second series of experiments,  lymph nodes 
taken f rom related donor- rec ip ient  pairs provided in- 
formation that  electrophoret ic  mobi l i ty  was both more  
closely matched ini t ia l ly  and fol lowing incubation in 
re la ted populations (Fig. 8). 

V. Retrospect ive  evaluat ion reveals  that  lymphocytes  
from lymph nodes removed from cadavers prepara tory  
to t ransplantat ion when  mixed  wi th  lymph node lym-  
phocytes f rom the recipient  suggests a very  definite im-  
p rovement  in long te rm viabi l i ty  and function of the 
t ransplanted kidney when mixed  lymphocyte  electro-  
phoresis did not change more than  20% following 30 
min incubation at 37~ in Ringer 's  solution (Table I).  

Table I. Eleetrophoretic mobility and long term survival of the 
transplanted kidney 

h EM* No.  of 
(zeta-po-  m o n t h s  o f  No.  o f  
tential in function be- months of Rejec -  

m V )  fore rejection good function tion 

Good 
func- 
tion 

Increase  2, 2, 1, 2, 2, 7d, 12, 6, 5, 1~,~, 1V2, g 6 
ld, 3, 10d 1V2 

D e c r e a s e  1, 2 14, 14, 14, 15, 15, 2 12 
0-2 15, 6, 6, 6, 5, 

ll/z, 1 
D e c r e a s e  3, 7d 11 2 1 

2-4 
D e c r e a s e  7d, 11/2 9, 12 2 2 

4-7 
D e c r e a s e  2, 2 -- 2 

~7 

* A EM --- EMReelpLent - -  EMm~z. 

Fig. 8. Kidney transplantation in the large transplant service at 
the Downstate Medical Center provides an excellent opportunity for 
evaluation of transplant survival times in a large number of patients. 
Here we show the electrophoretic mobility of matched pairs of 
donor-recipient lymphocytes from transplanted kidney patients on 
the transplant service. Here even more strongly than in unrelated 
pairs, if gross differences in the electrophoretic mobility of the 
mixed lymphocytes were observed, rejection almost certainly oc- 
curred. In instances where electrophoretic mobility of the mixed 
lymphocytes was no more than 20,% different than the electro- 
phoretic mobility of either donor or recipient lymphocytes, chances 
of rejection were markedly reduced and chances of long term 
function were improved. 

However,  in most instances, recipient  l ymph  nodes 
were  taken from patients already subjected to immuno-  
suppression at the t ime the lymph nodes were  removed 
so that  this factor enters into the problem. This prob-  
lem il lustrates the need to obtain lymphocytes  prior  to 
the application of immuno therapy. 

Therefore,  a prospect ive study is now going on com- 
paring per ipheral  and lymph node lymphocytes  pr ior  to 
immunosuppression in contact wi th  donor and recipient 
serum as well  as with donor- rec ip ient  lymphocytes  
incubated for 30 min at 37~ (Fig. 9). This is being 
done in order to de te rmine  the predic t ive  uti l i ty of thJ.s 
determinat ion in organ transplantat ion.  

Most important ,  the predic t ive  results of the mixed  
donor- rec ip ient  lymphocytes  in terms of indicating long 
te rm acceptabil i ty of the t ransplanted  kidney has been 
compared wi th  both HLA and MLC determinat ions  of 
the identical  donor-recipient  pairs. 

Discussion 
I. It is now probable  that  e lectrophoret ic  techniques 

may  be used to de termine  in at least a re la t ive  sense 
donor-recipient  t ransplant  organ compatibili ty.  

II. The more closely related the donor- rec ip ient  pair  
the more near ly  the lymphocyte  electrophoret ic  mo-  
bilities are alike fol lowing mixing and incubation. 

III. Though lymphocytes  f rom related donors when 
mixed display similar  electrophoret ic  mobilities, wash-  
ing, grossly denatur ing in distil led water ,  and heat ing 
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Electrophoretic Mobality of Lymphocytes From Kidney Transplant Patients 
(Matched Against Serum and Lymphocytes of Donors and Recipients) 

Fig. 9. The electrophoretic mobility of lymphocytes is determined 
individually and following incubation for 30 min at 37~ In addi- 
tion, the lymphocytes are mixed with serum of the opposite mem- 
ber of the transplant group so that donor-recipient comparisons 
can be made. Here again, significant differences in electrophoretic 
mobility of the mixed lymphocytes indicated a very short life span 
for the transplanted kidney. The absolute significance of the 
lymphocyte serum mixtures and how these relate to the electro- 
phoresis of cell in man is not known. The electrophoretic mobility 
of donor-recipient pairs in a large human transplant population 
suggests that this technique might be quite useful as a model of 
immune rejection as well as a useful predictive test for the suita- 
bility of a projected donor-recipient transplant. 

all tend to change the e lect rophoret ic  mobi l i ty  of the 
lymphocytes .  The response of the mix ing  and incuba-  
tion of lymphocytes  f rom donor- rec ip ien t  se rum and 
vice versa  suggests that  much of the immune  response 
measured  in the  model  exists in circulat ing antibodies.  
The r e tu rn  of e lect rophoret ic  mobi l i ty  to control  ra tes  
wi th  heat ing indicates par t ic ipa t ion  of some form of 
complement .  The reaction, therefore,  must  be complex. 
One of the most significant aspects of the finding if not 
the  most impor tan t  has been the observat ion of in-  
creasing electrophoret ic  mobi l i ty  wi th  decreasing t rans-  
p lan t  tolerances.  This indicates  uncover ing of unde r -  
ly ing  negat ive  charged groups such as sialic acid, etc. 
when the ant igen an t ibody  react ion occurs on the sur-  
faces of the lymphocytes .  

IV. The technique of lymphocy te  electrophoresis  is 
rapid.  It is easi ly  suscept ible  to being mechanis t ica l ly  
taught  to large  numbers  of l~eople and appl ied  in the 
same way  as the  classical Lands te ine r  (30) techniques 
were  easi ly appl ied  to human  blood cross-matching for 
transfusion.  The finding that  e lect rophoret ic  measu re -  
ments  possibly  are  in format ive  in t e rms  of k idney  
t ransp lan t  surv iva l  and funct ion should prove  qui te  
useful if confirmed. 

V. The s tudy which we have described can provide  
answers  concerning donor - rec ip ien t  compat ib i l i ty  wi th-  
in at most 1-2 hr  fol lowing removal  of the  l ymph  nodes 
f rom donor and recipient .  In addition, the studies give 
addi t ional  insight  into the  basic recognit ion and charge 

character is t ics  on the surfaces of donor and recipient  
lymphocytes  which re la te  to rejection.  With  increasing 
information,  more successful manipu la t ion  should be 
possible, u l t ima te ly  wi th  more effective ut i l iza t ion of 
the  t r ansp lan t  compat ib i l i ty  de te rmina t ions  (1O, 11, 
23). 

VI. Poss ibly  a more  impor t an t  appl icat ion of the 
technique is its use as a model  of immunocompetence  
among various members  of a species. The test  is inex-  
pensive, easy to use, and is wi th  fu r the r  definit ion 
easi ly suscept ible  to measuremen t  and evalua t ion  of 
the  modification of the  surface prote ins  deposi ted on 
the lymphocyte ,  etc. More subt le  manipula t ions  may 
provide  ve ry  real  informat ion  concerning specific spe-  
cial immunochemis t ry  of donor - rec ip ien t  lymphocy te  
recognit ion and poss ibly  help  in descr ib ing the i r  s tereo 
chemistry.  

Thus, there  is promise  that  the  technique wil l  p ro -  
vide  dua l  u t i l i ty  in the  immunologic  field, one i m m e d i -  
a te ly  prac t ica l  and the other  u l t ima te ly  useful. The 
gross differences in lymphocy te  e lec t rophoret ic  mobi l -  
i t ies have not been expla ined  by  the s tudy.  However ,  
the studies of Mehrishi ,  Katz, and  Zeiller,  Seaman, 
Weiss and the cl inical  results  of t r ansp lan ta t ion  as 
shown by  Kountz,  Belzer, and associates and many  
other  invest igators  give informat ion  which  m a y  be use-  
ful in expla in ing  the observed variat ions,  and give 
thought  for the  future.  

Manuscr ip t  received June  30, 1975. This was Pape r  
359 presented  at  the Toronto,  Canada,  Meet ing of the 
Society, May 11-16, 1975. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1977 
JOURNAL. All  discussions for the  June  1977 Discussion 
Section should be submi t ted  by  Feb. 1, 1977. 
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Effect of Moisture on the Electrical Properties of Bone 
G. B. Reinish I and A. S. Nowick* 

School of Engineering and Applied Science, Columbia University, New York, New York 10027 

ABSTRACT 

Both a-c (1000 Hz) and d-c electrical conductivi ty of huma n  cortical bone 
are studied after equi l ibrat ion at various relat ive humidities. At the same time 
weight change measurements  are carried out as a function of humidity,  so 
as to determine the moisture content of the bone. Both the electrical properties 
and weight changes show str iking hysteresis when plotted vs. relat ive humidity.  
However, when electrical properties are plotted as functions of moisture 
content  the hysteresis is eliminated. The hysteresis effects are a t t r ibuted to 
capil lary condensation in pores. Measurements were made on samples soaked 
in Ringer 's  solution as well as samples washed in distilled water, and also 
with electric field both paral lel  and perpendicular  to the bone axis. The re-  
sults of these measurements  strongly suggest that  the large effect of moisture 
on conductivi ty is f rom ionic salt solutions located in pores and channels. 

Since the discovery that dry  bone and dry collagen 
were piezoelectric (1, 2), there has been much in ter -  
est in the possibility that  the mechanism controll ing 
osteogenesis, that is, product ion of new bone cells, 
is electrical. Recent work on electrical s t imulat ion of 
bone growth (3, 4) has emphasized the need to study 
both electrical and piezoelectric properties of bone 
under  varying  degrees of moisture content so as to 
bridge the gap between the well-characterized be-  
havior of d ry  bone and the very elusive behavior of 
l iving bone. 

This paper describes the hysteresis, or history de- 
pendence, of the moisture content  of cortical bone 
a s  a funct ion of relat ive humidity,  and the effect of 
this behavior  on electrical properties. Specifically, the 
conduct ivi ty  at 1000 Hz and the d-c conductivity, are 
studied as functions of relat ive humidi ty  and moisture 
content, as well as of the orientat ion of the electric 
field and the salt content  of the bone. 

Experimental Methods 
Sample preparation.--Fresh cortical bone from the 

h u m a n  femur  was cut into 4 mm cube-shaped speci- 
mens with one pair  of faces paral lel  to the periosteal 
and endosteal surfaces and another  pair  perpendicular  
to the bone axis. Some specimens were stored in 
Ringer 's  solution, hereafter  referred to as "Ringer 's  
specimens." Other specimens were washed for three 
weeks in  distilled water, with the water  changed daily 
for the first week, and every other day for the next  
two weeks. These will be referred to as "washed 
specimens." 

Electrodes consisted of silver conductive epoxy ce- 
men t  which was fixed to room-dried specimens; pla t -  
i n u m  wires were fixed to these electrodes. Some 
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1Permanent  address: Department  of Electrical Engineering,  

Fairleigh Dickinson University,  Teaneck,  New Jersey  07666. 
Key words: electrical  conductivity,  bone (cortical) ,  capillary 

condensation. 

specimens were prepared with electrodes attached 
to the endosteal and periosteal surfaces, so as to 
produce an electric field perpendicular  to the bone 
axis. Others had electrodes attached to the surfaces 
perpendicular  to the bone axis, so that  the electric 
field would be paral lel  to the bone axis. 

Apparatus.--A long, water- jacketed,  glass cylinder 
(Fig. 1) was constructed and connected through a 
Teflon collar to a water- jacketed vessel in which salt 
solutions were used to ma in ta in  the desired relat ive 
humidit ies (5). The apparatus was designed to allow 
simultaneous measurement  of moisture content  (i.e., 
of mass) and electrical properties on identical speci- 
mens. The Teflon collar permits  equi l ibrat ion of the 
air in  the lower vessel with that  in  the long cylinder, 
but  provides an a i r - t ight  seal to the outside, by 
means of rubber  O-rings and a clamp. Water was 
pumped from a thermostatically controlled t empera -  
ture  bath, main ta ined  at 30~ through the water  
jackets. To prevent  an appreciable temperature  gra-  
dient  in the unjacketed region of the Teflon collar, 
Tygon tubing  with water  at 30~ flowing through it 
was wrapped around this portion of the apparatus, 
and asbestos insulat ion was then wrapped around the 
tubing. In  this way the tempera ture  gradient  was 
reduced to less than •176 

A sensitive calibrated quartz spring was suspended 
in  the Iong cylindricaI chamber  with a bone specimen 
hanging f rom its end. The position of a reference 
point  on the quartz spring was measured by  sighting 
through the glass column, using a micrometer-con-  
trolled cathetometer. The change in spring length 
could be read to 0.01 ram, corresponding to a m a s s  
change of 0.01 rag, or to 0.0.08% of the mass of t h e  
bone specimen. 

P la t inum wires were brought  out, through the 
Teflon collar, from two bone specimens mounted wi thin  
the chamber (see section A-A of Fig. 1). An impe-  
dance bridge was used with an external  oscillator 
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Fig. 1. Apparatus for combined mass and electrical measure- 
ments: 1 and 7, clamped flanged joints with O-ring seal; 2 and 14, 
Tygan tubing to constant temperature bath; 3 and 12, water jackets; 
4, quartz spring; 5, spring reference mark; 6 and 11, bone specimens; 
8, platinum wires; 9, Teflon collar; 10, Tygon tubing coiled 
around unjacketed region; 13, saturated salt solution. 

kinetics of equilibration, by showing the variation, 
with time, of moisture content and conductivity of 
two bone specimens, s imultaneously measured in the 
same chamber, when the relat ive humidi ty  was 
abrupt ly  changed from 75 to 30%. A logarithmic scale 
was chosen for the abscissa in order to cox[er con- 
venient ly  the full  period of one week (104 rain) re- 
quired to at tain equil ibrium. 

After  equi l ibr ium is reached at each humidity,  the 
change in  weight of the bone specimen on the spring 
was measured. The .pe rcen t  moisture content of the 
bone was then obtained by dividing the change in 
spring length by the spring calibration and the dry 
weight of the sample. 

At each equi l ibr ium condition, electrical measure-  
ments (both a-c and d-c) were made on the two bone 
specimens mounted on the Teflon collar. In this paper, 
for the a-c measurements  we report pr imar i ly  the 
conductance at 1000 Hz. The d-c conductivity, on the 
other hand, is obtained in two ways: first by a direct 
electrometer measurement ,  and second, by extrapola-  
tion of a-c data, based on a heterogeneous dielectric 
model of bone which will be described in a forthcom- 
ing paper (6). Measurements were made on Ringer 's  
specimens with electric field perpendicular  to the 
bone axis, and on washed specimens with field both 
perpendicular  and parallel  to the bone axis. 

The results reported herein are typical of those ob- 
tained using ten different specimens in three chambers 
of the type described above. 

Results 
It was found that the moisture content of a sample 

of bone, as obtained from the weight measurements,  
is not a unique funct ion o;f the relat ive humidi ty  of 
the atmosphere with which the sample has equilibrated. 
Specifically, the moisture content  is always higher 
dur ing  drying (desorption) than  it is dur ing  wett ing 
(adsorption).  Such results are i l lustrated in Fig. 3 
for both a Ringer 's and a washed specimen. The 
str iking aspects of the figure, aside from the existence 
of pronounced hysteresis, are that  the washed and 
Ringer 's samples both follow the same curves, and 

and an external  detector, so that conductance and 
capacitance of the bone specimens could be measured 
over a frequency range of 50-20,000 Hz. Low capacity 
cables were used, and correction was made for leak-  
age conductance and capacitance by making measure-  
ments between leads going to adjacent specimens. An 
electrometer and d-c power supply were used to 
measure d-c conductance. 

Procedure.--Eight different saturated salt solutions 
were used to provide controlled relative humidit ies 
covering the range between zero and 100%. I~ was 
found necessary to allow at least one week for equil-  
ibrat ion at each humidity.  Figure 2 i l lustrates the 
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Fig. 2. Kinetic curves of moisture content (open circles, curve A) 
and conductance (solid circles, curve B) of Ringer's specimens 
following an abrupt change of humidity from 75 to 30%. 
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Fig. 3. Equilibrium moisture content of bone as a function of 
relative humidity: Ringer's specimen, first cycle: O absorption, �9 
desorption, second cycle: [ ]  adsorption, �9 desorption; washed 
specimen: A adsorption, �9 desorption. 
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Fig. 4. Conductivity of bone samples at 1000 Hz, with electric 
field perpendicular to bone axis, as function of relative humidity. 
Symbols same as in Fig. 3. 

also that  the curves are very reproducible under  re- 
peated cycling. 

In  Fig..4, a-c conductivi ty at 1000 Hz of a Ringer 's  
specimen and a washed specimen are shown as func-  
tions of relat ive humidi ty  under  the same conditions 
of cycling used in the weight measurements.  Hysteresis 
is present  for both samples, though it is greater in 
the case of the Ringer 's  specimen. Again, the curves 
are reproducible upon successive cycling. 

Because the weight changes were measured concur-  
ren t ly  with the conductivity, it becomes possible, using 
the results of Fig. 3, to convert  the data of Fig. 4 
into plots of conductivi ty vs. moisture content. Such 
plots, given in  Fig. 5, show clearly that the hysteresis 
is completely eliminated, meaning that the conductiv-  
ity, ~, is a single valued funct ion of moisture con- 
tent. It follows that the hysteresis observed in plots 
of ~ vs.  humid i ty  can be ascribed ent i re ly  to the hys-  
teresis in moisture content as a funct ion of humidi ty  
(Fig. 3). 

Fur ther  examinat ion of Fig. 5 brings out additional 
points of interest.  First, dry  bone is a very good in-  
sulator, with r ~ 10 -11 mho/cm. Second, the intro-  
duction of moisture increases the conductivity of bone 
by as much as a factor of 106. In  fact, an exponential  
dependence of ~ on moisture content  is obeyed up to 
about 8% moisture content. Such an exponent ial  de- 
pendence has also been found for collagen (7). Third, 
the effect of washing salts out of the bone produces 
a reduct ion of ~ by about one decade over most of 
the range studied, al though the extrapolated value 
at zero moisture content  appears to be the same as 
for the Ringer 's  sample. (The absence of data for 
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Fig. 5. Conductivity of bone somples at 1000 Hz, with electric 
field perpendicular to bone axis, as a function of moisture 
content. Curve A: Ringer's specimen; curve B: washed specimen. 
Symbols same as Fig. 3. 

< 10 -I0 (12-cm) - I  is due to l imitat ions imposed by 
the ins t ruments  and by leakage conductance.) 

We have also observed hysteresis behavior analogous 
to that of Fig. 4 both for the real par t  of the dielectric 
constant (e') and for the principal piezoelectric co- 
efficient (4,4), when these properties are measured 
cyclically vs. relative humidity (6, 8). In both cases, 
the hysteresis was eliminated when the data were 
replotted vs. moisture content. 

There is, however, one striking exception to the 
single valued electrical properties vs. moisture con- 
tent, in the case of the d-c conductivity of a speci- 
men having the electric field perpendicular %o the 
bone axis. Figure 6 shows the d-c conductivity vs. 
humidity for such a washed specimen. (This figure 
includes points obtained both by direct d-c measure- 
ments and as calculated from extrapolation of a-c 
data, as mentioned in the Experimental Methods sec- 
tion. The "calculated" values are believed to be the 
more reliable because the direct measurements may 
be influenced by contributions from electrode impe- 
dance.) In any case, it is clear from Fig. 6 that  there 
is very little, if any, hysteresis. Similar  results are 
obtained for a Ringer 's  specimen with the same field 
orientation, except that the conductivi ty levels are 
somewhat higher than for the washed specimen. 

A reasonable interpreta t ion for the lack of hys-  
teresis in this part icular  case is that  the d-c con- 
duct ivi ty  of these samples is a measure of surface 
conductivity;  the amount  of moisture on the surface 
should be determined unique ly  by the humidi ty  of 
the ambient.  By contrast to the above case in which 
the electric field is perpendicular  to the bone axis, 
the d-c conductivi ty of similar  specimens does show 
pronounced hysteresis vs. the humidi ty  when  the elec- 
tric field is paral lel  to the bone axis. In this case we 
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Fig. 6. D-C conductivity, r of a washed specimen (electric field 
perpendicular to bone axis) as a function of relative humidity. 
"Calculated" ~o: 0 adsorption, �9 desorption. Measured ~o: A 
adsorption, �9 desorption. 

must  have contr ibutions from the bulk  as well  as 
surface conductivity. Accordingly, it is anticipated that 
the bu lk  contr ibut ion alone can be obtained by sub- 
t ract ing the d-c conductivi ty of a perpendicular-f ield 
specimen from that of the corresponding parallel-field 
specimen. This difference is shown in Fig. 7 as a 
funct ion of relat ive humidi ty  for the case of ~wo 
washed specimens, and again in Fig. 8 as a function 
of moisture content. The pronounced hysteresis shown 
in Fig. 7 is completely el iminated in the plot vs. mois- 
ture  content of Fig. 8. 

Discussion 
This work has demonstrated str iking hysteresis ef- 

fects in  various electrical properties of bone as func-  
tions of humidi ty  when measurements  are made over 
a complete adsorption-desorption cycle. This behavior 
has been related to the hysteresis in the moisture con- 
tent  as a funct ion of humidity,  which may be ob- 
tained reproducibly dur ing reFeated cycling, and 
which is the same for both Ringer 's  and washed sam- 
ples (as seen from Fig. 3). Such hysteresis behavior 
has been observed before on a wide variety of porous 
materials  (9, 10). It  is a t t r ibuted to the condensation 
of water  in  capillaries or pores, and to the fact that 
surface tension acts to prevent  the removal  of pre-  
viously condensed moisture in  the desorption part  
of the cycle. The presence of " ink bottle" shaped 
pores, which are wider  in the interior than  at the 
exit, accentuates the effect, since water  is t rapped 
in  a relat ively large cavity which cannot empty unt i l  
the vapor pressure drops below that  at the access 
channel.  

The theory of Brunauer ,  Emmett ,  and Teller (11, 
10) (widely known as the BET theory),  which is 
based on the concept of mul t i layer  physical adsorp- 
t ion of gas molecules, predicts a straight l ine re la-  
tionship be tween x / M  (1 -- x) and z, where M is 
the moisture content  and x is the relative vapor 
pressure (here, the relative humidi ty) .  Such "BET 
plots" have been very successful in fitting empirical  
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Fig. 7. Difference, Ar between r with parallel field and per- 
pendicular field as a function of relative humidity for washed 
specimens. 0 Adsorption, �9 desorption. 

isotherms, although the theoretical basis has been 
severely questioned. A BET plot is shown in Fig. 9 
both for the adsorption and desorption data of Fig. 3. 
Departure from l inear i ty  occurs at about 32% hu-  
midi ty  for the adsorption and 25% humidi ty  for the 
desorption curve. Such departures can be at t r ibuted 
to the presence of the pores, which not only l imit  the 
number  of possible layers of adsorption, but  introduce 
the complexity of capil lary condensation which is 
not considered in the BET theory. 

From the results of the present  work, we may con- 
clude that  a major  part  of the effect of moisture on 
conductivity involves conduction through ionic salt so- 
lutions located in pores and channels. The main  
evidence for this conclusion is: (a) the existence of 
large hysteresis effects and the interpreta t ion of such 
effects, (b) the decrease by one order of magni tude  
in the conductivi ty of moist bone which has been 
"washed" as against the Ringer 's  sample, and (c) the 
very high conductivi ty values at tained by moist bone. 
With regard to the last item, it is interest ing to com- 
pare the conductivity of wet bone (Fig. 4) with that  
of pure Ringer 's  solution (0.014 mho/cm)  and that of 
pure collagen at 12% moisture content  2 ( ~  10 -~1- 
10 -12 mho/cm)  (7). Such a comparison clearly in -  
dicates that  wet collagen has a conductivi ty several  
orders of magni tude  lower than wet bone, a difference 
which is most readi ly interpreted as a sal t-solution 
effect in the bone. Finally,  the fact that  the d-c con- 
ductivi ty measured parallel  to the bone axis showed 
a hysteretie component, while that measured perpen-  
dicular to the bone axis showed no such contribution,  
is also consistent with the above conclusion. Such a 
d-c contr ibut ion is interpreted as resul t ing from in ter -  
connected channels containing salt solutions. The re-  

2 T h i s  v a l u e  i s  be l i eved  to be  the  m o i s t u r e  c o n t e n t  of  t h e  col- 
l a g en  in bone  at  100% humid i ty  ( 8 ) .  
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Fig. 8. Data for ~ o  of Fig. 7, replotted vs. moisture content 

sults are  then in accord wi th  the fact tha t  the open 
channels  in bone run  p r i m a r i l y  pa ra l l e l  to the bone 
axis (12). 

In  contras t  to the d -c  values,  the  a -c  conduct ivi ty  
also includes contr ibut ions  f rom solutions in pores of 
var ious  sizes which are  not  interconnected.  The pres -  
ence of stlch solut ion-f i l led pores means that  bone is, 
in fact, a heterogeneous dielectric.  In  fact, da ta  on 
the  f requency  dependence  of both  the real  and imag-  
i n a r y  par ts  of the dielectr ic  constant  are  consistent  
wi th  such a p ic ture  (6). 

There  has been much discussion of the concept of 
"free"  wa te r  as against  "bound" wa te r  in prote ins  
and biological  systems (13). F rom the above consid-  
erations,  it  seems clear  that  in the ma jo r  range  of 
mois ture  content  covered by  these exper iments  we are  
deal ing p r i m a r i l y  wi th  free water .  This conclusion 
is in s t r ik ing  contradic t ion  to the  v iewpoints  expressed  
by  other  authors  (14). I t  is possible,  however,  that  
at  the  low humid i ty  end, pa r t i cu la r ly  below the point  
where  the adsorpt ion  and desorpt ion curves come to-  
ge ther  in Fig. 3 (e.g., at ~ 5% re la t ive  humid i ty ) ,  
wa te r  tha t  is chemical ly  bound to e i ther  the collagen 
or the  minera l  const i tuent  of bone may  de te rmine  the 
electr ical  propert ies .  For  this reason, a fu r the r  deta i led  
s tudy  of the low humid i ty  region would be of interest .  
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ABSTRACT 

The interact ion of cells with their envi ronment  appears to be part ial ly 
regulated by  the electrical properties of their  surfaces. The adsorption of 
positively charged, electron dense, colloidal particles visible by electron 
microscopy, have been used to study the negative charges at the surfaces 
of normal,  transformed, and rever tant  cell lines and various classes of 
lymphoid cells. 

The surfaces of all mammal ian  cells so far exam- 
ined carry a net negative charge (1). Among the sur-  
face anionic moieties of interest  in this respect are 
sialic acids (2) and ribonuclease-susceptible groups 
(3). It seems l ikely that, in a complex manner ,  the 
densities and distr ibutions of ionogenic sites at their 
peripheries part ial ly regulate some cell interact ion 
phenomena (4). 

In  this paper we review work which has utilized 
electron microscopy to map the binding of positively 
charged particles to negatively charged cell surface 
sites. Some of the cells were incubated with neura -  
minidase and/or  ribonuclease prior to fixation with 
subsequent  reaction with positively charged particles. 
The first section of this paper examines the topography 
of b inding sites for the particles on Ehrlich ascites 
tumor  (EAT) cells; the second section considers the 
use of this technique in examining other cell types. 

The principal  cationic stain utilized in our invest i-  
gations is colloidal i ron hydroxide (CIH) as devel-  
oped by Hale (5) and Mowry (6), and later applied 
in electron microscopy by Gasic et ah (7). This col- 
loidal reagent  is prepared and used at a pH of 1.9. The 
CIH particles have been measured and found to have 
a mean  diameter  of 8-10 nm (8). 

The application of such an acidic stain to the in-  
vestigation of biological mater ial  requires prior fixa- 
t ion in glutaraldehyde. The aldehyde fixative would 
be expected to react and cross-l ink positively charged 
amino, imino, and guanidino surface groups (9). Such 
groups have been found to account for 5% of the ~- 
potential  of Ehrlich ascites tumor  cells (10), which 
have been used in much of the work reported here. 
The effects of aldehyde fixation on the topographic 
a r rangement  and susceptibil i ty to s taining of the nega-  
t ively charged groups discussed in this paper are un -  
certain, and this artifact must  be constantly borne in 
mind. 

Variations in Electrical Properties from One Region to 
Another of the Surface of the Same Cell 

The description of the per iphery of ceils using elec- 
trophoresis, microelectrode, or chemical analysis yields 
an estimate of the spacial average of the measured 
property over the cell surface. With respect to contact 
and adsorption of charged drugs, antibodies, viruses, 
cellular probes (diameter  ~ 100 rim), and other en-  
tities to cell surfaces, spacial heterogeneities in the 
dis tr ibut ion of peripheral  cellular constituents would 
be expected to be of significance. 

The data reported here are obtained from examina-  
t ion of Ehrlich ascites tumor (EAT) cells, which are 
main ta ined  by us in single cell suspension culture. 
The CIH binding has been investigated on EAT cells 
which have been seeded onto substrates of embedding 

Key  words :  col loid,  part ic les ,  l y m p h o c y t e ,  mierov in i .  

plastic or taken directly from suspension. For the ad- 
herent cells the topography of CIH binding was ex- 
amined at cell surfaces that are far distant from other 
cells, or alternatively are apparently ready to contact 
or have contacted other cells. 

Cells often appear to contact one another via low 
radius or curvature probes, for which the generic name 
microvilli is used here. Calculations of the energies of 
repulsion between two negat ively charged surfaces 
(4) indicate that contact between the surfaces would 
be facilitated if one or both surfaces were capable of 
extending such low radius of curvature  projections. 
The density of CIH particles on the cylindrical  micro- 
villi  probes of EAT cells was determined and then 
compared with the density found on the regions of the 
cell surface intermediate  between microvilli  (the in-  
termicrovil lus or IMV surface). The results obtained 
were found to be independent  of whether  the cells 
were reacted with CIH immediate ly  after removal from 
suspension culture or reacted after a period of 7 hr 
dur ing which the cells were allowed to spread and ad- 
here to the substrate. For  the monolayer  prepared ma-  
terial  electron micrographs were taken from surfaces 
of cells which were not in the apparent" vicini ty of 
neighboring cells. The data for adherent, isolated cells 
are summarized in Table I. From this table it is seen 
that  the density of particles adsorbed to the microvill i  
is approximately twice that  found on the IMV surface 
(9). Prior incubat ion of cells with ribonuclease re- 
duces the density of particles bound to both the IMV 
and microvilli  surfaces but  a twofold difference is 
maintained.  However, prior incubat ion with neura-  
minidase shows that  while the density of particles 
on both the microvill i  and IMV surfaces is reduced to 
a very low value, the twofold difference between the 
surfaces is removed, indicating that the original higher 
density of particles bound to the microvill i  was due 
to an increased density of sialic acid b ind ing  sites on 
these surfaces. 

In  this work the stabil i ty of the CIH colloid prede- 
termined that cells be reacted at a pH value of 2 
under  nonphysiological conditions of ionic s t rength and 
composition. At this pH value surface groups of higher 
pK values would be par t ia l ly  or total ly protonated, 

Table I. Densities of CIH particles bound to microvilli of EAT cells 
and to their intermicrovillus spaces* 

P a r t i c l e s / 4 0 0 0  n m  2 ----- SE (No .  observat ions )  
T r e a t m e n t  

Contro l  RNase  N A N a s e  

I M V  s p a c e s  2 . 1 0 •  (21) 1 . 6 9 + 0 . 1 3  (19) 0 . 1 6 •  (19) 
M i c r o v i l l i  4.26 • 0.29 (25) 3.51 - -  0.30 (21) 0.16 • 0.03 (25) 
Ratio 1:2  1 :2  1 :1  

* A f t e r  e n z y m e  t r e a t m e n t  indicated.  
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Table II. Densities of cationized ferritin particles bound to 
microvilli of EAT cells and to their intermicrovillus spaces* 

Par t ic les /3000 n m  2 ---- SE (No.  o b s e r v a t i o n s )  
T r e a t m e n t  

Control  N A N a s e  

IMV spaces  3.85 ----- 0.15 (23) 2.99 • 0.15 (23) 
Microvi l l i  6.41 ~ 0.33 (24) 5.12 • 0.22 (22) 
Rat io  1.0:1.7 1.0:1.7 

" A f t e r  t r e a t m e n t  indicated.  

and therefore would be nonreact ive with the CIH stain. 
To determine if the reported differences in the density 
of neuraminidase-  and r ibonuclease-susceptible sites 
extended to other anionic sites having higher pK 
values, we have used another  stain under  conditions 
of physiological pH and ionic strength. The reagent 
used was cationized ferritin, prepared according to 
the method of Dannon .e ta l .  (11) and reacted at pH 
7.4 in physiologic phosphate buffered saline. The re-  
sults of the use of this reagent  following fixation, to 
the surfaces of EAT cells is presented in Table II 
(12). The microvill i  are again found to exhibit  a 
higher density of anionic b inding sites. However in 
this case the increase over the microvill i  is not re- 
moved by neuraminidase;  suggesting the existence of 
additional anionic sites over the microvilli, which were 
not revealed at the low pH value. 

The tonicity and pH of this stain make it suitable 
for application to living material However we have 
found that  due to the essentially dynamic na ture  of 
the cell periphery, the cationized ferr i t in  particles be-  
come clustered at the cell surface and in some cases 
appear to be endocytosed (12). Therefore the in ter -  
action of this invest igat ive probe with the cell periph-  
ery precludes its use in the study of l iving material.  

Charge Topography and Contact 
In  our analysis of the surfaces of EAT cells adjacent 

to ne ighbor ing cells, we have at tempted to locate sites 
of impending contact between cells by projecting the 
axes of microvill i  of one cell onto the surface of an 
opposing cell (Fig. 1). When comparing the binding 
of CIH particles in  the regions at which the micro- 
villi  appear to be "aimed," it was found that the mean 
densi ty was less than  half the densi ty for nonal igned 
regions and that  this difference was significant at the 
0.1% level (13). The results of this analysis are pre-  
sented in  Table III where the zero point  is defined 

CELL 1 

CELL 2 

I I I I I i , i ! i i 2 
5 4 3 2 I . 1 2 3 4 5 x l 0  n m  

0 

Fig. 1. Schematic drawing of an electron micrograph of the 
microvillus of one cell opposed to a low density region of colloidal 
iron hydroxide particles on the IMV surface of a second cell. 

Table I I I .  

D i s t a n c e  f r o m  c e n t e r  Part ic le  dens i ty  per  
of  p r o j e c t e d  m*crovi l lus  106 n m  of sur face  • 

contac t  area ( n m )  SE (No.  observat ions)  

0-100 1.72 ----- 0.31 (57) 
50-150 2.61 + 0.52 (57) 

150-250 3.91 • 0.55 (57) 
250-350 4.75 ~ 0.58 (66) 
350-450 3.64 • 0.46 (60) 
450-550 4.39 • 0.63 (46) 
550-650 4.13 -4- 0.58 (38) 

as the intersection of the projection of the axis of t h e  
microvillus with the opposing IMV surface. 

Due to the essentially static nature  of electron micro- 
graphs it may not be determined whether  an indi-  
vidual microvillus which is aligned with a low density 
region of another cell would actually have made con- 
tact with it in the undisturbed situation. Therefore, 
it cannot be stated for an individual situation whether 
a microvillus was actually moving in the direction of 
the opposing surface rather than away from it. 

Despite these difficulties the data show a noncoin- 
cidental alignment of a microvillus from one cell with 
a low density CIH region on a neighboring cell. This 
result insists on some kind of interaction occurring 
between the microvillus and opposing IMV surface. 
Whether this interaction occurs prior to or following 
contact, or in  the absence of contact, cannot be un -  
equivocally answered. Since a l ignment  is observed to 
occur in 91% of the samples observed, it is highly 
possible that in m a n y  cases the a l ignment  occurs prior 
to contact (or even in  its absence).  In this instance 
it is of interest  to examine mechanisms via which 
a l ignment  may take place. A mechanism to induce 
a l ignment  will  be dependent  on the distance of sepa- 
rat ion between the microvillus tip and the adjacent 
IMV surface. As data are obtained from thin  sections, 
it is therefore possible that an observed microvillus 
may leave the section and produce an apparent  sepa- 
ra t ion distance different from the t rue distance. For 
this reason the real distance of separat ion cannot be 
accurately determined;  however, it appears possible 
that interactions occurred between opposed cell sur-  
faces separated by distances as great as 200 rim, which 
was the greatest distance selected for these results. A 
detailed theoretical analysis of possible interact ion 
mechanisms as a funct ion of distances of this order is 
discussed elsewhere (14). One proposed mechanism 
for a l ignment  is that net  negat ively charged macro- 
molecules diffusing out of cells in the region of their  
microvilli, e!ectrostatically repel CIH-binding  anionic 
sites in  the fluid per iphery of the opposed cell, caus- 
ing gaps in their  distribution. 

It  must  be emphasized that  despite the fact that  the 
t rue separation distance between the microvil lus and 
opposing IMV surface is uncer ta in;  contact out of the 
section as an explanat ion for the observed redis t r ibu-  
t ion is excluded, because examinat ion  of particle den-  
sities of microvil l i  in contact wi th  two cells (in the 
same section) indicates that corresponding low den-  
sity regions bear no constant dis t r ibut ion relat ive to 
the contact point  (13). 

Variations in Electrical Properties Between Different 
Cell  Types 

3T3 cM~s.--Cultures of fibroblasts from normal  tissue 
are found to contain few dividing cells after confluency 
of the culture is achieved. In  contrast, fibroblasts that  
have been transformed by an oncogenic virus such a s  
Simian virus 40 (SV40) lack this contact inhibi t ion 
of growth. A cloned t ransformed cell line, however, h a s  
been found to be composed of a heterogeneous popula-  
t ion of cells, a small  number  of which are contact- 
inhibited. By employing the differential agglut inabi l i ty  
exhibited by p lant  lectins such as Concanaval in  A 
toward normal  and t ransformed cultures, it is possible 
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to select out and clone those contact  inhibi ted var iants  
of the t r ans formed  line. These new " rever tan t"  cul-  
tures exhibi t  genera l  morphology  and growth  densi t ies  
character is t ic  of the normal  state. 

We have inves t iga ted  normal  and SV40 t rans formed 
Balb/3T3 (15) cul tures  together  wi th  two r eve r t an t  
lines. Inoculat ions of these var ious  cell  l ines into sus-  
ceptible mice show the  normal  and r eve r t an t  cul tures  
to be essent ia l ly  nonmal ignant ,  whi le  the  SV40 t rans -  
formed Balb/3T3 cells form cancers. 

The CIH stain has been appl ied  to the 3T3 sys tem 
with  the results  presented  in Table IV. It  is clear  tha t  
the  surfaces of both  the  normal  and r eve r t an t  3T3 
cells b ind  app rox ima te ly  the same dens i ty  of CIH pa r -  
ticles on thei r  IMV surface and that  the SV40 t rans-  
formed line yields a CIH densi ty  which  is significantly 
reduced.  Therefore  in this ce l lu lar  system, there  ap-  
pears  to be a corre la t ion  be tween  the e lect r ica l  p rop -  
er t ies  of the cell surfaces measured  wi th  the CIH 
probe,  and  ma l ignan t  t rans format ion  and reversion.  

Lymphoid cells.--It is genera l ly  accepted that  two 
dis t inct  classes of lymphocytes  are  present  in different  
m a m m a l i a n  species including man  (16). These are  B 
or b o n e - m a r r o w  der ived  and T or t h y m u s - d e r i v e d  
lymphocytes .  Al though  genera l ly  s imi la r  in appearance,  
these two cell types  are  found to have wide ly  differing 
functions. T lymphocytes  may  be cytotoxic to cells 
ca r ry ing  foreign surface antigens.  This class of l y m p h -  
oid cells is also known to cooperate in an as ye t  unde-  
fined manner  wi th  B lymphocytes  in in i t ia t ing  the  p ro -  
l i fe ra t ion  of the  B cells into specific an t ibody-p roduc -  
ing clones. These two groups have d is t inguishable  
surface character is t ics  as has been revea led  e lec t ro-  
phore t ica l ly  (17), serological ly  (18), and with  respect  
to the i r  different ia l  sensi t iv i ty  to lectins (19). In ad-  
di t ion to these two classes, at least  one serological ly  
d is t inguishable  subgroup  of T lymphocytes  is also 
recognized; the  thymus- loca ted  lymphocytes ,  or  t hy -  
mocytes,  which appear  to represen t  d i f ferent ia t ing p re -  
cursor  T lymphocytes  (20). 

The affinity of mouse-der ived  thymocytes ,  B and T 
lymphocytes  for CIH is shown in Table V. These re -  
suits indicate  that  thymocytes  and T Iymphoeytes  con- 
s t i tu te  a class d is t inguishable  (at  the 0.1% level)  f rom 
the B lymphocy te  group. The role of the cell pe r iphe ry  

Table IV. Densities of CIH particles on the IMV surface of normal, 
SV40 transformed, and two revertant (Rev 3 and Rev 5) 

BALB/3T3 cell lines 

Particles/4000 n m  2 • SE (No. observations) 
Normal  SV40 Roy 3 Rev 5 

4 .21~0 .27  (22) 2 .17•  (27) 3 .9620 .19  (18) 4.05----.0.20 (24) 

TaMe V. Densities of CIH particles an different lymphoid cell 
classes 

Particles/4000 nm~ • SE (No. observations)  
B T Thymocytes  

3.88 ---- 0.13 (83) 2.35 ~ O.ll (71) 2.29 _ O.ll (88) 

in the different ial  functions of these lymphocy te  classes 
is as ye t  unknown. However  it is apparen t  that  the 
specific e lectr ical  p r o p e r t y  revea led  by the b inding of 
the  CIH colloid is of value  in d is t inguishing the B 
from the T or thymus  cell classes. 

Conclusions 
Heterogenei t ies  be tween  different  regions of the sur -  

face of the same cell may be of influence in some in- 
teraction phenomena occurring between cells. The av- 
erage electrical property studied here is significantly 
different in at least some cells with differential func- 
tion. 
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ABSTRACT 

Cyclic vo l tammetry  was used to determine the electrocatalytic activities 
of 31 metals for the hydrogen and oxygen evolution reaction in  0.1M H~SO4 
at 80~ For the hydrogen evolution reaction, properties of the metals such 
as electronic structures, work functions, and meta l -hydrogen bond strengths 
tend to correlate with the observed electrocatalytic activities. The best elec- 
trocatalysts for the hydrogen evolution reaction in the order of decreasing 
catalytic activity are Fd > Pt  --~ Rh > Ir > Re > Os ~ Ru > Ni. For the 
oxygen evolution reaction, the order of catalytic activity is Ir  ~- Ru > Pd > 
Rh > Pt  > Au > Nb. Most other metals undergo anodic corrosion and cannot 
be used for the evolution of oxygen in  acid solutions. The potentials at which 
corrosion is observed are presented for these metals. 

Most commercial  water  electrolyzers operate at 70 ~ 
90~ in 25-35 weight percent  (w/o)  potassium hydrox-  
ide solutions using nickel anodes (1, 2). A possible 
improvement  in  water  electrolysis as a route for hy-  
drogen production is the use of solid polymer electro- 
lytes such as General  Electric's perfluorinated sulfonic 
a c i d  polymer. During electrolysis, the hydrogen ions 
produced by  the oxidation of water  move across the 
solid polymer electrolyte and are reduced to form hy-  
drogen at the cathode. One disadvantage of such a 
system is the acid env i ronment  which develops at the 
a n o d e  causing corrosion of metals such as nickel. In  
this study, various metals are investigated for possible 
use as electrocatalysts for water  electrolysis in an acid 
medium at 80~ A previous s tudy in alkal ine solu- 
tions has shown that cyclic vo l tammetry  is a conveni-  
ent  method for evaluat ing electrocatalysts for water 
electrolysis (3). 

Experimental 
The cyclic vol tammetr ic  measurements  were made 

with a PAR Model 170 ins t rument  using a potential  
sweep rate of 50 mV/sec. Most electrodes consisted of 
high pur i ty  wires which were spot-we:ded to nickel or 
copper leads and sealed into glass tubing with clear 
epoxy. These electrodes were mechanical ly polished 
with emery paper  prior to use. The ru then ium and 
osmium electrodes were formed by  electroplating the 
metal  onto a p la t inum wire electrode. A ru then ium 
oxide electrode formed on t i t an ium (RuO2/TiO.2) sim- 
i lar  to those used in the chlor-alkal i  indus t ry  (4) was 
also tested. The hydrogen evolut ion reaction was in -  
vestigated first in  order to minimize surface changes 
d u e  to electrode oxidation or oxide film formations. 

Reagent sulfuric acid (Baker) and distilled water  
were used to prepare the 0.1M H2SO4 solution. Mea- 
surements  were made in  a beaker - type  glass cell 
equipped with a cap, a cylindrical  p la t inum screen 
counterelectrode, a saturated calomel reference elec- 
trode (SCE) with a ceramic junct ion which gives a 
negligible leak rate, and the test electrode. The tem- 
pera ture  was controlled at 80 ~ • 2~ in  all experi-  
ments. 

Results 
The cyclic vol tammetr ic  traces for the i r id ium elec- 

trode in  0.1H H2SO4 at 80~ are shown in Fig. 1. The 
s h o r t  potential  cycles at each end show the results 
for studies of the hydrogen and oxygen evolution re-  
actions, while the dashed lines show the behavior  for 
the full  potential  sweep. The horizontal  l ine segments 
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show where the current  at tains a value of 2 mA/cm ~ 
based on the geometrical area of the electrode. At this 
current  density, gas evolution is clearly visible and 
the current  changes rapidly with small  changes in po- 
tential. Therefore, exper imental  overvoltages for water  
electrolysis obtained by this method are ra ther  insensi-  
tive to differences in  surface roughness factors. From 
the Tafel equation 

= a -[- b Iog i [1] 

the exper imental  overvoltages for hydrogen or oxygen 
evolution at 2 m A / c m  2 for the various metals should 
reflect changes in the Tafel parameter,  a, and hence 
changes in the exchange current  density, io = 10 -a/b, 
as long as the Tafel slope, b, remains constant  for a 
given reaction on various metals. 

Figure 2 presents the summary  of all cyclic volt-  
ammetric  results on various metals in  0.1M H2SO4 
at 80~ The potentials where the current  density 
attains 2 mA / c m 2 using a potent ial  sweep rate of 
50 mV/sec are shown as a funct ion of the atomic 
numbers  of the elements. The horizontal dashed lines 
represent  the estimated reversible potentials for the 
hydrogen and oxygen electrode reactions at the ex- 
per imenta l  conditions used. The solid circles at the 
negative potentials locate hydrogen evolution at 2 m A /  
cm2; the solid circles at the positive potentials locate 
oxygen evolution at this current  density. The open 
circles show the potentials at which the current  dens-  
i ty exceeds 2 mA / c m 2 due to some other anodic proc- 
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cm 2 geometrical area in 0.1M H2S04 at 80~ 
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Fig. 2. Summary of cyclic voltammetric results for various 
metallic elements in 0.1M H2SO4 at 80~ The potential vs. SCE is 
shown where the current density attains 2 mA/cm ~ using a potential 
sweep rate of 50 mV/sec. 

ess such as corrosion of the metal .  For  Cr, Mn, and 
Fe, hydrogen  evolut ion and anodic oxidat ion are  ob-  
served at  about  the same potent ial ,  hence the i r  loca-  
t ion could be influenced by  a mixed potent ia l  (5). 
The potent ia ls  at 2 m A / c m  2 for Ti, Zr, Hf, Ta, and 
Pd were  not as reproducib le  as those for other  metals .  
This is l ike ly  due to hydr ide  format ion  which changes 
the surface propert ies .  The electrochemical  format ion  
of pa l l ad ium hydr ide  can even be observed at po-  
tent ia ls  somewhat  posi t ive to the revers ib le  hydrogen  
potent ia l  (6). Dur ing  hydrogen  ion reduction,  the 
exper imen ta l  potent ia l  at 2 m A / c m  2 at pa l l ad ium 
changed f rom about  --0.1V to about  --0.3V vs. SCE. 
For  hafnium, the anodic l imit  observed at about  --0.2V 
p robab ly  resul ts  f rom oxidat ion of the metal l ic  hy -  
dride.  No reproducib le  anodic l imits  were  observed 
for  Ti, Zr, and Ta. Al though oxygen evolut ion was 
in i t ia l ly  observed on these metals,  thei r  surfaces soon 
pass ivate  due to format ion  of insulat ing oxide films. 
The resis tance of these meta ls  to corrosion would make  
them useful  as s t ruc tura l  meta ls  in wa te r  electrolysis  
cells opera t ing  in acid envi ronments  at  h igh t e m p e r a -  
tures. 

Discussion 
Periodic  var ia t ions  of hydrogen  overvol tages  wi th  

atomic numbers  of the e lect rode meta ls  are  ev ident  
f rom Fig. 2. The overvol tages  show minima for Ni, 
Pd, and Pt  which have dSs 2, dl0s ~ and dgs 1 electronic 
configurations, respect ively.  Large  hydrogen  over-  
vol tages  are  observed for  Zn, Cd, and Hg which  are  
all  of the dl0s 2 electronic configurations. As observed 
for a s imi lar  s tudy in a lka l ine  solutions (3), Cr and 
Mn show a decrease in cata lyt ic  ac t iv i ty  wi th  increas-  
ing atomic number .  I t  is possible  tha t  mixed  potent ia ls  
es tabl ished at  these meta ls  in acid solutions could 
cont r ibute  to the  l a rge r  exper imenta l  overvoltages,  
never theless  io values in acid solutions show a s im-  
i l a r  decrease  wi th  an unusua l ly  low i�9 va lue  for  Mn 
(7, 8). Other  studies of the hydrogen  evolut ion reac-  
t ion have also es tabl ished genera l  per iodic  t rends  
for exchange cur ren t  densi t ies  (9) and for overvo l t -  
ages (10, 11), however ,  these studies often use da ta  
ga thered  f rom differing sources, thus the da ta  are  not  
necessar i ly  homogeneous.  The differing i�9 values  se- 
lected contr ibute  to the conflicting conclusions r ega rd -  
ing correla t ions  wi th  other  proper t ies  (8, 12). F u r t h e r -  
more, e lect rochemical  s tudies at  t empera tu re s  and 
conditions used in wa te r  electrolysis  are sparse. 

The periodic  t rends  observed for  hydrogen  over -  
vol tages show a high corre la t ion wi th  the  work  func-  
tions of the  t rans i t ion  metals .  Using the  same work  

function values adopted by  Trasat t i  (8), the locat ion 
of the exper imen ta l  potent ial ,  E vs. SCE, at  2 m A / c m  ~ 
for the t rans i t ion  meta ls  is g iven by  

E = 0.64~ -- 3.5 [2] 

where  ~ is work  funct ion in e lect ron volts. F igure  3 

shows the E vs. ~ plots for  both  t rans i t ion  meta ls  and 
sp metals.  The corre la t ion  coefficient for the  least  
squares fit for  the t rans i t ion  meta ls  is 0.88 suggest ing 
a h igh  correla t ion be tween  the observed hydrogen  
overvol tage  and the work  function. For  the nont rans i -  
t ion meta ls  tested, the  correla t ion be tween  the observed 
hydrogen  overvol tage  and the work  funct ion is much 
less precise  and the calcula ted corre la t ion coefficient 
is only  0.29. The overvol tages  on Zn, Cd, Hg, and Pb 
ac tua l ly  seem to be nea r ly  independen t  of the  work  
function. 

The hea t  of adsorpt ion of hydrogen  on meta ls  is 
theore t ica l ly  re la ted  to the ra te  of e lectrolyt ic  hyd ro -  
gen evolut ion (13-15) and exper imen ta l  correlat ions 
have  been observed (8, 12). F igure  4 shows the least  
squares  plot  of the  potent ia l  observed at  2 m A / c m  2 
against  the M-H bond s t rength  of the meta l  as de-  
r ived  by  Kr i sh ta l ik  (15) f rom exper imen ta l  da ta  for 
hydrogen  evolution.  The pred ic ted  vo lcano-shaped  
curve  is obta ined and looks s imi lar  to resul ts  based 
on i�9 values (8). Assuming tha t  differences in exper i -  
men ta l  overvol tages  and exchange cur ren t  densi t ies  
on var ious  meta ls  reflect main ly  changes in the  Tafel  
parameter ,  a, then the slopes of such plots  should be 
re la ted  by  

A~ b~log i�9 
slope _ - -  _ - -  [3] 

~M-H z~M-H 

Using b = 0.14V in Eq. [3], the slopes of the  curves 
in Fig. 3 are  s imi lar  to the slopes repor ted  by  Trasa t t i  
(8) using i�9 values  obtained at room tempera ture .  
F igure  3 suggests the presence of a hor izonta l  region 
where  the overvol tage  remains  small  for M-H bond 
s t rengths  be tween  52-60 kca l /mole .  Such hor izonta l  
regions a re  pred ic ted  when the adsorpt ion  equ i l ib r ium 
follows a Temkin  i so therm (13). 
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Fig. 3. The potential vs. SCE at 2 mA/cm 2 vs. the values of the 
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The best  e lect rocata lys ts  for the hydrogen  evolut ion 
react ion in 0.1M H2SO4 at 89~ in order  of decreas ing 
cata lyt ic  ac t iv i ty  a re  P d >  Pt  ~ Rh > Ir  > Re > 
Os ~ Ru > Ni. Fo r  the  e lec t ropla ted  ru then ium and 
osmium electrodes,  a roughness  factor  of about  20 
re la t ive  to the  other  meta ls  was assumed. Judging  
f rom Fig. 2-4, an ideal  e lec t rocata lys t  lacks two elec-  
t rons in filling its outermost  d and s sublevels,  has a 
work  funct ion of about  5 eV, and forms M-H bonds 
wi th  energies of about  50-60 kca l /mole .  

For  the oxygen evolut ion reaction,  the  ca ta ly t ic  
ac t iv i ty  in acid solut ion is found to be in the  order  
I r  ~ Ru > Pd > Rh > Pt  > Au  > Nb. Near ly  all  
o ther  meta ls  e i ther  undergo anodic corrosion or form 
pass iva t ing  oxide films in 0.1M HeSO4 at 80~ Based 
on these cyclic vo l t ammet r i c  results,  i r id ium and ru -  
then ium appear  to be cons iderably  be t te r  than p la t -  
inum as e lec t rocata lys ts  for oxygen evolut ion in acid 
solutions. The high electronic conduct ivi t ies  of IrO2 
and RuO~ (16-I8) appa ren t ly  promote  the slow elec-  
t ron  t rans fe r  th rough  the oxide l aye r  (19). Results  
for  ru then ium p la ted  onto p l a t inum and for the  RuOe/ 
TiO2 elect rode were  similar ,  except  that  the ru then ium-  
p la ted  e lec t rode  g radua l ly  d is in tegra ted  dur ing  oxy-  
gen evolution. Potent ios ta t ic  s t eady-s t a t e  measu re -  
ments  in acid solutions at 80~ also indicate  that  I r  is 
cons iderab ly  be t te r  than  Pt  as an eIect rocata lys t  for  
the oxygen  evolut ion reaction.  In  fact  the  sep-  
a ra t ion  of the Tafel  l ines (300 mV) at var ious  cur ren t  
densi t ies  is p rac t i ca l ly  ident ical  to the observed dif -  
ference in cyclic vo l t ammet r i c  measurements  p re -  
sented in Fig. 2. 

Conclusions 
1. Proper t ies  of meta ls  which influence the i r  e lec-  

t roca ta ly t ic  act ivi t ies  when used as cathodes for  wa te r  
electrolysis  under  acid condit ions include electronic 
s t ructures ,  work  functions, and M-H bond strengths.  

2. For  meta ls  used as anodes in wate r  e lectrolysis  
under  acid conditions, the  p roper t ies  of the  meta l  

oxide seem to be the dominan t  factor  in affecting 
e lec t rocata ly t ic  activities.  

3. The cyclic vo l tammet r ic  method used in this  
s tudy  provides  a rap id  method  for  compar ing  p rop -  
ert ies of electrocatalysts .  The observed t rends  are  in 
good agreement  wi th  resul ts  based on the more  tedious 
dete rmina t ions  of exchange cur ren t  densit ies.  
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ABSTRACT 

A mathematical  model has been developed which describes the operation 
of a l i th ium-water ,  electrochemical power cell. The current  density, current  
efficiency, powder density, and specific energy are calculated as functions of 
cell potential, l i th ium hydroxide concentration, temperature,  electrolytic 
solution flow velocity, position along the flow channel, spacing between elec- 
trodes, and flow channel  width. Anode to cathode contact pressure is not 
included in this ini t ial  model. A large dependence of power density on LiOH 
concentrat ion is predicted. For example, at an LiOH concentrat ion of 2M, 
a power max imum of 394 mW/cm '~ is calculated, and in 5M LiOH the power 
max imum is calculated to be 25 mW / c m 2. Temperature  and flow velocity show 
similar  but  smaller effects. 

Design and performance characteristics of l i th ium- 
water electrochemical power cells have been described 
in  the l i terature (1-4). The object of this paper is 
to present  a general, theoretical description of the 
operation of such a system which il lustrates and de- 
scribes some principal,  controll ing processes and de- 
sign variables. An idealized design is used to achieve 
this purpose. The effects of pressing the cathode grid 
against the anode surface, insulated by the LiOH film, 
are not included in this model. Recent results have 
shown that the effect of this cathode to anode pressure 
is a dominant  variable allowing greatly improved 
performance and cell control. 

The anode, in the simple geometry used here, is a 
plane sheet of l i th ium covered with a film of hydrated 
l i th ium oxide. The cathode is a plane sheet of nickel 
or other iner t  metal. Spacers provide flow channels 
between the anode and cathode through which a 
l i th ium hydroxide-water  solution is circulated. Hy-  
drogen is evolved from both the anode and cathode 
dur ing cell operation. Hydrogen evolved at the cathode 
is part  of the energy producing cell reaction. Hydro-  
gen evolved at the anode is simply a corrosion reac- 
t ion which represents a loss in current  efficiency. 

The object of this s tudy has been to describe the 
local current  density, current  efficiency, power density, 
and specific energy as quant i ta t ive functions of the 
cell potential, l i th ium hydroxide concentration, tem- 
perature,  electrolytic solution flow velocity, position 
along the flow channel, spacing between electrodes, 
and flow channel  width. The last two independent  
variables are listed as separate entries since in more 
advanced designs the electric current  path in the 
electrolytic solution is not the same as the flow chan- 
nel width. The physical and chemical processes be-  
l ieved to control the system are described by math-  
ematical equations. The equations have been solved 
numerica l ly  using high speed digital computing m a -  
c h i n e r y .  

Theoret ica l  
Physical processes.--The basic geometry of the model 

is shown in Fig. 1. A film of hydrated l i thium oxide 
is assumed to form on the surface of the li thium. The 
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rate of parasitic hydrogen evolution on the surface of 
the l i th ium is l imited by the rate of t ransport  of water 
through the hydrated l i thium oxide film. The water  
t ransport  may be by diffusion through the solid film, 
l iquid phase convection and diffusion through micro- 
pores in the film, or a combinat ion of both. This ele- 
menta ry  model does not distinguish the mode of t rans-  
port, and the diffusion parameter  defined later  is an 
effective or over-al l  parameter  characteristic of the 
over-all,  s teady-state water  t ransport  rate across the 
film. The solution surface of the film is in equi l ibr ium 
with a saturated solution of l i th ium hydroxide in 
water. The l i th ium oxide film is cont inual ly  dissolving 
in  an operating power cell. The l i th ium hydroxide 
diffuses through a hydrodynamic diffusion boundary  
layer into the bulk solution where it is circulated out 
of the cell. The thickness of the hydrodynamic diffu- 
sion boundary  layer, 80, is governed by the forced con- 
vection flow of electrolytic solution and the st i rr ing 
action of the parasitic hydrogen evolution reaction. 
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Fig. 1. Lithium water primary power cell. Idealized, geometric 
representation of the theoretical model. 
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The hydrated l i th ium oxide film is assumed to be 
in  a dynamic steady state. Li th ium ions are cont inual ly  
being formed at the interface between the metallic 
l i th ium and the l i th ium oxide film and then transported 
to the fi lm-electrolytic solution interface. Water is 
cont inual ly  being t ransferred through the film in  the 
opposite direction from the film-electrolytic solution 
interface to the surface of the metallic l i thium. A 
s teady-sta te  film thickness is established when the 
rate of production of l i th ium ions at the l i th ium metal  
surface equals the rate of dissolution of l i th ium hy- 
droxide at the fi lm-solution interface. 

The total cell current,  i, is equal to minus the 
hydrogen evolut ion react ion rate at the cathode, ic. 
The total cell current,  i, is also equal to the sum 
of the rate of l i th ium oxidation, ia, and the parasitic 
hydrogen evolution rate ip, occurring at the anode 

i = -  - -  i c  = -  i a  "~ ip  

All cathodic current  densities are negative numbers .  
Thus, ip will  be a negative number ,  and i will be less 
than  ia. 

Each of the electrode reactions, represented by i~, 
ip, and ic, can be described as functions of a local 
surface overpotential  using we l l -known oxidat ion-re-  
duction, exponent ial  kinetic rate expressions. The ex- 
change current  densi ty  for the parasitic hydrogen 
evolution reaction, ip, is assumed to be proport ional  
to the 0.5 power of the water  activity in  the l i th ium 
oxide film at the surface of the l i th ium metal. This is 
equivalent  to assuming ~ is 0.5. The basis for develop- 
ing the rate expression has been given by Delahay 
(5). Surface overpotentials which drive the electrode 
reactions at the metallic surfaces are defined as the 
electrical potential  of the metallic electrode minus 
the potential  of a reference electrode placed just  out- 
side the double layer  at the surface of the working 
electrode, see Fig. 1. The potential  of the l i th ium 
metal,  r is assumed to be zero; all other potentials 
are referred to this potential.  A hypothetical ly re-  
versible l i th ium reference electrode of potential  r 
is imagined to be imbedded in the l i th ium oxide film 
next  to the metallic l i th ium electrode. A hypothetical ly 
reversible hydrogen reference electrode of potential  
r is s imilar ly  imagined to be imbedded in the 
l i th ium oxide film next  to the metallic l i th ium elec- 
trode. For  s implici ty  in  wri t ing rate expressions, hy-  
drogen gas is assumed to be dissolved in all phases 
and at uni t  activity throughout  the cell. A hypothet-  
ically reversible hydrogen reference electrode of po- 
tent ia l  @2 is also imagined to be placed in  the bu lk  
electrolytic solution just  outside the hydrodynamic 
diffusion boundary  layer  at the surface of the l i th ium 
oxide film. A third hydrogen reference electrode of 
potential  r is imagined in  the bulk  electrolytic solu- 
t ion adjacent  to the cathode. The potent ial  of the 
working, iner t  cathode, r is also the cell potential  
since the potential  of the anode, r is taken as the 
zero of potential.  

The hydrated l i th ium oxide film is to be described 
by  three averaged parameters:  the effective film thick- 
ness 8, the effective ionic electrical conductivi ty of the 
film Kf, and the effective diffusivity of water  in the 
film D*. The transport  of l i th ium ions across the film 
is not considered explicit ly other than in the contri-  
but ion  of lithium ion movement to ~f. The use of only 
three parameters to describe the rather complex trans- 
port processes occurring in the hydrated lithium oxide 
film does represent a considerable simplification of the 
actual processes that are occurring. The treatment 
could be improved by a more complete description of 
the film transport mechanisms. However, the three- 
parameter approach does appear to incorporate the 
most important rate processes at a reasonable com- 
putational cost. It appears obvious that the hydrated 
l i th ium oxide film is not homogeneous. Water  content  

varies. The film may or may not contain pores or fis- 
sures through which hydrogen escapes, and water  is 
t ransported toward the l i th ium metal. The three pa-  
rameters  8, ~f, and D* are to be viewed as effective 
or averaged values describing the film as a whole. A 
more complete model would allow for property and 
transport  process changes with position in the film. 

Mathematical equations.--It  proves convenient  
mathemat ical ly  and for notat ion purposes to choose 
all electrode kinetic t ransfer  coefficients, a, to equal 
0.5. In  reviewing exper imental  results for the l i th ium 
and hydrogen electrochemical reactions, this assump- 
t ion appears reasonable. It is also convenient  to let 
the group RT/aF equal r Symbols are all defined at 
the end of the paper or in Eq. [13]-[23.] 

Recalling the definitions of ~bl, be", r ~3, and r 
from the previous section and assuming that the ex- 
change current  densi ty for the hydrogen evolution re -  
action depends on the 0.5 power of water  activity, we 
write the following equations relat ing surface reaction 
rates to electrical potentials 

ia ---- io.a ~ [exp(- - r  -- exp(r ] [1] 

ip =- io.p~ ~ [exp(--r162 -- exp(r162 [2] 

ic =- - - i  =- --ia -- i ,  =- io,~ o [exp ((~c -- r  

- -  e x p ( ( r  ~c) / r  [3] 

The surface reaction rates for the l i th ium oxidation, 
ia, parasitic hydrogen evolution, ip, and hydrogen evo- 
lut ion at the cathode, ic, are all expressed as equiva-  
lent  current  densities and have been discussed in the 
previous section. 

The electrical potential  variat ion in the electrolytic 
solution is assumed to follow Ohm's law 

r 1 6 2  ( i a + i p )  le/K C43 

The rate of parasitic hydrogen evolution is assumed 
proport ional  to the rate of water  t ransport  through 
the l i th ium oxide film to the metallic l i th ium surface 

ip = - - ( D * / 6 ) F  co sat (ao sat -- ao.s) [5] 

The water  activity, ao, is defined as a dimensionless 
quant i ty  referred to the activity of pure water as one. 
It is related to the molal i ty  of the LiOH through an 
empirical fit to exper imental  data (6). 

The potential  difference between the l i th ium and 
hydrogen reference electrodes in the l i th ium oxide 
film adjacent to the metall ic l i th ium is the sum of 
two standard electrode potentials, U, plus a term for 
the activity of water  at the f i lm-metal  interface. The 
correction terms for deviations of LiOH and H2 from 
their  s tandard states are assumed to be negligible for 
these calculations and are not shown in Eq. [6] 

r -- r =- U + (RT/F)  In ao.s [6] 

The electrical potent ial  drop across the hydrated 
l i th ium oxide film is assumed to be an Ohm's law term 
plus terms for changes in l i th ium ion activity and 
water  activity. Activi ty corrections across the liquid 
phase dil~usion boundary  layer  are included in Eq. 
[7] ra ther  than  in  Eq. [4]. This choice is arbitrary.  
To help avoid fur ther  complexity, the activity of l i th-  
ium ions at the surface of the metall ic l i th ium are as- 
sumed equal to the activity of l i th ium hydroxide in a 
saturated aqueous solution, ae sat. The loss in  descrip- 
tive accuracy by using this assumption seems negligible 
compared: to other assumptions, and it obviates the 
need to write another  equation for the t ransport  of 
l i th ium ions across the hydrated  l i th ium oxide film. A 
result  is that  the second t e rm on the r igh t -hand  side 
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of Eq. [7] is effectively a constant  which depends 
weakly on tempera ture  

~ '  - -  r  : ( ia  + ip)  ~/Kf 

+ ( 2 R T / F )  t+ o in  (aeb/ae sat) 

+ (RT /F) ln (ao . s /ao ,b )  [7] 

The l i th ium hydroxide activity coefficients are rea-  
sonably constant in  the concentrat ion range of interest  
here. For the bulk  solution, the activity coefficient was 
assumed constant at 0.5. For the saturated solution, 
the activity coefficient was assumed constant  at 0.45. 
The activities are dimensionless, referred to a hypo- 
thetically ideal solution of uni t  molality. 

Equation [8] equates the l i th ium oxidation rate, ia, 
to the dissolution rate of the l i th ium hydroxide at the 
liquid interface of the solid film. The assumptions in-  
volved in this equation imply a steady-state film t rans-  
port  condition and a film thickness 8 which is inde-  
pendent  of time 

i a  = F k i n ( C o  sat 1 cob )  [ 8 ]  

The mass t ransfer  coefficient, kin, is assumed to be 
the sum of a convective mass t ransfer  coefficient, kc, 
and a mass t ransfer  coefficient, kb, associated with the 
formation and breaking away of hydrogen bubbles.  
This in terpreta t ion of km roughly parallels Rohsenow's 
development  of nucleate boil ing heat t ransfer  coeffi- 
cients with forced convection as discussed by  Krei th  
[7] 

km- - - -kc+kb  [9] 

The forced convection Reynold's n u m b e r  for the 
flow channel  being considered is typical ly below 1000, 
thus the following expression for entrance region flow 
is selected (8) 

kc = (D/2I f )ac  (Re Sc 2 l f / x ) ~  [10] 

Here ac equals 1.2325 for x, the distance along the flow 
channel. For average values where x equals total chan-  
nel length, ac is 1.8488. A value of 1/3 for ~ is recom- 
mended for l aminar  flow in an entrance region and 
is also taken as 1/3 in Eq. [11]. 

The bubble  mass t ransfer  coefficient is correlated 
as follows 

kb = (D/ lb )  abRen~Sc v [11] 

The bubble  Reynolds number  Reb is calculated as a 
funct ion of the parasitic hydrogen evolution rate, iv, 
as follows 

Reb = IbVb/v = --  l b ipRT/  (vFP(0.20265)  ) [12] 

The numerical  constant  converts P from atmospheres 
to joules per cubic cent imeter  and includes a 2 since 
two equivalents  are needed to produce a mole of hy-  
drogen. The velocity of bubble  growth into the solu- 
tion, Vb, is assumed equal to the hydrogen evolution 
rate at the anode. 

The parameters  ab, fl, D*, and io.c were adjusted 
wi thin  physically meaningful  limits to fit experimental  
data. Since ~ was used as a fitting parameter,  the bub-  
ble diameter  lb is arbitrary,  and a value of 0.02 cm was 
selected. 

Tempera ture  dependence is included by inser t ing the 
expected tempera ture  dependence of the physical pa-  
rameters  

p : pc + A p ( T  --  To) [13] 

po : 0.997 + 29.96 Ceb -- 0.003003 (Ceb �9 1 0 0 0 )  1.5 

[13a] 

: ~ o ( T o / T )  exp [ - - E t ,  ( T  --  T o ) / R T T o ]  [14] 

#o "- 0.008937 [1 + 0.04 (co b �9 1000) 0.5 + 0.000259 ce b] 
[14a] 

D : Do(T/To) exp [EtD(T -- To)/RTTo] [15] 

Do = (1.728 • 10 -5) (0.008937)/go [15a] 

D* = D * o ( T / T o )  exp [E**(T --  T o ) / R T T o ]  [16] 

: Ko(T/To) exp [E*~(T --  T o ) / R T T o ]  [17] 

so : (175.-- 19,000 cob)co b [17a] 

Kf : Kfo(T/To)  exp [Etf(T -- T o ) / R T T o ]  [18.] 

U : U o ( T / T o )  + AHou(T -- T o ) / F T o  [19] 

io,a = io,a~ exp [ E q ( T  -- To) / R T T o ]  [20] 

io.p = io, p~  exp [ E t p ( T  - -  T o ) / R T T o ]  [21] 

io,c : io,r176 exp [E*r -- T o ) / R T T o ]  [22] 

CeSat/ceSat o : 1 2 C (5.9828 X 10 -4) (T -- To) 

-t- (1.6644 X 10 -5) (T -- To) 2 

+ (6.7019X 10 -7 ) ( T - - T o )  z [23] 

co sat -- (Psat -- ee sat (23.95))/18.016 [23a] 

Equat ion [23] is an empirical fit of data given by 
Adams and Anderson (4). Symbols are defined at the 
end of the paper. 

Equations [1] through [8] represent  a total of eight 
independent ,  algebraic equations, and they contain 
eight unknowns  or dependent  variables: ip, r ~3, 6, 
ao,s, r r and ia. Equations [9] through [23a] re-  
late various parameters  to the dependent  or indepen-  
dent  variables. The independent  variables, which can 
be viewed as the controllable design or operating con-  
ditions, are: cell potential  r bu lk  l i th ium hydroxide 
concentrat ion co, tempera ture  T, bulk  electrolytic so- 
lut ion velocity v, position along the flow channel  x, 
effective electrical current  path length in  the electro- 
lytic solution le, and the flow channel  width If. 

The problem of predict ing the dependent  variables 
as functions of the independent  variables and physi-  
cal parameters  is now specified, and solutions are a 
matter  of mathematical  manipulat ion.  

It is to be noted that  there is considerable corre- 
spondence between the geometric aspects of this model 
and one for t ransient  zinc electrode polarization pre-  
sented by Farmer  and Webb (9). However, the mathe-  
matical  representat ion of the controll ing processes, the 
purpose of the models, and the systems treated are quite 
different. Fa rmer  and Webb concentrate on film growth 
rate as controlled by unsteady-s ta te  zinc ion t rans-  
port  through an oxide film and dissolution of the film. 
The l i th ium electrode model is for steady-state con- 
ditions, it includes surface overpotentials and cell po- 
tential, and it includes both water  and l i th ium ion 
transport  using simplified, s teady-state t ransport  equa-  
tions. 

N u m e r i c a l  c a l c u l a t i o n s . - - T h e  equations were l inear-  
ized and the resul t ing matr ix  inverted and iterated 
upon using a numerical  approach described by New- 
man  (10). The technique guarantees rapid convergence 
if the ini t ial  estimates are reasonably close to the cor- 
rect answer. If estimates are too f'ar from the correct 
answer, the procedure does not converge. In  a series 
of calculations, the code uses previous solutions as the 
estimate for the next  problem it reads. Once a con-  
verged answer  is found, the dependent  variables for 
the next  problem must  be changed by an amount  
small  enough to insure convergence. As a rule of 
thumb, the following changes per problem in the in -  
dependent  variables were found to be satisfactory: r 
= 0.1-0.2V, Ce = 10 -5 mol /cm 5, T = 10~ v = 10 
cm/sec, x = 10 cm, le = 0.01 cm, and If = 0.5 cm. A 
list of parameter  inputs  is shown in Table I. 

In  examining system behavior and at tempting to 
"fit" results to exper imental  results, it is impor tant  to 
recognize the number  and definitions of independent  
parameters.  A dimensional  analysis of the equations 
yielded the following as independent  input  parameters  
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Table I. Input parameters 

Symbol Description Magnitude Reference 

Ap Constant in T dependence  -5 .922 x 10 ~ (13) 
of density glcm 8. ~ 

ab Coefficient in express ion  for  2.8 Fitted 
kb 

ar Coefficient in expression for 1.2825 (9) 
kc 

c~at~ Concentration of LiOH at 5.34 • 10 -~ (15) 
saturation at 25~ mollem ~ 

D* Effective diffusivity os ~ 6 x lO -~ Fitted 
in Li~O film cm~/sec 

E t.  Act ivat ion  energy  for  io,, 8.372 x 10~ Estimated 
J/tool 

Et~ Activation energy  for  io,~ 8.372 x 1O~ Estimated 
J/real 

EtD Activation energy for  l iquid 1.2558 x 10~ Estimated 
diffusion J/real 

Et~ Activation energy for Li=O 4.186 x 10~ (4) 
film conductivity J/real 

Etp Activation energy for io,p 8.372 x 10~ Estimated 
J/tool 

Et~ Activat ion energy  for  l iquid 1.2558 x 10~ Estimated 
conduct iv i ty  J/tool 

Et~ Activat ion energy  for vim 1.2558 x 10~ Estimated 
cosi ty  J/mol 

Et. Activation energy  for  Li~O 4.186 x 10~ (4) 
film diffusion J/mol 

AHou Enthalpy of reaction Li + -5.0234 x 10 ~ (14) 
HeO ~ LiOH + u J/tool 

io,aO Lithium exchange  current  7.8 x 10-2 (4) 
at 25~ A/cm 2 

io,@ Cathode hydrogen exchange 1 • 10 -~ (11) fitted 
current at 25~ A/cm 2 

io,,o Parasi t ic  hydrogen ex- 1 x 10 -~o (11) 
change current at 25~ A/era'-' 

Ib H~ gas bubble  d iameter  0.02 cm Estimated 
P Pressure  in flow channel  2 atm Estimated 
r Transference  number  of Li§ 0.15 (12) 

in so lut ion 
Uo Standard cell potential  for  2.217V (14) 

Li = Li+ + e - a t  25~ 
Transfer  coefficient 0.5 (11) 
Exponent of bubble Reyn- 0.8 Fitted 

old's number  in k~ 
-/ Exponent  of Schmidt  num- 0.33333 (9) 

her  in kc and kb 
~ o  LifO film electrical  conduc- 1.608 x 10 ~ (4) 

tivity at 25~ mho/cm 

in a d d i t i o n  to  t h e  i n d e p e n d e n t  va r i ab l e s :  D*FcosaL/Kf, 
io,p/io~c, io,a/io.c, leio.c/Kf~, Re, Rob, ac, ab, ~, a n d  7. P a -  
r a m e t e r s  w h i c h  d e p e n d  on ly  on t e m p e r a t u r e  are:  ~, 
U, a n d  t +o. T h e r e  a re  a l t e r n a t i v e  w a y s  of g r o u p i n g  t h e  
p a r a m e t e r s ;  h o w e v e r ,  m a t h e m a t i c a l l y ,  t h e  n u m b e r  of 
i n d e p e n d e n t  p a r a m e t e r s  r e m a i n s  cons tan t .  

T h e  r e su l t s  w e r e  f o u n d  to d e p e n d  on ly  w e a k l y  on  
l,iox/Kt"~. Thus  D* a n d  ~f e n t e r  on ly  as a ra t io  in  
D*FcoSat/Kf. In  t h e  n u m e r i c a l  p a r a m e t e r  f i t t ing,  ~f w a s  
f ixed at  1.6081 • 10 -2  m h o / c m  at 25~ a n d  D* was  
used  as a f i t t ing p a r a m e t e r .  A v a l u e  fo r  t h e  h y d r a t e d  
l i t h i u m  ox ide  film t h i c k n e s s  could  be  p r e d i c t e d  on ly  
if  a un ique ,  co r r ec t  va lue  of  Kr is k n o w n .  S u c h  i n f o r m a -  
t ion  is no t  ava i l ab l e  u n d e r  t he  ac tua l  o p e r a t i n g  con-  
d i t ions  b e i n g  s tud ied .  H o w e v e r ,  A d a m s  and  A n d e r s o n  
(4) do p r o v i d e  s o m e  i n f o r m a t i o n  b a s e d  on s ta t ic  con-  
d i t ions .  T h e y  r e p o r t  film r e s i s t a n c e s  b e t w e e n  0.33 
and  4.55 12-cm 2 w i t h  1.21 Q - c m  2 as a bes t  e s t i m a t e  fo r  
8/~f. The  v a l u e  of 1.6081 • 10 -~ m h o / c m  for  ~fo w a s  
se l ec t ed  to  y ie ld  va lues  of 8/Kf w h i c h  c o m p a r e d  w e l l  
w i t h  A d a m s  and  A n d e r s o n ' s  resul t s .  The  p r e d i c t e d  
va lues  of  8 d e p e n d  on  the  va lue  of Kf s e l e c t e d  and  can 
on ly  b e  as a c c u r a t e  as t h a t  se lec t ion .  A c c u r a t e  m e a -  
s u r e m e n t s  of film th i ckness ,  8, u n d e r  d y n a m i c ,  o p e r a t -  
ing  cond i t ions  could p r o v i d e  fu r t he r ,  m o r e  def in i t ive  
t e s t s  of t he  a c c u r a c y  of t h e  model .  

Results 
Compar i son  o:f t heory  and e x p e r i m e n t s . - - F i g u r e  2, 

3, a n d  4 h a v e  b e e n  p r e p a r e d  f r o m  t h e  r e su l t s  of t h e  
c o m p u t e r  code,  and  s u p e r i m p o s e d  a re  d a t a  e x t r a c t e d  
f r o m  Ref.  (2).  

The  va lues  of  D*io.c, 8, and  ab w e r e  f i t ted  as d i s -  
cussed  in  t he  p r e v i o u s  sec t ion  so as to a ch i ev e  the  
d e g r e e  of a g r e e m e n t  e x h i b i t e d  b e t w e e n  the  e x p e r i -  
m e n t a l  and  ca l cu l a t ed  resu l t s .  Va lues  u sed  a re  
s h o w n  in  Tab le  I. The  f i t t ing p a r a m e t e r  va lues  
a p p e a r  to be w i t h i n  e x p e c t e d  phys i ca l  l imits .  D i r ec t  
m e a s u r e m e n t s  of D* a re  u n k n o w n .  T h e  va lue  of io,c 
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~o 

is w i t h i n  l imi t s  r e p o r t e d  b y  K i t a  (11).  Ib l  a n d  V e n c z e l  
(16) d e r i v e d  fl equa l  0.5 a n d  ab equa l  1.95 us ing  a 
su r f ace  r e n e w a l  t heo ry .  J a n s s e n  and  H o o g l a n d  (17) 
f o u n d  ~ e x p e r i m e n t a l  va lues  to v a r y  b e t w e e n  0.36 a n d  
0.87 fo r  gas evo lu t i on  on a fiat p la te .  C o n s i d e r i n g  t h e  
d i f f e r ence  in  e x p e r i m e n t a l  condi t ions ,  t h e  a g r e e m e n t  
is c o n s i d e r e d  good. The  a g r e e m e n t  b e t w e e n  ca l cu l a t ed  
and  e x p e r i m e n t a l  p e r f o r m a n c e  is w i t h i n  e x p e r i m e n t a l  
a ccu racy  e spec ia l ly  w h e n  i t  is r ea l i zed  t h a t  t h e  e x p e r i -  
m e n t a l  d a t a  w e r e  o b t a i n e d  us ing  s e a w a t e r  in  p l ace  
of f r e s h  w a t e r .  S u b s e q u e n t  l a b o r a t o r y  tes t s  h a v e  
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shown that  calcium, magnesium, and carbonate  ions 
in seawater  influence the na ture  of the anodic film and 
the polar izat ion behavior  in an unpred ic tab le  way. 

The theore t ica l ly  de te rmined  (dashed)  curves of 
Fig. 2 at  the  lowest  and highest  power  levels are  
somewhat  different  f rom those obta ined expe r imen-  
tally.  However ,  at in te rmedia te  power,  the exper i -  
menta l  da ta  ac tua l ly  have good concordance with  the  
theore t ica l ly  ca lcula ted  numer ica l  values. I t  should be 
ment ioned here that  the closing of the  dashed curves 
at  the upper  and lower  regions are  for i l lus t ra t ion  
only, since actual  calculat ions were  not made  for those 
areas. However ,  the shape appears  to be logical. 

F igure  3 shows current  efficiency as a function of 
t empera tu re  and concentra t ion at 1.0V cell potential .  
The theore t ica l  l ines of constant  specific energy are  
more  spread  out  than  the expe r imen ta l  lines, but  
they  have s imi lar  slope. As ment ioned above, the  
d i sc repancy  can be pa r t l y  ascr ibed to the  fact  tha t  
the  exper imen ta l  tests were  pe r fo rmed  wi th  seawater  
r a the r  than  fresh w a t e r - b a s e d  electrolytes .  

The theoret ica l  and actual  polar iza t ion  curves of 
Fig. 4 show good agreement .  The s imi lar  curve con- 
f iguration as the cur ren t  is reduced to zero should be 
noted. 

Ef]ects of independent variables on operating condi- 
tions.--The independent  var iables  are  ~r ce ~, T, v, x, 
[~, and l~. Pe r fo rmance  is descr ibed in te rms of local 
cur ren t  densi ty  i, local cur ren t  efficiency ~, local power  
dens i ty  p, and local specific energy w. Power  densi ty  
and specific energy  are  of greates t  impor tance  to p rac -  
t ical  opera t ion  of the  system. 

F igure  5 i l lus t ra tes  the  effect of flow veloci ty and 
posit ion along the flow channel  on the local cur rent  
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Fig. 6. Effective thickness of lithium oxide (hydroxide) film as a 
function of electrolytic solution flow velocity and position along 
flow channel, q~c - -  1.0V, Ce b : 3.0M, T = 25~ le - -  0.05 cm, 
It" - -  0.1524 cm. 

dens i ty  and cur ren t  efficiency. F igure  6 shows how 
the effective thickness of the hydra t ed  l i th ium oxide 
film var ies  wi th  flow veloci ty  and position. 

Figures  7 and 8 fur ther  i l lus t ra te  the dependence  
of cell pe r formance  on channel  flow velocity. F igure  
7 is a collection of theoret ica l  cur ren t  vol tage curves 
and current  efficiency curves for va ry ing  flow channel  
velocities. Higher  cur rents  can be achieved at  h igher  
flow rates, but  at the  expense of increased paras i t ic  
pumping  energy. Such design t rade-offs  have not  
been a t t empted  here, bu t  the  resul ts  can be used to 
develop such opt imizat ion information.  F igure  8 shows 
how power  densi ty  in mi l l iwat t s  per  square  centi-  
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me te r  and specific energy  in k i lowa t t -hour s  pe r  pound 
of l i th ium va ry  wi th  cell potent ia l  and flow velocity.  

F igures  9 and 10 show the effects of t empe ra tu r e  on 
cell  pe r fo rmance  in te rms of var ia t ions  in cur ren t  
vol tage  curves, cur ren t  efficiency, power  density,  and 
specific energy.  F igures  11 and 12 show the same cell 
pe r fo rmance  character is t ics  wi th  e lect rolyt ic  solut ion 
concentration as a var iable .  

Comparison of velocity, temperature, and concentra- 
tion wi th  r ega rd  to the i r  effects on cell  pe r formance  
shows tha t  the  l i th ium hydrox ide  concentra t ion in 
the  c i rcula t ing solut ion has the  most  impor tan t  in-  
fluence on cell  performance.  F igure  13 is an i l lus t ra -  
t ion of how control  of l i th ium hydrox ide  concent ra -  
t ion can be used to opt imize cell  operat ion.  For  e x a m -  
ple, if  a power  set t ing of 160 mW/cm= is desired,  a 
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operating temperatures, v = 21.3 cm/sec,  c j  a = 3 . 0 M ,  x " -  12.7 
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m a x i m u m  in specific energy  of 1.23 k W - h r / l b  of l i th -  
ium wil l  be achieved at a solut ion concentra t ion of 
3.40M. Inspect ion of Fig. 12 shows tha t  this op t imum 
set t ing occurs at  1.11V cell  po ten t ia l  imply ing  a cur-  
ren t  of 144 m A / c m  2. These op t imum set t ings are  on 
r a the r  na r row  maximums,  and  set t ings far  f rom the  
m a x i m u m  wil l  y ie ld  poor  efficiency. As an example ,  
for 160 mW/cm2 at a concentra t ion of 3.0M and as-  
suming opera t ion  along the high vol tage  branch  at  
1.3V, Fig. 12 indicates  a specific energy of only 0.69 
k W - h r / l b  of l i thium. If  the  lower  vol tage  branch  is 
used, the  cell potent ia l  would  be 0.734V wi th  a l i th ium 
ut i l iza t ion of 1.02 k W - h r / l b .  Both  set t ings are  wel l  
be low the op t imum (for the  cell configuration used 
in this s tudy)  of 1.25 k W - h r / l b ,  but  the  lower  vol tage  
off op t imum set t ing is less serious a loss than  the 
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high vol tage  setting. This example  i l lus t ra tes  tha t  
ideal  sett ings are  single va lued  as shown in Fig. 13, 
but  off op t imum sett ings are  double  valued. When off 
the ideal, the lower  vol tage select ion yields  a h igher  
efficiency for l i th ium ut i l izat ion than  the higher  set-  
ring. F igure  13, when used with  Fig. 11 and 12, al lows 
select ion of best  set t ings for fixed t e m p e r a t u r e  and 
flow rate. Figures  5 th rough  10 i l lustrate ,  general ly ,  
the effects of va ry ing  t empe ra tu r e  and flow rate.  

Discussion 
The be l l - shaped  power  m a x i m u m  curves shown in 

Fig. 8, 10, and 12 are  not unique to the  l i t h ium-w a te r  
system. Any  ba t t e ry  or fuel cell power -po ten t i a l  
curves have the same genera l  shape. Fo r  most e lec t ro-  
chemical  power  sources, the high vol tage  branch  wil l  
y ie ld  the most efficient mate r ia l s  uti l ization.  However ,  
the l i t h ium-wa te r  system involves a paras i t ic  hyd ro -  
gen evolut ion react ion or corrosion react ion which 
becomes re l a t ive ly  less impor tan t  along the lower  
vol tage branch of the  curve. Thus, in the cases studied,  
the increase in current  efficiency more  than  offsets 
the loss in cell potential .  Based on the l imi ted  cases 
examined  in this work, i t  appears  to be a reasonable  
guidel ine  to opera te  as close to the  power  m a x i m u m  
as possible and to insure  that  deviat ions tend to the  
low vol tage side of the  maximum.  Power  and energy  
m a x i m u m s  occur ve ry  close toge ther  so that, p r ac -  
t ically,  it  is not  impor tan t  to d is t inguish be tween  the 
two. 

Changes in cell output  appea r  only mi ld ly  affected 
by  e lect rolyt ic  solut ion flow veloci ty  as compared  to 
the effects of changing the bu lk  l i th ium hydrox ide  
concentra t ion or the  opera t ing  tempera ture .  This a p -  
pears  to be due in par t  to the s t i r r ing effect of the 
hydrogen evolution,  pa r t i cu l a r ly  from the paras i t ic  
reaction. The pa rame te r s  associated with  the effect 
of the paras i t ic  hydrogen  evolut ion ra te  on the mass 
t ransfer  of ions into the bu lk  solut ion made  impor tan t  
changes in the numer ica l  results.  

In summary ,  the mathemat ica l  model  has corre la ted  
ear ly  exper imenta l  results  sufficiently wel l  tha t  rea -  
sonable confidence can be placed in the descr ip t ion  
of the pr inc ipa l  factors control l ing the  l i th ium anode. 
However ,  exper imen ta l  work  pe r fo rmed  subsequent ly  
has shown the impor tance  of anode to cathode con- 
tact  pressure  for opt imizat ion of cell performance.  
Thus, fa radaic  efficiencies approaching  100% and cell  
potent ia ls  of 1.3V are  obtained when the electrodes 
are  pressed together  at 10 psi. This opera t ional  fea-  
ture  then resul ts  in g rav imet r ic  ene rgy  densit ies of 
2 k W - h r / l b  l i thium. The impor tance  of this effect 
needs to be fac tored into the model  since examina t ion  
of Fig. 8, 10, and 12 shows that  the pred ic ted  m a x i m u m  
energy  dens i ty  is only  be tween 1 and 1.5 k W - h r / l b  
l i thium. This resul t  impl ies  26-38% the rmodynamic  
efficiency, a value  which compares  wel l  wi th  other  
devices for  conver t ing  chemical  energy  to mechanical  
or e lec t r ica l  energy. The l i th ium oxida t ion  involves 
the  format ion of a hydra t ed  l i th ium oxide film on 
the surface of the  l i thium. The l i th ium hydrox ide  
cont inua l ly  dissolves into the  bulk  e lectrolyt ic  solu-  
t ion th rough  a hydrodynamic  diffusion bounda ry  layer .  
The rates  of l i th ium oxidat ion  and the paras i t ic  or 
corrosion hydrogen  evolut ion are  control led  by  the 
mass t ranspor t  of water ,  hyd roxy l  ions, and l i th ium 
ions th rough  the hydra t ed  l i th ium oxide film. The 
thickness of the film is es tabl ished by  a s t eady-s ta te  
balance be tween  the var ious  ra te  processes. 
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LIST OF SYMBOLS 
ac t iv i ty  of LiOH in bu lk  solution, dimensionless  
ac t iv i ty  of LiOH at saturat ion,  dimensionless  
ac t iv i ty  of wa te r  in bulk  e lec t ro ly t ic  solut ion 
compared  to pure  water ,  dimensionless  
ac t iv i ty  of wate r  at l i th ium surface compared  
to pure  water ,  d imensionless  
ac t iv i ty  of wate r  in solut ion sa tu ra ted  wi th  LiOH 
compared  to pure  water ,  dimensionless  
concentra t ion of LiOH in bu lk  e lect rolyt ic  solu-  
tion, mol/cmZ 
concentrat ion of LiOH in solut ion sa tu ra ted  with  
LiOH, mo l / cm 3 
concentrat ion of wa te r  in solut ion sa tu ra ted  wi th  
LiOH, mol/cm~ 
diffusion coefficient of LiOH in e lect rolyt ic  so-  
lution, cm2/sec 
F a r a d a y  constant, 96,487 C/equiv.  
net  or observed cell  cu r ren t  density,  A/cm~ 
total  anodic ra te  of l i th ium oxidation,  A/cm~ 
ra te  of hydrogen  evolut ion at  cathode, A / c m  2 
ra te  of paras i t ic  hydrogen  evolut ion at anode, 
A/cm~ 
mass t ransfer  coefficient for LiOH dissolution, 
cm/sec  
convective mass t ransfer  coefficient, cm/sec  
bubble  mass t ransfe r  coefficient, cm/sec 
electr ic cur ren t  pa th  length, cm 
flow channel  width,  cm 
universa l  gas constant,  8.3143 J / m o l . ~  
Reynolds  number  
Schmidt  number  
t empera ture ,  ~ 
reference  tempera ture ,  298.15~ 
s tandard  cell potential ,  u 
e lectrolyt ic  solution flow velocity,  cm/sec  
posi t ion along flow channel,  cm 
hydra ted  l i th ium oxide effective film thickness,  
cm 
diffusion b o u n d a r y  layer  thickness,  cm 
solut ion electr ical  conductivi ty,  m h o / c m  
film elect r ica l  conductivi ty,  mho /cm 
viscosity, poise 
kinemat ic  viscosity, cm2/sec 
dens i ty  of e lectrolyt ic  solution, g/cm~ 
potent ia l  of l i th ium electrode, V 
potent ia l  of l i th ium reference  electrode,  V 
potent ia l  of hydrogen  reference  e lec t rode  at  
anode, V 
potent ia l  of hydrogen  reference  electrode in 
solution near  anode, V 
potent ia l  of hydrogen  reference e lect rode in so- 
lut ion near  cathode, V 
potent ia l  of cathode, V 
RT/aF 
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Ionic Conductivity of Some Lithium Silicates 
and Aluminosilicates 

i. D. Raistrick, Chun Ho,* and R. A. Huggins t 
Center for Materials Research, Stanford University, Stanford, California 94305 

ABSTRACT 

Lithium silicates and aluminosilicates exhibiting a variety of typical sil- 
icate structures have been synthesized, and their ionic conductivities mea- 
sured over a wide range of temperature and frequency, using a-c methods 
and blocking electrodes. The frequency dispersion of the conductance and 
capacitance has been analyzed, and an equivalent circuit containing tem- 
perature and frequency dependent components is proposed. Frequency in- 
dependent bulk conductances and activation enthalpies have been extracted 
and these are discussed in terms of the structural properties of these ma- 
terials. The importance of a careful analysis of the frequency dispersion is 
demonstrated. 

At the present time there is considerable interest in 
finding a l i thium ion conducting solid electrolyte with 
properties appropriate for utilization in high energy 
density battery systems. The conductivities of a num- 
ber of lithium containing electrolytes have recently 
been reviewed by Pizzini (1, 2). 

As part  of a general screening program for good 
li thium solid electrolytes, it  was decided to investigate 
the electrical properties of some silicates and alumino- 
silicates. A number of materials (Li2Si205, Li2SiO~, 
LiA1SiO4, and LiA1Si206) were chosen with structures 
representative of the main silicate types with the ob- 
jective of adding to the understanding of the relat ion- 
ship between structure and ionic mobility. 

Several l i thium silicates have been investigated pre-  
viously. Li4SiO~ (lithium orthosilicate) has been studied 
by Gratzer et al. (3) and West (4, 5). It is one of the 
best l i thium conductors. The conductivity of ~-spodu- 
mene, LiA1Si206, was measured by Pizzini (1) who 
also showed by emf measurements that l i thium was 
the mobile species, and recently some data hav.e been 
presented by Johnson et al. (6, 7) for glassy and 
"glassy-ceramic" LiA1SiO4 (~-eucryptite).  

The major difficulty encountered in the measurement 
of ionic conductivities of solids is polarization at the 
electrode/electrolyte interface, and at the grain bound- 
aries in a polycrystall ine solid. While the electrode 
polarization can in principle be eliminated by using 
ideally reversible electrodes, an alternative procedure, 
that  of studying the frequency dispersion of the a-c 
response using blocking electrodes, was adopted here, 
in the hope of obtaining additional information about 
grain boundary effects, minority carrier conduction, and 
interfacial and bulk capacitances. 

* Electrochemical  Society  Student  Member.  
t Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  solid e lectrolytes ,  complex  p l a n e  ana lys i s ,  f r e -  

q u e n c y  dependence ,  l i thium"ionic conductors .  

The problem of analysis of frequency dispersion in 
ionic conductors has received some attention in recent 
years. For example, Macdonald (8-I0) has presented 
exact solutions of the diffusion equations for a variety 
of theoretical conditions, and some experimental work 
has been carried out by Armstrong and co-workers 
(II-13),  on the effect of grain boundaries etc. on the 
nature of the dispersion. In addition, a large amount of 
information is contained in the dielectric loss l i tera-  
ture. Some of these lat ter  data have been recently 
brought together by Jonscher (14). Dielectric loss has 
been used directly to determine the conductivities of 
solid electrolytes in a number of instances (15, 16). 

The method of data analysis presented in this paper 
is pr imari ly  empirical. The complex plane method 
originally due to Cole and Cole (17) is employed. Equi- 
valent circuits and admittance equations are introduced 
which reproduce the data well over wide ranges of ex- 
perimental parameters. Recent examples of this ap- 
proach can be found in the publications of Macdonald 
(10), Armstrong (11, 13), Mitoff and Charles (18), 
Frankl in (19), Bert et al. (20), and Bauerle (21). The 
importance of this kind of analysis is demonstrated by 
showing that erroneous values for both conductivities 
and activation enthalpies can result from a disregard of 
frequency dispersion effects. 

Materials Investigated 
This section briefly describes the main structural 

features of the four l i thium-containing compounds, 
LiA1Si206, LiA1SiO4, Li2Si205, and Li2SiOs. 

LiAlSiz06, ~-spodumene.--LiA1Si206 exists is three 
modifications. The low temperature form has a diopside 
chain structure, a high temperature form is a "stuffed" 
(22) keatite structure, and a high temperature-high 
pressure form has a stuffed ~-quartz structure (23). 
In nature, only the first is found, while the usual lab-  
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oratory preparat ion at atmospheric pressure results in  
the second: known as p-spodumene, stable above 500~ 
but  metastable at room temperature.  A wide range of 
p-spodumene solid solution is known to exist (24), ly-  
ing approximately between 60 and 80 mole percent  
(m/o)  SIO2. Close to the ideal composition, the tetrag-  
onal uni t  cell has the parameters  ao ---- 7.53, co = 9.14A. 

Keatite is a high tempera ture-h igh  pressure modifi- 
cation of SiO2 (25), (ao = 7.456, co = 8.604A). It is con- 
structed of corner-shar ing SiO~ tetrahedra arranged in 
spirals around the lines x = 0, y ---- u and x ---- �89 
y ---- 0. The spirals are l inked by Si atoms in such a way 
that each Si is l inked to the oxygen of four different 
spirals, result ing in f ive-membered rings, the cavities 
of which extend throughout  the structure. In  p-spodu- 
mene 1/3 of the Si atoms are replaced by a luminum 
atoms randomly,  and the l i th ium ions occupy either of 
two equivalent  positions within the rings. There are 
twice as many  sites as l i th ium ions. The large channels 
presumably  account for the ion exchange properties of 
this compound (26). This fact led to the present  in ter -  
est in  this mater ial  as a possible solid electrolyte. 

LiA1Si04, p-eucryptite.--This material  is another ex- 
ample of a "stuffed" structure, (27), but  this t ime it is 
a superstructure of the p-quartz  modification of SIO2, 
ra ther  than keatite. Quartz is the closest packed of the 
three common silica modifications. It is composed of 
in ter l inked helical chains of corner-shared SiO4 tetra-  
hedra. The interstices, which are occupied by Li + ions 
in p-eucryptite, are much smaller  than the interstices 
in  keatite, crystobalite, or tridymite.  

Li2Siz05 and LizSiOs.--By contrast with the previous 
two structures, the Li + ions in Li2Si205 and Li2SiO~ are 
not "interstit ial" in  na ture  but  are essential to the co- 
hesion of the framework. In  Li~_Si205 (as in  LiAISi~O10, 
petali te) the silicate te t rahedra form s ix-membered  
rings, which share vertices leading to infinite sheets. 
Two sheets are held together by ionic bonding through 
Li +, positioned between the layers (28). 

In Li2SiO~, rather  than forming sheets, the SiO4 
tetrahedra form zigzag chains, which are again held 
together by l i th ium ions lying between them (29). 

Preparation and Characterization of Materials 
Standard solid-state preparat ive methods were used 

to synthesize LiA1Si206, LiA1SiO4, and Li2SiOs. The 
start ing materials were A1203, SIO2, and Li2CO~. Mix- 
tures of appropriate composition were heated in alu-  
mina  crucibles between 1050 ~ and 1200~ Li2Si205 was 
prepared by mel t ing a mixture  of Li2CO3 and SiO2 at 
1200~ and quenching to room temperatures,  followed 
by solid-state anneal ing  at 900~ All x - ray  diffraction 
pat terns were in  excellent agreement  wi th  previously 
published results. 

Experimental Aspects of the Electrical Measurements 
Preparation of samples for measurements.--A small 

quant i ty  of the ground mater ia l  was hot pressed at 
temperatures  between 800 ~ and 1000~ and at a pres-  
sure of 6000 psi, in graphite dies. Carbon was then 
burned off the result ing disks at 800 ~ in air. 

The surfaces of the disks were polished using 400 
mesh silicon carbide paper and both surfaces of the 
pellets x - rayed  to ensure that  the surface was still 
composed of the correct material .  1000A of p la t inum 
was then  sputtered onto both surfaces and electrical 
contact was made by spr ing-loaded p la t inum foil disks. 

A-C measurements.--The a-c measurements  were 
made using one or more of three different bridges; Gen-  
eral Radio 1608, 1615, and Hewlet t -Packard  4270 A, the 
1615 bridge being used at conductivi ty values below 
100 ~mhos. The frequency range used was between 20 
Hz and 1 MHz, although the exact range available de- 
pended on the conductance of the sample. Materials 
with a high conductivity general ly  exhibited too great 
a loss at low frequencies ( ~  100 Hz) to allow accurate 

measurement  with available equipment.  The signal 
ampli tude was mainta ined below a few millivolts. 

Introduction to Analysis of the Frequency Dependence 
At any given temperature  the frequency dispersion 

can be represented as a l ine in  a complex admittance, 
impedance or dielectric constant  plane. As the tempera-  
ture  is varied the various t ime constants change and 
hence the observable portion of the total f requency-  
dependent  response shifts. Thus, by making measure-  
ments over a sufficiently wide range of temperatures,  
it is possible to construct a composite picture of the 
total behavior. Such a composite diagram for the sili- 
cates is given schematically in  Fig. 1. The frequency-  
and tempera ture-dependent  response of all four ma-  
terials was found to be sufficiently similar to enable 
them to be discussed together. 

As may be seen from Fig. 1, two main  regions of 
response are discernible. At the low frequency end, 
the admit tance (B-G) plot is a closed circular arc, 
whereas data in the high frequency region lead to an 
open figure. The converse is t rue for the impedance 
(X-R) plot. The two regions are separated at a real 
resistance RB in both cases. The shapes of the experi-  
mental  curves indicate that at low frequencies a series 
R-C circuit is dominant,  with an associated capacitance 
of the order of microfarads, whereas at high fre- 
quencies a parallel  R-C circuit with an associated c a -  
p a c i t a n c e  of the order of picofarads more closely 
models the characteristic response. The tempera ture-  
dependent  resistance RB is common to both networks 
and has been taken as the bulk  resistivity of the elec- 
trolyte. Note that the lowering of the centers of the 
circular portions of the plots below the real axes, char-  
acterized by the angles or and 0z, corresponds to a 
deviat ion of the open-ended portions of the comple- 
men ta ry  figure from the vertical. 

Such data cannot be modeled by  any  equivalent  cir-  
cuit composed ent i re ly  of f requency- independent  corn- 

-X 

B (b) / 

~ |/R B G 

Fig. 1. Schematic representation of the complex impedance (a) 
and complex admittance (b) of the solid electrolyte/blocking elec- 
trode system. 
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ponents; nonfinite or frequency-dependent components 
must be included in order to explain circular arcs 
whose centers lie below the real axis. 

Results of the Analysis of the 
Low Temperature-High Frequency Response 

All four materials showed similar low temperature 
frequency dispersion and will be considered together 
here. The B-G plots are curves inclined at an angle 
r < Cy < ~/2) to the real (G) axis. The higher 
the frequency the closer r approaches =/2. A low fre-  
quency "tail" is evident which, as the temperature is 
raised, eventually goes through a minimum leading into 
the low frequency (high temperature)  region, dis- 
cussed in the next section. Typical B-G plots are shown 
in Fig. 2 and 3 

The corresponding X-R plots (Fig. 4) are approxi-  
mately semicircular arcs with the high frequency inter-  
cept at the origin. A low frequency tail is again evi- 
dent. The center of the circle is a few degrees below the 
real (R) axis. 

If the effective parallel  capacitance, Cp, is plotted 
against log ~ (Fig. 5), it can be seen that at very high 
frequencies Cp extrapolates to a constant value (C| 
which is almost temperature independent, and of the 
order of a few picofarads. Similar values were obtained 
for all the materials. The occurrence of a limiting high 
frequency capacitance is not unexpected: the physical 
arrangement of a material  of finite dielectric constant 
sandwiched between two parallel  metal  electrodes has 
a geometrical, or bulk, capacitance which is expected 
to be of the order of a few picofarads for the sample 
and electrode geometry used here. The most obvious 
effect of temperature is to drastically increase Cp at 
low frequencies. 

The shape of the Cp vs. log ~ curve (Fig. 5) suggested 
a dependence of log (Cp --C| upon log ~,. This was 
confirmed by plotting these two quantities against one 
another, producing straight lines at  several tempera-  
tures (Fig. 6). 

B (n)-1 

_12x10 -6 

lOOk 

o ~. s 

50k / B-G PLOTS FOR 

Li2Si205 AT 

IOk- t / LOW TEMP. 

5k , , ~  9xlO -6 
m , -  f 
G (n) -~ 

Fig. 2. Complex admittance plot for Li2Si20,~ at low temperatures 

B 
(D_) -1 

-6xlO -6 

lOOk 

/ /  k 
/ I I I I 

G (/1) -1 6 xlO-S 

Fig. 3. Complex admittance plot for LiAISi04 at an intermediate 
temperature (421 ~ 

-X I "3"6x105 

(.P,.) 
575~ 1Ok 

R (~_) 
I 5xlO 5 

Fig. 4. Complex impedance plot for Li2Si205 at low temperatures 

Thus, we can write 

log (Cp -- C| -- log BB + 8 log 
where 6 is the slope and log BB is the log ~ = 0 inter-  
cept. Hence 

Cp : C| + BB~ +~ 

In the same way, a plot of log (Gp --  1/RB) vs. log 
gave straight lines of slope +/~ and intercept log AB. 
Therefore 

1 

Approximate values of C= and RB were obtained from 
Cole-Cole and complex impedance plots and were then 
varied using a digital computer so as to minimize the 
squared error in the straight line fit. Values for AB, BB, 
p, and 6 are given for Li2SiO8 in Tables I and II  at 
various temperatures. 

The complete admittance equation for the high fre-  
quency (low temperature)  response is therefore 

r *  = G, + j~c, 

1 
: -- + AB. +~ + j (~:C| + BB~ I+~) 

RB 
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5 x I0 - j~ 
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\ ~ ~ ~,.~oc 
499 ~ 

3x I0 - I~  

2x I0 -~~ 
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I I I I 
~o0 

2 5 4 5 6 
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Fig. 5. Plot of measured parallel capacitance (Cp) vs. logarithm of 

angular frequency for Li2Si03 at various temperatures. 
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Fig. 6. Plot of logarithm of parallel capacitance after subtraction 
of high frequency limiting capacitance vs. logarithm of angular 
frequency for Li2Si03 at various temperatures. 

and the appropriate equivalent  circuit for this region is 
shown in Fig. 7a, where Y*B is a f requency-dependent  
circuit e lement  having an admit tance of the form 

Y * B  " -  ABm +~ ~- 3BB~ I + 6  

Table h Bulk complex admittance parameters for Li2Si03 
(imaginary part) 

I n t e r c e p t  
( log BB ) Be C| 

T (~ Slope (~) (B~ in s (0 .em)-~ (F.em-~) 

224* -0 .334 -10.09 2.25 x 1O -n  6,59 x 10 -~  
255* -0 ,342 -9 .845 3.94 • 1O -n  6.45 • 10 -a2 
325* -0 .362 -9 ,442 9.98 x 10 -n  6.34 x 10 -~  
431.5~ -0 .318 -9 .237 1.60 x l0 -zo 3.29 x 10 -~  
499t -0.191 --9,596 6,97 x 10 -~  3.78 x l0 -aa 

*, t Resul ts  m a r k e d  * a nd  t w e r e  t a k e n  in d i f fe ren t  cells. T h i s  
m a y  be of r e l e v a n c e  s i n c e  c e l l  g e o m e t r y ,  s i z e  o f  e l e c t r o d e  p l a t e s ,  
etc., m i g h t  m a k e  a c o n t r i b u t i o n  t o  C| 

(a) 

RB 

F#] 
C~ 

I~ 8 
~VVV~ 

- - ~ 1  
Cm 

(b) 

0 

Fig. 7. Equivalent circuit models for the total electrolyte/elec- 
trode response: (a) low temperature, high frequency regime; (b) 
full experimental range. 

From Tables I and II it can be seen that  AB and BB are 
of the same order of magnitude,  as are # and (1 + 8). 
When ~ ( C p -  C~) and (G -- 1/RB) are plotted against  
each other a straight l ine of slope ~ results  (Fig. 8). 
Thus 

dB BB(1 + 8 ) ~  ~ 
- -  = = ~, a constant  
dG ABfl~  (~ + 1) 

Since ~ is independent  of frequency (Fig. 8) 

8 = p - - 1  
Thus 

= BB/AB 

Thus the frequency exponents in  the two terms in  the 
admit tance equat ion are the same, i n  accordance with 
the Kramers -KrSnig  relations, but  AB and BB may be 
different, the ratio of these lat ter  quantities,  r deter-  
mines both the slope of the B-G plot and the extent  of 
the lowering of the center of the semicircle below the 
real axis in the X-R plots. The final form of this bu lk  
admit tance is therefore 

Y ' b u l k  " -  ABm +/3 ~- j B B  ~ + ~  

or, t ransforming this to an impedance equat ion 

( ) A B  w_,8 - -  j A B 2 " ~  B B  2 w _ 8  
Z ' b u l k  = A B  2 -~" BB 2 

The physical origin of an admit tance of this form is at 
the present  time uncertain.  The most l ikely hypothesis 
is that it is connected with diffusional grain  boundary  
charge storage and dissipation. It  is possible to write a 
number  of infinite circuits, all of which show an admit -  
tance of the form described above. Scheider (30) has 
discussed some of these in a slightly different context. 
Unt i l  more specific experiments  are carried out to de-  
termine the effect of gra in  boundaries  on the electrical 
response of such an electrolyte-electrode system, the 
explanat ion offered here should be regarded as specula- 
tive. 

Table II. Bulk complex admittance parameters for Li2Si03 
(real part) 

I n t e r c e p t  
( log AB ) Ae I / R e  

T (~ Slope (/~) (As  in fi-1) (0.cm-~) (s 

244 0.738 --10.61 6.31 • 10 -~- t.51 X IO -g 
255 0.670 --10.12 1.93 x 10 - 2  5.33 x 10 ~ 
325 0.650 --9.69 5.28 • 10 -~- 6.36 x 10 ~ 
431.5 0.707 --9.66 5.67 x 10 -~ 8.85 x I0 -~ 
499 0.705 -9 .50  8.19 x 10 -~ 2.73 x 10 4 
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Fig. 8. Complex admittance plot after subtraction of wC~ from 
the susceptance and 1/RB from the conductance. 

Analysis of the High Temperature-Low Frequency 
Region of Electrical Response 

The two materials  with the highest conductivities, 
LiA1SiO4 (~-eucryptite) and LiA1Si206 (~-spodumene) 
exhibit  very similar high tempera ture  (low frequency) 
a-c response. Measurements  on Li2SiO~ and Li2SiaO5 
were not carried out at sufficiently high temperatures  
to observe analogous response, the lower conductivities 
of these materials  implying that  the typical high t em-  
perature  (low frequency) response is not seen in  the 
exper imenta l ly  available f requency spectrum unt i l  
higher temperatures.  

The general  form of the high tempera ture  response 
is shown in  Fig. 9 and 10 in  terms of B - G  and X - R  
plots. 

The B - G  plots are portions of circles, with their  cen- 
ters much below the real axis at low temperatures.  The 
angle 0y, defined at the origin by the position of the 
center of the circle, is given in  Table III  for LiA1Si206 

-7,2x10 -4 

B 
{D)-~ 5oo 

100 o 

- 50 N 

G (~)-I t0 ~-3 

Fig. 9. High temperature complex admittance plot for LiAISi206 
at 644~ 

-X 
(.D.) 

- 7 0 0 0  

o•5 l k  

k .i 
9 5 0 / 1  5040 

R ( n )  

Fig. 10. High temperature Complex impedance plot for LiAISi206 
at 692~ 

at several temperatures.  The high frequency end of the 
semicircle has a tail at low temperatures  which leads 
into the bu lk  response region discussed in  the previous 
section. 

As the tempera ture  is increased, the circular portions 
of the B - G  plots rise unt i l  at the highest temperatures  
studied (>900cC) the semicircle has its center on the 
real axis. The X-R plots are straight lines incl ined at 
an angle Cz to the real axis (;r/2 > %z > =/4). As the 
temperature  is increased the X - R  plot approaches a 
vertical straight line. 

The occurrence of a circular arc in a B - G  plot is 
equivalent  to a straight l ine in the X - R  plot. F rom the 
latter, we can wri te  

- -  X = ~ z ( R  - -  RB) 

where .~ is the slope of the l ine and RB is the extrapo- 
lated intercept on the real (R) axis corresponding to 
the bulk electrolyte resistance. 

Thus, d X / d R  = --  ~z, which is a constant  and inde-  
pendent  of f requency even though both X and R are 
functions of frequency. 

Plots of log ( - -X)  and log (R -- RB) vs. log ~ were 
both found to be straight lines having the same slope, 
-- a. Thus 

R - -  R ~  ----- A z ~  - a  

a n d  
-- Z --- BI~ -a 

Therefore 
~bz = B I / A I  

and is independent  of ~. 

Table Ill. Angle subtended at origin of B-G plot by the center of 
low frequency semicircle for LiAISi206 (~-spodumene) 

T (~  0 7  ( d e g r e e s )  T (~ OY ( d e g r e e s )  

421 ~ 3 7  711 28 
609 33 775 19 
667 31.5 938 ~ 0  
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We may, therefore,  represent  the electr ical  response 
of the sample -e lec t rode  sys tem in the  low f requency-  
high t empera tu re  regime by  the impedance  

Z *  I : Aiw-a  --  j B i ~ - a  

in series wi th  the  bu lk  resis tance RB. 
The corresponding admi t tance  in this regime (ex-  

cluding the bu lk  resis tance)  is 

AI BI 
Y*i -- ~ + j ~ 

AI 2 + BI 2 A, 2 + BI 2 

In Table IV, values of AI, BI, and ~ are given at three 
different temperatures for ~-spodumene and p-eucryp- 
tire. 

The form of this low f requency (high t empera tu re )  
impedance  is s ignif icantly different  f rom the normal  de-  
script ion of a blocking electrode double  layer .  I t  has 
usual ly  been assumed that  the electr ical  double l ayer  
could be descr ibed as a f r equency- independen t  capaci -  
tance in series wi th  the bu lk  resistance.  The present  
descr ipt ion allows resis t ive as well  as capaci ta t ive  com- 
ponents to act at the  interface,  and these are re la ted  in 
such a w a y  that  the  dissipat ion factor, the rat io of en-  
e rgy  dissipated to energy stored, is fixed and independ-  
ent  of frequency.  The coefficients AI and BI, however,  
may  change with  tempera ture .  Unfor tunate ly ,  the in-  
s tabi l i ty  of the in ter face  morphology  at these high 
t empera tu res  p reven ted  fur ther  meaningfu l  numer ica l  
analysis,  which would give the  dependence  AI, B~, and 

on tempera ture .  At  the  present  time, low t empera tu re  
measurements  on be t te r  ionic conductors are in p rog-  
ress in the hope of defining the interface pa ramete r s  
and thei r  proper t ies  more exac t ly  (31). 

Effect of Frequency Dependence on Measured 
Activation Enthalpies of Lithium Silicates and 

Aluminosi|icates 
As discussed in the previous  two sections, the  f re -  

quency response of the  sil icates using spu t te red  p l a t i -  
num electrodes is well  modeled  by  the equivalent  cir-  
cuit  shown in Fig. 7b, where  

Y*B = A B ~  ~ -{- jBB~ ~ 
and 

AI BI 

P P 

a = A #  + BI ~ 

Al though the magni tudes  of both  the  constants and the 
f requency exponents  of Y*I and Y*B are  quite different,  
the same value  of the f r equency- independen t  resis tance 
(RB) can be ex t rac ted  f rom the da ta  in both f r equency /  
t empera tu re  regimes.  I t  wi l l  be seen shor t ly  tha t  the  
conduc t iv i ty - t empera tu re  product  re la ted  to this r e -  
sistance varies  exponent ia l ly  wi th  t empe ra tu r e  in ac-  
cordance wi th  the Ar rhen ius  relat ion.  The high f re -  
quency l imi t ing  capaci tance C~ is associated wi th  the 
high f requency dielectr ic  constant  of the  silicates. I t  
may  also include a contr ibut ion f rom the leads and 
measur ing  equipment,  a l though this factor  was e l imi-  
na ted  expe r imen ta l ly  so far  as possible.  

I t  should be noted tha t  C~ m a y  be placed over  the 
ent i re  circuit, r a t he r  than jus t  across Y ' s ,  but  this 
would  involve  essent ia l ly  no changes in e i ther  the  form 

Table IV. Interface complex impedance parameters for LiAISi206 
and LiAISi04 

C a m -  AI  Bx 
p o u n d  T (~ ( f l . cm 2) ( ~ - c m  ~) a 

LiA1Si2Oc 092 2.97 • 103 5.43 x 10~ 0.85 
L iAIS i206  786 1.78 x 10 ~ 2.01 • 105 0.73 
LiAlSi2Oe 931.5 3.72 x 105 5.95 • 106 0.80 
LiAISiO~ 667 1.19 x 10~ 1.99 x 105 0.79 
LiA1SiO4 775 9.44 • l 0  �9 1.63 x 106 0.76 
LiA1SiO~ 923 1.1O x 10 ~ 9.89 x 10 ~ 0.70 

of the  magni tudes  of the results.  Also a d-c  electronic 
resistance might  be included in pa ra l l e l  to the whole 
circuit. However,  the low f requency  da ta  ex t rapo la te  to 
very  low d-c  conductances indicat ing a very  low elec-  
tronic t ransference number .  This was confirmed by  in-  
dependent  d-c  measurements .  

The circuit  e lement  Y*I is obviously associated with  
the e lec t ro ly te -e lec t rode  interface,  and Y*B wi th  the  
bu lk  response. Because of the  la rge  difference in the i r  
t ime constants, in pr inciple ,  the  two response regimes 
are  c lear ly  separa ted  at  RB when represented  in e i ther  
the admi t tance  or impedance  complex plane.  

However,  the  range  of f requencies  read i ly  accessible 
to exper imenta l  measurements  often does not  span the 
full  range  of behavior  theore t ica l ly  expected.  At  low 
tempera tu res  the bu lk -domina t ed  response region gen-  
e ra l ly  lies wi th in  the accessible f requency  range;  and at  
high t empera tu res  the in te r face -domina ted  response is 
observed.  The effect of this shift  in the  " f requency 
window" with  t empera tu re  is tha t  numer ica l  ex t r apo la -  
tions to obta in  RB must  typ ica l ly  be made  to low fre-  
quencies at lower  temperatures ,  and to high frequencies 
at h igher  tempera tures .  This is con t ra ry  to the  t r ad i -  
t ional  pract ice of ex t rapo la t ing  all measurements  to 
infinite f requency and assuming that  al l  polar izat ion 
effects have been el iminated.  In Fig. 11 and 12 both 
monofrequency  da ta  t aken  at  10 kI-Iz and the resul ts  
obtained f rom data  obtained over  a wide f requency  
range and corrected for f requency  dependence  by  ap -  
p ropr ia te  ex t rapola t ion  are  p lot ted  as log ~T vs. 1/T for 
LieSi205 and Li2SiO3. 

The fol lowing observat ions may  be made:  
1. The genera l  t endency  is for monofrequency  da ta  

at low tempera tu res  to imp ly  grea te r  conduct ivi t ies  
and lower  act ivat ion enthalpies  than are  ac tua l ly  p res -  
ent. In Table V, numer ica l  values  of the  10 kHz a n d  
corrected data  a re  compared.  

2. A p p a r e n t  discontinui t ies  in the  conduct iv i ty  vs. 
t empe ra tu r e  plots obta ined in monofrequency  exper i -  
ments  are e i ther  e l iminated  or removed  to much lower  
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Fig. I1. Monofrequency data (A, 10 kHz) and frequency-inde- 
pendent conductivity data (A, corrected for frequency dependence) 
for Li2Si205. 
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Fig. 12. Monofreqaency data (A, 10 kHz) and frequency-inde- 

pendent conductivity data (A, corrected for frequency dependence) 
for Li2Si03. 

t empera tu res  by  p rope r  analysis.  The behavior  of 
Li2SiO3 m a y  be t aken  as an example .  The 10 kHz da ta  
might  be in te rp re ted  by  severa l  app rox ima te ly  l inear  
regions, whereas  the  correc ted  da ta  show a s t ra ight  
l ine wi th  a single value  of act ivat ion enthalpy.  Such 
apparen t  changes in slope are  often in te rp re ted  in 
te rms of t ransi t ions  be tween  intr insic  and extr insic  be -  
havior.  This is not  to say tha t  an ex t r ins ic - in t r ins ic  
t rans i t ion  is never  found, but  mere ly  tha t  the  quan t i t a -  
t ive  analysis  of such behavior  should be  t r ea ted  wi th  
c i rcumspect ion if the  f requency  dispers ion of the  sam-  
p le -e lec t rode  sys tem has not been examined.  

3. At  ve ry  high t empera tu re s  monofrequency  con- 
duc t iv i ty  values  observed m a y  be less than  the  t rue  
values, l ead ing  to apparen t  cu rva tu re  of the  conduct iv-  
i ty  vs. t empe ra tu r e  plot. 

4. I t  has not proved possible  in the  presen t  case to 
separa te  in t e r -  and i n t r ag r anu l a r  resistances.  Only one 
res is tance was necessary  to model  the  data.  I t  is pos-  
sible, therefore,  that  the  conduct iv i ty  values given here  
m a y  include a cont r ibut ion  f rom the  gra in  boundaries .  
F u r t h e r  work  is needed on this impor tan t  considera-  
tion. 

Relationship Between Structure and Ionic Conductivity 
in th.e Lithium Silicates and Aluminosilicates 

In Fig. 13 f r equency- independen t  conduct ivi t ies  are  
p lo t ted  as a funct ion of t empera tu re  for the  sil icates 

Table V. Comparison of real and apparent activation energies for 
I.i2Si03 and I-i2Si20~ 

Apparent R e a l  
activation activation 

Temperature enthalpy e n t h a l p y  
Sample range ( ~  ( k c a l / m o l e )  ( k c a l / m o l e )  

0 -  

- 3 -  

_s _ 

/ 

2.5 2.0 L5 LO 

Fig. 13. Collected frequency-independent conductivity results for 
the silicates and aluminosilicates. 

and aluminosi l icates  descr ibed  above. Also included in 
this d i ag ram are  corrected conduct iv i ty  values for  
Li~SiO~, l i th ium orthosil icate.  Conduct iv i ty  measu re -  
ments  on this mate r ia l  have been made  in this l abora -  
tory  over  a wide range  of frequency,  as we l l  (32). De-  
tails  of this work  and a comparison wi th  the  corre-  
sponding ge rmana te  (33) wi l l  be  publ i shed  separa te ly .  

In Table  VI conductivi t ies  at  400~ and cor respond-  
ing act ivat ion entha lp ies  are  given. As m a y  be seen, 
the lowest  conductivi t ies  and highest  act ivat ion en-  
thalpies  a re  exhib i ted  by the chain and sheet  silicates. 
In te rmedia te  conduct ivi t ies  are  shown by the "stuffed" 
quar tz  s tructures,  and l i th ium orthosi l icate  has by  far  
the  highest  conduct ivi ty.  Indeed, it  is one of the  best  
l i th ium solid e lectrolytes  known. 

The genera l  t rend  of these resul ts  is not unexpected,  
and can be qua l i ta t ive ly  ra t ional ized on the basis of 
the crys ta l  s t ructures  of these mater ia ls .  

In the  l aye r  and sheet  silicates, the  l i th ium ions are  
essential  for the  cohesion of the  s t ruc ture  as a whole.  
They occupy t e t r ahedra l  sites, l inking  together  t h e  
SiO~ t e t r ahed ra  th rough  short, s t rong bonds. Li2Si~O~ 
has the  shortest  L i -O bond length  (1.94A) (28) sug-  
gesting the  s t rongest  bond, and correspondingly  this  
compound has the lowest  ionic conduct iv i ty  and the 
highest  ac t ivat ion en tha lpy  among the mater ia l s  ex -  
amined here. The stuffed s t ructures  have  ra the r  weake r  
l i t h ium-oxygen  bonds, e.g., LiA1Si206 has a L i -O bond 
length  of 2.08A. The  l i th iums are  not an essential  pa r t  
of the  s t ructure,  as evidenced by  the exis tence of t h e s e  
crys ta l lographic  forms in pure  silica. 

The best  ionic conductor  is Li4SiO4. Its s t ruc ture  con- 
sists of isolated SiO4 t e t r ahed ra  l inked  th rough  4 co-  
o r d i n a t e d  Li ions. In  addition, however ,  there  a re  ex t ra  
5 and 8 coordinated  l i th ium sites which are  also p a r -  
t ia l ly  occupied. The mean  bond lengths  for  the  5 and 6 
coordinated ions are  2.099 and 2.247A, respect ively .  
These figures m a y  be compared  wi th  an  average  4 co -  

Table Vl. Conductivities at 400~ and activation enthalpies 

~4oo~ AH 
C o m p o u n d  ( ~ - c m ) - I  ( k e a l / m o l e )  

Li2Si03 140-171 21 22 
Li2SiOs 171-268 10.34 - -  
Li2SiO~ 268-527 18.75 
Li2Si205 337-416 24 33 
Li2Si~O~ 415-650 29.4 

Li2Si_~O~ 4.S • 10 -9 33 
Li~Si03 5.6 • 10 -~ 22 
Li2Si.~08 1.4 • 10 -~ 22 
LiAISiO~ 4.7 • 10 4 22 
Li~SiO~ 2.2 X 10 4 17 
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ordinated  l i t h ium-oxygen  bond length  of 1.98A. It is 
p robab ly  not unreasonable  to suppose that  the weakly  
bound ions in the 5 and 6 posit ions are p r i m a r i l y  re -  
sponsible for the high conduct ivi ty  of this compound. 

Good ionic conduct iv i ty  in the sil icates is therefore  
expected to be associated wi th  one or more  of the fol-  
lowing s t ruc tura l  features:  a f r a m e w o r k - t y p e  s t ruc-  
ture, wi th  long a lkal i  me ta l -oxygen  bond distances 
(ions in sites of high coordinat ion number ) ,  and f rac-  
t ional  occupancy of a lkal i  ion sites. 
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Technical 

The Electrochemical Reactions of Carbon Monoxide, 
Nitric Oxide, and Nitrogen Dioxide at Gold Electrodes 

J. M. Sedlak* and K. F. Blurton* 
Energetics Science, Incorporated, Elmsford, New York  10523 

Previously,  an ins t rument  for the measuremen t  of 
carbon monoxide  in ambien t  air  was descr ibed (1, 2). 
The opera t ing  pr inc ip le  of that  ana lyzer  was based 
on the e lect rochemical  oxidat ion  of carbon monoxide  
(3) at  a p l a t inum-ca ta lyzed  Tef lon-bonded diffusion 
electrode (4) ; the potent ia l  of this sensing e lect rode be-  
ing main ta ined  constant  at  a value  where  ne i the r  oxy-  
gen reduct ion nor e lec t ro ly te  decomposi t ion in te r fe red  
wi th  the measurement  of the  pol lutant .  

Uti l izat ion of this technique for the  measuremen t  of 
ni t r ic  oxide (NO) and  n i t rogen dioxide (NO2) re -  
qui red select ive analysis  of both  gases in the pres -  
ence of each other  and in the presence of r e l a t ive ly  
large carbon monoxide  concentrations.  For  example ,  
typical  ambien t  a i r  concentrat ions of CO, NO, and NO2 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  carbon monoxide ,  nitric oxide,  n i trogen dioxide,  

gold electrode, gas sensor, diffusion electrode. 

are  10, 0.03, and 0.03 ppm (par ts  pe r  mi l l ion on a vo lu-  
metr ic  basis) ,  r espec t ive ly  (5), whi le  in indus t r ia l  en-  
v i ronments  the pol lu tant  levels can be subs tan t ia l ly  
higher.  

In  general ,  ins t rument  specificity can be a c h i e v e d  
ei ther  by  using select ive gas filters or by  opt imizing 
the electrode cata lys t  and potential .  Since i t  is imposs i -  
ble to filter CO select ively  f rom air  s t reams conta in ing 
NO and NO2, specificity was achieved by  the second 
approach.  Therefore,  the e lectrochemical  react ions of 
NO, NO2, and CO on gold were  inves t iga ted  a n d  are  
r epor ted  here. 

Experimental 
The electrochemical  cell  used was s imi lar  to tha t  

descr ibed prev ious ly  (1) except  for the  sensing e l e c -  
t r o d e  catalyst .  For  this exper imen ta l  s tudy  the  cell  
contained three  electrodes wi th  .4.6M H2SO4 solut ion as 
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the electrolyte. Both sensing and counterelectrodes 
were gold-catalyzed Teflon-bonded diffusion electrodes 
(geometric area 5 cm 2 and catalyst loading 7-13 mg /  
cm-~), and the reference electrode was a m e r c u r y / m e r -  
cury sulfate electrode. The electrodes were prepared 
by the usual  method (.6). 

When measurements  were taken, the gas was passed 
over the back of the potentiostated gold diffusion 
electrode, and the current  generated by the electro- 
chemical reaction was measured by determining the 
potential  drop across a s tandard resistor with a re- 
corder (Hewlet t -Packard Company, Model 680). The 
potentiostat  was designed and constructed in-house. 
All potentials refer  to the reversible hydrogen elec- 
trode potent ial  in 4.0M H2SO4 solution. 

Analyzed cylinders of 6.8, 39, and 349 ppm NO in 
ni t rogen and of zero grade air were obtained from 
Airco Incorporated (ni t rogen was used. as the di luent  
for NO to preclude reaction with oxygen).  Samples 
containing up to 5 ppm NO2 in air  were  prepared using 
zero grade air and thermostated permeat ion tubes 
(Metronics Associates). Unanalyzed CO in air mix-  
tures containing approximately  50, 90, and 735 ppm 
were obtained from Matheson Gas Products Company. 

Discussion of Results 
Curren t /po ten t ia l  curves for NO, NO2, and CO were 

obtained by ini t ia l ly  potentiostat ing the gold electrode 
at 0.6V for 24 hr. The current  was then measured for 
zero air and subsequent ly  for each of the test gas 
mixtures  at a flow rate of 0.7 l i te r /min .  The electrode 
potential  was then increased stepwise to 1.6V and 
the currents  at each potential  were determined after 
potentiostat ing for 24 hr. At each potential  there was 
a small  current  (<10 ~A) when zero air was passed 
into the sensor which was cathodic below about 1.05V. 
This current  was subtracted from the curren~ mea-  
sured with the test gases. The potential  range was 
restricted to 0.6-1.6V to minimize currents  due to 02 
reduct ion and evolution. The current  potential  plots 
in  Fig. 1 and 2 were obtained with one sensor bu t  
qual i ta t ively  similar  behavior  was noted with six 
addit ional  cells. 

Nitric oxide was electro-oxidized on Au only at 
potentials >0.9V, and this is s imilar  to previously 
reported data with Pt  electrodes (7, 8). Nitrogen 
dioxide was electro-oxidized at potentials >I .0V and 
electro-reduced at the more cathodic potentials. A 
plateau in the NO oxidation curve was obtained at 
potentials > l .2V and the value of this current  was 
7.8 ~A/ppm. Similar ly  the max imum current  for NO.~ 
oxidation was 3.8 #A/ppm and for NO2 reduct ion was 
8.2 ;~A/ppm. The value of this m a x i m u m  current  var ied 
wi th  each sensor and increased to approximately 13 
#A/ppm for NO oxidation and NO., reduct ion with the 
higher catalyst loadings investigated. 

The current  for CO oxidation on Au electrodes 
(Fig. 2) was in marked contrast to that  obtained with 
p la t inum electrodes (3). At potentials <I.0V, this cur-  
rent  was very small. As the electrode potential  ap- 
proached that  for gold oxide formation (9), the oxida- 
t ion current  increased to a max imum of 0.04 ~A/ppm 
and subsequent ly  decreased at potentials >l .4V. 

From the cur ren t /po ten t ia l  behavior  of CO, NO, 
and NOe with the gold catalyzed electrodes, an ins t ru-  
men t  for the separate and direct de terminat ion  of 
NO and NO2 was developed (10). The NO,, sensor 
was biased at 0.8V since both NO and CO are un -  
reactive at this potential.  The NO sensor was operated 
at 1.5V where CO is again quite unresponsive and 
since NO2 can easily be selectively filtered from NO/  
NOe mixtures  (11). 

Nitrogen oxides can undergo a var ie ty  of charge 
transfer  processes at electrode surfaces. We have used 
the above-described cell to determine the over-al l  re-  
actions for NO2 reduction at 0.SV and for NO oxida- 
tion at 1.5V. 
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Fig, 1, NO oxidation currents and NO2 oxidation and reduction 
currents on gold between 0.6 and 1.6V. Gas flow rate of 0.7 liter/ 
min. 
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Fig. 2. CO oxidation currents on gold between 0.6 and 1.6V. Gas 
flow rate of 0.7 liter/min. 

The theory of this diffusion electrode sensor relates 
the steady-state  current,  i ,(~A), to the electroactive 
gas concentration, no (ppm),  molar volume, V (cm3/ 
mole),  and sample gas flow rate through the sensor, G 
(cm3/sec), by (2) 

ZFnoG 
i i -  - -  [1 -- exp({~. -- k}whL/G)] [1] 

V 

where z is the number  of electrons t ransferred per 
gas molecule reacted, ~o ( sec-D the system response 
t ime constant, k (sec -1) the over-al l  rate constant  
for the electrode process, and w, h, and L (cm), re -  
spectively, are the width, height, and length of the 
gas pa thway on the back side of the diffusion electrode. 
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Fig. 3. Oxidation currents for 39 ppm NO at 1.5V as a function 
of gas flow rate. 

At 0.7 l i t e r /min  about 8% of the NO2 (0.8V) or 
NO (1.5V) enter ing the sensor actual ly reacts. The 
remainder  leaves the sensor in  the exit gas stream. 
For example, Fig. 3 shows the measured current-f low 
rate behavior for 39 ppm NO as compared to the 
theoretical i -G l ine (dotted) for 100% oxidation at all 
flow rates. It  follows from Eq. [1] that  

l im (il/G) = zFno/V [2] 

G - + 0  

As the flow rate is decreased, a point is reached at 
which all of the NO entering the sensor reacts. Thus, 
current  measurements  at very low flow rates permit  
calculation of z or no. 

To demonstrate  the application of this method, it 
was used to analyze two CO-air mixtures  for which z 
can only be 2 (12). Unanalyzed CO-air  mixtures  pre-  
pared to 50 ppm (•  and 90 ppm (___10%) were 
passed into a sensor wi th  a Pt-catalyzed anode (3) 
at 5 cmJ/min. The result ing oxidation currents were 
used to calculate gas concentrations of 53.2 _ 2.0 and 
96.8 • 3.6 ppm CO, respectively, by means of Eq. [2]. 

Similar  experiments  were carried out with gold- 
catalyzed NO2 and NO sensors potentiostated at 0.8 
and 1.5V, respectively, using gases of known con- 
centrations. The apparent  value of z calculated from 
Eq. [2] was plotted vs. the gas flow rate (Fig. 4). 
The l imit ing values z (i.e., for 100% gas reaction) 
were 3 for NO electro-oxidation and 2 for NO2 electro- 
reduction. The precision of z as determined by this 
method is well within the usual  limits of uncer ta in ty  
inherent  in other electrochemical methods (13). 

From these data it is proposed that the over-al l  
electrochemical process for NO at 1.5V is 

NO -F 2H20--> NOB- -F 4H + -F 3e [3] 

Support  for this proposed reaction is provided by pre-  

o 
E 

N 

3 

5 o o 2 5  

| 

1.0 "~o 2.0 I I \ I I I 

0 0.01 0.02 0.03 
Flowrate(I/min) 

Fig. 4. Apparent values of z for NO oxidation at 1.5V and for 
NO2 reduction at 0.8V as a function of gas flow rate. 

vious work (8) and by the observation that NO2 is 
also electro-oxidized at this potential  (Fig. 1). 

The over-al l  process for NOs reduction at 0.8V is 

NO2 4- 2H + + 2e--> NO 4- H20 [4] 

as evidenced by the nonreact ivi ty  of NO and by the 
rapid reduct ion of the t r iva lent  NO2- at this potential. 

Manuscript  submitted April  14, 1976; revised manu-  
script received June  10, 1976. This was Paper  410 
presented at the Toronto, Canada, Meeting of the 
Society, May 11-16, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by 
Energetics Science, Incorporated. 
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The Dielectric Breakdown of Anodic Aluminum Oxide 
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ABSTRACT 

Nonshorting breakdowns of anodic alumina films, 200-2500A thick, have 
been measured. These measurements reveal the existence of a thickness- 
independent breakdown field which is close to the anodizing field. The exist- 
ing theories, which make use of electron avalanching, cannot explain these 
facts and it is suggested that  the breakdown is ini t iated by ionic movement  
and that  it is related to the anodizing process. 

The dielectric breakdown of th in  anodic A1203 layers 
has been measured by, among others, Nicol (1), Lomer 
(2), Merril l  and West (3), and Odynets et al. (4). Their 
results, differing in breakdown level, have in  common 
a decrease of the breakdown field with increasing layer  
thickness. This is ascribed to electron avalanching, and 
several theoretical dependences given by Forlani  and 
Minna ja  (5, 6) and by O'Dwyer (7, 8) have been fitted 
to the various experiments.  Carries and Duffy (9), 
however, showed that  the breakdown field of alumi-  
n u m  oxide films deposited on silicon substrates by the 
pyrolysis of a l u m i n u m  isopropoxide and measured with 
t h e  nonshort ing breakdown technique (10) is essen- 
t ial ly independent  of thickness in the range from 200 to 
6000A and is equal to 7.5 • 106 V/cm (Si positive on 
p- type  substrate) .  Korzo (11) has measured dielectric 
breakdown of AleO3 grown by decomposition of a lu-  
m i n u m  acetylacetonate in  an hf discharge plasma using 
u.v. radiat ion for activation. He found a decrease of 
the breakdown field from 1.2 • 107 V/cm at d _-- 600A 
to 3 • 106 V/cm at d -= 4 ~m (substrate positive). 

In view of these widely divergent  results, we decided 
to reinvestigate anodic oxide layers on a luminum,  with 
the nonshort ing breakdown technique, using a th in  
counterelectrode. Evaporated gold contacts were main ly  
used because the poor adhesion to the oxide layer  
favors the occurrence of nonshort ing breakdown. When 
a breakdown occurs, the oxide layer melts in places 
(Fig. lb)  and over a relat ively large surface the gold 
contact evaporates, thus leaving the breakdown iso- 
lated (Fig. la ) .  A pre l iminary  account of this work 
was given in Ref. (12). The present  paper first de- 
scribes how the specimens are prepared and how values 
for the breakdown voltage are obtained. These are 
ana]yzed statistically to give a definite value for the 
breakdown voltage or field. The results are first com- 
pared with those obtained by other workers (1-4) and 
then with theories on the avalanche breakdown of 
AI20~ (4-8). Considerable a t tent ion has recently been 
paid to dielectric b reakdown of SiO2 layers and our 
results on A120~ will  also be confronted with the ex- 
planat ions proposed for SiO2. 

Experiment 
A l u m i n u m  of 99.95% pur i ty  (Merck) was cleaned, 

electropolished, annealed at 600~ electropolished once 

Key words: dielectric strength, statistical analysis, electron ava- 
lanche, ionic movement,  

more, and etched in  a HF-H2SO4 solution in  water, all  
as described in  Ref. (13). The anodizing solution con- 
sisted of 17g of ammonium pentaborate  in 100 ml  of 
glycol at room temperature;  a constant current  density 
of 0.35 mA/cm2 was used. The anodizing field is then 
8.7 • 106 V/cm (14). With this value the oxide thick- 
ness was calculated from the forming voltage. Before 
anodization of the ma in  par t  of the specimen, a small  
par t  had previously been anodized up to 18OV to pro-  
vide thick oxide. Contact to the counterelectrode, which 
covered the thick oxide as well  as the oxide to be in -  
vestigated, was made wi th  a p la t inum wire above the 
thick oxide and some silver paint  (leitsilber) (see Fig. 
2). In  this way breakdowns undernea th  the p la t inum 
wire, which easily lead to a short circuit, could be 
avoided. 

For metallic counterelectrodes evaporated gold ( ~  
500A thick) and a luminum ( ~  200A) were used, with 
contact area 5-100 mm 2. We also performed measure-  
ments  with counterelectrodes made of MnO2, a material  
which is interest ing because of its widespread use as a 
counterelectrode for solid electrolytic capacitors. It  was 
obtained in  two ways, by pyrolysis and by sputtering. 
Pyrolysis resulted from spraying a solution of manga-  
nese ni t rate  onto an anodized a luminum specimen 
heated to 300~176 as described by Rosztoczy and 
Read (15). 

Sputtered MnO2 was prepared by reactive d-c sput-  
ter ing of metallic Mn with oxygen at a pressure of 60- 
80 mTorr  and at a voltage of l100-1400V. The sput ter-  
ing apparatus was completely similar to that used by 
Valletta and Pl iskin (16). The specimens were clamped 
against a water-cooled plate. In  this way and by using 
a very low sputter ing rate ( ~  4-5 A / m i n ) ,  the tem-  
perature  of the specimens could be held below 100~ as 
was measured with a thermocouple and with an IRCON 
infrared radiat ion thermometer.  

Table I gives data for the MnO2 thus prepared. On 
top of the Mn02, which covered most of the specimen 
surface, a gold contact was evaporated, since the sheet 
resistance of the Mn02 itself was too high to c a u s e  
nonshort ing breakdowns. 

Measurements 
Breakdowns were measured in ramp tests. A dia-  

gram of the apparatus is d rawn in Fig. 3. At the be-  
g inning of a measurement  the dV/dt  generator is 
started. A fraction of the voltage across the specimen 

1 4 7 9  
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Fig. I. (a, left): Scanning electron mlcrograph of an anodized aluminum specimen with gold contact after a number of severe breakdowns 
have occurred. (The bar represents 100 #m, tilt 70~ (b, right): Transmission electron micrograph of an AI~O3 layer detached from the 
aluminum after a breakdown experiment. The bar represents 10 Fro. 

Fig. 2. Anodized aluminum specimen with gold counterelectrodes. 
Contact with the counterelectrode is made above the thick oxide 
with a platinum wire and silver paint (leitsilber). 

is compared  wi th  and made  equal  by  feedback  to the 
vol tage of the generator .  The compara tor  has f requency 
character is t ics  such that  the  in te rna l  resis tance of the  
vol tage  source as a whole  is low for slow var ia t ions  and 
high for  rap id  var ia t ions  of the  load, the  d ividing t ime 
being ,~1 msec. 

When  a b r eakdown  occurs, a r ap id  vol tage  drop  
across the  specimen is de tec ted  by  the  t r igger  and the  
analog switch shor t -c i rcui ts  the  input  of the  vol tage  
amplif ier  and halts  the  dV/dt  generator ,  the  vol tage  of 
which is then measured  and punched on paper  tape. 
Once this is done, the dV/dt  genera tor  re turns  to zero 
and the process s tar ts  again. Fo r  series of hundreds  of 
b r eakdown  measurements ,  we found a one- to -one  cor-  
respondence be tween  the occurrence of a spark  and the 
detect ion of a b r eakdown  by  the appara tus .  

F igure  4 gives the  resul ts  of 200 successively mea -  
sured b reakdowns  of posi t ive po la r i ty  on a specimen 
wi th  a gold contact  (which is then nega t ive) .  We see 

Table I 

Manganese Dioxide 

pyrolyzed 

composition 

sheet resistance 

thickness 

specific resistivity 

deposition temperature 

MnO>l. 9 

100 -200 k~ 

1 -lO/um 

lO-lOOD.cm 

350 ~ 

sputtered 

MnO 1.88 

300k.Q 

�9 1 - . 2 / u m  

~. 5.O_cm 

< 100 ~ 
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Fig. 3. Block diagram of the apparatus for determining break- 
down voltages. 
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Fig. 4. Breakdown voltages successively measured on a specimen 
with gold contact and with positive polarity (AI + ) .  

that the breakdown level increases at first when  weak 
spots are being removed. Then  the breakdown voltages 
are distr ibuted with a fair ly large spread round a con- 
stant  level which is quite close to the forming voltage 
of the specimen. 

We would like to draw at tent ion to the fact that  
breakdowns do not occur at progressively higher volt-  
ages, as would be expected if the mechanism implied a 
removal  of progressively less weak spots. Instead, 
higher and lower breakdown voltages alternate. As has 
been pointed out by Alber t  et  al. (17), this is due t o  
the statistical na ture  of the breakdown phenomenon;  
at a given voltage and contact area there is a definite 
probabi l i ty  per uni t  of t ime that  a breakdown will oc- 
cur. For  the analysis of our breakdown voltage distri-  
bution, we assume on the basis of Alber t  et  al. that  in a 
test at constant voltage, not in  a ramp test, (i) the 
breakdowns occur randomly in  surface and t ime and 
(ii) the average number  of breakdowns per second, n, 
increases exponent ia l ly  wi th  the applied voltage, V, as 
n = noO exp ( B V ) ,  where no and B are constants, and 
O is the contact area. ( B V  ~ 30 in  our exper iments) .  

The breakdown voltage dis t r ibut ion has then to be 
calculated for the case that  the applied voltage in -  
creases l inearly.  This has already been done for fair ly 
general  conditions by Lewis and Ward (18) and Brig- 
nel l  (19). In our case the derivat ion runs  as follows: 
The voltage is increased at a constant rate, V / t  _~ r. We 
now wish to know the probabi l i ty  that  a b reakdown 
has not yet occurred at t ime t, and voltage V = rt .  We 
divide t into N small equal intervals.  

The probabi l i ty  that no breakdown has occurred in 
the ith in terval  is equal to (1 -- n ( V i ) t / N )  in  which 

V i  = i r t / N  is the voltage across the specimen in  the i th 
interval .  Thus 

(1  - -  n ( V i ) t / N )  = 1 --  noO exp ( B i r t ) t / N  

The probabi l i ty  that  no breakdown has occurred in 
any of the N intervals  up to t is then equal t o  

/V 

,o(t)  = ! !  ( 1 _  noO exp ( B r i t / N )  �9 t/N) 
i = l  

N 

l n F ( t )  = ~.r In {1 -- noO exp ( B r i t / N )  �9 t / N }  
i = l  

N 

- -  ~ {noO exp ( B r i t / N )  �9 t / N }  
{=1  

If the summation is replaced by an integration,  we 
obtain 

In {Fo(t)} = -- ( n o O / B r )  �9 (exp (Brt) -- 1) 

and the probabi l i ty  that  no breakdown has o c c u r r e d  
before voltage V is given by 

F o ( V )  = exp {-- ( n O / B r )  (exp ( B V )  --  1) } [1] 

It  will  be readily seen that  exp B V  > >  1 and we will  
consequently ignore the term --1 henceforth.  

The breakdown voltage dis tr ibut ion is obtained by 
differentiating Eq. [1] 

f (V) dV = n o O / r { e x p  (BY -- (noO/rB) exp B V )  }dV [2] 

f ( V ) d V  is the probabi l i ty  density that  a breakdown 
occurs between V and V + dV .  This distr ibution has 
been fitted to the exper imental  histograms in  the s tan-  
dard manner  [see, for example, Cramer  (20) ] by min i -  
mizing the quant i ty  x 2 with, in  this case, B and 
In ( n o O / r B )  as free parameters.  The values thus o b -  
t a i n e d  for x 2 bear out very well  the hypothesis that  
Eq. [2] describes the measured histograms. 

Figure 5 provides an example. For  the purpose of 
fitting, all measured breakdown voltages exceeding 
28.25V were grouped together in one class and those 
below 25.75V in another  The result ing x 2 value was 2.4 
which is reasonable for the four remaining  degrees of 
freedom in this case (Px 2 > xp 2 = 65%). See also 
Solomon, Klein, and Alber t  (21) for an example. 

l o o -  vf =20.1v - 

dV, dt=l.ssv/s.  l II 

n b nt~ 

5 

i ~ I i i i LI 
20 25 30 

V b ( VoLt ) 
Fig. 5. Measured and calculated breakdown voltage distributions 

(Eq. [2]).  
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A value for the breakdown voltage is defined by 
taking, for instance, the max imum of the fitted dis- 
t r ibut ion (28.6V in Fig. 5). An al ternat ive way is to 
take the values of successive breakdowns together in 
groups of ten and to determine the average value of 
the maxima of these groups. The la t ter  quant i ty  which 
lies ~3% higher than the former is very easily calcu- 
lated directly from the measurement  and this method 
has the advantage that  very low breakdown values 
which occasionally occur wi th  a luminum and man-  
ganese oxide counterelectrodes because of imperfect 
heal ing are discarded automatically.  The value of the 
breakdown voltage depends to some extent  on the par-  
t icular  choice. The max imum f('v') lies at 

Vmax = ( l / B )  �9 In (rBInoO) [3] 

In  Fig. 6 the breakdown voltages (relative to the form- 
ing voltages) of layers with the same thickness are 
plotted as a funct ion of log (capacitance) at constant  
dV/dt and as a funct ion of log (ramp rate) at con- 
stant capacitance. The capacitance is proport ional  to 
the contact area. Linear  relations in agreement  with 
Eq. [3] are found. Lines with the same absolute slope 
(B = 0.55V -z)  but  opposite sign have been drawn 
through these points. This shows incidental ly  that  
BV ~ 27.5 in  this case, so that exp (BV) > >  1 as was 
used for the derivat ion of Eq [2]. 

In  Fig. 7 the quant i ty  B, as found from curve fitting 
for specimens formed to different voltages, is plotted as 

Cs (nF) 
12 10 100 1000 

I : 50 Vott I I I vf 
1.1 

T"~ . . . . . . .  . . . . . . . . . .  

P 
0.7] I I I 

1 10 100 
~- dVIdt (V/sec) 

Fig. 6. Dependence of the breakdown voltage (relative to the 
forming voltage) on contact area (proportional to capacitance) and 
on dV/dt. All specimens formed to the same voltage. 

lol 
0.5- 

0.1 
10 

11 
\ 

\ 

50 100 
> Vf(V)  

Fig. 7. Thickness dependence of B 

a function of Vf. It  is obvious that B is inversely pro- 
portional to Vf and therefore to specimen thickness d. 
We substi tute ~/d = B accordingly and obtain for the 
field at the max imum of the dis tr ibut ion 

F (l /E) �9 In (r~/noOd) [4] 

Curve-fi t t ing also yields the quant i ty  In (noO/rB) from 
which no can be calculated. However, since the relat ive 
scatter in  B and in  In (noO/rB) is of the same mag-  
nitude, the precision with which no itself is determined 
is very low. For the measurements  shown in Fig 7, the 
values for no lie between 5 X 10 - l ~  and 7 X 10-12/sec 
cm 2. This makes it impossible to decide whether  or not 
no is dependent  on thickness. 

In  the following we will assume that no is constant. 
If we average In (no), we obtain no = 3.4 X 1 0 - n / c m  2 
sec and ~ = 3.35 X 10 -6 cm/V if we take 8.7 X 106 
V/cm for the forming field. 

If no and ~ are independent  of d, Eq. [4] predicts for 
a constant dV/dt  = r a breakdown field which de- 
creases logari thmically with thickness. If we perform 
the measurements  at constant dF/dt, i.e, if we take r 
proportional to d, we expect a constant breakdown field. 
Figure 8 gives our experimental  results (black spots) 
obtained with gold as the counterelectrode, at room 
temperature,  corrected for the dV/dt  dependence so 
that they represent measurements  at constant dF/dt, 
with positive polarity. We obviously obtain a break-  
down field which is completely independent  of the 
specimen thickness to wi thin  a few percent  in the thick- 
ness range 230-1700A. This shows that our results can 
be consistently described with the assumptions that at 
constant field breakdowns occur randomly  in surface 
and time and that the number  of breakdowns per uni t  
of t ime is exponent ial ly  dependent  on the applied field 
as n = n o O  exp (~F) with certainly ~ and possibly no 
independent  of specimen thickness. The results of other 
workers are also indicated in  the figure. The agree- 
ment  is nonexistent.  We shall come back to this point 
in the Discussion. 

In  Fig. 9 the same results are plotted once more, to- 
gether with results obtained with a luminum and sput-  
tered manganese dioxide counterelectrodes, for both 
polarities. They have been taken at constant dV/dt  and 
not at constant dF/dt. This accounts for the slow de- 
crease of the breakdown field at greater  thicknesses. 
Nonshorting breakdowns are more difficult to obtain 
with A1 and MnO.2 contacts than  with gold contacts. 
Very low breakdown voltages are sometimes found and 
short circuits also often occur, so that the total n u m b e r  
of breakdowns in one measurement  with these contacts 
is limited. The measurements  with these contacts are 
therefore by no means as accurate as in  the case of 
gold, and in par t icular  the statistical analysis of these 

b b t ] ~ l ~ l  I I i I I I l l l  I I I t ] l i t l  I I ,% 
. V ' \ ,  

10/ ~:~ [] ~ i~-eseN w o r k  

Fb ~ \~ 
(__rn)V/c Odynets et aL 

T 

O I  I I I I I I I l l  F I I I I I I l l  I I I I I i I t l  I 

10 10 2 10 3 10 4 
~ d(,~) 

t 

Fig. 8. Comparison of our measured breakdown field (black spots), 
obtained at a constant dF/dt of 8.7 X 10 e V/cm sec and with 
contact area 6.5 mm 2, with results of other workers. 
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Fig. 9. Breakdown voltage (relative to forming voltage) obtained 
at a constant dV/dt of 50 V/sec, as a function of forming voltage 
for specimens with gold, aluminum, and sputtered manganese diox- 
ide counterelectrodes, for both directions of the applied field. 
Contact area ~ 6 mm 2. 

results presented above has been validated for gold 
contacts only. Nevertheless, it is qui te  clear that  the 
results obtained with A1 and sputtered MnO.~ do not 
differ significantly from those with gold. For  all three 
contacts it is noteworthy that the breakdown field in 
the reversed direction is about 10% lower. A much 
steeper field dependence of the breakdown was mea-  
sured on pyrolyzed MnO2. However, since this was also 
found with reverse voltage, it is not thought to be due 
to a qual i ta t ively different behavior of the contact, but  
to damage caused to the oxide layers by the pyrolization 
process. Some measurements  were effected at l iquid ni -  
t rogen temperature.  The breakdown field for gold con- 
tacts with positive polari ty then was about 20% higher, 
which agrees with the tempera ture  dependence found, 
for example, by Odynets et al. (4). 

Discussion 
Contrast with other" exper iments . - -Breakdown ex- 

per iments  on anodized a luminum oxide have also been 
performed by Nicol (1), Lomer (2), Merri l l  and West 
(3), and Odynets et al. (4). Their  measurements  have 
been included in Fig. 8. The reason for the discrepancies 
is still undecided. Although all these experiments  were 
performed on anodic oxide, the preparat ion methods 
were widely different. Nicol prepared his layers in  a 
plasma and obtained ~-A120~, Lomer anodized in  an 
aqueous solution of ammonium phosphate, Merril l  and 
West used oxalic and /o r  boric acid, and Odynets et aI. 
used an aqueous solution of boric acid. The methods of 
measur ing the breakdown voltage were also different. 
It is not clear what  method Nicol used ("Breakdown 
voltages were measured on a Tektronix 575 Curve 
Tracer") .  

Odynets et al. and Lomer obtained their  results with 
a steel ball  as the counterelectrode. As shown above, 
the contact area influences the breakdown field and it 
is not clear how large this area is when a steel ball  is 
used. These measurements  may consequently not  be 
directly comparable wi th  ours. Merri l l  and West used 
the same method as we did. viz., nonshort ing break-  
downs. They do not specify the counterelectrode ma-  
terial. To obtain such thick layers, they had to use 
porous oxide formation in  oxalic acid followed by dense 
formation in boric acid and it  is not clear whether  the 
breakdown is influenced by inhomogeneous composi- 
t ion of the layer. A major  difference appears to be  the 
use of aqueous electrolytes, instead of the glycol borate 
used by us. A drawback of the lat ter  electrolyte is, of 
course, that  the thickness range it allows is small. 

This is, however, more than  compensated by the fact 
that the anodization properties of this solution are very  
well known, thanks to the work of Bernard and Cook 
(14), who established, in  part icular ,  tha t  the current  
efficiency is unity, i.e., that all  the charge passed is used 
for oxide formation. Moreover, it is known  from elec- 
t ron microscopy (13) that  very homogeneous dense 
layers are formed. This makes it possible to use the 
forming voltage as an  accurate measure  for the thick- 
ness of the layer. 

Compared with this relat ively simple situation, anod-  
ization in aqueous electrolyte is an intr icate  affair. This 
is evident from the work of Odynets et  al. in  which it 
is found that  measurements  on these layers in  air give 
a large spread in  results due to the humidi ty  of the air, 
to which our layers are not susceptible. In  general, the 
efficiency of the anodization process is lower than  uni ty ,  
while the border l ine between barr ier  oxide formation 
and porous oxide formation is often ill defined. Randal l  
and Bernard (22), report ing recent ly on aqueous phos- 
phate solutions (the same electrolyte used by Lomer) ,  
stated that  depending on current  density and whether  
the solution is st irred or not, porous or dense oxide is 
formed. Whether  this difference in  the electrolyte is 
indeed the main  cause of the difference in results is at 
present under  investigation. 

Compar@on with theory . - -A  n u m b e r  of approaches 
has been used to describe the dielectric b reakdown of 
A1203 and SiO2. In  this section the following points are 
discussed: (i) the avalanche model of For lani  and 
Minnaja;  (ii) the model of O'Dwyer in which the posi- 
t i re  space charge left after avalanching plays a crucial 
role; (iii) The approach of Ridley, who assumes that  
joule heating, caused by currents injected at i r regu-  
larit ies of the cathode, is responsible for breakdown;  
and (iv) the possibility that  ionic movement  causes 
breakdown. 

Avalanching ;Following ForIani and Minnaja.--These 
authors (5), as well  as O'Dwyer and Ridley, assume 
that  electrons are injected at the cathode following the 
Fowler -Nordheim mechanism 

ji = Jo exp (--FFN/F) [5] 

where Jo and FFN are constants (we have neglected the 
pre-exponent ia l  field dependence on F here) .  Then 
they calculate the probabi l i ty  P (F) that  an electron is 
accelerated by the field into such a state that  i t  gains 
more energy from it than it loses to optical phonons. 
In  this state ionization occurs every t ime an ionization 
energy Vo is reached. The current  then is given roughly 
by 

j ___ j~P (F) exp (eFd/Vo) 

They postulate that breakdown occurs if j exceeds a 
certain value. Two situations can occur depending on 
whether FFN is large or small. In  the first case P ( F )  

1 which leads to a thickness dependence FB ~ d -lz2. 
In  the second case P ( F )  < <  1 and FB ~ d -lz4 is found. 
The l ine through the results of Merril l  and West in  
Fig. 8 was d rawn according to this d -~/~ dependence 
by Forlani  and Minna ja  whereas the l ine through 
Nicol's points was d rawn according to d -1/4 by him-  
self. 

If we compare these theoretical dependencies with 
our measurements,  it is clear that they cannot explain 
them, even the weaker thickness dependence d -1/4 
predicts a change of about 60% over the thickness 
range covered by us, whereas our breakdown field re-  
mains constant to wi th in  a few percent. Furthermore,  
it is very doubtful  whether  d -1/4 can be used in the 
range of very small thicknesses as was done by Nicol. 
It is valid if P ~ 1. To make the current  j larger than  
the injected current  ji, eFd/Vo must be much larger 
than 1. For a breakdown field of 10 T V/cm and d --~ 
100A, however, eFd/Vo = 1 for Vo = 10 eV. Also the 
d -1/2 as applied to the results of Merril l  and West is 
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open to objections. The breakdown field changes by a 
factor of three. P is by no means ~1  over this whole 
field range as was assumed for the derivat ion of the 
d -~/2 relat ion [see Fig. 4 of Forlani  and Minnaja  (5)].  

O'Dwyer ' s  t h e o r y . - - O ' D w y e r  (7, 8) has d rawn  at ten-  
tion to the influence of the positive charges that  are left 
behind by the knocked-off electrons. In  his approach 
it is assumed that the mobil i ty  of the holes is very 
much smaller  than that  of the electrons. Therefore a 
net positive charge remains by which the field at the 
cathode is increased leading to inject ion of more elec- 
trons and so on. The degree to which the breakdown 
field depends on thickness in this theory depends on the 
numerical  values of the various quantities. To show 
this, we give a very  simple derivation of the break-  
down field which is somewhat similar to an approach 
recently put  forward by Solomon and Kle in  (23) and 
in  which it is addit ionally assumed that  the field dis- 
tortions are small  compared with the applied field F. 

O'Dwyer assumes that  the collision ionization rate 
per uni t  length, a, is given by 

---- ao e x p ( - -  F J F )  [6] 

with o o and F~ constants. If Eq. [5] and [6] are com- 
bined, the total number  of holes created per second is 

ji/e �9 (exp(ad)  -- 1) 
:-  j~/e �9 (exp (~od exp ( - -  F J F )  ) -- 1) 

In equi l ibr ium the number  of holes created must  be 
equal to the number  that disappears. We assume that 
this happens by  drif t  to the cathode with a mobil i ty  ~p, 
that the positive charge density is uniform over the 
specimen thickness, and that  the drift  is caused by the 
average applied field V/d .  (In this we differ from 
DiStefano and Shatzkes (24) who assume for the case 
of SiOo that the holes are removed by recombinat ion) .  
We find p#pF = j i / e ( e x p ( a d )  -- 1) with p the hole den-  
sity. 

Here we already see the origin of the current  runa -  
way, at low fields all the holes created are swept away 
by the field. If the field becomes higher, the number  of 
holes created increases rapidly  because of the term 
exp ( - - F J F )  and also because the field at the cathode 
increases so that more electrons are injected. Even-  
tual ly  holes cannot be removed quickly enough and the 
current  shoots to a very high value. In the case of a 
uniform concentrat ion of holes p the field at the cathode 
is given by Fcath ---- V / d  -~ '.IF -.~ V / d  -}- epd/2~ with e 
the dielectric constant. If we put these expressions to- 
gether we obtain the following equation for the current  
injected at the cathode 

j i / e  = jo/e �9 exp( - -  FFN/ (F  47 hF)  ) 
---- jo/e �9 exp ( - -  FFN/ (F  + (dji/2e#pF) 

{exp (aod exp ( -- F J F )  ) -- 1}) ) [7] 

This equation can be solved easily by i teration and be 
used to obtain numerical  results. However, a simple 
estimate of the breakdown field can be obtained if we 
use a fur ther  simplification for the case of very th in  
layers, assuming that  mult ipl icat ion occurs rarely so 
that ad < 1. The current  increase due to the field dis- 
tort ion becomes impor tant  if FFN/F -- FFN/ (F ~- AF) 

As FFn/F  > >  i, this can be wr i t ten  as 

FB 2 ~ FFN,-%F ---- FFN (d2aoji/2e;~pFB) exp ( -- F J F B  ) 

As an estimate for Ji we use the undistorted value 

j i /e  ---- jo/e �9 e x p ( - -  FFNd/V)  

and thus obtain 
FFN + F~ 

FB : 
In ( FFNd2aojo/2e~pFB 3) 

This simple equation shows the following features: (i) 
FB is directly proport ional  to FF~ + F~, therefore a 

difference in  contact potential  shows up directly in  FB; 
(~i) FB is thickness dependent.  Viewed qual i tat ively 
this theory wilt not be able to explain our results, viz., 
a breakdown field which is independent  on thickness 
and independent  on contact material.  

For a more quant i ta t ive approach the different quan-  
tities in  Eq. [7] must  be estimated. This is carried out 
in the Appendix. The result  for the case of a gold 
counterelectrode is shown in Fig. 10, together with our 
experimental  facts. If we use a luminum instead of gold 
as a contact, we obtain from Eq. [7] a b reakdown field 
at d = 10 -5 cm, equal to 6.6 X 106 V/cm. 

In  view of the dependence on the barr ier  height and, 
even in  this case, the considerable d dependence, we 
conclude that the avalanche theory cannot  explain our 
results. Only if F~ is much higher than  the value in -  
serted here can the d dependence found be reproduced. 

Joule  hea t ing . - -A  different theory of breakdown has 
been put  forward by Ridley (25). In essence, this is a 
theory of thermal  breakdown, due to joule heating by 
Fowler-Nordheim currents  injected at the cathode. 
It is easy to show that  homogeneous heating cannot 
occur. Ridley therefore assumes that  such high current  
densities are due to field enhancement  at cathodic pro- 
tuberances which he estimates to be of the order of 
10% of the specimen thickness. He remarks that  "pro- 
tuberances of this size are scarcely observable with 
existing techniques so our assumption that they exist is 
at present  unverified, but  presumably  not unverifiable." 
However, Fig 11, which shows a t ransverse section of 
an At~Oz layer, indicates that  protuberances on the 
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Fig. 10. Comparison of the measured breakdown field (same 
results as in Fig. 8) with values calculated from O'Dwyer's space 
charge avalanche theory. 

Fig. 11. Transmission electron micrograph of a 500,& thick cross- 
section of an anodized AI sample. The lower part is the metal. The 
oxide layer is about 2600,~ thick. 
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scale assumed by Ridley (for SiOf) do not occur in 
anodic A1203. Moreover, this theory predicts again a 
dependence on thickness and on the electrode material.  

Ionic m o v e m e n t . ~ W h a t  then is the mechanism of di- 
electric breakdown in  A1203? A significant fact is that 
the breakdown field is close to the anodizing field of 
the material.  In  this respect, A1203 differs markedly  
from SiO~ in which the breakdown field ~- 10 T V/cm is 
about half  the anodizing field, which according to 
Fritzsche (26) is 1.9 >< 10 r V/cm. 

At the anodizing field considerable ionic currents  set 
in. Therefore it forms an upper  l imit  for the field that  
the mater ial  can stand ult imately.  It seems more rea-  
sonable, therefore to assume that ionic movement  starts 
the dielectric breakdown, a suggestion made recent ly 
by Shousha (27) also. There are a n u m b e r  of interest-  
ing facts in  connection with such an assumption. 

I. The steady-state  ionic current  densi ty dur ing  
anodization at a field of 8.7 >< 10 s V/cm is equal to 0.35 
mA/cma, when  ~ 10~5/cm 2 sec charge carriers cross the 
surface. At that field the n u m b e r  of breakdowns is 160/ 
cm 2 sec. If it is assumed that dur ing a breakdown test 
the steady state is reached and also that every single 
moving ion has a certain probabi l i ty  to start  a break-  
down, then  this probabi l i ty  is remarkab ly  low. 

2. The field dependence of n, described by the quan-  
t i ty F ---- 3.35 • 10 -6 cm/V, is definitely lower than 
that  of the forming current  density for which Bernard 
and Cook found the value 4.83 X 10 -8 cm/V if it is 
wr i t ten  as j ---- Jo exp (BF �9 F) .  It is, however, interest-  
ing to note that  the field dependence of the forming 
current  densi ty at high f requency is lower than for 
low frequency, [see Winkel, Pistorius, and van  Geel 
(28) ]. For instance, we found (29) at a current  density 

of 0.14 mA/cm2 that  BF changes from the d-c value 
4.8 X l0 -6 cm/V to 1.57 X 10 -6 c m / V  if the frequency 
increases from below 0.1 Hz to above 8 Hz. The differ- 
ence of the two dependences is 3.2 >< 10 - s  cm/V and it 
is str iking that this quant i ty  is so close to the field 
dependence of the breakdown rate. This f requency de- 
pendence of BF is directly connected with the occur- 
rence of current  t ransients  when the applied field is 
suddenly increased. It has been shown by Young (30) 
on Ta and by Dignam and Ryan  (31) on A1 that  the 
build up of the current  in a t ransient  is an autocatalytic 
process, the na ture  of which has not yet been fully 
clarified. The fact that the value of that part  of the 
field dependence of BF which is determined by this 
autocatalytic process is close to ~ suggests that this 
process plays a role dur ing breakdown. 

3. The breakdown field is independent  of thickness 
and follows very  well  the relat ion Fmax ~- 1/;~ ]n (rF~/ 
noO) in  which we have subst i tuted r;  = dF/d t  ~ r/d, 
the rate of change of the applied electric field. This 
equat ion was derived on the assumption that no is a 
probabi l i ty  per uni t  surface area and not per uni t  vol- 
ume of the oxide. If the la t ter  is assumed, the factor 
O has to be replaced by Od. Therefore, the fact that  the 
breakdown field is independent  of thickness implies 
that  breakdown, al though independent  of the contact 
material,  is still a surface phenomenon and not a vol- 
ume phenomenon.  It has been argued by Dignam and 
co-workers [see, for example, Ref. (32)] that the 
anodization process itself is controlled at one of the 
interfaces. 

If these facts are combined, the following picture 
emerges. Breakdown is completely determined by the 
introduct ion of an ion from the surface into the volume 
of the oxide. Once this has occurred ionic conduction at 
that spot starts up, which may lead to a breakdown 
either by heating, as described by Ridley, or by the 
bui ldup of space charge followed by electron injection, 
as suggested also by Shousha. If b reakdown occurs not 
here but  somewhere else, the remaining charge car- 
riers are swept away dur ing  the next  run. This would 
consequently explain why the breakdown field does not 
decrease dur ing subsequent  measurements ,  as would 

happen if space charges had remained in the specimen. 
The difference between the forward and backward di-  
rections could be due to a var iat ion of the composition 
of the anodic layer  or to a bu i l t - in  electric field created 
by space charge. This description is essentially con- 
nected with the mechanism of anodization and it has 
possibly the advantage that the phenomenon of spark-  
ing during anodization can be considered from the 
same point of view. Its drawback, however, is that  since 
there is no general ly accepted microscopic theory of 
anodization, a quant i ta t ive  elaboration of this very 
speculative picture cannot be given at present. 
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APPENDIX 

For a calculation of the breakdown field from Eq. [7], 
the quantities 9o and FFN in Eq. [5], ~o and F~ in Eq. 
[6], and ~p must be estimated. 

9o and FFN.--Fowler-Nordheim tunneling is described 
numerically by 

F2 ( _68.3. Q 3/2 ) j - -  1.54X 1 0 6 - e x p  
Q F 

where Q is the barrier height in eV and F the field in 
MV/cm. [Ref. (8) p. 77]. Field emission (33) experi- 
ments have yielded Q -- 1.5-1.85 eV for A1/A120~ 
and 2.5 eV for Au/AI203. This gives jo ---- 6 • 107 A/cm 2 
and FFN ---- 2.7 >< 10 s V/cm for Au and Jo ---- 1.03 • l0 s 
A/cm 2 and FFN ---- 1.25 X 10S V/cm for AI. 

~o and F~.--O'Dwyer  obtained do and F~ from fitting 
his theory to the measurements  of Lomer and of 
Merrill  and West. The relation obtained is also shown 
in  Fig. 7. It g ivesFa  ~- 20 >< 1 0 6 V / c m a n d d o  = 7.5 • 
106/cm. These fairly low values are necessary to re-  
produce the steep measured field dependence. The only 
other exper imental  evidence concerning electron mul t i -  
plication seems to be the laser breakdown measure-  
ments on sapphire by F rad in  and Bass (34), who 
showed that breakdown with tp ---- 4.7 nsec pulses at 
a wavelength of 1.06 ~m occurs at (6.3 • 1.6) X 106 
V/cm. If this is interpreted in accordance with Bloem- 
bergen (35) as the time needed to bui ld up an ava- 
lanche of 240 electrons we obtain n (F) tp  ~ 18, where 
r, is the ionization rate per second. This can be con- 
verted in  an ionization rate per cent imeter  if the 
velocity of the electrons at a field of l0 T V/cm is known. 
This has been calculated by Thornber  and F e y n m a n  
(36), who obtain a value of ~--2 X 107 cm/sec. 

Taking all these figures into account and also assum- 
ing that anodic A12Oa and sapphire behave the same in 
this respect, we obtain a(6.3 >< 106 V/cm) ---- 180/cm. 
This is low compared with the value obtained with 
O'Dwyer 's  constants (~ ----- 3.1 >< 105/cm), but  it is 
quite close to the values obtained for SiO2 by  Solomon 
and Klein  (23). For lack of something better, we will 
take the field dependence of SiO2 F~ : 1.8 X l0 s V/cm, 
as applying to A1208, which gives ~o ---- 4.0 >< 1014/cm. 

~p.--The only constant then missing is the hole mo- 
bility. If the breakdown field at 500A calculated with 
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Eq. [7] is fitted to our experimental  results, we obtain 
~p = 10 - s  cm2/Vsec which seems not unreasonably  
high in  view of the results obtained again on SiO.~ by 
Hughes (37), who found 4 X 10 -9 cm2/Vsec at room 
temperature.  Figure 10 gives our experimental  facts 
compared with the theoretical dependence calculated 
with Eq. [7]. It is instruct ive to consider the various 
quanti t ies that  follow from the calculation. At 1000A 
we find 

breakdown field 
Fowler-Nordheim current  
calculated with F = V/d  
actual injected current  
total current  = injected 
electrons -b ionized 
electrons + holes 
hole density 
total number  of holes 
change of the field at the 
cathode 

FB ~- 8.81 • 106 V/cm 

JFN ~-- 2.97 X 10 -6 A /cm '2 
Jcath ---- 1.38 • 10 -5 A/cm 2 

]total ---- 6.7 • 10 -3A/cm 2 
p ---- 2.37 • 1017/cm ~ 
pd _~ 2.37 • 1012/cm 2 

~F = 2.5 • 105 V/cm 

The change of the field is very small. Furthermore,  
we can compare drift  with recombination. The number  
of holes removed per second by drift is equal to ~ppF. 
The number  of holes removed per second by recom- 
binat ion is smaller  than nepdKr with Kr  a cross 
section of recombinat ion and ne the total electron cur-  
rent  density. 

Inser t ing the numbers  given above and Kr  = 10 -16 
cm 2, the value used by DiStefano and Shatzkes (24), 

( dp/dt ) recombinat ion 
we obtain ---- 2 X 10 -6 �9 The 

(dp/dt) drift  
approach chosen here is at least self-consistent. 

If we use a luminum instead of gold as a contact, 
with the numbers  Jo ---- 1.03 • l0 s and FFN ---- 1.25 • 108 
(Q _-- 1.5 eV), we obtain from Eq. [7] a breakdown 
field at d ---- 10-5 cm equal to 6.6 • 106 V/cm. 
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ABSTRACT 

Ell ipsometry studies of evaporated a luminum films anodized in 0.6M H~PO4 
at constant current  indicate that  the anodic oxide produced is at first homo- 
geneous with a refractive index of 1.62, as found for barr ier  anodic oxide 
of th in  film and bulk A1. As the thickness increases, the optical properties 
change signifying the onset of pore formation. This occurs at increasing thick- 
nesses with increasing current  density, however, pore formation always occurs 
well before the peak in voltage is reached at constant  current.  Ell ipsometry 
indicates that the mode of development  of the oxide prior to pore ini t ia t ion 
is similar to that of bar r ie r  anodic oxides. However, the efficiency of oxide 
growth and the electric field required to pass a given ionic current,  J, are gen-  
erally lower and approach values for barr ier  oxides (of thin film and bulk  
A1) only at high current  densities. The curvature  of the log J vs. E curve is 
in the opposite sense to that normal ly  observed for anodic oxides and it is 
in terpreted in  terms of cation and anion motion. After pore formation the 
efficiency of oxide growth increases and becomes near  un i ty  when steady-state 
formation conditions are reached. These results appear consistent with the 
model that dissolution at the pore bases is an electric field-aided process. 

Anodization of evaporated a luminum films is be- 
coming increasingly impor tant  in the fabricat ion of 
monolithic, large-scale integrated circuits uti l izing alu-  
m i n u m  metal  electrical interconnections where ano- 
dization provides both improved processing and re-  
l iabi l i ty  (1). In  order to arr ive at opt imum processing, 
it is necessary to unders tand  the anodization properties 
of a luminum films. In  a previous paper, the barr ier  
anodization properties were studied and found to be 
essentially the same as those of bu lk  a luminum (2). 
The present  s tudy is concerned with porous anodiza- 
tion. In  particular,  the ini t ial  stages of oxide growth 
and the onset of pore formation are quant i ta t ive ly  
characterized using ellipsometry. This has not been 
done previously for porous anodization of a luminum 
and the results should be valuable in  arr iving at the 
mechanism of pore formation. 

Of the vast l i terature  on porous anodization of alu-  
minum,  very  little deals with ini t ia l  stages of film 
formation. That  which does is mostly quali tat ive be- 
cause of the difficulties involved with measuring very 
th in  films. The evidence that  is presented indicates 
that  a barr ier l ike  film ini t ia l ly  forms, followed by 
pore ini t ia t ion and porous oxide growth. For example, 
the anodization characteristics, such as the t ime de- 
velopment  of current  at constant voltage (3) or of 
voltage at constant  current,  are at first similar to 
those observed in barr ier  anodizations. Also, direct 
observations of the surface with electron microscopy 
indicate that surface roughness occurs after some 
growth has taken place (3, 4). Thus, the oxide formed 
in  the ini t ial  stages of porous oxide growth and that 
which remains  interposed between the pore-conta in-  
ing layer  and the metal  is often referred to as a bar -  
r ier  layer. In this paper, these layers will be respec- 
t ively referred to as the ini t ial  film (or oxide) and 
the pore-free layer. To avoid ambiguity,  the term 
"barrier" will be reserved to describe oxides formed 
in a barr ier  anodization. 

The basic difficulty involved with the study of the 
ini t ia l  film is the measurement  of thickness. Previous 
methods include reanodization in barr ier  film forming 
electrolyte (5) and direct observation of thickness 
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using cross sections and electron microscopy (4). The 
first method assumes that the ionic conductivi ty of 
the init ial  film is the same as that of barr ier  oxides. 
These methods have l imited resolution and accuracy 
and, in  addition, are destructive and therefore cum- 
bersome. In the present  s tudy these drawbacks are 
overcome using ellipsometry. This is a nondestruct ive 
optical technique that is very  sensitive to the pres-  
ence of and changes in  thin surface layers. Thus, it 
has been widely used to characterize properties of 
thin films (6) including those of barr ier  oxides formed 
on bulk  (7, 8) and thin film a luminum (2). 

If the init ial  film growth characteristics are as have 
been presented, then it should be possible with ellip- 
sometry not only to determine the growth properties 
but also to determine the onset of pore formation. 
That is, the optical properties of the init ial  film should 
at first be similar to those of barr ier  oxides which 
have been found to be optically homogeneous (2, 7). 
The advent  of pore formation causes a change of optical 
properties which should be detectable by ellipsometry. 
This turns  out to be the case. 

Experimental 
The invest igat ion was carried out with 2 ~m thick 

a luminum films deposited on thermal ly  oxidized pol- 
ished silicon wafers by the electron beam evaporat ion 
of 99.999% pure a luminum under  high vacuum. Films 
deposited under  these conditions have barr ier  ano- 
dization properties which are not detectably different 
than those of bu lk  a luminum (2). The th in  film is 
more convenient  to use than bulk  a luminum because 
a smooth surface suitable for anodization is obtained 
directly without  polishing and because photolithog- 
raphy and etching can be used to precisely define the 
anodization area. 

Two types of specimens were used and these are 
shown schematically in Fig. 1. One type had a 3.22 
cm 2 anodization area defined using photoli thography 
and etching of a previously formed, 2700A thick, bar -  
rier anodic oxide on the a luminum film. The other 
type bad a circular 10 cm 2 a luminum area defined by 
photoli thography and etching of the deposited alu-  
m i n u m  film. An a luminum strip 1 mil wide was left 
to connect the a luminum in the contact area to the 
anodization area. The strip is of negligible area but  

1487 
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Fig. 1. Schematic representation of the two types of thin film 
aluminum specimens used in this study. 

it  is sufficiently long to keep the contact area above 
the electrolyte dur ing anodization. The first type of 
specimen was used mostly for kinetic studies while 
the second type was used for density measurement .  
No noticeable difference in  oxide growth was noted 
between these two surface preparat ion methods. 

The anodizations were carried out at constant  cur-  
ren t  (regulated to 0.3%) in  a stirred 0.6M H~PO4 
electrolyte held at 25 ~ +_ 0.2~ This electrolyte was 
chosen because the pore-free port ion of the porous 
oxide can, depending on current  density, be varied 
over a substant ia l  thickness range, leading to a more 
precise determinat ion of film properties. The anodiza- 
tions were carried out in a stepwise fashion with el- 
l ipsometry measurements  made on the surface prior  
to anodization and after each anodization step. All 
el l ipsometry measurements  were made at 70 ~ angle 
of incidence using a He-Ne laser unpolarized light 
source of 6328A wavelength. Other exper imental  de- 
tails are as described in  a previous paper  (2). 

Results 
Optical properties.--Since the analysis of ell ipsom- 

etry results from the ini t ia l  film relies heavily on the 
etl ipsometry characteristics of barr ier  anodic oxide 
formed on evaporated a luminum films, the lat ter  re- 
sults are quoted in Fig. 2 (2). This figure presents the 
conventional  ,~ vs. ~ plot used in ellipsometry, where 
A and ~ are the quanti t ies determined in ell ipsometry 
and are related to the properties of the film and under -  
lying substrate. The exper imental  results begin at 
the point  marked "bare" substrate which represents 
the surface of the a luminum film prior to bar r ie r  
anodization in a tar t rate  solution. As the surface is 
anodized and remeasured at intervals,  the experi-  
menta l  points obtained (denoted by crosses) trace 
out, in  a counterclockwise direction, an elliptically 
shaped curve which eventual ly  recycles on itself as 
indicated by the circular points. The curve in  the 
figure represents the best fit to the exper imental  points 
indicat ing a uniform oxide with an index of refrac- 
t ion (N ---- n -- jk) of 1.62 on a luminum having a 
refractive index of 1.3-6.5. 

As expected, the ell ipsometry results characteristic 
of ini t ial  film growth in  0.6M H3PO4 are at first 
similar to those of barr ier  oxides. Figure 3 shows a 
superposition of results from various anodization cur- 
rent  densities. The dashed curve in  this figure is the 
ell ipsometry curve for barr ier  anodization taken from 
Fig. 2 and it serves as a reference. The el l ipsometry 
measurements  taken at interva]s dur ing porous ano-  
dization at first are coincident with the reference 
curve indicating that the ini t ial  film has the optical 
properties of barr ier  films. For sake of clarity, the 
experimental  points are not shown. Eventual ly,  the 
exper imental  curve deviates from the reference curve 
signifying a change in optical properties, i.e., the pres-  
ence of pores. The reproducibi l i ty  of these results is 
good in the region before deviation and for some time 
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after deviat ion from the reference curve. The repro- 
ducibi l i ty  becomes less good at large deviations, i.e., 
near  the ends of the exper imental  curves. 

A quant i ta t ive  analysis of these results is not feasible 
because of the complex mode of film growth after 
pore initiation. That  is, the growth rates of the in-  
itial and pore containing layers are expected to, re-  
spectively, decrease and increase in a complex way. 
In  addition, the size and n u m b e r  of pores is expected 
to change with voltage unt i l  the s teady-state  voltage 
is reached in the constant  current  anodization (4). 
A fur ther  complication to this picture is that  in  
addit ion to pore formation at the upper  surface of 
the growing film, after a while, roughening of the 
a l u m i n u m  also occurs, effectively changing its optical 
properties. 

A qual i tat ive analysis of the exper imenta l  results 
is instruct ive and can be made using a simplified model 
of growth. In  this model  it is assumed that, once the 
pores begin to form, these pores have a fixed size 
and they penetrate  the growing layer  at some fixed 
rate. Indicat ive calculated el l ipsometry curves are 
given in  Fig. 4 and 5. The respective thicknesses at 
which pore formation begins are chosen as 500A (Fig. 
4) and 1000A (Fig. 5) to, respectively, correspond to 
the 2 and 5 m A / c m  2 formation currents.  

The simplest  case is one where the pores grow at 
a ra te  equal to film growth. In  other words, the init ial  
layer  remains  fixed at the pore- in i t ia t ion thickness. 
Optically, this corresponds to a porous layer  growing 
over a pore-free layer  of fixed thickness and refrac-  
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tive index of 1.62. This simple model predicts that 
the refractive index of the porous layer  must  be lower 
than  that of the barr ier  films in  order to obtain ellip- 
sometry curves that  deviate on the correct side of 
reference curve (Fig. 4 and 5). This behavior is 
expected since the presence of pores decreases the 
density of the oxide. 

A pore growth rate less than that  of film growth, i.e., 
an ini t ial  layer that  continues to grow at some rate 
after pore initiation, has the effect of moving the 
calculated curves in  Fig. 4 and 5 closer to the ref-  
erence curve. In  the extreme case where only the 
ini t ial  layer grows (i.e., no pore formation) ,  the ref- 
erence curve is regained. A calculated curve which 
comes close to the 2 m A / c m  2 results is shown in Fig. 
4. In  this case, after pore ini t iat ion at 500A, a porous 
layer  of refractive index 1.3 contributes 80% of the 
total increase in film thickness. 

One characteristic difference between the calcu- 
lated and exper imental  curves is that with increas-  
ing thickness the former tu rn  and proceed to pass 
near  the point  marked 0.0A, which represents the 
original surface. The exper imental  results do not have 
this tendency because as the pores grow, a scallop is 
developed in  the a luminum surface under  each pore 
cell (4). The result  is a fine grain surface roughness 
which effectively changes the refractive index of the 
a luminum and shifts the el l ipsometry results. 

Pore init iation.--As a first approximation, the onset 
of pore formation is determined from the point  where 
the el l ipsometry curve begins to deviate from the 
reference curve (Fig. 3). This point occurs approx- 
imately at 600, 1050, 1150, and 1275A, respectively, for 
formation currents  of 2, 5, 10, and 15 mA / c m 2. The 
accuracy within  which these points can be determined 
depends on where the deviat ion occurs on the ref- 
erence curve. The sensi t ivi ty is higher in the 900- 
1200A region than at the apex of the reference curve. 
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The vol tage of pore in i t ia t ion is de te rmined  f rom 
the above thickness using a g raph  of vol tage vs. 
thickness for the var ious  anodizat ion current  densities.  
(This figure is presented  la te r  in the section on growth  

proper t ies . )  The impor t an t  resul t  here  is that  pore  
in i t ia t ion occurs wel l  before  the  peak  in vol tage is 
reached in the  constant  cur ren t  anodizations.  F igure  
6 shows the vo l t age - t ime  curves which are  charac-  
terist ic  of porous a luminum anodizat ion and typical  
for  the  p resen t  exper iments .  The onset of pore  fo rma-  
t ion occurs at about  70% of the s t eady- s t a t e  voltage. 
O 'Sul l ivan  and Wood using electron microscopy have 
repor ted  for anodizat ions at 5 m A / c m  2 in 0.4M H3PO4 
at 25~ that  ve ry  minor  film roughening is noted af ter  
40 sec of g rowth  (4). This is in agreement  wi th  the 
present  results  at the  same current  dens i ty  in a some-  
wha t  more  concentra ted electrolyte .  

The thickness at  which the onset of pore  format ion  
occurs has p robab ly  been overes t imated  to some de-  
gree. This is because the devia t ion  f rom the reference  
curve occurs s lowly with  changing film thickness.  
Some indicat ions of how s lowly can be obta ined f rom 
the calcula ted curves of Fig. 4 and 5. If  a s imi la r  
es t imat ion of pore  ini t ia t ion is made  for these curves, 
then the onset of pore  format ion  would be thought  to 
occur at about  600A (Fig. 4) and 1050A (Fig. 5) when, 
in actual i ty,  it  began at  500 and 1000A, respect ively.  

However ,  i t  is h ighly  un l ike ly  that  pores are  p res -  
ent  and grow from the outset  of the  anodization. This 
would requ i re  the pore-conta in ing  por t ion  of the  film 
to remain  re la t ive ly  insignificant unt i l  near  the  point  
of devia t ion  and then almost  ab rup t ly  become sig-  
nificant. To be insignificant,  the pore-conta in ing  layer  
should change the re f rac t ive  index of the over -a l l  
film by less than 1% for the format ions  above 2 m A /  
cm 2. In  addi t ion to this argument ,  the thickness de-  
t e rmined  by  e l l ipsomet ry  was checked at various 
points  along the 10 m A / c m  2 anodizat ion by  an inde-  
pendent  method ut i l iz ing the Tolansky in ter ference  
measurement  of the height  of a s i lvered step formed 
in the anodic oxide. These measurements  were  found 
to be in agreement .  

Characteristics of initial film growth . - -The  charac-  
terist ics of ini t ia l  film growth  at constant  cur rent  in 
0.6M HsPO4 at 25~ were  found to be s imi la r  to those 
of ba r r i e r  oxide  growth.  That  is, the thickness in-  
creases l inea r ly  wi th  t ime and the vol tage increases 
l inear ly  wi th  thickness.  Typical  resul ts  are  given in 
Fig. 7 and 8. The thickness was de te rmined  using 
e l l ipsomet ry  and the opt ical  p roper t ies  of ba r r i e r  
film (reference curve of Fig. 3). In some cases the  
thickness was checked by  the independen t  method 
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Fig. 8. Typical cell voltage development with initial film thick- 
ness for various anodization current densities. 

a l ready  mentioned.  These resul ts  were  gene ra l ly  qui te  
reproducible .  

The efficiency of oxide growth,  i.e., oxygen uptake,  
and the efficiency of a luminum consumed dur ing  the 
anodizat ion were  de te rmined  and found to be differ-  
ent. The efficiency of oxide growth  is low and increases 
wi th  current  dens i ty  of format ion  (Table  I ) .  The 
efficiency is calculated using Fa raday ' s  law for an 
oxide of formula  A120~, and the ra te  of film growth  
de te rmined  f rom the expe r imen ta l  thickness vs. t ime 
curves.  An  oxide densi ty  of 3 g / cm 3 was used in 
these calculations. This is wi th in  the  range  of values 
(2.90-3.2 g/cm3) obtained from our measurements  of 
dens i ty  and is a value  that  has been used by  others  
(9). By comparison,  ba r r i e r  films formed in a t a r t r a t e  

Table I. Efficiency of initial oxide growth in 0.6M H~P04 at 25~ 

Appl i ed  Electr ic  Growth  Growth  
current  field rate  eff ic iency 

( m A / c m  2) ( l0 s V / c m  ) ( A / s e c )  (%)  

2 5.5 fi 43 
5 6.74 14 47 

10 7.66 30 51 
15 8.2 51 58 
25 8.6 109 74 
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solution at the same temperature,  have efficiencies 
close to 70 and 80%, respectively, at 2 and 10 m A / c m 2 
formation (2). While the efficiency of oxide formation 
is low, the efficiency of a luminum used in the anodiza- 
t ion approaches unity.  This was determined from cal- 
culations based on the difference in weight from prior 
to anodization to after anodization and removal  of 
the anodic oxide. That  is, the amount  of a luminum 
used in the anodization corresponds to that predicted 
from Faraday 's  law for the charge passed. This in-  
dicates that, wi th in  exper imental  error, electronic 
currents  are not contr ibut ing to current  t ransport  
through the oxide. Hence, the low efficiencies ob- 
served for oxide growth occur from the loss of a lu-  
m i n u m  to the electrolyte by oxide dissolution. 

The open-circui t  oxide dissolution rate in  the elec- 
t rolyte  was measured and found to be less than  0.2A/ 
sec which is insignificant when  compared to the rates 
of oxide growth. The effect was fur ther  minimized 
by  minimiz ing  the open-circui t  exposure of oxide to 
the electrolyte. Thus, oxide dissolution must  be a 
funct ion of electric field in  the oxide in order to cause 
the observed loss in  oxide growth efficiency. This 
is discussed later. 

The growth kinetics of the ini t ial  oxide, i.e., the 
log of ionic current  densi ty vs. electric field, are given 
in  Fig. 9. The electric field is obtained from the slope 
of the voltage vs. thickness curves. The ionic current  
density (dashed curve, Fig. 9) is the applied current  
densi ty  (left curve, Fig. 9) corrected for efficiency of 
growth. The curve on the right in  Fig. 9 represents 
the growth kinetics for barr ier  oxide formed in a 
tar t ra te  solution. It  is seen that at high current  densi-  
ties the growth kinetics of the init ial  oxide approach 
that of bar r ie r  oxides. At lower currents, the ionic 
conductivi ty of the ini t ial  film is significantly higher 
than  that of barr ier  oxides. Also, note that the electric 
fields are lower than the 107 V/cm which have been 
reported to occur across the dense oxide after s teady- 

50 i I I i 

0.7 M HsPO 4 
I A p p l i e d  C u r r e n t  Density 

- - -  Ionic Current Density 

state porous oxide growth is reached in the same 
electrolyte (4). 

The higher ionic conductivi ty of the ini t ia l  film 
does not appear to be an artifact of the thickness 
measurements.  Systematic measurement  errors in 
thickness do not en.ter because rates of change rather  
than absolute values are used to determine growth 
efficiency and electric field. In  order to observe a 
lower field, the init ial  film thickness must  be over- 
estimated by a factor that increases with thickness. 
This is highly unl ike ly  even if it is assumed that 
pore formation occurs far earlier than estimated. If 
pore formation occurred much earlier than has been 
estimated, then it might be expected that  the effective 
film thickness for ionic conduction would be less, 
hence reducing the required voltage and leading to a 
lower estimate of electric field. Contrary  to this is 
the fact that  the presence of pores effectively decreases 
the anodization area and hence increases the effective 
current  densi ty and, in  turn,  the electric field. Thus, 
the measured electric field across the pore-free layer 
is far greater  than that of the bar r ie r  films, being 
on the order 10 T V/cm (4). In  addition, if pores are 
present, the quali tat ive indications (Fig. 4 and 5) are 
that using the reference curve, el l ipsometry would 
underest imate  the thickness of the film and hence the 
efficiency of oxide growth would also be underest i -  
mated. This would have the effect of br inging  the ionic 
current  (Fig. 9) closer to the applied current  and 
hence lowering the electric field. Thus, it is not clear 
that early pore formation would lead to an under -  
est imation of the electric field. In  any event, the pres-  
ent evidence and that  from direct observation (4) 
almost exclude early pore formation. 

Steady-state porous oxide growth . - -A l though  it is 
not the in ten t ion  of this paper to characterize porous 
film growth, it was found that the growth rate  is 
significantly higher dur ing steady-state  porous ano- 
dization. That  is, after the voltage reaches a more or 
less constant value under  constant  applied current.  
A typical result  for the 10 mA / c m 2 anodization is 
shown in  Fig. 10. The thickness of the ini t ia l  film 
was determined by el l ipsometry and by Tolansky 
interference measurement  of step height. The thickness 
of the porous film was determined solely by the lat ter  
method and also by a mechanical  surface profilometer. 
The results extend out to film thicknesses beyond 3 #m. 
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Fig. 9. Constant current kinetics of initial film growth in 0.CM 

"H3PO4 at 25~ Curve to the left represents applied current 
density. Dashed curve is the ionic current density. The curve on 
t~e right gives the kinetics obtained in the barrier anodization of 
AI films (2). 

Discussion 
Kinetics of oxide growth . - -The  optical properties of 

the ini t ial  oxide formed in a porous anodizat ion of 
a luminum are similar to those of the barr ier  anodic 
oxides. The log J vs. E characteristics do appear to be 
different, but  this does not necessarily imply a differ- 
ent mechanism of ionic conduction. In  fact, it may be 
argued that  these results are consistent with the high 
field Frenkel  defect theory of ionic conduction in anodic 
oxides and the mobil i ty  of both oxygen (anions) and 
metal  (cations) ions dur ing  oxide growth. There is 
a body of evidence indicating that both ions are mobile 
and contr ibute to oxide growth at the oxide-electrolyte 
and metal-oxide interface, respectively. [For a re-  
view of anodic oxides see Ref. (11) and (12).] Ac- 
cording to the Frenke l  defect theory (10), ionic con- 
duct ion occurs by a thermal ly  activated electric field- 
aided process in  which ions of charge q overcome 
energy barr iers  of height W and have a ha l f - jump 
(activation) distance of a. The ionic current  density 
then is J = Ae  -(W-qaE)/~T, with A, W, and qa charac- 
teristic of the part icular  ion species. In  a log J vs. E 
plot, each ion current  will be represented by a straight 
line of slope proportional to the product  qa. The two 
lines will intersect at some point. The total current  
(sum of the ion currents)  will be dominated by the 
ion with the lower qa below this point and by the 
ion with the higher qa above this point. Thus, the 
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total current  will have a curve whose slope increases 
with electric field as is observed in this study. 

The foregoing a rgument  was first presented (11) 
to show the inconsistency of the Frenkel  defect theory 
and the curvature  observed for anodic oxides of Ta, 
A1, and Nb. The curvature  for these oxides is in the 
opposite sense, i.e., the log J vs. E curve slowly de- 
creases in slope with increasing electric field, giving 
a log J cc aE -- pE 2. While numerous  models have 
been proposed [see Ref. (11) and (12)], it  is not 
known  whether  the effect is intr insic to ionic con- 
duction or whether,  as has been proposed (13), caused 
by incorporat ion of electrolyte impurit ies into the 
oxide. It has been found that the curvature  is enhanced 
for Ta anodized in dilute H3PO4 or more concen- 
trated H2SO4, where impur i ty  incorporation is more 
pronounced (12). 

If impuri t ies  cause curvature,  why is the curvature  
not noted for the present  anodization in H3PO4? Per-  
haps impur i ty  incorporation is much smaller in Al20.~. 
Or, the effect may simply be overwhelmed by the 
change from oxygen to metal  ion current  domination. 
However, it is certain that the low efficiencies, par-  
t icular ly at low currents, serve to minimize the frac- 
tion of oxide-containing impurities.  If the incorporated 
impuri t ies  are, as has been indicated (14), immobile  
with respect to the rate of oxide growth, then incor-  
porat ion of the impuri t ies  into the oxide will  only 
occur if the metal  ion t ransport  number ,  ~m, 2 is greater 
than the difference between the efficiency of oxide 
growth and unity. The tm for A1 anodization in H3PO4 
is not known. However, it is expected to increase 
with current  density of formation. For example, for 
the anodization of A1 in another aqueous electrolyte 
(ammonium citrate),  tm varied from 0.56 at 1 mA/cm 2 
to 0.72 at 10 mA/cm 2 (15). Since both the efficiency 
and tm increase with current  density, the effect of 

*~ tm is the  f r a c t i o n  of oxide  wh ich  g r o w s  at  t he  oxide-e lec t ro ly te  
interface f r o m  m e t a l  ion t r a n s p o r t .  T h e  r e m a i n i n g  oxide g r o w s  at 
the metal-oxide interface f r o m  o x y g e n  in  transport .  

incorporation will become more noticeable at higher 
currents. In fact, if impur i ty  incorporation occurs with 
A1208, it should be expected that at higher currents  
than those used in this s tudy the log J vs. E curve 
for the ini t ial  oxide would tend to curve back in the 
direction found for oxides of Ta, AI, and Nb. 

Thus it  appears that  the kinetics of init ial  film 
growth can be analyzed in terms of anion and cation 
currents. Then, in the l inear  region, i.e., at low cur-  
rents, the activation or ha l f - jump distance should be 
calculated for an anion with a valence charge of q = 
--2e for O - -  or q = --e  for O H -  as proposed by Hoar 
and Mo~t (16). The activation distance found is 1.1 
and 2.2A, respectively, which are not unrealist ic val-  
ues. An activation distance for cation motion cannot 
be obtained because the present  data  do not reach 
high enough currents  where p resumably  the l inear  
region for ca t ion-dominated conduction is found. How- 
ever, there seems to be a tendency toward a l ine s im- 
i lar  to that  of the barr ier  oxide kinetics. Based on 
a metal  ion with q of 3e, an  activation distance close 
to 3A is obtained both for bar r ie r  oxides formed on 
thin film (2) and bulk  a l u m i n u m  (9). 

Pore formation.--The two observations impor tant  
to pore formation and growth are the efficiency of 
ini t ial  film formation and its increase dur ing porous 
film growth. Both of these observations are in direct 
support  of the model that etching at the pore bases 
is an electric field-aided process (16). First, al though 
the efficiency of ini t ial  film growth increases with 
current  density (and hence electric field), the net  
dissolution rate (inefficiency) also increases with cur-  
rent  density or electric field. In  fact, the rate of dis- 
solution increases exponent ia l ly  with electric field, 
except at the higher current  density where the rate 
of increase is slower. Secondly, as the porous film 
grows, the electric field across the porous oxide be- 
comes much less than across the pore-free layer;  
therefore, the efficiency of growth should become near  
un i ty  since the su/~face dissolution is decreasing. 

In  addition to field-assisted dissolution, it is also 
claimed that  some anion motion is necessary to sus- 
tain porous film growth (16). Dissolution requires 
high fields. Fields corresponding to 107 V/cm have 
been observed across the pore-free layer  for anodiza- 
tion in dilute H3PO4 (4). However, from the observa- 
tion of ini t ial  film growth, an ion-cur ren t  dominance 
occurs at lower fields. There are several explanations 
for this apparent  inconsistency. One is that oxide 
curvature  tends to increase the electric field at the 
surface of the pore base while the bu lk  of the pore- 
free oxide experiences lower fields. However, in  order 
to explain this in terms of anion and cation electric 
field dependent  currents,  it is necessary to postulate 
the bui ldup of space charge in the oxide. A more 
l ikely explanat ion appears to be that of fr inging 
electric fields. That  is, ionic conduction takes place 
not only as postulated through the oxide surrounding 
the pore base (4) but  also for some distance up the 
pore wall. The idea is not unreasonable,  when it is 
considered that ionic conduction through the ini t ial  
film is observed to occur at fields that are considerably 
lower than that effectively across the pore base oxide. 
Thus, ionic conduction can occur to (or from) points 
on the pore wall  surface which are separated from 
the metal by distances considerably larger than the 
thickness of the oxide under the pore base. Proceeding 
from the pore base up the pore wall, the electric field 
will decrease in some fashion. The decreasing field is 
accompanied by decreasing ionic current which, in 
turn, has an increasing oxygen ion component. Since 
this current flow is toward the metal under the pore 
wall, this is exactly what is necessary to build up 
the pore wall. In  addition, since the fr inging fields 
also support  dissolution, a var ie ty  of pore shapes near  
the pore base are possible depending on whether  the 
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fr inging field causes net  growth or dissolution at a 
point. 

Turn ing  to the mechanism of pore init iat ion,  it is 
difficult to reconcile the present  ideas of field-aided 
ionic conduction and oxide dissolution with an oxide 
thickness ins tabi l i ty  resul t ing in a pore. What is even 
more perplexing is that at a given cur ren t  density 
pore ini t ia t ion occurs after a certain oxide thickness 
is reached. Perhaps, at a given current  density, a cer- 
ta in  thickness must  be reached before the allowed 
local variat ion in oxide thickness reaches a value 
where the probabi l i ty  of pore ini t ia t ion is high. Pore 
ini t ia t ion might  occur at the edge of such a region 
where the gradient  in electric field gives rise to a 
varying in terplay  of dissolution, oxide growth, and 
perhaps metal  and oxygen ion motion. 

Conclusions 
Ell ipsometry has been shown to be a useful tech- 

n ique  for s tudying ini t ia l  film growth in  porous alu-  
m i n u m  anodization. It can be used to determine both 
the growth properties and the onset of pore formation. 

The ini t ial  films formed in  the course of porous ano-  
dization resemble ord inary  barr ier  films both optically 
and in their  mode of development.  However, the elec- 
tric field required to grow these films is significantly 
lower and approaches values for ordinary  barr ier  films 
only at high current  densities. 

The observations that film dissolution increases with 
field, that the efficiency of oxide growth increases 
after pore initiation, and that  the fields causing growth 
are significantly smaller  prior to pore formation ap- 
pear to be in  direct support of the model presented 
by Hoar and Mort (16), that  the dissolution at the 
pore base is a field-aided process. 

Manuscript  submitted Jan. 13, 1976; revised m a n u -  
script received June  18, 1976. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 
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Line Emission Penetration Phosphors: Preparation 
and Cathodoluminescent Properties 

S. Ignasiak *,1 and H. Veron 2 

Sperry Research Center, Sudbury, Massachusetts 01776 

ABSTRACT 

The preparat ion of three rare  earth phosphors with onionskin barr ier  
layers is described. The new materials  are l a n t ha num oxysulfides and oxy- 
sulfates activated with te rb ium and in some cases coactivated with europium. 
When these phosphors with high dead voltage, and green emission are mixed 
with a commercial phosphor, such as YVO4: Eu, a penetra t ion phosphor results 
which has four distinct colors as a funct ion of voltage in  CRT displays. The 
emission from this phosphor system is at all t imes nar row band. 

Several  methods have been developed which allow 
the generat ion of mult icolor displays on cathode-ray 
tubes (CRT). When the color is determined by the 
accelerating potential  on the electrons from a single 
electron gun, these devices often use several phosphor 
layers either as discrete layers on the face of the CRT 
(1-3) or as layered "onionskin" particles (4). Among 
the la t ter  group a practical phosphor mixture  has 
been developed using a sulfide phosphor with green 
emission and an iner t  onionskin coating or containing 

* Electrochemical  Society Act ive  Member. 
1Presen t  address :  Coul ter  Information Systems, Incorporated, 

Bedford, Massachusetts 01730. 
2 p r e s e n t  address: Mitre Corporation, Bedford, Massachusetts 

01730. 
Key words: lanthanum oxysulfide, lanthanum oxysulfate,  barrier  

layer  phosphors, europium, terbium. 

a phosphor poison (5, 6). This coated phosphor is mixed 
with a commercial red-emitUng phosphor. When the 
mixture  is excited by an electron beam, the red emis- 
sion is visible at low energies, but  as the energy of the 
electrons is increased, the bar r ie r  of the coated phos- 
phor is penetrated and green light is emitted. The grad-  
ual increase in  green emission with increasing beam 
voltage creates orange, yellow, and finally green light. 
This part icular  system has a broad wavelength emis-  
sion in the green port ion of the visible spectrum a s  
opposed to the l ine emission typical  of rare earth ions. 

Three new onionskin phosphors have been developed. 
They have a bar r ie r  layer  and they emit intense nar row 
wavelength green light only at sufficiently high a c -  
celerating voltages. These rare earth barr ier  phosphors 
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operate in  the same manne r  as the sulfide phosphor 
when mixed with commercial red-emit t ing  phos!chors. 
The purpose of this paper is to describe the synthesis 
and cathodoluminescent characteristics of these rare 
earth barr ier  phosphors and their behavior in penetra-  
tion phosphor mixtures.  

Composition and Mechanism 
A method was desired for creating a poisoned surface 

on rare earth phosphors analogous to the use of cobalt 
diffusion in zinc sulfide phosphors (6). Possible mecha- 
nisms for achieving this effect were examined. Since 
intense green emission is obtained from te rb ium ions in 
a n u m b e r  of host lattices, the immediate  problem was 
to quench the te rb ium emission in the outer surface of 
a terbium-act ivated phosphor. This could be accom- 
plished by concentrat ion quenching (7), energy t rans-  
fer (8-10), or a change in  host lattice in the barr ier  re-  
gion (4). All three effects or combinations of them were 
found to yield barr ier  layers permit t ing the adjus tment  
of the threshold voltage to a higher value. Typical 
values of threshold voltages for rare earth phosphors 
are approximately 1-2 kV. The dead voltage (defined 
as the extrapolat ion to zero intensi ty of the l inear  
portion of a brightness vs. voltage curve) for a typical 
barr ier  phosphor is approximately  8-10 kV. 

The composition of the three materials  is summarized 
in Table I. Shown in Table I is the composition of the 
inner  core and that of the onionskin portion with re-  
spect to host lattice and activators. Mechanisms by 
which the te rb ium emission is quenched in the barr ier  
layer are discussed in the following paragraphs, n u m -  
bered to con'espond with the phosphor types listed in  
Table I. 

I. In  this case the entire particle has a host lattice of 
La20.~S (hexagonal crystal s tructure)  which is acti- 
vated by te rb ium ions homogeneously dispersed 
throughout.  The bar r ie r  region is coactivated with 
europium ions which quench the emission of the ter-  
b ium ions in their neighborhood. The decrease in  ter-  
b ium emission is a t t r ibuted to two effects. The first 
effect is concentrat ion quenching. The additional euro- 
p ium ions increase the total concentrat ion of activator 
ions so that the opt imum brightness is no longer ob- 
tained. The brightness of a terbium-doped phosphor is 
sensitive to the activator concentrat ion (7). Moreover, 
the effect of coactivation of rare earth lattices has been 
found to reduce the brightness of a phosphor relat ive to 
a phosphor containing only one activator (7). The con- 
centrat ion quenching effect can be obtained by the 
addition of any of several of the rare earth ions in-  
cluding te rb ium itself. Europium is chosen for coac- 
t ivation because the emission from europium ions is 
red and is general ly  more intense than that  of other 
red-emit t ing rare earth ions, also there is energy 
transfer  from Tb to Eu. The second effect, energy 
transfer, has been demonstrated in several hosts for 
t e rb ium-europ ium coactivated materials  (8-10). 

II. In  this case the core material  is the same as in  
case I. The coating mater ial  is l an thanum oxysulfate 
(orthorhombic crystal s t ructure)  (11). The te rb ium 
activator ions are homogeneously dispersed throughout  
the phosphor particle but  since the coating mater ial  is 
a poor host lattice the emission is weak in the barr ier  
region. This quenching effect is caused by the change 
in the crystal structure. 

III. In  the third mater ial  the core is again the same. 
The quenching effect on the te rb ium ions in  the coating 

Table I. Barrier layer phosphors 

Core Onionskin 
Host Host 

Type latt ice ActivatOr latt ice Activator 

I La20~S Tb  La~O:S Tb,  Eu 
II  LabOrS Tb LasO~SO~ T b  
I I I  La~O2S T b  La20~SO4 Tb,  Eu 

is achieved by a combinat ion of the effects described in 
cases I and II. 

In all three materials the core provides intense green 
emission when excited by high energy electrons, 
whereas low energy electrons do not penetrate  to the 
core. Any  of the above barr ier  phosphors can be mixed 
with a red-emit t ing phosphor. The result ing phosphor 
mix ture  emits red at low voltages, then orange, yellow, 
and green with increasing voltages. In  penetra t ion 
phosphor mixtures  using barr ier  phosphors type I and 
iII  it is fortuitous that some additional red emission 
can be obtained at low voltages from the europium in 
the barr ier  coating. 

Synthesis 
The problem in the synthesis of the barr ier  phos- 

phors, types I and III, is to diffuse europium ions to a 
specified depth with a reasonable degree of precision. 
(The thickness of the barr ier  region is discussed in the 
Appendix.) For barr ier  phosphors, types II and III, 
it is necessary to oxidize the l an thanum oxysulfide 
to l an thanum oxysulfate to a specified depth on each 
particle. Both of these problems are related by the fact 
that europium diffusion in l an thanum oxysulfide is 
negligible, whereas in l a n t ha num oxysulfate it is ap- 
preciable. In  order to diffuse europium into the barr ier  
region it is necessary first to form the oxysulfate struc- 
ture. This is the main  reason that  l an thanum was 
chosen as the host lattice ion, its chemistry differs 
from that  of other rare earths in that the oxysulfate is 
stable (12). 

To demonstrate  the diffusion of europium in lan-  
thanum oxysulfate a series of materials was produced 
star t ing from La202S:Tb (a commercial phosphor, 
JEDEC No. P-44).  This commercial phosphor has a 
dead voltage of approximately 2 kV as shown in Fig. 1. 
The phosphor was mixed with a chelate of europium 
and annealed under  conditions which excluded excess 
oxygen at a tempera ture  above 700~ The decomposi- 
t ion of the chelate released the oxygen which it con- 
tained. 

Since the amount  of oxygen was limited, the phos- 
phor particles were only par t ia l ly  converted to the 
oxysulfate and europium diffused only in the outer 
oxysulfate portion of each particle. In  this manne r  a 
new mater ial  (A) was formed with a dead voltage of 
5 kV (refer to curve A in Fig. i ) .  After several cycles 
of mixing with an oxygen-conta in ing chelate of euro-  

I I I 
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J ~ J - " ~ ' ~  I " I  - - - - - 4  - - ' - - - - - =  
5 10 15 213 

BEAM VOLTAGE (kV) 

Fig. 1. Brightness vs. beam voltage for r P-44 La202S:Tb 
and o type I barrier phosphor with o dead voltage of 5 kV (A), a 
lanthanum oxysulfate phosphor (B), and a type I barrier phosphor 
with a dead voltage of 8 kV (C). 
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pium and anneal ing no increase in  dead voltage is ob- 
tained. This process will  not produce a barr ier  phosphor 
with a dead voltage above 5 kV because the oxygen re-  
leased by the chelate cannot penetrate  any fur ther  dur -  
ing the short t ime it is available. The anneal  which 
decomposed the chelate was performed under  an at-  
mosphere of argon containing hydrogen sulfide and 
water  vapor (13). Under  these conditions the crystal 
s t ructure  was converted to the original oxysulfide form 
after the chelate was destroyed. Material  A is a type I 
barr ier  phosphor having a core of La202S:Tb with an 
outer surface of La202S:Tb,Eu. 

A sample of the europium-coated La20.2S:Tb (mate-  
rial A) was next  oxygen annealed to produce phosphor 
particles which were main ly  l an thanum oxysulfate 
(material  B). As expected this mater ial  is a poor host 
because of the change in crystal s t ructure  and emission 
is very weak as is shown by curve B in Fig. 1. Finally,  
a sample of mater ial  B was reconverted to the oxysul-  
fide form (material  C). The brightness increased com- 
pared to the oxysulfate form (B) and the extrapolated 
threshold voltage increased (refer to curve C in  Fig. 1). 
The increase in dead voltage indicates that europium 
diffusion took place in the l an thanum oxysulfate phase 
dur ing the oxygen anneal. 

By controll ing the amount  of oxygen available or 
the tempera ture  and time of the oxygen anneal  the 
formation of l an thanum oxysulfate can be limited. 
When a thin (submicron) onionskin layer  of l an thanum 
oxysulfate is formed on l an thanum oxysulfide, it pro-  
vides a bar r ie r  phosphor of type II. If europium is 
diffused into the oxysulfate a barr ier  phosphor of type 
III  is obtained. When a type III phosphor is annealed 
under  an atmosphere containing hydrogen sulfide and 
water vapor a type I bar r ie r  phosphor is obtained. 

An impor tant  consideration in the synthesis of barr ier  
phosphors is the maintenance  of temperature  equil ib-  
r ium over the entire sample dur ing the oxygen anneal. 
If temperature  equi l ibr ium is not maintained,  the rate 
of format ion of l an thanum oxysulfate will vary  and 
result  in uneven  coating thickness. This in t u rn  will 
increase the nonl inear i ty  of the brightness vs. voltage 
curve for the sample. Also, the slope of the brightness 
vs. voltage curve will be reduced, that is, it will not 
be parallel  to the curve for an untrea ted  phosphor. In 
order to obtain a wide spread in color coordinates with 
changing voltage in the final mixture  the slope of the 
brightness vs. voltage curve for the barr ier  phosphor 
must  be steep. In  other words, the brightness vs. volt-  
age curve should be parallel  to the curve for a phos- 
phor without a bar r ie r  layer but  should have a higher 
threshold. 

The oxygen anneal  is most easily carried out in  a 
rotat ing quartz chamber. This is especially necessary 
when the bu lk  of a large sample becomes so great that 
it is not uni formly  in  contact with oxygen. Indentat ions 
in  the chamber insure that  the powder is tumbled dur -  
ing the anneal.  The dimensions of the chamber should 
be kept within the constant  tempera ture  zone of the 
oven. Samples were prepared using a quartz reaction 
chamber  attached to a thick-wal led quartz tube which 
extended beyond the horizontal furnace. A controlled 
atmosphere was obtained by passing gases through the 
tube. A ball  and socket joint  allowed the rotation of 
the reaction chamber in  the oven dur ing the anneal  
(Fig. 2). 

In  the following syntheses europium-tr is-2,  2, 6, 
6- te t ramethylheptanedionate  is used to coat the surface 
of the phosphor with europium. Many other europium- 
containing compounds will produce adequate results. 
However, with some materials there are side reactions 
as with europium trichloride which yields l an thanum 
oxychloride. Therefore, satisfactory results are most 
easily obtained with organic chelates containing only 
carbon, hydrogen, and oxygen in  addition to the rare 
earth ion. Another  suitable chelate can be made with 
pentanedione (acetyl acetone) and europium (14). 

HEAVY-WALL BALL & ~/////////////~ QUARTZTUBE SOCKETJOINT 

REACTIONCHAMBER~-- '  / ~ f - ' ~  

/ ~ / / / / / / / / / / / / / / ~  ROTATION 

QUARTZ 
TUBE / 

INSULATION & 
HEATING COILS 

CROSS SECTION AT MIDPOINT OF CHAMBER 

DIAMETER: 11/=" 
1,= ,, INDENTATIONS: �88 

Fig. 2. Rotating quartz reaction chamber 

Synthesis of LazO2S:Tb-LazO2S:Tb,Eu (type I) . --In 
a polyethylene bottle 20.0g La202S:Tb (General  Electric 
phosphor No. 118-2-35) (5.85 • 10 -2  mole) was added 
to 405 mg Eu( I I I ) - t r i s -2 ,  2, 6, 6- te t ramethylheptane-  
dionate (5.7 X 10 -4 mole).  The chelate was presieved 
through a 53~ mesh. After tumbl ing  the mixture  it  was 
fired in a quartz reaction chamber in a horizontal  tube 
furnace. The chamber contents were kept under  argon 
unti l  a tempera ture  of 750~ was reached. At this point  
oxygen replaced the argon flow and the chamber was 
rotated for 20 min. The mater ia l  was air quenched and 
a sample was removed for analysis. The remaining 
material  was replaced in the furnace under  a flow of 
argon bubbled through water at 25~ and approxi-  
mately  30% hydrogen sulfide. After  6 hr at a max imum 
tempera ture  of 1000~ the product was cooled under  
argon. 

X- ray  analyses showed the sample that was removed 
after the oxygen anneal  to be approximately 15 mole 
percent (m/o)  l a n t h a n u m  oxysulfate and the final 
product was 100% lan thanum oxysulfide. When br ight-  
ness under  cathode-ray excitation was plotted as a 
function of beam voltage the extrapolated dead voltage 
was 8.5 kV. The reflected color was white. 

Synthesis of LazO2S:Tb-LazO2SO4:Tb (type I I ) . - -A 
10g sample of La202S:Tb (General  Electric No. 118- 
2-35) was oxygen annealed in a rotat ing quartz cham- 
ber  for 25 min  at 750~ The mater ial  was kept under  
argon flow unt i l  the anneaI tempera ture  was reached 
and at the end of the anneaI it was air quenched. X- ray  
analysis indicated approximately 9 m/o  l an thanum 
oxysulfate. The reflected color was white and the dead 
voltage was 6.2 kV, 

Synthesis el La202S:Tb-LazO2SO4:Tb,Eu (type III) . - -  
In  a polyethylene bottle 10.0g La2OeS:Tb (General  
Electric No. 118-2-35) (2.9 • 10 -2 mole) was combined 
with 400 mg Eu- te t ramethylheptanedionate  (5.7 • 10 -4 
mole).  After  mixing, the mater ial  was oxygen annealed 
for 30 min  at 725~ and air quenched. X- ray  analysis 
indicated 12 m/o  l an thanum oxysulfate. 

Several more samples of barr ier  layer  phosphors pre-  
pared by one of the procedures described above are 
described in Table II. The anneal  t ime under  oxygen 
atmosphere and anneal  tempera ture  are listed. The 
samples were kept under  argon unt i l  the anneal  tem- 
perature was reached and while cooling to room tem- 
perature. Different furnaces and controllers were used, 
so the accuracy of the tempera ture  reading varies. The 
mole percent l an thanum oxysulfate was determined 
from x- ray  diffraction intensities. The relationship be-  
tween the amount  of oxysulfate formed and the dead 
voltage is discussed in  the Appendix.  

Measurements 
Apparatus.--In order to measure the cathodolumi- 

nescent properties of phosphor samples, a demountable  
CRT was assembled. The uni t  was constructed by 
adapting a s tandard oil diffusion vacuum coating ap- 
paratus. The pumping  system provided pressures on the 
order of 10 -7 Torr. 
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Table II. Oxygen anneal conditions for barrier layer formation 

Anneal  t ime Annea l  
in oxygen  temper- M/O Dead volt- 

(min) a t u r e  (~ La20~-,SO~* age (kV) 

Table III. Color co-ordinates of penetration phosphors 

Beam vol tage  
( kV ) X Y L u m e n s / W a t t  

30 ~750 22 10.5 
60 ~780 20 9 
30 ~770 20 9 
30 ~750 20 8.5 
25 740-60 19 7.5 

30 7 4 7 ~ 5  17.5 9.5 
80 ~778 17 8 
30 750-65 15 9 

180 7 0 5 •  14 
60 ~725 13 8,5 

42 ~750 13 7 
30 725-45 13 6.2 
30 7 2 5 •  12 - -  
30 725-35 11 7.5 
40 725-----5 10 - -  

25 ,--750 9 6,2 
30 ~750 3 5.5 
30 ~725 7 3.5 

* Refer to Appendix. 

The demountable  CRT was assembled using a Pyrex  
Tee with  a 6-in. d iameter  which served as the test 
volume. The bot tom portion of the Tee was connected 
to the vacuum pump. The 18 in. horizontal  port ion of 
the Tee contained a standard black and white  electron 
gun and yoke on one end and the phosphor target  
holder on the opposite end. For  ease of replacement,  
the electron gun was inser ted into a quick-disconnect  
mounted on a stainless steel flange. A sample holder  
was fabricated so that  16 samples could be tested at one 
time. The phosphors were  gravi ty  sett led using s tan-  
dard techniques on Nesatron glass and remained un-  
aluminized for the results reported in this paper. 

For simplicity of measurement ,  a pulsed electron 
beam was used ra ther  than a raster  scan. The measure-  
ments were  made in the unsaturated mode of the cath-  
odolumineseent  behavior  of the phosphors. The cath-  
odoluminescent spectra and brightness were  measured 
via transmission through the sample. The brightness 
from the electron beam spot on the phosphor target  
was measured with  a Spectra@ Brightness Spot Meter  
(Model UB~&, Photo Research Corporat ion) .  Brightness 
was measured at constant beam current.  The spot d iam- 
eter was focused to 0.20 in. on a removable  over lay  
grid wi th  0.050 in. divisions for each level  of accelerat-  
ing voltage. The emission spectrum was obtained using 
a Ja r re l -Ash  �89 me te r  Ebert  scanning monochromator.  
The color coordinates were  determined from the cor- 
rected spectra and the 1931 C.I.E. standard tables. It 
should be pointed out that  the brightness measure -  
ments were  always compared to a commercial  P-44 
phosphor sample whose thickness was optimized so as 
to obtain max imum brightness. All  other samples were  
deposited with the same thickness as the P-44 
La202S: Tb phosphor. 

Results.--Samples of penetrat ion phosphor were  pre-  
pared by mixing green phosphor which had a bar r ie r  
layer wi th  a commercial  red-emi t t ing  phosphor. In the 
two examples g iven below the commercial  phosphor 
was YVO4:Eu, approximate ly  15 weight  percent  of the 
total mixture.  Barr ier  phosphors of types II and III 
were  used. Table III gives the color coordinates of these 
mixtures  at various beam voltages. The efficiency in 
lumens per wat t  is listed. 

Summary 
Controlled oxidation of lan thanum oxysulflde yields 

particles coated wi th  l an thanum oxysulfate.  While 
europium diffuses readily in La902SO~ at several  hun-  
dred degrees centigrade, it does not diffuse in La.~O2S 
to any appreciable extent  under  the same conditions. 

A barr ier  layer  containing Eu + 3 ions will  quench the 
emission f rom La202S:Tb phosphor particles. An onion- 

Sample 1 
Type II  La202S: Tb---La20~SO~: Tb  w i t h  YVO~: Eu 

5 0.587 0.395 2.0 
7 0.574 0.405 2.1 

10 0.538 0.435 3.4 
14 0.489 0.479 5.4 
18 0.461 0.501 7.6 

Sample 2 
Type I I I  La202S: Tb- -La~O~O4:  Tb,  Eu w i t h  YVO, :  Eu  

5 0.568 0.413 4.3 
12.5 0.514 0.460 7.0 
18 0.470 0.494 9.6 

skin barr ie r  layer  of l an thanum oxysulfate  wil l  also 
produce this effect. 

Green-emi t t ing  phosphors wi th  high dead voltages 
(8-10 kV) can be obtained using ei ther  or both of the 
quenching effects described above. 

Barr ier  phosphors made f rom La202S:Tb can be 
mixed with  commercial  red phosphors such as 
YVO~:Eu. to produce penetra t ion phosphors wi th  line 
emission whose color is a function of voltage. 
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A P P E N D I X  

Analysis of Barrier Thickness 
The barr ier  layer  on the lan thanum phosphors is not 

a "coating" in the sense that  additional mater ia l  is 
added to each particle. However,  since the density of 
l an thanum oxysulfate  (5.52 g / c m  3) is less than that  for 
lan thanum oxysulfide (5.73 g/cm~) there  is probably a 
slight but insignificant increase in part icle d iameter  in 
materials  of types II and III  (see Table I) .  The typical 
median part icle d iameter  for P-44 La202S:Tb is 10.0~ 
as determined by Coulter  Counter. 3 Scanning electron 
micrographs indicate the part icles to be i r regular  poly-  
hedra, only roughly spherical. No significant detectable 
change in part icle size or shape af ter  formation of a 
barr ier  layer  was seen in scanning electron micro-  
graphs. 

In order  to obtain an est imate of the thickness of 
the barr ie r  layer  in the materials  described above the 
fol lowing modified model of dead voltage as a function 
of barr ier  thickness was used. 

A general  equation describing electron penetrat ion 
of solids is 

d = CV" [1] 

where  d is the depth of penetration,  V is the energy of 
the electrons and C and n are constants characterist ic 
of the material .  Kingsley and Prener  (5, 6) have deter -  
mined exper imenta l ly  values for C and n in Eq. [1] for 
zinc sulfide phosphors where  C ---- 7.3 • 10 -7 and n : 
1.77 when V is in kilovolts and d is in centimeters.  The 
coefficient, C was modified by correcting for differences 
in atomic number,  molecular  weight, and density be-  
tween zinc sulfide and lan thanum oxysulfide to obtain 

d ---- 5.7 • 10-~ V 1.77 [2] 

where  d is in centimeters  and V is the accelerating po- 
tential  on the electrons in kilovolts. The  correction fac- 

Ge ne ra l  Electric Product Data Sheet  for P-44 La~O2S:TI0 (No. 
118-2-35). 
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Fig. 3. Dead voltage vs. male per cent lanthanum oxysulfate. The 
solid line is the expected relationship for 10# diameter particles 
using Eq. [2]. 

for for the coefficient, 0�9 was obta ined by mu l t i p ly -  
ing the  rat io  of molecu la r  weights  by  the  inverse  of the 
rat ios of the densi t ies  and number  of electrons for 
La202S/ZnS. The depth  of pene t ra t ion  is p ropor t iona l  
to molecular  weight  and inverse ly  propor t iona l  to den-  
s i ty  and n u m b e r  of e lectrons (5, 15). The thickness of a 
ba r r i e r  l aye r  is r epresen ted  by  d when  V is the dead 
vol tage in kilovolts.  

For  a desired dead vol tage  the  modified equat ion 
predicts  a ba r r i e r  thickness�9 The pred ic ted  va lue  for 
ba r r i e r  thickness can be used to calculate  the  amount  
of l an thanum oxysul fa te  it  wil l  be necessary to form 
in a 10~ d iamete r  particle�9 The volume occupied by  the 
onionskin is ca lcula ted assuming spher ical  part icles.  
The  percent  act ive phosphor  ma te r i a l  r emain ing  in the  
core de termines  the  m a x i m u m  possible  br ightness  
which can be obta ined f rom the resul t ing  ba r r i e r  phos-  
phor.  Using the modified Eq. [2] and assuming tha t  the  
median  par t ic le  d i ame te r  of the  phosphor  is 10~ it  is 
ca lcula ted tha t  13-19% of each oxysulfide par t ic le  must  
be conver ted  to oxysul fa te  in order  to obta in  a ba r r i e r  
phosphor  wi th  a dead vol tage  of 8-10 kV. 

To check these predic t ions  two methods were  used 
for measur ing  the amount  of ma te r i a l  in the ba r r i e r  
region�9 The first method depended  on the atomic ab-  
sorpt ion analysis  of the europium and t e rb ium content 
of dissolved samples  of ba r r i e r  phosphor�9 When  the 
e u r o p i u m / t e r b i u m  rat io  of a comple te ly  dissolved sam-  
p le  was compared  to that  for  a pa r t i a l l y  dissolved sam-  

p le  it  indica ted  tha t  the  europ ium was contained in a 
surface l aye r  less than  1~ thick. Because this analysis  
is des t ruc t ive  and sample  p repa ra t ion  is difficult, this 
method was abandoned  in favor  of the  second. 

The second method was based on quant i t a t ive  x - r a y  
diffraction�9 S tanda rds  of known rat ios of l an thanum 
oxysulfide and l an thanum oxysul fa te  were  prepared�9 
By comparison with  the s tandards  the amount  of oxy -  
sulfate  coating in the samples  of ba r r i e r  phosphor  was 
estimated�9 The results  are  summar ized  in Table  II. The 
mole percent  l an thanum oxysulfa te  as de te rmined  by  
comparison of x - r a y  diffract ion pa t te rns  has an es t i -  
ma ted  e r ro r  of ~ 2  m/o.  The dead vol tage  is de te rmined  
f rom a br ightness  vs. vol tage curve for  each sample�9 A 
g raph  of dead vol tage  vs. mole percent  oxysul fa te  for 
severa l  samples  annea led  under  oxygen indicates  tha t  
the  expected t rend is fol lowed (Fig. 3). The da ta  points  
are  scat tered around the predic t ion  (solid l ine in Fig. 
3) based on the modified equat ion and 10~ d iamete r  
part icles.  The empir ica l  re la t ionship  der ived  for zinc 
sulfide was sufficiently accurate  when modified to be 
useful  in p repar ing  ba r r i e r  layers  of des i red  th ick-  
ness on l an thanum oxysulf ide phosphors.  
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ABSTRACT 

In  growing gal l ium arsenide epitaxial  layers for device manufac ture  it is 
necessary to control the dopant  (usually n- type)  concentrat ion in the gas 
stream. A novel method is presented for introducing known and controlled 
concentrat ions of sulfur compounds based on "the modified en t ra inment  
method." The dopant  is confined to a small  bottle with a capillary, which 
acts as a resistance, and the rate at which the dopant is t ransported out of the 
bottle depends on the vapor pressure, the capillary dimensions, and the diffu- 
sion coefficient. Using this method, the rates of weight loss of sulfur, thionyl  
chloride, and sulfur  dichloride were measured in  ni trogen over a range of 
temperatures.  From these measurements  the diffusion coefficient of the com- 
pounds is calculated and it is concluded that the method can be used to 
give controlled dopant concentrations in  the gas stream of an epitaxial reactor. 
Using these data the dopant concentrations in a typical reactor are calculated 
as a function of tempera ture  for different size capillaries. The dis t r ibut ion 
coefficient of sulfur between the epitaxial layer  and the gas phase is found 
to be about 60 for carrier concentrations in  the region of high 1016 carriers 
cm-3. 

The growth of gall ium arsenide epitaxial  layers by 
the Ga/AsC1JH2 process (1), for the manufacture  
of devices such as IMPATT diodes, requires the ma-  
terial to be doped n- type  at various controlled levels. 
Generally,  the epitaxial  layers are sulfur doped and 
the mole fractions of hydrogen sulfide required in 
the gas stream are less than 10 -6 . In  order to grow 
doped epitaxial layers reproducibly, and indeed to 
unders tand  the mechanisms of dopant incorporation, 
it is necessary to control and know the concentrat ion 
of dopant injected into the gas stream. 

Bachem and Bruch (2) have pointed out some of 
the obvious weaknesses of introducing the dopant, 
either directly as hydrogen sulfide from a gas cylinder, 
or indirect ly  by heating sulfur  vapor, from ,a solid 
source, in the hydrogen gas stream and convert ing 
it to hydrogen sulfide. They ba re  at tempted to ob- 
tain bet ter  control over the direct method by  restrict-  
ing the flow from the reducing valve of the gas cyl- 
inder, using a small  capillary. Also. they have doped 
the t ransport ing agent, arsenic trichloride, with sulfur  
monochloride and deduced the concentrat ion of dop- 
ant  in the gas stream by assuming that the solution 
is ideal. Both of their methods seem to be consistent 
each yielding epitaxial layers at the same carrier 
concentrat ion for a given concentrat ion in the gas 
stream. However, the ratio of the carrier concentra-  
t ion to the dopant concentrat ion in the gas stream is 
much lower than that reported by other workers (3-5) 
and is lower than we observed in our work. In  this 
paper we present  a novel method for introducing 
known and controlled concentrat ions of sulfur com- 
pounds into the gas stream of an epitaxial  reactor. 
The method is easy to set up and operate and can 
cope with a wide range of dopant concentrations. 

This method is adapted from the modified en t ra in-  
ment  method, which has been developed from the 
early work of Stefan [see Ref. (6)]. and used for 
measur ing vapor pressures (7). diffusion coefficients 
(8), and heterogeneous equi l ibr ium constants (9, 10). 
The theory is described in detail elsewhere (7) and 
here we only outl ine the principles of the modified 
en t ra iument  method in its application to dopant con- 
trol. The dopant  is placed in a small bott]e and is 
allowed to diffuse along a capil lary of known d imen-  

Key words: gallium arsenide, vapor phase epitaxy, sulfur dop- 
ing, diffusion coefficient. 

sions and at the end of the capil lary it is swept away 
by the gas stream. The capil lary acts as a resistance, 
thus permit t ing the dopant  to reach its equi l ibr ium 
vapor pressure inside the bottle. Hence, at a given 
temperature,  the rate of t ransport  of the dopant  
out of the bottle is well defined, and its concentrat ion 
in the gas stream can be calculated, if the flow rate 
over the bottle is known. 

So as to validate the method for its application for 
introducing a sulfur  compound into an epitaxial re- 
actor, we have measured the rates of loss of l iquid 
sulfur, thionyl  chloride, and sulfur  dichloride from 
such a bottle over a range of temperatures.  From these 
measurements  we can be sure that  the equi l ibr ium 
vapor pressures are at tained in the bottle, and by 
using available data for vapor pressures we can de- 
te rmine  the diffusion coefficients for the above species. 
From these data we can then calculate the concentra-  
t ion of the dopant that is injected into the gas stream 
of an epitaxial  reactor. 

Theory 
For a single species, A, evaporat ing into a s tream 

of an iner t  gas the vapor pressure (P~ of that  
species is given by 

p~ -~ p[1 -- e-~] [1] 

where p is the total pressure and ~, the t ransport  
function, is 

WRTZ 
- C2] 

DpM A~r 2 

where I~z is the rate of weight loss of species A through 
a capillary of length l and radius r, at a tempera ture  
T. MA is the molecular weight of A and D is the dif- 
fusion coefficient of A in the inert  gas. The tempera-  
ture dependence of the diffusion coefficient can be 
expressed as 

D =  Dopo ( T ) T M  

P \--~o / C3] 

where Do is the diffusion coefficient at a reference 
tempera ture  To and a reference pressure Po, and s 
has a value between 0.5 and 1, which is usual ly  close 
to 0.8 (11). The reference pressure is taken as 1 arm 
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which is also the pressure at which the measurements  
are made. 

From Eq. [1]-[3],  the vapor pressure of a species 
can be calculated by est imating a value for Do and s. 
Therefore, by measur ing  the rate of weight loss as 
a funct ion of temperature,  the entha lpy  (hH~) and 
the entropy (hSv) of evaporat ion can be calculated 
since 

R In  p~ : -- AHv/T ~-/,S~ [4] 

If the boil ing point  is known  then a value of Do c a n  
be chosen so that, for the calculated values of AH, 
and ~Sv, the vapor pressure is un i ty  at the boiling 
point. When the vapor pressure of a species is known, 
then, from Eq. [1] and [2], the diffusion coefficient 
can be calculated. The values for Do and s can be 
obtained using Eq. [3] by plott ing log D vs. log T. 

In some instances, the vapor may contain polymeric 
species, for example sulfur  exists main ly  as Ss, $6, 
$4, and $2 up to the boiling point  with Ss predomi-  
nating. In  such cases the total rate of weight loss can 
be related to the individual  part ial  pressures from a 
series of Eq. [1] and [2] 

i~r-- PMAXr2 ZnDAnln (1 P~ ) [5] 
RTl p 

where P~ is the part ial  pressure of species An with 
a diffusion coefficient of DAn in the iner t  gas. MA 
is the molecular  weight of the monomer.  The diffusion 
coefficients of each species can be related to the dif- 
fusion coefficient of the dominant  species by Graham's  
law DAnq~/LAmVm = .~-~-~ - -~- Ce] 

DAm 

Thus, from measurements  of rate of weight loss at 
different temperatures,  values for Do and s can be 
calculated for the dominant  species, as described 
earlier, if the part ial  pressure of each species is 
known as a funct ion of temperature.  

Experimental 
The apparatus is i l lustrated in Fig. 1 and is s imilar  

to that described by Battat  et al. (7). The effusion 
bott le was suspended on a silica fiber from a CI 
Electronics 2CT5 microforce balance. The bottle was 
hung either inside a tube which was heated with a 
small  furnace up to 400~ to give a flat tempera ture  
profile, or else inside a glass condenser which was 
tempera ture  controlled in the range --5 ~ to 55~ 
The tempera ture  was measured either with a Chromel-  
Alumel  thermocouple or with a mercury- in-g lass  ther-  
mometer  just  beneath  the bottle. The gas inlet  through 
the balance was controlled using a mass flow con- 
troller.  

Results 
Evaporation o:f sulfur in nitrogen.--The sample of 

crystal l ine sulfur  was 99.999% pure  (Koch-Light  L im-  
ited, England) .  The exper imental  rates of weight 
loss in  ni t rogen and at various temperatures,  using a 
capil lary 1.991 cm in length and 0.201 cm in d iam- 
eter, are given in  Fig. 2. From these results the dif-  
fusion coefficient of Ss in ni t rogen was calculated 
using Eq. [5] and [6], so as to take into account all 
species of sulfur, and the vapor pressure data of 
Braune et al. (12), which are recommended by Nes- 
meyanov (13). The calculated values of the diffu- 
sion coefficient are plotted out as a function of tem- 
perature  in Fig. 3 from which we obtain a value of 
0.068 cm 2 sec -1 for the diffusion coefficient at 20~ 
and a tempera ture  dependence of T t.s6 (i.e., s = 0.86). 

Evaporation o:f thionyl chloride in nitrogen.--The 
exper imental  rates of weight loss for thionyl  chloride 
(Hopkin and Williams Limited, England)  in ni t rogen 
and at various temperatures,  using a capi l lary 2.000 
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Fig. 1. Effusion bottle (top) and experimental system (bottom) 
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cm in  length and 0.097 cm in  diameter, are given in 
Fig. 2. From these results the diffusion coefficient of 
thionyl  chloride in ni t rogen was calculated using 
Eq. [1] and [2], and the vapor pressure data given 
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in the l i te ra ture  (14). The calculated values of the 
diffusion coefficient are plot ted out as a funct ion of 
t empera tu re  in Fig. 4 f rom which we obtain a value 
of 0.101 cm 2 sec - i  for the diffusion coefficient at 20~ 
and a t empera tu re  dependence of T i-s6 (i.e., s -- 0.86). 

Evaporation of sulfur dichloride in nitrogen.--The 
exper imenta l  rates of weight  loss of sulfur dichloride 
(Hopkin and Will iams Limited, England)  in ni t rogen 

and at various temperatures ,  using a capil}ary 2.189 
cm in length and 0.103 cm in diameter,  are given in 
Fig. 2. As we do not consider the l i t e ra ture  values 
for the vapor pressure of sulfur dichloride (14) to 
be rel iable (see below),  we have chosen Do at 20~ 
to be 0.C82 cm 2 sec -1 wi th  s = 0.8 and using Eq. [ t ] -  
[3] we have calculated the vapor  pressure of sulfur 
dichloride. From the plot of the vapor  p~-essure vs. 
t empera ture  in Fig. 5 we calculate second law values 
for ~H~ and ASv as 28.0 kJ  mole - i  and 84.1 J mole -1 
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K -1, respectively,  at our mean tempera ture  of 25~ 
The value of Do was chosen so that  the plot in Fig. 5 
went  through the boiling point of sulfur dichloride 
(59~ at a vapor  pressure of 1 atm. 

Discussion 
The diffusion coefficients at 20~ that  we have 

calculated from our exper imenta l  results are com- 
pared with the listed values of other  species in n i t ro-  

gen (11, 15) in a plot of 1/D against ~/M as shown 
in Fig. 6. F rom the plot it is apparent  that  the re -  
lationship is l inear  for the rare  gases, and all other  
species have a re la t ive ly  lower  diffusion coefficient. 
Our calculated diffusion coefficients and values for 
the tempera ture  dependence are consistent wi th  the 
general  trend. 

In analyzing the results of sulfur dichloride, we 
considered the l i tera ture  values for the vapor  pres-  
sure dependence on t empera tu re  to be unrel iable  since 
~Sv has a reported value  of about 125 J mole -1 K - i ,  
whereas  from Trouton's  rule  it should be nearer  92 
J mole -1 K - i  (we calculated 84.1 J mole -1 K - i ) .  
Consequently,  the l i te ra ture  value  of hHv is over  
12 kJ  mole -1 higher  than our value of 28 kJ  mole -1. 
The issue is complicated fur ther  as it is commonly 
reported (16) that  sulfur  dichloride is near ly  com- 
ple te ly  dissociated into sulfur monochlor ide and 
chlorine at the boiling point. However,  Stevenson 
(17) has looked at the dissociation of sulfur dichloride 
and sulfur monochloride into sulfur and chlorine at 
high temperatures ,  and it is apparent  f rom his data 
that  only about 10% of the dichloride will  dissociate 
into the monochloride and chlorine at 500~ There -  
fore, in our analysis we have assumed no dissociation 



Vol. 123, No. 10 

t5  

tO- 

t:) 
S 

( 

CONTROL OF S U L F U R  D O P I N G  

S$ a 

i s o - C 4  Ht2  Sc~ 2 / 

C 4  H t ) l n - C 4  H l O  / 

soc,  %"' / .x,  
C a H4@ eCO a 

- -  CO eete/Ar 

i H e ~  Oa 

I I I 
5 t0 t5 

4 M  
Fig. 6. Diffusion coefficients of various gases in nitrogen at 20~ 

as a function of molecular weight: �9 = values from Ref. (11) 
and (15), [ ]  = values derived in this work. 

Table I. Ratio of diffusion coefficients in H2 and N2 

Diffusion co- Diffusion co- 
efficient in efficient in 
hydrogen  n i trogen  
(cm 2 sec -z) (cm -~ sec-D 

Gas at 2O~ (15) at 20~ (15) Ratio 

1501 

and we calculated values for the entropy of evapora-  
t ion and for the diffusion coefficient in nitrogen. 

The modified en t ra inment  method is designed so 
that  equi l ibr ium is at tained in the effusion bottle. 
If equi l ibr ium is not attained, then the rates of weight 

the resistance of the capil lary would have to be higher 
than that used dur ing our measurements.  As a guide, 
we have calculated the concentrat ion of dopant in  
an epitaxial  reactor, which has 200 ml  min  -1 (mea- 
sured at room temperature)  of hydrogen flowing 
through it, as a funct ion of dopant  tempera ture  for 
capillaries 1 cm in length but  with different diameters. 
Figure 7 shows the concentrat ion of sulfur in  the 
temperature  range from the mel t ing point  to boiling 

ta in  known dopant  concentrat ions in  a gas s t ream 
by controll ing the temperature  of a dopant  which is 
confined to a small  bottle with a capillary. The method 
is simple to set up and use. 

In  applying this method of dopant  control to a 
gal l ium arsenide epitaxial  reactor we need to know 
the diffusion coefficient in  hydrogen ra ther  than in 
nitrogen. From Graham's  law, the diffusion coefficient 
should be 3.74 times higher (i.e., ~/28/2). In  Table I 
we list the reported diffusion coefficients, at 20~ 
of various species in hydrogen and ni t rogen (11, 15) 
and calculate the ratios. The average of these ratios 
is 3.74 • 0.15 and it is reasonable, therefore, to use 
Graham's  law in our application. 

Now the concentrat ion of dopant  used dur ing  the 
growth of gall ium arsenide is small  and therefore 

loss would be low and have a higher dependence on 
tempera ture  than expected. Consequently, in the case 
of sulfur  and thionyl  chloride, the calculated tem- 
perature  dependence of the diffusion coefficient would 
be ext raordinar i ly  high. In  the case of sulfur  di-  
chloride, hSv would be high. Our results do not bear  
this out in the tempera ture  range of our measure-  
ments  and we are confident that  the equi l ibr ium vapor 
pressures are approached closely in the effusion bottle. 
Therefore, the modified en t ra inment  method can be 
used for in t roducing known and controlled concen- 
trat ions of dopant  into a gas stream. 

Rates of weight loss for sul fur  below 200~ were 
made over several "hours and dur ing that t ime the 
ambient  tempera ture  changed, giving fluctuations in  
the balance output  that  were comparable with the 
rates of weight loss (~5  X 10 - s  g see-Z). Therefore, 
the low tempera ture  results were disregarded. In  
order to make rel iable measurements  down to the 
mel t ing point, and indeed for crystal l ine sulfur, we 
would need to compensate in some way for changes 
in  ambient  temperature.  I t  is desirable to go down 
to lower temperatures  so that  we can determine the 
point  at which the vapor pressure in the bottle is 
dictated by surface kinetic l imitat ions ra ther  than 
equi l ibr ium conditions. Similarly,  it would be useful 
to investigate the sulfur  chlorides at lower tempera-  
tures but  the balance used cannot measure low rates 
of evaporation. Furthermore,  by using high tempera-  
tures there is no need to use solid sulfur. This avoids 
any  i r reproducibi l i ty  of vapor pressures due to the 
slow t ransformat ion from monoclinic to rhombic sul-  
fur, as reported by Kniepkamp et al. (18). 

Doping in an Epitaxial Reactor 
The work described above demonstrates that  over 

the specified tempera ture  ranges it is possible to ob- 

tr162 of sulphur,  ~  
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Fig. 7. Dopant concentration in the gas stream as a function of 
effusion bottle temperature for a hydrogen flow rate of 200 ml 
min -1  and a capillary 1 cm long with a diameter of (a) 0.001 cm, 
(b) 0.01 cm, (c) 0.05 cm. - -  - -  Sulfur; . . . .  thionyl chloride, 

sulfur dichloride. 

A r  0.77 0.20 3.85 
O8 0 697 0.181 3.85 
CO 0.651 0.192 3.39 
COs 0.550 0.144 3.82 
C2K4 0.602 0.163 3.69 
C~_H6 0.537 0.148 3.63 
ciz-butene-2 0.378 0.095 3.98 

Average  3.74 -4- 0.15 
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point  and the concentration of thionyl chloride and 
sulfur  dichloride from --50~ to the boiling point. 
In  these calculations the temperature  range has been 
extended to lower temperatures  than  those used 
dur ing our measurements.  This is not too unreasonable  
since for higher resistance capillaries the temperature  
at which surface kinetics begin to influence the vapor 
pressure in the bottle will be lower. However, it is 
better to use high temperatures  and high resistance 
capillaries so as to ensure that equi l ibr ium vapor 
pressures are at tained and thereby yielding repro-  
ducible results. 

Our epitaxial  reactor is based on the Ga/AsC13/H~ 
system and we find that a hydrogen sulfide concentra-  
tion of 5 • 10 -s, obtained from sulfur by the method 
described in this paper, in the gas s t ream yields layers 
grown on (100) surfaces in the region of high 10 TM 

carriers cm -3. If we assume that the concentrat ion 
of carriers is equivalent  to the concentrat ion o f  sulfur  
in the layer, then we obtain a dis t r ibut ion coefficient 
(k) of ~60 with 

atomic fraction of sulfur  in  the epitaxial layer  
k---- 

atomic fraction of sulfur  in the gas stream 

We hesitate to be more precise in our value of k 
since we have found, in common with others (4), 
that the growth rate can have a dramatic influence 
on dopant incorporation. This work will be reported 
in  a future communicat ion (19). 

Our value of k differs marked ly  from that  of some 
workers (2, 3) but  is consistent with that  of other 
workers (4, 5). Bachem and Bruch (2) obtained a 
value of ~1 for k while from the work of DiLorenzo 
and Moore (3) we extract a value of ~1000. The work 
of Hollan and Mircea (5) suggests that k has a value 
of at least ~40 while Luther  and DiLorenzo (4) have 
extracted from their results a value of ~20 and 
found that the value depended on the growth rate. 

Conclusions 
We have presented a method for  introducing known 

and controlled concentrations of sulfur  compounds 
into an epitaxial  reactor based on the modified en-  
t ra inment  method. We have shown that  over the 
temperature  range studied the method is reproducible 
as equi l ibr ium vapor pressures are at tained in the 
effusion bottle. The diffusion coefficients of sulfur, 
thionyl chloride, and sulfur  dichloride, which are 
needed to calculate the dopant concentrat ion in t ro-  
duced into the epitaxial reactor, have been deter-  
mined. 
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LIST OF SYMBOLS 

An polymeric species consisting of n monomers 
Di difiusion coefficient of species i, cm" sec -I 
Do diffusion coefficient at a reference temperature 

To and a reference pressure Po, cm2 sec -1 
AHv enthalpy of evaporation, kJ mole -1 
k distr ibution coefficient 
l length of capillary, cm 
M molecular weight 
P~ vapor pressure of species A, arm 
p total pressure, arm 
po a reference pressure, a tm 
r radius of capillary, cm 
R gas constant, kJ mole -1 K -1 in Eq. [4]; cm 3 

atm mole -1 K -1 in Eq. [2] and [5] 
s 1 + s is the temperature  dependence of the 

diffusion coefficient 
,~Sv entropy of evaporation, J mole -1 K -1 
T temperature,  ~ 
To a reference temperature,  ~ 
~Vr rate of weight loss, g sec -1 

t ransport  function. 
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Thin Film Epitaxial Growth 
of In Gal-AS on GaAs 

$. B. Hyder 
Varian Associates, Corporate Research Laboratories, Palo Alto, California 94303 

ABSTRACT 

Thin film, n - type  single crystal epitaxial  InxGal-xAs was grown on semi- 
insulat ing GaAs substrates using an open- tube  Ga-In-AsC1JH2 CVD system. 
Electron concentrations of about 1017 cm -3 were obtained using H2S doping. 
Semi- insula t ing  layers were produced using CRO2C12 as a dopant. InAs con- 
centrat ion of up to 23 mole percent  (m/o)  was obtained by compositional 
grading for lattice matching. The active layers were less than a micron thick 
and growth rates as low as 0.01 ~ /min  were achieved. The epitaxial  layers 
were evaluated for surface quality, InAs concentration, electron concentration, 
and electron mobil i ty  for use in fabricat ion of microwave Schottky barr ier  
gate field effect transistors. Good surfaces were obtained with all concentra-  
tions of InAs. Electron mobilit ies general ly higher than those so far reported 
in  the l i terature  were obtained when care was taken to optimize the grading 
layer. 

The InxGa~-~-s  alloy system has attracted con- 
siderable at tent ion recent ly because of its device 
application potential.  S t i l lman et al. (1) and Nahory, 
Pollock, and DeWinter  (2) have successfully fab- 
ricated detectors; and Nuese et al. (3) have con- 
structed lasers for the 1.06~ region. Application for 
use in near - in f ra red  photocathodes has also been 
shown (4, 5). A pre l iminary  report  (6) has been 
made of the performance of this mater ial  in a micro- 
wave Schottky barr ier  field effect t ransistor  applica- 
tion. This paper  describes the work under taken  ~o 
produce the mater ia l  for the microwave FET fabrica-  
tion. 

InzGal-xAs can be grown by l iquid phase epitaxy 
(7-9), but  homogeneous FET qual i ty  mater ia l  is dif- 
ficult to obtain, and uniform compositional grading 
is also difficult by this method. Growth by chemical 
vapor deposition (10-12), on the other hand, lends 
itself easily to preparat ion of homogeneous mater ial  
of any desired composition and donor concentrat ion 
by facili tating lattice matching through compositional 
grading. Mass spectroscopic studies have been re- 
ported recent ly  by  Ban and Et tenberg (13) who 
applied equi l ibr ium thermodynamics  to InzGa~-xAs 
CVD system and found reasonable agreement  with 
exper imental  data. Mixed sources of In  and Ga as well 
as separate In, Ga, and As sources have been used 
(10-12) wi th  ASH4, HC1, and AsC13 systems. 

In  the present  work, separate sources of In  and Ga 
were used to ensure that no change of composition 
occurs dur ing  growth due to depletion of one source. 
Transpor t  by AsC1JH2 was used to achieve the high-  
est a t ta inable  purity.  The advantage of this method 
is the use of only two sources with AsCI~ supplying 
the As as well as HC1 that is necessary for t ransport  
of In  and Ga. 

Experimental Procedure 
The InxGa~-xAs growth system and reactor are 

shown schematically in  Fig. 1. Tylan  Corporation's 
electronic mass flow controllers control the flow of 
purified H2. The AsC13 bubbler  is kept at any desired 
tempera ture  by  a thermal  bath and is connected to 
the In  and Ga chambers; the AsC1JH2 flow over each 
element  being separately controlled. The flow line 
to In  is also connected through valved bypasses to 
an etch l ine enter ing  the reactor chamber, and the 
flow can be diverted to this l ine if desired. The HHS 

* Electrochemical Society Active Member. 
Key words: AsCls CVD, compositional grading, Schottky barrier 

gate FET, CrO~C12 doping. 

tank gas (310 ppm in H2) is fur ther  di luted with H2 
in a mixing  chamber and the diluted gas is fe d into 
the reactor ahead of the substrate position for S 
doping. Chromium doping is achieved using a CrO2C1., 
bubble r  and a cracking furnace kept at 500~ The 
CrO3/H2 mixture  enters the reactor between the 
sources and the substrate, according to the reaction 

3CrO2C12 ~ 3H2--> CrO3 �9 Cr203 + 6HC1 

The monochloride vapors of Ga and In  are mixed 
in the reactor by means of a baffle placed at the exit 
of the I n / G a  chambers to ensure homogeneous mixing. 
A 0.4 mm thick substrate of area about 5 cm 2 is 
placed horizontal ly in a holder, and a thermocouple 
inserted into a well incorporated in  the holder records 
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Fig. I. Deposition reactor and system 
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the temperature .  A quartz l iner  protects the reactor 
f rom monochlorides depositing in the cold region. All  
the glassware in the high tempera ture  region is made 
from Spectrosil  grade quartz. The reactor tube of 
cross-sectional area 9 cm '2 is held in a horizontal  posi- 
tion and the furnace is rolled onto it to start  the 
deposition process. An approximate  tempera ture  pro-  
file of the furnace when placed over  the reactor  is 
shown in Fig. 1 (c). The source tempera ture  was about 
780~ and the substrate t empera ture  was usual ly 
about 720~ Tempera tu re  var ia t ion over  the length 
of the substrate was less than a degree per cent imeter  
and about 5~ over  the length of the source boats, 
which were  8 cm long wi th  the source surface area 
of about 12 cm 2. 

Vapor Phase Deposition 
Source preparation and saturation.--50g of elemental 

In and Ga of min imum pur i ty  99.9999% are used. 
Gall ium is poured into the source boat as received, 
but indium is baked in He stream at about 900~ 
for 72 hr  before t ransferr ing it to the source boat in 
the reactor. Use of AsC13 and e lemental  sources re-  
quires that the sources are saturated with  As unti l  
a crust of InAs and GaAs is formed on the respect ive 
sources. Transport  and epitaxial  g rowth  occurs only 
after the sources are saturated. 

The source tempera ture  during saturat ion was kept 
at about 770~ The AsCI~ vapor  pressure was 9.15 
• 10 -3 arm at 20~ bubbler  temperature .  Using a H2 
flow rate of 300 cmS/min, the saturat ion t ime of 5.6 
hr was calculated using the relat ion given by Shaw 
(14) for Ga 

RTI [ XAs ] W 
~;satu - -  - -  " 

PAsCl3F1 1 -- XAs m ~  

where  Ssatu ---~ saturat ion t ime in minutes, PAsC13 
AsC18 vapor pressure (atm),  T~ : source temperature ,  
F, : flow rate in liters per minute,  XA~ = mole frac-  
tion As in saturated source, W : weight  of the source, 
mw ~ molecular  weight  of the element,  and R = 
gas constant 0.0821 a tm/deg-mole .  Arsenic solubil i ty 
was taken f rom Hall 's  (15) data  shown in Fig. 2 
for Ga and In. 

Ban and Et tenberg  (13) have calculated that  at a 
deposition t empera tu re  of 1000~ about 10% of InC1 
is converted into solid from the gas phase as com- 
pared to about 60% for GaCI. This also indicates that  
the In source is deplet ing faster than the Ga source 
in the same ratio since deplet ion of the e lemental  
source occurs according to the relat ion 

2Mz ~- 2HClg--> 2MCI~ + H2 

For  a source t empera tu re  of 780~ it was observed 
that  af ter  a series of test depositions the Ga source 
deple ted  about 20% whereas the In source depleted 
as much as 80%. Considering this faster deplet ion 
of In source, the saturat ion t ime for the In source 
was est imated by dividing Shaw's (14) expression by 
four. Indium saturat ion t ime was then calculated to 
be about 11 hr in reasonable agreement  with the 
exper imenta l ly  observed t ime of about 10 hr  for In 
saturat ion with As. 

After  tempera ture  equilibration, during which some 
desaturat ion occurs, the sources were  resaturated in- 
i t ial ly with 300 cm'~/min of AsCI2/H2 flow over the 
In source and 100 cm3/min over the Ga source Af ter  
a series of depositions, the In source was found to 
deplete f rom the high tempera ture  side of the source 
boat. This situation does not in terfere  with normal  
growth  in any way until  the source size is depleted 
about 80% or so af ter  a considerable number  of hours 
of saturations and depositions. The effect on the growth 
surface is then observed as formation of hillocks 
running along the (110) direction as shown in Fig. 3. 
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Fig. 2. Solubility curves for As dissolution in In and Ga (after 
Hall). 

Fig. 3. Hillock formation with high flow rates and small source 
volume. 

Reduction of AsC1JH2 flow at this point in the l ife 
of the source seems to e l iminate  hillock formation. 

Compositional grading and epitaxial growth.--Dur- 
ing grading for latt ice matching and epi taxial  growth, 
the substrate was kept at a t empera ture  be tween 
713 ~ and 725~ and the sources were  kept  at 780~ 
The composition of the deposited InzGal -xAs  layers 
was varied by varying the AsC1JH2 flow over  the In 
and Ga sources. Exper iments  were  conducted to de- 
termine the composition of epitaxial  In~Gal-.~As as 
a function of fract ional  AsC1JH2 flow ratio over  the 
Ga source. The results are shown in Fig. 4 and com- 
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Fig. 4. Variation of epitaxiM InxGal-:cAs composition with 
AsCI3/H2 flow over Go and In. 

pared with previous exper imental  data (5, 11) and 
calculated values of Ban and Et tenberg (13). Compo- 
sit ional grading to the desired composition was ac- 
complished by cont inuously controll ing the input  flow 
ratios to Ga and In  (according to the data shown in  
Fig. 4) by  means of a dual -channel  eIectrostatic- 
curve-fol lowing programmer.  Both the In  and Ga 
flows were varied to keep the total flow constant. 
Since the composition of the deposited In~Gal-xAs 
is governed by equi l ibr ium thermodynamics,  le t t ing 
the flow rate change dur ing compositional grading 
by keeping flow through one source constant changes 
the growth rate dur ing  grading and results in deg- 
radat ion of surface qual i ty  and of electrical prop- 
erties. Figure 5 shows the surface of epitaxially grown 
InxGal-~As with 14 m/o  InAs, with (a) ungraded 
growth, (b) with 1 ~m of graded layer, and (c) with 
3.9 ~m of graded layer. The better  qual i ty of the 
3.9 ~m layer  grown with constant flow rate is im-  
media te ly  obvious. Figure  6 shows the electron mo-  
bi l i ty  at 300~ of some of the films grown with dif- 
ferent  thickness of graded layers and ungraded growth. 
The mater ial  was doped to about 1017/cm 3 electron 
densi ty  with H2S. The graded layer  was made semi- 
insula t ing with Cr doping using CRO2C12 as indicated 
in Fig. 1. The best results were obtained for graded 
layers of > 3 ~m thickness using constant total flow 
rates, with mobilities of 6920 and 6840 cm2/Vsec, 
indicated by 4.9 and 4.8, respectively, in Fig. 6. Sam- 
ples 4.11 and 4.10 were also grown with constant flow 
rates, but  the graded layers were only 2.5 ~m and 
2.8 ~m thick, respectively. Specimen 4.1 has a 2.5 ~m 
graded layer, but  the flow rate was not constant 
throughout  the grading. Effect of both variable  flow 
rate and smaller  graded thickness is depicted by speci- 
men  4.4 with a room temperature  mobil i ty  of only 
2770 cm2/Vsec. The higher InAs concentrat ion in this 
specimen with improper  grading and gas flow rate 
also contributes to lower mobility. These can be com- 
pared with specimen 6.5, with a mobil i ty  of 6360 cm2/ 
Vsec which had a 2.9 ~m graded layer  and was grown 
at a cons,rant gas flow rate. InzGa~-xAs grown directly 
on the GaAs substrate is exemplified by specimen 
3.15. The mobil i ty is 4190 cm2/Vsec as compared with 
about 5200 cm2/Vsec obtained by Glicksman e~ aL 
(12), but  is bet ter  than specimens 4.4 and 4.1 only 
because the InAs mole percent  is much smaller, and 
lattice mismatch is not  too large (0.3% as compared 
to about  1.4%). 

CrO.,C12 flow of about 3.4 X 10 -7 mole /min  was 
used for doping graded layers which yielded epilayer 
resist ivi ty of the order of 2 X l0 s ~l-cm with a total 

Fig. 5. Surface of epitaxially grown Ino.14Gao.s6As grown on 
ungraded and lattice-matched graded layers: a ~ ungraded, b 
1 ~m graded layer, c - -  3.9/~m graded layer. 

AsC18/H2 flow of 460 cm3/min. When lower total 
AsC13 flows were used, surface imperfections, shown 
in Fig. 7, were observed runn ing  along the (110) 
direction. These are possibly due to excessive Cr. 
Similar  imperfections have been observed by Mizuno, 
Kikuchi, and Seki (16) and were a t t r ibuted to Ga2Os 
formation when water  vapor produced in the react ion 
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strate. Figure 8 shows the etch rate as a funct ion of 
AsC13 vaporizer temperature.  Complete conversion 
seems to occur at a vaporizer temperature  of about 
l l~ below which growth occurs in the high tem- 
perature  region. Since in this series of experiments  
CrO2Cl~ is also used to provide Cr doping, extra HC1 
enters the reactor through the reaction of CrO.2C12 
and H2. Use of an AsC]s vaporizer tempera ture  of l l ~  
can therefore cause severe etching of the substrate. 
Figure 9 shows the growth surface with AsCI~ vapor-  
izer temperature  of 1]~ and CRO2C12 addition. An 
AsC13 vaporizer temperature  of 7~ was therefore 
selected for the growth of mater ia l  reported here, 
as a compromise among smooth etching, complete 
conversion, and low growth rates. 

Typically, S-doped InxGal-~As epitaxial  layers with 
electron densities of the order of 1017 cm -3 were 
grown on semi- insula t ing  GaAs (100) wafers orien- 
tated about 2 ~ off axis toward the (110) plane. Graded 
layers for lattice matching were made semi- insula t -  
ing with Cr doping. The GaAs substrate was placed 
in  a horizontal position on the substrate  holder anal 

Fig. 7. Surface defects formed at high CrO~CI2 flow 

reacted with the Ga source. Since the CRO2C12 does 
not pass over the Ga source in  our arrangement ,  the 
defects observed are tenta t ively  a t t r ibuted to the 
formation of stoichiometric CrAs which is found to 
give needle-shaped precipitates in Czochralski grown 
GaAs (17). No at tempt  at compositional analysis, how- 
ever, was made to confirm this speculation. 

To establish desirable equi l ibr ium growth condi- 
tions with the InGaAs system described in  Fig. 1, 
the input  AsC13 vapor pressure was adjusted by vary-  
ing the AsC13 vaporizer temperature.  Complete con- 
version of HC1 to the monochloride of In  and Ga was 
determined by  placing a GaAs substrate par t ia l ly  
covered with SiO2 in the high tempera ture  zone and 
measur ing .the amount  of mater ia l  etched. Increasing 
AsC13 vapor pressure was found to increase etching 
due to increased HC1 production, while at lower 
AsCls vapor pressures growth occurred at the sub-  

Fig. 9. Growth surface with the AsCI3 bubbler at 11~ in the 
presence of Cr02CI2. 
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pushed into the hot zone dur ing  tempera ture  equi l -  
ibrat ion and resaturat ion of the sources. After HC1 
etch cleaning, the substrate was pulled back just  
beyond the S-doping l ine (Fig. 1), and a graded 
layer  grown on it to the desired InAs composition, 
as determined from the curve of Fig. 4. After a 
graded layer  of about 3 ~m or more was grown, the 
substrate was pulled fur ther  down in the deposition 
region where S-doped InxGal - zAs  was grown. This 
growth rate was found to depend on the total flow 
rate. For  a typical flow rate of about 460 cm3/min 
AsC13/H2, the growth rate was found to be about 
0.03 ~m/min.  A growth rate of 0.01 ~m/min  was ob- 
ta ined when the total  flow rate was reduced to 260 
cm3/min. The growth rate dur ing  grading was typ-  
ically 0.07 ~m/min.  The effect of flow rate and sub- 
strate tempera ture  on composition and growth rates is 
being investigated and will  be the subject of another  
report. 

After  the desired epitaxial growth thickness had 
been obtained, the doping line and AsC13 flow was 
shut off and the furnace rolled off from the reactor 
tube. The substrate  was cleaned and stained to de- 
l ineate the growth layers and the growth thickness 
was determined optically. Surface structure was ob- 
served optically under  a Zeiss microscope. The elec- 
t ron density was determined using an impur i ty  pro- 
file plotter.  The InAs molar  concentrat ion was deter-  
mined by measur ing the bandgap (8) by photolu-  
minescence and by x - ray  diffraction determinat ion of 
lattice constants. Hall mobilities were measured by 
the Van der Pauw method on square samples with 
alloyed In  contacts on the corners. No correction for 
submicron layer  thicknesses was made. 

Results and Discussion 
Earl ier  measurements  of electron mobil i ty in mel t -  

grown InzGa,-xAs with impur i ty  concentrations of 
the order of 1017 cm -3 showed a drastic decrease in 
mobil i ty  with increasing concentrat ion of InAs (18, 
19). This decrease in  electron mobil i ty was a t t r ibuted 
to alloy scattering. A similar effect was observed by 
Ku  (20) in GaAsl-xP~ with a carrier concentrat ion 
of 1.5 • 1017 cm -3. As opposed to GaAsl-~P~ [where 
a direct- to- indirect  bandgap crossover occurs at x 

0.44 (21)], InxGal-xAs has direct bandgap through 
all compositions from GaAs to InAs. The expression 
for the variat ion of bandgap with InAs concentrat ion 
is given by Nahory, Pollack, and DeWinter  (2). The 
energy of the r conduction band min im um in 
InxGa~-xAs decreases rapidly with increasing x 
whereas the energy of the x min imum increases slowly. 
The electrons are thus characterized by decreasing 
effective mass. Exper imenta l ly  de termined conduction 
band effective masses have been found by Fet terman,  
Waldman,  and Wolfe (22) to decrease l inear ly  with 
increasing InAs concentration. The decrease in elec- 
t ron mobil i ty  observed in mel t -g rown alloys is too 
large to be explained on the basis of alloy scattering 
and is probably  due to mater ial  being inhomogeneous. 
Pure r  and more homogeneous mater ia l  grown from 
vapor has been shown to have a less marked decrease 
in mobi l i ty  [Conrad, Hoyt, and Martin (11) and 
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Fet terman,  Waldman,  and Wolfe (22)]. Gl icksman 
et al. (12), on the other hand, found practically no 
effect of composition up to a composition of x = 
0.25 InAs. In  Fig. 6, the data points labeled with sam- 
ple numbers  show the mobilit ies obtained in  some 
good and bad samples of thin film InxGal-zAs,  all 
grown from vapor with a donor concentrat ion of the 
order of 10 ~7 cm -~. Results of other work reported 
in l i terature are also shown for comparison. All  the 
alloy layers grown in the present  study were of the 
order of a micron or less in thickness as shown in 
Table I, and the graded layers for compositional lattice 
matching were made semi- insula t ing  as indicated ear-  
lier. The difference between the ND -- NA value ob-. 
rained from d-c Hall  data and the charged carrier  
concentrat ion obtained by differential capacitance mea-  
surement  is due to the na ture  of the lat ter  measure-  
ment  which is carried out at 100 kHz frequency a n d  
is less sensitive to carrier t rapping at room tempera-  
ture. 

Our data do not confirm the downward t rend in  
mobil i ty  with increase of InAs content  noted in 
earl ier  l i terature. In  this respect, our results agree 
wi th  those of Glicksman et al. (12). On the other 
hand, qual i ty of the surface and qual i ty and thickness 
of graded layers seem to affect the electrical properties. 
For slow growth rates that  were used, a thickness 
of the graded layer  of about 3-5 #m seems to be suf- 
ficient. Using constant flow rates, as ment ioned earlier, 
also seems to improve the quali ty of the film. Sample 
3.15 was ungraded and seems to have a moderately  
highly compensating acceptor impuri ty.  Sample 4.1 
was grown on an undoped graded layer. It  is seen 
from these results that for a proper ly  grown 
InxGal-xAs layer such as 4.8 and 4.9, for example, 
the room temperature  mobil i ty  is higher than pre-  
viously reported for any alloy of comparable compo- 
sition and carrier density. The degradat ion in mobil i ty  
seems to be due only to inhomogenei ty  and other 
s t ructural  disorders in the epi taxial ly grown alloys. 
Effort is under  way to increase the InAs concentra-  
t ion up to about 50% and study the effect on mobi l i ty  
of higher InAs concentrat ion in moderately  heavily 
n-doped InxGal-zAs.  

Conclusions 
Submicron epitaxial  layers of InxGal-xAs were 

grown successfully on high resist ivity graded epi- 
layers to lattice match with GaAs substrates. N-type 
active layers doped to a carrier  concentrat ion of 
1017 cm -3 showed high electron mobilities. It is con- 
cluded that alloy scattering as assumed in earlier 
work does not play any impor tant  role in homo- 
geneous In~Gal-zAs alloys grown by chemical vapor 
deposition. Structural  defects, on the other hand, can 
degrade mobility. The effect of impur i ty  concentra-  
t ion is to reduce mobil i ty  in general  according to 
accepted laws, but  composition var ia t ion alone has 
min imal  or no effect on the electrical properties o f  
the material.  
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7.62 X 1O Iv 
3.51 x 10 TM 
5.9 • 10 z8 
5.62 x 10 TM 
1.15 x 1O Iv 
3 x 10 TM 
6.4 x 1018 
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Preparation of p-Type InP Films on Insulating and 
Conducting Substrates via Chemical Vapor Deposition 
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ABSTRACT 

Polycrystalline p-type InP films were grown on various insulating and 
conduct ing substrates ,  e.g., glass or carbon, via chemical  vapor  deposi t ion 
in an open- tube  In /HJPC13  flow system. Zn and Cd were  used as dopants.  
Not iceable  differences in growth  character is t ics  are observed as compared  
to ep i tax ia l  l ayer  g rowth  on InP single crysta l  substrates.  P r e l i m i n a r y  po ly -  
c rys ta l l ine  C d S / I n P  solar  cells have a power  conversion efficiency of 2.8%. 

Heterodiodes  n - C d S / p - I n P  have  potent ia l  for  solar  
cell appl icat ions  since the bandgaps  and the excel lent  
la t t ice  match  of these mate r ia l s  resul t  in a high solar  
power  conversion efficiency and the s tab i l i ty  of the two 
compounds assures good resis tance against  degradat ion.  
Presen t  s t a t e - o f - t h e - a r t  single crysta l  C d S / I n P  solar  
cells have  a power  conversion efficiency of 14% at a i r  
mass 2 (1) and recent  accelera ted  l i fe t ime tests showed 
that  such cells can be hea ted  in a i r  at  485~ for  1 
week  wi thout  significant decay in the  device pe r fo rm-  
ance (2). InP has a direct  bandgap  and  cor respond-  
ing ly  low ( ~< 1 ~m) absorpt ion  lengths  for solar  l ight  
wi th  0.50 ~m ~< ~, ~< 0.96 ~m. Over  this ent i re  "win-  
dow" of the I n P / C d S  cell, InP gra in  sizes of a few 
micrometers  should thus suffice for efficient collection 
of photogenera ted  minor i ty  ca r r i e r  electrons.  The  cell 
is therefore  an a t t rac t ive  candida te  for product ion  in 
thin film form. At  the presen t  s tage of development ,  
the  p repa ra t ion  of po lycrys ta l l ine  C d S / I n P  solar  cell  
hinges on the fabr ica t ion  of p - t y p e  films of InP on a 
sui table  subs t ra te  mater ia l .  

In  this  pape r  we  repor t  on the  g rowth  of po ly -  
c rys ta l l ine  films of p - t y p e  InP  on t r anspa ren t  in -  
sulators,  and on conduct ing subst ra tes  that  p rovide  a 
l a rge  area  contact  to the  InP, ut i l iz ing the I n / H J P C l s  
g rowth  method  (3). In  this  system, the  t e m p e r a t u r e  
dependence  of the  equ i l ib r ium constant  of the  react ion 

I n P ( s )  + HCI(g )  ~ I n C l ( g )  + �89 + Y4P4(g) 

regula tes  t r anspor t  of InP  f rom an InP crust  on an In  

* Electrochemical Society Active Member. 
Key words: thin film solar cells, polyerystalline InP. 

metal  source formed by  reac t ion  wi th  PC13 to a d is tant  
subs t ra te  in an open- tube  hydrogen  flow system. The 
the rmodynamic  foundat ion of the  HC1 t ranspor t  of 
InP has been inves t iga ted  by  Seki  and Minagawa (4) 
and by  Shaw (5). Also, the re  exist  severa l  exper i -  
menta l  studies of the chemical  vapor  deposi t ion (CVD) 
of ep i tax ia l  InP layers  on single crysta l  InP subst ra tes  
(6-11) which were  most ly  d i rec ted  towards  the  fabr i -  
cation of microwave  oscillators.  

Exper imental  
A drawing  of the  expe r imen ta l  a r rangement  is 

shown in Fig. 1. A s t ream of Pd-di f fused  H2 is passed 
th rough  a bubb le r  filled wi th  PC13 which is kept  at 
+2.2~ corresponding to a sa tura t ion  pressure  of 40 
Torr.  The PC13-saturated H2 is d i lu ted  by  pure  H2 i~o 
a t ta in  p roper  molar  fract ions xpc13 of PClz, typ ica l ly  
2%, and is in jected into ent rance  E2 to the  deposi t ion 
tube. Also, pa r t  of the  pure  H.2 is channeled  th rough  a 
separa te  en t rance  on the downs t ream end of the depo-  
sit ion tube establ ishing a counter  cur ren t  flow, CC, on 
the outer  side of a quar tz  l iner  tha t  sur rounds  the  seed 
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Fig. 1. Open-tube H2 flow system for chemical vapor deposition of 
InP. El = entrance for the PCIJH~ mixture, E2 = entrance for 
pure H2, D = dopant source, M = InP saturated In source, 
F1-F4 = furnaces, I = isothermal furnace linear, W = window, 
CC = counter current of pure H~, S = substrate, TC = thermo- 
couple, EX = exhaust. 
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Fig. 3. Schematic cross section of a CdS/InP solar cell 

1 5 0 g  



1510 J. Elec trochem.  Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY October  1976 

holder so that all reaction products are deposited in -  
side this l iner  and are removed with the substrate, S, 
after the experiment  is terminated.  S can be positioned 
by means of a quartz push rod for in situ visual inspec- 
tion through window, W, in furnace F1 that controls 
the deposition temperature.  The push rod contains a 
thermocouple, TC, f o r  monitor ing the substrate tem- 
perature. The boat, M, contains In -meta l  that is satu-  
rated with InP  prior to the CVD exper iment  as de- 
scribed by Clarke, Joyce, and Wilgoss (8) and is kept 
by means of furnace F2 at a constant  tempera ture  
which is typically 750~ An isothermal furnace liner, 
I, is inserted into F2 to provide an ~ 20 cm long iso- 
thermal  section in F2 that warrants  equal temperature  
for all parts of M. The p- type dopant, D, is contained 
in  a separate quartz tube which ends shortly before M 
and is swept by pure H2 injected into entrance El. Fu r -  
naces F3 and F4 are used to establish a temperature  
profile that keeps D inside the spherical section shown 
in  Fig. 1. A typical tempera ture  profile for the entire 
furnace assembly is shown in  Fig. 2. 

Both pure Cd and Zn have been used as dopant ma-  
terials yielding net acceptor concentrations of NA -- ND 

2 • 1018 cm -~. The dopant concentrat ion in the 
vapor phase is typically 10-8-10-2, e.g., a molar  frac- 

tion of Zn of 1.8 X 10 -3 in  the vapor phase results in 
epitaxial InP  layers that  have a resistivity p _-- 0.07 
~l-cm, NA -- ND = 9 • 1017 cm -8, and ~h ---- 97 cm2/ 
Vsec on Fe-doped semi- insula t ing (100) InP  single 
crystal substrates. Alternat ively,  anhydrous CdCl2 or 
ZnCI2 may be used as dopant  materials  which el imi-  
nates the need for separating D from the HCl-contain-  
ing vapor atmosphere. 

Figure 3 shows a schematic drawing of a cross sec- 
tion through a polycrystal l ine CdS/ InP  solar cell con- 
sisting of a large area contact to the InP  layer, the 
p - n  junction, and a contact grid on top of the CdS 
which is covered by an antireflection coating. If a suit-  
able conducting substrate is used, the formation of the 
large area contact to the InP  film is included in the 
CVD step. If an insula t ing substrate, e.g., glass, is used 
then the contact to the InP would have to be provided 
by a contact grid previously deposited on the glass or 
subsequent ly  attached to a par t  of the InP layer  that  
is masked from the following CdS deposition. 

F igure  4 shows InP coatings produced via CVD on 
various substrate materials that match the thermal  ex- 
pansion of InP:  (A) Corning 7059 glass. (B) molyb-  
denum, (C) carbon, and (D) Fe 30% Ni steel. Note 
that severe peeling of the InP  occurs on the Fe /Ni  

Fig. 4. InP coatings on various substrates: A ~ glass substrates (left etched, right not etched); B ~ etched Mo substrate, tnP-covered 
Mo substrates; C ~ AEC carbon covered with JnP, uncovered AEC carbon, InP covered POCO graphite; D ~ InP on a Fe 30% Hi sub- 
strate. 
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substrate and the reason for this behavior  is revealed 
by Fig. 5 that shows a scanning electron micrograph 
of a cross section through such a layer, the substrate 
being on the r igh t -hand  side. The top part  of Fig. 5 
shows x - ray  emission analysis traces obtained at var i -  
ous locations marked by arrows on the cross section. 
The second trace from bot tom (No. 4) is an  x - r ay  
emission analysis of the  original  Fe 30% Ni alloy. 
Clearly In  is diffusing into the base alloy (top trace) 
while Fe and to a lesser extent  Ni are reacting with 
the l nP  films to form FezP and Ni~P that do not match 
the lattice of InP  and do not  have a similar  expansion 
coefficient as the base alloy. Because of this, the film 
cracks off at the Fe3P/alloy interface and Fe /Ni  is, 
therefore, not a suitable substrate material.  A similar  
behavior is observed for Kovar which has both a bet ter  
match to the expansion characteristics of InP  and a 
somewhat bet ter  chemical stability. Therefore, a dif- 
fusion barr ier  layer  would have to be used with all 
Fe-base alloys as substrate materials.  

Glass, molybdenum,  and carbon are all  well suited 
for coating with InP  via HC1 transport  and no cracking 
and excellent adhesion of the InP to the substrate is 
obtained for these substrates. For  glass (Corning 7052, 
Nonex, etc.), more uni form nucleat ion is obtained on 
matted surfaces prepared by either mechanical  abra-  
sion or by a slight etch in  HF. The Mo substrates were 
etched in  a mix ture  of HNO3:HF = 30:1 and the car- 
bon substrates (AEC carbon, POCO graphite) where 
cleaned by heat ing to ~ 1000~ in  vacuum. 

Figure  6 shows scanning electron micrographs of p- 
type InP  coatings on molybdenum (A and C) and car- 
bon (B and D) substrates. The grain size is comparable 
or larger than the absorption length for InP, i.e.. > 
1 ~m, and one can, therefore, expect that  grain bound ~- 
aries will not substant ia l ly  reduce the quan tum effi- 
ciency of CdS/ InP  solar cells prepared from such InP  
films. The morphology of the IaP grains on carbon is 
favorable to that  obtained on Mo, and because of its 
chemical inertness, mechanical  stability, abundance,  
and low cost, we consider graphitized carbon as a pos- 
sible substrate choice for the preparat ion of large area 
solar cells. 

The growth rate of the IaP  films on substrates like 
carbon or glass is s trongly influenced by kinetic factors 
and, in general, does not follow thermodynamic  pre-  
dictions. Thermodynamic  calculations result, at con- 
stant  input  partial  pressure PPCla of PCl3 and constant 
source tempera ture  T~, in an equi l ibr ium transport  rate 
from the source to the substrate that  increases approxi-  
mately  exponent ia l ly  with decreasing substrate tem- 
pera ture  T2 (5). The actual growth rate vs. ,~T ~ T1- 
T2 relation on a carbon substrate is shown in  Fig. 7 for 
xf, ci~ ~- 2.3 • 10 -2  and T1 -- 740~ Due to hindrances  
in  the formation of three-dimensional  nuclei  of InP  
on the carbon, the growth rate remains  zero s up to a 
critical tempera ture  difference ate .  At AT > A T c  the 
growth rate  increases steeply wi th in  a nar row range 
of aT and changes relat ively li t t le for fur ther  increases 
in  • 

In  contrast to the conditions for CVD of InP  on single 
crystal InP  suhstrates, a foreign substrate does not 
provide a preferred nucleat ion site for the InP  as com- 
pared to fused silica. Therefore, a t e  is s trongly affected 
by competit ive nucleat ion and growth of InP  on the 
quartzware in the vicinity of the substrate. That  is, due 
to such competitive deposition, the actual supersatura-  
t ion at the location of the substrate may be reduced 
below the value indicated by aT  and geometric factors. 
The temperature  dis tr ibut ion in  the vicini ty of the sub-  
strate and the flow rate may, therefore, affect the ex- 
per imenta l ly  obtained aTc. Large flow rates tend to 
reduce these effects. Usually we worked at a l inear  
flow velocity vl -~ 30 cm/min  and XPc~3 _ > 1.5%. 

Z e r o  g r o w t h  ra te  m e a n s  that  w i t h i n  an incubation time of 3 
hr  no  critical InP n u c l e i  h a v e  f o r m e d  on  t h e  carbon. 

Fig. 5. Scanning electron micrograph of a cross section through 
InP/Fe 30% Ni (bottom), x-ray emission analysis traces (top). 

The kinetics of InP  transport  in a PCIJH2 flow sys- 
tem to isolated (110), (111), and (I00) faces of InP  
single crystal substrates has been examined recent ly 
by Mizuno (12). For deposition on InP  single crystals 
and small  AT, the growth rate followed qual i ta t ively 
the AT characteristics predicted by thermodynamic  
calculations. However, depending somewhat on the 
crystallographic orientat ion and on the PC13 flow rate, 
the growth rate becomes kinet ical ly l imited at AT > 
100r Because of the existence of a nucleat ion barr ier  
that has to be overcome in polycrystal l ine film growth 
on foreign substrates, one is forced to work in  the ki-  
net ical ly l imited range, at least dur ing the nucleat ion 
stage of film growth. Also, in the preparat ion of p- type  
InP layers, it is necessary to work at relat ively high 
PCI.~ concentrations, which are usual ly one order of 
magni tude  larger than  those used in Ref. (12), thereby 
shifting the onset of kinetical ly l imited growth towards 
lower ATe, to suppress a high background donor con- 
centrat ion that arises when  working with XpcL3 < 1% 
(10). 

X- ray  pole figure studies of polycrystal l ine InP  films 
grown on C, Mo, or glass reveal that  the crystallo- 
graphic orientat ion of the ImP crystallites in such films 
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Fig. 6. Scanning electron micrographs of p-type InP layers on molybdenum and carbon substrates 

is random. Therefore, effects of the anisotropy in  
growth rate usual ly  average out in  polycrystal l ine film 
growth and the grains are more or less equiaxed (com- 
pare Fig. 6). However, drastic anisotropies in growth 
rate and dramatic increases in  its magni tude  may be 
induced by the presence of impuri t ies  which, in ex- 
t reme cases, lead to whisker growth that is detr imental  
to the preparat ion of solar cells. A study of the con- 
ditions and of the morphological  characteristics of InP  

whisker growth will  be presented in  a separate publ i -  
cation (13). 

Preliminary Polycrystalline CdS/InP Solar Cells 
Polycrystal l ine n - C d S / p - I n P  solar cells were pre-  

pared by depositing ~- 10 ~m thick layers of CdS onto 
the above-described InP films uti l izing a vacuum depo- 
sition technique described previously (14). A compari-  
son between the properties of a representat ive poly-  
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Fig. 7. Growth rate vs .  temperature difference between source 
and substrate, carbon substrate, vl ~- 30 cm/min, xPc13 = 2.3%. 

crys ta l l ine  th in  film C d S / I n P  solar  cell grown on a 
carbon subs t ra te  and of a typical  single crys ta l  CdS /  
InP solar  cell is made  in Table  I. The shor t -c i rcu i t  cur -  
rent  density,  Isc, is v i r tua l ly  ident ical  for  both  types  of 
C d S / I n P  solar  cells. However ,  the  open-c i rcu i t  voltage. 
Voc, and the fill factor,  F, of the  po lycrys ta l l ine  solar 
cell  a re  cons iderab ly  smal le r  t han  for  single c rys ta l  
devices. Therefore  the  solar  power  conversion effi- 
ciency, P, of the  p r e l im ina ry  po lycrys ta l l ine  cells de -  
scr ibed above is p resen t ly  l imi ted  to 2.8% as compared 
to 14% for annea led  single crys ta l  devices. Fo r  more  
de ta i led  informat ion  on the proper t ies  of our present  
th in  film C d S / I n P  solar  cells we  refer  the r eade r  to a 
for thcoming publ ica t ion  (15). 
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Film-Substrate Interaction in Si/Ta and 
Si/Ta 05 Structures 

A. G. Revesz and T. D. Kirkendall 

COMSAT Laboratories, Clarksburg, Maryland 20734 

ABSTRACT 

Gravimetric and SIMS analyses of vacuum-deposited Ta films on Si sub- 
strates as well as Ta205 films obtained by their thermal  oxidation demon-  
strate a significant interact ion in Si /Ta (Ta205) structures well below the 
usual  temperatures  required to form TaSi2 or SiO2 on silicon. The interaction 
begins dur ing the deposition of the Ta film, leading to the incorporat ion of 
silicon in the film. It is suggested that oxygen gettered by t an ta lum facilitates 
this process. During oxidation of the Ta film, the silicon in the film is co- 
oxidized and oxygen diffusing through the already formed oxide enhances 
the fur ther  ent ry  of silicon into the film. Oxygen diffusing through the com- 
pletely oxidized Ta film fur ther  reacts with the silicon substrate dur ing 
postoxidation hea t - t rea tment  in oxygen. There is no evidence that the in ter-  
action dur ing any of these three steps is caused by in termixing  elemental  
t an ta lum and silicon. The results of gravimetric  and SIMS analyses are 
qual i ta t ively consistent with the measured dielectric parameters  of the film 
and the observed electronic properties of the Si/Ta205 interface. 

Tan ta lum and n iobium oxides have recently been de- 
veloped as antireflection films in  silicon solar cells with 
increased conversion efficiency (1, 2). These oxide films, 
obtained by thermal  oxidation of vacuum-deposi ted 
Ta or Nb film, are noncrystal l ine with a high degree 
of shor t - range order. During the development  work, it 
has been observed that an unexpected interaction be- 
tween the film and silicon substrate occurs significantly 
below the temperatures  at which silicon is oxidized or 
Ta silicide is formed. This interact ion results in a 
graded refractive index of the Ta oxide film (3). 

Detailed investigations of the optical properties (4) 
and Rutherford backscattering (RBS) analysis (5) of 
Ta oxide films on silicon have revealed that these films 
are, to a first approximation, stoichiometric Ta205. 
However, their refractive indexes vary from ~-1.9 to 
~2.4, the part icular  value depending on the thickness 
of the Ta film, oxidation conditions, and postoxidation 
treatments.  This effect has been at t r ibuted to the in-  
corporation of varying amounts  of silicon into the non-  
crystall ine Ta~_O~. However, the amount  of silicon esti- 
mated by RBS analysis appears to be insufficient to 
explain the observed large variation, indicating that  
Si-O bonds present  in  Ta205 have a profound effect 
on the polarizabil i ty of the Ta-O bonds, and hence on 
the refractive indexes (4). 

The work reported herein is in tended to study the 
f i lm-substrate interact ion in S i /Ta  (Ta205) structures 
by secondary ion mass spectroscopy (SIMS) and gra- 
vimetry.  It is shown that silicon is already present  in 
the vacuum-deposi ted Ta film, and that  its amount  
fur ther  increases dur ing oxidation. However, the quan-  
t i tat ive aspects of the silicon incorporation are not yet 
ful ly resolved. This interact ion is compared with those 
observed in  other s i l icon/ thin film structures as well 
as with those occurring during hea t - t rea tment  of 
anodically prepared Ta205 films on tantalum. 

Experimental 
Polycrystal l ine (~-tetragonal) t an ta lum films about 

28 nm thick were deposited on silicon substrates in a 
vacuum of bet ter  than 10 -6 Torr  obtained with a dif- 
fusion pump using a l iquid N2 trap. The high pur i ty  
source was heated with electron beams and a shutter  
was used. The average area of the substrates was 4.05 
cm 2. The substrate tempera ture  during Ta deposition 

Key words:  solar cel ls ,  TaeOB fi lms,  Ta f i lms,  SIMS. 

was estimated to be less than ~50~ I In a few cases 
the films were deposited on previously oxidized (~250 
nm thick SiO2) Si substrates. Oxidation was carried 
out in  oxygen atmosphere at 530~ for 15 min. Under  
these conditions the t an ta lum was ful ly converted into 
a ~60 n m  thick Ta205 film. More details on preparat ion 
conditions are given in  Ref. (2), (4), and (5). 

Both the Ta and ra205 films were analyzed gravi-  
metr ical ly and with SIMS. For  the gravimetric ana ly-  
sis, the weights of four samples were determined from 
five measurements  performed with a Cahn microbal-  
ance (Model RH 2501 UHV, sensit ivi ty = 2 #g) at each 
of the following stages: before processing, after metal  
deposition, after oxidation, and following dissolution of 
the oxide film in HF. The results were evaluated by 
statistical methods. 

The SIMS analysis was performed wi th  a CAMECA 
ins t rument  using main ly  O2 + as the p r imary  beam, 
although some samples were also analyzed with an 
Ar + beam. (Qualitatively, the results were similar.) 
In  both cases, the profiles of two species were deter-  
mined simultaneously.  The pr imary  ion beam was 
raster scanned over a large area (~300 #m diameter)  
while the secondary ion collection was l imited to a 
small central region (,-,70 ~m diameter)  in the bottom 
of the crater to avoid edge effects. Since no standards 
were used, the results of this analysis were essentially 
qualitative. At the completion of the crater formation, 
a spectral analysis over the mass range of 190-270 
amu was taken  at the crater edge where all species in  
the exposed film could be measured simultaneously.  

The thickness of the oxide films was determined with 
ellipsometry. 

Results 
Gravi~netric analys~s.--The results of the gravimetric  

analysis are shown in Table I. Several points should 
be mentioned in connection with this table. The density 
of the Ta films, as calculated from the average weight 
and thickness is about 13 gcm-3. This value is less 
than the bulk density (16.6 gcm-3) ,  indicating that  
the Ta films are porous. The thickness of the oxide 

1 This temperature was estimated by considering that the  p o w e r  
radiated from tantalum at 3500~ is absorbed in the  s i l icon sam- 
ple held at 50 cm dis tance  f r o m  the  Ta  source .  T h e  absorbed 
power is then reradia ted  so that  the  Si sample  is in t h e r m a l  equi- 
l ibrium. The following a p p r o x i m a t e  va lues  w e r e  used  in the  cal- 
culation: emiss iv i ty  of  Ta = 0.1, absorpt iv i ty  and emiss iv i ty  o f  
s i l icon = 0.8. 

1514 
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Table I. Gravimetric analysis of four samples of thermally oxidized T0205 films on silicon 
(all weights are in #g) 

W e i g h t s  and  p r o b a b l e  error  of  ind iv idua l  s a m p l e s  
(5 d e t e r m i n a t i o n s  e a c h )  

Avg prob  
1 2 3 4 A v g  S t d  d e v  error*  

D e p o s i t e d  Ta 142 • 2.3 151 • 2.3 162 • 1.5 155 • 1.7 152 7.2 2.0 
O x y g e n  u p t a k e  34 • 1.9 43 • 1.7 41 • 1.4 33 • 1.6 38 4.3 1.6 
E x c e s s  o x y g e n  2.6 ~- 2.0 9.6 • 1.8 5.2 • 1.4 - 1.2 • 1.7 4.0 4.0 1.7 

2.6 - -  2.0 9.6 • 1.8 5.2 • 1.4 - -  5.8** 2.9 1.7 
wt of Ta + O 176 • 2.2 194 • 2.0 203 • 1.2 188----- 1.2 190 9.8 1.7 
Wt of ox ide  as d e t e r m i n e d  208 ~ 1.8 216 -- 1.7 214 • 1.2 203 • 2.0 210 5. t  1.7 

by HF dis so lu t ion  
Loss  of  Si a f t e r  d i s so lu t ion  32 ----- 2.3 22 - -  2.3 11 -~ 1.3 15 • 2.1 20 8.0 2.0 

* At t h e  u s u a l  50% c o n f i d e n c e  level. 
** T h i s  a v e r a g e  w e i g h t  is b a s e d  on 3 s a m p l e s ,  t h e  f o u r t h  b e i n g  e x c l u d e d  b e c a u s e  t h e  e r r o r  e x c e e d s  t h e  v a l u e  i tse l f .  

film calculated f rom the amount  of tan ta lum is 57 nm, 
assuming that  the oxide is Ta205 with a density of 8.0 
gcm -3 (the value for noncrystal l ine anodic Ta205). 
However ,  the exper imenta l ly  determined thickness is 
,~60 rim, indicating that  the density is less than 8.0 
gcm -8 and /or  the oxide is not pure Ta20~. For each 
sample the amount  of oxygen needed to convert  the 
par t icular  amount  of tan ta lum into Ta205 (corre-  
sponding to the highest oxidation state of tanta lum) 
has been subtracted f rom the oxygen uptake associ- 
ated with  the oxidation. Since, except  for one sample, 
the difference is positive, this difference is labeled ex-  
cess oxygen. 

Table I shows that  the sum of deposited tan ta lum 
and oxygen uptake is significantly less than the weight  
of the oxide film de termined  by dissolution. The rea-  
son for this is that  some amount  of silicon was lost 
when the oxide film was dissolved, as shown in the 
last row. The average  value  of the silicon loss reported 
here is less than the result  of the pre l iminary  invest i -  
gation (40 ~g) (3), but, statistically, it is still highly 
significant, as indicated by both the standard devia-  
t ion and average probable er ror  values. The previous 
result  was obtained wi thout  statistical analysis. Even 
if the unusual ly  strict 95% (ra ther  than the usual 50%) 
confidence l imit  is considered, the individual  er ror  
terms vary  f rom 25 to 52%. Hence, the loss must  be 
due to a real  effect. Indeed, no significant change has 
been observed in the weight  of s imilar ly t reated sili- 
con control samples wi thout  Ta film. Thus, it is con- 
cluded that  the Ta oxide film on silicon contains a 
significant amount  of silicon. This is the reason why  
the oxide film is thicker  than expected. 

The question of how this silicon is incorporated in 
the oxide cannot be easily answered. If it is assumed 
that  the Si is incorporated in the oxidized Ta film as 
SIO2, the amount  of excess oxygen taken up (average 
5.8 ~g) corresponds to 5.1 ~g St, much less than the Si 
loss (average 20 #g) determined by HF dissolution of 
the film. On the basis of el l ipsometric measurements ,  
the possibility that  there  is a discrete layer  of SiO2 
between the Si substrate and the Ta205 film has been 
el iminated (3). This suggests that  the silicon atoms 
in the noncrystal l ine Ta-O ne twork  form bonds with  
oxygen atoms which are associated with  one or more 
tan ta lum atoms. Consequently,  the O to Si ratio corre-  
sponds to 0.5 ra ther  than 2, as it would for SiO2 (if a 
uniform distr ibution of Si atoms in the oxide were  
assumed).  

Another  approach to the problem is to consider the 
density of the oxide film. F r o m  the weight  of tan ta lum 
and the oxygen uptake, the average density is 7.5 
gcm -3, whereas  its va lue  determined f rom the weight  
loss in HF is 8.3. These values can be compared with 
the reported density of noncrystal l ine anodic Ta205 
(8.0 gcm -8) and noncrystal l ine SiO2 (2.20 gcm-3) .  A 
fur ther  comparison can be made with  the "apparent"  
density of s imilar ly  prepared Ta205 films on silicon 
determined by RBS analysis [6.3-6.6 gcm -3 for about 
60 nm thick oxide films (5)].  These values have been 
obtained f rom the areal  density of Ta atoms using the 

ell ipsometric thickness value of the oxide, which is as- 
sumed to be Ta20~. The unreal is t ical ly low apparent  
density values indicate that  a significant amount  of 
foreign consti tuent in the oxide has not been detected 
with the RBS technique. 

The amount  of silicon determined grav imet r ica l ly  
corresponds to 0.85 Si a tom/Ta  atom in the oxide film. 
This value is much higher  than even the most con- 
servat ive  l imit  of detection of the RBS technique:  0.16 
Si a tom/Ta  atom (5). This discrepancy is not yet  re -  
solved, but  does suggest that  the ma jo r i ty  of the  Si 
atoms incorporated in the film are concentrated near  
the interface ra ther  than distr ibuted more uni formly in 
the film. The SIMS results, discussed below, corrobo- 
rate this hypothesis. On the other  hand, the behavior  
of the refract ive  index of Ta205 films on silicon indi-  
cates that, in qual i ta t ive agreement  wi th  gravimetr ic  
analysis, a significant amount  of Si-O bonds must  be 
present throughout  the oxide film. These considera-  
tions are based on the assumption that  the polarizabil-  
i ty of the Si-O and Ta-O bonds in these films is the 
same as in vi treous silica and anodic Ta205, respec-  
tively, and that  the bond polar izabi l i ty  is addit ive (4). 

In conclusion, the results of the gravimetr ic  analy-  
sis demonstrate  that  the rmal ly  grown TacOs films on 
silicon contain a significant amount  of silicon. This 
may qual i ta t ively  explain the large var ia t ion  in the 
refract ive index and its gradient  wi th in  the oxide 
(decreasing toward the Ta2OJS i  in terface) ,  but there  
is an unresolved discrepancy between these results and 
lhose obtained with  the RBS technique. 

SIMS analysis.--The results obtained for an as-de-  
posited Ta film on silicon are shown in Fig. 1, which 
indicates that all four species, 28Si+, 56Si2 +, 3202+, and 
6~SiO2 +, exhibi t  an apparent  gradient  at the outer sur-  
face. Since this gradient  occurs within an est imated 
thickness less than N10 rim, it  may be due to spurious 
surface effects; therefore,  it is designated as apparent.  
However,  no gradient,  not even an apparent  one, 
would have been observed unless these species were  
present  in the Ta film. 

In addition, the distr ibut ion profiles of both silicon 
species exhibi t  a kink on the Ta side of the Ta /S i  in ter-  
face, i.e., the number  of counts there is h igher  than 
expected f rom a sharp Ta /S i  interface. This also indi-  
cates that  some silicon is present  in the Ta film. Sig-  
nificant impur i ty  effects in Ta  films on silicon have 
also been observed with  the RBS technique;  they have  
been at t r ibuted mainly  to get ter ing of oxygen, but  it 
is also possible that  silicon is present  in the Ta film 
(5). 

Al though the Ta films are porous, they  are not dis- 
continuous in the sense that  x - r a y  surface diffraction 
analysis showed only the s t ructure  of tan ta lum but 
not of silicon. Also, ve ry  thin (~20 rim) Ta205 films 
are very  uni form morphological ly  and optically (4), 
indicating that  even Ta films which are much th inner  
than ,~28 nm are continuous. 

F igure  2 shows the results obtained with  Ta205 films 
on silicon using an Ar  + ion beam. Quali tat ively,  t h e  
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Fig. 2. SIMS analysis of Ta205 film on silicon. The beam is Ar +. a and b represent two separate scans on the same sample which has been 
prepared by thermal oxidation at 530~ of EB-deposited Ta on Si. The location of the Ta205/Si interface has been estimated from the 
negligible solubility of oxygen in silicon. 

essential features are the same as in Fig. 1; however,  
the 60SiO2 + leve l  is now uniform across the whole  
sample and both silicon species exhibit  an enhance-  
ment effect on the silicon side of the Ta2OJSi  inter- 
face. Comparison with  the 56Si2+ and 60SiO.~+ profiles 
obtained with an O., + beam (see Fig. 3) indicates that 
the enhancement of 5esi.~+ on the si l icon side of the 
Ta2Os/Si interface is probably due to the presence of 
an oxide film [a s imilar effect has been observed at the 
SiO2/Si inter~ace (6) ] ,  but the enhancement  of 6~ 
at the Si/Ta205 interface in Fig. 3 is probably an arti- 
fact caused by the 02 + beam. Obviously there is no 
SiO2 in the Si  substrate. On the basis of arguments 
similar to those used above for the Ta films on silicon, 
and from the qualitative feature of the  2ssi+ and 
~6Si2 + profiles, it is concluded that si l icon is present 
in the oxide film. 

The mass spectrum taken at the completion of the 
crater formation (Fig. 4) demonstrates that a large 
variety of Ta-Si -O complexes were present among the 
ions detected. It is possible that, due to some reactions 
wi th  the ion beam, not all the  species shown in the 
spectrum were present as such in the film and/or  not 
in that relative concentration. Nevertheless,  it is very 
unl ike ly  that all the  complexes resulted from spurious 
effects. 

Similarly,  it was observed that several constituents 
of a glassy substrate, especial ly silicon, became in-  
corporated in Ta20~ films obtained by thermal oxida- 
tion of sputtered Ta films (7).  In this case, the con- 
centration of si l icon was estimated as N0.5 atomic 
percent (a /o ) ,  most of which was in oxidized form. 
Apparently, some interaction took place between the 
glass and Ta and/or Ta205 film. Since si l icon is more 

reactive than glass, it is plausible that the concentra- 
tion of silicon in the Ta20~ film on silicon would be 
higher than in the case of a glass substrate. 

The possibil ity of an interaction with a silica sub- 
strate has not been investigated in great detail. Never-  
theless, it is instructive to compare the profiles shown 
in Fig. 2 and 3 with those characteristic of a Ta205 film 
on an oxidized silicon substrate (see Fig. 5). In this 
figure, the counts for both 6~ + and 56Si2 + on the 
Ta205 side of the Ta2OJSiO2 interface fall into the 
noise level,  whereas in Fig. 2b and 3 the 56Si2 + counts 
are higher than the 6~ counts and their noise 
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Fig. 3. SIMS analysis of Ta20~ films on silicon. The beam is 02  + .  
The inflection of the 6~ signal at the Ta205/Si interface is 
more pronounced than in the case of Ar § (Fig. 2b). 
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level is much less than  that  of the 6~ + profile. This 
may indicate that the extent  of the f i lm-substrate  in-  
teraction is less, if any, for a SiO2 than  for a Si sub-  
strate. 

Because of the interest  in applying Nb205 as an 
antireflection film in  silicon solar cells (1, 2), thermal ly  
grown Nb205 films on silicon were also analyzed to a 
l imited extent. The SIMS results were essentially the 
same as those obtained for Ta205 films. Pre l iminary  
Auger analysis indicated that silicon is present  at the 
outer surface of both Ta.~O5 and Nb205 films. 

The results of the SIMS analysis demonstrate  qual i -  
tat ively that  silicon is present  in  both vacuum-de-  
posited Ta and thermal ly  grown Ta_905 films on silicon 
substrates. Together with the results of the gravimetric  
analysis, they indicate a f i lm-substrate  interact ion in 
the S i /Ta  (Ta20~) structure.  

Discussion 
The results presented above show that an interact ion 

with the silicon substrate  occurs dur ing the vacuum 
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Fig. 5. SIMS analysis of Ta205 film on Si09. The beam is 02 +. 
The substrate is ~ 250 nm of Si09_ prepared by thermal oxidation of 
5i. The Ta205 film has been prepared by EB deposition of Ta with 
subsequent oxidation at 530~ for 15 rain in oxygen. 

deposition of the t an ta lum film, leading to the ent ry  of 
Si atoms into the metal  film. The compositionally 
rather  il l-defined th in  (,,~2 rim) oxide film that covers 
the silicon surface at room ambient  is probably de- 
stroyed dur ing this process. This interact ion must  be 
quite different from that  resul t ing in silicide forma- 
tion, since the tempera ture  of the substrate  (not pur -  
posely heated) is far below 650~ the tempera ture  at 
which TaSi2 has been reported to form in  sil icon-Ta 
film structures (8). 2 However, the observed interact ion 
resembles the diffusion of silicon into a Pt  film, which 
has been reported to proceed to the extent  of 20-40 rim 
dur ing the deposition process, and to be independent  of 
the deposition method. The silicon content of an as- 
deposited Pt  film on Si has been given as 3 a/o (9). 

Based on the assumption that oxygen is the only 
contaminant ,  it  has been inferred from RBS analysis 
(5) that oxygen is also present  in vacuum-deposi ted 
Ta films (corresponding to 0.15-0.60 O a tom/Ta  atom).  
Hence, the incorporation of silicon, e.g., by grain  
boundary  diffusion, into the Ta film may have been 
facilitated by oxygen due to the formation of strong 
Si-O bonds. Consequently, silicon incorporat ion occurs 
at a much lower tempera ture  than  that  needed to form 
TaSi2. 

Following the deposition, the oxygen content of the 
film rapidly  increases dur ing  thermal  oxidation, resul t -  
ing in  a Ta205 film. During this process, silicon already 
present  in the film is co-oxidized with t an ta lum and 
fur ther  interact ion with the Si substrate takes place. 
This process occurs at a tempera ture  at which only an 
extremely thin SiO2 film can be obtained when silicon 
alone is oxidized. To wit, oxidation of bare silicon 
at 600~ (as opposed to 530~ in  these experiments)  
for 30 min  results in  only a 2 nm thick SiO2 film (10). 
As ment ioned above, no oxidation of silicon has been 
observed at 530~ in  addit ion to the room ambient  
oxide fitm. 

The interact ion in the Si /Ta  (Ta205) s tructure re-  
sembles to some extent  the formation of an SiO2 layer 

2 In accordance with Ref. (8), l o w  a ng le  x-ray di f fract ion invest i -  
gation of Ta/Si s t ruc ture  hea t - t rea ted  at  500~ in neutra l  a m b i e n t  
did not  s h o w  the  p r e s e n c e  of  TaSis. 
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on the top of vacuum-deposi ted gold films on silicon 
substrates (11). That  process occurs at 150~176 
which is also well below the oxidation temperature  of 
silicon. The significant difference is that  gold cannot 
be oxidized so that  a separate SiO2 film forms, 
whereas the t an ta lum is oxidized to Ta205 film, which 
contains silicon associated with oxygen (Si-O bonds).  
However, there is also a strong similari ty:  in both 
cases the ent ry  of silicon into the metal  film, its migra-  
t ion there, and its oxidation are closely related proc- 
esses. In  the case of gold on silicon, this relationship 
is manifested in the fact that  no in termixing of silicon 
and gold (as shown by the disappearance of a sharp 
Si-Au interface in terms of both Si and Au dis t r ibu-  
tions) below the eutectic point (375~ has been ob- 
served when the sample is heated in  a nonoxidizing 
ambient,  thus precluding the formation of an SiO2 
film on the gold surface (11). Apparent ly,  a significant 
in termixing of gold and silicon at low temperatures  is 
possible only when the Si atoms can be tied to oxygen 
atoms. 3 That  is, the Au/SiO2 interface acts as a sink for 
the Si atoms migrat ing from the Si-Au mixed phase 
through the Au layer to the Au/SiO2 interface. 

According to the model proposed in  Ref. (11), the 
in termixed Si -Au layer  plays a key role in the forma- 
t ion of a SiO2 film on the gold surface. The RBS re-  
sults have shown that, in terms of t an ta lum distr ibu-  
tion, both the Si /Ta  and Si/Ta20~ interfaces are very 
sharp, indicating that Ta is not present  in  the Si sub-  
strate. Accordingly, the f i lm-substrate interact ion in 
Si /Ta  (Ta20~) structures must  involve some phenome-  
non other than the formation of an in termixed layer. 

It is interest ing to note that the SIMS results indi-  
cate the possibility of silicon enhancement  at the outer 
surface of Ta films (see Fig. 1). The reason for this 
effect may be a similar "sink effect" due to oxygen, 
since oxygen is also accumulated at the outer surface 
of Ta films. 

It is important  to realize that  during the thermal  
oxidation of a Ta film on silicon there is no sharp 
boundary  in  the oxygen concentrat ion between Ta205 
on the surface and "unoxidized" t an ta lum beneath  it 
(5). Therefore, concomitant with the formation of 
Ta205 and co-oxidation of silicon already present  in  
the Ta film, the oxygen concentrat ion fur ther  increases 
in  that region of the Ta film which has not yet  been 
converted into Ta2Ob. Thus, the ent ry  of silicon into 
the Ta film is fur ther  enhanced. This model is con- 
sistent with the observed decrease in silicon enhance-  
ment  at the outer surface after the Ta film has been 
ful ly oxidized (compare Fig. la  and 3). It also explains 
the decrease in the refractive index from the outer 
surface of the Ta205 film toward the Si/Ta205 interface 
(3, 4) ; this decrease results from the increased concen- 
t ra t ion of Si-O bonds toward the Si/Ta205 interface. 
This increase may be the reason for the presence of a 
k ink  in  the silicon dis t r ibut ion profile at the Si /Ta  and 
Si/Ta.~O5 interfaces. 

The f i lm-substrate interact ion in S i /Ta  (Ta2Ob) 
structures does not stop when  the Ta film is fully oxi- 
dized. It has been observed ~:hat the determinat ion of 
the end point  of the oxidation process is somewhat 
complicated by a continuous increase in  the oxide 
thickness and decrease in  the oxide refractive index 
(3). Similar  effects have been observed dur ing post 
oxidation hea t - t rea tment  in an oxidizing ambient  (4). 
These observations demonstrate  that the oxidation of 
silicon and its incorporation into the oxide film pro- 
ceed even when no more metallic t an ta lum is present. 
Furthermore,  this process also occurs at temperatures  
at which bare silicon cannot practicably be oxidized. 
This observation fur ther  emphasizes the role of oxygen 
in the fi lm-substrate interactions, especially its dif- 
fusion through the Ta205 film and its reaction with 

8 It should be noted that the model  proposed in Ref. (11) does  
not  provide an explanat ion for  the  observat ion that no Si-Au in. 
termixed layer formed below the eutectic  point  in a nonoxidiz ing 
ambient. 

silicon. It is important  to realize that  there are no 
grain boundaries present  in  the morphologically and 
optically very homogeneous noncrystal l ine Ta205 film. 
Hence, the migrat ion of silicon there cannot proceed 
via grain boundary  diffusion. 

The TarO5 films on silicon discussed in this paper  are 
noncrystall ine.  The properties of noncrystal l ine Ta205 
films obtained by thermal  oxidation of bulk  t an ta lum 
are not well known, but  noncrystal l ine Ta205 films 
prepared by anodic oxidation of t an ta lum have been 
studied extensively. For instance, it has been reported 
that oxygen can easily diffuse through anodic Ta205 
films in the tempera ture  range of 400~176 and then 
gets absorbed in the under ly ing  t an ta lum (12). Very 
significantly, the diffusion of oxygen through the 
anodic Ta205 film has not resulted in additional oxide 
growth when the anodic oxidation is reasonably thick 
(e.g., a 50 nm oxide has remained unchanged for 24 

hr at 500~ Thus, the bu lk  t an ta lum acts simply as 
an oxygen sink. Similarly, in  the case of S i /Ta  (Ta2Ob) 
structures, the silicon substrate may act as an oxygen 
sink after complete oxidation of the Ta film. It  can be 
estimated from the data in Ref. (12) that the diffusion 
of oxygen at 530~ through a 60 n m  thick Ta20~ 
film can oxidize about 20 ~g of silicon on a 4.05 cm 2 
wafer wi thin  20 min. The agreement  between this 
value and the measured silicon loss (Table I) is prob-  
ably fortuitous, but  the impor tant  point is that oxygen 
can be supplied for fur ther  oxidation through the al- 
ready formed Ta205 film. 

It is more difficult to explain why the oxidation of 
silicon proceeds at a lower temperature  at the Si/Ta20~ 
interface than at the Si/SiO2 interface (as is the case 
dur ing the usual  thermal  oxidation).  It may be argued 
that, before the oxidation of the Ta film is complete, 
oxidation of silicon already present  in  the Ta film 
may occur at a lower tempera ture  than oxidation of 
bulk silicon because in the former the Si atoms are 
not bound to other Si atoms. Thus, the si tuation is 
somewhat similar to the S i /Au  structure, where Si 
atoms arr iving on the gold surface also combine with 
oxygen at even lower temperatures  because they are 
not par t  of the silicon crystal. However, this is no 
longer the case after the Ta film has been ful ly oxi- 
dized. Thus, it is apparent ly  easier to t ransfer  a silicon 
atom from the silicon crystal into Ta205 than into SiO2. 

As a result  of the incorporat ion of Si atoms into the 
Ta20~ film, the Si/Ta205 interface does not coincide 
with the original Si surface or Si /Ta  interface. In  this 
respect, this process resembles the oxidation of silicon, 
which, under  proper conditions, results in a near ly  
perfect semiconductor- insulator  interface. The perfec- 
t ion of the Si/SiO2 interface results from two basic 
features: (i) a growth process (i.e., t ransfer  of Si 
atoms from the silicon crystal into the SiO2 film) by 
which the silicon surface is displaced from its original 
position into a new one which was formerly  in  the 
bulk, and (if) the s t ructural  flexibility of noncrysta l -  
l ine SiO2, which is essential for the accommodation of 
the two solids at the interface with m i n i m u m  dis- 
order (13). The Si/Ta205 structures exhibit  s imilar  
characteristics. Indeed, there are indications that  the 
Si/Ta205 interface has a perfection that is unexpected 
for an extrinsic (i.e., non-SiO2) oxide film on silicon 
(2, 14). 

The nature  of the Si/Ta205 interface is, of course, 
in t imate ly  related to the existence of the St-O, Si-O- 
Ta, and the somewhat improbable  Si-Ta bonds in the 
oxide. The mass spectrum in  Fig. 4 indicates a large 
variety of possible combinations of St, Ta, and O atoms. 
However, some of these combinations may not occur in  
the oxide but  may be artifacts produced in the course 
of the analysis. Polarizabil i ty considerations have in-  
dicated that this oxide somehow lies intermediate  be- 
tween Ta205 and SiO2, where the role of Si-O bonds 
appears to be disproportionally large and may even 
affect the Ta-O bonds (4). Unfortunately,  very  little 
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is known about  the  s t ruc ture  of noncrys ta l l ine  Ta20~ 
and the re la t ionship  wi th  its proper t ies .  However ,  f rom 
the above  discussion i t  is clear  that  a significant i n t e r -  
act ion occurr ing in S i / T a  and Si/Ta205 s t ructures  
p lays  a p redominan t  role  in obtaining an oxide film 
with  r e m a r k a b l e  propert ies .  Some of these proper t ies  
can be var ied  in a control led  manne r  wi th in  a ve ry  
wide range.  

Conclusions 
According to g rav imet r i c  analysis,  Ta205 films on 

sil icon subst ra tes  obta ined by  the rmal  oxidat ion  of 
vacuum-depos i t ed  t an t a lum contain  a significant 
amount  of silicon. Corrobora t ive  secondary  ion mass 
spectroscopy fur ther  indicates  tha t  silicon is a l r eady  
present  in the as-depos i ted  Ta film. These resul ts  agree 
qua l i t a t ive ly  wi th  the  behavior  of the  ref rac t ive  index 
and dielectr ic  constant  of these oxide films descr ibed 
previously,  a l though comparison wi th  former  RBS data  
shows an  inconsistency.  A model  is sugges ted  in which 
an  in terac t ion  be tween  si l icon and oxygen is respons i -  
b le  for  the  incorpora t ion  of silicon into the  Ta and 
Ta205 film at  t empera tu res  wel l  be low the usual  t em-  
pe ra tu re  for oxidat ion  of silicon. 
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Gel Formation in Negative Electron Resists 
Nobufumi Atoda and Hisazo Kawakatsu 

Electrotechnical Laboratory, Tanashi, Tokyo, 188 Japan 

ABSTRACT 

Exposure  character is t ics  of negat ive  e lect ron resists  a re  descr ibed on the 
basis of Char lesby 's  theory  on gel format ion  by  a chain reaction. By use of 
t h e  theory,  the impor tan t  resist  parameters ,  contras t  and sensit ivity,  can be 
r e l a t ed  to the chemical  p roper t ies  of the  resis t  mater ia ls .  Appl icab i l i ty  of 
the theory  to exposure  curves of Kodak  thin film resis t  (KTFR) ,  p o l y m e t h y l -  
v inyls i loxane  (PMVS),  and epoxidized po lybu tad iene  (EPB) is expe r imen ta l ly  
verified. The rad ia t ion  y ie ld  for the react ion in i t ia ted  d i rec t ly  by  the e lect ron 
i r rad ia t ion  and that  for the over -a l l  react ion p ropaga ted  via radicals  is 
s epa ra te ly  est imated.  I t  is found that  the  sensi t iv i ty  of s ty rene -bu tad iene  
copolymers  (SB) is increased by  an in t roduct ion of =-phenylmale imide .  This 
increase  in sens i t iv i ty  is also exp la ined  by  the theory.  The  observed lower ing  
in contras t  associat ing the  improvemen t  in sensi t iv i ty  by  ~ -pheny lma le imida -  
t ion in  SB, by  epoxida t ion  in polybutadiene ,  and by in t roduct ion of v iny l  
groups in polys i loxanes  is in good agreement  wi th  the theore t ica l  results.  
I t  is concluded tha t  if a resist  wi th  h igher  contras t  than  1.0 is required,  the  
chain reac t ion  mus t  be inhibi ted  so that  the  inhibi t ion  factor  is l a rge r  than  
about  0.5. 

Electron beam l i thography  has become impor tan t  
~n order  to fabr ica te  mas te r  masks  or  direct  devices 
hav ing  high resolut ion s t ructures .  If  the e lec t ron beam 
pa rame te r s  and  resis t  p roper t i e s  a re  p r o p e r l y  com- 
bined, a m i n i m u m  I inewidth  down to 1000A can be 
obta ined wi th  an e lect ron opr system of the  scan-  
ning electron microscope type  (1). However ,  for p rac -  
t ical  processes, fu r the r  deve lopment  concerning the 
pa t t e rn - f ab r i ca t i ng  speed is required.  The amount  of 
t ime  for wr i t ing  a des i red  pa t t e rn  is res t r ic ted  by  

Key words: electron lithography, chain reaction, radiation yield, 
contrast, sensitivity. 

the  e lect ron beam cur ren t  and the sens i t iv i ty  of the  
resist.  Since the e lec t ron cur ren t  is l imi ted  by  the 
br ightness  of the  e lec t ron source and decreases r ap id ly  
wi th  the  spot d i ame te r  (2), resists  wi th  h igh  sensi-  
t i v i t y  a re  needed for wr i t ing  the des i red  pa t t e rn  wi th  
sa t is factory  resolut ion in a reasonable  amount  of time. 

Resist  mater ia l s  are  classified into two categories:  
negat ive  resists, which are  c ross- l inked and conver ted  
to insoluble  gels by  e lect ron i r radiat ion,  and posi t ive 
resists, which are degraded  and dissolved in the i r -  
r ad ia ted  area. Negat ive  resists  are, in general ,  more  
sensi t ive than  posi t ive  resists, a l though posi t ive  re -  
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sists are preferable for high resolution applications 
(3). The comparat ively low resolution of negative 
resists is main ly  due to the fact that  electrons back 
scattered from the substrate cause a gradual  slope 
at the edge of the developed pat tern  (4). The extent  
of this effect strongly depends on the contrast, r, of 
the resist, which is defined as the slope of the expo- 
sure characteristic curve. It is noted that if negative 
resists with high contrast ( r  > 1.0) are properly proc- 
essed, resolutions close to the diameter  of the electron 
beam can be obtained (5). However, negative resists 
with high sensit ivi ty tend to exhibit  comparat ively 
low contrast, especially when the sensit ivity is im-  
proved by the introduct ion of a reactive chemical 
group, such as epoxy or vinyl. Then the contrast is 
lowered in comparison with that of the original ma-  
ter ial  (6, 7). 

In the present  work, gel formation in negative 
resists is studied on the basis of radiat ion chemistry, 
with the in tent ion of unders tanding  the dependence 
of contrast and sensit ivi ty on the chemical properties 
of resist materials.  The study on gel formation by 
electron irradiat ion can be reduced into two steps. 
The first is formation of cross-links by electron i r ra-  
diation, which is convenient ly  discussed in terms .of 
radiat ion yield, independent  of any  detailed mecha- 
nism. In  the second, gel fraction is related to the ex- 
ten,t of cross-linking. This problem has been theoret-  
ically treated in detail by Charlesby (8). A radiat ion 
chemical approach to the insolubil ization of electron 
resists has been first reported by  Ku and Scala (9). 
Although their result  provides valuable information 
as to dependence of the critical dose on chemical 
properties of resists, such as average molecular weight 
and radiat ion yield, it cannot offer any informat ion 
as to the impor tant  resist parameter,  contrast. More- 
over, it is not always applicable to every resist sys- 
tem. In  resist materials  which contain epoxy or vinyl  
groups, it is supposed that  the insoluble gel is formed 
through chain reactions of cross-linking. For such a 
case, a Charlesby theory on random cross-l inking 
(10), which is implicit ly postulated in  the t rea tment  
by Ku and Scala, is no ]onger valid. 

The chain reaction has been used to explain ex- 
per imenta l  results. Broyde has estimated the radia-  
t ion yield of Kodak thin film resist (KTFR) assum- 
ing the chain reaction (11). Paa] et el. (12) and 
Roberts (6) have at t r ibuted the high sensit ivi ty of 
newly developed resists to the chain reaction. How- 
ever, the applicabil i ty o~ chain process to the resist 
systems has not been fully verified. The work re-  
ported by Nonogald et el. is taken .as experimental  
evidence, in which the dependence of the sensit ivity 
of epoxidized polybutadiene (EPB) (13) on the epoxy 
content  is empirical ly formulated by  assuming chain 
process (14), whiJe Felt  et al. have observed little 
dependence in the same experiments  (7). Moreover, 
theoretical t reatments  and quant i ta t ive descriptions of 
contrast have not been reported. 

The theory on gel formation by the chain mecha- 
nism has been given by Charlesby (15). By use of the 
theory, contrast as well  as sensi t ivi ty can be related 
quant i ta t ive ly  to the extent  of chain propagation. In  
the present work, the applicabil i ty of the theory to 
exposure curves of KTFR, EPB, and P MVS (poly- 
methylvinyls i loxane)  (16) is examined. Further ,  the 
observed tendency that  improvement  in sensitivity 
by the introduct ion of vinyl, epoxy, or ~-phenylmale-  
imide (~-PMI) is accompanied by a lowering in  con- 
trast is studied according to the theory. 

Theoret ical  Basis 

Gel formation through a chain reaction.--A math-  
ematical analysis applicable to gel formation through 
a chain reaction has been given by Charlesby (15). 
It is assumed in the analysis that a double bond on a 

polyester molecule is converted to two radicals by 
irradiation, and that the radical reacts with a double 
bond on a neigtlboring molecule, forming a cross-l ink 
and at the same time producing a radical on the 
molecule. Another  assumption is the inhibi t ion of the 
reaction, which determines the length of the chain 
propagation. Thus the impor tant  mater ial  parameters  
are v, the average number  of reacting sites per mol-  
ecule of number  average molecular weight, and i, 
the inhibi tor  activity defined as the probabil i ty  that  
a growing chain is terminated at any  one step by 
cyclization, resonance stabilization, mutua l  t e rmina-  
tion of two radicals, or terminat ion by an additive. 

Charlesby's result  is presented in a form of some- 
what complicated simultaneous equations including 
a parameter  which should be el iminated by numerical  
calculations. On the basis that v is in general  large 
compared with one in actual resist materials, we can 
obtain rather  simplified formulas approximated from 
the original equations. The result  depends on the ini-  
tial molecular  weight dis t r ibut ion of the polymer. 
If all molecules are ini t ia l ly of the same size (uniform 
distr ibut ion)  

g = ! -- exp{-- 8gf(g, i)} [1] 

and for a random distr ibut ion 

1 
g = 1 -- [2] 

{1 + ~gf(g,i)/2} 2 

where g is the gel fraction and 5 the cross-l inking 
coefficient defined as the average number  of cross- 
l inked sites per molecule of weight average molecular  
weight, f(g, i) is a function of g and i, which implies 
the effect of the chain reaction 

2i 
g +  

1 - - i  
f(g, i) -- [3] 

(g + 5--2r 
If f(g, i) is equated to 1, Eq. [1] and [2] become 
the formulas for the case where cross-l inking takes 
place at random without any chain reaction (10). 

In  Fig. 1, calculated curves of Eq [1] (solid line) 
and Eq. [2] (broken line) for i = 0.04 and 0.25 are 
shown. Curves for nonchain  process are also shown 
for comparison, where the relationship between g 
and 5 is independent  of material,  and the gel point 
where gel formation first starts is 5m ~ 1. In  the case 
of the chain reaction, the same value of g as in the non -  
chain process is obtained at a value of 5 lowered by a 
factor 1/f(g, i) .  Since f (g , i )  is near ly  equal to 
2(1 -- i ) / i  for small g, the gel point  is 

i 
8m = [4] 

2(1 - i) 

Therefore, as shown in Fig. 1, the smaller  the value 
of i, the smaller  the gel point  and the slope of the 
curve. The effect of the molecular  weight distr ibution 
on the slope of the curve is also seen from the figure, 
that is, the slope for a random distr ibut ion (poly- 
dispersivity Mw/Mn -- 2, where Mw is the weight 
average molecular  weight and Mn is the number  
average molecular weight) is more gradual  than that  
for a uniform distr ibut ion (Mw/Mn = 1). 

In  comparison with exper imental  results, the gel 
fraction g is equivalent  to the normalized film thick- 
ness d/do, where d is the film thickness after devel-  
opment and do is the ini t ial  film thickness. On the 
other hand, in order to relate the cross-l inking co- 
efficient 5 with the exposure dose q, the absorption 
of i rradiated energy and subsequent  chemical events 
must  be known. These processes are described con- 
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Fig. I. Theoretical relationships between gel fraction g and cross- 
linking coefficient 8 for the cases without chain reaction and with 
chain reaction corresponding to an inhibitor activity i = 0.04 and 
0.25. 

venien t ly  by  use of the empirical  depth-dose func-  
t ion (17) and the radiat ion yield G defined as the 
n u m b e r  of cross-links effected per 100 eV of the 
energy absorbed. For a nonchain  process, a re lat ion-  
ship between 8 and q has been given (18), assuming 
no chain scission 

8 ---- 80{1 -- e x p ( - -  Kq/8o)} [5] 
with 

GMwAE 
K ~  - -  

50epNA 

where 50 is the total number  of cross-l inkable sites 
per  molecule, hE the energy absorbed per uni t  
length, p the density, e the electronic charge, and NA 
Avogadro's number .  In  electron resists, 80 is in gen- 
eral much larger than 100, whereas g e l  fraction al- 
most saturates when  8 is larger  than 10. Therefore, 
Eq. [5] can be reduced to a l inear  relationship be-  
tween  8 and q. 

In  the case of a chain reaction, 8 appearing in Eq. 
[1] and [2] is the over-al l  cross- l inking coefficient, 
including the effect of chain propagation. Since each 
radical produced directly by  electron i r radiat ion gives 
rise to a chain reaction l inking together 1/i molecules 
on the average ( in this sense, a - 1/i may be called 
the chain reaction coefficient), a l inear  relationship 
be tween 8 and q is obtained 

8 = Kq/i [6] 

The factor K determines the sensit ivi ty and therefore 
is called the sensit ivi ty factor in this work. 

Assuming the critical dose qm, defined as the min i -  
mum dose required for insolubilization, corresponds 
to the gel point  predicted theoretically, Eq. [6] yields 

G l  50epNASm 
G~ = ~ = [7] 

i -~wAEqm 

Here, G{ is the radiat ion yield for the reaction in i -  
t iated directly by the electron i r radiat ion and G~ 
is the radiat ion yield for the over-al l  reaction prop- 
agated via radicals. If i -- 1 and 5m ---- 1, Eq. [7] 
gives the formula derived by  Ku and Scala (9). 

Contrast and sensitivity.--Contrast is a measure of 
the gradient  of the exposure curve of the resist and 
is one of the ma in  factors de te rmin ing  the edge 
acuity of the exposed and developed pattern.  A 
gradual  slope at the pa t te rn  edge is a reflection, 
through the shape of the exposure curve of the resist, 
of the spatial dis t r ibut ion of the exposing beam and 
the subsequent ly  scattered electrons (19, 20). 

The definition of contrast as the slope of the l inear  
port ion of the exposure curve does not include the 
tai l ing at low dosages as in  the EPB results shown 
later, which effectively affects the cutoff of the edge 

(21). Moreover, exposure with low dosage is pref-  
erable for high resolution work since the effect of 
scattered electrons becomes significant in  the high 
dosage region. Thus, the slope between the critical 
dose qm and the dose required for d/do = 0.5, q0.5, 
is employed as the definition of contrast  and denoted 
ro.~ 

0.5 
to.5 - [ 8 ]  

log (qo.Jqm) 

In  many  cases, this definition gives a good l inear  
approximation to the lower portion of the exposure 
curve. 

A theoretical value of to.5 for a un i form dis t r ibu-  
t ion is given from the definition and Eq. [1] 

0 . 5  0 . 5  
t o . 5 - -  

log(b0.JSm) - -  log{1.39(1 + i)2/i(1 + 3i)} 
[9] 

where 80.5 is the cross-Iinking coefficient for g = 0.5. 
q0.~ is employed as a measure of sensitivity. Using 
Eq. [6] 

i80 .5  0.693i(1 4 -  i)2 
qo.s = , _ ~  [10] 

K K(1 4- 3i) (1 -- i) 

For a random distribution, s imilar  equations cart be 
derived which differ only in  factors, that  is, 1.39 
in  Eq. [9] is replaced by 1.66 and 0.693 and in  Eq. [10] 
by 0.828. 

Calculated results of r0.5 and q0.5 are shown in  
Fig. 2, where the curves with solid lines are for a 
uni form distribution, and those with broken lines 
are for a random one. q0.5 is a funct ion of both K 
and i, while to.5 is determined only by  i. The axes of i 
for uni form and random distr ibutions are shown on 
the right side. It is shown in the figure that when the 
inhibi t ion of chain reaction i decreases, the sensi- 
t ivi ty increases, while the contrast  decreases. It  is 
also shown that  wi th  an increase in  i, the contrast  
approaches saturat ion values, 3.5 in a uniform dis t r ibu-  
tion and 2.3 in a random distribution, which are the 
contrast values in the nonchain  process. On the other 
hand, with the increase in the sensitivity factor K 
as shown in  the figure for K ---- 104 , 10 ~, 106 , and 107 
(cm2/C), these curves are shifted la tera l ly  toward 
high sensit ivity without changing contrast. 

Exper imental  
Experimental procedures.--Resist materials  studied 

were KTFR (Eastman Kodak Company) ,  PMVS 
(Toray Silicone Company, SH 410), EPB (Tokyo 
Ohka Kogyo Company) ,  and a s tyrene-butad iene  
copolymer with a -PMi  (Somar Manufactur ing Com- 
pany) .  These materials  contain a double bond, epoxy, 
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Fig. 2. Theoretical relationships between contrast ro.~ and 
sensitivity qo.5 (C/cm 2) for the sensitivity factor K ----- 10 4, 10 ~, 
10 6, and 10~ (cm2/C). 
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Fig. 3. Comparison of exposure characteristics of KTFR, PMV$, 
and EPB with the theoretical curves. The curves with solid lines 
for K'I'FR and EPB are calculated from the equation for uniform 
molecular weight distribution, and the curve with the broken line 
for PMVS is for a random distribution 

or a-PMI which can ini t ia te  chain reactions, and the 
critical doses ranged from 1.5 • 10 .-9 to 2.7 X 10 -6 
C/cm 2. 

Resist films were prepared by the conventional  spin-  
coating method on a luminum films of about 150A 
thickness evaporated on glass plates. In order to pre-  
vent  spontaneous cross- l inking (22) affecting repro-  
ducibility, the resist films were coated just  before 
the electron exposure. After exposure to a un i formly  
diverging electron beam, the resist film was developed 
with the proper solvent. Then the thickness of the 
insoluble film left on the substrate d was measured 
with a Tolansky- type  interferometer.  

Results and discussions.--Gel-dose re~ation.--Mea- 
sured relationships between normalized film thickness 
after development  d/do and normalized exposure 
charge density q/qm for EPB and PMVS at the incid- 
ent electron energy E0 = 20 keV, and for KTFR at E0 
= ,40 keV are shown in  Fig. 3. The thickness of the 
saturat ion do is found to closely coincide with the 
ini t ial  thickness in PMVS and KTFR. In  EPB, deforma- 
t ion of the film dur ing  development  is significant in 
the saturat ing region. Consequently, measurement  of 
the saturat ion thickness is often affected, and the 
accuracy of the characteristics for EPB is not as pre-  
cise as for PMVS and KTFR. The obtained curve, 
however, is qual i ta t ively similar in shape to that  
given by Feit  et al. (7). 

By equating the exper imental  value of qo.5/q~ 
to the theoretical expression of 8o.J6r, by  Eq. [1] 
or [2], values of i and consequently of ~m by Eq. [4] 
are obtained. The curves in Fig. 3 are the calculated 
results. It  is seen that  the exper imental  points fit 
fair ly well to the calculated curves of Eq. [2] for i 
= 0.35 in  PMVS, and of Eq. [1] for i = 0.6 and 0.046 
in KTFR and EPB, respectively. 

In  order to estimate the radiat ion yield, hE is cal- 
culated using the depth-dose function given by Hoff 
and Everhar t  (17), and Mw is measured with a gel 
permeation chromatograph (Hitachi GPC-635). In  each 
resist, average values of hE and qm are used for dif- 
ferent  do. In  Table I the values obtained for i, 8m, Gi, 

. . . .  i . . . . . . . . . . . .  I i ,  
E e = 20 K e V  

lO  [] SB Stylene-butadiene copolymer . r . ~ z z ~ ~  

O SB + a - P M I  0 27 % , f ~  J 

~..~ ~,/~ , , , Ic ~ , , , I . . . .  ] , , , ' , , ,  

16 8 1,..57 l d  e 10 -5 

Exposure Dose q (C/crn z) 

Fig. 4. Variation of the exposure characteristic in SB due to the 
introduction rate of ~-PMI. The curves are calculated from the 
equation for random molecular weight distribution with the inhibi- 
tor activity i = 0.66 for the original SB, and i = 0.25 and 0.12 
for SB with 0.27 and 0.45 m/o a-phenylmaleimidized styrenes, 
respectively. 

and Ga are shown, together with the mater ial  and 
the exper imental  parameters.  Ga = 1.14 in KTFR is 
comparable to the value 1.20 which has been obtained 
by assuming that Gi is equal to the G value of KPR 
(Kodak photo resist) (11). The high sensit ivi ty (small 
value of qm) in EPB, in  spite of the small value of Gi, 
is due to the fact that 5m is much less than one and 
the mult ipl icat ion of the reaction by chain propaga- 
t ion amounts  to over 20 times. 

Radiat ion- induced scission was proposed as a part ial  
explanat ion for the slow rate of gel formation in  EPB 
by  Feit  et a/. (7). According to the theory of s imul-  
taneous cross- l inking and main  chain scission for a 
nonchain process (23), the max imum gel fraction 
attainable, go, decreases and the gel point increases 
with an increase in the ratio of degradation to cross- 
l inking,  Po/qo. However, it is found that when the 
calculated relationships between gel fraction and cross- 
l inking coefficient are reduced to a normalized form, 
g/go vs. 8/8m, the shapes of the curves are almost 
independent  of the value of Po/qo. Another  possibility 
is the scission of cross-l inks (7). In  this case, a t e rm 
of _q2 will  be added to the l inear  relat ionship be-  
tween 5 and q, since the increment  of scission is pro- 
portional to the number  of cross-links already formed. 
Then the gel-dose curve will become more gradual  
than those shown in Fig. 3 especially in the high 
dose region. 

Contrast and sensitivity.--It was found that the 
sensitivity of SB (s tyrene-butadiene  copolymer) can 
be increased by introduct ion of a-PMI (a -phenyl -  
maleimide) to phenyl  groups on the s tyrene molecules. 
In  Fig. 4, the exposure characteristics of SB's wi th  
0.27 and 0.45 mole percent  (m/o)  of a -phenylmale imi-  
dized styrenes are shown in  comparison with that  of 
the original SB which is a copolymer of 40 m/o  
s tyrene and 60 m/o  butadiene. I t  can be seen that  a 
lowering of the critical dose by over one order of 
magni tude  is achieved by  a small  introduct ion of 
~-PMI. This suggests that a chain process must  be 
included in the reaction. Comparison with the theoret-  
ical formula of the chain reaction for a random d i s -  

Table L Experimental parameters and  radiation yields 

Radiat ion y ie ld  for  
E lec tron  Critical  

Molecular__ e n e r gy ,  Eo dose ,  qm Inhibi tor  Gel  point,  Init iat ion,  Over-all  
Res i s t  w e i gh t ,  M,v ( k e V )  (C/cm~)  act ivity,  i 8m GI react ion ,  Gm 

KTFR 1.0 x I0 n* 40 2.7 x 10-' 0.6 0.75 0.60 1.14 
PMVS 2.3 x 105 20 4.0 x 10 -8 0.35 0.27 2.1 6.0 
EPB 3.8 • 10 ~ 20 1.5 x 10 -~ 0.040 0.024 0.36 7.0 

* Ref .  (11) .  
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Fig. 5. Comparison of experimental data on contrast r6.5 and 
sensitivity qo.~ with the calculated curves. Abbreviations used 
in the figure are as follows: EPX ~- epoxidation, V = introduction 
of vinyl groups, ~-PMI ~ ~-phenylmaleimidation. 

tr ibution, Eq. [2], shows that  the best fits are ob- 
tained when i = 0.66 for the original  SB, i = 0.25 
for SB with  0.27% ~-PMI, and i = 0.12 for SB with  
0.45% a-PMI. In the original  SB where  i ~- 0.66, the 
gel point  is close to 1 and the chain react ion coefficient 

is about 1.5. This means that  the chain process is 
not dominant  in the original  SB. The curves in Fig. 4 
are the calculated results, showing good agreement  
wi th  the exper imenta l  data. 

The observed var ia t ion of contrast  r0.~ and sensi- 
t iv i ty  q0.5 of SB wi th  the introduction ra te  of a-PMI 
is shown in comparison with  the calculated curve 
for K : 6.2 X 10 ~ (cm'~/C) in Fig. 5, where  the axis 
of the chain react ion coefficient ~ = 1/i corresponding 
to contrast  r0..5 is at the r ight  side. Similar  variat ions 
can be seen in exper imenta l  data previously  reported, 
which  are also shown in Fig. 5. EPB is reported to 
present  higher  sensi t ivi ty and lower  contrast  than the 
original  PB (1,4-polybutadiene, cB221) (7). The data 
are compared with  the calculated curve for K = 
1.5 X 106 (cm2/C).  It can be seen that, as suggested 
by Felt  et al. (7), gel format ion in CB221 includes 
chain processes, and the shift  towards high sensit ivi ty 
and low contrast  in EPB coincides wi th  the calcu- 
lated variation,  corresponding to the increase in the 
chain react ion coefficient ~ f rom 3 to 10. 

PMVS has a molecular  s t ructure  in which methyl  
groups of polydimethyls i loxane  (PDMS) are replaced 
by v inyl  groups to more  than 1 m / o  (16). Exper i -  
menta l  data of PMVS and PDMS (24) are shown in 
Fig. 5, compared with the calculated curve for K 
= 1.7 • 106 (cm2/C).  Exper imenta l  points of poly-  
methylcyclosi loxane (PMCS) and polyvinylcyclos i lox-  
ane (PVCS) obtained f rom exposure curves by Rob- 
erts (6) are a]so shown in comparison wi th  the cal-  
culated curve for K = 1.1 X 10 s (cm2/C).  Al though 
precise measurements  on molecular  parameters  and 
detai led invest igat ion into the gel format ion mechanism 
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in individual  resist mater ia ls  are not carr ied out, 
fair ly good agreement  be tween  the exper imenta l  d a t a  
and the calculated curves supports the applicabil i ty 
of the theory  to those materials.  

Exper imenta l  values of r0.5 and q0.5, a n d  e s t i m a t e d  
values of i, 5m, a, and K for each resist a r e  l i s t e d  in 
Table II. The value of i is obtained by equat ing ro.s 
to the theoret ical  formula  Eq. [9], then 8m is g iven 
by Eq. [4] and K is calculated f rom Eq. [6] using i, 
5m, and qm. The est imated values of K in each group of 
the resist mater ia l  are not grea t ly  changed by t h e  
improvement  in sensitivity. This suggests that  the 
change in G is not so significant as to result  in a n  
increase in sensi t ivi ty by one order or more, s i n c e  

Mw, the other  changeable paramete r  in K, is probably  
not changed significantly by the introduct ion of epoxy, 
vinyl,  or ~-PMI. In fact, Gi ~- 2.1 obtained for PMVS 
is comparable  to G - :  2.2-2.5 in PDMS obtained by 
i r radiat ion of 800 kV electrons (25, 26). Thus the im-  
p rovement  in sensi t ivi ty by the introduction of epoxy, 
vinyl,  or a-PMI is main ly  due to the increase in the 
subsequent  mult ipl icat ion of the react ion by chain 
propagation, indicated by a, and the decrease in the 
gel point 5m. 

As a result, it may  be concluded that  in order  to 
obtain resists with high contrast  and high sensitivity, 
la rge  K and small  ~ are preferable.  If  a high contrast  
la rger  than 1.0 is required,  the chain react ion should 
be restr icted so that  a is less than about 2, when the 
chain process becomes no longer  dominant,  as in 
P ( G M A - c o - E A )  (21), PDMS (16, 24), SB, and PMCS 
(6). 

Conclusions 
Exposure  characterist ics of negat ive electron resists 

are studied on the basis of Charlesby's  theory  on gel 
format ion  through chain reactions. By use of the 
theory, the impor tant  resist parameters ,  sensit ivi ty 
and contrast, can be related quant i ta t ive ly  to the 
chemical propert ies  of the material .  Some impor tant  
aspects are summarized as follows. 

1. It is exper imenta l ly  verified that  Charlesby's  
theory  on gel format ion by chain reactions is applic-  
able to exposure curves of KTFR, PMVS, and EPB. 

2. By use of the theory, the radiat ion yield for the 
react ion ini t iated direct ly  by the electron i r radiat ion Gi 
and that  for the over -a l l  reaction including the effect 
of chain propagat ion Ga is separately estimated. Gi 
is small even in EPB, the resist of the highest  sensi- 
t iv i ty  previously  reported. The high sensi t ivi ty is 
mainly  due to the decrease in the gel point and to the 
increase in the chain react ion coefficient. 

3. It is found that  the sensi t ivi ty of s tyrene-butadiene  
copolymers is increased by the introduct ion of a-PMI. 
This increase in sensi t ivi ty is also explained by  the  
theory. 

4. Theoret ical  formulas of contrast and sensit ivi ty 
are given as functions of the inhibitor  act ivi ty  of the 
chain reaction i and the sensi t ivi ty factor K. Improve-  
ment  in sensit ivi ty and associated lower ing in con- 
trast  by epoxidat ion in polybutadiene,  by a -pheny l -  

Table II. Parameters related to contrast and sensitivity 

Sensit ivity 
Sensitivity, Inhibitor Chain reaction Gel point, factor, K 

Resist mater ia l  Contrast, s qo.~ (C/era 2) activity, ~ coefficient, a ~m (era~/C) 

Polybutadiene 
Original (CB221) (7} 0.83 1.6 x 10-7 0.31 3.2 0.22 1.8 x 10 e 
Epoxidized (EPB-9) (7) 0.45 5.2 x 10 -T 0.099 10.1 0.055 1.4 • 10 e 

Polysiloxane 
Original (PDMS) (24/ 1.24 7.4 x 10-7 0.60 1.7 0.75 1.6 • 10 e 
Vinyl-introduced (PMVS) (24) 0.83 2.4 x 10-7 0.37 2.7 0.29 1.8 • 10 e 

Styrene-butadiene copolymer 
Original 1.36 2.1 x 10-o 0.66 1.5 0.97 7.0 • l0 s 
a-PMI 0.27% 0.65 3.8 x 10 -7 0.25 4.0 0.17 6.5 x 10 ~ 
a-PMI 0.45% 0.45 1.9 x 10-7 0.12 8.3 0.067 5.4 • 10 ~ 

Polycyclosiloxane 
Original (PMCS~ (6) 1.96 1.8 x 10 -s 0.72 1.4 1.3 9.3 • l0  t 
Vinyl-introduced (PVCS) (6) 0.52 7.0 • 10 -7 0.14 7.I 0.081 1.5 • 105 
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maleimidat ion in SB, and by introduction of vinyl  
groups in polysiloxanes are in good agreement  with 
the theoretical results. 

5. In order to obtain resists with high sensitivity, 
large K and small  i are preferable. On the other hand, 
for high contrast, i must  be large. If a contrast higher 
than 1.0 is required, the chain reaction should be in -  
hibited, so that  i is larger than about 0.5. 
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VPE Growth of n-AlAs on GaAs for 
Heterojunction Devices 

W. D. Johnston, Jr. and W. M. Callahan 
Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

Vapor phase epitaxial  growth of AIAs on Zn-doped GaAs substrates by 
chloride t ransport  in  an a l l -a lumina  reactor yields useful n-A1As/p-GaAs 
heterojunct ion material.  Smooth, p lanar  interfaces and gent ly  hummocked 
top surfaces have been obtained. The heteroJunctions are found to be abrupt, 
both metal lurgical ly  and electrically, and have been used to demonstrate  
large area, high efficiency solar cells. The ut i l i ty  of Mn and Be as p- type 
dopants for vapor  phase AlAs growth has been explored, without success. 

In contrast to the extensive (and highly successful) 
efforts which have been devoted to the preparat ion 
by liquid phase epitaxy (LPE) of heterostructure ma-  
terials and devices based on the AlxGal-~As-GaAs 
system, little interest  has been shown in the growth 
of such material  by vapor phase epitaxy (VPE). It  is 
much more difficult to prepare AlzGal-xAs of high 
qual i ty by VPE for x appreciably different from 0 
or 1. Alloys with x ~ 1 are unstable  in  moist air and 
are more difficult to contact and process than those 
with significant Ga content. To date, VPE AlAs has 
only been obtained as n- type  mater ial  and no satisfac- 
tory way to grow p- type layers of AlAs has been re- 

Key words: solar cells, vapor phase epitaxy, III-V compounds. 

ported. In  earlier work by Sigai et al. (1), a type-  
converted interracial layer was reported at the in ter-  
face between substrate GaAs and VPE AlAs. Taken 
together, the device potential  of VPE AlAs mater ial  
appeared discouraging, par t icular ly  in  contrast to the 
successes achieved with LPE heterostructure growth 
(2). 

We have recently reported progress in overcoming 
some of these difficulties, showing that  suitable ano- 
dization (3) of AIAs provides adequate protection for 
standard device processing, and that n-AlAs can be 
grown by VPE on p-GaAs substrates to provide 
mul t i - square-cent imeter  junct ions comparable in  
quali ty to LPE mater ial  of similar area, and having 
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similar potent ial  for high performance solar cells (4). 
This successful ini t ia l  demonstra t ion of useful AlAs 
device mater ial  makes fur ther  study of VPE AlAs 
worthwhile, and in this paper we describe our growth 
apparatus and technique, our observations of the rela-  
tion of surface morphology to growth variables, the 
bu lk  layer electrical properties and results of our 
efforts to grow p- type  material,  and the interface 
properties of our n-A1As/p-GaAs heterojunctions.  

Growth Apparatus and Technique 
Our growth reactor, shown schematically in Fig. 1, 

is similar in general  design to that described by Et ten-  
berg et al. (5). In  an effort to minimize problems (1, 5) 
arising from the reactivity of SiO2 with A1 compounds, 
we have completely excluded fused quartz components. 
All components in the heated zone, save for a small 
quantity of tungsten sheet (0.2 mrn • 1.5 cm 2) and 
wire (0.I mm• i0 cm) used for securing the sub- 
strafe, are made from 99.8% A1203 ceramic (6). This 
material is vacuum tight to at least 1300~ and tubing 
to 2.5 cm diameter by Im long has adequate mechanical 
strength for self-supported design. Our main reactor 
tubes (2m • 7 cm diameter, 0.4 cm wall) required 
over-all support to prevent cracking from their own 
weight under high temperature and high temperature 
gradient conditions. Provisions also had to be made 
for the tube to expand freely and move to relieve stress 
from thermal expansion. These ends were accom- 
plished by mounting the Al203 tube within a larger 
mullite tube, leaving an annular space of ~0.5 cm filled 
loosely with expanded alumina insulating beads. Con- 
nections to gas inlet lines were made through flexible 
stainless steel hose at one end, and via a lightweight 
neoprene bellows to a gate valve at the substrate in- 
sertion (exhaust) end. 

Since the growth of AiAs in the 1000~176 range 
is rather far from equilibrium, i.e., AlAs is formed 
directly in the mixing region, provision must be made 
to extend that region to accommodate substrate place- 
ment. In  the work described in Ref. (1) and (5), re-  
striction of the A1C1-H~ flow by a perforated plug was 
used to increase the stream velocity. We use a closed- 
end, 2.5 cm diameter  AleO3 tube to hold the a luminum 
source (5N metal) ,  with several 1 m m  holes drilled 
into the closed end (see Fig. lb ) .  Since we have noticed 
no impor tant  differences whether  one hole or twen ty -  
four are used in deposition geometry with the same 
total flow conditions, we feel that the stream velocities 
in  our apparatus are all sufficiently low as to be un -  
impor tant  compared to diffusive gas mixing. Neverthe-  
less, the restrictions tend to prevent  growth of AlAs 
wi th in  the A1 source tube, and we normal ly  use 20-24 
evenly pat terned perforations. We have grown layers 
with less than  10% thickness variat ion over 4 • 4 cm 
substrates positioned 2.5 cm from the tube  end. 

The a lumina  substrate support  tube is closed at the 
substrate end and contains a P t - P t / R h  thermocouple to 
monitor  t empera ture  at the substrate position. The 
motion required for substrate insert ion and with-  
drawal  is accommodated with a 1.2m long flexible 
"bellows" seal made from thin  wall, large diameter 
rubber  tubing. The assembly is leak-free under  vac- 

uum or H2 overpressure to 1400~ A three-zone fur-  
nace with independent  t empera ture  controllers pro-  
vides +_I~ stabil i ty in the source and growth regions. 

Addit ional  A1203 ceramic tubes permit  other metal  
species to be introduced into the growth region. Ga, 
Be, or Mn can be t ransported as chlorides by in t roduc-  
ing gaseous HC1 into the H2 flow through the appro- 
priate tube. In  the ini t ial  stages of this work, an A1C18 
subl imation source external  to the main  reactor was 
used. We were unable  to obtain good epilayer growth, 
which we at t r ibute  to the presence of excess HC1 
[A1C1 is the stable species at our growth temperatures  
(5)]. At the inlet  end of the growth apparatus the 
ceramic tubes are sealed with Viton O-rings and Monel 
fittings. The A1203 ceramic is nei ther  par t icular ly  
round nor smooth compared to fused silica tubing, but  
vacuum- and pressure- t ight  demountable  static seals 
can be achieved with care. The inlet  gas p lumbing  
utilized s tandard commercial stainless steel and Monel 
components and included manua l  differential pressure-  
type flow controllers. 

The apparent ly  tr ivial  task of devising a substrate 
holder proved difficult owing to the corrosive HC1/ 
A1C1 atmosphere, the large temperature  excursion, etc. 
Commercial "high a lumina" ceramic cements disinte- 
grate due to chloride attack on proprie tary b inder  
materials, apparent ly  sulfates and silicates or silica. A 
satisfactory solution was obtained with a small  quan-  
tity of tungsten  wire and sheet and small diameter  
a lumina rod as shown in Fig. lb. The tungsten  suffers 
typical hydrogen embr i t t lement  and eventual  fracture 
after several dozen growth runs, but  is available for 
inspection and replacement  after each run  as needed 
and does not appear to be attacked by the chloride 
vapors. 

In normal  operation the furnace is brought  to tem- 
perature  at about 100~ per hour  and main ta ined  at 
growth tempera ture  for many  runs. Cooling is accom- 
plished at a similar rate to avoid thermomechanical  
stresses on the a lumina  components. Except for modifi- 
cations, metals reloading, or cleaning, a flow of high 
pur i ty  hydrogen is mainta ined through the reactor 
tubing assembly. 

The growth sequence is straightforward: commer-  
cially obtained GaAs substrates, typically (100) ori- 
ented with a Syton-NaOC1 polish, were etched for 20 
min  in 4:1:1 H2SOjH~_O/H202, rinsed in deionized 
water, 2 % Br-methanol ,  and high pur i ty  methanol,  and 
mounted on the substrate holder rod. The air lock 
chamber is closed, evacuated, and flushed with H2, 
the gate valve to the growth reactor opened, the AsH~ 
flow initiated, and the substrate inserted, allowing a 
few minutes to equil ibrate at about 500 ~ and 800~ 
before insertion to the final ppsition in the I000 ~ 
II00~ range, The qua]ity of the GaAs/AIAs interface 
depends on the timing of initiation of HCI flow over 
the A1 during this insertion, since thermal etching of 
the GaAs is rapid at 1000~ and growth must start 
promptly. The HCI flow must not be initiated too soon, 
on the other hand, as the downstream I-ICI leads to 
chemical vapor etching at temperatures as low as 
600~ Both the high temperature thermal etching and 
the HCI vapor etching are selective and preferentially 

Ga,Be,Mn 
EXHAUST SUBSTRATE SOURCE H2+HCI 

H ~ H C  I / 
GATE VALVE PERFORATED ; l TUBE AND H2+AsH3 \ 

ALUMINUM SOURCE / 

Fig. 1. (a, left) Schematic drawing of growth reactor. (b, right) 

TUNGSTEN ~ ~.~"~o 
Ii ii |1 tJ 114. 

Hz+AsH 3 ( 

AICI §  2 

/ 
Detail of substrate holder and aluminum source tube 
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attack residual work  damage, points of dislocation 
emergence, etc. 

The typical flow rates for our reactor  are 4 cm3/ 
min for tIC1 and AsH3 and a total of 2 l i t e r s /min  of H2. 
(The HC1 and AsH3 are both obtained as 2% dilu-  
tions in H2, and fur ther  diluted in the reactor.) Re-  
actant flow is continued for the desired t ime (growth 
may  be var ied f rom N10 to ,-60 ~m per  hour) ,  af ter  
which the substrate is w i thd rawn  and reactant  fiows 
re turned  to pure  II2. Growth  of a l ternat ing layers of 
GaAs and AlAs is accomplished by par t ia l ly  wi th-  
drawing the substrate to an appropriate position in the 
600~176 range and switching the HCI flow from the 
A1 source to the Ga source, then revers ing the pro-  
cedure to grow another  AlAs layer, etc. In this way  
we have grown al ternat ing layers wi th  good planar i ty  
as thin as 0.5 ~m. 

The pr imary  at t ract ive feature  of VPE as com- 
pared to LPE or molecular  beam epi taxy (7) (MBE) 
is the potential  ease of t ransfer  from research scale to 
economical production scale growth. The a lumina 
ceramic components of our furnace are present ly  avai l -  
able commercia l ly  (6) in larger  sizes which would per -  
mit  a tenfold increase in production rate, f rom ~50 
cm2/hr which we have  achieved with  the apparatus of 
Fig. 1 (for 20 #m thick epitaxial  layers) to at least 600 
cm2/hr. Such a capabi l i ty  is of paramount  importance 
if significant penetrat ion of the space solar cell marke t  
[presently 500 m 2 per year  (8) for silicon arrays] is 
seriously contemplated, and absolutely essential for 
significant terrestr ia l  electric power impact  (9), for 
which a production capacity several  orders of magni-  
tude larger  must be considered. 

Surface Morphology and Reactivity of A lAs  Epilayers 
The nature  of the surface of our VPE AlAs epi-  

layers depends on growth  temperature ,  flow ratio of 

HC1 (over A1) to ASH3, absolute concentration of HC1 
and ASH3, total gas flow rate, substrate orientat ion and 
surface treatment,  position of substrate re la t ive  to the 
perforated end of the A1 source tube, the detailed 
sequence and timing of substrate insert ion and reactant  
flow initiation, and the long te rm history of the growth 
reactor. The last three factors arise f rom the necessity 
of growing at a t empera ture  substant ial ly lower  than 
would be desirable f rom thermodynamic  considerations 
of the As-A1C1 reaction kinetics (5). In the 1000 ~ 
l l00~ range this reaction goes s t rongly to form AlAs 
and the deposition range is l imited to a few cent imeters  
f rom the point of A1C1 injection into the As atmo- 
sphere. Growth occurs in the vicini ty  of the sub- 
strate on the reactor  walls, on the perforated tube end, 
and on the substrate holder  as well  as on the substrate, 
and eventual ly  the reactor  must be cooled down and 
cleaned of this deposit. As an al ternative,  the t empera -  
ture  at the growth region may  be raised temporar i ly  
above ~1300~ to move the deposit downstream from 
the substrate position. This permits  extension of the 
t ime between cleanings, which otherwise are  neces- 
sary after 30-40 hr  of growth operation. 

The epitaxial  surfaces may be grossly characterized 
as specular, as having hillocks or hummocks, or as 
terraced. Misfit dislocation arrays are apparent  as (110) 
directed rect i l inear  grids, most s imply seen in Nomar-  
ski in terference contrast  micrographs, and are a typical  
feature. The misfit dislocation arrays were  observed on 
all surfaces except those with  grossly disturbed topog- 
raphy. Examples of surface appearance are shown in 
Fig. 2. 

Several  distinctions may be made wi th  the more  
famil iar  VPE growth of GaAs layers. First, terracing is 
not a typical fea ture  of the AlAs layers, and appears 
to occur only in conjunction wi th  a characterist ic 
"rectangular  etch pit" a t tack of the substrate  pr ior  to 

Fig. 2. Differential interference 
contrast micrographs of surfaces 
of AlAs VPE layers: A _--hil- 
locks, growth at 32 ~m/hr; B 
"smooth," growth at 12 ~m/hr; 
C ~terraclng,  low As partial 
pressure; D ~ rough, disordered 
surface indicative of severe selec- 
tive thermal etching of GaAs 
substrate as in Fig. 5A. Surfaces 
A and B are more stable and sur- 
face D much less stable than sur- 
face C in humid air. 
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growth. This is an effect which may be prevented by 
ensur ing that  As vapor is present  at the concentrat ion 
to be used dur ing growth before the substrate is in -  
troduced into the high tempera ture  region of the re-  
actor and by proper sequencing of the HC1 flow ini-  
tiation. Terrace planes were observed in the t rans i -  
tion region between correct A]/As stoichiometry and 
the As-rich, Al-poor  per iphery  where spotty, im-  
perfect growth took place, using a single hole A1 
source tube and low A1C1/AsHs flow ratios. GaAs 
layers grown in this apparatus often showed stacking 
faults, par t icular ly  for growth above 800~ but  this 
behavior  was not seen for any AlAs layers grown up 
to the 1130~ max imum tempera ture  investigated. Sub-  
strate orientat ion is a mat ter  of some importance in 
obta ining smooth layers for GaAs, but  we were unable  
to observe consistent behavior for AIAs epitaxy, i.e., 
whether  orientat ion was nominal ly  on <100> or 2~ ~ 
off <100> [toward (110)] did not make much differ- 
ence. The growth rate and topography were deter-  
mined by local reactant  stoichiometry (mostly reflect- 
ing A1 source/substrate  geometry) .  In  several instances 
highly specular, featureless layers were grown at about 
half  the usual  growth rate on substrates that  ap- 
peared to be oriented almost exactly to the (100) 
plane, i.e., much more closely than the nominal  _+10' 
typical orientat ion accuracy. 

These differences may all be understood qual i ta-  
t ively as reflecting the very substant ial  depar ture  
from equi l ibr ium growth. For near -equ i l ib r ium 
growth relations among growth rate, stacking faul t  
occurrence, terrace formation, and surface energy are 
beginning to be understood (10), but  the re levant  ap-  
proximations do not apply for AlAs growth under  
our conditions. The typical hummock pat tern  is also 
seen for VPE growth of InP, AlP, GaAs, and Si when 
the substrate tempera ture  is low and reactant  supply 
high. At the highest growth temperatures  we invest i-  
gated, specular surfaces were more often obtained and 
hummock density was much reduced, but  difficulties 
with evaporation of the GaAs substrate  and deteriora-  
t ion of the bu lk  electrical properties of the AlAs layer  
became substantial .  

The stabil i ty of the AlAs layers in air depends on 
surface quality, relat ive humidity,  and surface post- 
growth history. Below about 25% relative humidity,  
surfaces with low hummock density form a protective 
oxide layer  and are stable against fur ther  change for 
several days. The layers may be stored without oxide 
formation in  a low humidi ty  env i ronment  (N2, dry  air, 
or O2) or under  hexane, tr ichloroethylene, etc. A con- 
trolled, stable oxide layer is most easily formed by 
anodization (3) in highly pure  water  (resistivity 
greater than 18 megohm-cm) to which HsPO4 has 
been added to modify the pH to the 1.9-2.0 range. 
This oxide is uni formly  formed regardless of surface 
topography on electrically uniform layers, in contrast 
to that produced by radio frequency plasma oxida- 
t ion (11) in  oxygen, which produces a uniform oxide 
only on the smooth surfaces. The rf plasma oxide is 
also substant ia l ly  less stable than the anodic oxide 
in  moist air. Both oxides are preferent ia l ly  attacked 
at mechanical  defects such as scratches, cleaved edges, 
and at the apexes of topographical features such as 
hummock peaks where the local surface curvature  is 
a maximum. 

Similar  surface effects were noted for interact ion 
with evaporated oxides. SiOx layers were found to re-  
act with as-grown AlAs preferent ia l ly  at regions of 
high local curvature,  followed by rapid deteriorat ion in 
moist air. SnO2-evaporated films react with AlAs at 
400~ in  dry air. Ind ium- t in -ox ide  (ITO, 91% In) 
films (12) did not react on smooth AlAs layers but  
were reduced on the hil lock-covered AIAs surfaces 
under  the same conditions. (A 400~ air  bake is used to 
convert the SnO2 and ITO films to a high conductivity, 

high t ransparency state from the as-evaporated state 
which is excessively deficient in  oxygen.) 

The solution to these difficulties is obviously growth 
at higher temperature.  However, as discussed below, 
this expedient may be undesirable  for other reasons, if 
the ul t imate goal is production of heterojunctions to 
GaAs. With careful control of substrate-A1 source 
geometry, reasonably smooth layers exceeding 15 cm ~ 
in area may be reproducibly grown as low as 990~ 
Such layers are ent i re ly  adequate for single hetero- 
s tructure device applications, but  the remaining  sur-  
face nonplanar i ty  gives rise to problems with mul t i -  
heterostructure mater ia l  as would be required, for in-  
stance, for continuous wave laser diodes. 

Electrical Properties of AlAs Layers 
The layers grown in this s tudy were all found to be 

n-type,  with conductivities ranging from 0.02 to 1.0 
~l-cm. Four  types of growth were attempted: undoped 
"high puri ty" layers (i.e., lowest a t ta inable carrier 
concentrat ion with highest Hall mobi l i ty) ,  undoped 
layers with reproducible and controlled carrier con- 
centrat ion in the 1017-10 is cm-3 range, and layers 
doped with Be or Mn, in tended to be p-type.  Electrical 
characterization was made by  the Van der Pauw (13) 
method using spark-formed contacts with 80 ~m 
Au-2% Sn wire. Conductivi ty type was verified with a 
thermal  probe. The results are summarized in Fig. 3. 

104 I rn~= 0"5 
m ~" : 0 . 8  

t02 ~e  9 

9 9  
9 9  

11 
13 
t3 1t 

10 t i i i,ltll i i ,, ,P, pll 

1017 1018 1019 

n(crn -3 ) 

Fig. 3. Mobility and carrier concentration from Hall measure- 
ments. The numeric symbols relate to growth temperature as 
(10 X symbol) + 1000 in r and represent runs for which flow 
rates and geometry were adjusted for maximum mobility. The solid 
points represent runs at I000~176 for which growth rates of 
~20 #m/hr, good large area uniformity, and fairly smooth surfaces 
were obtained together with a desired carrier concentration in the 
0.7-2.0 X 1018 cm -s range. The points marked p represent 
Be-doped material for which NBe ~ 4 X I0 TM, Nsi > 1019, NMg 

5 X 1017 cm -3 levels were inferred, and except for addition 
of BeCI2 were grown identically to the runs shown as points. Theo- 
retical curves represent limiting mobilities predicted: #I, from 
ionized impurity scattering assuming no compensation; #LO, from 
optic phonon scattering; and #ErF (~EFF -1 ---- /~LO -1 + #I--I). 
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After  a series of growth runs at constant tempera ture  
and flow conditions, samples of bulk AlAs ( N l g )  de- 
posited in the vicini ty of the substrate were analyzed 
qual i ta t ively  by emission spectroscopy and quant i ta-  
t ively  by atomic absorption spectroscopy. For the un-  
doped runs, par t icular  a t tent ion was paid to Mg, Cu, 
Fe, and Si on the basis of analysis of the A1203 
ceramic material .  Of these elements,  only Si was de- 
tected as a "faint trace," substantial ly below the quan-  
t i tat ive l imit  of 2 ppm. We can thus state that  less than 
2 ppm Si was present, wi th  a best es t imate of ,~0.2 
ppm. If  ful ly  electr ical ly active, this would provide an 
estimated donor concentrat ion of ,~1.6 • 1016 cm -3, 
near ly  two orders of magni tude  below that actual ly 
observed. Thus we conclude that  while  Si contamina-  
tion has not been el iminated in our apparatus, a nat ive 
defect donor is the more l ikely  cause of the observed 
n- type  conductivity. 

The level  of conductivi ty may be reproducibly con- 
t rol led by fine (i.e. mil l imeter  increments)  adjust-  
ment  of the A1 source/subst ra te  distance, by modifica- 
tion of the growth rate  through the absolute HC1 and 
AsH3 inlet flows, and to a lesser degree by adjustment  
of the HC1/AsH3 inlet  ratio or substrate  temperature .  
With increasing growth  temperature ,  the net donor 
concentration increased, passed through a max imum  at 
about 1090~ and then decreased again at higher  
temperatures.  Over  this range the mobil i ty  decreased 
monotonically.  The highest mobil i ty  is obtained at 
low temperatures  (~1000~ and low growth rates 
(,~10 ~m/hr ) ,  conditions which produce a combinat ion 
of hillocks and terraces on the surface and a moder-  
ately roughened layer-subs t ra te  interface. For  fixed- 
growth conditions, the net carr ier  concentrat ion is one 
of the most reproducible  features of our material,  va ry-  
ing less than 20% among repeated runs. This corre-  
sponds to the var ia t ion f rom corner to corner over  a 
given substrate and is about the same as the accuracy 
of our electrical character izat ion technique. 

It would be desirable to be able to prepare  p - type  
AlAs layers without  resort ing to postgrowth diffusion. 
Sigai et aI. (1) have reported a lack of success in grow-  
ing AlAs with Zn incorporat ion during growth. We 
have  tr ied incorporat ion of Be or Mn, both of which 
may be readi ly  t ransported as chlorides at the t em-  
peratures  in our reactor. With Be, we were  able to ob- 
tain levels of about 10 is cm -8 as de termined by atomic 
absorption spectroscopy. At the same time, however,  
about 2 • 1017 Mg a toms /cm 3 and 8 X l0 is Si a toms/  
cm 3 were  incorporated. The result  was compensated 
n- type  conductivi ty wi th  net donor concentrations in 
the 7-8 X l0 is range and Hall mobili t ies of 8-10. This 
more - than - th ree  order of magni tude  increase of Si ap- 
pears to be due to at tack on the A1203 ceramic by 
BeC12 vapor, in which BeO and A1C1 are formed. White 
needles were  observed growing from the A1 source 
tube in the vicini ty  of the subsfrate as welt  as on the 
walls of the Be source. Si is apparent ly  l iberated f rom 
the 0.1% SiO.~ impur i ty  content  of the alumina ceramic 
as volati le chlorides or oxychlorides and incorporated 
in the growing AlAs. The greater  fraction (~0.8) of 
the BeCI2 formed must  have reacted with  the A1203 
ceramic in this way to account for the quant i ty  of Si 
observed. The Be used contained less than 15 ppm Si 
and remains in solid form throughout  the growth pro-  
cedure so direct t ransport  of the observed quant i ty  of 
Si from the Be metal  seems unlikely. 

The observed Hall mobil i ty  and concentrations of St, 
Be, and net carriers are consistent with the assumption 
that  all the Be is present  as an electr ical ly active ac- 
ceptor, so it would appear that p - type  AlAs could be 
grown in an apparatus resistant to BeC12 attack. BeO 
ceramic tubing is an obvious choice but  was not avai l -  
able to us in the required sizes during this work. 

In contrast, the results with Mn are less encouraging. 
We were  unable to obtain Mn incorporai ton into the 
growing epiIayer, due to the format ion of Mn2As at the 

point of inject ion into the As atmosphere.  (A black 
crystal l ine mass, Mn2.lAs by analysis, was recovered 
f rom the region between the Mn source and the sub- 
strate.) The conversion of Mn to MnCle and trans-  
port  thereof  was quanti tat ive.  An a r rangement  where  
the Mn and A1 chlorides are mixed  and injected to- 
gether  into the As ambient  at the vicini ty  of the sub- 
strate would be more suitable. 

Also shown in Fig. 3 are theoret ical  curves of l imit -  
ing mobil i ty  due to scat ter ing by polar  optical phonons 
( ~ o )  and scat ter ing by ionized impuri t ies  (~i). The 
following equations were  used 

3.2 • 101~ (too~m*) 1/2e2T3/2/(ND -}- NA) 
~ I  - -  [ 1 ]  

ln[1.3 • 1014T2e(m*/mo)/ND -- NA 

~LO -~ O.199(T/300)l/2(e/e*)~(m/m*)3/2(lO22M) [2] 

X (1023Va) (10-13~) (e z -- 1) (e-~G (1)) 

In Eq. [1] [see Ref. (14)] ND and NA are the densities 
of donor and acceptor impurities,  e is the (static) di-  
electric constant (---- 10.9 for AlAs) and m* the electron 
effective mass. In Eq. [2] [see Ref. (15)] M and va are 
the reduced mass and volume of an A1 and As a tom 
pair, ~ is the LO phonon energy (49 meV),  e* is the 
screened chm'ge given (15 )by  0.0345 (1022~/) (10-~a,~) 2 
X (10)~3Va) (e~ -1 -- e -1) wi th  ~ the dynamic dielec- 
tric constant (---- 8.5). Numerica l  values for AlAs were  
taken f rom Ref. (16). The remaining factors are z -~ 

-5~/kT and e-~G c1~, a function plotted in Ref. (15) 
which varies f rom 0.65 to 0.75 for AlAs, 300~ n < 10 I9. 

N 

Equat ion [2] assumes the val idi ty  of Bol tzmann 
statistics and a simple parabolic band. The conduction 
band minima in AlAs may reasonably be assumed to 
lie at the X point, giving three  equivalent  (100) va l -  
leys, each presumably  ellipsoidal by analogy wi th  
GaAs. F rom symmet ry  considerations, the ground state 
of a donor impur i ty  must have a degeneracy factor 
g =. 2 or 4 (including spin).  Whi taker  (17) has mea-  
sured m*3/~/g and determined m* ~- 0.5 or 0.8, respec- 
tively. The relat ion for an effective mobi l i ty  ~,efr - l  ~_ 
~LO -1 -~ ~,i -1 is not str ict ly valid theoret ical ly (18) 
but is useful within the exper imenta l  l imits and the 
theoretical  approximat ion (single effective mass, para-  
bolic band) here. 

F rom Fig. 3 it can be seen that  polar optic mode 
scattering should dominate  at room tempera tu re  for 
carr ier  concentrations below about 10 is cm -3. For  car-  
r ier  or ion concentrations above about 2 • 10 TM, the 
scattering should predominant ly  arise f rom the impur -  
i ty ions. Qual i ta t ively  at least, the data points are con- 
sistent wi th  this picture. If the  value of 0.8 is correct 
for m*, our highest mobi l i ty  samples would appear  to 
be re la t ively  uncompensated.  The value of m* for the 
xl~ conduction band min imum in GaAs is known (19) 
to be 0.85, which lends some plausibil i ty to this a rgu-  
ment. 

AIAs-GaAs Interface and Junction Properties 
The difficulties encountered in growing p - type  AlAs 

by VPE ruled out the study of p-A1As/n-GaAs hetero-  
junctions at this time. We have, however ,  invest igated 
VPE grown n-p  and n -n  heterostructures.  The p lanar-  
i ty of the A1As-GaAs transit ion is a function of the 
substrate p regrowth  t rea tment  and the t iming of the 
thermal  e tch-growth  ini t iat ion sequence. In Fig. 4 are 
shown typical optical micrographs of cleaved sections 
for layers grown with  the empir ical ly  determined opti-  
mum sequence and with  ei ther  early or late in i t i a t ion  
of A1C1 flow. The distr ibution of in terface  roughness is 
easily seen on samples f rom which the AlAs layer  has 
been stripped wi th  2% HC1. The examples in Fig. 5 i l-  
lustrate the selective nature  of the thermal  etch, since 
the substrates are introduced into the reactor in an 
essentially featureless condition. A rough interface is 
undesirable since it gives rise to a roughe r - than -no r -  
mal top surface and because rough interfaces are as- 
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Fig. 4. Optical mlcrographs of 
cleaved sections showing AIAs- 
GaAs interface for optimum se- 
quence of substrate insertion and 
AICI flow initiation (A and B) 
and roughened interfaces for late 
(C) and early (D) AICI flow ini- 
tiation. 

sociated with poor heterojunct ion t -V characteristics. 
Optical micrographs such as those in Fig. 4 or similar  
ones taken after use of selective chemical stains (20) 
show no sign of an interracial  layer nor  an extended 
transi t ion region. This conclusion remains the same 
under  scanning electron microscope examination.  We 
believe that the A1-Ga t ransi t ion is in  fact atomically 
abrupt,  but  the precision of our measurements  dictates 
an upper  l imit  of 200A for metal lurgical  grading. 

The p - n  junct ion  for growth on Zn-doped GaAs sub-  
strates is located coincidently with the A1-Ga t rans i -  
tion. Figure  6 shows an electron beam-induced  current  
trace indicative of this. Addit ional  evidence is that In-  
Ga slush contacts melted to the substrate  surface after 
removal  (with 2% HC1) of the AlAs give a p- type 
thermal  probe result, and the photoresponse (4) ex- 
tends to 900 rim, completely rul ing out the possibility 
that the junct ion lies in the AlAs. Results of capaci- 
tance-voltage characterization of the junct ions (21) 
are well  fit by the abrupt  junct ion  Anderson (22) 
model. The slope of C -2 vs. voltage plots, and extrapo- 
lated voltage intercepts, are in excellent agreement  
with those calculated from the substrate and epilayer 
carrier concentrations deduced from Hall data. Appar-  
ent ly Zn diffusion from the substrate dur ing layer  
growth is not significant, at least over distances on the 
scale of the 250A depletion layer  width calculated for 
the ,~10 TM cm -3 doping in  these diodes. 

The current -vol tage  plots for these diodes follow a 
J ~ Js e x p ( e V / ~ k T )  dependence, with ~1 typically 1.95. 
Values of saturat ion current  density Js vary  over sev- 
eral orders of magnitude.  When growth variables were 
held constant, Js was found to be determined pr imar i ly  
by choice of substrate, with diodes grown on substrates 
cut from part icular  ingots grouping together. The 
open-circuit  voltage measured for solar cells at an i l-  
lumina t ion  in tensi ty  yielding Jph short-circuit  current  
density is given by  

Voc ,-, (~kT/q)In(3pJTs + I) 

This equation is valid for currents  where series re-  
sistance may be ignored and where ~ has a well-defined 
value. Except for diodes with poor contacts or patho- 
logical growth problems, this was found to be the case 
over several decades of junct ion  current  with ~ for 
various diodes in  the range 2 • 0.1. This suggests 
strongly that  genera t ion-recombinat ion  components 
dominate the reverse saturat ion current  density, which 
may then be wr i t ten  (23) as 

Js : k T ( A  ~ B ) / [ V D ( V D  - -  T~) ]1/2 

Here, Vo is the "bui l t - in"  voltage of the diodes as given 
by the capacitance-voltage plots and is 1.9-2.0V. A and 
B are constants depending on the mater ial  parameters  
of the AlAs and GaAs, respectively, and are given, for 
equal doping, by A ~. ni �9 1/• with ni the intr insic car- 
rier density, 1 the zero-bias depletion layer width, and 

the minor i ty  carrier l ifetime in the depletion region 
of the AlAs. A similar expression for B applies to the 
GaAs. Thus, at the i l luminat ion level producing a par-  
t icular short-circuit  photocurrent  density (25 m A /  
cm 2 is a convenient  number  corresponding roughly to 
unfocused terrestr ial  solar i l luminat ion) ,  the open-cir-  
cuit voltage for a given cell will vary  as 

Voc ~ 0.05 ln'~p + const. 

since ~1iAIAs < <  7/iGaAs. We  t h u s  can conclude on the 
basis of this model that the saturat ion currents  and 
hence open-circuit  voltages for our diodes should be 
determined dominant ly  by the electron lifetime in the 
p-GaAs. This has been verified by photoluminescence 
studies (21) on cells made on substrates cut from dif- 
ferent ingots of p-GaAs which were similar in elec- 
trical properties but  differed widely in  photolumines-  
cent efficiency. 
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Fig. 5. Differential interference 
contrast micrographs of top sur- 
face of GaAs after growth and 
removal of AlAs epilayer: A - -  
< 1 1 0 >  defined rectangular etch 
pits, late initiation of AICI flow; 
B ~ early AICI flow (thermo- 
chemical etching in As and HCI 
atmosphere); C ~ thermal etch- 
ing in As deficient atmosphere; 
D ~ interfacial surface for near 
optimum growth initiation. The 
best interfacial surfaces appear 
similar to the featureless regions 
inC. 

Fig. 6. Scanning electron (secondary emission) micrograph of 
n-AIAs-p-GaAs interface with superimposed AI K and Ga /.~ x-ray 
emission scans and electron-beam-induced junction current (EBiC) 
scan. 

Conclusions and Discussion 
The finding of principal  importance in  this work is 

that it is possible, by the use of commercial ly available 
high pur i ty  A12Q ceramic furnace components, to grow 
AlAs by VPE on GaAs substrates without  formation 
of a disturbed interracial  layer. This permits  the fab-  
rication of usefully efficient heterojunct ion solar cells 
which at present are performance l imited by the qual-  
ity of the substrate material.  In  several respects, how- 
ever, the a lumina  ceramic is less than ideal. Residual 
Si contaminat ion is still present, although we believe 
native donor defects to be the more l ikely cause of the 
m i n i m u m  carrier  concentrat ion of -~ 101~ cm -3 in  our 
highest mobil i ty  epitaxial AlAs layers. Our results with 
Be doping indicate that useful, p- type  VPE AlAs 
should be obtainable if the a lumina  ceramic were re-  
placed by a mater ial  not attacked by BeC12 (or A1C1) 
vapor in the 1100~ I-I2 ambient.  

The interface between the AlAs layer  and the GaAs 
can be reproducibly smooth and p lanar  over the en-  
t i rety of large area substrates up to 15 cm 2 at least. 
This requires growth at the lower end of the tempera-  
ture range for AlAs VPE and careful control of the 
thermal  etch-VPE growth transition. At these tem- 
peratures (1000~176 the AlAs surface morphol-  
ogy consists of hillocks, the density of which depends 
pr imar i ly  on substrate-A1C1 source spacing. The sur-  
face qual i ty  is not strongly dependent  on the crystal-  
lographic orientat ion of the substrate, growth tem-  
perature  gradient, or exact A1/As flow ratio, but  is 
moderately dependent  on absolute A1 and As supply 
rates. 

The heterojunct ion formed between the n-AlAs  and 
Zn-doped GaAs is well described by an abrupt  model. 
The reverse saturat ion current  of these junct ions is 
determined by the bulk minor i ty  carrier  l ifetime in 
the GaAs. For many  heterojunct ion device applications, 
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the low bandgap member  is the impor tant  one with re- 
gard to minor i ty  carrier life, and the qual i ty require-  
ments  on the wide gap member  are relat ively much 
less stringent.  Thus, in spite of the fact that  all our 
layers show misfit dislocation arrays of 105-106 em -2 
density, we have no evidence for deleterious effects 
arising from the interface. We have measured external  
shor t -c i rcui t -current  quan tum efficiencies exceeding 
95%, with antireflection coating, and these appear to 
be l imited solely by the electron diffusion length in  
the p-GaAs bulk. 

In  spite of e l iminat ing the interracial  layer  found 
by others (1, 5), we have obtained no improvement  in  
mobil i ty  or reduct ion in  donor concentration. A calcu- 
lat ion of the theoretically expected mobil i ty  should 
properly include (at least) the effects of polar optic 
mode scattering and ionized impur i ty  scattering which 
interact  in a complex way (18). Approximate calcula- 
tions indicate that  polar phonon scattering limits the 
mobil i ty  in AlAs at 300~ for electron concentrations 
below 10 TM in the absence of significant compensation. 
For total donor and acceptor concentrations above 
about 2 X 10 TM cm -3, ionized impur i ty  or nat ive de- 
fect scattering should dominate. Our results are con- 
sistent with these expectations. 

Manuscript  submit ted April  22, 1976; revised m a n u -  
script received June  14, 1976. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by 
Bell Laboratories. 
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Studies of the Push-Out Effect in Silicon 
II. The Effect of Phosphorus Emitter Diffusion on Gallium-Base Profiles, 

Determined by Radiotracer Techniques 

Christopher L. Jones and Arthur F. W. Willoughby 
Engineering Materials Laboratories, The University, Southampton, Hants S09 5NH, England 

ABSTRACT 

The push-out  of gall ium-diffused base layers undernea th  subsequent ly  
diffused phosphorus emitters, has been studied using 67Ga to obtain the com- 
plete t racer  profiles of the base both wi thin  and beyond the emitter. The 
profiles show two major  features which can be treated separately. Firstly, the 
depression of the base-collector junct ion in push-out  is found to be due 
ent i re ly  to movement  of Ga atoms, represent ing a very large enhancement  
of diffusion beyond the emitter. For the emit ter  diffusions used in this work, 
the magni tude of this enhancement  varies from ~8  for a I050~ emit ter  diffu- 
sion to ~ i 0 0  for a 900cC emit ter  diffusion. The mechanism of diffusion en-  
hancement  in p~sh-out  is discussed in the light of the new data, and is con- 
sidered to be due to production of an excess of a mobile point defect by high 
concentrat ion phosphorus diffusion. The na ture  of the point  defect, and the 
generat ion mechanism are, however, still to be resolved. Secondly, the tracer 
profiles also show a pronounced dip in  the gall ium concentrat ion wi thin  the 
emitter. It is shown that the electric field created dur ing the emitter  diffusion 
could be the cause of such a dip, and the dip position, predicted on such a 
model, is close to that found experimentally.  Similar  effects produced by the 
diffusion of arsenic emitters are compared with these new observations on 
the effects of phosphorus emitter  diffusions. 

The push-out  or emit ter -dip  effect is one of the most 
impor tant  anomalous diffusion effects that occur in the 

Key words: diffusion, enhancement,  emitter push, radiotracer, 
electric field. 

manufacture of silicon bipolar transistors (i, 2). The 
effect can be described as the depression of a base/ 
collector junction beneath a localized emitter diffusion. 
Figure i is a section through a pushed-out structure 
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emltler, n* 

base, p 

collector, n 

Fig. 1. Section through a transistor structure shewing the depths 
measured: x 9 the initial base depth, is measured before emitter 
diffusion; a, b, and c after the emitter diffusion. 

showing the deeper  penetrat ion,  c, of the base under  
the emit ter  compared with the base depth, b, away 
from the emitter.  The difference be tween the base 
depths, (c -- b), will  be referred to as the amount  of 
push-out.  

As discussed in Par t  I (3) of this work  push-out  
creates par t icular  problems in the fabrication of micro-  
wave n - p - n  transistors using phosphorus-doped emit -  
ters, yet the cause of push-out  is still not certain. Al-  
though there is a growing body of information con- 
cerning the influence of various process parameters on 
the amount of push-out, as measured by junction 
depths (3-8), there is still virtually no information 
about the shape of the pushed-out base doping profile. 
A certain amount of electrical profiling in the pushed- 
out base has been carried out (3, 4, 9, i0) but as 
pointed out in Part I (3) electrical profiling is of very 
limited value for studying diffusion processes because 
so little of the base profile can be measured. The pur- 
pose of this work was to gain a greater understanding 
of sequent ial  diffusions involving push-out by the 
radiotracer profiling of the complete base profile both 
within and beyond the emitter. 

The conventional boron base cannot be profiled by 
tracer techniques because boron does not have an iso- 
tope of sufficiently long half-life (SB and 12B half-lives 
are < 1 sec) so in this work gallium-base layers have 
been employed. In Part I (3) the push-out of gallium 
was compared with boron by junction depth measure- 
ments and found to be very similar. It is therefore felt 
that the results to be described below must be closely 
related to the usual boron-base, phosphorus-emitter 
structure. 

A preliminary report of the gallium tracer work has 
already been published (Ii). In the present paper the 
experiments are described in detail and the results 
are analyzed by considering the electric field effect and 
a general diffusion enhancement caused by the emitter 
diffusion. The possible reasons for this diffusion en- 
hancement, which produces push-out, are discussed in 
the light of the new information, and the possibility of 
predicting the complete base profile shape is also con- 
sidered. 

Exper imenta l  T e c h n i q u e s  
MateriaL--The silicon used was n-type,  5-10 ~l-cm, 

in (111) oriented wafer  form, chemical ly polished on 
one side. Before diffusion the wafers were  thoroughly 
cleaned as described in Par t  I (3). 

Gallium-base diffusions.--The open-tube system de- 
scribed in Par t  I was used to form the Ga-base layers. 
The source was Ga203 powder  containing the radio-  
isotope 67Ga. The use of ~TGa was prefer red  to the more 
usual 72Ga because of the former 's  longer  half-l ife.  
67Ga has a half-life of 78 hr and is a ~.-emitter, the 
main o-energy being 0.092 MeV. The sources were 
specially prepared from 67GaCl3 solution at the Radio- 
chemical Centre, Amersham, and the source mass was 
made as small as could conveniently be handled 
(~. 40 rag) so as to maximize specific activity within 
the limited total activity allowed for safety reasons 
(0.5 mCi). During a diffusion the source was at I050~ 
and the silicon samples at II00 ~ ~- 2~ while a mixture 
of H2 and iN._, gases transferred dopant from the source 
to the silicon (12). 

Phosphorus-emitter diffusions.--These were  carried 
out as described in Par t  I using a POC13 l iquid source 
at 0~ and an O2/N2 carr ier  gas mixture.  Two exper i -  
ments used an emit ter  diffusion tempera ture  of 1050 ~ _+ 
I~ and one exper iment  used a t empera ture  of 900 ~ • 
1~ A light weight  furnace boat was used to keep 
wafer  warm-up  t ime to a min imum and all samples 
were  cooled rapidly fol lowing the diffusion. 

Junction depth measurement--Junct ion depths a, 
b, c, and xj of Fig. 1 were  measured on stained grooves 
by sodium light in terferometry ,  see Par t  I. The mea-  
surements  were  made on test pieces processed at the 
same t ime as the samples used for profiling. 

Profiling.--Analysis of the diffused layers was made 
by layer  removal  combined with  sheet resistance and 
radioact ivi ty  measurements .  The layers were  removed 
by anodizing the silicon and then etching off the anodic 
oxide in HF solution. The thickness of each layer  was 
determined f rom the anodic oxide color which had 
been previously  calibrated. The 67Ga act ivi ty in each 
layer  of silicon removed was measured using a v-  
counting system consisting of a sodium-iodide wel l -  
crystal  scintillator, photomu]tip]ier,  amplifier, pulse 
height analyzer, ratemeter ,  and scaler / t imer .  Profiling 
was carried out both by counting the activity of the 
oxide etch only and by counting oxide etch and anod- 
izing electrolyte together  and, al though some gal l ium 
was found in the electrolyte,  profiles obtained by the 
two methods were  of closely s imilar  shape. To obtain 
the "electr ical"  impuri ty  profile on the same sample 
as the t racer  gall ium profile, sheet resistance measure-  
ments were  made after each HF  etch step using a four-  
point probe. The sheet resistance vs. depth data were  
converted to concentrat ion vs. depth profiles by the 
method of Evans and Donovan (13) and using Irvin 's  
(14) curves to convert  resis t ivi ty to concentration. The 
conversion of radioact ivi ty  measurements  to absolute 
gal l ium concentrations was not possible accurately by 
the normal  s tandardizat ion methods because of un-  
certainties in stoichiometry, moisture content, etc., of 
the gal l ium oxide source. (It must  be remembered  that  
the source was prepared  from GaC13 solution, not by 
irradiat ion of Ga203.) In view of this the conversion 
was made by superimposing the t racer  and electr ical ly 
obtained gal l ium profiles in the tail  region of the pro-  
file where  concentrations were  less than about 1018 
cm -3. At these concentrations the electrical parameters  
used are well  substantiated and therefore  it is a rea-  
sonable assumption that  the electrical profile is correct. 
In the following results the te rm "electrical  profile," 
for both gal l ium and phosphorus, refers to profiles ob- 
tained from electrical measurements  and converted to 
total concentrations via Irvin 's  curves as detailed 
above. At high phosphorus concentrations (>102o cm-3)  
the conversion parameters  are not well  substant iated 
and thus the form of the profile in this range is subject 
to uncertainty.  

Results 
Exper iments  were  per formed to examine  the effects 

of a high concentration phosphorus emit ter  diffusion 
on a previously diffused 67Ga base. Two emit te r  diffu- 
sion temperatures  were  used and in each case the en-  
tire pushed-out  base profile was determined and com- 
pared with  the nonpushed-out  base. 

1050~ emitter diffusion.--Two silicon wafers  were  
diffused simultaneously with ~TGa for 15 rain at II00~ 
The oxide was removed from one slice which was then 
given a 31,/2 min/1050~C phosphorus diffusion, and 
finally both samples were profiled. The electrical phos- 
phorus profile and the tracer and electrical gallium 
profiles are shown in Fig. 2. Conversion of tracer ac- 
tivity to gallium concentration was made by comparing 
the tracer and electrical profiles of the nonpushed-out 
base, as described above. The conversion factor is the 
same for both the pushed-out and nonpushed-out 
tracer profiles because the initial Ga diffusions were 
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Fig. 2. Profiles before and after push-out: (a) 15 min/1100~ 
Ga diffusion followed by 3 �89 min/1050~ P diffusion, (b) 15 min/ 
i100~ Ga diffusion only. - - [ ] - -  electrical P profile; - - X - -  tracer 
Ga profiles; - - - O  electrical Ga profile; 1" stained junction 
depths. 

performed simultaneously.  Electr ical  measurements  of 
the pushed-out  base (beyond the emit ter)  proved to 
be impossible in this exper iment  because of the low 
concentrat ion and narrowness  of the base. 

The junct ion depths by staining for this exper iment  
were:  a -~ 0.42 ~m, b ---- 0.42 ~m ~ xj, c ---: 0.62 ~m, so 
that  the push-out  was (c -- b) ---- 0.20 ~m. These 
depths are in good agreement  wi th  the junct ion depths 
inferred f rom the profiles a l though close to c t racer  
measurements  were  impract icable  due to the low ac- 
t iv i ty  of the th in  layers removed.  

The  gal l ium profile in Fig. 2(a)  is the first de te r -  
minat ion of the complete base profile in a pushed-out  
t ransistor  and it can be seen that  the profile is not 
gaussian or erfc, but  has a marked  dip wi thin  the emit -  
te r  at about 0.28 #m f rom the surface. 

A repeat  exper iment  was performed,  using as near  
as possible identical  conditions, and the results are 
shown in Fig. 3. The shape of the pushed-out  base is 
ve ry  close to that  of the previous exper iment  showing 
that  the profiles are highly reproducible.  

900~ emit ter  dif]usion.--Two wafers  were  diffused 
with  67Ga for 15 min at 1100~ and the oxide removed 
f rom one; both slices were  then placed in the phos- 
phorus-diffusion furnace for 30 rain (900~ In this 
way both slices received the same hea t - t r ea tmen t  but 
phosphorus only diffused into one slice, the other  being 
protected by its oxide. The resultant  profiles are shown 
in Fig. 4. As with  the previous exper iments  (1050~ 
emit ter)  a dip in the t racer  gal l ium profile occurs 
wi thin  the emi t te r  but the dip is now shallower, at 
0.23 ~m, and closer to the emi t t e r /base  junction. The 
wider  base width produced in this exper iment  al lowed 
electrical  profiling in the pushed-out  base and close 
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Fig. 3. Repeat experiment using the same conditions as Fig. 2. 
Symbols same as Fig. 2. 

agreement  is seen be tween  t racer  and electrical  profiles 
except  near  the emi t te r /base  junct ion where  the elec- 
trical profile falls more steeply due to compensation 
by the tail of the phosphorus profile. 

The junct ion depths by staining were:  a ---- 0.28 ~m, 
b ---- 0.53 #m, 1 c ---- 0.71 ~m, hence the push-out  was 
0.18 ~m. 

Some general  remarks  are appropriate  as a result  of 
the above exper iments :  

(i) In both exper iments  using the 1050~ emit te r  
diffusion the pushed-out  base was found, by in tegra t -  
ing areas under  the profiles, to contain approximately  
18% less gal l ium a toms /cm 2 than the init ial  base, 
while  in the 900~ emit ter  exper iment  the pushed-out  
base contained 2% more than the nonpushed-out  base. 
The last result  is the most significant because here both 
the pushed-out  and nonpushed-out  base received ex-  
actly the same hea t - t r ea tment  and the negligible dif-  
ference at 900~ indicates that  the loss of gal l ium ap- 
parent  in the 1050~ emit ter  exper iments  was simply 
due to the ext ra  hea t - t r ea tmen t  involved in the phos- 
phorus diffusion and not connected with  the presence 
of diffusing phosphorus. It is probable that  this loss is 
an out-diffusion process similar  to that  thought  to con- 
t r ibute  to the original profile, see Par t  I (3). 

(ii) In Fig. 2(b) and 3(b) there  is evidence of non- 
e lec t r ica l ly-act ive  gal l ium (or compensation) in the 
high concentrat ion surface regions of the nonpushed-  
out base whereas this does not apparent ly  happen in 
Fig. 4(b) where  the nonpushed-out  base underwent  
the 900~ min anneal  fol lowing Ga diffusion. 

(iii) The phosphorus emit ter  profiles are character-  
istic of shallow, high concentrat ion phosphorus diffu- 

1 T h e  d e e p e r  b a s e  in  t h i s  e x p e r i m e n t  c o m p a r e d  w i t h  t h e  pre -  
v i o u s  e x p e r i m e n t s  was  d u e  to t h e  u s e  of  a d i f f e r e n t  g a s  compos i -  
t ion  d u r i n g  Ga  d i f f u s i o n  w h i c h  g a v e  a h i g h e r  i n i t i a l  G a  vapor  
p r e s s u r e  and f a s t e r  s o u r c e  c o n s u m p t i o n .  
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Fig. 4. (a) 15 min/1100~ Ga diffusion followed by 30 min/ 
900~ P diffusion, (b) as (a) but protected from P diffusion by a 
covering oxide. Symbols same as Fig. 2. 

the base is to enhance the base diffusivity by an 
amount  x which is constant with t ime and depth 
(3, 6, 8). Such a model has been applied to the tracer 
gal l ium profiles as follows. 

First  theoretical curves were fitted to the  experi-  
mental  init ial  base profiles [e.g., Fig. 2(b) and 4(b) ,  
strictly speaking Fig. 4(b)  is not an initiaI base profile 
but  the difference should be negligible for this pur -  
pose]. These experimental  profiles are not erfc in shape 
because the very small  Ga203 source used in the tracer 
experiments  could not main ta in  a constant gall ium 
vapor pressure dur ing the diffusion. It is possible, how- 
ever, to fit gaussian curves over most of the experi-  
mental  points and the init ial  base profile is then de- 
scribed by 

N--Noexp ~ [i] 

where N = gallium concentration, No is the maximum 
value of N, x ---- depth, DI ---- effective base diffusivity, 
tl ---- effective base diffusion period. Both No and the 
product Dztt are obtained by fitting. The final profile, 
after emitter diffusion is then given by 

N = No D1h j exp 
Dztl + xD2t2 4(D~t, + xD2t2) 

[2] 

where x ---- diffusion enhancement  factor, D2 = normal  
gal l ium diffusivity at emit ter  diffusion temperature,  
and t2 ---- emitter  diffusion period. The pre-exponent ia l  
term in  Eq. [2] arises from the assumption that  the 
total number  of gall ium atoms is conserved. The only 
unknow n  in Eq. [2] is xD2, the enhanced diffusivity, 
since t2 is known and both No and D1h have been 
fixed by the fit to the init ial  profile. By adjust ing the 
value of xD2, Eq. [2] was fitted to the final profile at 
a concentrat ion of N ~ 1017 cm -8. Two examples of 
this procedure are given in  Fig. 5 and it is apparent  

sions below 1100~ (15) having a flat top and a kink. 
It can be seen that the k ink occurs at a lower con- 
centrat ion for the lower diffusion temperature  as found 
by Schwet tmann and Kendal l  (16). 

(iv) The tracer measurements  show that push-out  
is caused wholly by a real inward  movement  of gal l ium 
atoms dur ing the phosphorus diffusion ra ther  than 
being par t ly  due to some other process, such as con- 
version of the collector dopant to an electrically in-  
active form; a dist inction which purely  electrical mea-  
surements could not recognize. 

(v) It should be noted that  comparison of the 
pushed-out  and nonpushed-out  gal l ium profiles for a 
part icular  exper iment  can be made quite independ-  
ently of s tandardizat ion because the samples were 
diffused s imultaneously from one tracer source. 

(vi) The position of the dip in  the pushed-out  base 
relative to the emitter  is given increased accuracy in  
these experiments  because the emitter  and base profiles 
were obtained using the same depth data. In other 
words errors in the depth measurements  would not 
shift the gal l ium profile relative to the phosphorus 
profile: this is a considerable advantage over the tech- 
nique used by Ziegler, Cole, and Baglin (17) to mea-  
sure boron-base, arsenic emitter profiles. 

The results reported above give, for the first time, 
concentrat ion vs. depth distr ibutions of all the im-  
purities in a pushed-out,  diffused transistor. Possible 
reasons for the anomalous shape found in the pushed- 
out base are discussed in the following section. 

Discussion 
Enhancement of the tail of the pushed-out base . -  

The simplest model o f  push-out  assumes that dur ing 
the emitter diffusion the only effect the emitter has on 
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that  a reasonable fit is obtained to the exper imental  
profiles beyond the dip by using xD2 values of 0.197 
~m2/hr at 1050~ and 0.05 ~,m2/hr at 900~ The corre- 
sponding values for x are: x ~ 8 at 1050~ and 
x ~ 100 at 900~ these are only approximate since D2 
is not  known  precisely. The x (1050~ value of 8 is the 
same as that  calculated from junc t ion  depths (using 
Eq. [2] in  Par t  I) ,  and assuming gaussian distributions, 
in  the boron push-out  work of Par t  I, thus providing 
addit ional evidence that  gal l ium pushes out in  the 
same way as boron. 

The assumption, used above, tha t  the base diffusivity 
is constant with depth dur ing  the emit ter  diffusion is 
probably incorrect. Exper imenta l ly  Okamura (18) has 
found that uniform, heavy n- type  doping retards gal-  
l ium diffusion and the present  work shows that there 
is no extra out-diffusion due to the phosphorus dif- 
fusion (see 900~ emit ter  results) which suggests that  
the base diffusivity is not enhanced near  the surface. 
In order to estimate the importance of a varying dif- 
fusivity the si tuation was simplified as follows. Sup-  
pose D = D2 for 0 < x < Xk and D ___ xD2 for x > Xk, 
where Xk defines an imaginary  boundary  between the 
two regions of different D. The boundary  position was 
taken as the depth of the k ink in the phosphorus pro-  
file and it was fur ther  assumed that Xk = ht 1/2, where 
h is a constant obtained from the final k ink  depth at 
t ime t2. At the start of the emit ter  diffusion the whole 
of the base suffers an enhancement  but  as the diffusion 
proceeds the diffusivity in a growing surface region of 
depth Xk is not enhanced. This procedure has been 
applied to the exper imental  results of Fig. 2 and the 
final profile shape is shown in Fig. 6. A good fit is ob- 
tained in  the tail region using the same xD2 product 
as for the uni form enhancement .  The gal l ium profile 
has a k ink and a higher concentrat ion is retained near  
the surface than for the uni form enhancement  model. 

The above analysis demonstrates the point  made by 
Hu and Yeh (6) and discussed fully in Par t  I (3) that  
the amount  of push-out  is determined by the base dif- 
fusivity beyond the emit ter  irrespective of how the 
diffusivity varies inside the emitter.  Consequently, 
simple models assuming a uni form diffusivity of xD2 
are able to predict amounts  of push-out  quite well 
al though they are very much in  error  as regards the 
over-al l  profile shape. 
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Fig. 6. Calculated profile for a step-function change in D with 
depth, based on experiment of Fig. 2, and compared with experi- 
mental profile.. Theory; - - - A - - -  experiment. Gaus- 
slan initial profile as in Fig. $(a). xD2 ~ 0.197 #m2/hr. Boundary 
reaching 0.2/~m in 3.5 rain. 

Formation of a dip in the pushed-out base.--The 
simple diffusion enhancement  theories described above 
cannot give rise to a dip in  the pushed-out  base pro-  
file but  Hu and Schmidt (19) have shown theoretically 
that  the emitter 's  electric field could cause a dip in the 
base profile. In 1972 a dip in  a boron base following an 
arsenic emit ter  diffusion was measured exper imental ly  
by Ziegler, Cole, and Baglin (17) but  their  results did 
not prove conclusively that  the dip was caused by the 
field effect (20). On the other hand more recent  mea-  
surements  on arsenic emi t te r /boron-base  structures 
by Blanchard, Boris, De Brebisson, and Monnier  (21) 
using the ion microprobe have tended to support  Hu 
and Schmidt 's prediction. The results described in this 
work show for the first t ime that  a dip is also present  
when phosphorus is diffused after gal l ium and it  is 
shown below that these results are consistent with an 
electric field model. The sequential  diffusion equations 
deduced by Hu and Schmidt cannot be used directly in 
this case because the equations do not give the cor- 
rect form for the phosphorus emit ter  profile. 

When the only "driving forces" for diffusion are the 
concentrat ion gradient  and an electric field the flux of 
ionized base dopant  atoms is given by 

Jx = - - D ~ .  - -  s~dV~ [3] 

where Jx ----- base impur i ty  flux in the + x  direction; 
s ---- charge state of the impuri ty ;  ~ ---- drift  mobil i ty of 
the impuri ty ;  and ~ = electric field, defined as posi- 
tive when the force on an electron is in the + x  direc- 
tion. The field term in  Eq. [3], s#N~, can either assist 
the concentrat ion gradient  or act against it depending 
on the direction of ~, and, if the field is sufficient, 
diffusion "up" the concentrat ion gradient  is possible. 
The way in which the field could produce a dip can be 
described qual i ta t ively as follows. Suppose an impur i ty  
has been diffused from the surface to give the profile 
shown in  Fig. 7 (a) and an electric field is then applied 
such that the field is constant to a depth A and zero 
beyond this, see Fig. 7 (b). Let the field have the direc- 
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t ion and s t rength  to overcome the concentrat ion gradi -  
ent so that  the impur i ty  flux is negative, that is toward 
the surface, for 0 < x < A. If diffusion now continues, 
then as far  as the impuri t ies  beyond A are  concerned, 
the region 0 < x < A appears as a sink since any im-  
pur i ty  crossing x = A in the - - x  direct ion is swept 
toward the surface by the field which also prevents  
impuri t ies  crossing in the opposite direction. The pro-  
file is then depleted close to A and piled up near  the 
surface. The result  is a dip centered on x = A as shown 
in Fig. 7(c) .  

In order to see whe the r  a situation such as that  de-  
scribed above arises in practice, the magni tude  and di- 
rection of the electric field created by phosphorus 
diffusion has to be calculated. Assuming electronic 
equi l ibr ium is easily mainta ined during diffusion the 
Fermi  level  can be considered constant throughout  
the diffusing layers so the electric field is g iven by 

1 d (Ec  - -  F )  
= - - -  [4] 

q dx  

where  q = electronic charge, Ec = conduction band 
edge, and F = Fermi  level. Equat ion [4] can be used 
to calculate the field provided the variat ion of (Er -- F) 
wi th  x is known. The dependence of (Ec -- F) on donor 
doping concentration, ND, at a par t icular  temperature ,  
T, was calculated using Fermi -Di rac  statistics and as-  
suming (i) that  the phosphorus donor level  is a dis- 
crete level  0.045 eV below Ec and (ii) that  the bandgap 
is given by Eg(T) = [1.21 -- 4.1 • 104T~ eV (22). 
This informat ion was then used to determine  (Ec -- F) 
vs. x for the exper imenta l  ND vs. x profiles. The 
method used to calculate Fermi  levels is l ikely to be in 
er ror  at high concentrations (>1020 cm-S) due to 
heavy doping effects, but this is not significant at the 
levels impor tant  in this analysis. One of the band dia- 
grams obtained is shown in Fig. 8 and beneath this is 
the field distr ibution calculated using Eq. [4] on the 
band diagram. 

The field is in the r ight  direct ion for dip formation, 
and to test whether  it has sufficient s t rength the flux 
equation, Eq. [3], has been used with  the gaussian fits 
to both the initial and pushed-out  Ga profiles (Fig. 5). 
The flux equation is first rewr i t t en  using the Einstein 
relation, # = qD2/kT (where  k is Boltzmann's  con- 
stant),  and putt ing s = --1 for Ga, and dN/dx = 
--xN/2Dt for gaussian profiles. Then 

Jx = D2N - ~  + - - ~  [5] 

For  the 1050~ emit te r  exper iment  the gaussian profiles 
shown in Fig. 5(a) were  used together  wi th  the field 
distr ibution of Fig. 8 to calculate Jx/D2 at various 
depths from Eq. [5]�9 Table I gives the results of these 
calculations which show that  the field overcomes the 
concentrat ion gradient  and the impuri ty  flux is toward 
the surface over  a region with  an upper  l imit  0.25 ~m 
from the surface and a lower  l imit  which is approxi-  
mate ly  0.15 ~m from the surface; the lower  l imit  is un-  
certain due to heavy doping effects but it is the upper  
l imit  which is closely related to the dip. Using different 
assumptions the upper  l imit  is calculated (see Table I) 
as 0.32 ~m and the lower  l imit  as approximate ly  0.1 ~m. 
The position of the bot tom of the dip expected on this 

Table I. Jx/D calculations for experiment of Fig. 2 

J~/D using Jx/D using 
Depth, initial gaussian final gaussian 
x, #m I0 ~ em -~ i0 ~ cm-a 

0 .10  + 1 .38  - 0 . 1 8  
0 .15  - 0 . 3 2  - 3 . 1 2  
0 .20  - 17 .70  - 19 .65  
0 . 2 5  - 0 . 5 2  - 5 . 4 7  
0 .30  + 1 .71  - 1 .44  
0 .35  + 1 .46  + 0 .95  
0 .40  + 0 .7 2  + 1 .69  

( E = - F )  ,n eV 
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Fig. 8. Band diagram and field distribution at end of 1050~ 
emitter experiment (Fig. 2). 

basis (and considering Fig. 7) is be tween  0.25 and 0.32 
~m which agrees well  wi th  the actual position of 0.28 
~m. Similar  analysis for the 900~ emit ter  exper iment  
predicts a dip in the region 0.22-0.25 ~ n  which again 
agrees well  wi th  the measured position of 0.23 #m. 

The above calculations can be  summarized as fol-  
lows: (a) the emit ter ' s  electric field is capable of pro-  
ducing a dip in the base profile, and (b) the predicted 
position of the dip agrees very  well  wi th  the  measured 
position. 

Possibility o] predicting the complete base profile.-- 
In principle the above analysis could be developed to 
predict  the entire base profile but  before this can be 
accomplished the var ia t ion of the electric field, ~, and 
the base diffusivity, D, wi th  both x and t must  be es- 
tablished. As shown above, ~ can be obtained f rom the 
phosphorus doping profile but  the change of this wi th  
t ime is not well  characterized because of the anomalous 
nature  of high concentrat ion phosphorus diffusion. For  
the purpose of calculating the base profile the cause 
of anomalous phosphorus diffusion need not be known, 
only the exact shape of the profile at any time, for 
which the analysis by Tsai (15) applies. 

It has been shown above that  beyond the emit ter  the 
base diffusivity can be considered constant at xD2 but 
inside the emit ter  there  are three possible ways in 
which D could vary. These are: 

(i) The push-out  enhancement  factor X may vary  
with depth inside the emitter.  This wil l  depend on the 
enhancement  mechanism which, of course, is not yet  
established. Hu and Yeh's (6) vacancy generat ion by 
climbing dislocation mechanism leads to a x which 
f rom being uni ty  at the surface increases wi th  depth 

unti l  it reaches a constant va lue  for x > 2~/D3t2 = the 
emit ter  diffusion length. Other  models of diffusion en- 
hancement  (23, 24) have not been developed suffi- 
ciently to indicate how x varies wi th  x. 

(ii) The Fermi  level  may  affect D2 via changes in the 
charged defect populations; assuming the base im-  
pur i ty  diffuses by a defect mechanism. If acceptor im-  
purit ies diffuse mainly  via posi t ively charged v a c a n -  
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cies, as suggested by Makris and Masters (25), the 
base diffusivity would be reduced inside the emit ter  
because fewer vacancies could exist there in the posi- 
t ively charged state. The size of this effect depends on 
the relative importance of positively charged and 
neut ra l  vacancies in  the diffusion of an acceptor and 
on the position of the vacancy donor level at diffusion 
temperatures,  both factors are uncer ta in  at present.  Hu 
and Schmidt (19) did not include this effect in their  
sequential  diffusion theory (arsenic emit ter)  but  Hu 
(26) accepts that  it may be important .  

(iii) Ion-pai r ing  of emit ter  and base dopants pre-  
vents some of the base dopant from diffusing in the 
normal  way. Reiss, Fuller,  and Morin (27) have shown 
that ion pair ing can be described in terms of a con- 
cent ra t ion-dependent  diffusivity which is always 
smaller  than the diffusivity in the absence of pairing. 
The extent  to which pair ing occurs at diffusion tem-  
peratures is not definitely known  but  Fair  (28) has in -  
corporated it into Hu and Schmidt 's  sequential  diffu- 
sion theory for the arsenic emitter, boron-base struc- 
ture  and in  his t rea tment  it has a small but  noticeable 
effect on the base profile wi thin  the emitter.  

The combined influence of Fermi- leve l  and ion-pa i r -  
ing effects can be determined exper imenta l ly  using 
Okamura 's  approach (18,40). He diffused low con- 
centrat ion radiotracer Ga into silicon uni formly  doped 
n- type  and found that  at 1200~ Ga diffusivity was 
more than halved when the donor doping level reached 
1020 cm -3. Exper iments  at lower temperatures  and 
higher donor concentrations are required to cover more 
emit ter  diffusion conditions. 

From the foregoing discussion it will be realized that  
the prediction of a complete pushed-out  base profile is 
not easy. However, now that  exper imental  profiles are 
available for the first t ime the correctness of any model 
used can be checked. 

In the absence of a complete mathematical  descrip- 
tion of base dopant  redis t r ibut ion dur ing phosphorus 
emitter  diffusions a few quali tat ive comments are 
worthwhile.  Since the position of the dip in the base 
profile is pr imar i ly  determined by the emitter 's  elec- 
tric field then: (a) the steeper the emitter 's  diffusion 
front the closer the dip is to the emit ter /base  junct ion 
of the transistor, (b) for a very deep phosphorus emit-  
ter the field may become so small toward the end of 
the diffusion that  the dip fills up again, and (c) lower-  
ing the diffusion tempera ture  extends the field to lower 
doping concentrat ion regions, that  is, toward the 
emi t ter /base  junction, so the dip will move closer to 
the junction.  From the point of view of transistor  
operation it is probably desirable to have the dip en-  
t irely inside the emitter  to avoid a re tarding field for 
minor i ty  carriers crossing the base, but  from the above 
comments it will  be realized that  this requi rement  may 
be incompatible with the shallow, low tempera ture  
diffusions commonly used in  high frequency transistors. 
On the other hand  phosphorus could be better  than  
arsenic in  this respect since arsenic diffusions ap- 
parent ly  never  exhibit  tails and have very steep dif- 
fusion fronts which would always place the dip close 
to the emit ter /base  junc t ion  (19, 21). 

Possible causes of push-ou t . - - In  the light of the new 
results presented here it is appropriate to summarize 
our present  unders tanding  of the push-out  effect. 

(i) The size of the base dopant  atoms is not im-  
por tant  in  push-out,  see Par t  I of this work. 

(ii) The presence of phosphorus or boron in  high 
concentrat ion is required to produce push-out ;  oxida- 
t ion without emitter  dopant does not give rise to the 
large junct ion movements  that occur in push-out  [see 
Hill (30) and Gereth et al. (4)] ;  arsenic emitters give 
little or no push-out  [see Parekh and Kolmann  (39)]. 

(iii) Push-ou t  can be at t r ibuted to a diffusion en-  
hancement  which is constant with t ime dur ing the 

emitter  diffusion and with depth below the emit ter  
[see this work, Hu and Yeh (6), and Nakamura  et al. 
8)]. 

( iv)  The magni tude  of enhancement  is dependent  on 
the emitter  diffusion tempera ture  varying from 8 times 
at 1050~ to 100 times at 900~ for the emitter  dif-  
fusions used in this work (i.e., POC13 source and sur-  
face doped to solid soIubil i ty).  

(v) The diffusion enhancement  increases as the 
phosphorus emit ter  surface concentrat ion increases 
[see Lee (7), and Nakamura  et al. (8)].  

(vi) The enhancement  operates at least 10 #m below 
the emitter as shown by the buried layer  experiments  
of Lee and Wil loughby (29). This suggests that en-  
hanced diffusion could only be due to a point  defect 
generated in the emit ter  region and capable of migra t -  
ing considerable distances without  being annihi la ted  or 
trapped. 

(vii)  Diffusion enhancement  occurs in  all directions 
which means that  a flux of point  defects (32) is not 
pr imar i ly  responsible [see Lee and Wil loughby (29), 
Hill (30), and Adler (31)]. 

A mechanism is therefore required whereby a high 
concentrat ion phosphorus (or boron) diffusion can in-  
troduce excess of a mobile point defect which can sub-  
sequently enhance the diffusion of any base dopant  
present. The point defects must  be generated through-  
out the emit ter  diffusion period. The mechanism should 
explain the strong dependence on emitter  surface con- 
centration, the dependence on emitter  diffusion tem- 
perature,  and why phosphorus and boron produce 
much more push-out  than arsenic. 

The most highly developed theory of push-out  is the 
vacancy generat ion by cl imbing dislocation model of 
Hu and Yeh (6). This theory fits the requirements  
detailed above but  there are now several reports of 
push-out  and anomalous phosphorus diffusion in  the 
absence of dislocations (16, 30, 33-36). 

Two mechanisms based on the b reak-up  of E-centers 
(phosphorus-vacancy pairs) have been proposed. In  

both cases the E-center  can be viewed as a means of 
t ransport ing vacancies from the surface into the bu lk  
where they are subsequent ly  freed and can enhance the 
diffusion of any impurit ies present  (provided these im-  
purities diffuse by a vacancy mechanism).  Pear t  and 
Newman (23) suggested that E-centers  break up on 
changing from the negat ively charged state, assumed 
to be stable, to the neut ra l  state, assumed to be un-  
stable. This change in charge state would occur as the 
E-center  migrates out of the high concentrat ion re-  
gion where the Fermi level is above the E-center  ac- 
ceptor level into the lower concentrat ion region where 
the Fermi level is below the acceptor level. The 
boundary  between these two regions is located, in  
their  model, at a phosphorus concentrat ion equal to 
the k ink  concentration, thus vacancies would be re-  
leased below the kink. Such a mechanism may be able 
to account for the enhancements  observed provided 
most of the phosphorus flux is in E-center  form and 
most of these E-centers  break up after crossing the 
k ink (37). 

More recent ly Yoshida, Arai, Nakamura,  and Teru-  
numa  (24) have proposed a mechanism in  which 
E-center  b reak-up  occurs just  beneath  the silicon sur-  
face. The basis of their  model is the assumption that  
phosphorus can only enter  the s i l i con  (at a surface) 
in  the company of a vacancy. Once into the silicon these 
E-centers are in  excess of the equi l ibr ium require-  
ment  and so most of them immediate ly  break up. 
Vacancy release would thus occur wi thin  a few hun-  
dred angstroms of the surface but  it is not clear 
whether  sufficient vacancies would diffuse deeper into 
the bulk to account for the observed enhancements.  
An important  point raised by Yoshida et al.'s theory 
is that vacancy production in  their  model only occurs 
while phosphorus is enter ing the silicon at the surface, 
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therefore diffusion enhancement  should stop on re-  
moval of the source At first this prediction appears to 
be contradicted by an experiment  reported by Yoshida 
et al. themselves [see region A of Fig. 6 in Ref. (33)] 
but it is not clear whether  complete removal of the 
source was achieved in  this experiment.  

A variat ion on these E-center  models is to assume 
that E-centers  are breaking up throughout  the dif-  
fusing phosphorus layer. Such a si tuat ion might  occur 
if phosphorus only migrates as E-centers  and some of 
these break up in order to t ry  and main ta in  local equi-  
l ib r ium between E-centers  and free phosphorus (37). 
It must be pointed out, however, that any E-center  
theory suffers from its inabi l i ty  to account for the 
observed difference between phosphorus and arsenic 
diffusions since an E-center  type defect is known to 
exist for arsenic, at least at low temperatures  (38). 

Conclusions 
The first determinat ion of the complete profile of a 

pushed-out  base has been completed by radiotracer 
techniques. From these exper imental  results it is pos- 
sible to conclude that:  

(i) Push-out  is ent i rely due to movement  of the 
base dopant, and beyond the emitter  this movement  
can be at t r ibuted to a simple diffusion enhancement  
which is constant with t ime dur ing the emitter  diffu- 
sion. The magni tude of enhancement  is dependent  on 
the emitter  diffusion temperature,  varying from 8 times 
at 1050~ to 100 times at 900~ for the emit ter  diffu- 
sions used in this work. 

(ii) Localized interactions between a phosphorus 
emitter  and a gal l ium base are complex and give rise 
to a dip in  the gal l ium profile within the emitter. This 
dip can be explained by the electric field associated 
with the phosphorus, causing diffusion of gal l ium up 
its own concentration gradient. 

It is felt that with the help of these experimental  
results theoretical prediction of the complete base 
profile should soon be possible and this would be of 
considerable assistance in the design and modeling of 
n - p - n  diffused transistors. The cause of push-out  is 
still uncer ta in  but  the E-center  could provide a means 
of t ransport ing vacancies from the surface into the 
bulk where they are subsequent ly  freed and can en-  
hance diffusion of the base dopant. 
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Silicon Nitride Film Thickness Dependence 
on Bipolar Transistor Characteristics 

Hiroak i  M i k o s h i b a  

Nippon Electric Company, Limited, IC Division, 1753 Shimonumabe, Kawasaki, Japan 

ABSTRACT 

The effect on device properties of the Si3N4 film deposited on a thermally 
oxidized silicon wafer has been investigated. Oxide thickness used is mainly 
about 60GOA. It is shown that bipolar transistor characteristics, i.e., current 
gain, junction reverse current, and I/f noise are improved with increasing 
SisN4 film thickness, except npn %ransistors at 2500A of Si3N4. The minority 
carrier lifetime in the bulk silicon is also shown to be increased with increas- 
ing film thickness, based upon the fact that surface recombination velocity 
is not appreciably affected. Lattice strain measurements by Newton ring or 
x-ray rocking curve show that the lifetime increase is correlative with the 
reduction in the strain, which is a result of the thermal expansion rates dif- 
ference. It is proposed that the lifetime be restored by the stress cancellation 
due to the combination of the SisN4 and the SiO2 on the silicon wafer. The 
film thickness dependence is also observed for Al2Os films. 

SisN4 films are widely used as an excellent passiva- 
t ion film against ionic contaminat ion in bipolar I t ' s .  
However, very few things are known about the in -  
fluence of these films on device characteristics. The 
fact that  the npn  transistor  current  gain is increased 
by depositing Si3N4 films has only been empirical ly 
known  among process engineers. 

The current  gain increase has been assumed to be 
a t t r ibuted to surface recombinat ion reduction. This 
assumption seems plausible, because these films often 
increase current  gain at low collector current .  How- 
ever, it  is difficult to believe that vapor-deposited 
Si3N4 film on a relat ively thick SiO2 layer reduces 
the number  of trap centers at the SiO2-Si interface 
or that  positive charges at the Si3N4-SiO2 interface 
are of benefit in reducing surface recombination. In 
addition, surface states are not sufficiently reduced 
by anneal ing in a hydrogen ambient  at low tempera-  
tures, because of the existence of Si3N4, which pre-  
vents hydrogen from penet ra t ing  SiO2 (1-2). 

During the Si3N4 film sealed l inear IC process de- 
velopment,  the author found that  the current  gain 
depends on film thickness. This dependence was also 
found to be closely related to the stress which is in-  
duced in  a silicon wafer due to mismatched thermal  
expansion rates (3). 

Si and SiO2 thermal  expansion rates are 2.5 and 
0.35 X 10 -6 deg -1, respectively. Therefore, a silicon 
wafer thermal ly  oxidized at high tempera ture  is 
stressed by the large difference in thermal  contraction 
dur ing  the cooling period. It  is known that  stress 
magni tude  is on the order of 106-107 dyne /cm 2 at room 
tempera ture  (4-5). 

The thermal  stress can be changed by depositing 
a dielectric film, such as Si3N~ (6) or A120~, whose 
thermal  expansion rate is larger than that  of SIO2, 
on the oxide layer  under  appropriate conditions. As 
shown in  Fig. 1, a silicon wafer thermal ly  oxidized 
at high tempera ture  has lattice strain at room tem- 
perature  due to the thermal  stress. When the SiO2 
on the back side of the wafer is etched away, the 
wafer warps, convexing the surface on which the SiO2 
is left. However, when SisN~ film is deposited on SiO.~ 
at relat ively high temperature,  the lattice strain, in-  
troduced in the course of cooling, is reduced and thus 
wafer warping is reduced at room tempera ture  due 
to the large Si3N~ thermal  expansion rate. If Si3N~ 
film is thin, the stress reduction effect is not con- 

Key words:  s i l icon nitride,  thermal  stress ,  latt ice strain, bipolar 
transistor.  
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Fig. i. Thermal stress due to thermal expansion rates difference 

spicuous. If it is too thick, the stress inversely begins 
to increase, concaving the Si3N4 deposited surface. 

Table I lists the curvature  radii  and the stress in 
the silicon surface of a thermal ly  oxidized silicon 
wafer on which Si3N~ film was deposited at various 
thicknesses. The curvature  radii  were measured using 
the Newton ring method and stress was calculated 
from the curvature.  These wafers underwent  heat-  
t reatments  similar  to the transistor process adopted 
in the present  work. Oxide thickness was about 6000A. 
Table I shows that the stress in silicon can be re-  
duced by a factor of ten by depositing the SisN4 film. 

Table I. Stress compensation by depositing Si3N4 film. Wafers 
underwent a heat-treatment similar to that undergone by 

transistors shown in Fig. 2-9. Total oxide thickness was about 
6000A. 

Si~N~ film Curvature radius Stress ( • 10 ~ 
th ickness  (A) (x 10 acm) dyne/cm~) 

o 1.3 17 
300 2.1 11 
600 2.3 9.8 

lOOO 3.4 6.6 
2000 12 2.9 

1 5 3 9  
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The thermal  stress is two or three orders of mag- 
ni tude smaller than stress magnitude,  at which the 
stress effect can be observed. In general, the stress 
effect is observed in silicon p -n  junct ion devices under  
an anisotropic stress of more than 109 dyne /cm 2 (7-9). 
Increase and decrease in junct ion current  and current  
gain is brought  about by the change in carrier con- 
centrat ion due to stress-induced change in the energy 
gap. Although the thermal  stress magni tude is small, 
i t  is characterized in that  thermal  stress rises at high 
temperature.  Since silicon crystal  is subjected to all 
sorts of defects at high temperature,  i t  is expected 
that the thermal  stress could affect the electrical prop-  
erties of silicon devices (5). 

Since the over-al l  stress is a result  of the combina-  
t ion of Si3N~ film and SiO2 on the silicon wafer, oxide 
thickness and oxidation conditions are also impor tant  
for the thermal  stress. However, the present  invest iga-  
tion has been carried out regarding only the effect 
of Si3N~ films. The present  work- describes in detail 
the relat ion between SigN4 film thickness and electrical 
properties of various transistors, which are commonly 
used in l inear  lC's. The influence of stress change on 
the genera t ion-recombinat ion rates is investigated by 
separating the bulk  from the surface effects. Transistor  
characteristics improvements,  due to the vapor-depos-  
ited Si3N4 film, are at t r ibuted to the increase in 
minor i ty  carrier l ifetime in the silicon bulk. The 
possible mechanism for the genera t ion-recombinat ion 
centers reduction is discussed. 

Experimental 
Transistor fabrication.--SisN4 sealed transistors, npn, 

lateral  pnp, and collector-substrate pnp transistors, 
were fabricated in  s tandard p lanar  transistor  process. 
The dimensions of each transistor are presented in 
Table II. 8 12.cm n- type  (111) oriented silicon epitaxial  
wafers were used. Epitaxial  layer  and the substrate 
thickness are about 20 and 400 ~m, respectively. 

The isolation region was formed by  usual boron 
diffusion. The npn  transistor  base and the pnp transis-  
tor emitter  were formed by thermal  diffusion of 
boron. The depth of these layers was about 2 ~m. 
The npn  transistor emit ter  was formed by phosphorus 
diffusion. In  order to minimize thermal  stress in a 
silicon wafer, both oxidation tempera ture  and oxide 
thickness were reduced as much as possible. How- 
ever, the oxide should be thick enough to have a 
masking effect for following diffusion steps. In this 
experiment,  field oxide and oxide on base and emit ter  
were about 6000 and 3090A thick, respectively. 

SigN4 films were deposited at 780~ by Sill4 and 
NI.I3 decomposition. It  is essential for the experiment  
that the deposition is the final high tempera ture  t reat-  
men t  in  wafer processing. In  order to derive the fulI 
benefit of Si3N~ passivation, the oxide section at con- 
tact windows was lapped over by Si3N4. SigN4 at 
contact windows was etched by hot phosphoric acid 
using vapor-deposited SiO.~ at 450~C as a mask. 

In the experiment,  a PSG layer was formed under  
Si3N4. Though PSG is not necessary, because of the 
perfection of Si3N4 passivation, it was used in order 
to prevent  any surface charge influence. 

Similar  experiments  were carried out by depositing 
A1203 instead of SizN4, in order to confirm the same 
effect for A120.~ and to insure the effect of the thermal  
stress on transistor  characteristics. A]~Q films were 
deposited at ca. 850~ by A1C13-CO:~-N.~ system hy-  
drolysis. 

Table II. Transistors dimensions 

Emitter a r e a  (~) Base width (~) 

npn 50 • 50 ~0.3 
Lateral  pnp 25 x 25 17.5 
Collect.-sub. pnp 70 • 30 ~10 

Surface recombination velocity.--In order to examine 
Si3N4 film effect on surface properties, surface recom- 
binat ion velocity, So, was measured, using the gate-  
controlled diode. The p + - n  diode was fabricated by 
boron diffusion into n- type  6 l] .cm (111) oriented 
silicon wafers. Diffusions and oxidations conformed 
to the transistor  process adopted in the present  experi-  
ment.  Oxide thicknesses on p+ and n regions were 
about 3000 and 6000A, respectively, 

Minority carrier lifetime.--To measure the minor i ty  
carrier l ifetime from the step response of a capacitance, 
the MNOS capacitor was made on n - type  6 l l .cm (111) 
oriented silicon wafers 350 ~m in thickness. To add 
the thermal  stress to silicon wafer, thermal  oxidation 
at 1140~ was repeated three times and the oxide on 
the back of a wafer was etched away every time 
oxidation was accomplished. Total oxide thickness 
was 5200A. The Si3N4 film was deposited at 780~ 
by thermal  decomposition of SiI-I4 and NHs, in the 
same way as before. The gate electrode has a 2 • 2 
mm area, so the surface recombinat ion influence in 
the gate per iphery space charge region can be reduced 
to a negligible amount  (10). Capacitance-t ime re-  
sponse was measured on the wafer. 60V step voltages 
were applied to the gate to cause deep surface inver -  
sion. Capacitance step responses were measured at 
1 MHz. Minori ty carrier l ifetime was obtained by 
making a Zerbst plot from the capacitance-t ime re-  
sponse (11). 

Lattice strain.--After the l ifetime measurement ,  the 
a luminum gate was etched and lattice strain was mea-  
sured by recording x - r a y  rocking curves which were 
obtained using a double crystal spectrometer. Two 
crystals were placed in  the paral lel  (1, --1) position 
and diffraction was accomplished in (511)-(333) ar-  
rangement .  The x - r ay  was obtained from the first 
copper Ka radiation. 

Results 
C~rrent gain.--Forward voltage vs. collector cur-  

rent, Ic, and base current,  IB, characteristics are 
shown in Fig. 2 for various Si~N~ film thicknesses. 
It is notable that Ic is not changed while IB is changed. 
This means that the d-c common emitter  current  gain, 
hFE : IC/IB, i s  changed. Figure 3 shows the relat ion 
between max imum current  gain for Ic hFE(max) with 
its dis t r ibut ion and Si3N~ film thickness, hFECmax~ is 
increased with increasing film thickness up to a cer- 
tain value. However, degradation occurs at 2500A. 
As can be seen in Fig. 2, the slope of IB at low cur-  
rent  level approaches q/kT as film thickness increases. 
The normalized hFE by hFE(max) a s  a funct ion of Ic is 
plotted in Fig. 4. It can be seen that the h ~  flatness 
for Ic is great ly improved by the Si3N4. Degradation 
at 2500A is also observed in  the hF~ flatness. 

F i lm thickness dependence was also found in pnp 
transistors. Figures 5 and 6 show bEE VS. IC charac- 
teristics of lateral  and collector-substrate pnp t ransis-  
tors, respectively, pnp transistor h•E is also increased 
with increasing SisN4 film thickness. However, deg- 
radat ion at 2500A does not occur in the case of pnp 
transistors. 

Junction reverse current.--Figures 7 and 8 show the 
npn  transistor emi t te r - junc t ion  and col lector- junct ion 
reverse current  for SizN4 film thickness, respectively. 
The reverse current  properties of each pnp transistor  
junct ion  were approximately equal to the collector- 
junct ion plots shown in Fig. 8. The reverse current  
is greatly dependent  on film thickness, as well. As 
shown in Fig. 7, reverse current  through the emit ter-  
junct ion is increased at 2500A. This increase corres- 
ponds to the npn  transistor hFE degradation. On the 
other hand, at the collector-junction, which is equiva-  
lent  to the pnp transistor emit ter- junct ion,  the reverse 
current  is not increased at 25.00A. This corresponds 
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to the fact that  hFE is not decreased at 2500A in a 
pnp  transistor.  

According to the fact that Ic is not affected by the 
Si3N, film, bu t  both IB and the reverse current  depend 
on film thickness, it  could be considered that the 
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genera t ion-recombinat ion rate in a space charge re-  
gion is changed, but  that  carrier concentrat ion is not 
changed. That  is because Ic is pr imar i ly  determined 
by the minor i ty  carrier concentrat ion in the base re-  
gion, while IB and the reverse current  result  main ly  
from the carrier recombinat ion and generation,  re-  
spectively, in space charge regions. 

Noise characteristics.--The npn  transistor noise cur-  
rent  spectrum is presented in  Fig. 9 as a parameter  
of Si3N4 film thickness. The drawing shows that  1/f 
noise is decreased as film thickness increases. The 
deteriorat ion at 2500A is also observed in  noise cur-  
rent.  It  is interest ing that noise vs. film thickness 
behavior  is quite similar to that of low current  hFE 
and the reverse current.  Considering that  the 1/f 
noise results from recombinat ion current  fluctuation 
in emi t te r - junc t ion  space charge region (12), an as- 
sumption of a change in the genera t ion-recombinat ion  
rate seems agreeable. In  addition, it is notable that  
burs t  noise was scarcely found in Si~N~ film sealed 
transistors. If the burs t  noise is due to the modula-  
t ion of carrier flow by trapped charge, as proposed 
by Hsu and Whit t ier  (13), the burs t  noise decadence 
can be explained by the recombinat ion cur ren t  de- 
crease. 

Deposited a~um{na fi~m e#fect.--The hFz film thick- 
ness dependence was also observed in vapor-deposited 
A1203 fi]m. Figure 10 shows change in npn  transistor  
hFE for film thickness, hFE is increased by  the A12Os 
film. It is significant that  the film thickness dependence 
is not a special effect of Si3N4, but  a phenomenon 
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common to Si3N.i and A1203. This substantiates thermal  
stress changing transistor characteristics, because the 
thermal  expansion rate of both films is much larger 
than  that of SiO2. 

Surface recombination velocity.--Results obtained 
from gate-controlled diodes are listed in Table III. ~- 
Only a slight increase in So is shown to result  from ~ 
depositing Si3N4 films. This indicates that the surface ~: 
recombinat ion is not appreciably affected. Therefore, 
it would be considered that the film thickness de- 
pendence is not caused in the silicon surface. This 
slight increase in So seems to arise from the fact that  
surface state anneal ing is retarded by the presence 0., 
of the SiaN4 film (1-2). 

MinorLtg carrier lifetime.--Zerbst plots for various 
Si3N4 film thicknesses are shown in Fig. 11. Table IV 
lists the effective lifetime, obtained from the l inear  
portion of the Zerbst plot, the total time of c-t curve 
tF, and So in the space charge region, calculated from 

Table II1. Surface recombination velocity obtained from 
gate-controlled diode. Oxide thicknesses on p+ and n regions 

were about 3000 and 6000~, respectively. 

Si~N~ film 
thickness (A) So (em/sec) 

0 15 
1000 26 
1500 28 
2 0 0 0  34 
2500 34 
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Fig. 9. npn transistor noise spectrum with SisN4 film thickness 
as a parameter. 

c-t curves (14). The thus obtained So value is in 
good agreement  with the value obtained from the 
gate-controlled diode listed in Table III. Bulk life- 
time, Tg, is related to effective lifetime, z'g, by 

1/~'g ---- 1/Tg + PSo/Ac 

where P is gate per iphery length and AG is gate area 
(10). Since Ac, which is 2 X 2 mm, is large enough, 

l ifetime surface component is only a few percent  of 
z'g. Accordingly, z'g can be considered as bulk  domi- 
nated. From the fact that surface recombinat ion is 
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thickness dependence is also observed in AI208 film deposited 
transistors. 

scarcely affected, it is concluded that  the bulk  lifetime 
is increased wi th  increasing Si~N~ film thickness. 

Lattice strain.--Results of rocking curves, i.e., dif- 
fraction in tens i ty  and half-width,  curvature  radii  of 
wafers, and stress in  silicon surface calculated from 
curvature  radii  are given in Table IV. Curvature  radii  
were obtained from the deviation of the peak of rock- 
ing curves at any  two points on a wafer. As can be 
seen in Table IV, as SisN~ film becomes thick, the 
diffraction in tens i ty  increases and the ha l f -width  de- 
creases. These values come up to those of a wafer 
which has had no thermal  t reatment .  This tendency 
is in  good agreement  with the stress in silicon sur-  
face. These results show clearly that the lifetime in-  
crease is correlative with the strain reduction. 

Figure 12 shows the t ransi t ion of the lattice strain 
at each wafer processing step. When the Si~N~ was 
etched, curvature  radius and half -width  became the 
same values as those of a wafer on which Si3N4 had 
not been deposited. Therefore, it is known that the 
lattice s t ra in  due to deposited Si~N~ film is wi th in  the 
elastic limit. However, as shown in Fig. 12, the re- 
sidual s t ra in is observed in a silicon wafer when the 
SiO2 is removed. Therefore, it can be considered that  
the thermal  stress exceeds the elastic l imit  of silicon 
dur ing  the thermal  oxidation process because of high 
temperature.  

Discussion 
B o t h  hFE(max)  and low current  hFE improvement ,  as 

well as decrease in reverse current,  can be a t t r ibuted 
to an increase in the bu lk  lifetime, as follows, hFE of 
a npn  transistor, whose base width, WB, is much na r -  
rower than the electron diffusion length in the base 
region and whose emitter  junct ion is deeper than the 
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Fig, 11. Zerbst plots for MNOS capacitor c-t characteristics 

hole diffusion length in  the emitter  region, L p E ,  is 
described by the following expression (15) 

1 NAB WB DpE NAB WB W~B/To ~ So As/Aj  
-- 2 c _ _  

h F a  NDE LpE DnB DnB 2hi exp [qVEB/2kT] 
[ 1 ]  

where NAB is the acceptor concentrat ion in  the base, 
NDE is the donor concentrat ion in the emitter, DpE 
is the diffusivity of holes in the emitter,  DnB is the 
diffusivity of electrons in  the base, WEB is the width 
of the space charge region of the emit ter- junct ion,  To 
is the effective l ifetime within  the space charge re-  
gion, As is the depleted surface area, and Aj  is the 
emi t te r - junc t ion  area. The first te rm of Eq. [1] repre-  
sents hFE(max  ). The second term becomes dominant  at 
low current  level and determines low current  hFE- 

Since diffusion length L p E  is related to minor i ty  car- 
rier l ifetime ~PE in  the emitter  region by 

LPE : ~DPE TpE 

hFE~max) and low current  hFE Of transistors with the 
same impur i ty  profile are controlled by the minor i ty  
carrier l ifetime in the emit ter  neu t ra l  region and in  
the emi t te r - junc t ion  space charge region, respectively. 
Accordingly, the increment  in l ifetime results in  in-  

Table IV. Si3N4 film deposition effect on lifetime and lattice strain. Silicon wafers were oxidized 
three times at 1140~ Total oxide thickness was 5200.~. 

SigN4 f i lm Ha l f -wid th  Diffraction 
th ickness  (A) So ( c m / s e c )  tF ( sec)  r 'g (~sec)  ( sec )  i n t e n s i t y  ( % )  

Curvature S t r e s s *  
radius (cm) (dyne/cm 2) 

0 12 13 28 
570 15 40 I00 

1140 14 50 130 
1970 6 60 140 
2650 12 70 180 

Untreated w a f e r  - -  - -  - -  

7.5 24 1.9 x l0 s + 1.1 x 10 �9 
6.0 29 2.6 x 108 + 7.4 x 10 ~ 
4.4 41 3.6 x 10 s +5.7 x 10e 
4.0 47 1.9 • 10~ +1.9 x 10 e 
3.0 53 1.0 • I0~ --1.9 • 10 e 
2.4 61 oo 0 

* - = C o m p r e s s i v e  s t r e s s ,  + = t e n s i l e  s t r e s s .  
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creasing both hFE(raax) and low current  hFE at the same 
time. 

As shown in  Table III, surface recombinat ion ve-  
locity So is scarcely changed by Si3N 4 film, but  shows 
a tendency to slightly increase. This tendency is in 
an opposite direction for increment  in hFE. Conse- 
quently,  the SigN4 film thickness dependence is not 
caused by the surface recombination, but  is a result  
of the bulk  recombination.  

The same explanat ion is also applicable to a pnp 
transistor. However, because of re la t ively  wide base, 
base t ransport  factor 

2 LpB 

should be added to Eq. [1], where LpB denotes the 
hole diffusion length in the base region. Since the 
base t ransport  factor is inversely proport ional  to life- 
t ime in  a base neut ra l  region, l ifetime increase also 
produces addit ional  hFE(rnax) for a pnp transistor. 

In  the case of a silicon p -n  junction, reverse current  
IR is due to carrier generat ion in the space charge 
region and can be represented by 

1 IR =- --~ qni A# Ws [2] 
2" 0 

where Ws is the junct ion  space charge region width 
(15). Reverse current  is inversely proport ional  to the 
lifetime. As shown in Fig. 7-8, the reverse current  is 
reduced to 1/3-1/8 by the deposited Si3N4 film. That 
is, l ifetime increases from 3 to 8 times, according to 
Eq. [2]. Convert ing the lifetime increase to change in 
hFE(max), hFE(max) increases to 1.7-2.8 times, because 
it is proportional to the square root of the lifetime 
value. This amount  is in good agreement  with the re-  
sults i l lustrated in Fig. 3, 5, and 6. Thus, the film 
thickness dependence can consistently be explained 
by assuming the lifetime increment.  

Another  possible cause of the present effect is the 
energy gap change due to lattice strain. Since devia-  
t ion in energy gap changes minor i ty  carrier density, 
p -n  junct ion and transistor  characteristics should be 
affected. However, the effect of the energy gap can- 
not be considered, for the following reasons. 

(i) The thermal  stress is on the order of 106-107 
dyne /cm 2. According to the investigation reported by 
Monteith ,and Wortman (16), the change in the junc-  
tion current  due to energy gap change is only 0.1% 
for a stress in the order of l0 s dyne /cm 2. In order to 
change the stress magni tude  in silicon, the back of 

the wafer was etched down to about 100 #m in  thick- 
ness. However, no change in hF~. was observed. In  ad- 
dition, when the bending stress, which corresponds 
to ,the magni tude of the thermal  stress, was applied 
to the silicon wafer scribed into strips, hFE was not 
changed. For the stress of about  2 X 109 dyne /cm 2, 
only 10% increase in hFE under  compression stress and 
5% decrease in hFE under  tension stress were ob- 
served. This change in hFE would be due to the energy 
gap change, because the increase or decrease in hFE 
is observed according to the direction of the stress. 

(ii) The intr insic  carrier  density is considered to be 
unchanged, because only reverse current  depends on 
SigN4 film thickness and forward current ,  such as the 
collector current,  does not. 

(/~) As pointed out by Buhanan  (17), the change 
of AhFE(max) in the max imum current  gain due to the 
change of AEg in the energy gap is given by 

AhFE(max) cc exp [- -AEg/kT]  

If hFE(max) was increased by the change in the energy 
gap, tempera ture  dependence should be affected by 
SisN4 film thickness. However, as shown in Fig. 13, 
the tempera ture  coefficient of npn  transistor  is not ,ap- 
preciably influenced. 

As ment ioned before, hFE is not affected at room 
tempera ture  by stress which corresponds to thermal  
stress magnitude.  Namely, lattice strain, which is 
equivalent  to that due to thermal  stress, has no ef- 
fect at room tempera ture  on the genera t ion-recom- 
binat ion rate. Since the Si3N4 film is deposited at a 
relat ively high tempera ture  of 78D~ hea t - t rea tments  
seem to play an impor tant  role in addition to the re-  
duction of the lattice strain. As shown in Fig. 12, re-  
sidual lattice strain is observed in thermal ly  oxidized 
silicon wafers. The existence of the i rreversible lattice 
strain means that silicon wafers are plastically de- 
formed, therefore lattice defects are introduced. Since 
no impuri t ies  are diffused into silicon, the plastic de- 
formation would be caused by the thermal  stress. 

Lattice defects due to thermal  stress could originate 
genera t ion-recombinat ion  centers, therefore they could 
decrease the minor i ty  carrier lifetime. On the other 
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Temperature coefficient is not appreciably affected by Si3N4 film. 
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hand, stress compensat ion  by  deposi ted SijN4 film 
could diminish  the  defects, because deposi t ion is car -  
t i ed  out at  a r e l a t ive ly  high tempera ture .  As a result ,  
the  gene ra t ion - recombina t ion  centers  may  be decreased 
and the minor i ty  ca r r i e r  l i fe t ime m a y  be increased.  
The number  of defects  reduced  by  stress compensat ion  
would  increase  as SijN4 film becomes th ick  and stress 
in si l icon is decreased.  

For  the  degrada t ion  of npn t rans is tor  character is t ics  
at  2500A, this seems to resul t  f rom the heav i ly  doped 
phosphorus,  which forms an emi t te r  region. Because 
the  phosphorus  atomic radius  is smal le r  than  that  of 
silicon, compressive la t t ice  s t ra in  is a l r eady  induced 
in the  diffused l aye r  (18). Vapor -depos i t ed  SijN4 on 
SiO2 gives compressive stress to silicon wafers.  There-  
fore, SijN4 tends to increase  the  s t ra in  due to the  
phosphorus  diffusion. As a result ,  i t  is considered that  
the  degrada t ion  occurs in npn transistors .  

Conclusion 
I t  has been  found that  both  hFE(max) and low cur-  

ren t  hFE increase and 1/f noise and reverse  cur ren t  
decrease  wi th  increas ing film thickness of SijN4 d e -  
posi ted on oxide  layer ,  whose thicknesses  are  about  
6000 and 3000A on undiffused and diffused regions,  
respect ively .  However ,  these npn t rans is tor  charac-  
ter is t ics  begin to de te r io ra te  when SigN4 film becomes 
th icker  than  a cer ta in  value,  which is ca. 2500A in 
the  present  exper iment .  F i lm thickness dependence  
resul ts  f rom la t t ice  strain,  which is induced into a 
silicon wafer  by  the difference in the rmal  expansion 
ra tes  of SigN4, SIO2, and St. Lat t ice  s t ra in  is reduced 
as SisN4 film becomes thick. However ,  i t  begins to in-  
crease in an opposi te  di rect ion f rom the thickness 
which gives zero stress to a sil icon wafer.  The most  
improved  t rans is tor  character is t ics  are  achieved at  
about  this thickness.  

I t  has been verified by  the l i fe t ime measuremen t  
tha t  t rans is tor  character is t ics  improvements  are  re -  
sults of reduct ion  in genera t ion- recombina t ion  centers  
in the bu lk  due to the  re laxa t ion  of the  ]at t ice strain.  
The surface recombinat ion  is not apprec iab ly  affected 
by  deposi ted SijN4 film. 
From the  fact  tha t  res idual  la t t ice  s t ra in  was ob-  

served in t h e r m a l l y  oxidized silicon wafers,  stress at 
h igh t e m p e r a t u r e  seems to easi ly  give rise to la t t ice  
defects as wel l  as genera t ion- recombina t ion  centers. 
Moreover,  i t  seems to be essential  for reducing gen-  
e ra t ion- recombina t ion  centers  that  silicon la t t ice  not  
be stressed at high tempera ture .  I t  has also been 
found tha t  AI.~Q film has a s imi lar  effect on t rans is tor  
character is t ics  as that  of SijN~ film. Therefore,  film 
thickness  dependence  is not an inheren t  SisN~ effect, 
bu t  would  be a common effect on films whose the rmal  
expans ion  ra te  is l a rge r  than  that  of SIO2. 

Appl ica t ion  of the developed process wi th  the  opt i -  
mum SijN4 film thickness to a ~A741-type opera t ional  
amplif ier  has been proved to be effective in g rea t ly  

improving  d -c  and noise proper t ies .  That  is, inpu t  
offset vol tage and cur ren t  were  successful ly reduced 
down to 328 ~V and 1.2 nA in s t andard  deviat ion,  r e -  
spectively.  Input  re fe r red  noise vol tage  f rom d.c. to 
10 Hz of 0.25 ~Vp-p is achieved in typica l  value.  
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Process for GaAs Monolithic Integration 
Applied to Gunn-Effect Logic Circuits 
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Fujitsu Laboratories Ltd., 1015 Kamikodanaka, Nakahara-ku, Kawasaki, Japan 

ABSTRACT 

A new technology based on the orientat ion dependent  chemical etching 
of GaAs has been developed for simple and reproducible fabrication of 
monoli thical ly integrated Gunn-effect  circuits. By this technology, Schottky 
barr ier  gate Gunn-effect  devices with fine structures and air-isolated cross- 
over interconnections can be produced. Using the lateral  etching character-  
istics of H2SO4-H202-H20 solution, design of the photomasks and the proc- 
essing conditions are discussed and optimized. Exper imental  results including 
the application to a Gunn-effect  shift register are demonstrated. 

In  recent years, several investigators have studied 
p lanar  Gunn-effect  logic devices with Schottky barr ier  
gates to obtain rapid switching speeds (1-4). The 
AND/OR gates (5) and more complicated funct ional  
circuits using these gates have been already proposed 
(1, 6-8, 13). In order to make these proposals practical, 
a monolithic integrat ion of Gunn-effect  devices on one 
chip is required. One of the impor tant  techniques of 
fabricating integrated circuits concerns the del ineation 
of fine patterns. The mesa etching technique is used 
in  order to isolate devices. However, this conventional  
procedure has a disadvantage (9) in the generat ion of 
fine contact pat terns over mesa steps due to the optical 
diffraction at the mask edge and its enhancement  by 
the inhomogenei ty  of photoresist thickness around the 
mesa step which has a height as large as a few 
microns. Several remedies (8-12), including the two- 
plane projection method (8) and the proton bombard-  
ment  technique (10, 11) have been proposed in  order 
to overcome such a difficulty, but  they require special 
equipment  or complicate the whole fabrication proc- 
ess. Another  important  technique is that for in ter -  
connections, especially for cross-over interconnections.  
These have been achieved so far by the mul t i layer  
technique (13) where a dielectric layer such as silicon 
dioxide is used in order to isolate the upper  conduc- 
tive layer from the lower one, as has been f requent ly  
used in silicon technology. However, this technique 
may cause not only a difficulty in defining a small 
s tructure over the mesa step but a large parasitic ca- 
pacitance between crossing conductive layers. 

In  this paper, we describe a newly developed tech- 
nology for GaAs integrated circuits with small  geo- 
metrical dimensions, which is s impler than those pro- 
posed so far and needs no special technique or equip- 
ment. In the present  method, contacts and intercon-  
nections are defined on a flat surface of the substrate 
as has been done in the completely planar  s tructure 
(9). The active area is then isolated by chemical etch- 
ing. Lateral  etching under  the mask is used in this pro- 
cedure. This chemical etching technique is also applied 
to realize a s t ructure  of mult i level  conductive layers 
which are air-isolated from each other. In this fabri-  
cating method, conventional  photolithographic proc- 
esses can be used and the deposition of intermediate  
dielectric layers is not necessary. Adding to the sim- 
plicity of fabrication, the cross-over structure pro- 
posed here has an advantage of small parasitic ca- 
pacitance between the crossing conductive layers. 

In  the next  section, we describe method to fabricate 
an integrated circuit. The orientat ion dependence of 
chemical etching is described together with the experi-  
mental  data. The application of this technology to 
fabricate exper imental  devices is discussed in the 
subsequent  section. 

Key words: Schottky barrier gate, pattern definition, cross -over  
interconnection, air i solat ion,  paras i t ic  capacitance. 

Method 
In order to explain the concept of the present  in-  

tegrat ion method, first the process for cross-over in -  
terconnections is presented. The process for G u n n -  
effect devices, which is presented later in this section, 
can be inserted in this process in the practical fabrica- 
tion. Figure 1 shows the sequence of process steps for 
making an air-isolated mul t i layer  structure. 

(i) First, a metal  layer  having stripe geometry in -  
cluding windows is formed on a flat surface of GaAs 
with the (10.0) plane using conventional  photoli tho- 
graphic process. 

(ii) The epitaxial GaAs layer  is removed by  chemi- 
cal etching with the use of the metal  layer previously 
pat terned as a protecting mask, thus a few "bridges" 
are formed. Step (i) and (ii) can be carried out to- 
gether with the processes for Gunn-effect  devices in 
the practical fabrication. 

(iii) A photoresist layer is coated over the metal  
layer  and a stripe window for the crossing metal  layer  
is opened. In  this procedure, a positive acting photo- 
resist is used and it is overexposed to be removed 
under  the bridges. Then the evaporat ion of the metal  
for the lower conductive layer is carried out using a 
directional evaporation technique. In  this technique 
the evaporated metal  beams are inclined from the 
substrate surface normal  as schematically i l lustrated 
in Fig. 2. The angles can be optimized for values of 
the mesa height and the dimensions of the windows 
and the bridges of the upper  layer. 

(iv) By lifting off the metal  layer  deposited on the 
protecting photoresist layer, the s tructure of the cross- 
over interconnect ion is formed. 

As has been suggested above, the lateral  etching 
of GaAs plays an impor tant  role in the present  tech- 
nology. In  order to use the crystallographic or ienta-  
tion dependence (14-16), the use of an etchant the 
rate of which is reaction l imited is advantageous. 
Throughout  our experiments,  1H2SO4-8H202-1H20 
solution (16) is used at room temperature.  This 
etchant does not attack A1 and besides possesses 
a relat ively fast and stable etch rate which is useful 
for our application where the epitaxial  layer  has a 
thickness as large as a few microns. Figure 3 shows 
the data of the etched distances vs. the etching time 
for various directions of the protecting masks made 
of SiO2 stripes. Insets in the figure i l lustrate the 
cross sections of the etched holes; the stripe is straight 
and along (A) the <011> axis, (B) the <001> axis 
and (C) the <011> axis, respectively. If the stripe 
width of the protecting mask is nar row and/or  the 
etching time is long, a tunnel  is formed under  the 
stripe, as schematically shown in Fig. 4. In order to 
obtain appropriate geometries, the mask dimensions 
and the etching time should be designed using the re-  
sults of Fig. 3. Examples of parameters  for three 
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Fig. 3. Dependence of etched distance on the etching time for 
three directions of the mask edge. The orientation of the initial 
GaAs is (100). Inset (A) shows the cross section of the etched 
hole when the mask edge is set along the <011> axis, (B) for the 
<001>, and (C) for the <011>, respectively. 

Fig. 1. Schematic illustration showing the process for fabrication 
of a crossover interconnection: (i) preparation of the upper level 
metal layer which has a few opening windows; (il) isolation of the 
metal layer and formation of a tunnel under the metal layer using 
the chemical etching technique; (iii) coating of a positive acting 
photoresist followed by definition of the pattern for the lower level 
metal layer, and subsequent deposition of the metal using the 
directional evaporation technique; (iv) removal of the unwanted 
area of the metal layer by dipping the wafer into acetone. Thus, 
the structure of an air-isolated cross-over interconneetion is formed. 
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UPPER LEVEL 
METAL LAYER 
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Fig. 2. Schematic representation of the formation of the lower 
level metal layer for a cross-over interconnection, using the direc- 
tional evaporation technique. In order to avoid the shadowing effect 
caused by the upper level metal layer, the evaporated metal beams 
are inclined. 

Fig. 4. Diagram showing the bridge structure formed by chemical 
etching of GaAs. The geometry of the etched tunnel and the 
bridge length depends on the mask dimensions and the orientation, 
as discussed in the text. 

orientat ions are listed in Table  I. Here, the thickness 
of the epi taxial  layer  and the width  of the br idge have  
been assumed to be 5 and 2 ~m, respectively.  In the 
Gunn-effect  device, as is described in the following, 
the gate bridge direction is perpendicular  to the de-  
vice current  flow. The current  flow directions have  
also been listed in the table for references.  

Table I. Effect of crystal orientation on the window width, the 
etching time needed for the isolation of mesas, and the dimensions 

of resulted structure. The thickness of the epitaxial layer and 
the bridge width have been assumed to be 5 and 2 #m, 

respectively 

Min. 
Min. Min.  tunnel Mln. 

Current Bridge window etching bottom bridge 
flow length width time width length 

direction direction (/zm) (sec) (#m) (/Lm) 

<011> <011> >0 60 10.6 ,5.6 
<010> <001> >0 40 7.2 7.2 
<011> <0i-1> 6.4 40 >O 11 
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Fig. 5. Schematic illustration showing the process for fabrication 
of a dual Schottky barrier gate Gunn-effect device: (i) formation 
of the ohmic and the Schottky barrier contacts on a flat surface 
of epitaxial GaAs layer; (ii) preparation of the protecting mask for 
mesa etching using photoresist; (iii) mesa etching of the active 
area by the chemical etching technique. Thus the active area is 
isolated by the etched tunnels, and the gate contacts with bridge 
structures ore formed. 

Figure  5 separa te ly  i l lus t ra tes  the process for a 
dua l -ga te  Gunn-effect  device. 

(i) The ohmic contacts are  p repa red  by  deposi t ion 
of a 0.2-0.3 ~m thick A u - G e - N i  film fol lowed by  de-  
l ineat ion and subsequent  alloying. The Schot tky ba r -  
r i e r  gate  contacts a re  formed by  deposi t ion of 0.4-0.5 
#m thick A1 film and del ineat ion.  Fine pa t te rns  can 
be easi ly formed because the surface is fiat. 

(ii) The act ive area  and the areas  of bonding pads 
and contact  leads excluding small  por t ions  of the A1 
str ipes are  coated wi th  photoresist .  

(iii) The uncoated areas  of the ep i tax ia l  l ayer  a re  
removed by  chemical  etching. The tunnels  p roduced  
under  the  A1 br idges  isolate the active area  from the 
bonding pads  and the contact  leads. By removing  the 
photoresis t  layer ,  the device s t ructure  is produced,  in 
which the gate contacts  a re  connected to the leads 
th rough  the A1 bridges. 

These processes can be combined in the  procedures  
(i) and (ii) of Fig. 1. Subsequent  format ion  of lower  
conduct ive l aye r  produces  the  whole  circuit. The pres -  
ent in tegra t ion  technology makes  use of the advan tage  
of photol i thographic  del ineat ion  of small  pa t te rns  on 
a flat subs t ra te  surface. The difficulty caused by  the 
optical  diffraction, which is dele ter ious  for a thick 
photores is t  l ayer  pa r t i cu l a r ly  a round the pe r iphe ry  of 
step on the substrate,  can be avoided in the present  
method.  

Results and Discussion 
We have examined fabr ica ted  devices using two of 

the current  directions.  F igure  6 shows the scanning 
electron micrographs  of the fabr ica ted  devices. F igure  
6(a)  shows the scanning electron micrograph  of a 
device s t ruc ture  the current  direct ion of which is set 

Fig. 6. Scanning electron micrographs showing a Gunn-effect 
unit device and an integrated circuit: (a) shows a unit device 
fabricated with the selection of the current flow direction along 
the ~ 0 1 1 ~ ;  (b) and (c) show a part of a Gunn-effect shift register 
circuit and a constituent unit device fabricoted with the selection 
of the current flow direction along the ~ 0 1 1 ~ .  
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along the <011> axis. It is worth  noticing that  a 
self-stopping effect (17) of etching may occur for this 
cur ren t  flow direction. When the window width is ex-  
cessively small, the appearance of (111) planes on the 
side walls makes the etched hole s t ructure  a V- 
shaped groove, because of the slowest etch rate of the 
(111) plane (16). This phenomenon drast ical ly de- 
creases the etch rate in  the depth direction, and there-  
fore it is difficult to remove the epitaxial  layer  com- 
pletely at the groove bottom. In  order to avoid this 
self-stopping effect, the window width has been de- 
signed to be larger than the m i n i m u m  value as given 
in Table I. Fine geometry having gate contacts with 
bridge structures has been formed: the gate length is 
2 ~m in  this case. When the current  direction is se- 
lected along the <011> axis, there is no restr ict ion for 
the window width. With this orientation, the etching 
time should be longer than for other directions. How- 
ever, the resul t ing s t ructure  has a small  bridge length 
and a large tunne l  bottom width. This results in a large 
mechanical  s t rength and a good electrical isolation. 
We fabricated a 2 bit Gunn-effect  dynamic shift reg- 
ister (18) composed of seven dual gate Gunn-effect  
devices and seven resistors. Figure 6 (b) shows an ex- 
ample of the scanning electron micrograph of the 
shift register. Figure 6(c) shows the detail of a un i t  
device. The thickness of the epitaxial  layer  is 3.5 #m, 
the gate-anode separation is 25 #m. A gate length  of 
only 2 ~m has been obtained regardless of the large 
height of the mesa step. 

Another  advantage of the present  fabricat ion method 
is that  good electrical characteristics of the contacts 
can be obtained. It  has been reported (19, 20) that a 
Schottky barr ier  with the metal  deposited at room 
tempera ture  sometimes shows a poor characteristic. 
In  the case where A1 is used, the characteristics can be 
improved by heating the substrate dur ing or after the 
metal  deposition (20). Taking account of the homo- 
geneity of characteristics of the barr iers  over the 
wafer  and the reproducibili ty,  the heating dur ing 
deposition is more useful. This procedure can easily be 
carried out in  the present  fabricat ion method, o n  the 
contrary it is prevented from being carried out when 
the lift off technique (21) is used. By making use of 
this advantage of the present  method, we have made 
Schottky bar r ie r  gate contacts with ideality factors 
(n-values)  bet ter  than  1.07. Concerning the dynamic 
characteristics of the circuits as shown in Fig. 6, we 
have succeeded in  obtaining CW operations of dy-  
namic shift registers with clock rates of 1.6 GHz and 
2.7 GHz (18, 22). Figure  7 shows an example of the ob- 
served waveforms with the clock rate of 2.7 GHz; a 
two-bi t  shift of the signal is shown. The detailed dis- 
cussions on performances and applications of the 
shift registers will  be given shortly elsewhere. 

Although we have not used the cross-over in ter -  
connections on the present  level of the circuit in te-  
gration, the integrat ion of higher level inevi tably  needs 
these structures. To confirm the usefulness of the 
present  technology, we have carried out experiments  
to realize cross-overs. The direction of the upper metal  
stripe is set parallel  to <011> axis. With this or ienta-  
tion, a tunne l  with a flat bottom surface is obtained 
by etching of the epitaxial  layer as schematically 
shown in  Fig. 1 (it). In  the subsequent  photolitho- 
graphic process to make a protecting mask for the 
deposition of the lower metal  layer, the photoresist 
layer  is removed completely even under  the bridges, 
using the overexposure technique. In order to know 
how long the exposure t ime should be, measurements  
were made on the dimensions of the residual region of 
the photoresist (Shipley 13505) after development,  the 
data of which are shown in Fig. 8. The overexposure 
has been carried out with an in t imate ly  contacted 
photomask using a conventional  exposure apparatus. 
As is observed in  the figure, if the thickness of the 
photoresist is 10 #m for example, 30 rain exposure is 
necessary to wash out the photoresist under  the bridge 

Fig. 7. Waveforms obtained by a shift register. Upper two traces 
(@I and @2) are the clack pulses, the middle one is the input to 
the first device and the lower four (At-B2) are the outputs of the 
following devices. A two-bit shift of the input signal synchronizing 
to the clock pulses is shown. The clock rate is 2.7 GHz and the 
constituent devices are biased by the subthreshold d-c voltages, 
Vertical scale is 2 mA/div., horizontal scale is 250 ps/div. 
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Fig. 8. Reduction of the width of the photoresist pattern after 
overexposure as a function of the phetoresist thickness for two 
exposure times as parameters. 

with 8 #m width. The exposure t ime can be reduced 
down to 15 min  when the bridge width is decreased 
down to 2 #m. Relat ively small  bridge width is ad- 
vantageous for the cont inui ty of the lower conductive 
layer, as far as a sufficient mechanical  s trength is pre-  
served. In  our experiment,  the bridge width has been 
fixed to be 5 #m. Figure 9 (a) shows an example of the 
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Fig. 9. Scanning electron micrographs showing an air-isolated 
cross-over interconnection; (a) the view of as-fabricated structure; 
(b) the view of structure after removal of the upper level metal 
layer. Note that the lower layer is continuous under the upper layer 
and isolated from the epitaxial layer. 

produced structure.  The mesa height is 10 ~m and the 
widths of the upper  and the lower conductive layer  
are 25 and 50 ~m, respectively and the thicknesses of 
layers are about 4000A. Figure  9(b)  shows the s t ruc-  
ture after only the upper  metal  layer has been etched 
away, to demonstrate  that the lower layer is cont inu-  
ous along the length and at the same t ime isolated from 
epitaxial  layers. A complete isolation has also been 
confirmed by electrical measurement .  Concerning the 
mechanical  s trength of the bridge structure,  it has 
been observed that no sample having this s t ructure is 
broken by the usual processing treatment ,  for example, 
ultrasonic bonding. 

The e l iminat ion of depositing insulator  films s im- 
plifies the process. Moreover, it is worth noticing that 
the result ing structure has a very small parasitic ca- 
pacitance compared to the mult iple  layer s tructure 
with an insulator  film. Only devices with negligible 
small parasitic capacitances can take full advantage 
of the fast response, which is one of the most im-  
portant  characteristics of Gunn-effect  devices, and 
el iminate the possibility of cross-talk or other er-  
roneous operations. For example, the parasitic ca- 

pacitance of the s tructure shown in Fig. 9 is only 
0.001 pF, which is about a hundred  times smaller  than 
that obtained by a mul t i layer  s tructure having a 
500OA thick SiO~ layer  and conductive layers with 
dimensions same as those in Fig. 9. This small  value 
can be neglected compared with the gate input  ca- 
pacitance of the usual  device of the order of 0.01 pF. 
The occurrence of resist ive/capacit ive losses due to the 
Schottky barr ier  capacitance between the upper  con- 
ductive layer  and the n-GaAs layer is also avoidable 
by  using an in termediate  ohmic contact layer, as has  
been carried out in Fig. 6 (b) .  

Usual ly the lower conductive layer  is connected at 
its end to one of the contacts of a un i t  device each of 

which lies on the upper  l eve l  For this purpose, the 
lower conductive layer  should be t ransferred to the 
upper  level  across the mesa step. However, this pro-  
cedure is carried out s imul taneously  in  the last proc- 
ess step for the formation of lower conductive layers, 
and a high yield of the photoli thographic process can 
be obtained due to re la t ively large widths of lower 
conductive layers. 

Conclusions 
We have introduced a new technology of fabricating 

Schottky barr ier  gate Gunn-effect  device and cross- 
over interconnection, both of which are impor tant  in 
a monoli thical ly integrated Gunn-effect  circuit. We 
can produce the uni t  Gunn-effect  devices and the 
upper  interconnections by first forming fine contact 
pat terns on a flat surface of epitaxial  layer  and then 
isolating the active area by the chemical etching tech- 
nique. Finally,  the lower conductive layer  is formed 
by the directional evaporat ion technique. The fabrica-  
t ion of monoli thical ly integrated circuits with fine 
structures and good electrical characteristics can be 
achieved by the present  technology. It  has been con- 
firmed exper imenta l ly  that the present  processes can 
easily be carried out with no sophisticated ins t rumen-  
tat ion as, for example, required by the proton bom- 
bardment  technique. In  the course of our work, we 
have succeeded in fabricat ing a Gunn-effect  shift regis- 
ter  with a clock rate of 2.7 GHz by applying this tech- 
nology in  forming uni t  devices. In  addition, the small  
parasitic capacitance obtained by our method is con- 
sidered to be useful for other semiconductor in te-  
grated circuits. 

Acknowledgments 
The authors would like to thank T. Ogawa for as- 

sistance in the experiments,  Y. Toyama, T. Nakamura  
and G. Goto for frui t ful  discussions, and Dr. T. Misugi 
and Y. Fukukawa  for cont inual  encouragement.  

Manuscript  submit ted March 15, 1976; revised m a n u -  
script received June 1, 1976. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1977 
JOURNAL. All discussions for the June 1977 Discussion 
Section should be submitted by Feb. i, 1977. 

PubLication costs o] this article were assisted by 
Fujitsu Laboratories Limited. 

REFERENCES 
1. T. Sugeta, H. Yanai, and K. Sekido, Proc. IEEE, 59, 

1629 (1971). 
2. K. Mause, A. Schlachetzki, E. Hesse. and H. Salow, 

"Proceedings of the 4th Biennial  Cornell  Elec- 
trical Engineer ing Conference, 1972," p. 211 
(1973). 

3. M. Takeuchi, A. Higashisaka, and K. Sekido, 
IEEE Trans. Electron Devines, ed-19, 125 (1972). 

4. K. Kurumada,  T. Mizutani, and M. Fujimoto, 
Electron. Lett., 10, 161 (1975). 

5. S. Kataoka, N. Hashizume, M. Kawashima, and 
Y. Komamiya,  "Proceedings of the 4th Biennial  
Cornell  Electrical Engineering Conference, 1972," 
p. 225 (1973). 

6. H. L. Hartnagel,  Solid-State Electron., 12, 19 (1969). 
7. T. Nakamura,  S. Hasuo, G. Goto, K. Kazetani, 

and T. Isobe, "ISSCC Digest of Technical 
Papers," p. 166 (1975). 



Vol. 123, No. I0 P R O C E S S  F O R  G a A s  I N T E G R A T I O N  1551 

8. K. Mause, A. Schlachetzki ,  E. Hesse, and H. Salow, 
IEEE Trans. Commun., corn-22, 1435 (1974). 

9. K. H. Bachem, J. Engemann,  and K. Heime, Japan. 
J. Appl. Phys. Suppl., 43, 222 (1974). 

1O. A. Schlachetzki  and E. Hesse, Solid-State Electron., 
17, 633 (1974). 

11. L. C. Upadhyayula ,  S. Y. Narayan,  and E. C. 
Douglas, Electron. Lett., 11, 201 (1975). 

12. O. Wada,  S. Yanagisawa,  and  H. Takanashi ,  This 
Journal, 123, 420 (1976). 

13. K. Mause, Electron. Lett., 11, 408 (1975). 
14. S. I ida  and K. Ito, This Journal, 118, 768 (1971). 
15. Y. Tarui ,  Y. Komiya,  and Y. Harada,  ibid., 118, 

118 (1971). 

16. J. J. Gannon and C. J. Nuese, ibid., 121, 1215 
(1974). 

17. M. J. Meclercq, L. Gerzberg,  and J. D. Meindl, 
ibid., 122, 545 (1975). 

18. S. Yanagisawa,  O. Wada, and H. Takanashi ,  " In te r -  
nat ional  Elect ron Devices Meet ing Technical  
Digest," p. 317 (1975). 

19. B. L. Smith,  Solid-State Electron., U, 502 (1968). 
20. O. Wada,  S. Yanagisawa,  and H. Takanashi ,  Japan. 

J. Appl. Phys., 12, 1814 (1973). 
21. H. I. Smith,  F. J. Bachner,  and N. Efremow, This 

Journal, 118, 821 (1971). 
22. O. Wada, S. Yanagisawa,  and H. Takanashi ,  Proc. 

IEEE, 64, 566 (1976). 

The Nature of Defects in Silicon Dioxide 
A. K. Zakzouk, 1 R. A. Stuart, and W. Eccleston 

Department o~ Electrical Engineering and Electronics, University of Liverpool, Liverpool L69 3BX, England 

ABSTRACT 

Local ized conduct ing regions of s i l icon dioxide  are  a m a j o r  source of 
fa i lu re  of in tegra ted  circuits. By using l iquid crysta ls  in contact  wi th  the  
oxide, and s imul taneous ly  apply ing  an electr ic field across such a sandwich  
structure,  defect ive regions can be nondes t ruc t ive ly  identified. By examining  
the number  of defects as a funct ion of the  po la r i ty  of the appl ied  voltage,  
and time, i t  is possible  to obtain informat ion on the cause and na tu re  of 
these localized regions of high conduction. Exper iments  of this type  indicate  
tha t  defects a re  f requen t ly  caused by  imperfect ions  in the silicon subs t ra te  
and a model  is proposed which accounts qua l i ta t ive ly  for the resul ts  obta ined 
wi th  l iquid crys ta l  present .  

Thin dielectr ic  films are  wide ly  used in the  elec-  
t ronics industry.  One of the most impor tan t  app l ica -  
tions of such films is in p lanar  technology. Silicon 
dioxide,  si l icon ni tr ide,  and a lumina  are  the  most 
wide ly  used mate r ia l s  and each has its own set of ad-  
vantages,  pa r t i cu l a r ly  when  used as an in tegra l  pa r t  
of the  gate  dielectr ic  of meta l  oxide semiconductor  
t rans is tors  (MOST).  Sil icon n i t r ide  and a lumina  are  
pa r t i cu l a r ly  imperv ious  to the  migra t ion  of sodium 
and pro ton  ions, un l ike  silicon dioxide.  These ions can 
give rise to ins tab i l i ty  in the threshold  vol tage  of 
MOST devices. Sil icon dioxide is st i l l  ve ry  wide ly  
used, however ,  because thin (1000A) films can be 
produced  by  the rmal  oxidat ion of the silicon, p rov id -  
ing a semiconduc tor - insu la tor  in ter face  which is re l -  
a t ive ly  free f rom surface states. The thin  films p ro -  
duced by  the rmal  oxida t ion  a re  dense and when  free 
f rom "defects" pass negl ig ib ly  smal l  currents  for the  
range  of electr ic fields commonly  found with  MOS 
transistors .  Oxide "defects" do occur in sufficient 
numbers ,  however,  to cause unre l i ab i l i ty  in la rge  scale 
in tegra ted  circuits. The fa i lure  of circuits  may  be due 
to e i ther  ca tas t rophic  breakdown,  or high conduction in 
the  dielectric.  The p rob lem is not  res t r ic ted  to conven-  
t ional  MOS circuits, but  is also impor tan t  in both 
charge  coupled devices and b ipo la r  t rans is tor  circuits. 

Pinholes  may  be one possible cause of high conduc-  
t ion and are  due in many  cases to e i ther  contaminat ion  
of the  under ly ing  silicon subs t ra te  or imperfect ions  in 
photoengrav ing  masks. High conduction is also found 
in the  absence of pinholes and this is more  difficult to 
explain.  The s tudy  of defects  of this type  has been 
made  more  difficult, in the  past, by  the lack of ava i l -  
ab i l i ty  of a nondes t ruc t ive  technique  for locat ing 
them. K e r n  (1) has rev iewed  the cu r ren t ly  ava i lab le  
techniques.  Keen  (2) has shown tha t  negat ive  nemat ic  
crystals  provide  a good nondest ruct ive  method  for lo-  
cat ing defects  in insula t ing layers.  This technique has 

1 Present address: Department of Engineering, Alexandria Uni- 
vers i ty ,  A lexandr i a ,  Egypt .  

K ey  words :  i n t e g r a t e d  circuit testing, liquid crystals, oxide de- 
fects density, field, thickness dependence. 

been s tudied in more deta i l  by  the  present  authors  (3) 
and is the  subject  of this publicat ion.  DiStefano (4) 
has used photoemission measurements  to show tha t  a 
h ighly  localized reduct ion  of the  si l icon-si l icon dioxide  
ba r r i e r  can occur, pa r t i cu l a r ly  af ter  contaminat ion  of 
the  oxide by  impur i ty  ions such as sodium. The ba r r i e r  
is lower  af ter  apply ing  an electr ic field across the oxide 
which  dr ives  the  impur i t y  ions to the  si l icon surface. 
Wil l iams et al. (5) have suggested tha t  the  cause 
of the localized ba r r i e r  lower ing  is a condensat ion of 
sodium ions at pa r t i cu la r  points  on the silicon surface. 
The potent ia l  energy of a pa r t i cu la r  ion is shown to 
be lower  when it is s i tuated near  to a me ta l l i c - l ike  
surface. An  accumula ted  silicon surface approximates  
such a surface and the posi t ive sodium ions wil l  induce 
such a surface condition. This effect p romotes  the  con- 
densat ion and would be expected  to produce  the h igh ly  
localized ba r r i e r  lower ing  descr ibed by  DiStefano.  

Raider  (6) has demons t ra ted  that  sodium dr i f t  can 
be responsible  for t ime-dependen t  breakdowns,  p r e -  
sumably  due to e lect ron inject ion into the  film at  
localized regions where  the  ba r r i e r  is lowered.  Chou 
and Eldr idge (7) have s tudied the dependence  of 
b reakdown  on processing pa rame te r s  and this has 
been fol lowed by  a large  amount  of work  on the effect 
of sodium on conduct ion and b r e a k d o w n  (8, 9), a l l  of 
which must  u l t ima te ly  be fitted into any genera l  
theory  of oxide conduction and breakdown.  

Conduction has been s tudied in oxides with,  p r e -  
sumably ,  min ima l  amounts  of ba r r i e r  lowering,  by  
Lenzl inger  and Snow (10). Their  results,  obta ined on 
MOS capaci tor  s tructures,  indicate  that  conduction is 
p r imar i l y  l imi ted  by  F o w l e r - N o r d h e i m  tunnel ing 
e i ther  f rom the meta l  or sil icon into the  oxide. Os- 
burn  and Wei tzman (11) have a r r ived  at s imilar  con- 
clusions, but  also indicate  the  impor tance  of mobi le  
ions and t rapp ing  phenomena  in the  conduct ion proc-  
ess. 

The Liquid Crystal Technique 
With  this technique, the t he rma l ly  oxidized slice is 

covered by  a drop of l iquid crys ta l  which is then 
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Fig. 1. The apparatus used for the study of oxide defects with 
liquid crystal. No spacers are necessary since the tin oxide coated 
glass plate is supported by the liquid crystal film. 

placed beneath a t in  oxide coated glass slide as shown 
in Fig. 1. The highly insulat ing na ture  of the silicon 
dioxide prevents  the passage of large currents  through 
the liquid crystal. Wherever  the silicon dioxide is con- 
ducting, however, turbulence is seen in the liquid 
crystal. The thickness of the liquid crystal layer, under  
the weight of the glass slide, can be reduced to about 
10 #m and this is the diameter  of the area of tu r -  
bulence seen through the microscope. The turbulence 
effect is known as dynamic scattering and has been 
discussed by Heilmeier  et at. (12) and DeGennes (13). 
The process by which it occurs is by no means cer- 
tain. The following discussion would appear to rep- 
resent  a consensus view of the process and is the basis 
of our unders tanding of the effect when  used for lo- 
cating defects. 

We consider an ar rangement  similar to that shown 
in Fig. 1, with the oxidized silicon slice replaced by a 
simple conducting electrode. The l iquid crystal 
molecules, under  the action of the applied field, al ign 
themselves parallel  to the plates. This is due to the 
presence of a dipole, on each molecule, at right angles 
to the long axis of the molecule. The molecules, being 
neut ra l  over-all,  cannot provide a d-c current.  If 
they absorb a water molecule, however, they can ac- 
cept an electron from the negative electrode, move to 
the positive electrode under  the action of the elec- 
tric field, and there become discharged. A d-c current  
then passes through the liquid. As the molecule carry-  
ing the electron drifts through the l iquid medium, 
molecules on either side rotate because of the electro- 
static force on their dipoles. This turbulence  causes a 
change of refractive index and can therefore be 
clearly seen through the microscope. If the negative 
electrode is providing electrons to the liquid crystal 
molecules uniformly over its area, the resul tant  torque 
on other molecules is zero and no turbulence  is ex- 
pected. Because of statistical var iat ion in the rate of 
release of ions, no detailed balance in torque occurs 
and turbulence is seen. 

When one of the electrodes has an insulat ing layer 
on its surface, conduction occurs in the l iquid crystal 
in those places where high conduction in the insulat -  
ing layer due to defects is present. The torque on the 
liquid crystal molecules in the region of the conduct-  
ing defect is then par t icular ly  strong because of the 
large var iat ion in the release of charged l iquid crystal 
molecules at the defect compared with those regions 
of good insulator  around it. The effect has been dis- 
cussed by Keen (2), but  has not been the subject of 
extensive quant i ta t ive study. 

Fabrication of Samples 
All the results described here, unless otherwise 

stated, were obtained on (111) n- type  silicon. The 
silicon was ini t ia l ly degreased and was then boiled in 
nitric acid, followed by t rea tment  in hydrofluoric acid, 
before washing in deionized water. The oxidation was 
carried out in  dry oxygen at 10O0~ for sufficient 
lengths of time to produce 1000 to 5000A thick films. 

The furnace was resistance heated and the silicon 
slices were contained on a quartz boat in  a single wall  
quartz tube. All the oxidations were carried out with 
the slices horizontal, ful ly supported by the quartz 
boat. This minimizes the stress on the silicon dur ing 
oxidation and cooling. 

In  many  cases this procedure was preceded by 
steam oxidation of the silicon. Using conventional  
photolithography, small  windows were etched in  the 
"steam" oxide and the thin "dry" oxide was grown in 
the windows. This procedure was carried out to facili- 
tate precise location of a par t icular  region of oxide 
dur ing the experiments  and to s imulate typical proc- 
essing steps of MOS and charge coupled device oxides. 
The oxide was removed from the rear  of the slice 
and this was placed in contact with an a luminum 
plate. A small amount  of the nematic l iquid crystal 
(p -methoxybenzy l idene-p-n  bu ty l -an i l ine )  was then 
placed on the top of the oxidized surface of the slice, 
and the apparatus was set up as shown in Fig. 1. 

Initial Experiments 
Voltages of both polari ty were applied to the t in  

oxide and the samples were observed for long periods 
of time. With negative bias on the t in oxide, very  few 
tu rbu len t  regions were seen. The oxide itself showed 
faults in these regions when viewed without  l iquid 
crystal, and it is believed that  these regions are p in-  
holes presumably  caused by contaminat ion dur ing the 
oxidation process. We shall, henceforth, refer to these 
as type I defects. Figure 2a shows a type I defect. 

With positive bias applied to the t in  oxide, many  
more defects were seen, al though type I defects are 
still present. We shall refer to those defects occurring 
under  positive bias only as type II defects. Figure 
2b shows the appearance of a sample after applying 
positive bias to the t in  oxide. Figure 2c shows the 
same region of oxide sometime later. Both Fig. 2a 
and b show the type I defect present  in Fig. 2a. There 
is also, clearly, an increase in the number  of type II 
defects with time. 

Figure 3 shows the way in  which the densi ty of 
defects increases with t ime for two films of thickness 
0.1 and 0.19 #m. In  both cases (curves A and C), the 
number  of defects saturates with time. If negative bias 
is applied to the top electrode, only type I defects are 
visible, but on subsequent  positive biasing the number  
of type II defects is ini t ia l ly  reduced. However, after a 
fur ther  t ime has elapsed the defect density rises above 
its earlier value and u l t imate ly  saturates (curves B 
and D). 

On one sample, which had scratches in the silicon, 
l ines of type II defects were seen along the scratches. 
In  addition, defects occurred preferent ia l ly  at the 
points of intersection of thick and thin oxide. At these 
points there is a ledge in the silicon due to silicon 
having been removed inside the window dur ing the 
second oxidation process. This effect is clearly indi-  
cated in Fig. 4. 

It  was found also that the number  of type II  defects 
was not significantly affected by the presence of dif- 
fused p- type region in the surface of the silicon. 

In general, type II defects are not visible as oxide 
flaws using optical microscopy. 

Discussion of Initial Experiments 
Three features of the ini t ial  results require explana-  

tion: the polarity and time dependence of the density 
of defects and the marked increase in density as a 
result  of negative voltage on the t in oxide. It  is con- 
ceivable that type II defects are submicroscopic p in-  
holes. Their polari ty dependence could then be due to 
a difference in the heights of the si l icon-l iquid crystal 
barr ier  and the t in  oxide-l iquid crystal barrier.  This 
would appear not to be the case, however, since larger 
oxide pinhole defects are visible under  both polarities. 
Measurements have been made on silicon slices of the 
variat ion of current  with applied voltage, without  an 



Vol. 123, No. I0 DEFECTS IN SILICON DIOXIDE 1553 

Fig. 2. (a) The appearance of a region of oxide with a negative 
voltage applied to the tin oxide. A type I defect is present (applied 
voltage --40V). (b) After reversal of the polarity of the applied 
voltage, more defects are seen, but type I defects are still present 
(applied voltage ~-40V). (c) After 10 rain the density of type II 
defects has increased considerably. 

oxide film, and no strong polar i ty  dependence is seen. 
Figure 5 shows typical curves and can be compared 
with Fig. 6, for the si tuat ion where an oxide film is 
present, and a strong polari ty dependence is present. 
I t  seems, therefore, that  if type II defects are pinholes, 
then barr ier  height differences are not pr imar i ly  re-  
sponsible for their polari ty dependence. This is in  
agreement  with the earlier work of Heilmeier  et al. 
for a wider variety of metal  electrodes. 

The tendency for type II  defects to be distr ibuted 
along ledges in the silicon indicates the importance of 
silicon imperfections in  these phenomena.  We suggest 
a simple model which would appear to account qual i -  
ta t ively for the ini t ial  results. Consider first the proc- 
esses occurring in a typical oxide film free from defects 
when placed in the apparatus shown in Fig. 1. The 
charge motion is shown schematically in  Fig. 7a. Elec- 
trons tunne l  through the bar r ie r  from the conduction 
band  of the silicon and then move through the oxide. 
At the outer surface of the oxide they attach them-  
selves to l iquid crystal molecules and are then t rans-  
ported to the positive anode where the molecules are 
discharged. During the application of the positive 
voltage any scratches or similar discontinuit ies act as 
points of field intensification and positve impur i ty  
ions in the film condense at these points. This, to- 
gether with the field intensification due to the geom- 
etry of the irregularit ies,  causes bar r ie r  lowering. Since 
the height of the barr ier  pr imar i ly  cont ro ls  the cur-  
rent,  the current  increases. Because of the relat ively 
high mobil i ty  of electrons in  the silicon dioxide, the 
bar r ie r  can be reduced by a large amount  before the 
conduction becomes bulk  limited. Presumably,  the 
current  u l t imate ly  becomes l imited by some form of 
Poole-Frenkel  conduction. As positive charge en-  
ters the regions of field intensification by diffusion 
from other parts of the film, one would expect the 
current  and, hence, size of the turbulence  to increase. 
Ul t imately  the total number  of defects seen will 
saturate, either due to the number  of available im-  

pur i ty  ions becoming exhausted, or when  all the 
available silicon sites are producing turbulence.  Figure 
3, curves A and C, would appear to indicate that  
saturat ion occurs after approximately  5 and 15 min, 
respectively. On applying negative voltage to the 
t in  oxide, the positive ions are removed from the 
region of the silicon surface and geometrical effects 
cause the positive ions to spread out into the oxide. 
No turbulence  is now present  in the l iquid crystal in -  
dicating that all the voltage is now fal l ing across the 
oxide. It is well documented that  such a high field 
causes the release, by tunnel ing,  of electrons from 
traps in the oxide. The tunne l ing  process involves no 
change of electron energy and the traps must  there-  
fore have energies coincident with the conduction band 
in the presence of the applied field for charge to t rans-  
fer to the conduction band. Positive charge is created 
in the oxide. On re tu rn ing  to positive voltage on the 
t in  oxide, the number  of turbulences  would be ex- 
pected to be ini t ia l ly small. Impur i ty  ions condense 
with the lapse of time and gradual ly  the n u m b e r  of 
defects increases. The total  positive charge is now 
due to not only impur i ty  ions but  also the ionized 
traps obtained through the previous application of 
negative bias to the t in  oxide. It  is not surpris ing that 
curves B and D of Fig. 3 show an increased n u m b e r  
of turbulences since some smaller  defects may now 
have sufficient positive charge sur rounding  them to 
produce large enough electron currents  for them to 
become visible. 

The model proposed would appear to be the s im- 
plest capable of explaining the present  observations. 
If correct, it leads to fur ther  deductions about the be-  
havior of oxides when  viewed by this method. Since 
curves A and C show quite definite saturation, we 
are forced to deduce that  we are pr imar i ly  l imited by 
the concentrat ion of impur i ty  ions in  the oxide. 
Curves B and D indicate that  more silicon imper-  
fections are present in  the sample than are shown in  
A and C. In  view of the comparat ively large amount  
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Fig. 3. Curve A shows the density of type Ii defects as a function 
of time. The tin oxide is positive and applied field is 1.6 MV cm -z .  
The silicon oxide thickness is 0.19 #m. Curve B was obtained on 
the same sample, but after biasing the tin oxide negatively for 3S 
min with a field of 1.6 MV cm - 1 .  Curve C was obtained in a sim- 
ilar way to Curve A for an oxide of 0.1 ~m thickness. Curve D 
was obtained in a similar way to curve B but is far the thinner 
oxide of curve C. 

of l iquid crystal in contact with the slice of silicon, it 
seems unl ikely  that the l iquid is the source of im-  
pur i ty  ions. 

It  has been suggested by a n u m b e r  of workers that  
imperfections could be due to crystal l ine regions of 
silicon dioxide. While the above model does not re-  
quire crystallization, it does not preclude this as 
being a factor. 

F u r t h e r  E x p e r i m e n t s  a n d  Discussions 
The above model depends pr imar i ly  on the oc- 

currence of field intensification at i rregulari t ies  in 
the silicon. This is based on the fact that  defects have 
been found to align on scratches on one sample and 
the higher concentrat ion of turbulences seen at ledges 
in the silicon. It is clearly necessary to examine the 
region of a turbulence  away from known i r regular -  
ities in  the substra~e. Precise location of the center 
of a tu rbulen t  region is difficult, but  in every case 
examined to date a turbulence has coincided with a 
silicon i r regular i ty  on scanning electron microscope 
pictures. It is not possible at present  to give informa-  
tion on the cause of these irregulari t ies since they 

Fig. 4. After  opening windows in the thick oxide, the dry oxide 
was grown. This thin oxide is contained within the circular area. It 
can be clearly seen that type II defects occur preferentially at the 
intersection of thin and thick oxides where a ledge in the 
silicon is situated (circle diameter - -  168 #m). 
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Fig. 5. Current-voltage characteristics of the cell with unoxidized 
silicon as one of the electrodes. Very l itt le polarity dependence is 
seen. Curve A corresponds to the tin oxide positive, curve B with 
its negative. These results are in agreement with those given by 
Heilmeier et al. (12). 
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Fig. 6. Current-voltage characteristics of the cell with oxidized 
silicon and type II turbulences present. Curve A corresponds to the 
oxide positive, B to its negative. These results correspond to current 
densities approximately • 10 -3  less than those of Fig. 5. 

can be of several forms, e.g., hillocks, etch pits, etc. 
I n  addition, when  turbulence  is seen on a silicon ledge 
as shown in  Fig. 4, a very steep port ion of the ledge 
is always present  in  the region of this turbulence.  

A point  of practical importance is the var ia t ion of 
defect densi ty  with oxide thickness and electric field. 
Figure  8 shows the var ia t ion of defect densi ty as a 
funct ion of oxide thickness for fields of 2 MV/cm, 
3 MV/cm, and 4 MV/cm. Between 0.2 and 0.6 ~m 
the defect density D varies according to the expres-  
sion --XO ) 

D = Doexp ( - - - ~  

where Do is a constant  which is s t rongly dependent  
on the applied field. L is a constant  which is field 
independent  and has a value of almost exactly 0.1 ~m. 
At thickness less than  0.2 #m, the defect densi ty 
increases very rapidly. 

We have noted that  the current  through a defect 
can depend on either the Fowler-Nordheim tunne l ing  
or, when  the barr ier  is significantly reduced, on bu lk  
conduction presumably  by some form of Poole-Frenkel  
conduction. Neither of these phenomena  would be ex- 
pected to give a very strong dependence of density 
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Fig. 7. (a) Diagram of the various conduction processes in the 
cell without impurities ions present. A is the Fowler-Nordheim 
process, B is presumed to be Poole-Frenkel bulk conduction, C is 
the transfer of electrons to liquid crystal molecules, D is the 
ionic conduction in the liquid crystal, and E the discharge at the 
positive tin oxide electrode. (b) Shows the same processes as A with 
additional barrier lowering due to field intensification and mobile 
impurity ions. In both (a) and (b) the conduction is probably 
limited by the barrier height (process A). 
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Fig. 8. The density of type II defects o a function of oxide 
thickness for various field values. Curves A, B, and C were ob- 
tained for field values of 2, 3, and 4 MV cm -1,  respectively. 

of turbulences on thickness for a given value of ap- 
plied field. The field values quoted do not represent  
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the  ac tual  field exper ienced by  the ba r r i e r  since su-  
per imposed  on the appl ied  field is tha t  due to the 
presence of posi t ive charge  in the oxide. This charge 
is, of course, accumula ted  very  close to the sil icon 
and under  s t eady-s ta te  condit ions its d is t r ibut ion  is 
de te rmined  by  the ba lance  be tween  the electr ic field 
at  any  point,  which  holds the charge near  the  silicon, 
and diffusion which  counterba lances  this  effect. Cal-  
cuIations indicate  tha t  for  a reasonable  dens i ty  of 
charge al l  the impur i ty  ions are  contained wi th in  a 
distance of a few angstroms from the si l icon-si l icon 
dioxide interface  so that  in the ma jo r i t y  of the oxide 
the  field is equal  to the appl ied  vol tage  d iv ided  by  
the oxide thickness. I t  is not possible wi thout  fu r the r  
measurements  to expla in  the thickness dependence  
of defect  densi ty  shown in Fig. 8. The resul t  is p re -  
sented here  because of its prac t ica l  impor tance  in the  
design of MOS and CCD devices. 

Summary 
Measurements  have been pe r fo rmed  on oxide con- 

duct ion in th in  layers  of silicon dioxide  grown in d ry  
oxygen. The l iquid crys ta l  technique has been shown 
to be a va luable  nondest ruct ive  technique for s tudy-  
ing the  behavior  of oxide defects as a function of ap-  
pl ied vol tage and the po la r i ty  of this  voltage. Two 
types  of defect  have been found. Type I defects are  
p robab ly  pinholes  and have a very  low density.  Type  
II  defects occur only under  posi t ive bias (on the t in 
oxide)  and show a complex dependence  of dens i ty  on 
time. By cycling the vol tage be tween  posi t ive and 
negative,  it  has been possible to suggest  a s imple  
qual i ta t ive  model  for the behavior  of defects which 
would  seem to be associated wi th  physical  i r r e gu l a r -  
i t ies in the silicon. 

The model  developed depends on the cooperat ive 
effects of impur i t y  ions and slow t rapping.  It sug-  

gests that  devices will  be subject  to fa i lure  from oxide 
defects for e i ther  type  of polar i ty .  
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A New Paint-On Diffusion Source 
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ABSTRACT 

A new pa in t -on  diffusion source has been developed ut i l iz ing chemical ly  
s table  po lymethy l s i loxane  resins, n -bu ty lace ta t e  as a solvent, and dopant  
compounds such as carborane  po lymers  for boron, t r ipheny lphospha te  for 
phosphorus,  and As[O Si(C6H~)20]sAs for arsenic. These pa in t -on  diffusion 
sources were  spun on sil icon wafers  by  convent ional  photoresis t  spinners.  
Ozone was used at 200~ for the decomposi t ion of pa in t -on  diffusion sources 
into doped oxide films. Doped oxide densifications or diffusions were  per formed  
in the  same furnace tube as the decomposi t ion in order  to p reven t  the  mois ture  
absorpt ion of the undensified doped oxide. Doped oxide diffusions y ie lded 
average  sheet  resis tances wi th  s tandard  deviat ions of 1.71% for boron and 
1.65% for arsenic. 

Pa in t -on  diffusion sources offer an economic and 
s imple method of in t roducing dopants  into semiconduc-  
tors (1-4). Previously ,  pa in t -on  diffusion sources con- 
sisted of acyloxysi lanes ,  monomeric  dopant  compounds, 
and solvents. Resul ts  of sp in -on  doped po lymers  were  
also r epor ted  (5), bu t  composi t ion and processing of 
such sp in-on  doped polymers  were  not  disclosed. As 
acyloxysi lanes  easi ly decompose into SiO2 at low t em-  
pera tures  (3), the  change from an organic acy loxy-  
si lane into SiO2 can be achieved by  a low t empera tu r e  
heat ing step. However,  the  the rmal  ins tabi l i ty  of 
acyloxysi lanes  causes the difficulty of main ta in ing  a 
sufficient long shelf- l i fe  for pa in t -on  diffusion sources 

�9 Electrochemical  Society  Act ive  Member.  
Key words:  paint -on diffusion source,  diffusion, diffusion source ,  

densification, decomposi t ion process .  

consisting of acyloxysi lanes.  In  the  absence of any 
polymer ic  compounds, the surface tension of pa in t -on  
diffusion sources depends on the  weight  ra t io  of sol-  
vent,  acyloxysi lane,  and dopant  compound.  Since the  
surface tension is low for monomer ic  solut ions in com- 
par ison to po lymer ic  solutions, i t  is difficult to obta in  
thick pa in t -on  source film layers  for  monomer ic  solu-  
tions by  using a single step spinning process on a con- 
vent ional  photoresis t  spinner.  

In  order  to develop a pa in t -on  diffusion source tha t  
would  provide  a l iquid solut ion wi th  a high chemical  
s tab i l i ty  and a sufficient surface tension, solutions of 
silicone po lymers  such as po lydia lky ls i loxanes  and 
polya lky l  resins were  invest igated.  The si loxanes are  
known to be chemical ly  s table  and not humid i ty  sen-  
si t ive at  room t empera tu re  (6). Only at  e levated tern- 
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peratures above 250~ in  the presence of 02 does a 
change occur in  the chemical composition of silicone 
polymers (7). Because of the high thermal  stabil i ty 
of silicones in comparison to acyloxysilanes, a new 
processing technique had _to be developed for pa in t -on  
diffusion sources containing silicones. 

Experimental 
The complete removal  of organic groups attached to 

silicone polymers can be accomplished by a heat-  
t rea tment  in 02 above 600~ (6, 7), by oxidation in  
ozone above 150~ or in atomic oxygen at room tem-  
perature.  After  sp inning of the pa in t -on  diffusion 
source on silicon substrates, 02 decomposition above 
600~ caused slight pi t t ing on the silicon surface; 
whereas dur ing  ozone and atomic oxygen decomposi- 
tion, the silicon surface was not attacked. After  ozone 
and atomic oxygen decomposition, the original pa in t -  
on diffusion source film changed from a polysiloxane 
into a porous SiOf. This porosity of SiO2 is advantage-  
ous for the complete removal  of organic groups. But 
this porosity imposes a problem because of the humid-  
i ty sensitivity, unless the porous SiO2 is immediate ly  
densified by a hea t - t r ea tment  above 700~ (8). Since 
the atomic oxygen technique utilizes a photoresist 
ashing system operating only at low pressure condi- 
tions (9), the atomic oxygen decomposition technique 
cannot easily be combined with a high t e m p e r a t u r e  
diffusion furnace using diffusion ambients  at a tmo- 
spheric pressure. Therefore the ozone technique was 
adopted for the decomposition of the polysiloxane 
polymer into SiOf. 

In order to prevent excessive shrinking of the poly- 
siloxane film during the ozone decomposition, a poly- 
methylsiloxane resin was chosen, which already con- 
tains 80 weight percent (w/o) SiOf. Such a poly- 
methylsiloxane resin is commercially available under 
the trade name Type 650 Glass Resin of Owens-Illi- 
nois (I0). The polymethylsiloxane resin was dissolved 
in an organic solvent together with the dopant com- 
pounds. The choice of a suitable solvent is important 
to obtain a uniform paint-on diffusion source film 
thickness over the entire wafer surface. The evapora- 
tion rate of the paint-on diffusion source solvent dur- 
ing the spinning operation on a photoresist spinner 
must be in the same order of magnitude as the spread- 
ing rate of the paint-on source solution during spin- 
ning. Using n-butylacetate as a solvent for polymethy- 
siloxane, a uniform paint-on source film was obtained 
except for an 8 rail wide rim of paint-on source mate- 
rial at the wafer edge. 

Dopant compounds were selected in such a manner 
that they possessed a high chemical stability, low 
vapor pressure at room temperature, and low toxicity. 
Carborane polymers (ii) were used as boron dopant 
compounds, which are produced by Olin Corporation 
under the trade name of Dexsil 202. Triphenylphos- 
phate, (C~HsO)aPO, which has a mel t ing point  of 
48.5~C (12), served as a phosphorus dopant compound. 
The arsenosiloxane compound As[OSi(C~H~)20]a As, 
which exhibits a mel t ing point of 195~ (13), was 
chosen as an arsenic dopant  compound. 

Pa in t -on  diffusion sources were spun at 3000 rpm for 
30 sec on a Headway Photoresist Spinner  Model 1-EC 
101 in a humidi ty-control led  hood (10% humidi ty) .  
After  spinning, the pa in t -on  diffusion source film was 
decomposed in O3 at temperatures  between 150 ~ and 
250~ for a durat ion of 30 min. After decomposition in  
03, the pa in t -on  diffusion source was densified or dif-  
fused at temperatures  above 700~ in oxygen, nitrogen, 
or argon. 

The pa in t -on  diffusion source processing tube is 
shown in Fig. 1. A rectangular  tube (21A in. wide, 3Y,. 
in. high, and 68 in. long) is inserted into a 25 in. long 
furnace type Blue M Model OV-480A and into a 30 in. 
long diffusion furnace of the type Diffusitron Mark II. 
The ozone-decomposition furnace has an 8 in. long 
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Fig. I. Paint-on diffusion source processing tube 

tempera ture  plateau, which deviates less than  2~ 
from the mean tempera ture  value. The diffusion fur -  
nace has a 12 in. long tempera ture  plateau with a I~ 
deviat ion from the mean  value. In order to prevent  
t ime-consuming tempera ture  profiling of the ozone- 
decomposition and diffusion furnace, the diffusion fur -  
nace was f requent ly  operated as a densification furnace 
and the diffusion was carried out in a separate diffusion 
furnace. The gas inlet  for ozone, oxygen, nitrogen, and 
argon is near  the tube  opening. All gases flow first 
through the Os-decomposition furnace and then enter  
the diffusion furnace before the gases are exhausted at 
the end of the tube. The ozone is generated by an 
ozone generator of the type Welsbach Model T-816. 
This ozone generator  produces 16g ozone per hour  in  
oxygen. 

Results of the Boron Paint-on Diffusion Source 
A boron pa in t -on  diffusion source consisting of 8g 

methylpolysi loxane glass resin, 40.0g n-butylacetate ,  
and 0.8g carborane polymer was spun on an n - type  21/4 
in. diam <100> 2 t l -cm silicon substrate with 3000 rpm 
for 30 sec. After  spinning, a pa in t -on  diffusion source 
film thickness of 6000A was measured. Five wafers were 
standing upright  in each of the two rows of the quartz 
boat. First, the wafers, covered with pa in t -on  source, 
were decomposed in  ozone at 200~C for 30 rain in the 
decomposition zone of the furnace tube. In the same 
furnace tube, the wafers were then densified at 700~ 
in  N2 for 30 min  by pushing the wafer boat from the 
decomposition zone into the densification or diffusion 
zone. After densification, the original film thickness of 
the pa in t -on  source film was decreased from 6000 to 
3000A. After densification, the wafers were diffused at 
1050~ for 30 rain in  argon in  a separate furnace of 
the type Electroglas Model 35. 

In  Table I, for five wafers in each row of the wafer 
boat, the average sheet resistance is given, taken from 
nine  sheet resistance measurements  on each wafer. A 
junct ion  depth of 1.1 ~m was observed by using the 
conventional  bevel and stain technique. By applying 
Irvin 's  curves (14) to measured sheet resistance and 
junct ion depth values, a boron surface concentrat ion of 
2.9 X 1020 a tom/cm 3 in  silicon can be calculated. Total 
variations of less than 7% of the average sheet resist- 
ance value were obtained for our boron pa in t -on  dif- 
fusion source. These percenti le  sheet resistance var i -  
ations are comparable with sheet resistance variations 
of previous boron pa in t -on  diffusion sources yielding 
total sheet resistance variations between 5 and 10% 
(2). 

Table I. Sheet resistance uniformity for the boron paint-on 
diffusion source 

Row 

1 9. l a n d 2  

A v e r a g e  shee t  r e s i s t ance  (Cl/[']) fo r  19.83 
5 w a f e r s  in each  r o w  (9 data per  
w a f e r )  

S t a n d a r d  dev ia t ion  (%)  2.01 

19.39 19.61 

1.76 1.77 
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Different boron surface concentrations can be 
achieved by varying the amount  of carborane present 
as a dopant compound in  the boron pa in t -on  diffusion 
source. In Fig. 2, the boron surface concentrat ion in  
silicon is shown as a function of the carborane content 
in  the boron pa in t -on  diffusion source for a 1, 11,/2, and 
4 hr diffusio~ ~.t 1000~ in  argon. According to Fig. 2, 
the boron surface concentrat ion in  silicon after diffu- 
sion increases with the amount  of carborane dopant 
for all diffusion times. The decrease of boron surface 
concentrat ion with diffusion time for the same car- 
borane content, as shown in Fig 2, can be at t r ibuted 
to the boron depletion at the interface of the 3000A 
borosilicate layer and the silicon surface and to the 
boron out-diffusion (15). 

The infrared absorption spectrum of the boron pa in t -  
on diffusion source utilized in the boron pa in t -on  
source uni formi ty  study described above is shown in 
Fig. 3 for three conditions: (i) after spinning, (it) 
after ozone decomposition at 700~ for 30 rain, and (iii) 
after densification in  N~ at 200~C for 30 rain. As seen 
from Fig. 3 (a), the dominant  infrared absorption after 
spinning of the pa in t -on  source film is the Si-O stretch- 
ing vibrat ion located between 9 and 10 nm (16). This 
stretching vibrat ion originates from the siloxane back- 
bone of the polymethylsi loxane resin (16). The other 
absorptions at 7.8 and 13 nm, present  in Fig. 3 (a), are 
caused by the Si-CH3 group, while the weak absorp- 
tions at 3 and 3.4 nm are due to the St-OH and Si-O- 
CH3 group, respectively (16). The weak absorption at 
3.9 nm, according to Fig. 3(a) is caused by the stretch- 
ing of the B-H bond (17). The St-O, Si-CH~, and St-OH 
groups identified in the infrared spectrum clearly in-  
dicate the presence of the methylpolysi loxane resin. 
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Fig. 2. Dependence of the boron surface concentration in silicon 
on the amount of carborane present in the boron paint-on diffu- 
sion source. 
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Fig. 3. Infrared spectrum of boron paint-on diffusion source after 
spinning (a), Oa decomposition at 200~ for 30 min (b), and 
densification at 700~ for 30 rain in argon (c). 

The B-H infrared absorption can only be caused by the  
carborane polymer (17). Therefore, the infrared ab- 
sorption spectrum of the pa in t -on  diffusion source after 
spinning [3(a)]  shows the solid components of the 
pa in t -on  diffusion source. 

After 03 decomposition of the boron pa in t -on  source, 
absorption bands are observed at 2.95, 7.2, 9.4, 10.8, and 
23.5 ~m, according to Fig. 3, trace (b) .  The infrared 
absorption spectrum of borosiIicate glass has Si-O ab-  
sorption peaks at 9.4 and 23 ~m, a B-O absorption peak 
at 7.2 ~m, and a Si-O-B absorption peak at 9.4 ~m 
(8). Therefore except for the 2.95 ~m absorption peak, 
the infrared absorption spectrum of the boron pa in t -on  
source after O3 decomposition is in  agreement  with the 
infrared absorption spectrum of borosilicate glass. The 
absorption peak at 2.95 #m, found in the infrared ab- 
sorption spectrum of the O3 decomposed pa in t -on  
source, can be at t r ibuted to the presence of moisture 
absorbed from the laboratory envi ronment  by the 
porous borosilicate formed by the 03 decomposition of 
the boron pa in t -on  source (8). According to Fig. 3, 
trace (c), upon densification of the decomposed boron 
pa in t -on  source film at 700=C, the H20 absorption peak 
at 2.95 ~m disappears. Therefore the infrared ab-  
sorption spectrum of the densified boron pa in t -on  
diffusion source is identical with the one of the boro- 
silicate glass. In  conclusion, the O3 decomposition and 
the successive densification of the boron pa in t -on  
source t ransform the original organic polymer mixture  
into an inorganic borosilicate glass without  any or- 
ganic residues. 

Results of  the  Phosphorus Pa in t -on  D i f fus ion  Source 
A phosphorus pa in t -on  diffusion source consisting of 

2.0g glass resin, 10.0g n-butylacetate ,  and 0.16g t r i -  
phenylphosphate was spun with 3000 rpm for 30 sec on 
11/.t in. diameter  <100> 10 ~-cm p- type silicon wafers 
after 1, 5, 7, and 11 days past the date of the pa in t -on  
preparation.  All phosphorus pa in t -on  diffusion sources 
were decomposed in ozone at 225 ~ for 30 min  and 
diffused in  argon at 1050~ for 105 rain. After the re-  
moval of phosphosilicate in HF, sheet resistances and 
junct ion depths were measured in five sites of each 
wafer. Table II shows sheet resistances, sheet resistance 
variations, and junct ion depths as a function of the 
processing time after pa in t -on  diffusion source prepa-  
ration. According to Table II, the total percentile sheet 
resistance variat ions on the same wafer are less than  
5%. An average sheet resistance value of 201 f i / [ ]  with 
a total variat ion of 10 12/D can be calculated for all 
wafers shown in Table !I. Therefore, the percenti le 
sheet resistance variat ion is less than 5% from wafer 
to wafer for different processing times after source 
preparation. One may then assert that the phosphorus 
pa in t -on  diffusion source has a sufficient chemical sta- 
bi l i ty for producing uniform doping levels. 

Figure 4 presents the phosphorus surface concen- 
t ra t ion in silicon as a function of t r iphenylphosphate 
dissolved in the pa in t -on  source solution. As evident  
from Fig. 4, the phosphorus surface concentrat ion in -  
creases with the amount  of t r iphenylphosphate in  the 
pa in t -on  solution unt i l  a phosphorus surface concen- 
trat ion of approximately 8 • 1019 a tom/cm 3 in silicon is 
reached. An explanat ion for the upper  surface concen- 
t ra t ion l imit  for the phosphorus pa in t -on  source may 

Table II. Reproducibility of a phosphorus palnt-on diffusion 
source as a function of the processing time after source 

prej~oration 

Process ing  t i m e  Surface  
a f t er  source  Sheet-p Junct ion  depth  co ncentra t ion  
preparat ion  i n  .q / I ]  ( i n  # m )  a t o m / c m  3 

A f t e r  1 d a y  198 • 4.q 0,553 2.34 • 10 TM 

A f t e r  5 d a y s  207 -~ 4.q 0.633 2,1 • 1019 
A f t e r  7 d a y s  201 -~ 10.q 0.649 2.04 • 1019 
A f t e r  i i  d a y s  198 ----- 5~ 0.574 2.5 x 10 TM 
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Fig. 4. Phosphorus surface concentration in sillcon as a function 
of the amount of triphenylphosphate dissolved in the paint-on 
diffusion source solution. 

be the separation of t r iphenylphosphate  and glass resin 
dur ing  the spinning process. Precipitates of t r iphenyl -  
phosphate were actual ly observed after spinning on 
top of the pa in t -on  source film for high t r iphenyl -  
phosphate concentrations. 

Results of the Arsenic Paint-on Diffusion Source 
An arsenic pa in t -on  diffusion source solution con- 

sisting of 12.0g glass resin, 12.0g arsenosiloxane com- 
pound, and 100.0g n-butylacetate ,  designated as solution 
No. 33, was spun with 3000 rpm for 30 sec on nine 
<100> 2~,4 in. diameter  1-2 ~ -cm p- type  silicon wafers. 
Three wafers were standing upr ight  in  each of the 
three rows of the quartz boat together with 28 wafers 
covered with an  undolzed polysiloxane resin film. After 
ozone decomposition at 181~C for 30 rain and a dil~usion 
at 1200~ for 15 min  in  02 followed by a 55 rain heat-  
t rea tment  in N2, the arsenic-do~ed oxide was removed 
by HF in  order to measure the sheet resistance on nine  
sites of each of the nine wafers, which received the 
arsenic pa in t -on  source diffusion. 

The exper iment  was repeated under  identical proc- 
essing conditions for two different arsenic pa in t -on  
solutions containing different polymethylsi loxane resin 
batches, designated as solutions No. 35 and 38. Solutions 
No. 35 and 38 were applied for 8 and 2 silicon wafers, 
respectively. The sheet resistance results (highest, low- 
est, and mean  sheet resistance including standard de- 
viat ion) are given in  Table III  for all different pa in t -  
on source solutions. The junct ion depth measured by 
bevel  and stain technique ranged between 2.1 and 2.4 
~m for all processed wafers. According to Table III, the 

Table III. Sheet resistance uniformity for arsenic paint-on 
diffusion sources using different batches of polymethyisiloxane 

resin 

Solution 
35 35 38 

(9 samples) (8 samples) (2 samples) 

Highest  sheet  resistance 9 .8  I0.I i0.I 
(~/L-]) 

Lowest sheet resistance 9.4 9.6 9.6 
(~/Fl) 

Mean sheet resistance 9.6 9.8 9.8 
Standard deviation 0.10 0.14 0.16 

(r~iC]) 
Mean sheet resistance averaged over 3 runs: 9.7 -- 0.16 ~/F'l 
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Fig�9 5�9 Arsenic surface concentration in silicon as a function 
of the arsenosiloxane content in a paint-on diffusion source solution. 

total sheet resistance var ia t ion from wafer  to w a f e r  
and from run  to run, using different resin batches, is 
less than 4.2% for a mean  sheet resistance value of 9.7 
~/FT. The percenti le  sheet resistance variat ions for the 
arsenic pa in t -on  diffusion source are, therefore, smaller  
than  for the phosphorus and boron pa in t -on  dit~usion 
sources, which have variations of 5 and 7%, respec- 
tively. As different batches of polymethyls i loxane resin 
were used for the solutions No. 33, 35, and 38 in the ar-  
senic pa in t -on  source study, the batch of the poly-  
methylsi loxane resin has a negligible impact on the 
arsenic doping in  silicon after the arsenic pa in t -on  
source diffusion because of the small  sheet resistance 
var iat ion of 4.2% for all arsenic pa in t -on  source solu- 
tions. 

In  Fig. 5, the arsenic surface concentration, calculated 
from sheet resistance and junct ion depth values by 
using Irvin 's  curves (14), is shown as a function of 
the arsenosiloxane content in a 0.5g glass resin/5.0g 
n-buty lace ta te  solution for a diffusion at 1150~ for 
15 min  in oxygen and for 75 rain in argon. Figure 5 in -  
dicates the arsenic surface concentrat ion in  silicon 
increases l inear ly  with the amount  of arsenosiloxane 
dissolved in the glass resin solution. Therefore, differ- 
erent  arsenic doping levels in silicon can be easily ob- 
tained by varying the amount  of arsenosiloxane dis- 
solved in the pa in t -on  diffusion source solution�9 

Summary 
A new pa in t -on  diffusion technology has been de- 

veloped for boron, phosphorus, and arsenic dopants. 
The uni formi ty  of the new pa in t -on  diffusion sources is 
equal to or bet ter  than the one of previous pa in t -on  
diffusion sources. The new pa in t -on  diffusion source 
has a long shelf-life and is not humidi ty  sensitive. 

Acknowledgments  
The author is grateful to R. F. Lever, H. S. Rupprecht,  

and T. H. Yeh for many  technical discussions. Most of 
the measurements  and evaluations were done with the 
technical assistance of M. Whitehill.  

Manuscript  submit ted Feb. 19, 1976; revised manu-  
script received July  1, 1976. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1977 
JOURN.aL. All  discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

Publication costs of thLs article were assisted by 
the IBM Corporation. 

REFERENCES 
1. K. Reindl, Solid-State Electron., 16, 181 (1973). 
2. J. A. Becker, ibid., 17, 87 (1974). 



1560 J. Electrochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  October 1976 

3. M. Genser,  U.S. Pat. 3,615,943. 
4. M. Mar  and R. Roo, P a p e r  435 RNP presented  at  

The Elect rochemical  Society Meeting, Toronto, 
Canada,  May 11-16, 1975. 

5. M. L. Long, Kodak  Microelectronics Semina r -  
In ter face  1973, p. 38 (1974). 

6. E. G. Rochow, Chem. Eng. News, 23, 612 (1945). 
7. K. A. Andr ianov,  "Metalorganic  Polymers ,"  p. 241, 

D. C. Bradley,  Editor,  Interscience Publ ishers ,  
John  Wiley & Sons, New York  (1965). 

8. W. A. Pliskin,  in "Physica l  Measurement  and 
Analys is  of Thin Fi lm,"  E. M. Must and W. G. 
Guldner ,  Editors,  P l enum Press, New York  
(1969). 

9. S. M. Irvin,  Kodak  Photores is t  Seminar  Proceed-  

ings, Vol. II,  p. 26 (1968). 
10. A. J. Burzynski ,  U. S. Pat.  3,460,980 ('1965). 
11. D. J. Mangold, Appl. Polym. Syrup., 11, 157 (1969). 
12. "Handbook of Chemis t ry  and Physics," 48th ed., 

p. C-474, The Chemical  Rubber  Co., Cleveland,  
Ohio (1967). 

13. B. L. Chamber l and  and A. G. McDiarmid,  J. Am. 
Chem. Soc., 82, 4542 (1960). 

14. T. C. Irvin,  Bell Syst. Tech. J., 41, 387 (1962). 
15. M. L. Ba r ry  and P. Olofsen, This Journal, 116, 

854 (1969). 
16. A. L. Smi th  and T. A. McHard,  J. Anal. Chem., 31, 

1174 (1959). 
17. H. A. Schroeder,  T. L. Heying,  and J. R. Reiner,  

Inorg. Chem., ~, 1092 (1963). 

The Redistribution of Gold during the Growth 
of an Oxide or of Phosphosilicate Glass on 

Contaminated Silicon Wafers 

T. A. O'Shaughnessy and H. D. Barber* 
Linear Technology Limited, Burlington, Ontario, Canada L7M 1T4 

and E. I.. Heasell 
Department of Electrical Engineering, University o~ Waterloo, Waterloo, Ontario, Canada N2L 3G1 

ABSTRACT 

We have  examined  the red i s t r ibu t ion  be tween  oxide, slice, and oxide 
surface of gold deposi ted f rom de l ibe ra te ly  contamina ted  etching solutions 
onto sil icon slices, dur ing  subsequent  oxidat ion  and phosphosi l icate  glass 
deposit ion.  Results  p resented  also show the d is t r ibut ion  of gold throughout  
the  oxide. The in i t ia l  oxidizing or anneal ing  condit ions in the  furnace are  
shown to have  an impor tan t  effect on the  subsequent  gold dis t r ibut ion.  

Dur ing  convent ional  device processing procedures ,  a 
silicon wafer  is exposed to var ious  etching, cleaning, 
and r insing reagents.  Whi le  the  use of h igh ly  pure  
chemicals  and r inse wa te r  is usual,  it  is difficult to com- 
p le te ly  e l imina te  the  presence of res idual  heavy  meta l  
contaminants .  Convent ional  c leaning procedures  a re  
not effective in removing such chemisorbed species 
from ei ther  silicon or SiO2 (1-4) and, thus, they  r ema in  
present  dur ing  subsequent  oxidation,  diffusion, or o ther  
high t e m p e r a t u r e  processes. I t  is of interest ,  then, to 
s tudy  the  behavior  of such surface contaminants  du r -  
ing subsequent  processing steps. Because we m a y  as-  
sume it to be typical  of a monovalen t  heavy  metal ,  and 
because of its use in the control  of l i fe t ime in many  
devices we have chosen to s tudy the red is t r ibu t ion  of 
gold dur ing the fo rmat ion  of e i ther  oxide, ox ide-PSG,  
or P S G  layers  on silicon. F rom the l a t t e r  studies we 
can also examine  the get ter ing  action, i f  any, of the  
composite and PSG layers.  

Experimental Methods and Results 
Gold was deposi ted onto the  f reshly  cleaned surface 

of pol ished silicon wafers  by  chemideposi t ion f rom a 
10% HF solut ion containing a carefu l ly  s tandard ized  
concentrat ion of neu t ron-ac t iva ted  gold. In  the  subse-  
quent  discussion reference  to gold concentrat ions  or 
contaminat ion levels of 10, 1.0, or 0.1 ppm refers  to 
the  nominal  concentra t ion by  weight  of gold in the  
contamina ted  etch. Where  the  quoted exper imenta l  
points do not coincide s t r ic t ly  wi th  these concentra-  
tions, it  indicates that  surface absorpt ion  by  the con- 
ta iner  and etching vessel  wal ls  has caused a decrease in 

�9 Electrochemical Society Active Member. 
Key words: silicon, gold, oxidation. 

the  gold concentra t ion f rom the nomina l  values.  The 
ra te  of deposi t ion of gold onto silicon or SiO2 was 
found to be t empe ra tu r e  independent  in  the  range  
20~176 Slices were  immersed  in the  etch for ~15 
min. For  the concentra t ion range 0.1-10 ppm, anc i l la ry  
exper iments  showed tha t  this per iod  was sufficient for  
the  surface gold concentrat ion to approach  equi l ibr ium.  

The oxidat ion  of a contamina ted  wafe r  resul ts  in the  
redis t r ibut ion  of the  gold be tween  the slice, the  oxide, 
and the oxide surface, The  gold concentra t ion in the  
slice is dependent  upon bo th  the  condit ions of contami-  
nat ion and of oxidation.  

By se lect ively  etching off first the  gold at  the  a i r /  
oxide surface wi th  hot aqua regia  and then removing  
the oxide using buffered HF, i t  is possible to de te rmine  
the net  quant i t ies  of gold presen t  at  the surface of the  
oxide, dissolved in the  oxide, and dissolved in the  
silicon slice. These observat ions  are  hampered  by  the  
tendency  of the  gold a l r eady  t aken  into solut ion in the  
etch to redeposi t  upon the f resh ly  exposed oxide or 
sil icon (1-4). To e l imina te  the effects of such redepos i -  
t ion dur ing the  remova l  of the  surface gold or the  
oxide and dur ing  the successive l aye r ing  of the  oxide, 
the samples  were  successively etched and r insed  sev-  
era l  t imes in ho.t~aqua regia  and deionized water .  Con- 
trol  exper iments  on both contamina ted  slices and 
oxides showed that  this procedure  was successful in 
removing  rep la ted  gold, whi le  l eav ing  the oxide  un-  
affected. 

The quanti t ies  of gold present  were  de te rmined  at  
each stage by  f i-part icle counting, making  a direct  com-  
par i son  with  s tandard  samples  of a s imi lar  counting 
geometry.  The absorpt ion  coefficient for the  fi-particles, 
~, was de te rmined  f rom the  f r o n t - t o - b a c k  count ra t io  
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on a series of slices, between 0.004 and 0.016 in. thick, 
having gold on one surface only. The rat io was an 
accurately exponent ia l  funct ion of slice thickness cor- 
responding to an absorption coefficient of 50.41 cm -1. 
Since the absorption of #-particles in  this energy range 
is proport ional  to the specific gravi ty  of the absorber  
(5), we can ignore the absorption of oxide layers when  
present. 

If we consider the following counts: X1 = ini t ial  
f ront  surface count, Y1 = ini t ial  back surface count, 
X2 = front  surface after removal  of surface gold, Y2 
---- back surface after removal  of surface gold, X8 --- 
front surface after removal  of oxide, and Yz ---- back 
surface after removal  of oxide, then we can determine 
the various net  gold concentrations from their  con- 
t r ibut ion to the total counts: f ront  surface contribution,  
F s  -= ( ( X 1  - -  X ~ )  - -  A ( Y 1  - -  Y~)) / (1  -- A 2) and back 
surface contribution,  B s  - -  ( ( Y z  - -  Y 2 )  - -  A ( X z  - -  X ~ )  ) /  
(1 - -  A2). 

In  a similar  fashion, the concentrat ion in  the oxide is 
given as: f ront  surface oxide contribution,  Fo = 
( ( X ~  - -  X s )  - -  A ( Y g ,  - -  Y s ) ) / ( 1  -- A 2) and back sur-  
face oxide contribution,  B o  = ( ( Y ~  - -  Y s )  - -  A ( X 2  - -  
X s ) ) / ( 1  -- A2), where A _-- exp (--~t) ,  and t is the 
slice thickness. By comparison of Fs, Bs, Fo, and Bo wi th  
known standards, the corresponding net  gold concen- 
t ra t ion was determined.  

The determinat ion of the gold concentrat ion in  the 
silicon slice is complicated by the effect of #-absorption. 
Generally,  the profile of the dissolved gold is not 
known accurately. However, a comparison of the ex- 
pected counts for a few extreme distr ibutions shows 
that this is not a serious factor. 

Calculation of the front  and back counts, CF and Cm 
respectively, for gold distr ibutions that  are (i) all on 
one surface, ( i i )  equal ly  divided between the surfaces, 
and ( i i i )  uniform throughout  the bu lk  for a range of 
slice thicknesses up to 9 mils shows that  if we wri te  N 
for the "correct" count and define the factor F so that  
N = F ( C F  .-~ CB), then  F varies ra ther  l i t t le with the 
gold distribution. Thus, fo.r a slice of 8 mils thickness, 
0.736 ~ F ~ 0.799, a •  var iat ion for the three ex- 
t reme distr ibutions cited. If the profile is known only 
roughly, a more accurate correction factor can be esti- 
mated. 

Boron-doped 10 Q-cm silicon wafers, 0.008 in. thick, 
<111> orientation, and mir ror  polished on both faces, 
were first chemically cleaned and then contaminated 
using etches containing known gold concentrations. 
The slices were placed quickly (<30 sec) into the hot 
zone of the oxidation furnace in  an oxygen atmosphere 
and oxide grown for 60 rain (700, 1000 and 1300A at 
1000 ~ 1050 ~ and ll00~ respectively).  After  oxidation, 
the quant i ty  of gold present  at the surface of the oxide, 
dissolved in  the oxide and dissolved in the slice, was 
measured. 

The results of these studies are shown in  Fig. 1-4. 
Similar  experiments  were carried out using composite 
SiO2-PSG layers and PSG alone. The PSG layers were 
deposited at 1050~ for times between 20 and 120 rain, 
from a mix ture  of 1% PH~ in  argon, nitrogen, and oxy- 
gen in a ratio 3: 50: 50. Separate furnaces were used for 
oxidation and PSG deposition. 

In  the two- layer  structures the slices were brought  
to the required tempera ture  in  a ni t rogen atmosphere, 
oxidized for 1 hr, and then PSG layers of 600, 750, 
and 900~k were deposited at 1050~ The exper imental  
results for these samples are shown in Fig. 5 and 6. 

The dis tr ibut ion of the gold through the SiO2 and 
SiO2:PSG layers was examined in greater detail. By 
successive etching steps, using buffered HF and taking 
care at each step to remove any redeposited gold, a 
cumulat ive profile of the gold concentrat ion was ob- 
tained. Oxide or ox ide :PSG thicknesses were deter-  
mined at each step by ell ipsometer measurement .  Etch- 
ing times were chosen to give approximately 100ik 
steps. Counting times were selected to provide reason- 
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Fig. 1. Variation of the concentration of gold in solution in the 
silicon slice as a function of initial contamination level and tem- 
perature of oxide growth, for a growth time of 60 rain. 
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Fig. 2. Variation of the quantity of gold lost in the gas stream, 
as a function of initial contamination level and oxidation tempera- 
ture during a 60 min oxidation. 

able accuracy in the final profiles, e .g . ,  the derivative 
of these results. Examples of such concentrat ion pro- 
files across the SiO2 and SiOz-PSG layers are shown in 
Fig. 7 and 8. The profiles within 100A of the interface 
are shown dotted since no measurements  could be ob- 
tained within 50A of the silicon surface. The lines 
drawn correspond to the net gold concentration mea- 
sured at the penultimate layering operation, assuming 
a similar profile. 
The profiling experiments were repeated using com- 

posite layers of 600A of SiO= and 600A of PSG grown 
at I050~ Initial contamination levels of i0, 1.0 and 
0.I ppm were again employed. The corresponding pro- 
files are shown in Fig. 8. 

Discussion of Results 
In Fig. 1, in  addit ion to the exper imental  results, 

we indicate certain other physical data: (i) the solid 
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solubil i ty l imit  corresponding to the slice oxidation 
temperature;  ({i) the net concentrat ion that  would be 
produced by a vacancy-control led gaussian diffusion 
process from a saturated surface layer  at that tem- 
perature;  ({ii) the gold concentrat ion found after 
heating the sample in  an iner t  n i t rogen atmosphere 
for 60 min;  and (iv) the uni form gold concentrat ion 
that would result  if all of the gold deposited onto the 
slice surface from 0.1 ppm etch were uni formly dis- 
t r ibuted through the slice. 

The anneal ing exper iment  (i/i) yields a concentra- 
tion that is in reasonable agreement  with that pre-  
dicted from a simple diffusion process (ii). The results 
for the oxidized samples all show a significant decrease 
in  the gold concentrat ion remaining in  the slice. At the 
lowest tempera ture  (1000~ the results for all con- 
taminat ion  levels are approaching the diffusion-limited 
value. 
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Reference to Fig. 2 shows that gold is lost dur ing the 
oxidation process, presumably  by  the evaporat ion of 
gold or of a high temperature  oxide. However, in  no 
case is this loss of gold large enough to completely 
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The reduction of the gold concentrat ion in  the slice 
after oxidation indicates that  the t ransfer  of gold from 
the surface of the oxide into the silicon slice is t e r -  
minated  at some point  by the format ion of the oxide 
layer. The presence of gold at the oxide /ambient  sur-  
face indicates that, at some critical thickness, the oxide 
becomes relat ively impermeable  to fur ther  diffusion of 
gold. Table I shows, for the range of temperatures  
studied, the t ime that would be required for the mea-  
sured quant i ty  of gold to diffuse into the wafer, and 
the corresponding oxide thickness that  would have 
formed at that  time. It is evident  that at all tempera-  
tures the formation of approximately 500A of oxide 
has prevented the fur ther  diffusion of gold into the 
slice. 

The s tandard deviation for the profiling measure-  
ments  made on the 10 ppm oxides was 1.05 X 1012 
atoms/cm% If these atoms were gaussian dis tr ibuted in  
the oxide, then using the smallest reported diffusion 
constant for gold in SiO2 leads to an estimated surface 
concentrat ion of 1.5 • 1017 a toms/cm 2. Assuming that  
this concentrat ion is main ta ined  dur ing  the ent i re  
growth period, we may calculate the amount  of gold 
that  would have reached the slice (6-8). The calcu- 
lated value is 4.5 X 1011 a toms/cm 2, as compared to 
a measured value of 2 • 1014 atoms/cm ~. Thus the gold 
present in the slice must  have been incorporated be-  
fore the growth of a substant ial  (N500A) oxide layer. 

The results shown in Fig. 1 and 3 may now be in ter -  
preted. In  an oxidizing atmosphere, the gold ini t ia l ly  
saturates a very thin surface layer  of the silicon, dif-  
fusion into the slice commences, and, at the same time 
oxide starts to form at the silicon surface (6), gold is 
rejected to the surface of this oxide. When the oxide 
thickness has reached about 500A, it is effectively im-  
permeable to fur ther  gold diffusion and the supply of 
gold to the slice is cut off. The gold that has already 
dissolved into the slice redistr ibutes toward a uni form 
concentrat ion while the gold at the oxide /ambient  
surface remains there and may be par t ia l ly  removed by 
oxidation/evaporation.  If the ini t ial  surface concen- 
t rat ion is low, effectively all of the gold available can 
diffuse into the slice dur ing the init ial  oxidation. 

Comparison experiments  were made in which sam- 
ples were brought  to a tempera ture  o f  1050~ in an 
inert  atmosphere and then oxidized for 60 rain. At the 
10 ppm contaminat ion level the surface (oxide/gas) 
gold concentrat ion fell to 2 X 1014 cm -2 as compared 
with 5 X 1015 cm -2 for a sample brought  to tempera-  
ture  in an oxidizing atmosphere. No significant differ- 
ences in the gold redis tr ibut ion were found between 
composite SiO2-PSG layers and simple SiO2 for the con- 
taminat ion levels 10, 1.0, and 0.1 ppm, although at the 
10 ppm contaminat ion level excess gold would have 
been rejected from the slice and oxide. There was no 
evidence of a significantly higher gold solubil i ty either 
in  the PSG layer  or at the PSG-SiO2 interface. 

In  experiments  where PSG was grown directly on 
a slice, it was found that  significantly more gold re -  
mained in the slice. Etching away the top 2~ of the 
slice reduced the amount  of gold in the slice by al-  
most 90% (Fig. 9). From this observation one can 
conclude that the enhanced gold concentrat ion ob- 
served was entirely associated with the increased 
solubil i ty of the gold in the regions of the slice that  
had been heavily doped n- type  by contact with the 
glass layer. The enhancement  shown in Fig. 9 for the 

account for the reduction in the amount  of gold present  
in  the silicon. Figure 3 shows that  the amount  of gold 
rejected to the surface of the oxide layer  decreases 
with both increasing oxidation temperature  and de-  
creasing contaminat ion level. For contaminat ion levels Temp 
below 3 ppm, no excess gold could be detected at the (~ 
oxide surface. The very  high net  concentrations ob- 
served in  the oxide layers (Fig. 4) will  be considered 1000 

1050 
later. 11oo 

Table I 

M i n u t e s  
A u  a t o m s  in  to  d i f fuse  

St, 60 m i n  t h e s e  a t o m s  SiO_o g r o w n  
C o n t a m i n a t i o n  diff .  w i t h  w i t h o u t  in t h i s  

l e v e l  ( p p m )  o x i d a t i o n  o x i d a t i o n  t i m e  (A) 

10,3,1,0.1 5 • 10:3 33 480 
10,3,1 1.25 x 1014 25 570 

10 2.9 x 1014 IZ 500 
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Fig. 9. A comparison of the ratio of the amount of gold in the 
top 2~ of the silicon slice, to the total amount in the slice after 
the growth of PSG and SiOrPSG composite layers. 

composite SiO2:PSG structures only occurred after 
prolonged deposition times and corresponded to the 
penetra t ion of the SiO2 layer  by the PSG. 

The gold profile near to the Si-SiO2 interface is 
approximately gaussian and for the 10 ppm contami-  
nat ion level the results would correspond to a diffu- 
sion constant of 1.4 • 10 -18 cm2/sec. Previously re-  
ported values of the diffusion constant of gold in SiO2 
range from 9.0 • 10 - ~  (9) to 9.0 X 10 -15 cm2/sec 
(10) at 1050~C. However, no evidence of a similar pro- 
file was found at the SiO2-ambient surface, even 
though there would have been a significant concen- 
t rat ion of gold present  at this surface for the higher 
contaminat ion levels used. 

The growth of SiO2 is endotaxial, all of the oxide 
grown has been formed from that region of the par-  
ent silicon slice that has the highest gold concentra-  
tion. Thus the sharp decrease in the gold concentra-  
tion in the first 50-300A of oxide adjacent to the sili- 
con implies a rejection process from the bulk  oxide 
(or the fai lure of the gold to incorporate in  the oxide). 
Otherwise we might  expect a gold profile rising toward 
the oxide /ambient  interface. This view is reinforced 
by the observation t ha t  when "excess" gold is re-  
jected to the outer oxide surface, there is no detect- 
able "diffusion" profile into the oxide in this region. 
Even at the highest temperatures  and the lowest con- 
taminat ion levels, it appears (Fig. 4) that a substan-  
tial fraction of the chemi-deposited gold is rejected 
from the region where it could otherwise diffuse into 
the slice. 

The enhanced solubility of impuri t ies  in the oxide 
phase and the corresponding depletion of the bulk 
dopant is well known. However, in  the present  case 
the concentration of the gold just inside the oxide at 
the oxide-silicon interface exceeds the concentration 
of gold just on the silicon side of the interface by a 
factor of more than 10 5 . 

The implication of these observations is that  the 
gold in  the Si/SiO2 interface region of the oxide is 
incorporated by some "chemical" bonding process 
characteristic of the nonstoichiometric na tu re  of the 
oxide in  that  region. This gold is not available to 
par t ic ipate  in  the normal  diffusion process into either 
the slice or the oxide. The diffusionlike profile shown 
by the gold in  this region is probably  an artifact, as- 
sociated with the process governing the oxide forma-  
tion. 

Thus the profiles displayed in Fig. 7, 8 should not be 
at t r ibuted to the normal  processes of diffusion. It is 
well known that  the growth and etching rates of the 
first few hundred  angstroms of oxide adjacent to the 
parent  slice are anomalous (11-14). This points to a 
significantly different oxide s tructure in  the SiO2-Si 
region from that found in  the bulk  oxide. The present  
observations of a substant ia l  amount  of dissolved gold 
close to the slice-oxide interface are fur ther  evidence 
of the different s t ructural  na ture  of the oxide in this 
region. The observation that  the region of anomalously 
high gold concentrat ion and the oxide thickness re-  
quired to prevent  t ransport  between the gold at the 
oxide surface and the slice are both of the order 300- 
500A fur ther  supports the view of a significantly dif- 
ferent  oxide s tructure in  this region. 

The detection l imit  in  these observations was set 
by the masking effect of the residual E-radiation 
from the gold in  solution in  the slice itself. However, 
it is now possible to note that the net  gold concen- 
trations in  the oxide observed earlier can be at-  
t r ibuted entirely to the gold in the accumulat ion re- 
gion occurring at the Si-SiO.2 interface. The interface 
concentrations of gold are somewhat higher in the 
PSG-SiO2 system than  in  the simple SiO2 layers. 
However the composite layers are also thicker and 
more of the parent  slice has been used to form the 
oxide and glass. 

The experiments described could not determine the 
l imit ing solid solubili ty of gold in  the SiO2 layer, 
since its activity was always masked by the residual 
activity of the gold piled up at the Si-SiO2 interface. 
The lower l imit of concentrat ion indicated in Fig. 7 
and 8 (9 X 1016 cm -~) is set by the accuracy of the 
init ial  counting process (+--3%); it does not represent  
an estimate of the bulk  solubility. 

Conclusions 
The distr ibution of a model heavy metal  contami-  

nant, i.e., gold, dur ing oxidation and /or  the growth of 
PSG layers is dependent  upon the previous thermal  
and ambient  history of the slice. Under  nonoxidizing 
conditions, gold will tend to be taken into solution in  
the silicon and its final concentrat ion will  be a func-  
tion of tempera ture  and initial  doping. Excess gold 
left at the silicon surface will be rejected to the sur-  
face of any oxide which is then grown. If equi l ibr ium 
with the slice is not reached dur ing the init ial  heat-  
ing/oxidat ion period, then fur ther  exchange of gold 
between the oxide/gas surface and the silicon slice 
will be terminated by the growth of approximately  
500A of oxide. After  oxidation gold is found in solu- 
tion in the slice, at the oxide surface, and dissolved 
in the oxide region adjacent to the silicon surface. 
The gold distr ibutions are essentially unchanged by 
the growth of composite layers of SiO2 -~ PSG unless 
the PSG layer  is in  contact with the slice itself. In  
the lat ter  case the enhancement  of solubil i ty observed 
at the slice surface is consistent with the Shockley- 
Moll model (15, 16) for Fermi level controlled solubil-  
ity. No addit ional gettering action is observed either 
in the PSG layers or at the PSG-SiOI  interface. 

Manuscript  submit ted June  9, 1975; revised m a n u -  
script received April  30, 1976. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1977 
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JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. I, 1977. 

Publication costs of this article were assisted by 
the University of Waterloo. 
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ABSTRACT 

The sourcing lifetimes, microstructural  stability, and diffusion perform- 
ance of a new solid p lanar  phosphorus source for silicon doping were invest i -  
gated in  the tempera ture  range 900~176 The source wafers were highly 
porous ceramic wafers containing 25 weight percentage (w/o)  SiP207 as the 
"active" component in  an iner t  refractory binder  matrix.  The microstructural  
stabil i ty and thermogravimetr ic  analysis (TGA) results indicated the struc-  
tural  integri ty  and sourcing abil i ty of this mater ial  at temperatures  of at 
least 1050~C. Theoretical lifetimes of 260 and 3400 hr  at 1L00 ~ and 900r 
reslcectively, have been predicted from the TGA results. Exper imental  data 
relat ing sheet resistance, junct ion depth, and diffusion coefficient for silicon 
wafers doped using these source wafers are presented. Special mater ia l  
handl ing procedures are also described. 

The results of previous studies concerning the dif- 
fusion performance of boron ni t r ide as a p- type 
dopant  source for silicon technology have shown that 
p lanar  sources offer several significant advantages over 
carrier gas diffusion systems using liquids and gases 
(1, 2). The benefits of p lanar  diffusion sources have 
been previously reported by Goldsmith et al. (3), and 
it is towards this end that  the development  and evalu-  
ation of the new phosphorus source was aimed. In  
addit ion to the benefits presented by Goldsmith et al., 
there is the added benefit of having a source mater ia l  
which has no toxic or corrosive by-products.  

In  using boron ni t r ide as a source, the surface is 
oxidized (activated) to form B203, and the boron is 
vaporized and t ransported as an oxide to the silicon 
surface. An  analogous refractory compound of phos- 
phorus which can be fabricated into a ceramic wafer 
was not available to emulate the boron ni tr ide tech- 
nology. However, Murata  (4) demonstrated that sili- 
con pyrophosphate, SiP2OT, decomposes to SiO2 and 
P205 with the P205 partial  pressure being adequate 
to effectively dope silicon in the tempera ture  range 
850~176 

In this paper the discussion is confined to a wafer 
composition of 25 w/o SIP207 in an inert  matr ix  mate-  

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  p h o s p h o s i l i c a t e s ,  IC p r o c e s s i n g ,  n - t ype  d o p a n t ,  s i l i -  

c o n .  

rial  as manufac tured  by The Carborundum Company ~ 
and designated as Phosphorus P lanar  Diffusion Source 
Grade PH-1050. 

Experimental 
In  order to establish that the SiP207 phase was 

compatible (chemically inert)  with the binder  phase, 
the phases present  after long- term annea l ing  at tem- 
peratures encompassing the projected use tempera-  
tures were determined using s tandard x - r ay  diffrac- 
t ion techniques. The stabil i ty of the microstructure 
(retent ion of the fine grain, porous structure)  was 
evaluated using scanning electron microscopic (SEM) 
analysis of similar  samples. 

To establish mi n i mum sourcing lifetimes, the loss 
of P2Os was monitored as a function of t ime at pro- 
jected use temperatures  using a semimicro thermo-  
gravimetric  analysis (TGA) apparatus. The samples 
were suspended in a fused silica tube in  flowing ni t ro-  
gen (0.21 SLPM) and heated rapidly from 350~ to 
the desired test temperature.  The preheat  at 350~ 
was necessitated by the reversible phase t ransi t ion in 
the wafer discussed in more detail below. 

All electrical measurements  and diffusion experi-  
ments  were performed with silicon wafers. The silicon 
wafers were 3.81 X 0.081 cm, boron-doped <111> ori- 

1 The  C a r b o r u n d u m  C o m p a n y ,  G r a p h i t e  P r o d u c t s  Divis ion,  P.O. 
Box 577, N i a g a r a  Fal ls ,  N e w  Y o r k  14302. P a t e n t  A p p l i c a t i o n  N u m -  
b e r  500765. 
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ented subs t ra tes  wi th  resis t ivi t ies  of 0.005-0.010 ~2-cm, 
and boron-doped  ep i tax ia l  layers  9.8-14.5# th ick  wi th  
resis t ivi t ies  of 1.5-4.5 ~-cm.  The .phosphorus wafers  
were  3.81 cm in d iamete r  and  0.089 cm thick. The re -  
s i s t iv i ty  da ta  were  obta ined using a K&S Pacific Model 
192 res is t iv i ty  tes ter  consist ing of 0.001-10 m A  • 0.1% 
of full  scale cur ren t  source and 0-2V • 0.5% of full  
scale digi ta l  vo l tmete r  wi th  an A&M Fel l  l inear  probe  
with  1.00 m m •  0.01 spacing. Sheet  resis tance data,  
ps, were  measured  by  probing  the sil icon wafer  in 
four  quadran ts  plus the  center  and then  averaging;  
ps indicates the average  of the  five readings.  The junc-  
t ion dep th  was measured  using s t andard  angle  lapping  
and staining techniques wi th  a 16 m m  in te r fe romete r  
having a ha l f -wave leng th  l ight  source of 2935A. The 
surface concentra t ion of e lec t r ica l ly  active phosphorus  
was de te rmined  by  use of incrementa l  sheet resis tance 
technique (5). Al l  the  diffusion exper iments  were  
done in an N~ ambien t  wi th  a spacing of 0.318 cm from 
source to silicon wafer  (Fig. 1). 

Results and Discussion 
The x - r a y  diffraction analyses  showed tha t  no new 

major  phases were  produced dur ing  the anneal ing  
t r ea tments  except  for  the SiO2-rich glass which r e -  
sul ted f rom the decomposi t ion of SiP207 to y ie ld  P205 
vapor.  The pers is tence of a ve ry  smal l  amount  of the 
Si2P209 phase unt i l  nea r ly  al l  of the  SiP20~ had de-  
composed indicates tha t  the  Si2P209 phase is an in t e r -  
media te  react ion produc t  in the decomposi t ion of 
SiP2OT. However ,  no react ions be tween  these SiO2- 
containing phases and the b inder  phase were  observed.  

F igure  2 demons t ra tes  that  af ter  48 hr  at 1050~ 
(the m a x i m u m  recommended  use t empera tu re )  the 
fine grain, porous micros t ruc ture  is re ta ined  which ac-  
counts for the d imensional  s t ab i l i ty  and cont inued 
sourcing abi l i ty  of these wafers.  

The resul ts  of i so thermal  TGA exper iments  at  900 ~ 
and 1000~ are  presented  in Fig. 3. In this figure the  
weight  loss da ta  are  also p lot ted  as percentage  of 
ava i lab le  P205, the P205 combined wi th  SiO2 to form 
SiP2OT. Af t e r  an ea r ly  nonparabol ic  per iod at  both 
tempera tures ,  the weight  loss vs. \ / t i m e  curves be -  
come l inear  indicating,  to a first approximat ion ,  a d i f -  
fus ion-cont ro l led  react ion in a s table  microst ructure .  

The main  value  of these TGA resul ts  is in predic t ing  
the  usefulness of the wafers  as sources and, specifically, 
to predic t  min imum useful  l ifet imes.  In  Fig. 4 the TGA 
da ta  for a per iod of 100 hr  for the 25 w/o  SiP207 com- 
posi t ion are  presented.  By fitting a s t ra ight  l ine to the 
l a t t e r  por t ion of this curve, the weight  loss can be ex-  
pressed as 

WD = 0.14t ~ 

where  WD is the percentage  weight  decrease  in flow- 
ing N2, and t is t ime in minutes.  By subst i tu t ing the 
theore t ica l ly  avai lable  P205 percentage  for WD, one 
arr ives  at a min imum l i fe t ime of ~260 hr, assuming 
no change in the ra te  constant. Doing the same exe r -  
cise for  the  900~ da ta  yields a min imum l i fe t ime of 
3400 hr. I t  should be pointed out tha t  these are  min i -  

Fig. 2. Scanning electron micrographs of a fracture surface ef 
PH-1050 wafer: (a) "as received," (b) after 48 hr at 1050~ 
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Fig. 3. Weight loss v s .  ~/time for PH-1050 wafers at 900 ~ and 
1000~ 
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Fig. I. Diffusion b o a t  schematic with the solid phosphorus source 

mum l i fe t ime est imates  since they  are  based on TGA 
resul ts  in flowing nitrogen.  They are  p robab ly  low 
compared  to those exper ienced  in a typical  diffusion 
environment .  In  a diffusion sys tem the source wafer  
resides in a r e la t ive ly  s tagnant  vapor  env i ronment  
which has a P205 par t i a l  pressure  near  the equi l ib-  
r ium P205 par t i a l  pressure  of the  wafer,  thus reduc-  
ing the  dr iv ing  force for dissociation. In the TGA en-  
v i ronment  the evolved P20~ is cont inuously  swept  
away  resul t ing in a P2Os-poor vapor  phase and a 
la rge  dr iv ing  force for dissociation. This effect has 
been exper imen ta l ly  verified by  moni tor ing  the amount  
of SiP207 remain ing  in wafers  subjected to l ong - t e rm 
TGA exper iments  and long- t e rm diffusion h e a t - t r e a t -  
ments  at the  same tempera ture .  
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Fig. 4. Weight loss vs. ~/t ime for PH-IOSO wafers at 1000~ to 
100 hr. 

The longest exper iment  to monitor  sourcing effec- 
t iveness was for the 25 w/o SiP207 composition at 
1000~C which was still sourcing eEectively after 216 
hr of continuous usage. 

The N2 gas flow rate was found not to be a major  
factor in  diffusion performance. The results of sheet 
resistance dependence on N~ flow rate are shown in 
Fig. 5 for a 30 rain diEusion at 1050~ The sheet re-  
sistance tends to increase as flow rate increases which 
would seem to indicate that  the dopant  specie, P205, 
is being swept out by the N2. Under  conditions of 
no N2 flow, the sheet resistance is increased by nearly 
one order of magnitude.  This was accompanied by 
an increase of phosphorus glass t ransfer  and, con- 
sequently,  could possibly be due to some Si-P surface 
phase (6), al though no difficulty was experienced 
in  glass removal.  

Solmi et al. (7) have reported that in a POC13 sys- 
tem anomalous results have been observed when Si-P 
or SiO2-P.205 phases have been formed on or at the 
silicon interface. The change in sheet resistance ac- 
companied by an increase in dopant  glass suggests 
that  Si -P  or SiO2-P.~O.~ phases have formed and are 
responsible for the observed anomalous behavior. 

The sheet resistance data that  were obtained for 
the range 950~176 are shown in  Fig. 6. The data 
compare favorably with other phosphorus sources 
such as POC13 (8) and PH3 (9). Figure 7 shows sheet 
resistance as a funct ion of \ / t - a t  1050~ The graph 
is a straight line, as expected, and, hence, ps~ 1/N/t, 
except at lower sheet resistance where ps increases 
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Fig. 7. Sheet resistance vs.  X/t ime for constant source diffusion 

with x/t" which might be attributed to the Si-P phase 
formation. The junct ion depth, xj, can be shown to 
be N/t dependent  for a one-step process 



1568 J. Elec trochem.  Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY October  1976 

x j = 2 ( D t ) V 2 e r f c - l (  C--~s~ ) [1] 

where D is the diffusion coefficient (cm2/sec), t is 
t ime (seconds), Cs is background concentrat ion 
(atoms/cm3), and Cs is surface concentrat ion (a toms/  
cm3). The graph of xj vs. %/-{ for 1000~ is shown 
in  Fig. 8. The straight l ine relationship indicates that  
phosphorus obeys the complementary error function 
distribution. It  is also possible to obtain informat ion 
on the tempera ture  dependence of xj as well  as the 
diffusion coefficient D. The diffusion coefficient, D, 
can be expressed in the Arrhenius  form (10) 

AEa 
D - - - - -  Do exp -- ~ [2] 

kT 

where Do is diffusion constant  (T ---- ~ )  (cm2/sec), 
hEa is the activation energy (eV), k is Boltzmann's  
constant (eV/~ and T is absolute tempera ture  
(~ The subst i tut ion for D in Eq. [1] results in  

CB AEa 
xj = 2 (Dot) v~ erfc-1 _ _  exp -- - -  [3] 

Cs 2kT 

When Do, t, CB, and Cs are constant, Eq. [3] reduces to 

AEa 
xj = K" exp - -  [4] 

2kT 
and its logar i thm is 

l o g l 0 x j : l o g l 0 K '  AEa ( 1 ) 
4.606--~k- 7 [5] 

Thus the logari thm of xj" is proport ional  to 1/T and 
Fig. 9 shows log xj vs. 1000/T~ for a 60 rain diffu- 
sion. It is also possible to obtain the diffusion constant, 
Do, and the activation energy AEa. These data are of 
part icular  interest  because most previous data for 
phosphorus diffusion were obtained in oxidizing am- 
bients, and in some cases, with halogen vapor present, 
as is the case with POC13 and PBr~ sources. In  order 
to determine an effective diffusion coefficient, it is 
necessary to know the surface concentration, back-  
ground concentration, and junct ion depth for various 
temperatures.  The surface concentrat ion was deter-  
mined using the technique of incremental  sheet re-  
sistance. Anodizat ion was used to remove about 525A. 
An average lamina  resist ivity was calculated to be 
3.08 • 10 -4 ~ - c m  which corresponds to a surface 
concentrat ion of approximately 7.5 • 10 "~0 a toms/  
cm ~. This result  is in excellent agreement  with the 
m i n i m u m  resistivity, 3 • 10 -4 fl-cm, associated with 
phosphorus-doped silicon reported by Kooi (6). 

Using the junct ion depth data in Fig. 9 and a back- 
ground concentrat ion of 6.1 • 10 ~s atoms/cm~, the 
effective diffusion coefficient for an erfc distr ibution 
was calculated for four temperatures  and this is 
shown in the log- l inear  graph of Fig. 10. From this 
data the diffusion constant Do was calculated to be 
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Fig. 8. Junction depth vs. ~/time for constant source diffusion 
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Fig. 10. Junction diffusion coefficient vs. reciprocal temperature 
for constant source diffusion. 

2.82 cm2/sec and ~Ea was found to be 3.29 eV. This 
is in  good agreement  with values considered to be 
most accurate by Kendal l  and DeVries (11), i.e., AEa 
~- 3.58 eV and Do ~ 2.73 cm2/sec. The uncer ta in ty  
in values is associated with the uncer ta in ty  of j unc -  
t ion depth which probably  accounts for the many  
published values. Also, Masetti et al. (12) have re-  
cently reported that activation energy also depends 
on diffusion ambient  which accounts for the observed 
differences in iner t  and oxidizing ambient  diffusions. 

Special Handling Procedures 
One impor tant  aspect in the handl ing  of the ma-  

terial is the effect of the reversible thermal  expansion 
of this material ,  shown in  Fig. 11. From this curve 
it can be seen that as the temperature  of the PH-1050 
wafers traverses the tempera ture  range 100~176 
the mater ia l  undergoes a rapid phase t ransi t ion of 
300~ which is accompanied by a relat ively large 
l inear  thermal  expansion. If the temperature  region 
from 100 ~ to 400~ is t raversed too rapidly, the source 
wafers break. The effect is more pronounced when 
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Fig. 11. Percentage linear thermal expansion vs. temperature 
for PH-1050 wafers. 

the  source wafers  a re  ut i l ized in the typica l  fo rmat  
shown in Fig. 1 due to the  t he rma l  grad ien t  across 
the  wafers  upon inser t ion  into the  diffusion furnace.  
In  o rder  to overcome this problem,  a p rehea t  cycle 
has been developed.  The funct ion of the  p rehea t  
cycle is to enable  the  source and silicon wafers  to 
reach  equ i l ib r ium at 350~ pr io r  to inser t ion into 
the  furnace.  This can be accomplished by  a p rehea ted  
extension to ~he diffusion tube. Once the diffusion 
ca r r i e r  reaches  equi l ibr ium,  350~ the ra te  of inser -  
t ion is not crit ical,  so long as the  t empera tu re  does 
not  drop be low 3OO~ because  the  t he rma l  expan-  
sion above 400~ is app rox ima te ly  that  of fused silica. 

Summary 
The eva lua t ion  of a new solid p l ana r  source for 

phosphorus  diffusion using SiP20~ as the  "act ive" 

Table I. PH-1050 preheat cycle 

i. Insert diffusion carrier (boat) with phosphorus and silicon 
wafers into preheat zone at 350~ 

2. Allow the load to equilibrate at 350~ time depends on mass 
and thermal capacity of heating tape. 

3. Insert carrier into hot flat zone for desired sheet resistance. 
4. Remove carrier from hot zone to preheat zone. 
5. Pull carrier from preheat zone into a closed end "white ele- 

phant" and allow to cool. 
6. Insert next load into preheat zone making sure that the tem- 

perature has been stabilmed to 350~ 

compound in conjunct ion wi th  an iner t  m a t r i x  phase 
has been described.  F rom TGA resul ts  and assessment  
of the  mic ros t ruc tu ra l  s tabi l i ty ,  the  25 w / o  SiP207 
composit ion appears  to fulfill  s t ruc tura l  and sourcing 
requ i rements  for use to at least  1050~ Life t imes of 
N260 and 3400 hr  a t  1000 ~ and 900~ respect ively ,  
have  been pred ic ted  f rom the TGA resul ts  assuming 
al l  of the  P205 in SiP20~ can be vaporized.  Sourcing 
effectiveness in diffusion runs has been verif ied for 
t imes as long as 216 hr  at  1000~ 

The exper imen ta l  in-serv ice  pe r fo rmance  of the 
solid p l ana r  phosphorus  diffusion source over  the  
t empera tu re  range  950~176 has been presen ted  
wi th  da ta  for sheet  res is tance and junct ion depth.  
The test resul ts  were  achieved in a n i t rogen ambient .  
Because the P205 genera ted  for the  diffusion is the  
resul t  of a so l id-s ta te  chemical  decomposit ion,  there  
are  no unspent  gaseous by-products .  

Manuscr ip t  submi t ted  March 25, 1976; revised manu-  
scr ipt  received June  11, 1976. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the June  1977 
JOURNAL. Al l  discussions for the June 1977 Discussion 
Section should be submi t t ed  by  Feb. 1, 1977. 

Publication costs of this article were assisted by The 
Pennsylvania State University. 
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Chemical Vapor Deposition of Tantalum Pentoxide Films 
for Metal-Insulator-Semiconductor Devices 
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ABSTRACT 

Thin amorphous Ta205 films were deposited by oxygen-assisted pyrolysis 
of tantalum dichloro-diethoxy-acetylacetonate. Index of refraction and the 
optical gap measurements of the films were in agreement with previous 
results. The d-c conduction mechanism appears to be bulk limited following 
the Poole-Frenkel mechanism with transition towards a space charge limited 
current at high current densities. The conduction level is high and break- 
down voltage is low with respect to SiO2 or Si3N4. The higher dielectric 
constant of TafO5 films could make them attractive in double layer insulator 
MIS devices. 

Tan ta lum pentoxide  has been p repa red  and some 
of i ts p roper t ies  were  inves t iga ted  prev ious ly  (1-6).  
This work  is concerned wi th  chemical  vapor  depos i -  
t ion of Ta20~ films in order  to invest igate  the i r  p rop -  
ert ies wi th  emphasis  on the i r  possible usage as par t  
of the gate insula tor  in MIS devices. 

Film Deposition 
Chemical  vapor  deposi t ion (CVD) was used due 

to its advan tage  as a method of producing  un i fo rm 
and reproducib le  films with  des i red  proper t ies  at low 
t empera tu r e  (7). So far, TaCl~ (3) and Ta alcoholates  
(4-6),  especial ly  Ta(OC2H~)5 (4), had been t r ied  as 
sources for  deposi t ion of TafO5 films. The former  re -  
quires high t e m p e r a t u r e  (900~ for  the  reaction, 
while  the l a t t e r  a re  very  sensi t ive to oxygen, hyd ro -  
lyze  easi ly  (8), and thus are  inconvenient  to work  
wi th  and requ i re  special  precaut ions.  The use of 
organometa l l ic  compounds is advantageous  since it 
enables  the user  to deposi t  films at lower  t empe ra tu r e  
than  others. Tan ta lum d ich lo ro -d ie thoxy-ace ty lace ton-  
ate-TaC12(OC~Is)2C5H;O2, first synthesized by  Funk  
(9), p roved  to be a be t te r  source. I t  is stable, has a 
low mel t ing  point,  and is easy to synthesize (9, 10). 

The  Ta205 films were  deposi ted  by  oxygen-ass i s ted  
pyrolys is  of the source on subst ra tes  of silicon and 
fused silica. The si l icon subst ra tes  were  n-  and p - t y p e  
5-10 f l -cm wi th  (100), (110), and (111) orientat ions.  
The deposi t ion appara tus  is shown in Fig. 1. The 
source's  vapor  is carr ied  in ni trogen,  argon, or he l ium 
from the bubb le r  (e) th rough  a hea ted  l ine (o) to 
the  oxygen- r i ch  deposi t ion chamber  (f) where  reac-  
t ion yields  Ta205 and other  volat i le  organic der ivat ives .  
Deposi t ion conditions were  opt imized by  vary ing  the 
ca r r i e r  gas flow rate,  the source tempera ture ,  the  
subs t ra te  t empera ture ,  the  geomet ry  of the  appara tus ,  
and the d i lu t ing gas flow rate.  Uniform good qua l i ty  
films are  obta ined under  the  fol lowing conditions 

Car r ie r  gas flow ra te  - -  300 cmS/min 
Di lut ing gas flow ra te  ~1500 cma/min  
Oxygen flow ra te  --1500 cma/min 
Source t empe ra tu r e  150~ 
Subs t ra te  t empe ra tu r e  300~ 

Unless o therwise  specified, al l  film proper t ies  m e a -  
surement  work  was car r ied  out on samples  obta ined 
under  these conditions.  

F i l m  P r o p e r t i e s  
GeneraL--The TarO5 films deposi ted were  up to 1 

~m th ick  as eva lua ted  by  the Tolansky method (11). 
~Present  address: Tadiran Limited, Microeleetronics Division, 

Tel-Aviv 61000, Israel. 
-"Present address: IBM Thomas J. Watson Research Center, 

Yorktown Heights, New York 10598. 
Key words: tantalum pentoxide,  chemical  vapor deposition, 

MIS, insulator conduction mechanism. 

The deposition conditions stated above resulted in 
uniform film deposited at a rate of ~70 A/rain. No 
dependence on substrate orientation was observed. 
The films could be easily etched in aqueous HF. In 
1.5: 1/48% HF:H20, the etch rate was ~280 A/rain for 
films obtained at 500~ Films deposited at lower 
temperatures had greater etch rates. The adhesion of 
the films to the substrates was good showing no evi- 
dence of cracking even on abrupt cooling by liquid 
air. Ta205 films deposited at 300~ with a thickness 
greater than I ~m tend to crack and peel off. Films 
deposited at 500~ did not show this phenomenon. 

Film structure.--Metallurgieal microscope and scan- 
ning electron microscope micrographs of the samples 
showed smooth film surfaces comparable with pre- 
vious results (4). X-ray diffraction patterns showed 
that the films were amorphous. After annealing in 
an inert atmosphere at 800~ for 4 hr, the films be- 
came polycrystalline hexagonal b-Ta205 (12, 13) and 
not ~-Ta205 (14) as mentioned by Wang et al. (4). 

Optical properties.--The index of refraction (n) of 
the films as determined by the Abeles method (15) 
varied between 1.96 and 2.30 for films obtained at 
300 ~ and 500~ respectively (k _-- 6328A). This is 
in good agreement with values reported before (3-5). 

The optical energy gap was evaluated from the 
absorption curve of films deposited at 500~ on fused 
silica disks measured on a Perkin Elmer 450 UV-VIS- 
NIR spectrophotometer. The absorption spectrum in 
the 2000-10,000A region showed only one absorption 

b S  

~a 

,_l 
Fig. 1. Schematic representation of the deposition apparatus: a 

needle valve, b ~ flowmeters, c ~ on-off valve, d ~ oil bath, 
e ~ bubbler, f ~ reaction chamber, g z funnel, h ~ distance 
between the funnel and the substrate, i ~ substrate, j ~ hot 
plate, k ~ resistance heater, 1 ~ motor, m ~ controller, n 
thermocouple, o ~- heated line. 
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peak  which  was assumed to be due to the  fundamen ta l  
ene rgy  gap absorpt ion.  P lo t t ing  the  square of the  
absorpt ion  coefficient as a fur~ction of the wave leng th  
or the  photon  energy  gives (16), by  ex t rapo la t ion  to 
zero, the  va lue  of 4.38 ___ 0.15 eV for the  optical  
bandgap  (Fig. 2). This resul t  is in agreement  wi th  
values  r epor ted  b y  Knausenbe rge r  et  al. (3).  I t  also 
agrees  wel l  wi th  values  ca lcula ted  f rom the  hea t  of 
fo rmat ion  (17). 

Electrical properties.--The elect r ica l  p roper t ies  were  
eva lua ted  by  measurements  on MIS s t ructures  which 
were  p repa red  by  deposi t ion of 900-2000& Ta205 films 
on 5-10 l ) -cm p-  and n - t y p e  sil icon wafers  of (100) 
and (111) orientat ions.  A l u m i n u m  dots of 0.98 X 
10 -8  cm~ in area  and 0.4 #m thick were  EB evapora ted  
to form the gate  electrode.  A film of A1 was also 
evapora ted  as back  contact. The samples  were  an-  
nealed in an iner t  a tmosphere  at 500~ for  5 rain 
af ter  evaporat ion.  

C-V measurements.--The dielectr ic  proper t ies  of 
the  M-IS s t ruc ture  incorpora t ing  the Ta205 films as 
the  gate dielectr ic  were  m e a s u r e d  b y  the high f re-  
quency C-V technique (18). F igure  3 shows the C-V 
curve of a p - t y p e  specimen wi th  (111) orientat ion.  
There  was no difference among the three  or ientat ions  
of (100), (110), and  (111). No hysteresis  was ob-  
served  at  room t e m p e r a t u r e  wi th  the  except ion of 
films deposi ted at  300~ (Fig. 4) which gave i r r egu la r  
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Fig. 2. (Absorption coefficient) ~ as a function of photon energy 
(h~) for To205. 

1.0 

Qg 

O.8 

0.7 

(16 

"~- 0.5 C ~  

0.4 

0.3 

0.2 

0.1 

I I I 1 I I I l ~ } 

p type (111> 

5-10r~cm 

[= 10OOA 

Deposition Temp. 500% 

VFB :-0.55v 

NFB = A. ld'crf i  z 

\ 
I I I I I I I I I I I 

-5 -4 -3 -2 -I 0 1 2 3 4 
BIAS v 

Fig. 3. Normalized C-V curve of a MIS structure with Ta205 
at 1 MHz. 

1.0 L ~ f I I I I I I I I _ 

F 0.9 n type <111> ~ -  
/ /  08 / 

o06 Deposition Temp. 300% / / 
r O  
b0.- 

OA 

(?.3 

0.2 

0.1 
I I I I I I I I I I 

-5 -4 -3 -2 -1 0 1 2 3 4 5 
BIAS v 

Fig. 4. Normalized C-V curve at 1 MHz for Ta205 film deposited 
at 300~ 

resul ts  and thus were  unrel iable .  Therefore,  the  res t  
of the e lectr ical  charac ter iza t ion  was car r ied  out on 
films deposi ted at  500~ F l a tband  vol tages (VFs) 
were  de te rmined  according to Lehovec (19). Their  
values were  0 to --0.35V and 0 to --0.6V for n -  and 
p- type ,  respect ively ,  for  films in the  thickness r ange  
of 900-1600A. The effective surface s ta te  charge  den-  
s i ty (NFB) was calcula ted f rom 

ee0 
hrFB = (eros - VFB) [1] 

q$ 

where  r is the  work  function difference be tween  
A1 and Si(20) ,  e is the re la t ive  dielectr ic  cons tant  of 
the  Ta205 films, e0 is the  pe rmi t t i v i t y  of free space, 
and t is the  oxide thickness.  NFs values were  less 
than  5 X 1011 cm -2. The t u rn -on  vol tage  va r ied  be- 
tween 0 and --0.hV for different  samples.  The r e l a -  
t ive  die lect r ic  constant  �9 was computed  f rom capaci -  
tance  measurements  a t  1 MHz and thickness  measu re -  
ments. I t  var ied  in the range of 22-25. 

B ia s - t empe ra tu r e  (B-T) tests w i t h - F 1 0 V , - - h V  at 
165~ (Fig. 5) do not indicate  any  substant ia l  shifts 
in  the  C-V character is t ics  due to mobi le  ions such as 
somet imes found in SiO2 (21, 22). The dis tor t ion in 
the  C-V curve can be a t t r ibu ted  to fast  surface states 
( 1 8 ) .  

D - C  conductivity.--Current-voltage measurements  
were  carr ied  out using the Ke i th ley  602 e lec t rometer .  
The da ta  are  p lot ted  (Fig. 6) in the  form of a "Schot t -  
k y  plot"  which applies both  to the  Schot tky  and to 
the  Poole . -Frenkel  conduct ion mechanisms (23, 24). 

The cu r ren t  dens i ty  in the  Schot tky  mechal~ism is 
g iven b y  
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where A is the Richardson constant, V is the voltage 
across the insulator,  and %s is the potential  barr ier  
between the metal  and the insulator.  In  the Poole- 
Frenkel  mechanism the current  densi ty is given by 
(25) 

J -- GoV exp {q [ (qv/ne,o~) v, - -  ~PF]/kT} [3] 

where Go is a constant and #PF is the potential bar- 
rier of the traps. 

The slope of the l inear  region of Fig. 6 yields (Eq. 
[3]) a dielectric constant of 5.3 which fits the 
optical dielectric constant  e ---- n 2 = 5.3 (24). It ap-  
pears that in  the saturat ion region (Fig. 6 and 7) the 
current  is space charge l imited with a current-vol tage  
relationship of J a V  2.4 (26, 27). 

The activation energy as measured from the slope 
of Fig. 8 is 0.45 eV which gives, after considering the 
Schottky effect, a barr ier  height of 0.55 eV. Similar  
values were found using the zero field current  values 
plotted as a funct ion of tempera ture  (24). These 
values are in agreement  with previous results (28). 
The low activation energy and the value of the di-  
electric constant  evaluated from Fig. 6 suggest that  
the conduction in  these Ta205 films is bulk  l imited 
with a Poole-Frenkel  mechanism at low current  
densities and a t ransi t ion towards a space charge 
l imited current  at high current  densities. 

Figure 9 shows results of Ta205 films in comparison 
with Si3N4 and SiO2 obtained by Deal et al. (29). 
Note the high conductivi ty of Ta205 with respect to 
the other films. The current  saturat ion can also be 
noted on the vapor-deposited SiO9. film. Breakdown 
field of the Ta205 films was ~4  • 106 V/cm. 

Conclusions 
Properties such as good adhesion, ease of etching, 

large dielectric constant (e = 22-25), and a possible 
good barr ier  against ionic contaminat ion make Ta._,O5 
films prepared by CVD of good potential  for usage 
both as part  of passive and active elements in in-  
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tegrated circuits. The high d-c conduction level and 
the low breakdown voltage relative to SiO2 and 
Si3N~ make Ta205 inferior to those films in  MIS 
structures. However, Ta2Os's other properties, as men-  
tioned above, could make it useful as a second in -  
sulator layer  to SiO2 in mul t i layer  gate MIS devices 
(3O). 
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Technica  Notes 

Phosphorous-Doped Polysilicon Growth 
Z. Lieblich and A. Bar-Lev 

Department of Electrical Engineering, Technion---Israel Institute of Technology, Haifa, Israel 

Polysi l icon is cu r ren t ly  used in var ious  technologies 
involving semiconductor  devices:  as mechanica l  sup-  
por t  (3, 4), as res is t ive  or  field shaping layers  (2, 5, 
6), or  as gates in MOS or  CCD devices ( I ) .  These 
uses explo i t  its ease of deposition, the  fact that  it  can 

Key  words :  ep i taxy ,  phosphorous, silane, doping, resistivity, 
mobility. 

be deposi ted over  sil icon dioxide,  and the fact tha t  
its deposi t ion at r e l a t ive ly  low t empera tu res  does not 
apprec iab ly  affect under ly ing  diffusions. They do not  
exploi t  its proper t ies  as a semiconductor  which a re  
re la t ive ly  poor. This work  is a s tudy of polysi l icon 
grown under  condit ions most  favorable  to its use as 
a semiconductor  wi th  the a im of forming a polysi l icon 
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to silicon diode (7). The propert ies of polysil icon 
grown under  these conditions are compared with  those 
obtained by other workers  of polysilicon grown under  
different conditions, general ly  chosen to emphasize 
some other propert ies par t icular  to it. 

Experimental Procedure 
Gases.~The layers  were  grown in  a horizontal  epi-  

taxial  reactor  consisting of a water -cooled  quartz  
tube through which the gases passed. The gas mix ture  
consisted of 0.07% S i I ~  in H2. Phosphine was added 
to the mix ture  in concentrations varying f rom 2 • 
10-~ to 10-~ times that  of the silane. 

Growth temperature.--A SiC-coated carbon suscep- 
tor which supported the substrates was heated by rf  
induction. Substrate  t empera tu re  during growth was 
800~ measured by an optical pyrometer  and then 
confirmed by a thermocouple  embedded in the sus- 
ceptor. Silicon grown at less than 600~ is found to 
be amorphous (8). For  increases in growth  t empera -  
ture up to 750~ there  is a progressive drop in re-  
sistivity of undoped layers (9), and, if the substrate 
is single crystal l ine silicon, the proport ion of sub- 
s t ra te-or iented grains increases unti l  substrate or ien-  
tation begins to dominate  at 800~ (1). Above 800~ 
grain size continues to increase wi thout  significant 
improvement  in electrical  properties,  till  above 1050~ 
when growth becomes epitaxial.  Thus it can be seen 
that  a growth t empera tu re  of 800~ is a good compro- 
mise for obtaining good electrical properties,  while  
re ta ining the propert ies  of a low tempera tu re  process. 

Preparation of samples.--The substrates were  SIO2, 
thermal ly  grown on single crystal silicon. After  poly-  
silicon growth, 400 • 400 ~m square pat terns  were  
etched, and the circuit passivated with an SiO2 layer  
grown at 350~ by the Silox process. Windows were  
etched in the Silox for a luminum contacts. Resis t iv-  
i ty (p) and Hall  mobil i ty  (~) were  measured by the 
Van der Pauw method. Act ive  donor concentrat ion 
was then obtained f rom the we l l -known  relationship 
p -~ 1/q~Nd. 

A separate wafer  was grown in each run for mea-  
suring the thickness of the grown layers. Par t  of the 
polysilicon was etched down to the oxide substrate, 
and the height  0f the step measured with  a Sloan 
Dektak surface profile tracer.  Growth times were  ad- 
justed so that  thickness would fall between 1.0 and 
1.5 ~m. 

Results and Discussion 
It was established that  the growth of the polysilicon 

in this study is largely mass t ransfer  limited. A check 
of growth  rates at tempera tures  be tween 700 ~ and 
800~ revealed an act ivat ion energy at these t empera -  
tures of 0.26 eV. Since it is known (19) that  ac t iva-  
tion energy in the surface react ion rate  l imited re-  
gion is about 1.6 eV, it is apparent  that  we are operat -  
ing in or near  the mass transfer  l imi ted region, which 
is desirable for good thickness uni formi ty  and control. 
This concurs with Evers teyn  and Put  (11), who found 
growth to be tempera ture  independent  above 830~ 
Variation of thickness over the same wafer  was found 
in our samples to be typical ly wi thin  •  

F igure  1 shows that  the growth rate at 800~ is 
modera te ly  dependent  on the phosphine/s i lane ratio 
(P /S i )  in the gas, and drops from 1.0 ~ /min  %Si 
(%Si is the percentage of silane to hydrogen)  for 
(P /S i )  ~ 10-~ to 0.6 ~ /min  %Si for (P /S i )  : 10-L 
Evers teyn and Put  (11) found a stronger dependence 
for their samples grown at 680~ where  growth rate 
drops from 0.1 ~/min %Si for (P /S i )  ~ 0 to 0.04 #/  
rain %Si for (P /S i )  ~ 2.5 • 10-a. Two samples which 
they grew at 800~ are also shown in Fig. 1. A simi- 
lar ly strong inhibit ion of growth at 680~ has been 
found when doping with  arsine (11), while  at 1200~ 
the dependence is weakened  (12). 

I 
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P~S~INE~SILANE ~ T ~  

Fig. 1. Growth rate vs. phosphine-silane ratio in the gas phase: 
-I- ~ 800~ SiH4-PH3 at 0.07 X 10 -2  atm; C) ~ 800 ~ 
SiH4-PH3 at 0.35 X 10 '-2 atm, Ref. (11). 
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Fig. 2. Active donor concentration vs. phosphine-silane ratio in 
gas phase: ~ ~ 8C0~ SiH~PH3; �9 ~ 840~ SiBr4-PH3, Ref. 
(13); A ~ 650~ SiH4-PH~, Ref. (13); _ _ _ u  phosphorus-doped 
single crystal silicon, Ref. (16). 

In Fig. 2 it can be seen that  for (P /S i )  ranging from 
10 -5 to 10 -2 the active donor concentrat ion (Na) be-  
haves according to the l inear relat ionship 

Nd ~ (P /S i )  �9 5 • 1022 

Cowher and Sedgwick (13) found that  

N d  ~"  (P /S i )  �9 35 • 1022 

for their  samples grown at 650~ Samples which they 
grew at 840~ f rom SiBr4 are also shown in Fig. 2. 
For  (P /S i )  ~ 10 -2, Nd saturates at a value  equal  to 
the solid solubili ty of phosphorus in single crystal sili- 
con at 800~ (14). 

In Fig. 3 resist ivi ty is shown as a function of Nd. 
This is compared with  the curve for polysilicon grown 
at 680~ and doped with arsenic (12). It can be seen 
that resistivities below 10 -3 f l -cm can be attained. 

Figure  4 compares mobil i ty  measurements  of va r i -  
ous workers  with those obtained in this work. The 
most important  feature  seen is an increase in mobil i ty  
as N d increases above 10 ~s cm --3. This can be explained 
by ei ther of two conduction theories: 

(i) The "carr ier  t rapping model"  (15) which as- 
sumes that  carriers are t rapped in deep states at grain 
boundaries forming potential  barr iers  and associated 
depletion regions which lower effective mobility. As 
Nd increases beyond the value at which the deep states 
are saturated, the height  of the barriers, as seen by an 
electron in the conduction band, decreases and conse- 
quent ly  increases mobility. 



Vol. 123, No. 10 

'1 

N 

, I  ,d 

P H O S P H O R O U S - D O P E D  POLYSILICON G R O W T H  1575 

'1  'J  ' l  ' 
\ \ 

\ ' \o  - \ 
\ \ _ 

\ ' \ q  _ 
\ \§ \ 

\ 
\ 

\ 
\-%- 

co~o~ c . o ~ c m f ~  r  

Fig. 3. Resistivity vs. active donor concentration: @ ~ 800~ 
SiH4-PHa; O ~ 680~ SiH4-AsH3, Ref. (12). 

inhibits  silicon growth at 800~ to a lesser degree 
than at lower temperatures,  and that resistivities of 
less than 10 -3 ~l-cm can be achieved. The donor 
concentrat ion (Nd) in the layer  is given by  

Nd---- (P/St)  �9 5 • 1022 

where  (P/St )  is the phosphine/s i lane  molecular  ratio. 
Nd saturates at a value of 2 • 1020 cm -8. Hall mobi l -  
i ty in  the polysilicon is 20-30 cm2/Vsec for Nd a b o v e  
1019 cm-~. 
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(it) The "dopant segregation model" (13) assumes 
that  at low dopant  concentrat ion the dopant  atoms 
tend to segregate at the grain boundaries  where they 
are not ionized and do not contr ibute  free carriers. 
At concentrat ions of 101s-1019 cm-~, the dopant  atoms 
begin to enter  the crystal grains and contr ibute car- 
riers. The increase in  mobil i ty at these concentrat ions 
is a t t r ibuted to the compensation of crystall ine defects 
by t h e  dopant  atoms which effectively removes scat- 
ter ing centers. 

Summary 
Polysilicon was grown in  an epitaxial  reactor at 

800~ and doped dur ing  growth by adding phosphine 
to the gas mixture.  I t  was found thai  phosphine doping 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 
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Light Emitting Patterns of Gallium Nitride Electroluminescence 

A. Shintani  and S. M i n a g a w a *  

Hitachi, Limited, Centra~ Research Laboratory, Kokubunji, To~cyo 185, Japan 

The light product ion mechanism in GaN MIS light 
emit t ing diodes (LED's) is general ly considered a 
radiat ive recombinat ion of the minor  carriers gen- 
erated in a high electric field at the i -n  junction. It 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  l i g h t  s p o t  s i t e s ,  d i s l o c a t i o n s ,  Z n  c o n c e n t r a t i o n ,  

g r o w t l l  h i l l o c k s .  

has been reported that the lights are emitted in the 
form of discrete spots a round the electrode for a 
point contact (1) or at crystal subgrain  boundaries  
for In  metal  contact over the i - layer  surface (2, 3). 
However, tl~e authors found the light occurrence at 
subgrain  centers ra ther  than  at subgrain  boundaries  
with respect to the i -n  GaN LED's fabricated on 
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Fig. 1. Light spots observed from the substrate [(0001) orienta- 
tion]. 

(0001) oriented sapphires (Fig. 1). In  order to in -  
vestigate the causes of these emissions at the centers, 
the study was performed by examining  the correla- 
t ion of the fight spot sites with crystal growth mor-  
phology, Zn concentratiQn, and etch patterns. 

The GaN crystal growth method, phosphoric acid 
etching technique, and the fabrication process of the 
GaN: Zn LED's used in the s tudy have been presented 
in detail elsewhere (4, 6)4 The Zn concentrat ion dis- 
t r ibut ion on the i - layer  surfaces was measured by 
scanning electrDn microprobe analysis  (EMA). The 
electron beam irradiated on the crystal surface is 
several  microns in diameter,  which is less than one- 
tenth  of the c~:ystat b_i.lloc.k diameter.  To reduce mea-  
surement  error due to surface roughness, the dis- 
t r ibut ion condition of the Zn concentrat ion was ex- 
pressed by the K~-ray  in tens i ty  ratio of Zn to Ga, 
in which the Ga K~-ray  intensi ty  was used as a ref- 
erence level. Both K~-rays were s imultaneously  mea-  
sured. Optical microscopic studies on the electro- 
luminescence (EL) and crystal morphology were car- 
ried out with an ordinal microscope which allowed 
focusing magnification up to 400 •  

The Zn concentrat ion tended to be higher at the 
peripheries than at the center regions of the growth 
hillocks by  1 ~ 25%. On the other hand, the etch 
pat terns developed first on the peripheries of the 
growth hillocks and their dis t r ibut ion extended to 
the hillock faces as etching time increased. Moreover, 
a large etch pit developed at each apex of the growth 
hillock (Fig. 2). These etch pat terns differ in form, 
development,  and ascription from the hexagonal etch 
pits on the n - l aye r  (4). The i - layer  etch pat terns  
are a t t r ibutable  to crystal  defects or precipitates 
caused by doping with a large amount  of Zn. 

Thus, phosphoric acid etching of the i - layers  in-  
dicates that  the Zn doping process induces crystal 
defects including certain dislocations or precipitates 
within the i - layer  growth hillock. The crystal growth 
mechanism of the i - layer  is different from that of the 
n- layer  with no hillock boundaries on both layers 
being superimposed on one another  (4). The etch 
pat terns on the peripheries and faces of the hexagonal  

Fig. 2. Etch patterns on a large hillock of the i-layer. A large 
etch pit develops at the apex. 

hillocks on the i - layer  cannot be a t t r ibuted to dis- 
locations because they are not pitted, but  p rominent  
(4). To the contrary, the etch pit development  at the 
apexes suggested that  dislocations in the c axis 
direction can exist in the hillock centers. Therefore, 
other emission sites should be taken into account in  
addition to subgrain  boundaries.  Since the electrical 
characteristics of the dislocations can cause a chan-  
nel ing of carriers for occurrence of an avalanche 
breakdown (5), it is reasonable to assume that  the 
light occurs at the hillock central  dislocation. How- 
ever, the etching technique gave no evidence that  the 
dislocations passed through the i -n  junction, because 
the etch pits at the hillock apexes on the lapped 
i - layer  surface were difficult to dist inguish from other 
etch pat terns that  were present  in  a high density 
condition. 

The local nonuni fo rmi ty  of the diode in te rna l  elec- 
trical resistance due to the fluctuation of the Zn con- 
centrat ion dis tr ibut ion provides another reason for 
the EL occurrence at the growth hillock centers. The 
yellow LED's made in  this work were estimated to 
have a Zn concentrat ion twice or more that of the 
blue LED's. The in te rna l  resistance of the yellow 
LED's was found to be t e n  times or more that of the 
blue LED's. For example, the yellow LED emits l ight 
at 16.8V-1.9 mA and the blue LED at 3.5V-12.9 mA (6). 
Accordingly, the easier inject ion of electrons in the 
hillock center  regions follows from the difference 
in  Zn concentrat ion between the two regions de- 
scribed previously. As a result, the l ight can occur 
more easily at the centers. 

The In  metal  contact over the surface was employed 
for the above observations. When a probe was used 
as the electrode as in  the first of Pankove 's  experi-  
ments (1), the lights occurred mostly around the 
probe without any  relat ion to the growth hillocks. 
Also, lights sometimes occurred at diverse positions 
without any relat ion to the probe position. In  the 
case of this point contact, it is difficult to extend the 
current  over all the i - layer  because of its high elec- 
trical resistance. This restriction of the current  ex- 
tension causes the light sites to be l imited to the 
region around and under  the probe. This l ight crea- 
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Fig. 3. {1120} GaN crystal surface (a) and light spots observed from the substrates (b) 

t ion does not  reflect the nonuni fo rmi ty  of the crystal 
as well as the lights in  the case of the In  metal  
contacts. 

The above description is concerned with {0001} 
crystals. On the other hand, crystals grown on (1102) 
substrates are oriented in {1120}, and their  surfaces 
became more wavy [Fig. 3 (a ) ] .  The light spots with 
In  metal  contact over these surfaces were emitted 
along the ridges and /o r  valleys of the wavy surface. 
These positions disagreed with the observation made 
on GaN:Mg LED by Maruska et aI. where the lights 
were produced wi th  relat ion to crystal facets (3). 
The light form on the {1120} plane apparent ly  differs 
f rom that on the {0001} plane, as seen in Fig. 3(b) .  
Some of the lights seem to be a bar  ra ther  than a 
spot. The light spots on the {112-0} crystal can be 
close to each other because there is no development  
of distinct growth hillocks as large as those on the 
{0001} crystal. As a result, the lights seem to be in  
a bar  form. It was difficult to find whether  or not 
crystal defects contr ibut ing to the emissions exist in  
the ridges and valleys because the etch pat terns 
developed in a very high density condit ion on the 
{1~0} plane. However, since one of the hexagonal  
crystal cleavage planes consists of a {0001} plane, it 
seems plausible that dislocations are formed in a 
direction perpendicular  to the {1120} plane. 

The lights themselves are actually created inside 
the devices on the two substrates with the emit t ing 
region being precisely at the i -n  junct ion as shown 
in Fig. 4. This figure gives a more distinct light posi- 
t ion than that given before on the GaN:Mg LED (3). 
The light positions differ from the GaN:Zn antistokes 
l ight  position which is produced in the i - layer  (7). 
The difference between these light positions in GaN:Zn  
LED is caused by reversing the electrical bias direction. 

In  summary,  the EL lights in  the case of the {0001} 
GaN crystals occur in the form of discrete spots at 
the growth hillock centers, but  no light is emitted at 
hillock boundaries.  These lights are concerned with 
certain dislocations at the hillock apexes and/or  
with Zn concentrat ion nonuni formi ty  wi thin  the hi l -  
locks. On the other hand, the EL lights in  the case of 

Fig. 4. Observation of the light occurrence (encircled) at the 
cleavaged surface with a forward bias. The In contact over the 
i-layer surface is out of focus in the photograph. 

the {1120} crystals are produced on the ridges or 
valleys of wavy surface. The lights seem to not  al-  
ways be in the discrete spot form. 

A c k n o w l e d g m e n t s  
The authors wish to express their  thanks to Minoru 

Wada for fabricat ing the LED's used in this work. 

Manuscript  submit ted March 1-0, 1976; revised manu-  
script received June  22, 1976. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

Publication costs oS this article were assisted by 
Hitachi, Limited. 

REFERENCES 
1. J. I. Pankove, E. A. Miller, D. Richman, and J. E. 

Berkeyheiser, J. Lumin., 4, 63 (1971). 
2. H. P. Maruska and D. A. Stevenson, Solid-State 

Electron., 17, 1171 (1974). 
3. H. P. Maruska, L. A. Anderson, and D. A. Stevenson, 

This Journal, 121, 1202 (1974). 
4. A. Shintani  and S. Minagawa, ibid., 123, 706 (1976). 



1578 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY October I976 

5. J. I. Pankove, "Optical Process in Semiconductors," 
p. 203, Prentice-Hall ,  Englewood Cliffs, New Jersey 
(1971). 

A. G. Chynoweth and G. L. Pearson, J. AppI. Phys., 

29, 1103 ( 1 9 5 8 ) .  
6. A. Shintani  and S. Minagawa, To be published. 
7. J. L Pankove, Phys. Rev. Lett., 34, 809 (1975); 

IEEE Trans. EtectTon Devices, ed-22, 721 (1975). 

Chemical Vapor Deposition of Silicon Nitride 
J. J. Gebhardt, R. A. Tanzilli, and T. A. Harris 

General Electric Company, Re-Entry & Environmental Systems Division and Space Sciences Laboratory, 
Space Division, Philadelphia, Pennsylvania 19101 

,Crystalline a-SizN4 is formed from the gas phase 
by the reaction of silane with ammonia  or, somewhat 
less expensively and more conveniently,  by reaction 
between a silicon tetrahal ide and ammonia.  Billy (1) 
has elucidated the chemistry of the silicon te t ra-  
chlor ide-ammonia  and silicon te t rabromide-ammonia  
systems at lower temperatures  (--78~176 and has 
demonstrated that the silyl imide, Si(NH)2, and 
possibly polymers based on it are the principal  pre-  
cursors to silicon nitride. The precursors, on thermal  
decomposition to above ca. 1000~ lead to only one 
product, identified as amorphous silicon nitride, which 
on further  hea t - t rea tment  to about 1450~ yields 
a-Si3N4. Mazdiyasni and Cooke (2) have used the high 
purity, fine particle size powder obtained by this ap-  
proach to form high density, f ine-grained polycrystal-  
line bodies by hot pressing, with magnesium nitr ide as 
a s intering aid. The formation, precipitation, and 
crystall ization of the in termediate  imides also appears 
to be the path by which dense, crystal l ine layers of 
a-silicon nitr ide are formed by chemical vapor deposi- 
t ion under  controlled conditions. Galasso, Kuntz, and 
Croft (3) have demonstrated that above about 1100~ 
and under  suitable flow and concentrat ion conditions, 
t ranslucent  deposits were formed and identified as 
a-SisN4, of high pur i ty  and considerable preferred 
orientation. Similarly,  Airey, Clarke, and Popper (4) 
deposited amorphous and crystal l ine silicon ni tr ide 
from s i lane-ammonia  and silicon te t rachlor ide-am- 
monia mixtures. 

Experimental Approach 
Silicon ni t r ide deposits were formed by  reacting 

both silicon tetrachloride and silicon tetrafluoride with 
ammonia  in a dynamic hot-wal l  reaction system, at 
low pressure (less than 5 Torr) and between 1100 ~ 
and 1550~ Silicon tetrachloride (Fisher Scientific 
Company, Technical Grade) was entra ined in a 
ni t rogen carrier gas, or al ternatively,  pumped directly 
into the furnace from a stainless steel reservoir through 
a meter ing valve. In  the former case, the amount  of 
tetrachloride fed was determined from the ni t rogen 
flow and assuming, l iquid vapor equi l ibr ium at the 
reservoir temperature.  In the lat ter  case, the meter ing 
valve was calibrated by determining the weight loss 
of the tetrachloride reservoir. Silicon tetrafluoride 
(Matheson Gas Products, 99.6% min.) ,  a vapor at room 
temperature,  was metered through a flowmeter, as was 
anhydrous ammonia  gas (Matheson Gas Products 
99.99%). All reagents were used as received, without 
fur ther  purification. 

Deposits were prepared using a vertical, resistance- 
heated, graphite element  vacuum furnace which con- 
tained a graphite reaction tube 1 in. in diameter  by 
8 in. long and made from Speer 580 graphite. Within  
this tube was fitted a graphite channel  (Union Carbide 
Corporation, CS Grade) ,  ~2 in. square by 8 in. long, 
the inner  surfaces of which were covered with a thin 
layer of Grafoil| which served as the actual deposi- 

Key words: alpha-sUicon nitride, vapor deposition, silicon tetra- 
chloride-ammonia, silicon tetrafiuoride-ammonia, spectral proper- 
ties, oxidation of silicon nitride. 

1 Registered trademark, Union Carbide Corporation. 

t ion surface. Reagents were metered to the furnace as 
vapors through stainless steel lines and mixed within 
the furnace to prevent  clogging of the lines by the solid 
adduct. Exhaust  gases were pumped from the furnace 
through a l iquid n i t rogen trap and vented or passed 
through an alkal ine scrubbing solution when silicon 
tetrafluoride was used. Solid by-products  collected in 
cooler regions of the furnace as well  as in the furnace 
exhaust lines in  both the chloride and fluoride r e -  
a c t i o n s ,  although in  the lat ter  case these deposits were 
slightly less voluminous.  Accumulat ion of these solids 
constituted the l imit ing factor in the length of a given 
experiment  due to closing off of the gas passages to the 
pump. Tempera ture  was determined using a Leeds and 
Northrup disappearing filament pyrometer  and sighting 
on the deposition surface through a window at the top 
of the deposition tube unt i l  the window became 
obscured with by-products.  From this point, power 
settings were kept constant  and thermal  equi l ibr ium 
was assumed. Prior to starting, the furnace was 
stabilized a tdepos i t ion  tempera ture  for 30 min  with a 
ni t rogen flow equivalent  in volume to the exper imental  
flow. 

The deposits were freed from the graphite channel  
by grinding away the bulk  of the channel  and heating 
the remainder  in air for several hours at about 650~ 
leaving the deposit as a free-standing,  square cross- 
section tube. Portions of certain deposits were ground 
and polished for determinat ion of optical properties; 
others were used for p re l iminary  oxidation and creep 
studies. Most of the deposits were less than 0.5 mm 
(20 mils) thick. 

Discussion of Results 
Deposition process.--Deposits obtained from the tet-  

rachloride system ranged from white and glassy or 
vitreous at low temperatures  to dark green around 
1500~ Under the conditions used, white or vitreous 
deposits were again obtained at 1550~ Typical as- 
deposited surfaces are shown in Fig. 1. On the other 
hand, deposits made from the fluoride system were 
light tan in  color at 1500~ However, conditions 
leading to vitreous deposits were not used with the 
fluoride system as will be discussed shortly. The color 
difference between materials produced from the chlo- 
ride vs. the fluoride system persisted through polish- 
ing, with the former yielding t ransparen t  yellow brown 
plates, while the lat ter  materials  were almost water 
white and clear. 

Deposition stresses appeared to be greater  at long 
residence times (8 msec) and cylindrical  deposits 
appeared to contain residual compressive stresses 
around 45-70 MN/m 2, estimated from the change in  
radius on cutt ing a r ing-shaped piece. At shorter 
residence times ( ~  1 msec), the materials were of 
somewhat smaller grain size and presented no difficulty 
in cutt ing or machining for polishing. Residence times 
were estimated from the total gas volume fed, at 
deposition temperature  and pressure, and the total 
reactor volume. Typical densities of polished specimens 
were around 3.19 g/cm '~, close to the measured and 
calculated values of 3.168-3.169 g/era 3 of Wild et al. (5). 
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Fig. 1. Optical and scanning electron microscope views of as-deposited silicon nitrlde obtained from the chloride system. Adhering par- 
ticles in upper right view appear to be precursors to crystalline material in lower left view. 

The deposition of silicon ni t r ide appears to differ in 
some respects f rom many  other CVD processes in  that  
solid deposition intermediates  form immediate ly  on 
mixing the reagents, ra ther  than as a result  of a gas 
phase reaction or decomposition which is controlled 
by chemical or diffusional kinetics. The si tuat ion is 
somewhat analogous to the deposition of boron n i -  
tride, but  in that case, the last identifiable in te r -  
mediate, B-trichloroborazole, is less stable and more 
volatile. 

From the evidence presented in the l i terature  (1,2), 
the stabil i ty of the silyl imide intermediate ,  at least up 
to about 10O0~ appears to be relat ively high, while 
the crystal l ization rate  is low, the formation of 
a-SiaN4 requir ing several hours to reach completion. 
Thus, unl ike  situations in  which the deposition precur-  
sors are molecular  species or fragments,  silicon ni tr ide 
is formed from precursor  particles of considerably 
greater mass which require  more t ime for complete 
decomposition and crystal formation. The lat ter  can 
occur while the particles are still suspended in the gas 
phase, judging from the par t ia l ly  decomposed appear-  
ance of particles adhering to the surfaces of l l00~ 
deposits shown in Fig. 1. If in termediate  concentrations 
are too high, the f requency with which they collide and 
grow in the gas phase, as well as the rate at which they 
str ike and adhere to the substrate, may overbalance 
the rate at which particles attached previously can 
decompose and form crystal l ine material .  Thus, despite 
tempera ture  increases which tend to favor decompo- 
sition and crystallization, a vitreous mater ia l  can be 
formed in  the tempera ture  range where crystal l ine 
deposits would otherwise be obtained. 

Specimens of the by-products  of both fluoride and 
chloride deposition experiments  were collected from 
the furnace exhaust  lines and examined briefly by 
means of infrared spectra, using the KBr pellet tech- 

nique. In both cases, the specimens were somewhat 
contaminated with moisture dur ing  handl ing and had 
hydrolyzed to some extent. The respective ammonium 
halide salts were also present. The spectra showed 
the presence of ammonium ions and Si-O bonding as 
well as the respective ammonium halide ions. A sharp 
peak at about 480 cm -1, a frequency characteristic of 
Si-N stretching, may have been due to intermediates  
carried out of the furnace or to small  silicon ni t r ide 
particles already completely deamminated  in  the gas 
phase. 

A specimen of the chloride system by-product  was 
heated at 1450~ under  flowing ni t rogen (10 Torr)  
for 1 hr. This resulted in formation of e lemental  silicon, 
with no traces of a-SigN4. Since traces of e lemental  
silicon were occasionally found in x - ray  diffraction 
pat terns of crystall ine deposits, it is possible that  some 
disproportionation of the in termediate  compound 
occurs dur ing deposition of the nitride. 

X-ray studies.--X-ray diffraction examinat ion was 
carried out on powder specimens deposited at 1500~ 
from both chloride and fluoride mixtures.  Both reaction 
systems yielded a-silicon nitride. All exper imenta l ly  
determined d spacings and diffracted intensit ies com- 
pared favorably with the values listed in JCPDA tables 
(6) for s-si l icon nitride. There was no indication of 
noncrystal l ine or amorphous consti tuents in these de- 
posits, in  contrast  to materials  prepared at lower de- 
position temperatures  (e. g.,1100~176 

X- ray  diffractometry examinat ion of thin (e.g., 
0.8 mm) flat plates of both fluoride and chloride 
material  showed some a-Si3N~ reflections to be 
absent  while others exhibited intensities greatly dif- 
ferent  from those obtained with randomly  ordered 
powders of the same specimens. This is indicative 
of a degree of preferred orientat ion with respect to the 
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Table I. Principal lines and intensities of CVD a-silicon nitrlde from 
chloride and fluoride deposition systems 

a-S~N~ 
JCPDS 
(9-250) 

d ( A )  hkl I IR 

E x p e r i m e n t a l  Experimental 
( f luor ide)  (ch lo r ide )  

d ( A )  I /I i  d ( A )  I/It  

6.690 1O0 8 ~ -- -- 

4.320 1Ol 50 4.~'3 100 4.33 100 
3,880 110 30 3.88 1O0 3.90 2 
3.379 200 30 3.37 9 3.36 9 
2.893 201 85 2.89 48 2.89 70 
2.823 002 5 -- -- 2.82 32 
2.599 102 75 2.59 35 2.59 80 
2.547 210 10O 2.54 28 2.54 29 
2.320 211 60 2.31 25 2.32 20 
2.283 112 8 2.27 5 2.28 8 
2.244 300 5 - -  
2.158 202 30 2.16 "6~ 2.~'6 28 
2.083 301 55 2.08 38 2.08 13 
1.937 220 2 ~ ~ -- 

1.884 212 8 1.88 44 1.84 8 
1.864 310 8 1,86 5 
1.8o6 lO3 ~2 - 1~1 % 
1.771 311 25 1,77 "22 1.77 S 
1.751 302 2 -- 

1.637 203 8 1.63 "-3 174 % 
1.696 222 s~ 16o 26 16o 
16~2 312 = . . . .  

1.542 320 ~ -- 

1.507 213 8 1.61 % 1%'I "-6 
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Fig. 3. Near-normal specular transmittance of polished silicon 
nitride deposits. 

deposi t ion surface and has been noted by  others  (3). 
Table  I lists the exper imen ta l  re la t ive  peak  intensi t ies  
obtained with  n ickel - f i l te red copper radiat ion,  for 
flat plates, pa ra l l e l  to the  deposi t ion substrate ,  and 
also includes the  l i t e ra tu re  values  for comparison.  
No correct ions were  made  for polarizat ion,  absorption,  
etc. The da ta  indicate  tha t  the (110) crys ta l  planes  of 
the  fluoride deposits  tend to be para l l e l  to the  sub-  
s trafe while  the basal  planes  of the hexagonal  uni t  
cells (002) of the chloride deposits  assume this o r ien ta -  
tion. I t  is not clear  whe ther  these or ientat ions are  the 
resul t  of differences in the  deposi t ion chemis t ry  of the 
two react ion systems, or if they  are  typical  of al l  de-  
posits obta ined from these two processes. 

Optical properties.--The region of t r anspa rency  of 
pol ished crys ta l l ine  ~-Si3N4 was found to extend f rom 
0.3 to 5.0 ~m, as shown by the t ransmi t tance  da ta  in 
Fig. 2 and 3. Other  than visible color, l i t t le  difference 
in optical  t ransmi t tance  character is t ics  was observed in 
deposits  p repa red  using e i ther  silicon te t rachlor ide  or 
te t raf luoride reac tants  in conjunction wi th  ammonia.  
The polished deposi ts  were  translucent ,  a l though good 
imaging was obtained when the pol ished deposits  were  
placed in contact  wi th  pr in ted  mat ter ,  as shown in 
Fig..4. A quant i ta t ive  measure  of the degree  of diffuse 
inf rared  scat ter ing for specimens from the two react ion 
mix tures  is given app rox ima te ly  by the differences in 
t ransmi t tance  levels be tween the hemispher ica l  and 
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Fig. 2. Visible and near-lnfrared hemispherical transmission of 
polished silicon nitride deposits from both chloride and fluoride 
systems. 

Fig. 4. Optically polished deposits from both fluoride and chloride 
systems; former is nearly water white transparent, latter is tan. 

near  normal  specular  da ta  at 2.7 #m, as shown in 
Fig. 3. A comparison of the specular  reflectance spect ra  
of the polished ~-Si~N4 deposi t  (p repared  f rom the 
chlor ide precursor)  wi th  that  obta ined f rom a pol ished 
specimen of ho t -pressed  ~-Si3N4 p repa red  by  Norton 
Company (NC-132) is d isp layed in Fig. 5. Both modi -  
fications exhibi t  s imilar  Res ts t rahlen  peaks  in the 9-12 
#m range. No a t t empt  was made to analyze the de-  
ta i led  spectra, however ;  these differences are  most 
l ike ly  re la ted  to c rys ta l lographic  var ia t ions  be tween  
the ~- and E-modifications of silicon nitr ide.  

Mechanical and oxidation tests.--Preliminary ox-  
idat ion and creep resis tance da ta  were  obta ined by  
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Fig. 5. Near-normal specular reflectance of CVD a-SiGN4 com- 
pared to hot-pressed #-Si3N4. 
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Rosolowski and Greskovich 7) using crystal l ine mate-  
rial prepared in  this s tudy from the chlor ide-ammonia  
system in  the as-deposited condition. Creep at elevated 
temperatures  was measured in  air  in  three-poin t  bend-  
ing by support ing a piece of the silicon nitride, about 
2.5 • 0.5 cm, at its ends on silicon carbide knife edges, 
and suspending a weight across the center of the 
specimen on another  knife edge. This apparatus was 
located in a f u r n a c e  equipped with silica windows for 
temperature  measurement  as well as for photographic 
recording of beam deflections with time. Under  the 
most severe conditions used, a 69 MN/m 2 (10,000 psi) 
load at 1560~ no measurable creep was observed 
after 198 hr at temperature.  Assuming that  a 20 ~m 
deflection had occurred, i.e., close to the m i n i m u m  
detectable movement,  it was estimated that  the upper 
l imit  of creep rate for this mater ia l  was about 1.6 • 
10-~ hr -1. 

Pre l iminary  estimates of oxidation resistance were 
made by main ta in ing  as-deposited specimens at el- 
evated temperatures  in  air with periodic removal  from 
the furnace for weighing to determine the amount  of 
silica formed (7). The specimens lay on a bed of silicon 
ni tr ide powder dur ing  the experiments.  The weight in-  
crease in  each case was expressed in mil l igrams per 
square cent imeter  and the data plotted as a function 
of the square root of t ime in hours. Data obtained at 
1550~ are shown in Fig. 6 and indicate a weight 
change of less than 0.01 mg/cm2-hr  -1/2. Other speci- 
mens gave slightly higher rates at lower temperatures,  
probably because of greater surface roughness which 
made area calculations imprecise. 

Therlnal s tabi l i ty . - - In  order to evaluate the thermal  
s tabi l i ty  of crystal l ine and vitreous deposits of silicon 
ni tr ide under  vacuum, as well as to assess qual i tat ively 
the degree of by-product  entrapment ,  specimens were 
heated in a Knudsen  cell between 1400 ~ and 2000~ 
and the evolving gases analyzed by mass spectrometer. 
Crystal l ine materials,  deposited from both fluoride and 
chloride systems at 1500~ evolved only nitrogen, 
commencing ca. 1450~176 and ending ca 1700~ 
probably through exhaust ion of the specimen. A vit-  
reous deposit prepared at 1350~ from the chloride 
system behaved similarly, al though a much larger 
sample which evolved too much ni trogen to be mea-  
sured also gave off relat ively small amounts  of both 
chlorine and silicon. By comparison to the lat ter  case, 
vitreous boron nitr ide yielded considerably more am- 
monia, nitrogen, and chlorine as well as boron under  
similar  circumstances (8). The silicon ni tr ide deposits 
are evident ly  much "cleaner" than the respective 
boron ni tr ide deposits despite the greater stabili ty of 
its in termediate  species. 

A polished specimen of crystall ine silicon ni tr ide 
deposited at 1500~ showed evidence of in t racrys ta l -  
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Fig. 6. Oxidization of CVD silicon nitrlde at 1550~ [Ref. (7)] 

Fig. 7, Transmission microscope view of polished silicon nitride (PL). 

l ine residual stresses in t ransmission micrographs as 
shown in  Fig. 7. This heated specimen was placed on 
a silicon ni tr ide pla t form and heated for 1 hr  at 
1700~ in a hydrogen-n i t rogen  mixture  (1: 5) at 1 atm. 
There was no change in the appearance of the speci- 
men, nor any evidence of crystallographic t ransforma-  
tion. A Might reduction in the 1-5 ~m region of the 
infrared t ransmit tance spectrum was the only change 
produced. This is in agreement  with other reports 
of the stabil i ty of very pure ~-SisN4 with respect 
to t ransformation to the beta- form (9). The vi-  
treous mater ial  t ransformed to the a lpha-form on 
heating at 1600~C and 10 Torr (ni trogen) but  also 
decomposed sufficiently to produce strong p-silicon 
carbide lines as a result  of reaction between the de- 
posit or vaporizing species and the graphite substrate. 

Summary 

Pure  ~-Si3N~ was deposited from mixtures  of am- 
monia  with silicon tetrachloride and tetrafluoride at 
reduced pressure and temperatures between 1400 ~ 
and 15,00~ Vitreous or amorphous silicon nitride was 
obtained from the tetrachloride system below 14003 
and above 15C0~ apparently as a result of excessive 
intermediate species formation and insufficient time 
for crystal formation. 

Crystalline ~-Si3N4 made by chemical vapor de- 
position is considerably more resistant to creep and 
oxidation in air than the hot-pressed materials which 
contain sintering additives. 

Flat specimens from both reaction systems were able 
to be ground and polished to give transparent plates 
with relatively low intrinsic scatter. Optical properties 
were measured by transmission in the visible region 
and by both specular and hemispherical transmission 
and reflection in the infrared region. X-ray diffracto- 
meter measurements made on polished specimens in- 
dicated some degree of preferred orientation in both 
materials, although they differed regarding the direc- 
tion of orientation. 
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Metallurgical Structure of Be-Au and Si-Au 
Ohmic Contacts to GaP 

W. A. Brantley, 1 V. G. Keramidas,* B. Schwartz,* M. H. Read, and P. M. Petroff 
Bell Laboratories, Murray Hill, New Jersey 07974 

Ohmic contacts to p -  and n - t y p e  GaP can be ob-  
ta ined with  Be -Au  and S i -Au  metal l izat ions,  respec-  
t ive ly  (1, 2). Whi le  sa t is factory  e lect r ica l ly  for  use 
in the fabr icat ion of GaP LED's, l i t t le  informat ion  is 
avai lable  regard ing  the meta l lu rg ica l  s t ruc ture  of 
these contacts. Recently,  secondary  ion mass spec- 
t rome t ry  (SIMS) exper iments  have shown tha t  ex-  
tensive gal l ium migra t ion  and some phosphorous mi-  
grat ion th rough  the contact  metalliza.+.ions occur dur ing  
the a l loying 2 process; in addit ion,  the presence of in-  
te rmeta t l ic  compounds wi th in  the  a l loyed contacts  was 
repor ted  (3). In  this note, the  identif icat ion of these 
in termeta l l ic  compounds by  t ransmission e lect ron 
microscopy (TEM) and x - r a y  diffraction (XRD) is 
discussed in more  detail ,  along wi th  resul ts  from other  
exper iments  to e lucidate  the  complex meta l lu rg ica l  
s t ruc ture  of a l loyed B e - A u  and S i -Au  contacts to GaP. 

Specimen Preparation 
Metall izat ions were  deposi ted by  e lec t ron-gun  

evapora t ion  over  the  full  surfaces of GaP chips. The 
p-contac t  meta l l iza t ion  consisted nomina l ly  of a 5000A 
Be-Au l aye r  evapora ted  f rom an al loy source having 
--1 w /o  Be in Au, fol lowed by  a 10,000A gold film, 
These films were  deposi ted on {111} P faces of p - t y p e  
layers  of GaP  p / n  junct ion ma te r i a l  grown by  l iquid 
phase ep i t axy  (LPE) or p - t y p e  l iquid encapsula ted  
Czochralski  (LEC) GaP, both  having NA- -  ND ~ 5 X 
101T cm -3. The n-contac t  metal l izat ions  consisted 
nomina l ly  of a 5000A S i -Au  l aye r  evapora ted  f rom an  
al loy source having ~3  w/o  Si in Au, fol lowed by  a 
10,000i gold film. These l a t t e r  films were  deposi ted 
on {111) Ga faces of n - t ype  LEC GaP having ND -- NA 
> 3 X 10 ~7 cm -3. Ohmic contacts were  obtained by  
heat ing specimens at 600~ for 5 rain in a Nf-H2 
atmosphere.  

* E l ec t r o ch emi ca l  Soc ie ty  Act ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of Den ta l  Mate r ia l s ,  School  of  

Dent i s t ry ,  M a r q u e t t e  U n i v e r s i t y ,  Mi lwaukee ,  Wiscons in  53233. 
2 The  t e r m  " a l l o y i n g "  is u s e d  h e r e  to deno te  any  h e a t - t r e a t m e n t  

for  a c h i e v i n g  ohmic  contacts .  
Key  w o r d s :  c o m p o u n d  s e m ic on d u c tor s ,  in t e r m e ta l l i c  com-  

pounds,  ohmic  contacts .  

Chemical Analyses of Film Compositions 
The concentrat ions of be ry l l i um and sil icon in the 

as-depos i ted  B e - A u  and S i -Au  layers  were  de te rmined  
by  atomic absorpt ion  spec t romet ry  (AAS) .  For  these 
analyses,  S i -Au  and Be-Au films, nomina l ly  10,000A 
thick, were  deposi ted on sapphi re  substrates,  and sub-  
sequent ly  s t r ipped  f rom the subst ra tes  by  aqua regia  
for examinat ion.  The AAS resul ts  indica ted  tha t  the  
Be: Au rat io  in the deposi ted film is app rox ima te ly  that  
of the  s tar t ing al loy source. However ,  the Si :Au rat io  
for  the  film can be as much as an o rde r  of magni tude  
lower  than  in the al loy source, as a consequence of 
the higher  vapor  pressure  of gold compared  to sil icon 
(4). 

Transmission Electron Microscopy Observations of 
Metallization-GaP Interfaces 

The region near  the me ta l l i za t i on -GaP  in ter face  for  
the a l loyed p -  and n-contacts  was examined  by  TEM 
to search for in te rmeta l l ic  compounds, as wel l  as to 
invest igate  the s t ruc ture  of the  meta l l iza t ion  and the 
dislocation dens i ty  in the  GaP. For  these specimens, 
the  GaP subst ra tes  were  mechanica l ly  pol ished using 
0.3 ~m A1203 part ic les;  subsequent  th inning of both  the 
GaP subst ra tes  and the a l loyed films was accomplished 
by  ion mi l l ing  wi th  6 keV A r  + ions. 

A br ight - f ie ld  electron micrograph  for a region near  
the interface be tween  the a l loyed p-con tac t  and GaP 
is i l lus t ra ted  in Fig. 1 (a) .  Electron diffraction pat terns ,  
as shown in Fig. l ( b ) ,  indicate  the presence of the 
(,-,21 a /o  Ga) a n d / o r  fi' (,~23 a /o  Ga) phases (5) 
be tween  gold and gall ium, in addi t ion to po lyc rys ta l -  
l ine gold. Al though  fi' is the room t empera tu r e  equi-  
l ib r ium phase, fl' and fl have s imi la r  diffraction pa t -  
terns (5) and both phases may  be present .  The sa te l -  
l i te spots a round some p r i m a r y  diffract ion spots in 
Fig. l ( b )  suggest  (6) that  the go ld -ga l l ium phase ( s )  
in i t ia l ly  fo rm(s )  an epi tax ia l  l aye r  wi th  GaP, fol lowed 
by  a polycrys ta l l ine  layer .  These go ld-ga l l ium c rys ta l -  
lites appear  as b r igh t  spots in the  dark- f ie ld  e lect ron 
micrograph  of Fig. l ( c ) ,  corresponding to the  ind i -  
cated diffraction r ing in Fig. l ( b ) .  S imi la r  mic ro -  
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Fig. I. (a) Bright-field electron micrograph of a region near 
the interface for the alloyed p-contact on GaP. (b) Electron dif- 
fraction pattern from the region of Fig. 1. (c) Dark-field electron 
micrograph corresponding to the first diffraction ring (indicated by 
the circle) in (b) for the ~ phase between gold and gallium. 

structural  results to those in  Fig. 1 were observed by 
TEM for the alloyed n-contact ;  gold and the ~ and/or  
8' phase in  the Au-Ga  system again were the only 
phases near  the meta l l iza t ion-GaP interface. The dis- 
location density detected by TEM in the GaP sub-  
strates near  the interface was in the low 104 cm -2 
range; thus, no interfacial  region of high dislocation 
density is generated by  the contact alloying process. 

X-Ray  Di f f ract ion Studies 
To complement  the TEM analyses, alloyed contacts 

also were examined by XRD for the presence of in ter -  
metall ic compounds. A wide film Debye-Scherrer  tech- 
nique was employed, uti l izing Cu Ka radiat ion incident  
on the top surface of the metal l izat ion at an angle of 
~16 ~ (7). In  contrast to the TEM observations, no 
evidence of intermetal l ic  compounds in  the p- and 
n-contacts  was detected by XRD, indicat ing that in ter-  
metallic compounds are not present  in large concen- 
trations near  the surface. (The strongest lines for the 
and ~' Au-Ga  phases coincide with weak gold diffrac- 
t ion lines from residual Cu Kp radiation.) 

In  order to facilitate detection of intermetal l ic  com- 
pounds, alloyed 50003, thick Be-Au and Si-Au films on 
GaP also were investigated, where the 10,000A gold 
overlay was omitted. For these specimens, a profusion 
of XRD lines due to intermetal l ic  compounds was ob- 
served. Some preferred orientat ion for these phases 
was evident  from the appearance (7) of the diffrac- 
t ion arcs. No significant differences for the XRD lines 
were noted when these lat ter  films were alloyed for 
30 rain instead of 5 rain. In  all  cases, the diffraction 
lines for gold were weak, indicating that the gold had 
principal ly formed intermetal l ic  compounds. 

For the Si -Au films alloyed with GaP, the strongest 
lines could general ly be assigned to the ~ and /or  ~' 
Au-Ga  phases. The positions of other l ines suggested 
that the ~' (~13 a/o Ga) (5), AuGa, and AuGa2 
phases also might  be present. [The in te rp lanar  spacings 
for the -y phase, which contains ~30 a/o Ga, were not 
reported in Ref. (5).] No evidence for SiP2 in  these 
films was found. 

The si tuation for the Be-Au films alloyed with GaP 
is more complicated than  for the Si-Au films because 
bery l l ium and gold form a series of intermetal l ic  com- 
pounds (8) whereas no in termediate  phases exist 
between gold and silicon. The strongest XRD lines for 
these specimens could be assigned to Au3Be, while 
Au2Be also may be present;  no evidence was found for 
AuBe and AuBe~. The presence of the Au-Be phases 
results in less certain identification for Au-Ga  inter-  
metallics because of similar l ine positions; the ~ and/or  
~' Au-Ga  phases probably were present  in these films. 
In  addition, Be3P2 also may form dur ing  alloying, but  
identification is difficult because of the very few rela-  
t ively strong XRD lines for this compound. 

SIMS experiments  (3) could not provide support  in 
in terpret ing the XRD results, such as whether  or not 
Be3P2 forms during the alloying process for p-contacts. 
At present, absolute concentrations for the various 
chemical species wi thin  the metall izations cannot be es- 
tablished by SIMS due to the lack of appropriate 
chemical standards for comparison and possible differ- 
ential  sputter ing rates. (For example, beryl l ium can be 
in solid solution with gold, in intermetal l ic  compounds, 
or segregated at grain  boundaries in  the films.) At-  
tempts to obtain depth profiles for bery l l ium and sili- 
con through alloyed p- and n-contacts  using SIMS 
were unsuccessful because nonplanar  sput ter ing fronts 
occur for deep "burns," due to gold globules lying on 
the film surfaces. Alternat ively,  accurate depth pro- 
files could not be obtained by sputter ing through the 
unmetal l ized back side of the GaP, because of uncer-  
tainties in the sputter ing rate for the long dura t ion 
bu rn  required. 

The formation of intermetal l ic  compounds dur ing  
alloying provides one potential  source of stress in the 
semiconductor device and may adversely affect rel i-  
ability. Using an x - r ay  diffraction lattice curvature  
measurement  technique (9), an approximate value of 
~3 • 109 dyne /cm 2 was determined for the stress in  a 
p-contact  which had been alloyed with GaP at 600~ 
The max imum value of the stress in the GaP at the 
interface with the contact (neglecting stress concen- 
trations at the edges of the metall ization) was ~7  
• 107 dyne /cm 2 (~1 • 103 psi), considerably lower 
than the stress in the contact because of the ratio of 
contact thickness to substrate thickness (10). No evi- 
dence of freshly generated dislocations in GaP was re-  
vealed near  the periphery of alloyed p-contact  dots 
by conventional  (11) etching solutions. The stresses 
associated with ohmic n-contacts  are expected to be of 
similar magnitudes.  

It has not been possible from scanning electron mi-  
croscopy and optical microscopy observations on nu -  
merous specimens to assess unambiguous ly  the relat ive 
contributions of solid-state diffusion and/or  formation 
of a ]iquid phase dur ing the contact alloying. Efforts to 
delineate an alloyed region on a GaP cleavage face by 
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photoetching with HF: H202 or prolonged chemical 
etching with aqua regia were unsuccessful. However, 
the absence of detectable (by XRD) amounts  of in ter-  
metallic compounds in  the outer portions of the alloyed 
n -  and p-contacts suggests that dissolution of the 
metallizations dur ing  the alloying process may be pr in-  
cipally confined to regions near  the interface with GaP. 
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Brief Corn un[ca, ons 

Defect Chemistry of BaTiO  
N.-H. Chan and D. M. Smyth* 

Materials Research Center, Lehigh University, Bethlehem, Pennsylvania 18015 

We have been s tudying the defect chemistry of 
BaTiO3 by measurement  of the equi l ibr ium electrical 
conductivi ty by a four-probe d-c technique as a func-  
t ion of temperature  (600~ oxygen pressure 
(10-24-1 atm),  Ba/Ti  ratio (0.9950-1.0C00), and added 
impurities. The samples are polycrystal l ine bars, 98% 
dense, sintered from powders prepared by calcination 
of a homogeneous glassy solid obtained by polymeri-  
zation of an organic solution in which the cationic 
consti tuents have been dissolved in  precisely weighed 
amounts  (1). The oxygen activities were obtained by 
precision-mixed Ar-O2 (high pressure range) ,  CO- 
CO2 (low pressure range) ,  and by means of an elec- 
trochemical oxygen pump and oxygen activity de- 
tector based on CaO-doped ZrO2 for the midrange of 
pressures (2). 

The results shown in Fig. 1 are typical of acceptor- 
doped and undoped material,  and are very similar to 
previously reported results (3-5). This sample con- 
tained 134 ppm (atomic) of added a luminum as a Ti-  
site acceptor. We believe that all results reported to 
date have been dominated by acceptor impurit ies in 
the near-stoichiometric  region, whether  del iberately 
added or not. This reflects the greater na tura l  abun-  
dance of acceptor-type impurities, e.g., alkali metals 
on Ba sites or AI, Mg, Fe on Ti sites, compared with 
donor- type impurities,  e.g., rare  eart.hs or Th on Ba 
s i t e s  or Nb, Ta, W on Ti sites; and the very small con- 

* Electrochemical Society Active Member. 
Key words: bar ium ti tanate,  stoichiometry, conductivity, donor- 

doped, acceptor-doped. 

centrat ion of intrinsic ionic disorder to be expected 
because of the highly unfavorable  na ture  of such de- 
fects as Baf ' jO ," ,  01'% and VTi"". 

The conductivity min ima correspond to the com- 
pletely compensated state, neglecting mobil i ty  differ- 
ences, and their temperature  dependence has been 
shown to correspond closely to the optical bandgap 

i 

i , I -,~ i , 
- 2 0  - 1 5  -12  -8  -q  

0 
7 

Fig. I. Equilibrium conductivity of acceptor-doped BaTiO~. Tem- 
peratures at 50 ~ intervals. Lines having ideal slopes are indicated 
for reference. 
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of BaTiO3 (3-5).  The resul ts  in the lower  pressure  
range  are  in close accord wi th  the reduct ion  reac t ion  

Oo ~ 1/2 O2 + Vo" ~ 2e' 

whose mass -ac t ion  express ion 

[Vo--]n 2 = Klpo~<: 1/2 

combined  wi th  the  c h a r g e - n e u t r a l i t y  condi t ion 

[A']  ~ 2[Vo"] 

leads to �9 cc po2-1/4 below the  minima,  where  A' is an 
unknown  or  added  acceptor  impur i ty ,  a is the  elec-  
t ronic conduct ivi ty ,  and Po2 the oxygen pressure.  At  \I 
the  lowest  Po2 and highest  t e m p e r a t u r e  the  pressure  6s~176 

I , 

dependence  changes to ~ cc pou-1/s as Eq. [1] becomes 
the  dominan t  source of defects  and the charge neu-  
t r a l i t y  condit ion changes to 

n ~ 2[Vo"] [4] 

At  pressures  above the conduct iv i ty  minima,  oxygen 
is easi ly  added  to the  la t t ice  by  filling the i m p u r i t y -  
r e l a t ed  Vo'" 

Vo'" ~- 1 /202  ~ O o  -k 2h" [5] 

The mass-ac t ion  express ion for Eq. [5] combined wi th  
Eq. [3] gives ~ oc Po21/4 as observed,  as long as only 
a minor  f ract ion of the i m p u r i t y - r e l a t e d  Vo" is filled. 
The  r e a d y  ava i l ab i l i ty  of oxygen vacancies expla ins  
the  unusual  ease wi th  which the ma te r i a l  accepts a 
s toichiometr ic  excess of oxygen,  as indica ted  by  the 
anomalous ly  low t empera tu r e  dependence  of conduc-  
t iv i ty  in the  oxygen-excess  region near  1 atm. 

Compared  with  undoped samples,  the accep tor -doped  
ma te r i a l  wi th  Ba /T i  ---- 0.9950 behaves  as p red ic ted  by  
the combinat ion  of Eq. [2] and [3]. The conduct iv i ty  
is s l ight ly  h igher  above the conduct ion minima,  and 
s l igh t ly  lower  be low the minima,  and the min ima  
occur at lower  Po2. The magni tude  of these changes 
indicates  that  the net  acceptor  content  of the doped 
sample  is about  twice tha t  of the undoped sample.  In 
the region where  ~ cc po2-1/6, the conduct iv i ty  is in-  
dependent  of i m p u r i t y  content,  confirming tha t  this 
region (and only this region)  represents  the  intr insic  
behavior  of BaTiO3. 

Samples  p r epa red  with  Ba /Ti  = 1.0000 ra the r  than 
0.9950 behave  ve ry  s imilar ly .  I t  is concluded that  the 
defects  re la ted  to BaO deficiency, assumed to be ~rBa"  
and Vo", must  be almost  en t i re ly  associated into de -  
fect complexes  of the  type  (VBa"Vo"). Otherwise  re-  
act ion [1] could not become the dominan t  source of 
Vo'" at low pressures  and the re la t ionship  r cc po2-1/6 
would  not be observed.  

The behavior  of a donor -doped  sample  is shown in 
Fig. 2. Ins tead  of a series of conduct iv i ty  minima,  
the re  is an extens ive  reg ion  where  the  conduct iv i ty  is 
n e a r l y  independen t  of t e m p e r a t u r e  and Po~. We in -  
t e rp re t  this  as indica t ing  a region  of i m p u r i t y - c o n -  
t ro l led  e lect ron concentra t ion 

[Nbwi'] ~ n [6] 

where  [Nbri ' ]  represents  the  excess donor concentra-  
tion. At  very  low pressures,  the  conduct iv i ty  values  
and pressure  dependence  agree  wel l  wi th  those of un-  
doped and accep tor -doped  samples,  indica t ing  a re -  
gion of impur i ty - insens i t ive  behavior .  

The drop in conduct iv i ty  as the oxygen  pressure  ap-  
proaches  1 arm is a t t r ibu ted  to a change f rom elec-  
t ronic compensat ion of the  excess donor, as in Eq. [6], 
to compensat ion by  an oxygen-excess  ionic defect, most  
l i k e l y  V S a "  

[Nbwi'] ~ 2 [VBa"] [7] 

, ' , ' . . . .  , , ,  I T s  ' ~ ' ' ' 

[3,'1 _ 21 

These could be genera ted  by  the filling of the Vo" par t  
of the  BaO-deficient  defect  complex  

(VBa"Vo") Jr 2e' ~ 1/2 O2 ~ Oo ~ VBa" [8] 

leading to the  mass -ac t ion  express ion 

[VBa"] 
: KsPo2 t/~ [9] 

[ (vBa"Vo..) ]n~ 

As long as [6] is valid,  [VBa"] wil l  increase  as P021/2; 
when [7] becomes valid,  n wil l  begin to decrease  as 
Po2 -1/4, a pp rox ima te ly  as observed.  

Over  a considerable  range  of in te rmedia te  Po2, the  
donor -doped  samples  equi l ib ra te  wi th  the  ambien t  
much more  s lowly  then accep tor -doped  or undoped 
samples,  even when BaO deficient. Thus the  BaO de-  
ficiency does not lead to mobi le  defects which can 
contr ibute  to rap id  changes in oxygen content.  This 
is in accord with  the  hypothesis  of association of the  
defects re la ted  to BaO deficiency. An  association en-  
tha lpy  of 2 eV would be adequate  to provide  the de-  
gree of defect  association requ i red  by  the above model. 
This does not  seem unreasonable  for doub ly  charged 
defects such as ~TBa" and Vo'" on ad jacent  la t t ice  sites, 
when  it is recal led that  the associat ion enthalpies  for 
s ingly  charged defects  in the  a lka l i  halides,  such as 
(SrNa'VNa') and (VN~'Vcl') are  known to be about  0.5 
and 1.0 eV, respect ively.  The l a t t e r  defect  involves ad-  
jacent  la t t ice  sites and is thus the  closer analogue.  
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Fig. 2. Equilibrium conductivity of donor-doped BaTiO~. Tem- 
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A pre l iminary  examinat ion was conducted with  a 
specimen of the sunlight absorber which is in practical  
use: a copper plate whose surface has been blackened 
by oxidation. The blackening of the surface was carried 
out by immers ing it in an aqueous solution of sodium 
chlorite (NaC102) at 10~ whose concentrat ion was 
about 10% by weight.  The black, mat  surface produced 
in this way was invest igated in terms of electron re-  
flection. The diffraction pat tern  observed f rom the 
specimen is shown in Fig. 1. It can be noted in this 
figure that  the reflections appear distinct which cor- 
respond to a uniform dispersion of CuO crystalli tes 
(see Table I).  The mean part icle size of the crystall i tes 
is est imated to be about 500~_ from the ha l f -va lue  width  
of the reflections. It is of interest  that this part icle size 
is smaller  than the wavelength  of the sunlight. It can 
also be noticed in Fig. 1 that  the (020) reflection f rom 
the CuO crystals shows a prefer red  orientat ion whose 
fibrous axis lies near ly  perpendicular  to the substrate 
face. 

The appearance of the black surface in question was 
closely akin to that  of p la t inum sponge, so far  as the 
velvet l ike  mat ted  darkness is concerned. It was, there-  
fore, reasonable to reexamine  a typical p la t inum black 
in terms of electron diffraction. 

A porous spongy layer  of p la t inum was prepared in 
the following way. The fine particles of p la t inum were 
deposited on a smooth metal  surface by hydro thermal ly  
decomposing at 130~ an aqueous solution of K2PtC14 
whose concentrat ion was 0.1 mole / l i t e r  (2). The deposit 
obtained looked quite black and mat, which gave 
the electron reflection pa t te rn  shown in Fig. 2. This 
pat tern  corresponds to an evenly dispersed state of the 
p la t inum particles whose mean size is about 500A. In 
Fig. 2 the reflections are re l ieved against the low back- 
ground. This is due to the fact that  the crystal  part icle 
size is not only uniform, but it is also suitable for a 
coherent  penetra t ion_of  the electrons applied. These 
observations are similar  to those f rom the blacked 
copper specimen. 

The black, mat  surface of p la t inum could be dis- 
t inguished from a lustrous mirror  surface in terms of 
the electron reflection. Figure  3 was observed f rom the 
la t ter  surface. In this figure, the reflections are blurred 
and the background is ve ry  high. These findings are 
characteristic of an amorphous and fluidal Beilby sur-  
face layer. Compare Fig. 2 with Fig. 3. F rom these ex-  
per imenta l  results one can infer  the surface s tructure 
of the sunshine absorber as i l lustrated in Fig. 4. 

* Electrochemical Society  Act ive  Member.  
Key words: sunlight absorber,  cupric  oxide,  p lat inum sponge ,  

blackbody,  alumilite.  

Table I. Result of the analysis of Fig. 1 

~(A)* hkl I** 

2.75 110 2 
2.53 002, 111 10 
2.33 111, 200 10 
1.94 112, 202 3 
1.82 112 3 
1.67 020 5 
1.55 202 4 
1.45 $13 4 
1.38 022, 3"11 8 
1.35 220 7 

* Interplanar spacings corresponding to the  reflections in Fig. 1. 
* * Reflection intensit ies  in arbitrary unit. 
These values measured agree  with  the k n o w n  data of mono- 

clinic CuO whose  lattice constants  are  ao = 4.68, bo ---- 3.43, 
co = 5.13A, /~ = 99~ ', C2/c (1). 

Within the porous sponge there  are found labyrinths  
for the incident sunlight (see Fig. 4). Since each 
part icle si tuated at the sponge surface is smaller  than 
the wave leng th  of the light, the incident rays are not 
reflected at the surface, but diffracted f rom there  into 
the inter ior  of the sponge. 

In the fol lowing experiment ,  it is demonstrated by 
the aid of a physical specimen that  the surface as com- 
posed of parts smaller  than the wavelength  of sunlight 
appears completely dark, labyrinths  for the light being 
beneath the surface. 

About 500 sewing needles, with pointed ends smaller  
than the l ight wavelength,  were  tied up t ightly into 
a bundle. The dimensions of the needles employed are 
shown in Fig. 5. The surface of the prepared needle 
bundle is characterized by an ex t reme roughness. The 
sunlight fall ing nearly perpendicular  to the surface of 
the bundle cannot be reflected there, but  is diffracted 
into the interior  of the bundle, insofar as the tips of 
the consti tuent needles are smaller  than the light 

Fi.g. 2. Diffraction pattern from the platinum sponge. The re- 
flections of Pt appear distinct, and the background is low. Electron 
wavelength ~ 0.0380.~. 

Fig. 1. Electron reflection pattern observed from the blacked 
surface of copper which is used practically as a sunshine absorber. 
The reflections correspond to those of monoclinic CuO. The (020) 
reflection shows a preferred orientation in relation to the substrate 
face. Wavelength of the electrons ~ 0.0304~,. Distance between 
the specimen and the screen ~ 50 cm. 

Fig. 3. Reflection pattern from a mirror surface of platinum. 
Reflections are blurred, and the background is high. Compare this 
figure with Fig. 2. Electron wavelength ~ 0.0315.~. 
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Fig. 4. Spongy state formed on the metal substrate, which 
serves as a sunlight absorber. The size of the particles constructing 
the sponge is about 500A so that it is smaller than the sunlight 
wavelength. The incident light is not reflected at the sponge face, 
but is diffracted there and then runs into the sponge interior. The 
electrons applied are able to coherently penetrate the crystallites 
of the 500~, size. 

Fig. 5. The dimensions of the sewing needles employed for pre- 
paring the Planck's black body are seen here. 

wavelength.  The diffracted rays are repeatedly re- 
flected at the lateral  mi r ror  faces of the needles, and 
finally they are completely absorbed into the bundle.  
It  is of interest  that the lateral  faces of the needles are 
not t ransparent  for the light. The behavior  of the 
needle bundle,  when  exposed to the direct rays of the 
sun, is shown in Fig. 6 where it can be noticed that  the 
surface of the bundle  looks blacker than its shadow. 
The passages of the rays in the needle bundle  are 
i l lustrated in Fig. V (3). 

With the help of the needle bundle,  this exper iment  
amounts  to a b lack-body s imulat ion of the blacked 
copper plate and of the p la t inum black in the present  
study. The blacked copper plate is t ru ly  an able sun-  
l ight absorber, but  it has been proved to weather  in 
wet, polluted air. In  fact, it has been found that  

Fig. 6. A bundle of the sewing needles under the sun. The face 
of the bundle looks blacker than the shadow. 

STUDY OF THE S U N L I G H T  ABSORBER 

INCIDENT 

RAYS 

t 

NEEDLES 
Fig. 7. Illustrating the diffraction of the light rays failing upon 

the face of the needle bundle. 

verdigris is formed on the plate used over one year. In  
order to overcome this disadvantage, the corrosion- 
resisting surfaces with the prescribed geometric 
s tructure were produced on steel and a luminum plates. 

A rolled plate of Cr-Mo-Ti  steel (Cr: 18, Mo: 1, Ti: 
0.4) was utilized as the mater ial  for sunshine absorber. 
The surface of the plate was oxidized in an acidic 
sodium dichromate solution (Na2Cr2OT'2H20: 200 
g/li ter,  H2SO4:600 g/ l i ter)  at 100~ for 20 min. The 
surface obtained in this way looked mat  as well as 
black. According to the investigation by means of 
electron reflection, this surface was composed of the 
particles of the spinel type iron oxide which were 
regular ly  oriented against the substrate face and whose 
mean size was about 500A. These circumstances were 
analogous to those in  the case of the blacked copper 
plate. The thermal  efficiency of the blacked steel 
plate as a sunlight  absorber was inferior to that  of 
the copper plate, but  the former plate was superior 
to the lat ter  one in  corrosion resistance. The surface 
of a plate of the eutectic a luminum alloy that  contained 
silicon by 7 weight percent  (w/o) was oxidized at 10~ 
by an anodic process with a current  density of 2 A / d m  2. 
The bath employed for the electrolysis consisted of 
oxalic acid and sulfuric acid whose concentrations were 
2.4 and 0.14 w/o, respectively. After having experienced 
the anodic oxidation, the anode was treated with a 
boiling water in order to mask its surface with a stable 
bShmite film. The surface obtained in this way looked 
black, mat, and spongelike, similar to the p la t inum 
black. This alumili te  plate could be util ized as a sun-  
light absorber, its thermal  efficiency approaching that  
of the blacked copper. It should be under l ined  that  
a luminum is not only a cheaper and lighter mater ial  
than  copper, but  it is also more plastic than steel. 
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An Abrupt Dopant Profile in GaAs Produced by 
Te Implantation 
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The recent advent  of ion implanta t ion technology 
in GaAs has generated much enthusiasm for the fab- 
rication of optoelectronic and microwave devices as 
demonstrated by inject ion lasers (1), FET's (2,3),  
TED's (4), and IMPATT diodes (5). Inasmuch as the 
fabrication of these devices requires a high degree of 
sopb/stication, the product ion of shallow layers having 
precisely controlled doping concentrations and a well-  
defined dopant profile is an impor tant  goal of ion im-  
plantat ion efforts. 

In  implanta t ion  doping usual ly a post implantat ion 
hea t - t rea tment  at temperatures  of 800~176 is re-  
quired to remove radiat ion damage produced dur ing 
implanta t ion and to cause a substant ial  fraction of 
implanted ions to become electrically active. At these 
anneal ing temperatures,  diffusion effects play an im-  
portant  role in the de terminat ion  of the impur i ty  dis- 
tribution, even though other mechanisms such as en-  
hanced diffusion effects or redis tr ibut ion effects may 
also influence the profile. (In addition, decomposition 
and outdiffusion occur on these samples during an-  
nealing at these temperatures,  and a careful selection 
of encapsulants must  be made in  order to protect the 
sample surface.) Therefore, knowledge of the diffusion 
coefficients of each impur i ty  dopant becomes impor tant  
in  predicting implanta t ion profiles. 

In  the present  paper, the use of Te implanta t ion  in  
GaAs to achieve abrupt  electrical profiles and the com- 
parison of Te to other impur i ty  dopants are presented 
and discussed briefly. Diffusion coefficients of Group II  
(Zn, Cd) p- type  dopants and Group IV (Si, Sn) and 
Group VI (S, Se, Te) n - type  dopants are considered at 
anneal ing temperatures  of 900~ It was found that the 
use of pyrolyt ical ly prepared SizN4 layer  does not alter 
the electrical profile, predicted by diffusion properties, 
of either Cd- or Te- implan ted  GaAs. 

Experimental 
The substrate material  used was Cr-doped semi- 

insulat ing (~lO 9 ~%-cm) GaAs single crystal, oriented in 
the ~100~  direction, obtained from the Laser Diode 
Laboratories. Prior  to implantat ion,  each sample was 
cleaned and etched in  a freshly prepared 5H2SO4: 
1H202:lH20 solution, and then an ~30OA layer  of 
Si3N4 was deposited on the sample at 720~ in a pyro-  
lytic reactor (6). The implanta t ion  was carried out at 
an energy of 120 keV to a dose (4) of 1014 Te/cm 2 at 
an elevated tempera ture  of 250~ After  implantat ion.  
each sample was annealed at TA ---- 90O~ in flowing 
Ar-gas ambient,  van  der Pauw measurements,  in con- 
junct ion  with a chemica l -e tch- th in- layer - removal  
technique, were made at room temperature  on the fin- 
ished mesa structure. The details of such measurements  
are described elsewhere (7). 

Results and Discussion 
Carrier  concentrat ion profiles measured on both Te- 

and Cd-implanted GaAs are displayed in Fig. 1 for 
TA ---- 900~ The LSS dis tr ibut ion (8) for r _~ 10 TM 

ions/cm2 is also shown Jn the figure, and it can be seen 
that the actual profiles for Cd- implanted samples are 

Key words: electrical profiles, ion implantation. 

considerably broadened, closely following the profiles 
expected from the Cd-diffusion effect (9). In  the case 
of Te implantat ion,  a very abrupt  profile similar to the 
LSS profile was obtained in  the region where x > Rp 
(x ~_ 600A). ~The ma x i mum electron concentrat ion of 
~2.6 • 10 TM cm -~ was obtained near  x ---- 6O0A; the 
concentrat ion is somewhat lower than  the solubil i ty 
l imit  of Te in GaAs (10, 11) (Cs ---- 5-8 • 10 is cm-3) .  

Table I shows the influence of diffusion effects upon 
the dis tr ibut ion of implanted impuri t ies  for various 
dopants of Group II, IV, and VI elements (9, 12-15). 
Here, Rp is the projected range, ARp is the mean range 
straggling, D is the diffusion coefficient of an impur i ty  
at T ~- 900~ and t is the diffusion t ime of 600 sec. An 
implanta t ion energy of 120 keV is considered since an 
energy in the range of several hundred  kiloelectron 
volts is required when an LSS profile of <1 ~m abrupt  
dopant dis t r ibut ion is desired for most of the n-  and 
p- type  dopants i n -GaAs .  The ratio of the diffusion 
length to the mean  range straggling, (Dr)1/2/~Rp, gives 
the indication of whether  the broadening of the profile 
may be appreciable. The table indicates that the diffu- 
sion property affects the Group II p - type  dopants sig- 
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Fig. I. Electrical profiles of Cd- and Te-implanted GaAs an- 

nealed at 900~ The LSS profile is shown by the broken line far 
120 keV, 1014 ions/cm 2 implantation. (The /SS profiles for Cd 
and Te are almost identical.) 
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Table I. Comparison of diffusion coefficients with LSS ranges for 
various dopant impurities in GaAs 

R: AR; 
 .ouP ,ON (~) 

Zn 483 ?_58 
] I  

Cd 543 151 
S 891 448 

vr  Se 455 206 
Te 328 159 
Si 1025 510 

I]Z 
Sn :555 145 

I I 

D' (Dt)~ (Dt)~ REFI 
(cmZ/sec) (A)  Z~Rp 

5.0x10 ''~ 4 .24xi04 t78 12 
4 . 6 x l 0  -=3 1.66xl03 II 9 
1.8xI0 -~ 329 .73 12 

4.1xI0 -~s 157 .76 12 
1.4x10 -Is 29 .21 1:5 
1.4xI0 -u4 290 .57 14 
I . Ix I0  -14 257 1.77 15 

= 120 keV (LSS Theory) 
t TA=900 ~ t= 600  eec. 

References for diffusion coefficients. 

nificantly, whi le  it  is less significant in the  case of the  
Group IV and VI n - type  dopants.  In  fact, implanta t ion  
studies of Group II  p - t y p e  dopants  revea led  consider-  
able  diffusion af te r  anneal ing  at 800~176 Diffusion 
effects in  Group  IV and VI impur i t ies  are not  so c lear ly  
defined. 

Recently,  an abrup t  profile was repor ted  in S n - i m -  
p lan ted  n - t y p e  GaAs (16) at an  anneal ing  t empe ra tu r e  
of 70O~ Implan ta t ion  of o ther  n - t y p e  impur i t i es  (17) 
such as S y ie lded  a much deeper  e lect r ica l  profile 
than tha t  expected f rom the diffusion table.  In  the  
presen t  invest igat ion,  an ab rup t  profile resembl ing  the 
LSS profile was obta ined wi th  implan ta t ion  at 120 keV 
and anneal ing  at  900~ wi th  pyro ly t ic  SijN4 encap-  
sulation, and the  diffusion was found to have l i t t le  
affect upon the final impur i t y  dis t r ibut ion,  as expected 
f rom the diffusion p r o p e r t y  of Te in GaAs. 

In the  profiles shown in Fig. 1, the  absence of elec-  
t r ica l  ac t iv i ty  in the  region <~ 300A represen ts  the  
e t ched -away  SijN~ l aye r  af ter  annealing.  In  analyzing 
the concentra t ion profiles, it  should be noted tha t  since 
the  range  of Te is app rox ima te ly  equal  to the  th ick-  
ness of the  SijN4 l aye r  (and the range of ions in GaAs 
and SijN4 is known to be almost  ident ica l ) ,  about  
one-ha l f  of the  a s - implan ted  Te ions would occupy the 
GaAs subs t ra te  region. (Since the va lue  of range  
s t raggl ing is smal l  and the thickness of the  deposi ted 
SijN4 l aye r  is not accura te ly  known, i t  is difficult to 
p red ic t  the  exact  va lue  of the  Te ions implan ted  into 
the GaAs.)  In the region 300A < x < 600A, the  Te con- 
cent ra t ion  profile shows that  the electr ical  ac t iv i ty  is 
roughly  one order  of magni tude  lower  than  the p re -  
dicted LSS value. Fur the rmore ,  in this region, the  
e lectr ical  ac t iv i ty  decreases wi th  increasing Te ion 
concentra t ion (wi th  decreasing x toward  Rp), wi th  the  
lowest  doping efficiency being observed near  Rp Un-  
l ike  Te implant ion,  a subs tant ia l  amount  of implan ted  
Cd became e lec t r ica l ly  act ive af ter  the  900~ anneal,  
which is consistent  wi th  the diffusion proper t ies  of Cd 
in GaAs shown in Table  I. The low electr ical  ac t iv i ty  
observed in the Te implan ta t ion  m a y  arise from the 
electr ical  compensat ion of res idual  damages  in the ira-  

p lan ted  region. The inverse  re la t ion  of the  LSS profile 
and the  electr ical  profile near  Rp suppor ts  the above  
s ta tement  since the  damage  profile might  be expected 
to be closely re la ted  to the  LSS  profile. F u r t h e r  ex-  
per iments  a re  requ i red  to ver i fy  this. 
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Performance Characteristics of Solid Lithium-Aluminum 
Alloy Electrodes 
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ABSTRACT 

L i th ium-a luminum alloy electrodes have shown a great deal of promise for 
meeting the performance requirements  of negative electrodes in  batteries for 
off-peak energy storage in ut i l i ty  networks and for vehicle propulsion. To 
develop negative electrodes that meet the cell performance goals, the effects 
of a number  of variables on the l i t h ium-a luminum electrode performance 
were determined. Investigations were conducted to determine the effects of 
volume fraction electrolyte in the electrode, electrode thickness, fabrication 
technique, l i th ium concentrat ion in the Li-A1 alloy, and current  collector in  
the electrode. Electrochemically formed Li-A1 electrodes that  are 0.32 cm 
thick, have an electrolyte volume fraction of 0.2 in the charged state, and con- 
ta in  about 2 weight percent  stainless steel wire current  collector have demon-  
strated the performance goals for the negative electrodes in a Li-A1/FeS2 
electric automobile battery. For electrode thicknesses --~0.64 cm, vibrator i ly  
loaded pyrometal lurgical  Li-A1 electrodes with porous metallic current  col- 
lectors have demonstrated the highest l i th ium uti l ization and capacity density 
over a wide range of discharge current  densities and have met the perform- 
ance goals for negative electrodes in  a Li-A1/FeS2 off-peak energy storage 
battery.  

A l i t h i u m - a l u m i n u m  alloy of approximately 50 atom 
percent  (a/o) l i th ium has shown a great deal of 
promise for meeting the performance requirements  of 
negative electrodes in l i th ium/meta l  sulfide batteries 
being developed at Argonne National Laboratory 
(ANL) (1-4). These batteries are being developed for 
use as energy storage devices for load leveling on elec- 
tric utili t ies and as power sources for electric automo- 
biles. 

Li th ium is at tractive as a negative electrode mater ial  
for high performance batteries (5-7) because Of its 
low weight per uni t  of electricity delivered, low af- 
finity for electrons, and high electrochemical reactivity. 
However, conta inment  of l iquid l i th ium in the negative 
electrode over a large number  of cycles has proved to 
be a problem because, in time, unconta ined l i thium 
bridges to the positive electrode, forming electrical 
short circuits. Another  problem with l iquid l i th ium 
has been the high corrosion rates of ceramic separators 
and electrical feedthroughs. Our studies have indi-  
cated that  these problems can be avoided by the use 
of solid Li-A1 alloys. In  previous work by other in -  
vestigators, excellent electrochemical performance of 
electrochemically prepared l i t h i u m - a l u m i n u m  alloy 
(composition range 17-62 a/o Li) in molten salt sys- 
tems has been reported (8-10). The emf of a l i th ium-  
a luminum alloy electrode is constant, about 0.3V vs. Li 
reference, and independent  of l i th ium concentrat ion 
up to about 45 a/o Li in the alloy. 

This paper describes a study to determine the effects 
of a number  of variables on the performance of l i th-  
i u m - a l u m i n u m  electrodes so that  negative electrodes 
meeting the cell performance goals can be developed. 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  b a t t e r y ,  r e c h a r g e a b l e ,  s u l f u r ,  n e g a t i v e ,  e l ec t ro ly t e .  

Investigations were conducted on the effects of volume 
fraction of electrolyte in the electrode, electrode thick- 
ness, fabrication technique, l i th ium concentrat ion in 
the Li-A1 alloy, and type of current  collector in the 
electrode. 

Experimental 
Li-Al electrode fabrication.--The solid l i th ium-a lu -  

m i num electrodes were prepared by four processes: 
1. Electrochemical formation in a substrate of com- 

pressed a luminum fibers. The ini t ial  porosities of the 
substrates were 40-80%, and the volume fraction elec- 
trolyte in the Li-A1 electrodes in the fully charged 
state was 0.20-0.70. 

2. Electrochemical preparat ion of the Li-A1 electrode 
by direct contact with l i thium. This was accomplished 
by placing a compressed a luminum-f iber  disk in direct 
contact with stainless steel Fel tmetal  containing l iquid 
l i th ium in electrolyte (LiC1-KC1). 

3. Pyrometal lurgical  preparat ion of the Li-A1 elec- 
trodes. In this procedure, the alloy was formed by 
heating l i thium and a luminum to a temperature  above 
the alloy mel t ing point  (720°C); the Li-A1 alloy was 
cast and ground; the powder was then mixed with 
electrolyte; and the mixture  was compacted (under  
pressure and above the mel t ing point of the electro- 
lyte) into disks of the desired thickness and diameter. 

4. Vibratory loading of pyrometal lurgical ly  prepared 
Li-A1 powder into a porous metallic structure. The 
structure also serves as the current  collector. 

A description of several of these electrodes is pre-  
sented in Table I. 

Experimental cells.--The electrodes were tested in 
cells with an electrolyte of LiCI-KC1 eutectic (m.p. 
352°C) and a counterelectrode of FeS2; the operating 
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Table I. Description of the negative electrodes used in cell S-69" 

Volume Theor. 
Volume fraction cap .  Theor. 

Electrode Comp., Electrode Fabrication Current fraction c u r r e n t  Thickness ,  densi ty ,  cap., 
designation Symbol a/o Li type technique collector electrolyte collector cm A-hr/cm 2 A-hr 

A-4 o 100 Liquid -- SS F e l t m e t a l  0.08 0.20 1.27 1140 21.8 
AI8 �9 60 P y r o m e t .  Vibra t ion  Ni Ret imet$  0.46 0.042 1.62 1.55 24.2 

loading 
A-2 [ ]  51 P y r o m e t .  Vibra t ion  Ni Re t ime t  0.46 0.042 0.80 0.73 11.3 

loading 
A-1 �9 50 E lec t rochem.  Di rec t  contac t  SS wi re  ~0.2 2t 0.32 0.43 6.7 
HP-2 A 51 P y r o m e t .  Hot-press ing  SS wi re  0.23 3r 0.47 0.53 8.2 
HP-1 A 51 P y r o m e t .  Hot-press ing  SS wi re  0.20 3t 0.32 0.72 11.2 
B-1 �9 50 E lec t rochem.  -- SS wi re  0.40 2t 0.60 0.76 11.8 

. In cell S-69, a single FeS2 pos i t ive  e l e c t r o d e  ( capac i ty  density, 0.92 A-hr/em ~) w a s  u s e d  for  al l  tests.  
? Value is in weight percent. 
* M a n u f a c t u r e d  by  Dunlap, Ltd., England. 

temperatures  were  be tween 390 ~ and 450~ An essen- 
tial feature of the cells used in studying the per form-  
ance of Li-A1 electrodes is that  the Li-A1 electrode is 
the l imiting electrode. The liquid l i th ium electrode 
would be an ideal electrode for the Li-A1 character iza-  
tion studies because of low polarization, even at high 
current  densities, but  this electrode has not been suc- 
cessfully operated in compact cell configurations. In 
order to obtain performance  data in a practical  cell 
configuration which could be used in a bat tery  (nega- 
t ive and positive electrodes compressed against an 
electrode separator) ,  most of the cells were  operated 
with FeS2 electrodes whose performance  was well  
characterized. Reference electrodes were  used in some 
cells to ensure that  the Li-A1 electrode was limiting. 
These results were  compared to those of similar  studies 
using l iquid l i thium counterelectrodes (11). 

Two positive FeS2 electrodes with housings of porous 
graphi te  were  used to evaluate  most of the Li-A1 elec- 
trodes in this study. Zirconia cloth was attached to the 
housing for one of these electrodes (cell S-63) to re-  
tain the FeS2 particulates. This electrode had a current  
collector of corrugated molybdenum mesh and an FeS2 
theoretical  capacity density of 1.14 A - h r / c m  2. The other 
electrode (cell S-69) utilized carbon fabric as the 
part iculate  re ta iner  and vi treous carbon foam as the 
current  collector, and had an FeS2 theoretical  capacity 
density of 0.92 A - h r / c m  2. Boron nitr ide or yt t r ia  fab-  
ric was used as the electrode separator in both cells. 
The cell configuration for these electrodes is shown in 
Fig. 1. For cells that  had a l iquid l i th ium electrode, 
the l i th ium was contained in a Type 347 stainless steel 
porous metal  structure, 20 cm 2 electrode area. 

Testing procedures.--All of the exper imenta l  work  
that  involved assembly of charged Li-A1 electrodes, 
pyrometal lurgical  preparat ion of Li-A1 alloy, e lectro-  
chemical format ion of Li-A1 electrodes, and testing of 
cells was performed in a glove box containing a high 
pur i ty  (about 2 ppm each of O2 and N2 and <1 ppm 
H20) hel ium atmosphere. Assembled cells were heated 
in a furnace well  which was attached to the floor of 
the glove box and the tempera ture  was maintained be- 
tween 390 ~ and 450~ Current  and voltage leads were  
connected to meter ing  and recording equipment  outside 
the glove box by means of hermet ica l ly  sealed feed- 
throughs. 

M o L E A D ~ ]  Mo MESH SSLEAD 

ZIRCONIA CLOT  II / jSS,OOSI,G 
~ l IL I~ 3JJ~Li-AI ELECTRODE 

I~1~ I �9 [I~SEPARATOR 
IL~ ~ I ~'~X 'I MATERIAL 
J ~FeS2 POROUS 

GRAPHITE ELECTRODE 

Fig. 1. Lithium-aluminum/iron sulfide cell configuration 

Most of the discharge and charge operations were  
conducted at constant current  wi th  the aid of a regu-  
lated d-c power  supply. The cells were  connected to a 
meter  re lay  that  automatical ly  reversed the polar i ty  
of the power  supply when a cell reached the preset 
cutoff vol tage for ei ther charge or discharge. In this 
way, the cells could be automat ical ly  charged and dis- 
charged at selected (and often widely  different) cur-  
rent  densities. The total capacity (ampere-hour)  for 
the charge and discharge half-cycles  was determined 
electronical ly and was provided in a pr intout  form. 
Since many of the cells were  cycled for hundreds of 
cycles and hundreds of hours, variables such as cell 
voltage, current,  charge and discharge time, and t em-  
pera ture  were  monitored by an automatic  data acquisi-  
tion system. The magnet ic  tapes could be fed to a com- 
puter  to per form calculations and to produce per-  
formance curves. 

Results and Discussion 
A summary  of the performance  of several  negat ive 

electrodes used in cell S-69 is shown in Fig. 2. Descrip- 
tions of these electrodes were  given in Table I and 
the designated symbols for the individual  curves in 
Fig. 2 are keyed to the electrode descriptions in that  
table. 

The ranges of variables in the negat ive electrodes 
were as follows: volume fraction electrolyte, 0.2-0.70; 

o.." 
~ \\k\ 0 

0.4 

0.3 

0.2 

0. I Oll 01.2 01.3 014 
DISCHARGE CURRENT DENSITY, A/crn 2 

Fig. 2. Capacity density-current density curves for several nega- 
tive electrodes. 

Volume 
Electrode Fabrication fraction Thickness, 

Symbol type technique electrolyte cm 

O Liquid - -  0.08 1.27 
@ Pyromet .  Vibration loading 0.46 1.62 
[ ]  Pyromet .  Vibration loading 0.46 0.80 
�9 Electrochem. Direct contact ~0.2 0.32 
A Pyromet .  Hot-pressing 0.23 0'.47 
�9 Pyromet .  Hot-pressing 0.20 0'.32 
@ Electrochem. - -  0.40 0.60 
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and thickness, 0.32:1.62 cm. The range of theoretical 
capacity density was 0.43-1.55 A - h r / c m  2. Two of the 
negative electrodes had theoretical capacity densities 
greater than that  of the FeS2 electrode (0.92 A - h r /  
cm2); one was a l iquid l i th ium electrode (1.40 A - h r /  
cm 2) and the other was a pyrometal lurgical  Li-A1 elec- 
trode (1.55 A-hr /cm2) .  These were operated pr imar i ly  
to serve as a basis for evaluat ing the FeS2 electrode, 
bu t  the l iquid l i th ium electrode also served as a basis 
for certain evaluations of the Li-A1 electrodes. 

It is desirable to develop Li-A1 electrodes having a 
low electrolyte content  to increase the theoretical Li-  
A1 capacity per uni t  electrode volume ( ampere -hour /  
cubic cent imeter) .  However, high uti l ization of the Li-  
A1 electrode at discharge current  densities greater than 
about 0.2 A/cm 2 is favored by a higher electrolyte con- 
tent.  L i t h i u m - a l u m i n u m  uti l izat ion is also strongly af- 
fected by electrode thickness. Therefore, investigations 
of these variables were necessary in order to optimize 
the performance for the two applications of interest. 
Several  fabricat ion techniques were considered for the 
Li-A1 electrodes in  an at tempt to determine the lowest 
cost electrode that appeared to be suitable for large 
quant i ty  manufac ture  and that  met the performance 
goals. Only the performance results are discussed in 
this paper. 

The data presented in Fig. 2 and Tables I and II 
show the strong influence of current  collector on the 
uti l ization of Li-A1 electrodes. Significant improvement  
in Li-A1 uti l ization results from improved current  col- 
lection, at discharge current  densities greater than  0.1 
A /cm 2, for vibrator i ly  loaded Li-A1 electrodes with 
porous metal  s tructures and thicknesses greater than 
0.6 cm. Electrode A-2 contained porous nickel current  
collector and showed much better  Li-A1 utilizations at 
the higher current  densities than  the electrochemically 
formed electrode B-1 which contained much less cur-  
rent  collector. 

The Li-A1 electrode ut i l izat ion as a funct ion of cur-  
ren t  density is shown in  Fig. 3, where the symbols are 
also keyed to the descriptions in Table I. The th inner  
Li-A1 electrode designated A-1 (electrochemically 
formed, 0.32 cm thick) demonstrated the highest Li-A1 
uti l ization at high discharge rates. 

The much higher performance at 0.4 A / c m  2 wi th  the 
l iquid l i th ium electrode (A-4) indicated that  the best 
Li-A1 electrode described in Fig. 2 and 3 and Table II 
was l imit ing at high discharge rates. The positive elec- 
trode, however, was capable of higher performance at 
the high discharge rates. These results were verified in 
tests in which reference electrodes were used to iden-  
tify the l imit ing electrode. 

The effects of electrolyte content  (20, 46, and 70%) 
on the performance of thin, electrochemically formed 
Li-A1 electrodes was determined in cell S-63. The Li-  
A1 electrodes were electrochemically formed from alu-  
m i n u m  wire disks; the electrodes were 0.32 cm thick 
and had an area of 15.6 cm 2. The electrodes were 
charged at 0.064 A/cm 2 to a 2.27V (IR-included)  cutoff. 
The cell resistance in each case was about 40 m~. The 
performance results for these electrodes are shown in 

Table II. Performance of the negative electrodes used in cell S-69 

Volume Capacity 
Elec- frac- Cur- den- Percent-  
trode tion Thick- rent  sity, age 
desig- Electrode elec- hess, density, A-hr/ theor, cap. 
nation type trolyte cm A/cm 2 cm~ density* 

A-1 E lec t rochem.  0.2 0.32 0.13 0.40 93.0 
0.43 0.15 32.0 

A-2 P y r o m e t .  0.46 0.80 0.064 0.57 78.0 
0.20 0.39 66.0 

A-4 Liq, Li 0.08 1.27 0,064 0.65 71,0 
0.40 0.40 44.0 

B-1 E lec t rochem.  0.40 0.60 0.064 0.52 70.0 
0.20 0.30 40.0 

Percentage Li-A1 theoretical capacity density except  for A-4 
where  percentage FeS~ theoret ical  capacity density is given: 
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Fig. 3. Percentage utilization as a function of current density 
for several Li-At etectrodes. 
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Fig. 4. Effect of electrolyte content on performance of Li-AI 
electrodes. I.iAI/LiCI-KCI/FeS2; electrode area, 15.6 cm2; LiAI 
electrode thickness, 0.32 cm; temperature, 405~ charge cutoff 
(IR included), 2.27V; discharge cutoff (IR included), 0.7V; charge 
rate, 0.064 AJcm 2. 

Fig. 4. As can be seen in the figure, the electrode con- 
taining 20 volume percent  (v/o) electrolyte showed 
the best performance (86-83% of Li-A1 theoretical ca- 
pacity density) at current  densities ranging from 0.064 
to 0.19 A/cm 2. The capacity densities for the electrode 
containing 46 v/o  electrolyte were about 27% lower, 
and those for the electrode with 70 v/o electrolyte were 
66.5% lower than the electrode with 20 v/o  electrolyte. 
Thus, for thin (0.32 cm) electrodes and relat ively low 
charge rates, the best results were obtained with 20 v /o  
electrolyte in the electrode. 
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Fig. 5. Influence of electrolyte content on charge characteristics 
of Li-AI electrodes. LiAI/LiCI-I(CI/FeS2; electrode area, 15.6 cm~; 
LiAI electrode thickness, 0.32 cm; temperature, 405~ charge 
cutoff (IR included), 2.27V; discharge cutoff (IR included), 0.7V; 
discharge rate, 0.064 A/cm 2. 

The improvement  in performance for the electrode 
with  20 v /o  electrolyte  was not nearly as great  at high 
charge rates (see Fig. 5). At a charge current  density 
of 0.128 A / c m  2, the charge capacity densities were  0.234 
and 0.228 A - h r / c m  2 (55 and 89% of theoretical)  for the 
electrodes with 20 and 46 v / o  electrolyte, respectively.  
With the charge conditions described above and a dis- 
charge rate of 0.192 A / c m  2, discharge capacity densities 
of 0.223 A - h r / c m  2 (52.0% of the Li-A1 theoretical  ca- 
pacify density) and 0.207 A - h r / c m  2 (69.2% theoret i -  
cal), respectively,  were  measured for the electrodes 
with 20 and 46 v /o  electrolyte. The capacity densities 
measured for these electrodes were  near ly  the same. 

A plot of discharge capacity density vs. current  den-  
sity for a constant IR- inc luded charge cutoff vol tage is 
shown in Fig. 6. These results were  obtained for the 
Li-A1 electrode containing 20 v / o  electrolyte,  which 
demonstrated the highest performance. The IR-in- 
cluded charge cutoff voltage is significant in LiAI/FeS2 
cells because liquid lithium has been formed in some 
cells at high charge cutoff voltages and has, in some 
cases, bridged across the BN separator and caused elec- 
trical short circuits. The 2.27V charge cutoff used in the 
cells described in this paper was low enough to prevent 
liquid lithium formation. However, in attempts to 
charge the cells at high charge rates (0.13 A/cm~) to 
the same /R-free charge cutoffs as used at low charge 
rates (0.032 A/cmf), some shorting problems have been 
encountered. No reactions between the active materials 
or current co!lectors and the electrolyte have been ob- 
served at charge cutoffs below 2.27V. As shown in Fig. 
6, over  90% of the Li-A1 theoret ical  capacity densi ty  
was obtained over  a wide range of discharge rates for 
a charge ra te  of 0.032 A / c m  2. However,  at a charge 
rate of 0.13 A / c m  2, the capacity density decreased to 
about 50% of theoretical. 

The effects of charge rate and /R-free charge cutoff 
voltage on the performance of Li-Al electrodes were 
studied by other investigators at ANL in Li/Li-AI type 
cells (12). The electrical performance characteristics 
of a 0.32 cm thick Li-Al electrode with 20 v/o electro- 
lyte were evaluated by cycling against a molten lithium 

% 
L. 
< 

(3- 

i 

0.46 

0.42 

0.38 

Q34 

0.30 

0.26 

0.22 

0,180 

CHARGE 
RATE 

0.032 A/cm 2 

0064  

0.13 

Celi No. 5-63 

LiAI/LiCI-KCI/Ee S 2 
Electrode Area 15.6 cm 2 
Temperature 405% 
LiAI Electrode Porosity 20 to 30% 
LiAI Electrode Thickness, 0.32 cm 
Charge Cutoff 2.27 V (I R-included} 
Discharge Cutoff 0.7 V fiR-included) 

I I 1 I r I I 

0.04 0.08 0.12 0.16 0.20 0.24 0.28 
DISCHARGE CURRENT DENSITY, A/cm 2 

IOO 

z 
9O 

~< 
80 < 

70 

SO ~ 

5O ~ 

Fig. 6. Discharge capacity density vs. current density of cell 
No. S-63. LiAI/LiCI-KCI/FeS2; electrode area, 15.6 cm~; tempera- 
ture, 405~ LiAI electrode porosity 20-30%; LiAI electrode thick- 
ness, 0.32 cm; charge cutoff (IR included), 2.27V; discharge cut- 
off (IR included), 0.7V. 

electrode. The capacity density was determined at 
charge rates of 0.05-0.10 A/cm 2 and discharge rates of 
0.05-0.20 A/era 2. An IR-free cutoff potential vs. lithium 
of 0.15V was normally used during charge and 0.40V 
was used during discharge. At the 0.i0 A/era 2 charge 
rate, a cutoff potential vs. lithium of 0.04V was also 
used. At a charge and discharge rate  of 0.05 A / c m  ~, 
greater  than 90% of the Li-A1 theoretical  capacity 
density was achieved with  a charge cutoff potential  
of 0.15V. At a charge and discharge rate  of 0.2 A / c m  2, 
the capacity density decreased to about 67.5% of the 
Li-A1 theoret ical  capacity density. At a charge and dis- 
charge rate of 0.10 A / c m  2, the l i th ium uti l ization is 
greater  than 85% of the theoret ical  capacity density at 
the lower charge cutoff potential  (0.04V). When the 
higher  charge cutoff potential  vs. l i th ium of 0.15V was 
used, the capacity density decreased to about 70% of 
theoretical.  

The effects on electrode performance of fabricat ion 
technique, composition of the Li-AI alloy, and amounts 
of current collector were determined as follows. Lith- 
ium-aluminum alloys of 51 and 55 a/o Li were pre- 
pared by the pyrometallurgical process. This material 
was mixed with electrolyte and about 2 w/o stainless 
steel current collector and compressed at about 35.2 
kg/cm 2 and 400~ to form two disks of approximately 
20 v/o electrolyte and 0.32 cm thickness. These disks 
were placed in a stainless steel housing with a fine 
mesh screen for particulate retention in the electrode 
and the electrodes were operated against a FeS2 elec- 
trode. The performance was then compared with that 
of an electrochemical Li-A1 electrode with identical 
thickness and electrolyte content and which was oper- 
ated against the same FeS2 electrode. 

A comparison of the capacity density-current density 
curves for these electrodes is shown in Fig. 7. For the 
electrochemically formed Li-AI electrode, capacity 
densities of 0.43-0.40 A-hr/cm 2 (greater than 90% of 
the Li-AI theoretical) were measured at discharge cur- 
rent densities of 0.05-0.20 A/cm 2. The best performance 
with the pyrometallurgical Li-AI electrodes was 
achieved with the 55 a/o Li composition. However, this 
performance was about 15% lower than that measured 
for the electrochemical Li-AI electrode. These results 
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Fig. 7. Performance of thin Li-AI electrodes with small amounts 
of current collector. Li=AI/LiCI-KCI/FeS2; electrode area, 15.6 cm2; 
temperature, 405~ LixAI electrode porosity, ,--20%; LixAI elec- 
trode thickness, 0.32 cm; charge cutoff (IR included), 2.27V; dis- 
charge cutoff (IR included), 0.7V; charge rate, 0.032 A/cm 2. 

indicate that the electrochemical Li-A1 electrode has 
the bet ter  performance for electrodes of 20 v/o electro- 
lyte, 0.32 cm thickness, and small amounts  of current  
collector (~2  w/o) .  

Charge-discharge characteristics of cell S-63 (for the 
negative electrode A-1 described in Table I) are shown 
in Fig. 8. At charge and discharge current  densities of 
0.032 and 0.064 A/cm2, respectively, no significant 
variat ion in the electrode polarization was observed. 
The resistance overvoltage on discharge showed little 
change with a value of 0.01V. Similar  observations 
were made at discharge current  densities up to 0.2 A /  
cm 2. 

Several of the Li-A1 electrodes operated in  these in -  
vestigations meet our nea r - t e rm performance goals for 
electrodes in the off-peak energy storage bat tery and 
the vehicle-propulsion battery. These goals are shown 
in Table III. Calculations to determine the performance 
requirements  of electrodes for cells in  electric vehicle 
batteries indicate that  if the capacity dens i ty-current  
density behavior shown in  Fig. 2 for the electrochemi- 
cally formed Li-A1 electrode of 0.32 cm thickness 
(A- l )  can be main ta ined  for larger diameter  electrodes 
(~15 cm diameter) ,  these electrodes would be suitable 
for this purpose. Similarly, the pyrometal lurgical  Li-A1 
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Fig. 8. Charge-dlscharge characteristics of cell S-63. L i -A I / L iC l -  
KCI/FcS2 (charged); positive electrode area 15.6 cm2; negative 
electrode area, 15.6 cm2; . . . .  , /R-free voltage; ~ ,  IR. 
included voltage. 

Table Ill. Tentative performance goals for electric automobile 
and off-peak energy storage battery cells 

Electr ic -  Off-peak 
v e h i c l e  e n e r g y  

propul s ion  s torage  

N o r m a l  d i scharge  cyc le ,  hr 2 10 
N o r m a l  charge  cyc le ,  hr  4-6 4-8 
Specif ic  e n e r g y  output ,  W - h r / k g  156 165 
Cell specific power, W/kg 78 16.5 
Cell  c u r r e n t  dens i ty ,  A / c m  ~ 

P e a k  0.425" 0.3 
N o r m a l  0.139 0,074 

Watt -hr  eff ic iency,  % 70 80 
Cycle  l i fe  1000t 15007 
Cost of ba t t ery  capaci ty ,  

S /kW-hr  20-307 15-$0? 

* Based  u p o n  p o w e r  r e q u i r e d  to  a c c e l e r a t e  a 1570-kg car  0-60 
mph in 23 sec. 

* Tentative; to be specif ied by  s y s t e m s  and  cost  studies .  

electrodes with the porous metal  cur rent  collectors ap- 
pear to be suitable for cells in  off-peak energy storage 
batteries. Fur ther  improvements  could be gained, how- 
ever, by developing negative electrodes having higher 
performance at high current  densities and by coupling 
these electrodes with a high performance positive elec- 
trode, such as the FeSe electrode used in cell S-69 in 
these investigations. 

Conclus ions 
The following conclusions can be made from the 

studies described above: 
1. Significant progress has been made in the develop- 

ment  of Li-A1 electrodes that meet the performance 
requirements  of off-peak energy storage and electric 
vehicle propulsion batteries, 

2. Increase in the Li-A1/FeS2 cell performance at 
high discharge rates (>0.2 A/cm 2) could be realized 
by the development of Li-A1 electrodes with higher 
util ization under  these operating conditions. The FeS2 
electrode has demonstrated much greater  uti l ization at 
high discharge rates. 

3. Electrochemically formed Li-A1 electrodes that  
are 0.32 cm thick, contain 20 v/o electrolyte in the 
charged state, and contain about 2 w/o stainless steel 
wire current  collector, have demonstrated the perform- 
ance goals of Table III  for the negative electrodes in a 
Li-A1/FeS2 electric vehicle battery.  

4. Capacity density measurements  of 0.32 cm thick 
electrochemically formed Li-A1 electrodes with 20, 46, 
and 70 v/o electrolyte indicated that the highest ut i l iza- 
tion was achieved with 20 v/o electrolyte. 

5. Higher capacity density was achieved with elec- 
trochemically formed Li-A1 electrodes of 0.32 cm thick- 
ness, 20 v/o  electrolyte, and 2 w/o current  collector, 
than with hot-pressed Li-A1 electrodes fabricated from 
mixtures  of pyrometal lurgical  Li-A1 powder and elec- 
trolyte with the same thickness and electrolyte com- 
position. 

6. For electrode thicknesses ~ 0.64 cm, vibrator i ly  
loaded, pyrometal lurgical  Li-A1 electrodes with porous 
metallic current  collectors have demonstrated the high- 
est l i th ium util ization and capacity density over a dis- 
charge current  densities range of 0.05-0.4 A/cm 2. These 
electrodes have demonstrated the performance goals 
for negative electrodes in a Li-A1/FeS2 off-peak energy 
storage bat tery shown in  Table III. 

Ackno~vledgments  
The authors are grateful to L. Burris, D. S. Webster, 

and P. A. Nelson for support and encouragement.  The 
authors would also like to acknowledge the efforts of 
the Materials Group at ANL in  preparat ion of the pyro-  
metal lurgical  Li-A1 powder. This work was performed 
under  the auspices of the U. S. Energy Research and 
Development  Administrat ion.  

Manuscript  submit ted Jan. 22, 1976; revised manu-  
script received June  23, 1976. 



1596 J. EIectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY N o v e m b e r  I976 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1977 JOURNAL. 
All  discussions for the June 1977 Discussion Section 
should be submitted by Feb. 1, 1977. 

Publication costs of this article were assisted by Ar-  
gonne National Laboratory. 

REFERENCES 
1. P. A. Nelson et ah, Progress Report, Ju ly-December  

1973, ANL-8057, Argonne National Laboratory 
(1974). 

2, E. C. Gay et al., Proc. 9th Intersociety Energy Con- 
version Engineer ing Conf., pp. 862-867, San F ran -  
cisco, Calif., August  26-30, 1974. 

3. P. A. Nelson et al., Proc. 26th Annua l  Power 
Sources Conf., pp. 65-68, Atlant ic  City, April  
29-3'0, 1974. 

4. W. J. Walsh et al., Proc. 9th Intersociety Energy 
Conversion Engineer ing  Conf., pp. 911-915, San 
Francisco, Calif., August  26-30, 1974. 

5. H. Shimotake et al., Proc. 1st Int. Electric Vehicle 

Symp., Electric Vehicle Council, p. 392, New York 
(1969). 

6. M. L. Kyle et M., Proc. 6th Intersociety Energy 
Conversion Engineer ing Conf., SAE, p. 80, New 
York (1971). 

7. E. C. Gay et al., Proc. 8th Intersociety Energy Con- 
version Engineer ing Conf., AIAA, p. 96, New 
York (1973). 

8. W. K. Behl et al., U. S. Army Electronics Command, 
Ft. Monmouth, N.J., Report ECOM-3166, DA 
Task No. ITO 61102A 34A 00, Aug. 1969. 

9. E. S. Buzzelli, U.S. Pat, 3,445,288 (1969). 
10. N. P. Yao, L. A. Her4dy, and R. C. Saunders, This 

Journal, 118, 1039 (1971). 
11. D. R. Vissers, and K. E. Anderson, Progress Report, 

Ju ly-December  1974, ANL-75-1, Argonne Na- 
tional Laboratory, pp. 78-87 (1975). 

12. D. R. Vissers, M. F. Roche, and K. E. Anderson, Ab-  
stract 20, p. 56, The Electrochemical Society Ex- 
tended Abstracts, Fal l  Meeting, Dallas, Texas, 
Oct. 5-10, 1975. 

Dental Amalgam Stabilization by 
Selective Interfacial Amalgamation 

L. D. Zardiackas,* G. E. Stoner2 and F. K. Smith 
Department  of Materials Science, University of Virginia, Charlottesville, Virginia 22901 

ABSTRACT 

The purpose of this investigation was to explore the feasibil i ty of enhanc-  
ing the electrochemical stabili ty of dental  amalgam restorations by a process 
of "selective interracial  amalgamation." If dental  amalgam restorations can 
be selectively alloyed at the tooth-amalgam interface, to a minor  thickness as 
compared with the dimensions of the bulk  amalgam, so as to present  a more 
electrochemically stable phase than 72 to the oral environment ,  corrosion will 
be reduced and desirable qualities of existing amalgams can be utilized. 

Dental  amalgam is the most successful of all bio- 
materials. In the United States alone, there are ap- 
proximately  1.6 • l0 s amalgam restorations placed 
each year. Of these approximately 40% are for the 
replacement  of amalgam restorations which have 
failed. Although the role that corrosion plays in this 
failure is not totally agreed upon, it is general ly agreed 
that corrosion contributes to the failure of the amal-  
gam and recurrent  decay. 

Dental  amalgam is formed dur ing a sintering re-  
action between an amalgam alloy, whose p r imary  
constituents are silver and tin, and mercury to form 
two new pr imary  phases 

Ag3Sn(7) + H g ~  Ag2Hgs(71) -6 Sn~-sHg(72) + 7 -6 Hg 

These constituents upon t r i turat ion give a plastic mass 
which can be hand condensed into a prepared cavity 
and react to give a restoration with a tensile s trength 
of the order of 8 X 108 psi. 

Corrosion of dental  amalgam occurs due to the 
formation of an oxygen concentrat ion cell. Thus dental  
amalgam corrodes at the tooth-amalgam interface be- 
low the external  surface of the restoration. Wagner  
(I) in 1962 showed that the only phase which corrodes 
is the SnT-sHg(72) phase. Corrosion therefore occurs 
due to the anodic oxidation of tin and the cathodic 
reduction of oxygen. In addition, hydroxide precipita- 
tion and ingestion of food causes localized pll changes 
thereby initiating cathodic reduction of hydrogen. Sub- 
sequent to the work of Wagner, Jorgensen (2) showed 
that the 72 phase formed a continuous network 

* Electrochemical ~oeiety Student Member. 
r E lec t rochemica l  Society Act ive  Member .  
K ey  words :  den ta l  a m a l g a m ,  se lect ive  a ma lga ma t ion ,  corrosion.  

throughout  the amalgam and that excess mercury  in 
the margins caused increased amounts  of corrosion. 
The total reaction for the corrosion of dental amal- 
gam in vitro have been suggested by Otani, Jesser, 
and Wilsdorf (3) 

Sn--> Sn + + + 2e-  

Sn ++ + 2 O H - - >  Sn(OH)2 

Sn(OH)2-> SnO-Y2 H20 + I/2 H20 

SnO. i/~ H20-> SnO + 1/2 H20 

Mateer and Reitz (4) have identified the in vivo 
corrosion products as ~-SnO2 SnS3. There have been 
a number of attempts to reduce the corrosion of dental 
amalgam by alloying. Work done by Johnson and 
co-workers (5) has shown the elimination of the 72 
phase by the substitution of 10 weight percent (w/o) 
Au for Ag. This caused the formation of an AuSn4 
intermetal l ie  around the original alloy particles. Innes 
and Youdelis (6), in 1963, developed an alloy having 
a dispersant AgsCu eutectic. Sarkar and Greener  (7) 
confirmed the work of Duperon, Nevile, and Kesloff 
(8) as to the superior corrosion resistance of Dispers- 
alloy. 1 Mah]er (9) reported the presence of a phase 
intermediate  between the intermetal l ics  of Cu3Sn and 
CusSn~, however work by Sarkar  and Greener  (7) 
has shown the presence of '72 in Dispersalloy after 
7 days. Work by Waterstrat t  (10) has shown the el im- 
inat ion of 72 b y  alloying with manganese. Another  
at tempt at reducing marginal  corrosion has been 
through the use of organic cavity sealers. Both of 

T r a d e  n a m e  m a n u f a c t u r e d  by  Johnson  and  Johnson.  
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these methods  of e lect rochemical  s tabi l izat ion have 
shortcomings however .  

Because of this, a new method  f rom now on t e rmed  
"selective in ter fac ia l  amalgamat ion"  has been  deve l -  
oped. This method is d i ag ramat i ca l ly  shown in Fig. 1 
and wil l  be subsequent ly  described.  F i r s t  the  carious 
lesion is r emoved  and the cavi ty  p r epa red  by  o rd ina ry  
clinical  techniques.  A s i lver  suspension, emulsion, o r  
the like, is pa in ted  onto the  cavi ty  surface using a 
camel ' s -ha i r  brush. The suspension is a i r  dried. A 
convent ional  denta l  ama lgam is then hand condensed 
into the  cavi ty  using o rd ina ry  cl inical  technique.  
Mercury  expressed f rom the  ama lgam bulk  dur ing  
hand  condensing reacts  wi th  the  s i lver  in the sus-  
pension. This provides  an in ter fac ia l  region of the  
h igh ly  corrosion res is tant  71 phase at the  t oo th -ama l -  
gam interface.  

Experimental Procedure 
Samples  for di f ferent ia l  ae ra t ion  studies, scanning 

e lect ron microscopy,  and x - r a y  energy analysis  were  
p repa red  using 9 X 5 X 1 m m  Plexig las  molds. Lined 
samples  were  p repa red  by  pa in t ing  the mold cavi ty  
wal l s  wi th  suspensions ranging  in composit ion from 
40 to 92 volume percent  (v /o)  Ag and a methy l  
cel lulose binder .  Spher ica l  ama lgam containing a 50 
w/o  Hg admix  was t r i t u ra t ed  for  20 sec then hand 
condensed into the mold cavi ty  using convent ional  
amalgam pluggers  and a 2 kg ba lance  appara tus  to 
app rox ima te  cl inical  technique.  Samples  were  a l lowed 
to react  for  2 hr, then  r emoved  f rom the  molds. Se-  
lec t ive ly  ama lgama ted  samples  were  then  placed in 
pe t r i  dishes wi th  the  select ively a l loyed side facing 
the bot tom of the pe t r i  dish. The pe t r i  dish was then 
filled wi th  1.0 w /o  NaC1, covered, and placed in an 
oven at 37~ Controls  were  ident ica l ly  p repa red  and 
p laced  in an oven at  37~ Per iodic  addi t ions of dis-  
t i l led H20 was necessary to main ta in  the 1.0 w /o  NaC1 
concentrat ion.  Addi t iona l  se lect ively ama lgamated  
samples  were  p r e p a r e d  in the aforement ioned manner  
for scanning microscopy and x - r a y  energy  analysis.  
Samples  were  p repa red  for t ime lapse  pho tography  
to de te rmine  react ion rates by  hand  condensing 9 X 
5 X 1 m m  ama lgam samples  onto a glass sl ide p re -  
viously pa in ted  wi th  s i lver  suspension. 

Results 
Pre l imina ry  screening of severa l  s i lver  suspensions 

showed that  be low 80 w/o  s i lver  in the  suspension, 
there  was insufficient bonding of the se lect ively  amal -  
gamated  l aye r  to the ama lgam bulk  to provide  an 
in tegrated,  e lec t rochemical ly  s table  amalgam.  Time 
lapse  pho tog raphy  of the react ion as shown in Fig. 2 
de te rmined  the react ion t ime of the ama lgamated  layer  
to be in the  range  of 1.5-2.0 hr. Scanning microscopy 
showed that  this react ion was completed in all  sam-  

Fig. 2. Selective interfacial amalgamation formation 

ples having  ini t ia l  unreac ted  s i lver  layers  ranging  
f rom 10 to 500 ~m. In addi t ion scanning microscopy 
and x - r a y  energy analysis  showed in tegr i ty  of the 
se lect ively  ama lgamated  layer ,  no t in  presen t  at  the 
surface, and cont inui ty  of the  71 phase  into the  ama l -  
gam bu lk  as shown in Fig. 3. 

Corrosion test ing resul ts  of spher ica l  ama lgam con- 
trols, high copper ama lgam controls, and se lect ively  
ama lgama ted  samples  at  80 days  are  shown in Fig. 4. 
Whi le  the  high copper  a l loy  shows a significant im-  
p rovement  over  the  convent ional  alloy, both  show 
corrosion whi le  the  se lect ively  ama lgama ted  sample  
shows none. The x - r a y  energy  t race  shown in Fig. 5 
shows an absence of t in f rom the surface of the  
select ively ama lgamated  sample  af ter  corroding for 
80 days whi le  t in is present  at  the  surface of the  
convent ional  alloy. At  nine months the  convent ional  
al loy is essent ia l ly  des t royed by  the corrosion process 
while  the se lect ively  ama lgamated  sample  shows good 
in tegr i ty .  However  at 9 months  the  a l loyed  l aye r  is 
beginning to show dissolution not  due to corrosion 
but  due to the methyl  cellulose b inder  of the  or iginal  
s i lver  suspension. 

Conclusion 
These results  have shown that  the  process of selec-  

t ive jn te r fac ia l  amalgamat ion  is indeed feasible.  Sam-  
ples p repa red  have shown no tin at the  surface even 
though the solubi l i ty  of t in in me rcu ry  is 1.1 w/o.  
This may  be accounted for since up to 7 atoms of t in 
may  be present  in the  71 lattice.  In addi t ion the  71 
layer  becomes an in tegra l  pa r t  of the total  ama lgam 
with  a cont inui ty  of the  71 phase. F ina l ly  the  ama lgam  
system has been e lec t rochemical ly  s tabi l ized showing 
a marked  improvemen t  of the  corrosion character is t ics  

TOOTH-- 

M A ,  L G A M  B U L K  . 

1 

Fig. 1. Mercury expressed to cause selective interfacial amalgama- Fig. 3. Scanning electron micrograph of selectively amalgamated 
tlon. spherical alloy. 
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(Sn) 

X-RAY ENERGY TRACE OF 50 w/o Hg 
SPHERALOY SAMPLE 

J NOTE MISSING Sn PEAKS 

EXTRANEOUS PEAK 
f FROM 

MICROSCOPE COLUMN 

Fig. 5. X-ray energy trace of 50 w/o Hg silver coated spheraloy 
sample at 37~ for 80 days. 

Fig. 4. Corrosion samples at 80 days in 1.0 w/o NaCI at 37~ 
(a) Spherical alloy, (b) high Cu alloy, and (c) selective interfacially 
amalgamated sample. 

of this sys tem over both convent ional  and a high 
copper amalgam.  F u r t h e r  work  on this system is now 
in progress  and resul ts  wil l  be publ i shed  in subsequent  
papers .  
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Kinetics of the Extended Growth of Anodic 
Oxide Films at Platinum in H2SO  Solution 
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ABSTRACT 

The kinetics of growth of anodic oxide films at platinum in 0.1N H2SO4 solu- 
tion have been studied by in situ chronoellipsometry both under constant po- 
tential and under constant current mode of polarization. Two regions of growth 
can now be distinguished. In the first, the kinetics of growth satisfy the for- 
malism of the Cabrera-Mott model of high field assisted formation and migra- 
tion of ions in the oxide phase, i.e. 

F ~AVf l 
i ---- io exp L d J 

where AVf is the potential  difference across the oxide film and d is the film 
thickness. In  the first region, oxide growth is the only reaction that occurs 
at the electrode. Following this ini t ial  growth, which is already completed at 
a thickness of 4-6A depending on the rate of growth, oxygen starts to evolve 
but  the oxide film continues to grow though now with a reduced rate. The 
kinetics of growth in the second region are described by an equation of the 
form 

[ - - d ( t )  A37f(t) ] 
i = io exp d - ~  -t- 37----~--- 

This equat ion for the extended growth of p la t inum oxide films is diametr ical ly 
different from that which describes the init ial  growth. The complex na ture  of 
oxide growth at p la t inum is discussed in relat ion to the oxygen evolution re-  
action. 

It has been shown in a previous paper  (1) that  the 
f requent ly  observed (2-6) l inear  charging curves as- 
sociated with the ini t ial  galvanostatic growth of anodic 
films on Pt  in  acid solutions satisfy the formalism of 
the Cabrera-Mott  model (7) for high field assisted 
ionic growth of oxide films. Star t ing from about 1.0V 
(vs. HE), electrode potential  at any constant  applied 
current  densi ty (e.g., from 10 -6 to 10 -2 A-cm -2) 
in i t ia l ly  increases l inear ly  with t ime or charge, q 
(cf., Fig. 1). No oxygen evolves in  this l inear  V-q  

region, hence q gives a measure of the anodic film 
thickness. The slopes (OV/aq)i in this region are pro- 
port ional  (1) to log i. Chronoellipsometric thickness- 
potent ial  relationships closely follow the q-V  rela-  
tionships. It  follows then that the growth rate is 
represented by 

i = io exp d " [1] 

where io is the exchange current  density for oxide 
growth, ~ is the t ransfer  or field coefficient, d is the 
film thickness, and 370 (~0.9V) is the potential  at 
d ---- 0 so that  (37 -- Vo) /d  is the field wi thin  the oxide 
film. This equation has the same form as the Cabrera-  
Mott expression for high field assisted ionic growth 
of oxide films. 

Following the l inear  37-q or 37-d region, which 
ends at q _-- 0.8 to 1.3 mC-cm -2 depending on current  
density, oxygen begins to evolve and soon becomes 
the major  reaction. After  the knee in the V - T  curves 
(cf., point  N, Fig. 1), the electrode potential  continues 
to increase with t ime but  now only very slowly. 
Early work by Bockris and Huq (8) indicaLtes that 
the increase in electrode potential  is logarithmic. It 
has since been shown that  this increase in potential  
under  galvanostatic conditions is due to the effect 

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Al l i ed  C h e m i c a l  C o r p o r a t i o n ,  M o r r i s t o w n ,  

N e w  J e r s e y  07960. 
e P r e s e n t  a d d r e s s :  E a s t m a n  K o d a k  C o m p a n y ,  R o c h e s t e r ,  N e w  

Y o r k  14650. 
K e y  w o r d s :  e l l i p s o m e t r y ,  g r o w t h  m e c h a n i s m ,  oxygen .  
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Fig. 1. Change of potential  with t ime of polarization at  constant 
current density i ~_ 2 �9 1 0 - 5 A  �9 cm - 2 .  

of the very  slow and extended growth of an insulat ing 
anodic oxide film on the catalysis of the oxygen evo- 
lut ion reaction. The relationship between anodic film 
thickness, electrode potential,  and current  density for 
oxygen evolution has been given by (9) 

--Sd 
io2 : A exp I T ]  exp [  ~F~V ] J [2] 

where 5 is independent  of potential  AV (---- V - -  V R E V )  

or current  density; A is a constant at a given pH and 
temperature;  and ~ is the t ransfer  coefficient equal 
to about 0.5. Other symbols have their  usual signifi- 
cance. Schultze and Vetter (10) have obtained a sim- 
ilar relationship but  with 5 dependen t  on V and with 

~ 0.62. Now, if potential  increases with logari thm 
of t ime of polarization, as evident  from Bockris and 
Huq's  work, then from Eq. [2] it follows that the 
thickness, d, of the oxide film should increase loga- 
r i thmical ly  with time, i.e. 

d ( t )  ---- a +  b log(t)  [3] 

1599 



1600 J. E l e c t r o c h e m .  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1976 

This dependence, which is known as the "direct 
logari thmic law of growth,"  has been observed for 
anodic film growth at p la t inum under  constant po- 
te.ntial conditions (11, 12). 

For growth according to the Cabrera-Mot t  mecha-  
nism under conditions of constant potential  difference 
across the oxide film, Eq. [1] can be integrated by 
parts and the dependence of thickness on t ime ob- 
tained (2). Writ ing aV = do and assuming that  all 
current  is used for oxide growth, Eq. [1] reduces to 

do 
- -  -- const. = log (t) [4] 
d( t )  

This equation is known as the " inverse  logari thmic 
law of growth."  It has recent ly  been shown that  
under  constant potential  conditions the first anodie 
film on Pt grows according to this law (13). 

Evidently,  the extended growth of anodic oxides 
on pla t inum [and on gold (14)] under  potentiostatic 
conditions ei ther does not occur according to the 
Cabrera-Mot t  mechanism, or does not occur under  
conditions of constant potential  difference across the 
oxide film. 

In the present  study, the long te rm growth of 
anodic oxides on pla t inum has been fol lowed by 
chronoel l ipsometry under  both galvanostat ic  and po- 
tentiostatic conditions with the object ive of clar ifying 
the growth kinetics and mechanism. There does n o t  
appear to have been any previous a t tempt  to con- 
t inuously monitor  the t ime-dependence  of oxide film 
thickness on Pt  in the oxygen evolution region. 8 

In addition to this study of long te rm extended 
growth of anodic films, the behavior  of the system 
has been examined during stepwise decreases of elec- 
trode potential  fol lowing polarization at different 
constant potentials for a fixed time. The objective 
here was to confirm the val idi ty  of the oxygen evolu-  
tion Eq. [2], der ived previously on the basis of 
experiments  under  galvanostat ic  conditions, by exam-  
ining the catalysis of the oxygen evolution reaction 
under  potentiostatic conditions also. 

ExperimentM 
An automatic recording el l ipsometer  was used to 

follow galvanostatic and potentiostatic anodic film 
growth on Pt as a function of time. The ellipso- 
metric setup, cell, p la t inum disk electrode, and so- 
lution preparat ion (0.1N H2SO4) have been described 
previously (1). The azimuth, ~, and ellipticity, e, of 
the el l ipt ieally polarized light reflected from the Pt 
disk face were  ini t ial ly measured with the electrode 
held at -t-0.5V vs. HE (after first subjecting the elec- 
trode to several  anodic and cathodic pulses, ending 
cathodic, and exchanging the electrolyte) .  A constant 
current  density be tween 10 .5 and 3.10 .3  A-cm -2 or 
constant potential  be tween 1.5 and 1.SV was then 
applied to the disk and the ell ipsometric parameters  
were  moni tored continuously at frequencies up to 
54 see -1 for periods up to 104 sec. Potent ial  or current  
was monitored synchronously. 

It was first necessary to assess the effect of 
oxygen accumulation at the electrode on the ellipso- 
metric parameters.  This was done by comparing 
the azimuth and ell ipticity monitored continuously 
with the same parameters  monitored at intervals  
af ter  vigorous purging of the electrode with a jet  of 
oxygen directed at the reflecting surface. Except  at 
the highest current  densities (i > 10 -~ A-am-2)  the 
discrepancy was surpris ingly small and could be ig- 
nored. Upon close inspection the reason for this be- 
comes clearer. Only that l ight which strikes the surface 

3Sirohi and Genshaw (15) have, however, used an intensity 
transient technique to monitor phase retardation, A, on gold after 
potentiostatie polarization for various fixed times in aq. H2SO4. 
They found a logarithmic relationship between A and time of 
polarization. 

cleanly and is reflected wi thout  being intercepted 
by a bubble can remain  within the acceptance angle 
of the detection system. Any light which e n c o u n t e r s  
a bubble in its t ra jectory  is scat tered out of the regime 
of acceptance. Accordingly, the detector  fai thful ly  ~re- 
cords azimuth and ell ipticity as long as there  is suf- 
ficient l ight to act ivate  the system, i.e., as long as a 
significant port ion of the electrode remains bubble 
free. Of course, i t  i s  no longer  possible to monitor  the 
re la t ive  intensi ty of the  reflected light under  these 
conditions so that  a complete de terminat ion  of the 
anodic film optical constants and thickness of t h e  
oxide film from ell ipsometric parameters  alone be- 
comes inaccessible. However ,  in the case of the P t /  
anodic oxide/aq.  H2SO4 system the optical charac-  
teristics have been well  documented (1.6-19) so that  
a knowledge of the re la t ive  intensi ty var ia t ion is not 
required for an unambiguous determinat ion of film 
thickness. In the work reported here the optical con- 
stants used in the analysis of the ell ipsometric data 
have been taken from Kim, Paik, and Bockris (16) 
and the thickness calculations have been fur ther  s im- 
plified by t h e  use of Drude 's  equations for thin non- 
absorbing films. The changes in ~ and e associated 
with the changes in the electrode surface f rom the 
initial, f reshly reduced f i lm-free state (at -t-0.5V vs. 
HE) to the anodically oxidized state at some later  
t ime were  used to calculate the change (Ao -- A) i n  
the relat ive phase retardation,  A, be tween components 
of the light polarized perpendicular  and paral lel  to 
the plane of incidence, respectively.  This change was 
used to calculate the mean film thickness, d, u s i n g  
Drude's  approximation,  i.e. 

tan 2e 
tan A -- - -  

s i n  2~ 

(Ao--A) = k d  

[5] 

[6] 

where k depends on the refractive index of the film, 
nl ---- 2.80, the refractive index of the Pt substrate, 
n2 = 1.94, and the absorption constant of the sub- 
strafe, K = 4.36, at the wavelength of light, )~ = 5460A, 
and angle of incidence, r = 75 ~ used in the experi- 
ments. Constant k is calculated as 0.263 deg.A -I. 

Results 
A typical relationship between potential and time 

(or thickness) for polarization at a constant current 
density is shown in Fig. I. At this current density 

[corrected for roughness factor, see Ref. (I)] each 
increment of 0.1V in potential in the initial linear 
region of growth corresponds to an increase in mean 
thickness of the anodic film equivalent to 150 ~C-em -2. 
The growth at first is rapid and l inear but levels off 
at a potential  be tween 1.5 and 1.9V depending on 
applied current  density [see Ref. (1)]. The point at 
which the l inear i ty  ceases (N in Fig. 1) is taken as 
the origin of a new time axis for extended galvano-  
static growth. If potential  at a constant current  density 
is plotted on this new axis as a logari thmic function 
of time, a straight iine results as shown in Fig. 2. A 
straight line also results when ell ipsometric thickness 
is plotted in the same way (Fig. 3). Fur thermore ,  the 
th ickness- log . t ime relationships for different current  
densities are paral lel  and equally spaced for equal in- 
crements of log-current  density. 

It may be noted that  only a small part  of the 
current  is used for oxide formation. For instance, 
at 10 -3 A-era -2  during the first 103 see, less than 
0.3% of the total charge goes for oxide formation, 
so oxygen evolution is the major  reaction. 

F rom Fig. 3 it is observed that  

acZ (t) ] 
O-~i-~-nt .i~o ~ -- .r = 0.34A independent of io2 [7] 
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Fig. 3. Change of ellipsometric thickness with time of polarization 
at various constant current densities. The major reaction is 02 
evolution. 

Further ,  from the separation of the paral lel  d ( t ) - log  t 
lines one obtains 

~ . l t  e = 0.38A independent  of (t) [8] 

as shown in Fig. 4. 
At a constant potential  too, the ellipsometric thick- 

ness of the oxide film increases logari thmically with 
t ime as shown in  Fig. 5. Here, the ini t ia l  growth is 

7 

o~ ,6 

Ld 

~4 
J 

I ] I 

103sec s 

iO'secs ~ 

I I I 
i0 -5 10-4 i0 -3 

CURRENT DENSITY A. CM~ 2 

Fig. 4. Dependence of ellipsometric thickness on log-curren[  
density of polarization for three fixed times of polarization. 
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Fig. 5. Change of ellipsometric thickness with time of polariza- 
tion at various constant potentials, Vp. 

vir tual ly  instantaneous and the thickness- t ime rela-  
tionship is evaluated from the onset of polarization, 
but  see Ref. (13). Again, since the slopes of the lines 
for the different potentials are independent  of other 
variables it follows that 

r 5d(t) ] _- ~ = 0.23A independent of V [9] 
L alnt av 

Note, however, that w ~ ~. Furthermore, the d-log t 
lines at different potentials are separated in such a 
way that 

[ ad(t) I =z=4.TAV -I independent of (t) -~Jt 
[t0] 

as shown in Fig. 6. 
The effect on ellipsometrie thickness and current 

density of polarizing at different constant potentials 
for fixed times of 102 and 103 sec is shown in Fig. 
7 and 8, respectively. AIso shown is the effect of mak- 
ing stepwise decreases of potential  start ing from the 
potential  of the ini t ial  fixed-time polarization. The 
open circles in the le f t -hand side of Fig. 7 are the 
thicknesses obtained at a given potential, Vp, after 
100 sec, start ing from the ini t ial ly oxide-free state. 
The open circles in the r igh t -hand  side of the same 
figure are current  densities at various constant Vp 
for the same time of polarization. A l inear  dependence 
of both thickness and log current  density on Vp is 
obtained under  these conditions. The slope (ad/aVp) 
is close to 4.7A V -1 and (avp/a log i) to 170 m V /  
decade of current  density. 

After  an electrode has been kept at Vp for 102 
sec and the potential  decreased in steps, no change 
in thickness, d, is observed (open squares in the left-  
hand side of Fig. 7). In  contrast to this, the current  
density, /: decreases as potential, V, is decreased (open 
squares zn r igh t -hand  side of Fig. 7). The same be- 
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havior is observed for an electrode prepolarized at 
Vp for 103 sec as shown in Fig. 8.-The slope (OV/O 
log i) is now close to 120 mV/decade of current  dens-  
ity, i.e., close to 2.3 (2RT/F). No change is observed 
in any of the slopes when an electrode is polarized 
for a longer time. Note however, that for the shorter 
time of polarization the film thickness at any given 
potential  is smaller and the current  density is higher 
than that observed at longer times of polarization. 

Discussion 
For any  constant t ime of polarization at a constant  

potential, Vp, current  density increases logari thmically 
with Vp at a rate close to (179 mV/decade)  -1. The 
same rate is obtained (9) .when current  density is 
held constant  and potent ial  is recorded after a fixed 
time of polarization. F i lm thickness achieved during 
potentiostatic polarization at Vp remains  constant 
after potential  is decreased to lower values. An an-  
alogous effect under  galvanostatic conditions has al-  
ready been reported (9). A "hysteresis" in surface 
coverage has been reported also in coulometric studies 
though in  the potential  region lower than  that  of 
the present  work (20, 21). 

A V-log i relationship which is l inear  over several 
decades of current  densi ty  with slope dV/d log i 
close to 2.3 (2RT/F) is obtained therefore only under  
the condition of constant  thickness of the oxide film, i.e. 

[ 00_~nV/]_ const. - __2RTF independent  of V , d , i , t  

[11] 

The same result  has been obtained in galvanostatic 
studies (9). It  follows, as in the galvanostatic case, 
that a unique  l inear  relationship exists between V, 
In i, and d, i.e. 

$(V, d, In i) -- const. [12] 

This relationship can be obtained in  the following 
way. First, from Fig. 7 and 8 one evaluates approx-  
imately (0 In i/ad) at any Vp and  then from4 

- - - ~  j adV  --k L - - - ~ j v d d  [13] 

obtains 
FV 6d 

In i -- - -  t- const. [14] 
2RT 2 

Here, 5 _-- 2(0 In i/ad) ~ 2.8A -1. This equation is 
identical to Eq. [2]. As expected the same rate equa- 
tion describes the oxygen evolution reaction regard-  
less of the pre t rea tment  of the electrode or mode of 
polarization. The observed changes in catalytic ac- 
t ivity are due to changes in  thickness of the anodic 
oxide film. 5 

Turn ing  now to the long term growth of oxide films, 
inspection of Fig. 3 and 5, or in tegrat ion of Eq. [7]- 
[10] gives the dependence of thickness on t ime dur -  
ing the extended growth 

d(O = , l n i 0 2 + , l n r - - ~  ] + C  ' [15] 
L to 

for constant current,  or 

[+o] c d( t )  ---- ~V-b win + [16] 

for constant potential  mode of polarization. As shown 
above, e, ~, , ,  and ~, are constants independent  of Vp 
or ip. Equations [15] and [16] describe the "direct 
logarithmic law" of growth. A similar  dependence 
has been deduced from coulometric thickness data 
by Feldberg, Enke, and Bricker (11) and by Vetter 
and Schultze (12). According to Vetter and Schultze, 
however, the (aq/O In t )v  slopes increase with in -  
creasing potential6 so that  w is not independent  of V. 
Equation [16] for the extended growth of oxide films 
is diametr ical ly different from Eq. [4] which describes 
the ini t ial  stages of growth of anodic films at con- 
stant potential. 

From Eq. [15] combined with [2], which holds 
irrespective of the mode of polarization, one obtains 

4 S u b s c r i p t  p c a n  n o w  b e  d r o p p e d  b e c a u s e  o f  E q .  [ 1 2 ] .  
A chan~e in the film nroperties may also affect the rate at 

potentials h;~-her than 2.0V as recently shown By Visscher a n d  
BlJjlevens (22). 

6 However, in the potential range where oxygen evolution is t h e  
major reaction, e.g., from 1.6 to 1.9V, the q -- log t lines of Vetter 
and Schultze appear to be nearly parallel [cf. Fig. 5 in Ref. (12)]. 
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I n - -  + [17] 
F + 2  ~F to 

This equat ion can now be compared  wi th  [16]. The 
coefficient (2RTr ~ 0.0~4V is numer ica l ly  nea r ly  
equal  to ~/~(~0.047V) of Eq. [16]. Fur ther ,  wi th  
eva lua ted  f rom the constant  potent ia l  data,  the  rat io  
(~1.13) of the  coefficients for  d in [16] and [17] is 

f a i r ly  close to 1. This  compar ison of coefficients sug-  
gests tha t  these two equations are  ident ical  (exc lud-  
ing the  constant  t e rms) ,  and tha t  both  equations are  
val id  for e i ther  mode of polar izat ion (wi th  Eq. [2] 
provid ing  the  l ink  be tween  them) .  The appa ren t  self-  
consistency of the exper imen ta l  pa rame te r s  leads to 
the  conclusion tha t  the mechanism of the  ex tended  
g rowth  is independen t  of the  mode of polar izat ion.  
Now one can obtain an equat ion for the  ra te  of g rowth  
of the  anodic oxide film in the  ex tended  growth 
regime.  F rom Eq. [15], [16], and [2], di f ferent ia t ion 
and e l iminat ion  yie lds  

r - - = i = i o e x p  - - - - + - - A V  [18] 
dt ~ 

Here,  r is a conversion fac tor  (1.1.10 -4  CA -1 cm -2) 
and • refers  here  to any a r b i t r a r y  zero. Again, this 
equat ion holds both for galvanosta t ic  and for po ten t io-  
s tat ic  mode of polarizat ion.  Evident ly ,  i t  is different  
f rom Eq. [1] which describes the  ini t ia l  stages of 
g rowth  of anodic oxide films at  p la t inum.  

Constant  potent ia l  mode of g rowth  does not  mean  
tha t  the surface oxide film grows under  the condit ion 
of constant  po ten t ia l  difference across the oxide film 
itself, AVf. The  majo r  ongoing react ion is oxygen evo- 
lut ion and AVr wil l  change with  t ime to accommodate  
this  reaction. I t  has recen t ly  been suggested tha t  the  
cur ren t  for oxygen evolut ion is given by  (9) 

i02 = Xo exp ( -  8d) exp RT 

--Aexp[---~-] [ F~V expl_ ~ ] [19] 
z~Vf' is the  change of potent iaI  across the oxide film 
from that  at the  revers ib le  oxygen potential .  It  is 
t aken  tha t  AV( _-- zxVf + const. F rom [19] zxVf is 
given b y  

RT AV 
AVf '=  8d + .  ~- const. [20] 

2F 2 

I t  fol lows that  when V is constant  the  potent ia l  across 
the oxide  film increases logar i thmica l ly  wi th  time. 

The  nex t  step is to examine  whe the r  the apparen t  
difference in the  kinet ics  of the  ini t ia l  and ex tended  
g rowth  is due to this logar i thmic  change of AVf with  
t ime r a the r  than  to a change in the mechanism of 
g rowth  itself. The ra te  of g rowth  can be obtained by  
di f ferent ia t ing [15], [16], and [20] wi th  respect  to 
t ime and e l imina t ing  dV/d t  and d In i /d t  with the  
help  of [19] 

[ l+e8 FAVf' ] 
i ---- io exp - - d ( t )  - k - -  [21] 

r t R T  

Equat ion [21], which  holds for g rowth  both under  
constant  po ten t ia l  and constant  cur rent  conditions, 
can now be compared  with  the ra te  equat ion [1] 
which, for  a constant  AVf ---- V --  Vo, descr ibes  g rowth  
according to the " indi rec t  logar i thmic  law". Clearly,  
the  express ions  are  different.  Fur the rmore ,  as shown 
in Fig. 9, p lo t t ing the  expe r imen ta l  da ta  for the  
ex tended  growth  in the form of 1/d vs. log t does not 
lead to the  l inear  re la t ionships  pred ic ted  by  Eq. [4]. 
The observed change in the kinet ics  of in i t ia l  and 
ex tended  g rowth  is therefore  due, not  to a pa r t i cu la r  

T" 
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Fig. 9. Plot of the reciprocal of the ellipsornetric thickness vs. 

time for polarization at various constant potentials. The plots are 
not linear. 

change in AVe, but  r a the r  to ,a change in the mech-  
anism of growth  itself. 

An  equat ion ident ical  in  form to [18] is f r equen t ly  
observed for the g rowth  of anodic oxide films at 
other  metals ,  e.g., at i ron wi th  no evolut ion of oxygen,  
i.e., when the ma jo r  react ion is the  g rowth  of the 
oxide film i tself  (23). At  i ron electrodes,  the change 
of potent ia l  wi th  t ime represents  the  change ar is ing 
only f rom the increase  in thickness  of the  oxide 
film (23-25). In  contras t  to this, at p l a t inum elec-  
trodes, the  change of potent ia l  wi th  t ime represents  
the  change due to the ma jo r  ongoing reaction, the  
oxygen  evolut ion reaction, and is only ind i rec t ly  
re la ted  to the thickness of the oxide film. 

The change of g rowth  mechanism from the in i t ia l  
g rowth  tha t  proceeds according to Eq. [1], to the  ex-  
tended growth,  tha t  proceeds  according to Eq. [18] 
or [21], occurs af ter  02 star ts  to evolve or becomes 
the major  reaction. I t  is not clear  why  the mecha-  
nism changes at this point  or whe the r  the  change is 
re la ted  to the onset of an electronic cur ren t  th rough  
the oxide film which in tu rn  causes red is t r ibu t ion  
[cf. Ref. (26)] of the  anode potent ia l  difference V 
be tween  the po ten t ia l  difference across the oxide 
film, AVf, and that  across the double  layer ,  AVdl, in 
such a w a y  that  ~Vf is significantly reduced.  If  this 
were  the  case the mechanism of high field assisted 
diffusion and growth  would  cease to opera te  and an 
a l te rna t ive  mechanism, perhaps  s imi lar  to that  de-  
scr ibed by  Sato and Cohen (23) for anodic ox ida-  
t ion of iron, would  t ake  over. 
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Influence of Substrate Structure 
on Electroless Gold Deposition 

R. Sard* and B. C. Wonsiewicz 
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ABSTRACT 

The electroless gold process invented by Okinaka is capable of producing 
high quali ty gold conductors by direct deposition onto catalytic regions of a 
substrate. This study shows that the crystallographic orientat ion of the metal  
substrates onto which electroless gold is plated may have a profound effect on 
the process kinetics and the structure of the deposits. On single crystal cop- 
per substrates, the init ial  plat ing rate can vary by an order of magni tude  
with {111} > >  {100} > {110}. TEM studies show that the init ial  growth is epi- 
taxial and accompanied by profuse microtwinning.  X- ray  pole figure results 
clearly show that the t ransi t ion from slow init ial  plating on {100} and {110} to 
a much faster rate equivalent  to that of the {111} surfaces is due to the forma- 
t ion of a <111> preferred orientat ion which occurs due to complex mult iple  
twinning processes. Experiments with a variety of technologically relevant 
polycrystalline substrates are in general agreement with the single crystal 
results. The substrate effects identified in this work as being important for the 
electroless gold plating process are be]ieved to be applicable to other catalytic 
systems for metal deposition. 

In  1969, Okinaka discovered a plat ing process capable 
of autocatalytic gold deposition which is therefore 
called electroless gold (1, 2). It  is suitable for a number  
of electronic applications and has recently been applied 
to the formation of beam leads on integrated circuits 
(3). These applications have utilized the unique at-  
t r ibute of selective gold deposition at catalytic regions 
of a substrate. Substrates capable of catalyzing the 
electroless gold reaction include Pd, Pt, Cu, and other 
noble metals (4). The gold is only applied where 
needed, therefore, raw materials are saved and gold 
does not have to be etched away. Moreover, process 
steps can be el iminated result ing in fur ther  economies. 

The deposition conditions profoundly influence the 
structure of the p la ted  film and the plating rate. In a 
study which examined a wide range o5 plat ing vari-  
ables, Sard identified two distinct growth morphologies, 
a lateral  or layer type and an outward or particle type 
(5). The more three dimensional  morphology, outward 
growth, is favored by several factors which increase 
deposition rate; namely, decreasing gold concentration, 
increasing reducing agent concentration, and increas- 
ing temperature.  Agitation is an exception; increasing 
agitation increases the deposltion rate but  favors 
lateral  growth. 

* Electrochemical Society Active Member. 
Key words: texture, structure, gold plating, catalysis. 

Sard also concluded that the orientat ion of the sub-  
strate was important  in de termining the orientat ion of 
the plated film. The ini t ial  stages of growth (~10 rim) 
on single crystal substrates were epitaxial; that is, the 
orientation of the film reproduced the orientation of 
the substrate. Pre l iminary  observations indicated that 
the plat ing rate was greatest for {111} surfaces. When 
polycrystall ine substrates were used, the orientat ion of 
thicker (1 ~m) films was similar to the substrate, as 
measured by the ratio of peak intensities in an x - r ay  
diffractometer. 

Oriented growth has been commonly observed in  thin 
films (6), especially those grown by vacuum deposition 
or e!ectroplating. Under special conditions epitaxial 
growth occurs; more generally, the deposit has a low 
index crystallographic direction (the fiber axis) ori- 
ented perpendicular  to the plane of the sheet, but  is 
rotat ionally symn/etric in the plane of the sheet. Such 
textures are called fiber textures, by analogy with a 
bundle  of fibers arranged with their axes all point ing 
in the same direction. Under certain conditions, the 
fiber axis in deposited films can be tipped away from 
the film normal, usually toward the direction of great-  
est mass flux. 

In view of the l ink between substrate orientation, 
plating rate, and orientat ion for the electroless gold 
system, a more detailed investigation was carried out. 
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A key improvement  over previous studies was the use 
of x - r ay  pole figures to characterize the orientat ion 
dis tr ibut ion of the deposits. Pole figure determinat ion 
is normal ly  so tedious and t ime consuming as to rule 
it out for s tudying a large number  of samples. How- 
ever the use of a computer-a ided system reduced the 
labor required to construct a pole figure from about 3 
hr to 15 min  (7). 

The structure of films was studied at several stages 
of growth on single crystals and on several impor tant  
polycrystal l ine substrates using the pole figure method. 
Addit ional  data on the ini t ial  stages of growth were 
obtained by transmission electron microscopy (TEM), 
and scanning electron microscopy (SEM) was used to 
study the morphology of thick deposits. This approach 
has provided information relevant to some of the prac- 
tical and fundamental aspects of electroless gold dep- 
osition. Some of our findings are undoubtedly applic- 
able to other catalytic processes at solid/liquid inter- 
faces. 

Experimental Details 
Single crystal substrates.--A copper single crystal 1.5 

cm in diameter  was grown by the Bridgeman method. 
Several th in  slices 1 mm thick were spark cut parallel  
to each of the low index planes: {111}, {100}, and {110}. 
The orientat ion of the cut surfaces was wi thin  about 
1 ~ of the true planes. 

Surface damage was removed by mechanical  polish- 
ing followed by a chemical br ight  dip in  an aqueous 
solution of 40% H2804, 20% HNO3, and 0.1% HC1 and 
electropolishing in 50% H~PO4 solution. After  gold 
plat ing and the completion of measurements,  the crys- 
tals were recycled by dissolving the gold in an iodide 
solution (8), r ins ing in methanol,  and water, then  
repeating the bright  dip and electropolish procedures. 
After about 4 such cycles the crystals showed signs of 
increased surface roughness and had to be repolished 
mechanically. This changing surface roughness was 
probably responsible for some minor  variations noted 
in the plat ing rate and microstructure on different re-  
gions of the samples and from run  to run;  however 
these effects were judged to be of second order impor-  
tance and are not considered further. 

Polycrystalline substrates.--A number  of experi-  
ments  were conducted using polycrystal l ine samples of 
two different types: (i) evaporated noble metal  films 
(Au and Pd) on t i tanium-coated sapphire and glass, 
and (if) copper metal  sheets. A more detailed descrip- 
tion of these materials  and their preparat ion history 
is given together with the results below. 

Electroless deposition. For most experiments,  elec- 
troless deposition was carried out using the solution 
formulat ion which was previously found to give the 
layer - type  growth: KAu(CN)2,  0.02M; KBH4, 0.4M; 
KOH, 0.2M; and KCN, 0.2M. Unless otherwise speci- 
fied, experiments  were performed at 75 ~ +_ 0.5~ using 
a PTFE holder to ma in ta in  the substrates in  cyl indri-  
cal geometry. The agitat ion conditions were changed 
by introducing a glass st irrer  with flattened blade 
coupled to an external  motor rotat ing at 30.00 rpm. A 
few experiments  were also performed using a carousel 
a r rangement  in which the substrates rotated at about 
150 rpm on a 2 in. diameter  PTFE whee l  An al ternate  
solution, formulated with 0.005M KAu (CN) 2, was also 
used for some experiments  with forced agitation. This 
system was known to plate at a faster rate, due to its 
more negative deposition potential  (9). 

F i lm thicknesses were determined by the beta back- 
scatter method using a promethium source and NBS 
calibration standards for the case of the bulk single 
crystal and polycrystalline Cu substrates. Although 
the absolute accuracy of these measurements is ap- 
proximately ___5%, the results were checked against 
the weight gain method for sheet substrates and found 
to agree within 1-2%. The latter method was used for 
all thin film substrates. The plating rate was calculated 
by dividing the change in thickness averaged over the 

sampling area by  the plat ing time, based on the as- 
sumption of uni form deposits with the density of bu lk  
gold. 

Structure determination.--The crystallographic ori-  
entat ion dis tr ibut ion was determined by the s tandard 
pole figure technique (10) using Ni filtered Cu Ks 
radiat ion and the (111) Bragg reflection. A block dia-  
gram of the system is shown in Fig. 1. An automatic 
pole figure goniometer (either Siemens or Norelco) 
was used to rotate the specimen along a predetermined 
scanning geometry. X- ray  intensi ty  was recorded on 
punched paper tape using an Ortec digital ra temeter  
and pr intout  control and a Model 35 Teletype. Speci- 
men identification and values for constructing the in -  
tensi ty contours were entered directly on the paper 
tape. The tape, together  wi th  a group of For t r an  IV 
programs served as input  to a Honeywell  H-6000 com- 
puter  which generated the final drawings on a Xerox 
LDX graphics device. The present  computer charges 
are about three dollars for a finished pole figure. The 
programs are capable of making corrections for back- 
ground and absorption and will smooth data if neces- 
sary. Generally, no corrections were necessary in this 
study. The exper imental  techniques used gave good 
results for gold deposits in excess of 0.2 #m thick. 

Microstructure results were obtained using the s tan-  
dard methods of interference contrast (Normarski)  
optical microscopy and scanning and transmission elec- 
t ron microscopy. 

Results and Discussion 
Single crystal substrates.--A typical set of results 

showing the effect of orientat ion on plat ing thickness 
as a function of t ime is i l lustrated in Fig. 2. The 
curves are drawn through averaged exper imental  
points taken by removing the substrates periodically 
from a solution agitated with strong forced convection. 
The experimental  points shown at the right edge of 
Fig. 2 were obtained by plat ing a similar  set of sub-  
strafes without forced convection. These data show 
clearly that the init ial  rate of gold plating, i.e., the 
init ial  slope, is highly orientat ion dependent  with 
{iii} > {i00} > {Ii0}, regardless of the transport con- 
ditions. By comparing the slopes over the interval 5-10 
rain and normalizing to {iii}, one obtains relative rates 
for the three orientations of approximately 1 > 0.25 > 
0.I0. The interval from 9-5 min is complicated by the 
galvanic displacement effect which occurs in the first 
i0 nm of film growth. It is also evident from the 
curves that after 20 rain, the rates are nearly the same 
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Fig. 1. Schematic of instrumentation used to obtain pole figures 
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Fig. 2. Effecf of orientation on electroless gold thickness vs. time 
of deposition. 

on all three substrates, indicating a transition to 
steady-state conditions determined by the plating con- 
ditions. By following the changes in structure of such 
deposits, considerable insight was gained as to the 
physical aspects of the deposition mechanisms which 
govern this system. 

The microstruetures formed during the initial por- 
tion of the process, i.e., the first 5 min or so, can be 
studied conveniently by transmission electron micros- 
copy after chemical removal from the substrate (ll). 
Figures 3a, 4a, and 5a illustrate the typical features 
evident in bright field images of Au deposits stripped 
from {iii}, {i00}, and {Ii0} substrates, respectively, 
and their corresponding selected-area diffraction pat- 
terns are given in Fig. 3b, 4b, and 5b. 

As the diffraction patterns show, the films at the 
earliest stages reproduce the substrate orientation, i.e., 
the growth is epitaxial. This is apparently due to the 
displacement process as discussed previously (II). 
Small, parallel-sided features are visible in the micro- 
graphs; they are planar defects, small volumes of ma- 
terial which bear a twin orientation relationship with 
the matrix. In Fig. 3b, the six interior spots in hexago- 
nal array are due to diffraction at the boundaries where 
twinning occurs. This result is similar to that for elec- 
troplated gold on copper (12). Similar microtwins have 
been observed in epitaxial evaporated films and the 
resulting twin-matrix structure is often called "double 
positioning" (13-15). The satellite reflections adjacent 
to the {I00} reflections in Fig. 4b arise from double 
diffraction at the twin boundaries. This fact was con- 
firmed by TEM dark field studies, e.g., using the matrix 
and satellite spots encircled. The substructure evident 
in Fig. 3-5a is due primarily to the high density of 
twin faults which formed in the gold deposits. 

The fact that these twins are due to deposition and 
not to deformation upon stripping the foils from the 
substrates was confirmed by the pole figures which 
were obtained with the deposits in place on the sub- 
strafes. 

Pole figures taken at the initial stages of film growth 
show quite clearly the epitaxial nature of the orienta- 
tion as well as a weaker twin orientation. As the 
plating proceeds, the orientation distribution becomes 
more complex; the twin orientations with surface nor- 
reals near <III> grow in volume most quickly. 

Pole figures corresponding to a later stage of plating 
show a very intricate structure. The simplest structure 
is found on the fast plating {III} substrate. In the pole 
figure, Fig. 6a, the solid triangles locate the {III} sub- 
strafe orientation and the open triangles locate the 

Fig. 3. TEM results for thin gold deposit on {111} substrate. 
(a, top) Bright-field image, original magnification 120,000X. (b, 
bottom) Selected-area diffraction pattern. 

twin orientation. The twinned material has mirror sym- 
metry with the original matrix. This matrix-twin re- 
lationship is equivalent to the "double-positioning" 
structure evident in the early stages of film growth 
shown in Fig. 3. 

The more complex structure evident in Fig. 6b is 
found in films plated on the {I00} substrate. The 
pseudo-twelvefold symmetry apparent in the pole fig- 
ure also arises from twinning. In the original epitaxial 
deposit, there are four <IIi> poles symmetrically 
oriented as indicated by the four half-filled squares in 
Fig. 6b. Twinning on one of the {IIi} planes will pro- 
duce the orientation shown as open squares labeled 
A(1) through A(4). Twinning on the other three 
original {iii} planes produces the rest of the poles 
shown by open squares. Note that the twinning places 
four <iii> directions within 15.80 of the surface nor- 
mal. Nevertheless the actual intensity recorded in Fig. 
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Fig. 5. TEM results for thin gold deposit on {110} substrate. 
(a, top) Bright-field image, original magnification 120,000X. (b, 
bottom) Selected-area diffraction pattern. 

Fig. 4. TEM results for thin gold deposit on {100} substrate. 
(a, top) Bright-field image, original magnification 110,000X. (b, 
bottom) Selected-area diffraction pattern. 

6a is greatest at the surface normal  rather  than 15.8 ~ 
away. This indicates a rotation dur ing  growth to a final 
{111} film orientation. As can be seen in Fig. 6b, l i t t le 
intensi ty  remains in the region of the original {10'0} 
orientat ion and the t ransi t ion to the final {t11} or ienta-  
t ion is highly developed. 

The films plated on the {110} copper substrate have 
a still more complex orientation. The original epitaxial  
orientat ion is indicated on the pole figure shown in 
Fig. 6c by the lens symbol. Note that there are twenty  
in tensi ty  maxima  in addition to the two located by the 
original epitaxial  orientation. All  of them can be pre-  
cisely located by twinning  reorientations. The first 

grouP of orientations indicated by the squares in  Fig. 
6c were produced by twinn ing  on the two {111} planes 
visible in the pole figure; the new orientat ion locates 
the film normal  about 19.5 ~ away from [001]. The sec- 
ond group of orientations indicated by triangles is 
obtained by re twinn ing  of the previous orientation, 
the squares. The twin  plane normal  is designated by 
an overlapping square and triangle. After  twinning  
first on the square and then on the triangle, the new 
orientat ion of the doubly twinned  mater ial  is within 
5 ~ of the fast growing {111} orientation. The remain ing  
group of orientations designated by the circles can be 
produced by twinning  first on the tr iangles and then 
re twinning  on the plane indicated by the overlapping 
circle and triangle. This doubly twinned volume is 
oriented about 25 ~ from <111>, midway between 
<112> and <113>. The combination of primary twin- 
ning followed by two different types of secondary 
twinning can explain all the maxima observed in Fig. 
6c. 

A generalization of the single crystal results is that 
the substrate orientation is reproduced in the film and 
that additional orientations are generated by {Iii} 
twinning. If the twinning or retwinning process places 
a <iii> direction in the vicinity of the film normal, 
a transition to a {iii} film orientation begins. Agitation 
did little to modify these observations, except to pro- 
duce slightly asymmetrical pole figures. When strong 
convection was present, orientations with <III> di- 
rections inclined toward the direction of fluid flow 
were the most intense. This is in agreement with the 
observations of film growth from the vapor; namely 
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that the <111> direction is inclined toward the direc- 
tion of greatest mass flux (6). 

An interest ing correlation exists between the change 
in plat ing rate, shown in Fig. 2, and the change in 
film orientat ion due to twinning.  Once the various com- 
plex twinning  mechanisms operative for the {100} and 
{110} substrates have taken place, the deposits all tend 
toward the <111> preferred orientat ion and the rate 
of deposition becomes independent  of substrate. At 
this point, the kinetics of the electroless gold reaction 
have reached steady state and are controlled by the 
deposition conditions and the mixed-electrode potential  
(9). 

Fig. 8. {111) Pole figures for approximately 1 ~m thick gold 
deposits on single crystal substrates of various orientations. 

The catalysis l i terature contains numerous  papers 
dealing with the effect of crystal or ientat ion on the 
kinetics of gas phase reactions (16, 17), and the role 
of s tructural  factors in electrocatalysis (18). Crystal-  
lographic orientation is the most impor tant  s t ructural  
factor controlling the catalytic activity of p la t inum 
surfaces in studies of hydrogen evolution and the 
anodic oxidation of methanol  (18), The rates of these 
reactions were greatest on the {111} face by up to an 
order of magnitude, as compared to other crystal faces 
with lower atomic packing density. Our results ior the 
electroless gold system are in good agreement  with 
these findings, as has been pointed out by Okinaka (9) 
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who noted that  the chemisorption of reacting species is 
an  impor tan t  feature of catalytic processes. Other re-  
sults from electrocrystall ization studies have shown 
that  exchange current  densities for the electrodeposi- 
t ion of copper on copper single crystals increases by  a 
factor of five on going from {111} to {100} to {110). This 
means that the rate of deposition at constant overpo- 
tential  increases in the order {110} ~ {100} > {111} 
(19). The electroless gold results (Fig. 2) are exactly 
opposite, Thus, f rom the s tandpoint  of the deposition 
mechanism, the electroless gold has more in  common 
with the electrocatalysis of p la t inum than the electro- 
crystall ization of copper. One aspect of the electroless 
gold process not studied in this work but  discussed 
elsewhere (9), is that  the anodic reaction may be rate 
controlling. 

Examinat ion  of the surfaces of the electroless gold 
deposits by optical microscopy and SEM also showed 
that the substrate orientat ion strongly affects the 
growth morphology, consistent with the established 
l i terature  on electrocrystall ization studies (20). Nor-  
marski  optical microscopy revealed that the deposit on 
the {111) substrate consisted of 200-400 ~m features 
that were similar  to previously reported structures for 
thick copper deposits on {111} (21). The other two sub-  
strate orientations yielded surfaces with much finer 
features that  could not be resolved optically. Repre-  
sentat ive SEM results are shown in Fig. 7a-c for the 
{111}, {100}, and {110) substrates, respectively. Be- 
cause of the large features on the {111} surface, there 
is relat ively li t t le s t ructure  visible at high magnifica- 
t ion unless one looks near  the edges of the  features as 
in  Fig. 7a. The appearance of the surface on the {100} 
substrate (Fig. 7b) is quite similar to the smooth 
faceted s tructure which is commonly observed for tech- 
nological deposits on polycrystal l ine substrates under  
these plat ing conditions (4). The deposits on the {110) 
substrate have an i r regular  microstructure  with n u -  
merous fine features (,-0.2 ~m) as well  as larger ones 
(~2 ~m). These results suggest that the process of 

lateral  growth occurs most readily on {111} substrates 
which is in agreement  with recent  findings for gold 
electrodeposits (22). Consideration of these data to- 
gether with the plat ing rates (Fig. 2) and pole figures 
(Fig. 6) indicates that the twinning  processes, the mi-  
crostructure, and the nonuni form ini t ial  plat ing rates 
are interrelated.  

Polycrystalline substrates.--Evaporated fi /ms.--Two 
sets of experiments  were carried out using evaporated 
film substrates and the s tandard plat ing solution. In  
the first set, ei ther Pd or Au films, 80 nm thick, were 
evaporated at 1.5 nm/sec  using an e -beam system at 
2 X 10 -7 Torr  onto a 30 nm thick layer  of Ti which 
was freshly deposited onto clean, polished sapphire 
surfaces 9 m m  X 2.0 cm in size. Three samples of 
each type of film were mounted in a PTFE holder and 
plated s imultaneously either in  still solutions or wi th  
vigorous st i rr ing using a rod at 3000 rpm. The effects 
of agitat ion on plat ing rate have been discussed in 
detail elsewhere (4). The rate of deposition was 40% 
greater  on the Au substrate than on the Pd sub-  
strate if the solution was agitated. Without  agita- 
t ion the difference was 20%. Since the difference 
in plat ing rate was suspected to be due to a differ- 
ence in the structure of the substrates, the structure 
of both the substrates and deposits was studied in 
some detail. Pole figures for the deposits on the gold 
substrates showed a very  strong ~111~  fiber feature 
which was also quite strong in the substrate films; 
whereas, the gold deposits on Pd substrates showed a 
weaker ~111~  fiber texture as did the substrates which 
were much more randomly  oriented. Since the ~111~  
orientat ion is known to plate at a fast rate, Fig. 2, the 
difference in plat ing rate is probably due in part  to 
the difference in  orientation. Fur ther  examinat ion  of 
the substrates by TE1Vi showed that the Pd films were 
uni formly  fine grained (,,,10 nm) and the Au films 

Fig. 7. SEM results showing surfaces of thick gold films on 
single crystal substrates, original magnification 5000X. (a, top) 
{111} Substrate. (b, center) (100} Substrate. (c, bottom) (110} 
Substrate. 

were more heterogeneous with many  grains ~100 n m  
in size. 
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In  a second series of experiments  Au/Ti /g lass  sub-  
strates were evaporated at higher pressure (,~2 • 10 -5 
Torr) .  These substrates had a complex texture. The 
fiber axis was tilted away from the sheet normal  to- 
ward the direction of mass flux dur ing  evaporation. 
The texture consisted of a strong ~111~  component 
combined with a weaker  ( 1 0 0 ~  component.  The sub-  
strates were plated in the s tandard solution with dif- 
ferent amounts  of agitation. Figure 8a gives the pole 
figure for a 2 ~m thick deposit plated without agitation 
at the normal  rate of 0.7 ~m/hr.  The plated film repro- 
duced the orientat ion of the substrate. The more com- 
plex pole figure in Fig. 8b corresponds to a deposit 
plated in  the same bath to the same thickness but  
with carousel s t i r r ing at a velocity of 0.46 m/sec which 
produces a threefold increase in  plat ing rate (4). These 
Conditions yield a ( 1 1 1 ~  fiber texture  with a strong 
~311~ component as seen in Fig. 8b. 

In  both of these sets of experiments with evaporated 
noble metal  film substrates it was found that the de- 
posits were formed epitaxial ly and that the ~111~  

orientat ion of the substrates was mainta ined for de- 
posits ~2 ~m in thickness. Subtle bu t  real  effects due 
to substrate grain size and the strength or degree of 
the ~111~ texture  were observed. 

Rolled sheet metal.--In an init ial  set of experiments,  
two lots of nominal ly  identical  commercial copper foil 
plated at substant ia l ly  different rates under  the same 
conditions (23). One batch of mater ial  gave the nor-  
mal plat ing rate (1.5 ~m/hr)  and the other showed a 
surprising twofold increase in rate which was main-  
tained to a thickness of ~5  ~m. Pole figures for both 
substrates showed them both to be quali tat ively the 
same, with cube textures as expected. Figure 9a shows 
the pole figure for the deposit with the normal  plat ing 
rate. Here we see the characteristic epitaxial  growth of 
the cube texture  and the t ransi t ion to {111} by the 
mult iple  twinning  mechanism which has already been 
discussed for the case of the (100} single crystal sub- 
strate, Fig. 6b. Figure 9b shows that the anomalously 
fast plat ing deposit remainec~ in the cube orientation. 

1 2 

a. Normal plating rate 1.5 ~m/hr. a. No agitation, plating rate 0.7 ~m/hr. 

b. Agitation at 2750 cm/min, plating rate 2.1 ~m/hr. 

Fig. 8. (111) Pole figures for 2 #m thick gold deposits on 
evaporated gold thin film substrates. 

b. Anomalous plating rate 3.0 ~m/hr. 

Fig. 9. ~111) Pole figures for thick gold deposits on copper 
sheet substrates of commercial material. 



Vol.  123, No. 11 ELECTROLESS GOLD DEPOSITION 1611 

Fig. 10. Surface structure corresponding to Fig. 9b, original 
magnification 2500 •  

The microstructure of this deposit observed in  the 
SEM was also unusua l  and is shown in  Fig. 10. Here 
we see a large, faceted grain s tructure with smooth 
features ~20 ~m across whereas the deposits plated 
at the normal  rate showed a considerably finer micro- 
s tructure with background features 1-2 ~m in size and 
some larger, nodular  features. 

A SEM examinat ion  of etched samples of the two 
substrates indicated some quali tat ive differences such 
as the grain size and shape but  did not permit  us to 
explain the anomalously high plat ing rate. One possi- 
bil i ty is that  an impur i ty  species, which may have 
dissolved from the surface region of the fast copper 
substrate dur ing the ini t ial  displacement process, some- 
how altered the growth process by prevent ing  the 
twinn ing  mechanism from occurring. However, in this 
case we would expect the rate to be slow as one finds 
with {100} single crystals; but  this is not the case for 
this mater ial  by at least an order of magnitude.  

Addit ional  experiments  were conducted in an at-  
tempt to shed some light on the above result and see 
whether or not it could be reproduced using other cop- 
per sheet substrates. To do this, we started with bulk 
OFHC Cu and prepared sheet samples, 0.010 in. thick, 
by cold rolling to a 92% reduction. The pole figure in 
Fig. ii indicates that this texture is copied by the elec- 
troless gold deposit, which in this case was 1.5 #m 
thick and plated at the normal rate. Deposits plated on 
annealed substrates from the same material (300~ 1 
hr) showed a similar plating rate and the expected 
structure for the case of cube-texture substrates, i.e., 
identical to Fig. 9a. This set of experiments included 
other sheet substrates (Au and phosphor bronze) and 
plating runs  at temperatures  both 10~ above and be-  
low nominal.  In no case were we able to find any in -  
crease in  the plat ing rate, comparable to that observed 
with the "fast copper." 

Summary and Conclusions 
The results of this study show that the s tructure of 

metal  substrates onto which electroless gold deposits 
are plated may have a profound effect on the process 
kinetics and the s tructure of the deposits. On single 
crystal copper substrates, the init ial  plat ing rate can 
vary by an order of magni tude  with {111} > ~  {100} 

{110}. In  all three cases twinn ing  is observed dur -  
ing the ini t ia l  stages of growth (,~0.1 ~m). The TEM 
results show twin fault densities > 10+11/cm 2. X-Ray 
pole figures for thick deposits provide additional evi- 
dence for the importance of twinning in this deposition 
process. In particular, the pole figure results indicate 
that multiple twinning processes are responsible for 

Fig. 11. {111} Pole figure of 1.5 ~m thick gold deposit on cold- 
roiled OFHC copper sheet. 

the t ransi t ion from the slow ini t ia l  plat ing rates on 
the {100} and (110) substrates to the faster rate typi-  
cal of the <111> preferred orientation. 

Electroless gold deposits on evaporated noble metal  
film substrates exhibit  a <111> fiber axis which rep-  
resents a cont inuat ion of the substrate texture. A some- 
what lower rate of deposition is observed for Pd sub-  
strates relative to that on Au films. The magni tude  of 
this effect is about 20% without  forced convection and 
about 40% when the plat ing solution is stirred vigor- 
ously. The somewhat lower plat ing rate on Pd is ap- 
parent ly  due to the fact that  these substrate surfaces 
are comprised of much smaller grains (~--10 rim) that  
are more randomly  oriented than the Au films. 

Experiments  with polycrystal l ine Cu sheet substrates 
are in  general agreement  with the single crystal results 
except for one part icular  batch of commercial mater ia l  
onto which deposits with an unusua l ly  large grained 
microstructure were formed at an anomalously fast 
plating rate. This result  could not be reproduced with 
laboratory-prepared sheet substrates. 

We conclude by noting that the substrate effects 
identified in this work as being impor tant  for the elec- 
troless gold plat ing process are l ikely to be applicable 
to other catalytic systems for metal  deposition. This 
would appear therefore to be a frui t ful  area for fur-  
ther work. 
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Electrodeposition of Cobalt Using an Insoluble Anode 
G. R. Lakshminarayanan, E. S. Chen, J. C. Sadak, and F. K. Sautter 

Benet Weapons Laboratory, Watervliet Arsenal, Watervliet, New York 12189 

ABSTRACT 

A method has been developed which permits  the use of an insoluble a n o d e  
to electrodeposit cobalt by the addition of a sufficient amount  of an electro- 
chemically act ive  substance such as vanad ium pentoxide to the cobalt sulfate 
plat ing solution. In  the absence of such additions, formation of Co 3+ ions a n d  
cobalt oxide (Co~O3) at the p la t inum anode results dur ing plating. The effects 
of the addition of vanadium pentoxide on the electrode process dur ing plat ing 
have been investigated through the analyses of various electrolysis products 
as a function of additive concentrat ion and plat ing time. The results show that  
besides cobalt deposition, vanadium ions of lower oxidation state (V ++, 
V + + +, VO + +) are formed at the cathode and these ions seem to be responsible 
for the reduction and suppression of Co 3+ ions and the oxide at the p la t inum 
anode. It has also been observed that the concentrat ion of the added electro- 
chemically active substance changed very little, indicat ing no incorporation of 
vanadium with the deposit dur ing plating. The mechanical  properties of the 
deposits prepared using an insoluble anode are compared with those ob- 
tained using a soluble anode. 

The electrodeposition of cobalt, dispersion-hardened 
cobalt, and cobalt-based alloys has been the subject of 
investigation (1-6) at this laboratory for many  years 
because of the potential  application as protective coat- 
ings to improve the wear and erosion characteristics 
of the substrates. In  conventional  cobalt plating, solu- 
ble anodes are used to replenish the metal  deposited at 
the cathode. In plat ing the inside of small bore tubes 
such as small caliber gun tubes, however, it would be 
necessary and also highly advantageous to use an in-  
soluble anode since the dimensions of the anode would 
not change. However, the use of an insoluble anode 
like p la t inum in cobalt plat ing solutions leads to the 
formation of undesirable black cobalt oxide particles 
at the anode. They appear at the anode as a strongly 
adherent  black coating or remain  as suspended par-  
ticles in the plat ing solution. The codeposition of these 
particles with the deposits has a det r imenta l  effect on 
the s tructure and properties of the deposits. In order 
to suppress the undesirable  reactions leading to the 
formation of cobalt oxide, other electrochemically ac- 
tive substances were introduced in the plat ing solution. 
It was hypothesized that the oxide formation could be 
suppressed if other reducible agents were present  in 
the electrolyte. The additive should be such that it 
does not interfere with the normal  plating process and 
has no detr imental  effect on the properties of the de- 
posit. Vanadium pentoxide was found to be a very 

Key words: insoluble anode, electrochemically active substances, 
electrode process. 

effective and suitable chemical in  this regard. By un -  
dergoing reduction at the cathode and oxidation at the 
anode without being codeposited, this substance pro- 
vides electrochemically active species dur ing plat ing 
which suppress the oxide formation. This investigation 
deals with a study of the effects of addition of vana-  
dium pentoxide to the cobalt sulfate plat ing solution 
on the electrodeposition of cobalt using a soluble or 
an insoluble (p la t inum) anode. 

Experimental 
Plating solutions and plating procedure.--All chemi- 

cals were of reagent grade quali ty and were used 
without further  purification. A stock solution of cobalt 
sulfate (1.0M) was prepared and unless otherwise 
stated, 150 ml fresh solution was used for each experi-  
ment. Vanadium pentoxide (up to about 4.5 g/ l i ter)  
was added to the plat ing solution. The dissolution of 
vanad ium pentoxide was slow and it took up to 50-60 
hr to dissolve 4.5 g/ l i ter  at 40~ and at pH 1.0. A 
regulated power supply was used as a power source. 
Cobalt or p la t inum anodes and stainless steel or brass 
cathodes (substrates) were used for plating. Cobalt 
plat ing was general ly carried out at a current  densi ty 
of 5 A / d m  2, a temperature  of 40~ and at an ini t ia l  
pH 1.00.1 

The low pH was used, in spite of reduced cathode efficiency, 
in order to obtain increased solubility of V~O5 and reduced forma- 
tion of black oxide particles. 
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Analysis of solutions.--The oxidat ion-reduct ion 
method of analysis (redox methods)  was adopted to 
de termine  the concentrat ion of the various electrode 
react ion products. Cer ium (IV) sulfate and ferrous 
(II) sulfate solutions were  prepared,  standardized, and 
used for the analysis of the electrolysis products. A 
Beckman electroscan was used to moni tor  the var ia t ion 
of the potent ial  dur ing the t i t rat ion of solutions. The 
cobalt oxide particles formed during the electrolysis 
were  quant i ta t ive ly  determined by the gravimetr ic  
procedure  (7) using mil l ipore  filters. 

Mechanica~ properties of the deposits.--Cobalt was 
deposited on brass shim stock (0.003 in.) substrates 
f rom cobalt sulfate and cobalt su l fa te -vanadium pent-  
oxide plat ing solutions (1.8 l i ter) .  Both soluble and 
insoluble anodes were  used to prepare  the deposits. 
The  brass substrate was anodically dissolved in a 
KOH-K2CO3 solution. The deposits were  cut into ten-  
sile specimens and t he  room tempera tu re  yield s t rength 
(0.2% offset), tensile strength, and elongation were  
obtained using an Instron tensile test ing machine. 

Results and Discussion 
Electrolysis o~ cobalt sub,ate solution.--With a solu- 

ble cobalt anode, Co + + ions are produced at the anode 
during plat ing and are reduced to Co at the cathode. 
When an anode such as p la t inum is used, no meta l  is 
dissolved at the anode during plating. The react ion 
which is essential for the passage of current  f rom the 
anode to the electrolyte  is one of oxidation of the com- 
ponents of the electrolyte  at the anode-solut ion in te r -  
face. Depending on the anode potential,  several  anode 
reactions may  proceed simultaneously.  In an acidic 
cobalt sulfate electrolyte,  oxygen discharge takes place 
according to the reaction, 2H20 --> 4H + -5 02 -5 4e - .  
Simultaneously,  Co 2+ ions are oxidized to Co 3+ ions 
leading to the format ion of cobalt oxide (Co2Os) at 
the anode. The presence of Co s+ ions in the  plat ing 
solution can be quant i ta t ive ly  determined with fer-  
rous sulfate solution according to the oxida t ion- reduc-  
tion react ion Co s+ -5 Fe ~+ ~ Co 2+ -F Fe 3+. The cobalt 
sulfate solution was electrolyzed for 3.5 hr  at 5 A / d m  2 
using an insoluble anode and a soluble anode sepa- 
ra te ly  and the solutions were  analyzed for the Co s+ 
ion content. The results of the analysis are shown in 
Fig. 1. Curve A shows the var ia t ion of potent ial  wi th  
respect to saturated calomel electrode of the e lectro-  
lyzed solution (with an insoluble anode) on t i t ra t ion 
with ferrous sulfate solution. Curves B and C repre -  
sent the same data for the electrolyzed solution with  
a soluble anode and for the unelectrolyzed cobalt sul-  
fate solution, respectively.  It  can be calculated from 
curve  A that  the electrolyzed solution contains Co ~+ 
ions corresponding to 4.03 X t0 -3 moles / l i ter .  F r o m  
curves B and C it can be concluded that  these solu- 
tions contain no Co 3+ ions. It has been observed that  
the reaction be tween Fe 2+ and Co s+ ions is re la t ive ly  
sluggish and attains steady potent ial  values ra ther  
slowly. Co 3+ ions are re la t ive ly  unstable;  the concen- 
t rat ion decreased in the above plal ing solution from 
4.03 to 0.45 X 10 -z  moles / l i t e r  over  a period of 21 hr  
on standing. 

Electrolysis of CoS04-Vz05 solutions.--Vanadium, 
being a mul t iva len t  element,  can exist in several  oxi-  
dation states in solution. The species that  form in 
aqueous solutions are V u+, V s+, VO + +, and VO2 + ions 
and thei r  format ion depends on the potent ial  and the 
solution pH. Vanadium pentoxide  when added to the 
cobalt sulfate plat ing solution at pH 1.0 dissolves in it 
to form a VO2 + ion according to the reaction V205 -5 
2H + --> 2VO2 + -5 H20. When this solution is e lectro-  
lyzed, besides cobalt deposition at the cathode, other  
electrolysis products at cathode and anode are formed 
depending on whe ther  a soluble or an insoluble anode 
is used. 

When a cobalt anode is used, dissolution of the metal  
to Co + + ions takes place and, at the cathode, in addi- 
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Fig. 1. Variation of potentials during titration of electrolyzed 

and unelectrolyzed CoSO~ solutions (3.0 ml) with ferrous sulfate 
solution (0.0108M): A ~ electrolyzed COSO4 solution with an 
insoluble anode, B ~ electrolyzed COSO4 solution with a so(uble 
anode, and C ~ unelectrolyzed COSO4 solution. Anode:cathode 
1:4, current density _-- 5 A/dm 2, temperature = 40~ pH (initial) 

1.00, and plating time ~ 3.5 hr. 

t ion to cobalt deposition, reduct ion of V02 + ions occurs 
according to the r eac t i on  

VO.,+ 4- 2H + + e ~ VO + + -5 H20 E ~ = -50.758V 

VO ++ 4- 2H + -5 e ~.-~ V +++ -5 I-I20 E ~ _-- 0.119V 

V +++ 4 - e ~ V  ++ E ~  

The potentials (E ~ noted at which these reactions 
occur correspond to equi l ibr ium potential  values wi th  
respect to the saturated calomel electrode (8). A solu- 
tion of CoSO~-V20~ (4.5 g / l i t e r )  was electrolyzed using 
a cobalt anode and the electrolysis products were  ana-  
lyzed using a standard cerium (IV) sulfate solution. 
The formation of various electrolysis products is shown 
as a function of plat ing t ime in Fig. 2. Pr ior  to elec- 
trolysis vanadium ions exist as VO2 +. With electrolysis 
VO2 + ions are reduced to VO + + and V 3 + ions init ial ly 
and with  fur ther  electrolysis V2 + ions are also formed. 
While all the VO2 + ions are reduced to lower oxida-  
t ion states, the concentrat ion of the lower  oxidation 
species depends on the electrolysis time. These ions 
are not reoxidized to pentava len t  (VO2 +) state and 
remain in solution as a mix ture  of two or three  species 
depending on the length of plating time. This behavior  
is in contrast to the results obtained wi th  an insoluble 
anode as is shown below. 

When a COSO4-V205 solution is electrolyzed with  an 
insoluble anode (pla t inum),  one encounters a new 
situation. The electrolysis products at the cathode can 
be expected to be the same as wi th  the soluble anode; 
however ,  at the anode, oxygen discharge, Co 3+ ion 
formation, and oxidation of vanadium ions (V 2+, V z+, 
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VO ++)  to VO2 + ion w o u l d  t ake  place.  In  addi t ion ,  
v a n a d i u m  ions  of a l o w e r  ox ida t i on  s t a t e  could i n t e r -  
act w i t h  Co 3+ ions. 

F i g u r e  3 s h o w s  the  r e su l t s  of an  ana lys i s  of t he  
e lec t ro lys i s  p r o d u c t s  w h e n  a coba l t  s u l f a t e - V 2 Q  (1.2 
g / l i t e r )  p l a t i ng  so lu t ion  is e l e c t r o l y z e d  w i t h  an  in -  
so lub le  anode:  C u rves  I and  II r e p r e s e n t  t h e  v a r i a t i o n  
of po t en t i a l s  ( w i t h  r e spec t  to s a t u r a t e d  ca lomel  e lec -  
t rode )  of an e l e c t r o l y z e d  and  u n e l e e t r o l y z e d  so lu t ion  
on t i t r a t i o n  w i t h  f e r rous  su l fa t e  solut ion,  r e spec t ive ly .  
The  first  e q u i v a l e n c e  point ,  A (1.67 X 10 - a  m o l e s /  
l i t e r ) ,  in  c u r v e  I c o r r e s p o n d s  to t he  r e d u c t i o n  of Co z+ 
to Co 2+ a n d  the  s econd  e q u i v a l e n c e  point ,  B (1.29 X 
10 -2 m o l e s / l i t e r ) ,  c o r r e s p o n d s  to t he  r e d u c t i o n  of 
VO~ + to VO + +. The  e q u i v a l e n c e  po in t  C (1.28 X 10 -2 
m o l e s / l i t e r )  for  t he  u n e l e c t r o l y z e d  so lu t ion  ind ica tes  
t he  r e d u c t i o n  of VO~ + to VO + + only.  I t  is i n t e r e s t i n g  
to no te  t h a t  t he  c o n c e n t r a t i o n  of V Q  + ions  in t h e  
above  p l a t i n g  so lu t ion  b e f o r e  and  a f t e r  e lec t ro lys i s  
c h a n g e d  v e r y  l i t t le .  S i m i l a r  ana lyses  for  var ious  p l a t i ng  
so lu t ions  w e r e  m a d e  and  the  r e su l t s  a re  s u m m a r i z e d  in 
Table I. A close agreemen~ is seen in concentrations of 
vanadium (represented as V02 + moles/liter) before 
and after electrolysis, indicating that vanadium is not 
consumed or codeposited with cobalt during plating. 

Table i. Analysis of plating solutions before and after electrolysis* 

Before electrolysis After electrolysis 
Run VO2 + (moles~liter) VO2+ (moles/liter) Co 3+ (moles/liter) 

1"* 1.28 x 10 -2 1.29 x 1O ~2 1.67 x 10 -~ 
2*** 2.24 x 10 -2 2.28 x 10 -r 1.26 x 10 -~ 
3*** 3.63 • 10 -2 3.62 • 10 -e 0.74 x 10 -~ 
4*** 4.76 x 10 -~ 4.88 x 10 -2 0.59 x 10 -~ 

* V a n a d i u m  c o n c e n t r a t i o n  is r e p r e s e n t e d  as VO2 + ( m o l e s / l i t e r ) .  
** 3 h r  p l a t e ,  5 A / d i n  ~, 40~ v o l u m e  of  p l a t i n g  s o l u t i o n  = 75 ml ,  

a n o d e : c a t h o d e  r a t i o  = 1:4. 
*** 3.5 h r  p l a t e ,  5 A /d ine ,  40~ v o l u m e  of  p l a t i n g  s o l u t i o n  ~- 150 

ml,  a n o d e : c a t h o d e  r a t i o  = 1:1. 

I 
II 

2.0 4.0 6.0 8.0 I0.0 12.0 
VOLUME OF Fe z+ SOLUTION, ml 

Fig. 3. Variation of potentials during titration of (I) electrolyzed 
and (11) unelectrolyzed COSO4-V205 (1.2 g/liter) solution (3.0 
ml) with ferrous sulfate solution (0.0054M). Volume of the solution 
used for plating = 75 ml, insoluble anode, anode:cathode = 1:4, 
current density = 5 A/dm 2, temperature = 40~ pH (initial) = 
1.0, plating time ~-- 3.0 hr. 

Deposits were also analyzed for vanadium using an 
electron microprobe analyzer (Material Analysis Com- 
pany). No vanadium was found up to the detection 
limit (~ 0.05 w/o) of the analyzer. 

The effect of the concentration variation of vanadium 
pentoxide in the plating solution on the formation of 
Co 3+ ions and the oxide is shown in Fig. 4. With the 
addition of vanadium pentoxide, the formation of Co ~ + 
ions and the oxide is reduced. For example, in cobalt 
sulfate solution, after electrolysis with an insoluble 
anode, the concentration of Co 3+ ions in solution is 
4.03 X 10 -3 moles/liter and the concentration of cobalt 
oxide formed is 0.32 g/liter. In the presence of 2.3 
g/liter vanadium pentoxide, the concentration of Co s+ 
ions in solution is reduced to 0:74 X 10-3 moles/liter 
and the oxide is reduced to 0.025 g/liter. With the ad- 
dition of 2.8 g/liter or more vanadium pentoxide, no 
oxide was formed during plating. The effect of elec- 
trolysis time on the formation of Co 3 + ions in different 
CoSO4-V205 solutions is shown in Fig. 5. In a pure 
cobalt sulfate solution, the formation of Co 3+ ions in 
solution increases from 1.2 to 5.5 X 10-3 moles/liter 
over a period of 0.5-5.5 hr and the oxide increases from 
0.07 to 0.44 g/liter over the same period. With an addi- 
tion of 2.3 g/liter vanadium pentoxide, the concentra- 
tion of Co 3+ ions is decreased; however, with time 
there is an increasing trend in the formation of Co ~+ 
ions in solution, the concentration increase being 0.56- 
1.04 X 10 -3 moles/liter over a period of 0.5-5.5 hr and 
the oxide increased from trace amounts to 0.025 g/liter. 
With 4.3 g/liter vanadium pentoxide in solution, no 
oxide is formed and a decreasing trend in Co s+ ion 
concentration was observed with an increase in plat- 
ing time. In fact, when the solution is electrolyzed over 
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a per iod of 8 hr, no Co s + ion was found and the solu-  
t ion contained VO + + ions (1.9 X 10 -~ mo les / l i t e r ) .  
Another  por t ion  (300 ml)  of 0oSO4-V205 (4.3 g / l i t e r )  
solut ion af te r  16 h r  e lectrolysis  was found to contain 
u  + + (5.6 X 10-8 moles / l i t e r )  and no Co 3+ ions. The 
resul ts  thus suggest  tha t  the  fo rmat ion  of Co s+ ions 
in the  p la t ing solutions is reduced  by vanad ium ions 
of a lower  oxidat ion  state. The l a t t e r  are  produced at 
the  cathode and are  oxidized at the  p l a t i num anode. 

Mechanical. properties of the deposits.--The room 
t empera tu re  y ie ld  strength,  u l t imate  tensile s trength,  
and percent  e longat ion of cobalt  deposits  p r epa red  
using both soluble and insoluble  anodes are  summar -  
ized in Table  II. Wi th  a soluble anode, the pH of the  
ba th  increased somewhat  (0.88 to 1.10) and wi th  an 
insoluble  anode i t  decreased (1.04 to 0.90). The re la -  
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Fig .  5. Variation of Co s+ ion concentraticm with plating time: 
(A~) in CoS04 solution, (B) in CoS04-V205 (2.3 g/liter) solution, 
(C) in CoS04-V205 (4.3 g/liter) solution. Insoluble anode, anode: 
cathode = 1:4, current density - - 5  A/din 2, temperature = 40~ 
pH ( in i t ia l ) - -  i.00. 

t ive ly  low cathode efficiency is due to the  lower  pH 
condit ions at which these deposi ts  were  prepared .  Wi th  
an  insoluble anode, the efficiency was only 36% and 
this is pa r t ly  due to the  decrease in pH dur ing  plat ing.  
This can be improved  and the  pH of the  ba th  can be 
main ta ined  b y  adopt ing the  method  suggested by 
Sadak  et al. (9) where  a counterp la t ing  using a solu-  
b le  cobalt  anode is car r ied  out in the same p la t ing  
system. The deposits  were  s i lvery  gray  in appearance  
and re la t ive ly  ductile.  The a d d i t i o n  of vanad ium pen t -  
oxide to the  cobalt  sulfate  ba th  does not  affect the 
yie ld  strength,  u l t ima te  tensi le  strength,  and e longa-  
t ion values of the  deposits. The resul ts  also show that  
the y ie ld  strength,  tensi le  s trength,  and e longat ion for 
the  deposits  p repa red  wi th  an insoluble  anode  are  ve ry  
s imi lar  to those obtained with  a soluble anode. An  
examinat ion  of the  micros t ruc tures  (Fig. 6) shows no 
significant difference be tween  the deposi ts  p repa red  
f rom cobalt  sulfate  solutions wi th  and wi thout  vana-  
d ium pentoxide,  respect ively.  The columnar  s t ructure,  
typica l  of e lect rodeposi ted  cobalt,  is seen in both cases. 

Fig. 6. Microstructures of cobalt deposits prepared from (a) CoS04-V205 p~atlng solution, insoluble anode is used and (b) COS04 plating 
solution, soluble anode is used. Platinq conditions ore re~rted in Table II. IO00X magnification. 



1616 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY November  1976 

Table II. Mechanical properties of cobalt deposits prepared from 
CoS04 and CoS0~-V205 plating solutions 

Room temperature 
s t r e n g t h  da ta  (psi)  t 

U l t ima te  Elonga-  Effi- 
P la t ing  Yield tensi le  tiont ciency*** 

solutions Anodes  strength strength (%) (%)  

CoSO4(1M) * Soluble 89,000 144,000 12 47 
CoSO4-V205" Soluble 88,000 165,000 11 47 
CoSO~-V~Os** Insoluble 90,000 146,000 15 36 

(platinum) 

Vanadium pentoxide, 4.3 g / l i t e r ,  current density = 5 A / d m  2, 
t e m p e r a t u r e  = 40~ 

* pH (0.88-1.10). 
** pH (1.04-0.90). 
*** Efficiency based  on 1.099 g / A - h r  for cobalt baths (10). 

Values  a r e  the  a v e r a g e  of 3-4 tensile specimens (as-pla ted) .  

Summary 
It has been shown that  dur ing plat ing from a cobalt 

sulfate solution using an insoluble anode the forma- 
t ion of Co 3+ ions and cobalt oxide (Co2Q) results at 
the anode. The addition of a sufficient amount  of an 
electrochemically active substance such as vanadium 
pentoxide to the plat ing solution has suppressed the 
formation of Co 3 + ions and prevented the formation of 
cobalt oxide at the anode. The electrochemically active 
substance participates in  the electrode reactions both 
at the cathode and anode but  is not consumed or in -  
corporated with the deposit. The mechanical  properties 
of cobalt deposits obtained using an insoluble anode 
are comparable to those obtained using a soluble anode. 

Manuscript  submit ted April  1, 1976; revised m a n u -  
script received May 17, 1976. This was Paper  255 
presented at the Las Vegas, Nevada, Meeting of the 
Society, Oct. 17-22, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by 
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Engineering Analysis of Shape Change 
in Zinc Secondary Electrodes 

I. Theoretical 
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ABSTRACT 

Shape change, the redis t r ibut ion of active material  over the zinc electrode 
surface as a result  of cell cycling, is hypothesized to be caused by convective 
flows dr iven pr imar i ly  by membrane  pumping.  A mathematical  model is 
formulated based on the convective flow hypothesis for the zinc-si lver oxide 
secondary cell. The numerical  solutions predict redis t r ibut ion of zinc mater ia l  
over the zinc electrode, fluid flow rates, and variations of current  dis t r ibut ion 
and cell potential  with the number  of cycles. These calculated results can be 
compared to experimental  results. The results suggest that shape change can 
be el iminated if the convective flow in the zinc electrode compar tment  paral lel  
to the electrode surface is stopped. 

Zinc electrodes have been used as reducing agents 
in common pr imary  cells l ike the Leclanch6 cell (dry 
cell) and the alkaline z inc-manganese dioxide cell. 
They have also been used as negative plates in second- 
ary storage cells such as the zinc-silver oxide cell. The 
zinc electrode is at tractive for use in secondary bat tery 

* E lec t rochemica l  Society S tuden t  Member .  
** Electrochemical ~ocmty Active Member. 
Key words: battery, silver-silver oxide, electro-osmosis, osmosis, 

separators. 

systems because of its low cost, strong reducing poten-  
tial, and low equivalent  weight in  comparison with 
other available negative electrodes. However, second- 
ary cells using zinc negatives have a poor cycle life 
(100-400 cycles) (1). This is due main ly  to the failure 
of the zinc electrodes (1, 2). If the cycle life of the 
zinc electrode can be extended, zinc-si lver oxide cells 
would be much more valuable  in  aerospace and other 
applications where the high energy density justifies 
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the costs. Also, an improved  zinc e lect rode might  s t im-  
ula te  deve lopment  of the  z inc-nickel  oxide cell, which  
may  yie ld  a much lower  cost and higher  specific en-  
e rgy  cell  than  the popula r  n i cke l - cadmium cell. 

The fa i lure  of the zinc electrodes in z inc-s i lver  oxide 
cells has been associated wi th  severa l  phenomena.  Two 
causes of fa i lure  are  migra t ion  of colloidal  s i lver  f rom 
the posi t ive  s i lver  e lectrode to the  negat ive  zinc elec-  
t rode  and zinc dendr i t e  g rowth  th rough  the separa tor  
causing shor t -c i rcu i t ing  inside the cell  (1). These 
processes can be cont ro l led  successful ly by  the use of 
new m e m b r a n e  separa to r  mate r ia l s  (2). I t  is cu r ren t ly  
wide ly  be l ieved  tha t  a ma in  reason for the fa i lure  of 
zinc electrodes is "shape change." Shape  change refers  
to the  red is t r ibu t ion  of zinc oxide ma te r i a l  over  the 
surface of the  zinc electrode.  Shape change in the zinc 
e lect rode has been demons t ra ted  exper imenta l ly ;  for 
example ,  b y  Lande r  and Cooper (2), McBreen (3), 
and Choi et al. (4). In  the i r  cell designs, zinc oxide 
ma te r i a l  was shown to move f rom the  region near  the 
top toward  the center  and bo t tom of the  zinc electrode. 
The accumulat ion  of zinc oxide in one place and de-  
ple t ion in the  other  is be l ieved  to cont r ibu te  to loss 
of capaci ty  unt i l  the cell potent ia l  on discharge falls  
below acceptable  values.  

Even though the fa i lure  of zinc electrodes due to 
shape change has been  identified, the  basic causes of 
shape  change in zinc electrodes have not prev ious ly  
been adequa te ly  defined. McBreen (3) has expla ined  
shape change in zinc electrodes in te rms of nonuni form 
cur ren t  dis t r ibut ion.  His exper imen ta l  results  demon-  
s t ra ted  a corre la t ion be tween  observed shape change 
in the  zinc electrodes and nonuni form cur ren t  densi ty  
dis t r ibut ion.  However ,  the  content ion tha t  shape 
change is caused by  nonuni form cur ren t  d is t r ibut ion 
is not p roven  clearly,  and no mechanism for net  t rans-  
por t  of zinc species is inc luded in the  discussion. 

An  analys is  is p resented  here  based on a hypothesis  
tha t  convective flows d r iven  by  m e m b r a n e  separa to r  
t r anspor t  a re  coupled wi th  changes in the  concentra-  
t ion of soluble zinc species to cause the  movement  of 
zinc across the  electrode.  

Hypothesis for the Cause of Shape Change 
Severa l  factors cont r ibu te  to fluid motion wi th in  the  

porous  electrodes.  In  a convent ional  z inc-s i lver  oxide 
cell, a membrane  1 be tween  the zinc e lect rode and the 
s i lver  e lect rode separa tes  the  ce l l  into two compar t -  
ments, both  of which are  filled wi th  concent ra ted  po-  
tass ium hydrox ide  solut ion which is or ig ina l ly  sa tu-  
r a t ed  wi th  respect  to zinc oxide. A volumetr ic  flow 
across the  membrane  is d i rec t ly  induced by an e lect ro-  
osmotic force which arises f rom the passage of electr ic 
cur ren t  th rough  the membrane .  Dur ing cycling, a 
solute concentra t ion difference be tween  the two com- 
pa r tmen t s  bui lds up due to chemical  and e lec t rochemi-  
cal reactions.  The resul t ing  osmotic force wil l  also p ro -  
duce a volumetr ic  flow across the membrane .  The net  
flow across the  membrane  (modified by  changes in the 
porosi t ies  of the  electrodes due to electrochemical ,  
chemical,  and physical  phase-change  react ions)  may  
be  observed as a convective flow in both compar tments  
pa ra l l e l  to the  membrane .  

The undes i rab le  format ion  of gas bubbles  wi th in  the  
porous electrodes wi l l  also influence the  fluid motion. 
Na tu ra l  convection wi th in  porous electrodes is cer-  
t a in ly  possible (27), bu t  expe r imen ta l  evidence ind i -  
cates tha t  the d i rec t ion  of the grav i ta t iona l  field does 
not affect the  shape  change (2, 4, 26). 

The movement  of solutes in the di rect ion pa ra l l e l  to 
the  membrane  wil l  be de te rmined  by  the combinat ion 
of convection, diffusion, and migra t ion  t r anspor t  p roc -  
esses. In  this direction,  convect ion is the  dominant  
effect, and  migra t ion  is assumed to be negligible.  As 
discussed in the  preceding  paragraphs ,  the convective 

Zln e x p e r i m e n t a l  s tudies  b y  L a n d e r  and  Cooper  (2) and Mc- 
B r e e n  (3) ,  RAI-P2291 ca t ion-exchange  m e m b r a n e s  w e r e  used.  A 
simi lar  m e m b r a n e  was  used  in this  s tudy.  

flow has a per iodic  na tu re  due to the  cycl ing process. 
S imul taneously ,  the  concentra t ion of soluble zinc 
species varies  pe.riodically because the cathodic depo-  
si t ion of zinc depletes  the  solut ion and the  anodic 
process t empora r i l y  supersa tura tes  the  solut ion before  
zinc oxide  can precip i ta te .  The per iodic  mot ion  of the  
fluid, coupled wi th  the per iodic  concentra t ion of zinc. 
species, wil l  resul t  in a net  movement  of zinc species 
para l l e l  to the membrane ,  in one direct ion or the other, 
and ex tended  cycling wil l  even tua l ly  produce a sig- 
nificant re locat ion of zinc. This is zinc shape change. 

Let  us examine  these processes in more  detail .  
Dur ing discharge,  as cur ren t  flows f rom the  zinc 

e lect rode to the  s i lver  e lect rode (see Fig. 1), there  will 
be a flow of potass ium ions in the  same direct ion 
th rough  the membrane ,  since the  m e m b r a n e  is a cation 
exchanger .  I t  is expected that  the  e lectro-osmotic  
force wil l  genera te  a vo lumet r ic  flow in the  same di-  
rect ion because the  cations wil l  tend to en t ra in  wa te r  
molecules. 

At  the same time, the  KOH concentra t ion wil l  d e -  
crease in the zinc e lect rode compar tmen t  and increase 
in the s i lver  e lectrode compar tment ,  dur ing  d ischarg-  
ing, because the anodic process consumes hydroxide ,  
the  cathodic process produces  hydroxide ,  and the po-  
tass ium ions are  t r anspor ted  across the ca t ion -ex-  
change membrane .  (The use of an an ion-exchange  
membrane  would reduce considerably  the concentra-  
tion difference of KOtt . )  The volumetr ic  flow induced 
by  the osmotic effect due to the KOH concentrat ion 
difference wil l  be in the s a m e  direct ion as tha t  ex-  
pected for  the  e lec t ro-osmot ic  flow, but  it  wil l  not  re -  
spond as r ap id ly  to changes in the cur ren t  because  of 
the t ime requ i red  for the  KOH concentra t ion to change. 

Also, the  concentrat ion of zinc species, assumed to 
be the zincate ion Zn(OH)4  =, wil l  increase  in the  zinc 
compar tment  dur ing  discharging due to oxidat ion and 
dissolution of zinc. The osmotic flow induced by  this 
concentrat ion change wil l  be in the opposite direct ion 
f rom those enumera ted  above, but  the  combinat ion of 
all  the osmotic and e lec t ro-osmot ic  effects is expected 
to produce a volumetr ic  flow across the  membrane  
f rom the zinc electrode t oward  the s i lver  e lectrode 
dur ing  discharging.  The flow would  be p redominan t ly  
in the opposite direct ion dur ing  charging. This m e a n s  
that  there  wiI1 be  a downward  convective flow in the  
zinc e lect rode compar tment  dur ing  discharging (see 
Fig. 1) and an upward  flow dur ing  charging.  

Now consider the va ry ing  zincate concentra t ion and 
the convective movement  of soluble zinc species. Dur -  
ing discharging,  the  solut ion in the zinc compar tment  is 
supersa tu ra ted  wi th  zincate, and the direct ion of the  
volumetr ic  flow is downward .  A la rge  amount  of zinc 
is convected downward  as soluble zinc species. As the 
flow is going up in the  zinc e lec t rode  compar tmen t  du r -  
ing charging, the e lectrolyt ic  solution wil l  be unde r -  
s a tu ra t ed  with  zinc species due to the  deposi t ion of 
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Fig. i. Schematic cell cross section and flow pattern on discharge 
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zinc. Less zinc moves up on charging than moves down 
on discharging, and there  will  be a net movement  of 
zinc downward  during a complete cycle. As the cycling 
process continues, the amount  of zinc oxide in the 
region near  the top of the zinc electrode will  decrease, 
and the amount  in the region near  the center  and bot-  
tom will  increase due to the net  t ransport  result ing 
f rom low zincate concentrat ion during upflow and 
high zincate concentrat ion during downflow. 

The hypothesis provides a theoret ical  basis for de- 
velopment  of a mathemat ica l  model  which formulates, 
with certain approximations,  the physical behavior 
occurring in the cell during cycling into a set of non- 
linear, coupled, par t ia l  differential  equations. These 
equations are solved by numerical  techniques. The 
p r imary  interest  is in shape change i n  zinc secondary 
eJectrodes. A convent ional  z inc-s i lver  oxide cell is 
chosen for analysis. As explained abovell t he  convective 
flow is considered to be the main factor which causes 
redistr ibution of zinc oxide mater ia l  over  the  zinc 
electrode. This convective flow is assumed to be dr iven  
only by osmotic and electro-osmotic forces, and to a 
minor  extent  by changes in the volume fractions of 
the solids due to chemical  reaction. Therefore,  shape 
change in the zinc electrode wil l  be dependent  on the 
result ing hydrodynamic  behavior,  but n o t  on how the 
cell is positioned re la t ive  to the earth 's  gravi tat ional  
field. F igure  1 shows a cross section of the cell. The 
x direction is paral le l  to the direction of the electric 
current,  and the y direct ion is in the direction perpen-  
dicular to the electric current.  One end of  the electrode 
compartments  at y ---- 0 is closedi and the fluxes of 
species in the y direction are zero there. The other  
end of the electrodes at y ---- L is next  to the reservoirs 
which al low fluid to flow into or ou t  of the individual  
electrode compartments.  If the convective flow moves 
in the posit ive y direction in the zinc electrode com- 
par tment  on charge and in the negat ive y direction 
on discharge, then according to the hypothesis, the zinc 
oxide will  be expected to move from the region near  
y ---- L to the region near y ---- 0. 

A Mathematical Model Based on the Convective 
Flow Hypothesis 

Reactions at the eleetrodes.--The electrochemical  re-  
actions which occur at the si lver electrode are bel ieved 
to involve both monovalent  and divalent  si lver oxides. 
Numerous studies (5-8) have confirmed that  mono-  
valent  si lver oxide forms first on the silver electrode 
surface in alkaline solution at the beginning of ~ oxida- 
tion during charging, and divalent  s i lver  oxide forms 
later. The reverse  process occurs during discharge. 
The process may be summarized as 

1 
(2Ag + 2 O H -  ~,~ Ag20 + H20 + 2e) - -  [1] 

2 

1 
(Ag20 + 2 O H -  r 2AgO + H20 + 2e) - -  [2] 

2 

Ag + 2 O H -  ,~ AgO + H20 + 2e [3] 

A kinetic mechanism for zinc electrodes in alkaline 
media has been recent ly given by Bockris et al. (9) 
and Payne and Bard (10). Evidence shows that the 
behavior  of zinc electrodes in alkaline solution is a 
dissolut ion-precipi tat ion process (11, 12). The process 
occurring in the zinc electrode may be expressed as 

Zn(OH)4 -e  + 2 e ~ Z n  + 4 ( O H ) -  [4] 

Zn(OH)4-2  ~- ~ ZnO + 2 O H -  -+- H20 [5] 

Species considered in the electrolytic solutions.--In 
both the zinc and the silver electrode compartments,  
the electrolytic solution is init ial ly concentrated KOH 
solution which is saturated with respect to ZnO. The 
solution phases contain the species K +, O H - ,  H 2 0 ,  and 
different complex forms of zinc ionic species. Generally, 

these ionic zinc species include Zn +2, Zn(OH)  +, 
Zn(OH)2, Z n ( O H ) 8 - ,  and Zn(OH)4 -2 which are ther -  
modynamical ly  in terre la ted by equi l ibr ium constants. 
Among these zinc ionic species in alkaline solution, the 
species Zn(OH)4 -2 is predominant  (13-17). Since 
charge neutra l i ty  must  hold in the bulk solution, the 
concent ra t ion  of ionic species are not all independent.  
In the following, K + species and zinc ion species are 
chosen as independent  variables. The zinc ionic species 
are represented by the symbol Zn +2. It is necessary 
to consider only the three independent  fluxes of Zn +2, 
K +, and H20 along wi th  current  density in the x di-  
rection. 

Species transport across the membrane. - - I f  the pres-  
sure difference across the membrane  is zero, then the 
fluxes of species Zn +2, K +, and H20 across the mem-  
brane in the x direct ion can be wr i t ten  as l inear 
functions of three driving forces: the concentration 
differences of Zn +2 and K + across the membrane  and 
the electric current  density through the membrane.  

For  the Zn +2 species 
tznmi 

Nzn,x TM : Lzz (Czn n - -  Czn p) 2ff L z k ( C K  n _ _  CK p) .~_ 
21e 

[6] 
For the K + species 

tKm~ 
NK,x m : L k k ( e K  n - -  CK p) -~ L k z ( e z n  n - -  CZn p) --~ ~ [7]  

For the H20 
tom~ 

No,x TM : - - L o z ( C z n  n - -  Cznp) - -  Lok(CK n - -  CKP) ~- 
F 

[8] 

where  Nzn.x m, NK.x TM, and No,x TM represent  the fluxes of 
species Zn +a, K +, and HeO, respectively, across the 
membrane  in the x direction, Czn" and CK" represent  the 
concentrations of Zn +2 and K + in the silver electrode 
compartment,  respectively, s imilar ly Czn n and CK n rep-  
resent the concentrations of Zn +2 and K + in the zinc 
electrode compartment.  The symbol i represents the 
current  density across the membrane  in the x direction. 

For the fluxes of species Zn +2 and K +, only the pri-  
mary  concentrat ion dr iving forces are considered, and 
the coupling effects are assumed negligible, that is, Lzk 
and Lkz are assumed to be zero. Then Lzz and Lkk can 
be regarded as equal to the diffusion coefficients of 
Zn +2 and K + in the membrane  divided by the thick- 
ness of the membrane.  The symbols tzn TM and tK TM rep-  
resent the t ransference numbers  of Zn +2 and K + for 
the membrane,  and they are assumed to be constant 
throughout  the membrane.  The flux of HeO is wr i t ten  
in t e r m s  of osmotic effects and an electro-osmotic 
effect. Therefore,  Lok and Loz are in terpre ted  to be the 
water  t ransport  coefficients across the membrane  in- 
duced by the concentrat ion differences of species Zn +2 
and K +. The symbol to TM is a proport ional i ty  constant 
for the water  t ransport  induced by the electro-osmotic 
effect and is called the electro-osmotic  coefficient. 
These t ransport  terms may be concentrat ion dependent,  
but they are assumed to be constant. 

Conservation of species in the porous e lec trodes . -  
Inside the porous zinc and silver, electrodes, the local 
t ransfer  current  density, species concentrat ion in the 
solution phase, porosity, conductance of the solid 
matrix,  and the conductivi ty of the electrolytic solu- 
tions may have large ranges of variation. Numerous 
works have been published during the recent two 
decades on porous electrodes and their  application to 
batteries. A rev iew of porous electrodes in bat tery  ap- 
plications has been recent ly given by Newman and 
Tiedemann (18). Since the p r imary  interest  of this 
work is to invest igate  how the zinc oxide redistr ibutes 
over  the zinc electrode in the y direction after a certain 
number  of cycles, it is for simplicity that  the local 
current  density, Speeies concentrations, porosity, and 
conductivi ty of electrolyte  are assumed n o t  to vary  in 
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the x direct ion inside the porous electrodes. Only the 
variat ions in the y direct ion are considered. This s im- 
plification allows the t ransformat ion  of a two-d imen-  
sional problem into a one-dimensional  p roblem which 
can be solved with  much less cost. The t ransport  of 
species across the membrane  f rom one electrode com- 
par tment  to the other wil l  be t reated as a source t e rm 
in the species conservat ion equations in the electrode 
compartments .  

The conservat ion equat ion for species in solution 
wi th in  a porous electrode can be wr i t ten  as follows 

O~ci aNi,y 
- -  + R i  [9]  

Ot Oy 
(Accumulat ion)  = (Net input)  + (Source) 

where  ci, e, Ni.y, and Ri represent  the concentrat ion of 
species i, e lect rode porosity, flux of species i in y direc-  
tion, and source t e rm of species i respectively.  I f  the 
dependence of the diffusion coefficient on tortuosity is 
not considered, then the flux of species i in the y di-  
rection can be wr i t t en  in the form 

act 
Ni,y = -- Die + CiVy [10] 

0Y 

where  Di is the diffusion coefficient of species i and vy 
is the superficial veloci ty  in the y direction. The con- 
servat ion equations for species Zn +2 and K + in the 
electrode compartments  can be expressed by substi-  
tut ion of Eq. [10] into Eq. [9]. In the s i lver  electrode 
compar tment  

aCZnPe p 

at 

aCKPe p 

0 I__DznPeP aCznP ~- CznPvyP) -~-RznP 
ay ay 

[11] 
o (  OCK" ) 

_ _ D K P e P  .~_ CKPVyP 2g RKP [12] 
0t 0Y 0Y 

In  the zinc electrode compar tment  

a C z n n e  n 0 (__Dznnen OCZn____Ln .~_ cznnvyn ~ -}- RZn n 
at 0Y 0Y \ / 

[13] 
OCK n~n 0 ( __ DKnen aCKn ) 

_ _  - -  -~- CKnVy n -~  R E  n [14] 
at ay ay 

All the terms have meanings as defined previously. The 
superscripts p and n designate the quantities in the 
si lver electrode compar tment  and the zinc electrode 
compartment ,  respectively.  

Since the K + species does not part icipate  in any 
electrochemical  or chemical  reactions in both s i lver  
and zinc electrode compartments ,  the source terms of 
K + in both compartments  will  be equal to the flux of 
K + species across the membrane  into the compart-  
ments. Then the source terms for K + in the si lver and 
the zinc electrode compar tments  can be expressed as 

NK,~ TM 

2 K  p ~. [15] 
~JJp 

NK,x m 
RK n _____ -- [16] 

%0 n 

where  wl> and w~ are the thickness of the si lver and 
the zinc compartments ,  respectively.  

In the zinc electrode compartment ,  the Zn +2 species 
part icipates in the electrochemical  reaction (oxidation 
or reduct ion of Zn) and the phase t ransformat ion re -  
action (dissolution or precipi tat ion of ZnO). Therefore,  
the source term of Zn +2 in the zinc electrode compar t -  
ment  should include all these electrochemical  and 
phase t ransformat ion reactions plus the t ransport  of 
Zn +2 species across the membrane  into the zinc elec- 
t rode compartment .  It  is expressed as 

NZI1jx TM 

R z ~  = -- - - -  + - -  ak(cza ~ -- Czn ~ )  [17] 
Wn 2 F w n  

where  the t e rm i/2Fwn represents  the ra te  of the oxi-  
dation (or reduction) react ion of Zn due to the pas- 
sage of current, ak (CZn n - -  CZn sn )  represents  the ra te  of 
dissolution (or precipi tat ion) react ion de termined  by 
the solubil i ty of ZnO in KOH solution, Czn s is the satu-  
rated concentrat ion of Zn +2 species adjacent  to the zinc 
oxide mater ia l  surface in KOH solution, a is the avai l-  
able surface area for dissolution (or precipi tat ion) 
of ZnO per  unit  vo lume of the e lect rode compartment ,  
which will  be a function of the porous solid mat r ix  
s t ructure  and the amount  of ZnO, and k is the mass 
t ransfer  coefficient for Zn +2 species t ransfer  f rom the 
bulk solution to the sites of dissolution or precipi ta t ion 
of ZnO. The magni tude  of k is affected by the hydro-  
dynamic behavior  occurring in the electrode compar t -  
ment. It is assumed that  the value of k increases wi th  
increasing convect ive flow during ZnO dissolution and 
decreases wi th  increasing convective flow during ZnO 
precipitation. 2 The dependence of k on the convective 
flow is correlated by an empir ical  exponent ia l  term. 
The product  of the two terms a and k can be expressed 
in an empirical  form as follows. 

During dissolution of ZnO 

ak ~ RaQzno~e~dlV~l [18] 

During precipi tat ion of ZnO 

ak : Rp(1 -~- ~Qzno~)e-~plv~l [19] 

where  Rd, Rp, ~, ~, rid, and pp are empirical  constants, 
[Vynl is the absolute value  of the veloci ty  Vy n, and 
Qzno is the quant i ty  of zinc oxide per unit  area. 

Equat ion [18] correlates the rate  of dissolution of 
ZnO into the electrolytic solution wi th  the amount  of 
ZnO in the electrode compartment .  As the amount  of 
ZnO in the electrode compar tment  goes to zero, the 
dissolution rate of ZnO wil l  go to zero. As the veloci ty  
of the convect ive flow goes to infinity, the  rate  of dis- 
solution will  also go to infinity. Equat ion [19] corre-  
lates the precipi tat ion reaction of ZnO on the solid 
mat r ix  surface plus the surface of ZnO mater ia l  in the 
electrode compartment.  As the convect ive flow goes to 
zero, the rate of precipi tat ion of ZnO wil l  be equal to 
the value at a s tagnant  state. 

Similarly,  the source te rm for Zn +2 species in the 
si lver electrode compar tment  can be expressed by 
summing the net flux of Zn +2 species across the m e m -  
brane and the effect due to precipi tat ion or dissolution 
of ZnO in the si lver electrode as follows 

Nzn,x TM 

Rzn p = - -  a'k* (Czn p -- czn sp) [20] 
aj jp 

where  the t e rm a'k* has the same terms for  precipi ta-  
t ion and dissolution of ZnO as shown in Eq. [18] and 
[19]. The empir ical  constants are specific for the s i lver  
electrode compartment .  

For  dissolution 

a'k* ~- RaPQzno~ e~dPI~p[ [21] 

For  precipi tat ion 

a'k* ---- RpP(1 + ~pQzno~aP)e-~p~lv~p[ [22] 

In a static solution or in an ideal convect ive flow 
(plug flow), the diffusion coefficient of species wil l  be 
equal to the usual l iquid phase diffusion coefficient. 
But in a more realistic fluid flow behavior  in porous 
media, the diffusion coefficient for species in the solu- 
tion phase should also include a dispersion contr ibu-  
tion due to fingering and backmixing associated with  

2 In retrospect, the reasoning leading to this decreasing mass 
transfer coefficient on velocity, as manifested by the  minus signs 
in Eq. [19] and [22], is fallacious. The effect on final numerical 
results is small. The cost of repeating the calculations was too 
large to justify making the  correction. 
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flow through tortuous pores of varying size and the 
velocity profiles across the pores. Some correlations of 
data on dispersion in packed beds have been given re-  
cently by Sherwood et ak (19). The backmixing dis- 
persion effect in porous electrodes has been discussed 
by Newman and Tiedemann (18). However ,  a correla-  
t ion of data on the dispersion effect has not been ob- 
ta ined direct ly  for porous electrodes. An empir ical  re -  
lationship to account for the dispersion effect in this 
s tudy is expressed as 

Di = Di~ + 7IVy I) [23] 

where  Di o is the effective diffusion coefficient in a static 
solution within the porous electrode, Vy is the super-  
ficial veloci ty in the y direction, and 7 is an empirical  
constant. As the veIocity goes to zero, the dispersion 
effect will  disappear, and the diffusion coefficient Di 
becomes equal to Di o. 

In a dilute electrolytic solution, the solvent concen- 
t rat ion can usually be regarded as constant. But in a 
concentrated electrolytic solution, the solvent concen- 
trat ion will  be affected by the change of solute concen- 
tration. For  simplicity, the solvent (water  species) 
concentrat ion is assumed to be constant. Then the con- 
servat ion equations for water  species in the silver and 
zinc electrode compar tments  can be wr i t ten  as follows. 

In the si lver electrode compar tment  

Oep OVyP 
co p -  -- cop + RH2O p [24] 

Ot OY 

In the zinc electrode compar tment  

0 e  n 0Vy n 
Co n : - -  Co n --~ R H 2 0  n [ 2 5 ]  

at oy 

where  Cop and co n are the water  concentrations in the 
s i lver  and the zinc electrode compartments,  and RH2O p 
and R~eo ~ are  the source terms for water  in the si lver 
and zinc electrode compartments ,  respectively.  By 
summing the t ransport  of water  species across the 
membrane  into the electrode compar tment  and the 
effects due to the electrochemical  and phase transfor-  
mat ion occurring in the electrode compartments,  the 
source terms of water  species in the si lver and the 
zinc electrode compartments  are expressed as 

~Vo,x TM 

RH20 p -- - -  ~- a 'k*  (Czn" -- czn s') [26] 
wp 2Fwp 

No,~ TM 

RH2O n -- -- - -  + ak (Czn n -- Czn sn) [27] 
I/)n 

where  the terms No,xm/Wp and No,xm/Wn represent  the 
effect due to the t ransport  of water  species across the 
membrane,  the t e rm i/2Fwp represents  the effect due 
to the electrochemical  react ion occurring in the silver 
electrode compar tment  according to Eq. [3], and the 
terms a ' k*  (Czn p -- czn sp) and ak (czn n - -  CZn sn) repre-  
sent the precipi tat ion (or dissolution) reaction of ZnO 
in the silver and the zinc electrode compartments,  re-  
spectively, which are due to the solubili ty of ZnO in 
KOH solution represented by Eq. [5]. 

The conversion of species in the porous electrodes 
f rom one solid phase to the other solid phase or f rom 
a solid phase to the l iquid  phase due to phase t ransi-  
t ion and electrochemical  reactions occurring in the por-  
ous electrodes may  cause changes in the porosities of 
the  electrodes. For  example,  the t ransformat ion of 
solid silver oxide to solid s i lver  in the si lver electrode 
compartment,  deposition of zinc ionic species as meta l -  
lic zinc, and the dissolution of zinc oxide into the solu- 
tion or the precipitat ion of zinc oxides f rom the solu- 
tion to the electrode surfaces may change the electrode 
porosity.a Thus, the variat ions of the porosities wi th  

~ T h e  t r e a t m e n t  of s u c h  p o r o s i t y  c h a n g e s  in  p o r o u s - e l e c t r o d e  
m o d e l i n g  occu r s  f i rs t  in t h e  w o r k  os A l k i r e  et  al. (28-31). I t  h a s  
s u b s e q u e n t l y  b e e n  d i s cus sed  b y  D u n n i n g  et al. (32, 33),  S i m o n s s o n  
(34, 35),  Micka  a n d  R o u s a r  (36), a n d  b y  G i d a s p o w  a n d  B a k e r  (37, 

38). 

t ime in the si lver electrode compar tment  and the zinc 
electrode compar tment  can be formulated according t o  
Eq. [3], [4], and [5] as follows 

~e p i 
= ( V n g o  - -  VAg)  V z n o  a 'k*  (Czn p - -  CZn sp) 

a t  2 F w p  
[23 ]  

8E n Vzn 
= - -  i - -  V z n o  ak ( c z n  n - -  c z n  sn) [29 ]  

a t  2 F w n  
- -  m 

where  VAg, VAgO, ~?ZnO, and Vz, are the part ial  molar  
volumes of silver, s i lver  oxide, zinc oxide, and zinc. 
The current  density is defined to be posit ive on dis- 
charge and negat ive on charge. Equation [3] is as- 
sumed to be the main reaction in the si lver electrode. 

Evaluation of the current density across the cell 
based on Ohm's law. Assuming the act ivat ion over-  
potential  on the electrode surface to be negligible and 
the cell potential  to be governed by the ohmic resist- 
ance of the electrolytic solutions in the porous elec- 
trodes and membrane,  the current  density can be wr i t -  
ten from Ohm's law as 

de  
i : - ~ ~ [ 3 0 ]  

dx 

where  K is the conductivi ty of the solution phase, which 
is a function of the bulk concentrat ion and the porosity 
of the porous matrix.  The over -a l l  ohmic resistance 
across the cell includes the ohmic resistances of t h e  
silver electrode compartment ,  the membrane,  and the 
zinc electrode compartment .  Af te r  some algebraic 
manipulation, and making the approximate  but  con- 
venient  assumption that  the t ransfer  current  density 
is constant across the electrodes, Eq. [30] can be re-  
written in the form 

A@ 
i =- -- [31] 

Wp Wn ~w= dx 

Kp K n gm 

where  ~ is the total ohmic potent ial  drop across the 
cell, and Kp, Kn, and Km are the effective conductivities 
of the electrolytic solutions in the si lver electrode 
compartment,  the zinc electrode compartment ,  and the 
membrane,  respectively.  By regarding the membrane  
as a porous medium and using a dependence of effec- 
t ive conductivi ty of solution on porosity suggested by 
Meredi th and Tobias (20), the effective solution con- 
ductivities in the si lver electrode compartment ,  the 
zinc electrode compartment,  and the membrane  are 
expressed as 

Kp --~ Kp ~ (ep)1.5 [32] 

Kn ~- Kn ~ (e n )  1.5 [33] 

~m = ~m ~ (~m)1.~ [34] 

where  Kp ~ Kn ~ and ~m ~ are the effective bulk solution 
conductivities in the silver electrode compartment ,  the 
zinc electrode compartment ,  and the membrane,  re -  
spectively. In the membrane,  Km o is dependent  on the 
local solution concentrat ion which is t reated as a 
l inear function of the bulk solution concentrations in 
the sliver electrode compar tment  and the zinc elec- 
trode compartment.  The in tegra l  te rm in Eq. [31] can 
be approximated as follows 

- - [35]  
M (-~-)  1.5 . Km i ~ 

where  Wm is the thickness of the membrane,  M is the 
number  of elements into which the membrane  is theo-  
ret ical ly sectioned, e m is the membrane  porosity, a con- 
stant, and K~.i o is the local solution conductivi ty of the 
KOH solution in the ith e lement  of the membrane  as- 
suming a l inear  concentrat ion profile. Since the pres-  
ence of zinc ions in KOH solution has been found not 
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to affect the conduc t iv i ty  appreciably (21), the con- 
duct ivi ty of a pure KOH solution is employed here. 

The ohmic potential  drop in  the collector screens in 
the y direction has been neglected. The system is de- 
signed'  so that  the current  density differs from one 
end of the electrodes to the other by only a few per-  
cent due to this effect. The na ture  of this effect does 
not change with cycling, and it has no major  role in  
the shape-change process. The integrat ion of current  
density across the electrode superficial area will be 
equal to the cell current  

f i dy : I [36] 
o 

where 1 is the width of the electrode, L is the length 
of the electrode, and I is the cell current.  The total cell 
current  is given as par t  of the problem statement.  

Current density distribution when ~imited by zincate 
depletion.--As zinc oxide becomes redistributed, there 
eventual ly  arise regions in  which the zincate solution 
concentrat ion begins to drop during charging due to 
insufficient solid zinc oxide b e i n g  available to dis- 
solve. These regions which are depleted in zinc oxide 
cannot accept the current  density evaluated by Ohm's 
law alone. The current  density in  these regions be-  
comes l imited by the rate of supply of zincate to the 
reacting surfaces 

f 0CZn-----'-n 0 ( D z n n e n  OCznn ) 
i - '- Vyn 0Y 0Y OY 

Lzz ) WnF 
- -  - -  CZn p -- ak CZn sn 

Wn (0.5 - -  tZn TM) 
[37] 

Initial and boundary conditions.--Equations [11], 
[12], [13], [14], [24], [25], [28], [29], and [31] or [37] 
form a set of nonlinear ,  coupled differential equations 
with n ine  unknowns  czn p, Czn n, CK p, CKn~ Vyn~ Vy p, en~ e p, 
and i. These nine variables are functions of t ime t and 
position y. Equations [11] through [14] describe the 
concentrations of the solutes in  the two electrode com- 
par tments  while Eq. [24] and [25] relate how the ve- 
locity Vy changes with distance y, on the basis of mate-  
rial balances on the solvent. Equations [28] and [29] 
formulate  the porosity variat ions of the positive and 
negative electrodes due to changes in the solid phases 
dur ing cell operation. The last equation ([31] or [37]) 
is a description of the current  density over the elec- 
trode. 

The equations can be solved numerica l ly  with suffi- 
cient init ial  and boundary  conditions. If the solutions 
can be obtained, then the dis tr ibut ion of ZnO mater ial  
over the zinc electrode in  the y direction may be cal- 
culated as 

(1 - -  en )Wn - . Q z n  Wzn - OB 
Q z n o  - -  [38] 

V z n o  

where Qzno is the amount  of zinc oxide per un i t  area 
of the zinc electrode and Qzn is the amount  of metallic 
zinc per uni t  area of the zinc electrode 

Qzn = ~2-F' dt [39] 

and ~B is a constant term which corrects for the amount  
of inert  material  4 in the zinc electrode. 

Initially, before passing any current  across the cell, 
the solution concentrat ions of species in both the silver 
and the zinc electrode compartments  will be the same, 
the porosities of the silver electrode compartment  and 
the zinc electrode compartment  will be equal to their  
ini t ia l  values, and both electrode compartments  will 
be in a static situation. Immediate ly  after the current  
is turned on, the flows begin and the ini t ial  conditions 
for t ime at zero plus are as follows 

~The iner t  mater ia l  includes expanded  silver grid, Teflon 
binder ,  and mercuric  oxide.  

t = O-t-, all y I -- Io 
Ci p "-" Ci n = Ci,o 

ep ---eo p 
~n : eo n [40] 

At the boundary  y = 0 in both electrode compart-  
ments, the fluxes of species in  the y direction are zero. 
Then the boundary  conditions at y : 0 can be wr i t ten  
as follows 

y=0 
aeiP 

- - 0  
Oy 

~Ci n 
----0 

OY 
'Dy n ~ 0 

VyP = 0 [41] 

The subscript i implies either Zn +2 or K +. At the 
other boundary, y = L, in both electrode compart- 
ments, solution may flow into or out of the electrode 
compartments by utilizing the reservoirs. The direc- 
tion of flow changes during cycling. If it is assumed 
that the electrolytic solutions in the reservoirs are 
completely mixed whenever the fluids are flowing into 
or out of them, the changes of amount of species with 
time in the reservoirs will be equal to the fluxes of 
species across the boundary at y = L in both electrode 
compartments. Therefore, the boundary conditions at 
y = L are written as follows 

y = L, in the silver electrode compartment 

Oci p Vp 
- -  - -  Ni,yPWp~ [42] 

at 

and in the zinc electrode compartment  

Oci n Vn 
- -  - -  Ni,ynWn ~ [43] 

Ot 

where Vp and Vn are the volumes of the reservoirs 
next to the silver electrode compartment and the zinc 
electrode compartment, respectively. The change of 
volumes of reservoirs with time are expressed as 

OVp 
= VyPWp/, [44] 

Ot 

OVn 
= vpwnl  [45] 

~t 

where I is the width of the electrode. 

The computation procedure.--There are n ine  pr inci-  
pal equations (Eq. [11], [12], [13], [14], [24], [25], 
[28] [29], and [31] or [37]) to solve for the mathe-  
matical model subject to the init ial  conditions (Eq. 
[40]) and the boundary  conditions (Eq. [41], [42], 
and [43]). The numerical  solutions for the set of equa-  
tions were carried out on an IBM digital computer  
360/91 by use of a finite-difference numerical  tech- 
nique. The Crank-Nicolson implicit  method (22) was 
used for Eq. [11], [12], [13], and [14]. Backward differ- 
ence expressions were employed for Eq. [24] and [25]. 
Accuracy to order h 2 was maintained by averaging 
quantities, other than derivatives wi.th respect to y, be- 
tween mesh points j and j-l. The time derivatives in 
Eq. [28] and [29] were expressed by a backward 
difference in At, and the other terms were averaged 
between the values of the previous and the present 
time steps. The accuracy of the numerical solutions 
was of the order h 2 and (At) 2, where h and At are the 
grid sizes of distance and time. The equations were 
linearized about trial solutions and set in finite-differ- 
ence forms. The resulting matrix was solved by use 
of the numerical method described by Newman (23- 
25). The convergence criterion was that the error of 
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two successive solutions for all the variables at all the 
mesh points be less than  0.001%. The details of the 
numerical  calculation and procedure have been de- 
scribed by  Choi (26). The values of the parameters  for 
numerical  calculations are summarized in the Ap- 
pendix along with a table of the times for charging and 
discharging. 

Results 
The hydrodynamic behavior  occurring in the cell 

compartments  dur ing cell cycling is predicted by the 
model. The convective flow moves upward into the 
reservoir in  the positiye y direction in  the zinc elec- 
trode compar tment  on charging and downward in  the 
negative y direction on discharging. Since the con- 
vective flow is the ma in  cause leading to the zinc ma-  
terial redis t r ibut ion over the zinc electrode as a re- 
sult of cycling, a comparison of the zinc movement  
through the solution phase upward  on charging and 
downward on discharging gives a quali tat ive measure 
of how fast the zinc mater ia l  redistr ibutes over the 
zinc electrode. Numerical  solutions for zinc movement  
through the solution midway along the zinc electrode 
for cycles 2, 5, and 8 are shown in Fig. 2, 3, and 4. These 
results (Fig. 2-4) indicate that  the net  movement  of 
zinc mater ial  is from the upper  region of the zinc e]ec- 
trode to the lower region of the zinc electrode as a 
result  of cycling, using the midpoint  of the electrode as 
reference. The net amount  of zinc mater ial  moving per 
cycle down through the midpoint  of the zinc electrode 
is ini t ia l ly  about 0.21% of the total amount  of zinc 
mater ial  in  the electrode. It  increased to 0.24% for cycle 
5, and it remained almost constant (0.24%) for cycle 8. 
Figure 5 shows the redis t r ibut ion of zinc material  over 
the zinc electrode after I0, 20, 30, and 35 cycles due to 
the gradual downward movement of zinc material from 
the top to the bottom of the zinc electrode. 
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Fig. 2. Zinc movement midway along the zinc electrode during 
charging and discharging of cycle 2. 
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Fig. 3. Zinc movement midway along the zinc electrode during 
charging and discharging of cycle 5. 
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Fig. 4. Zinc movement midway along the zinc electrode during 
charging and discharging of cycle 8. 
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Fig. 5. Distribution of zinc material over the zinc electrode after 
10, 20, 30, and 35 cycles. Qzno* is the quantity of ZnO initially 
present per unit area of the electrode. 

The species concentrations in the electrode compart-  
ments  also varied in  the y direction due to the con- 
vective flow. Figures 6 and 7 show the variat ions of 
K + and Zn +z species concentrations at the end of 
discharge with number  of cycles at three different lo- 
cations of the zinc electrode. After cycles 8, 15, 22, and 
28 the cell was allowed to stand for a long period of 
t ime unt i l  the species concentrations recovered to their 
ini t ial  values. Otherwise the cell was continuously 
cycled, while allowing only a 3 rain rest period be- 
tween successive half-cycles. These results show that 
there are large variations of species concentrat ion in  
the y direction in the zinc electrode. The species con- 
centrations near  the bottom of the zinc electrode de-  
creased with the number  of cycles. The changes of 
species concentrations in  the y direction and the 
changes of the porosity of the zinc electrode due to the 
redis tr ibut ion of zinc material  continuously affect the 
cell performance as cycling proceeds. Figure  8 shows 
the variat ion of cell performance in terms of the 
change in  cell potential  with the number  of cycles. In 



Vol. 123, No. 11 ZINC SECONDARY ELECTRODES 1623 

12 I I I l [ l l i l l l l l l l l i l l l l l l l l l [ l l l l i l  

v 

r~ 

o 

i0 Top TOp Top Top Top 

4 

2 

[ ] ] I I I I ] [ [ I i I ] I I I I | I I I | I I I I I | I I I I 

8 15 22 28 35 
Number of cycle 

Fig. 6. Concentration profiles of KOH at the top, middle, and 
bottom of the zinc electrode as a func6on of the number of cycles. 
The values correspond to the end of the discharge half-cycle. 
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Fig. 7. Concentration profiles of dissolved zincate at the top, 
middle, and bottom of the zinc electrode as a function of the 
number of cycles The values correspond to the end of the dis- 
charge half-cycle. 
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Fig. 8. Variation of cell potential at the end of charge and d~s- 
charge as a function of the number of cycles 

Fig. 8, it is shown that from cycles 1 through 8, the 
cell potential increases with the number of cycles on 
charging and decreases rapidly at the end of discharg- 
ing. 

If the cell is allowed to stand for a long period until 
the concentrations of species recover to their initial 
values, for example after cycle 8, the cell performance 
in cycle 9 behaves similarly to cycle i. As cycling con- 
tinues from cycle 9 through 15, the cell behavior is 
very similar to that for cycle 1 through 8 (Fig. 8). 
However, closer comparison of the cell behavior for 

cycles 1 through 8 and for cycles 9 to 15 indicates that  
the cell performance has deteriorated since now a 
rest period is needed after seven cycles instead of 
eight. The cell potential  at the end of charging and at 
the end of discharging of cycle 15 is the same as for 
cycle 8 (Fig. 8). Comparison of the continuous cycling 
processes for cycles 16 through 22, 23 through 28, and 
29 through 35 also shows a steady decrease in  cell po- 
tential  at the end of discharging. 

The change of cell performance with the n u m b e r  of 
cycles may also be reflected by the change in  the dis- 
t r ibut ion of metall ic zinc and the current  density dis- 
t r ibut ion over the zinc electrode as a funct ion of the 
number  of cycles. Figures 9 and 10 show how the 
metallic zinc dis t r ibut ion varies with n u m b e r  of cycles 
at the end of charging and discharging. The area under  
the various curves is not constant because the amount  
of overcharging varied slightly from cycle to cycle. 
Zinc does not deposit in as great a quant i ty  near  
y : 0 compared to y = L/2 dur ing charging because 
water  is pumped across the membrane,  reducing the 
KOH concentration, increasing the electrical resistance, 
and decreasing the local current  density. As the elec- 
trolytic solution flows up in  the y direction, KOH is 
cont inual ly  added to the solution, the electrical re-  
sistance decreases, current  density increases, and the 
amount  of zinc deposited increases. At 25~ the elec- 
trical conductivity of KOH goes through a max imum 
at about 7.3M. Above 10M the conductivi ty falls rapidly 
with increasing concentration. Thus, near  y = L the 
KOH concentrat ion gets high enough dur ing charging 
that  it exceeds the conductivi ty maximum, the electri-  
cal resistance increases, current  density decreases, and 
the amount  of zinc deposited becomes less than  near  
y = L/2  as is shown in  Fig. 9. 

Figure 11 shows the variat ion of current  dis t r ibut ion 
over the zinc electrode at the end of discharging with 
the n u m b e r  of cycles. These results show that  metall ic 
zinc dis t r ibut ion over the zinc electrode at the end of 
charging becomes .more nonuni fo rm as the n u m b e r  of 
cycles is increased (Fig. 9) which in  tu rn  affects the 
cell performance on discharging. At the end of dis- 
charging, Fig. 10 shows that  there is no metall ic zinc 
left near  the regions close to the top and the bottom of 
the zinc electrode. Figure 10 also shows that as cycling 
continues, the area of the zinc electrode where there 
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Fig. 9. Distribution of metallic zinc over the zinc electrode at the 
end of charging for cycles 2, 4, 8, 15, and 23. 
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Fig. 10. Distribution of metallic zinc over the zinc electrode at 
the end of discharge of cycles 2, 8, 17, and 22. 
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Fig. 11. Current distribution over the zinc electrode at the end 
of the discharge for cycles 1 to 8. 

is metal l ic  zinc left  is gett ing smaller  and more con- 
centrated over  a small  area near t.he reservoir  in the 
zinc electrode. This behavior  can also be reflected by 
the current  distr ibution over the zinc electrode at the 
end of discharging (Fig. 11). Figure  11 shows that  at 
the end of discharging, most of the current is concen- 
trated in a small area near the upper center portion of 
the electrode. This effective area becomes smaller with 
the number of cycles. 

Discussion 
Movement of zinc.--The movement  of zinc mater ia l  

at the midpoint  of the cell during cycles 2, 5, and 8, 

reported in Fig. 2-4, is f rom the upper  half  of the zinc 
electrode to the lower half. This occurs because the 
convect ive flow of solution moving upward  in the zinc 
electrode on charging is undersa tura ted  with  zincate 
because of deposition of zinc, and, as the convective 
flow of solution moves down in the zinc electrode on 
discharging, the solution in the zinc electrode is super-  
saturated wi th  zincate species because of the dissolu- 
t ion of zinc. The amount  of zinc mater ia l  being carried 
upward in the zinc electrode on charging is less than 
the amount  of zinc mater ia l  being carried down on 
discharging because of the difference in zincate con- 
centrations on charging and on discharging. This causes 
a net amount  of zinc mater ia l  to move downward  from 
the upper  region to the lower  region in the zinc elec- 
trode for each cycle. 

The data shown in Fig. 2 and 4 provide  a measure  of 
the percentage of the total amount  of zinc mater ia l  
moving downward  for each cycle. The ra te  of redis-  
t r ibut ion of zinc mater ia l  over  the zinc electrode may  
be est imated by comparison of these figures. Based on 
these results it can be projected that  all of the zinc 
mater ia l  in the top half  of the cell will  be t ransported 
to the bot tom half  after 208 cycles, the m a x i m u m  pos- 
sible cycles will, therefore,  be less than 208 cycles for 
the cell being modeled. 

Because of the gradual  movemen t  of zinc mater ia l  
f rom the top to the bot tom in the zinc electrode, the 
zinc mater ia l  near  the center  and bot tom of the zinc 
electrode increases as cycling proceeds, see Fig. 5. The 
curves in Fig. 5 also indicate that  the location of the 
m ax im um  amount  of zinc mater ia l  gradual ly  shifts to 
the center f rom the lower  part  of the zinc electrode. 
This is due to interrelat ionships be tween the var ia t ion 
of species concentrat ion (KOH and zincate),  convec- 
t ive flow behavior,  and the  current  distribution. 

During discharging, when the convective flow is in 
the downward  direction in the zinc electrode, the rate  
of downward  movement  of zinc mater ia l  at the mid-  
point of the cell slows near  the end of the discharge 
cycle, see Fig. 2-4. At the same time, most of the cell 
current  becomes concentrated near  the center  of the 
zinc electrode (Fig. 11) due to zinc metal  deplet ion at 
the ends. This reduced current  near  y ---- 0 is one cause 
of the reduced downward  flow rate  of solution. The 
higher current  density near  y ---- L/2 causes a rapid 
increase in supersaturat ion of zinc species there. In 
addition, the KOH concentrat ion near  the middle of 
the zinc electrode becomes smaller  (Fig. 6), decreasing 
the solubil i ty of zinc oxide. The decreased flushing 
action of the convection, the increase in local zinc 
species concentration, and the decreased zinc oxide 
solubili ty all combine to increase the rate  of zinc oxide 
precipi tat ion in the upper middle port ion of the zinc 
electrode near  the end of a discharge period. As cycling 
proceeds, these effects are cumulative,  and the zinc 
oxide collects more and more toward the lower middle  
port ion of the zinc electrode. 

As the zinc mater ia l  near  the top region of the zinc 
electrode moves down to the center  and bottom of the 
zinc electrode, the zinc mater ia l  r ight on the top 
boundary of the zinc electrode (y _-- L) does not de- 
crease as rapidly as the region next  to it during the 
first 10 to 20 cycles because there  is a large reservoir  
next  to it. The existence of the reservoir,  ini t ial ly as- 
sumed to be saturated with zincate, provides a source 
for zinc and slows down the decrease of zincate con- 
centrat ion at the boundary, which in turn slows down 
the dissolution of zinc oxide at the boundary. But as 
cycling proceeds, the zincate concentrat ion of the 
reservoir  in the zinc electrode compar tment  becomes 
smaller, and the dissolution rate of the zinc oxide is no 
longer  retarded. The amount  of zinc oxide mater ia l  at 
the boundary (y ---- L) then shifts down to the mini-  
mum (see curve for 30 cycles, Fig. 5). 

Since the zinc mater ia l  movement  is due to the con- 
vect ive flow in the zinc electrode, the shape change 
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behavior  may be slowed if the convective flow in the 
zinc electrode is made smaller. If a neutra l  membrane  
(which has negligible electro-osmotic effects and 
smaller  osmotic effects) is used as the separator, shape 
change behavior  in  the zinc electrode should not be as 
severe. It appears possible to el iminate shape change 
in zinc electrodes if the convective flow in the zinc 
electrode can be stopped. However there are beneficial 
effects of the convective flow which would also be 
eliminated. Some of these tradeoffs are discussed 
briefly in a later  paper (4). 

Movement o] KOH.--As a result  of the convective 
flow and cell reaction, there is a wide range of KOH 
concentrat ion in  the y direction in the cell. The var ia-  
t ion of KOH in the y direction in the zinc electrode 
with number  of cycles is shown in Fig. 6. The var iat ion 
of KOH concentrat ion directly and indirect ly affects 
the cell performance and the redis t r ibut ion of the zinc 
mater ia l  over the zinc electrode dur ing cycling. As the 
concentrat ion of KOH is changing in  the electrode, the 
conductivities of the electrolytic solution and the mem-  
brane  are also changing. This, in turn,  affects the cur-  
rent  dis t r ibut ion over the zinc electrode. Also, a change 
of KOH concentrat ion in  the zinc electrode causes a 
change in the solubil i ty of ZnO in KOH solution so 
that  the rate of dissolution and precipitat ion of ZnO 
also changes. These interrela ted mechanisms may be 
seen from the variations of KOH concentrat ion (Fig. 
6), var ia t ion of cell potentials (Fig. 8), distr ibution 
of metallic zinc (Fig. 9 and 10), and dis tr ibut ion of 
current  (Fig. 11) with the number  of cycles. They are 
discussed in  the following section. 

Cell performance.--Generally, the performance of a 
bat tery  is evaluated from the current -potent ia l  be-  
havior on charging and on discharging, the length of 
charging period, the length of discharging period 
under  a certain load, and variations with number  of 
cycles. A rel iable cell should have a long cell cycle life. 
Under  a constant load or a constant cell current,  it 
should be possible to cycle a cell many  times without 
causing a significant increase of the cell potential  on 
charging or a significant decrease of the cell potential  
on discharging while the durat ion of charging and of 
discharging is held constant. The numerical  solutions 
in this study indicate that the performance of the Zn-  
AgO cell varies with number  of cycles because of var i -  
ations in species concentrat ion in the cell, redis t r ibu-  
t ion of zinc mater ial  over the zinc electrode, and var i -  
ations in  the current  distr ibution over the zinc elec- 
trode. These interrela ted mechanisms may be examined 
by comparing operation of a cell with relat ively un i -  
form zinc distr ibution to that  after the zinc dis t r ibu-  
t ion becomes nonuniform.  

Before shape change in the zinc electrode became 
severe, the cell performance yeas affected by the 
gradual  decrease of species concentrations near  the 
center and bottom of the electrode (Fig. 6 and 7). In  
the first continuous cycling process (cycles 1 through 
8), the cell potential  on  charging was increasing with 
number  of cycles (Fig. 8). This was due to the gradu-  
ally created nonuni form dis t r ibut ion of KOH concen- 
t rat ion in the cel]~ which caused the effective cell re-  
sistance to increase with the number  of cycles. The 
variat ion of KOH concentrat ion wi thin  the cell also 
caused a var iat ion of current  density over the zinc 
electrode on charging which was manifested by the 
metall ic zinc dis t r ibut ion after charge for cycles 2, 4, 
and 8 (Fig. 9). These results indicate that dur ing 
charging the current  density became larger near  the 
center and smaller  near the bottom of the electrode. 
The si tuation became more pronounced as the n u m -  
ber  of cycles was increased (compare cycles 2, 4, and 8 
in  Fig. 9). This decrease in current  density was ap- 
paren t ly  due to the continuous decrease in KOH con- 
centrat ion near  the bottom. 

Because of the nonuni fo rm dis t r ibut ion of metall ic 
zinc over the zinc electrode after charging and dur ing 
discharging, part  of the electrode area became inactive 
before the completion of a constant t ime period of dis- 
charging due to depletion of metall ic zinc in  those 
areas. Therefore, the cell potential  decreased dur ing 
the rest of the discharging period because most of the 
cell current  was concentrated in a small  area, thereby 
causing an increase in  the apparent  cell resistance (see 
Fig. 8). The current  dis t r ibut ion and metall ic zinc dis- 
t r ibut ion  over the zinc electrode at the end of discharge 
(Fig. 10 and 11) support  this hypothesis. The condi- 
tion became more severe as cycling continued. The 
potential  drop at the end of the discharge port ion of 
the 8th cycle was smaller  than  that of cycle 7 (see Fig. 
8) because the current  distr ibution at the end of dis- 
charging dur ing cycle 8 was more uni form than that 
at the end of cycle 7 (Fig. 11). As cycling continued 
(from cycle 1 through 8), the numerica l  solutions indi-  
cated that the region near  the bottom could not main-  
tain the ini t ial  capacity on charging due to the gradual  
decrease (Fig. 6 and 7) in available zincate in the solu- 
tion, which was due to reduced solubil i ty of zinc oxide 
caused by the decreasing KOH concentrat ion and con- 
vective removal of zincate. 

With only a 3 min  rest between half-cycles, the nu -  
merical  procedures did not allow the cycling process 
to continue after cycle 8. Allowing the cell to rest for 
a longer period, for example, unt i l  the species concen- 
trations recovered to their ini t ial  values, did allow 
cycling to go on. From cycles 9 through 15, the cell 
performance was very similar  to cycles 1 through 8. 
After the 15th cycle, the cell was refreshed again by 
allowing solution concentrations to re tu rn  to init ial  
values. Comparison of cycles 1 through 8 with cycles 
9 through 15 indicates that  the cell performance was 
decreased as the number  of cycles increased because 
wi thin  the first cycling period (cycles 1 through 8) 8 
continuous cycles were completed before refreshing 
was necessary, but  only 7 continuous cycles were com- 
pleted for the second cycling period (cycles 9 through 
15). 

As the loss of zinc oxide mater ial  from the region 
near the top of the zinc electrode become severe, after 
about 25 cycles, the numerica l  solution showed that  the 
cause of the failure of the zinc electrode was due to 
the loss of zinc oxide material  near  the top of the zinc 
electrode. In the 28th cycle after 115 rain of charging, 
the numerical  solution indicated that  the zincate con- 
centrat ion in~ the zinc electrode near  the reservoir  be- 
came completely depleted due to previous loss of zinc 
oxide in  that region (Fig. 5). The cell was refreshed 
(all concentrations set at their  init ial  values) and 
operation continued, as before, for three more cycles 
of 120 rain charging and 120 min  discharging with no 
addit ional zincate depletion at any point on the zinc 
electrode. 

In  the 32nd cycle, after 105 rain of charging, the zinc 
electrode again became depleted of zincate in the re- 
gion next  to the zinc electrode reservoir. In  later 
cycles, zincate depletion began as follows: after 97 min  
of charging in the 33rd cycle, after 85 min  in the 34th 
cycle, and after 73 rain in  the 35th cycle. After zincate 
depletion began, continued charging (in order to main-  
tain a constant charging time at the 1A rate for cycles 
32, 33, 34, and 35) caused a significant rise in cell po- 
tential  at and near  the end of charging as shown in 
Fig. 8. In  a real cell, this increased potential  would be 
expected eventual ly  to lead to an increase in hydrogen 
gas evolution at the zinc electrode (not accounted for 
in the theoretical model).  Practically speaking, it 
would finally be impossible to continue the 2 hr charg- 
ing period without reducing the charging current.  The 
model indicates that  this si tuation would become worse 
if cycling proceeded. A very uneven  metall ic zinc 
distr ibution over the zinc electrode would also result, 
causing a premature  decrease in  the cell potential  dur-  
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ing  d i s cha rge .  E v e n t u a l l y ,  t h e s e  c o m b i n e d  effects  
w o u l d  l e ad  to u n a c c e p t a b l e  cel l  p e r f o r m a n c e ,  a n d  t h e  
ce l l  w o u l d  fail .  

T h e  r e g i o n  n e x t  to t h e  r e s e r v o i r  in  t h e  z inc  e l ec -  
t r o d e  w o u l d  lose  a l l  of t h e  z inc  ox ide  m a t e r i a l  t h a t  
was  o r i g i n a l l y  t h e r e  if  t h e  cyc l ing  p roces s  p r o c e e d e d  
f a r  enough ,  as one  can  i n f e r  f r o m  t h e  t r e n d  of s h a p e  1 

2 c h a n g e  b e h a v i o r  w h i c h  o c c u r r e d  i n  t h e  z inc e l e c t r o d e  3 
as a r e s u l t  of cyc l i ng  (see  Fig.  5) .  W h e n  t h a t  occurs ,  4-9  
t h e  r e g i o n  n e x t  to  t h e  r e s e r v o i r  in  t h e  z inc  e l e c t r o d e  10 
w o u l d  lose a l l  c h a r g e  s t o r a g e  capac i ty .  T h e n  t h e  c u r -  11 
r e n t  d e n s i t i e s  o v e r  t h a t  r e g i o n  w o u l d  go to zero  d u r i n g  12 
c o n t i n u e d  cycl ing .  Ze ro  c u r r e n t  dens i t i e s  o v e r  t h e  r e -  13 
g ion  o n  t h e  top  of t h e  z inc  e l e c t r o d e  h a v e  b e e n  ob -  14-16 
s e r v e d  e x p e r i m e n t a l l y  b y  M c B r e e n  (3) i n  t h e  l a t e r  17 
s t age  of cycl ing .  18-19 
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Bd 
A P P E N D I X  

Numerical Values ot Parameters Used in Numerical Calculations Bp 
Bd p = 1.O X 103 s e c / c m  
B p  p : 4.0 X 103 s e c / c m  
B d  n : 1.0 X l0 s s e c / c m  ci 
Bp n = 2.0 X 104 s e c / c m  Di 
CK po ---- 9.8487 • 10 -8  m o l e / c m  3 F 
CK n~  : 9~8487 X 10 -3  m o l e / c m  3 i 
Can p~ --~ 8.804463 X 10 -4  m o l e / c m  3 [ 
c a n  no = 8.804463 X 10 -4 mole/cm3 k 
Co n = 0.0465967 m o l e / c m  3 
Co p ---- 0.0465967 m o l e / c m  3 
Dan ~ : 7.1 • 10 .5 cm2/sec  
DK o ~-- 2.0 X 10 -4  cm2/sec  k* 
I = 1.0A 
Lkk = 1.0 • 10 -5  e r a / s ee  
Lzz = 1.0 • 10 -6  c m / s e c  
Lok = 2.0 X 10 -5  c m / s e c  l 
Loz ---- 1.4 X 10 -4  c m / s e c  L 
L _-- 10.2 cm Lij 
l ---- 6 . 6 c m  
M = 11 
Qzno* : 3.3747 X 10-3  m o l e / c m  2 M 
R d  p = 2.0 X 10  - 2  s e c  - 1  N i , x  
Rpp ---- 3.0 X 10 -5  sec -1 
R d  n ---- 3.0 X 10 -5  sec -1 NLY 
Rp n ~ 6.0 X 10 -3  sea -~ 
t K  TM -~ 0.5 Qzno 
t Z n  m --~ 0.0 
to  m = 1.6 Rd 
VAg ---- 10.27 c m 3 / m o l e  
- -  R i  
VA~O _-- 16.65 c m 3 / m o l e  Rp 
Van ---- 9.15 c m 3 / m o l e  
V---z~o _-- 14.51 c m ~ / m o l e  tan TM 

wp ---- 0.0381 cm 
wn ~- 0.1905 c m  tK m 
Wm = 0.00762 cm 
aP : 1 to m 
a n ~ I Vy 

�9 yP = 1 .5  X 10 4 s e c / c m  V~ 
,yn = 1.0 y 104 s e c / c m  V ,  
ep ~ ---- 0.3254 
en ~ : 0.49274 Vn 
em = O.O1 
~p _-- 300.0 c m 2 / m o l e  Wn 
~n = 300.0 c m 2 / m o l e  Wp 
eB = 0.047666 Wm 

The Charging and Discharging Periods in the Numerical Calculation 

N u m b e r  of C h a r g i n g  D i s c h a r g i n g  
cycle (sec) (sec) 

7650 7200 
7200 7200 
7350 7200 
7200 7200 
7350 7200 
7350 7350 
7200 7200 
7200 7350 
7200 7200 
7350 7200 
7200 7200 
7350 7200 
7200 7200 
7350 7200 
7200 7200 
7350 7200 
6900 6900 
7200 7200 
7200 7100 
7300 7200 

LIST OF SYMBOLS 

available surface area per unit volume of zinc 
electrode for dissolution or precipitation of zinc 
oxide (cm2/cm 3) 
available surface area per unit volume of silver 
electrode for dissolution or precipitation of zinc 
oxide (cm2/cm 3) 
empirical constant in the expression for the de- 
pendence of rate of dissolution of zinc oxide 
material on velocity (sec/cm) 
empirical constant in the expression for the de- 
pendence of rate of precipitation of zinc oxide 
on velocity (sec/cm) 
concentration of species i (mole/cm 3) 
diffusion coefficient of species i (cm2/sec) 
Faraday constant (96,479 C/equiv.) 
current density (A/cm 2) 
total cell current (A) 
mass transfer coefficient for Zn +2 species trans- 
fer from the bulk solution to the sites of dis- 
solution or precipitation of zinc oxide in the 
zinc electrode (cm/sec) 
mass transfer coefficient for Zn +2 species trans- 
fer from the bulk solution to the sites of dis- 
solution or precipitation of zinc oxide in silver 
electrode (cm/sec) 
width of the electrode (cm) 
length of the electrode (cm) 
transport coefficients describing the interaction 
of species i and j within the membrane (cm/ 
sec) 
number of sections in the membrane 
flux of species i in x direction across the mem- 
brane (mole/cm2-sec) 
flux of species in y direction in the electrode 
compartments (mole/cm2-sec) 
amount of zinc oxide material over unit area of 
the zinc electrode (mole/cm 2) 
empirical constant for the rate of dissolution of 
zinc oxide (sec -I) 
source term of species i (mole/cm3-sec) 
empirical constant for the rate of precipitation 
of zinc oxide (sec -I) 
transference number of Zn +2 species in the 
membrane 
transference number of K + species in the mem- 
brane 
electro-osmotic coefficient of the membrane 
solution velocity in y direction (cm/sec) 
partial molar volume of species i (crn3/mole) 
volume of the reservoir in the silver electrode 
compartment (cm~) 
volume of the reservoir in the zinc electrode 
compartment (cm 3) 
thickness of the zinc electrode (cm) 
thickness of the silver electrode (cm) 
thickness of the membrane (crn) 
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empir ica l  constant  
convective t e rm for the  d ispers ion coefficient 
poros i ty  

~ constant  t e rm to correct  for the  amount  of in -  
er t  ma te r i a l  in the  zinc e lec t rode  
electr ical  conduct iv i ty  of e lect rolyt ic  solution 
(mho /cm)  
empir ica l  constant  

Subscripts 
i any  a r b i t r a r y  species 
j any  a r b i t r a r y  species 
o solvent  

Superscripts 
n zinc e lect rode compar tmen t  
p s i lver  e lec t rode  compar tmen t  
m membrane  
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ABSTRACT 

Exper imental  data on zinc-si lver oxide secondary cells were used to 
evaluate the convective flow hypothesis on the cause of shape change of zinc 
electrodes. A cell with flooded, vented electrodes designed to allow "normal" 
convective flow was studied. Zinc electrodes cycled in this cell showed exten-  
sive material  redis tr ibut ion in  accord with predictions based on the hypothesis. 
Measured volume average fluid flow rates for this cell were also in agreement  
�9 with predicted values. Zinc electrodes cycled in a second cell, designed to 
minimize convective flow in  the zinc electrode compartment ,  showed vir tual ly  
no active mater ial  redistribution. 

Shape change of the zinc electrode is commonly 
accepted as a pr imary  l imit ing factor in the life of 
zinc-silver oxide secondary cells which utilize grafted 
polyethylene films as separator materials.  The phe- 
nomenon develops progressively dur ing cell cycling 
and involves gross redis t r ibut ion and densification of 
active mater ial  over the surface of the electrode and 
loss of cell capacity (1). Suggested causes of and meth-  
ods for alleviation of shape change have been discussed 
by Oswin and Blur ton (2) and by Dalin (3). Lander  
and Cooper provide a series of photographs which 
i l lustrate the progressive development  of shape change 
in their report on active mater ial  migrat ion in  zinc 
electrodes (4). McBreen has summarized correlations 
between shape change and operating and construction 
parameters  of cells and has published extensive data 
on the dis tr ibut ion of current  and potential  over the 
surface of a sectioned zinc electrode dur ing cycling 
(5). He has offered a theory of shape change based 
on nonuni form cur ren t  dis t r ibut ion as a cause. 

Recently, a model has been developed for the zinc- 
silver oxide cell based on the hypothesis that the 
principal  cause of active mater ial  redis t r ibut ion over 
the zinc electrode is zincate concentrat ion changes 
coupled with convective flow, parallel  to the apparent  
electrode surface, dr iven pr imar i ly  by membrane  
pumping  effects (6, 7). When flow is toward the vent  
or reservoir location, the electrolytic solution wi thin  
the porous zinc electrode is undersatura ted with 
zincate. When flow is away from the vent  location, 
the electrolytic solution is supersaturated with zinc- 
ate. The net effect is a pumping  of zinc away from 
the vent  toward the center of the electrode. The model 
has been used to predict a number  of measurable 
physical quanti t ies as functions of time, including 
volume average fluid flow rates in the cell and zinc 
oxide distr ibution over the zinc electrode. The model 
has also provided a basis for the discussion of how 
changes in these and other quanti t ies affect cell per-  
formance. The results suggest that  mater ia l  redis t r ibu-  
t ion can be controlled by controll ing convective flow 
in the zinc electrode compartment.  

* E lec t rochemica l  Society S tuden t  Member .  
** E lec t rochemicM Society Ac t ive  Member .  
1 P r e s e n t  address :  Linfield College, McMinnville,  Oregon  91728. 
Key  words :  ba t t e ry ,  s i lver-s i lver  oxide, electro-osmosis ,  osmosis, 

separa tors .  

Experiments to test the validity of the basic hypoth- 
esis as well as predictions based on the model have 
been carried out. Fluid flow rates were measured in 
a flooded, vented zinc-silver oxide cell with "normal" 
convection.2 These rates are compared with those 
predicted from the model. The discharged zinc elec- 
trodes from these experiments were sectioned and 
analyzed, and the ZnO distributions are compared to 
that on unused zinc electrodes to determine the extent 
of ZnO redistribution as a result of cell cycling. The 
observed redistribution of material is also compared 
with predictions based on the model. In a second 
cell, flooded, nonvented zinc electrodes have been 
cycled under conditions intended to minimize con- 
vective flow. Discharged electrodes from this cell 
have also been sectioned and analyzed. ZnO distribu- 
tions are compared both with that on unused elec- 
trodes and those on electrodes cycled in the cell with 
normal convective flow. The variation of pressure in 
the zinc electrode compartment  as a funct ion of t ime 
has also been measured in a modified version of the 
second cell. 

Equipment and Procedures 
Electrical equipment.--All cell cycling experiments  

were carried out at constant current.  Power sources 
were commercial ly available galvanostats. Potent ial  
differences across the cell terminals  were recorded 
continuously to • with a recording voltmeter.  
A second recording voltmeter  was used in conjunct ion 
with a power resistor in series with the cell to monitor  
cell current  to • mA. A Flexopulse HG 108A6, 
repeat cycle t imer 3 was used as a reversing switch 
which allowed continuous var iat ion in cell charge 
and discharge times. The switch also allowed for brief  
intervals  of a few minutes durat ion with no cell cur-  
rent  between half-cycles. 

Signal output from the pressure t ransducer  was 
measured to • mV with a Hewlett  Packard, Model 
3440 A, digital vol tmeter  with digital pr int  out. Sensi- 
t ivi ty  of the t ransducer  was determined to be 3.6 
mV/bar .  

Electrodes.--All electrodes used in this work were 
furnished by AFAPL (Air Force Aero Propulsion 

2 Convect ion s imilar  to that in commercial cells. 
Eagle  Signal,  736 Federal Street, Davenport, Iowa  52803. 
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Laboratory,  Wright  Pat terson Air Force Base, Ohio). 
The zinc electrodes came in the discharged state 
wrapped in  Viskon (cellulose rayon)  paper and con- 
sisted of pressed, blended ZnO, HgO, and Teflon binder  
on expanded silver screen (3.23 X 10-'~g of Ag/cm2). 
These electrodes were prepared according to the pro- 
cedure described by Keral la  (8). They were 10.3 cm 
long, 6.4 cm wide, and 0.2 cm thick. Different batches 
of electrodes were found to vary slightly in compo- 
sition, and different electrodes with the same batch 
differed in total weight by as much as 8%. During 
the analysis of both used and unused electrodes, a 
layered s t ructure  in the active mater ia l  was observed. 
By color, it appeared that the layer near  the collector 
screen was rich in HgO. This layer also appeared 
finer grained, more coherent, and more firmly bound 
together than the mater ia l  which covered it. The 
quant i ty  of ZnO present  on each electrode was ad- 
equate to yield a theoretical capacity, at 100% uti l iza-  
tion, of approximate ly  12 A-hr.  HgO content in the 
electrodes was 33 mg HgO/g ZnO as determined using 
an atomic absorption spectrophotometer in this lab-  
oratory. The silver electrodes also came in the dis- 
charged state. They had approximately the same 
apparent  surface area, 66 cm 2, were 0.4 mm thick, 
and consisted of porous sintered silver (1% pal ladium) 
on expanded silver screen. They were prepared ac- 
cording to the procedure of Falk and Fleischer (9). 
Estimated theoretical capacity of these electrodes at 
100% util ization is 6.5 A-hr.  

Cell designs.--Two cells were used in the experi-  
ments;  they are designated cell A and cell B. 

Design and operating parameters  for cell A (Fig. 1) 
were chosen to test directly the basic hypothesis that 
mater ia l  redis t r ibut ion over the zinc electrode is 
caused by  convective flows dr iven by  membrane  pump-  
ing effects. Thus, the cell was designed to minimize 
convective flow in the zinc electrode compartment  
dur ing  cell operation. The zinc and silver oxide elec- 
trodes faced each other across a separator which con- 
sisted of three layers of 0.001 in. thick RAI P2291 
(40/20) membrane  4 and one layer  of 0.095 in. thick 

BAI Corpora t ion ,  225 Marcus Boulevard,  Hauppauge ,  New York 
11787. 

Fig. 1. Photograph of cell A. The cell is operated horizontally as 
shown with the zinc clectrode located below the silver electrode. 
The silver electrode is flooded and vented. 

Dynel~ (Webril  nonwoven fabric, 1418) which w a s  
placed on the silver electrode side of the separator. 
The RAI mater ia l  is a beta radiat ion cross-l inked low 
density polyethylene film which has been gamma 
radiat ion grafted with methacrylic  acid. The Dynel  is 
a porous, nonwoven  acrylonitr i le  which is resistant  
to oxidation in the cell environment .  The electrodes 
were recessed in rectangular  chambers machined in 
flat, 3/4 in. thick, acrylic sheets. The zinc electrode 
chamber was just  large enough to contain the elec- 
trode. No space was allowed, within machining toler-  
ances, to provide reservoir space outside the porous 
electrode structure. The silver electrode chamber  was 
deeper than necessary to contain the electrode. The 
addit ional space was filled with either an inert, non-  
absorbent  material,  latex sheet, or an absorbent  ma-  
terial, for example, Dynel sheet, to provide addit ional  
electrolytic solution storage volume. A large O ring, 
laid in a rectangular  groov~ surrounding the electrodes, 
sealed the cell when  the acrylic sheets were bolted 
together with six 1/4 in. bolts. Sealed electrical con- 
tacts were made to the electrodes through the cell 
walls. Provision was made for evacuation of the 
electrode chambers through four ports which were 
subsequent ly  used for filling the entire free cell 
volume with solution. The two evacuation and filling 
ports on the zinc side were normal ly  sealed after the 
filling operation was complete. The silver electrode 
compartment  could be sealed and the whole cell oper- 
ated flooded and nonvented  without  head space, or 
the compartment  ports could be left unsealed allow- 
ing the silver electrode to be operated flooded but  
vented as shown in  Fig. 1. Under  these circumstances, 
convection parallel  to the long axis of the silver 
electrode occurred as fluid exchanged convectively 
between the silver compar tment  and the reservoirs 
above the filling ports during cell operation. Some 
fluid flow in  the zinc electrode chamber  paral lel  to 
the electrical current  flux across the membrane  was 
expected due to changes in  volume of solids associated 
with the electrode reactions and straining of the 
container wall. This latter flow should not, accord- 
ing to the basic hypothesis, cause mater ial  redis t r ibu-  
tion as long as the effects are uniform over the whole 
electrode. All final seals were O ring seals. 

In a modified version of cell A, designated cell AP, 
provision was made for sealing a Model 2201, pres-  
sure t ransducer  s to the cell near  the center of t he  
zinc test electrode. Communicat ion between the elec- 
trolytic solution filled stainless steel chamber  of the 
t ransducer  and the zinc test electrode compar tment  
was through a 1/8 in. hole in the acrylic wall. The 
volume of the pressure chamber  of the t ransducer  was 
approximately 3.3 cm s. In  cell AP, the silver electrode 
was replaced with a second zinc electrode which was 
precharged to 7.5 A-hr  against silver electrodes at 
approximately 4 mA / c m 2. The zinc counterelectrode 
was operated flooded and vented with the cell posi- 
tioned horizontally, as in Fig. 1, with the test elec- 
trode below the counterelectrode. 

The design and operating parameters  for cell B 
were chosen to allow normal  convective flow along 
the long axis of the electrodes. Exper iments  with this 
cell were carried out to collect data on flow rates and 
mater ial  redistr ibutions which could be quant i ta t ively  
compared with predictions based on the mathematical  
model. Thus, the design of cell B, shown schematically 
in  Fig. 2, was similar  to that of cell A, but  it had 
some addit ional features. The separator system used 
with this cell consisted of two layers of RAI P2291 
(.40/20) with a 0.001 in. Dynel sheet between the 
silver electrode and the RAI material.  The silver com- 
par tment  was just  deep enough to house the elec- 

The Kendall  Company,  F iber  P roduc t s  Division, Walpole,  Mass- 
achusetts 02081. 

6 Teledyne Tabor,  455 Bryan t  Street,  North Tonawanda,  New 
York 14120. 
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Fig. 2. Schematic drawing of cell B 

trode, 0.46 mm. Small  reservoirs were machined in 
the cell walls at one end of each electrode compart-  
ment. The two reservoirs were separated by solid, 
nonconduct ing acrylic walls. Glass capillaries (0.1 
in. diameter) ,  used to monitor  fluid flows, exited the 
cell at the reservoir end. They were bent  in such a 
manne r  that the flows in the capillaries were horizontal, 
that is parallel  with the earth's surface and, con- 
sequently, hydrostatic pressure differences did not 
arise between the compartments.  The cell could be 
operated with the electrodes oriented horizontally, 
as shown in Fig. 2, or vert ical ly with respect to the 
earth's surface; these two configurations will be dis- 
t inguished below by referr ing to cell BH and cell BV, 
respectively. Thus, cell B was operated in all cases 
with both electrodes flooded and vented, the reservoirs 
were always filled completely, and fluid part ial ly 
filled the available lengths of the capillaries. 

An additional feature of cell B was the second 
exit tube from the zinc compartment  reservoir, labeled 
T2 in Fig. 2. This exit tube is used to determine the 
gas evolution rate from the zinc electrode as ex- 
plained below. 

Electrolytic solution.--The solution used for filling 
the cells was prepared from doubly distilled water 
and reagent grade chemicals. KOH was first dissolved 
in  water  to prepare a concentrated solution. This so- 
lut ion was diluted to a specific gravity of 1.40 at 
20~ Fine grained ZnO was then added in excess 
of the amount  required to saturate the solution, and 
magnetic st irr ing continued for several hours. The 
solution with excess crystall ine ZnO was stored in 
t ightly capped polyethylene bottles. 

Ceil ]ffling.--Filling of the cell was carried out with 
the electrodes positioned vertically with respect to 
the earth's surface. The filling procedure in all cases 
involved evacuation of the cell and rubber filling 
lines by mechanical pumping followed by slow, simul- 
taneous vacuum filling of the compartments with solu- 
tion from a common reservoir. Following return of 
pressure in the filled cell to atmospheric, the cell 
was normally left to soak for at least 24 hi' before 
the appropriate ports were plugged and cycling was 
begun. 

Flow rate measurements.--During selected periods 
of operation of cells BV and BH, the positions of the 
fluid menisci in the capillaries were observed with a 
precision cathetometer (+--0.005 cm) to establish fluid 
flow rates in the cells. Average flow rates were cal- 
culated by dividing the volume of fluid flowing into 
or away from the reservoir by the time interval  be- 
tween observations. The uncer ta in ty  in the reported 
values is estimated to be ~10% based on dimensional  
tolerance of the capillary, precision capabili ty of 
the cathetometer ,  and uncer ta in ty  in the time interval  
measurements.  Greater  error could have been in-  
curred by undetected gassing or dimensional  changes 

in the compartments,  for example, membrane  move-  
ment.  The convention was adopted that  positive flow 
rates indicated that fluid was flowing from the elec- 
trode compartment  into the reservoir  and hence into 
the capillary; a negative flow rate corresponded to 
fluid flowing from the reservoir  into the compartment,  
that is, emptying the capillary. 

Gas evolution.--During pre l iminary  tests with cell 
BV, gas evolution at both electrodes was found to 
in te r fe re  with the fluid flow measurements.  It  was 
learned that l i t t le or no gassing at the positive elec- 
trode was detected as long as the charging rate was 
small  (for example, 1.0A), and charging time was 2 
hr or less. It  was later learned that  oxygen evolution 
at the silver electrode at higher rates of charge could 
be adequately suppressed by properly preforming 
the electrode at low current  density (10). Hydrogen 
evolution was found to occur at the zinc electrode 
throughout  a charge-discharge cycle including the no 
current  rest period. 

In  order to correct observed flow rate data, the 
rates of hydrogen evolution were measured. The 
following procedure was used. A tube, T2 (see Fig. 
2), which extends vert ical ly  upward  from the zinc 
electrode reservoir was added to the cell. After  filling 
the cell, the liquid level in tube T2 was ini t ia l ly  the 
same as the liquid level in the capil lary which ex- 
tends from the zinc electrode reservoir. While current  
was passed through the cell at 1.0A, the top of tube 
T2 was closed. After a measured quant i ty  of charge 
had passed through the circuit, gas bubbles in the 
zinc compartment  were maneuvered  into the tube T2. 
The position of the fluid in the capillary was then 
noted, the current  terminated,  and tube T2 opened to 
allow accumulated gas to escape. From the distance 
of movement  of the meniscus in the capillary, the rate 
of hydrogen evolution was computed. The average 
volume rates of H2 evolution, calculated for room 
temperature  (22~ and 1 arm pressure, were 0.17 
X 10 -4 cm~/sec during charge, 0.15 X 10-4 cm3/sec 
during discharge, and 0.09 X 10 -4 cmZ/sec dur ing rest 
periods of no current  flow. The volumetric data pre-  
sented below have been corrected for the effects of 
H2 evolution. 

AnalyticM procedures.--Analytical procedures were 
required to obtain data which would allow quant i ta-  
tive comparisons of material  distr ibutions on used 
and unused zinc electrodes. The unused electrodes 
consisted of mixtures of ZnO, HgO, and iner t  binder  
on expanded silver screen. It was anticipated that 
used electrodes might contain, in addition to the sub- 
stances listed above, metallic zinc and mercury  and 
possibly various amalgams of zinc and silver. 

In p re l iminary  experiments  with bu lk  reagents, it 
was found that ZnO could be separated from zinc 
and HgO by dissolution in concentrated aqueous KOH 
solution. Therefore, in later  experiments  ZnO was 
determined gravimetr ical ly with adequate precision 
by t rea tment  with concentrated KOH solution, with 
a specific gravi ty of 1.40. The fractions of I-igO and 
granular  metallic zinc which were lost dur ing dis- 
solution of the ZnO were less than 2%, which was 
considered negligible. A mixture  1M in NH4OH and 
1M in NH~C1 was found to be equally effective in 
separating ZnO and Zn, and, from the standpoint  of 
avoiding gravimetric  errors, offered advantages over 
concentrated KOH as a separating agent;  however, 
it was also found to dissolve HgO at an undesi rably  
high rate. Therefore, in ini t ial  experiments  the KOH 
solution was used. It was subsequent ly  found that 
after 30 to 40 cycles of operation there was no de- 
tectable HgO (that is, less than 1 mg of HgO per 
sample for a sample size of approximately one gram) 
in the zinc electrode, and, therefore, the NH~OH-NH4C1 
mixture  could be used for ZnO dissolution without 
difficulty. 
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A Perk in  Elmer Model 303 atomic absorption spec- 
t rophotometer  was calibrated with s tandards prepared 
in  this laboratory for de terminat ion  of potassium, mer -  
cury, and zinc. This ins t rument  was used in several 
cases to check the results of gravimetr ic  measurements .  

The procedures used in electrode analyses may be 
summarized as follows: The electrodes were sectioned 
into samples with scissors, and each sample was placed 
in  a clean, preweighed and labeled 30 ml medium 
frit  filtering crucible. Care was taken to record the 
position which the sample occupied on the electrode 
with respect to the electrode lead. Each sample was 
thoroughly rinsed with distilled water  and then oven 
dried at approximately 120~ for at least 2 hr (11). 
After  cooling in a desiccator, the samples were 
weighed. The samples were then repeti t ively treated 
wi th  20 mI portions of concentrated aqueous KOH, 
specific gravi ty 1.40, or the NH4OH-NH~C1 mixture  
followed by thorough r insing with distilled water, 
drying, and weighing unt i l  weight losses caused by 
the last t rea tment  were judged to be negligible (that 
is, less than 0.2% of accumulated weight loss). The 
sample weight losses from this t rea tment  were at-  
t r ibuted to ZnO dissolution. 

Subsequently,  the samples were similarly treated 
with 6N HC1. In the case of used electrodes this was 
done to determine the quant i ty  of metallic zinc pres-  
ent; in  the case of unused electrodes, to determine 
HgO. In  selected cases, the HC1 wash and rinse liquids 
were collected, made up with water  to known  volume, 
and tested for zinc, potassium, and mercury  by atomic 
absorption spectrophotometry (AA).  Also, in  selected 
cases the metallic screens were separated from the 
residues after HC1 treatment ,  and the residues and 
screens were subjected separately to t rea tment  with 
warm concentrated HNOs. These liquids were then 
tested with AA for mercury.  

In  one case a used silver electrode (from cell A) 
was repet i t ively leached in 6N HC1, and the leach 
l iquid made to volume and tested with AA for zinc. 

Treatment of data.--In these experiments,  emphasis 
was placed on the determinat ion of the distr ibution 
of total zinc as ZnO over the used and unused elec- 
trodes. The used electrodes were, therefore, completely 
discharged before removal  from the cell, and only 
residual  quanti t ies of metallic zinc were found; in 
no case more than 3% of the active mater ial  reported. 
In t reat ing the analytical  data, these small quanti t ies 
of metallic zinc found on the used electrodes have 
been reported as ZnO. Because it was difficult to 
measure accurately the dimensions of the samples and 
because of total wei_~ht differences between different 
electrodes, the collector screen mater ial  was used to 
normalize the data. The normalizat ion ratio used for 
each sample is 

Qzno _[Wznoi/(Wcsi.66.0cm 2 / ~ Wcsi)]  / 
Qzao* 

[  zoo',000cm ] 
where Wzno i = weight of ZnO, sample i, and W~s i --- 
weight of collector screen, sample i. Assuming that 
the weight per uni t  area of the collector was uniform, 
the numera tor  of the normalizat ion ratio, Qzno, is the 
weight of ZnO per uni t  area of sample. Similarly, the 
denominator,  Qzno*, is the average weight of ZnO 
per uni t  area for the whole electrode. The ratio, 
Qzno/Qzno*, compares the ZnO per uni t  area at a 
par t icular  position on the electrode with the average 
value for the electrode as a whole. 

Uncer ta inty  in the reported values of Wz~o t is 
estimated to be no greater than ~_3%. Comparisons 
of samples from used electrodes with sam. les  from 
unused electrodes on the basis of the normalized data 

involves the assumption of un i formi ty  of weight /  
area for the used collector screens. 

Preliminary experiment--Several pre l iminary  ex- 
per iments  were carried out with cell A and cell AP 
to determine the most appropriate modes of cell 
operation in later  tests. Certain interest ing observa- 
tions were made, especially with respect to the abil i ty 
of the cells to accept charge under  different conditions, 
which should be re levant  to suggestions for improving 
the performance of zinc-si lver  oxide cells. 

In  one pre l iminary  experiment,  cell A was cycled 
with both electrodes flooded and nei ther  electrode 
vented. With no preforming of the electrodes, the 
freshly filled cell would accept approximately  0.8 
A-h r  of charge at 2.0A before the te rminal  potential  
difference (TPD) rose rapidly above 2.3V. It  was 
established that  cells of this type would accept a 
greater ini t ial  charge to the 2.3V cutoff when charged 
at a lower rate, for example, 1.0 A-h r  at 0.5A. How- 
ever, it became apparent  that  cell behavior  was 
strongly dependent  on cell history since filling. Con- 
t inued charging beyond the onset of rapid increase 
in polarization led to drastic ini t ial  polarization on 
discharge and to large decreases in  charge acceptance 
on subsequent  cycles, for example, from 0.8 to 0.2 
A-hr  at 2.0A. 

It was found that cell capacity at the 2.0A rate, Qf, ~ 
based on a 2.3V cutoff, could, in  the ini t ia l  stages of 
operation, be increased to approximately 1.6 A-hr  
by operating the cell with the silver electrode flooded 
and vented as shown in  Fig. 1. Fur ther  increase in  Q2, 
to approximately 2.0 A-hr,  was achieved by provid-  
ing some reservoir  space in the silver electrode com- 
par tment  by replacement  of a 0.010 in. latex filler 
sheet with Dynel. Addit ional  increase in the cham- 
ber size produced no significant increase in capacity. 
With the cell operated with the silver electrode 
flooded but  vented, it was found that volumetric  
flows between the silver electrode compar tment  and 
the reservoirs above the compar tment  could be cor- 
related with both the onset of rapid gas evolution 
at the positive and with the rapid increase in TPD 
near  the end of charging. Fluid flows to and from the 
reservofrs above the silver electrode were observed 
to be reversible provided charging did not extend 
into the r e , ion  of heavy gassing at the positive. A 
reversible flexing of the acrylic cell wall  on the 
zinc side of the cell was also observed dur ing these 
experiments.  A mechanical  s train gauge (least count 
= 0.001 in.) was used to measure deflections, and 
values as large as 0.0015 in. were observed dur ing 
cycling. If copious gassing was allowed to occur at 
the positive, solution was dr iven into the reservoirs, 
and the silver electrode chamber  would not refill 
spontaneously;  apparent  capacity, Q2, dropped. Capac- 
i ty could be par t ia l ly  regained by inject ing electro- 
lytic solution into the silver compar tment  by syringe; 
however, better  results were achieved by vacuum 
refilling the cell. 

To provide a clear test of the convective flow hy-  
pothesis, it was deemed desirable to cycle a zinc 
electrode to as great a depth as possible under  con- 
ditions of minimized convective flow paral lel  to the 
membrane  surface. Since operation of cell A with 
the silver vented allowed deeper cycling while main-  
ta ining the l imited convection condition on the zinc 
side, this mode of operation was adopted for sub-  
sequent experiments.  

During a pre l iminary  exper iment  with cell AP, 
it was found that this cell also was subject to severe 
increases in rate of change of TPD after charging 

7 Q~ = 2.0 [21 

w h e r e  t~ = t i m e  a t  w h i c h  c h a r g i n g  b e g i n s  w i t h  t h e  ce l l  i n i t i a l l y  
in  t h e  c o m ' o l e t e l y  d ~ s c h a r g e d  s t a t e ,  a n d  t t  = t i m e  a t  w h i c h  T P D  
r e a c h e s  2.3V a t  t h e  2.0A c h a r g i n g  r a t e .  
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Fig. 3. Volumetric flow rate data for cells BV (cycle 6) and BH (cycle 2). G ,  Cell BV, zinc compartment; O, cell BH, zinc compart- 
ment; A ,  cell BV, silver compartment; A ,  cell BH, silver compartment. - - . ,  Predicted flow rate, zinc compartment; . . . . . .  , pre- 
dicted flow rate silver compartment. Each cycle consisted of 2 hr of charge and 2 hr of discharge at 1.0A. A and B show points where 
cell potential indicated change from monovalent to divalent silver electrode reaction. A positive flow rate corresponds to flow of liquid 
out of that compartment through the vent, due to combined effect of an increase in the volume of solid and a flow of liquid through the 
separator into the compartment. 

or discharging the test electrode in excess of 1 hr  
at 2.0A. Decreasing the cell current  to 1.0A al lowed 
several  cycles to 2.5 A - h r  without  onset of severe 
polarization; however,  after a few cycles at this 
rate  a severe increase in rate  of polarizat ion again 
was observed to set in at about 2.0 A-hr.  

Results 
Cell BV.- -The  electrodes were  subjected to 36 cy- 

cles, 2 hr charge and 2 hr discharge, at a constant 
current  of 1.0A, that  is, an apparent  current  densi ty 
of 15 m A / c m  2. There was no preforming of ei ther  
electrode. I r regular  t ime gaps, varying f rom several  
minutes to several  hours, occurred be tween  half-  
cycles. TPD of the cell during charging rose gradual ly  
as cycling continued but did not reach a level  at 
which noticeable gassing occurred. During the first 
six cycles, flow rate  data were  recorded. In Fig. 3, 
volumetr ic  flow rate  data, corrected for H2 evolut ion 
at the zinc electrode, are shown for cycle 6. The data 
for the other cycles are similar  in essential features 
and are presented e lsewhere  (7). 

Af ter  36 cycles, the zinc electrode was removed  
from the cell in the completely discharged state (the 
electrodes were  discharged at the normal  rate and 
then shorted for several  hours) .  It was then cut per -  
pendicular  to the long axis of the electrode into ten 
sections of approximate ly  equal area and analyzed 
for ZnO and Zn as described above. The results are 
shown in Fig. 4. Also shown in Fig. 4 for comparison 
are analytical  data presented in the same manner  for 
an unused electrode. 

Cell BH.---The electrodes of the cell were  subjected 
ini t ia l ly  to three low current  density forming cycles 
(2 A - h r  at 0.01-0.t0A cell current)  and then to 43 
cycles, 2 hr charge and 2 hr discharge, at 1.0A. I r -  
regular  t ime intervals  occurred be tween half-cycles  
as with cell BV. Again, TPD on charge gradual ly  in-  
creased with cycling. Flow rate data were  taken dur-  
ing cycles 2, 23, and 38. Data for cycle 2 are included 
in Fig. 3. The data for cycles 23 and 38 are similar 
in essential features and are presented elsewhere (7). 
Af ter  the 43rd cycle, the zinc electrode was removed 
from the cell in the completely  discharged state and 

t reated in the same manner  as the zinc electrode f rom 
cell BV. Analyt ical  data for the electrode are in-  
cluded in Fig. 4. 

Cell A.- -Ce l l  A was cycled with  the si lver electrode 
flooded and vented  as shown in Fig. 1. Init ial  cycling 
was at the 2.0A rate;  there  was no preforming of 
ei ther  electrode. Table I summarizes  the types, num-  
bers, and durat ion of all cycles. I r regular  t ime inter-  
vals occurred between half-cycles as wi th  cell BV. 
As operat ion proceeded, current  densities and cycle 
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Fig. 4. Normalized ZnO distribution. O ,  Unused electrode; i-1, 
used electrode after 43 cycles from cell BH; A ,  used electrode 
after 36 cycles from cell BV. , Predicted ZnO distribution 
after 35 cycles. 
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Table I. Cycle history for cell A 

Cycle type 

Number  Approximate  Cons tan t  
of  du ra t i on  of cell  cur- Charge 

cycles charge (hr) rent  (A) (A-hr)  

A 10 1.0 2.O 9.0 
B 12 0.5 2.0 12 
C 9 2.0 1.0 18 
D 30 1.5 1.0 45 
E 77 1.0 1.0 77 
F 17 0.75 1.0 13 
G 4 0.5 1.0 2 
H 34 1.5 0.5 26 
I 12 1.0 0.5 6 

205 9.19 

depths were altered as cell capacity changed. Capacity, 
Q2, was measured ini t ia l ly and at selected times as 
shown in Fig. 5. After  accumulat ing about 125 A-h r  
of charging, the cell was vacuum refilled, resul t ing 
in a substant ia l  recovery of capacity; however, con- 
t inued cycling resulted in rapid loss of capacity as 
shown. In  total, the electrodes of this cell were sub-  
jected to over 200 constant  current  cycles of opera- 
tion. Total charge delivered to the cell was approx- 
imate ly  219 A-hr.  

The zinc electrode was removed from the cell in  
the completely discharged state. A photograph of the 
electrode is shown in Fig. 6. The electrode was then 
cut into 15 sections of approximately equal area for 
analysis (4 cuts perpendicular  to the long axis and 
2 cuts perpendicular  to the short axis).  A summary  
of the analyt ical  results is shown in Fig. 7. Also 
shown in Fig. 7 are data for an unused zinc electrode. 
These data may also be stated in terms of average 
deviations and outlying results (furthest  from the 
average) for the 15 samples. For the unused electrode 
the result  is 1.G0 • 0.0,4 with an out lying result  of 
1.07. For the used electrode the result  is 1.00 ~- 0.12 
with an outlying result  of 0.78. 

The HC1 wash and rinse liquids from the analyses 
were tested by AA for mercury.  No mercury  was 
detected, indicat ing that negligible quanti t ies of HgO 
were present  at the end of cycling. Residues and 
collector screens of 5 samples were leached and dis- 
solved, respectively, with warm concentrated nitric 
acid, and these fluids were tested for mercury.  Mer-  
cury as de termined by  AA was found in  approximately 
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Fig. 5. Capacity, O2, far cell A as a function of accumulated 
charging time. The vertical dashed line denotes the improvement 
of capacity when the cell was vacuum refilled. 

Fig. 6. Photograph of used zinc electrode from cell A. The elec- 
trode was discharged before removal from the cell. Total charge 
delivered to the electrode during cell operation was approximately 
219 A-hr. The distribution of unconsumed, metallic zinc appears 
as dark, rough appearing areas. 

equal quanti t ies in the collector screens and residues. 
However, total mercury  found by AA in the 5 samples 
tested was only about 60% of that  anticipated on the 
basis of analysis of unused zinc electrodes. 

The silver electrode from the cell was leached with 
st i rr ing with two portions of 6N HC1 for a total of 
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Fig. 7. Normalized ZnO distribution. I-7, Unused electrode; O ,  
used electrode from cell A. Each point is an average over three 
sections taken at the indicated value of y. 
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approximately 48 hr. The leach liquid was made to 
volume, and zinc determined by AA. The quant i ty  
0.45g of zinc was found, or, reported as ZnO, 0.56g. 

The data reported above for cell A are the results 
from the second exper iment  of this type which was 
carried out. In  the first exper iment  the electrode 
a r rangement  differed only in that a single 0.001 in. 
Dynel  interseparator  was used rather  than the 0.005 
in. material.  Approximately  half as much total cell 
operating t ime was accumulated, 110 A-hr  of charging 
at approximately 30 mA/cm ~. Very similar ZnO dis- 
t r ibut lon results were obtained. Problems with the 
first experiment,  involving minor  leakage around seals 
and greater uncer ta in ty  in analytical  results, dictated 
that the work be repeated. 

Celt AP.- -The  cell was cycled at 1.0A, 2 hr  charge 
and 2 hr discharge. Observed values of TPD and 
pressure changes as functions of t ime are shown for 
three cycles of operation in Fig. 8. 

Membrane evaluation.--Hundreds of hours of opera- 
tion of several different cells produced only one case 
of shorting of a cell by zinc dendrites. It was deter-  
mined that this case involved a prior mechanical 
puncture  of the membrane  incurred dur ing  cell as- 
sembly. Membranes were commonly darkened in color 
(dark brown to black) in the cell envi ronment ;  the 
membrane  layers nearest  the silver electrode showed 
the greatest coloration. 

Discussion 
Basic hypothesis.--According to the basic hypothesis, 

the principal  cause of mater ial  redis tr ibut ion over the 
zinc electrode is convective flow paral lel  to the ap- 
parent  electrode surface. The direction of the flow 
alternates on cycling and couples with changes in 
the concentrat ion of soluble zinc species (due also 
to cycling) to produce a net movement  of zinc. After 
enough cycles, even a small  movement  of zinc per 
cycle will  lead to a gross redis t r ibut ion and bat tery  
failure. Practi t ioners of the art  have observed con- 
vective flows in these cells, but  little significance was 
attached to them. 

In  the present  case, in cells BV and BH, one 
oriented vert ically and one oriented horizontally, the 
convective flow pat terns (Fig. 3) simulate those in 
commercial si lver-zinc storage batteries, and a drastic 
redistr ibution of ZnO is observed.after  36 or 43 cycles, 
72 and 86 A-hr  of charging, respectively (see Fig. 4). 

In a different exper iment  in cell A designed to 
minimize convection parallel  to the electrode, sub- 
s tant ial ly less redis tr ibut ion of ZnO was observed after 
a total charging of 219 A-hr.  The data support the 

basic hypothesis and also rule out gravi ty as an in-  
fluence of redistribution. 

Convective flow.--Several observations can be m a d e  
with respect to the exper imental  volumetric  flow rate 
curves, shown in  Fig. 3: (a) The abruptness  with 
which the flows are established initially, the rapid 
changes in  the direction of the flows at the end of 
charge and discharge, and the abrupt  increases in the 
flow rates at the beginning of discharge suggest that 
electro-osmotic pumping  by the membrane  is the 
main  driving force for convective flow dur ing  charge 
and discharge. (b) When the cell cur rent  is terminated,  
the electro-osmotic effect is expected to decrease rap-  
idly. Osmotic driving forces, if present, should also 
relax, but  less rapidly. At the end of charge, the flow 
rates are observed to drop rapidly to zero, change 
sign, and then increase again to max imum values 
before beginning a very gradual  relaxat ion to equil ib-  
rium. Consideration of the electrode reactions sug- 
gest that  the osmotic force which tends to drive water  
from the zinc compartment  into the silver compart-  
ment  dur ing this period of t ime is caused by a dif-  
ference in zincate concentrat ion across the membrane.  
The time necessary for the complete relaxat ion of 
this lat ter  effect is approximately  16 hr, indicating 
a relat ively low diffusion coefficient for zincate in  
this membrane.  (c) An osmotic effect due to differ- 
ences in potassium concentrat ion across the membrane  
should also be expected. During and after charge 
this effect should tend to drive solvent across the 
membrane  in the same direction as the electro-osmotic 
effect. The exper imental  flow rate data for the period 
after charge suggests that  the difference in potassium 
ion concentrat ion relaxes within minutes,  much more 
rapidly than the difference in zincate concentration. 
These considerations are also reflected in the init ial  
stages of charging. The flow into the zinc compartment  
builds up rapidly under  the electro-osmotic force 
and an osmotic force due to a combinat ion of potas- 
s ium ion and zincate concentrat ion differences. As 
charging continues, a max imum is observed because 
of the differences in t ransport  rates of potassium and 
zincate ions across the membrane.  

The membrane  used in these studies is a weak 
cation exchange membrane  characterized by part icular  
values of t ransport  coefficients. Evidently,  the co- 
efficient for electro-osmotic t ransport  is large and 
leads to large convective flows in the electrode com- 
par tments  of the cell with normal  convection and, 
therefore, to rapid mater ial  redistribution. The de- 
sirabil i ty of being able to optimize membrane  prop- 
erties, including transport  parameters,  seems apparent.  

Fig. 8. Cell terminal potential 
difference (TPD), test electrode, 
counterelectrode, and pressure 
corresponding in the zinc test 
electrode compartment for cell 
AP as functions of time. @, 
Cycle 6, discharge; C), cycle 6, 
charge; III, cycle 7, discharge; 
[~, cycle 7, charge; A ,  cycle 8, 
discharge; A ,  cycle 8, charge. 
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Cell capacity.--During pre l iminary  experiments  with 
cell A when the cell was operated with both elec- 
trodes flooded and nei ther  electrode vented, it was 
established that the freshly filled cell had a repro- 
ducible capacity, Q2. The capacity was found to in-  
crease slightly when charging was carried out at a 
lower rate. Vent ing of the positive electrode com- 
par tment ,  which allowed both the escape of gas when 
generated and convective flow between the silver 
compar tment  and the reservoirs, led to a significant 
increase in Q2. In addition, a correlation was noted 
between the rates of convective flow and both the 
onset of gassing and the rapid increase in TPD. Pro-  
vision of addit ional reservoir space in the silver com- 
par tment  also increased Qs slightly. These observa- 
tions indicated that  Q2 was pr imar i ly  l imited by the 
development  of concentrat ion polarization at the posi- 
t ive electrode (hydroxyl  ion starved) which led to 
gas evolution if charging was carried too far. Im-  
provement  in capacity through vent ing  could be at-  
t r ibuted to enhanced st i rr ing due to the convective 
action or s imply to main tenance  of adequate solution 
volume in the electrode, that is, solution tended to 
flow from the positive to the negative electrode on 
charge due to osmotic and electro-osmotic effects, 
and the positive can be left in a "fluid starved" con- 
dit ion if fluid is not replaced. It  is possible that  the 
ma in  effect of increased storage volume in the positive 
compar tment  was simply to facilitate convective flow 
into and through the compartment.  In any event, 
observed capacity, Q2, was at best only about 30% 
of the theoretical l imit ing value of 6.5 A-hr.  One 
other possibility which has been suggested b y  other 
studies is a "choking" of the porous silver electrode, 
that  is, the pores of the electrode are choked with 
product  near  the surface and only a small  fraction 
of the total porous mass is utilized (12). Some ex- 
per imenta l  evidence has been presented in the results 
section which indicates an irreversible accumulat ion 
of precipitated ZnO in the positive electrode, which 
might  also contr ibute  to such an effect. 

When cell A was repet i t ively cycled over a long 
period of time, capacity, Q~, was observed to decrease 
with t ime as shown in Fig. 5. Only part ial  recovery 
of cell capacity, to 65% of initial, was achieved by 
vacuum refilling the cell, indicat ing that simple ac- 
cumula t ion  of gas in the electrode chambers was not 
the only reason for capacity decrease. Subsequent  
analysis of the zinc electrode revealed only slight 
mater ia l  redis t r ibut ion over the surface of the elec- 
trode. 

Cell AP was operated with a zinc test electrode 
and a second zinc electrode replacing the silver 
electrode. It  was ini t ia l ly  hoped that  greater depth 
of charge and discharge of the test electrode would 
be possible with this arran~_ement. In  initial  experi-  
ments, however, it was determined that  this cell 
also was subject to similar severe increases in polar-  
ization after charging or discharging the test elec- 
trode in excess of 2 A-hr  at the 2.0A rate. Decreasing 
the cell current  again led to increased capacity, but  
with cont inued cycling the capacity decreased. Since 
no reference electrodes were utilized in  this experi-  
ment,  a de terminat ion of the dis tr ibut ion of the ob- 
served total polarization between the electrodes is 
impossible. It  is clear, however, that polarization ef- 
fects in cell A are not necessarily l inked exclusively 
to the silver electrode. 

Pressure variations, ceZl AP.--No theoretical analysis 
of pressure variat ions in the zinc electrode compart-  
men t  of cell AP dur ing  operation was attempted. 
Reproducible values of pressure changes have been 
measured and presented in Fi~. 8. One might have 
expected to observe more rapid cban~es in pres.~ure 
reflecting the abrupt  changes in electro-osmotic flow 
rate discussed above. In  addition, based on simple 

thermodynamic osmotic pressure calculations, much 
larger pressure differences would be expected. Several  
possible reasons why the observed changes are small  
and gradual  ra ther  than  large and abrupt  are offered: 
(a) The design of the cell and placement  of the 
pressure sensing chamber  may be a factor, that  is, 
the electrodes are t ightly packed in  the cell, and the 
mouth to the pressure chamber is effectively plugged 
by the porous electrode; (b) flexing of the acrylic 
wall  (which was actually observed);  (c) gas bubbles 
in  the electrode; (d) delayed changes in volumes of 
solids and liquids in the chamber due to the cell 
reaction, for .example, such as might  occur due to 
conversion of zincate to zinc followed by slow dis- 
solution of ZnO; (e) movement  of the membrane  
dur ing cell operation. 

Model.--The mathemat ical  model for a cell with 
normal  convection has been developed on the basis 
of the convective flow hypothesis. It  is a one d imen-  
sional model which consists of a set of nonl inear ,  
coupled differential equations with t ime and position 
parallel  to the membrane  surface as independent  
variables. Those factors have been included which are 
believed to be significant in governing the redis t r ibu-  
tion of mater ial  over the surface of the electrode. 
Such factors include:  osmotic and electro-osmotic 
t ransport  of ions and water  across the membrane  
separator, t ransport  of dissolved ions and water  in 
the y direction (parallel  to the electrode face) due 
to convection and diffusion, chemical species source and 
sink terms due to chemical reactions and precipi ta-  
t ion-dissolut ion phase changes including .the depend-  
ence of zincate solubil i ty on KOH concentration, and 
provisions for quant i ta t ively  de termining changing 
electrode porosity and local concentrat ion changes 
with t ime and position y. Explicit  details concerning 
the model and solution of the differential equations 
are presented elsewhere (6, 7). 

In  Fig. 4, exper imental  ZnO distr ibut ion data are 
presented for the used electrodes from cells BV and 
BH and for an unused electrode. Also shown in the 
figure is a predicted ZnO distr ibution for an electrode 
which has been operated through 35 cycles at 1.0A 
for 2 hr charge and 2 hr discharge. In tervals  between 
half-cycles were set at 3 min for the simulation.  Th_e 
computat ion was in terrupted after the 8th, 15th, 22nd, 
and 28th cycles, and concentrat ion differences which 
had developed were relaxed to their  ini t ial  values 
before continued cycling. The reason for the in te r rup-  
tion and relaxat ion may be explained briefly as fol- 
lows: Numerical  calculations indicated that at the 
1.0A rate the normal  cell reaction could not be sus- 
tained after seven or eight cycles because of variat ions 
in KOH and zincate concentrat ions in the cell, non-  
uniform distr ibut ion of zinc over the zinc electrode, 
and associated changes in current  distribution. Re- 
dis t r ibut ing the KOH and zincate (equivalent  to a 
long rest period) allowed the cell to operate normal ly  
again and the theoretical cycling to continue. Ex- 
per imenta l ly  this effect was manifested by increased 
cell polarization with cycling. 

It  was originally intended to carry the theoretical 
cycling to 40 cycles to produce a bet ter  comparison 
to experiment.  However, in the 32nd charge cycle 
of the theoretical calculations, the zinc oxide became 
completely depleted for the first t ime near  the reser-  
voir end of the electrode. The computer program 
could handle  this situation, but  convergence became 
slow and computer calculation costs went  up. Be- 
cause of the increased cost, theoretical cycling was 
stopped after 35 cycles. Only one predicted ZnO dis- 
t r ibut ion is shown in Fig. 4 for comparison with the 
two sets of exper imental  data because orientat ion of 
the cell with respect to the earth's gravi tat ional  field 
is neglected in the model. The agreement  between 
the predicted and observed distr ibutions is excellent 
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considering the variat ion of bases, 35 theoretical cycles, 
and 36 and 43 cycles for the two exper imental  runs. 

In  addition to redis t r ibut ion of total zinc, the model 
can be used to predict a number  of other cell variables 
as functions of position and time, for example, zinc 
metal, electrode porosities, ion concentrations, current  
densities, and volumetric flow rates, as well as their  
relevance to cell performance. In  the experiments  
being described, only total zinc as ZnO redistr ibutions 
and volumetric  flow rates were measured quant i ta -  
t ively for comparison with predictions based on the 
model. In  Fig. 3 one complete cycle of exper imental  
volumetr ic  flow rate data is plotted for cell BV and 
one complete cycle for cell BH. Also included in 
Fig. 3 are lines which represent  the predicted flow 
rates. It  is apparent  that the model as it is cur ren t ly  
constituted can yield flow rate curves which repro- 
duce some of the main  features of the exper imenta l ly  
determined curves and are in reasonable quant i ta t ive  
agreement  with the observed rates over most of the 
complete cycle. There are interest ing features of the 
experimental  curves which are not reflected by the 
predicted curves, for example: (a) The result  of the 
t ransi t ion from production of monovalent  to divalent  
silver oxide, marked A and B in Fig. 3, is clearly 
discernible in the flow rate data for the silver com- 
par tment  dur ing  charging of both cells. This minor  
effect is not included in the model, that is, the cell 
charging reaction is modeled in terms of silver going 
to divalent  silver oxide. It is interest ing to note that  
the observed change in flow rate is in  reasonable 
agreement  with a change calculated on the basis of 
the two half-react ions 

2Ag + 2 O H -  -> 2e + Ag20 + H20 

Ag + 2 O H -  --> 2e + AgO + H20 

The difference involved in  volume changes is 5.5 cm 8 
per  two Faradays of charge; at 1.0A this volume change 
should produce a difference in flow rates of 0.29 X 
10 -4 cm3/sec. (b) During the ad jus tment  times after 
abrupt  changes in cell current,  the experimental  data 
reflect the relationships between the electro-osmotic 
and osmotic effects, for example, at the beginning 
of the charging period, the flow rate into the zinc 
compartment  rises abrupt ly  due to the electro-osmotic 
effect, continues to rise because of a rapidly develop- 
ing osmotic effect due to potassium ion imbalance, 
and then drops slowly because of a developing op- 
posite osmotic effect due to imbalance of zincate. 
Although the predicted curves do not current ly  re- 
flect these changes, it is believed that they could 
be made to do so by proper ad jus tment  of the appro- 
priate membrane  transport  parameters.  

There are several physical constants involved in 
the model, and definite values of these constants must  
be used in order to obtain numerical  predictions from 
the model. In all cases where rel iable data were avail-  
able from the li terature,  these values were used in 
calculations. In other cases data simply were not 
available, and estimates have been made by the 
authors. The values used in calculations are presented 
elsewhere (6, 7). No systematic parametr ic  study of 
the effects of the values of the constants on the pre-  
dicted ZnO distr ibut ion or flow rates has been carried 
out at this time. 

The one dimensional  analysis is demonstrably  suc- 
cessful in that one can use it to predict correctly ZnO 
redis t r ibut ion at the zinc electrode in a cell with nor-  
mal  convection. It is probable that there are other 
physical processes which take place within the porous 
zinc electrode which are not adequately treated by 
the current  model. These processes may take on 
greater  importance under  other circumstances. For in-  
stance, in  cells such as cell A in which the zinc elec- 
trode is operated with l imited convection, the data 
presented above indicate that mass t ransport  in  the 

zinc electrode in the direction perpendicular  to the 
membrane  may be rate limiting. 

Conclusions 
i. The data in Fig. 4 and 7 demonstrate  that  ma-  

terial redis t r ibut ion over the zinc electrode in  zinc- 
silver oxide cells is governed pr imar i ly  by convective 
flow through the zinc electrode paral lel  to the appar-  
ent surface of the electrode. Furthermore,  the data 
indicate that or ientat ion of the electrode with respect 
to the earth's gravi ta t ional  field has li t t le impact on 
the mater ial  redistribution. Limitat ion of such paral lel  
convective flow through the zinc electrode significantly 
decreases the rate of mater ial  redistr ibution.  

2. The fluid flow rate data, samples of which are 
i l lustrated in  Fig. 3, demonstrate  that the average 
volumetric flows are in  the directions which one would 
predict on the basis of osmotic and electro-osmotic 
pressure considerations. The data indicate that with 
the separator being used in this case, the p r imary  dr iv-  
ing force for convective flow dur ing charge or dis- 
charge is electro-osmotic. The choice of the membrane  
mater ial  is impor tant  in the regulat ion of convective 
flow. Membranes with large electro-osmotic coefficients 
can be expected to yield large mater ial  redis t r ibut ion 
effects in cells which allow normal  convection; how- 
ever, such membranes  may be required to prevent  zinc 
dendrites from reaching the positive electrode. 

3. The one dimensional  model for the cell with nor-  
mal convection, based on the convective flow hypoth-  
esis, has been used successfully to predict ZnO redis- 
t r ibutions and fluid flow rates. Good agreement  be- 
tween exper imental  observations and predicted values 
for these variables is strong evidence that  the physi-  
cally impor tant  phenomena in redis t r ibut ion on the 
zinc electrode have been proper ly  incorporated into 
the model. 

4. The work done to date and reported above is 
strongly supportive of the basic convective flow hy-  
pothesis; however, much remains to be done in de- 
termining how this new knowledge might  be used in 
the design of improved secondary cells. For instance, 
it appears that one can control the rate of develop- 
ment  of shape change by controlling convective flow; 
however, evidence has also been obtained which indi-  
cates that the convective flow is impor tant  in deter-  
min ing  util ization or capacity of the cell and, fur ther -  
more, it is believed that the convective flow also is im-  
portant  in determining the high rate capabil i ty of the 
cell. Gas evolution is f requent ly  a problem in second- 
ary cells; in  a porous zinc electrode designed to mini -  
mize convection, the control of gas evolution will be 
critical to its successful operation. Membrane  t rans-  
port as well as chemical properties play impor tant  
roles in de termining cell performance. Cont inuing im- 
provements  in membrane  science and technology which 
will permit  detailed specification of membrane  proper-  
ties to optimize bat tery  performance should be sought. 
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Anodic Oxidation of DDT, Methoxychlor, and 
Related Compounds 

Richard R. Keenan ] and James D. Stuart* 

Department of Chemistry, University o~ Connecticut, Storrs, Connecticut 06268 

ABSTRACT 

DDT, DDE, methoxychlor,  and the ethylene of methoxychlor (MeCe) were 
oxidized in a 5% aqueous acetonitri le solution at a p la t inum electrode con- 
taining t e t rae thy lammonium perchlorate or t e t rae thy lammonium perfiuoro- 
borate as support ing electrolytes. The major  electrolysis products were those 
which resulted from the hydrolysis of the electron-deficient intermediates and 
included alcohols, ketones, benzoquinones,  and acids. 1,1-Bis-(p-methoxy- 
phenyl)  2,2,2-trichloroethanol, not previously reported as a metabolic degrada-  
t ion product of methoxychlor,  was readily isolated as a major  electrochemical 
oxidation product of both methoxychlor and MeCe. 

No other man-made  chemical has had more impact 
on the health of the human  race or on the envi ronment  
as has DDT. More than two mil l ion metric tons of DDT 
have been used for insect control since 1940. It has 
been estimated that DDT has saved fifty mil l ion human  
lives and spared one bil l ion humans  from such plagues 
as malaria,  typhus, and yellow fever (1). DDT is con- 
sidered to be the single major  controllable factor that  
has led to the populat ion explosion in underdeveloped 
nations of the world. Yet, due to its persistence in  the 
environment ,  its abil i ty to be "biologically magnified," 
and its abil i ty to be rendered harmless by many  strains 
of DDT-resis tant  insects, DDT has become the sym- 
bol of man's  reckless envi ronmenta l  pollut ion (1). 
DDT or DDE, its more persistent  degradation product, 
is found in v i r tua l ly  every envi ronmenta l  sample. 
DDT levels of from 1 to 10 ppm are general ly  observed 
in man. DDE has recently been recognized as the most 
abundan t  organochlorine pol lu tant  in the environ-  
ment.  

In  pre l iminary  findings cited by Maugh (2), Moila- 
nen  and Crosby have shown that DDT undergoes rapid, 
vapor phase, sunlight  degradation in air to DDE. DDE 
is in tu rn  photodegraded much more slowly to at least 
eight other products, among them 4,4'-dichlorobenzo- 
phenone (DBP) and possibly to polychlorinated bi-  
pheny]s (PCB's).  Figure 1 shows the metabolic and 
photochemical degradation pathways of DDT involving 
oxidations. [A paper on the anodic oxidations of PCB's 
follows this paper (3)]. 

Effective on J anua ry  1, 1973, all use of DDT in  the 
United States has been banned  by the Envi ronmenta l  
Protection Agency. Yet many agree that no Single 
DDT substi tute will be as inexpensive and as un iver -  
sally effective as was DDT. 1VIethoxychlor, the methoxy 
analogue of DDT, has replaced DDT in certain com- 
mercial preparat ions as it has been found to be a per-  
sistent yet biodegradable insecticide. Metcalf has 
claimed that methoxychlor is one of the safest of all 
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1Present address: Environmental Health Laboratory; United 

States Steel Corporation, Monroeville, Pennsylvania 15146. 
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Fig. 1. Natural degradation pathways of DDT involving oxida- 

tions, h~, denotes the proposed photochemical pathways in sunIight. 

insecticides to higher animals (I). Figure 2 shows the 
known metabolic degradation pathways of methoxy- 
chlor (MeC) involving oxidations. Methoxychlor is 
metabolized through O-dealkylation to mono- and bis- 
phenols, which are rapidly conjugated and excreted in 
higher animals or dehydrochlorinated to the corre- 
sponding ethylene (MeCe). Methoxychlor is more ef- 
fective against DDT-resistant insects, such as the 
housefly, as the enzymatic-induced rate of dehydro- 
chlorination of methoxychlor to the ethylene of meth- 
oxychlor (MeCe) is substantially reduced by the elec- 
tron-donating properties of the p-methoxy groups in 
comparison to the over-al l  e lec t ron-wi thdrawing prop-  
erties of the p-chloro groups of DDT. 

It must be emphasized that the oxidative pathways 
occurring in this present  report on the electrochemical 
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Fig. 2. Degradation pathways of methoxychlor involving oxida- 
tions. 

oxidation of DDT, methoxychlor,  and related com- 
pounds are no doubt different than the enzyme-assisted, 
na tura l  degradation routes of these same chemicals. It 
is interest ing that 1.1-bis-(p-methoxyphenyl-2,2,2- 
trichloroethanol, never  before reported as a metabolic 
product of methoxychlor,  is readily isolated as a major  
electrolysis product from the electrochemical oxidation 
of methoxychlor  (MeC). All previous electrochemical 
studies of DDT and related compounds have been con- 
cerned with their electrochemical reduction (4-7). 
Lurid has reported the electrochemical oxidation of 4,4'- 
dichlorobenzhydrol (DCBH) at -~2.07V vs. SCE in 
acetonitrile solvent to the ketone, 4,4'-dichlorobenzo- 
phenone (DBP) (8). 

Experimental  
Chemicals.--The following chemicals were used as 

received after their pur i ty  had been checked by th in-  
layer or gas-l iquid chromatography: 1,1,1-trichloro- 
2,2-bis- (p-chlorophenyl )e thane  (DDT) ; 1,1-dichloro- 
2,2-bis- (p-chlorophenyl )e thylene  (DDE) ; 1,1-bis- (p- 
chlorophenyl)-2,2,2-tr ichloroethanol (Kel thane) ;  4,4'- 
dichlorobenzophenone (DBP) ; 4,4 '-dimethoxybenzo- 
phenone (DMBP); 1,1-dichloro-2,2-bis-(p-methoxy- 
phenyl)  ethylene (MeCe). 1,1,1-Trichloro-2,2-bis-(p- 
methoxyphenyl )e thane  or methoxychlor (MeC) both 
purified and technical grade was k indly  provided by the 
Biochemicals Department,  E. I. du Pont  de Nemours & 
Company, Wilmington,  Delaware. The technical grade 
was easily purified by recrystall ization from ethanol. 
The following compounds were chemically prepared 
following published procedures: 4,4'-dichlorobenzilic 
acid (DBA) (9) ; 4,4'-dimethoxybenzilic acid or anisilic 
acid (DMBA) (10). 

The following three compounds were isolated as ma-  
jor electrolysis products: 1,1-bis-(p-methoxyphenyl)-  
2,2,2-trichloroethanol or dimethoxykel thane (DMK) 
was isolated from the large-scale electrolyses of meth-  
oxychlor (MeC) and the ethylene of methoxychlor 
(MeCe) ; 1,1,1-trichloro-2- (p-methoxyphenyl)  -2- (3- 
ch loro-4-methoxyphenyl )e thane  (3-C1-MeC) was iso- 
lated from the electrolysis of methoxychlor only 
in anhydrous MeCN (0.1F LiC104) saturated 
with Na2CO3; 1,1,1-trichloro-2- (p-chlorophenyl ) -2-  (4- 
chloro-2,5-benzoquinone)ethane (DDT-Q) was isolated 
from the electrolysis of DDT, being the major  product 
of the electrolysis of DDT in the flow-through cell. 
The physical as well as the spectroscopic data of these 
three new compounds have been reported elsewhere 
(11). 

The acetonitrile solvent (MeCN) was purified by 
disti l lation from P205 and then Call2, the middle 80% 
fraction being retained. Te t rae thy lammonium perchlo- 

rate (Et4NC104), used as the support ing electrolyte, 
was recrystallized twice from distilled water, dried on 
top of an oven and in  an evacuated drying pistol at 
100~ with P205 as dessicant. Te t rae thy lammonium 
fluoroborate (Et4NBF4) was prepared by reacting 
Et4NBr with HBF4, followed by a washing wi th  ether, 
two recrystallizations with ethanol and then one with 
distilled water. This support ing electrolyte w a s  a lso  
dried on top of an oven and in an evacuated drying 
pistol. Due to the hazards of working with perchlorates, 
especially in  the presence of heavy metals, the use of 
fluoroborate salts as support ing electrolytes was pre-  
ferred in the lat ter  portions of this work. Perhaps be-  
cause all work was done in 5% aqueous acetonitrile 
there appeared to be little difference in the  t y p e s  or 
amounts  of the products when Et4NBF4 w a s  u s e d  in -  
stead of Et4NC104. 

Conventional  electrochemical equipment  w a s  u s e d  
for the cyclic vo l tammetry  (12, 13) and for the con- 
trolled potential  electrolyses (Amel Model 557 potentio- 
s ta t -galvanostat) .  Controlled potential  coulometry w a s  
accomplished either by the  d e p o s i t  of silver onto a sil- 
ver wire cathode (auxi l iary electrode) or through a 
graphic integrat ion of the cur ren t - t ime  curve. For  cy- 
clic voltammetry,  the electrolysis cell was a 4 oz g las s  
jar;  the working electrode was a s tat ionary p la t inum 
disk (Beckman 39273); the auxi l iary  electrode was a 
p la t inum electrode placed coaxially around the work-  
ing electrode; the reference electrode was an aqueous 
SCE isolated from the electrolysis by a two-compart -  
ment  salt bridge to prevent  contaminat ion of the elec- 
trolysis cell by chloride. For controlled potential  elec- 
trolyses, the electrolysis cell was a 250 ml beaker  or a 
glass flow-through cell. With the beaker, the working 
electrode was a cylindrical p la t inum mesh electrode; 
the auxi l iary electrode, isolated by a medium porosity 
glass frit, was either a coiled silver wire in a solution 
of OAF AgC10~-0.1F Et4NC104 or Et4NBF4 in  MeCN 
or a cylindrical p la t inum mesh electrode in 0.1F of the 
same supporting electrolyte as the working compart-  
ment;  the reference electrode was a Ag/0.1F AgC104 
in MeCN electrode. All potentials are given vs. the 
aqueous saturated calomel electrode (SCE) ; those mea-  
sured against the Ag/AgC104 reference electrode were 
converted to the SCE reference electrode by adding 
+0.30V to the measured value (14). 

In order to isolate a greater proportion of the pr i -  
mary hydroxylated product before it could be fur ther  
oxidized at the electrode, a single-pass f low-through 
electrolysis cell was used; its construction out of glass 
being diagramed in Fig. 3. While the over-al l  product 
yield was between 10 to 30%, there were significantly 
fewer products with this f low-through cell. In  addition, 
the unreacted 7'0-90% of the star t ing mater ial  was used 
over again in subsequent  single-pass electrolyses. In 
general, while there might be ten or more products de- 
tected by th in- layer  or high pressure liquid chromatog- 
raphy from a conventional  electrolysis, usual ly only 
one to three products were observed when the same 
compound was electrolyzed in  the single-pass flow- 
through cell. It was not possible to make an exact mass 
balance as it was impossible to isolate in pure form 
nor to make satisfactory s t ructure  assignments to the 
many  minor  electrolysis products. As will be noted 
later, the product yields are low as they are based 
on the amount  of pure isolated product after separation 
and purification. In  most cases the electrolyses were 
run, exposed to the air, at the lowest controlled po- 
tential  which produced significant current.  The elec- 
trolysis was terminated when the current  had reached 
a constant m i n i mum value or when th in- layer  chro- 
matography indicated that all of the s tar t ing mater ia l  
had been consumed or interest ing products were pres- 
ent. The solvent was removed by a rotary  evaporator 
at temperatures below 50~ to minimize thermal  degra- 
dation of unstable  products. Procedures used for the 
isolation of various oxidation products were as follows: 
several extractions to isolate the neut ra l  organic mate-  
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Fig. 3. Single-pass, flow-through electrolysis cell. Of all glass 

construction, cell height 40 cm by 7.0 cm in maximum diameter. 
Made out of a 150 ml Filter funnel having a medium porosity ,glass 
flit, 5.5 cm in diameter (Corn[ng 360~0). WE, PT ~ working elec- 
trode, 100 mesh platinum, 5.5 cm in diameter, wire diameter 0.0076 
cm; REF, SCE ~ reference electrode probe, ultra fine porosity, 0.5 
cm in diameter located 1 cm above the working electrode; AUXIL 

auxiliary compartment made of a medium porosity glass flit, 
3.0 cm in diameter; CE, Pt z counterelectrode, 52 mesh platinum, 
4.0 cm in height by 1.5 cm in diameter (not shown in the figure); 
AIR ~ coarse glass sparger to create a posffive air pressure at the 
top of the cell, 1.5 cm in diameter; Dropping Funnel ~ dropping 
funnel, 100 ml graduated, ending in a 24/40 joint; VAC ~ pro- 
vision to attach vacuum if needed to increase the flow rate. 

rials from the acidic or phenol products, ini t ial  screen- 
ing by th in - layer  chromatography, open column chro- 
matography to remove unwanted  or long-e lu t ing  prod- 
ucts, followed by either preparat ive th ick- layer  chro- 
matography or semipreparative,  high pressure, l iquid 
chromatography. All of the chromatography was per-  
formed on the appropriate type of silica while the high 
pressure liquid chromatography-was performed on 6- 
12 ft by 7 mm ID packed columns of 37-75~ porous silica 
using a Waters ALC-201 chromatograph in the recycle 
mode with an all purpose refractive index detector. 
Visualization of products on TLC plates was accom- 
plished by ul traviolet  radiat ion or by one of the fol- 
lowing spray reagents: concentrated sulfuric acid for 
DBA and many  of the analogUes of methoxychlor;  
d iphenylamine-z inc  chloride for Kel thane and dimeth-  
oxykelthane, 2,4-dini trophenylhydrazine for the ke- 
tones and benzoquinones.  

Product  identifications were based on mel t ing points 
compared to authentic samples, e lemental  analysis, in-  
frared, nuclear  magnetic resonance, and mass spectral 

data (11). Mass spectra were obtained on an AEI MS- 
902 mass spectrometer with a resolution of 100,000. 

Results and Discussion 
Cyclic vol tammetry  was in i t ia l ly  used to  d e t e r m i n e  

the approximate potential  at which to r un  the ensuing 
controlled potential  electrolyses. Table I s h o w s  the  
anodic peak potentials for D'DT, methoxychlor,  and 
their related compounds. The diagnostic criteria of 
Nicholson and Shain (15, 16) were used to aid in s u g -  
g e s t i n g  the over-al l  major  vol tammetr ic  anodic p a t h -  
w a y  of DDT, DDE, methoxychlor,  and t h e  ethylene of 
methoxychlor.  

No signs of an electrochemical reversible couple (up  
to scan rates of 200 V/sec) were evident  for any  of the  
compounds listed in Table I except for a quasi- revers i -  
ble peak for the ethylene of methoxychlor  (MeCE) at 
scan rates greater than 1.6 V/sec. In  general, the pr i -  
mary oxidation peak for DDT, DDE, MeC, and MeCE 
tended to shift to higher anodic potentials and the  
current  function tended to decrease as the s w e e p  rate  
was increased over four decades (0.01-100 V/sec).  
These behavior pat terns are suggestive of an electron 
t ransfer  followed by a fast i rreversible chemical r e a c -  
t i on  [case VI of Ref. (15)] or an ECE pa thway [either 
case I-I  or I -R of Ref. (16)] with the second electron 
transfer  being at the same or lower potential  than  t h e  
first electron transfer.  

Referring to Table I, the presence of addit ional  p e a k s  
at higher anodic potentials were due to the subsequent  
oxidation of the major  electrolysis product, the corre- 
sponding benzophenone. Thus, the anodic peak at 
+2.65V for dichlorobenzophenone (DBP) is readi ly 
apparent  in the anodic vol tammograms of DDT, DDE, 
Kelthane, and DBA. Similar ly  the two anodic peaks of 
DMBP at +1.94 and +2.60V are observed in the anodic 
vol tammograms of MeCE and DMBA and part ia l ly  in  
the vol tammograms of MeC and DMK. 

As the controlled potential  electrolyses of DDT and 
its related compounds proceeded very slowly in anhy-  
drous MeCN, and in an effort to more near ly  match 
na tura l  oxidative degradat ion conditions, all electrol- 
yses were run  with water added to the acetonitri le sol- 
vent  in an atmosphere of air. The weight of the AgC1 
precipitated in  the anode compar tment  dur ing the  
course of an oxidation indicated that  an irreproducible 
amount  of chloride was being lost from the a-chloro- 
methyl  group of each compound. Chromatographies in -  
dicated a mul t i tude of electrolysis products, often be-  
tween ten to twenty;  some of them being heat or light 
sensitive. Hence the isolation and characterization of 
only the more abundan t  electrolysis products was pos- 
sible. The reported product yields are low as they are 
based on the amount  of pure isolated product obtained 
after separation and purification remember ing  in cer- 
tain cases that incomplete controlled potential  elec- 
trolyses were carried out in the single-pass flow- 
through cell or in order to isolate the ini t ia l  electrolysis 
product. 

Electrochemical oxidation of DDE.--When DDE w a s  
electrochemically oxidized in 5% aqueous acetonitri le 

Table I. Summary of anodic peak potentials of DDT, methoxychlor, 
and related compounds at 100 mV/sec vs. aqueous SCE 

Compound Ep, V vs .  SCE 

DBP + 2.65 
DMBP + 1.94, +2.60 
DBA +2.21, +2.6 
DMBA +1.57, +1.94, +2.60 
Kelthane + 2.34, +2.66 
DMK + 1.72, + 1.88 
DDE +1.s +2.75, (+2.15to +2.30)* 
MeCE +1.54, +1.92, +2.60, (+1.57)* 
DDT + 2.32, + 2.6 
MeC + 1.73, +2.6 

* An additional wave appearing only at scan rates os 2.5 V/see 
or higher. 
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at +1.74V on a p la t inum electrode, the major  products 
isolated were DBA in 10-60% yield and DBP in 30-80% 
yield. The variable yield of DBA can, in part, be ex- 
plained by the fact that DBA itself is slowly oxidized 
at H-1.74V to DBP. At +2.00V in 5% aqueous MeCN, 
DDE, in about 10 -2 F, is electrochemically oxidized to 
DBP in greater than 95% yield in 3-5 hr as opposed to 
an average electrolysis t ime of 20 hr at 4-1.74V. At the 
higher controlled voltage of 2.00V, any DBA that may 
have been ini t ia l ly formed upon electrolysis of DDE, 
is itself quant i ta t ive ly  oxidized to DBP. 

The isolation of DBA from the electrolysis of DDE, 
along with the cyclic vol tammetr ic  data, suggests that  
DDE may be electrochemically oxidized in an ECE 
pathway proceeding through an unstable  vicinal-glycol 
(I);  this very unstable  intermediate  would undergo 
rapid hydrolysis and dehydrochlorinat ion to DBA, or 
could undergo the loss of the good leaving group, di-  
chloromethylene (CC12), to produce the benzopbenone 
t)BP. This oxidation of the vicinal-glycol  (I) is analo-  
gous to the oxidation of benzopinacol to benzophenone 
(17). 

The fact that DBA at 1.74V is oxidized after 20 hr to 
DBP in only 20% yield (the remaining 80% being the 
start ing material)  and the highly irreproducible yields 
of DBP obtained in the oxidation of DDE at +1.74V, 
yet the consistent controlled potential  coutometry in -  
dicating an over-al l  two-electron oxidation of DDE, 
suggest a branching pathway to the formation of DBP. 
Figure 4 depicts such a branching  mechanism whereby 
the hydroxylated cationic species (II) or the vicinal-  
glycol (I) undergo a pure ly  chemical breakdown to 
DBP. Such a purely  chemical pathway must  be a sig- 
nificant alternative, as the oxidation of DDE through 
DBA to DBP requires the loss of four electrons, not 
the two that is consistently observed in the coulometry. 

An addit ional anodic vol tammetr ic  wave for DDE at 
approximately -F2.2V is apparent  at scan rates of 2.5 
V/sec or higher. This suggests that a branching reac- 
tions sequence occurs that is dependent  on the rate of 
the voltage scan. At slow vol tammetr ic  scan rates, an 
init ial  over-al l  two-electron oxidation occurs as de- 
picted by the top line of Fig. 4, while at faster scan 
rates a stepwise EEC sequence occurs as shown on the 
le f t -hand #art  of Fig. 4. This branching sequence is 
suggested by a significant increase (within bounds) of 
the current  for the new peak at -F2.15V with increasing 
scan rate. 

Electrochemical oxidation of 1,1-dichloro-2,2-bis-(p- 
methoxyphenyl)-ethyIene.--When MeCe was electro- 
chemically oxidized in 5% aqueous MeCN at 4-1.40V on 
a p la t inum electrode, the major  products were DMBP 
in 32-43% yield and the unexpected DMK in 25% yield. 

While DBA was a major  product of the electrochemical 
oxidation of DDE at lower controlled potential, th in-  
layer chromatography indicated that no 4,4-dimethoxy- 
benzilic acid (DMBA) was obtained in the electro- 
chemical oxidation of MeCE. The closeness in the 
anodic peak potentials between MeCE and DMBA, 
within 0.03V (Table I), indicates that a significant ac- 
cumulat ion of DMBA is not to be expected in the con- 
trolled potential  electrolysis of MeCE. This is in sharp 
contrast to the 0.23V difference in anodic peak poten-  
tials between DDE and DBA, which permit ted DBA to 
be isolated in significant amounts from the large-scale 
controlled potential  electrolysis of DDE. 

The isolation of DMK in 25% yield from the electrol- 
ysis of MeCE indicated that  free chloride in the solution 
is capable of nucleophilic attack on the deficient in ter-  
mediates to yield a t r i -chloromethyl  moiety. As MeCE 
exhibited cyclic vol tammetr ic  behavior  similar to DDE, 
including the appearance of an addit ional  anodic wave 
at 4-1.57V at faster scan rates~ a branching mechanism 
similar to that proposed for DDE is proposed for MeCE 
and is depicted in Fig. 5. 

Electrochemical oxidation of DDT.--When DDT was 
electrochemically oxidized in 5% aqueous MeCN at 
+2.10V on a p la t inum electrode, the products ident i -  
fied were D,BP in  an approximate yield of 25% and 
and 1,1,1-trichloro-2- (p-ch!orophenyl)  -2- (4-chloro- 
2 ,5-benzoquinone)ethane (DDT-Q) in 10% yield and 
Kel thane (indicated by th in - layer  chromatography and 
spray tests);  however the isolation of the Kel thane 
was not possible due to the extremely small amount  
present. The isolation of a significant amount  of Kel-  
thane from the large-scale, conventional  anodic oxi- 
dation of DDT was not expected as the oxidation peak 
of Kel thane occurs within 0.02V of the one for DDT 
(Table I). The use of a f low-through cell designed to 
enable the init ial  hydroxylated product to be swept 
away from the electrode before it could suffer fur ther  
oxidation failed to produce Kelthane. Instead the sole 
product isolated from the f low-through electrolysis of 
DDT was DDT-Q. 

Cyclic vol tammetr ic  data at all scan rates indicated 
that DDT is oxidized i rreversibly followed at higher 
anodic potential  by the prominent  oxidation peak for 
DBP. While a stepwise ECE reaction sequences could 
be written, a more general  over-al l  two-electron 
branching scheme is depicted in  Fig. 6 to account for 
the formation of the major  products. Thus a nucleo-  
philic attack by water on the dicarbonium ion (III) at 
the central ~-carbon would result  in the formation of 
Kel thane and DBP while  a nucleophilic attack by 
water on the electron-deficient aromatic r ing would 
lead to DDT-Q. 

Fig. 4. Electrochemical oxida- 
tion of DDE in 5% aqueous ace- 
tonitrile at +1 .74V vs. SCE on a 
platinum electrode. 

DDE I I  I DBA 

/c, F oH+ l r oH OH 1 ?H ho 
j  -c-c-cu i , , c -  c=c - ' ~  . . . .  - . - ,  

_I-I + 

,L::.:o-v. T: o ,,-%. ~ - HC'L or-CCL a 

~r  CL-I FAr CO I route 

L /-CLj <, 
DBP 

Ar= C L - - - ~  



Vol. 123, No. I1 

MeCE 
O X I D A T I O N  OF DDT AND RELA TED  COMPOUNDS 

At\ /CL F ~ + 7  

Ar CL H + L Ar CL ] 

T: o L4sv. H ~ 

DMBA 
OH OH 7 OM 0 
I I \ /  I /~ 

~r--C--C --CLI ~ I Ar-C--C 
Ar Ire', ] ~o. 

- HCLor_CCL a 

/ ~ / - ' - ~ - ~  c-c 
I+CL- 

Ar - C H30-C>- 

A\ 
c -0 / 

Ar 
DMBP 

OH CL 
I I 

Ar--C--C~L 
I I 

Ar CL DMK (unexpected) 

1641 

Fig. 5. Electrochemical oxida- 
tion of 1,1-dichloro-2,2-bis-(p-  
methoxyphenyl)-ethylene (MeCe) 
in 5% aqueous acetonitrile at 
+1.40V vs. SCE on a platinum 
electrode. 
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Fig. 6. Electrochemical oxida- 
tion of DDT in 5% aqueous 
acetonitrile at +2.10V vs. SCE 
on a platinum electrode. 

Electrochemical oxidation of methoxychIor.--'When 
methoxychlor  (MeC) was electrochemically oxidized 
in 5% aqueous MeCN at -F1.50V on a p la t inum elec- 
trode, the products identified were DMBP in an ap- 
proximate yield of 35% and dimethoxykel thane (DMK) 
in 5-30% yield. This is the first report  of the isolation 
and identification of DMK as a degradation product 
of MeC. 

In  dry MeCN (OAF LiC104 as support ing electrolyte) 
saturated with Na2CO3, the major  electrolysis product 
of MeC was found to be 1,1,1-tr ichloro-2-(p-methoxy- 
pheny l ) -2 -  (3-ch loro-4-methoxyphenyl )e thane  (3-CI- 
MeC) in 20% yield. The productio n of this chloro-ad- 
duct must  occur as a result  of the nucleophilic attack 
by chloride ion which is produced by the previous deg- 
radation of a t r ichloromethyl  group of another  meth-  
oxychlor molecule. 3-C1-MeC was not observed by th in-  
layer chromatography if the electrochemical oxidation 

of methoxychlor was carried out in 5% aqueous aceto- 
nitrile. 

The cyclic vol tammetr ic  data and product isolation 
suggest that  methoxychlor  is oxidized in a general  
over-al l  two-electron scheme in  aqueous MeCN as 
shown in Fig. 7. There was no significant evidence for 
the production of phenols or of their  subsequent  oxida- 
tion products, the benzoquinones.  These products would 
indicate that  a nucleophilic attack by water  on the 
electron-deficient aromatic rings does not significantly 
occur in electrochemical oxidation. O-dealkylat ion of 
the methoxy groups to yield mono- or bis-phenols are 
the major, known  na tura l  degradation pathways of 
methoxychlor  (Fig. 2). Electrochemical oxidation of 
either 2- or 4-methoxyphenol  involving the hydrolysis 
of the carbonium ion and the loss of methanol  to yield 
the benzoquinone has been reported (18, 19). Appar -  
ently, r ing hydrolysis to form a phenol or a benzo- 
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Fig. 7. Electrochemical oxida- 
tion of methoxychlor in 5% 
aqueous aeetonitrile at + 1 . 5 0 V  
vs. SCE on a platinum electrode. 
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quinone with dealkylat ion is not a significant electro- 
chemical oxidation pa thway for methoxychlor  in  5% 
aqueous acetonitri le at -Jr 1.50V. 

S u m m a r y  
The major  electrolysis products identified from the 

controlled potential  electrolyses of DDT, DDE, meth-  
oxychlor, and the ethylene of methoxychlor  in 5% 
aqueous acetonitrile solution were hydrolysis prod- 
ucts. These products were either alcohols, ketones, 
benzoquinones, or acids that suggested that nucleo- 
philic attack by water  occurred mostly at the electron- 
deficient carbon located at the central  ~-carbon of each 
compound studied. The appearance at higher oxidation 
potential  of a voltammetric  wave of the benzophenone 
for each compound studied attests to this fact. DBA is 
obtained in good yield from the electrochemical oxida- 
t ion of DDE, and the never-before  reported DMK is 
obtained in good yield from the electrochemical oxida- 
tion of methoxychlor  and the ethylene of methoxychlor,  
MeCe. However, nucleophilic attack by water on the 
electron-deficient aromatic r ing did occur in certain 
cases as a significant amount  of DDT-Q was isolated 
from the electrochemical oxidation of DDT. In an an-  
hydrous media, a nucleophilic attack by chloride ion 
onto the electron deficient aromatic r ing of methoxy-  
chlor was evident. 
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ABSTRACT 

Al though  ve ry  res is tant  to env i ronmenta l  oxida t ive  degradation reactions, 
two specific po lych lor ina ted  b iphenyls  (PCB's)  and typical  commercia l  m ix -  
tures  of PCB's  are  oxidized at  ve ry  h igh  anodic potent ia ls  a t  a p l a t i n u m  e lec-  
trode in a med ium of aqueous acetoni t r i le  and t e t r a e t h y l a m m o n i u m  fluoborate. 
Isolat ion of the  ch lorobiphenylo ls  (or hydroxych lo rob ipheny l s )  fo rmed by 
ini t ia l  oxida t ive  hydroxy la t ion  react ions and the corresponding benzoquinones,  
in addi t ion  to cyclic vo l tammet r ic  data,  indicate  an over -a l l  ECE react ion 
scheme. Certa in  of the  identif ied oxidat ion  products  of the  PCB's  s tudied  have 
never  been repor ted ,  whi le  others  a re  s imi lar  to the i r  known  metabol ic  or  
photochemical  degrada t ion  products .  This indicates  tha t  electrochemistry,  is a 
convenient  method to s tudy  the degrada t ion  of these ve ry  pers is ten t  envi ron-  
menta l  pol lutants ,  as wel l  as a convenient  synthet ic  route  for cer ta in  of the i r  
key  degrada t ion  products .  

Mixtures  of po lych lor ina ted  b iphenyls  (PCB's)  have  
been commerc ia l ly  ava i lab le  since 1929, ye t  the i r  first 
identif icat ion in  env i ronmenta l  samples  occurred in 
1966. Only in the  past  few years  have their  long t e rm 
pers is tence  and wide d ispersa l  in the  env i ronment  
been recognized. An in format ive  tex t  on the analysis,  
chemistry,  and occurrence of PCB's  is now avai lab le  
(1). 

PCB's  are  a class of chemical ly  inert ,  ch lor ina ted  
hydrocarbons .  PCB mix tures  have had widespread  
commercia l  use as a resul t  of the i r  fol lowing favorable  
proper t ies :  h igh dielectr ic  constant,  h igh the rmal  and 
chemical  s tabi l i ty ,  low vapor  pressure,  low wate r  solu-  
bil i ty,  low f lammabil i ty ,  and high miscibi l i ty  wi th  most 
organic solvents, polymers ,  and paints  (2, 3). Different  
PCB mixtures ,  wi th  va ry ing  degrees  of viscosi ty and 
density,  have been avai lab le  in many  indus t r ia l  coun-  
tr ies  of the  world.  In the Uni ted  States, PCB mix tures  
have  been  manufac tu red  exclus ively  by  the Monsanto 
Company and sold under  the t r ade  name Aroclor@. 
Thei r  manufac tu re  involves the  la rge  scale ch lor ina-  
t ion of b iphenyl  wi th  chlor ine gas using Fe  or FeC13 
as catalyst .  The commercia l  products  are  a complex 
mix tu re  of a la rge  number  of PCB isomers. While  209 
isomers a re  theore t ica l ly  possible,  102 isomers have  
been separa ted  by  gas- l iquid  ch romatography  in an 
Aroclor |  mix tu re  (1, 2). In  Sep tember  of 1970, Mon-  
santo placed a vo lun ta ry  reduct ion  of sales on Aro-  
clors| and on Ju ly  6, 1973 the United States  govern-  
ment  res t r ic ted  the use of PCB mix tures  in commercia l  
products  to only those products  tha t  could even tua l ly  
be disposed of in an efficient manne r  that  would not  
contr ibute  to the  env i ronmenta l  contaminat ion  (4). 
No cheap, practical ,  safe, or as efficient subst i tu te  has 
been found for PCB mix tures  in  many  commercia l  ap-  
pl icat ions (5). 

In  the  Uni ted  States, in the  record  high yea r  of 1970 
in which  43 thousand metr ic  tons of Aroclor |  were  
produced,  the most  impor t an t  use of PCB mix tures  
was as capaci tor  d ie lect r ic  mater ia ls ,  commonly cal led 
Askarel |  I t  had  been es t imated  that  in past  years  more  
than  90% of all  capaci tors  sold (80 mil l ion annua l ly )  
contained Aroclor |  mixtures .  In  addit ion,  PCB m i x -  
tures  had been wide ly  used as insula t ion and heat  
t ransfer  fluids, as hydrau l ic  fluids and lubricants ,  and 
as components  in plast icizers  of paints,  sealants,  and 
varnish.  Their  high the rmal  s tab i l i ty  al lows them to be 
vaporized into the  a tmosphere  in inefficient inc inera-  
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tors thus faci l i ta t ing the i r  global  d is t r ibut ion.  I t  has 
been es t imated that  at  leas t  one mi l l ion  metr ic  tons of 
PCB mate r ia l s  have reached the wor ld  env i ronment  
f rom all  sources, domest ic  and fore ign  (2). 

PCB's had  a t t rac ted  l i t t le  env i ronmenta l  concern, 
having often been detected but  not  identif ied as ex -  
t raneous  gas chromatographic  peaks  amongst  ch loro-  
organic pesticides, unt i l  a series of incidents  d r ew  at-  
tention to the i r  chronic toxic effects in birds,  fish, 
poul t ry,  mammals ,  and man  (1, 3, 6). In  comparison 
to DDT and its pr inc ipa l  degrada t ion  produc t  DDE, 
PCB's are  bel ieved to be more  res is tant  to enzymat ic  
and photochemical  degradat ion.  This, along wi th  the i r  
high l ipid solubil i ty,  accounts for the  "biological  mag-  
nification," of PCB levels  in  going up the food chain 
(2). 

Toxicological  evidence has suggested tha t  cer ta in  of 
the deleter ious  effects of fore ign commercia l  PCB mix -  
tures  (I)  m a y  be due to the  presence,  in  pa r t  pe r  
millions, of chlorodibenzofurans  (III)  and chlorodi-  
benzo-p-d iox ins  V (7). The origin of ( I I I )  and  (V),  
not only in foreign PCB mix tures  but  also in domest ic  
commercia l  chlorophenol  mix tures  (IV),  m a y  be due 
to poor ly  developed,  commercia l  purif icat ion proced-  
ures. Fo r  example ,  i t  had  been  repor ted  tha t  cer ta in  
foreign PCB mix tu res  had been purif ied by  the addi- 
tion of l ime or  potass ium hydrox ide  to neut ra l ize  the  
hydrochlor ic  acid byproduct ,  or by  b lowing ai r  over  
the .h~eated crude, commercia l  mix tu re  fol lowed by  
dis t i l la t ion under  reduced pressure  (7, 8). F igure  1 
shows PCB's  ( I ) ,  ch lorobiphenylo ls  or  hyd roxych lo ro -  
b iphenyls  ( I I ) ,  chlorophenols  (IV) wi th  the i r  pos tu-  
la ted a l te ra t ion  routes  to the  very  toxic chlorodibenzo-  
furans (III)  and ch lorod ibenzo-p-d iox ins  (V) .  

I II I1[ 
NaOH - HCL 

Pres. 
( _ L)I_ 5 ( _ L)I_ 5 (C L)O_ 4 (C L)I_ 4 

Ol-I 0 - N a +  0 

�9 L) (CL)I-5 (C L)I-5 ca ta l ys t  0 - 4  0 - 4  

IV v 

Fig. 1. PCB's, hydroxychlorobiphenyls, and possible transforma- 
tion routes to chlorinated dibenzofurans and chlorinated dibenzo-p- 
dioxins. 
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Recent  efforts have  focused on ident i fy ing the p r in -  
cipal metabol i tes  of PCB's. I t  has been shown tha t  
hydroxych lo rob ipheny l s  (II)  are  the most p rominen t  
metabol i tes  in animals,  microorganisms,  and plants  
(1). Thus f rom rabbits ,  the  pr inc ipa l  u r ina ry  me tabo-  
l i tes  of 2,5,2 ' ,5 '- tetrachlorobiphenyl,  a p redominan t  
compound in a commercia l  PCB mixture ,  is the  3-OH 
and the 4-OH isomer as wel l  as a 3 ,4-d ihydroxy-3 ,4-d i -  
hydro-compound,  suggest ing tha t  enzymatic  h y d r o x y -  
la t ion occurs th rough  an arene oxide in te rmedia te  wit.h 
an oxygen a t tachment  at both  the open 3- and 4-posi-  
tions (9). 

It is the 3-hydroxy-2 ,5 ,2 ' ,5 ' - te t rachlorobiphenyl  tha t  
is isolated as the ma jo r  hydroxych lo rob ipheny l  product  
from the electrochemical  oxidat ion  of 2,5,2' ,5'-tetra- 
chlorobiphenyl .  Thus e lec t rochemis t ry  is a convenient  
method for the synthesis  of the  hydroxych lo rob i -  
phenyls,  as few of these metabol ic  products  a re  ava i l -  
able. In addition, t he re  are  few good, organic s:~nthetic 
methods avai lab le  that  lead to a single hyd roxy - i somer  
in good y ie ld  (10). But i t  mus t  be emphas ized  tha t  our  
synthet ic  method is far  different  than  the enzyme-  
assisted, na tu ra l  a l te ra t ion  of the same PCB s tar t ing 
mater ia l .  

Beland et al. have recent ly  repor ted  that  a s tepwise 
loss of chloride f rom a specific PCB by reduct ive  
vo l t ammet ry  is character is t ic  enough to provide  ana-  
ly t ica l  identif icat ion of a specific put"e PCB isomer  
(11, 12). 

Experimental 
Chemicals.--The fol lowing chemicals  were  used as 

received af te r  thei r  pur i ty  had been checked by  th in-  
l aye r  or gas- l iquid  ch romatography  or they  were  pur i -  
fied as descr ibed below. 4 ,4 ' -Dichlorobiphenyl  (DCB) 
f rom Aldr ich  Chemical  Company,  about  97% pure,  was 
purif ied by  vacuum sublimation,  m.p. 146~176 [Lit. 
146 ~ 148 ~ (1) ]; 2 ,5,2 ' ,5 ' - tetrachlorobiphenyl  (TCB) 
was p repa red  in very  high yie ld  th rough  the h ighly  
toxic 2,5,2 ' ,5 ' - tetrachlorobenzidine (11) and in much 
lower  yie ld  by  the Ul lman  coupling react ion (13), 
m.p. 84.5~176 [Lit. 86~176 (1) ] ;  decachlorobi-  
phenyl ,  99%, commerc ia l ly  ava i lab le  f rom Analabs  
Incorporated,  Nor th  Haven, Connecticut;  2,3,7,8-tetra- 
ch lorod ibenzo-p-d iox in  k ind ly  provided  by E. H. Blair,  
Dow Chemical  U.S.A., Midland,  Michigan; pe rch lor ina -  
t ion ki t  (Analabs  PCR-A)  used to ful ly  chlor inate  
biphenyl ,  dibenzofuran,  and d ibenzo-p-d iox in ;  com- 
merc ia l  Aroclor |  mix tures  were  k ind ly  provided  by  
W. B. Papageorge,  Monsanto Company,  St. Louis Mis-  
souri. 

The fol lowing compounds were  p repa red  by  organic 
synthet ic  methods as authent ic  samples  to which the 
electrolysis  products  were  compared.  '4 ,4 ' -dichloro-2- 
b iphenylo l  (or 2 -hydroxy-4 ,4 ' -d ich lorob iphenyl )  p re -  
pared  by  making  the diazonium salt  of 2 -me thoxy-4-  
chloroani l ine  wi th  i soamyl  n i t r i te  fol lowed by a free 
radical  coupling react ion wi th  chlorobenzene (10). 
Af te r  washing and a vacuum dist i l lat ion,  the  f ract ion 
containing the ch loromethoxybiphenyls  was deme thy l -  
ated with  boron t r ib romide  (13). The var ious  h y d r o x y -  
chlorobiphenyl  isomers were  isolated first by  open 
column ch romatography  from silica wi th  toluene as 
e luent  then  by  semiprepara t ive ,  h igh pressure  l iquid  
ch romatography  on porous silica 37-75~, in columns 
10 ft by  7 m m  ID, wi th  toluene as solvent  in cer tain 
cases using the Waters  201 l iquid chromatograph  in 
the recycle mode. Careful  eva lua t ion  of thei r  in f ra red  
spect ra  (Perk in  E lmer  337) using 0.2 m m  thick NaC1 
l iquid cells wi th  carbon te t rach lor ide  and carbon di-  
sulfide as solvents showed the first Muted isomer to be 
the 2,4'-dichloro-4-biphenylol, then the 2',4-dichloro- 
2-biphenylol, followed by the desired 4,4'-dichloro-2- 
biphenylol. 

As 2,5,2',5'-tetrachlorobiphenyl is a more symmetri- 
cal compound, a similar organic synthesis reaction of 
2,5-dichloroaniline with 2,5-dichloroanisole yielded 
after demethylation (13) and similar chromatographic 

separa t ion  by  semiprepara t ive  l iquid chromatography,  
then  in f ra red  spectroscopy for s t ructure  elucidation,  
in order  of elut ion wi th  toluene, 2,5,2 ' ,5 '- tetrachloro-6- 
bip.henylol, fol lowed by  2,5,2 ' ,5 ' - te t rachloro-3-biphe-  
nylol, then  2,5,2 ' ,5 ' - te trachloro-4-biphenylol .  In add i -  
tion, the  s t ruc ture  of the ma jo r  h y d r o x y l a t e d  
product  f rom the e lectrochemical  oxidat ion  of 
2,5,2 ' ,5 ' - tetrachlorobiphenyl  was confirmed by  compar -  
ing its chromatographic  and in f ra red  absorpt ion  spec- 
t ra  to tha t  of an authent ic  sample  of 3 - h y d r o x y -  
2,5,2 ' ,5 ' - tetrachlorobiphenyl  k ind ly  p rov ided  by  Gard-  
ner  (9). He has identif ied the 3- and the 4-isomers as 
those being e lu ted in the  ur ine  of rabbits ,  as wel l  as 
pe r fo rming  the organic synthesis  and s t ruc ture  e luci-  
dat ion of each of the isomers. He has repor ted  a con- 
venient  t h in - l a ye r  chromatographic  separa t ion  of the  
three  isomers compared  to 2,5-dichlorophenol  as an 
in te rna l  s tandard  (9). 

The fol lowing compounds were  isolated as ma jo r  
electrolysis  products  f rom the la rge-sca le  control led 
potent ia l  e lectrolyses  of pu re  PCB isomers. Those 
marked  by  an as ter i sk  have prev ious ly  not been re -  
por ted  in the avai lab le  l i tera ture .  Each compound had 
infrared,  nuclear  magnet ic  resonance and mass spec- 
t ra l  da ta  consistent  wi th  the  assigned s t ruc ture  (14). 
2-Chloro-5-  (p -ch lorophenyl )  - 1,4-benzoquinone (VI) 
(15, 16) ; 2 - ( p - c h l o r o p h e n y l ) - l , 4 - b e n z o q u i n o n e  (VII)  
(16, 17). Both (VI) and (VII)  were  compared  to 
authent ic  samples  k ind ly  provided  by  Bagli  (16); 2,5-di- 
chloro-3-(2 ,5-dichlorophenyl) - l ,4-benzoquinone (IX)* ; 
bis-2,5-dichloro-l,4-benzoquinone (X)* ;  2-chloro-3-  
(2 ,5-dichlorophenyl)  - 1,4-benzoquinone (XI)  *; 2- 
chloro-6-  (2,5-dichlorophenyl)  - 1,4-benzoquinone (XII )  *. 

Te t r ae thy l ammonium fluoborate, Et4NBF4, was p re -  
pared  by  reac t ing  Et4NBr and HBF4 in d is t i l led  wa te r  
(18) fol lowed by  washings wi th  ether, two rec rys ta l -  
l izations wi th  ethanol  and one wi th  dis t i l led  water ,  
and dry ing  on top of an oven and in an evacuated  d r y -  
ing pistol  at 100 ~ with  P205 as dessicant  for 24 hr. This 
suppor t ing  e lec t ro ly te  gave a low res idual  cur ren t  to 
at  least  +3.5V vs. SCE. Upon the addi t ion of p rogres -  
sive amounts  of wate r  to 0.1F Et~NBF4 in MeCN sol-  
vent, an i r revers ib le  wave first appeared  wi th  a peak  
at §  fol lowed by  an e lec t ro ly te  b r eakdown  at 
around + 2.9V; the b r eakdown  progress ive ly  shif ted to 
lower  anodic potent ia ls  as addi t ional  amounts  of wa te r  
were  added (19). 

Al l  ins t rumenta t ion,  procedures ,  and reagents  in-  
cluding the use of the  s ingle-pass ,  f low- through elec-  
t rolysis  cell were  as descr ibed in the  previous  paper  
(20) except  for wha t  follows. Because of the high 
anodic potent ia ls  requ i red  to cause the e lectrochemical  
oxidat ion of PCB's, t e t r a e thy l a mmon ium fluoroborate,  
Et~NBF4, was used as the suppor t ing  e lect rolyte  in the  
MeCN solut ion for the cyclic vo l tammetr ic  studies. The 
use of dual  cells and potent iostats  were  requi red  to 
e lec t ronical ly  subt rac t  the  apprec iable  res idual  cur -  
rent  f rom the compound's  faradaic  current  (21). Al l  
control led potent ia l  e lectrolyses were  carr ied out in 
a med ium of 2-5% aqueous MeCN, wi th  0.1F Et4NBF4 
and 1-2% in 0.2F AgC104. The AgC104 was added to 
remove the i r reproduc ib le  amount  of chlor ide  ions 
e l iminated  dur ing  the e lec t ro lys i s  of each PCB isomer 
and made  the format ion  of more  h igh ly  chlor ina ted  b i -  
phenyls  less l ikely,  t he reby  reducing the number  of 
electrolysis  products.  Visual izat ion of the  products  
separa ted  by  th in - l aye r  ch romatography  was accom- 
pl ished by u l t rav io le t  l ight  for  the PCB's, by  2,4,7- 
t r in i t ro-9-f luorenone for the chlorobiphenylols  (22), 
and by  2 ,4-d in i t rophenylhydraz ine  for the benzo-  
quinones. To de te rmine  whe ther  ox ida t ive  e lec t ro-  
chemical  conditions used in this s tudy conver ted  the  
PCB isomers (DCB, TCB and decachlorobiphenyl )  to 
the very  h ighly  toxic chlorodibenzofurans  (III)  or 
ch lorodibenzo-p-d ioxins  (V),  a gas- l iquid  chromato-  
graphic analysis  was performed.  Fol lowing the method 
of Wil l iams and Blanchfield (23), the impure  mix tu re  
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of an electrolysis product was ful ly  chlorinated using 
the chlorination kit (Analabs) ;  the relat ive re tent ion 
times of the separated perchlorinated products were 
then  compared with authentic  re tent ion times of octa- 
ch]orodibenzofuran or octachlorodibenzo-p-dioxin.  No 
conversion of the three PCB isomers studied to the 
more toxic compounds was evident  by gas-l iquid 
chromatography. It  is estimated that  as l i t t le as 0.1% 
conversion would have been detected. 

Results 
Cyclic vol tammetry  was ini t ia l ly used to determine 

the approximate potential  at which to run  the ensuing 
controlled potential  electrolyses. Table I shows the 
anodic half -peak potentials for several of the com- 
mercial  Aroclor| mixtures.  (The last two digits in  the 
Aroclor| number  indicates the average chlorine per-  
centage by weight.) A general  t rend toward higher 
anodic potential  with increasing percentage of chlorine 
is evident. This t rend is to be expected, based on the 
e lec t ron-wi thdrawing effect of the chlorine substi t-  
uents. The significant prewaves observed in  the 
vol tammograms are thought to be due to the oxidation 
of the lower chlorinated PCB fractions in the mixture;  
each mix ture  has been reported to contain between 
40 to 80 different isomers (1). 

Table II lists the hal f -peak potentials of those pure 
PCB isomers studied, along with those of benzene, bi-  
phenyl, and 4,4 ' -dimethoxybiphenyl  for comparison. 
For  the pure chlorinated biphenyl  isomers, a similar 
t rend toward higher oxidation potentials with in-  
creasing chlorine content is evident. Table III shows 
the re]atively low oxidation potential  of several com- 
mercial ly  available ehlorophenols and hydroxybi -  
phenyls;  this table i l lustrates that  any hydroxychloro-  
b iphenyl  (II) formed in the large-scale electrolysis of 
PCB isomers would be fur ther  oxidized at the con- 
trolled potentials used for the oxidation of the PCB. 

The diagnostic criteria of Nieholson and Shain were 
used to aid in suggesting the over-al l  ma jor  electro- 
chemical pathway of the three pure PCB isomers in 

Table I. Voltammetry of Aroclors| 

Aroehlor| EPka/~ 

1232 2.23 (prewave) 
1242 2.39 (prewave) 
1254 2.42 (prewave) 
1260 2.43 ( no prewave) 

" All are anodic potentiaIs measured vs. aqueous SCE 

Table II. Vohammetry of biphenyls* 

Biphenyls Epk~/~ 

(Benzene) (2.32) 
Biphenyl 1.82 
4,4'-Dimethoxybiphenyl 1.18 
4,4"-Dichlor obiphe nyl 1.88 
2,5,2",5'-Tetrachl orobiphenyl 2.38 
Decaehlorobiphenyl 2.63 

* All are anodie potentials measured v s .  aqueous SCE 

Table IlL Yoltammetry of phenols* 

Phenols EPkap 2 

2-Chlorophenol 0.63 
3-Chlorophenol 0.73 
2,4-Dichlorophenol 0.65 
2-Hydroxybiphenyl 1.27 
3-Hydroxybiphenyl 1.47 
4-Hydroxybiphenyl 1.24 
3-Chloro,4-hydr oxybiphenyl 1.30 

* All are anodic potentials measured vs. aqueous SCE 

Table II. For each PCB isomer only one i rreversible  
anodic wave is evident;  its location tended to shift to 
higher anodic potentials, while its current  function 
tended to decrease, as the sweep rate was increased 
over three decades of sweep rate (0.1-100 V/sec).  
These behavior pat terns are suggestive of an electron 
transfer  followed by a fast, i r reversible  chemical re-  
action [case VI of Ref. ( 2 4 ) ]  or an  ECE pa thway 
[either case I - I  or I -R of Ref. (25) ]. Adding increasing 

amounts  of water  to the solution caused the half-peak 
potentials at a scan rate of 0.1 V/sec to shift to a less 
anodic potential  and the current  function to double. 
This behavior is in  agreement  with a proposed ECE 
mechanism whereby the increasing amounts  of water, 
ac t ing  as a nucleophile, caused the rate of the in ter -  
vening chemical reaction to be significantly increased, 
and increased the likelihood of the second charge t rans-  
fer occurring at lower anodic potential. 

As expected, the ful ly chlorinated decachlorobi- 
phenyl  showed the appearance of a chlorine/ t r ichloride 
redox system at +1.1 and +I .7V vs. SCE on the s e c o n d  
and third cyclic vol tammetr ic  scans (26). The final 
electrolysis solution smelled strongly of HC1, and the 
th in - layer  chromatography and infrared spectroscopy 
indicated the presence of several benzoquinones;  all i n -  
dicating that a significant loss of chloride ion from the 
decachlorobiphenyl had occurred. No at tempt was 
made to fur ther  identify the electrolysis products d u e  
to the small  amount  of decachlorobiphenyl that  was 
available for electrolysis. 

In an effort to more near ly  match na tura l  oxidative 
degradation conditions, all electrolyses were r un  with 
water added to the acetonitrile solvent. The weight of 
the AgC1 precipitated in the anode compartment  dur -  
ing the course of an oxidation indicated that  an i r re-  
producible amount  of chloride was being lost from the 
PCB compound. The reported product yields are low 
as they are based on the amount  of pure isolated prod-  
uct obtained after separation and purification from 
incomplete controlled potential  electrolyses. 

Electrochemical oxidation of 4,4'-dichlorobiphenyL-- 
When 4,4'-dichlorobiphenyl (DCB) was electrochemi- 
cally oxidized in  2.5% aqueous MeCN between + 1.9 to 
+2.1V vs. SCE on a p la t inum electrode, with Et4NBF4 
and AgC104 added, the major  electrolysis products iso- 
lated were: 2 -ch loro-5- (p-ch lorophenyl ) - l ,4 -benzo-  
quinone (VI) in  25-30% yield; 2 - (p -ch lo ropheny l ) -  
1,4-benzoquinone (VII) in 4-6% yield; a 4,4'-dichloro- 
2-biphenylol  (VIII) in 4-6% yield; and a tr ichlorobi- 
phenyl  in 2% yield. Figure 2 shows the general  elec- 
trochemical oxidation scheme of 4,4'-dichlorobiphenyl. 
[Hutzinger has shown that  4,4 '-dichloro-3-biphenylol  
is the metabolic product of 4,4 '-dichlorobiphenyl in rats 
and goats (1, 10, 27).] 

Electrochemical oxidation o] 2,5,2',5'-tetrachlorobi- 
pheny l . - -When  2,5,2' ,5 '-tetrachlorobiphenyl(TCB) was 
electrochemically oxidized in 2.5% aqueous MeCN be-  

DCB Vlll V I 
-2,e- -4e - 

+ Hz 0 ~ 0~, +HzO CLiO 0 CL O- CL CL 
-2 H -4H  + 

~ r  + HO 

CL~ -3: + 

" VII 

Fig. 2. General electrochemical oxidation scheme of 4,4'-dichloro. 
biphenyl in 2.5% acetonitrile at + 1 . 9  to +2 .1V  vs .  SCE on a 
platinum electrode. 
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tween  +2.0 to +2.7V vs. SCE on a p la t inum electrode 
wi th  Et4NBF4 and AgC104 added, the  ma jo r  electrolysis  
products  isolated were:  2 ,5-dichloro-3-(2 ,5-dichloro-  
pheny l ) - l , 4 -benzoqu inone  (IX) in 13.-17% yield,  bis- 
2,5-diehloro- l ,4-benzoquinone (X) in 4% yield,  2- 
ch lo ro -3 - (2 ,5 -d ich lo ropheny l ) - l , 4 -benzoqu inone  (XI)  
in 2% yield,  2 - ch lo ro -6 - (2 ,5 -d i ch lo ropheny l ) - l , 4 -ben -  
zoquinone (XII )  in 2% yield,  and 3-hydroxy-2,5,2 ' ,5 ' -  
t e t rach lorob iphenyl  (XII I )  in f rom 1 to 6% yield.  
F igure  3 shows the genera l  e lectrochemical  oxidat ion  
scheme of 2,5,2 ' ,5 ' - tetrachlorobiphenyl.  [Gardner  has 
shown tha t  the 3 - h y d r o x y -  and the 4-hydroxy-2,5,2 ' ,5 '~ 
t e t rach lorob iphenyl  a re  the metabol ic  products  f rom 
the  rabbi t s  (9).] 

Discussion 
The format ion  of p-quinones  as the  ma jo r  e lec t ro l -  

ysis products  f rom the e lect rolyt ic  oxidat ion  of a ro-  
mat ic  hydrocarbons  is wel l  known. The quinones can 
be shown to be formed by  fu r the r  oxidat ion  of the i r  
h y d r o x y  in termedia tes .  Severa l  studies on the ox ida-  
t ion of phenols confirm this pa thway  (28-31). In this 
p resen t  study,  the  isolat ion of the  hydroxych lo rob i -  
phenyls  (VIII)  and (XII I )  const i tute s trong evidence 
for  the  genera l  e lectrochemical  oxidat ion  schemes of 
4 ,4 ' -d ichlorobiphenyl  and 2,5,2 ' ,5 ' - tetrachlorobiphenyl  
shown in Fig. 2 and 3. As seen by  the vo l tammetr ic  
ha l f -peak  potent ia ls  in Table  III, hydroxych lo rob i -  
phenyls  are  oxidized about  1.0V less anodic than  the 
chlorobiphenyls  and would  be fur ther  e lec t rochemi-  
cal ly  oxidized at the control led potent ia ls  employed to 
oxidize the PCB's. Thus the  isolat ion of hydroxych lo ro -  
b iphenyls  in exhaus t ive  electrolyses  is qui te  fortuitous.  

In  the s ingle-pass  f low- through cell, where in  the in i -  
t ia l  hyd roxy l a t ed  product  is more  effectively f lushed- 
and k e p t - a w a y  from the work ing  electrode,  h igher  
yields (up to 10%) of the hydroxych lo rob ipheny l  was 
obtained.  In  the  case of the 2,5,2 ' ,5 ' - tetrachlorobiphenyl  
about  80% of this PCB was recovered and could be re -  
cycled through the flow cell. Al though  the yields may  
not  appear  to be impressive,  the abi l i ty  to be able to 
p r epa re  in a short  t ime the hyd roxy -adduc t s  of such 
s low- to -deg rade  chemicals war ran t s  more  use of flow- 
th rough  cells in small  scale e lectroorganic  synthesis.  

As a resul t  of product  isolat ion and the cyclic vol t -  
ammetr ic  data, a genera l  ECE oxidat ion  scheme ap-  
pears  most reasonable  for the e lec t rochemical  ox ida-  
t ion of 4 ,4 ' -d ichlorobiphenyl  and 2,5,2' ,5 '- tetrachloro- 
b iphenyl  in aqueous MeCN solution. Thus an ini t ia l  
two-e lec t ron  oxidat ion fol lowed by  hydrolys is  would 
resul t  in the fo rmat ion  of a hydroxych lo rob ipheny l  (a 
chlorophenyl  phenol ) .  At  the control led work ing  elec-  
t rode  potential ,  the hydroxych lo rob ipheny l  would be 
r ap id ly  fu r the r  oxidized to the corresponding p -benzo-  
quinone. The identif icat ion of various benzoquinones 
and the appearance  of numerous  minor  e lectrolysis  
products ,  seen on the t h in - l aye r  chromatographic  plate,  

TCB XIII IX 
-2e - - 4 e  - 

CL CL 0 CL CL +H20 CL CL OH +HzO 

L L ~CLO~L 

c| C CL : CL 
Xl Xll X 

Fig. 3. General electrochemical oxidation scheme of 2,5,2',5'- 
tetrachlorobiphenyl in 2.5% aqueous acetonitrile at +2 .0  to 
+2.7V vs. SCE on a platinum electrode. 

at tes t  to the complex i ty  of the  e lectrochemical  ox ida-  
t ion processes. El iminat ion  of the  chloro group, as 
measured  by  the  weight  of AgC1 prec ip i ta te  collected 
f rom the anode compar tment ,  occurred to a var iab le  
extent.  

While  most biological ly  significant hydroxyla t ions  
involve the  react ion wi th  molecular  oxygen  (32), wi th  
oxygen- t rans i t ion  meta l  complexes  (33), or  wi th  h y -  
d roxy l  or p e r h y d r o x y l  radicals  (34), nucleophil ic  add i -  
t ion of wate r  to e lec t ron deficient centers  cannot be ex-  
cluded and, in fact, has been proven  by  showing tha t  
the  O ~s labe led  wate r  is added  in an enzyme h y d r o x y l -  
a t ion react ion to nicotinic acid (35). The " a w k w a r d  
hydroxy la t ion  of a romat ic  r ings" (34) induced by  
enzymatic,  photochemical ,  and now electrochemical  
methods is an impor tan t  oxida t ive  degrada t ion  route  of 
env i ronmenta l ly  pers is tent  chemicals.  But, i t  must  be 
emphasized that  the high anodic pa thways  used in this 
present  s tudy of the  e lect rochemical  oxidat ion  of PCB 
isomers, are  no doubt  different  t han  the enzyme-as -  
sisted, na tu ra l  degrada t ion  route  of these same chemi-  
cals. 
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Chronoamperometric Studies of Flash Photoemission at a 
Mercury Electrode 
R. P. Baldwin 1 and S. P. Perone 

Department o~ Chemistry, Purdue University, West Lalayette, Indiana 47907 

ABSTRACT 

F lash  i r rad ia t ion  and high speed potent ios ta t ic  moni to r ing  have  been 
uti l ized to s tudy the e lectrochemical  processes associated wi th  the  photoemis -  
sion of electrons from a m e r c u r y  electrode into var ious  e lec t ro ly te  solutions. 
Condit ions in which no efficient hydra t ed  electron scavenging species was pres -  
ent, as wel l  as condit ions employing  1O-3M concentrat ions of NO:z-, I-I~O +, 
NO3-,  and acetophenone,  were  examined.  The magni tudes  of the  resul t ing  
flash photocurrents  and the i r  var ia t ion  wi th  e lectrode potent ia l  agreed  qual i -  
t a t ive ly  wi th  results  obta ined prev ious ly  using continuous radia t ion  or coulo-  
stat ic moni tor ing  techniques.  The tempora l  behavior  of the  currents  showed 
tha t  they were  capaci t ive  in nature ,  resul t ing f rom double  l aye r  r echa rg ing  in  
response to the  electron pulse caused by  the ex t r eme ly  rap id  e lect ron emission 
and scavenging reactions.  The charging cur ren t  model  appears  val id  for  the  
wide  var ie ty  of scavenging si tuat ions considered in this work.  

The  photoemission of electrons f rom a mercu ry  elec-  
t rode  into a concentra ted  e lec t ro ly te  solution, and the 
subsequent  chemical  and physical  processes tha t  ac-  
company  it, have in recent  years  been the subject  of 
ex tens ive  expe r imen ta l  and theore t ica l  invest igat ions  
(1-6). The deta i led  succession of events which occurs 
upon electron emission has now been de te rmined  for a 
la rge  number  of chemical  systems by  means of a 
va r ie ty  of exper imen ta l  techniques. Specifically, the 
photoemission phenomenon has been shown to entail ,  
sequential ly ,  e lec t ron emission, thermal izat ion,  and 
hydrat ion,  fol lowed by  the compet ing processes of 
chemical  scavenging and electrochemical  oxidation.  

In general, the instrumental approaches employed to 
generate large-scale photoemission and monitor the re- 
sulting events can be placed into one of two classifica- 
tions. In the first, continuous or long-term electrode 
illumination is utilized to produce steady-state photo- 
currents (i, 7-13). Measurements are made by me- 
chanically chopping or electrically modulating the 
light source to provide both a photoemission and a 
reference signal, and monitoring the corresponding 
currents with a potentiostatic or polarograp~hic system. 
Such methods are well suited for the observation of 

1Present  address: Depar tment  of Chemistry, Universi ty of 
Louisville, Louisville, Kentucky 40208. 

Key words: photoelectrochemistry,  photoemission, photopolar- 
ography. 

the  net  currents  associated wi th  continuous e lect ron 
emission, but  a re  of l i t t le  use for the  d i rec t  s tudy of 
t rans ient  photoemiss ion processes. 

The a l te rna te  exper imen ta l  approach entai ls  the use 
of a ve ry  short  dura t ion  flash, or pulsed light,  source 
to genera te  t rans ien t  e lect ron emission which can be 
fol lowed d i rec t ly  to provide  kinetic  and mechanist ic  
informat ion (3, 14-17). Because of the la rge  amount  of 
noise p ickup resul t ing f rom the flash discharge and the 
concomitant  difficulties in main ta in ing  adequate  pote  n - 
t ial  control  at short  times, potent ios ta t ic  ch ronoamper -  
ometr ic  measurements  have not been very  useful  p re -  
viously. Rather,  the  moni tor ing  of subsequent  potent ia l  
changes induced at  the  emi t t ing  e lect rode under  coulo-  
static condit ions has been employed (3, 17). The diffi- 
culties inheren t  in the  coulostatic approach  include the 
ex t r eme ly  low signal levels  and the sometimes indirect  
na ture  of the  measurements  involved.  

Thus, the  deve lopment  of high speed potent ios ta t ic  
techniques sui table  for the inves t igat ion of the  photo-  
emission process, and subsequent  hydra t ed  e lect ron 
(eaq-)  chemistry,  is cer ta in ly  desirable.  Fur the rmore ,  
previous work in this laboratory has involved the 
photoelectrochemical study of rapid photolytic proc- 
esses initiated by flash irradiation (18-21). Since these 
studies have entailed the potentiostatic monitoring of 
faradaic currents occurring at short times following 
the flash, an unders tand ing  of the  direct  effects of 
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photoemission in a potentiostatic system is imperative. 
Accordingly, the objectives of the work reported here 
were to develop flash photoelectrochemical i n s t rumen-  
tat ion capable of observing photoemission currents  
potentiostatically, and to construct a working model 
capable of accounting for these observations in terms 
of the specific chemical and physical processes known 
to occur dur ing and after  the photoemission event. 
This required the optimization of the flash irradiation 
and potentiostatic monitoring systems and the analysis 
of photoemission results obtained experimentally un- 
der a wide range of chemical and electrochemical con- 
ditions. 

Experimental  
Flash radiation.--The flash system employed was es- 

sential ly the same as has been previously reported 
(21). The principal  difference was that a spherical 
mirror  was used in place of the l inear  parabolic re- 
flector to permit  more efficient collection and t rans-  
mission of the flash i r radiat ion to the hanging mercury  
drop electrode, as is shown in Fig. 1. Addit ional  elec- 
tromagnetic shielding was provided by enclosing the 
flash lamp, trigger circuit, and all the associated elec- 
tronics in a separate, grounded faraday cage con- 
structed from copper screening. 

The lamp used was a Suntron-6C xenon flash lamp 
(Xenon Corporation, Medford, Massachusetts). It is a 
high intensity,  fas t -ext inguishing micropulse flashtube 
capable of dissipating a max imum energy of 100j with 
a pulse durat ion of approximately 10 ~sec. The capaci- 
tor bank  discharged dur ing the flash consisted of a 
total of 4 ~d charged to a l imit  of 7000V (LK100- 
405YND, Plastic Capacitors, Incorporated, Chicago). 
Since it was especially impor tant  to know with cer- 
ta inty the precise flash shape and dura t ion associated 
with this specific setup, the flash output was monitored 
directly with a Raytheon 929 vacuum photodiode; the 
results indicated that  the flash possessed a width at 
ha l f -max imum of 8 ~sec and exhibited no significant 
tai l ing effects. 

A fur ther  factor often complicating the study of 
faradaic photocurrents due to electron emission is the 
occurrence of nonfaradaic currents caused by the i r-  
radiat ion of the electrode/solution interface and re- 
lated to changes in interracial  tempera ture  and con- 
sequent s t ructural  changes of the electrical double 
layer (22). Therefore, it was normal ly  found useful to 
remove all high wavelength radiat ion from the flash 
output and allow only the lower wavelength compo- 
nents to reach the electrochemical cell. Accordingly, a 
u.v.- t ransmit t ing,  vis ible-absorbing Corning 7-54 glass 
filter was rout inely  inserted into the flash path to pre-  
vent  t ransmission of light of wavelengths longer than 
410 nm. This precaution served to a t tenuate  the so- 
called "thermal" photocurrents (22) to a degree, but  
did not el iminate them entirely. 

Instrumentation.--The cell, electrodes, potentiostat, 
and general  operating procedures were all s imilar  to 

those described earlier (21). All exper imental  cur rent -  
t ime measurements  were made using a Hewlet t -  
Packard (Palo Alto, California) Model 141A oscillo- 
scope with a Model 1421A t ime-base generator  and a 
Model 1402 dual- t race amplifier. Oscilloscope traces 
were recorded on a Hewlet t -Packard  Model 197A Pola- 
roid camera. Oscilloscope tr iggering was synchronized 
with the ini t ia t ion of the flash by means of a photo- 
transistor  (PT-100, Fairchi ld Semiconductor,  Mountain  
View, California) to ensure that  the ini t ia l  t imes for all 
measurements  corresponded to the beginning  of the 
flash itself. 

A typical example of a constant  potential  chrono- 
amperometric photoemission exper iment  is shown in  
Fig. 2. Each exper iment  consisted of two separate runs:  
a "blank" or noise run  generated by placing an opaque 
shutter  between the flash lamp and the emit t ing elec- 
trode, and a "flash" trace generated by removing the 
shutter  and allowing photoemission to occur. Any cur- 
rent, present in  the b lank trace corresponded only to 
flash-induced noise, while the flash signal contained 
the same noise effects superimposed on the photoemis- 
s ion-related currents. Consequently, it was the differ- 
ence between the flash and b lank  traces that  was used 
as a measure of the photoemission current  of interest. 
Because of the finite width of the flash and the sub- 
stantial  amount  of rf noise pickup still present upon 
flash discharge, t ransient  current  measurements  were 
never  considered at times earlier than 15 ~sec after 
the start  of the flash. 

Reagents.--All chemicals used were reagent  grade. 
Water was deionized by passage through a mixed-bed 
ion-exchange column and doubly distilled. Solvent-  
saturated, deoxygenated high pur i ty  ni t rogen was used 
to deaerate all solutions prior to i r radiat ion and was 
allowed to flow cont inuously over the solution surface 
dur ing  all experimentat ion.  

Results and Discussion 
GeneraL--The over-al l  sequence of events known to 

occur upon electron photoemission is summarized in 
Fig. 3. When light of sufficiently low wavelength is 
incident on a mercury  surface that is held at a suitably 
cathodic potential, electrons are emitted and undergo 
very rapid thermalizat ion and hydration.~ Once hy-  
drated, the electrons are free either to react chemically 
with any electron-accepting scavenger (S) present in 

-~ The occurrence of "dry" (nonhydrated)  e lectron react ions  is 
a possibility which may be significant at high scavenger  concen- 
trations (>1 mole/liter). In the experiments described here,  the 
scavenger concentration never exceeded 10-SM; hence all elec- 
trons are considered to undergo hydrat ion prior to any scaveng- 

ing or  return to the electrode.  

i9 
Fig. 1. Flash optics. R, Reference electrode probe; W, working 

electrode (HMDE); C, electrochemical cell; T, Teflon electrode 
posltioner; M, reflecting mirror; L, quartz lens; S, spherical reflec- 
tor; F, xenon flash lamp. 

Fig. 2. Continuous potentiostatic analysis following flash irradia- 
tion. Analysis of NaNO~ solution (1.0 X 10-3M, 1.0M KCI) at 
--1.700V vs. SCE. Upper trace corresponds to flash current ob- 
served with irradiation, and the lower trace illustrates the blank 
signal with flash, shutter closed. 
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Fig. 3. Processes occurring upon electron photoemission 

I0  - 7  5EC 

S -  

solut ion near  the electrode surface or to diffuse back to 
the electrode surface and r e tu rn  through an electro- 
chemical oxidation process. Similarly,  the pr imary  
scavenging product ( S - )  may undergo fur ther  chemi- 
cal reaction or may participate, along with any sec- 
ondary scavenging products (S'),  in possible redox 
processes at the electrode. All of these phenomena 
take place in  solution either at or very near  the mer -  
cury surface and occur at relat ively rapid rates com- 
pared to the t ime scale of the flash and the t ime-con-  
stant  of the electrochemical cell. 

The net effect of all of these phenomena depends 
heavily on the presence or absence of an efficient scav- 
enging species in  solution, its scavenging rate constant, 
its concentration, and the ident i ty  and stabili ty of its 
p r imary  and secondary scavenging products. When no 
adequate hydrated electron-accepting species is pres-  
ent, or when the scavenging products are themselves 
oxidizable, nearly all of the photoemitted electrons 
ultimately return to the electrode; and there is very 
little net electron loss. But when scavengers which 
form products that can be electrochemically reduced 
are present, there is a net loss of at least two electrons 
for every one that is emitted and scavenged. Further- 
more, the temporal characteristics observed for the 
photoemission processes are directly dependent on the 
rates of formation and decay of the scavenging prod- 
ucts involved. Accordingly, the experimental approach 
taken in this work consisted principally of observing 
and interpreting the photoemission currents resulting 
from the presence of a number of different scavengers 
and scavenging conditions. 

Fortunately, the products and mechanisms of several 
scavenging species have previously been determined 
(23). A list of the scavengers employed in this work 
and some of their relevant characteristics is provided 
in Table I. Each scavenger and the flash photocurrents 
observed with each will be discussed in turn. 

Table I. Characteristics of important hydrated electron scavengers 

Product 
Scavenger k e ' a q  (M -~ sea -~) Products electroactive? 

E l e c t r o l y t e  < 10 +9 
NO~.- 4.6 • 10~ N O  Y e s ;  reducib le  

( n  = 1) 
I-IsO+ 2.2 x 10 lo H Y e s ;  reducible  

(n = 1) 
NOg- 8.5 x 109 NO~, OH Yes; reducible 

(n = 1) 
O- 

Acetophenone 108 -- 10 lo [ Yes; oxidizable 
CH3--C--C~'-I5 ( n  = i) 

2 0  
o 

IE 
09 
0_ 

Z 
uJ 
cr  8 
r r  o 
::D o 

4 o 

11 
o 6 -.2 -.~ -.6 -.s -i .o - i .z -1.4 -116 -,'.8 -alo 

POTENTIAL ,  V vs. SCE 

Fig. 4. Current-voltage profile from continuous potentiostatic 
analysis. 1.0M KCI solution. Currents represent values measured at 
15 ~sec after initiation of the flash. 

No scavenger.--The simplest and most straightfor-  
ward photoemission scheme occurs, of course, when  no 
efficient hydrated electron scavenger is present  and the 
solution contains only "inert" electrolyte (such as 
KC1, NaC1, or NaeSO4). In  such situations, no scaveng- 
ing should take place; and all or most of the electrons 
emitted should r e tu rn  to the electrode via an  electro- 
chemical oxidation step. 

When such solutions were flashed, only very small 
photocurrents were observed experimental ly.  These 
currents  were cathodic in  direction, indicat ing a net  
loss of electrons from the hanging mercury  drop elec- 
trode. Furthermore,  their  magni tude  was found to be 
dependent  on the electrode potential, with the observed 
currents  becoming gradual ly  larger at increasingly 
cathodic potentials. 3 A corresponding current -vol tage  
profile is shown in  Fig. 4. 

This behavior is all well  accounted for on the basis 
of the photoemission model described thus far. Since 
most of the electrons, once photoemitted, are thought 
to re tu rn  immediate ly  to the electrode, the net  cur- 
rents  expected should be relat ively small  in  magnitude.  
The fact that even a small number  of electrons do in-  
deed fail to r e tu rn  can be explained by the possible 
slow reaction of eaq- with a trace electron-scavenging 
impurity,  with the electrolyte species, wi th  water  
molecules, or perhaps with another  eaq- (1, 17). In  
addition, the observed potential  dependence is ana-  
logous to that previously noted for photoemission phe-  
nomena in both flash and continous radiat ion experi-  
ments  (4, 5), and is due to the lowered work function 
and, therefore, higher probabi l i ty  for electron emission 
at higher cathodic potentials. 

Scavengers present.--N~trite and hydrogen ions.-- 
Both NOe- and I~O + have two impor tant  scavenging 
properties that allow them to be grouped together: 
They both react with eaq- at near ly  diffusion-con- 
trolled rates, and on reaction they both rapidly form 
products that  undergo a diffusion-controlled one- 
electron reduction process wi th in  the re levant  poten-  
tial range. Upon scavenging, NO2- rapidly decomposes 
(tlz2 < 2 ~sec) to yield NO, which is known to be re-  
duced at potentials more cathodic than --1.1V vs. SCE 
(24). Similarly, the immediate  scavenging product of 
H30 + is thought to be the hydrogen atom which itself 
is reduced more cathodic than --0.8V vs. SCE (11). 

When solutions containing these ions were flashed, 
extremely large cathodic currents  were observed (as 
shown in Fig. 2). The potential  dependences, however, 
were approximately the same as that  previously ob- 

T h e  p h o t o c u r r e n t s  r e f e r r e d  to  h e r e  are those  occurring at po-  
t e n t i a l s  m o r e  n e g a t i v e  t h a n  - -0 .SV.  The small  cathodic currents  
o c c u r r i n g  b e t w e e n  - 0 . 1  a n d  - -0 .TV correspond to the " t h e r m a l "  
c u r r e n t s  r e f e r r e d  t o  e a r l i e r .  They  do not  appear t o  b e  related 
to photocmiss ion at a l l  (22) .  
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Fig. 5. Current-voltage profiles from continuous potentiostatic 
analysis. 1.0 X 10-3M solutions of various scavengers (1.0M KCI). 
Currents represent values measured at 15 /~sec after initiation of 
the flash. 

served with no scavenger  in solution, as can be seen 
from the cur ren t -vo l tage  profiles represented in Fig. 5. 

The most interest ing and unexpected proper ty  of 
the NO~- and H30 + photocurrents  was their  similar  
t ime dependence. Upon observing l ifet imes and decay 
rates of the currents  generated for both scavengers 
under  a wide range of solution conditions, it became 
apparent  that  their  temporal  behavior  was de termined  
direct ly by the magni tude  of the electrochemical  cell 
t ime-constant  (~) prevai l ing  for the par t icular  exper i -  
menta l  conditions. At  low cell t ime-constant  values, 
the photocurrents  were  shor t - l ived;  but  as T was 
lengthened,  the photocurrent  l i fet imes increased ac- 
cordingly. S imi lar  results were  obtained independent ly  
of the method used to control the value of z. It was of 
no consequence whether  z was manipula ted  chemically, 
by changing the electrolyte concentration, or e lectroni-  
cally, by external ly  increasing the magni tude  of the 
uncompensated resistance. 

Such cell t ime-constant  t ime dependence represents 
behavior  that  is typical ly  characterist ic of the charging 
current  generated in routine potent ial-s tep exper i -  
ments. In fact, the customary method employed in the 
determinat ion of z values consists of applying a small 
ampli tude potential  step to the potentiostat  input, 
measuring the subsequent  charging current  that  flows, 
and plott ing the logar i thm of that current  as a function 
of time. The result ing plot should be linear, and the 
reciprocal  of its slope is related to the value of the 
cell t ime-constant .  Such a cell t ime-constant  plot of 
current  result ing from the input  of a 20 mV potent ial  
step to a n i t r i te-conta ining solution is shown in Fig. 6. 
When the same log plot was made of the photoemission 
current  that  occurred upon flashing an identical NO2- 
solution under  constant potential  conditions, a near ly  
identical graph was obtained. The plot was l inear;  and, 
when a "photocurrent  t ime-constant"  (S) was calcu- 
lated f rom the reciprocal of its slope, a value ex t remely  
close to z was obtained. Such a plot is also shown in 
Fig. 6. 

500 
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Fig. 6.  Log current vs. time plots for both potential step and 
photoemission currents. 1.0 X 10-3M NaNO2 solution (1.0M KCI) 
at --1.700V vs. SCE. The upper trace represents the charging cur- 
rent resulting from a 20 mV potential step input, and the lower 
trace corresponds to the flash photocurrent resulting under con- 
stant potential conditions. 

Similar  plots were  made at several  potentials for 
NO2- and H80 + solutions containing electrolyte  con- 
centrations ranging from 1.0M to 0.01M and proved 
to be l inear  in every  case. Further ,  the S values, re -  
flecting the photocurrent  l i fe t ime calculated f rom log 
plots, without  exception conformed closely to the T 
values measured for the identical  solution under  iden-  
tical ins t rumenta l  conditions. These results are sum-  
marized in Table  II. Fur thermore ,  l inear  log plots and 
clear correlat ion of S and �9 values, were  also found 
when the uncompensated resistance, and hence the 
cell t ime-constant ,  was artificially increased by inser t -  
ing an external  resistance be tween the working elec- 
trode and ground. For  example,  when an external  re-  
sistance of 66.5l~ was employed, values of 39.9 and 
40.2 ~sec were  de termined  for x and S, respectively.  

To all outward appearances, then, the photoemission 
currents monitored at constant potential  fol lowing 
flash irradiat ion behaved as the classical charging cur- 
rents that  are generated rout inely  in potent ial-s tep 
experiments.  The most convenient  explanat ion is that  
the~observed "photocurrents"  themselves are pr imar i ly  
charging currents.  There  is no other  apparent  reason 
for them to decay according to an exponent ia l  t ime 
dependence in such close conformity to the prevai l ing 
cell t ime-constants.  The key to explaining how the 
sequence of photoemission processes, known to occur 
as described in Fig. 3, is t ranslated into charging cur-  
rent  lies in the rapid rates at which the processes take 
place. When NO~- or I-~O + solutions are  flashed, elec- 
tron emission, scavenging, and scavenging product  re-  
duction all occur within a t ime span of less than 2 
~sec, cer ta inly at a much faster rate  than the instru-  
ment  can respond, even with  a cell t ime-constant  of 
10 /~sec. As a result, all the photoemission and subse- 
quent  events are v i r tua l ly  coincident wi th  the flash 

Table II. Photocurrent and cell tlme-constant correloHon 

1.0M KC1 0 . 2 M  KCI  0 .01M KC1 

- 1400 mY 
8 

10-~M NAN02 1~5 11.5 
- 900 mV 

S 
10-3M HCI 5T.8 6.9 

- 1700 m V  - 1400 m V  
r S r S 

10.7 10.8 37.4 32.2 
- 1 4 0 0  m V  - 9 0 0  m V  

&l S S 
7.2 23r.1 24.2 

--  1700 m V  --  1400 m V  --  1700 m V  
4Y80. S 8 S 36.0 ~A 518 5& 509 

- -1400  m Y  --900 m V  - -1200  m Y  
2T16. S S S 20.8 114 104  138 117 

r and S values are in units of m i c r o s e c o n d s .  
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and have the net effect of depositing a large number  of 
electrons into solution at the electrode surface. The 
immediate  effect on the cell of such an "instantaneous" 
charge pulse is a rapid discharge of the double layer. 
The subsequent  double layer  recharging, provided by 
the potentiostat  and l imited by the cell t ime-constant ,  
actually constitutes the , long term "photocurrent" ob- 
served experimental ly.  

According to this model, the currents  that  we have 
termed photoemission currents  (since they have their 
origin in  actual photoemission processes) are capaci- 
t ive in nature ;  and the t ime dependence that such 
photoemission currents  are expected to exhibit  should 
be close to that  determined by the cell t ime-constant .  
Thus, the fact that several S values listed in Table II, 
especially those for H30 + and those measured at the 
lower electrolyte concentrations, are somewhat faster 
than the corresponding values of �9 calls for explana-  
tion. A possible rat ionalizat ion is thai  the T values 
measured under  nonflash conditions (as explained 
earlier)  may not accurately reflect the actual cell t ime-  
constant  that  exists dur ing  and shortly after the flash, 
while photoemission and scavenging are taking place. 
Conceivably, the deposition of a large number  of elec- 
trons near  the electrode surface and the subsequent  
processes that occur cause a temporary variat ion in 
either the uncompensated solution resistance or in the 
capacitance of the double layer. Such an explanat ion 
is supported, qual i tat ively at least, by the following 
exper imenta l  observations: the discrepancies between 
S and z seem to be less significant at higher electrolyte 
concentrations, where the scavenging species itself 
plays only a minor  role in  de termining z; the discrep- 
ancies are more significant for H~O +, where its special 
mobil i ty  and conductivity allow it to play a larger role 
in  de termining ~; and there are no discrepancies in  
cases where an external  resistance is employed to fix 

artificially. 

Nitrate ion.--The NO3- ion is similar to NO2- and 
H30 + in that it too is a near ly  diffusion-controlled hy-  
drated electron scavenger and that the final product 
of its scavenging also can undergo reduction through-  
out the appropriate potential  range. The specific mech- 
anism by which N Q -  scavenging takes place has been 
clarified recent ly by Gr~tzel et al. (25) using pulse 
radiolytic techniques, and is summarized by the fol- 
lowing series of reactions 

NO3- + e~q- -~ NO~ 2- [1] 

In  acidic solution 
H + H + 

NO32- ~ HNO~- ~,~ H2NO~ [2] 

tv2 : 3 ~sec 
HNO3- > NO2 -~- O H -  [3] 

NO2 "~ Reduced at electrode [4] 
In  basic solution 

tl/2 ---- 12.5 ~ s e c  
NO32- -F H20 ) NO2 -~ 2 O H -  [5] 

NO2-> Reduced at electrode [6] 

The most interest ing features of this mechanism are 
its pH dependence and the differing time dependences 
of its two possible pathways. In  acidic solution, the 
rapid protonat ion reaction [2] allows the final re- 
ducible scavenging product NO2 to be formed at a 
rate (hi2 : 3 ~sec) that is relat ively fast compared to 
the prevai l ing flash width and cell t ime-constant  of 
10-15 ~sec. As a result, the photoemission currents  and 
their  lifetimes observed for an acidic NO3- solution 
should be completely analogous to those previously 
observed with N O t -  and H~O +. However, under  alka-  
l ine conditions where reaction [2] is inhibited, NO2 
can only be formed directly from the unprotonated 
NO32- species at a slower rate (tl/2 : 12.5 ~sec) that 
is comparable to a cell t ime-constant  of 10 #sec. Ac- 

Table III. NO~-  pH dependence 

pH ~" S S - -  T 

4.40 12.3 12.1 --0.2 
6.09 11.1 10.8 - 0 . 3  
6.62 12.7 11.8 - 0.9 
7.11 11.9 12.0 + 9.1 
7.80 i i . 8  12.6 + 0.8 
8.72 11.4 13.0 + 1,6 
9.58 11.5 15.3 + 3.8 

r and S values are in units of microseconds .  Solut ion conta ined  
10~M KNOa, 7 X 10-aM KH~PO~, 1.OM KC1, and NaOIL 

cordingly, by uti l izing basic conditions, the rate of 
N02 formation, and hence of electron discharge into 
the double layer, should be decreased, perhaps suf- 
ficiently to affect directly the t ime dependence of t h e  
observed photoemission current.  

When solutions containing NO3- were flashed, large 
cathodic currents possessing the expected photoemis-  
sion potential  dependence were obtained regardless of 
solution pH. A current-vol tage  profile so obtained is 
shown in  Fig. 5. 

In  order to observe the temporal  behavior  of the 
ni t ra te  photocurrents  as a function of pH and duplicate 
Gr~itzel's experiments  (25) as fai thful ly as possible, 
solutions containing 10-3M KNO3, 1.0M KC1, and 7 • 
10-~'~M KH2PO4 were adjusted to the desired pH by 
the addit ion of NaOH. The photoemission currents  
generated upon flashing were analyzed by means of 
log current  vs. t ime plots, and the corresponding S and 

values were calculated. Table I l I  shows the results 
obtained for a series of solutions ranging in pH from 
4.40 to 9.58. 

At low pH values, there was excellent agreement  
between the cell t ime-constants  and photocurrent  t ime-  
constants measured for each solution. As the pH was 
gradual ly  increased and made alkaline, however, the 
t ime dependence of the photoemission currents,  as re-  
flected in the S values, increased correspondingly and 
no longer seemed to be governed solely by the cell 
t ime-constant .  This behavior is exactly as should be 
predicted on the basis of the NO~- scavenging mecha-  
nism: Under acidic conditions, where the scavenging 
products are formed rapidly, the photoemission cur-  
rents are fundamenta l ly  charging currents  and are 
ent irely dependent  on the cell t ime-constant ,  while in  
basic solution, where the secondary scavenging reac- 
tions are slower, the photoemission currents  decay 
more slowly than would be predicted by the cell t ime-  
constant alone. 

The same data is i l lustrated graphically in Fig. 7 
along with Gr~tzel's estimates for the tl/z of the NO~ ~- 
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Fig. 7. Temporal behavior of NO3-  photocurrent as a function of 
pH at E _~ --1.4V vs. SCE. The solid line represents the pH de- 
pendence of t l / 2  for the decay of NO32-  as determined by Gr~itzel 
et al. (25). The circles correspond to (S-r) values calculated 
directly from flash experiments (Table III). 
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species. The quant i ty  used as indicat ion of the photo- 
emission current  l ifetime is the difference (S - -  T) i . c  

between the measured photocurrent  and cell t ime-  
constant. This quant i ty  should reflect, quali tat ively at ~ .e 
least, the increasing half-l ife for the production of 
NO2 at higher pH values. The general  agreement  be- D >- 
tween the two methods is evident, a: 

,~ .6 

Acetophenone.--In general, the aromatic ketones rep-  
resent  a class of compounds that are known to be 
near ly  diffusion-controlled eaq- scavengers (23). Their  ~ .4 
immediate  scavenging product is a ketyl  radical anion 
which, depending on the pH, may be in  equi l ibr ium 
with the corresponding ketyl  radical (23, 26-28). F u r -  .2 
thermore, the radicals and radical anions so produced 
are usual ly subject to a rapid one-electron oxidation 
throughout  a wide potential  range (29). 

For acetophenone in particular,  the scavenging 
mechanism can be summarized as follows 

O O -  
Il I 

CHs--C--C6H5 -t- eaq- "-> CHs--C~C6H5 [7] 

-.~ ~, -.~ -.~ -,'.o -1:2 -,'.4 -,.~ -,!s -Zo 
POTENTIAL, VOLTS vs. SCE 

Fig. 8. Cell time-constant variation with potential for 1.0M KCI, 
30% ethanol-water solution. Absolute T values measured for this 
system typically range from approximately 5 ~sec (E ~_ --0.75V) 
to 30 p, see (E = --1.5V). 

O- OH 
I H+ I 

CH3--C--C6H5 ~- CHs--C--C6H5 [8] 

O- OH 
I I 

CI-]L~mC--C6H~ or CHsmC--C6H5 

--> Oxidized at electrode [9,] 

The most impor tant  feature of this sequence consists of 
the fact that every electron that is emitted and scav- 
enged by acetophenone is u l t imately  re turned to the 
electrode by means of the oxidation of the scavenging 
product. Hence, even though large-scale photoemission 
and scavenging should occur, there will be no net  
electron loss by the electrode. 

Exper imental  observations made of the photoemis- 
sion currents associated with acetophenone scavenging 
were complicated by two unavoidable factors. First  of 
all, acetophenone (similarly to other aromatic ketones) 
absorbs ul traviolet  and visible radiat ion of wavelengths 
less than 360 nm and undergoes photolysis (30). The 
products of the photolysis are the same ketyl radicals 
and radical anions produced by eaq- scavenging and 
are likewise readily oxidized electrochemically. Thus, 
any photoemission currents  present are bound to be 
superimposed on a background of anodic photolysis 
current. Secondly, in the e thanol-water  solvent system 
chosen for use with acetophenone, the value of the 
cell t ime-constant  was found to be extremely potential  
dependent,  increasing rapidly in  magni tude in the 
range from --1.0 to --1.6V vs. SCE as is shown in Fig. 
8. For the in terpre ta t ion of cur rent - t ime and current -  
voltage information, such changes must  certainly be 
taken into consideration. 

The current*voltage profiles obtained when 1.0M KC1 
ethanol-water  solutions, with and without 10-3M ace- 
tophenone, were flashed are shown in Fig. 9. For the 
background solution containing no eaq- scavenger, the 
behavior was similar to that observed earlier in non-  
ethanolic solutions containing no scavenging species 
(Fig. 4). The apparent ly  distorted potential  depend- 
ence exhibited between --1.2 and --1.6V occurs in the 
same region where the cell t ime-constant  most rapidly 
changes value. Because each point on the current -  
voltage profile corresponds to measurements  made at 
the same point  in time, and because the drastically 
slower cell response at more negative potentials re- 
sults in a more drawn-out  cur rent - t ime curve, the 
measured currents are larger at the less negative po- 
tentials. 

The current-vol tage profile that  was obtained when 
acetophenone was present differed from the back- 
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Fig. 9. Current-voltage profile from continuous potentiostotie 
analysis. With and without acetophenone in 1.0M KCI, 30% 
ethanol-water solution. Currents represent values measured at 15 
Fsec after initiation of the flash. 

ground profile by the addit ion of anodic photolysis 
current  due to the oxidation of acetophenone ketyl  
radical species formed photochemically. The photolysis 
current  gradual ly declined at the more negative po- 
tentials where acetophenone itself is reduced, and the 
profile resembled the background. When the variat ion 
of cell t ime-constant  with potential  was taken into 
account, the only major  discrepancy between the 
photocurrents observed with and without  acetophenone 
was the presence of the expected photolysis currents.  

Thus, no noticeable contr ibut ion to the measured 
currents  due to the photoemission process was detected, 
despite the presence of an excellent eaq- scavenger. 
In fact, no photocurrents even remotely comparable in 
magni tude to those seen with the previously studied 
scavengers were in  evidence with acetophenone at any 
potential. ( In contrast, the photoemission current  ob- 
served, under  identical conditions, for the analogous 
NO2--conta in ing  e thanol-water  solution was in excess 
of 30 ~A at E ---- --1.4V.) The absence of any compar-  
able currents with acetophenone can only be due to 
the fact that, even though a large number  of electrons 
are still photoemitted and scavenged, they are all re-  
turned to the elecrode by the v i r tual ly  instantaneous 
oxidation of the scavenger product; otherwise, the oc- 
currence of some large-scale current  (either anodic, 
cathodic, or mixed) would a priori be required. This 
fact allows meaningful  electrochemical measurement  
of acetophenone photolysis occurring in solution and 
supports the val idi ty of previous flash photoelectro- 
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chemical  studies of aromat ic  ketones  (18, 19, 21, 31, 
32). 

Conclusions 
Through the use of flash i r rad ia t ion  and h igh  speed 

potent ios ta t ic  monitor ing,  cur rents  c lear ly  re la ted  to 
e lec t ron photoemiss ion have been observed.  Al though  
the expected dependences  on e lec t rode  potent ia l  and 
scavenger  presence  were  obtained,  the t ime dependence  
of the observed flash photocur ren ts  was found to be 
governed p r i m a r i l y  by  the preva i l ing  e lectrochemical  
cell t ime-cons tan t  to such a la rge  degree  tha t  they  can 
only be exp la ined  as capaci t ive charging currents  in 
response to a v i r t ua l ly  ins tantaneous  f lash- induced 
e lec t ron in jec t ion  into the  double  layer .  

The  charging cur ren t  model  for the  photoemiss ion-  
in i t ia ted  currents,  and the exper imenta l  resul ts  on 
which  it is based, are  consistent  wi th  the  known chemi-  
cal and phys ica l  processes tha t  ac tua l ly  occur for a 
wide range  of scavenging situations.  Fur the rmore ,  for 
cer ta in  special ized cases (e.g., NO~-)  in which the 
secondary  scavenging react ions proceed sufficiently 
slowly,  the  t ime dependence  of flash photocur ren ts  can 
be re la ted  d i rec t ly  to the  react ion rates  of scavenging 
in termedia tes .  In  these cases, useful  chemical  in fo rma-  
t ion concerning eaq- chemis t ry  and scavenging reac-  
t ions can be obtained.  
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Hemoglobin Reactions as Interracial Phenomena 

Martin Blank* 

Department of Physiology, Columbia University, New York,  New York  10032 

ABSTRACT 

The reactions of hemoglobin with various ligands lead to conformational 
changes in the macromolecule. The free energy of these changes can be eesti- 
mated in terms of the surface free energy of a miereemulsion droplet of the 
same size and surface charge as the hemoglobin molecule. Calculations on the 
basis of this model yield an equilibrium constant that varies with pH, as in the 
acid and alkaline Bohr effects, and with the ionic strength. The model also pro- 
vides a physical meaning for the empirical constant in the oxygen binding 
equation, as well as some insight into the dissociation equilibrium of the hemo- 
globin tetramers. This approach to equilibria involving globular proteins 
should be useful for estimating the effects of conformational changes and sub- 
unit interactions in other systems. 

The s tudy of macromolecules  as in ter rac ia l  systems, 
i.e., the  chemis t ry  of hydrophi l ic  colloids, was the  first 

* Electrochemical Society Active Member. 
Key words~ hemoglobin, ligands, macromoleeule, globular pro- 

tein. 

approach used to characterize the properties of globu- 
lar proteins. This study was followed by the develop- 
ment of the physical chemistry of macromolecules or 
polymers, including polyelectrolytes, which then 
merged into molecular biology. The techniques of too- 
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lecular biology, especially those of the subfield x- ray  
crystallography, have given and continue to give a 
great amount  of s t ructural  detail about  proteins and 
other macromolecules. 

With each new development  for studying proteins, 
there has been a tendency to overlook the approach 
that was used dur ing the earlier stage. Perhaps this 
is inevitable, since change has general ly been accom- 
panied by progress. But the recent increase in detailed 
geometric informat ion is not without  its drawbacks. 
Despite the wealth of s t ructural  data, it is difficult to 
calculate the interact ion energies between the parts 
of a macromolecule, even with the aid of computers. 
In addition, one cannot perform the reverse calculation, 
i.e., to define a s t ructure  in  terms of the energy, be- 
cause of the large number  of conformations with ap- 
proximately equal energies. It is in the realm of energy 
calculations that the older approaches to the study of 
proteins may be useful. 

In  this paper we shall consider the energy changes 
in  hemoglobin using concepts that were developed for 
dealing with the electrochemistry of surfaces. We shall 
smooth out the s t ructure  of hemoglobin into a hydro-  
philic sphere of the same size and charge as the macro- 
molecule, and assume that  the known changes in the 
molecular  shape and charge upon interact ion can be 
calculated as changes in surface free energy. This will 
allow us to estimate the var iat ion of the equi l ibr ium 
constant as a function of pH and ionic s t rength in a 
relat ively simple way. We shall also consider other 
consequences of this model such as a description of the 
empirical constant in the oxygen equi l ibr ium equa- 
t ion in terms of a surface excess, and an analysis of the 
energetics of dissociation reactions. 

Estimating Changes in Conformational Energy Using 
Surface Electrochemistry 

Hemoglobin, a macromolecule containing four pro- 
tein chains with attached heme groups, can bind four 
oxygens (or several other l igands) per molecule (1). 
The oxygen binding curve is sigmoid in shape, indicat-  
ing a change in  the affinity with the degree of oxy- 
genation. The curve also shifts with pH (the Bohr 
effect) and ionic strength, indicating a variat ion of 
the affinity with pH and salt concentration. These un -  
usual aspects of hemoglobin reactions are general ly 
assumed to be due to the conformational changes in 
the macromolecule, but  the quant i ta t ive relat ion be-  
tween the conformational  changes and the change of 
affinity has been difficult to establish. 

The hemoglobin molecule is approximately spherical 
and has a diameter  of about 60A, which is in the size 
range of colloidal systems. If hemoglobin is considered 
a colloid, the conformational  changes that accompany 
a reaction can be estimated in terms of the surface 
free energy (2). Using a model system, a protein 
monolayer  stabilizing a spherical hydrophobic droplet, 
it is possible to derive expressions for the changes in 
the surface free energy (AGs) as a result  of changes 
in the interfacial  area (AA) at constant volume, and 
in the number  of surface charges (AN) 

AGs = f(AA, AN) [1] 

Assuming changes in the model surface similar to 
those that accompany the oxygenation reaction, we 
can estimate AGs from the x - ray  data showing con- 
formational  changes (3) and the differential t i t ra t ion 
data showing changes in surface charge (4). The 
variat ion of the equi l ibr ium constant, Ke, can then be 
evaluated in terms of the change in surface free energy 
in units of k' 

AGs k' 
A i n K e - -  - -  -- [2] 

RT 2 

The results of the calculation are shown in Fig. 1 for 
the variation of Ke with pH, and similar agreement can 
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Fig. 1. Calculated values of Ke (e)  in units of k', superimposed 
on the dashed curve of observed values in units of log Pl/2 (the 
oxygen pressure for the half-saturation of hemoglobin). 

be obtained for the variat ion of Ke with the ionic 
s trength of the medium (5). 

The model is able to account for basic aspects of the 
hemoglobin reactions with various ligands: (i) The 
sigmoid shape of the binding curve, which is charac- 
teristic of cooperative reactions, is present  at all pH's 
as a result  of the negative AA during the conforma- 
tional change. (it) Ke shifts with pH even when AN = 0 
due to the presence of a surface charge on the mole- 
cule. (iii) The calculated shift of Ke with pH and ionic 
s trength can be of the right order of magnitude.  (iv) 
The pH where the max imum in Ke occurs is below the 
IEP (the isoelectric point) .  (v) The Bohr effect should 
occur with all l igands that cause comparable changes 
in  zxA and AN upon interact ion with hemoglobin. 

The agreement  of the calculations with the observa- 
tions on the hemoglobin-oxygen system, suggests that 
changes in surface free energy can be used to evaluate 
the cooperative na ture  of the interact ion and the var i -  
ation of the equi l ibr ium constant wi th  pH and ionic 
strength. There are other aspects of the equi l ibr ium 
which are not explained, since the system is more 
complicated than the model used and addit ional in-  
formation is required (2). However, the approach out- 
l ined in this paper suggests a relat ively simple way of 
relat ing the effects of conformational  changes and co- 
operative interactions in  globular  proteins to changes 
in  affinity. 

The Surface Excess and the Hill Coefficient 
The interracial model suggests a simple physical 

meaning for the Hill coefficient, the empirical constant 
used in equations governing binding equil ibria  that  are 
cooperative. The usual binding equation considers that 
a concentration, C, of l igand reacts with a ~raction, y, 
of available binding sites, and the equi l ibr ium con- 
stant  or affinity can be described as follows 

( Y ) 1  

where y / ( 1 -  y) is the rat io of reacted to unreacted 
sites. A plot  of y (C)  gives the fam i l i a r  rectangular  
hyperbola that is characteristic of the Langmui r  ad- 
sorption equation, and that is observed when oxygen 
reacts with one of the monomers of hemoglobin. The 
affinity is related to AG ~ the free energy change per 
mole when all substances are present  at uni t  activity 

( ~G~ ) 
K = exp [4] 

R T  

AG ~ is due to the bonding reaction, bu t  addit ional 
changes in free energy (AGs) occur as a result  of the 
conformational changes of hemoglobin. 

The additional free energy change results in  the dis- 
placement of the affinity to a new value 
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AG ~ -- AGs(Y) ] 
K' = exp -- 

RT 

= K exp [5] 
RT 

From Eq. [5] it appears that  when  ~Gs < 0, the affin- 
ity increases, and since AGs varies wi th  y there  should 
be a gradual  ehange in the equi l ibr ium constant dur -  
ing a reaction. In practice, the affinity is assumed to 
remain  constant at a new value, Ke, and the change 
in binding is usual ly  considered in terms of a change 
in the dependence of y on C. This is done by raising 
the concentrat ion to a power, n, as in the Hill  equat ion 
for the combination of oxygen wi th  hemoglobin 

c--~- [6] 

where  n > 1 for  AGs < 0. When n > 1 the in teract ion 
is t e rmed  cooperative. 

Using Eq. [3], [5], and [6], we can wri te  two equiva-  
lent  expressions for the effect of an additional free 
energy te rm on the fract ion of sites bound 

AG~ + RT ln ( 1 Y ~ y  ) -- nRT ln C = O [7] 

AG~ + AGs(y) + RT ln  (1Y~_y ) --RTInC----O [8] 

If  we differentiate the two equations and subtract  one 
f rom the other  we  see that  

dAGs (y) 
n- I -- [9] 

RT d In C 

Therefore  (n -- 1) has the form of the surface excess, 
r, in the Gibbs equat ion 

dGs 
r _ [i0] 

R T d l n C  

where  r is in m o l / c m  2 if RT is in e rg /mo l  and Gs is a 
surface free energy in e rg / cm 2. The empir ical  ex-  
ponent n of Eq. [6] can therefore  be in terpre ted  ra ther  
s imply in terms of surface excess. A plot of (n -- 1) vs. 
C has the same form as graphs of surface excess in a 
classical interfacial  system (6). (It should be noted 
that  n is not constant, but  varies wi th  y and is equal  to 
uni ty  at the ext remes of the range, y ---- 0 and y ---- 1.) 

Subunit Dissociation Reactions as Colloidal Phenomena 
The micro-emuls ion  droplet  model of hemoglobin 

(where  the re la t ive ly  hydrophobic inter ior  of the mol-  
ecule is stabilized by a hydrophil ic  protein monolayer  
on the surface) suggests a simple qual i ta t ive  ex-  
planat ion for the association-dissociation equi l ibr ia  of 
hemoglobin solutions. We can describe the energetics 
of these equi l ibr ia  in terms of the total surface free 
energy for the idealized model  system 

G = (70 -- n)A [11] 

where  7o ---- the interracial  f ree energy of the hydro-  
phobic phase /wa te r  interface, ~ ---- the surface pres-  
sure of the hydrophil ic  film, and A ~ the total area. 
For example,  with Eq. [11] we see that  the unl iganded 
form of hemoglobin has a lower  tendency to dissociate 
than the various l iganded forms. The decrease in A on 
oxygenat ion means that  the surface free energy of the 
l iganded form is lower  than that  of the free form. 
Therefore,  the molecule  is more stable wi th  regard to 
dissociation into subunits. 

Using the same qual i ta t ive  reasoning we can describe 
the var ia t ion of the association-dissociation equil ibria  
of hemoglobin with  pH and ionic strength. The usual 
explanation for changes in the subunit interactions in 
proteins involves electrostatic factors. Thus an in- 

crease in charge on ei ther  side of the IEP is bel ieved to 
increase the electrostatic repulsion be tween  the sub- 
units and lead to dissociation. However ,  an increase in 
the ionic strength, which decreases the electrostatic 
interactions, also leads to dissociation. One can invoke 
the same explanat ion for the two observations only 
if one considers that  at low net charge the electro-  
static factors stabilize, but  at h igher  charge they lead 
to dissociation. However ,  the logical inconsistency is 
reinforced by the knowledge that  the t e t ramer  is quite  
stable when the net charge is zero. 

In the surface chemical model, electrostatic factors 
also come into play in the dissociation reactions, but 
not in the same way. On increasing the surface charge 
or decreasing the ionic s t rength there  is an increase 
in ,~ of Eq. [11], which leads to a lower  G. However ,  
as = approaches 7o, the system becomes unstable and 
there  is a tendency toward "phase inversion" or major  
conformational  change. An "inversion" of the molecule  
requires a higher  cost in free energy than the process 
of dissociation, which is therefore  the pre fe r red  path. 

If this is so, why  do high salt concentrations (which 
decrease n) also lead to dissociation of the hemoglobin 
t e t r amer  into smaller  subunits  (i.e., dimers and mono-  
mers )?  The answer to this lies in another  proper ty  
of colloidal solutions, the large  effect of ionic s t rength  
on the act ivi ty coefficient of a charged polymer.  Con- 
sider the hemoglobin dissociation equi l ibr ia  in terms 
of the fol lowing equat ion 

a2/~2 ~ 2a~ ~ 2a + 2/~ [12] 
t e t ramer  dimers monomers  

For  any set of conditions (i.e., temperature ,  concentra-  
tion, pH, ionic s t rength) ,  there  wil l  be a distr ibution 
of the various forms in solution. If we add salt to the 
solution the act ivi ty  coefficients of the different protein 
forms wil l  change, i.e., their  solubilities wil l  change. 
The effects of ionic s t rength on act ivi ty are general ly  
la rger  for la rger  molecules (7), so at h igher  salt con- 
centrations the large proteins will  tend to be salted 
out of solution. Under  these circumstances one would 
expect the equi l ibr ium to shift in the direct ion of the 
smaller  molecular  weight  forms. Thus one observes 
greater  dissociation with an increase in the salt concen- 
tration, even though the smaller  effect on = tends to 
stabilize association. (The var ia t ion of the act ivi ty 
coefficients wi th  concentrat ion of the protein molecules 
should also cause the dissociation react ion to vary.)  

The dissociation reaction in an ideal constant volume 
system (going f rom a spherical t e t ramer  to two 
spherical dimers)  leads to an increase of 26% in the 
total A. If the number  of charges remains constant but 
is spread over  the larger  area, there  is a decrease in 
the surface charge density, and therefore  in n. It  is 
apparent  that the A and = changes on dissociation both 
lead to a &Gs > 0, and that  under  ordinary c i rcum- 
stances all of the factors oppose dissociation. 

In making these qual i ta t ive  statements we have con- 
sidered that  7o is constant upon dissociation. However ,  
for droplets in the size range of hemoglobin, Gibbs (8) 
pointed out that  there  is a significant var ia t ion of the 
interfacial  free energy with  the curvature.  The free 
energy increases wi th  concavity and decreases wi th  
convexi ty  when the droplet  radii  are smaller  than 10 -8 
cm (100A). The var ia t ion of interfacial  free energy, 
% with the radius, r is (9) 

- -  = 1 + - -  [ 1 3 ]  
3% "r 

where  ~,~ is the interfacial  f ree energy when r = co, 
and ~ is a length on the order of the molecular  d iam- 
eter of the molecules in the l iquid droplet.  (It is diffi- 
cult to est imate the characterist ic length  of a macro-  
molecule like hemoglobin but one can probably con- 
sider it to be on the order of the diameter of the 
helix.) Therefore, there should be a decrease in the 
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va lue  of 70 as a resul t  of dissociation, and the magn i -  
tude  of the  effect should be significant (on the order  
of 5-10%) in this  size range.  This would mean  that  
the  free energy change upon dissociat ion is not  quite as 
la rge  as expected.  

The above qual i ta t ive  discussion suggests that  some 
of the  ideas of colloid and surface chemis t ry  are  apt  to 
be useful  in unders tand ing  the energet ics  of g lobular  
prote ins  that  are composed of severa l  subunits.  Re-  
cently, a re la ted  approach  to the  genera l  p rob lem of 
pro te in  structure,  which considers such factors as ac-  
cessible surface areas, hydrogen  bonds, and res idue 
volumes, has appa ren t ly  been successful in describing 
the s t ructures  of 15 prote ins  (10). 

Conclusion 
By considering the hemoglobin  molecule  as a col- 

loidal  part icle,  i t  has been possible to obtain a number  
of insights into the energet ics  of react ions involving 
changes in conformation,  surface area, and surface 
charge. Colloid chemis t ry  has proved  qui te  u s e f u l  in  
the  past  in expla in ing  phenomena  where  the dispersed 
phase was of the  size of many  g lobular  proteins,  and 
the ideas  should continue to help us deal  wi th  the  
physical  p roper t ies  of p ro te in  solutions. Trad i t iona l ly  
colloid chemis t ry  has been devoted to the  s tudy of 
phenomena  where  the  proper t ies  of interfaces  p lay  an 
essential  role in de te rmin ing  the behavior  of the  sys-  

tern. I t  is therefore  appropr ia te  for  this  subject  to 
serve  as an in ter face  be tween  the deta i led  s t ruc tura l  
informat ion  that  has become avai lab le  f rom molecu-  
la r  biology and the physical  chemis t ry  of the  same sub-  
stances in solution. 

Manuscr ipt  received June  30, 1975. This was Pape r  
380 presented  at  the Toronto, Canada,  Meet ing of the 
Society, May 11-16, 1975. 

Any  discussion of this  paper  wi l l  appear  in  a Discus- 
sion Section to be publ ished in the  June  1977 JOURNAL. 
Al l  discussions for the June  1977 Discussion Section 
should be submi t ted  by  Feb.  1, 1977. 
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A Thin Layer Spectroelectrochemical Study of 
Cob(I)alamin to Cob(lll)alamin Oxidation Processes 

Thomas M. Kenyhercz *'1 and Harry B. Mark, Jr.** 
Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221 

ABSTRACT 

The air, e lectrochemical ,  and autooxida t ion  of cob (I) a l amin  and also 
cob (I) in imide under  var ious  condit ions have been studied. The t ime- reso lved  
and po ten t ia l - reso lved  spectra  indicate  tha t  in the  absence of cyanide ion or  
cyanide  present  in equivalent  concentrat ions the reox ida t ion  to a q u o c o b ( I I I ) -  
a lamin  (v i tamin  B12a) and c y a n o c o b ( I I I ) a l a m i n  (v i tamin  Bn)  exhibi ts  two 
c o b ( l I ) a l a m i n  intermediates .  I t  is specula ted  tha t  the  two in te rmedia tes  r ep -  
resent  "base-on" and "base-off" forms with  respect  to the  coordinat ion of the  
side chain benzimidazole  group in the Y axia l  position. Exper iments  on the 
reox ida t ion  of cob (I) a lamin  in presence of excess cyanide  and on c o b ( I ) -  
in imide suppor t  this conclusion. 

A recent  cyclic vo l tammetr ic  s tudy of v i tamin  B12 
type  compounds has suggested that  e lectrochemical  and 
spectroscopic techniques be combined to e lucidate  the 
redox behavior  of coba lamin  compounds (1). The re-  
sul tant  spectropotent ios ta t ic  studies (2, 3) of cobala-  
mins have revealed  a prev ious ly  unobserved sequence 
of in te rmedia tes  and steps are  involved in the re-  
oxidat ion mechanism of the cob ( I ) a l amins  in this b io-  
logical ly  significant reac t ion  (4-10). Opt ical ly  t r ans -  
pa ren t  th in  l aye r  e lectrode (OTTLE) cells (11, 12) 
have been used in conjunct ion wi th  a Har r ick  rapid  
scanning spec t rophotometer  to s tudy the reoxida t ion  
mechanism of cob ( I ) a l amins  (2). The reoxida t ion  se- 
quence of cob ( I ) a l amins  inves t iga ted  by  spec t ropoten-  
t iostat ic  and autooxidat ion  techniques has y ie lded  con- 
sistent results.  The resul ts  appa ren t ly  indicate  the 
format ion  of two c o b ( I I ) a l a m i n  reoxida t ion  in te r -  

* E l e c t r o c h e m i c a l  Soc i e ty  Student  Member.  
** E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member.  

P r e s e n t  a d d r e s s :  D e p a r t m e n t  of C h e m i s t r y ,  P u r d u e  U n i v e r s i t y ,  
W e s t  L a f a y e t t e ,  I n d i a n a  47907. 

Key  w o r d s :  c o b a l a m i n ,  s p e c t r o e l e c t r o c h e m i s t r y ,  op t i ca l ly  trans- 
parent t h i n  l a y e r  e l e c t r o d e  ( O T T L E ) ,  ox ida t ion .  

mediates  which have been in te rp re ted  as cor respond-  
ing to "base-on" and "base-off" forms wi th  respect  to 
the coordinat ion of the  5 ,6-dimethylbenzimidazole  
group at the Y axial  site. Fur the rmore ,  a t tempts  have  
been made  to corre la te  cobalamin cyclic vo l tammet r ic  
behavior  at a mercu ry -coa t ed  nickel  min igr id  elec-  
t rode (Hg-Ni  OTTLE) wi th  the spect roelec t rochemical  
evidence. 

Experimental 
The recent ly  developed mercu ry -coa ted  nickel  min i -  

gr id e lectrode (11) was used in a th in  l aye r  con- 
f igurat ion dur ing  cyclic vo l tammet r ic  exper iments  and 
as a th in  l ayer  electrolysis  cell for spect roelect ro-  
chemical  studies (2, 3, 13). The OTTLE which  served 
as the working  electrode was constructed according to 
es tabl ished procedures  (2, 11). There  was some con- 
cern that  diffusion of unreac ted  mate r i a l  f rom the 
reservoir  cup and the edges of the OTTLE cell could 
affect the mechanism and kinetics of the  reoxidat ion.  
To check this, an OTTLE cell, in which the min igr id  
was in contact  wi th  the  total  solut ion volume (min i -  
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grid a rea  was exac t ly  equal  to that  of the  solut ion 
area)  and had no reservoi r  cup, was constructed.  We 
did not note any measurab le  difference in exper i -  
menta l  resul ts  for e i ther  OTTLE cell design. The min i -  
gr id th in  l aye r  cell was assembled using a nickel  
min igr id  (333 l ines/ in. ,  60% t ransmit tance ,  Buckbee 
Mears  Company, St. Paul,  Minnesota) ,  microscope 
slides (1 • 3 in.) and 2 mil  Fluorofi lm DF-1200 tape  
(Di lec t r ix  Corporat ion,  Fa rmingda le ,  New York) .  The 
p repa ra t ion  of Hg-Ni  OTTLE used in t h i s  inves t iga-  
t ion has been descr ibed e lsewhere  (11). The exact  
thickness  of the  OTTLE cell was de te rmined  spec t ra -  
pho tomet r ica l ly  using a s tandard  solut ion of d icyano-  
cobalamin.  The th ree -e l ec t rode  sys tem also employed  
a p l a t inum wire  as the  aux i l i a ry  electrode whi le  a 
min ia tu re  s a tu r a t ed  calomel e lect rode (SCE) served  
as the  reference  electrode.  The Hg-Ni  OTTLE cell was 
mounted  in  a computer ized  Har r i ck  rap id  scanning 
dua l  beam spec t rophotometer  (RSS)  (2, 14). Expe r i -  
menta l  procedures  in ter face  design, e lectrochemical  
ins t rumenta t ion ,  computer  p rog ramming  including 
da ta  acquisition, processing, and reduct ion has been 
descr ibed prev ious ly  (15). Crys ta l l ine  cyanocobalamin,  
v i tamin  B12 (Sigma Chemical  Company,  St. Louis, 
Missouri)  was used wi thout  fu r the r  purif icat ion and 
was also employed  in the  synthesis  of aquocobalamin  
(BI2~) (16) and d icyanocoba lamin  (B12-CN). Al t  
solutions (except  tha t  noted in Fig: 3) were  1 mlYI 
in cobalamin  and 1.0M in Na2SO4 as the  suppor t -  
ing e lec t ro ly te  (1);  the  solutions for the B12-CN ex-  
per iments  were  also 0.1M in KCN. Al l  cobalamin  
solutions were  deaera ted  wi th  high pur i ty  argon. 
Unless noted an iner t  a tmosphere  of argon was main -  
ta ined  in the  RSS. The deaera ted  cobalamin solutions 
were  in t roduced into the  OTTLE cell wi th  the  cobal t  
of the cobalamin  in the  - t - 3  valence  state. The 1 m~% 
cobalamin solutions were  then poten t ios ta ted  at --1.0V 
vs.  SCE unt i l  the spect ra  changed comple te ly  to tha t  
of the cob (I) a lamin  (see the  first spec t rum of Fig. 9) 
and remained  constant  for app rox ima te ly  one-ha l f  
hour. The cob (I) a lamin  solutions were  reoxidized by  
electrochemical  means  or by  autooxidat ion  in e i ther  
the  presence of air  diffusing into the  OTTLE cell  or 
under  an iner t  a rgon atmosphere .  The potent ios ta t  was 
disconnected f rom the  OTTLE celI assembly  dur ing  
the autocatalysis  exper iments  (2). The electrochemical  
e lec t roreoxida t ion  process  involved a s tepwise  (25 mV 
increment )  potent ios ta t ic  polar iza t ion  (potent ios ta ted  
at each potent ia l  value  unt i l  the  spect ra  ceased chang-  
ing, app rox ima te ly  2 rain) under  an  iner t  argon 
a tmosphere  (2). 
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Fig. 1. Thin layer cyclic voltammograms of 1 mM solutions of 
cyanocobolamin, B12 (curve A) and dicyonocobalamin (curve B) at 
a Hg-Ni minigrid electrode. Scan rate = 2 mV-sec-L Initial scan 
cathodic. Curve A, B12: 1.0M Na2S04, 0.1M NAN03, pH - -  7.0. 
Curve B, B23-CN: 1.0M Na2SO;, 0.1M KCN, pH = 10.4. 

grams  (Fig. 1, curve B).  Though not  shown in curve A 
of Fig. 1, a smal l  peak  does occur in  the  region of 0.2V 
vs. SCE which appears  to correspond to the  react ion 
B12r --  le  --> B12 [Co(I I )  - -  le  --> C o ( I I I ) ]  (1, 3). Al l  
successive cathodic scans of B12 show the presence of a 
cathodic peak  around --0.3V s imi lar  to those exhib i ted  
by  B12-CN which correspond to the  reduct ion  of m e r -  
cury  cyanide  complexes.  The cyclic vo l tammet r ic  be -  
havior  of d icyanocobalamin  is i l lus t ra ted  in curve B 
of Fig. 1 (3). Thus, a comparison of curves A and B 
shows tha t  e lect ron t ransfer  character is t ics  for  B12- 
CN (curve B) are  essent ia l ly  the same as that  of B12 
(curve A) .  The addi t ional  peaks  in the  B12-CN cyclic 
vo l t ammogram are  the  same as those observed for sup-  
por t ing  e lec t ro ly te  solutions containing 1.0M Na2SO4 
suppor t ing  e lec t ro ly te  and 2 mM KCN. The cyclic 
vo l tammet r ic  behav ior  of aquocobalamin,  v i tamin  
B12a at a Hg-Ni  OTTLE is given in Fig. 2 (3). Again, 
it  is possible to assign the reduct ion  peak  occurr ing at  
about  --0.95V vs.  SCE to the  process B12~ -~ 2e ~ B12s 
or [Co (III)  ~- 2e -> Co ( I ) ] .  The  reoxida t ion  peak  oc- 
curr ing in the  region of --0.8V appears  to correspond 
to the react ion of B12s --  le  --> B12r whi le  the  peak  in 
the region of 0.15V corresponds to the  react ion B12r --  
le  --> B120. The reduct ion peak  at  0.2V is character is t ic  
of the suppor t ing  e lec t ro ly te  (1.0M Na2SO4) at  the  

Results and  Discussion 
T h i n  l a y e r  cell  cyclic v o l t a m m o g r a m s . - - T y p i c a l  cy-  

clic vo l t ammograms  for cyano-  and d icyanocoba lamin  
at a Hg-Ni  OTTLE are  shown in curves A and B, r e -  
spectively,  of Fig. 1 (3). These cyclic vo l t ammograms  
appear  qui te  complex  and nonideal  wi th  respect  to 
peak  shape. The i r r evers ib i l i ty  appears  to arise f rom a 
combinat ion of slow elect ron t ransfer ,  associated chem-  
ical  steps in the  redox  process, and strong adsorpt ion  
of both  reac tants  and products.  Based on a previous  
s tudy i t  is poss ible  to at  leas t  quan t i t a t ive ly  assign 
peaks  to cer ta in  redox processes (3, 10, 17, 18). In  
curve A of Fig. 1 (B12 at  a Hg-Ni  OTTLE),  the reduc-  
t ion process occurr ing in the  region of --0.95V vs.  SCE 
represents  a two-e lec t ron  reduct ion  corresponding to 
B12 ~- 2e-> Bl~s [Co(I I I )  W 2e--> C o ( I ) ]  (1, 3, 10, 17, 
18). The reoxida t ion  occurr ing at --0.85V vs. SCE is 
a t t r ibu tab le  to the  process B12s --  le  -> B12r [Co(I)  

le  --> C o ( I I ) ]  (1, 10, 17, 18). A cyclic vo l t ammet r i c  
s tudy of the  suppor t ing  e lec t ro ly te  (1.0M Na2SO4) 
containing mi l l imola r  amounts  of cyanide  has shown 
that  anodic peaks  in the  region of --0.3 to 0.0V vs. SCE 
correspond to format ion  of me rcu ry  cyanide complexes 
(19, 20). The prominence  of the  mercu ry  cyanide peaks  
is pa r t i cu l a r ly  evident  in the  B12-CN cyclic vo l t ammo-  
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Fig. 2. Thin layer cyclic voltammogram of 0.9 mM solution of 
aquocobalamin, B!2a, at a Hg-Ni minigrid electrode. Scan rate ---- 
2 mV-sec -1.  Initial scan cathodic 1.OM Na2S04, O.1M NaNny, pH 
= 7.0. 
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Hg-Ni OTTLE, though the identi ty of the --0.25V 
anodic peak is uncertain.  The potential  range of this 
anodic peak is similar to the mercury  cyanide anodic 
peak observed for B12. As the B12a was synthesized 
from Ble (6), one might  suspect that some B12 remains 
as an impurity.  However, no cyanide is thought to be 
present  in the B12a for several reasons. First  of all, the 
second cathodic of the B12~ solution failed to produce 
the mercury  (II) cyanide reduction peak observed for 
B12 and B12-CN. Also the occurrence of this --0.25V 
reduct ion peak was investigated at a Hg-Ni OTTLE 
for B12a samples that had been prepared under  diverse 
conditions (3) (chemically, electrochemically synthesis 
from B12 or biological by microbial  action).  In  all 
cases the B12a solutions produced a --0.25V reoxidation 
peak at the mercury-coated nickel minigrid.  Thus, it 
seems unl ikely  that a "common" cyanide impur i ty  
could exist for such diversified batch preparations of 
aquocobalamin. A fur ther  cyclic voltammetric  exami-  
nat ion of the B12a at a hanging mercury  drop electrode 
(HMDE~ surface area _-- 0.0293 cm 2) was carried out 
(1, 3) which showed that this aquocobalamin did not 
exhibit  a reoxidation peak in  the region of --0.25V 
(___50 mV) (1). This leads one to speculate that  some 
unique redox process may be occurring between a 
base-off cob( I I ) a l amin  and the Hg-Ni surface. Such 
an interaction for base-off forms with t ransi t ion metals 
and t ransi t ion metal  complexes is not new and is well 
documented in  the l i terature  (21, 22). In general, with 
the exception given above, it appears as though the 
cobalamins exhibit  the same electrochemical behavior 
at a Hg-Ni minigr id  that they do at a HMDE. Thus, 
the mercury-coated nickel minigr id  in an optically 
t ransparent  thin layer  electrode configuration has been 
used to study the spectroelectrochemical reoxidation 
mechanism (2, 3). 

Cob(I)aIamin reoxidation studies.--Curve A of Fig. 
3 represents a typical spectrum of a part ial ly air re- 
oxidized solution of the cob (I) alamin, B12s. The peaks 
occurring in the region of 380 and 560 nm are charac- 
teristic of a cob (I) a lamin (23). The peaks at 475 and 
410 nm have been previously observed in the spectrum 
of the cob(I I )a lamin ,  B12r (23). The peak at 525 nm is 
assigned the final oxidation product B12~ (28) (see 
curve B, Fig. 3). Thus, the spectrum of curve A, Fig. 3, 
is that of a mixture  of cob(I ) - ,  cob(I I ) - ,  and cob ( I i I ) -  
alamins and the peaks of interest  here, which we sug- 
gest correspond to cob( I I )a lamin  intermediates  in the 
oxidation sequence, occur at 410 and 475 rim. During 
the large scale preparations of B12a (16), it was pre-  
viously observed that  the relative ratio of the 410 and 
475 nm peaks varied markedly,  depending on the rate 
at which oxygen was introduced into the cob (I)a lamin,  
B~2s, solution. This is i l lustrated by comparing curve 
A of Fig. 6 to the first curve of Fig. 8. Curve A of Fig. 
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Fig. 3. Spectra of air reoxidized products formed following the 
exhaustive reduction of cyanocob(lll)alamin in 0.1M NAN03. 
Curve A represents a partially reoxidized solution of cob(I) alamin. 
Curve B represents the totally reoxidized cob(lll)alamln, aquo- 
cobalamin. 

3 was obtained on bubbl ing  oxygen through a rapidly 
stirred solution of Bl2s. Under  these conditions the 410 
nm peak is much larger than the 475 nm peak. In the 
curves shown in Fig. 4-11 the 475 nm peak is always 
much larger than the 410 nm peak. In  the lat ter  cases, 
oxygen was admitted to the system slowly (Fig. 4-8) 
(by diffusion into the B12s solution from the edges of 
the OTTLE cell), or was excluded from the system by 
employing an argon atmosphere in the RSS, Fig. 9-11. 
Based on these results it is felt that  the 410 and 475 nm 
peaks represent two different cob( I I ) a l amin  species, 
though past investigations have reported both of these 
peaks as being characteristic of a single species. B12r. 

The spectra obtained following the exhaustive re-  
duction of B~2, B12a, and B12-CN at --1.0V vs. SCE 
were characteristic of an identical cob (I) a lamin 
species, as can be seen by comparing the ini t ial  curves 
in Fig. 9-11. This is the cob (I) a lamin species desig- 
nated as B12s. Though the exact coordination geometry 
for the cob( I ) a l amin  is unknow n  (27), it has been 
suggested that the coordinated axial benzimidazole is 
protonated in  a base-off configuration with water  
molecules occupying each of the axial positions (24). 

It was found that the t ime-resolved cobalamin 
spectral sequences and rates of peak changes were vir-  
tual ly the same in the absence of air and when air was 
allowed to diffuse into the OTTLE cell from the edges. 
This indicates that  the mechanism for reoxidation 
under  these conditions involves the reaction of cob ( I ) -  
a lamin with some other oxidant  is faster than the rate 
of diffusion of oxygen into the OTTLE cell. The t ime-  
resolved spectra for the "autooxidation" of a cob ( I ) -  
a lamin solution (OTTLE cell in  an argon atmosphere) 
obtained by the exhaustive reduction of cyanocob ( I I I ) -  
a lamin at --1.0V is shown in Fig. 4 and 5. Figure 4 
shows that the cob (T) alamin, as monitored by the 385 
nm peak is completely reoxidized to a cob( I I ) a l amin  
(as seen by the development  of the 475 nm peak) in 
the first 100 sec. The peak which develops at 475 nm 
corresponding to a cob ( I I ) a l amin  species, grows to a 
max imum in the first 400 sec. The 475 nm peak then 
slowly decreases, finally vanishing at about 5 • 104 
sec. The cyanocob( I I I )a lamin  peak at 360 nm begins 
to develop at 104 sec and the B12 is completely regen-  
erated by l0 s sec. The t ime-resolved spectra for this 
regenerat ion of B12 can be seen in Fig. 5. The identical 
reoxidation experiment  was performed using aquocob- 
( I I I ) a l amin  (B12a) following potentiostat ing at --1.0V 
vs. SCE to produce the cob (I) alamin. The t ime-re-  
solved oxidation spectra for B12a are shown in Fig. 6 
and 7. The reoxidation sequence of a cob (I) a lamin to 
B12a is very similar to the cob (I) a lamin  autooxidation 
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Fig. 4. Time-resolved spectra for the reoxidation of eob(l)alamin 
(from 1.0 mh4 cyanocobalamin) to cob(ll)alamin, in a 1.0M Na2S04, 
0.1M NaNO~ solution; pH ~ 7.0 initially. Time span ~ 0-630 sec, 
at a Hg-Ni OTTLE. Cell thickness _-- 0.017 cm. 



Vol. I23, No. 11 THIN LAYER S P E C T R O E L E C T R O C H E M I C A L  STUDY 1659 

~ 4446485"0 

0.6 4,2 

05 

~o., ' . "#  

~1 o.3 
O.2 
O.1 , 
0.0 I I I I I f I i I u 2.8 

280 320 350 400 440 48o 520 560 600 
WAVELENGTH. NM 

Fig. 5. Time-resolved spectra for the reoxidation of cob(ll)olamin 
to a cob(lll)alamin, B12, in a 1.0M Na2SO4, 0.1M NaNO3 solution. 
Time span ~ 630-70,000 sec at a Hg-Ni OTTLE. Cell thickness 
0.017 cm. 
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Fig. 6. Time-resolved spectra for the reoxidation of cab(I)olamin 
(from 0.9 n~M aquocobalomin) to a cob(ll)alamin, in a ].0M 
No2SO4, 0.1M NaNO~ solution; pH ---- 7.0 initially. Time span 
0-400 sec, at a Hg-Ni OTTLE. Cell thickness ---- 0.017 cm. 
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Fig. 7. Time-resolved spectra for the reoxidotion of cob(ll)alamin 
to o cob(lll)olomin, B12a, in a 1.0M Na2S04, 0.1M NAN03 solu- 
tion. Time span ~ 630-25,000 sec at a Hg-Ni OTTLE. Cell thick- 
ness = 0.017 cm. 

in  the presence of equimolar  C N -  to B12. For all auto- 
oxidation studies involving both B12 and B12a, the 

spectra exhibits a 410 nm peak, which occurs in  the 
same quali tat ive t ime period but  not necessarily coinci- 
dent with the absorbance- t ime values of the character-  
istic 475 nm cob ( I I ) a l amin  peak. It  appears wi th in  200 
sec, has reached a ma x i mum by 5 • 10~ sec, and has 
disappeared by about 2 • 104 sec. Furthermore,  there 
are no peaks in  the region of 370 n m  which could iden-  
t ify either a Co(I) or Co(III)  species dur ing the t ime 
interval  from 200 to 5000 sec. I t  is, therefore, felt that  
the 410 nm peak indicates a second different cobCII)- 
a lamin intermediate  which will  be identified as B12r'- 
These two cob( I I ) a l amin  species could correspond to 
base-on and base-off benzimidazole forms, al though 
the possibility exists that  some reversible al terat ion of 
the corrin r ing could also be responsible for this be- 
havior. It is felt that, as the peaks in  this region have 
previously been associated with changes in the axial 
l igand configuration, this postulat ion that  the two 
species are base-on and base-off forms is reasonable 
(25). From the spectra presented in  Fig. 4 through 7 
it is seen that  the B12 and B12a formation appears more 
concomitant with the disappearance of B12r' than  
B12r. The studies described below with B12-CN and 
cob( I I I ) in imide  have been employed to test this base- 
on and base-off theory. 

The t ime-resolved spectra for the autooxidation of 
cob (I) alamin, B12s, obtained by the exhaustive reduc-  
t ion of d icyanocob( I I I )a lamin  (formed by adding a 
100-fold excess of cyanide to B12) as shown in  Fig. 8 
is found to be quite different from those obtained of 
B12 and B12a. From Fig. 8 it can be seen that dicyano- 
cob( I I I ) a l amin  is totally regenerated in  less than  400 
sec. The t ime dependency of the increase/decrease in 
the 290 nm band, the rise and fall of the 475 nm 
cob( I I ) a l amin  peak, the final development  of the 368 
nm peak plus the total absence of a 410 nm peak all 
s trongly suggest that  the reoxidation of B12s in  the 
presence of excess cyanide goes through only a B12r 
type intermediate.  The lack of a 410 nm intermediate  
in this case is consistent with the suggestion that  this 
in termediate  is a different axial l igand configuration 
rather  than a r ing al terat ion which would be consistent 
for the three cobalamins which were investigated. It 
is also reasonable that both the X and Y axial positions 
are occupied by C N -  in the case of a 100-fold excess 
CN -  in  the solution and the base-on B12r' does not 
form. 

The electrochemical reoxidation sequence of the 
cob (I) alamins formed by the exhaustive reduction of 
B12, B12a, and B12-C~T are shown in Fig. 9 through 11, 
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Fig. 8. Time-resolved spectra for the reoxidaHon of cob(I)alamin 
(from 1 mM dicyanocobalamin) to dicyanocob(lll)alamin, in a 1.0M 
Na2S04, O.1M KCN solution; pH --~ 11.0. Time span ~ 0-410 sec 
at a Hg-Ni OTTLE. Cell thickness .~  0.017 cm. 
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Fig. 9. Spectropotentiostatic curves for the reoxidation of 
cob(Dalamin (from 1 mM cyanocobalamin) to cyanocob,(lll)alamin, 
B12, in 1.0M Na2SO4, 0.1M NaNO~; pH = 7.0 initially. Potential 
range = --1.0 to -~0.1V ~,s. SCE at a Hg-Ni OTTLE. Cell thick- 
ness - -  0.017 cm. 
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Fig. 10. Spectropotentiostatic curves for the reoxidation of 
cob(I)alamin (from 0.9 mM aquocobalamin) to aquocob(lll)alamin, 
812a, in 1.0M NaSO4, 0.1M NaNOr3; pH ~ 7.0 initially. Potential 
range ----- - -1.0 to -I-0.1V vs. SCE at a Hg-Ni OTTLE. Cell thick- 
ness = 0.017 cm. 

respectively. The spectroelectrochemical reoxidation 
sequence for cob (I) a lamin prepared from electrore- 
duced cyanocobalamin is i l lustrated in Fig. 9. The for- 
mat ion of the 475 nm cob( I I ) a l amin  peak becomes 
markedly  evident  as the potential  is decreased below 
--0.9V vs.  SCE (3). The 475 nm peak appears to reach 
a max imum in absorbance between --0.8 and --0.TV 
SCE. A previous spectroelectrochemical study of B12 
at 475 nm has shown that the reoxidation plateau re-  
gion extends from --0.30 to --0.77V vs.  SCE (3). This 
fact is well substant ia ted by the spectropotentiostatic 
curves of Fig. 9. It can be seen from Fig. 9 that  the 
development  of the 410 nm peak is not coincident with 
the 475 nm peak, but  appears to reach a max imum in 
the region of --0.5V vs.  SCE, and then decreases. The 
development  of the 360 nm peak characteristic of B12 
begins in  the potential  region where the 475 nm peak 
begins to decline. The cyanocob ( I I I ) a l amin  species ap- 
pear to have been regenerated in the potential  region 
between 0.00 and 0.10V vs.  SCE, which again agrees 
with the previous spectropotentiostatic investigation. 
The spectropotentiostatic reoxidation of aquocob ( I I I ) -  
a lamin (B12a) from cob (I) a lamin (B12~) is shown in 
Fig. 10. In  general  the spectropotentiostatic reoxidation 
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Fig. 11. 5pectropotentiostatic curves for the reoxidation of 
cob(I)alamin (from 1 BM dicyanocobaiamin) to dicyanocob(lll)ala- 
min, B12-CN, in 1.0M Na2SO4, 0.1M NaNO~; pH ~ 11.0 initially. 
Potential range - -  - -1.0 to --0.675V vs. SCE at a Hg-Ni OTTLE. 
Cell thickness = 0.017 cm. 

of B~fa corresponds almost identically w i t h  that  of 
BI2. It should however be restated that  the develop- 
ment  of the 475 nm peak is noncoineident  with that  of 
the 410 nm peak. Figure 11 i l lustrates the spectro- 
potentiostatic reoxidat ion curves for eob( I ) a l amin  
formed by the exhaust ive reduction of dicyanocob- 
( I I I )a lamin  (BI2-CN). Several  features of Fig. 11 are 
worth noting: (a) the potential region over which 
BI2-CN is reoxidized is drastically reduced when com- 
pared to B12 and B12a, and (b) the total absence of a 
410 nm absorbance peak during the electrochemical 
reoxidation sequence. The fact that the dicyanocobal- 
amin  reoxidation potentiM region is much narrower  
than that of either cyano- or aquocobalamin indicates 
much more reversible heterogeneous electron t ransfer  
kinetics which correlates with the homogeneous auto- 
oxidation rate curves shown in Fig. 4 through 8. The 
total absence of the 410 nm peak in the B12-CN electro- 
chemical reoxidation sequence is consistent also with 
the homogeneous autooxidation results. 

In order to fur ther  examine the postulat ion that  the 
410 nm peak corresponds to a base-on cob(I I )a lamin ,  
B12r', the t ime-resolved autooxidation spectra of a 
cob( I ) in imide  (29) (no benzimidazole moiety on the 
coffin r ing system) was examined. The absorbance-  
potential  reduction characteristics of the cyanoaquo- 
cob( I I I ) in imide  (30) start ing material  and the rate of 
autooxidation parallel  to those of v i tamin  B12 itself 
indicating that the lack of the benzimidazole moiety 
has not appreciably altered the redox properties of the 
central  cobalt ion. However, the t ime-resolved auto- 
oxidation spectra of the cob( I ) in imide  do not exhibit  
a 410 nm peak as can be seen in Fig. 52 and 13. Thus, 
the B12-CN and cob( I ) in imide  autooxidation spectra 
are consistent with the suggestion that  the B12r' (410 
nm peak) is a base-on intermediate  in  the B12 and B12a 
mechanism. 

Electrochemical reoxidation of cob (I) alamin, ob- 
tained by the electroreduction of B12 under  an argon 
atmosphere, goes through both the B12r (475 nm)  and 
BIfr' (410 rim) intermediates in the potential  region 
from --0.60 to --0.01V vs.  SCE yielding B12 at +0.10V 
vs. SCE. The conditions of the electrochemical reox- 
idation experiments indicate that the 410 nm peak is 
not indicative of an oxygen adduct type of cobalamin 
species. 
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Fig. 12. Time-resolved spectra for the reoxidation of coh(I)inimide 
(from 1.0 mM acluocyanocob(lll)inimide) to a cob(ll)inimide in a 
1.0M Na2S04 solution; pH ~ 7 initially. Time span ~ 0-400 sec 
at a Hg-Ni OTTLEE. Cell thicknesss ---- 0.017 cm. 
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Fig. 13. Time-resolved spectre for the reoxidatlon of a 
cob(ll)inimlde to a cob (lll)inimide in a I.OM Na2S04 solution; 
pH = 7 initially. Time span = 630-70 ,000 sec at  an Hg-Ni  OTTLE. 
Cell thickness = 0.017 cm. 
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Qual i ta t ively ,  the  t ime- reso lved  spect ra  indicate  tha t  
the  reoxida t ion  of cob (I)  a lamin  in the  presence of 
s toichiometr ic  or less amounts  of C N -  follows the re -  
action scheme i l lus t ra ted  below. 
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As previously mentioned, the presence of excess cy- 
anide ion affects the reoxidation scheme such that 
either the B12r' (base-on) species is not formed or that 

the oxidat ion  of the  B12r (base-off)  species is k ine t -  
ica l ly  favored.  I t  has been pos tu la ted  by  others  (5-10) 
tha t  cob (I) a lamin  autooxidizes to a c o b ( I I ) a l a m i n  
wi th  the  evolut ion of hydrogen.  This process would  
cer ta in ly  expla in  the  reox ida t ion  of B12s to Bl2r where  
under  exist ing conditions the  hydrogen  would  be solu- 
ble  in solut ion and bubbles  not  observed in the OTTLE 
cell. Fur the rmore ,  the  pos tu la t ion  tha~t the  c o b ( I I ) -  
a lamin  can d i spropor t iona te  to form a cob( I )  and a 
c o b ( I I I ) a l a m i n  species (5-10) cannot  be d i rec t ly  ob-  
served by  this study.  The  ident ical  t ime- reso lved  
spectra l  da ta  would  be observed for e i ther  (i) a d i -  
rect  sequent ia l  two-s tep  oxidat ion  where  the  first 
s tep is fast and the second is slow or  (if) a fast  
ini t ia l  one-e lec t ron  t ransfe r  to B12r fol lowed by  a 
slow dispropor t ionat ion  to Bl2s and BI2. The work  
of Bi rke  et al. ( i0)  es t imated  tha t  the  t h e r m o d y -  
namic and kinet ic  pa rame te r s  for  such a d i spropor t ion-  
at ion are  very  unfavorable .  I t  has not been possible to 
calculate  meaningfu l  kinet ic  pa rame te r s  f rom the t ime 
and potent ia l  resolved spec t ra  as no quan t i t a t ive  d i f -  
fusion model  has been postulated.  Moreover,  we can-  
not  r ea l ly  tel l  if the B12s oxidizes d i rec t ly  to both Bl2r 
and B12r' at  different  ra tes  or tha t  if Bl2r' resul ts  s imply  
f rom a rap id  equi l ib r ium wi th  B12r as shown in the  
proposed mechanism. [Cobalt  (If)  complexes  of this 
type  are  genera l ly  labi le  (26).] This same a rgument  
applies to the  in te rp re ta t ion  of B12r and B12r' oxidizing 
to c o b ( I I I ) a l a m i n ( s ) .  However,  i t  does appear  tha t  
the reoxida t ion  of B12r to d i c y a n o c o b ( I I I ) a l a m i n  oc- 
curs much more  r ap id ly  than  the reox ida t ion  of e i ther  
B12r or B12r'. This can be seen by  compar ing  the t ime 
scale of Fig. 5 and 7 to that  of Fig. 8. Quant i ta t ive  k i -  
netic studies wil l  be carr ied  out in  the  near  future.  
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ABSTRACT 

In vitro methods have been developed over  the  last  severa l  yea r s  to p re -  
dict  the implan ta t ion  behavior  of cardiovascular  prostheses.  With  meta ls  and 
alloys, thei r  spontaneous potent ia ls  in blood or physiological  saline, the cor-  
rosion behavior  in sodium chloride, and surface cleanliness a re  factors that  
de te rmine  the in vivo patency in animals  and humans.  The  mater ia l s  used 
for cardiac  valves have a wide pass ivat ion  region. In vivo moni tor ing  of 
cardiac prostheses indicates  an anodic shif t  of the i r  rest  potent ials .  Surface  
contaminat ion  appears  to cause p r e m a t u r e  thrombosis  and occlusion of cardiac 
valves. 

Blood and Biocompatibility of Prosthetic Materials 
Subst i tu t ion  or rep lacement  of l iving tissues by  

artificial mater ia l s  br ings in its wake  the p rob lem of 
biocompatibi l i ty .  Biocompat ib i t i ty  comprises a broad  
area covering a number  of different  types  of prosthet ic  
mater ia ls ;  dental,  orthopedic,  and cardiovascular  
(Tab!e I) .  The mechanical ,  biochemical,  and physico-  

chemical  requ i rements  of prosthet ic  mater ia l s  differ 
wide ly  for these applications.  While  noninteract ion 
wi th  the sur rounding  tissue or body fluids is a p r i m a r y  
condit ion for any implant ,  the requ i rements  become 
far  more  s t r ingent  when  it comes to cardiovascular  
prostheses.  In this rev iew we plan to cover the p rob-  
lems met  with, and progress  made  in, the use of 
metal l ic  prosthet ic  mater ia l s  in the cardiovascular  
systems of animals  and man. 

Card iovascular  appl icat ions  are var ied  and cover a 
very  wide range, from in vitro and ex vivo devices such 
as ca rd iopu lmonary  bypasses  and dializers,  to in vivo 
prosthet ic  shunts, bypass  grafts,  and cardiac valves 
(Table I ) .  Prosthet ic  mate r ia l s  that  are  used in any of 
these applicat ions must  sat isfy some basic cr i ter ia  of 
blood compat ib i l i ty  (Table  II)  (1). The mate r i a l  
foreign to the body must  have min imal  effects on 
(i) dena tu ra t ion  of p lasma proteins,  (ii) red cell de-  
s t ruct ion due to toxici ty  of the mater ia l ,  (iii) pla te le t  
adhesion, release, and aggregation,  and (iv) destruct ion 
or act ivat ion of blood coagulat ion factors resul t ing  in 

* Electrochemical Society Active Member. 
Key words: thrombogcnesis,  prostheses, corrosion, metals.  

thrombogenesis .  If the prosthet ic  ma te r i a l  is of biologic 
origin, such as porcine or bovine heterograf ts ,  the  ant i -  
genic p rope r ty  also becomes an impor t an t  p a r a m e t e r  
in de te rmin ing  its acceptance. 

Polymeric Materials as Prostheses 
The choice of the ma te r i a l  depends  on the end use. 

For  bypass  grafts  and shunts (Table  I ) ,  poros i ty  and 

Toblle I. 

Biocompatibili ty of prosthetic materials  

Dental Cardiovascular Orthopedic 
(Blood compatibil i ty) ,~ 

In.vivo In-vitro and ex.v ivo 

Cardiac valves Cardio-pulmonary bypass 
Prosthet ic  shunts  Auto-transfusion 

Artificial hear t  Dialysis 
Bypass grafts  Filters 

Table II. 

Blood compatibil ity 
(Metals and polymers) 

Denaturation Platelet  adhesion Activation of blood 
of proteins and aggregat ion coagulation factors Hemolysis  

Thrombosis 

Embolization 
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flexibility are very impor tant  for in vivo patency. 
Dacron velours, expanded polytetrafluoethylene, kn i t -  
ted dacron tubes and heterografts are normal ly  used 
extensively for these applications. 

Because of the various uses for polymers as blood 
compatible materials  in  the cardiovascular system, ex- 
tensive studies have been carried out on (i) in ter -  
actions of polymer surfaces with blood cells (2) and 
blood proteins (3), (it) modification of surfaces of 
polymers by chemically b inding with anticoagulants  
(4) and fibrinolytic agents (5), (iii) al terat ion of the 
const i tuent  ionic groups (6) or use of chemical bui lding 
blocks of desired structures (7) to synthesize suitable 
polymers, (iv) devising methods to increase the dis- 
t r ibut ion of pores and regulat ion of pore size (8), (v) 
increasing the hydrophilic character (9), and (vi) 
modification of surfaces using the electret effect (10). 
These studies have led to the development  of blood 
compatible polymers of bet ter  durabil i ty.  

A few theoretical criteria have been developed to 
predict the in vivo patency of a polymeric material.  As 
animal  exper imentat ions  are expensive, a p re l iminary  
screening by in vitro techniques such as adsorption of 
platelets from whole blood (11), critical surface ten-  
sion (12), and net surface charge (13) have been help-  
ful in selection of materials. A number  of basic studies 
concerning interactions of blood proteins at the 
molecumr level have been carried out. As the purpose 
of this communicat ion is to describe the work relat ing 
to the use of metals and alloys as cardiovascular 
prostheses, these aspects are not elaborated. 

M e t a l l i c  Prostheses 
Metals and alloys are main ly  used in cardiac valves, 

as, the positioning of the valve in the heart, ease of 
implantat ion,  and flow conditions require sufficient 
mechanical  s trength of the material.  The in vitro and 
in vivo methods of evaluat ion of a metall ic prosthesis 
are described in Table III. Very low corrosion, low 
toxicity and blood destruction, nondenatured  adsorp- 
tion of blood proteins, low degree of platelet  aggrega- 
tion or adhesion are all necessary conditions for 
satisfactory funct ion of a prosthesis in  the vascular 
tree. However, factors like flow through the valve, 
stasis, turbulence  pockets, and contaminat ion can lead 
to premature failure of an otherwise satisfactory ma- 
terial or device. In the subsequent sections are 
described: (a) the in vitro tests, (b) an  analysis of the 
factors contr ibutory to thrombogenesis of metallic 
prostheses, (c) in vivo dysfunction, and (d) a few 
typical results of implanta t ion of materials to i l lustrate 
how these factors contr ibute  to proper function of 
the valves. 

In Vitro Methods of Evaluation 
Corrosion studies.--Determination of open-circuit 

potentials.--It  has long been recognized that 
thrombosis is an interfacmI reaction. In  metals and 
alloys, their  spontaneous potentials in blood or physio- 
logic saline (0.9% NaCI) give an indication oK thrombo- 
genicity (14). It was observed that noble metals de-  
veloping highly positive spontaneous potentials vs. 
NHE in blood or physiologic saline are invar iab ly  
thrombogenic. Base metals like a luminum, on the 
other hand, tend to be r, onthrombogenic (14). With 
metals and alloys, it is felt that a factor that  determines 
interactions with blood is the point  of zero charge (pzc) 

Table Ill. 

In.viva 
4 

Implanta t ion  
4 

SEM and h i s t o l o g y  

Methods  of e v a l u a t i o n , ~  

In-vitro 
4 

Corros ion  s tudies  
P la te l e t  adhes ion  and  

re l ease  r e a c t i o n  

In terac t ion  with 
blood elements 

Interac t ion  wi th  blood 
coagu la t ion  fac tors  

of the component metals (15) and how anodic the rest 
potential  of the alloy is to the pzc of these component 
metals. It has been general ly  observed that in vivo 
implanta t ion of the mater ial  results in  a progressive 
anodic shift in  rest potentials (16). Prosthetic cardiac 
valves and exper imental  tubes of the same mater ial  
have been  known to show wide variat ion in  their  rest 
potentials due to storage and accumulat ion of cor- 
rosion products (17). It  has been recent ly observed 
that commercial ly available cardiac valves that have 
welded portions show different potentials at different 
points of the s trut  (17). An inhomogeneous potential  
difference between parts of the same valve can be 
contr ibutory to thrombosis. Thus the de terminat ion  of 
rest potential  of the metallic prosthesis gives a first 
indication of its prospective use in the cardiovascular 
system. 

An  extensive electrochemical study of materials  for 
surgical implants  in  chloride media has been carried 
out (18). Iron, nickel, cobalt, and t i t an ium based al- 
loys were used for the investigation. Current -potent ia l  
and potent ia l - t ime curves were determined in NaC1 
and Hank's  solution. The schematic of open-circuit  
potent ia l - t ime curves (E-t) is shown in Fig. 1. Alloys 
which are potential ly useful as implantable  materials 
should have an intact  passive film as shown by the 
E-t  curve in Fig. 1(curve c). Vitallium, t i tanium, and 
some of its alloys, exhibit  this type of potent ia l - t ime 
behavior  (18). Open-circui t  po tent ia l - t ime studies 
were carried out in Hank's  solution using mechanical  
and electropolished t i tan ium alloys (19). The effects of 
including amino acids such as tryptophan,  cysteine, 
glycine, cystine, and uric acid (the bui lding blocks of 
most physiological proteins) on the E-t  curves were 
also studied (19). It is observed that addit ion of these 
acids to the solution brings about an anodic shift in 
open-circuit  potentials. These findings are similar to 
our observation of anodic shift in  rest potential  of im-  
planted materials in vivo (16). 

Polarization studies.--In vitro and in vivo galvano- 
static, potentiostatic, and l inear  polarization studies 
have been carried out for a number  of metals and alloys 
used as surgical implants  over the last several years 
(18-28). 

The effects of aeration of solution, cold-working, and 
anneal ing of some stainless steels have been studied us- 
ing steady-state potentiostatic current -potent ia l  (i-E) 
determinations (20). Aerat ion has a marked effect on 
the shape of i-E curves of stainless steel 316 in Ringer 's  
solution. Saturat ion of solution with oxygen shifts the 
passive breakdown potential  relative to the deaerated 
solution by +350 mV vs. NHE. The oxygen capacity of 
human  blood is reported to be 20 ml oxygen/100 ml 
(29) and plasma oxygen pressure in the huma n  ar tery 
is 85 mm Hg (30). Thus it is very impor tant  to know 
the al terat ion in corrosion behavior of metals and al-  

""T 

(c) 

o 

t i m e ,  t 

Fig. 1. Schematic potential:time curves (a) general corrosion, (b) 
pitting corrosion, and (c) film remains intact. 
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loys due to oxygenation.  Metallurgical processes l ike 
co ld-working  and annealing have distinct effects on 
passivation region, transpassive current-potential  
behavior, and breakdown potential for stainless steel  
316. A comparative evaluation of titanium, Vitallium, 
and stainless steel  clearly shows the remarkable  
passivity of titanium. Polarization studies show that 
pure t itanium remains passive in the potential range 
--0.05 to + l . 1 5 V  vs. NHE (20). Figure 2 shows the 
striking passivity of t i tanium compared to annealed 
316 stainless steel  and cast Vitall ium. Even Vitallium, 
which shows marked resistance to pitting attack, does 
not exhibit  the polarization characteristics and 
passivity of pure t i tanium (20). 

This group has done some studies with  Haynes-25 to 
determine the polarization behavior of the alloy in 
deaerated physiologic saline. (21). Figure 3 shows the 
steady-state  potentiostatic current-potential  curve 
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Fig. 2. Polarization behavior of annealed 316 stainless steel, cast 
Vitallium, and titanium in Ringer's solution. 
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Fig. 3. Polarization behavior of Haynes-25 alloy in 0.9% NaCI 

(log i-E) for Haynes-25 alloy in normal saline. The al- 
loy has an extens ive  passive region (--60'0 to +400  m V  
SCE) and low corrosion (0.1 ;~A cm -2)  and passivation 
(1.2 ~A cm -2)  current densities. These  characteristics 

make  the alloy re lat ively  passive in a chloride ion en-  
vironment.  

Corrosion characteristics of various anode materials  
used in implantable power  sources were  determined 
using in vitro and in v ivo polarization studies (22). In 
vitro anodic l inear polarization studies in 0.9% NaC1 
showed corrosion rates of zinc and magnes ium alloy 
AZ31B to be two to three orders of magnitude greater 
than that of a luminum under no load conditions. A 
significant decrease in corrosion currents for each of 
the metals  fol lowing autoclave steril ization was ob- 
served. Loading of the anode at 25 ~A c m  -2 (equivalent  
to that used for powering present ly  available com-  
mercial  pacemakers)  increases the corrosion current 
for both zinc and a luminum metals,  although, more  so 
for the latter (22). These in vitro and in v ivo corrosion 
studies showed the desirability of a luminum as an 
implantable anode to power pacemakers.  

El~ect of surface treatment  on corrosion and passiv-  
i ty . - -As ide  from the base material  used, surface prep- 
aration is of great importance in the incidence and rate 
of corrosion. This broad heading includes e lectrochemi-  
cal and mechanical  cleaning and polishing as we l l  as 
steril ization techniques. The effect of chemical  clean- 
ing of Ti-6A1-4V with  conc HC1 on current-potential  
curve is seen in Fig. 4 (23). Since the HCl-treated 
sample  has sl ightly higher passivation and corrosion 
currents, it is possible that the HC1 treatment depas-  
sivates the surface. 
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The effects of surface roughness, prepassivation, and 
steril ization on the corrosion behavior  of t i tanium, 
Vitallium, and stainless steel 304 and 316 were de- 
te rmined (24, 25). As could be expected, surfaces which 
were sandblasted, rough and fine mechanical ly  polished 
and electrochemically polished (stainless steel 316 
samples) showed a wide var ia t ion in  passivat2on cur-  
rents  (/pass). There was a difference of an order of 
magni tude  in ipass between sandblasted and electro- 
polished samples. Prepassivat ion of surfaces tends to 
reduce the /pass of stainless steel and Vital l ium 
though the effects on t i t an ium are less marked (24). 
Our  implanta t ion  studies with a luminum and Stellite 
surfaces show that proper surface t rea tment  has a 
definite effect in  prolonging the patency of the mater ia l  
in the animal  (26, 27). 

The effect of sterilization, a procedure carried out 
prior to implantat ion,  on subsequent  corrosion behavior  
has also been studied (19, 25, 28). Electron diffraction 
studies of surfaces of some t i t an ium alloys which were 
s team sterilized after electropolishing show the 
presence of oxides of t i t an ium on the surface formed 
due to steril ization (19). It  is believed that  these can 
provide better  init ial  protection for the implant.  
Steam steril ization has only min imal  effect on /pass 
of t i tanium, but  leads to a marked reduction in /pass 
of stainless steel (25). The in vivo/pass is also reported 
to be decreased due to steri l ization of some stainless 
steels (28). 

As a final note, it should be pointed out that  al though 
steril ization tends to decrease corrosion, it appears to 
enhance surface thrombogeneci ty due to extraneous 
contamination.  This effect of steril ization is dealt with 
later  in  the section on contaminat ion and valvular  
dysfunction. 

Platelet Adhesion and Release Reaction 
A thr.ombus is formed in vivo by the following 

stages. Platelets from circulating blood stream adhere 
to a foreign surface or to the site of vascular injury.  
The adhesion of platelets leads to platelet  release re- 
action, a process in which they exude a number  of bio- 
chemical agents including adenosine tri, di, and mono-  
phosphates (ATP, ADP, and AMP) and gluccse-6- 
phosphate (G-6-P)  (31). Release of ADP in tu rn  leads 
to sticking together of more platelets. This process is 
called platelet  aggregation. The aggregated platelet  
plug is the first l ine of defense in  prevent ing  excessive 
blood loss due to injury.  After this p r imary  hemostasis, 
a pe rmanen t  process of activation of blood coagulation 
proteins takes place resul t ing in polymerizat ion of 
fibrinogen to fibrin (31). The fibrin strands trap 
fur ther  cellular  elements to form a firm clot called a 
thrombus. This necessary defense reaction of the body, 
when triggered on a prosthetic material ,  leads to 
thrombosis and obstruction of funct ion of the pros- 
thesis. 

From the foregoing, it is clear that  the s tudy of 
platelet  adhesion and release reaction in vitro provides 
a valuable method in  predict ing the in vivo in terac-  
tions. Platelet  adsorption from whole blood has been 
used in the evaluat ion of blood compatibil i ty of 
polymeric materials  (11). 

Cell precipitat ion or potential  dependent  adhesion of 
red cells and platelets has been studied using p la t inum 
electrode (82). It is observed that at potentials more 
anodic than  +200 mV NHE, there is increased cell ad- 
hesion. Drugs that are we l l -known anticoagulants,  
those that affect platelet  aggregation, and membrane  
poisons reduce the cell adhesion to p la t inum at all po- 
tentials  (33), (Fig. 5). Metals and alloys that are pres-  
ent ly used as prosthetic materials are now being stud-  
ied using this test system to determine the extent  of 
platelet  adhesion. 

Effect of some metals and alloys on platelet  release 
reaction was investigated using rat  platelets (34). 
Pla t inum,  silver, copper, nickel, zinc, a luminum,  and 
stainless steel powders were incubated with washed 
rat  platelets and the release of adenine nucleotides 
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Fig. 5. Effect of heparin on potential dependent adhesion of 
platelets to platinum. 

ATP, ADP, and AMP and G-6-P  were determined.  The 
results show (Fig. 6) that  the highly corrodible metals 
l ike Mg, Zn, and Fe and readily complexed Cu cause 
extensive cellular destruction. Aluminum,  nickel, and 
stainless steel do not cause either destruction of plate-  
lets or significant release of adenine nucleotides. Metals 
like Ag and Pt cause release of adenine nucleotides 
from platelets. As the release reaction results in plate-  
let aggregation, it appears that  those noble metals that 
show positive potentials in  blood can cause platelet  ag-  
gregation .and subsequent  thrombosis. These findings 
essentially agree with the earlier observations relat ing 
rest potentials of metals to thrombogenesis (14). 

Interaction with Blood Elements 
Circulating blood contains, in addit ion to platelets, 

red cells, leukocytes, lymphocytes, and blood coagula- 
t ion proteins. Destruction of platelets leading to the re-  
lease reaction has been discussed. Recent studies have 
shown that leukocytes are possibly involved in occlu- 
sion of prosthetic devices used in vitro and in vivo. The 
evidence is essentially circumstantial  and one of the 
ini t ial  events taking place when a foreign surface, (e.g., 
kidney dialyzer) comes in contact with blood is ent rap-  
ment  of leukocytes (35). Some animal  studies also have 
shown that  leukocytes are implicated in  the patho- 
genesis of thrombosis (36). But detailed invest igat ion 
as to interactions of foreign surfaces with leukocytes is 
lacking. 

Red cell destruction is another impor tant  parameter.  
This is otherwise called hemolysis. A few tests reveal 
the occurrence of hemolysis due to implanted materials 
(37). A lowering of hematocrit  is a direct indication of 
hemolysis. A few other indicators are plasma hemo-  

Fig. 6. Effect of some metal powders on the release of adenine 
nucleotides from platelets. 
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Table IV. Destructive and thrombotic effects of some metal 
powders on canine blood 

% Red % White  % Change 
pH cell de- cell de- clotting 

Metal change*  s truct ion s truct ion  t i m e  

M a g n e s i u m  + 2.8 99 94 + 51 
A l u m i n u m  + 0.1 25 29 + 45 
Zinc + 0.9 51 35 + 40 
Stainless  

s t ee l  304 + 0.1 20 28 + 33 
Cobalt  + 1.5 29 50 + 33 
Nicke l  + 0.2 21 47 - 47 
Copper + 0.1 89 36 -- 38 
Pla t inum + 0.1 41 30 - 36 
Gold + 0.2 31 37 - 37 

Concentrat ion  of  m e t a l  p o w d e r  50 mg/ml. 
* (+ )  Increase .  ( - )  De c r e ase .  

Table V. Effect of metal powders on coagulation of fibrinogen 

Thrombin  t i m e  ( s e c )  
Metal Solution ApH Control Treated 

A l u m i n u m  Phosphate (pH 7.4) +0.2 33.5 • 1.8 29.9 • 3.1 
Copper 0.9% NaC1 (pH 7.2) +3.2 19.4 • 0.6 ~2000 

(restored to 8.4) 71000 
Silver Tris (pH 7.3) - -  15.9--~ 0.3 15.8 • 0.4 
Gold Tris (pH 7.3) + 0.05 15.9 ~ 0.3 15.3 • 0.3 
Stainless  

s t ee l  304 Tris (pH 7.4) + 0.5 21.0 -- 0.4 19.1 -~ 0.9 

glob in ,  s e r u m  i ron ,  r e d  cel l  s u r v i v a l ,  s e r u m  h e p a t o -  
g lobin ,  u r i n e  h e m o g l o b i n ,  a n d  u r i n e  i ron .  

T h e  in vitro cel l  d e s t r u c t i o n  h a s  b e e n  d e t e r m i n e d  for  
m a n y  m e t a l s  a n d  a l loys .  U s i n g  c a n i n e  e r y t h r o c y t e s  
( r e d  ce l l s )  a n d  m e t a l  p o w d e r s  (Mg, A1, Zn, Cu, Ag, a n d  

P t )  t h e  r e d  cel l  d e s t r u c t i o n  h a s  b e e n  d e t e r m i n e d  (38) .  
T h e  r e s u l t s  s h o w  t h a t  m e t a l s  l ike  copper ,  p l a t i n u m ,  
zinc, a n d  m a g n e s i u m  a re  h i g h l y  tox ic  a n d  l ead  to s ig -  
n i f i can t  r e d  a n d  w h i t e  cel l  d e s t r u c t i o n  ( T a b l e  IV) .  
T h e  i m p o r t a n c e  of m i n i m a l  r e d  cel l  d e s t r u c t i o n  can  be  
u n d e r s t o o d  f r o m  t h e  fac t  t h a t  e v e n  a v e r y  m i l d  r e d  cel l  
d e s t r u c t i o n  of 0.08% in  24 h r  due  to a p r a c t i c a l  c a rd i ac  
v a l v e  r e s u l t s  in  a n  i n c r e a s e d  p r o d u c t i o n  load  on  t h e  
b o n e  m a r r o w  of 10% to p r e v e n t  o c c u r r e n c e  of h e m o l y -  
t ic  a n e m i a  (39) .  

Interaction with Blood Coagulation Factors 
T h e  i n t e r r a c i a l  r e a c t i o n s  of  b lood  c o a g u l a t i o n  p r o -  

t e in s  at  m e t a l l i c  s u r f a c e s  h a v e  b e e n  i n v e s t i g a t e d  e x t e n -  
s ive ly  a t  t h e  bas ic  l eve l  u s i n g  m a n y  e l e c t r o c h e m i c a l  
t e c h n i q u e s  (40-46) .  T h e  a d s o r p t i o n  a n d  c h a r g e  t r a n s f e r  
r e a c t i o n s  of pu r i f i ed  b l o o d  p r o t e i n s  h a v e  b e e n  s t u d i e d  
a t  p l a t i n u m ,  m e r c u r y ,  a n d  g o l d - s o l u t i o n  i n t e r f a c e s  
(40-45) .  I n  gene ra l ,  h i g h l y  ca thod i c  p o t e n t i a l s  l e ad  to 
d e s o r p t i o n  of b lood  p r o t e i n s  a t  t h e  i n t e r f a c e  w h i l e  
a n o d i c  p o t e n t i a l s  s h o w  a n  i n c r e a s e  in  a d s o r p t i o n .  F i b -  
r i n o g e n  seems  to b e  " e l e c t r o p o l y m e r i z e d "  to f i b r i n - l i k e  
m a t e r i a l  a t  a n o d i c  p o t e n t i a l s  (45) .  F i b r i n o g e n  is r e a d i l y  
a d s o r b e d  on  to t h e  m e t a l l i c  su r faces .  T h e  s t r o n g  a d -  
s o r p t i o n  of f i b r i n o g e n  m a y  b e  d u e  to t he  n u m b e r  of 
t r y p t o p h a n  r e s i d u e s  in  t h e  m o l e c u l e s  (44).  

T h e  effect  of c e r t a i n  m e t a l  p o w d e r s  on  w h o l e  b lood  
c l o t t i n g  t i m e s  (38) ,  f i b r i n o g e n  p o l y m e r i z a t i o n  t ime ,  
a n d  t h r o m b i n  r eca l c i f i ca t ion  t i m e  fo r  p l a s m a  w e r e  
d e t e r m i n e d  (47) .  S o m e  of t he  t y p i c a l  r e s u l t s  a re  s h o w n  
in  T a b l e s  I V - V I .  I t  is o b s e r v e d  t h a t  c o p p e r  is r e a d i l y  

c o m p l e x e d  b y  b lood  p r o t e i n s  a n d  h e n c e  r e s u l t s  in  a b -  
n o r m a l l y  long  c lo t t i ng  t imes .  T h e  effects  of a l u m i n u m ,  
gold, a n d  p l a t i n u m  on  p l a s m a  a n d  f i b r i n o g e n  c l o t t i n g  
t i m e s  a p p e a r  to b e  m i n i m a l ,  e s p e c i a l l y  i f  f i b r i n o g e n  
so lu t ions  a re  w e l l  bu f fe red .  C o p p e r  is c o m p l e x e d  b y  
b lood  p r o t e i n s  as c a n  b e  s e e n  b y  t h e  d e v e l o p m e n t  of  
b l u e  co lor  a n d  i n c o a g u l a b i l i t y  of f i b r i n o g e n  a n d  p l a s m a .  

The  i m p o r t a n c e  of e x t e n s i o n  of s u c h  s t u d i e s  to  p r a c -  
t i ca l  p r o s t h e t i c  m a t e r i a l s  t h a t  a r e  p r e s e n t l y  u s e d  in  
c a r d i a c  v a l v e s  n e e d  n o t  b e  o v e r e m p h a s i z e d .  A d s o r p t i o n  
a n d  a c t i v a t i o n  of b l o o d  p r o t e i n s  a t  s u r f a c e s  c a n  s e r v e  
as a t r i g g e r  m e c h a n i s m  fo r  t h e  b l o o d  c o a g u l a t i o n  cas -  
cade  r e s u l t i n g  in  c o n v e r s i o n  of  f i b r i n o g e n  to f i b r in  (48) .  
F i b r i n  is t h e  e s s e n t i a l  c o n s t i t u e n t  of a l l  f o r m e d  t h r o m b i  
in vivo. A bas ic  u n d e r s t a n d i n g  of a d s o r p t i o n  of b lood  
c o a g u l a t i o n  p r o t e i n s  a t  t h e s e  m e t a l  ( a l l o y ) - s o l u t i o n  i n -  
t e r f a c e s  is n e c e s s a r y  fo r  p r o p e r  cho ice  of  b l o o d  c o m -  
p a t i b l e  m a t e r i a l s .  T h e  s tud ie s  c a r r i e d  ou t  u s i n g  Pt ,  Hg, 
a n d  A u  s h o w  t h a t  a n o d i c  p o t e n t i a l s  f a v o r  a d s o r p t i o n  
(40-45) .  A n  in vivo fo l low u p  of p o t e n t i a l s  of i m -  
p l a n t e d  p r o s t h e s e s  s h o w  a n  a n o d i c  sh i f t  w i t h  t i m e  (16) .  
T h u s  t h e  s t u d y  of p o t e n t i a l  d e p e n d e n t  a d s o r p t i o n  of 
p r o t e i n s  a n d  c o n s e q u e n t  t r a n s f o r m a t i o n  or  d e n a t u r a -  
t i on  wi l l  b e  h i g h l y  f r u i t f u l .  W i t h  p r a c t i c a l  p ros these s ,  
h o w e v e r ,  s u c h  s tud ie s  h a v e  n o t  b e e n  r e p o r t e d .  

R e c e n t l y  a d s o r p t i o n  of f i b r i n o g e n  on  S t e l l i t e -21  h a s  
b e e n  s t u d i e d  u s i n g  r a d i o a c t i v e l y  l a b e l e d  f i b r i n o g e n  
(49) .  The  r e s u l t s  a r e  of p a r t i c u l a r  r e l e v a n c e  in  t h e  d e -  
s i gn  a n d  m a n u f a c t u r e  of c a rd i ac  va lves .  I t  was  o b -  
s e r v e d  t h a t  a d s o r p t i o n  of f i b r i n o g e n  is ( i )  less  o n  p o l -  
i s h e d  g lass  c o m p a r e d  to p o l i s h e d  S te l l i t e -21 ,  (it) t h e  
a m o u n t  of f i b r i n o g e n  a d s o r b e d  on  to p o l i s h e d  S t e l l i t e -  
21 is d e p e n d e n t  o n  p o l i s h i n g  c h a r a c t e r i s t i c s  of t h e  s u r -  
faces,  a n d  (iii) T e f l o n - c o a t e d  S t e l l i t e -21  s u r f a c e s  a d -  
so rb  m o r e  f i b r i n o g e n  (Fig.  7) (49) .  

In Vivo Evaluation 
T h e  in vivo e v a l u a t i o n  of a m a t e r i a l  w h i c h  h a s  s a t i s -  

f a c t o r y  in vitro i n t e r a c t i o n s  cou ld  b e  c a r r i e d  ou t  i n  a 
n u m b e r  of ways .  P o l y m e r i c  t u b e s  a n d  m a t e r i a l s  h a v e  
b e e n  t e s t e d  on  a n  ex vivo s y s t e m  b y  e x t r a - c o r p o r e a l  
s h u n t i n g  of t he  a r t e r y  of e x p e r i m e n t a l  a n i m a l s  t h r o u g h  
t h e  p r o s t h e s e s  (50) .  T h i s  is a f a s t  a n d  i n e x p e n s i v e  
s h o r t - t e r m  s t u d y  w h e r e  one  can  e x a m i n e  t h e  t h r o m b i  
d e p o s i t e d  in  s h o r t  p e r i o d s  of t ime.  A m o r e  s t r i n g e n t  
p r e l i m i n a r y  m e t h o d  of e v a l u a t i o n  is to i m p l a n t  t h e  
p r o s t h e s i s  in  t h e  f o r m  of a G o t t  r i n g  (51) or  S a w y e r  
t u b e  (52) i n  t h e  t h o r a c i c  i n f e r i o r  v e n a  c a v a  or  d e s c e n d -  
ing  t h o r a c i c  a o r t a  of a n  e x p e r i m e n t a l  a n i m a l  for  v a r y -  
ing  pe r i ods  of t ime.  On  r e m o v a l ,  t h e  i m p l a n t  is v i s u a l l y  
e x a m i n e d  fo r  j u n c t i o n a l  t h r o m b u s  a n d  t h e  n a t u r e  of 
t h r o m b u s  d e p o s i t e d  is s t u d i e d  b y  h i s to log i c  a n d  e lec -  
t r o n  m i c r o s c o p i c  t e c h n i q u e s .  

Thrombogenic Propensity of Metal l ic  Prostheses: 
Alterat ion by Art i f icial  Means 

A potentially highly thrombogenic metallic pros- 
thesis can be made virtually thrombus-free in vivo 
by artificial means. As described earlier, metals and 
.alloys that show highly negative spontaneous potentials 
in blood or physiologic saline are nonthrombogenic 
(14). If materials that develop positive spontaneous po- 
tentials are maintained at cathodic potentials by pass- 
ing a cathodic current (53) or galvanic coupling (54), 
the in vivo patency can be radically improved. The re- 

Table VI. Effect of metal powders on coagulation of plasma 

TRT* (sec) APTT** (sec) RCTt ( s ec )  
Metal  Control  Treated Control T r e a t e d  Control  T r e a t e d  

Copper 15.0 -- 0.1 >500 44.0 ----- 2.0 >500 105.2 +--- 0.8 >100O 
Stainless  

s t ee l  304 8.5 • 0.5 6.9 ----- 0.4 35.8 ----- 2.4 25.8 ~ 1.3 143.8 ----- 3.0 130.2 -- 4.0 
Gold 9.3 -~ 0.4 9.1 ----- 0.3 36.5 -~- 3.3 38.0 ----- 2.0 102.9 ---+ 0.7 108.0 ----- 2.3 

* TRT = T h r o m b i n  recalc i f icat ion t ime.  
** APTT = Activated partial thromboplas t in  t ime .  

T = Recalc i f icat ion t ime .  
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Fig. 7. Adsorption of 1~'1 labeled fibrinogen to (a) polished glass 
(Vz and V2); (b) polished Stellite-21 (PI and P2); and (c) Teflon- 
coated Stellite-21 (Tt and T2) surfaces. 

sults of such studies c lear ly  show the impor tance  of 
negat ive  potent ia ls  in main ta in ing  in vivo patency  of a 
meta l l ic  implan t  in the  card iovascular  system. Two 
typica l  examples  of pros thet ic  mate r ia l s  i l lus t ra te  this  
point.  

Copper  is h igh ly  thrombogenic,  toxic to blood, com- 
p lexed b y  body proteins,  and occludes comple te ly  in  a 
few hours when  implan ted  as a cardiac  va lve  or as a 
tube  (in canine thoracic  infer ior  vena  cava) (53). A 
thrombosed  copper  prosthesis  is shown in Fig. 8. When  
the  copper  tube is ma in ta ined  at  a negat ive  poten t ia l  
e i ther  by  passing a cathodic cur ren t  (Fig. 9) (53), or 
h igh f requency (100 Hz) a l te rna t ing  cur ren t  (Fig. 10) 
(55), no th rombus  is deposi ted in the  tube  for as long 
as the  circuits a re  operat ional .  I t  is c lear  f rom Table  
VII  tha t  both  the  techniques resul t  in deve lopment  and 
main tenance  of a negat ive  potent ia l  on the  prostheses 
in the blood stream. Histologic eva lua t ion  of the  thin 
deposi t  on the tubes tha t  have  been polar ized by  a.c. 
reveals  r andomly  scat tered green, brown,  and red  
specks throughout  the  protenacious ma t t e r  indicat ing 
leaching of Cu as Cu( I I )  that  gets l a te r  p rec ip i ta ted  

Fig. 8. A fully thrombosed copper tube implanted for a day in 
the thoracic inferior vena cava of a dog. 

Keithley E l e c t r o m e t e r  

Fig. 9. Catbodicolly polarized copper tube in a dog, schematic 
including method for determination of in-ylvo rest potential, 
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Fig. 10. Copper tube with 100 kHz a-c polarization, schematic 

probab ly  as basic copper  oxides (55). Thus the  inheren t  
reac t iv i ty  of copper  is s t i l l  observable  though the  
th rombot ic  problems are  v i r t ua l ly  e l iminated.  

Another  equa l ly  in teres t ing case inves t iga ted  is a 
t i t an ium al loy (Ti-6A1-4V). Corrosion studies wi th  
this a l loy have  been carr ied out (Fig. 4) (23). The i-E 
curve shows a large  passive region wi th  low corrosion 
and pass ivat ion currents.  But the  rest  potent ia ls  are  
posi t ive vs. NHE (Table  VII I ) .  Tubes of the  alloy, i r -  
respect ive  of the mode of p re t rea tment ,  occlude com- 
p le te ly  in the animal  and the longest  surv ivor  las ted 
only for 135 rain (Table  VII I ) .  The same mate r i a l  was 
ga lvan ica l ly  coupled wi th  a luminum and one could see 
from Table  IX the improvement  in in vivo patency.  As 
could be expected,  wrapp ing  a luminum foil on the  out-  
side of the tube  shifts the rest  potent ia l  to h ighly  ca th-  
odic values  and tubes are  th rombus- f ree .  

Factors Resulting in Dysfunction of Cardiac Valves 
Choice of material and design o~ the valve.--Metall ic 

hear t  valves in ma jo r  use today,  are  the  S t a r r - E d -  
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Table VII. Results of implantation of copper tubes in canine T.LV.C.* 

Group 

D u r a t i o n  of  
Potential of the tube (mV vs. NHE) implantation 

B e f o r e  After H (hr) 
implantation implantation Postmortem D (days) 

Condi t ion  of  t u b e  
at sacrif ice  

I Control  c o p p e r  

II Cathodically polarized 
- 380 ~A 
-- 190 ~ A  
- 190 ~ A  

III A-C polar ized  
100 kHz, 200 mVf 
IO ~A 
I0 ~A 
i0 ~A 
10 ~A 

+ 80 + 10 + 40 2 H 
+ 110 + 10 + 90 6 H 

+ 10 - 100 + 100 24 H 

+ 60 - 160 + 40 6 D 
+ 60 - 60 + 20 8 D 
+60  - 6 0  +40  1 4 D  

+ 9 0  - 6 0  --110 2 H  
+ 40 - 100 --90 6 H 
+ 4 0  - - l l 0  - 1 0 0  1 D  
+ 40 - 110 - 80 42 D 

90% Occ lus ion  
90% Occ lus ion  
90% Occ lus ion  

Min imal  j u n c t i o n a l  t h r o m b i  
Minimal  j u n c t i o n a l  t h r o m b i  
Min imal  j u n c t i o n a l  t h r o m b i  

No v is ib le  t h r o m b i  
No v is ib le  t h r o m b i  
No visible t h r o m b i  
No  v i s ib le  t h r o m b i  

* = T h o r a c i c  in fer ior  v e n a  cava. 
= Peak to  peak .  

wards, Li l lehei-Kaster ,  B jork-Shi ley  and Smelloff-  
Cutter  valves. Only t i tanium and cobalt base alloys are 
used for the manufac ture  of these valves;  Stellite-21 
(S ta r r -Edwards  series),  t i tanium (Smelloff-Cutter ,  
Li l lehe i -Kas ter ) ,  and Haynes-25 (Bjork-Shi ley) .  The 
compositions of the two alloys are given in Table X 
(56, 57). Based on open-circui t  potent ia l - t ime measure-  
ments, and in vitro and in v ivo corrosion studies, it was 
felt that  the best materials  2or surgical implants are 
t i tanium and cobalt based alloys (18). All  these metals 
are passive in chloride medium, take .a good mechanical  
polish, are mechanical ly  strong, and have minimal  
blood cell and blood protein interactions. The  disk or 

Table VIII. Results of implantation of Ti 6-4 Eli Cutter Laboratories 
tubes in canine T.I.V.C. 

#-i?-73 15 * 60 -360 - 30 1 M~n 0 ~ s a c r • 1 6 3  

~ - ! 4 -73  23 ~%00 - *. +200 15 Ms ~ S~crxflced 

O ~ June'& l am lnaz  

June .  ~h romb~  

, r a m  

~ J u n c "  & L a m ~  

~h~o~ 

* Cathodically c l eaned .  
* * No HC1 c lean ing .  

Table IX. Ti 6-4 Eli tubes galvanically coupled with aluminum. 
Results of implantation in canine T.I.V.C. 
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code  Number  ? re -  ~a l vanzc  cou -  Imp lan ta -  coma l~zon  o f  
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el,an 
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ball used in these valves  are made  of ei ther  Stellite, 
silastic or pyrolytic graphite.  These are also nontoxic 
and nonreactive. A successful cardiac valve  must  be 
designed in such a way as to lower blood trauma, pos- 
sess long durabili ty,  develop low pressure gradient, and 
result  in minimal  regurgi ta t ion (39). These additional 
problems, caused by blood flowing through a va lve  that  
has impaired flow characteristics, and imperfect  clos- 
ing, can lead to serious va lvu la r  dysfunction. 

Despite proper  choice of materials,  design and stan- 
dardized methods of manufacture,  packing and storage, 
varying degrees of success in long- te rm function of the 
valve have been achieved at different centers. The fac- 
tors that are contr ibutory to this unpredictable  dys- 
function are indicated in Table XI. The problems re-  
lated to stasis of blood and hemolysis are tackled 
purely  by bet ter  designs which result  in (i) exposure of 
minimal  areas for blood stasis, and (ii) reduced areas 
of overlap be tween the disk or ball and the seat, which 
lessens t rauma to cellular elements in blood and hence 
lowers hemolysis. Another  clinically re levant  factor, 
though of not much interest  f rom the electrochemical  
standpoint, is poor healing of the sutured valve, resul t -  
ing in fibroblastic invasion, prol i fera t ion of collagen, 
total t rapping of the disk or ball, and consequent fail-  
ure. This problem has been vir tual ly  el iminated in our 
laboratory animal  implantat ions by the autogenous 
venous ring technique (58). 

Contaminat ion.--This  is one of the factors cont r ibu-  
tory to serious thrombosis and embo]ization. Only re-  
cently this aspect of va lvu la r  dysfunction has been rec- 
ognized and studied in detail  (26, 27, 59). Sources of 
surface contaminat ion can occur (i) during manufac-  
ture, (e.g., polishing waxes) ,  (ii) during storage, due 
to accumulation of corrosion products, (iii) during au-  
toclaving pr ior  to implantat ion,  and ( iv)  during actual 

Table X. Composition of some alloys used as cardiac valves 

P e r c e n t a g e  of  e l e m e n t s  
Alloy Cr Mn Fe W Nf Mo Si C Co 

Stellite.21 27.0 1.0 3.0 2.5 5.5 1.00 0.25 Bal. 
Haynes-25 20.0 1.5 3.0 15-.. 0 10.0 -- 1.00 0.15 Bal. 

Table XI. 

Fac tors  r e s u l t i n g  in d y s f u n c t i o n  of  cardiac  valves 

H e m o l y s i s  Stas is  C o n t a m i n a t i o n  P o o r  h e a l i n g  $ "~ 
.~ Manufacture, Implantation 

s t o r a g e  ~. 

T h r o m b o s i s  
$ 

EmbolizatioD 

S u r f a c e  S u r g i c a l  D e s i g n  Anti -  
t r e a t m e n t  t e c h n i q u e s  , c o a g u l a t i o n  
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Fig. 11. Scanning electron microscopic (SEM) examination of a 
Stellite-2| Starr-Edwards heart valve showing the bare and con- 
taminated surfaces. 

implanta t ion  as a result  of talc and foreign materials  
from gloves. 

A systematic study of the influence of these factors 
has been made in  our laboratories dur ing  the last five 
years, Scanning electron microscopy coupled with 
x - r ay  spectroscopy is a highly useful  technique for 
"screening" and identification of surface contaminat ion 
on cardiac valves. Figures 11 and 12 show the surface 
of a S tar r -Edwards  Stellite-21 valve subjected to dif-  
ferent  types of p re t rea tment  and autoclaving. The in-  
corporation of extraneous ions due to steam autoclav-  
ing could be seen clearly in  the x - r ay  spectroscopic 
photographs (Fig. 12). In  some of the cardiac valves 
removed due to failure, one could see fingerprints on 
the valve "preserved" by thrombi  formed on these 
sites. 

It  thus appears extremely impor tan t  to main ta in  care 
dur ing pre t rea tment  and implan ta t ion  of these valves 
if reproducible long- te rm patency is to be achieved. 

The contaminat ion problem raises the question of the 
best method of pretreatment .  We have obtained excel- 
lent  results in animal  implanta t ion  studies using elec- 
tropolished or electrocleaned valves (26, 27). Figure 13 
shows an electropolished a l u m i n u m  valve implanted 
for 82 days. It  is clear that even the striations on the 
strut  surface, formed due to gas evolution dur ing elec- 
tropolishing, do not serve as loci for thrombus deposit. 

The effect of the factors described above on the long- 
term survival  of cardiac valves and tubes in  experi-  
menta l  animals  is seen clearly in Fig. 14 and 15. The 
funct ion of a luminum and one of the commercial ly 
used cardiac valves are compared. One can see that 
thrombogenesis and long- te rm survival  are critically 
dependent  on type of surface t rea tment  employed, 
the care with which implant  was handIed dur ing  surg-  
ery, and proper heal ing of the valve seat in the heart. 

Fig. 12. Characterization of 
surface contamination using 
x-ray spectroscopy. The peaks 
on the left side marked 
"particle" of the three columns 
represent areas on Fig. 11 where 
one could see particulate matter. 
X-ray peaks on the right side of 
the three columns, marked 
"clean" represent the particle 
free areas of Fig. 11. 
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Fig. 13. Electropolished alumi- 
num valve implanted for 82 days, 
an SEM study. 

Embolization.--Despite the  precaut ions  taken  dur ing  
implanta t ion ,  embol izat ion is st i l l  a p rob lem in humans.  
When  a formed thrombus  b reaks  loose and is car r ied  
away  by  the blood stream, the smal l  thrombi,  cal led 
emboli  can Cause dea th  if  they  manage  to occlude blood 
Vessels in the  b ra in  or lung. Thus most  humans  with  
prosthet ic  hear t  Valves are  on some form of an t icoagu-  

Fig. 14. Surface contamination and thrombogenicity of aluminum 
heart valves. 

Fig. 15. Surface contamination and thrombogenicity of Start- 
Edwards Stellite-21 heart valves. 

lant  t he rapy  for the  rest  of thei r  lives. Cases of fa ta l i ty  
are  repor ted  due to insufficient ant icoagula t ion (39). 

Conclusion 
A meta l  or an al loy tha t  could be used as a cardio-  

vascular  prosthesis  has to sat isfy the fol lowing cr i ter ia :  
(a) the ma te r i a l  must  be passive or have ve ry  low cor-  
rosion ra te  in physiologic  medium,  (b) i t  should have  
low toxic i ty  to blood cells, (c) the  p la te le t  adhesion and 
release must  be minimal ,  and (d) i t  must  not  react  or 
act ivate  the  blood coagulat ion proteins.  

The spontaneous potent ia l  of the  mate r ia l  appears  to 
predict  the in vivo funct ion if it  is clean. Thus meta ls  
showing high nega t ive  potent ia ls  (vs. NHE) are  non-  
thrombogenic.  In  prac t ica l  prostheses,  addi t ional  fac-  
tors, including design of the  valve,  contaminat ion,  and 
poor  healing,  can cont r ibute  to va lvu la r  dysfunction,  
In vitro corrosion studies and measurement  of rest  po-  
tent ia ls  give an indicat ion of the  su i tab i l i ty  of a me ta l  
as a candidate  for card iovascular  prosthesis.  E lec t ro-  
chemical  cleaning and pol ishing techniques appear  to 
be effective in improving  the l ong - t e rm pa tency  of 
many  meta l l ic  cardiac  implants ,  

Manuscr ip t  received June  30, 1975. This was Pape~ 
370 presented  at the  TorontO, Canada,  Meet ing of the 
Society, May 11-16, 1975. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the June  1977 JoumvAL. 
Al l  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb. 1, 1977. 
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Chronoamperometry Involving Competing Chemical Reactions 
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ABSTRACT 

The first paper in this series (i) developed a theoretical model for charac- 
terizing the charging currents induced by changing faradaic currents measured 
under potentiostatic conditions. This paper describes application of the theo- 
retical model to measurements involving electrolysis mechanisms complicated 
by competing reactions. The model is particularly relevant for flash photo- 
electrochemical studies. The mechanisms considered here include first order 
and second order decay of electroactive photoproducts. The dependence of 
measured currents on various experimental and chemical parameters--in- 
cluding the cell time-constant, photoproduct concentrations, and rate con- 
stants--is described for a wide range of conditions. Theoretical relationships 
can be used to predict total measured currents, or to tabulate correction fac- 
tors to extract purely faradaic currents from measured currents. In addition, 
an alternative derivative-correction method for extracting faradaie signals 
from combined currents is described. 

The concept of "induced" charging currents  in po- 
tentiostatic chronoamperometric  experiments  has 
been described previously (1). Even under  applied po- 
tentiostatic conditions, such as in flash photoelectro- 
chemical studies (2,3), changing faradaic current  
causes a change in  potential  across the double layer 
and consequently induces charging current  to flow. Be- 
cause these induced currents depend on the na ture  of 
the faradaic current  t ime dependence, an exper imental  
"blank" cannot be obtained. Thus, a theoretical model 
was developed (1) to characterize this effect. The 
model was then applied to the specific case involving 
diffusion-limited faradaic current  (1), and the pre-  
dicted relationships were verified exper imental ly  (4). 

This paper considers the extension of the theoretical 
model to potentiostatic chronoamperometric measure-  
ments of systems involving chemical complications. 
Specifically, the induced charging current  effects are 
characterized for systems in which the electroactive 
species is also involved in a chemical reaction. First  and 
second order competing reactions are considered, as- 
suming instantaneous generations of t rans ient  elee- 
troactive species, such as in flash photolysis experi-  
ments. 

Theory 
The same model and method of analysis as pre-  

sented previously (1) is used here. The basic procedure 
consists first of defining an electrical equivalent  rep- 
resentat ion of the electrochemical cell and potentiostat 
(Fig. 1). Standard electrical circuit analysis (5) is 
then performed to determine the relationships between 

1Present address: Physical Sciences Division, Stanford Re- 
s e a r c h  Institute, Menlo Park, California 94025. 

Key words: photoeleetrochemistry, photopolarography, ehrono- 
amperometry. 
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Fig. 1. Simplified model of electrochemical cell 

the current  terms. The first step in this analysis in-  
volves t ransformat ion of the equivalent  circuit into its 
Laplace domain representat ion (Fig. 2). This allows 
analysis of the circuit based on fundamenta l  electrical 
laws to find the Laplacian expression for the total cur-  
rent. The t ime domain function can then be obtained 
by taking the inverse transform. Following this pro- 
cedure, as demonstrated in (1), the following Laplace 
domain expression is obtained 

Ef 
1 Ef s--R + EiC -- I~(s) 

: �9 [1] IT (S) ~- S 1 
- - +  sC 
R 

where IT (s) = Laplace t ransform of total current,  R = 
effective uncompensated resistance (assumed to be 
constant) ,  s = Laplace variable, Ef = reference elec- 
trode potential  dur ing experiment,  Ei = reference 
electrode potential  immediate ly  before experiment,  
C = double layer  capacitance (assumed to be con- 
s tant) ,  IF(S) ---- Laplace t ransform of faradaic current.  
This general  expression is next  modified to represent  
the npecific conditions present dur ing the measurement .  
For this work, potentiostatic conditions are assumed. 
This is accomplished by let t ing Ef : Ei ~-~ E, where E 
is the applied potential. Subst i tut ing into Eq. [1] and 
rear ranging gives 

IT(s) = ~ 1 
s + - -~-  

This expression will hold for any electrolysis mecha-  
nism under  potentiostatic conditions. 

iT JF 

Fig. 2. Laplace domain equivalent circuit representation of 
electrochemical cell (arrows indicate direction of anodic current). 
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For this work, flash-init iated electrolysis currents  
will  be assumed, with a typical example of the elec- 
trode process 

h~ 
O , > R [3] 

R--> 0 - k  h e -  [4] 

Previously (1, 4), the specific case where  R was a stable 
species, and reaction [4] produced dii~usion-lim~ted 
faradaic currents  described by the Cottrell equation, 
was considered. The results indicated that, ra ther  than 
following the expected Cottrell behavior, the measured 
current  should reflect both charging and faradaic con- 
tr ibutions,  as described by Eq. [5] 

2K 
i T ( t )  = ~ e  -t/Rc f ; t /Reex~d~ [5] 

Here, t : t ime after the flash and K ~- nFAD~/2C~ with 
the various symbols having their  usual electrochemical 
meaning.  

This paper is concerned with the case where  the 
electrode process involves a chemical reaction, parallel  
to [4] above, involving species R. The na ture  of this 
competing reaction must  be considered in order to 
determine IF(S). The specific cases of a first and sec- 
ond order competing reaction will be given below. 

It  is important  to note here that the only assumptions 
made thus far specify potentiostatic conditions, con- 
stant electrolysis mechanism, and constant  Ru and CDL. 
Therefore, the derivat ion is not l imited to photolysis- 
ini t iated processes. The expressions are equally valid 
for other electrochemical experiments,  such as po- 
tential  step, with the addition of the s tandard charging 
current  term to compensate for the applied potential  
change (1). However, regardless of how the chemical 
process is initiated, such as with a potential  step, the 
form of the faradaic current  expression, IF(S), must  
be known to derive the total current.  The derivations 
below are, for convenience, described in  photopolaro- 
graphic terms. 

First order case.--If the photolyzed species produced 
by the flash decays by a first order process in addition 
to being oxidized at the monitor ing electrode, the re-  
actions involved would be 

hp 
O , > R [6] 

R--> 0 + h e -  [7] 

k~ 
R > Z [8] 

Assuming an infini tesimally short flash, homoge- 
neous production of R around the electrode, Z is not 
electrochemically active, and the electrode potential  
is always on the diffusion plateau, then the faradaic 
current  measured should be described by (2) 

K 
iF (t) -- - -  e -~ [9] 

where K --_ nFAD~/~C o, kl -~ first order rate constant, 
t ~- t ime after flash, C ~ is the ini t ial  concentrat ion of 
species R, and the other terms have their usual  mean-  
ing. IF(S) is then found simply by taking the Laplace 
t ransform of Eq. [9] 

K 

IF(S) -- X/s ' -~kl  

Subst i tut ing this into Eq. [2] above gives 

[ i 0 ]  

IT(S) -- [11] 
RC V ~ - - ~  (S + 1/RC) 

K 
iT(t) =- ~ e -t/Be err [k / (k l  -- 1/RC)t]  

RCk/k~ -- 1/RC 
[ 1 2 ]  

This expression can be simplified by making the fol- 
lowing substi tut ions 

= t lRC [13] 

k~ 
f l  = . - -  - -  k~RC [14] 

1/RC 

-Sz er~ (x) = e - ~ d u  [15] 

K 
g '  _ - -  [ 1 6 1  

The result ing equation is 

2K,e-~ ~/(~.- 1)r 
iT(Z) = k/fl___~_i_~o e-u~du [17] 

This expression can only be evaluated for # > 1, 
(k~ > 1/RC). Equivalent  expressions can be derived in  
order to determine the magni tude  of the total cur rent  
for the case of # : 1 (by taking the l imit  of Eq. [17] as 

--> 1), and # < 1 (by factoring out a ~ / - -1  from 
(# - -  1) terms in  Eq. [17]). The resul t ing expressions 
are: for # ---- 1, (or k~ :- 1/RC) 

iw(~) = 2K' ~ / ~ e - r  [18] 

for # < 1, (or k~ < 1/RC) 

2K' _fV(i-~)=: 
i T ( S )  : e -~" eu'du [19] 

~o  

Figure 3 gives plots of total current  as a funct ion of 
time (in terms of ~) and ~. From these curves, it is 
evident that as # increases, the peak ma x i mum is less, 
it occurs at shorter times, and the current  decays to 
zero faster. In terpre ta t ion  of these observations is s im- 
plified by referr ing to Eq. [14]. # is a dimensionless pa-  
rameter  that represents the ratio of the "time con- 
stants" of the chemical and capacitive process. In -  
creasing # corresponds to increasing the rate of reac- 
t ion [8] compared to the electrolysis reaction [7]. A 
composite plot of the total, faradaic; and charging cur-  
rents vs. t ime for # -- 1 is given in  Fig. 4. Because 
the ratio between iF and iT is dependent  on both RC 
and k~, the time at which the induced charging cur-  
rent  can be considered negligible cannot be described 

~ . ~ = ~  FIRST ORDER 

go %% %| BETA VALUES 

g mm~ mem m ~ O.OI 

I a "m ee e #em~ A I .DO 
�9 �9 e| m~m m + tO O0 

s, " ,  mme ~v'Em X I00.00 

. �9 �9149 mm m emmmme 

--,;~ �9 " .  %*| emmm~ 

~a mm m m~m~ 

TIME { T/RC) 

The inverse transform of Eq. [II] will then give the Fig. 3. Total current vs.  E with # ---- 0.01, 0.1, 1.0, 10.0, and 
t ime  domain express ion f o r  the to ta l  cu r ren t  100.0, for potentiostatlc/first order case (~ ---- 0.0-5.0). 
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FIRST ORDER 

FARAD~!C 
m 

TOTAL 

CHAROZNO m 

% 

e 

~.~ =,~ t .=  ,..~ ='= T ItIE {T/RE} 

Fig. 4. Coraposite plot of- wedlcted I(T)/K', I(C)/K', and I(F)/K' 
vs. "~ with j~ = 1.0 for potentiostatic/first order case (~ =- 0.0- 
5.0). 

solely in terms of the cell t ime-cons tant  as was the 
case for diffusion-controlled faradaic currents  (1). 

Second order c a s e . , A  more common occurrence in  
photopolarographic experiments  involves  a secoud- 
order competing react ion and a corresponding mecha-  
nism as given below. 

h~ 
0 . > R  [20] 

R ~ O + h e -  [21] 

k~ 
2R ~ Z [22] 

Again it is assumed that R is produced homogeneously 
around the electrode by an instantaneous flash, that Z 
is electrochemically inactive, and that the electrode 
potential  is always on the diffusion plateau. The fara-  
daic current  expected in  this case would be (2, 6) 

iF(t)  = 0.73k2Co%/. K_ %/T(t + 1/0.73k2C o) [23] 

where k2 = second order rate constant, C ~ ---- ini t ial  
concentrat ion of electroactive s~ecies, and other terms 
as defined previously. Transforming this into the La- 
place domain gives 

IF(S) -- g ~ / ~  . e s/~176 erfc [~/s/O.73k2C ~ [24] 

In  order to find the total current  expression, Eq. [24] 
is substi tuted into Eq. [2] 

K%/~ F e~/~176 er~c ~/s/O.73k2C ~ 
IT(S) 

[25] 

The time domain expression for the total current  is 
found next  by taking the inverse t ransform of Eq. [25]. 
However, in this case the inverse t ransform cannot be 
taken directly by reference to available tables. In this 
case, the convolution integral  (7) was used 

? ~-z F~(s)F2(s)  = ~z(~)i~(t  -- ~)d~ [26] 
0 

where ~ is the Laplacian operator, ~ - z  is the inverse 
operation, and Fz ---- ~ (~z). Equat ion [25] can be broken 
down by lett ing 

F~ (s) -- e s/o,7~c~ erfc~/s/O.73k2C o [27] 

N/I/0.73k2C ~ 
and :f1(~,) -- [28] 

=~v~(Z + I/0.73k2C ~ 

1 
F2(s) - -  [29] 

s + IlRC 

and ~9,(t -- ~) _ e -(:-x)/Rc [30] 

Subst i tu t ing these expressions into Eq. [25] results 
in  

K S o  eX/Rc i T ( t )  : R--EC--~e -~/Rc d~. [31] 
%/~(0.73k~C~ + i )  

This integral  cannot be evaluated in  its present  ~orm 
because the in tegrand is undefined at ~ -- 0, even 
though the over-al l  integral  should be continuous. 
This problem is resolved by defining a new variable  
z such that  

z = ~ /~ /RC [32] 

In  addition, the equation can be generalized by defining 
a dimensionless pa ramete r  ~ such that  

0.73k2C ~ 
= - -  O,73k2C~ [33] 

1/RC 

is the ratio of the t ime constants for the chemical 
and capacitive processes. The final expression for the 
total or measured current,  after making the above sub-  
s t i tut ion in  addition to those given in  Eq. [13] and [16] 
gives 

- -  dz  [34] iT ( ' { )  = 2K'e -~ 1 + az 2 

A plot of the resul t ing current  terms (total, faradaic, 
and charging) vs. t ime for ~ ----- 1 is given in Fig. 5. 
The effect of ~ on the total current  is shown in Fig. 6. 
The change in the total current  with increasing ~ is 
very similar to the first order case where ~ is varied. 
Obviously, the significance of the induced charging 
current  at any time will be dependent  on the values 
of the second order rate constant (k2) and init ial  con- 
centrat ion of electroactive species (C~ as well as the 
cell t ime-constant  (RC).  

Discussion 
K n o w n  electrolysis mechan ism. - -The  two expres- 

sions for the total current  derived above for the first 
and second order cases (Eq. [17] and [34]) should ap- 
proach the diffusion-limited case as ~ or ~ go to zero. 
This would correspond to the competing reactions, [8] 

, SECOND ORDER 

" B FARRORIC 

= A TOTAL 

=a �9 CHRR~INO 
m m 

| 

o 
e 

= 

Fig. 5. Composite plot of predicted I(T)/K', I(C)/K', and I(F)/K' 
vs. "~ with e ~__ ].0 for potentiostatic/second order case ('r ~_ 0.0- 
5.0). 
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Fig. 6. Total current vs .  "~ with c~ = 0.01, 0.1, 1.0, 10.0, and 
100.0, for potentiostatic/second order case (~ = 0.0-5.0). 

or [22], becoming negligible.  I t  is obvious for the  first 
order  c a s e  (Eq. [19]), as ~ -> 0, and  for the  second 
order  case (Eq. [34]) as ~ ~ 0, tha t  the  diffusion- 
l imi ted  express ion (Eq. [5]) is obtained.  As a fu r the r  
indicat ion tha t  both Eq. [34] and [19] do approach the 
di f fus ion- l imited case, the  va lue  of �9 at which  the 
m a x i m u m  total  cur ren t  occurs was ca lcula ted  vs. 
(Table  I)  and a (Table  I I ) .  As is evident  f rom these 
tables,  the  peak  m a x i m u m  for both the  first and sec- 
ond order  total  currents  approach,  wi th  decreased a or 
8, the  d i f fus ion- l imi ted  va lue  (1) of ~IT(max) = 0.85. 
These  resul ts  suppor t  the va l id i ty  of the  der ivat ions  
given here.  

Appl ica t ion  of these expressions for exper imenta l  
correct ion should fol low the  a p p r o a c h  used previously.  
A correct ion factor composed of the  pred ic ted  rat io  
iF(T)/iT(T) based on the measured  t ime is first c a l -  
culated. The measured  cur ren t  at each point  is then 
mul t ip l ied  by  its corresponding factor. For  these cases, 
however ,  the value  of ~ or ~ must  be  known in add i -  
t ion to the  cell t ime-cons tan t  (RC). For  the  diffusion- 
l imi ted  case, only the  cell  t ime-cons tan t  had to be 
known, in addi t ion to the measured  time, to eva lua te  
the  correct ion factor. The t ime constant  can be mea-  
sured in a separa te  experiment~ or, as was demon-  
s t ra ted  for the  d i f fus ion- l imi ted  cases (4), found di-  
rec t ly  f rom the m e a s u r e d  cu r ren t - t ime  curves (for 
longer  cell t ime constants) .  Fo r  the  two cases presented  
here, the t ime constant  does not  appear  to be d i rec t ly  
de t e rminab le  froni  the  total  current .  Tables  I and II, 

Table I. Dependence of T at  IT(max) on ~ for first order case 

TIT(max) 

0.001 0.85 
0.05 0.81 
0.10 0.78 
0.5 0.61 
1.0 0.50 

I0.0 0.16 
100.0 0.04 

Table II. Dependence of �9 at IT(max) on c~ for second order case 

OE TIT(max) 

however ,  indicate  that  the  peak  cur ren t  t ime  ('~IT(rnax)) 
m a y  be indicat ive  of the  va lue  of ~ or ~. 

As is evident  f rom the two cases presented  above, 
the  theoret ica l  model  (1) is adap tab le  to any form of 
electrolysis  mechanism. The procedure  demons t ra ted  
above should be the  genera l  approach used to find the  
expl ic i t  ma themat ica l  expression for the to ta l  cur -  
rent  when the t ime dependence  of the  fa rada ic  cur ren t  
is ma themat i ca l ly  defined. 

Der iva t ion  of the  t ime domain  represen ta t ion  of the  
total  cur ren t  can be shor tened in fu ture  work,  how-  
ever, by  appl ica t ion  of the convolut ion in tegra l  d i -  
rec t ly  to Eq. [2]. This e l iminates  de te rmina t ion  of the  
Lap lace  t ransform of the  faradaic  t ime funct ion (which 
may  be ex t r eme ly  difficult for complex electrolysis  
mechanisms).,  as in  Eq. [24], and inverse  t r ans fo rma-  
t ion of the  Laplace  express ion for the total  current ,  as 
in  Eq. [25]. 

Equat ion  [2], which  wil l  hold  for any  electrolysis  
mechanism under  appl ied  potent ios ta t ic  conditions, c a n  

be r ewr i t t en  as the  product  of two te rms 

[ 1 s + ~/RC1 ] I T ( s )  = [ I F ( S ) ]  �9 R C  " [2 ]  

The convolut ion in tegra l  ( re fer  to Eq. [26]) can be 
appl ied  d i rec t ly  to this p roduc t  tQ obta in  a t ime domain  
express ion of the  total  cur ren t  wi thout  first obta ining 
a Laplace  domain  expression for iF. The first t e rm (]1) 
will  be the  t ime-dependen t  expression for the  faradaic  
cur ren t  wi th  the  t 's  rep laced  by  ~.'s. The second te rm 
(]2) of the  resul t ing  in tegra l  wil l  be 

1 
e-<t-x)/Rc [35] 

RC 

as given above. By this method,  t rue  Laplace  domain  
analysis  can b e accomplished wi thout  requ i r ing  in te r -  
media te  t ransformat ions .  

Unknown electrolysis mechanism.--The work  p re -  
sented here  and prev ious ly  (1) has employed  a theo-  
re t ical  model  based on pr ior  knowledge  of the  e lec t ro l -  
ysis mechanism. This knowledge  is necessary if the 
total  cur rent  express ion is to be derived.  However ,  
many  instances may  occur w h e n  the mechanism is not  
known. Under  these condit ions i t  is possible to correct  
observed currents  for induced charging cur ren t  by  fol -  
lowing an a l te rna t ive  p rocedure  descr ibed below. 

The induced charging current  can be computed  di-  
rec t ly  f rom observed total  currents,  under  potent io-  
static conditions, as long as RC is known. The genera l  
re la t ionship is given by  (1) 

iT : i f  H" /ca [3i l l  

Assuming constant  double  l aye r  capaci tance 

dEDL 
/ch : C - -  [37] 

dt  

w h e r e  EDL iS the potent ia l  across the  double layer ,  
R = Ru, and C = CDL. Also 

EDL : Ep - -  iTR [38] 

where  Ep is the  appl ied  cell potent ial .  Combining these 
and rearranging,  Eq. [39] is obtained,  which allows 
for direct  calculat ion of corrected faradaic  cur ren t  

~ = iT + RC,,,~!T [39]  
dt 

0.001 0.85 
0.05 0.81 
0.10 0.78 
0.5 0.63 
1.0 0.54 

10.0 0.26 
100.0 0.12 

Although exper imen ta l  difficulties exist  in obtaining 
the necessary der iva t ive  in Eq. [39], p r inc ipa l ly  due to 
noisy signals, the corrected currents  should be much 
closer to the " t rue"  value  than  the measured  total  cur-  
rent. Subsequent  evaluat ion  of the  faradaic  cur ren t  
behavior  should lead to a possible  mechanism for the 
chemical  system. Once this p r e l i m i n a r y  analysis  is pe r -  
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formed, it is still, advantageous to use the method 
demonstrated above to obtain a rigorous mathematical  
expression for the total current.  Such an expression 
will indicate the effect of all experimental  factors on 
the signal being measured in order to optimize the 
measured current  for the data acquisition system. Ex- 
per imental  informat ion may also be directly obtain-  
able from the total current,  e.g., RC in the diffusion- 
l imited case (1) and ~ or ~ as shown above, which 
cannot be determined directly from the faradaic cur- 
rent. The explicit expression for iT also allows for in -  
clusion of current  terms other than just  the faradaic 
and induced charging currents  as was assumed in Eq. 
[36]. 

Conclusion 
The implications of this work are twofold. The 

specific expressions derived for reactions involving 
first and second order competing steps are directly 
applicable to chronoamperometric measurements  in 
general, and specifically to photoelectrochemistry. Ap-  
plication of correction factors obtainable from these 
expressions allows for meaningful  faradaic current  
measurements  at times short compared with the cell 
t ime constant. The magni tude  of this improvement  is 
expected to be comparable to that reported previously 
(4) for diffusion-controlled currents. The explicit ex- 
pressions obtained from this model also allow for more 
comprehensive characterization of the total currents  
involved; consequently additional informat ion (e.g., 
determinat ion of ~ or ~ directly from the measured 
current)  may be obtained. 

Another  impor tant  aspect of this work is the de- 
velopment  of a general  procedure for applying the 
theoretical model to other systems. The procedures and 
suggestions presented here should allow for application 
of this model to more complicated electrolysis mecha- 
nisms and photoelectrochemical processes. Experi-  
mental  studies have been completed which provide a 
verification of the expressions derived above. These 
data are presented elsewhere (8). 

An impor tant  extension of the concepts discussed 
here and earlier (1) is the compounding effect of in-  
duced potential  change. The induced charging current  
described above arises from a potential  change across 
the double layer as the result  of changing faradaic 
current  and a finite, uncompensated resistance. This 
potential  shift was briefly noted by Booman and Hol- 
brook (9), in a derivat ion similar to ours (1), in  their 
description of various sources of inaccuracy in  con- 

trolled potential  electrolysis. Our studies [including, 
Ref. (1), (4), and (8)],  have been l imited to faradaic 
processes that are potential  independent,  and there-  
fore involve a constant electrolysis mechanism even 
with changing potential  (e.g., where the double layer  
potential  remains on the redox plateau) .  Although the 
effect of induced charging current  is significant under  
these l imited conditions (4), it is expected to be a 
much more impor tant  factor when potent ia l -dependent  
faradaic currents are involved. Work is present ly  
underway  in  this laboratory to employ this model 
under  these conditions and characterize the effect on 
relevant  controlled-potential ,  electrochemical methods. 
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Studies in Photoelectrochemistry 
IV. Flash Photolysis Studies of pH Dependence of Benzophenone Photodimerization 

K. F. Dahnke 1 and S. P. Perone 
Department  of Chemistry,  Purdue University,  West  Lafayette,  Indiana 47907 

ABSTRACT 

A chronoamperometric study of the pH dependence of flash photodimeriza-  
tion of benzophenone in H20/ethanol  solution is presented. Measured potentio- 
static currents  have been corrected for induced charging currents  prior to 
kinetic analysis. Either a curve-fi t t ing technique or a derivat ive correction 
method was used to obtain purely  faradaic currents. Rate constants for the 
photodimerization reaction in  acidic solution are reported here for the first 
time. Three methods were used for the extract ion of kinetic informat ion from 
cur ren t - t ime  data: (i) approximate chronoamperometric theory, (ii) rigorous 
chronoamperometric theory, and (iii) digital simulation. The lat ter  two tech- 
niques produce near ly  identical rate constants for a given data set. This sug- 
gests that both are valid; also, it demonstrates that  the digital s imulat ion 
approach may be applied successfully to other coupled kinetic-diffusion prob-  
lems where rigorous mathematical  solutions do not exist. The pH study pre-  
sented here was used to obtain individual  rate constants for the radical-radical ,  
radical-radical  anion, and radical anion-radical  anion reactions. The values re-  
ported are 2.5 X 108 M -1 sec -1, 1.1 • 109 M -1 sec -1, and ":7.8 • 104 M -1 
sec -1, respectively. 

Flash photoelectrochemistry has been used with 
varying degrees of success to study photochemical re- 
actions (1-9). The electrochemical methods, while in -  
herent ly  sensitive and specific, have suffered because 
they per turb  the measured system due to electrolysis. 
As a result, the in terpre ta t ion  of chronoamperometr ic  
signals is not always straightforward. For example, 
in  previous photoelectrochemical studies, measured 
potentiostatic currents  were considered to be total ly 
faradaic in  nature,  ignoring any charging current  con- 
t r ibut ion that may have been present. Also, rigorous 
solutions of kinetic-diffusion equations, al lowing use- 
ful kinetic data to be extracted, did not exist for other 
than the first order case (10). 

An approximate solution to the second order case 
was reported by Birk and Perone (2), and has been 
used in several kinetic studies, including flash photo- 
electrochemistry (2-4) and pulse radiolytic polarog- 
raphy (11). However, a more rigorous, general ly  use- 
ful theoretical approach is needed to allow the s tudy 
of a wide variety of photoelectrochemical processes. 
A digital s imulat ion techn:.que, developed by Feldberg 
(12) for complex kinetic-diffusion equations, has been 
applied here to the second order kinetic case in flash 
photoelectrochemistry. 

Britz and Kastening (13) have recently repQrted a 
rigorous mathematical  solution to the coupled second 
order kinetic-diffusion problem for flash photopolarog- 
raphy at s tat ionary p lanar  or spherical electrodes. 
Their  results indicate that  the second order rate con- 
stant  obtained using the Bi rk-Perone  approximation 
(2) is about 27% too low, al though the init ial  in ter -  
mediate concentrat ion obtained from their expression 
is correct. 

In  this paper, results have been compared for the 
Bri tz-Kastening (13), Bi rk-Perone  (2), and digital 
s imulat ion data in terpre ta t ion methods for the benzo- 
phenone photodimerization reaction (2, 14). Also, the 
measured currents  have been corrected for induced 
charging currents, using the approaches described by 
Fratoni  and Perone (15, 16), prior to kinetic analysis 
by any of the above methods. Because of the theo- 
retical refinements ment ioned above, it was possible 

1Present address: Phillips Petroleum Company, Phillips Re- 
search Center, 238RB-1, Bartlesville, Oklahoma 74004. 

Key words: photoelectrochemistry, photopolarography, flash 
photolysis. 

to conduct a study of the pH dependence of the second 
order photodimerization reaction of the benzophenone 
ketyl radical and/or  radical anion (2, 14) over a wider 
range than had previously been at ta inable (2). Rate 
constants obtained using each of the above three 
methods have been compared. Also, rate constants for 
the three individual  reactions (radical-radical,  radical-  
radical anion, radical anion-radical  anion) have been 
calculated from the pH study. 

Experimental 
Ins trumentat ion. - -Al l  of the ins t rumenta t ion  used in  

this work has been extensively reported elsewhere 
(16). No modifications of the electrode and cell design, 
potentiostat, flash, or measurement  devices have been 
made. The system utilizes a 2005 15 ~sec xenon flash; 
the monitor ing electrode is a hanging mercury  drop 
(HMDE) ; the potentiostat  has a 0.16 ~sec t rans ient  re-  
sponse time; and the minicomputer  data acquisit ion 
system uses a 50 kHz ma x i mum data rate. Cell t ime 
constant measurements  were made as described pre-  
viously (16). 

Data handLing.--Second order curve-fi t t ing method . - -  
A computer program was used to extract second order 
rate constants and ini t ial  radical concentrations from 
the measured chronoamperometric  data using the 
Fra ton i -Perone  curve-fi t t ing method (15). A second 
order data handl ing program (SODH) allowed for 
correction of cur ren t - t ime  data for induced charging 
current, while calculating values for kd and C ~ using 
the Bi rk-Perone  second order plot technique (2). The 
program carries out an i terative calculation start ing 
with an ini t ial  estimate of ~, (kdC~ from the 
raw data and the measured cell time constant (15); 
finding the appropriate iF~iT values; mul t ip ly ing the 
measured currents (iT) by these factors to obtain iF; 
calculating 1/i~/'t vs. time; and calculating a new k2C ~ 
for the corrected data. The whole procedure is repeated 
unti l  ~ converges to wi th in  preset limits. Final  values 
of kd, C ~ i, and 1/i~/~ are pr inted out. (Ru is the un-  
compensated cell resistance and CDL is the double layer 
capacitance. Their  product is the cell t ime constant.) 

Derivative correction method . - -Another  computer pro-  
gram was wr i t ten  to extract purely  faradaic currents 
based on the following method. If the electrochemical 
cell is represented schematically as shown in  Fig. 1, 
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Ec 

R U 

i IT 

I i c 

- CDL 

~ 7 

Fig. 1. Electrochemical cell model, induced charging currents: 
Ep ~ applied potential from potentiostat, Ec - -  actual working 
electrode potential, Rc - -  uncompensated resistance, CDL - -  
capacitance of electrode double layer, ZF ~ faradaic resistive 
element, iT ~ total current, iF ~ faradaic current, ic -" 
faradaic-induced charging current. 

the total current,  iT, flowing through the cell at any 
t ime may be expressed as 

iT ---- iF -I- /C [1] 

where iF ---~ the faradaic current  and ic ---- charging 
current. But, the charging current  is defined as follows 

ic = CoL \ ~ /  E2] 

Since 
Ec ---- Ep -- iTRu [3] 

and 
dec diw 

---- --Ru - -  [4] 
dt dt 

Under  potentiostatic conditions, the applied potential  
Ep is constant;  therefore the following expression 
should be valid 

diw 
iF : iT -~- RuCDL \ T ) [5] 

Hence, if diw/dt, the derivat ive of the measured cur-  
ren t - t ime  curve, is obtained, and if the cell t ime con- 
stant is known, purely  faradaic current  values may be 
extracted. The computer program calculates the de- 
r ivative of a cur ren t - t ime  curve at each point  as 
(ie -- i l ) / ( t2  -- tl) and calculates if. A smoothing rou- 
t ine using the Savi tsky-Golay seven-point  or n ine-  
point method (17) may be elected to reduce the noise 
introduced to the iF-t curve due to the derivative 
processing technique, k d  and C ~ values are then cal- 
culated using the Birk-Perone  second order plot 
method (2) from the /F-time values. Figure 2 shows a 
comparison of a typical  cur ren t - t ime  curve that  was 
uncorrected corrected using the curve-fi t t ing SODH 
program, and corrected by the derivative technique. 
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TIME (msec) 
Fig. 2. Current-time curves, correction method comparison: 

5 X 10-4M benzophenone, 0.01M NaOH, 0.25M KCI, 50% etha- 
nol/H~O, R C  --"  568 p, sec. 

Other computer programs.- -A program was wr i t ten  to 
provide caIculation of the digital  s imulat ion (12) 
working curve for the coupled second order kinet ic-  
diffusion problem. Calculation of kd from corrected ex- 
per imenta l  data was done manua l ly  from this curve. 

Other programs allow calculation of charging-cur-  
rent - f ree  current-vol tage profiles by either of the 
above techniques. All programs were wr i t ten  in  
Hewlet t -Packard  BASIC with BASIO subrout ine  over-  
lay (16), modified to allow 50 kHz data acquisition. 

Experimental procedures.raThe following procedures 
were used to obtain current-vol tage  profiles. At all 
potentials positive of the start of the benzophenone 
reduction wave, potentiostatic current  measurements  
were made. For potentials more negative than the 
foot of the wave, a potential  step was applied, s imul-  
taneously with the flash, to the moni tor ing potential  of 
interest, from a potential  where benzophenone is not 
reduced. 

There are two kinds of background signals for which 
various chronoamperometric  experiments  must  be cor- 
rected. One of these pertains only to potent ial-s tep 
experiments,  and this is due to potential-s tep charging 
current.  This background was measured as described 
above for potential-s tep experiments,  except the solu- 
tion contained only the background electrolyte. This 
b lank was then subtracted off-line from the potent ia l -  
step currents  measured with benzophenone present. 

The other type of background signal pertains to all 
chronoamperometric experiments,  including the poten-  
t ial-step b lank  runs. This is the combined background 
due to electronic disturbances related to the flash dis- 
charge and any amplifier drift  or offset. A measure of 
this background is obtained prior to every flash ex- 
per iment  by ini t ia t ing the flash discharge and mea-  
suring the result ing cur ren t - t ime  curve while prevent -  
ing the light from reaching the cell with a movable  
shutter. This background signal is then subtracted 
on- l ine  from a subsequent  cu r ren t - t ime  curve, obtained 
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either potentiostat ically or with potential  step, with 
the shutter  open or closed. Fur ther  off-line data proc- 
essing (extraction of faradaic currents  and kinetic 
plots) proceeded only on data corrected for background 
signals. At least two exper imental  curves were aver-  
aged at each potential.  

Electrode positioning and optical a l ignment  were 
main ta ined  throughout  the entire current-vol tage  pro- 
file and b lank  measurement  processes. At least 1 ml of 
solution was removed from the immediate  vicinity of 
the mercury  drop after every flash, and ni t rogen was 
bubbled throughout  for 10-15 sec to insure homogene- 
i ty in  solution for the next  flash experiment.  No notice- 
able change in the total concentrat ion of benzophenone 
present  was observed after many  flashes of the same 
solution, as long as the m i n i m u m  volume was not 
allowed to fall below 20 ml from the init ial  90 ml. 

Individual  cur ren t - t ime  curves used for the kinetic 
s tudy were obtained potentiostatically using the above 
procedures. At least 10 i-t  curves were averaged to- 
gether, however, for these data sets. 

Reagents.--All studies were conducted in 50% 
e thanol /water  solutions. Buffers down to pH 9 were 
prepared using CO2-free water  from KC1-NaOH- 
NaHCO~ solutions. For kinetic studies the ionic 
s t rength was main ta ined  at 0.25, except for the 0.SM 
NaOH solution. The pH 5.5 solution was prepared 
using an 0.25M acetate buffer. The pH 7 solution was 
prepared from a 0.01M phosphate buffer, adjusted to 
pH 7.0 with NaOH; because of the l imited solubil i ty 
of this buffer in  the e thanol /water  solvent, the ionic 
s t rength was adjusted to 0.25 with KC1. pH measure-  
ments  were made with a Coming  Model 110 expanded 
scale pH meter  (Corning Laboratory Products, Corn-  
ing New York).  All  chemicals were analytical  re-  
agent grade. 

Results and Discussion 
Benzophenone in  50% ethanol /H20 was studied at 

various pH values. The mechanism for the photo- 
chemical reduct ion of benzophenone in  solvents like 
ethanol has been reported elsewhere (2, 14, 18). Benzo- 
phenone absorbs radiant  energy below about 390 nm 
and undergoes efficient intersystern crossing to form 
its excited t~:iplet state, which then can abstract an 
a-hydrogen from a solvent like ethanol. This produces 
a ketyl  radical plus a very short- l ived ethanol radical 
(11) 

O* OH 
II I 

0--C--0 + CH~CH20H-) 0--C--~ + CHsCHOH 

[61 

The ketyl  radical is in rapid equi l ibr ium with its 
radical anion 

OH O -  
I ] 

0--c--r ~ O--c--o + H+ [7] 

The ketyl radical or radical anion species can then  
react by three possible paths, all second order 

OH OH OH OH 
I I I I 

O--c--O + O--c--o-, O--c c--o 

(R.) 0 0 
(P) 

[8] 

O -  OH OH O- 
I I I I 

O--c--o + O--c--o -, r c--O 
I ] 

(R'-) r 
(P-) 

[9] 

O -  O -  O -  O -  
I I ks I I 

O--c--O + O--c--o -~ O--c c--o 
T I 
0 0 
(P=) 

[1o] 

Each reaction forms the benzopinacol product. In  basic 
solution, the pinacol dissociates slowly to benzhydrol  
and benzophenone. The over-al l  second order rate 
process has been studied electrochemically (1-4, 19-21). 
The total amount  of ketyl  radical plus ketyl  radical an-  
ion can be monitored electrochemically, since both spe- 
cies are oxidized at any potential  positive of the benzo- 
phenone reduction potential. However, if the reaction 
is studied over a pH range where all three reactions 
occur significantly, the second order rate constant  for 
each of the three above reactions may be obtained. 

The flash photoelectrochemical behavior  of benzo- 
phenone in  very  alkal ine solution is shown in  the 
charging-current - f ree  current -vol tage  profiles in Fig. 3 
and 4. Region I represents current  due to a 2-electron 
reduction of benzophenone (20) before and after  the 
flash. Region II shows current  due to a 1-electron oxi- 
dation of the ketyl radica l / radica l -anion  intermediate.  
Region III shows current  due to the 2-electron oxida- 
t ion of the benzopinacol product. No benzopinacol oxi- 
dation is noted in  Fig. 3 because of the very "slow" 
kinetics relat ive to 2 msec after the flash. Except for 
changes in hal f -wave potentials, s imilar  profiles for 
the benzophenone system are obtained at every pH 
studied here. However, the t ime scale must  be modi-  
fied to accommodate kinetic changes wi th  pH. 
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If a potential  on the oxidation plateau of the radical 
species is applied, one can monitor  currents  related to 
the total concentrat ion of the ketyl  radical / radical  
anion present at any time after the flash. Only currents  
corrected for faradaic- induced charging current  have 
been used in  the kinetic studies reported below; no 
previously reported photoelectrochemical studies of 
this reaction (1-4, 8-9) have considered the significance 
of the induced charging current,  and the comparison 
between results reported here and previously will  be 
discussed. 

Theory . - -Assuming  the following photodimerizat ion- 
electrochemical model 

hv kd 
0 , ) R "  ) � 8 9  [11] t- l 

L 
Birk and Perone (2) .applied Eq. [12] to the analysis of 
chronoamperometric data for the oxidation of the radi-  
cal in termediate  

[ ] it1/2 -- nFAD1/2 - ~ -  -t- kdt [12] 

C ~ is the ini t ial  concentrat ion of the radical plus radi-  
cal anion, kd is the second order rate constant for the 
disappearance of total R, and the other symbols have 
the usual  electrochemical meanings (22). Thus, a plot 
of 1lit  112 vs. t ime should be linear, having a slope pro- 
portional to ka and intercept  related to C o. However, 
because Eq. [12] represents only an approximate solu- 
tion to the kinetic-diffusion equation (2), it was felt 
that a more general ly applicable method would be 
desirable. 

A digital s imulat ion of the coupled second order ki- 
netic-diffusion process defined in Eq. [11] was formu-  
lated here, using the method of Feldberg (12), which 
is an explicit approach to the solution of part ial  dif- 
ferential  equations by finite differences. The funda-  
menta l  expression which relates the change of concen- 
trat ion of species R (ACR, change in  total ketyl radical 
plus radical anion) in discrete volume elements X units 
away from a p lanar  electrode, as a function of time, is 
as follows 

( ~ t ) D R  
ACR : ' (CRx-1 -- 2CRx 

(•X)2 

-}- CRx+I) -- kdCRx2(At) [13] 

This expression is a res ta tement  of Fick's second law 
of diffusion for the second order kinetic case, defined 
in Eq. [11], in  terms of discrete values for distance, X, 
time, t, and concentration, CR. The term DR is analog- 
ous to the diffusion coefficient of the intermediate.  A 
computer  program was wri t ten  to calculate aCR in Eq. 
[13] for up to 1000 volume and time elements. The 
program calculates the change of concentrat ion of the 
intermediate  at the electrode surface for a given time 
element and then calculates the flux, or current  per 
uni t  electrode area, as a function of time. This informa-  
tion is most appropriately represented as a plot of two 
dimensionless parameters,  [ ( f lux) t t /2] / (CoD 1/2) and 
kdCOt. Such a plot is shown in Fig. 5 for the second 
order kinetic-diffusion case, and, since it is independent  
of the kd, C ~ or DR values, it can be used as a working 
curve for kinetic studies. From experimental  flash 
chronoamperometric  data, the value of the funct ion 
(i t  1 /2) / (nFAD 1/2C~ can be determined, assuming all 
of the denominator  terms are known. This expression 
corresponds to the Y-axis parameter  for the simulator  
plot. Thus, the second order rate constant, kd, can be 
found from the corresponding value of the X param-  
eter on the s imulator  working curve. The kd values 
obtained for different times from a single cur rent - t ime 
curve should be the same within  experimental  error 
(+  10-15%). If this is not the case, the kinetic model 
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Fig. 5. Digital simulator working curve, coupled second order 
kinetic-diffusion problem. 

is probably not correct for the real data. A serious 
complication, of course, is that  the initial  concentra-  
tion, C ~ , must  be known from independent  data. 

Very recently, a rigorous mathematical  solution to 
the coupled second order kinetic-diffusion problem has 
been presented by Britz and Kastening (13), without  
any experimental  verification. Their  results for a 
p lanar  electrode were as follows 

1 ~1/2 
- -  �9 (1/C ~ + 0.7268kdt) [14] 

itl/2 nFADb2 

This expression is totally analogous to the Birk-Perone  
approximation (2) (Eq. [12]), except for the factor 
0.7268, which indicates that the kd value obtained from 
the slope of the Bi rk-Perone  second order plot will be 
less than the "true" kd by about 27%. This difference is 
a t t r ibuted to the fact that  the Bi rk-Perone  derivat ion 
neglects the nonhomogeneous decay rate profile in the 
diffusion layer  for the second order process. The in ter -  
cept for either expression gives the same init ial  in ter -  
mediate concentration. Britz and Kastening (13) ex- 
tended their der ivat ion to the spherical electrode case. 
That expression reduces to the form of Eq. [14], how- 
ever, on the t ime scales used to make the measure-  
ments reported in  this work. All three methods require 
that the diffusion coefficient, D, either be known from 
independent  measurements  or be estimated accurately 
(20). Also, as mentioned previously, regardless of the 
theoretical treatment,  purely faradaic currents  are as- 
sumed. Thus, experimental  data must  be corrected for 
induced charging currents, as pointed out by  Fratoni  
and Perone (15). Figure 6 demonstrates the results ob- 
tained for kinetic analysis of ketyl  in termediate  oxida- 
tion currents for flash photolysis of benzophenone at 
pH 12. The SODH program described earlier was used, 
and the improvement  is obvious. The derivative method 
gives very similar results. The init ial  in termediate  
concentrat ion calculated from the intercept of the cor- 
rected data second order plot agrees very well with 
that obtained by performing the same experiment  at 
higher pH (13.5) where the dimerizat ion reaction is 
slow, and making measurements  at very short times 
where diffusion-limited currents are obtained. 

Faradaic current  extract ion methods c o m p a r i s o n . -  
Both methods used here to extract faradaic current  
from the total measured current  have inherent  advan-  
tages and disadvantages. The curve-fi t t ing method, 
based on the technique proposed by Fra toni  and Ferone 
(15), uses the SODH program which was discussed 
earlier. Faradaic currents  will be extracted correctly 
only if the proper kinetic mechanism is known before- 
hand for the given data set. Also, the alpha value which 
is used (kdCORC) must be such that the limits of the 
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computer 's  accuracy are not exceeded. Thus, for our 
computer  system, ~ must  be >10-2 .  For  example,  i f  
h/2 = 100 msec, the cell t ime constant must  be > 1 
msec or convergence will  not occur. (If necessary, an 
external  resistance may  be inser ted be tween  the  work -  
ing electrode and ground to at tain a longer  cell t ime 
constant and an appropr ia te  value  for  a. This does not 
diminish the effectiveness of data in terpre ta t ion  so 
long as the cell  t ime  constant is not  too long compared 
to the react ion half- l i fe . )  The  SODH program can be 
ra ther  t ime consuming, however ,  depending upon how 
many  points are  used and how long it takes the curve-  
fitting p rogram to converge  to the desired accuracy in 

The der iva t ive  approach is a much more  general  
method which  can be used for  any data set. No exper i -  

mental limitations need be imposed during data acqui- 
sition. Any data may be used, even if the mechanism 
of the kinetic process is not known beforehand. How- 
ever, considerable noise can be injected into the data 
by the derivative procedure, and even the digital 
smoothing methods used (17) usually cannot diminish 
noise to the level of the SODH results. In addition, 
these smoothing and derivative methods cause data 
points to be lost at the beginning and end of the data 
set. It has been found also that it is far better to take 
the derivative of the raw data first, correct the data to 
get iF, and then apply digital smoothing, rather than 
in the inverse order. 

In this work, current-time data at each pH were 
processed using both correction methods, and the ki- 
netic data obtained agreed within the experimental 
precision (___ 10-15%). Data reported in Tables I and 
II reflect average values for at least 10 runs processed 
both ways. 

pH dependence of photodimerizat ion rate c o n s t a n t . -  
Alkal ine  so Iu t i on .~A  kinetic s tudy of the radical 
dimerizat ion reaction was carried out by a series of 
flash photolysis exper iments  at various pH's. The cur-  
r en t - t ime  data were  corrected as described above. 

In Table I our results are  used to compare the ki-  
netic data  obtained wi th  the three  different  data  
handl ing techniques. Using our exper imenta l  data, the 
B i rk -Pe rone  approximate  theory results are in column 
1 (2), the digital  s imulat ion results in column 2, and 
the Br i tz-Kastening rigorous theory results (column 
1 plus 27% ) in column 3. [As discussed previously  (2) 
the exper imenta l  l imita t ion on kinetic accuracy is 
about  _25%. Exper imenta l  precision, however ,  is about 
--+10%.] The significant point is that  the results  in 
columns 2 and 3 agree very  closely at all pH values. 
This indicates that  the digital  s imulat ion and the r igor -  
ous theory expression both provide  valid solutions to 
the same kinetic-diffusion problem. All  subsequent  
kinetic studies reported here use one of these methods 
of analysis. 

Table I. Comparison of kinetic data for benzophenone 
photodimerization using three different data processing methods* 

1 3 
Approximate 2 R i g o r o u s  

pH theory (2) D i g i t a l  s i m u l a t i o n  theory (13) 

0.5M NaOH 5.4 x 104 M-~ sec -I 7.8 x 104 M -I see -I 7.6 x 104 M -I sec -~ 
0.25M NaOH 7.2 x 104 9.2 x 104 9.3 x 104 

13.0 1.4 x 10 ~ 1.6 x 106 1.7 x 10 ~ 
12.5 4.7 x 10~ 6.2 x 10 '~ 5.9 x 10~ 
12.0 1.3 x 107 1.7 x 107 1.7 x 107 
11.2 7.5 x 107 10.5 x 107 9.5 x l0 T 
10.0 1.6 x 10 s 2.2 x 10 s 2.0 x 10 ~ 

9.0 2.0 x 108 2.5 x 108 2.5 x 10 s 
7.0 (5.9 x 107) ** (9.3 x 107) ** (7.5 x 107) ** 
5.5 2.0 x 10 s 2.6 x 10 s 2.5 x 10 s 

* T h e  s a m e  r a w  d a t a  w e r e  u s e d  f o r  e a c h  method. All c u r r e n t - t i m e  c u r v e s  w e r e  c o r r e c t e d  f o r  i n d u c e d  c h a r g i n g  c u r r e n t s .  A l l  v a l u e s  
----~20-25%. 

** Because of l i m i t e d  b u f f e r  c a p a c i t y  a t  t h i s  p H  ( s e e  e x p e r i m e n t a l  s e c t i o n )  th i s  v a l u e  o f  kd may be in e r r o r .  

Table II. Comparison of kinetic data for benzophenone 
photodimerization obtained from three different studies 

pH Birk-Perone* Beckett-Porter Dahnke-Perone 

0.5M N a O H  3.6 x 104 M -1 s e c  -~ 3.6 x 104 M -1 s e c  ~~ 7.8 x 10~ M -1 s e c  -~ 
0.25M NaOH 5.3 • 10 ~ 7.1 x 10 ~ 9.2 x 10, 

13.0 1.4 x I05 1.8 • 10 ~ 1.6 x 10 G 
12.5 6.2 x 10 ~ 
12.0 1.6"-~ I0" 1.8-~ 10c 1.7 • 107 
11.2 1.1 x 107 1.6 x 10; 10.5 x 10; 
I0.0 0.9 x l0  s 1.8 x 108 2.2 • 10 s 

9.0 - -  - -  2.5 x 10 ~ 
7.0 - -  - -  (7 .5 x 10~)t  
5.5 - -  - -  2.6 • 10 ~ 

* T a k e n  f r o m  Ref. (2); f lash  p h o t o e l e c t r o c h e m i s t r y .  
* * T a k e n  f r o m  R e f .  ( 1 4 ) ;  f lash  p h o t o l y s i s - k i n e t l c  p h o t o m e t r y .  S e c o n d  o r d e r  d e c a y  o f  r a d i c a l  an ion .  

* * * D a t a  o b t a i n e d  i n  t h i s  w o r k  u s i n g  d i g i t a l  s i m u l a t i o n  m e t h o d ;  c u r r e n t s  c o r r e c t e d  f o r  i n d u c e d  c h a r g i n g  c u r r e n t .  A l l  v a l u e s  --20-25%. 
B e c a u s e  o f  l i m i t e d  b u f f e r  c a p a c i t y  a t  t h i s  p H  ( s e e  e x p e r i m e n t a l  s e c t i o n )  t h i s  v a l u e  of kd may b e  i n  e r r o r .  
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Table II compares previous and current  electro- 
chemical results with each other and with Beckett and 
Porter 's  (14) spectroscopic results. Our results agree 
quite well with the others at the very highest (>13) 
and very lowest (<11) pH values, but  the in termedi-  
ate results vary. The discrepancy in  the electrochemical 
kinetic results is not surprising, as the earlier work 
(2) utilized approximate theory and also neglected 
effects of induced charging currents. Thus, at high pH, 
where the reaction half- l i fe  (tz/~ = 1/kdC ~ is long 
compared to the cell t ime-constant ,  the effect of in -  
duced charging current  is small  and the kinetic data 
disagree only slightly. At lower pH, these effects can- 
not be ignored and large errors in  the earlier kinetic 
data are obvious. The disagreement  with Beckett and 
Porter 's  results (14) is probably because, spectro- 
scopically, they were moni tor ing  the rate of disappear- 
ance of the radical anion, whereas electrochemically 
we cannot differentiate the two radical species and are 
always monitor ing the sum of the two. Hence, in the 
pH range where the radical-radical  anion reaction 
predominates (pH 11-13), it is not surprising that  our 
results disagree significantly with Beckett and Porter's. 

Acid solution.--At pH <10, the benzophenone photo- 
dimerization reaction becomes very rapid, approaching 
the diffusion-controlled rate. Because the reaction is 
so fast, it has not been studied previously in this pH 
region. To apply either the SODH or derivative cor- 
rection methods, the value of the cell t ime-constant  
must  be known very accurately, as it is close to h/2 of 
the reaction. When an external  resistance is added be- 
tween the working electrode and ground, the effective 
cell time-constant is much less dependent upon varia- 
tions in the electrochemical cell conditions, and hence 
it may be measured more accurately. Experimental 
data at pH 9, 7, and 5.5 were obtained with a 1 kohm 
resistance between the working electrode and ground. 
The kinetic results are given in Tables I and II, and 
show that the reaction rate constant levels off below 
pH i0, indicating that radical dimerization is probsbly 
the dominant reaction. A current-voltage profile of the 
system obtain at pH 5.5, 490 ~sec after the flash, ap- 
pears in Fig. 7. These corrected faradaic currents were 
obtained using the derivative program method, with 
a Savitsky-Golay nine-point smooth (17) applied to 
each corrected current-time curve. The profile is queli- 
tatively similar to those at higher pH, except that the 
oxidation EI/2 of benzopinacol is about --0.15V, and 
the reduction Ez/2 of benzophenone is about --I.20V 
vs. SCE. The lack of any additional oxidation or reduc- 
tion waves suggests that other short-lived oxidizable 
or reducible species are not present on this time scale. 
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Fig. 7. Current-.voltage profile: 5 X I 0 -4M benzophenone, 
0.50M acetate buffer, 50% ethanol/H20, pH ~ 5.5, t = 490 
/~sec after flash. 

Calculation of individual rate constants.--The pH 
study allows calculation of the three second-order 
rate constants for Eq. [8]-[10]. Because R" and R ' -  are 
indist inguishable electrochemically, an  over-al l  rate 
expression may be wr i t ten  

dt -- 2 ~ [15] 

where P ---- product benzopinacol, and CT = CR. + 
CR.-. From this and Eq. [8]-[10] it  follows 

dCT dCR.  dCR.- 

dt dt dt 

- -  -- [kl(CR.) 2 + k2CR.CR.-] 
dCR. 

dt 

dCR.- 

[16] 

[17] 

[18] 

[19] 

[20] 

- -  ~- [k3(CR.-) 2 -~- k2CR.CR.-] 
dt 

d C T  
- - - -  [kl(CR.)2 + 2k2CR.CR.- + k~(CR.-) 2] 

dt 
dCw 
_ _  -- kd (Cz)2 
dt 

Where kd = second order rate constant measured elec- 
trochemically. Rearranging this expression in terms of 
the equilibrium constant (23) between ketyl radical 
and radical anion (Keq ~- 109.2 ---- I/KA) 

kiKeq2(H+) 2 W 2k2Keq(H +) W k3 
kd ---- [21] 

[1 + Keq(H+)]  2 

Insert ing the values for kd (digital s imulat ion 
method) and (H +) from Table I into Eq. [21], o n e  
obtains 10 equations with 3 unknowns.  When these are 
solved as discussed below, one obtains the results in 
Table III for kl, k2, and ks. Hence, these three rate 
constants can be measured even though the individual  
processes cannot be monitored directly. Values which 
were measured spectroscopically for disappearance of 
the zadical anion in isopropanol /water  solution by 
Beckett and Porter  (14) are also shown in  Table III 
for comparison. 

The values obtained for these rate constants are 
subject to exper imental  l imitations. For example, at no 
pH does the R ' -  dimerization reaction (Eq. [10]) 
dominate. Even at pH 13.6, the radical-radical  anion 
reaction still is significant because it is so fast. Hence, 
the value given for k~ in  Table III is the upper  l imit  
for that process; k3 cannot be faster than 7.8 X 104 
M -1 sec -1. On the other end of the pH scale however, 
this problem does not exist. At pH 5.5, the reaction 
which is measured is due almost completely to t h e  
radical dimerization. Hence, the kd value measured is 
kl directly. The value of k2 given is the average value 
calculated from Eq. [21] with the in termedia te  pH 
data, using the above values for kz and  ks. 

Conclusions 
The studies reported here have served several pur -  

poses. One of these was to demonstrate  the validity of 
the theoretical expressions for combined faradaic a n d  
induced charging currents presented previously (15). 
The evaluat ion of two approaches for extract ing 
faradaic currents  from exper imental  measurements  
showed that the derivative method is more general ly 
useful, but  suffers from some practical l imitat ions in  
implementat ion.  The experimental  ver i fca t ion  of the 

T a b l e  IlL Individual  rad ica l  r e a c t i o n  ra te  c o n s t a n t s  

R e a c t i o n  k B e e k e t t - P o r t e r  (14)  

( k l )  R" + R :  2.5 x l0  s M -t  sec  -~ 5.9 x 10 7 M -1 s e c  -1 
(k2)  R" + R "~ 1.1 x 10 ~ 1.1 x 10 9 
(ka)  R--" + R "~ --~7.8 x 10 4 ~ 1 . 8  x 1{~ 
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Bri tz-Kastening (13) and digital s imulat ion theoretical 
expressions for photodimerization kinetic studies re-  
solves a long-s tanding question in photoelectrochem- 
istry. The avai labi l i ty  of valid kinetic-diffusion theory 
and accurate corrections for induced charging currents  
has allowed the extension of benzophenone photore- 
duction studies into the acid pH range for the first 
time. Finally,  it has been shown here that the quant i -  
tat ive in terpre ta t ion of cur ren t -vol tage- t ime relat ion-  
ships is now possible because of more accurate extrac-  
t ion of faradaic currents.  
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Photo-oxidation of Water at Barium Titanate Electrodes 

John H. Kennedy* and Karl W. Frese, Jr. 
Department o$ Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

Photoeffects at polycrystalline, semiconducting bar ium t i tanate  were in-  
vestigated. Photocurrent  efficiencies were related to solid-state properties and 
agreement  was found between donor densities calculated from efficiency-po- 
tent ial  plots and those calculated from Mott-Schottky plots. The existence of a 
significant temperature  effect on the photocurrent  efficiency was demonstrated. 
The influence of pH on the flatband potential  was also determined.  

A number  of studies (1-8) of photoeffects at poly- 
crystal l ine semiconductor electrodes in electrochemical 
cells have been reported in  the recent l i terature.  How- 
ever, measurement  of photocurrent  efficiencies and the 
distr ibution of potential  in  semiconducting BaTiO3 
have not been investigated. Also the effect of tempera-  
ture  on efficiency has been largely ignored for TiO2 
and t i tanates although Wrighton et al. (9) reported on 
temperature  effects at SnO2 electrodes. 

In this study we have applied the s tandard tech- 
niques for s tudying single crystal electrodes to poly- 
crystall ine sintered BaTiO3 and have demonstrated a 
tempera ture  effect of the photocurrent  efficiency. Our 
use of we l l -known semiconductor depletion layer  
theory allows a useful in terpre ta t ion of our efficiency 
data in terms of solid-state properties. 

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  Member.  
K e y  w o r d s :  b a r i u m  t i tanate,  photo-assisted e l ec t ro ly s i s  of  

w a t e r ,  p h o t o - o x i d a t i o n ,  semiconductor  e lectrodes ,  

Experimental 
ELectrode preparation.--Barium t i tanate  was pre-  

pared from Ba(NO3)2 (reagent grade) and TiO2 
(99.9%). The materials  were dry mixed for 24 hr  in 
an a lumina  ball  mill  and then heated at 1000~ for 12 
hr. After fur ther  grinding, the mixture  was pressed 
into disks at 4000 psi and sintered in  air at 1350~ for 
at least 2 hr. The conductivity of the BaTiO3 was in-  
creased by heating the sintered material  in a s tream of 
H2 at temperatures  up to 1300~ for several hours. Re- 
sistivities were 103 ~-cm and final densities were 5.2-5.5 
g/cm 3. The samples were cooled in N2 from about 
800~ and were found to have a black insulat ing layer  
presumably  due to some reoxidation by O2 in the N2 
stream. This layer  was removed by light mechanical  
polishing with SiC paper  and thorough ultrasonic 
washing in deionized water. The resulting material was 
dark  blue, characteristic of Ti 3+ ions. Contact to the 
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electrode was made by applying Ag epoxy (Epoxy 
Technology) to which a copper wire was soldered. The 
electrode was then mounted in  a glass tube and sealed 
with epoxy resin. Current -vol tage  curves for reduced 
BaTiOa with Ag epoxy electrodes were found to follow 
Ohm's law. 

I l lumination.--The BaTiO3 electrodes were i l lumi-  
nated (quartz window) with a 150W Xe lamp using a 
Bausch and Lomb visible grat ing monochromator  and 
coll imating lens. The photon flux at 360 nm was deter-  
mined using 0.006M ferrioxalate act inometry (10). The 
flux at 350 and 360 nm was determined from relat ive 
power density measurements  using a YSI Model 65A 
radiometer.  These intensit ies agreed well  with those 
obtained from Reinecke act inometry (11) at 504 n m  
and radiometric measurements.  Reflection losses from 
the cell window were accounted for by the act inometry 
procedures, however the light reflected from the elec- 
trode surface was ignored in  the calculations. 

Electrochemical measurements . - -The cell a r range-  
ment  consisted of a BaTiO3 working electrode, plat i -  
nized Pt  counterelectrode and a SCE reference elec- 
trode. Buffer solutions were NBS standard buffers in  
0.5M KC1 or Mall inckrodt  S tandard  "Buffar" solutions. 
Current -potent ia l  curves were obtained with a PAR 
Model 174 polarographic analyzer at a scan rate of 2 
mV/sec. Solutions were deoxygenated with N2 gas be-  
fore all measurements  and a N2 atmosphere was main-  
tained dur ing  the measurements.  

Capacitance measurements.--Capacitance measure-  
ments  of the cell BaTiOJbuf fe r  solut ion/Pt  were made 
with a General  Radio Model 1650-A impedance bridge 
operating at 1000 Hz. The bridge was biased using a 
Harrison 6112A power supply. The BaTiO3 electrode 
potential  was measured vs. SCE with a Hewlett  
Packard Model 412 A VTVM. 

Results 
Flatband potentiaIs.--The flatband potential  of s in-  

tered BaTiO~ electrode was measured in  the dark as 
a funct ion of pH. The determinat ion of the flatband po- 
tential, VFB, for a wide gap semiconductor is based on 
the Mott-Schot tky relat ion (12) 

2 
llCsc ~ -- - -  (V -- VFB -- kT/q) [I] 

qeeoND 

where Csc is the space charge capacitance per uni t  area, 
q is the electronic charge, e is the dielectric constant 
of the space charge layer  [1500 for polycrystal l ine 
BaTiO~ (13)], ~o is the permit t iv i ty  of vacuum, ND is 
the donor density, and V is the BaTiO~ electrode po- 
tential  vs. a reference electrode. Typical Mott-Schottky 
plots are shown in Fig. 1. The donor concentrat ion 

I I I I I [ [ I [ I I I I 

7 

2 5 

u_ 4 
pH = 12,2 

~EE 31 ND= 3.5x,019c 
% 
"~_ 2 / y pH = 3.8 

t J /  ND = 2"7 x }0t9cc-' 
0 I ~ ' 1  I I#  ~ I I I I I I I [ I 
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Fig. l. Mott-Schottky plots for polycrystalllne barium titanote. 
In dark, t "- 23~ 
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ELECTROLYTE SOLUTION pH 

Fig. 2. Flatband potential and zero-efficiency potential of 
barium titanate vs. pH,  t _= 23~ 

calculated from these slopes is ,-,3 • 1019 cm -3. Simi- 
lar  l inear  plots were obtained for electrodes with 
donor densities as tow as 101~ c m - k  Figure  2 shows the 
effect of solution pH on the flatband potential. The 
slope of the VFB VS. pH plot was found to be --61 
mV/pH. The usual  in terpre ta t ion (12) for this value is 
that a dissociative equi l ibr ium exists between a pro- 
tonated oxide ion on the surface of the lattice and zhe 
solvent. Thus the change of the Fermi  level with pH 
at the electrode surface is determined by the free en-  
ergy change for the reaction 

Ti-OH+surf ~ Ti-Osurf + H + 

It should be noted that these flatband potentials found 
for B a T i Q  are approximately 0.75 and 0.35V more 
anodic than for single crystal SrTiOs (14, 15) and TiO2 
(16), respectively. 

Photocurrent e~ciencies.--Figure 3 shows typical 
photocurrent  vs. electrode potent ial  curves at 360 n m  
for various pH values. The equivalent  photon current  
was 48 ~A. The photocurrent  efficiency, ~p, was calcu- 
lated from 

i (light) -- i (dark) 
~lp = [2] 

i (photon) 

It can be seen that  for a given overvoltage the effi- 
ciency was practically independent  of pH. This result  
suggests that the ra te- l imi t ing step depends on processes 
occurring wi thin  the semiconductor. This point  will be 
fur ther  discussed below. The effect of pH on the po- 
tent ial  of zero efficiency Vo* is shown in Fig. 2. The 
slope dVo*/dpH was found to be --55 mV/pH. 

The open-circuit  voltage, Voc, at pH 3.8 in 0.5M KC1 
was found to be --0.054V vs. SCE in  the dark and 
--0.32V vs. SCE under  i l luminat ion at 360 nm. The cor- 
responding flatband potential  in  the dark  was --0.10V 

i -  

~ 8 . 0  

,=, 6.0 pH: 

/,'/I H=O 

/ 
0 l I I I I I i 

a. - 0.4 0 0.4 0.8 I. Z 

ELECTRODE POTENTIAL VOLTS vs. SCE 

Fig. 3. Pbotocurrent efficiency of polycrystelline barium titanate. 
- -  360 rim, t ~ 23~ 
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f rom Fig. 2. This resu l t  indicates  that  the  bands  were  
bent  s l ight ly  u p w a r d  in the  d a r k  at  open ci rcui t  and 
tha t  in the  d a r k  the  open-c i rcu i t  vol tage and f la tband 
potent ia l  are  app rox ima te ly  equal.  I t  follows f rom the 
agreement  be tween  Vo~ and VFB in the  d a r k  and VoJ  
and Vo* (--0.32V vs. --0.35) tha t  Vo* would  measure  
a pp rox ima te ly  the  f latband potent ia l  under  i l l umina -  
tion. 

Temperature  efIect.--Figure 4 shows the  effect of 
solut ion t empera tu re  on the photocur ren t  efficiency. At  
the two wavelengths  shown, the ra te  of increase of ~p 
wi th  t e m p e r a t u r e  is almost  ident ica l  at ~0.11%/~ 
For  BaTiO3 the efficiency can be doubled  for a 60~ 
increase  in t empera tu re .  Al though  the  high t empera -  
ture  efficiencies a re  s t i l l  low compared  to TiO2, the  
exis tence of a t e m p e r a t u r e  effect could have impor tan t  
consequences for other  h igher  efficiency semiconductors  
a l lowing some use of longer  wave leng th  solar  radiat ion.  
S imi la r  increases  of efficiency wi th  t empera tu re  were  
found for po lycrys ta l l ine  TiO2 and SrTiO~. In each case 
ra te  of increase was ~0 .1%/~  at  1.0V vs. SCE. Typical  
values  of ~p at room t empera tu re  and 340 nm were  37 
and 19% at 1.0V vs. SCE for TiO2 and SrTiOs, respec-  
t ively.  At  e levated  tempera tures ,  typica l  values of np 
for  TiO2 and SrTiO8 were  40% at 55~ and 21% at 50~ 
respect ively.  I t  should be noted tha t  efficiencies for 
po lycrys ta l l ine  S r T i Q  repor ted  here  are  nea r ly  the  
same as those repor ted  by  Watanabe  et aL (14) for  
single crysta l  SrTiOs. Al though it is ant ic ipated tha t  
single crystals  m a y  exhibi t  h ighest  efficiencies, espe-  
c ia l ly  for anisotropic  ma te r i a l  which could be or iented 
for m a x i m u m  efficiency, it  Js clear  f rom these resul ts  
tha t  po lycrys ta l l ine  ma te r i a l  can produce  photocur -  
rents  comparab le  to single crystals .  

Discussion 
A reasonable  in te rp re ta t ion  of our efficiency resul ts  

for B a T i Q  can be made  by  use of the  theory  of de-  
p l e t i on - l aye r  photoeffects as given by  G~r tner  (17) and 
discussed by  Myaml in  and Pleskov (18). The photo-  
current efficiency ~p under anodic bias (bands bent up) 
for negligible recombination is given by 

e--aL 
~p = 1 [3] 

1 +  a l p  

where  a is the absorpt ion  coefficient, L is the effective 
wid th  of the  space charge region, and Lp is the  mean  
diffusion length  for holes outside the space charge re-  
gion. The wid th  of the space charge region is re la ted  
to so l id-s ta te  proper t ies  of the  semiconductor  and the 
overvol tage  in the  space charge region, hCs, by  the  re-  
la t ion (18) 

L = - -  ACs 1/~ [4] 
2qND 

Algebra ic  manipu la t ion  of Eq. [3] and [4] leads to 
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Fig. 4. Effect of temperature on photocurrent eff iciency for 
polycrystalline barium t i tanate,  pH ---- 7.0. 
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Eq. [5] 

( In (I -- ~]p) = --a 2-~D / ACsl/~ --In (1 + aLp) 

[5] 

which shows that a plot of In (i -- ~]p) vs. ACs I/2 should 
be linear with a slope of --a(eeo/2qND) I/2 and an in- 
tercept of --In (I ~- aLp). This relation is expected to 
hold for sufficiently large overvoltages so that recom- 
bination of holes and electrons generated by illumina- 
tion in the space charge region is negligible. Thus Eq. 
[3] and [5] provide a basis for photocurrent potential 
curves under anodic bias. In addition to the linearity 
discussed above, a further test of the validity of Eq. 
[5] can be made by comparing values of ND obtained 
from the efficiency-potential plots using known e and 
a with those obtained from Mott-Schottky slopes. 
Figure 5 shows some of our results for BaTiO3 at vari- 
ous values of pH where we have assumed that ACs 
can be approximated by V -- Vo*, i.e., Vo* measures 
the flatband potential under illumination and all the 
potential drop occurs across the space charge layer. 
Table I summarizes the results for BaTiOs at room 
temperature and 360 nm where a --~ 8 X 103 cm -I (19- 
21). It can be seen that the two methods give fair 
agreement between ND values and the diffusion lengths 
of about 700A are independent of pH as expected. 

Our data on the temperature effect of the photo- 
current efficiency can be understood with the help of 
Eq. [3] and absorption coefficient data for BaTiO8 at 
various temperatures and energies. The absorption co- 
efficient vs. temperature and photon energy has been 
studied by Wemple (19) in the wavelength region 
where In a is a linear function of energy at constant 
temperature. These data were used to calculate ~p at 
23 ~ and 50~ using Eq. [3]. Over this temperature range 
the dielectric constant is reasonably constant at 1500. 
The only assumptions made were the validity of Eq. 
[3] and that Lp was independent of temperature. The 
values of ND and Lp were averages of those given in 
Table I, and ACs was taken to be 1.5V which corre- 
sponds to an electrode potential of 1.0V vs. SCE at 
pH 7. The ratio, ~ ] p 5 0 / 1 ] p 2 3  w a s  calcula ted to be 3.0, 2.5, 
and 1.8 at  3.0, 3.1, and 3.3 eV, respect ively.  The decrease 
in re la t ive  efficiency is due to the smal le r  effect of tern-  

Table I. Comparison of ND obtained from Mott -Schot tky  plots with 
N D  obtained from photoeurrent efficiency (k  = 360 nm, 

a ~ _ _ 8 . 0  X 10 ~ c m  - 1 )  
. r  

M o t t - S c h o t t k y  P h o t o c u r r e n t  e f f i c i e n c y  
c a l c .  ca l c .  

pH ND, cm -a ND, cm ~ Lp, em 

0 4.8 x 101'~ 7.0 x 10 -e 
3.8 2.7 ~-10 ~ 6.8 x 101~ 6.1 x 10 4 
6.5 2.2 x 10 TM 7.0 • 10 TM 6.9 x 10 .4 
8.4 2.1 x I0 TM 6.6 x I0 ~ 6.4 • I0 -6 

12.2 3.5 X 10 lg -- 
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pe ra tu re  on the absorpt ion  coefficient as h igher  en-  
ergies a re  approached.  Therefore,  we would expect  the 
rat io  to be <1.8 at  3.6 eV, the  photon energy used for  
the  da ta  given in Fig. 4. The exper imenta l  va lue  was 
1.4 which is quite reasonable,  and thus we conclude 
tha t  t empera tu re  effects p r i m a r i l y  reflect changes in 
absorpt ion  coefficient as the s imple theory  of deplet ion 
l aye r  photoeffects predicts .  I t  cannot  be overlooked,  
however,  that  over  large  t e m p e r a t u r e  ranges other  
factors such as L, Lp, and e m a y  also p lay  an impor tan t  
role. 

We are  cur ren t ly  ex tending  our  measurements  to 
h igher  t empera tu res  wi th  the aim of inves t iga t ing  the 
effect of the t e t ragona l  --> cubic phase change at  the 
fer roelect r ic  Curie point  (,~120~ I t  is wel l  es tab-  
l ished that  an anomalous  shift  in the bandgap  to lower  
energy  occurs in the region of the phase t ransi t ion.  The 
bandgap  values for ferroelect r ic  mate r ia l s  such as 
BaTiOs, S r T i Q ,  and K T a Q  must  be defined at  an a rb i -  
t r a r y  value  of absorpt ion coefficient because of the  ex-  
ponent ia l  decay of a vs. photon energy  (Urbach edge) .  
Therefore  the quoted shifts in bandgap  p robab ly  reflect 
changes in  a. 

Measurements  of np in the wave leng th  region where  
~, is small  (~0.10) and aLp ~0.10 at constant  e lect rode 
potent ia l  and t empera tu re  can provide  an addi t ional  
test  for the  appl icab i l i ty  of the  theory.  Under  the  above 
conditions, Eq. [3] m a y  be wr i t t en  af ter  expansion of 
the  logar i thms as 

~p ~ a(L ~- Lp) 

I t  can be seen tha t  p lo t t ing ~]p vs. absorpt ion  coefficient 
should be l inear  wi th  a slope (L -~ Lp). We have mea -  
sured ~p at 10 nm in terva ls  f rom 400 to 360 nm at 1.0V 
vs. SCE, pH 3.8, 23~ in 0.5M KC1. The slope, d~Jda, 
was found to be 8.6 • 10 -6 cm. F rom the value  ND : 
6.3 • 1019 cm -3 given in Table  I, and Ar : 1.35V, 
L can be calcula ted f rom Eq. [4] giving 3 • 10 -6 cm. 
Combining this resul t  wi th  d~p/da, we calculate  Lp to 
be 5.6 • 10 -6 cm, in good agreement  wi th  6.6 • 10 -6 
cm obtained f rom intercepts  of plots using Eq. [5]. 
I t  can be concluded that  our da ta  and the theory  of 
deple t ion  l aye r  photoeffects are  consistent wi th  respect  
to changes in ~p ar is ing f rom changes in e lect rode po-  
tential ,  t empera ture ,  and absorpt ion  coefficient. 
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ABSTRACT 

An exper imental  study of mass t ransfer  to a rotat ing disk electrode has 
been employed to determine an empirical correlation for the mass t ransfer  
rate in  the Reynolds n u m b e r  regime lying between simple l aminar  and tu rbu-  
lent  flows. This domain, apparent ly  characterized by a regular  vortex pattern,  
was found to extend from a Reynolds number  of 2.0 • 105 to approximately 
3.0 • 105. The resul tant  correlation for the average tranfser  rate, in terms of 
dimensionless Nusselt, Reynolds, and Schmidt numbers,  is 

Nu ---- 0.89 • 105 Reo-1/2Sc 1/3 4- 9.7 • 10 -15 ReoSSc 1/3 

The result  is strictly applicable to the case of a un i form surface concentra-  
tion; that is, to the l imi t ing-cur ren t  condition�9 

The mass t ransfer  behavior  of the rotat ing disk 
electrode is of cont inuing interest. While the bulk  of 
its uses are based upon the uniform-accessibi l i ty  prop- 
erty described by Levich (1) for disks upon which 
simple laminar  flow (2) prevails, for sufficiently high 
rotation speeds turbulence  may be reached near  the 
edge of the disk. The nonuni form (enhanced) mass 
t ransfer  rate result ing from this turbulence  may be 
a desirable feature for some studies. In  particular,  this 
behavior  has been found useful for studies of corrosion, 
when the effect of a varying local rate of oxygen t rans-  
port to the surface of the corroding metal  is of interest  
(3-6). 

An accurate description of the behavior  of such an 
electrode requires knowledge of the local t ransfer  rate 
for the full range of Reynolds numbers  involved. The 
Reynolds number  found appropriate for the disk is 
Re ~-- r2s where r is the radial  distance from the 
center of rotation, s the angular  rotat ion speed, and p 
the kinematic  viscosity of the fluid in which the disk 
rotates. This behavior  for simple l aminar  flow, as de- 
scribed by yon K&rm~n (2), is well known, having 
been first described by Levich (1), who gave the mass 
t ransfer  rate as 

Nulam ---- 0.6205 Reol/2Sc 1/6 [1] 

where the Nusselt n u m b e r  N-u -- Tro/nFDAc, the 
Schmidt n u m b e r  Sc ---- p/D, and Reo is the Reynolds 
n u m b e r  based upon the electrode radius ro. ~ is the 
average current  density on the electrode, n the number  
of electrons t ransferred per ion reacting, F Faraday 's  
constant, D the diffusion coefficient of the active spe- 
cies, and ~c is the concentrat ion driving force for dif- 
fusion, bulk  concentrat ion minus  concentrat ion at the 
electrode surface. 

The t ransfer  rate for well-developed tu rbu len t  flow 
has been the subject of several studies (7-12), and ac- 
curate correlations have been proposed for its de- 
pendence upon the Reynolds number .  The two most 
useful of these correlations are due to Ellison and Cor- 
net  (7) and Daguenet  (9), since both of these also 
include the Schmidt number  influence upon the Nus- 
selt number .  Ellison and Cornet report  that the mass 
t ransfer  may be described as 

NUturb = 0.0117 Reo0.896Sc 0.249 [2] 

while the result  of Daguenet  is 

* Electrochemical Society Student Member�9 
** Electrochemical Society Active Member. 
Key words: limiting current, turbulence, fluid flow. 

NUturb ----" 0.00725 Reoo.9Sc ~ [3]  

We have chosen to use Daguenet 's equat ion fo r  t w o  
reasons. First, the bu lk  of the data gathered by Ellison 
was for larger Reynolds numbers  than  are of interest  
here (Reo > 106), while Daguenet  thoroughly invest i -  
gated the flow regime immediate ly  adjacent  to the 
t ransi t ion region (3 X 105 < R e o  < 106). Second, in 
light of the many  studies of tu rbu len t  t ransfer  in  dif- 
ferent geometries, it seems that  the exponent  1/3 is 
more realistic than 1/4 for the Schmid~ number  de- 
pendence. This conclusion is supported by the invest i -  
gations of Donovan et al. for tu rbu len t  boundary  layers 
(13), Hubbard  and Lightfoot (14, 15), and Vielstich 
et al. (16). The influence of the s tructure of the t u r b u -  
lent  flow upon this exponent  is discussed by Levich 
(17). Also, Ellison and Cornet 's data for Reo < 106 are 
quite scattered and may possibly be better  fit by a 
Sc 1/3 dependence. 

However, we have refit Daguenet 's  data, as shown in  
Fig. 1, according to the correlat ion 

2 0 0 0  

1500 

i 
(.J 

cn I 000  

700 

I 
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Fig. 1. Correlation of Daguenet's data for turbulent mass trans- 
fer to a rotating disk. 
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Nu Sc -1/3 ---- 0.0078 Reo ~ -- 1.38 X 105 Reo -1/2 [4] 

This form is based on the supposition that the local 
asymptotic t ransfer  rate is proportional to Reo ~ al-  
though over-al l  Nusselt numbers  for Reo < 106 are 
still significantly dependent  upon transfer  in the lami-  
nar  and transi t ion zones. The coefficient of the last 
te rm in Eq. [4] will thus be adjusted subsequent ly  by 
integrat ion of local rates in the laminar  and t ransi t ion 
zones, while the first term should depend only on the 
asymptotic behavior  in  the tu rbu len t  regime. This leads 
to the following correlation for the large Reynolds 
number  asymptotic mass t ransfer  behavior 

Nuturb ----- 0.0078 Reo0-gSc 1/s [5] 

The problem remains to describe the mass t ransfer  
behavior as a funct ion of Reynolds number  for the 
region in which the simple laminar  flow becomes un-  
stable and yields to turbulence.  The range of Reynolds 
numbers  over which this change takes place has been 
termed the "transi t ion region," and the exper imental  
determinat ion of its mass t ransfer  behavior  is the pur -  
pose of this investigation. 

The na ture  of this t ransi t ion region was first de- 
scribed by Gregory, Stuart,  and Walker  (18) who 
demonstrated that the simple laminar  flow found near 
the center of the disk becomes unstable  at a Reynolds 
number  equal to approximately 1.8 X 105, and that 
fully developed turbulence was not reached unt i l  
Re ,-~ 3 X 105. Stuart  (18) also developed a nonl inear  
stabili ty analysis which showed that stable periodic 
solutions to the Navier-Stokes equation could be ex- 
pected for this range of Reynolds numbers.  The ex-  
per imental  and theoretical results both point to the 
presence of a stable vortex pattern, ra ther  than  a pre-  
dominant ly  random flow, in the t ransi t ion region. 

Subsequent  work by others has served to reinforce 
the conclusions of Gregory et al. In particular,  the 
work of Chin and Litt  (19) has provided perhaps the 
most accurate determinat ion of the critical Reynolds 
numbers  bounding the t ransi t ion region. These invest i -  
gators embedded a small electrode in a disk at some 
distance from the center of rotation. By varying the 
rotation speed, the electrode was subjected to a range 
of Reynolds numbers.  A spectral analysis of the cur- 
rent  signal to the electrode was used to determine if 
a regular ly  varying mass t ransfer  mode was present, 
indicat ing vortices moving across the electrode. Their  
results agreed well with Gregory et al. (18) for the 
lower bound of the t ransi t ion region, their  value being 
Re _-- 1.7 X 105 , but  they found evidence that  the 
vortices persist to a Reynolds number  of about 3.5 X 
105 , well beyond the value reported by Gregory. 

Various studies of mass t ransfer  in  the tu rbu len t  
flow regime also include some data in the t ransi t ion 
region. Kreith, Taylor, and Chong (11) report  signifi- 
cant deviation from values predicted by the Levich 
analysis for l aminar  flow beginning at a Reynolds n u m -  
ber of about 2 X 105. The rather  scattered data of Cobb 
and Saunders (12) tend to agree with this. Daguenet  
(9) reported a lower bound of the t ransi t ion region of 
approximately 2.6 X 105, but  this value varied with the 
Schmidt number  of the solution. An experimental  
study performed by Tien and Campbell  (10) agreed 
more closely with Chin and Litt  in that they reported 
enhanced mass t ransfer  beginning at Re _-- 1.8 X 105. 
Ellison and Cornet (7) have also performed an experi-  
menta l  (and theoretical) invest igat ion of mas t ransfer  
in the tu rbulen t  regime. While their data for low 
(~3 X 105) Reynolds numbers  are somewhat scattered, 
they state that significant deviation from the Levich 
theory does not begin unt i l  Re _-- 3 X 105 is reached. 

In view of the lack of agreement  about the value of 
the Reynolds number  at which the Levich theory be- 
comes inappropriate  and the lack of a correlation for 
mass t ransfer  in the t ransi t ion region, an experimental  
study of this problem was performed. It is hoped that a 

more exact t rea tment  of the dependence of the local 
t ransfer  rate upon  the Reynolds number ,  par t icular ly  
in the t ransi t ion region, will  be found useful for such 
studies in which variat ion of the local mass t ransfer  
rate (as a function of position) is desired. 

Experimental Work 
Electrochemical systems of interest.--Two reactions 

were chosen for study: the electrodeposition of copper 
from a cupric sulfate-sulfuric acid solution onto a rotat-  
ing copper disk, and cathodic reduction of forricyanide 
ions to ferrocyanide ions, also on a copper disk, from a 
potassium forr icyanide-potassium ferrocyanide-potas-  
s lum hydroxide solution. Concentrations of the active 
species were approximately 0.005M, while 1.5M sulfuric 
acid and 0.85M potassium hydroxide were used as sup- 
porting electrolytes. For the ferricyanide reduction, an 
excess of ferrocyanide was used (conc ,-~ 0.007M) to 
help insure that the l imit ing current  was achieved on 
the cathode (disk) before excessive oxygen evolution 
occurred at the anode. Oxygen evolution at the anode 
of the ferr icyanide system is not desirable since it re-  
duces the amount  of ferrocyanide oxidized, thus de- 
pleting the solution of ferricyanide. A counterelectrode 
of copper was used for the cupric acid system to pro- 
vide the atomic copper for the_anodic reaction. A nickel 
counterelectrode was used for the ferr icyanide system 
anode. 

ExperimentaI apparatus.--A series of three PTFE 
slinger rings on the rotat ing shaft, each in its own 
compartment,  was used to prevent  loss of the solution 
at high rates of revolut ion and minimize aerat ion of 
the solution during the trials. The electrode consisted 
of a copper disk approximately 21/4 in. in  diameter  
soldered to a 1/4 in.-20 machine screw which provided 
electrical cont inui ty  to the shaft. The back and edge of 
the electrode were insulated with Shell epoxy casting 
resin which was extended 1/4 in. beyond the edge of the 
electrode to reduce the effect of the hydrodynamic 
dis turbance due to the edge of the disk upon the flow 
field over the conducting area. A series of six baffles 
around the perimeter  of the cell was used to minimize 
bulk rotat ion of the fluid. 

The peripheral  electronic equipment  consisted of a 
galvanostat (with a bu i l t - in  current  ramp generator)  
which was buil t  to order for high current  applications. 
Continuous polarograms were recorded on a Hewlet t -  
Packard Model 7044A X-Y plotter. Current  measure-  
ments were made by placing a precision resistor 
(0.1495~, 25W max imum power dissipation) in the lead 
to the counterelectrode, and the voltage drop across it 
measured directly using the X-Y plotter. The rotat ion 
speed of the electrode was determined with a 
"Strobotac" stroboscopic tachometer. 

Electrode preparation.--The electrode was polished 
prior to each series of runs with 4/0 grit emery paper 
followed by buffing on a canvas polishing wheel coated 
with 6 ~m diamond paste to a mirror  finish. Following 
both the polishing and buffing, the electrode was 
washed with Amway L.O.C. cleaning solution followed 
by r insing with distilled water and ethanol and drying 
in a stream of hot air. Due to the low concentrations of 
Cu ++- in the cupric sulfate solutions (approximately 
0.005M) and the short dura t ion of the trials, the sur-  
face remained quite smooth and mirror l ike even after 
a series of 15-20 trials. The trials involving the ferri-  
cyanide solutions were observed not to al ter  the sur-  
face detectably during the experiments,  al though the 
copper would apparent ly  corrode if allowed to remain  
in contact with the KOH solution. 

Experimental procedure.--For each series of trials, 
the cell was disassembled and cleaned, and the proper 
counter  and reference electrodes were installed and 
polished with emery paper. Freshly prepared solution 
was introduced into the cell, with care being taken to 
exclude air bubbles. The solution level found to min i -  
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mize apparent  aerat ion at high rotat ion speeds was 
reached when the surface was approximately at the 
same level as the middle sl inger ring, which required 
about 1.6 l i ter  of solution. The polarograms were re-  
corded at various rotat ion speeds, noting the tempera-  
ture  of the solution at each trial. A series of 15 trials 
was found to increase the tempera ture  about I~ 
Typical polarograms for a series of measurements  are 
shown on  Fig. 2. Viscosities of the solutions were de- 
termined for the range of temperatures  encountered 
using a capillary viscometer. Diffusion coefficients were 
measured with the exper imental  electrode system 
operated at low revolut ion speeds using the Levich 
formula (1) for l aminar  flow to a rotat ing disk. For 
slight tempera ture  variations, the Stokes-Einstein 
equat ion D~ = CT, where T is degrees Kelvin  and ~ = 
absolute viscosity, was used. During the run, measure-  
ments  were made at low rotat ion speeds to moni tor  
possible concentrat ion variation, a problem which oc- 
curred in  the ferr icyanide system due to oxygen evolu- 
t ion at the anode. 

Results 
The inflection point on the plateau of a polarogram 

in  Fig. 2 corresponds, in  essence, to the l imit ing cur-  
rent. The shape of the curve thus introduces some un -  
cer ta inty  into the values so obtained. The exper imental  
results are presented on Fig. 3 as a graph of Nu Sc -1/~ 
vs. Reo. The data gathered for Reo < 1.4 • 105, used 
to determine the diffusivity of the reacting species and 
monitor  concentrat ion changes, are not shown on this 
figure. The departure  from the predictions of the 
Levich formula, Eq. [1], are observed to begin at ap- 
proximately  Reo = 2 X 105, in  agreement  with previ-  
ous studies. The approach to the values predicted by 
Eq. [5] is also shown. 
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Fig. 3. Over-all mass transfer rate (NuSc -1 /8 )  vs. Reynolds 
number for laminar, transition, and turbulent regimes. Standard 
deviations for the Schmidt numbers are 31, 41, 26, 38, and 57 for 
runs 1 to 5. Runs 3 and 4 involve deposition of copper; the others 
are reduction of ferricyanide. 
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Fig. 2. Typical polarograms for mass transfer to a rotating disk 

To determine the local mass t ransfer  rate as a func-  
t ion of Reynolds number  from the experimental  data 
and Eq. [1]-[5], one may  use the expression (4, 5) i 

i]oer 1 d - -  
Nuioc -- - -  [Nu Reo 1/2] [6] 

nFDAc 2 d (Reo  i/2) 

Nu Sc-1/SReo I/2 is shown on Fig. 4 as a funct ion of the 
square root of the Reynolds number .  While the scatter 
in the data detracts from the accuracy of the der iva-  
tives determined from the curve fit, the results should 
still be useful in providing an estimate of the local 
t ransfer  rates which lie wi th in  the data scatter. It 
should provide an improvement  over previous work 
(4, 5) in  which the local t ransfer  rate for the laminar  
region was spliced (with considerable discontinuity) 
directly to the local t ransfer  rate predicted from the 
work of Ellison and Cornet, Eq. [2]. 

The local Nusselt number  derived from Eq. [1] (us- 
ing Eq. [6]) is 

NUlam : 0.6205 Rei/2Sc 1/3 [7] 

In a similar  manner ,  Eq. [4] or [5] yields 

Nuturb = 0.01092 Re0.9Sc i/a [8] 

These equations, along with the local Nusselt numbers  
for the t ransi t ion region determined by differentiation 
of the curve fit given in Fig. 4, are given in  Fig. 5. A 
s t raight- l ine fit of the data for the t ransi t ion region 
seems reasonable; the one shown dotted in  Fig. 5 leads 
to a correlation for the local Nusselt n u m b e r  

i This equation may be derived by transforming the variable r 

V: to Re in the integral identity defining the  average current  

density 
ro / i i  

= J .  2 r r~dr  
v o 

and diHerentiating with respect to Reol/~, recalling that r and t 
are both independent  of Reo. 
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Nutrans = 3.4 X 1 0 - 1 4 R e  s [9] 

for Reynolds numbers between 2.0 X 10 ~ and 3.0 X 105 
and is continuous with the laminar and turbulent  Eq. 
[7] and [8] at these values of Re. A rigorous statistical 
curve fit of the data was not attempted, since a pre-  

ferred form for the curve was not determined. While 
this could have been done once the linear approxima-  
tion was adopted for the local transfer rate (Eq. [9]), 
the readily apparent  limits of the transition region 
forced the straight-line fit th rough these points, with 
reasonable agreement  in the intervening region. 

Given these results for the local transfer  rate in the 
three regions, we can reconstruct the over-all  t ransfer  
rate behavior by integrating Eq. [6]. For the laminar 
region, Eq. [1] is unchanged. In the transition region, 
2 • 105 < Reo < 3 X 105 , integration of Eq. [9] leads 
to 

Nu--'transReo 1/~ = 2 Nulamd (Re 1/~) 

F R e o  

4- 2 V~ x 1~ Nutransd(Rel/2) = (0.89 X 105 

4-9.7 X 10-15Reo8'5)Sc 1/3 [10] 

For  the turbulent  region, Reo > 3 X 105 

s  x 10~ 
NuturbReo 1/2 = 2 J 0  NUlarad (Re l/e) 

s  x 10.  

4- 2 ,~ 2 x.v~.-~-i~Nutransd (Re 1/2) 

~v'Reo 
4- 2 J ~ U t u r b d ( R e  1/2) 

= (0.0078Reo T M -  1.30 • 105)Sc I/~ [11] 

when the appropriate expressions are substituted for 
NUlam, Ntrans, and NUturb. 

The over-all  Nusselt numbers  given by Eq. [1], [10], 
and [11] are shown on Fig. 6 as a function of Reynolds 
number. The curve representing the fitted experimental 
data is also shown, along with the modified correlation 
of Daguenet  for the turbulent  region. The graph sup- 
ports the statement by Ellison and Cornet (7) that  for 
Re > 106 only the contribution to the over-all  mass 
transfer due to the turbulent  region is of consequence. 
At Re ---- 106, the difference between the correlation of 
Daguenet, Eq. [5], and the results which include the 
contribution of the laminar  and transition regions, Eq. 
[11], is less than 7%. This is within the range of the 
maximum deviation of the data from the fitting curve. 
The estimated local Nusselt numbers  in the transition 
region differ f rom the experimentally determined val-  
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Fig. 6. 0ver-all moss transfer rate as predicted by correlations 
for the transition and turbulent flow regimes. 
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ues, shown on Fig. 5 by  at most 10% near  Re ---- 3.5 X 
105; the fit is improved for larger  Reynolds numbers.  
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LIST OF SYMBOLS 
concentrat ion difference be tween bulk  and sur-  
face, mole /cm 3 
diffusion coefficient of l imit ing solute, cm2/sec 
Faraday 's  constant, 96,487 C/equiv. 
average current  density, A /cm 2 
number  of electrons t ransferred per ion or 
molecule reacting 
local Nusselt number  
average Nusselt n u m b e r  
distance from axis of rotation, cm 
electrode radius 
Reynolds n u m b e r  
Schmidt n u m b e r  
absolute temperature,  ~ 
viscosity of solution, g/cm-sec 
kinematic viscosity of solution, cm2/sec 
rotat ion speed, s e c  - 1  
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SEM Studies of Discharge Products from 
Alkaline Iron Electrodes 

o~ 
Lars Ojefors 1 

Department o~ Chemical Technology, Royal Institute o~ Technology, S-I00 44 Stockholm 70, Sweden 

ABSTRACT 

Anodic oxidation products in 5N KOH of both p lanar  and porous i ron 
electrodes have been investigated with SEM techniques. On the first d i s c h a r g e  
level well-defined crystallites of Fe(OH)2 are formed, while on continued 
discharge the products become sludge formed, probably consisting of hy-  
drated FeOOH. The morphologies support  the dissolut ion-precipi tat ion mecha-  
nism dur ing  the first discharge step. The second anodic level proceeds probably 
via migrat ion of ions and electrons in the solid phase. The crystalli te size in-  
creases with tempera ture  which depends on that the relative supersaturat ion 
decreases. 

The anodic discharge process of a charged iron elec- 
trode occurs at two distinct voltage levels --0.85 and 
--0.65V vs. Hg/HgO in alkal ine media. The reaction 
mechanisms and the na ture  of the products formed 
dur ing these steps have been investigated by several 
workers (1-19) with various results. 

Foerster (1) found that metallic i ron was converted 
to Fe(OH)2 during the first and to Fe(OH)3 during 
the second discharge level. Faust  (2) was of the 
opinion that at discharge a Fe-H compound was formed 
which dur ing the second step was converted to metallic 
iron. In (3) Foerster and Herold explain the second 
step as main ly  representing the conversion of Fe (OH)2 

1 P r e s e n t  address :  Swedish Nat ional  D e v e l o p m e n t  Company ,  
Fack,  S-103 40 S tockholm 40, S w e d e n .  

Key words :  i ron  anode,  d i scha rge  p roduc t s ,  s c a n n i n g  e l e c t r o n  
microscopy.  

to Fe( I I I )  oxide, which runs paral lel  to the oxidation 
of metallic iron. The l a t t e r  process is supposed to 
depend on uncovering of Fe by a break up of the 
Fe(OH)2 layer. Kabanov and Leikis (4) found from 
theoretical considerations a topochemical reaction to 
be impossible because of the thick oxide layer  pro- 
duced. They proposed a dissolut ion-precipi tat ion proc- 
ess where HFeO2- and FeO2- are in termediate  species 
dur ing the first and second steps, respectively. 

By studying the increase in weight of an iron elec- 
trode during discharge Winkler  found FeO to be the 
product of the first level instead of Fe(OH)2. He also 
found that the length of the first discharge step in -  
creased with cycling at the expense of the second. 
Addit ion of HgO or S 2- to the electrodes had a stabiliz- 
ing effect on the processes. 
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Schwarz and Simon (7) studied the behavior of 
carbonyl  and ingot i ron in 4N KOH at 90~ During 
anodic polarization they found that i ron dissolves into 
FeO22- which due to its low solubil i ty precipitates to a 
layer  of Fe(OH)2. They also determined the cor- 
rosion current  in  this media to 2 �9 10 -6 A/cm2 at 90~ 
which is a low value when compared to self-discharge 
measurements .  

Salkind, Venuto, and Fa lk  (8) studied the discharge 
products for i ron active material  from ESB Incorpo- 
rated and NIFE Jungne r  with x - r ay  diffraction tech- 
niques. The pat terns were obtained by i n  s i t u  mea-  
surements  on electrodes cycled in sealed polyethylene 
bags, as well as with washed and dried active materials.  
From the first plateau only pat terns of Fe(OH)2 and 
~-Fe were observed with the i n  s i t u  technique. On 
cont inuat ion of discharge pat terns of ~-Fe, Fe(OH)2, 
and Fe304 were observed although very weak for the 
lat ter  two products. For  the mater ia l  washed with 
distilled water  and dried, FeaO4 was also found during 
the first discharge step. 

Flerov e t a l .  (9) studied i ron powder electrodes in  
order to determine the reaction mechanism for the sec- 
ond anodic step. They found that temperature  is a very 
impor tant  factor for this discharge level, since this is 
at 20~ of 50% extent  of the first anodic phase, while 
the two potent ial  steps are of similar  extension at 
60~ Changes in electrolyte concentrat ion and addition 
of LiOH had no noticeable effect on the second step. 
The investigators propose that this potential  step oc- 
curs without  in termediate  ionization and the process 
continues into the active particles by migrat ion of 
electrons and ions in  the solid phase. FeOOH is found 
to be the most probable product. A vol tammetr ic  study 
by Flerov and Pavlova (10) shows that the discharge 
reactions go over the dissolved forms of the divalent  
and three-va len t  hydroxides (HFeO2- and FeO2-)  
which are supposed to be responsible for the s low rate 
of the electrochemical processes. This study by Flerov 
consequently contradicts his former study on iron pow- 
der electrodes. 

From potent ia l - t ime studies on p lanar  electrodes at 
constant currents  Sherstobikova et  al. (11) verified 
Flerov's theory that FeOOH was the product of the 
second discharge plateau. The same authors have 
studied (12) the mechanism of so]ution and passivation 
of i ron in  alkali as well as the velocity ratio of these 
two processes by an impedance measurement  method. 
They found that the solution process of the first stage 
is divided into two steps where the first is the t ransi t ion 
Fe --> Fe( I )  with the loss of one electron, which leads 
to the in termediate  complex Fe(OH)~ds. The second 
step is represented by the conversion of Fe(OH)ads to 
HFeO~-, which is rate determining.  Paral lel  to this 
step oxides with valencies exceeding two are formed 
which are supposed to have a passivating effect. 

Silver and Lekas (13) identified the following phases 
in a porous carbonyl i ron electrode at different dis- 
charge states with x - ray  diffraction. At the end of the 
first plateau they found ~-Fe and Fe(OH)2, and at 
the end of the second plateau ~-Fe and FeOOH after 
the first cycle. On subsequent  cycling a gradual  con- 
version to Fe804 was observed at the end of the second 
anodic potential  step. For  an electrode cycled in 30% 
KOH saturated with LiOH only ~-Fe and Fe304 were 
detected at this plateau. These results were confirmed 
by Labat, Jarrousseau, and Laurent  who quant i ta t ively  
studied the discharge products of industr ia l  i ron elec- 
trodes from SAFT with x- ray  diffraction. They found, 
apart  from e-Fe, main ly  Fe(OH)2 formed during the 
first discharge level with some traces of FeOOH at the 
end of it. The discharge products of the second plateau 
after three cycles consisted main ly  of FeOOH with less 
than 5% Fe~O4. 

Armstrong and Baurhoo (15, 16) studied the dis- 
charge and charge reactions of the alkaline iron elec- 
trode by using a r ing-d isk  system in order to get in-  

formation on the soluble intermediates.  The results 
clearly indicate that, above room temperature  and in  
more concentrated KOH solutions, Fe( I I )  species, 
probably HFeO2- or Fe (OH)3- ,  are produced as in ter -  
mediates. At moderate overpotentials, --0.86V vs.  Hg/  
HgO, the intermediate  precipitates to Fe(OH)2 while 
at higher potentials Fe( I I )  is easily oxidized to Fe (III) 
which precipitates to FeOOH or FesO4. 

Chnobloch etaL. (19) studied the different reactions 
of iron powder on a magnetic  electrode by scanning 
it slowly (2 V/rain)  in  the region --1.1 to --0.4V vs.  
Hg/HgO in 6N KOH. In  full agreement  with (14) three 
separate peaks appeared apart  from the one represent-  
ing oxidation of hydrogen produced dur ing the charge 
process. During anodic scan (from --1.1 to --0.4V) the 
peaks were found to represent  the following reactions 

Fe-~ HFe02- -> Fe(OH)2 [i] 

Fe-> HFeO~- -~ FeO2- -~ FesO4 [2] 

Fe (OH) 2 ~ FesO4 [S] 

When scanning the electrode back in the same interval  
identical reactions appear but  na tura l ly  in  opposite 
order and direction. The investigators opinion that 
Fe304 is the product of second discharge level is based 
on (8, 13), and not on the result  of any qual i tat ive 
analysis. 

The behavior of i ron in  LiOH solutions has been 
studied by (16, 17) and seems not to differ considerably 
from that  in KOH. The react ion products from the 
second anodic potential  level were found to be Fe203 
or Fe (OH) s. 

The present  study has been under taken  to define the 
discharge products for both p lanar  and porous i ron 
electrodes wi th  scanning electron microscope (SEM) 
technique. This method is also of interest  to study 
the decrease in porosity dur ing discharge which de- 
pends on the high volume of the oxidation products. 

Experimental 
Planar  and porous iron electrodes were discharged 

galvanostatically in 5N KOH solution at room tem-  
perature  and at 50~ The morphology of the discharge 
products were examined with scanning electron micro- 
scope (JSM-U2, JEOLCO, Japan) .  The basic concept 
of the test cell and other equipment  used is presented 
in  (20) where also the manufac tur ing  process of the 
porous electrodes is described. 

For the p lanar  electrode, a piece (10 • 10 • 3 mm) 
of highly pure electrolytic iron was used on which all 
sides but  one was covered with polymer material.  The 
open face (10 • 10 mm) was before inser ta t ion in the 
cell mechanical ly polished with silicon carbide paper, 
then with powder of the same material.  After  as- 
sembling the cell it was deaerated with nitrogen. A 
constant current  (1 m A / c m  2 calculated on the geo- 
metrical area) was applied and the electrode cycled 
twice down to --0.5V vs. Hg/HgO. Thereaf ter  the elec- 
trode was discharged down to the potential  to be 
studied with the same current  density. It is notable 
that capacity increased dur ing  these three cycles. 

The porous electrodes studied were 1.2 mm thick, 
9.5 mm in diameter, and weighing 0.2g. Average pore 
diameter  was 7 ~m and Hg-porosimetry curve is given 
in Fig. 1. No nets were incorporated in order to in -  
crease mechanical  stability. After  assembling and de- 
aerating the cell, the electrode was cycled twice with 
20 mA. 

After galvanostatic discharge down to the potential  
level to be studied, the electrodes were immediate ly  
taken out of the cell, washed with distilled water, and 
dried under  ni t rogen atmosphere. The top surface of 
the planar  electrode and the interior  of the porous 
plaques after breaking them along their diameters 
were studied. No gold or other current-conduct ing ma-  
terial was vaporized on the specimen. 
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Fig. !. Hg-porosimetry curve of the electrodes tested 

Results 
Figure  2 shows the var ia t ion  in  po ten t ia l  at  room 

t empera tu r e  for  the  p l ana r  electrod.e and also the  po-  
ten t ia l  levels  for  Fig. 3.1 and 3.2. At  the  end of first 
p l a t eau  the Fe (OH)2  crys ta l l i tes  appear  dis t inct ly.  On 
cont inuat ion of d ischarge  (Fig. 3.2) the  s t ruc ture  be -  
comes covered wi th  a gelat inous precipi ta t ion,  p rob -  
ab ly  hyd ra t ed  FeOOH, which  can be wr i t t en  Fe2Os �9 
nH20, in accordance wi th  Table  I which gives c rys ta l  
s t ruc tures  of possible oxida t ion  products .  The dis t inct  
morphologica l  fea tures  of the  first anodic step, toge ther  
wi th  the observed looseness of the  crystaUites on the 
surface, give suppor t  to the  d isso lu t ion-prec ip i ta t ion  
mechanism dur ing  discharge.  

F igure  5 shows a mic rograph  of a porous i ron  elec-  
t rode  before  any e lect rochemical  t r ea tmen t  and in 
Fig. 6 and 7 the same s t ruc ture  in discharged state. A 
s imi la r  pa t t e rn  to the  p l ana r  e lectrodes is shown for 
bo th  levels.  The micrographs  show that  nucleat ion and 
g rowth  of Fe (OH)2 p lay  the  dominan t  role  at  the  ear ly  
pa r t  of the first discharge step. During the la te r  pa r t  
crys ta l  g rowth  predominates  wi th  a possible secondary  
growth  due to dissolution of smal le r  crys ta l l i tes  and  
increase  of l a rge r  ones. Also these facts  suppor t  the  
prec ip i ta t ion-d isso lu t ion  mechanism.  

On cont inuat ion of discharge the  same s ludge- fo rmed  
prec ip i ta t ion  as on p lana r  electrodes appears.  The form 
of the oxidat ion  products  indicates  that  this process 
goes over  migra t ion  of ions and electrons in the solid 
phase. No opening up process can be noted when  
compar ing  Fig. 6.2 and 6.3. This means, tha t  the  vo lume 
densi ty  of the oxidat ion  products  of both  levels  mus t  
be of the same magni tude  and that  hydra t ed  FeOOH is 
the  product  of the second anodic step. 

1.o 

o.s. 

Potential 
v.s. Hg/HgO 
iv] 

Rg. 3.1 

~ . ,  Fig. 3.2 

Time 
[Minutes1 

io 20 30 ~o 50 

Fig. 2. Potential of planar electrodes during discharge (1 mA/ 
cm 2, 25~ 

Fig. 3. Micrographs of planar electrode at two different discharge 
states. 

The micrographs  shown in Fig. 7.1 to 7.4, f rom 50~ 
show crys ta l l i te  size 2-3 t imes l a rge r  compared  to room 
tempera ture ,  even at beginning of discharge.  The nu-  
cleat ion process seems not that  impor t an t  a t  this  t em-  
pe ra tu re  level  and cur ren t  density.  This depends  on 
tha t  the  re la t ive  supersa tu ra t ion  is lower  since the  
solubi l i ty  of the  in t e rmed ia te  HFeO2-  increases w i th  

Table I. Crystal structures of possible oxidation products of 
iron (23) 

Crystal Density 
Name Formula structure (kg/ l i ter)  

Iron (II) hydroxide Fe (OH)_o Hexagonal 3.4 
Iron(III) oxyhydrate Fe20~ �9 nH~O Gelatinous 2.44-3.60 
Iron oxide Fe304 Cubic 5.13 
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Fig. 4. Potential of porous iron electrodes during discharge at 
different temperatures (100 mA/g active material). 

t empera tu re  (21, 22). Also the  diffusion ra te  increases 
na tu ra l ly  wi th  t empera ture .  When  increasing the  cur -  
ren t  densi ty  the morpho logy  of the products  become 
s imi lar  to those of lower  t empera ture .  At  cont inuat ion 
of discharge at  50~ the same s ludge- fo rmed  prec ip i -  
ta t ion appears  as in Fig. 3 and 5. Toward  the end of 
the  second anodic p la teau  smal l  crysta l l i tes  of p r o b -  Fig. 5. Micrograph of porous iron electrode before discharge 

Fig. 6. Micrographs of porous iron electrode at different discharge stages (25~ 
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Fig. 7. Micrographs of porous iron electrode at different discharge stages (50~ 

ably Fe304 appear, the formation of which is favored 
by higher temperatures  in  accordance with the 
Schikorr  reaction. 

Discussion 
The results obtained support  the dissolut ion-pre-  

cipitation theory presented by Flerov and Pavlova 
(10), which also has been suggested by Armstrong and 
Baurhoo (16, 17) from experimental  data obtained with 
r ing-disk  technique. The products found on second 
discharge level are in full accordance with the results 
of (13) and (14) where FeOOH was found dur ing the 
first cycles. 

It is quite evident that a possible change in  com- 
position of the discharge products may occur during 
the washing procedure. This treatment is however 
more lenient to the products than the cleaning and 
milling procedure preceding most x-ray studies here 
discussed. 

Manuscript  submit ted Jan. 28, 1976; revised ma nu-  
script received May 11, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 
JOURNAL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 

Publication costs o5 this article were assisted by the 
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Aluminum Perchlorate in Aluminum-MnO  
Dry Cells 

Brooke Schumm, Jr.* 

Union Carbide Corporation, Battery Products Division, Cleveland, Ohio 44101 

Aluminum appears to be an a t t ract ive substi tute f o r  
zinc in dry cells. It is h igher  than zinc in the electro-  
mot ive  series, h igher  in coulombic yield per  uni t  
weight, is more abundant  in nature, and inexpensive  
(see Table I). As a possible anode material ,  however,  
it does not behave as well  as zinc (1). In neutra l  pH 
solutions passive surface oxide layers tend to form 
creating an ineffective electrode surface. In common 
acid or alkal ine salt solutions a luminum is an active 
anode (2-4), but when not on load corrodes rapidly  
with evolut ion of hydrogen. These difficulties must be 
overcome for a luminum to be commercial ly  useful in 
dry cells. 

The success of aqueous perchlorate  electrolyte  in 
magnesium or zinc cells (5, 6) suggests that similar  
opportunities exist in other metal  anode-manganese  di- 
oxide systems. Aluminum perchlorate  was studied to 
find if alone in aqueous solution or in combinat ion 
with  other agents in a luminum-manganese  dioxide 
"dry" cells it would allow the following character-  
istics: (i) a balance be tween anode act ivi ty  and passiv- 
i ty during cell storage, (it) low internal  cell re -  
sistance, and (iii) adequate  chemical  act ivi ty  and ion 
diffusion in the electrolyte  during discharge. 

Observation of the corrosion rate and manner  of 
corrosion attack of a luminum perchlora te  solutions on 
a luminum metal  could be expected to guide the choice 
of concentrat ion of salt and any addition agents which 
would be needed. For  the bes t -e lec t rochemica l  per -  
formance, the anode surface should be corroding very  
slowly without  the format ion of pits in the anode 
metal  (7). This state allows cell current  generat ion 
on demand without  undesirable wait ing periods for 
electrodes to reach full  activity. Exper ience  with cor- 
rosion rates in commercial  Leclanch6 cells indicates 
that  up to 0.05 mg/cm2/day  of a luminum could be lost 
in storage and be acceptable. Usual ly  a small  amount  
of inhibitors and careful ly  chosen salt concentrations 
give the necessary balance of anode act ivi ty and cor- 
rosion resistance (8, 9). 

For  the cathode mix, the proper  percentages of con- 
duct ive phase (usually carbon) manganese dioxide and 
of salt and solution are necessary to have low internal  
cell resistance. The choice of separator mater ia l  is also 
important.  The optimized combination of materials  

* Electrochemical Soc ie ty  A c t i v e  Me m b e r .  
Key words:  a l u m i n u m  dry cel l ,  m a n g a n e s e  d ioxide  cel l ,  a lumi-  

n u m  anode, aluminum perchlorate, e lec tro ly te .  

Table I. Anode potential, capacity, and price of some common 
metals 

T h e o r e t i c a l  Capaci ty  Pr ice  
Metal potential (A-hr/g) (cents/lb) 

M a g n e s i u m  - 2.34 2.20 92 
A l u m i n u m  -- 1.67 2.98 41 
Zinc -- 0.76 0.82 38 
( H y d r o g e n )  (0.00) (26.6) - -  

also allows the necessary chemical  act ivi ty  and diffu- 
sion in the electrolyte  during discharge. Often less than 
opt imum composition for one aspect is more than  com- 
pensated by improvement  in other  factors. 

If  the a luminum alloy (10-13), separator, and cath-  
ode mix ture  combination is found which wil l  fulfill the 
stated objectives, then per formance  matching that  of 
other  commercial  dry cells should be achieved. 

Experimental 
The solution pH was expected to have a major  effect 

since a luminum corrodes rapidly in ex t remely  acid 
solutions which are typical of a luminum salts such as 
a luminum chloride. The results of measurement  of the 
pH of a luminum perchlorate  solutions are given in 
Table II. 

A luminum coupons prepared from commercia l ly  
(99.5%) pure a luminum were  cut, 2.54 • 10.16 cm, 
and immersed 2.54 cm into the test solution. Since the 
pH is so low at even small salt concentrations and the 
observed corrosion rates so high (Table I I I ) ,  the effect 
of the addition of small  amounts of sodium hydroxide 
on the pH of the solutions was studied, The corrosion 
rate tests were  repeated for solutions which might  be 
sufficiently buffered to be less corrosive yet  low enough 
in pH to be an active electrolyte. In the encouraging 

Table II. pH of aluminum percblorate solutions 

Concentrat ion  of  
a l u m i n u m  perch lorate  

( g / l i t e r )  p H o f  so lut ion 

32 1.2 
300 --0.42 
600 - 1.27 
900 -- 1.75 

1200 - 2 . 3 2  
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Table Ill. Corrosion weight loss of aluminum coupons in buffered 
and unbuffered aluminum perchlorate solutions, mg/cm2/day 

(pH of solutions in parentheses) 

Metal Cap 
, /  

Sodium Aluminum perchlorate (g/ l i ter)  
hydroxide 

( g / l i t e r )  366 759 937 1200 

0 

6 

34 

40 

70 

0.103 
(0 --  0.2) 

0.240 0.043 3.84 
( - 1 . 5 )  ( - 1 . 8 )  ( - 2 . 3 2 )  

0.043 
(0,+0.2) 

0225 
(0 ± 0.2) 

0.032 
(0.13) 

results three of the values observed of corrosion loss 
(in Table I lI)  were bet ter  than  the max imum ac- 
ceptable rate of 0.05 mg/cm2/day.  In  a near ly  sealed 
cell the corrosion could be expected to be even lower. 

Cell Assembly 
A l u m i n u m  perchlorate and sodium hydroxide con- 

centrat ions were chosen for cell cathode mix from the 
lower ranges of the region which showed acceptable 
rates of at tack on a luminum.  This was to allow for 
the addition of a luminum and hydroxyl  ions to the 
solution of the cells dur ing discharge which would 
move the anolyte composition to the higher buffered 
a luminum concentrations of Table III. The chosen elec- 
t rolyte  mixture  (Table IV) was added to a dry blend of 
seven parts of na tu ra l  African manganese  dioxide 
(79% MnO2) and one par t  acetylene black. 60g of this 
cathode mix were packed into D-size a luminum (0.6% 
zinc) alloy cans (12) with an alpha-cellulose uncoated 
paper  l iner  and a Kraft  bottom cup. The usual  porous, 
wet-proofed carbon electrode was dr iven  into the mix 
as a collector. The cell was sealed with a poured as- 
phal t  layer  on a cardboard washer as shown in Fig. 1. 

Cell Test Results 
Initial cell properties and Sresh tests .--The cells ex-  

hibited an open-circui t  voltage of 1.52-1.55V and a 
short-circuit  cur rent  of 3-4A which the cells could 
support  for several minutes.  On 21/4~ continuous drain  
three cells averaged an excellent voltage vs. t ime dis- 
charge for a paper- l ined  cell (Fig. 2). Similarly,  a t t rac-  
tive performance was found on 21/4a LIF test (4 m i n /  
hr, 8 h r /day)  both on cells tested after 1 month  of 
aging at room tempera ture  and on other cells tested 
after an addit ional month  at 45°C (Fig. 3). Cell to cell 
var ia t ion was high, however, and discharge voltage 
readings less predictable after the elevated tempera-  
ture  storage. 

The cells had a slight start ing delay, as magnes ium 
cells do (5), but  the shape of the ini t ia l  voltage curve 
was interest ing (Fig. 4). The sample voltage delay 
shown occurred at the start  of the sixth 4 min  test 
cycle on the second day (fourteenth cycle after 52 rain 
on load).  Note that the voltage never  went  more than 
0.30V below the final closed-circuit  value and re-  
covered to within 0.05V of the final value in 0.45 sec. 
A magnes ium cell often would drop much far ther  
below the final loaded voltage level. 

Cell e]~ciency and effects on continuous load.--The 
cells achieved an average anode efficiency of 70% and 
a cathode efficiency of 40% to 0.65V on 21/4~ continous 
drain. The rest of the anode consumption represented 
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Fig. 2. Aluminum cells with perchlorate electrolyte on 2 1/4~ 
continuous test. 

Table IV. Cathode mix composition 

A f r i c a n  m a n g a n e s e  d iox ide  47% 
(79% MnO2) 

A c e t y l e n e  b l a c k  6,7% 
A l u m i n u m  p e r c h l o r a t e  16.6% (478 g / l i t e r )  
S o d i u m  h y d r o x i d e  1.1% (32 g / l i t e r )  
W a t e r  28.7% 
p H  m i x t u r e  = 3.0 

Fig. 3. Aluminum cells with perchlorote electrolyte on 2 1/442 
LIF test. 
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Fig. 4. Starting delay on 2 1/4s LIF test, 14th cycle 

corrosion loss accompanied by generat ion of substantial  
amounts of hydrogen gas. This gas forced open the seals 
and contributed to the advent  of cell leakage shortly 
after  the end of useful cell life. 

Cell leakage.--These a luminum cells exhibited elec- 
trolyte movement  similar to that seen in paper sepa- 
rator Leclanch~ cells. Electrolyte movement  on heavy 
loads such as 21/4~ continuous associated with h:~drogen 
generat ion makes containment  of the electrolyte very 
difficult. Special constructions and gas-vent ing mecha-  
nisms would be necessary to achieve reasonable cell 
leakage resistance. 

Discussion of Results 
The open-circuit  and init ial  closed-circuit voltage of 

these a luminum-perch lora te  electrolyte-manganese 
dioxide cells was much lower than  expected consider- 
ing the place of a luminum in the electromotive series. 
A cell could have shown as high as 2.59V (open circuit) 
if the theoretical half-cell  voltage of a luminum were 
exhibited when the manganese dioxide contributes ap-  
proximately  0.92V (vs. hydrogen) as in  a Leclanch~ 
cell. The actual half-cell  manganese dioxide contr ibu-  
t ion is more near ly  1.03V (14) considering the electro- 
lyte  pH. Thus the a luminum is not operating at full 
theoretical voltage. A complete s tudy and discussion of 
this phenomenon is beyond the scope of this paper. 

If the cell electrolyte pH rises on discharge as ob- 
served in Leclanch~ cells, hydrated a luminum hy-  
droxide will precipitate (15). This rapid removal  of 
water  from the system by the precipitat ion of hydrated 
a luminum hydroxide should eventual ly  severely l imit  
necessary diffusion in  the cathode because of loss of the 
ion carrier medium. Nonetheless the performance on 
heavy service tests was good when compared to com- 
mercial Leclanch~ cells with similar na tura l  manganese  
dioxide. 

Of par t icular  interest  was the surpris ingly good 
service maintenance  after 1 month  at 45~ even though 
no strong inhibitors were included in the cell chemi- 
cals. With the small ini t ial  delay it can be concluded 
that the desirable balance between a tendency for the 
a luminum anode to corrode and to passivate on-shelf  
had been achieved. The i r regular  form of the curve, 
however, indicates probable anode surface change from 
part ial ly passivated (due to oxide film and possibly 
being too dry) to moist with the oxide film dissolved 
dur ing discharge. 

The cell ini t ial  in terna l  resistance was rather  high. 
At the same manganese ore to carbon ratio a Le- 
clanch6 D cell would exhibit  7-10A short-circuit  cur-  
rent  as compared to the 3-4A found with these a lumi-  
num cells. Although short-circuit  current  is only an 
approximate measure, the in terna l  resistance of the 
experimental  cells is thus at least twice that of similar 
Leclanch~ cells. 

With such a high in ternal  resistance the encouraging 
performance on heavy drains indicates that  the con- 
centrat ion polarization and activation polarization of 
the A l - a l umi num perchlorate-MnO2 cell must  be low. 
These lat ter  factors are evidently sufficient to over-  
ride the resistance losses and water  consumption and 
allow adequate cell service. 

Other systems such as in magnes ium-manganese  di- 
oxide cells and zinc-manganese dioxide cells with zinc 
chloride electrolyte usual ly show little or no electrolyte 
movement  on abusive discharge. The different action 
here observed probably is caused by precipitat ion of 
a luminum hydroxide which interferes with the diffu- 
sion of ions near  the separator. Ion concentrat ion im-  
balances then build up in  the a luminum cell. Water  
moves in the cell to br ing about concentration equi-  
l ib r ium causing the appearance of exudate and cell 
leakage next  to the a luminum anode. This action is 
aggravated by the pumping action of the hydrogen 
gas released during rapid discharge. 

Conclusions 
Attractive service performance can be obtained from 

a luminum manganese dioxide cells with an aqueous 
a luminum perchlorate electrolyte. Corrosion resistance 
of a luminum has been good in  the presence of a cell 
electrolyte buffered to a pH of 0-4 with sodium hy-  
droxide. In terna l  resistance of such cells is higher 
than that of Leclanch~ cells, but  the low concentrat ion 
polarization and activation polarization in the over-al l  
system appear to compensate for the in ternal  resistance 
losses. The amount  of gaseous corrosion by-product  
observed on discharge combined with undesirable  elec- 
trolyte movements  makes the cells difficult to seal and 
be s imultaneously safe against leakage or swelling. 

Manuscript  submit ted Feb. 9, 1976; revised manu-  
script received June  1, 1976. This was Paper  50 
presented at the Dallas, Texas, Meeting of the Society, 
Oct. 5-9, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 
JOURI~AL. All discussions for the June  1977 Discussion 
Section should be submit ted by Feb. 1, 1977. 
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Effect of Surface Dissolution on 
Plastic Deformation of iron and Steel 

Herbert H. Uhl ig*  

Woods Ho~e Oceanographic Institution, Woods Hole, Massachusetts 02543 

The slow plastic deformation of a metal  subject  to an 
applied stress, usual ly at a value below the elastic 
limit, is called creep. Our previous results on the mech-  
anism of corrosion fat igue (1, 2) suggested that  a 
meta l  deforms plast ically much more  readi ly  when  it is 
act ively corroding. According to this v iewpoint  a cor- 
roding meta l  should also exhibi t  accelerated creep. 
This expectat ion was confirmed for brass and for pure  
copper by Revie  and Uhlig (3, 4). The effect was large: 
A corrosion ra te  for 0.027 cm diam Cu wire c o r r e -  
sponding to 0.9 m A / c m  2 accounted for a 600% increase 
in extension over its corresponding extension in air, 
independent  of any thinning caused by the corrosion 
process. A characterist ic delay in change of creep rate  
was observed on ei ther  start ing or stopping corrosion. 
Reversed polar i ty  (cathodic protection) had li t t le or 
no effect on the creep rate  of fine grained copper, but  
did accelerate creep of large grained copper. It was 
proposed that  the lat ter  effect was caused by reduct ion 
of surface energy and consequent ease of slip step 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  corrosion,  creep,  anodic  polarization.  
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formation occurring in the large outer  grains that  in-  
fluence the creep rate. On the other hand, it was sug- 
gested that  anodic dissolution generates surface di- 
vacancies which readily diffuse into the metal, whe ther  
small  or large grained, to interact  wi th  p i led-up dis- 
locations below the surface causing dislocation climb 
followed by increased plastic deformation. Accordingly 
the t ime for divacancies to reach the dislocation arrays 
is equated to the observed delay in creep response wi th  
change in corrosion rate. The effect of corrosion to 
s imilar ly accelerate plastic deformation of iron and 
steel is present ly  reported. 

Off 

Experimental 

Experiments  were  carried out on cold-rol led Armco 
iron strip, 1.6 mm wide, 0.065 mm thick, and on high 
s t rength 0.77% C steel wire 0.71 mm (28 mils) diam. 
The lat ter  was supplied courtesy of The Uni ted States 
Steel Corporation and was used in the hea t - t rea ted  and 
co ld-drawn state as received. For  some tests, the cold- 
rolled strip was annealed in a N2 atmosphere;  this was 
accomplished by passing an electric current  through 
the strip to red heat and gradual ly  reducing the cur-  
rent  over a period of 1/2 min. Stress was applied by 
weight ing a pan attached by a lever  arm to the chuck 
holding the wire  or strip. Displacement  of the lever  
a rm was measured by a Sanborn DC LVDT transducer  
connected to a chart recorder.  Linear  sensit ivi ty of the 
t ransducer  as measured at the chuck holding the i ron 
specimen was 1.42 X 10 -4 cm/mV.  A glass cylinder 
31/2 cm diam fitted with a cylindrical  Pt  electrode 
surrounded the lower portion of the test specimen. The 
specimen made a wate r - t igh t  seal when pressed be- 
tween a Teflon insert  in a rubber  stopper at the bot tom 
opening of the glass cylinder (Fig. 1). The electrolyte  
was ei ther 3% NaCl or 3% NaC1 4- 3% Na acetate so- 
lution. 
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Fig. 2. Effect of anodic dlssol-- 
tion and cathodic protection on 
creep extension of cold-rolled 
Armco iron strip in 3% NoCI, 
3% Na acetate solution, 55.5 
kg/mm 2 (79,000 psi), room temp. 
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The effect of applied anedic polarization current  
densities, on creep extension of the cold-rol led Armco 
iron strip is i l lustrated in Fig. 2. This is measured in 
correspondence to a var ie ty  of controlled corrosion 
rates. The indicated points are a rb i t ra ry  references 
taken direct ly from the continuous chart  record. It is 
observed that  accelerated creep or extension of the 
strip increases wi th  current  density, and that  reversed 
polar i ty  (cathodic protection) in common with  no cur-  
rent  at all  has no effect. Since the iron strip (as wel l  
as the steel wire)  is fine grained, no effect of cathodic 
protect ion is expected. Accelerated creep also occurs 
when corrosion is caused by a corrosive solution, such 
as FeCla + HCl, in absence of anodic polarization. On 
the other hand, anodic polarization of the strip in di- 
lute Na2S04 solution to within the passive region fails 
to accelerate creep because the anodic corrosion rate is 
negligible. In contrast to the effects for copper, the 
response of the cold-rolled strip to changes in corrosion 
rate show no appreciable delay time. The annealed 
strip, as described later, behaves differently. 

Taking slopes of extension vs. time for a given ap- 
plied anodic current density, the effect of current den- 
sity on creep rate is shown in Fig. 3. These results, as 
well as those presented later, are for short-time tests 
in the order of 3-10 min at each current density. The 
increase in creep rate at I0 mA/cm 2, corresponding to 
a corrosion rate of 25,000 mg/dm2/day, over that in air 
is approximately 650%. Thinning of the strip by corro- 
sion is not a factor, as is shown by the low observed 
creep rate at zero current measured at the termination 
of all the runs. Calculation applying Faraday's law 
confirms that the total corrosion during any series of 
tests does not significantly reduce cross-sectional area 
of the strip. 

The effect of applied stress on the creep rate of cold- 
drawn Armco iron strip at various current densities 
is shown in Fig. 4. The usual semilogarithmic relation 
between stress and creep rate holds at each current 
density. This relation does not hold at low applied 
stresses in view of extrapolated positive creep rates 
at zero stress. Data of Fig. 3 and 4 are consistent 
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within the present ly  observed exper imenta l  variat ions 
of creep rate for different strip specimens. 

The effect of anneahng the strop is shown in Fig. 5. 
The creep rate at a given applied stress is much larger  
than for cold-rol led mater ia l  (Fig. 2) and anodic cor- 
rosion again exerts a large accelerat ing effect. The ac- 
celerat ing effect at low current  densities, or low corro- 
sion rates, is more  pronounced at an applied stress of 
11.7 k g / m m  2 (16,600 psi) compared to 10.3 k g / m m  2 
(14,700 psi). Another  characterist ic is a longer  t ime re-  
quired to achieve a l inear  extension vs. t ime compared 
to that for cold-rolled strip, and also a longer time to 
regain the normal creep rate upon shutting off the cur- 
rent or reversing polarity. 

The effect of anodie current density on the creep rate 
of high strength carbon steel wire is shown in Fig. 6. 
The creep rate at a given applied stress is considerably 
less than for the cold-rolled strip but the percentage 
acceleration induced by a given corrosion rate is com- 
parable. Again, there is no effect on creep for reversed 
polarity corresponding to cathcdic protection of the 
wire. The shape of the creep vs. current density for 
this high strength differs from that for the lower 
strength wires, but the reasons are unknown. 

As previously suggested for copper (4), the cause of 
accelerated creep is plausibly related to the formation 
of divacancies generated by the corrosion reaction. The 
divacancies, in turn, diffuse into the metal at room 
temperature across grain boundaries to interact with 
dislocations piled up below the metal surface. The 
diminished delay time or its absence for cold-rolled 
strip and high strength wire indicates that either 
piled-up dislocations are located nearer the surface 
compared to the situation for copper, or that divacan- 
cies diffuse at a higher rate in the present ferrous ma- 
terials. Similar to copper, there is no evidence that a 
hard debris layer forms at the surface of a plastically 
deformed iron, the dissolution of which supposedly ac- 
counts for increased creep. This was demonstrated by 
corroding a previously loaded cold-rolled strip for sev- 
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eral  minutes  at zero stress, then apply ing  the normal  
stress at zero current  and noting no change of creep 
rate.  Had  the debr is  l ayer  been present ,  an increased 
creep ra te  would be expected.  F u r t h e r  a rguments  on 
this ma t t e r  by  K r a m e r  (5) and by  Revie and Uhlig (6) 
have  been publ ished.  

The effect of corrosion on creep accelerat ion p roba -  
b ly  applies genera l ly  to all  metals,  not only to copper  
and iron. Th~s is in view of the fact  tha t  corrosion usu-  
a l ly  reduces observed fa t igue l ife of metals.  

However ,  the effect of corrosion on creep accelera-  
tion, un l ike  its effect on fatigue,  is l imi ted  to shapes 
corresponding to a large  surface to volume ratio, i.e., 
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Fig. 6. Effect of anodic current density on creep rate of high 
strength 0.77%C steel wire, 0.71 mm diam, in 3% NaCI, 3% Na 
acetQte solution, roam temp. 

wire  or strip.  The la rge  effect of the  presen t  high 
s t reng th  steel  wire  (0.71 m m  in d iameter )  on creep 
br ings  current  observat ions  into the  area  of re levancy  
since many  presen t  prac t ica l  appl icat ions  for wire  in-  
clude this d iameter .  These results  also lend  addi t ional  
suppor t  to the previous ly  proposed mechanism of cor-  
rosion fa t igue  based on the effect of corrosion to ac-  
ce lerate  plast ic  deformat ion  of s tressed metals.  

Conclusions 
1. Creep of s t ressed Armco iron s t r ip  or high 

s t reng th  0.77%C steel  wire  is apprec iab ly  acce lera ted  
by  surface dissolution, independent  of any thinning 
caused by  the corrosion process. 

2. The resul ts  lend addi t ional  suppor t  to the p rev i -  
ously proposed mechanism of corrosion fat igue based 
on the effect of corrosion to accelerate  plas t ic  de fo rma-  
t ion of stressed metals .  

Manuscr ip t  submi t ted  March 11, 1976; rev ised  m a n u -  
script  received June  7, 1976. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1977 JOTJ~NAL. 
Al l  discussions for the  June  1977 Discussion Section 
should be submi t ted  by  Feb. 1, 1977. 
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Holographic Study of Electropolishing 
R. J. Schaefer and J. A. Blodgett  

Naval Research Laboratory, Washington, D.C. 20375 

Electropolishing can produce bright, specular sur- 
faces on metals, but these surfaces often have poor 
flatness because the local rate of dissolution of the 
metal is influenced by convection or other inhomogen- 
eous processes. Although these effects can often be mit- 
igated, for example by careful selection of an electro- 
lyte or by controlled flow patterns, they usually can- 
not be entirely eliminated, especially if the object be- 

Key words: interferometry, convection, copper .  

ing pol ished is la rge  or complex in shape. Therefore  it 
is impor t an t  to under s t and  the effects which lead  to lo-  
cal ly  inhomogeneous rates  of dissolution. 

We have previous ly  repor ted  on the use of holog-  
r aphy  to s tudy crysta l  g rowth  of t r anspa ren t  mater ia ls ,  
using t ransmi t t ed  l ight  (1, 2). We descr ibe here  a ho-  
lographic  s tudy of the e lectropol ishing of copper, using 
l ight  reflected f rom the surface of copper specimens. 
Double -exposure  and r ea l - t ime  ho lography  (3) have  
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enabled us to measure interferometr ical ly the deve]op- 
ment  of convection-related inhomogeneities in the pol- 
ishing rate. 

E x p e r i m e n t a l  
Flat copper specimens were i l luminated at normal  

incidence by a collimated beam of light from an argon 
or krypton ion laser, The reflected light was directed 
by a beam-splitter to a film or plate which was simul- 
taneously illuminated by a coherent reference beam to 
form the hologram. All components of the apparatus 
were rigidly mounted on a vibration isolation table. 

The electropolishing specimens were prepared as 
strips of annealed copper sheet 1.5 cm wide which were 
first polished mechanically to 3/0 grade polishing pa- 
per and then electropolished to give a uniform bright 
surface. This surface was then masked by a transparent 
insulating lacquer everywhere except for a small 
"window" where the metal was left bare for the subse- 
quent electropolishing experiments. The polishing win- 
dows had several different shapes with typical over-all 
dimensions of 5-I0 ram. The strips were mounted ver- 
tically in a glass polishing chamber with two copper 
cathodes. The electrolyte was 70% H3PO4 and polish- 
ing was carried out at a constant applied voltage of 
1.5V. The current density at the anode polishing win- 
dow reached a steady-state value of approximately 35 
mA/cm 2 within 90 sec of the start of polishing, after 
the decay of an initial transient pulse of about ten 
times the steady-state current density. 

Double-exposure holograms were made by recording 
two exposures in sequence without moving either the 
specimen or the photographic plate. The reconstructed 
double-exposure holograms showed interference 
fringes indicat ing changes in the specimen in the t ime 
interval  between the two exposures. Real- t ime holog- 
raphy was accomplished by recording a single-expo- 
sure hologram of the copper anode in position in the 
polishing cell before the start of polishing. This holo- 
gram was then removed from its holder, processed, and 
replaced exactly in its original position. The vir tual  

image reconstructed by the hologram was thus super-  
imposed on the specimen itself, and changes in the 
specimen, in the form of moving fringes, could be seen 
as they occurred. 

Holographic interferometry was found to work well 
only on specimens which already had smooth, bright 
surfaces; hence the ini t ia l  polishing of the copper strips 
before coating with the insula t ing lacquer. However, 
the quali ty of the ini t ial  surface required was much 
less than the fraction of a wavelength surface which 
would be required if performing the exper iment  by 
means of conventional  interferometry.  An etching or 
microscopic roughening of the specimen surface, in 
either its ini t ial  or final state, caused an unresolvable 
jumble  of contorted fringes which obliterated the 
fringes due to larger scale events. 

The fringes in the reconstructed holograms are due 
to changes in the optical path length of the laser light. 
These changes are caused both by changes in the geo- 
metrical path length, as metal  is removed from the 
copper surface, and by changes in refractive index of 
the electrolyte, as its composition changes dur ing pol- 
ishing. These two effects cannot in general  be sepa- 
rated, except that it can be shown that the electrolyte 
composition eventual ly  reaches a quasi-steady state so 
that fur ther  optical path length changes are due en-  
t irely to increases in the geometrical path length. 

Results 
Figure l ( a )  shows an image reconstructed from a 

double-exposure hologram of an electropolishing spec- 
imen. The first exposure was recorded before the start 
of polishing and the second exposure was recorded af-  
ter 2 rain of polishing. The fringes visible wi th in  the 
square polishing area result  from the combined effects 
of the geometrical path length increase due to metal  
removal, and the refractive index change due to com- 
positional variat ion of the electrolyte. The fringes visi- 
ble in the masked area below the polishing window are 
due entirely to the downward convection of the dense, 

Fig. I. Double-exposure holograms of copper specimen electropolishing in H3P04 solution: (a) exposures at t ~ 0 and t = 2 min, (b) 
exposures at t = 8 min and t ~ 10 rain. 
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copper-rich electrolyte. Figure l ( b )  shows a recon- 
structed double-exposure hologram of the same speci- 
men, the two exposures in this case having been re-  
corded 8 and 10 min  after the start of polishing. No 
fringes are now seen in the masked region below the 
polishing window, indicating that  the downward-  
s t reaming electrolyte has reached a steady-state c.ondi- 
tion. It is reasonable to assume that the electrolyte 
composition in  the region of the polishing window has 
also reached a steady-state condition and that the 
fringes in the polishing region are thus due solely to 
the geometrical path length increase resul t ing from 
metal  removal. The fringes indicate that the metal  re- 
moval rate changes rapidly as the top edge of the pol- 
ishing window is approached. 

Each fr inge in this case corresponds to a change in 
surface elevation of ~./2n, where ~. is the wavelength in 
air (514.5 nm) and n is the refractive index of the elec- 
t rolyte  (1.424). In  this system the fringe interval  is 
thus 0.18 sm. Analysis of the fringes of Fig. l ( b )  indi-  
cates that over most of the specimen area the inhomo- 
geneous par t  of the metal removal rate can be de-  
scribed by the equation 

dh 0.66 
- -  _ - -  0.3 0.2 m m  < z < 5 m m  [ I ]  
dt z T M  

where dh/dt is the rate of metal  removal  in microme- 
ters per l:ninute, and  z is the distance in mil l imeters  
from the top edge of the polishing window. One can of 
course expect this equation to apply only under  the 
specific conditions of electrolyte composition and ap- 
plied voltage that were used in these experiments.  

To determine whether  the fringes near  the top of the 
polishing window represent  increasing or decreasing 
metal  removal rate, a small angular  offset of the beam 
i l luminat ing  the specimen was introduced between the 
two exposures of the hologram. A series of vertical 
fringes was thereby produced in the reconstructed hol- 
ogram, and the direction of fringe displacement corre- 
sponding to increasing path length was known. The 
fringes within the polishing area then showed clearly 
that the polishing rate decreases as one moves down- 
ward from the top of the polishing window. This de- 
crease can be at t r ibuted to the bui ldup of the down- 

Fig. 3. Double-exposure hologram of a copper specimen with ir- 
regularities in the top edge of the polishing window. The fringes 
show the inhomogeneous rate of metal removal under steady-state 
polishing conditions. 

ward-st reaming,  copper-rich laminar  layer  adjacent 
to the metal  surface. 

Confirmation of the in terpre ta t ion of the fringes was 
obtained by electropoishing an ini t ia l ly flat specimen 
for 10 min  and then measuring the depth of metal  re- 
moved from the surface by means of a Dektak profi- 
lometer. Figure 2 shows the specimen profile with the 
much greater depth of metal  removed near the top 
edge of the polishing window. Using Eq. [1] to sub- 
tract out the inhomogeneous part  of the metal removal 
rate from the profile of Fig. 2, we obtain the dotted 
line, cIosely paral le l ing the original specimen surface 
and thus confirming the validity of Eq. [1]. 

The' sensitivity of the local polishing ra te  to the 
proximity of the top edge of the polishing area can be 
dramatical ly  shown by introducing irregulari t ies  in 
the shape of the top edge. Figure 3 shows a specimen 
in which small t r iangular  and rectangular  i r regular i -  

METAL REMOVAL 

I 

APPROXIMATE 

ORIGINAL ~ ~ PROFILOMETER 
SURFACE TRACE 

INHOMOGENEOUS ~ IO -2 ., mm ,. 

I I m m  

Fig. 2. Surface relief of electropolished copper specimen as 
measured by profilometer. The shaded region represents the in- 
homogeneity in metal removal rate associated with the top edge 
of the polishing window, as given by Eq. [1]. 

Fig. 4. Inhomogeneous metal removal rate in the vicinity of a 
small spot of insulating lacquer on the copper surface. 
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ties have thus been introduced. The shape of the irreg- 
ularit ies is fai thful ly reproduced in each of the fringes 
in  this reconstructed double-exposure hologram, in-  
dicating that there is l i t t le lateral  spreading of the 
downward-f lowing electrolyte. 

When a small  spot of insulat ing lacquer is placed in 
the middle of the polishing window (Fig. 4), it is seen 
that  the metal  removal rate is considerably greater im-  
mediately below the spot than  at the sides or top of the 
spot. This exper iment  demonstrates  that  the metal  re-  
moval  rate at a point on the surface is not s imply a 
function of the total amount  of copper per uni t  area in 
the laminar  layer  covering that point, which may be 
expressed as 

I; C(y,z) = c(x,y,z)dx [2] 

where c(x,y,z) is the local concentrat ion of copper, x 
is the distance from the copper surface, a n d ' y  and z 
are the other two Cartesian coordinates. Because of the 
laminar  na ture  of the, surface layer, C(y,z) below the 
insulated spot cannot be significantly less than C(y,z) 
immediate ly  above the spot, yet the metal  removal  
rate is much greater below the spot than above it. We 
can therefore conclude that the metal  removal  rate is 
not a function of C(y,z) but  ra ther  is related to the 
concentrat ion c(x~-O,y,z) directly at the metal  surface, 
which could differ significantly above and below the 
insulated spot. Unfortunately,  while C(y,z) can be 
measured holographically through its influence on the 

optical path length, c(x:O,y,z) cannot be measured 
holographically. 

The double-exposure technique suffers from the dis- 
advantage that it is not possible to measure the abso- 
lute local rates of metal  removal, but  only the inhomo- 
geneities in the rate. An absolute measurement  would 
require an enumerat ion of the order of the individual  
fringes since it is impossible to trace the individual  
fringes across the sharp step at the edges of the pol- 
ishing area. 

With real - t ime holography one can measure the rate 
at which fringes sweep across the surface of the speci- 
men and thereby determine the absolute rate of metal  
removal, once the electrolyte has reached its s teady- 
state composition distribution. One can also observe 
t ransient  phenomena dur ing the init ial  stages of pol- 
ishing. The moving fringes in our real - t ime holograms 
were recorded on motion picture film for later  analysis. 
Real- t ime holography is much more demanding  than 
double-exposure holography with respect to experi-  
mental  requirements  such as vibrat ion isolation and 
equali ty of object and reference path length, and the 
fringes in real - t ime holograms were often faint  and 
difficult to follow. 

The rea l - t ime holograms compare the specimen's 
current  condition to its condition before the start  of 
polishing. Thus, within the polishing area, the change 
in path length is due to both electrolyte composition 
changes and metal removal. The holograms show, how- 
ever, that convection of the electrolyte does not become 

Fig. 5. Real time holography showing: (a) the initial appearance of the specimen with the superimposed holographic reconstruction, (b) 
the appearance during the initial transient period of polishing with current highest at the corners and edges, (c) the appearance after the 
start of convective flow, and, (d) the appearance after polishing is stopped and the copper-enriched electrolyte has been allowed to 
dissipate. 
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Fig. 6. Optical path length increase as a function of time, along 
a vertical line through the center of a I cm square polishing win- 
dow. 

significant unt i l  about 25 sec after the start of polish- 
ing. Therefore we can expect that dur ing the first 25 
sec the electrolyte composition change at any point  is 
proport ional  to the metal  removed from the surface at 
that  point, and the increase in optical path length at 
that point  is thus related in a l inear  manne r  to the 
amount  of metal  removed. 

The rea l - t ime holograms in Fig. 5 show that ini t ial ly 
the rate of removal  is highest at the edges and corners 
d the polishing window [Fig. 5(b) ], i.e., in those areas 
where the current  would be largest if the current  is 
l imited by the ohmic resistance of the electrolyte. As 
the electrolyte composition at the interface changes, 
however, the flow of current  is retarded locally, thus 
tending to make the current  dis t r ibut ion more uniform. 
Later, as convection sweeps the copper-r ich electrolyte 
downward,  the current  density and metal  removal  rate 
are highest near  the top edge of the polishing area, 
where fresh electrolyte is sweeping in [Fig. 5 (c) ]. 

The inhomogeneities in the total amount  of metal  re- 
moved during an electropolishing exper iment  were re- 
vealed by observing the specimen a few minutes  after 
the applied voltage had been removed. This t ime in ter -  
val allowed dissipation of the inhomogeneous boundary  
layer and the fringes then revealed the shape of the 
metal  surface [Fig. 5 (d) ]. 

Figure 6 shows the increase in  optical path length, 
as a function of time, along a vertical l ine through the 
center of a 1 cm square polishing area. Initially, metal  
removal is fastest at the top and bottom edges. After 
convection starts, copper-rich electrolyte spills over 

the bottom edge of the polishing area, and the optical 
path length wi thin  the polishing area can no longer be 
interpreted as the sum of two terms which are directly 
proport ional  to one another. 

During the first few seconds of electropolishing, the 
polishing rate showed a small sensit ivi ty to crystal-  
lographic orientation, and the corresponding offset of 
the fringe pa t te rn  produced optical contrast, render ing  
the grain s tructure of the copper visible. The difference 
in the amount  of metal  removed from adjacent grains 
corresponded to no more than  about one-half  of a 
fr inge (roughly 0.1 #m),  and at later times the contrast  
between grains disappeared, indicat ing that  the effects 
of the nonuni form removal rate had been eliminated. 

Summary 
Holographic interferometry can be used to observe 

changes occurring at a metal  surface dur ing  electro- 
polishing. When it can be demonstrated that the re- 
fractive index of the electrolyte is in a s teady-state  
condition, variations in the local rate of metal  removal  
can be measured. 

During the electropolishing of small  vertical areas of 
copper in  a quiescent phosphoric acid electrolyte, the 
current  is ini t ia l ly greatest near  the edges and corners 
of the polishing area. Later, the layer of copper-rich 
electrolyte accumulat ing adjacent to the metal  surface 
flows downward in a laminar  manner ,  and the local 
metal  removal rate is greatest near  the top edge, where 
the copper-rich layer is thinnest.  Irregulari t ies in the 
upper  perimeter  of the polishing area result  in  grooves 
or ridges in the metal  surface, extending downward 
from the irregularities. 
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A Multilayer Iron-Thionine Photogalvanic Cell 
D. E. Hall  and J. A. Eckert 
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and N. N. I.ichtin and P. D. Wildes 

Department of Chemistry, Boston University, Boston, Massachusetts 02215 

Recent interest  in the conversion of solar energy di-  
rectly to electricity has resulted in several publications 
concerning the i ron- th ionine  photogalvanic system 
(1-5). This communicat ion reports our most recent 
progress in  this area. A novel photogalvanic cell, with 
two t ransparent  semiconductor electrodes, has been 
designed and evaluated. The use of two t ransparent  
electrodes has made possible the construction of mul t i -  
layer  photogalvanic devices, in which there are several 
layers of photogalvanically active i ron- th ionine  solu- 
tion. An increased efficiency has been obtained with 
these devices. 

Key words: photogalvanic, solar, thionine. 

A mul t i layer  photogalvanic device is shown in Fig. 1. 
Each layer is an individual  photogalvanic cell, con- 
taining a t in oxide anode and an  indium t in oxide 
cathode. Tin oxide was obtained from Coming Glass 
Works as th in  films on low alkali  glass substrates. 
Cathodes were prepared by sput ter ing ind ium t in  ox- 
ide on glass, or were obtained from PPG. Sheet re-  
sistances, measured wi th  a four-point  probe, were 
about 30 ~ / sq  for SnO2 and about 10 ~ / sq  for sput-  
tered ind ium t in oxide. Both electrodes were quite 
t ransparent  (80-90%T) at 600 nm. Sputtered p la t inum 
films were used as cathodes in  single layer  cells, and 
as the rear  element  in some mul t i layer  cells, 
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Table I. Output of four-layer cell 

Layer Voc, V I,~, mA" 

1-4 0.134 1.60 
1 (Front) 0.137 0.55 
2 0.142 0.47 
3 0.132 0.35 
4 (Rear) 0.128 0.23 

" l ,c  f rom 2.0 cm 2 area = 1.0 mA. 

Fig. 1. Four-layer cell, top view 

Electrodes making up each e lement  were  separated 
by strips of inert  spacing material ,  usually 80 ~m th ick  
Teflon. Spacers used in some single layer  cells were  
made of 25 ~m thick Celgard 2400. Cell elements were  
filled with  solution by capillarity. 

Photogalvanic  solutions typical ly contained 10-~M 
H2SO4 in ace ton i t r i l e /wa te r  (50/50, v / v )  as solvent, 
10-2M FeSO4, and saturated (,~1 raM) thionine, added 
as the free base. Ferr ic  ion was present as impur i ty  
f rom ferrous sulfate, at ,~5 X 10-4M. 

Cells were  i l luminated by l ight from a 650W tung-  
sten spot heater. The l ight was focused into a 2-in. 
beam and passed through a water  tank and infrared 
filter. The resul tant  l ight incident on the cell produced 
the same power  output as 35 mW-cm -2 sunlight. This 
value was used in calculating efficiencies. 

Table I shows the output measured from a four - layer  
cell, wired in parallel.  The outputs for each separate 
layer  are also shown. These outputs were  measured in 
the assembled multilayer device. The drop in short- 
circuit current (Isc) from the front to the rear element 
is caused by the increased screening experienced by a 
given element as the number of layers of dye solution 
between it and the light source increases. Open-circuit 
voltages (Voc) show the same behavior, but also re- 
flect variations due to slight differences in the electrode 
materials. 

The efficiency of the multilayer device is estimated 
in the following way. The effective illuminated area 
of individual  layers  varied, and could not be deter-  
mined exactly. Therefore,  an opaque mask with a 1 • 
2 cm slit was inserted between the l ight source and 
cell to provide a common area of i l lumination. The 
power  output of the device per square cent imeter  is 

Voc • I~c X J~ 
Power  ---- --- 

Area 

0.134V • 1.0 • 10-3A • 0.33 

2 cm 2 
---- 2.2 X 10 -5 W-cm -2 

The fill factor, ff, is the ratio of the product  of current  
and voltage at max imum power  to the product  of Is~ X 
Vow. The value 0.33 was found to be representat ive  for 
the photogalvanic device in several  determinations.  
Using the value of 35 mW-cm -2 for incident l ight in-  
tensity gives 

2.2  X 1 0 - 5 W  
Efficiency -- -- 0 . 0 6 3 %  

3.5  X 10-2W 

This represents  the efficiency of convert ing incident  
light direct ly to electrical power  and has been termed 
the sunlight engineering efficiency (SEE) (1). 

A total ly  i l luminated cell is possible because the 
SnO2 electrode exhibits select ivi ty in its response. In 
the dark, both electrodes are governed at equi l ibr ium 
by the Fe+2/Fe  +3 couple. The dye is essentially all in 
the oxidized form. Under  i l lumination, photoreduct ion 
of thionine to leucothionine causes a substantial  amount  
of each form to exist at steady state. The dye couple 
reacts readi ly  at SnO2 (5). However ,  the reactions of 
the Fe+2/Fe  +z couple at SnO2 are suppressed through 
a large potential  range (5). The redox potent ial  of 
Fe+2/Fe  +3 is considerably more anodic than the flat- 
band potential  (Efb) of S n Q  in the photogalvanic cell. 
This, together  with the large rea r rangement  energy (6) 
of Fe+2/Fe  +3, makes it difficult for Fe +2 oxidation to 
occur even though the SnO2 is anodically polarized 
wi th  respect to Efb. The reduction of Fe +8 is also sup- 
pressed due to the lack of electrons available in the 
depletion region and the re la t ively  high energy levels 
of Fe +3 in solution result ing from the large rear range-  
ment  energy. The behavior  of Fe+2/Fe  +3 at SnO2 elec- 
trodes is discussed in more detail  e lsewhere (6, 7). 

Under  i l lumination, the potential  of the SnO2 elec- 
t rode is thus determined mainly  by the th ionine/ leuco-  
thionine couple (Table II).  Its redox potential  is closer 
to Efb, and in addition, the lower rear rangement  energy 
characterist ic of quinone- type  system (8) is prob-  
ably effective in creating a much greater  degree of 
overlap of redox energy levels with the lower  edge of 
the conduction band. The pla t inum electrode shows 
only a slight potential  shift under  i l luminat ion thus 
responding pr imar i ly  to the Fe+2/Fe  +3 couple. The dye 
couple does have some effect on the potential  of the 
p la t inum electrode, however.  Upon il lumination, the 
concentrat ion ratio of Fe +3 to Fe +2 increases. Thus, the 
potential  of the p la t inum electrode would shift anodi- 
caIly in the absence of any dye couple effects. The 
observed slight cathodic shift represents an efficiency 
loss. A selective electrode, at which only the iron 
couple could react (i.e., at which the dye couple has 
a very low io), would be desirable as a cathode. 

The degenerate  indium tin oxide (ITO) electrode 
used as a cathode mater ia l  in the mul t i layer  cell ex-  
hibits nearly metallic behavior toward the Fe+2/Fe +3 
couple, as shown in Fig. 2. The redox reactions are 
slightly less reversible at ITO than at platinum. Short- 
circuit currents from single layer cells containing ITO 
rather than Pt are about 30% lower, while open-cir- 
cuit voltages are about the same or slightly lower. 

Monochromatic quantum efficiencies (MQE) for 
single layer photogalvanic cells were measured using a 

Table II. Photogalvanic electrode potentials (vs. SCE) 

Electrode Coladition E vs. SCE, V 

SnO~ Light 0.210 
Dark 0.385 

Pt Light 0.385 
Dark 0.395 

Vor measured in the light = 0.175V. 
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Fig. 2. Cyclic voltammetry of 10-3M Fe +2 and I 0 - 3 M  Fe +3 in 
0.12M H2S04 at an indium tin oxide thin film electrode. Scan rate 
= 100 mV-sec-L 

semit ransparent  (135A thick) p la t inum cathode, so that 
light absorption could be measured by an Eppley ther-  
mopile placed directly behind the cell. Band pass filters 
of 578, 589, and 620 nm were placed in the incident  
l ight beam to provide monochromatic i l lumination.  
Results of MQE measurements  of 80 ~m thick cells are 
shown in  Table IIIA. The quant i ty  calculated is de- 
fined as the short-circuit  current  flow in electrons sec-1 
divided by the absorbed light in photons sec-L There is 
some scatter in  the data, but  there appears to be no 
significant dependence of quan tum efficiency on the 
wavelength of incident  light. 

MQE was also measured as a funct ion of the solution 
thickness. As shown in  Table IIIB, decreasing the cell 
thickness by a factor of 3 causes only about a 10% 
drop in short-circuit  current,  using the tungsten light 
source. Correspondingly, MQE is about twice as high 
for 25 ~m thick cells as for 80 ~m thick cells. These re-  
sults indicate that the collection of electroactive species 
from the firs~ 25 ~m of solution occurs more efficiently 
than from the extra volume contained in the 80 ~m cell. 

Kinet ic  data make the above in terpre ta t ion rea-  
sonable. An analysis of reaction rates in solution gives 
an estimated lifetime for leucothionine of ~1.1 sec. If 
one assumes that the movement  of electroactive leuco- 

Table IliA. Monochromatic quantum efficiency at selected 
wavelengths of incident light 

X, # m  In t ens i t y ,  m W - c m  -~ MQE, % 

578 0.61 7 
589 0.53 5-9 
620 0.77 8 

Table IIIB. Monochromatic quantum efficiency vs. cell thickness 
(intensities as in Table IliA) 

Thickness, 
# m  X, /zm MQE, % 

25 578 I3 
80 7 
25 589 18 
80 5-9 

Table IIIC. Voc and Isc vs. cell thickness 
(tungsten illumination, 35 mW-cm -2)  

Thickness, 
~m Voo, V Isr m A  

25 0.135 0.60 
80 0.143 0.64 

Cell a r e a  ~ 6 c m  ~. 
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Table IV. Two-layer two-dye cell 
(tungsten illumination, 35 mW-cm -2)  

Layer 1 : S n O 2  anode,  ITO ca thode ,  ~ 1  m M  thionine. 
L a y e r  2 : S n O 2  anode ,  P t  ca thode ,  ~ 4  mM methylene blue. 

Layer Voc, V l,c, mA 

1 + 2 0.135 0.82 
1 0.155 0.64 
2 0.115 0.27 

Cell a r e a  ~ 5.5 c m  ~. 

thionine in  the solution is solely due to diffusion, the  
average distance traveled by a leucothionine molecule- 
dur ing its l ifetime can be estimated by the relat ion 
I = (2Dt)1/2, which applies to one-dimensional  motion 
between two planes. Taking D as 7.6 X 10 .6 cm -2-  
sec -1, the value reported (9) for methylene  blue, a 
similar molecule, in  water solution, the calculated 
value of l is 41 ~m, indicating that the collection of leu- 
cothionine generated in  the 25 ~m of solution nearest  
the anode should proceed quite efficiently. The frac- 
tion of leucothionine reaching the anode from the re- 
maining  55 ~m of solution in the 80 ~m cell would be 
substant ia l ly  lower. 

The monochromatic quan tum efficiency results, to- 
gether with the above calculation, indicate that a 
mul t i layer  cell with 25 ~m solution layers ra ther  than 
80 ~m layers should be more efficient in  convert ing ab- 
sorbed light to electricity. 

Several thiazine dyes other than  thionine show sub- 
stantial photogalvanic activity. These include methyl -  
ene blue, Azure A, Azure B, and Toluidine Blue O. 
Combinations of photogalvanically active thiazines 
have been used in the mul t i layer  device to broaden the 
spectral response of the photogalvanic cell. This ap- 
proach was suggested in a recent publicat ion (3). Re- 
sults obtained with a two- layer  cell containing one 
layer of thionine solution and one layer of methylene 
blue solution are shown in Table IV. 

The development of a photogalvanic device using two 
t ransparent  thin film electrodes has permit ted the 
contruction of mul t i layer  devices. These devices can be 
used to increase the conversion efficiency of light at a 
given wavelength by increasing the number of active 
solution layers. In addition, the spectral response of 
the photogalvanic device can be broadened by using 
successive solution layers of photogalvanically active 
dyes which absorb light at different wavelengths. 
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A Kinetic Model for the Reduction of 
Transiently Formed Oxide Film on 

Smooth Platinum Electrodes with Hydrogen 
under Open-Circuit Conditions 

C. G. Rader and B. V. Tilak 

Hooker Chemicals & Plastics Corporation, Research Center, Grand Island, New York 14072 

It has been well  established (1) 1 that  the rate at 
which PtO is reduced by H2 under  open-circui t  condi- 
tions increases wi th  time. Shibata and Sumino (1) 
carried out thorough investigations on the kinetics of 
reduction of thin films of P r o  formed on smooth Pt  
electrodes by hydrogen, in an at tempt  to elucidate the 
nature  of oxide films deposited under  s teady-state  and 
t ransient  conditions, and made the suggestion, fol low- 
ing Brei ter  (2), that  the observed var ia t ion in the re-  
duction rate  wi th  surface coverage could be explained 
by considering the following react ion scheme 

scheme A (chemical reaction) 

P t - - O  kl P t - - O H  
] + H2----> i [IA] 
Pt---O Pt--OI-I 

P t - - O H  fast Pt 
} > I + H20 [2A] 
Pt--OH Pt--O 

scheme B (electrochemical sequence) 

Pt k2 Pt---H 
1 + Ha ' >1 [ 1 B ]  
Pt P t - - H  

P t - - H  fast Pt  
I ' > ] + 2 H  + + 2 e  [ 2 B ]  
P t - - H  Pt  

PtO + 2H + + 2e-> Pt  + H20 [3B] 

At high surface coverages, step [1A] was assumed to 
be rate determining;  in the low coverage region, dis- 
sociation of molecular  H2 on the "free" Pt  sites (step 
[1B]) was considered to be the ra te-control l ing step. 
[See Ref. (11) for a discussion of the kinetics of the 

oxidation of H2 on the Pt  electrodes in aqueous H2SO4.] 
In the present communication,  the kinetics of t ran-  

siently formed plat inum oxide (TFO) reduction are re-  
examined in an at tempt  to provide a unified theory 
for the mechanism of TFO reduction over the ent ire  
coverage range, and evaluate  the kinetic parameters  
which are consistent wi th  the data reported by Shibata 
and Sumino (1), Shibata and Sumino's  reaction scheme 
and al ternate  reaction sequences are considered. Ki-  
netic behavior  of the reduction of p la t inum oxide films 
formed under  s teady-state  conditions was not dealt  
with here because of the ambigui ty  regarding the 
formation of more than a monolayer  of PtO, and the 
l ikelihood of fur ther  oxidation of PtO to PtO2, espe- 
cially when  polarized beyond ~ l . 5V  (4, 9). 

Shibata and Sumino's Model 
One possible reaction scheme for the reduction of 

t ransient ly formed oxide layers by hydrogen under  
open-circui t  conditions is the one considered by Shibata 
and Sumino which assumes paral lel  ra te-control l ing 
pathways involving steps [1A] and [1B]. 

The variat ion of the fractional coverage of the elec- 
t rode surface by Pt-O, ~, with time, t, may be ex- 

i A review of the pertinent literature is also given in Ref. (I). 
Key words: chemical reduction, hydrogen ionization, coupled 

reactions. 

pressed, taking into account the interact ion effects be-  
tween the adsorbed species, as 

d~ 
- -  ~ : klpH282 exp (2g10) + k2pH2(1 -- 8) 2 exp (2g20) 

dt 
[1] 

where  kl and k2, respectively,  refer  to the rate con- 
stants of steps [1A] and [1B], and gl and g2 to the 
change in the free energy of adsorption (in units of 
RT) with coverage under  Temkin conditions of nonac-  
t ivated adsorption (3). 

The first te rm on the r igh t -hand side of Eq. [1] 2 
represents the contr ibution from the initial step of the 
chemical reaction (scheme A) and the second te rm 
arises f rom the slow dissociative chemisorpt ion of It2 
on Pt (step [1B]). Induced heterogenei ty  factors are  
invoked in the present  t rea tment  since we are  deal ing 
with a highly interact ing system: a surface covered 
with several  chemical and /or  s t ructural ly  dissimilar 
adsorbed species, viz., PtOH, PtO, H +, PtH, H2. 

An analytical  solution for the coverage- t ime re la -  
tionship may be found by neglecting the interact ion 
parameters  in Eq. [1], i.e., gl = gz ---- 0, and integrat ing 
between the limits ei, at t ime 0, and o, at t ime t; the re-  
suiting expression appears as 

t -- klPH2X/A- tan-1 A/A- 

-- tan-1 [ ( I + A ) o i - - A  1 } .  ~ / ~  [2] 

where  A = k2/kl. 
The t ime dependence of surface coverage when gl 

g2 ~ 0 can readily be solved by numerical  integrat ion 
of Eq. [1] be tween the limits of ei and e. It is instruct ive 
at this point to examine the influence of the rate con- 
stants kl and k2 and the interact ion parameters  gl and 
g2 on the surface coverage- t ime relat ionship which is 
shown in Fig. 1 for some values of kl and k2. In the 
absence of the electrochemical  step, i.e., when k2 = 0, 
the t ime required for complete  reduction of the surface 
oxide decreases as the chemical reaction rate  constant 
kl is increased (c]. curve 2 vs. curve 1 in Fig. 1). On 
the other hand, when kl ---- 0 and the electrochemical  
rate is the ra te-control l ing step, the 8-log t curve is 
characterized by a long induction period fol lowed by 
an abrupt  decrease in the surface coverage (curve 4 of 
Fig. 1). If repulsive interactions were  to prevail ,  in-  
clusion of the g te rm in the expression for d~/dt would 
lead to a profound influence on the rate at which PtO 
reduction takes place, as it tends to accelerate the over -  
all process (see curve 3 in Fig. 1). It should be noted 
that in all the  above analyses the hydrogen par t ia l  
pressure (PH2) was taken to be constant, at a value of 
1 atm. 

Figure  2 i l lustrates the effect of the interact ion t e rm 
for constant (and arbi t rary)  values of the chemical  r e -  

'-'A detailed discussion of the second order dependence on sur- 
face coverage of the chemical reaction rate and the "electro- 
chemical reaction" rate may be found in Res (1). 
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Fig. 1. Coverage variation with Ioglo I t  (in sec)] calculated using 
Eq. [1] far various values of kz, k2, and gz, when Oi = 0.99 and 
g2, = O. 
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Fig. 2. Coverage variation with time (in sec) calculated using 
Eq. I-1] for various values of gl and g2, shown in the figure, when 
0i = 0.99, k l  ~.  0.05 sec -1 ,  and k2 ~- 10 sec -1 .  

action rate constant (kl ---- 0.05 sec -1) and electro- 
chemical reaction rate constant (k2 : 10 sec-1).  Nega- 
t ive g values ( represent ing attractive forces be tween 
the oxide species on the surface) tend to increase 
the t ime required for complete reduction of the sur-  
face oxide. On the other hand, when  g is positive, the 
reduct ion process is accelerated, since increasing g 
would indirect ly imply an increase in  the rate constants 
k~ and k2. 

The analyt ical  solution for the combined chemical /  
electrochemical reduct ion of TFO may now be used to 
determine the t ime required for complete reduction of 
the surface oxide. Thus for 0 = 0, the total reduction 
t ime (~) may be expressed 

1 ~ t an  - I  (--N/'A) 
1: --" --  klPH2k/~ 

From Eq. [3] it can be seen that  if the reaction rate 
constants kz and k2 are known, the t ime required for 
reduction of a t rans ient ly  formed p la t inum oxide sur-  
face covered by any site fraction of PtO (up to oi : 1) 
can be computed. 

The init ial  premise in the present  t rea tment  stated 
that  pure  chemical reaction is rate control l ing at high 
surface coverage (i.e., oi --> 1) and that  electrochemical 
PtO reducgon is rate controll ing at lower surface oxide 
fractions. It is proposed to utilize these physical argu-  
ments  to provide first order estimates of the reaction 
rate constants from the kinetic rate data reported by 
Shibata and Sumino (1). 

Equat ion [3] may be rewri t ten  in  the following form 

where 

and 

~ + D  

C 
= t a n  - 1  x [4 ]  

1 
C =  

klPH2%/~ 

D ~- C[ tan -1  ( - -A/A)]  

(1 + A) - -  
x = _ _  o t -  A/A 

~/A 

Limiting case I (x 2 < 1) . - -  For x ~ < 1, t an  -1 x ~ x. 
Under  this restriction, Eq. [4] becomes 

(1 + A) o i -  [5] 
~ klpH2A ~ "{- klpH2A/A- 

When A > >  1, Eq. [5] fur ther  reduces to the following 

1 

klPH2 

m [ 1  aol _ A, 1 
+ klPH2A/A- [6]  

Thus, for x 2 < 1 (corresponding to ei ~ 1) a plot of 
vs. oi should yield a straight l ine of slope 1/klps~. 

This l imit ing case provides a means for est imating the 
chemical reaction rate constant kl. Figure 3 i l lustrates 
this analysis applied to the Shibata and Sumino data. 
From Fig. 3 the chemical reaction rate constant  is esti- 
mated to be 0.41 sec -1. 

Limiting case II, (x z > / ) . - - F o r  x 2 > 1, t an -*  x 
:~/2 -- 1/x. For these conditions Eq. [4] yields the fol- 
lowing expression for 
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tD 
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I 

I 
I 

I ___1 I 

0 .6  0.7 0.8 0.9  1.0 

Fig. 3. Dependence of T (in sec) on the initial value of surface 
coverage using the data from Ref. (1). 
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I 1 ; t  x ~ ---- D -- A kl k2 gl g2 �9 2 kiPH2(1 + A) 8i 
(i q- A) A: 0.41 2.47 0.00 0.00 (using eq 3) 

B: 0.41 2.47 -0.25 0.00 (using eq i) .~F- I 
[7] C: 0.41 2.47 0.00 0.00 (using eq ii) FI 

Again for the case where A > >  1 

1 o]§ [i__] 
- T ' -  ~ i - o~ [8] 

From Eq. [8] it is apparent  that  a plot of �9 vs. 
1 / 1 -  8i should yield a straight l ine of slope 1/k2Ps~. 
Figure  4 again depicts the data of Shibata and Sumino 
(1) subjected to the present  analysis. From the data 
presented in Fig. 4, the electrochemical reaction rate 
constant is estimated to be 2.47 sec. - i .  

The reaction rate constants for the reduction by  hy-  
drogen of t rans ient ly  formed PtO were estimated to be 
kl = 0.41 sec - i  and k2 ---- 2.47 sec - i .  Using these values 
of kl and k2, the total reduction t ime �9 can be directly 
computed as a funct ion of ini t ial  surface coverage 0i 
according to Eq. [3]. This �9 vs. 0i funct ion is plotted in 
Fig. 5, along with the exper imental  data reported by 
Shibata and Sumino (1). Also included in Fig. 5 is the 
complete numerica l  solution of Eq. [1] for total re-  
duction t ime r, for ki ~- 0.41 sec -1, k2 ~- 2.47 sec -1, 
gi = --0.25, and g2 ---- 0. The inclusion of the interac-  
t ion parameter  gi tends to provide slightly bet ter  
agreement  between theory and experiment.  It  is im-  
por tant  to note that the choice of gi ---- --0.25 is com- 
pletely empirical and inclusion of this factor is difficult 
to just i fy solely on the basis of improved correlation 
between theory and experiment.  The present  results 
may be compared with Shibata and Sumino's  estimates 
of ki ---- 0.49 see -i , k2 ---- 7.2 sec -i, and �9 (for 8i ---- I) 
---- 0.7 sec, deduced from an alternate solution of Eq. 
[1 ] .  

Modi f ied  Reaction Scheme for the Reduction of 
T F O  by H~ 

Thermodynamic considerations suggest that  the cor- 
rosion mechanism represented by the electrochemical 

T 
(SEG.) 

1.0 

0.8  

0 .6  

0 . 4  

0 .2  

I I I 

0 I " I I I 
0 1.0 2 . 0  3 .0  4 . 0  

I. 

I . -  e;. 

Fig. 4. Variation of x (in sec) with 1/1 - -  Oi employing the data 
from Ref. (1). 

1.5 

(SEC.) / 

0.5 

O ~  
0 0.3 0 .6  0.9 

Oi 
Fig. 5. Comparison of the experimental values of T (in sec) 

[from the data in Fig. 5 and 12 of Ref. (1)] with the calculated 
values for ki ~ 0.41 sec -1  and k~ ~ 2.47 sec -1,  using Eq. [3] 
when gi = g2 ~ 0 (curve A); gi = --0.25, g2 ~ 0 (curve B). 
Line C refers to values calculated using Eq. [10] with ki = 0.41 
sec - i ,  kg~ ~ 2.47 sec - i ,  and gi ~ g2 ~ O. 

route (scheme B) will be operative under  the condi- 
tions where PtO is reduced by H2 on open circuit. How- 
ever, it is difficult to rationalize (4) the chemical re- 
action sequence (scheme A),  especially the dehydra-  
t ion step [1B] which implies generat ion of "free Pt" 
sites at potentials where the oxidation of Pt readily 
takes place (4, 9). This di lemma may be resolved by 
considering two al ternate reaction sequences instead 
of reaction scheme A. In the first instance, the follow- 
ing steps for the chemical reduction of PtO by H2 may 
be considered 

scheme A1 

P t - - O  kl P t - - O H  
I q-H2 >1 
P t - - O  P t - - O H  

P t - - O H  fast Pt 

[ -5H2 ' >I + 2HzO 
Pt--OH Pt 

[iC] 

[2C] 

For this reaction scheme, the expression for the re-  
duction of PtO would be identical to that  proposed by 
Shibata and Sumino ,  and the t rea tment  presented in  
the previous section (along with the ki and k2 values) 
would describe the kinetics of TFO reduct ion by hy-  
drogen. 

Instead of postulating the various e lementary  steps 
for the chemical reduction schemes A and A1, the 
over-all  chemical reaction may be regarded as one of 
the rate-control l ing steps in the coupled chemical- 
electrochemical route 

scheme A2 

ks 
PtO + H2 > Pt + H20 [ID] 

when the over-all process of TFO reduction by H2 pro- 
ceeds via schemes A2 and B, the coverage variation can 
be expressed as 
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do 
--- - I~pH2 0 exp (gs8) - k2pH2 (1 --  #) 2 exp (2920) 

dt 
[9] 

where  gs refers  to the  in terac t ion  p a r a m e t e r  descr ibed 
earl ier .  Se t t ing  g3 ----- g2 -~ 0, Eq. [9] may  be in tegra ted  
be tween  the l imits  oi (a t  t ime _ 0) and e, at  t ime t. 
The coverage var ia t ion  with  t ime appears  as 

t 
ksPH2k/4a -- 1 k/4a 1 

_ t a n - 1  ( ( 2 a ( 0 i -  1) + 1) } 
~4--~:--i- 1 ) [10] 

where  a -- k2/ks. The t ime for the  comple te  reduct ion  
of the  oxide, ~, corresponding to 0 : 0, would  then  be 
equal  to 

kaPH2X/4a -- 1 

( ( 2a (0 j - -  1 ) +  1) 
t a n - 1  

(2a (0 i - -  1 ) +  1) 
Denot ing 8 = , one m a y  examine  the 

( x / 4 a -  1) 
l imi t ing  conditions when oi --> 0 or 1, fol lowing the p ro -  
cedure  in the  previous  section. 

Limit ing case I (52 < / ) . - - W h e n  52 < 1, t an  -1 ~ ~ 8 
and Eq. [11] becomes 

(4a (o i - -  1 ) +  2) \ 
T ~  

L 
( 1 - - ~  

_ t a n - 1  / [12] 
k~p~x/4a --------~ ~ X/g~ --"1 

For  4a > >  1, Eq. [12] fur ther  reduces to 

k.p.-----7 
_ t an -1  [13] 

- -  1 1 

Thus, for ~2 < 1 (when #i ~ 1), a p lot  of �9 vs. ei should 
again  resul t  in a s t ra ight  l ine wi th  a slope equal  to 
1/k3PH2. This is i l lus t ra ted  in Fig. 3, f rom which ks is 
es t imated to be 0.41 s e c - L  

Limit ing case II (5 ~ > / ) . - - W h e n  52 > 1, t an  -1 5 
a /2  --  1/5 and 

-c ~ ~ --  2 t a n - i  
ksP~2 x /4a  -- i 4~/4-E'-~----1 

- -  - (2a (o i - -  1 ) +  1) 
Fo r  2a(0i --  1) > >  1 

~ {  1 ( 1 - - 2 a .  

k.PH2~ [.--2tan-' \~/~,.___] )]} 
( i ) [15] 

+ k kePH2(1-- ~i) 

I t  is seen f rom Eq. [15] that  k~ can again  be es t imated  
f rom a plot  of �9 vs. 1/1 --  ei as depic ted  in Fig. 4. 

Conclusions 
The present  work  has i l lust ra ted,  for  the  th ree  reac-  

t ion schemes presented  for PrO reduct ion by  hydrogen,  
that  the calculat ion procedure  for es t imat ing the re -  
action ra te  constants is the same. The final equat ions 
represent ing  the total  oxide reduct ion t ime as a func-  
tion of ini t ia l  surface coverage are  ident ical  for r e -  
action scheme A and scheme A1; the  analogous expres -  
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sion for react ion scheme A2 is s imi lar  in form to the  
other  solutions. 

F igure  5 depicts  al l  of the �9 vs. 8i functions de r ived  
in the  presen t  note, along wi th  the  da ta  r epor t ed  b y  
Shiba ta  and Sumino.  I t  is in teres t ing  to note tha t  al l  
of the  proposed mechanisms for the coupled chemical -  
e lectrochemical  reduct ion of t r ans ien t ly  formed P tO 
provide  reasonable  agreement  wi th  Sh iba ta  and 
Sumino 's  exper imen ta l  data. For  reasons a l r eady  dis-  
cussed, it  is un l ike ly  that  scheme A is a real is t ic  r ep re -  
senta t ion  of the chemical  reduct ion  of PtO at  high 
surface coverage. The most  reasonable  mechanism for 
the  pu re ly  chemical  PrO reduct ion appears  to be 
scheme AI,  in which the r a t e -de t e rmin ing  step is t aken  
to be the  chemical  reac t ion  of H2 wi th  two PtO surface 
sites. The concept of an over -a l l  r a t e -de t e rmin ing  
chemical  react ion (i.e., scheme A2) does not  seem 
l ikely,  in  view of the work  repor ted  ea r l i e r  [of., Ref. 
(5-11)] regard ing  the existence of P tOH as an in te r -  
media te  in the  surface oxidat ion  of p la t inum.  

Fol lowing the suggestion of Shiba ta  and Sumino that  
the  reduct ion  by  hydrogen  of t r ans ien t ly  fo rmed  PrO 
proceeds via a coupled chemica l -e lec t rochemica l  r e -  
action mechanism, the  presen t  communica t ion  has ex-  
tended the previous  analysis  theoret ical ly ,  by  account-  
ing for molecular  interact ion,  and procedura l ly ,  by  
provid ing  an in te rna l ly  consistent  means  for  es t imat ing 
the kinetic  ra te  constants of the coupled process. As-  
suming that  react ion scheme A1 is opera t ive  at  h igh 
surface coverages, and tha t  the  dissociation of H2 to 
form H on Pt  applies at  lower  coverages,  the  p resen t  
analysis  provides  good agreement  wi th  the  expe r imen-  
tal  da ta  repor ted  by  Shiba ta  and Sumino over  the  en-  
t i re  range  of #i. In  view of these  encouraging results,  
despi te  the approx imat ions  involved  in the  es t imat ion 
of the  kinetic  ra te  constants,  a finer dis t inct ion of P tO 
and PtOH in normal  and r ea r r anged  states as proposed 
(4, 9) dur ing the reduct ion of surface oxides on p la t i -  
num under  potent iodynamic  conditions was not made  
in this communicat ion.  

The work  repor ted  by  Sh iba ta  and Sumino also in -  
volved appl icat ion of the  coupled chemica l -e lec t ro -  
chemical  theory  to the  seemingly  more  complex case 
of s t eady-s ta te  formed oxides of pla t inum.  However ,  
the  presen t  analysis  was not ex tended  to this si tuation,  
in v iew of the  physical  complexi t ies  s ta ted  earl ier .  
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A B S T R A C T  

The electrical conductivity of sintered specimens of nomina l ly  pure thoria 
and thoria doped with 1-15 mole percent  (m/o)  CaO was measured between 
600 ° and 1400°C in  the Po2 range of 1-10 -25 atm. The measured conductivity 
decreases ini t ia l ly with decreasing po2 (mixed conduction region where  elec- 
t ron holes and oxygen ions contr ibute) ,  unt i l  it becomes independent  of po2 
(ionic conduction region). The Po2 corresponding to the t ransi t ion between 
these regions is a funct ion of tempera ture  and composition. The var iat ion of 
conductivi ty with tempera ture  gives rise to three regions: the high tempera-  
ture  region where the conductivity is a t t r ibuted to dissociated vacancies, an 
in termediate  temperature  range where associated vacancy- impur i ty  complexes 
dominate, and a low tempera ture  region where grain boundary  effects appear 
to become significant. The activation energy for electrical conduction is a 
function of composition and po2. 

Zirconia-based electrolytes are useful in high tem- 
pera ture  galvanic cells, fuel cells, oxygen gauges, oxy- 
gen pumps, etc. Detailed investigations (1-4) on the 
defect s t ructure and the electrolytic properties of 
"pure" and yt t r ia-doped thoria electrolytes have 
demonstrated that these electrolytes behave as mixed 
conductors wi th  a predominant  electron hole conduc- 
t ion near  1 arm of oxygen pressure and become ex- 
clusively oxygen ion conductors in the lower part ial  
pressure range, down to a much lower oxygen par t ia l  
pressure than zirconia-base electrolytes. 

When thoria is doped with CaO, it has been suggested 
that  the electrical neut ra l i ty  is main ta ined  by the in -  
t roduction of oxygen vacancies. The observed in ternal  
friction and dielectric loss peaks in THO2-1.5 o/o CaO 
have been explained with a model where Ca 2+ ions 
are associated with oxygen vacancies (5). Kiukola and 
Wagner  (6) in  their pioneering work on solid-state 
galvanic cell measurements  did not use ThO2-CaO 
electrolytes since they were found to be less conduc- 
tive than either ZrO2-CaO or ThO2-Y203 electrolytes. 
Based on their  l imited conductivi ty measurements,  
Steele and Alcock (7) also concluded that the conduc- 
t ivi ty of ThO2-CaO electrolytes was lower than that of 
the corresponding ThO2-Y203 compositions and the 
hole contr ibut ion is higher at a given oxygen part ial  
pressure in the mixed conduction region. On the other 
hand, a p re l iminary  investigation on ThO2-CaO solid 
solutions made earlier by the present  investigators 
(8) showed that the conductivi ty values in air are not 
too low compared to those of ThO2-YO1.5 solid solu- 
tions measured by Lasker and Rapp. A detailed mea-  
surement  of electrical conductivi ty under  various ex-  
per imenal  conditions of temperature,  oxygen part ial  
pressure, and composition was, therefore, unde r t aken  
in  order to ascertain the electrolytic behavior  as well 
as the defect s t ructure of CaO-doped ThO2 electro- 
lytes. 

1 P resen t  address :  Materials  Science Centre ,  Indian Ins t i tu te  of 
Technology,  K h a r a g p u r  721302, India, 

Key worcis: e lectr ical  conductmn,  ionic conduct ivi ty ,  defect  
s t ruc tu re ,  thor ia ,  doped thor ia ,  solid e lectrolytes .  

Experimental Procedure 
CaO-doped Th02 specimens were prepared from re -  

actor grade thor ium oxide (impurit ies in excess of 10 
ppm are Ca 2000, sulfate 120, Fe 90, phosphate 25, Cr 
10) and analytical  grade anhydrous calcium carbonate, 
as per procedures described earlier (8). The sintered 
pellets were about 10 m m  in  diameter  and 2-3 m m  
thick and possessed more than  95% of the theoretical 
density except that "pure" ThO2 had only 89% of the 
theoretical density. For  electrical measurements,  the 
flat surfaces of the specimens were painted with un -  
fluxed p la t inum paste (Engelhard No. 6926) and were 
heated to around 900°C. The a-c electrical conductivi ty 
at a f requency of 1000 Hz was measured over a tem- 
pera ture  range of 600°-I400°C and oxygen part ial  
pressure range of 1-10 -25 atm. The desired oxygen 
partial  pressures were generated by using an electro- 
chemical oxygen pump, similar to that  of Kr5ger et aI. 
(9-11) and Agrawal  et al. (12) and is described else- 

where (13). The oxygen part ial  pressure of the gas 
was measured through a zirconia tube oxygen probe. 
It was difficult to control the Po2 in  the range of 10 - s -  
10 - i s  atm with the help of oxygen pump and therefore 
the ionic conductivi ty of a few of the samples was 
checked by using meta l -meta l  oxide pellets. The tem-  
perature  of the specimens was measured with a P t - P t  
10% Rh thermocouple, the tip of which was placed 
within 2-3 mm of the specimens. The a-c conductance 
of the specimens was measured either with a two-probe 
bridge method (in lower tempera ture  range) or by a 
four- lead I -V technique which has been described 
earlier (8). At each tempera ture  and oxygen part ial  
pressure, sufficient t ime was allowed for equilibration. 
Equi l ibr ium was assumed to have been at tained when 
two conductance readings at an interval  of 1 hr re-  
mained unchanged.  

Results 
The a-c total conductivi ty of "pure" ThO2 and ThO2- 

CaO solid solutions with CaO contents ranging from 1 
to 15 m/o  was measured ini t ia l ly  in  air in the tempera-  

1713 
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Fig. 1. Electrical conductivity of T h O 2 - C a O  solid solutions as a 
function of oxygen partial  pressure at  1000~ 

t u r e  r a n g e  of  600~176 A t  e a c h  t e m p e r a t u r e ,  t h e  
c o n d u c t i v i t y  i n c r e a s e s  s h a r p l y  fo r  s m a l l  a d d i t i o n s  of 
CaO ( <  2 m / o  CaO)  a n d  goes  t h r o u g h  a f lat  m a x i m u m  
a r o u n d  10 m / o  CaO. I t  s h o u l d  be  m e n t i o n e d  h e r e  t h a t  
t h e  c o n d u c t i v i t y  v a l u e s  r e p o r t e d  e a r l i e r  [Ref.  ( 8 ) ]  fo r  
8 m / o  s p e c i m e n  w e r e  l a t e r  f o u n d  to b e  for  4 m / o  spec i -  
men .  S a m p l e s  c o n t a i n i n g  m o r e  t h a n  7 m / o  CaO w e r e  
e x c l u d e d  f r o m  t h e  r e s t  of t h e  p r e s e n t  m e a s u r e m e n t s  
b e c a u s e  t h e  effect  of d o p a n t  on  c o n d u c t i v i t y  in  t h i s  
r a n g e  is r a t h e r  i n s i g n i f i c a n t  a n d  also d u e  to pos s ib l e  
e x i s t e n c e  of a s e c o n d  phase .  T h e  c o n d u c t i v i t i e s  of 
" p u r e "  a n d  C a O - d o p e d  t h o r i a  s p e c i m e n s  w e r e  also 
m e a s u r e d  i n  t h e  Po~ r a n g e  of  1-10 -2~ a t m  a n d  a t  t e m -  
p e r a t u r e s  b e t w e e n  600 ~ a n d  1200~ F i g u r e  1 s h o w s  
t h e  t y p i c a l  p lo t s  of c o n d u c t i v i t y  vs. log  Po2 fo r  " p u r e "  
a n d  C a O - d o p e d  ThO2 s p e c i m e n s  a t  1000~ T h e r e  a r e  
c l e a r l y  t w o  r eg ions :  ( i )  t h e  c o n d u c t i v i t y  d e c r e a s e s  
w i t h  d e c r e a s i n g  Po2 w i t h  a s lope  of 1 /5  for  " p u r e "  a n d  
s l i g h t l y  d o p e d  samples ,  t h e  s lope  d e c r e a s i n g  to 1/8 fo r  
m o r e  i m p u r e  Ones a n d  (it) t h e  c o n d u c t i v i t y  is i n d e -  
p e n d e n t  of Po2 a t  l o w  v a l u e s  of Po2. T h e  Po2 v a l u e  co r -  
r e s p o n d i n g  to t h e  onse t  of r e g i o n  (it) is a f u n c t i o n  of 
i m p u r i t y  c o n t e n t  a n d  t e m p e r a t u r e .  F o r  e x a m p l e ,  fo r  
" p u r e "  ThO2 t h e  p l a t e a u  is r e a c h e d  a t  10 - s  a t m  a t  
800~ a n d  t h e  v a l u e  d e c r e a s e s  to 10 -10 a t m  a t  1200~ 
w h i l e  in  a 7 m / o  CaO s p e c i m e n  t h e  c o r r e s p o n d i n g  v a l -  
ues  a r e  10 -7  a n d  10 -5  a tm,  r e spec t i ve ly .  T h e  c o n d u c -  
t i v i t y  v a l u e  a t  a n y  Po2 i n c r e a s e s  s t e a d i l y  w i t h  t e m p e r a -  
t u r e  as we l l  as w i t h  i m p u r i t y  con ten t .  
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Fig. 2. Electrical conductivity of T h O 2 - C a O  solid solutions as a 
function of temperature at  an oxygen partial  pressure of 10 - 2 3  
atm. 

T h e  c o n d u c t i v i t y  of " p u r e "  a n d  C a O - d o p e d  t h o r i a  
s p e c i m e n s  h a s  b e e n  m e a s u r e d  as a f u n c t i o n  of  t e m -  
p e r a t u r e  b e t w e e n  600 ~ a n d  1400~ u n d e r  f ixed  o x y g e n  
p a r t i a l  p r e s s u r e s  of 10 -23, 10 -5, 10 -~ ( a i r ) ,  a n d  100 
a r m  ( o x y g e n ) .  T y p i c a l  r e s u l t s  a t  Po2 : 10-23 a r m  a n d  
in  o x y g e n  a t m o s p h e r e  a r e  s h o w n  in  Fig. 2 a n d  3, r e -  
spec t ive ly .  In  t h e  p lo t s  of log ~T vs. l /T ,  s t r a i g h t  l ines  
w i t h  d i f f e r e n t  s lopes  a r e  o b t a i n e d  i n  t h e  d i f f e r e n t  t e m -  
p e r a t u r e  r eg ions .  I n  e a c h  reg ion ,  t h e  a c t i v a t i o n  e n e r g y  
was  c a l c u l a t e d  f r o m  t h e  s lope  of t h e  s t r a i g h t  l i n e  w h i c h  
ha s  b e e n  f i t ted  to t h e  e x p e r i m e n t a l  p o i n t s  b y  a l e a s t  
s q u a r e s  m e t h o d .  T a b l e  I g ives  t h e  c o m p l e t e  l i s t  of o b -  
s e r v e d  a c t i v a t i o n  e n e r g i e s  u n d e r  d i f f e r e n t  e x p e r i m e n t a l  
cond i t ions .  

A t  a v e r y  l o w  o x y g e n  p a r t i a l  p r e s s u r e  (10 -2~ a r m )  
w h e r e  a l l  t h e  s p e c i m e n s  m a y  b e  c o n s i d e r e d  as e x c l u s i v e  
ionic  conduc to r s ,  t h r e e  d i s t i n c t l y  d i f f e r e n t  t e m p e r a t u r e  
r a n g e s  h a v i n g  d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  a re  e v i d e n t  
(Fig.  2) .  T h e  a c t i v a t i o n  e n e r g y  is h i g h e s t  in  t h e  i n t e r -  

m e d i a t e  t e m p e r a t u r e  r a n g e  w h i l e  i t  is l o w e r  b o t h  in  
t h e  l ow  a n d  h i g h  t e m p e r a t u r e  reg ions .  T h e  a c t i v a t i o n  
e n e r g y  i n  t h e  l ow  t e m p e r a t u r e  r a n g e  is of t h e  o r d e r  
of 1.0 eV a n d  does  no t  c h a n g e  s ign i f i can t ly  w i t h  t he  
CaO con ten t .  H o w e v e r ,  i n  t he  i n t e r m e d i a t e  t e m p e r a -  
t u r e  r ange ,  t h e  a c t i v a t i o n  e n e r g i e s  f o r  h i g h l y  d o p e d  

Table I. Act ivat ion energy for conduction in T h O 2 - C a O  under various experimental  conditions 

Low t e m p e r a t u r e  I n t e r m e d i a t e  t e m p e r a t u r e  
Comp. po 2 100 10 -o.7 10-~ 1O -~ 100 1O-O.~ 10-~ 1O-m 

High t e m p e r a t u r e  
10 ~ 10 -~.~ 10-~ 10-~ 

"Pure" ThO~ 1.52 1.50 1.00 0.99 1.34 1.30 (1.32) * 1.40 1.80 
1 m/o CaO 1.53 1.65 1.52 1.05 1.30 1.38 (1.31) * 1.52 1.91 
2 m/o CaO 1.51 1.29 1.35 1.06 1.24 1.20 (1.18) * 1.39 1.89 
3 m / o  CaO 1.18 1.23 1.39 1.06 1.18 1.23 (1.21) * 1.39 1.57 
4 m/o CaO 1.18 1.23 1.37 0.96 1.18 1.23 (1.17) * 1.37 1.66 
7 m/o CaO 1.29 1.20 1.37 0.96 1.20 1.20 (1.19) * 1.37 1.57 

0.98 0.97 (0.955)** 1.40 1.28 
1.13 1.20 (1.26)** 1.36 1.42 
1.13 1.03 (1.08)** 1.13 1.20 
1.13 1.93 (1.06)** 1.10 1.12 
0.92 1.09 (1.06)** 1.1O 1.20 
0.92 1.13 (1.09)** 1.07 1.16 

* Data f r o m  Ref.  (8) at t e m p e r a t u r e s  b e l o w  llO9~ in air. 
** Data  f r o m  Ref .  (8) at  t e m p e r a t u r e s  above  1100~ in air. 
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specimens (3-7 m / o  CaO) are  lower  ( ~  1.60 eV) than  
tha t  of "pure"  ThO2 (1.80 eV) as wel l  as those wi th  
lower  dopant  concentra t ion (1-2 m/o  CaO).  The act i -  
va t ion energy  in the high t empe ra tu r e  region varies  
be tween 1.12 and 1.42 eV but  does not  follow any 
definite t r end  wi th  the var ia t ion  of CaO. 

The t rans i t ion  t empera tu re s  corresponding to the  
breaks  in the  conduct iv i ty  curve (Fig. 2) in the  low-  
in t e rmed ia t e -h igh  t empera tu re  ranges decreases wi th  
increasing CaO content.  For  example ,  in "pure"  ThO2 
the breaks  occur at 900 ~ and 1200~ whereas  in a speci-  
men containing 7 m/o  CaO the corresponding t empera -  
tures are  650 ~ and 950~ 

It  may  be noted that  the  act ivat ion energy in the  
different  t e m p e r a t u r e  ranges var ies  in different  ways  
wi th  oxygen pa r t i a l  pressure  and, therefore,  the  over -  
al l  shape of the  log ~T vs. 1 / T  plots also changes wi th  
oxygen  par t i a l  pressure.  The act ivat ion energy in-  
creases wi th  decreasing Po2 in the  in te rmedia te  t em-  
pe ra tu re  range  whereas  it decreases m a r k e d l y  wi th  
decreasing Po2 in the  low t empera tu r e  range.  As a 
consequence, at low oxygen par t i a l  pressures  (Fig. 2), 
the  low t e m p e r a t u r e  act ivat ion energy  is lower  than  
tha t  in the  in t e rmed ia te  t e m p e r a t u r e  range  but  wi th  
increas ing oxygen pa r t i a l  p ressure  (Fig. 3), the  t rend  
is reversed  especial ly in specimens having a lower  
percentage  of CaO. The high t empe ra tu r e  act ivat ion 
energy, on the other  hand, is a lways  lower  than  tha t  
in the in te rmedia te  t empe ra tu r e  range.  

Discussion 
De:fect s t r u c t u r e . - - I n  a ThO2-CaO solid solution, sub-  

s t i tu t ion of Th 4+ ions by  Ca 2+ ions resul ts  in an over-  
all  charge of --2 per  each impur i ty  cation site (Cawh") 
and therefore  the neu t ra l i ty  condi t ion may  be wr i t t en  
using KrSge r -Vink  type  notat ions as 

[h ']  + 2[Vo"]  ---- [e'] § 2[Oi"] + 2[Cawh"] [1] 

Even wi th  a smal l  amount  of impuri t ies ,  the  con- 
centra t ion of oxygen vacancies in a CaO-doged  ThO2 
la t t ice  wi l l  far  exceed tha t  of oxygen  inters t i t ia ls  i.e. 

[Vo"] >> [0/'] 

and therefore  the defect  concentra t ion wil l  be chiefly 
de te rmined  by  the concentra t ion of the  impur i t y  ions. 
In the  i n t e rmed ia t e  Po.2 range where  ionic defect  com- 
pensat ion takes  place  

[Vo"] ---~ [CaTh"] "-- [CaO] [2] 
and 

{ K2 [CaO]  } z/~ 
[h ' ]  = . p021/4 [3] 

K1 

where  K1 and K2 are  the  equ i l ib r ium constants for the 
a n t i - F r e n k e l  and oxygen in te rs t i t i a l  defect  fo rmat ion  
reactions,  respect ively.  

I t  may  be noted tha t  in  the  mixed  conduct ion region 
the hole concentrat ion in a doped oxide is proportional 
to P021/4, Therefore,  it  is expected tha t  a plot  of log 
~u vs.  ]og Po2 wil l  y ie ld  a s lope of 1/4. This becomes 
evident  when one plots log ( r  ~ion) vs.  log P02 
(Fig. 4), assuming ~ion to be independen t  of Po2 even 

in the mixed  conduction region and the va lue  equals 
that  obta ined at  lower  pa r t i a l  pressures  (1). However ,  
in Fig. 1 the  plots of ~T vs.  log Po2 indicate  lower  slopes 
(1/5 to 1/8) since the  oxygen  par t i a l  pressures  in  this  
range  are  very  much wi th in  the  t rans i t ion  zone be-  
tween P02 independen t  ionic conduct ion and charac-  
terist ic  mixed  conduct ion regions. In  this  connection, 
Bransky  and Tal lan  (2) have ear l ie r  pointed out tha t  
the p red ic ted  1/4 pressure  dependence  in the  i m p u r i t y -  
control led  mixed  conduction region may  not  be ob-  
served in plots  of log ~T VS. log PO2 unless aT/<rion ~ 10. 

T r a n s f e r e n c e  n u m b e r . - - T h e  ionic t ransference  num-  
ber  of ThO2-CaO elect rolytes  in the  mixed  conduct ion 
region m a y  be expressed  as 

1 
tion ---- [4] 

1 4- 1~2fib (K2 /K1)  1/2po21/4[CaO] - t / 2  

in which ~h is the  rat io  of mobil i t ies  of e lec t ron hole 
(~h) and that  of oxygen vacancy (~v). Ionic t rans fe r -  
ence numbers  for  "pure"  and doped specimens have  
been calcula ted f rom the conduct ivi ty  isotherms (Fig. 
1) at different  oxygen par t i a l  pressures  fol lowing the 
procedure  adopted by  Lasker  and Rapp (1) in which i t  
is assumed tha t  the  ionic contr ibut ion remains  con- 
stant  in the  mixed  conduct ion region and is given by  
the  pressure  independent  conduct iv i ty  va lue  in the  
lower  pa r t i a l  pressure  range.  The resul ts  of the  calcu-  
la t ion are  shown in Fig. 5 for two different  t empera -  
tures  (800 ~ and 1000~ As pred ic ted  f rom the con- 
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Fig. 4. Plots of (~T --~r~on) vs. lag PO2 for ThO2-CaO electro- 
lytes at 1000~ 
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ductivi ty curves, the value of tion increases with de- 
creasing Po2 and it becomes uni ty  when the conduc- 
t ivi ty becomes independent  of Po2. 

As expected from Eq. [4], addition of CaO increases 
the ionic t ransference number  at each Po2 and there-  
fore improves the electrolytic behavior of the solid 
solution. By addition of 7 m/o  CaO, the conductivity of 
the solid solution becomes fully ionic below about 
10-6-10 -8 atm, depending on temperature,  and may be 
considered as a useful solid electrolyte below this par-  
tial pressure range. It may be pointed out that y t t r ia-  
doped thoria electrolytes are also useful in the same 
part ial  pressure range. 

Ionic conductivity.--Assuming that the mobil i ty is 
independent  of the defect concentration, the ionic con- 
duct ivi ty of ThO2-CaO solid solution is expressed as 

~ion : 2 lel ~v EVo"] 

= 2 lel ~v [CaO] [5] 

which shows that  r is proportional to [CaO]. In Fig. 
6, log ionic conductivity of ThO2-CaO electrolytes has 
been plotted vs. percent anion vacancy as well as mole 
percent impur i ty  concentration, along with that of 
ThO2-YOi.s electrolytes obtained by different invest i-  
gators (1, 3, 7). As expected the conductivity increases 
with increasing CaO content. The ionic conductivity of 
pure thoria obtained in the present  investigation is 
lower than that obtained by the earlier investigators. A 
lower conductivity may be expected in a purer  sample, 
but  it is not the case in the present  study. The var iat ion 
is, however, wi thin  the scatter in conductivity values 
measured by various investigators. On the other hand, 

0 
-2.0 I 

'E 
0 

o 

u -4.0 
E 

.9 

0 
_J  

-5-0 

t 

MoI~~ CQO, [Mole ~ Y01.5]/2 
3 6 9 12 15 18 
I I I ~ I I 

I'A Lasker & Rapp 
ThO2-YO1-5~,~ Steele & Alcock 

/ 
Lu Bauerle 

I I i I I I 
0 3 6 9 

*/o Anion vacancy 

Fig. 6. Ionic conductivity of ThO2-base electrolytes as a function 
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the conductivities of the ThO2-CaO solid solutions are 
higher than the corresponding values obtained by 
Steele and Alcock (7) and are very close to those of 
ThOe-YO~.~ electrolytes measured by the same invest i-  
gators. However, the conductivi ty values of THO2-u 
electrolytes measured by Bauerle (3) are much higher 
than those measured by either Lasker and Rapp (1) or 
Steele and Alcock (7). In  the present  investigation, the 
ionic conductivities were not determined beyond 7 
m/o  CaO content. However, from the conductivity 
values obtained in air, it is expected that a slightly 
higher ionic conductivity may be obtained at around 10 
m/o  CaO. At higher concentrations the lowering of 
conductivity in both the systems may be at t r ibuted to 
the decreased mobil i ty of the defects main ly  due to 
impur i ty  defect interactions. 

Activation energy in the low temperature r eg ion . -  
It has been observed in the present  investigation that  
the activation energy for ionic conduction in both 
"pure" and CaO-doped thoria specimens decreases in 
the low temperature  region relative to that in the 
intermediate  temperature  region (Fig. 2 and Table I).  
A plausible explanat ion for this may be advanced on 
the basis of the effect of grain boundaries at low tem- 
peratures. However, this explanat ion needs verifica- 
tion by varying grain size systematically. 

In a polycrystal l ine material, grain boundaries are 
crystallographically disordered regions. Further ,  the 
grain boundaries contain a larger concentrat ion of 
solute atoms (15), giving rise to a higher defect con- 
centration. These factors lead to enhanced diffusion and 
ionic conductivity in the grain boundaries relative to 
the bulk. Enhanced oxygen diffusion along grain 
boundaries or.dislocations has been observed in a n u m -  
ber of oxide systems such as A1203 (16), MgO (17, 18), 
Fe203 (19), CoO (20), SrTiO3 (21), etc. The activation 
energy for diffusion through the grain boundaries is 
lower compared to that for bulk diffusion. However, 
since the volume of the grain boundary  region is much 
smaller than the bulk voiume, the grain boundary  con- 
t r ibut ion becomes significant only at lower tempera-  
tures where the bulk diffusion is not large. Similarly, 
higher electrical conductivity along the grain bound-  
aries has been observed in ionic conductors like alkali 
halides (22) and CaO-stabilized zirconia specimens 
(23). The observed activation energy for grain bound-  
ary conduction of 1.0 _+ 0.05 eV in the present invest i-  
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gation is very close to that  of 0.96 eV obtained in caI- 
cia-stabilized zirconia specimens (23). It  may be 
noticed in  Fig. 2 that  the effect of grain boundaries  
becomes observable at lower temperatures  as the CaO 
content  of the specimen is increased. The addition of 
CaO increases the defect concentrat ion (and conse- 
quent ly  the ionic conductivi ty)  of the bu lk  more 
sharply than  that  of the grain boundaries  which are 
already grossly defective and disordered to start with. 
Therefore, the t ransi t ion from the low tempera ture  
region where the grain boundary  effects are predomi-  
nan t  to the in termediate  tempera ture  range where the 
bulk  diffusion is more impor tant  should occur at lower 
temperatures  as the CaO content  increases, which in 
fact was observed (Fig. 2). 

While the activation energy for ionic conduction is 
less in the low tempera ture  range due to the effect of 
grain boundaries,  it is not so at higher oxygen pres-  
sures where the samples are predominant ly  electron 
hole conductors. Between Po.~ ---- 1 and 10 -5 arm, sam- 
ples with lower dopant  concentrat ion show larger  ac- 
t ivat ion energies at low temperatures  compared to 
those in  the in termediate  tempera ture  range. The 
difference in activation energies becomes distinct when 
log ~h instead of log ~T is plotted against 1/T (Fig. 7). 
A similar  behavior  has been observed in pure ZrO2 by 
K u m a r  et al. (24) who plotted electronic conductivity 
against  1/T and obtained an activation energy of 3.74 
eV below 700~ compared to 1.33 eV above this t em-  
perature.  The reason for such a break is not  very 
clear. However a possible explanat ion may  be that  the 
activation energy for movement  of electrons or electron 
holes~through the grain boundaries  is expected to be 
higher than  that  through the bu lk  because the grain 
boundaries  can act as effective scattering centers for 
the free electrons, due to their highly disordered na -  
ture. The effect of grain boundaries  is predominant  at 
low temperatures  and, therefore, it increases the ac- 
t ivat ion energy for conduction in this tempera ture  
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Fig. 7. Plots of electron hole conductivity vs.  inverse of tempera- 
ture for ThO2-CaO electrolytes. 

range. On the other hand, no difference in the activa- 
t ion energy could be detected between the in ter-  
mediate and low tempera ture  regions in case of samples 
having higher percentages of CaO (Table I).  This may 
be due to the higher total conductivity and the larger 
ionic t ransference number  for these samples. The ac- 
t ivation energy for hole conduction above 700~ is 
found to be of the order of 1.10 eV and is near ly  inde-  
pendent  of either Po2 or composition compared to a 
value of 0.85 eV measured by Hammou and Deportes 
(4) in "pure" ThO2. 

Activation energy in the high and intermediate tem- 
perature regions.--The activation energy in the high 
tempera ture  region is observed to be lower than that  
in  the intermediate  tempera ture  range for each of the 
oxygen part ial  pressures and compositions studied 
(Fig. 2 and 3 and Table I).  [Data from Ref. (8) is also 
included in  Table I and is seen to compare well.] The 
change in activation energy is comparat ively more 
distinct at the lowest Po2 value where the samples may 
be considered as exclusive ionic conductors. Ear l ier  
studies on "pure" ThO2 (2), pure HfO2 (25), and 
yt t r ia-doped thoria (26) showed similar behavior at 
high oxygen part ial  pressures. However, U l lmann  (27) 
has observed a higher activation energy at tempera-  
tures greater than l l00~ than that at lower tempera-  
tures for ThO2 and CaO-ThO2 samples measured in  
air. Further,  Bransky and Tal lan (2) have observed 
that at low Poe (ionic conduction region) the activation 
energy in  the high temperature  range is higher than  
that  at in termediate  temperatures.  

The activation energy for ionic conduction in  "pure" 
ThO2 obtained in  the intermediate  tempera ture  range 
in  the present  study (1.80 eV) compares well with the 
most recent data of Choudhury and Pat terson (28), 
viz., 1.93 and 1.81 eV for two different samples for ThO2. 
However, these values are considerably higher than 
the activation energy of about 1.5 eV of Bransky and 
Tal lan (2). While it is tempting to associate the higher 
activation energies with the intr insic behavior and 
higher pur i ty  of the samples, it is not considered a 
plausible explanation, at least in the case of the pres-  
ent samples. Alternately,  the larger  activation energy 
may include migrat ion energy and dissociation energy 
for defect complexes. The la t ter  explanat ion appears 
more appropriate for ThO2 samples of the present  
study, since the activation energy for ionic conduction 
in the high temperature  range is lower (1.28 eV) com- 
pared to that in the in termediate  tempera ture  range. 
This value is in  reasonable agreement  with the 1.17 
eV obtained by Bransky and Tal lan (2) in  the s a m e  

tempera ture  region. 
In  the ThO2-CaO specimens, the activation energies 

in air for different compositions are 0.97-1.20 eV at high 
temperatures  and 1.20-1.38 eV in the intermediate  tem- 
perature  range (Table I) .  For the same system the 
activation energy values of 1.1 and 0.9 eV were ob- 
tained in air by Valchenkova and Palguev (29) and 
Ul lmann  (27), respectively. The results of the present  
investigation are thus in  reasonable agreement  with 
the published results in  air atmosphere. No earlier re-  
sults, however, are available at lower part ial  pressures 
to compare with the present data on these solid solu- 
tions. 

The activation energies observed for the ThO2-CaO 
compositions may also be compared with those re-  
ported in the ThO2-YO1.5 system for which the ob- 
served activation energies are 1.12-1.38 (30) in  air, 1.2 
(1), 1.09 (7), and 0.85-1.1 eV (26) for ionic transport.  
These values are close to those observed on CaO-doped 
ThO2 specimens measured in  air over a wide tempera-  
ture  range, but  are lower than the values observed in  
the ionic conduction region at in termediate  tempera-  
tures. 

The high values of activation energy in  the in ter -  
mediate temperature  region compared to those at high 
temperatures  may be explained if one considers that 



1718 J. E~ectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY November  1976 

the oxygen vacancies are associated with the impur i ty  
cations in  this tempera ture  range. The formation of 
such defect complexes is favored in  a ThO2-CaO lat t ice  
due to a favorable charge dis tr ibut ion between the 
oxygen vacancies and the Ca 2+ ions. Dielectric and 
mechanical  relaxat ion experiments  have earlier indi-  
cated the presence of such defect complexes in  CaO- 
doped ThO2 specimens (5). The high value of activa- 
tion energy (1.80 eV) in  the in termediate  temperature  
range in  pure thoria of the present  invest igat ion com- 
pared to that  of other investigators (1, 2) may be at-  
t r ibuted to the presence of a significant quant i ty  
( ~  2000 ppm) of Ca in the start ing mater ial  compared 
to total impur i ty  content of ~ 90 ppm in  their  samples. 

It may also be noticed in  Table I that  the activation 
energy for ionic conduction (i.e., at Po2 ---- 10-23 atm) 
remains high and near ly  constant  (1.80-1.90 eV) in the 
intermediate  temperature  region up to 2 m/o  CaO and 
decreases thereafter  (Fig. 2). These results may be 
interpreted as follows: The introduct ion of increasing 
amounts  of CaO in  ThO2 lattice tends to increase the 
concentrat ion of defect complexes referred to above 
which in  tu rn  leads to an increase in  activation energy 
for defect migration. However, at higher CaO contents 
the lattice becomes more open with a larger number  
of vacancies and consequently the activation energy for 
conduction is reduced. 

By increasing oxygen part ial  pressure, the contr ibu-  
t ion from the hole conductivi ty is increased and there-  
fore the observed activation energy is less representa-  
tive of the motion of defect complexes. 

In  the high tempera ture  region, the activation en-  
ergies are much closer to those observed earlier in  
pure ThO2 and ThO2-YO1.5 solid solutions and it may 
be expected that  the defects are in the dissociated 
state at these high temperatures.  The difference be-  
tween the activation energies in  the high and in te r -  
mediate tempera ture  ranges, in  that  case, gives the 
b inding  energy for the defect complex and is found to 
vary between 0.4 and 0.7 eV for different CaO-doped 
ThO2 specimens. The dissociation energy of the va-  
cancy defect has been observed to be 0.22 eV in  the 
in ternal  friction and dielectric loss measurements  (5), 
compared to a calculated value of 0.71 eV. The present  
values are closer to the theoretical value. Possible 
existence of impur i ty  cat ion-oxygen vacancy in ter -  
action in  "pure" ThO2 has also been pointed out by 
Hammou and Deportes (4). These values may be com- 
pared with those of 0.3-0.4 eV (31) obtained for alkali 
halides with divalent  impurities. For oxide systems, a 
higher b inding energy is expected due to the higher 
charges associated with the defects. 

Conclusions 
Like all other ThO2-base electrolytes, ThO2-CaO 

solid solutions are predominant ly  electron hole con- 
ductors in the high oxygen partial  pressure range and 
become fully ionic below 10 6-10-1~ atm, the exact 
value being dependent  upon the composition and tem- 
perature.  The ionic conductivities of these solid solu- 
tions are quite comparable to those of ThO2-Y203 
electrolytes and may be considered useful in the same 
Poe range as that of the latter. Both ioniciconductivity 
and the transference number  increase with increas- 
ing CaO content at least up to 10 m/o  of CaO. 

The variat ion of conductivi ty with reciprocal tem- 
pera ture  led to three tempera ture  regions with differ- 
ent  activation energies. The activation energy for ionic 
conduction in  the low tempera ture  range is lower 
while that of hole conduction is higher than that  in 
the intermediate  temperature  range and appears to be 
the effect of grain boundaries.  The activation energy 
for ionic conduction is higher than that for hole con- 

duction and is a funct ion of composition. A defect com- 
plex formation appears to be operative in the in ter -  
mediate temperature  range while the conductivi ty at 
the highest temperatures  represents the behavior  due 
to dissociated defects. 
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ABSTRACT 

Polycrystal l ine SnO2 films doped with various amounts  of Eu were pre-  
pared on glass substrates by a cosputtering process in an r f -sput te r ing  system. 
The site of the cosputtered Eu in  the SnO2 films was investigated by cathodo- 
luminescence studies. It  has been found that  the films with a 1 atomic percent  
(a/o)  Eu concentrat ion show sharp emission lines due to a magnetic  dipole 
t ransi t ion 5D0-TFI, while the films with a 14 a/o Eu concentrat ion show strong 
emission lines due to an electric dipole t ransi t ion 5D0-TF2. In  the former the 
films have a good crystal l ini ty and the cosputtered Eu has been subst i tuted 
for Sn in the SnO2 crystal matrix,  while in  the la t ter  the eosputtered Eu in -  
hibits the SnO2 crystal grain growth and is possibly incorporated into regions 
with large disorder near  the grain boundaries.  

A cosputtering process using a mul t icomponent  ta r -  
get or mul t i targets  is available for controll ing the 
s t ructural  and electrical properties of resul tant  sput-  
tered films. In  an earl ier  paper (1) dealing wi th  the 
influence of cosputtered A1 and Cu on the s t ructural  
and electrical properties of sputtered ZnO films, it has 
been shown that, as one would expect, the addit ion of 
A1 lowers the resist ivity of the ZnO films, whereas the 
addit ion of Cu increases it. Fur thermore,  the addit ion 
of A1 inhibi ts  the growth of the c-axis orientation, 
whereas Cu favors it. Very few studies of the location 
of cosputtered minor  consti tuents in  the host crystal 
films have been reported. Recently we have made Eu-  
doped SnO2 films on glass substrates by cosputtering 
Eu with SnO2 in an i f - sput te r ing  system. In  SnO~ 
single crystals, Crabtree (2) suggested that  Eu could 
be doped as much as 8 mole percent  (m/o)  by heat ing 
the crystals with EuC13. This paper describes a catho- 
doluminescence s tudy of the cosputtered Eu in  the 
SnO2 films. 

Experimental 
A planar  electrode r f -sput te r ing  system with an 

u l t r ah igh-vacuum diffusion pump was used for the co- 
sput ter ing process. The background pressure before 
sputter ing was 2 • 10 -5 Tort.  Electrode construction 
is shown in  Fig. 1. The distances from the target  to the 
anode and substrates were 13 and 18 mm, respectively. 
The anode was perforated and the substrates were 
placed behind it. Cosputtering of Eu with SnO2 was 
achieved by using sintered SnO2 disk targets with var i -  
ous amounts  of Eu. The diameter and thickness of the 
targets were 20 and 3 ram, respectively. They were 
prepared by pressing 99.9% pure SnO2 powder mixed 
with 99.9% pure Eu203 powder at 1000 kg/cm 2 and 
successively firing at 1000~ for 5 hr  in air. The con- 
centrat ion of Eu was varied from 1 to 14 a/o. Corning 
7059 glass plates were used as the substrates, since 
their thermal  expansion coefficient was close to that  of 
SnO2. The substrates were cleaned in boiling tr ichloro- 
ethylene. 

The sput ter ing was carried out at 2 X 10 -2 Torr  of 
Ar and O2 with an oxygen concentrat ion of 50%. The 
cathode current  density and potential  were 2 m A / c m  2 
and - - l l00V,  respectively. The substrate tempera ture  
was 70~ Before the deposition of SnO~, presput ter ing 
was done for 30 min. Fi lms of 1 ,~ 2 ~m thickness were 
deposited on the substrates in  1 hr. These sputtered 
films were annealed at 50O~ for 1 hr in air. 

The cathodoluminescent  properties of the SnO2 films 
were examined by bombarding them with 2 keV elec- 
trons at a current  density of 50 ~A/cme. The emitted 

K e y  w o r d s :  c a t h o d o l u m i n e s c e n e e ,  t h i n  f i lms,  rs sputtering. 
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Fig. 1. Electrode construction of an rf-sputterlng system 

light was focused on the entrance slit of an Ebert  grat- 
ing monochrometer  (Nippon Jar re l l -Ash)  and detected 
by a photomult ipl ier  (HTV. R446). The resolution of 
the monochrometer  dur ing these experiments  was 5A. 

Results and Discussion 
Figure 2 shows the emission spectrum obtained from 

the SnO2 target  with an Eu concentrat ion of 5 a/o. The 
spectrum is quite s imilar  to that  of the single crystal  
SnO2 doped with Eu (2); a strong magnetic dipole 
emission 5Do-~F1 and weak electric dipole emissions 
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5D0-~F2,~.4 suggest  tha t  most of the  Eu 3+ ions are  in-  
corpora ted  into the Sn site of the  SnO2 crysta l  mat r ix .  
S imi la r  emission spect ra  were  also observed f rom the 
targets  wi th  Eu concentrat ions of 1 and 14 a/o.  The 
annealed  SnO2 films exhibi ted,  however,  different  
emission spectra.  They va ry  wi th  the  amount  of Eu, as 
shown in Fig. 3. Spec t rum (a) was measured  f rom 1 
a /o  Eu-doped  films. The spec t rum is s imi lar  to tha t  of 
the  single crys ta l  SnO2. This indicates  that  the crysta l  
field a round the Eu 8 + ions in the films is s imi lar  to tha t  
in the  single crystal .  Spec t rum (b) was measured  from 
5 a /o  Eu-doped  films. A broad  electr ic dipole  emission 
~Do-TF2 is superposed on the magnet ic  dipole emission 
5D0-7F1. This indicates  tha t  some of the  Eu ~+ ions 
s tay at the center  of s y m m e t r y  of the  SnO2 crystal ,  
while  the rest  s tays at  a site wi th  no invers ion sym-  
me t ry  (3). In  14 a /o  Eu-doped  films, the electr ic  dipole  
emission is s t rongly  enhanced and the magnet ic  dipole  
emission is reduced,  as seen in spec t rum (c).  This ind i -  
cates tha t  most of the Eu ~+ ions s tay at  sites wi th  no 
invers ion symmetry .  The crys ta l  field a round  the Eu~ + 
ions which emanate  the e lect r ic  dipole  emission var ies  
f rom ion to ion, since the spec t rum shows broad emis-  
sion bands. 

X - r a y  diffraction measurements  showed that  the  
films crys ta l l ized to a ru t i l e l ike  po lycrys ta l l ine  s t ruc-  
ture  wi th  the  ( l lO) p lane  para l l e l  to the  subs t ra te  
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Fig. 3. Emission spectra from annealed Sn02 films of 4000A 
thickness doped with 1 a/o Eu (a), 5 a/o Eu (b), and 14 a/o Eu (c). 

Table I. (110) line half-widths of undoped Sn02 crystal and 
annealed films (x-ray diffraction measurements) 

Line half-width 
Sample (28 deg) 

Undoped SnO2 crystal 0.2 
1 a /o  Eu-doped film 0.3 
5 a/o Eu-doped film 0.4 
14 a /o  Eu-doped film 1.5 

surface. Table  I compares  the  (110) diffraction line 
ha l f -wid ths  of the annea led  SnO2 films wi th  tha t  of an 
undoped SnO2 crystal .  I t  is seen tha t  in the  annealed  
films wi th  a low Eu concentrat ion,  the  ha l f -w id th  is 
nea r ly  equal  to tha t  of the  undoped SnO2 crystal .  This 
indicates that  the  films have good c rys ta l l in i ty  and that  
Eu is quite possibly subst i tu ted for Sn. At  high Eu 
concentration,  the  cosput tered Eu inhibi ts  SnO2 crys ta l  
gra in  growth  and reduces the  gra in  size. This consid-  
era t ion is suppor ted  by  the fact that  the  h ighly  Eu-  
doped films show a broad  x - r a y  diffraction line. The 
gra in  size calcula ted from the ha l f -w id th  of the  (110) 
diffraction l ine is found to be as smal l  as 50/ .  I t  is 
speculated tha t  the Eu m a y  be incorpora ted  most ly  
into regions wi th  la rge  d i sorder  near  the  gra in  bound-  
aries. This may  cause the  enhanced electr ic dipole 
emission. These crysta l  s t ructures  in the  h ighly  Eu-  
doped films are  unusua l  ones in t he rma l ly  Eu-doped  
SnO2 crystals  in  which  the enhanced electr ic  d ipole  
emission is scarcely  observed.  In  the  spu t te r ing  process, 
the films grow under  non the rmal  equi l ib r ium condi-  
tions. The cosput tered Eu m a y  s t rongly  affect the  film 
growth  process and the unusual  c rys ta l  s t ructures  may  
easi ly  be quenched, as is observed in Ge-doped  Bi20~ 
p repa red  by  the cosput ter ing process (4). 

The present  anneal ing  process may  not essent ia l ly  
affect the  c rys ta l lographic  si te of the  cosput tered  Eu 
since the ca thodoluminescent  spect ra  f rom as - spu t t e red  
Eu-doped  SnO2 films are  s imi lar  to those of the an-  
nealed ones, a l though they  are  much  less intense.  

Conclusion 
The crys ta l lographic  site of cosput tered Eu in SnO2 

films can be de te rmined  by  s tudying  the i r  cathodo-  
luminescent  spectra.  The resul ts  a re  as follows. 

(i) The sput te red  films wi th  a low Eu concentra t ion 
show a sharp magnet ic  dipole  emission. This indicates  
that  the cosput tered Eu is subs t i tu ted  for Sn in the 
SnO2 crysta l  mat r ix .  

(ii) The sput te red  films with  a high Eu concentra-  
t ion show a s trong electr ic dipole  emission. In  this  case, 
the cosput tered  Eu inhibi ts  SnO2 crys ta l  g ra in  growth  
and reduces the  gra in  size. I t  is specula ted tha t  the  Eu 
may  most ly  be incorpora ted  into regions wi th  l a rge  
d isorder  near  the gra in  boundaries .  

Manuscr ip t  submi t ted  June 1, 1976; revised m a n u -  
script  received Ju ly  12, 1976. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the June  1977 JOURNAL. 
Al l  discussions for the June  1977 Discussion Section 
should be submi t ted  by Feb. 1, 1977. 
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Matsushita Electric Company, Limited. 
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Structure and Properties of Boron Nitride Films 
Grown by High Temperature Reactive Plasma Deposition 
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ABSTRACT 

Thin  films of boron ni tr ide were grown by reactive plas,ma deposition u s i n g  
the ammonia-d iborane  reaction. The crystall ine growth on substrates of sili- 
con, compression-annealed pyrolytic graphite, and compression-annealed pyro-  
lytic BN was investigated by electron microscopy, and composition of the de- 
posited material  was determined by electron microprobe analysis. The effect 
of gas ratio and substrate tempera ture  on growth rate was also investigated. 
Some crystall ine order was observed; the largest single crystal BN grains 
were obtained on compression-annealed pyrolytic graphite. Resistivities of 
the order of 2 • 109 ~ -cm were measured with dielectric constant vary ing  
from 2.7 to 7.7 for growth with different gas ratios. Efforts to determine the 
drift  velocity of carriers in thin films of BN were not successful. 

The interest  in BN stems from the fact that it is a 
high resist ivity I I I -V compound with a large bandgap 
(3.8 to 7.58 eV) (1, 2) and if crystall ine thin films 
could be obtained with large carrier drift  velocity, it 
could be a promising material  for certain microwave 
devices. This communicat ion describes the results of 
t h e  study under taken  to obtain crystall ine thin films 
of BN by reactive plasma deposition (RPD) using the 
reaction of NH3 with B2H6. 

Experimental 
Thin films of BN were grown on Si substrates by 

chemical vapor deposition (CVD) by Rand and Roberts 
(i) using the reaction between NH~ and Bull6 in hy- 
drogen. The reaction proceeded as follows 

B2Hs -l- 2NH3-> (NH3)uBH2 ~- BH4 (low temperature) 

-> 2BN ~- 6H2 (high temperature) 

with the free energy equal to --165 and --177 kcal/ 
mole at 900 ~ and M00~ respectively. Alexander, 
Joyce, and Sterling (3) have also grown BN by reac- 
tive plasma deposition at room temperature. 

The present work describes the results of the growth 
of BN using the reaction of NH~ with B2H6 in H2 at a 
high substrate temperature (> 1000~ together with 
an rf plasma on graphite, St, and BN substrates. The 
deposited material was smooth and transparent and 
was found to have better crystalline quality than the 
material obtained by NH3:B2H6 CVD at high tempera- 
ture alone. 

Figure 1 shows a schematic of the reactive plasma 
deposition system. The NH3 and 1.96% B2H6 diluted in 
H2 gases are metered by their respective Tylan  mass 
flow controllers and are mixed in the heated mixing 
chamber. The 13.5 1V~Hz rf excitation is coupled into 
the plasma within  the radiant  furnace hot zone by a 
capacitive coupler consisting of a p la t inum grid elec- 
trode placed outside a 3 in. diameter furnace tube and 
the grounded graphite susceptor inside the furnace 
tube. The input  and reflected rf power were measured 
by a Thrul ine  wat tmeter  manufac tured  by Bird Elec- 
tronic Corporation. Typical ly 4W of rf power was ab-  
sorbed by the plasma. The substrates and graphite 
susceptor are heated to the deposition temperatures  by 
a 14 kW parabolic clamshell  radiant  heater  furnace 
manufactured  by Research, Incorporated. The tempera-  
ture is monitored by a Chromel-Alumel  thermocouple 
imbedded in the graphite susceptor close to the sub- 
strate. Six 40 li ter Var ian Vacsorb pumps are used to 

* E lec t rochemica l  Society Ac t ive  Member .  
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mainta in  the plasma at a pressure of 39-133 Pa (300- 
I000 ~m). 

In a typical run, the reactor tube is evacuated to 
ca. 0.66-1.33 Pa (5-10 ~m) pressure using the Vacsorb 
pumps. The substrates are then heated until a steady 
temperature is recorded by the thermocouple. After 
the desired substrate temperature  is reached, NH~ and 
B2H, are let into the mixing chamber  at the-desired 
ratio, but  with a flow rate about a tenth  of the normal  
flow rate during deposition. The slow init ial  growth 
rate promotes better  nucleat ion and consequently a 
better  crystall ine structure. The plasma is ignited with 
a Tesla coil as the gases enter  the hot zone. The pres- 
sure in the reactor tube stabilizes to ca. 39-66.5 Pa 
(300-500 ~m). After the nucleat ion period, the reactive 
gases are introduced at full flow which ranges from 26 
to 120 cm3/min for NH8 and 480 to 575 cm3/min for 
B2H6, depending upon the gas ratio being used. The 
pressure in the reactor tube increases with deposition 
durat ion and is adjusted by increasing the pumping 
rate to sustain a vacuum less than 133 Pa (1000 ~m) 
in order to main ta in  the plasma. 

Different gas ratios and substrate temperatures  were 
examined. Substrates used were: ( l l l ) S i ,  compres- 
s ion-anneale  d graphite (CAPG) from Union Carbide 
and Pfizer, and compression-annealed pyrolytic BN 
(CAPB) from Union Carbide. The growth rate gener-  
ally increased with increasing temperature  and de- 
creased with increasing NH3:B.~H6 ratio but  was prac- 
tically independent  of the substrate and its orientation. 
The growth rate was also highest ups t ream where the 
gases enter the hot zone. Table I shows the growth rate 
for different substrate temperatures  and gas ratios for 
some of the reactive plasma chemical vapor depositions 
made. 

Results 
Material.---The RPD material  deposited at high tem-  

peratures had better  crystal l ine qual i ty than the mate-  
rial deposited by high tempera ture  NH3:B2H8 CVD 

PARABOLIC CLAMSHELL RADIANT FURNACE 
TUNLNG COIL 

/ I I  f l  - -  I . ~L , , , 4~5~  ~ MASSFLOWCONTROLLER 

........... l I X 
T H E R M ~ O U P L E  GRAPHITE MIXING C H ~ t B E R  

~ E A T H  AND RF SUSCEPTOR 

GROUNO 

Fig. 1. Reactive plasma deposition system for BN 
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Table I. Growth parameters for BN deposition 

NH~:B2H6 Substrate Growth rate 
Run No. ratio temp (~ (~m/min) 

3-27 19.2 757 0.30 
3-24 13.6 950 0.57 
4-1 11.6 800 0.42 
4-3 8.1 770 0,16 
4-22 8,1 850 0.44 
5-15 8.1 1000 0.72 
5-27 4,5 750 0.57 
5-1 4.5 800 0.62 
5-16 4.5 1000 0.82 
6-5 2.2 750 0.72 

alone. A typical example of the improvement  in  grain 
size with high tempera ture  RPD over CVD is ob- 
served in the electron diffraction pat terns shown in  
Fig. 2 (a) and (b) for mater ial  grown by CVD and 
RPD, respectively. In  both cases the mater ia l  was 
grown under  the same conditions of gas ratio 
(NH~:B2H6 8:1) and substrate tempera ture  (770~ 
on graphite substrates obtained from the Supertemp 
Corporation. 

Compression-annealed pyrolytic graphite (CAPG) 
from Pfizer and Union Carbide was examined with the 
100 keV electron microscope for the degree of single 
crystallinity.  The reflection electron diffraction pat-  
terns of the CAPG material  from Pfizer and Union 
Carbide are shown in Fig. 3 (a) and 4(a) ,  respectively. 
Diffraction pat terns from the Union Carbide CAPG 
substrate indicates coarse grained crystall ine material.  
The Pfizer graphite on the other hand consists of fine 
grain randomly oriented polycrystal l ine material,  as 
evidence by the series of sharp circular rings in the 
diffraction pattern.  Figures 3(b)  and 4(b) are t rans-  
mission electron diffraction micrographs of BN films on 

Fig. 2. (a) Reflection electron diffraction pattern of CVD BN 
deposited on Supertemp graphite substrate. (b) Reflection electron 
diffraction pattern of high temperature reactive plasma BN de- 
posited on Supertemp graphite substrate. 

Fig. 3. (a) Reflection electron diffraction pattern of Pfizer com- 
pression-annealed pyrolytic graphite. (b) Transmission electron 
diffraction pattern of reactive plasma BN deposited on Pfizer 
compression-annealed pyrolytic graphite. 

graphite substrates from Pfizer and Union Carbide, re- 
spectively. The BN layers that  separated from the sub-  
strate due to differences in thermal  expansion were 
th inned in  hot phosphoric acid for the t ransmission 
microscopy. The diffraction micrograph for the BN 
layer deposited at 770~ with a NHs:B2H6 gas ratio of 
8:1 on the Union Carbide CAPG shows rather  
markedly  that this BN layer  has larger single crystal- 
lites than the BN films deposited on the other sub- 
strate, and the single crystals are large enough so that 
there are but  a few single crystal grains wi th in  the 50 
~m objective aperture of the microscope. 

A comparison of the electron diffraction pat terns of 
the RPD BN layers in Fig. 3(b) and 4(b) with their 
respective CAPG substrates in Fig. 3(a) and 4(a) 
show that the single grain size in  the deposited BN is 
larger than that in the substrate. 

Figure 5 shows the diffraction pa t te rn  that  is typi-  
cally obtained in  BN deposited on CAPG material  from 
Union Carbide. After  indexing the diffraction spots, 
two grains with zone axes along (0110) and (15Z~1) 
could be identified in the mul t igra in  structure. 

BN films were also deposited on (111) Si substrates 
with some degree of single crystallinity.  Figure 6 is a 
transmission electron diffraction pat tern  of a BN film 
grown again with a gas ratio of 8:1 at a temperature  
of 770~ on a (111) Si substrate. The Si substrate was 
etched off the BN for the t ransmission electron micros- 
copy. In addition to the diffraction spots, Kikuchi lines 
were also observed, indicating fairly large grain crys- 
talline ma te r i a l  

Chemically vapor deposited hexagonal BN from 
Union Carbide that had been compression annealed for 
improved ordering of the crystall ine structure was also 
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Fig. 6. Transmission electron diffraction pattern of reactive 
plasma BN deposited on (1i l )  Si substrate. 

Fig. 4. (a) Reflection electron diffraction pattern of Union 
Carbide compression-annealed pyrolytic graphite. (b) Transmission 
electron diffraction pattern of reactive plasma BN deposited on 
Union Carbide compression-annealed pyrolytic graphite. 

Fig. 5. Typical electron diffraction pattern of mulHgrain BN film 
deposited on compression-annealed graphite from Union Carbide. 

used as substrate material.  Figure 7 (a) is a t ransmis-  
sion electron diffraction micrograph of some of this 
substrate material,  which indicates that  the material  
consists of preferent ia l ly  oriented crystallites. Figure 

Fig. 7. (a) Transmission electron diffraction pattern of com- 
pression-annealed pyrolytic BN from Union Carbide. (b) Trans- 
mission electron diffraction pattern of reactive plasma BN de- 
posited on Union Carbide compression-annealed pyrolytic BN. 

7(b) shows a transmission electron diffraction of the 
BN film grown by reactive plasma that peeled away 
from the substrate. The hexagonal symmetry  of the 
mult iple  grain is evident  from the diffraction pattern.  
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Table II. B-N composition EM,P analysis 

NH3:B~H~ Temp 
Specimen B (%) N (%) ratio (~ 

4-14 49.25 50.75 4.5:1 iO00 
4-8 55.40 44.60 4.5:1 930 
5-15 41.67 58.33 8.1:1 10OO 
Allied Chemical 46.32 53.68 -- -- 
Boralloy (U.C.) 45.29 54.71 -- -- 
Theoretical  43.56 56.44 -- -- 

The effect of varying the NH3:B2H6 ratio f rom 4.5:1 
to 19.2:1 was also examined, and the substrate growth 
tempera ture  was var ied f rom 750 ~ to 1000~ The most 
ordered single crystals of deposited BN were  obtained 
for a NHs:B2H6 ratio of 8:1 with a growth t empera -  
ture  range of 770~176 

A Kevex  energy-dispers ive  electron microprobe 
analysis was made on some compression-annealed BN 
"Boralloy" from Union Carbide, a vapor - l iqu id  solu- 
t ion-grown BN specimen obtained f rom R. Kirk  of 
Allied Chemical, and our react ive plasma BN films. 
Table II contains a summary  of the compositional 
analysis. When compared to the theoret ical  composi- 
tion for stoichiometric BN, all of the BN specimens 
tested were  B rich except  sample No. 5-15, which was 
N rich and had been deposited with  the largest  
NH3:B2H6 ratio. This would indicate that  a stoichio- 
metr ic  BN composition could be obtained from a re-  
active plasma BN deposition at 1000~ using a 
NH3:B2H6 gas ratio of 7.1: 1. 

Measurements.--Infrared absorption measurements  
were  made on our react ive plasma BN films with  a 
Model 457 Pe rk in -E lmer  infrared spectrometer  over  
the wave leng th  range of 2.5-40 ~m. The typical spec- 
t rum observed on our depositions is shown in Fig. 8. 
The BN optical phonon absorption peak occurs at 7.1 
~m and a possible B-N-B resonance is at 12.5 ~m. This 
is the standard spectrum also observed in commercia l ly  
avai lable  BN. 

A four-point  probe measurement  utilizing a Tek-  
t ronix 576 curve t racer  as the constant current  source 
and a Kei th ley  602 e lec t rometer  to measure  the vol t -  
age determined that  the room tempera ture  electrical 
resist ivi ty of our  BN films was typical ly 2 • 109 ~-cm. 

1 
7.1~ 

WAVELENGTH 

Fig. 8. Typical infrared absorption spectrum of reactive plasma 
BN. 

The I -V characteristics were  essentially l inear  to a 
field of 104 V/cm at which the resist ivi ty was measured. 

A General  Radio 1615A capacitance bridge was used 
to determine  the dielectric constants at 100 kHz of BN 
films deposited with  different NH3:B2H6 ratios by mea-  
suring the capacitance of BN capacitors of known area 
and thickness. Evapora ted  A1 electrodes 3 mm in diam- 
eter  were  used. For  a ratio of NH~:B2H6 of 4.5:1 and 
substrate t empera ture  of 1000~ the dielectric con- 
stant was 2.7. For  a ratio of NI-Is:B2Hs of 11.6:1 and 
substrate t empera ture  of 800~ the dielectric constant 
varied f rom 5.3 to 7.7 f rom sample to sample. 

An at tempt  was made to measure  the carr ier  drift  
veloci ty by the method of Ruch and Kino (3), but  no 
meaningful  electrical response on the sampling scope 
could be detected f rom the incident 15 keV electron 
beam current  on all our BN material .  BN thicknesses 
f rom 10 to 75 ~m were  used. Electric fields up to 106 
V / c m  were applied across the BN specimens. Evident ly  
the density of recombinat ion centers is too high to 
permit  any measurable  carr ier  transit  current  to be 
observed. 

Conclusions 
Thin films of BN were  grown by high tempera ture  

react ive plasma deposition using the react ion of am-  
monia and diborane. The crystal l ine growth on sub- 
strates of Si, pyrolytic graphite, and compression- 
annealed pyrolytic BN was invest igated by t ransmis-  
sion and reflection electron microscopy. The highest 
crystal l ine order wi th  the largest  single crystal  grains 
was observed to occur for deposits on Union Carbide 
compression-annealed pyrolyt ic  graphi te  grown with 
an ammonia /d iborane  ratio of 8:1 at tempera tures  be- 
tween 770 ~ and 1000~ Energy dispersive electron 
microprobe analysis of the BN films indicated that  
stoichiometric BN should be obtained by growths at 
1000~ with an ammonia /d iborane  ratio of 7.1: 1. The 
electrical measurements  indicated the BN films had 
room tempera ture  resistivit ies of 2 • 109 ~2-cm and 
100 kHz dielectric constants of 2.7-7.7 depending on 
the growth conditions. No drift  veloci ty  values for car-  
riers in BN could be obtained. 
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ABSTRACT 

Gal l ium ni tr ide l ight emit t ing diodes (LED's) fabricated on {1102} oriented 
sapphire substrates are found to emit only green light independent  of Zn con- 
centrat ion dur ing the i - layer  growth of i - n  structures, while LED's on {0001} 
substrates are found to be able to emit blue to yellow light by controll ing the 
Zn concentration. In  invest igat ing the tempera ture  dependence of electrolumi-  
nescence and photoluminescence spectra, it was founct that  the spectra consist 
of two components:  blue emission and yellow or green emission. The relat ive 
in tensi ty  of the blue emission increased wi th  the decrease in temperature.  On 
the other hand, the yellow and green emissions were found to increase in  their  
relat ive intensities when the tempera ture  was raised to room temperature.  
These results imply that two kinds of acceptors are formed by doping with 
Zn into a GaN crystal. The acceptor contr ibut ing to the blue emission is located 
at 0.4 eV above the valence band. The other acceptor responsible for the yellow 
and green emissions is an impur i ty  band situated at a position higher than  
0.8 eV above the valence band. 

Since gal l ium ni t r ide  light emit t ing diodes (LED's) 
composed of the i (Zn- or Mg-doped l a y e r ) - n  (undoped 
layer)  junct ion  were reported by Pankove and his co- 
workers  (1,2), various GaN LED's with blue (3), 
yel low (4), red (5), and violet color emission (6,7) 
have been fabricated. However, the mechanism by  
which GaN LED's emit at various wavelengths 
throughout  the visible spectrum has remained unclear, 
though luminescence centers contr ibut ing to the var i -  
ous emissions have been found to extend from 0.6 to 1.1 
eV above the .valence band (4). 

This paper  reports that  there are some differences 
in  the color of the emission between the LED's fabri-  
cated on {0.001} and {1T02} oriented sapphire substrates. 
The LED fabricated on {1"~02} substrate was found to 
emit green light almost independent  of the Zn con- 
centrat ion dur ing  the i - layer  growth, though the emis- 
sion from the LED on {0001} substrate was found to 
vary  in  color by controll ing the Zn concentration. The 
LED's on {0001} substrates produced blue to yellow 
color emissions. In  this work, it was also found that 
there is a different tempera ture  dependence in  the 
relat ive in tensi ty  and spectrum shift between the blue 
emission and the other emissions. A peak energy 
difference between the spectra of photoluminescence 
(PL) and electroluminescence (EL) was observed at 
room temperature  for the blue LED, but  not for the 
yel low and green LED's. 

Experimental 
Crystal growth and LED fabrication.--The GaN crys- 

tals used in this work were grown according to the 
Maruska and Tie t jen  method (8). Substrates used 
were {0001} and {1~02} oriented sapphires grown by 
the Czochralski method. These substrates were an-  
nealed in air at 1000~ for 5 hr in order to reduce any 
s t rain in the crystals. The surfaces were etched off in 
H3PO4 at 320~ to remove lapping scratches. First  an 
undoped n- type  conducting layer  was grown on these 
substrates and then a Zn-doped layer  was grown. Thus, 
an i -n  junct ion was formed during crystal growth. The 
reactor employed had three horizontal  inlet  nozzles, 
which were used to introduce HC1, NH~, and Zn vapor. 
The quartz boat for Zn was movable by magnet  from 
up to down stream in the gas flow. This boat permit ted 
evaporat ion of Zn at high temperatures  dur ing the 
i - layer  growth t ime after the n - layer  deposition. A Zn 
source tempera ture  of about 600~ was required to 
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compensate nat ive donors. The n- layers  obtained were 
3 X 10 TM ~ 7 ~( 10 TM cm -~ in carrier concentrat ion by 
the van  der Pauw method and were 50 ~ 80 #m thick. 
The i- layers  were about 10 #m thick. Their  carrier con- 
centrations were u n k n o w n  because of their  semi- in-  
sulat ing characteristics. 

The wafers were cut into 3 to 5 mm square disks. An 
ind ium contact was soldered onto the whole surface 
of the i-layer,  while the other contact was attached t o  
the n - layer  exposed on the chip side. Elect rolumines-  
cence could be obtained with a forward bias of 3.5-20V 
(9) with respect to the i - layer  surface. Emission was 
observed through the substrate at the back. The re-  
verse bias generated almost no light. This phenomenon 
is contrary to what  has already been  reported (4). 

Zinc concentration distribution in the i-layer.--The 
Zn concentrat ion dis t r ibut ion in  the i - layer  surface 
was semiquant i ta t ively  analyzed by scanning electron 
microprobe analysis (EMA). The electron beam in-  
cident on the crystal surface was several microns in 
diameter. This is less than one- ten th  the crystal growth 
hillock diameter. To reduce the error in  the measure-  
ment  due to surface roughness, the relat ive Zn  concen- 
t ra t ion was expressed by the K~-ray intensi ty  ratio of 
Zn to Ga, (Zn/Ga)i ,  in  which the Ga I ~ - r a y  in tensi ty  
was used as an in terna l  criterion. The Zn and Ga 
K~-rays were s imultaneously measured. The ratios, 
(Zn/Ga)i ,  were also employed to compare the Zn con- 
centrat ion between samples. 

EL and PL measurements.--The devices fabricated in  
this way were mounted on the cold finger of a l iquid 
ni t rogen cryostat. Then, their  EL spectra at room (RT) 
and l iquid ni t rogen temperatures  (LNT) were mea-  
sured by a Spex-II  spectrometer and an RCA 7625 
photomultiplier.  

The specimens used for the PL measurements  were 
prepared from the same sample used for the EL mea-  
surements.  For these measurements,  Kr  laser l ight 
(3509A) was irradiated on the i - layer  surface through 
a lens system. The measurements  were carried out at 
RT and l iquid hel ium tempera ture  (LHeT) using a 
Perk in  Elmer  E1 spectrometer and an HTV-592 photo- 
multiplier.  

Results 
Case oS {0001} substrates.--In this case, the crystals 

in the {0001} orientat ion are grown. The EL color of a 
diode fabricated on {0001} substrate (hereafter re-  
ferred to as {0001} diode) depended on the Zn concen- 
t ra t ion in the i-layer,  i.e., the color of the emission 
shifted to the longer wavelengths with the increase in  
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Zn concentration. This result  agrees quali tat ively with 
Pankove's  experiment  (3). However, there has been 
no report  clarifying the quant i ta t ive  correlation of 
Zn concentration dur ing i - layer  growth [supplied 
amount  ratio of Zn to Ga, (Zn/Ga)g]  with that  in  the 
i - layer  [ (Zn /Ga) i ]  a n d  the color of the emission. In-  
vestigating the relationship between the two kinds of 
Zn concentrations, i.e., (Zn/Ga)g  and (Zn/Ga)i ,  (Zn/  
Ga)i  was found to increase steeply with (Zn/Ga)~ 
when (Zn/Ga)g was in the nar row range below 0.1 
(Fig. 1). The (Zn /Ga) i  increased gradual ly  with 
(ZnfGa)g in  the range above 0.1. When  (Zn/Ga)g  
was above 0.5, i.e., i - layer  Zn concentrat ion was high, 
yellow LED's were usual ly  obtained. Orange to red 
lights were sometimes produced; when  (Zn/Ga)g  was 
below 0.2, blue light emission was apt to occur. Then 
Zn concentrat ion in  the i - layer  of the yellow LED 
was two or more times that  of the blue one (Fig. 1). 
The steep increase of (Zn /Ga) i  in  the near  zero range 
of (Zn/Ga)g  may be caused by complete incorporation 
of the Zn supplied into the GaN crystal. As a result, 
(Zn /Ga) i  fluctuated widely with small  fluctuations 
in  the amount  of Zn supplied when the (Zn/Ga)g  was 
below 0.2. For this reason, blue LED's are difficult to 
obtain with good reproducibili ty.  On the contrary, 
yellow LED's doped with a high concentrat ion of Zn 
could be fabricated with good reproducibili ty.  

The EL spectra of the blue LED and yellow LED 
measured at RT [Fig. 2 (a ) ]  consisted of a single band 
peaking at 450 nm (2.76 eV) and 585 nm (2.12 eV), 
respectively. The EL spectrum of the blue LED at RT 
is analogous in the peak position and hal f -width  to that  
reported already (3). On the other hand, the EL spec- 
t rum of the yellow LED fabricated in this work differs 
from the EL spectrum observed by Pankove et al. (4) 
in  a broad orange contr ibut ion peaking at 1.7 eV. No 
shoulder band is observed in Fig. 2(a) .  When the 
yellow LED made in this work was cooled to LNT, a 
subband corresponding to the emission ~eak of the blue 
LED was apparent  [Fig. 2 (b) ] .  No side band developed 
in the EL spectrum of the blue LED at LNT, although 
the peak position was found to shift to higher energy, 
i.e., blue shift. However, in the EL spectrum of the 
yellow LED no shift of the main  band iceak icosition 
occurred. The blue shift of the GaN EL is known to 
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Fig. 2. Electrolumlnescence spectra of blue and yellow LED's at 
RT (a) and at LNT (b). The values in the spectra show the applied 
voltages and current through the diodes. 

occur with the increase in  current  through the diode 
(7, 9). The ~eak shift observed here was not caused by 

the current  increase, since the current  through the blue 
LED in Fig. 2 was less at LNT than  at RT. 

As opposed to the EL spectrum differences between 
the blue and yellow LED's ment ioned above, no large 
peak energy difference was observed in the PL spectra 
between the blue and yellow LED's [Fig. 3 (a ) ] ;  the 
peak energies were located around 560 ~ 580 nm 
(2.12 ,-~ 2.14 eV). In  comparing the spectrum peak en-  
ergy difference between the PL and EL at RT, how- 
ever, there was some difference between the blue LED 
and yellow LED. The peak energy of the EL spectrum 
was found to be higher than that  of the PL spectrum 
by 0.5 eV in the blue LED, whereas no peak energy 
difference was found in the yellow LED. When tem- 
perature  was decreased to LHeT, the PL spectrum of 
the yellow LED occurred at the same peak position as 
that of the blue one [Fig. 3 (b) ] .  The peak was located 
at 445 nm (2.79 eV), and this peak position is near ly  in  
agreement  with that of the blue component of the EL 
spectra at LNT [see Fig. 2 (b) ] .  The spectrum shown 
in  Fig. 3 (b) was almost ent i rely in agreement  with the 
low tempera ture  PL spectra reported already. 

Case of (I-f02) substrates.--The epitaxial layers of 
GaN crystals of (1170) oriented surface were grown on 
{1102} surfaces of sapphire substrates. The LED's made 
on (1102} sapphires (hereafter referred to as {1170} 
LED) differed from (0001) LED's in the Zn concentra-  
t ion dependence of the EL. That  is, the peak energy 
for the EL spectrum of the {1120} LED was almost 
independent  of (Zn/Ga)  g. Even when (Zn/Ga)  g values 
were varied in the range from 0.4 to 1.1, (1120} LED's 
generated only green light, al though (0001} LED's 
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Fig. 5. Photoluminescence spectra of green LED's i-layer at RT 
and at LHeT. The PL spectrum at LHeT consists of two compo- 
nents (broken lines). 

under  similar conditions produced yellow to red light. 
The {1120) green LED's were apt to be lower in  
(Zn/Ga)~, measured in EMA, than  the {0001} yellow 
LED's, though there were some exceptions. The {1120) 
green LED's were midway between blue and yellow 
{0001) LED's with regard to electric resistance. These 
results imply that the Zn concentrat ion in the green 
LED is in termediate  be tween the blue and yellow 
LED's. In the case of Zn supplying conditions such as 
used when fabr icat ing the blue LED on {0001) sub-  
strate, the GaN crystals grown on {1102) substrate did 
not become a semi-insulator.  It was therefore found 
that there is a l imit  to the amount  of Zn incorporated 
into {1120) oriented GaN crystal. 

The EL spectrum of the {1120} green LED consisted 
of a single band peaking at 520 n m  (2.38 eV) (Fig. 4). 
No large peak position difference was observed be- 
tween the spectra at RT and LNT, similarly to the case 
of the yellow LED. However, no blue side band such as 
seen in the EL spectrum of the yellow LED was ob- 
served even at low temperature.  

With regard to the peak position correspondence be-  
tween the PL and EL spectra, the green LED resembled 
the yellow one. That  is, the PL spectrum at RT of the 
{1120) green LED agreed in its peak energy (515 nm, 
2.14 eV) with the EL spectrum as seen in Fig. 4 and 5. 
When tempera ture  was decreased, the peak position of 
the PL spectrum of the green LED shifted to 450 nm 
(2.76 eV) (LHeT) which is near ly  in agreement  in  
peak energy with those of the blue and yellow (0001) 
LED's. The PL spectrum of the green LED at LHeT 
was broader than the others (Fig. 3 and 5). 

Discussion 
Luminescence o~ (0001} LED's.--The luminescence 

center responsible for the blue and yellow emissions 
from GaN: Zn, such as shown in  Fig. 2, has been gen- 
erally considered to be one kind of energy band in  the 
forbidden gap described previously (4). This model 
cannot interpret  the fact that  the side band  contr ibut -  
ing to a blue emission develops in  the EL spectrum of 
the yellow LED at low tempera ture  [Fig. 2 (b)] .  I t  is 
also incapable of in terpre t ing that  there  is a peak posi- 
t ion shift (0.5 eV) over the bandgap reduction [0.07 
eV (11)] with the temperature  difference, which was 
observed in  the PL spectra of the b lue  LED in the 
tempera ture  range RT-LHeT [Fig. 3(a) and (b)] .  
Furthermore,  a subband sometimes accompanied the 
main  yellow band at 580 nm (2.14 eV) in the PL spec- 
tra at RT of i - layers  used for fabricating yellow LED's. 
The intensi ty  of this blue side band increased relative 
to the yellow band as tempera ture  was lowered, so that  
the spectrum changed into a single blue band  at LHeT. 
Thus, there exist two emission components in the spec- 
tra of both EL from the i -n  junct ion  and PL from the 
i-layer.  These two components are different in  their  
tempera ture  dependence; the tempera ture  dependence 
of each component does not change in  PL and EL. 
These facts do not indicate that  the color var iat ion of 
the emission light described above is caused by  a 
broad luminescence center such as explained previ-  
ously. They clearly imply that  two kinds of lumines-  
cence centers generated by  doping with Zn atoms into 
GaN crystal are responsible for the emission color 
variation. It was already reported that the b lue  PL 
increases in in tensi ty  as tempera ture  is lowered (10, 
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12). However, there has been no report on the obser- 
vat ion of the two bands in the EL spectrum from one 
GaN LED or in the PL spectrum from one GaN semi- 
insula t ing layer. In addition, no study on tempera ture  
dependences of the two bands has been carried out. 
The reason that  these two components have not been 
observed is that the samples used for that observation 
may be lower in  Zn concentrat ion than the samples 
used in  this work. A model of the two luminescence 
centers is presented below. 

The large difference between the EL and PL spectra 
of the blue LED at RT in  the spectrum peak energy is 
presumed to be caused by the Zn concentrat ion gradi-  
ent near  the i -n  junct ion along the crystal growth 
direction. The electric potential  distr ibutions across the 
junct ion measured by Pankove (13) and Maruska et al. 
(14) change near  the i -n  junction,  but  not abruptly.  
This potential  d is t r ibut ion indicates that  the Zn con- 
centrat ion near  the junct ion increases along the crystal 
growth direction. The EL occurs precisely at the junc-  
tion (14, 15), i.e., at the interface of the n-  and i-layers.  
Accordingly, these facts suggest that the EL is gen- 
erated at the lowest Zn concentrat ion region of the 
i-layer.  On the other hand, the PL emissions reflect 
properties of the i - layer  near  the surface where the 
Zn concentrat ion is high. The reason that  no peak 
energy difference between the EL and PL of the yel-  
low LED's is observed is assumed to be that the (Zn/  
Ga)g is so high that the yellow luminescence center 
formed exists at the junction. 

Luminescence of {1120} LED's . - -The broader PL 
spectrum of the green LED, as opposed to those of the 
blue and yellow LED's, can be divided into two com- 
ponents. One of these is responsible for the b lue  emis- 
sion, while the other contributes to the green emission 
(Fig. 5). At LHeT this blue component is higher in  
emission in tensi ty  than the green component. At RT 
the blue component vanished, while the other compo- 
nent  survived. The green emission is analogous in the 
tempera ture  variat ion of its in tensi ty  to the yellow 
emission; the green emission in tensi ty  is higher at RT 
than at lower temperatures.  At lower temperatures  the 
blue component intensi ty  increases. Accordingly, there 
exist two kinds of luminescence centers, the properties 
of which differ, as in  the case of the yellow LED. 

Easier fabrication of the green LED on {1102} than 
{0001} substrate is assumed to be related to dependence 
of the Zn incorporat ion on the crystal surface or ienta-  
tion. 

Luminescence center model . - -There  have been some 
discussions on blue emission peaking at 2.8 eV. i.e., 
whether  this emission is based on a conduct ion-band-  
to-acceptor t ransi t ion (10) or a complex center (12). 
As previously described, the emission bands located 
in the range 445 nm (2.79 eV) to 580 nm (2.14 eV) 
(Fig. 2, 3, 4, and 5) are clearly influenced by Zn 
dopant; and it is general ly thought that Zn atoms 
incorporated in a GaN crystal compensate nat ive 
donors and form acceptors because the crystal be- 
comes semi-insulat ing.  Accordingly, the two lumi -  
nescence centers ment ioned previously are assumed to 
be two kinds of acceptors formed by Zn doping. One 
of these acceptors contr ibut ing to blue emission 
(acceptor I) is situated at 0.4 eV above the valence 
band. The other, responsible for green and yellow 
emissions (acceptor II) ,  is located at a position higher 
than 0.8 eV above the valence band. This energy esti- 
mat ion is based on the bandgap (3.22 eV) of Zn-doped 
GaN at RT (17). The electrons at these acceptors are 
raised to the conduction band by photoexcitation or 
collisions with hot electrons (18). As a result, the holes 
arise at the acceptors. The radiative recombinations of 
these holes occur with electrons at donors or the con- 
duction band. The holes at the acceptors are thermal ly  
excited to the valence band with increasing tempera-  
ture. The density of the hole excited from acceptor I, 

which has an energy level lower than acceptor II with 
respect to the valance band, increases relat ively with 
the decrease in temperature.  Thus, the hole density at 
the acceptors varies according to temperature,  thereby 
causing the electron t ransi t ion probabili t ies from the 
conduction band or the donor states to the acceptors to 
vary. Because of this probabi l i ty  variation, the blue 
emission as a result  of the t ransi t ion to acceptor I is 
relat ively higher at LNT or LHeT than  RT. 

The acceptors are formed in  the following way. Zinc 
atoms in  GaN crystals are first subst i tuted for Ga, thus 
forming acceptor I. If the number  of Zn atoms int ro-  
duced to the crystal is increased, Zn atoms can occupy 
N-vacancy sites (16). They can also be incorporated 
into interst i t ial  sites because of the crystal lattice ex- 
pansion due to the large atomic radii  of Zn at N- 
vacancies and Ga sites. Therefore, these Zn dopants 
are assumed to form a broad impur i ty  band  (acceptor 
II) in  the forbidden gap. The impur i ty  levels may be 
associated with other impurities,  such as Cu and Fe. In 
our samples, A1 and Si of concentrations less than  0.005 
w/o were detected by spectrochemical analysis. Lower 
concentrations of Mg, Cu and Fe were also detected. 

It is known that the EL emission peak shifts to the 
short wavelength side with the increase in current  
through the diode (7, 9). The increase in the current  
density induces enhancement  of electron density ex- 
cited from the acceptors by impact ionization. The 
excited electrons fill up energy states of the conduc- 
tion band tail. Consequently, if all the blue, green, and 
yellow EL emissions are generated by electron transi-  
tions from the conduction band to acceptors I and II, 
the blue shift of the EL emission with the current  can 
be explained. 

Summary 
In  summary,  the wavelength  of the l ight emitted 

from the GaN LED can be controlled by varying the 
Zn dopant density. In  the case of {0001} GaN crystals, 
the Zn concentrat ion is two or more times higher for 
yellow LED's than  for blue LED's. On the other hand, 
green LED's are easier to fabricate for {1120} GaN 
crystals than for {0001} GaN crystals. The blue emis- 
sion, when compared with the green and yellow emis- 
sions, is found to be higher in relative intensi ty  at 
lower temperatures  than  RT. All these emissions are 
produced by electron transit ions from the conduction 
band to the two kinds of acceptors; one responsible for 
the blue emission is located 0.4 eV above the valance 
band, while the other contr ibut ing to the green to yel-  
low emissions is situated at positions higher than 0.8 
eV above the valence band. 
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Topology of Silicon Structures with Recessed SiO  
E. Bassous,* H. N. Yu, and V. Maniscalco 
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ABSTRACT 

The performance and packing density of silicon integrated circuits can be 
increased by the use of thermally grown silicon dioxide for the dielectric iso- 
lation of the active components of the circuit and by employing fabrication 
procedures which yield devices with fiat surfaces. Using Si3N4 masking, 
anisotropie etching of the silicon substrate, and thermal oxidation, structures 
were fabricated in which the SiO2 was recessed below the original surface. 
Because of the lateral oxidation under the edge of the Si3N4 mask, a so-called 
bird's  beak shaped structure is formed at the Si-SiO~ and SiO2-SiaN4 interfaces. 
Factors which influence the surface p lanar i ty  due to the bird 's  beak formation 
have been studied experimental ly.  This investigation studies the minimizat ion 
of the bird's beak by using a combination of a thick SisN4 film, a thin SiO2 
pad, and a suitable thickness of recessed oxide (ROX). Uniform anisotropic 
etching and parallel  a l ignment  to <110> are also required to ma in ta in  di-  
mensional  control. 

The use of silicon dioxide for the isolation of the 
active components of silicon integrated circuits offers 
the potential for the fabrication of circuits with in- 
creased performance and high packing density (i). The 
enhanced performance can be achieved by reducing the 
capacitance between the active regions of the circuit, 
while the increased packing density can be obtained 
by the use of high resolution lithography to reduce the 
spacing between circuit elements. To define patterns in 
the micrometer or submicrometer range, it is preferred 
to have the oxide used for isolation recessed into the 
silicon substrate to form a recessed oxide (ROX) 
structure whose surface is substantially coplanar with 
the silicon surface. 

In the fabrication of MOS and bipolar devices with 
thermally grown recessed SiO2 (2-i0), Si3N4 is com- 
monly used as the oxidation barrier. The surface of a 
wafer is protected in selected regions with a thin film of 
Si3N4 and the recessed oxide layer is thermally grown 
in the exposed areas. The volume of the thermally 
grown SiO2 is about twice the volume of silicon con- 
sumed in forming the oxide. The SiO2 film thickness is 
thus divided approximately equally above and below 
the original silicon surface, more exactly 55.7 and 
44.3%, respectively, to yield a semirecessed oxide 
(SEMIROX) structure. To obtain a planar surface with 
a fully recessed oxide, part of the exposed silicon is 
removed prior to thermal oxidation as shown in Fig. I. 

The ideal profiles shown in Fig. 1 are not obtained in 
practice due to the diffusion of oxygen and the growth 
of SiO2 under the edge of the Si3N4 film during thermal 
oxidation. A ridge of thermal oxide which protrudes 
above the ROX surface is formed around the perimeter 
of the Si3N4 mask. The profile of the oxide ridge in 

* E lec t rochemica l  Society Ac t ive  Member .  
Key  words :  oxide isolation, r ecessed  oxide, SiaN~, SisN4 oxida- 

tion mask, MOSFET fabrication. 
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Fig. I. Formation of semirecessed oxide (SEMIROX) and fully 

recessed oxide (FULL ROX) silicon structures using Si3Nr as an 
oxidation mask. Ideal profiles are shown. 

cross section appears as a bird's head with a prominent 
crest and "beak" as shown in Fig. 2. Such ridges or 
bumps on an otherwise planar surface which result 
from this dielectric isolation process are undesirable. 
They create abrupt topographic features on the surface 
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Fig. 2. Cross sections through experimental silicon structures showing SEMIROX (top) and full ROX (bottom) profiles 

which can cause breaks or discontinuities in thin films 
covering the steps. The bird's  beak is also undesirable  
because it reduces the avai lable  active surface area and 
thus detracts f rom the packing density of the inte-  
grated circuit. This exper imenta l  study was therefore  
under taken  to determine  the conditions required to 
fabricate ful ly recessed oxide s t ruc tu res  with a high 
degree of surface p lanar i ty  suitable for the fabricat ion 
of ve ry  high density n-channel  FET memory  circuits. 

Experimental 
For convenience of fabricat ion and examinat ion of 

the bird's beak, silicon test s tructures were  fabricated 
consisting of sets o f 'pa ra l l e l  lines of thermal  SiO2 re-  
cessed into the silicon substrate. The width of the oxide 
lines and silicon mesa lines var ied be tween 2 and 30 
~m. The sequence of steps in the fabrication process is 
shown in Fig. 3 and involves a single masking step 
using processing conditions which are compatible with 
the fabricat ion of high density FET circuits. 

Fabrication steps.--As shown in Fig. 3 (a), an oxida- 
tion mask consisting of a thin film of thermal  SiO2 and 
a film of CVD Si3N4 is deposited on the surface of a 
(100) oriented silicon wafer,  2 ~ - c m  p-tyl~e, 1.25 in. 
diameter.  A third layer  of CVD SiO2 is also deposited 
to serve as an etching mask for the under lying SigN4 
film. 

Af te r  the wafer  is coated wi th  photoresist, sets of 
parallel lines oriented along the <ii0> direction are 
defined and etched in the CVD SiO.~ film using buffered 
HF. The photoresist is removed and the Si3N4 film is 
now etched in boiling H3PO4 at 180~ The oxide pad 
between Si3N4 and the Si substrate is dip etched in 
buffered I-IF to yield a structure as shown in Fig. 3 (b). 

The exposed silicon substrate is etched to a prede- 
termined depth in an anisotropic etching solution con- 
taining NON, water, and isopropanol to form sets of 
parallel trenches of varying width. A cross section of 
a single silicon mesa line is shown in Fig. 3 (c). 

The silicon wafer is then thermally oxidized in 
steam at 1000~ to form the recessed oxide (ROX) in 
the etched trenches as shown in Fig. 3 (d). 

The wafer is scribed and cleaved across the sets of 
parallel lines and examined by SEM. 

Processing conditions.--Oxidat~on mask.--A single 
layer  of SigN4 deposited direct ly on silicon serves as 
an excel lent  oxidation mask. If the Si3N4 film is suf-  
ficiently thick, it gives rise to only a small bird's 
beak. It was exper imenta l ly  determined,  however,  that  
the silicon surface becomes heavi ly  doped with  n- type  
impuri t ies  due to the etching of the Si3N4 film in 
H3PO4 at 180~ Fur thermore ,  oxides grown on a sili- 
con surface which had been coated with  Si3N4 and 
subjected to anneal ing in steam exhibited poor dielec- 
tric breakdown characteristics. Figure 4 shows C-V 
curves of MOS capacitors fabricated on Si wafers 10 
~-cm, n-type, which were  immersed in H~PO4 at 180~ 
prior  to oxidation. F rom the change in capacitance 
under  strong inversion, it appears that  the average 
surface doping caused by HsPO4 is about 1 X 1012 
cm -3. The doping layer  introduced by H3PO4 can be 
substantial ly e l iminated by etching in buffered HF 
prior  to oxidation. The doping and degradat ion of the 
silicon surface can be minimized if a thin layer  of SiO.~ 
(oxide pad) is introduced between the SigN4 film and 
the silicon surface. 

TEM examinat ion of silicon surfaces as shown in 
Fig. 5(a) and (b) clearly shows damage caused by 
Si3N4 deposition which increases with the thickness of 
the film. The damage is reduced significantly if  a thin 
SiO2 layer  is introduced at the Si3N4-Si interface. 

The SiO2 pad is thermal ly  grown in dry oxygen at 
temperatures  varying between 700 ~ and 1000~ de- 
pending on the thickness required.  The Si3N4 film is 
deposited at 800~ using a ratio of NH3:SiH4 of 150:1 
by volume, with N2 as a carr ier  gas. The deposition 
rate is 180 A/rain,  the refract ive index of the Si3N4 film 
is 2.0, and the etch rate  in HsPO4 at 180~ is about 
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Fig. 3. Sequence of steps in the fabrication of experimental sili- 

con recessed oxide structures. 

100 A/rain.  The CVI) SlOe which serves as an etching 
mask for SisN4 is deposited in situ immediate ly  fol- 
lowing the ni t r ide deposition. The deposition rate is 
160 A/ra in  at 800~ using Sill4 and N20 with N2 car- 
r ier  gas. 

Anisotropic etching.--Anisotropic etching of (100) 
oriented silicon wafers followed by thermal  oxidation 
has been proposed (11) as a method to fabricate 
densely packed and dielectrically isolated silicon inte-  
grated circuits. The characteristic feature of aniso- 
tropic etchants such as KOH and other strongly alka- 
l ine solutions (12-20) is that  the etch rate varies widely 
depending on the crystallographic orientat ion of the 
silicon substrate. For the three low index crystal planes 
of silicon, the etch rate decreases in the order (100), 
(110), and (111). If holes are etched in  (100) silicon 
with an anisotropic etching solution, the cavities 
formed are pyramidal  in shape, bounded on four sides 
by the slowest etching (111) crystal planes which form 
an angle of 54.7 ~ with the (100) surface plane. Rec- 
tangular  openings whose sides are aligned parallel  to 
the <110> direction, i.e., parallel  or perpendicular  to 
the (110) flat of a (100) wafer, yield trenches with 
(111) sloping side walls and no significant undercut -  
ting. Because the profile of the cavities is highly pre-  
dictable and the depth can be accurately controlled, 
the ROX line densi ty can be greatly increased. Iso- 
tropic etchants, on the other hand, are not crystallo- 
graphical ly preferential,  cause excessive undercutt ing,  

0.6 

t I I 
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0 . 4 - -  

0 . 2 -  

1 I t 

C-4xlOI5cm-3 _ 
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A = I0 min H3PO 4 

B : 2 min H3PO 4 - 

C = I0 min H3PO 4 +BHF 

D= 2min H3PO4+BHF- 
E = CONTROL 

I I c I I 
-15 -I0 -5 0 5 I0 15 

VOLTS 
Fig. 4. Normalized capacitance-voltage characteristics of SiO2 

grown on 10-20 ~-cm n-type St. Wafers A and B were subjected to 
boiling H~PO4 at 180~ prior to oxidation, wafers C and D were 
also etched in buffered HF for 15 sec prior to oxidation. The 
average donor concentration at the surface shown for each curve is 
calculated from the ideal MOS minimum capacitance curves of A. 
[Ref. (23).] 

and thus are n o t  as useful in  the fabrication of high 
density circuits using ROX technology. 

The etching solution used in these experiments  is a 
mix ture  of 100 ml  2M aqueous KOH and 25 ml  iso- 
propanol  at 44~176 The etch rate of (100) oriented 
silicon is about  10 A/sec and is uni form over extended 
etching times. 

Results and Discussion 
The shape of the bird 's  beak and crest at the t ransi-  

tion between the Si3N4 masked area and the recessed 
oxide region depends on the following factors: (i) the 
thickness of the SiO2 pad between the Si3N4 film and 
the Si surface; (ii) the thickness of the SigN4 film 
used as the oxidation mask; (iii) the thickness of sili- 
con etched from the substrate to form the t rench and 
the extent  of the undercut t ing  of the oxide pad which 
tends to decrease the width of the silicon mesa lines; 
(iv) the uni formi ty  of the etching of the Si substrate, 
the profile of the etched trench, and the degree of 
misal ignment  of l ine pat terns relat ive to the <110> 
direction of a (100) oriented wafer; and (v) the thick- 
ness of the thermal ly  grown recessed oxide. 

The relative size of the bird 's  beak and the promi-  
nence of the bird's crest are i l lustrated in Fig. 6. As 
silicon is removed by etching to enable the oxide to 
be recessed deeper into the substrate, the beak tends 
to increase in  length and the crest tends to be more 
pronounced. In  SEMIROX structures, which are formed 
without etching the silicon substrate, the oxide thick- 
ness is approximately equally divided above and below 
the original silicon surface. A step appears at the 
ROX-Si boundary  but no crest is apparent.  The ab-  
sence of a protruding crest is a dist inguishing feature 
of a SEMIROX structure  as compared to a full  ROX 
structure. 

The thicknesses of the ni t r ide  layer and of the oxide 
pad have opposing effects on the size of the bird 's  
beak and crest. As the ni t r ide thickness is increased, 
the growth of bird's beak and crest are more effectively 
suppressed due to the increasing rigidity of the ni t r ide 
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Fig. 5. Transmission electron 
micrographs of ROX structures 
showing dislocations and damage 
in the silicon mesa lines and 
(111) sidewalls. The trenches 
etched in silicon are 2000,~, deep, 
and the ROX grown is 4500A 
thick, Si02 pad 50.~, under 
$i8N4. (a) SisN4 2000~, (b) 
Si3N 4 4500~,. 

film. Figure  7 shows SEM photomicrographs of ROX 
structures prepared under  similar  conditions wi th  
nitr ide films ranging between 300 and 4500A in thick-  
ness. Af ter  the growth of the recessed oxide, the 
nitr ide film is strained and tends to bend. The curva-  
ture of the strained nitr ide film is apparent  for thick- 
nesses less than 2000A. With a ni tr ide film 300A in 
thickness, it shows considerable curvature  as evident  
in the semicylindrical  shape of the 2 #m wide line in 
sample 3H of Fig. 7. 

Al though suppression of the bird's  beak and crest is 
desirable for device fabrication, thick ni t r ide films 
tend to damage the silicon and to degrade the dielec- 
tric properties of the oxide subsequently grown on it. 
A film of Si3N4 4500A in thickness suppresses the bird's 
beak; however,  the stress in the film is so large that  
it causes a visible distortion of a 0.2 mm thick wafer.  
Thin ni tr ide films, on the other hand, tend to curl, giv-  
ing rise to a large beak and crest af ter  the ROX 
growth. Selection of parameters  for a t rade-off  be- 
tween a complete suppression of the bird's beak and 

the avoidance of damage to the silicon surface is neces- 
sary in the fabricat ion of ROX device structures. 

The oxide pad thickness determines  the ease of oxi-  
dation be tween the ni tr ide film and the silicon sub- 
strate. As expected, the bird's beak tends to increase 
as the pad thickness increases, as is evident  in Fig. 8 
which shows SEM photomicrographs of cross sections 
of SEMIROX structures prepared without  anisotropic 
etching of the silicon substrate. A similar  but more 
pronounced increase in the bird's  beak is also observed 
as the thickness of the recessed oxide is increased as 
shown in the SEM photomicrographs of Fig. 9. 

Quanti ta t ive measurements  of the bird's  beak and 
crest were  made from SEM photomicrographs of cross 
sections of ROX device samples. The results are plotted 
as a function of various film thicknesses in Fig. 10, 11, 
and 12. 

In Fig. 10 the magni tude  of the bird's beak and crest 
are plotted as a function of the thickness of silicon 
which is anisotropically etched from the substrate to 
form the recessed oxide structures. A~I the data points 
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Fig. 6. Cross sections of recessed oxide structures showing the change in the shape of the bird's crest and beak as silicon is aniso- 
tropically etched from the substrate. Top: no etching of Si substrate prior to thermal oxidation to form the SEMIROX structure. Note ab- 
sence of crest. Middle: 1000s of Si etched from the substrate prior t o growing the recessed oxide. Bottom: 2000s Si etched from the 
substrate prior to growing the full ROX structure. Note prominence of bird's beak and crest. 

shown in Fig. 10 are for samples prepared with 50A 
SiO2 pad, 1000A Si3N4, and 4500A of recessed oxide. 
The beak appears to be relat ively insensit ive to the 

thickness of silicon etched from the substrate in  the 
range 0-2000A provided there is no undercut t ing.  The 
crest, however, is ini t ia l ly  unaffected but  then shows a 
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Fig. 7. SEM photomicrographs of ROX structures fabricated with 
different thicknesses of SigN4. Si3N4 4500,~, thick is rigid and gives 
rise to a minimum crest and no beak, whereas a film 300~ thick 
shows a large curvature, with a pronounced crest and a long beak 
(sample 3H). 

sharp increase be tween 1000 and 2000A of etched sili- 
con. The sample formed by etching 2000A of Si is a 
ful ly recessed oxide s tructure whose surface is essen- 
t ial ly coplanar with the surface of the substrate with 
the crest appearing as a raised ridge above the wafer 
surface. The samples prepared with less than 2000A of 
etched silicon have par t ia l ly  recessed oxides showing 
li t t le or no prot ruding ridges bu t  exhibit  a step with 
a gradual  sloping sidewall where the ROX surface is 
raised relat ive to the surface of the Si substrate. Sur -  
face ridges or steps exist in  both fully recessed and 
par t ia l ly  recessed oxide structures, but  they differ in  
geometry and magni tude  depending on processing 
conditions. 

The effect of the thickness of the SigN4 film on ful ly 
recessed oxide structures prepared by anisotropic etch- 
ing of 2000A of silicon followed by growing 4500A of 
ROX to form a quas i -p lanar  surface is shown in  Fig. 

Fig. 8. SEM photomicrographs of cross sections of SEMIROX 
structures showing the increase in the bird's beak as the SiO2 pad 
thickness is increased. The SiO2 pad is between the Si substrate 
and the Si3N4 oxidation mask. 

11. The bird's head is diminished in proport ion to the 
thickness of Si3N4 film used, whereas the opposite re-  
sult  is observed if the oxide pad is increased from 50 
to 100A. The bird's beak and crest are also equal ly  
sensitive to processing conditions par t icular ly  in  re-  
gard to the extent  of undercut t ing  of the oxide pad 
during the fabrication of ROX structures. As shown in  
Fig. 4, the CVD SiO~ used as an etching mask for Si~N~ 
is etched off prior to anisotropic etching, causing un-  
dercutt ing of the oxide pad by 50-100% of the thick- 
ness of the CVD SiO2 film. To minimize the bird 's  
beak, the CVD SiO2 film should either be as thin as 
possible or be removed after the recessed oxide is 
formed to avoid any undercut t ing.  Undercut t ing will 
also take place in  the anisotropic etching of silicon if 
the l ine pa t te rn  is misaligned relative to the <110> 
directions which are parallel  to and perpendicular  to 
the (110) "flat" on a (100) oriented silicon wafer. The 
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Fig. 10. Selected features of the bird's beak and crest plotted as 
the ordinate vs. the thickness of silicon removed from the substrate 
by anisotropic etching prior to thermally growing 4500.~ of re- 
cessed oxide. 

Fig. 9. SEM photomicrographs of SEMIROX structures showing 
the increase in the bird's beak as the thickness of the recessed 
oxide in the field is increased. 

degree of undercut t ing  is a m a x i m u m  when the l ine 
pa t te rn  makes an angle of 45 ~ with the <110> direc- 
tion and is a m i n i m u m  when this angle is 0 ~ 

The corresponding curves for semirecessed oxide 
structures prepared with no anisotropic etching of the 
substrate are shown in  Fig. 12. The oxide pad thick- 
ness has li t t le effect on the curvature  of the SisN4 film 
after growing the recessed oxide, but  has some influ- 
ence on the bird's beak. The data points in  Fig. 12 for 
samples prepared with 500A Si3N4 were measured from 
the SEN[ photomicrographs shown in Fig. 8. The 500A 
CVD SiO2 film used as an  etch mask for the Si3N4 film 
was etched off prior to the oxidation of these samples. 

Most of the exper imental  ROX structures were fab- 
ricated on (100) oriented silicon with trenches etched 
anisotropically to form a profile with (111) sidewalls 
slanting at an angle of 55 ~ wi th  the horizontal. In order 
to find out how a t rench with vertical  sidewalls affects 
the geometry of ROX structures (21), trenches in  
(110) oriented wafers were etched by aligning them 
paral lel  to one set of the (111) planes which intersect 
the (110) surface plane vertically. As shown in Fig. 13, 
proper ly  aligned and etched trenches can be obtained 
with vertical sidewalls and no observable undercut t ing.  
They yield a recessed oxide whose topography displays 

Fig. 11. Selected features of the bird's beak and crest of full 
ROX structures plotted as the ordinate vs. the thickness of Si.~N4 
used as the oxidation mask. The thickness of silicon etched 
anisotropically from the substrate was 2000,~ prior to thermally 
growing 4500,~ of recessed oxide. 
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Fig. 12. Selected features of the bird's beak of SEMIROX struc- 

tures plotted as the ordinate vs. the thickness of Si3N4 used 
as the oxidation mask, for different thicknesses of SiO2 pad. The 
semirecessed oxide 6500A thick is the same for all the samples. 

a prominent  crest and beak conforming with the pro-  
file of the etched t rench configuration. The surface 
p lanar i ty  in  this case shows no improvement  over the 
ROX structures formed in (100) wafers. 

An opt imum surface p lanar i ty  with min imum bird's 
beak was obtained using 50A SiO2 pad, an oxidation 
mask of SiaN4 2000A thick, anisotropic etching of the 
silicon substrate to form trenches 2000A deep, and a 
fully recessed field oxide 4500A thick. These process- 
ing conditions have been successfully applied to the 
fabrication of an exper imental  8K bi t  MOSFET mem-  
ory chip 1.1 X 1.6 mm 2 with 1.25 #m min imum l ine-  
width with a ful ly recessed field oxide (22). 

Conclusions 
Silicon structures wi th  recessed oxide which are 

fabricated using Si3N4 as the oxidation mask, aniso- 
tropic etching of the silicon, and thermal  oxidation 
deviate from surface p lanar i ty  due to lateral  oxidation 
at the edge of the SiaN4-masked region. The protruded 
structure on the surface of the wafer appears as a 
bird's head whose size can be predicted from the 
processing conditions used to fabricate the structures. 
The suppression of the bird 's  beak and crest which is 
highly desirable for IC fabrication can be achieved by 
increasing the thickness of the Si3N4 oxidation mask, 
decreasing the thickness of the SiO2 pad between the 
Si substrate and the SisN4 layer, and by minimizing 
the ROX thickness. Too thick a layer of SiaN4 will de- 
grade or damage the Si surface. A compromise of 50A 
SIO2, 2000A Si3N4, and ROX 4500A grown in  an aniso- 
tropically etched substrate 2000A deep was found to 
be satisfactory in the fabrication of a high density 8K 
bit MOSFET memory chip with 1.25 ~m m i n i m u m  
linewidth.  
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High Surface Concentration Zn Diffusion in GaAs 

K. K. Shih* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

A B S T R A C T  

A high surface concentra t ion l a y e r  is essential  for obta ining good ohmic 
contact  on GaAs devices. Zn diffusion in GaAs using Zn3As2, ZnAs2, Zn3As2 
+ ZnAs~, and  ZnAs2 + As as diffusion s o u r c e s  at  low t empera tu re s  (600 ~ 
730~ has been  studied.  The  resul t ing  surfaces were  reproduc ib le  and u n -  
damaged,  and the  surface concentrat ions were  in  the  1020 cm -3 range.  

The use of Zn as a diffusion source to obta in  a high 
surface concentra t ion l aye r  for the  purpose  of reduc-  
ing the contact  resis tance of p - t y p e  GaAs has been 
appl ied  to many  devices, especial ly  the  GaAs-  
AlxGa l -xAs  double  he te ro junc t ion  lasers.  Most of the 
Zn diffusions were  carr ied  out under  excess As pres -  
sure, using Zn and As compounds as diffusion sources 
at  low t empera tu res  to obtain thin, h igh surface con- 
cent ra t ion  layers  (1-3).  In this paper ,  a sys temat ic  
s tudy  of the  diffusion processes using ZnaAs2, ZnAs2, 
Zn~As2 Jr ZnAs2, and ZnAs2 + As as diffusion sources 
at  low t empera tu re s  (600~176 was made.  The  r e -  
sul t ing diffused layers  had high surface concentrat ions  
(,~ 1020 cm -3) wi th  undamaged  surfaces, and  r ep ro -  
ducible  resul ts  were  obtained.  

Phase Diagram Consideration 
The diffusion of Zn in GaAs is affected by  the  Ga 

vacancy concentrat ion,  which  in  t u rn  is governed by  
the  As pressure .  Hence, in o rde r  to under s t and  the  
diffusion results,  it  is necessary  to de te rmine  the phase 
re la t ionship  be tween  the constituents.  Under  the  con- 
dit ions of our  exper iments ,  i t  is expected that  the  gase-  
ous and l iquid phases and the surface of the  GaAs wil l  
be in mutua l  equi l ibr ium.  I t  is the re fore  permiss ib le  to 
use the  equ i l ib r ium phase  d i ag ram in discussing these 
par t s  of the  sys tem (4, 5). 

F r o m  a s tudy  of the  G a - A s - Z n  phase diagram,  i t  
was found tha t  at  low tempera tures ,  say be tween  600 ~ 
and 730~ al l  the l iquid and solid phases in the  phase  
d i ag ram have nea r ly  the  same boundar ies  at  al l  t em-  
pe ra tu res  wi th in  this  range.  F igure  1 is a 700~ iso- 
the rmal  section of the t e r n a r y  phase  d iag ram using the 
da ta  of Panish  (6). At  this t empe ra tu r e  there  is a 
l a rge  region where  no l iquid  phase  exists. 

* Electrochemical Society Active Member. 
Key words: Zn diffusion, ZnAs~, Zn~As~, GaAs. 

Diffusion of Zn in GaAs is l imi ted  to regions tha t  
have  solid GaAs in equi l ib r ium wi th  other  phases.  
These are  regions I -VI  in  Fig. 1 whe re  regions I I I  and 
V are  grossly  exaggera ted .  Since region I contains a 
series of l iquid  phases and I I  contains l iquid  phase  A, 
the  surface of GaAs may  de te r io ra te  if  diffusion is held  
in  one of these two regions. Hence, only regions I I I -VI  
where  there  a re  no l iquid  phases in these regions are  
to be considered. 

The consequences for diffusion in  regions I I I -VI  can 
be best  unders tood in te rms of the  n u m b e r  of degrees 
of f r eedom F. F o r  an  i so thermal  t e r n a r y  sys tem in 

LIQUIDUS LINE 
Zn 

.kz.A 2(-r,.loc) 
/ 

, / / - -  v r \  

Ga GaAs (1258~ As 
Fig. 1. The 700~ Ga-As-Zn ternary isotherm. Regions |-VI have 

solid GaAs in equilibrium with other phases. 
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contact wi th  ihe  vapor, the phase rule  (7) specifies that  
F : 3 -- P where  P is the number  of condensed phases. 

(i) Region III is a na r row region separat ing regions 
II and IV. There  is no l iquid phase, but  there  are two 
solid phases, GaAs and Zn3As2, so that  F : 1. Hence 
one paramete  r such as the As pressure can specify the 
system. This is the region to be considered when  Zn~As2 
is used as a diffusion source for Zn diffusion in GaAs. 
The As pressure in this region can vary  f rom the As 
pressure in region II to that  in region IV depending 
on the weights of source and GaAs samples and the 
volume of the diffusion ampul. Therefore  the control 
of weight  and volume is requi red  for a reproducible  
junct ion depth. 

(ii) In region IV, there  are th ree  solid phases, GaAs, 
Zn3As2, and ZnAs2, so that  F : 0. This means that  
everything is fixed in this region, including the As 
pressure. There is a large area where  there  is no l iq-  
uid phase. This is the region of interest  when  Zn3As2 
+ ZnAs2 is used as a diffusion source. In this region, 
the result  of Zn diffusion is independent  of the weights 
of the source and GaAs samples and volume of the 
ampul  and depends only on temperature ,  because a 
small change in the amount  of mater ia l  placed in the 
ampul will  have no effect on the Zn and As vapor  pres-  
sure if diffusion is done in this region. It  is in this re-  
gion where  reproducible  results wi th  undamaged sur-  
faces can be obtained. 

(iii) Region V is also a nar row region similar  to re-  
gion III. This is the region to be considered when ZnAs2 
is used as a diffusion source. The As pressure can be 
varied f rom that  in region IV to that  in region VI, 
depending on the weights of the source and GaAs sam- 
ples and the vo lume of the ampul. Therefore  the con- 
trol of weight  and volume is also requi red  for a repro-  
ducible junct ion depth. 

(iv) Region VI can be discussed in the same manner  
as that of region IV. Same as region IV, reproducible 
results wi th  undamaged surface can be obtained if dif-  
fusion is held in this region. This is the region of in-  
terest  when  ZnAs2 + As is used as a diffusion source. 
The As pressure in this region is not only fixed but it 
is also the highest  among all the regions. 

E x p e r i m e n t a l  

The diffusion sources Zl~sAs2 and ZnAs2 of 6-9's 
qual i ty  were  obtained f rom the Cerac Company. Three 
(100) oriented GaAs single crystals, which, respec-  
tively, were  Sn-doped with  electron concentrat ion 
about 2 • 1017 cm -8, Si -doped with  electron concen- 
t rat ion about 2 • 10 TM cm -3, and Zn-doped with  hole 
concentrat ion about 3 • 10 TM cm -8, were  used as sam- 
ples in each diffusion experiment.  The surfaces were  
chemical ly polished to provide  a damage- f ree  surface. 
Cleaning prior  to sealing consisted of degreasing and 
washing in solvents and deionized water.  All  three 
GaAs samples, each approximate ly  1/4 in. square and 
about 25 mit thick, were  sealed in a fused-si l ica ampul 
along with 1-4 mg of the source materials.  This amount  
of source is in excess in order  to maintain  a solid phase 
during the diffusion. Source and samples were  sepa- 
rated by sl ightly necking down the 10 mm ID silica 
tubing near  the end to form a bubble shape. The ampul 
was evacuated to a pressure of about 10 -7 Tor t  and 
sealed at a length of 3 in. Numerous  diffusions were  
made be tween  600 ~ and 730~ for times ranging f rom 
10 min  to 4 hr. Af te r  diffusion, the source end of the 
tube was wi thdrawn first and cooled rapidly to pre-  
vent  deposition of the vapor  on sample surfaces. 

The sheet resistance of each sample was then mea-  
sured using~the four -poin t  probe method. The junct ion 
depth was measured af ter  the samples were  cleaved 
and stained in 1: 1:10 HF:H202:H20 solution under  i l-  
lumination.  

R e s u l t s  a n d  D i s c u s s i o n  

The smooth and shiny appearance of the wafer  sur-  
faces was re ta ined after  three diffusions. Af te r  exam-  

ining the junct ion depth, xj, of all three samples from 
the same diffusion, it was found that  the values were  
very  close to each other, indicating that  the diffusion 
profiles are ve ry  steep. These results are consistent 
with that  reported previously for the diffusion of Zn 
into GaAs under  excess As pressure (4, 5). In order 
to demonstra te  the reproducibi l i ty  of these diffusion 
processes, some of the diffusions have been repeated 
several  t imes and the same junct ion depth has been 
obtained. The junct ion depth vs. the square root of t ime 
for various diffusions using ZnsAs2, ZnAs2 or ZnsAs2 + 
ZnAs2, and ZnAs2 + As as diffusion sources is plotted 
in Fig. 2, 3, and 4, respectively.  The straight l ine re la-  
t ionship indicates that  Fick's law (8) is obeyed. 

By comparing Fig. 2, 3, and 4, it was found that  at the 
same temperature,  the junct ion depth was the greatest  
when Zn~As2 was used as a diffusion whi le  the junct ion 
depth was the smallest  when ZnAs2 + As was used as 
a diffusion source. These results were  expected because 
the As pressure was the lowest when ZnsAs2 was used 
as a diffusion source and the highest  when  ZnAs2 + As 
was used as a diffusion source. These results are con- 
sistent wi th  that  repor ted  in Ref. (4) where  the junc-  
tion depth decreases wi th  increasing As pressure. 

It was also noted that  at a given tempera tu re  the 
junct ion depth for diffusions using ei ther  ZnAs2 or 
Zn3As2 -~ ZnAs2 as diffusion sources was exact ly  the 
same. This suggests that  the As pressure in the ampul  
for both sources was the same during our diffusion 
studies. F rom the discussion of the phase diagram in 
Fig. 1, it was concluded that  the As pressure in the 
region containing Zn3As2 ~ ZnAs~ is fixed at a given 
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temperature ,  while the As pressure  in the region con- 
taining ZnAs2 can be var ied from that  in the region 
containing ZnaAs2 + ZnAs2 to h igher  values. Since the 
weight  of the ZnAs2 source, which was about 1 mg in 
our diffusion case, was small  in comparison with the 
weight  of the GaAs samples, which was over 100 rag, 
wi th  no ext ra  As added in the system, the As pressure 
using ZnAs2 as a diffusion source in our studies was 
always on the low side and therefore  closer to the As 
pressure using Zn~As2 + ZnAs2 as a diffusion source. 
This also applies to the Zn3As2 case, where  the As 
pressure using Zn3Ase as a source in our diffusion 
studies was also on the low side and closer to the As 
pressure in region II. 

The var ia t ion of junct ion depth vs. t empera tu re  at a 
given t ime using ZnAs_~ or ZnsAs2 + ZnAs2 as diffusion 
sources was deduced f rom Fig. 3 and the results are 
plotted in Fig. 5. The informat ion presented in Fig. 5 
is useful in prede te rmining  the junction depth at va r i -  
ous temperatures .  The same kind of information can 
be deduced from Fig. 2 and 4 for the other two sources. 

The sheet resistance, ps, of the diffusion layers has 
been measured by the four-point  probe method. In  
Fig. 6, the resist ivi ty p which is the product  of sheet 
resistance Os and junct ion depth xj is plotted as a func- 
tion of t empera tu re  for different diffusion sources. The 
average conductivi ty ~" of a diffused layer  can be ex-  
pressed as (9) 

_ 1 1 
~r = - - - -  - -  q#N [1] 

p psXj 

where  q is the electron charge, ~ is the average carr ier  
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mobility, and N is the density of carriers. For  high Zn 
diffusion witfi excess As pressure, the diffusion profiles 
are ve ry  steep so that  we can assume that  N ----- C - -  Co 
where  C is the average concentrat ion of the diffused 
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l aye r  and Co is the  surface car r ie r  concentrat ion.  F rom 
Eq. [1], Co can be app rox ima te ly  expressed as 

1 
Co-- [2] 

q~o 

For  example,  at  700~ wi th  ZnsAs2 -~ ZnAs2 source, 
p = 12 • 10 -4  ~ - c m  (from Fig. 6), q = 1.6 X 10 -19C, 
and if  ~ is assumed to be 25 cm2/Vsec f rom Ref  (10), 
then Co ~ 2.1 • 1020 cm -3 which is close to the ex-  
pe r imenta l  value  of 2.5 • 1020 cm-3  f rom Ref. (5). 

The resul ts  in Fig. 6 also indicate tha t  s l ight ly  h igher  
surface concentrat ions can be obtained using ZnAs2 
+ As as the  diffusion source because of the  lower  re -  
s is t ivi ty values tha t  can be obtained.  At  t empera tu res  
as low as 600~ Co in the  1020 cm -a  range  can be easi ly  
obtained using any one of the four  sources. Since the 
doping level  for most devices is in  the range  be-  

tween  1017 and 10 TM cm-~, the contact  resistance can be 
reduced by  orders  of magni tude  using these diffusions 
(11). 

In  summary ,  Zn diffusion in GaAs be tween  600 ~ 
and 730~ to obta in  high surface concentrat ions has 
been s tudied using different  diffusion sources. The 
junct ion  dep th  at  different  t empe ra tu r e  and t ime has 
been de te rmined  and the surface car r ie r  concentra t ion 
can be app rox ima te ly  de termined.  This in format ion  is 
va luable  for choosing op t imum diffusion conditions not 
only  for making  good contact  but  also for  making  de-  
vices wi th  diffusion techniques.  
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ABSTRACT 

Cadmium s tannate  (Cd2SnO4) films of 112 per square sheet resistance a n d  
85% average t ransmissivi ty (500-650 nm) have been grown by means of rf  
sputter ing onto silica substrates. CdS-Cu2S th in  film solar cells with conver-  
sion efficiencies greater  than 5% for front  and rear  i l lumina t ion  have been 
fabricated. The reflection of t ransmit ted  light back through the cell has in-  
creased the light generated current.  Fabr icat ion techniques are described and 
current-vol tage  and spectral response measurements  are presented for f ront-  
wall and backwall  modes of operation. 

Solar cells fabricated on t ransparen t  substrates allow 
the backWa!l mode of operation to be utilized, whereby 
light is incident  on the p - n  junct ion  interface through 
the wide gap mater ial  and absorbed in  the nar row gap 
layer  (see Fig. 1). In this investigation, the wide gap 
mater ial  is CdS (n-type,  2.4 eV bandgap) and the na r -  
row gap mater ial  is Cu2S (p-type, 1.2 eV gap). For  
the CdS-Cu2S cell, a possible advantage of the back-  
wall  mode of operation is that more light is absorbed 
near  the heterojunct ion than near  the Cu2S surface. If 
the Cu2S layer  is on the order of a minor i ty  carrier 
diffusion length thick, one anticipates that the back- 
wall collection efficiency would exceed that of the 
f rontwal l  mode since a larger  fraction of the minor i ty  
carriers are created near  the junct ion  (of course, ab-  
sorption of l ight in  the back electrode and the  CdS 
must  also be taken into account).  In  addition, the back- 
wall mode could be less dependent  upon the thickness 
and other physical characteristics of the Cu2S layer. 
Instead of applying a grid pa t te rn  to the Cu2S surface 
to act as the anode, as must  be done for the frontwall  
cell, a continuous metall ic layer  could be used. This 
would have practical advantages, as well as providing 
a reflecting surface on the front of the cell which would 
increase the backwall  response. 

We would like to describe the fabrication of CdS- 
CusS cells on Cd2SnO4-silica substrates, and measure-  
ments  of the front and rear modes of operation. The 
major  phases of research that we report  here deal with 
the following: 

(i) Construction of a t ransparent ,  conducting, and 
stable film of Cd2SnO4 (cadmium stannate)  on a t rans-  
parent  substrate (silica). 

(ii) Deposition of an adherent  and pinhole-free  film 
of CdS onto the Cd~SnO4. 

(iii) Format ion  of a CdS-Cu2S heterojunct ion re-  
sul t ing in  a photovoltaic cell. 

(iv) Cell electrical characterization, including di- 
ode analysis and spectral response in  f rontwall  and 
backwall  modes of operation 

A general  diagram of the celt that is to be discussed 
is shown in  Fig. 1. The items outl ined above are de- 
scribed below. 

The Cd~SnO~-Silica Substrate 
The t ransparent  cadmium stannate  electrodes were 

coated onto silica substrates (1 X 1 in. or 1 • % in.) 
by rf sput ter ing from a hot-pressed Cd2SnO4 target. 

* Electrochemical Society Active Member. 
Key words: solar energy, photovoltaics, energy conversion, thin 

film. 

During deposition the substrate  surface tempera ture  
should exceed 400~ to achieve film crystallization. 
Polycrystal l ine films have the required high electrical 
conductivities (1); the conductivities of amorphous 
cadmium stannate  (2) are too low for solar cell appli-  
cations. Heating of the substrate surface is conven-  
ient ly  done by uti l izing the energy of the rf  plasma s o  
that an auxi l iary  heater is not required. 

Sput ter ing can be carried out either in  an oxygen or 
a rgon/oxygen plasma. Best results are obtained with 
pure oxygen. The sputtered films are n - type  semicon- 
ductors with an apparent  energy gap of 2 eV. Their  
free electron concentrat ion is of the order of 1019 cm-~ 
and the Hall mobili t ies reach 10 cm2/Vsec. The x - r ay  
spectra of these films indicate the presence of a small  
concentrat ion of cadmium oxide. 

The t ransparent  electrode properties of the sputtered 
cadmium stannate films improve substant ia l ly  if they 
are subjected to a short heat - t rea tment .  After  a 10 
min  exposure to an a rgon/cadmium sulfide atmosphere 
at 600~176 the optical absorption edge shifts to 2.9 
eV and the cadmium oxide phase disappears from the 
x - r ay  spectra. Simultaneously,  the free electron con- 
centrations increase to 1021 cm -3 and the Hall mo-  
bilities to approximately 30 cm~/Vsec resul t ing in  elec- 
trical conductivities of 6000 r~ -1 cm -1 and higher. 

FRONTWALL ILLUMINATION 

FRONT CONTACT GRID~ ~ F.RONT CONTACT TAB 

BACK 
CONTACT Cu2S 
TAB~\ 

CdS '//////////Z q///////////////I/l 
Cd2Sn04 

QUARTZ SUBSTRATE 

BACKWALL ILLUMINATION 

Fig. 1. Simplified cross section of cell. The cell is placed on aa 
absorbing or reflecting surface for those modes of operation. 
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Fig. 2. Optical transmission of a sputter-coated cadmium stan- 
nate film with 1.4 ~/square sheet resistance. 

A typical example of the t ransparent  electrode prop- 
erties, which can be achieved with cadmium stannate 
films, is given in  Fig. 2. This figure shows the optical 
t ransmission as a function of wavelength for a coating 
with approximately 1 ~2/square sheet resistance. Maxi-  
mum film transmission occurs in  a wavelength range 
in which the solar spectrum also has its highest in ten-  
sity. The short wavelength cutoff at 350 nm is con- 
siderably below that of CdS. The backwall  response 
of the CdS/Cu2S cell, therefore, is not l imited by the 
shor t -wavelength  transmission characteristics of the 
cadmium s tannate  electrode. 

Cell Fabrication 
Cadmium sulfide layers (n-type, ~ 1 ~ -cm resist iv- 

ity) of 20-30 #m thickness are deposited onto the 
Cd2SnO4-silica substrates using conventional  thermal  
evaporat ion techniques. A graphite crucible for the 
CdS is used, and the deposition rate is about 2 sm/min .  
The substrate temperature  is main ta ined  nominal ly  at 
160~ during the deposition by means of a radiat ion 
heater, the tempera ture  being monitored by means of 
a thermocouple placed against the Cd2SnO4 surface. 

Adherence of the CdS to the Cd2SnO4 has proven to 
be excellent, with no cracking or peeling evident. The 
ohmic na ture  of the CdS-Cd2SnO4 contact and the bulk  
resistivity of CdS layers have been determined using 
the technique i l lustrated in Fig. 3. The central  par t  
of the Cd2SnO4 is etched away, providing a space for 
the CdS "resistor" deposited onto the substrate. The 
current-vol tage  characteristics are linear, with bulk  
resistivities of about 1 a-cm.  In  addition, bulk  resistiv- 
i ty  measurements  were made using ind ium as the con- 
tact to the CdS (3). The bulk  resistivity values found 
using these two techniques agree to wi thin  experi-  
mental  error. The ohmic na ture  of the CdS-Cd2SnO4 
contact is also verified by examinat ion  of the result ing 
cell current-vol tage  characteristics. 

CdS films were examined by means of optical and 
scanning electron microscopes. SEM pictures of the 
CdS surface are shown in Fig. 4 (magnification = 
3000). A grain size of about 5-10 #m is evident  for the 
as-deposited CdS. 

X- ray  diffraction scans verify that the CdS film is 
highly ordered in  the c-direction in comparison to CdS 
films deposited under  similar conditions onto metal  
substrates. It  is not evident  that this order has any 
major  effect on the quali ty of the result ing cell. 

The CdS is typically etched in HC1 (55%, 40~ 3 sec) 
prior to formation of the Cu2S layer. As shown in Fig. 
4, the etched surface is extremely rough, due in  part  
to preferential  etching along grain boundaries.  It has 
been found that the etch substant ia l ly  reduces the 
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Fig. 3. Geometry used to measure CdS resistivity and to verify 
ohmic nature of CdS-Cd2SnO4 contact. 

Fig. 4. SEM pictures of CdS on Cd2SnO4/silica substrate. Lower: 
as deposited. Upper: after 5 sec etch in 55% HCI solution at 40~ 
Width of field ~ 35 #m. 
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average  ref lect ivi ty of the cell surface, wi th  the re-  
sul t ing l ight  genera ted  current  being increased by  
about  15% due to this  effect. 

The copper  sulfide (CueS) l aye r  is fo rmed by  means  
of a w e l l - k n o w n  ion exchange reac t ion  (4) 

CdS -5 CueC12-> Cu2S -{- CdC12 

resul t ing  f rom immers ion  of the CdS and subs t ra te  in  
a hot (95~ cuprous chlor ide solut ion for severa l  
seconds. 

The  Cues thickness is 0.2-0.3 ~m (depending on re -  
action t ime)  as measured  by  Auge r  spec t romet ry  ac-  
companied  by  argon ion mill ing,  by  Ruther fo rd  back-  
scat ter ing and e lect rolyt ical ly .  The s to ichiometry  fac- 
tor  x (in CuxS) has been e lec t ro ly t ica l ly  measured  to 
be 1.997 ___ 0.002. This is consistent  wi th  the CueS r e -  
s is t iv i ty  values  of about  0.1 l%-cm measured  on these 
samples  (5, 6). 

Af te r  format ion  of the  Cues layer ,  a go ld -p la t ed  
copper  contact  gr id  (10 X 60 l ines per  inch) is l a m i -  
na ted  onto the  Cues surface by  means of epoxy under  
a 0.0005 in. Myla r  cover. Lamina t ion  conditions are:  
t empe ra tu r e  ~- 190~ pressure  : 100 lb / in ,  e, t ime = 
20 min. 

Cell Electrical Characteristics 
Immed ia t e ly  fol lowing the a t t achment  of the  grid 

onto the  CueS surface, cell cu r ren t -vo l t age  charac te r -  
istics are  measured.  The solar  s imula tor  supplies  tung-  
s ten i l lumina t ion  f i l tered by  a 0.12% CueSO4 solution, 
and is ca l ibra ted  to AM1 equivalent  i l lumina t ion  by  
ad jus t ing  the shor t -c i rcu i t  cur ren t  of a CdS s tandard  
cell suppl ied by NASA. [Due to the fact that  the fil- 
tered tungsten rad ia t ion  has a l a rge r  f ract ion of its 
total  power  in the most spec t ra l ly  sensi t ive region of 
the cell than  does na tu ra l  insulation,  AM1 equiva lent  
condit ions correspond to an incident  power  dens i ty  of 
about  58 m W / c m  2 (7).] 

As is the case for CdS-Cu~S cells made  on meta l  
subs t ra tes  (4-8), the cu r ren t -vo l t age  character is t ics  
s ignif icantly improve  af te r  a 16 hr  hea t - t r ea tmen t  a t  
130~ at  a pressure  of about  400 ~m. Cur ren t -vo l t age  
character is t ics  for a hea t - t r ea t ed  cell are  shown in 
Fig. 5. 

Due to par t ia l  t r ansparency  of the CueS layer ,  l ight  
can be reflected back th rough  the cell  for a second 
pass by  means of a front  surface mirror ,  thus enhanc-  
ing response in both the  front  and rea r  modes of opera-  
tion. A deta i led  analysis  of this effect as appl ied  to 
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Fig. 5. Current-voltage characteristics for the four modes of ce l l  
operation. 

this type  of cell was r epor ted  e lsewhere  (9). Shor t -  
circuit  cur rent  values have  been improved  by  up to 
35% for some cells, a l though 10-15% is more  typical .  

The  character is t ics  seen in Fig. 5 thus represen t  the  
four  possible modes of opera t ion  in  the  l ight :  f ron t -  
wal l  and backwa l l  wi th  the  cell  located e i ther  on an 
absorbing or reflecting surface. The cur ren t  dens i ty  
dependence  on vol tage under  i l lumina t ion  can be ap -  
p rox ima ted  by  the diode re la t ion  (for uni t  a rea)  

J = - - J L - F J 0  e x p - ~ ( V - - J R s )  - - 1  ash 

where  JL is the  l ight  genera ted  cur ren t  dens i ty , /% and 
ash are  the  series and shunt  resistances,  and n is a 
diode parameter .  The preexponent ia l  factor  J0 is de -  
scr ibed by  

Jo = Joo exp [---~--@a ~j 

where  Joo is the ava i lab le  reverse  sa tu ra t ion  cur ren t  
density.  Sal ient  pa ramete r s  for  a 5% efficient cell  a re  
l is ted in  Table  I. 

The cell series resistance,  for the  cur ren t  densit ies 
p resen t ly  obta inable  (14-18 mA/cm2) ,  is not  a serious 
problem.  The ra the r  low fill factors of 60-65% are  due 
to a rounding of the  I-V character is t ic  in the four th  
quadran t  bel ieved to be due to a nonohmic grid con- 
tact  resis tance and not to high series or low shunt  re -  
sistance values. F rom geometr ical  considerations,  the  
1.0~ series resis tance measured  in far  fo rward  bias can 
be a t t r ibu ted  to the Cd2SnO4 (about  0.3~2 for 1 f~/ 
square sheet resis tance)  and the CdS ( the remain ing  
0.7a).  A deta i led  analysis  has been pe r fo rmed  of the 
dependence of cell efficiency upon CdeSnO4 thickness,  
for pa rame te r s  per ta in ing  to the  CdS-Cu2S cell (10). 
In  this regard,  a tradeoff  must  be made  be tween  series 
resistance ( thick CdeSnO4 layer  des i rable)  and l ight  
absorpt ion  in the backwal l  and backwal l  reflection 
modes ( thin CdeSnO4 film des i rab le ) .  I t  was found in 
this analysis  tha t  for  celt pa rame te r s  such as those 
l is ted in Table  I an op t imum CdeSnO4 thickness is 
1.0-1.3 ~m, depending on exact  cell pa rame te r s  used, 
and on the CdeSnO4 absorpt ion coefficient and sheet  
resistance. CdeSnO4 thicknesses in this range  were  used 
for the  cells here in  repor ted.  

CdS-CueS cells on meta l  substrates,  made  under  
otherwise  ident ical  conditions, exhib i ted  efficiencies in  
the  5.5-6.0% range  when measured  under  tungsten i l -  
luminat ion  (8). This was due main ly  to la rger  fill fac-  
tors (68-71%) for those cells. Voc and Jsc values  typ i -  
cal ly measured  for meta l  and glass subs t ra te  cells are  
not s ignif icantly different. I t  should also be noted tha t  
for the 10 X 60 lpi  contact  grids, roughly  17% of the  
incident  l ight  is lost due to shading.  

Spectral Response Measurements 
Collection efficiencies were  computed  over  the  spec-  

t r a l ly  sensi t ive region of a given cell f rom measu re -  
ments  of shor t -c i rcu i t  cur ren t  and incident  l ight  flux. 
Samples  were  i l lumina ted  wi th  wide band ( ~  40 nm)  
l ight  from a Bausch and Lomb monochromator ,  wi th  
the beam col l imated to an area  of app rox ima te ly  0.5 

Table 1. Summary of key cell parameters (cell 132A)* 

M o d e * *  Voc J , e  ~ F F  

F W A  0.475V 14.2 mA/c rnS  4.40% 65.2% 
F W R  0.485 16.6 5.17 64.0 
B W A  0.475 15.4 4.66 63.6 
B W R  0.480 17.1 5.20 63.4 

* R ,  = 1.0~, IRsh = 1500G, r = 0.88 eV, n = 1.0, ,To (2S~ -- 
4.20 • 10 - s m A / c m  2, Joo = 8.15 • 107 m A / e m ~  ce l l  a r e a  = 1.7 c m  2. 

* Key:  F W A  = f r o n t w a l l  a b s o r b i n g ,  F W R  = f r o n t w a n  w i t h  re -  
f l e c t i o n ,  B W A  = backwa11 a b s o r b i n g ,  B W R  = b a c k w a l l  w i t h  re -  
f l e c t i o n ,  Voc = open-circuit voltage, Jwr = short-circuit current, 

= efficiency, FF = fill factor. 
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Fig. 6. Electrical circuit used for spectral response measurements 

cm% The cu r ren t -measu r ing  circuit  is shown in Fig. 6. 
Light  in tens i ty  was measured  by  means of a Tek t ron ix  
Model J16 digi ta l  photometer .  The cell holder  had p ro -  
visions for s l iding an absorbing or reflecting surface 
immedia te ly  behind  the  sample. 

F igure  7 shows the spectra l  dependence  of collection 
efficiency for cell  132A in the four modes of operation.  
Sal ient  fea tures  of the  curves are  (i) the  significant 
response for ~. --~ 500 nm in the  FW modes, (it) the 
cutoff at X ,-~ 500 nm for BW modes, and (iii) the  sharp 
decrease in response beyond k ---- 650 nm for al l  modes. 
S imi lar  resul ts  were  obta ined for a number  of cells 
p repared  as descr ibed above. 

In  the  F W  modes, l ight  response for k - -  500 nm re-  
sults f rom minor i ty  car r ie r  genera t ion  in and collection 
f rom both  the  Cuss  and the CdS. [This is in contras t  
to the behavior  seen in this spectra l  region for o ther  
thin film CdS cells. For  example,  Brandhors t  et al. 
(11) repor t  l i t t le  spectra l  sensi t iv i ty  for X ~ 500 nm. 
These differences wi l l  be the  subject  of a separa te  com- 
municat ion.]  

No response is detected for ?~ ~ 500 nm in the BW 
modes because of the complete  absorpt ion of l ight  in 
the  CdS. The decrease in response for  k ~ 650 nm is 
due to a quenchirig phenomenon that  has been p rev i -  
ously repor ted  (11-14), whe reby  i l lumina t ion  of the  
CdS space charge  region decreases the  current  col- 
lected from the CusS. These effects can be removed  by  
s imul taneous  i l lumina t ion  wi th  shor ter  wave leng th  
light, or by  whi te  l ight  (11-14). Consequently,  the  col- 
lect ion efficiency improves  considerably.  

The m a x i m u m  collection efficiency measured  was 
about  0.52 at 625 rim. There  are  severa l  sources of cur -  
rent  loss that  may  resul t  in this value. These include 
interface reflections, absorption in the Cd2SnO4 and 
CdS, and losses due to electronic processes in the cell. 
Examples of the latter include surface and interface 
recombination, and bulk recombination in the Cu2S. 
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Fig. 7. Spectral dependence of collection efficiency for the four 
modes of cell operation. 

Conclusions 
We have  verified tha t  Cd2SnO4 films are  sui table  

f rom a per formance  s tandpoint  for CdS-Cu2S solar  
cells opera t ing  in the backwal l  mode. Even though this 
mode does show a h igher  collection efficiency than  the 
frontwall ,  t o t a l  response is somewhat  reduced due to 
absorpt ion in the  CdS. On the  other  hand, a reflecting 
surface was used to increase the  response, due to in-  
complete  l ight  absorpt ion  in the CusS. The use of 
Cd~SnO4 films as solar  cell  electrodes,  and of a reflect-  
ing surface to pass t r ansmi t t ed  l ight  back  th rough  the 
cell, should also be appl icab le  to other  types  of photo-  
voltaic devices. 
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Four-Point Probe Correction Factors for Use in 
Measuring Large Diameter Doped Semiconductor Wafers 

David S. Perloff  
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ABSTRACT 

Con_formal mapping techniques are employed to determine geometrical cor- 
rection factors for the general  case of an in - l ine  four-point  probe positioned 
on a th in  circular sample. Simplified expressions are also obtained which re-  
late the correction factor to a single dimensionless quant i ty  when  the probe 
separation distance is a small  fraction ( <~ 10%) of the wafer radius. Experi-  
menta l  results are presented which confirm the val idi ty  of the theoretical 
correction factors and demonstrate  the importance of accounting for geometric 
effects when  present ing data in the form of iso-sheet resistance contour maps. 

The homogeneity of doped semiconductor wafers is 
commonly determined by measur ing the sheet  resist- 
ance ps at a number  of points on the wafer using the 
in - l ine  four-point  probe (FPP)  described by Valdes 
(1). If the probe separation is at least twice the thick- 
ness of the doped layer, ps will  be given by the expres- 
sion 

AV 
ps -- k -- kR (~/[~)  [1] 

I 

where k is a correction factor which in general  depends 
on the location of the FPP  and the shape of the sample, 
I is a current  through two of the probes, AV is the po- 
tent ial  difference measured between the remaining  two 
probes, and the resistance R is defined as h V / I  (2). 
Ordinarily,  the outer probes are chosen to carry cur-  
rent  and the inner  probes to measure voltage since, for 
an FPP  having equal separations be tween the probe 
needles, this assignment  results in  the largest value of 
~V (3). 

Logan (4) has shown that  a circular sample doped on 
both sides should behave as if its front  surface were 
part  of a continuous infinite sheet for which the cor- 
rection factor is a constant value, independent  of the 
location of the FPP. (For an in - l ine  FPP  having equal 
separations between the probe needles, k --~ ~/ ln  2 _-- 
4.532.) If however, the sample is doped on one side 
only, as for example in  the case of ion implanted 
wafers, one must  take into account the orientat ion and 
position of the probe array when  employing Eq. [1] 
(5,6).  

The most common orientat ion of the probe array on 
a circular sample is either perpendicular  to or along 
the wafer radius. Correction factors for these part icular  
cases were derived by Swar tzendruber  (7) and Logan 
(4) and tabulated by the National  Bureau of Standards 
(8). In  recent years, wafer probing equipment  has be-  
come available which makes it possible to automate 
sheet resistance measurements,  as described by Cross- 
ley and Ham (9). In  order, however, to employ such 
equipment  for FPP  sheet resistance measurements,  it 
is necessary to account for the varying  orientat ion of 
the FPP  with respect to the wafer radius. This paper 
provides a general  solution for the in - l ine  FPP  on a 
th in  circular sample and supplies exper imental  data 
which confirm its validity. Examples of iso-sheet re- 
sistance topographs are presented which i l lustrate  the 
importance of accounting for geometric effects. For the 
case of manua l  wafer probing, in which the positioning 
of the FPP  is general ly  imprecise, simplified expres- 
sions are derived which may be used to estimate cor- 
rection factors when  the probe separation is a small 
fraction ( < 10%) of the wafer radius. 

Key words: contour map, silicon, sheet resistance, wafer prob- 
ing. 

Correction Factors for Thin  Circular  Samples 
Genera~ case.--The general  case of an in - l ine  FPP  

oriented arbi t rar i ly  with respect to the radius of a th in  
circular sample [Fig. 1 (a)]  is t reated in  Appendix  A 
using conformal mapping techniques. The cases dealt 
with by Logan (4) and Swar tzendruber  (7) corre- 
spond, respectively, to setting 0 ~ 0 and ~/2. 

Frequent ly,  one is concerned with the relat ive var ia-  
t ion of ps over the semiconductor wafer. For a un i -  
formly doped wafer, k is a m a x i m u m  (since AV is a 
min imum)  when the F P P  is located at the center of 
the wafer. It is thus convenient  to employ this location 
as a reference point. Smits (2) has shown that  the cor- 
rection factor for an FPP  (probe separation s) located 

Fig. 1. Coordinate system for an in-line four-polnt probe array 
on a circular sample (a). The interior of the circle in the z-plane 
is conformally mapped into the upper half of the w-plane (b) to 
facilitate determination of the potential distribution. 
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at the center of a wafer of radius r is given by the 
expression 

1 
k* = �9 , [2] 

l n 2  1 -I-n 
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1.0 

wher~ 

In 

n = [3] 
In 2 

When the FI~ is displaced a distance A from the 
center of the wafer (or, equivalently,  a distance a = r 
-- A from the edge of the wafer) ,  the value of k will  
decrease by the fractional amount  

k-- k,* 
5~ = - - -  [4]  

k* 

The relationship between the dimensionless parameters  
a/r  and s / r  as a function of 15kl is shown in Fig. 2 for 
the FPP  positioned perpendicular  to the wafer radius 
and in Fig. 3 for the FPP  positioned along the wafer  
radius. The solid l ines represent  the exact solution, 
obtained by  i terat ion of the general  expressions of 
Appendix A. The broken lines represent  the approxi-  
mate  solution for k discussed in the following section. 

Figures 2 and 3 enable  one to determine, for 8 = =/2 
and e = 0, the location of the FPP  at which the mea-  
sured resistance R (=/2) or R (0) exceeds the resistance 
at the center of the wafer R* by some fixed ~ercentage. 
As an example, consider the case of a 62.5 mil  FPP  used 
to measure the sheet resistance of a 3 in. diameter  
wafer ( s / r  ---- 0.0625/1.500 ---- 0.0417) and suppose one 
wishes to determine the value of a for which R (= /2) /  
R* = k * / k ( ~ / 2 )  : 1.01. According to Fig. 2, k(=/2) 
is 1% lower in value than k* (or, equivalently,  R (=/2) 
is 1% greater in value than R*) when a/r  ~ 0.3, i.e., 
when a _~ 0.45 in. Examinat ion  of Fig. 2 and 3 shows 
that k decreases dramatical ly  as the FPP  approaches 
the edge of the wafer ( a i r  ~ 0), and that  the mag-  
n i tude  of k(0) is always smaller  than  that of k(=/2) .  

Large w a f e r  a p p r o x i m a t i o n . - - I n  the major i ty  of 
practical applications involving silicon wafers, s / r  L 

IO 

• 

<Ib-, 

I I  

i i 

O0 .05 .10 

s i r  

Fig. 2. Plot of a/r vs. s/r for an in-line four-point probe oriented 
perpendicular to the radius of a thin circular sample, for various 
values of the parameter I*%k!. The solid lines represent a solution 
of the exact equations of Appendix A, while the broken lines rep- 
resent the approximate solution given in Eq. [7].  
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~ ./ • --" 

" 
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00 .05 .10 

s/r  

Fig. 3. Plot of a/r  vs. s/r for an in-line four-point probe oriented 
along the radius of a thin circular sample, for various values of 
the parameter 16kl. The solid lines represent a solution of the 
exact equations of Appendix A, while the broken lines represent the 
approximate solution given in Equation [8].  

0.0625 (assuming s ~ 62.5 mil  and r ~ 1.0 in.) .  When 
the probe separation is small  compared to the radius 
of the sample, the expressions derived in  Appendix A 
may be simplified considerably. The analysis of Ap-  
pendix B shows that, for s / r  < <  1, an arbi t rar i ly  
oriented FPP (probe separation s) located a distance 
a from the nonconduct ing edge of a thin circular sam- 
ple [Fig. 4 (a)]  will have the same correction factor as 
a s imilarly oriented F P P  (probe separation s' = s / ( 1  -- 
a / 2 r ) )  located a distance a from the nonconduct ing 
edge of a thin semi-infini te sample [Fig. 4 (b) ] .  When 
the F P P  is oriented perpendicular  to the wafer radius 
Eq. [B-11] reduces to the expression 

1 [5] 

In2+2"In I (a/s')2-1-111 
Ca/s0 2 + ~_ 

Simi lar ly ,  when the FPP is posi t ioned along the wafer  
radius 

El 

~ -  RADIUS = r 

S' = - -  s 
i - 0  

2r 

(b) 

Fig. 4. An arbitrarily oriented four-point probe (probe separation 
s) located at a distance a from the nonconducting edge of a thin 
circular sample of radius r (a) is equivalent, in the limit s < <  r, 
to a similarly oriented four-point probe (probe separation s') lo- 
cated a distance a from the nonconducting edge of a thin semi- 
infinite sample (b). 
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; f  

k ( 0 )  ~- [6] 
r (als ' )  2 1 1 

1 - -4  J l n 2  + - ~ l n  "(a/s')  2 -  1 

Eq. [5] and [6] may  be  rear ranged  to yield closed ex -  
pressions re la t ing a / r  and s / r  when  s < <  r 

a ~ 1 -- 1 2 0 = [7] 
r y Z ~  

and 

.V 
a ~ l  1 - �9 r r 1 - - 4  x (0----0) [8] 

where  

= . ~  [9] 
1 -  I~l 

Equations [7] and [8] are represented by the broken 
lines in Fig. 2 and 3, respectively.  The agreement  wi th  
the exact solution (solid lines) is seen to be excel lent  
for s / r  ~ 0.05 but still satisfactory for s / r  ~ 0.10. As 
an example,  again consider the case of a 62.5 rail F P P  
used to measure  the sheet resistance of a 3 in. d iameter  
wafer.  Subst i tut ing s / r =  0.0417 in Eq. [3], one has that  
~] ---- 3.757 X 10 -~. Taking 15k(,~/2)1 ---- 0.01, one finds 
using Eq. [9] that  k ---- 0.01390. For  these values of k 
and s/r,  Eq. [7] yields the result  that  a/r  ~ 0.3041. This 
value compares favorably  with the actual value of 
0.3047, obtained by i tera t ive  solution of the expres-  
sions in Appendix  A, and the value of 0.3 graphical ly  
determined in the preceding section f rom Fig. 2. 

Geome t ry  independen t  c a s e . - - R y m a s z e w s k i  (3) has 
shown that  the method employed by van der Pauw 
(10) for de termining the sheet resistance of pe r ipher -  
al ly contacted, arbi t rar i ly  shaped laminar  samples may 
be applied, under  certain circumstances, to FPP  mea-  
surements  on the inter ior  of such samples. For  a 
circular  geometry,  the requi rements  specified by Ry-  
maszewski are satisfied only for the case of an in- l ine  
FPP oriented along a sample radius. As in the case 
of van der Pauw patterns, ps is de termined by measur-  
ing the resistance associated with  each of two inde-  
pendent  cu r ren t /vo l t age  configurations. Employing the 
configurations defined in Table I, one has that  

ps 
k ' ( 0 )  _ - -  - -  - - g ( O  [10] 

Ra(0) l n 2  
where  

: Ra(O)/Rc(O) [11] 

g(}) ---- (1 + 1/~)f(}) [12] 

and the function :(~) satisfies the t ranscendental  re la-  
tion der ived by van der Pauw 

cosh -1 { 1 \ -~ exp (ln 2/J) J 
~ - - 1  

_ _  - -  [ 1 3 ]  

+ 1 in 2/f  

The symbol k ' (0)  has been introduced in Eq. [10] to 
ident i fy the geomet ry-  and sheet res is tance- indepen-  
dent correction factor empir ical ly  determined by the 
method of Rymaszewski.  The symbol k wil l  continue to 

be used to identify the correction factor calculated in 
terms of the geometr ic  parameters  r, 0, and A. 

Configurations A, B, and C are re la ted through the 
expression 

Rc = Ra --  Rb [14] 

It  may  be shown that  0.977 ----- Ra/Rb --~ 1.262 for 0 --~ 
s / r  ~-- 3/2, so that  the resistances measured in con- 
figurations A and B are comparable  in magnitude.  In 
contrast, 4.819 - -  Ra/Rc ~-~ 42.96 for 0 --~ s / r  ~-- 3/2. It  
may thus be convenient,  when carrying out actual 
measurements ,  to de termine  Rc by measur ing Ra and 
Rb and employ Eq. [14]. This approach is uti l ized in 
the example  g iven in the fol lowing section. 

Exper imenta l  Results 
Posi t ion dependence . - - In  order  to ver i fy  the der iva-  

tion of Appendix  A, FPP  measurements  were  carr ied 
out at a number  of loeat/ons along the radius of a 3-in. 
diam boron- implanted  (5 X 1014 cm -2, 70 keV) 10 
a - c m  n- type  silicon wafer  annealed to ful l  electrical  
act ivi ty (950~ 30 min, dry Nf).  The measurement  
current  I was provided by a Kei th ley  225 constant 
(--+0.005% stabil i ty) cur ren t  supply; the potential  AV 
was measured with  a resolution of 10 ~V by a Nonl inear  
Systems Corporat ion Model MX-1 digital vol tmeter .  
The polar i ty  of the current  supply was reversed and 
readings of AV averaged to el iminate small  offset vol t -  
ages associated with  thermoelect r ic  effects. Table II 
shows results of measurements  made  along a radius of 
this wafer  using a precision FPP  (11) (s -~ 25 mil) in 
conjunction with  a conventional  x - y  wafer  probing 
apparatus capable of stepping in 1-mil increments.  
With the FPP oriented along the wafer  radius, the re-  
sistance was measured  in configurations A and B 
(Table I) in order to obtain the values identified by 
Ra(0) and Rb(0) in Table II. Equations [10]-[14] were  
then employed to compute the geomet ry - independen t  
correction factor k ' (0) .  Af te r  rotat ing the wafer  90 ~ 
to orient the FPP perpendicular  to the wafe r  radius, 
values of Ra(~/2) were  measured and used to compute 
the correction factor f rom the formula  

:~ Ra(0) 
k " ( n / 2 )  -- Ra(~/2)  -- k ' (0)  Ra(x/2)  [15] 

[The symbol k" (~ /2 )  is intended to indicate that  this 
correction factor is computed using results for 0 ----- 0.] 

According to Table II, the values of k(0)  and k(~/2)  
obtained from the expressions given in Appendix  A 
are in excel lent  agreement  with the empir ica l ly  de te r -  
mined values k' (0) and k" (~/2). Because the min imum 
practical  distance of approach to the edge of the wafer  
was 0.04 in. for 0 = 0, the values of k " ( ~ / 2 )  for a--~ 
0.03-in. are based on an est imate of ps obtained f rom 
the average of the values measured at a = 0.04 and 
0.05 in. For  this reason, and the fact that  there  may  

Table II. Results of four-point probe measurements made along the 
radius of a 3 in. diameter doped silicon wafer. The correction 

factors k" and k" are determined empirically; the correction factor 
k is computed using the expressions derived in Appendix A 

(s ~ 0.025 in, r _-- 1.50 in.). 

a = r - A  R~(0) R~(0) 
(in.) (~) (~) k'(0) k(0) k"(~/2) k(~/2) 

Table I. Possible current/voltage configurations for an in-line 
four-point probe array. The probe numbering convention is shown 

in Fig. l(a) 

Current Voltage 
Configuration ( or voltage) ( or current) 

0 ,01  . . . .  2 . 6 0 3 *  2 . 5 7 4  
0 .02  . . . .  3 . 156"  3 . 1 2 5  
0.03 - -  - -  - -  - -  3 . 5 7 2 *  3 . 5 6 3  
0,04 58.78 52.66 3.543 3.518 3.840 3 . 8 5 3  
0.05 53.41 46.11 3.882 3.889 4.034 4.040 
0.06 50.90 42.92 4.080 4.086 4.151 4 . 1 6 3  
0.08 48.59 39.99 4.266 4.279 4.287 4 . 3 0 5  
0.10 47.49 38.58 4.361 4.368 4.356 4 . 3 7 9  
0 .20  46 .32  37 .05  4 . 4 6 8  4 . 4 8 6  4 . 4 5 0  4 . 4 6 9  
0 .50  4 5 . 7 6  36 .40  4 .501  4 . 5 2 4  4 . 4 9 0  4 . 5 2 4  
1.00 46.20 36.72 4.513 4.529 4.521 4 .529  
1.50 46.77 37.09 4.527 4.530 4.521 4 . 5 3 0  

A (1,4) (2,3) 
B (1,3) (2,4) 
C (1,2) (4,8) * Assuming ps = 207.4 f]l[~. 
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Fig. 5. Calculated (solid lines) and experimental values (open 
circles) for k as a function of angle of orientation with respect to 
the radius of a 3 in. diameter doped circular sample. The broken 
line represents an approximate solution which is appropriate in 
the limit s/r ~ ~ 1. 

have been small  errors in  specifying the location of the 
FPP, the agreement  between k"(~/2)  and k(~/2) is 
somewhat poorer for a ~ 0.02 in. than  for the larger 
values of a in Table II. 

Orientation dependence.--The orientation depen-  
dence of the correction factor was examined with the 
FPP  oriented at angles between 0 and 90 ~ in 10 ~ in-  
crements, a t a distance a = 0.100 in. from the edge of 
the implanted wafer described in the previous section. 
Data are shown in Fig. 5 for s/v  -~ 0.0167 (s = 25 mi d  
and s /r  = 0.0417 (s : 62.5 mil) .  The experimental  
points were computed in the manner  described above, 
according to the more general  formula 

p~ R~(0) 
k"(e) = = k ' ( 0 ) , - -  [16] 

R,(6) R~(0) 

In this case, a group of values Ra(0), Rb(0), and Ra(~) 
was obtained at each of 10 different locations on the 

sembly. The solid curves of Fig. 5 represent  the exact 
solution for k (e), using the expressions derived in  Ap-  
pendix A. The broken l ine for s /r  -= 0.0417 represents 
the approximate solution of Eq. [B-11]. (For s /r  :_ 
0.0167, the exact and approximate solutions are essen- 
t ial ly identical.) 

These results show the s -- 25 mil  FPP  is almost 
completely insensi t ive (k 0 r /2 ) /k  (0) = 4.3794/4.3683 = 
1.0025) to angular  variat ions wi th in  0.1 in. of the edge 
of a 3 in. d iameter  wafer. In  contrast, the correction 
factor for the 62.5 mil FPP  is much more �9 sensitive to 
angular  variat ions ( k (~ /2 ) / k (O )  = 3.8241/3.4948 = 
1.0942) at the same distance from the edge of the 
wafer. 

The angular  independence of the 25 mil  FPP  is an 
example of a l imit ing case for which the parameter  
(a/s')2 > >  1. Under  these circumstances, it is easily 
shown that  Eq. [B-11] reduces to 

k -) [17] 

In 2 -t- ~ - l n  1 4 - T  a 

a result  which is independent  of e. For a = 0.100 in., 
s = 0.025 in., and r = 1.5 in., a/s' = 4.14 and hence 
(a/s') 2 = 17.1. From Eq. [17], k -> 4.3778, a value 
which is bracketed by the exact values k (~/2) = 4.3794 
and k(0) -- 4.3683. 

Wafer  mapping .~Resu l t s  are presented in  this sec- 
tion for a boron- implanted  (5 X 1014 cm -2, 155 keV) 3 
in. diameter n - type  si l icon wafer annealed to full elec- 
trical activity (950~ 30 min, dry N2) which demon-  
strates the importance of correction factors when  using 
the FPP  for automated wafer testing. Resistance mea-  
surements  were carried out at 118 uniformly distr ibuted 
test sites using the equipment  and procedure described 
above. Data were automatical ly recorded and subse- 
quent ly  analyzed by means of a Digital Equipment  
Corporation PDP 11 computing system equipped with 
program and disk drives, tape reader and terminal.  An 
iso-sheet resistance contour map was generated for 
each of the conditions to be described below. This 
method of presenting data has been found to be a 
highly effective means of exhibit ing the spatial homo- 
geneity not only of impur i ty  distr ibutions but, for ex- 
ample, of the thickness of the various insulat ing layers 
used to fabricate devices in silicon wafers (12). 

Figure 6 and 7 are computer -drawn iso-sheet re-  
sistance topographs for, respectively, s _ 25 mil  and 
s = 62.5 mil FPP assemblies (11). The heavy contour 
l ine represents the mean sheet resistance ps. The l ighter 
contour lines represent  values of #~ which differ from 

wafer, since the equipment employed permitted rota- 
tional movement of the wafer but not of the FPP as- 

Fig. 6. Iso-sheet resistance 
topographs for a p-type im- 
planted layer. In (a) k is com- 
puted as a function of position 
and orientation of the probe ar- 
ray, whereas in (b) k is assumed 
constant and equal to 4.532 over 
the entire wafer. (r :_ 1.5 in., 
s ---- 25 mil) 

p.~ in increments of 1%. The symbol 4-(--) identifies 
the location of an experimental point whose value is 

/"-'x~ 

X ,,. 1 

! ~ . s  0NH/SQ.  4- 2 o 7 8  Z ~qS~ 0NM/SQ,  ~ 2 . 8 6  

(a) (b) 
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Fig. 7. Iso-sheet resistance 
topographs for the p-type im- 
planted layer of Fig. 6, with s 
62.5 mil. As in Fig. 6, k is com- 
puted as a function of the posi- 
tion and orientation of the probe 
array in (a ) ,  but assumed con- 
stant and equal to 4.532 in. (b). 

(a) (b) 

greater( less)  than  ~s �9 The uni formi ty  is expressed as 
___2~/p= X 100%, where # is the s tandard deviation. The 
symbol * denotes an exper imental  point  which falls 
beyond preassigned sorting limits. 

Figure 6 represents data obtained using the s ---- 25 
mit probe assembly. In  Fig. 6 (a) the data have been  
corrected for geometric effects using the results of Ap- 
pendix A, whereas in (b) they have not. Both topo- 
graphs reveal  the presence of a distinctive lef t - to-  
r ight  doping gradient  which is characteristic of a 
wafer which has been tilted (about an axis perpen-  
dicular  to the fiat) re lat ive to the ion beam in  an 
electrostatically scanning implanta t ion  system (6). 
The corrected data are found to have a slightly smaller  
s tandard deviat ion and mean  sheet resistance than the 
uncorrected data. 

Figure  7 represents data obtained by probing the 
same wafer  with an s ---- 62.5 mil  probe assembly. Again  
Fig. 7 (a) represents the data which have been cor- 
rected for geometric effects, whereas (b) represents 
data to which the appropriate correction factors have 
not been applied. In this case, the doping gradient  can- 
not be identified in  topograph (b),  since the geo- 
metr ical  effects of the wafer boundary  completely 
overwhelm the under ly ing  pa t te rn  of doping. This be-  
havior is a consequence of the greater  sensit ivi ty of 
the 62.5 rail probe array to the wafer edge, as may be 
ascertained by reference to Fig, 2 and 3. 

The corrected data presented in  Fig. 6 (a) and 7 (a), 
while in  satisfactory quant i ta t ive  and quali tat ive 
agreement, indicate that small errors in specifying the 
position of the FPP  become significant when a ,-- s. In  
particular,  the topograph of Fig. 7 (a) exhibits various 
features along the wafer edge which are not present  in  
Fig. 6 (a).  This is especially evident  near  the wafer 
flat, where the assumption of a circular boundary  is 
no longer valid. [Perloff et  al. (6) have described an 
a l ternat ive  approach which involves the use of photo- 
l i thographical ly defined test pat terns to ma in ta in  a 
constant value of k. This method, however, requires 
addit ional  processing steps.] 

Conclus ion  
The homogeneity of doped semiconductor wafers 

may  be determined by measur ing the sheet resistance 
at a n u m b e r  of points using a conventional  in - l ine  
four-point  probe. Correction factors have been derived 
which take into account varying  orientat ion of the 
probe array with respect to the wafer radius, making  
it possible to automate such measurements  using stan-  
dard x -y  wafer probing equipment.  Simplified ex- 
pressions have also been obtained which relate the cor- 
rection factor to a single dimensionless quant i ty  for 
the case of the probe separation small  ( ~< 10%) in  
comparison with the wafer radius. 
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APPENDIX A 

Figure  l ( a )  i l lustrates the case of an in - l ine  FPP  
oriented at an arb i t ra ry  angle with respect to the 
radius of a circular pattern.  The coordinates of the 
probes are given by 

'3 
xl -- A -~- - -  8 cos 8 

2 

1 
x 2 -  A-~--SCOS0 

2 

1 
X3-- A----SCOS8 

2 

3 
x4---~ A - - - - s c o s O  

2 

3 
Yl ~ - - s  s in8 ---- --Y4 

2 

1 
Y2 --  - - s  sin 0 = --Y3 [A-I ]  

2 

where • is the distance of the center of the probe array 
from the center of the circle, e is the angle of inc l ina-  
tion of the probe with respect to the radius, and s is 
the probe separation distance. 

According to conformal mapping theory, a circle in  
the z-plane can be mapped into the upper  half of the 
w-plane  [Fig. l ( b ) ]  using the t ransformat ion 

r - - z  
w ---- i -  [A-2] 

r / - z  

where i = ~/--1,  z ~ x t -  iy,  and w ---- u § iv.  Thus 
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2ry r 2 _ X2 _ y2 
v ( x , y )  : 

u(x,y) = (~ + x)2 + y2' (r + x)~ + v 2 
[A-3] 

describes the locat ion of points  1, 2, 3, and 4 in the  
w-plane.  By in t roducing images  of the  cur ren t  sources 
at  ( u l , - - v D  and (u4, --v4) the  p rob lem reduces  to 
tha t  of de te rmin ing  the potent ia l  difference be tween  
points  2 and 3 due to the  four  cur ren t  sources in the  
w-plane .  Since a cur ren t  source in an infinite sheet  
resul ts  in a logar i thmic  potent ia l  (2), the  potent ia l  
difference is 

AV : In , [A-4] 
~3~4 ~3'84 

where  
~1 = (v2 - m)  2 + (us - m )  2 

~2 = (v2 + v4) 2 + (u2 - m )  ~ 

a:3 = ( V 2 - -  Vl) 2"~ (U2 - -  Ul) 2 

~4 = (v2  + v~)2  + (u2 - u l )  ~ 
and 

'81 = ( V 3 - -  Vl) 2 JC (U3 --  ?-/,1) 2 

, 8 2 :  (V3-}" Vl) 2 + ( U 3 - -  Ul) 2 

'88 : (v3 - v4) 2 + (ua - m )  2 

'84 = (v3 + v4) 2 + (us - -  uD 2 [A-5] 

The correct ion factor  defined by  Eq. [1] is thus  

k:4;~ [in~i~2+inflifl2 ] -i �9 [ A - 6 ]  
L aSO: 4 '83'84 

for an  F P P  or iented  at  an a r b i t r a r y  angle  wi th  respect  
to the  radius  of a th in  c i rcular  pat tern .  

k(O) 

1 
in  2 + - - I n  

4 

A P P E N D I X  B 

According to Eq. [ A - l ]  and  [A-3] 

2r 3 
r - -  a . . . . .  s cos 0 [B-4] 

r + a  2 

In t roducing the effective probe  separa t ion  dis tance 

2r s 
s '  _ - -  s _ - -  [B-5] 

r + ~  a 
1 ~ 

2r 
where  

a - -  r - -  a [ B - 6 ]  

is the  dis tance to the  edge of the  wafer ,  one has tha t  

3 3 
ul '  ~ ~ s" sin 0, vl '  ~ a -- ~ s' cos 0 [B-7] 

2 2 

A s imi lar  t r ea tmen t  for the  coordinates  of p robe  loca-  
tions 2, 3, and  4 leads to the  express ions  

1 1 
us' ~ - -  s '  sin 0, vs' ~ a - -  - -  s '  cos 0 [B-8] 

2 2 

1 1 
ua'  ~ - -  - -  s '  s i n  0, va'  ~ a + - -  s '  c o s  0 [ B - 9 ]  

2 2 

3 3 
u 4 " ~ - - - - s ' s i n o ,  v 4 ' ~ a + - - s ' c o s O  [B-10] 

2 2 

Equat ions [B-7] - [B-10]  descr ibe  a p robe  a r r ay  of 
separa t ion  s" or iented at an angle  0 wi th  respect  to a 
l ine d r a w n  normal  to the  nonconduct ing edge of a 
semi- inf ini te  sample  [Fig. 4 (b ) ] .  Images  of the  cur ren t  
sources may  be located at  (ul ' ,  - - v { )  and  (u4', --v4')  
and  Eq. [A-5] and [A-6] used to compute  the  correc-  
t ion factor  as was done for the genera l  case descr ibed 
in Append ix  A. The resul t  is 

;~ [B-II] 

(a /s ' )e  + sin20 --  - - c o s 2 0  + cose 0 sin20 
4 

[ 1 sin2~ --  c~ ~ ] 2 + c~ ~ sin2 ~ (a/S')2 -~- ~- 

y2 ] - 1  2ry 2ry �9 1 +  
u ( x , y )  = ( r - l - x )  2 ( r + x )  2 ( r + x ) e  

[B-1] 
and 

[ r - - x  y2 ] 
v ( x , y )  : - - 

r T x (r + x )  2 

[ Y2 ] - 1  r - - X  [B-2] 
�9 1 +  ( r + x )  2 r + x  

since y 2 / ( r  + x) 2 < <  1 when  s < <  r. Using Eq. [ A - l ] ,  
and d e f i n i n g u '  = u �9 (r + ~) and v' = v �9 (r  + ~),  
the coordinates of probe  locat ion 1 m a y  be wr i t t en  
(again  assuming s < <  r)  

u { : u l .  ( r + ~ )  

3 I -2 S COS O 
2r 3 2 

- - - - - - . - - s  sin 0 1 + 
r + A  2 T-t-A 

and 

2r 3 
s sin 0 

r + •  2 

3 I -1 -- S COS 0 ) 1 +  
r + z ~  

Vl' ~ - V l "  (r-~- &) 

3 
: T - -  A - - - - S  COS8 

2 

[B-3] 

subjec t  to the  r equ i r emen t  tha t  

( ( I----/- + ~--sin6 ---~I [B-12] 
2 r 

Equat ion [B-12] is a s ta tement  of the  condit ion tha t  
all  four  probes  must  l ie wi th in  the  bounda ry  of the  
c i rcular  sample.  Uhl i r  (13) has p rev ious ly  t r ea ted  the  
case of an F P P  near  the  edge of a semi- inf ini te  sample  
of finite thickness.  The solution, however ,  was ob-  
ta ined  in terms of functions re la ted  to the  potent ia l  
of a l ine of point  charges. 
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ABSTRACT 

A new s imple  model  for  profi l ing the  impur i t i es  wi th in  a sha l low p - n  junc -  
t ion f rom spreading  resistance da ta  is proposed.  Dickey 's  capaci tance analogue 
method is ex tended  to a "mul t i l ayer"  geometry.  Direct  t rans la t ion  of the  
different ial  sheet conductance method to the spreading  resistance method is 
performed.  As examples  of this approach,  the  cases of shal low boron (11B+)-, 
phosphorus  (~ lp+) . ,  and arsenic ( A s ) - d o p e d  layers  in sil icon are  discussed. 

Mechanical  or technical  p roblems  involved in ob ta in-  
ing re l iab le  spreading  resis tance da ta  have  been a lmost  
comple te ly  set t led and automat ic  measur ing  equipment  
is commercia l ly  avai lable .  1 However ,  the procedure  for 
de te rmin ing  impur i t y  profiles f rom spreading res is t -  
ance da ta  is s t i l l  w o r t h y  of improvement .  Many  a t -  
tempts  have been made  to de te rmine  accurate  correc-  
t ion factors, which  must  be appl ied  to the measured  
spreading  resis tance values in order  to get the  cor-  
rec ted  resis t ivi t ies  (1-4).  The s imples t  fo rmula  is the 
"uni layer"  theory,  which sometimes gives inaccura te  
in format ion  concerning impur i t y  profiles, especia l ly  in 
the cases of profiles wi th in  shal low p - n  junct ions  (1). 
As the correct ion factors of the "uni layer"  theory  de-  
pend only upon the distance be tween  the probe  tip and 
the p - n  junction,  only the  concentrat ions  averaged  
be tween  the probe tip and the junct ion can be a t t a in -  
able  f r o m  this theory.  

The "mul t i l ayer"  theory  has been successfully 
adopted to de te rmine  accurate  correct ion factors, by  
solving (2N § 2) ma t r i x  determinants ,  whe re  N is the 
l aye r  number  (4). However ,  this p rocedure  could not  
be employed  wi thout  ut i l iz ing a computer  on a l a rge  
scale. 

In  this report ,  a new simple model  for profil ing im-  
pur i t ies  wi th in  a shal low p -n  junct ion  from spreading  
resis tance da ta  is proposed  which  does not  requi re  a 
d i rec t  de te rmina t ion  of correct ion factors. Only hand  
calculat ion or, at most, calculat ion by a min icompute r  
is requi red  wi th  this new approach.  As examples  of 
this method,  boron ( r iB+)  and phosphorus  (31p+) ion-  
implan ted  layers  and arsenic (As) -d i f fused  layers  a re  
considered.  

Analysis Procedure 
In a shal low p -n  junction,  where  the  junct ion  depth  

is smal le r  than  the effective radius  of the p robe  tip,  
cur ren t  is forced to flow para l le l  to the surface, and 
the equipotent ia l  of the probe  can be approx imated  as 
reaching the junct ion  edge. Dickey ca lcula ted  correc-  
t ion factors of the un i formly  doped l aye r  of this two-  
point  geomet ry  by using a capaci tance analogue of the 
t w o - p a r a l l e l - w i r e  t ransmiss ion l ine (5). Dickey 's  for-  
mula  can be ex tended  to the layer  consisting of N thin 
layers  of res is t iv i ty  #1, p2, . . . ,  pN--1,  pN, a s  s h o w n  i n  
Fig. 1. 

The spreading  resistance,  RN is defined as 

1 ~ ~d 
[1] 

RN X-4 2pI " ln(D/a)  
I=1  

where  D is the p robe  spacing, a is the  effective probe  
tip radius,  d is the thickness of each thin layer ,  and pI 
is the res is t iv i ty  of the  I - t h  thin l aye r  (6). 

K e y  w o r d s :  prof i le  m e a s u r e m e n t ,  s p r e a d i n g  r e s i s t a n c e  ca lcu la -  
t ion ,  ion i m p l a n t a t i o n  prof i le ,  a r s e n i c  d i f fus ion  profi le .  

1 The  ASR-100 a u t o m a t i c  s p r e a d i n g  r e s i s t a n c e  p r o b e ,  Sol id State 
M e a s u r e m e n t s  I n c o r p o r a t e d ,  w a s  u s e d  in  t h i s  w o r k .  

Equat ion [1] permi ts  the different ia l  sheet  conduct-  
ance method to be appl ied  to spreading  resistance da ta  
t aken  along a beveled  edge. Set t ing RN-1 as the  
spreading resistance of the layer ,  af ter  removing  the 
uppermos t  N- th  th in  l aye r  f rom the l aye r  shown in 
Fig. 1, #t~ is g iven  a s  

~x~ R N - 1  �9 RN 

pN --  2 l n ( D / a )  RN-1 --  Rz~ [2] 

Accordingly,  de te rmin ing  only two a d j a c e n t d a t a  va l -  
ues f rom among the  measured  spreading  res is tance 
da ta  sequence is sufficient to de te rmine  accurate  r e -  
s is t ivi ty of each thin layer .  The res is t iv i ty  can be con- 
ver ted  t o  net impur i t y  concentra t ion according to 
I rvin 's  curve (7). 

However,  in contrast  to the  different ia l  sheet  con- 
ductance  method,  the  measured  spreading  resis tance 
Rm contains a contr ibut ion  RB, the  ba r r i e r  resis tance 
be tween  the probe  and the sample  surface, in  addi t ion 
to the t rue  spreading resis tance R 

Rm = RB + R [3] 

The  ba r r i e r  resis tance RB depends  s t rongly  upon 
surface l aye r  res is t iv i ty  and other  complex factors 
(8). Wi th  the presen t  s ta te  of knowledge,  RB can be 
best  es t imated for a r b i t r a r y  res is t iv i ty  p by  using sev-  
eral  un i fo rmly  doped wafers  of known resis t ivi ty,  as 
ca l ibra t ion specimens and employing  the  in terpola t ion  
procedure,  descr ibed by  Mazur  and Dickey  (1). This  
es t imate  assumes tha t  ba r r i e r  resis tance and contact  
potent ia l  a re  independent  of cur ren t  and vol tage  dis-  
t r ibu t ion  under  the  probe  tip. 
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Fig. I, Two point geometry for multilayer case between surface 
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To determine the impur i ty  profile from measured 
spreading resistance data, Rml, Rm2, . . . ,  RmN, the 
following i terat ion procedure is necessary. 

1. Set p'i = 2a RmI 

2. Compute RB (p'I) 

3. Set R�92 = RmI - -  RB (#'I) 

~d RI-1 " RI 
4. Compute pz -- 

21n(D/a i  RI-1 -- RI 

(RI-1; known)  

5. If ]p'i -- plI > p'i �9 e, set #'i = m and repeat step 2. 

6. If I#'I -- pi] < p'i �9 e, record RI and se t  pi true - - "  

PI. 

Knowing  pl, resistivities of the whole layer  can be 
subsequently obtained, beginning from the junct ion  
edge and cont inuing toward the surface, in the fol- 
lowing sequence 

P l  P ' 3  �9 �9 �9 P I - - 1  # I  �9 �9 �9 PN--1 

R1 R2 . . . R I - 1  R I . . . R N  

phr 

For fast convergence of this calculation, the "skip" 
procedure is sometimes convenient  for a small  differ- 
ence of RI-1 and RI. 

Experimental Results and Discussions 
Figure 2 shows profiles of a l lB+- implan ted  layer, 

determined by the three different methods. The im-  
plant  was performed at an energy of 150 keV and dose 
of 4 X 1014 cm -2. The sample was annealed at 900~ 
for 30 rain in dry iNT2. The squares and the triangles 
were obtained by the "no correction" method, which 
contains no geometrical correction, and the "unilayer" 
method of Dickey (5), respectively. These results are 
far from the profile predicted by the LSS theory (9) 
and empirical reports (10). The circles were obtained 
by the present method. The resul tant  profile seems to 
be reliable, considering the profile of the LSS theory 
(9) which is shown as the dashed-l ine curve in  Fig. 2. 

Figure 3 shows the same profiles as presented in  
Fig. 2, obtained by the present  method, as a function 
of implant  dose (4 • 1018-2 • 1015 cm-2) .  Observed 
profiles are similar to a gaussian distribution, espe- 
cially on the p -n  junct ion  side. However, they are not 
symmetrical  and are widely spread on the surface side. 
Their  peak concentrat ion positions are slightly shal- 
lower than the projected range Rp of the LSS theory 
(9). Recently, 11B+ profiles in silicon shallower than 
those of Ref. (9) were published accounting for the 
new data on electronic cross sections (11). The LSS 
theory predicts an asymmetrical  11B+ profile in silicon, 
skewed toward the surface (12). Theoretical profiles 
incorporating these effects would be expected to ex- 
plain the results shown in Fig. 2 and 3. As the inte-  
grated sum of each profile in Fig. 3 closely fits each 
implant  dose, implanted 11B+ ions are ful ly electrically 
activated over the whole dose range considered here 
(13). 

The measured peak concentrations shown in Fig. 3 
are plotted vs. the implant  dose in  Fig. 4. Considering 
the redis t r ibut ion during annealing,  coincidences of 
measured values with LSS theoretical values are suf- 
ficient except for the low dose region. As the impur i ty  
concentration becomes lower, the difference between 
adjacent values of measured spreading resistance data 
becomes smaller. In  these cases, the present method is 
not app]icable. This si tuation is quite similar to the dif- 
ferential  sheet conductance method. 

Comparison between the differential sheet conduct- 
ance method and the present  method is shown in Fig. 
5 for the case of 11B+ implanted layer at an energy of 
50 keV and dose of 1 • 1014 cm -2. The open and closed 

E 

v 

Z 

Z 
0 

H 
< 
rr 
H 
Z 
i,i 
0 
Z 
0 
(D 

>- 

L 

n 
2~ 

] 0 20 , , 

a NO CORRECTION 

UNI-LAYER CORRECTION 

o PRESENT WORK 

iO,9 - / ~ \  lib + 

~ =  4 x  IOf4/cm 2 

,o,,J-/ 
I i  oooc 

10'% \ I k - - -  LSS THEOR'f 

l 0 i5/ ' ' 

0 0 . 5  I 

DEPTH X (.urn) 
Fig. 2. Comparison of profiles obtained by three different meth- 

ods for the case of a 11B+ layer implanted at an energy of 150 keV 
and dose of 4 X 1014 cm -2.  Dashed-line curve shows LSS theo- 
retical values. 

circles were obtained by the four-point  differential 
conductance method, employing a layer  removal tech- 
nique, and the present  spreading resistance method, 
respectively. They coincide well  wi th in  measur ing 
error limits. This result  confirms the rel iabil i ty of the 
present  method. 

The second example of this method is the measure-  
ment  of a 31p+ layer implanted at an energy of 100 
keV and dose of 1 • 1016 cm -2 into a bare silicon sur-  
face. Figure 6 shows anneal ing t ime dependences of 
8~p+ ion profiles for activation at 900~ in dry lkT2. 
Measured profiles have much deeper junct ion depths 
than those of the LSS theory and have a "kink" at a 
concentrat ion of near ly  2 • 1019 cm -3. One of the rea-  
sons for these results would be the ion-channel ing  
effect dur ing implanta t ion  (14). As the "kink" was 
also observed in the thermal ly  diffused phosphorus 
case (15, 16), there remains some possibility that  the 
inherent  property of phosphorus in  silicon is p laying a 
role in  determining the profiles shown in Fig. 6. 

The third example is the arsenic profile shown in 
Fig. 7. Arsenic was diffused for 60 rain at 1000~ from 
an As-doped polysilicon film, which was chemically 
deposited at 750~ in a mixed flow of Sill4 and AsC13. 
Again, good agreement  is obtained for the two result-  
ant As profiles, measured by the four-point  differential 
sheet conductance method ( O ) and the present spread- 
ing resistance method ( � 9  Note that the data spacing 
of the spreading resistance method is 125A and that 
the deviations of the measured concentrations are still 
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small .  T h e  s ample  was  l apped  a t  an  ang le  of 17 min .  I f  
the  s ample  p r e p a r a t i o n  is good e n o u g h ,  t he  p r e sen t  
m e t h o d  y ie lds  qu i t e  a ccu ra t e  i n f o r m a t i o n  fo r  i m p u r i t y  



1754 ,l. F, Iectrochem. Soe.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  November 1976 

E 
0 

z iO 2o 

z 
o 

cr 

Z 1019 IJ.l 
(..) 
Z 
0 

>- 
I-- 

cr  lOtS 22) - 
n ~ 

10 '7 

0 

I I L I I I 

As DIFFUSED FROM DOPED POkY-SILICON 

A s C h  
- -  - -  o - - ~ .  - ~ ~ 1 7 6 1 7 6  . SLH~--~ - =  2.  I x 10 4 

| o Q ~ �9 

- "~. fpo,y = 2 5 0 0  

I 0 0 0  ~ 6 0  M I N .  

o 4 -  POINT PROBE 

�9 S - R  P R O B E  

1 ~  I I I I I 

0 , 5  

D E P T H  X ( .u rn )  

Fig. 7. Comparison of As profiles obtained from the four-point 
differential sheet conductance method and the present spreading 
resistance method. As was diffused from a, doped palysilicon film 
for 60 min at 1000~ 

profiles in semiconductor  devices, even for such a s h o r t  
data  spacing. 

Conclusion 
The presen t  new approach  to the  spreading  res is t -  

ance method  has proved  to be a re l iab le  means  of p ro -  
filing impur i t ies  wi th in  shal low p - n  junct ions in si l i -  
con. Obta ined profiles of implan ted  t lB+ and 31p+ ions 
and As diffused f rom a doped polysi l icon film are  con- 
sistent  wi th  those of LSS theory,  the different ial  sheet 
conductance method,  and  the  work  pe r fo rmed  p rev i -  
ously by  o ther  authors.  
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Technical Notes 

Silicon Monoxide Thin 

i i 

Films 
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The composition of thin, solid, silicon monoxide 
(SiO) films remains controversial despite numerous 
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Key words:  si l icon oxide,  dielectric ,  x-ray photoe lectron spec- 

troscopy,  ESCA. 

invest igat ions (1-7).  S t ruc tu ra l  studies of deposi ted 
films have led to conjecture as to whe ther  SiO exists  as 
a unique species in the  solid state. Brewer  and Greene  
(8) observed that  an SiO condensate  is metas tab le  and 
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h a s  no tempera ture  range of thermodynamic  stability. 
Evaporated SiO films have been described in terms of 
unique  species, such as SiO, Si203, Si, and SIO2, and 
also as a continuous dis t r ibut ion of suboxide species, 
SiOx, centered about SiO1.0. In  the gas phase, spectro- 
scopic evidence (9, 10) indicates that  a monomeric spe- 
cies, SiO, does exis.t and is s imilar  in electronic struc-  
ture to gaseous carbon monoxide (11). The var iabi l i ty  
in SiO thin film composition is determined by film 
deposition parameters  which include the evaporation 
rate, the source temperature,  the substrate  tempera-  
ture, and the pressure in the evaporat ing system (1, 4). 
SiO vapor condenses to form a solid product with an 
O 'S i  composition ratio equal to 1: 1. 

We have examined deposited SiO films using x - ray  
photoelectron spectroscopy, or ESCA (electron spec- 
troscopy for chemical analysis) ,  as part  of a study of 
s i l icon-oxygen bonding in thin films. The O ls and Si 
2p photoelectron b inding energies and the O ls :Si  2p 
in tens i ty  ratio in SiO were compared with similar data 
from spectra of SiO2 and Si. A model of chemical bond-  
ing near  an SiO surface is described based on observed 
differences in Si 2p photoelectron binding energies, 
O is: Si 2p intensi ty  ratios, and variat ions in photoelec- 
t ron l ine half-widths  (FWHM)1 from SiO deposited at 
24~ and from similar  samples subsequent ly  heated to 
400 ~ C. 

Exper imental  
SiO films, 80O-4O00A thick, were prepared by SiO 

(Cerac/Pure  Incorporated, 99.99% pure) evaporation 
at pressures of 6-8 • 10 -6 Torr, and by deposition onto 
cleaned Si substrates, at a substrate temperature  of 
24~ at source temperatures  of 1300~176 and at 
deposition rates of 7.5-30 A/sec. An AEI-ES 10O elec- 
trostatic analyzer  was used to measure the Si 2p, O ls, 
C ls, and Au 417/2 photoelectron lines. Binding energy 
data were referenced to Si 2p lines in Si (99.3 eV) and 
in  SiO2 (103.7 eV) (12), Au 4~7/2 (83.8 eV), and C ls 
(284.9 eV). The binding energy of a reference gold film 
was measured. Binding energies were corrected for 
charging effects which increased with film thickness 
and varied between 0.1 and 0.6 eV. Distinct Si and S i Q  
impur i ty  Si 2p lines with binding energies at 99.3 and 
103.7 eV, respectively, and characteristic linewidths, 
were sometimes observed in SiO spectra and used as 
r~eference lines. Spectra were general ly obtained with 
the sample at room temperature,  although measure-  
ments were also made with the sample at 400~ in 
order to desorb surface impurities.  Variations in spec- 
trometer s.tability were less than ___0.1 eV. ESCA mea-  
surements  were made after exposure of deposited SiO 
samples to air for periods of less than  1 hr to several 
days. 

Results 
In  Fig. 1, O Is and Si 2p photoelectron spectra of a 

1000A SiO film are plotted as a funct ion of b inding en-  
ergies corrected for charging effects. The init ial  spectra 
were obtained at 23~ about 1 hr after SiO deposition. 
The O ls line has a binding energy of 532.5 • 0.4 eV 
and a l inewidth (FWHM) of 1.8 eV. The Si 2p l ine con- 
sists pr imar i ly  of a single l ine at a b inding energy of 
101.5 • eV with a width (FWHM) of 2.4 eV. The 
Si 2p l inewidth is sensitive to small changes in SiO 
deposition parameters  and was general ly found to be 
greater than 2.4 eV. A shoulder with a b inding energy 
similar to that  of free silicon (99.3 eV) is superimposed 
on the Si 2p line and comprises 2-4% of the total Si 2p 
intensity. On heating the SiO sample to 400~ for 1/2 hr 
in vacuum, the major  Si 2p l ine shifts to a b inding 
energy of 101.6 eV and increases in width to 2.55 eV. 
The intensi ty of the shoulder doubles in intensi ty  but  
remains at a binding energy of 99.3 eV. The O ls b ind-  
ing energy and l inewidth  remain  constant after heating 
to 400~ Photoelectron line intensi ty  ratios, I (O ls ) :  
I (S i  2p), for SiO were 1.3-1.45. No changes in ESCA 
spectra were observed after exposing a similar sample 

FWHM: full width at half  maximum.  

Si 2p 

7~0 Ols ~l~x3 

/ /  o j 

532.5 103.7 101.5 99.3 
(SiO 2) SiO (Si) 

BINDING ENERGY (eV) 
Fig. 1. ESCA 0 ls and Si 2p spectra of a deposited SiO film 

to air for one week at 23~ ESCA data of Si, e v a p -  
o r a t e d  SiO, and SiO2 are compared in Table I. 

SiO films were also deposited at lower deposition 
rates and with higher evaporator background p r e s -  
s u r e s .  A broad Si 2p l ine with a b inding energy char-  
acteristic of SiO was observed in  all ESCA spectra. 
However, distinct addit ional Si 2p lines, asymmetric  
broadening of the SiO Si 2p spectrum, and consistent 
changes in the I (O I s ) : l  (Si 2p) ratio indicated that ex- 
cess oxygen, excess silicon, or silicon dioxide and sili- 
con were present  as impurit ies in  these SiO samples. 
Oxygen-r ich  components of an SiO film, present  as im-  
purities, were preferent ia l ly  removed by chemical 
etching with diluted HF ( i :  I0). Silicon and sil icon-rich 
components, which increased in concentrat ion with de- 
creasing deposition rates, were often detected as the 
major  impur i ty  lines in spectra of SiO films. This may 
account for the detection of Si in  deposited SiO films 
by diffraction techniques. 

Discussion 
A photoelectron line in tens i ty  is proportional to t h e  

total number  of emit t ing atoms in a homogeneous sam- 
ple if the surface is representat ive of the bulk  (13). 
With a noncontaminated  surface, the O: Si composition 
ratio in SiO can be estimated by comparing ESCA in-  
tensi ty ratio data, i.e., I (O is) : I (Si 2p), with intensi ty 
data from a reference compound such as SiO2 (12). The 
presence of excess nonoxidized Si atoms located at the 
film surface, ra ther  than excess oxidized Si atoms, indi -  
cates that oxygenated species adsorbed at an SiO sur-  
face have not altered the chemical composition of the 
film. Comparison of intensi ty  ratios of SiO and SiO2 
samples exposed for several days to air leads to an SiO 
stoichiometry of SIO1.0-+0.1. These results for SiO are 
surpris ingly good if we consider that, besides possible 
changes in surface chemistry, differences in adsorbed 
contaminants  present  on both surfaces will fur ther  
modify an intensi ty  ratio for elements with different 
mean escape depths. 

The O ls b inding energy in SiO and SiO2 (12) films 
is 532.5, which suggests that a similar chemical en-  
v i ronment  for oxygen exists in both materials.  The 
siloxane l inkage is characteristic of SiO2, of silicones, 
and is expected of other polymeric si l icon-oxygen spe- 
cies (14). A high melt ing point and low vapor pressure 
of solid SiO indicate that  SiO is not molecular but  h a s  
a cross-l inked polymeric s t ructure  (14). Furthermore,  
in infrared spectra of gaseous SiO isolated in  Ar or N2 

Table I. Relative photoelectron intensities, binding energies, and 
linewidths (FWHM) for Si, SiO, and SiO~ 

I(O l s )  : O Is FWHM Si 2p FWHM 
I (S i  2p) (eV)  (eV) (eV)  (eV)  

Si 99.3 1.3 
SiO 1.3-1.45 532.5 -- 0.4 1.8 101.5 • 0.15" 2.3* 
SiO~ 2.7 532.5 1.7 103.7 1.7 

* Extrapolated value (see  t ex t ) .  
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matrixes at 20~ (15, 16) dimeric and trimeric units, 
Si202 and Si303 were observed together with monomer  
units  of SiO. These polymeric species formed ring 
structures with siloxane bridges as the probable first 
step in the formation of condensed solid polymeric SiO. 

The O ls l inewidth of 1.8 eV in  SiO is greater than 
the O ls l inewidth  in SiO2 (1.5 eV). No increase in O ls 
l inewidth was detected for SiO or SiO2 upon exposure 
to air for several days or after heat ing SiO at 400~ 
SiO and SiO2 films are amorphous and have oxygen 
atoms in similar chemical environments .  Second-order 
bonding about oxygen in  SiO with distr ibutions of spe- 
cies changing from O3-Si-O-Si-O8 to Si~-Si-O-Si-Si3 is 
a l ikely cause of this broadened line. 

A change in b inding  energy of an element  has been 
associated with first-order changes in  bonding in a 
series of similar materials  (13). The Si 2p binding en-  
ergy in SiO is located at about half the binding energy 
difference between Si (99.3 eV) and SiO2 (103.7 eV), 
as is indicated in Fig. 2. A linear,  or near ly  linear, em-  
pirical relationship exists between changes in b inding 
energy and changes in oxygen content  of silicon oxide 
films. The tetrahedral  configurations shown in Fig. 2 
represent examples of the change in average composi- 
t ion about photoexcited Si atoms with change in  b ind-  
ing energy, and provide a basis for determining oxide 
film composition (12, 17). During SiO evaporation, 
some SiO is dissociated and then deposited as nonoxi-  
dized Si atoms and O atoms. The O atoms presumably  
oxidize the par t ia l ly  oxidized Si atoms. This results in  
a small  increase in  the Si 2p b inding energy and l ine-  
width. Depositing the SiO onto a heated substrate may 
enhance this dissociation (1, 4). Heating the SiO sam- 
ple, which was deposited at 24~ to 400~ does not 
alter the O:Si  ratio but  does cause in ternal  chemical 
changes in  the film. More nonoxidized silicon is formed; 
the remainder  of the film is more highly oxidized, 
which causes the Si 2p binding energy and l inewidth to 
increase. An estimated SiO binding energy and l ine-  
width of 101.5 and 2.3 eV, respeetively, are obtained by 
extrapolat ion to form a Si 2p l ine free of nonoxidized 
Si atoms. 

ESCA spectra of Si 2p photoelectron lines in  SiO 
evaporated film (7) and SiO powders (18) have re-  
cently been described and may be compared with our 
:esults. The binding energy separation between the 
Si 2p lines in SiO and in Si (2.2 eV) obtained by Hol- 
l inger et al. (7) is in agreement  with our data (2.2 eV). 
For the SiO powder (18), this separation in Si 2p b ind-  
ing energies (estimated from a published spectrum) is 
about 3.3 eV and suggests that  the oxidized Si in the 
powder possesses an O:Si  ratio significantly greater 
than 1: 1. From analysis of Auger spectra of SiO evap- 
orated onto substrates held at 200~ and ion sputtered 
for a short time, Johannessen et al. (19) proposed that 
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Fig. 2. Variation of Si 2p binding energy with average oxide 
film composition. Encircled Si atoms in tetrahedral configurations 
represent photoexcited atoms. 

SiO is a mixture  of Si and SiO2. However, both deposi- 
tion onto a heated substrate and ion sputter ing of the 
SiO surface may alter the SiO composition by enhanc-  
ing decomposition to Si and SiOx~ 

Si atoms are general ly te t ravalent ly  bonded, and 
mult iple bonds involving Si atoms are unknown.  Si 
atoms in SiO possess, on the average, te trahedral  Si 
atoms bonded to two oxygens and two silicons, i.e., 
Si-(O)~(Si)2,  a configuration in termediate  between 
te t rahedra in silicon, Si-(Si)4,  and in  silicon dioxide, 
Si-(O)4. The larger Si 2p l inewidth  value in  SiO 
(2.3 eV) relat ive to the l inewidth  in  a Si single 
crystal (1.3 eV) or in an amorphous SiO2 film (1.8 eV) 
is a l s o  consistent with the presence of a cont inu-  
ous distr ibution of oxidized te t rahedral  Si species 
contr ibut ing to a Si 2p line in SiO. Furthermore,  the 
decomposition of SiO at 400~ does not cause unique  
oxide compounds, such as SiO2, to form, but  ra ther  ex- 
tends the dis tr ibut ion of Si atoms already oxidized to 
include a greater number  of more completely oxidized 
Si atoms (Fig. 1). A unique SiO species does not exist 
in the solid state. Rather, SiO has a composition Si- 
(O)x(Si)~, where x + y ---- 4, with the most probable 
composition being x = y -- 2. The absence of two dis- 
t inct Si 2p lines at 99.3 and 103.7 eV, and the presence 
of a single l ine at 101.5 eV, is a direct indicat ion that  
a properly evaporated SiO film is not composed of a 
mixture  of Si and SiO2. Similarly, no single unique  
Si2Q species was identified from ESCA SiO spectra. 
Properly prepared SiO contains Si, SiO, Si2Oa, SiO2, 
etc., only as components of a normal  dis t r ibut ion of 
silicon oxide species whose average composition is 
SiO1.0 This model of an SiO surface derived from 
ESCA data is in agreement  with the previously re-  
ported conclusions of Phil ipp (6) for thick SiO films. 
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Electrophotographic Characteristics of 
(Hgl2:CdS) Binder Layers 

P. K. C. Pillai, S. K. Agarwal, and R. C. Ahuja 
Department oJ Physics, Indian Institute of Technology, New Delhi 110029, India 

The combinat ion  of a photoconductor  and  insula t ing 
resin provides  a photoconduct ive  insu la tor  capable  of 
re ta in ing  a surface charge  in da rk  and discharging in 
light.  These combinat ions have  some unique  aspects: 
(i) The photoconduct ive  ma te r i a l  need not  have high 
d a r k  res i s t iv i ty  (which  is r equ i red  to re ta in  charge)  
and  this al lows for  a wide  choice of mater ia ls .  (ii) The 
independen t  character is t ics  of severa l  photoconductors  
can be incorpora ted  in one l aye r  by  d ispers ing  these  as 
powders  in the  resin binder .  Severa l  studies have  been 
repor ted  on the b i n d e r - t y p e  plates  of Se (1), ZnO (2), 
an th racene  (3), CdS (4), and the i r  combinat ions  (5-6).  

The present  invest igat ions  deal  wi th  the surface 
charge character is t ics  of HgI2:CdS mixed  sys tem in 
polys tyrene .  Our  ear l ie r  photoconduct iv i ty  studies (6) 
have shown tha t  the b inder  layers  of CdS dispersed in 
po lys ty rene  have Iphoto/Idark • 100 and a low speed of 
response, whi le  the b inder  layers  of HgI2 have /photo/ 
/dark : 150 and a fast speed of response. This suggested 
that  the  b inder  layers  of HgI2: CdS mixed  system might  
possess some character is t ics  more  des i rable  for use in 
e lec t rophotography.  T h e  exper iments  have shown tha t  
the l aye r  containing HgI2 and CdS in the  60:40 rat io  
exhibi ts  the m a x i m u m  value  of Iphoto/Idark (5 X 103 at  
1750 l x ) .  I t  was then fel t  wor thwhi le  to s tudy  the sur -  
face charge characteris t ics .  

The surface charge studies were  made  as follows: 
The photoconduct ing layers  backed  by  NESA coated 
glass plates  were  charged by  using a scorotron unit  
and the resul t ing  surface charge  was measured  in terms 
of surface potent ia l  by  a v ib ra t ing  condenser  unit.  A 
100W tungsten f i lament l amp was used to d ischarge  the  
layers.  

F igure  1 shows typica l  da rk  and l ight  decay  curves 
of the HgI2, CdS, and HgI2: CdS layers.  I t  is seen tha t  
(i) m a x i m u m  surface poten t ia l  is r e ta ined  by  the HgI2 
layers,  (ii) dark  and l ight  decay are  fastest  in  HgI2 
layers,  and (iii) HgI2: CdS layers  show slow da rk  and 
fast  l ight  decay rates.  

The effect of b inder  percentage  on the d a r k  and 
l ight  decay rates  of the  HgI2:CdS layers  is shown in 
Fig. 2. It is seen tha t  as the percentage  of b inder  is in -  
creased, the da rk  and l ight  decay rates  slow down, and 
tha t  the  surface potent ia l  re ta ined  b y  the l aye r  in-  
creases. F rom these character is t ics  i t  is evident  that  the  
b inder  layers  conta ining HgI2:CdS in the  60:40 com- 
posi t ion dispersed in 60% by  weight  of po lys ty rene  
show the op t imum character is t ics  for use in e lec t ro-  
photography.  For  this layer ,  the surface potent ia l  de -  
cays only by  5% in a per iod of 5 sec in dark,  whi le  du r -  
ing the  same per iod the l ight  decay is about  70% for 
100 Ix whi te  i l luminat ion.  These values  indicate  that  
a good image contras t  can be obtained,  which could 
be fur ther  improved  by exposing the l aye r  to h igher  
intensities of light. 

Key words: xerography, surface charge, photoconductor. 

Fig. 1. Dark and light decay curves. Dark decay: (a) 100% 
Hgl2, (b) 60:40 Hgl2:CdS, (c) 100% CdS. Light decay: (1) 100% 
Hgl2, (2) 60:40 Hgl2:CdS, (3) 100% CdS. Binder percentage is 40 
in all the samples. 

Fig. 2. Effect of binder percentage on the dark and light decay 
rates of the Hgl2:CdS layers. Dark decay: (A) binder percentage 

40, (B) binder percentage ~ 60, (C) binder percentage ~ 80. 
Light decay: (a) binder percentage ~ 40, (b) binder percentage -" 
60, (c) binder percentage ~ 80. Corona voltage ~ 5.5 kV, grid 
voltage ~ 1100V, charging time ~ 1 min. 

Thus, (HgIe:CdS)  in po lys ty rene  b inde r  seems to 
offer good promise  for use as a mas te r  p la te  in charge 
t ransfer  e lec t rophotography.  The image contrast  oh-  
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ta inable  with this plate appears to be comparable to 
that  of commercially available plates. 
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Discontinuous Precipitation as a Mode 
of Internal Oxidation 

D. J. Young,  *'~ J. S. Kirkaldy,  and W .  W .  Smel tzer *  

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada L8S/MI 

Discontinuous precipitat ion is the process whereby a 
supersaturated phase decomposes to a solute-depleted 
but  s t ructuraI ly identical product and a precipitate 
phase (~ ~ a' + ~) by growth of parallel  a' and 
lamellae into the parent  ~ phase (1, 2). It is empha-  
sized that a' and ~ denote different compositions of the 
same phase. This mechanism often substitutes for or 
competes with the more common phenomenon of gen- 
eral precipitation, when  reaction temperatures  Iead to 
very low volume diffusion rates. Discontinuous pre-  
cipitation should be distinguished from a eutectoid re-  
action in  which one phase decomposes into two new 
phases (-y --> a + ~), although both reactions are con- 
trolled by segregation of alloy consti tuents at or near  
the interface between the parent  phase and the prod- 
ucts. Under  usual conditions where the supersaturated 
phase (~) is produced by quenching to a fixed reaction 
temperature,  the velocity, v, at which the interface 
advances is approximately constant. This does not im-  
ply that all discontinuous precipitation reactions pro- 
ceed at a constant  velocity. Indeed, approximately 
parabolic cellular reactions in  mul t icomp0nent  systems 
have been observed (3). 

It was recently reported by the present  authors (4) 
that a Ni-20 weight percent  (w/o)  Mo alloy exposed at 
700~ to H2S/H2 atmospheres adjusted to yield 1 • 
10-1~ ~ Ps2 ~-- 4 X 10 -1~ atm underwen t  in ternal  sulfi- 
dation in  such a way as to yield this cellular morphol-  
ogy. The purpose of the present  communicat ion is to 
present  chemical and microstructural  evidence that the 
mechanism of this in ternal  sulfidation reaction is in  fact 
that of discontinuous precipitat ion as defined above. 

The general  appearance of the reaction product is 
i l lustrated in  Fig. 1. Phases were identified by energy 
dispersion analysis of the x-rays  excited in  a scanning 
electron microscope. The outer scale was found to be 
Ni sulfide plus Mo sulfide; the inner  layer  was Mo sul-  
fide (dark region) plus near ly  pure Ni metal  (white 
region).  The sulfide particles were too small  to yield 
rel iable analyses and so their  stoichiometries were not 
established. The formation of the inner  layer  is de- 
scribed in chemical terms as in te rna l  sulfidation. As 
the equi l ibr ium sulfur  part ial  pressures at 700~ for 
the reactions 4/3 Mo ~- $2 = 2/3 Mo2S3, 2Mo2S3 ~- 
$2 = 4 MoS2, and (3 -- x )Ni  + $2 = Ni~-zS2(1) are 
respectively (5, 6), 6.3 • 10 -12 , 3.1 • 10 -11 , and 3.4 
• 10 -10 arm, selective sulfidation is the rmodynam-  
ically expected. In the present  nomenclature,  the re-  
action may  be wr i t ten  as 

Alloy + S --> ~ [1] 

* Electrochemical Society Active Member. 
1Present address: Division of Chemistry, National Research 

Council of Canada, Ottawa, Ontario, Canada KIA 0R9. 
Key words: Ni-Mo-S system, internal oxidation, discontinuous 

precipitation. 

~ a' "4- ~ [2]  

In te rna l  oxidation (or sulfidation) has long been 
known (7) and the kinetics have been described in 
detail by Wagner  (8) on the supposition that  step [1] 
is rate controlling. In  step [2] the in te rna l ly  produced 
reaction product is assumed to nucleate and precipitate 
at random sites (i.e., general  precipitat ion) and there-  
after play no role in  the reaction. Wagner 's  theory 
supposes that  step [1] is controlled by inward  diffu- 
sion of the oxidizing species through the depleted 
matrix,  d, to reach the as yet unreacted alloy and, 
therefore, that both the penetra t ion depth of the pre-  
cipitation zone and the weight gain follow parabolic 
kinetics. The si tuation where external  scale growth is 
combined with in terna l  oxidation is ra ther  more com- 
plex and has been reviewed by Rapp (9). Under  these 
circumstances a var ie ty  of reaction rate laws is pos- 
sible, depending on the precise na ture  of the rate-  
controll ing process. 

Fig. 1. Cross section of corner of Ni-20Mo sulfidized at ps 2 = 
3.5 X 10 - l ~  arm for ,~ 10 hr. Etched in HNO3-50 v/o CHsCOOH. 
Phases are identified in text. 
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In  the present  case the observed weight change ki-  
netics are approximately  l inear  (4). Results of meta l -  
lographic studies of the precipitat ion zone penetrat ion 
and the corresponding in ter lamel lar  spacing, 5, are 
summarized in Fig. 2. Penet ra t ion  has been measured 
as the distance between the precipitat ion front and the 
precipi tat ion zone, external  scale interface. The error 
involved in  approximat ing the position of this lat ter  
interface to that  of the original alloy surface is less 
than the exper imental  error of the measurement .  It is 
seen that  the data, with the exception of one deviant  
point of u n k n o w n  origin, are described by l inear  ki-  
netics (v ~ 5.5 • 10 -~ cm sec -1) and constant lamel-  
lar  spacing. It is therefore concluded that  step [1] is 
not rate controll ing in the present  case. 

To rationalize these results we note that  data are 
available for the diffusion coefficient of S in  Ni (10) 
and in  the sulfides. At 700~ Ds Ni ~_ 10 -11 cm 2 sec -1, 
and for the diffusion of S through the Mo sulfides (11), 
Ds N 10-18 cm 2 sec-1. Clearly, nei ther  of these proc- 
esses can possibly supply S to the reaction front at a 
rate sufficient to support  the observed velocity of that  
front, so the classical model of in terna l  sulfidation via 
lattice diffusion of the sulfur  is inapplicable.  This point 
is fur ther  discussed below. 

Morphologically, the present  reaction has all the 
characteristics of discontinuous precipitation. Here it  is 
found that  the in te rna l  precipitates form as platelets 
approximately normal  to the original alloy surface and 
to the reaction front  (Fig. 1, 3), that these plates are 
arranged at a regular  uni form spacing (Fig. 2, 4), that 
the orientat ion of the platelets is independent  of the 
prior grain s tructure of the alloy (Fig. 1, 3), that  the 
penetra t ion depth of the platelets is uniform (Fig. 3), 
and that a sharply defined interface exists between the 
alloy, ~, and the depleted matrix,  ~'. This last feature 
is seen in  an optical micrograph (Fig. 1, 3) as a dif- 
ference in  etching characteristic, and in the scanning 
electron micrograph (Fig. 5) as a difference in  back- 
scattered electron intensity.  It was verified by x - ray  
energy dispersive analysis a s b e i n g  due to a composi- 
t ional change: wi thin  the spatial resolution of this 
technique (__+1 ~m) it was found that a discontinuous 
change occurs from near ly  pure Ni as depleted matr ix  
to Ni-20 w/o Mo in  the as yet unaffected alloy. 

Lamel lar  precipitates have occasionally been noted 
in other in terna l  oxidation reactions. As examples, in -  
ternal  oxidation of several copper alloys containing In, 
Zn, A1, or Si (7), and of Nb-Zr  (12, 13) and U-Nb (14) 
alloys results in the formation of lamel lar  precipitates 
from oxygen diffusion as a ra te -de te rmin ing  step. Also, 
cycling the reaction temperature  (15) or oxidant pres-  
sure (16) can lead to platelike morphologies. In all of 
these examples oxygen diffusion is rate controll ing and 

Fig. 3. Optical micrograph of etched cross section showing the 
precipitation front.Sulfide precipitates have etched black, the Ni 
matrix appears white, and the unreacted alloy is medium gray with 
grain boundaries revealed. 

Fig. 4. Scanning electron micrograph of region in precipitation 
zone. Sulfide precipitate lame[lae appear black. 
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Fig. 2. Penetration depth of precipitate zone and lamellar spac- 
ing as a function of time for samples sulfidized at 1 X 10 -2~  
PS2 ~ 4 X 10 - l ~  arm. 

parabolic kinetics are observed. The present ly  con- 
sidered in terna l  sulfidation reaction differs from the 
above examples in two key ways. Firstly, the kinetics 
are not parabolic. Secondly, a discontinuous change in  
concentrat ion is found between the alloy, ~, and its 
solute-depleted form, d, the distance over which this 
change occurs being much less than the distance be-  
tween precipitates. This novel pa t te rn  of behavior  is 
rationalized in the following. 

The existence of fine, closely spaced, lamel lar  pre-  
cipitates runn ing  all the way from the outer metal  
surface to the reaction front provides a very large 
~'/~ interracial area connecting the outer metal  surface, 
the source of sulfur, to the reaction front. We there-  
fore conjecture that S is delivered to the precipitat ion 
front by rapid diffusion along these precipi ta te-matr ix  
boundaries,  and that  little over-al l  resistance to the 
reaction is thereby offered. 

Both the morphology and kinetics can be accounted 
for by a mechanism involving alloy component segre- 
gation. If segregation is achieved by volume diffusion 
wi thin  ~, then the mechanism is morphologically ana-  
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Fig. 5. Scanning electron micrograph of precipitation front. Back- 
scattered electron image of alloy is darker than that of Ni matrix 
Iomellae. 

logous to an isothermal eutectoid t ransformat ion in  a 
homogeneous solid and v is related to the lameUar 
spacing, 8, by 

D A 
v _ - -  I [3] 

where D A is the alloy diffusion coefficient and f is the 
relative supersaturat ion (1), which will be here esti- 
mated as 0.1. If segregation is achieved by boundary  
diffusion along the a/d interface, then an approximate 
growth equat ion analogous to [3] is obtained by sub-  
st i tut ing D B b/5 for D A, where D B is the diffusion con- 
stant  within the boundary  of width b. To a first ap- 
proximat ion then 

v = 0.1 DA/8 volume diffusion [4] 

v = 0.1 DBb/~ ~ boundary  diffusion [5] 

Subst i tut ion of the values of v and 5 reported in Fig. 2 
into [4] and [5] assuming b = 10A yields D A ~ 10 -9 
cm 2 sec -1 or D B ,~ 10 -6 cm 2 sec -1. Extrapolat ion of 

high temperature  results (17) for volume interdiffu- 
sion in  the Ni-Mo solid solution yields, at 700~ D A 
10 - i s  cm ~ sec -1, indicating that segregation mus t  be 
achieved by  the second mechanism of diffusion along 
the advancing interface. This is almost universa l ly  the 
case with discontinuous precipitation. 

It is concluded from the simultaneous observations 
of l inear  kinetics, un i form lamel lar  morphology, and 
a discontinuous change in  concentrat ion at the reaction 
front that the mechanism of in terna l  sulfidation of Ni- 
20Mo is that  of discontinuous precipitation. It is not 
possible, however, to conclude that  the reaction rate is 
controlled ent i rely at the precipitat ion front. Since the 
kinetics of the over-al l  reaction are approximately  
linear, so too are those of external  scale growth. Such 
behavior in  an alloy exposed to HeS/H2 atmospheres 
has f requent ly  been ascribed to rate control by a proc- 
ess occurring at the solid-gas interface. If this is the 
case in  the present  instance, then the penetra t ion ve-  
locity and in ter lamel lar  spacing of the in terna l  pre-  
cipitation zone may be par t ia l ly  determined by this ex- 
ternal  constraint.  
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Growth Texture of Polycrystalline Silicon 
Prepared by Chemical Vapor Deposition 
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We are under tak ing  a study of the high tempera ture  
deformation of polycrystal l ine silicon as part  of a pro- 
gram to find low cost methods of manufac tur ing  silicon 
solar cells. The mater ial  used as samples in these de- 
formation experiments was commercially available, 

Permanent  address: The Technion, t taifa,  Israel.  
Key words: silicon, polycrystall ine silicon, grain structure,  tex- 

ture, chemical  vapor deposition, crystallographic orientation. 

high pur i ty  semiconductor grade silicon. This is a poly- 
crystall ine material  grown by chemical vapor deposi- 
t ion at about 1150~ by the decomposition of tr ichloro- 
silane. The silicon rod samples were prepared by Dow- 
Corning Company, and had a diameter of about 15 cm. 
Figure 1 shows the grain s tructure of a cross section of 
the silicon rod. Growth begins on a single crystal core, 
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Fig. 1. Etched surface of 15 cm diameter silicon rod. Surface is 
perpendicular to log axis. Radial grains emanate from the slim rod. 

the slim rod. Columnar  grains elongated, in  the growth 
direction are clearly visible; many  of the grains show 
a substructure  of straight, parallel  needles aligned with 
the growth direction. The appearance of these needles 
suggests the possibility of growth twins, but  they have 
not been studied in detail. The over-al l  s t ructure 
strongly suggests a preferred crystallographic texture  
in the as-deposited rod. Such a texture  is of obvious 
importance in measurements  of the mechanical  prop- 
erties, and since we were unable  to find in the l i tera-  
ture  any de terminat ion  of the texture, we undertook 
the s tudy described here. 

Experimental Procedure 
A 2.5 cm thick slab was cut from the 15 cm diameter  

rod, perpendicular  to the log axis. Samples for x - r a y  
diffraction, each 2.5 • 2.5 X 0.2 cm, were cut in  var i -  
ous orientations and from various parts  of the rod, as 
shown in Fig. 2. The samples were cut with a diamond 
saw, mechanical ly polished, and finally etched heavily 
in a solution of 5HNO3: 3HF: 3CHsCOOH. Samples de- 
noted • were cut with their large faces perpendicular  
to the rod axis. Samples denoted It were cut with faces 
parallel  to the log axis and perpendicular  to a d iame-  
ter. Those denoted II I I were cut with faces parallel  to 
the log axis and paral lel  to a diameter.  Sample sets 1 

COLUMNAR 
/ ~ o "  ~ G R A I N  S 

Fig. 2. Identification of samples cut from silicon rod. For explana- 
tion, see text. 

and 2 were taken near  the log surface, at two points 
90 ~ apart. Sample set 3 was taken as near  the s l im-rod 
core as possible, and sample set 4 consisted of four 
pieces, each 0.6 • 2.5 X 0.2 cm, and each cut wi th  the 
0.6 • 2.5 cm surface perpendicular  to a log diameter.  
These four pieces were assembled to make one x - r ay  
sample; this was done to minimize the spread in orien- 
tation resul t ing from the fanlike growth of the col- 
umna r  crystals. Sample 5 was cut with faces inclined 
at 45 ~ to the log axis; it  has an  or ientat ion hal fway 
between the i and the II samples, related to them by 
rotat ion of 45 ~ about an axis paral lel  to a log diameter.  
A small  sample was also cut from the slim rod itself. 
Textures were determined by the Schultz reflection 
method (1, 2). 

Samples were mounted in a Siemens texture  diffrac- 
tometer and irradiated with Cu Ka radiat ion at 30 kV 
and 20 mA. Reflections from (111), (220), and (400) 
planes were recorded, and pole figures were plotted 
from the result ing strip charts. Diffracted intensit ies 
were recorded for a full ,z, _-- 360 ~ rotat ion about the 
normal  to the surface of the samples in steps of ~ = 
2.5 ~ away from this normal  out to 80 ~ . The resolution 
of the technique was d,I, = __4 ~ and d~ = • ~ In -  
tensities were compared to those of a random sample 
prepared from silicon powder held on a glass slide with 
petroleum jelly. The samples were aligned by  eye so 
that the diameter  of the log appeared as the vertical 
axis of the pole figures of the I and II II samples, and 
the log axis as the vertical axis of the pole figures in II 
samples. 

Results 
The recorder chart traces of all samples with faces 

parallel  to a log diameter  (types I and I I If) consisted 
of a series of very  nar row peaks of high intensity.  The 
small  width of the peaks, plus the irregulari t ies  in their  
outlines caused by the relat ively large grain size of the 
samples, made the plott ing of conventional  contour 
lines on the pole figures impossible. Instead, the height 
of each peak was read and plotted as a corresponding 
point on the pole figure. Examples are shown in  Fig. 3. 

All the pole figures from samples of type • and I I [I 
were in agreement,  and indicated clearly that  the crys- 
tallographic texture  of the silicon rod is a very sharp 
<110> fiber texture with the <110> axis paral lel  to 
the growth direction, and with no preferential  or ienta-  
tion about this axis. Pole figures of samples of type II 
unexpectedly showed almost random intensi ty  instead 
of the circular symmetry  about the midpoint  expected 
for a fiber texture examined paral lel  to the fiber axis. 
Suspecting that  this phenomenon might be associated 
with the spread in orientat ion of the fiber axis caused 
by the cylindrical growth geometry, we prepared the 
composite sample 4 as explained above; its (220) pole 
figure showed the expected form (Fig. 4) al though with 
lower intensity than predicted. 

As a final check, sample 5 was cut at 45 ~ to the rod 
axis. The result ing (111) pole figure is shown in  Fig. 5; 
it has the expected form of the (111) pole figure of 
Fig. 3a, rotated 45 ~ about the equator. 

The pole figures of sample set 3, cut near  the central  
slim rod, were closely similar to those of sets 1 and 2. 
The slim rod itself was found to have a <100> direc- 
tion parallel  to the rod axis. 

Conclusions 
The crystallographic texture  of CVD polycrystal l ine 

silicon is found to be a very sharp <110> fiber texture, 
with the <ii0> direction parallel  to the direct ion of 
growth, and with no preferred orientat ion about this 
axis. The texture  does not appear to be influenced by 
the orientation of the rod from which growth starts. 
This <110> growth texture  has also been found in 
silicon films grown by similar methods on various sub- 
strates (3). 
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ABSTRACT 

The feasibility of using silicon as an alloying agent for the negative elec- 
trode in Li/FeS2 cells was determined by studying cells of the type 

Li (liq)or 1 LiC1-KCI eutecticor Li { in s~ Li-Si t a l l o y s  at 

40 a/o Li-A1 alloy (sol) LiF-LiC1-LiBr melts equilibrium 

The Li-Si electrode was found reversible with respect to lithium between 
650 ~ and 725~ The nonstoichiometry ranges of the respective Li-Si com- 
pounds and electromotive forces (emf's) in the two-phase regions of the 
Li-Si phase diagram between 650 ~ and 750~ were measured. These studies 
indicated a new compound, Li21Sis, which was confirmed by x-ray diffraction, 
scanning electron microscope, and differential thermal analysis. The activities 
and relative partial molar properties of lithium and silicon in the two-phase 
regions of the phase diagram were calculated from the emf's in the tempera- 
ture range 650~176 and the standard free energy of formation for the com- 
pounds Li2Si, Lia~Sis, Li~5Si4, and Li22Sih, were also determined. 

At present, two types of negative electrodes are used 
for developing Li/FeS2 cells for secondary batteries of 
high specific energy and high specific power. One type 
is pure lithium entrapped in a metallic matrix (1, 2) 
generally made of stainless steel or nickel. This elec- 
trode has a problem retaining lithium for a prolonged 
period of time during repeated charge-discharge cycles. 
Lithium also severely attacks the ceramic insulator 
and separator of the cell. 

The second type of negative electrode is made of 

literature (9-11). Therefore, this investigation was 
conducted to determine the feasibility of using Li-Si 
alloys as negative electrodes in Li/FeS2 cells, to deter- 
mine the various phases of the Li-Si system, and to 
obtain the relevant thermodynamic data for the phases 
by emf measurements. 

Experimental 
All preparatory procedures and cell studies were 

carried out in a helium atmosphere dry box. The cells 
used were of the type 

Li (liq)or 1 LiC1-KC1 eutectic t f in s~ Li-Si t o r  Li alloys at 

40 a/o Li-A1 alloy (sol) LiF-LiC1-LiBr melts equilibrium 

Schematic diagrams of the cells are shown in Fig. 1. 
solid Li-A1 alloy (3, 4). In this case, the lithium re- The typical cell assembly consisted of a quartz en- 
tention problem is solved, but the theoretical specific closure (70 mm diameter, 300 mm high) fitted with a 
energy is reduced because of the additional inert cap which served to position the electrodes and ther- 
weight of aluminum and decreased cell voltage com- mocouple, and a stainless steel cup (50 mm diameter, 
pared to a celI using a pure lithium electrode. Current 100 mm deep) to hold the electrolyte. All of the metal- 
densities are also limited because of the difficulty of lic parts were hydrogen-fired at 1375~ for 7.5 ksec 
transport of active material in the solid alloy. However, before use. 
the reduced activity of lithium decreases its tendency 
to corrode the ceramic parts. 

Silicon, which is next to aluminum in the Periodic I 
Table and forms a few compounds with lithium (5-8), II 
appears to be a suitable alloying agent for the negative ' Th ...... p ' e ~ J J  N ~ ) ~  
electrode. Like Li-A1 alloy, Li-Si alloys will probably 
not have the problems of lithium retention and corro- st~r,~,s st~ H Cup ~ Test Eledr~e 
sion and, because of the higher lithium content of solid _ _ _  ~ " ~  (Li-S~ A,o~) 

Reference Eledrode 
Li-Si alloys, the specific capacity of the electrode would (4o alo LFAI Alloy)- --Electrolyte 
be higher than that of the Li-A1 alloy electrode. Counter Bectrode . ~  ~ Counter El~r~e 

The Li-Si phase diagram (5-8) indicates only two ~LiquidLii,,PTest . . . . .  Electr0deMatrix}- ~ ~. J ~J.~t HOal0U-AIAII0y) 
compounds, Li2Si and Li4Si, but compounds such as (s~ or Li-Si AHoyl 

(A) (B) 
Lil3SiT, LiTSi2, and Li22Si5 are also reported in the Cycling Cell EMFCell 

*Electrochemical  Society Act ive  Member. Fig. 1. Schematic representations of the lithium-silicon alloy 
Key words: Li-Si phase diagram, emf~s, thermodynamic  proper- 

ties, test cells. 
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Negative or re~erence electrode.--For the l i th ium 
electrode, a fibrous nickel block (80% porous),  12 mm 
diameter  and 12 mm high, was attached to a nickel rod 
voltage lead, 3 mm diameter and 450 mm long. The 
block was loaded by immersing it in a pool of molten 
l i th ium (99.97% pure) at 975~ for 120 sec. 

For the Li-AI alloy electrode, a chamber was made 
by hel iarc-welding a 304 stainless steel nu t  onto the 
side of a 5 mm long piece of 304 stainless steel tubing 
(12 mm ID, 16 mm OD). A 304 stainless steel rod (3 
mm diameter, 450 mm long) was threaded into the 
nut  to serve as a voltage lead. After  hydrogen-f ir ing 
this compartment,  the electrode was completed by in-  
sert ing a few pieces of 40 atom percent (a/o) Li-A1 
alloy (4/20 mesh) and spot-welding two 150 mesh 
304 stainless steel screen disks over the open sides. 

Lithium-silicon alloy positive electrodes.--For the 
preparat ion of the alloys, a preweighed amount  of 
clean l i thium was placed in a nickel crucible and its 
temperature  was raised to about 6O0~ Powdered sili- 
con (99.999% pure) was slowly added to the li thium, 
avoiding any violent reaction. After  adding the calcu- 
lated amount  of silicon, the tempera ture  was raised 
to 1025~ and main ta ined  there unt i l  the melt  became 
homogeneous. The melt  was then cooled slowly to room 
temperature.  A few pieces of solidified alloy were then 
used to prepare a positive electrode, using the method 
described for the Li-AI alloy electrode. Powdered sili- 
con instead of Li-Si  alloy was used for preparat ion of 
the pure silicon electrodes. 

Electrolyte.--Two types of electrolyte, 57 mole per-  
cent (m/o)  LiC1-43 m/o  KC1 eutectic (12) and 22 m/o  
LiF-31 m/o  LiC1-47 m/o  LiBr, were used. The LiC1- 
KC1 electrolyte was prepared using LiC1 of 99.6% 
pur i ty  and KC1 of 99.9% purity.  It  was purified by 
bubbl ing  chlorine through it at 725~ for 7 ksec, and 
subsequently scavenging the chlorine by bubbl ing  
hel ium for about 3.5 ksec (13). The reaction o'f KC1 in 
the electrolyte with l i th ium in the electrodes (13) 
should not influence the emf measurements,  as they 
were carried out in only the two-phase regions of the 
Li-Si  system, where composition change should not 
have any effect. The rate of the reaction was further  
suppressed by the reduced activity of l i th ium in the 
Li-A1 alloys used. In  addition, any possible uncer ta in ty  
in the measurements  was removed by using LiF-LiC1- 
LiBr electrolyte. Li th ium bromide of 99.0% puri ty  and 
high pur i ty  optical grade LiF were used for the te rnary  
electrolyte. Prior  to adding the LiF, the LiC1-LiBr melt  
was also purified by bubbl ing  chorine through it at 
850~ for 3.5 ksec subsequent ly  removing the resul tant  
bromine by bubbl ing  hel ium for an addit ional 3.5 ksec. 

Apparatus.--A tubular  furnace (150 mm high, 75 
m m  diameter)  was used in  conjunct ion with a pro- 
portional band tempera ture  controller to heat the cell. 
Chromel-Alumel  thermocouples and a mill ivolt  poten- 
t iometer were used for temperature  measurements  and 
another  mill ivolt  potentiometer  for the emf measure-  
ment. The other electrical ins t ruments  included a d-c 
power supply, together with the necessary logic and 
switching circuitry to cycle the cell automatical ly ac- 
cording to a preset charge-discharge program, and a 
dual -channel  recorder for measur ing cell potential  and 
current.  

Procedure.--About 0.1 l i ter  of the electrolyte was 
placed in the stainless steel container which, in turn,  
was placed inside the quartz enclosure in the furnace. 
The electrolyte was heated to a part icular  temperature  
and the electrodes were positioned in the melt. 

A'fter thermal  equi l ibr ium was attained, the emf 
measurement  was carried out. Measurements were con- 
t inued unt i l  the value became constant (less than • 
mV) at that temperature.  The equi l ibr ium period was 
observed to be about 1.8 ksec, but  110 ksec were given 
for some measurements  to see if any fluctuation in the 
emf value would occur. The emf measurements  were 

made at several temperatures  (by a l ternate ly  raising 
and lowering the temperature)  in each of the two- 
phase regions of the Li-Si  system. 

Preparation of samples for analyses.--A mixture  of 
72.4 a/o l i th ium and 27.6 a/o silicon was melted in  a 
nickel container, cooled to room temperature,  and 
ground to a fine powder. It  was then annealed at 775~ 
for 600 ksec, cooled slowly to room temperature,  and 
reground. A small portion of this powder was sealed in 
a fine silica capillary for x - r ay  diffraction analysis. An-  
other portion (0.3g) for differential thermal  analysis 
(DTA) was sealed in  a small, specially designed nickel 
container which could be closed near ly  gas-tight with 
a threaded cap. A second DTA r un  was carried out 
using a 60 a/o Li-Si  mixture  which was prepared in 
the same manner .  

The sample for the scanning electron microscope was 
prepared by mel t ing a 72.4 a/o Li-Si  mixture  in a 
nickel container, holding it at 925~ for 15 ksec, and 
then cooling slowly to room temperature.  

Results and Discussion 
A series of charge-discharge cycles was carried out 

between a silicon electrode (0.5g/5 cm 2) and a l i th ium 
electrode start ing from a very low current  density (2 
mA / c m 2) and increasing gradually. The silicon elec- 
trode was charged only to a composition of 80 a/o 
li thium. The charge-discharge cycles (a plot of a typi-  
cal cycle at 40 mA / c m 2 and 680~ is shown in  Fig. 2) 
proved that the Li-Si  electrode is reversible with re-  
spect to l i thium, and exhibits current  efficiencies 
greater than 95%. The cycles also indicated three well-  
defined voltage plateaus up to 80% l i th ium composition. 
This type of observation was also made by other work-  
ers (14-17), but  is in conflict with the Li-Si  phase 
diagram (5-8), according to which two plateaus should 
appear; one from pure silicon to 66.66 a/o li thium, and 
the other between 66.66 and 80 a/o l i thium. 

The three voltage plateaus appearing before 80 a/o 
l i th ium were confirmed by an experiment  in  which a 
pure silicon electrode (0.2g/10 cm 2) was charged at 
a very low current  density (1 mA / c m e) using a l i th-  
ium counterelectrode. The results presented in Fig. 3 
as cell voltage vs. capacity, show three well-defined 
plateaus before 80 a/o l i th ium and two more plateaus 
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Fig. 2. Discharge-charge cycle for a Li/LiCI-KCI/LI-SI cell 
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beyond 80 a /o  li thium. The same number  of plateaus 
at less than 80 a /o  l i th ium were  also observed when  a 
counterelect rode of 40 a /o  Li-A1 alloy was used (Fig. 
4), and when  the exper iment  was repeated using LiF-  
LiC1-LiBr electrolyte  and a 40 a/o Li-A1 alloy counter-  
electrode, the results again showed five voltage 
plateaus (Fig. 5). 

It was previously  observed that  l i th ium at its h igher  
activities reacts with KC1 in the LiC1-KC1 electro-  
lyte  and produces volati le potassium which is lost 
f rom the cell (13). As a result  of this reaction, the 
l i th ium concentrat ion of a Li-Si  compound calculated 
f rom coulometric data can be in error. This is indeed 
observed in the present  case when the results pre-  
sented in Fig. 5 are compared with  those presented in 
Fig. 3 and 4. They show that  the exchange react ion 
be tween  l i th ium from the L[-Si  alloy and KC1 in the 
electrolyte caused a shift in composition at which the 
voltage moves to a new plateau value  above 80 a /o  
l i thium. This is clearly indicated in Fig. 3 by the 
t ransi t ion in the voltage plateau at an approximate  
composition corresponding to the compound Li6Si in-  
stead of Li.~2Sis. Evident ly  a certain amount  of the 
l i th ium calculated f rom the coulometric data was lost 
by react ing with  KC1 and thus contr ibuted an error  in 
the composition of the compound. The exchange re-  
action apparent ly  has no effect on the composition 
ranges covered by the plateaus before 80 a /o  l i thium, 
presumably  due to lower l i th ium act ivi ty  in the alloy. 

These studies indicate four  compounds are present  
in the Li-Si system: Li2Si, Li~.iSis, Li15Si4, and Li22Si~. 
The compounds Li2Si and Li4Si (in place of the Li15Si4 
found in this investigation) are reported by the Li-Si 
phase diagram (5-8). The compound Li15Si4 has been 
reported by BShm (5) and Klemm and Struck (18). 
The compound Li22Si5 has also been reported in the 
literature (ii) and its melting point was determined to 
be 891 ~ _+ 3~ in the present investigation. However, 
no information has been found about the compound 
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Table I. X-ray diffraction data of powdered Li21Si8 taken by a 

114.6 mm camera using CuKa-radiation and a Ni filter 

20 I" d ( A )  2# I" d ( A )  

20.0 S 4.4357 48.8 M 1.8646 
24.4 M 3.6449 51.6 S 1.7098 
28.6 W 3.1185 56.0 S 1.6247 
83.0 VS 2.7120 62.0 M 1.4955 
35.8 S 2.5061 67.8 W 1.3810 
39.8 W 2.2629 75.8 M 1.2539 
42.6 W 2.1204 79.0 W 1.2109 
44.0 M 2.0562 85.6 M 1.1337 
46.6 S 1.9473 __ __ m 

* vs = very strong, S = strong, M = m e d i u m ,  and W -- w e a k .  

Li21Sis, except  the probabi l i ty  of its existence, which 
was reported in recent  studies (14, 15, 17). The ex-  
istence of this compound was confirmed by x - r ay  dif-  
fraction analysis. The data are  g iven in Table I. In 
addition, its mel t ing point was determined by DTA 
with heat ing and cooling rates f rom 3 ~ to 10~ 
The compound was observed to mel t  incongruent ly  at 
976 ~ _+ 8~ However ,  it was also observed that  once 
the compound had me l t ed ,  it did not re form on cooling 
because of the probable slow peri tect ic reaction or 
supercooling of the melt. The scanning electron micro-  
scope photograph (Fig. 6) also indicates a single phase 
for this compound. 

The m ax im um  nonstoichiometric  ranges of the Li-Si  
compounds were  clearly indicated by plots such as one 
i n  Fig. 7, where  a typical  profile of vol tage vs. t ime 
during a transi t ion f rom one voltage plateau to another  
is shown. As observed in this figure, the voltage pro-  
file is curved at each end of the transition. The 
length of the transi t ion may  be influenced by the 
presence of a composition nonuniformity,  giVing rise 
to a mixed potential.  The m ax im um  range of non- 
s toichiometry for each compound was de termined  f rom 
the compositions given by the intersections of the ex-  
t rapolated straight sections of the curves (Fig. 7). The 
nonstoichiometric ranges de termined  in this way are  
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Counter Electrode: 40 a/o LJ-AI Alloy 
Electrolyte : LiF-LJCI-LiBr 
Temperature : 760K 2 
Current Density : 1O mAll0 cm 

~ ............ \ 

65 .7  6 6 . 0 a l o "  .................... 

72.0- 72.8 a/o ................ ":. 
78.6 - 78.9 a/o 

8I. 8 - 81.9 a/o 
0;6 1.'2 118 2.4 3.0 316 

Capacity (kC) 

Fig. 5. Slow-rate charge of a silicon electrode 

4.' 2 Fig. 6. Scanning electron microscope photograph of the solidified 
melt of 72.4 m/o Li-Si alloy after annealing at 925~ for 14.5 ksec 
showing a single phase of the compound Li21Sis. 
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Fig. 7. Typical profile of volt- 
age vs. time through the compo- 
sition range Li21Sis. (Electrolyte: 
LIF-LICI-LIBr and counterelec- 
trode: 40 a/o Li-AI alloy.) 

shown by arrows in Fig. 3, 4, and 5. The stoichio- 
metric l i th ium percentage was found to vary wi thin  
0.15 a/o for Li2Si, wi th in  0.4 a/o for Li21Sis, within 
0.15 a/o for Lil~Si~, and wi th in  0.1 a/o for Li22Si~. 
Fedorov and Ioffe (6) reported the stoichiometric l i th-  
ium percentage to vary  wi thin  0.475 a/o for Li4Si. If 
this nonstoichiometry is taken for the compound 
Li15Si4, then it is higher than  that  of this investiga- 
tion. 

The revised Li-Si  phase diagram, after incorporating 
the results of the present  investigation and including 
the exper imental  l i terature  data, is presented in Fig. 
8. The eutectic temperature,  908 ~ +_ 5~ reported by 
BShm (5) appears to be correct as it was confirmed 
by a DTA run  on a 60 a/o Li-Si  mixture  in this in-  
vestigation. The melt ing point of the compound Li4Si 
(Li15Si4 observed in  this investigation) was also found 
to be in agreement  with that reported in the l i terature 
(5, 6). On the silicon side of the phase diagram, the 
l iquidus reported by BShm (5) appears to be correct as 
the reported melt ing point of pure silicon (1685~ 
is in agreement  with the l i terature value (1685 ~ +_ 3~ 
(20), and the l iquidus curve is of the pat tern  generated 
by using the heat of fusion of silicon and heat capacity 
data (20). 

Fur ther  work was directed to emf measurements  on 
compositions in the various two-phase regions of the 
Li-Si  system at selected temperatures.  These measure-  
ments were made against a 40 a/o Li-A1 alloy elec- 
trode and are presented in  Fig. 9.1 In the temperature  
range of 650~176 they are also represented by the 
relations 

E = --34.525 + 0.1056T 

E ---- --88.097 + 0.1122T 

E ---- --187.529 + 0.0731T 

E ---- --311.452 -5 0.0954T 

E = --473.856 + 0.2632T 

E = --464.438 + 0.2488T 

(0-66.3 a/o Li) [1] 

(66.6-72 a/o Li) [2] 

(72.8-78.8 a/o Li) [3] 

(79.1-81.4 a/o Li) [4] 

(81.6 a/o Li to Li [liq] 
equi l ibr ium) [5] 

(9-47 a/o Li in Li-A1 
alloy vs. Li [liq] ) [6] 

where E = emf (mV) and T = tempera ture  (~ 
The l i th ium activities with reference to pure l iquid 

l i th ium as the s tandard state were calculated by con- 

The curves in these figures are  l eas t  squares  fits to t h e  data  
points. 

1300 

1200 

1100 

lOOO 

900 

L 

800 Fig. 8. Lithium-silicon phase 
diagram. 

" -  700 

600 

I i  iii 
I, ,',', 

',' ' , I  

il I I i i I 
, i i  

] III 

1 
500 - 453 -+ 2K " 

oo} . . . . . . . . .  

! 'o " I I 
0 I 20 

Li 

39.4 -- O. 5 a/o 

0 

i,i 
d, 

i i i  

I 
i 

o -  Federov & Ioffe 

o - B~hm 

- Obinata, et al. 

- - -  Present Data 

Atom Percent Silicon 

T 
60 



Vol. I23, No. 12 T H E R M O D Y N A M I C  P R O P E R T I E S  O F  L i - S i  S Y S T E M  1767 

+30 

+35 

+40 

+45 

.? 

o -10 

} -5 

o 

-140 

130 

1st Plateau o ~ a l o  LJ-Si *6g alo u~si 

v = 

__~2nO Plateau 
o 7D alo U-Si 

(LiCi-KCI) 
�9 lO a/o Li Si 

(L]F-LiCVLiBrl 

V = -88. 

V = -187.529 + 0.0731T 

600 6 0 700 750 

~ o  ~ 4 t h  Plateau 
080 alo Li-Si 

V - -311.452 + 0.0954 T x ~  

51• P,a_,%. 
085 alo Li~Si 
*85 alo Li-Si 

V = - 4 7 3 ~  

-250 

Table II. Thermodynamic properties of lithium and silicon in the 
two-phase regions of the Li-Si system at various temperatures 
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V = -464.438 + 0.2488 ~ , ~  

600 650 700 750 
Temperature (KI 

Fig.  9.  Lithium-silicon alloy voltage plateaus 

In the region between Si and Li~Si at 40 and 60 a/o Li 
650 3 3 6 . 8 4  0 .00244 7769.5 1 0 
700 3 2 9 . 6 5  0 .00422 7603.8 1 0 
725 3 2 6 . 0 6  0 .00540 7520.9 1 0 
750 322.47 0.00680 7438.1 1 0 

In the  reg ion  b e t w e e n  Li2Si and Li~Sis at 70 a / o  Li 
650 2 8 7 . 5 4  0 .00589 6632.3 0.178 2,232.8 
700 2 8 0 . 7 2  0 .00951 6475.0 0.203 2,221.6 
725 277 .31  0 .01179 6396.3 0.215 2,215.6 
750 2 7 3 . 9 0  0 .01441 6317.7 0.227 2,214.6 

In the region between Li~S8 and Li~Si~ at 75 a/o Li 
650 1 6 2 . 7 3  0.0547 3753.6 5.06 x i0 -~ 9,800.2 
700 1 5 3 . 9 5  0.0778 3551.1 8.01 x 10 -~ 9,916.1 
725 149 .56  0.0912 3449.8 9.84 x 10 -~ 9,973.8 
750 145 .17  0.1057 3348.6 11.93 x 10 -4 10,030.0 

In the region between Li~Si~ and Li22Sis at  80 a / o  Li 
650 53.26 0.386 1228.5 2.09 x lO "7 19,866.3 
700 45.63 0.469 1052.4 7.52 x 10 -7 19,612.2 
725 41.81 0.512 964.3 10.02 x lO-~ 19,898.5 
750 37.99 0.555 876.3 15.99 x 10 -z 19,887.7 

In the  reg ion  b e t w e e n  Li~Si5 and liquid Li-Si at 85 a/o Li 
650 0.400 0.993 9.2 0.33 x 10 -s 25,215.3 
700 0.678 0.989 15.6 2.84 x 10 -8 24,166.6 
725 1.036 0.984 23.9 13.28 x 10 -s 24,023.7 
750 1.393 0.979 32.1 13.22 x 10 -8 23,602.3 

s i d e r i n g  t h e  f o l l o w i n g  cel l  r e a c t i o n s  

Li  ( l iq . )  = [Li]Ai ( so l id  40 a / o  Li -A1 a l loy )  [7] 

f o r  w h i c h  
--nFE[7] = AGLi' = RTIn  a'Li [7A] 

Li  ( l iq . )  = [L i ] s i  (sol id,  t w o - p h a s e  L i - S i  

a l loys  a t  e q u i l i b r i u m )  [8] 
fo r  w h i c h  

- - n F E [ s ]  = AGLi = RT In  aLi [8A] 
a n d  

[Li]A1 (so l id  40 a / o  L i -A1 a l loy )  

= [L i ] s i  (sol id,  t w o - p h a s e  L i - S i  

a l loys  a t  e q u i l i b r i u m )  [9] 
f o r  w h i c h  

- -nFE[9 ]  : A-GLi -- A--G'Li = RT I n  aLl [9A] 
a'Li 

w h e r e  R = gas  c o n s t a n t ,  T = t e m p e r a t u r e  ~ F = 
F a r a d a y  c o n s t a n t ,  n = n u m b e r  of  e l ec t rons ,  a'Li a n d  aLi 
= l i t h i u m  a c t i v i t i e s  i n  t h e  Li -A1 a l l oy  a n d  t h e  L i - S i  

a l loys ,  r e s p e c t i v e l y ,  a n d  AG'Li a n d  AGLi = t h e  r e l a t i v e  
p a r t i a l  m o l a r  f r ee  e n e r g i e s  of Li  in  t h e  Li-A1 a l loy  a n d  
t h e  L i - S i  a l loy,  r e s p e c t i v e l y .  

S i n c e  r e a c t i o n  [8] is t h e  s u m  of  r e a c t i o n s  [7] a n d  [9] 
(E[s] = E[7] + E[gj) ,  t h e  r e l a t i v e  p a r t i a l  m o l a r - f r e e  

energies AGLi, a n d  ac t iv i t i es ,  aLL of l i t h i u m  w e r e  ca l -  
c u l a t e d  f r o m  t h e  m e a s u r e d  v a l u e s  of E[7] a n d  E[9] u s i n g  
r e l a t i o n  [8A] .  T h e  r e s u l t s  a r e  g i v e n  a t  v a r i o u s  t e m -  
p e r a t u r e s  i n  T a b l e  II. 

T h e  r e l a t i v e  p a r t i a l  m o l a r  e n t r o p i e s  of l i t h i u m ,  ~SLi, 
w e r e  c a l c u l a t e d  f r o m  t h e  r e l a t i o n  

ASLi = n F  dE/dT [10] 

u s i n g  t h e  e x p e r i m e n t a l  v a l u e s  of dE/dT r e p o r t e d  
e a r l i e r  in  Eq.  [ 1 ] - [ 6 ] .  T h e s e  r e s u l t s  a r e  r e p o r t e d  i n  
T a b l e  III .  

T h e  r e l a t i v e  p a r t i a l  m o l a r  e n t h a l p i e s  of l i t h i u m ,  

AHLi, were c a l c u l a t e d  f r o m  t h e  r e l a t i o n  

AHLi -= --riFE + n F T  dE/dT [11] 

a n d  a r e  a lso g i v e n  i n  T a b l e  III.  I n  add i t ion ,  AHLi, i n  

* Calculated from Eq. [1]-[6].' 

Table Ill. Relative partial molar enthalpies, AH, and relative 
partial molar entropies, AS, of lithium and silicon in the 

two-phase regions of the Li-Si system 

Composition AHLi AHsl ASLi ASs1 
range (cal/g- (cal/g- (eal/deg/ (cal/deg/ 

(a/o Li) a to m)  a to m)  g -a tom)  g -a tom)  

0-66.3 - 7769.5 0 - 3.315 
66.6-72.0 - 8677.3 - 2,358.0 - 3.146 -0.194 
72.8-78.8 - 6386.4 - 8,305.2 - 4.050 - 2.300 
79.1-61.4 --3517.9 --19,540.2 -3.522 --0.486 
81.6-liquid Li 215.3 - 35,527.5 0.330 - 16.00 

(equiv.) 

t h e  c o m p o s i t i o n  r a n g e  81.6 a / o  Li  to  l i q u i d  l i t h i u m ,  was  
c a l c u l a t e d  u s i n g  t h e  e q u i l i b r i u m  l i t h i u m  m o l e  f r a c -  
t ions ,  XSatLi, at  v a r i o u s  t e m p e r a t u r e s  ( g i v e n  in  t h e  
p h a s e  d i a g r a m )  a n d  a s s u m i n g  a l i t h i u m  a c t i v i t y  co-  
eff ic ient  of un i ty .  Th i s  a s s u m p t i o n  is no t  u n r e a s o n -  
a b l e  a t  t h e s e  h i g h  c o n c e n t r a t i o n s  of l i t h i u m  (XLi 
0.95) w h e n  t h e  a c t i v i t y  coeff ic ient  of l i t h i u m  in  Li -A1 
a l loys  a t  c o n c e n t r a t i o n s  a f  g r e a t e r  t h a n  80 a / o  Li  is 

o b s e r v e d  to b e  u n i t y  (21) .  T h e  v a l u e  of  ~--HLi c a l c u l a t e d  
b y  t h e  r e l a t i o n  

[ 81nXSatLi  ] 
AHLi = R [12] 

0 1/T 

w a s  f o u n d  to b e  196.7 c a l / g - a t o m ,  w h i c h  w a s  i n  good  
a g r e e m e n t  w i t h  t h e  v a l u e  of  215.3 c a l / g - a t o m  d e t e r -  
m i n e d  f r o m  t h e  e m f  da ta .  

T h e  s i l i con  a c t i v i t i e s  w i t h  r e f e r e n c e  to p u r e  so l id  
s i l i con  as t h e  s t a n d a r d  s t a t e  w e r e  c a l c u l a t e d  u s i n g  a 
G i b b s - D u h e m  r e l a t i o n  (22) of  t h e  t y p e  

[ log"/Li ] X L i X s  i 
l og  7si = --  (1 -- XLi) 2 

_ [ X s , [  1OgTLi . ] d X s i  
�9 ,x,~, (1 - -  XLi) 2 

[ x ' s '  [ 1OgVLl 
--  .~Xs,=l (1 ~ L i )  2 ] dXsi [13] 

w h e r e  7 = t h e  a c t i v i t y  coeff ic ient  of  t h e  d e s i g n a t e d  
c o m p o n e n t  (7 ---- a/X) ,  X = t h e  m o l e  f r a c t i o n  of t h e  
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designated component,  and X ' s i  : the mole  fract ion 
of silicon with  a known activity.  

The calculated silicon activities, asl, and the re la t ive  
par t ia l  molar  free energies of silicon, ~Gsi, obtained 
using the re la t ion 

AGsi : RT In am [14] 

are  given at various t empera tu res  in Table II. 
The re la t ive  pa r t i a l  molar  enthalpies  of silicon, 

AHs~, were  calcula ted from plots of log 7sl vs. 1/T and 
the re la t ive  par t ia l  molar  entropies  of silicon, ASsi, 
were  calculated f rom the re la t ion  

AGsi ~- AHsi --  T ASsi [15] 

The calcula ted values of AHsi and ASsi are  given in 
Table  III. 

In addi t ion the s tandard  free energies of formation,  
AG~ for the  compounds Li~Si, Li21Sis, Li~sSi4, and 
Lie2Si5 per  g ram atom of l i th ium at 650 ~ 700 ~ 725 ~ 
and 750~ were  obtained f rom the re la t ion  

Xsi - -  
AG~ ~- AGLi -I- ~ AGsi [16] 

XLi 
and are  given in Table  IV. 

Summary 
A series of charge-d i scharge  cycles were  carr ied  out 

be tween silicon and l i th ium electrodes at var ious  cur -  
ren t  densit ies at 680~ These measurements  indicated:  
(i) the L i -S i  a l loy electrode is revers ib le  wi th  respect  

to l i th ium and exhibi ts  cur rent  efficiencies of grea ter  
than  95%, (ii) the exis tence of a new compound, 
Li21Sis in the Li -S i  system, and (iii) the range of non-  
s to ichiometry  of the  various Li -S i  compounds.  

The e lect romotive forces in the  two-phase  regions 
of the Li -S i  system were  measured  in the t empera -  
ture  range  of 650~176 and these values were  used 
to calculate  the  activit ies and re la t ive  pa r t i a l  molar  
proper t ies  of l i th ium and silicon. In addition, the s tan-  
dard  free energy of format ion  for Li2Si, Li2~Sis, Li15Si4, 
and Li22Si5 were  also de te rmined  over  the specified 
t empera tu re  range. 
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Life Cycle Testing of SLI Batteries with Pb-Ca-Sn 
Grids Containing Various Amounts of Bismuth 
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ABSTRACT 

The effects on battery life of lead-ca lc ium-t in  grids (Pb -b 0.07%Ca + 
0.7%Sn) with bismuth content in the range 7-420 ppm have been studied. 
Full-sized batteries were cycled to failure using either modified SAE J240 or 
J537 procedures. The results showed that  in the test designed to cause failure 
by corrosion (SAE J537), no ill effects due to b ismuth were noted. In the tests 
designed to model automotive service (J240), cycle life tended to increase with 
increasing b ismuth  content  of the grids. 

The growing production of maintenance-free ,  lead-  
acid, SLI batteries has focused at tent ion on the im-  
pur i ty  elements in the lead used in alloying of the lead-  
ca lc ium-t in  grid metal. Bismuth is one of the most 
common impuri t ies  in  both refined pr imary  and sec- 
ondary lead, and, because of its chemical similarity, it 
is excessively expensive to remove below 200 ppm. 
Some manufacturers  imply that b ismuth even at the 
200 ppm level is deleterious to the performance of the 
grid alloy by specifying as l i t t le as 10 ppm max imum 
while others allow as much as 500 ppm. 

The chemistry of the p r imary  and secondary avail-  
able lead is such that a b ismuth content requi rement  
for this application below 200 ppm would eliminate 
major  sources of lead from use in  lead-ca lc ium-t in  
grid alloys. The importance of establishing the effects 
of b ismuth at levels at or above 200 ppm is therefore 
obvious. Toward this end, research has been carried 
out by both pr imary  and secondary producers. Sokolov 
and co-workers (3) have reported that  b ismuth up to 
180 ppm has no effect on casting or mechanical  prop- 
erties of l ead-ca lc ium-t in  grids or the gassing prop- 
erties of the grids. 

The invest igat ion reported herein studied the effect 
on bat tery  life of lead-ca lc ium-t in  grids with bismuth 
contents in  the range 5-500 ppm using full-size bat-  
teries tested by modified SAE life cycle testing re-  
quirements.  

These batteries were cycled to fai lure in two modes: 
one designed to cause fai lure by corrosion (Cycle A) 
and the other to closely model service in an automobile 
(Cycle B). It  was intended to determine the influence 
of bismuth, if any, on bat tery cell overcharge current,  
gassing, grid corrosion, and act ive-mater ia l  stability. 
Also, valuable  insight into the characteristics of lead- 
ca lc ium-t in  MF batteries would be obtained. 

Experimental Procedures 
Battery construction.--Twenty batteries were con- 

structed in  all, eighteen with lead-ca lc ium-t in  grids 
and two with ant imonial  grids. All of the lead-cal-  
c ium- t in  were of nominal  composition Pb-0.07%Ca- 
0.7%Sn. Nominal  b ismuth contents were 5, 20, 200, and 
500 ppm by weight. The actual composition of these 
alloys and of the s tandard ant imonial  lead composition 
employed are presented in  Table I. 

The lead-ca lc ium-t in  grids were cast in 600# lots at 
Wirtz Manufactur ing Company, Port  Huron, Michigan, 
on a commercial grid casting machine. In  size they 
were nomina l ly  4-7/8 in. X 5-11/16 in. X 0.062 in. 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Me m b e r .  
Key  words:  bat ter ies ,  b i smuth ,  cyc l ing ,  grids ,  lead.  

The only intent ional  variat ion in  the batteries w a s  
in the bismuth content of their grids. A s tandard 12V, 
Group 24 design was used employing polypropylene 
containers with over- the-wal l  interconnections.  All  
batteries were handmade and had the following fea- 
tures in common: 

Nominal  capacity: 50 A-hr,  equivalent  to approxi-  
mately 70 rain reserve capacity rating. 

Plates per cell: Four  positive, five negative. 
Active material:  Conventional  formula employing 

commercia l ly  available lead oxide. Cube weight (den-  
sity) of the pastes was controlled to 67-68 g/in~ (Ap- 
prox. 4.1 g/cm3). 

Separators: S tandard  automotive Daramic, 0.065 in. 
over-al l  and 0.20 in. web. Separators were folded 
around each positive plate with ribs inward  and the 
fold at the bottom. 

Vent plugs: Standard  Richardson gang-vent  plugs. 
Formation:  In  1.120 sp gr acid. Four  hours at 2A 

followed by 44 hr at 3.5A. At the lat ter  rate bat tery 
voltage was l imited to 16V maximum. 

One impor tant  difference be tween these batteries 
and mass-produced batteries is that  the thicknesses of 
the pasted positive and negative plates were approxi-  
mately equal. In  commercial batteries the amount  of 
positive mater ial  is usual ly  greater than  the amount  
stoichiometrically needed for reaction with the nega-  
tive plates, in order to prolong the life of the bat tery 
as the positive plates wear out. The test batteries, how- 
ever, had approximately 25% less positive mater ial  
than negative material,  assuring capacity l imit ing by 
the positive plates throughout  the durat ion of the test. 
Further,  the use of only 9 plates per cell (as compared 
to at least 13 for commercial maintenance-f ree  bat-  
teries) increased current  density per plate, again re-  
ducing bat tery life. These design variations changed 
the rate of failure but  not the mode. 

Test Cycle A.---This test is based upon the over-  
charge-life test of SAE Standard  J537. Each cycle has 

Table I. Analysis of battery grids 

Al loy  ppm 
No. % Ca % Sn Bi Battery  No. 

1 0.055 0.77 7 1, 2, 9, 13, 14 
2 0.071 0.66 25 3, 4, 10 
3 0.072 0.76 190 5, 6, 11, 15, 16 
4 0.055 0.68 420 7, 8, 12, 17, 18 

Ant imonia l s :  Sb-4.80%, As-0.38% Sn-0.37%, Bi-200 p p m  19j 26 

1769 
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a durat ion of exactly one week, and is described as 
follows: 

Overcharge: Place bat tery  on constant current  
charge at 2A for a total of 110 hr. 

Stand: Let bat tery rest on open circuit for 48 hr. 
Test discharge: Apply 150A load to bat tery for 30 

sec, or to a bat tery  end-poin t  voltage of 7.2V, which- 
ever occurs first. Then  re tu rn  bat tery  to overcharge 
step. 

Water:  Top up ba t te ry  as required, weekly. 
Temperature:  All  of the above steps are conducted 

at 75 ~ or 120~ At 75~ the bat tery is kept in  con- 
trolled room ambient,  to wi thin  2~ At 120~ the bat-  
tery is in  a water  bath constructed per SAE J537 and 
controlled to wi th in  I~ 

Failure:  The bat tery  is considered failed the first 
t ime it fails to remain  above 7.2V for at least 30 sec in 
the test discharge step above. 

The Cycle A current  at 2A was selected by subject-  
ing cells of the same design and materials  used in  the 
subsequent  test to various constant  overcharge cur- 
rents  (Table II) ,  ranging from 0.3 to 4.5A (SAE stand- 
ard current) .  At 2A (and 75~ the ba t te ry  voltage 
was 17.0V (2.83V/cell) with a positive plate potential  
of 1.42V vs. Hg/HgSO4 reference. These conditions 
were sufficiently severe to produce a significant rate oi 
corrosion without  a totally unrealist ic (regarding auto- 
motive service) ba t te ry  voltage. 

Resul ts  Cycle A.--Twelve  batteries were subjected to 
Cycle A, two of each alloy at 75~ and one of each at 
120~ The batteries were cycled to fai lure as defined 
above. Battery lifetimes (cycles to failure) are listed 
in  Table III. There is no trend, positive or negative, on 
cycle life due to bismuth.  

While Test Cycle A was in  progress, separate tests 
were run  on the batteries to determine the character-  
istic overcharge current  vs. bat tery voltage curves 
for each of the batteries. These curves were obtained 
as follows: After  the weekly 110 hr overcharge period, 
the batteries were lef t  on charge  at 2A and voltage 

Table II. Cell and positive-plate voltages vs. overcharge 
current-test cells 

Avg. Reference  
Over cell  V electrode Avg  

charge (room (room cell  V Reference  
amperes  temp.) temp.) (120~ electrode 

0.3 2.70 1.37 2.62 1.32 
1.0 2.80 1.41 2.73 1.37 
2.0 2.83 1.42 2.78 1.40 
4.5 2.90 1.44 2.85 1.42 

Note: Reference  e lectrode measurements  were  made with a 
stabilized PbO2 electrode,  but expressed here  v s .  an Hg/Hg=SO6 
electrode for direct comparison to the l iterature.  

Table III. Data from Test Cycle A 

Average  
Weekly life In 

Battery Al loy Bismuth Test cycles to alloy 
No. No. ppm temperature  fai lure group 

1 1 7 75~ (24~ 28 27.0 
2 1 7 75~ (24~ 26 
3 2 25 75~ (24~ 28 26.6 
4 2 25 75~ (24~ 25 
8 3 190 75~ (24~ 29 28.5 
6 3 190 75~ (24~ 28 
7 4 420 75~ (24~ 23 24.5 
8 4 420 75~ (24~ 26 
9 1 7 120~ (49~ 20 

i0  2 25 120~ (49~ 19 
11 3 190 120~ (49~ 19 
12 4 420 120~ (49~ 19 

Addi t iona l  data: T h e r e  w a s  no cons i s t ent ly  o b s e r v e d  d i f f erence  
in the  w a t e r  c o n s u m p t i o n  pat terns  b e t w e e n  any  of the  bat ter ies .  
T o w a r d  the  end of l l fe  t h e r e  w e r e  sporadic  reduct ions  in w a t e r  
con s umpt i on  ow i ng  to  short  c ircui ts  in the  ce l l s  in th e  h igh  t e m -  
p e r a t u r e  bat ter ies .  N o  short ing  w a s  observed  in th e  l o w e r  t e m -  
p e r a t u r e  un i t s .  

measurements  were made. Voltages of 3 cells per bat -  
tery were measured, as were voltages from the positive 
plates to a PbO2 reference electrode inserted into the 
electrolyte through the cell vent  opening. These two 
sets of voltage readings represent  very stable values 
because of the 110 hr period of constant current  which 
had preceded the measurements .  Then voltage mea-  
surements  were taken, at lower cons tant -current  set- 
tings. All potential  measurements  were made after 
wait ing enough hours, per data point, for equi l ibr ium 
to be reached. While the data are shown as being taken 
at the end of 11 weeks of cycling, similar runs were 
made at 8 and 15 weeks with essentially identical  re- 
sults. 

The resul t ing curves are presented in Fig. 1 and 2. 
The significance of these curves is that the overcharge 
current  at a given bat tery  voltage does not vary with 
bismuth content of the grid. This means that bismuth, 
up to 420 ppm does not affect the gassing or corrosion 
rate of the batteries. This supports the data of Table 
III in that, al though all batteries failed by corrosion, 
the t ime to failure was not a function of the bismuth 
content. 

The appearance of the dismantled batteries showed 
that  the principal  mode of failure was certainly grid 
corrosion. The grids had corroded to such an extent 
that meaningful  weight and dimensional  measurements  
could not be obtained. The positive active mater ial  on 
the remaining portions of the grids appeared to be in 
good condition. Shedding losses of active mater ial  were 
estimated to be less than 10%. 

During the course of Cycle A, no var iat ion in the 
amount  or rate of water  loss was noted among the 
alloys. 

Test  Cycle B.--This  test is based upon the life test 
described in  SAE J240. Each cycle has a durat ion of 
exactly 1 week and is described as follows: 

Shallow cycles: Each cycle consists of a discharge of 
25A for 3.5 min, followed immediate ly  (switching t ime 
allowed) by a charge at a voltage l imited to 14.8V and 
a current  l imited to 25A. Charging t ime is 10 rain. In  
practice the first port ion of charge is current  l imited 
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Fig. 2. Overcharge gassing currents, alloys 1 thru 4 (vs. positive 
plate potential). 

and the la t ter  por t ion  is voltage limited. Following 
the charging period the bat tery is given a 30 sec rest 
on open circuit. This shallow cycling is repeated 429 
times per week, for a total of 100 hr. 

Stand: The ba t te ry  is given a 60 hr rest on open 
circuit. 

Test discharge: Same as in Test Cycle A except load 
current  is 300A. This is equivalent  to 1.48 A/in .  2 or 
0.229 A/cm 2 of apparent  total positive plate surface 
area. The bat tery is then re turned to the shallow cycles 
without  a separate charge. 

Water:  As in Test Cycle A. 
Temperature:  Maintained at 105~ 
Failure:  Defined as in  Test Cycle A. 
Instead of the SAE J240 2 min  shallow cycle dis- 

charge, a 3.5 rain discharge t ime was used for Test 
Cycle B. It  has been found that  the mild 2 min  discharge 
lengthens the test t ime to an unreasonable  degree 
(years) if the test is applied to batteries made of lead- 
ca lc ium-t in  grids. This is because of the very low end-  
of-charge current  and consequent low amount  of grid 
corrosion as compared to s tandard ant imonial  grid bat-  
teries. There is also much less gassing to disrupt the 
active mater ial  in MF batteries. Therefore, a discharge 
t ime which near ly  doubles the SAE recommended 
depth of discharge was used. The shallow cycle portion 
of this test cycle was automatical ly controlled by ap-  
paratus constructed expressly for this experiment.  

Results Cycle B.--Eight  batteries in all were subjected 
to Test Cycle B: six lead-ca lc ium-t in  and two ant imo-  
nial. The results (cycles to failure.) are presented in  
Table V. As in  Cycle A there was no deleterious effect 
with increasing bismuth. On the contrary,  cycle life in-  
creased as b ismuth content  increased. 

Following failure, the positive grids from Cycle B 
batteries were removed from the cases, dried, and 
weighed with the active mater ial  intact. The active 
mater ial  was then removed in a solution of sodium hy- 
droxide, mannitol ,  and hydrazine hydrochloride. The 
bare grids were reweighed. The resul tant  weight losses 
of active mater ial  and grid metal  are included in Table 
IV. Corrosion of the ant imonia l  grids was so severe 
that  meaningfu l  measurement  could not be made. 

Table IV. Data from Test Cycle B 

Avg.  per- 
No. of Avg. per- cent  loss  
14 min  cent  loss  in pos i t ive  

B a t t e r y  A l l o y  B i smuth  cyc l e s  to  in pos i t ive  act.  mate -  
No.  No. ppm failure grid weight rial weight 

13 1 7 6006 - -  - -  
14 1 7 6435 22% 13% 
15 3 190 6435 25% 10% 
10 8 190 7722 25% 13% 
17 4 420 8151 22% 20% 
18 4 420 8580 21% 20% 
19 Sb 200 4290 - -  - -  
20 Sb 200 4290 - -  - -  

1. Battery 13 failed b e c a u s e  of  an apparent  short  c ircui t  in a 
cell. The p r o b l e m  has not  b e e n  loca ted  visually.  T h e r e f o r e ,  i t  
was felt that its grid corrosion and active material loss data w e r e  
not meaningful. 

2. As noted in the  tes t ,  the  t w o  ant imonia l  bat ter ies ,  at  failure, 
contained such badly disintegrated pos i t ive  grids  that  r e m o v a l  
from the container was difficult and further weighing and o t h e r  
analysis was essentially imposs ib le .  

The mechanism of fai lure in  Cycle B in the lead-  
ca lc ium-t in  batteries is not clear. Fai lure  seems to have 
occurred due to a combinat ion of factors: (i) surface 
shedding of posit ive-active material ;  (ii) loosening 
positive pellets of PbO2 by a combinat ion of grid cor- 
rosion and overcharge gassing, possibly concentrated 
at the grid-act ive mater ial  interface; and (iii) piling 
up of shedded PbO2 within  the lower portion of the 
folded separators which tended to "block off" a sig- 
nificant part  of the positive plate. Grid growth was not 
noticeable in  any of these batteries and definitely was 
not a cause of failure. 

In the case of the ant imonial  batteries the failure 
mode was pr imar i ly  severe grid corrosion. During the 
conduct of the test it was noted that the end-of-charge 
current, at 14.8V, ranged from 0.2-0.4A for lead-cal-  
c ium-t in  grid batteries, and 4-6A for the ant imonial  
batteries. For  the lead-ca lc ium-t in  batteries this cur-  
rent  decreased as a function of life presumably  because 
of the progressive drop in  available capacity. In the 
ant imonial  batteries the end-of-charge current  in-  
creased dur ing life, owing to the famil iar  an t imony 
poisoning phenomenon at the sponge lead surface. 
Thus, the current  at end of life was 30 times higher for 
the ant imonial  type than the other. Therefore, one 
would expect the ant imonial  batteries to fail more by 
grid corrosion, and they did. Even in  this case, how- 
ever, no grid growth could be found. 

Summary 
In an overcharge life test (based on SAE J537) de- 

signed to cause bat tery  failure by grid corrosion, no 
ill effects due to b ismuth  were noted. Characteristic 
curves of overcharge amperage vs. bat tery  voltage 
were v i r tual ly  identical for lead-ca lc ium-t in  batteries 
containing 7-420 ppm bismuth. 

In  a cycle life test (based on SAE J240) designed to 
model automotive service, lead-ca lc ium-t in  batteries 
containing 7-420 ppm bismuth failed to show any ill 
effect due to bismuth. In  fact, there was an unmis tak-  
able t rend to increased cycle life with increasing bis- 
muth. 
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A Solid-State Galvanic Cell with Fluoride-Conducting Electrolytes 
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Sorbonnelaan 4, Utrecht-De Uithof, The Netherlands 

ABSTRACT 

BiOo.09F2.s2 and ~-PbF2:AgF are suitable fluoride conducting electrolytes 
for application in galvanic cells. A simple fabrication method for the cell 
Pb/~-PbF2:AgF/BiO0.ogF2.s2/Bi is described. Open-circuit  voltages are in  ac- 
cord with a theoretical value of 0.33V based on the cell react ion 3Pb + 2BiF~ 
--> 3PbF2 Jr 2Bi. Cells were discharged in the tempera ture  region 29,8~176 
with current  densities of 12-63 m A / m  2. Short-circuit  currents  range from 15.7 
to 386 m A / m  2. Relat ively constant load-circuit  voltages were at tained over 
periods of days. 

The electrical properties of fluoride conductors with 
fluorite or tysonite s tructure have received consider- 
able interest  in  the recent l i terature (1-8). Some of 
these materials are present ly used as solid electrolytes. 

PbF2 has been applied successfully as a solid elec- 
trolyte in a thin film galvanic cell (5). Thin  film gal- 
vanic cells Pb/PbF2/CuF2 (PbF2) /Cu  have been fabri-  
cated by vacuum evaporation (5). CuF2 is, however, 
a highly resistive material  at room temperature.  In  
order to improve the conductivity CuF2 was code- 
posited with PbF2. This in tu rn  leads to an open-circuit  
voltage (OCV) lower than  the theoretical OCV of 
0.70V. Both CuF2, and especially AgF are reactive 
toward moisture in air. Special precautions are, there-  
fore, needed to avoid blistering of thin films (5). 

Kennedy  and Miles (6) have tested potassium fluo- 
r ide-doped ~-PbF2 as an electrolyte in  galvanic cells 
with CuF2 or AgF as cathode materials.  Open-circuit  
voltages of 0.70 and 1.30V, respectively, were achieved, 
but  the cell potentials fell rapidly when placed under  
load and current  drawn. This poor performance could 
be due to the formation of an anode passivation layer  
consisting of low conductivity pure a-PbF2 (6). 

Recently, we have reported on solid electrolyte prop- 
erties of tysoni te-related BiOzF3-2x (x : 0.09 ,~ 0.1) 
(9). The conductivity is ionic and exceeds at ambient  
temperatures  the conductivity of undoped ~-PbF2. 
When ~-PbF2 is doped with monovalent  cations the 
conductivity substant ia l ly  increases. Mass t ransport  
then occurs via fluoride ion vacancies as in BiOzFs-2~ �9 
BiOxF~-2x, as well as ~-PbF2 doped with monovalent  
cations exhibit  such conductivity values that  extremely 
thin films are not required. Fabricat ion of galvanic cells 
by tedious vacuum evaporation techniques can there-  
fore be avoided. Moreover, both fluorides are quite 
stable in air. 

Solid-state galvanic cells Pb/~-PbF2:  AgF/BiOxF3-~x/ 
Bi were fabricated using a very simple technique. 
Their  discharge characteristics were studied in the 
tempera ture  region 290~176 

The cathode-electrolyte BiO~F3-2x (x ---- 0.09 ~ 0.1) 
can be considered as oxide-doped bismuth fluoride (9). 
The following cell reaction 

�9 Electrochemical  Society Act ive  Member. 
Key words: galvanic cell, thin films, lead fluoride, bismuth ox- 

ide fluoride, discharge characteristics.  

3Pb + 2BiF8 ~ 3PbF2 + 2Bi [1] 

should then lead to an OCV of 0.33V. 

Experimental Aspects 
BiOxF~-2x phases were obtained by  heating mixtures  

of Bi203 (Merck, p.a.) and excess NH4F (Baker, AR).  
A hea t - t rea tment  at 575~ for a period of 2 hr yielded 
a phase, of which powder diffraction data revealed 
good agreement  with data reported for the phase 
BiO0.09F2.s2 (10). Upon heating this phase in air for 
periods shorter than 1 hr at 925~ we obtained the 
approximate composition BiO0.1F2.s without  the re-  
ported (11) fcc E-phase. 

~-PbF2:AgF [0.5 mole percent  (m/o)  ] was prepared 
by melt ing zone-refined lead fluoride (Merck, Optipur) 
with AgF (Merck). The mel t ing procedure was carried 
out under  dried, oxygen-free ni t rogen in graphite cru-  
cibles (12). The solid electrolytes were ground in  a 
ball mill. The resul t ing powders were wetted with the 
volatile ethyl acetate. Thin disks of Pb and Bi (thick- 
ness ~1  • 10-3m, area 2.83 • 10 -5 or 1.77 X 10-4m 2) 
were painted with the ~-PbF2:AgF-ethyl  acetate and 
BiOxFs-2x-ethyl acetate mixtures, respectively. After  
evaporation of the ethyl acetate each disk was covered 
with about 1 • 10 -5 kg solid electrolyte. Galvanic cells 
Pb/p-PbF2:AgF/BiO~Fs-2x/Bi  were then obtained by 
spr ing-loading the disks in the appropriate sequence 
between two flat p la t inum electrodes of a conventional  
conductivity cell. This cell was equipped with a fur-  
nace. The total thickness of the solid electrolytes w a s  
about 1 • 10-4m. 

OCV measurements  were recorded from a Kei thley 
Model 616 digital electrometer. Short-circuit  currents  
were measured with a Keithley Model 445 digital 
picoammeter. Polarization currents  through the cell 
( - - )Bi /B iOxF3-2JPt (+)  were measured with a Kei th-  
ley Model 153 microvolt-ammeter ,  whereas applied po- 
tential  differences across the cell were made using a 
Keithley Model 610 BR electrometer. 

Al te rna t ing-cur ren t  conductivities here referred to 
were measured with impedance bridges, details of 
which have been published before (4). 

Experimental Results 
The galvanic cells exhibited room tempera ture  OCV's 

of 0.330-0.335V. These values are in  good agreement  
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Table I. Frequency independent electrolyte resistances Re, d-e 
resistances Rdc, and short-circuit currents Isr of 2.83 X 10 - 5  m 2 

area cells* 

~sc 
T(~  Re(D) Rdc (9) RL(e)  ( m A / m  2 ) 

300 5.52 x 1O 5 5.70 x 1O ~ 1 x 1O 6 15.7 
5.76 x 105 2 x 10 = 

363 3.66 X I0 ~ 8.7 x i0 ~ 2 x i05 386 

* Cathode  mater ia l :  BiOo.ogF~.s~. 

with the theoretical OCV. These OCV's remain  con- 
stant  over periods of weeks. After  such storage periods 
these cells and freshly prepared cells were used in  dis- 
charge experiments.  These were all performed in air. 

Upon application of a constant load (RL) the load- 
circuit voltage (LCV) dropped wi th in  5 min  to a stable 
value. LCV's then remained near ly  constant dur ing 
discharge: at room temperature  the LCV dropped from 
0.15 to 0.13V over a period of 14 days, the load being 
1 MI%. At 363~ and a load of 0.2 M~ the LCV de- 
creased from 0.23 to 0.22V in 2 days. After these 
periods discharges were terminated.  After disconnect- 
ing a load theoretical OCV's were reached within  30 
rain. 

The d-c resistances of cells were calculated using 
the usual  expression 

OCV -- LCV 
Rde -- RL [2] 

LCV 

Discharge under  a 1 M~% and a 0.1 Ml% load revealed at 
room tempera ture  d-c resistances in the range 1.1 X 
105-5.5 X 105 and 0.58 X 106-1.23 X 106~ for 1.77 X 10 -4 
and 2.83 X 10-Sm 2 area cells, respectively. These resist- 
ances were obtained regardless of whether  BiO0.09F2.s2 
or BiOo.lF2.s was used as cathode material.  For two gal- 
vanic cells (2.83 X 10-5m 2 area) frequency independ-  
ent electrolyte resistances Re and Rdc values are sum- 
marized in  Table I. In  addit ion to these data short-  
circuit currents  are included. 

These data are to be compared with a room tem- 
pera ture  value of about 1.8 X 106~, which can be in-  
ferred for the d-c resistance of a 1 X 10-Sm 2 area 
th in  film galvanic cell P b / P b F 2 / C u F f ( P b F 2 ) / C u  from 
the discharge curve under  a 3.3 M~ load. Discharge 
under  a 0.3 M~ load revealed for this type of cell for 
Rdc the value 3.36 X 105~ (5). 

Performance characteristics improved substant ial ly 
at elevated temperatures.  Figure  1 presents normalized 

1.0 

LCV 
OCV 

0.5 
298 

~b ~o 3o 4'0 @o #,o 
T / m A ~  

Fig. 1. Normalized load-circuit voltages (LCV/OCV) vs. load 
current densities for 2.83 X 10 - 5  m 2 area cells with BiOo.o.~F2.s2 
as cathode material. T = 298~ RL ~- 0.3-1.0 M~;  T = 363~ 
RL = 0.1-0.9 M~.  

Table II. Performance of 2.83 X 10 - 5  m 2 area cells* 

Capacity Load Discharge 
T(~  (C) ** (Mg) t ime (days)  t 

298 0.16 1 14 
363 0.20 0.2 2 

* Cathode material:  BiOo.~Ff.~. 
** Measured from discharge.  
t Discharge was  terminated after  these  periods.  

load-circuit  voltages (LCV/OCV) vs. current  densi-  
ties at 298 ~ and 363~ Data on the performance of two 
galvanic cells at different temperatures  are summar-  
ized in Table II. 

In  Fig. 2 the tempera ture  dependence of Rdc is 
plotted vs. reciprocal temperature.  An activation en-  
thalpy of 0.30 eV was obtained for a freshly prepared 
cell, and a value of 0.41 eV for a cell which had been 
discharged for 2 weeks under  a I M~ load (cf. Table 
II). 

Cells of the type Pt/Bi/BiO0.o9Ff.sf/Pt were pre-  
pared by spring loading a Bi disk, which had been 
covered with a thin layer  of BiO0.09Ff.s2 be tween two 
Pt electrodes of a conductivity cell. Cells were polar-  
ized with the Bi electrode negative. Steady-state  cur-  
rents exponent ial ly  increased on applied potential  dif- 
ference E (Fig. 3). The currents  can be expressed by 
(1) 

RT 
I : - -  ~% [exp ( E F / R T )  --  1] [3] 

LF 

where L denotes the cell constant (ratio of electrolyte 
thickness to electrode area),  and a% the specific elec- 
t ron hole conductivity for BiO0.09Ff.s2 in contact with 
Bi. Frequency independent  conductances showed the 
electrolyte conductivi ty to be 6.47 X 10 -4 Sm -1, 
(Siemens/m)  while the polarization currents  lead to 
the value 1.24 X 10 -s  Sm - i  for ~%. 

Discussion 
The experimental  OCV's confirm the cell reaction to 

be reaction [1]. The electrode reactions may be con- 
sidered in terms of tl/e mobile major i ty  ionic point  
defects 

anode, Pb(s )  -> pbXpb -~- 2V'F + 2e' [4] 

cathode, Bixm + 3V'F -I- 3 e ' ~  Bi(s)  [5] 

Polarization studies of the cell ( - - )  Pb/;~-PbF2/C ( + )  
revealed (6, 13) that the interface Pb/;~-PbF2 behaves 
reversibly to both ionic and electronic species. Elec- 
trode reaction [4] was used to derive the quant i ta t ive  

- - - - - - ~ m ~  T(~  
5 0  7 5  1 0 0  

I ~  i i i 

�9 ~ - - ~  ~'--.~..~ 

a:: O. 

o 5 ~ 0.41 eV 

4 ' ' 3 ~  O ~  J ' ' ' 2 5 0  
1-.O-O~ K-l) 

T 

Fig. 2. Temperature dependence of Rdc plotted as I~:j Rde VS. 
105/T.  $ ,  Freshly prepared cell; X ,  discharged under a 1 M~q 
load for 2 weeks. 
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Fig. 3. Electronic conductivity in the cell (--)Bi/BiOo.ogF2.82/ 
Pt (+ ) .  Cell constant 10.6 m -1.  ~~ ~ 1.24 • 10 -8Sm-L  

relations between the concentrations of electrons and 
ionic point  defects F'i and V'F in  nominal ly  pure and 
doped ~-PbF2 (13). These expressions reveal that elec- 
t ron currents decrease upon increasing MF-concentra-  
tions. This has been confirmed by experimental  ob- 
servation (6). Electron currents  will, therefore, be 
negligibly small in /~-PbF2:AgF. 

A study of the frequency dispersion in the conduc- 
tivity of BiOxFs-2x between tonically blocking elec- 
trodes already revealed negligible electronic conduc- 
t ivi ty (9). The data in Fig. 3 indicate that BiO0.09F2.82 
in contact with negatively polarized Bi exhibit  very 
small electron hole currents. The slope of the log 
[ I ( L F / R T )  ] vs. E curve is, however, smaller  than the 
theoretical slope, a feature f requent ly  observed for 
lead halides in contact with lead (1, 14, 15). Whether 
this behavior is caused by an inefficient blocking of 
the faradaie processes at the Pt/BiO0.09F2.s2 in ter-  
face or a nonreversible  behavior at the Bi/BiO0.09F2.s2 
interface cannot be established from the present data. 

Since both solid electrolytes exhibit  negligible elec- 
tronic conductivity, electronic leakage will not occur in 
the galvanic cells. 

Plots of the normalized load-circuit  voltages (LCV/ 
OCV) vs. load current  densities (Fig. 1) and data on 
Re and Rdc (Table I) show that polarization occurs in 
the galvanic cells. The temperature  dependence of Rde 
revealed activation enthalpies of 0.30 eV for a freshly 
prepared cell, and 0.41 eV for a cell which has been 
discharged under  a 1 M~ load for 2 weeks. Both elec- 
trolytes have comparable conductivities at room tem- 
perature, the values being about 6 • 10 -4 Sm -1 and 
about 5 X 10 -4 Sm -I for BiO0.09F2.82 and ~-PbF2:AgF 
(0.5 m/o) (12), respectively. Conduction activation 
enthalpies of several relevant fluorides are summarized 
in Table III. 

These activation enthalpies and the temperature de- 
pendence of Rac indicate that the rate-determining step 
in the cell reaction involves the cathode electrolyte. In 
regard to the polarization studies on the electrolytes 
composing the galvanic cell it is also likely that cell 

Table III. Activation enthalpies for conduction in the temperature 
region 300~176 

EIectrGIyte AH (eV) R e f e r e n c e  

BiOo.o~F~.s~ 0.39 (9) 
~-PbF.~:AgF 0.20 (12) 
a-PbF2 0.50, 0.51 (16) 

polarization par t ly  originates at the Bi/Bio.09F2.82 inter-  
face. 

The use of Pb /~-PbF2:AgF could be l imited by the 
formation of an anode passivation layer  of ~-PbF2. 
Kennedy  and Miles (6) detected , -PbF2  deposits at the 
anode interface Pb /~ -PbF2 :KF  after passage of 2 and 
9C of charge through a cell Pb /~ -PbF2 :KF/Pb .  Such 
deposits were never  higher than 4 • 10-sin. At  room 
temperature  the measured discharge of a 2.83 • 10-Sm 2 
area cell was 0.16C (Table II) .  This could lead to a 
layer of ~-PbF2 of the order of 10-6m. The room tem- 
perature  conductivi ty of ~-PbF2 is about 4 • 10 -6 
Sm -1 (1, 8). Such layers would then exhibit  conduct- 
ances of about 1.1 X 10-4S. The conductance of the 
~-PbF2:AgF layer  having a thickness of about 0.5 X 
10-4m amounts to 2.8 • 10-4S. At 363~ a-PbF2 ex- 
hibits a specific conductivity which is lower than that 
of BiO0.09F2.s2 by about factor of 30, the difference with 
~-PbF2:AgF being even smaller. The larger conduc- 
t ion activation enthalpy for ~-PbF2 (Table III) ac- 
counts for the reduction in the differences in  the con- 
ductivities at increased temperatures.  The th in  film 
geometry is at this temperature  again more in favor 
of ~-PbF2. This in tu rn  strongly supports the in terpre-  
tat ion of the temperature  dependence of Rdc and espe- 
cially of the par t ly  discharged cell. 

Thin film cells of Kennedy  and Hunter  (5) with the 
CuF2(PbF2) cathode lead to max imum capacities of 
1 X 10-2C at 298~ (RL ~-~ 3.3 • 10612, discharge t ime 
22 hr) ,  and 1.5 • 10-2C at 348~ (RL ~-~ 0.3 M~, dis- 
charge t ime 2 hr) .  At room tempera ture  discharge 
times up to 30 hr were at tained under  a 4 Mll load. In  
comparison with the thin film galvanic cells larger 
capacities are at tained with the present  cells (cf. 
Table II) .  These larger capacities are a direct con- 
sequence of the solid electrolyte properties of espe- 
cially the cathode electrolyte BiO0.09F2 s2 Extremely 
thin films are not required, which means that  more 
cathode electrolyte is available in  the present cells. 

Conclusions 
The present study reveals that the solid electrolytes 

~-PbF2:AgF and BiO0.09F2.s2 can be successfully used 
in a galvanic cell. Powders of these electrolytes are, 
when dispersed in ethyl acetate, par t icular ly  suitable 
for the fabrication of galvanic cells. The ethyl acetate 
quickly evaporates at room temperature.  The solid 
electrolytes are stable in air. Their  electronic conduc- 
tion is practically negligible. Electronic leakage will, 
therefore, not occur in the galvanic cell. 

Passivation of the anodes by a-PbF2 will be a minor  
importance in the temperature  region 298~176 and 
for capacities of 0.1-0.2C. In  regard to the conductivity 
of a-PbF2 at elevated temperatures  the upper  l imit  of 
the capacities to be at tained can be set at ~ IC ,  before 
anode passivation would seriously affect the operation 
of the cells. 
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Mechanism of Pit Initiation on Aluminum 
Alloy Type 7075 

Steven Dallek* and R. T. Foley** 
Chemistry Department, The American University, Washington, D. C. 20016 

ABSTRACT 

The influence of anions on the ini t iat ion of pi t t ing and the kinetics of pit 
g rowth  on a luminum alloy Type 7075 has been investigated. The order of 
reaction (i.e., the number  of anions per A1 surface reaction site) and the en-  
ergy of act ivation for pi t t ing ini t iat ion have been measured in F - ,  CI- ,  B r - ,  
and I -  solutions. The technique involved potentiostat ing the alloy in  the 
range of anodic passivity, inject ing a solution of halide ion, and recording 
the time, -c, at which an exponential  increase in  corrosion current  occurs. The 
slope of the plot of the logari thm of 1/~ vs. the logari thm of the concentrat ion 
gives, n, the number  of anions associated with an A1 surface reaction site in 
the p r imary  pi t t ing ini t iat ion step. The value of n in  1N H2SO4 varies with 
the anion as: for CI- ,  n _-- 8; for B r - ,  n : 4; and for I - ,  n ---- 2. In  an electro- 
lyte of pH 5.8 the n value for C1- is 2; for B r - ,  2; and for F - ,  3. The activa- 
tion energies measured over the tempera ture  range 5~176 in 1N H2SO4 were: 
for CI- ,  Ea ~ 18 kcal m o l e - l ;  for B r - ,  26 kcal m o l e - l ;  and for I - ,  6.6 kcal 
mo le -L  In  an electrolyte of pH 5.8, the Ea is 12 kcal mole -1 for C1-; 10 kcal 
mole -1 for B r - ;  and 4.6 kcal mole -1 for F - .  These results are interpreted in 
terms of the formation of t ransi tory species akin to activated complexes, of 
specific composition, such as A1Br4-. 

The mechanism of the ini t ia t ion of pi t t ing of a lumi-  
num alloys is little understood but  of vital  concern, not  
only with respect to the corrosion of a luminum in var i -  
ous na tura l  environments ,  but  also in  relat ion to spe- 
cial problems such as the stress corrosion cracking of 
high strength a luminum alloys. In  the invest igat ion 
reported here the influence of C l - ,  B r - ,  I - ,  and F -  
ions on the ini t ia t ion and kinetics of pi t t ing of a lumi-  
n u m  alloy Type 7075 is studied over a wide range of 
tempera ture  and concentration. 

Engell  and Stolica (1), and later  Hoar and Jacob 
(2), devised a technique to measure the kinetics of 
b reakdown of passivity of i ron and stainless steel by 
halide ions. This technique was applied to a luminum al-  
loys by Bogar and Foley (3), and Foroulis and Thubr i -  
kar  (4). In  this technique the metal  electrode is held 
potentiostat ically in the passive range in an appropri-  
ate electrolyte, a specific concentrat ion of chloride is 
injected, and the induct ion time, T, for a sharp rise in 
current  is recorded. In  the previous investigations the 
rise in  current  is correlated with the breakdown of 
passivity and ini t iat ion of pitting. Further ,  from this 
induct ion t ime it is possible to arr ive at the order of 
reaction, n, the number  of chloride ions associated with 
the dissolution of a single a luminum atom, and the 
energy of activation, Ea. The reasoning proceeds as 
follows. The reciprocal of the induct ion time, I/~, is 
taken as the rate of pit initiation, i.e., the number  of 
events per uni t  time. The rate equation is then 

* E lec t rochemica l  Society S tude n t  M e m b e r .  
** E lec t rochemica l  Society Ac t ive  M e m b e r .  
Key  words :  cor ros ion  pi t t ing,  a l u m i n u m ,  passivi ty ,  chlor ides ,  

b romides .  

wherein  k is the rate constant, [A1] is the a luminum 
atom concentration, [ X - ]  is the halide ion concentra-  
tion, and m and n are the respective orders of reac- 
tion. The activity coefficients are included in  k. The 
logari thm form of [1] is 

log -T = l o g k + m l o g [ A 1 ]  + n l o g [ X - ]  [2] 

Thus, if k and [A1] are taken as constant, then the 
plot of log (l /T) vs. log [ X - ]  will  give n, the order of 
reaction with respect to X -  ions. We now have reason 
to th ink that the term m log [A1] is only constant for 
a specific halide reaction and that m is equivalent  to 
the number  of atoms involved in a surface reaction 
site, i.e., the coordination number  of the surface in the 
sense used by Laidler and others in their development  
of the theory of absolute rate of surface reactions (5). 
At constant halide concentration, ( l / r )  will be pro- 
portional to the rate constant and 

, . . - .  = [3] 

Thus a conventional  Arrhenius  plot of log (l/T) vs. 
the reciprocal of the tempera ture  will yield the ap-  
parent  activation energy for the ini t ia t ion process. 

These studies have been made wi th in  the broad con- 
text of examinat ion of the complex ion theory of cot-  
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rosion (6). This theory postulates that  the role of a n  
anion in a corrosion process may be explained by the 
direct part icipat ion of the anion in the elemental  proc- 
ess of metal  dissolution. The anion reacts wi th  the 
metal l ic  ion and the chemical nature  of the resul tant  
complex dictates whether  the metal  will  dissolve or 
achieve a passive state. 

Experimental  
The exper iments  were  conducted in an electrolytic 

cell containing a specially designed Teflon electrode 
holder, a Hg/Hg2SO4 reference electrode, a Luggin 
capillary, and a counterelectrode which was separated 
f rom the rest of the cell by a fine porosity glass flit .  
St i r r ing was provided by a submersible  wa te r -powered  
magnet ic  stirrer. The cell was thermostated to •176 
with  a ref r igera ted  and heated wate r  bath. Exper i -  
ments were  conducted over  the range of 5~176 

The potential  of the working electrode was con- 
trolled by an Anotrol  Model 4100 research potential  
controller;  a Kei th ley  Model 600A elect rometer  was 
used for an accurate measurement  of the potent ial  of 
the working electrode. The current  was recorded on a 
Sargent  Model SRL recorder.  

Samples of a luminum alloy Type 7075-T6 were  cut 
into circular samples for electrodes wi th  an area of 
0.637 cm 2 when  mounted in a special Teflon electrode 
mount  (7). The samples were  cleaned by conventional  
procedures and, fol lowing cleaning, were  al lowed to 
stand for 24 hr  in a desiccator. 

In a typical experiment ,  the sample was al lowed to 
come to equi l ibr ium at a preset temperature .  The po- 
tential  of the working electrode was then set at a value 
(usually +0.18V) in the passive anodic range as de- 
termined by a polarizat ion study of the sample. F rom 
the polarization curve run on the alloy pr ior  to the ex-  
periment,  a point was taken midway  in the flat portion 
(s teady-state  current)  of the curve. Thus, the start ing 
point of the pit t ing exper iment  was always the same 
distance from the open-circui t  potential  but  well  above 
the critical potential. Af te r  the result ing passive anodic 
dissolution current  (usually in the microampere  range) 
was recorded for a specific durat ion (6 min) ,  a solution 
containing the aggressive anion of known concentra-  
t ion was rapidly injected into the cell with an all-  
glass syringe. The t ime required for a sharp continu- 
ous rise in current  above the s teady-sta te  dissolution 
current  was recorded as the induction time, ~, for pit 
initiation. 

Most workers  in the field recognize the statistical 
nature  of pit t ing ini t iat ion a n d  agree that  impurities,  
flaws, or defects in the oxide film may play a role in 
pit initiation. Videm (8), in his a luminum pit t ing 
studies, concluded that  differences f rom specimen to 
specimen usually make  it difficult to obtain satisfac- 
tory reproducibi l i ty  of pit  ini t iat ion studies. In order 
to improve  the reproducibil i ty,  a technique similar  to 
that  used by Videm (8) was used for screening "un- 
suitable" samples. Thus, fol lowing a uniform surface 
t reatment ,  the sample was held at t h e  predetermined 
anodic potential,  and the result ing passive anodic dis- 
solution current  was recorded for a specific durat ion 
of time. An unstable current  was observed with  those 
samples which possessed certain surface abnormali t ies 
and these samples were  thus discarded. An abnormal  
" leakage" current,  usual ly characterized by the gen- 
eration of current  pulses, a form of oscillatory behavior  
connected with  pit t ing corrosion, was thus used to 
sort out abnormal  samples. 

Results 
Following the init iat ion of the pit, the current  rises 

rapidly  and the current  is a measure of the faradaic 
reactions associated with pit  growth. Three  types of 
cur ren t - t ime  curves have been observed. The first is a 
smooth curve where in  the current  increases exponen-  
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Fig. 3. Pitting initiation curve. Electrolyte, 0.1M Na2SO4, 40~ 
1 X 10-4N F -  injected after 6 min. 

tially, i l lustrated in Fig. 11 by the react ion of B r -  
ion in 1N H2SO4 at 50~ The second type of behavior  
is i l lustrated in Fig. 2 by the react ion of B r -  ion in 
0.1M Na2SO.~ (pH 5.80) at 45~ This "ragged" curve is 
favored by the neutral  solution and lower  temperature ,  
e.g., below 35~ It is in terpre ted  as result ing f rom a 
dynamic dissolut ion-repassivat ion process. The third 
type of behavior  was shown by F -  ion in 0.1M Na2SO4 
at 40~ (Fig. 3). The current  instead of increasing ex-  

In this and similar figures, it is difficult to  see the  t ime  at 
which the sharp rise in current occurs. However, on the original 
lined chart paper, it is quite obvious. Between 6 and 8 on the 
abscissa there are 20 divisions so that the  rise in current  can be 
set  wi th in  a f ew  seconds.  
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ponential ly  reaches a plateau, and this is associated 
with the formation of a compound on the a luminum 
surface. It appears reasonable that the shape of the  
curve and the mathematical  equation describing the 
current-t ime behavior is related to the geometric shape 
of the pits and this is now being pursued. 

The slope of a plot of log ( l /T) vs. log of the halide 
concentration yields n, the order of the reaction with  
respect to the halide ion concentration. In Fig. 4, a 
plot of the log of the inverse of the induction t ime in 
1N H2SO4 (pH 0.3) at 45~ vs. log [C1-] yields an n 
value  of 8. This approximates the value reported pre- 
v ious ly  (3) for a luminum alloy Type 2024 in a 1.0N 
I-I2SO4 electrolyte. A similar plot for the results in 0. tM 
Na2SO4 (pH 5.80) yields an n value  of 2, much lower 
than that observed in acid solution. This agrees reason- 
ably we l l  wi th  the results reported by Foroulis and 
Thubrikar (4) who measured the induction t ime of a 
99.99% a luminum sample at a pH of 5.9-6.1 and ob- 
tained an n of approximately 1. 

A similar trend in reaction order was observed with 
B r -  ion. In 1N H2SO4 at 50~ n ----- 4; in 0.1M Na2SO4 
(pH 5.80) at 45~ n -- 2. 

The reaction order for fluoride ion was only  mea-  
sured in 0.1M Na2SO4. From the plot at 50~ shown in 
Fig. 5, a value  of n ---- 3 was obtained, the reaction 
differing stoichiometrically from that of the C1- and 
B r -  ion. 

The reaction order for I -  is lower than that of the 
other halides. A plot from data at 23~ in 1N H2SO4 
yields an n value  of about 2. These results coupled with 
the low activation energy, suggest a weaker type of 
binding. 

The reaction orders are summarized for the differ- 
ent halides in Table I. 

Table I. Order of reaction (n) for halides with aluminum alloy 
Type 70'75 

n 

Anion pH of electrolyte 

0.3 5.8 
F- 3 
C1- 8 2 
Br- 4 2 
I- 2 -- 

The apparent energy of activation, .E~, may  be cal- 
culated from the slope of the log ( l / x )  vs. 1 /T  plot if 
the halide concentration is held constant. Such Ar-  
rhenius-type plots are shown in Fig. 6 and 7 for constant 
[C1-] in 1N H2SO4 and 0.1M NaSO4, respectively.  The 
apparent energy of activation goes from 18 to 12 kcal 
in going from an acid to neutral solution. A similar 
trend was observed with B r -  ion. The reaction in acid 
solution had a high E~, 26 kcal, as compared wi th  10 
kcal in the neutral solution. The activation energy for 
the I -  ion reaction was low, 6.6 kcal, and the tempera- 
ture-dependence plot showed considerable scatter. The 
temperature dependence of the F -  ion reaction calcu- 
lated from the corresponding Arrhenius- type  plot 
contrasted with the other halides wi th  a low activation 
energy, Ea ---- 4.6 kcal. 

The activation energies for the hal ide reactions are 
summarized in Table II. 

A comparison of the induction times with the four 
halides allows for qualitative measure of the "aggres- 
sive" character of the halide. Thus the concentration 
of B r -  required for a comparable induction t ime is 
about 2 times the C1- concentration; the I - ,  10 times; 
and the F -  about 0.01 times. 
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Table II. Activation energies for pitting initiation reaction of 
aluminum alloy Type 7075 with halides 

Ea (keal mole  -t) 

Anion pH 0.3 pH 5.8 

F- 4.6 
C1- 18 12 
Br- 26 10 
I- 6.6 

Fol lowing the pi t  ini t ia t ion exper iment ,  the  speci-  
mens were  examined  microscopical ly.  In  general ,  the 
p redominan t  shape of the pits was hemispher ical .  For  
a luminum al loy Type  7075, the pits  produced in C1- 
solutions were  almost  per fec t ly  hemispher ical ,  whi le  
those formed in B r -  and I -  solutions were  more  i r -  
r egu la r ly  shaped. Pi ts  p roduced  in acid solut ion were  
more  nea r ly  hemispher ica l  t h a n t h o s e  formed in nea r -  
neu t ra l  solution. For  a luminum al loy Type  1199, on the 
other  hand, both  C1- and B r -  solutions produced  pe r -  
fect ly  hemispher ica l  pits. 

Discussion 
The con tempora ry  th inking  regard ing  the mechanism 
by  which chlor ide  ions b reak  down pass iv i ty  and ini -  
t ia te  p i t t ing  has been recent ly  summar ized  by  Foroul is  
and Thubr ika r  (4). The p reva len t  explanat ions  include 
the fol lowing:  (i) pene t ra t ion  of the  oxide film by  
C1- ion; (it) compet i t ive  adsorpt ion  of C1- r a the r  
than  O H -  or O2 on meta l  surface; (iii) migra t ion  of 
C1- ions inward  through the  (passive)  oxide lat t ice;  
(iv) pept iza t ion  of the oxide film by  adsorbed anions; 
(v) a dynamic  b r e a k d o w n - r e p a i r  mechanism. 

These authors  pointed out tha t  these  concepts a re  in-  
consistent  wi th  thei r  results  on the kinetics of b r eak -  
down of pass iv i ty  of preanodized  a luminum by chloride 
ions and proposed the fol lowing two-s tep  process. 
Step 1. Adsorpt ion  of C I - o n  the oxide-solut ion  in te r -  
face under  the influence of the electr ic  field; the  sur-  
face sites avai lable  for adsorpt ion exist ing on the hy -  
d ra t ed  oxide sur face  ra ther  than  on the base meta l  
surface. Step 2. Format ion  of a basic hyd roxy  chlor ide  
a luminum salt  which is r ead i ly  soluble. 

The resul ts  of the  present  s tudy reaffirm the stoi-  
chiometric  and chemical  na ture  of the  p i t t ing  in i t ia t ion 
process as dis t inguished f rom continuous adsorpt ion  
and oxide pene t ra t ion  processes t r ad i t iona l ly  associated 
wi th  the b r eakdown  of passivity.  The technique used in 
the  present  invest igat ion does not  give informat ion  re -  
gard ing  the surface site at which pi t t ing  could be ini-  
t iated, tha t  is, the  A1 in Eq. [1] above could be  in the  
a luminum al loy metal l ic  lattice, or i t  could be an Al  
ion in the hydrated oxide lattice. Foroulis and Thu- 
brikar (4) with their experiments with varying oxide 
thicknesses offer convincing evidence that the particu- 
lar A1 ion exists in the oxide la t t ice  at  the  ox ide-e lec-  
t ro ly te  interface.  

The technique used here,  on the  other  hand, does give 
definite in format ion  on the number  of hal ide  ions as-  
sociated wi th  the surface si te and the  energy  of this 
reaction. 

I t  is pos tu la ted  that  the  ini t ia l  step in the p i t t ing  of 
the  A1 al loy by  C1- ion in acid solution is the  format ion  
of the complex, A12Cls =. Thus the  react ion site involves 
two A1 ions, and an act ivat ion energy of 18 kcal  is 
commensura te  wi th  chemisorpt ion or chemical  reac-  
tion. In a s imi lar  fashion, a complex of A1Br4- forms 
with  B r -  ion, also wi th  a high act ivat ion energy.  The 
large  iodide ion is involved in a low energy process 
(6.6 kcal ) ,  ve ry  l ike ly  the phys ica l  adsorpt ion  of one or 
two I -  ions per  surface site. A consistent  pic ture  is 
d r awn  for the results  in neu t ra l  solution where in  re -  
action orders  of two were  observed for the B r -  ion 
and the C1- ion. Complexes of the type  AI(OH)2(C1)2-  
and A l ( O H ) 2 ( B r ) 2 -  a re  postulated,  and, for such com- 
plexes, the  act ivat ion energy is apprec iab ly  lower,  in 

agreement  wi th  previous  repor ts  where in  values  of 12 
kcal  (3) and 6.7 kca l  (4) were  repor ted  for  pu re  A1 at a 
pH of 6 in C1- electrolytes.  In  nea r ly  neu t ra l  solution, 
f luoride ion exhibi ts  a reac t ion  order  of three,  con- 
sistent  wi th  the  fo rmat ion  of A1Fz which has been re-  
por ted  as a s table  species in aqueous solutions (9). 

These resul ts  a re  consistent  wi th  observat ions on the 
complexing  behavior  of a luminum previous ly  reported~ 
The hal ides  of a luminum (except  F - )  a re  d imer ic  in 
organic solvents such as benzene. S t ruc tures  for the 
dimeric  forms of A12C16 and AI~Br6 are  given by  Dur-  
ran t  and Dur ran t  (9). This dimeric  format ion  has been 
a t t r ibu ted  to the tendency  of the  a luminum atoms to 
complete  the i r  octets. Recent ly ,  Pe led  and Gi leadi  (10) 
repor ted  the presence of the  anions, A12BrT- and 
A1Br4-, by  measur ing  t ransference  numbers  of species 
formed by  dissolving A1Br3 and MBr (M ----- a lkal i  
metal  or ammonium ion) in hydrocarbons .  Morrey  
and Moore (11) repor ted  the  presence of the  complex 
ions, AIC14- and A12C17-, in a KC1-A1C13 solvent  
(fused sal t ) .  Al l  six fluoride species, i.e., A1F + +, A1F2 +, 
A1F3, A1F4-, A1F5 =, A1F~ "~, have been repor ted  to exist  
and thei r  s tab i l i ty  constants are  g iven by  B j e r r u m  
(12). A1F3 is repor ted  as a s table  species in aqueous 
solut ion (13). Ka toh  (14) has identif ied the products,  
A1F3 .3H20  and A1F3. H20, b y  x - r a y  analysis  of a 
sample  corroded in NaF solution. Zot ikov e t a l .  (15) 
s tudied the corrosion of a luminum in hydrofluoric  acid 
wi th  vary ing  wa te r  content  and repor ted  the  fo rma-  
t ion of A1Fs according to the  react ion 

2A1 + 6HF ~ 2A1F8 + 3H2 

The A1F3 formed var ious  hydra tes  such as A1Fs �9 3H~O. 
Considering the re la t ive  concentrat ions of the ions, 

it  would be expected that,  except  for the  fluoride com- 
pound which forms an insoluble  compound on the 
electrode, these complexes wi l l  be in te rmedia tes  in a 
s tepwise process that  t e rmina tes  even tua l ly  wi th  the  
format ion  of the  hyd ra t ed  oxide film of a luminum. 
Thus, the hal ide  ions opera te  as catalysts  being regen-  
e ra ted  by  the hydrolys is  of the  h y d r o x y  ha l ide  or 
hal ide  complex. This accounts for the considerable  p i t -  
t ing that  occurs in di lute  solutions, e.g., 10-3N. 

These findings are  consistent  wi th  the  complex ion 
theory  of corrosion (6). The  anions function in a 
specific manner  forming chemical  species whose s ta-  
bi l i t ies  de te rmine  the subsequent  behavior  of the metal ,  
be i t  accelera ted dissolut ion or repassivat ion.  
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Periodic Phenomena during Anodic Dissolution of 
Mo4011 Single Crystals 

R. M. Peekema* and M. W. Shafer 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The electrochemical behavior of Mo4On single crystals has been studied 
and periodic phenomena were observed dur ing anodic dissolution in 1M H2SO4. 
These periodic effects were observed only on the (100) face, and are asso- 
ciated with a 12.3A periodicity in the crystal s t ructure along the [100] direction, 
where a l ternat ing layers of Mo (IV) and Mo (VI) species are found. A mecha-  
nism involving the slow chemical dissolution of Mo (VI) species and the rapid 
electrochemical dissolution of Mo (IV) species is offered, and is consistent with 
the exper imental  data. To the best of our knowledge, this is the first reported 
correlation of a periodic electrochemical effect with a periodicity in the crystal 
structure. 

Periodic effects in  electrochemical systems are not 
uncommon (1, 2) and usual ly  are a result  of a re laxa-  
t ion of a dis turbed system toward an equi l ibr ium or 
steady-state condition. While s tudying the electrochem- 
ical behavior of the molybdenum oxides, we observed 
periodic fluctuations in the dissolution current  when 
the (100) face of a single crystal of Mo4Oll was made 
anodic in acid solution. We have studied these oscilla- 
tions in detail and in this paper we show that they are 
related to a periodicity in the crystal s t ructure  rather  
than to a re laxat ion phenomena.  

Experimental 
The Mo40 n crystals were prepared at 800~ in sealed 

evacuated quartz tubes containing stoichiometric 
amounts  of Mo and MoO3 powders, using small amounts 
of iodine as the t ransport ing agent. Crystals with faces 
of 1-2 cm 2 have been grown by this method. A more 
detailed discussion of the preparat ive conditions and 
of the crystal properties is given elsewhere (3). 

The electrochemical measurements  were carried out 
using a Wenking potentiostat  with a Wavetek funct ion 
generator  to obtain cyclic voltage sweeps, and an X-Y 
recorder to record the voltammograms. A Keithley 
digital electrometer was used to isolate the reference 
electrode from any voltage measur ing or plott ing cir- 
cuitry, and a Keithley Picoammeter  was placed in 
series with the working electrode to measure the cur- 
rents. A Fluke  constant current  supply replaced the po- 
tentiostat  when galvanostatic measurements  were de- 
sired. 

A three-compar tment  cell was used, with the work-  
ing electrode, the reference electrode, and the counter-  
electrode each in a separate compartment.  Most of the 
work was carried out in a cell where the three com- 
par tments  were separated by 10 mm fine porosity 
(10F) frit ted Pyrex  disks. The working electrode com- 
par tment  usual ly  contained 5-15 ml of electrolyte, 
which was deaerated or agitated as necessary by ad- 

* E lec t rochemica l  Society Active Member. 
Key words: molybdenum oxide electrochemistry,  dissolution,  

periodic phenomena,  Mo~O~ crystals. 

mitt ing hel ium gas (without any pre t rea tment)  through 
a 10F frit ted Pyrex disk in the cell bottom. The crystal 
surface was mounted in a vertical position. 

Reference electrodes were either mercury-mercurous  
sulfate in 1M H~SO4 (MSE) or mercury-mercur ic  oxide 
in 1M KOH (MOE). All voltages are referenced to the 
normal  hydrogen electrode (NHE). Solutions were 
made from reagent grade chemicals and deionized 
water, and were used without fur ther  purification or 
preelectrolysis. Crystal samples were usual ly  mounted  
on gold disks, sometimes using ind ium solder to im-  
prove the electrical contact. Some samples were con- 
nected to gold wires by a silver-filled epoxy. The u n -  
wanted crystal faces and sample support ing areas were 
masked off with MICCROSTOP. 1 Specimen areas were 
measured graphically from a photomicrograph taken 
normal  to the surface of a masked-off crystal face, us- 
ing calibration factors obtained by photographing a 
rule at the same magnification. 

Results and Discussion 
Periodic fluctuations in the anodic dissolution current  

for an M040~1 crystal are shown in  Fig. 1. This is a 
trace of a l inear  voltage sweep on the (100) face of a 
single crystal MorOn specimen in 1M H2SO4. Similar  
fluctuations occur in the voltage after a galvanostatic 
step, as shown in  Fig. 2. A similar effect (not shown) 
is noted in the current  after a potentiostatic step. The 
periodic effect in the vol tammetry  curve was observed 
to be dependent  on scan rate and this is summarized in  
Table I. 

The values for the period in  Table I are given at a 
specified voltage (0.70V vs. NHE) because dur ing  the 
l inear  voltage sweep both the current  and period 
change with potential. However, it is apparent  from 
Table I that the period for the current  fluctuations in 
the region of 0.7V is essentially constant  at approxi-  
mately 1 sec, over near ly  an order of magni tude  change 
in sweep rate. At higher sweep rates, one sees fewer 
peaks in  the current  over the same region of poten- 

1This  is an e lect rop3at ing mask-oi l  materia l  from Michigan 
Chrome  and Chemica l  Company ,  Det ro i t ,  Michigan.  
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Fig. 2. Potential response to a current step of (100) face of 
Mo4011 single crystal. 

Table III. Anodie dissolution of Mo4011 (100) in various electrolytes 

Electrolyte Periodic 
(1.0M) effect.* 

H2S04 Yes 
HC10~ Yes* 
HC1 Yes 
H3PO, Yes 
KOH No 

*Disappears  after three  scans. 

scans. The per iodic  effects did  re tu rn  on tha t  same 
sample  af ter  it  was r e tu rned  to sulfur ic  acid and cycled 
several  times. Fur ther ,  no per iodic  effects were  ob- 
served in 1M. KOH solution. 

In  order  to expla in  the  origin of these fluctuations 
it is necessary to consider  the  crys ta l  s t ruc ture  of 
MO4Oll. This mo lybdenum oxide is one of five dist inct  
oxide phases be tween  MoO2 and M o Q  whose crystal  
s t ructures  have been de te rmined  by  Magnel i  (4) and 
Kih lborg  (5). They  descr ibe  the  s t ruc ture  of Mo40~1 as 
being s imi lar  to the  R e Q - t y p e  s tructure.  In this s t ruc-  
ture, shown i n  Fig. 3A, the MoO6 octahedra  are  l inked 
exclusively at  the  corners. However ,  MO4Oll is oxygen 
deficient when compared  to the  pure  ReO3-type, and to 
al low for this deficiency a cer ta in  fract ion of the mo-  
lybdenums is t e t r ahed ra l l y  coordinated (MOO4). The 
a r rangement  of the MoO6 and MoO4 po lyhedra  is shown 
in Fig. 3B. It  is seen tha t  this  s t ruc ture  is bas ica l ly  
comprised of R e Q - t y p e  slabs (the l igh t ly  shaded d ia-  
mond-shaped  po lyhedra ) ,  which represent  the  MoO6 
octahedra,  jo ined together  by  black and heav i ly  
hatched tr iangles,  represent ing  the MoO4 t e t r ahed ra  
at two levels. Since the slabs extend infini tely in the 
ver t ical  direct ion and pe rpend icu la r  to the p lane  of the 

tial, and in genera l  the peaks are not as sharp ly  defined. 
The conditions selected for Fig. 1, namely  12 mV/sec,  
were  chosen because the magni tude  of the  current  
fluctuations is most effectively d isp layed and mea-  
sured under  those conditions. The constant  cur rent  
condit ions in Fig. 2 show c lear ly  that  the per iod  is 
nea r ly  constant  at a given current.  Table  II  shows that  
Q, the charge densi ty  pe r  per iod (the product  of the  
cur ren t  densi ty  and the  per iod) ,  is reasonably  constant. 

The magni tude  of the per iodic  effects in genera l  de-  
creased wi th  t ime and wi th  cycling of the samples 
through the potent ia l  region of anodic dissolution. 
Table  I I I  summarizes  the  influence of other  e lectrolytes  
on the per iodic  phenomena.  As noted, the per iodic  
effects in 1M perchlor ic  acid d isappeared  af ter  three  

Table I. Effect of scan rate on periodic currents 

Scan rate Peak separation Period (at 
m V / s e c  mV (at 0.7V) 0.7V) (sec) 

65 ~70 1.1 
12.1 ~12 1.0 
7.7 --8 1.0 

Table II. Galvanostatic periodic effects* 

I (/~A/cmS) r (sec) Q (#C/cm ~) 

83 2.6 217 
42 5.7 238 

* See Fig. 2. 

Fig. 3. (A) The octahedra arrangement in the ReO3-type struc- 
ture: (a) the octahedra arrangement as seen in perspective; (b) top 
view of (a); (c) side view of (a). (B) The crystal structure of Mo4Oll 
viewed along the b axis. The relationship to the ReOa-type structure 
is seen by comparing the linked octahedra to those shown in Fig. 
3A (c). 
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paper, there is a distinct periodicity of the R e Q  slabs 
normal  to the [100]. The periodicity, i.e., the distance 
between the interconnect ing MoO4 tetrahedra, is about 
12.3A, which is half  of the ao dimension of the ortho- 
rhombic cell (ao ---- 24.49, b = 5.45, and c : 6.95). We 
have measured the electrical resistivity of Mo4Oll by 
the four-probe method and find it to be 2 • 10 -4 P.-cm 
at room tempera ture  (3, 6). There was no evidence of 
anisotropy in the resistivity. 

The observed current  oscillations correlate well with 
the s t ructural  periodicity. Table IV shows the in te-  
grated charge associated with each of the current  peaks 
shown in Fig. 1. A correction for charging current  was 
made by extrapolat ing the base current  in the region 
of 0.45-0.55V. As can be seen from Table IV, the charge 
associated with each peak is relat ively constant, and 
amounts  to some 260 #C/cm 2. In  addition, Table II  
shows a fairly constant charge per fluctuation, under  
constant current  conditions, of approximately 230 ~C/ 
cm 2. The charge per period of approximately 230 ~C/ 
cm 2 on that par t icular  crystal is s imilar  to the value 
shown in Table IV, obtained under  potentiostatic con- 
ditions. 

Based on the crystal densi ty of 4.12 g /cm ~, and com- 
plete oxidation of the oxide to Mo (VI) as given in Eq. 
[1] 

MO4Oll -]- 5H20 --> 4H2MoO4 ~- 2H + ~ 2e-  [1] 

we calculate the amount  of charge consumed in oxidiz- 
ing a 12.3A layer  to be 174 ~C/cm 2. This is some 50% 
less than the exper imental  values. To test the validity 
of Eq. [1] we measured the equivalent  weight by ob- 
serving the weight lost from a crystal dur ing the pass- 
age of a known charge. Table V shows the observed 
equivalent  weights for several different experiments,  
which are in excellent agreement  with the expected 
value of 280 g/equiv.  

These equivalent  weight results establish that the 
anodic dissolution of Mo401~ takes place according to 
Eq. [1], and that the charge associated with each 12.3A 
layer  is 174 #C/cm 2. Observed values of charge per 
period range from 217 to 280 ~C/cm 2. We feel that this 
excess of charge is accounted for by undercut t ing  of 
the mask-off and by nonuni form dissolution of the 
crystal face; both are effects which would increase the 
charge observed per period. Undercut t ing of the mask-  
off has been confirmed by surface profile measurements  
after mask-off removal, where observed surface dis- 
continuit ies were less than  one- thi rd  those expected 
from coulometric and weight loss calculations. Further ,  

Table IV. Charge associated with current peaks in Fig. 1 

Peak No. Q (~C/cm 2) 

8 
9 

10 
11 
12 
13 

Average  (2-13) 

164 
244 
244 
255 
241 
252 
257 
255 
258 
284 
265 
284 
288 
261 /~C/em = 

Table V. Equivalent weight by weight loss 

Wt loss Anodic Equiv. wt 
Run No. (~g) charge ( m C )  (g/equiv.) 

1" 1320 450 283 
2" 188 60 302 
3"" 266 90 285 
4*" 696 240 280 

* Runs i and 2 on multicrystal chunk. 
** Runs 3 and 4 on (100) face of single crystal. 

subsequent  microscopic examinat ions and surface pro- 
file measurements  of crystal surfaces that had been 
covered by mask-off dur ing the dissolution showed 
definite evidence of attack. One would expect relat ively 
less undercut t ing  at higher current  densities, and the Q 
values in  Table II are consistent with this view. Non- 
uni form dissolution was apparent  in scanning electron 
microscope examinat ion of surfaces exposed to anodic 
treatment,  and by visual observation the smooth crys- 
tal facet was converted to a matte  finish by extended 
dissolution. 

The above evidence shows that the observed oscil- 
lations can be correlated with the periodic na ture  of  
the crystal structure. Fur ther  support  of this conclusion 
is obtained by looking at the anodic dissolution of 
other crystal orientations of Mo401z where there is no 
s tructural  periodicity normal  to the face being dis- 
solved. The (111) is such a face and it is seen in Fig. 
4 that there is no evidence of the oscillations seen in 
Fig. I. We have examined a n u m b e r  of different crys- 
tals, looking at the (i00) and ( l l l )  faces, and in  all 
cases the oscillations are seen on the former and not the 
latter. 

There is some evidence that  not all the current  need 
follow the reaction of Eq. [i] .  We have observed the 
appearance of a deep blue solution and an EPR signal 
when M040~I is anodically dissolved at high cur ren t  
densities. Both these observations suggest the pres-  
ence of some Mo (V) species, which is probably in solu- 
tion. Since both EPR and colorimetric methods are  
highly sensitive for detecting the Mo(V) species it is 
l ikely that  only a small fraction of the dissolution 
occurs via a reaction where the lV~o (IV) crystal "+ 
Mo (V) solution, 

Let us now consider a dissolution mechanism 
which satisfactorily explains the above data. Assume 
that Mo~Oll is a mixed oxide containing Mo(IV) and 
Mo(VI) in the ratio of 1:3. 2 We expect that all te t ra-  
hedral sites are occupied by Mo(VI) since it is a 
smaller ion than Mo(IV).  Further ,  there is good evi- 
dence, from the Mo-O bond distances of the MoO6 
octahedra, that the Mo +4 ions are found in the centers 
of the "ReO3-type" slabs ra ther  than in  those octahedra 
which connect to the tetrahedra. If the Mo-O distances 
(5) of the various types of octahedra are examined, it 
is seen that those octahedra which are on the "outer 
surfaces of the slabs" (Fig. 3B) are badly distorted, i.e., 
their  Mo-O distances vary  by 0.45A, while those in  the 
center are more regular  with variations of only 0.2A. 
A comparison of the radius ratios, rMo(iv)/ro and 
rMo(VI)/ro, shows that the former (0.5) is more favor- 

-~ E v e n  t h o u g h  meta l l i c  type  conductivi ty  is seen  in  Mo~Ou f rom 
which  it  could be i n f e r r e d  that the molybdenums  would  be com- 
plete ly  nonlocal ized,  our  ESCA measurement s  show very  c learly  
t h a t  bo th  M e ( I V )  and  M o ( V I )  species  are present ,  and in the  
1:3 rat io .  
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Fig. 4. Linear sweep vo|tammetry of (111) face of Mo4Otl single 
crystal. 
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able for perfect octahedral coordination and should 
result  in  a Iess distorted octahedra. Since Mo(VI) is 
smaller, the rMocVi)/ro ratio (0.44) barely falls within 
the range defining octahedral coordination (0.44-0.732) 
and a more distorted octahedron is expected. From 
these data, it appears that  the Mo(IV) ions are pre-  
dominate]y concentrated in the centers of the ReO3-type 
slabs which run  perpendicular  to the [100] direction> 
Thus if one looked at the (100) face of a Mo~Oll crystal, 
one might expect to see predominant ly  one type of Mo 
species, either Mo (IV) or Mo (VI), depending on which 
layer of the crystal is exposed. Since the + 4  state is 
thermodynamical ly  unstable  in  aqueous solution (7), 
it is l ikely that only Mo(VI) species would be ex- 
posed on surfaces in  contact with an aqueous solution, 
or even on a crystal exposed to normal  atmospheric 
moisture and oxygen. 

Using this model of the Mo ion dis tr ibut ion in the 
Mo4On crystals, we propose the following mechanism, 
which offers a good explanat ion of the observed facts: 
(i) Mo (VI) type surfaces are slowly dissolved by the 
solution in chemical attack whose rate is governed by 
the pH, temperature,  solution composition, etc.; (it) 
Mo (IV) type surfaces are chemically insoluble, but  are 
rapidly dissolved when made anodic. On MO4Oll, an 
Mo(VI) type surface could be considered equivalent  
to an MoO3 surface in terms of stoichiometry but  not 
in  terms of structure. These surfaces with the "MoOa- 
type" stoichiometry are more soluble than bulk  crystal-  
l ine MOO3, which is relat ively insoluble in acid solu- 
tion. We feel that the reason for this increased solu- 
bili ty of the "MoOs surface layer 4 is that it is less 
stable s t ructural ly  than  bulk  MoQ.  This is because it 
represents either the exposed Mo(VI) plane perpen-  
dicular to the [100] or the oxidized Mo(IV) plane, 
which in  both cases are l ikely to have their  octahedra 
joined in a highly strained unstable  a r rangement  which 
is l ikely to be more soluble. 

An Mo (IV) type surface on MorOn is stoichiometri-  
cally equivalent  to an MoO2 surface, and is chemically 
insoluble because of the instabi l i ty  of Mo +4 in  aqueous 
solution. In  order to dissolve chemically, Mo(IV) 
species would have to undergo disproportionation, 
which appears to be kinetical ly hindered. However, 
this kinetic l imitat ion is avoided if the exposed Mo (IV) 
species are anodically oxidized to Mo(VI) .  Once the 
Mo(IV) species have been oxidized and dissolved, the 
surface is again comprised of Mo(VI) species which in-  
hibit the fur ther  passage of current  unt i l  that Mo (VI) 
layer  chemically dissolves. This explains the periodic 
rise and fall of current  as one anodically dissolves the 
(100) face. The absence of periodic effects in basic 
solution can be explained by the high solubili ty of 
Mo(VI) species in that medium (8). 

Another  observed phenomenon in need of explana-  
tion is the damping of the voltage fluctuations shown 
in  Fig. 2. When the experiment  is repeated after a 
brief period (seconds to minutes)  at no current  or 
very  low currents,  the fluctuations r e tu rn  almost iden-  
tically. Why do these periodic oscillations damp out, 
only to re turn  after a brief  rest? Our explanat ion is 
that the dissolution processes, both chemical and 
anodic, do not proceed at exactly the same rate on all 
areas of the (100) surface, due to local inhomogeneities, 
proximity  to other faces, concentrations of dislocations, 
etc. As one area gets out of step with another, i.e., one 
in chemical dissolution, another anodic, the over-all  
result  is a continuous process with all the local pe- 
riodic fluctuations averaged out. However, if one re-  
moves the applied current  and allows a rest period, 
the chemical dissolution will then proceed on all ex- 
posed (100) faces unt i l  a layer  of Mo(IV) species is 
uncovered. In  other words, the chemical dissolution 
proceeds on each plateau of the (100) face to essen- 

3 I t  can also be conc luded  t h a t  t h e r e  is a h i g h e r  c o n c e n t r a t i o n  
os semi loca l ized  e l ec t rons  a s soc ia ted  w i t h  the  Mo( IV)  so t h e r e  
is in fac t  a pe r iod ic i ty  in  t he  c h a r g e  dens i ty  a long  the  [1001. 

We  a s s u m e  a t h i c k n e s s  of th i s  l aye r  to  be approximately 8-15/. 

t ial ly an equivalent  point in  the structure, and ter-  
minates  there because of the blocking effect of Mo (IV) 
species. Then, when anodic dissolution is once again 
resumed, all the different plateaus of the (100) face 
begin their  dissolution in phase, and the periodic phe- 
nomena  appear with almost the same magni tude as 
before. 

Final ly,  we believe that surface roughening accounts 
for the d iminut ion  of the periodic phenomena as a 
crystal is cycled many  times in a potential  region of 
anodic dissolution. Microscopic and scanning electron 
microscopic examinat ion  of such crystal surfaces con- 
firms the etching and roughening effect of anodic dis- 
solution. Since only (100) faces show periodic effects, 
a roughening of the (100) face would expose other 
crystal planes to anodic attack and thus di/ninish the 
periodic effect. This loss of the effect (not to be con- 
fused with the damping in  Fig. 2) is general ly not re- 
versible, except possibly in  the case of the perchloric 
acid medium. 

Summary and Conclusions 
Mo4On, which exhibits metall ic conduction, wil l  dis- 

solve an0dically with periodic fluctuations in the dis- 
solution currents.  

Periodic effects are noted dur ing the anodic dissolu- 
tion of the (109) face of Mo4Oll single crystals in acid 
solution, and occur under  potentiostatic, galvanostatic, 
and voltage sweep conditions. 

These effects are absent on other faces, and are re-  
lated to a 12.3A periodicity in  the crystal s t ructure 
along the [100] direction, where a l ternat ing layers of 
Mo(IV) and Mo(VI) species are found. 

The slow chemical dissolution of Mo (VI) species and 
the rapid electrochemical dissolution of Mo (1%') species 
provide a mechanism to explain the observed results. 

To the best of our knowledge, this is the first demon- 
stration of a periodic electrochemical effect related to 
a periodicity in  the crystal structure. 
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Mechanism of the Anodic Oxidation of Nickel 

B. MacDougall* and M. Cohen* 
National Research Councff of Canada, Ottawa, Ontario, Canada 

ABSTRACT 

The electrochemical oxidation and subsequent  reduct ion of nickel elec- 
trodes in acid sulfate solutions was studied with potent iodynamic and galvano- 
static techniques in conjunct ion with potential  step polarization. Surface ac- 
t ivi ty  measurements  gave a relat ive measure of the extent  of surface oxida- 
t ion and stabil i ty of the oxide toward reduction and dissolution, but  did not 
give independent ly  the oxygen coverage. Cathodic galvanostatic charging 
curves of previously anodized nickel electrodes displayed an arrest s tructure 
which was dependent  on the extent  of anodization. While the arrest charge 
was related to the cathodic reduction of some oxygen species on nickel, parallel  
side reactions such as nonelectrochemicat dissolution and hydrogen evolu- 
t ion affected substant ia l ly  the reduction current  efficiency. Under  certain condi- 
tions, the arrest  charge component arising from cathodic reduction of the 
oxygen species on nickel could be resolved and an at tempt made at ident i fy-  
ing the na ture  of this species. Initially, anodization resulted in  oxygen chemi- 
sorption which reached a ma x i mum coverage corresponding to one oxygen 
atom per surface nickel. Conversion to nickel oxide occurred very rapidly at 
the active surface sites but  more slowly over the rest of the surface. 

In a previous paper  (1), the oxide film formed by 
steady-state anodization of nickel in the pH range 
2.0-8.4 was studied. The film was composed of 9-12A of 
near ly  stoichiometric NiO (2, 3), its physical and 
chemical properties being independent  of solution pH. 
The steady-state  films were stable upon exposure to 
the atmosphere, allowing x - r ay  emission and electron 
diffraction techniques to be used for the oxide analysis. 
The present work extends the invest igat ion at pH 2.8 
to the init ial  stages of nickel oxidation. Electron-opt i -  
cal techniques could not be used to study these oxides 
since their  thicknesses were less than that  of the air-  
formed film (i.e., 6-8A) and the surfaces were there-  
fore unstable  to air exposure. In situ cathodic reduc- 
t ion techniques with monitor ing of surface activity 
could, however, be used to study early oxide growth 
and the results may be interpreted in terms of an ini-  
tial chemisorption of oxygen followed by convers ion  
to NiO as the oxidation proceeds. 

Experimental 
Specimen preparation.--Polycrystalline specimens, 

1 • 2.5 cm, were prepared from zone-refined nickel 
sheet of 99.996% pur i ty  as described elsewhere (2). 
They were degreased with benzene, chemically pol- 
ished (2), electropolished for 2 min  at 23~ in a 57% 
sulfuric acid solution at 0.5 A-cm -2, and then annealed 
at 800~ in a vacuum of 10 - s  Torr. The specimens were 
electropolished again immediate ly  before use in an 
experiment.  

Ref.erence electrode.--Potentials quoted in  this paper 
are referred to the Hg2SO4 electrode (+0.665V with 
respect to the s tandard reversible hydrogen electrode). 

SoIution.--Deaerated solutions of 0.15N Na2SO4 had 
their  pH adjusted to 2.8 (1). Exper iments  were con- 
ducted at 25~ 

Apparatus.--A Princeton Applied Research Model 
175 universal  programmer  was used in  conjunct ion 
with a Wenking fast-rise potentiostat  to obtain po- 
tent iodynamic sweep profiles. These profiles and gal- 
vanostatic cathodic charging curves were recorded on 
a Hewlet t -Packard  Model 7004B X-Y recorder. A high 
speed Brush recorder was used to follow the initial  
rapid decrease of current  after an anodic potential  
step treatment.  Two types of electrochemical cell were 
used, one having the counter and recording electrodes 

* Electrochemical Society Active Member. 
Key words: nickel oxide, passivity, anodic oxidation, mech- 

anism. 

in the same compartment  and the other having them 
in different compartments  separated by a glass f l i t  and 
stopcock. The former cell was used for potential  step 
experiments since large, ini t ial  cur rent  surges were 
involved. Both cells contained 50 ml of electrolyte and 
gave similar potent iodynamic sweep and galvanostatic 
charging results. 

Electrochemical procedure.--After electropolishing, 
the electrodes were immersed in  a deaerated pH 2.8 
Na2SO4 solution under  cathodic polarization sufficient 
to reduce the prior 6-8A film of NiO. The procedures 
for subsequent ly  anodizing and reducing the nickel 
electrodes were as described elsewhere (1). 

With potentiodynamic sweep experiments,  anodic 
cycling of the freshly reduced electropolished nickel 
ini t ia l ly resulted in a slight increase of the electrode 
surface area. Consequently, the mult isweeps recorded 
in  this paper are those which were obtained after the 
a t ta inment  of reproducibili ty,  general ly after 5 sweeps 
at 10 mV sec -1. Single sweeps were also recorded, es- 
pecially when  the effect of a specific cathodic t reat-  
ment  on a previously anodized electrode was under  
study. 

Electrode surface activities were determined by 
either the potent iodynamic sweep or anodic potential  
step techniques. With the former, the surface activity 
of an electrode is given by the ratio of the charge 
under  its anodic current  peak (Fig. 1) to the corre- 
sponding (maximum) charge obtained when the elec- 
trode has an oxide-free s tar t ing surface. With the 
latter, surface activities were s imilar ly obtained from 
the ratio of anodic charges passed during the first 2 
sec after the potential  was stepped to its anodization 
value, dur ing which time the anodic current  fell by 
about three orders of magnitude.  Both techniques gave 
similar results. At pH 2.8, most of the measured anodic 
charge is due to nickel dissolution; therefore, the sur-  
face activity is a measure of the electrode's reactivity 
toward nickel dissolution. The surface activity of 
oxide-free nickel is by definition 100%. 

Results 
Kinetics of oxide formation and reduction.--Figure 1 

shows the potent iodynamic sweep profiles at 10 mV 
sec -1 for a nickel electrode in an unst i r red  pH 2.8 
Na2SO4 solution. Along with the main  anodic peak for 
nickel dissolution, two distinct cathodic peaks were 
observed with cycling in the range --1.5 to 0.0V. The 
cathodic peak at --1.4V was due to the deposition of 
nickel ions, Ni 2+, from solution. The main  cathodic 
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Fig. 1. Potentiodynamic current-potential profiles for a nickel 
electrode at 10 mV sac -1  in pH 2.8 Na2SO4 solution. The anodic 
reversal potential was 0.0V while the cathodic reversal potential 
was: ( ) --1.1V or --1.5V; ( - ' - )  - - I .0V;  ( . . ' )  --0.95V; 
( - - - )  - -0.gv; i.e., at various stages of  completion of oxide 
reduction. Sweep ( ) was identical to that obtained on an 
oxide-free surface, i.e., cathodically reduced electropolished 
nickel. 

peak  at --1.2V was associated wi th  oxide reduct ion  
and increased subs tan t ia l ly  wi th  potent ia l  and t ime of 
anodizat ion in the passive region. However,  the charge 
under  this  peak  gave anomalous ly  high oxide th ick-  
ness values,  the calcula ted NiO thickness being 40-50A 
after  cycling to 0.0V at 10 mV sec -z  (Fig. 1). 

F igu re  1 also shows the effect of cycling to different  
cathodic potent ia ls  (af ter  a constant  anodic t r ea tmen t )  
on the  nickel  dissolution peak. The anodic t r ea tment  
consisted of sweeping an ox ide- f ree  nickel  surface to 
0.0V. The anodic current  peak, and thus the surface 
activity,  increased wi th  increasing cathodic reversa l  
potent ia l  unt i l  --1.1V wi th  no fu r the r  change upon 
cycling to more  cathodic potentials .  S imi la r  results  
were  obtained by  revers ing the direct ion of the  anodic 
sweep at different  potentials .  F igu re  2 shows the de -  
pendence of surface ac t iv i ty  on anodic reversa l  po ten-  
t ia l  wi th  a constant  cathodic reversa l  potent ia l  of 
--0.9V. The oxide formed by  sweeping to more anodic 
potent ia ls  was increas ingly  difficult to remove.  

F igure  3 shows the dependence  of surface ac t iv i ty  on 
cathodic reversa l  potent ia l  af ter  p r io r  cycling to 0.0V 
(cf. Fig. 1) along wi th  the  effect of cathodic holding 
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Fig. 2. Dependence of percentage surface activity, obtained 
during an anodic sweep, on the anodie reversal potential of the 
previous sweep. After cycling to the various anodic potentials shown, 
an intervening sweep to --0.gv provided the standard cathodic 
treatment. Sweep rate was 10 mV sac -1.  
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Fig. 3. ( - - 0 - - )  Variation of surface activity with cathodic 
reversal potential after prior cycling to O.OV at 10 mV sec - I .  
( - - I Z - - )  Effect of time of cathodic holding at --0.9V on surface 
activity of electrode previously cycled to O.OV. The holding period 
at each potential corresponds to the additional time spent in cy- 
cling to that potential from --0.9V. Sweep rate was 10 mV sec -1.  

at --0.9V for the ex t ra  t ime spent  in the region of po-  
tent ia ls  more cathodic than  --0.9V. The t ime in cycling 
to various potent ia ls  at the same sweep ra te  is seen to 
be important ,  and in order  to s tudy separa te ly  the  role 
of t ime and potent ial ,  a potent ia l  step technique was 
used. 

F igure  4 shows the effect of t ime at var ious  cathodic 
step potent ia ls  on the  act ivat ion of a surface which 
was initially anodized at 0.0V for 90 sec. To obtain each 
data point the nickel surface was first given a complete 
reactivation followed by a potential step to 0.0V for 
90 sec, after which the potential was stepped to the 
cathodic value of interest for a certain period of time. 
The resulting activity of the surface was determined 
by stepping the potential back to 0.0V and measuring 
the anodic charge transient. 

The role of potential and time in the anodization of 
nickel was studied in relation to the cathodic reducibil- 
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Fig. 4. Variation of surface activity with potential and time of 
cathodic treatment after anodization at 0.0V for 90 sec. The 
potential step technique was used for both anodization and 
reduction, the cathodic potential of reduction being: ( - - [ 1 - - )  
--0.95V; ( - - � 9  - -03V;  ( - - O - - )  --0.85V. To determine the 
surface activity, a potential step treatment back to 0.0V was 
employed. 
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ity of the oxide formed. The change in surface activity 
recovered, using a constant cathodic treatment, was 
fol lowed as a function of the condition of anodization. 
Figure 5 shows the decrease in surface activity with 
increasing extent of oxidation using a standard cathodic 
treatment of 30 sec at --0.85V. The differences in oxide 
reducibi l i ty for the different oxidation treatments may 
be due to changes in the amount and/or the type of 
oxide. Since an accurate measure of the oxide cover- 
age was not possible wi th  the sweep method, another 
electrochemical technique (galvanostatic charging) 
was used in an attempt to determine the oxide reduc- 
t ion charge component. 

Galvanostatic reduction o] nickel oxide.--Figure 6 
shows the cathodic charging curves obtained with 
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Fig. 5. Variation of surface activity with potential and time of 
anodic treatment using an intervening cathodic treatment of 30 
sec at --0.85V. The potential step technique was used for both 
anodization and reduction, the potential of anodization being: 
( - - O - - )  --0.4V; ( - - I - ] - - )  --0.3V; ( - - ~ - - )  --0.2V. A potential 
step back to 0.0Y was used to determine the surface activity. 
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Fig. 6. Cathodic galvanostatic charging curves, at  20 # A  cm - 2 ,  
of nickel electrodes anodized for 90 sec at  potentials in the range 
- - 0 . 7 5  to - - 0 . 3 V .  

nickel  electrodes which had previously  been anodized 
at potentials in the range --0.75 to --0.3V for 90 sec. 
After the milder anodic treatments, two distinct ar- 
rests were resolved and labeled arrest 1 and arrest 2. 
The shape and size of the arrests were independent  of 
solution agitation by N2 bubbling during the cathodic 
treatment. Also the arrest structures did not signifi- 
cantly change on going from a solution Ni2 + content of 
0.2-100 #g m1-1. With increasing anodic treatment the 
two arrests were replaced by a single arrest, and the 
t ime required to attain the potential corresponding to 
hydrogen evolution from an oxide-free  surface in-  
creased�9 The development  of the cathodic charging 
profile with t ime of anodization at --0.6V is g iven in 
Fig. 7. 

Some general observations were made regarding the 
early stages of nickel  oxidation at different anodic po- 
tentials. Anodization for a t ime period of < 5 sec at 
--0.3V gave a cathodic charging profile s imilar to that 
obtained at less anodic potentials such as --0.6V for 
90 sec (Fig. 6). In both cases, arrests 1 and 2 were 
init ial ly  wel l  resolved with arrest i developing before 
2. Also, the potentiM of the plateau associated with  
arrest 1 for short t imes at --0.3V corresponded with  
that for longer anodizations at --0.6V. Indeed, the 
whole  spectrum of cathodic charging profiles associated 
with, e.g., 90 sec at --0.75 to --0.3V, could be obtained 
with various times at --0.3V. 

The dependence of the arrest charges on cathodic 
current was next  investigated. After mild anodizations, 
e.g., 90 sec at --0.55V, the charge associated with both 
arrest I and 2 increased with increasing cathodic cur- 
rent density (Fig. 8). The measured arrest t ime de-  
creased by less than one-half  in going from a cathodic 
current of 4 to 40 #A cm -2 rather than the expected 
factor of ~--10. The fact that the duration of the arrest 
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and 90 sec ( ' . . ) .  The open-circuit decay curve is given as ( - - - ) .  
The standard method was used for determining the transition time 
of the cathodic arrest and is illustrated for the first charging 
profile. The points of intersection of the extrapolated lines for the 
various charging processes are taken as defining the beginning and 
end of the oxide reduction arrest. 

was almost independent  of the cathodic charging rate 
indicates that  a nonelectrochemical  process, probably 
oxide dissolution, 1 was playing a significant role. The 
cathodic faradaic reaction of hydrogen evolution from 
the oxidized nickel surface was responsible for charge 
consumption. 

Role o:f nonelectrochemical  dissolut ion.--Open-cir-  
cuit experiments were performed to determine the sta- 
bi l i ty of the init ial  oxide toward dissolution. With a 
previous mild anodization treatment ,  e.g., V ~-- --0.55V 
for 90 sec, a t ime-dependent  fraction of the charge for 
arrests 1 and 2 disappeared on open circuit (Fig. 9). 
Indeed, with very th in  films the ini t ial  port ion of the 
open-circuit  decay curve was almost coincident with 
the cathodic charging profile and the t ime on open 
circuit required to dissolve the oxide corresponded ap- 
proximately with the t ime of arrest 1 and 2. The rate 
of open-circuit  dissolution was found to decrease with 
increasing anodization treatment .  With a previous 
anodization of 90 sec at --0.SV, the oxide arrest  charge 
decreased by only 15% after 60 sec on open circuit 
(Fig. 10). (The points of intersection of the extrapo-  
lated lines for the various charging processes were 
taken as defining the beginning and the end of the 
oxide reduct ion arrest.) During cathodic charging at 
20 ~A cm -2, this 60 sec encompassed all the cathodic 
arrest. Figure  11 shows the decrease of arrest charge 

The term oxide dissolution as used here includes both physi- 
cal undermining (1) and chemical dissolution (i.e., NiO + 2_f-I+ = 
Ni s+ + H20). 
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Determinat ion of oxygen  coverages.--Figure 12 
shows the dependence of the reduct ion arrest  charge 
on the cathodic charging rate for 90 sec oxidations at 
--0.3 and --0.2V. A l inear  dependence of arrest charge 
on cathodic current  was obtained with all but  the 
lowest charging rates. For those, the longer arrest times 
increased the probabi l i ty  that  nonelectrochemical  ox- 
ide dissolution was playing a role. The apparent  con- 
t r ibut ion from oxide dissolution during cathodic charg- 
ing was somewhat less than that predicted by open- 
circuit experiment  (Fig. 11). This was probably due 
to cathodic protection of the under ly ing  metal  during 
charging and the subsequent ly  diminished role of 
oxide undermining.  

Extrapolat ion of the l inear  port ion of the arrest 
charge profiles in Fig. 12 to icath = 0 gives oxygen cov- 
erage values of 0.55 and 0.46 mC cm -2. A surface 
roughness factor of 1.15 converts the former value to 
0.48 mC cm -2, which corresponds to one oxygen atom 
per surface nickel. To check on the extent  of comple- 
t ion of cathodic reduction dur ing the t ime of the ar-  
rest, the activity of the surface was determined at the 
end of the arrest. This was accomplished (1) by in -  
s tantaneously stepping the potential  back to either 
--0.3 or --0.2V, after cathodic charging to the end of 
the arrest, measuring the result ing anodic charge and 
comparing it with that obtained on a previously oxide- 
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Table I. Dependence of measured and corrected oxide reduction 
arrest charges and surface activity at end of arrest on previous 

anodization treatment 

Measured Corrected C u r r e n t  
A n o d i -  arrest  Surface arrest  effi- 

Poten- z a t i o n  c h a r g e , *  ac t iv -  charge,  ciency, 
t i a l ,  V t i m e  m C  c m  -~ i ty ,** % m C  c m  --~ % 

--0.5 90 sec 0.35 70 
- 0 . 4  90 sec 0.52 52 0.49 94 
- 0 . 3  90 sec 0.60 39 0.55 92 
- 0 . 2  90 sec  0.56 27 0.46 82 
- 0 . 1  90 sec 0.52 13 

0.0 90 sec  0.35 6 
- 0.3 17 m i n  0.45 
- 0 . 5  10 r a in  0.47 

* M e a s u r e d  a t  a cathodic charging current  of 20 ~ k  c m  -.. 
"* M e a s u r e d  a t  the end of the arrest .  

free nickel surface. With the 90 sec anodization at 
--0.3V, the activity at the end of the cathodic arrest 
was 39%, i.e., the other 61% of activity would be re-  
covered dur ing  the slow shift of cathodic potential  to 
the value associated with hydrogen evolution on ox- 
ide-free nickel. For 90 sec at --0.2V, the activity at the 
end of the arrest had decreased to 27%. The 39 and 
27% activity values were independent  of cathodic 
charging rate, indicat ing that the l inear  increase in  
the arrest  charge with io (Fig. 12) was not due to 
cathodic reduct ion of more of the oxygen on the sur-  
face. Table I gives the surface activity at the end of 
the arrest for oxidations in the range --0.5 to 0V. As 
may be observed, there was a substant ial  decrease in 
the percentage surface activity recovered at the end 
of the arrest with increasing potent ial  and time of 
anodization. Also incIuded in  Table I are the arrest  
charges measured at a cathodic current  of 20 ~A cm-2 
(Fig. 6). The arrest charge reached a max imum after 
90 sec at --0.3V and then began to decrease. Corrected 
arrest charge values, obtained by extrapolat ion to ic ---- 
0 (as in Fig. 12), are given in  the table and the cur- 
rent  efficiency is the ratio of the corrected charge to 
the total arrest charge measured at 20 ~A cm -2. 

Figure 13 shows the change in surface activity as a 
funct ion of cathodic charge passed dur ing galvanostatic 
charging after previous 90 sec anodizations at --0.4, 
--0.3, and --0.2V. It is to be noted that the surface 
activity values, wi thin  the t ime of the charge arrest, 
fall on fairly good straight lines. The deviat ion from 
l inear i ty  occurs at those points which mark  the end of 

SC 

G: 

o 
,?, 6c  

4c  

20 o~ 

q 

l 
/ 

J i I ~ I , [ 
0.8 1.6 2.4 3.2 

CATHODIC CHARGE (mC cm -2) 

Fig. 13. Increase in surface activity with cathodic charge passed 
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to give an indication of the cutoff points. 

the arrest, and the surface activity subsequent ly  in-  
creases more slowly. 

Discussion 
I t  has previously been shown that  the steady-state 

oxide on anodized nickel (9-12A of almost stoichio- 
metric NiO) could be reduced with a moderate cath- 
odic t rea tment  at pH 2.8. The present  results indicate 
that this is also true for the thinner,  nonsteady-sta te  
films formed by t ransient  anodization in pH 2.8 In situ 
cathodic reduct ion techniques, together with surface 
activity measurements,  were consequently used to gain 
an unders tanding of the ini t ial  oxidation processes. 

The potent iodynamic sweep experiments  showed that  
the electrode activity is highly dependent  on the anodic 
and cathodic reversal potentials (Fig. 1-3). However, 
the surface activity data provide only a quali tat ive 
measure of the degree of oxidation of the nickel sur-  
face, and independent  oxide thickness determinat ions 
are required. The potent iodynamic sweep technique is 
not quant i ta t ive since the calculated NiO thicknesses, 
from the oxide reduction peak charge, are anomalously 
high (e.g., 40-50A from Fig. 1). This result  can be ex- 
plained in terms of another cathodic reaction, most 
probably hydrogen evolution on NiO (1, 2), contr ibut-  
ing to the charge under  the current  peak and thereby 
decreasing the current  efficiency for oxide removal. 

The effect of potential  and time can be separated by 
using the potential  step technique (Fig. 4 and 5). The 
surface activity recovered after cathodic polarization 
is decreased by increasing either the t ime or potential  
of previous anodic polarization and increased by in-  
creasing the t ime and potential  of cathodic polariza- 
tion. 

Galvanostatic charging techniques were also used 
to reduce the film on anodized nickel. The cathodic 
charging curves of previously oxidized electrodes dis- 
play a definite arrest structure, not associated with 
Ni 2+ reduction, which varies with potential  and t ime 
of anodization (Fig. 6 and 7). Other workers have ob- 
served a less well defined arrest (4-6); however, l i t t le 
useful informat ion was obtained. In  the present  work, 
the very initial  oxygen coverages cannot be determined 
by cathodic charging techniques because of dissolution 
(Fig. 8 and 9). The significance of oxide dissolution 
decreases with increasing extent  of oxidation (Fig. 10 
and 11), but  continues to play an impor tant  role at the 
lowest cathodic charging rates, i.e., < 10 ~A cm -u (Fig. 
12). At the higher charging currents  the contr ibut ion 
of dissolution becomes negligible, probably because 
of increased cathodic protection of the nickel surface 
and /or  shorter times for oxide reduction, and oxygen 
coverage determinat ions are possible. The observed 
l inear  increase in apparent  oxide reduction arrest 
charge with ic above 5 ~A cm -2 (Fig. 12) is due to 
parallel  evolution of molecular  hydrogen. The contri-  
but ion from hydrogen evolution increases with cath- 
odic charging rate since reduction of the oxygen species 
on nickel is a slow surface process. Extrapolat ion to 
ic ---- 0 therefore gives corrected arrest charges, i.e., 
without the hydrogen evolution contribution. 

The corrected arrest charges do not represent  re-  
duction of all of the oxide formed dur ing anodization 
because the surface activities at the end of the arrests 
are less than  100%. A certain proport ion of oxide is 
removed after the distinct arrest, and this proportion 
increases with extent  of oxidation. Figure  13 shows 
that  dur ing the t ime of the arrest, there is a direct 
proport ional i ty between cathodic charge passed and 
surface activity recovered. Since the current  efficiency 
for removal of the oxygen species is very  high dur ing 
the arrest (Table I) ,  a direct relationship exists be-  
tween the oxygen coverage and recovered surface ac- 
t ivi ty over a wide coverage range. The surface activity 
increases more slowly with cathodic charge passed in  
the region after the arrest, indicat ing a fundamenta l  
change in the type of oxygen species undergoing re-  
duction. 
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From the above results it would appear that the 
anodic formation of an oxide film on nickel takes place 
in  a sequence of steps which depends on both the 
anodic formation potential  and t ime of polarization. 
At the very lowest coverages, the oxygen species are 
unstable  with respect to nonelectrochemical dissolu- 
tion (Fig. 8 and 9) and, al though an arrest s tructure is 
evident, oxygen coverages cannot be accurately de- 
termined. With fur ther  anodization, the stabil i ty of 
the oxygen species increases and permits  the detection 
of both chemisorbed oxygen and nucleated oxide at 
less than  one monolayer  coverage of the former, i.e., 
still in the early stages of oxidation. Reduction of the 
chemisorbed oxygen gives the single, distinct cathodic 
arrest with the current  efficiency for its removal ap- 
proaching 100%. However, some oxygen remains on 
the surface even after removal of the chemisorbed oxy- 
gen as indicated by the less than 100% recovery of 
surface activity after the arrest. This oxygen is prob-  
ably present  as nucleated oxide on active sites. Fur ther  
oxidation gives a m a x i m u m  corrected arrest charge 
corresponding to a monolayer  of chemisorbed oxygen. 
At the same time, there is enough nickel oxide on the 
surface to lower the activity by 60%, i.e., this oxide 
must  have formed on active surface sites since a very 
small amount  has a large effect on activity. Reduction 
of the nickel oxide after the arrest is an inefficient 
process and a prolonged cathodic reduct ion is required 
to restore complete surface activity. 

On anodic polarization for longer times and at higher 
potentials the chemisorbed monolayer  is converted to 
bulk  NiO. This oxide probably grows from the nuclei 
already present  on the active sites. As the oxide 
thickens the cathodic wave associated with the reduc- 
t ion of chemisorbed oxygen decreases and disappears 
and the current  efficiency for cathodic reduction of the 
oxide gradual ly  decreases due to the simultaneous 
production of hydrogen. The oxide is also much more 
stable on open circuit than  either the full or partial  
monolayer  of chemisorbed oxygen. 

This sequence of steps for the formation of oxide 
is quite similar to that  proposed for the uptake of 
oxygen on nickel under  u l t ra -h igh  vacuum conditions 
(7-9). In  this case the oxygen uptake can be measured 
by x - r ay  emission or Auger electron spectroscopy and 
structure changes followed by electron diffraction. The 
major  change from a chemisorbed oxygen structure 
to an oxide structure takes place at about one mono- 
layer coverage, bu t  some nuclei  of nickel oxide are 
present  on the surface before this. The growth rate of 
the film is consistent with the concept of expanding 
circles of oxide from a constant number  of nuclei pres- 
ent  from the beginning.  

The cathodic behavior  of the oxide with regard to 
the character of the cathodic waves, the potentials 
of the waves, and the final reduction potential  is 
also consistent with the proposed mechanism for the 
formation of the oxide. The ini t ial  chemisorbed layer 
cathodically reduces at a less negative potential  than 
the final bulk oxide. Because the potential  for reduc- 
t ion is less negative there is less contr ibut ion from 
hydrogen evolution as a secondary cathodic reaction 
and, as indicated in  Fig. 12 and 13, it is possible to re-  
duce the chemisorbed layer  with close to 100% current  
efficiency. A second factor affecting the reducibil i ty of 
the layer  is the difference in hydrogen overvoltage on 
the oxide and the metal. In  previous work it was shown 
that hydrogen overvoltage on clean nickel is much  
higher than on the anodically formed oxide. Hence the 
contr ibution of hydrogen  evolution to the cathodic 
current  is much less on a par t ia l ly  bare surface, such 
as one having less than a monolayer  of adsorbed oxy- 
gen plus some oxide nuclei, than on a surface fully 
covered with nickel oxide. 

The early presence of nucleated oxide is also indi-  
cated by the cathodic reduction curves. After oxidation 
at anodic potentials and times which give only part ial  

monolayer  oxygen coverage (e.g., --0.5V and 90 sec) 
the potential  after cathodic reduct ion of the chemi- 
sorbed oxide layer corresponds to the hydrogen over- 
potential  on oxide. The presence of oxide is confirmed 
by the less than 100% surface activity after reduction 
of chemisorbed oxygen. The involvement  of active sites 
as nucleat ion centers for nickel oxide follows from its 
coexistence with a monolayer  of chemisorbed oxygen. 
The active sites could be surface defects, previously 
reported to be preferent ial  centers for oxide nucleation 
(10-12). 

The part ial  monolayers formed at short times and 
low anodic potentials are easily removed by either 
chemical dissolution or cathodic reduction. At close to 
the monolayer  coverage observed at higher potentials 
the adsorbed film is more stable toward chemical dis- 
solution. This may be due to either a decrease in free 
nickel surface area leading to a decrease in  under -  
mining  of the oxygen-containing film or a change in 
the character of the layer. The la t ter  could result  from 
a place exchange t ransformat ion (13-15) with al ter-  
nate oxygen atoms exchanging with the nickel atoms. 

Little informat ion can be obtained by cathodic re- 
duction about the thickness and/or  coverage of the ini-  
t ial ly formed oxide due to the significant contr ibut ion 
of parallel  oxide dissolution and hydrogen evolution. 
With fur ther  oxidation the amount  and stabili ty of the 
nickel oxide increased. After  the corrected arrest 
charge had reached a max imum value corresponding to 
approximately a monolayer  of NiOads, the increase in  
area of oxide coverage should be obtainable from the 
decrease in the arrest change. However, caution must  
be used since the thickness of the oxide nuclei may be 
changing during oxidation (i.e., 9-12A oxide nuclei 
may not be present  from the beginning) .  Also, the slow 
increase in cathodic potential  observed after fairly 
strong anodic t reatments  will give distinct cathodic 
arrest structures if the t ime scale is sufficienly insensi-  
tive. Such a si tuation arose in a previous paper (1) after 
both 15 and 60 sec at 0.0V. However, the arrest 
charges corresponded to more than ten times the maxi-  
mum measured coverage with nickel oxide (1-3), i.e., 
the current  efficiency for cathodic reduction was very 
low during the so-called arrest. Under  such circum- 
stances, the observed cathodic arrest will have little 
significance with regard to oxygen coverages and the 
na ture  of oxygen species on the anodized surface. It is 
therefore important  to have informat ion about the cur-  
rent  efficiency for oxygen reduct ion dur ing the arrest 
before drawing conclusions about the significance of 
the arrest. 

The present  results allow nickel oxidation to be 
roughly divided into three regions according to oxygen 
coverage: (i) very thin, i.e., substant ial ly less than one 
oxygen atom per surface nickel; (it) intermediate,  i.e., 
ca. one oxygen atom per surface nickel; and (iii) 
thick, i.e., up to the 3 to 4 oxygen atoms per surface 
nickel found in the steady state. Initially, both ehemi- 
sorbed oxygen and oxide are formed on the surface 
but the amount of oxide is only substantial after a 
monolayer of NiOads has formed. With continued oxi- 
dation, the NiOads is converted to NiO with the even- 
tual formation of the 9-12A oxide film. As indicated by 
the structure in the cathodic charging curves, this 
general mechanism of oxidation is the same over the 
wide range of anodic potentials studied. 

Summary 
1. Surface activity measurements  can give a relative 

measure of the degree of oxidation and/or  reduction of 
nickel and the stabili ty of the oxygen species present  
toward either reduction or dissolution, but  not the 
amount  of oxygen on the surface. 

2. The course of oxidation of a nickel electrode can 
be followed with cathodic charging techniques, the 
oxide arrest s t ruc ture  varying  with the extent  of prior 
anodization. 
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3. The cathodic charging technique indicates that  
two distinct oxygen species, most probably chemi- 
sorbed oxygen and nickel oxide, are formed on the 
surface. 

4. Chemisorbed oxygen is reduced with a current  
efficiency close to 100% and gives a distinct arrest 
structure.  Oxygen coverages can be determined since 
the roles of nonelectrochemical  dissolution and parallel  
hydrogen evolution can be separated out from the 
cathodic reduct ion reaction. 

5. The current  efficiency for reduct ion of nickel oxide 
is poor and oxide coverages cannot be determined di- 
rectly. 

6. Oxidation ini t ia l ly  gives nickel oxide at the active 
sites with s imultaneous formation of NiOads, over the 
rest of the surface, up to a monolayer  coverage. Fu r -  
ther  oxidation converts the NiOads to nickel oxide. 

Manuscript  submit ted June  3, 1976; revised ma nu-  
script received Aug. 4, 1976. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  197'7 JOURNAL. 
All  discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by the 
National Research Council of Canada. 
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Charge Transfer Processes during Anodic Polarization 
of Aluminum 
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ABSTRACT 

Dur ing  prolonged anodizing of a luminum in aqueous 3 weight percent  am- 
monium tartrate,  ionic current  components represent ing porous oxide devel-  
opment and a luminum dissolution were evaluated by gravimetry  and optical 
absorbance, respectively, and compared to the total flow of charge measured in  
the external  circuit. Electrolytes of pH 6.1 and 7 were studied. The dissolution 
of a luminum was markedly  higher at pH 7, whereas the rate of porous oxide 
development  was only slightly increased. In  both cases an electronic current,  
obtained by difference, was evaluated, but  it was very small at pH 7. At pH 7 
a large nonelectrodic dissolution of a luminum was seen at the onset of anodiz- 
ing. These observations are discussed in  terms of steady-state processes in  the 
barr ier  oxide layer  involving both ionic t ransport  and oxide dissolution. 

Recent work has shown that  a steady-state current  
develops dur ing prolonged anodizing of a luminum in 
aqueous solutions of ammonium tar t ra te  that  is 
characteristic of the applied potential  difference (1). 
It has been fur ther  shown that  anodic films formed in 
this electrolyte, al though t radi t ional ly  regarded as 
"barr ier- type,"  are, in fact, analogous to films formed 
in the t radi t ional ly  "pore-forming" electrolytes (e.g., 
sulfuric acid), both with respect to s tructure develop- 
ment  and t ransient  behavior of the anodic current  at 
constant  applied potential  difference (2, 3). In  a t tempt-  
ing to unders tand  both steady-state and t ransient  
aspects of the anodic current  it is per t inent  to know 
the na ture  of the charge transfer  processes that  occur 
at the anode. During development  of a barr ier  oxide 
layer  and, in pore-forming electrolytes, subsequent  
growth of a porous layer, the mode of charge t ransfer  
through the anodic oxide has been tacitly regarded as 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** Electrochemical Society Active M e m b e r .  
Key  w o r d s :  a l u m i n u m  ox ide ,  anodic oxidation, polarization, 

c h a r g e  transfer. 

ionic for good and obvious reason. O'Sul l ivan and 
Wood, in their excellent treatise, discuss possible ionic 
processes in detail (4). The actual mechanism of ionic 
charge transfer  is not certain, however, re lat ively 
recent tracer studies having supported cationic 
flow (5), anionic flow (6), and migrat ion by both 
anions and cations (7, 8). While cationic current  must  
be pr imari ly  due to aluminic ion, there may be a small  
protonic contr ibut ion (9, 10), and anionic current  may 
be at t r ibuted to hydroxyl  ions (9-12), oxide ions 
(8, 12), and acid anions (13, 14). In  contrast, interest  
in anodic a luminum oxide films formed in "barr ier -  
forming" electrolytes has s temmed largely from their  
abil i ty to rectify a l ternat ing current.  Again for obvious 
reason, the charge transfer  mechanism in this case has 
been tacitly regarded as electronic, prompting con- 
siderable study of the role of both electronic and 
s tructural  defects (11, 15-24). Electronic defects may 
arise either by hole inject ion at the meta l /oxide  in te r -  
face, or electron inject ion at the oxide/electrolyte 
interface occasioned by oxygen l iberat ion from water, 
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hydroxyl  ion, or other oxyanions. Diggle et al. (25) 
have suggested that the charge t ransfer  mechanism in 
bar r ie r - type  films is field dependent;  at high fields, 
the film is growing and both electronic and ionic flow 
occur, whereas at low fields this is not the case, only 
electronic flow being seen. Clearly the growth of a 
porous oxide layer on prolonged anodizing even in 
barrier-forming electrolytes, cited above (2, 3) and 
previously noted by others (26-28), is indicative of 
ionic flow under steady-state conditions. 

The present study was performed to distinguish 
between ionic and electronic currents passed during 
prolonged anodizing of aluminum in a barrier-forming 
electrolyte. This was accomplished by measuring 
(i) the total current, and (it) the ionic current, the 
latter being represented by the appearance of alum- 
inum in the oxide film and also dissolved in the electro- 
lyte. The electronic current (iii) was then established 
as the difference between (i) and (it) above. 

Exper imental  Procedures 
Anodic oxide films were formed on cylindrical  spec- 

imens, approximately 1 cm long and 1/2 cm in diam- 
eter, prepared from 1/4 in. diameter  rod of 99.9995% 
or 99.999% pur i ty  (obtained from Materials Research 
Company and Leico Industries, Incorporated, respec- 
t ively).  The specimens were center drilled and tapped 
on one end for incorporation into a specimen assembly 
described by Greene (29), mechanical ly polished to 
600 grit SiC paper, degreased with benzene followed 
by methanol,  and finally rinsed with doubly distilled 
water. Some specimens were annealed at this stage of 
preparat ion for 1 hr at 80~ but  this was found to 
have no effect on the exper imental  results. Subse- 
quent ly  the specimens were chemically polished for 
20 min  in  a solution of 3 parts nitric acid, 80 parts 
phosphoric acid, and 17 parts distilled water, rinsed 
with doubly distilled water, and dried with warm air. 

Anodizing was conducted in a standard six hole 
Corning polarization cell, described by Greene (29). 
This incorporated two platinum counterelectrodes as 
well as the aluminum working electrode, a thermom- 
eter, and a gas inlet tube by which the electrolyte 
was continuously purged with nitrogen. Before each 
experiment all assemblies were meticulously cleaned 
with detergent, followed by concentrated hydrochloric 
acid, and thoroughly rinsed with doubly distilled water. 
All experiments were conducted at 30 ~ • 0.5~ 
The anodizing electrolyte was a solution of 3 weight 
percent (w/o) reagent grade ammonium tartrate in 
doubly distilled water, in one portion of the work 
this solution was used as-prepared, having a pH 
value of 6.1; in other experiments it was titrated with 
dilute ammonium hydroxide to pH 7. The cases have 
been distinguished in reporting the results. In all ex- 
periments the anodic current was initially controlled 
at 1 mA/cm 2 until the anodizing potential reached 
5OV. This required approximately 5 rain. Subsequent 
to this point in each experiment the potential was 
controlled at 50V. Experiments were terminated after 
intervals ranging from the point at which constant 
potential was imposed to 64 hr. 

Several experiments were run for each anodizing 
time; except as noted all results are reported as 
averages determined from actual experimental values, 
with the data spread indicated where possible. For 
each experiment the following measurements were 
made: 

(a) Total charge passed. Total charge passed after 
a given anodizing time was determined by integrating 
the as-recorded anodic current over time, using Strop- 
son's rule. Values were normalized by division by 
individual, as-measured specimen areas. 

(b) Oxide film weight. Two methods were used to 
determine the weight of oxide film formed during 
anodizing. In one technique the anodized specimens 
were carefully washed with doubly distilled water, 
then with methanol, and dried in a dessicator. The 
films were then removed by immersion of the speci- 

mens in a saturated aqueotts mercuric chloride solu- 
tion. The films were rinsed in  doubly distilled water  
and again in methanol.  The lower surface tension of 
methanol  as compared to that  of water reduced the 
degree of distortion seen in the films on drying. The 
dried films were weighed with a Cahn RG electro- 
balance; repeti t ive measurements  showed a repro- 
ducibil i ty of 1 ~g. The films were not removed intact; 
in order to obtain the area represented by each weight 
measurement  the films were photographed together 
with a scale and the areas of the resul t ing images were 
determined with a planimeter .  

The other technique involved making three weight 
determinat ions for each specimen: (i) weight before 
anodizing, (it) weight after anodizing, arid (iii) weight 
after removal  of the anodic film. Weight (it) minus 
weight (iii) constituted the weight of the oxide film, 
while weight (i) minus weight (iii) represented the 
total a l u m i n u m  reacted. Oxide film removal  was ac- 
complished by repeated brief  immersions in a hot 
phosphoric-chromic acid solution (30), with degree of 
film removal  being monitored by weight measurement.  

The second of these methods provided an additional 
evaluat ion of the total .amount of .aluminum reacted, 
providing an in terna l  check for each experiment,  but  
was less sensitive than  t,he first method due to the 
greater mass being weighed. Results using the two 
methods were in agreement. 

(c) A luminum dissolved in the electrolyte. Although 
this could be .determined indirect ly by  the second 
gravimetric  technique described above, it was mea-  
sured directly for each exper iment  using an optical 
absorbance technique, ASTM Standard D857-69, 
Method C (31). This method was modified by omission 
of correction procedures for i ron and fluoride, and by 
preparing standard solutions for calibration with fresh 
anodizing solution rather  than with distilled water. 
A Cary spectrophotometer Model t4R was used. 

In addit ion to the measurements  described above 
selected films and substrates were examined using a 
Phillips EM3(}0 transmission electron microscope and 
a Cambridge scanning electron microscope, respec- 
tively. 

Results 
Typical anodic current vs. time curves are shown in 

Fig. 1 for pH 6.1 and 7. The behavior of anodizing 
current over extended periods of time is analogous to 
that previously reported (I, 2). A dependence of cur- 
rent on pH is evidenced, with current values being 
higher for pH 7 than for pI-I 6.1. The total charge 
passed is shown as a function of time in Fig. 2. Since 
the anodizing current is virtually constant after the 
first few hours, the charge passed is linear with time, 
with a nonzero intercept indicative of the relatively 
high current passed during the initial constant current 
region of anodizing. The slopes for pH 6.1 and 7 are 
21.44 and 28.14 ~A/cm 2, respectively. The oxide film 
weight, shown vs. anodizing time in Fig. 3, exhibits a 
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similar  behavior, being approximately  l inear  z with 
slopes of 5.84 and 6.57 ~g/cm2hr at pH 6.1 and 7, respec- 
tively. Again, a nonzero intercept  is seen, representa-  
tive of rapid film formation under  constant anodic cur-  
rent. The amoun t  of a luminum dissolved in the anodiz- 
ing electrolyte is shown in Fig. 4. Again, the behavior 
is approximately linear, 1 with a substant ial  dependence 
on pH, the slopes being 2.84 and 5.75 ~g/cm2hr for pH 
6.1 and 7, respectively. A near  zero intercept  and small 

W e r e  the  e r r o r  b r a c k e t s  extended to the  95% confidence limits 
on the  m e a n  of each  da ta  set,  t h e  re la t ionsh ip  would  be  l inear.  
Fo r  conven ience  in the  ensu ing  discussion, l inearity is assumed. 

experimental  scatter are seen at pH 6.1, while at pH 
7 the intercept  is approximately  90 #g/cm2 and  the 
scatter in analyses is substantial .  

Transmission electron microscopy revealed pore de- 
velopment  similar  to that previously described (2), 
with pore ini t iat ion approximately coincident with 
the mi n i mum in anodizing current  shown in Fig. 1. 
With the use of stereo pairs (2), it was possible to 
directly measure the barr ier  layer thickness to be 
625 ~_ 15A, corresponding to an anodizing constan.t 
of 12.5 • 0.3 A/V. SEM rexamination of the substrates 
revealed a substant ial  surface roughness, character-  
istic of chemical polishing. 

Discussion 
As noted in the preceding, a basic premise of this 

study was that the ionic current  passed through the 
oxide could be accounted for by the appearance of 
a luminum as oxide and as a lumina te  ion dissolved in  
the electrolyte. It was fur ther  presumed that  the 
difference between this value and the total current  
passed must  represent  electronic current.  To facilitate 
comparison data from Fig. 3 and 4 were converted to 
equivalent  charge, assuming that the oxide was stoi- 
chiometric AI2Q and that three equivalents  of charge 
were passed for every gram atomic weight of a lu-  
m i n u m  oxidized. Figures 5 and 6 depict these compari-  
sons for pH 6.1 and 7, respectively. The comparison 
for pH 6.1 is straightforward; the sum of the two ionic 
components of the charge passed, subtracted from the 
total charge passed, yields a net charge flow which 
must  be a t t r ibutable  to electronic flow. This is not 
t rue at pH 7, where the sum of the ionic components is 
more than can be accounted for by the observed flow 
of charge through the external  circuit. 

This apparent  discrepancy may be explained as 
follows. At pH 6.1 the charge represent ing dissolved 
a luminum has a zero intercept, ind ica t ing  that  the rate 
of dissolution essentially is constant in time. The total 
charge and the charge represent ing the oxide film have 
essentially identical positive intercepts, represent ing 
the init ial  high curren.t period of anodizing. At pH 7, 
on the other hand, the charge flow due to dissolved 
a luminum,  although linear, has a large positive in ter-  
cept, represent ing a high dissolution rate at the onset 
of anodizing. This high rate is effective only for a 
brief period (results not shown in Fig. 6 suggest a 
pericd of less than 30 rain of anodizing),  beyond which 
the dissolution rate diminishes to a relat ively small, 
constant value. The ini t ial  rapid dissolution of a lum-  
inum is clearly a nonelectrodic process, inasmuch as 
there is insufficient charge flow in the external  circuit 
to account for the oxidation of all of the a luminum by 
clectrodic processes. (As an example of such a non-  
electrodicrprocess, we suggest reduction of one or both 
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carboxyl groups on the tar t ra te  ion by a luminum as 
more l ikely than evolut ion of hydrogen from hydroxyl  
ion or water  due to the overwhelming tar trate  concen- 
t rat ion and the weaker na ture  of the carbon-oxygen 
bond as compared to the hydrogen-oxygen bond. These 
postulated reactions may be written, respectively 

3C4H406 = + 4A1 -t- 3H20-> (C4H6Os=)sA1 ~+ + 3A102- 
[1] 

3C4H406 = + 8A1 + 6H20 

--> (C4HsO4=)~(A13+)2 + 6A102- [2] 

The reaction products are alcohols in which an ionic 
a luminum-oxygen  bond has replaced a covalent hydro- 
gen-oxygen bond.) Such a reaction will diminish 
markedly  in  rate as the anodic oxide develops; con- 
sequently, the nonelectrodic dissolution is expected to 
be least significant in environments  in which the anodic 
oxide is least soluble and therefore, develops most 
rapidly. In this regard it may be shown that anhy-  
drous a-A12Os exhibits m in imum solubil i ty in the 
vicini ty of pH 5 (32). At higher pH, therefore, the 
solid oxide experiences a greater frequency of in ter -  
action with solvating hydroxyl  ions via the reaction 

A1203 -I- 2 O H -  --> 2A1Os- -I- H~O [3] 

so that  the rate of dissolution as well as the equi l ibr ium 
solubil i ty must  increase with increasing pH. Clearly, 
ini t ial  formation of the barr ier  oxide must  progress 
more slowly at higher pH, allowing more t ime for 
nonelectrodic dissolution in agreement  with observa- 
tion. (Although we recognize that there is consider- 
able var iat ion in the solubil i ty data per ta ining to the 
various morphological forms of a luminum oxide, and 
that  the anodic oxide may be more properly regarded 
as a pseudo-amorphous "y-A120~ rather  than a-A1203 
(33), we believe this a rgument  to be qual i tat ively cor- 
rect.) 

Al though the occurrence of a nonelectrodic process 
precludes meaningful  comparison of the components 
of the total charge passed at pH 7, it is clearly a 
discrete event per ta ining only to the onset of anodizing 
and does not preclude comparison of components of 
the s teady-state  current  developed after several hours 
of anodizing. Such currents, i .e . ,  the slopes of the 
curves in Fig. 5 and 6, are listed in  Table I. These 
values clearly indicate that  the s teady-state  anodic 
current  can be fully explained by electrodic reactions 
involving both ionic and electronic currents. 

Table I. Steady-state anodic current components 

Dis- Total  Elec- 
Net  A1 as so lved ionic tronic 

pH current  oxide A1 current  current* 

6.1 21.44"* 9.21 8.46 17.67 3.77 
7 28.14 10.64 17.13 27.77 0.37 

* By difference.  
** Current reported i n / ~ / c m  =. 

In  discussing the values reported in Table I it is in-  
structive to make use of the oxide growth/field-assisted 
dissolution model for porous oxide development  (4, 9) 
depicted in Fig. 7. In this model a stable barr ier  oxide 
layer is presumed to exist, represent ing a steady-state 
balance of oxide growth due to field-assisted ionic 
t ransport  on the one hand, and field-assisted dissolution 
of the oxide by the electrolyte on the other. A portion 
of the oxide dissolved by the electrolyte is presumed 
to precipitate to form a growing porous s t ructure  
whose presence does not significantly affect the steady- 
state processes in the barr ier  layer. Recent dielectric 
studies have shown that the resistance of the film is 
dominated by the barr ier  layer even in the presence 
of a porous oxide layer orders of magni tude  thicker 
(34). Components per ta in ing to barr ier  oxide develop- 
ment  are plotted vs .  field s trength in the barr ier  oxide. 
To a first approximation, the rate of t ransport  of ions 
through the oxide can be regarded as exponential  with 
respect to the field (15), while a l inear  dependence of 
oxide dissolution on field has been previously assumed 
and found to be valid in describing the increase of 
pore diameter and depth with time (2). It is useful, 
but  not essential, to  regard the field s t rength as in-  
versely proport ional  to barr ier  layer thickness, al-  
though it is clear that this represents an oversimplifica- 
tion (35). No significant dependence of ionic t ransport  
on pH is expected; however, as discussed above it may 
be assumed that the oxide dissolution rate will be 
higher at pH 7 than at pH 6.1, as illustrated. The 
dashed curves in Fig. 7 represent the net growth rate 
of the barr ier  layer, w i t h  the terminal  or steady-state 
barr ier  layer being represented by zero growth rate. 
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The s t eady- s t a t e  flux of ions th rough  the oxide is 
c lear ly  g rea te r  at  p H  7 than  at  pH 6.1, reflecting the 
grea te r  value  of the  field at  s teady  state. This is in 
agreement  wi th  the  values  of total  ionic flux repor ted  
in Table I. 'This model  provides ,  however,  no basis 
upon which  to separa te  the  to ta l  ionic flux into com- 
ponents  r epresen t ing  growth  of porous oxide and d is -  
solution. Empir ica l ly ,  the g rowth  ra te  is r e l a t ive ly  
insensi t ive  to pH while, in agreement  wi th  the fore-  
going discussion, the  dissolut ion ra te  is m a r k e d l y  en-  
hanced by  increase  in pH in this  range.  

The  observed dependence  of electronic cur ren t  on 
pH must  be associated with  a pH dependence  of re -  
ducing agents at the  ox ide /e lec t ro ly te  interface.  
Smi th  (22) has suggested e lec t ron inject ion by  hyd ro -  
xy l  ions as the  or igin of the electronic current ,  a l though 
he and others  l a te r  espoused a "weak  spot" theory  for 
conduct ion in anodic films (23, 15, 24). If  e lectron 
in jec t ion  by  h y d r o x y l  ion oxidat ion,  in fact, occurs, the  
increased ava i l ab i l i ty  of hyd roxy l  ion at h igher  pH 
would  suggest  an increased electronic current .  On the 
o ther  hand, the  da ta  indicate  a m a r k e d  increase in the 
dissolut ion of oxide wi th  increase  in pH, effectively 
consuming nea r - su r face  hyd roxy l  ions b y  means  of 
react ion (3). In  o ther  words, the h igher  flux of a lum-  
inum through  the ox ide /e l ec t ro ly te  in terface  m a y  re-  
duce the res idence t ime of hyd roxy l  ions at  the surface, 
t he reby  reducing the  p robab i l i t y  of an oxida t ion  event. 
I t  is also possible to pos tu la te  oxidat ion  of the t a r t r a t e  
hyd roxy l  groups as the  e lec t ron inject ion mechanism, 
again  wi th  the  increased ins tab i l i ty  of the surface oxide 
as the reason for reduced levels  of in ject ion at  h igher  
pH. Clea r ly  fu r the r  work  involving other  pH values 
is necessary in order  to be defini t ive about  this point. 

In  accord wi th  the  model  of pore  development ,  oxide 
film weights  obta ined pr ior  to the appearance  of the 
current  m in imum in Fig. 1 a re  represen ta t ive  of the 
ba r r i e r  l ayer  which, dur ing  the per iod of rap id  cur ren t  
decay pr io r  to the  minimum,  is growing only ve ry  
slowly. Weights  of films grown for 30 min in both 
pH 6.1 and 7 e lect rolytes  are  a p p r o x i m a t e l y  equal, 
27 ~g/cm 2. Using an oxide dens i ty  of 3.2 g / cm 3 (36, 37) 
this observa t ion  corresponds to an anodizing constant  
of 16.9 A / V  in contras t  to the d i rec t ly  observed value  
of 12.5 A/V.  S imi lar ly ,  the  s t eady-s t a t e  cur ren t  va lue  
of 28.14 ~A/cm 2 measured  at pH 7 is in contras t  to the 
va lue  of 17 ~A/cm 2 obtained in the same env i ronment  
on e lect ropol ished specimens (2). Both of these appa r -  
ent  discrepancies  may  be a t t r ibu ted  to the significant 
surface roughness  der ived  f rom the chemical  pol ishing 
technique.  Defining a surface roughness  factor  as the 
ra t io  of the t rue  surface area  to the macroscopic sur -  
face area, values  of 1.35 and 1.65 are  der ived  for the  
t w o  observat ions,  respect ively,  in qua l i ta t ive  agree -  
ment  wi th  SEM observat ions of the substrate .  

Conclusion 
The s t eady-s t a t e  l eakage  cur ren t  observed  on 

anodizing a luminum in a b a r r i e r - f o r m i n g  electrolyte ,  
3 w/o  ammonium tar t ra te ,  m a y  be regarded  as the  sum 
of th ree  components:  ionic currents  leading  to porous 
oxide  fo rmat ion  and to dissolut ion of a luminum,  and 
an electronic cur ren t  observed as the  difference be-  
tween the net  cur ren t  and the ionic currents.  The net  
cur ren t  increases f rom pH 6.1 to 7, l a rge ly  due to a 
doubl ing in the ra te  of a luminum dissolution, whi le  the 
ra te  of porous oxide  format ion  is r e l a t ive ly  pH in-  
sensitive. The electronic current  decreases wi th  in-  
crease in pH, represen t ing  17% of the  total  cur ren t  
at pH 6.1, but  only  1.3% at pH 7. These observat ions  are  
consistent  w i th  an es tabl ished model  of s teady  s tate  in 
the ba r r i e r  oxide laye~ wi th  an increase  in the ra te  
of f ield-assis ted dissolution at the h igher  pH. The 
decrease in electronic cur ren t  wi th  pH is a t t r ibu ted  to 
ins tabi l i ty  of the oxide surface wi th  a consequent de-  
crease in the res idence t ime of reducible  species. A 
marked  nonelectrodic  dissolut ion of a luminum is seen 
at  pH 7, a t t r ibu ted  to t a r t r a t e  ion reduction.  
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Studies of the Ag-Pt Interface Formed by Ag Deposition 
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ABSTRACT 

Vapor  deposition, th in  film fabr ica t ion  techniques have  been appl ied  to the 
p repa ra t ion  of P t  e lectrodes of var ious  topographies.  Large  var ia t ions  were  
observed in the electr ical  resis t ivi t ies  of these  electrodes as a funct ion of 
porosities.  The effect of these film p repara t ion  techniques on Ag e lec t rodep-  
osition f rom solutions of AgC104 in sulfolane was examined.  Roughness factors, 
obtained f rom different ia l  capaci tance measurements ,  va r i ed  f rom 1.0 to 32.8 
over  the  range  f rom bulk  P t  to the most porous films. Analys is  of cyclic 
vo l tammet r ic  da ta  and double  potent ia l  s tep chronocoulometr ic  resul ts  indi -  
cate  s i lver  deposi t ion occurs wi thout  underpo ten t ia l  deposi t ion in sulfolane in 
contrast  to behavior  found in aqueous medium. Li t t le  difference is noted 
in the  dif fusion-control led Ag deposi t ion currents  as a funct ion of active 
electrode surface area  except  at the  shortest  e lectrolysis  times, ~ 5  msec. 
Auger  e lect ron spectroscopy and argon ion sput te r  etching were  used to ex-  
amine  the surface and dep th  profile of control led po ten t ia l -depos i ted  thin 
layers  of Ag. Porous films showed deep pene t ra t ion  of al l  moni tored  species 
(Ag, Pt, S, C1). Detectable  amounts  of solvent  and Ag are  found throughout  
the film electrode.  The degree of pene t ra t ion  decreases rap id ly  wi th  increasing 
film density.  The surface analysis  resul ts  have been cor re la ted  to the  e lect ro-  
chemical  behavior  and in te rp re ted  in terms of the  extent  of solvent,  solute 
in terac t ion  pr io r  to electrodeposi t ion.  

In  recent  years,  the  in teres t  in using thin  meta l  films 
for basic e lectrochemical  studies has increased.  High 
pur i ty  surfaces of var ious  s toichiometr ies  and topog-  
raphies  are  rou t ine ly  p repa red  using a va r i e ty  of high 
vacuum techniques (1-7). Highly  reproducib le  surfaces 
can be produced which need no addi t ional  p r e t r ea t -  
ment  and are  thus not  subject  to possible ar t i facts  
caused by  polishing or o ther  chemical  t rea tment .  

We have prev ious ly  s tudied the var ia t ion  in he te ro-  
geneous charge t ransfe r  ra te  of the ferrocene oxidat ion  
in the aprot ic  solvent  sulfolane, at a va r i e ty  of vapor  
deposi ted meta l  films (7). This p resen t  work  describes 
the  e lectrochemical  deposi t ion of s i lver  using this sol- 
vent  system. Studies  in sulfolane are  free f rom compli-  
cating electrode reactions,  especial ly oxidat ion and re-  
duct ion of the  metal l ic  surface (1, 7). In addition, i t  
is possible to measure  the solvent  in terac t ion  wi th  the  
electrode using surface analysis  techniques such as 
Auger  electron spectroscopy (AES) .  This in terac t ion  
may  expla in  the  abnorma l ly  low rates  of heterogeneous 
charge t ransfer  de te rmined  in this solvent  (7). 

Extens ive  studies of s i lver  deposi t ion in prot ic  sol- 
vents  have  been repor ted  for bu lk  metal,  single crys ta l  
and vapor -depos i t ed  thin film electrodes (3, 6, 8-10). 
These da ta  have led to the conclusion that  the  diffu- 
s ion-control led  e lect rodeposi t ion process is preceded by  
one or more  monolayer  deposi t ions of the  meta l  at  
potent ia ls  posi t ive to the  formal  reduct ion potent ia l  
(8). Direct  p la t ing  then  proceeds on this underpo ten-  
t ia l  deposi ted layer .  

This e lect rodeposi t ion react ion represents  the  most 
direct  type  of e lectrode interact ion.  The deposi t ion of 
s i lver  was selected to demons t ra te  the extent  of sol- 
vent  and depolar izer  interact ions wi th  severa l  p la t inum 
film types. These processes were  s tudied by  comparing 
electrochemical  behavior  of thin films in the absence 
and presence of s i lver  ion fol lowed by  surface analysis.  

* Electrochemical  Society Active Member. 
1 Present  address: Chemistry Department,  Michigan State Uni-  

ve r s i t y ,  Eas t  L a n s i n g ,  M i c h i g a n  48824. 
K e y  w o r d s :  t h i n  fi lm electrodes,  surface capacitance, ch rono -  

c o u l o m e t r y ,  Auger  electron spectroscopy, ion sputter etching. 

Surface analysis  techniques have  been employed in-  
creas ingly  to s tudy e lect rode surfaces in a t tempts  to 
de te rmine  the type  and extent  of in terac t ion  wi th  solu-  
t ion components  (1, 11) or to deduce stoichiometr ic  
changes where  mixed  meta l  or meta l  oxide electrodes 
are employed (12-15). The e lect rodeposi t ion of s i lver  
from solut ion has served as a model  for these studies, 
especial ly the Auger  analysis  of thin metal l ic  films 
(1,16). Results  repor ted  here  per ta in  to the s tudy of the  
s i lve r -p la t inum electrode system. Complete  detai ls  of 
the surface analysis  techniques and examina t ion  of 
possible exper imenta l  a r t i fac ts  wil l  be descr ibed else- 
whe re  (16). 

Experimental 
Chemical  purif icat ion procedures  for sulfolane (Shell  

Chemical)  have been prev ious ly  descr ibed (17). Te t r a -  
bu ty l ammonium perch lora te  (TBAP)  and si lver  pe r -  
chlorate,  both obtained from Eas tman Chemicals,  were  
recrys ta l l ized  f rom ethanol.  

P la t inum film electrodes,  20-30 nm thick, were  p re -  
pared  by  vapor  deposi t ion sputter ing.  The detai ls  of 
this technique and a descr ipt ion of the resul tan t  films 
can be found in Ref. (1) and (2). The densi ty  of the 
deposi ted meta l  was control led by  vary ing  the argon 
pressure  (20-80 ~m) and by  control l ing the p la t inum 
targe t  bias potent ia l  (1-4 kV).  The highest  densi ty  
films were  fabr ica ted  using e lect ron beam evapora t ion  
of p la t inum under  u l t r ah igh  vacuum (~10 -9 Torr)  
condit ions (16). These thin films were  deposi ted onto 
e i ther  quar tz  (Esco Products)  or sapphi re  (Adolph 
Muel ler  Company)  substrates.  Both surfaces were  of 
good optical  qual i ty  (~25A rms roughness) .  The 
substrates  were  c leaned by  (i) boil ing in t r ich loro-  
ethylene,  (ii) boil ing in methanol ,  (iii) boil ing in 
an Alconox solution, (iv) scrubbing with  cotton 
using a hot Alconox solution, (v) boil ing in dis-  
t i l led water ,  (vi) dry ing  wi th  a s t ream of dry  n i t ro-  
gen or argon, and (vii) repeat ing  steps ( i i i )-(vi) .  
The substrates  were  then c lamped to a copper block 
secured on a flange to be mounted  in the top of an 
u l t rah igh  vacuum system. The copper block had both 
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heaters and thermocouples affixed to it. A shut ter  
mounted  be tween  the samples and the evapora tor  ex-  
posed one of th ree  sample positions at a t ime so that  
three  different types of films (e.g., thickness, substrate 
temperatures ,  evaporat ion rate, etc.) could be made on 
a given cycle of the vacuum system. The Pt  metal  (this 
technique is applicable to almost any mater ia l )  was 
evaporated f rom a nickel-plated,  water -cooled  copper 
e -gun hear th  (Varian Model 980-0001). The pla t inum 
used was at least 0.9999 pure and was formed into a 
but ton to fit into the hear th  by arc mel t ing high pur i ty  
Pt  wire  in a He atmosphere.  The thickness of the film 
was moni tored using a Kronos FTT-300 quartz  oscil- 
lator  thickness moni tor  which was water  cooled. The 
evaporat ion rate was less than 1 A/sec  for the films 
repor ted  here. Before evaporat ion the substrates were  
heat  cleaned at ~300~ for 2-8 hr  in u l t rahigh vacuum 
(the ent ire  vacuum system was prebaked at ~150~ 
The substrates were  held at ~250~ during evapora-  
tion. The result ing films were  of ex t remely  high optical 
quality. 

The Teflon electrochemical  cell has been previously 
described (1, 7). The design is similar  to that  used for 
spectroelectrochemistry.  Solution volume of this cell 
was approximate ly  2 cm3; an e lect rode of 0.108 cm 2 
geometr ic  area was used. The Ag reference electrode 
(AgRE) for this work  ~as  a si lver wire  p rev i -  
ously anodized in a 0.1M TBAP solution. This electrode 
was positioned within  0.1 cm of the working electrode 
to minimize  solution resistance. A large pla t inum flag 
positioned along the wall  of the solution chamber  
served as the counterelectrode.  

All solutions were  deaerated with a purified argon 
stream for 1 hr  immedia te ly  prior  to use. Solutions 
were  t ransferred to the electrochemical  cell under  an 
argon atmosphere and the  electrochemical  cell was 
sealed pr ior  to measurement .  Tempera tu re  was con- 
t rol led at 50.0 ~ --+ 0.3~ by means of an oil circulation 
system which flowed through the cell body; tempera-  
ture could be varied f rom 20 ~ to 80~ Tempera tu re  was 
monitored using a thermis tor  probe which protruded 
direct ly  into the solution. The thermis tor  was part  of a 
bridge circuit  which has been previously described 
(17). 

Electrochemical  measurements  were  made  with  tech- 
niques described previously  (7,17). The potentiostat  
was equipped with posit ive feedback compensation. 
Differential  capacitances were  determined using pre-  
viously described methods (18). Usual cyclic vo l tam-  
metr ic  and double potential  step exper iments  are de-  
scribed in the text. In certain experiments ,  the charge-  
t ime ra ther  than cur ren t - t ime  relationships were  de-  
termined. Plat ing exper iments  were  also conducted 
under  conditions of diffusion control. Plat ing times 
ranged f rom 50 msec to 120 sec. After  cathodic deposi- 
tion, the potential  on the electrode was stepped to a 
point where  silver oxidation occurred. 

Auger  analysis of several  electrodes was conducted 
fol lowing the electrochemical  experiments .  Small  
quantities of silver were deposited onto the electrodes. 
This was done either by controlled potential coulom- 
etry or by simply immersing the electrodes into a 
silver-containing solution. In some cases the silver 
was removed by anodic stripping. Following each 
electrode preparation, the materials were thoroughly 
washed with triply distilled ethanol, dried with high 
purity argon, and then introduced into the Auger 
spectrometer. 

Auger  measurements  were  made on an ins t rument  
constructed in these laboratories (19). This consisted 
of an al l -metal ,  baked, u l t rahigh vacuum system using 
an Auger  spectrometer  similar  to that  described by 
Gerlach and Tipping (20). The electron beam was con- 
trolled at 2 keV during an experiment and maintained 
a beam current of 10-20 ~A. The diameter of the in- 
cident electron beam was varied to control power den- 
sity. The electron gun was coaxial to the analyzer. 

After  each Auger  analysis, fractions of the electrode 
surface were  removed by means of argon ion sput ter -  
ing. The result ing surfaee was then reanalyzed. The  ion 
beam was controlled at 1-2 keV with  an argon back-  
ground pressure of 4 X 10-~ Torr. This resul ted in 
sputter ing rates of 1.5-3.0 nm/min .  Details of the cali- 
brat ion of sput ter ing rates are described elsewhere 
(16). This calibration was done by sputter ing through 
measured thicknesses of p la t inum and silver films de-  
posited on quartz substrates. Sput ter ing rates were  the 
same for all types of p la t inum films. 

Results and Discussion 
Electrode fabrication techniques resulted in four 

different types of electrode surfaces for study. Ion 
sputter  deposition resul ted in two quite different sur-  
faces. Under  conditions of re la t ive ly  low target  bias 
(2 keV) and high argon background pressure (80 #m 
Hg),  a highly porous electrode was produced. Scanning 
electron microscopy (SEM) analysis indicated surface 
defects as large as ~100 nm in width and 3000 nm in 
length for the 5000 nm thick films (1). High target  bias 
voltages (4 keV) and low argon pressures (25 #m Hg) 
resulted in denser p la t inum films. This second type 
of film is subsequent ly re fer red  to as medium porosity. 
SEM photographs at up to 10,000X magnification 
showed li t t le defect s t ructure in these films. Condi- 
tions of high target  bias and low background pressure 
allow appreciable surface diffusion before immobi l iza-  
tion occurs. Al te rna te  conditions of low target  bias and 
high argon pressure cause immobil izat ion of p la t inum 
into a dendrit ic type of film which leads to a porous 
s t ructure  (21). The densest film electrodes were  pre-  
pared by electron beam evaporat ion onto heated sub- 
strates under  u l t rahigh vacuum (UHV).  These UHV 
conditions permit maximum surface diffusion and re- 
sult in the closest packed metal film (21). No surface 
structure could be observed by SEM at the highest 
possible magnification in this third thin film electrode 
type. The fourth electrode type (bulk Pt) was prepared 
by abrasively cleaning I0 rail Pt metal foil. 

Film resistivities were determined using a four-probe 
technique that corrects for contact resistance (22). Mea- 
sured values are listed in Table I. Increases in resistiv- 
ity w-ere observed as the porosity of the film increased. 
Resistivities for each film type also increased as the 
thickness of the deposit was decreased. These data are 
consistent with previously reported thin film resistance 
values (5, 21). Since the film thicknesses and the sur- 
face defect sizes approach the mean free path of the 
conduction electrons, these results seem reasonable 
(21). 

Solution capacitance measurements  (18) were  made 
with each of these electrode types; results are also in-  
cluded in Table I. Measured capaci tance-potent ial  re -  
lationships for the different films are qual i ta t ively  
similar  al though shifted in magnitude.  Substant ial  in-  
creases in capacitance shown in Fig. 1, are observed 
for the porous electrodes. At  0.0V vs. the AgRE, the 
differential  capacitance increased from 8.2 to 68 ~F/cm2 
for the bulk p la t inum and porous films, respectively.  

Table I. Physical and electrical properties of Pt bulk and film 
electrodes 

Cd,~ at Relative 
Thick- p(~- 0 0V* roughness 

Electrode ness cm) (~F/cm 2) factor** 

Pt foil 0.13 mm 10 8.2 L0 
Pt (dense) on AI~O~ 40 nm 20 9.9 1.45 
Pt (reed) on SiO2 45 nm 23 11.4 1.87 
Pt (porous) on SiO~ 50 nm 35 68 32.8 

* E (volts vs. AgRE). 
** Roughness factors were determined from s lope  of  e l e c t r o d e  

charge vs. applied potential, (Aq/AV), at + 0.5V, cf. Fig. 2. 
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Fig. 1. Capacitance of four Pt electrode types measured as a 
function of applied potential (E) vs. an Ag reference electrode. 
Measurements were made in 0.1M TBAP in sulfolane. 

The charge-potential  relationship was derived from 
the capacitance-potential  plots and is shown graphi-  
cally in Fig. 2. An  electrode potential  near  the min ima  
in  the capacitance plot was arbi t rar i ly  chosen as the 
zero l imit  of electrode surface charge and electrode 
charges were computed from this point. From the 
slope of the charge-potential  curves at the zero charge 
potential, relat ive roughness factors were evaluated 
for each electrode compared to the bulk  metal  (Table 
I).  These slopes should be directly proport ional  to the 
electrochemically wettable electrode area (23). As 
expected, the relat ive roughness factor for the most 
porous film suggests appreciable void s tructure in  this 
material.  

Silver deposition from sulfolane solutions was mea-  
sured on each electrode type. Figure 3 shows a cyclic 
vol tammogram for this process from a 1 mm AgC104/ 
0.1M TBAP solution using a p la t inum film electrode. 
Analysis of the current-vol tage  characteristics on the 
cathodic branch shows the log (~p - -  i) vs. E relat ion-  
ship is l inear  at the onset of the reduction. The silver 
reduction is slow in  this medium. Separations in peak 
potentials exceeded 200 mV at scan rates greater than 
20 mV/sec. For sweep rates of less than 20 mV sec, in-  
tegrat ion of current  as a function of t ime (for potential  
l imits +0.325 to --0.350V vs.  AgRE) indicates that the 
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Fig. 2. The charge-potential relationship for each electrode type 
shown in Fig. 1. Results were derived from the capacitance-potential 
curves, 
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Fig. 3. Cyclic voltammetric scan of Ag plate and strip at a 20 
nm Pt film of medium porosity on SiO2. The electrolyte was 0.1 mm 
AgCIO4/0.1M TBAP/sulfolane solution. The scan rate was 20 mV/ 
sec with a measured electrode area of 0.1 cm 2. 

charge passed on the reduct ion step, Qf, is equal to that 
passed during the oxidation process, Qb, i.e., that  
Qf/Qb :-  1.00. There is no electrochemical evidence 
that residual silver is retained on the surface. Also, no 
underpotent ia l  deposition of silver was observed even 
when the silver concentrat ion was increased by over 
an order of magni tude  from that shown in Fig. 2. Po- 
tential  scans were initiated at potentials more anodic 
than Fig. 3, yet no predeposition o2 silver was ob- 
served. This suggests that  the solvation of silver ion by 
sulfolane competes favorably with solvation or neu-  
tral ization of the ion by the metal  surface. Silver dep- 
osition appears more straightforward in this solvent 
system compared to that found in aqueous media. Pre-  
vious aqueous studies showed the necessity for the dep- 
osition of up to 2 monolayers of silver on the p la t inum 
surface prior to bulk  deposition (6, 8, 10). The re-  
quirement  for a reduced p la t inum surface for aqueous 
silver deposition has also been demonstrated (8). No 
oxidation or reduction of the p la t inum surface was 
observed electrochemically in  these sulfolane experi-  
ments  and surface oxides were not observed in the 
subsequent  surface analysis experiments.  

Double potential  step chronocoulometric experiments 
were also made using these metallic films. Here the 
working electrode was stepped to a potential  where 
diffusion-controlled reduction occurred and after a 
time, ~, back to a potential  corresponding to the oxi- 
dation of the deposited silver. Figure 4 shows a 
charge vs. (time) 1/2 plot for a 3 ---- 50 msec ex- 
periment.  The l inear  relationship suggests a dif-  
fusion-controlled reduction step. This result  was 
found for all the electrodes investigated. This im-  
plies that the active electrochemical area of each 
electrode is approximately equal dur ing this time 
frame. Similar current  distr ibutions should result  if 
the size of the average surface defect is less than the 
diffusion layer thickness, 2 (Dt)i/2 (24). For electrolysis 
times of 5 msec and assuming a diffusion coefficient 
of 10 -6 cm2/sec (7, 17), this thickness is 44 ~m, or 
more than an order of magnitude larger than the 
largest defect size measured by SEM. Variations 
in active electrode area at shorter electrolysis times 
were difficult to ascertain since the finite surface 
resistance of the platinum films caused a negative de- 
viation in the charge vs. (time) I/2 traces. At 5 msec 
and using a silver concentration of 1 millimolal, ap- 
proximately 5% of an equivalent monolayer of silver 
was deposited. 

The ratio of charge transferred on the oxidation step, 
Qb,2r (at time ---- 23), to charge measured on the reduc- 
tion step, Qf,2r (at time ~ 3), was computed. For every 
electrode, the ratio Qb.2~/Qfr was determined as 0.5- 
0.6 at z ---- 50 msec, 0.6-0.7 at �9 : 100 msec, and in-  
creased to one as z approached 500 msec. The shape of 
the cur ren t - t ime  traces for the reduction step is con- 
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TBAP/sulfolane. 

sistent wi th  the type  proposed by  Thi rsk  and Harr i son  
for  progress ive  nuclea t ion  of s i lver  on the electrode 
surface (25). 

Exper iments  were  conducted at much longer  elec-  
t rolysis  t imes deposi t ing la rger  amounts  of s i lver  (sev- 
eral  hundred  equiva lent  monolayers)  fol lowed by  elec-  
t rochemical  s tr ipping.  The cha rge - t ime  behavior  was 
again  observed.  Specular  reflectance Studies show dif-  
erences in the deposi t ion react ion of s i lver  be tween  the 
first equiva lent  monolayer  and subsequent  react ions of 
s i lver  deposi t ion upon si lver  (6). S imi la r  differences 
might  be expected for the react ions repor ted  here. 
F igure  5 shows a d iscont inui ty  in the  normal ized  
cha rge - t ime  re la t ionship  when grea te r  than  95% of the 
total  s i lver  has been removed  from the e lect rode sur-  
face. This b reak  may  represen t  a change in the s t r ip -  
p ing mechanism from st r ipping of s i lver  f rom si lver  to 
the  remova l  of the  last  equiva lent  monolayers  of s i lver  
f rom the  p l a t inum film. Sl ight  differences were  noted 
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Fig. 5. Normalized charge-tlme relationship for anodic stripping 
of electrodeposited Ag at bulk Pt ( Q )  and 20 nm porous Pt film 
(E~) electrodes. 

between  the severa l  e lec t rode  studies. The posi t ion of 
this  b reak  in the cha rge - t ime  plots a lways  occurs at 
ear l ie r  dimensionless  t imes for the  more  porous elec-  
trodes. The data  suggest  that  these films expose a l a rge r  
a rea  of p la t inum ava i lab le  for deposi t ion than  d o e s  
bulk  metal .  

The resul ts  of these s t r ipping  exper iments  can be 
compared  wi th  resul ts  obta ined f rom Auger  analysis  of 
electrodes t rea ted  in a s imi lar  manner .  F igure  6 shows 
severa l  Auger  spect ra  t aken  on a med ium porosity,  20 
nm Pt  film, which had been  prev ious ly  e lect rodeposi ted  
wi th  50 ~C (approx ima te ly  14 equivalent  monolayers)  
of s i lver  f rom a 1 m m  AgC104/0.1M TBAP/su l fo l ane  
solution. This amount  of s i lver  corresponds to a 2 nm 
thickness on the p lanar  surface. The A u g e r  energies 
are  d isp layed from 0 to 500 eV. Auger  analysis  shows 
apprec iable  quant i t ies  of sulfur,  chlorine, carbon, and 
silver. No signals a re  seen for the  p la t inum substrate.  
F igures  6b, c, and d show spect ra  for the same elec-  
t rode  af ter  var ious  argon ion sput te r ing  times. Spu t t e r -  
ing rates  (16) were  3 nm/min ;  thus these t races were  
run  at depths of 3, 7.5, and 17.5 rim. Depth  Profiles for 
the  e lements  of in teres t  were  constructed f rom these 
Auger  spect ra  by  measur ing  the p e a k - t o - p e a k  ampl i -  
tude  of each Auger  t rans i t ion  at each sput te r ing  depth.  
Typical  resul ts  for two electrodes are  shown in Fig. 7. 
The si lver  peak  ampl i tude  was computed  using the 356 
eV, MNN transi t ion.  The p la t inum peak  was measured  
using the 237.5 eV signal, MMN transi t ion,  which d id  
not in te r fe re  wi th  other  significant Auger  signals. The 
sulfur  and carbon levels were  es t imated f rom Auger  
t ransi t ions which over lapped  s l ight ly  wi th  signals f rom 
p la t inum and silver. 

F rom these da ta  it  is apparen t  tha t  s i lver  is found 
well  into the p l a t inum mat r ix  and this pene t ra t ion  is 
far  grea ter  than that  of the solvent, represen ted  by  
the carbon and sulfur  signals. Data  in Fig. 7 sug-  
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gest  that  ex ten t  of s i lver  pene t ra t ion  corre la tes  wel l  
wi th  measured  e lec t rode  porosit ies.  Exper iments  done 
on the highest  densi ty  p l a t inum films as wel l  as bu lk  
meta ls  show only a s l ight  pene t ra t ion  of silver,  i.e., 
the  Auger  dep th  profiles show a sharp  s i l ve r -p l a t i num 
boundary .  F igure  7a shows this bounda ry  is broad  for 
the  medium dense p l a t i num film whi le  Fig. 7b shows 
s i lver  m a y  be in apprec iab le  concentrat ion throughout  
the  ent i re  porous p l a t inum film thickness (20 rim). We 
assume our  depth  resolut ion for these exper iments  is 
sufficient to dis t inguish be tween  cases Fig. 7a and 7b 
(16). We also assume tha t  the escape depths  of the  

Auge r  electrons f rom these films are  approx ima te ly  
equal  and tha t  different ia l  sput te r ing  ,of ind iv idua l  
atoms did not occur. This has shown to be  the case in 
other  exper iments  (16). No evidence f o r  select ive 
pene t ra t ion  or "knock on" of s i lver  b y  the argon beam 
has been observed.  

F igu re  8 fu r the r  emphasizes the  extent  of s i lver  
pene t ra t ion  dur ing  electrodeposit ion.  The Auger  sig- 
nals from three  p l a t inum electrodes,  normal ized  to the  
measured  surface signal, are  shown vs. sput te r ing  
depth. The extent  of pene t ra t ion  of s i lver  in a dense 
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Fig. 8. Silver Auger electron peak at 356 eV (normalized to the 
measured surface signal) as a function of electrode depth for three 
platinum electrodes. All were treated in 0.1 mm AgCIO4/0.1M 
TBAP/sulfolane solutions: (c) was plated with S nm of Ag then 
electrochemically stripped for a time equal to the plating time. 

film which had been p la ted  wi th  approx ima te ly  5 nm of 
s i lver  was s tudied in the  fol lowing manner .  

The e lect rode was e lec t rochemical ly  oxidized for a 
t ime sufficient to remove that  same amount  of silver.  
The absolute  magni tude  of the  s i lver  is lower  and the 
pene t ra t ion  depth  is apprec iab ly  less than  tha t  found 
for the  fu l ly  deposi ted electrode. I t  is c lear  that  the 
s t r ipping step did  not  comple te ly  remove the s i lver  
deposit.  We cannot rule  out the poss ib i l i ty  tha t  this 
represents  underpo ten t ia l  deposi ted silver,  even though 
electrochemical  exper iments  did not  indicate  i ts p res -  
ence. Exper iments  where  the  electrodes were  immersed  
in s i lver -conta in ing  solut ion wi th  no electrolysis  
showed only minor  levels  of s i lver  which were  com- 
p le te ly  removed  wi th  less than  10 sec of argon sput -  
tering, corresponding to a dep th  of less than  0.5 nm. 

These sets of exper iments  p rovide  in teres t ing  com- 
parisons of the  e lectrochemical  behavior  on several  
types  of p l a t i num surfaces. Vapor  deposi t ion tech-  
niques provide  methods f o r  producing high quali ty,  
reproducib le  surfaces not obta inable  by  chemical  dep-  
osition or by  polishing. Character iza t ion of these ma te -  
r ia ls  both  by  res is t iv i ty  and by  capaci tance measu re -  
ments  shows var ia t ions  in active surface area  and in 
defect  s tructure.  However ,  the  differences in fa radaic  
currents  are  not observed by  usual  measurements  since 
the  difference would  be apparen t  only at  short  e lec-  
t rolysis  t imes where  defect  s t ructures  are  comparable  
in magni tude  to the diffusion l aye r  thickness (25). The 
s imi la r i ty  in faradaic  response has been  seen before  
wi th  electrolysis  da ta  t aken  at  s imi lar  electrodes 
s tudying the oxidat ion  of ferrocene (1,7). As with  the 
s i lver  reduction,  di f fusion-control led ferrocene oxida-  
t ion appears  independent  of e lec t rode  type  at  e lect rol -  
ysis t imes grea ter  than  5 msec. 

This s imi la r i ty  in the  faradaic  s i lver  deposi t ion is 
contras ted by  the differences in the charge-po ten t ia l  
behavior  and by  the Auger  analysis  found for the var i -  
ous films. The Auge r  depth  profiles suggest  significant 
s i lver  pene t ra t ion  well  beyond that  found for the  sol- 
vent  in the  more  porous mater ia ls .  In  fact e lec t ro-  
chemical  s t r ipping does not comple te ly  remove s i lver  
deposi ted wi th in  the more  porous electrodes. More 
dense electrodes showed tha t  s i lver  and solvent  pene-  
t ra te  to smal le r  depths.  

The absence of evidence for underpo ten t ia l  s i lver  
deposi t ion pr ior  to electrolysis  in this sys tem contrasts  
to aqueous systems where  this process has been demon-  
s t ra ted  (6, 8-10). Compet i t ion of the solvent  for dep-  
osition sites may  expla in  this observation.  Apprec iab le  
energy would  be necessary to overcome this solvent  
in teract ion which m a y  contr ibute  to the  i r revers ib le  
behavior  of the s i lver  reduction.  Once e lect rodeposi t ion 
begins s i lver  appears  to show apprec iab le  mobi l i ty  
wi th in  the  film. The so lven t -p la t inum interact ions  
may  block surface sites forcing deeper  pene t ra t ion  of 
the  s i lver  into the film. 

Auger  analyses  of more  porous films show deposi t ion 
occurr ing deep in the  metal l ic  matr ix .  Moreover,  s i lver  
levels  are  detected considerably  deeper  than  those 
shown for the  solvent.  A specific chemical  interact ion,  
e.g., alloying, be tween  p l a t inum and si lver  might  con- 
t r ibute  to the  dr iv ing  force for this  penetra t ion.  That  
this pene t ra t ion  is a resul t  of solvent  in terac t ion  has 
been suppor ted  by  other  high vacuum exper iments  
(16). Neut ra l  and ionic s i lver  were  deposi ted onto 
s imi lar  p la t inum electrodes, wi th in  the  vacuum ap-  
paratus .  Auger  analysis  showed much sharper  bound-  
aries be tween  the evapora ted  si lver  and the p la t inum 
substrates.  Signif icant ly less pene t ra t ion  of vacuum-  
deposi ted s i lver  was noted on the porous electrodes 
compared  to electrodes wi th  e lec t rochemical ly  de-  
posi ted silver.  

In  conclusion, good corre la t ion has  been  observed  
be tween  the wet tab le  area  of these electrodes,  as mea-  
sured by  computing the surface charge, and the extent  
of pene t ra t ion  of an e lectrodeposi ted ma te r i a l  such as 
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silver.  Analysis ,  above, of fa radaic  currents  does not 
indicate  the  defect  s t ruc ture  of these electrodes.  Su r -  
face analysis  techniques are  cur ren t ly  being appl ied  to 
fu r the r  s tudy this type  of in terac t ion  in other  e lec t ro-  
l y t e -e l ec t rode  systems. 
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Electrodeposition of Gold 
Depolarization Effects Induced by Heavy Metal Ions 

J. D. E. Mclntyre* and W. F. Peck, Jr. 
Bell Laboratories, Murray  Hill, New  Jersey 07974 

ABSTRACT 

Addi t ion  of t race  quant i t ies  (ppm) of heavy  meta l  ions such as P b ( I I )  or  
TI ( I )  to soft gold e lec t ropla t ing baths induces a m a r k e d  cathode depolar iza-  
t ion that  extends the  cur ren t  dens i ty  range in which bright ,  f ine-gra ined  de-  
posits can be obta ined and produces  un i form coverage of i r r egu la r ly  shaped 
substrates.  In  this s tudy i t  is shown tha t  the  t race foreign meta l  addi t ives  
which are  most effective as depolar izers  are  those which tend to deposi t  un i -  
fo rmly  on a gold surface to form an adsorbed monolayer  at e lect rode poten-  
t ia ls  posi t ive to those where  their  cathodic deposi t ion as bu lk  meta ls  begins, 
i.e., at underpotent ia ls .  Of the series of Group B elements  (As, Bi, Cd, Cu, Ga, 
Hg, Pb, Sb, Sn, T1, and Zn) inves t iga ted  for depolar iza t ion  act ion in a lkal ine  
phosphate  solutions (pH 8, 70~ only Pb, T1, Bi, and Hg were  found to induce 
significant effects. The la t te r  two meta ls  have  not prev ious ly  been repor ted  to 
act as depolar izers  in gold e lect rodeposi t ion processes. The kinetics of the  
potent ia l  r e l axa t ion  effects induced by  these species under  galvanostat ic  con- 
ditions were  found to be s t rongly  dependent  on mass t r anspor t  rate,  gold 
deposi t ion r a t e  (i.e., pla t ing current  dens i ty) ,  and tempera ture .  In  addition, 
it  was found that  Pb, Bi, Hg, and pa r t i cu l a r ly  T1 enhance the anodic dissolu-  
t ion of gold in cyanide-conta in ing  solutions. The ranges of underpo ten t ia l  
deposi t ion of the meta ls  Pb, T1, Bi, and Hg f rom very  di lute  ( ~ 5  ~i~I) solu-  
tions of the i r  ions in pure  phosphate  suppor t ing  e lec t ro ly te  at  70~ were  de te r -  
mined under  s t eady-s ta te  mass t ranspor t  condit ions at a ro ta t ing  gold disk 
electrode.  By vary ing  the  disk ro ta t ional  speed and the potent ia l  scan rate,  
it  was shown that  a significant amount  of P b ( I I )  [the equivalent  of ~20% 
of a c lose-packed monolayer  of P b ( 0 ) ]  is specifically adsorbed in the  ionic 
double l aye r  at the gold surface and is not  desorbed even at  high anodic 
potentials.  A s imi lar  phenomenon was observed for the B i ( I I I )  species. The 
depolar iza t ion  induced by  the t race heavy  meta l  ions is examined  in te rms of 
e lec t rocrys ta l l iza t ion  and e lect rocata lyt ic  mechanisms.  F rom the magni tude  
of the  potent ia l  r e l axa t ion  (~0.2V),  its t empera tu re  dependence,  and the 
abi l i ty  of Hg to al loy wi th  Au, i t  is concluded that  screw dislocation genera-  
t ion is not responsible  for this effect. Fa i lu re  of Cs + ions to enhance the ra te  
of e lect roreduct ion of A u ( C N ) 2 -  anions and also the abi l i ty  of P b ( I I )  to 
catalyze the  e lec t roreduct ion of O2 indicates that  e lectrostat ic  repuls ion effects 
are  of minor  importance.  I t  is concluded that  the depolar iza t ion  phenomenon 
is caused by  an enhancement  of nucleat ion ra te  produced by  the s t rongly  
adsorbed foreign meta l  atoms. In addition, catalyt ic  e lect rochemical  d isplace-  
ment  react ions are  made possible by  the fact that  the exchange current  
densi t ies  of the var ious  Mz+/M depolar izer  couples are much grea te r  than  
that  of the A u ( C N ) 2 - / A u  couple and by  the specific adsorpt ion  of the  M z+ 
species. In  the  case of Hg, d isplacement  is made  the rmodynamica l ly  possible 
by  the complexat ion  of Hg 2 + by  C N -  ions re leased dur ing the e lec t roreduct ion  
of Au  (CN)2- .  

In  electronic device manufactur ing,  soft gold coat-  
ings are  ex tens ive ly  appl ied  for  corrosion protection, 
for conduction of e lectr ical  current ,  and to provide  sur-  
faces sui table  for bonding (1). The addi t ion of t race 
quanti t ies  (at  the par t  per  mil l ion level)  of heavy  
meta l  ions such as tha l l ium or lead to go ld-p la t ing  
baths  has been found to y ie ld  consis tent ly br ight  gold 
electrodeposi ts  of sui table  morphology,  pur i ty ,  and 
hardness,  as wel l  as uni form coverage of i r r egu la r  
pieces (2-8).  Fur ther ,  h igher  p la t ing  rates can be em-  
ployed,  underp la t ing  is reduced in in tegra ted  circuit  
fabrication,  and the l ife of the ba th  before  res tora t ion  
becomes necessary is m a r k e d l y  extended.  

As ye t  the mechanism of the marked  cathode de-  
polar iza t ion  induced by  these t race meta l  addi t ives  
dur ing  the e lect rodeposi t ion of gold has not been wel l  
understood.  I t  was the  purpose  of the present  s tudy to 
examine  kinet ic  and mechanist ic  aspects of the deposi-  
t ion process in order  to reveal  the  origin of this elec-  
t roca ta ly t ic  effect. I t  was also des i red  to de te rmine  
whe the r  species other  than  T1 (I) and Pb (II)  addit ives 
could be used as depolar izers  in go ld-p la t ing  baths. For  

* Electrochemical Society Active Member. 
Key words: gold electrodeposition, depolarization, underpoten- 

tial adsorption, electrocrystallization, electroeatalysis. 

this purpose, we have focused our attention on alkaline 
phosphate solutions (pH ~ 8) where well-defined 
limiting currents for the reduction of potassium di- 
cyanoaurate (1) [KAu(CN)2] are observed and where 
the free cyanide concentration is very low. In con- 
trast, no limiting current region is observed in citrate 
gold baths (pH 5) owing to the fact that hydrogen gas 
is evolved electrochemically in the same potential 
range where gold electrodeposition oecurs (9). 

This study revealed that the trace foreign metal 
additives which are most effective as depolarizers are 
those which tend to deposit uniformly on a gold surface 
to form an adsorbed monolayer at electrode potentials 
positive to those where their bulk metal deposition 
begins, i.e., at "underpotentials." [For a recent review 
of underpotential deposition phenomena, see Lorenz 
et aL (10).] Of the series of Group B elements  (As, Bi, 
Cd, Cu, Ga, Hg, Pb, Sb, Sn, T1, and Zn) inves t iga ted  for 
possible depolar iza t ion  action, only Hg, T], Pb, and Bi 
were  found to induce significant effects. These four 
"super-B" meta ls  fol low Au in the th i rd  t rans i t ion  
series and have atomic d iameters  f rom 9 to 22% grea te r  
than tha t  of Au (2.88A). Under  galvanosta t ic  condi-  
tions, the  kinet ics  of the  potent ia l  re laxa t ion  effects 
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were found to be a function of mass t ransport  rate, 
plaing current  density, and temperature.  

It was also found that a high concentrat ion of Cs + 
ions (>0.1M) in solution produced a slow depolariza- 
tion effect. These large positive ions are only weakly 
hydrated and are able to contact adsorb on negat ively 
charged metal  electrodes such as mercury (11). Owing 
to a decrease in electrostatic repulsion at the electrode 
surface, the rate of electroreduction of a number  of 
negat ively charged anions, e.g., NO3-, Fe(CN)63-, IO4-, 
and S2Os 2- is accelerated [cf. Parsons (12), F r umk i n  
et al. (13), Fawcett  et aI. (14), and references cited 
therein] .  In  the present  case, however, the depolariza- 
tion effect was found to be due to residual impuri t ies  in 
the electrolyte. Complementary  oxygen reduction 
studies were also carried out in order to investigate 
the influence of electrostatic repulsion effects. 

The results of these studies are examined in terms 
of the roles played by dislocation generation, nuclea- 
tion, and electrocatalytic phenomena. It is shown that 
the depolarization effect can result from an enhance- 
ment of nucleation and crystal growth rate produced 
by foreign metal adatoms. In addition, electrochemical 
displacement reactions can occur in which trace heavy 
metals deposited on the surface in a zero-va]ent state 
reduce Au(CN)2- anions~at an enhanced rate. The 
oxidized depolarizer species do not leave the surface 
but remain adsorbed in the electrical double layer, 
where they can rapidly be reduced again electro- 
chemically; the metal catalyst is thus regenerated. 
Finally, the physical and chemical characteristics of 
these "super-B" metals are examined in order to de- 
termine why these species are active as electrocatalysts 
not only for the reduction of Au(CN)z- but also for 
other slow electrochemical reactions. 

Thermodynamics 
The electrochemical oxidation and reduction of gold 

in cyanide-containing electrolytes is represented by 

A u ( C N ) 2 -  + e~+~-Au q- 2CN- [1] 

The standard electrode potential, E ~ of this reaction 
at --19~ was first determined by Bodl~nder (15) in  
1903 to be --0.611V (Gibbs-Stockholm convention) 
with respect to the s tandard hydrogen electrode po- 
tential  (SHE). More recently, Maja (16) has measured 
a value of --0.60V at 25~ In  practice, the equi l ibr ium 
potential  of the Au ( C N ) 2 - / A u  couple is affected by the 
reactions 

H20 ~ H + + O H -  Kw ---- 1.008 • 10 -14 [2] 

HCN ~ H + + CN-  Ka = 4.93 • 10 -1~ [3] 

H A u ( C N ) u ~ H  + + A u ( C N ) 2 -  

Ka ~-- 10 -1 [4] 

CN-  + H20 ~ HCN W O H -  

Kh = 2.04 X 10 -5 [5] 

Au + ~ 2CN- ~--- Au(CN) '2-  
Ks = 1.1 • 1039 [6] 

The equi l ibr ium constants (17-19) are for a tempera-  
ture of 25~ 

The pKa values of HCN and HAu(CN)z  at 25~ 
are 9.31 and ~1, respectively. Thus in alkal ine phos- 
phate solutions at pH ~ 7-8, the principal  cyanide-  
containing species are A u ( C N ) 2 -  and HCN. The re-  
versible electrode reaction [1] may be rewr i t ten  ac- 
cordingly as 

Au(CN)  e- ~- 2H + -~ e ~ Au q- 2HCN [7a] 
or 

A u ( C N ) 2 -  ~- 2H20 ~ ee~-Au ~- 2HCN ~ 2 O H -  [Tb] 

The s tandard potential  of reaction [7] at 25~ is esti- 
mated to be q-0.501V (SHE), or ca. -~0.257V vs. a satu-  

rated calomel electrode (SCE). In  the phosphate gold 
solution employed in  this work [0.0694M KAu(CN)2,  
pH 8], the thermodynamic  reversible  potential  of the 
A u ( I ) / A u  couple at 25~ is ca. (--0.758 -- 0.1183 log 
[HCN])V(SCE) .  In gold-plat ing studies, the concen- 
t rat ion of free HCN or C N -  in  solution increases con- 
t inuously with the quant i ty  of gold deposited (Eq. [1] 
and [7]). Further ,  the rest potential  of a gold electrode 
may be affected by adsorbed C N -  ions or a surface 
film of AuCN. Thus under  actual operating conditions 
the true reversible potential  is usual ly not well deter-  
mined. 

In well-buffered phosphate gold solutions, the pH is 
pr imar i ly  controlled by the dissociation reaction 

H2PO4- ~ HPO42- ~ H + [8] 

The PKa~ values at 25 ~ and 50~ are 7.20 and 7.18, re-  
spectively; the tempera ture  coefficient of dissociation 
is thus very low. In contrast, the dissociation of HCN 
has a much greater tempera ture  dependence. At 45~ 
the pKa of HCN is 8.78 (19) and at 70~ is estimated 
to be ~8.3. This implies that substantial  quanti t ies of 
free CN -  will  be released into a pH 8 solution by the 
electroreduction of A u ( C N ) 2 -  at the high tempera-  
tures (50~176 usual ly employed in  electroplating. 
In addition to the hydrolysis reaction (5), a number  of 
other chemical side reactions can affect the concen- 
trations of C N -  and HCN at the electrode surface 
[c]. Reinheimer (20)] and hence alter the equi l ibr ium 
potentials of reactions [1] and [7]. 

Experimental 
Experimental  studies were conducted in the electro- 

chemical cell i l lustrated schematically in  Fig. 1. The 
small  volume of this cell (~100 ml) minimizes con- 
sumption of gold salts. Rotating disk electrodes (RDE) 

G 

Fig. 1. Electrochemical cell with rotating disk electrode (RDE): 
A ~ d-c motor; B ~ saturated calomel reference electrode; C 
Teflon stopcock; D ~ gas bubbler; E ~ Luggin capillary; F ~- 
RDE; G ~ flitted Pyrex disk; H ~ gold counterelectrode; I 
gas inlets; J ~ gas outlets; K ~ Teflon gland; 1. z sealed ball 
bearing assembly; FA ~ silver slip ring and graphite alloy brushes; 
N ~ stainless steel shafting. 
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were  fabr ica ted  by  s i lver  solder ing or  mechanica l ly  
jo in ing  p l a t inum or  gold disks to the  ends of ~/4 in. 
d iameter ,  p rec i s ion-ground  stainless steel  shaf t ing 
(PIC Design Corporat ion,  Type  A3).  The lower  RDE 
section a round  the jo in t  was sealed in  epoxy  cement  
(21) (Union Carbide  Corporation,  ERL 3794 resin plus 

ERL 2807 curing agent,  5:1 by  weight)  to p reven t  
leakage  of e lec t ro ly te  up the  shaft. The upper,  exposed 
section of the shaft  was encased in dua l -wa l l  hea t -  
shr inkable  polyolefin t u b i n g  (Raychem Corporation,  
SCL Thermofi t ) .  Af t e r  app ly ing  another  overcoat  of 
epoxy, the  insulat ion was machined to a flared flat end 
on a la the  to expose the  active e lec t rode  surface (Fig. 
1). This surface was then  meta l lograph ica l ly  pol ished 
to a m i r r o r  finish, using 0.3 ~m a lumina  (Linde  A)  for 
the  final polish. RDE shafts press- f i t ted  into Teflon 
rods were  found not  to be l eak  free at  the h igher  t em-  
pera tures  used in this  work.  

In  order  to main ta in  an iner t  a tmosphere  over  the  
electrolyte ,  the RDE shaft  was passed into the  cell 
through two precis ion gas- t igh t  bal l  bear ings  [Barden 
Corporation,  Type  SR4FF(3)  R21 G6]. Electr ical  con- 
tact  to the shaft  was made  th rough  two s i lve r -g raph i t e  
a l loy brushes  and a coin s i lver  slip ring, (Graph i te  
Metal l iz ing Corporation,  Types  H9434 and 1165-8). The 
shaft  ro ta t ional  speed was accura te ly  control led over  
the  range 100-10,000 r p m  wi th  a d-c  motor  (RAE 
Motor Corporat ion,  Model  M6) and p rog rammab le  
power  supply  (Kepco Incorporated,  Model JQE 100- 
2.5M HS), using a d-c  t achomete r  genera to r  (Se rvo-Tek  
Products ,  Model  SA-740A-7)  in the feedback  loop. A n  
optical pickoff (Genera l  Radio Company,  Type  1536A) 
and preset  counter  (Hewle t t  Packard ,  Model  5214L) 
were  used to measure  the  exact  angular  veloci ty  of 
the RDE. 

Elec t ro ly te  solut ions were  p repa red  b y  dissolving 
ACS reagent  grade  salts  in u l t r a p u r e  conduct ivi ty  
water .  The basic composi t ion of the phosphate  gold 
solut ion is 

Sal t  g a i t e r  Mola r i ty  

KAu (CN) ~ 20 0.0694 
K2HPO4 �9 3H20 40 0.175 
KH2PO4 10 0.0735 

The  pH of the  e lec t ro ly te  was ad jus ted  to 8.0 wi th  
KOH. Depolar iz ing agents  were  in t roduced by  adding  
smal l  al iquots of s tock solutions of the  appropr ia t e  
metal  oxides or salts. For  inves t igat ion of the  u n d e r -  
potent ia l  deposi t ion of the  t race meta l  addit ives,  it  was 
found necessary to pree lec t ro lyze  the  phosphate  elec-  
t ro ly te  extensively,  using a gold gauze or  mercu ry  pool 
cathode to remove res idual  meta l l ic  impuri t ies .  Oxygen  
was purged  f rom the cell by  bubbl ing  argon through  
the solution. This gas was prepur i f ied  by  passage over  
a t i t an ium get ter  in a furnace  at 800~ (Centorr  As-  
sociates, Incorporated,  Model 2-B-20),  in order  to re -  
move t race hydrocarbons ,  oxygen,  and carbon dioxide,  
and was then  p resa tu ra ted  wi th  wa te r  vapor  by  pass-  
age th rough  a bubbl ing  tower  filled wi th  suppor t ing  
electrolyte .  The cell e lec t ro ly te  was main ta ined  at the  
des i red  t empe ra tu r e  (25~176 by  immers ing  the elec-  
t rochemical  cell of Fig. 1 in a con t ro l l ed - t empera tu re  
wate r  bath.  

Electrode potent ia ls  and currents  were  contro l led  
wi th  a Pr ince ton  Appl ied  Research  Model 173 poten t io-  
star  and Model 175 universa l  p rog rammer .  Al l  exper i -  
menta l  potent ia ls  repor ted  in this work  are  re fe r red  to 
a SCE at room tempera tu re .  

Results  a n d  Discussion 
A series of metal l ic  and semimeta l l ic  ions f rom 

Groups  IB, IIB, IIIB, IVB, and VB was added in t race 
quant i t ies  (ppm)  to phosphate  gold solutions and 
tested for the i r  depolar iz ing action on the  e lec t rodep-  
osition of gold. A number  of these ions are  known to 
adsorb at underpoten t ia l s  on gold (10), but  many  are  

only spar ing ly  soluble in a lka l ine  solution. Of the e le-  
ments  tes ted (Cu, Ag; Zn, Cd, t tg ;  Ga, In, T1; Sn, Pb;  
As, Sb, Bi) ,  only  Hg, T1, Bi, and Pb induced significant 
depolar izat ion.  In  addition, concentra ted  solutions of 
Cs + ions were  found to produce  a slow depolar iza t ion  
effect. 

Steady-state voItammetry.--Figures 2 and 3 i l lus-  
t ra te  the  form of the  s t eady-s ta te  polar iza t ion  curves 
measured  for the  cathodic reduct ion of Au (CN)2 -  ions 
and the anodic dissolution of A u  meta l  in a phosphate  
gold ba th  at  70~ A p la t inum RDE was employed  as 
subs t ra te  at  the  ro ta t ional  speeds indicated and was 
stripped1 af ter  each run  in order  to p reven t  bui ldup 
of the  active e lect rode area. The p l a t inum disk is not 
a t tacked by  the cyanide re leased  dur ing  the  cathodic 
reduct ion (Eq. [1] and [7]) .  Af te r  the first few mono-  
layers  of gold were  deposi ted dur ing  each cathodic 
scan at  10 mV/sec,  the e lect rode behaved  effectively 
as a gold RDE. 2 

Consider first the cathodic cur ren t  curves. The ini -  
t ia l  cathodic scan begins at  0.0V. At  a potent ia l  close 
to --0.8V, a small  p rewave  is observed whose ampl i tude  
is independent  of the  s t i r r ing  rate.  This wave  has been 
a t t r ibu ted  to the  reduct ion of specifically adsorbed 
A u ( C N ) 2 -  ions (12, 18). The in tegra l  charge passed in 
this wave  in the  present  case, however,  is ca. 28 mC 
cm -~, corresponding to the deposi t ion of ~125 mono-  
l aye r  equivalents  of gold on the disk surface, based on 

1 The ~old deposit was chemical ly  dissolved in a proprietary cy- 
anide solution (Technic Incorporated, Techni Strip Au) at a tem- 
perature of 60~ 

2 At a current density of 100 #Acm -~, the  equivalent  of one  
close-packed monolayer  of gold (~1.4 • 1015 atoms cm -2) is de- 
posited in 2.2 sec. 
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Fig. 2. Steady-state current-potential curves for the reduction 
and oxidation of gold at a rotating disk electrode in a phosphate 
buffered gold ptating solution with no additives present. 
[ A u ( C N ) ~ - ]  ~ 0.0674M, pH 8, 70~ Potential scan rate ~ 10 
mV see -1.  Rotational speed range: (a) m ----- 100-1600 rpm. (b) rn 
---- 3600-10,000 rpm. 
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Fig. 3. Reduction and oxidation of gold in a phosphate gold 
plating solution containing ] ppm ph (11). Other conditions are the 
same as for Fig. 2. 

its geometr ic  area. This indicates  e i ther  that  adsorpt ion  
of A u ( C N ) e -  on the surface is ex t r eme ly  rap id  or, 
more  probably ,  that  this p rewave  is due to the reduc-  
tion of an insoluble  surface film such as AuCN or 
P t  (CN)2 lef t  b y  the  s t r ipping  process. At  more  nega-  
t ive  potentials ,  the cu r ren t  rises r ap id ly  owing to the  
onset of reduct ion  of A u ( C N ) 2 -  ions t r anspor ted  to 
the  surface by  convect ive diffusion. A wel l -def ined  
l imi t ing current  region is observed at low rota t ional  
speeds, but  at h igher  speeds the  p la teau  region has a 
s teeper  slope. Final ly ,  at  potent ia l s  more  negat ive  than  
--1.5V, H2 gas is evolved rap id ly  at  the e lectrode sur -  
face. [The revers ib le  potent ia l  of the  hydrogen  elec-  
t rode  react ion in this solut ion is ,~ --0.7V (SCE).]  
Dur ing the reverse  scan, apprec iab le  hysteresis  is ob-  
served at the h igher  ro ta t ional  speeds. This is ma in ly  
due to the  continuous increase in macroscopic surface 
area  of the  e lectrode wi th  meta l  deposi t ion t ime.  In the  
l imi t ing current  region, the  deposi t ion ra te  is p ropor -  
t ional  to ~ m  1/2, where  m is the disk ro ta t ional  speed 
( rpm) .  The fact tha t  the  hysteresis  becomes nea r ly  
constant  at the  h igher  speeds may  indicate  a change 
in the  crys ta l  g rowth  form wi th  increasing current  
densi ty  and decreas ing diffusion l aye r  thickness.  Such 
morphological  effects have  been observed by  Cheh and 
Sard  (9). Evolut ion of hydrogen  gas bubbles  at the  
e lect rode produces  tu rbu lence  in the  diffusion layer ,  
increas ing the ra te  of mass t ranspor t  of A u ( C N )  2-  to 
the  surface and fu r the r  accelera t ing the  growth  ra te  
of the deposit. 

As the current falls below the diffusion-limited value 
during the reverse scan, it is evident that the rate of 
metal deposition is markedly enhanced over that in 
the initial cathodic sweep. As kinetic control becomes 
dominant over mass transport control near the foot of 
the reduction wave, the magnitude of the current is 
de te rmined  by  the to ta l  a rea  of the  microscopical ly  
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rough deposi t  r a the r  than  the  projected area of the  
disk. Such deposits  typ ica l ly  have surface asper i t ies  in 
the range  0.1-1 ~m in d i ame te r  and hence  high rea l  
surface areas  (9). When  d i lu te  solutions of thu gold 
sal t  (e.g., 1 raM) are  employed,  the hysteres is  in the  
polar iza t ion  curves is g rea t ly  reduced. 

Anion desorpt ion at the  most  cathodic potent ia ls  
m a y  also be  effective in ac t iva t ing  the surface. Anions  
such  as C N - ,  HPO4-,  and O H -  are  s t rongly  adsorbed  
on gold e lect rodes  at  potent ia ls  posi t ive  to the  po in t  of 
zero charge and the i r  readsorp t ion  is genera l ly  slow 
and kine t ica l ly  l imi ted  (23). Since C N -  or HCN is 
cont inuously  re leased  dur ing  deposi t ion (Eq. [1] and 
[7]) ,  however,  i t  is p robab le  that  this effect is of 
minor  impor tance  compared  to the  increase  in a rea  of 
the  active surface. 

As the e lec t rode  potent ia l  passes th rough  the quasi -  
revers ib le  potent ia l  at  --0.62V, the  cur ren t  becomes 
anodic. The gold deposi t  on the  surface begins to re -  
dissolve in the  solut ion to form Au (CN)2- ,  complexing 
wi th  the  cyanide  ( C N -  or HCN) re leased dur ing  the 
cathodic scan (Eq. [1] and [7]) .  As the  potent ia l  be -  
comes more  posit ive,  the cu r ren t  r ap id ly  becomes dif -  
fusion l imi ted  since the f ree  cyanide  concentra t ion is 
ve ry  low. Two prominen t  peaks at 0.43 and 0.73V, as 
well  as smal le r  peaks  at  --0.05 and --0.3V, indicate  
the  possible fo rmat ion  or ox ida t ion  of gold cyanide  or  
basic gold cyanide complexes.  The na tu re  of these 
products  is not  ye t  wel l  es tabl ished (22, 24). Be tween  
the two most anodic peaks,  the  surface is pass iva ted  by  
an Au203 or Au(OH)3  surface film, which begins to 
form at ~, 0.45V. 
Pb(II) additions.--Figures 3a and b show the  form of 
the  s t eady-s ta te  polar iza t ion  curves measured  in the  
phosphate  gold solut ion wi th  1 p p m  P b ( I I )  added  
(as PbO) .  These runs were  car r ied  out in  the same 
solut ion as tha t  employed for  the runs  of Fig. 2a and b. 
Comparison of the  cathodic branches  of Fig. 2b and 
3b reveals  tha t  in the  l imi t ing  current  reg ion  the i -E  
curves are  v i r t ua l ly  identical ,  but  in the k ine t ica l ly  
control led region above --1.2V there  is a pronounced 
shift  of the  waves  to less negat ive  potent ia l s  in the  
case of the l ead-conta in ing  solution. A marked  de-  
polar izat ion effect is thus induced by  only t race  quan-  
t i t ies of P b ( I I )  in the  e lectrolyte .  The magni tude  of 
this potent ia l  shift  increases  wi th  disk ro ta t ional  speed 
since deposi t ion of the  lead depolar izer  is control led 
by  its convect ion diffusion ra te  and a finite t ime is re -  
qui red  for s t eady- s t a t e  surface coverage and depola r i -  
zation conditions to obta in  (see be low) .  I t  is this k i -  
ne t ica l ly  contro l led  region wi th  high flow ra tes  and 
current  densi t ies  be low 30 m A / c m  2 which is usua l ly  of 
greates t  in teres t  for go ld -p la t ing  appl icat ions  (25). 

In  the anodic cur ren t  region of Fig. 2b and 3b i t  is 
evident  tha t  there  is an increase  in the  l imi t ing  cur ren t  
densi t ies  for the dissolut ion of A u ( O )  in  the l ead-  
containing solution, This is s imply  due to the p rogres -  
sive accumulat ion of O H -  and C N -  in the  solut ion 
with  total  cathodic charge passed. At  pH --~ 8, the  
phosphate  e lec t ro ly te  is no longer  wel l  buffered. I t  
should be noted that  in each series of runs, the  revers -  
ible  potent ia l  is almost  invar iant ,  independent  of the  
changing cyanide concentra t ion in the solution. This 
suggests that  the potent ia l  of the  unpolar ized gold 
electrode is de te rmined  by  a cyanide  surface layer ,  as 
ment ioned above. In the l ead-con ta in ing  solutions, this  
potent ia l  is shif ted nega t ive ly  by  ~ 60 mV. This m a y  
imp ly  that  the  anodic dissolution of gold is also ac-  
ce lera ted  by  the presence of lead  in the  solution. In~ 
deed, such effects have  been observed for the  dissolu-  
t ion of  Au in more  concent ra ted  cyanide solutions 
(24, 26). The lead cata lys t  on the  surface is thus b i -  
functional,  accelera t ing both the  cathodic deposi t ion 
and anodic dissolut ion kinetics of gold. 

Tl(I) additions.--The s t eady-s t a t e  polar iza t ion  curves  
for  a phosphate  gold solut ion wi th  1 ppm TI( I )  added 
(as T1NO3) are  ve ry  s imi lar  to those obta ined  wi th  
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Pb( I I )  additions. Again, a significant depolarization 
effect is evident at the higher mass t ransport  rates. In  
separate studies we have confirmed the finding of 
Cathro and Koch (24) that  an addition of 10 ppm T1 + 
to alkal ine cyanide solution markedly  enhances the 
anodic dissolution rate of gold. Thus thal l ium also acts 
as a bifunctional  catalyst on gold surfaces. 

Galvanostatic transients .--The nature  of the depo- 
larizat ion effects induced by trace metal  additives is 
more clearly revealed by polarization studies under  
conditions of forced convection and constant current,  
than by slow potential  scanning, since t ime-dependent  
effects caused by  surface area changes are minimized. 

Pb(I)  additions.--Figure 4 il lustrates the potential  
t ransients  observed dur ing the electrodeposition of Au 
metal  onto a gold RDE at a series of current  densities 
in  the presence and absence of Pb  (II) .  In  the lead-free 
solution, the absolute overpotential  for metal  deposi- 
t ion ~ ---- IE -- Erl (Er is the reversible potential)  
rapidly attains an almost constant value which changes 
only slowly wi th  time. Comparison with Fig. 2b re-  
veals that at m --__ 3600 rpm the deposition rate is solely 
under  kinetic control. The slow potential  relaxat ion 
at long deposition times probably results from an in-  
crease in  surface area wi th  deposit thickness, bu t  may 
also be caused by a depolarization effect produced by 
deposition of residual impurit ies from the electrolyte. 

In  the solution containing 1 ppm Pb ( I I ) ,  an init ial  
increase in  ~ is followed by a decrease of 8-30 sec 
duration, as Pb(O)  begins to accumulate on the Au 
surface. The difference in steady-state overpotential  
values, i.e., the depolarization, between the lead-free 
and lead-containing solutions is ~ 200 mV. Now the 
reduct ion of Au (CN)2-  has a Tafel slope, 0~l/01og i, of 
101 mV/decade (9). Hence at constant potential, the 
presence of 1 ppm Pb( I I )  in the phosphate gold solu- 
tion would be expected to increase the reduction rate 
of Au (CN)2-  ca. one hundredfold.  

Figure 5 shows the potential  t ransients  observed 
dur ing deposition of Au metal  onto a p la t inum RDE. 
The initial  large potential  step is associated with the 
high activation overpotentiaI required for the electro- 
reduction of A u ( C N ) 2 -  (see Fig. 2b). Superimposed 
on this step is a negative spike of 100-200 mV ampli-  
tude result ing from adion supersaturat ion during the 
init ial  formation of three-dimensional  gold nuclei  on 
the foreign substrate surface. As these nuclei grow, the 
surface area available for deposition expands and 
rapidly decreases. Subsequent ly  the growth centers 
coalesce and n rises to its final s teady-state value. The 
t ime required for this to occur is inversely propor-  
t ional to the deposition rate. 

Fig. 4. Potential-time transients observed during the galvanostatic 
reduction of Au(CN)2-  at a gold RDE in the presence and ab- 
sence of 1 ppm Pb (11). The depolarization time, % is calculated 
as shown. Also shown are the approximate potential ranges for 
underpotential and bulk metal deposition of Pb(O). 

Fig. 5. Galvanostatic reduction of Au(CN)2-  at a platinum 
RDE in the presence and absence of Pb(ll). 

The depolarization time, z (Fig. 4 and 5), is a func-  
t ion of the Pb ( I I )  concentrat ion in solution (27), i ts  
t ransport  rate to the electrode surface, and the ap- 
plied current  density i (i.e., the gold deposition rate) .  
Figure 6 shows the var ia t ion of �9 with i and m 1/2. Since 
the Pb( I I )  concentrat ion is extremely low, its rate of 
deposition onto the surface is mass t ransport  l imited 
and inversely proport ional  to the convective diffusion 
layer  thickness, 8. At a RDE, the diffusion layer  thick-  
ness for species j is 

Dj 
8j - -  ~ [9] 

Lj~I/= 

where ~ : 2~m/60 is the angular  velocity of the disk 
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(rad sec -1) and Lj, the Levich constant, is defined by 
(28) 

0.62048 Dy3~, -I/6 
Lj _ [I0] 

l -I- 0.2980(Dj/v) -~ O.14514(Dj/v) ~/3 

Here Dj is the  diffusion coefficient (cm ~- see -z)  of 
species j, and v is the k inemat ic  viscosity (cm ~ sec -~) 
of the solution; the quant i ty  v/Dj is the Schmidt n u m -  
ber. The diffusion-l imited flux of j to the surface is 
thus 

Jj = Lj ,.::'~ Cjo [ i i ]  

where Co~ is the bu lk  solution concentration. For m -- 
3600 rpm and [Pb ( I I ) ]  -- 1 ppm -- 4.8 • 10-SM, the 
max imum rate of supply of P b ( I I )  to the electrode 
surface is 9 • 10 -11 mole cm -2 sec -1, which is equiva-  
ient  to the deposition of 0.057 close-packed monolayer  
of Pb (O) per  second. Here we have assumed that  the 
diffusion coefficient of P b ( I I )  is s imilar  to that  of 
A u ( C N ) 2 -  in  phosphate gold solutions (~- 1.7 • 10 -5 
cm 2 sec -~ at 70~ Now at low rotational speeds, 
electroreduction of A u ( C N ) 2 -  in 0.0691Yl solution is 
under  mixed kinetic and mass t ransport  control (cf. 
Fig. 2 and 3), but  for m ~ 3600 rpm and i ~--- 30 mA 
cm -2 the gold deposition rate is l imited solely by the 
kinetics of reaction [7]. A current  densi ty  of 1 mA 
cm -2 corresponds to the deposition of 4.5 close-packed 
monolayer  equivalents  of Au (O) per second, which is 
greater  than the max imum rate of deposition of Pb (O) 
by  a factor of ,-- 10~. We might therefore expect that 
a large fraction of the discharged Pb  atoms would be 
bur ied beneath  the continuously plat ing Au metal  and 
incorporated as impuri t ies  in  the bu lk  deposit. The 
final Pb atom concentrat ion in  the bu lk  metal  has been 
found to be proport ional  to the P b ( I I )  concentrat ion 
in  solution (4). However, the solubil i ty of lead in  gold 
is practically nil  below 500~ (29). Thus there is a 
strong tendency for Pb atoms to segregate f rom the 
bu lk  to form an adsorbed layer  on the surface, as has 
been observed in  measurements  of surface diffusivity 
at high temperatures  (30). This segregation may occur 
by backdiffusion along grain  boundaries.  If it is as- 
sumed that  the ini t ial  surface concentrat ion of Pb 
adatoms is low, as evidenced by the rest potential, then 
the depolarization t ime �9 (Fig. 4 and 5) may be in -  
terpreted as the t ime required to establish a steady- 
state surface coverage of P b ( O ) .  At low rotat ional  
speeds, long relaxat ion times are encountered because 
the rate of deposition of Au (O) (kinetically controlled) 
far exceeds that of Pb (O) (mass t ransport  controlled).  
At high rotat ional  speeds, s teady-state  conditions are 
established much more rapidly because of the faster 
P b ( I I )  t ranspor t  rate. As yet the relat ive rates of 
supply of Pb (O)  to the surface by electrochemical dis- 
charge of Pb (II) and backdiffusion of Pb (O)  from the 
bu lk  deposit are not  known. 

It is impor tant  to note that for m ---- 3600 rpm and 
[Pb (I I ) ]  ---- 1 ppm, the values of �9 shown in  Fig. 4 are 
,~ 20 sec. It was shown above that under  these condi- 
tions the flux of P b ( I I )  to the surface is equivalent  
to the deposition of ~ 0.057 close-packed monolayer  of 
Pb (O) per second. If the lead atoms are not buried by 
the overdepositing gold, one complete monolayer  of 
Pb (O)  would form in  ~ 17.5 sec. The close agreement  
of these values is remarkable  and highly suggestive 
that  the s teady-state  surface coverage by lead atoms 
dur ing actual pla t ing conditions is high. Pre l iminary  
x - ray  photoemission spectroscopy (ESCA) measure-  
ments  indicate that  ~ 0.1-0.2 monolayer  of lead is 
present  on the surface of samples plated under  similar  
conditions (31). We are also a t tempt ing to measure this 
surface coverage directly in situ using high speed 
chronocoulometry techniques. 

TI(I) additions.--Figure 7 i l lustrates the potential  
t ransients  observed dur ing the electrodeposition of Au 
metal  onto a p la t inum RDE in a phosphate gold solu- 
tion in  the presence and absence of 1 ppm TI ( I ) .  The 

Fig. 7. Galvanostatic reduction of A u ( C N ) 2 -  at  a platinum ROE 
in the presence and absence of 1 ppm TI(I) .  

depolarization curves are qual i ta t ively similar  to those 
observed with the Pb ( I I )  addit ive (Fig. 5), bu t  here 
the potential  relaxations are more abrupt.  The magni -  
tudes of the depolarization are slightly smaller  than 
those for lead. 

Thal l ium salts are much more soluble than lead salts 
in alkal ine solution because they do not hydrolyze ap-  
preciably (19). In  phosphate gold solutions containing 
10 ppm Tl ( I ) ,  the depolarization times are approxi-  
mately  ten times less than  in  Fig. 7, as expected from 
Eq. [11]. Figure  8 shows the var ia t ion of �9 with i, m~/2, 
and COT]O). At the higher concentrations, the re laxa-  
tion times become almost independent  of ~n and i. This 
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is consistent with a report (3) that thal l ium does not 
codeposit from such solutions to form an Au-T1 alloy. 

Bi(III) additions.--Marked depolarization effects are 
also observed when 1 ppm Bi(I I I )  is added to the 
phosphate gold solution, as shown in  Fig. 9. In  this 
case, an init ial  depolarization is observed which is 
comparable to those observed for the Pb (II) and T l ( I )  
additives. But the depolarization times are longer for 
Bi( I I I )  and, in  addition, ~l increases again at longer 
deposition times. This might  be at t r ibuted to the forma- 
tion of a surface alloy. However, the solid solubili ty of 
Bi in Au at 25~ is v i r tua l ly  nil  (29). Further ,  electro- 
chemical studies of the deposition of Bi(O) on Au 
(32, 33) have revealed no evidence of alloy formation, 
contrary to the behavior observed for Bi(O) on Pt  
(34). In  the present  case, however, the large Bi atoms 
(d = 3.40A) are codeposited with the smaller  Au atoms 
(d = 2.88A) and may form a supersaturated solid solu- 
tion, as observed for electrodeposited Ag-Bi alloys 
(29). (Note that dAg = 2.88A -- dAu). The increase in 
~1 may, therefore, result  from a reconstruction of the 
deposit to relieve lattice strain. Alternat ively,  it may 
be caused by a growing together of three-dimensional  
crystallites with consequent decrease in electrode sur-  
face area. This phenomenon requires further  investiga- 
t ion using electron microscopy techniques. 

Hg(II) additions.--Owing to its smaller atomic radius 
(r~g ---- 1.57A), mercury  is able to alloy with gold and 
at 25~ has a solubili ty of 16 atom percent (a/o) (29). 
As shown in  Fig. 10, significant depolarization effects 
are observed in phosphate gold solutions containing 1 
ppm Hg(I I ) .  The potential  relaxat ion times are five to 
ten times longer than those for the lead, thall ium, or 

Fig. 9. Galvanostatic reduction of Au(CN)2-  at a platinum RDE 
in the presence of I ppm Bi(lll). 

Fig. I0. Galvunostatic reduction of Au(CN)2-  at a platinum 
RDE in the presence of 1 ppm Hg(ll). 

bismuth additives. This is a t t r ibuted to an amalgama-  
tion process which lowers the steady-state  surface con- 
centrat ion of Hg adatoms. 

Cs + additions.--Weakly hydrated Cs + ions, which are 
specifically adsorbed on negatively charged electrodes, 
are notable for their abil i ty to enhance the electro- 
reduction of negat ively charged anions (12-14). This 
enhancement  may occur through (i) a decrease in 
electrostatic repulsion (Frumkin  r effect); (if) ion- 
pair formation in  the double layer, which also reduces 
electrostatic repulsion; (iii) l igand bridging with the 
adsorbed cation, which increases the charge t ransfer  
rate; (iv) a lowering of the activity coefficient of the 
activated complex; (v) discreteness-of-charge effects; 
(vi) ionic atmosphere and solvent reorganization ef- 
fects. To test whether  such effects could be responsible 
for the depolarization phenomena observed in  the 
e]ectroreduction of A u( C N ) 2 - ,  re laxat ion times were 
measured as a function of current  density, disk rota-  
tional speed, and Cs + ion concentration. The depolari-  
zation times were found to be exceedingly long, com- 
parable to those observed in phosphate supporting 
electrolytes which had not been preelectrolyzed. No 
enhanced depolarization effect was observed at low 
Cs + ion concentrations ([Cs +] -----~0.01M). Further ,  
was found to decrease with increasing [Cs +] and m. 
It is therefore concluded that  Cs + ions per se are in -  
active in catalyzing the electroreduction of A u( CN)2 - .  
The depolarization effects observed in concentrated 
CsNQ solutions are at t r ibuted to heavy metal  ions 
introduced as impurities with the cesium salt. 

Underpotential deposition of heavy metals.--The spe- 
cific adsorption of metal  ions on foreign substrates and 
their  reduction at potentials anodic to the equi l ibr ium 
potential  for the metal  ion /meta l  couple extends over 
a several hundred  mill ivolt  range. In  order to cor- 
relate the catalytic effects of the Pb (II) ,  T1 (I),  Bi (III),  
and Hg(II)  additives on the electroreduction of 
Au(CN)2- ,  their underpotent ia l  deposition (upd) 
range on a gold RDE was measured in preelectrolyzed 
phosphate buffer solutions at 70~ A more detailed 
in terpre ta t ion of the upd phenomena will be given 
elsewhere. What we wish to establish here are the 
relat ive ranges of monolayer  and bulk  metal  deposition 
and whether specific adsorption of the heavy metal 
ions occurs at the gold surface. For purposes of corre- 
lation, the approximate underpotential and bulk depo- 
sition ranges of the heavy metals investigated in this 
study have been indicated in Fig. 4, 5, 7, 9, and I0. 

Lead.--The standard potential of the reaction 

pb ++ + 2e <-~- Pb [12] 

at 25~ is --0.126V (SHE). From temperature  coeffi- 
cient data (35) the s tandard potential  at 70~ referred 
to an SHE at the same temperature  is calculated to be 
--0.146V. In a 1 ppm Pb + + solution (4.8 ~M) at 70~ 
the equi l ibr ium potential  of the P b + + / P b  couple is 
therefore --0.327V. In  alkal ine phosphate solutions this 
potentiaI is not realized because of the tendency of 
Pb + + ions to complex with hydroxyl  and phosphate 
anions (19). 

Figures l l a  and b display the i-E curves measured 
for the cathodic deposition and anodic str ipping of 
Pb(O)  at a gold RDE in preelectrolyzed phosphate 
supporting electrolyte (pH 8, 70~ containing 1 ppm 
Pb( I I ) .  Since the bulk  solution concentrat ion of the 
lead additive is very low, a disk rotat ional  speed of 
4900 rpm was employed to main ta in  a rapid supply of 
this species to the electrode surface. Again assuming 
that the diffusion coefficient of Pb (II) is similar to that 
of A u( CN ) 2 - ,  we find from Eq. [11] that  the l imit ing 
t ransport  rate at m : 4900 rpm is equivalent  to the 
deposition of 0.067 close-packed monolayer  of Pb (O)  
per second. Thus at a scan rate of 10 mV/sec the under -  
potential  deposition of lead is essentially free from 
mass transport  control; monolayer  deposition is c o r n -  
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Cyclic scans with no hold. 

plete wi thin  the t ime required to scan through a volt-  
age in terval  of 0.15V. 

Prior  to the commencement  of the anodic sweep in 
Fig. l l a ,  the electrode was held for 20 rain at --1.0V 
(SCE) in  order to deposit bulk  Pb metal. The large 
anodic current  peak at --0.62V corresponds to tlie 
str ipping of this phase. Current  peaks due to the anodic 
oxidation of underpotent ia l  Pb (O)  occur at --0.52, 
--0.35, and --0.26V. In  the cathodic scan, upd peaks 
are observed at --0.30, --0.60, and --0.80V. 

Figure l l b  shows the i-E curves measured dur ing  a 
cyclic vol tammetr ic  scan under  the same conditions as 
Fig. l l a  but  with no cathodic hold. Only a single upd 
peak at --0.28V is observed in  the cathodic scan. A 
conjugate peak of approximately equal ampli tude ap- 
pears in the anodic scan. The integral  coulombic charge 
passed in  the cathodic peak of width ,,~0;18V is ,~100 
/~C/cm 2, based on the geometric surface area of the 
disk. For  a surface roughness factor of 1.5-2, this charge 
is equivalent  to the deposition of ,-,0.2 close-packed 
monolayer  of Pb(O)  on the surface. To first order this 
charge is independent  of the applied potential  scan rate 
and disk rotat ional  speed. This implies that the Pb (II) 
species is not removed from the surface dur ing  the 
cyclic scan but  remains  adsorbed in the double layer. 
This phenomenon is discussed in fur ther  detail in the 
analysis of underpotent ia l  b i smuth  deposition. 

Thal l ium.--The standard potential  of the reaction 

T1 + -5 e ~<-~- T1 [13] 

at  25~ is --0.3363V (SHE). At 70~ the s tandard po- 
tent ial  referred to a SHE at the same tempera ture  is 
calculated to be --0.396V. In  a 1 ppm TI(I )  solution 
(4.9 ~M) at 70~ the equi l ibr ium potential  of the 
TI+/T1 couple is thus --0.758V. This thermodynamic  
reversible potential  is closely approached in alkaline 
phosphate solutions because T1 + ions are not strongly 
c o m p l e x e d  (19). 
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Figure 12 il lustrates the i-E curves measured for 
the cathodic deposition and anodic str ipping of TI(O) 
at a gold RDE (m ---- 4900 rpm) in  the phosphate buffer 
solution containing 1 ppm T1 (I).  The cyclic Voltammo- 
gram for the stat ionary disk in tha l l ium-free  solution 
is also shown for reference. In  contrast to lead, bulk  
thal l ium metal  readily deposits at a potential  very close 
to its theoretical reversible potential  in  this solution 
[--1.00V (SCE)].  In the anodic scan at 10 mV/sec, this 
phase is rapidly stripped at --0.9V. A small, nar row 
current  peak corresponding to the oxidation of under -  
potential  TI(O) appears at --0.TV. This is followed by a 
very broad oxidation peak with a max imum at --0.25V. 
Corresponding upd peaks are observed in the cathodic 
scan. Although not well resolved on this scale, addi-  
t ional cathodic underpotent ia l  peaks appear at --0.43 
and --0.60V. These are not dist inguishable at higher 
sweep rates (--~30 mV/sec) .  

A remarkable  effect occurs in the potential  region of 
anodic oxide formation on the gold electrode in very 
dilute TI(I)  solutions. A steady-state anodic current  
of 29 ~A/cm 2 is observed for a disk rotat ing at 4900 
rpm (Fig. 12). This is a t t r ibuted to the oxidation re-  
action 

T1 + --> T13+ + 2e [14] 

The standard potential  of this reaction at 70~ is 
+1.29V (SHE) or ~1.05V (SCE), but  this potential  is 
shifted negatively by the formation of the sparingly 
soluble solid phase TI(OH)~ (36). Comparison of the 
areas inside the oxide format ion-reduct ion loops of the 
solid and dashed curves in Fig. 12 shows that  the for- 
mat ion of an adsorbed O or anodic oxide layer on gold 
is only slightly inhibi ted by the presence of T1 + ions. 
During the reverse cathodic scan from --0.95V, the gold 
oxide reduction peak is shifted to more negative po- 
tentials and broadened. On the trai l ing edge of this 
peak appears a secondary peak at --0.38V. The lat ter  
peak is a t t r ibuted to the cathodic dissolution of 
T1 (OH) 3, viz. 

TI(OH)8 -5 2e-> T1 + -F 3 O H -  [15] 

At higher sweep rates (~--30 mV/sec) this peak appears 
only as a small shoulder at the base of the gold oxide 
reduction peak because the rate of formation of the 
TI(OH)8 surface film is controlled by the convective 
diffusion rate of T1 + ions to the surface and the sweep 
rate. In  more concentrated solutions of TI( I ) ,  gold 
oxide formation is suppressed and gold dissolution en-  
hanced. 

It has been postulated (24, 26) that  this increase in  
the gold corrosion rate is due to inhibi t ion of the 
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formation of the passivating oxide layer by adsorbed 
tha l l ium atoms. However, TI(O) cannot exist on the 
surface at this high potential. An al ternat ive catalytic 
mechanism which may explain the specificity of the 
dissolution process is 

3T1 + -> 3T18+ + 6e [16a] 

3Tl~++ 2 A u ~  2Au 3+ +3T1  + [16b] 

Conversely, since T1 (I) is a strong reducing agent, the 
adsorbed O or gold oxide layer may be reduced chemi- 
cally as soon as it is formed electrochemically. In acid 
solution, for example 

Au + 3H20 ~ Au203 + 6H + + 3e [17a] 

3T1 + + Au203 + 6H + -> 3T18+ + 2Au + 3H20 [17b] 

3T13+ + 6e-> 3T1 + [17c] 

Removal of the oxide prevents  the gold electrode from 
becoming passive and enhances its corrosion rate. Since 
in both of these mechanisms T1 (I) is continuously re-  
generated, only trace amounts  are required to catalyze 
the gold dissolution process. Adsorption of the TI(I)  
species is not required for either of these postulated 
mechanisms to be operative. Their applicabil i ty is 
current ly  under  investigation. 

Bismuth.--In the pH range 3.4-8.6, the reduct ion of 
Bi( I I I )  to Bi(O) is formally represented as 

BiO + + 2H + + 3 e ~ B i  + H20 [18] 

At 25~ the s tandard potential  of this reaction is 
+0.320V (SHE). Hence, at pH 8 the  equi l ibr ium po- 
tential  of the BiO+/Bi  couple in a 1 ppm Bi(I I I )  solu- 
t ion (4.8 /~M) is --0.109V. The tempera ture  coefficient 
of E ~ has not been reported' (35), and hence the equi-  
l ib r ium potential  at 70~ cannot be calculated directly. 

Figure 13 shows the i-E curves measured for the 
cathodic deposition and anodic stripping of Bi(O) at a 
gold RDE (m ---- 4900 rpm) in preelectrolyzed phos- 
phate buffer solution (pH 8, 70~ containing 1 ppm 
Bi (III).  The potential  scan rate was 10 mV/sec. Curves 
a, b, and c were measured after a potential  hold at 
--0.9V (SCE) of 0, 1, and 2 rain to reveal the bulk  
Bi(O) str ipping peaks at --0.3V. The origin of the 
small anodic peaks at --0.24, --0.09, and +0.25 are 
at t r ibuted to the anodic oxidation of underpotent ia l  
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Fig. 13. Oxidation of Bi(O) and reduction of Bi( l l l )  at a gold 
RDE in phosphate buffer solution. Scan rate = 10 mV sec - 1 .  (a) 
Disk held at - - 0 . g v  for 0 rain before anodie scan, (b) 1 min hold at 
- - 0 . 9 %  (c) 2 min hold at - -0 .gv .  

Bi(O),  although the most positive peak has no ap- 
parent  cathodic counterpart .  

During the cathodic scan the gold oxide reduction 
peak at +0.4V is broadened and attenuated, possibly 
due to the adsorption of Bi ( I I I )  on the oxide surface 
(33) but  more probably in the present case (pH 8), 
due to the reduction of higher valent  b ismuth  oxides 
such as Bi407, Bi204, or Bi205 which can be formed 
at potentials >0.6V (SCE) (36). At low scan rates 
(10 mV/sec) a shoulder appears on the leading edge of 
the gold oxide reduction peak. This shoulder is not 
observed at faster sweep rates (~30 mV/sec) .  

On repeti t ively scanning over the potential  range 
--1.0 to +I .0V at 30 mV/sec with a s tat ionary disk 
(m : 0), only a single Bi( I I I )  reduction peak at 
--0.15V and a conjugate anodic peak ,(a doublet)  of 
equal ampli tude at --0.10V are observed (Fig. 14a). The 
integral  coulombic charge passed in each current  peak 
is ~300 #C/cm 2, based on the geometric surface area of 
the disk. Assuming a surface roughness factor of 1.5-2. 
this charge corresponds to the amount  required to de- 
posit or oxidize 0.3-0.4 close-packed monolayer  of 
Bi(O) on the electrode surface. If m is increased to 
3600 rpm at the same potential  scan rate, a bulk str ip- 
ping peak at --0.32V and the underpotent ia l  peak at 
--0.26V reappear (Fig. 14b), while the conjugate cur-  
rent  peaks are shifted to --0.19V and their  ampli tude 
is halved. These results imply that the redox process 
associated with these current  peaks is not diffusion 
controlled. At m = 3600 rpm the l imit ing rate of con- 
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Fig. 14. Linear sweep voltommogram for the underpotential 
deposition and oxidation of Bi(O) at a gold disk electrode in 
phosphate buffer solution. Scan rate = 30 mV see -1 .  (a) Station- 
ary disk, m = 0 rpm. (b) Rotating disk, m ~_ 3600 rpm. 



Vol. 123, No. 12 ELECTRO D EP O S I TI O N  OF GOLD 1809 

vective diffusion of Bi (III)  to the surface in this very 
dilute solution corresponds to the deposition of ~,0.06 
monolayer  per second. However at m _-- 10 rpm (a 
s t i r r ing rate greater than  that  due to na tura l  convec- 
t ion at a s tat ionary RDE), the max imum deposition 
rate is only 3 • 10 -8 monolayer  per second. At a scan 
rate  of 30 mV/sec, the dura t ion of the cathodic cur-  
ren t  peak is ~6  sec, t ime for less than  0.02 monolayer  
of Bi(O) to deposit on the stat ionary disk. These 
results indicate clearly that a substant ial  fraction of 
the Bi (III) species does not diffuse away from the sur-  
face but  remains adsorbed in the double layer. The 
kinetics of the charge redis t r ibut ion among the var i -  
ous adsorption states of b ismuth requires further  in -  
vestigation. 

The conclusion that Bi (III) species remain  adsorbed 
at  the gold electrode is fur ther  confirmed by studies in 
more concentrated solutions. In  a 10 ppm Bi (III)  solu- 
t ion (4.8 • 10-~M), the formation of the anodic gold 
oxide film is s trongly inhibi ted and a steady-state 
l imit ing current  is observed over the range --0.1-1.0V 
which is presumed due to the anodic dissolution of 
gold. Similar  results are observed in  1 ppm Bi(HI)  
solutions after deposition of bulk  Bi metal  at --0.9V for 
5-20 min. 

Mercury.--In alkal ine solutions, mercury metal  is 
oxidized directly to the mercuric  state with the forma- 
t ion of sparingly soluble HgO. The s tandard potential  
for the reaction 

HgO -F 2H+ �9 2e-~ Hg -F H20 [19] 

is +0.926V (SHE) at  25~ At pH 8, the equi l ibr ium 
potential  of the H g ( I I ) / H g  (O) couple is -~0.453 (SHE) 
or ~ ~0.209V (SCE). For the reduction of the spar-  
ingly soluble hydroxide 

Hg(OH)2 + 2e ~---Hg + 2 OH-  [20] 

the s tandard potential  is -t-1.034V (SHE). In  a 1 ppm 
Hg(I I )  solution (5.0 ~M) at pH 8, the equi l ibr ium 
potential  of the H g ( I I ) / H g ( O )  couple is ~0.404V 
(SHE) or ~ ~0.159V (SCE). 

Figure 15 shows the i-E curves measured for the 
cathodic deposition and anodic oxidation of Hg(O) at 
a gold RDE (m ---- 4900 rpm) in preelectrolyzed phos- 
phate solution (pH 8, 70~ with a scan rate of 10 
mV/sec. In  the cathodic scan a l imit ing current  plateau 
is preceded by two small current  peaks at 0.0V (SCE) 
which may correspond to underpotent ia l  deposition. In  
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Fig. 15. Oxidation of Hg(O) and reduction of Hg(ll) at a gold 
RDE in phosphate buffer solution, m ~ 4900 rpm. Scan rate 
10 mV sec-L 

the anodic scan, the peak at ~-0.14V corresponds to the 
oxidation of Hg(O) to Hg(OH)~. The tail  on the 
anodic side of this peak is a t t r ibuted to the slow back-  
diffusion of mercury  to the surface of the amalgamated 
gold electrode. The anodic peak at +0.5V is thought 
to be due to the enhanced anodic dissolution of gold 
resul t ing from the inhibi t ion of oxide layer  formation. 
Since the gold RDE surface is extensively damaged by 
amalgamation,  we have not studied these processes in 
fur ther  detail. 

Mechanism of the depolarization eiyect.--Several 
physical and chemical mechanisms must  be considered 
in at tempting to account for the pronounced depo- 
larizat ion effects encountered in the electroreduction of 
Au (CN)~-  in the presence of trace quanti t ies of heavy 
metal  ions. Since these additives are present  at ex- 
t remely low concentrat ion ( ~ 5  ~M) in the bu lk  solu- 
tion, it is evident  that  their rate of t ransport  to the 
cathode surface is much too low (see above) for them 
to react directly with the A u ( C N ) 2 -  ions at or near  
the surface. Rather, the depolarizing species must  ini-  
t ial ly be concentrated in some ionic or neut ra l  adsorp- 
t ion state on the surface which enables them to in-  
crease the rate of one or more sequential  steps in  the 
electrodeposition reaction. Alternat ively,  the depolar-  
izer may cause the reduction of Au (CN)e-  to occur by 
a different mechanism. 

The over-all  reaction of metal  deposition from an 
aqueous solution is represented by 

[M z+ ( H 2 0 ) n ]  2~ ze--> Mlattice -~ n H 2 0  [21] 

This reaction comprises the following e lementary 
steps: (i) t ransport  of the hydrated metal  ion, 
[M z+ (H20)n]~ol, from the bulk  solution to a position 
at the outer Helmholtz plane in the ionic double layer;  
(it) tunne l ing  of an electron from the electrode to the 
ion in a sui tably deformed solvation sheath; (iii) dif- 
fusion of the part ial ly hydrated adion across the sur-  
face to a step site or crystal nucleus; (iv) migrat ion of 
the particle to a fixed lattice position, e.g., a kink site 
or edge vacancy; and (v) final dehydrat ion and dis- 
charge of the adion and incorporat ion of the metal  
atom into the lattice. It is clear that  if the electrodep- 
osition reaction is to be accelerated by an adsorbed de- 
polarizer, then this species must  either remain  in its 
init ial  state on the surface or else be rapidly regen-  
erated after each reduction event. On the other hand, 
if the depolarization is caused by incorporation of the 
large heavy metal  atoms into the bulk  lattice as the 
deposit grows, then the mechanism must  operate 
through a long-range physical effect which propagates 
to the surface plane where reduct ion occurs. We now 
consider a number  of mechanisms which can con- 
t r ibute to the depolarization phenomenon.  

Electrocrystallization ef]ects.--The trace foreign metal  
additives found most effective as depolarizers (Hg, T1, 
Pb, Bi) in the electrodeposition of gold from alkaline 
phosphate solutions all have atomic radii  substant ia l ly  
greater than that of gold ( r A u =  1.44A; rHg ----- 1.57A; 
rT1 ---- 1.71A; rpb : 1.75A; rm ---- 1.70A). This suggests 
that  the depolarization effect induced by these heavy 
metal atoms might result  from their  incorporation into 
the bulk  gold lattice. In  real metal  crystals, screw dis- 
locations originate at impur i ty  sites or faults. Deposi- 
tion or dissolution of metal  at low overpotentials gen- 
eral ly proceeds through these dislocations, with the 
growth site perpetuat ing itself (37, 38). Generat ion of 
an increased dislocation density in the interior  of the 
crystal could produce, in turn, an increase in the con- 
centration of step sites on the surface and hence a de- 
crease in crystall ization overpotential.  

There are a number  of arguments  against this mecha- 
nism being the one responsible for the depolarization 
effect. Firstly, the magni tude  of the depolarization 
(>0.2V) is much larger than the crystall ization over- 

potentials (37) observed for the deposition of a metal  
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Fig. 16. Temperature dependence of the depolarization effect in- 
duced by 1 ppm Pb(ll) in the galvanostatic reduction of Au(CN)~- 
at a platinum RDE. m = 3600 rpm, i ~ 3 mA cm-2. 

onto a substrate of the same metal. Secondly, the de- 
polarization effect has a strong tempera ture  depend-  
ence. As shown in  Fig. 16, the depolarization t ime in 
the phosphate gold solution containing 1 ppm Pb( I I )  
increases as the temperature  is lowered unt i l  at 25~ 
a depolarization is no longer observable. If the dis- 
location mechanism were operative, we would expect 
the opposite behavior, since higher temperatures  should 
anneal  the lattice strain more rapidly and also in-  
crease the rate of segregation of lead atoms to the 
surface or grain boundaries.  Secondly, a pronounced 
depolarization effect is also observed for Hg(II)  addi- 
tives (Fig. 10). Mercury, however, is able to form a 
subst i tut ional  alloy with gold since the difference in 
their  atomic radii is less than the Hume-Rothery  l imit  
of ,~15%. Hence incorporat ion of adsorbed m e r c u r y  
atoms into the bu lk  deposit would not be expected to 
increase the dislocation density to the same extent as 
lead and the deposit should be relat ively free of in-  
ternal  stress from this source. In  contrast, gold deposits 
plated from a solution containing more than 2 ppm 
Pb( I I )  are found to be bri t t le  (8). This may result  
from an impedance to the movement  of dislocations 
in the bu lk  caused by the foreign metal  atoms, or by 
their segregation to grain boundaries.  Finally,  accord- 
ing to classical electrocrystallization theory (37), the 
current  density should be independent  of the number  
of screw dislocations per  uni t  area. From these con- 
siderations we conclude that generat ion of bulk dis- 
locations is not the pr imary  factor which induces the 
depolarization effect. 

Another  electrocrystallization effect that must  be 
considered is the rate of two- or three-dimensional  
nucleus formation on the substrate surface. It is gener-  
ally believed that polycrystal l ine metal  deposits con- 
tain such a high concentrat ion of defects and disloca- 
tions that nucleat ion cannot be a ra te -de te rmin ing  
step in the crystal growth process. However, in the 
presence of strongly adsorbing inhibitors it has been 
postulated (39) that  the surface may act as though it 
were dislocation free since these inhibitors are prefer-  
ent ial ly adsorbed at defect sites on the surface. At low 
current  densities, for example, copper deposits build up 
in layers with a preferred orientat ion as a result  of 
two-dimensional  nucleat ion and growth. At higher cur-  
rent  densities and overpotentials, three-dimensional  
crystallization and growth is favored and a f ine-grained 
deposit with no preferred orientation is formed. In  the 
case of gold electrodeposition, a high concentrat ion of 
potential  inhibitors is generated continuously by the 
electroreduction process itself (Eq. [1] and [7]). Cy- 
anide anions are strongly adsorbed on gold at poten-  
tials positive of the point of zero charge [~0.0V 
(SCE)].  It is not yet  known, however, whether  they 
remain  specifically adsorbed at the more negative po- 

tentials required for electroreduction of A u( CN)2 - .  
The adsorption of foreign metal  atoms such as Pb, T1, 
Bi, or Hg may substant ia l ly  modify the extent  of C N -  
adsorption. Note that the bu lk  metal  phases of these 
elements have points of zero charge --0.4 to --0.9V 
negative to that of gold (40). 

High surface coverages by depolarizer metal  adatoms 
may appreciably alter not only anion adsorption but  
also nucleat ion rate and the entire crystal growth 
mechanism. Recent theoretical calculations (41) have 
shown that  impur i ty  atoms which are strongly chemi- 
sorbed on the bulk  metal  surface can act as centers for 
two-dimensional  nucleation. Thus gold adatoms dif- 
fusing across the surface may be trapped by lead atoms 
adsorbed at underpotentials,  owing to the strong Pb-Au  
interact ion energy. If the surface coverage by foreign 
metal  adatoms is sufficiently high, then crystal growth 
will occur pr imar i ly  at these sites rather  than at step 
or k ink  sites on the bu lk  metal surface. This may in-  
crease the net reaction rate in several ways, e.g., by 
(i) decreasing the mean  surface diffusion length of the 
gold adatoms, (it) decreasing the size of the surface 
nucleus, (iii) increasing the total step edge length or 
the number  of k ink sites at existing steps, or (iv) re-  
ducing growth inhibi t ion caused by impur i ty  adsorp- 
tion and step bunching. The foreign metal  adatoms may 
also reduce the work of formation of two-dimensional  
nuclei on the surface and thus lower the crystalliza- 
t ion overvoltage [cS. Pangarov (42-48)]. Preferent ia l  
deposition of gold crystallites with low index planes 
parallel  to the surface would then be expected, ra ther  
than the randomly oriented crystals formed at higher 
overpotentials. As yet the effect of depolarizers on the 
orientat ion of gold crystallites has not been studied 
exper imental ly  and this postulate remains to be tested. 

Finally,  it should be noted that  the magni tude of the 
depolarization produced by the foreign metal  atoms is 
anomalously large compared to the crystallization 
overvoltages usual ly  observed for two- or three-di -  
mensional  nucleation and growth [cS. Ref. (37)]. In 
addition to the enhanced nucleat ion and crystal growth 
rates, double layer and electrocatalytic effects may also 
contr ibute  to the depolarization. The influence of these 
is discussed below. 

Electrostatic ef]ects.--As mentioned previously, cesium 
ions specifically adsorbed on negatively charged elec- 
trodes can enhance the electroreduction of negatively 
charged anions (12-14). Similar  enhancement  is ob- 
served for the electroreduction of cations in the pres-  
ence of specifically adsorbed anions (12, 49-53). In the 
present work, however, we could find no evidence of 
an acceleration of the electroreduction of A u ( C N ) 2 -  
anions by Cs + ions, other than one at t r ibutable  to im- 
purities in the reagent salt. An al ternat ive means of 
lowering the electrostatic repulsion between anions 
and the electrode may be provided by the underpoten-  
tial deposition of metals. If the adsorbate layer has an 
electronegativity or work function less than that of 
the substrate, then a charge t ransfer  will occur which 
leaves the atoms in this layer with a part ial  positive 
charge. Such may be the case for the adsorption of Pb, 
TI, Bi, and Hg on Au (XAu ---- 2.4, XPb ---- 1.8, XT1 -~ 1.8, 
XBi = 1.9, X•g ~ 1.9). While these metals all act as 
depolarizers in  the electroreduction of A u ( C N ) 2 -  in 
alkaline solution, other additives such as Cu, Ag, Zn, 
Cd, In, Sn, and Sb do not. The lat ter  all have electro- 
negativities equal to or less than 1.9. Apparent ly  the 
positive "electrosorption valency" of these adatoms 
has no specific electrocatalytic effect in this case. 

Other evidence that electrostatic effects were not re- 
sponsible for the depolarization phenomenon was pro- 
vided by a study of the electroreduction of oxygen on 
gold in the phosphate supporting electrolyte. As shown 
in Fig. 17, the addition of i ppm Pb( I I )  to an O2-satu- 
rated phosphate buffer electrolyte (pH 8, T ----_ 70~ 
markedly  accelerates the rate of electroreduetion of 
oxygen on gold in the potential  region of partial  ki-  
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Fig. 17. Steady-state i-E curves for the electroreduetion of 
oxygen at a gold RDE in phosphate buffer solution (pH 8, 70~ in 
the presence and absence of ] ppm Pb(II). 

netic control. Since the 02 molecule has no charge, 
electrostatic effects cannot be responsible for the en-  
hancement  of its reduct ion rate. In  this case it is evi- 
dent that the electrocatalytic effect arises from upd of 
Pb (O)  on the Au electrode surface (cf. Fig. 11). Note, 
however, how the H2 evolut ion reaction is poisoned by 
Pb. Also of interest  is the fact that  when 02 is re-  
duced galvanostatically at a low disk rotat ional  speed 
(900 rpm),  the electrode potential  exhibits periods of 
growing and damped oscillation. The origin of this 
phenomenon is not yet known, but  its occurrence sug- 
gests that the Pb(O)  concentrat ion on the surface 
fluctuates as a result  of reaction with in termediate  

1.0 
species (e.g., OH, HOf, H202) generated dur ing oxygen 
reduction. 

Electrochemical displacement.--The abili ty of the o.s 
heavy metal  depolarizers to catalyze both the deposi- 
t ion and dissoIution of gold leads us to consider also 
the possible occurrence of electrochemical displacement o . e  

reactions. Owing to the high pH and the extremely low 
solution concentrations of the depolarizers, the equi- 
l i b r ium potentials of the metal  ion /meta l  couples lie o,4 
far negative of their standard potentials. In Table I 
the thermodynamic reversible potentials of these spe- 
cies at a solution concentrat ion of 1 ppm are compared o.2 
to that of the A u ( I ) / A u  couple in a phosphate gold ~. 
solution at 25~ and pH 8, with [Au(CN2-]  ~- 0.0694M "' 

0.0  and [HCN] = 10-4M. The t rue reversible potentials 
of the P b ( I I ) / P b  and B i ( I I I ) / B i  couples in this solu- > 
t ion are probably  more negative than  the calculated uJ ~ 
values owing to complexation of the metal  cations by -o.2 
OH- ,  CN- ,  or HPO4 = anions. The monovalent  T1 + ions 
are only weakly complexed by O H -  and not at all by 
C N -  (19). From these considerations it is evident  that -0.4 
the bulk  metals Pb, T1, and Bi are thermodynamical ly  
capable of displacing gold from solution, e.g. -0.6 

A u ( C N ) 2 -  4- T1 4- 2H + --> Au 4- T1 + 4- HCN [22] 

Now according to Table I, Hg(O) should not be able 
to reduce Au( I )  since EHg(n)/Hg > E~cI)/Au. Recall, 
however, that  the Hg 2+ cation forms soluble, extremely 
stable complexes with C N -  which are not  precipitated 
in alkal ine solution. For example, the stabili ty constant  
of Hg(CN)2 at 25~ is 1035.8 , whereas tha t  of 
Hg(CN)42- is 1041.5. These complexes of }Ig ~§ are 
comparable in stabili ty to A u ( C N ) 2 -  (Ks ---- 10~9"1). 
When the free cyanide concentrat ion is very  low 
(<  10-4M), the predominant  complex is Hg(CN)2. In  
alkaline solution (pH > 11) at 25~ the s tandard po- 
tential  of the reaction 

Hg(CN)2 + 2e ~=~ Hg + 2CN- [23] 

is calculated to be --0.190V (SHE). For  the corre- 
sponding reaction in acid or slightly alkaline solution 
(pH < 8) 

Hg(CN)2 4- 2H + 4- 2e ~ Hg 4- 2HCN [24.] 

the s tandard potential  is 4-0.361V. [Recall that  the 
analogous s tandard potentials for electroreduction of 
A u ( C N ) 2 -  are --0.600 and 4-0.501V, respectively.) At  
pH 8, the equi l ibr ium potential  of the H g ( I I ) / H g  
couple in  a solution with [HCN] ---- 10-4M and 
[Hg(I I ) ]  ---- 1 ppm is --0.033V (SHE). This is very 
close to the value of --0.041V calculated for the Au ( I ) /  
Au couple in 0.0694M A u ( C N ) 2 -  solution (Table I) .  At 
lower cyanide concentrations and also at lower pH, 
E r ( H g ( I I ) / H g )  lies negative of E r ( A u ( I ) / A u ) ,  as 
shown in Fig. 18. Under  these conditions, mercury  metal  
is electropositive relat ive to gold and can act as a re-  
ducing agent, displacing Au( I )  from solution by the 
reaction 

2Au(CN)2-  4- 2H + 4- Hg--> 2Au + Hg(CN)2 -5 2HCN 

[25] 

The displacement is also favored by increasing 
Au (CN) 2- concentration. 

Table I. Thermodynamic reversible potentials at 25~ and pH 8 

S o l u t i o n  E ~  E~V 
C o u p l e  c o n c e n t r a t i o n s  ( S H E )  ( S H E )  

A u  ( I ) / A u  ( O ) 0.0694M A u  ( C N  ) ~-, + 0.501 - 0.041 
1.0 • 10-~M H C N  

P b ( I I ) / P b ( O )  4.83 • 10-~M --0.126 --0.283 
TI(I)/TI(O) 4.89 • 10-eM 10.336 --0.650 
Bi(III)/Bi(O) 4.79 • 10-6M +0.320 -0.109 
Hg(II)/Hg(O) 4.99 • 10-6M +1.034 +0.404 

-0.8 

-I.O 
0 2 4 S 8 IO 12 14 

pH 

Fig. 18. Variation of the thermodynamic reversible potentials for 
the reduction of the complexes Au(CN)2- and Hg(CN)2 as a 
function of pH and free cyanide concentrations. [Au(CN)2-] = 
0.0694M, [Hg(CN)2] ~- 1 ppm ~- 4.99 X 10-6M, 25~ 
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The exper imenta l  observat ion of a pronounced de-  
polar iza t ion  effect in the e lec t roreduct ion  of Au  (CN)2 -  
in  the presence of 1 ppm H g ( I I ) ,  which would  not  
o therwise  have  been expected,  s t rongly  suggests that  
an e lectrochemical  d isplacement  react ion does in fact 
occur, a l though nuclea t ion  enhancement  may  also be 
responsible.  The Hg(O)  species is r ap id ly  regenera ted  
by  e lec t roreduct ion  in the  negat ive  potent ia l  range  
employed (Eq. [23]).  

The over -a l l  d isp lacement  and regenera t ion  process 
for a depolar izer  couple Mz+/M may  be genera l ly  
fo rmula ted  a s  

M + A u ( C N ) 2 -  - >  Mad z+ -~ zAu -~ 2zCN-  [26a] 

Ma~ z+ / -  ze --> M [26b] 

Severa l  cr i ter ia  must  be satisfied for such a mechanism 
to be operative.  First ,  the the rmodynamic  revers ib le  
potent ia l  of the  M z +/M couple must  be more  negat ive  
than  that  of the  A u ( C N ) 2 - / A u  couple in the gold 
p la t ing  solut ion employed.  In the  simplified t r ea tmen t  
above we have  considered only the  difference in Nernst  
potent ia ls  of the  meta l  i o n / b u l k  meta l  couples, assum- 
ing the act ivi ty  of the  meta l  ada tom laye r  to be near  
unity.  This condit ion is approached  near  full  mono-  
l ayer  coverage but  at  lower  surface coverages the  re-  
versible  potent ia l  of the Mz+/M couple is shif ted 
anodically.  A posi t ive shift  is also p roduced  by  specific 
adsorpt ion of the  M z+ species in the  double  layer .  Sec-  
ond, the  "oxidized" form of the cata lys t  must  r emain  
specifically adsorbed in the  double  l aye r  since i t  can-  
not  be replenished  at  a sufficiently rap id  ra te  by  mass 
t ranspor t .  I t  is qui te  possible that  this species is "con- 
tact  adsorbed"  and does not  have the ful l  formal  
charge of the ionic species M z+ in solution. Third,  the  
exchange current  densi ty  of the M~+/M(O)  couple 
mus t  be high in order  for the  ze ro-va len t  species to be 
regenera ted  rapidly .  Recent  studies (10) of the unde r -  
potent ia l  deposi t ion of silver,  lead, and tha l l ium on 
gold have shown tha t  the  exchange cur ren t  densi ty  in 
these systems is of the  order  of 10 A c m  -2. This im-  
pl ies that  charge t ransfer  polar iza t ion  is negl igible  and 
that  surface diffusion is the  r a t e -de t e rmin ing  step in 
the deposi t ion process. In the  galvanosta t ic  reduct ion 
exper iments  (Fig. 4, 5, 7, 9, and 10), the final s t eady-  
state potent ia ls  are  wel l  clamped.  This is consistent 
wi th  the  fact that  the  exchange current  densit ies of the  
var ious  M~+/M couples are  much grea ter  than that  of 
the A u ( C N ) 2 - / A u  couple. According to this mecha-  
nism, the  final potent ia l  wi l l  be de te rmined  by  the 
combined polar izat ion curves of the M~+/M and A u ( I ) /  
Au couples, as i l lus t ra ted  schemat ica l ly  in Fig. 19. At  
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Fig. 19. Schematic representation of an electrochemical dis- 
placement reaction. The dashed lines show the variation of the 
individual anodic and cathodic components of the total current 
density for the oxidation and reduction of the depolarizer species. 

low current  densit ies gold deposi t ion wil l  occur p r i -  
mar i ly  through the d isplacement  react ion mechanism 
(Eq. [26]), bu t  at  h igh cur ren t  densi t ies  gold wi l l  be 
deposi ted main ly  by  the  direct  e lec t roreduct ion mecha-  
nism (Eq. [1] and [7]). F inal ly ,  a l though underpo ten-  
t ia l  deposi t ion of a depolar izer  is appa ren t ly  not  a 
prerequis i te  for catalyt ic  reduct ion  of A u ( C N ) 2 -  (cf. 
Fig. 4, 5, 7, 9, and 10), the  format ion  of M(O)  adatoms 
on the surface enables  o ther  slow elect rochemical  re -  
actions such as O2 reduct ion (Fig. 13) to be accelera ted 
at potent ia ls  wel l  posi t ive of those where  bu lk  deposi-  
t ion of M(O)  begins.  

Electroplating applications.--On the basis of the  
mechanisms descr ibed above, i t  now becomes evident  
w h y  the  addi t ion of t race  heavy  meta l  ions such as 
TI ( I )  to go ld-p la t ing  solutions leads to un i fo rmly  dis-  
t r ibu ted  gold deposits on i r r egu la r ly  shaped small  
parts .  According to the  pa ten t  l i t e r a tu re  (2, 3), best  
results  are  obtained in the cur ren t  dens i ty  range  of 
2-10 mA cm -2. Examina t ion  of Fig. 7 reveals  tha t  the  
corresponding overpotent ia ls  for gold deposi t ion l ie  in 
the range  of underpo ten t ia l  deposi t ion of TI(O)  on 
gold. Now underpo ten t ia l  deposi t ion of a meta l  mono-  
l ayer  occurs un i fo rmly  on a foreign meta l  substrate,  
r a the r  than  in i s landl ike  clusters, since its heat  of ad-  
sorpt ion is g rea te r  than  the cohesive energy of its bu lk  
form (33, 34, 54-57). As a result ,  the  d isp lacement  re -  
act ion wil l  also proceed un i fo rmly  on the substrate,  
the reby  leading to good " throwing power"  and reduc-  
ing the  amount  of gold requ i red  to p la te  the  par t .  
Similar ly ,  in selective p la t ing  of in tegra ted  circuits  
(6-8), adsorpt ion of the  depolar izer  wil l  occur p re fe r -  
en t ia l ly  on exposed ba re  meta l  surface (e.g., Pd) ra the r  
than  on a meta l  surface covered by  an oxide (e.g., Ti, 
A1). As a result ,  the  gold deposi t ion ra te  on beam leads 
is enhanced and br idg ing  due to "underp la t ing"  on a 
surface inadequa te ly  protec ted  by  a photoresis t  mask  is 
reduced.  

Electrocatalysis by heavy meta~ ions.--Recent studies 
(58, 59) have shown that  a number  of slow elect ro-  
chemical  reactions are  ca ta lyzed by monolayers  of 
metals  (Pb, T1, Bi) deposi ted at underpoten t ia l s  on 
fore ign meta l  subst ra tes  (Pt, Au) .  Examples  include 
the Fe 2+ /Fe  3+ and Ti3+/Ti  4+ redox couples and the 
oxidat ion of formic acid. The cata lyt ic  effects have  
been a t t r ibu ted  to the  format ion  of new electronic sur-  
face states energet ica l ly  more  sui table  for  various 
stages of the  ox ida t ion- reduc t ion  react ions than  the 
bare  substrate.  In  the  present  study, however,  we have 
seen that  the e lect rocata lyt ic  effects induced by  t race 
quant i t ies  of heavy  meta l  ions in the  e lec t roreduct ion  
of Au (CN)2 -  are wel l  accounted for on other  grounds. 
Whether  such mechanisms are  genera l ly  appl icable  re -  
mains  to be seen. Since upd layers  of Pb, T1, and Bi 
appa ren t ly  catalyze a wide var ie ty  of e lectrochemical  
reactions, it  is wor thwhi l e  to examine  briefly the i r  
chemical  and physical  proper t ies  in order  to ascer ta in  
the possible origin of the i r  e lec t rocata ly t ic  activity.  
Here  we point  out only thei r  essential  features.  A more  
deta i led  discussion wil l  be given elsewhere.  

Owing to the  increase  of nuclear  charge  across each 
of the t rans i t ion  series, the B meta ls  have a much 
weaker  tendency  than  the A meta ls  to form ions or to 
form compounds wi th  nonmeta ls  (60). The B meta l  
ions have high e lect ron affinities and tend to seek out 
polar izable  anions or l igands. The increasing polar iz -  
ing power  of the cations culminates  in the final row of 
B metals :  Au, Hg, T1, Pb, Bi, and Po where  the  nuclear  
charge has been bui l t  up across the  lan than ide  as wel l  
as the th i rd  t rans i t ion  series. This increase  in nuclear  
charge also leads to an increase  in ionizat ion potent ial .  
Oxidat ion  from the (N-2) valence s tate  N to the  g roup-  
valence s tate  N is pa r t i cu la r ly  difficult in this  las t  row 
owing to the i ne r t - pa i r  effect of the 6s 2 electrons. 

Owing to its large  size, (d ---- 2.88A), the  hydra t ion  
energy of the  monovalen t  T1 + ion is expected to be  
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weak.  This is indeed the case. The hydra t ion  energy of 
the T1 + ion is only --77 kcal  mole  -1, which is compar -  
able to the va lue  of --61 kcal  mole  -1 found for the  
Cs + ion. Thus contact  adsorpt ion  of T1 + on meta l  elec- 
t rodes is favored and is observed exper imenta l ly .  The 
la rge  size and electronic po la r izab i l i ty  of the T1 + ion 
(a = 3.9 X 10 -24 cm 3) also favors specific adsorpt ion  
on the e lec t rode  surface through the action of London 
dispers ion forces. Since the  hydra t ion  energy of the  
T1 + ion is low, the  act ivat ion energy requ i red  to re -  
organize its solvat ion shell  pr ior  to charge t ransfer  
should be small  and hence the exchange cur ren t  den-  
s i ty of this react ion should be high. 

For  the mul t iva len t  cations Hg 2+, Pb 2+, and Bi 3+, 
the  s i tuat ion is more complex since these species have  
high hydra t ion  energies.  Again  thei r  large  size favors 
contact  adsorption.  Fur ther ,  these ions tend to bond 
covalent ly  to form ex t r eme ly  stable complexes such as 
Hg(CN)2.  The resul t ing  negat ive  shift  in reduct ion po-  
tent ia l  enables these species to be effective as cata lyt ic  
reducing agents. 

Conclusions 
Underpo ten t ia l  adsorpt ion of heavy  meta l  a toms on 

gold produces  a marked  depolar iza t ion  effect which ex-  
tends the current  densi ty  range in which bright,  fine- 
gra ined electrodeposi ts  can be obtained.  Two mecha-  
nisms are  proposed to be responsible  for this effect: 
(i) the enhancement  of nucleat ion ra te  by  s t rongly  
adsorbed  foreign meta l  atoms and (it) the  occurrence 
of e lect rochemical  d isplacement  reactions, made  pos-  
sible by  the specific adsorpt ion  of heavy  meta l  de-  
polar izer  ions. A la te r  communicat ion wil l  repor t  the 
resul ts  of depolar iza t ion  studies in acidic gold e lect ro-  
p la t ing  solutions. 
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ABSTRACT 

The t r anspor t  coefficients Lik,  defined by  phenomenological  equations for 
Ca 2+, A1 ~+, Si 4+, and 0 2 -  are  eva lua ted  for l iquid solutions of CaO-SiO2-A12Os 
at  1500~ For  the  calculation, the  authors  have der ived  genera l  re la t ions  be -  
tween the t ranspor t  coefficients and the measurab le  t r anspor t  propert ies ,  e.g., 
t racer  diffusivity, electric conduct ivi ty,  etc. of the ionic melt,  using an as-  
sumpt ion of local the rmodynamic  equi l ib r ium under  isobaric and i so thermal  
conditions. The diagonal  terms calcula ted f rom the measurab le  proper t ies  in 
the  l i t e ra tu re  were  a lways  posi t ive values  on the order  of about  10 -12 mole2/ 
cal cm sec and the cross terms were  also of the same order  but  were  some-  
t imes negative.  F rom the t ranspor t  coefficients evaluated,  the  interdiffusivi t ies  

have  been  ca lcula ted  at 1500~ to be Dn  30 ---- 1.9 • 10 -5, D128~ ---- --9.9 • 10 -6, 

D21 ~0 ---- --5.3 X 10 -6, and D2~ 3~ ---- 2.2 X 10 -~ (in cm2/sec) for  40 w/o  CaO-40 
w/o  SiO2-20 w/o  A1208 melt ,  where  1, 2, 3, and 0 mean  Ca 2+, A13+, Si 4+, and  
O 2-, respect ively.  The interdiffusivi t ies  agreed fa i r ly  wel l  wi th  exper imenta l  
resul ts  of other  invest igators .  

In 1972, Varshneya  and Cooper (1) expe r imen ta l ly  
de te rmined  the in terdi f fus ivi ty  ma t r i x  on t e rna ry  solid 
solutions of K20-SrO-SiO2 at 630~176 This work  
grea t ly  impressed  the presen t  authors  because it was 
the  first de te rmina t ion  of the  interdiffusivi t ies  in mu l t i -  
component  oxide solutions. However ,  i t  ra ised other  
questions:  is it  possible to evalua te  the  t ranspor t  co- 
efficients of e l emen ta ry  ions in oxide solutions or, wha t  
is the re la t ion be tween  the t ranspor t  coefficients and 
the interdiffusivi t ies  in the  mul t icomponent  oxide so- 
lut ions? The presen t  communicat ion addresses those 
questions. 

When the  oxides of CaO, A1203, and SiO2 are  mixed  
and hea ted  to 1500~ they  produce a homogeneous 
l iquid solution in a r e la t ive ly  wide  composit ion range. 
Though there  is no direct  exper imenta l  proof, it  is gen-  
e ra l ly  bel ieved that  the  solution is composed of ionic 
species of Ca 2+, 0 2 - ,  A102-,  A12054-, SiO44-, Si2076-, 
etc. Therefore,  the  diffusion fluxes of these ionic spe-  
cies can be expressed by  the l inear  relat ions wi th  the 
gradients  of e lectrochemical  potent ia l  of these ions, 
which has been discussed by  Onsager  in 1931 (2) and 
in  1945 (3). The p ropor t iona l i ty  constants defined by  
the l inear  re la t ion  are  cal led " t ranspor t  coefficients of 
ions." However ,  the  number  of ionic species is c lear ly  
too la rge  to app ly  Onsager 's  t r ea tmen t  to the oxide 
melt .  Thus, in the present  communicat ion,  the  diffusion 
fluxes of ions are  expressed in terms of the  e l emen ta ry  
ions of Ca 2+, AV +, Si 4+, and 0 2 - .  

Transpor t  coefficients of ions or the i r  rec iprocal  co- 
efficients called "fr ict ion coefficients" were  de te rmined  
by  Mil le r  (4) in 1966 on aqueous solutions of HC1, LiC1, 
or  NaC1 at  25~ Between 1966 and 1973, K a w a m u r a  
et al. (5-7) de te rmined  fr ict ion coefficients of ions at 
300~176 in var ious  fused n i t ra te  solutions. In  1972, 
Rich te r  (8) also de te rmined  fr ic t ion coefficients at 
290~ in other  fused n i t ra te  solutions. 

These evaluat ions  of the  phenomenological  coeffi- 
cients in ionic solutions were  preceded  by  the theore t i -  
cal works  of K l e m m  (9), La i ty  (10, 11), and K i r k a l d y  
et al. (12, 13). However ,  the  evalua t ion  of the  coeffi- 
cients and the theore t ica l  t r ea tmen t  have been l imi ted  

i Present  address:  Centro de I n g e n i e r i a  y Computae ion ,  LV.I.C., 
Caracas, Venezue la .  

Key words :  d~ffusion constant ,  ionic mel t ,  blast  f u rnace  slag, 
electrical  conductivity.  

to the r e l a t ive ly  s imple solutions such as di lute  solu-  
tions and quas i -b ina ry  solutions. Also, Cooper et al. 
(14, 15) have discussed some theoret ica l  aspects of 
ionic solutions of mul t icomponents  but  they  did not  
eva lua te  the  t ranspor t  coefficients on those melts.  In  a 
previous paper  (16), the authors  de r ived  the re la t ion  
be tween  the t r anspor t  coefficients and the measurab le  
propert ies,  such as electr ical  conductivi ty,  t racer  d i f -  
fusivity,  t ransference  numbers ,  and interdiffusivit ies.  
However,  the re la t ions  can be used only for ionic solu-  
tions containing single anionic species. 

Therefore,  in the  present  communicat ion  we  a t tempt  
to der ive  ve ry  genera l  re la t ions be tween  the phenome-  
r, ological coefficients and the measurab le  proper t ies  of 
ionic solutions regardless  of the number  of cationic 
and anionic components.  Fur ther ,  the der ived  equa-  
tions are  used to evalua te  the t ranspor t  Coefficients of 
the  e l emen ta ry  ions in 40 w/o  CaO-40 w/o  SIO2-20 w/o  
A1208 at  1500~ from the electr ical  conductivi ty,  t racer  
diffusivities, and t ransference  numbers  in the  l i t e ra -  
ture. Once the t ranspor t  coefficients are  evaluated,  it  is 
also possible to es t imate  the in terdi f fus ivi ty  matr ix .  
Thus, the pene t ra t ion  curves of interdiffusion have 
been es t imated for the CaO-SiO2-A1203 t e rna ry  system 
from the evalua ted  in terdi f fus ivi ty  ma t r ix  and then  
compared  wi th  the  pene t ra t ion  curves measured  by  
Oishi (17). S imi la r  calculat ions were  also made for 
CAO-45 w/o  SiO2 and CaO-50Al203 at 1500~ 

For  i so thermal  and isobaric conditions, the  phenome-  
nological  equations express  the fluxes j in n -component  
ionic systems in te rms of l inear  functions of e lec t ro-  
chemical  potent ia l  gradients,  V~, as forces, if  i nde -  
pendent  fluxes and independent  forces exist  in the  sys-  
tem. Then, the fol lowing equat ion is obta ined 

3i = -- ~ LikV~Ik (i ---- 1,2,3,..., n) [i] 
k=l 

where Lik 2 is a transport coefficient which is assumed 
to be a function of composition, ternperature, and 
pressure but not a function of electrochemical potential 
gradients. On the other hand, the fluxes are expressed 
by Ji ~ Ci(vi -- Vo), where Ci is the concentration of i 

2 Th e  re la t ion  b e t w e e n  Llk defined in this  paper  and Llk' in the  
previous paper (16) is Llk = Lik'/IZiZ~l.  

1814 
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species, vi is the local velocity of i species, and Vo is 
the local reference velocity. Thus, the t ransport  co- 
efficients take different values corresponding to choice 
of a reference frame. If the local reference velocity is 
given in the form of Vo ~ zCiv i / zCi ,  which is the aver-  
age particle velocity and if the uni ts  of flux and con- 
centrat ion are, respectively, in mole /cm 2 sec and mole /  
cm 8, the total flux always becomes zero, i.e. r~j~ = O. 
This means that  the fluxes are dependent.  Additionally,  
the forces are dependent  because there is the Gibbs-  
Duhem relation, i.e., ~CiV~i = 0 on the assumption of 
local thermodynamic  equil ibrium. In  this case, the 
t ranspor t  coefficients are not un ique ly  defined and the 
Onsager reciprocal relations are not necessarily ful-  
filled. However, according to the t rea tment  by De Groot 
and Mazur (18), dependent  fluxes and dependent  forces 
can be defined by a sensible set of (n -- 1) 2 coefficients 
of Lm (i,k = 1,2,3,...., n -- 1). Other coefficients can 

n--1 n - - 1  

b e  d e f i n e d  b y  Lin ~ - -  ~ Lm, Lnl  ~- - -  ~-r Lki, and 
k k 

Lnn : ~,$ Lm, t h a t  i s  
i,k 

~ L i k  ---- 0 [2] 
fork 

and the Onsager reciprocal relations can also be im-  
posed 

LLk = Lki [3]  

Additionally,  according to the second law of thermo- 
dynamics, there are the following restrictions on Lik 
(18) 

Lit ~ 0 and LHLkk >~ Lik 2 [4] 

because the entropy production dur ing diffusion must  
be positive. 

As pointed out previously (16), only if these in ter -  
relations are valid, the number  of independent  t rans-  
port  coefficients is Vzn(n -- 1), so that all of the Lik 
can be determined by Vzn(n -- 1) independent  physical 
properties. 

General Equations to Relate Lik to ~, Htl r, Di tr, and Dik AB 
Let us assume that an ion has a fixed and immutable  

charge and that local thermodynamic  equi l ibr ium and 
local electrical neut ra l i ty  prevail  in the system. The 
electrochemical potential  of ith ionic species can be 
defined (19) by 

Tli ---- ,ui -~ ZiF4 [5] 

where ~i is the chemical potential,  r is the electrical 
potential, Z~ is the valence of ith ionic species, and F 
is the Faraday  constant (96,500 C/equiv.) .  

Relat ion be tween  conduct iv i ty  and Lik.--The total 
electric current  density can be wr i t ten  (18) 

I ---~ ~ Z i F j i  
i 

[6] 

under  the condition of local electrical neutral i ty.  The 
conductivity is usual ly defined as the ratio of the cur-  
rent  per uni t  area to the electrical potential  gradient, 
i.e. I / V r  The chemical potential  gradients of the 
species are zero dur ing the conductivi ty measurement  
because concentrat ion gradients do not occur. Thus, 
the conductivity ( a - l - c m - ~ )  can be expressed by 

where  
---- F2S/4.184 [7] 

S = ZiZkLik  
i k 

and 4.184 is the conversion factor. 

[8] 

Relat ion b e t w e e n  Hi t tor f  t ransference n u m b e r  and 
Lik.--The definition of the Hittorf t ransference number  
(20), Hti r, of ith ionic species relative to r th species as 
a reference component  on passing 1F, i.e., ZiF(j i  -- jrCi/  
Cr) / I ,  gives 

12 

Hti r ~-- Zi  ~-r Zk (Lik - -  LrkC~Cr)/S [9]  
k 

The external  t ransference number ,  ti ex, which can be 
measured relative to the electrode or container of 
the cell as a reference frame, is related to the Hittorf  
t ransference number  by the following equation 

Hti r : tiex -- trexZiCi/ZrCr [1(}] 

Relat ion be tw een  tracer dif]usivi ty and Lik.--Let us 
consider the interdiffusion of an ionic species i and its 
tracer i* in  a mul t icomponent  ionic solution with un i -  
form concentrat ion of other species. In  this case the 
electrical potential  gradient  Vr is zero and the chemi- 
cal potentials of the species, except i and i*, are con- 
stant. If it is assumed that  isotope effects are negligible, 
the cross terms L,.'i* and Li*i would be assumed to be 
zero. This assumption has not yet been exper imental ly  
proved but  Laity (21) has also used this. From Eq. 
[1] and the above conditions, 3i ---- --Lii~7~i and j~ -- 
--Li*i*V~i*. Noting that any reference velocity is zero 
and Ji -~ Ji* ~- 0, one obtains the relat ion LiiV~i + 
Li*i*V~i* = 0. Comparing the equation wi th  the Gibbs- 
Duhem relation, i.e., CiV~i + Ci*V/~i~ ---- 0, one obtains 
Li*i~ = LnCi~/Ci. Then the flux of i* species is wri t ten  
as Ji* = -- (RT/C~)Li iVCi*.  On the other hand, the flux 
of the isotope i* is usual ly  expressed by using tracer 
d i f f u s i v i t y  Ditr, i.e., Ji* = - - D ] t r V C i  *. From the com- 
parison of the above two expressions of the flux, the 
relat ion between the tracer diffusivity and the diagonal 
term of t ransport  coefficient can be obtained as 

Di tr ~- L I i R T / C i  [ii] 

The same equation is given by Laity (21) with differ- 
ent derivation. 

Relat ion  be tw een  in terd igus ion  coefficient m a t r i x  
and Lik.--Let us consider the one-direct ional  diffusion, 
when two long rods with the different compositions are 
joined at a plane interface. When the two homogeneous 
ionic phases contact each other, the diffusion potential  
due to the composition di~erence can be observed, This 
diffusion potential  can be related to the chemical po- 
tentials and the t ransport  coefficients as follows (20). 
There is no net electric current  passing through the 
system dur ing the interdiffusion experiment,  namely,  
1 = 0. From Eq. [1], [5], and [6], the dit lusion poten-  
tial gradient  can be expressed by 

Vr ---- -- (I/FS) ZiLikV#k 
i k 

[12] 

El iminat ing V~ from Eq. [1], the fluxes are repre-  
sented only in  terms of the chemical potential  gradi-  
ents, i.e. 

n 

ji-- -- ~ T~V#k [13] 
k 

where 

Tik-~Lik--(I/S) ~ Z k , L i k , ~  Zi 'Li ,k  [14] 
k' i' 

The properties of Tik are 

T~ = Tkl [i5] 

~ZkTm ----- 0 
k 

[i6] 
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T h e  f o r m e r  can  be d e r i v e d  f r o m  t h e  r ec ip roca l  r e l a -  
t ion,  Lik ---- Lki and t h e  l a t t e r  f r o m  Eq. [14]. 

Le t  us a s sume  the  re la t ions  b e t w e e n  the  chemica l  
po ten t ia l s  of ions and salts  accord ing  to W a g n e r  (20) 
in o rde r  to express  t h e  f lux in t e rms  of  t h e  chemica l  
po ten t ia l s  of e l ec t r i ca l ly  neu t r a l  components ,  because  
the  chemica l  po ten t ia l s  of  ions in t he  s t r ic t ly  t h e r m o -  
d y n a m i c  sense a re  not  m e a s u r a b l e  b y  a n y  e x p e r i m e n t  

~ l Z ~  + ~llZ~] = ~ l Z ~  

~-- #otB/Zo~ JC flAl3/Za -- ]ZAB/ZA [17a] 

~/Za + #e "- ~[~]/Z~ [17b] 

~fl/]ZB ] -1- ~p = /l[~]/IZ[3 [ [17C] 

where =fl, s[a], and [fl] are electrically neutral com- 
binations consisting of a cationic component a, an 
anionic component fl, electron e and positive hole p. A 
and B are a master cation and a master anion, re- 
spectively, which are selected expediently. Equation 
[13] can be  t h e n  r e w r i t t e n  as 

9 i . ~ -  ~ Tio~V/ZaB 2 C ~ (Za/ZA)TiaV#AB 
ot 12 

-- ~ (]Z6l/ZA)TiflVl~Afl [18] 

The  flux r e l a t i v e  to e x t e r n a l  coord ina tes  is e x -  
p ressed  as 

Ji = ~i + Civo [19] 

The continuity equation is written as (gCi/Ot + VJi ---~ 0. 
Because the total moles of neutral components per unit 
volume is equal to the sum of the concentrations of 

cations, C ---- ~.~ C~, under the electroneutrality con- 

dition, the continuity equation is expressed as OC/Ot = 

+  oC).  on ,an  
volume,  i.e., OC/Ot = 0 [which  has b e e n  as sumed  on ly  
to s impl i fy  the  t r e a t m e n t  by  D a r k e n  (22) for  the  d i f -  
fus ion  p r o b l e m  in a b i n a r y  me ta l l i c  sys tem]  a n d . i n -  
t e g r a t i n g  under the  condition that the reference veloc- 
ity and the fluxes of components at a distance far from 
the initial interface of the diffusion couple are zero, 
one obta ins  

~ ~c~ + voC = 0 [20] 

E l i m i n a t i n g  Vo f r o m  Eq. [19], one  obta ins  

Ji = Ji-- (Ci/C) ~ Ja [21] 

F r o m  Eq. [18] and [21], the  flux J~ is r e l a t ed  to t he  
chemica l  po ten t i a l  g rad ien t s  of  e l ec t r i ca l ly  neu t r a l  
componen t s  w M c h  a re  e x p e r i m e n t a l l y  measu rab l e .  

On the  o the r  hand,  the  flux Ji  r e l a t i v e  to e x t e r n a l  
coord ina tes  d u r i n g  in te rd i f fus ion  e x p e r i m e n t s  is e x -  
p ressed  as a l i nea r  func t ion  of t he  concen t r a t i on  g r a d i -  
ents  of components .  The  n u m b e r  of i n d e p e n d e n t  con-  
cen t ra t ion  g rad ien t s  is n --  2 because  of the  e l ec t ro -  
n e u t r a l i t y  condi t ion  and  the  G i b b s - D u h e m  relat ion,4 
wh i l e  t he  n u m b e r  of i n d e p e n d e n t  fluxes Ji  is also n -- 2 
because  of t he  re la t ions  of XJi = 0 d e r i v e d  f r o m  Eq. 
[20] and  I = 2ZiJi -~ O. ~ Thus,  one obta ins  

Salt, a~, is written as the stoichiometric number per unit 
cation, e.g., AIO~.~ for alumina. Then the chemical potential per 
equivalent of the component MXv can be expressed by /~5,x~/Z:~ or 

The number of independent electrochemical potential gradi- 
ents is n -- 1 from the condition of the Gibbs-Duhem relation on 
electrochemical potential, while the number of independent con- 
centrations of ~ons is n -- 2 from the conditions of electroneutral- 
ity and the Gibbs-Duhem relation on chemical potential of ion. 
The Iatter conditions are included in the former one. 

This condition is true only in the case of the interdiffusion 
experiment. 

x~ 
Ji=-- ~ DikABVCk ({~A,B) [22] 

k~A,B 

where Dm As is the interdiffusion coefficient matrix 
which is experimentally determined by the Boltzmann- 
Matano method (23, 24). 

Rewriting Eq. [22] in terms of the concentration 
gradients of the electrically neutral components under 

the condition of electrical neutrality, i.e., Ca --- ~ Carl 

and C~ ~_ ~ ]Za/Z~[C=~, and comparing with Eq. 
c~ 

[21], the relation between the interdiffusion coefficient 
matrix and the transport coefficients can be obtained. 

Let us consider the binary oxide system composed of 
oxides of iO and 20, where I and 2 are cations and O 
is oxygen anion. The flux Ji of cationic component I is 
expressed  as fo l lows  by  Eq. [18] and [21] 

J1 = -- (RT/C) (TllC2o/Clo -- 2Tie + T22Cw/C2o) 
(1 + 0 In 710/0 In  Nw) V C m  

w h e r e  t he  chemica l  po ten t i a l  g r ad i en t  of ox ide  20  is 
e l i m i n a t e d  by  the  G i b b s - D u h e m  re l a t i on  and the  r e -  
l a t ion  of V~lo ---- (RT/Cw) (1 + 0 In  71o/0 In  Nlo)  VClo 
is used, 7~o and N~o are  t he  ac t i v i t y  coefficient  and 
m o l e  f r ac t ion  of  ox ide  10, r e spec t ive ly .  The  v o l u m e t r i c  
fac tor  1 --  O In  V=/O In  Nm is u n i t y  because  of  t he  
a s sumpt ion  of  cons tan t  m o l a r  vo lume .  On  the  o t h e r  
hand,  t he  flux of ca t ion  1 is w r i t t e n  f r o m  Eq. [22] as 
fo l lows  

J1 ~-~ --  Dn2~  [22a] 

w h e r e  C~ is e q u a l  to Cm because  of e l ec t roneu t r a l i t y .  
C o m p a r i n g  the  above  two  equat ions ,  t h e  fo l lowing  
equa t i on  is ob ta ined  

D n  2~ : (RT/C) (TnC2o/Clo -- 2T12 + T22Clo/C2o) 

( l + 0 1 n T w / 0 l n N l o )  [23] 

In the  case of a t e r n a r y  ox ide  sys t em composed  of 
10, 20, and 30,  w h e r e  1, 2, and 3 a r e  cations,  the  f luxes 
of  cat ion 1 and ca t ion  2 a re  expres sed  by  

J1 : -- Dns~ -- D12s~ 

J2 "- -- D2130 V el 0 -- D223~ V C2o 

[22b] 

F r o m  Eq. [18] and [21], the  f luxes of ca t ion  1 and  
ca t ion  2 a re  expres sed  in t e rms  of t he  chemica l  p o t e n -  
t ia l  g rad ien t s  of oxides.  I f  the  cross t e r m s  of G m a t r i x  
(18) a re  a s sumed  to be  zero, the  fo l l owing  equa t ions  
a re  ob ta ined  

Dl130 RT [ C2+C3 Tn -- T21-- T31 
C U" CI 

Ca CI 

( 01n71o ) 

I + OlnNl-----~ 

RT [ C_~2 ( C2 + C3 Tlz--  T22-- T3~- ) 

C' (C'+C' T,,-- --Te,--T3,)] 
Ca CI 

( 8 t n 7 2 o  ) 

1 -t- 0 In  N2o 

C~o 

01o 
Cao 
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C~ C~ 

( 01n71o ) 

1 -{- olnN1------~ 

D~23~ _ ~RT [~C1 -~" C3 T22 -- T12 -- T32 

C8 C2 

( 01n~2o ) 

1 -} OlnN2o 

C~.o 

C3o 

[24 ]  
Clo 

C8o 

The following restrictions are needed for a real solu- 
t ion of Ficks second law (25) 

D l l  3~ -{- D2230 =_ 0 

D11~~176 D , z  z l  = 0 

Evaluation of Transport Coefficients of Liquid 
CaO-SiO2-AI203 Slag at 1500~ 

The t ranspor t  coefficients of 40CaO-40SiO2-20A120~ 
( in w/o)  l iquid oxide at 1500~ are evaluated here be-  
cause its physical properties are well known from the 
viewpoint  of its industr ia l  importance as blast  furnace 
slag for i ron production. This slag system has sixteen 
coefficients but  only six of them are independent ,  if 
Eq. [2] and [3] are valid. The physical properties mea-  
sured in  this melt  are listed in  Table I. The tracer  
diffusivities of calcium, a luminum,  and silicon and the 
conductivi ty and the t ransference numbers  of calcium 
ion and a luminum ion are judged more reliable than 
other properties. 

The tracer diffusivity of calcium in  this melt  at 
1500~ was measured at 2.1 )< 10 -6 cm2/sec by Towers 
and Chipman in  1957 (26). This value is in good agree- 
ment  with the other values extrapolated to 1500r 
from the measured values at lower temperature  by 
other investigators (27-29). The tracer diffusivity of 
a luminum was measured at 1440~176 by Hender-  
son, Yang, and Derge in 1961 (30). The value at 1500~ 
is estimated to be 6.3 X 10 -7 cm2/sec by extrapolat ing 
the measured values. The tracer diffusivity of silicon 
was measured at 1365~176 by Towers and Chipman 

L12 

+ 

L13 ---~ 

+ 

L10 ---- - -  L n  - -  L12 - -  L13 

L20 ---- - -  L12 - -  L22 - -  L ~  

L30 ---- - -  L13 - -  L23 - -  L3a 

Loo ~ Lll  -~- L22 -~- L33 + 2(L12 -~- L13 -{-/..,28) 

in  1957 (27). The value at 1500~ is est imated to be 
2.3 X 10-7 cm2/sec. 

The conductivity in  this melt  was first measured at 
1450~176 by a Wheatstone bridge method by Mar-  
t in  and Derge in  1943 (31). The value at 1500~ is 0.144 
g - 1  cm-1. Kammel  and Winterhager  (32) measured 
the conductivity at 1320~176 by a Thomson bridge 
method in 1965. The value at 1500~ is 0.127 ~ - 1  cm-1.  
The lat ter  value is considered to be more rel iable and 
used for the following calculations because Kammel  
and Winterhager  used iner t  p la t inum electrodes in -  
stead of graphite. 

The transference numbers  of calcium ion in  the sev- 
eral melts wi th  different compositions were measured 
by an isotope method at 1550~ by Esin and Kir ianov 
(34) in  1955 and at 1530~ by Markin, Schwartzman, 
and Khokhlov (35) in  1958. From their  reports the 
t ransference number  of calcium ion in the 40CaO- 
40SIO2-20A1203 melt  is near ly  un i ty  at 1500~ though 
the la t ter  report  showed that  it decreased with experi-  
menta l  time. For the following calculations a value of 
0.95 is used. The transference number  of a luminum 
ion has not been directly measured but  has been esti-  
mated by Adachi and Ogino (36). They considered that  
a l uminum ion contributes to the electrical conduction 
for compositions of large a lumina  content. Thus, the 
present  authors estimated it to be 0.04 in  the present  
composition. A value of 0.01 is used for silicon ion. 

The transport  coefficients in CaO-SiO2-A1203 system 
can be calculated by the following equations which are 
derived from Eq. [2], [3], [7], [9], and [11] 

L n  : DltrC1/RT 

L22 : D2trC2/RT 

L33 : D3trC3/RT 

[-- (6 + IOC1/Co -}- l lC2/Co)A + 12(4 -- C2/Co)B 

12(5 + C~/Co)C]/40(6 -}- 2C1/Co -]- C2/Co) 

[(6 J- 2C1/Co + l l C j C o ) A  -}- 20 (C2/Co) B 

20(3 + C1/Co)C]/48(6 + 2C1/Co + C2/Co) 

[(6 + 10C1/Co -{- C2/Co)A -- 8(6 -{- C2/Co) B 

8 (C1/Co)C]/60 (6 H- 2 C I / C 0  + C2 /C0)  

[26]  

where 1, 2, 3, and 0 mean, respectively, calcium, alu-  
minum, silicon and oxygen. Their  valences, Z1, Z2, Z3, 
and Z0, are, respectively, +2, +3, +4, and --2. A, B, 
and C in the above equations are 

Table I. Physical properties of 40 w/o CaO-40SiO2-20AI203 melts reported in the literature 

Composition 

CaO SiO-- A12Oa Value at Range os 
(w/o) (w/o) (w/o) 150O~ temp (~ Method Investigator Year Ref. 

De, tr 40.32 40.06 19.15 2.2 • 10 -6 1350-1450 Diffusion couple Towers, Paris, Chipman 1953 (26) 
(cm*/sec) 

38.5 40.5 20.9 2.1 • 10 -6 1350-1540 Capillary reservoir Towers, Chipman 1957 (27) 
39.8 41.2 19.0 2.1 • 10 -6 1350-1440 Diffusion couple Saito, Maruya 1957 (28) 
40 40 20 2.0 • 10 -6 1350-1450 Diffusion couple Niwa 1957 (29) 

DA1 tr 38.6 41.3 20.1 6.3 X 10 -7 1440-1480 Capillary reservoir Henderson, Yang, Derge 1961 (30) 
Dst tr 38.5 40.5 20.9 2.3 • 10 -7 1365-1460 Capillary reservoir Towers, Chipman 1957 (27) 

40.15 40.15 19.7 0.144 1450-1600 Wheatstone bridge Martin, Derge 1943 (31) 
(~-i cm-1) 

40 40 20 0.127 1320-1580 Thomson bridge Kammel, Winterhager 1965 (32) 
38.7 38.9 22.4 0.35 1220-1480 Wien bridge Kato, Minowa 1966 (33) 

tc,  37 45 18 0.69 at 1550~ Tracer  Esin, Kirianov 1955 (34) 
38 42 20 1.0-0.65 at  1530~ Tracer  Martin, Khokhlov, 

Estimate Schwartzman 1956 (35) 
tat Larger ratio of 1 -- tea Adachi, Ogino 1962 (36) 

Al2OJCaO 
p 39 42 19 2.796 1400-1600 Max. bubble pressure Thomas, Barrett 1956 (37) 

(g/cm 3) 
40 40 20 2.581 1350--1550 Archimedean Kammel, Winterhager 1965 (32) 
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A = 4.184r -- 16D1trC1/RT 

-- 2 5 D 2 t r C 2 / R T  -- 3 6 D ~ t r C J R T  

B -- 2.092~t~%/F2 -- 4(1 4- C ~ / C o ) D l t r C J R T  

-- 5 (C1/C0) D 2 t r C 2 / R T  -- 6 (C1/C0) D ~ t r C J R T  

C -- 1.395Ht2%/F 2 -- 4 ( C 2 / C o ) D l t r C 1 / R T  

-- 5 (1 + C 2 / C o )  D 2 t r C 2 / R T  --  6 ( C 2 / C o )  D z t r C J R T  

The density used for calculat ion of the concentrations 
of ions 6 is 2.581 g / c m  z in 40CaO-4OSiOz-20AI~Oz mel t  
at 1500~ This was measured by Kammel  and Winter -  
hager  (32). 

The results of the calculat ion are shown in Table  II. 
The values of Lik in the first column were  calculated 
f rom the physical propert ies  in the above-ment ioned  
l i tera ture  and satisfy the thermodynamic  restrictions 
of Eq. [4]. In  the second to sixth columns, the magni -  
tudes of the errors of the evaluated L~ arising t ram 
the original physical propert ies  are shown. From the 
results it is shown that  the cross terms of Li~ can take 
negat ive values and the magni tude  of Ls is on the 
order  of 1O -~2. The signs of L i k  are constant wi th in  the 
errors of the physical  properties.  

F rom the evaluated  values of Lik, the interdiffusion 
coefficient mat r ix  defined by Eq. [22b] can be calcu- 
lated by Eq. [24]. v The results are shown in the lower  
par t  of Table  II. The thermodynamic  ~actors in Eq. 
[24] are g iven as (1 + O in 7~o/~ In N~o)c2o /c~o  : 45.1 
and(1 + 0 In ~ o / ~  In N 2 o ) c m / c a o  = 29.9 f rom the 
data  of activities of l ime and alumina in CaO-SiO2- 
A120~ mel t  which were  measured by Ful ton e t  at.  (38). 

The interdiffusion coefficient mat r ix  has not yet  been 
reported in the l i terature.  However ,  Oishi (17) in 1972 
repor ted  the penetra t ion curves of lime, silica, and 
a lumina dur ing the interdiffusion be tween  two slags 
wi th  the compositions 45CaO-355iO~-20A120~ and 
35CaO-455iO2-2OA1203 (in w/o )  at 1500~ for 40 min. 
The analytical  solution of Fick's second law of te rnary  
diffusion with constant diffusion coefficients was given 

T h e  c o n c e n t r a t i o n s  o f  i o n s  a r e  c a l c u l a t e d  f r o m  t h e  following 
equations: Ci = WiopllOOM~o ( i  = 1, 2, and 3) and Co = IZt/Z01C~ 
+ ]Zs/Zo]Ca + Za/Zo C~ where W w  and M~o are respectively t h e  
w e i g h t  percent and the molecular weight o f  o x i d e  iO. 

T h e  f o l l o w i n g  f u n c t i o n s ,  w h i c h  are derived from Eq. [8], [9], 
and [14], make it easy to calculate T.k 

Tik -- Llk - -  aiakS (i, k = 1, 2, and 3) 
where 
a~ = [(6 + Ca/Co) sty~ -- (C~/Co) ~t~~ -- C~/Co]/ 

(6 + 2C~/Co + C~/Co) 
as = [ -  (O~lCo) ~tz ~ + 2(3 + C~/Co) ~t@13 - CslCo]/ 

(6 + 2CdCo + C~/Co) 
a~ = [ -  (4  - CelCo) ~t~~  - (5 - CdCo) lit2~ 

+ (1 + Cl/Co + C~/Co)]/(6 + 2C~/Co + C~/Co) 

i 
8 

\ / 
\ \  I/ / / ~ - - - ~  o ~ '  \ / . . . .  ~ ...... 

35 

20 ~ \~ '  AI~O~ 

--0'.4 --0,2 0 0 . 2 - -  0.4 
Distance (cm) 

Fig. 1. Penetration curve of CaO, SiO~, and AI2Oa calculated in 
40CaO-40SiO~-20AtsO3 s(acj at 1500~ for 40 min i,tezdiffusion. 

by Fuj i ta  and Gosting (25) in  1956. Thus, using the 

evaluated Dik ~~ the penet ra t ion  curves for the same 
conditions as those by Oishi have  been est imated and 
are shown in Fig. 1. The agreement  be tween  the esti-  
mated lines and the measured  lines is not ve ry  good, 
but at present  it is ve ry  difficult to judge which is 
close to the t rue  one because of exper imenta l  errors 
involved in the original  experiments .  However ,  the 
est imated penetra t ion curve of a lumina shows up-hi l l  
diffusion and this tendency agrees wi th  that  observed 
in Oishi's experiment .  

Similar  calculations were  made for CaO-SiO2 and 
CaO-Al2Oz melts, and all t ransport  coefficients were  
obtained. The interdiffusivit ies were  est imated to be 
6.16 X i0 -~ cm~/sec at 1500~ in CaO-50 w/o AlzO~ 
melt and 2.45 X 10 -6 cm2/sec at 1500~ in CaO-455iO2 
melt. These are in relatively good agreement with other 
determinations (39). 

Estimation of Uncertaint ies Involved in the Evaluation 
of L~  

The uncer ta in ty  of the t ranspor t  coefficient can be 
est imated by the fol lowing equations which are de- 
r ived f rom Eq. [26] 

hLn -- aii~D~ tr + a~i~AP (i .= 1, 2, and 3) 

ALik : aiklALll "+" aik2AL22 "F aikSAL83 "~- aik 4An 

+ a~k~A~tl o + a~Sa~t~0 (i ~ k) 

where  ADi tr, Ap, Av, AHt~ ~ and At~t2 ~ are the uncer ta in-  
ties involved in the physical propert ies  and p is density. 

Table II. Calculated values of Lik* and ~ik 30 for 40CaO-40SiO2-20AI203 melt at 1500~ 

I II HI IV V VI Unit 

Dca t" 2.1 x 10 -s 2.3 x I0 -~ <-- <- 
DAx t, 6.3 x 10-7 <-. 7.6 • 10 -v ~ ~ <-.- (cm~/soc) 
Dsl t" 2.3 x I0 -~ <-- +- 2.8• I0 -v <- <-- 
a 0.127 <- +- <-- 0.121 C (I~-I cm-1) 
Etc~ ~ 0 .95 ~- ~- *- ~- 1.0 
~tA1 ~ 0 ,04 <-" +- ~- 0,00 
Lzl 1.1 x 10-u 1.2 • ]0 -~ 1.1 x I0 -n 1.1x 10 ~~ 1.3 I0 -~ I.I x 10 -~ / mole ~ 
Lm 1.8 • I0  -~  1.8 • 10 -~ 2 2 x i0 -z2 1.8 • i0 -~ 1.8 x 10 -~ 1.8 • 10-~ L 
L~3 I.I x 1O -I~ i . i  x 10 -~  1.1 x 10 -2  1.4 • i0 -~  1.1 • 10 -2  I .I  x 1O -~  cal cm see 
L~ --1.9 x 10 - 2  --2,3 • 10 -2  --2.1 • 10 -~  - 1 , 7  • 10 -~  - 2 . 0  • 10 -2  - 1 . 6  x 10 -~  
L~ --2.0 x 10 -~2 --2.4 • i0  -~2 --1.8 • I0 -m - -2 .2 •  I0 -~  - 2 . 1  x 10 -~  - 1 . 9  x i0 - ~  
L~ --5.5 x I0-~  --2.6 • 10 -~  - 7 . 1  • I0-~ --6.9 • i0 -m --4.6 x I0-~  - 7 . 3  x 10 -~  
L1o --7.1 x 10 -2  - 7 . 4  x 10 -2  - 7 . 1  x I0 -m - 7 . 2  x 10 -2  - 6 . 9  x 10 -2  - 7 . 4  x 10 -~  
/ ~  6,1 x 10 -In 7.5 • 10 -Is 6.2 • 10 -~a 5~4 x 10 -~  6.4 x 1O -In 7.2 • 10 -~  
L~o 1.5 x 10 -2  1.5 x I0 - ~  1.4 x 10 -2  1.6 x 10 -2  1,4 x I0 -~  1,5 x I0 -~  
Lvo 5.1 • I0 -~ 5.1 x I0 -~s 5.1 x i0 -~ 5.1 • 10 -m 4.9 x i0 -~s 5.2 x 10 -~ 

Dn~ 1.9 X 10-~ 3.1 X 10 -~ 1.8 X 10 -~ 2.0 X 10 -~ 2.4 X l 0  -~ 7.5 • 10 -6 ( c m ~ / s e c )  

~ o  --9.9 x 10 ~ --1.2 x I0 -~ - 1 . 3  x i0 -B --7.3 x I0 -~ - 1 . 1  x 10 -~ - 8 . 0  x 10-e 

~=8o --5,3 x 10 -e - 1 . 3  x 1O -~ - 5 . 7  x 10 ~ ~2 .6  x 10 -e - 7 . 8  x 10 -6 1.5 x I0 -~ 

~ o  2.2 x 10 -~ 2.1 x 10 -~ 2.7 x 10 -~ 2.3 x I0 -~ 2.2 x i0 -~ 2.3 x I0 -~ 

* A l l  Llk  v a l u e s  s a t i s f y  t h e  c o n d i t i o n  t h a t  e n t r o p y  p r o d u c t i o n  i s  p o s i t i v e .  
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For the uncer ta in ty  of the interdiffusion coefficient 
matrix,  the following equations are obtained from Eq. 
[24] 

ADikS0 __-- biklALli + bikS~AL22 -~ b~kS~L~3 

-~ bik4Ar ~- bikShHtl 0 -~ bik6AHt20 

The factors aik ~ and bik ~ for the 40CaO-40SiOe-20AleQ 
system are shown in Table III. In  the second to sixth 
columns in  Table II, the values of Lik are obtained 
when  the physical properties change by 5-20%. For 
example, the uncer ta in ty  of the conductivi ty of 5% 
produces uncertaint ies  in  L~e, Ll~, L23, L10, L20, L30, 
and L00 of, respectively, 7, 4, 18, 3, 5, 2, and 4%, and it 

also produces uncertaint ies  in  D~l~0, D~2~0, ~ s 0 ,  and 

D~  ~~ of, respectively, 23, 6, 47, and 2%. 

Further ,  the results on Dik include the errors due to 
neglect of the cross terms of the G matrix.  Thus the 
disagreement in  Fig. 1 may be due to these uncer ta in-  
~ies. 

C o n c l u s i o n s  ~ ] The present authors have derived the general equa- 
tions which relate the transport coefficients defined by ~ 
the phenomenological  equation to the measurable  ~ .- 
physical properties, e.g., electric conductivity, tracer = 

i 
diffusivities, t ransference numbers,  and interdiffusion ~ o 
coefficient matr ix  on mul t icomponent  ionic solutions. In ~ 
this communication, .the flux of an ionic species has ~ 
been expressed as a l inear  funct ion of electrochemical "-~ 
potential  gradients of e lementary ions but  not as a ~ 
funct ion of realistic ionic species which has been pro- ~ 
posed by other investigators (40). One of the rea-  ~ 
sons is that  it is difficult to measure the electrochemical ~" 
potentials of the complex ions. Another  is that  if an ~ "~ 

equ lhb rmm ~ "- assumption of "local thermodynamic  " '  " " is ~, 
o 

true, the simplest but  strict way to express the phe- "- 
nomenological equation is as a funct ion of the electro- ~ 
chemical potential gradients of only elementary ions. ~ ~ 
The assumption of "local thermodynamic equilibrium" ~ 
seems a very realistic assumption at high temperature. .-= = 

The approximation of the constant molar volume of "~.~ "-~ 
the melt was used, but the volumetric factor, (i -- 0 In "~ 
Vrn/O In Nio), should be included in the relation be- ~ = 
tween the interdiffusion coefficient matrix and the '~ 
transport coefficients. However, this factor is usually ~" 

m 

very close to unity. ~ 
From the equations in this communication, one can y~ 

derive many  other useful  relations, such as the Nernst -  ~ 
Einstein relat ion including the cross terms, and rela-  ~. ~ 
tions between the measurable  properties and the - 
tracer diffusivities which have no stable isotopes. - 

Finally,  it can be stressed that this t rea tment  of the ~ .~" 
flux in a mul t icomponent  system can apply not only 
to ' ionic solutions but  also to alloys when  the electron 
is regarded as an ion. 
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flux of i species relative to external coordina- 
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local velocity of reference frame (cm/sec) 
electrochemical potential of k species (cal/ 
mole) 
chemical potential of k species (cal/mole) 
electrical potential (V) 
gradient (liter/cm) 
valence of k ionic species 
concentration of i species mole/cm~) 
total concentration (mole/cm~) 
current density (A/cm~) 
conductivity (~-1 cm-1) 
external transference number of i species 
Hittorf transference number of i species relative 
to r species 
Faraday constant (96,500 C/equiv.) 
gas constant (1.987 cal/mole deg) 
absolute temperature (~ 
tracer diffusivity of i species (cm2/sec) 

interdiffusion coefficient matrix (cm2/sec) 
tracer of i species 
cationic species 
anionic species 
electrically neutral combination consisted of 
cation and fl anion 
master cation 
master anion 
electron 
time (sec) 
activity coefficient of oxide iO 
molar volume (cmS/mole) 
mole fraction of oxide iO 
density (g/cm 3) 

REFERENCES 
1. A. K. Varshneya and A. R. Cooper, J. Am. Ceram. 

Soc., 55, 312 (1972). 
2. L. Onsager, Phys. Rev., 37, 405 (1931); ibid., 38, 

2265 (1931). 
3. L. Onsager, Ann. N.Y. Acad. Sci., 48, 241 (1945). 
4. D. G. Miller, J. Phys. Chem., 79, 2639 (1966). 
5. K. Kawamura, Trans. Nat. Res. Inst. Met., 12, 181 

(1966). 
6. K. Kawamura, Electrochim. Acta, 12, 1233 (1967). 
7. K. Kawamura and T. Ando, Trans. Jpn. Inst. Met., 

14, 457 (1973). 
8. J. Richter, Thesis, Technical University, Aachen 

(1972). 
9. A. Klemm, Z. NaturIorsch., Tell A, 8, 397 (1953). 

10. R. W. Laity, J. Phys. Chem., 63, 80 (1959). 
I1. R. W. Laity, ibid., 30, 682 (1959). 
12. J. S. Kirkaldy, G. R. Mason, and W. J. Slater, Can. 

Inst. Min. Metall., 64, 53 (1961). 
13. J. S. Kirkaldy, Zia-U1-Hak, and L. C. Brown. 

Trans. Am. Soc. Met., 56, 834 (1963). 

14. A. R. Cooper, Phys. Chem. Glasses, 6, 55 (1965). 
15. T. O. Ziebold and A. R. Cooper, Acta Metall., 13, 

465 (1965). 
16. K. S. Goto, H. Schmalzried, and K. Nagata, Tetsu 

To Hagane, 61, 2794 (1975). 
17. Y. Oishi, Japan-U.S.A. Joint Symposium on Ce- 

ramics (1972). 
18. S. R. De Groot and P. Mazur, "Non-Equilibrium 

Thermodynamics," North-Holland Publishing 
Company, Amsterdam and New York (1969). 

19. E. A. Guggenheim, J. Phys. Chem., 33, 842 (1929). 
20. C. Wagner, in "Advances in Electrochemistry and 

Electrochemical Engineering," Vol. 4, P. Delahay, 
Editor, pp. 1-46, Interscience Publishers, New 
York (1965). 

21. R. W. Laity, "The Structure and Properties of 
Ionic Melts," The Aberdeen University Press, 
Limited, Aberdeen (1962). 

22. L. S. Darken, Trans. AIME, 174, 184 (1948). 
23. L. Boltzmann, Ann. Phys. (Leipzig), 53, 959 (1894). 
24. C. Matano, Jpn. Phys., 8, 109 (1933). 
25. H. Fujita and L. J. Gosting, J. Am. Chem. Soc., 78, 

1099 (1956). 
26. H. Towers, M. Paris, and J. Chipman, J. Met. 5, 1455 

(1953). 
27. H. Towers and J. Chapman, ibid., 9, 769 (1957). 
28. T. Saito and K. Maruya, Nippon Kinzoku Gak- 

kaishi, 21, 728 (1957). 
29. K. Niwa, ibid., 21, 304: (1957). 
30. J. Henderson, L. Yang, and G. Derge, Trans. Met. 

Soc. AIME, 221, 56 (1961). 
31. A. E. Martin and G. Derge, Trans. AIME, 154, 104 

(1943). 
32. R. Kammel and H. Winterhager, Z. Erzbergbau 

Metallhuettenwes., 18, 9 (1965). 
33. M. Kato and S. Minowa, Tetsu to Hagane, 52, 580 

(1966). 
34. O. A. Esin and A. K. Kirianov, Izv. Akad. Nauk 

SSSR, Otd. Tekh. Nauk, 12, 28 (1955). 
35. V. I. Markin, L .A.  Schvartsman, and S. F. 

Khokhlov, "Metallugiya i Metallovedenie," p. 23, 
Izdatelystovo Akademiya Nauk SSSR, Moscow 
(1958). 

36. A. Adachi and K. Ogino, Yoyuen, 5, 1149 (1962). 
37. A. G. Thomas and L. R. Barrett, J. Soc. Glass 

Technol., 40, 179T (1956). 
38. J. C. Fulton, N. J. Grant, and J. Chipman, Trans. 

AIME, 197, 185 (1953); J. C. Fulton and J. Chip- 
man, ibid., 200, 1136 (1954); F. C. Langenberg 
and J. Chipman, Trans. Met. Soc. AIME, 215, 
958 (1959); these are compiled by J. F. Elliott, 
M. Gleiser, and V. Ramakrishna, "Thermo- 
chemistry for Steelmaking." VoI. 2, pp. 589-593, 
Pergamon Press, London (1963). 

39. K. Nagata, M. Kawakami. and K. S. Goto, Proceed- 
ings of the Metal-Slag-Gas Reactions and 
Processes Symposium. American Electrochemical 
Society, pp. 183-198, Toronto, Canada (1975). 

40. For example: J. O'M. Bockris and J. D. Mackenzie, 
Rev. Met., 51, 658 (1954) C. R. Masson, Proc. 
R. Soc. London, 287, 201 (1965). 



On the Differential Thermal Analysis 
of the Platinum-Oxygen System 

James P. Hoare,* Robert F. Paluch, and Stuart G. Me ibuhr*  

General Motors Corporation Electrochemistry Department, Research Laboratories, Warren, Michigan 48090 

ABSTRACT 

Differential  thermal  analyses (DTA) curves were  obtained on preanodized 
and HNOs-passivated pla t inum (Pt)  samples. In both cases two kinds of ad- 
sorption states for oxygen on Pt  were  detected as wel l  as oxygen dissolved 
in the inter ior  of the Pt  metal.  The DTA results agree wel l  wi th  the cathodic 
str ipping pulse data  obtained earlier. 

F rom x - r a y  diffraction analysis and vacuum fusion 
studies on samples of br ight  Pt  passivated in a i r - sa tu-  
ra ted  concentrated HNO3, it was concluded (1) that  
the Pt  meta l  contained enough dissolved oxygen to be 
considered a P t -O alloy. It was also found that  oxygen 
could be made to diffuse through a thin Pt  foil (2) 
under  conditions of strong anodic polarization (6 m A /  
cm ~ at 2V) of the back side of the Pt  d iaphragm in 
solutions of H2804 and that this anodization process 
can cause re la t ive ly  large quantit ies of oxygen to be 
dissolved in the Pt  lat t ice (3, 4). In these studies three 
kinds of sorbed oxygen were  distinguished: surface 
adsorbed oxygen, dermasorbed oxygen dissolved in the 
first two or three  metal l ic  layers, and absorbed oxygen 
dissolved in the bulk of the metal. The propert ies  
of P t -O  alloys made by passivat ion in HNO3 were  
somewhat  different f rom those made by anodization 
(3, 5, 6). The H N Q - p a s s i v a t e d  Pt  is much more stable 
than the Pt -O alloy obtained f rom anodization (6). 

Babenkova et al. (7) invest igated the forms of hy-  
drogen sorbed by pal ladium by measur ing the desorp- 
tion of hydrogen dur ing a l inear ly  p rogrammed tem-  
pera ture  rise experiment .  They were  able to find two 
forms of adsorbed hydrogen on the surface as well  as 
the hydrogen dissolved in the bulk Pd. 

It seemed l ikely  that a differential  thermal  analysis 
(DTA) of the p l a t inum-oxygen  system might  enable 
one to observe the various forms of oxygen sorbed by 
Pt  as well  as to shed l ight on possible differences in the 
s t ructure  of P t -O alloy formed by HNO3 passivation or 
by anodization. 

This repor t  describes some DTA exper iments  made 
on P t -O alloys. 

Experimental 
All DTA curves were  obtained with  a furnace pla t -  

form assembly with  which analyses may  be made on 
the sample in any controlled atmosphere at pressures 
ranging from 1.3 • 10 -6 to 2 atm. The reference sample 
was A1203 which is the rmal ly  iner t  in the t empera tu re  
range of the scan, 0-1000~ 
The P t -O alloy samples were  made f rom small  beads 

(0.11 cm in diameter)  mel ted at the end of a Pt(99.99% 
pure)  wire. These beads were  cleaned by repeatedly  
heat ing to whi te  heat  in a H2 jet  fol lowed by quench-  
ing in concentrated HNO3. Afterward,  three beads were  
mounted  in a Teflon cell filled with  concentrated HNO~ 
(70%) to soak for periods of t ime greater  than 72 hr  
(6). Another  set of three Pt  beads were  mounted  in a 
Teflon cell filled wi th  2N H2SO4 solution and were  
anodized at 6 m A / c m  2 (2.00 • 0.05V) against a Pt  
gauze counterelect rode for  periods of t ime greater  
than 24 hr. All  P t -O  alloy samples were  made at room 
tempera tu re  (24 ~ • 1~ 

Af ter  format ion of the P t -O alloy, a bead was cut off 
of the wire  and weighed ,-~37 mg) in a small  Pt  dish of 

* E lec t rochemica l  Society Act ive  Me m b e r .  
Key  words :  adso rbed  oxygen  on Pt,  d e r m a s o r b e d  oxygen ,  ab- 

so rbed  oxygen  in Pt,  Pt-O alloys,  adsorpt ion  s i tes  on Pt. 

known weight. In another  small  P t  dish, an amount  of  
A120.~ powder  was placed such that  the  weight  (Pt  
dish ~ Pt bead) ~ weight  (Pt  dish ~ AltOs).  These 
dishes were  mounted on the thermocouple  elements  of 
the furnace platform. Af ter  the ent ire  DTA chamber  
was sealed f rom the a tmosphere  the chamber  w a s  
evacuated and backfilled with  N2 three t imes before 
the first DTA run was made. Repeated runs were  made 
in a N2 atmosphere ( inert)  before the runs were  made 
in a argon atmosphere containing 6% Ha (reducing) .  1 
All DTA curves were  obtained only during the in-  
creasing t empera tu re  sweep which was mainta ined at 
a constant rate  of 10~ 

Results 
The DTA curves obtained on a bead which had been 

preanodized at 6 m A / c m  2 for 24 h r  are shown in Fig. 1 
and which had been preanodized for 5 days in Fig. 2. 
The upper  traces in each figure were  carried out in a 
N2 atmosphere  whereas  the  bot tom trace was run  in 
the 6% H2 atmosphere.  In Fig. 3, a family  of DTA 
curves are plot ted which were  obtained on HNO~ passi- 
vated beads, first in a N2 atmosphere  (Fig. 3, curve  A) 
and then in a 6% H2 atmosphere  (Fig. 3, curves B-E) .  
On a Pt  bead which had been heated at 900~ in 6% H2 
for 6 hr, the DTA curve of Fig. 3, curve F is obtained. 

Discussion 
A typical  DTA curve  obtained on a preanodized Pt  

bead in a N2 atmosphere  exhibits  two broad peaks at 
about 100~ and at about 400~ as seen in Fig. 1, curve  
A. When a sample of Pt  is anodized, the surface be-  
comes covered wi th  a layer  of adsorbed oxygen (Pt -O)  

1 One of the  r e v i e w e r s  r e q u e s t e d  tha t  the  DTA on p u r e  gas- 
f r ee  P t  be made ,  bu t  such a sample  so far  is no t  poss ible  to  ob- 
tain. To c lean  a Pt  surface ,  i t  m u s t  be  e i ther  h e a t e d  in 02 or 
anodized which  p roduces  oxides on the  sur face  and o x y g e n  dis- 
so lved in the  Pt  me t a l  (2, 3). T o  r e m o v e  the  sorbed o x y g e n  re- 
quires  e i the r  hea t ing  in H2 or cathodizat ion wh ich  cha rg es  the  Pt  
wi th  dissolved h y d r o g e n  (25-27). Th e  t e chn ique  for  e x a c t  H~ or  
02 t i t r a t ion  has e luded  us so far.  

.2S'C C 

) ( i I 
2~ 400 6OO 80O 

T~peratu~, ~ 

Fig. 1. DTA curves for a Pt bead anodized at 6 mA/cm 2 for 24 
hr: curve A, 1st run in N2; curve B, 2nd run in N2; curve C, 1st 
run in 6% H2. 
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Fig. 2. DTA curves for a Pt bead anodized at 6 mA/cm 2 for 5 
days: curve A, 1st run in N2; curve B, 2nd run in N2; curve C, 1st 
run in 6% H2. 

zoo 40O 6O0 8oo 
T~perature, ~ 

Fig. 3. DTA curves for a HNO3 treated Pt bead: curve A, a run 
in N2; curve B, 1st run in 6% H2; curve C, 5th run in 6% H2; 
curve D, 7th run in 6% H2; curve E, 11th run in 6% H2; curve F, 
after holding the bead at 900~ for 6 hr in 6% H2. 

before 02 is evolved (3, 8, 9). Above 1.6V the Pt -O sites 
are converted to Pro2 sites (3, 10-13). According to the 
l i tera ture  (14-16), there are at least two kinds of sur-  
face Pt  sites for the adsorption of hydrogen on Pt. 
Evidence for the existence of more than one kind of 
surface Pt site for the adsorption of oxygen has been 
presented recently (17-21). We associate the two peaks 
in  Fig. 2, curve A with the decomposition of a thin 
layer  of PtOe adsorbed on the two kinds of surface 
Pt  sites (to be designated type I and type II) .  The de- 
composition at the more t ightly b inding sites (type 
II) produces the second peak at about 400~ whereas 
that  at the weaker b inding sites (type I) produces the 
first peak at about 100~ 

Because of the heterogeneous na ture  of the ad- 
sorption sites on a Pt  surface, there is a distr ibution of 
b inding energies between the surface Pt  atoms and the 
adsorbed O atoms. Such a condition produces a broad-  
ening of the DTA peaks for the decomposition of the 
PtO2 layers. 

When a second temperature  scan was made in  the 
N2 atmosphere, curve B, Fig. 2, was obtained showing 
two peaks in the same temperature  range as those in 
Fig. 2, curve A. It has been shown (3, 22) that oxygen 
dissolved in the bu lk  metal  by the anodization process 
can diffuse to the metal  surface to replace the surface 
adsorbed oxygen which had been stripped away. Con- 
sequently, when  the PrO2 was removed from the Pt  

surface by the temperature  scan in Fig. 2, curve A, dis- 
solved oxygen diffusing to the surface replaced the 
PtO2 layer  by a Pt -O layer  which in  tu rn  produced 
the two peaks in Fig. 2, curve B during the second 
temperature  scan. From an x - ray  photoemission spec- 
troscopic (XPS) analysis of the interact ion of 02 with 
Pt in  the gas phase, Norton (17) also found that  the 
temperatures  at which oxygen was desorbed from the 
two adsorption states on Pt  were separated by 300~ 

It is interest ing that the b inding  energies in  the PtO2 
layer  (Fig. 2, curve A) occur in  the same temperature  
region as those for the Pt -O layer (curve B). Such an 
observation is not expected. From electrochemical 
measurements  on Pt  anodes in acid solution, it w a s  

found (3, 23) that thin layers of PtO2 in  the presence 
of Pt  are unstable  below potentials of 1.5V and de- 
compose to Pt -O species. Consequently, when  the 
anodized sample was removed from the cell, washed, 
dried, and placed in  the DTA chamber, the PtO2 layer  
had decomposed to a Pt -O layer. Under  these condi- 
tions, one would expect the DTA curves to be the same 
in Fig. 2, curves A and B. This necessary t ransfer  of 
the electrochemically treated sample from the cell to 
the chamber of the surface analyzing apparatus raises 
a cont inuing serious problem for electrochemists. For 
example, it is doubtful  that Dickinson and co-workers 
(24) were able to observe from an XPS study of 
anodized Pt  a conversion of P t -O layers to PtO2 layers. 
More l ikely they observed the beginning  of oxygen 
dermasorpt ion (3) in the potential  range 1-1.4V. 

It appears from Fig. 2, curve A that  the DTA curve 
does not r e tu rn  to the base l ine (intercept on the AT 
ordinate) between the peaks and that a long tail exists 
at the high temperature  end of the curve. It is sug- 
gested here that  exothermic heat energy responsible 
for this behavior  is due to the desorption of oxygen 
which is dissolved in the bulk  Pt  metal by the pre-  
anodization procedure (2,3). This desorption takes 
place throughout  the range of the temperature  sweep 
providing a background AT on which the peaks for 
the desorption of adsorbed oxygen ride. 

When the DTA curve was obtained in the argon 
atmosphere containing 6% H2, the second peak was 
greatly diminished as noted in Fig. 1, curve C and Fig. 
2, curve C. In the preparat ion for the run, the bead was 
in the presence of H2 for 10-15 min  before the DTA 
curve was taken. Under  these conditions, most of the 
adsorbed oxygen was reduced by the Hf. However, as 
the surface oxygen is removed by the Hf, it is replaced 
by the dissolved oxygen diffusing from the bulk  metal  
to the surface as adsorbed oxygen atoms (Pt-O) .  

When the adsorbed oxygen is removed by reacting 
with H2 gas, water is formed; but, this water  is formed 
in the presence of an adsorbed oxygen layer which is 
continual ly being renewed by oxygen diffusing from 
the bulk  metal. Such water  molecules are not strongly 
bound to the metal  surface and are easily desorbed. 
From LEED and Auger (AES) studies of the removal 
of adsorbed oxygen from Pt  by reaction with H2, the 
water was found (17, 26) to desorb at temperatures  as 
low or lower than room temperature.  It also appears 
(26) that there are two adsorption states for water  on 
Pt. Any contributions to the DTA curve made by the 
desorption of n f o  would be swamped out by the large 
contributions made by the desorption of adsorbed 
oxygen. 

The shape of the DTA curve obtained in N~ on a 
HNOs-passivated Pt bead (Fig. 3, curve A) is different 
from the one obtained on a preanodized Pt bead 
(Fig. 2, curve A). Although the peaks for adsorbed 
oxygen are present  (peaks at 150 ~ and at 350~ addi-  
tional diffuse peaks appear on the high temperature  tail 
of the curve at 500 ~ 750 ~ and at 900~ Also, the back- 
ground AT is greater in the HNO3 passivated case in -  
dicating the presence of a much larger  amount  of dis- 
solved oxygen in the bulk  metal. We favor the notion 
that  the adsorbed oxygen responsible for the two 
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peaks in  Fig. 3, curve A exists as adsorbed atoms 
(Pt-O) and not PtO2 species since the HNO3 passivated 
P t -O alloy had never  been anodized and the quant i ty  
of charge associated with the cathodic str ipping of this 
oxygen (6) is equivalent  to a monolayer  of atomic 
oxygen. 

When the DTA curve was obtained in  6% H2, Fig. 3, 
curve B, the second peak at 350~ is significantly re-  
duced, but  the first peak as well  as the large AT back- 
ground remain  prominent .  Even after 11 runs  in  6% H2, 
Fig. 3, curve E, the two adsorbed oxygen peaks and 
the large aT background with the diffuse peaks remain. 

Guided by our earlier observations (3, 6) from con- 
stant  current  s t r ipping studies obtained on Pt -O alloy 
beads, we suggested that the peaks on the high tem- 
pera ture  tail  of the DTA curve may be associated with 
a series of relat ively stable dermasorbed oxygen layers 
in the P t -O alloy lattice. The deeper these layers lie, 
the higher will be the tempera ture  at which the dis- 
sociation peak will appear on the DTA curve. 

The earlier studies (3, 6) indicated that  the HNO3- 
passivated Pt -O alloy was very stable even under  the 
extreme reducing conditions of strong cathodic polar-  
ization. The corresponding observation is found in the 
data of Fig. 3 where the P t -O alloy structure is very 
evident, even after 11 runs in  6% H2 (Fig. 3, curve E). 
After  each run, the oxygen adsorption and dermasorp-  
t ion sites were occupied by oxygen diffusing from the 
metal  interior. 

It was also observed earlier (3, 6) that the P t -O 
alloy structure could be destroyed by heat ing the sam- 
ple white hot. In  this case the sample was re turned to 
the unt rea ted  Pt  state. To simulate this condition in the 
DTA apparatus, the Pt -O alloy sample was heated at 
900~C in 6% H2 for 6 hr. After cooling in 6% H2, the 
DTA curve had the shape of Fig. 3, curve F. In  this 
case, the Pt -O alloy structure is destroyed; and in its 
place, the curve exhibits one broad peak with two 
shoulders and a high temperature  tail. This three-  
pronged peak may be interpreted in terms of the de- 
sorption of adsorbed hydrogen from two and possibly 
three kinds of adsorption sites known (14-16) to exist 
on the Pt surface. The large background AT may be 
accounted for by the desorption of dermasorbed (25) 
and dissolved hydrogen (26, 27) in  the bulk  metal. 

From x - ray  diffraction studies of HNO3 passivated 
Pt-O alloy samples (1), it was found that the Pt  la t -  
tice had been expanded suggesting that the dissolved 
oxygen had entered the Pt  lattice. In the case of anod- 
ized Pt -O alloy, oxygen diffusion studies (2, 4) indicate 
that oxygen migrates along the grain boundaries.  Con- 
sequently,  the dissolved oxygen in Pt may reside either 
in  the grain boundaries  or inters t i t ia l ly  in the Pt  la t -  
tice (most l ikely in the octahedral holes of the fcc 
lattice).  Since the presence of stable dermasorbed 
layers are not detected on the DTA curves for anod- 
ized Pt -O alloy in Fig. 2, it is l ikely that much of the 
dissolved oxygen resides in the grain boundaries. The 
presence of stable dermasorbed layers are detected on 
the DTA curves for HNOs passivated Pt -O alloy in 
Fig. 3 and suggests that dissolved oxygen not only re- 
sides in  the grain boundaries  but  also considerable 
amounts  of dissolved oxygen are located interst i t ial ly 
in the Pt  lattice. 

It has been found from Auger (AES) studies (27) 
that both H2 and 02 are adsorbed on the low index 
planes of Pt such as the Pt  (111) and Pt  (100) planes 
with considerable difficulty. However, the adsorption of 
H2 is greatly facilitated on stepped (28) surfaces which 
expose high index planes. On these stepped surfaces of 
Pt  the dissolution of hydrogen into the metal  inter ior  
is strongly promoted (27). From a s tudy of the passi- 
vat ion of Pt  in  O2-free HNO8 (6), it was found that 
the HNO3 t rea tment  seemed to give the Pt the proper-  
ties of an oxygen sponge. We suggest that  the soaking 
of polycrystal l ine samples of Pt  in  concentrated HNO3 
for periods of t ime greater than 72 hr etched the Pt  sur-  

face in  such a way that certain high index planes are 
exposed. These high index planes greatly facilitate the 
penetra t ion of adsorbed oxygen into the Pt  lattice. Ap-  
parently,  anodization either does not generate the re-  
quired high index planes or at least not as efficiently as 
soaking in HNO3. 

One possible physical picture of the two adsorption 
sites is as follows. One may associate the type I sites 
with adsorption of oxygen atoms at the edges of steps 
on the Pt  surface whereas type II may be associated 
with corners along these steps somewhat similar to the 
diagrams drawn by Bockris and Conway (29) for 
adions on a metal surface. The two peaks in  the DTA 
curves of Fig. 2 are separated by about 300~ corre- 
sponding to an energy difference of about 600 cal /mole 
or about 0.026 eV. This energy difference may repre-  
sent the average difference in the binding energy of 
O atoms at edge sites and at k ink or corner sites on the 
Pt surface. 

Possible reasons for the lowering of the second peak 
in repeated DTA (Fig. 2, curve C, Fig. 3, curves B-E) 
runs are as follows. First, dissolved oxygen may diffuse 
to type I sites more easily than to the type II sites. 
Second, hydrogen may react with oxygen adsorbed at 
type II sites more rapidly than  with that  at type I sites. 
Third, the thermal  t rea tment  to which the sample is 
subjected during a s tandard DTA r un  may decrease 
the number  of type II (kink) sites present  on the 
sample surface. At this time, these data do not permit  
us to dist inguish a preferred path from these suggested 
mechanisms. 

In  Fig. 3 the difference in energy be tween the two 
sites is less than in Fig. 2; and al though the position 
of the first peak is unaffected, the second peak and the 
dermasorbed peaks are shifted to higher temperatures  
with each t rea tment  in  the hydrogen atmosphere. It 
appears that  the na ture  of the k ink sites is modified 
by the hydrogen treatment .  Possibly the dermasorbed 
layers are related to the k ink sites. Consequently, the 
na ture  of the HNO3 passivated Pt  surface is somewhat 
different than the anodized surface. 

These data support the conclusions: that there are 
two different adsorption sites of oxygen on polycrystal-  
l ine Pt; that thin layers of PtO2 are unstable  in the 
presence of Pt  and decompose to Pt -O at potentials 
below 1.5V; that the H N Q  t rea tment  of Pt generates 
a more active surface for the dissolution of oxygen in 
the bulk  Pt than anodization; that dissolved oxygen 
can reside in the grain boundaries  or interst i t ial iy in 
the Pt lattice; that H N Q  passivated Pt -O alloy is more 
stable and contains more dissolved oxygen than the 
anodized Pt -O alloy. 

Manuscript  submit ted Apri l  8, 1976; revised manu-  
script received June  21, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

PubLication costs of this article were  assisted by 
General Motors Corporation. 
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Electrochemistry of Mercuric Chloride in Molten 
Zinc Chloride-Potassium Chloride Eutectic 

/Vl. L. Deanhardt' and K. W. Hanck* 
Department of Chemistry, North Carolina State University, Raleigh, North Carolina 27607 

ABSTRACT 

Chronopotentiometric and cyclic vol tammetr ic  studies indicate that t h e  
electroreduction of Hg(I I )  in an equimolar  ZnClu-KC1 eutectic at 300~ pro- 
ceeds by a reversible two-electron process to form Hg (O). A disproportionation 
reaction is observed when Hg(I )  is added to the moderately acidic solvent. 
The formal potential  of the Hg ( I I ) /Hg  (O) couple is estimated to be 0.800V vs. 
the Z n ( I I ) / Z n ( O )  reference electrode. A diffusion coefficient of (2.17 • 0.07) 
• 10 -6 cm2/sec was observed for HgC142- at 300~ The presence of a pre-  
wave on the cyclic vol tammograms of HgC12 indicates strong adsorption of 
Hg(O) on the Pt  cathode The system is fur ther  complicated by the chemical 
reaction of metallic mercury  with the electrode to produce PtHg4. A mecha- 
nism consistent with the observed results is proposed. 

The electrochemistry of mercury  in  molten halide 
solvents is highly dependent  on solvent acidity. The 
reduction of mercuric chloride in molten LiC1-KC1, a 
basic solvent, was first studied by Lait inen,  Liu, and 
Ferguson (1). They observed a single reduction wave 
for Hg(I I )  complicated by saw-tooth-l ike fluctuations 
which were a t t r ibuted to discharge of gaseous mercury  
at the electrode surface. Mercury (I) was found to 
disproportionate in the melt  at 450~ to Hg(I I )  and 
Hg(O) .  

A more extensive invest igat ion of Hg(II)  in molten 
LiC1-KC1 was carried out by Hanck and Deanhardt  
(2). Based on chronopotentiometric,  pulse polaro- 
graphic, and cyclic voltammetric studies, a two-elec-  
t ron reversible reduction was observed for Hg (II).  The 
electrode reaction was shown to follow a first-order 
EC mechanism in which the reduction product is 
sparingly soluble. The chemical step involved the re-  
action of metallic mercury  with the p la t inum cathode 
to produce PtHg4. 

Hames and Plambeck (3) investigated the electro- 
chemistry of mercury  in  highly acidic molten A1CI~- 
NaC1-KC1 at 150~ by potentiometric, voltammetric,  
and chronopotentiometric techniques. The results 
showed that Hg(I I )  is reduced in two steps to Hg(I)  
and Hg (O);  however, the chronopotentiograms showed 
a long sloping region between the plateaus of the first 
and second steps and the expected ratio of ~2/~1 was 
not obtained. 

* Electrochemical Society Active Member. 
Present address: Department of Chemistry, George Mason Uni- 

versity, Fairfax, Virginia 22030. 
Key words: adsorption, PtHg~, molten salt. 

Mamantov and co-workers (4, 5) observed three suc- 
cessive two-electron reduction steps for Hg(I I )  in 
acidic A1CI3-NaC1 at 175~ The first step produced 
Hg22+, the second produced a new ion, Hg32+, and the 
third yielded metallic mercury. 

We have under taken  a study of the electrochemistry 
of mercury  in  an equimolar  ZnC12-KC1 solvent at 
300~ The acidity of this solvent is less than that of 
the chloroaluminates but  higher than  that of LiC1-KC1. 

Experimental 
Mercuric chloride was purified by subl imation of the 

reagent grade salt (J. T. Baker) .  Reagent grade mer-  
curous chloride (J. T. Baker) was dried at 110~ for 
1 hr and stored over magnes ium perchlorate in  a vac- 
uum desiccator. 

Preparat ion and pur i ty  of the ZnC12-KC1 eutectic, 
molten salt apparatus, and electrodes have been de- 
scribed previously (6). 

Curren t - t ime  and current-vol tage curves were ob- 
tained with a Pr inceton Applied Research Corporation 
Model 173 potentiostat /galvanostat .  A tr iangle wave 
generator constructed using the circuit of Bull  and 
Bull (7) was interfaced with the Model 173 to obtain 
l inear  sweep voltammograms. 

Data was digitized with an IBM system/7 data ac- 
quisit ion computer  which was l inked to the IBM 370/ 
165 computer located at the Triangle  Universit ies Com- 
putat ion Center. Interfacing of the laboratory ins t ru-  
ments of the system/7 computer has been described 
in detail (8). In some cases data was collected with a 
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Fig. 1. Potential time curve for the chronopetentiometric reduction 
of HgCI2. Current density ~ 6.74 rnA/cm 2. [HgCI2] ~ 24.24 mM. 
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Fig. 2. Potential time analysis. [HgCI2] = 14.88 raM. Current 
density ~- :].84 mA/cm 2. 

Tektronix  502-A oscilloscope equipped with a Model 
C-12 oscilloscope camera. 

X- r ay  powder pat terns were obtained with nickel-  
filtered copper radiat ion using a Rich. Seifeit and Com- 
pany debyeftex x - r ay  diffraction uni t  equipped with a 
11.47 cm Debye-Scherrer  camera. 

Results and Discussion 
C h r o n o p o t e n t i o m e t r y . - - C h r o n o p o t e n t i o g r a m s  of 

ttgC12 were taken at several different concentrations 
and current  densities. A typical chronopotentiogram is 
shown in  Fig. 1. The analog data were digitized wi th  
the IBM system/7 computer  and transi t ion times were 
determined by the method of Noonan (9). Each chrono- 
potent iogram gave a well-defined transit ion;  however, 
a slight change in  slope was observed in  the horizontal 
port ion of the curve. This is believed to be a prewave 
due to the adsorption of Hg(O) onto the p la t inum 
electrode and is discussed in a later  section. Table I 
lists the range of concentrations and current  densities 
used in the analysis. The reduct ion was found to obey 
the Sand equation;  the regression analysis of Table 
I I -A indicates a diffusion controlled process with Io~t/2/ 
C equal to 0.252 _ 0.004 mA-secl/'~/cm2-mM. From this 
slope nDox 1/2 was calculated to be (2.95 • 0.05) • 10 -3 
eq-cm/mole-sec~/2. 

The reversibi l i ty of the electron t ransfer  reaction 
was determined from the shape of the chronopotentio- 
grams. Plots of E vs. log (~v~ _ tv~)/tv~ were l inear  
indicat ing a reversible electron t ransfer  reaction. An 
example of such a plot is shown in Fig. 2; plots were 

Table I. Chronopotentiometric data 

[HgCh] Io'r 11~ Range of Io 
( r a M )  (mA-secl/-~/cra 2 ) (mA/cm -~ ) 

8.83 2.24 2.42-5.01 
14.88 3.80 3.84-7.34 
28.42 7.17 4.91-10.90 
62.60 16.00 15.70-20.00 

117.10 29.50 34.40-42.60 

Table II. Linear regression analysis of chronopotentiometric data* 

A .  I o T 1 P - ( m A - s e c l / ~ / c m  ~-) v s .  C ( m M )  
S a m p l e  c o r r e l a t i o n  coe f f i c i en t  = 0.9999 
S l o p e  = 0.252 • 0.004 
I n t e r c e p t  = 0.054 ~ 0.241 

B. E ( m V )  vs .  l og  (~1/2 _ t l / 2 ) / t l / 2  

A v e r a g e  s l o p e  = 57.4 • 2.3 
A v e r a g e  i n t e r c e p t  = 798 • 13 
A v e r a g e  E~/4 = 800 • 10 

C. E ( m V )  v s .  l o g  ( r  1/~ -- t ~ / 2 ) / t  1/~ f o r  Hg2Ch 
A v e r a g e  s l o p e  = 63.7 ~--- 3.5 
A v e r a g e  i n t e r c e p t  = 800 -4- 10 
A v e r a g e  E~/~ = 799 • 11 

* A l l  u n c e r t a i n t i e s  q u o t e d  i n  t h i s  p a p e r  a r e  95% c o n f i d e n c e  in-  
t e r v a l s .  

made on 19 chronopotentiograms and the results a r e  
summarized in  Table II-B. The theoretical slope for a 
reversible process at 300~ is 113.7/n mV. The experi -  
mental  data predict a value of 1.98 for n indicat ing a 
two-electron reversible process. The diffusion coeffi- 
cient of Hg(I I )  based on a two-elect ron process is 
(2.17 • 0.07) • 10 -6 cm2/sec. The quar te r -wave  po- 
tential,  Er/4, was found to be independent  of current  
density and concentrat ion over the range studied; the 
average value being 800 • 10 mV vs. the Zn ( I I ) / Z n  (O) 
reference electrode. The theoretical intercept  for the 
reversible log plot should equal the quar te r -wave  po- 
tential;  this was exper imenta l ly  verified as shown in 
Table II-B. Prewaves on the chronopotentiograms 
were considered to be negligible and therefore were 
not subtracted from the data in Tables I and II. 

Since a Hg(I)  species is known  to exist in mol ten  
salts (3-5), the r e d u c t i o n  of mercurous chloride was 
also studied using chronopotentiometry.  Mercurous 
chloride disproportionates upon dissolution in mol ten 
ZnC12-KC1 yielding a black precipitate and a solution 
which yields well-defined chronopotentiograms. The 
slope of the chronopotentiograms were analyzed and 
the results are summarized in  Table II-C. The average 
slope and intercept  of the log plots are near ly  identical  
to the values reported for mercuric chloride. This sug- 
gests that Hg(I)  is not present  in  detectable concen- 
t rat ion and that  Hg(I )  rapidly disproportionates to 
Hg(II)  and Hg(O).  These results are similar to those 
observed in  basic LiC1-KC1 (2); Hg(I )  is apparent ly  
stable only in strongly acidic melts such as the chloro- 
aluminates.  

Cyclic vol tammetry.--Digit ized cyclic vol tammo- 
grams of HgC12 were taken at several different sweep 
rates, ~, from N 0.4 to ,~ 115 V/sac; the potential  scan 
was from 1.3 to 0.5V vs. the Z n ( I I ) / Z n ( O )  reference 
electrode. Effects of uncompensated solution resistance 
were minimized by using a low concentrat ion of HgC12 
and positive IR compensation provided on the PAR 173 
potentiostat. The vol tammograms undergo a change in 
shape as a function of sweep rate as shown in Fig. 3. At 
slow sweep rates only two waves are observed (waves 
II and III, Fig. 3). Wave II has the shape of a revers-  
ible two-electron process with (Ep/2 -- Ep)n -~ 55.2 
mV; the theoretical value for a soluble two-electron 
process at 300~ is 54.3 mV (10). The peak potential  
occurs at 785 mV. The theoretical value of E1/2 -- Ep is 
27.4 mV for a two-electron process; therefore, E1/2 is 
calculated to be 812 mV which is in excellent agree- 
ment  with the El~2 value obtained from the chrono- 
potentiometric data. 

Wave III in  Fig. 3A has a sharp, near ly  sym- 
metrical  shape characteristic of the str ipping of an 
insoluble deposit. The value of (Ep)ni  -- (Ep)n is 138 
mV, which is considerably larger than  the theoretical 
value of 54.8 mV for a two-electron reversible process, 
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9.11, 21.4, 30.6, and 45.8 V/sec, respectively. 

The formation of PtHg4 on the electrode surface has 
been confirmed by x - r ay  powder diffraction and is dis- 
cussed in a later  section. The oxidation of PtHg4 should 
occur at a more anodic potential  than the oxidation of 
Pig (O) and therefore would account for the larger than  
theoretical value observed for (Ep)m -- (Ep)ii. 

As the scan rate is increased (Ep)H remains  constant 
and the wave finally disappears with the formation of 
a prewave (wave I) at 1150 inV. Wave III  shifts cath-  
odic with scan rate and broadens approaching the 
shape expected for a reversible reoxidation of a soluble 
product;  however, at very high sweep rates wave III  
also disappears with the formation of wave IV at 1150 
mY. 

The increase in  wave I and decrease in wave II with 
scan rate indicates strong adsorption of the reaction 
product  onto the electrode; waves I and IV represent  
the reduct ion of Hg(I I )  and the oxidation of adsorbed 
Hg(O) ,  respectively. Effects of adsorption of electro- 
active species in  cyclic vol tammetry  have been dis- 
cussed quant i ta t ively  by Wopschall and Shain (11). 
Quant i ta t ive measurements  of the adsorption param-  
eters of this system were not feasible due to the pres- 
ence of a chemical reaction following charge t ransfer  
(i.e., formation of PtHg4). 

Curren t  reversa l  c h r o n o p o t e n t i o m e t r y . - - T h e  mecha-  
nism for the reduction of PigC12 was fur ther  character-  
ized by current  reversal chronopotentiometry.  A typi -  
cal reverse current  chronopotentiogram is shown in  
Fig. 4. The difference be tween E0.250r and E0.215rr iS 
greater  than that  expected for a reversible process 
(12), due main ly  to IR drop effects similar to those 
observed by Delahay and Mattax (13). The theoretical 
ratio of the reverse t ransi t ion t ime to the forward time, 
Tr/tr is equal to ~/ (2~ + l) for the formation of a 
soluble product where ~ equals the ratio of if, the for- 
ward current,  to i,., the reverse current.  If the reduction 
product is insoluble and plates onto the eIectrode, 
�9 r/ t f  = 0. 

A series of current  reversal  chronopotentiograms 
were  performed in which the forward electrolysis time 
(tD and if were chosen so that  the forward charge was 
constant throughout  a r un  but  tf varies from ca. 0.5 to 
3.0 sec. Figure 5 shows the var iat ion of ~r/tf with tf for 
some 30 current  reversal chronopotentiograms at three 
different values of e. The concentrat ion of HgC12 was 
chosen to be very high in  order to obtain a larger range 
of forward and reverse currents.  

At large va lues  of tf (i.e., low values of it), ~r/tf  
approaches a value expected for the reoxidation of a 
soluble product;  however at low values of tf (i.e., large 
values of if), Tr/tf is greater than  the value expected 
for the reoxidation of a soluble reduction product  but  
less than  that  expected for the reoxidation of an in -  
soluble reduction product. Cyclic vol tammetr ic  ex- 
per iments  indicate strong adsorption of the reduction 
product; Herman and Blount  (14) observed an enhance-  
ment  in the "~r/tf ratio when the product was adsorbed 
on the electrode. Increasing if (decreasing tr), which is 
analogous to increasing the scan rate in cyclic vol tam- 
metry, should increase the value of ~,./tf in the case of 
product adsorption. The data of Fig. 5 confirm the ad- 
sorption of the reduction product as suggested by the 
voltammetric  data. 

X - r a y  p o w d e r  dil~raction ana l y s i s . - -The  insoluble 
product indicated by the vol tammetr ic  experiments at 
slow scan rate was identified by x - ray  powder diffrac- 
t ion patterns.  A 2 cm length of 26 gauge P t  wire was 
electrolyzed in a HgC12 solution at a controlled poten-  
tial of 0.5V vs. the Z n ( I I ) / Z n ( O )  reference electrode 
for 10 rain. The wire was washed with deionized water, 
air dried, and mounted in an x- ray  diffraction camera. 
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Fig. 5. Variation of ~r/tf with tf. [HgCI2] = 117.1 mM. For- 
ward charge ~ 10.0 mC. A, B, and C indicate theoretical values 
of Tr/tf for formation of a soluble product. 
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The sample was exposed to Ni-filtered CuK~ radiat ion 
for 18 hr and a diffraction pa t te rn  identified as that  of 
PtHg4 was observed. Robbins and Enke (15) found that 
PtHg4 is formed at room tempera ture  when  a Pt  wire 
is allowed to stand in  contact with metall ic mercury.  
The reaction of Hg (O) with Pt  to form PtHg4 was also 
observed in  the reduct ion of HgC12 in  mol ten LiC1-KC1 
(2). 

An addit ional exper iment  was performed in  which 
HgC12 was reduced on a Pt  wire at a controlled poten-  
tial of 0.5V for 5 min  and then  reoxidized at 1.3V for 
5 min. The x - r ay  powder pa t te rn  for this sample was 
identical to the powder pa t te rn  of Pt  metal  which in-  
dicates that PtHg4 is oxidizable in the ZnC12-KC1 
solvent. 

Reduction mechanism.--The electroreduction of 
HgC12 proceeds by a reversible two-electron process 
to form Hg(O) ;  no evidence was observed for the for- 
mat ion  of Hg( I ) .  Based on our measurements  of E1/2, 
the formal potential  of the H g ( I I ) / H g ( O )  couple is 
0.800V vs. the Z n ( I I ) / Z n ( O )  reference electrode. A 
mechanism consistent with the observed results is 

Pt  
Hg 2 + ~- 2e-  ~ Hg o --> PtHg4 

ka ~ kd 
(Hg ~ ) ads 

If the rate at which Hg 2+ is electrolyzed is slow, 
Hg(O) is in contact with the Pt  electrode for a longer 
period of t ime and PtHg4 is formed on the electrode 
surface. As the rate of electrolysis is increased, the 
formation of PtHg4 decreases as indicated by the 
broadening of peak III  in Fig. 3. After  the thickness 
of PtHg4 on the surface of the p la t inum reaches a cer- 
ta in  value, Hg(O) is no longer in contact with metallic 
Pt  and the influence of the chemical reaction d imin-  
ishes. In  the cyclic vol tammetr ic  experiments,  the for- 
ward coulombs of the reduction are small  (less than  
1 mC) and the fraction of total Hg(O) reacting with 
the Pt  electrode is large; however when the forward 
coulombs of the reduct ion are large as in the current  
reversal  chronopotentiometric experiments (10 mC),  
the fraction of total Hg(O) reacting with the Pt  elec- 
trode is small, and the system appears as a reversible 
process yielding a soluble product (see Fig. 5 at large 
values of tf). 

The system is fur ther  complicated by the adsorption 
of Hg (0)  onto the p la t inum electrode, which probably 
precedes the formation of PtHg4. The absorption of a 
reduct ion product  onto an electrode has been described 
by the Langmui r  isotherm (11) 

Fa ---- rRSCR/(KR -~ CR) [1] 

where, r n  ---- surface concentrat ion of adsorbed product 
(moles/cmf),  r a  ~ _-- surface concentrat ion of adsorbed 
product at saturat ion (moles/cm~), CR ---- concentrat ion 
of product at electrode surface (moles/cm3), and KR 
kd/ka. 

When CR is small, rg  is directly proportional to Ca; 
when CR is large, rR approaches r a  s. The current  for a 
process involving an adsorbed product  is proport ional  

to rR s ~,1/2 while  that for a process uncomplicated by 
adsorption is proportional to C*o 91/2 where C*o is the 
bu lk  concentrat ion of the oxidized form of the couple. 
Both processes at tempt to reduce the surface concen- 
t rat ion of Hg (II) ; since the adsorption process occurs at 
a potential  anodic of the diffusion process, an increase 
in the adsorption peak results in  a decrease in  the dif-  
fusion peak. In the case of mercury,  rHg s is much  
smaller  than C*Hg~m; consequently at low values of 
very little adsorption current  is seen. As v is increased 
the adsorption current  increases while the diffusion 
peak current  decreases. At sweep rates above 45 V/sec 
all of the Hg (O) produced is adsorbed on the electrode. 
The fact that the diffusion peak completely disappears 
indicates that rHg has not reached rHgs. 

Chemical complications of the reversible charge 
transfer step could perhaps be el iminated by using 
some other working electrode other than  plat inum, for 
example, glassy carbon. This however would probably 
not add any other informat ion concerning the electro- 
chemistry of mercury  in  this solvent. 

Conclusions 
The electroreduction of HgC12 in an equimolar  ZnC12- 

KC1 solvent proceeds by a reversible two-electron 
process. The reduction mechanism includes two chemi- 
cal complications, the adsorption of Hg(O) onto the 
Pt  cathode and the chemical reaction of Hg(O) with 
the electrode to produce PtHg4. 

Manuscript  submit ted April  19, 1976; revised manu-  
script received Ju ly  19, 1976. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June 1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 
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Semiconductor Electrodes 
VII. Digital Simulation of Charge Injection and the Establishment of the 

Space Charge Region in the Absence and Presence of Surface States 

Daniel Laser and Allen J. Bard* 
Department ol Chemistry, The University oS Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Transport  of free carriers following charge inject ion to a semiconductor 
electrode is simulated. The relaxat ion of the free carrier  results in  the bui ldup 
of the space charge region whose properties are calculated. For an intr insic 
semiconductor, the relaxat ion resembles that  of the cations and anions in  the 
diffuse double layer  at a metal /e lectrolyte  interface following charge inject ion 
to the metal. For an  extrinsic semiconductor, some addit ional specific effects 
arise, which are discussed. The effect of surface states is considered and the 
interact ion of a surface level with the semiconductor bands is simulated. This 
interact ion results in  t rapping of charge from the space charge region and 
del ivery of it to the surface. The properties of the space charge region in  the 
presence of surface states are calculated, and their  effect on the relaxat ion 
process demonstrated.  

There has been much interest  recently in  semicon- 
ductor electrodes, and especially in photoeffects and 
photoelectrochemical experiments  which may lead to 
devices of practical use, such as for solar energy uti l iza- 
t ion [see (1-3) and references therein] .  Al though the 
basic principles of the semiconductor electrode/elec- 
trolyte interface were formulated some time ago and 
have been reviewed extensively (4-8), the quant i ta -  
tive t rea tment  of the behavior of semiconductor elec- 
trodes is quite complicated involving carrier diffusion 
and migration, thermal-  and photogeneration, and re-  
combinat ion in the semiconductor itself in  addition to 
the usual mass t ransfer  and kinetic processes in the 
electrolyte phase and interphase charge transfer  steps. 
Digital s imulat ion methods (9, 10) have been very 
valuable in the t rea tment  of complex kinetic or mass 
t ransfer  problems in electrochemical systems. It is the 
aim of this paper  and following ones in this series to 
apply digital s imulat ion techniques to electrochemistry 
at semiconductor electrodes and the behavior of the 
semiconductor/electrolyte  interface under  i l luminat ion.  
In  this paper  we discuss the basic concepts of s imula-  
tion of a semiconductor and the sequence of events fol- 
lowing charge inject ion to a semiconductor electrode 
and leading to the formation of a space charge region. 
Following papers will  describe the establishment of a 
photovoltage at an ideally polarized semiconductor 
electrode under  steady i l luminat ion and the produc- 
tion of a photocurrent  when charge transfer  across the 
electrode/solution interface occurs. 

Digital Simulation Model of Formation of 
Space Charge Region 

Although the carrier dis t r ibut ion and field in  a semi- 
conductor electrode can f requent ly  be calculated by 
direct analyt ical  methods (6-8), a digital s imulat ion of 
it is convenient  since these distr ibutions provide the 
start ing point  for simulations of the photoeffects of in-  
terest. Moreover, simulations allow the invest igat ion of 
the effect of surface states on the field and are useful 
in  testing the digital model under  conditions where 
some rigorous solutions are known. Consider a semi- 
conductor electrode in contact with an electrolyte solu- 
tion and at the flatband potential, i.e., the point  of 
zero charge. We now consider the events that occur 
following the coulostatic inject ion of charge into the 
semiconductor. As a dielectric the semiconductor elec- 
trode can sustain a charge and an electric field wi thin  
its volume; however, because of the existence of mobile 

* Electrochemical Society Active Member. 
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surface states. 

carriers in the semiconductor, this charge is subject to 
redis tr ibut ion and will u l t imately  accumulate at the 
semiconductor/electrolyte boundary  in a region called 
the space charge region. Usually the charge distr ibution 
in  a semiconductor electrode will be found somewhere 
between the two extreme cases of a metal  electrode, 
where all the charge is essentially located at the sur-  
face, and a dilute electrolytic solution in  contact with 
a charged metal  electrode, in  which the charge (ionic) 
dis t r ibut ion is very diffuse. The space charge region 
is of fundamenta l  importance in describing the elec- 
trochemical properties of the semiconductor and it is 
the equi l ibr ium distribution, rather  than its mode of 
formation, that is usual ly  of interest  (5). The response 
of the semiconductor to charge in jec t ion is very simi- 
lar  to the relaxat ion of the diffuse double layer  in 
solution following coulostatic charge inject ion to a 
metal  electrode recently considered by Feldberg (10). 
The si tuation in a semiconductor differs from that for 
the usual  electrolytic solution because of the much 
higher mobility of the carriers (holes and electrons) the 
presence of fixed charges (from acceptors or donors) 
in an extrinsic semiconductor, and the possible im- 
portance of dissociation and recombination processes in 
the semiconductor. The utilization of the basic concepts 
of electrostatics and mass transfer is very similar to 
that employed by Feldberg (i0), however, so that 
only a brief outline of the simulation method will be 
given here. For those interested in utilizing this ap- 
proach, the computer program is described briefly in 
the Appendix. 

For the injection of positive charge with a charge 
density, Q (C/m2), the field at the semiconductor sur- 
face (i.e., the semiconductor/solution interphase), Es 
(V/m), assuming planar geometry so that lines of force 
of the field are normal to the electrode surface, will 
be given by 

Es ---- Q/eoer [1] 

where eo is the permit t iv i ty  of free space, 8.85 • 10-12f 
m -z, and er is the dielectric constant of the semicon- 
ductor relative to vacuum; for a positive charge, Es is 
taken as positive point ing toward the solution. If 
charge is conserved in  the semiconductor, the field at 
the surface (x = 0) will always be given by Eq. [1]. 
I n t h e  inter ior  of the semiconductor, E (x) will depend 
upon the charge distribution. At the ins tant  of charge 
injection, the field everywhere  in  the semiconductor 
will be Es. This field will cause holes (h + ) to migrate  
toward the surface and electrons ( e - )  to migrate in  
the opposite direction. This migrat ion is opposed by the 
diffusion of holes and electrons with the net flux of 
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holes and electrons, f+ and ] - ,  respectively (with 
positive flux taken  as toward the electrode surface),  
being governed by Eq. [2] and [3] 

f+ = (e/kT) E (x) Dpp + DpOp[Ox [2] 

f -  - -  - -  (e /kT)E (x) Dnn + DnOn/Ox [3] 

where D, and Dn are the diffusion coefficients and p and 
n are the concentrat ions of holes and electrons, respec- 
tively. The net  effect of this mass t ransfer  is the t rans-  
fer of positive charge to the electrode surface. This 
new charge dis t r ibut ion will modify E(x) .  At equi-  
l ib r ium the space charge region is established with no 
charge remaining  in  the bulk  semiconductor, so that  
the field there is zero, and with constant  concen- 
t ra t ion profiles for holes and electrons main ta ined  by 
the counterbalancing of the migrat ional  flux caused by 
the equi l ibr ium field dis tr ibut ion and the diffusional 
one. The surface potential,  Vs, at all stages is given by 
Eq. [4], where ED is the field in  the bu lk  semiconductor 

fo~ Vs : [E(x) - -  Eb]dz [4] 

Results 
Intrinsic semiconductor in the absence o] surface 

states.--For an intr insic  semiconductor (e.g., intr insic 
Ge),  the response to charge inject ion and relaxat ion 
is quite analogous to diffuse double layer  relaxat ion in 
solution given by  Feldberg (10), with the holes re- 
placed by  cations and the electrons by anions (Fig. 1). 
The surface potential  rises from zero to some maxi-  
m u m  value and then relaxes to its new equi l ibr ium 
value. The carriers which are attracted to the surface 
(e.g., holes) and which at equi l ibr ium show a cont inu-  
ous drop in concentrat ion with distance from surface 
towards the bulk, show a min imum in their  concentra-  
t ion profile during the relaxat ion [as also observed in  
solution diffuse double layer  format ion (10)]. The 
relaxat ion processes occur in  times 104-105 smaller  than  
for those in solution because of the higher D values 
of the carriers in the semiconductor (e.g., 95 cm2/sec 
for electrons and 45 cm2/sec for holes in Ge) compared 
to those of ions in solution (ca. 10 -~ cm2/sec). The 
space charge is essentially established within 10 -9 sec, 
a period dur ing which double layer  formation in solu- 
t ion will not yet have started. Thus space charge re-  
gion effects probably can be differentiated from solu- 
t ion double layer  ones according to the time window of 
the experiment.  

Extrinsic semiconductor in the absence o] surface 
states.--For a highly doped semiconductor (e.g., 
n- type  Ge) the picture is different. Here, unless strong 
inversion prevails (e.g., at very positive potentials) ,  the 
electrical state of the electrode will  be main ly  deter-  
mined by the major i ty  carrier dis t r ibut ion (electrons) 
and the dopant  level (the donor atoms), while the 
minor i ty  carriers (holes) w i l l  adjust  themselves to the 
field established by the donors and major i ty  carriers. 
One must  also consider the origin of the minor i ty  car- 
riers (holes) arr iving at the surface during relaxation, 
because positive charge inject ion at the meta l / semicon-  
ductor ohmic contact of the n - type  semiconductor oc- 
curs largely through electron extraction, rather  than 
hole injection, and the total number  of minor i ty  car- 
riers originally existing in the bulk  semiconductor may 
be insufficient to populate the space charge layer. A 
similar  problem may apply to an intrinsic semiconduc- 
tor 'as  well. A typical s imulat ion for n -Ge  with a donor 
level, ND, of 2.5 X 1016 cm -3 is given in Fig. 2. The 
t ranspor t  of the major i ty  carriers is very fast and they 
are extracted near ly  ins tantaneously  from the surface 
(and arrive at the metallic contact to compensate for 
the electrons which were extracted from there by the 
charge inject ion) .  Because most of the charge dis t r ibu-  
t ion is assocated with the electron distribution, the 
electric field and surface potential  also quickly achieve 
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Fig. 1. Free carrier concentration for intrinsic Ge, with and 
without surface states, n ~ = p~ ---- 2.5 X 1012' cm-8; er ---- 16 
esu, Un and Up are 3800 and 1800 cm2/V-sec, respectively; charge 
injected =- 3.91 X 10 -7  C/cm 2. Solid lines, without surface 
states; times offer charge injection: (a) 9.474 X 10 -12 sec (Vs =- 
0.015V, Eb = 2.37 X 103 V/cm); (b) 1.895 • 10 - l o  sec (Vs = 
0.106V, Eb = 7.03 • 102 V/cm); (c) 1.895 • 10-9 sec (Vs =- 
0,096V, Eb = 2.8 X 101 V/cm), Vs at equilibrium = 96 mV, Es = 
2.76 X 108 V/cm at all times. Dashed lines, with surface states 
for which Nt = 2.0 X 1011 cm -2,  Et = EF ~ ke = 0.53 X 1010 
sec-Z; kv = 2.63 X 10 -5  cm 3 �9 sec -1.  For the same times as in 
the absence of surface states, the results are: (a) Vs = 0.006V, 
Es = 2.757 X 103 V/cm, AQss = 3.77 X 10-1~ Eb ---- 2.62 X 
108 V/cm; (b) Vs = 0.067V, Es ---- 2.71 X 10 a V/cm, AQss = 
6.77 X 10-TC, Eb ---- 2.14 X 103V/cm; (c) Vs ---- 0.094V, Es---- 
2.65 X 10 ~ V/cm, AQss - -  1.533 X 10-sC,  Eb = 31 V/cm. 

their  equi l ibr ium value. Minori ty carriers show a rela-  
t ively slow relaxat ion to their  equi l ibr ium value, be-  
cause their low bulk  concentrations can provide only 
small  fluxes toward the surface. The holes are sup-  
plied to the surface and enter the space charge region 
( taken arbi t rar i ly  as the point  where the electric field 
drops to 10 -4 times its surface value) main ly  by dif-  
fusion. Thus, adjacent  to the space charge region, 
which is the region of p r imary  interest, a relat ively 
wide diffusion layer  [known as the "quas i -neutra l  re-  
gion" (11)] will be formed. There the electrical field 
is near ly  zero and minor i ty  carriers are transported 
across it by diffusion in  a manne r  analogous to the 
diffusion of ions toward an electrode in solution in  the 
presence of an excess of support ing electrolyte. In  the 
experiment  under  consideration here, the quas i -neut ra l  
region will eventual ly  disappear. In  other kinds of ex- 
periments,  however, e.g., those connected with a con- 
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Fig. 2. Free carrier concentra- 
tion following charge injection to 
n-type Ge. n ~ - -  2.5 • 1016 
cm -8 ,  p~ - -  2.5 X 10 i~ cm-3;  
er - -  16 esu; un - -  3800 cm~/ 
V-sec, % - -  1800 cmf/V-see; 
injected charge - -  4.96 • 10 - 6  
C/cm 2. Time after charge injec- 
tion: (a) 2.37 • 10 - i s  sec 
(Vs - -  250.5 mV); (b) 4.74 X 
10 -11 see (Vs ~- 251 mV); (c) 
2.37 • 10 - l ~  sec (Vs - -  251 
mV); (d) 4.74 • 10 - I ~  sec (Vs 
----- 251 mV)~ Es = 3.50 X ]04 
V/cm and Eb < 2 X 10 - a  V /  
cm for all times shown. 
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t inuous withdrawal  of minor i ty  carriers from the elec- 
trode surface in a faradaic reaction, a steady-state 
quas i -neut ra l  region will remain  in which the gradient  
of minor i ty  carriers determines the l imit ing current.  
The diffusion layer  width of the minor i ty  carriers is 
governed by the spontaneous thermal  generat ion of 
carriers, which is not taken account of explicitly in 
the simulation. Wi th in  the t ime domain of the s imu- 
lat ion (ca. 10 -9 sec) the number  of holes generated 
thermal ly  is negligibly small. For  the n - type  Ge (po ~- 
2.5 • 1010 cm -3) the value for the zero-th order gen- 
erat ion rate constant is about 1025 cm -3 sec -1. This 
generat ion will  te rminate  the diffusion layer of holes 
at some point when, at a given time, the flux diver-  
gence of holes will  equal  their  net  generation rate. For  
the sample under  discussion, a wide and essentially 
l inear  diffusion layer  for holes results, which in this 
relaxat ion mode gradual ly  collapses. We cannot extend 
the simulation, which is concerned pr imar i ly  with the 
thin space charge region, to such a distance from the 
electrode surface. Instead the thermal  generat ion of 
minor i ty  carriers was considered indirect ly by te rmi-  
nat ing the diffusion layer for the holes and arbi t rar i ly  
assigning the hole concentrat ion as the bulk value at 
some sui tably large distance from the space charge 
region. Hence the  s imulated t ranspor t  of holes to the 
electrode surface may be Iarger than the rate found 
for a more rigorous simulation, where the final re laxa-  
t ion of minor i ty  carriers would be determined by the 
thermal  generat ion rate. Experimental ly,  it seems un -  
l ikely that the relaxat ion of minor i ty  carriers can be 
observed by pure ly  eleetrochemcial methods, since its 
influence on the electrode potential  is negligibly small. 
Moreover, a current  t ransient  a t t r ibutable  to minor i ty  
carr ier  relaxat ion which might  probe their surface 
concentrat ion would be complicated by the solution 
double layer  re laxat ion effects. Some other technique, 
such as in terna l  reflection spectroscopy at wavelengths 
which correspond to the absorption spectrum of holes 
and which is sensitive to their  surface concentrat ion 
(12, 13), might be useful. 

Effect of surface s ta tes . - -Surface  states and their 
relevance to the electrochemistry of semiconductor 
electrodes have been  widely discussed (8, 14). We shall 
confine ourselves here to a simple model and simulate 

the interact ion of a discrete surface level with the 
semiconductor bands at the surface in  a charge in-  
jection experiment.  In this case, charge is t rapped by 
the surface level causing a s imultaneous change in its 
occupancy. After relaxation, new surface concentra-  
tions and surface-state level occupancies will exist, 
such that the interact ion between the level and the 
band  again does not  produce a net  effect. The total  in -  
jected charge will be dis tr ibuted between the semi- 
conductor surface and space charge region lowering 
the surface field and surface potential  of the semi- 
conductor compared to a s i tuat ion without  the surface 
states. The simulat ion assumes very fast (perhaps hy-  
pothetically fast) surface states which respond im-  
mediately to any per turba t ion  in the equi l ibr ium con- 
centrat ion of free carriers, thus modifying their  sur-  
face concentrations dur ing their  relaxation. The final 
results should be valid for slower surface states as 
well. For  slow surface states, the re laxat ion of free 
carriers can be considered complete before interact ion 
between the space charge region and the surface level 
begins. Assume the existence of a discrete surface 
level with a concentrat ion density of states Nt, located 
at an energy Et with respect to the Fermi energy, EF ~ 
and having an occupancy or filling function, 5t ( repre-  
senting the fraction of traps occupied by electrons). 
Figure 3 represents schematically this si tuation and the 
following expressions will be wr i t ten  for exchanging 
holes and electrons with the bands (6, 15) 

Re ~" keNdt  [5] 

R c  ~--- k c ( 1  - -  ~ t ) N t n s  [ 6 ]  

Rv : kvNdtps [7] 

Rh -- khNt(1 -- ft) [8] 

The k's are the corresponding rate constants for in ter-  
action of the surface level wi th  the conduction and  
valence band, respectively; ns and Ps are the surface 
concentrations of electrons and holes. Since the ratios 
ke/kc and kh/kv do not depend on the surface potential, 
their values determined at the flatband potential, Vfb, 
apply at other potentials, as well. At equi l ibr ium at 
V~b, Ps -~ po, ns = n ~ , ft -~ ft ~ Re : Re, and Rh ~ Ry. 
Then from Eq. [5]-[8] 
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Rel~Rc 
E t  = = - - -  

E c  

E v  

Fig. 3. Schematic model for interaction of a surface level with 
the semiconductor bands. Re and Re are the rates for exchange of 
electrons with conduction band; Rv and Rh are the rates for ex- 
change of holes with the valence band. 

kc = kJ t~  - - / t ~  o [9] 

kh = kvp~176 -- it  ~ [10] 

Hence, for a given semiconductor, kc/ke and k j k v  de- 
pend only on it ~ i.e., on the relat ive position of Et to EF ~ 
If for any  reason (e.g., because of charge injection) ns 
and Ps are per turbed  from their equi lbr ium values 
which have established a certain occupancy of the sur-  
face level, a net  exchange of holes and electrons be-  
tween the surface level and the conduction and valence 
bands will occur yielding 

[ ( ' t ' - - - - - - - ~ ~  ) ( 1 - , t )  ~ s  ] R n = R e - - R c =  kent I t - -  1 - - ~ t  ~ n ~ 

[11] 

R p = R v - - R h = k v N t [ P J t - - (  Jr~ 

[121 

Rn is the over-al l  rate at which electrons are t rans-  
ported from the surface level to the conduction band 
at the surface and Rp is the over-al l  rate at which holes 
from the valence band at the surface are t ransferred 
to the level. Both Rn and Rp have units  of flux (cm-2 
sec-~).  The total rate at which the level loses electrons 
is Rn -~- Rp. This rate, when mult ipl ied by the electronic 
charge, represents the rate at which the surface level 
collects positive charge from the space charge region 
(in A-cm-2) .  The rate at which the field in the semi- 
conductor at a point just  inside the semiconductor/  
solution interface (where the surface states are pre-  
sumably  located) drops because of this loss of charge 
is e (R,~ -5 Rp)/eo~. All of these effects were simulated 
along with the free carrier t ransport  wi thin  the semi- 
conductor phase described previously. When a new 

position of equi l ibr ium is established, Rp and Rn must  
vanish. Thus, both rates pass through a ma x imum 
when relaxing from one equi l ibr ium si tuat ion to an-  
other and the values of the rate constants were chosen 
so that this effect could be observed wi th in  the s imula-  
tion t ime domain. To obtain this s i tuat ion we consider 
Eq. [11] and [12] in a somewhat more operational way. 
Assume that the semiconductor is ini t ia l ly  at the fiat- 
band potential  and fto = Y2 (i.e., Et = EF~ ~t~ -- ~t ~ 
= 1). We call NJ t  (the number  of electrons in  the 
level) SUR and Nt (the ma x i mum n u m b e r  of electrons 
possible in this level) SURMAX. Then Eq. [11] and 
[12] can be rewri ten  as 

Rn -- ke[SUR -- (ns/nO) (SURMAX -- SUR)]  [13] 

Rp = k~[psSUR -- po (SURMAX -- SUR)]  [14] 

Throughout  the s imulat ion ns, Ps, and SUR change. Be- 
fore charge injection, Ps = po, ns = n ~ and SUR = 
SURMAX/2; thus R p  = R n  ---- 0 .  Immediate ly  after 
the charge inject ion (e.g., of positive charge),  ns be-  
comes smaller than  n o, Ps becomes larger than  po and 
at this ins tant  SUR still is equal to SURMAX/2. As a 
result, both Rp and Rn become positive; the magni tude  
of SUR decreases as electrons are delivered to the edge 
of the conduction band and holes are collected from the 
edge of the valence band. As long as this mechanism is 
operative, concentrat ion profiles in the space charge 
region will remain  much more shallow than in the 
absence of surface states. This is shown in Fig. 1 for 
intr insic Ge, where the charge injected was of such a 
size that the bands were bent  in  a way that  the sur-  
face level was practically depopulated of electrons. At 
the new position of equil ibrium, the value of SUR, 
p~, ns, and SURMAX -- SUR will cause the bracketed 
portions of Eq. [13] and [14] to be zero. A new con- 
centrat ion profile as well  as a new surface level oc- 
cupancy will result. Note that  wi th in  the simulat ion 
negative values of Rp and Rn as calculated in  Eq. [13] 
and [14] are possible. This occurrence results in  an 
oscillatory behavior  in  which carriers move back and 
forth from the bands to the surface level. This be-  
havior arose with large values of ke and kv, result ing in  
SUR becoming essentially zero wi th in  a few s imula-  
tion steps. In  the computer program such effects were 
prevented by stopping the interact ion between the 
bands and the surface level (i.e., assigning Rp = Rn = 
0) whenever  Rp and Rn were calculated to have a 
negative value. Table I summarizes the results of s imu-  
lations and gives values of quanti t ies of interest  in  the 
absence and presence of surface states (which are as- 
sumed to be at an energy, Et = EF ~ with the init ial  
condition taken as the flatband potential.  Note that  for 
the same total amount  of charge injected the surface 
potential  will be smaller  in the presence of surface 
states than in their  absence. Notice also that the total 
charge of the surface states and space charge region 
equals the injected charge and that  the occupancy 
found for the surface level after the charge inject ion 

Table I. Simulated properties of space charge region of Ge in absence and presence of surface states 

Electrode 

W i t h o u t  s u r f a c e  s t a t e s  With surface  states  

Es, Vs, C h a r g e  Es ,  C a l c u l a t e d  Vs s~, 
C h a r g e  s u r f a c e  s u r f a c e  N t  t r a p p e d  s u r f a c e  t o t a l  s u r f a c e  f t  

i n j e c t e d  f i e ld  p o t e n t i a l  ( E t  = EF ~ i n  SS f i e ld  c h a r g e *  p o t e n t i a l  s i m u -  f t  
( C / c m  ~) ( V / c m )  ( m V )  ( c m  -~) ( C / c m  2) ( V / c m )  ( C / c m  : )  ( m Y )  l a t e d * *  c a l c * * *  

Intrinsic G e  
n ~ = p~  = 2.5 x 10 TM 3.91 x 10 -~ 2.76 • 108 96 2 • 10 n 1.53 x 10 -s 2.65 x 103 3.91 x 10 -7 94 0.022 0.023 
n ~ = p~  = 2.5 x 10 TM 3.91 x 10 -7 2.76 x 103 96 4 x 10 ~ 3.06 x 10 -s 2.545 x 103 3.91 x 10 -7 92 0.022 0.025 

E x t r i n s i c  Ge  
n ~ = 2.5 x 10 le 1.42 x 10 -8 1.0 x 10 ~ 40 4 x 10 TM 1.7 x 10 -v 8.80 x 103 1.42 x 10 -e 33.5 0.23 0.21 
p~  = 2 . 5  x 10 lo 
p~  = 2.5 x 10 lo 2.56 x 10 -e 1.60 x 10 ~ 86 4 • 10 TM 2.76 x 10 -7 1.60 • l0  t 2.56 x 10 -~ 73 0.068 0.051 
p~ = 2.5 • 10 TM 4.96 x 10 -6 3.50 x lO t 251 4 • 10 TM 3.2 x I0 -7 3.27 x i0 ~ 4.96 x 10 -6 223 1.5 x 10 -4 1.23 x 10-4 

* C h a r g e  t r a p p e d  in surface  states  plus  charge equivalent  to  s u r f a c e  f ie ld ;  t h i s  t o t a l  s h o u l d  e q u a l  charge injected.  
** S i m u l a t e d  s u r f a c e  l e v e l  o c c u p a n c y ,  St, at equi l ibrium after  c h a r g e  i n j e c t i o n .  

*** S u r f a c e  l e v e l  o c c u p a n c y  c a l c u l a t e d  using the  f u n c t i o n  St = 1 / [1  + e x p  ( c V  s~/icT) ]. 
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( ini t ial ly 0.5 in  all cases) agrees reasonably with that 
obtained from a thermodynamic or statistical expres- 
sion (6). 
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APPENDIX 

The desired region of interest  is divided into space 
elements of width A X  (e.g., 25-100A) which are as- 
signed an index K, from K ---- 1 (the surface ele- 
ment)  to K ---- KMAX. The concentration of holes and 
electrons wi thin  each element  (PK, nK) is assumed 
constant and the electrical field between element K 
and K -- 1 is called E~;. The concentrat ion at this 
boundary  is assumed to have a concentrat ion equal to 
the average value for the two elements on both sides 
of this boundary.  Thus, e.g., for holes, 

Px ---- 11/2 (PK--1 "~- PK) [A-l] 

According to the s imulat ion technique, the change of 
carrier concentrat ion in element  K, due to the fluxes 
wri t ten  in Eq. [2] and [3], within a t ime in terval  At 
can be expressed (e.g., for holes) as 

ApK = D M P ( p K - 1  -- 2pK Jr PK+I) "~ 0.5 U M P  

{ E K + I ( P K  ~C PK+]) - -  EK(PK -t- PK--1) } [A-2] 

where D M P  and U M P  are s imulat ion constants to be 
discussed later. Such an expression is wr i t ten  for all 
K's, for holes as well as for electrons. The result ing 
changes in concentrat ion are then added to the present 
ones. As a result a new concentrat ion profile is estab- 
lished which is used to calculate the concentrat ion 
changes for the next  t ime interval.  Changes in the elec- 
tric field due to the concentration change will  be wr i t -  
ten as 

EK ~- E K - 1  --  (eAX/eoer) (PK - -  nK -~ ND --  NA) [A-3] 

where ND and NA are donor and acceptor concentra-  
tions, respectively. The ini t ial  conditions which follow 
the injection of charge qinj are 

PK ~- pO, n g :  n ~ EK : qinj/eoer (at all K) [A-4] 

The boundary  conditions are 

PKMAX : po, nKMAX -~ n ~ EK=I  -~ (qinj - -  Aqss) /eoer 
[A-5] 

where Aqs~ is the charge trapped by the surface level. 
KMAX should be the value of K wi th in  the bulk of the 
electrode. However, unless a nonl inear  space grid is 
employed, this KMAX will  have too large a value for 
practical calculations for K M A X .  AX to extend into 
the bulk  semiconductor. Thus a smaller  value of KMAX 
was used (which was still far outside the space charge 
region);  this results in a somewhat steeper concentra-  
tion profile for holes so that  their  flux toward the sur-  
face is slightly overestimated. The s imulat ion constants 
are D M N ,  DMP,  U M N ,  and UMP.  They are defined 
(e.g., for electrons) as 

D M N  = D n A t / A X  2 [A-6] 

U M N  ---- Un �9 (~t /hX)----(e /kT)DMN �9 A X  [A-7] 

with similar expressions for holes. As usual  for s imu-  
lations (9), both D M N  and D M P  must be less than  0.5. 
Similarly, the effect of migrat ion requires that  
U M N  �9 EK=I and U M P  �9 E~:=I both be smaller  than  1 
(where EK=I is the ma x i mum value of the electric 
field, at the surface).  These conditions impose the fol- 
lowing restriction on ht and AX 

At /AX ~ X/EK=IUN [ A - 8 ]  

Typical values which satisfy this requi rement  are Un -- 
2000 c m  2 sec  -1  V -1,  AX : 5 X 10 - 7  cm,  D M N  : 0.45, 
and EK=I -~ 103-104 V/cm. 
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VIII. Digital Simulation of Open-Circuit Photopotentials 
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ABSTRACT 

A simulat ion technique is described for the calculation of semiconductor 
electrode properties at steady state, e.g., at equi l ibr ium in  the dark  or under  
constant  i l luminat ion.  Integrat ion of the cont inui ty  equation with respect to 
distance at the steady state yields a relat ion be tween the l ight flux and  f r e e  
carriers, which can be used in  a recursion relat ion to de termine  the free 
carrier concentrations and the electric field wi th in  the space charge region 
of the semiconductor electrode. The technique is used to calculate the Boltz- 
m a n n  dis t r ibut ion wi thin  the semiconductor electrode and to determine the 
photopotential  in  the absence of faradaic current  and surface states. 

In  a previous paper  in  this series (1) we described 
a digital s imulat ion method for semiconductor elec- 
trodes and the formation of the space charge region 
in  a semiconductor electrode upon charge injection. The 
main  motivat ion for these simulations has been the 
recent interest  in  semiconductor electrodes and their  
application to photoelectrochemical cells and devices 
(2). One characteristic of interest  is the change in  
surface potential  of a semiconductor/electrolyte  in te r -  
face under  i l luminat ion,  the photopotential.  Although 
theoretical t reatments  of the photopotential  have been 
given (3,4), and its magni tude  related to the semi- 
conductor properties, surface potential,  and light in -  
tensity, these t reatments  usual ly  involve  restrictive 
conditions, (e.g., total light absorption in  the space 
charge region, minor i ty  carrier diffusion length much 
larger  than the size of the space Charge region).  We de- 
scribe here the digital s imula t ion  of the s teady-state  
photopotential  which arises upon i l luminat ion  of a 
semiconductor electrode previously brought  to a given 
potential  and now held at open circuit. Charge t ransfer  
reactions, e.g., open-circuit  corrosion, are assumed not 
to occur dur ing  this i l luminat ion.  

Physical Model 
The general  equation for the processes wi thin  a 

semiconductor electrode under  i l luminat ion  can be ob- 
tained by considering the creation of electron/hole 
pairs by light absorption, their  mass t ransfer  by diffu- 
sion and migration, and their  recombination.  Thus the 
change in  concentrat ion of holes, p, at a given location 
in  the semiconductor is given (in one-dimensional  
form) by 

Op/Ot = Ojp(x)/Ox + Ioae -ax - -  R ( x )  [1] 

where Io is the intensi ty  of light incident  on the semi- 
conductor/electrolyte in terface  ( taken as x ---- 0), a is 
the coefficient of light absorption of the semiconductor, 
jp(X) is the total flux of holes at x, and R ( x )  the rate 
of electron/hole recombination.  We are concerned here 
with the steady-state photopotential.  Thus with Op/Ot 
---- 0, in tegra t ion of Eq. [1] yields 

s j p ( x )  -- jp(O) = R ( x ) d x  -- Io(1 -- e -ax) [2] 

where  jp(0) is the flux of holes crossing the interface, 
or the hole contr ibut ion to the faradaic current  density, 
ip. Thus 

s jp (X)  : ip/e -- Io(1 -- e -ax) + R ( x ) d x  [3] 

A similar expression can be wr i t ten  for electrons 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  s e m i c o n d u c t o r s ,  d ig i t a l  s i m u l a t i o n ,  photopotentials,  

photoeffects. 

~ z 

3n(X) ---- in/e -Jr Io(1 -- e - a x )  -- R ( x ) d x  [4] 

where 3n (x) and in are the electron flux and the e l e c -  
tron  contr ibut ion to the faradaic current  density, re-  
spectively. The light flux and electron flux are taken 
as positive going into the semiconductor from the 
solution and the hole flux is positive going out of the 
semiconductor to the solution. (A representat ion of the 
fluxes is shown in  Fig. 1.) Equations [3] and [4] hold 
at all x, both wi th in  and outside of the space charge 
region. The net  current  density at any x, 6, is given 
by E q. [5] 

3p(X) + 3n(X) = (ip + in ) /e  = i [5] 

i.e., at s teady state a current  (which may be zero) 
flows through the semiconductor phase. Equations [3] 
and [4] are employed in  a digital or finite difference 
form in the simulation. The procedure follows the 
usual  digital s imulat ion approach (5). The semicon- 
ductor region of interest  is divided into space elements 
of width ~x which are assigned an index K, from 
K ---- 1 (surface element)  to K ---- KMAX (Fig. 1). The 
carrier concentrat ion wi th in  each element  is assumed 
constant and represents  the average value of PE and nK 
for holes and electrons, respectively, at that  location. 
The electric field at the left boundary  (the solution 
side) of element  K, i.e., between it and element  K -- 1, 
is denoted EK and the carrier concentrat ion at this 

k = l  

X : O  

k - ' !  

I 

Jm._~l 
I 

:% 

f 

: loe'~X 

I 
I 
I 
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k k + l  

Pk n k  

A x  

Fig. 1. Digital representation of the semiconductor phase and 
flux notation. 
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Table I. Comparison of differential and finite difference notation 

Quantity Differential  notat ion Finite difference notat ion 

Distance,  x 
Migration flux of holes ,  jp,m 
Diffusional flux of holes ,  5p.d 

Electric field, E 

Recombinat ion rate,  R(x) (e~g., for 
excess  holes  in an n-type semi- 
conductor)  * 

( K -  ~ ) h x  
uvEp  V2UvEE (pK + px-1) 

Dp (0p /ax )  Dp ( p g - 1 -  pK)/AX 

(1/eoer) Q ( x ) d x  (eAX/eoe,) ( p~  - n ~  + ND -- Na) 
K--O 

K r n ( X )  (p(X) -- p ' q )  ( n ~ / r p n b )  (pK -- pKeq) 

* O p ( x ) / O t  = k r n ( x ) p ( x )  -- k~, w h e r e  k ,  i s  t h e  recombinat ion rate constant  g iven  by  1/ rpn~  a n d  k~ is the  format ion constant ,  g iven 
by kr~eqp eq ( the superscr ipt  eq denotes  the equil ibrium concentrat ions  in the  n-type sere .conductor) .  The  equation in the  table results  
w h e n  n eq ~ ~t(x) ,  

boundary  is taken as the average of that  of the two 
adjacent  elements [e.g., V2 (PK -5 PK--1)]- A comparison 
of the differential and finite difference notat ion used 
in  the s imulat ion for expressing fluxes and other quan-  
tities of interest  is given in Table I. 

Init ial  conditions.  The  B o l t z m a n n  d i s t r ibu t ion . - -The  
dis t r ibut ion of the carriers and the electric field in the 
semiconductor biased to a known potential  (thus con- 
ta in ing a known excess charge) and at equi l ibr ium in 
the dark serves as the ini t ial  state preceding calcula- 
t ion of the photopotential. This equi l ibr ium distr ibution 
is of fundamenta l  importance in  unders tanding  and 
predicting the electrochemical behavior  of semicon- 
ductor electrodes and is assumed to be essentially 
obeyed even in  nonequi l ibr ium situations (4-6). This 
dis t r ibut ion is usual ly  obtained by using Fermi  sta- 
tistics for the occupancy of allowed energy states for 
which e x p [ ( E -  E F ) / k T ]  < ~  I and which physically 
means that at low occupancy, spin requirements  may 
be relaxed. In addition, the Poisson equation must  be 
solved using charge density terms which are based on 
the equi l ibr ium distr ibut ion of carriers as functions of 
a coordinate which is not yet explicitly known (7). In  
general, a closed-form explicit relat ion between the 
potential  and its gradient  cannot be obtained for a 
doped semiconductor (8). At equi l ibr ium in the dark, 
there is no faradaic current  and no excess free car- 
riers to give nonequi l ib r ium recombinat ion effects. 
Thus Eq. [3] and [4] yield 

jp(X) = in(x)  ~- 0 (for a l l x )  [6] 

and at the boundary  of each element, the migrat ional  
flux is compensated by the diffusional one for both 
electrons and holes. Equat ing these fluxes using the 
digi tal-form equations in  Table I and rearranging,  we 
obtain 

( Dp/  ~x  ) -- O.5 UpE K 
PK = PK--1 [7] 

(Dp/hX)  -5 O.5UpEK 

(Dn/AX) -5 0.5UnEK 
nK ---- nK--1 [8] 

(Dn/AX) -- 0.SUnEK 

Equations [7] and [8] are used as recursion relations in  
an i terative computat ion beginning with the second 
element (K ---7- 2). For  the first e lement  (the semi- 
conductor surface) the boundary  conditions are (9) 

Pl ~- po exp ( e V s / k T )  [9a] 

nl  ---- n ~ exp ( - - e V s / k T )  [9b] 

where V~ is the applied surface potential  governing the 
distribution. The U and D values in  Eq. [7] and [8] are 
related to each other via the Einstein relat ion 

U(cm2sec -1V -1) _-- D / k T  ---- 39D (cm 2 sec -x) [10] 

at room temperature.  A recursion relat ion for the 
electric field, E~:, which takes account of the semi- 
conductor properties (dielectric constant, doping level) 
is obtained from Gauss' law 

EK --~ EK+I -5 (eAX/eoer) (PK ~ nK -J- ND -- NA) [11] 

The boundary  condition used with this relat ion is that  
in the bulk  semiconductor (K ----- KMAX),  EK ---- O. The 
simulat ion proceeds by using the applied potential  in  
the boundary  condition, Eq. [9], and then calculating 
nK and PK (K ~ 1 to KMAX) assuming any  arbi t rary  
ini t ial  dis t r ibut ion (usually taken  as a uniform one, 
i.e., a flatband condition).  The EK values are then cal- 
culated, using Eq. [11]. Al ternate  calculations of nK, 
PK, and EK are continued unt i l  the three arrays are 
constant with respect to fur ther  iterations. The resul t-  
ing values, besides satisfying Eq. [7]-[11], also show 
the following features: (i) a numerical  integrat ion 
over the electric field from the bulk  to the surface of 
the semiconductor yields the surface potential  gov- 
erning the dis tr ibut ion (which enters into the s imula-  
t ion only in  assigning Pl and n l ) ,  thus demonstra t ing 
self-consistency in Vs; (it) the product pKnK is con- 
stant  and equal to ni 2 (e.g., for G e n i  2 w_ 6.25 >< 1016 
cm -6 at room temperature)  for all K. 

A problem arises in the selection of KMAX. If this 
value is too large, the s imulat ion does not converge to 
a constant solution. Since the value of KMAX, repre-  
senting the thickness of the space charge region, is not 
known in advance, an arb i t ra ry  value which will yield 
a solution is chosen and when a convergent  solution is 
obtained, KMAX is increased. The calculation te rmi-  
nates with the highest value of KMAX which still 
gives a constant solution. Inspection of the result  shows 
that only the very diffuse part  of the space charge re-  
gion, which contributes insignificantly (<1%)  to the 
electrical state (fields, potentials) of the semiconductor 
cannot be displayed. 

Note that in  contrast to our  previous s imulat ion of 
space charge region formation in a semiconductor fol- 
lowing charge inject ion which portrayed the t ime de- 
pendence of the fields and concentrat ion profiles (1), 
the method employed here derives only the equi l ibr ium 
properties at a given potential.  The concept of time is 
omitted and the in termediate  results have no physical 
meaning. Typical equi l ibr ium concentrat ion profiles of 
the mobile carriers in intrinsic and n - type  Ge at sev- 
eral surface potentials obtained by the s imulat ion are 
shown in Fig. 2-4. Figures 2 and 3 i l lustrate the final 
equi l ibr ium si tuat ion under  the same conditions as the 
relaxat ion results given previously (1). A comparison 
of the surface potential  and space charge layer  thick- 
ness (or Debye length) for a highly doped semiconduc- 
tor obtained by the approximate "depletion layer" 
t reatment ,  which underl ies  the Schottky-Mott  plot 
(10), and our calculation is given in  Table  II. Note that  
the approximation becomes less applicable at low po- 
tentials when the concentrat ion of the existing carriers 
in  the space charge region cannot be neglected. Other 
related properties of the space charge at equil ibrium, 
e.g., surface conductivity and capacitance, can be cal- 
culated as well using the s imulat ion results. The space 
charge region capacitance is obtained as the additive 
contr ibut ion of the individual  space charge elements 
connected in series, each having a capacitance of CK = 
qK/EKax  where qK is the charge in element  K. The 
surface conductivity may be deduced by considering 
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Fig. 3. Carrier concentration at equilibrium for n-type Ge. Vs 
250 mV; n ~ = 2.5 • 1016; p~ = 2.5 • 101~ er = 16 esu. 

the elements as represent ing resistors connected in 
parallel,  each with a conductivi ty of ehx(UnnK 
UppK) . 

The photopotential ef]ect.--Assume the ini t ia l ly  
biased semiconductor (now at open circuit) is i l lumi-  
nated with a constant  l ight  intensity.  We now calculate 
the open-circuit ,  s teady-state photopotential  using an 
i terat ive procedure similar to that just  described. A 
t rea tment  of the t ime-dependent  relaxat ion of carrier 
concentration, field, and surface potential  under  closed- 
circuit conditions is treated in the next  paper in this 
series (11). The process at open circuit is a coulostatic 
one; charge in the semiconductor is conserved and the 
effect of light is simply to rear range  the concentrat ion 
and field profiles wi thin  the semiconductor. (The same 
would hold t rue even when a faradaic current  flows, if 
the number  of holes crossing the interface is balanced 
by electrons extracted at the semiconductor ohmic con- 
tact or vice versa.) Consider an n - type  semiconductor 
biased at a positive potential  with respect to the solu- 
ion. Under  i l lumina t ion  the photogenerated holes will 
accumulate at the semiconductor surface and the elec- 
trons will move to the space charge region/semicon-  

7 
E 
U 

1.37E1B 

1.26E17 

1.74E16 

~.34E10 

I 4,95E g 

4,58E 8 I L I I I t 
2 e 10 

D i s t a n c e  x~o e / e m  

Fig. 4. Carrier concentration at equilibrium far n-type Ge (sample 
as in Fig. 2). Vs ---- - -100  mV. 

ductor bulk  boundary.  The dimensions of the space 
charge region will change to accommodate these shifts 
in  carrier concentration. The total charge, and hence 
the surface field, will remain  constant, so that the 
s e m i c o n d u c t o r  s p a c e  c h a r g e  r e g i o n  c a n  be  c o m p a r e d  
to a capacitor with a given charge which undergoes a 
d e c r e a s e  in  i ts  w i d t h  r e s u l t i n g  i n  a n  i n c r e a s e  in  c a p a c i -  
t a n c e  and thus a decrease in  the voltage drop across it  
u n d e r  i l l u m i n a t i o n .  T h e  s t e a d y  s t a t e  is c h a r a c t e r i z e d  
by the value of Es, the surface field, known  from the 
i n i t i a l  c o n d i t i o n  ( B o l t z m a n n  d i s t r i b u t i o n ) ,  a n d  b y  t h e  
"minori ty  inject ion level," here, the hole concentra-  
t ion immediate ly  beyond the space charge region, 
which is directly proportional to i l lumina t ion  intensity.  
Analyt ical  procedures exist for the rigorous de termina-  
t ion of the inject ion level of minor i ty  carriers (here, 
holes) (12). For Ge, one can assume the existence of 
a diffusion layer, Lp, through which excess holes diffuse 
into the bulk  (where Lp _-- ~/DpTp). Lp is much wider  
than the space charge region thickness (L1) and if light 
is a b s o r b e d  m a i n l y  in  t h e  spa c e  c h a r g e  reg ion ,  t h e  e x -  
p r e s s i o n  o b t a i n e d  fo r  t h e  f lux  of h o l e s  a t  t h e  s p a c e  
c h a r g e  r e g i o n / b u l k  b o u n d a r y  ( x  ~ Lz) is  (3)  

j p ( L l )  : D p ( 0 ( A p ) / 0 x ) z = L z - ~ D p ( p L I - - p ~  [12] 

Table II. Comparison of the simulated electrical properties of a 
large bandgap semiconductor electrode (n-type TiO2) and the 

electrostatic approximation of the depletion layer* 

Depletion layer 
Simulated approx imat ion  

Q, Es, Lz, LI~* * 
C / c m  ~ V / c m  c m  V. ,  c m  V, ,*** 
(•  10 7 ) (X i0 -i) ( x  10 5 ) V ( x  i0 s) V 

1.485 1.677 1.56 0.100 0.928 0.078 
2.243 2.533 1.92 0.200 1.40 0.178 
3.249 3.670 2.36 0.393 2.03 0.373 
4.001 4.519 2.76 0.585 2.50 0.565 
4.675 5.774 3.16 0.777 2.89 0.755 
5.166 5.635 3.36 0.963 3.23 0.943 
5.752 6.496 3.76 1.168 3.595 1.168 
6.271 7.083 4.00 1.408 3.91 1.388 

* Assumed to consist of only immobile donors; ND = l0 l~ 
cm-S; er = 100 esu. 

** L1 = Q / 1 .  N D  (depletion layer w i d t h ) .  
*** V ,  = E s / 2 L z  ( E , ,  surface field; V , ,  sur face  po tent ia l ) .  
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From Eq. [3] this same flux is given by 

S? jp(L1) = - - I o ( 1 -  e - a ~ )  + R ( x ) d x  [13] 

Equations [12] and [13] allow the assignment of an 
init ial  value to PL~ (assuming at first no recombinat ion 
in  the space charge region) which is modified dur ing 
the s imulat ion due to the recombinat ion term, using 
the given values of Io, a, and the semiconductor prop-  
erties (DpTp). The equivalent  expression for the elec- 
trons is 

r i l l  : n ~ "1- ( P L 1  - -  p O )  [14:] 

because in this region electroneutral i ty  essentially 
holds (13). In  more complicated cases, when  Lp and L1 
are comparable in  magnitude,  light is absorbed outside 
the space charge region as well and l inearizat ion of 
the diffusion layer  is unjustified. In  this case a s imula-  
t ion involving a futler  t r ea tment  of the diffusion layer  
can be under taken  to find the inject ion level. 

PL1 and riLl serve as boundary  conditions for the 
recursion formula be tween the elements, this t ime 
taken from the space charge region/semiconductor  bulk  
boundary  to the surface which at the steady state, ac- 
cording to Eq. [3] and [4] and Table I, is given by 

L ( K )  -- ~ R ( K )  + [0.5 UpEK+I + (Dp/AX) ]" PK+I 
PK ~--- 

~ K  - -  

( Dp/AX) , - -  0.5 UpEK + 1 
[15a] 

L ( K )  -- XR (K) -- [0.5 UnEK+I - -  (Dn/&X) ]" T~K+I 

( D n / A x ) - -  0.5 UnEK + 1 
[15b] 

where 

L (K)  = Io(1 -- e -a(K-v=)~) [cm-2sec-1] [16] 

E 

- - ~x [cm-Ssec -1] 
K = I  -gp %0  

[17] 

The electric fields are calculated with Eq. [11], this 
t ime proceeding from the surface to the bu lk  because 
the surface field is known. 

Thus, start ing with the semiconductor in the dark 
at a surface potential  Vs, the condition under  i l lumina-  
t ion is s imulated by repet i t ively using Eq. [12]-[17] 
unt i l  three new constant arrays (holes, electrons, and 
electric field) are obtained. A numerica l  integrat ion 
over the fields yields a new surface potential,  Vs', 
where the photopotential,  AV, is Vs -- Ys'. 

Results 
The simulated distr ibution of carriers with and with-  

out i l luminat ion  is shown in Fig. 5; Fig. 6 compares the 
electric fields under  these conditions. The dependence 
of the photopotential  on the equi l ibr ium surface poten-  
tial which exists before i l luminat ion obtained by the 
s imulat ion compared to the calculation method of 
Johnson (4) is given in Fig. 7 and the relation between 
the photopotential  and the i l luminat ion  in tensi ty  ob- 
tained by these two methods is shown in Fig. 8. John-  
son's method of obtaining the photopotential  usual ly  
uses the assumption that  the Bo]tzmann distr ibution 
and the same analytical  expression relat ing the poten-  
tial and the field for the semiconductor holds both in 
the dark and as well as in the l ight (3, 4). This assump- 
tion was checked by the digital s imulat ion and indeed 
we find that  Eq. [18] and [19] hold 

Ps' ~'~ PLI' exp ( e V s ' / k T )  [18] 

ns' ~ n ~ exp ( e V s ' / k T )  (r iLl '  ~ n O) [19] 

where the primed quanti t ies denote values under  i l-  
luminat ion.  This assumption applies, as has been 
pointed out previously (12), because there is fast t rans-  
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Fig. 5. Carrier concentration at steady state with constant illu- 
mination for n-type Ge (sample  as in Fig. 3). Io ----- 1016 p h o t o n s /  
cm2-sec, Vs (dark) = 250 mV. The dashed lines show the equilib- 
rium concentration in the dark. 
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Fig. 6. Electric fields for n-type Ge (sample as in Fig. 3): (a) in 
the dark and (b) under constant illumination, Io ---- 1016 photons/ 
cm2-sec. Vs (dark) = 400 mV. 

port wi thin  the semiconductor phase. Thus only a very 
slight imbalance between the diffusional and the mi-  
grational fluxes (compared to their absolute magni -  
tude) has to exist to provide the nonequi l ibr ium flux 
which corresponds to moderate i l lumination.  Hence, in 
practice, even under  i l luminat ion,  the carriers and 
electrical field will be distr ibuted in such a way that  
uiniEi ~ D i ( a n i / a x ) ,  which leads to the same func-  
t ional relat ion as in the dark. 
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Semiconductor Electrodes 
IX. Digital Simulation of the Relaxation of Photogenerated Free Carriers 

and Photocurrents 

Daniel Laser and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

A digi ta l  s imula t ion  of the  photoprocess  at  a semiconductor  e lectrode is 
described.  The s imula t ion  model  accounts for photogenerat ion,  recombinat ion,  
and t r anspor t  of excess free carr iers  wi th in  the  semiconductor  phase.  The 
origin of the  photopoten t ia l  in the  absence of fa radaic  cur ren t  is elucidated.  
Quant i ta t ive  cur ren t  eff iciency-potent ial  curves for  the  photocur ren ts  under  a 
va r i e ty  of condit ions a re  ca lcula ted  for  n - t y p e  TiO2 and these a re  compared  to 
exper imen ta l  results.  

In  previous  papers  in this series we have in t roduced 
the use of d igi ta l  s imula t ion  methods  for the  t r ea tmen t  
of semiconductor  electrodes.  In  Ref. (1) the  r e l axa t ion  
of f ree  carr iers  fol lowing charge injection,  wi th  and 
wi thout  surface states, was described.  In  Ref. (2) a 
method of der iv ing  the semiconductor  e lectrode char -  
acteristics,  equ i l ib r ium or  s teady state, at open circuit  
in the da rk  or under  constant  i l luminat ion,  was p re -  
sented. When  a semiconductor  e lec t rode  at  equ i l ib r ium 
and in Contact wi th  solut ion is i l luminated ,  a cer ta in  

* Electrochemical Society Active Member. 
Key words: semiconductors, digital simulation, photoelectro- 

chemistry, photogalvanic cells. 

t ime elapses before  the  photoeffects a re  observed.  Dur -  
ing this t ime a red is t r ibu t ion  of free carr iers  and 
charges in the  electr ic  field in  the  space charge  region 
occurs. [When the semiconductor  e lec t rode/so lu t ion  
interface  is blocked to charge t ransfer ,  the new dis t r i -  
but ion of free carr iers  in the space charge region under  
i l lumina t ion  wil l  cause a change in the  potent ia l  of the  
e lec t rode  (the photopotent ia l  effect).]  Frequent ly ,  i l -  
lumina t ion  of the  e lect rode is accompanied  by  charge 
t ransfer  to solut ion species and this gives r ise to a 
photocurrent .  Fo r  example ,  i r r ad ia t ion  of n - t ype  TiO2 
wi th  l ight  of energy l a rge r  than  the bandgap  energy  
wil l  resul t  in the oxida t ion  of wa te r  (3, 4), whi le  
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cathodic photocurrents arise at p - type  semiconductor 
electrodes (5, 6). Numerous examples of photogalvanic 
effects and analyt ical  t reatments  of these have been 
given (7, 8) 

In  this paper  we treat the t ransient  behavior  of a 
semiconductor electrode following the onset of i l lumi-  
nat ion and the photocurrents  which are produced. The 
semiconductor electrode characteristics which affect the 
magni tude  of the photocurrent  are discussed and a 
comparison of the simulated light in tens i ty -cur ren t  and 
current -potent ia l  behavior  with some exper imental  re-  
sults given. 

Relaxat ion  of Photogenera ted  Carr iers  in the  
Absence  of Farada ic  C u r r e n t :  Physical  M o d e l  

The rate of change of the concentrat ion of excess 
free carriers (e.g., holes, the minor i ty  carriers in  an 
n - type  semiconductor) dur ing i l luminat ion  is governed 
by their rate of generat ion by the adsorbed light, their 
recombination, and their  t ranspor t  

Ohp/at : g ( x )  - (1/~p) (n (x)  /nb) Ap ~- Dp (O2Ap/ax 2) 

+ UpO[A(E-p)] /Ox [1] 

where Ap _~ p ( x )  -- p(x)e% hE ~- E ( x )  -- E(X) eq.A 
similar expression can be wr i t ten  for excess electrons, 
An. The electrical field vector in  the x direction is 
governed by Gauss' law 

dAE(x) e f ~ [  d ] 
d ~  - -  eo'-er ~r ~ (p - -  n) dx  [23 

Equations [1] and [2] were wri t ten  in finite difference 
form by using the same space division and representa-  
t ion of fluxes given in Table I of Ref. (2); the actual 
expressions are given in  the Appendix. The general 
notat ion and the terms in Eq. [1] and [2] are the same 
as those given in  Ref. (1) and (2) and are discussed 
only briefly here. The generat ion funct ion for free car- 
riers by light, g (x ) ,  can be wr i t ten  as 

g ( x )  = Ion e x p ( - - a x )  [cm-:a-sec -1] [3] 

Io is the incident  l ight flux at the electrode surface 
(cm-2-sec -1) and a is the absorptivi ty of the light 
[cm-1].  We assume here that all of the l ight absorbed 
leads to free carrier formation. The t rea tment  is easily 
modified for less than uni t  efficiency of carrier forma- 
t ion by the in t roduct ion of a quan tum efficiency factor. 
The term (1/~p)Ap is the usual  expression (9) for the 
recombinat ion rate of excess minor i ty  free carriers in 
the semiconductor bulk, where the process is assumed 
to be pseudo-first order with respect to the excess 
minor i ty  carriers (i.e., 1/~p ~-~ kr?~b, where T~b is the 
bulk  concentrat ion of electrons and kr is the second 
order recombinat ion rate constant) .  The term n (x ) /nb  
is introduced to account for this effect inside the space 
charge region, where the concentrat ion of electrons is 
not equal  to the bu lk  value. The last two terms on the 
r igh t -hand  side of Eq. [1] are the divergence of the 
flux of excess free carriers by dil~usion and migration. 
For a numerical  calculation of the migrat ion term, the 
properties of the  semiconductor at equi l ibr ium [p (x)eq, 
E(x)  eq] have to be known.  Similarly, calculation of 
the recombinat ion term requires knowledge of n (x) ~q, 
in  addit ion to An(x).  Thus, a s imulat ion of the semi- 
conductor electrode free carr ier  and electric field dis- 
t r ibut ion in  the dark at a given potential  Vs, as given 
in  Ref. (2), provides the ini t ial  conditions which pre-  
cede s imulat ion of the photoeffects. The usual  simula- 
t ion techniques were employed [see the Appendix and 
Ref. (10) and (11)]. Changes in Ap and An which oc- 
cur dur ing a short t ime interval,  St, based on the car- 
r ier  concentrations and fields from the previous t ime 
interval ,  were calculated. These changes are used to 
calculate new values of p ( x )  and n ( x ) ,  as well as a 
new field distr ibution E(x) ,  by Eq. [2]. These new 
values are then used for calculation of the values of 

Ap and An in  the next  t ime interval ,  etc. The dis t r ibu-  
tion of excess free carriers and electric field are 
mutua l ly  dependent, since E ( x )  depends upon the 
charge and the migrat ion of the free carriers depends 
upon the field. 

Results 
The distr ibutions of excess carriers for an n- type  

TiO2 electrode at two dilYerent times after the onset of 
i l luminat ion are shown in Fig. 1. In this example, the 
n-TiO2 electrode at equi l ibr ium in the dark was a s -  
s u m e d  to be ini t ia l ly biased positively (Vs ---- 0.8V) to 
form a depletion layer. In  the t ime in terval  considered, 
only very slight changes in  electric field are observed. 
The changes in  the charge density distribution, al- 
though noticeable, are still very small  compared to 
the charge density at equi l ibr ium or to the changes in  
charge density which exist at the steady state. Consider 
some aspects of the re laxat ion process which can be 
observed from the t ransient  behavior. The generat ion 
funct ion is an exponential  one with respect t o  distance 
from the surface so that with the semilog axes of Fig. 1 
it would be drawn as a straight line with a slope of 
--a. However, except for the very first instants  follow- 
ing the onset of i l luminat ion,  the shape of the per turba-  
t ion (the l ight generation funct ion)  is not  apparent.  
Because of the rapidi ty of the t ransport  processes in  
the semiconductor phase, the dis t r ibut ion of excess 
free carriers reflects ra ther  the momenta ry  existing 
driving forces (electric fields and concentrat ion gradi-  
ents).  Thus, the excess holes accumulate at the semi- 
conductor surface (assuming no outlet to solution),  
while the electrons accumulate near  the space charge 
reg ion/bulk  boundary.  At this stage, some of the holes 
which are produced outside the space charge region 
and which escape recombinat ion enter the space charge 
region by diffusion. Only at a later  time, when  the 
surface concentration of holes increases further,  are 
they reflected back from the surface by diffusion, so 
that at the steady state [as in  Ref. (2)] a flux of holes 
leaves the space charge region toward the bulk. At 
this time the concentrat ion excess of holes outside the 
space charge region is about equal to the concentration 
excess of electrons (An : hp). This steady-state si tua- 
tion could not be achieved wi th in  the t ime domain of 
the t ransient  simulation. The reason for this will be 
discussed in some detail, because it  is directly related 
to the general  problem of s imulat ion of the photo- 
process. The steep concentrat ion and field profiles 
which exist inside the space charge region require a 
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Fig. 1. Excess carrier concentrations in n-type Ti02 (dashed 
line) 1.44 X 10 -11 ser and (solid line) 1.16 X 10 - 9  ser after 
turning on illumination (10 TM photons em - 2  see-l ) .  Vs = 0.8V 
(in dark); n ~ ----- 1017 r p~ ---- O; r ---- 100 esu; Un ---- 100 and 
Up ~ 50 cm2-sec - 4  �9 V - 1 ,  a ~ 5 • 104 cm-1; "~p ---~ 10 - 9  sec. 
Vertical dashed line shows space charge region/bulk semiconductor 
boundary. 
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fine division of space elements (~x ~ 20-50A) to rep-  
resent the quanti t ies there to a sufficient accuracy in 
the digital simulation. Because of this, combined with 
the high value of the t ransport  coefficients of the free 
carriers, a very short t ime in terval  must  be used as a 
s imulat ion t ime step (ca. 10 -14 sec) and the total s imu-  
lated t ime is l imited to the nanosecond range even 
after 105 s imulat ion steps. For  reasonable fluxes of 
l ight to be calculated (e.g., 101~ photons cm -2 sec-1),  
the excess of free carriers added to the space charge 
region within  this time interval  is far smal ler  than the 
amount  which will be present  there at the steady state 
to produce the photopotential. An at tempt to overcome 
this problem by using higher light fluxes or slower 
t ransport  coefficients (which, numerical ly,  have the 
same effect) results in a distorted picture in  which the 
generat ion of carriers is very exaggerated with re-  
spect to their  transport.  Thus the t ransport  processes 
(migrat ion and diffusion) dominate all others. The 
speed at which these driving forces, especially inside 
the space charge region, dissipate a large portion of 
any local per turba t ion  (provided it is not too large) 
is what  underl ies  the possibility of using the Boltz- 
m a n n  distr ibution in  cases where actual equi l ibr ium 
does not exist (7, 8). The simulated t ransient  behavior 
allows us to deduce the sequence of events which leads 
to the steady state and causes the photopotential  effect. 
This is shown schematically in  Fig. 2. The charge den-  
sity distr ibutions at equi l ibr ium in the dark and under  
i l luminat ion  are given in Fig. 2a. Figure  2b shows the 
redis t r ibut ion of the charge density caused by the 
changes Ap and An in the light. The total charge is 
conserved and so is the surface field, but  its dis tr ibu-  
tion shows an accumulat ion of positive charge at the 
surface and a loss of positive charge at the space 
charge reg ion /bu lk  boundary  (where the excess of 
electrons which accumulate  there compensates for the 

A P  

E 

b 

~).. C 

~.- D I S T A N C E  

Fig. 2. Schematic representation of the production of the photo- 
potential. (a) Charge density (p) distribution in the space charge 
region (dashed line) in the dark; (solid llne) under illumination. 
(b) Excess charge density distribution with illumination due to 
redistribution of excess carriers as shown in F~g. 1, (Ap + = Ap-) .  
(c) Electrical field (dashed line) in the dark and (solid line) under 
illumination. The area between the curves represents the photo- 
potential. 

diffuse positive charge of the space charge region).  
The corresponding electric field distr ibutions are shown 
in Fig. 2c. The area between the field curves, i.e., the 
integrat ion of the difference in  the electric field with 
respect to distance from the bu lk  semiconductor to the 
surface, is the decrease in surface potential  due to il- 
luminat ion,  the photopotential  

Photocurrent  in the Absence of Kinet ic  Compl icat ions 
If charge t ransfer  across the semiconductor/solut ion 

boundary  is possible, the s i tuat ion differs from the 
open-circuit  case described above. Two extreme cases  
can be considered. If the rate constant  for charge t rans-  
fer is infinitesimal, the open-circui t  case, which is 
characterized by very small  faradaic currents  and the 
photopotential  effect, is approached. At the other ex- 
treme, if the charge transfer  to solution is l imited only 
by the combined effect of genera t ion/ recombinat ion  
and transport  of carriers wi thin  the semiconductor 
phase, only a small  accumulat ion of excess free car-  
riers occurs leading to a smaller  photopotential  and 
larger faradaic currents. Thus, the rate constant for 
charge transfer  to solution will have a key role in  
determining both the photocurrent  and the electrical 
state of the semiconductor. 

We simulate here the fast charge t ransfer  case and 
calculate the photocurrent  which is determined by the 
processes wi thin  the semiconductor phase. We use n -  
type T i Q ,  a stable semiconductor electrode for which 
the photocurrent  has been widely described (3, 4), as 
a model. The very low concentrat ion of minor i ty  car- 
riers (holes) in this sample somewhat simplifies the 
calculation because no oxidation current  (hole injec-  
tion to solution) exists in the dark. 

The photocurrent  density due to photogenerated 
holes within the semiconductor biased to positive po- 
tentials is expressed as the product of the charge 
t ransfer  rate constant kp (cm.sec -1) and the hole con- 
centrat ion at the surface (x -- 0) (or in  the s imulat ion 
for space element, K : 1) 

ip,f = ekpp(o) [4] 

The rate constants were chosen to be sufficiently large 
that the steady photocurrent  calculated in  the s imu-  
lated t ime domain was independent  of the value of 
kp. The surface concentrat ion of holes was found to 
be inversely proport ional  to kp. The effect of the mag-  
ni tude of kp is shown in  Fig. 3. The electron d i s t r i bu -  
tion is also affected by kp, because for every hole which 
is injected into the solution, an electron is collected 
by the metallic contact to the semiconductor electrode 
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Fig. 3. Effect of kp on the concentration profiles of excess free 
carriers. All conditions as in Fig. 1, except with holes transfer to 
solution with kp values of (1) 1.39 X 105; (2) 1.39 X 106; (3) 
kp = 1.38 X 107 cm/sec. In all cases the calculated photocurrent, 
ip,f, was 1.437 mA. 
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and is delivered to the counterelectrode. Although the 
effect of kp is most p rominent  at the semiconductor 
surface, it also determines the whole level of excess 
holes inside the space charge region and hence the 
flux of holes which will enter  this region. Under  actual 
conditions the si tuation may be far more complex be-  
cause kp may depend upon the potential  drop in the 
Helmholtz layer  at the semiconductor/solut ion in ter-  
face, Ar e.g., it could be given by kp o exp (~ea~H/kT) 
and where kp o may have a much smaller  value than 
that  used in the simulation. At the instant  after i l lu-  
mina t ion  only a small  photocurrent  is expected, re-  
sult ing in a pronounced accumulat ion of excess car- 
riers in  the space charge region, in  a manne r  similar  
to that  for the open-circui t  case. This accumulat ion 
causes a photopotential  to be bui l t  up gradually, which 
in  a potentiostatic exper iment  wil l  result  in  a gradual  
change in hen  and in  an increase in kp. At the steady 
state the charge transfer  rate will be sufficiently fast 
to prevent  any fur ther  accumulat ion of excess free 
carriers inside the space charge region. We did not 
simulate this suggested sequence of events which ex- 
tends over two completely different t ime domains. 
Moreover, k~, could not be made too small because 
under  these conditions, even after a lengthy computa-  
tion, a steady state was not achieved. Therefore, we 
can only speculate that as long as migrat ion is the 
predominant  dr iving force (high fields and band  bend-  
ing) and kp is not so small  that a high accumulat ion of 
excess carriers is produced inside the space charge re- 
gion thus changing considerably the fields there, only 
a minor  dependence of photocurrent  on kp is expected. 
At low band bending,  on the other hand (which would 
usual ly  occur at the foot of the photocurrent-potent ia l  
wave),  diffusion may be the main  t ransport  process. 
The photocurrent  will then strongly depend upon the 
diffusional flux of the holes inside the space charge 
region and towards the surface, which in tu rn  will be 
determined by the concentrat ion profile present  and 
thus on kp. 

Results  
Photocurrent -potent ia l  curves assuming rapid charge 

t ransfer  to solution under  several different sets of 
conditions were simulated (Fig. 4). Curve a represents 
the steady-state currents  for the electrode ini t ia l ly 
(in the dark)  held at the indicated potential  where all 
of the imposed potential  is assumed to drop inside the 
semiconductor space charge region. No photopotential  
is observed. The dashed l ine a shows the calculated 
curve if electrons are allowed to cross the surface 
as well, to reduce the species just  formed by the hole 
inject ion process, or to react with holes at the surface 
at a rate which is proport ional  to the absolute concen- 
t rat ion of electrons at the surface. Both processes will 
have the same effect in reducing the net oxidation 
current.  This back-react ion effect could be of im-  
portance, since the photosensitized oxidation at the 
semiconductor electrode f requent ly  produces a species 
which is thermodynamical ly  reducible at the electrode 
potential.  For  any  value for the rate constant, kn, 
chosen for this "back-reaction" effect, the observed 
photocurrent  is found to rise very steeply (almost 
discontinuously) with potential. This steep rise is 
caused by the fact that  the absolute electron concen- 
trat ion at the surface is an exponential  function of 
potential.  Such abrupt  rises in photocurrent  are not 
observed experimental ly.  A calculation in  which the 
excess of e]ectrons at the surface, ra ther  than their  
absolute numbers,  determines their  contr ibut ion to the 
photocurrent  is shown as curve a ' .  A simple model for 
surface recombination, similar to that which was pre-  
sented previously (1) results in  the expression 

i~ : e[k~Ap (o) -- kn~n(o) ] [5] 

For the case under  consideration, for holes, ~p ~ p, 
while for electrons, an  : n -- n eq. This effect modifies 
somewhat the foot of the photocurrent-potent ia l  wave. 
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Fig. 4. Simulated photocurrent-potential curves for n-Ti02. Elec- 
trode as in Fig. 1, Io = 101'6 photons cm-2sec -1 ,  kp = 2.78 X 
10 '6 em/sec, except as noted below. Efficiency = ip~f / Io ,  with ip~f 
given in holes per second. (a) Tp = 10 - 9  sec; (a') as in (a), assum- 
ing electrons cross to solution at a rate proportional to their 
absolute number at the surface, with a rate constant kn = 1.39 X 
106 cm-sec-1; (a") as in (a) assuming electrons cross to solution 
at a rate proportional to their excess number at the surface, kn = 
1.39 X 106 cm-sec-1; (b) as in (a"), a = 3 • 104 cm-1;  (c) 
as in (b),~p = 10 - l ~  sec; (d) a = 3 X 104cm-1 , '~p  = 5 • 
10 - l z  sec, n ~ = 4 X 1017 cm-a;  (e) experimental efficiency 
curve for a single crystal TiO2 for water photo-oxidation (c axis 
normal to solution) measured at 375 nm; solution pH = 4.0; the 
potential axis in this case is the electrode potential vs. SCE. 

At more positive potentials the excess of surface elec- 
trons is negligible (since they are repelled from the 
surface) compared to the excess of holes, and no "back- 
reaction" effect is noticed. 

Two other factors govern the photocurrent  and enter  
into the simulation. The first is the bu lk  recombinat ion 
rate constant for the excess minor i ty  carriers (1/~p). 
This influences the number  of holes which are gen-  
erated outside the space charge region which will be 
collected by the space charge region and delivered to 
the surface. Photogenerated holes which are produced 
at a distance greater than ~/zpDp from the space charge 
reg ion /bu lk  boundary  are practically lost and will 
not contr ibute  to the photocurrent.  The effect is i l lus-  
trated by Fig. 5. An extremely high bulk  recombina-  
t ion rate constant can even reverse the direction of 
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Fig. 5. Effect of bulk recombination rote constant for excess 
holes on the photocurrent and concentration profiles of excess 
free carriers. Electrode and illumination as in Fig. 1; Vs = 0.4V. 
(a) Tp = 1,0 - 9  sec, ip,f = 1.096 mA; (b) ~p = 10 - l ~  sec, ip,f = 
0.8881 mA; (c) Tp = 10 -11 sec, ip,f  - -  0.7186 mA. 
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diffusion of holes, resul t ing in a hole flow from the 
space charge region to the bulk  semiconductor. A sec- 
ond factor, directly related to the first, is the relat ive 
dimension of the space charge region to the l ight pen-  
e t ra t ion depth. A more efficient photoprocess will  be 
observed if practically all of the photogenerat ion proc- 
ess of free carriers occurs wi th in  the space charge re- 
gion where the excess of holes suffer very little recom- 
binat ion and are delivered prompt ly  to the surface by 
migration. The depletion layer  thickness is determined 
by the potential  imposed on the semiconductor elec- 
trode and its width can be taken as being proportional 
to the square root of the imposed potential  (12). The 
upper  quan tum efficiency limit, which asymptotically 
approaches unity,  represents the si tuat ion of a high 
surface potential  resul t ing in an extended space charge 
region in  which all of the l ight is absorbed. All of these 
s imulated observations are consistent with Gartner ' s  
approximate t rea tment  of the subject  (12). Curves b, 
c, and d in  Fig. 4 show the calculated results for var i -  
ations in  a, Tp, and ND (which influences the thickness 
of the space charge region).  Curve e shows an experi-  
menta l  efficiency curve measured at a single crystal of 
TiO~ in  a pH = 4.0 solution with a monochromatic 
l ight of wavelength 375 nm. While the calculated satu-  
ra t ion current  can be adjusted to fit the experimental  
one, a larger discrepancy is revealed be tween the s imu-  
lated and the exper imental  curve on the rising portion 
of the wave. A bet ter  fit to the exper imental  results 
will probably require consideration of the previously 
discussed kinetics of the charge t ransfer  and other 
solution processes as well. 
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APPENDIX 

Equat ion [1], the corresponding equation for elec- 
trons, and Eq. [2] were simulated according to the 
procedure shown in the Appendix of Ref. (1) and the 
space division and digital notat ion which were used in 
Table I of Ref. (2). For holes in the case of n-TiO2, 
with a bandgap of 3.0 eV, we can wri te  

peq~E "~ 0 and ~ p n E  ~_ 0 [A-1] 

po = peq ~ 0 across the whole semiconductor. The 
change of concentrat ion of holes in element  K within  
a t ime interval  at  is 

a p t  = LK -- (at/Tp) " (hE~rib) " PK 

+ D M P ( p K - 1  - -  2pK -5 PK+I) 

-5 0.5 U M P  {EK + I (PK -5 PK+I) -- EK(PK -5 PK+I)} 
[A-2] 

For electrons, a more complicated expression arises 
because of the importance of the term U~Oa (E �9 n ) / O x  

A (E �9 n )  : E~qan + n~qnE [A-3] 

where an  = n -- n eq and aE = E -- E eq. Here, the 
term neq~E cannot be neglected, especially near  the 
space charge region boundary.  The resul t ing expression 
for electrons is 

~ ( A n )  = LK - -  ( a t / r v )  ( n K I n b ) p t  

+ D M N ( h n K - 1  - -  2 A n t  + h n t + ~ )  

+ 0.5 U M N  {Eteq(anK + anK-1) 

- -  aEK+leq(anK + Ant+ l )  + A E t ( n t  eq + n t - 1  eq) 

- -  nEK+l(nteq + nt+leq)} [A-4] 

In  Eq. [A-2] and [A-4] the following terms apply 

L K -  ( I o a ) e x p [ - - a ( K -  u [A-5] 

D M N  = D n A t / A x  2 D M P  = D p a t / A x  2 

U M N  = U n A t / A x  U M P  = U p a t / a x  

The resul t ing change in  the electric field caused by 
changes in  h p t  and Ant is 

a E t  = (eAX/eoer) (apK - -  hnK) + AEK+I [A-6] 

The following boundary  conditions apply 

a p K _ ~  : O, a n K _ ~  -- 0, E t _ ~  : 0 [A-7] 

The calculation cannot be extended in  reasonable s imu-  
lat ion times to K values that rigorously will satisfy the 
conditions of Eq. [A-7]. Instead, the tollowing bound-  
ary condition was chosen 

APKMAX : APKMAX--1 exp{- -Ax/ (~pDv)Y2}  [ A - 8 ]  

AntMAX : aPKMAX aEtMAX : 0 

where ax �9 KMAX is far outside the space charge re-  
gion but  still not in  the bulk. 

For the first e lement  (K = 1) (the semiconductor 
surface) within the semiconductor, only t ransport  to 
the second element  occurs. Charge t ransfer  to solution 
is expressed, when  desired, as the product of a rate 
constant k~ with the hole concentrat ion in  the first 
element. The ini t ial  conditions are the equi l ibr ium dis- 
t r ibut ion of carriers and electrical fields which are 
first obtained by the s imulat ion procedure previously 
described (2). 
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Analysis of Multiple Reaction Sequences in 
Flow-Through Porous Electrodes 
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ABSTRACT 

The role of mult iple  reactions in f low-through porous electrodes has been 
investigated theoretically. The reaction sequences studied include simultaneous 
deposition of several metals, deposition o~ a metal  in tr_e presence of a redox 
system, and an ECE sequence which is characteristic of many  electro-organic 
synthesis reactions. The model accounts for mass transport,  mult iple  charge 
t ransfer  reactions, homogeneous chemical reactions, ohmic and geometric pa-  
rameters. Results are compiled in a series of graphs which elucidate electrode 
behavior over a wide region of parameter  space. 

One advantage of electrochemical processes is that a 
high level of selectivity for a desired reaction product 
can often be achieved through careful control of the 
potential  under  which reaction proceeds. On the other 
hand, the a t ta inment  of economically high volumetric  
reaction rates often requires optimizing around com- 
peting needs for large surface area, adequate mass 
transfer,  and low ohmic resistance. Although flow- 
through porous electrodes are advantageous for 
achieving high reaction rates per uni t  volume, these de- 
vices often exhibit  substant ial  potential  variations over 
their  inter ior  surface so that the original electrochemi- 
cal advantage of selectivity may thereby be lost. The 
purpose of this invest igat ion is to develop theoretical 
methods for predicting the selectivity of f low-through 
porous electrodes in systems where mult iple  reactions 
occur, and to i l lustrate how such predictions can be 
compiled for use in  engineering design. 

Literature Review 
The use of fixed bed porous electrodes with a single 

electrode reaction has been recently reported for 
s tr ipping copper (1), depositing ant imony (2) and cop- 
per (3-5), carrying out redox reactions with iron (6) 
and ferricyanide couples (5, 7, 8), detecting dissolved 
gases (9-11), and for precipitat ing anionic species (12). 
Earlier work has been reviewed with emphasis on 
bat tery applications (13) for which a single electrode 
reaction is the preferred mode of operation. The ex- 
tensive publications of Sioda, reviewed in Ref. (13), 
are especially noteworthy since they established many  
exper imental  procedures and theoretical methods of 
analysis. Many addit ional porous electrode studies are 
known which involve mult iple  electrochemical reac- 
tions in order to accomplish simultaneous removal  of 
several metal  ions from mixed solutions (14-21); 
separation of quinones (22), radioactive nuclides (23), 
and halide ions (24) ; and reduction of metal  ions in the 
presence of competing reactions (25). Reaction schemes 
involving coupled electrochemical and homogeneous 
chemical steps have also been used in porous electrode 
cells for coulometric and preparat ive  applications (12, 
26-29), and for electro-organic synthesis applications 
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** E l e c t r o c h e m i c a l  Soc ie ty  Student Member. 
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(30-36). It is abundan t ly  clear that mult iple  reaction 
sequences are commonly encountered in m a n y  fixed 
bed porous electrode applications. 

Theoretical considerations of mult iple  reaction ef- 
fects in porous electrodes have led to the development 
of simple criteria for choosing the flow velocity and 
applied current  such that (i) the potential  distr ibution 
is sufficiently uni form that  side reactions are avoided 
(8, 13, 37), or (ii) the residence time is convenient  for 
maximizing the production of an in termediate  species 
in a sequential  reaction (27). In  both cases, the ap- 
proximate procedures are based on the need to at ta in  
a high degree of selectivity in the presence of mult iple  
reactions. Therefore it seems appropriate to develop a 
more extensive theoretical basis for predict ing the cur-  
rent  and potential  dis t r ibut ion behavior  of porous 
electrodes in  the presence of mul t iple  homogeneous 
and heterogeneous reactions. 

Theoretical Formulation 
The geometry of the porous electrode system under  

study is indicated in Fig. la. Electrolyte flows in the 
direction of the y coordinate; the electrode is of thick- 
ness l. The counterelectrode may be located either up-  
stream or downstream from the porous electrode; in 
Fig. la, a downstream location is shown. Other details 
of cell construction are not shown since they are not 
included in  the model equations. Electrolyte flows 
through the porous electrode, supplying reactants to 
the interior surface where electrochemical reaction 
occurs. The local reaction rate is a funct ion of position 
since the potential  and species concentrat ions vary  
along the reactor length owing to ohmic and transport  
limitations. 

Figure lb  i l lustrates how the processes in the 
interior region of the porous electrode are envisioned 
by the model. The solid surface of the interior  region, 
upon which electrochemical charge transfer  occurs, 
is of arbi t rary  shape and is accounted for in the model 
only by a specific area term. The species concentrat ion 
distr ibutions at the solid surface, cis(y), are different 
from the species concentration distr ibutions in the well-  
mixed core, ci(y),  owing to the presence of a mass 
t ransfer  diffusion layer  be tween core and surface. The 
diffusion layer is assumed to occupy only a small  frac- 
t ion of the electrolyte volume so that (i) if homo- 



Vol.  123, No.  12 F L O W - T H R O U G H  POROUS ELECTRODES 1843 

Fig. I. (o) Configuration of e[ectrode system. (b) Model of pore 
interior region. 

geneous chemical reactions occur, they occur pr imar i ly  
in  the  wel l -mixed  core region, and (ii) convection and 
axial diffusion effects occur only in the core region. 

The equations represent ing the system are based on 
several assumptions: (i) isothermal operation takes 
place unde r  s teady-state  conditions, (ii) the electrode 
is isopotential, its porosity is uniform, and the pore 
dimensions are large with respect to the double layer  
thickness, (iii) conduction in the electrolyte obeys 
Ohm's law, and migra t ion effects are negligible, and 
( iv)  convection through the porous electrode is by 
steady plug flow without channeling.  These constraints 
allow the model equations to be wr i t ten  in one- 
dimensional  form wherein both the heterogeneous 
electrode reactions and the homogeneous chemical 
reactions appear as pseudohomogeneous source terms. 

In  the electrolyte there are i reactive solute species 
which take par t  in a total of j reactions, which may be 
either heterogeneous or homogeneous. The stoichio- 
met ry  of the reactions is defined by 

~ ~ijMi+z~ = n j e -  [1] 
i 

In  addit ion to the i reactive solute species, there may 
be addit ional inert  species which do not take par t  in 
the reactions and which are not taken into account in 
the analysis. 

The steady-state  one-dimensional  species conserva- 
t ion equations are 

d z d 
D i , _ ~  [ci(y)]  -- v _--~-L-_. [ci(y)J : ~tjSij [2] 

uy  ~ uy  J 

Any par t icular  reaction involving species i will  be 
either heterogeneous (electrochemical) or homo- 
geneous (chemical).  Heterogeneous reactions take 
place on the interior  surface and obey a rate equation 
in which the surface concentrat ion appears 

Sij = - ~ j F  f j e [ c i s ( y ) ,  r  ['3] 

Homogeneous reactions take place in the "core" of the 
flowing electrolyte wi th in  the porous electrode and 
obey rate equations in which the core concentrations 
appear 

S~j : fj~[c~(y) ] [4] 

The specific form of the rate equations lie and fjh will 

of course depend on the par t icular  reactions as is i l lus- 
t rated below with several examples. 

The local concentrat ion difference between surface 
and core are related to the heterogeneous reaction rate 
through the mass t ransfer  coefficient (5, 6, 13) 

fje[cis(y), ~b(y)] = ~,unjkiF[cis(y) - -  ei(Y)] [5] 

The one-dimensional  charge balance equat ion is 

d2 a 
~ 2 [ ~b ( y ) ]  ~- -=  J I j e [ c i s ( y ) , ~ b ( y ) l  [6]  

Equations [2], [5], and [6] comprise a set of (2i -t- 1) 
relations which are sufficient in  number  to determine 
the (2i "r 1) unknow n  functions: ci(y),  cis(y), and 
, ( g ) .  Whereas Eq. [5] is algebraic, [2] and [6] are 
differential equations and therefore require  boundary  
conditions. 

When the counterelectrode is upstream 

at y = 0  
el --'- Ct ~ 

$ =$o 

at y : ~  
dc i  d4 

-- ~ - -  0 [ 7 ]  
dy dy 

When the counterelectrode is downstream 

at y : 0  

at y =  I 

C - :  Ci ~ 

d$ 
~--0 
dy 

dc.__~i : 0 
dy 

: ~o [8] 

Several different types of reaction sequences were 
investigated. For each par t icular  system, the set of 
(2i-}-1) model equations was solved with use of a 
numerical  procedure. The equations were first l inear-  
ized about a trial  solution and wri t ten  in finite dif- 
ference form. The resul t ing set of s imultaneous t r i -  
diagonal  matrices was then inver ted with an IBM 
360/75 computer (38). T h e  solution of the nonl inear  
problem was gained by successive approximation unt i l  
convergence to wi thin  0.01% was obtained for all un -  
known functions. The n u m b e r  of i terations needed for 
convergence was dependent  on the par t icular  system 
under  study, but  was usual ly less than 15. The choice 
of 100 mesh points usual ly  gave results which were 
accurate to wi thin  the l ine width used in  graphical 
representat ion of the results. 

Results and Discussion 
Three different example reactions have been in-  

vestigated: cathodic deposition from electrolyte con- 
taining a mix ture  of metal  ions, cathodic deposition of 
a metaI from an electrolyte containing an aggressive 
redox couple, and a reaction sequence involving both 
electrochemical and homogeneous chemical reactions. 
In  each example, the number  of parameters  is suf-  
ficiently large that it is not possible to compile simple 
rules of thumb which will  adequately describe the 
electrochemical system. Conversely, the conduct of 
computer  calculations over wide regions of parameter  
space have indicated quali tat ive trends which might 
not have been identified on the basis of in tui t ion alone. 
These trends are discussed for each example reaction. 

Multiple Metal Deposition 
Consider first the case where two metals  are electro- 

deposited s imultaneously  from a mix ture  of their  ions. 
Although more complicated rate equations could be 
used to suit special circumstances, let us assume that 
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the deposition of each metal  proceeds independent ly  of 
the other (that is, i = j) with the reversible rate 
expression 

{ r ~  ] ] ie  - -  ioi exp L ~ (~b --]- r 

- -  ci--~s exp ~ (r -t- ~ri) [9] 
ci o RT 

In Eq. [9], the quantity ~ is the potential with respect 
to the rest potential of the ion of the most noble metal, 
while ~#ri is the rest potential of the ion of the most 
noble metal with respect to species i. The rest potential 
difference is computed with use of ionic concentration 
of reactants as they enter the porous electrode. 

The model equations can be made more compact by 
grouping the system parameters as follows 

F~,  ct  y 
�9 = e l ' - '  ' Y = ~  

R'T ci~ l 

F Crl v~ 
C r i =  ...... ~i ~-'~ 

RT Di 

ioial~F ioial z akin~F212cp 
~ -- - -  xi -- - -  r i  -- 

~R T niFDici ~ ~R T 
[~02 

By el iminat ing the surface concentrat ion between Eq. 
[2] and [5], and by using the groupings of Eq. [10], 
the model equations become 

c i "  - ~ c :  = - x iF i  

,,I:," = Z~iFi  [11] 
l 

where  
a : t n ~ ( r 1 6 2  ~) - - ~ n l ( r 1 6 2  l ) 

e - -  Cie 
F i =  

1 - [ - - - e  
r i  

Results will be given for the counterelectrode placed 
downstream from the porous electrode 
at Y = 0  

C i : l  

d# 

dY 
at Y =  1 

dCi 
~ - - - 0  
dY 

~ : ~ o  

Were there only one metal  ion undergoing reduction, 
the si tuation would be analogous to that investigated 
previously by Alkire  and Gracon. The physical 
significance of the more impor tant  parameters  in Eq. 
[10] is summarized in Table I. In  addition to these, 

the quant i ty  ~ri represents the Nerns t ian  rest potential  
under  the upstream concentrat ion conditions of reac- 
t ion i with respect to a reference potential,  usual ly  
chosen to be the rest potential  of one of the reacting 
species. 

Table II provides the range of parameter  values for 
which calculations were carried out and reported be- 
low. In  this study, interest  centered pr imar i ly  on the 
role of convective mass t ransport  on reactor behavior 

Table I. Physical significance of system parameters 

Is: R a t i o  of  advection rate to axial  dispersion rate in porous  
bed 

I h :  Ra t io  of  o h m i c  resistance to i n t e r n a l  m a s s  t r a n s f e r  resist- 
ance 

~ :  Ra t io  of  o h m i c  r e s i s t a n c e  t o  c h a r g e  t r a n s f e r  r e s i s t a n c e  
X~: Ra t io  of  axial  dispersion resistance to charge transfer  resist- 

ance 

Table II. Range of parameter values used in the calculations 

P a r a m -  
P a r a m e t e r s  eters  Range of 

he ld  constant  varied variat ion 

1. Multiple metal  deposit ion 
2 c o m p o n e n t s  xi  = X = 10.0 ~i = f - 1 0 ~ t o - - 1 0  ~ 

~i = ~ = 0.5 r i  = r l O O t o l ( P  
~Pr 1 = 0.0 
~r  2 7.0 

4 c o m p o n e n t s  X~ = X = 10.0 ~l = ~ - - 1 0 ~  --10 a 
~l = ~ =  0.4 r i  = F 10 ~  e 
Cr 1 = 0.0 
Cr 2 5.0 
~r  8 10.0 
@r~ 15.0 

2. R e d o x  + metal  depos i t ion 
X i  = X = 10.0 ~i = ~ - - l O ~ t o  - -104 
~ = ~  = 0.5 F~ = F 101 t o l O  6 
k =  1.0 
�9 ~ = 5.0 

3. Coupled he terogeneous  + h o m o g e n e o u s  react ions  
XI = Xs = 3 x I0 ~ ~i = ~ I0 ItO108 
X4 = X~ = 3 x 10 ~ 
~i = ~ = I0.0 F~ = F2 10-~to 104 
),I = 0.01 r, = F~ I0 -~ to i0 ~ 
),s = 1.0 AI = A 10-I to 1O e 
4'r = 1.0 

near  the l imit ing current.  Therefore the parameters  of 
greatest interest  are the convective velocity (~D and 
the mass t ransfer  coefficient (ri) .  Under  the condi- 
tions investigated, the role of kinetics and diffusion 
was purposely made negligible through judicious 
choice of parameters.  In  other words, the results below 
are essentially insensi t ive to the value of ~i and xi 
used in  the calculations. For still fur ther  simplification 
the same value of ~i was used for each species so that 
the subscript was deleted. Similarly,  the same values 
were used for all ri  except as noted. 

Figures 2 through 4 provide the current  distr ibutions 
predicted dur ing  the deposition of two metals, one of 
which (N) is more noble than  the other (A). For  each 
case studied, the electrode operated under  the condi- 
tions of quant i ta t ive  recovery of the ion of the more 
noble metal. The several curves in  each figure cor- 
respond to different rest  potentials be tween the two 
reactions. The current  densi ty given on the ordinate is 
defined by 

. J idY = 1 [121 

That  is, the integral  of the total cur rent  over the 
entire electrode surface is normalized to the same 
value (unity)  for each individual  calculation. 

Figure 2 shows the current  distr ibutions calculated 
for a high cohductivity electrolyte with a slow flow 
rate for which both species were removed quant i ta -  
t ively from solution. The more noble metal  is always 
deposited prefe ient ia l ly  in the ups t ream regions. The 
less noble metal  is deposited more uni formly  to an 
extent  which depends on the rest potential  difference 
between the two reactions. These distr ibutions indicate 
that while both metals may be deposited quanti tat ively,  
it may be difficult to recover the metals separately by 
postelectrolysis sectioning of the porous bed. 

In  comparison with Fig. 2, the distr ibutions shown in  
Fig. 3 are for a higher flow rate but  lower electrolyte 
conductivity. The more noble metal  is deposited in 
upstream regions at the l imit ing current.  Because of 
ohmic resistance effects, the less noble metal  is de- 
posited fur ther  downstream, nearer  the counterelec- 
trode; the current  distr ibution exhibits a max imum 
owing to depletion of the ion of the less noble  metal. If 
the rest potential  difference is sufficiently large, the 
two metals can be made to deposit in dist inct ly dif-  
ferent  regions of the porous bed although the residence 
time for the less noble metal  may be insufficient to al-  
low its quant i ta t ive recovery. For the examples in  
Fig. 3, the percentage recovery of the ion of the tess 
noble metal  was 100, 99.5, and 90.6 for ~r = 3, 5, and 
7, respectively. Figure 3 indicates that a properly 
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designed electrode can remove metals quant i ta t ively  
into different regions of the porous bed so that  their  
subsequent  recovery may be convenient.  

The current  dis tr ibut ions given in  Fig. 4 are for a 
still higher flow rate and still lower electrolyte con- 
ductivity. The more noble metal  is deposited in up-  
s t ream regions, but  not in the far upstream regions 
owing to ohmic limitations. The recovery of the less 
noble metal  is in the exit region and may be very low 
if the rest potential  difference is large. For the ex- 
amples in Fig. 4, the percentage recovery of the less 
noble metal  was 99.1, 86.2, and 41.2 for ~r ---- 3, 5, and 
7, respectively. Figure 4 shows that while the two 
metals may  be deposited in  separate regions, it  may 
not be possible to remove both of them quanti tat ively.  

I t  is clearly evident  from Fig. 2 through 4 that  the 
quant i ta t ive  recovery of two metals in separate regions 
of the porous bed can be achieved only through proper 
design of the electrolysis system. Figure 5 summarizes 
the regions of parameter  space which determine the 
recovery and separabil i ty of the metals. The different 
l ine codes correspond to different rest potentials be- 
tween the two reactions. Within  region A, the two 
metals are deposited in dist inct ly separate regions of 
the porous bed, and the more noble metal  is recovered 
quanti tat ively.  In  region A, recovery of the less noble 
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Fig. 5. Summary of deposit characteristics for two metals 

metal  varies from 100%, at the lower boundary,  to es- 
sential ly 0% at the upper  boundary.  In  region B, the 
flow rate is so large that the residence t ime is in-  
sufficient to permit  quant i ta t ive  removal  of the more 
noble metal;  very little of the less noble metal  is re- 
covered in this region. With region C, the mass 
t ransfer  coefficient is too small  to allow quant i ta t ive  
recovery of the more noble metal. In  region D, both 
metals are deposited quant i ta t ive ly  but  the deposits 
overlap to an appreciable extent. 

Figure 5 i l lustrates that, even under  uniform 
electrolyte flow, the system behavior is quite sensitive 
to variations in  the flow rate. It is often the case in 
practice, however, that channel ing occurs owing to 
nonuni form flow dis tr ibut ion or bed packing. There-  
fore, it is of crucial importance that porous electrode 
systems be carefully designed so as to minimize 
undesirable hydrodynamic effects such as channeling. 

The simultaneous deposition of more than  two ionic 
species can also be modeled by the same procedure, 
al though it is not convenient  to present  a graphical 
summary  as was done with two metals. Figure 6 il- 
lustrates one example current  dis t r ibut ion calculated 
for the s imultaneous deposition of four species with 
rest potentials of 0, 5, 10, and 15 dimensionless units. 
The dashed lines correspond to the part ial  current  
distr ibutions for each individual  species; the solid line 
gives the total current  distribution. It is seen that  with 
a properly designed system, lhe four species can be 
deposited quant i ta t ive ly  in four dist inctly different 
regions of the electrode. 
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Fig. 6. Current distribution for deposition of four metals 

Metal Delmsltion in the Presence of a Redox Couple 
The reduct ion of a des i red  meta l  ion from a solut ion 

containing a more easi ly reduced species is en-  
countered in severa l  impor tan t  indus t r ia l  processes. If 
the  more  easi ly reduced species is the oxidized form 
of a redox couple, then  a typica l  pa ra l l e l  react ion 
sequence is 

M 1  z~ + e -  ---> M 2  zs ( r e d o x )  

Ms +n 4- h e -  --> M3 ~ (meta l  deposi t ion)  

For  the calculat ions r epor ted  below, the  redox  ra te  ex-  
pression had the form 

{ c2s [ ~lnlFr ] 
re ,  redox : io l  ~ exp 

c20 R T  

cl s [ --~stnlF~ ] } 
- -  - -  exp [13] 

c10 R T  

while  the meta l  deposi t ion reac t ion  had the form of 
Eq. [9]. 

By the same a lgebra ic  procedures  descr ibed 
previously,  the  equations of the  model  are  

C~L" -- ~'1C:[' = -- xlF1 

C2" - -  ~'2C2' = X2F2 [ 1 4 ]  

C8" -- f3C~' : -- x a F 3  

where  
C2ea1r - -  C l e - ~ l o  

F 1  = F 2  = 

1 Jr ~_~1 [eal r 4- ~1 .e -~1r  
r l  

e a ~ ( @ + @ r )  - -  C3e-~82n(e+&:) 
I%= 

1 + __~a e_~,n(r162 ) 
ra 

The bounda ry  conditions for a downs t ream counter-  
e lect rode are  

at  Y = 0  
C i =  1 

at  Y =  1 
�9 I~' = 0 

Ci' --  0 

Were  there  only the  redox react ion occurring, the 
s i tuat ion would be analogous to that  inves t iga ted  
prev ious ly  by  Alk i r e  and Gracon. The physical  
significance of the impor tan t  pa rame te r s  in Eq. [14] is 
g iven in Table  t. In addi t ion to these, the  quan t i ty  

C2 o 
M = - -  [15] 

Cl o 

represents  the  concentra t ion ra t io  of the  redox  couple 
in the  in le t  s tream. 

Table II  gives the values of the systems pa ramete r s  
used in the calculat ions repor ted  here. The resul ts  
calculated for the r edox -me ta l  sequence have indicated 
tha t  the system behaves  in many  respects  l ike the 
two-me ta l  sys tem descr ibed above. The current  d is-  
t r ibut ion  for  the  meta l  deposi t ion react ion is shown in 
Fig. 7 for four  different  opera t ing  conditions;  the in-  
t e rpre ta t ion  of these resul ts  is s imi lar  to tha t  in Fig. 
2-4 for the less noble metal .  In  Fig. 7, curve (a) shows 
the meta l  deposi t ion d is t r ibut ion  obtained under  condi-  
tions of slow flow in a high conduct iv i ty  solution. 
Deposit ion occurs in the  ups t r eam region and the meta l  
is removed  quant i ta t ive ly ;  opera t ion  corresponds to 
region  D of Fig. 6. By  comparison,  curve (b) cor-  
responds to a more  conduct ive solut ion moving a t  
higher  velocity.  The ohmic resis tance suppresses the 
large  react ion ra te  at  the ups t ream region and the re -  
active por t ion of the porous bed  is thus too thin to 
capture  all  the reac tants  so that  the  meta l  recovery  is 
less than 100%; opera t ion  is in region C of Fig. 6. 
Curve (c) corresponds to a des i rable  s i tuat ion where  
the meta l  is deposi ted quant i ta t ive l  7 in the in te r io r  
regions of the bed. Reaction in ups t ream regions is 
suppressed by  ohmic resis tance l imi ta t ions  whi le  the 
mass t ransfer  coefficient is sufficiently high that  
quant i ta t ive  removal  of the meta l  is achieved fur ther  
downst ream;  opera t ion  is on the lower  boundary  of 
region A in Fig. 6. In  curve (d) ,  the e lec t ro ly te  con- 
duc t iv i ty  is st i l l  lower  and the veloci ty  st i l l  h igher  so 
that  the react ion zone is ve ry  near  the downs t ream 
edge of the bed and the percentage  meta l  recovery  is 
low. Opera t ion  corresponds to the  lower  bounda ry  of 
region B in Fig. 6; under  such conditions, a t tempts  to 
achieve high meta l  recovery  efficiencies by  mass 
t ransfer  enhancement  alone would  be futile.  

F igure  7 has shown that  recovery  of a meta l  f rom a 
redox containing sys tem depends  upon p roper  choice 
of the ra te  of reac tan t  supply,  the mass t ransfer  rate,  
and the e lect rolyte  conductivi ty.  F igure  8 summarizes  
how the meta l  collection effectiveness depends  upon 
~, r, and Cr. The collection effectiveness decreases 
wi th  flow veloci ty  owing to the  reduced  res idence t ime 
wi thin  the packed  bed. The collection effectiveness 
improves  wi th  an increased mass t rans fe r  coefficient 
since the react ive  pore  surface is the reby  made  more  
accessible. The collection effectiveness is adverse ly  af-  
fected by  the presence of the redox agent  to an ex ten t  
which depends  upon Cr. 

Coupled Heterogeneous and Homogeneous Reactions 
Since the number  of different  sequences of coupled 

reactions which may  be encountered is large,  the 
purpose  of present ing  the fol lowing resul ts  is l imi ted  
to (i) showing that,  given sufficient exper imen ta l  data, 

W 2.0 

I-" - (dl 

(~  I.O- 

I--- 
o 

0 1.0 
Y ,  D I S T A N C E  

Fig. 7. Deposit distribution for deposition in presence of redox 
couple. (e) ~" = - -10,  r = 10; (b) ~" = - -10  2, s = 10; (c) 
~'-= - -102 ,P- - - -  104;(d) ~ ' =  - -10  .3 , s  10 o. 
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Fig. 8. Metal collection effectiveness for deposition in presence 
-of redox couple. 

any combinat ion of reactions can be modeled to provide 
an  engineer ing analysis of f low-through porous elec- 
trodes, and (ii) showing that, given a specific reaction 
sequence and design objective, a l imited n u m b e r  of 
theoretical calculations can be compiled to provide 
design criteria for meet ing those objectives. 

For  the sake of discussion, let us consider a mech- 
anism of the form 

iVIl -~ e -  --> M2 (electrochemical) 

M2 + IV~ "-> M4 (chemical) 

NI4 + e -  -> ,Ms (electrochemical) 

in  which the desired target molecule for production is 
species 4. Although any other rate equa t ions  could be 
used to suit specia} situations, let us assume that the 
two electrochemical reactions proceed with reversible 
But ler -Volmer  kinetics as in Eq. [13], while the 
chemical reaction is i rreversible and of first order 

S22 :- S32 : --S42 --: -- kcc2C3 [16] 

By following the manipulations described in previous 
examples, the equations for the model system are 
found to be 

Ci" -- ~iC i' : - - X i F l  

C 2 "  -- f2C2  ' : x2Fi + AiC2Cs 

C3" -- ~3C3' : A2C2C3 

C4" -- ;4C4' = --x4F8 -- A~C2C3 [17] 

C~" -- ~C~' -- x~F~ 

r : ~iFi + ~4F3 
where 

C2e~nl '~ - -  Cle-~nl r  
F 1 - -  

1 + ~__I (ea1.~, + ~.ze_~1. 0 
r l  

Cse~ans (@+r  __ C4e-[3~n,(@+@r) 
F3-- 

F4 

The boundary  conditions have been chosen for an up-  
s t ream counterelectrode 

at Y : 0  
C i : l  

at Y:l 
Ci' =0  

@' ----0 

In  addition to the groups in Table I, the following di- 
mensionless groups arise in this example 

kcl2c3 o kc[2c~.o 
A1 - -  - -  A2 : - -  

D2 D8 

kc~2c~ocso c~o 
A3 = ;LZ : 

D4C4 ~ Cl ~ 

e5 ~ 

c4 o 

T h e  calculations reported below were made with pa-  
rameter  values given in  Table II. In the inlet  stream, 
species 1 and 3 have the same concentrat ion while 
species 2, 4, and 5 are 1% of CI and C~. The less in -  
teresting parameters  were held constant  for all cal- 
culations in order to focus at tent ion on the more im-  
portant  parameters  L F, and A. 

The calculations provide detailed predictions of the 
dependence of concentration, potential,  and current  
distr ibutions upon variat ion of system parameters.  
From these results, the efficiency for the production of 
species 4, the desired target  molecule, was determined 
by 

Production C4 ~ - -  C4 ~ 

efficiency C4 max - -  C4  ~ 

[18] 
C4max : ( e l  -~- C2 -~ C4)inlet 

where C4 max is the maximum attainable concentration 
of species 4 if entering species are quantitatively con- 
verted to species 4. 

Figure 9 illustrates how the production efficiency 
(PE) varies with F and A for one specific value of 
convective velocity, f : +I0. These data were 
calculated with sufficiently large applied potentials 
that behavior was controlled either by sluggish mass 
transfer processes or by sluggish homogeneous chemi- 
cal kinetics. It is seen in Fig. 9 that the PE is always 
low when mass transfer limitations are severe (small 
F) since the formation of C2 by the first electro- 
chemical reaction is suppressed. Similarly, the PE can 
be low with excellent mass transfer (large F) since 
the reaction proceeds past the target to yield high 
conversion to species 5. It is also seen that the PE is 
low when the homogeneous chemical reaction rate is 
slow (small A), thereby suppressing the formation of 
species 4. High yields of the final product species can 
be obtained only when both the chemical reaction rate 
is sufficiently high and the mass transfer characteristics 
are carefully designed. For the case illustrated in Fig. 
9, conditions necessary for product yields greater than 
90% would be 

O.l<r<l 
[ 1 9 ]  

A > IO0 

e! t 
~ u  o 

- 4  -3  - 2  

\ 

0 I 2 3 

LOG I" 

Fig. 9. Effect of A and F on production effectiveness for species 
4 in ECE reaction sequence. 
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Fig. 10. Effect of system parameters on region of high production 
effectiveness for species 4 in ECE sequence. 

For the system under  consideration the design criteria 
cited in Eq. [19] are specific for the velocity used in  
Fig. 9. The dependence of these criteria upon flow rate 
is given by the solid lines in Fig. 10. For each velocity 
shown in  Fig. 10, the solid lines enclose the "plateau" 
region seen in Fig. 9 over which the production ef- 
ficiency is 90% or above. In  a similar  fashion, the 
dashed lines in  Fig. 10 define the region within  which 
the production eff iciency is 50% or above. It is 
recognized that  high flow rates lead to lower conver-  
sions since the residence t ime decreases l inear ly  with 
velocity while the in ternal  mass t ransfer  coefficient 
increases only as the 1/3rd power of the flow rate. 
Opt imum electrode performance is seen to be highly 
sensitive to the electrolyte flow rate. 

By following similar procedures, the model could 
also be used to define regions of operation which would 
maximize yields of the other products in  the reaction 
sequence such as C2 or Cs. 

Conclusions 
Attempts  to model complex porous electrode systems 

must  rely on restrictive assumptions and perhaps 
artificial visions of physical real i ty in order to render  
the problem amenable  to mathematical  t reatment,  It is 
therefore of continued importance that controlled ex- 
per imental  studies be conducted on mult iple  reaction 
systems in order to test whether  the assumptions used 
here be t ray  physical real i ty beyond engineering 
tolerance. In  particular,  it would be impor tant  to test 
whether  the diffusion layer  is th in  with respect to the 
pore size so that  homogeneous chemical reactions 
would occur pr imar i ly  in the "core" region of flowing 
electrolyte, as assumed. 

The examples chosen here for theoretical discussion 
represent  only a small  number  of possible reaction 
sequences found in the area of electrosynthesis. The 
model can incorporate many  other types of sequences. 
In  addition, the model could be applied to corrosion- 
type applications where there is no net current  flow- 
ing in an external  circuit (39, 40). That is, s imultaneous 
anodic and cathodic reactions could occur wi thin  a 
bipolar porous f low-through electrode. Examples of 
applications would include cementat ion of Cu(I I )  
dur ing flow through a porous bed of iron, and leaching 
of Cu ~ from a porous bed with use of Fe(lI1)  electro- 
iyte, 

Each example discussed above has i l lustrated that 
porous electrode behavior can be very sensitive to 
changes in  convective flow rate. Therefore it is clearly 
impor tant  to avoid nonuni form flow effects which arise 
from localized channel ing wi thin  the porous bed. Con- 
trolled experiments  on channel ing are suggested in  
order to improve unders tanding  of the na ture  of 
channel ing and its effect on electrode behavior. 

The investigation has shown that while a high level 
of selectivity is possible in mult iple  reaction systems, 

the rat ional  engineering design of a porous electrode 
is critically impor tant  if the desired selectivity is to be 
realized. The model presented here should contr ibute  
toward the development  of more efficient electrode 
systems. 
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LIST OF SYMBOLS 

English characters 
a specific surface area, m2/m s void 
ci concentrat ion of species i, mo l / m  3 
Ci concentrat ion of species i, dimensionless 
Di diffusion coefficient of species i, m2/sec 
F Faraday 's  constant  
ioi exchange current  density of reaction i, A / m  2 
Ji local electrochemical reaction rate, d imension-  

less 
ki mass t ransfer  coefficient of species i, m/sec 
kr rate constant of chemical reaction, m s sec/mol 
l electrode length, m 
Mi chemical symbol for species i 
nj number  of electrons taking part  in reaction j 
v electrolyte velocity, m/sec 
y spatial variable, m 
Y spatial variable, dimensionless 
zi valence of species i 

Greek characters 
~i, fli t ransfer  coefficients for reaction i 
ri  mass t ransfer  coefficient of species i, d imension-  

less 
~i flOW velocity, dimensionless 

electrolyte conductivity, ( l l -m)  -1 
•i concentrat ion ratio, dimensionless 
A chemical rate constant, dimensionless 
~ij stoichiometric coefficient of species i in  reac- 

t ion j 
~i electrochemical rate constant, dimensionless 
r potential, V 
en rest potential, V 

potential, dimensionless 
�9 r i rest potential, dimensionless 
xi diffusion parameter,  dimensionless 
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Microstructural Aspects of Grid Corrosion 
in the PbO  Electrode 

Dennis Marshall and Wil l iam Tiedemann* 
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ABSTRACT 

A radica l  change in micros t ruc ture  was examined  for its effect on the  mode 
of corros ive  a t tack  and corrosion ra te  for a 5 weight  percent  an t imonia l  lead 
alloy. Meta l lography  on as-cas t  micros t ruc tures  indicates  a t rans i t ion  f rom 
in te rdendr i t i c  to g e n e r a l  a t tack  wi th  increas ing overpotent ia l .  The potent ia l  
region for genera l  a t tack  corresponds to a b r eakdown  in the  pass ivat ing  
abi l i t ies  of PbO2 and is m a r k e d  by  a sharp rise in the  corrosion current .  A 
s imple  hea t - t r ea tment ,  which a l ters  the  s t ruc ture  of the  eutectic mater ia l ,  r e -  
duces in te rdendr i t i c  a t tack  over  the ent i re  po ten t ia l  region studied. 

Considerable  research  has been devoted to de t e rmin -  
ing the mer i t s  of lead alloys for use as cur rent  collec- 
tors in the  l ead-ac id  ba t t e ry  (1). Because corrosion is a 
ma jo r  mode of fai lure,  much of this effort has been 
focused on the anodic behav ior  of lead and its al loys as 
they  are  used in the  PbO2 electrode.  

Character iz ing the corrosion of lead is complicated 
by  the d ivers i ty  of phases wi th in  the  corrosion layer  
and exper iments  wi th  pure  lead (2-4) show the com- 
posi t ion of the  film var ies  wi th  both t ime and potential .  
Below the equi l ib r ium PbO2/PbSO4 potent ia l  the cor-  
rosion l aye r  contains numerous  oxides and PbSO4; 
above this po ten t ia l  the  ~ and ~ phases of PbO2 domi-  
nate. 

In  addi t ion to impar t ing  the phys ica l  s t rength  re-  
qui red for p resen t  day  au tomot ive  ba t t e ry  designs, a l -  
loying fu r the r  complicates  the corrosion process by in-  
t roducing  addi t ional  phases and increas ing the number  
of mic ros t ruc tu ra l  variables .  Most notable  of these is 
the classical  p rob lem of localized a t tack  of segregated  
mate r ia l s  such as the  eutectic s t ruc ture  or in te rmeta l l ic  
compounds.  This effect has been well  documented  for  
the l ead -ac id  sys tem (6-11) and is pa r t i cu l a r ly  damag-  
ing not  only for the effects on mechanical  in tegr i ty  bu t  
also for its cont r ibut ion  to in te rna l  resistance,  a factor  
which l imits  ba t t e ry  performance.  Moreover,  other  ef-  
fects such as active mass to grid bonding, active mass 
morphology,  and reduced  overpotent ia l s  for gassing 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  grid corrosion,  lead dioxide e lectrode,  heat-treat- 

ment ,  antimonial lead alloy microstructure. 

have al l  been a t t r i bu ted  to al loying,  pa r t i cu l a r ly  an-  
t imony  (1). 

P a r t l y  because of the corrosion p rob lem and p r i m a r -  
i ly  because of price, the  an t imony  level  in present  ba t -  
t e ry  grid al loys is dropping  and, correspondingly,  so is 
the strength.  One of the possible  solutions to the  
s t rength  p rob lem is hea t - t r ea tmen t ,  a process which is 
read i ly  adap tab le  to an t imonia l  leads. But in addi t ion  
to the mechanical  advantages,  heat  processing ex ten -  
s ively al ters  the micros t ructure ,  ra is ing questions as 
to its effect on subsequent  corrosion life. Thus i t  was 
for the purpose  of unders tand ing  the influence of hea t -  
t r ea tment  on the corrosion behavior  of ant imonia l  a l -  
loys that this study was undertaken. 

Experimental Procedures 
Corrosion samples  were  p repa red  by  hand cast ing a 

commercia l  an t imonia l  gr id al loy into an a luminum 
mold. The nominal  a l loy composit ion is shown in Table 
I. Specimen geomet ry  consisted of a sphere 1.44 cm in 
d iamete r  wi th  an in tegra l  wire,  0.65 cm long and 0.28 

Table I. Composition of alloy used in this study 

Element Weight percent 

A n t i m o n y  5.00 ----- 0.25 
A r s e n i c  0,45 • 0,05 
T i n  0,40 ---- 0.05 
C o p p e r  0.035 -~ 0.025 
S u l f u r  0.007 ----- 0.003 
Lead Remainder  
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Fig. I .  The corrosion cell used in these experiments. A counter- 
electrode, fashioned from sheet lead, is shown at the bottom of the 
reservoir. Three samples are also visible located about the opening 
to the reference electrode shown at the right. 

cm in diameter, attached. Total surface area, including 
a small  protrusion corresponding to the mold gate, was 
7.1 cm 2. ~VIold and pot temperatures  were 160 ~ • 
0.5 ~ and 324 ~ + 3~ respectively. Leads were at-  
tached to the integral  wire with 63/37 solder and rosin 
flux followed by ultrasonic cleaning in  acetone. Sam- 
ples to be corroded in the heat- t reated state were first 
heated at 240~ for 1-2 hr  and quenched into room 
tempera ture  water. Exper iments  with a i r -quenched 
and furnace-cooled samples were also carried out to 
examine the effects of precipitate formation wi thin  the 
pr imary  lead phase. Leads were then attached as men-  
tioned above. 

The specimens were corroded in a ref luxing-type ap- 
paratus pictured in  Fig. 1. The reference electrode 
compartment  was connected via an acid bridge, the end 
of which projected up through the bottom of the cell 
with its opening located at the center of the acid reser-  
voir. Since changes in the corrosion layer are known 
to be t ime dependent,  this construction permit ted as 
many  as four samples to be corroded s imultaneously 
under  near ly  identical conditions, and then pulled for 
analysis at various t ime increments.  The reservoir was 
filled with 900 ml of 1.27 sp gr sulfuric acid solution 
(4.61M). Temperatures  were arbi t rar i ly  chosen at 32 ~ 
49 ~ , and 65.5~ (90 ~ , 120 ~ , and 150~ and were 
mainta ined within + 0.5~ in a water bath. However, 
as temperature  only changed the degree and not the 
type of corrosion, only the results for 49~ are pre-  
sented here. 

Voltages for three separate cells were potentiostat i-  
cally controlled using one Wenking and two custom- 
buil t  potentiostats. In all cases potential  variat ion held 
to _ 1 mV in the range from 1.170 to 1.500V with re- 
spect to Hg/Hg2SO4 in 4.6M acid. 

The extent  of corrosion was measured both in terms 
of weight loss of lead and the electrochemical capacity 
of the corrosion layer. For the former, the lead wire 
was detached from the sample at the solder joint  and 
the corrosion layer chemically stripped in a solution of 
the following composition: 87 cm a H20, 10g NaOH, 2g 
mannitol ,  and lg hydrazine dihydrochloride. Immer-  
sion t ime was l imited to 30 min  to preclude the deposi- 

tion of lead from solution onto the sample. The lead 
content of the solution, in parts per million, was deter-  
mined by atomic absorption and the result  converted 
to mil l igrams of lead per square centimeter. Sample 
capacities were measured by  constant  current  cathodic 
stripping in  1.27 sp gr H2SO4, using a Hewlett  Packard 
6181B d-c source. Only that  port ion of the sample up 
to the solder joint  was immersed in the acid. Discharge 
potentials were monitored with a Keithley 616 digital 
electrometer and recorded on a Honeywel l  194 strip 
chart recorder. Capacity was taken to a cutoff of 0.9V 
vs. an Hg/Hg2SO4 reference electrode. 

Samples for metal lography were mounted in a room 
temperature  curing epoxy and sectioned to approxi-  
mately  one-half  their diameter. Rough gr inding was 
done wet on silicon carbide paper using 240, 400, and 
600 grits. Rough polishing was done on a wheel using 
5.0 and then 0.3~ a lumina  and distil led water  on bi l-  
liard cloth. A Synt ron  vibratory polisher was used in 
conjunct ion with Leco Finish=Pol abrasive and micro- 
cloth for final polishing. The pH of the s lurry  was ad- 
justed to reduce oxidation of the alloy dur ing polish- 
ing. 

This final polish technique was useful here since the 
microstructure and mode of attack were of interest;  
where the s tructure of the corrosion layer must  be re-  
tained, this final polish method cannot be used due to 
localized discharge and fr iabi l i ty of the layer. 

Results and Discussion 
Structural efJect of heat=treatment.--Figure 2 i l lus-  

trates the radical effect hea t - t rea tment  has on the alloy 
microstructure.  High temperatures,  in  this case only 
12~ below the Pb-Sb  eutectic temperature,  effect 
some homogenizat ion of the supersaturated grains and 
eutectic matrix.  Thermodynamical ly ,  the grains can 
accept near ly  3.5% ant imony at the heat=treating tern= 
perature, but  1-2 hr was not adequate to accomplish 
any significant solutioning of eutectic an t imony in pr i -  
mary  lead. A point count analysis (12) revealed no sig- 
nificant reduction in the volume percent  eutectic an-  
t imony after heating. Instead, a reduction in surface 
energy was favored and diffusion along the surfaces of 
the ant imony particles caused them to round off, re-  
ducing the cont inui ty of the eutectic structure. This ef- 
fect is general  to lower ant imonial  alloys (13) and 
other alloy systems as well (14). The reduction in sur-  
face area would also tend to reduce any an t imony  flux 
into adjacent dendrites. 

Unlike the an t imony within  the p r imary  lead, eutec- 
tic Sb is exposed directly to corrosive attack and any 
change in its s tructure may be expected to alter corro- 
sion even though there was no change in  composition. 
As it relates to strength, the change in eutectic mor-  
phology is of secondary importance since low ant imony 
alloys harden by precipitation. Since the solubil i ty of 
an t imony diminishes with temperature,  precipitate dis- 
t r ibut ion is readily controlled by quenching rate. 

Weight loss measurements.--Figure 3 compares the 
weight loss data for samples corroded in the as-cast 
and heat=treated states at 49~ The general  magni -  
tudes of these weight losses, as well as t ime trends in  
the data, are in excellent agreement  with earlier find- 
ings by Lander  (15, 16). 

For equivalent  times, weight losses at any potential  
are less for the heat- t reated samples with the min i -  
mum in the curve shifting slightly to the right. Assum- 
ing the predominant  lead species in the corrosion layer 
is Pb +4 (5), effective corrosion currents  were calcu- 
lated from weight loss differences between 24 and 48 hr  
and the result  plotted as the upper  set of curves in 
Fig. 4. A comparison of rates shows the greatest bene-  
fits of hea t - t rea tment  are obtained at higher potentials 
where PbOe no longer provides a suitable barr ier  to 
corrosion. The sharp rise in corrosion is accompanied 
by profuse gassing which is at least par t ly  responsible 
for the negative curvature between 1.35 and 1.47V. 
Earlier studies, involving the direct  observation of 
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Fi~. 2. Illustrates the mlcrostructural changes associated with heat-treatment. Left, as cast (1500X); right, heat-treated (1500• 
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sample  surfaces in situ with  corrosion, showed v igor-  
ous gas evolut ion  was  capable  of dis lodging por t ions  of 
the  corrosion l aye r  (17). This was verified qua l i ta t ive ly  
by  analyzing the increas ing amounts  of PbO2 ly ing  at  
the bot tom of the  reservoi r  at  high potent ials .  

These findings are  consis tent  wi th  me ta l log raphy  on 
the corrosion in ter face  shown in Fig. 5 and 6. For  po-  
tent ia ls  up to about  1.29V, corrosion of the as-cas t  
s t ruc ture  proceeds in te rdendr i t ica l ly .  Since the den-  
dr i tes  a re  pass iva ted  by  PbO2, in terder l t r i t ic  a t t ack  
wil l  advance ahead of that  on the  p r i m a r y  lead  unt i l  
the  surface area  of the exposed dendr i tes  increases 
sufficiently to offset the h igher  ra te  of eutec~ic attack.  
The  re la t ive  rates  will ,  of course, be a l te red  by  wha t -  
ever  potent ia l  drop and pH changes occur across the 
layer .  This s i tuat ion wil l  be at  its wors t  where  abnor -  
ma l ly  long solidification t imes lead to l a rge r  dendr i t ic  
a rm spacings and the corresponding reduct ion  in den-  
dr i te  surface area. 

F rom 1.35V and up the dendr i t e  arms were  consumed 
at  an increas ing ra te  unt i l  finally, at  1.47V, pass ivat ion 
was lost and dendr i t e  a t tack  caught  up wi th  the eutec-  
tic and corrosive pene t ra t ion  was r e l a t ive ly  uniform. 

Photomicrographs  of hea t - t r ea t ed  samples  show 
that  in te rdendr i t i c  a t tack  was suppressed over  the en-  
t i re  potent ia l  range,  a l though the extent  of the benefit  
is l imi ted  at lower  potent ials .  But  more  impor tan t ly ,  a 
comparison of the me ta l log raphy  for both s t ructures  
provides  considerable  ins ight  into the  significance and 
behavior  of the eutectic mater ia l .  

Beginning at  1.41V, hea t - t r e a t ed  samples  corrode in -  
t e rg ranu la r ly .  Al though morphologica l  changes in the  
in te rdendr i t i c  and in t e rg ranu la r  an t imony  resul t ing 
f rom h e a t - t r e a t m e n t  are similar,  ra t ional iz ing the di f -  
ferences in the corrosion of these two regions requires  
some considerat ion of wha t  happens  to the lead in the 
boundaries .  

Since heat ing al ters  the  shape of the eutectic an t i -  
mony  part icles,  an t imony moving away  from an old 

Fig. 5. Cross sections of corroded surfaces of as-cast samples 
anodized at various overpotentials. (500• 

Fig. 6. Cross sections of corroded surfaces of heat-treated 
samples anodized at various overpotentiols. (500• 

site must  be immedia t e ly  replaced wi th  lead. Whi le  this 
process is genera l  to all  boundaries ,  the resul t ing  diffu- 
sion of lead leaves the in te rdendr i t i c  regions subs tan-  
t ia l ly  changed when compared  to the  gra in  boundaries .  
Lead diffusing to old an t imony  sites m a y  deposit  epi-  
t ax ia l ly  onto the  p r i m a r y  lead on e i ther  side of a 
boundary .  If  it  is a dendr i te  bounda ry  there  is no choice 
but  to assume the c rys ta l lographic  or ienta t ion  of tha t  
gra in  whereas  lead  in the gra in  bounda ry  may  assume 
e i ther  orientat ion.  The resul t  is that  lead  dendr i tes  
wi th in  a gra in  grow together,  closing in behind the re -  
ceding eutectic ant imony,  whi le  the gra in  boundary  is 
essent ia l ly  unchanged from this aspect. Corrosion, 
therefore,  p re fe ren t ia l ly  pene t ra tes  the gra in  bounda ry  
since any in te rdendr i t ic  a t tack  wil l  be s topped by  a 
l ayer  of pass iva ted  lead  br idging  be tween dendri tes .  
In  contrast,  me ta l log raphy  on as-cast  samples  suggests 
that  in te rdendr i t i c  and in t e rg ranu la r  boundar ies  look 
re l a t ive ly  the same since there  is no preferen t ia l  at tack.  

These observat ions pa ra l l e l  the ea r l i e r  w o r k  by  Bur -  
bank  and Simon (11) who observed a reduct ion in in-  
t e rdendr i t i c  pene t ra t ion  at  reduced al loy content.  A t  
compoSitions equal  to or less than  about  0.5% Sb, there  
is a loss of eutectic cont inui ty  and they  observed p r e -  
fe rent ia l  i n t e rg ranu la r  penet ra t ion .  Thus, h e a t - t r e a t -  
ment  accomplishes ve ry  much the same thing as a r e -  
duction in al loy content.  

Dur ing the process of s t r ipping  corrosion films, smal l  
grayish  residues were  found in the  bo t tom of the  sam-  
ple  beakers.  Upon invest igat ion it was de te rmined  that  
the  mate r ia l  was meta l l ic  lead, ac tual ly  lead  dendri tes ,  
which has been undercu t  and isolated in the  corrosion 
layer .  Since the  s t r ipping  solut ion did not  a t tack  lead, 
dissolution of the corrosion layer  re leased the lead pa r -  
ticles which then set t led to the bottom. This res idue 
was collected f rom each sample  corroded for 24 or 48 
hr, dissolved in ni t r ic  acid, and quantif ied by atomic 
absorption.  The resul ts  are p lo t ted  in Fig. 7. 
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As expected from the metallography, the difference 
in  residue at low potentials is small. Of far greater sig- 
nificance is the change associated with the t ransi t ion in 
corrosion mode. Between 1.29 and 1.41V, residues for 
heat - t rea ted samples are smaller  owing to the reduc- 
t ion in interdendri t ic  attack. But, at 1.47V, lead is no 
longer passivated and the dendrites of the as-cast 
s tructure are consumed before they become isolated. 
Extensive metal lography indicated that even where 
there  were marked changes in dendri te  arm spacing, 
corrosion was uni form at 1.47V. 

Contrastingly,  residues for heat - t rea ted samples re- 
main  high at this potential  as a result  of in tergranu]ar  
attack in which much larger particles become isolated. 
Comparing the values for 24 and 48 hr at 1.41 and 1.47V 
the residue gain diminishes, probably because %he 
grains are being consumed at an increasing rate. 

Cathodic stripping.--The capacities of samples dis- 
charged at constant  current  were de termined to a cut-  
off potent ial  of 0.9V. For comparison's sake, these ca- 
pacities were mult ipl ied by two since those obtained 
chemically were calculated on the basis of a four-  
electron exchange. 

Table  II compares the amount  of lead in mil l igrams 
per square centimeter  involved in the discharge of as- 
cast samples with that  incorporated in the entire layer 
as de termined by chemical stripping. Only a port ion of 
the corrosion layer is accessible dur ing  discharge; more 
mater ial  could have been reached using lower currents  
but  this was precluded by self-discharge problems 
wi th  the th in  layers. Consequently,  s tr ipping currents  
were adjusted upward  to the range 0.025-0.1 m A / c m  2 
such that self-discharge would not significantly influ- 

ence measured capacity. This in  t u r n  meant  measured 
capacity was l imited by polarization and that  the per-  
centage of mater ial  reached would be a funct ion of the 
physical nature  of the layer. 

Referring again to Table II, the amount  of mater ia l  
accessible during discharge varies with the corrosion 
potential.  The fact that  it reaches a low point in the 
middle po.tential region suggests there is something 
characteristically different about the layer which af- 
fords lead the ma x i mum protection, e.g., differences in 
composition, density, or surface area. 

From the capacities of samples corroded at different 
times but  the same potential,  corrosion currents  w e r e  
calculated as follows 

Ci - Co 
i ( ~ A / c m 2 )  = 

t i  - -  to  

where Co and to are the capacity and corrosion time 
for the first sample and Ci and ti are the representa-  
tive parameters  for successive samples corroded under  
the same conditions. 

These data were plotted as the lower set of curves in 
Fig. 4. Here again the measurements  show a sensit ivi ty 
to layer s tructure not seen by chemical means  with the 
min imums in the curves being more depressed and 
shifted to the right. However, unl ike  the chemical data, 
differences between as-cast and heat - t rea ted samples 
occur principal ly in  the region of the m i n i m u m  with 
the heat- t reated specimens showing larger corrosion 
currents.  This apparent  reversal  is a t t r ibuted to cer ta in  
s t ructural  changes occurring in the corrosion layer  
which are int imately l inked to alloy microstructure.  
Referring to Fig. 8a, the as-cast dendrites are clearly 
outl ined by holes in the layer resul t ing from the leach- 
ing of an t imony and grain boundaries  appear as 
jagged, deeply etched grooves, also result ing from ant i -  
mony leaching. At higher magnifications, Fig. 8c, t h e  
holes appear as a near ly  continuous network r immed 
by closely spaced clusters of crystals. For heat- t reated 
samples, the dendrites are dis t inguishable only at 
higher magnifications where the an t imony holes can be 
resolved. In  Fig. 8b, grain boundaries  appear as slight 
ripples but  have no other s t ructural  peculiarit ies com- 
pared to the remainder  of the film. 

Figures 8e and f reveal the extremely fine substruc-  
ture which is credited for the differences in electro- 
chemical behavior. The fact that this subst ructure  is 
more uni form over the surface of the dendri tes in  the 
heat- t reated sample suggests that solid solution ant i -  
mony, now more homogeneously distributed, is influ- 
ential  in film formation. The as-cast dendrites also con- 
ta in  some of the subst ructure  but  are pr incipal ly  iden-  
tified by a sparse growth of clusters containing larger 
crystals. 

Quenching was also given some consideration for its 
possible influence on the corrosion of heat - t rea ted  sam- 
ples. In  addition to water quenching, specimens were 
both air and furnace cooled to room tempera ture  from 
240~ all in an effort to modify an t imony precipita-  
tion. Any possible effects arising from these t reatments  
were not detectable by metal lography nor were there 
any differences in the corrosion currents  shown in Fig. 
4. 

These results indicate that  changes in  corrosion be-  
havior are due to an al terat ion of the eutectic s t ructure  
plus whatever  homogenization occurs dur ing  heating, 

Table II. A tabulation of selected data showing the amount of 
material involved in cathodic stripping compared with the total 
material present (chemical stripping) in the corrosion layer of 

as-cast samples 

Overpotent ia l  1.170 1.230 1.290 1.350 1.410 1.470 

Chemica l  s tr ipping (rag/era  ~) 1.3 1.7 0.9 1.1 1.0 1.3 1,4 3.3 4.4 9.5 8.7 18,2 
Corrosion t i m e  (hr)  24.0 48.0 24.0 48.0 24.0 48.0 24.0 48.0 24.0 48.0 24.0 48.0 
Cathodic str ipping ( m g / c m  ~) 0.32 0.54 0.046 0.060 0,062 0.074 0.070 0.088 0.13 2.4 5.6 
Corros ion t i m e  (hr)  22.8 46.2 23.3 47 23.3 47.3 26,8 50.2 26.9 50.4 23.8 - -  
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Fig. 8. SEM photomicrographs of the corrosion surfaces of samples anodized at 1.35V vs. Hg/Hg2SO4. a. As cast (300X). b. Heat-treated 
(300X). c. As cast (3000X). d. Heat-treated (3000X). e. As cast (10,000X). f. Heat-treated (10,000X). 

while  precipi tate  format ion is re la t ive ly  unimportant .  
This means the corrosion benefits of hea t - t r ea tmen t  
may be retained independent  of the mechanical  
strength. 

Conclusions 
The corrosion of a nominal  5 weight  percent  ant i -  

monial  grid alloy in the as-cast  state was found to 

change from interdendritic to a uniform mode of attack 
with increasing overpotential .  A hea t - t rea tment ,  con- 
sisting of a 1-2 hr  soak at 240~ was effective in cur-  
tailing interdendri t ic  attack especially at the higher  
potentials and also effected a reduct ion in the corrosion 
rate. However ,  hea t - t rea ted  samples do corrode in te r -  
g ranula r ly  at high potentials, a mode of at tack not seen 
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in as-cas t  specimens. This difference is a t t r i bu ted  to 
changes in the  eutect ic  s t ructure.  

ResuIts of an  e lec t rochemical  and micros t ruc tu ra l  
e~aminat ion  show the s t ruc ture  of the corrosion layer 
is sensi t ive to changes in both  overpoten t ia l  and al loy 
micros t ructure .  
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Origin of Ridge Growth on a Copper Single Crystal (110) 
Face in Acid Copper Sulfate Bath 

S. Nageswar 
Department o~ Chemistry, Centra~ ColLege, BangMore University, Banga~ore, India 

According to the  screw dislocat ion theory  of crys ta l  
growth  of Burton,  Cabrera,  and F r a n k  (1), py ramids  
are  expected to grow on any p lane  in pure  solution. 
R idge - type  growth  is observed main ly  on the  (110) 
p lane  when deposi ted f rom a modera te ly  pure  solut ion 
(2-4).  However ,  r idges  are  also observed on the surface 
of different  or ientat ions  when the solut ion is not pure  
(5-7).  Very  careful  exper iments  were  carr ied  out f rom 
h igh ly  purified solutions to s tudy the p y r a m i d a l  g rowth  
on the (110) single crys ta l  p lane of copper and a t -  
tempts  were  made  to expla in  the origin of r idge 
growth.  

The expe r imen ta l  p rocedure  has been descr ibed in  
detai l  e l sewhere  (6). Al l  glass vessels were  immersed  
in an acid mix tu re  (HNOs + H2SO4, 1: 1) overnight  
and then washed wi th  dis t i l led wa te r  fol lowed by  
conduct iv i ty  water .  The solut ion was p repa red  using 
t r ip le -d i s t i l l ed  conduct iv i ty  water ,  p ree lec t ro lyzed  for 
12 hr  a t  10 m A / c m  2. The pree lec t ro lyzed  solution was 
then  t rea ted  wi th  ac t iva ted  charcoal  and neu t ra l  a lu-  
mina. H2SOt (AR grade)  was redis t i l led  separa te ly  and 
t rea ted  wi th  ac t iva ted  carbon. A ba th  of 0.25M CuSO4 
+ 0.1M H2SO4 was then  prepared .  

The (110) plane was first mechanica l ly  pol ished on 
3/0 and 4/0 emery  pape r  using e thyl  alcohol as a lubr i -  
cant. Then the  specimen was washed under  running  
dis t i l led wa te r  for 10 min  and finally washed  wi th  con- 
duc t iv i ty  water. To remove the damaged portion, the 

Key words: rectangular pyramids, (llO) plane, copper electro- 
deposits, 

mechanica l ly  pol ished surface was subjec ted  to e lect ro-  
pol ishing in 50% orthophosphoric  acid ba th  at  a con- 
stant  cell potent ia l  of 1.2V (8). 

Results and Conclusions 
Ridges are  noticed on the  (110) p lane  of copper f rom 

modera te ly  pure  solution at  al l  cur rent  densit ies (2, 5, 
10, and 20 m A / c m  2) as observed by  ear l ie r  workers  
(2, 3). The direct ion of the  r idge  a l ignment  is along 
[110] at 2 and 5 m A / c m  2, as noticed by  ear l ie r  workers  
(4). Fur the rmore ,  i t  has also been noticed tha t  the  
r idges al ign in the [100] direct ion if the  overpoten t ia l  
is be low 100 mV and in the  [110] di rect ion above 100 
mV (4). 

In  the present  work, occasional r ec tangu la r  py ramids  
were  observed at  a thickness corresponding to 2 C/cm 2 
when copper was deposi ted f rom highly  purif ied acid 
copper sulfate  solut ion at 20 m A / c m  2 (Fig. 1). At  a 
thickness corresponding to 4 C/cm 2, the  deposi t  con- 
sisted of a h igher  densi ty  of rec tangu la r  pyramids  as 
shown in Fig. 2. When  the thickness of the  deposi t  was 
6 C/cm ~, there  was a merg ing  of r ec tangu la r  pyramids  
(Fig. 3), the a l ignment  of which was in the  [110] 
direction.  At  a thickness of 8 C/cm 2, there  was a 
h igher  densi ty  of merg ing  pyramids .  Big r idges were  
observed at a thickness of 10 C/cm 2. These  r idges were  
also a l igned along the [110] direct ion (Fig. 4). 

The ra te  of format ion  of r ec tangu la r  p y r a m i d a l  
g rowth  depends upon the mean  l i fe t ime of an adion on 
the surface, the dis tance be tween  the kinks,  and the 
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Fig. 1. Formation of rectangular pyramids at 2 C/cm 2 at 20 mA/ 
cm ~ on the (110) copper plane. 625X.  

Fig. 3. Merging of rectangular pyramids at 8 C/cm ~ at 20 mA/ 
cm 2 on the (110) copper plane. 625X.  

Fig. 2. More number of rectangular pyramids at 4 C/cm 2 at 20 
mA/cm 2 on the (110) copper plane. 625X. 

exchange  cur ren t  dens i ty  according to Vermi lyea  (9).  
In  the  case where  the exchange current  densi ty  is more 
than  the current  dens i ty  applied,  the dislocation step 
remains  s t ra ight  and does form a py ramid  th rough  
spi ra l  formation.  If  the  net  cur ren t  densi ty  is grea ter  
than  io, p y r a m i d a l  g rowth  occurs on the surface. At  
low overpotent ia ls  the surface s t ruc ture  p lays  a decisive 
role in de te rmin ing  the ra te  of deposition. Fur the rmore ,  
the  incorpora t ion  of adions is easier  along the [100] 
direct ion compared  to the [110] direct ion as expected,  
since atomic dens i ty  along the [100] is lower  than  
along the  [110] (10, 11). Hence, py ramids  and r idges 
are  a l igned along the [100] direct ion at low overpo-  
tent ia ls  (2), and at h igh overpotent ia ls  they  are  a l igned 
along the [110] direction. 
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Fig. 4. Formation of ridge-type growth at 10 C/cm 2 at 20 mA/ 
cm 2 on the (110) copper plane. 625X.  (10 C/cm ~ = 3.6/~m). 

Any discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the June  1977 
JOURNAL. All  discussions for the  June  1977 Discussion 
Section should be submit ted  by Feb.  1, 1977. 
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D I S C U S S I O N  

S s  

This  D i scus s ion  Sect ion includes  discussion of  papers  appearing 
in  t h e  Journal of The Electrochemical Society, Vol. 123, No. 2 and 
3; F e b r u a r y  a n d  M a r c h  1976. 

Electrophoretic Mobilities of Cadmium Hydroxide, 
Nickel Hydroxide, and Silver Oxide in Ni-Cd and 

Ag-Zn Battery Electrolytes 

S. W. Mayer (pp. 159-162, Vol. 123, No. 2) 
S. D. James9 It gets increasingly hard to accurately 

measure electrokinetic effects at high salt concentra-  
tions. This difficulty arises because, in a dispersion, the 
measured electrical effect is always a combinat ion of 
interfacial  and bulk  processes. Consider a solid dis- 
persed in  a salt solution. As salt concentrat ion rises 
two things happen: first, the diffuse par t  of the elec- 
tric double layer  is compressed toward the solid, thus 
diminishing interracial  influence; 2 simultaneously,  solu- 
t ion conductance rises, thus augment ing  bulk  solution 
influence. Eventua l ly  the interracial  contr ibut ion is 
lost in a much larger bulk  solution effect. Apparent ly  
this usual ly  occurs well below a salt concer~tration of 
0.1N since electrokinetic effects have rarely, if ever, 
been reported above this value. 8 However, in  the paper 
under  discussion, unusua l ly  high electrophoretic mo- 
bilities are reported for ba t te ry  oxides in  34 and 43 
w/o KOH, i.e., at up to 10N. So if these data are valid, 
they represent  a major  advance in  the electrokinetic 
l i terature.  However, before this work can be accepted, 
the following questions must  be answered. 

1. How does the author calculate the tabulated mo- 
bilities? Using his raw data, I calculate that these 
mobilit ies and the derived zeta potentials should be 
about one thousand times higher than those he reports 
in  Tables I-III.  If my calculations are correct, the mo- 
bilities of the species range up to 2 cm/sec and their 
zeta potentials up to 1700V in l l M  KOH (43 w/o) .  
Since ~ hardly  ever exceeds a few hundred  mV even in 
dilute solution and falls with increasing ionic strength, 3 
such data seem highly questionable. 

For  the author 's  benefit I will itemize one of my 
calculations. I used his Eq. [2] in  the form 

m = W / t ~ i ~ d  

where m is electrophoretic mobil i ty in ( cm/ se c - 1 ) /  
(V cm-1) ,  ~ is specific resistance of suspension in  
cm, W, in grams, is observed change in mass of collec- 
tion cell after the passage of i amp for t sec, ] is product 
of volume fractions of solid and liquid, and d, in grams 
per cubic centimeter, is density difference between 
solid and liquid. This is the form in which the equation 
has been used by previous workers. 4 I will now calcu- 
late m and ~ corresponding to the first data l ine of the 
author 's  Table I. This refers to electrolysis of a sus- 
pension, ]3.9 w/o cadmium hydroxide in 34 w/o KOH 
which is also 0.8 w/o in potassium carbonate. From his 
figures of 13.9 and 6.4 for the weight percent  and dens- 
ity (g/cm 3) of cadmium hydroxide and using the 
density of 34 w/o KOH, 1.33 g/cm 3 as that of the liquid 

1 Nava l  S u r f a c e  W e a p o n s  Cen t e r ,  W h i t e  Oak  L a b o r a t o r y ,  S i lver  
Sp r ing ,  M a r y l a n d  20910. 

-~ J. J. B i k e r m a n ,  in  " E n c y c l o p e d i a  of  E l e c t r o c h e m i s t r y , "  C. A. 
H a m p e l ,  Ed i t o r ,  p. 473, Re inho ld ,  N e w  Y o r k  (1964). 

J. Th.  G. O v e r b e e k ,  in "Co l lo id  S c i e n c e , "  Vol. 1, H. R. K r u y t ,  
Ed i to r ,  E l sev ie r ,  A m s t e r d a m  (1952). 

4 J. p .  Ol iv ie r  a n d  P. S e n n e t t ,  P r o c e e d i n g s  of t h e  15th Confe r -  
ence  on  Clays  a n d  Clay  Minera l s ,  p. 345, P e r g a m o n  P r e s s ,  N e w  
Y o r k  (1967). 

phase, ] is calculated as 0.033 X 0.97 -- 0.032. Also, d -- 
6.4 -- 1.3 _-- 5.1 g/cm~; W ----- 0.031g; i _-- 0.005A; t = 
360 sec. As an approximation for ~, the specific resist- 
ance of the suspension, I used the valUe for pure, 34 
w/o KOH at room temperature,  viz. ,  1.9 12 cm (2.5 12 cm 
for 43 w/o KOH).  Thus, m ----- 0.031/(360 X 1.9 X 0.005 
X 0.032 • 5.1) ---= 0.056 (cm s e c - 1 ) / ( V  cm-~) .  This 
mobil i ty  is 700 times greater  than  that  tabulated by 
Mayer (viz. ,  0.00008). 

A similar  calculation made for the second data l ine 
of Table III  produces m _-- 1.62 (cm s e c - 1 ) / ( V  cm -1) 
for silver oxide in 43 w/o KOH, which is 960 times 
Mayer's tabulated figure. In  calculating [ from m, 
Mayer evidently used n / D  values of about 0.00045 poise 
in Tables I, II and 0.00079 in  Table III. Using these 
values and applying his Eq. [3], I arr ived at zeta po- 
tentials of 33 and 1660V for the two mobilities calcu- 
lated above. [In checking the author 's  calculations of 
m, I assumed that the second column of his tables re- 
fers to his p r imary  measurement ,  namely  the observed 
increase in weight of the collection cell (----W1) ra ther  
than  to the derived quant i ty  which heads the column, 
"mg of suspension collected at anode (cathode)," 
(----We). The two quanti t ies  are related by W 1 / W 2  --- 
all(solid densi ty) .  For  the Ag, Cd, and Ni hydroxides, 
this ratio is 0.81, 0.80, and 0.68, respectively. Thus, even 
if my assumption is wrong, the biggest error  involved 
is only 32%.] 

2. How did the author avoid incurr ing serious errors 
from the electrolytic formation of gases at his stainless 
steel electrodes? At a steel cathode the passage of 
0.005A for 360 sec should generate 0.228 cm 3 of hydro-  
gen at 1 atm and 25~ The resul t ing expulsion of 
0.228 cm z of a 1.4 g/cm 8 suspension would l ighten the 
collection cell by 0.319g, an amount  greater than most 
of the author 's  tabulated W's. (It is unl ike ly  that re-  
duction of suspended particles of metal  oxide would 
significantly share the cathodic current.)  At a s ta in-  
less steel anode, this error would be smaller, first be-  
cause not more than 0.114 cm 3 of oxygen could be 
evolved and second in proportion to the fraction of 
current  carried by anodic dissolution of the steel. How- 
ever, the result ing dissemination of heavy metal  ions 
would seriously contaminate the suspension. 

3. How did the author prevent  his de terminat ion  of 
W from including large errors caused by the settl ing of 
solid particles dur ing the experiment? In  my own ex-  
perience with this type of measurement  (using the 
Model 1202 apparatus of Micromeritics Ins t rument  Cor- 
poration, Norcross, Georgia, spinning at 30 rpm) errors 
of up to 0.2g were common unless the suspension was 
very well dispersed. It  seems unl ikely  that, up to 12M 
KOH (45 w/o) ,  the author 's  suspensions were well-  
enough dispersed to avoid sett l ing errors since floccu- 
lat ion normal ly  occurs at these high ionic strengths. 
(When I repeated the author 's  silver oxide suspension 
preparation, I obtained a very coarse and rapidly 
settling precipitate, quite unsui ted  for electrophoresis 
measurements.)  

4. What were the exact details of the author 's  ex- 
per imental  a r rangement?  This is hard to visualize from 
the scant description in the article. He states that he 
used the method of Sennet t  and Olivier as modified by 
Long and Ross. However, in  this modification the a p -  
paratus was (almost by necessity) s tat ionary while the 
author 's  setup was rotated at 30 rpm. 
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Effect of Temperature on Electrode Kinetic Parameters 
for Hydrogen and Oxygen Evolution Reactions on 

Nickel Electrodes in Alkal ine Solutions 

M. H. Miles, G. Kissel, P. W. T. Lu, and S. Srinivasan 
(pp. 332-336, Vol. 123, No. 3) 

B. C h a t t e r j e e :  "~ In  the paper  under  discussion, the ex-  
change current  density io for the h y d r o g e n  evolution 
reaction (HER) is shown to compare closely with that  
for the oxygen evolution react ion (OER), except at 
80~ Since io is a major  kinetic parameter  in  an elec- 
trochemical reaction, the above comparison, especially 
at low overpotential  (n), would suggest a similar rate 
of reaction and ra te-control l ing mechanism for HER 
and OER. This view is, however, not supported by the 
results of the paper under  discussion where dissimilar 
activation energies for the two reactions are given. 
(For example, a higher activation energy for OER 
would imply a lower reaction rate than  that  for HER.) 
This apparent  discrepancy can be resolved by est imat-  
ing the chemical reaction rate constants at various 
temperatures.  Such an  approach is conceivable due to 
the similari ty in the basic mechanism of chemical and 
electrochemical reactions in  alkal ine solution. ~ I t  is 
known that for cathodic reaction (HER) the relat ion 
between the chemical rate constant Kc and the poten- 
tial V is given by 

Kc : ( i /nF) exp ( - -aVF/RT)  

where i is the applied current  density, n is the number  
of electrons involved in  one set of reaction, a the t rans-  
fer coefficient, F the Faraday  constant (96.5 kC 
m o l e - i ) ,  R the gas constant  (8.317 J m o l e -  1 K-* ) ,  and 
T is the absolute tempera ture  in  ~ The correspond- 
ing equat ion for anodic reaction (OER) is 

Ka : ( i /nF) exp [(1 -- a) VF/RT]  

In  the present  calculation, the potential  V at a part ic-  
u la r  tempera ture  is obtained from the first slope of the 
dual  Tafel regions of Fig. 3 in  the paper under  discus- 
sion, at a constant current  density of 10 m A / c m  2. Re- 
suits in Table I are estimated by assuming a single 
electron t ransfer  mechanism and using the ~-values as 
given by Miles et al. From Table I one can now get a 
bet ter  idea of the rate of HER relat ive to OER at a 
part icular  temperature.  The Arrhenius  plot of logloK 
against 1/T is l inear  for HER~ and the activation ener-  
gies are about 6 and 11 kcal mole -1 at low and high 
n, respectively. These values compare closely with 
those reported in the paper under  discussion for the 
change of lOgl0io with 1/T. The l inear  Arrhenius  plot 
for OER which includes data at 80 ~ 150 ~ and 208~ 
(at high n) gives an activation energy (of about 11 
kcal mole -1) similar  to that  for HER at high ~0. How- 
ever, unl ike  HER, there is a sudden increase in the 
rate constant  for OER as the tempera ture  is raised 
from 208 ~ to 264~ Thus, except for anodic reaction at 
264~ which will be discussed next, one would expect 
due to similar activation energy both HER (high ~) 
and OER being controlled by  an identical ra te -de ter -  
min ing  process, such as electrochemical desorption as 

T he  British Aluminium Company, Limited, Gerrards Cross, 
B u c k i n g h a m s h i r e  S L 9 0 Q B ,  England. 

8 B. Cha t t e r j ee ,  This Journal, 123, 1920 (1976). 

Table I. Estimated chemical rate constants (K) at 10 A/cm :~ 
current density for the cathodic and the anodic reactions on 

polished nickel electrodes in 50 w/o KOH solutions 

T (~ 
Cathodic react ion Anodic reaction 

(HER) (OER) 
Kc (mole  c m  -~ see-*) Ka (mole  cm -~ sec -~) 

low ~ h igh  ~/ low ~ h igh  

80 
150 
208 
264 

2.0 • I0 -g 
I . I  x 10 -s 6.9 • I0 -s 
2,5 x i0 -s 7.6 • i0  -s 
3.2 x 10 -s 7.0 x 10 -s 

1.5 • iO -I~ 
2.6 • i0  -~  

2.3 x i0 -6 1.3 • I0 -~I 
1.9 x 10 TM 

suggested in the paper under  discussion. At low ~, the 
Tafel slope of 2RT/3F for HER which is lower than  
2RT/F at high ~ is associated with rate constants 
which give a lower activation energy of about 6 kcal 
mole -1. It seems probable that chemical desorption 
(Tafel recombination) is the ra te -de te rmin ing  step 
for HER at low ,1. 

The anodic Tafel slope of RT/3F, i.e., a = 3.3 at 
264~ is shown in the paper  under  discussion to be 
lower than the cathodic slope of 2RT/3F at low n. 
However, despite the different a-values the io values 
are reported near ly  the same for anodic (1.0 >< 10-~ 
A/cm 2) and cathodic (0.93 X 10-~ A/cm 2) reactions 
(Tables II  and III  of the paper  under  discussion). I t  is 
difficult to rationalize this apparent  inconsistency of 
the exper imental  results in terms of the suggested 
magnetic change of the oxide which will be paramag-  
netic in all cases at 264~ However, one can suggest 
that  since a is inversely proport ional  to the thickness 
of the double layer, 7 it is l ikely t h a t  dur ing  anodic 
polarization of nickel in alkal ine solution the thickness 
of the double layer by certain mechanism is almost 
nonexis tent  at 264~ compared to that  produced by the 
cathodic reaction. This can explain the abrupt ly  high 
rate constant for OER at 264~ Such a theory may be 
confirmed by experiments  outl ined elsewhere 7 on the 
effect of suitable additives on overpotential  for both 
HER and OER in alkal ine solution. The other sugges- 
t ion to explain the above inconsistency of results would 
be to analyze them in  terms of surface coverage by 
intermediates  (oxide or peroxide).S 

~VI. H.  Mi les ,  9 G. Ki s se l f l  ~ P.  W. T. Lu,  u a n d  S. Srini- 
vasan:  10 We appreciate the interest  shown by Dr. Chat- 
terjee in  our paper  and believe that he raised an in ter -  
esting question regarding the similar io values for the 
HER and OER at high temperatures.  Unfortunately,  
however, his calculations of the chemical rate con- 
stants contain the following serious errors. 

i. The use of the potential, V, vs. the dynamic hy-  
drogen electrode (DHE) at 10 mA / c m 2 by Dr. Chatter-  
jee ra ther  than the overpotential,  o, makes the numer i -  
cal values of the chemical ra te  constants dependent  on 
the choice of a reference electrode. The equations 

~a : ~7 __ EROE 

11C = V -- InDHEI 

can be used to calculate the necessary anodic and 
cathodic overpotentiats by using the numerical values 
for EROE and )]DHE[ given in Table I of our paper. The 
equations given by Dr. Chatterjee for calculating the 
chemical rate constants also have sign errors in the 
exponential terms. However, he apparently compen- 
sated for this in his calculations. 

2. Dr. Chatterjee's calculation of the anodic rate con- 
stant is incorrect. Our reported anodic transfer co- 
efficient for the OER, aa, should be used directly in 
the exponential term rather than 1 -- =. This error 
accounts for Dr. Chatterjee 's  unusua l ly  high anodic 
rate constant of 1.9 X 10 TM mole cm -2 sec -1 at 264~ 
Even for a diffusion-limited reaction, the rate constant 
should be less than about 10 -3 mole cm -2 sec -]  ac- 
cording to Fick's first law. The correct expression for 
calculating the anodic rate constant  is 

ia 
ka = ~ e--C~aF~/RT [1] 

n F  

and a value of 3 X 10 -9 mole cm -2 sec-* is obtained 

7 R. Pa rsons  and J. O'M. Bockris,  Trans. Faraday Soe., 47, 914 
(1951)o 

s A. Damjanov ic ,  A. Dey, and J. O'M. Bockris ,  This Journal, 113, 
739 (1966). 

9 D e p a r t m e n t  of Chemis t ry ,  Middle Tennessee  State University,  
Murf reesboro ,  Ten n es see  37132. 

lo D e p a r t m e n t  of Applied Science,  Brookhaven National  Labora-  
tory,  Upton ,  New York  11973. 

~ D e p a r t m e n t  of Mater ia ls  Science, State Universi ty  of New 
York at  Stony Brook, Stony Brook, New York 11794. 



Vol .  I23 ,  No .  12 DISCUSSION SECTION 1859 

for the OER reaction at 264~ by  using n ---- 4 equiv. /  
mole, aa : 3.3, and ~ ---- 0.03V at a current  density of 
0.010 A/cm. 

Due to these errors, all of the chemical rate constants 
given by Dr. Chatterjee are incorrect and his comments 
based on these values are invalid. F rom Eq. [1], ka 
= i J n F  at zero overvoltage, hence the correct chemi- 
cal rate constants are proport ional  to the exchange 
current  densities, and their  tempera ture  dependencies 
would lead to the same activation energies as reported 
in  our  paper. 

Several  explanations can be offered for the similar io 
values observed for the HER and OER at high tem-  
peratures.  The HER occurs on a bare nickel surface 
while  the OER occurs on an  oxide-covered surface. 
The roughness factor, therefore, may be considerably 
larger  for the nickel anode surface than  for the nickel 
cathode surface. This would tend to reduce the actual 
differences in io values for these two reactions. Also, 
increasing the tempera ture  has a greater  effect on the 
reaction of higher act ivation energy, hence the t rue 
differences in io values for HER and OER would dim- 
inish at higher temperatures.  

Comparisons of io values are difficult due to the 
various parameters  which affect the exchange current  
density. For the mechanism of the HER at high tem- 
peratures suggested in  our paper  

H2O ~- e -  ~ Hads -~- O H -  (fast) 
k-1 

H20 -5 Ha~s + e -  --> H2 -5 O H -  (slow) 

the exchange current  density under  Langmui r ian  con- 
ditions at low ~] is given by 

kl (aH2o) ~ 
io ---- 21ek2 - -  - -  e -(I+~)FA~JRT [2] 

k -  1 aOH-- 

where /~ is the symmetry  factor (usual ly about 0.5) 
and 5r is the absolute potent ial  difference across the 
interface at equil ibrium. 12,13 The ratio of rate con- 
stants, k l / k - 1 ,  is the equi l ibr ium constant for the fast 
discharge step. According to LeChatelier 's  principle, 
k l / k - ~  will  decrease with increasing temperature,  
hence this will  tend to offset the normal  increase of 
k2 with increasing temperature.  This would account 

S. Srinivasan, Ph.D. Thesis, Universi ty of Pennsylvania,  Phila- 
delphia, Pennsylvania  (1964). 

J. O'M. Bockris and A. K. N. Reddy, "Modern Electrochem- 
istry," Vol. 2, pp. 1238-1242, P l enum Press,  New York (1971). 

for the small  increase in  io for the HER at low ~] re-  
ported in  our paper  and explain the low ~H4 (8 kcal /  
mole) observed. For this same reaction mechanism at 
high ~], the exchange current  density 

io "- 2Fk2ai~2oe -~FAte/RT [3] 

is directly proport ional  to the rate constant, k2, for 
the slow step. This would explain the larger ~H* 
(14 kcal /mole)  observed at high 7]. 

Assuming the following mechanism for the oxygen 
evolution reaction 

O H -  ~-- OHads -5 e -  
k4 

k~ 
OHads  -5 O H -  ~ Oads ~- H 2 0  -5 e -  

k5 
Oads + Oads-~ O~ 

the exchange currer~t density is given by 

io ~- 4Fk3 (aOH-) e ~FAr [4] 

if the first electron transfer  is the slow step. Since io 
is directly proport ional  to k3, the observed AH4 value 
of 18 kcal /mole could be related to the activation 
energy for this slow step. Since A~b e may be quite 
different at the equi l ibr ium potential  for the OER as 
contrasted with the HER, it is difficult to relate the ex- 
per imental  differences in  io found for these two reac- 
tions to the rates of the slow steps involved. Above 
250~ where the nickel oxide becomes paramagnetic,  
the recombinat ion of adsorbed oxygen atoms becomes 
the slow step, hence the expression for the exchange 
current  density changes to 

io - -  4Fk5 ~-~-_3 / \ k - 4  / (aH2o) 2 

For this mechanism, io no longer relates simply to 
the rate constant for the slow step. Equations 4 and 
5 show that  it is even difficult  to compare io values 
for a given reaction if a change in  the slow step 
occurs. For example, despite the significant rate in -  
crease observed for the OER between 208 ~ and 264~ 
the exchange current  densities do not  reflect this 
improvement  in  the kinetics. 

In  summary,  the results presented in  our paper are 
consistent with the above expressions, and, in fact, 
this theoretical analysis lends support to our original 
conclusions. 
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A Rutherford Backscattering Analysis of 
Anodic Tantalum-Titanium Oxides 

R. L. Ruth and N. Schwartz* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Sput tered t an ta lum- t i t an ium alloy thin films have  been anodized in 0.01% 
aqueous citric acid, and the atom distribution, stoichiometry, and thickness 
determined by Rutherford  backscattering analysis and stylus measurement .  
The anodic oxide film consists of a uniform amorphous mix tu re  of TarO5 and 
TiO2 with about 3% of the oxide at the electrolyte  interface consisting of 
almost pure  TiO2. During anodization a small fraction of the t i tanium dis- 
solves in the electrolyte.  The apparent  growth constant of the anodic oxide 
on Ta0.49Ti0.51 films is 1.88 _ 0.02 nm/V.  The density of the oxide is deter-  
mined as (5.9 ___ 0.2) X 108 k g / m  8. F rom aqueous contact capacitance mea-  
surements,  the dielectric constant of the alloy anodic oxide is 24.7 _ 0.9. 

In an earl ier  paper (1), Schwartz  and Peters  invest i-  
gated the suitabil i ty of tanta lum-si l icon alloys for use 
in tan ta lum thin-f i lm component  applications. Subse- 
quent ly  S i lverman and Schwartz  (2) related the prop-  
erties of anodic oxide films formed on the tan ta lum-  
silicon alloy to their  composition determined by Ruth-  
erford scattering. It has been found from this and other 
studies that alloying the tanta lum with other  metals 
general ly  increases the rel iabil i ty of tanta lum oxide 
thin-f i lm capacitors. In cases invest igated to date, how- 
ever, this alloying has been accompanied by a decrease 
in the capacitance density of the film. It would be de- 
sirable to find a mater ia l  which could maintain or im-  
prove the capacitance density characteristics while also 
increasing reliability. 

Polycrystal l ine bulk t i tanium dioxide has a dielec- 
tric constant ranging from 48 to 110 depending upon 
phase (3), while in a recent  review (4), the dielectric 
constants of anodic t i tanium oxides have reported val-  
ues from 40 to 105, with some values as low as 21. These 
values are general ly higher  than those reported for 
anodic tanta lum oxide of 26.7-27.6 (5, 6). The anodiza- 
tion of bulk Ta-Nb alloys (7) and bulk Ta-Ti  alloy 
(8) have yielded oxide films with capacitance densities, 
and possibly dielectric constants, higher than that of 
tanta lum alone, and it was anticipated that Ta-Ti  
anodized alloy films would have a higher capacitance 
density than comparable concentrations of silica (1) or 
a lumina (5) in anodic tan ta lum pentoxide. To explore  
the possibility of Ta-Ti  as a single mater ia l  thin film 
system for passive integrated circuits, Peters and 
Schwartz  (9) invest igated t an ta lum- t i t an ium for ca- 
pacitor applications and its relat ion to the present 
tanta lum thin-fi lm technology. These results indicate 
that t an ta lum- t i t an ium anodic oxide capacitors are su- 
perior  to normal  be ta - tan ta lum based capacitors with 
respect to cathodic voltage life test stability. Oohashi 
and Yamanaka (10) had previously studied the re-  
sistive propert ies of t an ta lum- t i t an ium alloy sputtered 
films. 

* Electrochemical Society Active Member. 
Key words: alloys, sputtering, dielectric properties, 

This paper reports the results of a Rutherford back- 
scattering analysis of approximately Ta0.sTio.5 alloy 
samples and their anodie oxides as a function of ano- 
dizing voltage. Compositions of the films were deter- 
mined before and after anodization, and a profile of the 
composition of oxides and unanodized films as a func- 
tion of thickness were extracted from the spectra. Such 
information should yield insight into the mechanisms 
involved in the anodization process, and also comple- 
ment the work done in earlier studies. For example, 
silicon and titanium can both have a bulk oxide valence 
of +4. If the mechanism of the two alloy anodizations 
were the same with respect to cation transport,  then 
both silicon and t i tanium should have similar distr ibu- 
tions in the anodic oxide. In the case of tan ta lum-  
silicon, anodization results in a duplex oxide, with an 
outer Ta205 layer, and an inner  layer  consisting of a 
uniform mixture  of Ta205 and SiO2 (2). One purpose 
of this study was to determine  whether  the same distr i-  
bution existed in t an ta lum- t i t an ium anodized layers. 
Secondly, in order to unders tand the change in ca- 
pacitance density with t i tanium additions, it is neces- 
sary to know the oxide film thickness. In a potent ial ly 
complex oxide film, such as a duplex film, optical thick-  
ness determinat ion techniques are difficult to interpret ,  
and Rutherford  scattering gives a direct result  in terms 
of number  of atoms per square centimeter,  the atom 
distribution as a function of thickness, and stoichiome- 
try. 

Experimental Procedure 
Sputtering, anodization, stylus measurer~ent.--The 

films used for this study were  prepared in essentially 
the same way as described earl ier  (2). 

The fused silica substrates used for the deposition 
were  cleaned sequent ial ly  in: hot t r ichloroethylene 
vapor, ultrasonic agitat ion in detergent,  boiling hydro-  
gen peroxide, and overflow rinse in deionized water.  
The samples were  dried in ni t rogen at 110~ to remove 
bulk water  and given a final ha l f -hour  bake at 550~ 
in air to remove traces of organic contaminants.  Af ter  
insertion into the vacuum station, the substrates were  

1860 
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first heated at 500~ to remove gases adsorbed on the 
surface dur ing exposure to air, and then cooled to 
120~ Deposition was accomplished by d-c diode sput-  
ter ing of a composite cathode consisting of t an ta lum 
with t i t an ium foil stretched across the surface. The 
sput ter ing was carried out in a glass bell jar  pumped 
by a 6-in. oil diffusion pumping  system with a l iquid 
ni t rogen trap. The atmosphere dur ing  deposition was 
argon at a pressure of 20 • 10 -3 Tor t  (2.7 Pa) .  Sput-  
ter ing from the 232 cm 2 cathode was done at a poten-  
tial of 5 kV, a current  density of 0.19 mA/cm 2, and an 
interelectrode spacing of 7 cm. Following a 45 min  pre-  
sput ter ing period dur ing  which the substrates were 
covered by a shutter, the films were deposited in  24 
min. During the deposition, due to the energy of the 
discharge, the temperature  rose from 120 ~ to 180~ 
The deposition rate varied from 0.8 to 1.2 nanomete r s /  
min depending on the relative areas of the t an ta lum 
and t i t an ium at the cathode. For this study, the deposi- 
t ion resulted in films of approximately 50 atom per cent 
(a/o) Ti. The crystal s t ructure was determined using 
a Read Camera (11), and found to be highly oriented 
single phase bcc with a cell constant of 0.3307 ___ 0.0002 
rim. 

For anodization, each 2.5 • 7.5 cm slide was scribed 
and broken into six 1.25 • 2.5 cm samples. On each 
sample, a thin piece of Minnesota Mining and Manu-  
facturing electroplater 's tape was used to mask the ex- 
pected location of the electrolyte-air  interface, and 
contact was made to the film with a small  alligator clip. 
Anodizat ion was performed in 0.01% citric acid using a 
t an ta lum cathode with an Electronic Measurements 
Incorporated constant  cur ren t /cons tan t  voltage power 
supply. The current density during anod iza t ion  was 
held at 1.5 mA/cm 2 until the desired voltage was 
reached, and then constant voltage was maintained for 
20 rain. The electroplater's tape was able to mask with 
a definition of 0.2 ram. All of the interference colors of 
the anodie oxide were bright and clear, indicating no 
obvious crystallization. Moreover, Read Camera x-ray 
analysis (Ii) indicated that all of the anodic oxides 
were amorphous with respect to Cu radiation. 

For one sample, the thicknesses of the alloy film and 
the alloy anodic oxide were determined using a stylus 
method (12) after creating sharp steps using an elec- 
trochemical etching method in NH4Cl/absolute meth- 
anol solutions (13). This electrochemical etch com- 
pletely undercuts the anodic oxide at the alloy-oxide 
interface leaving a transparent oxide which when dried 
is firmly adherent to the substrate allowing the stylus 
to traverse the step from the oxide-substrate very re- 
producibly. 

The capacitance densities of the samples were deter- 
mined on known areas of the samples in 8N sulfuric 
acid to minimize cell resistance, and on thin film ca- 
pacitors with evaporated nichrome-gold counterelec- 
trodes. 

Backscattering.--Silverman and Schwartz describe 
the basic concepts behind the use of Rutherford back- 
scattering in their work on the tantalum-silicon system 
(2). As in that study, the backscattering facility used 
was the Bell Laboratories van de Graaf accelerator. 
This apparatus, along with the equations used in analy- 
sis of the data, have been described in detail in an 
earlier paper (14). 

In this study five anodized specimens were examined. 
All had been prepared from the same sputtered 2.5 X 
7.5 cm slide in order to provide a similar starting point 
for each case. Each sample was then anodized to a dif- 
ferent final voltage: 46, 84, 134, 178, and 229V. In all 
cases the tantalum-titanium film was thick enough 
such that the alloy film was not consumed during 
anodization. Each specimen was analyzed in two differ- 
ent areas: (i) the original metal film, and (it) the 
anodized film on top of the original metal film. Beam 
current was approximately 5 nA, and about 25 min 
was required to obtain counting statistics good to 1% 
for the titanium and oxygen regions of the spectra, 

resul t ing in a total integrated beam charge of 6 ~C. 
The hel ium ion beam energy was 1.90___0.01 MeV. En-  
ergy resolution of the spectra was l imited by the reso- 
lut ion of the silicon surface barr ier  detector to about 
15 keV. 

Results 
Figure 1 is the backscattered energy spectrum for 

the unanodized region of the sample subsequent ly  
anodized to 229V. The yields for the lower energy re- 
gions ( t i tanium, argon, and substrate sil icon-dioxide) 
have been magnified by a factor of 4 for clarity. Marks 
on the abscissa indicate the energies that  detected 
particles would have if they were scattered by tan-  
talum, t i tanium, argon, silicon, and oxygen atoms at 
the surface of a sample, calculated for the init ial  pro-  
jectile energy of 1.90 MeV. The positions of the leading 
edges of the t an ta lum and t i t an ium regions indicated 
on the figure show that both elements are present  at 
the surface. Argon is t rapped in the sputtered film dur -  
ing deposition, and one can see the t rai l ing edge of the 
argon region on the left side of the t i tan ium peak. The 
leading edge of the argon is h idden by overlap with 
the t i t an ium peak. 

Composition informat ion can be extracted from data 
like Fig. 1 by comparing the yields of the various ele- 
ments after removing the Z 2 dependence of the scatter- 
ing cross section. Determining the tantalum yield was 
straightforward since the background is less than 0.5% 
of the tantalum counts. The titanium and argon, how- 
ever, presented a problem because of the overlap. Since 
other spectra indicated that argon is present up to the 
film surface, one could identify the leading and trailing 
edges of the argon region. In order to determine the 
magnitude of the argon yield, the assumption was made 
that argon is distributed uniformly throughout the 
film; this assumption is based on the results in the 
Ta-Si system, as well as the way the sputtering is done. 
One could then determine the argon yield from the 
height of the region to the left of the titanium plateau, 
and subtract an appropriate number of counts from 
that portion of the titanium plateau that overlaps the 
argon. Unlike the tantalum region, the background 
under the argon and titanium is significant and was 
subtracCed from both totals. 
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Fig. 1. Backscattered energy spectrum from a sputtered tantalum- 
titanium film about 260 nm thick, subsequently anodized to 229V. 
The yields for energies below those of the Ta region are shown 
magnified by a factor of 4. The energies marked on the abscissa 
are those of partlcles hackscattered by the various elements (Ta, 
Ti, Ar, St, O) at the surface of a film. The To, Ti, and Ar yields 
from the film are shaded and identified as ore the Si and O yields 
from the fused silica substrate. 
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Table I. Film compositions of tantalum-titanium alloy films 
produced by d-c diode sputtering of a tantalum cathode with 

titanium foil stretched over the cathode surface 

Identifying* 
Sample anodization 

NO. voltage, V Composition 

1 46 Tao.47Tio.~Aro.o~s 
2 89 Tao.49Tio.~7Aro.o3s 
3 134 T ao.~sTio.~Aro.~s 
4 178 Tao.t~Ti0.zeAro.oes 
5 229 Tao.~Tio.~-ro.~s 

Average  Tao.~Tio.49Aro.oas 

* This is the voltage to which the al loy film was subsequently 
anodized, 

Table I shows the film composition determined for 
the unanodized samples. The argon level was ,-4 a/o, 
consistent with earlier findings (2). The metals were 
present in the ratio 49 a/o Ti/47 a/o Ta. 

It is also possible to determine a profile of composi- 
t ion through the film using the raw data from a given 
spectrum. To do this, the yields from each element  
found at a given position in the film were considered. 
Backgrounds were subtracted from the yield of each 
element. Then each element 's  yield was adjusted to ac- 
count for the scattering cross section dependence on 
atomic number .  Peak widths of the l ighter elements 
were increased to account for the decreasing width that 
accompanies a decrease in the atomic mass of the scat- 
ter ing species. Then a correction was made to account 
for the 1/E 2 scattering dependence so that scattering 
deep in the film, where projectile particles move with 
decreased energy, would be normalized to scattering 
near  the surface. Finally,  the yields were arbi t rar i ly  
normalized. In order to generate this depth informa-  
tion, the stopping powers, init ial  ion energy, and en-  
ergy width of the mul t ichannel  analyzer, along with 
the raw spectra, were used as input  to a computer pro- 
gram that calculated the relat ive atomic concentrations 
of the individual  elements as a function of depth. In 
this case there was no overlap of yields from the ele- 
ments of interest. Brice (15) has published a rigorous 
t rea tment  of the analysis problem that  uses the stop- 
ping powers and reference spectra taken with the ex- 
per imental  setup used for the mult iple  element spec- 
trum. Brice's t rea tment  can also handle  cases where 
there is part ial  overlap of the elemental  yields. 

The profile of Fig. 2 shows the result  of such a pro- 
cedure performed on the data of Fig. 1. In this figure, 
as well as Fig. 4, 5, and 6, the depth resolution is l im-  
ited by the detector sensit ivity which is equivalent  to 
four channels, while the error in the relative atom 
concentrations is -+1% for Ta, +_3.5% for Ti, and -+5% 
for O. Concentrations of t an ta lum and t i t an ium through 
the alloy film shown in Fig. 2 are quite uniform. There 
is a slight decrease in the t i tan ium concentrat ion as 
the alloy film grows which is probably  due to the Ti 
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Fig. 2. Depth profile extracted from the spectrum of Fig. 1, 
Argon, which does not appear in the profile, was assumed to be uni- 
formly distributed throughout the film in determining the Ti yield. 

wires on the Ta cathode gett ing slightly coated with 
back-sput tered Ta and thus effectively decreasing the 
Ti sput ter ing area. Since argon is overlapped almost 
ent i re ly  by the t i t an ium yield, it  was assumed to be 
uniformly distr ibuted throughout  the film for this cal- 
culation. 

The as-deposited samples were also used to deter-  
mine the init ial  Ta-Ti  alloy film thickness. When com- 
position is known, one can use Bragg's rule to deter-  
mine  stopping powers for the mixtures, from 

dE AB dE I A 
"dx = (wt. frac. A) - ~ x  1 dE [ S 

+ (wt. frac. B) ~ [1] 

where the stopping powers used by the authors are ex- 
pressed in units  of MeV/g/cm 2 (16). The s~opping 
powers can then be used to calculate kinematic factors 
for the different elements 

dE, ] aB dE I AB 
+ ~ [2] [s]A A~ = kA ~ ~ out 

where 
[ MA--mHe ] 2 [3] 

where MA and mile are the masses, respectively, of the 
scattering atom and helium. Using this kinetic factor, 
Is], and the exper imental  energy width from the spec- 
trum, ~E, one can calculate the alloy film mass surface 
density 

aEz 
ds = [4]  

The above analysis yields an average ds of (264+--13) 
X 10 -5 k g / m  2. The density of the alloy film can be 
evaluated from the lattice constant by 

2 [•TaATa -~- nwiATi --~ •ArAAr] 
d = [5] 

N x a  ~ 

where ni = experimental  atom fractions, N ---- Avo- 
gadro's number,  a = experimental  lattice constant, 
0.33.07 nm. 

Use of Eq. [5] results in  a density of 10.2 X 10 s kg /  
m s . This value is in agreement  with the value calcu- 
lated from the bulk lattice constant  (0.32084 nm) (17) 
of 10.7 X 10 s when it is corrected by a factor of 0.9.64 
to result  in a value of 10.3 X l0 s. This factor of 0.964 
is based on the ratio of the observed sputtered tan ta lum 
film density (18) to bulk  t an ta lum density, and is 
caused by the incorporation of argon and other defects 
in sputtered films. 

The density of 10.2 X 108 kg /m 3 in combination with 
the determined surface density of (264--+13) X 10 -5 
kg /m 2 results in an average film thickness of 259--+13 
nm. This value is in excellent agreement  with the 
stylus ins t rument  value of 262-+5 n m  determined di-  
rectly on an etched step. 

Figure 3 is a spectrum taken from the sample ano- 
dized to 89V. The yield in the higher energy region 
due to scattering from tan ta lum and t i tan ium is re-  
duced due to the presence of oxygen which contributes 
to the energy loss of the hel ium ions and thus reduces 
the number  of t an ta lum and t i t an ium atoms per uni t  
energy loss. In the low energy part  of the spectrum 
one can see the oxygen yield in a position correspond- 
ing to oxygen at the surface and in the anodized par t  
of the film. 

The composition of the anodized region was deter-  
mined for each of the five samples. Boundaries of the 
oxide plateaus in both the tan ta lum and t i tan ium peaks 
were determined using a technique reported earlier by 
Mitchell et al. (19). The channel  number  of the pla-  
teau's low energy boundary  (half-height)  was taken 
to be the channel  number  of the midpoint  between the 
oxide plateau and the as-deposited plateau. The oxy- 
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Fig. 3. Backscattered energy spectrum from a sputtered tantalum- 
titanium film anodized to 89V. The Ta and Ti regions are now 
each divided into two areas, anodized and unanodized as marked 
an the figure. Si and O in the substrate are shown as in Fig. 1, 
but now 0 yield from the oxide region appears superimposed on the 
substrate $i. The oxygen yield is consistent with the assumption 
that the oxides formed are Ta205 and Ti02. 

gen yield from the oxide was found by drawing a l ine 
along the silicon substrate yield and extending it under  
the oxygen yield. Determining the argon yield involved 
considerable uncer ta in ty  since the leading argon edge 
is under  the t i tan ium plateau. The assumption was 
made that  the argon remained essentially stat ionary 
with respect to the original meta l / a i r  interface and so 
the amount  in the anodized region could be estimated 
reasonably well. 

Table II shows the results of a compositional analy-  
sis for oxide regions of the five samples. Average com- 
positional ratios for Ta:Ti :  O: Ar are 1.2: 1: 5.3: 0.1, re- 
spectively. Table II suggests that the oxides are Ta205 
and TiO2, since the excess oxygen indicated in the table 
is wi thin  the previously stated •  error for oxygen. 
In  cases where the Ta and Ti spectra overlap, they can 
be separated because part  of the Ti peak c a n  be dis- 
cerned as a part ial  projection above the Ta spectrum. 

Figures 4 through 6 show depth profiles extracted 
from the spectra of the samples anodized to 46, 89, and 
134V. (Meaningful  profiles could not be extracted from 
the other two spectra because  of overlap of t an ta lum 
and t i t an ium dioxide yields.) Figures 5 and 6 pla inly  
show a characteristic that can also be seen on the raw 
spectra: the appearance after anodization of a nar row 
peak at the high energy edge of the t i t an ium dioxide 
region. Close examinat ion of the leading edges of the 
t an ta lum spectra from the original and anodized sam- 
ples shows that the t an ta lum region has moved to 
lower energy indicating that  there is t i tanium, but  not 
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Fig. 4. Depth profile extracted from the spectrum of the 46V 
sample. Composition is relatively uniform in the as-deposited and 
anodized areas. 

tantalum, present  at the surface of the film. This shift 
is seen at the right edge of Fig. 6. One can see that the 
t i t an ium is oxidized, because the yield from oxygen in 
the oxide begins at the surface energy; this surface ox- 
ide is assumed to be t i t an ium dioxide. The spectra from 
samples anodized to 178 and 229V also indicate the 
presence of this t i tan ium dioxide surface layer, but  in-  
directly since overlap of the t an t a lum and t i t an ium 
regions obliterate the t i tan ium leading edge. In  these 
cases one can observe only that  the leading edge of 
the t an ta lum region has shifted to a lower energy and 
that o x y g e n  remains at the surface. From the depth 
profiles and spectra, then, one finds that anodization 
can lead to the formation of an oxide surface layer that  
is very rich in t i t an ium and ends up almost ent i rely as 
a t i tan ium oxide. The layer  is not apparent  (either 
absent or unresolvable)  at the lowest anodizing voltage 
investigated, but  it appears for higher voltages with a 
thickness dependent  on the magni tude  of the voltage. 

Oxide film surface densities were determined for the 
anodized films in a m a n n e r  similar to that described 
above for the as-deposited samples. Results are plotted 
in Fig. 7 vs. the anodization voltage for each sample. 
The solid tine is the least squares fit (20) for all points 
with an apparent  anodization constant of (1.15 • 0.02) 
• 10 -5 kg / (m2-V) .  

Table !1. Relative atomic concentrations of tantalum-tltanium 
anodic oxides produced by anodization. In addition to the 

observed oxygen level for each sample, the expected oxygen level, 
assuming the presence of only Ta205 and Ti02, is given. 

Stoiehiometries of anodized (Ta-Ti) oxides 

Theoretical oxy- Observed O 
Sample Anodization Observed gen expected for x 100% 
No. voltage (V) Ta:Ti: O :Ar Ta2Os, TiOs Expected O 

1 46 1.25:1.0:5.78:0.10 5.15 112 
2 89 1.55:L0:5.98:0.12 5.88 102 
3 134 1.10:1.0:4.84:0.09 4.75 102 
4 178 1.05:1.0:4.73:0.08 4.63 102 
5 229 1.09:1.0:5.35:0.09 5.00 107 

Average 105 
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Fig. 5. Depth profile extracted from the spectrum of Fig. 3. 
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n- 0.2 Table IliA. Oxide film surface mass densities, volume densities, 
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n r a ization density Volume Thick- 
Sample voltage kg/m 2 density ness 

0 540 550 560 370 580 590 400  410 420 NO. (V) x i0 s kg/m ~ nm 
CHANNEL NUMBER 

1 46 56 6240 90 
Fig. 6. Depth profile extracted from the spectrum of the 134V 2 89 109 6380 171 

sample. Indicated results are similar to those of Fig. 5. 3 134 157 6080 258 4 178 205 6070 338 
5 229 257 6070 423 

The density of the anodic oxide film was determined 
for one sample f rom the surface density (sample 3, 
Table III) of (157--+4) >< 10-5 k g / m  2 and the stylus 
determined thickness of 266__19 nm, result ing in a 
value of (5.9___0.2) X l0 s k g / m  3. 

The de termined  density of the anodic oxide, (5.9--+-_ 
0.2) X 10 ~ k g / m  8, can be compared to a value esti- 
mated from the densities of anodic tanta lum oxide and 
"anodic" t i tan ium dioxide. The value of the former  is 
793.0 +--3% (6). The value  of the la t ter  is an average 
of the bulk values (21) of brookite and anatase de- 
creased by a factor of 0.967 to account for the observed 

density ratio of anodic tan ta lum ox ide /bu lk  tan ta lum 
oxide (i.e.,  7930/8120). These estimates lead to a value  
of 3870 kg/m ~ for anodic titanium dioxide. The density 
can then be calculated by a formula which seems to 
be quite accurate for determining bulk alloy densities 

niAi ~ 
dc~c - -  [6] 

niVi  ~ 

Vi~ = Aio/d i  ~ [7] 

w h e r e  n~ is t h e  a t o m  or  m o l e  f r ac t i ons ,  Ai  o is t he  a t o m i c  
or  m o l e c u l a r  we igh t s ,  Vio is t h e  a t o m i c  or m o l e c u l a r  
v o l u m e s ,  a n d  di o is t h e  b u l k  dens i t i e s .  I n  t h e s e  ca l cu -  
l a t ions ,  178,0 k g / m  s is u s e d  fo r  a r g o n  (21) .  F o r  s a m p l e  
3, t h e  d e n s i t y  is c a l c u l a t e d  b y  

TbTa2osATa205 -~- nTio2Awio2 -~- ~%ArAAr 
dcalc 1 ---- 0.98 

~,Wa2OsVTa205 ~ ~- TSTio2Vwa205 ~ -~ nArVAr ~ 

Aria2 
+ 0.02 ~ - -  6.08 X 10 ~ k g / m  ~ 

VTi02 ~ 

Table IIIB. Approximate values for outer TiO2 layer determined 
from the shift of the leading tantalum ed.ge, before und after 

anodization (Density TiO2:3870 kg/m 3) 

Surface Approximate 
Sample Anodization density thickness 

No. voltage (V) kg/m ~ x 10; nm 

I 46 0 0 
2 69 1.6 4 
3 134 3.2 8 
4 178 4.8 12 
5 229 6.4 17 
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The second te rm in this equat ion accounts for the small  
TiO2 layer  on the surface. A comparison of this value 
to the de termined  value  of 5.9 • 103 indicates that  this 
method for anodic oxides is accurate to about 3%, and 
is wi thin  the probable er ror  of the real  value. 

The density can also be calculated by another  possi- 
ble rule  which, sums the mole  fract ion times the bulk 
densities for each component  

dcalc ~" : .~ nidi ~ [ 8 ]  

which for sample 3 would be 

dcaic 2 = 0.98 [nTa205dTa205 ~ "1- nWiO2dTiO2 ~ "1- "~ArdAr ~ 

Jr 0.02 dwio2 ~ =- 5.10 • 103 k g / m  8 

This value when compared to the actual value of 5.9 
• 103 might  indicate that  there  was about 14% porosity 
in the oxide. To evaluate  the possibility of porosity, ca- 
pacitance measurements  were  made in an aqueous elec- 
t rolyte and metal  counterelectrodes wi th  the assump- 
tion that porosity of the order  14% would result  in a 
considerably higher  capacitance for the former.  

Figure  8 shows the reciprocal  capaci tance/area  
(me/F)  as a function of anodization voltage in 8N 
sulfuric acid, as well  as the reciprocal  capaci tance/area  
for n ichrom-gold  counterelectrodes for a sample ano- 
dized to 230V and a comparable  figure for be ta - tan-  
ta lum based capacitors. At 230V, the capacitance f o r  

the wet  electrolyte  and meta l  counterelectrode differ 
by only 3%, indicating no high degree of porosity. 
Moreover  the capaci tance/area  of the tan ta lum-  
t i t an ium anodic oxide at 230V is 7% lower than that  
obtained for be ta - t an ta lum capacitors. The least 
squares line in Fig. 8 gives a value for the slope equal  
to (8.6• m2/(F-V).  

The abil i ty of Eq. [6] to calculate the t rue  density 
for sample 3 was used to calculate variat ions in density 
for the other oxide films (see Table IIIA, column 4), 
due to composition variat ions because of loss of t i ta-  
nium (see be low) ;  these densities were  used to cal- 
culate thicknesses (Table I l iA,  column 5). The oxide 
thicknesses are plotted against anodization voltages in 
Fig. 9, and the solid line is the least squares fit to the 
points. The least squares evaluated slope is 1.88• 
nm/V.  This anodization constant in combinat ion with  
the value of (8.6• m2/(F-V) allows a calculat ion 
of the dielectric constant as 24.7___0.9. All of these val-  
ues are collected in Table IV. 
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The profiles of Fig. 4-6 show that  behind the surface 
t i tanium dioxide layer the oxide composition is re la-  
t ively  uniform. They do indicate, however ,  that  the 
meta l  a tom compositions in the anodized and unano-  
dized regions are different, i.e., that  t i tanium may have 
been lost f rom the system during anodization. The pos- 
sibility was checked by summing the t i tanium and 
tanta lum yields in both the unanodized and anodized 
spectra for the sample anodized to 134V. The Ta :Ti  
ratio for the unanodized sample was 9.54: 1. For  the 
anodized sample, however,  the ratio was 10.3: 1, indi-  
cating a t i tanium loss of about 8%. Loss of t i tanium 
during anodization was finally confirmed by a chemical  
Coprex analysis (22) of the citric acid solution after  
anodization: t i tanium was detected in an a m o u n t  in- 
dicating an 18% loss from the film. No test was made 
for tan ta lum in the solution, but  anodization of tan-  
ta lum alone in this electrolyte  has never  previously 
given any indication of tan ta lum dissolution. Table  V 
gives the T i :Ta  ratios in the metal  alloy and anodic 
oxide, as well  as the percentage loss in Ti. There may 

Table IV. Collected values of determined and calculated constants 

A. Sputtered alloy film: Tao.~TTio.~pAro,o4 
1. Lattice constant (bcc) = 0.3307 • 0.0002 n m  
2. D e n s i t y  = (10.2 ~ 0.4) x 10 ~ k g / m  s 

B. Anodic oxide: ~[(Ta~O~)o.ss(TiO2)o.~][Arlo.oe 
1. D e n s i t y  = (5.9 ----- 0.2) x 108 k g / m  8 
2. A n o d i z a t i o n  cons tant  = (1.86 ~ 0.02) n m / V  
3. Reciprocal charge storage = (8.6 ___ 0.3) m~/(F-V) 
4. Dielectric constant = 24.7 • 0.9 

Table V. Loss of titanlum during anodizatlon 

S a m p l e  A n o d i z a t i o n  T i / T a  rat io  Ti  loss  
N6. . voltage (V) A l l o y  Ox ide  % 

1 46 1.04 0.79 24 
2 89 0.96 0.65 32 
3 134 1.00 0.91 9 
4 178 1.18 0.95 19 
5 229 1.13 0.92 19 

21% 
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be a slight tendency for the Ti loss to be higher at 
lower anodization voltages. 

Discussion and Conclusions 
In  this study, anodic oxides were grown on sputtered 

t an ta lum- t i t an ium thin films. Analysis of the as-de- 
posited films indicated that the t an ta lum and t i tan ium 
were distr ibuted uni formly  th roughout  the films by 
the sputtered process. Analysis after anodization re-  
vealed that a relat ively uniform distr ibut ion of t an-  
ta lum and t i t an ium existed in the anodized region of 
the film in contrast to the duplex film in the anodized 
tanta lum-si l icon alloys. Three other growth effects 
were apparent:  

1. In  all  bu t  the 46V (low voltage) sample, a thin 
surface layer  of t i t an ium dioxide was formed dur ing  
anodization. The thickness of the layer  was directly de- 
pendent  on the final anodization voltage; and most of 
the layer was essentially devoid of tantalum. 

2. A change in the relative amounts  of t an ta lum and 
t i tanium in the anodized region indicated a relative 
loss of t i t an ium dur ing anodization which was essen- 
t ially confirmed by  analysis of the solution for t i tan ium 
after anodization. 

3. The oxide growth constant  of 1.88 n m / V  is ap- 
proximately equal to that of both t an ta lum (2) a nd  
t i tan ium (4) alone, and also approximately equal to 
that of Ta-Si  anodization (2). 

As mentioned in the introduction, one reason for 
invest igat ing Ta-Ti  films was that the dielectric con- 
stant of t i t an ium dioxide in bulk, and f requent ly  in  
anodic oxides, is greater than that  of Ta2Os. Because of 
this high bulk  dielectric constant and the previous ex- 
per imental  results (7, 8), it was considered possible 
that addition of t i t an ium to the t an ta lum would in -  
crease the capacitance density of the result ing oxide. 
The capacitor film studies (9) showed that the capaci- 
tance density decreases with increasing t i tan ium diox- 
ide content, but  reaching only a 7% loss at about a 
Ta0.sTi0.5 alloy as indicated in Fig. 8; this decrease is 
less than that obtained with equivalent  additions of 
A1203 (5) or SiO2 (1). 

The present  study shows that the anodization con- 
s tant  of 1.88 n m / V  for this Ta2Os-TiO2 combination is 
about equal to that for either Ta205 or TiO2 alone.. The 
value of the dielectric constant, 24.7, is less than that  
of anodic t an ta lum oxide. There is no clear model for 
calculating the dielectric constants of solid solutions, 
but  it is apparent  that the addition of TiO2 to' anodic 
Ta2Os is not par t icular ly  efficient in raising the dielec- 
tric constant  using these par t icular  anodization condi- 
tions. 

A further  analysis of the previous tan ta lum-s i l icon 
data (2) is given below and indicates that during 
anodization of those films the t an ta lum cation t ransport  
mechanism is essentially the same as that for bulk 
tan ta lum alone, while the silicon remains relat ively 
stationary. This mechanism leads in the t an ta lum-s i l i -  
con case to the formation of a duplex oxide with an 
outer Ta205 layer  and an inner  uni form mixture  of 
Ta20~ and SiO2. The present study found that a duplex 
oxide is also formed but  in this case with a very small 
amount  of t i t an ium dioxide at the surface while a un i -  
form "amorphous" mixture  of Ta205 and TiO2 com- 
posed the bulk  of the oxide. 

The data of the previous study (2) on the t an ta lum-  
silicon system can be interpreted in the following way. 
Examinat ion  of Fig. 4 in Ref. (2) indicates that the 
leading edge of the argon atom distr ibution is asso- 
ciated with the leading edge of the silicon atom dis- 
tribution. Since the leading edge of the argon atom 
distr ibut ion was originally associated with the surface 
of the tanta lum-s i l icon film at the electrolyte interface, 
it essentially acts as a t ransport  marker  if it does not 
move significantly dur ing the anodization. Implanted  
argon has been used previously by Pringle  (23) in 
bulk tan ta lum to determine the t ransport  numbers  of 
t an ta lum and oxygen to be 0.25 and 0.75, respectively. 

He also demonstrated that the argon does not move 
significantly dur ing the anodization, and it is reason- 
able to make the assumption in the present  t an ta lum-  
silicon alloy case. With that  assumption, it can be cal- 
culated that the t an ta lum cation t ransport  is about 0.3, 
quite close to the pure bu lk  t an ta lum transport  num-  
ber; silicon cation t ransport  is essentially zero, and it 
is oxidized by the migrat ion of oxygen inward  where 
the oxygen transport  number  is about 0.7. 

A possible explanat ion for the feature that the tan-  
ta lum cation moves in this system, while the silicon 
cation does not, is based on the fundamenta l  equation 
of cation t ransport  for anodic oxides 

(w-~laE) 

i1+  = ilO e kT [9 ]  

where il + : fraction of current  carried by cation 1; 
il 0 : pre-exponent ia l  constant;  W : activation energy 
separating two potential  min ima  for a single cation 
jump;  q~aE : decrease of the barr ier  height W due to 
the movement  of a particle with effective charge, ql, 
with half  the jump distance, a, in a field, E; k ---- Boltz- 
m a n n  constant; T ---- absolute temperature.  If a second 
cation exists in an alloy system, then its t ransport  equa-  
tion is 

(W--q~a/g) 

i2 + ~- i20 e ~T [10]  

where it is assumed that, because of the common en-  
vironment ,  W, a, and E are essentially equal for the 
two cationic species, while il 0 and i20 are of the same 
order of magnitude.  The ratio of the two currents then 
is 

il + (ql  -- q2)aE 
log -- [11] 

i~ + 2.303 k T  

For ql -- q2 equal to 1, a equal to about 1.0 • 10 - s  cm, 
and E equal to 5.5 • 10 +6 V/cm, the ratio of 

il + 
-- 8.5 [12 ]  

i2 + 

Thus for two cationic species differing by uni t  charge, 
one will essentially migrate, while the other will re-  
main  stationary. For the tanta lum-s i l icon system the 
end point stoichiometry indicates that  the oxide con- 
sists of a mixture  of Ta205 (Ta : + 5 )  and SiO2 (St : 
+4 ) .  It  is reasonable to assume that  dur ing  transport,  
if the cations move at all, that  their charge will differ 
by unity, and therefore, from the above equation, 
segregation will take place. This appears to be one pos- 
sible explanat ion for the duplex film formed in the 
tanta lum-si l icon case. 

The stoichiometry of the t an t a lum- t i t an ium anodized 
film indicates a mixture  of TacOs (Ta ---- +5)  and TiO2 
(Ti : +4 ) ,  and the above argument  would require the 
formation of another duplex film. The appearance of a 
relat ively uniform distr ibution in this case may be at-  
t r ibuted to one of two possible mechanisms: 

1. Since the argon leading edge is hidden by other 
peaks, it cannot be used as an internal  t ransport  
marker.  Therefore, it is quite possible that the entire 
cation t ransport  mechanism has changed and its rate 
is essentially zero. On this basis, oxidation occurs by 
oxygen moving inward.  This possibility may be com- 
patible with some reports (4) that anodization of 
t i tanium takes place by oxygen migration. In  this 
mechanism the small TiO2 fraction at the surface 
would be due to a relat ively small  t ransport  of t i ta-  
n ium cations to the surface. 

2. An al ternat ive assumption can be made that the 
cation t ransport  has not essentially changed from the 
pure tan ta lum or tanta lum-s i l icon cases. This would 
imply that  a major  fraction of movement  of the tan-  
ta lum arid t i t an ium occurs by identical  cation t rans-  
port numbers  with a very small fraction of the t i tan ium 
moving by some faster mechanism. Rigo and Seijka 
(24) have proposed both a short and long range m e c h -  
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anism of n iobium t ranspor t  in the  dup lex  s t ruc ture  of 
anodic oxides of t an ta lum films on bulk  niobium. In 
the  present  t a n t a l u m - t i t a n i u m  alloys, a smal l  amount  
of long range  t r anspor t  of t i t an ium seems to exist  to 
provide  the small,  pure,  T i Q  film at  the surface. An  
in t r iguing  poss ibi l i ty  for this long range  fast t r anspor t  
is that  it  is due to the t i t an ium ionizing to two differ-  
ent  charge states. If  this l a t te r  proposal  is f inal ly 
proven  t o  be accurate,  one can descr ibe the effective 
charges of the var ious  species as: Si -~ n --  1; Ta ---- Ti 
---- n (smal l  amount  of Ti : -  n + 1). 

Ac tua l ly  in order  to make  any concrete conclusions 
about  re la t ive  effective ionic charges, de ta i led  exper i -  
ments  are  requi red  wi th  t rue  t ranspor t  ma rke r s  and 
di lu te  concentra t ion of the a l loying e lement  to ensure 
that  the assumpt ion of equal  il  ~ i2 ~ W, a, and E holds 
for Eq. [9] and  [10]. 

We have  demons t ra ted  in these studies tha t  r e l a -  
t ive ly  minor  changes in the na ture  of the chemical  spe-  
cies, such as Si to Ti, causes a ma jo r  change in the 
a tom distr ibut ion.  This sens i t iv i ty  may  lead to exper i -  
ments  which can probe  in deta i l  the  fundamenta l  
mechanis t ic  s teps in anodic oxidation.  In the past, a rb i -  
t r a r y  assumptions  had  to be made  about  the cation 
charge number ,  which  led to unusua l ly  h igh  values of 
"a", the ha l f - j ump  distance. F u r t h e r  exper iments  of 
this sort  may  clear  up this ambigui ty .  
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Mechanical Failure of Anodic Films on 
Aluminum and Tantalum 
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ABSTRACT 

Anodized specimens of a luminum and tan ta lum were deformed in labora-  
tory air; s t ra in to fai lure and the fai lure characteristics of the oxide film 
were evaluated optically. Barr ie r - type  anodie a luminum oxide films of thick- 
ness greater than N400A failed at ~0.925% strain normal  to the tensile axis 
a n d  apparent ly  suppressed substrate slip emergence. Th inner  anodic films on 
a luminum failed along substrate slip traces at ~1.12% strain. These films did 
not suppress slip emergence, but  were apparent ly  stronger. The presence of a 
porous oxide superimposed on thin bar r ie r - type  films caused them to fail in 
the thick film mode; this was the only effect of a porous layer. Anodic films 
on mechanical ly polished t an ta lum failed at N0.28% strain, independent  of 
thickness, but  showed a failure mode dependence on thickness analogous to 
that of a luminum.  Films on chemically polished t an ta lum substrates always 
failed in  simple tension, but  showed a thickness dependence, failing at ~0.14% 
strain fo r  thicknesses greater than ~680A, and ~0.20% strain for thicknesses 
less than that  value. Fai lure  of these films was accompanied by separation of 
the films from the substrate. 

Envi ronment -sens i t ive  failure processes such as 
stress corrosion crackir~g and corrosion fatigue involve 
a complex interplay of chemical and mechanical  ag- 
gression and are far from well understood. Oxide film 
fai lure is seen by many  investigators as a necessary 
prelude to the ini t ia t ion and propagation of cracks in 
these processes (1-7). The l i terature  dealing with the 
mechanical  behavior of oxide films is not voluminous, 
and reported values of mechanical  properties, e.g., 
Young's modulus, film strength, and film failure strain, 
exhibit  large variations. Edeleanu and Law (8) 
s trained thick porous anodic films on a luminum in 
tension and found them to be elastic, with failure 
occurring at 1-2% strain normal  to the tensile axis. 
Bradhurs t  and Leach (9, 10) deformed a luminum 
specimens bearing bar r ie r - type  anodic films, detecting 
film failure by a variety of electrical methods to occur 
at 1-3% strain. For 1500A films removed from the 
substrate, a failure strain of 2.48% and a Young's 
modulus  of ~ 41 • 1,08 MN/m 2 were determined. Also 
using electrical detection methods, Bubar  and Ver- 
milyea (11, 12) found thin anodic films on a luminum 
to exhibit  some ductility, while thick films were brittle. 
They also observed a large ductility, as much as 50% 
elongation prior  to fracture, in anodic t an ta lum oxide 
films tested in this wet manner ,  in marked contrast 
to the value of 0.83% reported by Eliezer and Brandon 
(13), who used a (dry) bulge test technique. In earlier 
work Young (14) had at t r ibuted this discrepancy to 
the presence of a surface film on chemically polished 
specimens. This film gave rise to poor adhesion of the 
anodic oxide, with consequent oxide detachment  and 
bri t t le  behavior, whereas removal of this "preanodic" 
film by leaching in boiling water resulted in a very 
adherent,  ductile anodic oxide. Grosskreutz (15, 16) 
found anodic a luminum oxide films, both adherent  
to and separated from the substrate, to be elastic to 
fracture with the strain at failure being in the range 
of 0.1-0.3%. In adherent  films fracture was seen both 
at slip steps and normal  to the tensile axis. Humidi ty  
was found to have a significant effect on the oxide 
modulus with films displaying the bulk modulus under  
vacuum, but  a value an order of magni tude  lower at 
ambient  humidity.  In these studies fracture strain 
was seen to increase with humidity.  Grosskreutz found 
a similar correlation between the water content of 
various envi ronments  and the density of cracks created 
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in anodic films on a luminum alloys by s t ra ining (17); 
as discussed later the crack density is directly related 
to the moduli  of the film and substrate. Brandon 
et al. (18, 19) found a dependence of the failure strain 
and strength of bar r ie r - type  anodic a luminum oxide 
films on thickness. These parameters  general ly  in-  
creased with thickness, although some results indicated 
a m a r k e d  decrease i n  s t rength in films thicker than 

2000A. The elastic mcdulus  in these studies was 
seen to decrease as film thickness increased to 750A, 
beyond which it was constant. 

Some observations have been made on the effect of 
an oxide film on the mechanical  behavior of the sub- 
strate. Block et al. (20, 21) observed that thick anodic 
oxide films inhibi ted slip emergence at the surface of 
a luminum single crystals except where film cracking 
or buckl ing had occurred, and that  the oxide/substrate  
interface was capable of withstanding significant shear 
strain. Although Block et aL. reported some s t rength-  
ening of the substrate by the anodic film, Leach et al. 
(22-24) reported a near ly  50% increase in the strength 
of a thin a luminum wire when  coated with a 2600A 
anodic film, provided the film remained intact. The 
effect vanished upon film failure at ~ 2% strain. They 
also observed an increase in elongation in the presence 
of an anodic current,  inferr ing that  the oxide no longer 
s t rengthened the substrate but  became ductile under  
the influence of an ionic flux. This they attributed to a 
field-activated diffusional mechanism for plastic de- 
formation of the oxide, similar to the Herring-Nabarro 
model. Devereux et al. (25) have studied the failure 
strain of anodic films formed on an aluminum alloy 
as a function of the pH of an aqueous environment 
using electrical detection methods. A small, but 
significant pH dependence was seen with failure strain 
being maximum at pH 8, which was assumed to he the 
zero point of charge of the anodic film. 

The following report deals primarily with the failure 
of anodic films on aluminum, with some observations 
on tantalum, these materials appearing to represent 
extremes of mechanical behavior in the aforecited 
studies. The environment in all cases was laboratory 
air. Particular attention was devoted to the dependence 
between film failure and deformation of the substrate. 

Experimental Procedures 
A~uminum.--A high pur i ty  a luminum ingot (99.99%) 

was sliced into plates 6.35 mm in thickness which were 
subsequently rolled into sheets of 0.254, 0.508, and 
0.762 mm thickness. These sheets were cut into 

1868 
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rec tangular  specimens 127 • 12.7 ram, f rom which 
were  machined tensile specimens with a gauge length 
of 31.75 mm and a gauge width  of 6.35 mm. Compres-  
sion specimens of square cross section, 5.0.8 X 5.08 
X 15.24 mm, were  also prepared  by slicing. All  speci- 
mens were  mechanical ly  polished through 600 grit  
SiC paper  to r emove  surface and edge irregulari t ies ,  
and were  ul t rasonical ly  cleaned in benzene for 3,0 min. 
Fol lowing this preparat ion,  the specimens were  an-  
nealed, chemical ly  polished, electropolished, and an- 
odized according to the previously described proce-  
dures (26). 

Deformat ion of both tensile and compression speci- 
mens was accomplished with  a Hounsfield Type W 
tensometer  fitted wi th  a var iable  speed d-c  dr ive 
motor. In this apparatus the applied load was mea-  
sured by noting the movement  of a mercury  column 
caused by deflection of a cal ibrated spring beam. 
Strain was measured by means of an Instron extensom- 
e ter  of 25.4 mm gauge length clipped to the speci- 
mens. This was monitored with a Daytronic Model 
3,00D transducer  amplifier equipped with  a Type 96 
strain gauge input  module. All  tests were  per formed 
in labora tory  air of nominal  t empera tu re  ~ 23qC 
and nominal  re la t ive  humidi ty  ~,, 40%. Stra in  rates 
were  typical ly  0.03%/min. Specimens were  deformed 
to prede te rmined  values of strain while  under  ob- 
servat ion  with  a low power  (60•  binocular  micro-  
scope. Deformed specimens were  examined in detail  
wi th  a high qual i ty  optical meta l lograph  equipped 
wi th  a Nomarsk i - type  in ter ference  system. Fi lms re-  
moved from deformed specimens w e r e  also examined 
by transmission electron microscopy. 

Measurements  of the Young's modulus of adherent  
oxide films on a luminum were  made by per forming 
flexure tests on small  beams, 57.15 X 6.35 X 0.0765 
mm. Deflection, before and af ter  application of an 
anodic film of known thickness, was measured wi th  a 
ca thetometer  under  both end loading and center  load- 
ing. Loads of 3 to 20 mg were  used, and deflection was 
measured to 0.01 mm. 

Tantalum.--Specimens were  prepared from poly-  
crystal l ine tan ta lum sheet of 99.9% pur i ty  and 0.254 
m m  thickness following, in essence, the above proce- 
dure. Af ter  ultrasonic cleaning, however,  specimens 
were  polished using one of two methods:  chemical  
polishing for 20 sec in a solution of 5 parts by volume 
sulfuric acid (98%), 2 parts nitric acid (70%), and 2 
parts hydrofluoric acid (48%) or mechanical  polishing 
through 0.05 #m alumina dust. Specimens were  sub- 
sequent ly  anodized in a solution of 1 weight  percent  
(w/o)  ammonium borate  in double distilled water,  

using an anodizing potent ia l  in the range  of 10-100V 
and an anodizing t ime of 3 hr. In order to study the 
morphology of such films, sample films were  str ipped 
using both cathodic polarizat ion (14) and cellulose 
tape techniques. Mechanical  test ing was similar  to 
that  described for a luminum. The behavior  of films 
formed on substrates subjected to leaching in boiling 
water  was not studied. 

Results 
Aluminum oxide ]ilms.--FaiIure strain determina- 

t i on -To  determine  the effect of porous oxide growth 
on the fai lure strain of anodic a luminum oxide films, 
annealed and electropolished specimens were  anodized 
at 50V for periods ranging from 45 rain to 24 hr, cor- 
responding to porous oxide layers from 0 to 1550A in 
thickness superimposed on a bar r ie r  layer  650A in 
thickness (26). Fi lm failure was defined by the appear-  
ance of a distinct discontinuity in the film when viewed 
at 1000X subsequent  to imposing a p rede te rmined  
strain upon the specimen. Typical  results are shown in 
Fig.  1, which indicates an apparent  lack of fai lure 
s train dependence on porous layer  thickness. A 
similar  independence of anodizing t ime was seen for 
films formed at other  potentials. Anodizing potent ial  
did effect fai lure strain, however,  as shown in 
Fig. 2. The data shown represent  the lowest strain 
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Fig. I .  Failure strain vs. anodizing time for anodic films formed 
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failed specimens. 
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Fig. 2. Failure strain vs. formation potential for anodic films 
formed on aluminum. 

value at which film fai lure was noted for a given 
anodizing potential. A distinct t rend toward h igher  
fai lure strains for films formed at potentials  less than 
30V is evident.  Fi lms formed on annealed and chem-  
ically polished substrates behaved in a similar  manner,  
exhibi t ing no dependence of fai lure strain on anodizing 
t ime and the same dependence on anodizing potential,  
shown in Fig. 2, as did films formed on electropolished 
substrates. Also shown in Fig. 2 are data per ta ining to 
films formed on substrates that  were  cold-worked prior  
to chemical or electropolishing. Al though exhibi t ing a 
similar  dependence on anodizing potential,  these films 
failed at significantly lower strain values, indicating a 
dependence on the stress state of the substrate. 

Fracture behavior.--In general  two types of f rac-  
ture were observed: (i) f racture  along substrate slip 
steps at the fai lure strain of ,~ 1.1% seen in films 
at potentials of less than 30V, and (it) fracture ap- 
p rox imate ly  normal  to the tensile axis at the fai lure 
strain of ~ 0.9% seen in films formed at potentials of 
30V or more. In each case, as straining progressed 
fai lure in the other  f rac ture  mode occurred. That  is, 
in films formed at less than 30V cracks were  observed 
to form normal  to the tensile axis at strains larger  
than requi red  for ~the initial fai lure along slip steps, 
while in the thicker  films which failed ini t ial ly normal  
to the tensile axis fur ther  straining causes fai lure along 
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slip steps. Ini t ial  failure in fracture modes (i) and 
(ii),  above, is shown in Fig. 3 and 4, respectively. A 

film formed at 35V, which ini t ial ly showed fracture 
lines normal  to the tensile axis when strained to 1.5%, 
is shown in Fig. 5 after s t ra ining to 10%. Displacement 
of the normal  fracture lines by the subsequent ly  oc- 
curr ing slip fai lure is evident. 

In  these studies, formation of substrate slip lines was 
clearly evident, especially in the case of electropolished 

Fig. 3. 20V aluminum oxide film and substrate subsequent to 
3% strain. Tensile axis is horizontal. Grains denoted A show sub- 
strate slip, but no film ~ilure; grains denoted B show film failure 
along lines of substrate slip. 

Fig. 4. 50V aluminum oxide film and substrate subsequent to 
1.2% strain. Tensile axis is horizontal. Normal film fracture. 

specimens, at strains as low as 0.5%. Careful optical 
examinat ion did not reveal film fracture, however, at 
these low strain values. Removal of the films and 
examinat ion by t ransmission electron microscopy sub- 
stantiated this fact, i.e., that the anodic oxide films 
were able to tolerate a considerable amount  of sub-  
strate slip without failure. Although it is not clearly 
evident, Fig. 3 i l lustrates both substrate slip without 
film failure, in grains labeled A, and substrate slip with 
accompanying film fracture along the  slip traces, in 
grains labeled B. Clearly, failure occurred first in  those 
grains which suffered the greatest deformation, i.e., 
those grains whose p r imary  slip systems were most 
favorably oriented with respect to the max imum re- 
solved shear stress, 45 ~ to the tensile axis. In  general, 
there is no indicat ion of fracture ini t ia t ion at grain 
boundaries,  al though the fractures seen in Fig. 3 
clearly terminate  with the slip traces at the boundaries.  
In  the case of thicker films, e.g., as shown in Fig. 4, 
normal  fracture lines propagated independent ly  of 
substrate slip traces and of grain boundaries.  This case 
is clearly dist inguishable from that  i l lustrated in Fig. 5, 
where subsequent  occurrence of fracture at slip traces 
caused displacement of the normal  fracture lines. 
Similarly,  in the case of thick films formed on chem- 
ically polished substrates, the normal  fracture lines 
propagated unaffected by the marked hillock structure 
characteristic of chemical polishing, as shown in  Fig. 6. 
In  no case was deformation seen to have caused de- 
tachment  of an a luminum oxide ~ilm from the sub- 
strafe. 

The mode of fracture of films formed at potentials 
less than 30V did exhibit  a dependence on anodizing 
time, i.e., on porous layer thickness. For example, a 
25V film anodized for 45 min failed ini t ia l ly along 
substrate slip traces as described above, but  a 25V 
film anodized for 8 hr failed in the normal  fracture 
mode. Films formed at potentials of 30V or greater 
failed ini t ia l ly in the normal  mode irrespective of 
anodizing time. Fi lms formed on cold-worked sub- 
strafes failed in the same manner  as did those on 
annealed substrates, i.e., normal  fracture in thick films 
and fracture along substrate slip traces in thin films. 
Although film failure normal  to the tensile axis was 
always seen as sharp, well-defined, continuous fracture 
lines, two types of fracture behavior  were seen along 
substrate slip traces. In one, a sharp, well-defined, 
straight fracture along the slip trace was seen; in the 
other short fracture segments, each wholly or part ial ly 
normal  to the tensile axis, formed along each slip trace. 
The lat ter  behavior is shown in Fig. 7. 

In general, film fracture did not initially occur 
uniformly throughout the specimen gauge length, 
especially in the case of cold-worked substrates. 
Initial film failure occurred first in regions where there 
was a local concentration of shear deformation. In the 

Fig. 5. 35V aluminum oxide film and substrate subsequent to 
10% strain. Tensile axis is horizontal. Normal film failure followed 
by failure at substrate slip lines. 

Fig. 6. 100V aluminum oxide film on chemically polished sub- 
strate with typical hillock structure subsequent to 1.2% strain. 
Tensile axis is horizontal. 
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function of s train for several different film thickness 
values. These films were formed for 45 min  only, and 
thus are simple bar r ie r - type  films. Using a stress 
relaxat ion analysis, Grosskreutz and McNeil (27) 
demonstrate  that such data should follow 

ln(e/eo) ~ (4g/d) [1 -- (d/do) ] [1] 

where d is crack spacing and ~ is strain, with (do,co) 
represent ing a convenient  reference point. The 
significance of g was not established. As shown in 
Fig. 9 the present data follow Eq. [1] approximately 
unt i l  the crack spacing approaches the critical value of 
15 #m beyond which fur ther  s t ra in does  not produce 
new cracks. It is not clear why the 1000A film deviates 
from the behavior exhibited by the 500 and 750A films. 

Upon deforming compression specimens anodized in 
the range of 20-100V, film failure along substrate slip 
traces was seen in the strain range 1.4-1.7% as shown 
in Fig. 10. Upon fur ther  s t ra ining to 2.3-3.0% regular ly  
spaced ~cracks were seen to form paratlel  to the com- 
pression axis, i.e., in the direction of substrate dilation. 
Assuming constant substrate volume, the compressive 
strain of 2.3% corresponds to a tensile s train of 1.15% 
in good agreement  with the strain at which normal  
failure was seen in  the tensile tests. 

Young's modulus of adherent a luminum oxide . - -An 
anodized a luminum beam may be regarded as a 
composite beam of two materials and may be 
analyt ical ly  reduced to an equivalent  beam of one 

Fig. 7. Transmission electron micrograph of 20V aluminum oxide 
film strained to 3% showing discontinuous fracture along substrate 
slip lines. Substrate was reanodized after straining to patch 
cracked regions in film. 
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case of thick films, the region in which normal  fracture 
l ines were seen progressed along the specimens as did I ao~ 
the region of substrate deformation, with fracture lines ~o 
eventua l ly  becoming uni formly  distr ibuted throughout  
the gauge length of the specimen. On continued de- L ao2 
formation, new fracture lines formed approximately 
midway between existing fractures. This process con- ~- 
t inued up to a certain strain level, beyond which no [ oo/ 
new cracks initiated. Accordingly, the average spacing 
between normal  fracture l ines is plotted in Fig. 8 as a 
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material  by t ransforming the dimensions of the beam 
section in  accord with the ratio of the elastic moduli  of 
the two materials. In  doing so, we may express the 
flexure formula for a canti lever beam in end loading 
a s  

4Rl 3 -- EmXtm 8 
Eo = [2] 

214Xto 3 -{- 3Xtmto(tm -{- 2to)] 

where Eo and Em are the moduli  of the oxide and metal, 
respectively; R, the load/deflection ratio; l, the length 
of the beam; X, the width of the beam; and tm and to, 
the thickness of the metal  and of the oxide, respec- 
tively. The thickness of the oxide may, of course, be 
established by the anodizing ratio, and the thickness of 
the metal  may be related to its thickness before anodiz- 
ing, ti, and the oxide thickness through the oxide den-  
sity (28) 

2to : 1.38 (ti -- tin) [3] 

Equat ion [2], thus contains on the r ight -hand side 
only measurable or calculable parameters  and is valid 
for small  deflections, corresponding roughly to the 
elastic range of the beam. In evaluat ing the load ratio, 
R, however, for a number  of beams, it was found to be 
a function of the applied load as shown for a typical 
beam in  Fig. 11, decreasing approximately l inear ly  
with increasing load before level ing off to an ap- 
parent ly  constant value. This unexpected behavior was 
at t r ibuted to inaccuracy in measurement  of the deflec- 
tion, suggesting that the constant  value of load ratio 
seen at higher loads was the true value. The modulus 
was estimated in this manne r  to be 41.4 X 10 .3 MN/m 2 
(6 X l0 s psi), in good agreement  with values ob- 
tained by Bradhurs t  and Leach (9) and Grosskreutz 
(15). 

Tantalum.--Anodizing characteristics.--In potentio- 
static anodizing of high pur i ty  t an ta lum in aqueous 
ammonium borate, the anodic current  decreases 
rapidly with t ime for the first 1/2 hr, followed by a 
slower continuous decrease, the anodic current  being 

1 ~A/cm 2 after 3 hr and approaching 0.1 ~A/cm e 
after several more hours. This is in contrast with the 
gradual  increase in current  with time seen in anodizing 
of a luminum coincident with pore formation and, 
indeed, there is no indication of pore formation in 
anodic tan ta lum oxide films. In comparison to chem- 
ically polished substrates, the leakage current  on 
mechanical ly polished substrates was somewhat higher 
and took longer to stabilize. Although films formed on 
mechanical ly polished substrates were very  adherent  
and could not be stripped, those on chemically polished 

Fig. 12. Transmission electron micrograph of anodic tantalum 
oxide film formed on chemically polished substrate at 50V for 
3 hr. 

substrates were only weakly adherent  and easily re- 
moved by cathodic polarization or by cellulose tape. 
A transmission electron micrograph of such a film is 
shown in  Fig. 12. Although electron diffraction by 
these films revealed an amorphous s tructure regardless 
of formation potential, crystallization was seen to occur 
in the microscope in localized areas due to electron 
beam heating. These areas had a diffraction pat tern  
consistent with that of p-Ta2Os. 

Failure strain determination.--For purposes of observ- 
ing failure strain in anodic tan ta lum oxide, films were 
formed at potentials ranging from 20 to 100V, corres- 
ponding to thicknesses ranging from 340 to 1700A 
based on the anodizing constant of 17 A / V  (11, 12). 
Fai lure  strain is shown in Fig. 13 as a funct ion of 
formation potential  for both chemically polished and 
mechanical ly polished substrates. The behavior  of 
films formed on chemically polished substrates is an-  
alogous to that of a luminum oxide films in that a 
discernable increase in failure s t ra in is seen for films 
formed at potentials of 30V or lower, being ~ 0.14% 
for the thicker films and increasing to ~ 0.2% for 
th inner  films. In contrast, films on mechanical ly pol- 
ished substrates fail at a significantly higher strain, 
N0.28%, and exhibit  no potential,  i.e., thickness, de- 
pendence. 
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Fracture behavior.--As mentioned above, film fracture 
was observed at s trains as small  as 0.14% in chemically 
polished specimens, coincident with substrate yield. 
No film detachment  or film fracture was observed in 
the elastic s t ra in region of the substrate;  however, at 
the onset of yielding the film was seen to detach in 
localized areas, but  only where substrate slip had 
occurred. Fracture  ini t ia t ion in the film appeared to be 
approximately coincident with film detachment.  The 
localized regions of film detachment  wi thin  areas of 
substrate yield init iated at substrate grain boundaries 
or triple junct ions  and propagated paral lel  to the ten-  
sile axis; film fracture appeared to be associated with 
the substrate grain boundaries,  but  propagated essen- 
t ial ly normal  to the tensile axis. These features are 
seen in Fig. 14, in which both film fractures and sub-  
strate grain boundaries  can be distinguished. Detached 
areas of oxide film are evidenced by the optical in ter -  
ference patterns. Macroscopically, areas of film de- 
tachment  were indicated by a marked change in in ter -  
ference color; for example, regions of substrate yield 
in  10'0V specimens were a vivid yellow in appearance 
in contrast to the normal  blue of the unst ra ined film. 
This is due to an  al terat ion of the interference con- 
dit ion occasioned by replacing the high index metal  
phase at the second reflecting interface by a low index 
air phase, thus al tering the phase change upon re- 
flection (14). Due to the very weak na ture  of the sub-  
strate-fi lm bond, the stress relaxat ion mechanism of 
Grosskreutz and McNeiI (27) did not appear to be 
operative, the normal  film fracture lines displaying 
a somewhat random spacing as seen in Fig. 15. 

In  contrast, films formed on mechanical ly polished 
su'bstrates showed no indication of detachment,  either 
by change in interference color or by the occurrence 
of interference fringes, upon s t ra ining of the substrate.  
Fracture  lines tended to be short and irregular,  
appearing normal  to the tensile axis in thicker films, 
Fig. 16, and following substrate slip in th inner  films, 
Fig. 17, in analogy to the behavior  seen in a luminum 
oxide films. 

Discussion 
AIuminum.--Failure parameters.--As previously 

noted, other investigators (8, 9, 15) have found a 
considerable range in the failure strain of anodic 
a luminum oxide, bracketing the values found in this 
investigation. To a certain extent  this may be 
at t r ibuted to differences in both forming and testing 
environments ;  however, it is also reasonable to suspect 
inaccuracies in fracture detection methods, especially 
indirect techniques relying upon electrical measure-  
ments. The optical technique used in this invest igat ion 
appears to offer a definitive means of establishing a 
strain range wi thin  which film failure occurs, as 
established by subsequent  t ransmission electron mi-  
croscopy of detached films. Clearly the failure strain of 
anodic a luminum oxide films is independent  of var ia-  
tions in substrate preparation, provided that the films 
remain  adherent  during testing, of porous layer thick- 
ness, and of barr ier  layer  thickness beyond thicknesses 
of the order of 400A. Bradhurst  and Leach (9) ob- 
served a similar  increase in fracture strain for thin 
anodic films on aluminum, al though at higher strain 
values, and Beams et al. (29) observed an increase in 

Fig. 14. 3OV tantalum oxide film on chemically polished substrate 
subsequent to 3% strain. Tensile axis is horizontal. Film fract,lre 
and separation initiating at substrate grain boundaries. 

Fig. 16. 100V tantalum oxide film on mechanically polished sub- 
strate subsequent to 2% strain. Tensile axis is horizontal. Normal 
film fracture. 

Fig. 15. IOOV tantalum oxide film on chemically polished sub- 
strate subsequent to 0.45% strain. Tensile axis is horizontal. Ran- 
dom spacing of normal fracture lines. 

Fig. 17. 50V tantalum oxide film on mechanically polished sub- 
strafe subsequent to 15% strain. Tensile axis is horizontal. Film 
fracture along slip traces. 
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the tensile s trength of electrodeposited silver films 
with decrease in  thickness. 

Similarly, a range of values has been reported for 
the u  modulus of anodic oxide films on a lum- 
inum. Grosskreutz studied this parameter" as a function 
of humidi ty  and found it to vary  from 20.7 X 103 
MN/m 2 (3 X 10 ~ psi) in saturated air to the bulk  
value, 386 X 10.~ MN/m 2 (55 X 108 psi),  in vacuum, 
with ambient  humid i ty  giving a value of the order of 
53 X 10 ~ MN/m 2 (15). The modulus measurements  of 
Bradhurst  and Leach (9) in laboratory air are essen- 
t ial ly in agreement  with the present  study, while the 
biaxial  modulus value obtained by Eliezer and 
Brandon (13) corresPOnds to a Young's modulus of 
--124 X 108 MN/m 2. In  the la t ter  case, however, the 
film envi ronment  is ill-defined inasmuch as the test 
technique involved distending the film into an evac- 
uated chamber by means of laboratory air pressure; 
therefore the effective film envi ronment  may be ex- 
pected to have been somewhat less humid than 
ambient.  Assuming validity of the value obtained in 
this study as representat ive of air at 40% relat ive 
humidity,  the thicker films in this study failed at a 
stress of -- 0.38 X 103 MN/m 2 (55,000 psi).  

Regular spacing of fracture Iines.--Once the cont inui ty 
of a film on a substrate in tension has been in terrupted 
by fracture, the film is no longer under  axial loading 
and stress wi thin  the film must  be applied by means 
of a shear stress at the f i lm/substrate  interface. Once 
the substrate deforms plastically, it is reasonable to 
regard this stress to have a uni form value of z, the 
shear flow stress of the substrate. Grosskreutz (17) 
has shown that  the tensile stress in the film may then 
be wri t ten  

= - -  x [4 ]  
to 

where, again, to is the thickness of the film and x is a 
length parameter  parallel  to the tensile axis, mea-  
sured from a film fracture line. The tensile stress in 
the film is max imum at the midpoint  between 
fractures; hence as the stress level increases film 
segments are progressively halved unt i l  the crack 
spacing at tains a m in imum value, de, such that the 
m a x i m u m  stress developed is inadequate for film 
fracture. Thus, the fracture stress of the film may be 
estimated from the observed min imum crack spacing 
by (17) 

~dc 
~f = [5] 

2to  

Equation [5], however, shows a direct dependence 
of crack spacing on film thickness which was not 
observed in this study. It is reasonable to interpret  
this as implying an inverse dependence of film strength 
upon film thickness; however, this is not in  agreement  
with the observations by Brandon and Eliezer (19). 
Using the observed yield stress of the substrate, 
67 -- 10.34 MN/m 2, and the Tresca yield criterion, 

may be estimated as 5.17 MN/m 2. With  the observed 
value of the critical crack spacing, dc = 15 ~m, the 
film fracture s t rength may be estimated as 517 MN/m 2 
for a 750A film, in rough agreement  with the value 
estimated from the observed film modulus. 

Film fracture at slip steps.--The effectiveness of a 
superficial film as a barr ier  to dislocation egress and 
consequent slip step development  is dependent  on the 
relative moduli  of the film and substrate, the thickness 
of the film, and the strength of the f i lm-substrate 
adhesion (16). The force exerted by a film on a dis- 
location in the substrate has been analyzed in detail 
(30-32); in general  it may be stated that if the film 
modulus is lower than that of the substrate, disloca- 
tions are attracted to the interface, whereas if the film 
modulus is greater an energy well for the dislocation 
exists some distance from the interface, with the dis- 
tance increasing as the ratio of the moduli  increases. 
Hence as the film modulus increases above that of the 

substrate, a greater suppression of surface plasticity 
in the substrate  is predicted. This has not been borne 
out by studies of the effect of various metallic coatings 
on copper single crystals (33); however, Grosskreutz 
(16) observed en t rapment  of dislocations in anodized 
a luminum deformed in vacuum (high modulus film), 
but  not in anodized a luminum deformed in air (low 
modulus film). In accord with this observation, 
Grosskreutz (34) found the fatigue life of anodized 
a luminum to be greater  in vacuum than in humid air. 
Furthermore,  increasing the thickness of the anodic 
film had a beneficial effect in vacuum, where the film 
modulus was greater  than that of the substrate, but  
not in humid air, where the reverse was true. In 
studies of a somewhat  different nature,  Alden and 
Backofen (35) observed a beneficial effect of oxide 
films on the fatigue life of a luminum,  provided that  
the film was repeatedly reformed. 

In  detailed analyses, Grosskreutz (15) and Gross- 
kreutz and McNeil (27) interpreted the two fracture 
modes of anodic oxide in  terms of interfacial  adhesion 
stress and film strength;  thick films having sufficient 
s trength to withstand shear loading by slip steps on 
the substrate surface and, instead, separate from the 
substrate and fail normal  to the tensile axis, while 
th in  films failed by shear at slip steps without  de- 
tachment.  In the present  investigation, however, the 
oxide was seen to exert  considerable influence on 
plastic flow in the substrate  in  agreement  with the 
observations of Block et al. (20, 21); with thin films, 
less than ~ 400A thick, distinct slip band formation 
and development  of surface undula t ion  were seen on 
deformation, but  were absent when  the anodic film was 
thicker. This influence can be manifested by the film 
offering a resistance to slip step emergence, thus 
al tering the operative substrate slip systems as shown 
in Fig. 18. In  Fig. 18 (a), two slip directions are shown 
operating on the same crystallographic plane. Even 
modest resistance to slip step emergence in one of 
these two directions, as by a surface film, however, 
will restrict  slip to just  one system, as shown in  (b). 
Fracture  along the slip steps generated in  surface A in 
Fig. 18(b) is caused by shear loading normal  to the 
plane of the film, whereas film fracture due to slip of 
the mode occurring on surface B is by shear loading 
parallel  to the plane of the film. It is postulated that 
these different modes of film failure along lines of 
substrate slip are represented by the observed sharp, 
continuous fractures and by the discontinuous frac- 
tures as shown in Fig. 7, respectively. It must  be noted 
that under  ambient  humidi ty  the oxide film, being of 
lower modulus, should attract, ra ther  than  repel, dis- 
locations suggesting that it would not offer resistance 
to slip step emergence. However, in  order for a slip 
step to form at the surface, the film must  rupture  
along the slip step or it must  accommodate the step 
through deformation or through separation from the 

l l 

Q. 

B 

b 

Fig. 18. Schematic representation of crystallograpMc substrate 
slip. (a) No film on surface A or B. (b) Film on surface B resisting 
slip step emergence. 



Vol. 123, No. 12 M E C H A N I C A L  F A I L U R E  OF ANODIC FILMS 1875 

substrate. These processes are governed by properties 
of the film and of the interface and are unrela ted to 
substrate properties. Thus, even a weak or low 
modulus film must  exert  some effect on slip step 
emergence irrespective of its effect on dislocation 
movement.  

Observations in this study clearly showed that 
sufficiently thin films could accommodate a certain 
degree of substrate slip without failure. The manner 
by which this may be accomplished has been subject 
to considerable speculation (15). Clearly simple de- 
formation of the film around the contour of a sharply 
defined slip step is unrealistic due to the very high 
values of local strain that would be entailed. Film 
detachment  is possible, but  would still involve high 
local strain;  there is, furthermore,  no indication that 
such detachment  does occur. The authors consider it 
feasible to postulate that the slip seen beneath intact  
oxide films is not, in fact, comprised of large, discrete 
steps, but  of broad slip bands comprised of steps of 
atomic dimensions. This would permit  film deforma- 
t ion along the substrate surface without necessitating 
inordinate ly  high local strain values or local detach- 
ment  of the film. Clearly, however, the strain in the 
film will be highest at such slip bands, thus film fail- 
ure would necessarily occur along the bands. In  the 
case of thicker films, where deformation of the sub-  
strate surface is suppressed, local regions of higher 
strain do not exist and the films simply fail normal  to 
the applied loading. This analysis is clearly over-  
simplified, bu t  appears to offer a viable rat ionale for 
the observed phenomena.  

Tantalum.--The failure strain values reported in 
this study for anodic films on tantalum, > 0.14%, are 
markedly  different than those reported by Bubar  and 
Vermilyea (11, 12), whose substrates were leached in 
HF following the chemical polishing procedure, and 
somewhat smaller than that of El iezer-and Brandon 
(!3),  whose value o3 0.83% is reported as a "maximum" 
value, in general  accord with the observations of 
Young (14). Analysis of the failure mode of anodic 
films on chemically polished t an ta lum substrates is 
simplified by the very weak adherence of such films. 
Clearly the films became detached by substrate de- 
format ion and their subsequent  fai lure normal  to the 
tensile axis was unaffected by the substrate surface. 
The films on mechanical ly polished substrates, however, 
were strongly bonded and behaved in a manner  an-  
alogous to those on a luminum. It is interest ing to note 
that  a fai lure behavior intermediate  between these 
cases could be obtained by l ightly abrading chemically 
polished substrates prior to anodizing. The weak bond-  
ing on chemically polished substrates has been attrib- 
uted to a superficial film associated with the polishing 
procedure (14, 36), possibly fluorine-rich (37), and to 
"flawed" regions (38). It is not clear why the mechan- 
ically polished specimens did not yield the ductile 
behavior previously observed in strongly adherent 
films. 

Conclusions 
Anodic a luminum oxide films of thickness greater 

than a critical value of ~ 400A tested in ambient  air 
fail at a strain of ~ 0.925% independent of thickness. 
These films apparently suppress emergence of slip in 
the substrate and fail normal to the tensile axis (or, in 
the case of compressive loading, parallel to the com- 
pressive axis), forming regularly spaced cracks with 
a limiting, high strain spacing of ~ 15 ~m. The 
Young's modulus of these films was determined to be 
,~ 4 X 104 MN/m 2, implying a failure stress of the 
order of 380 MN/m 2. Films thinner than the critical 
thickness failed at a higher strain value of 1.12% 
along substrate slip traces, apparently due to their 
inability to suppress slip emergence and the conse- 
quent higher local strain at these sites. There is 
clearly an implication that film failure strain decreases 
with thickness. This behavior was unaffected by the 
manner of substrate surface preparation or by the 

presence of a superimposed porous oxide layer except 
that a thick porous layer superimposed on a thin 
barrier layer caused it to behave as a "thick" film. No 
evidence of film detachment due to deformation was 
seen. 

Anodic films on mechanically polished tantalum 
failed in a manner analogous to those on aluminum, 
at a strain of ~ 0.28%. This value did not show a 
thickness dependence, however. Films on chemically 
polished tantalum substrates readily separated from 
the substrates on straining and failed in simple tension, 
normal to the tensile axis. Films thicker than ~ 680A 
failed at a strain of ,-~ 0.14%, while thinner films failed 
at strains of 0.2%. 
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The Anodic Oxidation of Iron: Overpotential 
Analysis for a Two-Phase Film 

J. L. Ord* and D. J. De Smet *'1 

Department of Physics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1 

ABSTRACT 

The galvanostat ic  oxidation of iron in a neutral  borate  buffer of pH 8.4 
has been studied using open-circui t  transients to analyze the overpotent ial  
dependence of the optical and electrical propert ies of the process. A minicom- 
puter  which can control the current  through the cell and read the potential  of 
the electrode performed the exper iments  under  program control, recording 
transients on magnetic tape at specified intervals,  and recall ing them later  for 
least squares analysis. A self-nul l ing el l ipsometer  which is also l inked to the 
computer  is used to fol low the process optically. Both the optical data and the 
Tafel  slopes determined f rom transient  analysis exhibi t  a s tructure charac-  
terist ic of an oxide film composed of two distinct phases: an inner layer  of 
Fe304 and an outer layer of Fe203. The field in the inner Fe304 layer appears 
to limit the process, and this field does not go to zero at the potential at which 
the protective outer layer of Fe203 begins to reduce. The electrochemical be- 
havior of the system appears to be in accord with the predictions of a field- 
controlled two-phase model of the process. 

The extensive l i tera ture  on the passivity of iron, 
f rom the original let ters of Schoenbein (1) and Fara -  
day (2, 3) through to the present t ime (4, 5), shows 
a continuing interest  in the subject, but fails to pre-  
sent a comprehensive description of the phenomenon.  
This situation has come about because workers  in 
the field have approached the problem with different 
viewpoints,  chosen exper imenta l  conditions suited to 
their  measurement  technique, and ended up studying 
somewhat  different phenomena.  For example,  studies 
of the anodic oxidation of iron which take care to 
avoid deposition of FeOOH from reaction products 
in the electrolyte  give quite different results f rom 
studies in which FeOOH deposition occurs. One can- 
not say that  one of these approaches is r ight  and the 
other  wrong, but a strong case can be made for s tudy- 
ing anodic oxidation and electrodeposit ion separately 
ra ther  than under  conditions where  both processes 
take place at the same time. Different results are also 
obtained depending on whether  measurements  are 
made under s teady-growth  or s teady-state  conditions. 
Steady growth is usually assumed to take place under 
galvanostatic oxidation across a restr icted potential  
range, whereas a steady state is usually assumed to 
be reached af ter  potentiostatic oxidation for an hour, 
al though the system probably has no t rue steady state. 
S teady-growth  conditions are usually chosen to study 
the kinetics of film growth, whereas s teady-sta te  con- 
ditions are more  often chosen as the starting point 
for studies of the film itself. Our interest  in this paper  
is in the oxidation process, and we make both our 
electrochemical  measurements  and our optical mea-  
surements  under  s teady-growth  conditions. 

In recent  years the most commonly used electrolyte 
for work  on the passivi ty of iron has been the pH 
8.4 boric acid-sodium borate buffer made popular  by 
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Cohen and co-workers (6-9). This electrolyte, chosen 
initially by Cohen in order to obtain reliable cathodic 
reduction data, turns out to be ideal for optical work 
also. This is because an iron electrode can be passivated 
at a low enough current density to avoid roughening 
of the optical surface in the electrolyte and, in addi- 
tion, the optical data return to their initial values 
after cathodic reduction. Some care must be taken 
when using the electrolyte because the behavior of 
iron in it is sensitive to both dissolved oxyge n and 
ferrous ions. If the electrolyte contains appreciable 
dissolved oxygen, an iron electrode will spontaneously 
passivate with no current applied. If the electrolyte 
is free of dissolved oxygen, ferrous ions are stable in 
it and will deposit anodically to form a layer of FeOOH 
at all but the lowest potentials in the passive region. 

The answer to the question of whether  or not the 
borate buffer is a typical neutral  e lectrolyte  depends 
on the aspect of passivity in question. In one impor tant  
respect the borate buffer is ve ry  special: the presence 
of dissolved oxygen in the electrolyte is not necessary 
for the passivation of iron. This is not t rue for sulfate 
or perchlorate  electrolytes. This special proper ty  of 
the borate electrolyte  appears related to the fact that  
FeOOH layers deposited in borate electrolyte  contain 
boron and take on an amorphous s tructure ra ther  
than the crystall ine s tructure they have when depos- 
ited in sulfate or perchlorate  electrolyte  (11-15). In 
an earl ier  paper from this laboratory  (16), it was 
argued that  passivation results f rom a reaction in 
which the surface of the layer Fe304 formed in the 
active state is oxidized to FeOOH. It appears that  
boron involvement  in this monolayer  of FeOOH is 
necessary to render  the electrode passive. Once pas- 
sive, iron behaves the same way under  fur ther  oxida- 
tion in borate and perch]orate electrolytes which are 
free of ferrous ions. Since our pr imary  interest  in 
this paper  is in the mechanism of ionic conduction and 
film growth in the passive state, the borate  buffer 
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acts as a typical neutra l  electrolyte which happens 
to be convenient  for this work. 

Some t ime ago, a paper from this laboratory (17) 
argued on the basis of electrochemical evidence that 
the field in the oxide film limits conduction in the 
passive state, and that  this field goes to zero at the 
Flade potential,  the potent ial  below which iron re-  
verts to the active state. Since that time, two attempts 
have been made in this laboratory to test this argu- 
ment  by correlating the electrochemical measurements  
with optical measurements  of film thickness made with 
an ellipsometer. In the first at tempt (18), Tafel slopes 
from open-circui t  t ransient  analysis, proportional to 
film thickness in a field-limited model, were correlated 
with optical measurements  of film thickness made 
with a manua l  ellipsometer. Although a l inear  de- 
pendence was found, the measured quanti t ies were 
not proportional,  and it was concluded that the layers 
formed in the active and passive states have quite 
different properties although no difference could be 
detected optically. In  the second at tempt (16), an 
automated self-nulling ellipsometer was used for the 
optical measurements, and the reciprocal capacitance 
from a-c impedance measurements was taken as an 
electrochemical measure of the film thickness. The 
greatly improved resolution of the optical measure- 
ments enabled two layers to be distinguished, but 
neither layer was found to have a thickness propor- 
tional to the reciprocal capacitance. Although the 
optical measurements  presented a clear picture of a 
two-phase film, little progress could be made in clari-  
fying the conduction mechanism. 

In  this paper we continue our study of the oxidation 
of passive iron using sensitive recording and analysis 
techniques to increase the resolution of our electro- 
chemical measurements.  The increase in resolution 
enables us to determine the electrochemical properties 
of the two phases detected optically, and a much sim- 
pler model of the conduction process emerges with 
a different significance given to the Flade potential. 

Experimental 
The optical measurements  were made with a self- 

nut l ing ell ipsometer which has been described in de- 
tail elsewhere (19). The ins t rument  has a resolution 
of 0.01 ~ in the settings of its polarizing prisms, and 
nulls  both polarizer and analyzer approximately twice 
each second under  the optical conditions encountered 
in  this experiment.  T h e  standard deviat ion in the 
nul l  readings was less than the resolution of the 
ins t rument ,  therefore an increase in resolution was 
obtained by averaging the data if the properties of 
the film were not changing too rapidly. A helium-neon 
laser is used as the light source, and an angle of 
incidence of 60 ~ is chosen to accommodate a cell made 
from an equilateral glass prism. The cell is fitted with 
standard taper joints for mounting the electrode hold- 
er, platinum counterelectrode, mercurous sulfate ref- 
erence electrode, and gas dispersion tube. The cell 
has inlet and outlet connections enabling deaerated 
electrolyte to be added from a 2 liter reservoir, and 
electrolyte contaminated with ferrous ions to be 
pumped from the cell. The electrolyte, an equivolume 
mixture of 0.15N sodium borate and 0.15N boric acid 
of pH 8.4, was maintained at room temperature, 23~ 
All potential values are relative to the mercurous 
sulfate reference electrode which uses a 0.1N K2SO4 
salt bridge. 

The cylindrical  single crystal sample of iron used 
as the working electrode is clamped between Teflon 
washers in a glass electrode holder. A flat on one 
side of the cylinder is used for the optical measure-  
ments. A surface area of approximately 1.25 cm2' is  
exposed to the electrolyte in this configuration. The 
sample was chemically polished before being inserted 
into the cell. Subsequently,  several oxidat ion-reduc-  
tion cycles were run  in order to reduce roughness and 

stabilize the optical surface prior to beginning the 
experiment.  

The laboratory computer, a Hewlet t -Packard  2114B, 
was programmed to perform the experiments  with 
little operator in te rvent ion  and record the data on 
magnetic tape for later recall by analysis programs 
wri t ten  in BASIC. The operating program was similar  
in many respects to one used earlier in a study of 
the anodic oxidation of p la t inum (20). Both the elec- 
trochemical control circuitry and the circuitry which 
operates the ellipsometer are bui l t  into mult iplexed 
inpu t -ou tpu t  interface of the computer. The computer  
reads the digital output  from the ellipsometer, and 
uses digi tal- to-analog and analog-to-digi tal  converters 
to control the current  through the cell and read the 
electrode potential. A video te rminal  and an X-Y 
point p lo t te r  are used extensively for graphical dis- 
play dur ing the performance of the experiment  and 
the analysis of the data. 

Descriptions of the analysis of open-circuit  t rans-  
ients appear in the l i terature (21, 22) and a current  
paper  describes the digital techniques used in this 
laboratory (23). The basic equations governing open- 
circuit t ransients  are obtained by wri t ing the external  
current  in the cell circuit, ie, as the sum of the current  
charging the capacitance, ie, and the faradaic current  
through an element in parallel  with capacitance, / 

ie + i = ie [1] 

For an activation-controlled process, the exponential  
dependence of current  density, i, on potential, V, can 
be wri t ten  

i/io----- exp( ( V -  V*) /Vo)  [2] 

where V* is the zero of overpotential,  io is the ex- 
change current  density, and Vo is the Tafel slope 
expressed in na tura l  logarithms. With ie : 0, ic wr i t ten  
as CdV/dt,  and i given by Eq. [2], Eq. [1] becomes 

CdV/dt  + io exp ( (V -- V*) /Vo)  ~- 0 [3] 

This equation can be integrated, assuming C, to, Vo, 
and V* all constant, to give 

V ---- Vi -- Vo In (1 + t /T )  [4] 

where the t ime constant  T is defined by 

T = CVo/il [5] 

and il and V1 are the values of i and V at t ----- 0. 
Transients are fitted by varying T in Eq. [4] unt i l  
a l inear  V vs. ln(1 + t /T)  least squares analysis gives 
the mi n i mum deviation in V. Vo is given directly by 
the slope of the fitted line. 

The open-circuit data are recorded in a form well 
suited to this type of analysis. The potential is read 
at millisecond intervals, but data are stored at equal 
potential intervals rather than time intervals in order 
to produce a uniform point density along the least 
squares line. The 12 bit analog-to-digital converter 
has a 1/2 mV resolution and by summing eight suc- 
cessive readings taken over a 200 ~sec interval this 
resolution can be improved somewhat. The accuracy 
of the fitting procedure can be expressed in a variety 
of ways. The range over which the data are fitted is 
one for which dV/d t  changes by a factor of ten. The 
standard deviation in V from the fitted least squares 
l ine is typically less than one least significant bit of 
the 12 bit converter for this fitting range. Expressed 
as a fraction of the potential  range over which the 
t ransient  is fitted, the deviation is on the order of 
0.1%. The least squares analysis estimates the s tandard 
deviation in the Vo values to be on the order of 0.1%, 
but a complete replication of an exper iment  gives Vo 
values which differ by as much as 1%. 

Results 
The experiments used to generate the data consist 

of a series of oxidat ion-reduct ion cycles with oxida- 
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Fig. 1. Oxidation-reduction cycle with open-circuit transients for 
an iron electrode in deaerated borate buffer: oxidation at --0.825V 
(vs. Hg2SO4) from A to B with electrolyte changes at X, oxidation 
at i l  ~ 5 ~A/cm 2 from B to C with open-circuit transients applied 
at the points indicated, reduction at 10 /~A/cm 2 from C to E. 

t ion current  densities of 5, 20, and 80 ~A/cm 2 and a 
common reduction current  density of 10 ~A/cm 2. The 
potent ia l - t ime plot of a cycle with an oxidation cur-  
rent  density of 5 #A/cm 2 is shown in the lower portion 
of Fig. 1. At point A the reduction segment of t h e  
previous cycle is complete, and the working electrode 
is passivated at a current  density of 1 mA/cm  2 unt i l  
the potential  reaches --0.825V where it is held unt i l  
the current  density drops to 1 ~A/cm 2 (point B). At 
the three points labeled X, the circuit is opened briefly 
while the electrolyte is pumped from the cell and re- 
placed by fresh, deaerated electrolyte which is free 
of ferrous ions. At point B the 5 ~A/cm 2 oxidation 
current  density is applied to the working electrode, 
and oxidation continues unt i l  the potential  reaches 
0.25V at point C. During the oxidation, open-circui t  
t ransients  are recorded at 0.1V intervals  from --0.75 
to 0.25V. The open-circui t  t ransient  at --0.75V does 
not provide adequate data for analysis, but the other 
transients, labeled 1 through i0 in the figure, can all 
be analyzed to determine values for the Tafel slope, 
Vo, and reciprocal capacitance, I/C. Cathodic reduction 
at I0 ~A/cm 2 begins at point C and continues through 
two potential arrests until the surface of the working 
electrode is free of oxide at point E. 

Optical data consisting of the null settings of the 
polarizer, P, and the analyzer, A, are recorded at 1 sec 
intervals throughout the experiment except during 
changes of electrolyte. Representative optical data are 
plotted in the upper portion of Fig. i. On a P vs. A 
plot, the optical data fall on four distinct line segments, 
A-B, B-C, C-D, and D-E. The points plotted during 
galvanostatic oxidation between B and C are the 
points labeled I through I0 at which analyzable open- 
circuit transients were recorded. The reduction data, 
plotted at 0.I ~ increments in P, fan on two distinct 
line segments, C-D and D-E, which correlate with 
the two potential arrests observed on reduction. The 
data obtained during passivation from A to B super- 
impose on the reduction data between these points. 
The line segments shown in the figure were fitted to 
the data using a least squares technique. Note that 
the A scale is expanded five times over the P scale 
in order to show the structure in the data. 

Cycles with oxidation current densities of 20 and 
80 ~A/cm 2 differ little from the 5 ~A/cm 2 cycle plotted 
in Fig. i. The potential-time plots differ only in the 
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Fig. 2. Optical P-A plot for oxidation-reductlon cycles with il = 
5, 20, and 80/~A/cm 2. The cycle plotted at the bottom is the one 
from Fig. I,  and the upper two cycles are offset 0.1 ~ and 0.2 ~ in 
A to avoid overlap. 

time scale between B and C, and the optical data show 
structure which differs only in the lengths of the 
various l ine segments. The optical data for all three 
current  densities are plotted in Fig. 2 with the upper  
two cycles offset 0.1 ~ and 0.2 ~ in A to avoid overlap. 
As can be seen in the figure, the lengths of l ine seg- 
ments B-C, C-D, and D-E all decrease somewhat with 
increasing oxidation current  density. The expanded A 
scale enables some indication of the reproducibil i ty of 
consecutive cycles to be seen in the figure. The cycles 
were performed in the sequence middle, top, bottom, 
and the uneven  vertical spacing between cycles is the 
result  of a drift  in A of 0,01 ~ over the course of the 
three cycles. Following the third cycle, the series of 
three cycles was relceated, and the optical data ob- 
tained agreed with the data plotted in Fig. 2 to within 
0.02 ~ in both P and A. 

The optical data show an inflection dur ing cathodic 
reduction on a P- t  plot as well as on a P-A  plot. In 
Fig. 3, P is plotted vs. t ime for the cathodic segments 
of the three cycles plotted in Fig. 2. In  each case, the 
data show an inflection at the point labeled D' which 
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Fig. 3. Time dependence of the optical parameter P during 
reduction at 10 ~A/cm 2 for the three cycles plotted in Fig. 2. The 
inflection at D' occurs later than the P-A inflection at D. 
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is reached somewhat  l a te r  than  point  D, the P - A  inflec- 
t ion point  which marks  the  end of the  first reduct ion  
plateau.  

Analys is  of the open-c i rcu i t  t rans ients  gives values  
for the Tafel  slope, Vo, and the reciprocal  capacitance,  
l/C, at ten values  of the  ini t ia l  potent ial ,  V1, and 
three  values  of the  oxidat ion cur ren t  density,  is. These 
data,  along with  the corresponding t h i r t y  optical  da ta  
points,  form the da ta  set on which subsequent  analysis  
is based. Since the  l inear  re la t ion be tween  P and A 
dur ing  galvanosta t ic  oxidat ion  does not depend on the 
oxidat ion  current  density,  only one optical  var iable ,  P, 
is r equ i red  to specify the  optical  data.  

The first step in car ry ing  the analysis  fur ther  is 
to de te rmine  io and V*, the remain ing  unknown pa -  
r amete r s  in Eq. [2]. If e i ther  one can be determined,  
the  other  can be calcula ted using Eq. [2]. Nei ther  io 
nor  V* can be de t e rmined  f rom the analysis  of a 
single open-c i rcu i t  t ransient ,  but  common values for 
both can be de te rmined  for a set of t rans ients  wi th  
a common is p rovided  Vo depends  l inear ly  on Vs. Two 
a rguments  may  be advanced in suppor t  of constant  
values  for  io and V*, one based on economy of p a r a m -  
eters, the  other  on the physical  significance of the 
pa rame te r s  themselves.  On the rmodynamic  grounds, 
V*, the  zero of overpotent ia l ,  is expected to be inde-  
penden t  of both  is and V1. On the other  hand, the  
exchange  cur ren t  density,  io, wil l  be sensi t ive to any 
var ia t ion  in the  concentra t ion of charge carr iers  at 
the act ivat ion bar r ie r ,  and hence m a y  depend some-  
wha t  on is, but  should not depend on V1 for constant  is. 

The analYSiS to de te rmine  io and V* from sets of Vo 
values can be d isp layed  g raph ica l ly  on a plot  of Vo vs. 
V1. In Fig. 4, Vo values  are  p lot ted  as a funct ion of V1 
for  il equal  to 5, 20, and 80 ~A/cm 2. Fo r  each of the 
th ree  oxida t ion  cur ren t  densities,  the upper  six points  
wi th  V1 values f rom --0.25 to 0.25V fal l  on a s t ra ight  
line. Graphical ly ,  the value  of V* common to all 
points  on the  l ine is given by  the in tercept  of the  
l ine on the V1 axis, and ln(il/io) is given by  the 
reciprocal  of the  slope of the  line. The in tercepts  of 
the  least  squares l ines wi th  it equal  to 5, 20, and 80 
~A/cm 2 give V* values  of --1.305, --1.303, and 
--1.292V, respect ively,  and the i r  slopes give corres-  
ponding  values for io of 4.24, 8.25, and 24.8 • 10 -5 
~A/cm 2. The differences be tween  the V* values do 
not  appear  significant, pa r t i cu l a r ly  in view of the  
range  of the ex t rapo la t ion  involved in the i r  de t e r -  
minat ion,  and hence they  can be averaged  to give a 
va lue  for V* of --1.300V which applies  to all  open-  
circui t  t rans ien t  da ta  wi th  V1 equal  to --0.25V or 
greater .  The increase by  a factor  of six in io as il  
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increases by  a factor  of s ixteen is significant, con- 
sequent ly  io cannot  be considered to be independen t  
of is. For  V1 values  less than  --0.25V, e i ther  io, V*, 
or both  differ f rom the values  which apply  in the 
l inear  region. 

I t  should be emphasized tha t  the  dependence  of Vo 
on V~ and is, and of io on is are  dependences  on the 
conditions which appl ied  at the  t ime the circuit  was 
opened, and do not imply  tha t  the pa rame te r s  Vo and io 
have  expl ic i t  po ten t ia l  or cur ren t  dens i ty  dependence.  
This can be i l lus t ra ted  very  s imply  in the  case of 
the pa rame te r  Vo by  plot t ing i t  as a funct ion of P 
as is done in Fig. 5. The plot ted line, fitted by  least  
squares to the eighteen points  for  which V1 is --0.25V 
or greater ,  provides  a reasonable  fit to the da ta  at 
all  three  oxidat ion cur ren t  densit ies,  thus Vo is solely 
a funct ion of film thickness in this region. 

Equat ion [5] enables  a va lue  of the  capaci tance to 
be calculated for each open-c i rcui t  t rans ien t  once Vo 
and T have been determined.  In  Fig. 6, rec iprocal  
capaci tance values calcula ted using Eq. [5] a re  p lot ted  
as a function of V~ for each of the th ree  values  of is. 
As was the case for Vo in Fig. 4, the  six points  wi th  V1 
values of --0.25V or grea te r  fal l  on s t ra ight  lines. 
The two lines wi th  is values of 20 and 80 ~A/cm 2 can- 
not  be dis t inguished in the  figure, and intersect  the  V1 
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Fig. 5. Tofel slope from open-circuit transient analysis as o 
funcffon of the optical parameter P. The llne is fitted to the upper 
six points at each oxidation current density. 
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Fig. 7. Reciprocal capacitance from open-circuit transient analysis 
as a function of the optical parameter P. The lines are fitted to the 
upper six points at each oxidation current density. 

axis at --0.965 and --0.963V, respectively. The line 
with ii equal to 5 ~A/cm 2 intersects the V1 axis at 
--0.936V. These intercepts differ by more than 1/3V 
from the Vo intercept which was identified as the 
zero of overpotential. The plot of reciprocal capac- 
itance vs. P in Fig. 7 shows a linear dependence on 
film thickness at each value of ii, but the lines at 
different values of ii are distinct, and the reciprocal 
capacitance cannot be said to be solely a function of 
film thickness above --0.25V as was the case for the 
Tafel slope. 

Discussion 
Although the evidence is indirect, ell ipsometric mea-  

surements  can be used to advantage in at tempts to 
de termine  the s tructure of ve ry  thin films. The ell ip- 
sometric data reported here  show the same s t ructure  
exhibited by those we reported in an earl ier  paper 
in which we concluded that  the oxide film is composed 
of a layer  of Fe304 covered by an outer layer  of 
Fe203. This identification of the component layers 
agrees substant ial ly wi th  both the early (6-9) and 
recent  (24) work  of Cohen and co-workers,  but dis- 
agrees wi th  other recent  work which identifies the 
oxide ei ther  as ent i re ly  FeOOH (4), or as ~,-Fe~O3 
covered by FeOOH (25-28). The lat ter  study (by 
Sato and co-workers)  makes extensive use of el l ip-  
sometry  to support  the proposed model  of the oxide 
film, and identifies Fe304 as a product  of cathodic 
reduction. 

The question as to whether  or not a layer  of FeOOH 
is present on the surface is one which el l ipsometry 
can answer directly. Al though it is not possible to de- 
duce refract ive  indexes uniquely  from ell ipsometric 
P-A data for films which are very  thin, the converse 
problem of detecting the growth of a film of known 
index can be dealt  wi th  directly. FeOOH films have 
been studied in detail  in this laboratory  (15), and 
their  ref ract ive  indexes are known. The films grown 
in borate buffer are t ransparent  amorphous films with 
a ref rac t ive  index of 1.70 at ~ ---- 6328A. On a P-A 
plot wi th  the scales used in Fig. 2, growth of a film 
of FeOOH displaces optical data upward  to the left  
at approximate ly  three times the slope of line seg- 
ment  C-D. Thus the data in Fig. 2 indicate that FeOOH 
is not a significant component of the anodic oxide 
under  our exper imenta l  conditions. Optical data ob- 
tained under  conditions where  FeOOH is a significant 
component  of the oxide film were  included in a pre-  
vious paper (16). Sato and co-workers  (27), al though 
lacking the ins t rumenta l  resolution for direct detec-  
tion of FeOOH deposition, found that  the thickness 
of a potentiostat ical ly grown oxide film depends on 

the speed of passivation, and at t r ibuted this to the 
deposition of FeOOH from ferrous ions produced dur-  
ing active state dissolution. In their  more recent  work 
(28), they avoid the deposition of FeOOH by growing 
an init ial  25A of oxide using a pH 11.5 electrolyte  in 
which iron has no active state. F rom this work they 
conclude that  the oxide film grown in borate buffer 
has an outer  layer  of FeOOH, but their  el l ipsometric 
measurements  still  lack the resolution to detect two 
layers directly, and their  optical analysis uses one 
common ref rac t ive  index for the ent ire  oxide film. 

The question as to whe ther  Fe304 is present  as a 
surface layer during anodic oxidation or is a product 
of cathodic reduct ion raises a ve ry  basic question con- 
cerning the in terpreta t ion of optical data. We have 
assumed that  cathodic reduct ion s imply planes away 
the surface of the film without  producing bulk changes 
in it. This assumption is implicit  in the s ta tement  that 
at point C the oxide film is composed of superimposed 
layers whose sequential  r emova l  displaces the optical 
data first f rom C to D, then f rom D to E. Al terna te  
explanations of the s t ructure  in the optical data are 
certainly possible. Sato and co-workers  (26) found 
an inflection in the t ime dependence of their  optical 
data on the second reduction plateau, and concluded 
that  prior  to this point FesO4 is a react ion product, 
and after  this point Fe304 is i tself reduced. We ob- 
serve an analogous inflection at point D', but find a 
smaller  slope change at this point, presumably  be- 
cause our electrode has no FeOOH layer. Our optical 
data  could be in terpre ted  in terms of a model  in 
which the film at point C composed of an inner Fe~O4 
layer  (E-D')  covered by an outer Fe208 layer  (D'-C) 
which reduces along C-D leaving a residual layer  of 
Fe804 (D'-D) .  We feel  that  we have insufficient 
evidence to choose be tween this model and our orig- 
inal  model  with an outer  layer  which leaves no Fe~O4 
behind on reduction. Our data are not consistent with 
a model  in which most or all of the Fe30~ layer  is 
a product of cathodic reduction. We conclude that  
both Fe203 and Fe304 are present as superimposed 
surface layers in the passive state. 

The analysis of overpotentiaI  for the growth of a 
two-phase  anodic oxide film is analogous in some 
ways to the t rea tment  of corrosion processes by mixed 
potential  theory. In corrosion processes two reactions 
take place at a common potential  and the total cur-  
rent  is the sum of the individual  reaction currents, 
whereas  for a two-phase oxide the current  density 
is the same through each layer  and the individual  
layer  overpotent ials  appear in series. Al though a de- 
tailed t rea tment  of ionic t ransport  through a two-  
phase film is not feasible in view of our l imited under-  
standing of ionic transport  through single phase films, 
we can predict  the general  features of the dependence 
of current  density on potential  for this system. Since 
the electrochemical  behavior  of the system appears 
re la t ively  insensit ive to the thickness of the outer 
layer (16), we will  assume that the field in the inner 
layer  limits the process, and set up a two-phase  model  
of this type for comparison with  the exper imenta l  
data. Each phase will  have its own characterist ic zero 
of overpotential ,  and the electrochemical  behavior  of 
the system will  depend on both the position of the 
potential relative to these points and on the relation 
between current density and overpotential. The zero 
of overpotential of the layer in the higher oxidation 
state, V(Fe203)*, will be higher than that of the layer 
in the lower oxidation state, V(Fe304)*. The relation 
between current density and overpotential for a metal 
covered by a reducible oxide layer which can both 
support high fields and conduct electrons (by tunneling 
or other mechanisms) has some special characteristics. 
On the anodic side, oxidation requires ionic transport 
through the film, and this is usually a field-limited 
process. Electronic conduction is not involved because 
the electrolyte does not act as a source of electrons 
below the oxygen evolution potential. On the cathodic 
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side, reduction of the film does not require  ionic t rans-  
port, but  does require  conduction of electrons from 
the metal  to the fi lm-electrolyte interface. 

At potentials well above both V(Fe304)* and 
V(Fe20~) *, the field in  the inner  layer will  control 
the process, and the Tafel slope, expressed in field 
units, will be constant. Since "the Tafel slope is mea-  
sured in potential  uni ts  ra ther  than in field units, 
i t  will  vary  l inear ly  with potential  under  galvano- 
static oxidation, extrapolat ing to zero at V(Fe~O4)* 
As the potential  approaches V(Fe2Os)*, the measured 
value for the Tafel slope will drop below the l ine 
for higher potentials, extrapolat ing to zero near  
V(Fe203)*. This is due to the fact that an electronic 
current  will  begin to flow as the potential  crosses 
V(Fe203)*, and the remain ing  overpotential  across 
the inner layer will not discharge until the outer 
layer has been reduced. In this model the system does 
not tend toward an equilibrium state under open- 
circuit conditions; the difference between V(FeeO~)* 
and V(Fe~O4)* effectively acts as an overpotential 
driving an ionic current through the inner layer, and 
the electronic current which balances it reduces the 
outer layer. 
The experimental results exhibit the general fea- 

tures predicted by the two-phase model. The plot of 
Vo vs. V1 is l inear  at high potentials as expected for 
a field-controlled process, and extrapolates to zero 
at V1 ---- --1.3GOV. This is a reasonable value for 
V(Fe304)*, lying as it does just  above the second 
reduction plateau. At lower potentials, the Vo values 
inflect more sharply toward the axis, giving V (Fe2Q) * 
a value of about --0.850V, just  above the first reduc-  
t ion plateau, and below --0.825V, the potential  used 
to passivate the electrode in these experiments.  The 
passivation potential  is just  above the Flade potential, 
the lowest potential  at which the electrode can be 
said to be t ru ly  passive. The position of V(Fe203)* 
between the first reduction plateau and the passiva- 
tion potential  is exactly where the model requires it 
to be, but  it has been argued that  this potential  is 
much too high for any known bulk  oxide of iron. 
For this reason it would be tempting to identify the 
outer layer as FeOOH were it not for its refractive 
index. In  our previous paper (16) we noted that  the 
passivating layer  of FeOOH became incorporated in 
the outer layer of Fe203 on fur ther  oxidation, and 
concluded that the Fe2Q layer is par t ia l ly  hydrated, 
by which w e  mean that some of the Fe203 has FeOOH 
bonding. It may well be that  the characteristic po- 
tential  of the oxide is very sensitive to this FeOOH 
bonding. It is cer tainly true that the first reduction 
plateau is not sharply defined under  our experimental  
conditions, and is much sharper if the exper iment  is 
modified to include a potentiostatic region between the 
galvanostatic oxidation and reduction cycles. Under 
extended potentiostatic t reatment ,  the first reduction 
plateau sharpens, and the outer portion of the Fe~O3 
layer  begins to show an index closer to that of FeOOH. 

The reciprocal of the slope of the Vo vs. V1 plot 
gives the value of the exponent  in Eq. [2] at the 
oxidation current  density in question. This is a con- 
venient  dimensionless parameter  which can be used 
in the comparison of the anodic oxidation of different 
metals. At 80 ~A/cm 2, V J V o  has the value 12.7 for 
iron, whereas it has the value 11.3 for t an ta lum and 
7.9 for p la t inum at this current  density. Elementary  
models of high field ionic conduction have this ex- 
ponent  proport ional  to the product of the valence 
of the mobile ion, the jump distance, and the field 
in the layer, but  we feel that such models are not 
adequate to describe anodic oxidation, and we will 
not at tempt to compare valences, jump distances, or 
fields. These e lementary  models also have a preex-  
ponent ia l  factor which is independent  of oxidation 
current  density, but  this is not what  we find experi-  
menta l ly  for either i ron or t an ta lum (29). 

The plot of Vo vs. P demonstrates that the Tafel 
slope depends only on film thickness and reinforces 
the view that  the process is field limited. Given  a 
value for the ratio between layer  thicknesses, we 
could use the P intercept  from the Vo-P plot to test 
the assumption that it is the field in the inner  layer  
which limits the process. Both the lack of unique  
values for the refractive indexes of the layers and 
the possibility of some conversion of Fe203 to Fe304 
dur ing reduction make it impossible to determine the 
thickness ratio with sufficient accuracy to make such 
a quant i ta t ive test possible. On the basis of our re-  
sults, we cannot rule out the possibility that a sig- 
nificant fraction of the overpotential  may appear 
across the outer layer. 

The conclusions reached in this study differ from 
those reached in our earlier work. We at tempted 
essentially the same experiments  reported here in 
our first optical work on iron (18), but  we were using 
a manua l  ell ipsometer at that  time, and we recorded 
open-circuit  t ransients on a s t r ip-char t  recorder. As 
a result, we missed the s tructure in both the optical 
and Tafel slope data. We concluded that  the Flade 
potential  was the zero of overpotential  for passive 
state oxidation, and that  no overpotential  appeared 
across the layer formed in the active state. Later 
work with a se l f -nul l ing ellipsometer (16) correctly 
resolved the optical structure, but  still identified the 
Flade potential  as the zero of overpotential  for passive 
state oxidation, and had to describe the inner  layer  
as made up of two layers with differing electrochemical 
properties in  order to fit the data. The main  experi-  
mental  advance in this study has been the improve-  
ment  in our open-circuit  t ransient  technique which 
enabled us to detect the s tructure in the Tafel slope 
data. Although our data show a more complicated 
s tructure than did our earlier data, our conclusion 
is much simpler: the anodic oxide of iron behaves in 
exactly the manner  one would predict for a two-phase 
film. 
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ABSTRACT 

Stable LaA10~ has been prepared and activated by Tb +8. The compounds 
show a strong cathodoluminescence. When excited by the appropriate wave- 
lengths in  the u.v., they show a strong photoluminescence, at least equal to 
LaPO4:Ce, Tb. The chromaticity coordinates, equivalent  wavelengths, lumi-  
nance, energetic yield, and the position of the phosphors in  the chromaticity 
diagram have been determined. Strong 5D~-TFj emission was found at low Tb 
concentrations with CR excitation, while at higher Tb concentrations the green 
5D4-TF5 t ransi t ion predominates. 

I n  1955, Terol and Ward (1) published their  work 
on the luminescence, especially the cathodolumines-  
cence, of rare earth activated LaA1Q. They said that  
only the Pr  +~, Sm +3, and Eu +3 activated compounds, 
obtained by firing of the coprecipitated raw material  
at 1150~ give some effective cathodoluminescence, 
and only few samples were found to luminesce under  
2537A excitation. They ment ioned also that Cr +~ in 
LaA103 shows no luminescence, al though when this 
ion is dissolved in the perovskitelike structure of 
LaAIQ (which has a sixfold coordination towards 
the oxide ions, similar to ruby), it should fluoresce 
strongly. 

Later, Forat, Jansen, and Tr4vaux (2) pulled Cr +3 
and Nd +3 activated LaAiOs single crystals which 
showed strong luminescence. Because of these contra- 
dictory statements, we decided to reinvestigate LaAIOz 
as a host lattice for rare earth activators. In this paper 
we relate the synthesis of stable terbium-activated 
lanthanum aluminates Lal-xTb~A103 with x ranging 
from 9.001 to 0.I0 and give the results of the investiga- 
tion of their optical characteristics. 

Experimental 
Sample preparation.--Samples were prepared by co- 

precipitat ion of La +~, Tb +a, and Al+3 by NIt3. We used 
La203 and Tb407 (99.995%) from P~chiney and crystal 
grade A1NH4(SO4)2 (Ugine).  The dried hydroxides 
were fired twice at 1350~ for 24 hr in air. The body 
color of the undoped compound was white, that  of the 
Tb-act ivated compounds was yellow brown. Fir ing 
them at 1000~ for 4 hr under  forming gas gives a 
white ma te r i a l  

X-Ray analysis.--Powder diffraction pat terns were 
taken in a 11.46 cm Debye-Scherrer  camera with fil- 
tered Cu Ks radiat ion from a Seiffert x - ray  generator. 
Other diffraction diagrams were obtained from both 
a Seiffert and a GE XRD5 automatic x - r ay  recorder. 
Crystal parameters  were calculated with the help of an 

* Electrochemical Society Active Member. 
Key words: cathodoluminescence, photoluminescence, terbium 

activated lanthanum-aluminates, fluorescence lifetimes, persist- 
ence, energetic yield. 

IBM 270 and a special program for refining param-  
eters. 

Optical analysis.--The emission spectra under  2250A 
excitation were taken with a Cary 17, the excitation 
spectrum by monochromatic excitation from 850 to 
4000A, and by detecting the global-emit ted radiat ion 
from 5D3 and 5D4 to the 7Fz states by 9558 EMI detec- 
tor. 

The emission spectra under  electron excitation, 
luminance,  efficiency, decay time, and chromaticity co- 
ordinates were obtained by depositing the phosphors 
under  s tandard conditions on cathode-ray screens and 
exciting them with 15 kV, 4 ~A/cm 2. The emitted radi-  
ation was analyzed by an automatic recording spec- 
t rometer  fitted to a C.S.F. computer  (St. Egreve, 
France) .  

Results 
X-ray diffraction controL--The synthesis of LaA1Q 

and Lal-.~TbxA103 was closely checked by x - r ay  dif- 
fraction. When the compounds were fired below 1300~ 
and for shorter times, the reacUon was not complete 
and the lines of unreacted La203 were found in  the 
x - ray  diagram. Terol et al. (1), who fired the com- 
pounds at 1150~ probably had no single phase mate-  
rial in  their possession. They ment ioned that LaA10~ 
would hydrolize slowly in  air, and then La (OH)3 lines 
would be found in  the diffraction pattern. We put  
LaA103 prepared at 1350~ in contact with water for 
5 days. After  drying, no La208 or La(OH)8 lines were 
found in the x - r ay  diffraction diagram. Table I gives 
the crystal parameters  of some of the compounds. 

Optical analysis.--Excitation by u.v. radiation.--Only 
weak fluorescence is observed when LaA103:Tb is 
excited by short (2537A) or long (3650A) wave Hg 
lamps. These aluminates show only weak Tb +3 absorp- 
t ion at these wavelengths. The main  Tb +3 absorption 
bands are situated at about 2225A and between 3400 
and 3900A (excitation spectra, Fig. 1 and 2). 

In  contrast to other Tb-act ivated compounds, for 
example LaPO4:Tb, the absorption in the long u.v. 
wavelength range is stronger than in the short wave-  
length region. The absorption bands of the aluminates  
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Table I. Crystal parameters of some terbium activated lanthanum aluminates 

LaA1Os 
LaA1Os Geller (3), d~ LaAIOs 

I n d e x e s  Geller (3), do ASTM 1350~ Lao.~sTb~.oe.A10~ Lao.~Tbo.o~A10~ Lao.~oTbonoA10~ 

0 1 2 3.797 3.791 3.795 3.7824 3.7652 3.748 
1~ 0 4 2.657 2.678 2.680 2.6727 2.6673 2.6635 
1 1 0 
0 0 6 2.188 2.190 2.188 2.1841 2.1805 2.1795 
2 0 2  
0 2 4 1.896 1.895 1.894 1.892 1.884 1.8845 
1 1 6 1.696 1.696 1.693 1.694 1.686 1.6894 
2 1 4 1.548 1.548 1.546 1.644 1.541 1.540 
3 0 0  
2 0 8 1.839 1.339 1.336 1.336 1.335 
0 3 6 1.264 1.264 1.268 1.261 1.200 
3 0 6 
1 3 4 1.199 1.199 1.198 1.198 1.193 

a 5.365 6.368 5.359 5.348 5.344 
c 13.11 13.12 13.105 13.083 13.077 

are shifted by about  200A toward longer wavelengths,  
from those found in LaPO4:Tb (4). Further ,  another  
group of Tb-absorpt ion bands, s imilar  to those found 
recent ly by Bourcet (4) in L a P O ( T b .  is observed be- 
tween 3300 and 3900A. The excitat ion peak at 2450A 

D~CITATIOt~ SPECTP~A 

100 150 2 0 0  250 A. n m  

Fig. 1. Excitation spectra of Lal-xTbzAl03 for x ~ 0.06, 0.012, 
0.002. 

so 

40 

L'O.~4TbO.O6AI03 i 

i / 

Fig. 2. Excitation spectrum LaAIO3:Tb compared to the absorption 
spectrum of pure LaAIO3. 

(for x = 0.002), at 2425A (for x ---- 0.012), or 2380A 
(for x ---- 0.06) is certainly due to lattice absorption. Its 

shift, a function of the Tb concentration, is supposed 
to be due to the change, or perturbation,  of the crystal 
field of LaAIOs by the introduct ion of the smaller Tb +s 
ions into it. 

Figure 3 shows the emission spectra of 
La0.99sTb0.002A1Oz and La0.94Tb0.06A103 under  u.v. exci- 
tation. With low Tb concentrat ion levels (x = 0.001- 
0.008), the emission takes place mostly from the 5D3 
level to the 7Fj manifold, as is usual ly observed 
5-7, while at higher concentrat ions the main  emission 
occurs from the 5D4 level, giving rise to a more or less 
sa tura ted-green fluorescence. For excitat ion below 
2000A, strong transients  are observed in  the Tb emis- 
sion' intensity.  Indeed, the emission in tensi ty  increases 
by a factor of two dur ing the first 10 min  of excitation. 
This is followed by a strong and long-last ing phosphor- 
escence. The over-all  emission of LaA103Tb is 
strong when excited with the appropriate wavelength,  
and compares favorably to LaPO4:Ce, Tb. Lifetime of 
the 5D4-7Fj transit ions is about 400 ~sec at 293~ that  
of 5D3-7Fj (weak activator level) about 1 #sec. 

CR excitation.--Lanthanum aluminates,  Lal-xTbxA108 
with x ---- 0.001, 0.002, 0.005, 0.006, 0.007, 0.009, 0.010, 
0.0011, 0.012, 0.016, 0.04, 0.06, 0.08, and 0.10 were ex-  
cited by electrons. Figure 4 gives the emission spectra 
of Lal -xTbxA1Q with x ---- 0.002, 0.006, and 0.10, which 
are similar to those under  photon excitation. The in-  
crease of Tb emission observed after a long obtained 
u.v. excitation does not occur with a long-last ing (5- 
15 rain) CR excitation. No phosphorescence is observed 
either. It seems to us that the CR excitation at 15 kV 
employed in this work may be compared to u.v. excita- 
tion at wavelengths longer  than 1200A. The persistence 
is given by Fig. 5. It is the same for all activator con- 
centrations. 

Table II gives chromaticity coordinates, equivalent  
wavelengths, luminance,  and energetic yield. With x = 
0.007, a first global emission ma x i mum exists; a second 
is found at x ---- 0.06 where the green emission peaks. 
Figure 6 shows the position of the emission of several 
samples in  the chromaticity diagram. 

We have found in these compounds, with CR excita- 
tion, the same resonant  energy transfer  from the Th- 
UD3 states to the Tb +3 ground level at higher Tb con- 
centrations, as found earlier with photon excitat ion 
(5, 6). At low Tb concentrations (x < 0.005), the dis- 
tances between the Tb + s ions are greater  than  the criti- 
cal t ransfer  distance and the possibility of energy 
transfer  from an unexcited Tb +~ ion in the 5DB state to 
the ground level of an excited Tb +8 ion in  its vicini ty 
is small. The emission then takes place simultaneously 
from the 5D3 and ~D4 states to the 7Fz manifold, with 
a somewhat greater  probabi l i ty  for the 5D3-TFj t ransi-  
tions. At higher Tb concentrations, an energy transfer  
from the 5D3 level to the 7F6 level of a Tb ion in  the 
neighborhood takes place and the emission now occurs 
mainly  from ~D4 to the 7Fj manifold. 
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Fig. 3a. Emission spectrum of Lao.998Tbo.oo2AIOs 
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Fig. 3b. Emission spectrum of Lao.94Tbo.o6AIOa 

Fig. 3. Emission spectra of La~-~Tb~AIO~ under u.v. excitation 

The corrected values of luminance  (Table II) give an 
idea of the emission in tensi ty  of the ~D~-~F~ and 5D4-7~j 
transitions. The luminance  (Cd/m 2) with x = 0.007 is 
about 20 times higher as that for x ----- 0.001. At low con- 
centrations, Tb + ~ cannot collect the CR energy. At high 
concentrations, Tb +~ (SDa) is depopulated by ion- ion 
exchange (~D~, ~F~ ~ ~D~, ~F0)- Only at in termediate  
concentrations can CR energy be collected and can 
SD~ -+ 7F emissions compete against this interfer ing 
ion- ion energy exchange. The existence, even at strong 
u.v. or CR excitation, of a great number  of nonexcited 
Tb ions in the lattice available for the energy t ransfer  
~Dz-(Tb +3 excited) ~ ~ 0  (Tb +~ fundamenta l )  means 
that the over-al l  excitation probabili ty,  this will say 
the absorption, is not very high in this Tb-act ivated 
compounds. A second intensi ty  peak is found at x = 
0.06 where the green (~D~-TF~) emission peaks. The 
energetic yield peaks at x ---- 0.007. Contrary to the re-  
suits of Bourcet (4) and Denis (8) with photon excita- 
tion, we find that  the ~D~-ZD6 transi t ion intensi ty  (with 
CR excitation) is largely independent  of the Tb con- 
tent  (Fig. 4). 

Discussion 
The luminescence performance shown by  these com- 

pounds under  CR excitat ion is similar to that  of the 
industr ia l  P-1 phosphor. Table III  gives the position of 
the main  Tb emission lines in La~-xTbxA10~ with x -~ 
0.002 and 0.06 for comparison to those of 
Cao..~gTb0.0~WO4. 

Tab]e IV gives l ifetime values of the Tb +~ t rans i -  
tions measured by several authors with different Tb+~ 
activated lattices and by us with LaAIO~:Tb. In accord- 
ance with theory, the lifetimes of the ~D~-VFz t rans i -  
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Fig. 4. Emission spectra of Lal-xTb-~klOs under CR excitation 
for x -'- 0.002, 0.006, 0.010. 
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Fig. 5. Persistence of LaAIO~:Tb under CR excitation 

tions are always smaller  than those of the 5D4-TFj, 
except with Sre.s~Tb~.os(PO4)e where Bril (9) observed 
for both transit ions the same high value of about 5 
msec. Brandstadter,  Reisfeld, and Larach (10) have 
observed a strong and long- las t ing glow when  a 
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Table II. Chromaticity coordinates, equivalent wavelengths, luminance, and energetic yield 

Chromaticity Luminance Energetic 
coordinates (Cd /mD at  yield 

),equiv. 15 kV, % W r a d /  
La~-~Tb~A1Os x y ( n m )  4 / z A / c m  3 Wexc  Color 

x = 0.001 0.150 0.080 468 85,0 0.58 blue violet 
0.002 0.156 0.153 477 160 0.903 blue 
0.005 0.183 0.324 491 1050 2.63 blue green 
0.006 0.184 0.328 441 1140.5 2.57 
0,007 0.190 0,344 492.7 1794 4.01 
0,008 0.198 0.346 492.7 1289 2,88 
0.009 0.205 0.441 503 1154 2.52 
0.010 0.208 0,424 501.2 1620 3.27 green (unsat- 

urated) 
0.011 0.230 0.475 510,8 1535 2.86 green (unsat- 

urated) 
0.012 0.244 0.476 514.5 1560 2.75 green (unsat. 

urated) 
0.040 0.288 0.647 546 2060 2.50 yel low green 
0.060 0.251 0.660 539.5 2255 2.82 
0.080 0.262 0.657 542 1881 2.32 
0.100 0.279 0.629 544.5 1881 2.23 

Table Ilk Position of the emission peaks (in angstroms) of Lat-:~TbxAIO~ (x ~ 0.002, 0.06) and 
Cao.99Tbo.olWO4 under u.v. excitation 

Compound 5D~-VF6 5Ds-TF~ ~Da-VF~ ~D~-TF6 ~Dt-aF5 ~D*-TF+ ~'D~'TFs 

Lao.gssTbo+oo~AIO3 3795 4125 4350 4486 5450 
Lao.o4Tbo.oeAIO3 3840 4900 5430 5815 6185 
Cao.~gTbo.o~WO4 4150 4360 4900 5440 5900 6250 

Tb-act ivated glass was bombarded by fast electrons. 
Crabtree (11) explains the high lifetime of 5D4 transi-  
tions of Tb in CR-excited SnO2 by the existence of 
trapped electrons which are slowly released and then 
excite the Tb ~D4 level. He gives no informat ion on the 
behavior of the 5D~ levels. We found in CR-excited 
LaA103:Tb +3, with low or high Tb concentrations, a 
large emission durat ion of about 10 msec (Fig. 5), for 
both the 5D3 and 5D4 transitions. Creation of traps by 

Lal_xTbxAlO 3 

$ lup le  x sample x 

13 0,001 20 0 .010 
14 O,OOZ 21 0,011 
15 0 ,005 22 0,012 
16 0,O06 )1 0,015 
17 0,007 23 0 ,040 
18 0 ,008  24 0 .060  
19 0 ,009 25 0 ,080  

26 0.I0 

Fig. 6. Position of Lol-zTbzAIO3 in the chromaticity diagram 

impinging electrons, as supposed by Crabtree, could be 
the reason. Recently, another mechanism has been 
proposed: the oxidation of the Tb +3 ions to Tb +4 
occurs dur ing excitation, their reduction to t r ivalency 
after excitation takes place via excited Tb +3 states 
which decay to the ground state by l ight  emission [see 
also Ref. (13)]. However, Tb +4 ions present  in LaA10~ 
are not converted easily back into the t r ivalent  state. 
Indeed LaA1Oa:Tb +4 must  be heated in  a reducing 
atmosphere in order to be converted to LaA103:Tb +3. 
When coprecipitated Lal -zTbx (OH)3 and A1 (OH)8 are 
heated in air only a brownish compound is obtained, 
even with as l i t t le  as 0.05 mole percent (m/o)  of Tb +~, 
probably a mixture of LaAIO3, AI20~, and Tb4OT. No 
fluorescence nor any change of its brown body color 
into a white one (LaAIO3:Tb +3) was observed when 
LaAIO3:Tb +4, left to itself, was exposed to u.v. radia- 
tion or cathode rays or was heated in air. From this 
it may be concluded that the Tb +4 reduction process 
does not occur in the present case. Creation of traps 
may also occur when LaAIO3:Tb is excited by 1215-~ 
radiation. 

In Bril's compound [CR-excited Sr2.s6Tbo.os(PO4)2], 
cation vacancies exist. The long lifetime he found 
for both transitions (5 msec) makes us think he 
did not measure the lifetime of the Tb transitions 
but that of one of the above-mentioned energy-releas- 
ing processes. As the 5D3 emission remains  strong even 
at high Tb concentration, we can assume that in this 
part icular  case the cation vacancies part ial ly prevent  
the ~D3 ~ 5D4 energy transfer, indicat ing that  the 
spontaneous mul t iphonon cross-relaxation process 
(5D3 -> 5D4 -> (~F6 --> 7Fo) is hindered in this compound. 

Manuscript  submit ted March l, 1976; revised manu-  
script received June 14, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1977 JOURNAL. 
All discussions for the June 1977 Discussion Section 
should be submitted by Feb. i, 1977. 

Publication costs of this article were  assisted by 
C.N.R.S. 
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The Optical Anisotropy of the 
Anodic Oxide of Vanadium 
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ABSTRACT 

Ellipsometrie measurements  made dur ing  the anodie oxidation of vana-  
d ium can be most easily interpreted by assuming that  the anodic oxide film 
is optically anisotropic with an optic axis parallel  to the direction of film 
growth. This behavior is similar to that  found by others for the anodic oxides 
of t an ta lum and niobium. The optical anisotropy of the vanad ium oxide is 
found to depend on the applied electric field, but  the dependence is not a s im- 
ple power law since the anisotropy does not vanish when the electric field 
is removed from the film. This is in contrast to the behavior  of t an ta lum and 
niobium. For these materials the anisotropy disappears when the electric field 
is removed. 

Recent ellipsometric studies of the anodic oxidation 
of t an ta lum by Cornish and Young (1) and of the 
anodic oxidation of n iobium by Yee and Young (2) 
demonstrate  that these anodic oxides are optically 
anisotropic with an optic axis parallel  to the direction 
of the film growth when the electric field s trength in 
these films is large. Further ,  they conclude that when 
the electric field is removed these films become 
optically isotropic. These two works support and ex- 
tend the work of Ord, Hopper, and Wang (3), who 
employed ellipsometry to demonstrate that changes in 
the applied electric field cause changes in both the 
thickness and the refractive index of the anodic oxides 
of tantalum, niobium, and tungsten. These authors 
interpreted their data in terms of an optically isotropic 
model of the film because they examined the film at 
thicknesses where ellipsometric measurements can 
most sensitively distinguish between changes in film 
thickness and changes in refractive index. As it turns 
out, at these thicknesses ellipsometry is quite insensi- 
tive to the optical anisotropy found by Young and co- 
workers. Nevertheless Ord had suggested that a 

* Electrochemical Society Active Member. 
Present address: Department of Physics, University of Water- 

loo, W a t e r l o o ,  O n t a r i o ,  C a n a d a  N2L 3G1. 
K e y  w o r d s :  a n i s o t r o p y ,  anod ic  oxide ,  v a n a d i u m ,  e l l i p some t ry ,  

i n d e x  of r e f r a c t i o n .  

complete analysis of ellipsometric data for anodic 
oxides might show evidence of optical anisotropy (4). 

Since the anodic oxides of both t an ta lum and 
niobium exhibit  a f ield-dependent  optical anisotropy it 
is per t inent  to ask if such an anisotropy is a general  
property of anodic oxide films. The purpose of the 
present work is to demonstrate  that  the anodic oxide of 
vanadium, which is in  many  respects similar  to other 
anodic oxides (5), shows an anisotropy similar  to those 
of t an ta lum and n iobium under  high field conditions. 
We will also show that with vanadium, unl ike  
tan ta lum and niobium, the anisotropy does not 
completely vanish when the electric field is removed 
from the film. 

Experimental 
The ins t rumenta t ion  and sample preparat ion tech- 

niques used have been described adequately elsewhere 
(6). We state for the sake of clarity that  the ellip- 
sometric measurements  presented here were made 
with the sample in situ, and that  our ell ipsometer has  
a quar te r -wave  plate between the polarizer and the  
sample, oriented so that  its fast axis makes an angle of 
--45 ~ with the plane~ of incidence. Two optical cells 
were used in this work. They were identical in con- 
struction but  one of them appeared to have windows 
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with lower birefr ingence than the other. Since we 
report  our data directly as the measured polarizer and 
analyzer  values at nu l l  and do not choose to make 
corrections to our data for cell window birefringence, 
we will make only qual i tat ive s tatements  concerning 
data obtained using the second, or poorer, cell. Since 
our automatic el l ipsometer provides many  more data 
points than can be effectively displayed, the figures 
show only representat ive data points. 

The mathematics  of in terpre t ing ellipsometric data 
for a uniaxia l  film with its optic axis perpendicular  to 
the film surface on an isotropic substrate  is s t raight-  
forward. Cornish and Young (1) give a brief  outl ine of 
the necessary changes that must  be made to the usual  
equations of el l ipsometry and den Engelsen (7) and 
Dignam, Moskovits, and Stobie (8) have independent ly  
published complete solutions to this par t icular  prob-  
lem. 

Results 
Before present ing the exper imental  data that  dem- 

onstrate optical anisotropy in  the vanad ium oxide it is 
in order to recall the effects that optical anisotropy will 
have on ellilosometric measurements .  Figure  1 shows 
the nul l  settings of the polarizer and analyzer  for the 
growth of the anodic oxide of vanad ium under  our 
exper imental  conditions. The nul l  sett ing for zero 
thickness is marked "start" and the data trace out a 
curve in a clockwise direction as growth proceeds. 
After  approximately 15,00A of film have been formed 
the exper imental  curve passes approximately through 
the star t ing point  and almost retraces itself. We shall 
refer to each repeti t ion of the data as a loop. 

The effect of a uniaxia l  anisotropy with an optic axis 
parallel  to the direction of film growth is to displace 
successive loops paral lel  to the P ax i s  by an amount  
that  depends on the size of the anisotropy and in a 
direction that depends on whether  the film is uniaxial  
positive or uniaxial  negative. For our par t icular  con- 
figuration of the ell ipsometer a uniaxial  positive film 
(he ~ no) will cause successive loops, to be displaced 
toward lower values of P whereas a uniaxia l  negative 
film (ne < no) will  cause successive loops to be dis- 
placed toward higher values of P. Under  these cir- 
cumstances it is apparent  that  an anisotropy of this 
form will  be most easily detected in the regions where 
P is ei ther  a m i n i m u m  or a maximum. 

Turn ing  now to the exper imental  data, Fig. 2 shows 
the behavior  of the nul l  settings of the ellipsometer, 
plotted as open circles, for portions of three loops of 
the anodic growth curve for a film grown at a constant 
current  density of 394 ~A/cm 2. Data taken in a region 
near  the m i n i m u m  value of the polarizer are shown in 
the le f t -hand pert ion of Fig. 2 and those near  the 
max imum of the polarizer are shown in the r igh t -hand  
port ion of this figure. The data in this figure are 
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Fig. 1. Ellipsometer null settings for the growth of .n anodic 
oxide film on vanadium at a current density of 275/kA/cm 2. Circles, 
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Fig. 2. Ellipsometer null settings in the regions of minimum and 
maximum P for the growth of an anodic oxide film on vanadium at a 
current density of 394 ~A/cm 2. Data points are represented by 
circles and the solid lines represent the calculated behavior for a 
unlaxlol fllm with an optic axis normal to the surface of the film 
for which no = 2.349 and ne ---- 2.328. The refractive index of the 
substrate is assumed to be 3 . 8 3 8  - -  3 . 5 6 0 i .  

presented using expanded scales relat ive to Fig. 1. As 
is evident  from this :figure, successive loops are dis- 
placed toward increasing values of P. Thus we con- 
clude that  under  constant  current  conditions the 
anodic oxide film on vanad ium is a uniaxial  negative 
material.  This aniso.tropic behavior  can also be seen 
by carefully examining Fig. 1. The squares in  this 
figure, which represent  data obtained for the second 
loop, are displaced slightly to the right of the circles. 

Also shown in Fig. 2 are solid lines that  represent  
the calculated behavior  of the ell ipsometer nul l  set- 
tings assuming that we are dealing with a growing 
film with an ordinary  refractive index of 2.349 and an 
extraordinary refractive index of 2.328 on a substrate 
of refractive index 3.838 -- 3.560i. The values of the 
optical parameters  used in calculating these lines were 
estimated by making init ial  guesses of their  values 
and then varying the value of each parameter  in t u rn  
unt i l  a calculated curve was found that  bet ter  approx-  
imated the experimental  data in the sense that  the 
root -mean-square  deviation of the distance between 
the point and the curve was reduced. This procedure 
was repeated using reduced variations of the param-  
eters unt i l  the RMS deviation ceased changing sig- 
nificantly. Therefore we have not actually calculated 
no and ne from the exper imental  data, ra ther  we have 
made reasonable estimates of the values of these 
parameters  using a curve-fi t t ing procedure. Neverthe-  
less, these values of the optical parameters  are in good 
agreement  with the exper imental  data; therefore we 
assume that they closely approximate the true char- 
acteristics of the sample. 

We must  point out that there are other possible ways 
to in terpret  this data that cannot, a prioTi, be ruIed 
out. First, since the anodic oxide of vanad ium dissolves 
slowly in the electrolyte employed here we must  
determine whether  a dissolution product adhering to 
the outer surface of the film can cause the observed 
ellipsometric behavior. Calculations have been per-  
formed using a model in which a second film is placed 
on top of the anodic oxide using a large range of thick- 
ness ratios for the two films and a number  of values 
for the refractive index of the outer film. In  no case 
were we able to generate curves that show the general  
characteristics of our  exper imental  data for all three 
loops. Therefore, al though we have not exhausted all 
possible combinations of numbers,  it is very unl ikely  
that this in terpre ta t ion  can apply to the results pre-  
sented here. 

Thus far we have only looked at the behavior  of the 
film under  constant  current  and hence constant field 
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Fig. 3. Ellipsometer null settings (open symbols) in the regions of 
minimum and maximum P for the growth of an anodlc oxide film 
on vanadium at a current density of 394 /~A/cm 2. The filled sym- 
bols represent data obtained under open-clrcuit conditions. Circles, 
first loop; squares, second loop; diamonds, third loop. The solid 
lines are druwn only as an aid in following the data. 

conditions. Let  us now examine  the behavior  of the 
optical data for a film for which the circuit is opened 
and the electric field is al lowed to decay to zero. 
F igure  3 shows data for an exper iment  in which an 
anodic film was grown at an applied current  density 
of 394 s A / c m  2. At intervals  during the growth  of 
this film the circuit  was opened and the electric field 
was al lowed to decay to zero. The data shown in Fig. 3 
were  obtained using a poorer  qual i ty  optical cell, 
therefore  we will  make  only qual i ta t ive  s tatements  
about the behavior  of the film based on these data. 

The open symbols in Fig. 3 are the P - A  points 
obtained with an applied anodic current.  The open 
circles are for the first loop of the P - A  curve, the 
open squares are for the second loop, and the open 
diamonds are for the third loop. The solid lines through 
the open symbols in this figure do not represent  a fit 
to the data but  are added as an aid in fol lowing the 
shape of the curve. The filled symbols are the data 
points obtained when the circuit  is opened and the 
field decays to zero. The closed circles are the open- 
circuit  data points for the first loop of the P-A  growth 
curve, the closed squares are the open-circui t  P -A  
values obtained for the second loop of the growth  
curve, etc. Af ter  the circuit had been open for some 
time, the anodic current  was again applied and growth 
of the film continued;  the optical data re turned  to the 
growth curve. 

The behavior  of the optical data is not difficult to 
explain. Looking at the data near  the min imum value 
of P for the  first loop, as growth proceeds A increases. 
When the circuit  is opened the P - A  values jump 
abrupt ly  away from the growth curve and upward  in 
A, indicating that  the ref rac t ive  indexes and perhaps 
the thickness of the film have changed. As open- 
circuit conditions are continued the optical data move 
downward  in A, indicating that  the film is decreasing 
in thickness. This is not unexpected since the film is 
sl ightly soluble in the electrolyte.  When the anodic 
current  is reappl ied the el l ipsometer  null  settings 
jump back to the growth curve (at a lower  thickness 
since some of the film has dissolved) and then proceed 
again along the growth curve. A similar in terpreta t ion 
can be made for the data obtained near the max im um  
value of P. 

The significant point to be made about the data 
shown in Fig. 3 is that  the el l ipsometric measurements  
made during the t ime that  the circuit  was opened do 
not lie on a single curve for all  three  loops of the data. 
That  is, even under  open-circui t  conditions the data 
corresponding to the second loop lie to the right of 
the data taken for the first loop, and the data for the 

third loop lie still fur ther  to the right. This i n d i c a t e s  
that  the film is anisotropic even under  open-circui t  
conditions. Since the circuit  was open long enough 
(3-4 rain) that  the electric field decayed s e v e r a l  
orders of magnitude,  if not actual ly  to zero, we  con- 
clude that  the anodic oxide of vanadium has a uni-  
axial negat ive  optical anisotropy under  conditions 
where  there  is no applied electric field. 

It is also evident  f rom Fig. 3 that  the optical a n -  
isotropy diminishes when the electric field is removed 
from the film. For  example,  in the r igh t -hand  side of  
Fig. 3 it is apparent  that  for a given value of A the  
data taken under  open-circui t  conditions for the  t h r e e  
loops have a smaller  separat ion in P than the  data  
taken wi th  a current  applied to the electrode. Thus 
part  of the optical anisotropy is intrinsic to the film 
itself  and par t  of it is caused by the applied e l ec t r i c  
field or current.  

Discussion 
In the previous section we have shown that  the 

optical propert ies of the anodic oxide of vanadium are 
s imilar  to those of the anodic oxides of tan ta lum and 
niobium since each of these materials  has an optical 
anisotropy with an optic axis paral le l  to the direct ion 
of film growth. Further ,  all of these films are uniaxial  
negat ive and the anisotropy depends on the applied 
current  density or electric field, decreasing with de- 
creasing field. Vanadium differs f rom tanta lum and 
niobium only because it shows some optical anisotropy 
under  zero field conditions. 

It  is interest ing to compare the difference be tween  
the ordinary and ex t raord inary  ref rac t ive  indexes, 
An : no -- ne, and the s teady-state  electric fields for 
these three materials  at comparable  applied current  
densities. Assuming cur ren t  densities in the range 
30,0-400 ~A/cm ~, for tan ta lum ~n : 0.0039 at a field 
of 6 X 106 V/cm, for niobium an : -  0.0056 at a field of 
4.3 X 106 V/cm, and for vanad ium 5n = 0.021 at a field 
of 2.7 X 10 ~6 V/cm.  (The values of 5n and the electric 
field for tan ta lum and niobium have  been calculated 
using equations given in Ref. (2) in conjunction with 
current-f ield plots presented by Young and Zobel (10) 
and assuming a current  densi ty of about 320 ~A/cm2.) 
Thus we note that  for a given applied current  density 
the mater ia l  with the highest electric field has the 
lowest  optical anisotropy and the mater ia l  wi th  the 
lowest electric field has the highest optical anisotropy. 

The fact that  the optical anisotropy of the vanad ium 
oxide does not ent i re ly  disappear when the electric 
field is removed from the film may  be due to a number  
of factors. First, it is possible that the amount  of t ime 
required for the film to adjust  changes if the electric 
field is grea ter  than the amount  of t ime for which the 
circuit was opened. However,  Cornish and Young (1) 
found that  upon suddenly applying a field to a film- 
covered tanta lum electrode there  is an exponential  
approach to the steady state with a t ime constant of 
about 10 sec and a similar  behavior  when the field is 
removed. We would expect  approximate ly  the same 
t ime constant wi th  vanadium as Cornish and Young 
found for tantalum. Therefore,  al though we cannot 
ent i re ly  rule out this possibility, it is not a l ikely ex-  
planat ion since the 3-4 rain that the circuit remained 
open ought to be more than enough t ime for any simple 
re laxat ion process to occur. 

Another  possible explanat ion of the residual an- 
isotropy is that  the film formed on vanadium, unlike 
those on tan ta lum and niobium, may  be crystalline. 
Al though we have not performed any measurements  
to de termine  this, Keil  and Salomon (12), using x - r a y  
diffraction, report  that  an anodic film formed on va-  
nadium in this electrolyte is amorphous or only very  
sl ightly crystalline. Also, Arora  and Kel ly  (13) con- 
cluded, on the basis of electron diffraction data, that  
only very thin anodic films on vanadium showed 
polycrystal l ine structure;  films thicker  than about 
200A were  found to be amorphous; 
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Since it has been alleged that  the anodic oxide film 
formed on vanad ium may contain pores (9), we must  
examine the possibility that  the anisotropy observed 
under  zero electric field can be explained in terms of 
pores. If pores are present  they would introduce a 
s t ructural  anisotropy that  could cause an optical an-  
isotropy or form birefringence. Let us assume that  a 
porous s tructure can be modeled by an assembly of 
parallel  cylindrical  rods with an index of refraction 
n~ immersed in a medium with an index of refraction 
n2. Such a s tructure will be optically anisotropic and 
the relat ion for the difference between the ordinary 
and ext raordinary  refractive indexes is given by (11) 

i,f2 (nl~ -- n~2) 2 
n J  -- no 2 -- [1] 

(1 + h ) n 2  ~ + f2nl 2 

Here 51 and 52 are the fractions of the total volume 
occupied by the rods and the medium, respectively, 
and the equation is valid for ~1 < <  1. Whether  we 
consider the index of refraction of the rods to be 
greater than that of the medium or less than that of 
the medium the values of ne 2 -- no 2 will always be 
positive, indicat ing that this s t ructure  will  be un i -  
axial ly positive. The anodic film on vanad ium gave 
data that are consistent with a uniaxia l  negative 
material.  Thus the observed optical anisotrcpy cannot 
be caused by pores. This does not exclude the possi- 
bi l i ty that pores exist, it merely  indicates that  they 
cannot be used to explain the exper imental  data. 

One point that we have avoided until now is the 
functional dependence of the changes in the optical 
constants and the film thickness on the electric field. 
Young and co-workers (I, 2) found that for tantalum 
and niobium the changes in refractive index vary as 
the square of the electric field; that is, Ano ~ --aE 2 

and ~ne = - -bE 2, where ~no ---- no(E) -- n ( E  = O) 
and ~ne = ne (E) -- n (E = 0). Implicit  in this state- 
ment  of the electric field dependence of the optical con- 
stants is the fact that  when the electric field is zero the 
film is isotropic. While the exper imental  data presented 
by Young and co-workers support this conclusion for 
t an ta lum and niobium, it is clearly not t rue for va-  
nadium. Also, since the anodic oxide of vanadium 
shows a residual  anisotropy when the electric field 
is zero, it would not be unreasonable  to suspect that  
this residual anisotropy may depend on the value of 
the electric field at which the film was formed. This 
would preclude any analysis that assumes that the 

state of the film at any t ime depends only  on the 
conditions that prevail  at that instant.  We do not 
know whether  this suspicion is justified, but  until  
fur ther  evidence is available it would be improper 
to at tempt an analysis of the dependence of the optical 
constants on the electric field for vanad ium based on 
the present  data. 

The determinat ion of the electric field dependence 
of the optical parameters  and thickness for the anodic 
oxide of vanad ium presents exper imental  difficulties. 
The fact that the film formed on vanad ium is slightly 
soluble means that any changes in film thickness due 
to changes in the electric field will  be superimposed on 
changes in thickness due to dissolution. In  addition, 
with vanad ium we cannot make measurements  at 
different values of the electric field (the same in the 
sense that the film contains exactly the same amount  of 
material)  because of dissolution. Finally,  the possibi l i ty  
that the field dependence may depend on the history 
of the film suggests that a n u m b e r  of very careful 
experiments must  be conducted before any fur ther  
conclusions can be drawn. 

Manuscript  submit ted June  28, 1976; revised m a n u -  
script received Aug. 11, 1976. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 JOtmNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 
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Effects of Additions to SnO  Thin Films 
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ABSTRACT 

The effects of adding Sb and In  to pyrolytic SnO2 films were investigated, 
The large rise in resistivity for larger  additions of Sb was studied using x- ray  
diffraction, effects of heat- t reatment ,  determinat ion of activation energy, and 
scanning electron microscopy. These results indicate that  the rise is caused by 
a gradual  loss of crystal l ini ty and demonstrated the impor tant  effects of ther-  
mal history on the films' s t ructure and electrical characteristics. 

Undoped SnO2 thin films formed by pyrolytic depo- 
sition have an appreciable conductivity in the range 
of 102-103 (~2-cm)-I (I, 2, 4-7). Additions of a Group 
III element, In, cause the films resistivities to in- 
crease while additions of the Group V element, Sb, 
cause it to decrease (2-5). This doping effect on 

Key words: antimony oxide additives, indium oxide additives, 
film crystallinity, heat-treatment, bonding. 

resistivity is due to a controlled valency mechan i sm 
(3). It is interest ing that large additions of Sb cause 
the films resist ivity to increase, reversing the t rend 
predicted by the controlled valency mechanism. 

Conductivi ty of pure SnO2 films has been a t t r ibuted 
to a combinat ion of chloride ions and oxygen va-  
cancies which result  from incomplete decomposition 
of SnCI4 and incomplete oxidation of the film to 
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stoichiometric SnO2 (2, 3). These defects are con- 
sidered to be electron donors. Nonstoichiometric SnO2 
has been represented by Sn4+l-~Sn~+~O2-(~-~) (3) 
which contains ~ moles of oxygen vacancies which 
can donate 2~ moles of electrons for conduction. 

Additions of only 3 mole percent  (m/o)  In  caused 
resistivity to increase by  104X (5). Small  additions 
of Sb caused resistivity to decrease by approximately 
10X to a m in imum value. This m in imum occurred 
at additions of 0.9 m/o  (2), 0.6 m/o  (4), and 3 m/ o  
(5) Sb. Vincent (3) represented the composition of 
these films by: S~4+(l+~)SbS+,e~O2-2. This formula 
indicates the absence of Sn ~+ ions and associated 
oxygen vacancies. ArM (2) believed that  hea t - t rea t ing  
of Sb-doped films did not al ter  resistivity, indicat ing 
that  there were indeed no Sn ~+ ions or associated 
oxygen vacancies. These low resistivity films have 
exhibited negligible temperature  dependence of re- 
sistivity indicat ing that  an impur i ty  band  overlaps 
the conduction band (6). 

Since small  additions of Sb are known to increase 
conduction electron concentration, one would expect 
larger additions to do the same. However, the unex-  
pected rise in resistivity has been at t r ibuted to im-  
pur i ty  scattering (2), atomic disorder (5), and pre-  
cipitation of Sb20~ (4). A thermodynamic  study of 
Sb203 and Sb20~ stabil i ty has concluded that forma- 
t ion of Sb205 in SnO2 films was not feasible (3). 

The present  study was under taken  to gain fur ther  
insight into the effect of In  and Sb additives on 
electrical conductivi ty in SnO2 films. Of part icular  in-  
terest was the rise in resistivity occurring at high 
levels of Sb. Causes for this rise were sought, using 
determinat ions of s tructure and activation energy, 
and hea t - t rea tment  studies. 

Procedure 
S nO2 films were formed pyrolytical ly by spraying 

a very finely dispersed 2.85 ~m solution of SnC14"5H201 
dissolved in  ethanol (8). Controlled additions of 
SbC131 or InC13"4H202 were made to the spray solu- 
tion to effect a change in Sb or In content  of the 
films. The high degree of dispersion allowed deposi- 
tion to be carried out at the relatively low tempera- 
ture range of 300~176 

All samples were examined by x-ray diffraction 
using filtered CuK~ radiation. 3 The apparatus used a 
graphite crystal monochrometer to increase the reso- 
lution of the diffracted signal. Attenuation of the 
glassy halo originating from the substrate was used 
to determine thickness of each film (9). 

Electrical resistivity was measured by a four-ter- 
minal d-c method (I0) in which Au-Nichrome thin 
film strips served as electrodes. For the heat-treated 
samples a four-point probe apparatus was used on 
uncoated SnO2 in order to avoid interaction of Au 
film with the SnO2 film during heating. An electrom- 
eter 4 was used for voltage measurement in this method 
facilitating conductivity measurements over a range 
of 10 I~ A hot-probe technique was used to determine 
sign of charge carriers. 

Temperature dependence of electrical resistivity was 
measured by placing resistivity samples in a con- 
trolled temperature furnace capable of obtaining pre- 
cise temperatures with negligible gradient. Activation 
energy of electrical conduction was calculated from 
slopes of graphs of log resistivity vs. 103/T (~ 

Scanning electron microscopy (SEM) 5 was employed 
to examine film morphology. Energy dispersive an -  

R e a g e n t  G r a d e ,  J. T. B a k e r  C o m p a n y ,  P h i l i p s b u r g ,  N e w  Jersey. 
V e n t r o n  C o r p o r a t i o n ,  Al fa  P r o d u c t s ,  B e v e r l y ,  M a s s a c h u s e t t s .  

3 N o r e l c o  D i f f r a c t e m e t e r ,  N o r t h  A m e r i c a n  Ph i l ips ,  M o u n t  Ver-  
n o n ,  New York .  

K e i t h l e y  610Br E l e c t r o m e t e r ,  K e i t h l e y  E l e c t r o n i c s ,  I nco rpo -  
r a t e d ,  C leve land ,  Ohio.  

AMR 900, A d v a n c e d  Meta l s  R e s e a r c h  Corporation, Bedford, 
M a s s a c h u s e t t s .  

6 

I-- 

~- 4 
or) 

h.l 
n~ 2 

0 
_J 

0 

_ P R E S E N T  / I_  

I I r I 
5 0 5 I0  15 2 0  

M O L E %  In MOLE % Sb 

Fig. 1. Resistivity of Sn02 thin films as a function of additive 
concentration. 

alysis by x-rays  used with SEM identified the com- 
positions of s t ructural  features in  the films. 

Results 
Electrical characteristics.--Logarithm of the films 

resistivities is plotted as a funct ion of mole percent  
of an t imony or ind ium in Fig. 1. One curve corre- 
sponds to films prepared in  this work in which the 
glass substrates were held at 350~ dur ing deposi- 
tion and the second to films prepared at 600~ in a 
previous study (5). Small  additions of an t imony 
caused the film resist ivity to decrease. For additions 
greater than 1 m/o  the resistivity increased, with 
additions of 10 and 20 m/o  of Sb causing very large 
increases in resistivity. However, these large addi- 
tions of an t imony in films prepared at 600~ caused 
only a small  increase in  resistivity. Small  additions 
of ind ium caused increases in the film resist ivity for 
both the low temperature  and high tempera ture  films. 
All films with resistivities below 102 t l -cm were found 
to be n- type;  the carrier  s ign of the more resistive 
film could not be measured. 

Two of the films, one with no impuri t ies  and the 
other with 20 m/o  ant imony,  were heat- t reated.  The 
changes in resistivity caused by 200 hr of heat-  
t rea tment  at 600~ are indicated in Fig. 2. The var ia-  
t ion in the films resistivities as a funct ion of heat-  
t rea tment  time is shown. The resistivity of the un -  
doped t in oxide film increased by about three orders 
dur ing the first 50 hr  of heat - t rea tment ,  remained 
constant  for the next  100 hr, and showed a rise at 
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Fig. 2. Resistivity of thin film Sn02 as a function of heat- 
treatment duration at 600~ 
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Table I 

Act ivat ion  X-ray diffraco 
Addi t ive  e n e r g y  ( e V )  t ion peaks 

d(A) 1/Io 

N o n e  Less  than 10 -~ 3.40 30 
2.644 100 
2.362 80 
1.770 70 

1 m / o  Sb Less  than l0 -8 3.37 40 
2.843 17" 
2.659 100 
2.374 50 
1.771 I00 

3 m / o  Sb Less  than  10 ~ 3.36 20 
2.858 20" 
2.659 90 
2.363 1OO 
1.771 80 

6 m/o Sh Z.O x i0 -~ 3.36 69 
2.652 I00 
2.374 10 
1.774 1O0 

10 m / o  Sb 8.2 x 10 -2 - -  A m o r p h o u s  - -  
20 m/o Sb 1.7 x 10 -I -- Amorphous -- 
i mlo In 2.6 x I0 -s 3.35 15 

2.644 100 
2.374 100 
1.768 15 

3 m/o In 1.5 x I0-~ 3.40 I0 
2.659 I00 
2.336 20 
1.771 20 

N o n e ,  hea t - t rea ted  at  1.2 x 10 -1 3.36 10 
6OO~ for  100 hr  2.659 lO0 

2.374 60 
1.771 60 

20 m / o  Sb,  hea t - t rea ted  3.0 x 10 -2 3.35 100"* 
at 600~ f or  200 hr  2.659 75 

2.380 lO 
1.765 25 

w w w 

~- ~o ~a~- 

z 
t~ 
F- z_ 

0 HOURS 

54 5'2 5011' 40 3'8 ;S 3~4 3'2 ~0 2J8 2'6 24 
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Fig. 3. X-ray diffraction of thin film Sn02 with 20 m/o Sb 
before and after heat-treatment. 

* Sb4OsCh. 
** S e e  Fig.  1. 

200 hr of heat - t rea tment .  The resist ivity of the film 
containing 20 m/o  Sb dropped approximately nine 
orders of magnitude during the first hour of heat- 
treatment at 600~ and dropped approximately one 
more order of magnitude during the following 50 hr 
of heat-treatment, after which it was constant. The 
films' activation energies for electrical conduction 
are listed in Table I. The activation energies varied 
in the same sense as did the films resistivities. 

Fi~m structure.--X-ray diffraction patterns of films 
containing 6 m/o antimony or less corresponded to 
the pattern of naturally occurring S nO2, cassiterite. 
Some differences in crystal orientation occurred with 
changing Sb content as indicated by changes in the 
relative intensity of the peaks (Table I) but the 
(I01) peak was consistently strong. A very weak 
peak corresponding to a peak of Sb405C12 was detected 
in  samples with 1 and 3 m/o  Sb. Films having addi-  
tions of 10 or 20 m/o  Sb had no x - ray  diffraction peaks. 
The sample with 20 m/o  Sb part ial ly crystallized 
dur ing the first hour  of hea t - t rea tment  at 600~ 
The diffraction pat terns of this sample before and 
after 1 hr of hea t - t rea tment  are shown in Fig. 3. 
Continued heating to 200 hr brought  no fur ther  
change in  the diffraction patterns. Samples with ad- 
ditions of 1 and 3 m/o  In also exhibited the cassiterite 
s t ructure  with some variat ion in the crystal orienta-  
tion. 

Scanning electron micrographs of films containing 
0 and 20 m/o  Sb and the 20 m/o  Sb after hea t - t rea t -  
men t  are shown in Fig. 4. Each of these films has 
varying amounts  of spherically shaped crystals on 
the surface of an under ly ing  film. The texture of 
this under ly ing  film is seen to change with an t imony 
content. The pure film had a coarser texture  than 
did the one containing 20 m/o  Sb, but  the lat ter  film 
acquired a coarser texture  after the hea t - t rea tment .  
EDAX detected small amounts of chlorine in these 
films. 

Discussion 
Undoped tin oxide films have n - type  extrinsic con- 

duction. The Sn +2 ions, associated with the oxygen 

vacancies, and the residual C t -  ions are both c a p a b l e  

of being electronic donors and probably  both a r e  
responsible for this extrinsic conduction. 

The rise in resistivity noted when  the undoped 
film was heat- t reated is most l ikely due to oxidation 
of the film which removed many  of the oxygen va-  
cancies. The chloride ions, subst i tut ing for oxygen 
ions, probably account for the r emnan t  n - type  con- 
duction after prolonged heat - t rea tment .  

The rise in  resist ivi ty seen when ind ium w a s  
added, and the decrease when an t imony was added, 
can be accounted for by the controlled valency model 
proposed by Vincent (3). According to this model, 
the an t imony would be considered to enter the cas- 
siterite lattice as t r iva lent  ions. Thermal  energy could 
excite electrons from these ions into the crystal 's 
conduction band. This excitation renders  the ant imony 
ions pe n t a va l e n t  Likewise, the indium ions would 
enter  the lattice as In  +~ but  could accept electrons 
from the crystal 's valence band, thereby becoming 
monovalent  or divalent. 

The controlled valence mechanism would apply to 
solids with ionic bonding. A consideration of the 
differences in electronegativities (14) of Sn and O 
shows the S n - - O  bond to be equally ionic and covalent. 
A covalent model for semiconduction would consider 
In  (Group III) and Sb (Group V) atoms to s e r v e  
as acceptors and donors in t in  (Group IV) oxide, 
as they do in covalently bonded Si and Ge (.Group 
IV). The controlled valency and covalent models both 
qual i tat ively predict the observed resistivity vs. im-  
purities behavior, and both mechanisms may be op- 
erative. 

Since small additions of an t imony cause the resis- 
t ivi ty to drop by providing more donors, one would 
expect that large additions would cause the resist ivity 
to drop further.  The observed large rise is accom- 
panied by a loss in crystall inity.  This loss of crystal-  
l ini ty  becomes progressively more pronounced as 
more ant imony is added, causing the film to become 
more resistive. In the extreme case in which 20 m/o  
Sb is added, the film is noncrysta l l ine  and essential ly 
insulating. This effect is too large to be accounted 
for by impur i ty  scattering. 
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Fig. 4. Scanning electron micrographs of Sn02 films: (top) un- 
annealed pure SnO~, (middle) unannealed Sn02 with 20 m/o Sb, 
(bottom) Sn02 with 20 m/o after 200 hr heat-treatment. 

Amorphous semiconductors (11, 12) behave as high 
resist ivity intr insic semiconductors whether  they are 
pure or not. Impuri t ies  and other defects in the al- 
ready defective structure of amorphous semiconductors 
do not act as donors or acceptors as they would in 
crystal l ine ones. One reason for this behavior is 
that the i r regular  s t ructure of an amorphous semi- 
conductor has atomic sites where impurit ies can 
reside without  breaking covalent bonds. If no sub-  
stitutions are made in the network of pr imary  bonds, 
then the impuri t ies  will not be donors or acceptors. 

When the 20 m/o  Sb film was heat-treated,  o n e  

would expect the film to become more stoichiometric 
and the resistivity to rise as it did for the pure film. 
However, the resistivity dropped by ten orders of 
magnitude.  This drop was accompanied by the re- 
appearance of a crystal s t ructure and a coarsening 
of the texture  as seen in  the scanning electron micro- 
scope. In  this case, the regaining of crystal s tructure 
had a stronger influence on resistivity than did the 
achievement of stoichiometry. If one would estimate 
that the removal  of oxygen vacancies would cause 
the resistivity to rise by four orders of magni tude 
for the 20 m/o  film as it did for the pure one, then 
the regaining of the crystal s t ructure  caused the re- 
sistivity to drop by fourteen orders of magnitude.  
The new equali ty of film resistivity after hea t - t rea t -  
ment  to that of a corresponding film of the previous 
study indicates that hea t - t rea tment  causes a similar 
crystal  s tructure in both. 

In  the previous study in which the films were de- 
posited at 600~ the highly doped films had lower 
resistivities because they were more crystalline. How- 
ever, even at this high tempera ture  of deposition, 
crystal l ini ty is par t ly  destroyed by the large addi- 
tions of antimony.  This demonstrates the sensit ivity 
of s t ructure and resistivity to the thermal  history 
of the film. Ant imony oxide in the formation of bu lk  
silicate glasses is known to be a glass former (13) 
and is acting as such in  these SnO2 th in  films. 

The thermal  history of the films governs both the 
oxygen vacancy concentrat ion and the lack of crys- 
tallinity. It is, therefore, not surprising that the re-  
sistivity vs. Sb content  varies so much from one 
investigator to another. When low deposition tem- 
peratures are used, higher degrees of amorphousness 
are obtained for the higher ant imony contents giving 
rise to large resistances, and larger  numbers  of oxygen 
vacancies will be frozen into the s tructure causing 
resistivity to be lower especially at lower concentra-  
tions of Sb. This condition tends to make the min imum 
point  occur at a very low level of an t imony concen- 
tration. Conversely, as the temperature  of deposition 
is increased, it will  tend to make the resistivity rise 
at low Sb content  because oxygen vacancies are 
being eliminated, and will cause the resistivity to 
drop at the higher concentrations because the films 
have a higher degree of crystallinity.  These effects 
tend to move the mi n i mum in the resistivity curve 
to larger Sb concentrations. 

The films with low resistivities had very low ac- 
t ivation energies for electrical conduction. This in -  
dicates that there were so many  donors that  a donor 
band forms which approached or overlapped the 
conduction band. As resistivity rises with In  addi- 
tions, the activation energy rises because a number  
of the donors have been compensated for by the In, 
thus decreasing the donor bandwidth.  As resistivity 
rises as a result  of Sb additions, the observed rise in 
activation energy is due to the elimination of donors 
again causing the width of the donor band to decrease, 
increasing the energy needed to excite electrons from 
the narrowed donor band to the conduction band. 

Conclusions 
The ten order of magni tude  rise in resistivity found 

when Sb concentrat ion is increased in SnO2 films 
from 1 to 20 m/o  is caused by a loss of crystall inity.  
These films behave as typical amorphous semiconduc- 
tors in which impurit ies do not serve as electron 
donors or acceptors. 

Hea t - t rea tment  caused resistivity of undoped SnO2 
films to rise by four orders of magni tude due to film 
oxidation removing oxygen vacancies. Hea t - t rea tment  
caused resistivity of the film with 20 m/o  Sb to de- 
crease by ten orders of magni tude  because crystal-  
l ini ty was part ial ly restored. These opposing effects 
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explain why the location of the resistivity m in i mum 
is sensitive to deposition conditions, 

Manuscript  submit ted May 28, 1976; revised m a n u -  
script received July  12, 1976. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1977 Joua~AL. 
All  discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 
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Ion Beam Etching of Silicon Dioxide on Silicon 

L. Mader and J. Hoepfner 
Siemens AG, Research Laboratories, D-8000 Mi~nchen 70, Germany 

ABSTRACT 

An argon ion beam, 7.5 cm in diameter, with an energy of 0.6 keV and a 
current  density of 0.5 mA/cm -2 is generated in  an ion beam etching system 
using a Kaufman- type  ion source (1), then neutral ized by electrons. The 
principles of ion beam etching are outlined and SEM mierographs of ion 
etched grooves in thermal ly  grown SiO2 layers are shown. Grooves 1 /zm 
wide and 0.4 ~m deep were obtained using Shipley AZ 1350 H photoresist. 
The groove profiles are in good agreement  with those predicted with the aid of 
an ion etching model. The slope angle of the sidewalls of the grooves is typically 
65 ~ Redeposition effects reduce the effective ion etch rates for grooves of small 
linewidths. If the SiO2 layer  is ion etched down to the silicon substrate, a 
silicon surface layer of about 100A thickness will be damaged. This damage 
can be completely removed by wet chemical etching. The enhanced etch rate 
of ion-damaged St02 surface layers in buffered hydrofluoric acid is used to 
taper steps in thermally grown St02 in a controllable process. 

Although chemical etching is still the most widely 
used method for the generation of patterns for semi- 
conductor devices, physical etching methods such as 
rf sputter etching and ion beam etching are attracting 
growing interest because of certain inherent advan- 
tages (2-4). 

In order to qualify an etching process, the following 
criteria have to be taken into account: 

Are there dimensional  changes as compared with 
the mask dimensions? 

What type of contours do the sidewalls of the etched 
features have? 

Is the etching process selective? 
Is any contaminat ion or damage introduced dur ing 

the etching process? 
Is the e tch ingprocess  effectively controllable? 
The purpose of this paper is to discuss these cri- 

teria for ion beam etching. Our investigations are 
confined to the insulator  layers of semiconductor de- 
vices. 

Ion Beam Etching Apparatus 
The principle of the ion beam etching apparatus 1 

used for our experiments  is shown schematically i n  
Fig. 1. The system comprises two chambers. The ions 
generated in a plasma in the upper chamber are 
extracted from the ptasma into the main  vacuum 

Key words: ion beam etching, silicon dioxide film, MOS devices, 
etching model, photoresist mask, radiation damage, redeposition 
effect. 

VEECO Microetch System. 

chamber  by an extraction grid at ground potential.  
Electrons emitted from a heatable filament are al-  
lowed to drift into the ion beam to neutralize its 
space charge in order to avoid charge bui ldup on 
the insulator  layers of the substrate. As a result, a 
neutral ized and collimated monoenergetic  beam of 
about 7.5 cm diameter  impinges on the sample surface 
at the normal  incidence angle. For our experiments  
we used argon ions with an energy of 600 eV; the 
current  density was 0.5 mA / c m ~. The distance between 

ARGON GAS INLET 

~ LAMENT CATHODE 

~I~ ~AA~r HIGH VOLTAGE GRlO 
ANODE--__AkLI ELECTRON 
MAGNET MII // IIIXI SUPPRESSOR 

I/~11 / / ~  GRID AT GROUND 

I I II II  .U ERW,T, 
II I1- CURRENT DENSITY 

NEUTRALIZATION~II _ - -  - - -  Jl~l MONITOR 
FILAMENT I I II II ............ II WATER-COOLED II - tl SAM,LE,OLDER 

Fig. 1. Schematic cross section af the ion beam etching apparatus 
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the grids and the shutter, where the current  density 
is measured, is about 10 cm. 

The 5 cm wafers were bonded onto a water-cooled 
target  holder, using a vacuum oil 2 to assure thermal  
contact. The advantages over rf sputter  etching are 
that, since the samples are etched in a field-free and 
plasma-free  e n v i r o n m e n t ,  there are no restrictions 
as to shape, size, and material  of samples or the 
sample holder. The samples can be moved and tilted 
during etching in order to change the ion incidence 
angle and consequently the etch rate. The pressure 
in  the main  vacuum chamber is between one and 
two orders of magni tude  below typical rf sput ter ing 
pressures. 

Principles of Ion Beam Etching 
Etch ra~e as a 5unction of ion incidence ang~e.mFor 

the ion etching of silicon dioxide layers part ial ly 
covered with photoresist (Fig. 2), the conditions at 
the photoresist sidewalls are of special importance. 
In  these regions, the ion incidence is not normal  to 
the photoresist surface; in  Fig. 2 an angle is defined 
to denote the deviation from normal  incidence. The 
etch rate for all materials increases as ~ increases, 
reaches a maximum, and then falls off to zero at 
glancing incidence (5-8). Figure 3 shows our mea-  
surements  of the ion etch rates in angstroms per min-  
ute for silicon, silicon dioxide, and photoresist AZ 1350 
H as a function of the ion incidence angle. Unpat terned 
samples were used in the experiments.  Ti l t ing the 
samples changed the ion incidence angle relat ive to 
the surface of the substrate. The etch rates were de- 
termined by measur ing the layer thickness after 
etching with a stylus apparatus. In the case of the 
monocrystal l ine silicon with a (100) surface or ienta-  
tion, the loss in weight of the wafers was measured. 
The curves in Fig. 3 show that the fastest etch rates 
are obtained at an incidence angle of about 60 ~ even 
though the number  of incident  ions per square centi-  
meter  at 60 ~ is only half that  at normal  incidence. 
The max imum etch rates are a factor of two to three 
higher than the etch rates at normal  incidence. Silicon 
is etched at about the same rate as silicon dioxide, 
which means that etching does not stop at the silicon- 
silicon dioxide interface when silicon dioxide layers 
are etched. The etching process is nonselective. 

Ion beam etching profiles using photoresist masks . -  
The simple diagrams in Fig. ,4 i l lustrate schematically 
how the profiles of pat terns change dur ing ion beam 
etching as a function of the dependence of the etch 
rate on the ion inc idence  angle as shown in Fig. 3. 

2 Dow Corning 705 diffusion p u m p  fluid, As  t he  oil is only  on 
the  b a c k  of  the  wafe r s ,  it is not  b o m b a r d e d  by ions  and  c a n  
t l i e re fore  easily be  r e m o v e d  by  organic  so lvents .  
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Fig. 3. Measured ion etch rates of silicon, silicon dioxide, and 
AZ 1350 H photoresist at different ion incidence angles. 

Fig. 4. Calculated profiles of a silicon dioxide film covered with 
a photoresist pattern during three different etch intervals tl, t2, 
and ts (dashed lines). The intervals tz, t~-tl, and t~-t~ are equal. 
(a) Almost vertical photoresist sidewalls before ion etching; (b) 
60 ~ slope angle of sidewalls. 

Fig. 2. Schematic diagram showing non-normal incidence of 
ions at photoresist sidewalls. 

In Fig. 4(a) the photoresist sidewalls are assumed to 
be almost vertical, while in Fig. 4(b) a sidewall  slope 
angle of 60 ~ is assumed. The profiles (dashed lines) 
were determined using a s tep-by-s tep construction 
similar to that proposed by other authors (8-10). 
The procedure is as follows: first the ini t ial  photo- 
resist contour is divided into small  elements, the 
angle of each element  relative to ion incidence is 
then determined,  and the displacement of each ele- 
ment  after a short etch interval ,  At, is read from the 
reference curves in Fig. 3. By this procedure the 
profile after t ime At was constructed. Start ing with 
this profile, a new profile is obtained after the etch 
interval  2At, and so on. Figure 4 shows the calculated 
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profiles after three different etch intervals  tl, t2, t~. 
The in terva ls  t~, ts-tl, and ts-t~ are equal. 

Several  conclusions can be d rawn from the pro-  
files in Fig. 4(a) .  As the ion etch rate of silicon diox- 
ide is 1.5 times greater  than that  of photoresist in 
regions of normal  ion incidence (Fig. 3), the photo- 
resist should be at least two-thirds  as thick as the 
silicon dioxide layer  to be etched. In  regions where 
the slope angle of the photoresist sidewalls is close 
to 90 ~ the etch rate is negligible. This means that 
these portions of the profile are not altered by ion 
etching. The largest al terat ions of the profile occur 
in  those regions where the ions impinge at an angle 
of about 60 ~ . This is the case along the upper  edges 
of the photoresist sidewalls. A 60 ~ facet is etched 
more rapidly than  a p lane  normal  or paral le l  to the 
ion beam and thus the facet grows in  area. As a re -  
sult, the vertical port ion of the sidewalls gradual ly  
disappears until ,  by  the end of the in terva l  t2, the 
walls exhibit  a uniform slope angle of about 60~ 8 

Up to this time, no measurable broadening of t h e  
etched silicon dioxide geometry occurs at the bottom 
edge and the silicon dioxide l inewidth  corresponds 
to the ini t ia l  photoresist l inewidth. The etch depth 
in  the silicon dioxide layer by the end of the in terval  
t2 is about half  the photoresist thickness. This means 
that, if the photoresist sidewalls are vertical  or a lmost  
vertical, silicon dioxide layers th inner  than half the 
photoresist thickness can be etched without  any broad-  
ening in  l inewidth.  Etching of thicker layers leads, 
however, to such broadening as i l lustrated in  Fig. 
4(a)  by the profile recorded after the in terval  ts. 
In  the case shown in Fig. 4(b) ,  where the photoresist 
sidewalls are assumed to have a slope angle of 60 ~ 
just  prior to etching, the silicon dioxide geometries 
start  broadening right  at the beginning of ion etch- 
ing. The 60 ~ angle remains throughout  the ent i re  
etching period. 

Mask materials for ion beam etching.--As noted 
above, photoresist can be sui tably used as a mask for 
ion beam .etching of SiO2. However, the contours of 
the sidewalls of the etched SiO2 pat terns  depend on 
the thickness of the resist mask and the slope angle 
of the sidewalls of the mask. 

If a resist mask (AZ 1350 H) I ~m thick with 
vertical slopes is used, a SiO2 layer of about 0.2 ~m 
can be etched with vertical sidewalls and without  
l inewidth  change [see Fig. 4 (a ) ] .  Fur ther  etching 
leads to a slope angle of about 60 ~ at an etch depth 
of about 0.4 ~m [Fig. 4(a) ,  in terval  t2]. If a thicker 
layer  is etched with this mask, l inewidth broadening 
will  occur [Fig. 4(a) ,  in terval  ts]. 

This broadening effect can be avoided, however, 
by choosing mask materials  which exhibit  a lower 
ion .etch rate than photoresist, e.g., t i tanium, vanadium, 
or chromium (11, 12). The ion etch rate of these 
materials  can be fur ther  reduced by inject ing oxygen 
dur ing etching (11, 12). We have made comparative 
studies of the effect of oxygen on the etch rate of 
t i tanium, a luminum,  silicon dioxide, and photoresist. 
The etch rate depends cri t ically on the partial  pres-  
sure of the oxygen. 4 As shown in Fig. 5, the etch 
rates of t i tanium, a luminum, and silicon dioxide de- 
crease, while that of photoresist (AZ 1350 H) in -  
creases. Drawbacks involved in using metal  masks 
instead of photoresist masks are that more process 
steps are required and the edges of the metal  geom- 
etries are often less smooth than the photoresist 
edges. Moreover, ion-etched geometries exhibit  almost 
vertical sidewalls, which has an adverse effect on 
edge coverage in semiconductor device fabrication. 

since the maxima of  the  e tch  rates  of SiO~ and photores i s t  
AZ 1350 H lie at the same angle within the measuring accuracy, 
a uniform slope angle can be expec ted .  

4For these experiments a mixture of argon and oxygen is f ed  
into the  o l a s m a  chamber .  The  tota l  p r e s s u r e  is kept constant  
(4 �9 10 -4 Tort). 
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Fig. 5. Measured etch rotes of AZ 1350 H photoresist, silicon 
dioxide, aluminum, and titanium as a function of partial pressure 
of the oxygen. The etch rates of silicon dioxide, aluminum, and 
titanium decrease, while that of the photoresist increases with in- 
creasing oxygen pressure. 

Experimental  
Sample preparation.--Thermally oxidized silicon 

wafers with a diameter  of 2 in. were used as sub-  
strates. The silicon dioxide thickness ranged between 
0.06 and 1 ~m. After coating the wafers with AZ 1350 
H photoresist about 1 #m in thickness, pat terns were 
generated by conventional  contact -pr in t ing photo- 
li thography. Excessive heating of the samples dur ing 
ion etching was prevented by bonding the wafers 
with vacuum oil to a water-cooled copper plate. After  
etching the photoresist was soaked in d imethyl form-  
amide and removed by ultrasonic agitation. 

Ion-etched silicon dioxide patterns.--SEM micro- 
graphs of ion-etched silicon dioxide geometries in 
Fig. 6, 7, 8, and 9 confirm the validity of the described 
ion etching model. 

The micrograph in Fig. 6(a) shows an AZ 1350 H 
photoresist l ine 1 ~m thick and 7 ~m wide deposited 
on a thermal ly  grown silicon dioxide layer  1 #m thick 
before ion etching. The photoresist sidewalls are 
almost vertical. The micrograph in Fig. 6(b) shows 
the silicon dioxide geometry after ion etching and 
the removal of the residual  photoresist. The silicon 
dioxide is 1 ~m thick and its width, measured at the 
base, is 6 ~m. The reduction in l inewidth  from 7 to 
6 ~m is readily explained from the etching model 
[Fig. 4 (a ) ] .  The edges of the silicon dioxide line 
are smooth and the slope angle, which can be deter-  
mined from the SEM micrograph in Fig. 6(b) by 
simple geometrical inferences, is 65 ~ . 

Figure 7 shows a 1 ~m wide and 0.4 ~m deep ion- 
etched groove etched in a silicon dioxide layer. 
Compared to the photoresist geometry, which was 
1 #m thick and 1 ~m wide w i t h  almost vertical  slopes 
similar to those shown in Fig. 6(a) ,  no change in 
l inewidth can be determined. This result  corresponds 
to the case shown in Fig. 4(a) (dashed line denoted 
t2), where the vertical sidewalls assumed 60 ~ slopes 
without dimensional  change. 

The SEM micrograph in Fig. 8(a) represents a 
chemically etched double layer s tructure consisting 
of a 0.5 sm thick silicon dioxide layer  and a 0.1 ~,m 
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Fig. 6. (a) SEM micrograph (viewing angle 70 ~ of an AZ 1350 H 
photoresist line 1 ~m thick and 7 #m wide deposited on a thermally 
grown silicon dioxide layer. (b) Corresponding silicon dioxide geom- 
etry 6 tLm wide and 1 t~m thick after ion etching and removal of 
the residual photoresist. The reduction in [inewidth from 7 to 6 
~m is explained with the ion etching model shown in Fig. 4(a). The 
slope angle of the silicon dioxide sidewalls is 65 ~ 

thick phosphorus silicate glass (PSG) layer  with 
about 8 mole percent  (m/o)  of phosphorus pentoxide. 
Due to the fast etch rate of PSG in buffered hydro-  
fluoric acid, the slope angle of the silicon dioxide 
layer is only 18 ~ the slope of the PSG layer  is al-  
most vertical. The SEM micrograph in Fig. 8(b) 
shows the geometry after ion etching of the same 
double layer. As the ion etch rates for PSG and for 
silicon dioxide are much the same, the slope angle 
is again u n i f o r m l y  65 ~ . 

Similar  results were obtained with silicon n i t r ide /  
silicon dioxide and polycrystal l ine sil icon/silicon diox- 
ide double layer structures as well. 

One specific geometrical effect must  be taken into 
account if the geometries to be etched are to r u n  
over steps. Due to the faster etching of sloped regions 
(Fig. 3), these steps exhibit  lateral  shift. Figure 9(b)  
shows the ion-etched gate region of a MOSFET where 
the edges of the source and drain  regions have been 
displaced by the distance Ax. 

Redeposition e~]ect.--The model discussed does not 
include the effect of the redeposition of sputtered 
mater ia l  (13). Redeposition means that some of the 
sputtered particles leaving an etched groove become 
deposited on its sidewalls, from where they are re-  
sputtered and redeposited in the groove. If this effect 
is pronounced, grooves of different widths will be 
etched at different effective etch rates. Figure  10 
shows ion-etched grooves in silicon dioxide with l ine-  
widths of 1.25, 2.5, 5, and 10 ~m. A t i tan ium pat te rn  
was used as a mask. The larger etch depths in  the 
wider grooves are d e a r l y  visible. The area sur round-  

Fig. 7. SEM micrograph (viewing angle 70 ~ of a 1 ~m wide and 
0.4 ~m deep ion-etched groove in a silicon dioxide layer. No 
change in linewidth as compared to the original groove in the photo- 
resist was observed. The slope angle of the silicon dioxide side- 
walls is 65% 

ing the grooves is etched away as well. The 0.8 ~m 
oxide step thus created is visible in the micrographs 
of Fig. 10. 

In  Fig. 11 the exper imental ly  obtained etch rates 
are plotted as a function of ] inewidth for photoresist 
and t i t an ium masking. Using a t i t an ium mask, the 
effective etch rate remains constant for grooves with 
l inewidths down to about 10 ~m, but  decreases by 
roughly 50% for l inewidths of about 1 ~m. If photo- 
resist is used as the masking material,  the correspond- 
ing decrease in etch rate is, however, only 25%. 

Surface damage caused by ion etching.--We have 
observed from the ion backscatter as well as from 
MOS capacitance-voltage measurements  that ion- 
etched surfaces suffer severe damage (14). If a silicon 
dioxide layer thermal ly  grown on a single crystal 
silicon substrate is ion-etched down to the silicon 
substrate, a silicon surface layer  about 100A thick 
is damaged. An argon concentrat ion of about 1021 
atoms/cmS can be measured for the ion energy and 
dose used. Furthermore,  dur ing ion etching particles 
are sputtered from metal  parts inside the ion etching 
apparatus such as the tungsten neutral izat ion fila- 
ment,  the molybdenum accelerating grids, and the 
copper ground plate. These particles contaminate  the 
silicon surface and cause deep energy levels at the 
silicon-silicon dioxide interface (14). Their  concen- 
t rat ion is highly dependent  on system parameters,  
specially on the extract ion system of the grids (15). 
The contaminated and damaged surface layer can, 
however, be completely removed by wet chemical 
etching with a diluted H N O J H F  etchant. 

We have observed that the damaged region near  
the surface of silicon dioxide layers exhibits a higher 
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Fig. 8. (a) SEM micrograph (viewing angle 70 ~ of a chemically 
etched double layer consisting of a 0.5 #m thick silicon dioxide 
layer and a 0.1 Fm thick phosphorus silicate glass (PSG) layer. 
Due to the fast etch rate of PSG in buffered hydrofluoric acid, the 
slope angle of the silicon dioxide layer is only 18 ~ , whereas the 
slope of the PSG layer is almost vertical. (b) SEM micrograph show- 
ing the corresponding step in the same double layer after ion 
etching. As the ion etch rates for PSG and for silicon dioxide are 
much the same, the slope angle is uniformly 65 ~ . 

etch rate in buffered hydrofluoric acid than u n d a m -  
aged silicon dioxide layers.  This effect can be used 
to taper the edges of silicon dioxide patterns. A sim- 
i lar effect has been reported by Maline et aI. (16) 
for ion- implanted  silicon dioxide films. Figure 12 
shows its mechanism. Prior to photoresist pat tern  
generation, the silicon dioxide surface of the sample 
shown in Fig. 12(b) was exposed for only 10 sec 
to an ion beam with an energy of 0.6 keV and a 
beam current  of 0.5 mA/cm 2. Then a photoresist 
pa t te rn  is created on top of the SiO2 layer. Due to 
the higher etching rate of the 100A thick damaged 
part  of the SiO2 layer, an etched SiO2 pat tern  with 
tapered edges is produced. Figure 12(b) shows the re- 
sult. The slopes of the silicon dioxide lines are un i -  
form; the slope angle is about 25 ~ Figure 10(a), in 
comparison, shows chemically etched SiO2 lines with-  
out ion bombardment  prior to photoresist coating. 
This method can be used to taper steps in thermal ly  
grown SiO2 in a controllable m a n n e r  (17). 

S u m m a r y  
The ion beam etching process described is effectively 

controllable and yields reproducible results. Ion-  
etched grooves in silicon dioxide exhibit  no significant 
dimensional  change relative to photoresist geometries 
as long as the etching depth does not exceed half 
the resist thickness. The slopes of the sidewalls of 
the etched grooves are uniform. Typical slope angles 
are 65 ~ . Adhesion between the mask and the sub-  

Fig: 9. (a) SEM mlcrograph (viewing angle 70 ~ of a chemically 
etched gate region in a MOSFET. (b) SEM micrograph showing the 
same gate region after ion etching. The steps generated during 
reoxidation after the source and drain diffusion appear laterally 
displaced by the distance ~x due to the faster etching of sloped 
regions. 

strate to be etched is without  influence on the etch 
profile. As the ion etching process is nonselective, the 
silicon substrate can still be etched to a certain ex- 
tent  even if the silicon dioxide layer is etched down 
to the silicon surface. Redeposition effects reduce 
the effective ion etch rates for grooves of small  l ine-  
widths. The damage suffered by the silicon surface 
layer due to ion bombardment  can be completely 
removed by wet chemical etching. The enhanced etch 
rate of ion-damaged silicon dioxide surface layers 
in buffered hydrofluoric acid is used to taper steps 
in thermal ly  grown silicon dioxide in  a controllable 
manner .  
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Fig. 10. SEM micrographs (viewing angle 70 ~ of grooves in sili- 
con dioxide ion etched under the same conditions. The widths of 
the grooves are (a) 1.25 ~m, (hi 2.5 p.m, (c) 5/~m, and (d) 10/~m. 
The masking material for ion beam etching was titanium. As the 
sidewalls of the etched grooves are almost vertical, the magnifica- 
tion ratio given for the horizontal direction of the SEM micro- 
graph can also be used to calculate the step depths with good 
approximation The calculated etch depths are denoted in (a)-(d). 
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Fig. 11. Measured etch rates (see Fig. 10) vs. linewidth for 
photoresist and titanium masking. Using a titanium mask, the 
effective etch rate remains constant for grooves with linewidths 
down to about 10 #m, but decreased by roughly 50% for line- 
widths of about 1 #m. If a photoresist mask is used the corre- 
sponding decrease in the ion etch rate is only 25%. 
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Annihilation of Stacking Faults in Silicon by 
Impurity Diffusion 
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ABSTRACT 

The stacking faults grown into silicon dur ing  thermal  oxidation were 
shrunk  by high temperature  hea t - t rea tment  i n  a ni t rogen atmosphere. The 
activation energy for fault  shrinkage was 5.2 eV, and near ly  equal to that 
of silicon self-diffusion, 5.13 eV. The shrinkage phenomenon is due to the 
removal of silicon atoms, which form the stacking faults of extrinsic type, by 
diffusion via vacancies. Therefore the shrinkage rate depends on the vacancy 
concentration" in  silicon. The high concentrat ion diffusion of boron, phosphorus, 
and arsenic in silicon generates the excess vacancies induced by donor doping, 
or by the stress due  to solute lattice contraction of the impuri ty.  The shrinkage 
of stacking faults by these excess vacancies was investigated. The faults 
shrank rapidly and disappeared for a short t ime in  comparison with simple 
heat- t reatment .  The annihi la t ion of stacking faults in  silicon was also in-  
fluenced by the coulomb interact ion or the complex formation between the 
negatively charged vacancy and impuri ty.  

Thermal  oxidation is one of the impor tant  processes 
in the manufac ture  of silicon p lanar  transistors and 
other devices. Crystallographic defects such as stack- 
ing faults are often introduced in  silicon in this oxida- 
t ion process (1-5). When stacking faults lie across a 
p - n  junction,  excess reverse leakage currents  in the 
junct ion are increased (6). Therefore, it is necessary 
to suppress stacking fault  generation. If a crystal free 
from mechanical  damage and g rown- in  defects, which 
act as the nucleation, is used, stacking faults are not 
generated. However, it is difficult to obtain such a crys- 
tal. Accordingly, the suppression of stacking fault  gen-  
eration and shrinkage of the faults by HC1 oxidation 
(7), or the preoxidation gettering of silicon wafers by 
misfit dislocations due to phosphorus diffusion (8), etc. 
have been carried out. Stacking faults also can be 
shrunk  by high tempera ture  hea t - t rea tment  (9). 

In  this study, the shrinkage of stacking faults was 
investigated first. It was found that  the shrinkage re-  
lated in t imate ly  to the vacancy concentrat ion in sili- 
con. The vacancy concentrat ion depends not only on 
t rea tment  temperature,  but  also on impur i ty  doping. 
And so the relat ion between the annihi la t ion of stack- 
ing faults and the excess vacancies which were ~nduced 
dur ing impur i ty  diffusion into silicon was studied, and 
the mechanism of the annihi la t ion is discussed. 

Experimental 
The specimen wafers used in these experiments  were 

1-5 ~ - c m  (100) oriented dislocation-free silicon 
crystals grown by the Czochralski method. They were 
doped with phosphorus for n - type  and boron for p- 
type. The surface was mechanical ly polished and the 
thickness was about 250 ~m. After  appropriate t reat -  
ments, they were etchd in a HF:HNO3 = 1:5 solution 
for 2 min  to remove the surface mechanical  damage. 
The oxidation of silicon was carried out at 1200~ in 
dry oxygen for 210 min. This thermal  oxidation grew a 
stacking fault  in the silicon crystal about 40 ~m long, 
provided that the fault  size was defined as the fault  
length  o n  the silicon surface. After oxidation, the sam- 
ples covered with grown oxide were treated at 1100 ~ 
1200~ in dry ni t rogen to investigate the shrinkage 
process of stacking faults. In  order to reveal the stack- 
ing faults, the samples were etched in a Sirtl  solution 
(10) after dissolving the oxide layers in  HF. 

Furthermore,  the annihi la t ion behavior of stacking 
faults by impur i ty  diffusion into silicon was examined. 

* Electrochemical  Society Act ive  Member. 
Key words: silicon, s tacking faults,  diffusion. 

Boron, phosphorus, and arsenic were diffused into sili- 
con wafers having stacking faults. Impuri t ies  were dif-  
fused into silicon from doped oxide sources except for 
the diffusion of high arsenic concentration. The doped 
oxide sources were deposited onto silicon wafers by the 
reaction of silane, hydride of impurities,  and oxygen. 
The reaction tempera ture  was 350~ for the deposition 
of borosilicate and phosphosilicate glasses, and 450~ 
for arsenosilicate glasses. The diffusion was carried out 
at 1100~ in dry nitrogen. For the diffusion of high 
arsenic concentration, a capsule method was used, be-  
cause t h e  high arsenic diffused layers were not ob- 
tained by diffusion from the doped oxide source in the 
ni trogen atmosphere (11). The silicon wafers were 
placed in a quartz tube together with arsenic. The tube 
was then evacuated and sealed. The diffusion was also 
carried out at ll00~ The surface concentrat ion of 
diffused layers was determined using the anodic oxida- 
t ion-resis t ivi ty  technique (12) and Irvin 's  data (13). 

Results 
Shrinkage o~ stacking Saults by heat-treatment.--The 

shrinkage of stacking faults by hea t - t rea tment  in the 
ni t rogen atmosphere was examined first. The silicon 
samples which had stacking faults about 40 ~m long 
were treated at 1100~176 in dry nitrogen. The 
shrinkage rate of the stacking faults is shown in Fig. 1 
as a function of t rea tment  time. Stacking faults could 
be shrunk easily by high temperature  heat - t rea tment .  
A l inear relationship was found between fault  length 
and hea t - t rea tment  time. The shrinkage rate vs. the 
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Fig. 1. Shrinkage of stacking faults after heat-treatment in 
nitrogen. 
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reciprocal of t rea tment  tempera ture  is plotted in Fig. 2. 
The activation energy of shrinkage determined from 
this figure was 5.2 eV. 

Influence of boron diffusion on annihilation.--Boron 
was diffused into silicon samples having about 40 #m 
long stacking faults at l l00~ in dry nitrogen. The 
surface concentrations of diffused layers were 4.3 X 
I0~9-2.7 X 10 20 cm -3, and their  diffusion depths were 
2.5-4.4 ~m. After boron diffusion, the samples were 
etched in a Sirtl  solution for 10 see. Typical photo- 
graphs of the specimen surfaces are shown in Fig. 3. 
The stacking faults in the surface region disappeared 
i n  all samples dur ing boron diffusion. When the surface 
concentrat ion increased to more than 1 X 1020 cm -3, 
the slip dislocations due to solute lattice contraction of 
boron were generated (14). 

In  order to investigate the annihi la t ion of stacking 
faults in the boron diffused layers and undernea th  
them, another exper iment  was carried out. The samples 
were etched in a HF:HNO8 = 1:5 solution as shown in 
Fig. 4. Then the specimens were etched in a Sirtl  so- 
lution. The results are shown in Table I. For the rela-  
t ively low surface concentration, 4.3 • 1019 cm -3, the 
stacking faults still remained in the diffused layer near  
the diffusion front  of the boron. Increasing the surface 
concentration, the stacking faults within the diffused 
layers disappeared. For the sample, of which the sur-  
face concentrat ion was 1.7 • 102~ cm -8, the stacking 
faults undernea th  the boron diffused layer were ann i -  
hilated. Moreover when  the surface concentrat ion was 
increased to 2.7 • 102~ cm -8, stacking faults remained 
and were not annihi la ted undernea th  the boron dif-  
fused layer. 

Influence of phosphorus di~usion on annihilation.-- 
The diffusion of phosphorus was identical with the 
boron diffusion described in the previous section. The 
phosphorus surface concentrations in diffused layers 
were 5.3 X 1029-3.6 X 1020 cm -3, and their diffusion 
depths were 2.9-3.1 ~m. After phosphorus diffusion, the 
annihi la t ion behavior of stacking faults was observed 
using the method i l lustrated in Fig. 4 and Sirtl etch- 
ing. The results are shown in Table II. The stacking 
faults in the phosphorus diffused layers were annih i -  
lated dur ing phosphorus diffusion in the concentrat ion 
range of this experiment.  However, the stacking faults 
undernea th  the diffused layers remained and were not 
annihilated.  The slip dislocations which were observed 
for the diffusion of high boron concentrat ion were not 
generated by the diffusion of high phosphorus concen- 
tration. 

Influence o# arsenic diJfusion on annihilation.--For 
the arsenic diffusion of comparat ively low concentra-  
tion, arsenic can be diffused in the ni t rogen atmosphere 
using the doped oxide source method. In  order to ob- 
tain diffused layers of high arsenic concentration by 
this method, arsenic must  be diffused into silicon in 
oxygen. The t rea tment  in the oxygen atmosphere grows 
stacking faults. Therefore a capsule method was used 
for the diffusion of high arsenic concentration. The sur-  
face concentrations of arsenic in diffused layers were 
2.2 X 1019-3.0 X 1020 em -3. If arsenic diffuses in silicon 
to about 3 #m in depth from the surface, a fairly long 
diffusion time is required because of the small dif- 
fusivity of arsenic in silicon (15). Stacking faults are 
considerably shrunk  dur ing such hea t - t rea tment  for 
long times. The diffusion depths of arsenic were l imited 
to 0.6-1.2 ~m. Table  III  shows the results of stacking 
fault  dis tr ibution in the specimens after arsenic diffu- 
sion. The stacking faults in the arsenic diffused layers 
disappeared for the diffusion of relat ively low surface 
concentration. This is the same behavior as phosphorus. 
When the surface concentrat ion increased more, the 
stacking faults remained even in the arsenic diffused 
layers. For the sample of which the surface concentra-  
t ion was 3.0 X 1020 cm -~, the faults near  the silicon 
surface were hardly  shrunk.  
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Fig. 2. Rate of shrinkage vs. reciprocal heat-treatment tempera- 
ture, showing its relationship to the silicon self-diffusion coefficient. 

Fig. 3. Photographs of defects revealed by Sirtl etching. Etching 
time is 10 sec: (A) the sample oxidized at 1200~ in dry oxygen 
for 210 min; (B) and (C) the samples after boron diffusion into 
above oxidized silicon at 1100~ their surface concentrations are 
4.3 X 1019 cm - 3  and 1.7 X 102o , respectively. 
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Impurity diffused layer 

Si specimen 

Table I1. Distribution of stacking faults in the samples after 
phosphorus diffusion 

Diffusion condit ion Exis tence  of s tacking faults* 
Surface 
concen- 
tration Time  Depth Region Region Region 
(era -~) (min) (/Lm) A B C 

5.3 x 10 TM 300 3.1 N o  N o  Yes  
1.1 x 102~ 120 2.9 No  N o  Yes  
1.5 x 102o 100 2.9 N o  N o  Yes  
3.6 x 10 e0 70 3.1 N o  N o  Yes 

(A) 

I (B) 

Etching 

-{ (c) 

* Yes = existence of stacking faults; No = no existence of 
stacking faults. 

Table Ill. Distribation of stacking faults in the samples after 
arsenic diffusion 

Diffusion condition Exis tence  of s t a c k i n g  f a u l t s "  
Surface 
concen- 
tration Time  Depth  R e g i o n  R e g i o n  R e g i o n  
(cm -~) (rain) (/~m) A B C 

2.2 x 10 TM 600 1.2 N o  N o  Yes  
6.0 x 10 ~ 180 0.9 N o  Yes  Yes 
Z.0 x 10~~ 20 0.6 Yes Yes Yes  

Fig. 4. Sample for investigating the distribution of stacking 
faults in silicon: region (A) the surface of the sample; (B) the 
impurity diffused layer near the diffusion front; (C) underneath the 
diffused layer. 

Discussion 
The stacking fauIts are generated in silicon by heat-  

t rea tment  in an oxidizing atmosphere. They can be 
shrunk  by high temperature  hea t - t r ea tmen t  in an un -  
oxidizing atmosphere. Sanders et aL (16) determined 
the activation energy for fault  shrinkage to be 2.1 eV. 
This energy is smaller  than the result  of the present 
experiment,  5.2 eV. They made an anneal ing experi-  
ment  using the u l t ra th in  foils of silicon having stacking 
faults. The thermodynamics  in such thin foils may be 
different from that of the bulk crystal. Therefore, the 
discrepancy of the activation energy probably came 
from the difference in the exper imental  conditions. The 
value in the present  experiment,  5.2 eV, was near ly  
equal to the activation e n e r g y  of silicon self-diffusion, 
5.13 eV (17). In the shrinkage phenomenon it is consid- 
ered that silicon atoms, which form the extra plane of 
the extr insic- type stacking faults (3), are diffused 
outward via vacancies, and stacking faults are shrunk. 
Provided that  this shrinkage mechanism is valid, the 
shrinkage of stacking faults depends strongly on the 
vacancy concentrat ion in silicon. The vacancy concen- 
t ra t ion is influenced not only by t rea tment  tempera-  
ture, but  also other factors. That  is to say, the vacan-  
cies are increased with donor doping (18) or with the 
stress by  solute lattice contraction of an impur i ty  in 
silicon (19). These excessively induced vacancies are 

Table I. Distribution of stacking faults in the samples after 
boron diffusion 

Diffusion condit ion Exis tence  of s tacking f a u l t s *  
Surface 
concen- 
tration Time Depth  R e g i o n  R e g i o n  R e g i o n  
( c m  -s)  ( m i n )  ( ~ m )  A B C 

4.3 • 10 TM 360 4.4 No  Yes Yes  
7.0 • 10 TM 180 2.8 N o  N o  Yes 
1.0 • I0 ~ 180 3.3 No No Yes 
1.7 x 10 e~ 120 3 . l  No  N o  N o  
2.7 x 10 2~ 30 2.5 No  N o  Yes 

* Y e s  = e x i s t e n c e  of  stacking faults;  N o  = n o  ex is tence  os 
s t a c k i n g  f a u l t s .  

* Y e s  = e x i s t e n c e  of  s t a c k i n g  f a u l t s ;  N o  = no ex is tence  of 
s t a c k i n g  f a u l t s .  

% A capsule  method.  

well known and are discussed as impur i ty  diffusion 
in silicon (20). The excess vacancies cause the en-  
hanced diffusion of the impuri ty.  

If the vacancy in silicon acts as an accepter (21), the 
vacancy concentrat ion i s  changed by the shift, due to 
doping, of the Fermi level (18). The concentrat ion of 
charged vacancies is given by  

[V- ]  _-- IV]/{1 Jr" exp [(EvAe -- EF)/kT]} [1] 

where EvAC and EF are the vacancy and Fermi levels, 
respectively, and IV] is the total concentrat ion of va-  
cancies, which is the sum of charged and neutra l  vacan- 
cies. Assuming that the concentrat ion of neutra l  vacan-  
cies is independent  of impur i ty  doping (22), and using 
Eq. [1], the ratio of the total vacancy concentrat ion in 
extrinsic silicon doped with impurity,  IV] D, to intrinsic, 
[V]I can be expressed by 

[V]D 1 + exp [(EFD -- EVAC)/kT] 
= [2] 

[VII 1 + exp [(EFI -- EvAc)/kT] 

where the suffixes, D and I, indicate the doped and in-  
trinsic condition. The simple vacancy in silicon is 
known to be an accepter having the e n e r g y  level of 
0.4 eV below the conduction band (21). Hence, in sili- 
con heavily doped wi th  a donor impurity,  Eq. [2] be- 
comes 

[V]D 
__--___ exp [ (EFD - -  EFI)/kT] ---- n/ni [3] 

[V]i 

where n and ni are the electron concentration in doped 
and intrinsic silicon, respectively. The vacancy concen- 
tration increases in silicon hea;cily doped with a donor- 
type impurity. 
When phosphorus was diffused into silicon having 

stacking faults and its surface concentration exceeded 
the intrinsic carrier concentration, the stacking faults 
in the diffused layers were annihilated for a short time. 
The annihilation was probably enhanced by the donor- 
induced vacancies. Arsenic is the same type of donor 
as phosphorus, but the behavior differed somewhat 
from that of phosphorus. The annihilation effect of 
stacking faults in the arsenic diffused layers decreased 
as the surface concentration of arsenic increased. For 
the sample of which the surface concentration was 3.0 
X 10 2~ cm -3, the faults almost entirely remained in 
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the arsenic diffused layer. Considering tl~e discrepancy 
between total arsenic in silicon diffusion profiles ob- 
tained by Irvin 's  data and those determined by neut ron  
activation analysis, and the dependence of the arsenic 
diffusion coefficient on concentration, Fair  pointed out 
that (VsJAs2) complexes were formed and acted as 
vacancy sink (23, 24). The vacancy concentrat ion prob-  
ably became insufficient for the annihi la t ion of stack- 
ing faults in the diffusion of high arsenic concentration. 

The stacking faults were also rapidly annihi la ted by 
boron diffusion. For boron diffusion, [V]D/[V]I in Eq. 
[2] is unity,  so that the same excess vacancies as donor 
doping are not induced. The covalent radius of boron is 
0.89A, which is smaller than that of silicon, 1.17A. The 
stress due to solute lattice contraction is introduced in 
silicon doped heavily with boron. This stress causes 
the slip dislocations (14). When boron was diffused in 
silicon and i t s  surface concentrat ion exceeded about 1 
X 1020 cm -3, the slip dislocations were observed as 
shown in Fig. 3. The excess vacancies might be emitted 
from these defects dur ing their  generation, and might  
have enhanced the annihi la t ion of stacking faults. How- 
ever, for the samples of which the surface Concentration 
of boron exceeded 1.7 • 1020 cm -3, the annihi la t ion 
effect decreased slightly. If the boron concentrat ion 
approaches near  to the solid-solubil i ty limit, inters t i -  
tial boron atoms probably increase. These interst i t ial  
atoms oppositely act as vacancy sink to occupy the lat-  
tice sites. And so, the annihi la t ion effect by boron diffu- 
sion of extremely high concentrat ion might  be de- 
creased. 

Another  remarkable  phenomenon of boron diffusion 
was that the stacking faults undernea th  the boron dif- 
fused layer  were annihi la ted under  the adequate con- 
dition. This phenomenon is considered as follows. The 
negat ively charged vacancies repulse with boron atoms, 
because boron is an acceptor. Then, the vacancies are 
able to diffuse deeply far from the diffusion front of 
boron. They possibly annihi late  the stacking faults 
undernea th  the boron diffused layer. Therefore, this 
phenomenon was not observed for the diffusion of a 
donor impur i ty  such as phosphorus and arsenic. In  case 
of the diffusion of a donor impuri ty,  the negatively 
charged vacancies are drawn to donors and remain 
main ly  in the diffused layer. Because of this, the stack- 
ing faults undernea th  the diffused layer  were not an-  
nihi lated by diffusion of phosphorus and arsenic. This 
behavior differs remarkably  from that of boron. 

Conclusions 
The stacking faults generated in silicon dur ing  ther-  

mal oxidation are shrunk  and annihi la ted by heat-  
t rea tment  in a ni t rogen atmosphere. This phenomenon 
is due to the removal  of silicon atoms, which form the 
extr insic- type stacking faults, by diffusion via vacan-  
cies. Therefore, the excess vacancies induced in silicon 
by the diffusion of donor- type impurit ies or by the 
stress due to solute lattice contraction of impuri ty,  en-  

hance the annihi la t ion of stacking faults. This behavior  
is also influenced by the coulomb interact ion between 
the negatively charged vacancy and impurity,  or the 
complex formation between the vacancy and impuri ty.  

From the results of these experiments,  useful infor-  
mation for s tudying the various phenomena in other 
fields can be obtained. For instance, using the annih i la -  
tion data, one can make clear the mechanism of anom- 
alous diffusion of impur i ty  in silicon, which is not suf- 
ficiently known. 
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Chemical Etching of Silicon 1 
IV. Etching Technology 
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ABSTRACT 

The etching of si l icon in  HNO3-HF based systems proceeds by a sequen- 
tial oxidat ion-fol lowed-by-dissolut ion process. In those composition regions 
where the solution is very low in HNO3 and rich in HF, the ra te- l imi t ing  
process is the oxidation step. Consequently, electron concentration, surface 
orientation, crystal defects, and catalysis by lower oxides of ni t rogen play an 
impor tant  role. In  those compositions where  HF is in  l imited supply, dis- 
solution of the formed oxide is the rate-control l ing step and diffusion of the 
complexing fluoride species is the important  factor. Therefore, crystal ori- 
entat ion and conductivity type independence as well as hydrodynamic control 
are the consequences. In  order to meaningful ly  select an etching composition 
to solve a specific processing problem, it is necessary to unders tand  this com- 
posi t ion-mechanism interaction. Corollary with the mechanism understanding,  
sample geometry effects have been followed as a function of solution com- 
position. The HF-HNO3-H20 solution composition plane has been characterized 
into various regions where the two basic mechanisms interact  and specific 
procesing uti l ization is shown. Similar results are shown for the system HF- 
HNO3-HC2HsO2. In  addition, a number  of par t icular  etching problems are 
posed, and solutions offered, that make use of these composition characteriza- 
tions, and show how one can use their  informat ion to solve other practical 
processing problems. 

Most of the data on silicon etching that one can 
find in the l i terature involve studies of the mechanisms 
and kinetics of the dissolution process (1-4). There 
are a few examples of practical applications, but  they 
deal pr imar i ly  with crystallographic aspects of the 
etching, e.g., defect del ineation (5) or anisotropic 
crystal plane etching (6). Because of the sophistication 
of present -day  silicon technology, it appears to be 
desirable to be able to control the geometrical aspects 
of a silicon slice, e.g., from sharp, possibly peaked 
corners and edges to smooth and rounded edges and 
corners, merely  by controll ing the  chemical etching 
environments .  It would, therefore, seem appropriate 
to present  some data on the geometrical effects ob- 
served on the etching of silicon rectangular  paral le l -  
epipeds in solutions of HNOs, HF, and HeO with and 
without  HC2H302. These observations were made at 
the same t ime as the previously published kinetics 
data were being obtained (1,2), but  it is only recently 
that many  requests for geometric information have 
made us aware of the usefulness of disseminating 
these configurational data. 

In  order to make the picture more complete, some 
of the original iso-etch-rate  figures will also be in-  
cluded, for comparison purposes. 

Experimental Procedure 
The technique used for the etching and thickness 

moni tor ing has been adequately described in previous 
publications ( I -3) .  However, in order to make this 
paper useful, we will  have to repeat some of the 
exper imental  detail, but  will stress only the salient 
features of the sample and solution preparat ion 
methods and how the geometric aspects were followed. 

The sample dice were rectangular  parallelepipeds 
(0.125 • 0.125 X 0.025 in. on side) cut from n- type  
silicon slices with resistivities about 2 12-cm. The dice 
were cut so that  the large-area  surfaces were along 
the (111) plane while the remaining  surfaces were 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me m b e r .  
1 All of the  data used  in this  paper  w e r e  obta ined  w h i l e  the  

authors  w e r e  e m p l o y e d  at H u g h e s  A ircra f t  Company. 
Key words: silicon, etching ,  g e o m e t r y  control .  

not controlled with respect to any par t icular  crystal 
plane. Also, the dice were used as received, which 
means that the exposed surfaces contained saw damage. 

All dice were etched three times, and each etch was 
performed in a fresh port ion of the same solution. 
Since each etching period had been chosen to remove 
4 to 6 mils from the specimen, it may be assumed that 
the work damage had been removed after the first 
etch. The third etch was performed wi th  a few mil l i -  
grams of NaNO2 added to the solution for possible 
catalytic purposes (1). After each etching step, the 
sample was rinsed in distilled water, dried, and mea-  
sured for dimensional  changes with a micrometer  to 
• 0.05 mils, and then the geometry of the specimen 
was examined under  a microscope. 

Concentrated hydrofluoric acid, as normal ly  supplied, 
may vary in concentrat ion from 48 to 52 weight 
percent  (w/o) .  Similarly, nitric acid may vary between 
the limits of 69 and 71%. In  order to establish control 
over the composition of the etching solutions, it was 
necessary to standardize the stock acids from which 
the solutions were to be made. This was done by 
t i t rat ing samples of the acids against a s tandard sodium 
hydroxide solution. Potassium acid phthalate  was used 
as the pr imary  s tandard for the sodium hydroxide. 
The first bottle of hydrofluoric acid analyzed at 
49.25%, and this concentrat ion was accordingly se- 
lected as the s tandard HF reagent  concentration. All 
subsequent  bottles of hydrofluoric acid were adjusted 
to 49.25 _ 0.05% by the addition of 60% HF or water  
as dictated by the chemical analysis. In  a similar  
manner ,  the value 69.51% HNO3 was established as 
the standard nitric acid concentrat ion and all sub-  
sequent stock bottles of nitric acid were adjusted to 
this value ~- 0.05% by the appropriate addit ion of 
water  or 90% HNO3. In  a second series of experiments  
designed to cover a larger area of the composition 
range, 90.45 • 0.05% HNO3 and 59.75 __+ 0.05% HF 
were the standard reagents used. In  a third series of 
experiments,  glacial acetic acid was used as a diluent,  
and the only water present  was that found in the 
original HNOa or HF reagents. 

1 9 0 3  
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The etching was done in a Teflon beaker 1 in. in 
diameter  and 21/z in. deep. Agitation was provided by 
an electric st irrer equipped with a polyethylene paddle. 
The dice were etched one at a t ime in 10 cm 3 of 
solution, and duplicate results were obtained by re-  
peating the entire experiment.  To quench the reaction 
at the proper time, a large volume of water was poured 
into the beaker. The etching technique was later mod- 
ified when the higher concentration reagents were 
used. Here the dice were etched two at a time, in 
20 cm 3 of solution, while encased in a small  perforated 
polyethylene basket. The basket and dice were agitated 
for the required t ime in the solution, then immersed 
in a beaker of cold water  to quench the reaction. The 
agitating action consisted of approximately 150 ver-  
tical strokes per minute,  with the etching jig rotated 
between the thumb and middle finger as rapidly as 
possible dur ing the up and down strokes. 

All etching was performed in a constant  temperature  
bath regulated at 25.00 ~ _ 0.02~ Unfortunately,  
the heat t ransmission of polyethylene and Teflon is 
so poor that the tempera ture  of the bath could not be 
realized in  the etch solution, and even after long 
periods of equi l ibrat ion the m a x i m u m  init ial  etch 
tempera ture  was only 2.4.70~ As a fur ther  con- 
sequence of the poor heat t ransmission of the etching 
container,  the more rapid etches were run  under  
essentially adiabatic conditions. 

It  was realized early in the study that in some etch 
compositions the rate of attack on the die would be So 
high that if the specimen were left in the solution for 
one minute,  either the sample would be etched away 
completely or it would be so thin that it would be 
very difficult to handle. For this reason an at tempt 
was made to choose an etch t ime for each composition 
such that only 4 to 6 mils of mater ia l  would be re-  
moved. The etch rate was then l inear ly  extrapolated 
to obtain the 1 min  value. The justification for the 
extrapolat ion is i l lustrated by Fig. 1 where the change 
in sample thickness is plotted as a funct ion of t ime for 
two different etch compositions. It  is quite possible 
that for compositions where the etch rate is very high, 
the l inear  relat ion between the amount  of material  
removed and the t ime is not valid for the entire 
minute,  since the reaction is known to be strongly 
exothermic and to proceed under  adiabatic conditions. 
Nevertheless, it is believed that by l imit ing the etch 
t ime to minimize the effect of changes in exper imental  
conditions, one could obtain numbers  by l inear  extrap-  
olation which are reasonably valid. The change in 
concentrat ion of the etch system dur ing the experiment  
was also considered an impor tant  factor. However, 
if one allows only about 0.005 in. of silicon to be etched 
away during the operation, this would correspond to 
reacting only about 0.4 mequiv, of silicon, and the 
change of concentration of the reagents due to re- 
action would be at most I%, which is a negligible 
consideration. 

Since the etching systems under study here were 
composed of three components (i.e., HF, HNO3, and 
HuO) with a fourth component present only when 
HC2HaO2 was added, it was decided to represent the 
solution concentration field with a triangular coord- 
inate system. The decision was also made to set two of 
the vertexes at i00 w/o of the concentrated HF or 
HNO3 acids and to make the third vertex 100% added 
water or glacial acetic acid. This normalization of the 
axes to the concentrated acids results in data good 
only for the particular concentrations chosen as the 
basis for the study. The weight percent system, though, 
allows for ready conversion to other concentration 
units such as mole fraction and molality, and knowl- 
edge of the specific gravity of the solution 2 also 
enables one to calculate the molarity of the solution. 
By converting the concentrations to mole fractions, 
one can compare any concentration system with any 
other. 

2 T h e  specif ic  grav i ty  of  each  solut ion was  m e a s u r e d ,  but  f o r  
brev i ty  w e  wi l l  no t  discuss  this  point  fur ther .  
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Fig. L Change of die thickness plotted as a function of die ex- 
posure time: (A) solution composed of 55% HF, 45% HNO~; (B) 
solution composed of 30% HF, 70% HNO3. 

The solution composition field was subdivided into 
a number  of evenly spaced points represent ing dif- 
ferent  compositions. The amounts of each reagent 
corresponding to each composition were then calcu- 
lated, and the solutions were prepared by put t ing 
together the required amounts of reagents. The hydro- 
fluoric acid was weighed out directly to _ 0.01g, but 
the weights of nitric acid and water were converted to 
volumes and measured out in a burette to ~ 0.01 cm 3. 

Experimental Results 
Figures 2 and 3 represent  the iso-etch-rate  contours 

determined for the normal  and high concentrat ion 

H F (49.25 %) 

~ 

\ / \  

o 

H20 go 80 70 60 50 40 30 20 10 HNO 3(69.51%) 

Fig. 2. Curves of constant rate of change of die thickness (mils 
per minute) as a function of etchant composition, in the 49% HF- 
70% HNO~ system. 
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Fig. 3. Curves of constant rate of change of die thickness (mils 
per minute) as a function of etchant composition in the 60% HF- 
90% HNO3 system; the effect of added catalyst (NaNO2) is shown 
as the dashed lines. 

specimen undergoes a gradual transition as the etching 
formula is changed along the HNOs-HF axis. In the 
high HF region the specimens have rough, pitted sur- 
faces and sharply peaked corners and edges. At about 

HF (5 c. (9046%) 

reagents  [to obtain the  etching ra te  on e i ther  of the 
(111) faces, d iv ide  the l is ted value  by  2], wi th  added 
wa te r  as the th i rd  vertex.  F igures  4 and 5 are  the 
same data,  i l lus t ra t ing  the shape of the e tch- ra te  sur-  
face as a function of solution composition. The various 
regions and the mechanisms involved in the dissolution 
process were  adequa te ly  covered previous ly  (1-3). 
We shall just note that in the region around the HF 
vertex the reaction is primarily oxidation-reduction 
controlled, and in the region around the HNO3 vertex, 
the reaction is primarily diffusion controlled. A con- 
sequence of the diffusion-governed kinetics is that 
different crystallographically oriented surfaces should 
all etch at the same rate. For two widely different 
etch compositions, the rate of attack on the (iii) plane 
has been found to be identical to the rate of attack 
on the (Ii0) plane. In preferential etch systems (e.g., 
NaOH), the (IIi) is the slowest etching plane and the 
(110) plane is one of the fastest etching planes. 

Figures 6 and 7 are plots of the same solution com- 
position fields, respectively, but in the latter two 
figures are shown the observed geometry effects on the 
initially rectangular parallelepipeds. 3 In these two 
figures it is seen that the geometry of the etched 

A l t h o u g h  solid l ines  are  drawn  f r o m  w h i c h  sharp discontinu- 
i t ies  could be inferred, this  is not  the  case .  T h e r e  are graded  
reg ions  in going f r o m  one area to another ,  but  this  wou ld  m a k e  
i l lustrat ion wel l -n igh  imposs ib le .  

H20 

Fig. 5. Etch-rate surface as a function of etchant composition in 
the 6~)% HF-90% HNO3 system. 
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Fig. 4. Etch-rate surface as a function of etchant composition in 
the 48% HF-70% HNO~ system. 

Fig. 6. Resultant geometry of the etched die as a function of the 
etchant composition in the 48% HF-70% HNO3 system. 

Fig. 7. Resultant geometry of the etched die as a function of 
the etchant composition in the 60% HF-90% HNO~ system. 
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25% HNO3 on this axis (Fig. 6), the geometry becomes 
square and the surface has a matte  appearance. Fur ther  
increase of HNOz above 35% is accompanied by pro- 
gressive rounding of the corners and the development  
of a highly specular surface. The lat ter  geometry and 
appearance prevail  over the remainder  of the compo- 
sition range except that in the very high HNO3 region 
the geometry again becomes peaked. A tendency 
toward peaking of corners is also observed as the com- 
position is varied toward increasing water. 

The na tura l  tendency of a diffusion-controlled re- 
action is the development  of rounded corners and 
edges, s ince the avai labi l i ty of reagent  is greater at 
the corners and edges of the specimen than in the 
center. A factor must  therefore exist that enhances 
the rate of attack of the reagent in the central  portion 
of the specimen. This factor is the effect of catalysis 
on the reaction rate. We know that in some etching 
solutions, a work-damaged surface will etch readily 
while a preetched surface will be very difficult to etch. 
In  the lat ter  case, it has been observed that  if the 
etching action can be started by any one of a number  
of means (e.g., seeding the solution with a die having 
a damaged surface),  there is then no difficulty in 
sustaining the reaction. This phenomenon can be ex- 
plained on the basis that one of the reaction products 
catalyzes the reaction. To verify this hypothesis, cer- 
ta in  solutions were seeded with N a N Q  in order to 
generate ni t rogen oxides (1). The results are shown in 
Fig. 3; the enhancement  of the etching rate by the 
addition of NaNO2 in the high HF region and in the 
high H20 region is evidence of catalysis. The reaction 
is thought  to be autocatalytic throughout  the entire 
composition range, but  the effect of added catalyst is 
negligible in those regions where the rate is sufficiently 
high so that any generated catalyst would far exceed 
the added amount.  Since the reaction is autocatalytic, 
swirling dissipates the catalyst more rapidly from the 
corners and edges than from the central  port ion of the 
specimen. This might explain the high degree of attack 
in the central  portion of the die relative to the attack 
on the edges and corners. 

The rough surfaces of specimens etched in the high 
HF region can also be correlated with the autocatalytic 
mechanism. When the HNO8 concentrat ion is low, the 
reaction can begin only at low activation energy sites, 
such as crystal imperfections. From these sites, the 
reaction spreads to adjacent areas as the catalyst 
diffuses. If the reaction is slow, the catalyst is l iberated 
slowly and there is a high probabi l i ty  that it will  be 
dissipated before it can act to propagate the reaction. 
When the H N Q  concentrat ion is very low, the surface 
can be seen to be covered by isolated pits and craters. 
As the HNO~ concentrat ion increases, the density of 
pits and craters increases unt i l  they finally merge into 
a rough "orange peel" pattern.  When the concentrat ion 
of HNO8 becomes sufficiently large, the entire surface 
becomes susceptible to attack, and as HF becomes the 
ra te- l imi t ing  reagent, the surface becomes smooth and 
specular. 

The ratio of the attack rate on the two (111) planes 
to that  on the four unor iented  surfaces is greater than  
uni ty  in the high HF region, and much less than uni ty  
in the high HNO~ region. This can also be correlated 
in the high HF region with the greater dependence of 
the rate on catalyst, and in the high HNO~ region with 
the diffusion mechanism. Because of the greater avail-  
abil i ty of reagent at the edges, this region should show 
an enhanced etch rate with respect to the center. The 
fact that  the edges etch more slowly than the center in  
the high HF region indicates that the dissipation of the 
catalyst is the predominat ing factor governing the 
behavior of etchants rich in HF. In  the region of etch 
composition where the oxidation step ceases to be rate 
determining,  the etch rate on the edges of the specimen 
is in  accord with the expectation that these areas will 
etch faster. 

Another  observation lending itself to in terpreta t ion 
in terms of the autocatalytic nature  of the reaction is 

the peculiar dependence of the etching rates on the 
water concentration. In the lower region of Fig. 2 and 
3, the contour lines run parallel  with lines of constant  
HF for a considerable distance and then suddenly 
break upward. The rates at constant HF are indepen-  
dent  of increasing water or decreasing HNO3 up to a 
critical value. Around this critical point, the rates vary 
sharply with composition. It is reasonable to assume 
that as the concentrat ion of nitr ic acid decreases, a 
point is reached where the rates become dependent  on 
the nitric acid concentration, and thus on the coupling 
of the generated catalyst with the reacting system. The 
decrease in rate resul t ing from a decrease in the nitric 
acid concentrat ion is amplified by the decreased cou- 
pling of the catalyst with the surface, so that  as a 
result  of this "positive feedback" effect the rates are 
strongly affected by relat ively small changes in etch 
composition. 

In  the 60% HF-90% H N Q  system there is a compo- 
sition region (see Fig. 5 and 7) where the rate reaches 
a plateau value and the geometry is extremely 
rounded. This is a region of extremely rapid reaction 
rates, and the mechanism in this region is not very 
well understood; however, it is thought to involve the 
formation of a vapor barr ier  at the silicon surface 
owing to the high generat ion rate of SiF4. 

Figures 8 and 9 are, respectively, the equivalent  
kinetic and geometry data for the acetic acid di luent  
system. A comparison of Fig. 2 and 8 clearly brings 
out the relationship between the two etching systems. 
The rates in the two systems obviously must  converge 
to identical values along the HF-HN03 axis. In the 

H F (49.25 % ) 

WIll/ ~ 
o///////f I 

HC2HsO 2 90 80 70 60 50 40 30 20 JO HNO~ (69.51%) 

Fig. 8. Curves of constant rate of change of die thickness (mils 
per minute) as a function of etchant composition in the 48% HF- 
70% HNO3-HC2H302 system. 

Fig. 9. Resultant geometry of the etched die as a function of the 
etchant composition in the 48% HF-70% HC2H~O~ system. 
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lower port ion of each plot, the constant etch-rate 
contours of both systems run  identical  courses over 
a considerable range of compositions. In  the upper  
portion of each plot, however, the contours diverge 
immediate ly  upon the addition of diluent. The note- 
wor thy  feature here is that the contours for the acetic 
acid system run  parallel  with lines of constant  nitric 
acid concentrat ion and the plot in general  bears a 
str iking resemblance to the high concentrat ion acid 
system shown in Fig. 5. The equivalent  etching systems 
HF + H N Q  + di luent  are seen to show a much 
greater  tolerance for acetic acid than for water  as the 
diluent. 

Earl ier  in this section it was shown that in the 
high HF region the etch rates are affected by the oxi- 
dizing abil i ty of the nitric acid and the reaction is 
critical with respect to the coupling of the generated 
catalyst. The tolerance of the system for acetic acid 
is thus in accord with the known enhanced oxidizing 
power of nitric acid in acetic acid over that of nitric 
acid in water  (7,8). The addition of acetic acid does 
not reduce the oxidizing power of the nitr ic acid unt i l  
a fairly large amount  of the di luent  has been added. 
Therefore, the rate contours remain  paral lel  with lines 
of constant  nitric acid over a considerable range of 
added diluent.  

The same explanat ion is valid in the high HNO~ 
region. The sudden dependence of the etch rates on 
the amount  of added di luent  has been associated with 
a t ransi t ion from an oxida t ion- independent  mechanism 
to an oxidat ion-dependent  mechanism. The effect of 
the acetic acid is pr imar i ly  to defer the onset of the 
oxidat ion-dependent  mechanism unt i l  a very large 
amount  of this di luent  has been added. 

The str iking similari ty of the water  diluted etching 
system and the acetic acid diluted system, coupled with 
the consistency of the etch rates irrespective of the 
na ture  of the diluent,  provides an addit ional a rgument  
in favor of the diffusion-governed mechanism pre-  
viously proposed. The fact that the etch rates are not 
affected by the enhanced react ivi ty of the nitr ic acid 
in acetic acid can only be explained on the basis that 
the rates are diffusion limited, not react ivi ty governed. 

The acetic acid di luent  etch composition plane may 
also be subdivided into general  areas having different 
geometric etching characteristics (see Fig. 9). The 
principal difference between the two systems is that 
the areas in the acetic acid system are more extensive. 

In Fig. 9, we have indicated several commonly used 
etches. The BJ etch and the CP4 etch are seen to be 
located in area C, and they should have similar prop- 
erties. On the basis of our interpretation of the reaction 
mechanism in this area, we would venture that the 
bromine in the CP4 formula serves no useful function 
in the etching of silicon to obtain a specific geometry. 
The same comment may be made with respect to the 
copper in the Purdue etches. There may be factors, 
though, which we have not evaluated, such as resulting 
electrical properties of devices etched with these 
solutions, that might show a need for the additive. 
From our point of view, however, the use of an addi- 
tive in such compositions is pointless. 

The l l l  etch is interest ing because it lies in a region 
where the resul tant  surfaces are specular, but  where 
the corners tend to peak. It should produce better  
geometry retent ion than the BJ etch and it should be 
more reliable in the absence of added catalyst than its 
neighbor, the BQ etch. The lat ter  is very critical, with 
respect to slight changes in composition, and with re-  
spect to the silicon surface. Infinitesimal composition 
changes such as the addition of one drop of acetic acid 
to 20 cm 8 of etchant, or the use of 48.5% HF instead 
of 48.9% HF to prepare the solution, have been ob- 
served to cause the second etch rate (i.e., etching of a 
work-damage-f ree  surface) to vanish. It has been 
observed that  the etch rate in the BQ composition may 
have practically any  value between zero and the diffu- 
s ion-l imited value for that  composition. However, these 
disadvantages may possibly be overcome by the in-  

troduction of a catalyst, and the BQ etch might  prove 
to be quite useful in device work. 

In  summary,  the behavior  of the water  di luted and 
acetic acid diluted etches based on HF and HNOa is 
quali tat ively very similar  and is governed by the same 
considerations. The differences are pr imar i ly  quant i -  
tative and reflect the greater tolerance of the system 
for acetic acid than for water. This does not mean  that  
the acetic acid diluted system is less critical than the 
water diluted system, with respect to composition, but  
merely  that  a greater amount  of di luent  may be added 
before the system becomes critical with respect to 
di luent  or composition. Except in the high HF region, 
both systems are ini t ia l ly indifferent to the addition of 
diluent, and the etching behavior  is unal tered  unt i l  the 
comlzosition is reached where the direction of the con- 
tours begins to change. Then feedback mechanisms 
come into play and the behavior  of the solution be-  
comes erratic. It is significant t h a t  the etching char-  
acteristics reflect the critical dependence of the etch 
rate on the local catalyst concentrat ion in this region, 
so that a favorable geometry is obtained at the expense 
of erratic or unpredictable behavior of the etchant. 
Any at tempt to make the etchant noncritical,  such as 
an increase in temperature  or the excessive addition 
of catalyst, will s imultaneously produce a change in 
the geometry of the specimen to that characteristic 
of a diffusion-limited mechanism. 

In the high HF region, the solution is critical with 
respect to the addition of water, because the critical 
amount  of di luent  is already contained in the con- 
centrated stock HF. The use of acetic acid in this 
region may serve some purpose in making the area 
less critical, and some useful sizing etches may be 
found here. It is surprising that  the common etches 
containing acetic acid, such as CP4, were not form- 
ulated in this region, but  in the region where the 
addition of acetic acid seems to serve no useful 
purpose. (The amount  of acetic acid in CP4 is a l i t t le 
less than critical.) 

It  is often said that acetic acid moderates the re-  
action and slows the rate. This is not t rue in the high 
nitric acid region and in the high hydrofluoric acid 
region. However, in the vicinity of the ma x i mum etch 
rate, the acetic acid does have the alleged effect. 

It seems on the basis of the small  amount  of infor-  
mat ion we have presented that  any etching behavior  
at tainable with an acetic acid diluted etch can be 
duplicated with a water  diluted etch. The choice of 
di luent  is thus a mat ter  of individual  preference. 

Applications 
A process specification for the fabrication of a semi- 

conductor device usual ly includes one or more chem- 
ical etching steps. The etching operation is employed 
for the a t ta inment  of certain objectives such as the 
reduction of reverse current,  machining to size, or the 
removal of unwanted  material.  The diversi ty of cir- 
cumstances under  which the etching is performed, 
coupled with the infinite var iabi l i ty  of the etching 
formulas, has created a ferti le field for the sorcerer 
and alchemist to practice their  arts. It  was inevi table  
that some excellent etching procedures should have 
been discovered in the course of time. However, these 
procedures were applicable only to the a t ta inment  of 
l imited objectives with specific devices. Every si tua-  
t ion became a separate problem which had to be coped 
with on a h i t -or-miss  basis, without  the guidance of 
scientific principles. In  such a state of affairs, a method 
for  the selection of the opt imum etch to accomplish a 
given objective appeared to be extremely valuable. 

A key to the selection of an etch is an unders tanding  
of the etching characteristics of a solution as a function 
of the composition. The physical factors that influence 
the etching behavior have aready been discussed. It  
may now be desirable to recapitulate some of the 
concepts developed above and show how they can be 
applied to the formulat ion of an etching solution 
having certain specific properties. 
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For convenience, the solution composition plane in 
Fig. 6 will be divided into six regions (see Fig. 10). 
The characteristics of each region will be discussed in 
relat ion to the basic physical processes that play im-  
portant  roles in these regions. When this foundation 
has been established, a few basic rules of thumb will 
be given for formulat ing etching solutions that can 
be applied to specific practical problems. 

Let us first focus at tent ion on area A in Fig. 10. 
As Fig. 6 shows, the rates in this region are very 
rapid. Control of the amount  of etching in this area 
is very difficult, because of the extreme sensit ivity of 
the rate to small fluctuations in composition. There are 
also very few desirable characteristics in this region 
to make etching in it worthwhile. For these reasons, 
no etching compositions in area A will be considered 
further. 

Area B covers the largest range of compositions. 
The boundary  between B and F is located where the 
etch rates become too low to be general ly practical 
for device fabrication. The compositions in area F 
have not been investigated, and no fur ther  reference 
to this area will be made. 

The behavior of region B is best understood if one 
considers the compositions in the upper  port ion of the 
field. It  is also convenient  here to refer to the contours 
represented in Fig. 3 because the greater range of 
compositions enables observation of the behavior of 
the system which can only be estimated by extrap-  
olation from Fig. 2. On the other hand, the lat ter  
system is the most useful from the practical s tand-  
point of application because of the ready availabi l i ty of 
the materials, the decreased hazard to personnel,  and 
the greater ease of handling,  all of which are obtained 
at no sacrifice in versati l i ty whatsoever. 

In  the high HF region, nitric acid and catalyst are 
both necessary for the reaction to proceed at a per-  
ceptible rate. In the absence of added catalyst, there-  
fore, it is necessary to find a "spark" to kindle  the 
reaction. Such a spark exists in the presence of crystal 
imperfections and high energy sites. Once these under -  
go attack, catalyst is generated and the reaction 
spreads to adjacent  sites. The propagation of such a 
reaction is clearly dependent  upon the exper imental  
conditions. Vigorous stirring may dissipate the catalyst 
so rapidly that the reaction is quenched. Fur ther  
reaction is then dependent  upon the existence of 
additional sites at which it can be kindled anew. For 
this reason, a previously etched surface, from which 
all work damage can be presumed to have been re-  
moved, will not be attacked by certain etch composi- 
tions in this region. On the other hand, in the absence 
of s t i rr ing the reaction will proceed rapidly, as the 

HF (49.25 %) 

H20 HNO3(695'f %) 

Fig. lO. Subdivision of the composition plane into general areas 
on the basis of the effect of the changing composition on the 
etching characteristics in the 48% HF-70% HNO3-HC2H302 sys- 
tem. 

catalyst will be able to "couple" with the reacting 
system, thereby increasing the rate to the point where 
the l imiting process of diffusion takes over. Once a 
reasonable etching rate has been established, the 
presence of the required catalyst becomes assured and 
the reaction will, from then on, proceed even under  
considerable agitation. Also, if the nitric acid con- 
centrat ion is increased, a greater number  of reactive 
sites will be simultaneously attacked, so that the 
probability of coupling of catalyst with the reacting 
system is enhanced. When sufficient nitric acid is 
present to sustain a reasonable rate, the coupling of 
catalyst with the reaction becomes assured and the 
etchant will reetch a specimen even in the absence of 
added catalyst. 

The reaction of nitric acid with silicon is, as de- 
scribed previously, an oxidation-reduction process. The 
essence of such a process is the transfer of electrons 
from the reducing agent to the oxidizing agent. It is 
now apparent that factors influencing the availability 
of electrons will affect the rate. The rates will there- 
fore be subject to modification by the effect of galvanic 
couples or pn ]unctions. Etching compDsitions have 
been found that will not attack either p- or n-material 
alone but will, if a junction is present, etch the 
p-region preferentially. 

In region C of Fig. i0, the rates are independent of 
the nitric acid concentration, and electron transfer 
processes have a minor effect on the geometry. One 
might say that the entire surface is covered with a 
sheath of SiO2. The more reactive centers may begin 
to etch first, but they soon become covered with an 
oxide layer. The oxide protects the reactive center 
from excessive oxidation while the remainder of the 
surface "catches up." The net effect is that the hydro- 
fluoric acid, which is the rate-limiting factor, acts on 
a uniform layer of oxide. The result is a smooth, 
specular surface with rounded corners and edges. The 
rounding of the geometry is also affected by the rate 
of the reaction. When the reaction is fast, the diffusion- 
governed mechanism produces considerable rounding. 
By decreasing the hydrofluoric acid concentration, it 
is possible to decrease the rate to such an extent that 
catalyst coupling again becomes important in spite of 
the high concentration of HNOs. As a result, the 
geometry is observed to become square or slightly 
peaked in the extremely high HNO~ region. 

The etching characteristics of region C in Fig. I0 may 
be summarized as nonselective, producing specular 
surfaces and rounded geometry. The surface quality 
is mediocre at the upper end of the region, but it im- 
proves considerably a short distance from region A. 
Any surface detail such as wavy lines can probably 
be attributed to a nonhomogeneous surface environ- 
ment such as concentration or thermal differences, or 
perhaps major crystal defects. 

Regions D and E of Fig. i0 correspond to composi- 
tions in Fig. 2 where the direction of the contour lines 
is changing. This indicates a transition of mechanism 
from an HF-limited process to an HNOs-limited 
process. The geometry of specimens etched in regions 
D and E is square as the result of the transition to a 
catalyst coupling mechanism. The difference in the 
etching characteristics between regions D and E lies 
in the surface quality of the etched die. In area D the 
reaction is relatively more HNO3 dependent, and 
vestigial evidence of selective etching is apparent. The 
result is a somewhat rough surface. In area E, the 
reaction is more HF dependent, and highly lustrous, 
specular surfaces result. 

Let us now consider a few practical etching prob- 
lems. As the first example, let us look at the problem 
of a suitable sizing etch for thinning a silicon chip. It 
is desired to remove a rather large amount of material, 
control the resultant thickness within narrow toler- 
ances, retain square edges and corners, and prefer- 
ably end up with a smooth surface for the subsequent 
operation, which could be an evaporation step. Area 
B is not ideal for such an etch because of the catalyst 
coupling factor; the rates in this region are too erratic, 
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and they are also much too sensitive to small composi- 
t ion variations. The surfaces are also a bi t  too rough, 
al though the geometry is favorable. In  region C, the 
rates vary slowly with composition and the resul t ing 
surfaces are good, but  the geometry is unfavorable.  
Possible solutions to the problem lie in the lower 
portion of area C, where the geometry turns  square, 
or preferably in area E. If a large amount  of mater ial  
must  be removed,  then a two-stage process is pos- 
sible where the etch may first be performed in a 
region of B where the rates are moderate but  catalyst 
coupling is assured, and then finished up with a com- 
position from regions C or E. 

For the seconct example, let it be desired to remove 
the p-region from a large-area  pn junct ion  and to have 
the n- region  relat ively unaffected. A solution lies in 
choosing a "selective" etch, preferably near  region F. 
The etch rate should be so low that the etching is 
essentially quenched by dissipation of the catalyst. 
Under these conditions, the attack will stop at the 
junction provided sufficient agitation is used, and 
provided that the volume of etch is sufficiently great 
that a negligible buildup of catalyst concentration 
O c c u r s .  

For the third example, consider the configuration 
shown in Fig. l lA.  The problem is to remove a p- layer  
adjacent to an a luminum layer in order to contact the 
base n - type  layer. One of the etches normal ly  used 
gives a configuration such as is shown in Fig. 1lB. 
Severe local etching in the vicinity of the a luminum 
plateau caused severance of the base area before any 
substant ia l  port ion of the p-region had been etched. 
The problem here was that  a very selective etch was 
being influenced by the galvanic effects or catalytic 
effects of the a luminum layer  to produce undesirable 
results. An answer to this problem lay in using a non-  
selective etch from area E of Fig. 10. An etch composed 
of 1HF:8HNO3:lH20 (by weight) was tried, and it 
gave the configuration i l lustrated in Fig. l lC.  

There is a s tr iking similari ty between the problems 
of the second and third examples. In both instances it 
was desired to remove a p- layer  and stop at a junction. 
In  the former instance a selective etch did the job best 
because it had the bu i l t - in  feature of stopping at the 
r ight  t ime without  danger of overetching. An al ter-  
nat ive  solution would be to use a nonselective etch, 
bu t  this would require careful control of the time, 
temperature,  and other factors governing the amount  
of etch, and also knowledge of the thickness of the 
p-layer.  The presence of the a luminum and a second 
junct ion  complicated the picture. The selective etching 
in  the vicinity of the a luminum may have been caused 
by the t rapping of generated catalyst first in the corner 
and later  in the cavity. Under  these circumstances it 
became necessary to sacrifice the automatic cutoff 
feature and use the al ternat ive solution. 

In  the next  example, consider the problem of br ing-  
ing out the s t ructural  detail of a crystal by etching. 
The solution here also lies in a selective etch from 
region B or region F. A very slow etch must  be chosen 
in order that  catalyst coupling may be held to a min i -  
m u m  and mass action rather  than diffusion may de-  
te rmine  the mechanism, otherwise smudging of the 
s t ructural  detail might occur. The etch composition 
should therefore be in region F. Another  solution 
might lie in selecting a nonautocatalyt ic  etching sys- 
tem, in which diffusion is relat ively unimportant ,  such 
as NaOH-H20. 

N 

(A) (B) (C) 

Fig. 11. The influence of solution composition on preferential 
etching: (A) initial configuration, (B) configuration after etching 
with 1HF:1HNO3:2HAc, (C) configuration after etching with 1 HF: 
8HNO3:1H20. 

For a final example, examine the problem of junct ion 
etching for the improvement  of the electrical proper-  
ties and stabil i ty of a device. In  the high HF region, 
etching will be localized at the junction, although all 
areas will be attacked to some extent. The tendency to 
attack attached leads made of copper, nickel, silver, 
etc. would be minimized because of the weakly ox- 
idizing nature  of the solution. The problem of lead 
attack is not merely one of weakening the structures, 
but  also one of contaminat ion of the etch by the re- 
action products. The localized etching in the desired 
portion of the device may allow for shorter t ime of 
exposure of the device to the etch. However, the 
roughness of the surface may provide a greater sur-  
face area for leakage and sharp points from which 
arcing may take place. Deep erosion of the junct ion 
also provides an overhanging roof to the device that  
is subject to mechanical  damage and that  constitutes a 
potential  site for arcing. The possibility of severe local 
etching in the presence of metall ic leads, a luminum 
layers, or crevices is also to be guarded against. 

In  the high H N Q  region, the etched surfaces will 
be smooth. The junct ion will be visible as a fine line, 
but  no major  discontinui ty in the surface will be noted. 
The tendency of the device to etch all over will be 
par t ly  offset by the factor that the edges will etch 
faster than the (111) surfaces. The attack on metallic 
at tachments  will  be somewhat greater than in the high 
HF region, but  the chances of undercut t ing  and local 
etching will be obviated. The minimized surface area 
may somewhat reduce surface leakage and the surface 
smoothness may possibly be conducive to bet ter  high 
voltage stability. 

It is unfor tunate  that our knowledge of the surface, 
and of the factors contr ibut ing to high surface leakage 
and low breakdown voltage, is too meager to permit  
a s ta tement  of the problem in terms of etching objec- 
tives. In this instance, the method was to examine 
the etching characteristics of each region and make an 
educated guess as to which approach is the most 
promising. The answer will then probably be as valid 
as the premise that etching, and not some other un-  
known factor, holds the key to bet ter  electrical prop- 
erties. 
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ABSTRACT 

A study of the formation of epitaxial  stacking faults in  2 in. diameter,  dis- 
location-free (111) silicon wafers used in  the fabrication of s tandard buried 
collector transistors has been made. The nucleat ion sites for the epitaxial faults 
are introduced dur ing the ini t ial  oxidation of the wafer and are correlated 
with the presence of a high density of shallow, flat-bottomed, saucer-shaped 
etch pits. The saucer pits are selectively annihi la ted in the diffused or im-  
planted regions during the fabrication of the Sb-doped buried collectors. For 
the ion- implanted  process the annihi la t ion of saucer pits extends lateral ly 
from 50 to 100 ~m beyond the boundaries  of the collectors. Following epi- 
taxial growth, epitaxial stacking faults, at a density of 104 cm -2, are only 
found in those nonbur ied  layer  regions which have a saucer pit densi ty of 
106-107 cm -2 before epitaxy. Therefore, epi stacking faults are not found in 
ion- implanted  material  with a separat ion be tween bur ied collectors of 100 
gm or less. Most 3 in. diameter,  and the central  regions of 2 in. diameter  
wafers do not have saucer pits or epi stacking faults. This is a t t r ibvted to an 
in situ gettering of nucleat ion sites by SiO2 precipitates, which are known to 
form in wafers, or regions of wafers, with a high ini t ial  oxygen concentration. 
Additional procedures for del iberately suppressing or gettering the nucleat ion 
sites are presented. These include deliberate abrasion, deposition of strained 
SigN4 layers, introduction of misfit dislocations, and the use of an Sb ion im-  
plant, which are performed on the back side of wafers be'fore the init ial  mask-  
ing oxidation. 

Following the recent wide scale introduct ion of dis- 
location-free wafers as start ing material  in the fab- 
rication of silicon integrated circuits, defect-related 
problems have arisen which have either not occurred 
for some time, or may not have previously existed 
at all. We have found that when 2 in. diameter  dis- 
location-free substrates were introduced into a proc- 
essing l ine fabricating diffused buried collector epi- 
taxial  transistors, large increases in the densi ty of 
epitaxial  stacking faults, SFepi, occurred. However, 
the use of 3 in. diameter  wafers or a buried layer  
fabricated by ion implanta t ion  did not nucleate 
SFepi. Also, the epitaxial stacking faults encountered 
in  our diffused process were confined to those regions 
of the wafer which did not receive a buried layer  
diffusion before epitaxy. Figure  1 i l lustrates this 
phenomenon on a preferent ia l ly  etched device chip 
after  epitaxy. Note that  the SFepi densi ty varies 
from zero in the bur ied layer  areas to greater  than 
104 cm -2 in  the nonbur ied  layer regions. 

It  has previously been pointed out by  Pomerantz  
(1) that wafers which are oxidized before epitaxy 
will  have a high probabi l i ty  of nucleat ing stacking 
faults dur ing epi growth. Pomerantz  discovered that  
a characteristic saucer-shaped feature, called an 
S-pit, appeared after preferent ia l ly  etching an oxi- 
dized wafer. The occurrence (or prevent ion)  of the 
defect responsible for the S-pit  was correlated with 
the presence (or absence) of stacking faults i n  the 
subsequently grown epi layer. Pomerantz  also 
specified two ge t te r ing  procedures, which, when  ap-  
plied to the back side of wafers prior to oxidation, 
would prevent  the formation of S-pits and epi stack- 
ing faults. 

* Electrochemical Society Active i%Iember. 
Key words: silicon defects, epitaxial stacking faults, gettoring. 

We have recently rediscovered, while moni tor ing 
the defects introduced dur ing  epitaxy for s tandard 
buried collector transistor  structures, the same con- 
nection between S-pits and SFepi. In addition, we 
have found that  the S-pits  can be annihi la ted after 
oxidation, as well  as gettered before oxidation by 
using an appropriate Sb ion implantat ion.  Also, cer- 
ta in  2 in. and most 3 in. d iameter  wafers conta in  a 
bui l t - in  gettering abil i ty which we believe to be re-  

Fig. 1. Epitaxial stacking fault distribution reveMed by 5 min 
Secco etch. The alignment square in the upper right-hand corner 
has an outside dimension of 50 ~m. 
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lated to the local oxygen concentrat ion in  the original  
crystal. In  the present  report  we briefly review the 
observations common to Pomerantz ' s  (1) work, and 
then describe how an unders tanding  of the annih i la -  
t ion of the nuclei  in the buried layer, lack of SFepi 
in  ion- implan ted  wafers, and the absence of nuclei  in 
3 in. diameter  mater ia l  led us to formulate  several 
procedures for the suppression or get tering of the 
nuclei. 

Experimental Procedures 
The start ing mater ia l  used in this study was from 

Czochralski crystals, (111) oriented, p-type, boron 
doped with a resist ivity from 8 to 20 ~-cm. The oxy- 
gen concentrat ion in  both 2 and 3 in. diameter  wafers 
was examined by infrared transmission using a Per -  
k in  Elmer  457 spect rophotometer  according to ASTM 
procedure F-121. In  order to minimize the effects of 
s l ip- type dislocations all furnace operations above 
900~ were ramped according to the schedule de- 
scribed by Moerschel (2). Defects were delineated 
using the preferent ia l  etch due to Secco D'Aragona 
(3) and observed in a Zeiss Ultraphot  IV microscope 
using interference contrast objectives. The approach to 
the epi stacking fault  problem was basically one of 
pul l ing wafers after each high tempera ture  process 
and then microscopically examining them for defect 
etch features following a Secco etch. Once the defect 
nuclei were identified, defect interactions dur ing sub-  
sequent  high tempera ture  t reatments  could be moni -  
tored. Since only three high tempera ture  processes; 
oxidation, bur ied layer  predeposition, and buried 
layer  drive-in,  were required before epitaxy, as 
listed in  Table I, the epi fault  problem was resolved 
in  a ra ther  direct way. 

Experimental Results 
Epitaxial layer growth.--The init ial  observation of 

the SFepi was made dur ing the rout ine inspection of 
unetched epitaxial wafers using Nomarski in terfer-  
ence contrast  microscopy. As described above, the 
stacking faults only appeared in the nondiffused re- 
gions of 2 in. diameter wafers as shown in Fig. 1. It  
was also found that  when  3 in. diameter  wafers were 
run  side by side with 2 in. diameter  wafers on the 
same epi susceptor SFepi only appeared in the 2 
in. d iameter  material.  The epitaxial  deposition proc- 
ess was therefore ruled out as the source of SFepi 
nuclei. 

Since SFepi are  known to nucleate  at the epi / sub-  
strate interface the amount  of substrate  mater ial  re-  
moved by gaseous HC1 etching prior to epi growth 
was varied. Increasing the etch from the typical 0.5 
#m removed to greater than 1.5 ~m successfully elimi- 
nated the SFepi nuclei. However, this extended etch- 
ing was not compatible with the requi rement  of 
main ta in ing  a buried layer sheet resistance of less 
than 25 a/El.  Fur ther  studies were therefore continued 
on substrate  wafers before epitaxy. 

Dif]used buried layer.--Examination of an Sb dif-  
fused 2 in. d iameter  wafer Secco etched after the 
buried layer  d r ive - in  revealed S-pits, as predicted 
by  Pomerantz  (1) for oxidized (111) wafers before 
epitaxy. However, the dis tr ibut ion of S-pits corre- 
sponded to the buried layer pa t te rn  as shown in Fig. 
2. The S-pi t  densi ty in  nonbur ied  layer  regions was 
on the order of 106 cm -2 or greater, while it was 

Fig. 2. Saucer pit distribution after buried layer drive-in 

about 104 cm -2 in the buried layer  regions, as shown 
by the higher magnification micrographs in Fig. 3a 
and b. Note that the Secco etch produces a t rue saucer 
shape, i.e., the pits are round, whereas the Sirtl (4) 
etch used by Pomerantz  (1) yields a faceted t r iangu-  
lar  pit. Wafers which were etched before the 2 hr 
1250~ Sb203 deposition had a un i form 1G6-107 cm -2 
S-pi t  d is t r ibut ion over the entire wafer, indicat ing 
that  the defect responsible for the formation of 

Table I. High temperature processing data 

T e m p ,  T i m e  
P r o c e s s  ~ (hr)  Misce l laneous  

1. S t e a m  oxidat ion  llO0 1 6000-7000A 
2. P h o t o l i t h o g r a p h y  Pa t t ern  def init ion 
3. Sb buried  layer  depos i t  

(a )  Dif fus ion 1250 2 Sb~O~ s o u r c e  
(b)  Ion  implant  300 3.5 • 10 ~ c m  ~~ at 

30 keV 
4. Bur ied  layer  drive-in 1250 8 
5. Epi  depos i t ion  1200 10 rain 8-10 ~m th ick  

Fig. 3. Micrographs of S-pits at 690X in (a) buried layer and 
(b) nonburied layer regions following Sb drive-in at 1250~ for 2 
hr. Arrow H indicates raised hil|ock etch features. 
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S-pi t s  was being annih i la ted  in the diffused regions 
dur ing  the bur ied  layer  predeposi t ion  and dr ive  in. 
Note tha t  the  densi ty  of Srepi in Fig. 1 is two to three  
orders  of magni tude  lower  than  the S -p i t  dens i ty  in 
Fig. 3b. Ev iden t ly  only a ve ry  smal l  percentage  of 
the defects which  give r ise to an S -p i t  act as SFepl 
nuclei  dur ing  the g rowth  of the epi tax ia l  layer .  In 
fact, none of the 104 S-pi t s  observed in the bur ied  
layer  regions, see Fig. 3a, nucleate  ep i tax ia l  faults.  
Since the  ac tua l  size of the  pi t  seems less impor t an t  
than  the to ta l  densi ty,  compare  Fig.  3a and b, we 
can speculate  tha t  i t  m a y  requi re  a local ized ag-  
gregate  or colony of S -p i t  defects to nucleate  one 
ep i tax ia l  s tacking fault.  

I t  is, of course, possible that  there  are  other  de-  
fects besides S -p i t  defects which are  ac tua l ly  r e -  
sponsible  for SFept. For  example ,  severa l  h i l lock-  
type  etch fea tures  can be identif ied in a field of S-pits ,  
see a r row H in Fig. 3b, whereas  no hil locks are  
de l inea ted  in the bur ied  layer  region of Fig. 3a. It 
has prev ious ly  been shown (5) in unoxidized (100) 
s tar t ing ma te r i a l  that  hillocks, and not  saucers,  wi l l  
cor re la te  on a one- to -one  basis wi th  the  subsequent  
fo rmat ion  of ox ida t ion- induced  s tacking faul ts  
(OSF) .  However ,  in  this work  the  high dens i ty  of 

S-p i t s  prec ludes  a reprodhcib le  dif ferent ia t ion be-  
tween  H-defects  and S-pits ,  especial ly  since some 
hil locks t ransform into saucers on fur ther  etching. 

I t  should also be emphasized here that  OSF are  the  
p r i m a r y  defects  de l inea ted  in oxidized (100) ma te r i a l  
whi le  S-p i t s  p redomina te  in our  (11t)  wafers.  I t  is 
possible  tha t  the  nuclei  for the  OSF in (100) wafers  
are  in some way  re la ted  to the source of SFep~ in 
(111) wafers.  Pe rhaps  it is a combinat ion  of a bu lk  
defect, i.e., a hillock, wi th  a sur face- induced  S-p i t  de -  
fect which  gives r ise  to a smal l  number  of act ive or  
"super"  S-pi t s  which  convert  to SFep~. Pomeran tz  (1) 
made  a dis t inct ion be tween  large  and smal l  saucers 
which we are  not  able  to do because of the con- 
t inuous size d is t r ibut ion  revea led  in both the diffused 
and nondiffused regions,  see Fig. 3. The answer  to 
these questions about  specific active nucleat ion sites 
wil l  r equ i re  more  sophis t icated tools than  the opt i -  
cal microscope. Fo r  example ,  a recent  analysis  of 
S -p i t  type  defects  using e lec t ron  microscopy and 
micro x - r a y  fluorescence has been repor ted  by  
Petroff  and Katz  (6). However ,  in terms of S-p i t  
gettering,  annihi lat ion,  etc. the more  qual i ta t ive  da ta  
p rov ided  by  the optical  microscope in the  presen t  
pape r  has proved  to be an ex t r eme ly  re l iab le  m e a -  
sure of wha t  to expect  dur ing  ep i tax ia l  growth.  

Ion-implanted buried Iayers.--A Secco etched 2 in. 
d i amete r  Sb ion - implan ted  wafer  before d r ive - in  is 
shown in Fig. 4a. Note that  the implan ted  bur ied  
l aye r  region,  see a r row I, has an S -p i t  densi ty  about  
one order  of magn i tude  be low that  in the  non im-  
~planted regions.  A n  annih i la t ion  of S -p i t  defects  
also occurred dur ing  the deposi t ion of the  Sb203 
diffusion source layer ,  as noted above, but  tha t  
process occurred at t empera tu res  above 1200~ 
whereas  the  m a x i m u m  t empera tu r e  dur ing  imp lan t a -  
t ion  is 300~ At t empt s  to grow epi  on samples  tha t  
were  implanted ,  bu t  not  dr iven- in ,  were  not  successful 
because  the  implan ta t ion  damage  had not  been  an-  
nealed and this resul ted  in very  poor epi taxy.  

Those implan ted  samples  which were  Secco etched 
af ter  d r ive - in  revea led  tha t  i t  is possible to annihi la te  
S-p i t s  outside the  boundar ies  of the  bur ied  layer ,  as 
shown in Fig. 4b. The a r row N points  to a region 
comple te ly  denuded  of S-pi ts .  The range  of the  de -  
nuding  act ion was found to be f rom 50 to 100 ~m, 
which is l a rge r  than  the average  distance be tween  
bur ied  layer  contacts in an actual  device pat tern .  
The pa t t e rn  in Fig. 4 is for  a low packing dens i ty  
test  chip which  has a la rge  field of nonimplan ted  ma-  
terial .  The complete  annih i la t ion  of S-p i t s  in a high 
dens i ty  device is shown in Fig. 5. Actual ly ,  there  are  
often a few isolated SFepi in the  nonimplan ted  re -  
gions of the test  chip wafer  epi, but  for al l  prac t ica l  

Fig. 4. Saucer pit distribution in ion-implanted wafer (a) before 
drive-in and (b) after drive-in at 1250~ for 8 hr. Arrow I indicates 
implanted area while arrow N is a nonburied layer region which is 
denuded of S-pits. 

Fig. 5. Saucer pit-free region of ion-implanted device wafer 

p u r p o s e s  the samples  a re  free of SFepi. The range 
of S-p i t  annihi la t ion  suggests that  techniques for the 
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control of SFepi by  diffusion or interact ion of nu -  
cleation sites is possible, i..e., gettering, as discussed be-  
low in the section on crystal growth modifications. 

We can conclude at this point  that  the absence of 
SFepi in  ion- implan ted  samples, or in the buried 
layer  regions of diffused samples can be monitored 
by observing the presence or absence of S-pits. The 
process by which S-pit  defects are introduced into 
wafers is discussed next. 

Oxidation-indUced S-pi ts . - -Before  oxidation (111) 
Secco etched wafers f rom Czochralski crystals pulled 
in  our facility would not exhibit  the high density of 
S-pits discussed above, nor did they show any growth 
related swirl  patterns.  However, wafers from out-  
side suppliers would often contain 106-107 cm -~ S-pits  
and hillocks dis tr ibuted in  a swirled or coring pat-  
tern. The absence of swirl  in  our wafers may ex-  
plain, in  part, why we did not observe OSF in  oxi- 
dized wafers. The swirl  etch features are due to de- 
fects which are g rown- in  or nat ive to the original 
crystal (5) and, in the case of float zone material ,  
have been extensively studied by de Kock (7) and 
others (8-10). A simple way to dist inguish between 
these native defect centers and process-induced S- 
pits, which are our main  concern in this report, is 
to step-etch a wafer and see if the etch features are 
confined to the surface or distr ibuted in depth. 

Following this step-etch procedure on oxidized 
wafers we have found that  the S-pits  discussed in 
this report  at a density of 10~-107 cm -2 are all sur-  
face pits. In  addition, by using a nonpreferent ia l  
etch to remove approximateIy 0.5 ~m of silicon be-  
fore Secco etching it is possible to reduce the S-pi t  
concentrat ion to less than  104 cm -2. Since it required 
an HC1 etch of ~ 1 . 5  ~m to el iminate  the SFepi 
nuclei  just  prior to epi growth we believe that the 
depth, or the size, of the S-pi t  defect increases from 
less than 0.5 ~m to greater than 1.0 ~m dur ing  the 
buried layer processing. 

Another  observation on S-pits in oxidized wafers 
is the presence of a denuded region in the center of 
many  of the wafers. This is i l lustrated by the dark 
zigzag region in the center of the Secco etched 2 in. 
diameter  wafer shown in Fig. 6. The absence of S- 
pits in these central  regions is believed to be related 
to the radial  dis t r ibut ion of oxygen in the original 
crystal. If the oxygen concentrat ion is high enough, 
precipi tat ion will occur dur ing  the various high tem- 
pera ture  t rea tments  (11) encountered dur ing  pre-  
epitaxial  processing. When precipitat ion occurs the 
9 ~m infrared absorption l ine (due to interst i t ial  oxy- 
gen) decreases, as shown in Fig. 7, and the  oxygen, 
al though still present, is now in the form of SiO2 

Fig. 6. Secco etched 2 in. diameter wafer with S-pit free region 
in center of wafer, see arrow N. 
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Fig. 7. Radial distribution of oxygen in a 3 in. diameter, 0.090 
in. thick sample before (BHT) and after (AHT) a 3 hr precipita- 
tion treatment at 900~ 

precipitates. The process is reversible since an in-  
crease in the 9 ~m absorption l ine occurs if the ma-  
terial  is reheated at temperatures  greater  than 
1300~ Since the oxygen content  of 3 in. d iameter  
wafers is, on the average, about 10 parts per mil l ion 
higher than  2 in. diameter  wafers we believe that  
most 3 in. and t h e  central  regions, i.e., high ini t ia l  
oxygen concentration, of certain 2 in. diameter  
wafers will  be protected from S-pi t  nucleat ion dur -  
ing oxidation. This is accomplished by the gettering 
action of the SiO~ precipitates which act as sinks for 
S-pi t  defects giving rise to an  in situ gettering, as 
shown by the localized denuded regions in  the cen- 
ter of the wafer of Fig. 6. Fur ther  verification of the 
kinetics of oxygen incorporation as it relates to get- 
ter ing are presented next. 

Crystal growth modifications.--Based on the above 
analysis that  an in situ gettering accompanies SiO~ 
precipitation, it was decided to adjust  the crystal 
growth conditions of 2 in. diameter  crystals so they 
would behave like 3 in. diameter  material .  This was 
easily accomplished by using higher seed rotat ion 
rates, 20 rpm instead of the typical  5 rpm, which in-  
creased the mixing conditions in  the melt  and en-  
hanced the oxygen incorporat ion by an addit ional 
5-10 ppm. Wafers processed through epi growth from 
these 2 in., grown like 3 in. wafers, showed a slight 
improvement  in yield. However, the increase in wa- 
fers free of SFepi, f rom 50 to 66%, was not considered 
significant enough to war ran t  changing the 2 in. 
diameter  rotat ion rates. Addit ional  work along these 
lines has recently been carried out by Katz and Hill 
(12) at rotat ion rates as high as 40 rpm. They have 
shown that the oxygen content  in  2 in. diameter  
crystals could be maximized such that  S-pits and 
S F e p i  w e r e  suppressed, i.e., the 2 in. wafers behaved 
like 3 in. wafers. The oxygen and S-pi t  data pre-  
sented by Katz and Hill  (12) are consistent with our 
model of an in situ SiO~ gettering mechanism. 

It  must  be pointed out that  high oxygen content  
crystals may, in  certain cases, have a deleterious ef- 
fect on the over-al l  defect density. That  is, if the size 
of the SiO2 precipitate is large enough, then the 
kinetics of the stress relief in the vicinity of an indi -  
vidual  precipitate may cause dislocation loops to be 
punched out. That  is, the precipitates may act as a 
source of dislocations, ra ther  than a sink for SFept 
nuclei. An example of this type of behavior  is shown 
in  Fig. 8a, which is a Secco etched oxidized 2 in. 
diameter  wafer f rom an outside vendor  whose ma-  
terial  often has an  oxygen concentrat ion approach- 
ing 40 ppm. Note the extremely high (greater than  
10 ~ cm -2) defect densi ty in  the center of the wafer 
and the presence of a concentric r ing pa t te rn  of de-  
fects toward the outer perimeter.  Higher magnifica- 
t ion optical micrographs indicate both dislocation 
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Fig. 8. (a) Macrophotograph of Secco etched 2 in. diameter 
wafer with excessively high initial oxygen concentration. (b) X-ray 
topograph of above wafer illustrating dislocation loops and oxlda- 
tion-induced stacking faults. 

etch pits and oxidat ion-induced stacking faults in the 
center, while the outer r ing pa t te rn  consists pr imari ly  
of stacking faults. A transmission x - ray  topograph is 
shown in Fig. 8b which gives the relative size and 
density of the dislocation loops (DL) and stacking 
faults (SF) in  the center of the wafer in Fig. 8a. Al-  
though the topograph reveals a defect at the origin 
of the dislocation loops we cannot unequivocal ly  
state whether  it is a precipitate or just  another stack- 
ing fault. However, the loop generation in two or- 
thogonal {110} directions is certainly consistent with 
stress relief around a single strained precipitate. 

In  addit ion to the higher rotat ion rate crystal 
growth experiments  described above, it is possible to 
adjust  the solidification rate of 2 in. diameter  crys- 
tals to approach that of 3 in. material.  Detailed work 
on the effects of adjustments  to the crystal pull  rate 
has been performed on float zone crystals by de 
Kock (7) and co-workers (13) in order to el iminate 
the swirl dis t r ibut ion of A and B cluster bulk de- 
fects, de Kock's modification was simply to increase 
the pull  rate from about 3 to 5 mm/min .  The resul t-  
ing increase in the microscopic growth rate effected 
a favorable change in the concentrat ion of nat ive 
defects, thereby suppressing the formation of swirl 
defects. For the Czochralski crystals used in our 
studies, increasing the 2 in. crystal growth rate from 
3 to 6 in. /hr ,  which provided a volume solidification 
rate approximately that of 3 in. diameter crystals, 
also yielded wafers which were immune  to the for- 
mat ion of S-pits  and SFepi. A complete unders tand-  
ing of these phenomena will require data on the na -  
tive defect concentrat ion which are not available to 
us at this time. However, it is clear that the oc- 

currence of process-induced defects, such as S-pits 
and SFepi, can be in t imate ly  related to the nat ive 
defect densi ty in  the original crystal. 

Preoxidation gettering procedures.--In addition to 
the crystal  growth modifications presented above, a 
careful analysis of the data on the identification 
and annihi la t ion of SFepi nuclei already discussed 
led us to design a series of experiments  which sup- 
pressed the formation of nuclei in individual  wafers. 
These procedures are collectively known as POGO 
treatments,  an acronym for preoxidat ion gettering of 
the other side, and are designed to remove poten- 
t ially active nuclei from the front, i.e., device side, of 
a wafer and confine them to the back, nondevice, or 
other side of the wafer. Because of the high mobil i ty  
of the nuclei, and /or  their  const i tuent  elements, it 
was possible to achieve the desired gettering effect in 
a number  of ways. These are reviewed in Table II 
which uses the POGO nomencla ture  introduced in a 
recent review (14). POGO I and IV, which use back 
side misfit dislocations and deliberate abrasion, re- 
spectively, were both effective in e l iminat ing SFepi 
nuclei, as expected from previous papers (1, 15). It  
was also found, as described by Petroff et al. (16), 
that depositing a layer of SisN4 with a stress of 
i~1 X 10 l~ dynes-cm -2 on the back of wafers, called 
POGO II, would also provide the desired gettering 
action. Although the high temperature  POGO V pro- 
cedures described by Hu (17) and Shiraki (18) for 
growing oxides free of OSF have not been examined 
in the context of S-pits and SFepi, they were in-  
cluded in Table II for completeness. However, the 
POGO III process using Sb ion implanta t ion  was 
examined in detail and generated new data for the 
suppression or gettering of SFepi nuclei. 

Since an Sb implanta t ion  dose of 3.5 • 1015 ions 
em -2 at 30 keV had a range of 50-100 ~m for the 
annihi la t ion of previously formed S-pi t  defects, a 
series of preoxidat ion implants  were made into the 
back side of 2 in. diameter  wafers with thicknesses 
varying from 0.015 to 0.035 in. in 0.005 in. increments.  
These wafers were then oxidized in steam at 1100~ 
for 1 hr. /k complete suppression of S-pits was 
achieved for wafers 0.020 in. or less in thickness. For 
thicker wafers the POGO III t rea tment  became pro- 
gressively less effective, indicating a gettering range 
of about 500 ~m for the Sb implant  used. This is con- 
sistent with previous work using misfit dislocations 
(15), POGO I in Table II, which showed that a 400 
~m range was possible for the suppression of OSF 
nuclei. 

The oxidation tempera ture  was varied between 
700 ~ and l l00~ for s tandard 2 in. diameter, 0.015 
in. thick wafers to determine the lowest tempera ture  
for which Sb implant  gettering was effective. After 
an oxidation as low as 800~ S-pits were not ob- 
served. However, at 700~ the S-pits reappeared, 
indicating that the diffusion coefficient of the impur-  
ity and/or  defect responsible for S-pi t  formation 
could be estimated. A simple calculation using a 375 
~xn thick wafer for 60 rain yields a diffusion coef- 
ficient of 4 • 10 -7 cm ~ sec -1, which is typical of 
values for such commonly observed silicon impur -  
ities as copper and iron. Thus, the damage and asso- 
ciated strain introduced by the Sb implan t  could 
readi ly act as a back side sink for these front side or 
bu lk  impurities.  It should be noted that, since the 
implant  damage is annealed out dur ing the oxida- 

Table II. Preoxidatlon gettering designations 

POGO Requires  P r o d u c e s  

I Misfit dislocations Ordered  array  of  l ine  d e f e c t s  
II SisN4 layer Strain from a depos i ted  layer  

III Ion implantation Strain and damage f r o m  an 
i m b e d d e d  layer  

IV Abras ion  Di sordered  array  o f  l ine  de-  
f e c t s  

V Anneal >1200~ Disso lut ion  of  nat ive  d e f e c t s ,  
Add  HC1 c lean  i n t e r f a c e  
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tion, no get ter ing  is observed dur ing  subsequent  fu r -  
nace operat ions.  This is in  contras t  wi th  misfit dis-  
locat ion (15) and SigN4 (16), ge t te r ing  which cont inue 
to  p rov ide  a s ink for  nuclei.  

Conclusions 
Based on the  above s tudy we  have verif ied tha t  the  

nucleat ion sites for ep i t ax ia l  s tacking faul ts  a re  in-  
t roduced dur ing  the ini t ia l  oxidat ion  of the wafer.  
The nuclei  are  read i ly  corre la ted  with  the presence 
of a h igh  (10~-10v cm -2)  dens i ty  of sauce r - type  pi ts  
a f te r  a p re fe ren t i a l  e tch (19). The pi ts  can be selec-  
t ive ly  ann ih i la ted  du r ing  t, he  fabr ica t ion  of the  Sb -  
doped bur ied  collectors.  Suppress ion or  ge t ter ing  of the 
nuclei  for ep i tax ia l  s tacking ~aults can be achieved 
by  a va r ie ty  of techniques.  These include abrasion,  
deposi t ion of a s t ra ined  Si3N4 layer ,  in t roduct ion  of 
misfit dislocations,  and the use of an  Sb ion im-  
plant ,  all  of which are  pe r fo rmed  on the back  side of 
wafers  before  the  ini t ia l  masking  oxidation.  Addi -  
t ional  in situ get te r ing  is observed in ma te r i a l  whose 
oxygen  concentra t ion is h igh enough to lead to SiO~ 
precipi ta t ion.  

Manuscr ip t  submi t ted  June  17, 1976; revised manu-  
scr ip t  received Ju ly  27, 1976. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the June  1977 
JOURNAL. Al l  discussions for the June  1977 Discussion 
Section should be submi t ted  by Feb.  1, 1977. 
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ABSTRACT 

A LiNbO3 ~7Co single crysta l  MSssbauer source in the  reduced  s tate  has 
been  used in  conjunct ion wi th  a single crys ta l  FeCO3 (sideri te)  absorber .  F r o m  
the  angu la r  dependence  of the  polar ized  ~- rays  in  a po la r ime te r  arrangement~ 
i t  could be shown tha t  the  pr inc ipa l  axis of the EFG at the  Fe 2+ sites is co- 
l inear  wi th  the c axis Of the LiNbO8 crys ta l  which excludes cha rge -compen-  
sat ing neares t  ne ighbor  oxygen  vacancies. 

I ron -doped  LiNbO3 has become of technological  im-  
portance,  ma in ly  as a useful  h igh resolut ion  opt ical  in-  
format ion  s torage mater ia l .  Scientif ical ly it  is of in-  
te res t  to obta in  in format ion  r ega rd ing  the  charge  and  
defect  s ta te  of the  i ron  ions. In  the  past  most ly  macro-  
scopic methods  have been  used in the  invest igat ions.  
In  this communicat ion  we want  to presen t  resul ts  by  a 
microscopic method:  MSssbauer spectroscopy. F o r t u -  
nately ,  the  best  and most  easi ly hand led  Mhssbauer  
resonance  isotope is 57Fe. Pa r t i cu la r ly ,  the  hyperf ine  
interact ion,  that  is, the  quadrupo le  spli t t ing,  and isomer 

Key words: M~ssbauer spectroscopy, LiNb08, lattice defects. 

shift  are  of in teres t  here.  By the  l a t t e r  the valence 
s tate  can be easily dis t inguished.  We res t r ic t  ourselves 
to Co 2+ or Fe 2+, as pa ren t  or daughte r  isotope, r e -  
spect ively,  and pa r t i cu l a r ly  to the  quest ion regard ing  
the defect  configuration. Some resul ts  on F e  ~+ and 
Fe 2+ have been publ i shed  p rev ious ly  (1, 2). 

L i N b Q  single crystals  were  doped wi th  ~7Co or  57Fe, 
and an anneal ing  t r ea tmen t  at 800~ for 24 hr  in pu re  
A r  a tmosphere  reduced  the  cobal t  or i ron  ent i re ly ;  a t  
least,  no t race  of the  t r iva len t  s ta te  could be de tec ted  
by  Mhssbauer  spectroscopy. A convent ional  Mhssbauer  
spec t rum of a LiNbO3:57Co source or LiNbO3: 57Fe ab-  
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sorber, obtained with a single l ine absorber or source, 
respectively, exhibits  a two l ine  quadrupole spli t t ing 
(• = 1.74 _+ 0.02 mm/sec  at room temperature)  and 
a negative quadrupole coupling constant. The polariza- 
t ion or anguIar  dependence of the quadrupole hyperfine 
interact ion is reflected in  the relative l ine intensities. 
Extreme l ine intensi ty  ratios (3:1 and 3: 5) are obtained 
in the cases of parallel  or perpendicular  a r rangement  a o of ,7-ray propagation direction and principal  axis of the 
electric field gradient  (EFG) in the thin absorber ap- ._~ 0.90- 
proximat ion (no saturat ion effect) and lattice v ibra-  E 
tional isotropy (no Goldanski i -Karyagin  effect) and, c 
in  addition, under  the condit ion that  the resonance P 
atom is in  a local env i ronment  of axial symmetry  ~" 
(asymmetry  parameter  *t = 0). Our analysis of the 
relative intensit ies indicates that  we are close t o  this >e 1.00- 
situation. ~= a 

A more precise de terminat ion  regarding the or ienta-  
t ion of the axis of the EFG can be obtained by polariza- a: 
tion experiments  where both source and absorber ex- 
hibit quadrupole splittings. In  this case four resonance 0.90- 
lines are expected. The number  of lines is reduced to 
three if the magni tude  of the quadrupole spli t t ing in 
source and absorber is the same, i.e., degeneracy of the 
center line at zero velocity occurs. Furthermore,  if a 
unique axis of all Co 2+ and Fe ~+ ions exists and the &80- 
principal  axis of the EFG is perpendicular  to the ~-ray  
propagation direction, the emit ted ~-rays correspond- 
ing to the --+3/2 --> -+1/2 t ransi t ion are l inear ly  polar-  
ized. (The ~-rays corresponding to the ___~ ~ -+% 
transit ions are par t ia l ly  polarized.) Such l inear ly  po- 
larized ,~.-rays from the source (polarizer) will  excite 
nuclear  transit ions with appropriate polarization in  
the absorber (analyzer) ,  in  analogy to an optical 
polar imeter  (3). In such a polar imeter  arrangement ,  
we have placed a LiNbOj:57Co source in conjunct ion 
with a single crystal of siderite ( F e C Q )  absorber. 

From crystal symmet ry  it is known that  the Fe 2+ 
ions in  FeCO~ have axial symmetry,  ~ _-- 0. The quad-  
rupole spli t t ing of FeCO3 (hE~ = 1.798 _ 0.004 mm/sec  
at room temperature)  (4) is similar to the value of 
LiNbOz:57Fe, however, the quadrupole  coupling con- 
stant  is positive. The level diagrams of the nuclear  
resonance states are shown in Fig. 1, indicat ing the ,  
opposite sign of the quadrupole coupling constants in 
source and absorber. In  Fig. 2 MSssbauer spectra are 
shown of a LiNbO~: 57Co source and a FeCO3 (siderite) 
absorber  with the c axes of the two crystals perpen-  
dicular to the .v-ray propagation direction. 

The spectrum in Fig. 2(a)  was obtained with the 
two c axes parallel  and in Fig. 2(b) perpendicular  t o  
each other. The resonance l ine on the side of positive 
velocity is of interest  because it results from the 
--+3/2 ~ _+ 1/2 transit ions in source and absorber. In  the 
perpendicular  arrangement ,  the FeCO3 absorber crystal 
is t ransparent  for the polarized v-ray from the source; 
only a small  residual absorption contr ibut ion can be 
detected which is most l ikely due to imperfections in  
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Fig. 1. Quadrupole splitting of the first excited state of 5~'Fe 
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Fig. 2. Mi~ssbauer spectra of a LiNbO~:5~Co single crystal source 
and a single crystal FeCO3 (siderite) absorber at room temperature. 
Bath crystals were oriented with their c axes perpendicular to the 
propagation direction of the v-rays. In (a) the c axes in source 
and absorber were parallel and in (b) they were perpendicular to 
each other. 

the mineral  FeCO~ single crystal and also due to rots- 
a l ignment  of the "polarimeter." The disappearance of 
the resonance l ine indicates, that  the emitted v-rays 
from the LiNbOj:57Co source are indeed l inear ly  po- 
larized to a high degree, and consequently, the pr inc i :  
pal axis of the EFG at the ~7Co or STFe nuclear  sites are 
oriented along the c axis and the asymmetry  parameter  
is small  or zero. Because the EFG is de termined to a 
great extent  by the nearest  env i ronment  of the ions, 
any "defect" in  the octahedral oxygen configuration 
would destroy the colinearity of the principal  axis of 
EFG with the c axis and in  addition would make n r 0. 
The conclusion can be drawn that most of the 57Co 2+ 
or 57Fe2+ ions in L i N b Q  are not charge compensated 
by neighboring oxygen ion vacancies. This result  does 
not necessarily contradict the model by Dischler et aL 
(5) because of the higher sensit ivi ty o2 optical mea-  
surements.  
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Electroluminescence in Rare Earth Doped Y O,  

L a O ,  and Y O S  Powder Layers 

Shosaku Tanaka,  Youichi Maruyama,  Hiroshi Kobayashi, and Hiroshi Sasakura 

Department of Electronics, Tottori University, Tottori, Japan 

Electroluminescent  phosphors doped wi th  t r iva lent  
rare earth ions give sharp l ine emissions which are 
characteristic of t ransi t ions in the (4f) n electron con- 
figuratioEs and cover the red to blue region. These 
phosphors are of interest  because of the possibility 
of their application to flat-type color displays. Sev- 
eral investigations of electroluminescence have been 
reported in rare earth doped ZnS (1-3). However, 
ZnS is not the most suitable host for t r ivalent  rare 
earth ions because of the low solubilities of rare 
earth ions in ZnS (4). In  order to remove this dis- 
advantage, Y203 has been chosen as a suitable host; 
electroluminescence in this mater ial  has already been 
reported (5, 6). In  order to find more suitable host 
materials, we have chosen Y20~, La2Os, and Y2~O=S 
and investigated their  electroluminescence. 

Y203:Ln phosphors were prepared by the following 
procedures. Y20~ and Ln203 powders were dissolved 
in a 5% hot hydrochloric acid solution. Subsequently,  
oxalates were precipitated using ammonium oxalate 
as a precipitant.  The oxalates were fired at l l00~ 
for 3 hr in  air. The concentrations of rare earth ions 
were about 1 atom percent  (a/o) .  L a 2 Q : L n  phosphors 
were prepared by the same method as Y2Os:Ln. 
Y202S:Ln phosphors were prepared by firing the 
Y20~:Ln powders in an H2S atmosphere at 600~ for 
3 hr. Either Eu (for red emission), Tb (for green 
emission), or Tm (for blue emission) was used as 
activators. Electroluminescence samples, fabricated 
from the. phosphors, were about 50 #m thick, and 
sandwiched be tween an A1 plate and SnOe-coated 
glass. 

Electroluminescence spectra for Y203, La203, and 
Y~O~S phosphors are shown in Fig. 1. The electro- 
luminescence samples were excited with d-c voltage 
of 409 ~ 500~. The electroluminescence spectra show 
narrow lines caused by the transi t ions in the (4f) n 
electron configurations of t r ivalent  rare earth ions 
(7). The Eu-doped phosphors give rise to a red 
emission arising from the 5D0 ~ ~F2 transi t ion peak- 
ing at about 612 ,~ 630 nm. The Tb-doped phosphors 
give rise to a green emission arising from the 5D4 -> 
7F5 t ransi t ion peaking at 544 nm and yield the br ight-  
est emission. The Tm-doped phosphors give rise to 
a blue emission arising from the ~G~ ~ 8H6 t ransi t ion 
peaking at 455 nm. In  the electroluminescence spectra, 

K e y  w o r d s :  e l e c t r o l u m i n e s c e n c e ,  r a r e  earth doped phosphors, 
powder cells, 
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Fig. 1. Electrolumlnescence spectra for rare earth doped Y20~, 
La203, and Y202S. 

no remarkable  difference due to the host lattice h a s  
been observed. 

In  Fig. 2 are shown the voltage dependences of 
current  density and brightness for the Tb-doped 
phosphors in  electroluminescence, where the samples 
were excited by d-c voltage with the SnO2 electrode 
negat ively biased. The current  densities across the 
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F ig .  2 .  Voltage dependences of current density and brightness 
for the Tb-doped phosphors. 

samples  increase exponen t ia l ly  wi th  appl ied  voltages, 
and are  about  1~00, 60, and 25 ~A/cm 2 for Y20~S, 
La203, and Y20~ phosphors,  respect ively,  at 4,00V. 
These observat ions may  p robab ly  be due to the di f -  
ference in bandgaps  of the hosts, but  are  not c l e a r l y  
unders tood yet. The emissions begin to occur at  ap-  

plied voltages of about  300, 330, and 380V for the 
La203, Y202S, and Y20~ phosphors,  respect ively.  These 
voltages correspond to an  average  electr ic  field of 
about  6 ~ 8 • 104 V/cm.  The emissions increase 
exponent ia l ly  wi th  appl ied  vottage. The La203:Tb 
phosphors  show the br igh tes t  emission of about  10 f-L. 

F rom these exper imen ta l  results,  we m a y  conclude 
that  a La203 la t t ice  is the most sui table  host in order  
to obtain the br ightes t  e lectroluminescence among 
the three  phosphors studied. The exci ta t ion mecha-  
nisms of rare  ea r th  ions doped in these host mater ia l s  
a re  not  clear  ye t  and fur ther  exper iments  are  now 
in progress.  
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The Influence of Etch Procedure on the 
Stability of Transit-Time Devices 

D. de Cogan 
Department of EZectronic and Electrica~ Engineering, University o~ Birmingham, Birmingham, England B15 2TT 

The performance of microwave devices such as 
Imparts, Trapatts, and Baritts is known to be ex- 
tremely sensitive to surface conditions. Silicon-based 
p+ n p + microwave diodes produced by mesa etching 
with HF/HNOa mixtures initially give an abrupt 
transition in the current-voltage characteristic, which 
is typical of punch-through. The sharpness of this 
transition is often found to be photosensitive. Upon 
exposure to the atmosphere, the dark characteristic 
deteriorates progressively and can be related to in- 
creasing hydrophilicity of the surface. Immersion in 
49% I-IF makes the surface hydrophobie and tem- 
porarily restores the initial hard characteristic. For 
long term stability, methods of passivation using 
either thermal oxide or silox are used, but these in- 

Key words: transit-time devices, stability, passivationj photo- 
sensitivity. 

crease the complex i ty  of processing and in t roduce  
resis t ive regions which lead to mic rowave  losses. 
Accordingly,  in order  to achieve m a x i m u m  efficiency 
of device operation,  i t  is des i rable  to produce pas -  
sive and stable surfaces wi thout  oxide layers.  

Holmes (1) mentions that  a tarnish  develops on 
the surface of silicon etched in HF/HNO3 mixtures ,  
if it is exposed to the air  while  e tchant  is st i l l  present.  
We have found that  this t a rn i sh  is r e spons ib le  for 
the  surface ins tabi l i ty  and can be avoided by  p roper  
t e rmina t ion  of the  etch procedure.  Fur ther ,  i t  has been 
observed tha t  the  l ight  sensi t iv i ty  of the cu r ren t -  
vol tage  character is t ic  can be used as an indicator  of 
surface condition. 

Experimental 
Punch - th rough  mesa  diodes were  made  as follows. 

Masking layers  of evapora ted  t i t an ium/go ld  fol-  
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Fig. I. Current-voltage characteristics of a device which was 
removed from the etch before rinsing: (a) dark, (b) illuminated. 

1owed by plated gold (1 ~m) were placed on top of 
silicon double epilayer mater ia l  (0.01 ~ - c m  p+ 
on 8 12-cm n on 0.008 ~ - c m  p+ substrate) .  250 
~m diameter  dots were developed using Shipley posi- 
t ive resist and etched with KI/I~ to remove gold and 
HF to remove t i tanium. The slice was cut in half  
and one piece was etched in  a mix ture  of 23% HF, 
47% HNOs, 30% acetic acid. At the end of 1 min, the 
slice, held in  a Teflon basket, was removed from the 
etch and t ransferred to a beaker containing r ins ing 
water. The slice was then  examined using el l ipsometry 
and the presence of a tarnish layer  was confirmed. 

The other port ion was etched in  an identical  mix-  
ture, bu t  at the end of 1 min  the beaker containing 
the etch was flooded wi th  a solution of 1;6 HF in  
water. This was followed by pure water  and only 
when  the slice had been thoroughly r insed was it 
moved into the air. 

Results 
The results given below were typical over the whole 

slice and have been repeated over m a n y  slices. Figure  
l ( a )  shows the current-vol tage  characteristic for a 
device which was removed from the etch before r ins-  
ing. The influence of i l luminat ion  can be seen in 

0-05 O.OS 

~ 0,0,,,I 0,04 
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b- I -  

z 0 . 0 3  ~ 0 " 0 3  

(r cr 

0-02 0-02 
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VOLTS  VOLTS 

(a) (hi 
Fig. 2. Current-voltage characteristic of a device which was 

etched and rinsed before exposure to the atmosphere: (a) dark, 
(b) illuminated. 

Fig. 1 (b). The dark characteristic had completely de- 
teriorated wi thin  2 hr after etching. Figures 2(a)  and 
2(b) show the characteristic one month  after etching 
of a device which was etched and rinsed without  ex-  
posure to the atmosphere. It can be seen that  i l lumi-  
nat ion has no effect. 

Conclusion 
It  would appear that  the effect of i l luminat ion  on 

the current-vol tage characteristics of punch- th rough  
devices indicates the presence of a contaminat ing 
surface layer. Devices with l i t t le or no light response 
seem to remain  stable upon exposure to the atmo- 
sphere. 

Manuscript  received Aug. 9, 1976. 
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Simple Method for Separating Completed Diodes from 
Semiconductor Wafers  

J. Klatskin and A. Rosen (pp. 1565-1566, Vol. 122, No. 11) 
G. Greco and M. Tomassini:  I The technological proc- 

ess described in  the above-ment ioned paper  is very  
close to that  developed in our laboratory since 1972 
and now patented. 2 In  addition, we wish to ment ion  
a paper 3 that reports a method for selectively plat ing 
heat  sinks for microwave diode fabrication. We de-  
veloped our process in a quite general  way  in  order 
to be applicable to many  different devices (IMPATT, 

Selenia S.p.A., Research Division, Rome, Italy, 
I tal ian Pat. 52366A/73 (1973) ; U.S. Pat.  t 1976 )., 

8 S. Umebachi, I. Kajihator,  and T. Matsuda, Na~. Tech. Rap., 29, 
235 (1974). 

GUNN, BARITT) and we have reported the results 
on Barit t  diodes. 4 

We agree that  t h i s  technique has m a n y  advantages 
over the" more convent ional  sawing or dicing tech- 
nique. I n  addition, we would l ike to point  out that  
using this selectively plated heat s ink method in-  
stead of the conventional  continuous metal  layer re-  
markab ly  reduces the stresses induced by the metal  
into the semiconductor. In  the case of avalanche diodes, 
this process has increased device yields due to the 
reduction of stress-induced microplasmas. As a re-  
sult, it is possible to drive the diodes with current  
densities of about 800 A/cm ~ without any part icular  
care and to get an  efficiency as high as 10% with  a 
p + - n - n  + silicon s t ructure  (f ~ 10 GHz).  

Finally,  we remark  that  for silicon devices silicon 
dioxide, thermal ly  grown dur ing the diffusion process, 

A. Chiabrera, G. Soneini, and M. Tomassini, Proceedings of  
the Fourth European Microwave Conference, Montreux, Switzer- 
land (1974). 
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Synthesis and Luminescence Properties of 
Europium-Activated Yttrium Oxysulfide Phosphors 

M. Koskenlinna, M. Leskel~, and L Niinist5 
(pp. 75-78, VoL 123, No. 1) 

G. W. Luekey:  7 In their  paper  M. Koskenlinna,  M. 
Leskel~, and L. Niinist5 describe "a new method of 
preparing br ight ly  emit t ing Y2OeS:Eu phosphors" by 
reduction of y t t r ium sulfite. I bel ieve that  it is ap- 
propriate  to call the authors '  at tention to Belgian 
Patent  Application No. 777,915 which was published 
on Janua ry  31, 1972, and which describes the prep-  
arat ion of phosphors by the process in their  article. 
Similar  information is also given in U.S. Patent  
3,705,858 which was issued on December  2, 1972, 

1  coPPE. PL E 
. . . .  ~ ~ 5mils 

(c) 

! ..........  --coPPE. P'ATE 
J, , L___J,  ---P.OTORES,ST 

(d)  

J-k )-k )-k 

SINK 

(e} 
Figure 1 

can be used instead of photoresist  to get the heat  
sink patterns, This allows very thick metal  layers  
to grow, thus avo}ding the problems that  normal ly  
arise with the photoresist.  

ft. K l a t s k i n  a n d  A .  R o s e n :  5 We wish to ~hank Drs. 
Greco and Tomassini  for br inging to our at tent ion 
the details of their  process. In this regard, it may  be 
of interest  to ment ion  that  we are current ly  using 
a somewhat  different approach which tends to in- 
crease device yield. In this process a gold layer  
is plated on the n + side of the wafer,  Fig. la. The 
semiconductor mater ia l  is then etched to form a 
p lura l i ty  of devices on the previously evaporated and 
plated gold support, Fig. lb. A copper heat  sink is 
then formed, Fig. lc. Note that  the heat sink is 
always formed after completion of device s t ructure  
(after  etching) to reduce stress in the silicon wafer. 6 
The diodes can then be separated as shown in Fig. 
ld  or as previously published in the paper  under  
discussion. 

RCA L a b o r a t o r i e s ,  D a v i d  Sarnof~ R e s e a r c h  C e n t e r ,  Princeton, 
New J e r s e y  08540. 

~A. Rosen ,  P.  T. Ho~ a n d  ft. B. K la t sk in ,  IEEE Tvans. Electvo~ 
D e w  To b e  published. 

M. K o s k e n l i n n a ,  M. Leske l i i ,  a n d  L.  N i in i s t~ :  s We 
do regre t  that  the patents  of Dr. Luckey were  missed 
and we thank him for kindly pointing this out. When 
comparing the details of U.S. Pat. 3,705,858 to our 
synthesis, we would l ike to ment ion that  in examples  
1-6 of the patent, sodium sulfite is suggested as the 
precipi tat ing agent. The use of sodium sulfite prob-  
ably leads, however,  to double sulfite formation, 9,10 
which increases the sodium concentrations of the 
phosphors. This can be avoided by using only sulfur 
dioxide and rare earth oxides as starting materials, 
as done in our synthesis. 

The Cathodic Corrosion of Aluminum 
E. P. G. T. van de Ven and H. Koelmans 

(pp. 143-144, Vol. 123, No. 1) 

B. Chatterjee:n The following comments may be of 
interest  not only to those considering the valuable  
results in the paper under  discussion, but  to those in-  
terested in such reactions in general. 

The Arrhenius  plots in Fig. 2 of the paper  under  
discussion show the slope for the cathodic corrosion 
rate  of A1 in neutra l  solution (5 • 10-4N NaC1) to be 
identical wi th  that  for the chemical  dissolution in a lka-  
line solution (0.1% NaOH).  Al though this would impIy 
that  the e lec t rochemical  and chemical  dissolution be-  
havior of A1 is similar, it is not cer ta in  if  this wil l  
apply to alkal ine as well  as acid solutions. However ,  
results on the chemical  dissolution of A1 in both alka-  
line and acid solutions show similar  slopes of the  Ar-  
rhenius plots. 12-15 This indicates that  the chemical  
dissolution of A1 is not affected by the type of electro-  
lyte used, namely  alkaline or acid solutions. The same 
concept will  apply to the electrochemical  dissolution 
of A1 due to its s imilar i ty wi th  the chemical  dissolu- 
t ion behavior  as expressed earlier.  

The  activation energy for dissolution of A1 in 0.4-5% 
NaOH ~2-16 agrees wi th  that  reported in the paper  under  
discussion using 0.1% NaOH. This suggests, as men-  
t ioned elsewhere, 12 that  the alkal ine etching of A1 is 
controlled by a single ra te -de te rmin ing  cathodic r e -  
duction common to all. The hydrogen evolut ion react ion 
(HER) is p r imar i ly  involved  in the cathodic reduct ion 
process and consists of an in termedia te  step of dis-  
charged hydrogen atoms adsorbed on the meta l  surface, 
followed by desorption, iv An indication of the t rue  

Eastman Kodak Company, Research Laboratories, Rochester, 
New York 14650. 

s Department of Chemistry, Helsinki University of Technology, 
SF-02150 Otaniemi, Finland. 

9 R. C. Vickery, J. Chem. Soc., 51, 2360 (195S). 
10 O, Erametsa, L. Niinist6, and T. Korvela, Suom. KemistiL B, 

45, 394 (I972). 
n The British Aluminium Company, Limited, Gerrards Cross, 

Buckinghamshire SL90QB, England. 
r_. B. Chatterjee and R. W. Thomas, Trans. Inst. Met. Finlsh.~ 54, 

17 (1976). 
~a B. Chatterjee, To be published. 
�9 ~ J. Juhash-Kis, I. Ltpevets, N. Lohoniai, and K. Sehter, PevfoeL 

Po~ytech. Chem. Eng., 17, 197 (1973). 
R. Bartonicek and J. Hron, Werkst. Korros., 26, 764 (1975). 

1~ t~f. A. Streicher, Trans. E~ectrochem.. Soc., 93, 285 (t948). 
~7 j. O'M. Bockris and A. K. N. Reddy, "Modern Electrochem- 

istry," VoL 2, p. 1233, Plenum Press, New York (1971}. 
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ra te -de te rmin ing  step can be obtained by est imating 
the change of hydrogen overpotential  on A1 with ap-  
plied current,  i.e., the Tafel slope. ~s From measure-  
ments  on the potentiostatic cathodic polarization of A1 
(99.8% puri ty)  in acids (HoSe4 of sp gr 1.84 and H~PO4 
of sp gr 1.75) at a scan speed of 5 V/hr ,  the Tafel slopes 
at 25~ are estimated to be s imilar  in all cases 13 and 
are comparable with the theoretical slope (0.12 V/dec-  
ade) for proton discharge as the ra te-control l ing step. 
The theoretical slope is estimated by assuming a single 
electron transfer  mechanism as expressed in the paper 
under  discussion, and 0.5 as the symmetry  factor. 19 
Thus, a slow discharge, fast desorption process for HER 
is considered to be the l ikely mechanism dur ing  dis- 
solution of A1 in  acids, and the same basic mechanism 
will apply to alkal ine dissolution as well  for reasons 
given earlier. One can, therefore, conclude that both 
the chemical and electrochemical dissolutions of A1 are 
l ikely to be controlled by a slow discharge fast de- 
sorption HER, and are not affected by the electrolyte, 
namely  alkal ine and acid solutions. 

Regarding the alkalization effect, it is probably due 
to the formation of basic oxy-acid complexes of A12~ 
on the solid surface which would tend to increase the 
pH of the adjacent solution. The formation of these 
complexes, hence the alkalization effect, is believed to 
be accentuated by water, and is thus more l ikely to 
occur in  aqueous ra ther  than in  concentrated acids. Due 
to large hydrat ion energy and pr imary  hydrat ion n u m -  
ber of AI~+ ion, 22,23 a high degree of hydrat ion of a lu-  
m i n u m  ion is expected dur ing  dissolution in  aqueous 
acids. It seems 20~2~ that  a high degree of hydrat ion will 
facilitate the formation and improve the stabil i ty of 
oxy-acid complexes. 

The effect of anions on the dissolution of AI in  the 
paper under  discussion is in contradict ion to the re-  
sults given by others. 24 It is not clear if the mechanism 
suggested for chemical dissolution 24 will apply to the 
present  results on electrochemical corrosion. 

H2-1nduced B Diffusion in MOS Devices 

D. M. Brown (pp. 412-415, Vol. 123, No. 3) 
L. M. Pecora and V. Srikrishnan:~5 The author pre- 

sents some interest ing exper imental  results which show 
that at 1100~ and in  the presence of hydrogen, boron 
(B) formed by reduct ion of B.20~ diffuses through a 
molybdenum (Me) gate in MOS devices. According to 
the author, al though the chemical reaction 3H2 ~- B203 
--> 2B -~ 3HoO is unl ike ly  in  the bulk  (AG~ ~ 2.15 
eV/B atom),  an  entropy term arising from the dissolu- 
tion of B atoms in  Me makes the reduct ion possible. 
The author  claims that such interst i t ial  dissolution 
provides the necessary driving force required for cata- 
lytic reaction (in this case B203 reduction),  which is 
otherwise energetical ly unfavorable.  He fur ther  claims 
that  this explains the high B diffusivity through the Me 
gate, whenever  He is present  in  the ambient.  

We would l ike to point  out that  when  Brown refers 
to enhanced diffusivity, he means enhanced B atom 
flux. The diffusion fluxes are determined by intr insic 
diffusivities (i.e., diffusion coefficients) and concentra-  
t ion gradients or more general ly  gradients of chemical 
potentials. 28 The mixing  entropy term Brown refers to 
is nothing but  a par t  of the chemical potential  gradient  

~s j .  O'M, Bockris and D. Drazic ,  "Electrochemical Science," p.  
115, T a y l o r  a n d  F r a n c i s ,  L td . ,  L o n d o n  (1972). 

~ T  ~. Lee,  This  Journal ,  118, 1278 (1971). 
~0 A: Becerra and R. D a r b y ,  Corros ion,  30, 153 (1974). 
~x D. E. C. C o r b r i d g e ,  in " T o p i c s  in  P h o s p h o r o u s  C h e m i s t r y , "  

Vol.  3, E. J .  Gri f f i th  a n d  M. G r a y s e n ,  E d i t o r s ,  p. 172, Interscience 
P u b l i s h e r s ,  New" Y o r k  (1966). 

e~ J .  S. ~ u i r h e a d - G o u l d  a ~ d  K. J .  L a i d l e r ,  Trans .  Faraday  Soc. ,  
62, 944 (1966). 

E. G l u e c k a u f ,  ibid. ,  60, 1637 (I964) .  
s~ K. F. L o r k i n g  a n d  J. E. O. Mayne ,  J. AppZ. Chem. ,  I1, 170 

(1961). 
D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g  a n d  M a t e r i a l s  Science~ 

S y r a c u s e  U n i v e r s i t y ,  S y r a c u s e ,  N e w  Y o r k  13210. 
J .  Bardeen and C. H e r r i n g ,  " A t o m  M o v e m e n t s , "  p.  87, A m e r i -  

c a n  Society f o r  Meta l s ,  Oh io  (1951). 

for diffusion and therefore has nothing to do with the 
diffusivities. The exper imenta l  evidence presented in  
the paper does not  unequivocal ly  show that  the pres-  
ence of hydrogen has any influence on the diiiusivity.  
The enhancement  in the diffusion fluxes could Very 
w e l l  be a direct consequence of increased B concen- 
t rat ion at the interface (or surface) in  the presence 
of hydrogen. 

The dissolution of B from the surface, we believe is 
only a B removal  process from the site of the reaction. 
Brown's suggestion that "the free energy of a reac- 
tion can be lowered by the much larger entropy 
changes associated with the interstit iM suostrate dis- 
solution of a product  wi th in  the volume of the catalyst" 
is extremely misleading. The reaction to be considered 
then is no longer the original surface reaction alone but  
one that includes the dissolution (i.e., the removal  proc- 
ess) also. Hence, we are not lowering the free energy of 
a reaction, but  actually changing the reaction to include 
a new process by which the product  is removed. More 
realistically, the removal  of the product  does not in -  
fluence the energetics of the reaction, but  only per turbs  
the equi l ibr ium concentrat ion of the product, enabl ing 
the reaction to continue. For example, one can consider 
a catalytic reaction where the removal  process is s im- 
ply a desorption process. The desorption process cannot 
and does not influence the catalytic abi l i ty  of the sur -  
face. 

A possible  explanat ion for the author 's  observations 
perhaps can be described as follows. H2 gets dissocia- 
t ively chemisorbed on the surface. The reaction of in -  
terest is then 6H -~ B203 --> 3H20 -~- 2B which has a 
AG ~ ~ -- 2.3 eV/B atom. This is obviously much more 
favorable for producing B at local adsorbed sites than  
the one Brown has considered. Brown's reasoning that  
N2 atoms occupy interst i t ial  sites in  the solid and pre-  
vent  the B atoms from dissolving yields unrealistic 
amounts of N2 in  Me interstitials.  Since n cc N, for a 
given ag, where n is the number  of B atoms dissolved 
and N is the n u m b e r  of inters t i t ia l  sites available to 
B atoms, a reduction of 10% in  n requires a reduct ion 
of 10% in interst i t ial  sites, which means that approxi-  
mately 102t N2 a toms/cm 3 must  be dissolved. The ac- 
tual data show 50-100% decreases in  n (of B) in the 
presence of He § t'/2 mixture,  requir ing unrealist ic 
amounts  of N2 solution in  Me. A more s,traightforward 
explanat ion is that the surface reaction sites are re-  
duced by the adsorption of N2 or N-H type molecules. 
This would result  in lower H adsorbed sites, lower B 
surface concentrations, and  hence low B diffusion 
fluxes. 

We believe that  the exper imental  observations are 
very interesting, but  not conclusive on the effect of 
hydrogen on the diffusion of B into Me. A good part  
of the problem, we feel, is firstly Brown's mis in terpre-  
tat ion of the dissolution process and its role in chang- 
ing free energies and secondly his overextension of a 
simple react ion-dissolut ion model to explain various 
phenomena which are not bui l t  into the model. The 
simpler explanations we have proposed seem to explain 
the observations adequately.  

D. lYI. Brown: 27 Pecora and Sr ikr ishnan contend that  
"the removal  of the product does not influence the 
energetics of the reaction but  only per turbs  the equi-  
l ib r ium concentrat ion of the product  enabl ing the re-  
action to continue." That  this s tatement  is not of gen- 
eral val idi ty can be seen by considering the disorder-  
ing of a perfect crystall ine solid. The formation of 
pairs of Frenket  defects consisting of vacant lattice 
sites and interst i t ial  atoms is an endothermic process 
involving the absorption of an amount  nAh of energy 
where n is the n u m b e r  of defects and Ah is the forma-  
tion enthalpy per defect. If the energetics of the equi-  
l ibr ium state were determined only by the enthalpy 

G e n e r a l  E l e c t r i c  C o m p a n y ,  Research and Development Center, 
Schenectady, New York 12301. 
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and the vacancies and intersti t ials did not separate, the 
crystal could not be disordered. The equi l ibr ium state 
is determined,  however,  not by the enthalpy but by the 
free energy ~G which involves an entropy te rm - -T5S 
arising from the distr ibution of the point defects over 
the available latt ice and inter lat t ice  sites. The ener-  
getics of the disordering reaction are profoundly in- 
fluenced by the entropy te rm which involves  a random 
diffusion process. 

A fur ther  example  of a process for which their  con- 
tention cannot be sustained is provided by the forma-  
tion of a binary solid solution by the diffusion of atoms 
into a crystal l ine solid f rom the surface, for which the 
enthalpy of dissolution hh has a positive value. The 
dissolution would not occur if the energetics of the 
equi l ibr ium state of the system were  determined only 
by the enthalpy Ah and not by the free energy ~G 
which involves an entropy te rm - - T ~ S  and  a random 
diffusion process. This process distributes the solute 
atoms over the avai lable  lattice sites and  increases the 
entropy. The energetics of the reaction are again pro-  
foundly influenced by the entropy term. 

An exper imenta l  observation which is of consider- 
able importance in the fabrication of the MOSFET de- 
vices and which has to be explained is that  a ve ry  ~hin 
layer  of SiO2 under  the Mo gate remains as an in-  
sulating oxide film when heated in the presence of 
hydrogen, whereas  a thin layer  of B203 or B20~ in a 
borosilicate glass is reduced. This observation is ade- 
quate ly  explained by the mechanism proposed in the 
paper. Use of the available thermodynamic  data pre-  
sented in the paper  shows that  the reduct ion mecha-  
nism for B208 on the Mo surface proposed by Pecora 
and Sr ikr ishnan which depends on the dissociative ad- 
sorption of hydrogen would be more effective in re-  
ducing SiO2 than B208 so that, if this were  the reac-  
tion mechanism, the thin insulat ing SiO2 layer  could 
scarcely be expected to survive.  In practice, the Mo is 
covered (i) with the borosilicate glass and ( i i )  there  
is probably a layer  of adsorbed oxygen at the glass-Mo 
interface for which the heat  of adsorption of 7.5 e V /  
molecule  is considereably greater  than that  of hydro-  
gen at 1.7 eV/molecule .  ~-s It appears that  dissociative 
surface adsorp t ion  of hydrogen on 1Vio is unl ikely to 
occur in these circumstances. 

Activities of SnO in the SnO-SiO2 System 

A. E. Grau and S. N. Flengas (pp. 852-855, Vol. 123, No. 6) 
Z. Kozuka: 29 In the paper under  discussion, Grau and 

Flengas emphasized that  the "closed" cell was bet ter  
than the "open" cell for emf measurement  of the ac- 
tivities of SnO in SnO-SiO2 liquid solutions. I acknowl-  
edge their  statement,  but I think the undesirable effect 
caused by the "open" cell was not so much due to the 
difference of oxygen potentials at the two electrodes 
because the difference was not so great. The  authors '  

2s D. O. Hayward  and B. M. W. Trapnel l ,  "Chemisorption," pp. 
203 and 205, B ut t erw or th s ,  Washington ,  D.C. (1964). 

:9 D e p a r t m e n t  of Meta l lurg ica l  Eng ineer ing ,  Osaka Univers i ty ,  
Suita,  Osaka, Japan. 

Table I 

~G~ at AG~ at 
hG~ 1300K ~ 1400~ 

Table II 

E ~ (mV) 

1300r 1400~ 

Kozuka et aL 156.9 154.9 
Grau and Flengas 150.7 145.0 

exper imenta l  results were  in agreement  wi th  our re-  
sults within about 10%, as shown in Table I. There-  
fore, I cannot understand why l ine (c) in Yig. 1 of the 
paper under  discussion is in poor agreement  wi th  their  
results. Perhaps our paper  was misquoted. 

In our experiment ,  a Sn,SnO reference electrode 
was used and the solid electrolyte was attacked by the 
reference electrode. However,  it was confirmed that  the 
change of the cell's emf was negligibly small as black 
stains were  not found on the external  surface of the 
ZrO2-CaO tube. During our emf measurements ,  the 
undesirable effect due to any i r revers ible  reaction was 
found to be negligibly small in spite of "open" cell 
characteristics; in our exper iment  the plots of emf vs .  
t empera ture  were  near ly  l inear even though the emf 
measurements  were  made at a l ternat ing tempera ture  
changes. In a recent  separate experiment,  it was found 
that the change of SnO-SiO2 composition during emf  
measurement  was negligibly small. 

A. E. Grau 30 and S. N. Flengas:  31 The cells used by 
both Professor Kozuka and by us for the determinat ion 
of the standard free energy of formation of l iquid SnO 
are schematical ly described as 

Sn, SnO/ZrO2-CaO/Ni,  NiO [1] 

The corresponding cell reaction is 

Sn(1) + NiO(s)--> SnO(1) + Ni(s) [2] 

The emf vs .  t empera tu re  relat ionship of Kozuka e t  al. ~2 
for this react ion may be obtained by dividing Xq. [7] 
in their  paper  by the quant i ty  --2F, F being the Fara -  
day constant. The result  of this calculation is 

E ~ = 183.2 -- 0.0202T (mV) [3] 

Our results, summarized in Eq. [6] of our paper, are 

E ~ = 225.5 -- 0.0575T (mV) [4] 

The disagreement  be tween Eq. [3] and [4] is bet ter  
seen in Table II. This is the disagreement  we refer red  
to in our paper. The good agreement  for the formation 
potential  of l iquid SnO indicated by Professor Kozuka 
in this discussion is unfor tunate ly  fortuitous and prob-  
ably due to the fact that the different data which we 
have used for the formation potential  of NiO ~8,~4 com- 
pensates for the disagreement  observed in Table II. 

Despite the differences observed in the act ivi ty  va l -  
ues of SnO reported by Kozuka e t  aI. ~2 and by us, it is 
interest ing to observe that both sets of results indicate 
that SnO is one of the most acidic metal  oxides with 
respect to SIO2. This is encouraging, par t icular ly  in 
view of the exper imenta l  difficulties which are inherent  
to the SnO-SiO2 system. 

2o Quebec  Iron and T i tan ium Corporat ion,  Sorel ,  Quebec ,  Canada 
J3P 5P6. 

~l D e p a r t m e n t  of  Meta l lurgy ,  Univers i ty  of  Toronto ,  Toronto ,  
Ontario,  Canada MSS 1A4. 

8~ Z. Kozuka,  O. P. Siahaan,  and J. Mori jama,  Trans. Jpn. Inst. 
Met., 9, 200 (1969).  

G. G. Charette and S. N. Flengas, This Journal, 115, 796 (1968). 
~4 C. B. A l c o c k  and T. N. Bel ford,  Trans. Faraday Soc., 60, 882 

(1964).  

Kozuka et al. - 64,300 + 21.4T - 36,423 - 34,340 
Grau and Flen-  

gas  -66 ,242  + 22.940T -36 ,420  --34,126 
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ABSTRACT 

Stannic oxide in  its pure form is an n- type  wide-bandgap semiconductor. 
Its electrical conduction results from the existence of point  defects (native 
and foreign atoms) which act as donors or acceptors. Some unique  properties 
of SnO2 make the mater ial  useful for many  applications. Therefore, increas- 
ing at tent ion is being paid to studies on this oxide, especially on the methods 
of preparation,  and its electrical and optical properties. The purpose of this 
series is to provide a general  up- to-date  review of the investigations carried 
out and to help identify impor tant  areas for fur ther  studies. The first par t  2 
was concerned with the preparat ion and defect s t ructure  of single crystals, 
s intered po!ycrystall ine samples, and thin films. In  this part  we review the 
electrical properties of these materials.  The electrical properties of single 
crystals are well understood and the properties of sintered SnO2 powder are 
similar  to those of single crystals. However, those of SnO2 films have not 
been explained satisfactorily up to the present  time. They depend strongly 
on the manne r  of preparat ion and subsequent  hea t - t rea tments  in  various am- 
bients. In  the third par tp  the optical properties of SnO2 will  be reviewed. 

The methods of preparat ion of single crystals, sin- 
tered materials, and thin films of t in dioxide have been 
described in  Par t  I. In this part, a review of the elec- 
trical properties of these materials is given. Research 
on the electrical properties of SnO2 has been going on 
since 1910, main ly  because of the var ie ty  of applica- 
tions of this wide bandgap semiconductor of fut i le  
structure. A great deal of exper imental  research has 
been conducted already, especially in  recent years; 
therefore, it  would seem proper to provide in  this par t  
a general  up- to-da te  survey of the results obtained 
and make an at tempt  to find a more comprehensive 
and consistent interpretat ion.  The data obtained on 
single crystals will be considered first as such systems 
are the most simple. The electrical properties of more 
complicated sintered powder materials of SnO2 will 
be discussed in the second section, and in  the third 
section the properties of the most complicated thin film 
materials will be described. 

Single Crystals 
Some data on electrical properties of SnO2 single 

crystals are presented in Table I. As can be seen from 
this table, the measuremen t s  have been carried out 
on the following three types of SnO2 single crystals: 
(i) pure and intent ional ly  doped crystals of good qual-  
ity, (it) pure crystals heat - t rea ted  at various tempera-  
tures and oxygen pressures, and (iii) impure  single 
crystals containing various undesirable  admixtures.  

* Electrochemical  Society Act ive  Member. 
P r e s e n t  a d d r e s s :  D e p a r t m e n t  of E n g i n e e r i n g  P h y s i c s ,  1VicMas- 

ter University, Hamilton, Ontario, Canada. 
e THIS JOVRNAL, July 1976. 

TO be published in Tins JOV~AL, October 1976. 
Key words: electrical conductivity, Hall and Seebeck effects, 

mobzlity, point defects and impurities. 

In  this paper we will be concerned mostly with the 
data obtained from the first two types of crystals. 

Pure and intentionally doped crystals.--One cri ter ion 
for determining the pur i ty  of crystals is the charge car- 
rier mobil i ty at low temperatures:  the higher this 
value, the higher the pur i ty  and the qual i ty  of the 
crystals. In  Table II Hall  mobil i ty  and carrier concen- 
t rat ion data are listed for various samples. As can be 
seen from Table II, the measurements  carried out by 
Nagasawa et al. (5) and Fonstad et al. (14) have been 
conducted on the best qual i ty samples. Therefore, in  
this section the data obtained by these authors will  
be given the most consideration. 

In  Fig. 1 the results of conductivi ty measurements  
on SnO2 obtained by Nagasawa and Shionoya (11) at  
temperatures of 4.2~176 are presented. The speci- 
mens had a conduction electron concentration of 1.8 X 
1017 cm -3 at 300~ The curve shown in Fig. I con- 
sists of three different regions, namely: region I in a 
temperature range from 130 ~ to 300~ region II from 
I0 ~ to 130~ and region III from 4.2 ~ to 10~ The 
authors have given the values of the activation energies 
for the last two regions (cf. Table I), but it is difficult 
to find the physical meaning of these energies because 
the temperature dependence of resistivity p ~ i/en~ 
in the case of Sn02 is governed greatly by temperature 
dependences either of conduction electron concentra- 
tion, n, or charge carrier mobility ~(e is the electronic 
charge). It is interesting, instead, that in the tempera- 
ture range from 4.2 ~ to about 130~ the conductivity 
varies by nine orders of magnitude.  Thus, pure SnO2 
crystals can be either a good insulator  at very low 
temperatures  (about 4.2~ or a good conductor at a 
tempera ture  of about  130~ 
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The authors  assumed in the i r  discussion that  the  t em-  
pe ra tu re  dependence  of conduct ivi ty  in region I I I  r e -  
sults f rom point  defect  ( impur i ty )  level  pe rmuta t ion  

conduction wi th  appropr ia te  compensat ion by  acceptors 
such as Fe  and Ca (4). If  wave  functions of donors 
over lap  sufficiently, a point  defect  band conduction 

Table I. Electrical properties of Sn02 single crystals found by various authors 

Refer -  
Y e a r  A u t h o r  once  Mate r ia l  P r o p e r t y  

Temper- 
ature 
range 
~ Conclusions d r a w n  by the a u t h o r  

1962 K o h n k e  (2) 

1965 Mar ley  and  (3) 
D o c k e r t y  

1965 Nagasawa ,  (4) 
Shionoya,  
and  Makish- 
ima  

1965 Nagasawa ,  (5) 
Shionoya,  
and Makish- 
ima  

1966 Morgan  a n d  (6) 
W r i g h t  

1968 W r i g h t  (8) 

1968 Nagasawa  and  (9) 
Shionoya 

1968 Van  Daal  (1O) 

1969 Crab t r ee  (7) 
Mehdi,  and  
W r i g h t  

1971 N a g a s a w a a n d  (1 I )  
Shlonoya 

1971 Nagasawa  and  (12) 
Shionoya 

Na tu r a l  cass i te r i te ;  a spectro-  
scopic analysis  showed  Si, A1, 
and Fe  to he  mos t  i m p o r t a n t  
impur i t i e s  p r e s e n t  wi th  max-  
i m u m s  of 0.5% 

Conduct iv i ty  
Hal l  effect  
Hal l  mobi l i ty  

Single crystals ,  p r e p a r e d  by  va- 
po r - t r anspo r t  t echn ique  [cf. 
Ref. (1) ] Mass spec t rog raph i c  
analysis  on u n d o p e d  samples  
indica te  the  p r e s e n c e  of A1 
and Fe  in the  r a n g e  of 10-20 
ppm.  Samples  w e r e  e i t he r  
h e a t - t r e a t e d  or  a n t i m o n y  
doped,  and  also as-grown 

Conduct iv i ty  
Hall  effect  
Hall  mobi l i ty  

Seebeck  effect  

P u r e  s ingle crys ta ls  wi th  con- 
cen t ra t ions  of o r d e r  of mag-  
n i tude  of 10 ~7 c m  -~ 

Conduct iv i ty  
Hal l  effect  
Hal l  mobi l i ty  

P u r e  s ingle crysta ls  wi th  con- 
cen t ra t ions  of o rde r  of  mag-  
n i tude  of 10 ~7 c m  -~ 

Con du c t iv i ty  
Hal l  effect  
Hal l  mobi l i ty  

Seebeck  e f f e c t  

Crysta ls  con ta ined  apprec iab le  
a moun t s  of var ious  impur i -  
t ies (7),  e.g., 0.04-0.1% Si; 
Ca, Na < 0.005%; Cr, Fe,  Mg, 
and A1 ~ 0.01%. The  samples  
inves t iga ted  w e r e  doped  wi th  
a n t i m o n y  

Conduc t iv i ty  

Hal l  effect  
Hall  mobi l i ty  

Seebeck  effect  

The  same  crysta ls  as above,  
and  also doped  wi th  chro-  
m i u m  (abou t  $0 p p m )  

Conduct iv i ty  
Seebeck  effect  
Hal l  effect  

P u r e  s ingle crys ta ls  Hal l  effect  
Hall  mo b i l~y  

ance  

Single c rys ta l s  con ta ined  3.6 Conduc t iv i ty  
• 10 ~9 and 1.8 • 10'-o cm -~ of Hal l  effect  

A1; and B, Fe,  and  Mg on Hal l  mobi l i ty  
o rde r  of m a g n i t u d e  of 10 ~s 
cln-3 

Crystals  hav ing  e lec t ron  con- Conduc t iv i ty  
cen t ra t ions  b e t w e e n  10 ~7 and  Hall  effect  
10~s cm-S, ob ta ined  by reduc-  Hal l  mobi l i ty  
t ion in v a c u u m  

Crysta ls  hav ing  c h a r g e  c a r r i e r  
c onc e n t r a t i on  of 1.8 x 10 ~ 
cm -8 at  300~ 

Conduc t iv i ty  

UndoI~ed SnO~ single c rys ta l s  
hea t - t r ea t ed  at  t e m p e r a t u r e  
1370~ and  in v a c u u m  of 10 -s 
T o r r  fo r  24 h r  

Hall  effect  
Hal l  mobi l i ty  

100-500 

80-900 

80-575 

300 

77-300 

300 

100-300 

300 

77-1100 

77-600 

300-1100 

100-1100 
100-600 

77 and 
300 

4.2-1600 

77-300 

4.2-300 

77-300 

Ionizat ion e n e r g y  of  donors  of 0.7 eV for  
samples  wi th  c h a r g e  c a r r i e r  concen t r a t ion  
of 101~-10 m cm at  300~ Hall  mobi l i ty  va- 
r ies  f r o m  10 to 300 cm-~/Vsec. E lec t ron  
effect ive mass  and  donor  concen t r a t i on  
a re  about  0.8 rno and  10~ c m  -8, respec-  
t ively.  N a t u r e  of donors  is unknown.  SnO~ 
is a typical  b road-band  sere• 

Donor  ionization en e rg y ,  ED, dec rea se  w i th  
increas ing  donor  concen t ra ton ,  ND. At  in- 
finite di lut ion ED = 0.15 eV. Density-of- 
s ta tes  effect ive mass  ~n* obta ined  f r o m  
Hail  effect  m e a s u r e m e n t s  amo u n t s  to 0.22 
~no; ins tead,  the  va lues  of m* found  f r o m  
Seebeck  effect  m e a s u r e m e n t s  v a r y  be- 
t w e e n  0.12 and 0.18 ~o.  An t imony-doped  
crys ta ls  wi th  ND > 6.10 TM cm -~ a re  degen-  
e r a t e  above  8O~ Ab o v e  300~ the  polar  
optical m o d e  sca t t e r ing  m e c h a n i s m  is as- 
sumed.  At  lower  t e m p e r a t u r e s  Hall  mobil-  
i ty dec reases  wi th  dec rea s ing  ND. T h e  
hypothes i s  of impur i ty - leve l  t r a n s p o r t  is 
sugges t ed  in these  t e m p e r a t u r e s .  

The  conduc t iv i ty  changes  by  the  equa t ion  
= const  T -~ above 250~ At  r o o m  tem-  

p e r a t u r e  t h e  crys ta ls  h a v e  the  conduct iv-  
i ty  of a f ew  ( o h m - c m ) - I  and  t h e  mobi l i ty  
of about  200 cm-~/Vsec. 

The  ionization e n e r g y  of donors  is (0.024 "4- 
0.004) eV. Th e  densi ty-of-states  ef fec t ive  
mass  ob ta ined  f r o m  Hall  effect  experi-  
m e n t s  is (0.41 -* 0.10) too, and f r o m  See- 
beck  effect  m e a s u r e m e n t  is 0.33 too. A b o v e  
160~ the  T-~ d e p e n d e n c e  of Hall  mobi l i ty  
has  b e e n  found .  Th e  c h a r g e  ca r r i e r s  are  
s ca t t e r ed  ma in ly  by  acoust ical  phonons  
w i th  con t r ibu t ion  of s ca t t e r i ng  by  opt ica l  
phonons. 

The values of electron effective mass varied 
f r o m  0.10 to 0.17 too. Th ese  va lues  a re  
obta ined by combin ing  Hall  an d  Seebeck  
effects  m e a s u r e m e n t s .  Optical  m o d e  lat- 
t ice s ca t t e r ing  is p roposed  above abou t  
300~ wi th  an i m p u r i t y  s ca t t e r i ng  contri-  
bu t ion  below this  t e m p e r a t u r e .  The  Hal l  
coefficient was  cons tan t  up  to 600~ 
which  was  the  h ighes t  t e m p e r a t u r e  of  
m e a s u r e m e n t s .  

In  crys ta ls  hav ing  concen t ra t ions  of  anti- 
m o n y  of 5 x 1017-10 ~0 c m  -~ the  mobi l i ty  is 
about  60 cm~/Vsec. The  e l ec t ron  effect ive 
mass  is about  0.16 mo a long the  a axis and  
m a y  be a li t t le l ower  a long t h e  e axis. 
Th e  same conclusions as above  concern-  
ing the  s ca t t e r i ng  m e c h a n i s m s  apply.  

Th e  quasi - f ree  e l ec t ron  sca t t e r ing  proces s  
at  77~ is dominan t ly  due  to acoust ical  
phonens .  A t  300~ the  resis t ivi ty ,  carr ier  
concen t ra t ion ,  and mobi l i ty  a re  (0.11-0.33) 
ohm-cm,  (1.3-0.4) x 10 c m  -~, and abou t  
200 cm~/Vsec, respec t ive ly .  Resul t s  of 
m a g n e t o r e s i s t a n c e  m e a s u r e m e n t s  can be  
i n t e r p r e t e d  in t e r m s  of a s ingle  sphe-  
roidal  e n e r g y  val ley  model .  

Above  30O~ pola r  opt ical  mode  s ca t t e r i ng  
wi th  an  a v e r a g e  charac te r i s t i c  t e m p e r -  
a t u r e  of 1050~ p redomina t e s .  Below 
300~ the  e lec t ron  mobi l i ty  is d e t e r m i n e d  
main ly  by  i m p u r i t y  sca t te r ing .  

At  300~ t h e  va lues  of Hal l  mobi l i ty  a r e  
b e t w e e n  200 and 250 cm2/Vsec. T h e  high- 
est  va lue  of the  mobi l i ty  at  77~ is 700 
cm-"/Vsec. A t  3O0~ the  quas i - f ree  elec- 
t rons  a re  s c a t t e r e d  by  optical  modes .  
E l ec t ron  ef fec t ive  mass  is 0.17 ~no. 

T h r e e  d i f fe ren t  r eg ions  h a v e  b e e n  obse rved :  
r eg ion  I (130~176 r eg ion  I I  (10% 
130~ and  reg ion  I I I  (4.2~176 In  t he  
first  region,  t h e  res is t iv i ty  inc reases  wi th  
increas ing  t e m p e r a t u r e  whi le  in the  last  
two reg ions  the  res is t iv i ty  dec reases  wi th  
increas ing  t e m p e r a t u r e  wi th  ac t iva t ion  
ene rg ie s  0.0137 and 0.0034 eV, respec t ive ly .  

Elec t r ica l  p rope r t i e s  of t h e  r e d u c e d  SnO~ 
crysta ls  a re  s imi lar  to those  of Sb-doped 
t in  oxide. T h e y  m a y  be i n t e r p r e t e d  wi th  
the  concept  of d e g e n e r a t e  s emico nduc to r  
na t ive  de fec t s  resu l t ing  f r o m  nonstoichi-  
ome t r i c  composi t ion  f r o m  sha l low donor  
cen te r s .  
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Refer -  
Year  Author ence Material Property 

Temper- 
ature 
range 

~ Conclusions drawn by the  author  

1971 Nagasawaand (13) 
Shionoya 

Undoped SnOe crystals heat- 
treated at temperature 1570~ 
in oxygen of about 10 arm 

1971 Fonstad and (14) Single crystals 
Rediker 

1971 Button, Fon- (15) Pure single crystals 
stad, and 
Dreybrodt 

1973 Samson and (15) Pure single crystals 
Fonstad 

wi l l  b e  f o r m e d ,  b u t  i f  t h i s  o v e r l a p p i n g  is  i n su f f i c i en t  i t  
w i l l  r e s u l t  in  a p o i n t  d e f e c t  l e v e l  p e r m u t a t i o n  c o n -  
d u c t i o n  (17) .  H o w e v e r ,  t h e  n a t u r e  of  d o n o r s  is u n -  
k n o w n .  I t  m a y  be  e i t h e r  o x y g e n  v a c a n c i e s  or  i n t e r -  
s t i t i a l  t i n  a t o m s  (4) or  o t h e r  i m p u r i t i e s .  

T h e  t e m p e r a t u r e  d e p e n d e n c e  of  r e s i s t i v i t y ,  f o u n d  b y  
N a g a s a w a  a n d  S h i n o y a  (11) in  r e g i o n s  I a n d  II  is c o n -  
s i s t e n t  w i t h  t h e  m o r e  d e t a i l e d  r e s u l t s  o b t a i n e d  a t  t e m -  
p e r a t u r e s  h i g h e r  t h a n  80~  b y  F o n s t a d  a n d  R e d i k e r  
(14) .  T h e  r e s u l t s  a r e  s h o w n  in  Fig.  2. T h e i r  s a m p l e  
h a d  a s i m i l a r  c o n d u c t i o n  e l e c t r o n  c o n c e n t r a t i o n  to t h e  
ones  d i s c u s s e d  a b o v e  a t  300~ Spec i f i ca t ions  of t h r e e  
s a m p l e s  i n v e s t i g a t e d  b y  t h e  l a t t e r  a u t h o r s  a r e  g i v e n  in  
T a b l e  III. F o n s t a d  a n d  R e d i k e r  h a v e  a lso  f o u n d  t h a t  
i n  t h e  t e m p e r a t u r e  r a n g e  f r o m  80 ~ to a b o u t  130~ t h e  
c o n d u c t i v i t y  ~ of SnO2 i n c r e a s e s  w i t h  i n c r e a s i n g  t e m -  
p e r a t u r e ,  f o l l o w e d  b y  a d e c r e a s i n g  of # w i t h  a n  i n -  
c r e a s e  of T a t  h i g h e r  t e m p e r a t u r e s ;  t h i s  is s i m i l a r  to 
w h a t  w a s  f o u n d  b y  N a g a s a w a  a n d  S h i o n o y a  (11) .  T h u s  
t h e  c o m p l i c a t e d  t e m p e r a t u r e  d e p e n d e n c e  of c o n d u c t i v -  
i t y  in  SnO2 c r y s t a l s  is d u e  m a i n l y  to t h e  d i f f e r e n t  t e m -  
p e r a t u r e  d e p e n d e n c e s  of n a n d  ~. 

Table ii. Hall mobility and conduction electron concentration in 
Sn02 single crystals at 77~ obtained by various authors 

Mobility Conduction electron 
cm2/Vsec concentration (cm -8) Reference 

ca. 1O - -  (10) 
96 8.7 x 101~ 
62 8.0 x 15 ~ (6)  

705 - -  (7)  
ca. 100O ca. 10ze (5) 

8800 1.99 x lO w (14) 

Table III. Values of charge carrier concentration and Hall mobillties 
at 77~ and 300~ for SnO~ samples used in Fig. 2-4 

77~ 3O0~ 

Sam- / ~  (cm~/  /~H (cm2/  
ple n (cm -s) Vsec) n (cm -s) Vsec) 

A 1.3 x 10 TM 110 2.2 x 10 TM 150 
B 2.2 x 1018 2200 8.6 x 10 TM 240 
C 1.9 x 10 m 8800 8,5 x 10 m 260 

Conductivity 

Conductivity 
Hall effect 
Hall mobility 
Schottky barrier 

Hall effect 
Hall mobility 
Submillimeter 

cyclotron 
resonance 

Conductivity 

300 

20-625 

20-300 

970-1620 

The conductivity of the crystals d e c r e a s e s  
remarkably by the heat-treatment in high 
pressure oxygen. The conductivity is not  
uniform with a crystal. The sur face  layer  
has much lower conductivity than the in- 
terior. 

Donor levels of 34 meV and 140 meV h a v e  
been found. The first level is due to an- 
t imo ny ,  the second is due to  o x y g e n  va- 
cancy. Above 250~ polar optical mode 
sca t t er ing  w i t h  character i s t i c s  t e m p e r -  
a ture  of 1353~ predominates. B e l o w  
250~ acoustic d e f o r m a t i o n  potent ia l  seat- 
tering dominates. Ionized point  d e f e c t  
scattering is important at low tempera- 
tures. 

The samples show a charge  carr ier  concen- 
tration of 7 x l0 w cm-2 and Hall mobi l i ty  
of 250 cm~/Vsec at 300~ At 77~ the car- 
rier concentration and mobility were 2 
x 101~ em -~ and 9000 cm2/Vsec, respec-  
t ive ly .  The first accurate measurement of 
the conduction-band effective-mass t e n s o r  
components are m * : 0.299 mo and m " 

Z ]1 
= 0.234 too. The density-of-states e f f ec t i ve  
mass is 0.275 too. 

In the temperature range of 1370~176 
and in partial oxygen pressure range  of  
10 -2 - 1  atm dominant native d e f e c t s  in 
SiO2 are doubly ionized oxygen vacancies. 
The donor levels related to these defects 
are: 30 meV and 150 meV. T h e  h y d r o g e n  
introduces a donor level of 50 meV. 

T w o  o t h e r  s a m p l e s  i n v e s t i g a t e d  b y  F o n s t a d  a n d  R e d i -  
k e r  h a d  c a r r i e r  c o n c e n t r a t i o n s  l o w e r  a n d  h i g h e r  t h a n  
t h a t  d i s c u s s e d  above .  T h e  t e m p e r a t u r e  d e p e n d e n c e s  of 
~, ~, a n d  v fo r  t h e s e  a r e  s h o w n  in  Fig.  3 a n d  4. 

I n  a n a l y z i n g  t h e  t e m p e r a t u r e  d e p e n d e n c e  of c h a r g e  
c a r r i e r  c o n c e n t r a t i o n  fo r  one  of  t h e  s a m p l e s  (B)  t h e  
w e l l - k n o w n  f o r m u l a  d e r i v e d  f r o m  n o n d e g e n e r a t e  s t a -  
t i s t ics  w a s  u s e d  (18) 

7 . . . .  

IO I ! ! I ! 

I 

IO' 

E 
0 

v 

b 

J5 

16' 
o do ,5o ,go abo 2go 300 

IO~'T (K"} 
Fig. 1. The electrical conductivity # of SnO~ single crystals as a 

function of inverse temperature (1 I). 
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centration in SiO2 single crystals (sample C) as a function of 
inverse temperature (14). 

n(n--}-NA) ( 2akm* >3/2 ( ED ) 
(ND -- NA -- n)T 3/~ -- ~ exp -- ~-~ 

[I] 

where: ND is the concentration of donors, NA is the 
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Fig. 4. Conductivity, Hall mobility, and charge carrier concen- 
tration in SnO~ single crystals (sample A) vs. inverse temperature 
(14). 

concentrat ion of acceptors, ED is the ionization energy 
of donors, and other symbols have the usual  meanings.  
For  this sample, it  appears that  only one donor level 
is active and the specimen is not degenerate. For sam- 
ple C, it is seen that  two donor levels are active and, 
therefore, in this case, Fonstad and Rediker assumed 
the following more complicated formula 

N1 

1 + gl exp[(E1 -- EF)/kT] 
Ns 

+ 
1 + g2 exp[(E2 -- EF)/kT] 

[ 2 ]  

where g is the donor degeneracy factor and EF is the 
Fermi level. The subscripts 1 and 2 refer to the shal- 
lower and deeper donor levels, respectively. 

The Hutson method (19) was appl ied  to find the net  
donor concentrat ion (ND -- NA), donor ionization en-  
ergy, ED, and the carrier effective mass from Eq. [1] 
and [2]. As can be seen from Fig. 3, only the shallow 
donor is active below 150~ and, in this ease, the 
single donor level analysis used for sample B applies. 
For this reason, the authors assigned the value of gl 
to be gl = 2, and assumed the second level to be the 
first ionized state of a double donor, with g2 -= ~/~. This 
combination gave the best fit for Eq. [2]. A density of 
states electron effective mass of 0.39 mo was also found 
for both samples B and C. Sample A, which had the 
highest concentrat ion of charge carrier, has been found 
to be degenerate below 200~ and the donor level has 
been estimated to lie between 10 and 15 meV from the 
slope of the curve log n vs. 1/T near  room tempera-  
ture. The net donor concentrat ion (ND -- NA) and 
donor ionization energies, ED, obtained by Fonstad and 
Rediker from the Hall effect experiments  using Eq. [1] 
and [2] are shown in Table IV. In this table, the data 
of ]~D -- NA found by the authors from the measure-  
ments  of Schottky barr ier  capacitance vs. bias voltage 
(20) are also given. 
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Table IV. Net donor concentration, ND - -  NA in SnO2 single 
crystals obtained from Hall effect and Schottky barrier 
measurements, as well as donor ionization energies, ED 

ND - NA (era -a) 

Sehottky 
Sample Hall effect barrier ED (maV) 

A >2.2 x I0 zs 1.5 x I0 TM 10-15 
B 9.4 X I0 ~ 8A x i0 ze 27.5 
C g.2 X 10 ~ 7.9 x 10 TM 34, 140 

The best data has been obtained from the formula  

1 2(Vb -- VB)  
= " (ND -- NA) -Z [3] 

where C is the smal l -s ignal  bar r ie r  capacitance, Vb 
and VB are the barr ier  voltage and the bias voltage, 
respectively, es is the static dielectric constant, and A 
is the bar r ie r  area. Thus, for uni formly  doped samples, 
the value of ND -- NA may be obtained from a slope of 
a plot of 1/C 2 vs .  VB, as this plot has been found to be 
a straight line. Table IV shows good agreement  be-  
tween the values of net  donor concentrations found 
from the Hall effect and Schottky barr ier  experiments.  
It  is also noteworthy that in the case of samples of 
similar  charge carrier concentrations, the donor ioni-  
zation energy found by Fonstad and Rediker for speci- 
men B is almost the same as the one obtained by 
Nagasawa and Shionoya [27.5 meV vs .  24 • 4 meV (5)]. 

Fonstad and Rediker have assumed that  the shal-  
lower donor can be related to an t imony doping and 
that  the deeper level may be due to oxygen vacancies. 
The last suggestion is consistent with the value of donor 
ionization energy (138 meV) found by Marley and 
Dockerty (3) in  the case of SnO2 samples heated at 
1438~ at low oxygen pressure of 0.06 atm for 282 hr. 
Thus it is possible that in SnO2 crystals which are 
heat-treated this way or which are not very pure, the 
native defects (e.g., oxygen vacancies) may be com- 
pletely ionized. The deeper level may then be at- 
tributed to the second ionized level of the native point 
defects. Samson and Fonstad (16) recently came to 
the same conclusion and have assumed that in tin di- 
oxide, oxygen vacancies predominate in a native dis- 
order. Their results will be discussed in more detail 
below. 

The decrease of the donor ionization energy with in- 
creasing donor concentration which is evidenced in 
Table IV is to be expected. This effect is commonly ob- 
served in both elemental and compound semiconductors 
and was explained by Pearson and Bardeen (21) on 
the basis of the hypothesis of an appreciable electro- 
static attraction between electrons and ionized donors, 
which increases with increasing donor concentration. 
These authors have obtained the equation 

ED = Eo - -  aND 1/3 [4] 

from the investigations of boron-doped silicon, where 
Eo is the donor ionization energy at infinite dilution, 
and a is a constant. 

Fonstad and Rediker 's  (14) l imited data can also be 
wr i t ten  by an equation of this type, namely  

ED = 0.037 -- 2 • 10 -5 N D 1/3 (eV) [5] 

The general  dependence expressed by Eq. [4] has also 
been observed by Marley and  Dockerty (3) for SnO2 
crystals heat- t reated in oxygen, bu t  these authors 
found completely different values of Eo and a. The re-  
sults obtained by Marley and Dockerty are shown in 
Fig. 5 and may be described by the equation 

ED ---- 0.15 -- 8.7 • 10 - s  ND 1/3 (eV) [6] 

At present, it is difficult to expand on this problem be- 
cause of the lack of more detailed exper imental  data. 
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Fig. 5. Donor ionization energy in Sn02 as a function of donor 
concentration (3). 

The combined data of Hall mobility/~H vs .  T for three 
samples, A, B, and C, investigated by Fonstad and 
Rediker (14) are shown in Fig. 6. The exper imental  
curves are compared with those obtained from theo- 
retical calculations, assuming either the polar optical 
scattering of quasi-free electrons or acoustic defor- 
mat ion potential  scattering. 

The calculations concerning the optical scattering 
have been carried out on the basis of the theoretical 
considerations of Eagles (22) and Low and Pines (23) 
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Fig. 6. Hall mobility in Sn02 single crystals for samples A(X) ,  
B(O), C(Q)  as a function of temperature, and theoretical curves 
for acoustic deprecation potential scattering mobility (~A), polar 
optical mode scattering mobility (/~o), and total Hall mobility 
contribution of the two scattering mechanisms (~T). 
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using the values of frequencies of the longi tudinal  
polar optical modes given by Van Daal (24) and Red- 
daway (25). The dashed curve labeled ;~o in Fig. 6 is 
obtained from the equations 

1 1 
/~o : --+ -- 

#Ol ~o2 
where 

390 
~o1 :1300  exp T 

515 
/~o2 : 495 exp T 

1080 
~os : 15.8 exp T 

500 

The contr ibut ion to mobil i ty from acoustic deforma- 
t ion potential  scattering has been calculated on the 
basis of the theory of Bardeen and Shoctdey (26). The 
expression for ~A is 

4.8 X l0 s cm 2 
~A = [ii] 

E2T S/2 Vsec 

where E is the deformation potential  in  eV for dilating 
s t rain for the conduction band. The dashed curve 
labeled ~A in  Fig. 6 is obtained if E is assumed to be 
8.0 eV. 

The total Hall mobil i ty  /~w represented by the solid 
curve in Fig. 6 is calculated from 

1 1 1 
: -- + -- [12] 

#T # o  #A 

1 
+ - -  [7] 

~os %, I00- 

, _o cm2 [8] = 5 0 -  
- - -  i Vsec o 

0 
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Fig. 7. Hall coefficient as a function of reciprocal temperature 
for as-grown and reduced Sn02 single crystals (]2). 

It may be seen from Fig. 6 that  the polar optical mode 
scattering ~o part  predominates above 250~ Below 
this temperature  the acoustic deformation potential  
scattering and ionized point defect scattering mecha- 
nisms predominate.  For the pure sample C with the 
lowest carrier concentration, the ionized point  defect 
scattering is impor tant  except at temperatures  below 
50~ Thus, in this case the acoustic deformation po- 
tential  scattering predominates at temperatures  be-  
tween 50 ~ and 250~ Similar scattering behavior was 
also found in SnO2 single crystals by Nagasawa and 
Shionoya (5, 9). For the doped sample A with the 
higher carrier concentration, the ionized point defect 
scattering already predominates below room tempera-  
ture. Therefore, the acoustic deformation potential  scat- 
ter ing is not observed. This type of scattering appears 
to be typical for doped SnO2 crystals also with higher 
concentrations of impurit ies (3, 6, 7, 10, 12). 

Anisotropies in the conductivity and Hall effect in 
SnO2 crystals have been found to be small. At tem- 
peratures of 77 ~ and 300~ the ratio of ~a/=c is 1.0 and 
1.2, respectively, and the anisotropy ratio of the Hall 
scattering coefficient rail/re H is 1.00 and 1.01, respec- 
tively. 

Pure SnOz crystals heat-treated at various tempera- 
tures and oxygen pressures.--The influence of heat-  
t reatment  at various oxygen pressures on the electrical 
properties of SnO2 single crystals has been studied by 
Marley and Dockerty (3), Nagasawa and Shionoya 
(12, 13), and Samson and Fonstad (16). The results 
published by Marley and Dockerty are not discussed in  
this work because the crystals investigated contained 
considerable amounts  of impurities.  

Nagasawa and Shionoya (12) have measured the 
Hall coefficient and Hall mobil i ty in SiO2 single crys- 
tals as grown and heat- t reated in a vacuum of 10-5 
Torr. The results are shown in Fig. 7 and 8. As can be 
seen in Fig. 7 for reduced tin oxide, the Hall coefficient 
is almost independent  of temperature.  This also holds 
true for Sb-doped SnO2 crystals, investigated by 
Marley and Dockerty (3). Such experimental  results 
may be interpreted satisfactorily in terms of degener-  
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Fig. 8. Hall mobility as a function of reciprocal temperature for 

as-grown and reduced Sn02 single crystals (]2). 

ate carrier concentrations in the semiconductor. Figure  
8 shows the plots of Hall mobil i ty  vs. reciprocal tem- 
perature for as-grown and reduced SnO2 single crys- 
tals. It is evident  that in the tempera ture  range con- 
sidered, the mobil i ty of conduction electrons in the 
reduced crystals is governed main ly  by the ionized 
native point defect scattering. Nagasawa and Shionoya 
(13) have also measured the electrical conductivity in  
SnO2 single crystals in high oxygen pressure up to 10 
atm. They found that the conductivity decreased re-  
markab ly  under  these conditions. However, the con- 
ductivity was not uniform in  the crystals. The surface 
layer was found to have a conductivity much lower 
than the interior, l ikely due to the decreased density of 
oxygen deficiency sites. 
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Extensive studies of the var iat ion of the electrical 
properties of SnO2 with tempera ture  and oxygen pres-  
sure have been carried out recently by Samson and 
Fonstad (16). The dependence of high tempera ture  
conductivity on oxygen pressure in equi l ibr ium condi- 
tions found by  these authors is shown in Fig. 9. Above 
1370~ thermodynamic  equi l ibr ium was reached in 5-10 
rain. Reproducibil i ty above this tempera ture  was excel- 
lent. Below 1370~ the t ime necessary for equi l ibra-  
t ion  was several  hours. The curves log r vs. Iog Po2 
have a slope of --1/6.5. Therefore, the authors assumed 
that  doubly ionized oxygen vacancies predominate  in  
SnO2 crystals. [CL Ref. (1) for the defect s t ructure  of 
SnO2 crystals.] 

Figure  10 shows the results of the Hall  effect mea-  
surement  obtained by Samson and Fonstad in the tem-  
pera ture  range from 77 ~ to 300~K on five samples (C, 
D, E, F, and G) that  were annealed at various oxygen 
pressures and high temperatures  and then quenched. 
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Fig. 9. Electrical conductivity of two Sn02 single crystals vs. 

oxygen pressure at high temperatures. 
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Fig. 10. Conduction electron concentration vs. reciprocal tempera- 
ture for five samples of Sn02 heat-treated at various elevated 
temperatures and oxygen pressures and quenched. 

Table V. Specifications of Sn02 single crystals investigated by 
Samson and Fonstad (16) 

Annealing Oxygen T i m e  of  
t e m p e r a t u r e  p r e s s u r e  annealing 

Sample (~ (atm) (hr) 

C 1720 1 14 
D 1620 i 14 
E 1670 0.21 14 
F 1548 1 20 
G 1548 1 20 

The anneal ing conditions are listed in  Table V. On the 
basis of analysis of the tempera ture  dependence o f  
conductivity and Hall coefficient, the authors found two 
donor levels in  SnO2; one at 30 meV and the other a t  
150 meV. The shallow level has been a t t r ibuted to the 
first ionized state of the oxygen vacancy, and the 
deeper level has been at t r ibuted to the second ionized 
level of the oxygen vacancy. 

Fonstad and Samson have found, as have Nagasawa 
and Shionoya (13), that the heat- t reated crystals have 
high resistivity surface layers of 105 ohm-cm or more 
while the bulk resist ivi ty is about 0.5 ohm-cm. Fonstad 
and Samson suggested that  this high resistivity layer  
arises from doping by the various ceramic parts in the 
furnace. It is more likely, however, that  this high resis- 
t ivity surface layer  is due to the near-perfect  stoichi- 
ometry of the crystal in the surface region, which con- 
tains few nat ive defects (i.e., oxygen vacancy).  

But ton and Fonstad (15) have studied submil l imeter  
cyclotron resonance in  SnO2 crystals. They found the 
conduct ion-band effective-mass tensor components to 

* N 0.299 mo and m I1" -~ 0.234 too. The densi ty-  be m_L _ 

of-states effective mass was found to be 0.275 too. 
The Seebeck effect in SnO2 crystals has also been 

measured by Marley and Dockerty (3) and by Morgan 
and Wright (6). The results obtained by Morgan and 
Wright  for two samples, having different concentra-  
tions of conduction electrons, are shown in  Fig. 11. The 
charge carrier concentrations for specimens 1 and 2 
are 8.8 >< 1019 and 8.2 >< 10 TM cm -3, respectively. How- 
ever, the samples contain large amounts  of impuri t ies;  
therefore, the measurements  cannot be interpreted sat- 
isfactorily. 

Sintered M a t e r i a l s  
The electrical properties of sintered t in  oxide have 

been investigated recently by Van Daal (10) and Mat- 
thews and Kohnke (27). 

The measurement  results obtained by Van Daal are 
presented in Fig. 12 and 13 and the specifi~.ations of 
the samples are given in  Table VI. Measurements were 
performed in 1 arm of oxygen pressure (samples 3 and 
6) and in  argon with a part ial  oxygen pressure be-  
tween 10 -6 and 10 -5 arm (samples 1, 2, 4, 5, I) .  At 
temperatures  below 50~ the temperature  dependences 
of carrier concentrat ion and conductivi ty indicate an 
impur i ty  conduction mechanism. This may be seen 
from the plots in  Fig. 12. The conclusion is also sup- 
ported by the temperature  dependence of Hall mobil-  
i ty (Fig. 13). In the intermediate  temperature  range 
between 50 ~ and 700~ it seems that conduction is due 
to part ial ly compensated donors, probably originating 
from impurities.  Van Daal found that the ionization 
energy of donors in  this tempera ture  range is at most 

Table VI. Main impurity content in units of 1017 cm -'~ for the 
Sn02 samples (10) 

Sample  A1 B Fe  Mg 

1 2 <8 10 15 
2 2 <8 1,5 7 
3 5 40 8 20 
4 3 <8 15 20 
5 50 <8 16 130 
6 3 80 3 12 
I 360 8 18 12 
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Fig. 11. Seebeck coefficient in Sn02 crystals as a function of 
temperature for two samples having different concentrations of 
conduction electrons: 1, 8.8 X 10 l~ cm-~;  2, 8.2 X 10 TM cm - s  (6). 

0.01 eV and that  the  compensat ion var ies  be tween  about  
90 and 99%. The impur i t ies  were  found to be B and Fe. 
The author  assumed that  Mg probab ly  gives r ise to 
deep donor levels. Above 700~ ex t ra  donors m a y  be 
in t roduced in the  t in oxide resul t ing  f rom diffusion of 
impur i ty  atoms from the sur rounding  into the  sample. 
At  high t empera tu res  these donors p resumably  are  
nat ive  defects ar is ing f rom the reduct ion of SnO2. It  
seems that  for sample  6, the conduction e lect ron con- 
cent ra t ion  is ma in ly  due to nat ive  defects, which be -  
comes h ighly  compensated.  The  decrease  of I-Iall mo-  
b i l i ty  for sample  6 is p robab ly  due to a gra in  boundary  
effect (28). 

The decrease of Hal l  mobi l i ty  wi th  increasing t em-  
pe ra tu re  s tar t ing at about  100~ in Fig. 13 is cer ta in ly  
due to la t t ice  scattering,  e i ther  po la r  optical  modes or 
acoustic modes. The t empe ra tu r e  dependence  of mobi l -  
i ty  be tween 600 ~ and 1600~ is in  agreement  wi th  the  
weak coupling theory  for po la r  scat ter ing [broken 
curve (29)].  The character is t ic  t empe ra tu r e  of 1050~ 
was used to calculate  the  b roken  curve. 

Mat thews and Kohnke  (27) have inves t iga ted  the  in-  
fluence of chemisorbed oxygen on the electr ical  con- 
duct iv i ty  of Zn-doped  s in tered s tannic oxide. The sam-  
ples were  s intered at 1730r for 6 hr. In  Fig. 14 the 
t empera tu re  dependence  of da rk  current  conduct ivi ty  
in samples subjec ted  to a va r ie ty  of h e a t - t r e a t m e n t  
procedures  is shown. The da rk  electr ical  conduct iv i ty  
has been measured  as a funct ion of t empera tu re  at 
fixed ambien t  gas pressures  in surface equi l ib r ium con- 
dition. The specifications of the samples  and measure -  
ment  conditions are  l isted in  Table  VII. The m a x i m u m  
tempera tu re  used in the fixing process was on the order  
of 373~ which made  it un l ike ly  that  any bulk  changes 
took place in the  specimen, 
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Fig. 12. Electrical conductivity ~ and conduction electron con- 
centration n as a function of reciprocal temperature for single 
crystal. I, and polycrystalline, 1-6, Sn02 (cf. Table VI) .  Samples 
1, 2, 4, 5, and I were measured in an argon atmosphere, and 
samples 3 and 6 in 1 atm pressure of oxygen (10). 
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Fig. 13. Temperature dependence of Hall mobility for the same 
samples of Sn02 as in Fig. 12. The broken curve represents the 
temperature dependence of the drift mobility in the case of 
po)ar scattering of quasi-free electrons by longitudinal optical 
modes with the characteristic temperature of 1050~ (10). 

Because the ionic sizes of Zn 2+ and Sn 4+ are  nea r ly  
ident ical  (0.74 and 0.71.~ for Zn 2+ and Sn 4+, respec-  
t ive ly) ,  one can expect  that  dur ing  the s inter ing proc-  
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Fig. 14. Electrical conductivity of Zn-doped polycrystalline Sn02 
as a function of the reciprocal temperature after various fixing 
procedures [cf. Table VII (27)]. 

ess Zn s+ a re  subs t i tu ted  in Sn 4+ sites. This would  give 
r ise  to a si te imbalance  which may  be re l ieved  e i ther  
by  the  creat ion of oxygen  vacancies or b y  the in t ro -  
duct ion of in te rs t i t i a l  cations near  the  Znsn 2+ centers. 
P r o b a b l y  both processes took place in  the exper iments .  
The authors  have assumed that  Zn-doped  SnO2 s in tered 
samples  a re  of n - t y p e  semiconductors  wi th  a high de-  
gree  of bu lk  compensat ion and that  var ia t ions  in con- 
duc t iv i ty  a f te r  different  t r ea tmen t s  a re  the  resul t  o2 
addi t ional  compensat ion associated wi th  changes in the 
surface concentra t ion of chemisorbed oxygen atoms 
(30). Here  again  i t  is poss ible  tha t  the  ve ry  low con- 

duct ivi t ies  (samples  D- I )  were  caused by  render ing  
the ma te r i a l  h igh ly  s toichiometr ic  by  h e a t - t r e a t m e n t  
in air. 

Films 
The most  useful  form of SnO2 is in th ick  or th in  film 

form. The mate r i a l  is sui table  for  t r anspa ren t  conduc-  
t ive coatings, e lectr ical  resistors,  and other  devices. The 
p repa ra t ion  and proper t ies  of such films are  descr ibed 
in pa ten t s  (31-51), technical  l i t e r a tu re  (52-53), and  in  
Pa r t  I of this review. 

Comprehens ive  studies of S n O 2  films have been car -  
r ied out by  Aitchison (54). He found tha t  s toichiometr ic  
t in  oxide  films have a h igh  res is t iv i ty  (about  108 ohm-  
cm) at  room tempera ture .  The addi t ion  of a toms wi th  

Table VII. Matthews and Kohnke, J. Phys. Chem. Solids, 29, 653 
(1968) 

Curve A: 

Curve B: 

Curve C: 

Curve  D: 

Curve  E: 

Cu rve  F:  

Cu rve  G: 

Curve t t :  

Curve  I: 

Sample  fixed a t  10 -e To r r ,  373~ fo r  1O rain, measure-  
ments  m a d e  whi le  t emperature  decreased  
Sample  fixed a t  2 x 10 -z T o r r ,  367~ fo r  14 h r ,  m e a s u r e -  
m e n t s  m a d e  whi le  t empera ture  increased  
Sample fixed at 3 • 1U -I Tor r ,  383~K for 80 hr, measure- 
ments made while temperature increased 
Sample fixed at 1 atm dry air, 297~ for 12 hr, mea- 
surements made while temperature decreased 
Sample fixed at i atm dry air, 297~ for 40 hr, mea- 
surements made while temperature increased 
Sample fixed at 1 atm dry air, 297~ for 67 hr, mea- 
surements made while temperature increased 
Sample fixed at 1 arm dry air, 374~ for 15 hr, mea- 
surements made while temperature decreased 
Sample  fixed at  1 a t m  d ry  air ,  323~ fo r  67 hr ,  mea -  
s u r e m e n t s  m a d e  whi le  t e m p e r a t u r e  i nc reased  
Sample  fixed a t  1 a t m  d ry  air ,  378~ fo r  66 h r ,  mea -  
s u r e m e n t s  m a d e  whi le  t emperature  increased 

a valence h igher  than  four, e.g., Sb, has a s imi lar  effect 
to the  reduct ion of SnO2 films and causes a significant 
increase  in conduct ivi ty.  Instead,  the  addi t ion  of t r i -  
va lent  atoms, e.g., In, has the  opposi te  effect, i.e., it  
causes a decrease  in  conduct ivi ty.  

Ishiguro et aL (55) have  found tha t  the  conduction 
e lect ron concentra t ion in SnO2 t r anspa ren t  films is be -  
tween  1019 and 102~ cm -8 and the Hal l  mobi l i ty  is 
about  30 cm2/Vsec. The authors  assumed tha t  coulomb 
scat ter ing of quas i - f ree  electrons by  i m p u r i t y  ions was 
the  p redominan t  sca t ter ing  mechanism in the  t r ans -  
pa ren t  conduct ing films. S imi la r  values  of quas i - f ree  
e lec t ron concentrat ions were  obta ined by  Ara i  (56). 

Imai  (57) s tudied the  electr ical  p roper t ies  of SnO2 
films which were  deposi ted on fused quar tz  plates.  He 
measured  electr ical  conduet iv i ty  and the Hal l  effect in 
the t empe ra tu r e  range  be tween  l iquid  n i t rogen  and 
room tempera tures .  In  this  t empera tu re  range  the  p r o p -  
ert ies were  found to be reproducible .  I r revers ib le  
changes occur only when  the t empe ra tu r e  is ra ised 
above 470~ in vacuum. In  Fig. 15 the  resul ts  of con-  
duct iv i ty  v and Hal l  coefficient Rn measurements  are  
shown. As can be seen f rom the  figure, both  ~ and RH 
increase  s l ight ly  wi th  t empera tu re ,  and there fore  one 
can assume tha t  the  electrons in  the  SnO2 specimens 
are  degenerate .  

Kuznetsov (58) has obta ined dielectr ie  SnO2 by  the 
hydrolys is  of an e ther -a lcohol  solut ion of Sn (OC2H5)4, 
and he g rew semiconduct ing films by  the hydrolys is  of 
SnC14, oxidat ion  of meta l l ic  tin, and  decomposi t ion of 
SnC12. The electr ical  conduct iv i ty  of dielectr ic  SnO2 
formed in this way  was 10 -25 o h m - l c m  - I  at  room 
tempera ture .  Kuznetsov  found tha t  the  e lectr ical  con- 
duc t iv i ty  of semiconduct ing SnO2 films obta ined by  
hydrolys is  of SnC14 does not  depend  on film thickness 
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Fig. 15. Temperature dependence of conductivity ( ) and 
Hall coefficient ( - - - )  in Sn02 films. Sample 1 was prepared by 
spraying an alcohol solution of pure SnCI4 on fused quartz sub- 
stitute. Samples 2 and 3 were obtained by spraying the solution 
$nCI4 -I- I m/o SbCI 5 and SnCI4 -t- 3 m/o InCI3, respectively (57). 
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between 500 and 2500A. He also measured the effect 
of heat ing his films in  air. In  Fig. 16 the dependence of 
conductivi ty on the time of hea t - t rea tment  is shown. 
At temperatures  up to 500~ the conductivity remains 
unchanged, while at higher temperatures  the conduc- 
t ivi ty was found to increase first and then to decrease 
drastically. The author  has at tempted but  could not ex- 
plain the observed changes satisfactorily. The in t roduc-  
t ion of Sb however, was found to improve the stability. 
This is shown in  Fig. 17 for two samples at 1070~ 

In  Fig. 18 the results of conductivity measurements  
carried out by Koch (59) are shown. He found that 
for pure SnO2 films, with values of ~ between 10 -1 to 
3 X 102 (ohm cm) -1 (electron concentrat ion n be- 
tween 1018 to 2 X 10 ~~ cm -s )  the conductivi ty at room 
temperature  is proport ional  to n 4/~, namely  

( = 0.35-+- 0.08 / X 10 -24 n4/8 ( o h m - c m ) - I  [13] 

This is in accordance with the theory of Howarth and 
Sondheimer (29) for degenerate electron gas. Koch also 
found that at room temperature,  the quasi-free elec- 
trons are scattered main ly  by  longi tudinal  optical 
modes. 
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Fig. 16. The influence of beat-treatment in air on electrical 
conductivity of SnO2 films (58). 
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Fig. 17. Thermal stability in air and relation ~(T) for Sb-doped 
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SnO2 films (59) with electron concentration n ranging from 10 TM 

(curve G) to 2 X 102o cm -3 (curve A). 

The temperature  dependence of conductivity obtained 
by Inagaki  et aL (60) for SnO2 films with different 
amounts  of an t imony is presented in  Fig. 19. The Sb 
concentrat ion listed is the percentage of SbCI~ ( w t ) /  
SnC14 �9 5I-I20 (wt) in the solution used for film deposi- 
tion. These authors have also measured films below 
100~ and found the slope to be negative. 

Bartholomew and Garfinkel (61) have investigated 
the electrical properties of stannic oxide films grown 
by  the reaction 

SnCl~ + O~ -* SnO2 + CIr. 

They observed that surface and volume resistivities of 
such films change slightly when heat-treated in the 
temperature range below 470~ However these data 
have not been reproducible from sample to sample. 
Nishino and Hamakawa (62) have studied the elec- 

trical properties of Si-SnO2 heterojunctions. Tin oxide 
films were deposited by the evaporation of tin on a 
silicon substrate and the oxidation of tin films in a 
furnace. They found that such SnO2 films show the 
properties of a degenerate n-type semiconductor. The 
current-voltage characteristics of Si-SnO2 n-n hereto- 



Vol. 123, No. 9 P H Y S I C A L  P R O P E R T I E S  O F  SiO~ M A T E R I A L S  30,9C 

500 

-~" I00" 
'E  

o 

Tc~ 50- 
b 

I0 

I I I I 

5.25 Sbwt % 

0.525 Sb wt % 

10.5 Sb wt% 

~ _  0 . 0 1 7 5  Sb wt% 

I I I I 

0 5.0 I0.0 15.0 20.0 25.0 

IO0/T ( K "1) 

Fig. 19. Electrical conductivity of SnO2 films with different Sb 
contents as o function of reciprocal temperature (60). 

junct ions  was found sa t is factory  for  the  purpose  of 
rectification. 

El l iot t  et aI. (63) have measured  the charge car r ie r  
concentra t ion for  a va r i e ty  of SnO2: Sb specimens as a 
funct ion of donor concentrat ion.  They found dispar i t ies  
which they  a t t r ibu ted  to chlor ine impur i t ies  in the 
samples. 

Aboaf  et al. (64) have measured  the conduct ivi ty  
and Hal l  effect in  SnO2 films deposi ted in var ious  ambi -  
ents at  room and l iquid  n i t rogen tempera tures .  Al l  
films were  found to be of n- type,  the  charge car r ie r  
concentra t ion being a b o u t  1020 cm -~. The conduct ivi ty  
and charge car r ie r  concentra t ion was the  same at  the 
two t empera tu res  indicat ing that  impur i t y  centers  were  
almost  comple te ly  ionized at  77~ The conduct iv i ty  of 
the films deposi ted in n i t rogen was w e a k l y  dependent  
on the  t e m p e r a t u r e  of deposition. The conduct ivi ty  of 
these films annealed  in oxygen  at  1233~ for 1.5 hr  
decreased by  an order  of magni tude.  The authors  ascer-  
ta ined tha t  the  changes in conduct iv i ty  and charge con- 
cent ra t ion  were  due not only  to var ia t ion  of devia t ion  
f rom the s toichiometr ic  composi t ion but  also to change 
in chlor ine  content.  

Lepic  (65) inves t iga ted  SnO2 films doped wi th  boron 
and an t imony  in the  t empe ra tu r e  range  f rom 213 ~ to 
448~ He found tha t  e lect r ica l  conduct iv i ty  behavior  is 
governed  ma in ly  by  quas i - f ree  e lect ron scat tering.  In  
samples  heav i ly  doped wi th  boron, the scat ter ing by  
ionized poin t  defects  dominates ,  but  genera l ly  the  films 
exhibi t  a compl ica ted  in t e rp lay  of acoustical  and opt i -  
cal phonon scattering.  It should be noted tha t  the  con- 
duc t iv i ty  of pure  SnO2 films m a y  range  over  severa l  
decades (e.g., Fig. 18) for a given tempera ture ,  as a 
funct ion of sample  p repa ra t ion  or postdeposi t ion t r ea t -  
ment.  I t  is thought  that  this var ia t ion  is due to the 
va r i ab i l i ty  of s to ichiometry  of the  film, s imi lar  to tha t  
found in the surface l aye r  of single crysta ls  and in 
s intered materials ,  and not  due to impuri t ies .  This idea  
is based on the authors '  work  wi th  SnO2 film, which 
showed large  i r revers ib le  changes in conduct ivi ty  when 
hea ted  in oxygen gas at  var ious  pressures.  

Conclus ions  
Pure  single crystals  of SnO2 show two donor levels;  

a shal low one at  30 meV and a deeper  one at  150 meV. 
These donor levels  can be a t t r ibu ted  to first and second 
ionizat ion energy  of oxygen vacancy (or  in ters t i t ia l  
t in  ions) .  Donor ionizat ion energy,  ED decreases wi th  
increas ing donor concentrat ion,  ND, according to the  
equat ion  FD = Eo -- aND, where  a is a constant.  De- 
genera te  crystals  may  be obta ined e i ther  by  heav i ly  

doping wi th  an t imony  or by  hea t - t r ea t ing  in vacuum 
on the order  of 10 -5 Torr.  Hea t - t r ea t ing  in  a i r  or oxy -  
gen produces  crystals  wi th  high res is t iv i ty  surface 
layers  of l0 s ohm-cm or more  whi le  the  bu lk  res is t iv-  
i ty  remains  at  about  0.5 ohm-cm.  

Above room t empera tu re  the  conduct ion electrons 
a re  scat tered main ly  by  the po la r  optical  mode. Below 
this t empe ra tu r e  the  electrons are  sca t te red  both b y  
the acoustic deformat ion  potent ia l  and ionized poin t  
defects (nat ive and foreign a toms) .  For  the  pure  crys-  
tals, the  ionized point  defect  scat ter ing is impor tan t  
at t empera tu res  below 50~ Thus, in this  case, the  
acoustic deformat ion  potent ia l  sca t ter ing  dominates  
be tween  50~ and room tempera ture .  Fo r  heav i ly  
doped or reduced crystals,  only  ionized point  defect  
scat ter ing dominates  be low room tempera ture .  

The behavior  of electr ical  conductivi ty,  quas i - f ree  
e lect ron concentration,  and Hal l  mobi l i ty  in s in tered 
samples  of SnO2 as a funct ion of t empe ra tu r e  is s imi lar  
to tha t  of impure  single crystals .  In -doped  SnO~ sin-  
te red  specimens are  of n - t y p e  wi th  a high degree  of 
bu lk  compensation.  H e a t - t r e a t m e n t  of such samples  at  
t empera tu res  up to 374~ causes var ia t ions  in conduc-  
t iv i ty  due  to addi t ional  compensat ion  associated with.  
changes in the  surface concentra t ion of chemisorbed 
oxygen atoms. 

The electr ical  p roper t ies  of SnO2 films depend  on 
the method of p repa ra t ion  and subsequent  h e a t - t r e a t -  
ment  in var ious  ambients  at t empera tu res  above 470~ 
Below this t e m p e r a t u r e  the specimens are  r a the r  stable.  

Conducting t r ansparen t  films have a quas i - f ree  elec-  
t ron  concentrat ion of 1OlS-10~0 cm -8, and mobi l i ty  
about  one order  of magni tude  smal le r  than  in single 
crystals.  The electr ical  proper t ies  of SnO2 films have 
not been character ized sa t is fac tor i ly  due to the  va r i -  
ations caused by  sample  p repa ra t ion  and pur i ty .  
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Applications of Electrochemistry to Fabrication of 
Semiconductor Devices 

G. L. Schnable* 
RCA Laboratories, Princeton, New Jersey 08540 

and P. F. Schmidt* 
Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

This paper reviews some of the principal applications of electrochemistry 
to fabrication of semiconductor devices. Some of the electrochemical tech- 
niques used in fabrication of early semiconductor devices, such as chemical pol- 
ishing, plating of contacts, dislocation etches, and junction delineation tech- 
niques continue to be used in manufacturing of present-day devices. Principal 
newer uses of electrochemistry are in anisotropic etching of patterns in single 
crystal Si, in preferential  etching of layers of a certain conductivity type or 
doping level without dissolution of an underlying (or adjacent) layer of Si 
of different type or doping level, in anodization of aluminum metallization on 
Si devices, and in Au plating for conductive layers in several types of silicon 
devices. A wide variety of other electrochemical techniques are being used in 
material  and device characterization, and in fabrication of developmental- type 
devices. 

Electrochemical techniques were extensively used in 
the 1950's to manufacture semiconductor devices. The 
technologies being used in 1975 continue to employ, in 
somewhat modified form, some of the principles and 
techniques developed in the 1950's. The purpose of this 
paper is to review briefly some of the principal types 
of electrochemical techniques which were used in early 
semiconductor device fabrication, and to then describe 
the types of electrochemical techniques presently being 
used in fabrication of semiconductor devices. 

* Electrochemical Society Active Member, 
Key words: integrated circuits, silicon devices, chemical etch- 

ing, materials characterization. 

In the early 1950's, the most commonly manufactured 
semiconductor devices were diodes, rectifiers, and 

transistors (1-4). Small-signal transistors were most 
commonly pnp alloy-junction bipolar germanium 
(1, 3, 5). The chips used were chemically polished, al-  
loyed, and then a chemical polish was used for clean- 
up etching (3). Subsequently, electrolytic clean-up 
etching in alkaline solutions was introduced; in this 
process the emitter and collector leads were biased 
positively and injection of minority carriers (holes) into 
the base resulted in electrolytic etching of a shallow 
moat around the per iphery of the emitter and collector 
electrodes. 
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In the  ear ly  1950's, the process of je t  e lectrolyt ic  
etching for producing  na r row-base  devices was in t ro-  
duced (6). Acidic fluoride solutions were  used, wi th  
intense l ight  appl ied  to genera te  the minor i ty  carr iers  
requi red  to etch n - t y p e  Ge. Emi t te r  and collector con- 
tacts  were  formed by  je t  e lec t ropla t ing  of In meta l  on 
Ge to form surface b a r r i e r - t y p e  contacts. Subsequent  
var ia t ions  included In and Cd microa l loyed  types  in 
Ge, and j e t - e t ched  Si t ransis tors  (7). Leads were  a t -  
tached by solder ing of wires to which In or Sn solder  
alloys had been p la ted  in mol ten  form (8). 

Elect rochemical  techniques were  also extens ive ly  
used in character iz ing ear ly  semiconductor  mate r ia l  
and device s tructures.  Examples  included etching and 
s taining techniques to revea l  junct ion locations (9, 10), 
and etching techniques to del ineate  dislocations (11) 
and other  c rys ta l lographic  imperfect ions.  

The in t roduct ion  of vapor  phase Ge homoepi taxy  and 
improved  Si technology led to subst i tu t ion of batch 
(wafer)  processing techniques for processes in which 
ind iv idua l  device chips were  handled.  As a result,  
many  of the prev ious ly  used electrochemical  tech-  
niques were  no longer  required.  The evolut ion of 
p l ana r  Si in tegra ted  circuits f rom re la t ive ly  s imple a r -  
rays  to very  complex  circuits wi th  requ i rements  for 
vas t ly  improved  cost, performance,  and re l iab i l i ty  has 
led to the re in t roduc t ion  of a number  of e lec t rochemi-  
cal techniques. Pr inc ipa l  newer  uses are  in anisotropic  
etching of pa t te rns  in single crys ta l  St, in p re fe ren t ia l  
etching of layers  of a cer ta in  conduct iv i ty  type  or dop-  
ing level  wi thout  dissolution of an under ly ing  layer  of 
Si of different  type  or doping level, in anodizat icn  of 
a luminum meta l l iza t ion  on Si devices, and in Au p la t -  
ing for conduct ive layers  in severa l  types  of silicon de-  
vices. A wide var ie ty  of o ther  e lect rochemical  tech-  
niques are  being used in ma te r i a l  and device charac-  
terization,  and in fabr icat ion of deve lopmen ta l - t ype  
devices. 

The theory  and pr inciples  of e lec t rochemis t ry  of 
semiconductors  have been s tudied in deta i l  since the  
ea r ly  19,50's, and avai lab le  informat ion  has been re-  
v iewed in a number  of ar t icles  (12-15) and books (16- 
2O). 

Chemical Polishing 
Chemical  polishes were  extens ive ly  used in ear ly  

semiconductor  device fabrication,  including remova l  of 
work  damage  f rom lapped slices, mesa etching, and 
c lean-up  etching of Ge and Si a l loy- junc t ion  devices. 
Chemical  polishes for Ge and Si genera l ly  contain an 
oxidizing agent  plus a complexing agent  to increase 
solubi l i ty  of the react ion products.  Commonly  used so- 
lut ions contain ni t r ic  acid and hydrofluoric acid, r e -  
spectively,  to accomplish these functions. 

A number  of years  ago, silicon ~ a f e r s  were  pr inc i -  
pa l ly  finished by  chemical  pol ishing or by mechanical  
polishing. More recently,  a number  of techniques for 
chemica l -mechanica l  pol ishing (21-24) have been in 
widespread  use. One process employs a solution con- 
ta ining copper  ions plus fluoride ions (22, 25, 26). An-  
other  type  of process employs  a suspension of silica 
par t ic les  (21, 22, 27) in an aqueous solut ion adjus ted  to 
a sui table  a lka l ine  pH. Chemica l -mechanica l  pol ishing 
processes to some extent  combine the  benefits of both  
mechanical  and chemical  polishing, provid ing  re la t ive ly  
flat wafers  s imilar  to those obtained by mechanical  
polishing, wi th  a re la t ive ly  low level  of mechanical  
damage. Af te r  chemica l -mechanica l  polishing, silicon 
wafers  are  t he rma l ly  oxidized pr ior  to device fabr ica-  
t ion (the the rmal  oxidat ion is genera l ly  pe r fo rmed  to 
obta in  the oxide mask  which is then pa t t e rned  for 
p lanar  diffusion).  The oxidat ion process results  in con- 
vers ion of app rox ima te ly  0.5 ,~m of the silicon surface 
to SiO2, and thus serves as a final etching step. Chemi-  
ca l -mechanica l  pol ishing techniques have also been 
used wi th  compound semiconductors  (28, 29). 

Methods, solutions, and appl icat ions for chemical  
pol ishing of germanium., silicon, and a wide va r i e ty  of 
compound semiconductors  such as GaAs (30, 31) have 
been descr ibed (32-36). 

Chemical  e tchants  continue to be used to p repa re  
mesa - type  geometr ies  in high vol tage  devices. They are  
also used to remove mechanical  damage  in beveled  
high vol tage  structures.  

Anisotropic Etching of Silicon 
Anisotropic  (c rys ta l lographica l ly  p re fe ren t ia l )  e tch-  

ing of (100) or ienta t ion Si wafers  is wide ly  used to 
pe rmi t  close control  of l a te ra l  etching dimensions in 
sil icon in tegra ted  circuits (37, 38). Etching solutions 
and conditions are employed  which resul t  in dissolu-  
t ion of the  Si in (100) direct ions at a ra te  which is sev-  
eral  orders  of magni tude  higher  than  the ra te  in the 
(111) directions.  Anisotropic  etching th rough  a pa t -  
te rned  SiO2 mask  produces  sharp ly  defined V grooves, 
wi th  the edges [(111) planes]  at an angle  of 55 ~ f rom 
the (100) surface of the wafer,  and the dep th  de te r -  
mined by  the width  of the  opening in the oxide mask  
used to define the pa t t e rn  (39). Typical ly ,  a lkal ine  so- 
lutions containing alcohol are  used (40, 41). 

Anisotropic  etching of the sil icon is used to pe rmi t  
fabr ica t ion  of high dens i ty  in tegra ted  circuits, and to 
improve  performance.  Anisotropic  etching has been 
used to manufac ture  a va r ie ty  of Si devices (42), in-  
cluding V-groove  isolat ion s t ructures  wi th  T i - P t - A u  
meta l  l ines crossing r e l a t ive ly  shal low oxidized 
V grooves (43, 44), d ie lec t r ic - i so la ted  circuits  in which 
edges of the oxide- i so la ted  single crysta l  is lands are 
de l inea ted  by  anisotropic etching (45), a i r - i so la ted  
beam- lead  circuits, S t -on - sapph i re  in tegra ted  circuits 
(46, 47), and beam- l ead  sea led- junc t ion  t ransis tors  and 
circuits  in which the chip separa t ion  is accomplished 
by anisotropic etching. In high dens i ty  oxide- iso la ted  
in tegra ted  circuits, (100) or ienta t ion silicon wafers  are 
etched wi th  a pa t t e rn  of V grooves, fol lowed by  ox ida -  
t ion and subsequent  deposi t ion of a r e l a t ive ly  thick 
layer  of po lycrys ta l l ine  silicon. The wafers  are then 
lapped and pol ished to provide  single crys ta l  regions of 
silicon, each sur rounded  by a wal l  of t he rma l ly  g rown 
silicon dioxide (44, 45, 48, 49). 

Anisotropic  etching has been used to produce  a p y r a -  
mida l - t ype  surface t ex tu re  on sil icon solar  cells, thus 
e l iminat ing  the need for an antiref lect ion coating and 
improving  cell  efficiency (50, 51). Anisot ropic  etching 
of silicon has also been used to p repa re  the rmal  
pr in te rs  based on heat ing of t rans i s to r - res i s to r  ele-  
ments  in silicon regions separa ted  by  V grooves (52), 
and to fabr ica te  nonblooming vidicons (53). Develop-  
m e n t a l - t y p e  appl icat ions of anisotropic  etching have 
included ~repara t ion  of silicon diffract ion grat ings  (54) 
and p repa ra t ion  of subs t ra tes  of control led topography  
for assessment of edge coverage of vapor -depos i t ed  
films. Anisotropic  etchants  also have been used to 
produce etch figures which pe rmi t  c rys ta l lographic  
or ienta t ion  to be accomplished opt ica l ly  (55). 

A considerable  amount  of informat ion  has been 
publ ished on the effects of e tchant  composition, sub-  
s t ra te  doping level  (41, 56), and etching conditions on 
ra te  of etching of various or ientat ions of silicon (37, 
40, 57-62). Anisotropic  etching of ge rman ium has also 
been descr ibed (63). 

Selective Etching 
A number  of new types  of silicon in tegra ted  circuits 

a r e  based on procedures  which etch a l aye r  of silicon 
of one ~oaduct ivl ty  type, but  do not  etch an  under ly ing  
layer  of a different  conduct ivi ty  type, or  of a different  
dopant  concentrat ion.  Both chemical  (64, 65) and 
electrochemical  techniques (66-74) have been used 
for this type  of application.  

One type  of e lectrochemical  technique which is being 
used to fabr icate  deve lopmenta l  s t ructures  is to pe r -  
form electrochemical  etching under  condit ions such 
that  an n+ layer  is dissolved but  an under ly ing  l aye r  
of n - t ype  Si is not a t tacked.  In this technique,  elec-  
t ro lyt ic  etching proceeds unti l  all  of the n + ma te r i a l  
is dissolved, but  does not etch the n - type  layer  if the 
donor  level  is less than app rox ima te ly  2 • 1016 a toms /  
cm 3. Typical  condit ions would employ  5% aqueous HF 
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solution (66, 69), and total darkness. Substrates and 
conditions must  be employed which do not result  in 
localized avalanche breakdown in the n- type  silicon 
(70, 75, 76). 

An example of an application is the process for ob- 
ta ining thin single crystal silicon layers on an in-  
sulat ing substrate (67, 72, 77). In one case, the final 
s t ructure consists of a th in  single crystat layer  over an 
SiO2 layer over a thick support ing layer  of poly- 
crystall ine silicon (67, 72). Such structures would be 
used in some of the same applications as silicon on 
sapphire. 

Several  types of processes for controlled electro- 
chemical etching of wafers have been described, in-  
cluding electrolytic etching to remove p- type  layers 
from pn  substrates, and to remove n + layers from 
n + n  substrates. Another  var ia t ion is to apply an 
external  bias to a s tructure such that  chemical etching 
of one type of layer occurs, but  the process stops when 
the under ly ing layer  is reached (68). Etch rate ratios 
for active vs. passive regions of greater  than 200:1 
have been obtained (68). 

Alkal i -a lcohol- type etchants have been shown to 
etch only n - type  silicon in  samples containing pn  
junctions. Chemical etching techniques in  which 
selected etchants dissolve Si of one doping level, with 
relat ively little attack on an under ly ing  (or adjacent) 
Si layer  of different doping level, have also been used 
to prepare specialized device structures. 

Diffusion, Anodization, and Passivation 
The process of obtaining doped layers in silicon 

devices by diffusion from conventional  sources, 
whether  based on gas sources, solid wafer sources, 
doped oxide, or spin-on techniques, embodies es- 
sential ly chemical or displacement plating, in that the 
silicon wafer at high temperatures  reduces an oxide of 
the dopant at the oxide-silicon interface. Examples 
include borosilicate, phosphosilicate, and arsenosilicate 
glasses. 

Anodization has been used to form capacitors in 
silicon l inear  integrated circuits. More commonly, 
thermal  oxidation is used for that purpose at present. 
Much informat ion has been published on anodization 
of Si (78-80). 

Anodization of a number  of I I I -V compounds has 
also been used to form overlying oxide layers. With 
ind ium ant imonide detectors, for example, anodization 
has been used to improve surface-related electrical 
characteristics. With gal l ium arsenide, anodized layers 
have been used as a mask for subsequent  diffusion 
(81). Anodization of GaP and Ga(AsP)  has also been 
studied (82, 83). Properties of anodic oxides of InSb 
(84) and of GaAs (85-88) have been described. Anodic 
etching has been used to fabricate GaAs diodes (89). 

Electrophoresis (deposition of charged, suspended 
particles from a liquid onto a surface of opposite 
polarity) is being used to selectively deposit glass 
particles on silicon power device surfaces, with the 
deposited glass subsequent ly  fused to form a smooth, 
pat terned layer  of passivating glass in grooves or at 
the edge of etched mesas (90). For these applications 
the frit  is general ly a lead borosil icate-type glass, and 
the deposit, after fusion, may be 10-30 ~m thick. 

The process of anodization of silicon under  condi- 
tions which result  in a film of porous elemental  silicon 
(91), followed by oxidation, has been used to obtain 
special pat terned oxidized structures with absence of 
steep topographic steps (74, 92, 93). Anodization of 
silicon to form a thick porous oxide has also been 
used to obtain isolated integrated circuit elements (94). 

Device Metallization and Processing 
The electroless plat ing of nickel, which was used for 

electrodes in early transistor types, continues to be 
used for metal l izat ion of certain power silicon devices 
(90, 95). One technique employs chemical (galvanic) 
plat ing of noble metals on exposed silicon contact re- 
gions to a t ta in  catalyst films for ini t ia t ion of electroless 

Ni plat ing (95). Electroless plat ing has also been used 
to form ohmic contacts to certain I I I -V compounds 
(95). 

Anodization of A1 has been used to delineate pat terns 
of metal  in  mult i level-metal l ized integrated circuit ar -  
rays (96-105). In  one process the first level A1 metal -  
l ization is selectively anodized, with regions which 
are to remain  A1 metal  masked by a photoresist pat-  
tern. The anodization process, while producing a vol- 
ume of oxide somewhat larger than that  of the a lumi-  
num metal  from which it was formed, results in a sur-  
face topography which is free of steep steps, and is not 
difficult to cover with delineated lines in  the second 
level metal l izat ion pattern.  Anodization has also been 
used to delineate tungsten (106) and p la t inum (107) 
patterns, and to t r im thin film resistors (108). 

Anodization of a luminum metall izat ion on silicon de- 
vices has been employed to form a thin anodic layer 
over A1 conductors to at tain beveled edges (109), and 
to decrease susceptibil i ty of the a luminum to hillock 
formation (110) or to failure due to electromigration 
(current - induced mass transport)  (111-113). 

Gold plat ing is extensively used to deposit layers 
which are par t  of the metal l izat ion system in silicon 
devices, including both beam- lead- type  devices (114) 
and other types of silicon devices with gold metall iza-  
t ion systems (90, 115). Typically, the metal  system is 
t i t an ium-p la t inum (or t i t an ium-pa l lad ium)  deposited 
by vacuum techniques, followed by application of 
photoresist pat terns and buildup, locally, of gold by 
electrodeposition in  unmasked areas. Plat ing solutions 
and deposition conditions must  be main ta ined  to as- 
sure close control of la teral  spreading of the resist- 
defined deposited gold layer (116) and of purity,  hard-  
ness, and roughness of the gold (117-121). Jet  plat ing 
techniques have been applied to permit  use of higher 
current  densities (122, 123). Electroless gold deposition 
techniques have also been shown to be feasible for fab- 
rication of beam-lead devices (124, 125). Electroplating 
has also been used to form raised pads for flip chip or 
other wireless s imultaneous bonding approaches 
(126, 127). 

Electroplating is very widely used in  preparat ion of 
lead frames, headers, studs, and other parts for assem- 
bly and packaging of semiconductor devices (95, 126). 
In preparat ion of lead frames for semiconductor de- 
vices, nozzles are sometimes used to direct the plat ing 
solution to those areas where a spot of electrodeposited 
gold is desired (128). While masking is sometimes 
used, it is possible to adjust conditions to achieve well-  
defined localized deposits without masking (128). 

Electrochemical Techniques for Control of 
Semiconductor Device Manufacturing Processes 

In addition to the direct use of electrochemical proc- 
esses in fabrication of semiconductor devices, electro- 
chemical processes are also extensively used in the 
characterization and evaluat ion of semiconductor ma-  
terials and device structures, and in related processes. 
For example, several types of special etchants are 
widely used to define dislocations in silicon (129-132), 
germanium, gall ium arsenide (133, 134), gall ium 
arsenide-phosphide, indium antimonide,  and other 
semiconductors (132). For silicon, Dash etch (11) was 
extensively used in early device fabrication. To a large 
extent  Sirtl etch (135, 136) and a modified etch devel-  
oped par t icular ly  for (100) silicon (137) have sup- 
planted the earlier etchants (130, 131, 138). 

One of the most widely used control methods 
for determining the depth of junct ions in semiconduc- 
tor device manufac tur ing  today is based on angle lap- 
ping and staining techniques (138). While several re- 
finements to the techniques have been made, the basic 
techniques are similar to that developed for early ger- 
man ium and silicon transistors. Special etching solu- 
tions are also used to delineate high-low junctions in  
silicon, thus permit t ing determinat ion of the depth of 
diffusion into substrates or determinat ion of the thick- 
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ness of ep i tax ia l  layers  (32). Etching techniques for 
revea l ing  junct ions in compound semiconductors  such 
as PbS  (139) have also been described.  In  general ,  
junct ion de l inea t ion  techniques depend on the differ-  
ence in the  e lec t rochemical  potent ia l  exist ing be tween  
p - t y p e  and n - t y p e  regions of the  semiconductor  under  
the  i l lumina t ion  condit ions employed.  Somewhat  s imi-  
lar ly ,  the  mechanism by which dis locat ion etchants  
define dislocations is based on the fact  tha t  localized, 
defect ive regions become anodic whereas  more  nea r ly  
per fec t  sur rounding  regions become cathodic in the 
etchant.  Thus, in general ,  less perfect  regions etch 
more  r ap id ly  than  high qua l i ty  c rys ta l l ine  regions. 
Etchants  a re  also used to revea l  res i s t iv i ty  s t r ia t ions 
(38, 140-142) and swirls  in sil icon and in other  semi-  
conductor  mater ia ls .  Copper  d isp lacement  p la t ing  has 
been  used to de l inea te  imperfec t ions  in  pol ished sil icon 
subst ra tes  (143). 

Reverse  osmosis (appl icat ion of p ressure  to an aque-  
ous solut ion in contact  wi th  a semipe rmeab le  m e m -  
brane)  is being used in purif icat ion of wa te r  used in 
semiconductor  device processing (144-146). The mea -  
surement  of s tab i l i ty  of t he rma l ly  g rown oxides to 
de te rmine  a lka l ine  ion content  is essent ia l ly  an e lec t ro-  
chemical  process, wi th  a lka l i  ions moving in the  amor -  
phous sil icon d ioxide  layer  at t empera tu re s  such as 
300~ in an electr ic field. Elec t rochemical  processes 
(147), such as copper  plat ing,  e lec t rophoret ic  decora-  
tion, e lect rolyt ic  etching, and use of l iquid crys ta l  
techniques (148) have also been used to assess the in-  
t egr i ty  of var ious  types  of die lectr ics  in semiconductor  
devices (149). 

Elect rolyt ic  etching has been used to revea l  disloca-  
tions in emi t t e r  and base regions of diffused sil icon 
t ransis tors  (150). Anodic  decora t ion  techniques have 
also been used (151, 152) to reveal  defects in devices. 

One technique for profil ing diffused layers  in sil icon 
is based on successive anodizat ion fol lowed by  etching 
and measurement  of sheet  res is t iv i ty  (153). This proc-  
ess is st i l l  being used in l abora to ry  studies of profiles of 
diffused or i on - imp lan ted  structures.  An  e lec t rochemi-  
cal technique for au tomat ic  dep th  profil ing of ga l l ium 
arsenide has recen t ly  been descr ibed (154). 

The prevent ion  of corrosion of meta l l iza t ion  ma te -  
r ials  in semiconductor  devices consti tutes a ve ry  im-  
por t an t  appl ica t ion  of e lect rochemical  principles .  In  
the case of a luminum-meta l l i zed  sil icon devices, both  
cathodic and anodic corrosion have  been shown to 
lead to e lectr ical  opens (155-159). With  devices con- 
ta ining gold metal l izat ion,  gold dendr i tes  formed in 
humid a tmospheres  can produce  shorts  be tween  con- 
ductors  (118, 120, 158-163). 

Conclusions 
Some of the ear ly  appl icat ions  of e lec t rochemis t ry  

for semiconductor  device fabr ica t ion  continue to be 
used, and in some cases almost  in the  same way  as in 
the  1950%. In other  cases, improvements  and extensive 
modifications have been made.  Some of the ea r ly  ap-  
plications,  such as in ge rman ium devices and in non-  
ox ide-pass iva ted  sil icon devices, have  been  supplan ted  
by the use of o ther  types  of devices, p r i m a r i l y  oxide-  
pass iva ted  silicon devices. P r inc ipa l  newer  uses of 
e lec t rochemis t ry  are in anisotropic  etching and pre -  
fe rent ia l  etching of cer ta in  layers  of silicon, and  in 
gold pla t ing for conduct ive layers  of meta l l iza t ion  in 
severa l  types  of sil icon devices. 

Many of the  ear ly  e lec t rochemical  techniques used 
for character iz ing semiconductor  mate r i a l s  and device 
s tructures,  such as junct ion del ineat ion  techniques and 
dislocation etches, continue to be used in modified form 
in p r e sen t -day  silicon mate r i a l  assessment  and process 
control.  
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ABSTRACT 

Stannic oxide in  its pure  form is an n - type  wide-bandgap semiconductor. 
Its electrical conduction results from the existence of point  defects (native 
and foreign atoms) which act as donors or acceptors. Some unique properties 
of SnO~ make the mater ial  useful for many  applications; therefore, increas- 
ing at tent ion is being paid to studies on this oxide, especially on the methods 
of preparation,  and ~ts electrical and optical properties. The purpose of this 
series is to provide a general  up- to-da te  review of the investigations carried 
out and to help ident ify impor tant  areas for fur ther  studies. The first part  2 
was concerned with the preparat ion and defect s tructure of single crystals, 
sintered polycrystal l ine samples, and th in  films, and in the second part  3 we 
reviewed the electrical properties of these materials. In this part  we discuss 
the optical properties of SnO2 single crystals and films. This concludes our 
review of the physical properties of S n Q  materials.  

The methods of preparat ion of single crystals, s in-  
tered materials,  and thin films of t in dioxide and their  
defect s t ructure have been described (1) in Par t  I of 
this series. In  Par t  II the electrical properties of these 
materials  in pure and doped forms have been reviewed 
(2). In this last part  we discuss the optical properties 
of t in  dioxide solids. 

The optical properties of this mater ia l  are unique in 
two respects. First, SnO2 is one of the few electrical 
conductors that is optically t ransparent  in the visible 
range of wavelengths in its undoped form, and second, 
it is the simplest oxide semiconductor of noncubic 
s t ructure  with nonorbi taI  complications. The first fea- 
ture  is often applied to fabricate t ransparent  con- 
ductive coatings on, e.g., glass, while the second pro- 
vides a good medium to s tudy symmetry  effects in  
crystal potentials, etc. For these reasons the optical 
properties of various types of t in  oxide materials  have 
been studied extensively in the past. 

In  this paper we review the work done to date on the 
optical behavior  of SnO2 single crystals and films. A 
summary  of major  efforts is listed chronologically in 
Table  I. It covers published results in the period 1954- 
1974. 

Single Crystals 
Optical absorption.--Short wavelength properties.- 

The first investigations of optical properties of SnO2 
single crystals were carried out in  1962 by Kohnke (8) 
on na tura l  cassiterite. From the short wavelength cutoff, 
he found a fundamenta l  optical energy gap, Eg, to be 
--~3.54 eV with a thermal  shift dEJdT of --6 • 10 -4 
eV/r measured in  the tempera ture  range from 80 ~ to 
415~ The lower l imit  for the optical forbidden en-  

* Electrochemical  Society Act ive  Member. 
1 P r e s e n t  address :  D e p a r t m e n t  of E n g i n e e r i n g  Physics,  McMas- 

t e r  Univers i ty ,  Hami l ton ,  Ontar io ,  Canada.  
2 THIS JOURNAL, Ju ly  1976. 

TBIS JOURNAL, S e p t e m b e r  1976. 
Key  words :  single crystals ,  films, optical  absorption, photocono 

ductivity, luminescence,  phosphorescence.  

ergy gap of 3.54 eV is in good agreement with the value 
of 3.44 eV obtained by Kohnke and Hurt (38) from the 
maximum of the conductivity spectral response curve. 
Kohnke also observed a sharp absorption of wavelength 
of 3.07 #m which he attributed to the presence of O-H 
groups oriented in a plane perpendicular to the c axis 
of the crystal. He observed a long wavelength cutoff 
region at about 7.2 #m with a slight transmission hav- 
ing a maximum at 7.55 #m. 

The first investigations of optical absorption in syn- 
thetic crystals of tin oxide were carried out by Sum- 
mitt and Borrelli (9,10,15) and Summitt (18) on 
single crystals grown from the vapor phase by Marley 
and MacAvoy (I, 39). They calculated the absorption 
coefficient, K, from the relation (40) 

(i --R 2) exp (Kd) 
T = [i] 

exp (2Kd) -- R 2 

and from tables (41). In the expression, T is the trans- 
mittance, R is the reflectivity, and d is the crystal 
thickness. 

The ultraviolet absorption coefficient of SnO2 as a 
function of photon energy was measured by Summitt, 
Marley, and Borrelli (9) and is shown in Fig. i. As can 
be seen from the figure, pronounced dichroism exists 
in the u.v. region. The absorption edge for radiation 
polarized parallel and perpendicular to the c axis is 
separated by approximately 0.3 eV. 

As it is well known (42), the absorption coefficient 
is related to photon energy for direct transitions as 

K ---- K0(hv -- Eg) 1/2 [2] 

where Eg is the vertical separation between valence 
and conduction bands, and K0 is a constant. By plot- 
ting the experimental  values of /{2 vs. photon energy 
and extrapolat ing to zero absorption, the width of the 
energy gap may be obtained. Using this method, the 
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Table I. Optical properties of S.02 materials 

October 1976 

Y e a r  Author 

Temper- 
Refe r -  a t u r e  
e n c e  M a t e r i a l s  P r o p e r t i e s  r a n g e ,  ~  Conclusion d r a w n  b y  a u t h o r  

1954 Aitchison 

1958 Ishiguro, Sasaki, 
Arai, and Imal 

1958 Ishiguro, Sasaki, 
Arai, and Ima* 

1959 Miloslavskii 

1960 Aral 

1962 K o h n k e  

1964 S u m m i t t ,  Marie},, 
a n d  B o r r e l l i  

1965 S u m m i t t  a n d  
B o r r e l l i  

1965 R e d d a w a y  a n d  
W r i g h t  

1965 Nagasawa Shio- 
n o y a ,  a n d M i k i -  

s h i m a  
1965 H o u s t o n  a n d  

K o h n k e  

1966 H o u s t o n  a n d  
K o h n k e  

1966 S u m m i t t  a n d  
Bor reUi  

1966 N a g a s a w a  a n d  
S h i o n o y a  

1967 S p e n c e  

1966 S u m m i t t  

1968 W r i g h t  

(3) F i l m s  p r e p a r e d  b y  Ref lec t ion  300 
h y d r o l y s i s  of S n C h  A b s o r p t i o n  

(4) F i l m s  p r e p a r e d  b y  T r a n s m i s s i o n  300 
h y d r o l y s i s  of S n C h  Ref lec t ion  

(5) As above 

(6) P y r o l y t i c  decompos i -  
t ion  of  S n C h  a n d  
S n C h  

R e f r a c t i v e  i n d e x  300 

Absorption 120-470 
Transmission 

(7) C o n d u c t i v e  a n d  non-  A b s o r p t i o n  
c o n d u c t i v e  SnO~ Ref lec t ion  
f i lms a n d  SnO fi lms T r a n s m i s s i o n  

(8) N a t u r a l  s ing le  c r y s t a l s  A b s o r p t i o n  
T r a n s m i s s i o n  

(9) S ingle  c r y s t a l s  g r o w n  U.V. a b s o r p t i o n  300 
b y  v a p o r  t r a n s p o r t  
t e c h n i q u e  

130-300 

80-415 

(1O) As above Infrared absorp- 50-900 
tion 

(11) S ing le  Crysta ls  ~ r o w n  A b s o r p t i o n  
b y  v a p o r  r e a c t i o n  R e f r a c t i v e  i n d e x  
m e t h o d  

300 

(12) S ing le  c r y s t a l s  g r o w n  T r a n s m i s s i o n  300 
b y  h y d r o l y s i s  o f  

S n C h  
(13) S ing le  c r y s t a l s  g r o w n  P h o t o c o n d u c t i o n  80-400 

f r o m  c u p r o u s  f lux 

(14) As  above  P h o t o c o n d u c t i o n  100-400 

(15) S ing le  c r y s t a l s  g r o w n  U.V. a b s o r p t i o n  20-1300 
b y  v a p o r  t r a n s p o r t  
t e c h n i q u e  

(16) S ing le  c r y s t a l s  g r o w n  A b s o r p t i o n  
b y  h y d r o l y s i s  of 
SnCh 

A b s o r p t i o n  (17) Films obtained by 
evaporating and 
subsequently oxi- 
dizing tin 

(18) S ingle  c r y s t a l s  g r o w n  I n f r a r e d  abso rp -  
b y  v a p o r  t r a n s p o r t  t i on  
t e c h n i q u e  

(19) Single crystals grown Absorption 
from gas phase 

SnO2 is t r a n s p a r e n t  f r o m  0.2 t o  14 #m.  

F u n d a m e n t a l  a b s o r p t i o n  g a p  is a b o u t  4 
eV. P l a s m a  f r e q u e n c y  of  t h e  c a r r i e r s  
l ies in t h e  n e a r  i n f r a r e d  r eg ion .  Cou-  
l omb  s c a t t e r i n g  of  i m p u r i t y  ions  is t h e  
p r e d o m i n a n t  s c a t t e r i n g  m e c h a n i s m  i n  
t h e  t r a n s p a r e n t  c o n d u c t i n g  f i lms.  

L i f e t i m e  of  t h e  p l a s m a  w a v e  is  a b o u t  2.6 
x I 0  - ~  sec. 

T h e  a b s o r p t i o n  b y  i m p u r i t y  a t o m s  w a s  ob- 
se rved .  T w o  b a n d s  w e r e  o b s e r v e d :  a 
n a r r o w  b a n d  w i t h  a m a x i m u m  a t  16.4 
~ m  a n d  a w ide  b a n d  w i t h  m a x i m u m  a t  
8.5 :- 9 #m. B o t h  a b s o r p t i o n  b a n d s  in- 
c r e a s e d  w i t h  i n c r e a s i n g  c o n d u c t i v i t y .  

T h e  a b s o r p t i o n  e d g e  f o r  c o n d u c t i v e  a n d  
n o n c o n d u c t i v e  SnO= f i lms is  f o u n d  to  b e  
(3.82 - -  0.030) a n d  (3.71 • 0.025) eV, 

r e spec t ive ly .  T h e  t e m p e r a t u r e  c h a n g e  of  
a b s o r p t i o n  e d g e  f o r  b o t h  m a t e r i a l s  is  
- 2 . 0  x 10-~ eV/OK. 

F u n d a m e n t a l  e n e r g y  g a p  is 3.54 eV. 
dEs eV 

= - 6  x 10-'- 
dT K 

A s h a r p  a b s o r p t i o n  o b s e r v e d  a t  3.07 # m  
is a t t r i b u t e d  to  O-H g r o u p s .  

T h e  u.v.  a b s o r p t i o n  coeff ic ients  a r e  as  
h i g h  as  10~ cm-~. T h e  u s e  of  p o l a r i z e d  
l i gh t  r e v e a l e d  a l a r g e  d i c h r o i s m ,  t h e  ab- 
s o r p t i o n  e d g e s  d i f f e r i n g  b y  a b o u t  0.3 eV 
f o r  r a d i a t i o n  p o l a r i z e d  p a r a l l e l  a n d  per-  
pendicular  to  t h e  c axis .  B o t h  e d g e s  r ep -  
r e s e n t  i n t r i n s i c  t r a n s i t i o n s  w i t h  the  di- 
r e c t  e n e r g y  g a p s  3.93 a n d  3.57 eV f o r  
r a d i a t i o n  p o l a r i z e d  p a r a l l e l  a n d  perpen-  
dicular,  r e spec t i ve ly .  T h r e s h o l d s  for  
p h o n o n  c o u p l e d  t r a n s i t i o n s  o c c u r  ap- 
p r o x i m a t e l y  a t  3.7 a n d  3.4 eV, b u t  indi-  
r e c t  t r a n s i t i o n s  a p p e a r  t o  involve  sev- 
e r a l  l a t t i ce  v i b r a t i o n a l  f r e q u e n c i e s .  

N e a r  i n f r a r e d  a b s o r p t i o n  coeff ic ient  (0.w 
0.6 ~m) v a r i e s  d i r e c t l y  w i t h  t h e  concen-  
trat ion  of  c a r r i e r s  o v e r  t h e  r a n g e  n ---- 
10z7 to  2 • 10 Is c m  -~, a n d  t h e  t h i r d  
p o w e r  of  w a v e l e n g t h .  

T h e r e  a r e  i n d i r e c t  t r a n s i t i o n  e d g e s  a t  2.55 
a n d  2.45 eV a n d  d i r e c t  t r a n s i t i o n  e d g e s  
a t  3.7 a n d  4.1 eV f o r  p o l a r i z a t i o n  p e r p e n -  
d i c u l a r  to  t h e  c axis  a n d  p a r a l l e l  to  t h i s  
axis ,  r e spec t i ve ly .  

B a n d g a p  is e s t i m a t e d  to  b e  a b o u t  3.5 eV. 

M e a s u r e m e n t s  of t h e r m a l l y  s t i m u l a t e d  
c u r r e n t  i n d i c a t e  t h e  e x i s t e n c e  of  t r a p -  
p ing  levels  a t  0.21, 0.52, a n d  0.60 eV. T h e  
r e s u l t s  of  i n t r i n s i c  t h e r m a l  q u e n c h i n g  
m e a s u r e m e n t s  i n d i c a t e  t h e  e x i s t e n c e  of  
a c o m p e n s a t e d  a c c e p t o r  leve l  l y i n g  0.33 
eV a b o v e  t h e  v a l e n c e  band .  

T h e  op t i c a l  q u e n c h i n g  o f  p h o t o c o n d u c t i v -  
i ty  is f o u n d  in  a s ing le  b a n d  e x t e n d i n g  
f r o m  t h e  f u n d a m e n t a l  op t i ca l  g a p  a t  4.0 
eV d o w n  to  a cu tof f  i nd ica t ive  of a 1.3 
eV ac t i va t i on  e n e r g y .  

E x p e r i m e n t a l  r e s u l t s  a r e  f i t t ed  b y  t h e  ex- 
p r e s s i o n  

w h e r e  0 = 196" a n d  414~ for  radiat ion 
p a r a l l e l  a n d  p e r p e n d i c u l a r  to  t h e  c axis ,  
r e spec t i ve ly ,  a n d  c is a c o n s t a n t .  

1.3-300 F o u r  m a i n  l ines  w e r e  o b s e r v e d  in  t h e  ab- 
s o r p t i o n  s t r u c t u r e  a t  1.3~ Th i s  s t ruc -  
t u r e  is a s s u m e d  to  b e  o r i g i n a t e d  f r o m  
a d i r e c t  f o r b i d d e n  exc i t on  t r a n s i t i o n .  

306 T h e  d e p e n d e n c e  o f  t h e  a b s o r p t i o n  coef -  
f ic ient  u p o n  fi lm re s i s t i v i ty  is n o t e d  a n d  
a n  i m p u r i t y  p e a k  a t  a b o u t  3.4 eV is ob- 
served.  I t  is s u g g e s t e d  t h a t  a n  i n d i r e c t  
e d g e  l ies  n e a r  2.7 eV a n d  a d i r e c t  e d g e  
n e a r  4.3 eV. 

300 T h e  i n f r a r e d  r e f l ec t ion  s p e c t r u m  has  b e e n  
o b s e r v e d  a n d  ana l zed  b y  t h e  c lass ica l  
d i s p e r s i o n  t h e o r y .  F o r  t h e  c a s s l t e r i t e  
s t r u c t u r e  f o u r  l a t t i ce  v i b r a t i o n  m o d e s  
m a y  i n t e r a c t  w i t h  i n f r a r e d  r a d i a t i o n ,  
t h r e e  w i t h  r a d i a t i o n  p o l a r i z e d  p e r p e n -  
d i c u l a r  to  t h e  c axis ,  a n d  one  w i t h  r ad i -  
a t i o n  po l a r i zed  p a r a l l e l  to  t h e  c axis .  
S ta t i c  d i e l ec t r i c  c o n s t a n t s  h a v e  v a l u e s  
of 9.58 a n d  13.5 f o r  d i r e c t i o n s  p a r a l l e l  
a n d  p e r p e n d i c u l a r  to  t h e  c axis ,  respec-  
t ively .  

77 a n d  300 T h e  s u m m a r y  of  t h e  r e s u l t s  p u b l i s h e d  in 
Ref .  (11) a n d  (84) .  
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Toble I. (Continued) 

Refe r -  
Y e a r  A u t h o r  e n c e  Materials Properties 

T e m p e r -  
a t u r e  

r a n g e ,  ~  C o n c l u s i o n  d r a w n  by author 

1969 V a n  D a a l  (20) 

1968 V a n  Daa l  (21) 

1968 N a g a s a w a  a n d  (23) 
S h i o n o y a  

1969 C r a b t r e e ,  Mehd i ,  (24) 
a n d  W r i g h t  

1969 N a g a s a w a  a n d  (25) 
S h i o n o y a  

1969 C u n n i n g h a m ,  Mar-  (26) 
t on ,  a n d  Sehles-  
i n g e r  

1969 C u n n i n g h a m ,  Mar-  (27) 
ton ,  a n d  Schles-  
i n g e r  

1970 F i l l a rd ,  Gas io t ,  (22) 
a n d  d e M u r c i a  

1970 Ni sh ino  a n d  (28) 
H a m a k a w a  

1971 N a g a s a w a  a n d  (29) 
S h i o n o y a  

1971 N a g a s a w a  a n d  (30) 
S h i o n o y a  

1971 Nagasawa and (31) 
Shionoya 

1971 N a g a s a w a  a n d  (32) 
S h i o n o y a  

1972 Ff l l a rd ,  Gas io t ,  (33) 
d e M u r c i a ,  a n d  
T r a n  T r o n g  
Q u y n h  

1974 C r a b t r e e  (34) 

1974 Crabtree 

1974 McRoberts and 
Fonstad 

1975 Kim and 
L a i t i n e n  

S ing le  c r y s t a l s  g r o w n  Ref lec t ion  
f r o m  gas  p h a s e  

N a t u r a l  s ing le  c r y s t a l s  Ref lec t ion  

S ing le  c r y s t a l s  g r o w n  
b y  h y d r o l y s i s  o f  
S n C h  

Z e e m a n  ef fec t  

A s  above I n f r a r e d  absorp- 
tion 

As a b o v e  A b s o r p t i o n  

As above  Photoconduction 

As a b o v e  P h o t o c o n d u c t i o n  

S ing le  c r y s t a l s  g r o w n  P h o t o c o n d u c t i o n  
b y  v a p o r  t r a n s p o r t  
t e c h n i q u e  

S y s t e m  Si-SnO_~, f i lms T r a n s m i s s i o n  
of SnO.- grown by Photovoltage 
oxidation of evapo- 
rated tin on surface 
of Si single crystal 

Single crystals grown Absorption 
by hydrolysis of Transmission 
SnCh 

As above  A b s o r p t i o n  
T r a n s m i s s i o n  
P h o t o c o n d u c t i v i t y  

As a b o v e  Z e e m a n  e f fec t  

A s  a b o v e  A b s o r p t i o n  

S ing le  c r y s t a l  g r o w n  
b y  v a p o r  t r a n s p o r t  
t e c h n i q u e  

P h o s p h o r e s c e n c e  
P h o t o l u m i n e s c e n c e  
P h o t o c o n d u c t i v i t y  

S ing le  c r y s t a l s  g r o w n  C a t h o d o l u m i n e s -  
b y  h y d r o l y s i s  of  c e n c e  
S n C h  

D o p e d  wi th  e u r o p i u m  

(35) As  above ,  d o p e d  w i t h  C a t h o d o l u m i n e s -  
t e r b i u m  e e n c e  

(36) S ing le  c r y s t a l s  g r o w n  T h e r m o a b s o r p t i o n  
u s i n g  t h e  r e a c t i o n  
S n C h  + 2H_o + O= 

ShOe + 4HC1 

(37) T h i n  fi lms o b t a i n e d  P h o t o c u r r e n t  
b y  h y d r o l y s i s  of 
SnCh 

300 

300 

1.8 

300 

80-370 

300 

300 

77-500 

83, ~98 

300 

300 

1.3-00 

7-350 

77 a n d  300 

300 

300 

25-115 

300 

P o l a r  op t i c a l  m o d e s  w i t h  a n  a v e r a g e  c h a r -  
a c t e r i s t i c  t e m p e r a t u r e  of  1050~ domi-  
n a t e  l a t t i c e  s c a t t e r i n g .  

S ta t i c  d i e l ec t r i c  c o n s t a n t s  h a v e  v a l u e s  o f  
9.0 _ 0.5 a n d  14 ___ 2 f o r  d i r e c t i o n s  pa r -  
a l le l  a n d  p e r p e n d i c u l a r  t o  t h e  c axis ,  r e -  
spec t ive ly .  

T h e  e x c i t o n  s y m m e t r i e s  a n d  poss ib l e  b a n d  
s y m m e t r i e s  a r e  o b t a i n e d  on  t h e  bas i s  o f  
g r o u p  t h e o r y  a n d  a p p e a r  to  b e  consis t -  
e n t  w i t h  t h e  v a l e n c e  b a n d  of  O 2p func -  
t i ons  a n d  the  c o n d u c t i o n  b a n d  of  S n  5s 
f u n c t i o n s  

F o r  c h a r g e  c a r r i e r  c o n c e n t r a t i o n s  me f r o m  
6.5 • 10 TM to  8 x 101~ e m  -~, t h e  abso rp -  
t ion  coeff ic ient  K is p r o p o r t i o n a l  t o  no. 
T h e  log- log  p lo t  o f  K a g a i n s t  k g ives  a 
g o o d  s t r a i g h t  l ine  w i t h  s lope  2.5-2.6. T h e  
r e s u l t s  a r e  in  a g r e e m e n t  w i t h  t h e  the -  
o r y  of  V i s v a n a t h a n  f o r  op t i ca l  m o d e  
s c a t t e r i n g .  

T h e  a b s o r p t i o n  ta i ls  o b s e r v e d  a b o v e  200~ 
a r e  in a g r e e m e n t  w i t h  U r b a c h ' s  r u l e .  

P h o t o c o n d u c t i v i t y  is f o u n d  to  h a v e  a p e a k  
r e s p o n s e  a t  370 n m .  E x c i t a t i o n  s p e c t r u m  
for blue fluorescent emission is similar 
to that of photoconductivity. 

The rate of photoconductivity decay is 
found to depend on the crystal environ- 
ment. 

On the basis of thermally stimulated emis- 
sion, 5 t r a p  levels  w e r e  f o u n d  in  t h e  
f o r b i d d e n  b a n d :  0.22, 0.44, 0.47, 0.56, 
a n d  0.7 eV 

Si-SnO2 n-n h e t e r o j u n c t i o n  h a s  t h e  pho to -  
r e s p o n s e  in  t h e  w i d e  w a v e l e n g t h  r e g i o n  
f r o m  400 to  1200 n m  a t  r o o m  t e m p e r -  
a t u r e .  

The value of p in the relation K ~ ),P in- 
creases with free electron concentration, 
which may be explained by influence of 
ionized point defect scattering. 

Absorption intensity is slightly lower for 
the oxidized crystal. Sufficiently oxi- 
dized crystals exhibit rather large photo- 
conductivity when irradiated with u.v. 
light. Spectral dependence of photocur- 
rent shows two peaks at 3.37 and at 
about 3.8 eV, 

The results of  Zeeman effect measure- 
ments are consistent with group theo- 
retical predictions based on a crystal 
field-split valence band of oxygen 2p 
functions and a crystal field-split con- 
duction band of tin 5s functions both 

having their extrema at-k = 0. The ef- 
fective Rydberg constant, the bandgap 
energy, and the anisotropic exciton-re- 
duced-masses are estimated as 0.0345 and 
3.5969 eV (at 1.8~ and ~x = 0.33 ~no, 
/~z = 0.30 too, respectively. 

At low temperatures, the spectrum for 

j_ c begins with second class exeiton 
transitions at r point, while at temper- 
atures above 200~ the spectrum is in- 
terpreted in terms of Urbach's rule. For 

l i g h t  E [] c, o the  r e l a t i o n  K~/~ ~ h~ is 
f o u n d  a n d  a poss ib le  e x p l a n a t i o n  is t h a t  
t h e  s p e c t r u m  a r i ses  f r o m  f o u r t h  c lass  
d i r e c t  t r a n s i t i o n s  a t  r po in t .  

T h e  ac t ive  r e g i o n  is l o c a t e d  n e a r  t he  sur -  
f a c e  a n d  t h e  b lue  l i g h t  o r i g i n a t e s  f r o m  
n o n c o n d u c t i n g  s t a t e s  p r o b a b l y  l o c a t e d  
in  t h e  bu lk .  

The  s p e c t r u m  c o m p r i s e s  t h e  i n t r i n s i c  
emis s ion  b a n d  of t h e  h o s t  l a t t i ce  a n d  
b a n d s  d u e  to  t h e  p r e s e n c e  of t h e  e u r o -  
p i u m  ion. T h e  e u r o p i u m  is i n c o r p o r a t e d  
in  t h e  hos t  l a t t i ce  as Eu  ~+. 

The  s p e c t r a  c o m p r i s e  t h e  i n t r i n s i c  emis-  
s ion b a n d  of t h e  h a s t  l a t t i ce  a n d  b a n d s  
d u e  to  t h e  p r e s e n c e  of t h e  t e r b i u m  ion.  
T h e  t e r b i u m  is i n c o r p o r a t e d  in t h e  h o s t  
lattice as Tb 3+. 

F o r  l i gh t  p o l a r i z e d  p e r p e n d i c u l a r l y  t o  t h e  
c axis,  a f ine  s t r u c t u r e  is o b s e r v e d  
w h i c h  m a y  be  a s s o c i a t e d  w i t h  t h e  ex- 
citon-phonon q u a s i - b o u n d  s ta te .  

P h o t o c u r r e n t  in  SnOe e l e c t r o d e  is d e p e n d -  
e n t  on  the  i n t e n s i t y  of t h e  l ight ,  wave-  
l e n g t h ,  a n d  t h e  a p p l i e d  po t en t i a l .  T h e  
photocurrent spectrum showed a sharp 
d e c r e a s e  n e a r  t h e  b a n d g a p  energy.  
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Fig. 1. U.V. absorption coefficient in Sn02 single crystals vs. 

photon energy for radiation polarized parallel and perpendicular 
to the c axis. 

same authors obtained values of 3.93 and 3.57 eV for 
the parallel  and perpendicular  gaps, respectively. Sum-  
mit t  et al. assumed that  the lower curved port ion of 
K 2 vs. h,  dependence represents the allowed indirect  
phonon assisted transitions, which could vary as (42) 

K : Ko'(hv -- Eg' • E~) 2 [3] 

where Eg' is the m i n i m u m  forbidden energy gap and 
Ep is the phonon energy. When a single phonon fre- 
quency is involved, the plot of K 1/2 vs. phonon energy 
should consist of two l inear  regions which extrapolate 
to Eg '  --~ Ep  and Eg' -- Ep, from which one can obtain 
both Eg' and Ep. Extrapolat ing the l inear  portions to 
zero absorption, Summit t  et al. obtained Eg' + Ep = 
3.72 and 3.42 eV for paral lel  and perlcendicular gaps, 
respectively. Broadening occurred at the bottom of 
both edges, but  it was found to be much larger at the 
parallel  edge. Broadening of the perpendicular  com- 
ponent  suggests that  several phonon frequencies par-  
ticipate in the absorption. Assuming Ep --~ 0.08 eV (the 
highest optical lattice mode),  the data obtained by 
Summit t  et al. give estimates for the m i n i m u m  energy 
gaps of Eg' (parallel)  --~ 3.7 eV and Eg' (perpendicular)  

3.4 eV. 
Differences in the shape of absorption curves at the 

two edges at low absorption were assumed to arise 
from forbidden transi t ions for light polarized paral lel  
to the c axis. To account for these observations, oxygen 
2p levels were assumed to split in the D4h crystal lattice 
into two valence bands, with a difference between the 
upper edges of about 0.3 eV. 

Summit  and Borrelli  (15) investigated the tempera-  
ture dependence of the u.v absorption edges in SnO~ 
crystals in the range between 20 ~ and 1300~ Their  
results for parallel  and perpendicular  edges are shown 
in Fig. 2. 

Above room temperatures  both edges shifted l inear ly  
with temperature,  where ~EJ_xT = 1.2 • 10 -3 eV/~ 
Between 20 ~ and 300~ the shift in the parallel  po- 
larized edge was about 1.4 times larger than that in the 
perpendicular  edge. Exper imental  results were fitted by 
the expression 

] Eg(T) = Eg ~ -- c exp -- 1 [4] 

where Eg ~ corresponds to T ---- 0 and c is a constant. 
The best fits were obtained when e ---- 196 ~ and 414~ 
for parallel  and perpendicular  edges, respectively. 
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Fig. 2. Temperature dependence of the u.v. absorption edges 
in Sn02 single crystals at absorption coefficient ~ 7 5  cm -1  for 
radiaffon polarized parallel and perpendicular to the c axis. 
Points are experimental values and curves are calculated from Eq. 
[4] where values of the parameters are: Eg ~ ~ 3.947, c = 0.231, 
0 ~ 195.8 for the parallel edge, and Eg ~ ~ 3.631, c _-- 0.510, 

__-- 414.7 for the perpendicular edge. 

Equation [4] may  be derived theoretically. For  ex-  
ample, for isotropic crystals it has been shown (43, 
44) that ,~Eg(T) fulfilled the following equat ion 

,~Eg(T)~  [ e x p  ( h w t  ~ _  ] - t  \ ~  / 1 [5] 

where ~, is the frequency of the longi tudinal  optical 
mode. Although theory has been developed in  detail  
only for isotropic crystals having a single ~i, this pro-  
portiona]ity is expected to apply general ly  to aniso- 
tropic polar crystals such as the te tragonal  SnO2. 

These results show that the tempera ture  shift of 
each edge may be determined by a single lattice fre-  
quency and that this frequency is different for the two 
edges. It also suggests that interact ion with an electron 
in one of the two valence bands is dominated by one 
mode while a second mode controls interact ion in  the 
other valence band. 

Wright e ta[ .  (11, 19, 24) have studied the optical 
properties of SnO2 crystals, obtained in their labora-  
tory (1). Reddaway and Wright  (11) studied the re-  
fractive index in the range from 0.35 to 10 #m, and the 
absorption coefficient from 0.31 to 0.5 #m. They re-  
ported direct absorption edges at 3.7 eV for polariza- 
tion perpendicular  to the c axis and near  4.1 eV for 
polarization parallel  to it. As was ment ioned above, 
Summit, Marley, and Borrelli  (9) in  similar  studies 
obtained the values as 3.6 and 3.9, respectively. For 
indirect absorption edges, Reddaway and Wright  de- 
termined 2.55 eV for polarization perpendicular  to the 
c axis and 2.45 eV for parallel  polarization. The au-  
thors observed also a peak at 3.36 eV for parallel  
polarization, possibly with an excited state at 3.72 eV. 

Extended investigations of optical properties of SnO2 
single crystals of good quality (i) have been carried 
out by Nagasawa and Shionoya (12, 16, 23, 25, 29-32). 
Nagasawa, Shionoya, and Makishima (12) estimated 
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the opt ical  bandgap  to be about  3.5 eV. As it was m e n -  
t ioned previously,  Kohnke  observed a sharp absorpt ion  
line at 3.07 ~m in na tu ra l  SnO2 crystals ,  which he a t -  
t r ibu ted  to O-H groups. Since the crysta ls  inves t iga ted  
by these authors  were  p repa red  using wate r  as one of 
the s ta r t ing  mater ia ls ,  the existence of O-H groups is 
quite possible. However ,  no de tec tab le  absorpt ion  l ines 
were  observed.  The  crys ta ls  g rown b y  this method  
were  found to show the luminescence of a b road  band 
wi th  a m a x i m u m  at 0.63 ~m by  the exci ta t ion of mer -  
cury  l ight  at room tempera ture .  

To obta in  informat ion  about  the na ture  of the band  
ex t r ema  in SnO2, Nagasawa and Shionoya (25, 32) 
s tudied in deta i l  the  t empe ra tu r e  dependence  of the  
optical  absorpt ion  edge in single crysta ls  of this ma te -  
rial.  Absorp t ion  edge spec t ra  for l ight  polar ized pa ra l -  
lel  and  pe rpend icu la r  to the  c axis, obta ined by  Naga-  
sawa and Shionoya  at var ious  tempera tures ,  are  shown 
in Fig. 3. As it is seen in this  figure, large  dichroism 
and shape difference be tween  spect ra  for l ight  po la r -  

ized pa ra l l e l  ( E I I  c) and  pe rpend icu la r  (E • e) to 
the  c axis are  r e m a r k a b l e  for the  whole  t empe ra tu r e  
range inves t iga ted  (7~176 This has been pointed 
out  p rev ious ly  by  Summi t t  et al. (9, 15). The spec t ra  

for E • c become s teeper  wi th  decreas ing t empera tu re  

whi le  the  spect ra  for E J] c do not show any not iceable  
change in shape wi th  t empe ra tu r e  except  for the  move-  
ment  of the ent i re  curve wi th  t empera tu re .  

As can be seen in Fig. 4, the  energy  and t empera -  
ture  dependences  of the  absorpt ion  coefficient in the  

spect ra  for E • c above 200~ a re  wel l  descr ibed by  
the empir ica l  Urbach 's  ru le  (45) which  is expressed  b y  

K ---- Ko exp [~o (by -- E o ) / k T ]  [6] 

where  Ko and Eo are  ma te r i a l  constants  and ~o is a 
constant  on the order  of unity.  Equat ion  [6] can also 
be wr i t t en  as 
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kT 
(hv)K = In(K/Ko) �9 + Eo [7] 

o" o 

where (hv)K is the photon energy for which the crys- 
tal shows an absorption coefficient K. From Fig. 5 it is 
seen that the data obtained by Nagasawa and Shionoya 
above 200~ are also in agreement with Eq. [7]. It 
was assumed by these investigators that the Urbach 
tail is attributed to transitions from a Fs- valence band 
(direct allowed for E • c) about 0.15 eV below the 
top, Fs +, valence band. Nagasawa and Shionoya, and 
also Agekyan (46, 47), have established the bottom 
conduction band and top valence band extrema sym- 
metries as FI + and F5 +, respectively. Urbach's empiri- 
cal rule has been found to hold for a number of semi- 
conductors and insulators (45); however, no satisfac- 
tory theory of this rule has appeared as yet. 

L o n g  w a v e l e n g t h  p r o p e r t i e s . - - S u m m i t t  and Borre l l i  
(10) inves t iga ted  the in f ra red  proper t ies  of synthet ic  
SnO2 crystals  and found that  the absorpt ion  coefficient 
m a y  be expressed in te rms of the car r ie r  concentrat ion,  
ne and wavelength ,  k, as 

K (cm -I) = 1.72 ne k 3 [8] 

where ne is given in 1018 cm -3 and k in ~m. Their ex- 
perimental results are shown in Fig. 6. The investiga- 
tions were carried out at a wavelength between 1 and 
3 #m. The magnitude and wavelength dependence does 
not change over the range 50~176 but the absorp- 
tion increases slightly while the wavelength depen- 
dence decreases with increasing temperature between 
300 ~ and 900~ Equation [8] suggests that this absorp- 
tion is due to quasi-free electrons. 
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Fig. 6. Absorption coefficients K of SnO2 single crystals at con- 
stant wavelength vs. carrier concentrations. 

I n  t he  case  of a b s o r p t i o n  b y  f r e e  ca r r i e r s ,  t he  a b -  
s o r p t i o n  coefficient,  K, is g e n e r a l l y  r e l a t e d  to t h e  w a v e -  
l eng th ,  ~,, in  t he  f o r m  K ,.- ~.,, w h e r e  p is t h e  n u m e r i c a l  
f a c t o r  d e p e n d e n t  o n  t h e  c h a r g e  c a r r i e r  s c a t t e r i n g  p r o c -  
ess. F o r  acous t ic  m o d e  s c a t t e r i n g  (40, 48, 49),  t h e  f r e e -  
c a r r i e r  a b s o r p t i o n  coeff icient  is t h e o r e t i c a l l y  p r o p o r -  
t i o n a l  to  )2 (p = 2) a n d  for  op t i ca l  p h o n o n  s c a t t e r i n g  
(50),  p = 2.5. T h e  v a l u e  of p is k n o w n  to e x c e e d  3 
for  ion ized  d e f e c t  or  i m p u r i t y  s c a t t e r i n g  (49-51) .  T h e  
d e p e n d e n c e  of t h e  a b s o r p t i o n  coefficient  on  ~3 b e l o w  
300~ o b t a i n e d  b y  S u m m i t t  a n d  B o r r e l l i  sugges t s  t h a t  
acous t ic  p h o n o n  s c a t t e r i n g  is no t  d o m i n a n t  at  300~K. 
T h e  l i n e a r  v a r i a t i o n  of K w i t h  ~e sugges t s  t h a t  s c a t t e r -  
ing  by ionized impurities is also unimportant at room 
temperature, because expressions for ionized impurity 

scat ter ing (49-51) indicate  that  the absorpt ion  coeffi- 
cient var ies  wi th  the product  neN, where  N is the  con- 
centra t ion of ionized impur i t ies  and nat ive point  de-  
fects. Thus, the resul ts  obta ined by  these authors sug-  
gest  that  the ma jo r  scat ter ing in the range  of t empera -  
tures inves t iga ted  is by  optical  phonons. Summit t  (18) 
inves t iga ted  the  in f ra red  reflection spec t rum of SnO2 
single crysta ls  a t  room t empera tu re  in the wave length  
range 10-50 ~m. The exper imen ta l  reflectance curves 
are  shown in Fig. 7 (a) and (b) for rad ia t ion  polar ized 
pe rpend icu la r  and para l l e l  to the c axis, respect ively.  
The points are exper imenta l ,  and the solid curves are 
computed from the classical  dispersion osci l lator  theory  
(52, 53) using the pa ramete r s  which gave the best  fit 
to the exper imenta l  curves.  

In  the  classical osci l la tor  analysis  of the reflection 
spectrum, i t  is assumed tha t  the  rea l  and imag ina ry  
parts  of the complex dielectr ic  constants are  re la ted  to 
a set of osci l la tor  pa rame te r s  by  the equat ions (52) 

4~:pjl,i 2 (vj 2 - -  ir 2) 
e' : t?. 2 --  k 2 --  e| + [9] 

j (~j~ --  ~)~  + "yj2vj2v2 

E" : 2nk : ~ 4~pjvf~j~jv [10] 
j (~,j2 __ y 2 ) 2  + ,~,j2pj2y 

where  e~ is the  high f requency  dielectr ic  constant, 4~pj 
the strength,  -~j the width,  and ~j the f requency  of the 
j th  oscillator. The reflectivity,  R, of rad ia t ion  at nor-  
mal  incidence is re la ted  to the ref rac t ive  index, n, and 
the ext inct ion coefficient, k, b y  

R = [ ( n - -  1) 2 + k2]/[(n + 1) 2 + k 2] [11] 

The number  of osci l lators in the  analysis  should be 
the min imum number  necessary for good agreement  
wi th  the exper imenta l  data, but  also should agree wi th  
the number  deduced f rom group theoret ica l  analysis  of 
the crys ta l  s tructure.  The results  of calculations by  
Summit t  for the cassi teri te  s t ruc ture  agree wel l  wi th  
the  exper iment  if four  la t t ice v ibra t ion  modes in te r -  
act wi th  in f ra red  radiat ion,  namely  three  oscil lators for 
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Fig. 7. Infrared reflectance spectrum of SnO2 single crystals. 
Points are experimental values and solid curves are computed from 
Eq. [9 ] ,  [10],  and [11] using the parameters of Table II; (a) 
radiation polarized perpendicular to the c axis. (b) radiation polar- 
ized parallel to the c axis. 
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Table II. Lattice-vibration parameters of stannic oxide from 
dispersion analysis of the infrared reflectance spectrum 08) 

P H Y S I C A L  P R O P E R T I E S  OF SnO2 M A T E R I A L S  

I 

EJ_a 
Fre- Ahsorp- 

quency ,  t ion  Line-  Polar-  Frac t ion  
~/27r strength, width, ization, polar- 

M o d e  ( a m  -~) 47rp .̂., io2 x 10 -~ izat ion 

tl 243 5,80 0.032 0.687 0.328 
t2 284 1.25 0.022 0,202 0.097 
t3 605 1.64 0.034 1.204 0.575 
11 273 0.007 0,003 
12 368 0.278 0.131 
13 757 1.830 0.865 

E l l a  
t 465 5.40 0.040 
1 704 

High f r e q u e n c y  d ie lec tr ic  cons tants  
e |  = 3.785 

e= II = 4.175 

I I 

radiat ion polarized perpendicular  to the c axis and a 
single oscillator for radiat ion parallel  to the c axis. 
The oscillator parameters  giving the best fit to the ex-  
per imenta l  curves are listed in Table II. The longi tudi-  
nal  oscillator frequencies found for the best fit to the 
exper imental  reflection curves are 243, 284, and 605 
cm -1 for radiat ion polarized perpendicular  to the c 
axis and 465 cm -1 for radiat ion polarized parallel  to 
the axis. Low frequency dielectric constants were esti- 
mated from this analysis to be 13.5 and 9.58 for E i c 
and E J J c, respectively. The E • c value was confirmed 
directly in a subst i tut ion bridge measurement  yielding 
15 • 1 for the f requency range 10'L10~ Hz. Reddaway 
(54) found the refractive index of crystals to be 2.0 at 
0.53 ~m for polarization perpendicular  to the c axis 
and 2.11 for polarization paral lel  to it. The absorption 
from 0.7 to 3 ~m in an t imony-doped SnO2 crystals 
was found by Reddaway to be approximately propor-  
t ional to h 3. This is in agreement  with Summit t  and 
Borrelli  (10) and is reasonably consistent with optical 
mode polar scattering. As it was ment ioned above, the 
theory of free-carr ier  absorption in this case was given 
by Visvanathan (50), and the measured absorption 
coefficient agrees approximately with this theory. 

Crabtree, Mehdi, and Wright (24) studied the inf ra-  
red absorption at room temperature  for reduced crys- 
tals with different carrier concentrations, n, and con- 
firmed that from 6.5 • 1016 to 8 • 1017 cm -3 the ab-  
sorption coefficient, K, is proportional to ne, which is 
in agreement  with the results obtained by Summit t  and 
Borrelli  (10). The dependence of log K against log ), is 
shown in Fig. 8 and gives a straight l ine with slope 2.5 
for the lower values of ne and 2.6 for the higher. These 
slopes are in excellent agreement  with the theory of 
Visvanathan (50) for optical mode scattering and con- 
firm that this is indeed the scattering process at room 
temperature.  The higher slopes observed by Summit t  
and Borrell i  (10) and Reddaway (55) are probably  due 
to the influence of the presence of impur i ty  scattering. 
On the basis of Visvanathan's  (50) calculations and 
data shown in Fig. 8, Crabtree et al. found the electron 
effective mass to be 0.17 too. 

For the optical reflection in  the Reststrahl region, 
Van Daal (20, 21) also concluded that polar optical 
modes with an average characteristic tempera ture  of 
1050~ dominate lattice scattering. He found that  the 
static dielectric constant for directions parallel  and 
perpendicular  to the c axis has values of about 9.0 + 
0.5 and 14 + 2, respectively. These values are similar 
to those obtained by Summit t  (18). This is in contra-  
diction with the commonly accepted values of 24.0 and 
23.4 found in the l i terature.  The lat ter  values are based 
on optical reflection data at room tempera ture  for nor-  
mal  incidence of polarized light in the far infrared, 
obtained as early as 1919 by Liebisch and Rubens 
(56). 

Nagasawa and Shionoya (29) studied optical t rans-  
mission spectra of as-grown and reduced SnO2 crystals. 

Specimen I 

2.0- x /  ~7 
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/x / 
c~ Specimen 2 0 jX I x  
- -  x ~  

~ x ~ " ~ e c i m e n  5 

o o'.2 0:4 o16 
I o g X  

Fig. 8. Infrared optical absorption coefficients of Sn02 single 
crystals as a function of wavelength. The charge carrrier concen- 
trations for specimens 1, 2, and 3 are 8 • 10 zT, 1017 , and 6.5 
X 1017 cm -3,  respectively. 

The results are shown in Fig. 9. Contrary  to the results 
of Summit t  and Borrell i  (10), the data of Nagasawa 
and Shionoya show that the value of p in relat ion of 
K ~ Zp increases with conduction electron concentra-  
t ion from p = 2.2 and 2.5 for the as-grown crystals to 
p = 3.1 for the reduced crystal. This may be due to 
the influence of ionized point  defect scattering at room 
temperature.  Nagasawa and Shionoya (30) also ob- 
served that  absorption in tensi ty  is sl ightly lower for 
oxidized crystals which is caused by decreasing the 
amount  of defect centers. Sufficiently oxidized crystals 
were found to exhibit  ra ther  large photoconductivity 
when irradiated with u.v. light. 

Exciton e]]ects.--Nagasawa and Shionoya (16) work-  
ing with good qual i ty (1) single crystals observed 
near  the fundamenta l  absorption edge a series of sharp 
lines having absorption coefficients less than 100 cm -z. 
Their results, obtained at 1.3~ are shown in Fig. 10. 
It  turned out that the photon energies of the main  lines 
found satisfy the relat ion for hydrogenlike series, and 
that the l ine corresponding to the principal  quan tum 
number  n = 1 is missing. This exper imental  relat ion 
can be expressed by the following equation (16) 

Ea = 3.5971 -- 0.0330/n 2 (eV) [12] 
or by (31) 

En = 3.5969 -- 0.0314/n 2 (eV) [13] 

where the quan tum n u m b e r  n = 2, 3, 4, and 5 repre-  
sents the energy states corresponding to the first, sec- 
ond, third, and four th  l ine in  the structure,  respec- 
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Fig. 9. Free-carrier absorption in as-grown and reduced SnO2 
crystals at room temperature. Straight lines present a relation K 
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single crystals at 1.3~ Photon energies of the main lines fuk 
filled the relation for hydrogenlike series when the number n - -  
I is missing. 

tively. Based on the fact that  in  the hydrogen series 
relat ion the line with n ~- 1 is missing and also that  
the absorption coefficients of the lines are quite small, 
the authors concluded that the observed s t ructure  
originates from a direct forbidden (second class) ex-  
citation t ransi t ion (57). 

To elucidate these spectra, Nagasawa and Shionoya 
(23) investigated the Zeeman effect of the exciton at 
1.8~ The magnetic  field was perpendicular  to the c 
axis and parallel  to the wave vector of the exciting 

photon q. In  the magnetic  field new absorption lines 
appeared on the higher energy side of each zero-field 
l ine and their intensities increased wi th  increasing 
magnetic field strength. With the magnetic  field para l -  
lel to the c axis no new lines were found, but  broaden-  
ing and energy shifts of the zero-field lines were ob- 
served. From group theoretical predictions based on a 
crystal field-split conduction band of t in  5s functions, 

both having their extrema at k = 0 ( r  point) ,  Naga- 
sawn and Shionoya concluded that  zero-field lines are 
transi t ions from the crystal ground state to the hydro-  
genic nP•  They also concluded that  in a magnetic  
field perpendicular  to the c axis of the crystal, P-+I and 
P0 states will be mixed, and in accord with this, P0 in-  
creases in s t rength as the field is increased if the mea-  

surement  is made in the geometry of H I c a n d / ~  II ; .  
One may now assign the new lines as nP0. In  Fig. 11, 
peak positions of the nP• and nPo lines which were 

observed with the geometry H I c and H I1 ; are plot-  
ted against magnetic  field strength. The energy shifts 
observed in the higher states are quadratic with respect 
to magnetic field strength, and hence may be due to 
the diamagnetic Zeeman effect, while those in n = 2 
states are main ly  due to l inear  Zeeman effects. 

An anisotropic-exciton-mass formalism has been de- 
r ived by Hopfield and  Thomas (58) and also by 
Wheeler and Dimmock (59), using the ellipsoidal effec- 
t ive-mass approximation. Wheeler  and Dimmock (59) 
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Fig. 11. The Zeeman effect of the exciton states in SnO~ single 

crystals at 1.8~ for H I c and H I[ q- On the left are shown 
the zero-fleld energies of the excitan states calculated semiem- 
pirically using the anisotropic-exciton-mass formalism. 

calculated exciton state energies in the absence of an 
external  magnetic field. The expressions obtained for 
exciton states nPo and nP• are, respectively 

Ref~ 
E~ -- Eg -- - - ~  (1 + 3=/5 -t- 9~2/28) [14] 

Reff 
E ,  = E~ -- ~ (1 -t- a/5 -t- 9a2/140) [15] 

where E~ and Refr are the bandgap energy and the ef-  
fective Rydbert  constant, respectively, and a is an 
anisotropy parameter  defined as 

= 1 --  ~.~exl~z [16] 

where t, and e are the exci ton-reduced-mass and the 
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low-frequency dielectric constant, respectively. Using 
the expressions [14], [15], and [16], Nagasawa and 
Shionoya (23) calculated energies of nP0 and n P •  
states (for n = 2, 3, 4, and 5). The values obtained are 
also shown in Fig. 11. Using the anisotropic-exciton- 
mass formalism, the authors  also calculated the effec- 
tive Rydberg constant, the bandgap energy, and the 
anisotropic exci ton-reduced-masses  at 1.8~ These 
were found to be 0.0345 eV, 3.5969 eV and #x = 0.33 ~no, 
#z = 0.39 mo, respectively. The results of Zeeman effect 
measurements  obtained by Nagasawa and Shionoya (23, 
31) are consistent with group theoretical predictions 
assuming oxygen 2p valence band and t in  5s conduc- 
tion band, both split by crystal field. 

At low temperatures  the spectra in SnO2 crystals 
begin with second class exciton transi t ions at r point. 
The absorption spectra for l ight polarized paral lel  to 
the c axis do not show l inear i ty  in  a log K vs. T plot 
and hence do not fit Urbach's  rule (45). It is possible 
that  these spectra are due to phonon-assisted indirect 
transitions.  Nagasawa and Shionoya (32) found that 
the best l inear i ty  between K and photon energy is ob- 
ta ined when K 2/7 is plotted against hr. They suggested 
that the spectra for E I t c may arise from fourth class 
optical transitions, but  this conclusion should be con- 
firmed by other investigations. By extending the cal- 
culations of Elliott (60) on the first and second class 
transit ions to the fourth class transition, Nagasawa and 
Shionoya found the following relat ion for energies far 
away from the edge 

96=ve ~ x 8 h r (2#) 9/2 
K : �9 E~/~ [17] 

175 c .-h9 

where e is the electron charge, x is a quant i ty  which is 
of the order of the atomic radius, N is the number  of 
uni t  cells in  the crystal, # = memh/ (me  Jr mh) is the 
excitation reduced mass, and E ----- hv -- Eg. The ex- 
per imenta l  results of Nagasawa and Shionoya are 
qual i tat ively in agreement  with Eq. [17]. The gradual  
onset of the E II c edge is a t t r ibuted to the fact that 
the r3 + --> r l  + t rans i t ion  is t r iply forbidden for E 11 c. 
It has been suggested by  Nagasawa and Shionoya (30) 
that the lowest energy direct-al lowed transit ions to 
the conduction band for E II c occur from a r2 -  valence 
band several tenths of  an eV below the r~ + and r s -  
bands. 

McRoberts and Fonstad (36) studied the thermal ly  
modulated optical t ransmission (61) of SnO2 crystals 
near  the fundamenta l  absorption edge, using polarized 
light, at temperatures  25 ~ 80 ~ and 115r Tempera ture  
modulat ion was accomplished by passing a pulsed heat-  
ing current  through the samples via ohmic contacts 
at the ends. The frequency of modulat ion was typically 
about 6 Hz. The t ransmit ted  signal was detected by a 
photomult ipl ier  whose output  was fed to two phase- 
sensitive synchronous amplifiers used in paral lel  to 
detect the 6 Hz signal, which was proport ional  to the 
change in t ransmit ted  intensity,  hi, and 210 Hz signal, 
which is proport ional  to the t ransmi t ted  intensity,  I. 
The ratio, • was then recorded directly using an  
analog divider. Neglecting reflection and thermal  ex- 
pansion, the measured quant i ty  hi/I ,  is proportional 
to the d K / d T  and to d K / d  ( ~ )  or wavelength  derivate 
of the spectrum. 

The effect of tempera ture  modulat ion is most evident  
by comparing the data taken at different temperatures.  
As can be seen from Fig. 12, 13, and 14, the p r imary  
change is the change in bandgap evidenced as the shift 
of the entire s tructure to lower energy with increasing 
temperature.  One can also see the broadening of the 
exciton structure, observed first by Nagasawa and 
Shionoya, as the tempera ture  is increased. At l lS~  
(Fig. 14) only the n ~- 2 exciton l ine is distinct. 

The structures A, B, C, and D in Fig. 12, 13, and 14 
have not been reported previously. They do not appear 
for the light polarized paral lel  to the c axis. McRoberts 
and Fonstad have suggested that these structures may 
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be due to the exci ton-phonon quas i -bound state 
(EPQBS) of Toyozawa (62). According to these au-  
thors, peak A may be associated with the EPQBS 
formed by the ls exciton level and 46 meV LO phonon. 
Peak B can be associated with the 2s exciton level and 
46 meV LO phonon; peak C with the ls exciton level  
and 95 meV LO phonon. Finally,  peak D may also in-  
volve the n > 1 exciton states with the 95 meV LO 
phonon, with little EPQBS binding energy indicated. 
Fonstad and McRoberts have also-suggested that peak 
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A is possibly a t t r ibutable  to a step in K produced by  
t runcat ion of the EPQBS Lorentzian lineshape at the 
band edge (63). Since this step would occur over an 
energy interval  of width kT, it is a quant i ta t ive rea-  
son for the decline in its derivative with increasing 
temperature,  as well as for the general  narrowness of 
peak A. 

The results obtained by Fonstad and McRoberts for 
light paralIel to the c axis indicate the onset of a 
direct-allowed t ransi t ion around 0.4 eV higher than 
the E i c absorption edge. 

Arl inghaus (64) calculated the energy band struc- 
ture  of SnO2 by a self-consistent augmented plane 
wave (APW) method. The calculation predicts SnO2 
to be a semiconductor with an allowed direct bandgap 
of 3.68, corresponding to the t ransi t ion rs + ~ r l  + for 
light polarized perpendicular ly  to the c axis. The anal -  
ogous optical direct gap for paral lel  polarized light 
corresponds to the r l -  --> r l  + t ransi t ion at 4.07 eV. 
Forbidden direct t ransi t ions are predicted around 3.5 
eV. Indirect  transit ions of somewhat lower energy are 
also predicted. The values obtained on the basis of 
theoretical calculations are consistent with the experi-  
mental  data discussed above�9 

Photoconduction.--Houston and Kohnke (13) in -  
vestigated photoconduction in SnO2 single crystals 
grown by a flux method from a cuprous oxide flux. 
The results of thermal ly  s t imulat ing current  procedure 
indicated the existence of three t rapping levels with 
average activation energies of 0.21, 0.52, and 0.60 eV. 
Comparison with dark conductivi ty data implied the 
0.60 eV trap to be associated w i t h  the compensated 
portion of these donor states responsible for the normal  
n- tyPe conductivity. The results of intr insic thermal  
quenching measurements  indicated the existence of a 
compensated acceptor level lying 0.33 eV above the 
valence band. The ratio of hole to electron capture 
cross sections for this level was found to be 7 X 102. 
The authors also found other semidiscrete levels (1.0, 
1.3, and 1.8 eV below the conduction band) .  However, 

it should be remembered that  crystals grown by the 
flux technique may contain many  uncontrol led im-  
purities and therefore it is difficult to in terpre t  the 
results obtained by Houston and Kohnke. In  fur ther  
measurements  carried out on the same single crystals 
the same authors (14) found the optical quenching of 
photoconductivity in a single band extending from the 
fundamenta l  optical gap at 4.0 eV down to a cut off 
indicative of a 1.3 eV activation energy, which is not 
in agreement  with the value 0.33 eV obtained by these 
authors from above-ment ioned thermal  quenching 
measurements.  Thermal ly  s t imulated emission in SnO~ 
single crystals grown by the Marley-MacAvoy tech- 
nique (39) were studied by Fillard, Gasiot, and Murcia 
(22). They found 5 trap levels in the forbidden band  
at 0.22, 0.44, 0.47, 0.56, and 0.7 eV. 

Cunningham, Marton, and Schlesinger (26, 27) in -  
vestigated the photoconductivity in SnO2 single crys- 
tals grown by  the hydrolysis of SnC14. Photoconductiv-  
ity was observed only in samples with resistivity higher 
than 10 ~ ohm-cm. The spectral dependence of photo- 
conductivi ty and the optical t ransmission spectrum ob- 
tained by  these authors are shown in Fig. 15. Photocon- 
ductivi ty was found to have a peak response at 370 nm 
corresponding to the absorption edge. Nagasawa and 
Shionoya (30) found two peaks at 37.37 and 3.8 eV in  
the spectral dependence of photocurrent  in  oxidized 
SnO2 single crystals grown by the same technique. 
Their  results are shown in Fig. 16. The first peak was 
claimed to have a fairly good reproducibil i ty from 
sample to sample, while the other showed a remarkable  
difference in sensit ivi ty from sample to sample. 

Cunningham, Marton, and Schlesinger (27) found 
the photoconductivity to be characterized by long rise 
and decay times. This is shown in Fig. 17. The rate 
of decay was found to depend on the crystal environ-  
ment. As can be seen from the figure, in  argon and 
ni trogen the curve was the same, and was indepen-  
dent of the gas pressure. The same decay curve was 
obtained in a vacuum of 10 -5 Torr. Introduct ion of 
air, oxygen, or water  vapor to the measurement  cham- 
ber dur ing the experiments gave rise to a marked in-  
crease in the rate of decay. On the other hand, the in -  
troduction of hydrogen caused a slight increase in  
conductivity. The authors found that the magni tude  
of steady-state photoconductivity varied with oxygen 
pressure as it is shown in Fig. 18. They suggested 
that  photoconductivity in  the crystals investigated 

.m 

e- 

x~ 

>- 

> 

Z 
0 
0 
0 
I-- 
0 
"1- 
12. 

I0 

5 

I I I 

/ 
I 

0 

I I 

40O 

k(nm) 

UJ 
0 
Z 

0.5 < 
F- 

O9 
Z 
< 
n ~ 
F- 

0 1.0 
3 0 0  5 0 0  

Fig. 15. Spectral dependence of photoconductivity (a) and trans- 
mittance (b) of Sn02 single crystals. 



Vol. 123, No. 10 

I 

1.0- 

N 

0 

~ 0.5- 
W 
O :  

0 

o 
I.-- 
o 
i Q. 

3.0 3.2 

P H Y S I C A L  P R O P E R T I E S  OF SnO~ M A T E R I A L S  

I t 1 

i. l i i 
3.4 3 6 3.8 4.0 4.2 4.4 

PHOTON ENERGY (eV) 
Fig. 16. Spectral dependence of photoconductivity of SnO2 single 

crystals. 

I I I 

~ -  __..(d) 

~ ' " " "  "- -- _(c) 

(b) 

(o) 

l J J 

0 5 0 0  I O O 0  15OO 

T I M E ( s )  

I 0.5 

-I.0 

x 

- I . 5  ~ 
w 

z 

-2.0 ~ 
w 

2 . 5  i 

2000 2500 

I0 
A 
r 

== 

>. 4 -  
I -  
> 

c~ s- 
C3 
Z 
0 
0 
0 
I - -  
0 
- r  
Q. 

Fig. 17. Decay of photoconductivity in Sn02 crystals in various 
atmospheres at room temperature: (a) in 02 at I atm, (b) in N2 
or Ar at 1 atm, or N2 and Ar at 2 Torr, or in vacuum (10 -s  Torr), 
(c) in N2 at 2 Torr followed by introduction of 02 at 1 atm after 
400 sec, (d) in N2 at 2 Torr followed by introduction of H2 at 
1 atm after 200 sec. 

0.5 

0.3 
0 

t = t i i i , i , I I I 

i i i i 

== 
" 0.4 
t i c  

<3 

I 05 

0.4 

0.3 
5 500 I000 0 I 2 3 4 

Po2 Ln (I/Po~ 

Fig. 18. Steady-state photoconductivlty change in SnO2 crystals, 
measured as resistance change ~R relative to dark resistance RD, 
as a function of surrounding oxygen pressure at room temperature. 

arose from photogenerat ion of electron hole pairs, hole 
t rapping at  O 2- ions, and desorption of oxygen atoms. 
The decay of photoconductivi ty in an oxygen atmo- 
sphere was suggested to be caused by absorption of 
oxygen atoms and re t rapping of electrons to give 
chemisorbed O -  ions, while the decay in an iner t  gas 
atmosphere or in vacuum was suggested to proceed via 
t rapping of electrons by intr insic surface traps. The 
authors also assumed that  the influence of water  vapor 
on the photoconductivi ty decay is caused by O H -  ions, 
which behave as surface acceptors as do chemisorbed 
O -  ions. On the other hand, hydrogen may give rise 

343C 

to a surface donor state, which would account for the 
observed increase in photoconductivity.  

Luminescence and phosphorescence.--Luminescence 
of as-grown SnO2 single crystals has received some at-  
tent ion (26, 33-35, 65). Cunningham,  Marton, and 
Schlesinger (26) found that  an excitation spectrum 
for blue fluorescent emission is s imilar  to that of pho- 
toconductivity. They also observed thermoluminescence 
above room temperature  after gamma irradiation, 
namely,  two m a i n  glow peaks, both corresponding to 
a blue emission. 

Phosphorescence emission from high resist ivity SnO2 
single crystals using Hg bulb  as the exciting source 
was investigated by Fi l lard et al. (33). The results are 
presented in Fig. 19. As can be seen from the figure, 
three emission bands exist centered at wavelengths 
0.44, 0.56, and 0.64 ~m. The authors found that at 77~ 
the total emitted light shows a complex dependence on 
time, due to many  kinds of levels involved; at room 
tempera ture  the signal decreases exponent ia l ly  with a 
t ime constant  �9 = 2.25 sec. The photoluminescence ex- 
citation spectrum has been found by these authors to 
be similar  to that of the phosphorescence. 

Crabtree (34, 35) investigated cathodoluminescence 
in  SnO2 crystals, as-grown and, doped with europium 
and terbium. Luminescence was caused by bombarding 
the crystals with 10 keV electrons. The cathodolumin-  
escence spectrum obtained by these authors for as- 
grown crystals is shown in  Fig. 20. The broad feature-  
less band obtained is like that found by Fi l lard et al. 
The emission spectrum of europium-doped SnO2 shown 
in Fig. 21 seems to comprise the intr insic emission 
band of the host lattice and bands due to the presence 
of the europium ions. In a rare earth ion, such bands 
are due to electronic transi t ions occurring among the 
inner, shielded 4f electrons. The orbits of the 4f elec- 
trons are so deeply bur ied  wi th in  the electronic shell 
that the energy levels are only slightly per turbed when 
the ion is placed within  a crystal. The spin-orbi t  split-  
t ing of the energy levels is about 1000 cm -1, while the 
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splitt ing of a given J level due to the crystall ine field 
is about 100 cm -1. Hence emission bonds are relat ively 
sharp and do not change much when a given rare earth 
ion is placed in  different hosts. It seems that  the euro-  
p ium ion is incorporated as Eu ~+ in SnO2. Similar re-  
sults have been obtained in  the case of SnO2 doped 
with te rb ium (35). 

Tin Oxide Films 
The optical properties of t in  oxide films were in-  

vestigated by many  authors [ (3-7, 17, 28, 37) see Table 
I]. Tshiguro, Sasaki, and Arai (4) measured the t rans-  
mission and reflection of highly conductive SnO2 films 
obtained by hydrolysis of SnCI4 on fused quartz or 
rock salt substrates. The conduction electron concen- 
trat ion in the samples was 1019-1020 cm -a. These speci- 
mens were almost perfectly t ransparent  in  the visible 
region and the fundamenta l  absorption began at about 
0.3 ~m extending to a shorter wavelength.  In the infra-  
red region, the t ransmissivi ty decreased gradual ly  
whereas the reflectivity began to increase. The authors 
found that the fundamenta l  absorption gap was at 
about 4 eV and the plasma frequency of carriers lay 
in the near  infrared region. They also found that the 
carriers in t ransparent  conducting films were scattered 
main ly  by ionized impurities. The refractive index of 
SnO2 films obtained by Tshiguro et al. (5) was found 
to vary with the wavelength from 1.92 at k ~- 0.5 ~m 
to the min imum value 0.87 at about 3.5 #m and 5.53 at 
30 ~m. 

Miloslavskii (6) investigated the optical properties of 
highly conductive (~ = 102-10 ~ ohm - I  cm -1) t ranspar -  
ent SnO2 films prepared by spraying anhydrous SnCI~ 
and SnC14 or alcohol solutions of these compounds on 
glass, and pyrolytic decomposition of these substances 
at 770~176 (66). The conduction electron concentra-  
t ion was 101s-1020 cm -~. The observed index of refrac- 
tion was n ---- 1.98 +__ 0.2 for ~ ---- 0.59 ~m. Absorption 
was studied in SnO2 films deposited on thin p lane-  
parallel  plates of rock salt single crystal. Two absorp- 
t ion bands were observed, namely:  a nar row band with 
a max imum at 16.4 #m and a wide band with max i mum 
at 8.5-9 ~m. The intensi ty  of both absorption bands in -  
creased with increasing conductivity. In  the case of 
films with high conductivity, widening and overlap-  
ping of the absorption bands were also observed. As 
the temperature  decreased from 490 ~ to 130~ a con- 
siderable increase of absorption coefficient of the two 
bands was observed. On the other hand, films of SnO2 
obtained by oxidizing thin films of t in  deposited by 
vaporization in vacuum had a considerably lower con- 

duct ivi ty (about 1 ohm -1 cm -1) and were t ransparent  
throughout  the measured range of the spectrum ( 1 - 1 8  
gm). Miloslavskii assumed that the appearance of the 
absorption bands in the films obtained by pyrolytic de-  
composition of chlorides is related to the introduct ion 
of a large number  of impur i ty  atoms, and at t r ibuted it  
to electron transit ions from the ground state of the 
impur i ty  centers to higher energy levels. He suggested 
that the long wavelength band corresponds to a t rans i -  
tion of an impur i ty  atom to an excited energy state, 
while the short wavelength  broad band  is due to a 
t ransi t ion to the SnO2 conduction band. This is indi-  
cated by the asymmetrical  shape of the absorption 
band,  i.e., a slow drop in  absorption in the high energy 
range and  a sharper drop in  the long wavelength 
range. The increase of these bands as the temperature  
decreases is caused probably  by an increase in the 
degree of occupancy by electrons in  the ground state. 
It seems that  the chlorine atoms are the impur i ty  cen- 
ters. 

Miloslavskii also investigated the optical absorp- 
t ion and electrical conductivi ty of SnO2 films doped 
with antimony.  The films were obtained by spraying 
SnC14 containing a small  amount  (several percent)  
of SbC13. He found that increasing the concentrat ion 
of SbC13 caused increases in both the electrical con- 
duct ivi ty and the absorption of these films. The films 
showed considerable absorption in the infrared re-  
gion. The short wavelength  end of the infrared ab-  
sorption extends into the visible range, which imparts  
a blue color to the films and reduces t ransmissivi ty  to 
50-70%. The absorption observed was suggested to be 
due to free electrons, contr ibuted by the Sb donors 
to the SnO2 conduction band. 

The influence of free carriers on the optical ab-  
sorption of conductive and nonconductive SnO2 films 
was investigated by Arai  (7). Conductive SnO2 films 
were prepared by  hydrolysis of SnC14 and were also 
obtained by vacuum evaporat ion of chemically pre-  
pared SnO powder. Nonconductive SnO2 films were 
obtained from conductive SnO2 or SnO by heat ing 
them in air. Arai found that in the visible region of 
the spectrum, optical properties of conductive and 
nonconduct ive SnO2 films were similar. However, in  
the u.v. region there were some differences observed 
between the absorption behaviors of these materials.  
This is shown in  Fig. 22. The absorption edge was 
found to be at 3.82 _ 0.030 and 3.71 ~- 0.025 eV for 
conductive and nonconductive SnO2 films, respectively. 
The temperature  change of absorption edge for both 
these materials was --2.0 • 10 -4 eV/~ Differences 
in the t ransmissivi ty and reflectivity of conductive 
and nonconductive SnO2 films were observed also in 
the infrared region. It is l ikely due to the difference 
of the concentrat ion of free electrons. Figure 23 shows 
the transmission and reflection curves of conductive 
Sn02 films doped wi th  antimony,  in the inf rared  
region as measured by Arai. 
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Spence (17) measured the optical absorption edge 
of vacuum-evapora ted  films of SnO2 at room tempera-  
ture. The absorption coefficient was determined by the 
simple formula  

K :-- (2.303/d) log10 ( l / T )  

neglecting the reflectance; where d is the thickness 
in cm and T is the t ransmission in  percent. From 
the dependences of K, K 2 and K 1/2 vs. photon energy, 
and the extrapolat ion of l inear  portions of these 
curves to zero absorption, Spence found that  the ab-  
sorption edge occurs at about 3.7 eV, with direct 
t ransi t ions indicated at about 4.3 eV and indirect 
transit ions at about 2.7 eV. The impur i ty  peak reported 
at 3.36 eV was also observed. The value of the ab-  
sorption edge is s imilar  to that found by ArM, and 
the values of direct and indirect transit ions are close 
to those measured by Reddaway and Wright (11) 
in Sn02 single crystals. 

The optical properties of S i - S n Q  n - n  heterojunc-  
tions were investigated by Nishino and Hamakawa 
(28). They carried out measurements  of t ransmission 
over the wavelength region from 220 to 1400 rim. 
Transmission spectra for two samples at room tem- 
pera ture  are shown in Fig. 24. The films have the 
abil i ty to t ransmit  about 90% and are almost t rans-  
parent  in  the wavelength  region above 350 rim. The 
absorption edge is seen near  350 nm as in the SnO~ 
films investigated by ArM (7). This edge is not sharp 
because of a polycrystal l ine film. The photovoltage 
spectra for Si-SnO2 n - n  heterojunctions measured at 
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Fig. 24. Transmission spectra at room temperature for two con- 
ducting Sn02 films deposited on quartz. 
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Fig. 25. Photovohage spectra in Si-SnO2 n-n heterojunction mea- 
sured at two temperatures. Amplitude of photovoltage is normal- 
ized at the maximum value. 

298 ~ and 83~ are shown in  Fig. 25. These relat ive 
spectra are normalized at the ma x i mum values of 
photovoltage. The photovoltaic response is seen to 
spread in  a wide wavelength range from 400 to 1200 
nm. The wavelengths giving the ma x i mum photovolt-  
age are the same for both spectra at 710 rim. I t  is 
seen that  the Si-SnO2 photodiode would be applicable 
as a photosensor having the response in  a wide wave-  
length region which is wider than a commercial sil- 
icon photodiode. 

Kim and Lai t inen (37) investigated the electro- 
chemical behavior of thin film SnO2 electrodes under  
sub-bandgap energy photoexcitation. They found that  
photocurrents were dependent  on the intensi ty  of the 
light, wavelength,  and the applied voltage. The photo- 
current  spectrum showed a sharp decrease near  the 
bandgap energy. The authors assumed that this photo- 
current is due to the oxidation of water in the electro- 
lyte by holes at the permitted energy levels in the 
bandgap region. These energy states may be formed 
by the presence of impurities. 

Conclusions 
Allowed direct transit ions in  SnO2 crystals were 

found at 3.57 eV (3.7 eV) and 3.93 eV (4.1 eV) for 
radiat ion polarized perpendicular  and parallel,  re-  
spectively. Indirect  transit ions were found at 3.42 and 
3.72 eV for light polarized perpendicular  and paral lel  
to the c axis, respectively. 

At low temperatures,  the spectrum for E I] c begins 
with second class exciton transit ions at the r point, 
while at temperatures  higher than 2C0~ the spectrum 
may be interpreted in  terms of Urbach's  rule. It  was 
suggested that the spectrum for E 1] c may arise from 
fourth class optical transitions. Studies of the thermal ly  
modulated optical t ransmission showed structures for 
E II c which may be due to the exci ton-phonon quasi-  
bound state of Toyozawa. 

Static dielectric constants have been found to be 9 
and 14 for radiat ion polarized parallel  and perpendicu-  
lar to the c axis, respectively. Investigations of infrared 
absorption showed optical polar scattering of carriers 
at room temperature.  Electron effective mass was 
found to be 0.17 mo. Anisotropic exci ton-reduced-  
masses have been estimated to be #~ ----- 0.33 mo and 
~z = 0.30 too. 

Measurements of photocurrents in SnO2 crystals 
showed m a n y  t rapping levels of unknow n  origin. 
Photoconductivi ty was found to have a peak at 370 
nm and to be characterized by long rise and decay 
times. The rate of decay was found to depend on the 
crystal environment .  

The luminescence and phosphorescence spectra of 
SnO2 crystals were also investigated but  these phe- 
nomena are not elucidated yet. The optical properties 
of SnO2 films are approximate ly  similar  to that of 
single crystals. 
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Building a Better Electrochemical Mousetrap I 

Robert Burns MacMullin 

Robert B. MacMullin presents the Electrochemical Engineering and 
Technology Award Address. 

Mr. President:  This award, much appreciated by  me, 
comes in the late November of my career. On this fine 
day in  early May, it seems appropriate to re tu rn  the 
cash part  of the Award to the Society for re inves tment  
in the Fund,  hopefully to encourage younger  men  to 
wri te  and to publish the future  chapters in electro- 
chemical engineer ing science and technology. 

Electrochemical engineering is not real ly a new dis- 
cipline. There used to be a Course XIV by that name at 
MIT. I graduated as a chemical engineer, Course X, and 
drifted into electrochemistry from necessity. After all, 
the Mathieson Alkali  Works Incorporated had been 
making  chlorine and caustic soda at Niagara Falls since 
1897. In  1920 I was to become famil iar  with acres and 
acres of Castner amalgam cells, the rocking variety, 
which then operated a t  about a thousand amperes. My 
first assignment was not electrochemical at all, just  
chemical: finding new uses for by-product  chlorine. Up 
to that  time, all the chlorine was converted to old- 
fashioned bleaching powder which was used, among 
other things, for the disinfection of outdoor toilets! As 
t ime went  on, I became involved in devising bet ter  
mercury  cells, and even in making other commodities, 
such as metall ic magnesium, in new types of electro- 
lytic cells. 

I stayed with Mathieson unt i l  1945. Since then, as a 
consultant,  I have been helping clients in their  efforts 

to make a wide variety of products b:~ the electrochem- 
ical route. My field, then, is electrosynthesis, or if you 
prefer, e lectrowinning such things as metals, inorganic 
chemicals, and organics. 

In the early days electrochemical engineer ing was, 
by and large, an art. In  1920, you flew by the seat of 
your pants. As t ime went  on, theoretical electrochemis- 
t ry  became better  understood. Young engineers learned 
some of the lingo, and began applying it on a scale of 
kiloamperes rather  than mill iamperes.  This more scien- 
tific approach has come to be called electrochemical en-  
gineering. Even so, art still plays an impor tant  role. In -  
novat ion is an art, and you can' t  contr ibute much to 
electrochemical engineer ing without making  innova-  
tions. 

It is beyond my competence to describe the whole 
field, even if there were time. I have been personal ly 
involved in a n u m b e r  of unexpected and rather  s tart-  
l ing developments, and I propose to share a couple of 
these with you, to show what I mean  by innovation.  As 
a guideline, I will take as my theme, "Building a Better 
Electrochemical Mousetrap." 

YOU DREAM OF A BETTER MOUSETRAP 
The world is wait ing for it. Why not an electrochem- 
ical mousetrap? 
YOU START TO WORK ALONG CONVENTIONAL 
LINES 
You design the mousetrap, making use of all availa-  
ble technology. 
YOU MAKE A DISCOVERY WHICH SEEMS TO 
VIOLATE ALL PRECONCEIVED NOTIONS 
The mousetrap doesn't  work the way you hoped it 
would, but s t rangely works better  if you tu rn  it up-  
side down, or inside out, or if you leave out a part. 
YOU HASTEN TO UNRAVEL THE MYSTERY 
You t ry  everything in the book, including thermo-  
dynamics, kinetics, engineering, plus a l i t t le black 
art. You wind up with a new set of rules, including 
scale-up. 
YOU WAKE UP, YOU HAVE YOUR BETTER 
MOUSETRAP, BUT 

It is ahead of its time, no market.  
or, It 's too costly to make, you can't  sell it. 
or, You may dream again of a still bet ter  mousetrap. 
Backers are scarce. 
or, Everthing clicks. You build a plant  and r un  into 
other problems. 
or, Your dream is fulfilled, and eventual ly  you get 
out of the red. 

It so happens that both my chosen examples wound 
up in the same category: they were ahead of their  
times. They both follow the pat tern  for the bet ter  
mousetrap. The inventions, of course, were adequately 
patented, but  patents are poor media for describing the 
drama of innovation. The sophisticated electrochemical 
technology that  was born still ties buried in corporate 
archives. Both examples deal with my long interest, 
bordering on passion, for electrochemistry in porous 
media. The first example concerns the electrowinning 
of t i tan ium metal, and the second, the electrofluorina- 
t ion of hydrocarbons. 

359C 
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Electrolytic Titanium 
Right after World War II, there was considerable ex-  

ci tement over the possibility of using t i tan ium metal  in 
airframes and in gas turbines.  Ti, a strong refractory 
metal  with a density of only 4.5, became glamorous, 
and there was a scramble to develop viable, economic 
processes for its manufacture.  (Fig. 1). The Kroll  proc- 
ess led the way, using magnes ium metal  to reduce t i ta-  
n ium tetrachloride. I ' l l  call this "tickle 4" for short. The 
substi tut ion of Na for Mg followed soon after. The Ti- 
C14 was made by the reductive chlorinat ion of futile, 
a ra ther  expensive t i t an ium oxide ore. Only step 3 is 
electrolytic, and both Mg and Na were commercially 
available, and looking for new outlets. 

In  1950 the New Jersey Zinc Company got the idea of 
bui lding a bet ter  mousetrap, an electrochemical mouse- 
trap (Fig. 2). They  already had a stake in  Quebec I ron 
and Ti tan ium Limited which produced t i tan ium slag 
high in TiO~ from cheap Canadian ilmenite.  More than  
eight years of effort and many  mill ions of dollars were 
spent in perfecting this process and demonstrat ing it in 
a large pilot plant, using commercial prototype cells. 
Meantime, t i t an ium lost its glamour when the Air 
Force canceled its plans for t i tan ium aircraft. All  
hands then turned to the problem of finding other uses 
for the metal. The NJZ process was moth balled and 
rests in its cocoon to this day. 

I propose to describe some of the electrochemical 
paradoxes that were encountered dur ing this eight-  
year campaign to make a better  mousetrap, and how a 
new technique in electrochemical engineering was de- 
veloped to resolve the paradoxes. 

A low melt ing eutectic of potassium, li thium, and so- 
dium chlorides was chosen as support ing electrolyte, 
and cells were operated at about 550~ 200 ~ above 
the freezing point  (Fig. 3). Now, TIC14 does not ionize, 
and has a very l imited solubili ty in such a bath. The 
lower chlorides, however, are quite soluble, and ionize. 
The trick, then, was to carry out the process in stages, 
either sequentially, or in designated zones in the cell, as 
shown in Fig. 4. 

How do you keep these zones separated? If you don' t  
separate them, the lower chlorides would be rechlori-  
hated at the anode, and the current  efficiency would be 
essentially zero. Obviously a permeable diaphragm of 
some sort was needed. A var ie ty  of porous ceramics 
was tried, but  they all failed in one way or another. 

I) 

2) 

3) 

2TiCl3(s ) - - -~  2TiCl2(s ) + Cl2(g) 
2 Faradays 

TiCl4(g) + T iCl2(s)  = 2TiCl3(s ) 
chem react ion 

T iCl2(s)  ---~" T i (c )  + C]2(g) 
2 Faradays 

TiC14(g) - - ~  T i (c )  + 2C1 2 
4 Faradays 

Figure 3 

CATHOLYTE ZONE 

Aux cathode, 2Ti +3 + 2e- = 2Ti +2 

Absorpt ion,  Ti +4 + Ti +2 = 2Ti +3 

Main cathode, Ti +2 + 2e- = Ti 0 

ANOLYTE ZONE 

Graph anode, 4Cl = 2Cl2(g) + 4e- 

Figure 4 

KROLL TYPE PROCESSES 

I) TiO 2 + C + 2Cl 2 = TiCl 4 + CO 2 
ruti le 

2) TiCl 4 + 2Mg = Ti + 2MgCl 2 

electrol. 
3) 2MgCl 2 ....... ~- 2 Mg + 2Cl 2 

2) 

3) 

TiCl 4 + 4Na = Ti + 4NaCl 

4 NaCl ele_ctro~ 4Na + 2Cl 2 

Figure 1 

NEW JERSEY ZINC CO'S DREAM 

I) TiO 2 + C + 2CI 2 = TiCl 4 + CO 2 
slag 

2) TiC1 4 ~le_~s Ti + 2CI 2 

Figure 2 

Figure 5 

In  1955 I got the notion to do some research on my 
own, in my small cellar laboratory, on the characteris- 
tics of porous beds and structures (Fig. 5). I worked 
out the relat ion between permeabi l i ty  to viscous flow, 
and the electrical conductivity of such porous struc- 
tures when saturated with electrolyte. The relat ion is 
shown in Fig. 6. 

This equation is valid only if the solid matr ix  of the 
porous s tructure does not conduct. It  is based on the 
notion that, in a porous insulator  saturated with fluid 
electrolyte, the constraints to Iaminar  fluid flow should 
be the same as the constraints to electrical current  flow. 
In  both cases, the flux is proportional to the gradient. 
The t ru th  of this was easily demonstrated, using 1000 
Hz a.c., and also using d.c. 



Vol. 123, No. 11 E L E C T R O C H E M I C A L  E N G I N E E R I N G  AND TECHNOLOGY A W A R D  

2 A MacMull in, Muccini 1956 m = k --~ 
P P. 

m hydr. radius, sp. voids/sp, surf. cm 
P permeabi I i ty, cm 2 
p sp. resist, porous body, sat'd with 

electrolyte 
sp. resist, electrolyte in pores 

k a universal constant = 3.67 

Figure 6 

If you switch to a porous matr ix  that  conducts, such 
as porous metal  or porous graphite, and use a.c., both 
t h e  electrolyte in the pores and the matr ix  itself con- 
duct, and the pathways for current  flow are not the 
same as for fluid flow (Fig. 7). 

On the other hand, if you use d.c., and take care that 
the potential  be tween the electrolyte in the pores and 
the metall ic matr ix  does not exceed the decomposition 
potential  of the electrolyte, as in the center figure, no 
electrons are exchanged be tween the phases. The d.c. 
is constrained to the pores, and the analogy between 
fluid flow and electrical flow is restored. 

Lastly, if the voltage drop across the conducting por-  
ous solid exceeds the decomposition voltage of the elec- 
trolyte, as in the lower figure, the matr ix  also conducts. 
The erstwhile porous d iaphragm becomes a bipolar 
electrode, and its usefulness as a separator is destroyed. 

Once these concepts were understood, let us see how 
the NJZ team made use of them. Why not use the den-  
dritic, and therefore porous, deposit of t i t an ium metal  
on the cathode as the diaphragm? The geometry is best 
seen on the drawing of a l andmark  patent  by C. E. Bar-  
nett, U.S. Pat. 2908619 (Fig. 8). 

Chlorine is evolved on the central  graphite anode 11. 
The cathode is a cylindrical  Inconel  sheet 3, closed on 
the bottom 4, and the walls are punched out with round 
holes, or windows 5. TIC14 is introduced through pipe 
13 dipping into the bath  in  the catholyte zone. A small  
concentrat ion of TIC13 and TIC12 can be quickly bui l t  
up by adding some off-grade Ti powder to this zone, 
since it will react With TIC14. When the current  is 
turned on, a dendri t ic  deposit of Ti metal  forms and 
quickly spreads over the holes. From then on, the ano- 
lyte and catholyte zones are separated. 

What  happens then? There are no soluble Ti ions in 
the anolyte, so Ti cannot deposit on the near  (proxi- 
mal)  side of the cathode. However, the d.c. flows 
through the pores in the metal  diaphragm to the other 
side where the soluble Ti ions are, and deposit Ti metal  
on the back (distal) side of the cathode. The way the  
deposit grows is shown in the next  sequence of figures. 

On the left in Fig. 9, an enlarged view of the holed 
cathode. On the right, a cross section showing cathode 
and anode. 

In Fig. 10, current  paths are shown with solid lines, 
and the Ti deposit with dashed lines. Left, the current  
has been turned  on and dendrites of Ti cover the holes. 
Right, the deposit starts to spread out over the cathode 
and the distal deposit becomes continuous. 

(~ electrolyte 

porous conducting solid 

{~.,~ pores li~.~: I cond. 
AV<E 

i l l  _ 

, I 

I , j 
I 
i 

E 

I 9C 
I 

. . . .  T . . . . .  
I 

I 

± 

\ i 
0 \ 1  - -  

;q__ 

~)]L~ m a t r i x  cond. ~ )  
,&V>E 

Figure 7 

3 6 1 C  

C. E. BARNETT US PAT. 2,908,619 
Figure 8 

Left in Fig. 11, a heavy deposit is bui l t  up at high 
current  density. Right, last stage and prior  to opening 
the cell, the soluble Ti chlorides are stripped from the 
catholyte at a lower current  density. The ful ly devel-  
oped deposit is several inches thick. Cont inuat ion 
would lead to deposition of Na on the proximal  side. 
At this point the cathode is pulled from the cell and 
harvested. 

Now let's look at the voltage dis t r ibut ion for the clue 
as to how thick the deposit may be before Na deposi- 
t ion ruins the current  efficiency (Fig. 12). Ea is the 
equi l ibr ium potential  for C12 evolut ion from the chlo- 
ride melt, and ~la is the chlorine overvoltage. The slope 
of the IR drop in the bath is its resistivity. The slope is 
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Figure 11 

VOLTAGE DISTRIBUTION FOR DISTAL DEPOSITION 

TiC[4 + TiCI 2 
= 2 T I C I ~  

AUXILIARY 
CATHODE 

Ti --Ti 

Ti+ 2~_ TI~ ~" 

G 

i ~ / /~  PERFORATED 
~'m~l / CATHODE E o , CF- ,CI 2 

i i ~  i~" J 'CI2 ho o.v, 

DEPOSIT l I 
E ,MUST BE LESS 

E c ,Ti ++, Ti THAN E c ,No +, Na 
~c,Ti o.v. 

Til l3 I IR,IN Ti METAL ' 
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higher wi thin  the deposit because only the pores con- 
duct. TIC14 is fed between the two cathodes and reacts 
with the TiCI2 present to form TIC13. The TIC13 is re-  
duced to about TIC12.2 at the auxi l iary cathode, which 
may be the pot wall. 

Ec is the equi l ibr ium potential  for deposition of Ti 
metal, and ~]c is the overvoltage,  actual ly quite small. 
Electrons are given up by the Ti deposit at the bath in-  
terface, and there  is a small  IR drop as the current  
flows into the Inconel cathode. 

Now the voltage drop marked  E must  be kept  less 
than the alkali  meta l  deposition potential, otherwise 
the alkali  metal, Na in this case, will  form on the proxi-  
mal  surface of the cathode. The sodium would back re-  
act with the chlorine, and this would be fatal to the cur-  
rent  efficiency. 

We are now ready to apply some electrochemical  en- 
gineering t o  the unique and start l ing concept of metal  
deposition on the back side of a cathode! 

EUTECTIC BATH 

41.6% LiCl, 53.2% KCI, 5.2% NaCl 
MP, 350~ Oper. temp., 550~ 
Sp Gr bath, 1.66 metal, 4.50 

TYPICAL DENDRITIC DEPOSIT 

Ti content, 45 wt % 
0.038 Ib Ti / cu in 

Vol. fraction occupied by bath, 
r = 0.768 

Figure 13 

Figure 13 presents the salient facts about the bath 
and the deposit. 

An easy way to measure the resistivity of the deposit 
as it builds up is to open the cell switch and measure 
the back emf (Fig. 14). The slope of the l ine is the re-  
sistivity. The slope, natural ly,  depends on the percent  
of Ti in the deposit, as this determines the void fraction 

occupied by electrolyte. 
At this point I will digress to explain, in a simple 

way, how current  flows through the pores of several 
kinds of diaphragm. 

Figure 15 shows a sheet made porous by punching 
out straight capillaries of uniform cross section, normal  
to the sheet. The pores are filled with electrolyte of re- 
sistivity po. The resistivity of the specimen is p, and it 
is easy to see that  p is inversely  proport ional  to the 
open area of the pores, which is identical  to the void 
fraction e of the sheet. We will characterize the sheet 
resistivity by the dimensionless n u m b e r  Nr = e �9 p/po. 
For this special kind of diaphragm, Nr -- 1. 

A more na tura l  kind of porous body (Fig. 16) con- 
tains uni formly dispersed pores of i r regular  shape, 
these pores being interconnect ing and isotropic. If we 
apply a voltage gradient  along the x axis, only the 
pores l ined up in this direction conduct. Those l ined 
up in the y and z directions see no voltage gradient  
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/ I 

It I Only 113 of pores are 
/ I aligned along x axis 

( ~ ~  = 2 .5  to 3 

Figure 16 

and do not conduct. For this kind of d iaphragm w e  
find that  Nr = 2.5 to 3, approximately�9 

Figure  17 shows a dispersion of nonconduct ing 
spheres, such as glass beads or gas bubbles,  in a con- 
duct ing medium. The matrix,  in this case, is the l iquid 
medium, ra ther  than  the solid. According to Dr. Tobias, 
the resist ivity ratio equals the void fraction to the 
minus  3/2 power. Therefore, Nr = e -~ 

If our d iaphragm is made up of layered fibers (Fig. 
18), as in sheet asbestos, or mats of metal, glass or 
carbon fibers, the resist ivity ratio turns  out to be sur-  
pr is ingly close to that given by the Tobias equation. 
From work done by Dr. Meredith, p/po = e-1.54 over 
the range of interest. Therefore, Nr ----- e -0'54. 

How does the dendri t ic  deposit of t i t an ium behave? 
Does it resemble any of the diaphragms just  shown? 
The dendrites are treed, and contain some spherical 
nodules as well�9 

Observe in Fig. 19 how the Nr changes with the den-  
sity of the deposit. We can easily vary  the percent  of Ti 
in  the deposit by  adjust ing the concentrat ion of the so- 
luble Ti in the catholyte, and also by varying  the cur-  
rent  density. 

In  Fig. 20 we have plotted the relative conductivity 
of the deposit against the volume fraction of salt in the 
deposit. See how the conductance of the deposit de- 
creases as the weight percent  Ti is increased. As indi-  
cated, one l ine shows, for comparison, what  the curve 
should be for dispersed spheres, and another  line, for 

x 

UNIFORMLY DISPERSED 
NON-COND. SPHERES 

= void fraction 
between spheres 

De La Rue, Tobias: 

p /& 

PIpo 
Figure 17 
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layers of fibers. The agreement  is good at about  45% Ti. 
Beyond about 50% Ti the relat ive conductivi ty rapidly 
declines, and at 70%, approaches that of a typical po- 
rous solid with interconnect ing pores, such as porous 
porcelain. The preferred deposit contains 45% Ti, which 
is easily achieved in actual operation. 

For a safe back emf of 3.2V, Fig. 21 shows the allow- 
able product  of current  density and thickness of de- 
posit, as a function of the percent  of Ti in  the deposit. 

Figure  22 shows that  heavier  deposits are obtained 
by sacrificing current  density. In  any case, the opt imum 
kind of deposit would appear to contain 45% Ti. From 
here on, the engineer ing problem consists in evaluat ing 
the trade-offs between amount  of metal  harvested, and 
the t ime required to bui ld the deposit. Optimization 
studies indicated the data shown in  the next  figure. 

Harvest ing the Ti from a cell is the last step of a four-  
step cyclic process (Fig. 23). The pilot p lant  cells, rated 
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at 14 to 18 kA, were  thus able  to produce  600 lb of 
metal ,  f rom which 500 lb of on -g rade  sponge was r e -  
covered. The harves t ing  of the  Ti tu rned  out to be ab-  
su rd ly  simple. When the cathode is l i f ted out of the cell, 
the  s t i l l -mol ten  salts in the deposi t  protect  i t  f rom oxi-  
dat ion in the  air. If exposed, i t  is pyrophor ic .  If  you  
drop the loaded cathode onto a hard  surface before  the  
sa l t  freezes, the  impact  causes the  whole  deposi t  to 
s lump off. The deposi t  is then  a l lowed to freeze, and 
the frozen sal t  protects  i t  f rom the  a tmosphere .  Oxida-  
t ion losses dur ing  fu r the r  processing are  minimal .  

F igu re  24 presents  some key  figures for a conceptual,  
semicommerciaI  p lan t  having  a nomina l  capac i ty  of 10 
shor t  tons of on -g rade  sponge per  day.  The  average  cell  
vol tage  is 8.2V, and the cur ren t  efficiency is over  75%. 
About  80% of the  harves ted  deposi t  can be recovered  as 
on-spec Ti, and the off-spec Ti is recycled  to the  cells. 
The energy  consumpt ion is about  10 d -c  kWhr  per  
pound of on-spec metal .  

F igure  25 is the conceptual  flow d i a g ra m for making  
t i t an ium ingots f rom t i t an ium slag. There  are  three  r e -  
cycling operat ions.  Chlor ine  f rom the cells, together  
wi th  a smal l  makeup,  is used to make  TIC14. The salt  
in the deposit  is leached out and recovered  because of 
its va luable  l i th ium content.  Off-spec Ti fines, conta in-  

KEY FIGURES 10 ton/day Ti, BHN -I00 

Cathode, 42x52.5 in Deposit 2.3 in th 
Cells on line, 78 
Cells harvested, 41 per day 
C.D. st'dy, 2 asi strip, 1.4 asi 
Avg cell voltage, 8.16 volts 
DC KAH/Ib good metal, 1.2 
DC KWH/Ib good metal, about 10. 
Yield good Ti from cath. sponge, +80% 
Off grade Ti refined by recycling. 

Figure 24 

Slag = TiCIs PREP'N ~ Coke 
' J - -  ~'" Cl -="  2 

, ~ ELECTROLYSIS~" 1 
I f i n e s  ~ d e p o s i t  s a l t  I 
I SALT LEACH = 
, I 
' ..I ~ ' 

[-BENEFICIATION SALT REC'Y-J 

VAC ARC MELT 

TITANIUM INGOTS 

Figure 22 Figure 25 



Vol. 123, No. 11 ELECTROCHEMICA L E N G I N E E R I N G  AND TECHNOLOGY A W A RD  365C 

ing nonmetal l ic  impurities,  are recycled to the cells for 
the bui ldup step. There is a small  charge for addit ional  
ampere hours as they are refined in  subsequent  steps. 
The on-spec sponge has a Brinel l  hardness less than 
100, and is equal to the best metal  made by the Kroll  
process. 

Summarizing,  I th ink  this case history il lustrates 
very  well our theme about the bet ter  eIectrochemical 
mousetrap. The convent ional  approach didn ' t  work be-  
cause we couldn' t  find a suitable ceramic diaphragm. 
So we left out the diaphragm. We punched holes in  the 
cathode to force deposition of metal  onto the back side 
of the cathode, a t ru ly  revolut ionary  idea. The conse- 
quences of this mode of operation were ful ly explored 
and applied to the problem of scale-up. The better  
mousetrap worked very well on a large pilot scale. But: 
the bet ter  mousetrap was ahead of its time, the market  
wasn ' t  there, and the dream of commercial rewards has 
remained unfulfil led to this day. 

Electrochemical Fluorination of Hydrocarbons 
Prior to 1986, the only known method for electro- 

chemical f luorination of organic compounds was by the 
technique invented  by J. H. Simons (Fig. 26). The or- 
ganic was dissolved in a bath of anhydrous HF con- 
ta ining some KF to make it conductive. Nickel elec- 
trodes were immersed in the bath, and fluorine gas was 
generated at the anodes, hydrogen gas at the cathodes. 
The F2 thus generated reacted with the H atoms in  the 
organic, as shown. The heat generated exceeds that re-  
quired to break the carbon-carbon bond, and scission 
of the carbon chain was frequently encountered. 

As reported in This Journal in  1964, researchers at 
Phillips Pet ro leum Company had successfully electro- 
chlorinated l iquid hydrocarbons at a porous, flow- 
through carbon anode, using aqueous hydrochloric acid 
as the electrolyte. It then occurred to them that it 
might  be possible to electrofluorinate hydrocarbon 
gases or vapors in a conventional fluorine cell, The only 
change would be to use a porous carbon anode, so that 
the hydrocarbon feed could be forced through the an- 
ode. The electrolyte was anhydrous KF.2HF, the 
strength being maintained by adding HF as fast as it 
was depleted by electrolysis. They tried it, and it 
worked. 

Curiously, there was no breakdown of the carbon 
chain. Why? As it turned out (Fig. 27), they weren ' t  
f luorinating with F2 gas, bu t  with an in termediate  ad-  
dition product C . . .  Fz. The voltage required to l iber -  
ate free F2 from HF is about 2.9V, while that required 
to form the complex is only about 1.75V. From this in -  
formation, the heat of the reaction shown in the figure 
is only about 60 kcal, not enough to break any carbon- 
carbon bonds. 

Another  curious thing was noted. The bath did not 
seep into a used porous anode. Why? The fluorinated 
surface of the carbon, inside and out, was hydrophobic 
to the electrolyte. To force the bath into the pores 
would require a hydrostatic pressure great enough to 
overcome the repulsion of the hydrophobic surface. For 

Sl MONS' CELL 

PHILLIPS PETROLEUM CO'S CELL 

Fox, Ruehlen & Childs, JECS 1971 

Porous carbon anodes 

RH + C . . . F  2 = RF + H F + C . . .  

Z~ H = about -60 kcal 

R e s u l t ,  no s c i s s i o n  o f  R 

Figure 27 

a depth of immersion of 4 to 6 inches, the porous anode 
remained dry. 

This led Messrs. Fox, Ruehlen, and Childs to the idea 
of introducing the feed gas into the open bottom of the 
porous anode (Fig. 28). The bath, pressing against the 
sidewalls of the immersed anode, sealed off the escape 
of gas, which then exited above the bath leveI. The 
feed gases rose through the dry porous anode like hot 
gases in a chimney. When the current  was tu rned  on, 
the C . . . F~ was formed at the anodic surface and,  
mirabiZe dictu, the hydrocarbon gas was fluorinated as 
it flowed by! Thus, the concept of the porous flow-by 
electrode was born. Up to 60 or more percent of the 
available hydrogen atoms in the feed could be replaced 
by fluorine in one pass up through the chimney! It 
looked like action, or ra ther  reaction at a distance, 
something like Newton's concept of gravity. Radial gas 
diffusion seemed inadequate to explain the effect. May- 
be the F atoms were hopping from site to site. 

At this point  the electrochemical engineers had a 
field day t ry ing  to model the actions and interactions. 
They asked for more data as fast as one theory after 
another  went into the dustbin. They finally arr ived "at a 

Nicke l  anodes 

RH + F 2 = RF + HF 

Z~ H = -106 to -115 kcal  

C-C bond energy = 83 kcal  

R e s u l t ,  R - - - ~  R 1 + R 2 + R n 

m o i e t i e s  o f  R 
Figure 26 Figure 28 
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set of rules for scale-up to commercial sized proto-  
types. The field day lasted more than two years. 

Consider the porous anode. We want  the feed gas to 
rise through the anode without breaking out. If any  
breaks out, it can no longer be fluorinated. The gas 
pressure at any level equals the pressure where in t ro-  
duced, less the pressure drop in  flowing up the anode 
up to that level. The pressure gradient  at any level de- 
pends on the permeabi l i ty  of the porous structure, the 
gas flow rate, and the viscosity of the gases, as shown 
in Fig. 29. But, as the gas ascends, it reacts with the 
fluorine complex at a rate which depends on the cur-  
rent  densi ty at that  level. Heat is generated, the tem-  
perature changes, and the volume of the gas changes. 
So does its composition and viscosity. All this informa-  
tion was processed in a computer program, and pres-  
sure and tempera ture  profiles were pr inted out for just  
about any kind, size, and shape of anode we could 
imagine. 

If the grain size of the porous carbon was too coarse, 
it had high permeabil i ty,  and hence capacity, but  was 
s t ructura l ly  weak. If too fine, it was nice and strong, 
but  too low in  capacity. We settled on a porous carbon 
having a permeabi l i ty  in  the range of 20 to 30 API  
Darcies. We predicted that we could increase the im-  
mersion from 6 up to 12 inches, thus doubling the cur-  
rent  ra t ing of the anode. It worked. Anybody want  to 
t ry  for 24 inches? This worked, too, but  there were 
complications. The bath did seep into the deep end, and 
seal off some of the pores, the bigger ones. We asked 
for a pressure and tempera ture  t raverse of a 24 inch 
deep anode in a working cell. 

Figure 30 i l lustrates such a t raverse made while 
fluorinating EDC to produce, eventually,  C2C12F4, or 
F-114. Note that  the gas pressure pg is less then the 
hydrostatic pressure Ph at all levels, proving that there 
was no gas breakout  through the sidewalls. 

Figure 31 is a similar  traverse, same current,  but  
with a much greater gas flow rate. Here also, no break-  
out. The temperature  profiles were a surprise. A heat 
balance indicates that the bath seeping into the bottom 
of the anode percolates up along with the gas, and then 
exits higher up. This in te rna l  circulation of l iquid not 
only tempers the reaction, but  also dissolves HF from 
the gas phase and transfers it back to the main  body of 
the bath, thus increasing the capacity by removing a 
reaction product. Fur thermore,  it explains in  par t  the 
"reaction at a distance" paradox previously mentioned. 

dp _ u n 

dx P g 

press grad = veloc x viscos 
permeability x g 

Figure 29 
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In  order to use these data to estimate ma x i mum per-  
missible current  densities and gas feed rates, we had to 
refine our mathematical  model to allow for electrolyte 
invasion into the pores of the deep anodes. The first 
step was to measure the dis tr ibut ion of pore sizes in 
the porous carbon by means of a mercury  porosimeter 
(Fig. 32). 

We used the data to calculate the hydraul ic  radius 
m of the remaining porous structure as a funct ion of the 
percentage of the pores invaded (Fig. 33). In  a porous 
structure, m is simply the ratio of the specific volume 
of pores to the specific surface of the pores. It has the 
dimensions of length, shown as microns by the l ine la-  
beled m in the figure. 

Now, the permeabi l i ty  is proport ional  to m 2, and has 
the dimensions of area, or square microns, which is 
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about the same as the conventional  API  Darcy unit. 
The lower  curve shows the re la t ive  permeabi l i ty  of the 
anode as a function of the percentage of pores invaded. 
We can now crank this function into our computer  pro-  
g ram and ar r ive  at the results shown in Fig. 34. 

Curve I and curve  2 show the invasion profiles for 
the two t raverses  previously  shown. Of the two, curve 
2 is at the higher  gas flow rate. Ouestion: how much 
higher  can we push the gas rate? The answer is shown 
in curve 3. The m a x i m u m  permissible gas flow, without  
breakout,  is about 18 gmole/hr .  

One fur ther  result  of our studies is the finding of an 
"invasion coefficient," defined as the product  of the hy-  
draulic radius and the differential  pressure be tween  
electrolyte  and gas, at any par t icular  level  (Fig. 35). 
That  is, ki = m (Ph -- Pg). This invasion coefficient 
appears to be a function of anode temperature .  The in-  
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crease of Ki wi th  t empera tu re  is undoubtedly  related 
to changes in fluidity and surface tension of the elec-  
t rolyte  wi th  temperature .  The a lgor i thm for the inva-  
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sion coefficient is a necessary subroutine for the com- 
puter  program. 

Summing up, it was necessary to unrave l  the para-  
doxes of the porous f low-by anode before proceeding 
with the design of a prototype commercial  ceil and the 
conceptual plant  to go with  it. There  were  other prob-  
lems, to state it mildly, but  these were  all eventual ly  
solved. I think this bit of case history i l lustrates ve ry  
well  how electrochemical  engineers are forced to in-  
novate when confronted with  problems for which there  
is no background technology whatever .  

It fur ther  i l lustrates how the original concept of an 
electrochemical  mousetrap never  caught a mouse, and 
how the alert  researchers redesigned the mousetrap to 
make  it work  very  well  indeed. As yet  there  is no large 
commercial  plant, but you can purchase small lots of a 
new line of pure fluorocarbons f rom the Phillips peo-  
ple, prepared in this unique way. 

Turning the mousetrap around (Fig. 36), we see that 
this stands for: Practical  Ar t  of Reverse Th ink ing - -  
Electrochemical  Society's Un-Or thodox  Mousetraps. 

That 's  all! (Figure 37.) 


	1-4.pdf
	JES000001.pdf
	JES000010.pdf
	JES000015.pdf
	JES000020.pdf
	JES000022.pdf
	JES000024.pdf
	JES000026.pdf
	JES000030.pdf
	JES000034.pdf
	JES000037.pdf
	JES000042.pdf
	JES000047.pdf
	JES000052.pdf
	JES000057.pdf
	JES000063.pdf
	JES000065.pdf
	JES000072.pdf
	JES000075.pdf
	JES000079.pdf
	JES000085.pdf
	JES000094.pdf
	JES000097.pdf
	JES000100.pdf
	JES000106.pdf
	JES000111.pdf
	JES000117.pdf
	JES000120.pdf
	JES000124.pdf
	JES000129.pdf
	JES000133.pdf
	JES000136.pdf
	JES000141.pdf
	JES000143.pdf
	JES000145.pdf
	JES000146.pdf
	JES000147.pdf
	JES000149.pdf
	JES000154.pdf
	JES000159.pdf
	JES000162.pdf
	JES000170.pdf
	JES000174.pdf
	JES000179.pdf
	JES000183.pdf
	JES000186.pdf
	JES000191.pdf
	JES000197.pdf
	JES000200.pdf
	JES000204.pdf
	JES000213.pdf
	JES000220.pdf
	JES000222.pdf
	JES000224.pdf
	JES000229.pdf
	JES000234.pdf
	JES000238.pdf
	JES000246.pdf
	JES000249.pdf
	JES000254.pdf
	JES000259.pdf
	JES000262.pdf
	JES000270.pdf
	JES000278.pdf
	JES000285.pdf
	JES000290.pdf
	JES000295.pdf
	JES000300.pdf
	JES000302.pdf
	JES000303.pdf
	JES000305.pdf
	JES000308.pdf
	JES000311.pdf
	JES000315.pdf
	JES000321.pdf
	JES000327.pdf
	JES000332.pdf
	JES000337.pdf
	JES000341.pdf
	JES000348.pdf
	JES000352.pdf
	JES000359.pdf
	JES000366.pdf
	JES000370.pdf
	JES000374.pdf
	JES000381.pdf
	JES000383.pdf
	JES000386.pdf
	JES000392.pdf
	JES000396.pdf
	JES000398.pdf
	JES000403.pdf
	JES000407.pdf
	JES000409.pdf
	JES000412.pdf
	JES000415.pdf
	JES000420.pdf
	JES000423.pdf
	JES000425.pdf
	JES000430.pdf
	JES000434.pdf
	JES000435.pdf
	JES000437.pdf
	JES000440.pdf
	JES000442.pdf
	JES000445.pdf
	JES000448.pdf
	JES000453.pdf
	JES000458.pdf
	JES000464.pdf
	JES000475.pdf
	JES000478.pdf
	JES000489.pdf
	JES000495.pdf
	JES000500.pdf
	JES000503.pdf
	JES000506.pdf
	JES000512.pdf
	JES000515.pdf
	JES000519.pdf
	JES000523.pdf
	JES000527.pdf
	JES000531.pdf
	JES000535.pdf
	JES000540.pdf
	JES000544.pdf
	JES000551.pdf
	JES000555.pdf
	JES000560.pdf
	JES000565.pdf
	JES000570.pdf
	JES000576.pdf
	JES000578.pdf
	JES000580.pdf
	JES000583.pdf
	JES000586.pdf
	JES000588.pdf
	JES00005C.pdf
	JES00023C.pdf
	JES00025C.pdf
	JES00036C.pdf
	JES00137C.pdf

	5-8.pdf
	JES000591.pdf
	JES000595.pdf
	JES000602.pdf
	JES000606.pdf
	JES000614.pdf
	JES000617.pdf
	JES000620.pdf
	JES000624.pdf
	JES000629.pdf
	JES000632.pdf
	JES000638.pdf
	JES000643.pdf
	JES000646.pdf
	JES000650.pdf
	JES000654.pdf
	JES000661.pdf
	JES000667.pdf
	JES000676.pdf
	JES000680.pdf
	JES000687.pdf
	JES000691.pdf
	JES000698.pdf
	JES000703.pdf
	JES000706.pdf
	JES000713.pdf
	JES000723.pdf
	JES000728.pdf
	JES000734.pdf
	JES000742.pdf
	JES000747.pdf
	JES000756.pdf
	JES000759.pdf
	JES000761.pdf
	JES000765.pdf
	JES000768.pdf
	JES000771.pdf
	JES000776.pdf
	JES000780.pdf
	JES000790.pdf
	JES000799.pdf
	JES000804.pdf
	JES000809.pdf
	JES000814.pdf
	JES000818.pdf
	JES000824.pdf
	JES000829.pdf
	JES000833.pdf
	JES000834.pdf
	JES000837.pdf
	JES000839.pdf
	JES000841.pdf
	JES000843.pdf
	JES000844.pdf
	JES000846.pdf
	JES000852.pdf
	JES000856.pdf
	JES000864.pdf
	JES000871.pdf
	JES000878.pdf
	JES000881.pdf
	JES000886.pdf
	JES000889.pdf
	JES000894.pdf
	JES000906.pdf
	JES000913.pdf
	JES000916.pdf
	JES000920.pdf
	JES000924.pdf
	JES000929.pdf
	JES000934.pdf
	JES000941.pdf
	JES000945.pdf
	JES000947.pdf
	JES000949.pdf
	JES000951.pdf
	JES000960.pdf
	JES000964.pdf
	JES000969.pdf
	JES000972.pdf
	JES000978.pdf
	JES000982.pdf
	JES000990.pdf
	JES000999.pdf
	JES001003.pdf
	JES001006.pdf
	JES001010.pdf
	JES001015.pdf
	JES001024.pdf
	JES001027.pdf
	JES001030.pdf
	JES001036.pdf
	JES001042.pdf
	JES001047.pdf
	JES001052.pdf
	JES001057.pdf
	JES001058.pdf
	JES001061.pdf
	JES001063.pdf
	JES001066.pdf
	JES001073.pdf
	JES001079.pdf
	JES001083.pdf
	JES001089.pdf
	JES001098.pdf
	JES001105.pdf
	JES001109.pdf
	JES001112.pdf
	JES001116.pdf
	JES001117.pdf
	JES001121.pdf
	JES001123.pdf
	JES001128.pdf
	JES001132.pdf
	JES001139.pdf
	JES001145.pdf
	JES001152.pdf
	JES001157.pdf
	JES001164.pdf
	JES001170.pdf
	JES001174.pdf
	JES001181.pdf
	JES001184.pdf
	JES001193.pdf
	JES001196.pdf
	JES001197.pdf
	JES001199.pdf
	JES001201.pdf
	JES001207.pdf
	JES001213.pdf
	JES001219.pdf
	JES001227.pdf
	JES001232.pdf
	JES001236.pdf
	JES001239.pdf
	JES001242.pdf
	JES001245.pdf
	JES001248.pdf
	JES001249.pdf
	JES001251.pdf
	JES001254.pdf
	JES001256.pdf
	JES00181C.pdf
	JES00186C.pdf
	JES00199C.pdf

	9-12.pdf
	JES001259.pdf
	JES001262.pdf
	JES001265.pdf
	JES001271.pdf
	JES001276.pdf
	JES001284.pdf
	JES001289.pdf
	JES001294.pdf
	JES001299.pdf
	JES001303.pdf
	JES001308.pdf
	JES001313.pdf
	JES001317.pdf
	JES001325.pdf
	JES001331.pdf
	JES001334.pdf
	JES001339.pdf
	JES001346.pdf
	JES001352.pdf
	JES001359.pdf
	JES001364.pdf
	JES001370.pdf
	JES001377.pdf
	JES001380.pdf
	JES001384.pdf
	JES001388.pdf
	JES001392.pdf
	JES001398.pdf
	JES001404.pdf
	JES001410.pdf
	JES001413.pdf
	JES001416.pdf
	JES001419.pdf
	JES001423.pdf
	JES001433.pdf
	JES001438.pdf
	JES001445.pdf
	JES001451.pdf
	JES001456.pdf
	JES001459.pdf
	JES001462.pdf
	JES001469.pdf
	JES001476.pdf
	JES001479.pdf
	JES001487.pdf
	JES001493.pdf
	JES001498.pdf
	JES001503.pdf
	JES001509.pdf
	JES001514.pdf
	JES001519.pdf
	JES001524.pdf
	JES001531.pdf
	JES001539.pdf
	JES001546.pdf
	JES001551.pdf
	JES001556.pdf
	JES001560.pdf
	JES001565.pdf
	JES001570.pdf
	JES001573.pdf
	JES001575.pdf
	JES001578.pdf
	JES001582.pdf
	JES001584.pdf
	JES001586.pdf
	JES001588.pdf
	JES001591.pdf
	JES001596.pdf
	JES001599.pdf
	JES001604.pdf
	JES001612.pdf
	JES001616.pdf
	JES001628.pdf
	JES001637.pdf
	JES001643.pdf
	JES001647.pdf
	JES001653.pdf
	JES001656.pdf
	JES001662.pdf
	JES001672.pdf
	JES001677.pdf
	JES001683.pdf
	JES001687.pdf
	JES001691.pdf
	JES001696.pdf
	JES001699.pdf
	JES001701.pdf
	JES001705.pdf
	JES001708.pdf
	JES001713.pdf
	JES001719.pdf
	JES001721.pdf
	JES001725.pdf
	JES001729.pdf
	JES001737.pdf
	JES001741.pdf
	JES001745.pdf
	JES001751.pdf
	JES001754.pdf
	JES001757.pdf
	JES001758.pdf
	JES001760.pdf
	JES001763.pdf
	JES001769.pdf
	JES001772.pdf
	JES001775.pdf
	JES001779.pdf
	JES001783.pdf
	JES001789.pdf
	JES001794.pdf
	JES001800.pdf
	JES001814.pdf
	JES001821.pdf
	JES001824.pdf
	JES001828.pdf
	JES001833.pdf
	JES001837.pdf
	JES001842.pdf
	JES001849.pdf
	JES001855.pdf
	JES001857.pdf
	JES001858.pdf
	JES001860.pdf
	JES001868.pdf
	JES001876.pdf
	JES001882.pdf
	JES001886.pdf
	JES001889.pdf
	JES001893.pdf
	JES001899.pdf
	JES001903.pdf
	JES001910.pdf
	JES001915.pdf
	JES001918.pdf
	JES001920.pdf
	JES001922.pdf
	JES00299C.pdf
	JES00310C.pdf
	JES00333C.pdf
	JES00359C.pdf




